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Abstract 

Chol esteryl oleate, d~uterated at sel ected acyl chain 

positions has Seen incorporated into fresh human low density 

l ipoprotein ILDLI. Deuterium langi tudinal relaxation times 

increase psoqressi vel y between CB and the msthyl terminus 

indicating increased mation near the end of  the acyl chain. 

Temperature dependence of the "H NMR spectra was 

ii-tvestrigated b e t w e e n  1 5  "C and 45 " C .  The linewidths qenerally 

decrease wi tR increasing temperature. &t chain posi ti an= 2, 5, 

and E? the linewidths remain appraxinately constant above 35 "C 

indicating completion of  the phase transition, while ? inewidths 

at positions 14 to 18 did not become constant at 35 "C indi- 

cating distal chain positions are less sensitive to phase 

Sehaviour. The "H NMH spectra at the C2 and C 5  chain positions 

rantain superposed braad and narrow signals. This w a s  

attributed to the coexistence o+ two ester regions o+ different 

order within the LDL care. At 1 5  "C, which is below the onset 

of the transitian detected by differential scanning calorimetry, 

and at 45 "C which is above the transition temperature, both 

#spectral  components are observed for the C2 labelled ester. The 

r 3 t F o  of the relative intensity of br0ad:narrow signals is 

"40:40 and remains approximately constant over the temperature 

range studied. T R a  - C-zx H band order parameters, SCZI~,  are W.20 



region. 

Selectively deuterated palmitic acid w a s  incorporated into 

the outer msnclayer of LDL. The NMR spectra indicate t w o  

regions of different order, Sr:I, W.31 and "0.05-0.075 which 

m a y  reflect a non-uniform distribution o f  phosph~lipid, 

cholesterol, and protein at the LDL surface, 

The location gf cholesteryl esters within phospholipid 

k i l a j e r s  was investigated by monitoring the effect a# spin 

 lab??^, placed at varzcus positions 13 the ester molecule, on 

t h e  ' . 'C  spin-lattice relaxation times. The spin Label lndrtced 

t-=l s x a t i u n  rates, l/T, . WL : of the phosph~l ipid acyl chains 

indicate the C5 position .of the ester acyt chain is located near 

the Cl-C2 reqion o$ ths ph~spholipld chain while the D-ring a+ 

the sterol rests near the C8 position of the phospholipid 

c h a i n s ,  These observati~ns are consistent with the ch~lesf eryl 

e s t ~ r  existing in a "!-torseshoe" ron+ormation. 

4 greatsr spin label induced enhancement of relaxation rate 

was &served +or the inner vesicle layer than fur the outer one. 

This is attributed to higher ester inrorporation and/or tighter 

#p=i.c#::ing in t h e  inner layer. 
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Chapter 1 

Introduction 

Membranes are complex arrays of f ipids and proteins plus 

small amounts o-F carbohydrate. The relative proportion of each 

component is governed by specific membrane function. Far 

example, myelin, of nerve tissue, contains SOX lipid while the 

inner mi tochondri a1 membrane contains more than 75% protein 

(92,143). Frequently these membrane components display an 

asymmetric distribution throughout the membrane. In human 

erythrocytes, phosphatidylserine is preferential 1 y located on 

the cytaplasmic side of the membrane, while 75% of the phos- 

phatidylchol ine is located on the outer half of the membrane. 

This uneven lipid distribution parallels a similar asymmetric 

distribution of protein in the erythrocyte (215). 

Si nqer and Ni col son ( 185) described the macroscopic 

organization of biomembranes a5 a "fluid mossiic". According to 

this model, amphiphilic phospholipids are arranged in bilayers 

with hydrophilic regions exposed to the aqueous environment, 

while the hydrophobic acyl chains extend from the polar 

inter+ ace toward the central region of the membrane. Extrinsic 

proteins interact with membrane lipids only near the surface, 

while intrinsic proteins may extend through the bilayer. Rapid 



lateral diffusion of membrane-bound proteins, in the plane of 

the bilayer, may result in collisions between proteins and 

thereby facilitate enzymatic processes. 

Gel lular metabolism is coordinated by biological membranes. 

This caordination is a consequence of compartmentalization of 

different organelles within a single cell, coupled with 

vectorial transport, through the membrane, brought about by 

membrane-bound proteins. &ddi ti onall y, some membranes may 

promote enzymatic reactians by servinq as a matrix in which 

specific proteins are embedded. 

Model Membranes 

Our present perception of membranes has been acquired 

predominantly through the study of madel membranes. A review 

af mudel membranes has recently been published by Quinn (157). 

Model membranes offer the advantage of ease of preparation in 

relative1 y large quantities, Second1 y, in contrast to natural 

membranes, their composition can be rigidly contrdled, thus 

reducing the campfexities of natural membranes. 

In the presence of excess water 040%1, phosphatidyl- 

choline, a phospholipid common to most natural membranes (1001, 

readily forms lamellar bi layers (34). Consequent1 y, 

phosphatidylcholine bilayers are frequently employed a5 models 

of natural membranes. The validity of this analogy is supported 



by a variety of experimental evidence. 

Natural membranes from several sources have been examined 

by X-ray diffraction (220). In each case, the diffraction 

pattern demonstrates the existence of a phospholipid bilayer. 

Furthermore, as in the case of model membranes (130), the 

bilayer thickness in Ao is determined, for the most part, by the 

length of the fatty acyf chains present in the phospholipid. 

Maximum membrane thickness is observed below the phase 

transition temperature, and individual fatty acyl chains appear 

to be separated by approximately 4.15 Ao. Above the transitian 

temperature, membrane thickness is reduced while the acyl chain 

separation is increased to approximately 4.5 Ao. In the case of 

phospholipid bilayers, a similar decrease in bilayer thickness, 

belaw the transition temperature, has also been reported in the 

presence af increased surface charge density (102). The 

physiological siqni f i cance of this observation is not understood 

at the present time. 

Comparative studies of molecular motion in phospholipid 

bilayers and biological membranes further illustrate the 

fidelity of lipid bilayers a5 model membranes. Nuclear magnetic 

Pesonance (NMR) techniques have demonstrated a characteristic 

similarity in the orientational order of lipid bilayers and 

bacterial membranes (67,201). More recently, investigators have 

reported that the orientational order of cholesterol in 

erythrocyte ghosts is the same as in model membranes (1 15). 



The liquid crystalline components of membranes are 

characterized by their tendency to display regular long-range 

periodicity while, at the same time, as a consequence a+ 

molecular motion, appearing disordered at shert-range. When 

heated, liquid crystals undergo a transition through one or more 

mesophases (34,193). Interest in the thermotropic phase 

behaviuur uf liquid crystals stems from the idea that different 

mesomarphic states may be biologically significant. 

Differential scanning calorimetric (DSC) investigations of 

synthetic phosphatidylcholines reveal two transitions, The 

sharp, reversible, gel-to-1 iquid crystal1 ine transition 

indicates a coaperative "chain melting" within the bi layer (34). 

In general, the temperature at which this transitition occurs, 

is dependent on the length and degree of unsaturation of the 

acyl chains (34, lOS). The nature of the olef inic bond also 

affects the transi ti an temperature: a &caqs-unsaturated 

phospholipid will display a higher transition temperature than 

a cis-unsaturated phosphblipid of the same chain length (34). 

Furthermore, the positional isomers of mixed acid phosphatidyl- 

cholines, containing acyl chains differing in length by just two 

methylene residues, display different gel-to-1 i quid transition 

temperatures. Generally, for each isomeric pair, the lipid with 

the longer acyl chain at the sq-1 position is characterized by 

the lower transition temperature ( 1  17,181 1 .  The much broader 

"pretransitiun" observed in these studies has been associated 



with the formation of a "rippled" gel phase (ICE, 181). Recent 

studies have shown this transition is not totally reversible, 

except af ter prolonged storage at temperatures considerably 

below the temperature where the pretransition is expected (181). 

Calorimetric studies have been augmented by infrared 

spectroscopy. Infrared spectroscopy is sensitive to atomic 

vibrational modes such as bond stretching and scissoring, which, 

in turn, reflect conformation and dynamics of phospholipid acyl 

chains (491. Infrared spectra of fully hydrated dipalmitoyl- 

phosphatidylcholine demonstrate that the crystal lattice, below 

the pretransition temperature, is not rigid. Slightly below the 

pretransition temperature the acyl chains are in the all-trans 

conformation (321. As the temperature is reduced to -60 '%, 

the acyl chains tilt progressively more, with respect to the 

bi layer surf ace, and distort the hexagonal chain packing 

arrangement detected at higher temperatures by X-ray diffraction 

(lO7). 

At the molecular level, the mobility and organization of 

model membrane constituents have been investigated using 

9luorescence 13,224), electron paramagnetic resonance (EPR) 

, ( S O ,  44,48,99,141,173,2081 , and NMR spectroscopy. Since phospho- 

lipids are neither intrinsically fluorescent nor paramagnetic, 

these techniques are possible only after a suitably labelled 

probe has been incorporated into the model membrane. 

Fluorescence and EPR spectroscopy can detect as little as 



0.1 - 1.0 umales of a sui tabl e probe: however, because such 

, probes are frequent1 y bulky, they perturb the environment being 

studied. Qualitatively the orientational order in lipid 

bilayers, as reflected by EPR and NMR are similar. However, 

investigators have demonstrated quantitative discrepancies 

between the results af EPR and NMR experiments (174,19&,211). 

These dif-Ferences have been ascribed to a disruption of the 

organization due to the bulky nature of the large spin label. 

A major advantage of NMR is the fact that it is a 

non-perturbing technique. As a consequence, a great deal of our 

present understanding of the dynamic characteristics af lipids 

in model membranes has been obtained from a variety o+ l H  (16, 

140) 9 "'P f28,46), '"C 114, l8,38.69,70, 1 16, 131, 167, 2141 and 

,3-l ~172,175,175,196,202,203s211~ NMR investigations. 

Protons display a high natural abundance (99%) and a large 

magnetic moment, therefore the sensitivity of the nucleus is very 

high. However, the range of chemical shifts is small, and as a 

result the resolution is generally quite poor, due to the 

partial 1 y overlapping signals. Moreover, "H relaxation data are 

frequentl y difficult to interpret, since the relaxation rate may 

contain contributions from spin diffusion (1421, as well as a 

combination of inter- and intramolecular dipolar interactions 

(68). Interpretation of proton relaxation data is further 

complicated, in model membranes, by the fact that the spin 

lattice relaxation rate is sensitive to both the radius uf 



curvature and the number of bilayers in the liposome (205). 

Ulthough .=*P is a very sensitive technique, it is of 

limited utility since the phosphorus nuclei are confined only to 

the phospholipid headgroup. 

The natural abundance of is low (1, I%), and therefore 

'"C is a less sensitive technique than 'H NMR. However, through 

the use of Fourier transform (FT) NMR techniques this problem is 

readily avercome. i z C  NMR offers three important advantages 

aver the use of "H NMR. Firstly, the l.'C nuclei display a 

wide range of chemical shifts ("200 ppm) resulting in much higher 

resolution than lH NMR (11&). Secondly, the dominant relaxation 

mechanism is via intramolecular dip01 e-dipole interactions 

(l29,l9?). Finally, unlike 'H NMR, 13C spin lattice relaxation 

rates are insensitive to the radius of curvature of the model 

membrane system, since the spin lattice relaxation time, TI, of 

both multifamellar liposomes and unilamellar vesicles agree, 

within experimental error (167,169). This combination of 

increased resolution and 1 ack af competing re1 axat i on mechanisms 

make NMR a useful method by which to study rates of motion 

in phospholipid bilayers. 

Natural abundance "H NMR is generally not practical, due to 

the low natural abundance (0.016%) and the small magnetic moment 

of the deuterium nucleus (UD = 0.25 ull) (171). Selective 

replacement of a "H with its =H isotope plus the use of FT NMR 

techniques defeat this limitation. Indeed, the requirement for 



selective labelling can be an advantage, since the "H resonance 

can then ' be i mmedi ate1 y and unambiguously assigned. The 

dominant 'H relaxation mechanism is the electric-quadrupolar 

interaction. Therefore interpretation of "H relaxation is less 

complicated than W relaxation. The notable feature of is 

the fact that " i i  spectra are sensitive to both the rate of 

molecular motion as well as the orientational order at the site 

of the "H nucleus. This is important, since the "H spectrum 

then represents a convenient means of directly measuring the 

orientational order. 

A frequently studied model membrane system is the 

unilamellar vesicle formed by ultrasonic irradiation of 

multilamellar liposomes d98). NMR spectra of vesicles are 

characterized by sharp resonance signals and increased 

resolution (1&,59,1&7,202), This enhanced resolution observed 

in 5oni cated vesicles has been the subject of considerable 

debate. Several authors argue that thq decrease in linewidth is 

the consequence of a decrease in the orientational order of the 

bilayer due to the high degree of curvature of the vesicle 

surf ace (13Z,lS3,152,16&, l79), while others contend the reduced 

,linewidths can be explained by the increased tumbling rate of 

the vesicle ("250 A" diameter) and'tho order within the 

vesicle bilayer is unchanged (l6,58-&O,l40, 203). Attempts to 

resolve this controversy using DSC have served only to augment 

the debate. Sturtevant (207) reported the gel-to-1 i quid 



crystalline phase transition, in vesicles, occured at a lower 

temperatdre and was accompanied by a lower enthalpy change than 

was observed in multilamellar liposames. By way of contrast, 

De Krui jff e_t_ s&. (46)  were unable to detect either a decrease 

in the transition temperature or the enthalpy during the phase 

transition. The most recent evidence (152) paints to a reduced 

orientational order in vesicles compared to liposomes. In view 

of this evidence, vesicles may not be the best general model of 

membrane structure or organization. Nevertheless, they do 

represent an excel lent model of membrane regions which 

chsracteristically possess a high degree of curvature, such as 

the inner mitochondria1 membrane, presynaptic vesicles, and 

coated pits near protein receptors. In addition, vesicles may 

be considered an approximate representation of the outer shell 

of low density lipaprotein (LDL) .  In this case, the analogy is 

particularly good since both unilamellar vesicles and LDL have 

approximately the same diameter. 

Chol esteryl Esters in Model Membrane Systems 

Cholesteryl esters comprise a second important class o+ 

membrane components which currently are the object of intense 

research activity. Experimentally, the link between 

atherosclerosis and the local ized accumulation of chol esteryl 

esters has been well documented. 



Atheroscl erosi s i s characterized by the deposit ion of 

lipids in the walls of coronary arteries. The early stages of 

atherosclerosis are characterized by a general increase in the 

total lipid content of the aortic intima. These lipid deposits 

develop into fatty streaks, and in later stages, form fibrous 

plaques which protrude into the lumen of the aorta and restrict 

blood flow, thus leading to the condition known as ischemia 

(194). Lipids isolated from these lesions are, for the most 

part, cholesteryl esters (35). Lipid analysis of +atty streaks, 

isolated at autopsy, indicates cholesteryl esters constitute 

77%-79% of the total lipid content o+ this type of lesion (112), 

and the majority of the cholesteryl esters are localized in oily 

droplets where they may represent as high as 95% of the total 

1 ipids present (127). Fi brous plaques are structurally more 

complicated, and various lipid components may separate into 

discretg phases. However, within the oily droplet phase, 

similar to fatty streaks, cholesteryl esters account for 

approximately 90% of  the lipids (112,113). 

Initial Investigatictns of the phase behaviour and 

organizatian oS cholesteryl esters in phospholipids employed a 

combination of optical and calorimetric techniques (lCM,lO&). 

In general, the solubility of cholesteryl esters in phospholipid 

is dependent on both the degree of hydration and the liquid 

crystalline state of the phospholipid. Maximum solubility of 

the unsaturated ester cholesteryl linolenate, in egg phospha- 



tidyfcholine, (egg PC) is reported to be 4.5 mol% over the range 

15%-30% water by weight (104). A s  the degree of hydration is 

increased from 30% to 42%, the ester solubility decreases to a 

approximately 3 mol%, and remains unchanged upon further 

hydration. From X-ray diffraction patterns Janiak gr a&. il041 

concluded that above 20% water by weight, cholesteryl linolenate 

existed in a "horseshoe" conformation such that the carbony1 of  

the ester was near the lipid-water interface, and both the 

steraid and fatty acyl moieties were essentially parallel to the 

phospholipid acyl chains. In the case of  chol estervl myristate, 

in dimyristoyi phosphatidylcholine (DMPC), at 37 "'C, maximum 

solubility, "5 molX, was observed at 20% hydration. Beldw the 

phospholipid sol id ta 1 i quid-crystal 1 ine transition temperature, 

23 "C, rholesteryl myristate is insofuble in DMPC !10&). 

Surface pressure-molecular area studies o-F lipid monolayers 

have shown gen~rall y simi far results with a w i d e r  range a# 

c b o l  esteryl .esters ! I?O-lW!. 4t surf ace pressures 

approximating pressures found in natural membranes, 30- 

35 rnNimetre, c&-unsaturated cholesteryl esters displayed low 

solubility in dialeavl phosphatidylcholine while bath frans- 

unsaturated and saturated esters were insoluble. 

Several magnetic resonance techniques have been employed to 

study mmlecul ar motion and conf ormati on of cholesteryl esters. 

EPR studies a+ I mol% 5-doxy1 cholesteryl palmitate, in nriented 

multilayers, reflect restricted motion in this region of the 



acyl chain, with the nitroxide label displaced from the bilayer 

normal by' of 47 degrees (79). Similar studies with 16-doxy1 

choiesteryl stearate indicate nearly isotropic motion near the 

methyl terminus of the acyi chain. These observatians were 

interpreted as support for the "horseshoe" conformation proposed 

by Janiak gt a l .  t 1 0 4 ) .  At concentrations exc2eding 1 mal% 

16-doxyf ch~lesteryl stearate, EPH spectra resemble a super- 

p~sitian of twa spectra, one originating from ester in a nearly 

isctrzpic enviranment, and t h e  other from microdomains of solid 

ester f 7S i .  / 

The coexistence of "dissolved" and "sol id" cholesteryl 

ester in egg PC liposomes has also been demonstrated by 'H 

NMR (77,215). Moreover, the quadrupole splitting pro-File of 

selective1 y label f ed cholesteryl esters lends further support to 

the proposed horseshoe conformation od cholesteryl esters. 

Analogous experiments with sonicated vesicles are consistent 

with the horseshoe conformation, however, chofesteryl esta-s 

appear to be more soluble in vesicles than in lipasomes (39,761. 

Phosphorus NMR experiments have demonstrated the 

dif f orential effect ~f saturated and unsaturated cholesteryl 

esters on phospholipid vesicles. Incorporation 0-f up to 5 maf % 

cholesteryl palmi tats in vesicl es at 33 "C siqnif icantly 

increased the permeability of the vesicles to praseodymium and 

EDTA ions, whi le cholesteryl 1 inoleate appeared to have nu off ect 

on membrane permeability. These experiments demonstrate the 



significance of the thermatropic state of the ester in model 

membranes, (641 since cholesteryl palmitate is in the gel state 

while chulesteryl 1 inuleate is in the 1 i quid crystal 1 ine state 

at this temperature. 

Low Density Lipoproteins 

Cholesteryl esters are transported throughout the body by 

lipoproteins, and of the four major classes of lipoproteins, 

l o w  density lipoprotein (LDL) is the principal carrier !24,94). 

Elevated serum concentrations of LDL are known to correlate 

positively with the development of atherosclerosis (128,198, 

221 2 . Immunof lucsrescence. techni ques have i 1 lustrated a 

pattern a+ LDL accumulation that para1 1 el s the progressive 

development of atherosclerosis (95,961. In normal aortic 

ti5sue, no specific immuno#luorescence was observed. On the 

other hand, fatty streaks and fibrous plaques did display 

immunospecific fluorescence. Tissue analysis indicates that 

increasingly mare LDL is bound to the atherosclerotic lesion as 

the severity o$ the lesions progress (1951. LDL isolated from 

normal tissue was of similar lipid composition to plasma LDL, 

while that found in atherosclerotic lesions displayed a reduced 

cholesteryl ester content (931. 

LDL is derived intravascularly by the enzymatic structural 

reorganization of very low density 1 ipoprotein (VLDL) . The 



in vi vo conversion of VLDL involves several 1 i pol yti c enzymes. -- ---- 
Current evidence suggests that a5 VLDL is degraded, apo-C, 

triglycerides and same phospholipids are transferred from VLDL 

to high density lipoprotein (HDL1 while apo-P and the remaininq 

core remnants are selectively retained, thus forming 

intermediate density lipoprotein (IDL) which is in turn rapidly 

converted to LDL (53-56,146,200). Unalysis of chemical 

composition reveals that, on average, LDL contains 21% protein, 

22% phospholipid, 37% rholesteryl esters, 11% triglyceride and 

5% free chalesterol (162). 

From the point of view that IDL can be isolated as a 

discrete entity within the density range 1.006-1.019, IDL may 

be considered a separate class of lipoprotein. However, 

experiments in man indicate that this lipoprotein species is 

only short lived, and therefore IDL is generally considered only 

as a precursor of LDL. 

In normal humans, VLDL appears to be the only source of 

LDL (541. However in patients suffering from the homozygous 

form o-f hypercholesterolemia (198) or diabetics displaying 

hypertriglyceridemia 1155) direct hepatic secretion of LDL may 

b e  important. Normal subjects too may secrete LDL directly, 

however if this does occur, the amount of LDL produced by this 

mechanism is so low as to escape detection (74). 

The uptake of LDL has been characterized primarily as a 

result of studies of several cultured cell lines (22-24,63,71, 



73,145,1801. In the presence of calcium ions LDL binds 

electros*atically to a high-aff inity LDL receptor located on the 

cell surf ace in regions known as coated pits (81 1.  Cultured 

cells f ram patients suffering from familial hypwcholesterolemia 

have been shown to possess either no high-affinity LDL receptor 

(receptor-negative) or receptors of impaired function (receptor- 

defective)I74,75). A s  a result, the biological half-life of 

LDL, in these patients, rises from the usual 3-4 days reported 

in normal humans (128,184) to more than six days (198). More 

recently, the importance of the high affinity receptor has been 

demonstrated, Ln viva, in humans. Uptake of LDL by this 

receptor accounts for 30-50% (25,184) of the total daily LDL 

uptake. The remainder of- the daily uptake of LDL is thought to 

came abaut by a low-affinity LDL receptor (53,71,145). 

Recently, in two cell lines previously classified as receptor- 

negative, a low a-ffinity LDL receptor has been reported (180). 

The currently accepted structural model of LDL has grown 

from the results of a variety of experimental techniques. 

Negative staining electron microscopy indicated LDL is an 

approximately spherical particle with a characteristic diameter 

bf 200 ta 250 A* 1661, At very high magnification, in addition 

to the apparent fine structure on the LDL surface, fine 

serrations were evident on the edge of individual particles. 

Smal l-angle X-ray scattering experiments conf irm the 

electron microscopy investigations, and extend these studies to 



present a more detai led understanding of the interrelationship 

between i'ndividual LDL constituents (7,8,42,43,124,138,210). 

Polar phospholipids, free cholesterol and apoprotein-B are 

confined to the outer shell o+ the LDL particle while the apolar 

trig1 ycerides and cholesteryl esters are localized within the 

core o+ the particle (7,8,124,138,2lOl. Tardieu and coworkers 

(138,2101 repurt that the polar shell is convoluted, and protein 

is distributed over the surface in apparently tetrahedral 

symmetry. Similarly, neutron scattering experiments indicate a 

phospholipid monolayer surrounds a core of cholesteryl esters 
,' 

and triglycerides with the protein protruding 5 to 10 A" above 

the phospholipid head groups (126,2061. A recent freeze-etching 

electron microscopy study- also reports the existence of small 

glabules, presumably protein, on the surface of LDL 1801. 

Molecular organization within the core of LDL is still the 

subject of disagreement. Luzzati 2% (1381 contend the 

chol esteryl esters form small mi cel le-1 i ke domains of *16 A" 

diameter which are arranged in a cubic matrix within the LDL 

core. A1 ternatively, several experimenters (7,8,42,43,1241 

assert that at temperatures near 1 0  "C the cholesteryl esters 

'and triglycerides form two concentric spheres within the core, 

while a less arderly geometry is predicted at temperatures near 

45 "C. Each model of the LDh core depends heavily on the 

specific assumptions made by their respective proponents. Final 

resolution of this controversy awaits further experimentation. 



Figure 1 shows a schematic representation of LDL as proposed by 

Deckelbadm and coworkers. 

