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Abstract 

Sphingomyelin (SM) and cholesterol are major components of the mammalian 

cell plasma membrane. It is suggested that assemblies of sphingolipids and 

cholesterol lead to the formation of domains known as “rafts”. In the 

SM/Cholesterol binary system cholesterol induces formation of a “liquid-ordered” 

(lo) phase that can coexist with either the “liquid-disordered” (ld) phase or the 

“solid-ordered” (so) phase. Similar lo-phase domain formation is observed in 

DPPC/Cholesterol and DPPC/ergosterol systems. Furthermore, cholesterol 

interacts more strongly with sphingomyelin than DPPC. Deuterium nuclear 

magnetic resonance spectroscopy (NMR) is used to study the dependence of the 

phase and nanodomain structure of sphingomyelin/cholesterol membranes on 

sterol content and temperature. NMR spectra of N-palmitoyl (D31)-D-erythro-

sphingosylphosphorylcholine (PSM) were taken for temperatures from 25 to 70oC 

and cholesterol concentrations 0 - 40%. Analogous experiments were done using 

1-palmitoyl,2-palmitoyl(D31)-sn-glycero-3-phosphocholine (DPPC)/cholesterol 

membranes in order to carefully compare the data obtained using palmitoyl 

chains which have similar “kinked” conformations. The constructed phase 

diagrams exhibit both so + lo and ld + lo phase coexistence regions, however 

macroscopic (micron-sized) coexistence of ld + lo does not occur. Instead, we 

observed line-broadening in the ld + lo region which was characterized by 

examining the cholesterol dependence of the quadrupolar splittings and 

linewidths of the peaks in the depaked spectra, at a given temperature. These 

results were analyzed by assuming fast exchange of lipids between ld and lo 

nanodomains which were found to be generally less than 10 nm across. By 

analyzing the depaked spectrum, information from all orientations of the lipid long 

axis relative to the magnetic field is pooled. This may obscure the results used to 

characterize domain size. Selectively deuterated sphingomyelin, labeled at C9 of 
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the N-linked palmitoyl chain, was used to measure the orientation dependence of 

T2 relaxation time and to more directly calculate domain size. A 

phenomenological theory based on the hypothesis that fluctuations in local 

curvature and bilayer thickness are responsible for the orientation dependence of 

T2 provides an excellent fit to the data. The ld + lo domain sizes calculated using 

the C9 data agree well with those calculated from the depaked spectrum of PSM.   

 
Keywords:  sphingomyelin; cholesterol; DPPC; phase diagram; deuterium NMR; 

lipid membranes 
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Chapter 1: Introduction 

Lipid-lipid interactions are important determinants of membrane organization and 

function in living systems and have been thoroughly researched for a great 

variety of membranes. Despite the ongoing effort, however, many elements of 

even simple lipid mixtures used to model cell membranes are still poorly 

understood. The work presented in this thesis contributes to the body of 

knowledge pertinent to the interactions between two major mammalian cell lipids, 

sphingomyelin and cholesterol. 

1.1 Cell Plasma Membrane  

The lipid bilayer of cell membranes is a fundamental molecular assembly in 

Biology due primarily to its role in the maintenance of the functional integrity of 

the cell or organelle (unit of cellular machinery) it encloses. Eukaryotic cells have 

several distinct membranes, the plasma membrane surrounding the cell and 

membranes around organelles such as mitochondria. The description of the lipid 

structure in membranes as a bilayer was originally proposed by Gorter and 

Grendel [1] and was further detailed by Danielli and Davson [2]. The plasma 

membrane is an assembly of lipid and protein molecules held together by non-

covalent bonds. Lipids are amphiphilic molecules; they have hydrophilic 

headgroup and hydrophobic hydrocarbon chains and, thus, self-assemble into a 

bilayer structure in aqueous environment. The hydrophobic regions of proteins 
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are sequestered away from the hydrophilic extracellular and intracellular spaces 

forming an energetically favourable structure (corresponding to the minimum free 

energy).  

The structures of both the chain and headgroup components, along with 

cholesterol and protein, contribute to membrane function.The lipids are arranged 

as a continuous double layer 4 to 5 nm thick (Figure 1-1) and serves as a 

relatively impermeable barrier to the flow of most water-soluble molecules.  The 

selective permeability of the plasma membrane to large and small molecules, 

which largely maintains their intracellular and extracellular concentrations, is one 

of the major membrane functions. The diversity in membrane lipid composition 

can help to achieve this function of selective permeability while satisfying packing 

requirements around integral membrane proteins. Membranes are asymmetrical 

structures; the lipid and protein composition differs between the inner and outer 

layer of the bilayer since different functions are performed at each surface. The 

plasma membrane of a biological cell is a dynamic, pseudo two dimensional fluid 

structure and most lipids and proteins are able to move about rapidly in the plane 

of the membrane. This is essentially the fluid mosaic model of Singer and 

Nicolson [4] where the membrane is a fluid-like lipid bilayer within which various 

lipids and proteins undergo lateral diffusion. In recent years more and more effort 

has been directed towards understanding the nature of compositionally-distinct 

regions or domains within cell membranes (see Section 1.3: Lipid Rafts below).  

The cell membrane is an extremely complex system and the arrangement 

of its components can have important consequences for cell functioning. Lipid 
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molecules constitute about 50 % of the mass of mammalian cell membranes, 

with the remaining part being mostly proteins. In eukaryotic cell membrane there 

are three major types of lipids: phospholipids (the most abundant), cholesterol, 

and glycolipids. The membrane of many mammalian cells contains four major 

phospholipids: phosphatidylcholine, sphingomyelin, phosphatidylserine and 

phosphatidylethanolamine. The β–OH cholesterol is the most common sterol 

found in the plasma membrane of eukaryotic cells and constitutes nearly 25 % of 

its lipid mass. It is believed that the high cholesterol composition in the cell 

membrane plays an important role as a stabilizer against mechanical stress, 

increasing durability of the plasma membrane compared to the internal 

membranes [7].  
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Figure 1-1: The fluid-mosaic-model of the cell membrane.  

Like a mosaic, the cell membrane is a complex structure made up 
of many different parts, such as proteins, phospholipids and 
cholesterol. The relative amounts of these components vary from 
membrane to membrane, and the types of lipids in membranes 
can also vary (courtesy of [3]).  
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1.2 Phase Behavior of Lipids 

Lipids can exist in various phases depending on temperature and compositions 

of other components in the system. The phase behaviour of a multi-component 

system satisfies the Gibbs phase rule: 

                                                                       

where   is the number of intrinsic thermodynamic variables that can vary freely 

(e.g. temperature, composition),   is the number of components and   is the 

number of phases in the system. In a two component system (   ) the 

maximum number of phases that can coexist is two (   ) if both temperature 

and composition can be varied independently (   ). If one of these variables is 

fixed, such as at an isotherm where temperature is fixed, then three phases can 

coexist.  

The cell membrane is a very complicated entity and in order to study lipid-

lipid interactions via spectroscopic techniques one needs to make model 

membranes, usually consisting of two or three components. The interesting two-

component model membrane is a binary mixture of lipid and cholesterol in 

excess water. Full hydration is essential to make sure that the phase behaviour 

of the membrane is not sensitive to the amount of water present and therefore 

the model membrane is a two-component system. A binary lipid/cholesterol 

membrane can exist in two well-known phases: Gel and liquid crystalline. The gel 

phase is also known as solid ordered (so) or    phase, and the liquid crystalline 

phase is also referred to as liquid disordered (ld) or    phase. In 

dipalmitoylphosphatidylcholine (DPPC), the so phase is referred to as     where 
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the prime designates chain tilt. In addition, the so phase of DPPC includes the 

ripple phase (   ). “Solid” versus “liquid” refers to the degree of lateral motion and 

freedom of the lipids within the bilayer (2D lattice). “Ordered” versus “disordered” 

refers to the degree of rigidity of the hydrocarbon chains.  

When the bilayer is completely ordered the chains are in the all-trans 

configuration, resulting in the lipids forming a closely packed structure. The gel 

phase is a more ordered, less energetic state and is hence found at lower 

temperatures. The main motions present in the so phase are a type of axial 

diffusion of the lipid molecules. When the bilayer is disordered the lipid tails are 

free to undergo fast rotational motion about the director axis (bilayer normal) and 

conformational trans-gauche isomerisation (fluctuations about individual carbon-

carbon segments). Hence, in the liquid-disordered phase, the lipids can undergo 

fast translational motion and the tails are free to rotate. Kinks can be found where 

hydrocarbon chains are in the gauche-configuration. As a result, the lipids pack 

more loosely than in the gel phase. Cell plasma membranes are typically 

considered liquid crystalline bilayers.       

In the absence of cholesterol the lipid membrane undergoes a solid 

ordered to liquid disordered phase transition at a sharp melting point. The 

temperature where this occurs (  ) varies depending on the length of the 

hydrocarbon chains and the degree of unsaturation: it is lower if the hydrocarbon 

chains are short or have double bonds. Introducing cholesterol to the lipid bilayer 

increases the average lipid chain order in the fluid phase and interferes with the 

membrane‟s ability to form the so phase below Tm. Once cholesterol is 
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introduced, depending on temperature, the lipid bilayer can still be found in the 

so or ld phase. However, above a certain concentration of cholesterol the bilayer 

adopts a third type of phase: liquid-ordered (lo) phase [5]. In this state the lipid 

acyl chains are highly conformationally “ordered” yet the lipid molecules retain 

fluid-like motions (lateral freedom) and thus the “liquid” state of the membrane is 

maintained [6]. Thus, cholesterol functions as an “alloying” agent in the 

membrane, straightening out (orientationally ordering) the acyl chains, reducing 

the average lipid cross- sectional area and thickening the bilayer [7]. It has been 

postulated that the β hydroxyl group of cholesterol forms hydrogen bonding with 

the lipid phosphate group which positions the lipid in the bilayer environment [8]. 

An important biological function of cholesterol is the reduction in the passive 

bilayer permeability (10 fold for water through membranes containing 30 mole% 

cholesterol [9]) while maintaining the fluidity of the bilayer.  

Once different phases of a lipid/cholesterol membrane are identified a 

phase diagram can be established, where the effects of changing temperature 

and concentration on chain structure and dynamics are measured. Then one can 

map regions of phase equilibria (two and three phase coexistence) using various 

spectroscopic techniques. The first experimentally determined phase diagram 

was that of DPPC/cholesterol, using DSC and 2H NMR [10]. The results indicated 

that cholesterol disorders the gel phase and orders the fluid phase of a 

membrane. The phase diagram showed regions where the two phases coexist: 

so/lo and ld/lo coexist, with a clear three-phase line separating them. However 

micron-sized phase separation in the ld+lo region was not observed. Hsueh et 
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al. [11] also mapped the phase diagram of DPPC/ergosterol and observed a 

similar region of ld/lo domain heterogeneity, again separated from the so/lo two-

phase region by a three-phase line.  

The theoretical investigations of the phase diagram started from the 

pioneer work of Ipsen et al. [5] where the idea of an “lo” phase was first 

introduced. In this work a thermodynamic model was proposed to describe the 

liquid phases of the bilayer, followed by a microscopic model for PC/cholesterol 

system which was solved in the mean-field approximation. In a second study, 

numerical studies of Ising Models defined on a random lattice was applied to the 

phase behavior of lipid bilayer systems [12]. Calculations based on a mean-field 

theory of the model predicted a phase diagram of DPPC/cholesterol bilayers that 

agreed qualitatively with the experimental phase diagram.         

1.3 Lipid Rafts 

Sphingomyelin and cholesterol are two of the three most abundant lipids in the 

plasma membrane outer leaflet of a typical mammalian cell [13]. Ever since 

plasma membrane domain heterogeneity began to be actively researched, these 

two have been found to be preferentially associated. Initial investigations were 

into the composition of detergent resistant membranes [14], followed by the 

introduction of the “rafts” hypothesis [15]. Rafts, enriched in sterols and 

sphingolipids, were thought to be small dynamic domains implicated in many 

important cell functions. It was also thought that rafts have a different „phase‟ 

from the rest of the membrane: liquid ordered (lo). Raft membranes were then 

modelled as a three-component system by mixing a low-melting PC, DPPC, and 
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cholesterol. Giant unilamellar vesicles (GUVs), i.e. vesicles tens of microns in 

diameter, were cooled from 60oC and at some point the „miscibility threshold‟ was 

encountered, and macroscopic lo/ld phase coexistence was observed [16, 17]. 

Further experiments were performed to investigate the possibility of large ld+lo 

regions in cell membranes [18]. Plasma membrane „blebs‟ were created in living 

cells and then separated from the cell. These „giant plasma membrane vesicles‟ 

retain much of the natural membrane‟s characteristics with respect to protein and 

lipid content and distribution, however the membranes are no longer in contact 

with the cytoskeleton and the lipid-regulatory cell machinery. Macroscopic ld + lo 

phase coexistence is observed at temperatures slightly below physiological T. 

Advanced optical techniques delineate nano-scale variations in mobility: a recent 

study has succeeded in the direct observation of small domains in the 

membranes of living cells [19]. In this study, single fluorescently labeled PE or 

SM is trapped in the membrane. “Trapping” event is measured and is thought to 

be “cholesterol-assisted”. It was found that SM is trapped approximately 4 times 

longer, on average, than PE, with the size of traps being less than 20 nm. Thus, 

from the earliest to the most recent studies of membrane domain organization, 

SM and cholesterol have been found to interact preferentially.   

 There are several outstanding questions about the role of cholesterol 

and other sterols in forming the tightly-packed liquid ordered (lo) phase. Most 

research into model membrane systems has employed lipid mixtures containing 

phosphatidylcholine (PC) to understand ld/lo phase coexistence. PC shares 

several important physical characteristics with sphingomyelin and since the latter 
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was not commercially available in pure form, PC has been used instead. A 

particularly important controversy concerns the phase behaviour of binary 

PC/sterol membranes: in dipalmitoylPC (DPPC)/sterol systems liquid disordered 

(ld) and lo phases have been found to coexist [10, 11, 20] but the two phases 

have not been observed to coarsen, remaining sub-microscopic in size. Since 

their small size renders these dynamic domains invisible by most imaging 

techniques, and since an explanation for the lack of coarsening remains elusive, 

a number of researchers have postulated that there is no ld/lo phase 

coexistence in DPPC/cholesterol. An alternative explanation for ld/lo membrane 

heterogeneity invokes lipid composition fluctuations due to proximity to a critical 

point [21]. Theoretical descriptions of phospholipid/sterol interactions are 

numerous [22, 23, 24] and the area continues to be very active as simulation 

strategies improve and accurate experimental input parameters become 

available [25]. Recently a modification to the original PC/sterol “condensed 

complex” model [26] predicted phase coexistence in DPPC/cholesterol above the 

main transition temperature [27].    

1.4 Thesis Summary and Motivation 

The lipid composition of the outer leaflet of the plasma membrane is mainly 

sphingomyelin, cholesterol and unsaturated PC. Many investigations into 

membrane phase behavior have attempted to reproduce the important elements 

of the outer leaflet by combining a “low melting” lipid, often dioleoylPC (DOPC), 

and a high melting lipid, often DPPC, with cholesterol. Such membranes are not 

“natural”, as neither DOPC nor DPPC is found in most biological membranes, but 
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their study has provided tremendous insights into fundamental lipid physical 

chemistry, and particularly into the lo+ld phase coexistence region of the ternary 

phase diagram. Furthermore, DPPC has been postulated to be a reasonable 

analogue for sphingomyelin (SM) in such studies, since palmitoyl sphingomyelin 

(PSM) and DPPC have very similar chain-melting transition temperatures, chain 

lengths and identical phosphocholine head groups Figure 1-2. Sphingomyelin-

containing lipid membranes have been studied in some detail (for a review see 

[28]). The combination of POPC, PSM and cholesterol is particularly attractive 

since all three lipids are found in nature and together they make an excellent 

plasma membrane outer leaflet model. Large-scale lo+ld phase coexistence was 

observed for some regions of the phase diagram [16, 17] and at sufficiently high 

cholesterol concentration an lo phase membrane exists [29]. Despite this 

ongoing progress with the three-component system, there is still much to learn 

about the simpler sphingolipid/sterol membrane. Several groups have published 

results indicating that ld+lo phase coexistence occurs in SM/cholesterol [17, 30], 

providing insight into and partial determinations of the binary phase diagram.  

 Comparing different groups‟ explorations into the SM/cholesterol 

membrane is complicated by the fact that SM from different sources differs in the 

chemical mixture of its constituent chains. To assess the nature of the interaction 

between sphingomyelin and cholesterol directly, we have thus performed a 

detailed phase diagram determination using deuterium nuclear magnetic 

resonance (2H NMR). Earlier studies [31, 32] used chicken egg sphingomyelin, 

which is composed of lipids with varying chain lengths. In this thesis, synthetic    
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Figure 1-2: Structure of (A) DPPC, (B) palmitoyl sphingomyelin. 

 

perdeuterated sphingomyelin having an amide-linked palmitoyl chain (PSM-d31) 

is used to eliminate chain length effects, Figure 1-3 A. Since the N-linked 

palmitoyl chain of PSM is structurally analogous to the sn-2 chain of DPPC, we 

chose to re-determine the DPPC/cholesterol phase diagram using sn-2 chain 

perdeuterated DPPC (DPPC-d31), Figure 1-3 B. Thus, we can directly compare 

and contrast cholesterol‟s effects on these two lipids‟ phase behaviour and chain 

order. Mapping phase diagrams requires collecting a significant amount of data; 

therefore, we performed 2H NMR experiments for series of cholesterol 

compositions over a wide range of temperature.  We estimated the length-scale 

characterizing the ld/lo domains by mapping (dePakeing) the spectra of 
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perdeuterated lipids into a single orientation of the bilayer normal. By analyzing 

the depaked spectra, information from all orientations of the lipid long axis 

relative to the magnetic field is pooled, and we were concerned that this might 

obscure the results used to characterize domain size. Therefore we used 

selectively deuterated sphingomyelin to measure the orientation dependence of 

the transverse relaxation time and to calculate domain size more directly. The 

results from selectively labelled PSM allowed us to gain unexpected insight into 

the membrane dynamics characteristic of the ld and lo phases. 

