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© ABSTRACT

u“, o The 1sopren01ds. phytol, Vitamin E and - phytanic acid ave béen'

incorporated into lecithin'model membranes and the effects of this

1

.incorporation ﬁﬂon the structyre ‘and’ permeability of the mixed bilayer ;
~’systems have been studied by nuclear magnetic resonance (NMR)
spectrOScopy. The fluidity,of the membrane as evidenced . by

-13¢ 1

1 relaxation times. increases in the order L ' ' . . U

PN

phytol < Vitamin E < phytanic acid Kinetic analysis of paramagnetic
A ' . i
" praseodymium infusion into lecithin vesicles containing the various

*phytyl compounds has been performed using- 31P“"NMR RelatiVe R

“rates of Pr3+ leakage through the. mixed leCithin-phytyl
‘compound bila§er ‘compared with pure lecithin~(relat1ve,rate'$ 1.00)
were: phytoiwz 7.8, Vitamin E = 47,7? and phytanic acid’= 2897.i;By'
use of Arrhenius plots.“the activation eneréy'for Pr3+ diffusion'
through the lec1th1n—phytol bilayer (3:1 mole ratio le01th1n phytol) | '

- was found to be 20 3+ 0.2 kca£ and s1m11arly._reor1entation

ﬂ_processes for the lecithin fatty acid chains as monitored by 13C, ' S ’

T, relaxation times were found to ‘have activation energies of

approximately 3-5 kcal/mole.

The effects of ‘the incorporation of phytbl. Vitamin E. and
t¥l7)

phytanic acid are explained in terms of the disruption<§;anormal

1

lipid-lipid packinz due to the difficulty in accommodating these

5 branched chain compounds. :The position occupied by phytol in the
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mixed memBrane hasibeen-determiﬁed by means of an-intermolecular

-

" linear. eledtric field effeét«upon the phytol olefinic carbons, which

- -

“'orlglnates from the polar pposphollpld headgroup ' Upon.inCOPﬁoration S

into egg yolkvlec1th1n\veslcles, a *3C electrlc fleld chemlcal shift

&

of the, phytol olefinic carbons C2 and C3 of 0. 97 ppm was faund

- This characterlstlc u fleld- downfleld chemlcal shift dlfference due

‘to the electric-field)with origin at the'meﬁbrane surfaee places the

N

mldp01nt of the phytol double bond approx1mately , 7 A below the plane .

of the lecithin~ headgroup " This is a.rare’ example’of an L o . ;

intermolecular linear. electric field effeqt. The position occupied by
‘ ‘pﬂytol in the bilayer has been verified by producing Fhahges in
phospholipid, temperature. and the presence of ions in the bulk =

aqueous phase. . ‘ . : . .
. ] a , :

The effects of the incorporation of choleSteryl4esters into model

I

membrane systems have been inVestigated using electron .spin resonance
spectroscopy (ESR). as well as NMR. ESR studies of oriented

phospholipid multilayers containing nitroxide labeled cholesteryﬁ

{
N

esters, ‘and the rate of ascorbate reductlon of these labels 1ndicate

that the ester is present in a "horseshoe" type configuration‘withjthe

ester iinkage near the hydrophilic region. The addition.of 10 mo%e% ' S
cholesterol to lecithin multilayers hae been shewn to alter the ‘ —e R
accessibility‘of the cholesteryl ester spin probes.to ascerbate. In

addition, the presence of the saturated ester cholesteryl palmitate. ’ L

over the concentration range of 0-19 mole%, has been shown to exert r

~ - . ' L‘{
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‘differential effects upon the rateiof reduction of the pholéstérol '

analogue, 3-doxylcholestane, present-in lecithin multilayepsg-_jhUs,”

* the mutual” interactions of phoépﬂblibid@-éholesterbl. and cholesteryl

esters are impontant'coﬁtnibutérs'?g théépfépertieé of the mixed:

membrane, PR : R
. o P ,

o -

Permeabil;ty'stﬁaieé;using'theAparamagnetic lanthanide. fr3+,
éhéﬁeq that chapgeé;in the rate of ioﬁ permeatidﬁfof;chélestefyl
' ester-lecit@in'biléyérs afe a fUnctién of the nature of the fatty acyl
-tail of,the ester as well as phé amount of estef present. \It was
found that the incorporation of S_molé% chélesteﬁyl palmitate
increésed therfate of the inward diffusion of Pr3* by.
approximately ten-fold. - v

Also, it was found possible, through the use of the saturated -

phospholipid, dipalmitoyl lecithin, to monitor direcﬁly cholgsteryl
ester present in a multilamellar model meﬁbrane System using natural
abundance 13C NMR.
e
Finally, membranes prepared ffom reconstituted human
aortas give rise to natural abundance 31P aﬁd i3C NMR:Spectra.’Eﬁa
therefore should prove useful for fur§her studies on biologicai

”‘,
membranes.
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- CHAPTER 1 .

. INTRODUCTION

A. Model Membranes

Membfanes aré basic struqtural units ofrliving systems, formihg
tﬁe bouﬁdariés of céiis, and‘therr interior.organelles. and_prqviding
a fréﬁework fprrmgﬁ&fﬁeﬁabélic and physiological processeé (1).

Incréased interest in biological membranes in recent yeafs has Been
sbgpéed by the development of eésily preparéd_phospholipid models. the
_most commonly used systems being multilamellar liposomés. single
walled vesieles, monolayers, and oriented multilayers. Only with
detailed»informatibn coﬂéerning simple models will .it be possible to
elucidate the complex interactions of ﬁembrane cons%tuéhts.
3

When a phospholipid such as lecithin (Figure 1) is shakénvin‘the
~presence of an aqueous phase, the lipid spontaneously forms iéfge “
multilameliar liposomes ()2000A1in diémeteb).‘which areréomposed of
concentric bilayers (2).'vThe treatment of these-lipid dispérsions K
with ultrasonic radiation leads to the formatioﬁ'éf cldsed'vesicles
with an average diameter of,épproximatély-Zsoﬁ (3.4). These sealed
vesicles'consist of a singlé continuous—bilayér whieh encloses a

volume of aqueous solution. = | - S



Figure 1.

4

The structure of lecithin.

i

Taken from reference

- Rt

'206.
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The properties of phospholipid vesicle systemé have been
- extensively studied By nuclear magnetic resonance (NMR) spéétroscopy'
since above the bhoépholipid gél—liquid crystalline phase transition

temperaturé, T

m* these systems give rise to high resolution spectra.

-narrow iinewidths being obtained dué to rapid tumbling of the small

vesicles, and rapid léteral diffusion of the phospholipids in the
plane of the bilayer (5.6). Carbon-13 NMR investigations have been

especially elucidating. Déspite the low- natural abundance of 13c

(1.1%), thé development of pulse Fourier~transform NMR has made
possible the use of the nonperturbing 13c nucleus as,a membfane

probe. .In addition, the large chémical shift window allows the
resolution of many individual carbon atoms of membrane lipids,

- allowing the éimultaneous‘dbsePVation of different areas of the

membrane,

13¢ spin lattice relaxation times, T,. of carbons with

directly bonded hydrogens in'larée molecules are dominéﬁed by

-

{intramolecular dipole-dipole interactions, and thds these relaxation

“‘times reflect reorientation Qf‘the carbon-hydrogen internuclear
v ) .
vector, i,e. segmental motion about individual carbon-carbon bonds.

Therefore an indication of the relative "fluidity" of the bilayer ‘may

- =
N - = =

Qe obtained from;13c T1 relaxation measurements.

-

- .

A large numbe} of studies have utilized 13CANMR in the

Sy

ihvestigation of both model andhb{6iogiéal membranes (7-25). These




#
¥

investiéations have shown the existepce of a fluidity griadient -along
the fatty acid chaids of lecithin bilayers, motipnal freedom |
increasing asvthe chain termini are approached; The effect of ﬁhe
presence- of unsaturation in the fatty acid chains h;; been shown to
increase @otiénal fﬁgedom thrOugh?ut the bilayer, whereas the
intercalationiof cholesterol in the membrane causes a rehuciion_inﬁffyr

‘ R ;
13C T1,relaxation times, and concomitant line broadering.

e

Below the phospgolibid gel-liéuid cryst;lline phase transitién
temperature, T, tge 3¢ resonanc;s are severely broadened due to

" statiec dipolar interac£ions. Thisnbroadenihg may be so severe as to
broaden the signal into the baokground noise. Therefore factors such
as the transition temperature. degree of unsaturation. énd the\amqgnt
of cholesterol present influénce the type of 13c spectra which are
determined for biological:membranes; Specpra have been obtained for a

variety of natural membranes, including erythrocytes (8), rabbit

muscle sarcdplasmic reticulum (10), rat liver mitochondrial membranes

(12). and 130 labelled E. coli (9). Thus, it is clear that many-

membrane syétems, both model. and natural. lend themselves well to

.
3¢ NMR investigations,

hided by the higﬁ,héﬁural'abundéﬁée,6f 31? (1QOZ)L‘Vesicle,

. systems have also been anestigated-bnghdsphoru3431 NMR. Many of - _

these studies have made use of paramagnetic lanthanide shift reagents

(26-29). The addition of paramagnetic ions to preformed lecithin



Yesiclgs éauses a large chemical s;;ft for out@érd‘fécing‘31p
, o g, |
nuclei. thereby allowing.thq;iﬁdépeqdent gbservation of both ﬁinside".
and "outside"'31P, Thus, ;;‘the paramagnetic lanthanide crosses:the
bilayer and is able to shift "inside" 31p nuclei, changes in the
31P specé;a>will;refle¢£ the mémbréne permeability.
i -

31p NMR'hasgalso been utilized to study the motion and
orientation of the phospholipid heédgroups,‘and to monitor theﬂfipid’
gel-liquid crystalline phase trahsition‘(30-35)f Receptly.r31p NMR
has also been used to study lateral diffusion of phospholipids'in the
plane of the bilayer (36). |

giéecoﬁd model membrane syétem is thattbf lipid monolayers which
have been extensively studied in order to gain-information regardiné
the surfgceréotential and surface dipole momentsrof puréfand mixed
membrane systems (37-50). When an amphiphilic molecule is spread at
an air-water interface. monolayers are formed with the polar poéition
of the molecuie extending into the aqueous phaée, and. the nonpolar' ~
portions (the fatty écid chains;of lecithin) extendingAaway from the
- aqueous phase.‘ ) ' 7 ’ .
In éddition, monolayer fdrce—area measurements provide
" information concerning the pécking of'lipid moleéules*f?lt has been
sﬁown;thgt,ﬁixngmpnolayérs(bf chéléstené; and iééiihin dérnot'foliow:

the additivity rule i.e. the area per molecule of



cholesterol-lecithin mixed monolayers is different from that

expected on the basis of their individual area requirements since
above the phospholipid gel-liquid crystalline phase transition
temperature, cholesterol is able to fit into cavities between adjacent
lecithin molecules, while below this temperature, much denser
lipid-1lipid packing exists. A phospholipid with fully saturated fatty
acid chains will exist in the low energy all trans (straight chain)
conformation which results in a maximization of packing density.

Since interlipid cavities are no longer available for occupation by

cholesterol, below the T , the intercalation of cholesterol involves

m.
a pushing apart of lecithin molecules, leading to decreased monolayer
packing. Therefore, cholesterol is said to place the membrane in an

"intermediate fluid" condition. This behaviour is also manifested in

the severe broadening of the lecithin phase transition by

intercalcated cholesterol.

A third type of model membrane system is that of oriented lipid
WMultilayers. Such models have been most often studied by electron
3Pin resonance (ESR) spectroscopy using nitroxide labelled membrane
Components as reporter groubs (51-72). The spectra obtained are
Sensitive both to the orientation and the mobility of these spin
labels, and the angular dependence of the hyperfine splittings has

been utilized to discern orientation angles i.e. the angles which the

Nitroxide 2pr orbital makes with the membrane surface.



Use has éiso been made of the fact thatﬂnitroxide epin Iébels eﬁe
rreadlly reduced by sodium ascorbate to the corresponding hydroxylamlne
with concomltant loss owaSR 31gna1 1nten51ty The ra@e_of signal
decay may therefore be used as a spectroscoplc ruler ﬁo determine the

depth at whigh variobs_Spih probes lie within oriented multilayers and

to monitor the permeab;lity of these membrane models (73).

.

’A‘fourtﬁvtype'of model system.-mdltilamellariiiposomes.;has'aleo
yielded Qaluable'information via dagnetic resonance techﬁiqueSQ
Ins1ght into the motion and orlentatlon of the lecithin phosphate
group has been obtained from 31p NMR (74- 79) while the 2
these phosphollpld dlsper51ons have proved to be of,great’utility for
the measurement of order parameters.bf deuterium labelled lipids
(80-86) . -

From the foregoing. it is-cleaf that magnetic resonence

techniques are powerful tools for the ‘investigation Of both the

structure and motions of membranes, i | N
"B, Vitamin E, Phytol, and Phytanic Acid

There has been much interest concerning the physidlogical role
played by Vitamin E. While it is well known that Vitamin E functions
as an antioxidant in vitro, protecting unsaturated lipids from free

radical attack (87). it has also recently been shown that « -tocopherol

H NMR spectra of
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is a, very efficient quencher of 102. and as such may perform as

protective role in vivo (88-90). Singlet molecular oxygen reacts with

" membrane eonstituents (e.g. _unsatdratedhfatty acids and cholesterol)

~

to form haemolytic hydroperoxide products. Therefore the inactivation of
102 by «~tocopherol has been proposed to increasé cell viability,

’

* There also exist a number of observations which suggest that P

¢

Vitamin E may play<3=structural role in membranes. Vitamian‘has been

T

impl icated as a dietaryvfaetor_in the prevention of atherosclerosis
(91). It has been élaiged that cholesterol diets which are
supplemented withlﬂ—tOCOpherol ere iessratherogenic in rabbits than

. cholesterol diets alone, Since this therapeutic,effect was observed
w1thout concomitant. lowerlnz of the level of lipid perox%ges ‘present
in the tissue, it is possible-that-the observed effect. are structural

. » _
in origin.

Vitamin E (4-tocopherol; D-2.5.7,8-tetramethyl-2-(4.8,12-tri-
methyltridecyl;-’éichromeﬁol), as well as the isoprenoids phytol and
phytanic ecid~(Figure 2) have,elso beeh found to be effective in the
treetment of nutritional muscular dYstrophfﬁiﬁ*ehicks (g2). Lucy and
Diﬁgle‘héce‘demonstrated that the rapid'heemolys;s of rabbit
erythrocytes by add8& Tetinol is inhibited in vitro by A-tocopherol as
well as other branched chain compoUnds. namely 6-6;acetyl—£r

~

tocopherol, squalene, ubiquinone-30, vitaﬁin K1. and phytol; while

N-N'-phenylenediamine, and hydroquinone are complekely ineffective.
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Figure 2.

The structures of Vitamin E. phytol. and phytanic acid. -#&-
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However, higher concentrations of Vitamin E and phytol were also found

"to cause extensive héemolysis (93).

S

7

It has also been shown that cytoghrome-c reductase which hds been
~ inactivated by its extraction from porcine liver is re-activated not

only by Vitamin E, but also by 6-0—a¢etyl-¢rtocqpherol. phytanic acid.
and phytol (94). It appears‘that these effects are not due to the

o

«-tocopherol fing system which provides the antioxidant activity. but
rather that these effects are due to the branchedAnature of the phytyl
side chain, . >

r , - .
‘Moreover. the matter does not rest there. Methylmalonic aciduria

results in ﬁhe excretion of large amounts of methylmalonic acid in the -

urine of chil@ren.' It has been proposed that a deficiency»of B12

coenzyme leads to the buildup of‘methylmalonyl CoA which in turn leads

" to the.biosyntﬁesis of branched chain fatty acids which are ﬁot

e L

" normally produced, causing the harmful'neurologicaifefgécté (95).

[y,

The accumulation of branched chain compoundé has also be;ﬁ>fouhd
to be a factor in the progressiqn of Refsum's disease. Patients
afflicted with this disorder are not éble to £-oxidize and h
decarboxylaté phytanic or similar branched chain fa@ty acids. and an
accumulation of branched acids resdlts. This buiiéup has beeﬁ cited

as a causative factor in tﬁe degeneration (demyelination) of the

nervous system,which eventually leads to dedth (96).

- ’a 9
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The question remains: how may'éuch effects be rationalized on a

¥

molecular level? Unlike cholesterol whicﬁ is known to intercalate
between thé phospholipid fétty acid chains; phefebi'affécting membrane
fluidity and permeability, very'little is knowﬁ'of the orientétion of>
Vitamin E in membraﬂes. although the main effects of Vitamin E
deficiency seem to Be'reflected in the lipid mdiety (97).

C. Cholesterol Esters

The effects of cholesterol’ on model membrane Systems has been
widely investigated by a variety of teghnidﬁes. ;ubstantially‘less is
known of ghe éffects of cholesterol esters. fhis is rather surprising
since choleéterol esteré have been implicated in the ﬁhogressive:
development of atherosclerosis (98). |

w | ; : \

Since the presence of cholesterol is known to decrgase the ‘
permeability of membranes (99). and since the amount,of’cholesterol
present in the human aorta is known to increase with gge, it is
somewhat perplexing thaﬁ the perméability,to lactate, glucose., and
iodide of sclerotié human aorta is higher than that of normal tissue
(100,101). This apparentvanomoiy may be clarifiednb;%an examination
of the cholesterol ester-free cholesterol ratio during the progressidn
of the disease. For disease free type 0 tissue, this ratio is

5.6/8.0, while for type III tissue which is characterized by fatty

streaks, fibrous piaques. and lesions, this ratio is 33.8/19.3 (102).



(The numbers in these ratios represent the percentage which the

particular'combonents comprise of the total lipid present.).As ean be

-
e

seen from the ratios, the incremerit in cholesterol ester content is

much greater than the increase in free cholesterol, i.e. a 6 fold

increase from 5.6% to 33.8% as opposed to only a two fold increase in

free cholesterol from 8.0% to 19.3%f

-

Tﬁe suggestios‘has bsen made that evenvbeforé morphoiogical
changes'appéar. certain sreasiof the aortic,istima are predisposes to
thevdevelopment of éthsrosclerotic lesions (98). vSuCh areas have been
associated;with little'change ip'lipid content, save for ; small
increase in the amount of chslestefol sster. More importantly, these
-~ areas have also been associatsa with ipcreased>psfmeability (98).
Other evidence comes from the fact fhat increased cholsstsrol ester
fsrmation oscurs at a very early stage of atherosclerosis. For
. example, the synthesis of cholestsrol—esters is issrsased by four to
six times in only slightly diseased arteries of squirrel monkeys |
(103). - | :

- N ‘

Whether increased permeability is simply‘an intrinsic property of
the developing 1esisns, or whether there exists a causal relationship
between permeability and atherogenesis is unclear, However, fhe |

possibility that cholesterol esters might exert an influence opposite

to that of cholesterol on membrane properties is intriguing in itself,

If. in fact, cholesterol esters increase membrane permeability. a loss

— -

I —
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may occur from -the aortic intima of certain materials necessary for

metabolic eontrol, ‘resulting in én even greater 1lipid

Q

over-accumulation (101).. Thus.'the,eluéidation of the effectsfofry’
cholesterol esters on membrane struéture and permeability méynshed

light on the progressive development of atherosclerosis,
D. Statement of the Problem

The aims of ihis invesFiga?ion.are twofold; first to study the
effedts of the incorporation of the isbpbenoids Vitamin E, phytol, and
Bhytanic acid on the structure and properties of model membrane

systems, and. secondly, to study the effects of cholésterolresters on

lecithin model membranes. and to extend these findings to a natural

)\_

system, namely human aortic tissue, since the results of such studies

may have possible implications for atherosclerosis.

3

In spite of the obvious physiological importance of Vitamin E,
phytol, phytanic acid, and cholesterol esters; very ‘little was known
of their effects on a molecular’ level., not even whether or not they

could be successfully incorporated into simple model membréne systems.

let alone the effects of their presence on membrane properties.

-

i

Therefore, it was dpbided to investigate the nature of-mixed membrane
systems/containing Vitamin E, phytol, phytanic acid, and cholesterol

esters, using magnetic resonance technigues.
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A.VMaterials

Egg yolk lecithin (EYL) was extracted from fresh yolks by the
method of Singleton et al (104). Thin layer chromatographic analysis

(0.25 mm Silica Gel G, developed with CHC1 :MeOH:H,0 = 65:35:4)

37
véhdwed a single spot when sprayed with 50% Ijlzsou and heated..or

when exposed to I, vapour. The fatty acid composition of EYL was
determined by means of GLC analysis of the corresponding methyl esters
using the methylating agent, methElute (methanolic trimethylanilinium
hydroxide, 0,2M). Apprdximatelf 1 mg of purified EYL was added to 0.5
ml methElute and a 1 ul allquot injected onto a 6 ft x 4 mm Sllar 10C
‘column. Settings wene as follows* column temperature = 1808é l

detector temperature = 250°C, injector temperature = 250°C. Peaks

were "identified by comparison with known standards.

3—Doxylcholestane(ﬁ',4'—dimethylspiro[S—A—cholestane-3,2‘aoxazolidin]-
3'-yloxyl), I, and 5-doxylpalmiticxacid (2-(10-carbokydecyl)—2-butyl-
M,M-dimgthyl-3-oxazolidinyloxyl), ;I, were the generous gifts of Dr.
A.C. Oehiséhlager. Chemistry Dépt.; Simon Fraser University. while
16~-doxylstearic acid (2-(14-carboxytetradecyl)-2-ethyl-4,64-dimethyl- . f..

3-oxazolidinyloxyl), III, was purchased from Syva. Palo Alto.



‘California, The corresponding cholesteryl esters offSQdeylpalmitic

st L ~.

-

. égig[gpq<i6%dbxylstéaric acfd. IV and V,“réspebtively;‘

" in this laboratory by Dr. A%K. Grover by the method of Boss et al:

P

—

(105), as was cholesteryl-1-""c_palmitate. The structures of I-V

are shown in Figure 3. S P
- iy . . v

Other £fiemicals were purchased from the following sources:
phytol - Nutritional’Biochemical Corporation. orrAldriéh ChemicalFCo.;
Vitémin E (qqu-tocopherol);:qipglmitoyl lecithin (99%)«(DPL).
cardiolipin, phospﬁatidic ac?é!(95%). cholesteryl palmitate (99%).
cholesteryl linbleate (99%) . ahé L-ascorbic acid, sodihm salt - Sigma
éﬁemical Co.; éisodium ethylenediamihetetréacetate (EDTA). énd
cholesterol - Fisher Scientific Co.; praseodymium'ﬁitrate (99.9%) -

Alfa Inorganics; phytanic acid (99.7%) - Analabs; deuterium oxide

(99.7%) - Merck, Sharp and Dohme; palmitic acid - J.T. Baker Chemical

Co.; methElute (methanolic trimethylanilinium hydroxide. 0.2M) = fdd//

Aldrich Chemical Co.; 1-‘“J'C—palmitic acid - New England Nuclear.

-~

B. Sample Preparation

1. Vesicles
Lecithin dispersions (EYL or DPL, 10-20% w/v) were prepared b&
shaking the dry phospholipid with a suitable volume of an aqueous
phase (3'4 ml of D,0 in the case of 13¢ spectra, and 0.05M Tris
DH=7.2é§iQAOSM in KC1, in the case of 3'p spectra). The dispersions
-

L

N

ere prepared:.
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Figure 3. The structure of Vagious nitroxide spin probes.

I, 3-doxylcholestane; II, 5-do§ylpalmi§até;

III, 16-doxylstearate; IV. the cholésteryl

_ester of II; V., the cholesteryl ester of III.
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‘were then sonicated under nitrogen on a Biosonik III probe type
‘sonicator above thé phosphoiipid,gel-liquid crystallihe phase
transition temperature until translucence, Sonication time was

approximately 10 minutes, except in the ease of EYL:phytol., 1:1 mole

e E

ratio, mixed vesicles which required,ﬁgfe prolonged sonication (20

min-2 hr), rThe'temperaturé was maintained at approximately 10°C in

the case of EYL preparations and at approximately 50°C in the cgsé .

of DPL preparations byvmoéns-of’water flowing through a jacket

L

surrounding the samplé, The vesicle preparations were then
centrifuged or passed through a 0.45.4 Millipore filter to remove

titanium debris or any larger liposomes, and subSequenEiy transferréd>:

-~ u

under nitrogen to 12 mm NMR tubes. The spéctra were determined

°

immediately.vSubsequent TLC analysis of the samples‘showed little (<5%)

decomposition of the sampies during the intervening time period.

Mixed vesicle preparations were prepared in a similar manner by
first co-dissolving the components in chloroform, followed by solvent

removal, and exhaustive pumping to obtain the dry lipid mixture,

2. Phytol dispersionsb

Phytol was dispersed-in DZO (10% w/v) with the addition of 2-20

%

R

mole ¥ sodium dodecylsulfate (SDS) and mechanigal shaking. The

'disper§ion3'were then sonicated and subsequently treated in the manner

¥

described in Section 2.B.1. ¢

-



3. Phospholipid multilamellar;liposomes

L

Lecithin multilamellar liposomes 40% w/v in either D, 10%

p.

sucrose;in D20 were prepared by mechanical shaking of the dry‘ ;p;dx

with a suitable volume of the aqueous phase. Theée ispérsions were

¥

‘stabilized by apprOXimately,six heat-freeze-thaw cycleas. Homogeneous .

mixed dispersions af,leci}hin:cholesteryl ester = 3:1 mole ratio were

prepared in a similar manner. The dry lipid mixture was prepared as

»

described in Section 2.B.1. bybfirst'co—diSSleihg both componehts.in

chloroform. .

Ail attempﬁs’té'dispetse cholestgryl ester alone in an aqueous
phase were unsuccessful, even in the presenée of iargé quanfities'éf
.detergents such as SDS or Tween 20 e;en ab0vé the melting point of fhe
ester. - _ . |
4, Oriented 1lipid multilayérs 7

Orientéd lipid mgltilayers used in ESR spectral determinatioﬁs
were ﬁrepared by slowly passing wet nitrogen through a quaftz’aqueous
ESR ceil which contained approximately 0f10 ml of chloroform solution
containing the multilayer compdnents., Tﬁis solution was prepared from
stock solutions of 5x10™2M 1ipid, and'1x1o'3M.spin label. The
total lipid:spin label mole ratio was 100:1 unless otherwise

a o
specified,

18 .
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The lipid multilayers were then placed in“the dark'undef vacuum
for at least three hours to remove résidu&l chlorqforﬁ. and
subséquently hydrated with 0.05M Tfié pH : 7;40. ~Ea§h'sample was uséd
for at least tho gpectra; detérminatidns. onérwith'thermagnetic field
parallel; aﬁd'another'with the magneﬁic field perpehdiqular to tﬁe

normal to the multilayer surface. , . :

a 1 . -

T . P

5. Aorta membrane

ihe aérta, tyﬁe II, of a 55 year old female was obtainea from
..Vancouver General Hdspifal. The frozen aorta was thawedhovehnight at
5°¢ inYO}O1M boréte, pH=7.5. which was 0.25M in'sucrose?.‘A small
aﬁount of cénnective tissue was removéd and the entire éorta cut into
strips approximate}y 1 cmAk 0.5 cm., .Tﬁe tissue was then'homogqnized
under nitb&é%nrin a Wariﬁg blender in the borate buffer for -
approximatély 2 minutes. and SUbseduently centrifuged at71000'x-g forr>
10 minutes.v_The pellet was theﬁ rehomogenized, and the combinéd |
’supernatants centrifuged at 100,000 x g for 90 minutes. This pelletvi
was then'suspended under nitrogen in a 12 mm NMR tube in 2 ml of 0.05M

Tris, pH=7.2. which was 0.05M in KC1. 31P NMR spectra were

determined immediately.

The thick membrane suspension was then sonicated under nitrogen
at 11°C for’épproximatelyA1O minutes.. The consistency of thé sample .
was altered by this treatment to that of a cloudy non-viscous liquid.
31p spectra were then redetermined.’

( | \

d



The sampl ‘Was subsequently dialysed against three changes of
2000 ml of distilled ﬁatef,while nitrogen was continually bubbled

through the bdlk‘solution Fbllowing the dialysis the samplé was

resonicated and transfgrred under nitrogen to a 12 mm NMR ‘tube, "and

: [
a

- -

I3

13C spectra determlned

C. Nuclear Magnetic Reséhahce Spectra

‘ . R

A1l NMR speetra were determined on a Varian XL-100-15 NMR

spectrqmeter operating in the pulse Fourier transform mode.