Cholesteryl esters with unsaturated acyl chains predominate 

in LDL, with cholesteryl 1 inoleate and cholesteryl oleate 

typically accounting for "50% and "25% of the ester content of 

human LDL (162). In monkeys, diets rich in saturated fats 

elevate the transition temperature a+ LDL (209) (see below). 

Furthermore, it has been reported that increased levels of 

saturated cholesteryl esters cl osel y para1 1 el the development of 

atheroscler~sis in these animals (209). From these findings, 

it is evident that the phase behaviour of LDL is important. 

Phase behaviour of human LDL has been investigated by 

differential scanning calorimetry (DSC) (4,43). Between O "C 

and 60 'T native LDL displays a broad reversible transition 

beginning at " 20 "C and ending at "40 "C. Synthetic mixtures 

containing cholesteryl esters and triglycerides, in proportions 

aproximating those in LDL, display similar transitions. No 

thermal transitions are observed within this temperature range 

when triglycerides, cholesterol, or phospholipids, isolated from 

LDL, are investigated. Theref ore, this transition is associated 

'solely with a phase transition of the cholesteryl esters. This 

phase transition is associated with an enthalpy change of 0.69 

cal/q of ester (42), while in cholesteryl esters isolated from 

LDL the associated enthalpy change is 1.01 cal/g of ester. 

Deckelbaum & aL (421 suggest the reduced enthalpy change may be 



Figure 1. Model of low density lipoprotein structure 
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related to structural constraints within the LDL core. Two 

observations appear to support this hypothesis. Firstly, while 

thermally denatured LDL displays a broad transition extending 

from "10 "C to "40 "C the enthalpy of this transition is 0.89 

cal/g of ester. Secondly, upon cooling from 50 "C to 17 OC, 

thermal 1 y denatured LDL undergoes an additional transition at 

17 "C, while no such exothermic transition is displayed in 

native LDL. f7 similar transition, associated with cholesteryl 

ester crystallization, has been demonstrated in isolated 

rhalesteryl esters or cholesteryl esters containing small 

amounts of triglycerides (43). 

Thermal transitions within the LDL have also been studied 

by circular dichroism l88>. When chol esteryl ~2s-parinarate 

(see p.128) is incorporated into the core of LDL, the magnitude 

and the sign of the induced circular dichroism vary with 

temperature. The variation of the circular dichroism para1 lels 

closely the DSC transition recorded on the same labelled LDL 

sample. It should be indicated however, that the incorporation 

of cholesteryl chz-parinarate into LDL did depress the DSC 

transition by 19-13 "C from that observed in native LDL (1883. 

Thorough understanding of the circular dichroism behaviour is 

not possibf e at this time and awaits future development of a 

complete theoretical description of this phenomenon. 

Within the LDL core, molecular motions have been probed 

using fluorescence spectroscopy (189). Throughout the 



temperature range 2 "C to 30 c'C, cholesteryl c&z-parinarate 

exhibitsctwo distinct fluorescence lifetimes indicating the 

coexistence of two discrete environments within the LDL core. 

The re1 ati ve proportion o+ the short- and 1 ong-1 i ved components 

is strongly temperature dependent. Sklar & aL. assert that 

core lipids are highly immobilized as indicated by the extra- 

ordinarily high value f".78) o-f the order parameter they measure 

(189). Furthermore, they reported that the order parameter is 

relatively insensitive to temperature over the range 1.8 "C to 

30 "'C. This observation is di+ficult to reconcile with similar 

experiments reported by Sklar gg a&. (la81 showing that a 

thermal transition does occur in this temperature range as 

evidenced by both DSC and circular dichroism. 

Data measured by EPR experiments are not in complete 

agreement with evidence exhibited by fluorescence techniques 

4 1 9 .  In accord with fluorescence data, EPR experiments 

indicate the coexistence of domains of substantially difSering 

degrees of molecular motion (114). However, in sharp contrast 

to fluorescence data, EPR spectra of spin label led cholesteryl 

stearate, in LDL, suggest molecular order in the LDL core is 

very low I114!. Also, in agreement with calorimetry 

experiments, EPR results provide evidence that a thermal 

transition occurs in the LDL core near 30 OC (119). Moreover, 

the Arrhenius-type plot presented by Keith qs a_&. (114) alludes 

to a complex pattern of phase behaviour within the LDL core. 



While both fluorescence and EPR spectroscopy are very 

sensi t ive '  and useful  techni ques, f o r  reasons ai ready discussed 

e a r l i e r  i n  t h i s  chapter, they are not without t h e i r  l im i ta t ions .  

NMR spectroscopy, on the other hand does not su f fe r  from such 

impediments. A s  a consequence, NMR spectroscopy i s  p a r t i c u l a r l y  

wel l  sui ted t o  the study of both molecular motion and s t ruc tu ra l  

organization i n  LDL. The s t ruc tu ra l  arrangement of  phospholipid 

headgroups i n  LDL has been invest igated using =lP NMR. Simi lar  

/ 
experiments using sonicated phosphatidylchol i n e  vesicles, i n  the 

presence of paramagnetic s h i f t  reagents, c l ea r l y  demonstrate the 

existence of a b i l aye r  s t ruc ture  i n  the vesic les (64). 

Analogous experiments wi th  LDL i n  the presence of  lanthanide 

(226) or  manganese ions (90) reveal tha t  100% of the observable 

phosphorus s ignal  i s  sh i f t ed  or  broadened by the paramagnetic 

ions, Corrabarating evidence has been presented by *H NMR 

experiments which demonstrate tha t  a l l  the observable N(CHxIS 

protons are sh i f ted  u p f i e l d  i n  the presence of fe r r icyan ide 

ions (&1). However, when manganese ions are chelated wi th  

ethylenediaminetetraacetic acid 1EDTA) (Mn3+: EDTB = 1: 2-21 only 

50% of the LDL phosphorus s ignal  i s  broadened (90). Yeagle 

e t  gii. calculated t ha t  the  observable phosphorus s ignal  accounts -- 
f o r  only 80% of the phosphorus nucle i  present i n  the LDL 1225) 

while the remaining 20% are thought t o  be immobilized such tha t  

the resonance i s  too  broad t o  detect. Taken together, these 

resu l t s  demonstrate the complex nature of the LDL surface. On 



the basis of the current evidence, i t  seems l i k e l y  t ha t  the 

phaspholipid ex is ts  as a monolayer on the LDL surface such tha t  

the ph'ospholipid head groups are exposed a t  the  phospholipid- 

aqueous interface, Regions of  the surface may be covered by 

pro te in  but small paramagnetic ions appear able t o  "penetrate" 

the pro te in  and thereby af fect  equal ly the resonance of  a l l  

phospholipids while la rge complexes containing paramagnetic ions 

are blocked by the protein. Ions as la rge as 9 A* are able t o  

penetrate the pro te in  since the fer r icyanide ion  i s  reported t o  

be "9 A" i n  diameter (61). 

Ear ly investigators, using proton NMR, reported t ha t  none 

of  the pholphol ip id acyl chains are immobilized i n  LDL due t o  

the presence o+ apo-3 ( 199). More recent1 y, the e f fec t  o+ 

temperature on l i p i d  mob i l i t y  has been studied by "H NMR (121). 

Kroon and Kreiger (121) acknowledged the f a c t  tha t  the  f a t t y  

acyl chain resonances contain contr ibut ions a r i s i ng  from 

phospholipid, t r ig lycer ides ,  and cholesteryl  esters. They 

contend however, t ha t  since cholesteryl  esters comprise the mast 

abundant c lass.  of l i p i d  (by weight), they w i l l  dominate the 

observed signal. A study of the  spectral amplitude of  the 

methylene resonance as a funct ion of temperature, reveals one 

break a t  26 "C and a second, more prominent break a t  36 %. 

These break po in ts  are i n  harmony wi th  DSC data recorded on the  

same sample and were therefore in terpreted as a manifestation 

8-F the onset and completion of  a thermal t r a n s i t i o n  w i th in  the 



LDL care C120). 

The greater range of lXC chemical s h i f t s  al lows some 

cholesterol resonances t o  be resolved well  away from other 

overlapping L i p i d  resonances (82,83,122,1681. A t  50 "'C, we1 1 

above the DSC t r a n s i t i o n  temperature (1681, the I3C NMR spectrum 

of LDL i s  characterized by several wel l  resolved resonances each 

d isp l  aying r e l a t i v e l y  narrow 1 inewidth. 6s the  temperature i s  

decreased the s te ro l  resonances broaden and a t  10 OC are 

d i f f i c u l t  t o  detect. aver the same temperature range, the  acyl 

chain rnethylenc resonances broaden s i g n i f i c a n t l y  less. Para l l e l  
I 

experiments using neat esters (1681 or mixtures of cholesteryl  

esters p lus t r i g l yce r i des  (•’341 confirmed t h i s  observation. I n  

neat cholesteryl  esters, the acyl chain resonances remain narrow 

u n t i l  the onset o+ the smectic phase. 

The i n te rp re ta t ion  of NMR spectra i n  terms of  molecular 

motion of spec i f i c  LDL const i tuents demands an unambigous 

assignment of the NMR.resonances. I n  the case of both %H and 

NMR however, the  composite nature of the major i ty  of the  

resonance signals l i m i t s  the  u t i l i t y  o f  these techniques. These 

l i m i t a t i o n s  can be overcome through the  use of se lec t i ve ly  

deuterated compounds. 



Objective of the present research 

The present research embraces two purposes: firstly, using 

"H NMR the orientational order within the core and the outer 

shell of human LDLa wi 11 be studied and secondly, natural 

abundance L."T NMR experiments will be conducted to investigate 

the orientation of cholesteryl esters in sonicated vesicles. 

The relationship between membranes, cholesteryl esters and 

low density lipoprotein is well documented. A thorough 

comprehension of the molecular organization within LDL is an 

essential prerequisite to the understanding o+ LDL assembly and 

its interaction with membranes. 



Chapter 2 

Materials and F?ethods 

I. Materials 

Chalesterol , purified napthalene crystals, certified QCS 

g ~ a d e  1,4 di mane, chl araf arm and hexadecanoi c aci d were 

purchased f ram Fisher Scientific Co., New Jersey. Cholesterol 

w a s  recrystal 1 ized from benzene bef are use. Chol esteryl 

l inoleate, triolein, 1, 1 "-carbonyldi imidaxo1e and deuterium 

depleted water were purchased from Sigma Chemical Co., 

St. Louis. Deuterium oxide (99.8% Vi)  , f 5,5,6,6, -.'W,Ihexa- 

decanoic acid, and C 1  I ,  11,12,12-~H,Ihe:cadecanoic acid were 

purchased from Merck, Sharpe and Dohme Canada, Ltd. Hexa- 

decanoi~flb,lb,lb-~H,3 acid was purchased from Serdary Research 

iabarataries, London, Ontario, Canada. He~adecano ic t2 ,2 -~H, ; , -3  

acid was a kind gift from Dr. H. Gorrissen. "Baker analyzed" 

si 1 ica gel, 60-200 mesh, was purchased from J. f. Baker Chemical 

Campany, Philipsburg, New Jersey. Reagent grade ethylene glycol 

and acetane-+re@ methyl alcohol were purchased from fimerican 

Scientific and Chemical, Portland, Oregon. Manganous chloride 

was purchased f ram General Chemical Division a+ #l l ied 

Chemirals, Morristown, New dersey, U. S .  A. Cholesteryl 



E l - " 4  CfOleate, t I-"'Clhexadecanoic acid and 1 i qui+luar (NEF-903) 

C14,14-2Hz2:30ctadecenoic acid, tlb,lb-xH:,z3actadaconoic acid and 

.... 
m,l8, IS, -LHr::3actadecenoic acids were generous gifts from 

Dr. A. P. Tulloch, Prairie Regional Laboratory, Saskatoon, 

Saskatchewan, Canada. The spin label, 5-doxyl paimitic acid 

(2- {.- 'T- carboxypropyl 1 -2-undecy1-qf 4-dimethyl-3-oxazol idinylaxvll 

was a gift of Dr, A= K. Graver. The spin labelled acid 14-daxyl 

steari c acid (2- ( 14-carboxytetradecyl l -2-ethyl -4f  4-di methyl--+ 

oxazol idinyloxyl ? was purchased f rbm Syva, Pala Alto, 

Calif~rnia, U.S.A. The spin labelled steroid 1 "-hydroxy-3B- 

di-n-prapyl-17,17-aza-b7a-d7a-f)-homa~5cle-andrstan:yl-l7a (111) was 

a generaus gift of Dr. A. Rassatt, Grenoble, France. Goat 

serum anti bodies, prepared against human oC -proteins, human 

4 -pratei ns and human a1 bumin, w e r e  purchased from Mi l es-Yeda 

Ltd., Israel. 



11. , Methods 

A Isolation of Eqg Phasphatidylcholine I 

, 

Egg phasphatidylcholine (egg PC) was isalated from fresh 

e3g yul k 5  a5 described by Singf etan & 21. i 186). The crude 

phospholipid extract was purified by column chromatography on 

silica gel (459). Fractions containing only egg  PC, as 

determined by thin layer chrnmatography an Sil G Palygram plates 

IFrinkmann? in ch1ar~furm:methanol: water (65:25: 4), were paoled 

and the solvent was removed by rotary evaporation. Final traces 

a+ solvent were removed by vacuum pumping aver pha-zphorus 

pentoxide. ?uri+ied egg PC was made to known concentration, in 

chlsrofarm, and stored under nitrogen, in the dark, at -30 "C. 

8. Preparation nf Perdeutero Palmi tic Arid 

Palmitic acid was perdeuterated under an atmosphere of 

deuterium over a palladium (5%)  on charcoal catalyst, as 

described by  Hsiao.gg 197). Deuterium gas was qenerated 

using a Varian Aerograph model 9652 hydrogen generator. 

Progress a+ the reaction was monitored using mass spectral 

analysis. At completion o S  the rsaction, the extent af 

deuteration was generally greater than 96%. 



C. Cholesteryl ester synthesis 

Spin labelled cholesteryl esters were synthesized according 

to the procedure previously described by Grover and Cushley 

t 7 5 ) .  Deuterium label led cholesteryl esters were synthesized 

using a modified form of the procedure. In a tyg5ical reaction 

1.67 mmol of C 2 ,  2-"H-;2101eic acid was transferred to a pear- 

shaped flask and dried vacua overnight at roam temperature. 

To the dry acid, 1.71 mmol of 1,l"-carbonyldiimidazole was added. 

The mixture was dissolved in approximately 3 mL o-f dry ben, "ene 

and stirred under an atmosphere of nitrogen. After the 

evolution o+ C02 had ceased, the solvent was evaporated. 

Residual benzene was removed by vacuum drying for approximately 

45 minutes. To the dry reaction mixture 1.99 mmol of 

cholesterol was added. The reaction flask was heated to 99 OC, 

under an atmosphere of dry nitrogen, using an oil bath. A t  the 

end of three hours the oil bath was switched off, and the 

reaction flask was allowed to cool, in the oil bath, to room 

temperature. The reaction mixture was dissolved in "20 mL of 

benzene, 40 mL disti 1 led water was added, and the phases were 

separated. The aqueous phase was similarly extracted three 

more times, and the combined organic phase was reduced to 

approximately 3 mL. The reaction mixture was puriSied on a 

2.5 x 40 cm silica gel column using benzene as eluant. The 

cholesteryl ester was identified by thin layer chromatography 



Figure 2. Deuterated cholesteryl esters 
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Figure 3. S p i n  l a b e l  l e d  c h o l e s t e & l  esters 





of i n d i v i d u a l  f r a c t i o n s  e l u t e d  + r a m  t h e  column. A f t e r  

e x h a u s t i v e  d r y i n g  iq vacuo  857.5 mg ( y i e l d :  78.4%) of t h e  ester 

w a s  o b t a i n e d .  F i g u r e s  2 and 3 i l l u s t r a t e  r e s p e c t i v e l y  t h e  

d e u t e r a t e d  and s p i n  l a b e l  l e d  esters s y n t h e s i z e d .  

D. A n a l y s i s  of O e u t e r a t e d  C h o l e s t e r y l  E s t e r s  

The m e l t i n g  p o i n t  of  e a c h  ester w a s  measured u s i n g  a 

p o l a r i z i n q  l i g h t  m i c r o s c o p e  equ ipped  w i t h  a heat stage. T h e  

i n s t r u m e n t  w a s  c a l i b r a t e d  u s i n g  azobenzene  (mp 60 "C) as a 

s t a n d a r d .  T h e  m a s s  s p e c t r a l  d a t a  r e p o r t e d  h e r e  w a s  o b t a i n e d  

u s i n g  a Hewlet t-Packard 5985 GCMS m a s s  s p e c t r o m e t e r .  The m o s t  

i n t e n s e  peak o b s e r v e d  o v e r  t h e  m a s s  t o  c h a r g e  Im/e1 range 400 t o  

700 w a s  normal ized  t o  100%. Under c o n d i t i o n s  of  aptimum 

s e n s i t i v i t y ,  t h e  m o s t  abundan t  peak i n  t h i s  r a n q e  w a s  g e n e r a l l y  

less t h a n  0.5% of t h e  c h o l e s t e r y l  ion ( m / e  38.5) = 

C h o l e s t e r y l  oleate. mp. 51.5-52.5 "C; m / e :  652.9 120.8% 

m+Z), 651.8 142.4% m+l ) ,  650.8 (100% m * . ) ,  649.8 (23.7% m-11, 

643.7 i 14.4% m-21, 636.7 (l6.4%), 645.9 130.6%) 

C h o l e s t e r y l  C2, 2-2H.;r301eate. mp. 51.5-52.5 "C; m / e :  654.7 

(20.8% m + 2 )  653.7 (56% m+l) ,  652.7 (92.2% m " , ) ,  651.7 

1100% m-1)  , 650.7 (73.7% m-21, 637.6 (13.5%) 636.6 (19.3%). 



Chole~teryl C5, 5-zH-z301eate. mp. 50.5-51.5 c'C; m/e: 654.8 

(14.9% m+2), 653.9 (48% m+l), 652.8 (100% m".), 651.8 (14.5 % 

Cholesteryl C8, 8-zH,lo1eate. mp. 52.5-53.5 "C m/e: 654.8 

Chalesteryl Cl4,I4-%~~oleate. mp. 51.5-52.5 OC; m/e: 

654.9 (11.4% m+2), 653.8 153.6% m+l), 652.8 C100% m".), 651.8 

(26.9% m-1 i , 650.8 (31 -3% m-21, 635.8 { 13.4%) 637.8 (29.2%). 

Cholesteryl C lb,l6 =H21oleate. mp. 51.5-52.5: "C;  m / e :  

555 (15.2% m+2), 654 (4AX m+l?, 653 (100% m'+.l, 652 (15.6% m-11, 

651 (14.1% m-21, 638 C12.3%>, 637 (25.1%). 

Chof esteryl t l8,18, 18-zH~loleate. mp. 51.5-52.5 "C: m/e: 

655.9 (12.4% m+2) ,  654.9 (45.8% m+l), 653.8 (100% m", 1 ,  652.9 

E. Vesicle Preparation 

Egg phosphatidylcholine (600 mg) was dispensed 

vol umetrical ly into a clean round bottom flask. Cholesteryl 

esters (1.7 mol%), when present, were similarly dispensed and 



co-dissolved with the egg PC in chloroform. Solvent was 

evaporated under a stream of nitrogen, followed by vacuum drying 

overnight, The lipid was mixed with 3 mL of "HsO using a vortex 

mixer. The resulting lipid dispersion was sonicated 15-20 

minutes at 15 OC under nitrogen, using a Biosonik I f 1  probe-type 

5mticatar. Undispersed lipid and titanium particles were removed 

by centri+uqatian +or 15 minutes in a clinical centri+uge. The 

vesicles were transferred to an NMR tube, sealed under nitrogen 

and studied immediate1 y. 

F. Preparation o+ Microemulsions 

Gholesteryl ester-rich microemul~ians were prepared by a 

procedure similar to that outlined by Sklar et gi (188). In a 

standard experiment, 27.6 mq of egg PC, 11.5 mg of cholesterol, 

25.3 mg o+ cholesteryl linoleate, 13.8 mg o+ trialein, and 

23.0 m g  of the specifically labelled chalesteryl oleate were 

dispensed into a 15 mm x 25 mm conical tube and codissolved in 

chloroform. The solvent was gently evaporated under a stream o+ 

nitrogen followed by vacuum drying overnight. The dried lipid 

mixture was dissolved in 6.6 mL of anhydrous 2-propanol, the 

. tube w a s  steppered and placed in a holder floating in a water 

bath at approximately 55 "C. The actual water temperaturef 

measured by a copper-constantin thermocouple at mid-height in 

the water jacket surrounding the Hamilton syringe, was 55 "'C. 



Three aliquats of 100 uL each were dispensed from a thermo- 

statted 5yringe into 3.0 mi o+ rapidly stirring buffer (0.15 M 

MaCl, 0.2 fl Tris-HCl, 0.3 mM EDTA, pH 7.42 at 10 "C. The 

resulting microemulsion solution was a translucent white. The 

microemulsions were immediate1 y incubated with plasma without 

further characterization. 

G. Cholesteryl Ester Exchange into ~i'po~rot~ins 

The dunor particles containing 101.2 mg of lipid were 

added to 240 mL of fresh plasma, and -92% sodium azide (w/w> 

was added. The plasma-micraemulsion solution was transferred to 

erlsnmyer flasks, sealed under nitrogen and incubated at 37 'T 

for 37 hours. Deuterium labelled cholesteryl esters were 

exchanged into L D L  usinq h u m a n  plasma lipid exchange proteins. 

H, Isolation of LDLz 

Labelled LDL2 was isolated by ultracentrifugation between 

salt densities 1 . 0 1 9  and 1.063 using a Beckman L5-75 ultra- 

centrifuge and a Ti 50.2 rotor (89). The lipoprotein 

concentration was increased to levels suitable for NMR 

experiments (25-40 mg/ml? using Millipore CX-30 disposable 

ul tuaf i 1 tration units. Deuterium depleted water exchanges 15 to 

6 )  were performed to attenuate the residual zHOH resonance. NMR 



experiments were conducted immediately f 01 lowing the final 

solvent &change. When electrom microscopy was performed, 

native (unlabelled) LDLz was isolated from the same poaled 

plasma, over the same density range, using an IEC B-60 ultra- 

centrifuge. 

I. Incorporation of Balmitic Acid into LDL2 

Palmitic acid was incorporated into Li l t z  by incubating a 

lipoprotein salution on a thin film of the appropriately 

labelled fatty acid ("3-4 mg, representing an excess over 5 

mol%) plus a trace of fl-14Clpalmitic acid in a round bottomed 

flask. The solution w a s  -gently agitated by hand during the 

period of incubation. The degree of incorporation was monitored 

by 1 iquid scintillation counting of a1 iquots removed from the 

sample. NMR experiments were conducted immediately. 

J. Analytical Procedures 

Solubility o-F cholesteryl esters in egg PC vesicles was 

determined col orirnetri call y using the method o-f Rudel and Morris 

f140 j .  The amount of egg PC present was determined from 

measurements of the amount of phosphorus in the same sample 15). 

Immunoelectrophoresis of isolated LDL2 was conducted in 

sodium barbitol buffer as outlined by Hatch and Lees 188). 



f i s s o c i a t i o n  of e i t h e r  d e u t e r i u m  1  a b e l  1  ed  p a l  m i  t i c  a c i d  or 

c h o l  e s t e ~ y l  esters w a s  d e m o n s t r a t e d  by column chromatography on 

S e p h a r o s e  &I3 a t  4 "C. The e l u t i o n  sol v e n t  w a s  0.3mM EDT& + 

0.02% sodium a z i d e  a t  p H  7.0. 

Phosphorus-31 NMR e x p e r i m e n t s  w e r e  conduc ted  on a V a h i  a n  

XL 108-15 NMR s p e c t r o m e t e r ,  i n t e r f a c e d  t o  a N i c o l e t  1080 

computer .  The f r e e  i n d u c t i o n  d e c a y s  w e r e  r e c o r d e d  a t  25 "C i n  

t h e  p u l s e  F n u r i e r  t r a n s f w m  mode a t  a f r e q u e n c y  of  40-5 MHz, 

u s i n q  a '.G'F f i e l d  f r e q u e n c y  l a c k .  Tempera tu re  w a s  c o n t r o l  l e d  

u s i n q  a Var ian  gas f l o w  t e m p e r a t u r e  c o n t r o l l e r .  Chemical s h i - F t s  

w e r e  r e f e r e n c e d  t o  a n  e x t e r n a l  H#QR 185%) s t a n d a r d .  