 

 

 

 

 

 

 

 

 

 

Figure 1-3: Structure of (A) chain-perdeuterated (sn2) DPPC, (B) chain-
perdeuterated palmitoyl sphingomyelin, and (C) cholesterol. 
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Chapter 2: NMR theory and background 

Different phases observed in DPPC/cholesterol and PSM/cholesterol membranes 

have distinct characteristics and exhibit distinct 2H NMR spectral shapes. The 2H 

NMR data can accurately report on the phase behaviour of the systems and 

therefore is a powerful spectroscopic technique to study thermodynamic 

properties such as phase equilibria. Furthermore, the 2H NMR quadrupolar 

splitting is proportional to the order parameter of the acyl chain and, thus, can 

report on the chain packing properties of the lipids. In contrast to commonly used 

techniques such as fluorescence NMR does not require bulky chemical probes 

which can distort the system.   

  In this chapter a brief introduction to deuterium NMR is given. The reader 

is referred to [33, 34, 35] for more detailed descriptions pertaining to lipid 

membranes. Here, the Hamiltonian for the system is discussed and the resulting 

quadrupolar splittings in the absence and presence of motions, fast on the NMR 

timescale, are presented. The rest of the chapter is devoted to the relaxation 

mechanisms in lipid membranes and, in particular, orientation dependence of the 

transverse relaxation time. 

2.1 Introduction 

Nuclear magnetic resonance is a spectroscopic technique that reports on the 

structural and dynamical properties of the lipid membranes. The large nuclear 
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concentrations and the small distances that exist between nuclear spins in bulk 

matter cause relatively strong spin interactions. These interactions, influenced by 

molecular motions, often lead to a broadening of spectral resonances since each 

spin now experiences, besides the applied field, a small local field due to its 

neighbours. This local field provides different local environments for different 

spins in the sample, leading to a spread in the observed resonance frequencies. 

It is useful to define the concept of spectroscopic time scale based on the 

observed line-broadening (   
 

  
). The spectroscopic time-scale for 2H NMR, of 

the order of         , is long enough that some of the interactions are 

averaged out by fast molecular motions, leading to significant reduction of the 

line broadening in the spectrum. Thus, NMR occupies a unique place among 

spectroscopic techniques.    

It is important to realize that there is a wide range of molecular motions 

that have been examined in model membranes. These range from molecular 

vibrations occurring in about 10-14 s to transbilayer flip-flop of lipids which can 

take many days to occur. There is a variety of techniques for investigating these 

motions and each technique has a specific range of frequency sensitivity. These 

techniques include Infrared spectroscopy (IR), X-ray diffraction, atomic force 

microscopy (AFM), fluorescence microscopy, fluorescence spectroscopy, single 

particle tracking and electron spin resonance spectroscopy (ESR). The frequency 

range for some of these techniques used to investigate lipid bilayers is illustrated 

in Figure 2-1 along with the correlation times of the motions of lipid molecules in 

membranes. This figure points out that some techniques report on the static 
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picture of the membrane since the molecular motions are slow relative to the 

measurement timescale, whereas other techniques only see a time-averaged 

picture of molecules that sample different environments very rapidly relative to 

the spectroscopic timescale. The sensitivity of NMR relaxation to a wide range of 

correlation times, in particular, stands out. 

 

 

 

 

 

 

 

 

 

 

Figure 2-1: Timescales of lipid bilayer dynamics and measurement 
techniques for their investigation [Gennis 1989, page 167]. 
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Motions can be conveniently divided into two classes. The slow motions which 

have correlation times,   , satisfying      , have negligible influence on the 

spectrum. The fast motions, where      , give rise to motional averaging in 

which some of the molecular interactions are averaged out, resulting in narrower  

spectral lines. Local structural information is obtained by analyzing the 2H NMR 

spectrum, whereas information on thermally driven molecular motions is provided 

by relaxation time measurements. A further distinction between ranges of 

correlation times is useful in the study of T1 and T2 relaxation processes. Motions 

with correlation times satisfying       include the “slow” and a subset of the 

“fast” motions, in the context of the definition of “adiabatic” (pages 427ff. of 

Abragam [36]). Motions with correlation times       are “non-adiabatic” and will 

be labeled “very fast”. With these definitions the timescales can be divided into 

three categories: slow adiabatic, fast adiabatic, and very fast non-adiabatic, as 

shown in Figure 2-2. The NMR parameters affected by motions in the three 

ranges are also shown, as well as representative motions present in fluid 

bilayers. 
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Figure 2-2: Summary of important timescales in NMR experiments, 
showing the three categories of motions.  

Note that the precise boundaries will be determined by the field 

strength (influencing      and thus the limit of “adiabatic” 
times) and the spectroscopic time-scale (  ), reproduced from 
[37]. 
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2.2 Principles of NMR 

The NMR sample consists of a large number of identical molecules. In a liquid, 

the interaction between the spins in different molecules is negligible due to the 

rapid isotropic motions. Furthermore, some of the interactions between the spins 

within the same molecule are averaged out by the motion of the liquid and, 

typically, the scalar coupling is the dominating interaction. The set of interacting 

spins in a molecule forms the “spin system” whose nuclei are distinguished by 

their chemical shifts, and the sample is an ensemble of identical spin systems. 

The members of the ensemble, i.e. the spin systems, have the same set 

of quantized energy levels. Taking the sample as a whole it is possible to talk 

about the population of a particular energy level. At equilibrium, the population of 

energy level i with energy Ei is governed by Boltzmann distribution: 

   
   

 
                                                                      

where gi is the degeneracy of the energy level, N is the number of spin systems 

in the ensemble, k is Boltzmann‟s constant and T is temperature. Z is the 

partition function and is defined as 

      
      

 

                                                             

where the sum is over all energy levels of the spin system. There are two 

consequences associated with the Boltzmann distribution: higher energy levels 

are less populated, and only levels with energies of the order of kT or less are 

significantly populated.  
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For a spin I nucleus at equilibrium there are (2I + 1) degenerate energy 

levels        , where                   is the quantum number for the z-

component of the spin angular momentum Iz. In an external magnetic field 

          the energy of a spin in state         is 

                                                                         

where   is the gyromagnetic ratio of the nucleus,   is Planck‟s constant divided 

by 2π, and        is known as the Larmor frequency. 

In typical NMR frequencies,        so the approximation           

      can be used: 

      
  

  
 

 

                                                              

The population of spins in state    is therefore 

   
 

    
  
  

  

   
  

  
                                               

The population difference between energy level    and   , using the above 

equation, becomes 

      
 

    
  
  

  

 
  

  
 

  

  
                                              

Using equation (2.3), this difference can be written as 
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It follows from                   that        and (2.7) reduces to  

      
 

      

   

  
                                                    

This population difference leads to the equilibrium (longitudinal) magnetization: 

                                                                         

If a radiofrequency pulse is applied to the spin system at the Larmor 

frequency the spins will undergo a transition between the energy levels, and the 

spin population of the states changes. This results in a non-zero magnetization in 

the transverse plane orthogonal to the external magnetic field. When the 

radiofrequency pulse is switched off, the spins undergo relaxation processes and 

the magnetization returns to equilibrium. The time-dependent transverse 

magnetization can be detected in the NMR coil by means of Faraday‟s law: the 

time-varying magnetic flux induces a current (NMR signal) in the coil.  

2.3 2H NMR Theory 

1H and 13C NMR techniques can provide valuable information on the structure 

and dynamic behaviour of lipid bilayer and other biological membranes. 

However, their spectra are generally dominated by strong proton-proton and 

proton-carbon dipolar interactions, resulting in overlapping resonances which 

makes them difficult to analyze.  
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In deuterium NMR, some of the hydrogen atoms on the lipid acyl chains 

are replaced by deuterium. Nuclei with spin       have nonspherical charge 

distribution at the nucleus and, in the case of deuterium nucleus, possess an 

electric field quadrupolar moment,  . The interaction of   with the electric field 

gradient (efg) at the position of the nucleus gives rise to the quadrupolar 

interaction. 2H NMR has several advantages over conventional proton and 

carbon NMR: (1) the spectrum of a deuterated lipid molecule consists of well-

resolved peaks, which can be assigned to their respective carbons on the lipid 

chain. The overlapping between the resonances can be completely eliminated by 

selectively labeling the chains. (2) The magnetic moment of the deuteron is much 

smaller than that of the proton (the gyromagnetic ratios            ). 

Therefore in 2H NMR the line broadening effect due to dipolar couplings is much 

weaker compared to proton NMR. (3) Deuterium NMR is sensitive to the 

molecular motions and orientations. For fast isotropic motions the observed 

spectrum is a single line, while for anisotropic motions each deuteron contributes 

a doublet due to the quadrupolar moment of the deuterium nucleus. The 

quadrupolar splitting,    , depends on several important molecular parameters: 

degree of anisotropy, average orientation of the carbon-deuteron bond with 

respect to the axis of symmetry of molecular motions (director axis), and the 

angle between the magnetic field and the director axis.  

In studying lipid membranes one is generally interested in extracting 

information about the structure and dynamical properties of the bilayer. 

Deuterium NMR offers distinct advantages in this regard. The structural 
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information, mainly the average orientation of the hydrocarbon chains and the 

polar head-groups and the amplitudes of fluctuation of the lipid segments, can be 

measured through the quadrupolar splittings (and thus the order parameters). T1 

and T2 relaxation times contain information about dynamics of the lipid bilayer; 

e.g. the rate of lateral diffusion of the lipid molecules can be obtained by means 

of Pulsed-Field-Gradient (pfg) NMR and measuring the T1 and T2 relaxation 

times. In 2H NMR the dominant relaxation mechanism is due to the quadrupolar 

interaction and thus the interpretation of T1 and T2 in deuterium NMR is less 

ambiguous than in proton or carbon NMR.  

An advantage of 2H NMR over other techniques is that substituting 

deuterium for hydrogen has a minimal effect on the membrane, changing the 

transition temperature only slightly, thus it is a non-invasive technique. In electron 

paramagnetic resonance (EPR), for instance, one can easily measure the order 

parameter from the anisotropy of the hyperfine splitting. Also, the correlation 

times can be determined from the linewidth. However, the attachment of the 

bulky nitroxide spin label group, which perturbs the lipid system, is necessary in 

EPR [1]. Furthermore, other techniques require the use of external probe. For 

example, fluorescence microscopy requires the use of fluorescent probes that 

disturb phase boundaries [38].            

It should be noted that 2H NMR has its own drawbacks. The abundance of 

deuterium is very low in natural biological membranes therefore lipids must be 

deuterated synthetically, which is a non-trivial chemical process. The fact that 
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hydrocarbon chains can be labelled entirely or at a specific carbon position can 

be used to obtain precise information. Because of low sensitivity associated with  

deuterium NMR considerable amount of deuterated lipid is required to 

gain an acceptable signal-to-noise ratio. Most deuterated lipids are commercially 

available but many at high cost (for example, chain-perdeuterated sphingomyelin 

only became commercially available after 2004 and currently is available from 

one company at a cost of ~ $4000 for 50 mg). Furthermore, when deuterated 

lipid molecules sample a heterogeneous membrane individual peaks in 

deuterium NMR spectrum broaden. In perdeuterated lipids, the line broadening 

imposes ambiguities in the interpretation of some results pertaining the structure 

and dynamics of the membrane. Selectively deuterated lipids, e.g. palmitoyl 

sphingomyelin labeled at C9 used in this thesis, can help resolve ambiguities but 

they are even more expensive to obtain and significantly increase data 

acquisition time.     

2.3.1 2H NMR in the Absence of Motion 

The Hamiltonian of a deuterium nucleus (spin    ) in a magnetic field      

consists of Zeeman interaction,   , and quadrupolar interaction,   . The total 

Hamiltonian can be written as 

                                                                      

The magnetic energy term,   , describes the interaction between the 

nuclear magnetic dipole moment         and the external magnetic field,  
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This Hamiltonian gives rise to the energy described by (2.3) and the 

deuterium nucleus will have           energy levels. Given a pure Zeeman 

interaction at the nucleus, two transitions are observable as shown in Figure 2-3.  

Nuclei with spin       have nonspherical charge distribution at the nucleus 

and, in the case of deuterium nucleus, possess an electric quadrupole moment, 

 . The interaction of   with the electric field gradient (efg),       , at the 

position of the nucleus gives rise to the quadrupolar Hamiltonian    with energy 

  . Note that   and   are second rank tensors and  

         
   

      
                                                       

 

 

 

 

 

 

 

Figure 2-3: The energy level diagram for a spin-1 nucleus perturbed by the 
quadrupolar interaction at the nucleus. 
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where          ,        is the charge density and    is the volume of the 

nucleus. The quadrupolar moment   is equal to     and for deuterons   

              . The quadrupolar Hamiltonian in its full form is 

   
  

        
       

                          
                      

where   is the elementary charge,           are the usual raising and lowering 

operators, and the following abbreviations are used: 

                                                                                                   

                                                                                            

    
 

 
                                                                   

The double subscripts indicate second derivative of the electrostatic potential   

with respect to the molecular x, y, z axes.  

The electrostatic field gradient is a symmetric and traceless tensor and 

can be transformed into the principal axis coordinate system in which         

      and all off-diagonal terms are zero. Choosing x, y, z such that       

           , the largest field gradient and the asymmetry parameter are defined 

as 
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respectively, and it follows that      . In Eqn. (2.15) the parameter   is the 

second derivative of the electric potential at the nucleus. In the principal axis 

coordinate system of the efg the quadrupolar Hamiltonian reduces to 

   
  

        
        

      
 

 
    

    
                                   

The Zeeman interaction at high fields (46.8 MHz in our case) dominates 

the quadrupolar interaction (≈ 200 kHz). Therefore the quadrupolar interaction 

can be treated as a small perturbation to   . Also, quite often the efg asymmetry 

parameter is small (       for CD bonds) and can be neglected [33]. In this 

case, the electric field is approximately axially symmetric and     is parallel to the 

CD bond axis. Employing first order perturbation theory, the energy levels of the 

total Hamiltonian becomes 

         
  

        
      

                                         

In the case of deuterium,    , the three shifted energy levels for           

are expressed as   

          
 

 
                                                                 

    
 

 
                                                                                

         
 

 
                                                               

These energies dictate the spin population of each state and the net 

macroscopic magnetization. The selection rule,      , restricts the allowed 

transitions to 
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where    are the frequencies of the lines arising from the quadrupolar interaction 

in a 2H NMR spectrum. The spectrum is usually plotted such that it is centered on 

the Larmor frequency,       . The two lines resulting from the two transitions 

thus appear symmetric on either side of zero with a frequency separation 

(quadrupolar splitting) of  

            

 

 

  

 
     

 

 

    

 
                                         

The term        is known as the static quadrupolar coupling constant 

and is equal to 168 kHz for C-D bonds. The efg tensor is defined in terms of the 

molecular axes but the spin operators   ,   , and    are quantized along the 

laboratory frame. Therefore it is necessary to rotate     from the molecular based 

reference frame to the laboratory coordinate system. This is done by making 

successive rotations through Euler angles       [39]. A natural choice of basis is 

the spherical basis where the efg tensor can be expressed in terms of its 

irreducible components   
   

, (         ). In the principal axis coordinate 

system, 

  
     

                                                                             

                                                        
      

  ,            
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where subscript P in   
     

 indicates that the efg is represented in the molecular 

reference frame. The transformation from one frame to another simply involves 

the Wigner rotation matrices  
    

   
        [39], 

          
    

          

 

    

  
     

                                            

In the case of the axial symmetry (the asymmetry parameter    ) 

transforming   
     

 from the molecular frame to the lab frame yields 

            
          

 

    

  
     

                                                   

     
 

 
                                                                

Substituting (2.23) into (2.20) shows that the quadrupolar splitting varies 

with θ as follows: 

       
 

 

    

 

 

 
                                                         

And, when the asymmetry parameter is not neglected appropriate 

elements of Wigner rotation matrices produce the general form of the 

quadrupolar splitting in the lab frame:  
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where θ is the polar angle and   is the azimuthal angle, that the molecular based 

frame makes with the static magnetic field. More explicitly, θ is the angle 

between the external magnetic field and the C−D bond for an oriented sample 

composed of C−D bonds in a single direction (Figure 2-4). 

In multilamellar vesicles, there are random distributions of deuterium 

nuclear spin orientations. Assuming a uniform distribution of N nuclei over the 

surface of a sphere of radius r, the surface area density of nuclei is       . The 

number of nuclei oriented between   and       with respect to      is 

 

 

 

 

 

 

 

 

 

Figure 2-4: Orientation dependence: the angle between the external 
magnetic field and the C−D bond in the absence of motion. 
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The probability density is thus 

     
    

 
                                                                

It follows that       is the most probable and     is the least probable 

orientation. The 2H NMR spectrum which arises from a superposition of doublets 

separated by          and weighted by      is referred to as a Pake doublet as 

shown in Figure 2-5. 

 

 

 

 

 

 

 

Figure 2-5: A Pake doublet.  

2H NMR spectrum of a sample showing all orientations of C−D 

bond in the magnetic field (   ). The most intense peaks 
correspond to 90o orientation. (The x-axis shows the frequency) 
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2.3.2 2H NMR in the Presence of Motion 

In general molecules are dynamic and, depending on the timescale of the 

motion, the dynamics may affect the quadrupolar splitting. In fact, deuterium 

NMR is a powerful tool for investigating anisotropic motion. The deuterium NMR 

spectrum for rapid isotropic motion consists of a single line, while for anisotropic 

motion each deuteron contributes a doublet due to the quadrupolar moment of 

the nucleus [33]. The doublet spacing     depends on the degree of anisotropy. 

In the liquid crystalline phase the chains can undergo angular excursions from 

the the molecular long axis. This is referred to as disordering and usually occurs 

by fluctuations in the carbon-carbon bonds, such as trans-gauche isomerisation. 

