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" ABSTRACT 

phy to l .  Vitamin B .  and 4- . ,  , phy tan i c  a c i d  ave been The i s o p r  eno i d s .  
, _i 

4 

i n c o r p o r a t e d  i n t o  l e c i t h i n  model membranes, and t h e  e f f e c t s  o f  t h i s  

. i n c o r p o r a t i o n  G o n  t h e  s t r u c t p r e  and p e r m e a b i l i t y  o f  t h e  mixed b i l a y e r  ' 

sys tems  have been s t u d i e d  by n u c l e a r  magnet ic  resongnce ( N M R )  a 

spect"roscopy.  The f l u i d i t y  ,of t h e  membrane a s  ev idenced  by 

13k TI r e l a x a t i o n  t imes .  i n c r e a s e s  in t h e  o r d e r  

a ghy to l  < Vitamin E < p h y t a n i c  a c i d .  K i n e t i c  a n a l y s i s  o f  paramagnet ic  
iA 

praseodymium i n f u s i o n  i n t o  l e c i t h i n  v e s i c l e s  c o n t a i n i n g  t h e  v a r i o u s  

d p h y t y l  compounds h a s  been p r f o n f e d  u s i n g  3 1 ~ % ~ ~ .  R e l a t i v e  
O .  -. 

r a t e s  o f  pr3* l e a k a i e  throuqh t h e  mixed . - l e c i t h i n - p h y t y l  

compound b i l a y e r  compared with pure  l e c i t h i n  ( r e l a t i v e  r a t e  .= 1.00)  

were: p h y t o l ' =  7 .8 .  Vitamin E 3 47.77 and phy tan i c  a c i d  = 2897. By 

use o f  Arrhenius  p l o t s .  - t h e  a c t i v a t i o n  menergy f o r  pr3+ d i f f u s i o n  

t$rough the l e c i t h i n - p h y t o l  b i l a y e r  ( 3  : 1  mole r a t i o  l e c i t h i n  : ~ h ~ t o l )  

. was found t o  be  20:3 + 0 . 2  k c a l .  and s i m i l a r l y .  r e o r - i e n t a t i o n  

p roces se s  f o r  t h e  l e c ' i t h i n  f a t t y  a c i d  c h a i n s  a s  monitored by I3c 
0. 

TI r e l a x a t i o n  t i m e s  were found t o  'have a c t i v a t i o n  e n e r g i e s  o f  

approximate ly  3-5 kcal /mole.  - 

The e f f e c t s  o f  t h e  i n c o r p o r a t i o n  o f  p h y t o l .  Vitamin E ,  and 

Iphytan ic  a c i d  a r e  exp la ined  i n  te rms  of  t h e  d i s r u p t i o n  

l i p i d - l i p i d  'packing due t o  t h e  d i f f i c u l t y  i n  accommodating t h e s e  
" 0 

a branched cha in  compounds. ,The p o s i t i o n  occupied by p h y t o l  i n  t h e  



mixed man%rane h a s -  been 
.. . 

d e t e r m i h e d  by means o f  an 
k 

. . 
i n t e r m o l e c u l a r  

l i n e a r -  e l e c t r i c  f i e l d  e f f e c t  ' upon t h e  p h y t o l  o l e f i n ' i c  c a r b o n s ,  which 

o r4 .g ina tes  from t h e  p o l a F  q o s p h o l i p i d  headproup .  Upon i n c o r p o r a t i o n  

. i n t o  egg y o l k  l e c i t h i n - ; e s i , d e s .  a J 3 ~  e l e c t r i c  f i e l d  c h e m i c a l  s h i f t  
* u 

of t h e  , p h y t o l  o l e f i n i c  c a r b o n s ,  'C2  and C3.'.of 0.97 ppm was f a u n d .  
I _ _- Id 

s h i f t  d i f f e r e n c e  due  1 

-+ 

membrane s u r f a c e  p l a c e s  t h e  1: 

%? 
'5% 

i -.= 
- 0  7 5 

a i d p o i n t  o f  t h e  p h y t o l  d o u b l e  bond a p p r o x i m a t e l y  4.7 A belw t h e  p l a n e  - - 
*$ 
k 

o f  t h e  l e c i t h i n ' . h e a d q r o u p . '  T h i s  i s  a  ~ a r e ' e x a m p l e  o f  an 

i n t e r m o l e c u l a r  l i n e a r  e l e c t r i c  f i e l d  e f f e c t  . The p o s i t i o n  o c c u p i e d  by 

' p h y t o l  i n  Ghe b x a y e r  h a s  been v e r i f i e d ' b y  p r o d u c i n g  changes  i n  

p h o s p h o l i p i d ,  t e m p e r a t u r e ,  and t h e  p r e s e n c e  o f  i o n s  i n  t h e  b u l k  O '  
" 

aqueous  p h a s e .  

* 

The e f f e c t s  o f  t h e  i n c o r p o r a t i o n  o f  c h o l e s t e r y l  e s t e r s  i n t o  model 

membrane s y s t e m s  have been i n v e s t i g a t e d  us-ing e l e c t r o n . s p i n  r e s o n a n c e  

s p e c t r o s c o p y  ( E S R )  . a s  w e l l  a s  NMR. ESR s t u d i e s  o f  o r i e n t e d  

p h o s p h o l i p i d  h l t i l a y e r s  c o n t a i n i n g  n i t r o x i d e  l a b e l e d  c h o l e s t e r  

/t : 
e s t e r s ,  and t h e  r a t e  o f  a h c o r b a t e  r e d u c t i o n  o f  t h e s e  l a b e l s  i n d i c a t e  

3 

t h a t  t h e  e s t e r  i s  p r e s e n t  i n  a " h o r s e s h o e w  t y p e  c o n f i g u r a t i o n  w i t h  t h e  

ester l i n k a g e  n e a r  t h e  h y d r o p h i l i c  r e g i o n .  The a d d i t i o n  o f  10 m o 3 4  

c h o l e s t e r o l  t o  l e c i t h i n  m u l t i l s y e r s  h a s  been shown t o  alker the ' 

a c c e s s i b i l i t y  o f  t h e  c h o l e s t e r y l  e s t e r  s p i n  p r o b e s  t o  a s c o r b a t e .  I n  

a d d i t i o n .  t h e  p r e s e n c e  

o v e r  t h e  c o n c e n t r a t i o n  

t 

o f  t h e  s a t u r a t e d  e s t e r  c h o l e s t e r y l  p a l m i t a t e .  
i 

r a n g e  o f  0-19 mole%,  h a s  been shown t o  e x e r t  1' 
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t 
d i f f e r e n t i a l  e f f e c t s  upon t h e  r a t e ~ * o f  r educ t iop  o f  t h e  e h o l e s t e r o l  

+ m 

0 

a m l o g u e  , 3-doxylcholestane.  p r e s e n t ;  i n  l e c i t h i n  m u l t i l a y e r s  . Thus. 2. a ,... ,+ - 
* t h e  mutual  i n t e r a c t i o n s  o f  phosphol:pid, ~ h o l e s t e r b l .  and c h d l e s t e r ~ l  

5. - .  + 

f esters are impor tan t  c o n t r i b u t o r s  t t h e  p r o p e r t i e s  o f  t h e  m&ed- 

membrane. n 

0 
Y 

p e r m e a b i l i t y  s t u d i e s  u s ing  t h e  paramagnet ic  lanth?i .de,  pr3+. J 

sh&d t h a t  changes  in t h e  r a t e  o f  Jon permeation. o f . c h o l e s t e r y 1  

e s t e r - l e c i t h i n  b i l a y e r s  a r e  a  f u n c t i o n  o f  t h e  n a t u r e  o f  t h e  f a t t y  a c y l  

t a i l  o f  t h e  e s t e r  a s  well a s  t h e  amount o f  e s t e r  p r e s e n t .  It was 

found t ,hat t h e  i n c o r p o r a t i o n  o f  5 mole% c h o l e s t e r y l  p a l m i t a t e  

i nc reased  t h e  r a t e  o f  t h e  inward d i f f u s i o n  o,f pr3+ by 

approximate ly  t e n - f o l d .  

phospho l ip id .  d i p a l m i t o y l  l e c i t h i n .  t o  moni tor  d i r e - c t l y  c h o l e s t e r y l  

e s t e r  p r e s e n t  i n  a  m u l t i l a m e l l a r  model membrane system u s i n g  n a t u r a l  

abundance 13c N M R .  

F i n a l l y ,  membranes prepared from r e c o n s t i t u t e d  human 

a o r t a s  g i v e  r ise t o  n a t u r a l  abundance 3 1 ~  and 13c NMR s p e c t r a .  -%id 

therefore shou ld  prwe w f u l  f o r  f u r t h e r  s t u d i e s  on b i o l o q t c a l  k 
% 

membranes. 
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INTRODUCTION 

A .  Model Membranes 

Membranes a r e  b a s i c  s t r u c t u r a l  u n i t s  o f  l i v i n g  systems.  forming .? 

t h e  boundar ies  of c e l l s ,  and ' t h e ~ r  i n t e r i o r .  o r g a n e l l e s .  and p rov id ing  

a  framework f o r  many-metabolic and p h y s i o l o q i c a l  p r o c e s s e s  ( 1 1. 

Inc reased  i n t e r e s t  i n  b i o l o g i c a l  membranes i n  r e c e n t  y e a r s  h a s  been 

~ ' ~ u y - m d  by t h e  development of e a s i l y  prepared  phosphol ip id  models. t h e  
e 

most commonly used sys tems  be ing  m u l t i l a m e l l a r  l iposomes .  s i n g l e  

wal led b e s i e l e s ,  monolayers.  and o r i e n t e d  m u l t i l a y e r s ,  On l i  wi th  

d e t a i l e d  in format ion  concern ing  s imp le  models w i l l  i t  be p o s s i b l e  t o  

e l u c i d a t e  t h e  complex i n t e r a c t i o n s  o f  membrane c o n s i t u e n t s .  

When a  phosphol ip id  such a s  l e c i t h i n  ( F i g u r e  1 )  i s  shakeh i n  t h e  
F 

presence  of an aqueous phase.  t h e  l i p i d  spontaneous ly  forms l a r g e  

mult  i l ame l l - a r  l iposomes  ( > 2 0 0 0 i  i n  d i a m e t e r ) ,  which ar+e composed o f  

c o n c e n t r i c  b i l a y e r s  ( 2 ) .  The t r ea tmen t  o f  t h e s e  l i p i d  d i s p e r s i o n s  

wi th  u l t r a s o n i c  r a d i a t i o n  l e a d s  t o  t h e  format ion  of  c lo sed  v e s i c l e s  

w i th  an average  d iameter  of approximate ly  250i ( 3 . 4 ) .  These s e a l e d  - 

v e s i c l e s  c o n s i s t  of a  s i n g l e  con t inuous  b i l a y e r  which e n c l o s e s  a  

volume of  aqueous s o l u t i o n .  ' , 



Figure 1 .  The s t r u c t u r e  o f  l e c i t h i n .  Taken from r e f e r e n c e  '206. 
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%3 

d ,  , 

I - 
The p r o p e r t i e s  o f  p h o s p h o l i p i d  v e s i c l e  s y s  terns have  been 

e x t e n s i v e l y  s t u d i e d  6y n u c l e a r  m a g n e t i c  r e s o n a n c e  ( N M R )  s p e c t r o s c o p y  

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

t e m p e r a t u r e .  Tm, t h e s e  s y s t e m s  g i v e  r i s e  t o  h i g h  r e s o l u t i o n  s p e c t r a .  

na r row l i n e w i d t h s  b e i n g  o b t a i n e d  due  t o  r a p i d  t u m b l i n g  o f  t h e  small 

v e s i c l e s .  and r a p i d  l a t e r a l  d i f f u s i o n  of t h e  p h o s p h o l i p i d s  i n  t h e  

p l a n e  o f  t h e  b i l a y e r  ( 5 . 6 ) .  Carbon-1 3 NMR i n v e s t i g a t i o n s  h a v e  been 

e s p e c i a l l y  e l u c i d a t i n g .  ~ e s p i t e  t h e  low- n a t u r a l  abundance o f  3 ~  

( 1 . I % )  . t h e  development  o f  p u l s e  F o u r i e r  " t r ans fo rm NMR h a s  made -- 

p o s s i b l e  t h e  u s e  o f  t h e  n o n p e r t u r b i n g  n u c l e u s  as a membrane 

p robe .  I n  a d d i t i o n ,  t h e  l a r g e  c h e m i c a l  s h i f t  window a l l o w s  t h e  

r e s o l u t i o n  o f  many ' i n d i v i d u a l  c a r b o n  a t o m s  o f  membrane l i p i d s ,  

a l l o w i n g  t h e  s i m u l t a n e o u s  o b s e r v a t i o n  o f  d i f f e r e n t  a r e a s  o f  t h e  

membrane. 

3~ s p i n  l a t t i c e  r e l a x a t i o y  t i m e s .  T I .  o f  c a r b o n s ' w i t h  

d i r e c t l y  bonded hydrogens  in l a r g e  m o l e c u l e s  a r e  domina ted  by 

. i n t r a m o l e c u l a r  d i p o l e - d i p o l e  i n t e r a c t i o n s .  and t h u s  t h e s e  r e l a x a t i o n  

t i m e s  r e f l e c t  r e o r i e n t a t i o n  o f  t h e  c a r b o n - h y d r o ~ e n  i n t e r n u c l e a r  
I 

v e c t o F ,  i .e. s e g m e n t a l  mot ion a b o u t  i n d i v i d u a l  ca rbon-ca rbon  bonds .  
> .  

T h e r e f o r e  an i n d i c a t i o n  o f  the '  r e l a t i v e  ' l f f l u i d i t y "  o f  t h e  b i l a y e r  may 
- += 

b e  o b t a i n e d  from' T1 r - e l a x a t i d n  measurements .  

A l a r g e  number o f  s t u d i e s  h a v e  u t i l i z e d  3 ~ 4  NMR i n  t h e  ---- 
i n v e s t i g a t i o n  o f  b o t h  model and & a o g i c a l  membranes ( 7-25 1: These  

a- 



i n v e s t i g a t i o n s  have  shown t h e  e x i s t e n c e  o f  a  f l u i d i t y  g r a d i e n t  a l o n g  

t h e  f a t t y  a c i d  c h a i n s  o f  l e c i t h i n  b i l a y e r s ,  m o t i o n a l  f reedom 

i n c r e a s i n g  as  t h e  c h a i n  t e r m i n i  a r e  approached .  The e f f e c t  o f  t h e  
- 

p r e s e n c e  o f  u n s a t u r a t i o n  i n  t h e  f a t t y  a c i d  c h a i n s  h a s  been shown t o  

i n c r e a s e  m o t i o n a l  f reedom t b r o u p h o u t  t h e  b i - l a y e r .  whereas  t h e  
b 

i n t e r c a l a t i o n  of c h o l e s t e r o l  i n  t h e  membrane c a u s e s  a  r e h u c t i o n  i n  t h e -  
2 
f 

I3c T I  r e l a x a t i o n  t i m e s ,  and c o n c o m i t ~ n t  l i n e  broade&ng.  

r- 

Below t h e  phosp>ol ip id  g e l - l i q u i d  c r y s t a l l i n e  phase  t r a n s i t i o n  
/ 

t e m p e r a t u S e ,  Tm, t h e  I3c r e s o n a n c e s  a r e  s e v e r e l y  b roadened  d u e  t o  

s t a t i c  d i p o l a r  i n t e r a c t i o n s .  T h i s  ab roaden ing  may b e  s o  s e v e r e  a s  t o  

b r o a d e n  t h e  s i g n a l  i n t o  t h e  background n o i s e .  T h e r e f o r e  f a c t o r s  s u c h  

a s  t h e  t r a n s i t i o n  t e m p e r a t u r e .  d e g r e e  o f  u n s a t u r a t i o n .  and t h e  amount 

o f  c h o l e s t e r o l  p r e s e n t  i n f l u e n c e  t h e  t y p e  o f  13c s p e c t r a  which a r e ,  

d e t e r m i n e d  f o r  b i o l o g i c a l  membranes; S p e c t r a  have  been o b t a i n e d  f o r  a 

v a r i e t y  o f  n a t u r a l  membranes, i n c l u d i n g  & r y t h r o c y t e s  ( 8 ) .  r a b b i t  

musc le  s a r c o p l a s m i c  r e t i c u l u m  ( 1 0 ) .  ra t  l i v e r  m i t o c h o n d r i a 1  membranes 

( 1 2 ) .  a n d  3~ l a b e l l e d  E .. c o l i  ( 9 ) .  Thus.  i t  i s  c l e a r  t h a t  many 

membrane s y s t e m s ,  b o t h  model.  and r i s t u r a l .  l e n d  t h e m s e l v e s  w e l l  t o  

I 
13c NMR i n v e s t i g a t i o n s .  

L 

9 

~ i d e d  by t h e  h i g h  n a t u r a l  abund%nce of 31p ( 100%) . v e s i c l e  . 
- ,  

s y s t e m s  have a l s o  been  ' i n v e s t i g a t e d  by NMR. fiany o f  , - - a 
- d 

t h e s e  s t u d i e s  have  made u s e  o f  p a r a m a g n e t i c  l a n t h a n i d e  s h i f t  r e a g e n t s  

( 2 6 - 2 9 ) .  The a d d i t i o n  o f , p a r a m a q n e t i c  i o n s  t o  preformed l e c i t h i n  
. $ 



5 

rbF 

v e s i c l e s  c a u s e s  a l a r g e  chemica l  ~ , M f t  f o r  outward f a c i n q 6 3 ' p  
- 3%, ' 

n u c l e i .  t h e r e b y  a l l o w i n g  the;$dependent o b s e r v a t i o n  o f  b o t h  i n s i d e t f .  

and " o u t s i d e n  ' 3 1 ~ .  Thus,  a s  t h e  pa ramagne t ic  l a n t h a n i d e  c r o s s e s  t h e  

b i l a y e r  and i s  a b l e  t b  s h i f t  " i n s i d e n  3 ' p  n u c l e i ,  c h a n p e s  i n  t h e  
-9 

3 1 ~  s p e c t r a  w i l l i  r e f l e c t  t h e  membrane p e r m e a b i l i t y .  

3 
3 1 ~  NMR h a s e a l s o  been  u t i l i z e d  t o  s t u d y  t h e  mot ion  a r ~ d  

o r i e n t a t i o n  o f  t h e  p h o s p h o l i p i d  headgroups  ,' and t o  m o n i t o r  t h e  l i p i d  

g e l - l i q u i d  c r y s t a l l i n e  phase  t r a n s i t i o n  (30-35):  R e c e n t l y .  3 1 ~  NMR 

h a s  a l s o  been used t o  s t u d y  l a t e r a l  d i f f u s i o n  o f  p h o s p h o l i p i d s  i n  t h e  

p l a n e  o f  t h e  b i l a y e r  ( 3 6 ) .  

A secofid model membrane sys tem i s  t h a t  o f  l i p i d  monolayers  which 

have been e x t e n s i v e l y  s t u d i e d  i n  o r d e r  t o  g a i n  i n f o r m a t i o n  r e g a r d i n q  

t h e  s u r f a c e  p o t e n t i a l  and s u r f a c e  d i p o l e  moments o f  p u r e  and  mixed 

membrane s y s t e m s  (37-50) .  When an a m p h i p h i l i c  m o l e c u l e  i s  s p r e a d  a t  

an a i r - w a t e r  i n t e r f a c e ,  monolayers  are formed w i t h  t h e  p o l a r  ~ o s h t i o n  

-3 o f  t h e  m o l e c u l e  e x t e n d i n g  i n t o  t h e  aqueous  phase ,  and t h e  n o n p o l a r  

p o r t i o n s  ( t h e  f a t t y  a c i d  c h a i n s  o f  l e c i t h i n )  e x t e n d i n g  away from t h e  

aqueous  phase .  

I n  a d d i t i o n ,  monolayer  f o r c e - a r e a  measurements  p r o v i d e  

i n f o r m a t i o n  c o n c e r n i n g  t h e  p a c k i n g  o f  l i p i d  m o l e c u l e s ,  + It has been 

shown t h a t  mixed monolayers  o f  c h o l e s t e r , o l  and l e c i t h h  d o  n o t  f o l l o w  

t h e  a d d i t i v i t y  r u l e  i . e .  t h e  a r e a  p e r  molecu le  o f  



c h o l e s t e r o l - l e c i t h i n  mixed monolayers is d i f f e r e n t  from t h a t  

expec t ed  on t h e  b a s i s  o f  t h e i r  i n d i v i d u a l  a r e a  r equ i r emen t s  s i n c e  

above t h e  phospho l ip id  g e l - l i q u i d  c r y s t a l l i n e  phase t r a n s i t i o n  

t empera tu re .  c h o l e s t e r o l  is a b l e  t o  f i t  i n t o  c a v i t i e s  between a d j a c e n t  

l e c i t h i n  mo lecu le s ,  wh i l e  below t h i s  t empera tu re ,  much d e n s e r  

l i p i d - l i p i d  packing e x i s t s .  A phospho l ip id  w i t h  f b l l y  s a t u r a t e d  f a t t y  

a c i d  c h a i n s  w i l l  e x i s t  i n  t h e  low energy  a l l  t r a n s  ( s t r a i g h t  c h a i n )  

conformat ion  which r e s u l t s  i n  a maximizat ion o f  packing  d e n s i t y .  

S i n c e  i n t e r l i p i d  c a v i t i e s  are no l o n g e r  a v a i l a b l e  f o r  occupa t ion  by 

c h o l e s t e r o l ,  below t h e  Tm. t h e  i n t e r c a l a t i o n  o f  c h o l e s t e r o l  i n v o l v e s  

a push in^ a p a r t  o f  l e c i t h i n  mo lecu le s ,  l e a d i n g  t o  decreased  monolayer 

Packing. The re fo re ,  c h o l e s t e r o l  is s a i d  t o  p l a c e  t h e  membrane i n  an 

" i n t e r m e d i a t e  f h i d M  c o n d i t i o n .  T h i s  behaviour  is a l s o  man1 f e s t e d  i n  

t h e  s e v e r e  broadening  of  t h e  l e c i t h i n  phase t r a n s i t i o n  by 

i n t e r c a l c a t e d  c h o l e s t e r o l  . 

A t h i r d  t y p e  o f  model membrane system is t h a t  o f  o r i e n t e d  l i p i d  

m u l t i l a y e r s ,  Such models  have been most o f t e n  s t u d i e d  by e l e c t r o n  

'Pin r e sonance  (ESR) s p e c t r o s c o p y  u s i n g  n i t r o x i d e  l a b e l l e d  membrane 

c o m p ~ n e n t 8  a s  r e p o r t e r  g roups  (51-72).  The s p e c t r a  o b t a i n e d  a r e  

Sensitive bo th  t o  t h e  o r i e n t a t i o n  and t h e  m o b i l i t y  of  t h e s e  Spin 

labels.  and t h e  a n g u l a r  dependence o f  t h e  h y p e r f i n e  s ~ l i t t i n ~ s  h a s  

been u t i l i z e d  t o  d i s c e r n  o r i e n t a t i o n  a n g l e s  1.e. t h e  a n g l e 3  which t h e  

n i t r ~ x i d e  2pn  o r b i t a l  makes w i t h  t h e  membrane Su r f ace  



u s e  has  kso been made o f  t h e  f a c t  t h a t  " n i t r o x i d e  s p i n  l a b e l s  a r e  

r e a d i l y  reduced by sodium a s c o r b a t e  t o  t h e  cor responding  hydroxylamine 
m 

wi th  concomitan't l o s s  o f  ESR s i g n a l  i n t e n s i t y .  The r a t e  o f  s i g n a l  

decay may t h e r e f o r e  be used a s  a  s p e c t r o s c o p i c  r u l e r  t o  de t e rmine  t h e  

dep th  a t  WQZJ va r io%s  s p i n  probes  l i e  w i th in  o r i e n t e d  m u l t i l a y e r s  and 

t o  moni tor  t h e  p e r m e a b i l i t y  o f  these-membrane models ( 7 3 ) .  
- 

Z 

A f o u r t h  t ype  o f  model system, m u l t i l a m e l l a r  l iposomes .  h a s  . a l s o  

y i e l d e d  v a l u a b l e  i n fo rma t ion  v i a  maqnet ic  resonance  t e c h n i q u e s .  

I n s i g h t  i n t o  t h e  motion and o r i e n t a t i o n  o f  t h e  l e c i t h i n  phosphate  

group  has  been ob tk ined  from 31p NMR (74-79).  while  t h e  2~ NMR s p e c t r a  of  

t h e s e  d i s p e r s i o n s  have proved t o  be  of  g r e a t  u t i l i t y  f o r  

t h e  measurement o f  o r d e r  parameters  af deuter ium l a b e l l e d  l i p i d s  

( 80-86) . - 

From t h e  fo rego ing .  i t  i s  c l e a r  t h a t  maqnet ic  resonance  

t e c h n i q u e s  are powerful t o o l s  f o r  t h e  i n v e s t i g a t i o n  o f  bo th  t h e  

s t r u c t u r e  and motions o f  membranes. -.I 

B. Vitamin E.  Phy to l .  and Phy tan i c  Acid 

There h a s  been much i n t e r e s t  concern ing  t h e  p h y s i o l o g i c a l  r o l e  

played by Vitamin E .  While it i s  well' known t h a t  Vitamin E - func t~ ions  

a s  an a n t i o x i d a n t  i n  v i t r o ,  p r o t e c t i n g  u n s a t u r a t e d  l i p i d s  from frv 

r a d i c a l  a t t a c k  ( 8 7 ) .  i t  has  a l s o  r e c e n k l y  been shown t h a t & - t o c o p h e r o l  



i s  a , v e r y  e f f i c i e n t  quencher 'o f  '02. and a s  such may per form a s  

p r o t e c t i v e  r o l e  in  v i v o  (88:90). S i n g l e t  molecuiar  oxygen r e a c t s  w i th  

membrane c o n s t i t u e n t s  ( e  .g. u n s a t d r a t e d  ' f a t t y  a c i d s  and c h o l e s t e r o l )  

d ,. 
t o  form haemoly t ic  hydroperoxide p roduc t s .  Therefore  t h e  i n a c t i v a t i o n  o f  

, by .(-tocopherol h a s  been proposed t o  i n c r e a s i  c e l l  v i a b i l i t y .  

