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ABSTRACT 
 
 
 

Soni Smita Pravin, Ph.D., Purdue University, May 2010. The Effect of Acyl Chain 
Unsaturation on Phospholipid Bilayer. Major Professor: Stephen R. Wassall. 

 
 
 

 Each biological cell is surrounded by a membrane that consists of many different 

kinds of lipids. The lipids are mainly composed of phospholipids, which form a fluid 

bilayer that serves as the platform for the function of membrane bound proteins 

regulating cellular activity. In the research described in this thesis we employed solid 

state 2H NMR, complemented by DSC (differential scanning calorimetry) and MD 

(molecular dynamics) simulations, to study the effect of PUFA (polyunsaturated fatty 

acids) and TFA (trans fatty acids) on molecular organization in protein-free model 

membranes of controlled composition. These two classes of unsaturated fatty acid 

incorporate into membrane lipids and have, respectively, a beneficial and harmful impact 

on health. The aim is to gain insight into the molecular origin of this behavior. DHA 

(docosahexaenoic acid), which with 6 “natural” cis double bonds is the most highly 

unsaturated PUFA found in fish oils, and EA (elaidic acid), which with only a single 

“unnatural” trans double bond is the simplest manmade TFA often found in 

commercially produced food, were the focus. 

2H NMR spectra for [2H31]-N-palmitoylsphingomyelin ([2H31]16:0SM) in 

SM/16:0-22:6PE (1-palmitoyl-2-docosahexaenoylphosphatidylethanolamine)/cholesterol 
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(1:1:1 mol) mixed membranes were recorded. This system served as our PUFA-

containing model. The spectra are consistent with lateral separation into nano-sized (< 20 

nm) domains that are SM-rich/cholesterol-rich (raft), characterized by higher chain order, 

and DHA-rich/cholesterol-poor (non-raft), characterized by lower chain order. The 

aversion cholesterol has for DHA, as opposed to the affinity cholesterol has for 

predominantly saturated SM, excludes the sterol from DHA-containing PE-rich domains 

and DHA from SM-rich/cholesterol-rich domains. It is the formation of highly disordered 

membrane domains that we hypothesize is responsible, in part, for the diverse health 

benefits associated with dietary consumption of DHA. 

2H NMR spectra for 1-elaidoyl-2-[2H35]stearoylphosphatidylcholine (t18:1-

[2H35]18:0PC) and 1-oleoyl-2-[2H35]stearoylphosphatidylcholine (c18:1-[2H35]18:0PC) 

were recorded to compare membranes with respect to a trans vs. cis (“natural”) double 

bond. The spectra indicate that while a trans double bond produces a smaller deviation 

from linear conformation than a cis double bond, membrane order is decreased by a 

comparable amount because the energy barrier to rotation about the C-C single bonds 

either side of a trans or cis double bond is reduced. Although EA adopts a conformation 

somewhat resembling a saturated fatty acid, the TFA is almost as disordered as its cis 

counterpart oleic acid (OA). We speculate that EA could be mistaken for a saturated fatty 

acid and infiltrate lipid rafts to disrupt the high order therein that is necessary for the 

function of signaling proteins. 
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CHAPTER 1: LIPID MEMBRANES 
 
 
 

Membranes enclose each cell and the organelles within a cell (1). They are 

comprised of a lipid bilayer that is <50 Å thick in which are embedded and to which are 

bound a wide variety of proteins. Not only do membranes separate the inside and outside 

of a cell or organelle but also, via interactions of the constituent molecules, they regulate 

cellular activity. The complexity of this thin layer is enormous. The relative amounts of 

lipid and protein vary from membrane to membrane, and there are a vast number of 

different lipids and proteins that also vary from membrane to membrane. To study 

membranes we employ protein-free model membranes of controlled lipid content. How 

specific changes in the molecular structure of a lipid affect membrane organization may 

then be identified, with the aim of developing a relationship between structural and 

biological function. 

In this thesis we focus on the effects of two kinds of fatty acid – polyunsaturated 

fatty acids (PUFA) and trans fatty acids (TFA) – that incorporate into membrane lipids 

when consumed. We study the effects of docosahexaenoic acid (DHA), the most highly 

unsaturated PUFA commonly found in nature containing 6 cis double bonds, and elaidic 

acid (EA), the simplest TFA containing a single trans double bond, on molecular 

organization in model membranes. The motivation is to gain an understanding at the 
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molecular level and so shed light on the origin of the beneficial and deleterious impact on 

health of dietary consumption of PUFA (2) and TFA (3), respectively. Chapter 1 will 

introduce the topic of membranes. 

 
Membrane structure 

 
 
 

Since its conception more than 30 years ago, “the fluid mosaic model” has been 

the most widely accepted model for the structure of the plasma membrane (4). In this 

model, the phospholipid bilayer is the basic structural unit (Figure 1.1a). It is formed 

when phospholipids mix with water due to the amphiphilic nature of these molecules that 

possess a hydrophilic head group and a pair of hydrophobic fatty acyl chains. Other lipids 

such as cholesterol are dispersed in the bilayer, while membrane proteins are embedded 

or bound at the surface. Protein and lipids move laterally throughout a fluid membrane. 

 The fluid mosaic model has been recently revised. Instead of consisting of a 

homogenous mixture of lipid and protein, it is now generally accepted that these 

membrane components are arranged in patches, called domains, of differing and rapidly 

varying composition (5-8). The purpose of these domains is to provide the local 

environment necessary for the function of a resident protein. They are formed as a 

consequence of unequal affinities between different lipid species or between lipids and 

membrane proteins. The lipid raft is the domain that has received considerable attention. 

Rafts are liquid ordered (lo) regions enriched in cholesterol and saturated sphingolipid 

that are 10-200 nm in size floating in a sea of liquid disordered (ld) phospholipids (9-13). 

When clustered together they serve as a site for the function of essential cell signaling 
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proteins such as GPI-linked proteins in the outer leaflet of the plasma membrane (14). 

Non-raft domains that must exist within the surrounding matrix of ld phospholipids have 

received very little attention (15). Domains rich in PUFA-containing phospholipids, in 

particular, are an example of a non-raft domain in which the highly disordered 

environment is organizationally the antithesis of rafts (16). A schematic depiction of a 

membrane where a lipid raft and a PUFA-rich domain exist within a host membrane of 

bulk (monounsaturated) phospholipids is shown in Figure 1.1b. 

  
Lipids 

 
 
 

 Phospholipids are a major lipid component of the membrane (1). They consist of a 

glycerol backbone to which two hydrophobic fatty acids are attached at the sn-1 and sn-2 

positions and a hydrophilic polar head group containing a phosphate group attached at the 

sn-3 position. Phospholipids differ in the polar (phosphate-containing) groups present and 

in terms of fatty acid chain length and degree of unsaturation (number of double bonds). 

Examples of phospholipids are included in Figure 1.2, while Figure 1.3 shows examples 

of head groups and fatty acids. Phosphatidylcholine (PC) with a phosphorylcholine head 

group, followed by phosphatidylethanolamine (PE) with a phosphorylethanolamine head 

group, is the most abundant phospholipid (1). A saturated fatty acid is predominantly 

esterified at the sn-1 position as opposed to the sn-2 position where there is usually an 

unsaturated chain. The fatty acid chains usually contain an even number of carbon atoms, 

typically between 14 and 24, and up to 6 double bonds. Stearic (SA, 18:0) is a common 

saturated fatty acid, while oleic (OA, 18:1) acid with a single double bond is the most 
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often found unsaturated fatty acid. The number of carbon atoms followed by a colon and 

the number of double bonds is the nomenclature used here, e.g. 18:0 (Figure 1.3a) 

represents SA containing 18 carbons and no double bond, while 18:1 indicates there are 

18 carbons with one double bond in OA. 

Sphingolipids derived from the aliphatic amino alcohol sphingosine are another 

important group of membrane lipids. One of the main types is sphingomyelin (SM) in 

which the sphingosine backbone is O-linked to a phosphorylcholine head group and 

amide-linked to a fatty acid. The sn-1-like chain of the sphingolipid is non-hydrolizable 

and contains a trans double bond with the adjacent OH as opposed to the hydrolizable sn-

1 fatty acid chain of a phospholipid. The sn-2-like chain of the sphingolipid that is amide-

linked is almost always saturated unlike the unsaturated ester-linked fatty acid at the sn-2 

position of a phospholipid. These structural differences are responsible for cholesterol’s 

preference for association with sphingolipids vs. phospholipids that leads to the formation 

and stability of lipid rafts. The linear conformation adopted by the predominantly 

saturated chains in sphingolipids is compatible with close proximity to the rigid steroid 

moiety of cholesterol and the sphingosine backbone amide hydrogen bonds to both the 

hydroxyl group of an adjacent sphingolipid and to the hydroxyl group of the sterol (17). 

In addition to phospholipids and sphingolipids, cholesterol is a major lipid-

constituent that comprises as much as 50 mol% of the total lipid in animal plasma 

membranes (Figure 1.2c) (18). The long molecular axis of the sterol generally aligns 

almost perpendicular to the plane of a membrane, with the hydroxyl group on the steroid 

moiety near the membrane surface and the short side chain at the opposite end of the 

molecule extending towards the middle of the membrane (19, 20). A primary role of 
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cholesterol is to modulate molecular organization within membranes and to drive the 

sorting of lipids into domains on the basis of its differential affinity for different lipids 

(21). 

 
Molecular organization in model membrane 

 
 
 

Molecular organization in membranes is determined by the molecular structure of the 

constituent molecules. How PUFA and TFA affect the phase behavior of model 

membranes and acyl chain order within the interior of the membrane is the focus of the 

research in this thesis. A general description of the effect of molecular structure on these 

two properties in model membranes will now be presented. 1,2-

dipalmitoylphosphatidylcholine (16:0-16:0PC) with a saturated 16:0 acid chain at both 

sn-1 and -2 positions, which is the most thoroughly characterized model membrane 

system (22), will serve as point of reference. 

 
Membrane phase behavior 

 
 
 

 At low temperature disaturated PC bilayers such as 16:0-16:0PC with identical 

sn-1 and sn-2 chains exist in a gel, a.k.a. solid ordered (so), state. The tightly packed lipid 

chains are rigid in a linear all-trans conformation and the bilayer is solid-like. At high 

temperature the bilayers adopt a liquid crystalline (L), a.k.a. ld, phase. There are rapid 

rotations around C-C bonds in the chains and the bilayer is liquid-like. The transition 

from gel to liquid crystalline phase at which the chains melt occurs at a temperature is 

designated Tm. The value of Tm is largely determined by the strength of inter- and intra-
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molecular van der Waals interactions between adjacent lipid molecules in the gel state. 

PCs with longer acyl chains have greater van der Waals attractive forces, resulting in a 

more stable bilayer that melts at higher temperature (23). Due to a smaller headgroup and 

concomitant closer packing within the bilayer, stronger van der Waals forces similarly 

elevate Tm in PE relative to PC (24). Graphs illustrating the dependence of Tm on chain 

length (Figure 1.4a) and head group (Figure 1.4b) are plotted in Figure 4. 

 Introducing a double bond into the sn-2 chain of PCs substantially lowers the 

temperature of the chain melting transition (Figure 1.4c) (24). Conformational constraints 

associated with the rigid double bond create a kink, causing the chain to deviate from a 

linear conformation. The distortion to chain packing weakens the van der Waals forces 

and is responsible for a reduction in stability of the gel phase. Adding a second double 

bond further perturbs chain packing and reduces Tm, albeit to a smaller extent than the 

first (25). After two double bonds Tm is little affected and, as shown in Figure 1.3c, can 

even rise slightly (25). When cholesterol is inserted into a bilayer, Tm is reduced and the 

transition becomes broader because the bulky steroid moiety disrupts chain packing in the 

gel so state and restricts the reorientation of chains in the liquid crystalline ld state (26). 

The differential between phases is smeared out as the amount of sterol is increased until 

the transition becomes undetectable and a lo phase, characterized by rapid reorientation 

but high conformational order, is formed. Phase diagrams constructed for homo-acid 

disaturated and hetero-acid saturated-monounsaturated PCs identify ~25 mol% 

cholesterol as the concentration at which the so and ld states disappear and only the lo state 

is present (26, 27). 
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Acyl chain order 
 
 
 

 In the liquid crystalline phase, which is the physiologically relevant phase, there is 

a significant degree of molecular motion within the membrane. Rotation about the C-C 

bonds in the lipid chains and, at a somewhat slower rate, about the long molecular axis 

that wobbles relative to the bilayer normal produces a fluid membrane. The degree of 

anisotropy of motion or order of a chain segment within the membrane interior is 

described by an order parameter ܵ஼஽ (defined in Chapter 2). Unless geometric issues 

complicate the situation, order parameters measured for C2H2 segments fall in the range 

0 ൑ ܵ஼஽ ൑ 1
2ൗ  (28). The upper limit represents an all-trans chain that is lined up with the 

bilayer normal undergoing fast axial rotation (most order), while the lower limit 

represents a chain segment undergoing isotropic motion (most disorder). 

 A profile of order along the perdeuterated [2H31] acid sn-1 chain in [2H31]16:0-

16:0PC bilayers (■) is shown in Figure 1.5a. It consists of a plateau region of slowly 

decreasing order in the upper portion of the chain (C2-C9) where there is a high 

probability for trans rotational isomeric states that align the chain parallel to the bilayer 

normal. Order then falls off more rapidly in the lower portion of the chain due to an 

increase in the probability for gauche segments. This shape for the profile is a 

characteristic of phospholipid membranes (28). It is retained in the profile plotted for 

[2H31]16:0-18:1PC (□) that reveals a double bond in the sn-2 chain increases disorder 

throughout the sn-1 chain (Figure 1.5a). A reduced energy barrier to rotation about the 

single C-C bonds next to the double bond is the origin of the disordering (29). The trend 

at higher levels of unsaturation is towards greater disorder (Figure 1.5b). The form of 
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profile, with a slight shortening of the plateau region, is unchanged (30). In the presence 

of cholesterol, which raises order because the steroid moiety inhibits chain motion, the 

shape still remains the same (31). Order is uniformly elevated in the plateau region in the 

upper part of the chain and is progressively less increased in the lower part towards the 

end of the chain. 
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b) 

 

 

 

Figure 1.1: Lateral view of a biological membrane schematically depicting lipids, 

cholesterol and protein arranged in domains
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Figure 1.2: Examples of different types of lipids found in membranes. a) 

Phophatidylcholine (16:0-16:1PC), b) Phosphatidylethanolamine (16:0-16:1PE), c) 

Sphingomylein (16:0SM), d) Cholesterol 
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Figure 1.3: Examples of common headgroups and fatty acid types, stick intersections 

represent a carbon atom and hydrogen atoms are implicit. a) Glycero-Phosphocholine, b) 

Glycero-Phosphoethanolamine, c) Palmitic acid (16:0), d) Stearic acid (18:0), e) Oleic 

acid (18:1), f) Docosahexaenoic acid (22:6) 
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Figure 1.4: a) The graph showing the chain melting temperature dependence on the acyl 

chains of the diacylphospholipids1, b) Chain melting dependence on the headgroup for 

16:0-16:0 PC and PE2, c) Degree of unsaturation present in the sn-2 acyl chain’s affect on 

the phase transition temperature3 

 

1Caffrey, M. and Koynova, R., 1998, Biochim. Biophys. Acta 1376:91-145. 

2Petrov, A. G., K. Gawrisch, G. Brezesinski, G. Klose, and A. Möps. 1982. BBA Biomembr. 690:1–7 for PE 

and Janiak, M. J., D. M. Small, and G. G. Shipley. 1976. Biochemistry. 15:4575–4580 for PC. 

3Niebylski, C. and Salem, N. 1994. Biophys J. 67:2387-2393. 
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Figure 1.5: a) Average order parameter reduced due to increase in degree of unsaturation 

for 18:0-XPC lipid1, b) Order parameter profile for [2H31]16:0-16:0PC (■) at 43 ºC and 

[2H31]16:0-18:1PC (□) at 42 ºC 

4Separovic, F. and Gawrisch, K. 1996. Biophys. J. 71:274-282. 
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CHAPTER 2: SOLID STATE 2H NMR OF MEMBRANES 
 
 
 
 Solid state deuterium nuclear magnetic resonance (2H NMR) provides an 

essentially non-invasive approach for investigating molecular organization and dynamics 

in membranes (1-3). Isotopic substitution of deuterium (2H) for hydrogen (1H) in a lipid 

molecule has minimal effect on a membrane, offering a substantial advantage over 

techniques that rely on bulky probe moieties such as electron spin resonance (ESR) spin 

labels and fluorescent labels. Also with selective deuteration, only the specific part of 

interest in a molecule is observed and problems of assignment associated with nuclei of 

high natural abundance are avoided. Because molecular motions within a membrane are 

restricted, the quadrupolar interaction responsible for the spectral lineshape is 

incompletely motionally averaged and the techniques of solid state NMR are required to 

collect the resultant broad spectra. In this chapter we will describe in brief the basic 

theory of 2H NMR and then the methods of lineshape analysis we employ to investigate 

phase behavior and acyl chain order in model membranes containing lipids perdeuterated 

throughout an acyl chain. 
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Basic Theory 
 
 
 

Nuclei, dependent upon their structure (number of neutrons and protons), may 

possess spin angular momentum ࡵ԰ and an associated magnetic (dipole) moment ૄ that 

are related to each other according to  

ૄ ൌ  (1) ,ࡵ԰ߛ

where ߛ is the gyromagnetic ratio (4). When placed in an external magnetic field 

Β ൌ Βఖ࢑ applied in the z direction, a magnetic dipole will interact with the magnetic field 

and the interaction potential energy is given by 

ણ ൌ െૄ.ઠ ൌ  െµ୸Β. (2) 

Here ߤ௭ represents the z component of the dipole moment that is quantized into 2߇ ൅ 1 

possible values 

µ௭ ൌ  ԰݉, (3)ߛ

defined by ݉ ൌ െ߇,െ߇ ൅ 1,… , ߇ െ 1,  The previously degenerate energy states of the .߇

nucleus are, thus, split (Zeeman effect) into 2߇ ൅ 1 equally spaced energy levels 

௠߃ ൌ െߛ԰Βட݉ (4) 

separated by 

Δܧ ൌ  ԰Βఖ (5)ߛ

Transitions between these energy levels ሺΔ݉ ൌ േ1ሻ are induced when an oscillating 

magnetic field ઠ૚with angular frequency ߱ఖ satisfying the resonance (Larmor) condition 

߱ఖ ൌ  Βఖ (6)ߛ

is applied perpendicular to the static field ઠࣉ. 
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 The deuterium nucleus has a spin of Ι ൌ 1. The 3 Zeeman energy levels produced 

by interaction with a static magnetic field are perturbed because the nucleus has a 

quadrupole moment due to its non-spherical charge distribution that interacts with an 

electric field environment having less than cubic symmetry (Figure 2.1) (4). When 

bonded to a carbon, a deuterium is situated in an electric field gradient that is axially 

symmetric about the bond and the spectrum observed in the static case consists of a 

doublet separated by the quadrupolar splitting 

Δ߭ொሺߠԢሻ ൌ
ଷ

ସ
ቀ௘

మ௤ொ

௛
ቁ ሺ3cosଶߠԢ െ 1ሻ (7) 

where ߠԢ is the angle between the C-2H bond (principal axis of the electric field gradient) 

and ઠࣉ, and ቀ௘
మ௤ொ

௛
ቁ ൌ 167 kHz isቀ௘

మ௤ொ

௛
ቁ the static quadrupolar coupling constant (1). For 

deuterons undergoing rapid reorientation, the angular dependent term ሺ3cosଶߠᇱ െ 1ሻ in 

eq. 7 is averaged over the angular fluctuations appropriate to the motion involved and the 

quadrupolar splitting is reduced. Thus, while random isotropic motion averages the 

splitting to zero in a liquid, the averaging is incomplete in lipid bilayers where molecular 

motion is restricted and a residual splitting characteristic of the anisotropy of the motion 

remains. 