For molecular motions fast on the NMR timescale,      , such as rotations about 

the director axis of lipids (axis of symmetry of the reorientational motion) with a 

period of about      , only an average orientation of the C−D bond can be 

detected. A convenient measure of the degree of the fluctuations is the so-called 

order parameter    : 

    
            

 
                                                        

where     is the angle between the C−D bond at a carbon position and the acyl 

chain axis of symmetry of the motions, and the angular brackets denote the time 

average. The motionally averaged powder spectra will be similar to the static 

ones, but the powder splitting is narrowed by a factor of    . Rotation of an all-

trans chain will narrow the spectrum by a factor of 2. The quadrupolar splitting in 

the presence of motion can be written as 
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where    and   are the polar and azimuthal angles, respectively, of the magnetic 

field direction in terms of the principal axis coordinate system (PACS) of the time-

averaged efg experienced by the nuclear spins. In other words,    is the angle 

between the external magnetic field and the axis of symmetry of fast motions (the 

lipid long axis). Note that it is crucial to distinguish between the two angles,     

and   , as are depicted in Figure 2-6.   

 

 

 

 

 

 

 

 

 

Figure 2-6: Orientational dependence, in the presence of axially 
symmetric motion. 

    represents the angle between the external magnetic field and 
the axis of symmetry of motion (the director axis of the lipid) 

while     is the angle between the C−D bond and the director 
axis. 
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The magnitude of the order parameter       is determined by measuring the 

quadrupolar splitting at       . The asymmetry parameter can be measured 

from the spectrum at       and      and    . For systems where     the 

splitting collapses to 0 at the magic angle          . 

2.4 Relaxation Studies in 2H NMR 

2.4.1 Introduction to    and    Relaxation Times 

“Spin-lattice” (  ) and “spin-spin” (also called transverse) (  ) relaxation times are 

very useful tools for investigating the dynamical properties of spin systems, in 

particular lipid membranes. NMR relaxation in membranes has been studied in 

detail [34, 40, 41, 42, 43, 44, 45]. Experiments described in this thesis deal 

exclusively with    , the transverse relaxation time of a spin 1 system as 

measured by a two-pulse quadrupolar echo sequence. A general description of 

the two relaxation times    and    will be presented here and the rest of this 

section will be devoted to the orientation dependence of    relaxation time as it 

pertains to the study of domains structure in multilamellar membranes.            

Relaxation is the process by which the spins in a system evolve towards 

statistical equilibrium with the surroundings. The inter-molecular interactions in 

the spin system are time dependent and random since they are modulated by 

molecular motion. What drives the spins towards equilibrium is the random 

nature of these interactions. Equilibrium is the state in which the populations of 

the energy levels obey the Boltzmann distribution and there are only small 

coherences present in the system. This definition refers to an ensemble, a 
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system in which there are many spins present. Coherence arises when there is a 

particular relation between the phases of the wave functions of the spins in the 

sample. An example of such coherence is a detectable transverse magnetization 

in a spin system prepared along the z-direction at equilibrium.  

In nuclear magnetic resonance it is essential to discriminate between the 

spin system and the lattice. The spin system is the ensemble consisting of all 

nuclear spins, which are characterized by the spin operators. When a transition 

between energy levels occurs in the spin system, there is an energy flow 

between the spin system and the surrounding. The source of this energy, 

associated with the molecular rotations and translations, is called the lattice. The 

spin-lattice relaxation is a mechanism whereby the nuclear spins come into 

equilibrium with the lattice, as if they were “informed” of its temperature. The 

amount of energy involved in an NMR transition is very small and the lattice is a 

large source, thus the temperature of the lattice is not affected significantly by the 

exchange of energy with the spin system and it can be considered to be an 

“infinite” bath.   

When a static magnetic field is applied along the z axis, all the spins align 

with the field and the longitudinal magnetization    builds up. This equilibrium 

magnetization arises from the unequal population of the energy levels, which are 

split due to Zeeman interaction, and is proportional to the population difference. 

When the magnetization is moved off the equilibrium (e.g. tilted along the x-axis) 

by an additional field,    decreases. After the extra field is switched off, the 

system starts moving back towards the equilibrium and    builds up again. This 
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process involves an exchange of energy with the lattice and has a time constant 

or relaxation time    associated with it. Based on the phenomenological theory of 

Felix Bloch (1946) the evolution of    towards equilibrium is exponential. A 

second relaxation mechanism occurs in the system where the spins start losing 

their phase coherence, while the magnetization is still on the transverse plane. 

The coupling between the nuclear spins allows rapid energy transfer from one 

spin to another, leading to the establishment of a thermal equilibrium inside the 

spin system itself in a time much shorter than   , and at a temperature that can 

be completely different from that of the lattice. This time is referred to as the spin-

spin relaxation time   . 

In deuterium NMR the dominant spin-lattice interaction that leads to    

relaxation is the coupling of the electric field gradient with the quadrupolar 

moment of the nucleus.    relaxation in this case is due to thermally driven 

fluctuations in the quadrupolar splitting, causing the loss of phase coherence in 

transverse nuclear magnetization. The general theory of spin relaxation [36] 

describes how these processes arise from fluctuations in spin-dependent 

interactions due to various motions present in the system. The relaxation rates 

can be conveniently expressed in terms of the reduced spectral densities,     , 

of the correlation functions. The correlation functions are characterized in turn by 

a spectrum of correlation times    [34, 36]. For fluctuations with       the 

following expressions are obtained: 
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where    and    are coupling constants for the interaction in question,    and     

are proportional to the mean-squared amplitude of the fluctuations at the 

appropriate frequencies, and    is the Larmor frequency. It is evident from the 

above equations that    relaxation processes are sensitive to fluctuations at 

     and      , while    relaxation rate has contributions from spectral 

densities evaluated at zero frequency, in addition to those evaluated at    and 

   .   

2.4.2 Orientation Dependence of     

The following is a summary of the “phenomenological theory” of the dependence 

of deuterium    relaxation rates on   , the angle between the membrane surface 

normal and the external magnetic field. The theory was first developed by Myer 

Bloom [46, 47]. 

The 2H NMR spectra of bilayer membranes in the fluid phase exhibit axial 

symmetry with respect to the bilayer normal so that the averaging of the 

quadrupolar interaction by fast molecular motions, on the “NMR time scale”, 

gives rise to a quadrupolar splitting 2ω which depends only on the angle θ 

between      and bilayer normal. More precisely, approximating the electric field 

gradient (efg) as an axially symmetric tensor about the C–D bond, one can 

express the quadrupolar splitting in the following form         
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where                  ,                 is a Legendre polynomial, 

and the orientational order parameter                              is a measure 

of the averaging of the quadrupolar interaction due to modulation of the angle   

between the C–D bond vector and bilayer normal by fast molecular motions.  

 The motions that give rise to this motional averaging are also responsible 

for spin-lattice and spin-spin relaxation.    gives information on relatively fast 

dynamical molecular processes having correlation times in the vicinity of 

approximately 10-9 s. Fast motions that contribute to    also contribute to    so 

      is always satisfied. Slow motions which satisfy the condition described in 

Abragam [4] as “adiabatic motions”, i.e.       
   , contribute appreciably to   , 

but not to   . Therefore, in the presence of adiabatic motions the condition 

      holds. 

A study of the dependence of    
   on    in DMPC extending to very low 

magnetic fields [48] shows that the correlation times fall into two classes, those 

associated with relatively fast motions having values      
        that 

contribute to the field dependence of   
   only at high fields (            ) 

and those associated with relatively slow motions having values of      
  

      that contribute appreciably to   
   only at very low magnetic fields. Based 

on this clumping of the correlation times into long and short categories the 

transverse relaxation can be written in terms of two distinct relaxation rates:        
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where   
 
 is assumed to have its origin in motions satisfying      

  and so 

evaluated from    measurements, especially from the dependence of    on   . 

The second relaxation rate,   
 , can be characterized as the adiabatic 

contribution of the relatively slow motions to the transverse relaxation rate.  

A general theory for the orientation dependence of longitudinal and 

transverse relaxation rates for spin = 1 systems, valid within the Redfield 

approximation, has already been established in [43]. For axially symmetric 

motions, the following form is obtained: 

 

  
                                                                      

where the coefficients                 depend on   , the correlation times, the 

orientational order parameters and the thermodynamic variables required to 

characterize the system.         

It is assumed that the fast molecular motions discussed above lead to a 

quadrupolar splitting    given by equation (2.31) in terms of     and   . The 

slower motions modulate   adiabatically. It is also assumed that the adiabatic 

motions are divided into two classes, those that modulate    and     

independently, with effective correlation times      and    , respectively. These 

motions are associated with: 

i. Fluctuations in local curvature that give rise to changes in    without any 

significant changes in bilayer thickness, and, consequently, without 

changes in    . Motions capable of such fluctuations are diffusion on 
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smooth-curved membrane surfaces [42], thermally induced surface 

undulations [49], and order director fluctuations. 

ii. Fluctuations in bilayer thickness  , or equivalently the membrane area  , 

that give rise to fluctuations in     without any significant changes in   . 

It should be noted that the assumption of independence of the two types of 

fluctuations has not been justified on theoretical grounds. It is possible that the 

actual modes responsible for the adiabatic motions involve a coupling between 

membrane curvature and thickness fluctuations. A more rigorous theory of 

adiabatic motion might be established based on the assumption of 

codependence as a first approximation.  

In several studies, explicit connections between  ,  , and     have been 

established for acyl chains (e.g. [6]). Using thermodynamic considerations one 

can relate the mean squared fluctuations       
   and         to measurable 

properties of membranes. These two types of fluctuations are governed, under 

some conditions, by the curvature energy    [49] and the isothermal area 

compressibility        [7, 50], respectively:    

      
      

       
  

   

    
  

  
  

                                          

                  
   

  
                                                      

where    and    in (2.34) are the maximum and minimum wavelengths for 

curvature fluctuation modes, respectively, and    is defined in terms of the 

fractional variation of area with surface tension   as                   . 
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Expressions analogous to equation (2.35) are obtained for volume fluctuations in 

three dimensional systems.  

The thermal fluctuations in θn and A, given by equations (2.34) and (2.35) 

respectively, give rise to small renormalization of the quadrupolar splitting, which 

may be ignored for present purposes. For example curvature fluctuations lead to 

a reduction in     by                            . From the values used in 

[49] of                and         , equation (2.34) gives       
   

         at room temperature. Similarly, the typical value of                 

for fluid membranes [51], gives         
 
      , also leading to small 

changes in the quadrupolar splittings for practical cases.  

If these motions give rise to uncorrelated fluctuations in the quadrupolar 

splitting they will result in adiabatic relaxation given by the classical formula [36]. 

The transverse relaxation rate arising from a fluctuating interaction can be 

characterized by a second moment      and correlation time     where the 

condition        
    is satisfied,  

  
      

          
  

 

               
        

                 
              

        
      

          
         

                   
              

 
             

               
                

                                                                               

Using equations (2.34) and (2.35), coefficients B and C can be written as 
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Expressing          
    and            

  in equation (2.36) in terms of 

Legendre polynomials, we can return to equation (2.33). If in the underlying 

system there exist fast, nearly-isotropic motions, that also contribute to    

processes, a constant term can be added to the orientation dependence of   : 
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Chapter 3: Materials and Methods 

3.1 Materials 

Synthetic deuterated lipids used in this work were purchased from Avanti Polar 

Lipids (Alabaster, AL). These were chain-perdeuterated lipids, including N-

palmitoyl (D31)-D-erythro-sphingosylphosphorylcholine (PSM-d31) and 1-

palmitoyl,2-palmitoyl (D31)-sn-glycero-3-phosphocholine (DPPC-d31 (sn-2 chain 

perdeuterated)), and  selectively deuterated sphingomyelin, labelled at C9 of the 

N-linked palmitoyl chain. Cholesterol and deuterium-depleted water (DDW) were 

obtained from Sigma-Aldrich Canada (Oakville, ON). Deuterium-depleted water 

(DDW) was from Sigma-Aldrich Canada.   

The solvents used for chromatography were chloroform (CHCl3), methanol 

(MeOH), and distilled water (H2O). Fresh deuterated chloroform (CDCl3) and 

methanol (CD3OD) in ampoules were used for proton (1H) NMR. Benzene and 

methanol were used for lyophilization. All solvents were “spectro” grade and were 

obtained from “Science Stores” at Simon Fraser University.   

3.2 Multilamellar Vesicle Preparation 

Lipid/cholesterol multilamellar dispersions (MLDs) were prepared by adding 

cholesterol concentrations of 0, 2.6, 5, 8, 10.1, 12, 16, 18, 20.5, 25, 29.9, 40, 45 

mole% to DPPC-d31 and 0, 2.5, 5.4, 8.5, 11, 14.5, 17.5, 20, 22.5, 25, 28, 31.5, 

35, 40 mole% to PSM-d31. Multilamellar vesicles (MLV) have an onion-like 
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structure in which each lipid bilayer is separated by a water layer. MLVs are 

made following standard techniques. Due to difficulties in weighing out small 

masses stock solutions were used to add appropriate amount of cholesterol to 

the lipids. Since enough amount of DPPC-d31 was available each DPPC-

d31/cholesterol MLD was made separately, using a fresh batch of the lipid. 

Different procedure was used to make PSM-d31/cholesterol and PSM-

d2/cholesterol samples, due to the high cost of these lipids: each PSM-d31/ or 

PSM-d2/cholesterol MLD was made by adding an appropriate amount of 

cholesterol to the previous sample (recovered from NMR tube), starting from 

pure lipids.  

The protocol for making DPPC-d31/cholesterol samples is as follows: 

i. Appropriate amount of cholesterol is added to DPPC-d31, using stock 

solution. Large quantity of cholesterol is dissolved in benzene:methanol 

80:20 (v/v) and the required amount is separated by volume and is added 

to the lipid. The lipid mass was approximately 50 mg for each sample. 

ii. The mixture in solvent is lyophilized until dry. Benzene:MeOH 80:20 is 

used to thoroughly mix the lipid and cholesterol. The mixture is then 

freeze-dried (lyophilized) to remove the solvent by sublimation, preventing 

the demixing that can occur during evaporation. 

iii. Sample is hydrated in deuterium depleted water so that lipid molecules 

self-assemble into the bilayer structure, with cholesterol molecules in 

place. The hydration is done in excess water so that the behavior of the 

system is independent of the amount of solvent. This is important since 
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hydration effects have been observed in palmitoyl sphingomyelin [31]. 550 

μL of DDW is used to ensure enough hydration while just filling up the 

space in the NMR tube that is directly covered by the coil. 

iv. The sample undergoes a freeze-thaw-vortex process five times between -

196oC and ~ 60oC. The thaw temperature must be sufficiently above the 

main phase transition temperature of the lipid, and below the boiling point 

of DDW so that all lipids in the sample become hydrated in the fluid phase. 

In practice, this is achieved by dipping the sample in liquid nitrogen 

followed by leaving it in the water bath for ~10-15 minutes, and then 

mixing it thoroughly with a vortex mixer for ~1 minute.     

The protocol for making PSM-d31/cholesterol and PSM-d2/cholesterol 

samples is as follows: 

i. Add appropriate amount of cholesterol, using stock solution, to pure lipids 

to make the first samples. There were approximately 50 mg of PSM-d31 

and 25 mg of PSM-d2 to begin with. 

ii. After finishing the experiments, transfer this “old” sample from the NMR 

tube into the scintillation vial in which the sample was made, using distilled 

water. 

iii. Lyophilize the sample in the scintillation vial.  

iv. Dissolve the sample in solvent by adding benzene:MeOH 80:20 to the 

scintillation vial, and then lyophilize the sample again. This step is added 
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to make sure that the residual water molecules, bound to the lipid head-

groups, are removed from the sample.  

v. Weigh the scintillation vial. Determine the amounts of lipid and cholesterol 

in the vial and calculate appropriate amount of cholesterol to add to make 

a new sample. 

vi. Add appropriate amount of cholesterol using stock solution. 

vii. Lyophilize, hydrate and freeze-thaw-vortex as explained above.  

3.3 1H NMR to Check Sample Composition 

1H solution NMR (at 300 K) in methanol-d4 was used to test concentrations of 

cholesterol by integrating non-composite peaks arising from the two components.  

Specifically, the peaks used were: the methyl peak at 0.74 ppm and the H-6 peak 

at 5.36 ppm for cholesterol; the glycerol-c2 peak at 5.26 ppm and the γ-(CH3)3 

peak at 3.24 ppm for DPPC; the sphingosine C2 proton resonance at 5.47 ppm 

and the γ-(CH3)3 peak at 3.24 ppm for sphingomyelin. All chemical shifts were 

measured with respect to the methanol-d4 methyl peak at 3.32 ppm. 

Assignments of cholesterol and DPPC peaks are from Muhr et al. [52] and Peng 

et al. [53] respectively. The actual concentrations of the prepared samples 

deviate only slightly from the nominal values, e.g. the nominal concentration of 5 

mole% in PSM-d31/cholesterol MLD turned out to be 5.4 ± 0.5 mole%.  
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3.4 Thin Layer Chromatography 

Thin layer chromatography (TLC) is used to check for any sign of degradation in 

the samples. A Lipid/cholesterol sample is loaded onto silica TLC plates and the 

solvent runs up the plate via capillary action. Depending on the solvent, different 

components move up the plate at different rates. For example, in 

PSM/cholesterol and DPPC/cholesterol systems cholesterol moves up faster 

than the lipid. The TLC plate is then developed using iodine vapors to visualize 

the presence of lipid and cholesterol as Iodine reacts with double bonds in the 

lipids and turns the lipid to a yellow or brown color. If there is any degradation in 

a lipid/cholesterol binary system, there will be more than two spots on the TLC 

plate. Several samples were checked for degradation after completion of the 

NMR experiments by TLC, eluting with HCCI3/MeOH/H2O 65:25:4 v/v. These 

include every other sample, in the case of PSM-d31/cholesterol, and every third 

sample, in the case of DPPC-d31/cholesterol. The 2H NMR experiments took 

nearly 3-4 days per DPPC-d31/cholesterol samples, 4-10 days for PSM-

d31/cholesterol samples, and 2-4 weeks for PSM-d2/cholesterol samples, but no 

degradation of any of the samples could be detected by TLC. Also, no sign of 

degradation was evident in the 1H NMR spectra.   