L= 1•‹C NHR 

N a t u r a l  abundsnce  NMR e x p e r i m e n t s ,  a t  25.15 MHz, w e r e  

conduc ted  on a V a r i a n  XL 100-15 s p e c t r o m e t e r  w i t h  a N i c o l e t  1080 

computer  and o p e r a t i n g  i n  t h e  p u l s e  F o u r i e r  t r a n s f o r m  mode. 

S p i n - l a t t i c e  r e l a x a t i o n  t i m e s  w e r e  measured u s i n g  t h e  

homogene i ty - spo i l ing  p u l s e  s e q u e n c e  1139). Broad band p r o t o n  

d e c o u p l i n g  w a s  a p p l i e d  c o n t i n u o u s l y .  Similar e x p e r i m e n t s  a t  

100.A MHz w e r e  conduc ted  on a Bruker  WH 400 s p e c t r o m e t e r .  

S p i n - l a t t i c e  r e l a x a t i a n  t i m e s  w e r e  measured u s i n g  t h e  i n v e r s i o n  



recovery pulse sequence (2171. 

In ekperiments investigating the selective broadening 

effect of Manganese ions, a Bruker WM 400 spectrometer was 

utilized. 

M. "H NMR 

Deuterium MMR spectra were recarded at 38.8 MHz using a 

hamebuilt spectrometer and a Nalorac 5.9 T superconducting 

magnet. Data cal lection and Fourier trans+ ormation af the 

/ 
resulting free induction decay was perfafmed using a Nirolet 

BNC-12 cbmputer. In experiments studying deuterium label led 

cholesteryl esters in LDL;, temperature was c~ntrol led to 

+/- 0.5 OC using a solid state temperature controller. 67 

phase alternating pulse sequehce was used during the experiments 

in arder to minimize baseline distortion. Spin-lattice 

relaxation times were measured using the inversion recovery 

pulse sequence C217). 

The NMR spectra o+ the methyl labelled cholesteryi 

esters were recorded at h2 MHz using a Bruker WM-400 

spectrometer. Data collection and Fourier transformation was 

. facilitated by an Aspect 2000 computer. Temperature was 

controlled to +/- 0.5 "C using a gas flow system. 



N. Radioactivity measurements 

Radioactivity was assayed by dispensing 50 uL aliquots of 

sample into 10 mL of scintillation cocktail, and counting the 

nuclear disintegrations on a Eeckman LS-8000 liquid scintillation 

counter. The scintillation cocktail was made by dissolving 60 q 

a+ napthalene, 100 mL of methanol, 20 mL of ethylene glycwl, 

and 42 mL of liquifluar in 600 mL of L,4 dioxane. After the 

napthalene had dissolved, the cocktail was diluted to 1 litre 

with 1,4 dioxane. Ten-mL aliquots were dispensed i n ~ o  new glass 
I 

scintillation vials and stored in the dark. 

Electron microscopy was conducted under the tutelage of 

Mr. Y. I. Parmar. General 1 y, native and label led LDL?: (from 

the same pooled units o+ plasma) were stained with 2.0% ammonium 

mu1 ybdate at pH 8.0, appl ied to 200-mesh Farmvar carbon-coated 

grids and air dried. The specimens were examined using a 

Phi 1 i p5 300 el ectron mi croscape at 80 kV. 



P. NMR L i n e s h a p e  a n a l y s i s  

The MMR s p e ~ t r a  f o r  the 2, 5, and 8 a c y l  c h a i n  p o s i t i o n s  

of c h o l e s t e r y l  aleate, as w e l l  as the s e l e c t i v e l y  d e u t e r a t e d  

palmitic acids i n  LDL:, w e r e  a n a l y z e d  u s i n g  an  i t e r a t i v e  least 

squares fit t o  & p a r a m e t e r s .  The program w a s  g e n e r o u s l y  

prsvlded by D r .  K Newman of t h e  Chemis t ry  Department a t  Simon 

Fraser U n i v e r s i t y  and was r u n  u s i n g  f a c i l i t i e s  of the Camputing 

Department a t  Simon Fra-ser U n i v e r s i t y .  The u n c e r t a i n t i e s  in the 

c a l c u l a t e d  1 i newi d t h s  r e f  l ect t h e  c a l r u l  a t e d  s t a n d a r d  

d e v i  a t  i ons.  



Chapter 3 

Theory 

This chapter will begin with a brie f introduction to the 

theory underlying the NMP experiments used throughout the course 

of thi-s investigation. Fal lawinq this general introducti~n is a 

discussisn af  the dipole-dip~ie relaxation mechanism, which is 

characteristic of L'3C NMR ~elaxaticm. For a thorouqh 

development of this topic t h e  reader is directed to books by 

A b r a q a m  ( 1 1 ,  Slichter 11871, sr Bovey 117), and the review of 

NMR applied ta membrane systems, by tee gg a&. 1129,. 

The latter portion o+ this chapter iq a discussisn o+ 

quadrupalar relaxaticn and the additional in+ armation available 

through the use a# quadrupole NMR experiments. Several 

excel f ent detailed discussians of deuterium NMR and its 

application to biological systems have been pubfished by Seelig 

1171), Seelig and Seelig ( l?7) ,  Hantsch & &. (141), and 

Eavis 140). 



Genera l  

#A charged  m a s s  r o t a t i n g  a b o u t  a n  a x i s  h a s  a magne t i c  

moment, p, r e l a t e d  t o  t h e  s p i n  a n g u l a r  mamentum,*~, t h r o u g h  

t h e  r e l a t i o n  

where '21 is t h e  magne togyr ic  ra t io ,  t h e  r a t i o  of magne t i c  and 

mechanica l  moments of t h e  n u c l e u s  under  i n v e s t i g a t i o n ,  is 

P l a n c k ' s  c o n s t a n t  d i v i d e d  by 27f and I  is t h e  n u c l e a r  s p i n .  

According t o  quantum t h e o r y ,  n u c l e a r  s p i n  s ta tes ,  m t r ,  

are q u a n t i z e d  and assume -(21+1) v a l u e s  between +I and -I. I n  

the case of n u c l e i  where I = 1/2, s u c h  as l X C  or p r o t o n s ,  m ,  x ,  

c a n  assume o n l y  t h e  v a l u e s  of +1/2 and -1/2. 

If  a n  i s o l a t e d  n u c l e u s  w i t h  a c h a r a c t e r i s t i c  m a g n e t i c  

moment, y, is p l a c e d  a t  s o m e  a r b i t r a r y  a n g l e  9 t o  a homogeneous 

magne t i c  f i e l d  Hc:,, which by c o n v e n t i o n  is c o l i n e a r  w i t h  t h e  Z- 

a x i s ,  t h e  i n t e r a c t i o n  between t h e  magne t i c  moment and t h e  f i e l d  

results i n  a t o r q u e  a p p l i e d  t o  t h e  magne t i c  moment. The t o r q u e  

is d i r e c t e d  p e r p e n d i c u l a r  t o  t h e  p l a n e  of b o t h  p and Ho. A s  a 

consequence  t h e  magne t i c  m o m e n t ~ t  w i l l  p r e c e s s  a b a u t  H,-, a t  t h e  

c h a r a c t e r i s t i c  Larmor f r e q u e n c y ,  which is d e t e r m i n e d  by t h e  

magni tude  of b a t h  the m a g n e t i c  moment and t h e  m a g n e t i c  f i e l d  as 

shown by t h e  r e l a t i o n :  



NMR samples general ly contain large col lectians of nucl ei . 
If the same maqnekic field is applied to a c~llectiun of nuclei 

the interaction between the magnetic moments and the +ield will 

result in a separatimn of spin states into (21 + 1 )  energy 

levels as shown in Fiqure 4a for the case of a nucf eus of spin 

1 2  The energy dif-ference separatinq these spin states is 

given by: 

Anticipating future discussion, it will b e  more convenient 
/ 

/ 

to cunsider not a collection of maqnetic moments but rather the 

bulk or macr~sccpic magnetization M which is the vector sum s+ 

the individual magnetic moments. The iel ati ve number af nucl ei 

at each energy level in Figure 4.3 is determined by a Bmltrmann 

di5triSuticn. At equilibrium the Boltzmann distribution favours 

the l a w e r  energy level, consequently, as shown by Fiqure 4b, MO 

if aligned parallel to the magnetic field H,. Furthermure, if 

an oscillating voltage is applied to a coil oriented 

perpendicular to H,!:,, a (weak) maqnetic field HI wili exist in 

the plane orthogonal to H,. T h i s  magnetic +ield, shown in 

Figure 4b, precesses about H, in the X-Y plane with a frequency 

w ,  and has the magnitude fH, cos wt +/- ti, wt) (171, If w is 



Figure 4. Vector addi t ion of magnetic moments 





equal to the L a r m w  frequency, the macroscopic magnetization 

vector Ma will experience a torque, and hence be tipped toward 

the X-Y plane. 

The rate of change af M in a magnetic +ield H is given by 

the relation (33,571 : 

Referring again to Figure 4b, it is clear that H is the 

composite of the appl ied magnetic field, H,, and the smaller 

field, t i 1  , precessing about H, at an angular frequency w. The 

components of H along the three principal axes (57) are: 

H., = -HI Sin wt 

Substituting equations 3.5a-3.5~ into the expanded +arm 



Eloch (12,131 has shown that nuclear spin systems do not 

possess infinitely long memories, and the components of M relax 

back to an equilibrium value with a characteristic relaxation 

time according to the relation: 

The relaxation times, T,  and T,, which characterize these 

re1 axati on processes are respectively known as the longitudinal 

and transverse relaxation times. From equati~ns 3.9-3.11 it 

is clear that M,, and H, exponentially relax back to equilibrium 

with a characteristic time Tz, and at equilibrium 

M,, = M, = O (3.121 

Simi 1 arl y, M, approaches equi 1 ibrium according to the time 

constant Tj., and at equilibrium 

M, = M,, 



Taking into account the effect of relasation (511, the rate of 

change of each component of M is: 

Relaxation is the result ~f oscillating magnetic fields at 

the nucleus, caused by random thermal motions occuring within 

the spin system. Efficient spin lattice relaxation is 

dependent on one criterion: there must be some time-dependent 

interaction directly on the spins within the system which is 

~ o s t  r-Ffective if it occurs at a +requency near the Larmor 

frequency. 

Consider a force F ffuctuatinq randomly about a mean value 

o# zero. If F is measured at time t and again at time (t+Z) 

later, then F(t1 may be different than ~(t-r-zl. When is small, 

hawsvet-, F i t + % )  is expected to very nearly equal Fft1. That is, 

there will b e  a high degree of correlation between F(t) and 

FC~+ZS. This can be expressed by the autocorrefation function of 

F d t I  i33,57): 



where the asterisk indicates the complex conjugate, and the 

angular brackets indicate the time average. Qwing to the random 

nature of thermal motions, the autocorrelation function is 

assumed to decay exponentially to zero in a characteristic time , , the correlation time. Equation 3.17 can then be rewritten 

a5 

Randnm thermal motions span a spectrum of fluctuation 

frequencies. The intensi-ty of any motion occurring at a given 

+requency can be evaluated by the spectral density function 

J ( w ]  (14,33) : 

The spectral density function is the Fourier transform of 

the autaca-relation function. It is a measure o+ the available 

energy due tn a +orce F fluctuating at a frequency w, as in the 

case of fluctuating dipoles or time-dependent oscillations of 

an electric field gradient. Any process which results in a. 



madulatinn af the local magnetic field at a nucleus is a 

pctential relaxaticm mechanism. The more cammanly known 

relaxation mechanisms are: 

! 11 Dipole-dipole interactions 

(21 Electric quadrupole interactions (I > 1/21 

i3) Chemical shift anisatropy 

(4) Spin-rotation interactions 

( 5 )  Scalar-coup1 ing interactions 

The remainder of this chapter will be restricted to a discussion 

of the first two mechanisms. / 



~ipble-~ipole Interactions 

Di pol e-dipole interactions are represented by the 

Hamiltonian 157): 

where I and S represent nuclear spins, and D is the dipolar 

coupling tensor. Molecular reorientations result in changes to 

4, t h e  angle the internuclear vector between spins I and S 
I 

subtends with the applied magnetic field H,. Consequently, the 

companents of D are ti me-dependent (33,571 . 
Spin-lattice relaxation is the result of transitions 

between energy Levels of the spin system, and hence related to 

the probability o$ a spin transition, W (141. In a system 

containing two non-equivalent spins, the spin lattice 

relaxation (197 )  time is determined by: 

where W t m ,  is the transition probability per unit time a5 

described by Solomon ( 1 9 7 ) .  Selection rules dictate that 

) i i m I =  1, therefore the only transition observed is between the 

m = +f-  1 / Z  spin states. Using the general method of 



Bioemhergen & a&. (141 as extended by Solomon (197), in the 

case of a proton-decoupled I.:'C system, the probability of 

transition, W r y  can be evaluated by the relations: 

where the bar indicates the average over a1 1 nuclei , WG and wr., 

are +-he respective Larmor freq~tencies of: ".:% and hydi-ogen, and 

F,: is a random function o-f the relative positions of spins 

f and  S < 1 , 1 9 7 i .  Assuming, for t h e  moment, that any m o t i m  

under consideration is isotropic fi4,197!, the appropi.ate values 

with 



where Yc:  and Xcl  are t h e  magne togyr ic  ra t ias  of t h e  c a r b o n  and 

h y d r o g e n ' n u c l e i  r e s p e c t i v e l y ,  and r is t h e  carbon-hydrogen 

i n t e r n u c l e a r  d i s t a n c e .  S u b s t i t u t i o n  o# t h e  c a l c u l a t e d  

t r a n s i t i o n  p r o b a b i l i t i e s  i n t o  e q u a t i o n  3.22 c l e a r l y  i n d i c a t e s  

t h e  s p i n - l a t t i c e  r e l a x a t i o n  t i m e  is r e l a t e d  to t h e r m a l  

mut i sn  (129,1971 by: 

I 

I n  the p r e s e n c e  of  a i o n ,  r e l a x a t i o n  of t h e  

"T n u c l e i  w i l l  s i m i l a r 1  y be v i a  d i p o l e - d i p o l e  i n t e r a c t i o n s  

f 197) .  T h e  magne t i c  moment of a n  u n p a i r e d  e l e c t r o n  is &50 t i m e s  

q r e a t e r  t h a n  t h a t  of a p r o t o n  i123). A s  a consequence ,  i n  t h e  

p r e s e n c e  ~f a p a r a m a g n e t i c  c e n t r e ,  t h e  '"C s p i n - l a t t i c e  

relaxation rate, n e a r  t h e  p a r a m a g n e t i c  c e n t r e ,  will be  dominated  

by the more ef # i c i e n t  e l e c t r o n - n u c l e a r  d i p a l a r  coup1 ing ( I S ) ,  

and e q u a t i o n  3,30a assumes  t h e  +arm: 

where /3 is t h e  Eohr magneton, 3 is t h e  e l e c t r o n i c  9 - f a c t o r ,  and 

WE is t h e  barmor p r e c e s s i o n  f r e q u e n c y  of  t h e  electrm. 



The assumption that molecular motions are isotropic may be 

unjustif led. In large molecular aggregates, such as egg PC 

vesicles or LDL, motion may occur simultaneously about several 

a x e s ,  and display a different correlation time about each axis 

<4,51,58,205,222). When complex anizatropic motions occur, the 

relaxation time observed is qoverned by the correlation time 

about each axis. Such motions reduce the probability a+ a spin 

transikisn, and therefore are reflected in a decreased spin- 

lattice relaxation rate (4,58, X 6 ) .  In the presence a+ 

anisotropic moti~n, equation 3.30a can be written f4,205): 

where, in the limit that internal motions occur much +aster than 

the averall tumbling sate ~f the molecular aggregate, 

x =  11'4 i3Cos" 8 - 1 and 4 represents the angle between the 

C-H vector and the axis o+ internal renrientation (4). In the 

case of phosphalipid membrane systems, spin-lattice 

relaxati~n is dominated by intramolecular dipole-dipole 

interactidns between the :L::5C nucleus and its directly banded 

protons (1291: therefore N represents the number of protons 

banded to the I T  nucleus. 

The core1 ation time, 3,  aav contain ccntributions +ram a 

multiplicity a# motions, in addition to contributions arising 



from any anisotropy of such motions (20,21,26,27,148-150,1541- 

Theref are, must be considered an effective correlation time. e 
When internal motion is much faster than the overall tumbling 

rate of the lipid complex, the observed relaxation rate is 

dominated by the faster motion, and independent of the tumbling 

rate of the aggregate (4,26,27,129). The effective correlation 

time cannnt generally be decomposed into components arising from 

different types of molecular reorientation. Moreover, it is not 

possible to resolve the carrelafion time into its isotropic and 

anisotropic c~mponents (171,203). These f imitations notwith- 

standing, spin-lattice relaxation times do reflect overall 

motion in the system. 



!Electric Buadrupale Interactions 

The deuterium nucleus, with spin I = displays an 

asymmetric fnon-spherical) distribution of nuclear charge, and 

theref ore possesses a nuclear quadrupsle moment, QI At the site 

o+ the deuterium nucleus, the surrounding electron cloud and 

adjacent nuclei produce a non-uniform distribution of charge 
I 

t-ew.1 t i n q  in an electric field gradient, eq, Electrostatic 

coupling between the nuclear quadrupsle moment and the electric 

field gradient I s  responsible for the quadrupole interaction. 

The total interaction energy af a nucleus in a homoqeneous 

magnetic field Hr, can be -represented by the Hamiltonian (1,1711 : 

The Zeeman Hami l tanian,%z, characterizes the interaction 

between the magnetic field and the magnetic moment, according ta 

the relationship (1,33,40,l~I18,171.? : 

where g is the nuclear 3-factor and E ~ I  is the nuclear magneton. 

The quadrupole interaction is described by the Hamiltonian 

(40,108) : 



where q is t h e  electric f i e l d  g r a d i e n t  asymmetry p a r a m e t e r  (171) 

d e f i n e d  as: 

The q u a n t i t i e s  V,,, V,,, and V,, i n d i c a t e  t h e  r e s p e c t i v e  a x i a l  

rnmponents  of  t h e  e l e c t r ~ s t a t i c  f i e l d  g r a d i e n t ,  R and f.) are t h e  

p o l a r  and a z i m u t h a l  a n g l e s  between t h e  electric f i e l d  g r a d i e n t ,  

i n  the p r i n c i p a l  c o o r d i n a t e  sys tem,  and t h e  magne t i c  + i e l d  

(2O,Z i8 ) .  I f  t h e  electric. f i e l d  g r a d i e n t  is axially symmetr ic  

such t h a t  its x- and y- components  are e q u a l ,  t h e  asymmetry 

p a r a m e t e r ,  v, ceases to e x i s t ,  and e q u a t i o n  3.34 assumes  t h e  

form: 

I n  t h e  case of C-3-4, bands ,  t h e  electric f i e l d  g r a d i e n t  

g e n e r a l l y  is a x i a l l y  symmet r i c  a b o u t  t h e  C-=HT v e c t o r  19,441, 

and a x i a l  symmetry s h a l l  b e  assumed i n  s u b s e q u e n t  d i s c u s s i o n .  

A t  h i g h  magne t i c  f i e l d  s t r e n g t h s  t h e  Zeeman i n t e r a c t i o n  is 

much l a r g e r  t h a n  t h e  e n e r g y  d u e  t o  q u a d r u p u l a r  i n t e r a c t i o n s .  



For  example, i n  t h e  case of .%, a t  a f i e l d  s t r e n g t h  of 5.9 

T e s l a ,  t h e  Zeeman i n t e r a c t i n n  is e q u i v a l e n t  t o  a f r e q u e n c y  of 

38.8 MHz, whereas  t h e  q u a d r u p o l e  i n t e r a c t i o n  e n e r g y  is on t h e  

o r d e r  of 200 KHz (29). T h ~ r e - f o r e ,  t h e  q u a d r u p o l e  i n t e r a c t i o n  

m a y  b e  c o n s i d e r e d  t o  b e  a p e r t u r b a t i o n  of t h e  much l a r g e r  Zeeman 

By v i r t u e  of e q u a t i o n s  3.33 and 3.3b, t h e  e n e r g y  l e v e l s  of 

t h e  t o t a l  H a m i  1 t o n i a n  (40,171) are d e t e r m i n e d  by: 

S i n c e  m r  c a n  assume 12I+1) v a l u e s ,  t h r e e  d i s c r e t e  e n e r g y  l e v e l s  , 

e ~ i s t  as shown i n  F i g u r e  5. S e l e c t i o n  r u l e s  demand t h a t  b m  = 1, I 1  
t h e r e - f a r e  o n l y  t w a  t r a n s i t i o n s  are o b s e r v e d  c o r r e s p a n d i n q  t o  t h e  

t r a n s i t i o n s  between t h e  m l :  = -1 and m r  = O as w e l l  as t h e  m x  = O 

and m : ~  = + I  s p i n  states. 

C a n s i d e r  f o r  t h e  moment t h e  ( h y p o t h e t i c a l )  case of a s i n g l e  

p e r f e c t  c r y s t a l  i n  a homogeneous magne t i c  f i e l d .  Fur the rmore ,  

let t h e  c r y s t a l  b e  such t h a t  a p r o t o n  a t  o n e  s i te  has been 

r e p l a c e d  by a d e u t e r o n ,  T h e  o b s e r v e d  d e u t e r i u m  s p e c t r u m  w i l l  

c o n s i s t  of t w o  r e s o n a n c e  l i n e s  e q u a l l y  s p a c e d  a b o u t  t h e  c e n t r a l  

f r e q u e n c y  Vc, where: 



Figure 5. Buadrupol ar i nteracti an w i t h  Zeeman 

energy levels 
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S i n c e  E = hV, t h e n  f rom e q u a t i o n  3.37, t h e  f r e q u e n c y  of e a c h  

resananre  l i n e  is: 

and the t w n  r e s o n a n c e  l i n e s  are s e p a r a t e d  by a f r e q u b n c y  

d i f f e r e n c e ,  o Vr3, qiven by (40): 

where AVGI iis known as  the- q u a d r u p o l a r  s p l i t t i n g ,  and ie:2qi5/h) 

is t h e  s t a t i c  q u a d r u p o l a r  c o u p l i n g  c a n s t a n t  which is t y p i c a l l y  

an  t h e  o r d e r  of 188 kHz fo r  a n  sp:s h y b r i d i z e d  C-"HTi, ((291. . T h e  

q u a d r u p a l a r  s p l i t t i n g  c l e a r l y  depends  on 8 ,  t h e  a n g l e  between 

t h e  magne t i c  f i e l d  and t h e  a x i s  o+ g r e a t e s t  electric -Fie ld  

g r a d i e n t ,  Maximum q u a d r u p a l a r  s p l i t t i n g  is o b s e r v s d  when Hn is 

p a r a l l e l  t o  t h e  major axis of t h e  electric f i e l d  g r a d i e n t  (8=0). 

I n  p r a c t i c e ,  MMR s a m p l e s  c o n s i s t i n g  of a s i n g l e  p e r f e c t  

c r y s t a l  seldom e x i s t .  More commanly, s a m p l e s  c o n t a i n  a l a r g e  

number a+ c r y s t a l l i t e s  randomly o r i e n t e d  w i t h  r e s p e c t  t o  e a c h  

a t h e r .  A s  a consequence  of randam o r i e n t a t i o n  of i n d i v i d u a l  

c r y s t a l 5  t h e  electric f i e l d  g r a d i e n t  a t  e a c h  d e u t e r i u m  n u c l e u s  

can assume any a n g l e  6. T h e  NMR s p e c t r u m  o b s e r v e d  i n  t h i s  case 



is a s u p e r p o s i t i o n  of d o u b l e t s  a r i s i n g  from e a c h  o r i e n t a t i o n  and 

t h e  r e s u l ' t  is the s o - c a l l e d  "powder p a t t e r n "  shown i n  F i g u r e  Qa. 

S i g n a l  i n t e n s i t y  is governed by t h e  number of  c r y s t a l s  o r i e n t e d  

such t h a t  t h e  electric f i e l d  g r a d i e n t  s u b t e n d s  a g i v e n  a n g l e  8 

w i t h  Hc,, and h e n c e  is d e t e r m i n e d  s t a t i s t i c a l l y  by t h e  

p r o b a b i l i t y  d e n s i t y ,  p  (91, (171) where: 

Maximum v a l u e  of p (8) o c c u r s  a t  8 = 90•‹, h e n c e  t h e  s i g n a l  maxima 

o b s e r v e d  i n  a powder p a t t e r n  c o i n c i d e  w i t h  d e u t e r i u m  n u c l e i  

o r i e n t e d  s u c h  t h a t  t h e  major a x i s  of t h e  electric f i e l d  g r a d i e n t  

is o r t h o g o n a l  t o  t h e  magne t i c  f i e l d .  The s e p a r a t i o n  between t h e  

t w o  maxima or q u a d r u p u l e  s p l i t t i n g  of t h e  powder p a t t e r n  is: 

L i q u i d  c r y s t a l s  also e x h i b i t  r e g u l a r  o r g a n i z a t i o n .  