 

Lipid Bilayers 
 
 
 
 The motion of lipid chains in a liquid crystalline membrane is axially symmetric 

about the normal to the bilayer surface and eq. 7 may be rewritten 

ሻߠொሺߥ∆ ൌ
ଷ

ଶ
ቀ௘

మ௤ொ

௛
ቁ ଵ
ଶ
ߚ3cosଶۃ െ ۄ1 ଵ

ଶ
ሺ3cosଶߠ െ 1ሻ (8) 
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for a deuterated chain segment (1). Here ߠ is the angle the bilayer normal makes with the 

magnetic field,  is the time dependent angle between the C-2H bond and the bilayer 

normal, and the angular brackets represent a time average (Figure 2.2). The time 

averaged part represents the angular fluctuation undergone by the C-2H bond vector with 

respect to the bilayer normal and corresponds to the order parameter 

ܵ஼஽ ൌ
ଵ

ଶ
ߚ3cosଶۃ െ  (9) ۄ1

that is employed to characterize molecular organization within membranes (1-3). For C-

2H bonds in a saturated lipid chain, ܵ஼஽ typically takes values in the range 

0 ൑ |ܵ஼஽| ൑ 0.5 (10) 

The lower limit represents random isotropic motion where, due to rotations about C-C 

bonds in the chain, a C-2H bond vector samples all orientations on the 2H NMR timescale 

(10-5 s). The upper limit represents the opposite extreme in which the chain is rigid and 

undergoes axial rotation in an all-trans configuration, as result of which the orientation of 

a C-2H bond vector relative to the bilayer normal is fixed at  = 90º. 

 Unless aligned in some manner such as between glass plates, lipid bilayer samples 

consist of randomly oriented bilayers. The spectrum is a superposition of doublets from 

bilayers at all orientations, each of which is scaled in intensity in accordance with its 

probability ሺ݌ሺߠሻ݀ߠ ൌ sinߠ݀ߠሻ (1). Two peaks separated by 

௥ߥ∆ ൌ
ଷ

ସ
ቀ௘

మ௤ொ

௛
ቁ |ܵ஼஽| (11) 

that correspond to the most probable orientation ( = 90º) dominate the resultant powder 

pattern (Figure 2.3). 
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Lineshape Analysis 
 
 
 
 In our experiments, the samples were prepared from phosphatidylcholine (PC) 

and sphingomyelin (SM) perdeuterated throughout, respectively, the sn-1 or sn-2 chain 

and amide-linked (sn-2-like) chain. The resultant spectra are a superposition of powder 

patterns from all deuterated positions along the chain (Figure 2.4). Although more 

complex in shape than for a selectively deuterated lipid, they may be analyzed to 

investigate phase behavior and chain order. That details of order for the entire chain can 

be obtained from a single spectrum is a clear advantage over the large number of 

experiments necessary using selectivity deuterated lipids. 

 
Moments 

 
 
 
 Figure 2.4 shows spectra for a sample prepared from a PC with a perdeuterated 

chain. They are representative of spectra observed in the gel (lower temperature, Figure 

2.4a) and liquid crystalline (higher temperature, Figure 2.4b) phase. The gel-state 

spectrum is relatively featureless with edges at 63 kHz and a central pair of peaks split 

by 12 kHz. Slow axial rotation of chains that are rigid in a largely all-trans configuration 

is responsible. In contrast, the liquid crystalline-state spectrum is much narrower and 

individual pairs of peaks appear within the spectrum because the chains are melted and 

there is rapid rotation about the C-C bonds. It is a superposition of powder patterns of the 

form shown in Figure 2.3. Methylenes with similar order in the upper portion of the chain 

produce sharp edges at ~15 kHz, while less ordered methylenes in the lower part of the 
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chain give rise to individual peaks within the spectrum and the highly mobile terminal 

methyl is responsible for the central pair of peaks. 

 The sensitivity to membrane phase illustrated by the spectra in Figure 2.4 can be 

used to map membrane phase behavior. Our approach is to use spectral moments to 

characterize the lineshape (2). The nth moment ߊ௡ is defined by 

௡ߊ ൌ
׬ |ఠ೙|௙ሺఠሻௗఠ
శಮ
షಮ

׬ ௙ሺఠሻௗఠ
శಮ
షಮ

 (12) 

Here ݂ሺ߱ሻ is the lineshape as function of frequency  with respect to the central Larmor 

frequency. In Figure 2.5, the first moment ߊଵ measured from spectra for [2H31]16:0-

16:0PC is plotted vs. temperature. The gel to liquid crystalline phase transition at which 

the chains melt is identified by the mid-point in an abrupt drop in the value of ߊଵ at 39.5 

ºC. Moments that slowly decrease with increasing temperature characterize the gel 

ሺܯଵ ൒ 11 ൈ 10ସ ିݏଵ) and liquid crystalline ሺܯଵ ൑ 5 ൈ 10ସ ିݏଵሻ phases. The small 

discontinuity that is apparent at ~34 ºC reflects the pretransition between L  (lamellar) 

and P  (ripple) states that precedes the main chain melting transition (5, 6). 

 In the liquid crystalline phase where powder pattern spectra of the form shown in 

Figure 2.3 superpose from each position in the perdeuterated chain to yield the resultant 

spectrum (Figure 2.4b), an average order parameter ܵҧ஼஽ for the entire chain may also be 

derived from the first moment (2). The moment, which represents the magnitude of the 

average quadrupolar splitting, equates to ܵҧ஼஽ with 

ଵܯ ൌ
గ

√ଷ
ቀ௘

మ௤ொ

௛
ቁ ܵҧ஼஽ (13) 

 



24 
 

 
 

Depaking 
 
 
 
 On yet another level of sophistication of lineshape analysis, depaking enables 

details of the gradient of order within a bilayer to be obtained from 2H NMR data for 

lipids with a perdeuterated chain (7-12). This numerical procedure calculates a spectrum 

characteristic of single alignment from powder pattern data, conferring enhanced 

resolution that greatly simplifies interpretation. It is applicable to spectra governed by 

axially symmetric second rank tensor interactions that possess a ଶܲሺcosߠሻ dependence 

upon orientation, where  is the angle between the symmetry axis and the magnetic field. 

Such is the case for 2H NMR spectra of lipid chains undergoing fast axial rotation about 

the bilayer normal in the liquid crystalline state, as reflected in eq. 8. Different depaking 

algorithms have been developed (7-12). FFT depaking that may be implemented with 

modest modification to standard computer software code is the one employed here (11, 

12). 

 In Figure 2.6 the improvement in resolution achieved by FFT depaking is 

demonstrated for 1-[2H31]palmitoyl-2-palmityolphosphatidylcholine ([2H31]16:0-16:0PC). 

The depaked spectrum (Figure 2.6b) corresponds to the spectrum for a planar membrane 

with the bilayer normal aligned parallel ( = 90º) to the magnetic field. Unlike the 

equivalent powder pattern derived from the same NMR data where the central signal due 

to the mobile terminal methyl is the only clearly resolved feature in a superposition of 

powder patterns from the entire perdeuterated chain (Figure 2.6a), an outermost 

composite doublet and 7 distinct doublets with smaller splitting comprise the depaked 

spectrum (Figure 2.6b). The outermost composite doublet is attributed to similarly 
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ordered chain segments in upper part of the chain while the well resolved doublets are 

attributed to individual chain segments in the lower portion of the chain that have 

progressively less order. On the assumption that order decreases monotonically along the 

chain toward the terminal methyl, it is then possible to construct a smoothed profile of 

order parameter (13) by assigning equal intensity to each methylene segment and 

rewriting eq. 8 to equate doublet splitting to order parameter via 

ሻߠሺߥ∆ ൌ ଷ

ଶ
ቀ௘

మ௤ொ

௛
ቁ |ܵ஼஽|Pଶሺcos θሻ (14) 

The order parameter profile obtained in this manner for the [2H31]palmitic (16:0) acid sn-

1 chain in [2H31]16:0-16:0PC from the depaked spectrum as in Figure 2.6b is plotted in 

Figure 2.7. With a plateau region of slowly decreasing order in the upper part (C2-C9) of 

the chain followed by more rapidly decreasing order in the lower part (C10-C16), from 

one spectrum it reproduces the profile determined with specifically deuterated 16:0-

16:0PC in the pioneering work by Seelig that entailed the preparation and observation of 

multiple samples (1). This signature shape is seen in model membranes and biological 

membranes (2). 
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Figure 2.1: Energy levels for a deuterium nucleus showing the perturbation of the 

Zeeman energy levels by the quadrupolar interaction with the electric field gradient due 

to a C-2H bond 

 

 



29 
 

 
 

 

Figure 2.2a: Schematic view of a lipid bilayer illustrating the orientation of a C-2H bond 

 

                     

Figure 2.2b: Doublet and quadrupolar splitting observed for a planar membrane 
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Figure 2.3: 2H NMR powder pattern. The dashed lines indicate the transitions between m 

= -1 to 0 and m = 0 to 1 states while the solid line is the sum of the two components 
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Figure 2.4: 2H NMR spectra for [2H31]16:0-16:0PC in the a) gel (20 ºC) and b) liquid 

crystalline (45 ºC) state 
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Figure 2.5: A plot of first moment M1 vs. temperature for [2H31]16:0-16:0PC showing the 

marked distinction in the value of the moment for gel and liquid crystalline states. The 

mid-point of the discontinuity identifies the chain melting temperature (Tm) 
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Figure 2.6: Depaking. A comparison of a) powder pattern vs., b) FFT depaked spectra for 

[2H31]16:0-16PC at 45 ºC illustrating the enhancement in resolution accomplished by 

depaking 
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Figure 2.7: Order parameter profile. A plot of order parameter SCD vs. carbon number for 

the [2H31]16:0 sn-1 chain in [2H31]16:0-16:0PC at 45 ºC constructed from depaked data 

(Figure 2.6b). The carbon positions in the molecule line up with the abscissa of the plot. 
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CHAPTER 3:THE EFFECT OF TRANS UNSATURATION ON MOLECULAR 
ORGANIZATION IN A PHOSPHOLIPID MEMBRANE 

 
 
 

Trans fatty acids (TFA) produced during the partial hydrogenation of vegetable 

oils are a class of unsaturated fatty acid currently attracting a great deal of attention (1, 2). 

These “manmade” fatty acids that have become an insidious component in contemporary 

nutrition (3, 4) adversely affect health such as increasing the risk for coronary heart 

disease (4, 5), developing diabetes (6), and colorectal and other cancers (7, 8) by a 

mechanism that remains to be established. They possess one or more trans double bonds 

that place the two hydrogen atoms on the opposite side of the double bond, instead of on 

the same side as occurs in physiologically prevalent cis double bonds (Figure 3.1). This 

apparently subtle modification in molecular structure causes a reduction in protein 

function (9) and induces abnormal morphology (10) in membranes when TFA-containing 

lipids replace their cis counterpart. The implication is that changes in the architecture of 

plasma membranes following incorporation into phospholipids may contribute to the 

detrimental impact upon health of dietary TFA (11-13). 

Because of the distinction in the geometric disposition of the hydrogen atoms, the 

torsional states preferred by the single bonds next to a trans or cis double bond differ 

markedly (14). The energy minimized structure obtained by gas phase ab initio
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calculations for elaidic acid (EA, t18:1), the simplest TFA with a single trans double 

bond between carbons 9 and 10, deviates much less than oleic acid (OA, c18:1), its cis 

counterpart, from the linear configuration adopted by stearic acid (SA, 18:0) that is the 

corresponding saturated chain (15). Although modeling a free fatty acid oversimplifies 

the situation in a bilayer, the inference is that a trans double bond will pack more 

favorably than a cis double bond resulting in greater stability for the gel-state and a 

smaller reduction in the temperature Tm for the chain melting transition. The Tm values 

measured for EA-, OA- and SA-containing phosphatidylcholines (PC) support this view 

(16). To predict the effect of trans unsaturation on acyl chain organization in the 

biologically relevant liquid crystalline phase is less straightforward. There are two 

contrary schools of thought advocating similarity to saturated and cis-unsaturated chains, 

respectively. On the one hand a trans double bond produces a minor discontinuity in the 

linear conformation adopted by a saturated chain (15). On the other hand, and as for a cis 

double bond (albeit subject to different torsional constraints), rotation about a trans 

double bond is prohibited while the energy barrier to rotation about the immediately 

adjacent single bonds is reduced relative to a saturated chain (14). Two computer 

simulations of 1-palmitoyl-2-elaidoylphosphatidycholine (16:0-t18:1PC) that provide the 

only order profiles reported to date within trans unsaturated bilayers do not resolve the 

issue. Close resemblance to 1,2-dipalmitoylphosphatidylcholine (16:0-16:0PC) was 

revealed by Langevin dynamics in the one case (17) and to 1-palmitoyl-2-

oleoylphosphatidylcholine (16:0-c18:1PC) in the other by molecular dynamics (MD) 

simulation (18). The findings from a sparse collection of experimental studies are equally 

inconclusive. Steady state fluorescence polarization of DPH (1,6-diphenyl hexatriene) 
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and AS (anthroyloxy stearic acid) probes indicated that 18:0-t18:1PC bilayers are less 

fluid than 18:0-c18:1PC bilayers (16). There is, in contrast, negligible difference between 

average order parameters S CD  derived for the sn-1 chain from 2H NMR spectra for 

[2H35]18:0-t18:1PC (19) and [2H35]18:0-c18:1PC (20). 

A study by solid state 2H NMR spectroscopy, complemented by atomistic MD 

calculations, of molecular organization in 1-elaidoyl-2-[2H35]stearoylphosphatidylcholine 

(t18:1-[2H35]18:0PC) bilayers is presented here. This molecule was chosen because EA is 

highly abundant in partially hydrogenated vegetable oils (PHVO) (4, 21) and, unlike cis 

fatty acids (CFA) that usually incorporate as the sn-2 chain (22), preferentially substitutes 

at the sn-1 position normally occupied by a saturated chain (4, 23-25). Perdeuterated 

[2H35]18:0 acid was esterified at the sn-2 position to allow essentially non-invasive 

observation. Comparison was made with 1-oleoyl-2-[2H35]stearoylphosphatidylcholine 

(c18:1-[2H35]18:0PC). Figure 3.1 shows the molecular structure of both t18:1-18:0PC and 

c18:1-18:0PC. The experiments represent the first direct comparison of TFA- vs. CFA-

containing phospholipids, which are otherwise identical, that does not rely on a 

perturbing extrinsic probe. 
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Experimental Procedures 
 
 
 

Materials 
 
 
 

t18:1-[2H35]18:0PC, as a custom synthesis, and 1-acyl-2-

hydroxyphosphatidycholines (18:0lysoPC and c18:1lysoPC) were purchased from Avanti 

Polar Lipids (Alabaster, AL). Cambridge Isotope Laboratories (Andover, MA) and Sigma 

Chemical Co. (St. Louis, MO) were the source of [2H35]18:0 acid and deuterium depleted 

water, respectively. 

 
Synthesis of deuterated PCs 

 
 
 

18:0-[2H35]18:0PC and c18:1-[2H35]18:0PC were synthesized using the method 

described by Sun et al. (26), with a few minor changes. The synthesis was accomplished 

via dicyclohexylcarbodimide (DCC, 0.8 mmol) coupling of [2H35]18:0 acid (0.4 mmol) 

with the appropriate lysoPC (0.2 mmol) in the presence of N,N-dimethylaminopyridine 

(DMAP, 0.8 mmol) dissolved in dry, distilled chloroform (4 mL). The mixture was 

stirred for 72 h under argon atmosphere and, following concentration, the residue was 

purified by flash chromatography on silica gel in a chloroform/methanol/water (58/35/4, 

vol/vol/vol) solvent system to give the desired product (80% yield). 1H NMR in C2HCl3 

at 500 MHz was performed to confirm the product, which was further purified by HPLC 

with a reverse-phase silica C18 column (methanol solvent). 
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Molecular mass (825.36 for 18:0-[2H35]18:0PC and 823.34 for c18:1-[2H35]18:0PC) was 

confirmed by LC-mass spectrometry. 

 
NMR Sample Preparation 

 
 
 

t18:1-[2H35]18:0PC, c18:1-[2H35]18:0PC or 18:0-[2H35]18:0PC (60-90 mg) was 

thoroughly vortex mixed by with an equal weight (60-90 L) of 50 mM Tris buffer (pH 

7.5) at a temperature above the gel to liquid crystalline phase transition for each 

phospholipid. Deuterium depleted water (~ 2 mL) was added to the mixture to allow 

measurement of pH which was adjusted to 7.5. Three lyophilizations in the presence of 

excess deuterium depleted water were then performed to remove naturally abundant 

2HHO. After a final hydration to 50 wt%, the resultant sample was transferred to a 5 mm 

NMR tube that was sealed with a Teflon coated plug. It was stored at -80 ºC and 

equilibrated at room temperature before the experiments. 