4

1. 3¢ NMR

-~ -

13C NMR épectra ;ere determined at 25.2 MHz u31ng an 1nternal
,Z; field-frequency lock with an 8K dataset Chemlcal shifts were
measured relagive to external tetramethylsilane (TMS) or
hexamethyldisilane (HMDS) present in a co—axiélly‘mounted4capillary.
All repbrted chemical shifts were converted to the TMS écale.by the
relétionship | |

thDS - 2.34ppm b - N II-1

In the initial stages of this, investigation., 13¢ T,

relaxation times for 20% w/v lecithin vesigles and for lecithin-phytol -

mixed vesicles were measured by the inversion rechery method of Vold

et al (106)'whiéh employs a (-7-(T/2)-T) pulse sequehée where v is

A\



the-delay time between the 180° and 90° pulses. This pulse

sequence was repeated after a time T which was at least five gimes the
largest f1 valuevtq be measuréd. Although the time reduired for a
set of inversi9n—regovery spectra is up to 48 ho@rs..the samples
reﬁaipedﬁhémogeneoﬁs and subsequent TLC analysis showed litﬁle lipid
decomposition; In addition, thefe were no major'differences in proton
?“noise décoﬁpled 13¢ spectra obtained before and after the |

9

inversion-recovery experiments.

¥ .
i : '

, ) T4
During thg,Later'stages of this investigation, it became possible

»

to employ the timesaving homogeneity spoiling technique of McDonald
and Leigh (107). This 5ﬁlse sequence.‘which\is discussed ianetailvin

Section 3.A.2. was used to determine the 13¢ T, relaxation times

for the lecithin-Vitamin E, and lecithin-phytanic acid vesicle

systems. and for the lecithin-cholesteryl ester dispersions. Qh's v

for several carbons which were indicated to be less than 0.3 sec were

- checked by the inversion-recovery method and were found to be in

‘agreement with the homospoil‘determinations to within-experimental
~
error, - s

The percentage® error for each measurement was approximately 6-7%;
‘occasionally duplicate experiments showed a variance of up to 10%.

Therefore the confidence limit is set at 110% and if the variance

exceeded the % error, the.variance is reported\

A

21



2.3 wmr o o ° o
P NMR spectra were determined at 40.5 MHz using an external
 9F field-frequency lock and a 2K dataset with external HyPO)

(85%) as a reference, : L -

.

For permeability measurements of pure EYL and mixed vesicle
» systems to PF3+, samples were prepared as described in Section
4,B.1. Initial spectra were determined and a 150 ul\portion of 0.1M

Pr(NO )3 5H20 in the aforementloned buffer solutlon was then

3

added. The use of 3 ml of vesicle preparatidn resulted in a Pr3+
a §

concentrafion of 0.005M. Subsequent spectra were determined at

- /

intervals, and the pate of disappearance of. the sharp upfield 31p
resonance was monitored. Subsequent to the disappearance of this
peak, 300 ul of 0.2M EDTA which eomplexes with ?53* was routinely - -

added, and the spectra redetermined.

b
-

Séparate experiments were also performed in drder to study the
rate of EDTA permeation through pure EYL vesicles. EYL was dispersed
in the previously mentioned buffer which has been made 0.005& in |
Pr3+. Subsequent sonication of this dispersion regulté in vesicles
wﬁiqh possess lanthénide both inside and out, Initial spectra were
)determined followed by the addition of 300 ul of 0.2M EDTA, and the
rate of increase of the area of the sharp upfield resonance was

monitored. ®
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D. Electron SpimResonance Spectra-

1. General

‘A1l ESR spectra were détepmined at 23°C on a Varian E-4 EPR

spectrometer operating in the X band at approximately 9.5 GHz.
Oriented multilayer samples were prepared as described in Section

2.B.3. Typical spectrometer settings were: scan range = 106-400 G..

receiver gain = 5x102, modulation amplitude = 0.5 G., time constant

- E3

= 0.3 sec, scan time = 4 min, ‘microwave power = 10-100mW. e
x ) q ) - .

' T ‘
2. Ascorbate pePrmeation

Forrthg Study of the permeation of sodium ascorbate into the
lipidﬂmulﬁilayers, Hyd;ation was carried out by the~additio?’of
freshl&_prepared, thdroughly deoxygenated 0.d1M sodiﬁm ascorbate wﬁich\
was 0.15M in NaCl. The pH of the ascofbaté solution had been
previously adjusted to 6.8+0.1-with NaOH 6rvHCl.. All‘spectra were
determined with the magnetig field perpendiqular to the,multibilayer'
surface, In the case of EYL samples, there wa s obser#ed an immediatg_
change in the spectral shape ﬁpon ascorbate addition, indicating
complete hydration of the lipid films. This was not found to be. the
case for DPL multilayers; however, prehydrétion of the films in .0, 15M

NaCl for approximately one hour} followed by rinsing and hydration

with the ascorbate solution produced the desired result.

4y



5
" The kinetics of the spin label reduction were followed by

recording the low field componeht of thé'ESR-sbectrum at intervals (15

, ; !
sec-4 min), since this line does not overlap with that due to the

ascorbéie radiéélvwhich is produceg»durihg the reaction. The rate\of
decay of the height of the low field coﬁp&nent is proportiénal to the'
‘raté»qf ascorbaté reéuction of the incorporated sﬁig probé; if-there
 is no change in spectral shige_during_the course of the reaction‘and
w e O ’ T .

this. indeed, was found to be the case.

.~



CHAPTER 3

BB,

THEORETICAL CONSIDERATIONS

This chapterrwill present in two major parts an outliné éf the
exisﬁing théory which provides the basis for the experimentq} \ |
techniques used in this investigation. The first part deal;Vbriefly. o
with nuclear magnetic relaxation processes and the pulse séqueﬁces
used in the determination of Spin-lattice relaxation times, vFollowiﬁg '
this is a discussion of\iinear electric field effects on 3¢ .
ohepiéal shifts of olefinic carbons. A more complete discussion of
nuclear magnetic resonance can be found in works by Abragam (108). and
by Slichter (109). For a detailed account of the abplication;\of NMR
tolbiological membranes, the reéder is referred to a recent review by
Lee, Birdsall, and Metcélfe (1i0). 7 ’ 7 | 135%:

The second part of this chapter dealé with the basic principles | "

of the electron spin resonance of nitroxide spin probes, ouflining the

type of information which may be gained throuéh the use of this tool.

o
P

Atfecent treatise (111) provides an excellent overview of progress in

this area.



A. Spin-Lattice Relaxation-
(1) General

Bloch et al (f12.113) diSCOveréd that the motion of the

macroscopic magnetization of nuclei in the presence of an applied

sfétic field‘cgﬁld be describéd by arset of phenomenoiogical
differential equations, In a static field H,=H . if the
magnetization is disturbed from i£s equilibrium'value by the
'éppiication bf a radibfreqdenéy pulse‘applied at right éngleskfo'tne
applied fiel& HO,'the compdneﬂts of thérmagnetization will decay to
their equilibrium'values aééofdihg'to‘the equationé,govefning thé rate

of approach to”equilibrium £108).

y

dM_ = - (M_-M.)

4 Z_09 . III-1
dt . T, s
dM, = - M N ;
—5_1 e S I1I-2
dt_ T, | L .
d == ) l- | .
M-y s
dt T, ] :

where Mx' My. and Mh are the components of the magnetization in
the x, y, and z directions. and T, and T, are the longitudinal
(spin laftice) and transverse (spin-spin) relaxation times

3

respectively.

3
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The return of the z component of the net magnetization along HO
(the 2z direc£ion) igvﬁheréfore characterized by a time T1, the o
*spin-latticerrelaxation time. The nonradiative return £o equilibrium
arises from the interaction of~the nuciei,with oscillatory magnetic
fields produced by molecular motiop in the sample (110). If the rateé
of motion oveflap with ﬁhe Larmor precession frequency of the nucleus
concerned, a transition ﬁay occur from the upper. -spin state to th;
Tower spin state.

” ]
The equation of motion for the macroscopic magnetization vector M

in a magnetic field B is given by (114)

M= {MxH . III-4
dt |

LY

were { is the gyromagnetic ratio of the nucleus in que$tion. The
presence of én observationbfield H{ applied to right angles to the
static field, H_, may be thbughtTOf as a field rotating in the xy
plane, about the z axis at an angular frequency. w (115). The

components of the magnetic field are therefore (115)

HX = H1 cos wt I111-5
. y_ X . _
Hy = H1 sin wt \ III_6
H, =0 - III-T

Expanding the cross product in equation III-4 and substituting from

equations III-5, III-6 and III-7 yields (115)

27 -
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aM, : r
—= = YM_H_  +IM_ H, sin wt * III-8
y o z 1 ,
dt : ,
= WM, H, cos wt - § M.Hj : III-9
dt :
dn, o ' .
il - IMyHy gin Wt - (MyH1 cos wt III-10,

Since M, and My'relax'back to an equilibridm'value of zero,
and Mz relaxes to an equilibrium value of‘Mo, therefore (115)
dM - Y (MH, + M H; sin wt) - (M/T,) III-11
at ‘ . .
d% x:.((MZH1 cos wt - MXHO) - (My/TZ) II1-12
- dM, = -f(M,H, sin wt + M_H, cos wt) - (M_-M 5/T
Tﬂfa My 1 vy z70 ‘1v I1I-13

Thus the equations III-1, III-2 and III-3 are seen to be damping terms

. . . E Y -
for the rate of motion equations describing the NMR experiment,

In general, any mechanism by which fluctuating magnetic fields
are produced at the huoleus is a possible mechanism of nuclear |
relaxation, There processes are (110): ‘

1. magnetic dipole-dipole interactions

2;vchemical shift ahisotropy

3. scalar coupling

L4, spin rotation

-5. electric quadrupole for nuclei with I>1/2 where I is

the nuclear spin quantum number.

Q\\
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Fof any random motional fluctugtion.vF(t); an aﬁtocorrelation'
function may be definedAwﬁich relates the value of F(t)vat one fime to
its value after a time interval1'. as (116)

| o) = P FD - ITI-14

- T

‘Qhere the bar denotes an average overall time, If G(T) decays

exponential}y,with a timé constanp'fc; the autocorrelation function

takes the?férm (116) 4 :r } : evr
6(¥) = FE(t) F(t) exp(-|Tl/p) I11-15

Since the spectral density of F(tj is the Fourier transform of the

auiocorrelation function (116).

100 .
Jw) = ) G(") elWigy . 1II-16
or (116),
2T, F¥(t) F(t) S
J(w) =-——,9‘E——-E o ITI-17
1+w Tc

Thus, for a fluctuating nuclear dipole-dipole interaction. for
example, the spectral density giyes the energy available for producing

nuclear relaxation at the frequency. w (110).

The dominant mechanism for spin-latticevrelaxation of 13c
nuclei with directly bonded protons in large-molecules is through
intramolecular '3¢c-'H dipole-dipole interactions (117-119). This
has been verified by nuclear Overhauser enhancement studies.

—_— .
Therefore the discussion of 13¢ T, relaxation mechanisms will be

limited to that induced by dipole-dipole interactions with directly

bonded protons,



.

2.vDipole-dipole relaxationr

The Hamiltonian for the interaction of two magnetic dipoles is
given by (116)

.= 2 (1) b.. I(3 © III-18
9971 (1 Dy T - ‘

where I(i) and I(j) are the spin vector operators of the two nuclei,

and bij is the dipolar interaction tensor between the nuclei i and j.

VIn the case of intramolecular dipole-dipole relaxation, the components

of Dij are time dependent since ‘molecular reorientations cause changes

in the angle beween the internuclear vector, and the applied magnetic

‘field (110), .

For a fully proton decoupled'13C-H system, the 13C T1
relaxation time is given by (119} 7

1/T = WO+2W'1 + W

1 III-19

2

-where the W's are the probabilities for the transitions by which

relaxation occurs. These transition probabilities may be calculated

by the method of Bloembergen., Purcell and Pound (120) to be (121)
Te

Wo - = <F.‘> 1 | III-20

a3
~¥
1 * (wg ’Wu>17‘:'

1

T . 1 III-21
\NQ "zt~<7ﬁ'> 1+ WoTe - ,
1 | III-22

- 2ATe : 2
WJ. s~ kv <lF1.l > 1*(w¢+w,,)",*’:



pavy

BN Y

r
where Wo and Wy

¥

are the Larmor frequencies in radians per second

for carbon and hydrogen requctively. and where FO. F1 and Fé

repreSenthrientation functions for the fluctuating dipole-dipole .

interaction. If this motion is isotropié; the'average value of the

orientation functions are’giﬁen by (121)

where

<CF2 > = (4/5)K?

< IFilZ > = (3/10) K2 .
< 'F2\2*> = (3/10) <

¢ R, by

III-23

III-24

T, iii-25

and where Jﬁ and ‘C_are the gyromagnetic ratios of 'H and

III-26
13¢ .

respectively, and r is the carbon-hydrogen internuclear distancé.if

Substitution of equation III-26 into‘equétions III-23 to III-25 and

subsequéntly into equations III-20 to III-22 Yieldsrr;

W

and substitution of equations III-27 to III-29 into equation III-19

yields

1

2

- 1K£‘X: Xu 73>//”_///%*//7f/
:///fthi 1LJJ+(“Q'“4)IT:

g

W .

1

20

AN A

joch

A

e

18

~

/or®

| Lt wend

-

1

1 +(we+ wy) 1':

1

f"‘ (U)‘ - U)H )?’r‘t

i¢ (wc"'ww)z e

3

1

14+ wert

I11-27

I11-28

I11-29

-

ITI1-30

31

gt



In jthe case of phospholipid membrane systems, the correlation
times decrease with increasing’femperature (7,21). indicating’that
w27;2<<1. Neglecting long range 13C-1H interactions, and

summing over all directly bonded protons yields the expression (118)

1 'RI»X: Yo N e

= = ‘. .
T r | | I1I-31

where N is the number of directly bonded protons. However, the

preceding treatment assumes that the motional fluctuation of the"

13C-1H dipole is isotropic. .Taking into account anisotropy of internal .

4

reorientation which is believed to be present\}n phospholipid

~

bilayers requires the modification of the time average orientation

32

functions of equations TII-20 to III-22 (21,1&8.122j. The resultant -

modification of equations III-20 to III-22 may be exprgsséd(in terms
of an anisotropy parameter, A. as (5,147)
: vyl ol
1 _ AGCHL R NT |
Ty , ré g - I11-32

—~

where A = <(3/2) cosze_(1/2)‘>2 where evis the angle between .
the '3c-'H vector and the axis of intefnél reorientation,

Tﬁus for rapid anisotropic motion. the 3¢ spin-lattice relaxation -
timeé for carbon nuclei in a}phospholipid'biléyer érelgiven by (21)

R
1 | 1 z Xz XL k N Te :
— = —{3ces’® 1? . S

Ty i \

-

Unfortunately, the contributions to the observed 13C T1

—

relaxation times cannot be separated intB theif componénts due to raté,,



éf mstion (72 dependence) and that due to anisotropy of the motidn;
(énédlan dependegcé). as has been pointed out previously (84,86). It
can readily be se;n that in the isotr0pic(iimit, equation III-33 T
reduces to equation III-3T.»and thus T1 is a direct measure of réﬁe
of motion. In the case of anisoﬁrbpyrdf tﬁe reorientation of the
1’?’-C-1H"inter'nucleal"- vector. an increase in 13C'T1 relaxation

times for a'phospholibid manbrané system may be due to ;Hcreased rate
of segﬁégtal mbtion,apbuq individual&carbon—carbon bonds, or due to

P

increasedfdisorder of the mbtion or both. Nevertheless, 13C T17

_relaxation timesvfor,phospholipid membrane systems are still a measure

+*

of rélative mqtional freedom, or bilayer "fiuidity", regardless of

-

- whether the effects are due to changes in the\anistropy of the motion,

its rate, or both:”  ~ i .

P

3. Measurement of spin-lattice relaxation times

o

Pulsed NMR methods ére best undérétood if they abé‘discyssed in
terms of the Uulk'magnetization of the sémple. considered in the
rotating frame. One method of measuring spin lattice:relaxatioh times
is the inversiogrrecovery method of Vbld et al (106) which involves -a

(180°.7T, 90°) pulse’ sequence.

Initially. the magnetization lies along the z' axis. A 180°
pulse is applied which flips the magnetization to the ~-z' axis. The
magnetization is then allowed td undergo longitudinal relaxation for a

y
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time ¥. If 7 is vér‘y long compared wi-th‘T . the magnetization will

eventually relax from a value of -M tﬁrough zero. to its equlllbrlum

-

value, +MO. After a specified time, 7’, a 90° pulse is applied

aléng,the x' axis., The remaining mégnetization is thgreby rqtatéa to

’the y',(or -y') axis, and the ﬁree'inauction decay ié measured. Thus- ..
if T is very short compéfed'witth1, vefy'liéﬁle relaxation will
occur durjing the time,?’: and the result will be negative resonance‘A

‘signal. As the duration-of 7 is increased, more relaxation ocecurs

o”

before the appllcatlon of the 90%”pulse. The result of a series of

o

increasing T values will be a series of spectra with resonances whose
intensity‘varies from a negative value. through zero, and finally

approches a maximum poéitive value at very long T@ﬁ The pulse train of

(1800-7’—900—T)n is repeated a specified n times until sufficient

ﬁsignal/noise is achieved. The quantity T in the pulse sequenée is a

time of at least 5xT1 during which the,systém is allowed to return

to equiliprium.

The free induction decay is then Fourier transformed and the
signal intensity is measured. RepeatingithiSWprocess for different

values of T enables the determination of the spin-lattice relaxation
—— " -

time T, since integration of equation III-1 with th;,éondition'M£=

M, at t=0 yields (115) o ‘ .

L.

M, = My (1-2 exp™/T1) | III-34°

It follows that

In(AsAr) = 1n 28, - (T/T)) o~ III-35



- t
where A is the spectral amplitude for® >5T,, Ay is the spectral

19

amplitude for a specified value of %, and>T is the interval between

the 1809 and 90° pulses. T1 may be obtained from the slope of a

plot of ln(A_o-A,r) vs v,

AR

T1 may also be measured by the homogeneity spoiling pechniguer
of McDonald and Leigh (10¥) which is illustrated iﬁaFigung_ﬂ;igAn.
initial 909¢puIse which shifts the net magnetization:infg;khe xty!
plane is followed by a fleld gradient ﬁélse whichvis applied through.

apd causes

the magnet's shim coils. This spoils the field homogenei

a rapid dephasiﬁg of the magnetization in the x',y! piane.' sulting

in zero net magnetization. ;;ler a timé~interval'T, dufing whizh the

' spins are allowed to relax, a second 90° pulse is applied, &nd the
. € . '
magnitude of the free induction sampled. The field gradient is then

reapplied to eliminate-any remaining maghetization in-the x'y'! «plane,

RS

-and the pulse sequience mayAbe repeated immediately.‘ The repeating-

sequénce is thus (90-spoil—TL90«sample-spoil)n. The variatianﬁof
signalvintenswity with  follows the ;g‘iationship (110).
AlT)= A&l1-exp('77T1)] V I11-36
T, is again obtained :from the slope of a pléq of 1nC(A¢-A,,,) vsT .
| ) N . 3
This)method of T1ldetermination resﬁlt; in*a vePy great

timesaving over that required for an inversion-<recovery determination
. 3

since it is not necessary to wait (5xT1) eallztime before the pulse

x

séquence is repeated, Therefore it is especi%}ly useful for the
5 o - . : x®

3%

N
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Figure 4. The homospoil pulse sequence, Taken from reference 110.
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measurement of long—relaxation times. Howéver. for meaéure;ent.of
very short T1's.‘i.e.' T1<O.2 sec, this sequence isrof limited
'qtility., This is bedéuse of the ‘relatively long duration of the
spoiling<;ulse. f&pically on fhe order of 0.05 sec; Thus; the
available range of T values is iimited to those greater than 0.05 seé(
~It should -be pg}nte@ out Fhat during the éourse of this ihvestigation;
Ti's as low asr200 msec have beén determiged using the_homosboil
technique., These T1 Qalues wene’fopnd to agree with those values
’detérmined by the inversion fecovery method to less than +10%.

v One other criticism which has been raised ag;inst the use of the.
homospoil pulse sequence is that this»methoa'may be more sensitive to
the accuraéy of the 90° pulée. As well, the lbﬁg spoiling pulse may‘haVe

traumatic effects on the NMR field-frequency lock. 'This was not found

to be a problem with the XL-100-15 system used in this investigation.

-

B. Linear Electric Field Effects in NMR

The substiﬁution of a methyiene group with aﬁpolar‘substituent.
X. may cau;e large«changes in the chemical'shifts of nearby brotons
(123). The chemical shift change brought about by thisv
substitut ion may be defined as .
AS =08, b8, 08, v 85, 7 1n1-a7
where‘A[el is due to the diffe?ence in the electric dipole momeht
upon su?stitution,A{}’is the'difference due f% alterea Van der Waals

inter‘actions.A{nl is the contribution due to-different anisotropies

agn



of the magnetic susceptibilities of the C-X and C-H bonds. while
Oésolv reflects that portlon of‘Ad'whlch is due to dlfferences
in the irteraction with soﬂvent molecules due to the 1ntroduct10n of

a polar substituent (123).

| i ST ,
It is the terulﬂéél ich is of interest in this investigation

since it describes the ch nge in chemical shiftvwhich may be caused by

the introduction of an electric field which may originate at a
/ o
molecular dipole, point charge or other inter- or intramolecular

source (124), One such pther source is the surface dipole. moment of a
phospholipid menbrsne system, and it is to a system with such a sou?ée
N o Fl a

that a linear electric Field treatment will be epplied (see section

4.D).

1ot
-t
;

Buckingham (125) has shown that if a molecule is placed in the

a4
s 4

presence of & uniform [electric field, E, the effeet on the nuclear
screening constant ofthe atom in question may bé expressed as a power
series in E, and thenbfore‘déél may4e1so be'expressed in this form

-
,Zﬁgét{= AE + BEZ2 _ 111-38

el

as

where A and B are constants which describe the partlcular system,

1

|

j N

T T e

B
The electric field strength squared originating. from a polar

group with d1pole momentaéfls given by (123)

E2 —/qz (3 cos?d, + 1)/R® : '1II-39

38



‘;'where(b1 is the angle between the origin of tﬁe dipoie moment

vectof; and the proton whose chémical shift is beingfconsidered. Since
the second order term falls offgqapidly with increasing distance,

the final term ih'equation IiI;38 may.be neglected, and. the change

in chemical shift due to an eléctrf@ field caused by a dipole moment
may be expressed in terms of this dipole as (123)

Ad, = AE = Mc/R3 C III-40
where ¢ encompasses the modification 6f the‘vélue of the electric
field at the atoﬁ in questioﬂ:dueéip)the orientatioﬁ of the dipole

‘moment with respect to the proton (or carbon) thse chemical shift is

-

being calculated. The inclusion of this geometrical factor gives (123)

E.I = (3 cos ¢1 cos@R - covsd>“)/R3 ' ‘III-:)H -

P o emn
where the angles ¢1 and ¢R are defined by Figure 5. and dh‘;;?;géxgﬁﬁ'
angle between the dipole mom?df;::;tor and the C-H bond directioh} In
other wprds. E1 is now the componeht of-the electfic field along the
carbon-proton bond. Thus, it is ciear that the chemical shift éhange
due to the presence of an electrié field is'Highly depgndent not gnly_
on the distance fqom the electric figld, but also on the orientation

of the molecular bond with respect to it. Therefore, -electric field |

effects are very useful tools for the elucidation of molecular'geomeggzg;
| R Lo 7‘;::“"}? B

Since a constant electric field polarizes a cafbon—hydrogen (or
carbon-carbon) bond, and induces a dipole moment.<¢, the magnitude of

the induced dipole is related not only to the charge density of the

atom in question, but also to théﬁpolarizability of.Carbon-hydrogen

N
=

39



. e,
w

40a

Figure 5, Orientation of a dipole moment<with respedt to
i .

molecular. axes. Definition of the angles of Equation III-}41



4ob



(or carbon-carbon) bond by (126)

A = €4l = b By o III-42
where e is the electronic charge, éé is the inducgdrcharge |
density on the atom ;n Aquestion, 1 is the atomic bond length, and'
vb11 is.the bond polarizability along the bond axis. Therefore the
vchange in electron density in the case of protohs is given by (126)

é

, . , ’q
and the resulting chemical shift difference by (127)

= (b,,/el) E, | I1I-U3

ad_, = (¥e) . ~IIT-4

where (&/e) is the induced shift per electron,

In the case of 13C chemical shifts, polarization of all bends
to the carbon atom in, question must be considered and the resulting
'changé in charge density is given by (127.128)

§gm Z(bjEq/el) III-U5
where the summation is over all bonds of the atom., Therefore, the‘final
expression for changes in 136 chemical shifts due to the presence
of an electric field is given by |

Ad,, = (§/e) Z (b E,/el) TII-U6

For example, the chemical shift non-equivalence for the olefinic

carbons of a series of monounsaturated fatty acids has been shown to
be due to a lihear electric fi€ld effect which has its origin in the
carboxyl headgroup (127). Thus.;the field effect induced shift which

|

is absent in the case of the parent hydrocarbons, is dependent upon

41



the distance of the double bond from the carboxyl moiét&. For
unséturated carbons, the longitudingl bond polarizability is very-
large when compared to a C-C or C-H‘bond (129) as can be seen‘fromv
Table I. and thus the sum in equation III-45 is reduced to a singlé
term. In the case of ménounsaturated fatty acids, the effect of the
head group is to increase ﬁhe‘electron density on ﬁhe olefinic carbon
r'atom?ééérér,the headgroup, and to decrease the electronvdensity on the
olefinic carbon remote from the headgroup. Such changes in electron
density predict characteristic edual and opposite 13? chemical
shifts for the two olefinic carbohs (127).7 The olefinié carbon
‘nearest the headgroup is'shifted upfield, while thé carbon further
away is shifted downfield. The effect of the electric fieid at the
site of unsaturation is dependent both on the distance of the double
bond from the source, and on its oriehtation with respect to the

_ dipole since E1 in equation III«42 is the component of the electrici
field rééolved parallel to the olefinic linkage. In the case of
monbunsaturated amines, for example, in which the direction of the
headéroup dipole moment is reversed, the effect on 13C chemical
shifts is opposite to that observed for carbdxylic acids; that is, the
double bond is oppositely polarized, the carbon nearer the headgroup
bearing a decreased charge, and as a result being shifted downfield

(124),

The foregoing theory will be applied in Section 4D to describe

the effects of incorporation of the unsaturated isoprenoid, phytol,



Table I

Longitudinal Bond Polarizabilitiesa

Bond b11 x 1023 cm3
C-H 0.064
c-C 0.099
C=C 0.280

a
From reference 129
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-into ; phosthlipid bilayer on‘the 13C chemiéai shifts:of the

olefinic éarbons. The increased chemical shift non-equivalence of the
phytol olefinic carbons upén intercalation 6? phytol can be.uséd to _ ¢K
calcdlate the'Qalue of the electric field atlthe site of unsaturation

“with the aid’of the equgtionVIII;46u‘ Subsequently, assuming an

: orithation of the.phytoi molecule. within the bilayer, equation III-41

mayibe used to calculate thé distance Qf therdlefinic cargons from the

‘origin of tﬁe field, the membrane sﬁrface dipo;e moment, and hénce the

. depth at wﬁich bhytdl sits in the membrane. |

Very recéntly,_Seidman and Maciel (128) have carried out

moleéular orbital'calculations cbncerning“thé effegt of the placement‘
6f an électric'dipole near armolecular hydrocarbon framework ﬁpoh the
'3¢ chemical shifts. The results of this theoretical quantum

ﬁmechanica%tréaQQSEgzégiich were eXplained in terms of_a simple bond
Jpolarization model ., are in agreement with the prediction of the
previouslclaSSical‘treatment (125). Only small effeéts wefe present

in the case of a saturated molecular framework, consistent with the

P

low polarizability of C-C and C-H bonds relative to an olefinic
linkage, while larger effects, in agreement with previdus expermental

reports (12&,127); weréﬁzound for unsaturated hydrocarbon frameworks. =l

fi
/

/
/

C. ESR of Nitroxide Spin Labels

The spin Hamiltonian for a nitroxide free radical is given by

(1
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M =48 Hvé-g + hS:T-I - gNﬂN I'H+SDS + J 155 III-47

ot

e

where,ﬁe is the electron Bohr magneton, H is the applied‘hagnetic'

/ fiéld, g is the g-value tensor for the'electron and S ié.the spin
operator for ﬁhe electfon, T is the electron nuélear hyperfine.tensor.
I is the spin bperator for a cbupled nuclear spin.véN is the g,factor‘

for the nucleus.ffN is the nuclear Bohr magneton,'D is the elecﬁroh dipolar

interaction tehsor. and J is the exchange interacti;g<%§tween two

electron spin operators S, and S

1 2

The first‘term is‘the electronic Zeeman'interéction while the
second term is the electron-nuclear hyperfine interaction, The third
term in equation III-47 is the spin Hamiltonian for the{nucleus which
is negligible compareq with tﬁe electronic Zeeman interaction while

the final two terms are due to elgctron-electron'interactionsvandfarek

L PR

unimportant for dilute solutions-of molecules which possess a’ single

unpaired electron. e
el

Thus the spin Hamiltonian for an isolated free radical is well

=]

approximated by (130)

= e

- | " H=#4Feg3S+ STI | ~ III-48
For nitroxide spin labels, each of the electron Zeeman levelé is
split into three (2I+1) components due to coupling with the. 1%y

nucleus (I=1). The allowed. transitions are those which satisfy .