' There a l s o  e x i s t  a  number o f  o b s e r v a t i o n s  which s u g g e s t  t h a t  
f" 

Vitamin E may p l a y w t r u c t u r a l  r o l e  in membranes. Vitamin E h a s  been 2- 

A .  

imp l i ca t ed  a s  a  d i e t a ry -  f a c t o r  i n  the p reven t ion  o f  a t h e r o s c l e r o s i s  

(91 1. It h a s  been c la imed t h a t  c h o l e s t e r o l  ' d i e t s  which are 

supplemented wi th&- tocophe ro l  a r e  l e s s  a t h e r o g e n i c  i n  r a b b i t s  than  

. c h o l e s t e r o l  d i e t s  a l o n e .  S i n c e  t h i s  t h e r a p e u t i c  e f f e c t  was observed 

wi thout  concomi tan t .  lower ing  o f  t h e  l e v e l  o f  l i p i d  perox$des a p r e s e n t  

i n  t h e  t i s s u e ,  i t  i s  p o s s i b l e  t h a t  t h e  observed e f f e c t  a r e  s t r u c t u r a l  

i n  o r i g i n .  

Vitamin E (&-tocopherol ;  D-2.5.7' ,8-tetramethyl-2-(4.8.12-tri- 
*. 

4 
me thy l t r i decy1) -  6-chroinanol) . a s  w e l l  a s  t h e  i s o p r e n o i d s  p h y t o l  and 

'phytanic  a c i d   figure 2 )  have a l s o  been found t o  b e  e f f e c t i v e  i n  t h e  

t r e a t m e n t  o f  n u t r i t i o n a l  m u s c d a r  dystkophy 2-R--chicks (92 ) . Lucy and 

demonstrated t h a t  t h e  r a p i d  haemolys i s  of  r a b b i t  

e r y t h r o c y t e s  by ad-tin01 i s  i n h i b i t e d  i n  v i t r o  by <-tocopherol  a s  

w e l l  a s  o t h e r  branched chain compomds. namely 6 - 0 - a c e t y l - k  
" 

- 

t o c o p h e r o l ,  squa l ene ,  ubiquinone-30, v i t amin  K 1 .  and phy to l  . whi le  

N-N1.- phenylenediamine , and hydroquinone a r e  comple.&ely i n e f f e c t i v e .  
1 



Figure 2. The s t r u c t u r e s  o f  Vi tamin E. p h y t o l .  and p h y t a n i c  acid.  -@- * - $ 
r" 'Z , 
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++i 
However. h i g h e r  c o n c e n t r a t i o n s  o f  Vitamin E and phy to l  were a l s o  found 

t o  cause  e x t e n s i v e  haemolys i s  ( 9 3 ) .  

# 

It has  a l s o  b,een shown t h a t  cytochrome-c r e d u c t a s e  whit-h h a s  been 
. . 

i n a c t i v a t e d  by i ts e x t r a c t i o n  from po rc ine  , l i v e r  is r e - a c t i v a t e d  n o t  

o n l y  by Vitamin E ,  b u t  a l s o  by 6-0-acetyl-&tocopherol .  phy tan i c  a c i d .  
+ 

and p h y t o 1 - f 9 4 ~ .  It a p p e a r s ' t h a t  tfiebe e f f e c t s  ape n o t  due t o  t h e  
e 

X-tocopherol  r i n g  system which p rov ides  t h e  a n t i o x i d a n t  a c t i v i t y .  bu t  

r a t h e r  t h a t  t h e s e  e f f e c t s  a r e  due t o  t h e  branched n a t u r e  o f  th'e phy ty l  

s i d e  cha in .  

r 
Moreover. t h e  m a t t e r  does  n o t  r e s t  t h e r e .  Methylmalonic ac idu r  i a  

r e s u l t s  in t h e  e x c r e t i o n  o f  l a r g e  amounts o f  methylmalonic  a c i d  i n  t h e  

u r i n e  o f  c h i l d r e n .  It has  been proposed t h a t  a  d e f i c i e n c y  o f  B 
- 12 

coenzyme l e a d s  t o  t h e  bu i ldup  o f  methylmalonyl CoA which i n  t u r n  I e a d s  

t-o t h e  b i o s p t h e s i s  o f  branched cha in  f a t t y  a c i d s  which a r e  fiot 
- >  

*- 

normal ly  produced. caus ing  t h e  harmful  n e u r o l o g i c a l * e f  f e c t s  ( 9 5 )  . &. , 
9 

< .  

7 The accumulat ion o f  branched cha in  compounds h a s  a l s o  been found 
- ,  

t o  be  a  f a c t o r  i n  t h e  p rog re s s ion  o f  Refsum's d i s e a s e .  P a t i e n t s  

a f f l i c t e d  wi th  t h i s  d i s o r d e r  a r e  n o t  a b l e  t o  &ox id i ze  and 

deca rboxy la t e  phy tan i c  o r  s i m i l a r  branched cha in  f a t t y  a c i d s .  and an 

accumula t ion  o f  branched a c  d s  r e s u l t s .  Th i s  b u i l d u p  has  been c i t e d  \t 
i 

a s  a  c a u s a t i v e  f a c t o r  i n  the degene ra t i on  (demye l ina t ion )  o f  t h e  

nervous  system,: which e v e n t u a l l y  l e a d s  t o  dea th  ( 9 6 )  . 



T h e  q u e s t i o n  remains:  how may such e f f e c t s  be r a t i o n a l i z e d  on a i 

molecular  l e v e l ?  Unlike c h o l e s t e r o l  which is  known t o  i n t e r c a l a t e  

between t h e  phosphol ip id  f a t t y  a c i d  c h a i n s .  t h e r e b y  a f f e c t i n g  membrane 

f l u i d i t y  and pe rmeab i l i t y .  v e r y  l i t t l e  is  known o f  t h e  o r i e n t a t i o n  .of a 

,. 

Vitamin E i n  membranes, a l t hough  t h e  main e f f e c t s  of Vitamin E 

d e f i c i e n c y  seem t o  b e  r e f l e c t e d  i n  t h e  l i p i d  moie ty  ( 9 7 ) .  

C.  C h o l e s t e r o l  Esters 

The e f f e c t s  of c h o l e s t e r o l '  on model membrane sys tems  has  been 

wide ly  i n v e s t i g a t e d  by a  v a r i e t y  o f  t e c h n i q u e s .  S u b s t a n t i a l l y  less i s  .- 

known o f  t h e  e f f e c t s  o f  c h o l e s t e r o l  e s t e r s .  This  is  r a t h e r  s u r p r i s i n g  

s i n c e  c h o l e s t e r o l  e s t e r s  have been i m p l i c a t e d  i n  t h e  $3oqress ive  

development o f  a t h e r o s c l e r o s i s  ( 9 8 )  . 

S i n c e  t h e  presence  of c h o l e s t e r o l  i s  known t o  d e c r e a s e  t h e  

p e r m e a P i l i t y  o f  membranes ( 9 9 ) .  and s i n c e  t h e  amount o f ~ c h o l e s t e r o l  

p r e s e n t  i n  t h e  human a o r t a '  i s  known t o  i n c r e a s e  w i th  a g e .  i t  i s  

somewhat pe rp l ex ing  t h a t  t h e  p e r m e a b i l i t y  t o  l a c t a t e ,  g lucose .  and ' 

i o d i d e  o f  s c l e r o t i c  human a o r t a  i s  h i g h e r  t han  t h a t  o f  normal t i s s u e  
J 

(100 ,101) .  T h i s  appa ren t  anomoly may be c l a r i f i e d  $y an  examinat ion 

o f  t h e  c h o l e s t e r o l  ester-free c h o l e s t e r o l  r a t i o  d u r i n g  t h e  p rog re s s ion  

o f  t h e  d i s e a s e ,  For  d i s e a s e  f r e e  t y p e  0 t i s s u e ,  t h i s  r a t i o  is 

5.6/S.O. whi l e  for type  I11 t i s s u e  which is  c h a r a c t e r i z e d  by f a t t y  
' 

s t r e a k s .  f i b r o u s  p laques .  and l e s i o n s ,  t h i s  r a t i o  is  33.8i19.3 (102) .  



(The numbers i n  t h e s e  

p a r t i c u l a r  c o b n e n t s  
r 

seen  from t h e  r a t i o s ,  
2 

much g r e a t e r  t han  t h e  

i n c r e a s e  from 5.6% t o  

f r e e  c h o l e s t e r o l  from 

r a t i o s  r e p r e s e n t  t h e  pe rcen tage  which t h e  

comprise  o f  t h e  t o t a l  l i p i d  p r e s e n t . )  A s  oan be 
L 

t h e  increment  i n  c h o l e s t e r o l  e s t e r  c o n t e n t  i s  

i n c r e a s e  i n  f r e e  c h o l e s t e r o l .  i . e .  a 6 f o l d  

33.8% a s  opposed t o  o n l y  a  two f o l d  i n c r e a s e  

The sugges t ion  h a s  been made t h a t  even b e f o r e  morphological  

changes appear ,  c e r t a i n  a r e a s  o f  t h e  a o r t i c  i n t ima  a r e  pred isposed  

t h e  development of a t h e r ' o s c l e r o t i c  l e s i o n s  ( 9 8 ) .  Such a r e a s  have been 

a s s o c i a t e d  with l i t t l e  change i n ' l i p i d  c o n t e n t .  s a v e  f o r  a  s m a l l  

i n c r e a s e  in t h e  amount of  c h o l e s t e r o l  e s t e r .  More i m p o r t a n t l y ,  t h e s e  

a r e a s  have a l s o  been a s s o c i a t e d  wi th  i hc reased  p e r m e a b i l i t y  ( 9 8 ) .  

Other  ev idence  comes from t h e  f a c t  t h a t  i nc reased  c h o l e s t e r o l  e s t e r  

format ion  occu r s  a t  a  v e r y  e a r l y  stage o f  a t h e r o s c l e r o s i s .  Fo r  

example, t h e  s y n t h e s i s  o f  c h o l e s t e r o l  e s t e r s  is  i n c r e a s e d  by f o u r  t o  

six times in only  s l i g h t l y  d i s e a s e d  a r t e r i e s  o f  s q u i r r e l  monkeys 

( 1 0 3 ) .  - 

-% 

Whether i nc reased  p e r m e a b i l i t y  i s  simply a n  i ' n t r i n s i c  p r o p e r t y  o f  

t h e  deve loping  l e s i o n s ,  o r  whether t h e r e  e x i s t s  a  c a u s a l  r e l a t i o n s h i p  

between p e r m e a b i l i t y  and a t h e r o g e n e s i s  i s  unc l ea r .  However. t h e  

p o s s i b i l i t y  t h a t  c h o l e s t e r o l  e s t e r s  might e x e r t  an i n f l u e n c e  o p p o s i t e  

t o  t h a t  o f  c h o l e s t e r o l  on membrane p r o p e r t i e s  is i n t r i g u i n g  i n  i t s e l f .  

I f ,  i n  f a c t ,  c h o l e s t e r o l  e s t e r s  i n c r e a s e  membrane pe rmeab i l i t y .  a  l o s s  

- 4 5  



may occu r  from t h e  a o r t i c  i n t ima  o f  c e r t a i n  m a t e r i a l s  neces sa ry  f o r  

metabol ic  c o n t r o l .  - r e s u l t i n g  i n  an even g r e a t e r  l i B i d  
4 

over-accumulat ion ( 1 0 1 ) .  Thus. t h e  e l u c i d a t i o n  o f  t h e  e f f e c t s  o f  . I I 

" I 'r 

c h o l e s t e r o l  e s t e r s  on membrane s t r u c t u r e  and p e r m e a b i l i t y  may shed  - 
> .  

\ 

l i g h t  on t h e  p r o g r e s s i v e  development o f  a t h e r o s c l e r o s i s .  

D.  S ta tement  o f  t h e  Problem 

The aims of  t h i s  i n v e s t i g a t i o n  a r e  twofo ld ;  . f i r s t  t o  s t u d y  t h e  

e f f e c t s  o f  t h e  i n c o r p o r a t i o n  o f  t h e  i s b p r e n o i d s  Vitamin E, p h y t o l ,  and 
h 

Bhytan ic  a c i d  on t h e  s t r u c t u r e  and p r o p e r t i e s  o f  model membrane 
c 

systems. and secondly ,  t o  s t u d y  t h e  e f f e c t s  of  c h o l e s t e r o l  e s t e r s  on 

l e c i t h i n  model membranes. and t o  ex tend  t h e s e  f i n d i n g s  t o  a  n a t u r a l  
'L 

system, namely human a o r t i c  t i s s u e ,  s i n c e  t h e  r e s u l t s  o f  such  s t u d i e s  . 

may have p o s s i b l e  i m p l i c a t i o n s  f o r  a t h e r o s c l e r o s i s .  

I n  s p i t e  of  t h e  obvious  p h y s i o l o g i c a l  importance o f  Vitamin E, 

p h y t o l ,  phy tan i c  a c i d ,  and c h o l e s t e r o l  e s t e r s ,  very  l i t t l e  was known 

o f  t h e i r  e f f e c t s  on a  m o l e c u l a r l l e v e l .  n o t - e v e n  whether o r  n o t  t h e y  

cou ld  be  successful , ly  i n c o r p o r a t e d  i n t o  s imp le  model membrane systems.  

l e t  a l o n e  t h e  e f f e c t s  of  t h e i r  p r e sence  on membrane p r o p e r t i e s .  
k 

There fo re ,  i t  was dec ided  t o  i n v e s t i g a t e  t h e  n a t u r e  o f  mixed membrane 
/ Y - 7  ----- 

sys  terns c o n t a i n i n g  Vitamin E, phy to l  . phy tan i c  a c i d ,  and c h o l e s t e r o l  P 

e s t e r s ,  u s i n g  magnet ic  resonance  t echn iques .  



A 

CHAPTER 2 

EXPERIMENTAL 
", 

Egg yolk  l e c i t h i n  (EYL) was e x t r a c t e d  from f?esh y o l k s  by t h e  

method o f  S i n g l e t o n  e t  a 1  ( 1 0 4 ) .  Thin l a y e r  chromatographic  a n a l y s i s  

(0 .25  mm S i l i c a  Gel G .  developed wi th  C H C l  -MeOH:H20 = 65:35:4) 
3.' 

showed a s i n g l e  spo t  when sprayed wi th  50% H2S04 and h e a t e d ,  o r  

when exposed t o  I2 vapour .  The f a t t y  a c i d  composi t ion of  EYL was 3. 

determined by means o f  GLC a n a l y s i s  of t h e  cor responding  ,methyl e s t e r s  

u s i n g  t h e  me thy la t i ng  a g e n t .  methElute  (methanol ic  t r i m e t h y l a n i l i n i u m  

hydroxide ,  0.2M). ~ ~ ~ r o x i m a t e l y  1 mg o f  p u r i f i e d  EYL was added t o  0 .5  
* 

m l  methElu te  and a  1 ;1 a l i q u o t  i n j e c t e d  on to  a  6  f t  x  4  mm b i l a r  TOC 

a f ' c o ~ u ~ .  S e t t i n g s  were a s  fo l l ows !  column t empera tu re  = 180 e,  
I 

d e t e c t o r  t empera tu re  = 250 '~ .  i n j e c t o r  t empera tu re  = 250 '~ .  Peaks 

$ were i d e n t i f i e d  by comparison wi th  known s t a n d a r d s ,  

3-Doxylcholestane(41,41-dimethylspiro[5-~-cholestane-~,2~-oxazolidin]- 

3 ' - y l o x y l )  , I ,  and 5-doxylpa lmi t ic  a c i d  ( 2- ( 1 0-carboxydecy1)-2-butyl- 

4,4-dimethyl-3-oxazolidinyloxyl), ;I. were t h e  generous  g i f t s  of D r .  

A . C .  Oehlsch lager .  Chemistry Dept . .  Simon F r a s e r  U n i v e r s i t y .  whi le  

16 -doxy l s t ea r i c  a c i d  ( 2-( 14-carboxytetradecy1)-2-ethyl-4 , 4 - d i e t h y -  . 

3-oxazolidinyloxyl) , 111, was purchased from Syva. Pa lo  A l to .  
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A -- - 

C a l i f o r n i a .  The co r r e spond ing  c h o l e s t e r y l  e s t e r s  o f  5-doxylpalmibic .I 
4. . " \ <  

a c i d  and, 16 -doxy l s t ea r i c  aqTd. LV and V .  ' r e s p e c t i v e l y .  were  prepared^^ 
B 

> 

i n  t h i s  Labora tory  by D r ;  $:K. Grover by t h e  method o f .  Boss e t  811 l~~ 
A 

( 1051, a s  was c h o i e s t e r y l -  l - 1 4 ~ - p a l m i t a t e .  The s t r u c t u r e s  of I - V  
/ 

a r e  shown i n  F i g u r e  3. 
4 ? 

Other+6Remicals were purchased from t h e  ' fo l lowing  s o u r c e s  : Q 

phy to l  - N u t r i t i o n a l  Biochemical Corpora t ion .  o r  Aldr ich  Chemical Co.; 

Vitamin E (d l&- tocophe ro l ) ,  d i p a l m i t o y l  l e c i t h i n  ( 9 9 % )  (DPL!, 
% "  

c a r d i o l i p i n .  phospha t id i c  a c i d  (95%)  . c h o l e s t e r y l  p a l m i t a t e  ( 9 9 % )  . 
c h o l e s t e r y l  l i n o l e a t e  ( 9 9 % ) .  and L-ascorbic  a c i d .  sod&m s a l t  - Sigma 

Chemical Co. ; disodium ethylenediaminete t raaceta te  ( EDTA) . and 
I "  

c h o l e s t e r o l  - F i s h e r  S c i e n t i f i c  Co. ; praseodymium b i t r a t e  (99 .9%)  - 
Alfa  I n o r g a n i c s ;  phy tan i c  a c i d  (99 .7%)  - bna labs ;  deuter ium oxide  

(99 .7%)  - Merck, Sharp  and Dohme; p a l m i t i c  a c i d  - J ,,T. Baker Chemical - 
Co.; methElute  (methanol ic  t r i m e t h y l a n i l i n i m  hydroxide .  0.2M) 2 

A l d r i c h  Chemical Co.; ~ - . ~ ~ c - ~ a l m i t i c  a c i d  - New England Nuclear .  
C 

E. Sample P r e p a r a t i o n  

1 .  V e s i c l e s  

L e c i t h i n  d i s p e r s i o n s  (EYL o r  DPL, 10-208 w/v) were prepared  by 

shak ing  t h e  d r y  phosphol ip id  wi th  a  s u i t a b l e  volume o f  an aqueous 

of D20 i n  t h e  c a s e  o f  13c s p e c t r a .  and 0.05M Tris 

i n  K C 1 ,  i n  t h e  c a s e  of 3'p s p e c t r a ) .  The d i s p e r s i o n s  



\ . Figu re  3. The s t r u c t u r e  o f  v a r l o u s  n i t r o x i d e  s p i n  probes .  

111, 16-doxy l s t ea ra t e ;  I V .  t h e  c h o l m t e r y l  

e s t e r  of 11; V .  t h e  c h o l e s t e r y l  e s t e r  of 111. 





were t h e n  s .onicated under  n i t r o g e n  on a  Eiosonik  I11   robe type  , 

s o n i c a t o r  above t h e  phosphol ip id  g e l - l i q u i d  c r y s t a l l i n e  phas.e 

t r a n s i t i o n  t empera tu re  u n t i l  t r a n s l u c e n c e .  S o n i c a t i o n  t ime  was 

approximate ly  10 minu te s ,  excep t  i n  t h e  e a s e  o f  EYL:phytol. 1 : 1 mole' 
* <--- 

r a t i o ,  mixed v e s i c l e s  which r e q u i r e d  a r e  prolonged s o n i c a t i o n  (20  

min-2 h r ) .  The tempera ture  was mainta"ined a t  approximate ly  1 0 ' ~  i n  
- % A 

the- c a s e  o f  FYL p r e p a r a t i o n s  and a t  approximate ly  5 0 ' ~  i n  t h e  cash -. 
of DPL p r e p a r a t i o n s  by means o f  water  f lowing through a  J a c k e t  * ,' 

s 

sur rounding  t h e  sample, The v e s i c l e  p r e p a r a t i o n s  were t h e n  % 

c e n t r i f u g e d  o r  passed through a  0 . 4 5 ~ M i l l i p o r e  f i l t e r  t o  remove 
9 

t i t a n i u m  d e b r i s  o r  any l a r g e r  l iposomes ,  and subsequen<-ly t r a n s f e r r e d  ". 

under  n i t r o g e n  t o  12 mm NMR t u b e s .  The s p e c t r a  were de te rmined  - 
immediately.  Subsequent TLC a n a l y s i s  o f  t h e  samples  showed l i t t l e  (<5%) 

decomposi t ion of  t h e  samples  d u r i n g  t h e  i n t e r v e n i n g  t ime  p e r i o d .  
~. 

Mixed v e s i c l e  p r e p a r a t i o n s  were prepared  i n  a  s i m i l a r  manner by 8 

first  co -d i s so lv ing  t h e  components i n  chloroform.  fo l lowed by s o l v e n t  

removal.  and exhaus t ive  pumping t o  o b t a i n  t h e  d r y  l i p i d  mix tu re .  

2.  Phyto l  d i s p e r s i o n s  

Phy to l  was d i s p e r s e d - i n  D20 (105 w/v) wi th  t h e  a d d i t i o n  o f  2-20 
< 5 

mole % sodium'bodecylsu l fa te  (SDS) and mechanipal shaking .  The 

d isper -s ions  were then  s o n i c a t e d  and subsequen t ly  t r e a t e d  i n  t h e  manner 

d e s c r i b e d  i n  S e c t i o n  2. B.  1. c 
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3. P h o s p h o l i p i d  m u l t i l a m e l l a r  1 iposomes 

L e c i t h i n  multi1ame;lar  l i p o s o m e s  QO$ w/v i n  e i t h e r  - 
s u c r o s e  i n  D20 were  p r e p a r e d  by m e c h a n i c a l  s h a k i n g  o f  t h e  d r y  

1 
w i t h  a s u i t a b l e  volume o f  t h e  aqueous  phase .  These  

s t a b i l i z e d  by a p p r o x i m a t e l y  s s i x  h e a t - f r e e z e - t h a w  
- 

mixed d i s p e r s i o n s  q f  1 e c i t h i n : c h o l e s t e r y l  e s t e r  = 3:1  mole  F a t i o  were 
u f 

p r e p a r e d  i n  a  s i m i l a r  manner. The d r y  l i p i d  m i x t u r e  was p r e p a r e d  a s  

d e s c r i b e d  i n  S e c t i o n  2.B.1. by first c c l - d i s s o l v i n g  b o t h  components i n  
-.. 

c h l o r o f o r m .  

A l l  a t t e m p t s  t o  d i s p e r s e  c h o l e s t e r y l  ester h o n e  i n  a n  aqueous  

phase  were  u n s u c c e s s f u l ,  even in t h e  p r e s e n c e  o f  3iarqe q u a n t i t i e s  o f  

d e t e r g e n t s  such  as SDS o r  Tween 20 even  above t h e  m e l t i n g  p o i n t  o f  t h e  
< .  

e s t e r ;  

4 .  O r i e n t e d  l i p i d  m u l t i l a y e r s  

O r i e n t e d  1 i p i d  mul t  i l a y e r s  used i n  ESR s p e c t r a l  d e t e r m i n a t i o n s  

were p r e p a r e d  by s l o w l y  p a s s i n g  wet n i t r o g e n  t h r o u g h  a q u a r t z  aqueous  . 

ESR c e l l  which c o n t a i n e d  a p p r o x i m a t e l y  0.10 m l  o f  c h l o r o f o r m  s o l u t i o n  
LIP 

c o n t a i n i n g  t h e  m u l t i l a y e r  compdnents.  T h i s  s o l u t i o n  was p r e p a r e d  from 

s t o c k  s o l u t i o n s  o f  5 x 1 0 - ~ ~  l i p i d ,  and I X ~ O - ~ M .  s p i n  l a b e l .  The 

t o t a l  1 i p i d : s p i n  l a b e l  mole r a t i o  was 100: 1  u n l e s s  o t h e r w i s e  
* 

s p e c i f i e d  . 



/ '  

.. 
19 

- 
T h e  l i p i d  m u l t i l a y e r s  were t hen  p laced  i n  t h e  d a r k  under  v.acuurn 

f o r  a t  l e a s t  t h r e e  h o u r s  t o  remove r e s i d u a l  ch loroform,  and 

subsequen t ly  hyd ra t ed  wi th  0.05M T r i s  pH ; 7.40. Each sample was used 

f o r  a t  l e a s t  two s p e c t r a l  d e t e r m i n a t i o n s .  one w i th  t h e  magnet ic  f i e l d  

p a r a l l e l ,  and ano the r  w i th  t h e  magnet ic  f i e l d  p e r p e n d i c u l a r  t o  t h e  

-CI 

normal t o  t h e  m u l t i l a y e r  s u r f a c e .  

3- 
*< - 

5. Aorta membrane 
- 

The a o r t a .  t y p e  11, of a  55 geaE o l d  female was o b t a i n e d  from 

~ a n c o u v e r  General  ~ o s ~ i t a l .  The f r o z e n  aor t , a  was thawed ove rn igh t  a t  

5 ' ~  i n  0.01M b o r a t e ,  pHz7.5. which was 0.25M i n  suc rose?  A small 

amount o f  connec t ive  t i s s u e  was removed and t h e  e n t i r e  a o r t a  c u t  i n t o  
# 

s t r i p s  approximate ly  1  cm x 0 .5  cm. The t i s s u e  was t h e n  homogenized 

under  nitrbgten h~ a  Waring b l ende r  i n  t h e  b o r a t e  b u f f e r  f o r  

approximate ly  2 minutes .  and subsequen t ly  c e n t r i f u g e d  a t  1000 x  g  f o r  

10 minutes .  'he p e l l e t  was t h e n  rehomogenized, and t h e  combined 

s u p e r n a t a n t s  c e n t r i f u g e d , a t  100,000 x  g f o r  90 minutes .  Th i s  p e l l e t  

was t h e n  suspended under  n i t r o g e n  i n  a  12 mm NMR t u b e  i n  2 m l  o f  0.05M 

Tris, pB=7.2. which was 0.05M i n  K C 1 .  3 1 ~  NMR s p e c t r a  were 

determined immediately.  