 
2H NMR Spectroscopy 

 
 
 

 Solid State 2H NMR experiments were performed on a home-built spectrometer 

operating at 27.6 MHz with a 4.2 T Nalorac superconducting magnet (27). A desktop 

computer controlled the spectrometer. Pulse programming was accomplished using an in-

house assembled programmable pulse generator with a design based upon an Am2910 

processor (Advanced Micro Devices, Sunnyvale, CA) (28), while signals were acquired 

in quadrature using a Rapid Systems R1200 M dual channel digital oscilloscope (Seattle, 

WA). Sample temperature was regulated to ±0.5 ºC by a Love Controls 1600 Series 
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temperature controller (Michigan City, IN). A phase alternated quadrupolar echo 

sequence (90ºx--90ºy-acquire-delay)n that eliminates spectral distortion due to receiver 

recovery time was implemented to collect spectra (29). Unless otherwise stated, spectral 

parameters were: 90º pulse width ≈ 4 s; separation between pulses  = 50 s; delay 

between pulse sequences = 1.0 s (gel phase) or 1.5 s (liquid crystalline phase); sweep 

width = ±250 kHz (gel phase) or ±100 kHz (liquid crystalline phase); dataset = 2K; and 

number of transients = 1024. 

 
Analysis of 2H NMR Spectra 

 
 
 

 First moments ܯଵ (30) were calculated from the powder pattern spectra with  

௡ߊ ൌ
׬ |ఠ೙|௙ሺఠሻௗఠ
శಮ
షಮ

׬ ௙ሺఠሻௗఠ
శಮ
షಮ

  (1) 

Where f() represents the lineshape as a function of frequency  relative to the central 

Larmor frequency ߱ఖ. In practice the integration was a summation over the digitized 

data. The value of ܯଵ is a sensitive indicator of membrane phase, and equates via the 

static quadrupolar coupling constant ቀ௘
మ௤ொ

௛
ቁ ൌ 167 kHz to an average order parameter 

ܵҧ஼஽ for the perdeuterated [2H35]18:0 sn-2 chain in the liquid crystalline state according to 

ଵܯ ൌ
గ

√ଷ
ቀ௘

మ௤ொ

௛
ቁ ܵҧ஼஽ (2) 

 The FFT depaking algorithm was applied to deconvolute the powder pattern 

signal to an aligned spectrum representative of a planar bilayer to further elaborate order 

within the liquid crystalline bilayer (27). The depaked spectrum consists of doublets with 

quadrupole splittings Δߥሺߠሻ that relate to order parameters ܵ஼஽ by 
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ሻߠሺߥ∆ ൌ ଷ

ଶ
ቀ௘

మ௤ொ

௛
ቁ |ܵ஼஽|Pଶሺcos θሻ (3) 

where  = 0º is the angle the normal to the membrane surface makes with the magnetic 

field and ଶܲሺcos  ሻ is the second-order Legendre polynomial. A smoothed profile ofߠ

order parameter was generated then on the basis of integrated intensity assuming 

monotonic variation towards the terminal methyl in the disordered center of the 

membrane (31). 

 
MD Simulations 

 
 
 
 MD simulations for t18:1-18:0PC and c18:1-18:0PC bilayers at 45 ºC of 5 ns 

duration were carried out using eight processors on a Beowulf-type parallel computer. 

Each simulation cell contained 72 lipids (36 per monolayer) and 1930 waters, 

corresponding to full hydration. The Chemistry at HARvard Molecular Mechanics 

(CHARMM) program (32) was employed with the PARAM22b4b all-atom parameter set 

(33) and its extension to cis unsaturated lipids (34), while a new set was developed for 

the EA chain by previously described methods (34). Initial conformations were taken 

from the end of previously equilibrated simulations by applying restraints to the double 

bond torsions to produce the desired conformers during energy minimization. 

Electrostatic interactions were introduced via the particle mesh Ewald summation (35). 

All bonds involving hydrogen were fixed at their equilibrium distances with the SHAKE 

algorithm (36). The time step was 2 fs implemented with a leapfrog Verlet integration 

scheme. A flexible simulation cell was used with the z dimension (bilayer normal) 

adjusted to maintain Pzz = 1 atm, and the x and y dimensions were adjusted to maintain a 
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surface area of 65.9 Å2/molecule. The fixed area ensemble was chosen to insure that the 

molecular areas were consistent with experiment. The number of lipids in the simulation 

cell, while smaller than some studies, has been used in a number of published reports 

from our laboratory that were successfully used to aid in the interpretation of NMR 

experiments and has been shown to be more than adequate for the computation of 

equilibrium structural properties (37). Coordinates were saved every ps for subsequent 

analysis that included the calculation of order parameters. 

 
Results 

 
 
 

2H NMR 
 
 
 

Solid state 2H NMR spectra for 50 wt% aqueous dispersions of t18:1-

18:0[2H35]PC, c18:1-18:0[2H35]PC and, as the saturated control, 18:0-18:0[2H35]PC in 50 

mM Tris (pH 7.5) were collected as a function of temperature to investigate the changes 

EA vs. OA cause to phase behavior and membrane organization. 

 
Phase Behavior 
 
 
 

Representative examples of spectra at selected temperatures for 18:0-

18:0[2H35]PC, t18:0-18:0[2H35]PC and c18:1-18:0[2H35]PC are shown in Figure 3.2. The 

dramatic narrowing of spectral shape that accompanies the melting of acyl chains at the 

transition between gel and liquid crystalline states is apparent for each phospholipid, and 

inspection reveals differences in the effect of EA and OA on membrane phase behavior. 
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All three phospholipids exhibit spectra characteristic of the lamellar gel phase at -5 ºC 

(Figure 3.2a, e and i), the lowest temperature, and of the lamellar liquid crystalline phase 

at 60 ºC (Figure 3.2d, h and l), the highest temperature (30, 38). In the gel phase, the 

[2H35]18:0 sn-2 chains are rigid and their slow rotational diffusion confers non axial 

symmetry on a featureless broad spectrum with shoulders at 63 kHz (Figure 3.2a, e and 

i). Rapid isomerization about C-C bonds in the [2H35]18:0 sn-2 chain is responsible in the 

liquid crystalline phase for a much narrower spectrum with well-defined edges at 

approximately 15 kHz that correspond to the plateau region of relatively constant order 

in the upper part of the chain (Figure 3.2d, h and l). The individual peaks within the 

spectrum arise from less ordered methylenes in the lower part of the acyl chain, and the 

highly mobile terminal methyl is represented by a central pair of peaks. It is in between 

the two extreme temperatures where differences in phase behavior become evident in the 

spectra. The spectra for 18:0-18:0[2H35]PC (Figure 3.2b) and t18:0-18:0[2H35]PC (Figure 

3.2f) remain gel-like at 20 ºC, while that for c18:1-18:0[2H35]PC (Figure 3.2j) indicates 

that the CFA-containing membrane has become liquid crystalline. Upon a further 25 ºC 

rise in temperature to 45 ºC, TFA-containing t18:0-18:0[2H35]PC (Figure 3.2g) as well as 

c18:0-18:0[2H35]PC (Figure 3.2k) exhibits a spectrum typical of the liquid crystalline 

state and only for disaturated 18:0-18:0[2H35]PC (Figure 3.2c) does the spectrum imply 

the gel phase. 

The spectra presented in Figure 3.2 are examples of spectra that were acquired 

over a span in temperature from -10 to 65 ºC. They illustrate the sensitivity of spectral 

lineshape to membrane phase. The first moment, M1 , defined by eq.1, offers a method of 

quantifying the shape and monitoring phase behavior when plotted against temperature 
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(30). Figure 3.3 presents ܯଵ as a function of temperature for t18:1-[2H35]18:0PC, c18:1-

[2H35]18:0PC and 18:0-[2H35]18:0PC. There are two ranges of temperature for each PC 

where M1  values vary slowly separated by an abrupt discontinuity. In the case of t18:1-

[2H35]18:0PC (●), gel phase is signified by ܯଵ > 11.1 × 104 s-1 below 30.5 ºC while liquid 

crystalline state characterized by ܯଵ < 4.8 × 104 s-1 applies above 32.5 ºC.  A similar 

discontinuity is seen at lower temperature for c18:1-[2H35]18:0PC (◊) where ܯଵ > 10.9 × 

104 s-1 and ܯଵ < 5.7 × 104 s-1, respectively, signify the gel phase below 6 ºC and liquid 

crystalline state above 9 ºC. In the saturated lipid, 18:0-[2H35]18:0PC (□), the moments 

 ଵ > 11.0 × 104 s-1 remain symptomatic of the gel state until 50 ºC and then the liquidܯ

crystalline is indicated by ܯଵ < 5.1 × 104 s-1 for temperatures in excess of 56 ºC. 

The dramatic drop in the value of ܯଵ corresponds to the tremendous change in 

lineshape that accompanies acyl chain melting when the lipid undergoes the transition 

from gel to liquid crystalline state. It is clear from the plots in Figure 3.3 that the 

temperature at which t18:1-[2H35]18:0PC melts lies approximately midway between those 

for 18:0-[2H35]18:0PC and c18:1-[2H35]18:0PC. The values for the temperature of the 

phase transition Tm derived from the center of the discontinuity in each plot are given in 

Table 1. For the lipid with a SA sn-1 chain Tm occurs at 53.0 ºC, which is much higher 

than the Tm of 7.0 ºC for the lipid with an OA sn-1 chain. In between at 31.5 ºC is the Tm 

for the lipid with an EA sn-1 chain.  



45 
 

 
 

Acyl Chain Order 
 
 
 

In the liquid crystalline phase where rapid molecular reorientation results in 

spectra symptomatic of axially symmetry, the first moment ܯଵ is related to the average 

order parameter ܵҧ஼஽ for the entire [2H35]18:0 sn-2 chain via eq. 2. The values obtained for 

ܵҧ஼஽ in t18:1-[2H35]18:0PC and c18:1-[2H35]18:0PC bilayers at 45 ºC, together with 18:0-

[2H35]18:0PC at 60 ºC, are listed in Table 2. They reveal that order is only slightly greater 

in the EA-containing, ܵҧ஼஽= 0.135, than OA-containing, ܵҧ஼஽= 0.128, membrane. In both 

cases, order is lower than in the saturated membrane where ܵҧ஼஽= 0.156 at 60 ºC. The 

calculation was performed at a higher temperature for 18:0-[2H35]18:0PC because the 

saturated lipid, unlike t18:1-[2H35]18:0PC and c18:1-[2H35]18:0PC, is gel state at 45 ºC. 

Thus, the data in Table 2 underestimate the differential in order between unsaturated and 

saturated systems. 

To elaborate upon the distribution of order along the chain the NMR signal was 

FFT depaked (27). Application of this procedure results in a spectrum equivalent to that 

obtained for a planar membrane with the bilayer normal aligned parallel to the magnetic 

field, consisting of a superposition of doublets as illustrated in Figure 3.4 for t18:1-

[2H35]18:0PC and c18:1-[2H35]18:0PC. For each lipid an outermost composite doublet, 

representing ordered methylenes in the upper part of the [2H35]18:0 sn-2 chain, and a 

series of well resolved doublets with smaller splittings, predominantly corresponding to 

the methylenes and terminal methyl that display progressively less order in the lower 

portion of the chain, are clearly discernible in the depaked spectrum. 
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The vast enhancement in resolution achieved facilitates the generation of a profile of 

order parameter.  

The smoothed order parameter profile shown in Figure 3.5 for t18:1-[2H35]18:0PC 

and c18:1-[2H35]18:0PC membranes (Figure 3.5a) were created from the depaked spectra 

(Figure 3.4) by assigning equal intensity to each methylene group and assuming a 

continuous decrease of order towards the terminal methyl (31). It should be noted that 

constraints imposed upon the initial orientation of the sn-2 chain render the C2 position 

an exception to the assumption that order varies monotonically (39). The inequivalent 

ܵ஼஽ values plotted for the two deuterons at this position were calculated from the 

splittings of doublets that were assigned on the basis of intensity and comparison with 

work on selectively deuterated PCs (34). Inspection of the profiles reveals that they are 

quite similar for the TFA- and CFA-containing membranes. Apart from the C2 position, 

there is a characteristic plateau region of slowly decreasing order in each of the lipids in 

the upper portion of the perdeuterated acyl chain followed in the lower portion by a 

progressively greater reduction in order towards the bottom of the chain. Slightly higher 

order in the lower half (C9 onwards) of the [2H35]18:0 sn-2 chain for the EA- (●) than the 

OA- () containing membrane is the only difference. Consistent with the values for 

average order parameter presented in Table 2, higher order is exhibited throughout the 

profile for 18:0-[2H35]18:0PC at 60 ºC (Figure 3.5a, solid line) that is also included in 

Figure 3.5. 
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MD Simulations 
 
 
 

Acyl chain order 
 
 
 

MD simulations of t18:1-18:0PC and c18:1-18:0PC bilayers were performed to 

aid interpretation of the NMR data. The advantage of the computer modeling technique is 

its ability to provide an atomic level picture of molecular conformations and temporal 

dynamics that can only come indirectly from interpretation of experimental data (40, 41) 

However, validation with experimental results is crucial because simulations require the 

input of initial conditions and empirically derived expression for force fields. Testing 

against the ܵ஼஽ values measured by 2H NMR for the [2H35]18:0 sn-2 chain in t18:1-

[2H35]18:0PC and c18:1-[2H35]18:0PC fulfils that purpose here. 

 The order parameter profiles generated from MD simulations on t18:1-18:0PC 

and c18:1-18:0PC are displayed in Figure 3.5. Table 2 includes the associated values for 

the value of the average order parameter ഥܵ஼஽. The simulated values of ܵ஼஽ were 

calculated as a time and ensemble average over trajectories according to  

ܵ஼஽ ൌ
ଵ

ଶ
ߚ3cosଶۃ െ  (4) ۄ1

In this equation, which serves as the definition of the deuterium order parameter (42),  

is the instantaneous angle that a C-2H bond vector makes with respect to the bilayer 

normal and the angular brackets designate a time average. The C2 position was omitted 

from the calculations in view of the recognized failure of simulations to reproduce 

experimental order parameters at this location in either the sn-1 or sn-2 chain (43). It can 
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be seen that the overall shape of the computationally derived profile for the SA sn-2 

chain (Figure 3.5b) possesses good agreement with experiment (Figure 3.5a). The 

“signature” plateau region of virtually constant order in the upper part of the chain 

followed by gradually decreasing order in the lower part is clearly exhibited by the 

simulated data that, like the experimental data, furthermore reveal slightly less disorder in 

t18:1-18:0PC (●) than c18:1-18:0PC () bilayers. There is a trend of somewhat higher 

order in the simulation for both TFA- and CFA-containing lipids (ܵҧ஼஽ = 0.148 and 0.146, 

respectively) relative to the 2H NMR data (ܵҧ஼஽= 0.135 and 0.128, respectively), which 

we ascribe to a choice for the area/molecule that may be a few percent too low or 

potentially from incomplete sampling in the finite length simulation. Another factor is the 

contribution from the C2 position, where ܵ஼஽ is small, to the NMR derived data that the 

simulation does not include. 

Order parameters extracted for the EA and OA sn-1 chains from the MD 

simulations for t18:1-18:0PC and c18:1-18:0PC are also plotted vs. carbon number in 

Figure 3.5 (Figure 3.5c). Major differences exist in comparison to the gradient of order 

along the 18:0 sn-1 chain. The ܵ஼஽ values for the trans and cis unsaturated chains are 

lower and are not characterized by a region of uniform order in the upper portion. In the 

case of the t18:1 sn-1 chain (●) they gradually decrease throughout the chain towards the 

terminal methyl end. The small deviations from monotonic variation that are apparent 

would be expected to disappear in simulations of longer duration. As expected from the 

geometry of a trans double bond that aligns the C-H bonds parallel to each other, and 

confirmed by the single quadrupolar splitting measured for 16:0-[9,10-2H2]t18:1PC with 

selectively deuterated EA in the sn-2 chain (44), the order parameters at positions 9 and 
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10 are the same. There is no dramatic dip in ܵ஼஽ value near the trans double bond of the 

kind seen by simulation in the vicinity of the cis double bond in the OA sn-1 chain for 

c18:1-18:0PC (Figure 3.5c, ). This dip is consistent with the greatly diminished ܵ஼஽ 

values at the C9, C10 and surrounding positions measured experimentally and computer 

modeled for OA esterified to the sn-2 position in 16:0-c18:1PC and sn-1 and sn-2 

positions in 1,2–dioleoylphosphatidylcholine (c18:1-c18:1PC) (44-46). Extremely high 

disorder within the cis unsaturated chain is not the reason. Taking into account 

geometrical factors, prior analysis of 2H NMR splittings measured for 16:0-[9,10-

2H2]c18:1PC established that an average orientation close to the bilayer normal for the cis 

double bond is responsible (44). 

 
Discussion 

 
 
 

The aim of this work is to elucidate molecular organization within a model 

membrane comprised of PC molecules in which EA, the simplest and most common 

TFA, replaces the saturated fatty acid normally found at the sn-1 position. Solid state 2H 

NMR and MD simulations were employed to compare phase behavior and acyl chain 

order in t18:1-18:0PC and, the CFA-containing counterpart, c18:1-18:0PC. 

 
EA Packs Better than OA in the Gel Phase 

 
 
 

 2H NMR spectra for t18:1-[2H35]18:0PC, c18:1-[2H35]18:0PC and 18:0-

[2H35]18:0PC at representative temperatures from a range that spans -5 to 65 ºC are 

presented in Figure 3.2. In each case they reveal upon heating a change in spectral shape 
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from entirely characteristic of the gel phase to entirely characteristic of the liquid 

crystalline phase. The introduction of unsaturation clearly depresses the temperature at 

which the phase transition occurs, the depression associated with OA exceeding that with 

EA. Whereas only the spectrum at 60 ºC for 18:0-[2H35]18:0PC (Figure 3.2d) signifies the 

membrane has become liquid crystalline, the spectra at 45 and 60 ºC for t18:0-

[2H35]18:0PC (Figure 3.2g and h) and at 20, 45 and 60 ºC for c18:1-18:0PC (Figure 3.2j, 

k and l) demonstrate that these membranes entered the liquid crystalline state at lower 

temperature.  