E f f i c i e n t  o r d e r e d  p a c k i n g  is a c h i e v e d  when t h e  l o n q  a x e s  of 

component m o l e c u l e s  a r e  a1 i g n e d  i n  s o m e  t y p e  of p a r a l  lel a r r a y .  

U n l i k e  s o l i d s ,  however, m o l e c u l e s  i n  a l i q u i d  c r y s t a l  are n o t  

i n f  l e x i b l e ,  and t h e r m a l  m o t i o n s  b o t h  p a r a l  lel and p e r p e n d i c u l a r  

t o  t h e  l o n g  m o l e c u l a r  a x i s  d o  o c c u r .  Due t o  t h e  p a r a l  lel 

a l i g n m e n t  o+ t h e  m o l e c u l e s ,  however,  t h e  a m p l i t u d e  of m o t i o n s  

p e r p e n d i c u l a r  t o  t h e  l o n g  a x i s  is r e s t r i c t e d .  



Figure 6. T h e o r e t i c a l  powder p a t t e r n  and Lor-entzian 

spectrum 





T h e  c o o r d i n a t e  s y s t e m  which d e s c r i b e s  m o l e c u l a r  r e o r i e n -  

t a t i o n  a l ' s a  d e f i n e s  t h e  electric i i e l d  g r a d i e n t .  T h e r e f o r e ,  a5 

a r e s u l t  of m o l e c u l a r  mot ion ,  t h e  components  of  t h e  electric 

f i e l d  q r a d i e n t  are t ime-dependent .  i n  l i p i d  b i l a y e r s ,  mean 

s t a t i s t i c a l  o r i e n t a t i o n  is d e f i n e d  by a d i r e c t o r  Z'  which, on 

a v e r a g e ,  is c o i n c i d e n t  n i t h  t h e  normal t c  t h e  s u r f a c e  o+ t h e  

b i l a y e r  fW3IO8,1?l). The ef-fect of motion a b u t  the d i r e c t o r ,  

t h e n ,  is ta average t h e  electric f i e l d  q r a d i e n t  a t  t h e  s i te  of 

the d e u t e r i u m  n u c l e u s ,  and the a m p l i t u d e  of t h e s e  m o t i o n s  

d e t e r m i n e s  t h e  e x t e n t  t o  which t h e  electric f i e l d  q r a d i e n t  is 

averageb . 
T h e  a m p l i t u d e  of such motion is r e f l e c t e d  by the o r d e r  

parameter, S~X:,, (40,108,141,171,174-177,_E02,2031 where: 

The a r d e r  p a r a m e t e r  is a measure  of t h e  t ime-averaged a n g u l a r  

e x c u r s i s n ,  B, of t h e  C-D bond a b o u t  t h e  d i r e r t b r .  

f +  w e  c o n s i d e r  now a p l a n a r  ( o r i e n t e d )  l i q u i d  c r y s t a l  

c o n t a i n i n g  a d e u t e r i u m  n u c l e u s  a t  a u n i q u e  site, as i n  t h e  case 

a$ t h e  s i n g l e  c r y s t a l ,  the o b s e r v e d  s p e c t r u m  w i l l  a g a i n  c o n s i s t  

of  3 d o u b l e t ,  e x c e p t  a t  the so-cal l e d  magic a n g l e ,  where  t h e  t w o  

s i g n a l s  coalesce t c r  form a s i n g l e  r e s o n a n c e  c e n t e r e d  a t  V,::, 

1171). Due t o  motion w i t h i n  t h e  l i q u i d  c r y s t a l ,  however,  a t i m e  

a v e r a g e d  electric f i e l d  q r a d i e n t  e x i s t s  a t  t h e  d e u t e r i u m  n u c l e u s  



and the quadrupolar splitting is thus reduced by a factor Scn 

as shown by: 

where 8 is the angle between the magnetic field and the 

director. 

In non-a1 igned 1 i quid crystal 1 ine samples, consisting of 

random1 y oriented lamellae, the angle can assume all possible 

values, and as with the polv-crystalline sample the resulting 

spectrum is a powder pattern. The quadrupole splitting, in this 

case, depends only on the order parameter through the 

re1 ationship: / 

Deuterium NMR spectra of unilamellar phospholipid vesicles 

and 1 ipoprateins are not characterized by quadrupolar spl i ttings 

(201,202,2171. Small molecular aggregates of "500 A* or less 

tumble ismtropically in solution. This additional rapid motion 

further reduces the quadruple splitting until the maxima o+ the 

doublet coalesce ta +arm a single resonance. The NNR spectrum 

of such small molecular aggregates is characterized by a 

mid-height linewidth, a V t / 2 ,  as shown in figure 4b. The 

linewidth is determined by the transverse relaxation rate by: 



Equation 3.46 can be expanded to reveal the relative 

linewidth contributions arising from motions occurring at rates 

greater than the Larmor frequency, and those occurring more 

sf owl y ?203) through the relation: 

I +  one considers fast motions to be those motions 

rharacterized by a correlation time, w,>= qS2<< l ?  then the 

transverse relaxation rate, due to fast motion, is equal to 
/ 

the spin lattice relaxation rate, Neqlectinq any cantributions 

due to motional anisotropy, the spin lattice relaxation rate is 

related to the spectral density through the relationship: 

ry 

where 9 <,, is the Fourier Transform of the "reduced" 

autocorrelation function (1 1 : 

Accounting for the effect of the order parameter, Scn, on the 



s p i n - l a t t i c e  r e l a x a t i o n  rate (21,281,  i n  t h e  l i m i t  t h a t  

- ; ; " W O ~ < <  I ' ~  then:  
' c  

The t r a n s v e r s e  r e l a x a t i o n  rate, d u e  t o  s l o w  mot ions ,  is 

readily e v a l u a t e d  ( 1 )  by t h e  e q u a t i o n :  

I s o t r o p i c  t u m b l i n g  of t h e  m o l e c u l a r  a g g r e g a t e  is too s l o w  t o  

a+fect s p i n  l a t i ce  r e l a x a t i o n  (24 ,27 ,40 ,175 ,17&) ,  however it 
1 

\ 

does r e d u c e  t h e  t r a n s v e r s e  re1 axaf i o n  rate. F u r t h e r m o r e ,  i n  t h e  

case of un i  l a m e l  lar phasphol  i p i d  v e s i c l e s ,  f ateral d i f f u s i o n  is 

known t o  f u r t h e r  r e d u c e  t h e  t r a n s v e r s e  r e l a x a t i o n  rate. These  

m a t i o n s  can b e  c h a r a c t e r i z e d  by a n  e f f e c t i v e  c o r r e l a t i o n  t i m e ,  

re3 c a l c u l a t e d  f  r o m :  

where k is Boltzmann's  c o n s t a n t ,  T  is t h e  t e m p e r a t u r e  i n  d e g r e e s  

K e l v i n ,  n is t h e  s o l v e n t  v i s c o s i t y ,  r is t h e  r a d i u s  of  t h e  

m o l e c u l a r  a g g r e g a t e ,  D is t h e  lateral  d i f f u s i o n  c o n s t a n t ,  and R 

is t h e  r a d i u s  f rom t h e  c e n t r e  of  t h e  v e s i c l e  t o  t h e  mid-point  of  



the vesicle bilayer. Far a particle with a diameter of approsi- 

mate1 y 200 W, the ef#~ctive correlation time is on the 

order of 10-6 seconds. Inspecti on of equation 3.49 demonstrates 

that an1 y the value a+ the spectral density at zero frequency 

need be considered further, and: 

W t e r  substitution of equation 3.53 into equation 3.47 we obtain 

fXG) : 

It should be emphasized that the observed order parameter 

may b e  a product of several order parameters, each reflectinq a 

specific type of motion (20,21,26,27,40,148-15091541. getails 

concerning the number of statistically independent motions are 

not known. Nevertheless, the order parameter, ScD, is a 

re+lection of the total order existing at the position of the 

nucleus. In other wards, Scn indicates the ti me-averaged 

angular excursions of the C-D bond about the director Z' 

independent of the number af different types of motions. 



Chapter 4 

Results and Di scussi on 

I-  CHGR4CTERIZATION OF ISOLATED LDL7, 
/ 

. fmmunospeciiicify of isolated LDLz 

Human low density lipupratein w a s  isolated from fresh 

pissma as described in Chapter 2. Purity of the iRLz was 

investigated during the intial phase a9 this investigation using 

immunselectrophoresis as detailed by Hatch and Lees i s B 1 .  G 

single precipitin line was observed in the presence of human 

anti-8 pratein, and no c~ass reaction was detected in the 

presence of either human anti -A pretei n or anti -al bumi n 

pretein. The results were consistently reproducible: there+ore, 

in later experiments, the isolated LDLa was subjected to 

immunael ectropharesi s. at randam intervals. 

P. Lipid. Exchange 

Lipid microemulsions containing 27.2% Iby w t l  egg PC, 11-3% 

cn~lesterol , 25.6% cholesteryl 1 inoleate, 13.6% tri olei n, and 

22.7% specifically deuterated cholesteryl uleate were prepared 

a5 described in Chapter 2. Preliminary investigations using 



cholesteryl Cl-14C3deate indicate that, under the experimental 

canditians set forth in Chapter 2, "8% of the cholesteryl aleate 

was exchanged into the core of LDLa during the incubation time. 

Labelled LDLa precipitated in the presence of human anti+ 

protein but no precipitation was detected in the presence of 

human anti-& protein. 

Lipid analysis a+ both label led and native (unlabel led) 

LDLT, +rom the same plasma. pool, w a s  conducted using lipid- 

specific diagnostic kits supplied by Boehringer Mannheim. After 

incubatian with the 1 ipid micraemulsions the label led LDLz. 

displayed a 30% incre2se in triglycerides (Table 1). indicated 

by the ratia oS triglyceride ta protein in both lipoprotein 

samples. At the same time, the cholesteryl ester cantent 

decreased 22%. We are unable to conclude (here) that these 

results are a general feature a+ the technique used in these 

experiments for two reasons. Firstly, simultaneous isolation of 
both labelled and native LDL:. was only performed once lowing. to 

the practical limitations on having at one7s disposal simul- 

taneously two ultracentri+uges with rotors). Second1 y ,  the 

ratio of triglyceride to protein in the native LDLp was 0.39, 

whereas the expected ratio is 0-52 (162). Gs a consequence, the 

triglycerides present in the lipid microemulsions are in excess, 

and hence, predictably one might expect a net transfer of tri- 

glycerides into LBL,. If the size of the lipoprotein particle 

remains unaltered by the exchange process, as discussed below, 



Table 1 

Core  L i p i d  Cornpasi t ion of iDL, G f t e r  

I n c u b a t i o n  kj i  t h  M i c r o e m u l s i o n s  

Li p a p r o t e i  n P r u t e i  n Choiestervl T r i g 1  yceride/ 
Saap l e C ~ n c e n t r a t i  on E r t e r / P r a t e i  n P r o t e i n  

Label 1 ed 



net transfer af triglycerides into LDL;: can only occur if 

cholrsteryl esters are simultaneously removed from the 

l ipoprotein. Moreover, if exchange of triglycerides and 

rholesteryl esters praceeds in an equimolar ratio, the predicted 

loss of cholest~ryl esters would be 23%, very much in agreement 

hikh the data reported here, In support a+ this hypothesis, it 

is interesting to nate that the ratia o i  triglyc~ride t~ protein 

The presence o# exchangeable proteins such as apo C. 

-%pa G - I p  and zpa f4-XI!, ir! whole plpsma raises the passibiiity 
1 

that some pr~teinfs? m a y  transder to the lipid micro~muisi~ns 

thereby resulting in an increased particle density such that 

some micruemulsion particles may be present as a contkminant in 

I 

the isolated LDk-, Observations in this iabsratary and others 

provide evidence against this possibi 1 i ty. First1 y, Sklar 

g& &. i lBEl>  have reparted that the microemulsian particles are 

apprax i mately 3015 Fir'' In diameter, Particles c?+ thi r; diameter 

are 50% larger than the LDL,;,: particles isolated in these 

experiments, and therefore will elute from a Sepharose column 

be+ ore LDLT. 45 shown in Fiqure 7 <discussed below) no such 

particles were detected. Secondly, Craig ~2 a_&. ( 3 5 A )  have 

shown that label led cholesteryl ester not incorporated into the 

lipoprotein is recovered quantitatively from the plasma by 

centrifugation at a density of 1.006. Theredore the possibility 

that protein-containing microemulsian particles are present in 



the label led LDL? seems remote. 

In a s i n g l e  study, E11,11,12,12-~2H,3dipa1mit~yl 

phosphatidylcholine was exchanged into Sresh LDLa using the 

pracedure detailed in Chapter 2, Radioactive tracer studies 

indicate '2.4% of the phospholipid is exchanqed m v s k  37 hours. 

This precedure is nmt practical in the case of  phospholipid 

exchange for three reasons. Firstly, the micso~mulsimns 
I 

prepared wiih dipalmi toy1 phasphatidylchol ine at-& significantly 

less stable than s i m i  1 ar micraemulsion5 prepared using egq PC. 

- secsndl y ,  the rnicroemulsians prepared with dipalmi tayl 

phasphatidylcholine proved diSficult to remove from LDL,::? by 

ultracentrifugation, Finally, in this experiment, the yield o# 

LDL,,: w a s  reduced to appreximately one third cempared to the 

y i e l d  a+ native LDL.:z from the same plasma. Therefore, althouqh 

the technique used to label LDLP with cholesteryl esters appears 

promising in the case of phospholipid exchange refinements must 

be made in order ta achieve optimum results. It appears likely 

that all a+ the difficulties associated with phospholipid 

exchange are related to the fact that the gel-to-liquid 

crystalline temperature o+ dipalmi toy1 phosphatidylchol ine 

is approximately 41 OC which is above the temperature presently 

employed in the exchange reaction. Two potential solutions to 

this difficulty exist. Firstly, by far the easier solutian, is 

to incubate the plasma-microemulsion mixture at 45 "C, which 

is above the transition temperature of the phosphalipid. The 



a1 ternative solution is to synthesize specifically deuterated 

ph~spholipids containing one unsaturated acyl chain, such as 

I-palmitoyl-2-oleyl phosphati dylchol ine. The advantage, in this 

case, is that the phospholipid will have a transition 

temperature more cl asel y resembl i ng that of egg PC. 

, 

I f .  DEUTERIUM NMR O F  LOW DENSITY LIPOPROTEIN 

A. Deuterium NMR ad Cholesteryl Esters in Low Density 

Li puprotei n 

r i !  Localization of Labelled Esters in LDL:;! 

Cholesteryl ol~ates, deuterated at selected acyl chain 

positians, were synthesized as set forth in Chapter 2. Each a+ 

the deuterated esters was in turn incorporated into fresh LDLa. 

The intimate association of deuterium labelled cholesteryl ester 

with the isolated lipoprotein was demanstrated by column chroma- 

tography. Figure 7 presents the elution praf ile of LDL2 

label led with cholesteryl C5,5-.=H~Eloleate plus a trace of 

cholesteryl C1-1.4Cloleate. A s  demonstrated in Figure 7, a 

, single protein peak eluted from the column. Coincident with the 

maximum in UV absorbance is the maximum in radioactivity. All 

a+ the radioactivity was recovered (120%) from the column 

indicating na protein-free structures were present after 
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Figure 7. Elution profile o+ LDL- containinq 

cholesteryl C5,5-3-t7301eate from 

sepharose bE at 4 "C 

Elation solvent: 0.3 mfi EDIA + 0.02% N ~ N T  

pH 7.0; !* 1 UV ahsurbance st 280 nm; 

(A) 14C activity: 1 = 277 dpm. 





i 5 o l a t i o n  of  t h e  l i p o p r o t e i n ,  The # a c t  t h a t  t h e  r e c o v e r e d  

r a d i o a c t 2 v i t y  e x c e e d s  100% is a r e f l e c t i o n  of t h e  cumula ted  

u n c e r t a i n t i e s  in b o t h  t h e  volume and t h e  : ' ."C-activity of e a c h  

f r a c t i o n .  

l i  i ) E l e c t r o n  Microscopy s f  Label  l e d  LDL:;;! 

The e f f e c t  o f  ester exchange  an t h e  s i r e  od LDL? w a s  

moni to red  by e l e c t r o n  microscopy.  F i g u r e  B is a n  e l e c t r a n  
\ 

micrograph of n a t i v e  ( u n l a b e l  l e d )  LDL:::?. An e l e c t r o n .  m i c r q r a p h  

of LQLT l a b e l  l e d  w i t h  c h o l e s t e r y l  C5,5-+iTtt301eate is p r e s e n t e d  

i n  F i g u r e  9. I n  t h e s e  e x p e r i m e n t s  f r e s h  p lasma f rom t w o  d o n o r s  

w a s  p o o l e d  and d i v i d e d  i n k 0  t w o  p o r t i o n s .  The f i r s t  p o r t i o n  w a s  

incr-?bated w i t h  t h e  l i p i d  m i c r o e m u l s i o n s  a t  37 'T f o r  37 h o u r s  

a f t e r  which t i m e  l a b e l l e d  LDL2 w a s  i s o l a t e d  as d e t a i l e d  in 

C h a p t e r  2. From t h e  r e m a i n i n g  p lasma,  n a t i v e  LDLz1 w a s  i s o l a t e d  

w i t h i n  the s a m e  d e n s i t y  r a n g e .  Approximate ly  250 p a r t i c l e s  f rom 

each s f  t h e  s a m p l e s  w e r e  measured.  I n  b o t h  cases t h e  s i z e  w a s  

d e t e r m i n e d  t o  b e  200 +/- 10 A". 

( i  i i 1 Nuclea r  Magnet i c Resonance  of Label  1 e d  LDL2 

I n  o r d e r  t o  s t u d y  t h e  e + f e c t  of  t e m p e r a t u r e  on  t h e  

o r g a n i z a t i o n a l  o r d e r  w i t h i n  human LILT, .=H NMR s p e c t r a  of 

l a b e l l e d  LDL2 w e r e  c o l l e c t e d  o v e r  t h e  r a n g e  +15 445 "C.  The 



Figure 3. Electron micragraph of  native LDL-,? 

Magnification: s 1?@$50 
I 





Figure 9. Electron micragraph of LDL-;:? containing 

cholesteryl t5, 5-2'Hz701eate 

Magnification: :.: 154440 





ad tws Lorentzian signals whose linewidths at half-height 

l a ' + ~ , - - : ~ f  differ significantly [Table 2 ) .  For example, at 15 "C 

the linewidth of the broad component is "2000 Hz while the 

linewidth ~f the narrcw component is "210 Hz. The smaoth Lines 

indlcaie the ccmputer calculated fit ta %he data. 

A r  s.hawn by Figures 12 and 13 these spectra cannot be 

simulated by a Single Lurent~ian~ The c~mputer,cannot converge 

and t h e  smooth line represents the "best" fit after 99 

iterations, 

The inability to fit the r e c ~ r d ~ d  spectra by as one 

Larentzian function can be demonstrated yet more dramatically. 

Assume, for the moment, that the observed spectrum is a 

single Lorentzian function. The mid-height linewidth can then 

be seasured directly +rmm the spectrum. A Lorentzian displaying 

the measured linewidth and amplitude can be superimposed an the 

experimental spectrum, as shown in Figures 14 and 15, simply by 

preventing any computer iteration, Figures 12 through.i5 

clearly demanstrate that a single Lor-entzian function does not 

represent the recarded spectra. 

Si*3i lar NMR spectra of LDL2 label led with chalesteryl 

E5,5-"H,7oleate are presented in Figures 16 to 19. In the 

temperature range +15 to +35 ">C the spectra can only be 
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F i g u r e  10. "H MMR spec trum of  c h a l e s t e r y f  C2, 2-'+faloleate 

i n  LDL-:i! a t  I 5  "C. 

S p e c t r a l  Parameters :  Sweep w i d t h  = 20kHz f 

offset = 10 k H z ;  number of a c q u i s i t i o n s  

(NA) = 500,000; d a t a s e t  = 2k zero-f i l l e d  to 

8 k ;  l i n e  broaden ing  [LBj = 20 Hz; p u l s e  

a i d t h  = 8 u5 <SOo f l i p  angle): r e p e t i t i o n  

t i m e  = 0.09 s. S p e c t r a l  w id th  s i m ~ : l a t e d  

= 1 6  kHz; s p e c t r a l  w i d t h  d i s p l a y e d  = 2.44 kHz. 

The smooth l i n e  i n d i c a t e s  t h e  computer 

c a l c u l a t e d  spectrum r e p r e s e n t i n g  t h e  s u m  of 

t w o  L a r e n t z i a n s .  The crosses i n d i c a t e  

e x p e r i m e n t a l  d a t a  p a i n t s .  





Figure 11. "H NW? spectrum of cholesteryl ~2,2-xX,101eat~ in 

LQL.;;2 at 45 '::'C. 

Spectral Parameters: Sweep width = 2OkHz f 

width = 8 us (80'::' $ l i p  angle): repctitimn 

time = 0.071 5. Spectral width simulated = 

7.7 KHz; spectral width displayed = 1.95 kHz. 

The smooth line indicates the computer 

calculated 5um of two Lorentzians. The 

c r ~ ~ i e r  indicate sxperimental data points. 





Sgectrai Parsmeterc: Stwep width = 20kHr; 

offset = 10 kHz; number a+ acquisiti~ns 

INAf = 500,000: dataset = 2i:: zero-+il l e d  to 

$k; line broadening (LBI = 20 Hz; p u l s e  

tine = 0.09 5- The dothed linz indicates 

computer calculated "pest" 3 i  ngl e horentzi an 

a+ter 99 iterations. 





..., 
Figure 13. -"H NMR spectrum of chulesteryl CZ, 2-.zH-2101eate 

in LDL2 at 45 'IT, 

Spectral Parameters: Sweep width = 20kHz: 

offset = 10 kHz: number of acquisitians 

4NU) = 400,000; dataset = 2 k  zero-filled to 

3k: line broadening (LB) = 10 Hz: pulse 

width = B us (80" flip angle); repetition 

time = 0.071 s. The smooth line indicates'the 

computer calculated "best" single Lorentzian 

function after 99 iterations. 





Figure 14. :2H UMR spectrum of cholesteryl E 2 ,  2 - z : H ~ 2 3 0 1 e a t e  

i n  LDL:;?: 3% 15 "C. 

\ 

single Lorentzian function as described in the 

text. The crosses indicated experimental data 

paints. 





F i g u r e  1 5 .  "H MMR spec trum a+ ~ h o l e s t e r y f  C 2 ,  2 - = H a l ~ l  eate 

in at 45 "C- 

S p e c t r a l  Parameters :  Sweep wid th  = 2 0 k H r  3 

& # s e t  = 10 kHz; number o+ a c q u i s i t i o n s  

(MAi  = 406,000: dataset = 2 k  z e r o  f i b l e d  to 

Sk; l i n e  broaden ing  iLB? = iO Hz; p u l s e  

~ i d t h  = S u s  i80" # l i p  a n g l e ! :  r e p e t i t i o n  

t i m e  = 0.071 5. The smooth l i n e  i n d i c a t e s  

t h e  computer g e n e r a t e d  s i n g l e  L o r e n t z i a n  

f u n c t i u n  as d e s c r i b e d  i n  the text. The 

crosses i n d i c a t e  e x p e r i m e n t a l  d a t a  p o i n t s .  





simulated by a superposition of a broad and a narrow Lorentzian 

function. At 45 OC, however, the broad and narrow components 

cannot be resolved. Indeed, as demonstrated in Figure 20, the 

spectrum recorded at 45 "C could be fit to a single Lorentzian 

with very good accuracy. 

Figures 21 and 22 present the "H MMR spectra of LDLs 

containing chol esteryl a1 eate, selectively deuterated at various 

acyl chain positions at 25 and 45 C'C, respectiv@ly. At chain 

positions beyond the 9-position, a broad spectral component may 

be present as well, but it is not detectable. However, these 

spectra ran be adequately simulated by a single Lorentzian 

signal. The linewidths determiped from Figures 21 and 22 are 

presented in Table 2. 