The t h i c k  membrane suspens ion  was t h e n  s o n i c a t e d  under  n i t r o g e n  * >. 

a t  1 1 ' ~  f o r  approximate ly  10 minutes. .  The c o n s i s t e n c y  of  t h e  sqayrle 

was a l t e r e d  by t h i s  t r ea tmen t  t o  t h a t  o f  a  c loudy  non-v iscous  l i q u i d .  

P s p e c t r a  were t hen  rede te rmined .  

i 



- - 

. V The sampl was subsequen t ly  d i a l y s e d  a g a i n s t  t h r e e  change's o f  - d 7 

2000 m l  of  d i s t i l l e d  water' whi le  n i t r o g e n  d s  c o n t i n u a l l y  bubbled 

through t h e  bu lk  - s o l u t i o n .  Following t h e  d i a l y s i s ,  t h e  sample was 

r e s o n i c a t e d  and t ransfg&d under  n i t r o g e n  t o  a  12 mm NMR t u b e .  and 
, # *  

C - 
3~ s p e c t r a  determined.  - . 

#' 
C. Nuclear  Magnetic Resonance S p e c t r a  

'L 

A l l  NMR s p e c t r a  were de te rmined  on a  Varian XL-100-15 WR 

spec t rome te r  o p e r a t i n g  i n  t h e  p u l s e  F o u r i e r  t r ans fo rm mode. 

, - 
13c NMR s p e c t r a  were+determined  a t  25.2 MHz us ing  an i n t e r n a l  

f i e l d - f r e q u e n c y  l o c k  w i t h  a n  8K d a t a s e t .  chemical  s h i f t s  were 

measured r e l a t i v e  t o  e x t e r n a l  t e t r a m e t h y l s i l a n e  (TMS) o r  

hexame thy ld i s i l ane  (HMDS) p r e s e n t  i n - a  co -ax i a l l y  mounted c a p i l l a r y .  

A l l  r e p o r t e d  chemical s h i f t s  were conve r t ed  t a  t h e  TMS scale by t h e  

. . 
I n  t h e  i n i t i a l  stages o f  t h . i s ,  i n v e s t i g a t i o n .  13c TI 

r e l a x a t i o n  times f o r  20% wfv l e c i t h i n  v e s i c l e s  and f o r  lecithin-phy%ol 
- -. mixed v e s i c l e s  were measured by t h e  i n v e r s i o n  r ecove ry  method o f  Vold 

e t  a 1  (106)  uh ich  employs a  (r-7-(7?/2)-T) p u l s e  sequence mere T i s  



t h e ~ d e l a y  time between t h e  180' and 90' p u l s e s .  T h i s  p u l s e  
1 

sequence was r e p e a t e d  a f t e r  a time T which was a t  l e a s t  f i v e  t>imes t h e  

l a r g e s t  TI va lue  t o  b e  measured. Although t h e  time r e q u i r e d  f o r  a 

s e t  o f  invers ion- recovery  s p e c t r a  i s  up t o  48 hours .  t h e  sample3 

remained homogeneous and subsequent  TLC a n a l y s i s  showed l i t t l e  l i p i d  

decomposi t ion.  I n  a d d i t i o n ,  t h e r e  were no major d i f f e r e n c e s  i n  pro ton  

n o i s e  decoupled I3c s p e c t r a  o b t a i n e d  b e f o r e  and a f t e r  t h e  
U 

invers ion- recovery  exper iments .  

4 
Dur inq  the-er s t a g e s  o f  t h i s  i n v e s t i g a t i o n  , it became p o s s i b l e  

t o  employ t h e  t ime sav ing  homogeneity s p o i l i n g  t e c h n i q u e  o f  McDonald 

and Leigh ( 1 0 7 ) .  T h i s  b l s e  sequence,  which-, i s  d i s c u s s e d  i n - d e t a i l  i n  
i 

S e c t i o n  3.A.2. was used t o  de t e rmine  t h e  ' 3 ~  T1 r ; ? l axa t ion  times 

f o r  t h e  l e c i t h i n - V i  tamin E ,  and l e c i t h i n - p h y t a n i c  a c i d  v e s i c l e  

sys tems ,  and f o r  t h e  l e c i t h i n - c h o l e s t e r y l  ester d i s p e r s i o n s .  % , I s  .. 
* 

f o r  s e v e r a l  ca rbons  which 6 e r e  i n d i c a t e d  t o  be  l e s s  t h a n  0 . 3  s e c  were 

- checked by t h e  inversion-6ecovery method and were found t o  be  in 

agreement w i t h  t h e  homosp6il d e t e r m i n a t i o n s  t o  w i th in  - expe r imen ta l  
\ 

e r r o r .  R 

The percentage' e r r o r  f o r  each  measurement was approximate ly  6-7%; 

o c c a s i o n a l l y  d u p l i c a t e  expe r imen t s  showed a v a r i a n c e  o f  up t o  10%. 

The re fo re  t h e  conf idence  limit is set  a t  +lo% and i f  t h e  v a r i a n c e  

exceeded t h e  % e r r o r .  t h e  , v a r i a n c e  is reported. ,  . 
C 

P 



B 

P NMR s p e c t r a  wer-e determined a t  40.5 M H ~  u s ing  an e x t e r n a l  

"F f i e ld - f r equency  l o c k  and a 2K d a t a s e t  wi th  e x t e r n a l  H3P04 

" < 
,- (85%)  a s  a '  r e f e r e n c e .  

For p e r m e a b i l i t y  measurements of pu re  EYL and mixed v e s i c l e  

systems t o  pr3+, samples  were prepared  a s  desc r ibed  i n  S e c t i o n  
h 

4 . B . 1 .  I n i t i a l  s p e c t r a  E r e  determined and a 150 u l b o r t i o n  o f  0.1M 

Pr(N0 ) 5H20 i n  t h e  aforementioned b u f f e r  s o l u t i o n  was then  
3 3 

added. The use of 3 m l  of  v e s i c l e  p r e p a r a t i d n  r e s u l t e d  i n  a ~ r 3 +  
P 

concentrat$on o f  0.005M. Subsequent s p e c t r a  were determined a t  

moni tored .  

" /t 

,-' 
i n t e r v a l s ,  and t h e  f a t e  of d i s appea rance  o f  t h e  s h a r p  u p f i e l d  31p 

resonance  was monitored. Subsequent t o  t h e  d i s appea rance  o f  t h i s  
- 

peak, 300' u l  of' 0,. 2M EDTA which eomplexes w i th  ~ r 3 +  - - was r o u t i n e l y  - 

added,  and t h e  s p e c t r a  rede te rmined .  

S e p a r a t e  expe r imen t s  were a l s o  performed i n  o r d e r  t o  s t u d y  t h e  

r a t e  o f  EDTA permeation through pu re  EYL v e s i c l e s .  EYL was d i s p e r s e d  
4' 

i n  t h e  p r e v i o u s l y  mentioned b u f f e r  which h a s  been made 0.005M i n  
Q 

pr3+. Subsequent s o n i c a t i o n  of  t h i s  d i s p e r s i o n  r e s u l t s  i n  v e s i c l e s  

which p o s s e s s  l a n t h a n i d e  bo th  i n s i d e  and o u t .  I n i t i a l  s p e c t r a  were 

de te rmined  fol lowed by t h e  a d d i t i o n  o f  300 u l  of 0.2M EDTA. and t h e  

r a t e  o f  i n c r e a s e  o f  t h e  a r e a  o f  t h e  s h a r p  u p f i e l d  resonance  was 



D.  E l e c t r o n  SpirrBksonance S p e c t r a -  

1 . General  

A l l  ESR s p e c t r a  were determined a t  2 3 ' ~  on a  Varian E-4 EPR 

spec t rome te r  o p e r a t i n g  i n  t h e  X band a t  approximate ly  9 .5  GHz. 

Or ien ted  m u l t i l a y e r  samples  were prepared  a s  desc r ibed  i n  S e c t i o n  

2.B.3. Typica l  

r e c e i v e r  g a i n  = 

= 0 . 3  sec. s c a n  

spee t rome te r  s e t t i n g s  were : s c a n  range  = 100-400 G .  . 
5 x 1 0 ~ .  modula t ion  ampl i tude  = 0.5 G . ,  time c o n s t a n t  

a 

tirpe = 4 min.*microwave power = 10-100mW. * .  

4 &-- 

2 .  Asc o r b a t e  pee fea t  i on  

For t h e  s t u d y  of  t h e  permeat ion o f  sodium a s c o r b a t e  i n t o  t h e  

l i p i d  m u l t i l a y e r s ,  h y a r a t i o n  was c a r r i e d  ou t  by t h e  a d d i t i o n  o f  

f r e s h l y  p repa red ,  thoroughly  deoxygenated 0.01M sodium ascorba. te  & i c h  , 

was 0.15M i n  NaC1. Thg pH o f  t h e  a s c o r b a t e  s o l u t i o n  had been 

p r e v i o u s l y  a d j u s t e d  t o  6 .8 f l . 1  . w i t h  NaOH o r  H C l .  A l l  s p e c t r a  were 

determined wi th  t h e  magnet ic  f i e l d  pe rpend icu l a r  t o  t h e  m u l t i b i l a y e r  

s u r f a c e .  I n  t h e  c a s e  o f  EYL samples ,  t h e r e  was observed  an  immediate, 

change i n  t h e  s p e c t r a l  shape upon a s c o r b a t e  a d d i t i o n ,  i n d i c a t i n g  

complete  

c a s e  f o r  

NaCl f o r  

w i t h  t h e  

h y d r a t i o n  o f  t h e  l P p i d  films. T h i s  was n o t  found t o  be  t h e  

DPL m u l t  i l a y e r s ;  however, p r e h y d r a t l o n  o f  t h e  f i l m s  i n  .O. 15M 

approximate ly  one hou r ,  f o l l o u e d  by r i n s i n g  and h y d r a t i o n  

a s c o r b a t e  s o l u t i g n  produced t h e  d e s i r e d  r e s u l t .  



The k i n e t i c s  of  t h e  s p i n  l a b e l  r e d u c t i o n  were fol lowed by 

r e c o r d i n g  t h e  low f i e l d  componeht of t h e  ESR spectrum a t  i n t e r v a l s  ( 1 5  
i 

sec-4 m i n ) ,  s i n c e  t h i s  l i n e  does  n o t  o v e r l a p  wi th  t h a t  due t o  t h e  

a s c o r b a t e  r a d i c a l  *ich i s  produced d u r i n g  t h e  r e a c t i o n .  The r a t e  o f  
. % 

decay o f  t h e  h e i g h t  o f  t h e  low f i e l d  component i s  p r o p o r t i o n a l  t o  t h e  

r a t e  q f  a s c o r b a t e  r e d u c t i o n  o f  t h e  i nco rpo ra t ed  s p i n  probe., i f  t h e r e  

$3 n o  change i n  s p e c t r a l  shaRe d u r i n g  t h e  cou r se  o f  t h e  r e a c t i o n  and 
_ly- - 

-4  )* C .  P 

t h i s .  i ndeed ,  was found t o  be' t h e  c a s e .  



CHAPTER 3 

*"5- - 
THEORETICAL CONSIDERATIONS - 

T h i s  c h a p t e r  w i l l  p r e s e n t  i n  two major p a r t s  a n  o u t l i n e  o f  t h e  

e x i s t i n g  t h e o r y  which p rov ides  t h e  b a s i s  f o r  t h e  e x p e r i m e n t a l  
Z" - 

t e chn iques  used i n  t h i s  i n v e s t i g a t i o n .  The f i r s t  p a r t  d e a l s  b r i e f l y  

w i t h  n u c l e a r  magnet ic  r e l a x a t i b n  p roces se s  and t h e  p u l s e  sequeqces 
% 

used i n  t h e  d e t e r m i n a t i o n  o f  s p i n - l a t t i c e  r e l a x a t i o n  times. Following 

t h i s  is  a  d i s c u s s i o n  o f  l i n e a r  e l e c t r i c  f i e l d  e f f e c t s  on 13c 
, 

chemical  s h i g t s  of  o l e f i n i c  c a r b o n s .  A more complete  d i s c u s s i o n  o f  

9 n u c l e a r  magnet ic  resonance can  be  found i n  works by Abraqam ( 108) .  and 
' 

by S l i c h t e r  ( 1 0 9 ) .  For a  d e t a i l e d  account  o f  t h e  a p p l i c a t i o n h f  NMR 

t o  b i o l o g i c a l  membranes, trhe r e a d e r  i s  r e f e r r e d  t o  a  r e c e n t  rev iew by . ' 

Lee, B i ~ d s a l l ,  and Metca l fe  ( 11 0 )  . -6 - 
-4 

The second p a r t  o f  t h i s  c h a p t e r  d e a l s  w i th  t h e  b a s i c  p r i n c i p l e s  + , 

of  t h e  e l e c t r o n  s p i n  resonance  o f  n i t r o x i d e  s p i n  probes .  o u t l i n i n g  t h e  

t y p e  o f  i n f i rma t ion  which may be  ga ined  through t h e  u se  o f  t h i s  t o o l .  - 
A r e c e n t  t r e a t i s e  (111)  p rov ides  an e x c e l l e n t  overview o f  p r o g r e s s  i n  

t h i s  a r e a .  



- 
, A .  S p i n - L a t t i c e  Re laxa t ion  

( '1) Genera l  

Bloch e t  a 1  (112.113) d i scove red  t h a t  t h e  motion o f  t h e  

macroscopic  magne t i za t i on  o f  n u c l e i  i n  t h e  presence  o f  an a p p l i e d  - . 
s t H t i c  f i e l d  could  be  d e s c r i b e d  by a s e t  o f  phenomenological 

d i f f e r e n t i a l  e q u a t i o n s .  '1n a  s t a t i c  f i e l d  HZ.~ ,  , if t h e  

magne t i za t i on  is  d i s t u r b e d  from i t s  e q u i l i b r i u m  va lue  by t h e  

a p p l i c a t i o n  of a  r ad io f r equency  p u l s e  a p p l i e d  a t  r i g h t  a n g l e s  t o  t h e  

a p p l i e d  f i e l d  Ho, t h e  components o f  t h e  magne t i za t i on  w i l l  decay  t o  
1 

t h e i r  equ i l i b r ium v a l u e s  acco rd ing  t o  t h e  e q u a t i o n s  govern ing  t h e  r a t e  

o f  approach t o "  equ i l i b r ium ( 108) .  

. M y  and Mz a r e  t h e  components o f  t h e  magne t i za t i on  i n  
C 

t h e  x ,  y,' and z  d i r e c t i o n s .  and TI and T2 a r e  t h e  l o n g i t u d i n a l  

( s p i n  l a t t i c e )  and t r a n s v e r s e  ( sp in - sp in )  r e l a x a t i o n  t i m e s  
I 

r e s p e c t i v e l y .  



-._ 
The , r e t u r n  o f  t h e  z  ccmponent o f  t h e  n e t  magne t i za t i on  a l o n ~  Ho 

( t h e  z d i r e c t i o n )  i s  t h e r & o r e  c h a r a c t e r i z e d  by a t i m e  T I .  t h e  

s p i n - l a t t i c e  r e l a x a k i o n  time. The n ~ n r a d i a t i v e ~ r e t u r n  t o  equ i l i b r ium 

- 
a r i s e s  from t h e  i n t e r a c t i o n  o f -  t h e  n u c l e i  wi th  o s c i l l a t o r y  magnet ic  z2 * 

f i e l d s  produced by molecular  motiop i n  t h e  sample ( 1 1 0 ) .  If t h e  rates 

o f  motion o v e r l a p  wich t h e  Larmor p reces s ion  f requency  o f  t h e  nuc l eus  
0 

concerned ,  a  t r a n s i t i o n  may occur  from t h e  upper  s p i n  s t a t e  t o  t h e  

lower  s p i n  s t a t e .  

@ 
The equa t ion  o f  motion f o r  t h e  macroscopic m a g n e t i z a t i o n  v e c t o r  

i n  a  magnetic f i e l d  R i s  g i v e n  by (114)  

were $ is t h e  g y r m a g n e t i c  r a t i o  o f  t h e  nuc l eus  i n  q u e s t i o n .  The 

presence  of an obse rva t ion  f i e l d  H1 a p p l i e d  t o  r i g h t  a n g l e s  t o  t h e  

s t a t i c  f i e l d .  Ho, may b e  thought '  of as a  f i e l d  r o t a t i n g  i n  t h e  xy  

p l a n e ,  about  t h e  z a x i s  a t  an  a n g u l a r  f requency .  w ( 1 1 5 ) ;  The 

components of  t h e  magnet ic  f i e l d  a r e  t h e r e f o r e  (115 )  

* .  H ' =  -HI  s i n  ut 
Y 

Expanding t h e  c r o s s  product  i n  equa t ion  111-4 and s u b s t i t u t i n g  from 

e q u a t i o n s  111-5. 111-6 and 111-7 y i e l d s  ( 1 15) 



d% - - - ~ M ~ H ,  +IMZH1 s i n  wt 
d t  

dMz - = - MxH1 q;n wt - f M y H l  c o s  wt 111-1 0, 
d t 

S i n c e  and 5 r e l a x  back  t o  an e q u i l i b r i u m  v a l u e  o f  z e r o .  . 

\ f 
and M, r e l a x e s  t o  an e q u i l i b r i u m  v a l u e  o f  M o ,  t h e r e f o r e  ( 1 1 5 )  \ 

d& - Y ( M ~ H ,  + M , H ~  s i n  w t )  - ( ~ 1 ~ ~ 1 '  
d t  

= H s i n  wt + M ~ H ~  c o s  w t )  - (M,-M,)/T~ %+ 

Thus t h e  e q u a t i o n s  111-1. 111-2 and 111-3 a r e  s e e n  t o  b e  damping t e r m s  

2t 
f o r  t h e  r a t e  o f  m o t i o n  e q u a t i o n s  d e s c r i b i n g  t h e  NMR e x p e r i m e n t .  

I n  g e n e r a l ,  a n y  mechanism by  which f l u c t u a t i n g  m a g n e t i c  f i e l d s  

a r e  produced a t  t h e  n u c l e u s  i s  a p o s s i b l e  mechanism o f  n u c l e a r  

r e l a x a t i o n .  T h e r e  p r o c e s s e s  a r e  ( 1 1 0 ) :  

1. m a g n e t i c  d i p o l e - d i p o l e  i n t e r a c t i o n s  

2.  c h e m i c a l  s h i f t  a n i s o t r o p y  

3.  s c a l a r  c o u p l i n g  

4. s p i n  r o t a t i o n  

5. e l e c t r i c  q u a d r u p o l e  f o r  n u c l e i  w i t h  I > 1 / 2  where  I i s  

t h e  n u c l e a r  s p i n  quantum number. 



F o r  a n y  random m o t i o n a l  f l u c t u a t i o n .  F ( t ) .  a n  a u t o c o r r e l a t i o n  

f u n c t i o n  may b e  d e f i n e d  which r e l a t e s  t h e  v a l u e  o f  F( t )  a t  one  t i m e  t o  

its v a l u e  a f t e r  a  time i n t e r v a l  7. as ( 1  1 6 )  

~ ( 7 )  = F " ( t + V  F ( t )  - 111-1 4 
r 

'where  t h e  b a r  d e n o t e s  an  a v e r a g e  o v e r a l l  t i m e .  I f  G ( r )  d e c a y s  

e x p o n e n t i a l l y  w i t h  a t i m e  c o n s t a n t  Tc.. t h e  a u t o c o r r e l a t i o n  f u n c t i o n  
, 

t a k e s  t h e  ? o m  ( 1  16)  

t 
G(?') = F * ( t )  F ( t )  exp( -  Id/? ) 

C 
111-1 5 

S i n c e  t h e  s p e c t r a l  d e n s i t y  o f  F ( t )  is  t h e  F o u r i e r  t r a n s f o r m  o f  t h e  

a u t o c o r r e l a t i o n  f u n c t i o n  ( 1  1 6 ) .  

Thus ,  f o r  a f l u c t u a t i n g  n u c l e a r  d i p o l e - d i p o l e  i n t e r a c t i o n .  f o r  

example ,  t h e  s p e c t r a l  d e n s i t y  g i y e s  t h e  e n e r g y  a v a i l a b l e  f o r  p roduc ing  

n u c l e a r  r e l a x a t i o n  a t  t h e  f r e q u e n c y .  w ( 1 1 0 ) .  

- 
The dominant  mechanisui f o r  s p i n - l a t t i c e  r e l a x a t i o n  o f  3~ 

n u c l e i  w i t h  d i r e c t l y  bonded p r o t o n s  in l a r g e - m o l e c u l e s  is  t h r o u g h  

- i n t r a m o l e c u l a r  d i p o l e - d i p o l e  i n t e r a c t i o n s  ( 117-1 1 9 ) .  T h i s  

h a s  been  v e r i f i e d  by n u c l e a r  Overhause r  enhancement s t u d i e s .  

T h e r e f o r e  t h e  a i s c u s s i o n  o f  ' 3 ~  T~ r e l a x a t i o n  mechanisms w i l l  b e  , 

l i m i t e d  t o  t h a t  induced by d i p o l e - d i p o l e  i n t e r a c t i o n s  w i t h  d i r e c t l y  

bonded p r o t o n s .  



2 .  Dipole-d ipole  r e l a x a t i o n  

The Hamil tonian f o r  t h e  i n t e r a c t i o n  o f  two magnet ic  d i p o l e s  is 

- 
where I( i) and i( j) b e  t h e  s p i n  v e c t o r  o p e r a t o r s  o f  t h e  t w o ' n u c l e i .  

and bij is  t h e  d i p o l a r  i n t e r a c t i o n  t e n s o r  between t h e  n u c l e i  i and j. 

I n  t h e  c a s e  o f  i n t r a m o l e c u l a r  d i p o l e - d i p o l e  r e l a x a t i o n .  t h e  components 
0 

of D a r e  time dependent s i n c e 4 m o l e c u l a r  r e o r i e n t a t i o n s  cause  changes 
i j 

i n  t h e  a n g l e  beween t h e  i n t e r n u c l e a r  v e c t o r ,  and t h e  a p p l i e d  magnetic 

f i e l d  (110);  

Fo r  a  f u l l y  p r o t o n  decoupled ' 3 ~ - H  sys tem,  t h e  T1 - 

r e l a x a t i o n  time is g iven  by ( 1  19) 

1 /T 

\. . where t h e  W's a r e  

r e l a x a t i o n  occu r s  

t h e  p - r o b a b i l i t i e s  f o r  t h e  t r a n s i t i o n s  by which 

. These t r a n s i t i o n  p r o b a b i l i t i e s  may be  c a l c u l a t e d  

by t h e  method o f  ~ l o & b e r ~ e n ,  P u r c e l l  and Pound (120)  t o  be  (121)  A 

i 



- 
where wc and wH a r e  t h e  Larmor f r e q u e n c i e s  i n  r a d i a n s  pe r  second 

- 

C 
. . f o r  carbon and hydrogen r e s p e c t i v e l y .  and where Fo. F,  and F2 

r e p r e s e n t - o r i e n t a t i o n  f u n c t i o n s  f o r  t h e  f l u c t u a t i n g  d i p o l e - d i p o l e  
-" - 

4, I 

+ 
i n t e r a c t i o n .  If t h i s  motion is  i s o t r o p i c ,  t h e  average  v a l u e  o f  t h e  

o r i e n t a t i o n  f u n c t i o n s  a r e  g iven  by (121)  

2  
< Fo > = (4/5)K 111-23 - 

where 

and where gH an3  lc a r e  t h e  gyromagnet ic  r a t i o s  o f  'H and 13c : 

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

S u b s t i t u t i o n  o f  equa t ion  111-26 i n t o  e q u a t i o n s  111-23 t o  111-25 and 

subsequen t ly  i n t o  e q p a t i o n s  111-2-0 t o  111-22 y i e l d s  

%el= 

, 
- 1 - I C  

and s u b s t i t u t i o n " o f  e q u a t i o n s  111-27 t o '  111-29 i n t o  e q u a t i o n  111-19 
- -9 

y i e l d s  
r 



I n \ t h e  ca se  i f  phosphol ip id  m m b r k e  systems,  t h e  c o r r e l a t i o n  

t i m e s  d e c r e a s e  w i th  i n c r e a s i n g  t empera tu re  ( 7 , 2 1 ) .  i n d i c a t i n g  t h a t  

w2T2<< 1 . Neglec t ing  long  range  3 ~ -  '8  i n t e r a c t i o n s ,  and 

summix over  a l l  d i r e c t l y  bonded p ro tons  y i e l d s  t h e  e x p r e s s i o n  ( 1  18) 

r 

where N i s  t h e  number of  d i r e c t l y  bonded p ro tons .  However. t h e  

preceding  t r ea tmen t  assumes t h a t  t h e  mot iona l  f l u c i u a t i o n  o f  t h e  

13c-'H d i p o l e  is  i s o t r o p i c .  Taking i n t o  accdunt  a n i s o t r o p y  of. i n t e r n a l  . 
- P 

r e o r i e n t a t i o n  which i s  be l i eved  t o  be  presen tJn  phosphol ip id  
. 

b i l a y e r s  r e q u i r e s  t h e  m o d i f i c a t i o n  of t h e  t ime average  o r i e n t a t i o n  
, - 

f u n c t i o n s  o f  e q u a t i o n s  I I I - 2 0  t o  111-22 (21 ,118 ,122) .  The r e s u l h n t  

m o d i f i c a t i o n  o f  e q u a t i o n s  111-20 t o  111-22 may b e  expressed  i n  te rms  

of  an  a n i s o t r o p y  parameter ,  A. a s  (5 .137)  

where A = < ( 3 / 2 )  c o s 2 8 , ( 1 / 2 ) > ~  where 0 is  t h e  a n g l e  between 
-9 

t h e  13c-'8 v e c t o r  and t h e  a x i s  o f  i n t e r n a l  r e o r i e S n t a t i o n .  