0

the selection rules AMS = +1, a{n‘q AMI = 0. ' , |

/

-



“Since both the g tensor and the hf%erfihéiédupling teﬁSOr aref
anisotropic both the>g Vaiue-and\thevhyperfine'splittings are
dependent upon the'orientqtion of‘the N-0 Qphﬂorﬁital with respectttd
the.direction of the applied meénetic field (131). It has been
determined‘ﬁsom or;ented‘crYstal studies that the hyperfihe cougLing )

tensor is very nearly axiall&~symmetric i.e, ‘Txx - T&y ~ 6G.

and T 27 ~ 32G where the z axis is defined as being parallet/;gm‘

»

the nitrogen 2prr orbital, and the X axis as belng along ‘the N-O bond.

direction,_while the y axis completes a-right hand co-ordinate System

(60, 132).

Therefore the hyperfine splitting is described by the axially

symmetric tensor T (60)

’

T 0o 0

XX ) )

T = 0 - T, 0 - II-49
0 0 T - .
E ' o 2z

In dilute solutions of low Viscosity where the nitroxide radicals

, —
are undergoing rapid isotropic tumbling, these principal hyperfine
g )

splittings are averaged out, and a three-line spectrum with the

components separdted byA1/3 (Tox + Tyy +T,,) ~ 14.7G is

observed. If however the reorientation of the label is slow on the “'_‘{’*
ESR time scale, a superposition of orientations will be observed (131). =

Thus the ESR spectra are sensitive both to the gisentation. and the '

rate of motion of the nitroxide.
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* It has been found that both spin labeled Tatty acids. and

cholestane, when incorporated into leciéﬁ?l multilayers, .undergo rapid
anisotropic motion, r'ota'ting rapidly about their long molecular axes

(133).

- -

In discussing the orientation of these spin probes, it is more

£

convenient to express the hyperfine splitﬁings in terms of an

alternate set of space vf‘ixed coordinates X. Y, HZ. where Z T's the
direction of the applied magnetic field. The transformation may be

accompl ished Withuthe use of the orthogonal tr'an;f‘or-mation matr'ix.iAL‘.
- (131) ’
cos?, cos7y rcovs)73
L = cos E’i cos'£2"c_osE3 i ITI-50
cose, . cose, cos S 4 |
wher‘e\ €08 7?1, cos 772’, cos >?3 are “bhe dire;:tion co'sines betwéen
the nitroxide X.y, Z axes and t space fixed X direction, cos 81.
- -
cos EZ’ cos €3 are the direction ¢osines bvet’ween the nitroxide -
X, y: Z axes, and the Y directio;l‘. while cos'e1, cos 92. and ‘cos
93 are the directional césines between the nitroxidy x, y. 2 axes
and-the Z direction (direction of the magnetic fielc . This leads
to the transformation (131)
v < Lo . III-51

where L= is the inve'rser of III-50.

x



The effective Hamiltonian M' has the form (132)
M'=88gH +hsT1 - III-s2
and the energy is given by (132)

E _ﬂ ’ , ' .' . .
=Ag, S, H, + kTZZ 5, I, . | III-53

and in terms of the basic Hamiltonian by (132)

: —r ‘
E =A9(cosas1gxx + cosaezgyy + coszeggze) Sz Ha o

. 2 . .
+ A(coszegxxf cos2¢921‘yy + cos e,\T") Sg I III-54
2 S

-

where cos 61, cosasz. andlEOS'éé are the time averages of
the direction cbsines-averaged over the rapid anisotropic moleculaf
motion about the long axis of the fatty acid spin labels whiCh is,

cbincident with the nitroxide 2pfr orbital direction, The hyperfine

splitting tensor upon transﬁgrmation takes the form (60)

T, 0 0 .
T*=[0 T, 0 : I1I-55
0 0o T
where T) = T;z'

t

- It follows from equations III-53 and III-54 that (132)

- 2 T ol _
T” = coS 91T),{x + cosaazTyy + Cco8°6y Tz, I1I-56

From the orthogonality of the direction cosines

26 4+ apal - . ,
cos“@, + cos‘e, + 003293 = 1 : 111757 ( -
and since the trace of the T matrix is unchanged upon transformation (116)
- ' ) .
it follows that
2Ty, + Ty =T, + T _+T I11-58

XX yy zZz

48
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Combining equations III-58 and III-56 yields

o T =‘éTxx(1-cosa§1) + éTyy(1-cosé;2 +-{T3!(1-go§1% ) ©III-59
Since T Tyy for the nitroxide ring system (60)
T} = iTxx(1+cos 63) + 4T (1 cos%e ) _ - III-60

" and s;mllarly from EquatlonAIII-56 (60)

Ty = T,y (1-c0s%8;) + T,,(cos%,) | III-61

A useful expefimental parameter is the quantity T-T, wquh'is the .- _
‘difference in the hyperfine splitting observed when the applied ) 43
magnetic fielg is parallel and perpendiculdr, respectively. to the bilayer

normal. Comyining equations III-60 and III-61 yields

=T = (T,,-T,,) £ (3c0s28,-1) o I11-62

The quéntity (3cos%93—1) has been termed to be aHﬁg;aer parametef'
sinSe it describes the time average deviation of z from the Z-axis.
i,e. the time average deviation of thévdirectibn of the nitroxide -
v2prrorbital from the direction of the applied magnetic field (132.134).‘~j
bThus the order parameter may be expressed as (60)

S = (T -1, )/(T,,-T

) o - III-63

or equivalently (125) - : ‘ | 7 &,/ff~~;ﬁ””'”“

= (3 -TL)/<T L. .00 III=6M

In the case of” the cholestane spin probe, the nitroxXide 2prr orbital is very nearly
orthogonal to the long molecular axis, ‘and thus the equivalent expression

for the order parameter is (135)
. o, - T . :
S = ! : I11I-65

Tyy = (TygtTyp)

AW

Sl T e e e e



Since the hyperfine splittings are slightly solvent dependenf
(61,132), the expressions for the order parameter must be slightly\d,
modified to give the final form of the order parameters for the fatty

-

acid spin probes as (132)

T, - Tp - (T T )
S = " 2 . xxtTyy* ' III-66
. T 'i (TXX yy) T“ + 2T.l -
and for the cholestane spin label as (132)
T -T (T +T, )
s —H2 — 2 . xx*Tyy* I1I-67
Ty =5 (Tyyt T, ) T, + 2T ~

Yy 2 "XX "zZ
Equations‘III-66 and III-67 assume that the molecular long axis. and the

normalgfgbthe bilaye; s;rfacé are coincident. In other words th@re is no
angle of tilt, The axis of rapid anisotropic motion is the bilayer
normal.‘lf the moiecular long axis is tilted at an. angle d'froﬂ:the normal
to the membrane surface the ordér parameter caléulated'from equation

" III-66 or equation III-67 will be artificially lowered. Modification

of equation III-66 to include a tilt angle.d . yields

50

T' - T' (T +T ) P e =TT

‘5 = - xx* Tyy* A I1I-68
7 - TytTygd | T+ 2T
where ”
T o= (TP cos?d § 12 51n26)1/2 I111-69
and
T = (I sin?S + 10 cos?h /2 I11I-70

when d =0, equation III-68 reduces to equation III-66 while if J:MSO_
theg Ty =T . leading to an order parameter of zero, while if

! _ ,
459¢4<90°, the result is a negative order parameter. Thus, the



.Observation of a negative order pabameter may be indicatiVe that ther
axis about which hapid rotation occurs is oriented at an angle,>u50

from the bilayer nbrmal.

It is to the ESR spectra of spin probes I-V (see Figure 3) that
the preceding treaﬁment will be applied, initially assuming that the
.long molecular axesiabout which rapid'rotation tékqs place is parallel
to the bilayer normél. Admittedly, the assumptionlof rapid
énisotropic'motion may not be valid in the case of the choiesteryl
ester labeié, but without thié simplification the observed spectra,may

only be interpreted with the aid of computer simulation.
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and their mefhyl esters (127). !%?e fatty acid composition of EYL was

‘determined by the manner described in Section 2A. The results shown - k

~ The main fatty acids present) are palmitic (16:0)./stéaric (18:0), . |

oleic (18:1) and linoleic (18¥2)_acids, with thefunsaturated‘species

calculatedifrom 13¢ Ti relaxa}ion times by }’

52

. CHAPTER Y4

Y

RESULTS AND DISCUSSION FOR VITAMIN E, -

/, . PHYTOL, AND PHYTANIC ACIDV '

A. Activation Energies for 13C,‘T1 ProcéSses

- n 3

» . . :
T : . E

. N :

B - ;

The spin lattice relaxation times for 20% w/v egg yolk lecithin

4

(EYL) vesicles were determined at three temperatures, namely 11, 30,

and 52°C, These values are reported in Table ;14/wﬁiié a
- ¢

representative 13c NMR spectrum is depicféa in Figure 6.

iz

Assignments weré taken frbm.thOSe made by Batchelor qé,&l (13)., and by

a comparison with the13c chémical shifts for a series of fatty acids

in Table III are in good agreement with previous 3956??§‘t40,136).

/

constitutihg‘approximately L0% of the total.
\/

Since' the re—oriéntational correlatioh timé.‘qu is

!
i

.

exponentia)ly dependent on temperature for purely dipolar relaxation,

the activaﬁion energies for re-=orientational ﬁrocesses may be

Teo = Ty exp (E,/RT) - \ IV-1
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Table II

Fatty Acid Composition of Egg Yolk Lecithin

Fatty Acid
Palmitic (16;9)
Palmitoleic (16:1) 
Steéric (18:0)
Oleic (18:1)

' Lindieic'(18:2)

2

Area %
W27
1.6
16.9
27.7

11.0

53
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Figure 6. 13C'NMR spectrum of 20% w/v egg yolk lecithin vesicles.
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Table III

Selected 13¢ T, relaxation times for 20% w/v

egg -yolk lecithin vesicles.

T, (sec)

Carbon 110¢ 300¢ 520¢C
co 0.09 0.15

(CH,) 0.23 0.38

CH, 1.58 S 2.2
CHZCHZCH3 | 0.50 0.62

C11 linoleic : 0.35 0.53.

C8 and 11 oleic 0.28 0.43

C8 and 14 linoleic

.28
.59,
12
;25 '
11

.22

.76
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where Ea is the ectivationrenergy, R is the gas constant,
T is the absolute temperature; and,?% is'a constant of the system-

with units of time (137).

Activation energies for the thermal internal re-orientational-
processes have been calculated from the slopes of plots of T1 vs the

inverse of absolute te@perature (Arrhenius plots). These plots., shown
o SR ,

z

in Figure 7 are linear, indicating that the '3c-'H dipole-dipole

relaxation is the deminant mechanism which is operative. Selected values of

“the activation energies are presented in Table IV. . These values arefr

s51m11ar to 11terature values for the barriers to internal rotatlon 1n

alkanes (138). and to values determined by Stoffel et al (21) using
specifically 136 labeled lipids. An examination of these activation

3

energies reveals a’ decrease .in the actlvatlon energy for reorlentatlon
) o .

as the chain termIBhS’ls approached, consistent wlth the existence of'

a fluidity gradient,along the hydrocarbon chains. v g
B. 13C NMR of Egg Yolk Lecithin-Phytol Bilayers

Leeithin-phytol (1:1 mole ratio) mixed vesicles were prepared as
described in_Section 2B.1. -Resonaqces-were resolved‘not only for the
lecithin carbons, bgtlaiso fop'those of phytbl. The chemical shifts
for the lecithin'carbens at 52 end 119C are given in Table V fer
pure EYL vesicles (20% w/v in D20) and‘for vesicles with
incorporated phytol. (hemical shifts for the phytol carbons at 52 and
T1°C are given in Table VI for neat phytol, phytol dispersed in
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Figure 7. Arrhenius plots of T1_vs the inverse of
absolute temperature for 13C resonances of the fatty acyl

chains of egg yolk lecithin vesicles,
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Table IV

Activation energies for selected 13¢ resonances

Carbon 4 E, (Kcal/mole)
Chy | 3.2

CHZCH3 3.8 .
(CH,) 4.3

ce- 5.2

c=c 4.6

C:C-Cli 4.6

58
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DZO by sonication in the presence of 2 mole% sodium dodecylsnlpnate;

s

b

rand for phytol incorporated'into‘EYL vcsicles.' The'assignments are-
taken from tncse made by Goodman et éi (1395;
) . _
g < ‘

The upfield portion of the 13¢ spectrum of 20% w/v EYL vssicles. -
containing s 1:1 mole ratio of lecithin:phyﬁol at 52°C'is reppoduce;
in Figure 8. One notable feature of this spectrum is the sharp
resonance lines. This isgin contrast to the broadeninggeffect which -
is observed for’cholesterol-lecithin mixedivesiclcs;(12.18)f' In view
of recent work by Finer (5) and Bloom et al (6), sucn small linewidths
must be due to rapid vesicle tunbling.vmore rapid lateral diffusion of -
lecithin moleculcs'in che plane of the bilayer or decreased ordering
“of the lecithin fatty ac&l chains. Tng first case implies a decrease
in vesicle size upon incorporation of phytol since the rotational.

correlation time for the tumbling of vesicles as a whole may be

estimated from the Stokes-Einstein reiation'(140,141).

Ts = 4mgr3/3kT , V-2
where 77 is the viscosity experienced by the vesicle. k is the
Eoltsmann constanf,_T is the absolute tempsrature and r is the o -
vradius of the vesicle. Thc size of the lecithin-phytol vesiclcs I -
is not accurately known, however, an approximation may bé madc from .

the relative numbers of 31p nuclei on the inside and 0utsidc

layers of the vesicle. These results, which are discussed in Section

_ T e

LI, indicate that the vesicle sizes are similar, although, admittedly.




= «
a

this method is rather cfude. In addition.'Sepharose'HB Chromatograph§
of mixed EYL vesicles suggested ﬁhé presence of smail,vesicl;svalong
. with some larger,liposdﬁes; Theée results are discussed in'Séction
VSB. Tﬁé second possibility thét an indrease in ﬁhé lécithin

lateral diffusion rate occurs will be discussed latef (Section'ul),

in more detail,

A second noteworthy'feature of the iecithin-phytol system is the
splitting 6f the main’methylene envelope of lecithin into two distinct
peaks by the addition‘of phytol. 1In add%tion to the (CH2)n
resonance at 30.39 pﬁm observed with lecithin alone, a "new" peak of
nea;ly equal‘intensity which caﬂnot ohiginaﬁe fpém'the intercalated
bhytol (se; Fig .8) is observed apprqximately 0.5 ppm upfiéld'in the

.lecithin-phytol system;
While it is possible that the appeéranceyof this new peak'is-
simply a conséquence of increased spect;al bésolution upon the
incorporation of phytol. beégﬂ;e of itslshift. an altérnative
explanation’involves argamma)shift (1H2.1M3); For 13C resonances of
fatty acids, an upfield shift results when 1,4 carbons in the chain
are placed in gaucﬁe juxtaposition (13). There exists a steric
induéed charge perturbation in the H-13C;bond due to non-bonded .
repul;ion existing between electrons'denﬁred on hydrogen atéms which

are proximated by a gauche conformation of the intervening £-/4, C-C

bond. In the hydrophobic regions of fully saturated lipid bilayers,

62
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Figure é. Proton noise decoupled 136 NMRVSpeétﬁé
for the region Sppm to 45 ppm at 52°C. )
A, 20% w/v egg &olk lecithin vesicieé in DéO with

the incorporation of an edual mole ratio sf'pﬁ&tol. B.

sonicated dispersion of 20% w/v phytol inﬁDZO with

the addition of 2 mole % SDS
, , )]
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the all trans conformation is usually the lower energy form sinéentﬁis

k]

allows 'for the tightest packing of adjécent lipid molecules. Laser
Rapan studies (144,145) of sonicated dipalmitoyl (16:0) and
dioleolylleé;thin (18:J) above the gel-liquid>crystalline4transition

temperature, T,, have indicated the presence of 4-5 gauche"

i

configurations péh‘fattyjacid‘residue'ob a total of 8-10 per lecithin
moleculé (146). Thus, és thg'temperature is loﬁered. and the trans
sﬁafes are populated to a greater extent, a downfield ;hift would be
éxpectgd. Indeed, thé "new' peak in ﬁhe iecithin-phytpl admixture
does shift to lower field by apprqximafelx 0.1 ppm on going fro&
520C to 11°C. Althdugh such behaviow is consistent with a '3C
gamma éhift. it is not proof of Such. Howéyer. the matter does notA
vrest there. One édditional piece of évidence which bearélupon the
origin»of thié "néw" peék is thelfacﬁzthat-it is not present in
‘DPL-phytol (2:1 mélé ratio) mixed vesicles at 52°C (T, of DPL =.
419¢ (1”7)5. This may indicate ajslightly different molécular
packing of phyiqi in EYL vs DPL due to the presence of unsgturation in
the EYLjfattiféEid chains, The clérifiqation of this point would. "

require the use of specifically labeled 13C lecithin molecules,

13C T, reléxation times of leéitﬁinvcérbons’fofrEYL‘End

EYL-phytol 1:1 mole ratio vesicles at 52 and 11°C are given in Iable
VII. The relaxation times reflect the order and/of_fhe rate of motion
of the lecithin molecules. An examination.bf these values for pure

. k! . N <
EYL vesicles shows that the relaxation times are in agreement with

6l
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previous studies (7) %n that T, increases uponvincreQSed distance
from the bilayer surface,vcﬁlminating with a large increase for the
l%&f fewrcarbons in the chain, i.é; C2<C3<{CH2)n<ﬁ-2<w-1<w.* This

is consistent with a more fluiqunvironment in the centfevéf the
hygrophobic memprane interior{ - In addition T, fpr these carbons
decreases’upon decreasing temperature as expectéd for purely dipolar
relaxation, Activation energiés for these processesAcalculated from -

7

-3¢ T,'s at three temperatures_haveAbeen discussed in Section 4a,

At 52°C. fhe incorporation of‘phytol into the bilayer resultsl
in én increase in ~75% of the T1 values for the lecithin carbons.’
(Compare~columns 2 and 3. Tab;e VIi). Such increases reflect
.increased internal motion due toythe intercélated phytdl. This is
especially evidendea by the increése in reiaxation time of the main .

methylene envepré carbons, from a value of 0,59-sec in the absence of
' ) ' - ) '
phytol to values of 0.77 sec and 1.03 sec for the two pesks which are

[

. resolved in the presence of phytol, This corresponds to increases of

.29 and 75% respectiQely..,An’incfeaée froﬁ 1.11 to 1.64 sec (48%: is
Qbserved.for the w-2 cérbohs. As the terﬁinal carpon is approached
(e.g. w-2 to"w)., the effecf of the iﬁterjacenf phytol is ies;ened
since at this temperétﬁre, even in the abéencebof phytol. there is

significant freedom of motidn of .the chainvtermini. (Tm of EYL -

-5°C (148)).

*In this nomenclature, the terminal methyl carbons of the fatty acid

.

rchain§>are designated as w, the penultimate carbons by w-1, étc. ' .

R
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These results are in direct contrast to those obtained for the
incorporation of cholesterol into dioleoyl lecithin vesicles which
fesults in decreased 130 T1's duerto an increase in lipid packing
(9). It appears therefore that the intercalation of phyﬁol causes a

decrease in lipid packing and 'a. concommitant increase in 130 T1's.

The increased»freedom of motion in the bilayer is also evidenced
by substantial increases in the rélaxation times for the phytol
backbone carbons when incorporated intorthe membrane (compare columns
3 and 4, Téblé VIII). 1Increases are shown té be on the order of
80~100¢% {or carbons 4-13. Lesser increases are fQund'fbr the ' phytol

methyl'groﬁps which are proposed to be in closest'proximity with the

lecithin fatty acid chains.

¥

The éffect of temperature on the motions of the leciqhin-phytol
bilayer is extremely intefesting. eépecialiy the effécts on thgr
hydrophilic lecithin he?dgroup. In the absence of phytol, a decrease
from O.SO&tb 0.21 sec is observed for the choline CHZOP carbon
(approximately 2-fold decrease) on going frOm 52 to 11°C. - In the
presenég of phytbl,‘this-réduction is much'greaﬁer.' The 13C T1
for CHéOP decreases_fr;ﬁ 0.53 sec to'iéss than 0.07 sec. Thus.
phytolvcauses a muﬁh greater loss in motional freedom for this carbon.
It should be noted that this differéntial decrease- as the temperature

is lowered is smaller for the adjacent CHN* (0.51 sec to 0.24

sec, and 0.52 sec to 0.47 sec in the absence and presence of phytol

L}



- Table VIII

C Tl relaxation times for phytol
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regpeétively), while the N"’(CH3)3 relaxation time is increased
in the phytol-lecithin admixture, even at 11°C, 2
At first glance, such a trend indicates that the phytol hydroxyl
must extend into the hydrophilic region of the bilayer. As the
. témperatUre is lowered. the 1ipid packing becomes more ordered. as

monitored by the T,'s, Upon addition of\phytol at the lower o

1
temperature fhe T1 for the choline CH20P shows a mugh accelerated
decrease.” Such a'marked decrease in CH,0P motional freedom is
consistent with hydrogenAbonding of thé phytél hydroxyl to the

’ negatively charged phoéphate of a lecithin molecule. The extension
into- the hydrophilic region of an intercaléted phytol molecule,
causing an»expansion of the bilayer. results in a decreased ionic
éttraction:of the négatively charged phosphate of one lecithin
molecule toAéhe positively charged trimethylammonium group of
adjgcent, but now more distant, lecithin molecules. The_T1 of the

N"‘(CH3)3 carbons would then increase, as is observed, due to

this lessened ionie attraction.

At 11°C, the temperature dependent incrgése in lipid packing
leads to varying effects on\the relaxation rates with incorporated
chytol., The T{'s of the 9. 10-unsaturated (oleic residue) carbons
increase while that for the 12-unsaturated carbon (limoleic residue)
-decreases. Similarly, the main methylene envelope (CH2)n which is

considerably broadened at 11°C experiéﬁces a differential effect.

69
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The "new" peak at high field (30.03 ppm) has approximately the same
T1 as the (CH2)n resonance in the absence of phytol. while the
relaxation time of the low field peak (30.30 ppm) is reduced by
approximately 22%. It must be remembered that the T1 values
obtained for this envelope is the average of a number of methylene
carbons, and thus specific effects at different distances along the

hydrocarbon chains may tend to be masked,

The phytol backbone at 11°C, on the other hand, displays
greater mobility in the lecithin vesicle than when dispersed in D20.
This is evidenced by increases in the T1 values ﬁp to C14 (compare
columns 6 and 7 Table VIII). Methyl carbons 7a and 11a, in contrast,
are more hindered since they are proximate to the fatty acid chains of
lecithin, and the T, values drop from 0.55 to 0.46 (16%) at 11°C
(i.e. when packing requirements become more stringent as the

transition temperature, Tm is approached).

It has been reported that approximately one third of the
theoretical maximum nuclear Overhauser enhancement (NOE) of 12u4% (149)
in the '3p NMR spectra of EYL vesicles is accounted for by dipolar
interactions between the lecithin phosphate, and the N‘*(CH3)3
Protons of adjacent phospholipid molecules (35). Since the NOE is a
Reasure of the dipolar contribution to the relaxation rate. and since
this relaxation mechanism depends on the inverse sixth power of the

i“te!‘nuclear distance, the removal of the N*(CH3)3 protons from



T

the proximity of the EYvahosphorus nuclei allows anotheh,felaiatioﬁ””"" N

mechanism (cheéigel shift anisotropy) -to become dominant (35,75),

resulting in a decrease in the NOE. Therefore. it was thought that a

lateral expansion of the bilayer (a pushing apart of adjaqent lecithin‘

molecules), as is proposed to occur upon the ihterealation of phytol,
should’result in a decreased'ﬁOE for the lecithin 13P nuclei. .

EYL vesicles (10% w/v) and mixed EYL-phytol vesicles (10% w/v) —
(2?1 mole ratio, EYL:phytol) the prepared psing 0.05M Tris buffeb. |
pH=7.44 in D20, which was 0.0SM in Kél>andl10;uM in EDTA. Proton
decoupled 31P'NMRfspectra were recorded at 30°C, as welll:s
coupled specfra. and spectra with geted deceﬁpling (150)'to suppress
the NOE, The NOE was measured by a canpefisbn of tﬁe area of the h
‘cpmple£eiy decoupled 31p resonance with the aree for‘%ated er no -
decoupling. The average of- at least eight speetralldeterminations
were used. , Pure EYL vesicles yielded an-NOE of 55% while the 3'p

L~

nuclei in the mixed EYL-phytol vesic%es experienced an avefage
enhahcement of 33%. Although the ng decreases consistent with a
lateral expansion of the bilayer caused by the intercalation of
phytol, large errors (x20%) are inherent in these measurements, -and
therefore no defiqite conclusions may be'reaehed. it was found by
1H NMR that under the experimental co;ditions used. that the phyﬁol
hydroxyl Eroton does not exchange with DZO; Thus, it is eossible‘

=,

\\-0



that the proximity of the phytol hydroxyl proton to §hé lecithin & . e

phosphate provides aidipolar relaxation: pathway for the 3'p nuclei

..3

which partially o#ercomes the decrease in NOE caused by less dense . .
lateral packing of the bilayer. . The clarification of this point could

be achieved with the use of deuterated'phytoi..\Résults‘g}scussed in

the following sections (Sections 4C and 4D) further elucidate the

‘structure of the lecithin-phytol mixed bilayer.

o

C.- 3¢ NMR of Dipalmitoyl Lecithin-Phytol Bilayers

7

3¢ T, relaxation times for synthetic dipé}mityol.lecithin B

vesicles (20% w/v) and for dipalhitoyl lecithin vesicles with 33 mole$%
incorporated_phytol at 52°¢ afe presented in Table IX. ‘Assignments

“for DPL are taken from Levine et al (7). The.relaxation times are .in . ~;‘;R‘

€

agreement with thbse determined previodsly (7). Pnytol fesonénces

4

were al'so resolved. but due. to. the lesser amount incorporated and,ﬁhe

time required for a set of inversion-recovery experiments, these

phytol resonances were not éegerally of sufficent intensitzﬁgo allow

an accurate determination of their relaxation times. .

o | |
An examination of the T1 values obtained (Table IX, columns 2 o ”-

»

and 3) reveals trends similar to those observed for the incorporation
of phytol into EYL bilayers at 52°C: 1Increases in the-majority of

the Hydrocarbon chain relaxatioqgﬁfgzgﬁégain indicate greatgézyotional

freedomAin the hydrocarboﬁ region of the model membrane. As with EYL

at 52°C. this is particularly apparent in the increase seen for:the

L



Table IX

3¢ Ti relaxation times for dipalmitoyl lecithin, and
dipalmitoyl lecithin-phytol mixed vesicles at 520c¢,

) VT1:(sec) _ )
DPL Carbon - -20% w/v DPL ~ 20% w/v_DPL containing
| | . - - - R égiméle%4pﬁytolr | o
C16 3 (go;zéB - 3.32 (20.28) 1i'r
c15 ' ..‘ .59 fto.11): 2072 (;b,1u)
ciu | - .0.80 (£0.06) - . 1.23 (£0.11) -
C-C13 \ 4 ©0.h2 (£0.03)  0.7T (£0.08) -
c3 ’,‘ © . 0.38 (;p.oé)  0.38 (£0.03) RN
ca S -0325 (£0.02) 10.23 (£0.02)
< v:':/“ 2.7 (£0.15) T 2.35 (£0.16)
N+(Me)s h . 0.81 (+£0.16) - ‘0{86 (10.66)1
CH,0p (choline) 0.64 (+0.04) \ 0.44 (40.03)
CH,N* : “0.54 (40.08) 0.40.(0.03)

B S

2 peak coincident with phytol carbons 15a and 16.