The ability to unmistakably resolve two superimposed 

spectral components clearly depends, to a large degree, on the 

magnitude of the difference in linewidths between the two 

components. Computer simulations of theoretical spectra reveal 

that when two Lorentzian functions differ in linewidth by a 

factor of three of more, they can be resolved, without question. 

Dn the other hand, i-F the difference in linewidths between the 

broad and narrow components is a factor of two or less, they may 

be difficult if not impossible to resolve. To illustrate, 

- Figure 2 3 A  presents the sum of a broad Lorentzian and a narrow 

Lorentzian of 200 and 100 Hz. respective1 y .  A s  shown in Figure 

23B, this composite spectrum can also be accurately simulated by 



Figure 16. .+i NMR spectrum of cholesteryl C5,5-"H?foleate 

in LDLT~ at 15 T. 

Spectral Parameters: Sweep width = 50 kHz? 

of+set = 25 kHz; number of acquisitians 

! N A )  = 250,000; dataset = 4k zero-fiiled to 

Ski line broadening fLB1 = 5 HZ? pulse 

width = 9.5 us 190•‹ flip angle); repetition 
- 

-\ 

time = 0.091' s. Spectral width simulated = ' 

28 kHz;- spectral width displayed = 3.6b kHz. 

The smooth line indicates the computer 

calculated sum of twa Lorentzian functions. 

Thc crosses indicate experimental data points. 
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Figure 1 7 .  'W NMR spectrum of cholesteryl C 5 ,  5-zH~301eate 

in LDLz at 6 5  *C. 

Spectral Parameters: Sweep width = 50 kHz: 

offset = 25 kHz j number o+ acquisitions 

dNA) = 250,000; dataset = 4k zero-f illed to 

8k; line broadening (LB) = 20 Hz; pulse 

width = 9.5 u5 d90•‹ flip angle); repetition 

time = 0.091 s. Spectral width simulated = 
\ 

28 kHz: spectkal width displayed = 3.b6 kHz. 
/ 

The smooth line indicates the computer 

calculated "best" single Lorentsian function 

after 99 iterations. The crosses indicate 

experimental data points. 





F i g u r e  18. "H NMR spectrum o-f c h o l e s t e r y l  C 5 ,  5-W2101eate 

i n  LDLz a t  35 T, 

S p e c t r a l  Parameters:  Sweep width = 50 kHz; 

o f f  set = 25 kHz; number of  a c q u i s i t i o n s  

I N A I  = 250,000: d a t a s e t  = 4 k  zero-f i l l e d  t o  

8 k :  l i n e  broadening (LEI = 5 H z ;  p u l s e  width 

= 9.5 u s  (96" f l i p  a n g l e ) ;  r e p e t i t i o n  t i m e  = 

0.091 s. S p e c t r a l  width s imu la t ed  = 4.88 kHz; 

s p e c t r a l  width  d i s p l a y e d  = 976 Hz. The smooth 

l i n e  i n d i c a t e s  t h e  computer c a l c u l a t e d  sum of 

t w o  Lo ren tz i an  f u n c t i o n s ,  The crosses 

i n d i c a t e  exper imenta l  d a t a  p o i n t s .  





F i g u r e  19. "H NMR spectrum of c h o l e 5 t e r y l  C 5 ,  5-=Hafoleate  

i n  LDL2 at  35 OC. 

S p e c t r a l  Parameters: Sweep width = 50 kHz; 

o-ff set = 25 kHz: n u m b e r  of a c q u i s i t i o n s  

(NA) = 250,000: d a t a s e t  = 4k z e r o - + i l l e d  to  

8k: l i n e  broadening (LB) = 20 Hz; p u l s e  width 

= 9.5 u s  (90" f l i p  a n g l e ) ;  r e p e t i t i o n  t i m e  = 

0.091 s. S p e c t r a l  width s i m u l a t e d  = 4.88 kHz: 

s p e c t r a l  width d i s p l a y e d  = 976 Hz. The smooth 

l i n e  i n d i c a t e s  t h e  computer c a l c u l a t e d  "best1' 

s i n g l e  Lorentz ian  f u n c t i o n .  





Spectral Parametors: S ~ e e p  width = 50 k H z ;  

offset = 25 kHz; number of  acquisitions 

( H A )  = 250.000; dataset = 4k zero-f i l led to 

9k; line broadening (LB) = 5 Hz; pulse width 

= 9-5 u5 1?OC::' flip angle); repetition time = 

0.096 s. Spectral width simulated = 1.75 kHz; 

spectral width displayed = 1.7 kHz. The 

smooth line indicates the computer calculated 

sinfge Lorentzian function. The crosses 

indicate experimental data  points. 





figure 21. NMR spectra of  selective1 y deuterated 

rholesteryl ofeate in LDLz at 25 "C 

Spectral parameters: Unless indicated 

otherwise, the f r e e  induction decays were 

collected in 2k datasets and zero-filled to 8k5 

slz-: Sweep width = 50 kHz: number of 

acquisitions (P.IU1 = 250,00fI,; dataset = 4k rer t l -  

9illed to Bk; line broadening {LEI = 10 Hz; 

pulse width = 9.5 us i90" f l i ~  anqle? : 

repetition time = 0.091 5.  

a,&: sweep width = 50 kHz; NA = 300,000; 

dataset = 8k; LB = 10 Hz: pulse width = 7.5 ks 

(83 ':"lip angle); repetition time = 9.091 5 ,  

14 14-: Sweep width = 25 kHz; NA = 250, OQO; --L-- 

LEI = 5 Hz; pulse width = 5 us (56'" - f l i p  

angf el : repetition time = 0.051 s. 

16 15-: Sweep width = 41.566 kHz: NA = 200,000; --A-- 

LB = 5 Hz: pulse width = 5 us (Sh0 flip angle): 

repetition time = 0.035 s. 

laa lS* 18-: Sweep width = 5 kHz with quadrature 

detection: NA = 10,000; LB = 1 Hz: p u l s e  

width = 40 us (90" flip angle): 

repetition time = 0.255 s. 





Figure 22. 'H NHR spectra o+ selectively deuterated 

cholesteryl oleate in LDL? 3t 45 "C 

Spectral parameters: Unless indicated 

otherwise, the f ree induction decays were 

rollected in 2 k  datasets and zero-dilled 

tu Elk: s,s-: Sweep width = 50 k H z ;  number of 

acqui5itions (NA)  = 750, 000; dataset = 4 k  

zero-+ ilied to 8k;  line broadening iL31 = 5 

zero-Silled ta 8k: LB = 5 Hz; pulse w i d t h  

= 7.5 ~ 5 . 1 8 3  " flip anqle); repetition time 

= 0.051 s. 14.14-: Sweep w i d t h  = 25 kHz? 

NA = 250,000; LB = 5 Hz; pulse width = 5 us 

(56" +lip anqle); repetition time = 0.051 s. 

Sweep w i d t h  = 41.6&6 kHz; NU = 

100,000; LB = 5 Hz; pulse width = 5 us 

(56" flip angle); repetition t i m e  = 0.035 s. 





Figuse 23. Simulated Lorentzian spectra 

a) Narrow component = 100 Hz. 

Broad component = 200 Hz. 

51: Linewidth = 136 Hi. 





~5,5-'''H,,~3aleateT at 45 "C, may b e  a cornpasite o+ two spectra, 

and therefore the linewidth observed may be a mean value. This 

has been indicated in Table 2. 

In general the linewidths measured at selected p~sitions at 
\ 

v w i o u s  temperatures over the range +I 5  to +45 '>C !Table 2!  tend 

methyl position is due, in part, to rapid rotatian of the methyl 

g r o u p  in addition to the low arder at that pasition. At each 

is raised is reversible upon reducing the temperature. The 

linswidt3s reported I n  Table 2 decrease with the age Q+ the 

sample. Upon storage of LDL? labelled with cholestzryl 

CSzE-W,301sate, at 4 "C under nitroqen for 7 to $3 weeks, the 

observed linewidths decrease 25% to 35% as shown in Table 3. 

This indicates dscreasinq order within the lipaprotein core, and 

suggests structural modifications a+ LDL2 occurring aver time. 

Previously reported +luorescence energy transfer experiments 

(50) indicate that as LDL, ages, the apoprutein (agoprotein-Bl 

migrates away from the geometric centre of the lipoprotein 

particle. The precise nature of the interrelationship between 

the apolar lipid core and the components in the polar outer 



Mid-Height Linewidth iHz)  fo r  Sef ectivel y Deuterated C h c t l e s t s r y l  

O l  eat? in LDL,;: at V a r  i aus Temperatures 

I Narrow and B r ~ a d  indicate respective spectral components. 

2 The linewidths for the 2-, 5, and 8-positions were 
determined by a b parameter iterative feast squares lineshape 
analysis. The numbers parentheses indicate the unc~rtainty 
in the measurement determined frmn the computer calculaked 
standard deviation- 

3 Dnly one Lorentzian was detected, 

4 Linewidths for the 14-, 16-, and 18-positions were measured 
directly from the spectra and are accurate to +/-lO% 



8 weeks --- 127 103 --- 94 

................................................................ 

1 Numbers in parentheses indicate uncertainty in linewidths 

determined from the computer calculated standard deviation. All 

other linewidths are accurate t u  +/- 10% 



monolaye r  is unknown. H o w e v e r ,  i t  is p o s s i b l e  t h a t  t h e  

a p a p r u t e i n  may impose  p a c k i n g  c o n s t r a i n t s  on t h e  LDL core. The 

o b s e r v a t i o n s  r e p o r t e d  h e r e  are c o n s i s t e n t  w i t h  t h e  r e p o r t e d  

e # f e c t  of t h e  a p e p r o t e i n  on  t h e  LDL c u r e  (109). &t p r e s e n t ,  t h e  

p h y s i o l o g i c a l  s i g n i f i c a n c e  of  t h e s e  o b s e r v a t i o n s  is n o t  

u n d e r s t o a d ,  s i n c e  i t  h a s  been r e p o r t e d  by G o l d s t e i n  a n d  Brawn 

(71) t h a t  F s g i a t e d  LDL:- stil 1  e x h i b i t s  c a m p l e t e  b i o l o g i c a l  

a c t i v i t y  a # t e r  t h r e e  mon ths  s t o r a g e .  

The temperature dependence 0-F the MMR linewidths p r o v i d e s  

new i n s i g h t  i n t o  the m o f  e c u l a r  o r g a n i z a t i o n  w i t h i n  human LDLa. 

In p a r t i c u l a r ,  t h e  s u p e r p o s i t i o n  a+ r e s o n a n c e s  ad t h e  2- and  

5 - p s s i t i m - s  of t h e  c h c l e s t e r y l  ester a c y l  c h a i n  d e m a n s t r a t e s  

t h e  existence of t w o  d i s k i n c t  r e g i o n s  or  d a m a i n s  w i t h i n  t h e  

l i p a p r u t e i n  p a r t i c l e .  F l u o r e s c e n c e  e n e r g y  t r a n s + e r  e x p e r i m e n t s  

(183) i n d i c a t e  t h a t  when f l u o r e s c e n t  c h o l e s t e r y l  esters are 

exchanged  i n t o  LDL2, t h e  esters are l o c a l i z e d  w i t h i n  t h e  

L i p o p r o t e i n  cwe. F u t h e r m o r e ,  i t  h a s  been amply  d e m o n s t r a t e d  

t h a t  c h o l e s t e r y l  esters d i s p l a y  l o w  s o l u b i l i t y  i n  p h o s p h o l i p i d  

b i l a y e r s  (76,77,86,2151. T h e r e f o r e  it is t h e  c o n c l u s i o n  o+ t h i s  

a u t h o r  t h a t  b a t h  c h o l e s t e r y l  ester r e g i o n s  are w i t h i n  t h e  a p o l a r  

core af t h e  l i p o p r o t e i n .  The  o b s e r v a t i o n ,  by 'xH NMR, o f  t w o  

d a m a i n s  of- c h o l e s t e r y l  ester w i t h i n  t h e  core o f  LDLx is i n  

a c c o r d  w i t h  r e c e n t  f l u o r e s c e n c e  e x p e r i m e n t s  b y  S k l a r  e_t_ a&. 

(199) which p r e s e n t  e v i d e n c e  o f  a h e t e r o g e n e o u s  core w i t h i n  t h e  

l i p o p r o t e i n  p a r t i c l e .  



From an intuitive polnt of view, one might speculate on 

the presence of some esterified cholesterol in the outer 

monolayer o$ LDL;: since it is known that cholesteryl esters 

exchange between LDL,,? and ather serum proteins as well as 

peripheral tissue. It must be emphasized that the conclusion 

reported here does not preclude the existence of cholesteryl 

aleate I n  the outer shell of the lipoprotein. Furthermore, it 

is intwesting tc n ~ t e  here a study on the partitioning of spin 

labelled ? ipids into di+f erent lipid domains of L D L -  reparted 

by Keith e& a t .  f l 1 4 ) .  The EPR spectrum of LDL? containing 

spin labelled 2,225-trimethyl-5-doda~an~-N-~~:yl oxaiolidine 

contained three overlapping spectral components, one af which 

was assigned t o  a region near the aqueous interface. Upon 

addition o i  ascorbic acid, the spectra? component a=signed t o  a 

polar enviranment was quickly abolished while the two remaining 

signals remained unaltered indicating these signals originate 

from lipid domains inaccessibfe t o  ascorbic acid. Un-Fortunatelv 

these authors did not estimate the relative magnitude o-f any of 

the components. 

Qur inability t o  observe cholesteryl oleate in the 

monolayer-, using =H NMR, can be readily explained. Consider, 

for a moment, a sample of LDL-::: containing 25 mg uf phospholipid. 

This is approximately the size of a typical NMR sample employed 

during these experiments, Hamilton and Small f86) have reported 

the maximum solubility of chalesteryl oleate in egg PC vesicles 



is I ,& wt%. In the case of LDLo2, however, this figure may 

represent the upper limit ta be expected in the outer shell 

since it has been demonstrated that the solubility of 

chobesteryl aleate in egg PC vesicles decreases by approximately 

50% in the presence of ZQ mol% chelesteral (74). If cholesteryt 

i inaleate and cholesteryl aleate are present in the LDL,:? 

phospholipid monolayer in the s a m e  weight ratio (cholesteryl 

1 inoleate:cholesteryl aleate = 52:20> as in the lipoprotein cure 

1162) then the maximum weight af choleskeryl oleate in the 

mono1 dyer cannot exceed 0-15 mg. However, based on radio1 abel 

studies reported here, only 8 X ,  or 0,012 mg. o# this ester will 

b~ deuterium labelled. This small amount is below the limit Q# 

detection of our instruments, 

The deuterium spin-lattice relaxation times, TI, of 

deuterated cholesteryl oleate in LDL, at 25 "T are shown in 

Table 4. For the deuterated methylene segments the TI values 

range from 0.015-0.04 seconds, and for the methyl position TI is 

0.19 seconds. This indicates molecular motion increases toward 

the methyl end of the chain. 

From the Linewidths presented in Table 2 and the spin- 

lattice relaxation times in Table 4 the orientationdl order at a 

given chain position can be quantified through the order 

parameter, Son, by application ef equation 3.54. For 

the convinience of the reader, the assumptions underlying 

equation 3.54 are brie-fly recounted here. Firstly, it is 



T a b l e  4 

S p i n - L a t t i c e  R e l a x a t i o n  Times  of Selectively Deuterated 

Chulesteryf  G l e a t e  i n  LDt,: at  25 '''C 
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ar.suneb that the linewidths r e p o r t e d  in Tabis 2 are the result 

0-F t w o  c1,asses nf motion, one +as* and the other 2-3 orders of 

magnitude slawer f X G 3 .  Then, as shown in equation 3.47: 

O n e  final assumption implied by the discussion in Chapter 3' is 

that there are no other slow fluctuations o+ the C-+I bond, 

such a= rigid-stick type motions, contributing to the linewidth 

(175). It m u s t  be emphasized, hgwever, that should this last 

assurnptimn not be strictly true, the canclusions drawn from the 

data presented here are nat negated, since motions of this type 

will uniformly rsduce S , ,  at all acyl chain pasitions by the 

same factor f175). In this regard, the order parameters 

dietermi  ned by equation 3.54 represent the lower 1 i mi t of SET:,. 

In phosphal ipid vesicles, the effective correlation time 

t, of equation 3.54 contains cuntributions f rum isutropic 

rotation of the vesicle as well as lateral diffusion. The 

lateral diffusion coefficient, D, can be evaluated thrauqh 



the r e l a t i s n s h i p :  

D = ~::T/A $n,, r,,, 

where k is t h e  Foltzmann c o n s t a n t ,  T is t h e  t e m p e r a t u r e  i n  

degrees Kelvin, n , ~ ,  I s  the v i s c o s i t y  a t  the site of t h e  m a l e c u l e ,  

and r,,, is t h e  r a d i u s  ct+ the d i f f u s i n g  rnolec~tte, in LDL-,, the 

ef-Eect a+ lateral diffusion is dif+icult to assess= Q r c ~ r d i n g  

ta t h e  c u r r e n t 1  y p a p u l a r  model a+ FDF s t r u c t u r ~ ,  e x  t e n d e d  

cholesteryl esters are thought t o  be a r r a n g e d  r a d i a l l y  i n  
I 

I 

cancentric layers (42,431. krom X-ray c r y s t a l  l a g r a p h i c  

care o-F LDLx can ani y be  e s t i m a t e d .  F l u o r e s c e n c e  d e p o l a r i z a t i a n  

s t ~ d i e s  of 1,6 diphenyl-lp3,5-hexatriene i n  human LDL= flO?) 

i n d i c a t e  t h e  v i s c o s i t y  w i t h i n  LDLT2 is 6.1 p o i s e  a t  25 i n  

c o n t r a s t  to a v i s c o s i t y  of  o n l y  0.85 p o i s e  i n  egg PC v e s i c l e s  a t  

t h e  s a m e  t e m p e r a t u r e .  However, t h e  e x a c t  l o c a t i o n  of  t h e  

f l u o r e s c e n t  p r o b e  i n  t h e  l i p o p r o t e i n  c o u l d  n o t  be a s c e r t a i n e d  

since f 1 u o r e s c e n c e  e n e r g y  t r a n s f  er e x p e r i m e n t s  r e v e a l e d  that 

t h e  p r o b e  w a s  23-60 A'? away f r o m  t r y p t o p h a n  r e s i d u e s  ~f the 

a p a p r o t e i n ,  Mare r e c e n t  e x p e r i m e n t s  ( 50 )  i n d i c a t e  t h e  

t r y p t o p h a n  r e s i d u e s  of  t h e  a p o p r o t e i n  rest 10-20 A" #ram t h e  

s u r f a c e  of  f r e s h  LDL-, t h e r e f o r e  i t  may b e  i n f e r r e d  t h a t  a t  

least s o m e  of  t h e  f l u o r e s c e n t  p r o b e  p a r t i t i o n s  i n t o  t h e  core o-f 



c .  t h e  i i p o p r c x e ~ n .  Within t h e  limits ~f t h ~  accuracy oS the zc re  

v i s c o s i t y t  t h e  e f f e c t  o-F d i f f u s i o n  can  b e  c a l c u l a t e d .  

Ass iming  an a v e r a g e  d i s t a n c e  of 40 A'::' f  r o m  t h e  gcarn&ric 

c e n t r e  af L D i r  p a r t i c l e s  t o  t h e  s i te of t h e  d e u t e r i u m  n u c l e u s ,  

i t  can b e  shown t h a t  l a t e r a l  d i + f u s i o n  r e d u c e s  t h e  v a l u e  sf t ~ :  

by "5X r e l a t i v e  t a  the value caf cuf ated c n n s i d e r i n g  a n f y  t h e  

is~trophc rotation 9-f the  g a r t i c l e .  T h e r e f o r e ,  t~ a f i r s t  

approximati izn,  lateral diS+usion c.33 be neglected, C a n s i d ~ e i n g  

a n l y  the i ~ a t r a p i c  r o t a t i a n  o+ t h e  l i ) m p r o t e i n ,  t h e  c a r r e l s t i o n  

tine c a n  b e  caiculated + r c m  t h e  S t o k e s - E i n s t e i n  e q u a t i o n :  

where, i n  t h i s  case, n  r e f e r s  t a  t h e  s o l v e n t  v i s c o s i t y .  A t  

2-?a "K s o l v e n t  v i s c o s i t y  is 0.8904 rp and t h e  r a d i u s  of l a b e l  l e d  

LDL-, d e t e r m i n e d  by e l e c t r o n  micrascopy,  is 1 0 0  +I- 10 A"'. The 

r o t a t i o n a l  c m - r e l a t i o n  t i m e  h a s  a vaf ue of 9 x lr)"""/ s. The 

o r d e r  p a r a m e t e r s  + o r  s e l e c t e d  c h o l e s t e r y l  ester a c y l  c h a i n  

p o s i t i o n s  are shown i n  Table 5. S i n c e  t h e  e f f e c t  o-F lateral 

d i f f u s i o n  h a s  been n e g l e c t e d ,  t h e s e  o r d e r  p a r a m e t e r s  r e p r e s e n t  

t h e  l a w e r  l i m i t  t o  Son. Order  p a r a m e t e r s  h a v e  n o t  been 

c a l c u l a t e d  a t  t h e  h i g h  t e m p e r a t u r e  e x t r e m e  nf t h e  t e m p e r a t u r e  

r a n g e  of t h e  e x p e r i m e n t s  since e l e c t r o n  microscopy w a s  n o t  

perdormed a t  45 92, and t h e r e  is no  r e a s o n  t o  assume a er&gr& 

t h a t  p a r t i c l e  s i z e  r e m a i n s  c o n s t a n t  aver t h i s  t e m p e r a t u r e  r a n g e .  



T a b l e  5 

Drder Parameters f o r  S e l e c t i v e l y  Deuterated 

C h ~ l e s t e r y l  O l e a t e  i n  LDL- at  25 r-'C 
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* Spin-Latt ice Relaxation time is assumed t o  be 15 msec. 



9s & ~ w n  i n  T a b l e  5 s a m e  oS t h e  c h o l e s t e r y l  o l e a t e  e x i s t s  

ir! a rels.tively m a r e  c t ~ d e r e d  domain, Sf:,> = c3.12 - 0.20, w h i l e ,  

as i n d i c a t e d  by the n a r r o w  c a n p o n e n t ,  s o m e  a+ the ester e x i s t s  

i n  a reginn a f  a p p r o x i m a t ~ f y  3 tifie5 less a r d e r .  T h e  Sr:n values 

ier c h o l e s t e r y l  o leate  i n  the d i s ~ r d e r e d  domain are  i n  e x c e l l e n t  

a g r e ~ n e n t  w i t h  ths order p a r s m f t e r  Qne can  d e t e r m i n e  f r c m  t h e  

EPR s p e c t r u m  c ? i  r h u l e s f ~ r y l  12-doxyL 5tearate i n  tDL a t  37 ':'C 

presented i n  a s t r ~ d y  b y  K e i t h  st --- -- a l  . f 1141 , 6! v a l ~ i e  c t f  Eir:i:F:r::i. 

("~SCX:,)  slf Cf.13-0-14 was ca1cu.l at&. ,, The o r d e r  p a r a m e t e r s  

r e p o r t e d  h e r e  are r e n = i d e r - a b l y  Irlwer'  t h a n  those d e t e r m i n e d  by 

f l u a r e s c e n c e  e x p e r i m e n t s  u s i n g  c n n l e s t e r y i  gzz-parinarate i n  

[ F i g u r e  24; LDL-3 at 25 "'C ( 189) . The nrder p a r a m e t e r  r e p o r t e d  

by Sklar 92 aL. i197; is 0.74, i n d i c a t i n g  a very h i g h  tiegreL a d  

o r d e r .  Two f a c t o r s  may c o n t r i b u t e  t o  t h i s  d i s c r e p a n c y ,  

F i r s t l y ,  d e u t e r i u m  o r d e r  p a r a m e t e r s  a re  s e n s i t i v e  t o  m o t i o n s  

s u b s t a n t i a l l y  s l o w e r  t h a n  t h e  o r d e r  p a r a m e t e r s  d e t e r m i n e d  by 

f l u m - e s c e n r e  s p e c t r o s c o p y  (101). There-Fure,  m o t i o n s  t h a t  a p p e a r  

51 o w  an t h e  4 l u o r e s c e n c e  t i m e  scale may still a p p e a r  f a s t  when 

measu red  by  'H NMR. S e c a n d l y ,  a c o n j u g a t e d  p a l y e n e  s u c h  as t h e  

a c y l  c h a i n  ad r h o l e s t e r y l  g g z - p a r i n d r a t e  ( F i g u r e  24) is less 

f  l e x , i b l e  t h a n  the a c y l  c h a i n  of c h o l e s t e r y l  aleate a n d  may 

a c t u a l l y  i n d u c e  o r d e r  i n t o  t h e  l i p o p r o t e i n  core. fhc f l u o r e s -  

c e n c e  o r d e r  p a r a m e t e r  would t h e n  r e f l e c t  t h e  mean o r i e n t a t i o n  of 

a r i q i d  o c t a t e t r a e n e .  The  l e v e l  o f  p e r t u r b a t i o n  i n t r o d u c e d  i n t o  

t h e  l i p o p r o t e i n  care by c h o l e s t e r y l  c g s - p a r i n a r a t e  is e v i d e n c e d  



Fiqare 24, C h o l  esteryl zis-Farinarate 





by the fact t h a t  the thermal transition temperature (TI-I) ,  

measured 'by differential scanning calorimetry, is depressed by 

10-15 "'C upon incorporation of 5 wt% of the ester (1B9). 