Thus f o r  r a p i d  a n i s o t r o p i c  mot i o n .  t h e  3~ s p i n - l a t t i c e  r e l a x a t i o n  

t i m e s  f o r  carbon n u c l e i  i n  a . ~ p h o s p h o l i p i d  b i l a y e r  are, g iven  by (21)  

Unfo r tuna t e ly ,  t h e  c o n t r i b u t i o n s  t o  t h e  observed TI - 
r e l a x a t i o n  t i m e s  cannot  be  s e p a r a t e d  i n t o  t h e i r  components due t o  r a t e  



of motion (c dependence) and t h a t  due t o  a n i s o t r o p y  o f  t h e  motion 

( a n g u l a r  dependepce) . a s  has  been poin ted  ou t  p r e v i o u s l y  (84 ,861 .  It 
C 

can  r e a d i l y  be seen t h a t  i n  t h e  i so t rop i c (1 imi t .  e q u a t i o n  111-33 

r educes  t o  equa t ion  111-31. and t h u s  T1 i s  a  d i r e c t  measure o f  r a t e  
7 

o f  motion.'  In  t h e  c a s e  of a n i s o t r o p y  of  t h e  r e o r i e n t a t i o n  o f  t h e  

13c-'8 i n t e r n u c l e a r  v e c t o r .  an  i n c r e a s e  irl  13c T I  r e l a x a t i o n  

times f o r  a  phosphol ip id  menbrane system may be  due t o  &creased  r a t e  
.A 

o f  segmental  motion abou t  i n d i v i d u a l  barbon-carbon  bonds, o r  due t o  

i n c r e a s e d  d i s o r d e r  o f  t h e  q o t i o n  o r  bo th .  Neve r the l e s s .  13c T1 , - 

. r e l a x a t i o n  t i m e s  f o r - p h o s p h o l i p i d  membrane systems a r e  s t i l l  a  measure  
-4-- 

of  r e l a t i v e  mot iona l  freedom, o r  b i l a y e r  Is f l u i d i t y " ,  r e g a r d l e s s  of 

7z-. -p - - whether t h e  e f f e c t s  a r e  due t o  'chahges i n  t h e \ a n i s t r o p y  o f  t h e  motion. 
4 

., - -- - ii _.i ...- / - 

i t s  r a t e ,  o r  bo tM LI- _ _  - 
r ' -3 '.. 

-.,.3 * 
)i_* - ---- - -_ - . 

w 

x 

3. Measurement o f  s p i n - l a t t  i c e  r e l a x a t i o n  t i m e s  

-: 

Pulsed NMR methods a r e  b e s t  unde'rstood i f  t h e y  a r e  d i s c u s s e d  i n  
.. . 2 .- terms o f  t h e  kiulk 'magnet izat ion o f  t h e  sample.  cons ide red  i n  t h e  

r o t a t i n g  frame. One method of measuring s p i n  l a t t i c e  r e l a x a t i o n  t i m e s  

is t h e  invers ion- recovery  method o f  Vold e t  a 1  (106)  which i n v o l v e s - a  
% 

( 180'. 7, 90') p u l s e  sequence. 

, , 

I n i t i a l l y .  t h e  m g n e t i z d t i o n  l ies  a long  t h e  z '  a x i s .  A 1 8 0 ~ '  
- 

p u l s e  is a p p l i e d  which f l i p s  t h e  magne t i za t i on  t o  t h e  -2' a x i s .  The 

magne t i za t i on  is  then  al lowed t o  underqo l o n g i t u d i n a l  r e l a x a t i o n  f o r  a 
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I 
-- where A, i s  t h e  s p e c t r a l  ampl i tude  f o r Y > 5 T 1 ,  Aris t h e  s p e c t r a l  

- ampl i tude  f o r  a s p e c i f i e d  v a l u e  o f  7'. and,? i s  t h e  i n t e r v a l  between 
. - 

t h e  180•‹ and 90' p u l s e s .  T1 may be  o b t a i n e d  from t h e  s l o p e  o f  a ' 

7 .  

T1 may a l s o  b e  measured by t h e  homogeneity s p o i l i n g  t echn ique  

o f  McDonald and Leigh ( lo? )  which i s  i l l u s t r a t e u  & F i g  
4 vA" 

i n i t i a l  90'4 p u l s e  which shf fts t h e  n e t  magnet iza t ion-  i n t o  t h e  xr0y1  - 9  - P  
p l a n e  is fol lowed by a d e l d ' g r a d i e n t  p h s e  Vhich i s  a p p l i e d  th rough 

t h e  magnet1 s shim c o i l s .  T h i s  spoils t h e  f i e l d  homogenei apd causes  4 
a r a p i d  dephasinSg .of' t h e  magne t i za t i on  i n  t h e  x 1  , y1  

i n  z e r o  n e t  magne t i za t i on .  ~f 2 e r  a t i m k - i n t e r v a l  T, 
? 

s p i n s  are al lowed t o  r e l a x ,  a second 90' p u l s e  is a p p l i e d .  n d  t h e  
a 

magnitude o f  t h e  free i n d u c t i o n  sampled. The f i e l d  g r a d i e n t  i s  then  

r e a p p l i e d  .to e l i m i n a t e  any remain ing  magne t i za t i on  i n  t h e  x' y'  *lane.  
:-w 

and t h e  p u l s e  seqdence may be  r e p e a t e d  immed2ately. The r e p e a t i n g  
- 5 

sequence is  thus  ( 90-spoil-7-90~sample-spoil) n .  The v a r i a t i o n  o f  

s i g n a l  i n t e n s i t y  3 i t h .  f o l l o w s  t h e  re a t i o n s h i p  ( 1 1 0 ) .  
. * 2 

T I  i s  aga in  ob t a ined  -from T h e  s l o p e  o f  a plot  o f  ln(A,-Ar) vs?' . 
a 4 

\ .  5 

This,  method o f  TI , d e t e r m i n a t i o n  r e s u l t s  i n *  a ve& g r e a t  

t ime  sav ing  wer t h a t  r e q u i r e d  f o r  -an inversion- . recovery d e t e r m i n a t i o n  
J 

s i n c e  it i s  n o t  neces sa ry  t o  u a i t  (5xT1) eaERt,+time b e f o r e  t h e  p u l s e  

sGquence is r e p e a t e d .  Therefore-  it i s  e s p e c i a l l y  u s e f u l  f o r  t h e  
d - a 



Figu re  4 .  The homospoil  p u l s e  sequence. Taken f'rom r e f e r e n c e  110. 

% 





". 

measurement o f  l ong  r e l a x a t i o n  times. How&er. f o r  measurement o f  

very  s h o r t  T l l s .  i . e .  T1<Q.2 s e c ,  t h i s  sequence is of l i m i t e d  

u t i l i t y .  T h i s  is because of t h e ' r e l a t i v e l y  l o w  d u r a t i o n  o f  t h e  
- 

s p o i l i n g  p u l s e .  t y p i c a l l y  on t h e  o r d e r  o f  0.05 s e c .  Thus. t h e  

a v a i l a b l e  range  o f  7 v a l u e s  is  l i m i t e d  t o  t h o s e  gr 'eater t han  0.05 sec: 
? 

It should  .be po in ted  ou t  t h a t  du r ing  t h e  cou r se  o f  t h i s  i n v e s t i g a t i o n ,  
e 

T l  ' s  a s  low a s  200 msec have been d e t e r m i ~ e d  us ing  t h e  homospoil 

t e chn ique .  These T1  v a l u e s  were found t o  a g r e e  w i t h  t h o s e  v a l u e s  

determined by t h e  i n v e r s i o n  r ecove ry  method t o  l e s s  t han  ~ 1 0 % .  

One o t h e r  c r i t i c i s m  which h a s  been r a i s e d  a g a i n s t  t h e  use  o f  t h e  

hbmospoil p u l s e  sequence is t h a t  t h i ' s  method may b e  more s e n s i t i v e  t o  

t h e  accu racy  of t h e  90' p u l s e .  A s  w e l l .  t h e  l ong  s p o i l i n g  p u l s e  may have 

t r a u m a t i c  e f f e c t s  on t h e  NMR f i e ld - f r equency  l o c k .  ' Thi s  was n o t  found 

t o  b e  a  prob.lem wi th  t h e  XL-100-15 system used i n  t h i s  i n v e s t i g a t i o n .  

B. L inea r  E l e c t r i c  F i e l d  B f f e c t s  i n  NMR 

The s u b s t i t u t i o n  o f  a  methylene group wi th  a  , p o l a r  . s u b s t i t u e n t ,  

X .  may cause  l a r g e  changes in t h e  chemical  s h i f t s  o f  nearby p r o t o n s  

( 1 2 3 ) .  The chemical s h i f t  change brought  about  by t h i s  
i 

s u b s t i t u t i o n  may b e  de f ined  a s  - 

where Adel is  due t o  t h e  d i f f e r e n c e  in t h e  e l e c t r i c  d i p o l e  moment , 

upon s u b s t i t u t i o n .  A C ~  i s  t h e  d i f f e r e n c e  due t o  a l t e r e d  Van d e r  Waals 

i n t e r a c t i o n s .  l C m a p n  is  t h e  c o n t r i b u t i o n  due t o - d i f f e r e n t  a n i s d t r o p i e s  
- 



4 

i r 
of t h e  magne t i c  s u s c e p t i b i l i / t i e s  o f  t h e  C-X and C-H bonds, wh i l e  

i ~ J s o l ,  r e f l e c t s  t h a t  p o r t i o p  o f  A d w h i c h  i s  due t o  d i f f e r e n c e s  
I 

i n  t h e  i n t e r a c t i o n  w i t h  s o h e n t  molecules  due t o  t h e  i n t r o d y c t i o n  o f  

a p o l a r  s u b s t i t u e n t  ( 123). 

It is t h e  t'erm Dlel  + i c h  i s  of i n t e r e s t  i n  t h i s  i n v e s b i g a t i o n  

s i n c e  it d e s c r i b e s  t h e  ch  nge i n  chemical  s h i f t  which may b e  caused by 

t h e  i n t r o d u c t i o n  o f  an e$ctric f i e l d  which may o r i g i n a t e  a t  a 

molecu la r  d i p o l e ,  p o i n t  ha rge  o r  o t h e r  i n t e r -  o r  i n t r a m o l e c u l a r  

b 

sou rce  (124) .  One such t h e r  sou rce  is t h e  s u r f a c e  d i p o l e .  moment o f  a  
rj 

phosphol ip id  i t  i s  t o  a  system wi th  such a so&ce 

t h a t  a  l i n e a r  w i l l  b e  a p p l i e d  ( s e e  g e c t i o n  

4.D). 

i - 
,I 

Buchingham ( ~ ) $ a s " s h o u n  t h a t  i f  a  molecule  is  p laced  i n  t h e  

presence  o f  a  f i e l d ,  E, t h e  e f f e c t  on t h e  n u c l e a r  

s c r e e n i n g  cons t an t  o f l t h e  atom i n  q u e s t i o n  may b e  exp re s sed  a s  a  power 
I 9  5 

s e r i e s  in E ,  and t h e r k f o r e  may a l s o  b e  exp re s sed  i n  t h i s  form 

I 

where A and B a r e  

The e l e c t r i c  

group w i t h  d i p o l e  

i 
c o n s t a n t s  which d e s c r i b e  t h e  p a r t i c u l a r  

i 
J 
1 1  

*-- - -*' -. 
f i e l d  s t r e n g t h  squared  o r i g i n a t i n g  ,front 

m b e n t  M i s  g iven  by ( 123) 

s y s  tem . 

a p o l a r  
- ~ 



, &  where O l  i s  t h e  a n g l e  between t h e  o r i g i n  o f  t h e  d i p o l e  moment 

v e c t o r .  and t h e  p r o t o n  whose chemical  s h i f t  i s  be ing  , cons ide red .  S i n c e  

t h e  second o r d e r  term falls o f f , < r a p i d l y  - ,  wi th  i n c r e a s i n g  d i s t a n c e ,  

t h e  f i n a l  term i n  e q u a t i o n  111-38 may . b e  neg lec t ed .  .and t h e  change 

i n  chemical  s h i f t  due t o  an e l e c t r i c  f i e l d  caused by a  d i p o l e  moment 

may b e  expressed  i n  terms o f  t h i s  d i p o l e  a s  (123 )  

where c  encompasses t h e  m o d i f i c a t i o n  o f  t h e  va lue  o f  t h e  e l e c t r i c  

f i e l d  a t  t h e  atom i n  q u e s t i o n  d d ~ t o  t h e  o r i e n t a t i o n  o f  t h e  d i p o l e  

'moment w i t h  r e s p e c t  t o  t h e  p ro ton  ( o r  carbon)  whose chemical  s h i f t  i s  

be ing  c a l c u l a t e d .  The i n c l u s i o n  o f  t h i s  geome t r i ca l  f a c t o r  g i v e s  (123)  

-- 
+r;------ 

where t h e  a n g l e s  0, and OR a r e  d e f i n e d  by F igu re  5. and mu ig' *he eb 

F 

3 4 a n g l e  between t h e  d i p o l e  mom t v e c t o r  and t h e  C-H bond d i r e c t i o n .  I n  

o t h e r  words. E l  is now t h e  component o f  ' the  e l e c t r i c  f i e l d  a long  t h e  

carbon-pro ton  bond. Thus. i t  i s  c l e a r  t h a t  t h e  chemical  s h i f t  change 

due t o  t h e  presence  o f  an e l e c t r i c  f i e l d  is  h i g h l y  dependent  n o t  b n l y  . 

on t h e  d i s t a n c e  from t h e  e l e c t r i c  f i e l d .  b u t  a l s o  on t h e  o r i e n t a t i o n  

o f  t h e  molecular  bond wi th  r e s p e c t  t o  it .  T h e r d o r e ,  - e l e c t r i c  f i e l d  

e f f e c t s  a r e  v e r y  u s e f u l  t o o l s  f o r  t h e  e l u c i d a t i o n  o f  molecular  g e o m e e  
y-La 

Since  a  c o n s t a n t  e l e c t r i c  f i e l d  p o l a r i z e s  a  carbon-hydrogen ( o r  

carbon-carbon)  bond, and induces  a  d i p o l e  moment4. t h e  magnitude o f  

t h e  induced d i p o l e  is r , e l a t e d  no t  o n l y  'to t h e  charge  d e n s i t y  o f  t h e  

atom i n  q u e s t i o n ,  b u t  a l s o  t o  t h & - p o l a r i z a b i l i t y  o f  .carbon-hydrogen 
I .  



F i g u r e  5. O r i e n t a t i o n  of a  d i p o l e  moment- w i th  r e s p e c t  t o  
I 

molecular .  axes. D e f i n i t i o n  o f  t h e  a n g l e s  o f  Equat ion 111-41 





( o r  carbon-carbon) bond by ( 126) 

wher,e e  is' t h e  e l e c t r o n i c  c h a r g e ,  6 i s  t h e  induced cha rge  
q 

d e n s i t y  on t h e  atom i n  ~ u e s t i o n ,  1 i s  t h e  atomic bond l e n g t h ,  and 

b l l  i s  t h e  bond p o l a r i z a b i l i t y  a l o n g  t h e  bond a x i s .  The re fo re  t h e  

change i n  e l e c t r o n  d e n s i t y  i n  t h e  c a s e  o f  p r o t o n s  is g iven  by (126)  

Jq = ( b t l / e l )  E l  111-43 

and t h e  r e s u l t i n g  chemical s h i f t  d i f f e r e n c e  by (127)  

where Cd/e) is  t h e  induced s h i f t  pe r  e l e c t r o n .  

I n  t h e  case  o f  13c chemical  s h i f t s .  p o l a r i z a t i o n  o f  a l l  bonds 
Q 

t o  t h e  carbon atom i n , q u e s t i o n  must be  cons ide red  and t h e  r e s u l t i n g  

change i n  charge  d e n s i t y  i s  g iven  by (127.128) 

gq 5 ( b l  l ~ l / e l )  111-45 

where t h e  summation is ove r  a l l  bonds o f  t h e  atom. T h e r e f o r e ,  t h e  f i n a l  

e x p r e s s i o n  f o r  changes i n  13c chemical  s h i f t s  due t o  t h e  presence  

o f  an e l e c t r i c  f i e l d  is  g iven  by 

b e  = (&/el  f ( b l l E l / e l )  

For  example, t h e  chemical  s h i f t  non-equivalence f o r  t h e  o l e f i n i c  
, 

ca rbons  o f  .a s e r i e s  o f  monotinsaturated f a t t y  a c i d s  h a s  been shown t o  

be  due t o  a  l i m e a r  e l e c t r i c  f i h d  e f f e c t  which h a s  i ts  o r i g i n  i n  t h e  

ca rboxy l  headgroup ( 1 2 7 ) .  T h u s , - t h e  f i e l d  e f f e c t  induced s h i f t  which 

I i s  a b s e n t  i n  t h e  c a s e  of t h e  p a r e n t  hydroc&bons, i s  dependent  upon 



t h e  d i s t a n c e  o f  t h e  double  bond from t h e  carboxyl  moiety.  For  

u n s a t u r a t e d  carbons .  t h e  l o n g i t u d i n a l  bond p o l a r i z a b i l i t y  i s  v e r y  

l a r g e  when compared t o  a C-C o r  C-H bond (129)  a s  can  be seen  from 

Table  I. and t h u s  t h e  sum i n  e q u a t i o n  111-45 i s  reduced t o  a  s i n g l e  

term.  I n  t h e  ca se  o f  monounsaturated f a t t y  a c i d s ,  t h e  e f f e c t  o f  t h e  

head group  is  t o  i n c r e a s e  t h e  e l e c t r o n  d e n s i t y  on  t h e  o l e f i n i c  carbon 

atom n&er t h e  headgroup, and t o  dec rease  t h e  e l e c t r o n  d e n s i t y  on t h e  , 
- - S-.. 

o l e f i n i c  carbon  remote from t h e  headqroup. Such changes i n  e l e c t r o n  

d e n s i t y  p r e d i c t  c h a r a c t e r i s t i c  equa l  and oppos i t e  13c chemical  

s h i f t s  f o r  t h e  two o l e f i n i c  c a r b o n s  ( 1 2 7 ) .  The o l e f i n i c  carbon  
i 

n e a r e s t  t h e  headgroup is s h i f t e d  u p f i e l d ,  while  t h e  carbon  f u r t h e r  - 
away is s h i f t e d  downf ie ld .  The e f f e c t  of t h e  e l e c t r i c  f i e l d  a t  t h e  

s i t e  o f  u n s a t u r a t i o n  i s  dependent b o t h  on t h e  d i s t a n c e  o f  t h e  double  

bond from t h e  s o u r c e ,  and on i ts  o r i e n t a t i o n  w i th  r e s p e c t  t o  t h e  

d i p o l e  s i n c e  E l  i n  equa t ion  111-42 i s  t h e  component o f  t h e  e l e c t r i c  
L 

f i e l d  r e so lved  p a r a l l e l  t o  t h e  o l e f i n i c  l i n k a g e .  In t h e  c a s e  o f  

monounsaturated amines ,  f o r  example, i n  which t h e  d i r e c t i o n  o f  t h e  

headqroup d i p o l e  moment i s  r e v e r s e d ,  t h e  e f f e c t  on 13c chemica l  

s h i f t s  is  o p p o s i t e  t o  t h a t  observed f o r  c a r b o x y l i c  a c i d s ;  t h a t  i s ,  t h e  

double  bond i s  o p p o s i t e l y  p o l a r i z e d ,  t h e  carbon n e a r e r  t h e  headgroup 

b e a r i n g  a  decreased  cha rge ,  and a s  a  r e s u l t  be ing  s h i f t e d  downf ie ld  

( l24) ,  

The fo rego ing  t h e o r y  w i l l  be  a p p l i e d  i n  S e c t i o n  4D t o  d e s c r i b e  

t h e  e f f e c t s  of  i n c o r p o r a t i o n  o f  t h e  u n s a t u r a t e d  i s o p r e n o i d ,  phy to l  . 



Table I 

Longitudinal Bond Polarizabilitiesa 

Bond b l l  x lo23 cm3 

C-H 0.064 

C-C 0.099 

C= C 0.280 

a F m n  reference 129 



i n t o  a  phosphol ip id  b i l a y e r  on t h e  13c chemical  s h i f t s  o f  t h e  

o l e f i n i c  ca rbons .  The inc reased  chemical s h i f t  non-equivalence o f  t h e  

phy to l  o l e f i n i c  c a r b o n s  upon i n t e r c a l a t i o n  o f  phy to l  can be  used t o  

c a l c u l a t e  t h e  va lue  o f  t h e  e l e c t r i c  f i e l d  a t  t h e  s i t e  o f  u n s a t u r a t i o n  

w i t h  t h e  a i d k f  t h e  e q u a t i o n  111-46. Subsequent ly ,  assuming an 

. o r i e n t a t i o n  of  t h e  phy to l  molecule.  w i t h i n  t h e  b i l a y e r ,  e q u a t i o n  111-41 
# 

may b e  used t o  c a l c u l a t e  t h e  d i s t a n c e  o f  t h e  o l e f i n i c  c a r  o n s  from t h e  B 
o r i g i n  g f  t h e  f i e l d ,  t h e  membrane s u r f a c e  d i p o l e  moment, and hence t h e  

d e p t h  a t  which phy to l  sits i n  t h e  membrane. 
' . 

Very r e c e n t l y ,  Seidman and Maciel (128)  have c a r r i e d  ou t  

mo lecu la r  o r b i t a l  c a l c u l a t i o n s  concerning-  t h e  e f f e c t  o f  t h e  placement 

o f  a n  e l e c t r i c  d i p o l e  n e a r  a  molecular  hydrocarbon framework upon t h e  

13c chemical  s h i f t s .  The r e s u i t s  o f  t h i s  t h e o r e t i c a l  quantum 

mechanical  t r e a  i c h  were ekp la ined  i n  terms o f  a  s imp le  bond 
\i. 5 

p o l a r i z a t i o n  model. a r e  i n  agreement w i th  t h e  p r e d i c t i o n  o f  t h e  

p rev ious  c l a s s i c a l  . t r ea tmen t  ( 1 2 5 ) .  Only sma l l  e f f e c t s  were p r e s e n t  

i n  t h e  c a s e  o f  a  s a t u r a t e d  molecular  framework, c o n s i s t e n t  w i t h  t h e  
4 

low p o l a r i z a b i l i t y  o f  C-C'and C-H bonds r e l a t i v e  t o  an o l e f i n i c  

l i n k a g e ,  w h i l e  l a r g e r  effects ,  i n  agreement wi th  p rev ious  

r e p o r t s  ( 124,127) .  f o r  u n s a t u r a t e d  hydrocarbon 

,p 
; C. ESR o f  N i t rox ide  Spih  Labe ls  

Th sp in  Hamil tonian f o r  a  n i t r o x i d e  f r e e  r a d i c a l  i s  4 

expermental  . 

frameworks. 

g iven  by 



where% i s  t h e  e l e c t r o n  Bohr m x n e t o n ,  H i s  t h e  a p p l i e d  magnet ic  

f i e l d ,  g  i s  t h e  g-value t e n s o r  f o r  t h e  e l e c t r o n  and S i s  t h e  s p i n  

o p e r a t o r  f o r  t h e  e l e c t r o n ,  T  i s  t h e  e l e c t r o n  n u c l e a r  h y p e r f i n e  t e n s o r .  

I i s  t h e  s p i n  o p e r a t o r  f o r  a  coupled n u c l e a r  s p i n ,  q N  i s  t h e  8; f a c t o r  

f o r  t h e  nuc l eus .  bN i s  t h e  n u c l e a r  Bohr magneton, D i s  t h e  e l e c t r o n  d i p o l a r  

i n t e r a c t i o n  t e n s o r ,  and J i s  t h e  exchange 

electeron s p i n  o p e r a t o r s  S, and S 
2 

The f i r s t  term i s  t h e  e l e c t t o n i c  Zeeman i n t e r a c t i o n  whi le  t h e  

second term i s  t h e  e l e c t r o n - n u c l e a r  h y p e r f i n e  i n t e r a c t i o n .  The t h i r d  

# 
term i n  e q u a t i o n  111-47 i s  t h e  spin '  Hamil tonian f o r  t h e  nuc l eus  which 

is  n e g l i g i b l e  compared wi th  t h e  e l e c t r o n i c  Zeeman i n t e r a c t i o n  while  

t h e  f i n a l  two t e rms  a r e  due t o  e l e c t r o n - e l e c t r o n  i n t e r a c t i o n s  and'aGe . \ ' * 

unimportant  f o r  d i l u t e  s o l u t i o n s  o f  molecules  which p o s s e s s  a' s i n g l e  

unpa i red  e l e c t r o n .  - -* 
4 

Thus t h e  s p i n  dami l ton i an  f o r  an i s o l a t e d  free r a d i c a l  i s  well 

approximated by (130) 
5 

For n i t r o x i d e  s p i n  l a b e l s ,  each  o f  t h e  e l e c t r o n  Zeeman l e v e l s  i s  
.- 

s p l i t  i n t o  t h r e e  (21+1) componknts due t o  coup l ing  wi th  t h e .  1 4 ~  

n u c l e u s  i1=1). The al lowed,  t r a n s i t i o n s  a r e  t h o s e  which s a t i s f y  

t h e  s e l e c t i o n  r u l e s  AMS = 3 1  1 and AMI = 0. 



1 t 

S i n c e  b o t h  t h e  g  t e n s o r  and t h e  hyper f ink-  coup l ing  t e n s o r  are- 

a n i s o t r o p i c  b o t h  t h e  g  v a l u e  and t h e  h y p e r f i n e  s p l i t t i n g s  a r e  . 