The phase behavior of the three membranes is elaborated in Figure 3.3 by a plot 

against temperature of first moment ܯଵ calculated from all spectra collected. A sharp 

drop in the value of ܯଵ that accompanies the melting of the [2H35]18:0 sn-2 chain is well 

defined for t18:1-[2H35]18:0PC, c18:1-[2H35]18:0PC and 18:0-[2H35]18:0PC. The 

midpoint is identified as the transition temperature Tm and Table 1 lists the values 

measured. As was surmised by visual inspection of the spectra, Tm is reduced less by a 

trans than cis double bond. The transition temperature for t18:1-[2H35]18:0PC (31.5 ºC) 

lies midway between those for 18:0-[2H35]18:0PC (53.0 ºC) and c18:1-[2H35]18:0PC (7.0 

ºC). To the best of our knowledge, a transition temperature has not previously been 

reported for t18:1-18:0PC. Values for Tm have been measured by differential scanning 

calorimetry (DSC) for 18:0-t18:1PC (31.1 ºC) and 18:0-c18:1PC (5.5 ºC) where the sn-1 

and -2 chains are interchanged relative to the current work (16). They show the same 

behavior. Adding a single trans double bond to the sn-2 chain, like to the sn-1 chain, 

lowers the transition temperature about half as much as a cis double bond. The phase 

transition temperatures published for homoacid PC with two identical monounsaturated 
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chains are predictably much lower than for heteroacid PC with a combination of saturated 

and monounsaturated chains at the sn-1 and sn-2 positions or vice-versa. In common with 

the corresponding heteroacid species, the transition for EA-containing 1,2-

dielaidoylphosphatidylcholine (t18:1-t18:1PC, Tm = 11.1 ºC) is depressed substantially 

less than OA-containing 1,2-dioloeylphosphatidylcholine (c18:1-c18:1PC, Tm = -18.1 ºC) 

(12). Under physiological conditions where EA replaces a saturated fatty acid such as SA 

in the sn-1 position of phospholipids and is typically paired with an unsaturated CFA in 

the sn-2 position (25), a lowering of the transition temperature would result due to a 

higher degree of unsaturation. 

The lowering of the transition temperature for t18:1-18:0PC and c18:1-18:0PC is 

attributable to the deviation from a linear conformation that results when a trans and, to a 

greater degree, cis double bond is introduced into a saturated fatty acid chain. Looser 

packing and a consequent reduction in intra- and inter-molecular van der Waals’ 

interactions within the ordered interior of the bilayer in the gel state decrease stability, 

manifest as a depression of the temperature at which the chains melt. Energy-minimized 

structures are presented in Figure 3.6 to illustrate the point. The saturated SA chain at the 

sn-2 position in t18:1-18:0PC (Figure 3.6a) or c18:1-18:0PC (Figure 3.6b) is straight. All 

of the single C-C bonds are in ݏ݊ܽݎݐ ሺݐሻ conformation. The monounsaturated EA (Figure 

3.6a) or OA (Figure 3.6b) chain at the sn-1 position, on the contrary, is kinked. A 

t sst  or t s  s  g   sequence of rotational states ( s   and g  specify, 

correspondingly, skew    and  gauche  conformation) is preferred in the vicinity of the 

rigid trans or cis double () bond, respectively. The structure modeled for SA and EA 
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attached to a phospholipid matches the conformation modeled as a free fatty acid. The 

structure modeled for OA esterified to PC, as discussed by Huang and Li (47), includes a 

gauchetrans  isomerization next to the ss  sequence to create a crankshaft-like motif 

as opposed to the twisted boomerang shape modeled as a free fatty acid. That the EA 

chain in t18:1-18:0PC (Figure 3.6a) has a less accentuated kink and deviates from 

linearity to a smaller extent than the OA chain in c18:1-18:0PC (Figure 3.6b), and would 

pack more favorably in the gel state, is evident in the lowest energy conformers obtained 

here with individual molecules in the gas phase. Consistent with greater stability, 

moreover, stronger van der Waals’ interaction between sn-1 and -2 chains is computed 

using the interaction energy facility in CHARMM for the lowest energy conformers 

modeled for the EA- than OA-containing PC. The interaction energy is, accordingly, -1.8 

vs. -0.7 kcal/mol (between carbons 10-18 and their associated hydrogens) in the bottom 

of the chain where EA, unlike OA, lines up close to the SA chain.  In the top of the chain 

where EA and OA adopt a similar conformation, the interaction energy is -2.2 kcal/mol 

(between carbons 1-9) and the same. 

 
EA Disorders Almost as Much as OA in the Liquid Crystalline Phase 

 
 
 

The plot of first moment ܯଵ vs. temperature in Figure 3.3 shows that the ܯଵ 

values for t18:1-[2H35]18:0PC consistently lie just above (~7%) those for c18:1-

[2H35]18:0PC, and well below (~25%) those for 18:0-[2H35]18:0PC, when the membranes 

are examined in the physiologically relevant liquid crystalline state. Invoking the 

relationship between ܯଵ and average order parameter ܵҧ஼஽ (eq. 2), thus, establishes that 
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introducing a trans or cis double bond increases disorder. Furthermore, order within the 

EA-containing membrane is much closer to the OA-containing than the disaturated 

membrane. 

Table 2 lists the average order parameters determined from the 2H NMR spectra 

recorded for t18:1-[2H35]18:0PC and c18:1-[2H35]18:0PC at 45 ºC, which were analyzed 

in detail to elucidate and compare acyl chain organization within the membranes. They 

confirm the trend gleaned from the moments. While t18:1-[2H35]18:0PC (ܵҧ஼஽ = 0.135) is 

a little more ordered than c18:1-[2H35]18:0PC (ܵҧ஼஽ = 0.128), both membranes possess 

substantially greater disorder than 18:0-[2H35]18:0PC (ܵҧ஼஽ = 0.153). It should be noted 

that the ܵҧ஼஽ value for 18:0-[2H35]18:0PC was measured at 60 ºC because the disaturated 

membrane is in the gel phase at 45 ºC and, as a point of reference, underestimates the 

reduction in order produced at the lower temperature when a double bond is introduced. 

That a trans and cis double bond exert a comparable effect on membrane order is 

consistent with earlier published 2H NMR work on [2H31]16:0-t18:1PC (19) and 

[2H31]16:0-c18:1PC (20) with EA and OA attached at the sn-2 position, respectively. A 

reservation about this comparison is that it is based upon data collected in two 

independent studies under experimental conditions that were not necessarily equivalent. 

Profiles of order along the saturated [2H35]18:0 sn-2 chain in t18:1-[2H35]18:0PC 

and c18:1-[2H35]18:0PC membranes that were generated from depaked spectra (Figure 

3.4) to investigate the small differential in average order between the membranes are 

presented in Figure 3.5. The general shape for the two membranes is similar (Figure 3.5a) 

and matches that universally seen with saturated chains in liquid crystalline phospholipid 

bilayers (41). Except for the C2 position that is constrained in orientation by the glycerol 
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backbone (38), order varies monotonically. A plateau region of slowly decreasing order 

parameter in the upper portion is followed by a progressively more rapid decrease 

towards the terminal methyl in the lower portion. The plateau region of almost constant 

order is due to a predominance of trans rotational isomeric states aligning segments 

parallel to the bilayer normal, together with approximately constant probability for 

conformations with other orientations, in the upper portion of the chain (48). In the lower 

portion a decrease in number of trans segments oriented parallel to the bilayer normal is 

responsible for the loss in order. Figure 3.5 reveals that slightly higher order below the 

C9 position in the EA-containing membrane, which extends the plateau region in t18:1-

[2H35]18:0PC (C3-C11) relative to c18:1-[2H35]18:0PC (C3-C9), is the origin of the 

difference in the value of ܵҧ஼஽ determined with the two types of monounsaturated 

membrane (Table 2). Above the C9 position, the profiles are almost identical. 

Comparison with the plateau region (C3-C11) in the profile for 18:0-[2H35]18:0PC 

(Figure 3.5a, solid line) indicates that the disordering caused by a trans double bond does 

not entail the shortening of the plateau region associated with a cis double bond. 

We attribute the disordering associated with EA and OA to the reduced energy 

barrier to rotation for the C-C single bond on each side of a trans (~2.25 kcal/mol) or cis 

(~1.1 kcal/mol) C=C double bond (vs. ~3.5 kcal/mol in a saturated chain) that more than 

compensates for the rigidity of a double bond. MD simulations that were performed in 

conjunction with the 2H NMR experiments provide insight. In particular, they reveal 

details on the motions of the trans and cis double bond in the sn-1 chain of t18:1-18:0PC 

and c18:1-18:0PC bilayers, respectively, for which we do not have 2H NMR data. Before 

focusing on the EA and OA sn-1 chain, our first step was to establish confidence in the 
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simulated data by confirming that the profile of order parameter along the SA sn-2 chain 

generated by simulation (Figure 3.5b) reproduces the trend seen by NMR (Figure 3.5a). 

The quality of agreement is good. The shape of the simulation-obtained profile is 

characteristic of the saturated chains of phospholipids in the lamellar liquid crystalline 

phase (42). There is a plateau region of slowly varying order in the upper half of the 

chain that falls-off in the lower half of the chain towards the middle of the bilayer. As in 

the NMR-obtained data, the EA-containing bilayer is slightly more ordered than the OA-

containing one and the difference exists in the lower portion of the chain. 

The profiles of order along the EA and OA sn-1 chain in the two monounsaturated 

membranes calculated from the MD simulations differ markedly from the saturated SA 

sn-2 chain and from each other (Figure 3.5c). A largely continuous decrease in ܵ஼஽ 

values along the whole EA chain towards the terminal methyl group is displayed in the 

profile for t18:1-18:0PC. Either absent or truncated is a plateau region of slowly varying 

order in the upper portion that characterizes the neighboring SA sn-2 chain and the value 

of ܵ஼஽ is less at each position. Like in earlier computer simulations of 16:0-t18:1PC (17, 

18), there is no major deviation from monotonic variation at the trans double bond and is 

in stark contrast to the dip in ܵҧ஼஽ values close to the cis double bond observed in the 

profile for the OA sn-1 chain of c18:1-18:0PC. The distinction is predominantly 

attributed to a different orientation for the trans and cis double bonds rather than a major 

difference in the extent of the angular fluctuations they undergo. This issue can be 

understood with the aid of histograms that represent a normalized population distribution 

for the orientation of C-H bonds relative to the bilayer normal that were calculated from 

the simulated data generated in the current study. 
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In Figure 3.7, the distribution of orientation for the C-H bonds at the C9 and C10 

positions in the EA and OA sn-1 chain of t18:1-18:0PC and c18:1-18:0PC, respectively, 

are plotted. A schematic depiction of the most probable orientation is presented alongside 

each plot. The equivalent information for the C-H bonds on the C9 carbon in the SA sn-2 

chain that is included in the figure serves as a point of reference (Figure 3.7c). In the case 

of the saturated chain, the distribution of orientation is approximately symmetric in shape 

about a most probable angle of β ~ 90º. The width at half height of the distribution is 

~70º, reflecting the angular range through which the C-H bonds move due to 

isomerization about C-C bonds along the chain and wobbling of the long molecular axis. 

Similarly, a distribution of orientation that is approximately symmetric about β ~ 90º 

characterizes the C-H bond on the C9 and C10 carbons in the EA sn-1 chain (Figure 

3.7a). The curves are essentially identical at the two positions because the C-H bonds are 

parallel. Their width at half height, ~80º, is greater than in the SA sn-1 chain. We ascribe 

the additional motion in the unsaturated chain to the reduced energy barrier for rotation 

about the C-C bonds next to a trans double bond. Unlike either EA or SA, the curves that 

describe the distribution of orientation for the C-H bond at the C9 and C10 positions in 

the OA sn-1 chain are shifted and asymmetric (Figure 3.7b). They do not coincide and 

~70º and ~120º, respectively, constitute the most probable orientation. It is the enhanced 

proportion of orientations near the “magic angle”  = 54º44', or its supplemental angle 

(180º ˗ β), for which ܵ஼஽= 0 (eq. 4) that results in a low order parameter here. As 

indicated by the width at half height of the distribution, ~85º, the amplitude of angular 

fluctuation is not much bigger than in the EA chain. 
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 This modest increase in the amount of angular motion arises from a further reduction in 

the energy barrier for rotation around the C-C bonds adjacent to a cis double bond. 

Only one direct comparison of molecular organization in EA- and OA-containing 

membranes has previously been published (16). The study by Roach et al. employed a 

battery of biophysical techniques to compare PC having TFA and CFA with 1 or 2 

double bonds. Most closely related to the current discussion were measurements on 18:0-

t18:1PC vs. 18:0-c18:1PC of membrane “fluidity” as probed by steady state fluorescence 

polarization of DPH and AS, and of area/molecule from pressure-area isotherms for lipid 

monolayers. Lower fluidity and a smaller area/molecule were found in the trans-

unsaturated system, qualitatively agreeing with the higher order seen here for t18:1-

18:0PC relative to c18:1-18:0PC. The modest differential in order between the two 

unsaturated membranes and the much greater order for saturated 18:0-18:0PC that we 

detected by 2H NMR (Table 2), however, belies the sweeping assessment made in the 

earlier study that TFA produce membranes properties more similar to those of saturated 

chains than CFA. A more nuanced appraisal is necessary recognizing that on the one 

hand the conformation of EA somewhat resembles saturated SA while on the other hand 

EA is dynamically more similar to cis-unsaturated OA. 

Over the last decade it has become generally accepted that lipids are not 

homogeneously distributed in biological membranes but instead are organized in patches 

of specific composition to provide the environment that supports the activity of a resident 

protein (49-51). Formation of lipid domains is the consequence of unequal affinities 

between different lipid species or between the lipids and membrane proteins. Lipid rafts 

are the domain that has attracted considerable attention (50-52). They are lo (liquid 
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ordered) domains enriched in predominantly saturated sphingolipids and cholesterol that 

are thought to serve as the platform for cell signaling proteins such as GPI-anchored 

proteins in the outer leaflet of the plasma membrane. At the opposite extreme of rafts are 

domains formed by polyunsaturated fatty acid (PUFA)-containing phospholipids from 

which cholesterol is excluded (53-56). The highly disordered environment in these 

domains is necessary for the function of certain proteins, notably rhodopsin in the disk 

membrane of the rod outer segment (57), and has been hypothesized to play a central role 

in the alleviation of a multiplicity of health problems by dietary PUFA (58). We, as have 

others (9-13, 16), speculate TFA are a rogue class of fatty acid that substitute into 

membrane lipids and locally affect molecular organization to produce a change in protein 

activity adversely influencing biological function. The possibility that EA may be 

mistakenly identified as a saturated fatty acid on the basis of its conformation yet disrupts 

membrane order almost as much as OA is suggested by our results. 

 
Conclusion 

 
 
 

 The picture of the relative effect of trans vs. cis unsaturation on molecular 

organization in a membrane that emerges from our 2H NMR experiments and computer 

simulations is one in which a trans double produces a smaller kink in the linear 

conformation adopted by a saturated chain than a cis double bond. Thus, there is better 

chain packing in the gel state and the temperature of the gel to liquid crystalline transition 

is depressed less for t18:1-18:0PC than c18:1-18:0PC. Acyl chain order in the 

physiologically relevant liquid crystalline phase is reduced almost as much by a trans as 



59 
 

 
 

cis double bond. Average order parameters measured for t18:1-18:0PC and c18:1-18:0PC 

coincide within ~7%, but are >25% lower than for 18:0-18:0PC. The reduction in order 

relative to the saturated membrane is ascribed to the additional flexibility conferred upon 

an monounsaturated chain by the lower energy barrier to rotation about the single C-C 

bonds either side of a double C=C bond. We are in the process of synthesizing analogs of 

t18:1-18:0PC deuterated in the EA chain to experimentally examine conformational 

organization in the region of the trans double bond. In future work, we also plan to 

investigate how the incorporation of TFA into a membrane affects the interaction of 

cholesterol. 
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Table 3.1: Temperature Tm for the gel to liquid crystalline phase transition determined by 

moment analysis of 2H NMR spectra  

 

 

 

 

 

 

 

 

 

 

 

 

  

Lipid Composition Tm
 ºC 

18:0-[2H35]18:0PC 53.0 

t18:1-[2H35]18:0PC 31.5 

c18:1-[2H35]18:0PC 7.0 



70 
 

 
 

Table 3.2: Average order parameter S C D
 calculated from the first moment M1  for the 

[2H35]18:0 sn-2 chain in t18:1-[2H35]18:0PC and c18:1-[2H35]18:0PC at 45 ºC, and the 

corresponding value calculated from MD simulations. A temperature of 60 ºC applies to 

the value of S C D
 stated for 18:0-[2H35]18:0PC 

 

 

 

 

a MD simulations were not performed on 18:0-18:0PC 

 

 

 

 

 

Lipid Composition 
CDS  

2H NMR MD 

t18:1-[2H35]18:0PC 0.135 0.148 

c18:1-[2H35]18:0PC 0.128 0.146 

 18:0-[2H35]18:0PC 0.156 -a 
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a)                                                         b) 
 
 

Figure 3.1: Molecular structure of a) t18:1-18:0PC and, b) c18:1-18:0PC. The dashed 

lines used in the figure are to emphasize the distinction in configuration between trans 

and cis double bonds  
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Figure 3.2: 2H NMR spectra for 50 wt% aqueous dispersions in 50 mM Tris (pH 7.5) of (a-d) 18:0-[2H35]18:0PC, (e-h) t18:0-

[2H35]18:0PC and (i-l) c18:1-[2H35]18:0PC. The spectra were recorded at (a, e and i) -5 ºC, (b, f and j) 20 ºC, (c, g and k) 45 ºC and 

(d, h and l) 60 ºC 
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Figure 3.3: Variation of the first moment ( 1M ) as a function of temperature for 18:0-

[2H35]18:0PC (□), t18:0-[2H35]18:0PC (●) and c18:1-[2H35]18:0PC (◊). 1M  is plotted 

logarithmically for clarity. The values given for the transition temperature Tm in Table 1 

are the midpoint of the sharp drop in moment that accompanies chain melting
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Figure 3.4: FFT depaked spectra for (a) t18:1-[2H35]18:0PC and (b) c18:1-[2H35]18:0PC 

at 45 ºC 
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Figure 3.5: Order parameter profiles for t18:1-18:0PC (●) and c18:1-18:0PC (◊) at 45 ºC 

generated from FFT depaked spectra for, a) the sn-2 chain and from MD simulations for, 

b) the sn-2 chain and, c) the sn-1 chain. The continuous line included in (a) is the order 

parameter profile generated from depaked spectra for the sn-2 chain of 18:0-18:0PC at 60 

ºC 
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Figure 3.6: Energy minimized structure for, a) t18:1-18:0PC and, b) c18:1-18:0PC 
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Figure 3.7: Normalized population distribution for the orientation of C-H bonds relative 

to the bilayer normal calculated from MD simulations for, a) the C9 and 10 positions in 

the sn-1 chain of t18:1-18:0PC, b) the C9 and 10 positions in the sn-1 chain of c18:1-

18:0PC and, c) the C9 position in the sn-2 chain. To the right is a schematic 

representation of the most probable orientation implied by the maximum in each plot. 