The arder parameters in the less ordered domain are 

considerably lower than thase reported by Parmar et (151) 

in reronstituted high density lipopr~tein (HDL) containing 

selectively deuterated chrllesteryl pal mi take at 25 "C. In 

reconstituted HDL the values reported are Scp W.35 for pmsitians 

2 through -5, Son *a-20 at the 11-  and 12-positions, and SCW 

/ 

"0.04 Sor the methyl terminus of the acyl chain. Moreover, even 

the more highly arder~d ester region ~f LDL,, where S c r ,  = 0.20, 

is significantly less ordered than in WDL. The low values of 

the order parameter determined for cholesteryl ol eate in LDL?. 

may b e  due t@ two factors. Firstly? in contrast to LDLr, no 

triglycerdes were present in the reconstituted HDL. ~ ~ O ~ E O V ~ F .  

if an elevated LDLz triglyceride content (discussed earlier) is 

a general feature af this technique, orientatianal order in the 

LDLz care wi 1 l be reduced (43) .  Secondly, there might exist an 

orientational effect due to the presence of the gL5-double bond 

in the oleic acyl chain (178) such that anisotropic motions of 

the C-% bond may not be axially symmetric about the normal to 

the lipoprotein surface. The decreased linewidths observed at 

the 24-position relative to the 16-position may also be a 

consequence of such an orientation effect. 

The phase behaviour of the LDLyZ core can be demonstrated by 



platting the data in Table 2 as illustrated in Figure 25. 4t 

chain positions between the steroid moiety and the alef inir 

region the linewidths decrease sharply, as the temperature is. 

increased from 15 to 35 "C. This dramatic decrease in linewidth 

canqot be completely accounted for by lower solvent viscosity at 

h i g h e r  temperature, and these+ ore s ~ g n a l s  a signi+icant decrease 

in order within the lipoprotein rare. As shown by the insert to 

Figure 25, the broad spectral c~mponent observed at the 2- and 

s .J-posit i n n 5  displays similar linewidth behaviour. M o v e  35 "C, 

the decrease in linewidth is less dram~tic thus indicating khe 

phase transition is complete. fherd-fore, as indicated by the 

1 inewidths, the core of LDL,.,: is significantly less ordered at 

phyriological temperature than at lower temperatures. It is 

important ta nate, hawever, that although the ~ri~ntational 

order is reduced at physiolagical temperature, a finite amount of 

order remains in both cholesteryl ester domains. In suppart of 

the observations veparted here, l"rr 4 NMR experiments of Sears 

et &. (1bB) indicate that cholesteryl esters in native LDL:;!, at -- 

50 "C,  are more ordered than in isotropic esters at the same 

temperature. 

Linewidths at the 14-, 16-, and 18-positions display a 

monotonic decrease with increasing temperature between 15 and 

45 "C,  with no in+ lectim near 35 '32. This indicates that acyl 

chain positions near the methyl terminus are less sensitive to 

the phase behaviuur of  the lipopretein core. These observations 



Figure 25. F l ~ t  of  :W NMR linewidths versus 

temperature fur  selective1 y deuteraf ed 

Inset indicates the temperature 

dependence of  the broad cumpunent: 

( 0 )  2,2-" H, 

(0 1 5,5-"Hz 
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- r e  L D  a r r o r d  w i t h  t h e  calorimetric studies repor ted  by E a r r a f  1 

and Johnston ( 1 0 )  which indicate that chain positions between 

t h ~  beginning of the ale+inic region and the methyl terminus 

contribute little ta the phase behaviour a+ the cholesteryl 

~5tPt-5. 

P r e v i o u s  literature has repm-ted a braad phase transition 
x. 

extending from'"20 ":'C tu *4G <'C which has been atkributed to a 

phase changz o i  the c h o l e s t e r y l  est2rs within the cure o-f LGL, 

c4Z3 188). Table 2 and F i g r _ : . r e  25 cfemanstrate that even at 15 ':%, 

which is below the onset of the phase transitian ~b-served by 

DSC, some af the esters esist in a disordered s ta te .  i+loreaver, 

from Table 2 and Figure 25 i +  is clear that the more highly 

i_7rd~red domain pgrsists even air 45 '::'C. 

&It the 2-positian the more highly ordered domain, 

represented by the broad component, canstituted SO +/- 7% ~f the 

rholest~ryl aleate -signal thr~ughout the temperature range of 

these experiments. By way of contrast, at the 5-position the 

more highly ordered domain constituted 85% of the signal at 

15 T, A 5  the temperature w a s  increased the broad ccmponent 

decreased steadily until at 45 "C in canstituted 53% of the 

spectrum. &s a consequence of these cantracictory data, it is 

not passible to determine i #  the relative papulatian of each 

- region i 5 temperature dependent. 

above the thermal transition the care of Lilt7.- has been 

described as "L iquid-li ke" 143,1681. However, in view of the 



fact that orientatianal order persists even after the thermal 

tr-ansitiu'n is completed, such a description is not completely 

accurate. Mare recent investigatsrs have used the term 

"nematic-like" ta describe the organization within the 

Lip~prat~in rare abave T,Y. This description appears more 
I 

accurate, 5ut as the data pre-sented here demonstrate this 

"nematic-like" stat8 is hetersgen~ous. 

E, Selectively Deutevated Palmitic W i d  in Low Density 

Lipaprotein 

f i ?  Association of Palmitic Acid with LDLn 

T r x e  3mounts of free fatty acids are present in human low 

density lipoprotein. Recent studies of phospholipid bilayers 

(153,204) and membranes (41) have shown deuterated fatty acids 

to be r ~ l  iable non-perturbing probes which accurately reflect 

the orientatianal order surrounding them. Therefore 

incorporation of exogenous deuterated fatty acids into LDLz 

represents an excellent method of studying the polar lipid 

envir~nment in LDL?. 

Deuteri urn 1 abel led fatty acids were i ncorpcrated into LDL,;,. 

as detailed in Chapter 2. The degree of incorporation was 

monitored using a trace of Cl-'4Clpalmitic acid. The 

association of label led palmi tic acid and the l ipaprotein was 



d e m o n s t r a t e d  by g e l  chromatagraphy.  F i g u r e  26 p r e s e n t s  t h e  

e l u t i o n  o r o f  FIE a+ LDL- c o n t a i n i n g  7 m o l %  CW,, l p a l m i t i c  a r i d  

p l u s  a "YCtracer. A s i n g l e  p r o t e i n  peak e l u t e d  f rom t h e  

column, and c o i n r i d e n t  w i t h  t h i s  peak  was t h e  maximum i n  

i a d i o a c t i v i t y .  f i l l  of t h e  r a d i o a y t i v i t y  w a s  r e c o v e r e d  (109%) 

i n d i c a t i n g  n o  p r o t e i n - f r e e  s t r u c t u r e s  w e r e  Surmed s p o n t a n e o u s l y  

during t h e  i n c m - p o r a t i ~ n  of t h e  - fa t ty  a c i d  i n t o  LDL.:.. 

i i i !  E f f e c t  o-F F a t t y  Acid I n c o r p o r a t i o n  on P a r t i c l e  S i z e  

To assess t h e  f e a s i b i  i i t y  of  y2H NMR e x p e r i m e n t s  u s i n g  

selectively d e u t e r a t e d  f a t t y  a c i d s ,  p r e l i m i n a r y  i n v e s t i g a t i o n s  

w e r e  conduc t& u s i n g  p e r d e u t e r a t e d  p a l m i t i c  a c i d .  The e f fect  a+ 

exogenous S a t t y  a c i d  i n c o r p o r a t i o n  i n t o  LCL, on p a r t i c l e  s i z e  

was moni to red  by ::5-':LP NMR. If f a t t y  a c i d  i n c o r p o r a t i o n  i n c r e a s e d  

t h e  d i a m e t e r  nf t h e  l i p o p r o t e i n  p a r t i c l e ,  t h e  i s o t r o p i c  t u m b l i n g  

r a t e  of t h e  p a r t i c l e  would be r educed .  A 5  a consequence ,  t h e  

."".P s p e c t r u m  would b e  b r o a d e r  t h a n  t h a t  o b s e r v e d  i n  t h e  a b s e n c e  

a+ exogenous  f a t t y  a c i d .  F i g u r e  27 p r e s e n t s  t h e  l H  n o i s e -  

d e c a u p l e d  s p e c t r a  of  LDL? b o t h  i n  t h e  p r e s e n c e  and i n  t h e  

a b s e n c e  of 7 m o l %  t.2H,.:, 3pal  m i  ti c a c i d .  The upf i el d  r e s o n a n c e  

a p p e a r i n g  a t  -0.8 +/- 0.1 ppm is a s s i g n e d  t o  

p h o s p h a t i d y l c h d i n e ,  and t h e  r e s a n a n c e  a t  -0.2 +/- 0.1 ppm is 

assi qned t o  s p h i  ngomyel i n .  ~i hi 1 ar s p e c t r a l  a s s i g n m e n t s  h a v e  

been r e p o r t e d  p r e v i o u s l y  (225,227). The a b s e n c e  a f  y e t  a t h i r d  



F i g u r e  26- E l u t i o n  p r o - f i l e  of LDL7 c o n t a i n i n g  7 PlolX 

C ' z H ~ x l p a l m i t i c  !acid f r o m  Sepharose 6% 

E l u t i o n  s o l v e n t :  0.3rnE EDTA + 13.02% NaNz 

<A! I R C  activity; 1.0 = 1572 dpm. 





a? n a t i v e  LDL-;:!, 20 mq p rs te i n  per m L  

b )  !-DL:;: + 7 m ~ i X  L2H:,::, f p a l m i f i c  s.:.cFd 

Spectral parsmeters: Sweep w i d t h  = 2 kHz5 

dataset  = 2 k  z e r o  filled t~ 4k; number o-F 

acquisitions = 1024; line brgadeninq = 

1 H z .  Chemical shiits are w i t h  respect 

to e x t e r n a l  H#OLk. 





signal occurinq between these resonances clearly indicates 

nu l ysophasphatidylcholine is present in either ;ample. Lyso- 

phosphatidylcholine would be expected to be present in sged or 

partially degraded LDL,;? (90). Th- - 3 L  P linewidth a+ bath 

sphingomyelin and phosphatidylcholine is 12 +/- 1 Hz in both 

native and Labelled t D t . x .  This indicates, firstly, that motion 

a+ the headgroup is similar in both classes of phosphalipid. 

M a x e  impartantiy, this demonstrates that the can+ urmation a+ the 

respective headjraups and the size m f  the lipoprotein particle 

r e m a i n  unaltered S y  t!-ie incarporation of deuterated 9atty acid, 

The =H NHR spectrum of LDL2 containinq 7 mnl% 

txH:.:r7 lpalmitic acid is, presented in Figure 28, as indicated in 

the ilgure, the spectrum can b e  resolved into a relatively 

narrow Larentrian signal, assigned to the terminal methyl group, 

s..tperimposed on and shifted +IS Hi u p f  ield from a much broader 

composite resonance assigned to the methylene chain pasitians. 

A s  previousi y discussed, the lin~widths, of the spectral 

components redlect the ma?ecular order at the site of the 

deuterium nucleus, On the basis of the amphiphilic character 

0-F palmitic acid, one might predict that fatty acid is located 

in the outer shell af LDLz. This prediction is sugported by 

ascorbic acid reduction of nitraxide labelled stearic acid (114) 

as w e 1  1 as +luorescence energy trans+er experiments using 

g&s-parinaric acid (188). fherefore, it is assumed that the 

palmitic acid probe is anchored at or near the aqueous interface 



by t h e  carboxyl f u n c t i o n  w h i l e  t h e  l o n g  m o l e c u l a r  a x i s  a+ the 

f a t t y  a c i d  is a l i g n e d  p a r a l l e l  to  t h e  p h o s p h o l i p i d  a c y l  c h a i n s .  

Owing to  t h e  c n m p o s i t e  n a t u r e  of  t h e  s p e c t r u m  shown i n  F i g u r e  

28, arder p a r a m e t e r s  w e r e  n u t  c a l c u l a t e d ,  This c a n  be 

accompl i shed mure a c c u r a t e l y  u s i n q  s p e c i  f  i ca l l  y d e u t e r a t e d  

p a l m i  t i c  a c i d s .  



F i g i t r e  28. .'W NMR spectrum of LBL, containing 

7 mal% t:2!H3:,, 7 p a l m i t i c  a c i d .  

Spectral parameters: S w e e p  w i d t h  = 1 0  kHz; 

dataset = 8k; line broadening = 2 Hz. 





t 1 1 1 )  SpecrficaLLy Oeuterated Palmitic Acid in L o w  

Densi ty Lipoprotein 

Fauls 9% ~ 1 .  1153) issue the caveat that high degrees a+ 

f a t t y  acid incnrporation (20 rnof%) in phospholipid bi f ayers 

 artificial:^ increase the arder parameter, Sc;r>, at a given acyl 

chain position by approximately POX. This was investigated in 

p r e i  iminary esperinents using LDt.;;,! 1 &el with Kg, 4-2::Ii7,7- 

palmitic acid, over the range of 2.5 to 20 mnl% incorporation, 

Nc; incr~ase in linewidth, and theref~re SC?I:,~ w a s  ~bsejrved at 

increased levels o-F inc~rporatian. Figure 29 displays the  'H 

spectra a+ LDL,:. csntaininq 5 mol% and 20 mol% C 4 ?  4-2H,:.~7palmikic 

acid. The spectra in both cases are very 5inilar and, in 

particular, the linewidths are the same within experimental 

error-, One nstable difference between t h e s e  spectra is the 

better signal-to-noise ratio ~bserved at 20 mol% incurporation. 

Dwing to the characteristically better spectra recorded at 20 

m o l X  incorporation, and in light of the fact that Scn appears to 

be the same over a 10-fold range a+ +atty acid concentration, 

experiments using selective1 y deuterated palmi tic acids 

containing only two deuterium nuclei were performed at 20 molX 

i ncorpurati on. 

Figure 30 presents the NMR spectra of iDh7;! containing 

palmitic acid deuterated at the indicated positions. A t  







pasi t iuns 2 through 12, the spectra can be simulated by a super- 

pasition .oS t w o  Lusontzian signals. None af the spectra can be 

simulated by a single Larentzian function. The dotted lines 

in the figure indicate the two spectral components. These 

spectra clearly indicate the coexistence of  two reqiuns of 

signi+icantly dif Serent srder within t h e  o u t e ~  shell of  LDL-,  

Furthermare, if exchange occurs between these t w o  sites it m u s t  

he slaa ~ l ~ c e ,  if the exchange rate %as +ast: a single. broad 

resunance representing the average order in both regions would 

be cbserved;  The less ordered lipid domain, char.acterired 5v 

t h e  narrnw camp~nent, represented 8% oi the total siqnal at each 

positisn except at the 5,6 position where it w a s  35% n i  the 

signal, The linewidths 2-t each chain position are recorded in 

Table 6. 

Evidence of  separate, non-equivalent phospholipid domains 

in LDL-X: has been reported by earlier investigators. After 

correcting iar Muclear Overhauser Enhancement (NOE> effects 

Yeagle gg &. (2251 estimated that "20% o+ the headgroup 

phosphorus in their LDL;;;! w a s  not detectable by ::'lP MMR. 

Similarly, Finer e_t_ at. rb1)  reported that 20-30% of the tri- 

methylammmmium resonance w a s  not detected by *ti NMR af porcine 

LDL. Moreover, they estimated that approximately hal+ of the 

linewidth observed at 220 MHz is due to a distribution a+ 

chemical shifts indicating a range u+ magnetically 

nmn-equivalent envirunments. Yeagle & ,at. fZ25) suggested that 



.Figure 30. "H NMR spectra of selectively 

beuterated palmitic acid in LDLz 

Spectral parameters: unless otherwise 

indicated affset = 25 kHz and pulse width 

= 5 GSec (55 ':< -$.flip angle), 

X2-: Inc~rporatian = 2'2 m a l % ;  sweep 

width = 50 kHz; number a+ acquisitions 

I N A )  = 500,000; dataset = 4 k  zero--Filled 

ta 8 k i  line broadening = 20 Hz, 

4,3-: Incorporation = 20 m d % ;  sweep 

width = 50 kHz; N& = 375, iI)0iIj: dataset = 4k 

zero-+illed to 8 k ;  line br~adening = 20 Hz. 

E5,&-: Incorporation = 6 mol%; sweep 

width = 50 kHz: MA = 300,000; dataset = 4k 

zero-filled to 8ki line broadening = 30 Hz. 

HIJl-: fncorparation = b mol%i s w e e p  

width = 50 kHz; NA = 100,000; dataset = 

4k,zcro--Filled to 8k: line broadening = 

I0 Hz. A&. I&,  I&-: Incorporation = 5 

mol%: sweep width = 10  kHz: o+fset = 

5 kHz; NU = 20,000; dataset = 8k; line 

broadening = 2 Hz. 



1.5 kHz 

5,5,6,6- 2.0 - kHz 



Table 6 

iinewidthr (Hz i and Spin-Lattice Rexatisn Times fmsec) o+ 

Selective1 y Deuterated Palmi tic k i d  in LDL:,? at 25 '::'C 

&yl. Chain Narrow Cumponent Eraad C ~ m p o n e n t  

Pasi P i  on &.Vl ,,-, T I P V ,  .,,- T I  

1 Linewidths w e r e  determined from a & parameter iterative least 

squares analysi s of the NMR spectrum. 

2 N u m b e r s  in pasentheses indicate the linewidth uncertainty 

determined from the computer calculated standard deviation. 



the unobservable phosphorus signal is a result of immobil- 

ization bf the phaspholipid headgroups through protein-lipid 

interactions. Support for this hypothesis stems fram the 

abservation that after partial trypsin digestion af the LDL:,- 

apaprotein, as much as 99% a+ the headgroup phosphorus signal 

s i g n a l  is shifted dawnfield (227). In like manner, addition oQ 

wr! ::;! .+ ions ta LCL, quickly broadens a1 l of  the '"::'.P signal to t h e  

point o-F nnn-detection !90?. These absprvatisns indf cats that 

either all u+ the phospholipid headgroups are located at the 

surface a+ the lip~protein particle or at least are readily 

accessible ta t h e s e  inns. - However, if Mn"" ions are first 

- - 1:2.2) only half of the phosphorus signal is quenched 

indicating that the remaining signal arises from phospholipids 

inaccessible to the large manganese-EDTQ complex. 

Spin-lattice relaxatian times measured at selected acyl 

chain positians are presented in Table 6. In general, the 

relaxation times increase toward the methyl terminus of the 

fatty acid indicating increased motion away from the aqueous 

interface. The relatively long TI value measured at the methyl 

position reflects the additional rotation of the methyl graup. 

Through application of equation 3.54 and using the data 

presented in Table the order parameters can be evaluated. 



Table 7 presents the order parameters at each chain position of 

palmitic'acid in LDLT at 25•‹C- The order parameters of the less 

ordered phospholipid region, represented by the narrow 

campanent, are in accord with the S r : ,  values measured by Parmar 

& &. (152) in unilamellar egg PC/sphingomyelin vesicles. On 

the other hand, in the more highly ordered damain Sr:x> values 

are on the order o+ 5 times higher. Indeed, in this region, Scn 

vaiues are approximately 58% higher than values measured in 

phaspholipid multilamellar liposomes (153,175,204f. The order 

parameters =-F the more highly ordered environment are in 

excellent agreement w i t h  EPR order parameters determined by 

Laggner and Kastner 1125) using 5-doxy1 and 12-doxy1 stearic 

acid In LDL- at 25 "C. These authars reported values of SEp17 

.' *3  
x -S<:r,) a? 0.6-0.7, 

The fact that ShD values for the more highly ordered LDL-,. 

phospholipid domain are significantly greater than in vesicles 

or liposomes may be the consequence of two factors. Firstly, 

the presence of free cholesterol in the outer shell of LDLz may 

increase Scn in a manner similar t o  that reported previously in 

egg P C  bi layers <204) . Secondly, apoprotein-B may increase S f ~ n  

through lipid-protein interactions. However, a recent review of 

lipid-protein interactions, by Bloom and Smith (15). finds no 

evidence of immobilized phospholipid acyl chains in the presence 

of protein, Theref ore, this explanation appears unlikely. 



TABLE 7 

Order Parameters of Sel ect i vel y Deuterateb 

Pal  mi tic Acid in LDL7- at 25 "C 

Chain Position Narrow Component Broad Camponen% 

* PI spin-lattice relaxation time of 20 mscc was assumed. 

This assumption is justified since farmer & +I, (152, have 

demonstrated that the deterium spin-lattice relaxation times of 

palmitic acid in egg PC/beef brain sphingomvelin vesicles 

are essintially constant aver the first 6 acyl chain positions. 



The o r d e r  parameter profiles of both phospholipid dumains 

are presented in Figare 31. It must be recognized that the 

lines shown in the figure serve only to indicate the trend in 

the data and da not imply any mathematical +unction, nor do they 

imply the existence of fractianal chain positions. In the mure 

hiqhll~ ordered environment Sc:r, remains essential l y constant over 

at least t h e  f i r s t  5ir acyl chain gositions. and then declines 

qradually. G similar proiile has been reported in multilamelar 

liposomes both in the presence and in the absence of cholesterol 

<153,!75,204>. in the less urdered region, an the  other hand. 

S,:r, ~emains essentially constant from the C2 position to the 

methyl terminus of the acvl chain. 

There are two psssible explanations +or the coexistence of 

two phocphol ipid regions of vastly different orientational order 

within the outer she1 l of LDL:., Firstly, apoprotein-b may 

in+ luence the order of the phasphol ipid molecules immediate1 y 

surraundinq the protein through lipid-protein interactions. The 

interactions between phospholipid and apoprotein-B are not fully 

understood. However, from measurements o+ optical rotary 

dispersion fORDZ it is known that the helical structure o+ 

apaprotein-3 decreases by 27% upon removal o+ phospholipid from 

the lipopratein particle 1163,164). Mareover, bath "'P NMR 

(2251 and 'H NMR Ibl) indicate that some o-f the phospholipid 

headgroups are rigid1 y immobi 1 ized. There is no justification to 

assume 2 ~riori that any lipid-protein interactions which result 



Figare 31. O r d e r  parameter profile of p a l m i  tic acid 

i& indicates t h e  broad spectral romponen* 

(@I indicates the narrow spectral c ~ m p o n e n t  



Chain Position 



in restricted motion of the phaspholipid headgroup, as evidenced 

by broadening of ' the ,x'.P spectrum, will similar1 y lead ta 

restricted motion ~f the phospholipid 

spectrzl parameters from phaspholipfd 

chains may display opposing trends in 

ic illustrate, Yeagle & 2L. repcrted 

acyl chains. Indeed. 

headgroups and fatty acyl 

the presence of protein. 

increased phosphorus 

1 inewidths a+ vesicles a+ ter incorparstian nf cytachrome c 

i225) = Fy way ~i cantrast, Old+ield and coworkers investigated 

3 wide range oi different proteins in s.electivelv deuterated 

pbasphulipid biiayers (111,147,158j and reported that lipid 

immediately adjacent ta proteins iboundary l ipid) is not 

immobilized by the protein. To the cantrary, baundary l i ~ i d  is 

disordered by the presEnce of the protein, Similar results have 

been abserved In membrane vesicles derived from Escberichia c q l j  

(1 10). Addi tlonal support for the conclusians of Oldf ield 

ef al. can be found in the laser Raman experiments ~ e p ~ r t e d  by -- -- 

Curatol~ & a l .  (37). In the presence pf protealipid 

apoprotein, a protein -Found in myelin, and also studied by 

Old-Field, dimyristoyl phosphatidylchol ine acyl chains display 

an increased number of gauche conformers below the transition 

temperature. In view o-f the evidence presented above, it is 

enti re1 y passi bl e that the 1 ess ordered pnosphol i pi d domain of 

LDLz represents lipid intimately associated with apoprotein-33. 