I I 

dependent  upon t h e  o r i e n t  t i o n  o f  t h e  N-0 2pR o r b i t a l  w i t h  r e s p e c t  t o  \ 
t h e  d i r e c t i o n  o f  t h e  a p p l i e d  ma~ynet ic  f i e l d  ( 131 ) . It h a s  been , 

I 
U 

determined *om o r i e n t e d  c r y s t a l  s t u d i e s  . tha t  t h e  h y p e r f i n e  coup.l$ng ' 

t e n s o r  i s  v e r y  n e a r l y  a x i a l l y  symmetric i . e .  .TXx Tyy - 6 G .  

and TZz .- 32G. where t h e  z  a x i s  is  de f ined  a s  be ing  p a r a l l e l  
, 

t h e  n i t r o g e n  2pn o r b i t a l ,  and t h e  x  a x i s  a s  Being a l o n g  t h e  N-0 bond. 

" d i r e c t i o n ,  wh i l e  t h e  y  a x i s  comple tes  a r r i g h t  hand co -o rd ina t e  system 

r" 

Therefore  t h e  h y p e r f i n e  s p l i t t i n g  i s  d e s c r i b e d  by the a x i a l l y  

symmetric t e n s o r  5 (60) 

- I n  d i l u t e  s o l u t i o n s  o f  low v i s c o s i t y  where t h e  n i t r o x i d e  r a d i c a l s  

@== 
a r e  undergoing r a p i d  i s o t r o p i c  tumbl ing ,  t h e s e  p r i n c i p a l  h y p e r f i n e  

1 

s p l i t t i n g s  a r e  averaged o u t ,  and a  t h r e e - l i n e  spectrum w i t h  t h e  

components s e p r i t e d  by 1/3 (T~,+ T + T,,) - Y Y 

observed .  If however t h e  r e o r i e n t a t i o n  o f  t h e  l a b e l  i s  s low on t h e  " 
- < 

i 
ESR time s c a l e .  a  s u p e r p o s i t i o n  o f  o r i e n t a t i o n s  w i l l  b e  observed (131). 

- 

- Thus t h e  ESR s p e c t r a  a r e  s e n s i t i v e  bo th  t o  t h e  e n t a t i o n ,  and t h e  3 
r a t e  o f  motion o f  t h e  n i t r o x i d e .  



It h a s  been found t h a t  bo th  s p i n  l a b e l e  
I 

c h o l e s t a n e ,  when i n c o r p o r a t e d  i n t o  l e c i  9 mult i l a y e r s ,  .undergo r a p i d  . \ a 

a n i s o t r o p i c  motion,. r o t a t i n g  r a p i d l y  about  t h e i r  l ong  molecular- axes  

- ( 1 3 3 ) .  

I 

I n  d i s c u s s i n g  t h e  o r i e n t a t i o n  o f  t h e s e  s p i n  probes ,  it is  ,more 

eonvenien t t o  e x p r e s s  t h e  hypdrf ink-  s p l i t t i n g 2  ini'terms o f  an 
i 

a l t e r n a t e  set o f  s p a c e  f i x e d  c o o r d i n a t e s  X. Y ,  @Z, where Z 3s t h e  
.) 

d i r e c t i o n  of t h e  a p p l i e d  magnet ic  f i e l d .  The t r a n s f o r m a t i o n  may b e  
- - 

C 

accomplished wi thu the  u s e  o f  t h e  o r t h o g ~ n a l  t r a n s f o r m a t i o n  m a t r i x ,  L. 

c 0 s z  c o s  7 ? i  cosy) 3 

L = c o s  8 ,  c o s  E 2  c o s  E 1 111-50 

C O S  8 1 COS " 2 .  C O S  8 3 

where c o s  c o s  T2 ,  he d i r e c t i o n  c o s i n e s  between - 
t h e  n i t r o x i d e  x .  y ,  z axes  and t f i x e d  X d i r e c t i o n .  c o s  E l .  

I--. 

c o s  € 2, cos € a r e  t h e  d i r e c t i o n  between t h e  n i t r o x i d e  3  

x ,  y; z a x e s ,  ahd t h e  Y d i r e c t i o n .  wh i l e  c o s ' e l .  c o s  e2, and *cos 

e are t h e  d i r e c t i o n a l  c d s i n e s  between t h e  x .  y. z a x e s  3 
* 

and t h e  Z d i r e c t i o n  ( d i r e c t i o n  o f  t h e  ; T h i s  l e a d s  . 

to t h e  t r a n s f o r m a t i o n  ( 131 ) 

where L-I i s  t h e  i n v e r s e  of 111-50. 
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5 

The e f f e c t i v e  Hami l ton i anHt  h a s  t h e  form (132)  
- 

~ ' = f l S . g . H  + h s . 7 . 5  111-52 

and t h e  energy  i s  g iven  by (132)  

3 and i n  terms of  t h e  b a s i c  Hamil tonian by (132)  

z7 E = /  ( cos2e1gxX + ~ ~ s - % ~ g ~ ~  + c o s  O,gl, ) S, H, 

+ h ( c o s % ~ , ~  ,+ c o s % 2 ~ y y  + C O S ' ~  TzE) S E  It 111-54 
- - - I 

where c o s 2 e  c o s G 2 .  and -cos2e '  a r e  t h e  t i m e  ave rages  o f  
- 

3 l ' &  
t h e  d i r e c t i o n  c o s i n e s  averaged o v e r  t h e  r a p i d  a n i s o t r o p i c  mgleculaF 

motion about  t h e  l o n g  a x i s  o f  t h e  f a t t y  a c i d  s p i n  l a b e l s  which is, 

c ~ i n c i d e n t  wi th  t h e  n i t r o x i d e  2p;T o r b i t a l  d i r e c t i o n .  The h y p e r f i n e  

s p l i t t i n g  t e n s o r  upon t r a n s f o r m a t i o n  t a k e s  t h e  form ( 6 0 )  

I 

where TII  = TZZ. 

- It fo l lows  from e q u a t i o n s  111-53 and 111-54 t h a t  (132)  

2  + cos q T z ,  111-56 

From t h e  o r t h o g o n a l i t y  o f  t h e  d i r e c t i o n  c o s i n e s  . - 
2 2 c o s  el + CDS 4 + C O S % ~  = 1 a 111-57 I *  

and s i n c e  t h e  t r a c e  o f  t h e  T  m a t r Q  i s  unchanged upon t r a n s f o r m a t i o n  (116)  
f' 

it  f o l l o w s  t h a t  



Combining e q u a t i m s  111-58 and 111-56 y i e l d s  

S i n c e  Txx I 

T~~ f o r  t h e  n i t r o x i d e  r i n g  system 

and s i m i l a r l y  from Equat ion  111-56 (60)  
-? - 

A u s e f u l  exper imenta l  parameter  i s  t h e  q u a n t i t y  TI(-Tl w h ~ c h  i s  

d i f f e r e n c e  in t h e  h y p e r f i n e  s p l i t t i n g  observed when t h e  a p p l i e d  

magnet ic  f i e l i  is  p a r a l l e l  and p e r p e n d i c u l a r ,  r e s p e c t i v e l y .  t o  t h e  b i l a y e r  

normal.  Com l n i n g  e q u a t i o n s  111-60 and 111-61 y i e l d s  ?it 

7 
The q u a n t i t y  ( 3 c o s k 3 - 1  ) h a s  been termed t o  be  an o r d e r  parameter  

\ 
s i n c e  it d e s c r i b e s  t h e  t ime ave rage  d e v i a t i o n  o f  z  from t h e  Z-axis.  

i . e .  t h e  t ime average d e v i a t i o n  o f  t h e  d i r e c t i o n  o f  t h e  n i t r o x i d e  

2 p n  o r b i t a l  from t h e  d i r e c t i o n  o f  t h e  a p p l i e d  magnet ic  f i e l d  (132 ,134)  
*A c - 

Thus t h e  o r d e r  parameter  may be  expressed  a s  (60 )  

s = -$I / ( T ~ ~ - T ~ ~ )  111-63 
8 

o r  e q u i v a l e n t l y  ( 125) - 

f 
Y I 

S = ($  -TL)/(TZz ' I T  4 T  )I - P xx yy 111164 

I n  t h e  case of t h e  c h o l e s t a n e  s p i n  probe.  t h e  nitrolr(ide 2pW o r b i t a l  is ve ry  n e a r l y  

o r thogona l  t o  t h e  l o n g  molecular  a x i s .  and t h u s  t h e  e q u i v a l e n t  exp re s s ion  

f o r  t h e  o r d e r  parameter  i s  (135)  

S  = TII - T I  

TYY - (Trx+T,z! 



S i n c e  t h e  h y p e r f i n e  s p l  i t t i n g s  a r e  s l i g h t l y  s o l v e n t  dependent  

(61 .132) ,  t h e  e x p r e s s i o n s  f o r  t h e  o r d e r  parameter  must be  s l i g h t l y  J 
modif ied  t o  g i v e  t h e  f i n a l  form o f  t h e  o r d e r  parameters  f o r  t h e  f a t t y  

- a c i d  s p i n  probes a s  (132 )  

and f o r  t h e  c h o l e s t a n e  s p i n  l a b e l  a s  (132 )  - 

Equat ions  111-66 and 111-67 assume t h a t  t h e  molecular  l o n g  a x i s .  and t h e  
' a  

normal s t h e  b i l a y e r  s u r f a c e  a r e  c o i n c i d e n t .  I n  o t h e r  words tlqere i s  no 
5 

a n g l e  o f  t i l t .  The a x i s  o f  r a p i d  a n i s o t r o p i c  motion i s  t h e  b i l a y e r  

normal.  If t h e  molecular  l ong  a x i s  is t i l t e d  a t  an a n g l e  d f r o p h e  normal 

t o  t h e  membrane sur face .  t h e  o r d e r  parameter  c a l c u l a t e d  from e q u a t i o n  

111-66 o r  equa t ion  111-67 w i l l  be a r t i f i c i a l l y  lowered.  Mod i f i ca t i on  -- 

o f  e q u a t i o n  111-66 t o  i n c l u d e  a  tilt a n g l e .  6. y i e l d s  - 

Ti = (T$ s i n  2  6 +  T~ 2  cos 2 d p 2  

- W h e n d = ~ .  e q u a t i o n  111-68 r educes  t o  equa t ion  111-66 w h i l e  i f  d = 4 5 0 ,  

the) 4; = Ti , l e a d i n g  t o  an o r d e r  parameter  of  ze ro .  wh i l e  i f  
1 

45•‹<d<900, t h e  k e s u l t  i s  a  n e g a t i v e  o r d e r  parameter .  Thus, t h e  



o b s e r v a t i o n  of a n e g a t i v e  o r d e r  p a r a m e t e r  may b e  i n d i c a t i v e  t h a t  t h e  
- 

a x i s  a b o u t  which r a p i d  r o t a t i o n  o c c u r s  is o r i e n t e d  a t  an a n g l e  >45O 

, from t h e  b i l a y e r  normal .  

It is t o  t h e  ESR s p e c t r a  o f  s p i n  p r o b e s  I - V  ( s e e  F i g u r e  3) t h a t  

t h e  p r e c e d i n g  t r e a t m e n t  w i l l  b e  a p p l i e d .  i n i t i a l l y  assuming t h a t  t h e  

. long  m o l e c u l a r  axes-  a b o u t  which r a p i d  r o t a t i o n  t a k e s  p l a c e  3s p a r a l l e l  

t o  t h e  b i l a y e r  normal .  Admi t ted ly ,  t h e  assumpt ion  o f  r a p i d  

a n i s o t r o p i c  mot ion may n o t  b e  v a l i d  i n  t h e  c a s e  o f  t h e  c h o l e s t e r y l  

e s t e r  l a b e l s ,  b u t  w i t h o u t  t h i s  s i m p l i f i c a t i o n  t h e  observed  s p e c t r a  may 

o n l y  be  i n t e r p r e t e d  e t h  t h e  a i d  o f  computer  s i m u l a t i o n .  
t 



a ,  CHAPTER 4 

RESULTS A N D  DISCUSSION FOR 

PHYTOL, AND PHYTANIC 

V I T A M I N  E ,  

A C I D  . 

A .  A c t i v a t i o n  Energ ies  f o r  13c T I  P roces se s  
i 

4- 
The s p i n  l a t t i c e  r e l a x a t i o n  t i m e s  f o r  20% w/v egg yo lk  l e c i t h i n  

. 
(EYL) v e s i c l e s  were de te rmined  a t  t h r e e  t empera tu re s ,  namely 11. 30. 

/- 

/ 

, 

and 5 2 ' ~ .  These v a l u e s . a r e  r e p o r t e d  i n  Table  IJ. a  

r e p r e s e n t a t i v e  NMR spectrum is d e p i c t e d  i n  F igu re  6 .  ' 
,r c 

Assignments w e 6  tGken from t h o s e  made by Ba'tchelor -1 ( 1 3 ) .  and by 
s 

a  can&ison  wi th  t h e 1  3~ chemical  s h i f t s  f o r  ,a series o f  f a t t y  a c i d s  

C- 

and t h e i r  methyl  e s t e r s  ( 127) .  T e  f a t t y  a c i d  composi t ion o f  EYL was 

determined by t h e  manner d e s c r i b e d  i n  Sec t idn  2A. The r e s u l t s  shown 

i n  Table  I11 a r e  i n  good agreement w i t h  p rev ious  

'-J m e m a i n f a t t y a c i d s p r e s e n ~ e p a l m i t i c ~ 1 6 : 0 ) . ~ s t k a r i c ( 1 8 : 0 ) ,  

&\ o l e i c  ( 18: 1  ) and l i n o l e i c  (18: a c i d s ,  w i t h  'the ) u n s a t u r a t e d  s p e c i e s  

\ 
c o n s t i t u t  ing'  approximate ly  40% of t h e  t o t a l .  1 

7 
I 

'L+ 

Since  t h e  r e - o r i e n t a t i o n a l  c o r r e l a t i o n  t ime .  7',, is 

exponen t i a  l y  dependent  o n  t empera tu re  f o r  p u r e l y  d i p o l a r  r e l a x a t i o n ,  \ .  
t h e  a c t i v a  i o n  e n e r g i e s  f o r  r s o r i e n t a t i o n a l  p roces se s  may b e  ri 
c a l c u l a t e d  from 13C T1 r e l a x a t i o n  t i m e s  by / 

d 

T c =  f 0 e x p ( ~ , / ~ ~ )  " I V -  1  



T a b l e  I1 

F a t t y  Acid Compos i t ion  o f  Egg Yolk L e c i t h i n  

F a t t y  Acid Area % 

P a l m i t i c  ( 1 6 9  42.7 

P a l m i t o l e i c  ( 1 6 : l )  
< 

S t e a r i c  (18:O) , 16.9 

Oleic ( 1 8 : l )  27.7 



Fiqu re  6 .  13c NMR spectrum of 20% w/v egg y o l k  l e c i t h i n  v e s i c l e s .  





Tab le  I11 

egg .yolk l e c i t h i n  v e s i c l e s .  

. i 
Carbon 

C2 

C 1 1  l i n o l e i c  

C 8  and 1 1  o l e i c  

C8 and 1 4  l i n o l e i c  



where Ea is t h e  a c t i v a t i o n  energy ,  R is t h e  g a s  c o n s t a n t ,  

T i s  t h g  a b s o l u t e  t empera tu re ,  and Yo i s . a  c o n s t a n t  o f  t h e  system 

w i t h  un iks  o f  t ime  ( 1 3 7 ) .  

A c t i v a t i o n  e n e r g i e s  f o r  t h e  t h e r m a  i n t e r n a l  r e - o r i e n t a t i o n a l  

p roces se s  have been c a l c u l a t e d  from t h e  s l o p e s  o f  p l o t s  o f  T I  v s  t h e  

i n v e r s e  of a b s o l u t e  t e r a t u r e  ( Arrhenius  p l o t s )  . These p l o t s .  shown 
i :-+,- 
i n  F igu re  7  a r e  l i n e a r .  i n d i c a t i n g  t h a t  t h e  1 3 ~ - 1 ~  d i p o l e - d i p o l e  

r e l a x a t i o n  i s  t h e  dominant mechanism which i s  o p e r a t i v e .  S e l e c t e d  v a l u e s  o f  

t h e  a c t i v a t i o n  e n e r g i e s  a r e  p re sen t ed  i n  Table  I V .  . These v a l u e s  a r e  

s i m i l a r  t o  l i t e r a t u r e  v a l u e s  f o r  t h e  b a r r i e r s  t o  i n t e r n a l  r o t a t i o n  Yrr 

a l k a n e s  (1.38),  and t o  v a l u e s  determined by S t o f f e l  e t  a 1  (21) us ing  

s p e c i f i c a l l y  3~ l a b e l e d  l i p i d s .  An examinat ion o f  t h e s e  a c t i v a t i o n  

e n e r g i e s  r e v e a l s  a. dey rease  i n  t h e  a c t i v a t i o n  energy f o r  r e o r i e n t a t i o n  
I F --* 

a s  t h e  c h a i n  term& is  approached.  c o n s i s t e n t  w i t h  t h e  e x i s t e n c e  of .  
P 

a  f l u i d i t y  g r a d i e n t  ,along t h e  hydrocarbon c h a i n s .  I 

8. 13c NMR o f  Egg Yolk Lec i th in-Phyto l  B i l a y e r s  , . 

- - 

Lec i th in -phy to l  ( 1  : 1 mole r a t i o )  mixed v e s i c l e s  were prepared a s  

desc.r ibed i n  S e c t i o n  2B.I. .Resonaqces were r e so lved  no t  o n l y  f o r  t h e  

l e c i t h i n  ca rbons .  b u t  a l s o  f o r  t h o s e  -of ~ h y t b l .  The chemica l  s h i f t s  . 

f o r  t h e  l e c i t h i n  ca rbons  a t  52 and 1  1•‹c a r e  g i v e n  in Table  V f o r  

pure  EYL v e s i c l e s  (20% w/v i n  D20) and f o r  v e s i c l e s  w i t h  

i n c o r p o r a t e d  p h y t o l .  Chemical s h i f t s  f o r  t h e  phy to l  carbons  a t  52 and 

- 1  1•‹c a r e  g i v e n  in Table  VI f o r  nea t  p h y t o l ,  phy to l  d i spe r sed  i n  



F i g u r e  7 .  A r r h e n i u s  p l o t s  o f  T l  . v s  t h e  i n v e r s e  o f  

a b s o l u t e  t e m p e r a t u r e  f o r  13c r e s o n a n c e s  o f  t h e  f a t . t y  a c y l  

c h a i n s  o f  egg  y o l k  l e c i t h i n  v e s i c l e s .  





Table  I V  

A c t i v a t i o n  e n e r g i e s  f o r  s e l e c t e d  1 3 ~  r e sonances  
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D20 by s o n i c a t i o n  i n  t h e  p re sence  o f  2 mole% sodium dodecy l su lpha t e ,  
3 

and f o r  p h y t o l  i n c o r p o r a t e d  i n t o  EYL v e s i c l e s .  The ass ignments  a r e -  

t aken ' f rom t h o s e  made by Goodman e t  a l  ( 1 3 9 ) .  

a, 

4 
The u p f i e l d  p o r t i o n  o f  t h e  spectrum of  20% w/v EYL v e s i c l e g  - 

L 

c o n t a i n i n g  a 1 : 1 mole r a t i o  o f  l e c i t h i n  :phytol  a t  5 2 ' ~  i s  reproduced 4 
i' 
4 

i n  F i g u r e  8. One n o t a b l e  f e a t u r e  o f  t h i s  spectrum is t h e  s h a r p  a 
I 

resonance  l i n e s .  Th i s  is  i n  c o n t r a s t  t o  t h e  broadening" e f f e c t  which 

i s  observed  f o r  c h o l e s t e r o l - l e c i t h i n  mixed v e s i c l e s  ( 12.18) .  In view I 
- 

o f  r e c e n t  work b y  F ine r  ( 5 )  and Bloom e t  a 1  (61 ,  s u c h  sma l l  l i n e w i d t h s  

must be due t o  r a p i d  v e s i c l e  t u n b l i n g .  more r a p i d  l a t e r a l  d i f f u s i o n  o f  

l e c i t h i n  molecules  i n  t h e  p l a n e  o f  t h e  b i l a y e r  o r  dec reased  o r d e r i n g  

-of t h e  l e c i t h i n  f a t t y  a c y l  c h a i n s .  ~ , e  first c a s e  i m p l i e s  a d e c r e a s e  

i n  v e s i c l e  s i z e  upon i n c o r p o r a t i o n  o f  phy to l  s i n c e  t h e  r o t a t i o n a l  

c o r r e l a t i o n  t ime  f o r  t h e  t u n b l i n g  o f  v e s i c l e s  a s  a  whole may b e  

e s t ima ted  from t h e  S tokes-Eins te in  r e l a t i o n ' (  l Q O , l Q l ) ,  

where f l  is t h e  v i s c o s i t y  expe r i enced  by t h e  v e s i c l e ,  k i s  t h e  

E o l t m a n n  c o n s t a n t ,  T i s  t h e  a b s o l u t e  t empera tu re  and r is t h e  

r a d i u s  o f  t h e  v e s i c l e .  Tne s i z e  o f  t h e  l e c i t h i n - p h y t o l  v e s i c l e s  

i s  n o t  a c c u r a t e l y  known. however. an  approximation may b e  made from 

t h e  r e l a t i v e  numbers o f  3 1 ~  n u c l e i  on t h e  i n s i d e  and o u t s i d e  

l a y e r s  o f  t h e  v e s i c l e .  These r e s u l t s ,  which are discussed-  i n  S e c t i o n  
- 

41. i n d i c a t e  t h a t  t h e  v e s i c l e  s i z e s  are similar, a l t h o u g h ,  a d m i t t e d l y .  



t h i s  me"thod i s  r a t h e r  c rude .  In a d d i t i o n .  Sepharose 48 chromatography 

of' mixed EYL v e s i c l e s  sugges ted  t h e  p re sence  o f  s m a i l  v e s i c l e s  a long  

. wi th  some l a r g e r  l iposomes .  These r e s u l t s  a r e  d i s c u s s e d  i n  S e c t i o n  

5B.  The second p o s s i b i l i t y  t h a t  an  i n c r e a s e  in t h e  l k c i t h i n  

l a t e r a l  d i f f u s i o n  rate .occurs  w i l l  be d i s c u s s e d  l a t e r  ( S e c t i o n  4 1 ) .  

i n  more d e t a i l .  

A second noteworthy - f e a t u r e  o f  t h e  l e c i t h i n - p h y t o l  system i s  t h e  

s p l i t t i n g  o f  t h e  main methylene e n v e l o b  o f  l e c i t h i n  i n t o  two d i s t i n c t  

peaks by  t h e  a d d i t i o n . o f  phytol.* I n  a d d i t i o n  t o  t h e  (CH2), 

resonance  at 30.39 ppm observed w i t h  l e c i t h i n  a l o n e ,  a "new" peak o f  

n e a r l y  equa l  i n t e n s i t y  which canno t  o r i g i n a t e  from t h e  i n t e r c a l a t e d  

phy to l  ( s e e  Fig .8)' is observed approximate ly  0.5 ppm u p f i e l d  i n  t h e  

l e c  i t h i n - p h y t o l  system. 

While it i s  p o s s i b l e  t h a t  t h e  appearance o f  t h i s  new peak i s  

simply a consequence o f  i nc reased  s p e c t r a l  r e s o l u t i o n  upon t h e  

i n c o r p o r a t i o n  of p h y t o l ,  b e  o f  i t s  s h i f t .  a n  a l t e r n a t i v e  

e x p l a n a t i o n  i n v o l v e s  a gamma s h i f t  ( 142,143) .  For 13c r e sonances  o f  
Y 

f a t t y  a c i d s ,  a n  u p f i e l d  s h i f t  r e s u l t s  when 1 , 4  ca rbons  i n  t h e  c h a i n  

a r e  p l aced  i n  gauche j u x t a p o s i t i o n  ( 1 3 ) .  There e x i s t s  a s t e r i c  

i 

induced charge  p e r t u r b a t i o n  i n  t h e  H - ' ~ c  bond due t o  non-bonded - -- i 
- 

r e p u l s i o n  e x i s t i n g  between e l e c t r o n s  c e n t r e d  on hydrogen atoms which I 
a r e  proximated by a gauche conformat ion  o f  t h e  i n t e r v e n i n g d - P ,  C-C 

bond. I n  t h e  hydrophobic r e g i o n s  o f  f u l l y  s a t u r a t e d  l i p i d  b i l a y e r s ,  f 



F i g u r e  8. Proton n o i s e  decoupled 1 3 ~  NMR s p e c t r a  

f o r  t h e  reg ion  5ppm t o  4,5 ppm a t  52 '~ .  
L 

A .  20% W/K egg yo lk  l e c i t h i n  v e s i c l e s  in D2Q w i t P  

t h e  i n c o r p o r a t i o n  o f  an equa l  mole r a t i o  o f  p h y t o l .  B. 

s o n i c a t e d  d i s p e r s i o n  o f  20% w/v phy to l  i n  D20 w i t h  

t h e  a d d i t i o n  o f  2  mole % SDS 
* 5 





6  4  

+ , 
- 

t h e  a l l  trans conformat ion  is  u s u a l l y  t h e  lower  energy  form s i n c e  t h i s  
- 

a l l o w s  ' f o r  t h e  t i g h t e s t  packing o f  a d j a c e n t  l i p i d  molecules .  Laser  

Rapan s t u d i e s  ( 144,145)  of s o n i c a t e d  d i p a l m i t o y l  (.16: 0 )  and 

d i o l e o l y l l e c i t h i n  (18: 1 )  above t h e  g e l - l i q u i d  c r y s t a l l i n e  t r a n s i t i o n  

t empera tu re ,  Tm, have  i n d i c a t e d  t h e  p re sence  o f  4-5 gauche - 
c o n f i g u r a t i o n s  f a t t y  a c i d  r e s i d u e  o r  a  t o t a l  o f  8-10 pe r  l e c i t h i n  

molecule  (146 ) .  Thus, a s  t h e  t empera tu re  is lowered. and t h e  t r a n s  

s t a t e s  a r e  populated t o  a  g r e a t e r  e x t e n t ,  a  downfield s h i f t  would be  

expec ted .  Indeed ,  t h e  "new" 

does  s h i f t  t o  lower  f i e l d  by 

5 2 ' ~  t o  1 1•‹c. ~ l t h o ~ g h  such 

peak i n  t h e  l e c i t h i n - p h y t o l  admixture  
- 

approximate ly  0.1 ppm o n  g o i n g  from 

behaviour  is c o n s i s t e n t  w i t h  a  13c . 
I 

of  s u c h .  However, t h e  m a t t e r  d o e s  n o t  

rest t h e r e .  One a d d i t i o n a l  p i e c e  o f  ev idence  & i c h  b e a r s  upon t h e  

o r i g i n  o f  t h i s  "new" peak i s  t h e  f a c t  - t h a t  it i s  n o t  p r e s e n t  i n  

DPL-phytol ( 2 :  1  mole r a t i o )  mixed v e s i c l e s  at 5 2 ' ~  (T, of  DPL = . 