Cl-13 envelope, the‘rélaxation_time of which increases from p.u2'sec

" to 0.77 sec (83%).' Similarli. increases of 56%,;and;30% are bbserved T
-for carbons 14 énd 15. respectively. vRelaxation rates for carbons 2

o | o o E T

and 3, however, remain relatively unchanged.

o - ., . . . . ) . . ’
. N . . . E
. . - . C ¢
° : 5

Oﬁce again, an examination of the relative relaxation times of . )

thé headgroup carbons- is most interesting; 'A>thend isrob39rved '

- 'similar to that obtginéd for EYL. The relaxation time for. khe choline,

5

,CHZOP resoﬁanqe is deéreased'by 38% in tbe‘preséncewof incorporated . . - e
phytol (2:1 mole ratiG% lécithin:phytol). As seen previously wit L

(see table VII. columns 4 and 5) this decreésé;is smaller for the

’ -

adjacent CH,N* carbon (26%), and finally, as the N*(CHy)s

%

carbéhs are approached, avslighttincfea§e is 'seen upoh.incorporatioh
of phytol. * The rend in the relaxation times for the lecithin

[ Fd

headgrbup darbons is consistent ﬁith hydrogen bondihg‘gf pﬁé_ﬁhitolm
hydroxyl functioﬁ,to the négativei§bcharged lecithih‘phOSphaté mqiety: '
In addition, the iﬁcorporation of phytol affects;ghe bilayértﬁotions
throughput theilength_of the lipid hydfocafbon chains, - This suggests
that bhytol is ingorporated into thé:membran; in a’relatiyely-extehded

form, Results discussed in the foilowing section further elucidate

the structure of the lecithin-phytol mixed bilayer  * -

. ~ - -

’ . “': - D. Intermoiecglar'éieid Effects’

* e
o
N o

c -

The incorporation of phytol into the bilayer is "characterized by-

a relatively large efféc; on the chemical shifts‘of the unsaturated



phytOl carbons C2 and €3. At 52°, C2 is shlfted upfield by O 46

ppm. whlle C3 1s shlfted downfleld by 0 51 ppm from their pos1t10ns in
These shlfts cannot be

\L@f
but the

20 dlsper51ons (Table VI columns 3 .and 4).

* attrlbuted 51mply to a change in the solvent system

o
3

.characteristic upfield—downfield chemical shift_fgr»the ofé%ihic pair  _

can be ihteqpreted in terms of a linear'electrie field effect
(124,127,128) .. The origin of this electric fi€ld is the polar surface

v

of the leeithinﬁbilayer;’the resulting chemical shiftsAof the phytol

double bond being due to the prgximity of the-unsaturated carbons of

‘]__
phytol to this interfaceJ Tﬁerefore. the magnitude and direct;pn of
the electric field induced shifts may be usedntq investigate the

" structure of tﬁerlecithin-phytol bilayer. 'This observation is one:of

5

the few examples of an intermolecular field effect.

Y v

Several studies carried out on bilayers have suggested that .the
phosphatidyl choline headgroup of lecithin is orientegign a plane.
perpendiqulsgxto the fatty acid chains. Electrostatic and

»electrokinetic studies (151), X-ray diffraction (152). single crystal

X-ray analysis of phosphatidylethanolgmine (153). '3¢ NMR of EYL.

‘with- paramagnetic shift reagents (23) and surface dipole<momentz'

- measurements of lecithin in monolayers (40). plﬁs‘31§ NMR lineshape
~analysis of lecithin dispersions (78-81), all support this orientatidn

o . - . i -

- of the zwitterion.

A
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Equation IITI-41).

From monolayer surface potential measurements, the surface dipole
moment per molecule./al_is directly proportional- to the observed

"surface potentlal “av (44), - In 6ther words‘ the greater the’magnitude.

" of the d1polevmoment per molecule, the greater is the magnitude of the

v

{observed surface{potentlal.

g

E]

The'totalvsurface dipole moment of a 1ecithin @oiecule may be

thought of as being the sum of four components These are the

v carbonyls of the fatty acid chalns whlch produce a,negllgible vertlcal

component since. they are or1ented in an approx1mately horQ%ontal”ﬁ o

P

plane. theaglycerel,C—OAbonds, the phosphate group, and the

trlmethylammonlgm group, The resultant surface~dipoleAmoment is

4. -
£

or1ented such- that the negatlve pole is p01nt1ng outwards 1nto the -

aqueous phase (40,46). Thls orlentatlon of1ﬂ1 ‘ﬁsultant d1pole has }

been confirmed by surface’ d1pole moment measurements of plaswalogen\r
(40).

2

As discusseéd in Section 3B, the value of the electric field
parallel to'the phytol double bond due to.the bilayer surface'dfpole

moment may be calculated by the method of Zurcher (123) (Section 3B

I Tt - . I o v e

Since the surface dipole moment” is the normal component of the  °
//-\ (-}

dipole averaged over the whole surface, it is assumed in the

subsequent treatment that the additional field experienced by the



J

“While it would not be ex;ected tﬁﬁtithe phytol hydroxyl would
penétnate.lnto the highly charged piane of the choline‘headgroup..it : s, _Q
i; prob rle tnat pnytol isqengaaed in hydrogen bonding with the
phosphate'01/2‘_ This is con31stent with the 13C T1 relaxatlon
measurements. Calculations using a hydrogen bond length of 1. 75A the ‘ -
single erystal conformatlon‘of dllauroyl phosphatldylethanolamlne |

(153), and the Xiray determined bona lengths of L—&rglycerophosphoryl-

choline (154), place the phytol hydroxyl approximately 0.885 below the

- 4

~

dipole .surface, -

_g”r'_?‘ e

- = - . _

-
Using bortd lengths and angles for structurally similar molecules

(155 156), it can be calculated that the dlstance from the dipole to

the midpoint of the phytol ce- C3 double bond. is. 4 72A For a surface

dipole moment of O 6 Debye (45), the valne of the electric field

experienced by the phytol olefinic carbdns using equation IV-3 is

calculated to be-1.4x104’esu-cm/cm3. ' -

«

RN S

"
_a//’/ : ’ o
unsatunatedq;pytol.ea;bons‘ariSes from a point directly'aoove‘the&
phytol nyonoxyl moiety> It is further assumed that phytol is .
1ntercalated 1pto the bllayer parallel to the- le01th1n fatty a01d" }77 N 7
.chalns in an extended conformation. as is indlcated by the 130 T1 - C l i%’:;-
resnlts.s In thls approx1matlon. the fleld resolved 'rallel‘togtne - ' 7
;hytol !doublezbond is given by - . ' | R N , ,' M
| | ﬁ 'E1 = paui/r3 vf’: B o . eIV-ja |
wﬁe}é A{Llstthejsnrface dlpole,moment and r is the distance from A Ty
the surface dipole to the mic‘i,point oﬁf the C=C bond. . | o ? .
S } o . : e T e "\ ®
7 /
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Substituting this value for the field'intofeduationflil‘us and

subseouently 1nto equation III-46 using a shift/electron value of 182 pVa;

ppm/e (157) results in a calculated theoretical chemical shift
A, difference forvthe phytol,unsaturated oarbonsfdue to,the linear
electric field effebt of 0. 90 ppm (observed =0.97 ppm): Not only is

' this caleulated value of the right order of magnitude but ‘more -

g

importantly, it is.1nlthe correctvdirectlon. Carbon 2 of phytol which

4 © B
..

is nearer the membrane surface experiences an increase in ereotron
density due to ‘the polarizatioh of the olefinic bond. and is. das a’
. f

. result, shifted upfield., C3 which experiences a decrease in electron

"~ " ~ ’
density is reciprocally shifted doynfield in agreement with’thé/ B

?

‘theoretical treatment_df Seidman and Maciel (128).

'Although subject to a considerable amount of error due tovthe

necessary assumptlons the observed field effect is in qualitatlve

agreeement w1th the structure proposed for the le01th1n-phytol
bilayer. as shown in Figure 9, since it places the phytol hydroxyl
‘close enough to the headgroup for hydrogen bonding.

'Sg: ’

Since the observed electric field effect shift is induced by the

surface dipole moment of the membrane, any change in_this dipole

moment should change the \oBserved shift'non-equivalence. In this
regard, it should be noted fhat the observed field effect shift for C3
increases from 0.51 to 0.74 ppm a3 the temperature of the mixed

bilayer is lowered from 52 to 11°C, Such an increase is most«%igely

onsequence of increased molecular packing at the lower temperature.




A

. DPL than EYL at 52°C (o. 70 ppm ‘vs 0% 9%-fpm)

oy

Also, the monolayer surface potential meaéprjpents of Shah and

"Schulman (HO) show that at both low and hlgh surface pressures., the

¥ . .
surface dlpole moment per mﬁlsbule of EYL 1s approx1mately 25% greater

‘l

"than that of DPL Thls is reflected in- the smalier f1eld effect for -

o

P

v . =
N e - - : . : T
g _ S ) B . ; . ‘

~" Finally. the surface dipéle was vdried to see whether this would
lead to. concomitant change in the C2,;C3,chemical shifts, ‘The method

involves the addition'of NaClvto,the vesicle_preparatfon.' It hae;

previously been shown that the addition of 150 mM sodium ions to the

'~'subphase of lecithinvmonolayers increases the surface dipole moment by

approx1mately 40% (MS) Therefore, if the DPL-phytol{vesicles are

>

prepared conta1n1ng 150 mM NaCl, the magnltude of the field effect

' induced chemical shift should.increase. This is observed to be true;

the additional shift nonequivalence of the phytol olefinic carbons

increases to 0.94 ppm from 0.70 ppm (i.e. by 36%)'in;the presence of .

A

150 mM NaCl, exactly as predicted by equations III-46 and IV-3.

o

Therefore, the effect of temperature, a‘'change in the mnature of the,

phospholipid, and the effect.of added ions all support'the (

1nterpretat10n that the characterlstlc upfield-downfield. chemical

:i._ e
,/‘ “

shift for the phytol olefinic: palr.upon 1ncorporatlon into lecithin-

e i

d due to-an 1ntermo£gcular llnear electrlc f1eld

bilayers is in
effect caused byjthe membrane surface dipole moment- In addltlon, the:

magnltude and direction of thls effect are in qualltatlve agreement e

e ;;
K4 " »
=
e

with the propose structure o£—ﬁ§e lecithln phytol bllayer which is* -

S

depicted in Figure 9, ‘§%~5 . , -

-+
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E. .‘-3c' NMR of EYL-Vitamin E'and _.EYL_;phyta’nip Acid Bilayers .

v
L3

«\\&;C ' Represefﬁ9£{ie 13C ﬁiﬁ‘”%ectra of 10% w/v EYL v351cles R

ontalnlng 25 mole} V1tam1n E or~25 mole$ phytanic a01d at 11°C are
‘reproduced-ln Elgure 10,"Certain'resonanceswof the phytol additives}f»

deaignated Wak  are alae‘resolved. The‘13Clchemical'éhifts é?é

given- in Table X.

The le01th1n 13C T1 relaxatlon txmes for EYL-Vltamln E and s

'\,,

: N
-EYL- phytanlc acid mlxed ve31cles, as determined by the homospoil
technique are presented_ln Table XTI, alo@g‘w1th those for 10%'w/y EYL'

vesicles which are presented for comparison.l An'examination‘of the.

,T1 values readlly reveals a large increase in the flu1d1ty of the

2
‘ 4

bilayer upon incorporation of these branched chain compounds, "

-Increases are Qbserved forxeach carbon along the lecithig hydroCarbbn'/

. o s
chains, the increases being greater in the case of phytanic acid. The

relative amOunte of the increases are more readily apparent from -

Figure 11. in which the"Tj's are plotted (relative to EYL=1.00) for

each lecithin carbon atom as oleic acyl chaing. As can be seen from the

figure. the relaxation times foF’the fatty acid chainsfinerease'an
average of approx1mately 50% upgn incorporation of Vitamin E, and

‘ é
approx1mately 150% *for the incorporation of phytanlc acid. The relative

=
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‘Figure 107 Praton noise decoupled'T3C,NMR'spectra of -~ -

1

lecithin-Vitamin E, aq%&lecithin-phytanic acid vesicles -
at 11°cY " A. [10% w/v EYL vesicles containing 25 mole}

' Vitamin E. B. 10% w/v EYL vesicles containing 25 mole

»

phy?énic acid., The resonances designated "a"'abe dye to
. \ . PR X '.', ) ) ’
intexcalated Vitamin E or phytanic acid in. =

N

A or B'respectiQely.
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Table X B

-
e

¢

13¢ chemical shifts for 10% w/vaYL vesicles énd for
vesicles containing 25 mole% Vitamin E or phytanic

acid at 11°¢,

Carbon . | EYL  EYL + 25mole$  EYL + 25mole%
N | 3

Vitamin E phytanic acid.

Choline N+(CHy)s 54,15 5429 0 54,33
N+CH, . 66.17 .  66.15 /ﬂf@i#ﬂ“““yf
CH,0P 59.79°0 o 59.77 T 59.75

Chain  CH, - 14,26 14,31 14,3y
CHyCHy =~ 23.02 - 2é;84 : éz.93é_
CHZCHZCH3‘ - 32.35 32,40 32,48
(CHy)p ; - 30.28  30.28 30.30
% © 34,27 34,26 - 34,30
c=0 - 173.66 . 173.66 . 173.81

| =C*H,_CH:CH-C*H,-  27.60 . 27.88 ‘_27.56 :
C11 linoleic . 25.7h 25.88 25.86
-CH=C¥H-CH, zxCH, 5 1129.52f, 129.59 ©129.83 :
| -CH=C*H-CH,_C¥H-CH- 127.93 27, 128.06
- ,



€ 4000 transients
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Table XI. -
13¢ rélaxation’timesa for lecithin, leéithinf _
Vitamin E,\and,lqgithin-phytaéic acid si;ayetsrc
| at 1ﬁ°c

Carbon _ o EYL ¢ : ' ‘EYL_+&25 ﬁoleﬁ‘f'fEYL + 25'mole%k‘” <

Vitamin E_ phytanic acid |
CHy S 2.05:0.12  2.76 £ 0.17 2.98 £0.25
'Cﬂzcﬁé’ : 0.66 + 0.04 o 0.80 t'q.os . 1.75 % 0.08
CH,CH,CH3. " 0.30 £ 0.02 0.55 + 0.03 0.90 + 0.05
(CHy), 10.30 + 0.02 0.45 + 0,03  0.81 £ 0.05
c2 0.125:+ 0.01 - 0.13% 0.61 o 0.35 + 0,02
c=0 | 1.62 £ 0.12 2.31 + 0.14 2.01 & 0.23 .
_C*H2-CH=CH- 0.24 £ 0.02 047 £0.03 0.58 £ 0.05
-CH=CH—C?H2fCH;CH- 0.25 + 0.02 . 0.60 + 0.04 .. 1(66 £+ 0.06
;CH=¢*H-CH2-CH2 ©0.33 % 0.02 0.53 £ 0.04  ° 0.74 + 0.0
—CH:C*HfCHZ-c¥H=CH 0.58 + 0.05 . 0.71 + 0.04 1.10 £ 0.07
N(CH3)3 " 0.24 % 0.03 ~0.41 4 0.02 . 0.39 &£ 0.02 .
NCH, 0.13%% 0.01 0.27 + 0.02  0.24 % 0.02
CH,op (cﬂoiine)‘-r 0.12% 0501 0.21 £ 0.01 —0.14bs 0.01
2 Measured by homospoil method | ﬁ}flq%g
D Measur®d by inversion-recovery method ' SRS -
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Figure 11. The relative '3C T, relaxation times for fatty
acid carbons of lecithin and mixed lecithin-phytyl compound
vesicles in D20 at 11°%. O containing 25 mole% phytanic
acid. O containing 25 mole$ Vitamin E. The '3C T,
values for 10% w/v pure EYL vesicles have been given the

relative value of 1.00,
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value for the main methylene envelope was given to all carbons
contributing to this resonance. It is possible that the apparent
symmetry of the relative T1's about the region from C8 to C11 may be
due to penetration of the methyl branches of the phytyl chains into
pockets created by the cis double bonds of the lecithin fatty acyl

tails, but this hypothesis cannot be proven with the data available,

More specifically, the T1 for the main methylene envelope
increases from 0.30 to 0.55 sec upon incorporation of Vitamin E, and
to 0.81 sec upon intercalation of phytanic acid, while the
antepenultimate carbon experiences increases from 0.30 to 0.55 sec for
the lecithin-Vitamin E and to 0.90 sec for lecithin-phytanic acid
mixed bilayers, Similarly. increases are also detected for the
penultimate carbon from 0.66 to 0.80 and 1.75 sec, and for the
terminal methyl carbon from 2.05 to 2.76 and to 2.98 sec., Increases
are also observed for the olefinic carbons of oleic acid residues from

0.33 to 0.53 and 0.74 sec,

These large increases in relaxation times indicate an increase in
motion within the bilayer structure, phytanic acid giving rise to the

8reater effect.

The increased mobility of the lecithin hydrocarbon chains, at

119 upon the addition of vitamin E and phytanic acid can be

€xplained in terms of the difficulty in accommodating the branched

86
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chain compounds in an ordered bilayer arrangement. Since the London
attractive forces between the hydrocarbon chains oﬁglipid bilayers are

" ©

- highly distance dependent, eveh a slight expansion of the bilayer

would lead'to‘a large'dgcreaSe in the iﬁieraetion of adjacent lipid

s

molecules..

- ) | if . . <SE:C | : 3 _‘i .i‘;
;Aﬁ‘éxamihatipn of the 13c"r1is for the lecithin heédgroup
reveals information concerning the mémbhéne surface; For these
.carbons, the OPQerrdf the;T1iin¢rease ié'heVeréeéA(sgé Fig¥11); thét -
is; Vitamin E broduces ianger effécts.lwhile the‘gffécts bf phytaﬁic
acid are leés phonoﬁnced. ;Paftich;arly,interesting is the effect bn
the carbon atom édjaceﬁt to the lecithin phosphate i.e. 6H20P,
While the incofporation 6f bhytanic acid increaées the’13c |

relaxation time from 0.12 sec to only 0.14 sec, the addition of

Vitamin E results in an increase to 0.21 sec (75%).

A rationalization of this ﬁi%?;;§‘5e madé'py a‘chsideratioﬁ of
the relativg depth at which phytanic acid and vitamin‘E sit'in the
membrane, - It has been shéwn in Sectioﬂ 4D, by the -use %f a liﬁéar _
electric field éffect, tﬁat phytol si;s sufficiently close to the
‘membrané hydrophilic regiqn to engage in hydrogenibonding with the
' fécithin—phosphéte moiety. Phyténic acid with its hydrophilic éarbogy}
function -would also be expected to 'extend into the aqueous bhése. and
may be engaged in hydrogen bonding with th® lecithin phosphate. Such

an interaction would tend to anchor the carbon atoms of the 1lipid
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K

- | o
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headgroup and dedfease‘theif motional freedom, Vitamin E. en the

other hand, with a Single hydroxyl functidn on its bulky cﬂrbmanol

v
[

_ring System”VOuld-not be exbeCted tg!penefrété as far into the
vhidrophilid regibn, It is-possible thét»the position.of the &hroménolv
may parallel that Qcéupied by &hoiésterol (158,159). with the hydfoxyi
-function at the site of the fatty aeid ester carbonyl, If ié unlikely
‘that the Vitémgn E is'engaged in hydrogen'bonézhg with the carbonyl
since it iéxkn6§n that hydrogén bohdiﬁg deshields carﬁonyl carbons
(160)."r-'.evsulf,irigvirj. a downfield 3¢ shift. No significant shift in
the lécithin éafbonyl\i%‘observed upon the addition of Vitamin E.

Therefore the possibility of hydrogen bonding;isAremote."

-

"It has previousty been reported (12) éhat'the incorporatién of

Y , - : , . ,
cholesterol into EYL results in a downfield shift of .2 ppm for the

L
—_— )

legithin carbonyls. However when 33 moie% cholesterol was
incorporated into EYL vesicles at §o°c,.ﬁo significant shift/was
~ob§erved. It has subsequently been suggeSted tﬁqé aithough the
éholesterol hydroxyl lies at a depth equal to that 6f éafbbnyls; its -
primary function is simply to provide amphiphilicycharactef and aﬁ‘
orienting influence througﬁ‘solvation by water at the polar interface

(161). Such may also be the case for .-tocopherol.

1In any/évent; Vitamin E is not expected to interact directly with
the lecithin headgroup but-thevlarge increases in T1 for the

headgroup carbons may be explained by a decreased ionic interaction of

N
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the negatively charged lecithin phosphate group»fof the positively

charged trimethylammonium moiety 6f an adjacent lipid molecule. This e
8 : ’ ' ’

1

" decrease in. iorfic interaction is perbsed‘to be due td an expénsiohbof '
the bilayer due to thé interdalation of the phytyl compounds.kahis
will be'discussed in mére détail in the following section (Section , : 5
Mf). The §malier increases in T1 for ﬁéadgroup carbons in the cése,
oﬁnphytanié,acid is consiétent with hydrogeh bonding of the phytanic
acid carboxyl moiety to ﬁhe lecithin phospbate. This would then tend
‘to anchor the hei?group. Note tha£ the différence_betheeﬁ the
increases caused by Vitamin E and‘phytaniciacid is iessened as the

trimethylammonium carbons are approached (Fig.{1).

3

®

N We have seen-that the incoppbration,of Vitamin E (25 mole%)
dramatically ai?fects the 13¢ T, relaxation times of the lecithin
carbons of a phospholipid bilayer. In order ﬁo determine‘the effeci
of a sﬁaller,amount of.k-tocophéfoi, 13¢ T1rrelaxation times were
detefmined,ﬁtHSZOC for mixed vesicles containing a 10:1 mole ratio”.

of EYL:Vitamin E. These values are reported in Table XII for both the

et

‘admixture and for EYL alone. A comparison of these values indicates
littlé change. This is not unexpected due to the smallef amount of

A;toéopherol inéorporated.‘as compared with the'incorporation of 25 7 -

mole%‘A:tocopherol which'produced substantial perturbation, »Howé?er.
as will be shown in Section 4G, the disruption caused by the e E
intercalation of as little as 3 mole} Vitamine E is manifésted in a .

significant increase in the permeability of the mixed'membrane.-i‘

P A

o

4
i
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Carbon

- Choline N+(CH3)

Chain

13¢ Ty relaxation times for 20% w/v EYL vesicles and

20% w/v EYL vesicles containihg a 10:1 moie ratio

3

N*(CHZ)'\‘

CH 0P

" CH

3
CHZCH3

CH,CH,CHy

(CHZ)n

- Cc2

C=0".

C9 oleic

€10 oleic
C9'linoleic
CT1 linoleic
C8 and 11 oleic

C8=and 14 linoleic

4

C12 linoleic

C10 linoleic

Lecithin

Table XII

T, (sec)

0.88

12
2.25

1.1

0.59

0.28

2.80 -

‘0;90,

1.05

lecithin:Vitamin E at 52°¢. -

Lecithin + Vitamin E

0.50

2.10

112
0.56
0.33

1.93

90



F. Phytyl Compounds and Membrane Packing

S

The'preceeding sections on the effect of.phytdl;.Vitaﬁin E and
phytanic acid have been intefgreted inrterms of the'gifficulﬁy in
accommodating these branched chain structures in‘an ordered bilayer
Structuré. It'was séen that af 110C, the effects increasé& in the
order phytol <6VitaminvE ¢ phytanic acid. This. section will discuss
this interpretation in terms of further known properties of these and
other méieéélés. >

E

Mpnoiayer§ of phytol, £-tocopherol, and phytanic acid occupy
molecular areas of 55; %O aAd 6142 per molecule at 0.5 dyne/cm,
respectively (M6).lwhile cholesterol is known to form stable |

monolayers under the same conditions with molecular aréas of

approximately MOEZ per'molecule. Thus, the area requi;eme ts for

the phytyl molecules is much higher. Such large monolayer eas must

bé due to the branéhed nature of the chains. since the unbranched C18

acid, stearic acid occupies monolayer areas of the order of'ZHZQ per

molecule (46).

Above the lécithin gei-liquid crystalline transition temperature,
cholesteroi is knéwn tbyfit into cévities ¢reated by therial motion of
the fatty acyl chainé causing an "intermediate fluid“’cﬁqdition
(42,47). Thus, mixed monlayers of leci;hin and cholesterol do not

follow the additivit§ rule since cholesterol occupies pockets in the

91
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membrane and causes little proportional increase‘in*theiarea/moleculq .

of mixed monolayers. Such behaviour has been correlated with a -
decrease in permeability above T (99,162). Very recently the

monolayer behaViour of Vitamin E in lecithin monolayers has been

e

studied (50), ft was found that in monolayers of distearoyl- or

H]

"dioleoyl-lecithin the additivity rule was Lell followed up~to 50 mole%

incorpdrated <-tocopherol, This indicates that uniiké cholesterol,
4-tooopherol is not able to fit into the cavities between'édjaéent
lecithin molecules, and displaces its full\area réquirement in mixed
lecithin-{-tocopherol systems. Such,behéviour‘necessarily involves an

increase in lipid-1ipid separétion due to intercalated Vitamin E.

vThe total interaction energy due to London-Van der Waals
dispersion forces between the long hydrocarbon tails of phospholipids

is proportional to the inverse fifth power ofl the intermolecular

>

distance (163). Thus even a small lateral expansion of the lipid

bilayer would result in a large decreaée in the interaction ené?gies
of adjacent lipid molecules. As an example, it has been found that
the presencélof a single methyl group in iaosteéric acid reduces the
interaction energy from that of stearic acid by a‘factor of three
(163). This decrease in intramolecular attraction would be expected
to become événrm;re severe fér more highly bfanched molecules such aé

phytol, Vitamin E and phytanic acid, .
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Such decreases in intramolecular attractions and increases in
phosphol ipid-phospholipid packing distances due to the incorporation
of phytol, Vitamin E, and phytanic acid are consistent with the the
3¢ T, relaxation results., Thus, phytol, with a monolayer area of
5532 per molecule, causes the least perturbation of the three.
Although & ~tocopherol has nearly the same area requirements as
phytanic acid (60 vs 6132/molecule). because of its extremely
hydrophobic nature it is not expected to penetrate as far into the
region of the lecithin headgroup, but due to its intercalation. simply
decrease the ionic attraction of the negatively charged phosphate of
one lecithin molecule for the trimethylammonium group of an adjacent,
but now more distant, lecithin molecule. Phytanic acid causes the
greatest increase in 13C T1 relaxation times since in addition to
its large surface area regirement, it penetrates furthest into the
hydrophilic region, further interfering with the normal

lecithin-lecithin headeroup ionic interaction.

In order to determine that the effects on 13C T, relaxation
times are in fact due to the branched nature of the phytyl chain,
relaxation times were determined for the incorporation of the
unbranched C16 acid. palmitic acid, into EYL vesicles, for comparison
With those determined for lecithin with incorporated phytanic acid,
&nd for those of lecithin alone, These are presented in Table XIII.
An examination of these values clearly shows that the incorporation of

25 mole% palmitic acid has little effect on the fluidity of the



Table XIII

13C T1 relaxation times for 10% w/v EYL vesicles and
10% EYL vesicles containing 25 mole % incorporated

palmitic acid at 119C, .