The arrows indicate where rotations occur between carbons C8 and 11 (H atoms are 

omitted except on C9 and 10 at the double bond)  
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CHAPTER 4: DOCOSAHEXAENOIC ACID ENHANCES SEGREGATION OF 
LIPIDS BETWEEN RAFT AND NON-RAFT DOMAINS: 2H NMR STUDY 

 

 

 

The disease-countering benefits and necessity for neurological function of the ω-3 

family of polyunsaturated fatty acids (PUFA) are well documented (1,2). 

Docosahexaenoic acid (DHA, 22:6Δ4,7,10,13,16,19), which with 22 carbons and 6 double 

bonds is the longest and most unsaturated member of this family found naturally, is 

particularly influential (3). The numerous varieties of human affliction that it alleviates 

include heart disease, cancer, rheumatoid arthritis, asthma, lupus and schizophrenia (3-5). 

To participate in so many seemingly unrelated processes, DHA must function at a 

fundamental level, common to most cells. We (3-5), and others (6,7), have proposed that 

the plasma membrane is a major site of action. According to our model, low affinity of 

DHA for cholesterol accentuates the formation of liquid disordered (ld) regions enriched 

in DHA-containing phospholipids and liquid ordered (lo) lipid rafts enriched in 

sphingomyelin (SM) and cholesterol. Introduction of DHA from the diet enhances the 

lateral segregation of these two distinct types of domain and accompanying changes in 

location of signaling proteins, for which rafts serve as the platform, then modulate 

cellular events. 
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 Biological membranes were initially envisaged in the fluid mosaic model as a 

phospholipid bilayer matrix within which lipids and proteins were homogeneously mixed 

(8). A refinement of this picture has evolved over the last decade, whereby they contain 

functional domains characterized by different composition and spatial arrangement of the 

membrane-constituting lipids (9-11). These domains are the result of unequal affinities 

between lipids species or between lipids and membrane proteins. A lipid domain that has 

received a lot of attention is the lipid raft, lo regions 10-200 nm in size enriched in 

cholesterol and sphingolipids that float in a “sea” of ld phospholipids (10-13). When 

clustered together they serve as a site for the function of essential cell signaling proteins 

such as glycosylinositol phospholipid (GPI) -linked proteins in the outer leaflet of the 

plasma membrane (14). Raft formation is attributed to the saturated nature of 

sphingolipid acyl chains (15). Their predominantly all-trans extended conformation packs 

well with the rigid steroid moiety of cholesterol, while raft stability is further conferred 

by hydrogen bonding of the sphingosine backbone amide to the hydroxyl group of an 

adjacent sphingolipid as well as to the hydroxyl group of the sterol (16). Phospholipids 

containing DHA, in contrast, represent the opposite extreme to sphingolipids in affinity 

for cholesterol. Because polyunsaturated chains are tremendously disordered, close 

proximity to the steroid moiety is deterred by the wide variety of rapidly varying 

conformers adopted and affinity for the sterol is low (4). We hypothesize that when 

DHA-containing phospholipids are introduced into mixed membranes that include the 

lipid raft molecules SM and cholesterol, they enhance the segregation of cholesterol into 

SM-rich/sterol-rich rafts and away from DHA-rich domains that exclude the sterol (3-5). 

Modulation of cellular events produced by movement of signaling proteins in and/or out 
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of rafts due to changes in the architecture of plasma membranes following the 

incorporation of DHA from the diet into phospholipids is, in part, the origin we attribute 

for the myriad of health benefits associated with consumption of the PUFA.  

Evidence in support of our hypothesis has been garnered applying a range of 

biophysical methodologies to a membrane model that we have developed comprised of 1-

palmitoyl-2-docosahexaenoyl-sn-glycero-3-phosphoethanolamne (16:0-22:6PE, PDPE) 

in mixtures with SM and cholesterol (17). PE, which after phosphatidylcholine (PC) is 

the second most abundant phospholipid in mammalian plasma membranes (18), was 

selected since it is preferred over PC for the uptake of DHA that occurs at the sn-2 

position while a saturated chain occupies the sn-1 position (19,20). It possesses a reduced 

affinity for cholesterol relative to PC and SM that is exemplified by the smaller solubility 

measured for the sterol in DHA-containing PE vs. PC (21). Differential scanning 

calorimetry (DSC), detergent extraction and solid state 2H NMR spectroscopy are among 

the principal techniques that we have applied to PE/SM and PE/SM/cholesterol mixtures 

in a series of studies (17, 22). Detergent extraction of PDPE/egg SM/cholesterol (1:1:1 

mol) membranes showed that egg SM and cholesterol phase separate almost exclusively 

(>90%) into a detergent resistant membrane (DRM) fraction, the biochemical hallmark of 

lipid rafts (11), whereas PDPE predominantly phase separates (70%) into a non-raft 

detergent soluble membrane (DSM) fraction (17). Much less phase separation (22%) into 

DSM, on the contrary, was seen for 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine (16:0-18:1PE, POPE) in POPE/egg SM/cholesterol (1:1:1 mol) 

where polyunsaturated DHA was replaced by more “typical” monounsaturated oleic acid 

(OA) (18) at the sn-2 position of PE. As in the DHA-containing system, egg SM and 
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cholesterol were almost entirely (>90%) found in DRM in the control OA-containing 

system. Solid state 2H NMR spectra comparing the effect of cholesterol on [2H31]16:0-

22:6PE (PDPE*)/egg SM (1:1:1 mol) and [2H31]16:0-18:1PE (POPE*)/egg SM (1:1:1 

mol) demonstrated a diminished interaction between the sterol and DHA- relative to OA-

containing PE (17). The increase in average order S C D
of the perdeuterated [2H31]16:0 sn-

1 chain for the polyunsaturated component (  S C D  0 .0 3 9 ) in the mixed membrane was 

more than a factor of 2 less than for the monounsaturated component (  S C D  0 .1 0 0 ) 

following the addition of cholesterol at 40 ºC. 

Here we switch the focus from PE to SM in our model system. Solid state 2H 

NMR, complemented by DSC, is employed in the first report to compare [2H31]-N-

palmitoylsphingomyelin ([2H31]16:0SM, PSM*) in PDPE/PSM* (1:1 mol) with 

POPE/PSM* (1:1 mol) in the absence and presence of cholesterol (1:1:1 mol). PSM is the 

major constituent (~85%) of egg SM (23), so that the results obtained provide 

information about the impact of the sterol on the molecular organization of the SM 

component in mixed membranes that approximate very closely to those for which the PE 

component was previously observed. We examine whether our hypothesis that the 

aversion of cholesterol for DHA promotes the formation of PUFA-rich/sterol-poor 

domains, as implied by the spectra recorded for PDPE* vs. POPE* in PE/egg 

SM/cholesterol (1:1:1 mol) mixtures (17), is corroborated by the spectra observed for 

PSM* in the corresponding PE/PSM/cholesterol (1:1:1 mol) mixtures. 
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Materials and Methods 

 

 

Materials 

 

 

POPE, PDPE and egg SM were purchased from Avanti Polar Lipids (Alabaster, 

AL). Cholesterol and deuterium depleted water were obtained from Sigma Chemical Co. 

(St. Louis, MO). Cambridge Isotope Laboratories (Andover, MA) was the source of 

[2H31]palmitic acid. Lipid purity was confirmed by thin-layer chromatography.  

 

PSM* synthesis 

 

 

PSM* was synthesized by N-acylation of D-erythro-sphingosylphosphocholine 

with the p-nitrophenyl ester of [2H31]palmitic acid in dichloromethane/N,N-

dimethylformamide (2:5 vol/vol.) at room temperature under nitrogen (24). The volatiles 

were removed under vacuum, and the product was purified by column chromatography 

(elution with chloroform/methanol/water 65:35:5 vol) followed by filtration through a 

Cameo filter to remove suspended silica gel and lyophilization.  

 

PSM isolation 

 

 

PSM was isolated from egg SM by reverse-phase high-performance liquid 

chromatography (HPLC) (25). Briefly, egg SM was run through a dual-pump HPLC 

setup (Beckman Coulter, Inc., Fullerton, CA) utilizing an analytical reverse-phase 

Alltima C-18 RP column (5 μm particle size, 250 mm x 10 mm)
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 (Alltech Associates, Inc., Deerfield, IL) and methanol with 6 vol% water as the eluent 

(4.2 mL/min at 40 ºC). Purity of the PSM obtained was verified by 1H NMR 

spectroscopy and mass spectrometry. 

 

2H NMR sample preparation 

 

 

Lipid mixtures (75-90 mg total lipid) comprised of POPE/PSM* (1:1 mol), 

POPE/PSM*/cholesterol (1:1:1 mol), PDPE/PSM* (1:1 mol) and 

PDPE/PSM*/cholesterol (1:1:1 mol) were co-dissolved in chloroform. The organic 

solvent was evaporated under a gentle stream of argon followed by vacuum pumping to 

ensure removal of traces of solvent. Each lipid mixture was hydrated to 50 wt % with 50 

mM Tris buffer (pH 7.5) and vortexed vigorously. Deuterium depleted water (~2 mL) 

was added to allow measurement of pH which was adjusted to 7.5. Three lyophilizations 

in the presence of excess deuterium depleted water were then performed to remove 

naturally abundant 2HHO. After finally hydrating to 50 wt%, the resultant samples were 

transferred to a 5 mm NMR tube that was sealed with a Teflon coated plug. They were 

stored at -80 ºC and equilibrated at room temperature before the experiments. Precautions 

to prevent oxidation were taken throughout sample preparation. All manipulations were 

carried out in an argon atmosphere within a homebuilt glovebox, buffer and deuterium 

depleted water were thoroughly degassed, and exposure to light was minimized (22). 
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2H NMR Spectroscopy 
 
 
Solid state 2H NMR experiments were performed on a home-built spectrometer operating 

at 27.6 MHz with a 4.2 T Nalorac super-conducting magnet (26). A PC controlled the 

spectrometer. Pulse programming was accomplished with a UBC programmable pulse 

generator (Vancouver, BC), while signals were acquired in quadrature using a Rapid 

Systems R1200 M dual channel digital oscilloscope (Seattle, WA). Sample temperature 

was regulated to ±0.5 ºC by a Love Controls 1600 Series temperature controller 

(Michigan City, IN). A phase alternated quadrupolar echo sequence (90ºx- t -90ºy-acquire-

delay)n that eliminates spectral distortion due to receiver recovery time was implemented 

to collect spectra (27). Unless otherwise stated, spectral parameters were: 90º pulse width 

≈ 6 s; separation between pulses t = 50 s; delay between pulse sequences = 1.0 s (gel 

phase) or 1.5 s (liquid crystalline phase); sweep width = ±250 kHz (gel phase) or ±100 

kHz (liquid crystalline phase); dataset = 2K; and number of transients = 2048. 

 
Analysis of 2H NMR spectra 

 
 
First moments M1  were calculated from 2H NMR spectra for PSM* in POPE/PSM* (1:1 

mol), POPE/PSM*/cholesterol (1:1:1 mol), PDPE/PSM* (1:1:1 mol) and 

PDPE/PSM*/cholesterol (1:1:1 mol) mixtures with 

௡ߊ ൌ
׬ |ఠ೙|௙ሺఠሻௗఠ
శಮ
షಮ

׬ ௙ሺఠሻௗఠ
శಮ
షಮ

 (1) 

Where  is the frequency with respect to the central Larmor frequency߱ఖand ݂ሺ߱ሻ is 

the lineshape (28). In practice the integral was a summation over the digitized data. The 

expression 
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ଵܯ ൌ
గ

√ଷ
ቀ௘

మ௤ொ

௛
ቁ ܵҧ஼஽ (2) 

relates the first moment ܯଵ to the average order parameter ܵҧ஼஽ of the perdeuterated 

palmitoyl amide side chain via the static quadrupole coupling constant ቀ௘
మ௤ொ

௛
ቁ = 167 kHz 

in the lamellar liquid crystalline phase. 

 Spectra were also fast Fourier Transform (FFT) depaked to enhance resolution in 

the lamellar liquid crystalline phase (26). This numerical procedure extracts from the 

powder pattern signal a spectrum that is representative of a planar membrane of single 

alignment. The depaked spectra consist of doublets with quadrupolar splittings     

that equate to order parameters by 

ሻߠሺߥ∆ ൌ ଷ

ଶ
ቀ௘

మ௤ொ

௛
ቁ |ܵ஼஽|Pଶሺcos θሻ (3) 

where = 0º is the angle the membrane normal makes with the magnetic field and 

ଶܲሺcos  ሻ is the second-order Legendre polynomial. Smoothed profiles of order along theߠ

perdeuterated palmitoyl amide side chain were then constructed on the basis of integrated 

intensity assuming monotonic variation towards the disordered center of the bilayer (29). 

Constraints imposed upon the initial orientation of the chain render the C2 position an 

exception to this assumption and ܵ஼஽values there were assigned on the basis of intensity 

and comparison with work on selectively deuterated analogs of PSM (30). 

 
Differential Scanning Calorimetry 

 
 

DSC experiments were conducted as previously described (31). The preparation 

of aqueous dispersions of 0.5 wt% POPE/PSM (1:1 mol), POPE/PSM/cholesterol (1:1:1 

mol), PDPE/PSM (1:1 mol) and PDPE/PSM/cholesterol (1:1:1 mol) in 10 mM phosphate 



86 
 

 
 

buffer (pH 7.4) was similar to that employed to prepare the NMR samples, except that 

lyophilization to remove natural abundance 2HHO was unnecessary. Degassing was 

particularly critical because dissolved gases not only have the potential to attack PUFA 

but also contribute noise to high sensitive calorimetry measurements. Heating and 

cooling scans for 500 µL samples were run at 0.125 ºC/min from -10 to 60 ºC against a 

lipid-free control buffer on a Calorimetry Sciences MCDSC multi-cell differential 

scanning calorimeter (Calorimetry Sciences, Lindin, UT). Only the cooling scans are 

presented although data derived from both scans appeared nearly identical. Baseline 

subtraction was accomplished with CpCalc v2.1 (Applied Thermodynamics, Longwood, 

FL), while analysis of endotherms was carried out using Origin 7.0 graphing software 

(OriginLab, Northampton, MA). 

 
RESULTS 

 
 

Phase Behavior 
 
 
2H NMR 

 
 

Solid state 2H NMR spectra for 50 wt% aqueous dispersions of POPE/PSM* (1:1 

mol), PDPE/PSM* (1:1 mol), POPE/PSM*/cholesterol (1:1:1 mol) and 

PDPE/PSM*/cholesterol (1:1:1 mol) in 50 mM Tris (pH 7.5) were obtained as a function 

of temperature to study the phase behavior of the perdeuterated sphingolipid in lipid 

mixtures with OA- and DHA-containing PE in the absence and presence of cholesterol. 

They were collected from -30 to 50 ºC. This range of temperature encompasses the gel to 

liquid crystalline transition for single component membranes of PSM at 41 ºC (32), 
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POPE at 25.5 ºC (22) and for PDPE at 2.2 ºC (22). Only one study of PSM* has been 

published to date, employing membranes aligned between glass slides to improve spectral 

resolution (30). Here we employ multilamellar dispersions and apply lineshape analysis 

to the powder patterns observed that are comprised of a superposition of signals from the 

random orientational distribution of membranes that exists within a sample. 

Representative examples of the spectra for POPE/PSM* (1:1 mol) are shown in 

Figure 4.1 (left panel). They display changes in the spectral shape that accompany the 

transition between gel and liquid crystalline states as the suspension is heated. The wide, 

relatively featureless spectrum with edges at 63 kHz that was recorded at -23 ºC is 

typical of a lamellar gel phase (Figure 4.1a). The [2H31]16:0 chains of PSM* are rigid and 

their slow rotational diffusion confers non-axial symmetry on the spectral shape (17). 

Upon raising the temperature, additional molecular motions are introduced that result in 

spectral narrowing. Inspection of the spectrum at 12 ºC reveals that while still broad and 

gel-like, there is less intensity in the wings (Figure 4.1b). At higher temperature shoulders 

around 20 kHz appear superposed upon the broad gel component and grow at the 

expense of the broad component that by 27 ºC has disappeared (Figure 4.1c). They 

indicate the initiation of fast axial rotation for PSM* at the onset of its transition to the 

liquid crystalline phase within the mixture with POPE. As shown by the spectrum 

observed at 52 ºC that characterizes the lamellar liquid crystalline state (27), a further 

increase in temperature leads to the resolution of peaks within the spectrum (Figure 4.1d). 

Rapid isomerization about C-C bonds in the [2H31]16:0 chains of PSM* is responsible. A 

superposition of doublets with similar splitting, corresponding to the plateau region of 

relatively constant order in the upper part of the chain, produces the well-defined edges at 
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19 kHz. Less ordered methylenes in the lower part of the acyl chain primarily give rise 

to doublets with dissimilar splitting that appear as the individual peaks within the 

spectrum, while the highly mobile terminal methyl is represented by the central pair of 

peaks.  

Figure 4.1 (right panel) presents spectra for a 50 wt% aqueous dispersion of 

POPE/PSM*/cholesterol (1:1:1 mol) in 50 mM Tris (pH 7.5) that illustrate the effect of 

cholesterol on the phase behavior of PSM* in the OA-containing PE lipid mixture. 