3.5 2H NMR 

2H NMR experiments were performed immediately after a sample was hydrated 

(fresh). The sample was heated from 25 to 70oC and at each temperature was 

allowed to equilibrate for at least 20 minutes before data acquisition. The data 

was collected from low to high temperatures. At the end of data acquisition 
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(highest temperature), the reproducibility of the data was checked by repeating 

the experiment at the starting temperature (25oC). Hysteresis was not observed 

in lipid/cholesterol samples studied in the work presented in this thesis, indicating 

that the results are independent of the thermal history of the sample. Hysteresis 

has been observed in the study of other lipid mixtures [54].  

2H NMR experiments were performed using a 300 MHz (7.0 T) Oxford 

Magnet with a locally built spectrometer operating at 46.8 MHz using the 

quadrupolar echo technique [55]. The typical spectrum resulted from n repetitions 

of the two-pulse sequence with 90o pulse lengths of 3.95 µs, an interpulse 

spacing of 40 µs, and a dwell time 2 µs. The delay between acquisitions was 300 

ms and data were collected in quadrature with 8-CYCLOPS phase cycling. 

Signal averaging was performed over n = 10,000–40,000 scans for 

perdeuterated lipids and n =                 scans for selectively labeled 

sphingomyelin. In samples with perdeuterated lipids, the spin-spin relaxation 

time,    , was measured by varying the interpulse spacing and taking the initial 

slope of the echo peak signal versus echo time. In the case of PSM-

d2/cholesterol samples     was measured from the frequency domain spectrum 

for all orientations. For PSM-d31/cholesterol and DPPC-d31/cholesterol samples 

the interpulse spacing was varied from 40 to 100 µs in steps of 10 µs, whereas 

for PSM-d2/cholesterol samples this parameter was varied from 100 to 250 µs in 

steps of 50 µs.   
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3.5.1 Quadrupolar Echo 

The free induction decay (FID) following a 90o pulse decays fairly rapidly due to 

dephasing of the spins. The receiver electronics has a dead-time during which it 

cannot detect the whole FID and the first few points are lost, resulting in a 

distorted spectrum. The quadrupolar echo pulse sequence is used to refocus the 

spins such that the full FID, neglecting relaxation effects, is reproduced as an 

“echo” long after the receiver dead-time. The Fourier transform of this echo yields 

an undistorted spectrum. The two pulse sequence of the quadrupolar echo is 90y 

– τ – 90x – τ – echo. Here, a summary of the physics describing the quadrupolar 

echo is presented, following a density matrix treatment by Solomon [56].  

The calculations presented here will be made in a frame rotating at the 

Larmor frequency        with the z-axis along the magnetic field B0. The 

quadrupolar interaction leads to a frequency shift for a given nucleus, which is to 

first order 

        
                                                                    

where            is the value of the quadrupolar perturbation. Applying a 

rotating magnetic field B1 along the y axis of the rotating frame for a short time    

such that  

                                                                           

can be described as the application of an operator   acting on the spin wave 

function and transforming any spin operator   into      . If B1 is large enough 
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(i.e.      ) then   is simply a rotation and has the explicit form   

          . 

The density matrix,  , can be used to conveniently formulate the state of 

the spin system right after the application of a pulse and the evolution of the 

system at a time t after the pulse. If the spin system is described by a density 

matrix      at a time t, the amplitude of the signal induced in the sample coil is 

proportional to  

                                                                             

where          . Before we apply any rf pulse, the spin system is in thermal 

equilibrium and applying an rf pulse will put the system off equilibrium. First, we 

find out the state of the spin system,     , after the application of a    
  pulse 

with large rf field (     ). The density matrix of the spin system in thermal 

equilibrium is  

                                                                                    

                                                                             

The first term of equation (3.4) can be dropped since it gives a signal          . 

The useful part of the density matrix     before we apply any rf field is then 

proportional to   : 

                                                                             

Immediately after the 90y pulse, the density matrix at     is thus 
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The evolution of the density matrix in the external magnetic field, after the 

application of the first pulse, will then be described as 

              
               

                                                   

and the corresponding signal amplitude (free precession signal) is 

                 
               

                                                

Expanding (3.8), one obtains  

                

 

                                                

The application of the second rf pulse (90x) at time     will rotate the density 

matrix,     , by the unitary operator          . Thus, right after the second 

pulse we have     

                
                                                                                      

             
               

      
                                       

The density matrix will then evolve in the external magnetic field and the signal 

detected after the 90x at     becomes 

                                      
                    

                                                                                  

    
         

                   
        

         
      

          
         

                                 

Expansion of (3.11) gives 
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Now, if for particular values of t,      is independent of  , signals of all the nuclei 

are “in phase” and we get an echo. This condition happens in equation (3.12) for 

   

 
 

       

    
                                                         

For deuterium nucleus    , thus      becomes zero and there is no signal 

when      . Therefore allowed values for   are       . Also, the value 

          gives a time-independent signal. The only non-vanishing matrix 

elements of    in equation (3.12) are obtained for         . Therefore, the 

allowed values of           are          and          , which give the value 

    in equation (3.13), indicating the echo occurs at     .    

3.5.2 Repetition Time (TR) 

Repetition time is the time between taking successive scans. In order to gain 

higher signal to noise ratio (SNR) it is advantages to use as short a TR as 

possible and thereby collect more data, in a given amount of time. However, TR 

should be long enough to allow for spins to fully relax before the next pulse is 

scanned. If TR is shorter than spin-lattice relaxation time (T1) the bulk 

magnetization does not fully return to equilibrium (z-axis) and signal is lost in the 

successive scans. Spins in gel and liquid crystalline phases have relatively short 
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T1 relaxation times, whereas, spins with more motional restriction, such as those 

in crystalline solids, have longer T1 and therefore require a longer time to relax. 

In the experiments presented in this thesis, no crystalline solid phase has 

been observed and, thus, a TR of 300 ms seemed sufficiently long. The data 

acquired with this repetition time is compared with those obtained using TRs of 

20 s and 50 s to characterize possible signal loss due to a shorter TR. 

Experiments carried out on the DPPC-d31/cholesterol and PSM-d31/cholesterol 

systems show that the signal amplitudes (echo-height) for data acquisition using 

long TR (20 s and 50 s) and short TR (300 ms) differ by 3% or less. This 

difference in echo-height is due to the longer relaxation time of methyl group at 

the end of the acyl chain.  

3.5.3 Number of Scans 

There is typically 40-50 mg of deuterated lipid in each of the perdeuterated 

samples. In the case of PSM-d31 the successive samples are made by adding 

cholesterol to the previous sample. Since the protocol (described in section 3.2) 

for making a new sample involves several weighing and transferring of the 

sample there is a gradual loss of perdeuterated PSM, and the SNR decreases. 

Increasing the number of scans can compensate for this loss since     

                . In the case of selectively deuterated sphingomyelin (PSM-d2) 

the number of deuterons per lipid molecule is 2, and there is only ~25 mg of lipid 

in each sample. Therefore, in order to obtain similar SNR as in the samples with 

perdeuterated lipid, the number of scans has to be increased by a factor of ~900. 

Typical number of scans for a sample with ~50 mg perdeuterated lipid is ~20000, 
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which takes 100 minutes to acquire data. Since it is not practical to spend 

        minutes to collect one spectrum per setting for each PSM-

d2/cholesterol samples, we limited our SNR to maximum       scans. 

However, to improve the SNR in these samples 2H NMR spectra are 

symmetrized by setting the imaginary data to zero.        

3.5.4 Quadrature Detection 

The electronics cannot handle the large frequencies (~ 106 Hz) associated with 

solid state NMR. During data acquisition, the signal is downshifted by subtracting 

off a reference frequency (typically the Larmor frequency) so that an offset is 

detected. Quadrature detection provides a means to distinguish between positive 

and negative offset frequencies and permits the phasing of the spectrum to 

obtain pure absorption mode lineshapes. In 2H NMR experiments quadrature 

detection is attained by routing the signal from the receiver through two different 

phase sensitive detectors (PSDs), 90o out of phase, to produce a         

modulated signal, commonly called the real signal, and a         modulated 

signal, which is commonly called the imaginary signal. Linear combination of 

these two signals produces a complex signal, the Fourier transform of which 

produces a resonance line at a single frequency that can be phased to give a 

pure absorption mode lineshape.    

3.5.5 Phase Cycling 

8-CYCLOPS (CYCLically Ordered Phase Sequence) phase cycling [57] removes 

spectral artifacts created by non-ideal conditions in the NMR electronics. These 
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artifacts are caused by imperfections in the 90o pulses, DC offset, gain mismatch, 

and phase error in the receiver amplifiers. Phase cycling eliminates these 

artifacts by changing the transmitter phase in the sequence 0, 90, 180, 270. This 

involves alternating pulses used in the sequence between (x,y), (y,-x), (-x,-y), (-

y,x), (x,-y), (-y,-x), (-x,y), (y,x). The computer combines the real and imaginary 

spectra from each channel for each step of the sequence to generate the final 

phase cycled spectrum. In this process the signals add, but the artifacts cancel. 



 
 

 
 

56 

Chapter 4: Analysis 

4.1 Moment Analysis 

The nth moment of a symmetric 2H NMR spectrum is defined as 

   
 

 
   

 

 

                                                               

where      is the function describing the spectral lineshape,   is the angular 

frequency shift from Larmor frequency, and 

          
 

 

                                                             

is half the area of the spectrum. The first moment (  ) measures the average 

spectral width and therefore tells us how broad a spectrum is. Since spectra are 

centered on the Larmor frequency, each pair of deuterons gives rise to a Pake 

doublet that extends symmetrically on both negative and positive frequency 

shifts. We calculate    by averaging over both sides of the spectrum, 

   
 

 
    

 

    

                                                            

         
 

    

  

In calculating    from the experimental spectrum, we choose   so that the 

frequency range    to   contains the entire spectrum and the spectral intensities 

at     and      (shoulders of the spectrum) disappear into the baseline, 
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and integrate over each side of the spectrum separately and add the absolute 

values of the two.   

4.2 Order Parameters 

The bilayer structure imposes constraints on lipid acyl chain motion, leading to a 

characteristic profile in the orientational order along the chain. Carbons near the 

head group undergo more restricted motions and exhibit a higher degree of 

order, whereas those closer to the end of the chain, i.e. close to the methyl 

group, have much more freedom and are characterized by lower order. In other 

words, the local order parameter is a measure of the local “rigidity” of the lipid 

chain.  

The local orientational order parameter of deuterons on the i-th carbon, 

SCD(i), is defined by 

       
           

 
                                                         

where    is the angle between the C−D bond at the i-th carbon position and the 

acyl chain axis of symmetry of the motions, and the angular brackets denote the 

time average. SCD is proportional to the quadrupolar splitting,    , and can 

therefore be measured from the 2H NMR spectra: 

                                                                         

where                is magnetic susceptibility representing the quadrupolar 

coupling constant (126 kHz for the C−D bond). 
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If deuterons attached to the same carbon experience the same chemical 

environment, the deuterons contribute to the area of the same peak. Otherwise, 

the deuterons are inequivalent and they show up as two well-resolved peaks 

each with half the area of the peak of the equivalent deuterons. In this study, we 

have observed that the deuterons on C2 and C3 of the palmitoyl chain of PSM-

d31 and DPPC-d31 (sn2) are inequivalent. This is due to their proximity to the 

“kink” conformation that influences the geometric order parameter of C2 and C3 

deuterons. This effect is less pronounced for C3 deuterons.              

If the molecules undergo rapid axially symmetric reorientation the first 

moment is proportional to the average of the quadrupolar splitting along the chain 

or, equivalently, of the Carbon-Deuteron order parameter,  

   
  

   
                                                                      

The C−D order parameters can be used to estimate the length of the lipid 

chains through the relation [58, 59]       

                    

         
 

 
     

 

 

                                                        

where N is the number of carbon-carbon bonds in the lipid chain and the sum is 

over all carbons (except the carbonyl) with C-D bond order parameters    
 . In 

the all-trans configuration, all of the C-D bond order parameters are equal to 0.5 

and thus the chain length is just L = 1.25N. 
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The smoothed order parameter profiles are extracted from the dePaked 

spectra using an established procedure [60], which assumes that the local order 

parameter decreases monotonically with the carbon position. While this 

assumption is not entirely correct, it does describe the general trend accurately. 

4.3 De-Pake-ing 2H NMR Spectra 

For a sample, such as an MLV, in an external magnetic field, B0, the quadrupolar 

interaction depends on the orientation relative to B0. In the case of an axially 

symmetric reorientational motion, this dependence typically involves          

 

 
           with the angle θ between the magnetic field and the symmetry axis 

of the interaction. This scales the interaction by a factor between 1 and −0.5 

(zero at the “magic angle”) and the resulting spectrum, for each carbon position, 

is a Pake doublet lineshape: a superposition of contributions from all possible 

orientations present in the sample. The essential consequence of the highly 

symmetrical nature of the fast motions in lipid bilayers is that a spectroscopic 

observable   (quadrupolar splitting) is related to some generalized time 

averaged anisotropy parameter x, through          scaling:    

                                                                       

For a fixed  , e.g., for a lipid bilayer squeezed between flat glass plates, the 

observed pattern of quadrupolar splitting provides a direct measure of the order 

parameter profile. Extracting the same information from a “powder” sample is 

considerably more difficult. If the sample contains multiple deuterons the powder 

spectrum is a superposition of Pake doublets and the overlapping of these broad 
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doublets makes it even more difficult to extract structural and dynamical 

information, such as SCD, about the membrane. When all orientations in a powder 

are equally probable (random orientational distribution function          ) then 

the standard “de-Pake-ing” technique [61, 62] can be used to dePake 

(deconvolute) a powder spectrum into its 0o oriented counterpart and thus to 

extract the order parameter profile. 

A random orientational distribution in a powder sample is realized when 

ordering due to the presence of an external magnetic field is negligible. However, 

the magnetic susceptibility of lipid bilayers is anisotropic,   

                                                                        

When a small domain of a bilayer of area A, thickness d, and bilayer normal     is 

placed in a strong external magnetic field    , a magnetic moment is induced, 

which then interacts with the field. The resulting torque [63] 

                                                                                

orients the domain preferentially so that         is favored. Because of the 

quadratic dependence on the strength of the external magnetic field, the effect on 

the distribution of bilayer domain orientations at high fields is considerable. Such 

ordering can distort the interpretation of NMR lineshapes, their moments, and the 

relaxation times. In particular, extraction of the orientational order profile is 

strongly affected if the standard dePakeing procedure is applied to partially 

oriented samples.  
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An experimental technique known as the spherically supported vesicles 

[64] can be used to avoid the orientational ordering in liposomes placed in a high 

magnetic field. Alternatively, we have used a well-established numerical method 

that is capable of extracting the oriented spectra, and thus the order parameter 

profiles, from the NMR spectra of partially oriented lipid samples. Here, we 

present a summary of the technique and for more details the reader is referred to 

[63, 65].  

In general, a system has more than a single inherent time averaged 

anisotropy (more than a single order parameter) and thus it is appropriate to 

introduce the anisotropy distribution function     , which contains all of the 

physical information of interest. Clearly, for a system that can be adequately 

described by a single anisotropy parameter, e.g., anisotropy of the chemical shift 

for a spin-(1/2) system,      is a δ-function. On the other hand, since a powder 

sample contains contributions from all the orientations a single fixed anisotropy 

parameter x corresponds to a continuous lineshape function,      , in the 

frequency domain. To determine      , it is essential to consider also the 

orientation distribution function     , which represents the probability of 

encountering bilayer normal at an angle   with respect to the external magnetic 

field. For an oriented sample, the orientation distribution function reduces to 

          and the corresponding 2H NMR lineshape is simply             

  . Clearly, the position   of the spectral line is a direct measure of the 

anisotropy (order parameter). Once the anisotropy and orientation distribution 
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functions are defined, the powder spectrum can be described as a mapping 

              : 

               
  

  
                                                    

                     
  

  
                                                     

The first expression is a     -weighted superposition of lineshape functions, one 

for each anisotropy x; a classic example of a lineshape function would be a 

powder pattern of a single chemical shift anisotropy in 31P NMR. The second 

expression is a     -weighted superposition of spectra from the individual 

orientations that constitute the powder sample, one for each orientation θ. For 

reasons that will become clear it is convenient to introduce the kernel function 

       and rewrite equation (4.11) as 

                
 

  

                                                       

         
   

  

  
                    

                                                   

                                   

Using the scaling relation (4.8), the lineshape can be expressed as 

    
  

  
  

         

              
 
 

                                           

If      is known        can be determined and the anisotropy distribution      

can be extracted from the powder spectrum using 
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The numerical procedure of extracting an oriented spectrum      from a powder 

spectrum      through equation (4.16) is precisely the case of dePakeing. If a 

uniform random orientation distribution,          , is assumed then (using the 

scaling relation (4.8)) the well-known lineshape function is obtained:        

               for          and          otherwise. And, for a single 

quadrupolar splitting the so-called Pake doublet lineshape takes the form 

              . For random orientation distribution the dePakeing algorithm 

reduces to numerically solving the following equation for           

      
    

          
 
 

 

  

         
 

 
                                  

A discrete set of experimental data,   
 , is always incomplete, i.e., is 

known at a limited number of frequency sampling points   , and is affected by 

the noise  

  
                                                                       

The    are Gaussian random variables, the    are defined by the noise model,   

is a noise scaling factor, and the “exact data”          are completely 

determined by      through Eq. (4.17). Numerical analysis of noisy data provides 

only approximations for the distribution function,      . Equation (4.17) is a 

Fredholm integral equation of the first kind and thus belongs to the class of so-

called inverse ill-posed problems [66]. That is, for any set of noisy data {  
 }, 



 
 

 
 

64 

there are many possible approximations for       with equally good fits to the 

input data (their least-squares residues are not distinguishable). Almost all of 

those approximations are in fact wrong, as can be demonstrated by using the 

Riemann-Lebesque theorem [67]. For this reason, simple least-squares or linear 

programming algorithms are not appropriate for dealing with such integral 

equations. 

The numerical approximation of      from powder spectra was first carried 

out successfully by M. Bloom et al. [61] using an iterative algorithm. The 

procedure was applicable to symmetric quadrupolar and to simple chemical-shift 

powder spectra. It was generalized by Sternin et al. [62] for the analysis of 

asymmetric doublets. While the iterative method is the pioneer work in 

dePakeing it has some drawbacks: mainly, the signal-to-noise ratio decreases 

substantially when mapping the powder spectrum to the approximated      . 