T1 (sec)
Carbon Lecithin Lecithin + 25mole%
Palmitic Acid
Choline N*(CH3)3 0.24 0.2%
N*CHZ 0.13 0.16
CH20P 0.12 0.12
Chain cn3 2.05 1.76
CHcug 0.66 0.64
(CHZ)n 0.30 0.26
c2 0.12 0.13
C=0 1.62 1.63
C*H2-CH=CH- 0.24 0.27
C11 linoleic 0.25 0.25
-CH=C*H-CH,.CH,- 0.33 0.35

~CH=C*H-CH,,-C*H=CH- 0.58 0.4%0



bilayer as evidenced by 13 T,'s. in direct contrast to the effect ~ -
of the. branched acid., phytanié’acid. Since palmitic‘acid:has;a very .

small area reqdirement (;2M52/molecule) it is able to fit ihto

‘the cav1t1es created by thermal fluctuations of the lecithin. fatty

acid chains above the gel liquid crystalline transition temperature

and, Qecause‘lt is unbranched, causes little perturbation of the

e,

London-van der. Waals attractive ferces, . Thus, incorporation of - ‘ . g%}
phytol éyitamin E. and phytanic acid perturb the normal phospholipid
packing. resulting in increased - -fluidity of the bilayer

- 3

Changes in bilayer fluidity and chain packing have been

associated with changes in membrane permeability (9). 7 Therefore. an

1nvest1gation was conducted 1nto the effects of the 1ncorporation of

3 - phytol, Vitamin E and phytanic acid on membrane permeability The
results of this study,are presented in the succeeding sections -~ .
(Sections 4G-UI). Q;”’ . ‘

G. Permeability Studies by 3'p NMR

R

Bystrov and co-workers (26,27,164,165) discovered that:it is
’possible to differentiate the inner and outer surfaces of_phospholipid
vesicles using 31P and 1H NMR with the aid of added lanthanide ;
shift reagénts, The 31; NMR chemical shifts of the phosphorus _ | o
nuclei (or N+(CH3)3) protons im the caseecf 4 NﬁR) in the i 7

inner and outer layers of phoscholipid vesic;es are veryinearly

1



equivalent, and a;single resonance is observed. When the paramagnetler
. o ' \

e

lanthanide Pr3+ is'added to preformed lecith;n vesicles. the
resonance signal-of phosphorus nuclei on the outside layer”is
broadened and shlfted downfield, while the phosphorus nucle1 on the
qEw;hsld;:layer facing fowards the enclosed volume remaln unaffected
Due to this lanthanlde=1nduced.sh1ft'(LIS)¢ the 1ndependent
ohservation of both the “inside" and "outsideé lecithin'molecules is
possibie. This'is_iliustrated in Figure 12. The'relative'areas of
theAtwo peaks,is a ueasure of the relative numher of phospholipid
molecules on the inner and outer layers of the vesicles . |
- - :

Previous workers (165, 166) have used 'H NMR and LIS to. study
the permeablllty of phosphollpld Veslole systems. As the paramagnetic
lanthanide Pr3+ arosses the bilayer. the N (CH3)3 protons are o

. shlfted downfield to reside under the low,fleld peak. The rate of
change of the chemical shift difference between;thejt".rasonances
with time‘wasrused as a measure of the rate of permeation of the
praseodymium cations. it is known that'the observed shifts induced by
lanthanides™in the 3'p NMR spectra are much larger than those of ;
protons. This is consistent with a uodeliih‘which the lanthanide‘ion
assoc%ates with the lecithin phosphate mdiety (167). ,Chemioal shift
data in the presence of shift reagent suggest that the lanthanide
binds strongly to ~1% of the lecithin molecuies (168). Thus. in

order for all lecithin on the outside of the bilayer to be affected.by

Pr3+, there most probably exists a sequential exchange of lecithins

N
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Figure 12. 31P NMR spectra of 10% w/v.eggiyolk lecithin
vesicles at 33 C. Top:* Before the addition of Pr3*.

Bottom: Immediately after the addition of 150 ul of 0.1 M

"Pr(NOy),°5H,0. Elapsed time = 13 min.

o
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liganded to lanthanide at the surface of the. bilayer w1ﬁhout the
nece331ty for. complete dissociation of the ion from the ves1cle

. ’w . . . o
surface (168). ' T .

P As mentioned previously.-the rate of diSappearance of'the
Upfleld. or "lnSldé" 31p resonance 31gna1 can be used to study t he
traverse of the Pr3+ thrOugh the bilayer, and hence, monitor the
membrane permeability. The larger chemical shift differences for .
added lanthanide with 3?P."and the simpliCity of the phqsphorue
spectra of phospholipids makes 3p NMR even more conducive to such
‘studies than g NMR. It was found that due to the severely

broadened nature of the downfieid‘peak, however, that it was difficult
to,employ“therdifference in chemical shifts of the upfield and

~ downfield peaks with time as a measure of permeability because of the
uncertainty involved in measuring the chemicai shift of the downfield
peaks. Also, at 40.5 MHz, it was found that the upfield peak did not
shift evenly, as a whole to lower field with time but that as the
paramagnetic Pr3* orossed the bilayer with time, the 1nten31ty of

the upfield peak decreased, as part of the intensity wasotransferred
to a very broad absorbance of intermediégefchemical shift, This broad
absorbance grew with time and shifted~doﬁnfield, under the dounfield'
resonance, as the upfield peak'intensityvdiminished. Thereforerthe
decrease in the area of the sharp upfield peak (unaffected by Pr3+)
with time was used as a measure of.the bilayer permeability, i.e. a

more direct pseudo first order rate of disappearance of the "inside"

resonance signal was employed.



Since changes in the tightness of chain packing when the
structure of the lecithin molecule is varied in 1lipid vesicles. as
~expressed by 13C relaxatioh times, can be correlated diféctly with

>

permeabiliﬁy (168), variatibns in«éhain.packing due to intercalated;
phytol, Vitamin E, and phytanic écid:shoﬁld also paralleivpermeabiiity-:
for theée,mixed vesiclersystemétf;Therefore the éffect‘qf pﬁytol
Vitamin E, ﬁhytanic acid, and palmitic écid bn membrane permeability
to lanthanide ion was studied by 3'p NMR,
Figure 13 illustrates the decay of the upfield»3ip fésoﬁance
with time for lecithin with 25 mole% incorporated phytol, and for
Jlecithin with 25 mole} Vitamin E. The upper traces represent thé'
spectra ﬁnmediatél& after pr3* addition, The upfield peak is due to
3'p nuclei fécing‘the enclosed vesicle volume, while the doynfield
pegk is due to outside pﬁosphonus‘nuclei which‘%s? eﬁPOSed tg the

added lanthanide. Note that the rate of decay of the upfield

resonance is not equal for the two systemé.

Plots of the disappearance of the "inside" 3'p resonance signal
as ‘paramagnetic Pr3+ cﬁossgs the bilayqibvs timé‘are shown in Figure
14 for pure EYL, EYL with 25 mole} incorporated phytol, EYL with 25

~jpolet Vitamin E, and EYL with 25 mole% phytanic ;cid. From the
relative slopes of the graphs. it is clear that the addition of these
phytyl compounds greatly increases the permeability of the membrane,.

These rates are quantified‘in Table XIV. An examination of these rates
- e

T

-~

e e e e



L
Figure 13, 3'p NMR spectra of 10% w/v egg yolk lecithin

vesicles containing 25 mole%'phytol'or 25 molef Vitamin E at

I T

e —

the indicated times after the -addition of 0.005 M Pr3*, -
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Figure 14. Percent total of "inside" 37p NMR signal
relative to its'initial value vs. time for various lecithin-
phytyi compoﬁnégmixed veéicles. (A) egg lecithin alone +
0.065 M Pr3*, (B) egg lecithin with 25 mole$ incorporated
phytol + 0.005 M Pr3+’ (C) ezg ié;ithin with 25 mole%
incorporated Vitamin E + 0.005 M Pf3+. (D) egg lecithin

with 25_m51¢% incorporated bhytanic acid + 0.005 M Pr3*,
Because of thé extreme.slope with phytanic acid, lines (C)
énd (D) are reproducea in the inéert using an expanded

time scale.
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P

Leak rates for 1 thin-phytyl compound

vesicles at 339C,/ Lecithin:additive = 3:1 mole .ratio

N

o

3'p Chemical  Shift. "Inside" 3'P Relative Half life

DPeiPP3+ (PPM up-  signal decay - Rate - (days)
fielda@ from 85 § % tptal/min):> s
H3POy) » |
EYL - , 0.87 - 5.35x10-3 | 1.00 6.5 i
EYL + Phytol 0.85 4. 17x10-2 7.79  0.83
EYL + Vitamin B 0.79 2-.55x1>0-‘1 47.66 - 0.14
© EYL + Phytanic Acid 0.91 o 15.50 2897 0.0022

2 800 transients; pulse width = 10us (56° flip angle)

¥



A : 103

B Y Oy Py S AT Ve ST i1

2

showsrthaf the incopporatioﬁ Bfﬂ25'mole% phytol increases the vesicle

i

leak rate by apbrdximatel§18,times.]25Vmole%vViﬁamin E by
épproximately 48 times, and 25 mole$ phytanic adid by nearly 2900
times over the.ratevobtainEdqur pure ‘egg lecithin vesicles. Half S ;

lives were calculated from.the observed rates and.are-also given in

Table XIV. ' g
| 3
After the d@sappearanée of the upfield "inside" resonance due to = §
pr3+ entering the vesicles, sufficientiEDTA was routiﬁely added to T %_
cdmblgx with acceséible Er3+ and spectra redetermined, Again tﬁo g\‘f—’*k’%f
peaks wgfglresolved.g;he'upfieid—peak‘now due to phosphorus nuclei on.._ w, L -
the outside of the bilayer which are diredtly'exposed to the added ‘ o
EDTA. Sﬁch behaviour indicates two things. Firstly;.the’ » T '%
disépﬁeafénce ﬁf tEe upfield resbnaﬁce with time'after the initial | : k~§
a&dition ;f‘Pf3+,'can notxbe due to vesicle rupture, Ig the : ; 8 ‘é

destructién of vesicles were requnsibleifor the diséppegrangerf‘the
upfield prbtectea signal, the subsequéﬁt,addition of EDTA -should
result iﬁ a single upfieid peak since all Pf3f‘should be accessible
for complexation, 1In éddition.'thié behaviour indicates that these
mixed vesicles are not appheciably permeabie to EDTA dufingjﬁhe fime
requiréd for the detérmination of a spectrumr(3-10 min). Thus. the

31p LIS procedure indeed monitors the permeability of lecithin

vesicles,



' il
The 31P NNR method lends 1tself best to diffu31on studies which

may be followed to completlon during a time 1nterval of O-M days.j As.
can be seen, therobserVed half life for pure EYL vesicleg\is of the-
order of over one Qeek..-It was understandably not practical to )
conduct ex}eriments of auch duration. 'Thereforerthe~observed rate for
‘EYL is. subject to considerably more error than'for the mOre'rabid |
rates in the case of the afforementioned mixed ve31cle preparatlons
This is due- to the smaller changes in peak area§'1n the time | ;
available.' Repeated determinations of the permeability of EE;ePElL
~vesicles, mhich were run as standards for each'determination. yieldedA
rates from-apbroximat;}y 2#10'3\to 5%1073 %/min: The standard
dev1ations as computed from a 1east squares treatment of the
experimental data ‘were typically on- the order of 20 30% of the
calculated rate. The decay rates for the mixed ve31cle systems are
much more easily measured over a much w1der change of spectral area
"and are considered to be accurate t0>i10%. It 1s clear that the -
incorporation of phytol, Vitamin E, and phytanic acid greatly
increases the permeability of EYL bilayers, «he effeots of~theaef‘.
compounds on permeability parallel; their effect on the fluidity of
the bilayer as shown by 130 T1 relaxation times, i.e. ‘phytanic

acid > Vitamin E > phytol > lecithin alone.

In previous sections, the increase in 13C»T1 relaxation times
was correlated with monolayer areas for the phytyl compounds, and for

mixed EYL-Vitamin E monolayers. It is .interesting to note that the

o8
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reduction .in permeability of lipdSbmes containing cholesterol has been | 3

y

correlated with ﬁhe low mean‘molecular area of lecithin-cholesterol

mixed monolayers (169,170).

iA Once again, in order to illustrate the effect of the large

! -Lvlﬁ:‘ni“,'vukvi

effects of the molecular packing due to the.bragched_chains.'tpe

permeability of EYL vesicles with 25 mole$ incorporated palmitic acid

4

was studied. Over a three day period, the upfi?ld 31p signal

s el bt < i

3

decayed to ;90% of its original value. yielding a rate of 2.4x10"3

- %$/min, which is on the order of that-obtained for EYL alone.
Expériments were also cahried outito determine the effect of

temperature on the permeability of lecithin-phytol (3:1 mole ratio)

mixed veéiclés; The results are éhown in Table XV. Raising the

temperature from 11°C to 52°C results in a rate increase of almost

|
E

two orders of magnitude. In Fig.15 the logarithms of the rates were

o

’

\
JI: Y

‘plotfed againsf the inverse of the absolute température (Arrhegius
piot). The plot is’linear[ yielding an activatién energy éf 20.3*0.2
kcal, VIt is extremely interesting tﬁat activaéion;énergy for Pr3+
permeation is in quite close agreement not only with that reported for
Na* permeation through lecithin-phdsphatigic acid bilayers (99), but-
élso with that reported for the transverse d%ffusiqn (fliﬁlflop) of
spiﬁ labeled lecithin molecules across phopholipid bilayers (19.3
kcal) (65). The implications of the magnitude of the activatiqh

energy for permeation Ehréugﬁ‘the lecithin-phytol bilayer will be

diséussed in Section 4T,



Table XV

x

Permeation rates of PP3+ into EYL vesicles-containing

25 mole$ phytol at various temperatures,

1 -

Temperatﬁre (°k) Permeéﬁilitya (%/min)
325 . ‘525 x 103 4 25 x 1073
306 | o b2 x 10-3 2 x 10-3 )
284 : E 6.7 x:o-3 + é..8‘.x 1073

@ The errors reflect the standard deviation in the

individually determinq% rates,

N T

)

.



Figure 15. Arrhenius plot of vesicle leak rate vs. the
inverse of-absolute temperature for 10% w/v égg yolk lecithin

vesicles containing 25 mole% phytol.
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The rétes of Pr'?"+ permeation (relatiyé'ﬁo egg yolk lecithin
751.00) for mikgd vesicles containing vaﬁious.amounts of L-tocopherol
are:éiven in Table XVI. The-tableAshows that even fhé incérporation
of,d small amqunp 5f.Vitamin E (3lﬁolé%)'resul£s‘in‘the increase of
vthe:inwardeiffusion of Pr3+ tovappPOXimately three’hundrégvperéenﬁ
of its orlglnal value Thus, amounts ofoQ-tocopherol -which approach .
the thSlOlOglcal ratios of‘dktocopherol/total llpld and ‘

d_tocopherol/phosphol1p1d found in the human aorta (171,172), exert a

large effect on ﬁhe permeability propertiesé%f the membrane.

-

AN

The rela£ive rate 6f pr3+ perméation vs mole% Vitamin E
incorporaﬁgd is plotﬁed in Figufe 16. The rates show roughly a
logariﬁhmic increése Qith incﬁeasing»Vitamin E cdﬁdentration}A
indicating that it is ﬁhe intercalation of Vitamin E which 'is ' *
reépoﬁéibﬁé for the pefmeability changes.:

| Thus, it is clear that the rate ofr_Pbr'3"' diffusion thr-oug'h' the
EYL—phytyl compound membranés is dependent‘both'on temperature énd bn
the relative conceritration of the membrane components., A &ore
complete discussion of this perméatién is presented in Section LI,
following the results obtained for chQ}estgryllester-EYL‘mixed

membrane systems,
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Table XVI

Permeation rates of Pr3+ into EYL vesicles containing

" - X "'i'i%‘{.; i
various concentrations of incorporated Vitamin E at 33°C

‘(relative 'to EYL = 1.00)

Mole$ Vitamin E Relative Permeability
s . u7.8
15 ’~ o o8
8§ | T
3 g 3.0

0 ‘ 1.0
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A,

Figure 16. Effect of Vitamin E concentration on the

permeability of 10% w/v egg yolk lecithin vesicles at 33°C.
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H. 31P NMR Permeability Studies of EYL~-Cholesterol Ester Vésiclgs ~V”
/‘

As discussed in Chaptet 1, areas of increased c¢holesteryl estér
content in the aorta membrane hgve been associated with increased
permeability. Since any change in membrane permeability may have
implicatians in atherogenesis. the effect of the incorporation of a
émalllamount (5 molé%) of cholesteryl palmitate in EYL vesicles was

investigated using the 3'p NMR method described in Section 4G.
These results, an impoﬁtant ﬁart df the atherosclerdsisfinvestigation.
are gresented firét here., since they too bear on the succeeding
mechanistic discussion,
<

When Pr3* is added to preformed_EYL vesicles, the rape of
infusion of praseodymium actoss the bilayer is proporti@ggl to the
rate of disappearance of the upfield 31? NMR signal. Least squares
plots of the rate of diééppear;nce of this peak vs time are showh'in
Figure 17 for EYL alone, EYL with 25'm§le% incorporated choiesterol,v'

\and EYL with 5 molef incorporated cholesteryl ﬁélmitate. From the
rélative Slopes of the graphs, it is calculated that the effect of 5§
moie% incorporated cholesteryl palmitate increases the membrane
permeability by apﬁroximately 10 timéé?

7 On the other hand. the decrease in the upfield 31p signal
intensity for EYL with 25 mole% incorporated cholesterol is

exceedingly slow. This is in agreement with previous work which



Figure %7. Re];ati\rre( intensity of "inside"® 31? NMR signal
(ini_tial value = 100%) vs. time for pure and miied vesicles
containing cholesterol or cho;esteryl palmitate. '(A) 10%
egg yolk ‘lecitvhi‘n cohtaining 25 mole% cholesterol, K(B) 10% -
w/v egg yolk lecithin, (C) 1Q% egg yo_lk lec'ifhin containihg

5 mole% cholesteryl palmitate.
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showed that the incorporation of cholesterol decreases the
permeability of lecithin vesicles to cations (99).. In fact. the
relative intensity of the upfield resonance of EYL-cholesterol

vesiclés increased by approximately 6 % in the 4000 minutes of this

experiment, This is indiecative only of the iqhgrent'error in

g

measurement, Although it is clear that the'inco;porétion of
cholesterol results in a decreased permeability, the 31% methoq is
not sufficiently sensitive to quantify such a slow process. However,
* more rapid pates of permeation such as are observed with cholesteryl
palmitate incofporation involve much larger changes in relative
sbectral area, leading to decreased error. Linear leést-squares
analysis of the data gave slopes of 720.Ox10'3 ; 8x10'u ¥min and
-2.0x1073 4 0.6x1073 %/min for EYL-cholesteryl palmitate and pure
EYL vesicles, respectively. Therefore, a ten fold permeability
increase. to pr3+ isrcaused by the incqpporation of a very'small
amount of cholesteryl palmitate (5 mole$). The course of the
permeability‘study»ig illust%éfed.indFigufe 18. 1Initially, a single'L
31p resonance signal is observed (Fig.18a). The addition of 150 ul
of 0.1 Pr3* results in a downfield shift of approximétely 11 ppm
(LIS) of the outside phosphorus nuclei which are exposed to the'added
lanthanide (Fig.18b). As the paramagnetic Pr3+* traverses the

bilayer the relative intensityrof-the upfield peak decreases (compare
Figs.18b and c). After the disappeérance of the upfield peak, 300 ul "

of 0.2M EDTA was added to complex with the accessible Pr3+, the

spectrum underwent an Iimmediate change., 1In contrast to the two peaks
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Figure T8;,»31P NMR spectra at 33°C of egg yolk lecithin
cholesteryl palmitate vesicles ’

a. 10%'w/v egg yolk lecithin vesicles'containing‘S mole%
cholesteryl pélﬁitate. b

b. Sample a immediately after the addition of 150 ul of
0.1 M Pr3* ; time = 0 min.

¢c. Sample b after time = 3044 min,.

d. Samgzé ¢ immediately after addition of éOO ul 0.2 M
EDTA (Total time = 3103 min.) H

e, Samp;e d after'thiéaddition of 500 1 Pr3+ (Total
time = 3119 min,) |

f. 10% w/v EYL vesicles with 0.005 M encapsulated Pr3*,
immediately following addition of 300 ul pf EDTA,

g. Sample f. after time = 679 min.
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which were obsServed with the phytyl compounds, the spectrum consisted

1

of a single sharp upfield resonance at the same chemical shifﬁ_as‘

‘native phospholipid (Fig.18d). This indicates that all the Pr3*
which was initially present waé available for complexation with the

addéd EDTA_within ﬁhe time required to determine the spectrum (approx.

.10 min.). Subsequent addition of excess of pr3+ again resﬁlﬁed in

R B D

two'31P resonahces,,with the same relative -areas as had been
observed immediétely,following the initiaf\;ad{tion of the shift :

ve results for

L R

-

rates that the

reagent (FigAﬁBc). This demo

N
e BV

re, but are instead due to

<

permeabiiity are not due t mgmbfané

’

changes iﬁ the perméépilit roperties of the membrane upon

~

incorporation of'choleéﬁényl-e ter. Since the vesicles are still

intact, as shown by the addition of the ‘second aliquot .of pr3*
(Fig.18e), and since EDTA was able to complex with all of the initial )
portion af Pr3+ which had previously travegégé the meﬁbkane.,the

cholesteryl :ester-EYL mixed vesicles must be extremely permeable to

EDTA, i.e. a half life of less than 10.minutes mayvbe caiculated.

T R T e e

As statéd in éeétioh UG, extrémély rapid rate of permeation of
EDTA‘was not found for mixed v%§icles of ghytyi combounds with EYLf' . ) 'v §
Therefore, a separaﬁe experimeﬁt.was performed;;n order to estimate | ‘ s
the rate of infusion of EDTA into pufe EYL vesiclesi Vesicles were

- prepared with a Pr3* concentration of 0.005M both inside, and.
outside, Subsequent-addition\of 300 ul of 0.2M EDTA resulted ih twoi

resonances (Fig.18f), the upfield resonance due to outside 37p

-
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nuclei and the downfield resonance due to inside 3'p nuclei which
are exposed to.encapsu%ated PP3+,\_By following the rate of increase .

of the relative area of thessharp upfield resonance as EDTA enters the

[ ’ .

vesicles and subiraetih;vthe rate at thchcéf3+ diffuses out, an
apprgximation‘of the rate of EDTA influx may be made. Figuré 18g
shows fﬁe speétfum of tﬁevsameisample 679 miﬁut?s after the addition. . -
" of EDTA. The rélative afeas of ghé ﬁeaks of thé;spectra in Figures
. .18f and 185 are very simii&z/}JE}cating‘thaF very liﬁtle qﬁéngé has
occurred in the ionic environmeﬁ; éf the*insidé or outside pﬁ§sphorus
nuclei during the,inﬁerveniﬁg time period. ‘Therefore pure EYL%
vesiéles)exhibit loﬁ permeability éo both Pr3* and EDTA. .

Subtracting the‘previqpsly determined.rate of Pr3+'permeation into
pﬁre,EYL'vesicles from the,obserQed rate of increasé of the upfield
resonance for pure ; L Qesicles,with er'lcapsulat_e'dAPr3+ yieidska rate
" of §.8x1o*3¢u;121q‘3 4/min for EDTA penetration into pure EYL
vesiclesﬂ This i;»in direct conﬁréét to the extremely rapid

permeation of EDTA through EYL vesicles containing 5 mole% cholester&l'

palmitate (half life <10 minftes).

Proof that the increased permeability of the membrane to Pr3+

is due to the incorporapion of cholesteryl pélmitate is seen in F%gure

19, Figure 19. shows the relative rate of inward diffusion of Pr3%i
’ . . - Y

. versus several concentrations of cholesteryl paimitate. The rate \,
increases in a roughly logarithmic fashion with increaéesriﬂ;the

pholestéryl ester conCehtration. These results are similar to those

-
-_— .

P3
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Figure 19, Effect of cholesteryl palmitate concentration on

the permeaﬁility of egg yolk lecithin vesicles at 33°C.
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obtained for the intercalation of various concentrations of Vitamin E
(Section 4G). It is interesting to note that while the incorporation
of 5 mole} cholesteryl palmitate increases the permeability of EYL

vesicles approximately ten fold. the same increase would require the

incorporation of approximately 15 mole% Vitamin E,

A further set of experiments were carried out with the
unsaturated cholesteryl ester, cholesteryl linoleate, in order to
determine the effect of the nature of the fatty acid chain on membrane
permeability. To within experimental error. there was no increase in
permeability up to 5 mole¥ cholesteryl linoleate41ncorporation. The
dissimilar influence on Pr3* fnward diffusion can be explained by
examining the structure of each ester at 33°C. At 33°c, the
temperature of the NMR experiment, cholesteryl palmitate is in a solid
crystalline phase, whereas cholesteryl linoleate exists in either a
smectic or cholesteric 1liquid crystal phase (173). It appears that
the thermodynamic stability of the different phases of cholesteryl
esters may be of importance in biological systems (174). Whether the
differential effects of the saturated and unsaturated esters are due
to segresation of the cholesteric phase of the linoleate (See Section
5C), or whether it is simply a function of increased flexibility of
the unsaturated ester is not known, This question may be answered in
part by an interacting spin label study employing nitroxide labeled

esters in their cholesteric phase.



In summary, thewincorporati6h¥éf small amodhts of cholesteryl
palmitate ig the solid state increases membrane permeabiliiy. while
esters in a more fluid state do mot. Tt is known that
cholesterol:lecithin dispersions witg a cholesterol:lecithin ratio of‘
greéter than 1:1.stimulate ihtracellular fofmation of cholesterolﬁ
esters; possibly to divert excess crytalline cholesterol into a more
#fluid liquid crystal form (174). . Therefore, in addition to the
importance of the frge cﬁolesterol/chblesteryl ester ratio (Secﬁion

1C); the properties of the aortic membrane will be influenced by the

relative amounts of saturated and unsaturated esters which are present

dur ing the initial stages of atherosclerosis, <
. I. Mechanism of Vesicle Permeability
Several possible mechanisms exist for the transfer ions from

the bulk phasgﬁfacrogi the bilayer to the inside of phospholipid
. vesicles. These include mechanisms ihvelving vesicle fusion., carrier
. mediated tnansport. and simple passive self diffusion through

transient pores in the membrane.

During fusign of DPL-phosphatidylserine vesiéles it had been
suggested that these structures afe temporarilyropen, aliowing for an
influx of external contents into the vesicle interior (175). "However.
Vvesicle fusion in thaf?sﬁudy was subsequently found to be due to an

un identifed impufity in the phosphatidylserine (175). Fusion has been

i

T oo
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fdund not to be an important process in the case of pure EYL vesaciés.
: : . ‘ ,

As well, studies df transverse and lateral diffusion rates. and

measﬁrement of transmembrane poé%ntials (65,66,69,72,176) ‘have taken

advantage of the fact that the process of fusion is negligible, both

a

‘for phospholipid vesicLes; and vesicles prepared from biological
a . . . .
{ .

" membranes,

~

. The oberationiof a fusion mechanism would result in an increase
in vesicle size. én ésfiméte'of the diameter of the ves%cles méy be
made from the r'atio‘;of the intensities of the outside to inside 3Tp
resonances in the presence of shift reagent (28,177). and in these

studies, no increase of vesicle size is detected. In addition, after

the diSéppearance of the upfield peak due to permeation of the added

=3

‘lanthanide, in favourable cases, the relative areas of the inside and

i

out gide phospho;ué résonance signals may be redetermined following the
addition bf,EDTA. The relafive intensities of the inside and outside
phosphorus'gesonénces before and after the Pr3+ permeation are
presented in Table XVII. In the case of cholesteryl,palmitaté-EYL
mixed Qésicles, the'post,experimental value was determineq»after the
addipion of a second aliduot of Pr3* pecause 6f the rapid rate of
permeation of EDTA which results in avsingle upfield resonance. Post

experimental values for pure EYL, EYL’Qith incorporated cholesterol,

and EYL éith incorporated palmitic acid are unavailable due to the

extremely slow rate of Pr3+‘§ehmeation.