Although gel-like in form, substantial narrowing due to the presence of cholesterol is 

apparent in the spectrum at -23 ºC (Figure 4.1e). This spectral narrowing reflects the 

sterol-induced disruption to the organized packing of acyl chains in the gel state. Even 

greater perturbation is apparent in the spectrum obtained at 12 ºC (Figure 4.1f). Whereas 

the spectrum is entirely attributable to gel-phase lipid in the absence of cholesterol 

(Figure 4.1b), the spectrum for PSM* in the mixture with POPE can be assigned 

completely to the lamellar liquid crystalline phase following the addition of sterol (Figure 

4.1f). The spectra observed for POPE/PSM*/cholesterol (1:1:1 mol) upon heating to 27 

and 52 ºC (Figure 4.1g and 4.1h) are similarly characteristic of the liquid crystalline state. 

There is spectral broadening associated with a reduction in gauche-trans isomerization 

along the fluid [2H31]16:0 chain of the sphingolipid by the rigid steroid moiety that is 

exemplified by an increase from 19 to 26 kHz in the width of the sharp edges that the 

spectra without (Figure 4.1d) and with (Figure 4.1h) cholesterol possess at 52 ºC. 

The spectra in Figure 4.2 (left panel) were recorded for a 50 wt% aqueous 

dispersion of PDPE/PSM* (1:1 mol) in 50mM Tris (pH 7.5) (1:1) under the same 

experimental conditions employed with the spectra shown for POPE/PSM* (1:1 mol) in 
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Figure 4.1. Differences in the phase behavior of PSM* when mixed with DHA- vs. OA-

containing PE are revealed by comparing the spectra. The lineshape for PDPE/PSM* (1:1 

mol) (Figure 4.2a), as for POPE/PSM* (1:1 mol) (Figure 4.1a), is gel-like at -23 ºC. 

Greater restriction to chain motion is implied for PSM* in the mixture with PDPE by 

enhanced intensity in the wings of the spectrum. At 12 ºC the spectrum for PDPE/PSM* 

(1:1 mol) (Figure 4.2b), unlike POPE/PSM* (1:1 mol) (Figure 4.1b), no longer contains 

the shoulders at 63 kHz that designate gel phase. Instead, a component of width 25 

kHz that represents methylene groups undergoing axial rotation together with a central 

methyl component comprise the entire spectrum. An additional rise in temperature 

introduces gauche-trans isomerization into the perdeuterated chain of PSM* and leads to 

the appearance of individual peaks within the methylene component of the spectrum 

acquired at 27 ºC (Figure 4.2c). These peaks become better resolved upon heating, 

resulting in the observation of the characteristic liquid crystalline powder pattern at 52 ºC 

(Figure 4.2d). The spectra for PSM* in the mixed membrane with polyunsaturated PDPE 

at these latter two temperatures resemble those seen with POPE at the equivalent 

temperatures (Figure 4.1c and 4.1d). 

In Figure 4.2 (right panel), 2H NMR spectra that were acquired for an aqueous 

dispersion of PDPE/PSM*/cholesterol (1:1:1 mol) in 50 mM Tris buffer (pH 7.5) 

examine how adding cholesterol affects the phase behavior of PSM* in the DHA-

containing PE mixed membrane. They are qualitatively similar to the spectra seen for 

POPE/PSM*/cholesterol (1:1:1 mol) (Figure 4.1, right panel). Like in the OA-containing 

PE mixture, the response to sterol consists of a disordering and ordering of gel- and liquid 

crystalline-state PSM*, respectively. Compared to the spectrum for PDPE/PSM* at -23 
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ºC (Figure 4.2a) that is typical of solely gel phase, a spectral component with shoulders at 

25 kHz indicating the onset of fast axial rotation for the perdeuterated [2H31]16:0 chain 

of PSM* is apparent upon the broad gel-like background when cholesterol is present 

(Figure 4.2e). The spectrum becomes completely liquid crystalline-like upon heating to 

12 ºC (Figure 4.2f), displaying the peaks within the methylene envelope that signify rapid 

isomerization. Such peaks are not discernible at the corresponding temperature in the 

spectrum obtained in the absence of sterol (Figure 4.2b) and, as illustrated by the spectra 

at 27 (Figure 4.2c) and 52 ºC (Figure 4.2d), do not appear and subsequently grow in 

resolution until higher temperature is reached. In contrast, the spectrum for 

PDPE/PSM*/cholesterol (1:1:1 mol) changes little apart from modestly narrowing over 

the same temperature interval (Figure 4.2g and 4.2h). The differential in spectral width 

(25 vs. 18 kHz) with (Figure 4.2h) and without (Figure 4.2d) cholesterol at 52 ºC is 

symptomatic of the sterol-induced increase in order for liquid crystalline PSM* in 

PDPE/PSM* (1:1 mol). 

The spectra shown in Figures 4.1 and 4.2 are representative of data obtained in 

each case over a temperature range that extends from -30 to 50 ºC. They illustrate the 

sensitivity of spectral lineshape to membrane phase. To quantify the shape of all of the 

spectra and thereby monitor phase behavior, first moments M1 were calculated according 

to eq. 1 and are plotted against temperature in Figure 4.3 for POPE/PSM* (1:1 mol) and 

for PDPE/PSM* (1:1 mol) in the absence and presence of cholesterol (1:1:1 mol). Slowly 

varying moments of magnitude ܯଵ > 41010   s-1, signifying gel phase, and < 4108   s-

1, signifying liquid crystalline phase, were measured for POPE/PSM* (1:1 mol) at 

temperatures < 19 and > 24 ºC, respectively (Figure 4.3a). The sharp drop in the value of 
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 ଵ that accompanies the transition between states is ~5 ºC in width and centered at 22.5ܯ

ºC. No discontinuity in the variation of first moment with temperature remains for PSM* 

in the OA-containing PE mixture after the addition of cholesterol (Figure 4.3a). A 

broadening of the phase transition to near elimination is indicated by ܯଵ values that 

gradually decrease from 10.5  8.7  104  s-1 over the entire -30 to 50 ºC span of 

temperature studied.  

The variation with temperature of the first moments plotted for PDPE/PSM* (1:1 

mol) (Figure 4.3b) takes the same form as that seen for POPE/PSM* (1:1 mol) (Figure 

4.3a). There is an abrupt reduction in ܯଵ value centered at 13.7 ºC and ~4 ºC wide 

indicative of a precipitous increase in molecular motion. The moments otherwise vary 

slowly from 13.4  104 s-1 at -32 ºC to 10.4  104 s-1 at 12 ºC and from 8.2  104 s-1 at 15 

ºC to 6.2  104 s-1 at 52 ºC. It should be noted that in the region where the dramatic 

change occurs, most markedly at 12 ºC, the moments depend upon the delay time t  

between the two 90º pulses in the quadrupolar echo sequence. The values plotted there 

were obtained by extrapolation to zero delay of ܯଵ measured as a function of t . We 

attribute this behavior to the presence of (intermediate) exchange of PSM* between 

motionally distinct environments in the PDPE/PSM* mixture on a timescale comparable 

to the delay between pulses. As with POPE/PSM* (Figure 4.3a), the moments presented 

in Figure 4.3b for PSM* in the DHA-containing mixed membrane no longer exhibit a 

discontinuity on the addition of 1:1:1 mol cholesterol. They slowly fall from 10.3104  s-

1 at -32 ºC to 8.2 104 s-1 at 52 ºC. The small range of the ܯଵ values is consistent with a 

sterol-associated smearing out of changes in molecular organization with temperature. 
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DSC 
 
 

DSC cooling scans for 0.5 wt% aqueous dispersions of POPE/PSM (1:1 mol) 

(Figure 4.3c) and PDPE/PSM (1:1 mol) (Figure 4.3d) in 10 mM phosphate buffer (pH 

7.4) are included in Figure 4.3 for purposes of comparison. The scan for POPE/PSM 

(1:1) consists of an endotherm that peaks at 25.8 ºC and is 2.7 ºC in width at half height 

(Figure 4.3c). It closely resembles the scan recorded employing egg SM instead of PSM 

in our earlier work (17), on the basis of which the broad endotherm is interpreted as a 

superposition of two transitions ascribed to POPE-rich/SM-poor and POPE-poor/SM-rich 

regions that possess very similar transition temperatures. Consistent with this 

interpretation, the mid-point in the discontinuity of the spectral moments measured here 

for the melting of PSM* in POPE/PSM* (1:1 mol) at 22.5 ºC (Figure 4.3a) is close to that 

measured previously for POPE* in POPE*/egg SM (1:1 mol) at ~23 ºC (17). The 

temperature for the peak of the composite endotherm lies slightly above the temperatures 

identified from NMR. A lowering by 3-4 ºC of the transition temperature due to 

perdeuteration (30) is likely responsible for the difference. No endotherm is observed 

upon addition of cholesterol at 1:1:1 mol concentration (data not shown), in agreement 

with the behavior previously reported for POPE/egg SM/cholesterol (1:1:1 mol) (17). 

 The cooling scan for PDPE/PSM (1:1 mol) shown in Figure 4.3d, in contrast to 

POPE/PSM (1:1 mol) (Figure 4.3c), displays two separate endotherms as we previously 

saw with PDPE/egg SM (1:1 mol) (17). The peak temperature of the lower transition 

assigned to a PDPE-rich/PSM-poor phase is 11.6 ºC, while that of the higher transition 

assigned to a PDPE-poor/PSM-rich phase is 26.8 ºC. The temperature of the former 



93 
 

 
 

transition is near that of an abrupt drop in first moment recorded at ~7 ºC for PDPE* in 

PDPE*/egg SM (1:1 mol) in our earlier work (17), but the latter transition is much higher 

in temperature than the precipitous drop centered at 13.7 ºC revealed in the current study 

by spectral moments for PSM* in PDPE/PSM* (1:1 mol) (Figure 4.3b). This divergence, 

which is too great to be explained by isotopic substitution, is due to the inherently 

different nature of the two types of measurement. Whereas the transition detected by 

DSC directly represents the excess specific heat absorbed when lipid acyl chains melt, 

other molecular motions can lead to the narrowing of NMR spectra reflected in a 

reduction in moment. This issue will be discussed later. Addition of cholesterol in 1:1:1 

mol amount eliminates both endotherms (data not shown), as was similarly seen when the 

same concentration of cholesterol was added to PDPE/egg SM (1:1 mol) (17). 

 

Acyl Chain Order 

 

 

The liquid crystalline phase is representative of the biological state of lipid molecules. In 

this phase where rapid reorientation of lipid molecules results in spectra symptomatic of 

axially symmetry, the first moment ܯଵ calculated from 2H NMR spectra for 

perdeuterated lipid chains is related to the average order parameter ܵҧ஼஽ for the entire 

chain via equation 2. Table 1 lists the ܵҧ஼஽ values obtained at 35 ºC for POPE/PSM* (1:1 

mol), POPE/PSM*/cholesterol (1:1:1 mol), PDPE/PSM* (1:1 mol) and 

PDPE/[2H31]PSM*/cholesterol (1:1:1 mol). Inspection reveals that, as expected, 

cholesterol restricts the molecular motion of PSM* in both POPE/PSM* and 

PDPE/PSM*.
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 In the former mixture order increases by Δܵҧ஼஽= 0.059 from Δܵҧ஼஽ = 0.237 to 0.296, while 

Δܵҧ஼஽ = 0.064 from Δܵҧ஼஽ = 0.227 to 0.291 is the increase in the latter mixture. 

The relatively modest distinction between the response of the molecular 

organization of SM to the addition of sterol in the two systems contrasts with the 

markedly different increase in order revealed for the PE component by ܵҧ஼஽ values for 

POPE*/egg SM (1:1 mol) and PDPE*/egg SM (1:1 mol) (4) that are also included in 

Table 1. The data demonstrate that although the [2H31]16:0 sn-1 chain of POPE* (ܵҧ஼஽ = 

0.167) in POPE*/egg SM (1:1 mol) and PDPE* (ܵҧ஼஽ = 0.165) in PDPE*/egg SM (1:1 

mol) possesses almost identical order, there is an appreciable differential in the effect of 

cholesterol (1:1:1 mol). Whereas Δܵҧ஼஽ = 0.099 characterizes the elevation in order of the 

OA-containing PE owing to the sterol, the corresponding change of Δܵҧ஼஽ = 0.043 for the 

DHA-containing PE is substantially less. 

To elaborate upon the distribution of order along the perdeuterated [2H31]16:0 

amide chain of PSM* in the mixed membranes, the NMR signals were FFT depaked (26). 

The result of the application of this algorithm to POPE/PSM* (1:1 mol) (Figure 4.4a and 

4.4b) and PDPE/PSM* (1:1 mol) (Figure 4.4c and 4.4d) in the absence and presence of 

cholesterol (1:1:1 mol), respectively, at 44 ºC is illustrated in Figure 4.4. The depaked 

spectra consist of an outermost composite doublet, representing comparably ordered 

methylene groups in the upper part of the chain, and a series of 4 doublets with smaller 

splittings, predominantly corresponding to increasingly less ordered methylene groups 

and terminal methyl group in the lower portion of the chain. The vast enhancement in 

resolution achieved relative to the powder pattern facilitates the generation of a profile of 

order parameter with the aid of equation 3. The procedure, apart from the C2 position, 
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consists of assigning equal intensity to each methylene group and assuming a continuous 

decrease of order towards the terminal methyl (29). Constraints imposed upon the initial 

orientation of the amide chain of SM (30), like with the sn-2 chain of phospholipids (33), 

render the C2 position an exception to the assumption that order varies monotonically. 

The two motionally inequivalent deuterons at this position possess different splittings that 

were assigned as indicated in Figure 4.4 on the basis of intensity and comparison with 

work on selectively deuterated PSM (30).  

The order parameter profiles created from the depaked spectra in Figure 4.4 are 

shown in Figure 4.5. It is apparent that the same general form is observed in each case. 

There is a plateau region of approximately constant order in the upper portion of the 

chain (C3-C12) followed by progressively less order towards the bottom of the chain 

(C13-C16). This shape is characteristic of phospholipids (34) and sphingolipids (30) in 

the lamellar liquid crystalline phase. It is retained when cholesterol is added to 

POPE/PSM* (1:1 mol) (Figure 4.5a) and PDPE/PSM* (1:1 mol) (Figure 4.5b), with the 

increase in average order ܵҧ஼஽ calculated from the first moment ܯଵ (Table 1) manifest as 

higher ܵҧ஼஽ values throughout the chain. 

 
Discussion 

 
 

 A diverse collection of health benefits accrues from the dietary consumption of 

PUFA, most notably DHA (35). We have hypothesized that changes in membrane 

architecture in response to elevated levels of DHA-containing phospholipids are, in part, 

responsible (3-5). Our hypothesis juxtaposes the tremendously high disorder of PUFA 

chains for which close proximity to cholesterol is incompatible, with the highly ordered 
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(lo) conformation adopted by the mostly saturated chains of sphingolipids in sterol-

enriched lipid rafts. Due to the differential in affinity, cholesterol further segregates into 

lipid rafts away from PUFA-rich domains that form when polyunsaturated phospholipids 

substitute for bulk less unsaturated phospholipids in the plasma membrane. It is the 

concomitant movement of signaling proteins into and out of rafts and resultant 

modulation of cell signaling to which the relief of disease states by DHA is ascribed. 

 Mixtures of PDPE with SM and cholesterol are a model membrane system that 

we have developed to characterize the sorting of lipids into PUFA-rich/sterol poor (non 

raft) and SM-rich/sterol-rich (raft) domains. Early DSC work on ternary 

lipid/lipid/cholesterol mixtures indicated that cholesterol associates with PE less strongly 

than PC and SM (36). This finding, as well as diminished affinity for polyunsaturated 

phospholipids, was confirmed by an assay with cyclodextrin of partition coefficients for 

cholesterol in unilamellar vesicles (37). Unequivocal substantiation of aversion for the 

sterol is provided by the substantially lower solubility measured for cholesterol in PDPE 

(32 mol%) compared to the equivalent DHA-containing PC and PE or PC that does not 

possess a PUFA chain (≥50 mol%) (21). A greater propensity for PDPE* than 

monounsaturated POPE* to separate into non-raft domains when mixed in 1:1:1 mol ratio 

with SM and cholesterol was inferred, in particular, on the basis of 2H NMR data in an 

earlier study (17). Here the same system is investigated from a different perspective. We 

compare 2H NMR spectra for PSM* in 1:1:1 mol combination with PDPE or POPE and 

cholesterol, complemented by DSC, to elucidate molecular organization of the SM-

component in the mixed model membrane system. 
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Segregation into SM-rich and PE-rich nano-sized domains 
 
 
 The DSC results presented in Figure 4.3 reveal two separate endotherms in the 

scan for PDPE/PSM (1:1 mol) with peaks at 11.6 and 26.8 ºC (Figure 4.3d), indicating 

that the two lipids mix inhomogeneously. Because the transition temperatures do not 

match those for single component PDPE and PSM membranes for which Tm = 2.2 (22) 

and 41 (32) ºC, respectively, the demixing is deemed incomplete. The lower temperature 

endotherm that is elevated 9 C with respect to pure PDPE is assigned to a PE-rich/SM-

poor phase, while the higher temperature one that is depressed 14 C with respect to pure 

PSM is assigned to a PE-poor/SM-rich phase. This assignment corresponds to that in our 

earlier DSC work on PDPE/egg SM (1:1 mol) (17). Although, on the other hand, only 

one endotherm with a peak at 25.8 ºC is seen for POPE/PSM (1:1 mol) (Figure 4.3c), 

inhomogeneous mixing into PE-rich/SM-poor and PE-poor/SM-rich domains is also 

concluded in mixtures with the monounsaturated PE. Thermograms recorded for different 

relative concentrations of lipid in the highly similar POPE/egg SM system exhibit two 

individual transitions that overlap at 1:1 mol ratio (17). We attribute this overlap to the 

higher transition temperature of pure POPE (Tm = 25.5 ºC) (22) compared to PDPE, 

which results in a smaller differential in temperature between the endotherms ascribed to 

PE-rich and SM-rich phases for mixtures of SM with OA- than DHA-containing PE. 

 Table 1 provides further insight into the segregation of PE and SM into domains. 