Whittall et al. [68] applied inverse-theory methods for the first time and achieved 

significant improvement. They successfully implemented two techniques: the 

nonnegative least-squares algorithm, NNLS, by Lawson and Hanson [69] and the 

calculation of least-squares approximation by using a discrete regularization 

technique based on singular-value decomposition, SVD, [70, 71]. With these 

techniques, they could extract       from frequency-domain spectra as well as 

from the corresponding time-domain signals. The non-negativity constraint and 

the discrete regularization both lead to an increase of stability and reliability of 

the results compared to the iteration method. Nonetheless, the fundamental 
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problems due to the ill-posed character of the Fredholm integral equation of the 

first kind, Eq. (4.17), could not be resolved.         

However, the Tikhonov regularization technique [66, 72] is known to 

provide reliable solutions of such integral equations by minimizing the least-

squares error with respect to      under additional constraints, e.g., a certain 

degree of smoothness of     . Successful dePakeing of powder spectra has 

already been achieved by this method [73]. For m input data points, the 

regularization algorithm minimizes the following expanded least-squares 

expression with respect to     : 

           
 

  

 

   

   
              

 

  

    

 

                            

subject to       . The first term in Eq. (4.19) is the usual least-squares term, 

which guarantees compatibility of the fit with the data. The Tikhonov 

regularization approach introduces the second term, which controls the 

smoothness of the approximation. Here λ is the regularization parameter, and    

denotes the second derivative of the distribution function     . A good estimate 

for λ is essential for the quality of the solution. Too small values for λ result in 

artificial, physically meaningless structures in      , whereas too large a λ tends 

to oversmooth the shape of       and to suppress information. Among several 

methods established to determine the regularization parameter λ the self-

consistency (SC) method developed by Honerkamp and Weese proved to be the 

most powerful one in many numerical algorithms related to Fredholm integral 

equations [74, 75, 76, 77]. The essence of SC method is to estimate the 
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regularization parameter uniquely from the experimental noise, thereby to 

guarantee that the approximation       is in the vicinity of the true distribution 

function     . In other words, the numerical strategy is that the fit proceeds until 

the statistics of the misfit is equal to the statistics of the noise distribution in the 

baseline of the spectrum. Once the optimum value of the regularization 

parameter is determined from the SC method, minimizing the misfit,          , 

yields      . 

For magnetically partially oriented bilayers one needs to re-express the 

kernel function       , in terms of   and  , for non-spherical (non-random) 

orientation distribution and then the regularization dePaking algorithm, as 

explained above, can be used to estimate the oriented spectrum      . Several 

studies on lipid membranes [78, 79, 80] have shown that multilamellar vesicles 

undergo magnetically induced ellipsoidal deformations in high magnetic field. In 

[78] the first freeze-etch electron microscopy data obtained from 

DPPC/cholesterol samples that were frozen directly in the NMR magnet at field 

strength of 9.4 Tesla. These data clearly show that the MLVs adopt an ellipsoidal 

shape in the magnetic field. The ellipsoidal orientation distribution can be 

modeled as [63] 

                      
                                              

Here    is the square of the ratio of the semiaxes, i.e.,      means spherical 

symmetry and      describes an ellipsoidal deformation, with the long axis 

parallel to the magnetic field. Now calculation of the dePaked spectrum becomes 

numerically more expensive since    is introduced as the second fitting 
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parameter in the minimization problem, Eqn. (4.19). First, a reasonable range of 

   is considered, and then for each    value the misfit functional           is 

minimized. The minimum value of the standard deviation of the misfit 

corresponds to the    value that provides the best fit. Once the optimum   , and 

hence optimum  , is known the dePaked spectrum       is estimated.     

Here we present an example of the ellipsoidal deformation of pure PSM-

d31 MLD in a magnetic field strength of 7 Tesla. The spectrum     , collected at 

47oC, consists of 4096 data points and extends between -250 and +250 kHz, the 

kernel        is a          matrix, and the dePaked spectrum       is 

estimated between -100 to +100 kHz as a       vector. The dePaked 

spectrum, the fit to the powder spectrum, and the misfit (the discrepancy 

between the data and the fit) obtained from the iterative method is shown in 

Figure 4-1. The reported unphysical negative intensities in the dePaked spectrum 

indicates that random orientation of the domains in the magnetic field is not an 

appropriate model for sphingomyelin membrane. The inadequacy of           

model can clearly be observed in the form of systematic features in the misfit. 

The standard deviation of this misfit,                 , is nearly 15 times 

greater than that of the noise in the baseline of the data,                 .  

Further, we applied the Tikhonov regularization algorithm with an 

ellipsoidal model for the orientation of liposomes in the external magnetic field 

and the results are presented in Figure 4-2. The square of the ratio of the 

semiaxes,   , was varied from 1.0 to 10.0 in steps of 0.1 and the numerical 

inversion, i.e. minimization of           , was performed using Snowpatch cluster 
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on WestGrid (Western Canada Research Grid is a grid-enabled system for the 

high performance computing, collaboration and scientific visualization). The 

program executed in about 20 seconds for each    value and the minimum 

quadratic misfit function       obtained for           , corresponding to the 

ratio of semiaxes equal to ~2.6 (see the inset in Figure 4-2). Then, the optimum 

regularization parameter and the noise level were estimated to be         

    and             .  

 

 

 

 

 

 

 

 

 

 

 

Figure 4-1: DePakeing of a 2H NMR spectrum based on a random 
orientational distribution model, using iterative algorithm. 
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First clear observation is that going from powder spectrum to dePaked 

spectrum, unlike in the iterative method, the signal to noise ratio is not 

decreased. Also, the reported misfit is shown 20 times larger and clearly the 

systematic difference between the input data and the fit curve is essentially 

eliminated. The standard deviation of the misfit is                  , which is 

very close to that of the noise. However, the estimated dePaked spectrum shows 

unphysical positive amplitudes, indicating that the deformation of liposomes in 

the magnetic field is not adequately described by an ellipsoidal model. One can 

speculate that the random orientation and ellipsoidal deformation models 

correspond to two extremes. 

Following the procedure in [65], we employed a mix orientation model: an 

elliptical distribution of Eq. (4.20) as well as a spherically symmetric term: 

                                  
                            

 Now calculations become even more expensive since the relative contribution of 

the two components was introduced as the third fit parameter. The results are 

presented in Figure 4-3 for the minimum misfit function corresponding to 

        spherical,            ellipsoidal distribution, as well as 

            for the elliptical part. The misfit     shows no systematic 

features and its standard deviation is again close to that of the noise. Also, the 

estimated dePaked spectrum does not exhibit unphysical positive/negative 

amplitudes. 
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Figure 4-2: DePakeing of a 2H NMR spectrum based on an ellipsoidal 
orientational distribution model, using Tikhonov regularization 
algorithm. The inset shows the standard deviation of the misfit as 

a function of   . 
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Figure 4-3: DePakeing of a 2H NMR spectrum based on a mixed 
orientational distribution model, using Tikhonov regularization 
algorithm. The inset shows the standard deviation of the misfit as 

a function of   . 
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4.4 Spectral Subtraction 

According to the Gibbs phase rule, the temperature-composition phase diagram 

of a two-component system can have regions of two-phase coexistence. Spectral 

subtraction, also known as 2H NMR difference spectroscopy, can be carried out 

in phase coexistence regions to determine the phase boundaries [10]. Spectra 

from two samples with different compositions at the same temperature T are 

needed. The spectral subtraction method is valid for any two-phase region as 

long as certain assumptions hold. The spectra of the two phases have to be 

sufficiently different that one can easily distinguish and carry out the subtraction 

procedure. The exchange of labeled lipid between two kinds of domains must be 

slow on the NMR timescale so that it can be neglected. In addition, the domain 

must be sufficiently large, so that the signal from the lipid on the boundary of the 

domains is negligible.  

2H NMR experiments on binary systems, such as PSM-d31/cholesterol, 

show that these conditions are satisfied in the region of the phase diagram where 

gel and liquid ordered phases coexist (so+lo). In the following derivations we use 

subscript “g” to refer to the “gel” or “so” phase and subscript “f” to refer to the 

“fluid” or “lo” phase. The partitioning of the sample between these two types of 

domains is given by the lever rule. For example, for a sample of composition    at 

a temperature T, the fluid fraction is given by 
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and the gel fraction is        . In this equation    and    are the cholesterol 

concentrations at the so and lo phase boundaries. It follows from Eqn. (4.22) that 

                                                                   

and therefore 

    

      

      
       

      

      
                                            

where      is the lipid concentration of the sample, and      and      are 

the lipid concentrations of the fluid- and gel-phase domains, respectively. The 

fraction of the lipid in the fluid-phase domains is then 

     

    
    

                                                                 

and the second term of Eqn. (4.24) (or     ) gives the gel lipid fraction. Within 

the two-phase region, the 2H NMR spectrum   consists of different amounts of 

endpoint spectra characteristic of the two phases in equilibrium: 

                                                                      

                                                                      

where    and    are the cholesterol concentrations of two lipid/cholesterol MLDs, 

   and    are the fractions of fluid lipid in the two samples, and    and    are the 

end-point spectra characteristic of solid phase and liquid phase domains, 

respectively, at the solid and liquid phase boundaries. The endpoint spectra can 

be obtained by linear decomposition of the composite spectra, using Eqns. (4.26) 

and (4.27): Given two area-normalized 2H NMR spectra         and        ; the 
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solid (or liquid) spectrum can be obtained by subtracting a fraction   (or   ) of 

one spectrum from the other as follows; 

                                                                                                                

                                                                                         

                                                                                                                

                                                                                        

We obtain the gel phase end-point spectrum when the first term in Eqn. (4.28) 

vanishes, i.e. 

                 
  
  

                                                

         
 

   
                                                          

And we obtain the fluid phase end-point spectrum when the second term in Eqn. 

(4.29) vanishes: 

                        
    
    

                                  

         
 

    
                                                         

Finally, from Eqns. (4.22), (4.25), (4.30), and (4.32), we can solve for the end-

point concentrations: 
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The spectral subtraction method explained above assumes that both phases 

have the same relaxation time    , which is not true in our case. Depending on 

the temperature, the lo phase has a     two to six times larger than the so phase 

    and therefore the so component decays faster than the lo component (the 

signal         ). Thus, at any given quadrupolar echo time   , the 2H NMR 

spectrum will contain a smaller so component    than is representative of the 

sample. Due to this     effect    and    in Eqs. (4.30) and (4.32), which should be 

denoted as          and         , do not reflect the actual fraction of fluid 

lipid in the samples. Thus, the   and    (which should be denoted as         

and         , respectively) determined from the spectral subtraction will not be 

correct, leading to a deviation of    and    from the actual values. To incorporate 

this     effect, corrected    and    values (i.e.,         and        ) are 

calculated by extrapolating the height of the respective echo signal back to     

using the measured     for a given temperature, and then the corrected   and    

values (i.e.,        and        ) can be derived and expressed in terms of 

the experimentally determined   and    (i.e.,         and         ), and 

   s. Assuming the gel component of a mixed spectrum will have decayed by an 

extra factor   relative to the liquid ordered component, then [81] 

                                                                          

                                                                       

where the coefficient C is given by 
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Using Eqns. (4.34) and (4.35) with these corrected   and    values, the    -

corrected values of    and    are obtained. 
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Chapter 5: Results and Discussion 

In this chapter, 2H NMR results will be presented and discussed in two parts. The 

first half will focus on perdeuterated lipid/cholesterol membranes and the 

pertinent phase diagrams will be mapped. The latter half of the chapter will be 

devoted to the study of the orientation dependence of T2 relaxation time and its 

influence on the nano-domain structure of PSM/cholesterol using selectively 

deuterated sphingomyelin. 

5.1 Perdeuterated Lipid/cholesterol 

5.1.1 Distinct Phases are Observed 

Depending on temperature and composition, both PSM-d31/cholesterol and 

DPPC-d31/cholesterol MLDs can exist in three distinct phases. These are the gel 

or solid-ordered (so) phase, liquid-disordered (ld) phase, and the liquid-ordered 

(lo) phase. The 2H NMR spectra of these phases have unique characteristics 

which can be used to map phase boundaries and regions of phase coexistence. 

Figure 5-1 shows the spectra representative of these three phases for PSM-

d31/cholesterol and DPPC-d31/cholesterol membranes, respectively. The 

spectra in Figure 5-1 A and A‟ are typical of the membrane ld phase. The 

spectrum is a superposition of Pake doublets; each is contributed from a labelled 

carbon along the chain and is a powder pattern with a quadrupolar splitting 

representative of the local carbon-deuterium bond order parameter, SCD. The 
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Figure 5-1: 2H NMR spectra representative of three phases: 

 (A) & (A') typical ld phases above 41ºC; (B) & (B') lo phases with 
40 mole% cholesterol at 48ºC; and (C) & (C') so phases, below 
39ºC, of the PSM-d31 & DPPC-d31 membranes, respectively. 

 

lipid chains have a relatively high population of gauche conformers and gauche-

trans isomerisation is very rapid. The lipid molecules also undergo rapid axially 

symmetric reorientation about the bilayer normal [82, 83] and rapid lateral 

diffusion [84]. In the ld phase lipid chains are loosely packed laterally within the 

bilayer.  Figure 5-1 B and B‟ show the spectra representative of the lo phases. 

The lo phase spectrum has a line shape qualitatively similar to that of the ld 

phase:  The spectrum is a superposition of Pake doublets indicating that the acyl 
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chains undergo rapid axially symmetric reorientation about the bilayer normal, 

[85, 86]. However, the average spectral width in the lo state is much broader 

than that of the ld state, nearly 1.7 times larger for PSM-d31 and 1.9 times larger 

for DPPC-d31, respectively. This means that the quadrupolar splitting for each 

position on the chain is considerably larger in the lo phase than in the ld phase 

and, thus, lipid chains are highly conformationally ordered with a reduced 

population of gauche conformers. The chains approach the all-trans 

conformation at low temperatures [10]. As a consequence lo phase hydrocarbon 

chain packing is much stronger than in the ld phase, and the rate of lateral 

diffusion is significantly reduced [84]. Figure 5-1 C and C‟ show the spectra 

characteristic of pure so phase membrane. Deuterons in so membranes do not 

undergo rapid axially symmetric motion on the NMR timescale since the acyl 

chains are closely packed. The significantly slower motions in the so phase lead 

to the characteristic bell shape of this phase [87, 88]. 

5.1.2 Phase Transitions 

The first moment,   , is determined from the average spectral width, as 

described in section 4.1. Labelled lipids in each phase state within a given 

membrane possess a distinct 2H NMR spectrum and thus a distinct    value. 

Phase changes can be detected by examining the spectra or    as a function of 

temperature or composition. For instance, a large variation of    with 

temperature can be used to pinpoint phase transition temperatures in the 

membrane. Figure 5-2 A and B show    as a function of temperature for all 

PSM- d31/cholesterol and DPPC-d31/cholesterol MLDs, respectively. The gel 
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Figure 5-2: The temperature dependence of M1 for (A) PSM-
d31/cholesterol and (B) DPPC-d31/cholesterol at various 
cholesterol concentrations. 
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phase of pure DPPC-d31 dispersions exhibits a pre-transition from a rippled 

phase (Lβ´) to a nonrippled, tilted phase (Pβ´) near 32oC. Also, in the absence of 

cholesterol, both PSM-d31 and DPPC-d31 undergo main transitions at 40oC from 

the so phase to the ld (Lα) phase. Adding cholesterol modifies both the ld and so 

phases of the lipid membranes. The       curve plunges less dramatically at    

as more cholesterol is added: below          decreases with increasing 

cholesterol concentration, whereas above          increases with increasing 

cholesterol concentration.    is proportional to the average order parameter in 

the liquid crystalline phase, therefore adding cholesterol increases the 

phospholipid chain ordering above   . 

5.1.3 Phase Boundaries at low Cholesterol Content: so/(so+ld)/ld  

As shown in Figure 5-3 A, pure PSM-d31 MLDs undergo a sharp phase transition 

near 40°C. The spectra obtained below 39°C are characteristic of a so phase 

membrane and those obtained above 41°C represent the ld phases. The 

spectrum collected at 40°C is composed of both so and ld components. The so 

component in such a so+ld spectrum can be traced by magnifying the 

“shoulders” of the spectrum. The shoulders of so and ld spectra extend to ~ ±60 

kHz and ~ ±30 kHz, respectively (see Figure 5-1). Therefore, signal between 30 

and 60 kHz (or between −30 and −60 kHz) is an indication of the so component. 

Spectra obtained above 41°C show only noise in this region, thus they contain no 

so component. Figure 5-3 B displays the temperature dependence of spectra for 

the 94.6:5.4 PSM-d31/cholesterol membranes. The spectrum obtained at 37oC 
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Figure 5-3: 2H NMR spectra of (A) pure PSM-d31 and (B) 94.6:5.4 PSM-
d31/cholesterol as a function of temperature. 

 

displays both so and ld components, but with the so component dominating. The 

emergence of the 90o edges near ±19 kHz confirms the existence of the ld 

component (the onset of the transition). The 39oC spectrum also contains both 

so and ld components but the ld component dominates (the end of the 

transition). A trace of residual so component is visible, illustrated by an arrow in 

Figure 5-3 B. Similar spectral analysis (and the    vs. temperature plot) shows 
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that for MLDs containing 2.5 and 5.4 mole% cholesterol there are temperatures 

where the so and ld phases co-exist and, thus, the transition between these 

phases occurs over a broader range than for pure PSM-d31. 