120
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Table XVII
'53'
ﬂﬁgy* -NMR signal intensity of inward facing 31P nuclei.
Intensity (% total)
Membrane Initial ‘Posf Pr3+ permea%ion.‘m.§3é
EYL ' S 42 a ’
EYL + 25 mole$ phytol - 41 39
EYL + 25 mole% Vitamin E ' 37 39
EYL :xg?gé;gi cholesteryl 37 A 37 }a
palm?taﬁe'm& \
EYL'+ 25-mole % palmitic acid. 40 - a
EYL + 25 mole % .cholesterol 45 - a
a8 Measurement not possible due to extremely slow rate of
L : 5. * -
permeation of Pr3+ ' IR Y
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Assuming a bilayer thickness of 503, an equal packing ‘density of
phospholipid on the inside and outside layers, and a homogeneous
distribution of the added nonphbsphdlipid méﬁbréne components, simple
calculations indicate that these vesicles are léss than 5004 i
diameter. 1In actual factAﬁighFer packing may exist on the inside qﬁ

the bila&er (28), resulting in an overestimation of the true vesicle

. o
size., Thus, the value of 500A serves as an upper limit of the vesicle

diameter,

In addition, the narrow 3'p lineshape is indicative of small

vesicles undergoing rapid isot;opic tumbling; Since there is large .
chemiéal shiftbaniéotropy contribution to the linewidth of larger
liposomes (76-81) due to the slower reorientation of these larger
particles, 31P resonances arising from phosphorus nuclei in such a

t

state would be broadened into the spectral baseline. Thus possible

complications due to initial sizeAinhomogeneity is avoided.

e

y, the similarity of the ratio of inside and outside
phosbhorus resonahces before and after the permeability studies

indicate that little change has occurred in vesicle size durlng the

\\\course of the experlments. If significant fu31on?h;d;occurred. the
L -

|

}atio of outside and inside would tend towards uhity. ‘If "leaky"

B

{0 ’
fusion was the mechanism whereby Pr3+ enters the vesicles this
\

fusion process would occur at an extremely rapid rate, especially in

. tﬁe case of EYL-pHytanic acid mixed vesicles, (t1/2 for Pr3*

/

/ - .
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permeation -3 minutes). Rapid fusion would result in a gfeat
increase in particle size in a short time period. Such:a size c@ange
might be expected to manifest itée{f as incréased iine&idth_yith time
in 13C NMRAépectra caused by a slower tumbling rate of very large
vesicles, HOQever né dii£grénces were obsenvéd in the linewidths of
resonances in the 13C spectra of phytanic acid-EYL vesicles over a.
period of approximately 30 hOUﬁf. Thérefore,the possibility'of a

fusion type of mechanism 1is extremely remote,

Elimination of the possibilities of vesicle.rupfuré'(see Sections
4G and L4H) and vesicle fusion show thatrthe obéerved‘disappearance-of
; .
the upfiéld 31P resonance signal with time after the addition of
Pr3* is due to a traversal of the membrane by this cation.
The'suggestion has been made that the formation of an ion-1ipid
complex, followed by transverse diffusion (flip-flop) of the qomplex
to the opposite side of the bilayer may be respénsiple for ion flux
across phospholipid membranes (65,178). Unfortunately, it is not
possible to directly monitor the flip-flop of an ion-libid complex,
~and therefore; such avﬁechanism has, as yet, no direct proof. It ié
only possible to compare rates and activation éneréiés of transverse

diffusion with rates and activation energies of ion permeation, Since

rate of inside-outside transition of spin labeled lecithin in EYL

bilayers is of the order of 24 hr'1, the rate for unlabeled lecithin

may be much slower due to the greater polarity of native phospholipid.

123
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Other ﬁembrane components may undergo much more rapid
inside-outside tPaﬁSitiOnSl Mo_1abeled stearate exchanges between
tdgiggearate monolayers with a half life of125 minutes aﬁ‘25°c
(179). However, this system does'not offér a very satisfactory
comparison with phospholipid bilayers because of large differences
in nature of the ionic interactions of the hydrophilic region.

—

It may be merely coincidental that the activation energy for

pr3+ permeation of lecithin-phytol mixed bilayers (20.3£0.2 kcal) .is.

in such good agreement with that of phospholipid "flip—flopﬁi(19}§
kcal) as measured by Kornberg and McConnell (65), since the spin

labeled phospholipid used in that study is less polar than EYL and

therefore may givé rise to an artificially lowered activation energy.

However, the perturbation of the bilayer by intercalated phytol may
) also result in a lessened activation energy for phospholipid
transmigration, and thus a carrier mechanism may not be necessarily

excluded.

The third, and most probable mechanism involves passive
sel f-diffusion across the bilayer. This mechanism involves a
translocation of an ion from a medium of high dielectfic constant

(external bulk solution) to a medium of low dielectric constant

(bilayer membrane interior), "Such a process would be unfavourable for

charged spepies in general, and may account for the high activation

“
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energy (approx. 20 kcal/mole) observed with the lectihinfphytol

. 'system.

=5

The éntry of the ion into the membrane interior may occur through
. . o .
transient pores caused by thermal motion of the bilayer, for example.

lateral diffusion pérallel to the membrane surface. Migration of a

phopholipid through an interstitial site in the plane of the membrane

" would force together phospholipids in its. path, leaving a transient

lattice vacancy (110). As discussed in Section 4F there are

-indications of a lateral expansion of the bilayer upon incorporation

of the branched chain phytyl compounds. Such an expansion of the

bilayer should decrease the ionic attraétion of the negatively charged

phosphate'moiety of one lecithin molecule for the trimethylammonium
group of anladjacent phospholip;d and may lead to an increase in
transient pore formation and anilncrease in lateral diffusion rates.r
It has been demonstrated by Cullis (36), that‘the inte;calation of 30
mole%rcholesperol decreases the lateral diffusion rate of EYL above -
the_gel-liquid crystalline transitionvtemperatnre bi approximately
50%, as well as decreasing membrane permeability to ﬁa*, Cl™, and
glucose (99). Thus, the permeability, fluidity and rates of lateral
diffuéion of membrane compohents appear to be interrelated. in any
case, increased fluidity of the biléyer should lead to'increased
permeability, the increase in fluidity being caused by the

intercalation of compqﬁhdg such as cholesteryl palmitate, phytol.
A .

phytanic acid or Vitamin E. Indeed, the membrane permeability
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increases wih increasing Vitamin E cqncentration over the range of 3

r

to 25 mole}. -Membrane fluidity should also increase with increasing

¢

Vitamin E concentration.
b J

v

It has been suggested that the ihcorporation. in the membrane; ofA'
certain molecﬁles whése pplarity or pdlafizabilit& is greater thaﬂ
fthat of thgffiﬁidvcould stabilize an ion in tﬁe‘lipid phase to a
greater extent than w;ten molecul'es (180). It mighﬁibe assumed that
‘any slightly polar molecules with a‘higher soiubility in‘l;pid than a
hydrated ion wbuld increase the permeaﬁility of suéh ions., 1If the
polarity‘ofAthg inter jacent molecules used'in)fhis study was the major
contributing factor in the increase of ion permeability, it wspld be
ekpected that simi&ar increases "in permeability would be observed for
the intercalation of palmitic’acid and phytanic acid. ObviouslyAthis
‘is not ngjgase. The:permeability of 'EYL vesicles is unchanged in\ﬁhe
presence ofﬁégrmole% pa%mitic acid but increased approximately 3000
fold in the péésence of 25 ﬁble% phytanié écid. Therefore the majbr'
contfibqtiﬁg’factor to the permeability inéfeasés is steric in nature,
i.e., a function of molecular packing in the mixed bilayer systems.
(see Section MF).V |

As discussed previously. deviations from nptmal lipid packing
caﬁsed by the intercalation of the phytyl compounds should resu}t in

' —~t

an expansion of the bilayer and an increased average separation of

lecithin molecules. This decrease in packing density is manifested in
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g0 .
an increased membrane permeability, likely through a mechanism of

 simple passivé diffusion. However, the possibility of a contribution
to the observed rate of a flip-flop carrier mechanism cannot be
entirely excluded since a lateral expanéion~of the bilayer should

result in decreased steric hindrance to lipid transmémbrane migration{

*



CHAPTER 5
RESULTS AND DISCUSSION: PART II

CHOLESTERYL ESTERS AND ATHEROSCLEROSIS

A. ESR of Oriented Lipid Multiplayers

1. Orientation of cholesteryl esters in phospholipid multilayers

Oriented lipid mulilayers were prepared as described in Section
2.B.3., The structures of the spin probes used - cholestane, I,
5~doxylpalmitic acid, II, 16 doxylstearic acid, III, and IV, and V.
the corresponding cholesteryl esters of II, and III., respectively, are
shown in Figure 20. The values of the hyperfine splitting constants
for these labels incorporated into EYL multilayers are given in Table
XVIII, where T, and T, are defined by the orientation of the sample
such that the normal to the flat cell surface is parallel, and
perpendicular, respectively, with respect to the direction of the
applied magnetic field, i.e, parallel and perpendicular,
respectively, to the known direction of the 2prrorbitals of the fatty
acid nitroxides., The order parameter. S, was calculated from these
hyperfine splittings using equation III-66 in the case of the fatty
acid probes whose nitroxide 2pfr orbital is parallel to the long
molecular axis, and using equation III-67, in the case of the
cholestane spin probe whose 2p7 orbital is perpendicular to the long

molecular axis. The fatty acyl chains of the labeled esters were
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,/iqzﬁre 20. The structure of various nitroxide spin probes.
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I, 3-doxylcholestane; II;~5-doxylpalmitic acid; III. 16-doxylstearic

acid;

IV, the cholesteryl ester of II; V. the cholesteryl esver of III.
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assumed initially to have the same orientation as the free aecid- -

labels, .As well, the principle values of'the hyperfine‘splitting

P

- tensor of the esters were assumed to:correspoq9¢to those of the acids,
7 . B

ie. Txx?ngyx 6‘gauss,rand T,,% 323gaUSS (5%) fbr,botH of the
esters apd‘the'acids. The order péfameters for the two spin labeléd
acids, and for choleétahe'(Table XVIII)'are:in agreement with the
literature valgeé (51,54,60.111,135.181.182). Note/that,therorden
parameter for the éholestane spin probe ianuite high.lsinCe the
nitroxide is situated near the membrane surface. It should also be
noted'that_ﬁhe ordér pa;émeter‘ofvtheiS-doxylpélmitic acid 1s much
larger than that of the 16-dqulstéar"ic acid, oﬁéé again, this
béhaviour is charactéristic of the fluidity gradient which exists

3

along the fatty ;cid chains of the}membrané interior (see Fig.21).
,/f ' : '

Lf’fﬂ:;yper'fine splittings and order pafameﬁérs fqr thé two. esters,
Iv, énd v ingorporétgd into lecithin multilgyersrare givén in Téble
VXVIII. For the 16-doxylstearate este;: V.‘a‘lbwfpositive order
parameter is calculated. similar to that for the corresponding acéd.
III, indicative of the fact that the.nitroxide 2p7 orbital is
preferentially ofiented perpendicular to ﬁhé multilayen_surfaée, and .
that‘it is underéoing raplid motion which tends to aveﬁagé the
components of the hyperfine splitting tensor. Such 6bsefvations are
consistent with the doxyl gr?up for both III; and V occupying a
position near the fluid central region of the Pilayerf This

interpretation is substantiated by the results of ascorbate reduction

experiments which are discussed later in this section.
s

Y
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. |  Tablé XVIII
Spectral parameters'of_sbiﬁ'lables I-V in lecithin

multilayfff at 23%¢,

Lecithin Spin Probe - Tﬁ' o Sb .
EYL : I 8.7 17.4 0.68 £ .03
I 11 24.8 io.u 0.54 ; .04
. 0
111 15.2 13.8 0.055 + .004 i
Iv 14,4 15.7 ‘-o.oh9_i .00k
v 15.2 14,4 0.029 + ?66}
DPLC | - I | 7.0 16.8 O.82fi,.004 g/fw
II 18,0 110 o.éb + .03
IIL 17.4 , 12.5 0.20 + .02
v 13.0 B  -0.113 % .015
v 14,5 14,2 0.012 + .003

& The values of the hyperf}ne,splittings are in gauss.

D The order parameter,S, was calculated for a number of
samples. The error indicated reflects the variation
in the individual deteQQiEiFions.

¢ pPL multilayers were prehydrated with 0.15 M NaCl for

at least 60 minutes prior to recording the spectra.
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Figure 21. Positional dependence of the order parameter in a

lipid bilayer as detected by fatty acid spin probes using Equation

II1-66. Taken from reference 131.
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The 5-doxylpalmitate ester, IV, however, exhibits a low and

negative order parameter since T;>T,, . The correspondihg acid, II,
, ‘ L7 z

was found to have a large positive order parémeter of 0.54. These

results indicate. that the nitroxide 2pn‘0rbit;i‘of the esﬁer; IV, is
oriented differently from the correspoﬁding acid, II, i.e, the sign
of the'ordér\parameter as calculated from Equation III-58 changes if
the orbitalfié oriented such that it makés aqwangaf;of slightly
greater than 45° with tﬁe bilayef normal, Thus the orientation of
the nitroxide of thelsrdoxylpalmitate ester more closély resembieé
that of cholestane, I, than the.c.orrespdnding acid, II. h

v

Other evidence which bears upon the orientation and mobilify of

IV is that the peak to peak linewidth of the low field resonance is

approximately 8 gauss, as compared gith a linewidth of approximately 2

gauss for the 16-doxylstearate ester. Such broadening may be

indicative either of slower motional reorientation of the spin brobe

~ 7

or a superposition of resonances due to different orientations within

the membrane, Indeed, IV has been‘shbwn to exhibit complex”behaviour

with doublet low and high field resonances for sample orientations

between 0 and 90° with respect to the magnetic field (183). A

4

complete analysis of these spectra reduires computer simuiation of the

. .
experimental spectra in order to separate the effecﬁégﬂ?order and
, A
H
!

“motion, Such spectral complexity is unique to IV, and has hot been

observed for the 16-doxylstearate ester ihcorporatgd into phospholipid

multilayers (183).
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Ascorbate reduction experiments which are discussed later in this
section indicate that the doxyl grqup of IV is situated nearer ﬁo the

bilayer surface than that of V.

The effect of cholegterol on the order parameter of»IV, and V was
also studiéd. and the results are shown in Figures 22 and 23. The
effect of cholesterol incorpOratiqh into the bilayer éver the rénge of
0-40 mole% of the total lipid increases the ordef parameter of Q from
a value of 0.029 to a Qalue éf 0.26, yith the greatest increase between L
30 and 40 mole% added cholesterol, consistent wiﬁh the known condensing
effect of cholestérol on the hydrophobic region of phospholipid
membranes. The order paramete; of IV changed from -0.049 in the absence
of cholesterol to -0.13 in the presence of 49.5%.cholesterol i.e. the

incorporation of cholesterol %ﬂé;easgs the absolute value of the ordér
parameter, but its sign remai%s negative, indicative of an ori%nfation
of the 2pM orbital at an angle of less than 459 with the_bilayer
surfacé.

The effeét ;f added cholesteryl palmitate 6n the order parameter
of the cholestane spin label, I, was also investigatbd. The results.
which are shown in Figure g/,—;;veal a slight decrease in the order
paramet%pﬁgggg;1ncorporat;on of cholesteryl palmitate, w1th an abrupt
break at approximately 5 mole$ cholesteryl palmitate, In light of the

N ; )
results described in Sectidn 5B, and that of previous workers

(184-186), it is probable that ester present ih exicess of 5 mole%
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Figure 22; Interacfions between cholesteryla5-doxyi§almitate.
choleéterol and egg yolk lecithin at 23°c. Multilayers |
containing 1 mole% IV in egg yolk 1ecithin and specified
concentrations of choleste;ol were treated with 1072 M
ascorbate. First half life (solid 1ine) and order parameter

(dashed line) are plotted against cholesterol concentration.
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Figure 23. Interactions between cholesteryl-16-do§§lst9aréfe.

. <

cholesterol and egg yolk lecithin at 239c. Multilayers
containing 1 mole} V in egg yolk lecithin and specified
concentrations of cholesterol;were treated with 1072 M.

ascorbate, First half life (solid line) and order parameter

(dashed line) are plotted against cholesterol concentration.'
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Figure 24, Intefactions between 3-dox§lcholesténe.
cholesteryl palmitate and egg yolk lecithin at 23°C. .
Egg yolk lecithin mulfila&ers containing 1 mole%
3-doxylcholestane, and specified éoncentrations of
cholesteryl palmitate were treated with 10'2 M

ascorbate. First half life (solid line) and order barameter

(dashed line) are plotted against .cholesteryl palmitate

concentration,

=



137b

910

8Y0

¥90

(% FTOW) LV LINTVd TXTIIEITOHD
91 e 8 .

0T

I

F=a—T

T A T : T , T

\J

b

A
/
<

(STLNNIW)

L]



the membrane surface (73).

forms a separate phase which does not interact strongly with the
lecithin lamellar phase. However, the incorporation of up . to 5 mole%

cholesteryl palmitate decreases the order parameter of I, consistent

. an increase in membrane motional freedom and permeability as discussed

in Section 5.A4.3.

Sodium ascorbate rapidly reduces nitroxide spin labels te the
corpesponding nydr;;;zgﬁtne;with concommitant loss of‘ESR_signal
. .- .
intensity, This.nPOperty hés been utilized by Schreier-Muccillo et al
(73) to follow‘the‘ratg of ascorbate permeation into oniented 1ipid
multilayers containing various spin probes, and as a Spectnoscopic

ruler to determine the depths at which the labeled sites lie beneath

In the present investigation it was found that the rate of,
diseppearance-ef the low fieln‘component of the nitroxide ESR Spectrum
q}d net follow tirst order kinetics tut rather the quadratic~\ |

ln‘(peak heiggt) = a- bt + ctl V=1
nas both necessary and sufficient to describe the data. The
inadequacy of a simnle first order treatment is demonstrated in Figure
25 where the dogted line describes arlinear fit‘of 1n (peak,netgnt)ivs
time, and the solid line is a least squares computer fit of the data
to Equation V-1, The insert in Figure 25 more clearly depicte ther

systematic error in the linear treatment. Therefore, it is obvious

that the half life of ascorbate reduction in t"s appfoximation

1 -
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Figure 25. Ascorbate induced ESR signal decay vs, time. ™ g

N

Egg yolfc lecithin multxl'layer's containing 1 mole} 16-doxyl-

stearic acid"wer'e treated.with -1‘0'3 M mscorbate. -

Least square fits, linear (straight line) and quadratic -

(curved 1ipé) were computed for. ln(peak height) vs. time.

‘The {nqser't shows'the_ systematic error of the linear .fit ’v(computed

4

value - observed value);vs. time,

t
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depends upon the ihitial time lag between aScorbate‘addition and the
recording of the firstrspecffum as well as uﬁon the total length of
time for which data arezgcquifed. Therefore. the experiméntal data
was fitted to the quadratic shown in Equation V41, and-the rate
described by the first half life, Tt .. of the decay of the ESR
signal intensity whichvis giveﬁ by

In2 - b(lt, ) + e(lty,5)% = 0 e g2
where:1t1/2 is the time required for the spectral amplitude.tb

decay to 50%.of’its“extrapolated zero time value.

Kornberg and McConnell (65) have previously described the rate of

-

ascorbate reduction of the nitroxide mdiety of headgroub‘labeled
lecithin, They observed that the rate of signal decay inigially
followed first order kinetics, but that defiation Qrom ﬁﬁis behaviour
occurred ét large time due tO*;eoxidation of the»nitroxide; It is
highly unlikely that the deviation from linearity‘of Figure 25 is due
tO‘repxidatioﬁ of the.nitroxide since unlike the previous study (é5}
which used EYL Qesicles up to 27days old, the use in th¢ pr'esent
investigation of saturated dipalmitoyl lecithin (DPL), foi/ﬁhich
reoxidation by oxidizedilipid is not possible, resﬁlted in deviations
from linearity similar to that sﬁoﬁn by Fighre 25. in addition, all
redqptions were carried out with freshly prepared, thoroughly |
deoxygenated ;scorbate solutions, 'Therefobe. the deviagioﬁ ffom

linearity must be a consequence of the mechanism of aécopbate

permeation,

140
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The mechanism of ascorbaté permeation was further invesLigated ' '% ’
using'the fatty acid probe, III.. The variation of the firét half life
on the initial ascorbate cdncent}étion for reduction of III
iﬁcorporated into EiL multilayers is éhown in Figure 26. The spin
label concentration was held constant at H mole. The inversé of the
first half life 1ncrease5\1n a roughly linear fashlon with 1ndrea51ng

o
ascorbate concentration ove;\the range of 1)(10"2 to 3x10

the half life is dependent on the inverse of the initial ascorbate

~°M, That

concentration is in agreement with\;he prediction Qf/EChreier-Muccillo

et al (73). However the permeation model proposed by these workers

,

also predicts a dependence of the reduction rate on the fractional

: N .
area of the bilayer occupied by the nitroxidg,,and thus on the initial

N
AN

spid label concentration. according to the relé;iopship

dh/dt = =N F o x fSLh V-3

where évisAthe;flux of ascorbate to the spin label in mole

cm'2sec‘1, N is Avogadro's number, Fasc is ﬁhe molecular area of

the ascorbate ion,‘fgL is the initial fractional area occupied by

the spin.labei in the_plane of the:bilayer, andvh is the height of the
ESR resonance. Ihé first.term‘in Equation V-3; ébJFasc‘ is the
fractional area in the plane of the bilayer swept out by thé ascorbate
7 per second. fherefore. Equation V-3 states tha£ the rate of decay of
the ESR line height is proportional to the‘produet of the fhactional
area occupied by the ascorbate idns,‘and the fractional area occupied
by‘the spin label i,e. to the probability of a colliéion resulting in

the chemical reaction. ‘ ‘ /
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Figure 26, Effect of initial ascorbate concentration on the
first half life of ascorbate reduction. Egg yolk lecithin

" multilayers containing-1 mole% IG-doéwlstearic acid were
treated with:the spe01f1ed concentratlons of ascorbate The

insert shows a linear correlatlon between the inverse of the

first half life and the initial ascorbate concentration.
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However, in the present investigation. it was found that the ra%e
of decay of the ESR.Sighai'was invariant to thé“amount of the spin
label, III, incorporatéq‘inyo tﬁe mepbrane, over thenrangé of 1-3
mole%, the fifé&/half life remaining constant at'approximately"16+2
min, This iackrof dependence of the rate on the initial spin label

concentration infers that the reaction rate is §ndependent of the

fractional area in the-plane 6f the bilayer which is occupied by the

nitroxide, possibly as a consequence of rapid 1 eral diffusion of the

v - .
acid, III, in the plane of the membrane. If, indeed, such were the

case, the slowing of iateral diffusion through the use of DPL below
its géﬁ-liquid crystalline phase transition temperature might be
expected to induce a rate dependence on the initial nitroxide

-

concentration,

"

The flux of ascorbate to the site of the spin label has been

given to be (73) )
@ =D (KDCO)/x mole cm 2sec”] V-4

where Co is the initial asc;rbate concentration at the surface
of the bilayer, x is the depth at which the nitr’gide is situated
beneath the surface, D is the diffusion coefficieﬁt. and Kpiis the
partition coefficient of the ascorbate between the aqueous phase
and the membrane interior, It has been assumed that the partition
coefficient is invariant with time, However, the possibility exists

,ppat the higher order effects on the observed rates may be due to

a time dependence of Eggipartition coefficient i}e. the lowering of the

143,
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~amount of unreacted ascorbate which may be solubilized in the bilayer,

as the reaction proceeds.

In order tp testzthis hypothesis, EYL muttTilayers were prepared
incorporating ‘1 mole% of the acid label, III;}and hydréted for
approximately 1 hr with 10'2M‘J;g1uconoléétoﬂb\ v L
(1,é,3,4,S-pentahydroxycaproic acid lactone) which was 0.15M in NaCl.
The ESR cell was then rinsed and filled with 10'2M ascorbate. Q.15M'
NaCl, and the rate of decay of the ESR signal monitored in the usual
Llway., It was thought that if the preincubation of the multilayers with
the 1ackonq (which isqstructﬁ;ally‘sjmiiar to ascorbate.“but
unreactive towards nitroxide‘spin labels) altered the first half life
of ascorbate reductidh, this would be indicative of a change in the
partition coefficient‘of unreacted ascorbate as tkﬁ)permeafion
prdoeéds. The first half life was found to be approximatély‘26 min.
Th;s, thé presence of a molecule structurally similar to,ascbrbate
slows thé rate'of reduction %;,éhe sbin label from a half:life of
approximately 16 min to a half life of approximately 26 ginﬁ Thus the
partition coefficient of ﬁnreacted ascorbate may not be constant, but

rather may have a time dependence‘of the form

-]
- Kp = f(Kp. t) Afk\ | V-5
where K; is the initial partition oefficiént in the absence of
reacted ascorbate. However, it must be remembéred that the‘glucoholactone
. B i

was not added in the form of a salt and therefore might not resemble

closely enough the structure of sodium ascorbate,
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The.first half lives, 1t1/2. of ascorbate feduction of the

spin probes I-V in EYL, and DPL multilayers at 23°C are shown in
Table XIX. 1In EYL, cholestane, I, yielded ab 1t1/é value of
approximately 4 minutes, confirming ﬁhat the nitroxide is very near
the membrane surface. The other labeis. II-V, however, yielded ;ery
similar 1t122 values, all on the order of 14-16 min, This is in
contrast with the results éf previous workers (73) who found half lives
of ascorbate feduction of 5—doxylstearic acid and 16-doxylstearic acid,
incorporated int9 EYL multiiayers. of 9.5 and‘32 minutes, respectivgly.
Whether the discrepancy between the previéus results and those presénted
here are due'tO'slight différences in experimental condi%ions.‘or
differences in the treatment of the experimental data is not known.
Since the ﬁgevious results were qbtained at 19°c, EhiCh is verj §1ose
to the temperatu;e of 23°C used in the present study, it is.un;ikely
that the discrepancy is due to large temperature induced changes in
the fluidity of the membrane., In the present investigation, since rate
of disappearance of the ESR éignal did not fo;;dﬁ'first order kingtics.
it was found necessary to fit the experiﬁental ascorbate reduction data
to a quadratic equation, Equation V-1, As discussed previously in this

r

sgaﬁion, this treatment minimizes errors introduced thfough the time
N

lag between the addition 6f ascorbate and the onset of data
accumulation, as well as elminating the dependence of the calculated

first half life on the total time for which data is acquired.

R -
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" Table XIX

First half lives of reaction with ascorbate for spin probes

in lecithin multilayers at 23°C,

1t1/2 (min)®

Spin Probe )

EYE DPLD
3-doxylcholestane,I' 4.1 + 1.7 -
5-doxylpalmitic acid,II 16.5 « 4,00 16.5 + 4.0
16-doxylstearic acid,III 7 16.5 + 4.0 .; 50.0 + 10.0
cholesteryl—5-doxylpalmitaté.IV 14.0 + 4.0 42.3 + 8.0 -
cholesteryl-16-doxylstearate,V 16.2 + 4.0 71.0 + 12.0

ts

a8 ascorbate concentration = 10~2M

b Multirayers containing DPL were hydrated with 0,15 M

NaCl, pH 6.83, for 60-90 minutes prior to ascorbate addition.
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It has been shown previously by Godici and Landsberger (17.18)
using 13C NMR that stearic acid spin-labeled at the 5- or 16~ position

intercalates into the EYL bilayer membrane in an extended form such that

C5 is much nearer the hydrophilic regidén than is C16. Therefore; the

similar ;étes.of ascorbate reduction of II-V in the‘pregent study
reflect the fluid»nature of EYL bilayers at 23°C. Once tqé ascorbate
enters the hydrophobic region, it rapidly diffuses through the fluid
membrane coré, possibly by the mechanism of "kink diffusion" first

proposed by Trauble -(187)..

-
In DPL multilayers, on the othgr hand, wide variations in the

half lives were obtained since at 230&‘,DPL is in the gel state.

From Table XIX it can be seen that the half lives Qf ascorbater
reduction are in‘the order II < IV < III < V. The rate of reduction
for the S-iabeled acid (1t1/2=16.5'min) is much more rapid ﬁhan

that of the 16-labeled acid (1t1/2=50.0 min), It should also be
noted that the half lives obtained for both theiesters. IV and V, are

much 1ongér than for the corresponding acids, II and III i.e. 42.3

- min vs 16,5 min for the C5 species, and 71.0 vs 50.0 for the C16

species, Since it is known (17.18) that the nitroxide of-III lies:
deep within the membrane core near the lecithin fatty acid chain
termini, the slower rate observed for the ester, V. cannot be due to
its occupying a position nearer the mid@le of the bilayer, but must be
due either to packiﬁg differences for the two molecules, or to the

proximity of the ester chain to the cholesterol moiety. In view of
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the ?r3+ permeation studies which were presented in Section‘HH. it

is unlikely that the saturafed ester spin probeé pack in a more dense-
fashion with lecithin than do the corresponding acids. However. it
must be rémeﬁbered that what is being monitdred in the ascorbate
permeation studies is the réte at which ascorbate reaches the site of:

the nitroxide and not the actual permeability through the membrane;

o,

FET

"Bearing this fact in mind, it is more probable that the f%nger half
lives for the -esters are caused by the cholesterol moiety i.e. thé

AN

manifestation of a conformational effect.

In conclusion, based on the ascorbate reductioné of the spin
labeled esters in DPL,‘CS of the fatty acyl chain of the ester is

:

situated nearer to the membrane surface than is C16. : -

Nine possibilities exist for the orientation of choleéteryl
estérs within the membrane, These orientations which are deﬁicted in
Figure 27 are:

1. an L-shaped configuration with the cholesterol moiety at and

parallel to the surface of the membrane with the acyl tail

intercalating the lecithin fatty aéid'chains.