Alternatively, the coexistence of two phospholipid domains 

may be the consequence of a non-uniform distribution of lipids 



in the LDL- mon~layer. A g g e r b e c k  gf a&. i 2 )  reported that 

following digestion of human LDLx! with phaspholipise A, all of 

the phasphatidylchsline is, hydrolyzed by the phosphalipase. 

Careful study of the kinetics of the reaction revealed that "15% 

of the phosphatidylcholine w a s  hydrolyzed at a rate 

substantially greater than the remaininq phospholipid. In 

studies on mouse cells, it hss been demonstrated that phospho- 

l i p 3 ~ e  A:, r s  very sensitive to the steraf content of the plazima 

membranes (b21. In particular, membranes classified as 70% 

sterol depletsd were susceptible to phosphol ipase hydralvsis at 

a rate 4 times greater than membranes with normal sterol 

content. F r s m  the data presented here, me cannot distinguish 

between passxbl5 phospholipid-apopratein-B interactxons, and 

irregular lipid distribution in the LDLs munolayer. However, 

when taken together with the phospholipase studies of Aggsrbeck 

e t  sl. ( 2 )  and Fisher _aL. f62) plus the NPlR studies of Parmar -- 

et a&. 11521, they infer the less ordered phospholipid domain in -- 

LDL, represents a cholesterol deficient region. Further, the 

passibility must be considered that such sterol deficient 

regions are in. close proximi ty to apoprotein-P. 



\ 
3 S p i n - L a t t i c e  R e l a x a t i o n  i n  P h a s p h a t i d y l c h o l  i n e  

U n i l a m n l l a r  V e s i c l e s  

Carban-13 s p i n - l a t t i c e  ref a x a t i a n  times, f ,, m f  a p p r o x i -  

%ately 2 D X  i w / v !  u n i l a m e l l a r  e g g  PC vesicles in "HzO have 

b s ~ n  r n ~ a s u r e d  a t  25.15 MHz and 30 ':I'r as w e l l  as 100.b HHz and 

5 ' 4 r ~ p r e r ; e n t a t i v e  "::T ~pectrr- tm a t  each f . r ~ q u e n c y  is 

p r e s e n t e d  i n  F i g u r e s  3 2 A  and 33&, Each s p e c t r u m  e x h i b i t s  

s e v e r s 1  w e 1  1  r e s o l v e d  r e ~ o n a n c e s '  a r i g i n a t i n g  f rom t h e  + a t t y  a c i d  

c h a i  n s ,  Resonances  w e r e  assi  q n ~ d  z c c o ~ d i  ng t a  F a t c h e ?  QP g! g&= 

1 The s p i n - l a t t i c e  relaxation t i m e s  a re  p r e s e n t e d  i n  

Table S and are accurate to +/- 10%. I n  g e n e r a l ,  s p e c i + i c  

c a r b a n  n u c l e i  a n  e a c h  of  t h e  a c y l  c h a i n s  c a n n a t  b e  u n i q u e l y  

r ~ s o f v e d  f r o m  each o t h e r .  T h e r e + o r e ,  t h e  TI v a l u e s  r e p o r t e d  

h e r e  r e p r e s e n t  t h e  a v e r a g e  s p i n - l a t t i c e  r e 1  a x a t i o n  t i m e s  of b a t h  

c h a i n s .  An example  of d a t a  c o l l e c t e d  d u r i n g  a TI e x p e r i m e n t  is 

d i s p l a y e d  i n  F i g u r e  34. The r e l a x a t i o n  t i m e  is c a l c u l a t e d  f rom 

a b s o l u t e  v a l u e  of t h e  r e c i p r o c a l  a f  t h e  s l o p e  of  t h e  l i n e .  

The d a t a  shown i n  T a b l e  8 d e m o n s t r a t e  a g e n ~ r a l  i n c r e a s e  i n  

T:L t a w a r d  t h e  methyl  t e r m i n u s  of the  + a t t y  acyl c h a i n s  t h u s  

r e d l e c t i n g  a p r o g r e s s i v e  i n c r e a s e  i n  m o t i o n a l  f reedom. T h i s  



a) Egg PC only bf Egg PC + "1.7 mul% 5-doxyl 

Spectral Parameters: Sweep width = 5 kHz: 

p u l s e  w i d t h  = 24 us <W"' f l i p  angle); 

dataset = 8 k 3  line brcadening = 2 Hz; 

number E$ acquis i t ions  = 1500; dec~upt inq 

bandwidth = 2 k H z .  





20% W/V egg phosphatidylcholine vesicles in 

(a) egg PC only !bI1 egg PC + " 1.7 mal% 

indicates expansion o-f carbonyl regian. 

Spectral parameters: Sweep w i d t h  = 20 k H z ;  

line broadening = 1.5 Hz; p u l s e  





Figure 34. Plot of &versus t for the C3 position of 

Phosphatidylchaline at 100.6 MHz. and 46 '"C: 

in the absence of spin-labelled cholesteryl 

ester. 





-- t r f n d  can be represented graphically as shown in Figure -33, 

by plctting NT, against relative chain position, where N is the 

number of  bonded prntans at each position. A very 5irnilar 

profile is observed at 100.6 MHz. It should be emphasized that 

chain positions indicated in Figure 35, particularly tuward the 

methyl terminus, are approximate, This is a cm-isequence the 

distribution of Satty acids of differing lengths in eqg PC= The 

Far the cqnvinience oS the reader, Figure 3 is again 

displayed here. The spin-lattice relaxation times o$ the fatty 

acid chains at both 25.15 and 100.6 MHz, in the presence o9 1.7 

mol% 5-doxy1 cholesteryl palmitate, are presented in Table ? =  

The induced relaxation sates due to the presence of the spin 

labelled ester have been calculated from the data of Tables 8 

and 9 using the relatienship: 

where 1 / T i "  and  TI", respectively, indicate the spin-lattice 



f ~ b i p  ;s 

Spin-Lattice Relaxation Times Csec) fo r  20 wt% 

Egg Phasphatidylcholine Vesicles 

C h a i n  Posi ti an 25.15 MHz 100.6 HHz 

................................................................ 
1 Two carbonyls were resolved (see Text) 

2. Denotes oleic acid 

3. Denutes linoleic acid 

4. w-2 indicates the anti-penul timate chain position 

5. w-1 indicates the penultimate chain position 

w indicates the terminal methyl position 
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Figure 3. S p i n  labelled esters 





Spi  n-1 attice He1 axati on Times  (sec) of Egg P h o ~ p h a t i  dy? - 

c h a l  ine Vesicles Containing 5-Doxyl  Choiesteryf Palmitate 



r e l a x a t i a n  rakes in the presence and the absence of spin 

labelled .ch~lesteryl ester. It should be noted that the error 

both large relative to the di+ferenc~ in their magnitude. 

dominated by dipolar coupling between a nucleus and the 

par t ,  by  the magnitude gf t h e  magnetic moments of the 

the grei3ente 0% a paramaggetic centre, the ;L':T spln-l a t t i  ce 

re1 a x a t i s n  time near the paramagnetic centre will be 

5. ignif  icantl y reduced, and can be anal yred by direct analogy 

with equations 3.30 and Z . 3 1  (52,297). 

The spin f ahel-induced longitudinal relaxation rate: 

P f T , .  :iel...., at 25.25 MHz and -30 ':'C is plotted against the 

approximate acyl chain position in Figure 36, M a x i m u m  

enhancement of the relaxation rate is observed in the C1 

(carbcmyl)-C2 region. A t  chain positions beyond this region, 

extending taward the methyl terminus, the influence ~f the spin 

label is diminished and approximately constant within 



Figt-!re 3 A .  '"'6 NHR spin label-induced spin-lattice 

relaxation rate due to 1.7 mal% 5-doxyl 

chulesteryl paimi  tate at 25.25 MHz and 

3Q T. Uncertainties were calculated 

+ r a m  the square root uf the sum of the 

squares of the absulute  errars. 



Chain Position 



Figure 37, ':?C NMR spin l a b e l - i  nduced spin-1 attice 

relaxation rate due to 1.7 mol% 5-duxyl  

chol esteryl  p a l m i t a t e  at  100.b MHz and 

46 1•‹C 
I Uncertainties were calculated as 

in Figure 3&. . 



Chain Position 

177  



e:.:perzmental errm-, Figures 32R and 33B indicate that, as 

expected, the linewidths of the acyl chain resonances are 

increased by the presence o+ the spin label in qualitatively 

the same pattern. 

& very simi far pro+ i le of induced spi n-1 atti ce re1 axation 

rate v r s u s  chain gositicm, at IOO=& and 46 " C ,  is presented in 

F i g u r ~  37; Two impartant features distinguish this pro-file from 

that n$ Figure 36, Firstly? two carbony1 resnnances .  at 173,f 

and L73.a ppm,  are resolved (Fig. 331. At 100.S MHz and 30 "C 

these resanances are anly poorly resolved, while at 25.2 MHz, in 

t h e  presence of 5-doxyl cholesteryi palmitate, they are nnt 

resalved- Serondl y ,  the relaxation rate of t h e  dawnf ield 

resunance  is enhanced by a factor o+ approximately 4; while that 

af the upiield resonance is enhanced nearl y 10-Sold. 

kssmsnn gr &. ( 6 )  have assigned the two carbonyl 

resonances tc maqneticallv non-equivalent acyl chains of 

phosphatidylrhol ine {see Figure 38). The down-Field resonance 

was assigned tu the carbonyl of the snl-chain while the 

resonance to higher field was assigned to the carbonyl of the 

sn2-chain. More recent investigations indicate the carbunyl 

resonances ariginate from phospholipid molecules on the inside 

and outside of the vesicle f l&S,l?Q, 182,226) . 
When care is exercised to suppress the NOE effect, (see 

below) the intensity o+ each carbanyl resonance can be measured 

accuratel y (651. If the conclusion of Assmann gt ail ( 6 )  is 



Figure 38. S t r u c t u r e  of dipalmitoyl phosphatidylcholine 





rzorrect, the r a t i o  of the r e l s t i v  i n t e n s i t i e s  ai t h e  t n o  

earbcrnyf . r e s o n a n c e s  s h o u l  d a p p r o a c h  ctni t v .  However , at iQf3= A 

MHz and 45 "C t h e  r a t i o  of t h e  i n t e n s i t y  s f  the d ~ w n f i e l d  

resonance t o  t h a t  o+ the u p - f i e l d  r e s o n a n c e  is a p p r a x i m a t e l y  2: i 

{see Figure 333. i!areove~, a t  100.h MHz and 5C '%, t h r  p r o t o n -  

d EC ~~~p 1 ~d ':ST - =piectnm r lS'  t . ' ~ - s i c f  es p r e p s r ~ d  -FIGS B o v i n s  b r a i n  

sphyngomyel i n ,  a phosphnl i p i  d r o n t a i  ni nq on1 y one r a r b a n y l  , 

reveal-% two i a r b a n y l  -ecanances, an2 at 177=4 and ane at 177,8 

ppm !spectrum not & a w n ! .  Clearly, then, t h s  p ~ s s i b i l i t y  that 

4- _!!2 L . t ~ a  c z r b s n y l  resonances arise i r o m  t h e  magnetic 

n~n-equivalence D$ t h e  a r y i  chains ir  remate. 

I- she a - s . s i g n ~ m m t  s f  the c a r b o n y l  r e s o n a n c e s  w a s  i u r t he r  

,-.-a . ~ i = = ~ r g a ' r e d  b y  the a d d i t i o n  lziS Mn=+ ions <13&] tc -Freshly 

r o n i c a t e d  egg  PC vesirles. Manganese i o n s  e n h a n c e  magnetic 

!-spin-spinI r e f a x a t i o n  ra tes  thereby b r o a d e n i n g  the o b s e r v e d  

r e s o n a n c e  (52). Owing t o  t h e  s t r o n g  i n v e r s e  d i s t a n c e - d e p e n d e n c e  

of such ef fects ,  car-bony15 cm t h e  g u t s i d e  o+ t h e  v e s i c l e s ,  i n  

c o n t a c t  w i t h  t h e  Mn:2+. i o n s  i n  t h e  s o l v e n t ,  are e x p e c t e d  t o  b e  

sel ect i v e l  y broadened .  

F i g w e  -39 d e m o n s t r a t e s  t h e  c-ff ect uf Mn2?-"' i o n s  ~ n  t h e  

c a r b o n y i  r e s o n a n c e s l  When Mn:z'"" i o n s  are a d d e d ,  t o  a 

c o n c e n t r a t i o n  o f  20 mM, t o  f r e s h l y  p r e p a r e d  v e s i c l e s ,  t h e  

downf i e l d  r e s o n a n c e  is s e l e c t i v e l y  b r c a d e n e d  su as t o  e s c a p e  

d e t e c t i o n .  T h e  o b s e r v a t i o n  t h a t  t h e  r e s o n a n c e  at 173.4 ppm is 



Figure 39. The effect a-F t4nx+ ions on the carbonyl 

peaks in the "T NMR spectrum of 20% W/V 

egg phosphatidylcholine vesicles at 

100. & MHz and 30 ' 'C 

Spectral parameters: sweep width = 20 kHz with 

quadrature detection: pulse width = 35 usec 

!POu flip angle): decouplinq bandwidth = 

4 kHz; dataset = 32 K j  line broadening = 5 Hz. 

number of acquisitions = 1500. In order to 

supress NOE, the decoupler was gated on only 

during acquisition of the free induction decay 

with a 10 second delay between succesive 

pulses. 





n o t  broadened by t h e  i n n s  c l e a r l y  d e m o n s t r a t e s  t h a t ,  d u r i n g  t h e  

t i m e  c o u r s e  09 t h e  e x p e r i m e n t ,  egg PC v e s i c l e s  are e s s e n t i a l l y  

impermeable t o  t h e  i n n s .  Fur the rmore ,  s i n c e  t h e  e f f e c t  of t h e  

wn :;?.I- i o n s  is e x p e c t e d  ta b e  s t r o n g l y  d i s t a n c e - d e p e n d e n t ,  t h e  

$awn+ i e l d  c a r b o n y l  r e s o n a n c e  a t  173.7 ppm is a s s i g n e d  t5 t h e  

outer h a l f  oS t h e  p h a s p h o l i p i d  v e s i c l e .  T h i s  a s s i g n m e n t  is i n  

agreement  w i t h  t h e  r e s u l t s  of e x p e r i m e n t s  u s i n g  l a n t h a n i d e  s h i f t  

reagents i85,1&5,226). The o p p o s i t e  a s s ignment  h a s  been 

r e p a r t e d  by S h a p i r o  g$ zlc (lB2>. 

By i n s p e c t i o n  of e q u a t i ~ n r  3,30 and 3 . 3 4 ,  it is e v i d e n t  

%hat the s p i n  l a b e l - i n d u c e d  r e l a x a t i o n  rate w i l l  i n c r e a s e  

s i g n i f i c a n t l y  as t h e  d i s t a n c e  between the n i t r m i d e  moie ty  and 

p h ~ s p h o l  i p i  d a c y l  c h a i n  d e c r e a s e s .  When 1.7 m o l  % 5-dox yl 

c h o l e s t e r y l  p a l m i t a t e  is i n c o r p o r a t e d  i n t o  egg PC v e s i c l e s ,  a 

maximum enhancement of t h e  r e l a x a t i o n  ra te  is o b s e r v e d  i n  t h e  

C1-C2 r e g i o n  { F i g u r e s  35 and 36). T h i s  d e m a n s t r a t e s  t h a t ,  on 

a v e r a g e ,  t h e  n i t r a x i d e  ~f 5-doxy1 c h o l e s t e r y l  p a l m i t a t e  is 

embedded i n  t h e  b i l a y e r  at a d e p t h  close t a  t h e  carbonyl-C2 

r e g i o n .  T h i s  is c o n s i s t e n t  w i t h  t h e  c h o l e s t e r y l  ester a d o p t i n g  

a  "horseshoe"  cmnformat isn  as p r e v i o u s l y  s u g g e s t e d  by =H NMR 

(771 and EPR (79) e x p e r i m e n t s .  

Camparison of t h e  t w o  c a r b o n y l  r e l a x a t i o n  rates a t  100.A 

MHz and 46 OC i n  t h e  a b s e n c e  of s p i n  l a b e l l e d  c h o l e s t e r y l  ester 

i n d i c a t e s  t h e y  are s i m i l a r  w i t h i n  e x p e r i m e n t a l  error. 

I n c o r p o r a t i a n  of 1.7 mol% 5-doxy1 c h o l e s t e r y l  p a l m i t a t e  i n t o  t h e  



vesicles results in a selective enhancement 

rate of the carbonyls on the outside of the 

of the relaxation 

vesicles by a factor 

of "4, while the relaxation rate for the carbonyls inside the 

vesicle are enhanced "10-+old. This significant differential 

effect suggests either that ester incorporation is greater or 

that lipid packing is tighter in the inner layer than in the 

outer laver of the vesicle, A hiqher incorporation of ester 

w ~ u l c i  result I n  a given phosphalipid having as its nearest 

neiqhbour a spin labelled chalesteryl ester m a - e  fr~quentlv. On 

+ 5 ~  &her hand, tighter lipid packing would decrease the 

distance separating the phasphnlipid f r o m  the nitr~xide maietv. 

The resul t in either case, neglecting any possible accompanying 

dif f e r ~ n c e s  in m~lecular - m o t i ~ n s  between the inner and outer 

vesicle iayers, is a larger enhancement of the spin-lattice 

relaxation rate in the inner vesicle layer. 

Previous experimenters have proposed that there is 

preferential incorparation of the related lipid, cholester~l , 

into the inner monolayer of phosphatidylcholine vesicles (47)- 

More recently, it has been demonstrated that as much as 5 mol% 

cholesteryl palmitate can be incorporated into the highly curved 

bilayer of vesicles containing egg PC (76) or dipalmitoyl- 

phosphatidylcholine (39). By way of contrast, less than 0.5 

mol% can be incorporated into the much less curved bilayers o-f 

multilamellar liposomes of these same lipids (215). In view of 

this evidence, it is possible that more 5-doxy1 cholesteryl 



pal mi tat@ incorporates into the inner layer af vesicles where 

surface curvature is higher. 

Asymmetric distribution of lipids acro5s membranes has been 

reparted previously ( 2 1 6 1 ,  and current discussions (144) suggest 

this arrangement is important physiologically since it results 

in a suitable matrix for enzymes found only an ane side o+ a 

membrane. I n  the case of cholestesyl esters, the possibility 

that there is preSer~nkiaf incorparation into the m a r e  highly 

curved regions a+ the bilayers m a y  be relevant to an 

appreciation of the role o+ cholesteryl esters within the cell. 

Evidence Indicates that  s o m e  cholesteryl esters are farmed 

inside the cell by enzymes bound to the endoplasmic reticulum 

(72). The endoplasmic reticulum is a highly convoluted network 

of t~ tbss  and cisternae, containing regions o+ very high 

curvature. I i  the cholesteryl esters eshibit preferential 

incorporation inta the more highly curved regions of the 

endoplasmic reticulum, there would exist cholesteryl ester-rich 

regions adjacent to hydro1 ytic enzymes. Indeed, Goodman (75) 

has shawn microsomes, derived from the endoplasmic reticulum, 

contribute as much as 32% of the total hydrolytic activity of 

It must also  be cansidered that different packing densities 

may exist in the two opposing surfaces of the egg PC ve'sicles. 

Di+ferent lipid packing in the inner and the outer monolayers 

of the vesicle is a possible consequence of the difference in 

186 



the curvature of the twe monolayers !1661. Considering only 

geumetrit arguments, the oppasite sign of curvature for the two 

munulayers predictably would lead to tighter parking near the 

aqueous interface, including the phospholipid carbonyl region, 

n+ the inner monolayer. On the other hand, near the centre of 

the bilayer it is predicted that the acyl chains of the inner 

monalayar would be subject tn less motional restriction than in 

the auter  n~nolayer. 

One potential means af di f f erenti ati nq between asvmmetri r 

di stributian od the spin-label led ester and different packing 

densities en opposing vesicle surfaces is +he addition o+ 

ascorbic acid to freshly sonicated vesicles containing the , 

cholesteryl ester. If during the time span of  the experiment 

the vesicles r e m a i ~  impermeable to ascorbic acid, only spin- 

labelled ester in the outer half of the vesicle will be reduced 

while the signal remaining from the cholesteryl ester on the 

inner half of the vesicle will reveal the amount ad ester at the 

inner surface. This experiment was not attempted by the author. 

The distance separatinq the nitroxide moiety and 

phospholipid acyl chain, at the nearest paint, cannot be 

estimated through application of equations 3.30 or 3.31. The 

induced spi n-l attice re1 axati an rate depends on both the 

distance separating the spin label from the phospholipid, r, 

and the number of spin labelled molecules, N. If one could 

assume a uni+orm distribution o+ 5-doxy1 chol esteryl palmi tat@ 



throughout the vesicle, then N could be estimated, knowing the 

actual ratio of spin labepled ester to phospholipid. Hcwever, 

the observation of a differential enhancement of the spin- 

f attire relaxation rate 03 the casbonyl resonance inside the 

vesicle raises the possibi l i ty that distribution #f the spin 

label is n ~ t  uniform. 

C. Spin-Lattice Relaxation in t h r  Presence o# 16-Poxyl 

C h a l  esteryl Stear a te  

Table 1 8  presents the spin-lattice relaxation times and 

the induced relaxati an rates of the phosphol ipid acyl chain 

pasitions measured at E J . % S  MHz in the presence of 16-doxyl 

rholssteryl stearate f 111. When the nitroxide moiety is placed 

near the methyl terminus of the ester acyl chain, the magnitude 

of the induced relaxation rate is small. Within experimental 

e r m r  , : I T L  ,, c31- appears to be appro>; i mate1 y constanf aver the 

lenqth of the acyl chain as shown in Figure 40. In contrast to 

Figures 3& and 37, nu apparent trend is visible nor are any 

maxima cmspicuaus. 

The induced relaxation rate at a given chain positon 

depends on the juxtaposition of the spin label relative to a 

specific position as well as the number of spin labelled 

molecules incorporated into the vesicle. Solubility 

measurements of cholesteryl esters in egg PC vesicles 



demanstrate that t h e  i n c m - p a r a t i g n  c$ Label  I I  is 30 t o  SOX Less 

than Label I =  The absence 09 a n y  obvious p a t t e r n  i n  F i g u r e  40 

m a y  be the r e s u l t  o? low i n c o r p u r a t i o n  a9 16-doxyl c h o l e s t e r y l  

s tearate  i n t o  the 9g3 PC v e s i c l e s .  A s  a c o n s e q u e n c e  o i  r e d u c e d  

ester i n c c r p o r a t l ~ n ,  the r e l a x a t i o n  rates due  t o  the p r e s e n c e  of 

the 5-?in  fabe? will be smsll, znd e x g e r i n e n 4 a l  u n c e r t a i n t y  may 

obsc-ire a n y  existing t r e n d  such .that its d e t e c t i o n  i5 

i i3p .z55ib lsm 

F n  a l te rna te  explanati~n fo r  t h e  rnaf l b u t  g e n e r a l  

influence d L a b e l  11 may S e  r a p i d ,  l a r g e - a m p l i t u d e  m o t i o n s  od 

t h e  ester acyi c h a i n  t e r m i n u s .  A c c o r d i n g l y ,  a t  a n y  i a s t a n t  i n  

j-; - ~ ? , , e ,  ,., the nit; -ctxide m o i e t y  may b e  a d j a c e n t  t o  a n y  p h a s p h o i i p i d  

c h s i n  p o s i t i o n .  3s a c c n s e q u s n c e ,  the i n d u c e d  r e l a x a t i o n  rats 

wculd  b e  approximately c o n s t a n t .  