5.1.4 Phase Boundaries at Higher Cholesterol Content and Low 
Temperature: so/(so+lo)/lo 

Figure 5-4 shows the spectrum of PSM-d31/cholesterol as a function of 

cholesterol concentration at 31oC (i.e., below   ). The so phase spectra are 

apparent in spectra for samples containing up to 8.5 mol% cholesterol. For the 

11 mol% cholesterol sample, a very small lo component appears in the so 

spectrum. The residual lo component can be detected by the emergence of 

peaks near ±19 and ±23 kHz. These peaks are more obvious in the 14.5 mol% 

sample. The coexistence of so and lo phases indicates that cholesterol induces 

lo domains in the PSM-d31 bilayers. As the concentration is increased within the 

two-phase region the fraction of fluid phase increases. Thermodynamically, this 

process corresponds to the growth of macroscopic fluid phase domains at the 

expense of gel phase domains. In the presence of 25 mol% cholesterol PSM-d31 

seems to display an pure lo spectrum. However, whether the so component has 

totally disappeared from this spectrum is not clear. Examining the shoulders of 

the spectrum as we did for the so+ld spectrum is difficult in this case, as the 

shoulders of so and lo spectra both extend to ±60 kHz (see Figure 5-1). As the 

cholesterol concentration reaches 31.5 mol% and higher, the spectra are 

consistent with lo phase PSM-d31 MLDs. Therefore, Figure 5-4 implies a 

so/so+lo phase change occurring between 8.5 and 14.5 mol% and a so+lo/lo 
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phase change between 22.5 and 28 mol% cholesterol. Further analysis is 

required to accurately measure these phase boundaries.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-4: 2H NMR spectra of PSM-d31/cholesterol as a function of 
cholesterol concentration at T = 31ºC. 
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The 2H NMR spectrum of PSM-d31/cholesterol dispersion within a two-

phase region will be a superposition of its distinguishable components, provided 

that the domains are sufficiently large and exchange of the lipid molecules 

between the two domains is slow on the NMR time scale. The widths of the 

features within the so and ld spectra cover a range of from about 1 to 100 kHz, 

resulting in a range of time scales from about 10    to 1   . The sharpest feature 

in the spectrum, the fluid phase methyl group resonance, has a         . 

Motions faster than, or on the order of, this time scale can influence the shape of 

the spectrum. The decay time for the quadrupolar echo,    , can be a prime 

cause for line broadening if       is greater than the contribution of the magnet 

inhomogeneity to the line width. The spectral subtraction approach proves robust 

in separating experimental spectra of MLDs within the so+lo region into their 

end-point components.  

Figure 5-5 and Figure 5-6 illustrate spectral subtraction procedure at 32oC 

using normalized spectra of PSM-d31/cholesterol dispersions with 11 and 22.5 

mol% cholesterol, Figure 5-5 A and B. We refer to the 11 mol% cholesterol 

membrane as “so-rich” and the 22.5 mol% cholesterol membrane as “lo-rich”. By 

subtracting 24% of the so-rich spectrum from the lo-rich spectrum, we obtain the 

difference spectrum shown in Figure 5-5 (D). The value    = 0.24 gives the lo 

phase end-point mole fraction    = 0.255 denoting the so+lo/lo boundary. This 

difference spectrum, renormalized in Figure 5-6 (B), is compared with the 

normalized experimental spectrum obtained at 31oC for 25 mol% cholesterol, 
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Figure 5-6 (A). The difference between the spectra in Figure 5-6 (A) and (B) is 

shown in Figure 5-6 (C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-5: 2H NMR spectral subtraction at 32ºC. 

(A) and (B) experimental spectra of 11 mole% and 22.5 mole% 
cholesterol, respectively; (C) the spectrum in (A) minus 0.17 
times that in (B); (D) the spectrum in (B) minus 0.24 times that in 
(A). All spectra are normalized in area. 
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Figure 5-6: Comparison of the end-point difference spectra with 
experimental spectra at 32ºC.  

(A) the spectrum of the 25 mol % cholesterol sample; (B) the end-
point difference spectrum obtained from Figure 5D; (C) the 
difference between the spectrum in A and that in B; (D) the 
spectrum of the 8.5 mol% cholesterol sample; (E) the end-point 
difference spectrum obtained from Figure 5C; (F) the difference 
between the spectrum in D and that in E. All spectra (except 
those in (C) and (F)) are normalized in area. 
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Clearly, there is excellent agreement between the end-point spectrum obtained 

by spectral subtraction and the spectrum of the 25 mol% sample. If we subtract 

17% of lo-rich spectrum from the so-rich spectrum, then we obtain the so phase 

end-point spectrum shown in Figure 5-5 (C), corresponding to a cholesterol mole 

fraction of    = 0.082. This difference spectrum, after normalization (Figure 5-6 

(E)), is compared to the experimental spectrum obtained for the 8.5 mol% 

sample at 31oC (Figure 5-6 (D)). The difference between the end-point spectrum 

and the 8.5 mol% spectrum is shown in Figure 5-6 (F). Again, the agreement 

between the two is promising. It is difficult to determine precisely how much of a 

spectrum like that in Figure 5-5 (B) should be subtracted from one like that in 

Figure 5-5 (A), and this uncertainty is reflected in the error in determining the 

coefficients   = 0.17 ± 0.03 and    = 0.24 ± 0.04. At each temperature, we have 

collected spectra for 5 or 6 compositions in the so+lo region and, ideally, we 

could have formed various pair-wise decompositions and compared the end 

points obtained as in [89]. However, in DPPC/chol and PSM/chol the spectra 

corresponding to membranes differing in cholesterol by less than 7.5 mol% are 

not easily distinguishable and decomposing such spectra is difficult. That leaves 

us with only two (or three) convenient pairs of sample compositions, at each 

temperature, to be used for the subtraction analysis.  

As was discussed in section 4.4, the spectral subtraction procedure 

assumes that the so and lo phases have the same relaxation time,    . Figure 

5-7 shows that this is not true for PSM-d31/cholesterol; the lo phase has a     

two to six times longer than that of the so phase, depending on the temperature. 
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Thus the so component decays faster than the lo component and is 

underrepresented in the quadrupolar echo spectrum of a membrane containing 

both phases. Note that 5.4 and 35 mol% cholesterol compositions are used to 

measure relaxation times of the so and lo phases, respectively. The values of 

the end-points compositions,    and   , with and without     correction are listed 

in Table 5-1. At each temperature there is a significant shift in the so+lo/lo 

boundary to higher cholesterol concentrations, ranging from 2.1 to 2.9 mol%. 

This shift is less dramatic for DPPC-d31/cholesterol, maximum ~1.2 mol%. 

Furthermore, for both PSM-d31/cholesterol and DPPC-d31/cholesterol a 

relatively small shift in the so/so+lo boundary is observed, ranging from 0.3 to 

1.8 mole%. 
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Figure 5-7: T2e as a function of temperature for PSM-d31/cholesterol 
membranes with 5.4 mol% cholesterol (pure so phase) and 35 
mole% cholesterol (pure lo phase). 
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Table 5-1:  Comparison of the    and    Values and Those with     

Corrections  

 
                         No Correction                    With     Correction 
  

   (oC)                                                               
 

  27                 9.7 ± 0.5      27.3 ± 0.8        10 ± 0.5        30.2 ± 1.1       

  29                 9.2 ± 0.4      26.4 ± 0.5        9.8 ± 0.5       29.2 ± 0.8 

  31                 9 ± 0.5         25.7 ± 0.7        9.7 ± 0.5       28.3 ± 0.9 

  33                 8 ± 0.6         25.3 ± 0.6        9.3 ± 0.5       27.8 ± 0.8 

  35                 6.9 ± 0.7      24.9 ± 0.6        8.7 ± 0.6       27 ± 0.8 

 

5.1.5 Phase Boundaries at Higher Cholesterol Content and High 
Temperature: ld/(ld+lo)/lo 

Adding cholesterol changes the ld phase of the PSM-d31 membrane. This can 

be qualitatively observed by examining spectra of PSM-d31/cholesterol 

dispersions at a temperature above    as a function of cholesterol concentration 

(Figure 5-8,   = 47oC). Up to 8.5 mol% cholesterol the spectra exhibit the well-

resolved “sharp” peaks associated with ld phase membranes. With increasing 

cholesterol concentration the average spectral width continues to increase and 

the individual peaks broaden. For cholesterol concentrations between 11 and 25 

mol%, we interpret this broadening in terms of lipid diffusion between ld and lo 

domains with a rate faster than the NMR time scale. This implies that the PSM-

d31/cholesterol membrane is in a heterogeneous phase state: ld and lo domains 

coexist. Around 28 mol% cholesterol, the individual peaks become sharper and 

remain sharp at higher cholesterol concentrations. 
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Figure 5-8: 2H NMR spectra of PSM-d31/cholesterol as a function of 
cholesterol concentration (mole %) at T = 47ºC. 
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The spectra obtained for PSM-d31 membranes containing 31.5 mol% cholesterol 

or more are typical lo phase spectra, with an average spectral width significantly 

larger than that of the ld phase. Therefore, cholesterol induces lo-phase domains 

in PSM-d31 bilayers. With this inspection of powder spectra it is not obvious 

whether the PSM-d31 membrane with 28 mol% cholesterol is in a pure lo phase. 

Further analysis is required to pinpoint the boundaries between the ld or 

lo phases and the ld+lo domain coexistence region. In Figure 5-8 we have 

plotted    as a function of cholesterol concentration for several temperatures 

between 41oC and 65oC. The first moment of a 2H NMR spectrum measures the 

average order parameter; therefore Figure 5-9 shows the increase of the average 

order parameter with increasing cholesterol concentration for various 

temperatures above   . The average order parameter of MLDs containing 

coexisting lo and ld domains is expected to be most sensitive to increasing 

cholesterol concentration because a proportion of ld phase will be converted to 

the much more ordered lo phase upon cholesterol addition.  For lo-phase MLDs 

the effect of added cholesterol will be less pronounced. The    (cholesterol) 

curves exhibit two distinct behaviors, as cholesterol concentration increases: 

below 28 mol% cholesterol the average order parameter increases rapidly, 

whereas above 28 mol% cholesterol it increases slowly or levels off.  
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Figure 5-9: First moment (M1) of PSM-d31/cholesterol spectra as a 
function of cholesterol concentration for various temperatures. 

 

 

This plateau indicates that the PSM-d31 acyl chain has reached its 

maximum cholesterol-induced order. The NMR spectra suggest that at these 

temperatures the 75:25 PSM-d31/cholesterol MLD has coexisting ld+lo phases 

whereas the 68.5:31.5 DPPC-d31/cholesterol MLD is in the lo phase. Therefore, 
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the changes of slope in the    (cholesterol) curve suggest a (ld+lo)/lo boundary 

near 28 mol% cholesterol. To determine this boundary, we drew a line through 

the points between 17.5 and 25 mol% cholesterol (or 20 and 28 mol%) and fitted 

another line to the points between 31.5 and 40 mol% cholesterol. The (ld+lo)/lo 

boundary is then obtained from the intercept of the two lines. An alternative 

approach to map the (ld+lo)/lo boundary is to examine the behaviour of the order 

parameter of a specific carbon-deuteron bond. Figure 5-10 shows the 

quadrupolar splitting of carbon 12 on the acyl chain of PSM-d31 as a function of 

cholesterol composition at 47oC. The (ld+lo)/lo boundaries obtained as the 

temperature is varied are in very good agreement with those obtained through 

the analysis of   . In principle there should be a similar change in the slope of 

M1 at low cholesterol concentrations, reflecting crossing the ld/(ld+lo) phase 

boundary. However, up to 50oC no change in slope is observed. For higher 

temperatures, this slope change becomes obvious and the ld/(ld+lo) boundary 

can be determined. The two cholesterol concentrations corresponding to the 

slope changes come together as the temperature is raised indicating that the 

ld/(ld+lo) and (ld+lo)/lo boundaries are starting to merge. At 65oC there is a 

narrow ld+lo region between 25 and 28 mol% cholesterol, suggesting that this 

temperature is close to the critical point of the PSM-d31/cholesterol membrane. 

For all temperatures below 55oC the ld/(ld+lo) phase boundary has been 

determined by direct examination of the dePaked spectra. DePakeing the powder 

spectra allows one to observe variations in spectral width and sharpness of 

individual peaks more clearly.  
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Figure 5-10: Quadrupolar splittings of carbon 12 on palmitoyl chain of 
PSM-d31/cholesterol membranes for various cholesterol 
concentrations, at T = 47ºC. 
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Figure 5-11 shows the dePaked spectra as a function of cholesterol 

concentration at 47oC. Up to 8.5 cholesterol mol% the spectral lines are sharp. 

From 11 to 28 mol% cholesterol the spectral width increases rapidly and the 

dePaked spectra are blurry. They become sharp again at cholesterol 

concentrations 31.5 mol% and above. The “blurriness” is interpreted to mean that 

the PSM-d31/cholesterol membranes are in the heterogeneous domain 

coexistence region of the phase diagram. Thus, the ld/(ld+lo) phase boundary 

lies between 8.5 and 11 mol% cholesterol and the (ld+lo)/lo phase boundary 

between 28 and 31.5 mol% cholesterol. 
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Figure 5-11: The dePaked spectra of PSM-d31/cholesterol as a function of 
cholesterol concentration at T = 47ºC. 
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5.1.6 Phase Diagrams 

The partial phase diagrams for PSM-d31/cholesterol and DPPC-d31 (sn-2 

perdeuterated)/cholesterol determined from the analysis of 2H NMR spectra for 

various temperatures and cholesterol compositions, as discussed above, are 

shown in Figure 5-12. We have identified two regions of two-phase coexistence, 

one region of two-liquid-domains coexistence and a three-phase line in both 

lipid/cholesterol systems. The region of gel and liquid-crystalline phase 

coexistence lies in a narrow temperature range just below the melting point of 

pure lipids, at 39.5oC, in DPPC-d31/cholesterol membranes and 3 degrees below 

the melting point, at 37oC, in PSM-d31/cholesterol membranes. In both 

membranes, the so/ld region covers cholesterol concentration range from 0 to 

about 8 mol%. The boundaries of this two-phase region, open triangles, are 

estimated by the inspection of the powder spectra as a function of temperature, 

Figure 5-3, and tracing the residual gel component as the temperature is raised. 

The boundaries of gel and liquid-ordered phase coexistence region, open 

squares, are mapped using the well-established spectral subtraction method, 

described in detail in section 4.4 and illustrated in Figure 5-12. The so+lo phase 

coexistence region lies below 39oC and extends between 9 mol% cholesterol and 

26–30 mol% cholesterol in DPPC-d31/cholesterol system. For PSM-

d31/cholesterol MLDs, this region lies below 37oC and extends between 9 mol% 

cholesterol and 27–31 mol% cholesterol.  The solid triangles, obtained from the 

onset of the transition in the       curves for MLDs with high cholesterol 

concentrations, Figure 5-2, are consistent with the data obtained from spectral 

subtraction. The ld/(ld+lo) boundary (solid diamonds) are determined from the 
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line broadening, characteristic of ld+lo heterogeneities, in the dePaked spectra 

described in Figure 5-11. The (ld+lo)/lo boundary is determined from the 

changes of slope in the    versus cholesterol concentration curves (Figure 5-9) 

and the data agrees with the boundary obtained by examining the changes in the 

cholesterol-dependent dePaked spectra discussed in Figure 5-11. In the 

DPPC/cholesterol phase diagram, below 55oC, the ld+lo region is between 7-16 

mol% cholesterol and 26-32 mol% cholesterol. For PSM/cholesterol, this region 

is between 8-16 mol% and 28-30 mol% cholesterol. The upper bound of the 

ld+lo phase coexistence region lies in the vicinity of 65oC in the PSM-

d31/cholesterol phase diagram, as was discussed above, and higher than 65oC 

in the DPPC-d31/cholesterol phase diagram. It follows from the       plots that 

the so to ld transition for DPPC-d31/cholesterol MLDs containing 8–20 mol% 

cholesterol occurs at constant temperature    = 39.5 ± 0.5oC, implying the 

existence of a so+ld+lo three-phase line in the phase diagram separating the 

so+lo and ld+lo regions. The phase diagram suggests that the three phase line 

might be extended to 22.5 mol% cholesterol but the data for this composition 

does not exist to support that. The three phase line for the PSM-d31/cholesterol 

phase diagram is at    = 37 ± 0.5oC and lies between 8.5 and 22.5 mol% 

cholesterol. 
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Figure 5-12: Partial phase diagram of the (A) PSM-d31/cholesterol and (B) 
DPPC-d31/cholesterol membranes.  

Midpoint of the transition from M1(T) curves (Fig. 5-2) (    ); onset 
or end of transition obtained by inspection of the spectra versus 
temperature (Fig. 5-3) (    ); obtained from the spectral subtraction 
(    ); obtained from M1(cholesterol) curves (Fig. 5-9) (    ); 
obtained by inspection of the depaked spectra versus cholesterol 
concentration (Fig. 5-11) (   ).the onset of transition in M1(T) 
curves for MLDs having cholesterol concentrations of 25 or 28.1 
mol% in PSM/cholesterol and 25 mol% in DPPC/cholesterol (     ). 
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We now compare the partial phase diagram of sn-2 chain labelled DPPC-

d31/cholesterol with that of DPPC-d62/cholesterol by Vist and Davis [10]. Both 

diagrams contain a three-phase line and three two-phase regions. For DPPC-d62 

the main phase transition temperature is two degrees lower, at 38oC due to both 

chains being perdeuterated, and correspondingly in the presence of cholesterol 

the so+ld region and the three-phase line are at lower temperatures. To compare 

the so/(so+lo)/lo boundaries, we consider our spectral subtraction results 

without the correction due to transverse relaxation time, since this effect is 

missing in the DPPC-d62/cholesterol study. The so/(so+lo) boundary lies close 

to 9 mol% for DPPC-d31/cholesterol and around 7.5 mol% for DPPC-

d62/cholesterol, which are consistent within error. However, the (so+lo)/lo 

boundaries are quite different. The (so+lo)/lo boundary of DPPC-d62/cholesterol 

occurs around 22.5 mol% and is nearly vertical, indicating that the formation of lo 

domains in the so membrane depends only slightly on temperature. However, 

the (so+lo)/lo boundary of DPPC-d31/cholesterol is about 5 mol% higher and 

slopes from 26 mol% at 36oC toward 29 mol% at 26oC, meaning that the 

composition of lo domains depends on temperature. The ld/(ld+lo) and 

(ld+lo)/lo boundaries of DPPC-d62/cholesterol are partially determined from the 

upper limit of the broad component of the DSC traces and the sharpening of the 

resonances at high cholesterol concentrations, respectively. Limited data points 

are available for full comparison between the two studies. The ld/(ld+lo) 

boundary of the DPPC-d62/cholesterol extends from 10 mol% cholesterol at 

39oC to 20 mol% cholesterol at 43oC, whereas, the (ld+lo)/lo boundary extends 
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from 22.5 mol% cholesterol at 39oC to 25 mol% cholesterol at 41.5oC. Therefore, 

the ld+lo region of the DPPC-d62/cholesterol covers a smaller range of 

temperature and composition than those of DPPC-d31/cholesterol or PSM-

d31/cholesterol.         