2. an L-shaped configuration with the chqlssterol long axis

parallel to the bilayer normal, and the ester chain at the centre ”

of the bilayer., parallel to the membrane surface,
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Figure 27. ‘Possible orientations of cholesteryl esters

incorporated into lipid bilayers,
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3. -an L—shaped'confighrétion with the éhplpsterql'moiety in
region of the lecithin chain tgrmini. paraIlel'to the membrane
-surface, and with the ester chain perpendicular to the membrane

5

surface, -

4. an L-shaped configuration withrthe'cholesterbl moiety
intercalaﬁing the lecithin fatty acidjﬁh&ins.vandvthe e§teﬁ'taili

at, and parallel to the membrane ‘surface. .

5. an extended linear conformation at and parallel to the . ) E

membrane surface,

. - td . . .
6. . an extended linear confor?ation in the centre of the bilayer

o~

‘ parallel to the membrane sug?ace.

7. an extended linear conformétion'spanning the bilayer, with

the long molecular axis paralleling the lecithin fatty acid

"i:-K"nuv [TV S

chains, with the steroid amnd fatty acid téils“of;the ester ati\‘"‘“-‘/’

opposite aquedus'interfaces_of the bilayer. .

.

8. ‘an ﬁnVerted "horseshoe".OOnfdrmétion with the tail of the < : o

,‘u“v‘firrx

-~

cholesterol moiety and the methyl terminusfg} the ester fatty

>

“acyl chain near the membrane surface.

9, a "horseshoe" conformaﬁion with the carbonyl group of the~ B

s

'ester linkage near the membrane surface and both the”stéféid e
. ’ -
moiety and the acyl chain penetrating the hydrophobic region of

the bilayer. ‘ .

Possibilities 1 and 5 may be summarily éliminated since they

place the hydrophobic cholesterol‘moie in an aqueous environment, ) WQ
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Free cholesterol is virtually insoluble in water, as are cholesteryl
esters (186). The remaining seven possibilities must be considered in
light of the experimental evidence available. Possibility 4 may be
eliminated since it places the fatty acyl tail of the ester in an
aqueous environment where the ascorbate reduction of the label should
be extremely rapid i.e, at least as rapid as the half life of
approximately 4 min found with cholestane. Since it has been shown by
the ascorbate reduction experiments in DPL that C16 of the ester is
nearer the centre of the bilayer than C5, possibilities 3, 7, and 8
may also be discarded since they require that C5 be further from the
membrane surface than C16. Orientations 2 and 6 require that C5 and
C16 of the ester fatty acyl chain lie at the same depth in the centre
of the membrane, These results appear to be consistent with the rates
of ascorbate permeation found in EYL multilayers (half lives for IV,
and V of 14-16+4 min). However, it must be remembered that due to the
fluid nature of EYL multilayers, the depths of the corresponding acid
labels II, and III could not be distinguished in spite of their known
orientation (17,18). Therefore, on the basis of the ascorbate
reduction rates in DPL where it was possible to distinguish between
the rates of reduction of the acid probes II., and III because of their
different depths in the bilayer, possibilities 2 and 6 are eliminated.
Both 2, and 6 require that C5 and C16 of the ester chain are at the
same depth, deep in the centre of the bilayer. However, IV gave a
half life of ascorbate reduction of 4248 min in DPL, while V gave a
half 1life of T1+12 min and therefore C16 of the ester fatty acyl tail

must lie deeper within the bilayer than C5.
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- The sole rémaihing conformation is g9, a horseshoe with the ester .
linkage ﬁear the membrane surface. This orientation’is also

>

:.n i 5

\cqnsfstehi with the order parameters for—IV:tand V which were - ' . lﬁf‘ >fﬂ’ . ]

" discdésed~previously in this section, in that V exhibits a low

~

.~ positive order parameter indicativﬁ.of the. fluid enviroﬁment in the’

exhibits a low

@

centre of the bilayer. The 5-doxy1balmitate géter. IV,
Al _ P 3
*. negative order paramete} i.e. the nitroxide 2p® orbital is oriented

at an anﬁle:of less than 45° from. the plane of the membrane surface,

more closely resembling the orientation of the épﬂ orbital of the .

cholestane probe. I, than of itslcorrespopding acid, II. This is

[N

consistent with the proposed hofseshoe estgh cohfiguratidn first put o ;  : fﬁ,
forth Qy-Janiak et‘al (185) since iﬂﬁﬁléces the C5 pos{tion hear @he | . |

w;f,;apex;6f”fﬁéfﬁé}éééhééﬁwhichlwouléxténd to align the nitroxide opir
orbital mére closely parallel to the ﬁembrane‘sﬁrface.rfeséltiné in aL. -VJ ‘7 »Wj;
negétive order paréieter as caléulated ﬁsing Equation III-66. The

proposed conformatiens of IV, and V are shdwn‘in Figure 28, aiongehith'

the known orientations of I-III. ' ‘ T
2. Effect of cholesterol , e . e

s " The effect og\addédjcholesterol on the order'paraméters of iV,
and V has beef djiscussed in Section 5.B.1, and the data for Iv are
shown in Figure §2. along with the effect of cholesterol on the first

half life of ascorbate reduction, * Increasing concentrations of 7’ ' -

cholesterol increases the magnitude of the order parameter»while
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Figure 28. Orientation and relative depths of various
spin probes  in lecithin multilayers. Structures VI
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= represent egg yolk lecithin containing saturated and
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decrea31ng ‘the flrst half llfe of the nltroxlde redpctlon to a value’
f .

on the order of -4-6 mlnutes “Thevlargest decrease is seen to occur/at

D‘approx1mately 10 mole% 1ntercalated choé‘sterol Srnce 13 is known .

that cholesterol decrgases the angle which the loﬁg axis of the,
phosphollplds make'w1th the surface plane the.1ncrease-1n the

)

‘.magnltude of the order parameter and - the rate of reductlon of the<sQ1n—r~fA;wa¢~jwr
label may be due. to a reorlentation of.the steroid and fatty acid . “;7éo.;g_L,3

m01etLes of the ester, Such,a reorlentat%on would not only E;nd to c .
RS S o . ETOTE A o Ce

decrease the angle whichwthe’nitrpxide 2pn'0rbitalVmakes‘withﬂthe

.

‘lamellar plane, but would glso result.in'the label being rotated °
closer to the bilayer surface resulting in_a shorter 1t1/2p "The
elucldatlon of thlS p01nt would requ1re computer slmulatlon of the

-camplex spectra of IV obtained at- 1ntermed1ate angles. and varylnz

—

concentratloqs of 1ntercalated gholestercl. ' 'h . | . Ce e

¥ ) s

The effect of increasing cholesterol concentrations ohfthe rate

of reduction of the nitroxide of the 16-doxylstearatefester V. was

also investigated. The results are shown in Figure 23 along w1th the

™

thanges in the order parameter which were discussed 1ncSectlon 5 B. 1
N rxv -
While increasing amounts of cholesterol increased the order parameter

!

as was the case‘for the 5-doxylpalmitate ester. IV. the effects on the

rate of ascorbate permeation are somewhat different. The first half

life decreases from a value of approximately 16 min:in the absence of ,

>

cholesterol to 5.4 min at a concentration of 4.7 hole%, Increasing

L
the cholesterol Zoncentration to 9.1 mole} resulted in a further T

- e



decrease to 3.5 min," Further'increases.in'cholesterOI_concentrations
lhowever. caused the 1t1/2 to increase : Thus‘a ninimum in the -
t1/2 Burve is observed at a cholesterol concentratlon of 6

approx1mately 9 mole% Thls suggesvs that cholesterol induces at

least two changes 1n the structure of the cholesterol ester- lecithin j

mgésrane, one‘at’lou concentrations. and'another atrhigher

concentrations,,

Behaviour of;tnis type';s not’ without precedent. -The

Y

. cT ) o
incorporation'of up to 8 mole% cholesterol intoaDPL ‘model membranes

causes an increase in bllayer thlckness whlle 1ncorporat}on of

i ~ o
further. amounts results in subsequent decreases (147) However. the

data available at the present  time does not allow the\formulation of ?-

+

detailed model which is consistent with the results obtained for both

3. Effect of cholesteryl palmitate on chodestane

ester spin probes,

In view of the dichotomy of'the effects of iné%rporatedt
cholesterol on the 1t1/2 for V, the converse effects of increasing
concentrations of unlabeled cholesterol palmitate on themrate of
ascorbate permeation_to,the site of the cholestane nitroxide were
explored.' The results are depicted in Figure 24, as are tnereffects‘

on/the order parameter which were discussed in Section 5.B.1. The

corporation of 2.9 mole} cholesteryl paimitate results in a

I3




threefold decrease in the rate of decay of the ESR signal of
cholestane; the 1t1/2 increasing from approximately 4 min to 12.6
min, Further increases in the amount of added cholesteryl palmitate,
however, led to more rapid decay. For example, the addition of 19.8%

cholesteryl palmitate again ylelded a first half life of 4.9 min,

It is of significance that both the bresak in the order parameter.
and the maximum for the 1t1/2 of reduction of the cholestane spin
prob¢ occur at approximately 4 mole% incorporated cholesteryl
palmitate, As discussed above, it is probable that above this

concentration, a separate ester phase may exist.

In order to investigate the effect on the observed rate of I
being solubilized by a separate phase of excess ester, a sample
containing 1 mole% cholestane was prepared in a manner analogous to
the preparation of phospholipid multilayers, with the exception that
no lecithin was present. In other words, cholestane was dispersed in

a matrix of solid ester,

The resultant spectrum of the unhydrated sample exhibited one
extremely broad resonance (approximately 15 gauss peak to peak) .
Since hydration did not produce the narrowing characteristic of the
onset of rapid motion which has been reported upon the hydration of
lecithin multilayers containing cholestane (54), it is concluded that

the nitroxide is present in an inhomogeneous hydrophobic environment.
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As stated previously, the presence of greater than 4-5 mole%
cholesteryl palmitate in EYL multilayers results in more rapid
permeation of ascorbate to the site of the cholestane nitroxide., If
this were, in part, due to the partitioning of cholestane into a
separate ester phase, rapid decay of the ESR signal would be expected
for cholestane present in an ester milieu. However, the 1t1/2 for
cholestane dispersed in cholesteryl palmitate was found to be on the
order of 210 min, indicating that significant partitioning of
cholestane into excess cholesteryl palmitate does not occur in EYL
bilayers, This is in agreement with the low solubility of cholesterol
in cholesteryl esters (186). Therefore, the duai nature of the
effects of cholesteryl palmitate on the half life of cholestane are
deemed not to be due to a phase partitioning of the label into excess
ester, but instead reflect the influences of cholesteryl palmitate on
ester incorporated into the phospholipid bilayer. It is clear also
from the effect of added cholesterol on the ester labels. IV and V,
that the interactions of cholesterol, cholesteryl esters, and lecithin
are quite complex. Since large amounts of cholesterol and cholesteryl
esters are present in atherosclerotic lesions, the importance of these
interactions cannot be overstated. It has been shown that small
amounts of cholesterol (<10 mole%) affect the architecture of the
cholesteryl ester-lecithin mixed membrane, and that, conversely, less
than 5 mole$ cholesteryl palmitate profoundly perturbs the
accessibility of the cholesterol steroid nucleus to ascorbate. The

exact nature of these interactions awaits the results of future

157



magnetic resonance studies using specifically deuterated and

perdeuterated cholesteryl esters as well as 130 enriched esters,

B. Incorporation of Cholesteryl Esters into EYL Vesicles

The early accumulation of small amounts of cholesteryl esters may
be a contributing factor in the onset of atherosclerosis. For the
sake of continuity. the effects of the incorporation of up to 5 mole%
cholesteryl palmitate, or linoleate into EYL vesicles has already been

discussed in Section A4H,

It was found that these esters in excess of 5 mole% could not be
incorporated into EYL vesicles. This is in agreement with previous
workers (184-186) who found that only 2-5 mole$% of the unsaturated
ester, cholesteryl linolenate, could be incorporated into a single
lecithin-cholesteryl ester lamellar phase., Attempts to increase the
solubility of cholesteryl palmitate in vesicle systems in the present
study by the incorporation of cholesterol, L-tocopherol, cardiolipin,

or lysolecithin were unsuccessful,

In view of the small amounts of ester which appeared to be
solubilized in the vesicles, experiments were performed in order to

characterize these mixed vesicle systems.,
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‘intensity of the low field resonance decayed extremely slowly

PR
N
|
|

One experiment involved the use of the C16 nitroxide labeled 7

cholesteryl stearate, III, which was incorporated into EYL vesicles'at

a 200 1 mole ratio while unlabeled cholesteryl palmdtate was added to
'1ncrease the amount of ester present to 5 mole% of the total llpld
" An ESR spectrum of this vesicle preparation was then determined. and

_ the sanple dialysedhagainsta3'changes of 1000'm1 HZO" Subseqguent

. .
o .. o~ ~

-determination of ESR spectral intensity at.identical‘sQectrometer?v

settings revealed:that >90% oféphe’labeled,ester was still present.

’

A1 ml aliquot of ‘the-vesicle sample was then diluted_to 2 ml

-

with the addition of 1 ml of 2x1072M'sodium ascorbate, 0.3M NaCl,  *

This results_in ascorbate concentration of 1i10‘2M. Subsequent ESR

VspeCtra were recorded, and the rate of disappearance of the low field

resonance was monitored as described in Section-Z.E.2;~ The signal was

found to decay with a first half life (Tt, ) of 14.5 min. as

_would be expected for the nitroxide being embedded in the middle of

the EYL yirgyer. This rate of decay ‘is incoﬁsistentAWith the labeled

ester being present in a»segarate'ester phase., This possibility was
a +

further discounted because of the results of a study in which labeled

-

ester ﬂas deposited in cholesteryl palmitate matrix’via a‘procedu;e

analogous to’preparation of multilayers., It was found'that the

(t1/2>100 min) indicating that when the ester label is present in;a

,phase‘of excess ester, the nitroxide is quite inaccessible to

ascorbate i.e, the first half life of 14.5 min encountered for the
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ester incorporated into vesicles is indicative that the label is
incorporated into the bilayer membrane, and that a phase of excess
ester is not present. The labeled ester would be expected to
partition between the lecithin lamellar phase, and the excess ester

phase, with a preference for the latter if the latter were present,

Gel filtration experiments were also performed using
cholesteryl-1-1uc-palmitate as a radiocactive tracer, EYL vesicles
were prepared with a total of 5 molef co-added cholesteryl palmitate,
applied to a 2.7x40 cm Sepharose 4B column, and eluted with 0.05M Tris
pH=7.22, 0.05M KCl; The elution profile is shown in Figure 29, The
bottom curve which depicts the optical density of the eluant at 300 mm
is quite similar to that found by Sheetz and Chan (4). in that it
shows a shoulder at lower eluant volume indicative of the presence of
a small amount of larger vesicles (liposomes) in the preparation,
while the larger peak attests to the preponderance of small vesicles.
Electron microscopy of pure EYL vesicles and EYL vesicles containing
5 mole$ cholesteryl palmitate also revealed the presence of small
vesicles (-3003) in diameter as well as the presence of some larger
liposomes, That the cholesteryl ester is incorporated in these EYL
vesicles is evinced in the two upper curves in Fig .29, The top curve
shows the amount of phosphorus present in the fractions., as determined
by the method of Chen et al (188), while the middle curve shows the
amount of labeled ester present in the various fractions. The overlap
of these curves proves that the cholesteryl ester is indeed incorporated

into the lecithin vesicles.
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Figure 29. - Gel, filtration of 10% w/v egg yolk lecithin

- vesicles containing 5 mole% choiésteryl palmitate..
Bottom: 0.D. at 300 mm vs. eluant volume -
Middle: Counts per minute per mlivs.‘e}uant‘volume

Top; wumoles phosphate per ml vs. eluant volume. -
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c. 13c NMR of Lecithin-Cholesteryl Ester Dispersions

a

. As discussed previously, 5 mole} appears to be the maximum amount -

to which cholesteryl esters may be incorporatéd into lqgithin_

‘vesicles. Attempts to solubilipeicholesteryl palmitate, or linoieate

in an aqueous phaseawere‘not guCCessful even above the melting point
B , , [ :'\..'

of the ester.and with the aid of the”detergehts SDS or Tween-zou

e

it was found, however, that 25 mole$ cholesteryl palmitaﬁe or

N linoleate could be suspendéd in 40% w/v EYL or bPL multilamellar

liposomés prepared in D,0 for ﬁp to 12 hrs and in 0,3M éupcrose for
several days. These samples appeared macroscopically homogeﬁeous. In

light of previous work (18”4186). it is probébleléhat the excess

ester, which is’present as a separate phase, is either trapped between

the "onion‘skin“ léyefs of the EYL liposomés. or is present as patches

within the hydrophobic region of the bilayers, Such a system of EYL.

and choles@eryl ester. it was thought, might mimic the fatty streaks

which characterize primary'sclerotic tissue‘since these streaks are
known to be comprised of approx imately 95% cholesteryl ester (189).

The 13¢ NMR spectra of EYL multilamgl&ér liposomes, and

liposomes with 25 mole$ added cholesteryl palmitate at 37°C are

shown in Figure 30. These speétra are very similar, as are the 13¢

T1 relaxation times which are preSeﬁtedviﬁ'Table XX. The diffqugg;;;swiw

spectrum (bottom) yields a "baseline" indicating that the cholesteryl

palmitate contributes negligibly to the observed intensity.
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Figure 30. 13C NMR spectra at 37 C of egg yolk lecithin
and egg -yolk lecithin-cholesteryl palmitate dispersions.

Top: U40% w/v EYL

Middle+ 40% EYL containing 25 mole} chiolesteryl palmitate ‘:
e Bottom: _Middle'spectfum minus top spectﬁum. Sweep width

= 5000 Hz. Field increases to the right,
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Table XX ;

’
-
n, - -

‘13C}T1 relaxation times of leeithin carbdns for HO%f
W/ v EYLvdispersions in 0.3 M sucrose, and.for 40% w/v

. EYL dispe;sions containing 25 mole% cholesteﬁyl palmitate.

~

T, (sec)-at 37°C-

Carbon | EYL EYL + cholesteryl palmitate

N*(Me) 0.52 : 0.44
~ (CHy), . - 0.48 0.46
© CHyCHpCH3. ‘ NR2 . . NR® .
CH,CHq | 1.06 ~ 1.10
CHy - 2.83 . . 2.3
C=C-C*=C= 0.55 - 0.62
C*-C=C o T 0. U7 0.53
C¥=C-C-C=CH R . 0.66 0.58
C=C¥-C-C¥=C 0.75 ' 0.69
S ~ _
— oy
bR
- i

& NR = not resolved
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On the other hand. the spectrum of EYL liposomes containing 25
molef cholesteryl linoleate, which is shown in Figure 31, exhibits
much sharper resonances. At 37°C, cholesteryl linoleate is in the
isotropic liquid state (Tm=35.5°C), while the saturated ester,
cholesteryl palmitate, is in its solid state. Unfortunately. the
resonances of fatty acids esterified to cholesterol, and those
esterified to lecithin overlap. The only peak which may be assigned

to lecithin alone at this point is that of EYL-N*(CH,). carbons.
3’3

In order to elucidate the origin of the sharp components of the
spectrum of the EYL-cholesteryl linoleate mixed iiposomes. further
experiments were undertaken using the fully saturated phospholipid.
dipalmitoyl lecithin. The spectrum of a DPL multilamellar dispersiqn
in 0.3M sucrose at 37°C is shown in Figure 32. Note that the only
resonance resolved due to DPL is that of the N"'(CH3)3 carbons.

Even this resonance is severely broadened (width at half height = 70
Hz) since the phospholipid is below its gel-liquid crystalline phase
transition temperature (T =41°C). All of the sharp resonances

downfield from the trimethylammonium resonance are due to sucrose,.

This spectrum may be compared with that obtained for DPL
liposomes containing 25 mole% cholesteryl linoleate under identical
conditions (bottom trace, Figure 32). At 37°C. the cholesteryl
linoleate is in the isotropic liquid state while DPL is in the gel

state. While the lecithin trimethylammonium resonance is still



"Figure 31. 13¢ NMR spectrum of a'MO% w/v dispersion of
regg yolkvlecithiﬁ in 0.3 M sucrose containing 25 mole%
cholesteryl linqleate at 37061 Sweep wiqth = 5000 Hz.

Field increases to the right.
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Figure.32. 3¢ NMR spectra at 37°C of dip’aimitoyl

-lecithin and dipalmitoyl lecithin-cholesteryl'linoleate
dispersions, TOp:V 40% w/v DPL in 6.3 M sucrose )
" Bottom: L40% w/v dispersion of ﬁPL in O.j“M sucrose containing

25 mole% cholésteryl linoleate. : B

Sweep width = 5000 Hz. Field increases to the right
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£xtremely broad, note the ihtensity ahd'sharpness‘of*the reSonances ‘in "’

.

the olefinic regioh.' The upfield and downfield olefinic resonances

nay be unequivocably assigned to the 10, 12 and 9,13 carbons,

fxrnéspectively. of the liﬁoleate moiety of tpe choléstery;‘egter since V§
DPL possesées two fﬁlly‘saturétéd fatty acid'chéins;‘ Secondly. a -
family of Sharp,lines is present‘upfield in the region of ﬁhe.élkyl‘ ‘ ;;ff
carbons. ‘Thesg resonances due to t?e ch?Iésteryl ester are reléﬁively'v,

T naﬂrow; sugéesting.thg presence of»pbdlsLbf fluid sterol ester.

The top tracé éf Figure 33 show; the-i3c spegtrum'of pure DPL
lipoéomes at 529q. 11? above the gel-liquid crystélline transition.
/Lemperatpre. In addition to the trimethylammonium re§onance. three
other<very broad resonances are resolved.‘namely thai dué to éarbons
4-13 of thé palmitate chains, that due to the penultimate cafbons.
(w-1) which appears as a high field sﬂoulder.,and5thét_due'to,£he
terminal methyls (resonance at highest field)., w. These resonances
;re severely“broadened when dompared to those of DPL vesicles‘at
52°C dué to the much'ionger popa?ional reorientation times of the

..

multilamellar liposdmes. The spectrum of DPL-cholesteryl linoleate™

lipgggmes‘at 52°C is shown in the middle trace of Figure 33. It

should be noted that in addition to shafp resonances due, to the

linoleat& moiety, resonances are also resolved for carbons of the

steroid nucleus, hotablyrthoée of the unsaturatedfcarbops.C5'and Cé

which flank -the linqleatecolefinic carbdhs. vAssignments are givén in

Tabte XXI., The difference spectrum (DPL with choiesteryi linoleate .

ey



Figure 33. 3¢ NMR spectra at 52°C of dipalmitoyl lecithin

and dipalmitoyl lecithin-choleéteryl linoleate dispe sions

"in 0.3 M sucrose, Top: U40% w/v DPL EMiddlé: Bo% w/v —
- . . ) /—’
DPL dispersion containing 25 mole% cholésteryl‘linoleatéj
Bottom: Middle spectrum minus top spectrum. Sweep

width = 5000 Hz}“Field increases to the_right.






Table XXI

13¢ NMR_assignmeﬁts for cholesteryl‘linoleaﬁe carbons
in 40% w/v dispersions of DPL containing 25 mole%
cholesteryl linoleate at 52°¢, >Phimes refer to carbons

of the linoieateﬂchain.

LG

Peak ' Assignment

a C1!

b s . R
c C13', C9' " -
d c10', C12!

e Ccé -

£ C4, C17 T

g N+(Me)3 of DPL.

h C9

i C13

j C12, C24

Kk C1. €10, C20, C22

1 co! .
m C16!

n Cy', c5', CT', C15°
o v C16, C25 '

p N c8', C14'

q C11', C13

r C15. €23

s - C17', C26, C27

t C19. C21

u c18¢

v C18
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minus DPL) iséhown%in‘the bottom trace of Figure 33. Even above the 

Tﬁ of DPL. the intensity of the sharp spectral lines. is cohtributed

to only by'thé ester, aPthough certain of these peaks are super impo sed

£

on very broad phospholipid resonances,

Y

‘

One question remains, What is the state of the cholesteryl
linoleate? From the work of Janiak et al (185), it may be reasonably
" assumed that less thaﬁ 5% of the ester is present in a homogeneous .

phospholipid-ester lamellar phase, the excess-ester‘being‘present as a

separate phase.

-
5

* ——

Thisvseparate isotropic phase of cholesteryl linoleate mai be
either present as small liduid droplets capture&rin the‘aqueous bhase .
between the lamellae of the liposomes, or perhapé as‘patches of ester'I
in the‘hydroéérbon interior of the bilayers. Thus. such a system may
parallel the mesémorphic droplets which characterize atherésolérotic

lesions,

As previously mentioned, the 130 T, relaxation times for'EYL

- alone, and the EYL-choleéteryl palhitate dispersion are very similar,
since, in‘this case; the spectralviﬁtensity is due to the lecithin
carbons, This indicétqs that the presence of patches of solid ester
does not significantly perturb the average environment of the
phospholipid molecules. Although up to 5 qole% of the ester may be.

present in 'a homogeneous 1eéithin-cholesteryl ester lamellar phase,



(e

_expected in the observed relaxation times. Similérly;,separate

e
|

the 13@ T1's refleét an average valJe 6f those for phospholipid
molecules which are adjaceﬁt to ester molecules. and those fof
phospholipid molecules which are'not. Thus, little change would be.
patches of ester will affect relatively few lecithin moledules

resulting in little'changé in the.experimehtally determined T1's,

The 13¢ T, relaxation times for lecithin dispersions with

incorporated cholesteryl linoleate:onvthe other hand reflect the

z

motional freedom of the ester since it is the ester carbons which

‘contribute to the spectral intensity. These 3¢ T, relaxation

times'afeAgivenvih Table XXII. The relaxafion times are much shorteri

than those obtained previously for the lecithin carbons,.while the
lone resonance in this case which may be assignéd to the phospholipid
(the N*(Cﬁ3)3) ca;bons). yields a relati&ely unchaﬁged‘

el ation”tihé (0.52s Qs,O.SOs)._ This Qduld seem to iﬁdicate that

the droplets of excess ester are not associated with the lecithin

headgrouprreéioﬁ.

It i% remarkable that the linoleate moiety of the cholesterol

ester exhibits such low spin-lattice relaxation times. The T1's are

approximately half those Qbserved for lecithin fatty acid chains,

-

. although these values do increase as the chain terminus is approached,

Times of 0.24, 0.51., 0.61 and 1.98 s.are determined for the

(CHZ)D; w-2, w-1 and w carbons, respectively. Thus a fluidity
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., Table XXII

3¢ T4 relaxation times for chdlesteryl Iinoleate carbons

in 40% w/v EYL dispersions containing 25 mole% cholestgryl

linoleate
Carbon o ' : ' T, (sec) at 37°C T
N*(Me)q EE | 0.50
(GH2)n‘ - ) 9.2'4
CH2CH2CH3< . : 0.51
CH2CH3 ' ) 0.61
CH3 | . 1.98
C=CaC¥*~C= . ' ) 0.28 .
B ’ b w
C¥-C=C o . 0.26
C¥=C-C=C=C¥* B 0~32.

CzC¥-C-C¥=C o 0.38
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~ sphingomyelin, cholesterol-and cholesterol linoleate (21,22). The -

-

Ed

rggradient exists along the cholesteryl ester chain, However, the lower

values indicate more limited mobility than experienced by phospholipid
fatty acid chains at the same tenoerature. This bhenomenon has been
previously noted for one of the linoleate carbons, C14, of enriched

chglesteryl linoleate present in a turbid dispersion of lecithin,

', —t . N — " /4
value of 0.25 s determined for the 13c1u relaxation time in that
investigation is in excellent agreement with the value of 0.26 s

determined for the le01th1n-cholesteryl linoleate disper51on

Such low relaxation times for the linoleate resonances indicate a

low rate and/or high.order of motion of tﬁeir acyl chains. indicating
, v
that excess ester may be tightly packed, evenJ;hile_in its liquid
phase HowéVer the %otational correlation times™of these.dropl%ts as
—~

a whole m&sf’be quite rapld in order to give rlse to the motionally
narrowed 13C resonance signals i.e. just ‘as the rotatlon of :
phospholipid vesicles as a whole gives rise to high resolution 13c
NMR signals, the ester droplets must be undergoing rapid reorientation

»

in order to give rise to the resultant sharp, resonances,

It has been reported (196) that extremely small quantities-
(0.1-0.5%) of cholesteryl esters may be suspended in aqueous solution
above the melting point of the ester Con51der1ng the large amounts
of ester used in the present study. it is highly unlikely that the

excess ester is suspended as droplets in the aqueous phase. Rather,
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. !
it is moré probéblef£hét smali ester droplets are associéted wi£h—the
\ hydrOphobic region of the ph&Spholipid bilayer. I%. for egample.lthe-
ester @as present iﬁ a homogeneous lecithin-ester phase, the ester
~would b; expecte& to experience thé,sl§w<reorientation'of‘the iarge
: lecithin liposémes; and cohsequenply give rise to broad '3c NMR
signals. However, a small droplet of estgr above its transition

' temperature would be expected to undergo rotational reorientation at a

faspér rate than possible for large lecithin liposomes. Such a model*

couid explain the motdonally narrowed 13¢ spéctra of cholesteryl

. linoleate at 37°C.
. e ©

The;e lecithin-cholesteryl ester éd!g;ms are. extremely stable.