41•‹c ( 1 4 7 ) ) .  T h i s  may i n d i c a t e  a  s l i g h t l y  d i f f e r e n t  molecular  

packing of phy to l  i n  EYL v s  DPL due t o  t h e  p re sence  o f  u n s g t u r a t i o n  i n  

.. f 
t h e  EYL f a t t y  a c i d  c h a i n s .  The c l a r i y i c a t i o n  o f  t h i s  p o i n t  would, 

r e q u i r e  t h e  u se  o f  s p e c i f i c a l l y  l a b e l e d  13c l e c i t h i n  molecules .  

- 
13C TI r e l a x a t i o n  t i m e s  o f  l e c i t h i n  ca rbons  ' f o r  EYL end 

I 

EYL-phytol 1 : 1  niole r a t i o  v e s i c l e s  i t  52 and 1  1•‹c are g i v e n  in Tahle  

V I I .  The r e l a x a t i o n  t i m e s  r e f l e c t  t h e  o r d e r  a n d / o r .  t h e  r a t e  o f  motion 

o f  t h e  l e c i t h i n  molecules .  An examinat ion o f  t h e s e  v a l u e s  f o r  pu re  

9 
EYL v e s i c l e s  shows t h a t  t h e  r e l a x a t i o n  t h e s  are i n  agreement  w i t h  - 
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p r e v i o u s  s t u d i e s  ( 7  1 *in t h a t  T I  i n c r e a s e s  upon inc reased  d i s t a n c e  

from t h e  b i l a y e r  s u r f a c e ,  cu lmina t ing  wi th  a l a r g e  i n c r e a s e  f o r ' t h e  

l a  t f e w  c a r b o n s  in t h e  c h a i n ,  i . e .  C2<C3<(CH2)n<w-2<w-l<w.* T h i s  e 
i s  c o n s i s t e n t  w i t h  a more f l u i d  environment i n  t h e  c e n t r e  o f  t h e  

hydrophobic membrane i n t e r i o r .  I n  a d d i t i o n  T I  f o r  t h e s e  ca rbons  

d e c r e a s e s  upon d e c r e a s i n g  t empera tu re  a s  expec ted  f o r  p u r e l y  d i p o l a r  

r e l a x a t i o n .  A c t i v a t i o n  e n e r g i e s  f o r  t h e s e  p r o c e s s e s  c a l c u l a t e d  from 
i 

-13c T l t s  a t  t h r e e  t e m p r a t u r e s  have been d i s c u s s e d  i n  S e c t i o n  4 A .  
** 

A t  52 '~ .  the i n c o r p o r a t i o n  o f  phy to l  i n t o  t h e  b i l a y e r  r e s u l t s  
. ?  

i n  an i n c r e a s e  i n  -75% o f  t h e  T I  v a l u e s  f o r  t h e  l e c i t h i n  ca rbons .  
I 

(Compare columns 2 and 3.  Table  V I I ) .  Such i n c r e a s e s  r e f l e c t  

incl 'eased i n t e r n a l  motion due t o  t h e  i n t e r c a l a t e d  p h y t o l .  T h i s  i s  

e s p e c i a l l y  evidenced by t h e  i n c r e a s e  in r e l a x a t i o n  t i m e  o f  t h e  main 

methylene  envelhpe ca rbons ,  from a va lue  o f  0 .59-sec  i n  t h e  absence of  
4' 
phy to l  t o  v a l u e s  o f  0.77 s e c  and 1.03 s e c  f o r  t h e  two peaks which are 

,' 

r e so lved  i n  t h e  p re sence  o f  p h y t o l .  T h i s  co r r e sponds  t o  i n c r e a s e s  o f  

) 4 

29 and 75% r e s p e c t i v e l y . .  An i n c r e a s e  from 1.11 t o  1.64 s e c  
. \ 

observed f o r  t h e  w-2 carbons .  A s  t h e  t e rmina l  carbon i s  approached 

i ( e . g .  w-2 t o -  w) , t h e  e f f e c t  o f .  t h e  i n t e r j a c e n t  phy to l  i s  l e s s e n e d  

.' s i n c e  a t  t h i s  t empera tu re ,  even  in t h e  absence o f  p h y t o l .  t h e r e  is 

s i g n i f i c a n t  freedom o f  motion o f  t h e  c h a i p  t e r m i n i .  (Tm of FYL - 
-5Oc (148)). 

21n &$is nomencla-ture, t h e  t e r m i n a l  methyl  c a r b a n s  o f  the fa* acid 
,& + .  

c h a i n s  a r e  d e s i g n a t e d  a s  w, t h e  penu l t ima te  c a r b o n s  by w-1, e t c .  . c 



These r e s u l t s  are in d i r e c t  c o n t r a s t  t o  t h o s e  ob t a ined  f o r  t h e  

i n c o r p o r a t i o n  o f  c h o l e s t e r o l  i n t o  d i o l e o y l  l e c i t h i n  v e s i c l e s  which 

r e s u l t s  i n  dec reased  T1  I s  due t o  an i n c r e a s e  in l i p i d  packing 

( 9 ) .  It a p p e a r s  t h e r e f o r e  t h a t  t h e  i n t e r c a l a t i o n  o f  phy to l  causes  a 

d e c r e a s e  in l i p i d  packing and a concommitant i n c r e a s e  i n  13c T l t s .  

The inc reased  freedom o f  motion i n  t h e . b i l a y e r  is a l s o  evidenced 

_ by s u b s t a n t i a l  i n c r e a s e s  in t h e  r e l a x a t i o n  t i m e s  f o r  t h e  phy to l  

backbone c a r b o n s  when i n c o r p o r a t e d  i n t o  t h e  membrane ( compare columns 
. , 

3 and 4 .  ~ ~ b l e  VIII). I n c r e a s e s  are s h o w  t o  be  on t h e  o r d e r  o f  
a 

80-100% f o r  ca rbons  4-1 3.' Lesser  i n c r e a s e s  a r e  found f o r  t h ' e ' phy to l  
s 

methyl  gr&ps which a r e  proposed t o  b e  in c l o s e s t  p rox imi ty  w i t h  t h e  

l e c i t h i n  f a t t y  a c i d  c h a i n s .  

, 

The e f f e c t  o f  t empera tu re  on t h e  mot ions  o f  t h e  l e c i  i n -phy to l  T' 
b i l a y e r  is ex t r eme ly  i n t e r e s t i n g .  e s p e c i a l l y  t h e  e f f e c t s  on t h e  

h y d r o p h i l i c  l e c i t h i n  headgroup. In t h e  absence o f  p h y t ~ l ,  a d e c r e a s e  

from 0 . 5 0 ' t o  0.21 s e c  is observed  f o r . t h e  c h o l i n e  CH20P ca rbon  

( app rox ima te ly  2-fold dec rease )  on going  from 52 t o  11 '~ .  . In t h e  

p re sence  o f  p h y t o l ,  t h i s  r e d w t i o n  i s  much g r e a t e r .  The ' 3 ~  T1 

f o r  CH*QP d e c r e a s e s  f r &  0.53 sec t o q e s s  t han  0.07 s e a .  Thus. 

phy to l  causes  a mmh g r e a t e r  l o s s  i n  mot iona l  freedom f o r  t h i s  carbon .  

It should  be noted t h a t  t h i s  d i f f e r e n t i a l  decrea-se. a s  t h e  t empera tu re  

i s  lowered i s  s m a l l e r  f o r  t h e  a d j a c e n t  CH2N+ (0 .51 s e c  t o  0,.24 

set, and 0 .52  s e c  t o  0 .47  s e c  in t h e  absence and presence  o f  phy to l  
0 
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-r 
r e s p e c t i v e l y ) ,  wh i l e  t h e  N+(cH ) r e l a x a t i o n  t ime  i s  i n c r e a s e d  3 3 

d i n  u e  p h y t o l - l e c i t h i n  admixture .  even  a t  1  1•‹c. 
2 

A t  f i r s t  g l a n c e .  such a  t r end  i n d J c a t e s  t h a t  t h e  phy to l  hydroxyl  

must ex tend  i n t o  t h e  h y d r o p h i l i c  r eg ion  o f  t h e  b i l a y e r .  A s  t h e  

*- - t e m p e r a t u r e  is lowered,  t h e  l i p i d  packing b e c m e s  more o r d e r e d .  a s  

monitored by t h e  T l t s .  Upon a d d i t i o n  ~ f \ ~ h y t o l  a t  t h e  lower  / 

t empera tu re  t h e  T I  f o r  t h e  c h o l i n e  CH20P shows a  much a c c e l e r a t e d  

decrease . '  Suck a 'marked d e c r e a s e  in CK20P mot iona l  freedom i s  

B c o n s i s t e n t -  w i t h  hydrogen bonding o f  t h e  phy to l  hydroxyl  t o  t h e  

n e g a t i v e l y  charged phosphate  of  a  l e c i t h i n  molecule .  The e x t e n s i o n  

i n t o *  t h e  h y d r o p h i l i c  r eg ion  o f  an i n t e r c a l a t e d  phy to l  mo lecu le .  

c aus ing  an  expansion o f  t h e  b i l a y e r .  r e s u l t s  in a  decreased  i o n i c  

a t t r a c t  i on  o f  t h e  n e g a t i v e l y  charged phosphate o f  one  l e c i t h i n  

mo lecu le  t o  t h e  p o s i t i v e l y  charged trimethylammonium group o f  

a d j a c e n t ,  b u t  now more d i s t a n t ,  l e c i t h i n  molecules .  The T I  of t h e  , 

N + ( C H  ) ca rbons  would t h e n  i n c r e a s e .  a s  is  obse rved ,  due t o  3 3 

t h i s  l e s s e n e d  i o n i c  a t  t r a c t  i o n .  

A t  1  1•‹c. t h e  t empera tu re  dependent  i n c r e a s e  in 1 i p i d  packing 

l e a d s  t o  v a r y i n g  e f f e c t s  o n t t h e  r e l a x a t i o n  r a t e s  w i t h  i n c o r p o r a t e d  

p h y t o l .  The Tits o f  t h e  9. TO-unsaturated ( o l e i c  r e s i d u e )  c a r b o n s  

d e c r e a s e s .  S i m i l a r l y ,  t h e  main methylene envelope (CH2), which i s  

c o n s i d e r a b l y  broadened a t  1 1 ' ~  experiences a d i f f e r e n t i a l  e f fect .  



The llnewll peak a t  h i g h  f i e l d  ( 3 0 . 0 3  ppm) h a s  a p p r o x i m a t e l y  t h e  same 

TI a s  t h e  (CH2), r e s o n a n c e  in t h e  a b s e n c e  o f  p h y t o l .  w h i l e  t h e  

r e l a x a t i o n  time o f  t h e  low f i e l d  peak (30 .30  ppm) is r e d u c e d  by 

a p p r o x i m a t e l y  22%. It must be remembered t h a t  t h e  TI  v a l u e s  

o b t a i n e d  f o r  t h i s  e n v e l o p e  is t h e  a v e r a g e  o f  a number o f  m e t h y l e n e  

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

h y d r o c a r b o n  c h a i n s  may t e n d  t o  be  masked. 

The p h y t o l  backbone a t  1  1•‹c. o n  t h e  o t h e r  hand ,  d i s p l a y s  

g r e a t e r  m o b l l i t y  i n  t h e  l e c i t h i n  v e s i c l e  t h a n  when d i s p e r s e d  i n  D20. 

T h i s  is e v i d e n c e d  by i n c r e a s e s  i n  t h e  T I  v a l u e s  up  t o  C14 (compare 

co lumns  6 and 7  T a b l e  VIII). Methyl c a r b o n s  7 a  and 1  l a ,  i n  c o n t r a s t .  

are more h i n d e r e d  s i n c e  t h e y  are p r o x i m a t e  t o  t h e  f a t t y  a c i d  c h a i n s  o f  

l e c i t h i n .  and t h e  T I  v a l u e s  d r o p  f rom 0.55 t o  0 . 4 6  (16%)  a t  l l O c  

( i . e .  when p a c k i n q  r e q u i r e m e n t s  b e c a n e  more s t r i n g e n t  a s  t h e  

t r a n s i t i o n  t e m p e r a t u r e .  Tm i s  a p p r o a c h e d )  . 

It h a s  been  r e p o r t e d  t h a t  a p p r o x i m a t e l y  o n e  t h i r d  of t h e  

maximum n u c l e a r  Overhauser  enhancement ( N O E )  of 124% ( 1 4 9 )  

In t h e  13p NHR s p e c t r a  o f  EYL v e s i c l e s  is a c c o u n t e d  f o r  by d i p o l a r  

i n t e r a c t  i o n s  be tween  t h e  l e c i t h i n  p h o s p h a t e .  and t h e  N+( C H ~ ) ~  

P r o t o n s  o f  a d j a c e n t  p h o s p h o l i p i d  m 0 l e ~ u l e S  (35). S i n c e  t h e  NOE i s  a 

o f  t h e  d i p o l a r  c o n t r i b u t i o n  t o  t h e  r e l a x a t i o n  rate.  and S i n c e  

this r e l a x a t i o n  mechanism d e p e n d s  on  t h e  i n v e r s e  s i x t h  P K r  o f  t h e  



t h e  proximi ty  o f  t h e  EYL phosphorus n u c l e i  a l l o w s  a n o t h e r  r e l a x a t i o n  

'7 mechanism (chemical  s h i f t  a n i s o t r o p y )  - t o  becane dominant ( 3 5 , 7 5 ) ,  

r e s u l t i n g  i n  a  d e c r e a s e  in' t h e  NOE. Therefore ,  i t  was t hough t  t h a t  a  

l a t e r a l  expansion o f  t h e  b i l a y e r  ( a  pushing a p a r t  o f  a d j a c e n t  l e c i t h i n  
- ,  - 

m o l e c u l e s ) ,  a s  i s  proposed t o  occur  upon t h e  i n t e r c a l a t i o n  o f  p h y t o l .  

should  r e s u l t  i n  a  decreased  NOE f o r  t h e  l e c i t h i n  n u c l e i .  

\ EYL v e s i c l e s  ( 10% w/v) and mixed EYL-phytol v e s i c l e s  ( 10% w/v) / 

1 
(2 :  1  mole r a t i o ,  EYL:phytol) were prepared  us ing  0.05M Tris b u f f e r .  

pH.7.44 i n  D20, which was O.O5M i n  KC1 and 1  O - ~ M  i n  EDTA. p r o t o n  
V 

decoupled 3 ' ~ '  NMR s p e c t r a  here recorded 'a t  30 '~.  as  w e l l  a s  

coupled s p e c t r a .  and s p e c t r a  w i th  ga t ed  decoupl ing  ( 1 5 0 )  t o  s u p p r e s s  
- < 

t h e  NOE. The NOE was measured by a  canpa r i sbn  o f  t h e  a r e a  o f  t h e  
* ,  

ccmple t e iy  decoupled 3 ' ~  resonance  wi th  t h e  a r e a  f o r ' g a t e d  o r  no 
J 

decoupl inq .  The average  o f -  a t  l e a s t  e i g h t  s p e c t r a l .  d e t e r m i n a t i o n s  
* 

were used .  . Pure  EYL v e s i c l e s  y i e lded  an NOE o f  55% w h i l e  t h e  3'p 
.- 

n u c l e i  i n  t h e  mixed EYL-phytol vesi"c1es exper ienced  an  average  
-d. 

enhancement o f  33%. Although t h e  NOE d e c r e a s e s  c o n s i s t e n t  w i t h  

l a t e r a l  expansion o f  t h e  b i l a y e r  caused by t h e  i n t e r c a l a t i o n  o f  

p h y t o l ,  l a r g e  e r r o r s  (520%) a r e  i n h e r e n t  i n  t h e s e  measurements,  

t h e r e f o r e  -no d e f i n i t e  c o n c l u s i o n s  may b e  reached .  It was found 
4 

a  

and . 

by 

'H NMR t h a t  under  t h e  expe r imen ta l  c o n d i t i o n 9  used. t h a t  t h e  phy to l  
d' 

hydroxyl  p r o t o n  d o e s  n o t  exchange w i t h  D20. 'Ihus, i t  i s  p o s s i b l e  



t h a t  t h e p r o x i m i t y o f t h e p h y t o l h y d r a x y l p r o t o n t o ~ L e c i L h i n  

phosphate p rov ides  a d i p o l a r  r e l a x a t i o n  pathway f o r  t h e  n u c l e i  
J 

which- p a r t i a l l y  overcomes t h e  d e c r e a s e  in NOE caused by l e s s  dense . 

l a t e r a l  packing of  ' the b i l a y e r .  _ The c l a r i f i c a t i o n  o'f t h i s  p o i n t  c o u l d  . 
be ach ieved  wi th  t h e  u s e  o f  d e u t e r a t e d  p h y t o l .  - R e s u l t s  d i s c u s s e d  i n  

7 

the fo l iowing  s e c t i o n s  ( S e c t i o n s  4C and 4D) f u r t h e r  e l u c i d a t e  t h e  
u' 

s t r u c t u r e  of t h e  l e c i t h i n - p h y t o l  mixed b i l a y e r .  

C. 13C NMR o f  Dipa lmi toyl  Lec i th in-Phyto l  B i l a y e r s  

i 
3~ T1 r e l a x a t i o n  t&s f o r  s y n t h e t i c  dipaZmityo1 l e c i t h i n  < 

v e s i c l e s  (20% w\v) and f o r  d i p a l m i t b y l  l e c i t h i n  v e s i c l e s  w i t h  33 moles 

- i n c o r p o r a t e d  phy to l  a t  5 2 ' ~  a r e  presen ted  i n  Table  I X .  ' ~ s s i g n m e n t s  

' f o r  DPL a r e  t aken  from Levine e t  a 1  ( 7 ) .  The . - re laxa t ion  times are i n  
T 

agreement w i t h  t hose  determined p r e v i o & l y  ( 7  ) . Phyto l  resonances  

were also r e s o l v e d .  bu t  due. t o  t h e  lesser a m o - i t  i n c o r p o r a t e d  and t h e  

time r e q u i r e d  f o r  a  set o f  i n v ~ r s i o n - r e c o v e r y  exper iments .  t h e s e  
. . 

phy to l  resonances  were n o t  g e ~ e r a l l y  o f  s u f f i c e n t  i n t e n s i t  

an a c c u r a t e  d e t e r m i n a t i o n  o f  t h e i r  r e l a x a t i o n  times. , 

An examinatiolr  o f  t h e  T1 v a l u e s  ob t a ined  ( T a b l e  I X ,  columns 2 F- 

and 3 )  r e v e a l s  t r e n d s  s i m i l a r  t o  t hose  observed f o r  t h e  i n c o r p o r a t i o n  

o f  p h y t o l  i n t o  EYL b i l a y e r s  a t  52Oc.k. I n c r e a s e s  in t b m a j o r i t y  o f  

t h e  hyd.rocarbon c h a i n  r e l a x a  t i o  ga in  i n d i c a t e   rea ate o t i o n a l  5 e 

freedom i n  t h e  hydrocarbon r e g i o n  o f  t h e  model membranane. A s  w i t h  EYL 

a t  52OC, t h i s S i s  p a r t i c u l a r l y  appa ren t  i n  t h e  i n c r e a s e  seen  f o r . t h e  



T a b l e  I X  

* 

13c T I  r e l a x a t i o n  t i m e s  f o r  d i p a l m i t o y l  l e c i t h i n ,  and 

d i p a l m i t o y l  l e c i t h i n - p h y t o l  mixed v e s i c l e s  a t  5 2 O ~ .  
a *  . I * 

k ' 
D 

. . . 
L - 

\ - 
T1 . ( ~ e c )  - --uu- - . - 

& F 

DPL Carbon ' 20% w/v DPL 20% w/v .DPL c o n t a i n i n g ,  

a Peak c o i n c i d e n t  w i t h  p h y t o l  c a r  o  s 15a and 16.  Q 



C4-13 enve lope ,  t h e  r e l a x a t i o n .  t ime  o f  which i n c r e a s e s  from 0 .42  'sec 
s. 

t o  0 .77  s e c  (83%) .  S i m i l a r l y ,  i n c r e a s e s  o f  565, a n d  30% a r e  observed * -  . 

. f o r  ca rbons  14 and 15. r e s p e c t i v e l y .  Re laxa t ion  r a t e s  f o r  ca rbons  2 
t 

' t  . . . 
and 3 ,  however , .  r a n a i n  r e l a t i v e l y  unchanged. 

= = i 
Once again. an examinat ion o f  t h e  r e l a t i v e  r e l a x a t i o n  t i m e s  of 

-- 

t h e  headgroup' c a r b o n s  is most i n t e r e s t i n g .  A t r e n d  i s  observed  

s i m i l a r  t o  t h a t  ob t a ined  f o r  EYL. The r e l a x a t i o n  time for .  $he c h o l i n e e  
.- 

CH20P resonance  is decreased  by 38% in t h e  p re sence  o f  i n c o r p o r a t e d  

3 " phyto l  ( 2 :  1  mole r a t i o .  l e c i t h i n  : phy to l )  . As seen  p r e v i o u s l y  w i t  

( s e e  t a b l e  V I I .  columns 4  and 5 )  t h i s  d e c r e a s e  is s m a l l e r  f o r  t h e  

a d j a c e n t  CH28+ capbon ( 2 6 4 ) .  and f i n a l l y ,  a s  t h e  N + ( c H ~ ) ~  

carbons  are approached. a  s l i g h t  i n c r e a l e  is .seen upon i n c o r p o r a t i o n  a O 

o f  p h y t o l .  The rend* i n  t h e  r e l a x a t i o n  t i m e s  f o r  t h e  l e c i t h i n  _I I 

headgroup c a r b o n s  is c o n s i s t e n t  w i t h  hydrogen bonding o f  t h e  phy to l  . 
.. 

hydroxyl  f u n c t i o n  t o  t h e  negat iveZy'ckrged l e c i t h i n  phosphate  moiety.  

In a d d i t i o n ,  t h e  i n c o r p o r a t i o n  o f  phy to l  a f f e c t s  t h e  b i l a y e r  mot ions  

th roughout  t h e  l e n g t h  o f  t h e  l i p i d  hydrocarbon c h a i n s .  ' Thi s  s u g g e s t s  

t h a t  p h y t o l  i s  inco rpo ra t ed  i n t o  t h e  membrane i n  a  r e l a t i v e l y  extended 

form. Resu l t3  d i s c u s s e d  i n  t h e  fo l l owing  s e c t i o n  f u r t h e r  e l u c i d a t e  
4 

€a t h e  s t r & k u r e  o f  t h e  l e c i t h i n - p h y t o l  mixed b i l a y e r  

D. I n t e r m o l e c u l a r  F i e l d  ~ f f e c t s '  

The i n c o r p o r a t i o n  o f  phy to i  i n t o  t h e ' b i l a y e r  i s ' c h a r a c t e r i z e d  by- 

a  r e l a t i v e l y  l a r g e  e f f e c t  on t h e  chemical i h i f t s r o f  t h e  unsa tu ra tkd  



- . 2 
- % 

phy to l  ca rbons  C2 and C3. A t  52 '~ .  C2 i s  s h i f t e d  u p f i e l d  by 0.46 - 

_L 

b 

ppm. wh i l e  ~3 i s  s h i f t e d  downf I d  by 0.51 ppm Porn t h e i r  p o s i t i o n s  in - 

D;O d i s p e r s i o n s  ( T a b l e  111. columns 3 and 4 ) .  These s h i f t s  canno t  be  
f d  -- 

- -, 

a t t r i b u t e d  simpfy t o  a change i n  t h e  s o l v e n t  system, bu t  t h e  

-2'- 
L 

c h a r a c t e r i s t i c  u i f i e l d - d o m f i e l d  chemical s h i f t  f o r  t h e  o M f i n i c  pair.  - -  . . 
\ 

can be  i n t e r p r e t e d  i n  terms of a 1 i n e a r  e l e c t r i c  f i e l d  ef feet  - -  

4 
t. . - 4  

( 124,127,128)  .; The o r i g i n  o f  t h i s  e lec t r ic  f ie ' ld  is  t h e  p o l a r  s u r f a c e  4 
$ ,.. 

o f  t h e  l e c i t h i n  b i l a p r ;  ' t he  r e s u l t i n g  chemical s h i f t s  o f  t h e  phy to l  
, i 

double  bond be ing .due  t o  t h e  p rgx imi ty  o f  t h e -  u n s a t u r a t e d  ca rbons  o f  
1 

ph];tol t o  t h i s  i n t e r f a c e .   heref fore, t h e  magnitude and d i r e c t k p n  o f  

t h e  e l e c t r i c  f i e l d  i n d u c e d - s h i n s  may b e  used,<to i n v e s t i g a t e  t h e  , , 
. , 

s t r u c t u r e  o f  t h e  - l e c i t h i n - p h y t o l  b i l a y e r .  . T h i s  o b s e r v a t i o n  i s  one  of 
s 

< . t 

t h e  few examples o f  an i n t e r m o l e c u l a r  f i e l d  e f f e c t .  - 2 

B . a 
h 

0 4 
$ 

Seve ra l  s t u d i e s  c a r r i e d  out on b i l a y e r s  have sugges ted  t h a t  t h e  ' .  b 

J 

+ phospha t idy l  cho l ine  headgroup o f  l e c i t h i n  is o r i e n t e  d . - '? 
perpendicular6&o t h e  f a t t y  a c i d  c h a i n s .  E l e c t r o s t a t i c  and s - 

- 
* -  - 

, e l e c t r o k i n e t i c  s t u d i e s  (151 ) .  X-ray d i f f  , a c t i o n  ( 1 5 2 ) .  s i n g l e  c r y s t a l  
' 5 P 

X-ray a n a l y s i s  o f  phospha t idy l e thano l  i n e  ( 1 5 3 ) .  13c NMR o f  EYL. 
0 -  

I 

-wi th  paramagnet ic  s h i f t  r e a g e n t s  ( 2 3 )  and s u r f a c e  d i p o l e .  momentc - 
.. . 

measurements o f  l e c i t h i ;  i n  monolayers  ( 4 0 ) .  p l u s  3 1 ~  NMR l i n e s h a p e  

a n a l y s i s  ~ f  l e c i t h i n  d i s p e r s i o n s  ( 78-81,) , a l l  suppor t  t h i s  o r i e n t a t i o n  
0 

o f  t h e  z w i t t e r i o n .  