We also compare the partial phase diagram of DPPC-d31/cholesterol (or 

PSM-d31/cholesterol) with that of sn-1 chain labelled DPPC-d31/ergosterol 

determined by Hsueh et al. [11]. The overall phase diagrams are very similar 

except for one major difference. The (ld+lo)/lo boundary in DPPC-

d31/cholesterol covers a broader range of cholesterol mol% and lies at slightly 

higher temperatures. A much more obvious difference between these two 

systems is that the ld+lo coexistence region extends to very high temperatures, 

above 65oC, for DPPC-d31/cholesterol, whereas the critical point in DPPC-

d31/ergosterol is found near 54oC. 

5.1.7 Order Parameter Profile 

2H NMR spectra of PSM-d31/cholesterol membranes, shown in Figure 5-1, are 

much broader than those of DPPC-d31/cholesterol membranes in both the ld 

and lo phases, indicating that the lipid molecules in the two systems have 

different packing properties. To quantitatively discuss these differences we have 

calculated the order parameter profiles, SCD, along the acyl chains of both 

lipid/cholesterol membranes in fluid phases for various cholesterol 

concentrations. Figure 5-13 shows order parameter profiles of PSM-

d31/cholesterol MLDs for various cholesterol compositions at 47oC. In pure PSM-

d31 membrane SCD is about 0.26 in the plateau region near the head-group and 
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drops significantly to about 0.02 for methyl group at the end of the chain. Adding 

cholesterol orders the membrane with different rates in ld, ld+lo, and lo regions 

of the phase diagram. The average order parameter, excluding the C2 

deuterons, increases from 0.195 to 0.230 in the ld phase when 8.5 mol% 

cholesterol is added to pure PSM-d31. By adding nearly the same amount of 

cholesterol to PSM-d31/cholesterol 85.5:14.5 membrane in the ld+lo region the 

average SCD increases from 0.259 to 0.308. In the lo phase the average order 

 

 

 

 

 

 

 

 

 

 

Figure 5-13: Smoothed order parameter profiles of PSM-d31/cholesterol for 
various cholesterol concentrations at T = 47ºC. 
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parameter increases by a small amount, from 0.343 to 0.348, when same 

amount of cholesterol, 8.5 mol%, is added to PSM-d31/cholesterol 68.5:31.5 

membrane. Thus, cholesterol is most effective in ordering the PSM-

d31/cholesterol membrane in the two-liquid domain coexistence region. This is 

consistent with the observed slope change in       plot, Figure 5-2. A. Bunge et 

al. [90] have published order parameter data for PSM-d31/cholesterol at 40oC, 

which is two degrees above their reported main phase transition temperature, 

38oC. We compared our results at 42oC, two degrees above the PSM-d31 Tm in 

this work, with their reported average ordered parameter and found good 

agreement. Figure 5-14 shows the order profile of PSM-d31/cholesterol 

compared with that of DPPC-d31/cholesterol for 0, 20, and 40 mol% cholesterol 

at 47oC. In the absence of cholesterol, PSM (<SCD> = 0.195) is significantly more 

ordered than DPPC (<SCD> = 0.169). This result supports the hypothesis of 

intermolecular hydrogen bonding within the PSM bilayer mediated by the free 

hydroxyl group of adjacent PSM molecules [91]. Figure 5-14 also shows that 

when cholesterol is added to pure lipids the PSM-d31/cholesterol membrane is 

still more ordered than DPPC-d31/cholesterol but the difference in the order 

parameter becomes smaller as cholesterol concentration is increased. For 

instance, for carbon C10 on the acyl chain the differences between SCD of PSM-

d31/cholesterol and that of DPPC- d31/cholesterol are as follows: for pure lipids 

 SCD = 0.221-0.191 = 0.03 (PSM 15.7% more ordered than DPPC), for lipids with 

20 mol% cholesterol  SCD = 0.323-0.298 = 0.025 (8.4% more ordered) and for 

membranes with 40 mol% cholesterol  SCD = 0.386-0.365 = 0.021 
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Figure 5-14: Smoothed order parameter profiles of MLDs composed of 
PSM-d31/cholesterol and DPPC-d31/cholesterol for various 
cholesterol concentrations T = 47ºC. 

 

(5.7% more ordered). This trend is consistent with the    (cholesterol) curve as 

illustrated in Figure 5-15, at 47oC. It should be emphasized that the kink 

conformation has unique characteristics that are observed in quadrupolar 

splittings of C2 and C3 deuterons. Figure 5-13 shows that the C3 deuterons in 

PSM-d31/cholesterol have different quadrupolar splittings and thus they are 

inequivalent. This can also be observed in the dePaked spectra of pure PSM-d31 

and PSM-d31 with low cholesterol compositions (Figure 5-11). A similar feature 
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is observed in DPPC-d31/cholesterol but the difference in quadrupolar splitting of 

the C3 deuterons is smaller than that in PSM-d31/cholesterol. The C2 deuterons 

display a unique behaviour in both PSM-d31/cholesterol and DPPC/cholesterol 

(Figure 5-14). Not only the two C2 deuterons are inequivalent but also they have 

different (smaller) geometrical order parameters compared to the deuterons on 

the rest of the acyl chain. The dePaked spectra of PSM-d31/cholesterol (Figure 

5-11) shows that the quadrupolar splitting of the C2 deuteron, unlike that of the 

rest of the acyl chain, drops slightly when cholesterol is added to the PSM-d31 

membrane. This quadrupolar splitting changes from about 19 kHz in pure PSM-

d31 to about 16 kHz in PSM-d31 with 40 mol% cholesterol. This means that one 

of the C2 deuterons undergoes a distinct conformational change as cholesterol is 

added to either PSM-d31 or DPPC-d31.       
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Figure 5-15: M1 as a function of cholesterol concentration for PSM-d31 and 
DPPC-d31 MLDs at T = 47ºC. 
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5.1.8 Domain Size in ld+lo Region 

Within the ld+lo coexistence region the 2H NMR spectra of the two phases show 

the axial symmetry of molecular motions, but they differ in average value of 

quadrupolar splittings. For example, in the spectra of PSM at 47oC the largest 

quadrupolar splitting changes from 39.4 kHz at 11 cholesterol mol% to 53.5 kHz 

at 28.1 mol%. This difference in quadrupolar splitting translates into a 

spectroscopic time scale of about 70 μs. The translational diffusion constant D for 

PSM/cholesterol close to the middle of the two-phase region is about     

           at 47oC [84]. Using the relation, 

                                                                            

We estimate that a lipid can diffuse a root mean squared distance of about 22 nm 

during our NMR time scale. If the domains in the ld+lo region are smaller than, or 

of the order of, this characteristic distance, then the NMR experiment will see an 

averaged spectrum, and the spectral subtraction technique will not be able to 

separate the spectrum into two components. Our observation of line broadening 

of the spectra which occur within this region is suggestive of nanoscale 

separation between cholesterol-rich and cholesterol-poor regions, as was 

proposed for cell membranes [92], and of the exchange averaging mechanism. 

Such small length scales are consistent with the lack of observation of micron-

sized phase-separated domains in binary phospholipid/cholesterol giant 

unilamellar vesicles [93]. 

We now estimate the size of the domains involved in this ld+lo nanoscale 

phase coexistence by applying the method commonly used to understand A↔B 
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chemical exchange, replacing chemical shifts by quadrupolar splitting [11]. The 

lipid exchange time is 

                                                                           

where     is the rate constant characterizing lipid exchange between lo and ld 

domains (    is assumed to be equal to k). This rate constant is obtained from 

[94] 

                         
   

           
                               

In this equation    and    are fractions of total labelled lipid in the ld and lo 

domains, respectively, and              is the difference of the quadrupolar 

splittings in the two states 

                                                                            

where        and        are the quadrupole splittings of doublets of a particular 

carbon for the lo and ld spectra, respectively. In both PSM/cholesterol and 

DPPC/cholesterol, the only isolated doublets for all cholesterol compositions are 

the methyl and one of the C2 deuterons. However, none of these peaks are 

reliable for this calculation. It is well-known that the methyl resonance has 

distinctly long T1 and T2 relaxation times, resulting in an inaccurate measurement 

of its width. In addition, dePaked spectra in Figure 5-11 show that the C2 

deuteron in PSM-d31/cholesterol system undergoes distinct conformational 

changes due to its proximity to the kink, thereby its quadrupolar splitting stays 

more or less the same as cholesterol concentration is raised. Our best option is 
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the C15 peak since it is either well separated or overlaps with only one other 

peak, in which case it can be separated by multi-peak fitting.  

The rate constants       ,    , and     can be obtained from the linewidths    of 

individual peaks:  

                                                                                    

                                                                                     

                                                                                

where        ,     , and      are the widths at half maximum height of the 

individual C15 peaks in the depaked ld+lo, lo, and ld spectra, respectively.  

The calculation of domain size within the ld+lo region is based on the 

labelled lipid diffusing between the two domains. In principle, both the lipid and 

cholesterol diffuse in the coexistence region. A study on the lateral diffusion of 

DPPC and cholesterol by 1H pulsed field gradients (PFG) magic angle spinning 

(MAS) NMR spectroscopy [95] revealed that the diffusion constants of DPPC and 

cholesterol are very close. For example, in a DPPC-d62 sample with 20 mol% 

cholesterol at 47 oC,                  for DPPC and                  

for cholesterol. This study also shows that, depending on the cholesterol 

composition, the DPPC diffusion constant [95] is 4-6 times larger than that of 

sphingomyelin [84].  

An example of the parameters required to estimate the rms distance 

          ,  in DPPC/cholesterol, PSM/cholesterol, and DPPC/ergosterol [11] are 

listed in Table 5-2. This comparison shows that the diffusion constant has a 
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significant influence on the calculated domain size. The reported result by Hsueh 

et al. [11] is more than twice that of DPPC/cholesterol. The main discrepancy 

arises from the quadrupolar splitting of the ld and lo states,        and       , 

used in Eq. 5.3. We used the full splitting in the dePaked spectra, corresponding 

to the 0o splitting in the powder spectra, since the T2 relaxation times are 

estimated from the linewidths in the dePaked (0o orientation) spectra. In 

DPPC/ergosterol study, Hsueh et al. used half of the quadrupolar splitting as 

measured from the dePaked spectra. We also compare our results with the work 

by Veatch et al. [96] where they estimated domain sizes of ~80 nm in 

dioleoylphosphatidylcholine/DPPC (1:1) + 30 mol% cholesterol membranes 

displaying liquid/liquid coexistence at 25oC.        
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Table 5-2: Parameters used in Eqns. 5.1 and 5.3 and the estimated length 
scale characterizing the ld/lo domains, at T = 47 oC.   

 

 

The root mean squared distance            traveled by lipid molecules 

before they sense lo/ld heterogeneity is plotted as a function of cholesterol 

concentration in Figure 5-16. The domain size in the ld/lo region is estimated to 

be                   in PSM-d31/cholesterol and                    in 

DPPC/cholesterol. It seems that close to the ld/lo boundaries the domains 

become significantly large. However, this is a consequence of the behaviour of 

Parameters 
and result 

DPPCd31/cholesterol PSMd31/cholesterol DPPCd31/ergosterol 

Cholesterol 

mol% 
20.5 20 20 

D 7.5x10
-12

 m
2
/s 1.8x10

-12
 m

2
/s 10

-11
 m

2
/s 

fA 0.44 0.45 0.52 

fB 0.56 0.55 0.48 

1/T2A 3.4 (ms)
-1

 3.4 (ms)
-1

 3.8 (ms)
-1

 

1/T2B 5.7 (ms)
-1

 4.5 (ms)
-1

 3.2 (ms)
-1

 

1/T2,obs 7.6 (ms)
-1

 6.8 (ms)
-1

 7.1 (ms)
-1

 

ΔυQ,lo 56.2 kHz 64.4 kHz 26.7 kHz 

ΔυQ,ld 33.6 kHz 34.6 kHz 13.9 kHz 

ΔδAB 22.6 kHz 29.8 kHz 12.8 kHz 

(<Δx
2
>)

1/2
 6  nm 2.2 nm 13 nm 
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Eqn. (5.3) when the fraction of ld or lo approaches zero (      diverges). The 

number of molecules constituting a domain is not known since we have no 

information on domain shape. If we make a simple assumption that the domains 

are circular then the number of DPPC lipids constituting an ld domain close to 

the middle of ld+lo region is on the order of 50, since each lipid occupies 

approximately 0.60 nm2 (Seelig [97]; Levine & Wilkins [98]). This corresponds to 

~ 5 cholesterol and ~ 45 lipid molecules.  

 

 

 

 

 

 

 

 

 

 

Figure 5-16: The root mean square distance diffused by lipid molecules 
within the ld/lo domains membranes for various cholesterol 
compositions, at T = 47ºC.    
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Table 5-3 shows the length scale            in PSM-d31 with 20 mol% 

cholesterol for several temperatures. This result indicates that the domain size is 

independent of the temperature. 

Table 5-3: The ld/lo domain length scale of PSM-d31 for various 
temperatures, cholesterol composition = 20 mol%. 

 

T (
o
C)            

47 2.2 ± 0.2 

50 2.4 ± 0.5 

53 2.7 ± 0.5 

57 2.3 ± 0.9 

 

Fluorescence microscopy methods have not been able to detect phase 

separation in binary DPPC-cholesterol mixtures that have been inferred from 2H 

NMR studies. However, micron-sized immiscible phase separated liquid domains 

are observed by fluorescence in ternary mixtures. The line-broadening observed 

in DPPC/cholesterol [10], DPPC/ergosterol [11], and the binary mixtures studied 

in this work was attributed to a diffusion-limited exchange of lipids between 

domains of the coexisting liquid phases.  

The “condensed complex” model provides an alternative interpretation to 

describe phase diagrams and, in particular, domain formation (line broadening) in 

binary mixtures of cholesterol-DPPC and ergosterol-DPPC. The condensed 

complex model is a thermodynamic model that attributes the composition-
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dependent NMR line broadening to the kinetics of complex formation between 

these sterols and the DPPC [99]. Ternary mixtures of DPPC/cholesterol/DOPC 

form micron-sized immiscible liquid domains easily observed with fluorescence 

microscopy. The immiscibility can be modeled in terms of an intermolecular 

attractive interaction and a repulsive interaction. The attractive interaction is 

between cholesterol and DPPC, leading to a complex formation. The (mean field) 

repulsive interaction is between the complex and DOPC, leading to immiscibility. 

The model provides a semi-quantitative description of the 

DPPC/cholesterol/DOPC phase diagram and involves no phase separation of 

DPPC/cholesterol, or other binary pairs. The chemical kinetics of complex 

formation and dissociation can account for the 2H NMR line broadening attributed 

to the nano-scaled domains coexistence. At a given temperature there are two 

parameters used to model the phase diagram: the equilibrium constant, Keq, and 

the critical temperature, TC, of the binary DOPC/Complex pair (representing 

mean-field repulsion). The calculated first moment of the 2H NMR spectra in 

DPPC/ergosterol using the parameters in the model fits well to the experimental 

data [11]. 

A more recent study on ternary mixtures of DPPC/cholesterol/DiPhyPC 

using a model of condensed complexes predicts phase separation in binary 

DPPC/cholesterol mixtures [27]. This study assumes immiscibility between the 

complex and DiPhyPC to model the closed miscibility loop found in the ternary 

mixture. This study also assumes immiscibility between complex and DPPC to 

generate phase separation in the binary DPPC/cholesterol mixture. There are 
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three parameters used in this study: the equilibrium constant Keq, and the critical 

temperatures of complex/DPPC and complex/DiPhyPC binary pairs. The rotation 

of tie-lines orientation in ternary mixtures of DPPC/cholesterol/DiPhyPC from 

parallel to roughly perpendicular with respect to the DPPC/cholesterol axis 

results in phase separation in binary DPPC/cholesterol mixtures.   

It seems that dynamic “condensed complexes” are a useful way of 

modeling the phase diagram and, in particular, describing the line-broadening in 

the ld/lo region. However the choice of model parameters makes a big 

difference; one shows results that are consistent with the results presented in this 

work while the other predicts the possibility of micron-sized ld/lo phase 

separation in binary mixtures. 

5.2 Selectively Deuterated PSM/cholesterol 

The constructed phase diagrams in both PSM-d31/cholesterol and DPPC-

d31/cholesterol have shown ld + lo phase coexistence regions, however 

macroscopic coexistence of the two fluid phases does not occur. Instead, we 

observed nano-domain structures consistent with the 2H NMR spectral line-

broadening in the ld + lo region. The size of the domains was estimated by 

means of fast exchange (in a 2H NMR sense) of lipids between ld and lo 

domains. The spin-spin relaxation time used in the calculation is estimated from 

the linewidth of a well-resolved peak in the dePaked spectra, at a given 

temperature (Eqns. 5.5). However, by analyzing the depaked spectrum, 

information from all orientations of the lipid long axis, which constitutes the 

powder pattern, is averaged.  As was pointed out by Professor Harden 
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McConnell [private communication], this may obscure the results used to 

characterize domain size. Furthermore, the rms distance diffused by lipid 

molecules within the ld/lo domains is sensitive to the difference of the 

quadrupolar splittings,     , in the two pure states (Eqns. (5.1), (5.2), and (5.3)): 

           
 

    
                                                            

This difference in the quadrupolar splitting (or, equivalently, the order 

parameter) of a peak varies along the acyl chain, as shown on Figure 5-13. For 

example, for the methyl resonance           whereas for carbon 4 on the 

plateau region of order parameter profile          . One can establish the 

estimation of domain size based on a peak in the plateau region, where the 

parameter      levels off, but all the resonances in this region are composite 

peaks and separating them by fitting to Gaussians will introduce large errors to 

the parameter. Selectively deuterated sphingomyelin, labeled at C9 of the N-

linked palmitoyl chain, is used to accurately measure the orientation dependence 

of T2 relaxation time and accordingly estimate domain size as a function of 

orientation. 