-

No-detectaﬁie amognt of ester‘separated out over the course of several
days. The e§£er is,associated wi@h the lecithin liposomes,
solubilized by’these l'iposomes, and thus. tbis system is a‘good model
for the cholesteryl ester'dropleté and fatty streaks wbich
characterize atherosélerotic tissue. In‘qdditioh, the incorporation
of large quantities of cholesterol into this sygtem shQuld more

- closely mimic the‘natural system, since cholesterol may be 7
incorporated up to a 1:1 mole ratio of lecithin:cholesterol. Excess
cholesterol above this amount ‘should be expected to be solubilized to -

a certain extent by the ester droplets and thus the effects of"

éhqlesterol on the ester_may be monitored.
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D. Aorta Membrane
1. 3'p nMR-

The proton decoupled 3'p NMR spectrum of the unsonicated aorta
membrane prepared as described in Section 2,B.5 is shown in Figure 34,
This spectrum, which represents the accumulation of 16,000 transients

exhibits‘a SOliq§?fatQ;£%iijgige which is,characteristic of chemical

shift anisotropy 6f the phosphorus nuclei of the phospholipids

(74-81)., The sharp component has a chemical -shift of 0.7 ppm

upfield from ekternal 85% H3Pou.

The phospholipids of class 11 aofta are kﬁown té be made up of
26.7% lecithin, 4.4% lysolecithin, 59.4% sphingomyelin and 9.5%
cephalin (191). Since these 1ipids all have®similar 3'p chemical
shifts <+2'ppm from 'H3poLl in CHCl, solutién)l(1922. the
individual,lipids would not be expected to be,resolVéd in the coarse
unsoniqated disperéion. It should be noted that the residﬁai chemical
shift anisotropy Ad ; which is the difference in qhemical shift between
the two extreme edges of the resonance, 1is approximat;iy 30 ppm. This
is contrasted by the rigid lattice yalueslobtainéd frbm powder épectra
of lecithin and cephalin'which yielded aﬁisotrOpies of 150-200 ppm

(76,79), This collapse is indicative of aﬁfraging of the shielding

tensor due to,motioh of the phosphate headgroups.
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Figure 34, 731P NMR spectrum of unsonicated aorta membrane
preparation, 37°C. Sweep width = 10.000 Hz. Field

increases to the right.

Jraet



177b

70 ppm

-




+ \‘

Upon sonication’oflﬁée;coarée dispersion (liposomes).'the 31p

; spectrﬁm,(Figure 35) conéists of a singie_résonénae with a hglfwidﬁhi'
o;}HS Hz, 0.8 ppm dqwnfield{from external 85%VH3P04{' Sonication -
;’of the coarse suspension results in alsubsténtiéi\decrease in the
,Qiscosity of the sample froﬁ an almost soliq-like to:é liduid-ifke-

state, leading to a much more rapid tumbling of the smaller particles

and conseqﬁent'spectral narrowing.

The exact form of the particles is not known i.e. whether they

L]

are vesicular or micellar in nature. However, if vesicular structures

are present, it may be possible to differentiate fhe inner and outer
surfaces by the addition ofaparamggnetié shift reagent, if the rate of

permeation of the lanthanide is sufficiently slow.

The addition of 150 ul of 0.1M Pr3+ to the sonicated dispersion:

results in a single broad resonance (halfwidth =- 10 ppm) approximately

5 ppm downfieldvfrom3the original resonance} ‘This could be indicative
"either of rapid permeégtion of the lanthanide, or the absencé'oﬁ
: “

vesicular.structufe§, altﬁough vesicular typé_membrane structures have

been observed for aorta membranes prepared by differential

centrifugation techniques (193).

The addition of 300 ul of 0.2M EDTA results in the reéppearanqe,
of a single narrow resonance 1.3 ppm upfield from external 85% H3P0u

(Figure 35) with a haiﬁidth‘of 23 Hz. The further sharpening and the
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Figure 35, ‘High power proton noise decoupled

P NMR spectrum of sonicated aorta membrane. 37°C.
Top: Before the addition of Pr3+;k(BoE§om: After
the addition of Pr3* and EDTA. Sweep width = 2000 Hz.

Field increases to the right.
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upfield shift of approximately’O[5 ppm of this resgnance from that which
Awas obtained PPiOP 'COPF3+ addition indicates the presence of traces.

. of polyvalent metal ions which are inown broaden and shiftrphosphbrusA
resonance signals (194). . Inorganic constituents .of thewaortic~wall‘ére\
known to include calcium. magnesium,-and iron (195); -The addition of -

; EDTA'rémOVes‘these'metal ions.‘*' N

S

The spectrum shown in Figure 35 represents the co-addition of 4
blocks of 4,000 transients each. Once again, the sharpening of the

# o .
EDTA addition indicates either rapid permeation of EDTA

resonapcé upon
through ciOSedvstrudtubes. or the exposure of the phospholipid binding -
sites for metal ions to the bulk solution,
This prelimihary'ihvestigation has shownAthat(meﬁbréne

'pﬁeparations of the human aorta do give rise to Qell resolved 31P"
NMR'spedtra. and therefore this techgique holdsfpfomise for future
investigatidhs which should\also include an investigation of the
nature gf the'particles.p;;duced.% It is8 clear, however, thqﬁ even
prior to sonication, thenheadgroups:of‘fhe‘constituent phospholipids
are rather mobile, as ihQicated’gé the lipewidth priér to sonication;-
3'p NMR has the distinct advantgge that‘the resonahce obsefvéd is
dué to the phospholipids only. with no contribution due to ’
Aonphosphorus containing constituents (e.g ﬁriglycerides. éhélésterol.

"and cholesterol esters). It should be noted in this regard that in

spite of the sharpness of the resonance signal of the sonicated



mixture; the time requirea for the. determination of the spectrum is
father long., Whereas the épectrum shown in Figure 35 is the result of
the accumulation of somé 16,000 transients,'spectra with a similar

signal to noise ratio may be obtained from. .10% w/v lecithin vesic{es

“in appﬁinmété;y'206§ébah$;f This is}fﬁdicativeggf”the'relgtivély lpw_ ‘;\
concéntfation of phosbhblipid’in aortic tissué;"ThiS'fact will become
clearer upon an examination of the 13C specﬁrum of the sdnicated

‘aorta preparation which is discusséd in the following section (Section

5.D.2).

1 : '
2. 3¢ nmR . S A
S ' :
The aorta sample used for the determiﬁation of the 31P spectra
was dialysed against distilled water as described in Section 2.B.5 to
remove sucrose. and the inorganic ions added during the course of the

31P NMR experiments,

‘
The 13C NMR %pectrum of the sonicated aorta is shown in Figufe
36 and represents}SOme 120.000vtrénsients acgumulated with a 550
flip angle, and an interpulse time bf 2 seconds., The Pesonances ahé
narrow, indicative of,lipids in a mobile envifonmeht, in s}ite of»thg” ~ 78 »
probable presence 6f large amounts of cholestefol which is kﬁoﬁn to
broaden the 13¢ gpectra of lecithin vesicles (12). The resonances

designated "a" are due to residual sucrose, either bound to the

sample, or perhaps trapped within vesicular or multilamellar

P



Figure 36. 3¢ NMR spectrum of sonicated aorta, 37°C.
Top: Sweep width = 5000 Hz. Field increases. to the
right. Bottom: Expansion of the region 10.7 to:56.9 ppm

o

downfield from TMS.
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structures.r It 1s unllkely however that these resonances are. due to

glycolfglds. s1nce these are known to make up only about i% of the;-ﬁ,

-

;.?/#; total llpld of aortlc tlssue (196) ,""' .

The appearance of sucrose resonances in the 13C NMR spectrum is.
in itself, 1ntr1gu1ng. The p0351b111ty of 1ncomp1ete d1alysis
.folldwing the determlnatlon of the 31P spectrais 1mprobable 31nce 3

T_J/reéonances due to the Tris buffer, which should al have been

resolved, were not present (8). The presence of sucrpse after

s
-

- dialysis may arise from either its binding to some ¢ nent of the

aorta membrane, or from its being trapped inside vesicular structures

s

formed upon sonication of the coarse dispersion. The latter case has

been observed with vesicle preparations of rabbit muscle sarcoplasmic

peticulum (10).

. ] . N Lz
In order to account for the continued presence of sucrose, the -

following experiment»was.performed A 1. 05 £m allquot of the
previously sonicated gorta prepartion was diluted with 3. m HZO and
divided into two aliquots. To the first was added only

[1uC]-sucrose,43x1O"6M (low sucrose sample); while to the other
~
was added [1MC] sucrose together with suf ficient unlabeled sucrose

. to brlng the total sucrose concentratlon up to 1.0M (hlgh sucrose
sample)’, The two aliquots were then resonicated under nitrogen at
11°C for approximately 10 minutes, and subsequently diaiyzed

separately against three changes of 2000 ml HZO for a total time of

~

47 hours, l ‘ ' S

o



-Ass ingq99% equiIibration'for'each dialysis step, this should
lead to.a diTution factor of approximately 106. if no binding or
trapplng of Sucrose occurs "However, a dilution of only approkinately

-

80 tlmes occurs‘for the low sucrose allquot and of 2, 5x103 times .for
rthe'high sucrose allquot. The total amount retalned for the low
sicrose ali'quot. was 1.3% of,}that added (3.9x10-” umoleS) while the
total amount retained for the hlgh sucrose allquot was 0.4% of that
added (39 umoles). Thus, while the total_amount of sucrose retalned
is quite smalI;_a higher percentage wasfretalned for the low sucrose -
sample. This could result from a small amount of'sucrose bindinévto
some memorane component, for if sucrose was trapped inside yesic?;ar
'st{uctures, the same”perCentage retention of [juc];sucrose shouldlbe
expected for‘botn hign and low sucrose Samples. Thus. the quantity of
any uesicles which are;impermeable to sucrose'is rather low. It is
also improbablevthat the more intense sharp resonances inrthe 13c

NMR spectrum are due to fibrous-elastin (197), but rather are.assigned
to the fatty acyl chalns of trlglycerldes cholesteryl esters. and |
phospholipids., As31gnments are given in Table XXIII The resonances
for these membrane constituents are overlapping i.e. resonanceslfor
the w-1 carbons of fatty acid chains occur at the same chemical shlft
“whether esterlfled to cholesterol, or*glycerol. Therefore the 13C

NMR spectrum bears a strong resemblance to that obtained for EYL

vesicles. Of the fatty acids, a large number are unsaturated., with

peaks_being resolved for both singly and doubly unsaturated esters.

©
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Table XXIII-

k]

3¢ Chemical shifts of sonicated aorta, 37°C.
The chemical shifts»wefe meaSUreG relative to external

. "~ HMDS and corrected relative to TMS.

o o | | | \,} - fL‘
" Carbon . Chemical Shift (ppm)

i | | 71,9

c2 ';’ : o : | 34,2

(CHy) ' o 30.2

CH3‘ , - . _l | 14;5;

CH20H2, : ‘ 23.2 }

CHoCHaCH; - 32.5

C*H,_CHsCH . . o enT X
CH:CH-C*HZ-CHzcﬂ ' ) . - 25.3

CH=C*H'CH2-C*H=CH - 128.3

CH:C*H-CH2_CH2 - N 129.9

N*(Me)3- | ' 54,7



<

,Tne majorroifference between'the spectrum in Figure-36; and that.
of lecithin vesicles above the tranSition”temperature is the very low
- relative intensity of the kaCH3)3 resonance at 54,7 ppm, ‘This
reflects the low concentration of the phospholipids—leoithin, and
spbingomyelin; which are present,in the aorta sample{ The major
oontrioutions to the intensity of this speotrumfmust therefore

originate from nonphospnolipid constituents, such as triglyceridesm

and cholesteryl esters. To give rise to such‘napnow linewidths, these.

’

‘moiecules must be in a fluid environment. as was seen to be the case
<for cholesteryl llnoleate in 1ts 1sotroplc 11qu1d state when present

- . L]

~in DPL J‘gperslons

Therefore aortic tissue contains suff1C1ent amounts of
unsaturated fatty a01d esters to glve rise to well resolved 13C NMR
spectra. This fact may prove to be of importance in the’investigation
‘of the progressive development of atherosclerosis. Since apparent
T2f-measurements have been.shown §0 be very sensitive’to subtle
changes inrmembrane structnre (15).‘linewidth measurements of aorta
membrane preparations for varying stages of the disease may be
1llum1nat1ng.. Time requ1rements at present however make the

determination of 13g T, relaxation times impraotfeal.

B L i



CHAPTER 6

v

CONCLUSION
A. Vitamin E, Phytol. and Phytanic Acid = -, | :
. ‘The isoprenoids, Vitamin E. phytol, and phytanib acid have been
successfully incorporated into lecithin vesicles uwp to a 1:1 mole

L

ratio for the lecithin-phytol,miked vesicles, and up to a 3:1 mole

r

raﬁio'(lecithin:isoprenoid)Afor the lecithin-Vitamin E, and

lecithin-phytanic acid systems.

J

The intercalation of phytol, Vité@in E, or phytanic écid ﬁas‘beed
shown to greatly increase the fluidity df.the mixed ﬁembrane: as
monitored by»13c T1 relaxation»times. The.disrubtive effeét was
found to increase in the order phytol < Vitamin E < phytanic acid,
For éxamplé;-thé inéorporation of 2% ﬁole% Vitamin E increases the
3¢ T1 relaxation fimes fér the lecithin fatty acid carbdns by
505160%. while the largeét'increases. which wer?‘fbund upon éhe
incorporation of 25 mole% phytanic adid,‘were on the order of |
150-200%. However; little change in lecithin T1's was noted upon
the incorporationvof 25 mole$ of the unbranched acid. palmitic acid,

- . r - '
The perturbations ¢aused by the incorporétion of phytbl;AVitamin

E, and'phytaniC'acid &s monitored by the 3¢ %1's have been found
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to correlaté with permeability increases of mixed rhOEphelipid-phityi  -
,compound vesicleé to,the pr3+ catianusiné 31P NMR spectroscdby.r

‘At 33°C, the permeability of egg yolk leeitﬁin vesicles wes

'increased by epproximetelyvs times upon tee incorperation of125 mole%
phytol, byiapproximetelynﬂé times upon the incorporatieniof 25 moie%

. Vitamin E, and by approximately 2900 times upon the incorporation of

- 25 mele%'phytanic acid. In other worde. the permeaeility-of the two
component (lecithin:phytyl)'vesicles,ihcreases in'the order phytol < -
Vitamin B < phytanic acid. This is the same order in which the 13¢

Ti relaxation times increase. Incorporation:of a egelleraﬁount of
Vitamin E which approaches physi‘ologica'l concentrations (3 mole%)
still results in a permeablllty increase to 300% of the rate for pure
‘egg YOlk lecithin ve51cles | " As seen above w1th 13C spln lattice -~
relaxation: effects no chenge 1n the rate of pr3+ permeatlon

was .observed upon the incorporation of 25 mole% of the unbranched

acid, palmitic acid.

" expande monolayers when spread at an alr-water interface (46)

Iﬁils knovwn that phytol, Vitamin E,-and phytanic acid form \\\;—;/
addition, Vitamin E, unlike chalesterol or palmltlc acld; is not able
to fit into cevities betwéeh adjacent phospholipid molecules ih
lecithin-Vitamin E mixed monolayérs, but rather displaces its full
area requirement. ‘Thus, the disruptive?effects of phytol., Vitamin E '

and phytanic acid have been explained in terms of the difficultf in’

accommodatiné tﬁége branched chain compounds in an ordered bilayer

) S , 188
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arrangement, and decreased lipid-lipid packing density. Concomitant
decreases in the Van der Waals attractive forces between adjacent

lipids would result in a destabilization of the mixed bilayer.

Therefore, it is possible that certain physiolozical effects of
the branched chain compounds, Vitamin E, phytol and phytanic acid, may
be structural in origin. For example, Refsum's disease is
characterized by the presence of large amounts of phytanate in the
nerve tissue (up to 24% of the fatty acids of the choline
glycerophosphatides) (96). Patients afflicted with this disorder
cannot £-oxidize and decarboxylate phytanic acid, and consequently,
this branched chain fatty acid accumulates. The result is a severe
degeneration of the nervous system. neurological defects, and eventual
death. It would appear that the severe demyelination characteristic
of Refsum's disease may be caused by the destabilization of the myelin

sheath by phytanic acid.

Also, several investigations (198-201) have shown that a
correlation exists between the function of membrane bound cooperative
enzymes such as (Mg2*, Ca*)-ATPase and membrane fluidity. While
a certain degree of membrane fluidity is necessary for the enzyme
activity, the overaccumulation of branched chain compounds may lead to
too great an amount of free movement with disastrous consequences
which may include a failure of compartmentalization, Thus. the

incorporation of branched chain compounds into model membranes results



»in a destabilization, increased fluidity. ans increased permeability.
These effects which have been shown to be strsctural in origin may
have important physigldgical consequsnpss.
. | :
Ihe pgsition‘occupisd by the branched‘chain compound. phytol.vin

the- lecithin-phytol biléyer has been determined by means of an;rv

intermolecular 1gnear electric field effect upon the 13¢ chemical

shifts of the phytol olefinic carbons C2 and C3,. The incorporation of

phytol into phospholipid bilayers exposes the phytol C2-C3 olefinic
pair to an electric field originating 'in the lecithin hYdrophiliq“
region at the membrane surface. The result for phytol incorporated

3 .

iﬁto egg yolk lecithin vesicles at 52°C is an upfield shift of 0.46
ppm fér C2; sndia downfield shift of 0.51 ppﬁ for 5;. This'
characteristic upfieid-downfisld chesical shift is caused by an

" electric field which originates at the membraﬁe suyface inducisg a
polarization of ths phytol olefinic bond such that thsrcarbohrnsarer’
the surface, C2. experiences an increased electfon density and its
13C resonance is consequently shiftes upfield. The carbpn further
from the membrane surface/sxperiences a decreased electron density apd
its 13C‘r-eSOnance signal is shifted'sownfield by an approximately
equal amount. Not only are thess shifts in the correct direction fbr
an orientation of phytol such that the phytol double bond is
approximately M.7A below the plane of the lecithin headgroup. but

also, changes in the magnitude of the field effect through variation

of the electric field by a change in phospholipid, or by the addition
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of ions, aré in close agréement with theoretical prediétions. AVery7Vi
pééently. moleculgr d}bita} céléulétions of ﬁﬁe effect on 13C

chemical shifts for hydrocgrbon framewdrk;acaused by the presence of ,{
an elecﬁric;dipole have als%>geen interpreted in terms of a simple

bond polarization médel'(128). Electric field effects on 13¢ o
;heﬁical shifts h;ve been reported previously (124.202.203). However,
rfhesé fieldAeffects are intramolecular in origin. Thus, the
incorporation of= ’ytol‘inté phospﬁolibid-vesicles is a raﬁe example

of an intermole:;jil linear electric field effec£. |

~.

E. Chélesteryl Esters
s - £

The agéumulation of cholesteryl esters in fhe intimél layer of
the aorta has beer associated with thevbpogressive development of
«atheroscierosis, but little attention has been paid to“the effects‘df
the initial’buildup at a molecular Iével. As tﬁe disease prégresses,
. the absolute amount of free cﬁolesterol aﬁa cholesﬁeryl estefs«both'
increase substaﬁtially, eventually forming up to 70% of the total
lipid present. The byildup of chélesterol ester is hbst dramatic.
The cholesterol ester/free cholesterol ratio for diseagé free Type O.
tissue is 5.6/8.0, while for moré'aannced Type III tisuse it rises to
33.8/19.3 (102.204), a.2.5-fold increase from a ratio of 0.7 (Type O)
to 1.75 (Type III). It is possible that changes in the aorta during
. the initial stages of atherosclerosis are dependent gpoﬁ the amount of

<

cholesteryl ester which is present.



The results which have been presented here. give insight into the

structuréﬂégd‘properﬁies of membranes qoﬁtaining cholesteryl esters,
apd the mﬁtdhl interactions of phospholipids. cholesterol aﬂd,
cholesterol esters, thereby offering insight into the molecuiar
interactions which occur in atherosclerotic tissue. The main

conciusionS'of this study are summarized below:

1. Small amounts of cholesteryl ester. up to 5 mole} may be

incorporated into phospholipid vesicles. The incorporatidn has

been demonstrated with the use of a radioactive tracer technique,

3

: LS
"as well as ESR experiments employing spin.labeled cholesteryl

I3

esters.
2. The effect of the incorporation of 5 ﬁole% cholésteryl
palmitgte. whiéh is in its solid state at 33°¢C (thé temperature
-of the.NMR exéeriments). into lecithin yesicles is to increase

0
the permeability of the mixed membtane to Pr3* cations by
approxiﬁgtely 10-fold and to EDTA anions by > 1000-fold. This
effect is opposite to that caused by the intércalation of
cholesterol (99). Thus, the,perméability properties of the
aortic membranevshould depend upon the relative rgtio of free to

esterified cholesterol which is present, a ratio which changes as

atherosclerosis progresses.
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3. The _incorporation of 5 mole% chbleSteryl lindlgaﬁe into
lecithin vesicles at 33°C, has been shéwﬁ to have no effect’
upon the permeabilty of the mixed membrane to the Pr‘34L cation;
The‘unsaQufaped ester, at this temperature, is in.a moré fluid
liquid crystalline form i,e, above Tm' Therefore, the r
properties of the membranes co;taining cholesteryl esteré depend_

not only on the relative amounts of free and esterified

cholesterol, but also on the relative amounts of saturated and

-

unsaturated cthesteryi esters.
ER Laréer quantities of cholesteryl esters. 25 moie% of the
total lipid present, have been dispersed in macroscopically
hoﬁogeneous egg yolk leqithin muLtilameliar‘lipOSOmes. A;NZZ
379C, the presence of the saturated ester, cholesteryl.
palmitate, while in its solid-phase. has little effect on the
fluidity of the lecithin fatty acyl chains ‘as evidenced by 3¢

T1 relaxation tiﬁes. No resonances 6ue to the saturated ester
are resolved. However,rat 37%., it is»possiblewto reéolve

sharp natural abuﬁdance 13¢ resonance signals for both the
cholesterol and fatty acid chain moieties Qf the unsatufated
ester, cholesteryl linole;te, which is;in an isotropic liquid
phase. This system therefore holds promise.in the investigation
of the nature of the fatty streaks and mesomorphic droplets which
charactefize scleroﬁic tisuse. These lesioné are known to be .

made up of approximately 95% cholesteryl esters,
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5. Electron spin resonance studies based on the rate of ascorbate
permeation to the site of nitroxide spin labeled cholesteryl
esters incorporated in dipalmitoyl lecithin multilayers have

shown that cholesteryl esters are incorporated into the model
membranes in a "horseshoe" type of configuration with the ester
linkage near the aqueous interface, and goth the cholesterol and

fatty acid moieties deeply embedded in the hydrophobic region.

6. Low amounts (< 10 mole%) of incorporated cholesterol increase
the rate of ascorbate permeation to the site of the two nitroxide
labeled cholesteryl esters, cholesteryl-5-doxylpalmitate (IV) and
cholesteryl -16-doxylstearate (V) by 200~300%. Higher levels of
added cholesterol have little effect on the rate of ascorbate
reduction of the 5-labeled species, while increasing
concentrations of cholesterol (up to 50 mole%) decreased the rate
for the 16-labeled species back to its original level. Thus, low
amounts of cholesterol (less than 10 molef) introduce large
changes in the properties of multilayer model membranes

containing cholesteryl esters,

7. The incorporation of 4 molef cholesteryl palmitate decreases
the rate of ascorbate reduction of the 3-doxylcholestane spin

probe. (I), by approximately 300%; however, higher concentrations
(up to 18 mole$) of incorporated cholesteryl palmitate gradually

increase this rate back to its original value. Thus cholesteryl
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pélmitate produces:concentration dépéndént effects on the rate of
ascorbate pérmeatioﬁ to the siﬁevof thevspin labeled cholesterolﬂi ; ' ) \S
analogue, 3-doxylcholestane. 1In addition._these effects are S

deemed not to be due to the solubilization of the labeled ' ’ v :
molegule in é separate phase of excess ester since cholesteryl

ester phases are known to solubilize less than 8 wt % cholesterol

it b

an

whereas cholesterol may be incorporated into lecithin model

membranes up to a 1:1 mole ratio (205). Thus. the effects upon

IR TN N

the rate of ascorbaté permeation to the site of the cholesterol
andlogue are due to the mutual interactions of phospholipid.
.cholesterol, and cholesteryl ester. &f

- y
8. It has been shown possible to stdéi the properties of

unsonicated aortic membranes by means of 31P‘NMR. Such a : )

technique eliminates. the possibility‘of resonances of

£
£
%
&
P
k]
[
o

triglycerides dr cholesteryl esiers intérfering with those of
phospholipid. Sonication of the me@brane'produces extremely
narrow resonancés (width at half height = 23Hz). Such a.system
sghould be amenable to perﬁeébility studies using theJlanthanide

shift technique, .
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9. High resolution 130 NMR spectra of a sonicated aoftic
membrane have been obtained for the first time. The éignal . 7 - Z
intensity is confributed to mostly by triglycerides and |
cholesteryl esters, Therefore, the avenue is open for further
13¢ NMR studies empl oying samples at various stages of

atherosclerosis which may assist in the elucidation of changes

occurring in membrane structure and fluidity during the

progression of the disease. -
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CHAPTER 7

4

FUTURE DIRECTIONS
o 8 ‘ ' l,'

One consequence of the destabilizing.effect of the %ntercalation
of phytol, phytanic acid. or_Yitaﬁin E into mémbranes would be
expected to be a'pﬁshing apart of adjécent membrane constituents, It
may therefore bé possible that the decrease in the strength of
lipid-1lipid interactions and decreased packing density should be
manifested in an increase in the rate of lateral and/or 'transverse
diffusion of membrane éomponentsf Suéh chahges.-which may be-fbund to
correlate with meﬁbrane permeability, could be monitored by standard

magnetic resonance techniques deéeIOped by McConnell and co-workers

(65,66) or by Cullis (36).

Since the‘prgposal‘has been made - t even before

A : b
morphological changes eccur, .the permeability 6f the aortic intima

increases: the application of the 313 permeability technique usihg
presclerotic aorta membranes and/or lower temperatures to slow the
rate to a measurable level may be illuminating. Alternatively, since

the time required for the determination of a 31p spectrum is on the

order of two hours, the use of ESR to monitor the rate of reduction by

2

permeating ascorbate of an encapsulated water solible spin probe such

as tempocholine chloride may prove to be a superior method. The rate
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of tempocholine efflux could be-détermined»by ﬁrior incubation
experiments whereby leciphin-vesicles are added to‘an aqueous solution
of the wgter soluble;spin laﬁél. Aliquots coﬁid'pe.remove%aafter
various time intervals, and-treaﬁea with ascorbafé at 0°c; Since

pure EYL vesicles are very impermeable to cold ascerbate, immediately

e

‘ after the ascorbate addition, the residual ESR signal would result

from that tempocholine which héd crossed the bilayer to the enclosed
volume of the vesicles during the specified incubation period. Thus,
the rate of tempocholine permeation at any desired temperature may be
determined. Subtraction of this rate from the rate of reductionvof ESR

signal intensity following ddition of ascorbate to.the outside bulk

solution for vesicles Curitaining enéapsulated tempocholine will result

in a measurement of the’permeation of ascorbate. Thus, the rate of

ascorbate permeation through the ﬁembrane,“and not just to the site of

an intercéléted'nitroxide label could be measured. Such a technigue

could be applie%,to increasingly heterogeneous reqonstiputed aortic

membranes in order to study the properties of more bhysiological

systems,
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