From m o n o l a p r  s u r f a c e  p o t e n t i a l  measurements,  t h e  s u r f a c e  d i p o l e  
Z 

4 

moment per  molecule  . M ~  i s  d i r e c t l y  p ' ropor t iona l -  t o  t h e  observed 

s u r f a c e  p o t e n t i a l .  AV ( 4 4 ) .  I n  &her  words, t h e  g r e a t e r  t h e  magnitude 

o f  t h e  d i p o l e  m F e n t  pe r  molecule ,  t h e  g r e a t e r  i s  t h e  magnitude o f  t h e  

, observed sup face  p o t e n t i a l .  

! - 
3 

The t o t a l  s u r f a c e  d i p o l e  moment o f  a l e c i t h i n  e l e cu l e  may b e  
. 

, 
thought  of a s s b e i n g  thk. sum of fou r  components. These i r e  the .  

- -- - < .  - c a r b o n y l s  o f  t h e  f a t t y  a c i d  c h a i n s  which produce a n e g l i g i b l e  v e r t i c a l  

c o m p n e n t  s ince '  they. a r e  o r i e n t e d  i n  an 'agprpx ima te ly  ho r b o n t a l  
' 1  

B 
4 

p l a n e ,  the .  g l y c e r o l  C-0, bonds,  t h e  phosphate  group .  and t h e  L 
trimethylammonirrm group.  The r e s u l t a n t  s u r f a c e  d i p o l e  moment i s  ,- 

3 4. 

o r i e n t e d  such t h a t  t h e  n e g a t i v e  po l e  is p o i n t i n g  outcward.s i n t o  t h e  - 

aqueous phase (40,116). T h i s  o r i e n t a t i o n  o f  t h e  s u l t a n t  d i p o l e  has  
- La 

been confirmed by s u r f a c e  d i p o l e  moment measurements o f  plasmalogen.  
0 

( 4 0 ) .  ' 

0% 

A s  d i s cus sed  i n  s e c t i o n  3 B .  t h e  v a l a e  o f  

p a r a l l e l  t o  t h e  phy to l  double bond due to . , the 

t h e  e l e c t r i c  f i e l d  

b i l a i e r  s u r f a c e  d i p o l e  

moment may b e  c a l c u l a t e d  by t h e  method o f  Zurcher ( 123 )  ( S e c t i o n  3 B  

Equat ion 111-4 1 .' 
., 

I 

h 

. . 
S i n c e  t h e  ' sur face  d i p o l e  mome;ta is t h e  *orma42 companent o f  t h e  

C 

,'- 0. 

d i p o l e  averaged over  t h e  whole s u r f a c e .  i t  is  assumed i n  t h e  

subsequent  t r e a t m e n t  t h a t  t h e  a d d i t i o n a l  f i e l d  exper ienced  by t h e  



u n s a t u c a t e  01 ca rbons  arises from a p o i n t  d i r e c t l y  -above t h e '  
- 

phyto l  kydroxyl  moie ty .  It i s  f u r t h k r  assuned t h a t  phy to l  i s  

i n t e r c a l a t e d  i p t o  t h e  b i l a y e r - p a r a l l e l  t o  t h e - l e c i t h i n  f a t t y  a c i g  * , . 

c h a i n s  in  an ,  extended conformat ion ,  a s  is i n d i c a t e d  by t h e  ' 3 ~  T~ \/ - \ -. 
r e s u l t s . ,  In t h i s  approximagion. t h e  f i ~ l d  r e so lved  aral le l  t o  t h e  e .  c 

rr phyto l  (double bond is g iven  by 
+ 

I 
- , 

' / 
& e r e  is. t h e  s k f a c e  d i p o l e  moment and r is t h e  d i s t a k e  from 

e 

t h e  s u r f a c e  d i p o l e  to t h e  midpoint  o f D t h e  C=C bond. . 

While it would no t  b e  expec ted  t h g t  t h e  phy to l  hydroxyl  would 

p ,ene t ra te  i n t o  t h e  h i g h l y  charged p l a n e  o f  t h e  c h o l i n e  headgroup. i t  . ,  - 
/' 

i s  prob l e  t h a t  phy to l  i s  engaged i n  hydrogen bonding wi th  t h e  P" 
phoswa te -  o ' / ~ - .  mis  is c o n s i s t e n t  w i th  t h e  13c TI r e l a x a t i o n  

+ - 
n 

measurements. C a l c u l a t i o n s  us ing  a  hydrogen bond l e n g t h  o f  1.75A. t h e  

. s i n g l e  c r y s t 5 1  conformation o f  d  i l a u r o y l  p h o ~ p h a  t i dy l e thano lamine  

( 153 1. and t h e  x:ray determined bond l e n g t h s  o f  L-A-glycerophosphoryl- 
0 

c h o l i n e  ( 154) .  p l a c e  t h e  phy to l  hydroxyl  approximate ly  0.88A below t h e  

. - 0 

d i p o l e  s u r f a c e .  

9z- * 
P ' %  - 

Using bond l e n g t h s  and a n g l e s  f o r  s t r u c t u r a l l y  s i m i l a r  molecules  

( 155, i 5 6 ) ,  i t  can  be c a l c u l a t e d  t h a t  t h e  d i s t a n c e  from t h e  d i p o l e  t o  
0 

$ 

th?  midpoin t  o f  t h e  phy to l  ~ 2 - ' ~ 3  double  bond i s  4.72A. For a  s u r f a c e  

d i p o l e  moment o f  0 .6  Debye ( 4 5 ) .  t h e  v a l u e  o f  t h e  e l e c t r i c  f i e l d  

exper ienced  by t h e  phy to l  o l e f i n i c  c a r b d n s  using e q u a t i o n  IV-3 i s  

4 - 3 c a l c u l a t e d  t o  be-  1 . 4 ~ 1 0  esu-cm/cm . 



- w - 
S u b s t i t u t i n g  t h i s  va lue  f o r  t h e  f i e l d  i n t o  equa t ion  111-45 and 

I 
subsequen t ly  i n t o  equa t ion  I I I -46  u s i n g  a  s h i f t / e l e c t r o n  -value o f  182 , a 

L a  
. , ppm/e (157)  results i n  a calculated t h e o r e t i c a l  chemical  s h i f t  

. d i f f e r e n c e  f o r  t h e  p h y t o l  unsa tu ra t ed  .carbons due t o  t h e  l ' i nea r  
+ * 

'* 

e l e c t r i c  f i e l d  e f f e c t  o f  0.90 ppm (observed  = 0.97 ppm) . Not o n l y  i s  

t h i s  c a h u l a t e d  v a l u e - o f  the r i g h t  o r d e r  of  magn?tuie. b u t  more - A 

7 

i m p o r t a n t l y .  i t  i s  i n  t h e  c o r r e c t  d i r e c t i o n .  carbon 2 o f  phy€ol which 1 . 9  

- a f 

i s  n e a r e r  t h e  membrane s u r f a c e  e x p e r i e n c e s  an i n c r e a s e  i n  e 2 e c t r o n  - 
' . 

d & s i t y  due t o  t h e  p o l a r i z a k i o h  o f  t h e  o l e f i n i c  bond, and is. as a - 
i- 

r e s u l t ,  s h i f t e d  u p f i e l d .  C3 which expe r i ences  a  d e c r e a s e  in e l e c t r o n  
\" * 

d e n s i t y  i s  r e c i p r o c a l l y  s h i f t e d  d o g n f i e l d ,  i n  agreement w i th ' t he  - 
a .f 

t h e o r e t i c a l  treatment o f  Seidman and Maciel (128 ) .  

P 
Although s u b j e c t  t o  a c o n s i d e r a b l e  amount o f  e r r o r  due ko t h e  

n e c e s s a r y  assumpt ions ,  t h e  observed f i e l d  e f f e c t  i s  i n  q u a l i t a t i v e  

agreeement w i t h  t h e  s t r u c t u r e  proposed f o r  t h e  l e c i t h i n - p h y t o l  L 

b i l a y e r .  a s  shown i n  F i g u r e  9. s i n c e  it p l a c e s  t h e  phy to l  hydroxyl  . 

c l o s e  enough t o  t h e  headgroup f o r  hydrogen bondinq. 

'% t 

S i n c e  t h e  observed e l e c t r i c  f i e l d  e f f e c t  s h i f t  i s  induced by t h e  

q r f a c e  d i p o l e  moment o f  t h e  membrane. any  change i n , t h i s  d i p o l e  

moment should change t h e  served s h i f t  non-equivalence.  In t h i s  % 
r e g a r d ,  i t  should  be noted $ha t  t h e  observed f i e l d  e f f e c t  s h i f t  f o r  C3 

i n c r e a s e s  from 0.51 t o  0 .74 ppm t h e  tempera ture  of  t h e  mixed \ 
from 52 t o  1 lot. Such a n  i n c r e a s e  is most-+i&ly 

molecular  packing a t  t h e  lower  t empera tu re .  



,, -. d 

hs6. t h e  monolayer s u r f a c e  p o t e n t i a l  meapur+ents o f  Shah and 

a @=, 

Schulman ( 4 0 )  show t h a t  a t  bo th  low add his s u r f a c e  p r e s s u r e s .  . the  
t 

* . 
i 

s u r f a c e  d i p o l e  moment pe r  m w u l e  of  EXL i s  app rox ima te ly  25% g r e a t e r  
3 

.than that o f  DPL. T h i s  i; r e f l e c t e d ' i n  t h e  smhler f i e l d  e f f e c t  f o r  
S i x  

x .  

0 

DPL t h a n  EYL a t  5 2 ' ~  (0.70 pp* v s  
.'. 

*- 

? 
7 

1 

. 
F i n a l l y .  t h k  s u r f a c e  d i p d l e  s e e  whether t h i s  would 

Z .  4 

, - 
l e a d  to .  concomitant  change i n  t h e  C2, C3 .chemical s h i f t s .  The method 

i n v o l v e s  t h e  a d d i t i o n  o f  N&C1 ta t h e  v e s i c l e  ~ r e p r a t i o n .  It hasb  

p r e v i o u s l y  been shown t h a t  t h e  . a d d i t i o n  o f  150 mM sodium i o n s  l t o  t h e  

sub phase o f  1 ec i t h i n  monolayers i n c r e a s e s  t h e  s u r f a c e  d i p o l e  moment by  

approximate ly '  40% ( 4 5 ) .  The re fo re .  i f  t h e  DPL-phytol ' v e s i c l e s  a r e  

pr.epared c o n k i n i n g  150 mM NaC1, t h e  magnitude o f  t h e  f i e l d  e f f e c t  

induced chemical s h i f t  should i n c r e a s e .  T h i s  is observed t o  b e  t r u e ;  

t h e  a d d i t i o n a l  s h i f t  nonequiva lence  o f  t h e  phyto l  o l e f i n i c  c a r b o n s  
. " 

i n c r e a s e s  t o  0 .94 ppm from 0.70 ppm ( i . e .  by 36%) ' i n  ; the  p re sence  o f .  
1 

150 mM NaCl,, e x a c t l y  a s  p red i c t ed  by q u a t i o n s  111-46 and IV-3. 
- .  

-I 

Therefor 'e,  t h e  e f f e c t ' o f  t e m p r a t u r e ,  a c h a n ' g e  i n  t h e  n a t u r e  o f  t he .  

phospholipid' .  and t h e  e f f e c t .  o f  added i o n s  a l l  suppor t  t h e  / 

i n t e r p r e t a t i o n  t h a t  t h e  c h a r a c t q - i s t i c  upf ie ld-downf ie ld  chemical 
3 :-f::-%---. 

. -.* 
s h i f t  f o r  t h e  phy to l  o l e f i n i c M p a i r  upon i n c b r p o r a t i o n  i n t o  l e c i t h i n  , ., 

4 
--__ '- 

b i l a y e r s i s i n  d d u e t o - a n i n t e r m a ~ ~ a r l i n e a r e l e c t r i c f i e l d  
<% 

- r 

e f f e c t ,  caused by membrane, surfa& d i p o l e  moment. Irl a d d i t i o n ,  t h e  a 

i on  o f  t h i g e f f e c t  a r e  i n  q u a l i t a t i v e  agr,eements' 
4 ' 5*'- 

o g h e  l e c i t h i n - p h g t o l  b i i a y e r  which %gy - 
d e p i c t e d  i n  Figure 9 .  



F i g u r e  9 .  Space - f i l l i n g  molecu la r  models  i l l u s t r a t i n g  

t h e  proposed s t r u c t u r e  o f  t h e  l e c i t h i n - p h y t o l  b i l a y e r .  

'9 





/ * C  
- 

E. .13c NMR o f  EYL-Vitamin E  and p ~ - ~ h y t a h i c  Acid B i l a y e r s  

e p r e s e e  '3c g p c t r a  o f  10% w/y EIL v e g i c l &  ' ' 

o n t a i n i n g  2 5  mole% v i t amin  E ,  o r  25  mole% phy tan i c  a c i d  a t  1 1•‹c a r e  , I 

r ep rq luced  i n  F igu re  10. C e r t a i n  resonanceb .of  t h e  phy to l  a d d i t i v e s ,  

d e s i g n a t e d  Ivan ,  a r e  al& r e s o l v e d .  The. 13c chemica l  s h i f t s  z k e  . v 
- 

g iven .  in  Table  X. - 

i 
. *, 

The l e c i t h i n  1 3 ~  T , .  r e l a x a t i o n .  t . e s  f o r  EYL-Vitamin E and 

\ L .  *- 
.DL-phytan ic  a c i d  mixed v e s i c l e s ,  a s  determined by - the hdmospoil -. 

v e s i c l e s  which a r e  presen ted  f o r  comparison. An ekamina t ion 'of  t h e  
G S ~  

T1 v a l u e s  read ' i ly  r e v e a l s  a lare; i n c r e a s e  in t h e  f l u i d i t y  o f  t h e  
3 

P 

b i l a y e r  upon i n c o r p o r a t i o n  o f  t h e s e  branched cha in  compunds .  . 0 

I n c r e a s e s  a r e  observed f o r  e a c h  carbon  a long  t h e  l e c i t h g  hydrocarbbn 
P 

c h a i n s ,  t h e  i n c r e a s e s  be ing  g r e a t e r  i n  t h e  c a s e  o f  phy tan i c  a c i d .  The 

r e l a t i v e  amounts o f  th'e i n c r e a s e s  a r e -  more r e a d i l y  appa ren t  from 

F i g u r e  11 .  i n  which t h e ' T l l s  a r e  p l o t t e d  ( r e l a t i v e  t o  EYL=1.00) f o r  
~. 

each  l e c i t h i n  carbon atom a s  o l e i c  a c y l  c h a i n s ,  A s  can b e  s een  from t h e  
P 

& 

f i g m e .  t h e  r e l a x a t i o n  t i m e s  for)  t h e  f a t t y  a c i d  c h a i n s  ' increase  an , I 

0 9 

ave rage  o f  approximate ly  50% u 3 n  i n c o ~ p o r a t i o n  o f  wtamin E. and - 
I% 

approximate ly  150% ' f o r  t h e  i n c o r p o r a t i o n  o f  phy tan i c  a c i d ,  The r e l a t i v e  
- 



/ 
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F i g u r e  10: Pra ton  n o i s e  decoupled 1 3 ~  NMR s p e c t r a  o f  
*# 

2 - - 
l e c i t h in -Vi t amin  E. l e c i t h i n - p h y t a n i c  a c i d  v e s i c l e s  

- -- -- 

a t  1  lo;? A .  -10% L v e s i c l e ;  containing 25 moles 9 
9 ,- -$ , 

.I , Vitamin E. B. 10% w/v EYL v e s i c l e s  c o n t a i n i n g  25 mole$ . - 

phy a n i c  a c i d .  The r e sonances  d e s i g n a t e d  Itan ' i ,  a r e  dye t o  

i n t & c a l a t e d  Vitamin E o r  p h y t G i c  a c i d  i n  

A o r  B r e s p e c t i v e l y .  





Table X L + 

c 

@ 

I 

' 3 ~  chemical  s h i f t s  f o r  10% w/v EYL v e s i c l e s  and f o r  
* * 

v e s i c l e s  c o n t a i n i n g  25  mole% Vitamin E o r  phy tan ic  

a c i d  a t  1 1 0 ~ .  5 

Carbon . 

' b .  

Choline N+(cH - 
313 

+ Chain 

EYL EYL + 25mole% EYL .+ 25mole% 

Vitamin E phy tan ic  a c i d  
7 + 

C11 l i n o l e i c  25.74 
D 

-CH=Cf H - C H 2 ~ g 3  2 A. 129.52 . . 



- 
L 

Table  X I  

, '13c r e l a x a t i o n  t imesa  f o r  l e c i t h i n .  l e c i t h i n :  

.Vitamin E, and l ~ i t h i n - p h y t a n i c  a c i d  b i l a y e r s  c  

w ' 

EYL EYL + 25 mole% EYL + 2 5  mole% Carbon - . '--. 

Vitami,n E  p h y t a n i c  a c i d  

- C H = C t H - C H 2 - c * ~ = c ~  0.58 i 0.05  0.71 i 0.04 1 . 1 0 + 0 . 0 7  ' 

N ( C H 3 ) 3  0.24 i 0 .03  0.41 + 0 .02  . 0.39 0.02 
1 

NCH2 0 . 1 3 ~ 5  0 .01  0.27 i 0.02 0.24 * 0.02 

CH20p ( c h o l i n e )  - 0 . 1 2 ~ *  0:01 0.31 * 0.01 /'0.14& 0 .01  

++ 
a k a s u r e d  by homospoil method 8 -  "p - - 3  

,*-. 
Measurgd by invers ion- recovery  method 

4000 t r a n s i e n t s  



Fi(lure 1 1 .  The relat ive 13c T I  relaxation times for fatty 

acid carbons o f  l ec i th in  and mixed lecithin-phytyl compound 

ves i c l e s  in D20 a t  1 1 ' ~ .  containing 25  mole5 phytanic 

acid. 0 containing 25  mole% Vitamin E .  The I3c T 1  

values for 10% w/v pure EYL ves ic les  have been given the 

re lat ive  value o f  1.00.  



RELATIVE T, RELAXATION TIME 



value fo r  the main methylene envelope was given t o  a l l  carbons 

contr ibut ing t o  t h i s  resonance. It i s  possible that  the apparent 

symmetry of the  r e l a t ive  Tits about the  region from C 8  t o  C 1 1  may be 

due t o  penetration of the methyl branches of  the p h y t y l  chains into 

pockets created by the c i s  double bonds of the l e c i t h i n  f a t t y  acyl 

t a i l s ,  b u t  t h i s  hypothesis cannot be proven w i t h  the data  available.  

More speci f ica l ly .  the  T1 f o r  the main methylene envelope 

increases from 0.30 t o  0.55 sec upon incorporation of Vitamin E, and 

to  0.81 sec  upon intercalat ion of phytanic acid,  w h i l e  the 

antepenultimate carbon experiences increases from 0.30 t o  0.55 sec fo r  

the  lecithin-Vitamin E and to 0.90 sec f o r  lecithin-phytanic acid 

mixed b i layers .  Similarly. increases a r e  also detected fo r  the 

penultimate carbon from 0.66 t o  0.80 and 1.75 sec.  and fo r  the 

terminal methyl carbon from 2.05 to  2.76 and t o  2.98 sec. Increases 

a r e  also observed f o r  the o le f in ic  carbons of  o le i c  acid residues from 

0.33 t o  0.53 and 0.74 sec .  

l'hese la rue  increases in relaxation times indicate an increase in 

motion w i t h i n  the  bi layer  s t ruc ture .  phytanic acid uiving r i s e  t o  the 

greater  e f fec t  . 

The increased mobility of the  l e c i t h i n  hydrocarbon chains.  a t  

llOc upon the addition of Vitamin E and phytanic acid can be 

i n  terms of the  d i f f i c u l t y  i n  accmmodatin~ the branched 



.a c h a i n '  compounds i n  an ordered  b i l a x e r  arrangement .  

87 
b 

-L 

S i n c e  t h e  London 

a t t r a c t i v e  f o r c e s  between t h e  hydrocarbon c h a i n s  o f _ _ l i p i d  b i l a y e r s  are 

h i g h l y  d i s t a n c e  dependent ,  even  a s l i g h t  expansion o f  t h e  b i l a y e r  . 
would l e a d  t o  a l a r g e  -decrease in t h e  g t e r a c t i o n  o f  a d j a c e n t  l i p i d  

, . 

molecules  . 

An .examination of  t h e  13c T I  I s  f o r  t h e  l e c i t h i n  headgroup 

r e v e a l s  i n f o r m a t i o n  concern ing  t h e  membrane s u r f a c e .  For  t h e s e  

c a r b o n s .  t h e  o r d e r  of the .  T, i n c r e a s e  is r e v e r s e d  (see Pig, 11 1; t h a t  

is .  Vitamin E produces l a r g e r  e f f e c t s .  wh i l e  t h e  e f f e c t s  o f  phy tan i c  

a c i d  a r e  l e s s  pronounced. P a r t i c u l a r l y  i n t e r e s t i n g  i s  t h e  e f f e c t  on C 

t h e  carbon  atom a d j a c e n t  t o  t h e  l e c i t h i n  phos.phate i . e .  CH20P. 

' 

While t h e  i n c o r p o r a t i o n  of phy tan i c  a c i d  i n c r e a s e s  t h e  13c 

r e l a x a t i o n  time from 0.12 s e c  t o  o n l y  0.14 s e c ,  t h e  a d d i t i o n  o f  

Vit-amin E r e s u l t s  in an i n c r e a s e  t o  0 .21  s e c  , ( 7 5 % ) .  

c= - 
A r a t i o n a l i z a t i o n  o f  t h i s  f a c t  may b e  made by a c o n s i d e r a t i o n  o f  

t h e  r e l a t i v e  dep th  a t  & i c h  phytan ic  a c i d  and Vitamin E s i t  i n  the.  

membrane. It has  been shown i n  S e c t i o n  4D, by t h e  ,use  *if  a l i n e a r  

I , 
e l e c t r i c  f i e l d  e f f e c t .  t h a t  phy to l  sits s u f f i c i e n t l y  c l o s e  t o  t h e  

membrane h y d r o p h i l i c  r eg ion  t o  engage i n  hydrogen bonding wi th  t h e  

f e c i t h i n  -phosma te  moiety.  Phytan ic  a c i d  wi th  its h y d r o p h i l i c  carboxyl  

f u n c t i o n  would a l s o  b e  expected t o ' e x t e n d  i n t o  t h e  aqueous phase.  and 

may b e  engaged i n  hydrogen bonding wi th  t h 3  l e c i t h i n  phosphate .  Such 

an i n t e r a c t i o n  would tend  t o  anchor  t h e  carbon  atoms o f  t h e  l i p i d  



i 

- 

headgroup apd d e c r e a s e  t h e i r  m o t i o n a l  f reedom.  Vi tamin E.  e n  t h e  

o t h e r  hand ,  w i t h  a  s ' ingle  hydroxyl  f u n c t i o n  on i ts  b u l k y  chrbmanoi  
b 

~ i n g  s y s t e m w o u l d  n o t  b e  e x p e c t e d  tot p e n e t r a t e  a s  f a r  i n t o  t h e  

h i d r o ~ h i l i c  r e g i o n .  It i s  p o s s i b l e  t h a t  t h e  p o s i t i o n - o f  t h e  chromanol 
7. 

may p a r a l l e l  t h a t  o c c u p i e d  by B h o l e s t e r o l  ( 1 5 8 . 1 5 9 ) ,  w i t h  t h e  hydroxyl  

f u n c t i o n  a t  t h e  s i t e  o f  t h e  f a t t y  a c i d  ester c a r b o n y l .  It i s  u n l i k e l y  
A 

t h a t  t h e  Vi tamin E i s  engaged i n  hydrogen 'bonding  w i t h  t h e  c a r b o n y l  

s i n c e  it i s  known that hydrogen bonding  d e s h i e l d s  c a r b o n y l  c a r b o n s  

( 1 6 0 ) ;  r e s u l t i n g  i n  a d o w n f i e l d  13c s h i f t .  No s i g n i f i c a n t  s h i f t  i n  

t h e  l e c i t h i n  c a r b o n y l  i 3 ' o b s e r v e d  upon t h e  a d d i t i o n  o f  Vi tamin E.  . 

T h e r e f o r e  t h e  p o s s i b i l i t y  o f  hydrogen  bonding .is remote .  