T h i s  la t ter  h y p o t h e s i s  is s u p p a r t e d  by the ~ e s u l t s  oS EPR 

e x p e r i m e n t s  r e p ~ r t e d  by G r o v e r  & si, 1791. A t  23•‹C the EPR 

spectra a+ egg PC m u l t i l a y e r s  c o n t a i n i n g  Labef I 1  are 

c h a r a c t e r i z e d  by s h a r p ,  w e l l  r e s o l v e d  l i n e s  i n d i c a t i n g  s o m e t h i n g  

cfase t5 i s o t r o p i c  m a t i a n .  This high degree a f  m o t i o n a l  f r e e d o m  

'is f u r t h e r  d e m o n s t r a t e d  by t h e  l o w  v a l u e  of: t h e  o r d e r  p a r a m e t e r ,  

SVWW = 0.029, d e t e r m i n e d  f r o m  t h e  s p e c t r a .  f u r t h c r a i e r e ,  

a s c o r b i c  a c i d  r e d u c t i o n  a+ 16-doxy1 c h o l e s t e r y l  stearate to t h e  

c o r r e s p ~ n d i n g  h y d r o x y l a m i n e  o c c u r e d  w i t h  a h a l f  -1 i f  e u-f . "Id 

m i n u t e s  which w a s ,  w i t h i n  e s p e r i m e n t a l  error, i d e n t i c a l  t o  t h a t  

o b s e r v e d  w i t h  Labef I .  



Acy: C h a i n  % p i  - - n-? L - L c ~ c s  * " A  - Relaxatim Induced Rei axati m 

.-, rzc, ikion - .  
I ~rne F a t e  



Figure 40. '.T NMR spin label-induced spin-lattice 

relaxation rates due to 1.2 maf% 15-dosvi 

c h a l ~ s t e r y l  stearat2 in 20% w / v  ~ q g  

phosphatidylchof ine vesicf es at 23-15 MHz 

and 30 '>C 



Chain Position 



Additional support far this postulate is provided by 

studies bf monolayers composed of spin label led palmitic or 

stearic acids where the nitroxide is attached to selected sites 
\ 

along the length of the acyl chain (311. In the strictest sense 

mono1 ayers are net compl etel y analogous to membranes i 1%) . 
Nevertheless, ta the extent that a manolayer represents one half 

of a %ilayer, the cmtparis~n is valid. Surface pressure- 

a r z a f m o l  e c u i e  rervef indicate a marked dependence on the 

psitimi of t h e  vitroxide rinq alanq the aryf chain 63l!. When 

the 1=arha::%;l funrtian of the +atty acid and the doxyl ring are 

c l ~ s e  tagether, as in the case of 5-doxyl palmitic acid, they 

ess~~tially form a single polar grsup. However, when the doxyl 

ring is shifted to the 12- a- 16-positian oi stearic acid, the 

bipolar nature a+ the malecul e becomes evident. In the case o+ 

fatty acids labelled near the methyl end of the chain, two 

di++erent conformations are proposed. The first conformation is 

fully extended while the second is bent such that the nitroxide 

moiety is close to the aqueous interface. Similar behaviour has 

been observed using methyl esters o-f the respective fatty acids 

as well as spin labelled phaspholipids (31). According to 

Cadenhead and Mu1 ler-Landau (31 1,  the f ul 1 y extended and bent 

conformations represent the two extremes of a dynamic 

equi 1 i bri um, and theref ore a1 1 conf ormati ons between these 

extremes must also exist. En the case of methyl 12-dsxyl 

stearate in egg PC these authnrs estimate that "15% of the 



Both the EPR evidence and monolayer studies suggest that 

rapid acyi chain mation occuring over a large amplitude is the 

more plausible explanation for the non-specific effect of 

16-doxy3 chef esteryl stearate on phospholipid relaxatian rakes. 

T h i s  interpr~tatinn runs counter tc the nbservations of Gudici 

and Landsberger I&?? .  f n analogous experiments ta those 

r spor ted  h e ~ f ,  Gadici and Landsbehqer, usin? fatty acid 

at the anti-penul timate { w - 2 1  chain p o s i  tian. The authors 

report the effect of 16-dsxvl  stearic acid is more specific t h a n  

that of  5-doxy1 palmitic acid. It is difdiculf to reconcile t h e  

+ at&, .-i. . 'acid results with t h e  NMR data presented here, Moreuver, 

r r r  . (791 report an order parameter of 0.055 4-1- 0.0134 

the relative pop~latiun o f  each con+ ormer predicted by Cadenhead 

and Muller-Landau is unknown: however, it is known that the 

population of the bent con+ormer is temperature sensitive and 

decreases with increasing temperature (311. In this regard, it 

should be indicated that the experiments reported by Gedici and 

bandsbsrger were performed at pH 8.0 (69) while the NWR 

experiments reparted here, the monolaye> studies ( 3 1 3  and the 

EPR investigations (79) were conducted in the range pH b . 0  



D. S p i n - L a t t i c e  R e l a x a t i o n  i n  t h e  P r e s e n c e  o f  L a b e l  I V  

Labe l  I V  is t h e  p a l m i t i r  a c i d  ester of t h e  s p i n  l a b e l l e d  

sterol I'-hydrmxy-3~~-di-ii-propyl-17~17-aza-l7s-~-hom~~S~~- 

s n d r o s t a n o x y l - 1 7 a  ( l a b e l  111) S t e r o i d  I11 is a r e a s e n a b l e  

a n a l ~ g u e  of  c h o l e s t e r o l  , and  c h o l e s t e r o l  h a s  been shawn 

p r e v i o u s l y  t o  i n s e r t  i n t o  h i  l a y e r s  s u c h  that the 3 ' -hydroxyl  

S u n r t i o n  is near the c a r b a n y l  r e g i o n  of t h e  p h s s p h o l i p i d ,  

o r i e n t e d  t u w a r d  t h e  aqueous i n t e r 3 a c e  w h i l e  t h e  lmnq r n ~ l e c u l a r  

axis is afsproxi rna te l  y p a r a l  f el t o  the p h a s p h a l  Fpid a c y l  c h a i n s  

(233). U n l i k e  more f r e q u e n t i y  u s e d  s p i n  l a b e l l e d  c h o l e s t e r o l  

anafsgues <30! which  are l a b e l l e d  i n  t h e  G-ring, t a b e i  i f  I is 

labelled i n  t h e  a - r i n g .  -The s p i n  l a t t i c e  r e l a x a t i a n  t i n e s  

of egg PC a c y l  c h a i n s ,  measu red  i n  t h e  p r e s e n c e  of Label I V ,  and  

t h e  i n d u c e d  r e l a x a t i o n  rates are p r e s e n t e d  i n  T a b l e  11. 

Comparison o f  T a b l e  1 1  w i t h  T a b l e  10 or F i g u r e s  36 and  37 

r e v e a l S  t h a t ,  i n  g e n e r a l ,  t h e  m a g n i t u d e  uf  t h e  i n d u c e d  

r e l a x a t i o n  rate,  TI,,, SL, is g r e a t e r  i n  t h e  p r e s e n c e  o+ Labe l  IV 

t h a n  i n  t h e  p r e s e n c e  o f  5-duxyl c h o l e s t e r y l  p a l m i t a t e  or 

I&-doxy1 c h o l e s t e r y l  stearate. Measurement o f  t h e  s o l u b i l i t y  of 

c- doxy1 c h o l e s t e r y l  p a l m i t a t e  i n  egg PC v e s i c l e s  reveals that 

e s s e n t i a l l y  a l l  of t h e  ester is i n c o r p o r a t e d  i n t o  t h e  v e s i c l e s .  

C l e a r l y  t h e n .  t h e  i n c o r p o r a t i o n  o f  L a b e l  I V  c a n n o t  b e  h ' i ghe r  

t h a n  t h a t  of  5-doxy1 c h a l e s t e r y l  p a l m i t a t e ,  a n d  t h e r e f o r e  t h e  

i n c r e m e n t  i n  t h e  i n d u c e d  r e l a x a t i o n  rate ,A o b s e r v e d  w i t h  L a b e l  I V  



Table 1 1  

Spin-lattice Ref axa t ion  Times isec! and Induced Reiasation 

Rates o-f Vesicles containing Label I V  

".-\.! , -  Chain  Spin-lattice F : e l a s a t i u n  f nduced Eel a x a t i  on 

Positinn Ti me Rate 



over  Label 1 c a n n o t  b e  t h e  c o n s e q u e n c e  s f  i n c r e a s e d  

i n c o r p o r a t i a n  c f  L a b e l  I V .  I n s p e c t i o n  oi  e q u a t i o n s  3.30 and  

3.31 i n f f i c a t e s  t h a t  t h e  spin-lattice r e l a x a t i o n  rate 2f a .' "C 

n u c l e u s  v a r i e s  d i r e c t l y  w i t h  t h e  c a r r e l a t i o n  t i m e  t , . For- 

p u r p o s e s  oi: t h i s  d i s c u s c , i o n ,  c o n s i d e r  t ,  t~ be t h e  a v e r a g e  t i m e  

i n t e r v a l  before a n u c l e u s  is d i s p l a c e d  l a t e r a l l y  f r c m  a g i v e n  

l a t t i c e  site. I n  t h e  case o+ s p i n  l a b e l  i n d u c e d  r e l a x a t i a n .  

tho~qih, the carri2laticm t i m e  ir! e q u a t i s n  3.31:! and 3-21 is 

r e l a t e d  t o  the l e n g t h  o+ t i m e  t h a t  t h e  n i t r z x i d e  m o i e t y  is 

a d j a c e n t  a given n u c l e u s .  I t  is i m p o r t a n t  t o  n c t e  t h a t  t h e  

d e f i n i t i o n  h e r e  d o e s  n o t  a p p l y  t o  r o t a t i o n a l  mo t ion  a b o u t  t h e  

m o l e c u l a r  a x i s  a+ symmetry,  s i n c e  i n  t h e  case of  b o t h  t h e  f a t t y  

acyl c h a i n  of  t h e  ester a n d  t h e  s p i n  l a b e l l e d  sterol,  t h i s  t y p e  

9-f ( r a p i d )  m o t i a n  is a l w a y s  p r e s e n t .  The a c v l  c h a i n s  o f  b a t h  

Labe l  I  a n d  ? I  are  v e r y  f l e x i b l e ,  A s  a r e s u l t ,  the c a r r e f a t i a n  

t i m e  may be much s h o r t e r  n e a r  t h e  methyl  e n d  of  t h e  c h a i n  t h a n  

i t  is a t  t h 2  C1 or C2 p o s i t i o n  where  t h e  a c y l  c h a i n  is a n c h a r e d  

t a  a b u l k y  s t e r o i d .  S t e r o i d  m o l e c u l e s  composed of f o u r  f u s e d  

r i n g s ,  on t h e  o t h e r  hand ,  are r i g i d ,  a n d  t h e  c o r r e l a t i o n  t i m e  

i n  t h i s  case w i l l  b e  t h e  t i m e  r e q u i r e d  f o r  t h e  lateral 

d i s p l a c e m e n t  a+ the e n t i r e  m o l e c u l e .  S i n c e  t h e  c o r r e l a t i o n  t i m e  

o f  t h e  s t e r a i d  p o r t i o n  a f  L a b e l  I V  w i l l  b e  l o n g ,  t h e  s p i n  l a b e l  

w i l l  s p e n d  m o r e  t i m e  a d j a c e n t  t o  a g i v e n  c a r b o n  n u c l e u s .  

When t h e  i n d u c e d  r e l a x a t i o n  rate is p l o t t e d  a g a i n s t  a c y l  

c h a i n  p a s i t i o n ,  as i n  F i g u r e  41, a s m a l l  maximum is e v i d e n t  a t  



Figure 41. "':":C FIMA spin label-indttced spin-lattice 

r e l a x a t i o n  rates due to 1.7 mol% l a b e l  IV in 

20% t4.N egg phosphatidylchaline vesicles at 

23-15 MHz and 30 <>C 



Chain Position 



t h e  CS p o s i t i o n .  T h i s  s u g g e s t s  t h a t  t h e  D-ring of i a b e l  IV, on 

a v e r a g e  is l o c a t e d  a t  t h e  s a m e  d e p t h  a s  C8 of t h e  p h o s p h o l i p i d  

a c y l  c h a i n s .  I t  is also e v i d e n t  f rom F i g u r e  41 t h a t  t h e  d i s t a l  

me thy lene  p o s i t i o n s  of t h e  p h o s p h o l i p i d  c h a i n s  are i n + l u e n c e d  t o  

a g r e a t e r  e x t e n t  t h a n  t h e  ca rbony1  p s s i t i o n .  T h i s  s u q g e s t s  a 

pendulum-like swing ing  of t h e  p h o s p h o l i p i d  a c y l  c h a i n s  toward  

t h e  D-ring ~ f  t h e  ester. These  r e s u l t s  are ~ a n s i s t e n t  w i t h  an  

ester conformat ion  which, /on a v e r a g e ?  r e s e m b l e s  a h c t ~ s e s h o e .  

E, S p i n - L a t t i c e  R e l a x a t i o n  i n  t h e  P r e s e n c e  of  Label  111 

The p r e c u r s o r  a+ Label  ZV, Label I  11, h a s  been i n c l u d e d  i n  

t h e s e  s t u d i  e5 f o r  p u r p o s e s  of comparison.  The spin-1  a t t i  ce 

r e l a x a t i o n  t i m e s  i n  t h e  p r e s e n c e  of Label  I11 are p r e s e n t e d  i n  

T a b i e  12. The d a t a  are i l l u s t ~ a t e d  i n  F i g u r e  42- A s l i g h t  

maximum may e x i s t  a t  C8 of t h e  a c y l  c h a i n s .  A s  d e m o n s t r a t e d  i n  

~iiure 42, t h e  rnethylene p o s i t i o n s  n e a r  t h e  methyl  t e r m i n u s  are 

alsa a f f e c t e d  by Label  I 1 1  i n d i c a t i n g  motion of t h e  a c y l  c h a i n s .  

The t r e n d  between C 2  and C8 is n o t  w e l l  d e f i n e d .  T h i s  may be 

be d u e  t o  r e a s o n s  d i s c u s s e d  earlier, i.e., o n e  might  p r e d i c t  t h e  

b i p o l a r  c h a r a c t e r  of t h e  sterol w i l l  p r o d u c e  m o t i m s  i n  

Label  111 such t h a t  t h e  D-ring oscil lates closer t o  t h e  aqueous  

i n t e r f a c e .  If t h i s  p r e d i c t i o n  is a c c u r a t e ,  it is clear t h a t  t h e  

sterol d o e s  n o t  i n v e r t  i n  t h e  b i l a y e r  s i n c e  t h e  c a r b o n y l  of 

t h e  p h o s p h o l i p i d  is t h e  least a f f e c t e d  by Label  111. 





Figure 42. '"C NMR spin label-induced spin-lattice 

relaxation rates due to 1.7 mol% label If 1 

in 20% W/V egg phosphatidylcholine vesicles 

at 25.15 MHz and ,30 "C 
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Chapter 5 

Concf usions 

The principal focus of the present investigations has been 

the study of the dynamics and organization of lipids in fresh 

human low density lipoprotein and model membranes. The 

investigation proceeded in three stages as follows: 

A-  Speci+ically Deuterated Cholesteryl Oleate in LDLB 

Specifically deuterated cholesteryl oleate has been 

5uccessfully transferred into fresh human LDLn, using lipid 

exchange proteins present in whole serum. Preliminary 

investigations using cholesteryl Cl-*4Cloleate determined that 

"8% of the cholesteryl esters in LDLz are exchanged usinq this 

technique. Gel permeation chromatography experiments indicate 

no protein-free structures are present in the isolated 

lipoprotein. Both native (unlabelled) and labelled LDL3 were 

examined by negative staining electron microscopy, and no 

change was detected in the particle size of native LDLz during 

the cholesteryl ester exchange procedure. 

The deuterium spin-lattice relaxation times Ta for 

cholesteryl oleate in LDLz are shortest for segments close to 

the carbanyl group and increase progressively toward the 



terminal methyl group of the chelesteryl ester acyl chain. This 

indicates that molecular metion increases toward the methyl 

terminus of the acyl chain. 

Orientational order at the site of the deuterium nucleus 

was quantified by "H MMR through the order parameter, Sca. In 

general, the order parameters decrease gradually as one 

progresses from chain positions near the sterol moiety toward 

the methyl terminus of the acyl chain. More importantly, the 

NMR spectra observed at the 2- and 5-positions of the 

, chol esteryl ester acyl chain reveal a superposition of 

resonances indicating the coexistence of two distinct regions or 

domains of cholesteryl ester within the core of LDLa. The order 

parameter values determined for the less ordered domain agree 

very closel y with results of EPR experiments using cholesteryl 

12-doxy1 stearate in LDLs at 37 "C (114). By way of contrast, 

these order parameters are significantly lower than those 

observed using cholesteryl palmitate in reconstituted high 

density lipoprotein IHDL) at the same temperature (151). This 

is due, in part, to the fact that LDL2 contains triglycerides 

whereas no triglycerides were present in reconstituted HDL. 

Upon storage of the* label led 1 ipoprotein for periods of up to 

eight weeks, the mid-height linewidths of the observed spectra 

decrease 1532% indicating a time-dependent change in 

orientational order within the core of LDLx. 



The l i n e w i d t h s  o b s e r v e d  a t  c h a i n  p o s i t i o n s  between t h e  

s t e r o i d  .moie ty  and t h e  o l e f  i n i c  r e g i o n  d e c r e a s e  s h a r p l y  w i t h  

i n c r e a s i n g  t e m p e r a t u r e  up t o  "35 *C.  T h i s  s i g n i f i c a n t  d e c r e a s e  

c a n n o t  b e  f u l l y  e x p l a i n e d  as b e i n g  t h e  consequence  of  

d e c r e a s i n g  v i s c o s i t y  w i t h  r i s i n g  t e m p e r a t u r e ,  and t h u s  

i n d i c a t e s  a d e c r e a s e  i n  o r i e n t a t i o n a l  o r d e r  w i t h i n  t h e  core of 

LDL=. Above 35 "C, t h e  i i n e w i d t h s  remain  r e l a t i v e l y  c o n s t a n t  

t h u s  i n d i c a t i n g  c o m p l e t i o n  of t h e  p h a s e  t r a n s i t i o n .  T h i s  

b e h a v i o u r  is manides t  i n  b o t h  c h o l e s t e r y l  ester domains. 

T h e r e f a r e  t h e  1 i n e w i d t h s  i n d i c a t e  c h o l e s t e r y l  oleate is 

s i g n i + i c a n t l  y  less o r d e r e d ,  a t  p h y s i o l o g i c a l  t e m p e r a t u r e ,  y e t  a 

f i n i t e  amount of  o r d e r  is still p r e s e n t .  A t  15 T t h e  m o r e  

o r d e r e d  domai n  of  c h o l  e s t e r y l  01 eate ' 1 a b e l  1 ed  a t  t h e  2-posi ti on 

c o n s t i t u t e d  60% o+ t h e  to ta l  NMR s i g n a l  a t t r i b u t e d  t o  t h e  ester 

and,  w i t h i n  e x p e r i m e n t a l  error, t h i s  f i g u r e  remained c o n s t a n t  

w i t h  i n c r e a s i n g  t e m p e r a t u r e .  However, a t  t h e  5-pos i t ion ' ,  t h e  

domain o+ h i g h e r  o r d e r  d e c r e a s e d  s t e a d i l y  as t h e  t e m p e r a t u r e  w a s  

i n c r e a s e d .  W e  are u n a b l e  to c o n c l u d e  whe the r  or n o t  t h e  r e l a t i v e  

popul  a t i a n  of t h e  t w o  domains  is t e m p e r a t u r e  s e n s i  t i ve. 

P o s i t i o n s  n e a r  t h e  methyl  t e r m i n u s  of t h e  c h o l e s t e r y l  ester a c y l  

c h a i n  a p p e a r  less s e n s i t i v e  t o  t h e  p h a s e  b e h a v i o u r  of  t h e  

l i p o p r o t e i n  core. A t  t h e s e  c h a i n  p o s i t i o n s  t h e  l i n e w i d t h s  

d e c r e a s e  m a n o t o n i c a l l y  w i t h  n o  i n + l e c t i o n  n e a r  35 OC. T h i s  is 

i n  a c c o r d  w i t h  calorimetric s t u d i e s  (101 i n d i c a t i n g  c h a i n  

p o s i t i o n s  between t h e  b e g i n n i n g  of  t h e  ole+ i n i c  r e g i o n  and t h e  



methyl terminus contribute little to the phase bchaviour of 

chol esteryl esters. 

B. Selectively Deuterated Palmitic Acid in LDLa 

Selectively deuterated palmitic acid was incorporated into 

the outer monolayer of LDLz. Gel permeation chromatography 

demonstrated that no protein-free structures were generated 

during the incorporation of the palmitic acid probe. The e+fect 

of fatty acid incorporation was monitored by NMR. The 

phasphorus NMR spectra of labelled and native LDL2 were similar. 

In particular, the mid-height linewidths in both spectra were 

identical, within experimental error, indicating no change in 

the size o-f the lipoprotein particle upon incorporatiun of 

palmitic acid. 

At chain positions 2 throuqh 12, the % NMR spectra reveal 

a superposition of resonances indicating clearly the coexistence 

of two regions of signi-ficantly different order within the outer 

shell of LDL2. The order parameters determined for the less 

ordered region remain essentially constant from positions 2 

through 12- In this region the Sco values agree well with order 

. parameters measured in phospholipid vesicles (152). In the more 

highly ordered domain, SCD values remain approximately constant 
0 

over at least the first 6 acyl chain positions. In this region, 



the order parameter values are greater than those observed in 

phospholipid liposomes (153,175). The NHR data presented here, 

when considered in concert with NMR data on phospholipid 

vesicles 11521, as well as the enzyme studies of both LDL2 12) 

and cultured cells (62) imply the less ordered phospholipid 

domain represents a sterol deficient region within the outer 

mono1 ayer of LDL2. 

Spin-lattice relaxation times measured at selected acyl 

chain positions generally increase toward the methyl terminus of 

the acyl chain indicating increased motion away from the 

phospholipid-aqueous interface. 

C. Spin Labelled ~sters in Model Membranes. 

The progressi ve development o+ atheroscl erasi s is 

characterized by the deposition of increased amounts o-f 

cholesteryl esters in membranes and, in later stages, 

the fatty streaks and plaques found in major arteries. The 

data presented here yield insight into the orientation and 

locatian of cholesteryl esters in model membranes. 

The r3C spin label-induced relaxation rate profile of 

egg PC vesicles in the presence o-f S-doxy1 cholesteryl palmitate 

shows a maximum at the Cl-C2 region. This demonstrates that 

the 5-position of the cholesteryl ester acyl chain is adjacent 

to this region of the phospholipid acyl chains. The 



increased resolution available at 100.6 MHz and 46 "C 

demonstrates that the enhancement of the relaxation rate of the 

carbonyl resonance from phaspholipids inside the vesicle is "2.5 

times greater than that observed at the outer half of the 

vesicle. This is due to either a greater incorporation sf 

cholesteryl ester molecules in the inner hal+ o+ the bilayer, or 

to tighter packing in the inner half of the monolayer. The data 

presented here do not allow these two possibilities to be 

sesol ved . 
In the presence a+ cholesteryl 16-doxy1 stearate, the spin 

label -induced relaxation rate profile shows a small but general 

increase in the spin-lattice relaxation rate over the length of 

the phospholipid acyl chain?. It is the opinion a+ this author 

that this is due to large-amplitude motions of the cholesteryl 

ester acyl chain. This interpretation is supported by the data 

presented in both monolayer studies (31) and EPR investigations 

(791. 

In the presence of Label IV, the spin label-induced 

relaxation rate shows a maximum near C 8  of the phospholipid acyl 

chain, indicating that, on average, the D-ring of the spin 

labelled sterol is located in the bilayer at a similar depth as 

the C 8  position of the phaspholipid. 

When viewed in total, these data are consistent with a 

cholesteryl ester con+~rmation which, on average, resembles a 

"horseshoe" such that the carbonyl group of the cholesteryl ester 



is oriented toward the aqueous interface, while both the sterol 

moiety and the acyl chain extend into the hydrophobic interior 

of the vesicle bilayer. Moreover, the D-ring of the sterol i s  

lucated near the C 8  position of the phospholipid acyl chains 

while the C 5  position of the cholesteryl ester acyl chain is 

located near the C1-C2 positions of the phospholipid- Positions 

on the choiesteryl ester acyl chain distal t o  the C5 position may 

undergo large-amplitude mations as indicated by the nun-specific 

ef+ect of cholesteryl 16-doxy1 stearate on the spin-lattice 

relaxation rate of phospholipid acyl chains. It is also 

evident that phospholipid acyl chain positions near the centre 

of the bilayer undergo some "pendulum-like" motions as indicated 

by the enhanced relaxation rates in the presence o-f either 

Label III or Label IV. 
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