Average order parameters ܵҧ஼஽ derived from 2H NMR spectra at 35 ºC are given there for 

PSM* mixed at 1:1 mol with PDPE or POPE and for PDPE* or POPE* mixed at 1:1 mol 

with egg SM, both in the absence and presence of cholesterol at 1:1:1 mol concentration. 
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Higher ܵҧ஼஽ values for SM than PE are exhibited in each mixture, exemplified by ܵҧ஼஽= 

0.291 for PSM* in PDPE/PSM*/cholesterol vs. ܵҧ஼஽= 0.208 for PDPE* in PDPE*/egg 

SM/cholesterol. The motional inequivalence that is implied is consistent with our 

interpretation of DSC data for PE/SM mixtures in terms of separation into domains. That 

a distinction in ܵҧ஼஽ value remains with PE/SM/cholesterol (1:1:1 mol) mixtures for which 

the addition of cholesterol broadens endotherms beyond detection by DSC, moreover, 

demonstrates that the separation of PE and SM into domains persists in the presence of 

the sterol. 

 Despite incomplete de-mixing of PE and SM, a superposition of individual 

spectral components from PSM* in SM-rich/PE-poor and SM-poor/PE-rich domains is 

not discernible in the spectra for the various mixtures with PE and cholesterol (Figure. 1 

and 2). The same assessment applies to our earlier published spectra for PDPE* and 

POPE* in the corresponding mixtures with egg SM and sterol (17). Fast exchange of 

lipids in and out of domains that occurs at a rate greater than the differential in 

quadrupolar splitting between the environments when the mixed membrane is entirely 

liquid crystalline is implied. The resultant spectrum is a time-average where the lipid 

contributes intensity weighted according to its population in each domain. Assuming that 

the spectra for deuterated SM and PE are approximately representative of SM- and PE-

rich environments, respectively, an upper estimate to the size of domains may then be 

deduced with the aid of the average order parameters in Table 1. The calculation employs 

0.08 for the difference in ܵҧ஼஽value between domains, referring to 

PDPE/PSM*/cholesterol vs. PDPE*/egg SM/cholesterol for which the divergence is 

greatest and would yield the most generally applicable estimate for domain size. This 
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difference in ܵҧ஼஽equates to a difference of  = 10 kHz in average splitting, according 

to which the lifetime for the residency of lipid molecules in a domain must be less than 

  2 1
= 2x10-5 s. The exchange of lipids between domains is presumed to be 

mediated by lateral diffusion with D ~ 5x10-12 m2s-1 (38) so that an upper limit of <20 nm 

is placed upon radius of domains via the root mean displacement r  4D 1 2
 associated 

with the lifetime. Such domains, if treated as circular, would contain <1800 lipid 

molecules of mean cross-sectional area 70ºÅ2 (22) in each leaflet. They could certainly 

accommodate estimates of 52 and 75 for the number of PDPE and PSM molecules, 

respectively, undergoing a cooperative transition evaluated on the basis of the ratio of 

van’t Hoff and calorimetric enthalpies (39) from the transitions ascribed to PE-and SM-

rich domains in the DSC scan for PDPE/PSM (Figure 4.3d). 

The size obtained here for domains falls at the low end of the 10-200 nm range 

reported for sphingolipid- and sterol-enriched membrane rafts (13) and is comparable 

with estimates for PUFA-rich patches in model membranes (6,40). 1-stearoyl-2-

docosahexaenoylphosphatidylcholine (SDPC)/cholesterol clusters <25 nm in radius were 

identified in PC/PE/PS (4:4:1 mol) membranes on the basis of an appraisal of 2H NMR 

data for perdeuterated analogs of each phospholipid (6). 2H NMR powder pattern spectra 

recorded for 1,2-diarachidonylphosphatidylcholine (DAPC)/1-stearoyl-2-

arachidonylphosphatidylcholine (SAPC)/[3-2H1]cholesterol (1:1:2 mol) were analyzed 

in terms of the partitioning of DAPC and SAPC into regions that extend for <16 nm, the 

sterol preferentially sequestering away from the dipolyunsaturated phospholipid (40). 
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An assumption of fast exchange of lipid back-and-forth between domains, as in the 

current work, is central to spectral interpretation in these earlier studies. 

 Exchange of SM among SM-rich/PE-poor and SM-poor/PE-rich domains offers a 

possible explanation for the apparent discrepancy in transition temperature identified by 

2H NMR spectral moments (Figure 4.3b) and DSC (Figure 4.3d) for mixtures with DHA-

containing PE. The abrupt drop in value of ܯଵ for PSM* in PDPE/PSM* centers on 13.7 

ºC (Figure 4.3b), which is 13 ºC lower than the temperature of the endotherm at 26.8 ºC 

assigned to the SM-rich phase but only just above that of the endotherm at 11.6 ºC 

assigned to the PE-rich phase in DSC scans for PDPE/PSM (Figure 4.3d). We attribute 

the reduction in first moment to the movement of PSM* between gel-like SM-rich/PE-

poor and liquid crystalline-like SM-poor/PE-rich regions. The dependence upon delay 

between pulses in the quadrupolar echo sequence employed to acquire data noted for ܯଵ 

values in the vicinity of the discontinuity in their temperature variation implies an 

exchange rate that is intermediate in rate on a timescale comparable to the delay time. 

Slower lateral diffusion is presumably responsible. Only at higher temperatures above 

that ascribed to the transition for the SM-rich/PE-poor phase by DSC do the 2H NMR 

spectra for PSM* in PDPE/PSM* attain the resolution characteristic of the liquid 

crystalline state (Figure 4.2c and 4.2d). Exchange of PSM* between gel- and liquid 

crystalline-like phases does not complicate spectral interpretation for POPE/PSM* 

because, in contrast, the transitions due to PE-rich/SM-poor and PE-poor/SM-rich phases 

coincide in temperature for 1:1 mol mixtures with the OA-containing phospholipid 

(Figure 4.3c). 
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PUFA-cholesterol aversion excludes sterol from DHA-containing PE-rich domains 
 
 

The impact of cholesterol on the acyl chain order of each component in the 

mixtures of OA- and DHA-containing PE with SM (1:1:1 mol) is elaborated by the 

collation of average order parameters ܵҧ஼஽ given in Table 1. An increase in ܵҧ஼஽value for 

all membrane constituents due to sterol is apparent, indicative of incorporation into SM-

rich and PE-rich domains for both systems. It is an effect that the order parameter profiles 

shown for PSM* with POPE or PDPE in Figure 4.5, and previously reported for POPE* 

or PDPE* with egg SM (17), demonstrate is manifest throughout the acyl chain. The 

plateau region of slowly varying order in the upper portion of the chain is elevated and 

overall shape of the profile is retained. A significant difference in the pattern of the 

cholesterol-induced change in average order Δܵҧ஼஽ undergone, however, exists between 

the system containing the polyunsaturated phospholipid and the control containing the 

monounsaturated phospholipid. There is a slightly larger rise in order for PSM* in 

PDPE/PSM* (Δܵҧ஼஽ ൌ 0.064) than in POPE/PSM* (Δܵҧ஼஽ ൌ 0.059), but the differential 

of is comparable with the uncertainty (0.005) that accompanies the reproducibility (

1%) typically encountered with the measurement of first moments. In stark contrast, 

the ܵҧ஼஽ values included in Table 1 from our earlier work exhibit a substantially smaller 

increase due to the presence of sterol for PDPE* in PDPE*/egg SM (Δܵҧ஼஽ ൌ 0.043) than 

for POPE* in POPE*/egg SM (Δܵҧ஼஽ ൌ 0.099) (4). 

 To interpret the changes Δܵҧ஼஽ in average order due to cholesterol listed in Table 1 

in terms of the degree of localization of the sterol into a domain, it is necessary to have an 

appreciation of how each lipid individually responds to the presence of cholesterol. The 
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ordering effect of a given concentration of cholesterol on PDPE* and POPE* is 

comparable while SM, like PC, is more sensitive (41-43). In an earlier study we 

measured ܵҧ஼஽ rose by 0.04 when 50 mol% cholesterol was added to PDPE* (41) that, 

recognizing the solubility of the sterol in PDPE is about 30 mol% (21), is similar to the 

increase of 0.05 in ܵҧ஼஽ seen for POPE* with 30 mol% cholesterol (42). Increases of >0.1 

in average order due to 30 mol% sterol were exerted on PSM* (Beyer, unpublished) and, 

as detected with 5 mol% 1,2-dipalmitoylphosphatidylcholine (DPPC) perdeuterated in the 

sn-1 chain as a probe, bovine brain SM (43). That the increase Δܵҧ஼஽ in average order for 

PDPE* in PE/SM (1:1 mol) mixtures due to cholesterol (1:1:1 mol) is <½ that for POPE* 

(Table 1), thus, implies a greater tendency for PDPE* than POPE* to segregate into PE-

rich domains depleted in sterol. The measurements made on PSM* in this work, however, 

belie the simple expectation that the opposite trend might apply to the Δܵҧ஼஽values for 

PSM* in the analogous PE/SM mixtures. Only a slightly greater increase in order (0.064 

vs. 0.059) due to cholesterol is evident for PSM* in the PDPE- than POPE-containing 

mixture and the resultant order for PSM* in both systems is close (Table 1). We speculate 

that the effect of the sterol on the order of PSM* is modulated by the presence of PE in 

the SM-rich domains. Remarkably, the SM-rich raft-like domains appear almost equally 

ordered in the PDPE/PSM*/cholesterol and POPE/PSM*/cholesterol membranes. 

 The net effect of DHA vs. OA in the presence of cholesterol is to accentuate the 

distinction in molecular organization between the environment within SM-rich (more 

ordered) and PE-rich (less ordered) domains. While the difference in average order ܵҧ஼஽ 

between the domains revealed by Table 1 in the POPE/SM/cholesterol mixture is 0.030 

and modest, that in the PDPE/SM/cholesterol mixture is 0.083 and almost a factor of 3 



103 
 

 
 

bigger. These figures, which due to fast exchange of lipid molecules between domains 

underestimate the disparity, correspond to a differential of 11 and 33% (relative to the 

mean ܵҧ஼஽ for a mixture), respectively. Further physical insight into the molecular 

architecture of the domains is gleaned from ܵҧ஼஽ by invoking 

ۄܮۃ ൌ ݈ሺ0.5 ൅ |ܵҧ஼஽|ሻ (4) 

to obtain the average length ۄܮۃ of [2H31]16:0 chains in a bilayer, where l19.1 Å is the 

length of the chain projected onto the bilayer normal in the all-trans configuration 

(44,45). The thickness of the bilayer in SM-rich and PE-rich domains may then be 

estimated from the data in Table 1. There are two important assumptions involved. They 

are that the dominant contribution to the population-weighted average ܵҧ஼஽ values 

produced by fast exchange between domains comes from the environment in which a 

lipid is enriched, and that ۄܮۃ approximates to the thickness of a monolayer. The 

calculation yields estimates of 30.4 Å for PSM* and 29.2 Å for POPE* in their 1:1:1 mol 

mixtures with cholesterol, as opposed to 30.2 Å for PSM* and 27.0 Å for PDPE* in their 

1:1:1 mol mixtures with cholesterol. Replacing OA with DHA, thus, increases the 

divergence in thickness between SM-rich and PE-rich domains from 1.2 to 3.2 Å. 

We attribute the difference in response to cholesterol of the DHA- and OA-

containing PE mixtures with SM to the mutual aversion that PUFA and sterol possess. A 

cartoon depicting our explanation is shown in Figure 4.6. In the absence of cholesterol, 

PDPE and SM segregate into nano-sized domains that are PE-rich and SM-rich (Figure 

4.6, top left). When cholesterol is added, it preferentially partitions into SM-rich domains 

and tends to further exclude PDPE into PUFA-rich domains (Figure 4.6, top right). This 

partitioning is due to the differential affinity the sterol possesses for PDPE vs. SM, not 
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because it has exceeded its solubility in PDPE-rich domains. Exclusion of PUFA-

containing phospholipid driven by incompatibility with the highly ordered matrix formed 

by SM and cholesterol is an alternative mechanism that would produce the same effect 

that was recently proposed by Lindblom and coworkers (46) in a study of lipid diffusion 

in PC/SM/cholesterol mixtures. Accordingly, the polyunsaturated phospholipid has less 

contact with the sterol and experiences only a modest increase in order. POPE and SM 

similarly separate into PE-rich and SM-rich domains in a membrane devoid of sterol 

(Figure 4.6, bottom left), although probably not to the same extent as with DHA. 

However, when cholesterol is introduced, the diminished affinity it feels for 

monounsaturated POPE relative to SM is less pronounced than for PDPE. The sterol 

mixes into OA-containing PE-rich domains as well as into SM-rich domains (Figure 4.6, 

bottom right). By virtue of greater proximity, there is then a substantial sterol-associated 

increase in order for the monounsaturated phospholipid in the mixture. Consistent with 

this behavior, fast exchange of sterol between two equally populated pools was also 

inferred from 2H NMR spectra recorded for a deuterated analog of cholesterol added to 1-

plamitoyl-2-oleoylphosphatidylcholine (POPC)/brain SM (1:1:1 mol) (47). Quantitative 

estimation of the partitioning of cholesterol between domains, an issue complicated by 

incomplete de-mixing of SM and PE and their likely redistribution following the 

introduction of sterol, cannot be made with the mixtures studied here. 
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Conclusion 
 
 

The co-existence of PUFA-rich/cholesterol-poor (non-raft) and SM-rich/cholesterol-rich 

(raft) domains within plasma membranes has the potential to be the molecular origin, in 

part, of the multitude of health benefits associated with dietary consumption of fish oils 

(5). Movement of signaling proteins between these organizationally distinct domains then 

modulates cellular events via changes in protein conformation. The results of this study 

establish the lipid driven formation of such domains. When PDPE substitutes for POPE 

in PE/SM/cholesterol mixtures, the differential in order and membrane thickness between 

PE-rich and SM-rich domains becomes approximately 3 × greater. 
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Table 4.1: Average order parameters S C D
 derived from 2H NMR spectra for 

POPE/PSM* (1:1 mol) and PDPE/PSM* (1:1 mol) in the absence and presence of 

cholesterol (1:1:1 mol) at 35 ºC. Corresponding values for POPE*/egg SM (1:1 mol) and 

PDPE*/egg SM (1:1 mol) are included for comparison. 

 
 
 

Membrane  
Composition 

 
No 

cholesterol 
 

 
With  

cholesterol 
 

 
S C D

 
 

 
SC D

 

 
POPE/PSM* 

 

 
0.237 

 
0.296 

 
0.059 

 
POPE*/egg SM1 

 

 
0.167 

 
0.266 

 
0.099 

 
PDPE/PSM* 

 

 
0.227 

 
0.291 

 
0.064 

 
PDPE*/egg SM1 

 

 
0.165 

 
0.208 

 
0.043 

 

1.Values taken from Wassall et al. (4) 
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Figure 4.1: 2H NMR spectra for a 50 wt% aqueous dispersion in 50 mM Tris buffer (pH 

7.5) of POPE/PSM*(1:1 mol) (left panel) and POPE/PSM*/cholesterol (1:1:1 mol) (right 

panel). Spectra were recorded at (a and e) -23, (b and f) 12, (c and g) 27 and (d and h) 52 

ºC 
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Figure 4.2: 2H NMR spectra for a 50 wt% aqueous dispersion in 50 mM Tris buffer (pH 

7.5) of PDPE/PSM* (1:1 mol) (left panel) and PDPE/PSM*/cholesterol (1:1:1 mol) (right 

panel). Spectra were recorded at (a and e) -23, (b and f) 12, (c and g) 27 and (d and h) 52 

ºC 
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Figure 4.2
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Figure 4.3: Variation of the first moment M1  as a function of temperature for, a) 

POPE/PSM* (1:1 mol) in the absence (■) and presence (□) of cholesterol (1:1:1 mol), 

and, b) POPE/PSM* (1:1 mol) in the absence (■) and presence (□) of cholesterol (1:1:1 

mol). M1 is plotted logarithmically for clarity and X designates the midpoint of the sharp 

drop in moment observed when the sterol is absent. DSC cooling scans for, c) 

POPE/PSM (1:1 mol) and (d) PDPE/PSM (1:1 mol). The scans are inverted so that 

transitions appear as positive peaks 
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Figure 4.3 
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Figure 4.4: FFT depaked spectra for POPE/PSM* (1:1 mol) in the absence, a) and 

presence, b) of cholesterol (1:1:1 mol), and for PDPE/PSM* (1:1 mol) in the absence, c) 

and presence, d) of cholesterol (1:1:1 mol) at 43 °C. The arrows specify assignment of 

the C2 position 
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Figure 4.5: Order parameter profiles generated from depaked spectra for, a) POPE/PSM* 

(1:1 mol) in absence (●) and presence (○) of cholesterol (1:1:1 mol), and for, b) 

PDPE/PSM* (1:1 mol) in absence (●) and presence (○) of cholesterol (1:1:1 mol) at 43 

ºC 
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Figure 4.5
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Figure 4.6: A cartoon depiction of DHA vs. OA-induced lateral segregation of lipid 

molecules in PE/SM/cholesterol (1:1:1 mol) membranes. PE-rich and SM-rich domains 

coexist in PDPE/SM (top left) and POPE/SM (bottom left) membranes in the absence of 

sterol. Upon addition of cholesterol to PDPE/SM, the sterol is preferentially taken up into 

SM-rich domains for which it has high affinity and further displaces DHA for which it 

has low affinity. The formation of DHA-containing PE-rich/cholesterol-poor non-raft and 

SM-rich/cholesterol-rich raft domains is the result (top right). Upon addition of 

cholesterol to POPE/SM, in contrast, the sterol incorporates into OA-containing PE-rich, 

albeit to less extent, as well as SM-rich domains (bottom right). The tremendous aversion 

of cholesterol for DHA is not possessed by OA 
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Figure 4.6 
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CHAPTER 5: CONCLUSION 
 
 

Studies of the effect of PUFA and TFA on the properties of lipid membranes were 

the focus of this thesis. Solid state 2H NMR, complemented by DSC and MD simulations, 

was the primary technique used. The final chapter summarizes the findings and describes 

work in progress and suggestions for future work that extend the research.  