5.2.1 PSM-d2/cholesterol MLDs 

Figure 5-17 (A) shows the spectra obtained for pure C9 deuterated PSM. 

Below 39oC, the membrane is in the gel phase and the 2H NMR spectra display 

the “bell-shape” characteristic of this phase. The spectra above 43oC are “Pake-

doublets”, which are characteristic of liquid-crystalline spectra for two deuterons. 

At 41oC, the spectrum displays mainly gel phase with a small residual ld 
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component. First moment of the spectra as a function of temperature, Figure 

5-17 (B), shows that PSM-d2 undergoes a fairly sharp transition from so to ld 

phase around 42oC. This is two degrees higher than the main phase transition 

temperature for perdeuterated PSM. It is well-known that each chain 

perdeuteration decreases the transition temperature by nearly two degrees [100]. 

The M1 plot indicates that the transition temperature of PSM-d2, measured by 2H 

NMR, is close to that of non-deuterated PSM.  

The constructed phase diagram of PSM-d31/cholesterol membrane is 

used as a guide to carefully choose the appropriate cholesterol compositions for 

the calculation of the domain size. At 47oC, the ld+lo domain coexistence region 

extends from 9.75 ± 1 to 29.6 ± 1 mol% cholesterol. Therefore, cholesterol 

compositions of 5.4% and 35% are made to obtain pure ld and lo phase spectra 

respectively. The minimum domain size in PSM-d31/cholesterol is found to be 

near the middle of ld+lo region, where the membrane is most heterogeneous. 

Therefore, 20 mol% is chosen for cholesterol composition to obtain the spectrum 

of two-liquid domains. 
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Figure 5-17: (A) 2H NMR spectra of pure C9 deuterated PSM as a function of 
temperature, and (B) First moment (M1) of PSM-d2 spectra 
compared to that of PSM-d31 as a function of temperature.   
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The 2H NMR spectra of pure ld phase, pure lo phase, and ld+lo phase domains 

are displayed in Figure 5-18. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-18: 2H NMR spectra of PSM-d2 with 5.4 (pure ld phase), 20 (ld+lo 
phase), and 35 (pure lo phase) mol% cholesterol, at T = 47ºC. 
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5.2.2 Orientation Dependence of T2 Relaxation Time 

The NMR spectra obtained for PSM-d2/cholesterol membranes at T = 47oC are 

Pake doublets characteristic of the axially symmetric reorientations about the 

bilayer normal. Each point on such a spectrum corresponds to an orientation of 

bilayer normal with respect to the magnetic field. The x-axis of a spectrum 

represents the frequency shift from the Larmor frequency (for simplicity we 

denote it as ω) which can be mapped into the orientation,   , through the 

following scaling relation: 

                                                                            

where     is the frequency of 90o edges of the spectrum. Various orientations 

are shown on Figure 5-19. The shoulders of the Pake doublet extend from 0o to 

~35o orientations. The 90o orientations have the maximum intensity and the 

center of the doublet (zero frequency) corresponds to the magic angle, 54.7o. On 

the other hand, any frequency between zero and that of the 90o edges will be 

mapped into two orientations by taking + or – sign of             in Eqn. 14. 

Schematically, a Pake doublet can be viewed as a superposition of two half-Pake 

doublets. Therefore, intensity in (54.7o – 90o) region is composed of two different 

intensities; each corresponds to its own orientation, with a distinct T2 relaxation 

time. In measuring T2 in this region, the amplitude vs. echo time graph should 

theoretically be fitted to two exponentials, each for the relaxation time of one of 

the orientations. However, such behavior is not observed and the fit converges to 

only one exponential, suggesting that the longer T2 dominates the amplitude. We 

measured T2 relaxation time by varying the interpulse spacing from 100 to 250 µs 
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in steps of 50 µs. It might be possible to detect the shorter T2 component, too, if 

the measurements are started from a shorter interpulse spacing (e.g. 40 µs) and 

continued for small increments up to 250 µs. Since data acquisition for a 

selectively deuterated lipid is very time-consuming large amount of lipid sample 

is required for this purpose.      

 

 

 

 

 

 

 

 

 

 

Figure 5-19: Pake-doublet of pure PSM-d2 membrane, at T = 45ºC. 

Some amplitudes of the doublet have contributions from two 
different orientations; each corresponds to a half-Pake doublet 
(dashed lines). 
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Due to poor signal-to-noise ratio the amplitude of the spectrum, for each 

setting (interpulse spacing), is the result of an average over 5 degrees of 

orientation. For example, the amplitude assigned to 5o is an average between 

2.5o and 7.5o. Figure 5-20 (A) shows T2 relaxation time of the pure PSM-d2 as a 

function of orientation. The 90o edges have a relaxation time of nearly 600 µs 

whereas for low intensity shoulders T2 is as short as 200 µs. Similar trend for the 

orientation dependence of T2 relaxation time is observed for PSM-d2/cholesterol 

MLDs, Figure 5-20 (B). However, the variation in T2 between 0o and 90o 

orientations is smaller when cholesterol in added to the PSM-d2 membrane. The 

membrane in the ld phase (5.4% cholesterol) has a longer T2 relaxation time 

than in the lo phase (35% cholesterol), consistent with the reduced 

conformational freedom, i.e. higher order parameters, of the lo phase. In the 

ld+lo region the membrane is most heterogeneous and therefore the shortest T2 

is obtained for 20% cholesterol. 
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Figure 5-20: Orientation dependence of the T2 relaxation time,       . 

(A) pure PSM-d2, at T = 45ºC, and (B) PSM-d2 MLDs with 
cholesterol concentrations corresponding to the ld, ld+lo, and lo 
regions of the phase diagram, at T = 47ºC. 
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5.2.3 ld+lo Nano-Domains Revisited 

The rms distance diffused by PSM-d2 molecules within the ld/lo domains can be 

estimated as a function of orientation,   . It follows from equations 5.1, 5.2, and 

5.3 that 

               
 

  
     

 
   

  
  
 

   

  
  
  

 
  

 
 

                   
                  

where    
     ,   

  , and   
   are experimentally determined relaxation times, Figure 

5-20 B,     and     are fractions of total labelled lipid in the ld and lo domains, 

respectively, and         is the difference in the quadrupolar splitting of pure lo 

(30% cholesterol) and ld (5.4% cholesterol) phases, measured from the doublets 

as a function of orientation (Figure 5-18). The parameter         becomes very 

small close to the magic angle and has a singularity at          since, 

regardless of cholesterol composition, the quadrupolar splitting is zero at the 

magic angle. Thus, Eq. 5.9 is not appropriate to estimate the domain size close 

to the magic angle. At T = 47oC, the ld/(ld+lo) and (ld+lo)/lo boundaries are at 

9.75 ± 1 and 29.6 ± 1 mol% cholesterol, respectively (Figure 5-12). Therefore for 

20% cholesterol in the ld+lo region we have          and         . The 

diffusion coefficient is about                at 47oC [3]. Figure 5-21 shows the 

rms distance diffused by PSM-d2 molecules within the ld/lo domains, as a 

function of orientation. For orientations where Eq. 5.9 can appropriately estimate 

           small values (< 4 nm) of the rms distance is obtained (corresponding 

to a domain size of less than 8 nm). The result obtained near 0o orientation 

(                 ) perfectly agrees with that obtained for perdeuterated PSM 
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with 20 mol% cholesterol, as shown in Figure 5-16 (                 ). It turns 

out that the choice of carbon 15 in the dePaked spectra of PSM-d31/cholesterol 

membranes leads to a correct estimate of the domain size.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5-21: The root mean square distance diffused by PSM-d2 molecules 
within the ld/lo domains membranes for 20% cholesterol 
composition, at T = 47ºC. 
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5.2.4 Phenomenological Theory of the Orientation Dependence of T2 

A phenomenological theory, first determined by M. Bloom [46, 47], was 

discussed in section 2.4.2 and the following orientation dependence for T2 

relaxation time is obtained: 

 

  
             

                
                                        

A theory for contributions of thermally induced curvature fluctuations to the 

transverse relaxation rate (i.e. the B coefficient) is described in [49]. In this 

theory, the curvature fluctuations are expressed in terms of a spectrum of 

curvature modes of wavelengths    having correlation times     and B is 

expressed as a product of the form       
 
     . Furthermore, the B coefficient, 

Eq. 2.37, is given by 

          
    

    
   

  
  

                                                  

The major uncertainty is B in the damping mechanism. While       
 
  can 

be obtained reliably from thermodynamic considerations and the equipartition 

theorem,     should depend sensitively on factors such as the degree of 

hydration, tension, and the multi-layer character of the membranes, that, in turn, 

depend on the method of preparation and the thermal history of the membrane. 

Within the range of uncertainty of these factors, it is concluded that the predicted 

values of T2 due to this mechanism could easily fall in the observed range of ~ 

100 to 1000 µs typically found for 2H NMR in membranes [49]. A second 

mechanism, associated with order-director fluctuations [101], has been proposed 
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for a          
    contribution to   

 . It might be possible that both contribute to 

  
 , with curvature fluctuations being of greater importance for spins located in the 

head-group and the order-director fluctuations for spins located on the chains.   

The contributions of area (or equivalently thickness) fluctuations to   
  are 

given by the C coefficient of Eq. 5.10. They can be described by a similar theory 

based on sinusoidal modes of area fluctuations which take into account an 

empirical or theoretical connection between SCD and membrane area A. 

Rewriting Eq. 2.38, the C coefficient is expressed as  

               
 
  
   

  
                                                     

In order to calculate C one can model the hydrophobic region of a fluid 

membrane as an incompressible fluid and make use of the empirical relationship 

between bilayer thickness  , its maximum value in the fluid phase    (or, 

alternatively, the corresponding membrane area       with its maximum value 

Am) and the average chain order parameter S [6] 

  

 
 

 

  
                                                            

The order parameter profile corresponding to the variation of     with chain 

position has been found to have a universal form for a given value of   [102, 103] 

so that one can express         in Eqn. (5.12), for a given  , in terms of the 

experimentally measurable coefficients             as follows: 
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We also make the assumption that fluctuations in area are relaxed by spatial 

diffusion so that  

     
 

 
                                                                    

where D is the translational diffusion coefficient and p is a dimensionless 

coefficient of order unity. Using Eqns. (5.12), (5.13), (5.14), and (5.15), one 

obtains 

      
   

    
 

 
     

 

 
   

   
                                            

Figure 5-22 shows Eq. 5.10 fit to the inverse of T2 relaxation time. The 

coefficients A, B, and C obtained from the fit are listed in Table 5-4. The small 

errors in the coefficients reflect the quality of the fit. It is clear that both the 

curvature fluctuations and area (or thickness) fluctuations contribute to the 

orientation dependence of T2, with the curvature fluctuations (the coefficient B) 

having a bigger influence. The ratio of B/C decreases from ~ 3 for pure lipid to ~ 

2.1 for PSM-d2/cholesterol membrane in the lo phase (35% cholesterol). This 

indicates that when cholesterol is added to the membrane, fluctuations in the 

thickness of the bilayer have bigger effect on the orientation dependence of T2 

relaxation time.    
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Figure 5-22: Inverse of the T2 relaxation time in Figure 5-20, fitted to 
equation 16, for (A) pure PSM-d2 and (B) PSM-d2 MLDs with 5.4, 
20, and 35 mol% cholesterol. 
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Table 5-4: The coefficients A, B, and C obtained from T2 relaxation times 
fitted to equation (5.10). 

 

 

Now, using experimentally determined B values we can estimate the 

effective surface-undulation correlation time,    . First we need to determine the 

parameters in Eq. 5.11. Experimental values are         and       

           . Parameters measured from the 2H NMR spectra are          for 

pure PSM-d2 at 45oC,                           for PSM-d2 MLDs with 5.4, 

20, and 35 mol% cholesterol, at 47oC, respectively. Parameters known from 

elsewhere [49] includes the ratio of the long and short wavelength cutoff for the 

surface undulations is          and           J. 

Substituting all these values in equation (5.11) the coefficient B becomes  

                 for pure PSM-d2, at 45oC. and                        

                                  for PSM-d2 MLDs with 5.4, 20, and 35 mole% 

cholesterol, at 47oC, respectively. 

 A B C B/C 

Pure PSM-d2 861.41 ± 84.1 11238 ± 431 3762.1 ± 98.6 3 

PSM-d2+5.4% 
Cholesterol 

2184.6 ± 19.4 4956.2 ± 130 1929.8 ± 26.3 2.6 

PSM-d2+20% 
Cholesterol 

1940.2 ± 61.4 13731 ± 412 5380.1 ± 83.4 2.6 

PSM-d2+35% 
Cholesterol 

1577 ± 44.8 10175 ± 301 4736.8 ± 60.9 2.1 
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Equating these to the experimentally determined B values from the fit, we 

obtain:                                     for PSM-d2/cholesterol membranes 

with 0%, 5.4%, 20%, and 35% cholesterol.  

This surface-undulation correlation time is significantly smaller than the 

NMR time-scale. During this time a PSM molecule in the fluid phase diffuses a 

distance of the order of ~ 12 Å. In a study on DPPC-d2, deuterated in the α-CH2 

position of the polar head group [104], the effective surface-undulation correlation 

time of           is obtained. This result was interpreted as indicating the 

presence of frozen-in surface undulations, along which molecules diffuse, on the 

NMR time-scale (          ). Furthermore, this result illustrates the extreme 

softness of biological materials. The softness of biological materials is due 

primarily to the fluidity of the lipid-bilayer core of cell membranes, one 

consequence of which is the small curvature energy of cell membrane (e.g. for 

DPPC in the fluid phase           J, which is only about an order of 

magnitude greater than     at room temperature). During          , a DPPC 

molecule in the fluid phase diffuses a distance of ~ 300 Å or more. This distance 

diffused in the NMR time-scale defines an effective NMR length scale. The main 

discrepancy between this result and ours lies in the order parameter. For DPPC-

d2 deuterated on the headgroup the reported order parameter is         , 

which is 5-8 times smaller than the     of the PSM-d2 deuterated on the acyl 

chain. This comparison suggests that the curvature fluctuation mechanism is not 

appropriate to solely describe the orientation dependence of T2, due to 

           contribution, for spins located on the chains. An alternative 
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mechanism, associated with order-director fluctuations [101], should be tested for 

a            contribution to   
  for spins on the chains.   
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Chapter 6: Conclusions 

We have mapped and compared partial phase diagrams of PSM-

d31/cholesterol and DPPC-d31/cholesterol solely from the 2H NMR 

measurements. The overall phase diagrams are very similar. They exhibit both 

so+lo and ld+lo coexistence regions with a clear three-phase line separating 

them. We have located and characterized the ld+lo domain coexistence region 

to great accuracy. Our observation of ld+lo domain coexistence provides 

evidence that two liquid crystalline phases can coexist even in model membranes 

containing no proteins. Thus, rafts in cell membranes may be strongly influenced 

by lipid/lipid interactions. We estimated distances between ld/lo domain 

interfaces in PSM/cholesterol and DPPC/cholesterol to be ~ 2.5 nm and ~ 5 nm, 

respectively. Such dimensions are of the order of „„rafts‟‟ in cell membranes [105]. 

These domains are very small, thus it is hard to imagine that they are “phases”. 

We have also compared the ordering effect of cholesterol in PSM and DPPC. In 

the liquid crystalline phase, pure PSM is significantly more ordered than DPPC 

but this difference diminishes as cholesterol is added. This implies that it takes 

less cholesterol to promote an lo phase in PSM than in DPPC. In other words, 

cholesterol orders PSM chains more effectively to form an lo phase than DPPC 

chains. This is consistent with our observation that, above 45oC, the ld+lo/lo 

boundary in PSM/cholesterol phase diagram forms at lower (by ~ 2 mol%) 

cholesterol concentration than in DPPC/cholesterol phase diagram. Therefore, 
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cholesterol is more effective in PSM membranes than in DPPC at inducing chain 

conformational order. Furthermore, we re-estimated the ld/lo domain size by 

measuring the orientation dependence of T2 relaxation time in PSM-d2, 

selectively deuterated at C9 on the acyl chain, and obtained similar results as in 

the PSM-d31/cholesterol membrane. This removes any ambiguities in the 

domain size calculation based on dePakeing 2H NMR powder spectra and 

measuring T2 relaxation time indirectly from the linewidth. T2 relaxation times fit 

very well to the phenomenological theory, suggesting that both order-director and 

area (or thickness) fluctuations are possible mechanisms responsible the 

orientation-dependence of the transverse relaxation time.  

6.1 Future Work 

The phase behaviour of the sphingomyelin/cholesterol model membrane 

has been understood to an unprecedented level through the use of 2H NMR 

techniques. Regions of the phase diagram where two phases coexist have been 

studied in detail. In particular, the formation of two liquid-phase domains has 

been identified and the ld/lo domain size was estimated to great accuracy. 

However, there are some ambiguities in the phase diagram yet to be cleared up: 

What is the shape of ld/lo domains (e.g. circular, stripes)? Is a domain 

characterized by a length scale of less than 10 nm consistent with a phase? If 

these domains are too small to constitute true phase separation in the ld+lo 

region, what is the meaning of the 3-phase line? A three-phase line is a partition 

between the so/lo region, where macroscopic phase separation is observed in 

the NMR sense, and the ld/lo region, where the two “phases” do not separate 
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and, instead, a fast NMR exchange between the two “nano-domains” is 

observed. The observed line broadening rather than complete phase separation 

in the ld/lo region and the existence of a three-phase line seems to be in 

contradiction with the Gibbs phase rule, which dictates that there must be 

macroscopic phase separations above and below the three-phase line. 

The outer leaflet of plasma membrane is mostly composed of 

sphingomyelin, POPC, and cholesterol. The next logical step in the study of raft 

formation is to do experiments on ternary mixtures of PSM/POPC/cholesterol. 

This ternary system has already been studied to some extent by fluorescence 

microscopy techniques [16]. Now that we know quite well about the details of the 

PSM/cholesterol binary system, 2H NMR can be used to study the ternary system 

more thoroughly and get more insight into the complex behaviour of lipid raft in 

cell plasma membrane. 
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