 
PUFA 

 
 

In Chapter 4, 2H NMR of [2H31]16:0SM ([2H31]-N-palmitoylsphingomyelin), 

supplemented by DSC (differential scanning calorimetry), was employed to investigate 

molecular organization of the sphingolipid in 1:1:1 mol mixtures with 16:0-18:1PE (1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine) or 16:0-22:6PE (1-palmitoyl-2-

docosahexanoyl-sn-glycero-3-phosphoethanolamine) and cholesterol (1). 16:0-18:1PE 

was a control while 16:0-22:6PE represented a PUFA-containing phospholipid. The 

results were compared to data reported earlier for analogous mixtures of [2H31]16:0-

18:1PE or [2H31]16:0-22:6PE with egg SM and cholesterol (2). The spectra revealed that 

both the OA (oleic acid)- and DHA (docosahexaenoic acid)-containing mixtures 

segregate into SM-rich (higher order) and PE-rich (lower order) domains that are nano-

size (<20 nm) irrespective of the presence of cholesterol. Adding cholesterol increases 

order in both domains, but the differential in the order between SM-rich and PE-rich 

domains is almost 3x greater with DHA than OA. An explanation for this behavior is that 
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the cholesterol has poor affinity for DHA (3), which will exclude the sterol from DHA-

containing PE-rich domains and DHA from SM-rich/cholesterol-rich domains. We 

hypothesize that the formation of DHA-rich domains in the plasma membrane may be 

responsible, in part, for the health benefits produced by dietary fish oils (3, 4). 

The diversity of the health problems improved by the consumption of fish oils 

suggests a general mode of action (3). A likely site of action is the plasma membrane 

where DHA is taken up into the phospholipids. The model we propose consists of highly 

disordered PUFA-rich/cholesterol-poor (non-raft) domains forming and coexisting with 

highly ordered SM-rich/cholesterol-rich rafts in a bulk, predominantly monounsaturated 

lipid matrix (3, 4). In this arrangement, which was shown schematically in Chapter 1 

(Figure 1.1-b), the large difference in order between the domains has the potential to 

cause changes in conformation that turn on or off signaling proteins when they move 

from one type of domain to the other. The stimulation of phospholipase D1 (PLD1) 

activity in human peripheral blood mononuclear cells by DHA, for instance, may occur in 

this manner (2). PLD1 is excluded from rafts and accumulates in DHA-rich domains 

where it becomes activated, disrupting signal transduction events (5) and possibly giving 

rise to the immunosuppression associated with DHA. 

The segregation into DHA-rich/sterol-poor and SM-rich/sterol-rich domains 

implied by our work on 16:0-22:6PE/SM/cholesterol mixture is consistent with the above 

model. However, although SM-rich/sterol-rich raft-like domains are known to form in 

mixtures with monounsaturated phospholipids (6), the formation of DHA-rich/sterol-poor 

domains in mixtures with monounsaturated phospholipids, that is assumed in our model, 

remains to be demonstrated. To address this issue we propose a 2H NMR study of 16:0-
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18:1PC/16:0-22:6PE mixtures in the absence and presence of cholesterol. The approach 

would be the same as was successfully employed in our 2H NMR experiments on PE/SM 

mixtures. [2H31]16:0-18:1PC in [2H31]16:0-18:1PC/16:22:6PE and [2H31]16:0-22:6PE in 

16:0-18:1PC/[2H31]16:0-22:6PE will enable each lipid in the mixed membrane to be 

individually observed and to establish the existence of domains that are organizationally 

distinct. 

 
TFA 

 
 

In Chapter 3 analogs of 1-elaidoyl-2-stearoylphosphatidylcholine (t18:1-18:0PC) 

and 1-oleoyl-2-stearoylphosphatidylcholine (c18:1-18:0PC) with a perdeuterated 

[2H35]18:0 sn-2 chain were synthesized and solid state 2H NMR, complemented by 

computer simulations, was employed to compare molecular organization in a model 

membrane containing elaidic acid (EA) with a single “manmade” trans double bond vs. 

oleic acid (OA) with a single “natural” cis double bond (7). Moment analysis of the 2H 

NMR spectra recorded as a function of temperature showed that the chain melting 

temperature is depressed less for t18:1-[2H35]18:0PC than for c18:1-[2H35]18:0PC relative 

to saturated 1,2-distearoylphospahitdylcholine (18:0-[2H35]18:0PC). The difference 

reflects an ability to pack more favorably in the gel state that arises because a trans 

double bond introduces a smaller kink into a chain than a cis double bond. Acyl chain 

order in the liquid crystalline state is comparable in t18:1-[2H35]18:0PC and c18:1-

[2H35]18:0PC, and greatly reduced compared to 18:0-[2H35]18:0PC. The disordering is 

attributed to a reduced energy barrier for rotation around the C-C single bonds next to a 

trans and cis C=C double bond. Thus, while possessing a conformation that somewhat 
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resembles a saturated chain, trans unsaturated EA is disordered like cis unsaturated OA. 

We speculate that EA is a rogue fatty acid that when taken up into a membrane lipid is 

mistaken for a saturated fatty acid and then locally disrupts molecular organization. If 

taken up into SM, for example, increased disorder within rafts could adversely impact the 

function of resident signaling proteins. 

 To experimentally probe the conformation of the trans vs. cis unsaturated chain, 

which will also further validate the MD simulations, we have synthesized t[2H33]18:1-

18:0PC (Figure 5.1a) and c[2H33]18:1-18:0PC (Figure 5.1b) with a perdeuterated 

t[2H33]18:1 and c[2H33]18:1 sn-1 chain, respectively (Appendix B). This work is still in 

progress and a preliminary report will be given here. Representative examples from 2H 

NMR spectra collected over a range of temperature are shown in Figure 5.2. As with 

t18:1-[2H35]18:0PC and c18:1-[2H35]18:0PC that were perdeuterated in the [2H35]18:0 sn-

2 chain (Figure 3.2), the spectra for both t[2H33]18:1-18:0PC and c[2H33]18:1-18:0PC 

change from a broad spectrum characteristic of slow anisotropic motion in the gel phase 

at low temperature (-5 ºC, Figure 5.2a and 5.2e) to a spectrum narrowed by fast axial 

rotation in the liquid crystalline phase at high temperature (45 ºC, Figure 5.2d and 5.2h). 

Looking through the spectra at intermediate temperature similarly confirm that the 

spectral narrowing that accompanies the melting of the TFA-containing membrane (5 ºC, 

Figure 5.2b; and 20 ºC, Figure 5.2c) occurs at higher temperature than in the cis fatty acid 

(CFA)-containing membrane (5 ºC, Figure 5.2f; and 20ºC, Figure 5.2g).  

 First moments M1 calculated from the spectra for t[2H33]18:1-18:0PC (Figure 

5.3a, ■) and c[2H33]18:1-18:0PC (Figure. 5.3b, ■) are plotted against temperature in 

Figure 5.3. The plots include the corresponding data for t18:1-[2H35]18:0PC (Figure 5.3a, 
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□) and c18:1-[2H35]18:0PC (Figure 5.3b, □). It is immediately obvious that the chain 

melting behavior detected by the unsaturated sn-1 and saturated sn-2 chains differ in each 

case. For the t[2H33]18:1 or c[2H33]18:1 sn-1 chain the moments are lower than for the 

corresponding [2H35]18:0 sn-2 chain and the drop in value in the region of the gel to 

liquid crystalline temperature is less abrupt. The molecular model proposed by Huang 

and Li (8) to describe chain melting in PC membranes with sn-1 saturated/sn-2 cis 

monounsaturated chains offers a possible explanation. According to their model, the 

monounsaturated chain adopts a kinked motif in the gel state like that modeled in our 

work for the t18:1 chain in t18:1-18:0PC and, with a smaller kink, for the c18:1 chain in 

c18:1-18:0PC (Figure 3.6). The kink is assumed to separate a linear segment composed 

of only trans rotamers and a shorter disordered segment containing both gauche and 

trans rotamers. Whereas the longer linear segment is involved in intra- and inter-

molecular van der Waals attractive interactions with neighboring all-trans saturated 

chains in the gel state and contributes to the chain melting process at Tm, the shorter 

segment is already partially disordered at T<Tm.  

 Although rapid axial rotation in the liquid crystalline phase narrows the spectra 

observed for t[2H33]18:1-18:0PC (Figure 5.2d) and c[2H33]18:1-18:0PC (Figure 5.2h) at 

45 ºC, they are not expected to have the same shape as the spectra seen under equivalent 

conditions when the sn-2 18:0 chain was perdeuterated (Figure 3.2g and 3.2k). Due to the 

double bond they consist of a superposition of powder patterns with a very different 

distribution of order parameter, as reflected in the order parameter profiles generated 

from MD simulations (Figure 3.5c), and quadrupolar splitting. The average order 

parameter SCD  derived from the first moment M1 for t[2H33]18:1-18:0PC and c[2H33]18:1-
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18:0PC at 45ºC are presented in Table 1. They qualitatively agree with the values 

obtained in the MD simulations that are also listed in the Table. Order in the t18:1 and 

c18:1 sn-1 chain is lower than in the 18:0 sn-2 chain, and the differential is greater for the 

cis chain. 

 To gain detailed insight into the conformation of the t[2H33]18:1 and c[2H33]18:1 

chains, the next step will be to construct order parameter profiles from the spectra for 

t[2H33]18:1-18:0PC and c[2H33]18:1-18:0PC, respectively. This unfinished portion of the 

work is currently underway. Figure 5.4 shows the depaked spectra that will be used. The 

depaked spectrum for t[2H33]18:1-18:0PC reveals that the innermost doublet assigned to 

the terminal methyl is resolvable into two signals with slightly different splitting. Two 

signals in the innermost pair of peaks are, moreover, apparent under close inspection of 

the powder pattern spectrum for t[2H33]18:1-18:0PC (Figure 5.5a) shown in Figure 5.5. 

The same difficulty does not appear to apply to c[2H33]18:1-18:0PC (Figure 5.4b and 

5.5b). We are conducting experiments to determine the origin of the two signals from 

acyl chain migration, where 18:0-t[2H33]18:1PC (with the position of the chains switched) 

as well as t[2H33]18:1-18:0PC is present as the prime candidate. This problem has been 

noted by others and can lead to a pair of doublets because the motion of chains at the sn-1 

and -2 positions is not exactly equivalent (9).  

 Our future plans for TFA research include identifying whether interaction with 

cholesterol, a membrane lipid, that is intimately involved in the progression of heart 

disease (10) is modified by the incorporation of a TFA. Employing the previously 

synthesized deuterated analogs of lipids, we shall compare the effect of cholesterol on 

molecular organization in model membranes containing EA and OA.  
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Table 5.1: Average order parameter SCD  for t18:1-18:0PC and 18:1-18:0PC calculated 

from 2H NMR and MD simulation data. 

Lipids 
sn-1 chain sn-2 chain 

2H NMR MD 2H NMR MD 

t18:1-18:0PC 0.111 0.102 0.135 0.148 

c18:1-18:0PC 0.097 0.095 0.128 0.146 
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Figure 5.1: Molecular Structure of t[2H33]18:1-18:0PC and c[2H33]18:1-18:0PC with the 

perdeuterated unsaturated sn-1 chain.  
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Figure 5.2: 2H NMR spectra for 50 wt% aqueous dispersions in 50 mM Tris (pH 7.5) of (a-d) t[2H33]18:1-18:0PC and (e-h) 

c[2H33]18:1-18:0PC. The spectra were recorded at (a and e) -5 ºC, (b and f) 5 ºC, (c and g) 20 ºC and (d and h) 45 ºC. 
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Figure 5.3: Variation of the first moment ( 1M ) as a function of temperature for a) t[2H33]18:1-18:0PC (■) and t18:1-

[2H35]18:0PC (□) b) c[2H33]18:1-18:0PC (■) and c18:1-[2H35]18:0PC (□) . 1M  is plotted logarithmically for clarity. The value 

given is for the temperature of the chain melting transition. Tm is the midpoint of the sharp drop in moment measure for the 

[2H35]18:0 sn-2 chain. 
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Figure 5.4: FFT depaked spectra derived from the powder pattern spectra at 45 ºC b) 

t[2H33]18:1-18:0PC and b) c[2H33]18:1-18:0PC. 
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Figure 5.5: 2H NMR spectra at 45 ºC for a) t[2H33]18:1-18:0PC and b) c[2H33]18:1-

18:0PC
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Appendix A: Synthesis of per-deuterated saturated chain of phospholipids (1) 

 
 
1. In a round bottom flask (r.b) add dicyclohexylcarbodiimide (DCC, 0.8mmol) and 

deuterated stearic acid (0.4mmol) and dissolve in 5mL of freshly distilled CHCl3. 

2. Stir the reaction with a stirrer-bar in an argon atmosphere at room temperature for 

15mins.  

3. Add 1-acyl-2-hyrdoxy-sn-glycero-3-phosphocholine (0.2mmol) in the presence of 

N,N-dimethylamniopyridine (DMAP, 0.8mmol).  

4. Check the progress of the reaction using TLC every 24 hrs using solvent 

CHCL3/MeOH/H2O (58:40:4).  

5. Stir the mixture in an argon atmosphere for 72hrs.  

6. Residue was separated into products and reactants using flash silica-gel 

chromatography in CHCL3/MeOH/H2O (58:40:4) solvent system.  

7. 1-Acyl-2-stearoyl-d35-sn-glycero-3-phosphocholine containing fractions collected and 

rotary evaporated to give a final yield of 80%.  

8. TLC: CHCL3/MeOH/H2O (58:40:4), Rf = 0.4. 

9. 1-Acyl-2-stearoyl-d35-sn-glycero-3-phosphocholine was confirmed using 1H NMR  

and further purified using HPLC ( High performance liquid chromatography) with a 

reverse-phase silica C18 column (methanol solvent system).  

10. Molecular mass (825.36 for 1-elaidoyl-2-stearoyl-d35-sn-glycero-3-phosphocholine 

and 823.34 for 1-oleoyl-2-stearoyl-d35-sn-glycero-3-phosphocholine) were confirmed 

using LC-mass spectrometry. 
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Appendix B: Synthesis of perdeuterated unsaturated chain of phospholipid(1) 

 
 

B.1 Oleoyl Chloride-d33 

 
 

1. In a round bottom flask (r.b) stir a solution of oleic acid-d34 (0.3164mmol, minimum 

98 atom% D) in 2.0mL of benzene. 

2. Add oxalyl chloride (1.582mmol) dropwise, with evolution of gas.  

3. Stir the mixture for 1hr at room temperature.  

4. Rotary evaporate to yield oleoyl chloride as clear oil (100% yield). 

 
B.2 1-Oleoyl-d33-2-hydroxy-sn-glycero-3-phosphocholine (Oleoyl lyso PC, 18:1LPC) 

 
 

1. In a r.b, add R-2-3-dihydroxypropyl 2-(trimethylammonio) ethyl phosphate 

(0.2640mmol), (GPC- not cadmium chloride adduct) and dibutyltin oxide 

(0.2640mmol). 

2. Dissolve in 3.0mL of isopropanol and reflux for an hour.  

3. Cool to room temperature and then add trimethylamine (0.03168mmol) and stir for 

5mins. 

4. Oleoyl chloride-d33 (0.3165mmol) is then added dropwise in 0.5mL of isopropanol 

and stirred for 30mins. 

5. 10mL of heptane is added and the mixture is filtered.  

6. The filtrate is then dried to a white solid in a rotary evaporator.  

7. The white solid is dissolved in 20mL of methanol and extracted with heptane (2 x 

25mL)  
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8. Methanol is evaporated to yield Oleoyl lyso PC (85% yield) as a translucent solid. 

 
B.3 Purification test of Oleoyl lyso PC 

 
 

1. TLC: 58:40:4 in a solvent solution of CHCl3/MeOH/H2O for lyso PC, Rf = 0.11. 

2. TLC: 20% ethyl acetate (EtOAc) in hexane for Oleic acid, Rf = 0.60. 

3. 1H-NMR (CDCl3, 500 Mhz)  4.335 (1H, CH), 4.077 (2H, CH2), 4.125 (1H, CH), 

3.935 (2H, CH2), 3.668 (2H, CH2), 3.344 (9H, CH3)  

 
B.4  Stearic anhydride 

 
 

1. In an r.b, stearic acid (7.030mmol) and dicyclohexylcarbodiimide (DCC, 3.515mmol) 

is combined in 20mL of CCl4 (Carbontetrachloride) and stir for 6hrs. 

2. Diethyl ether (20mL) is added to mixture and stirred for 5mins.  

3. The mixture is then filtered and dried with MgSO4 (magnesium sulfate) and 

evaporated to a white solid.  

4. 1H NMR (CDCl3, 500 Mhz)  2.456 (4H, CH2), 1.670 (4H, CH2), 1.268 (56H, CH2), 

0.895 (6H, CH3). 

 
B.5 1-Oleoyl-d33-2-stearoyl-sn-glycero-3-phosphocholine (OSPC-d33) 

 
 

1. In a r.b add Oleoyl Lyso PC-d33 (0.2190mmol) in 13.0mL CHCl3, stearic anhydride 

(2.190mmol) and 4-dimethylaminopyridine (DMAP, 0.2628mmol) and stir 

continuously at room temperature for 48hrs. 
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2. Rotary evaporated the mixture and resultant solid is separated by flash silica-gel 

chromatography, which yields a white solid (27% yield) of OSPC-d33, using 

CHCl3/MeOH/H2O (58:40:2) solvent system.  

3. TLC: using CHCl3/MeOH/H2O (58:40:2) solvent system, Rf = 0.23. 

4. 1H NMR (CDCl3, 500 Mhz) 5.209 (1H, CH), 4.385 (1H, CH), 4.264 (2H, CH2), 

4.125 (1H, CH), 3.935 (3H, CH2), 3.668 (2H, CH2), 3.250 (9H, CH3), 2,318 (2H, 

CH2), 1.585 (2H, CH2), 1.253 (28H, CH2), 0.881 (3H, CH3). 

 
B.6 Elaidic Acid-d34 

 

 

1. Using a Pen Ray photo-lamp, oleic acid-d34 is isomerized to elaidic acid-d34 encased 

in Pyrex test-tube.  

2. The apparatus is submerged in a larger test tube containing oleic acid-d34 

(0.3164mmol), diphenyl disulfide (0.037mmol) and 10mL cyclohexane, argon gas is 

introduced for 15mins.  

3. The reaction is stirred for 3 hrs at 00C, protected from ambient light.  

4. Solvent is then evaporated to yellow solid and purified using flash silica 

chromatography using EtOAc-Hexane to elute elaidic acid (81% yield) as light 

yellow solid. 

5. TLC: (80:20) EtOAc-Hexane, Rf = 0.55 when stained with potassium permanganate.  

6. B.5 method was use to synthesize 1-elaidoyl-d33-2-stearoyl-sn-glycero-3-

phosphocholine, (ESPC-d33) gave a 43% yield.  
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