- 
It h a s  p r e v i o u s 1  y  been r e p o r t e d  ( 1 2 )  t h a t  t h e  i n c o r p o r a t i o n  o f  

1 
c h o l e s t e r o l  i n t o  EYL r e s u l t s  in a d o w n f i e l d  s h i f t  o f  -2  ppm f o r  t h e  

a" 

J 

l e c S i t h i n  c a r b o n y l s .  However d e n  33 mole% c h o l e s t e r o l  was 

i n c o r p o r a t e d  i n t o  EYL v e s i c l e s  a t  3 0 ' ~ .  no  s i g n i f i c a n t  s h i f t  was 

o b s e r v e d .  It h a s  s u b s e q u e n t l y  been s u g g e s t e d  t h a t  a l t h o u g h  t h e  

I 

c h o l e s t e r o l  hydroxyl  l i e s  a t  a  d e p t h  e q u a l  t o  t h a t  o f  c a r b o n y l s .  i t s  

p r i m a r y  f u n c t i o n  i s  s i m p l y  t o  p r o v i d e  a m p h i p h i l i c  c h a r a c t e r  and a n  

o r i e n t i n g  i n f l u e n c e  th rough  s o l v a t i o n  b y  w a t e r  a t  t h e  p o l a r  i n t e r f a c e  

( 161 1. Such may a l s o  b e  t h e  c a s e  f o r  X - t o c o p h e r o l .  

f n  any e v e n t ,  Vi tamin E i s  n o t  e x p e c t e d  t o  i n t e r a c t  d i r e c t l y  w i t h  
- 

t h e  l e c i t h i n  headgroup b u t  t h e  laree  i n c r e a s e s  i n  TI f o r  t h e  

headgroup  c a r b o n s  may b e  e x p l a i n e d  by a  d e c r e a s e d  i o n i c  i n t e r a c t i o n  o f  

. 



t h e  n e g a t i ~ e l y ~ c h a r g e d  l e c i t h i n  phosphate  group f o r  t h e  p o s i t i v e l y  

charged trimethylammonium moiety o f  an a d j a c e n t  l i p i d  molecule .  T h i s  
8 

f L 

dec rease  in i o d i c  i n t e r a c t i o n  is proposed t o  be  due t 6  an expansion o f  

t h e  b i l a y e r  due t o  t h e  i n t e r c a l a t i o n  o f  t h e  phytyl, compounds. Th i s  

w i l l  be d i s c u s s e d  i n  more d e t a i l  i n  t h e  fo l l owing  s e c t i o n  ( S e c t i o n  

4 F ) .  The s m a l l e r  i n c r e a s e s  in T I  f o r  headgroup c a r b o n s  in t h e  c a s e  . 

of. ,phytanic ac id  i s  c o n s i s t e n t  w i th  hydrogen bonding o f  t h e  phy tan i c  

a c i d  carboxyl  moie ty  t o  t h e  l e c i t h i n  phosphate .  T h i s  would t h e n  tend 

t o  anchor  t h e  headgroup. Note t h a t  t h e  d i f f e r e n c e  between the '  * 
i n c r e a s e s  caused by Vitamin E and phy tan i c  a c i d  i s  l e s sened  a s  t h e  

trimethylammon&um c a r b o n s  are approached ( F i g .  11 1 .  

. - We have seen.  t h a t  t h e  i n c o r p o r a t i o n  o f  Vitamin E ( 2 5  mole%) 

?-. 

d r a m a t i c a l l y  a f f e c t s  t h e  13c 'rl r e l a x a t i o n  t i m e s  o f  t h e  l e c i t h i n  

ca rbons  o f  a phosphol ip id  b i l a y e r .  I n  o r d e r  t o  de t e rmine  t h e  e f f e c t  

o f  a k a l l e r  amount o f  &- tocophero l ,  13C T ,  r e l a x a t i o n  t i m e s  were 

determined < a t  5 2 ' ~  f o r  mixed v e s i c l e s  c o n t a i n i n g  a 10: 1 mole r a t i o '  - 

of EYL:Vitamin ~E. These v a l u e s  a r e  r e p o r t e d  i n  Table  X I 1  f o r  b o t h  t h e  

a d m i x t i r e  and f o r  EYL a l o n e .  A comparison o f  t h e s e  v a l u e s  i n d i c a t e s  

l i t t l C  change. Th i s  i s ' k o t  unexpected due t o  t h e  s m a l l e r  amount o f  

.+tocopherol i n c o r p o r a t e d , .  as  compared & t h  t he*  i n c o r p o r a t i o n  o f  25  
- 

mole% A- t ocophe ro l  which produced s u b s t a n t i a l  p e r t u r b a t i o n .  However, 

a s  w i l l  be shown i n  S e c t i o n  4G;  t h e  d i s r h p t  i on  caused by the* h 0 

i n t e r c a l a t i o n  o f  a s  l i t G e  a s  3 mole% Vitamine E i s  mani fks ted  i n  a 

s i g n i f i c a n t  i n c r e a s e  in t h e  p e r m e a b i l i t y  0.f t h e  mixed membrane. " 
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Table XI1 

I3c T1 r e l a x a t i o n  t i m e s  f o r  20% w/v EYL v e s i c l e s  and - - 

20% w/v EYL v e s i c l e s  c o n t a i n i n g  a  10: 1 mole r a t i o  1 

l e c i t h i n  :Vitamin E a t  5 2 0 ~ .  

Carbon L e c i t h i n  L e c i t h i n  + Vitamin E 

Choline N+(cH ) 
3 3 

Chain CH 
3  4 .12  3.63 

C9 o l e i c  0.90 0.84 

C9 l i n o l e i c  
-7 

c 1'1 l i n o l e i c  1.22 . 1.15 

C8 and 1 1  o l e i c  
0.76 .. . 

C8.aLnd 14 l i n o l e i c  
CI 

C12 l i n o l e i c  1239 1.44 

C10 l i n o l e i c  0.90 , 



F. Phy ty l  Compounds and Membrane Packing 

The preceeding  s e c t i o n s  o n  . t h e  e f f e c t  o f  p h y t o l .  Vitamin E and 
+%= 

phy tan i c  a c i d  have been i n t e r p r e t e d  i n  t e rms  o f  t h e  d i f f i c u l t y  i n  

accommodating t h e s e  branched cha in  s t r u c t u r e s  in  an o rde red  b i l a y e r  . 
- 

s t r u c t u r e .  It was s een  t h a t  a t  l l O c ,  t h e  e f f e c t s  i n c r e a s e d  i n  t h e  

o r d e r  phy to l  < Vitamin E < phy tan i c  a c i d .  Th i s  s e c t i o n  w i j - 1  d i s c u s s  

t h i s  i n t e r p r e t a t i o n  i n  t e rms  o f  f u r t h e r  known p r o p e r t i e s  o f  t h e s e  and 

Monolayers o f  phy to l  , X-tocophero l  , and phy tan i c  a c i d  occupy 

molecu la r  a r e a s  o f  55. 60 and 6 1 i 2  p e r  molecule  a t  0 . 5  dyne/cm, 

r e s p e c t i v e l y  ( 4 6 ) ,  w h i l e  c h o l e s t e r o l  i s  known t o  form s t a b l e  

monolayers  under t h e  same c o n d i t i b n s  w i t h  molecular  &gas' o f  

-? approximate;y 40i2 p e r  molecule .  Thus, t h e  a r e a  requi reme ts f o r  

t h e  phy ty l  molecules  is much h i g h e r .  Such l a r g e  monolayer eas must k 
C 

be due t o  t h e  branched n a t u r e  o f  t h e  c h a i n s .  s i n c e  t h e  unbranched C18 

a c i d ,  s t e a r i c  a c i d  occupies ,  monolayer a r e a s  o f  t h e  o r d e r  o f  2 4 i 2  p e r  

molecule  ( 4 6 ) .  

Above t h e  l e c i t h i n  g e l - l i q u i d  c r y s t a l l i n e  t r a n s i t i o n  t empera tu re ,  

c h o l e s t e r o l  i s  known t o  f i t  i n t o  c a v i t i e s  c r e a t e d  by thermal  motion o f  

t h e  f a t t y  a c y l  c h a i n s  c a u s i n g  an * l in t e rmed ia t e  f l u i d "  c o n d i t i o n  

(42 ,471 .  Thus, mixed monlayers  o f  l e c i t h i n  and c h o l e s t e r o l  do  no t  

fo l l ow  t h e  a d d i t i v i t y  r u l e  s i n c e  c h o l e s t e r o l  a c c u p i e s  pocke ts  i n  t h e  



membrane and causes  l i t t l e  p r o p o r t i o n a l  i n c r e a s e  i n  % t h e  area/moleculeb 

o f  mixed monolayers.  Such behaviour  has  been c o r r e l a t e d  wi th  a  

dec rease  in  p e r m e a b i l i t y  above Tm (99 ,162) .  Very r e c e n t l y  t h e  

monolayer behaviour  o f  Vitamin E i n  l e c i t h i n  monolayers h a s  been - 
s t u d i e d  ( 5 0 ) .  It was found t h a t  i n  monolayers o f  d i s t e a r o y l -  o r  - * 

< 
d i o l e o y l - l e c i t h i n  t h e  a d d i t i v i t y  r u l e  was w e l l  fol lowed u p - t o  50  mole% 

' -  
i nco rpo ra t ed  d - tocophe ro l  . T h i s  i n d i c a t e s  t h a t  u n l i k e  c h o l e s t e r o l .  

A-tooopherol i s  n o t  a b l e  t o  f i t  i n t o  t h e  c a v i t i e s  be tween ' ad j acen t  

l e c i t h i n  molecules ,  and d i s p l a c e s  i t s  f u l l  a r e a  r equ i r emen t  i n  mixed 

l e c  i t h i n d - t o c o p h e r o l  systems.  Such behaviour  n e c e s s a r i l y  i n v o l v e s  an 

i n c r e a s e  in 1 i p i d - l i p i d  s e p a r a t i o n  due t o  i n t e ~ c a l a t e d  Vitamin E. 

The t o t a l  i n t e r a c t i o n  enerqy due t o  London-Van d e r  Waals 

d i s p e r s i o n  f o r c e s  between t h e  l o n g  hydrocarbon t a i l s  o f  phospho l ip id s  
- 

i s  p r o p o r t i o n a l  t o  t h e  i nve r se  f i f t h  power ofi t h e  i n t e r m o l e c u l a r  
3 

d i s t a n c e  ( 1 6 3 ) .  Thus even  a  s m a l l  l a t e r a l  expansion o f  t h e  l i p i d  ' 

b i l a y e r  would r e s u l t  i n  a  l a r g e  dec rease  i n  t h e  i n t e r a c t i o n  en&&ies  

of  a d j a c e n t  l i p i d  molecules .  A s  an  example, i t  h a s  been found t h a t  

t h e  p re sence  o f  a  s i n g l e  methyl  g roup  i n  i g o s t e a r i c  a c i d  reduces  t h e  

i n t e r a c t i o n  energy from t h a t  o f  s t e a r i c  a c i d  by a  f a c t o r  o f  t h r e e  

( 1 6 3 ) .  T h i s  decrease  in i n t r a m o l e c u l a r  a t t r a c t i o n  would be  expec ted  

t o  beccme even more s e v e r e  f o r  more h i g h l y  branched molecules  such as 

p h y t o l ,  Vitamin E and phy tan i c  a e i d .  



Such decreases in intramolecular a t t r ac t ions  and increases in 

phosphol ipid-phosphol i p i d  packinrg distances due t o  the incorporation 

of phytol,  Vitamin E ,  and phytanic acid a re  consis tent  w i t h  the the 

T I  re laxat ion r e su l t s .  Thus. phytol. w i t h  a monolayer area of 

5 5 i 2  per molecule. causes the l e a s t  perturbation of the three.  

Although X-tocopherol has nearly the same area requirements a s  

phytanic acid ( 60 vs 61~*/molecule) , because of i ts extremely 

hydrophobic nature it i s  not expected t o  penetrate a s  fa r  in to  the 

region of the  l e c i t h i n  headgroup, but due t o  i t s  in terca la t ion .  simply 

decrease the ionic a t t r ac t ion  of the negatively charged phosphate of  

one l e c i t h i n  molecule fo r  the trimethylammoniun group of an adjacent,  

but now more d i s t a n t .  l ec i th in  molecule. Phytanic acid causes the 

g rea te s t  increase in  ( 3 ~  T~ relaxation times s ince In addition t o  

i ts  la rge  surface area reqirement, i t  penetrates fur thest  in to  the 

hydrophilic region, further in te r fer ing  wi th  the normal 

l ec i th in - l ec i th in  headaroup ionic interact ion.  

I n  order t o  determine tha t  the e f f e c t s  on 13c T I  re laxat ion 

a r e  i n  f a c t  due t o  the branched nature of the  phytyl chain, 

re laxat ion times were determined f o r  the incorporation of the  

mbranched C16 ac id ,  palmitic acid,  in to  EYL ves ic l e s ,  f o r  comparison 

w i t h  those determined f o r  l e c i t h i n  w i th  incorporated phytanic acid.  

and f o r  those of l e c i t h i n  alone. These are  presented i n  Table XIII. 

An examination of  these values c l e a r l y  shows tha t  the incorporation of 

25 mole% palmitic acid has l i t t l e  e f f e c t  on the f l u i d i t y  of  the  



Table XI11 

Carbon 

13c TI relaxation times for 10% ulv EYL ves i c l e s  and 

10% EYL vesicles  containinq 25 mole % incorporated 

palmitic acid at  1 1 0 ~ .  . 

Choline N + ( c H ~ ) ~  

N+CH2 

CH20p 

Chain C H ~  

C H ~ C H ~  

CH2CH2CH3 

( 5 4 ,  
C2 

c=o 

CWH2-CH=CH- 

C 1 1  l ino le i c  

-CH=ChH-CH CH 2- 2- 

- C k C h H - C H  C + H = C H -  2 - 

Lecithin Lecithin + 25mole5 

Palmitic Acid 



of  t h e  branched a c i d ,  p h y t a n i c  a c i d .  S i n c e  p a l m i t i c  a c i d  h a s  a  v e r y .  

sma-11 a r e a  requi rement  ( - 2 4 i 2 ~ m o l e c u l e ) ,  i t  is  a b l e  t o  f i t  intxo 
% 

t h e  c a v i t i e s  c r e a t e d  by thermal  f l u c t u a t i o n s  o f  t h e  l e c i t h i n  f a t t y  

a c i d  c h a i n s  above t h e  g e l - l i q u i d  c r y s t a l l i n e  t r a n s i t i o n  t empera tu re  

-> 

and, because  Ft i s  unbranched, c a u s e s  l i t t l e  p e r t u r b a t i o n  o f  t h e  
- 

London-van d e r  W a d s  - a t t r a c t i v e  forces. Thus, - i n c o r p o r a t i o n  o f  - 

p h y t o l ,  Vitamin E. and phytan ic  a c i d  p e r t u r b  t h e  normal phosphol ip id  4 
packing ,  r e s u l t i n g  i n  &creased f l u i d i t y  o f  the-  b i l a y e r .  

Changes in b i l a y e r  f l u i d i t y  and cha in  packing have been 

a s s o c i a t e d  wi th  changes  in membrane @ m e a b i l i t y  ( 9 ) .  T h e r e f o r e ,  a n  

i n v e s t i g a t i o n  was conducted i n t o  t6e e f f e c t s  o f  t h e  i n c o r p b r a t i o n  o f  

3 p h y t o l ,  Vitamin E and phy tan i c  a c i d  on membrane permeabili ty;/  The 

r e s u l t s  o f  t h i s  s t u d y  a r e  p r - y n t e d  i n  t h e  succeeding  s e c t i o n s  - +  r 4 

( S e c t i o n s  &-41). di 
') 

n 

G .  Pe rmeab i l i t y  S t u d i e s  by  3'p NMR 

Bystrov and co-workers (26 ,27 .164 ,165)  d i scovered  t h a t ,  it i s  

p o s s i b l e  t o  d i f f e r e n t i a t e  t h e  i nne r  and o u t e r  s u r f a c e s  o f  phosphol ip id  
. . 

v e s i c l e s  us ing  3 1 ~  and 'H NMR w i t h  t h e  a i d  o f  added l a n t h a n f d e  
'I 

s h i f t  r e a g e n t s .  The 3 1 ~  NMR chemical  s h i f t s  o f  t h e  phosphorus 

n u c l e i  ( o r  N + ( c H ~ ) ~ )  p r o t o n s  i n  t h e  c a s e - o f  'H NMR) i n  t h e  
* 

i n n e r  and ou te r  l a y e r s  o f  phosphol ip id  v e s i q l e s  a r e  v e r y  n e a r l y  
t 



4 
e q u i v a l e n t ,  and a; single resonance  is obse rved ,  When the parapagnetie 

\ *-- 

l a n t h a n i d e  pr3+ is  added t o  preformed l e c i t h i n  v e s i c l e s .  t h e  

resonance  s i g n a l  o f  phosphorus n u c l e i  on t h e  o u t s i d ?  l a y e p  is 

broadehed and s h i f t e d  downf ie ld ,  wh..ile t h e  phosphorus n u c l e i  on  t h e  
-4. * 

4 ~ - & k d k  l a y e r  f a c i n g  towards  t h e  enc losed  volkne remain u n a f f e c t e d .  

Due t o  t h y s  l a n t h a n i d e  -induced s h i f t  ( L I S ) ,  t h e  independent  

o b s e r v a t i g n  o f  b o t h  t h e  I f  i n s i d e f t  and "outs id"en l e c i t h i n  mo lecu le s  is 

p o s s i b l e .  Th i s  is i l l u s t r a t e d  i n  F i g u r e  12. The r e l a t i v e  a r e a s  o f  
. 

> 
t h e  two peaks is a  measure o f  t h e  r e l a t i v e  number of  phosphol ip id  

molecules  o n  t h e  i nne r  and o u t e r  l a y e r s  o f  t h e  v e s i c l e s  . 
-5 

@- 

Prev ious  workers ( 165.166) have used 'H NRR and L I S  t o  s t u d y  

t h e  p e r m e a b i l i t y  o f  phosphol ip id  v e s i c l e  systems. A s  t h e  paramagnet ic  
\ 

l a n t h a n i d e  pr3+ c r o s s e s  t_he b i l a y e r .  t h e  ~ + ( c H ~ ) ~  prot'ons a r e  

I s h i f t e d  downf ie ld  t o  r e s i d e  w d e r  t h e  low . f i e l d  peak. The r a t e  o f  

change o f  t h e  chemical  s h i f t  d i f f e r e n c e  between t& t& resonances  
. - > 2 2  - 

., with  t ime  @.s .used a s  a  measure o f  t h e  r a t e  o f  permeat ion o f  t h e  

praseodymium c a t i o n s .  It i s  known t h a t  ' the observed s h i f t s  induced by ,. 

IL 
l a n t h a n i d e s 3 n  t h e  3 1 ~  NMR s p e c t r a  a r e  much l a r q e r  than  t h o s e  o f  

. p r o t o n s .  Th i s  i s  c o n s i s t e n t  w i t h  a  model i n  a i c h  t h e  l a n t h a n i d e  i on  

a s s o c i a t e s  w i t h  t h e  l e c i t h i n  phosphate  moie ty  ( 167) .  Chemical s h i f t  

d a t a  in  t h e  p re sence  o f  s h i f t  r e a g e n t  suggest  t h a t  t h e  l a n t h a n i d e  -- 
, 

b i n d s  s t r o n g l y  t o  - 1 %  o f  t h e  l e c i t h i n  molecules  ( 1 6 8 ) .  Thus. i n  

o r d e r  f o r  a l l  l e c i t h i n  on t h e  o u t s i d e  o f  t h e  b i l a y e r  to. b e  a f fec ted- :by  

pr3+. t h e r e  most probably e x i s t s  a  s e q u e n t i a l  exchange o f  l e c i t h i n s  



F i g u r e  12. 3 1 ~  NMR s p e c t r a  o f  10% u/v egg  yo lk  l e c i t h i n  * 

v e s i c l e s  a t  33 C. Top:' Be fo re  t h e  a d d i t i o n  o f  pr3+. 

Bottom: Immediately  a f t e r  t h e  a d d i t i o n  o f  150 u l  of 0 .1  M 

' P ~ ( N O ~ ) ~ ' ~ H ~ O .  Elapsed  t ime  = 13 min. 





/' 
.. A 

l i p a n d e d  t o  l a n t h a n i d e  a t  t h e  
'r 

s u r f a c e  . o f  t h e .  b i l a y e r .  wi*out t h e  

n e c e s s i t y  f o r  comple te  d i s s o c i a t i o n  o f  t h e  i o n  from t h e  v e s i c l e  - 
s u r f a c e  (168) .  

A s  ment ioned p r e v i o u s l y ,  t h e  r a t e  o f  d i s a p p e a r a n c e  o f  t h e  
L 

u p f i e l d .  o r  " i n s i d e "  3 1 ~  r e s o r k n c e  s i g n a l  can b e  used  t o  s t u d y  t h e  , 

t r a v e r s e  o f  t h e  pr3+ t h r o u g h  t h e  b i l a y e r ,  and h e n c e ,  m o n i t o r  t h e  

membrane p e r m e a b i l i t y .  The l a r g e r  chemica l  s h i f t  d i f f e r e n c e s  f o r  

added l a n t h a n i d e  w i t h  3 1 ~ , '  and t h e  s i m p l i c i t y  o f  t h e  phosphorus  

s p e c t r a  o f  p h o s p h o l i p i d s  makes  3 1 ~  NMR e v e n  more c o n d u c i v e  t o  s u c h  

s t u d i e s  t h a n  "H NMR. It was found t h a t  due t o  t h e  s e v e r e l y  

b roadened  n a t u r e  o f  t h e  d o w n f i e l d  peak ,  however ,  t h a t  it was d i f f i c u l t  

to  e m p l o y - t h e  d i f f e r e n c e  in  c h e m i c a l  s h i f t s  o f  t h e  u p f i e l d  and . 

d o w n f i e l d  peaks  w i t h  time a s  a m e a s u r e  o f  p e r m e a b i l i t y  b e c a u s e  o f  t h e  

u n c e r t a i n t y  i n v o l v ' d  i n  m e a s u r i n g  t h e  c h e m i c a l  s h i f t  o f  t h e  d o w n f i e l d  

p e a k s .  A l s o ,  a t  40.5 MHz, i t  was found t h a t  t h e  u p f i e l d ,  peak d i d  n o t  

s h i f t  e v e n l y ,  a s  a h h o l e  t o  l o w e r  f i e l d  w i t h  time, b u t  t h a t  a s  t h e  

@ r a m a g n e t i c  pr3+ c r o s s e d  t h e  b i l a y e k  K i t h  t i m e ,  t h e  i n t e n s i t y  o f  
- 

t h e  u p f i e l d  peak d e c r e a s e d ,  as  p a r t  o f  t h e  i n t e n s i t y  w a s a t r a n s f e r r e d  - 1 
4 r. ' 

t o  a ve'ry b r o a d  a b s o r b a n c e  o f  interrned'u~a c h e m i c a l  s h i f t .  T h i s  b r o a d  

a b s o r b a n c e  g rew w i t h  t i m e  and s h i f t e d - d a h f i e l d ,  u n d e r  t h e  d o w n f i e l d  

r e s o n a n c e ,  a s  t h e  u p f i e l d  peak i n t e n s i t y  d i m i n i s h e d .  T h e r e f o r e  t h e  

d e c r e a s e  jn t h e  a r e a  o f  t h e  s h a r p  u p f i e l d  peak ( u n a f f e c t e d  by Pr3+)  

w i t h  t i m e  was m e d  as  a measure  o f  t h e  b i l a y e r  p e r m e a b i l i t y ,  i . e .  a 

more d i r e c t  pseudo f i r s t  o r d e r  rate o f  d i s a p p e a r a n c e  o f  t h e  " i n s i d e v t  

r e s o n a n c e  s i g n a l  r ~ a  s employed . 



3 
+ + - 

I 

S i n c e  changes in t h e  t i g h t n e s s  o f  c h a i n  packing when t h e  

s t r u c t u r e  o f  t h e  l e c i t h i n  molecule  is v a r i e d  i n  l i p i d  v e s i c l e s ,  a s  . 

expressed  by r e l a x a t i o n  t . imes,  c an  be  c o r r e l a t e d  d i r e c t l y  w i t h  

p e r m e a b i l i t y  ( 1 6 8 ) ,  v a r i a t i o n s  i n ' b h a i n  packing due t o  i n t e r c a l a t e d -  

phy to l ,  Vitamin E, and phy tan i c  a c i d  shou ld  a l s o  p a r a l l e l  p e r m e a b i l i t y  
-, 

- 

f o r  t h e s e  mixed v e s i c l e  systems.  The re fo re  t h e  e f f e c t  o f  phyto l  

Vitamin E,  phy tan i c  a c i d .  and p a l m i t i c  a c i d  on membrane p e r m e a b i l i t y  

t o  l a n t h a n i d e  i o n  was s t u d i e d  by 31p NMR. 
8 

F i g u r e  13 i l l u s t r a t e s  t h e  decay  o f  t h e  u p f i e l d  31p r e sonance  

wi th  t ime  f o r  l e c i t h i n  wi th  25 mole$ i n c o r p o r a t e d  p h y t o l ,  and f o r  

l e c i t h i n  wi th  25 mole% Vitamin E.  The upper t r a c e s  r e p r e s e n t  t h e  

s p e c t r a  immediately a f t e r  Pr3+ a d d i t i o n .  The u p f i e l d  peak i s  due t o  
- 

3 1 ~  n u c l e i  fac ing  t h e  enc losed  v e s i c l e  volume. w h i l e  t h e  downf ie ld  

peak i s  due t o  o u t s i d e  phosphorus n u c l e i  & i c h  a r e  e posed t o  t h e  
c .  i 

added l a n t h a n i d e .  Note t h a t  t h e  r a t e  o f  decay  o f  t h e  u p f i e l d  .. 

resonancee is n o t  equal, f o r  t h e  two systems.  

P l o t s  o f  t h e  d i s appea rance  o f  t h e  " i n s i d e "  31p resonance  s i g n a l  

a s  paramagnet ic  pr3+ c r o s s e s  t h e  b i l a y e r  v s  t i m k  a r e  shown i n  F i g u r e  - - I 
14 f o r  pu re  E?L, EYL w i t h  25 mole% i n c o r p o r a t e d  phy to l .  'GYL w i t h  25 

*ole% Vitamin E ,  and EYL w i t h  25 mole% phy tan i c  a c i d .  From t h e  ~ . 

r e l a t i v e  s l o p e s  o f  t h e  g raphs .  i t  i s  c l e a r  t h a t  t h e  a d d i t i o n  o f  t h e s e  

phy ty l  compounds g r e a t l y  i n c r e a s e s  t h e  p&meab. i l i ty  o f  t h e  membrane. 

These r a t e s  a r e  q u a n t i f i e d  i n  Table  XIV. An examinat ion o f  t h e s e  r a t e s  



F i g u r e  13. . '  3 1 ~  NMR s p e c t r a  o f  10% w/v e g i  y o l k  l e c i t h i n  

v e s i c l e s  c o n t a i n i n g  25  mole% p h y t o l  o r  25 mole% Vitamin E a t  
*-: * x--- 

t h e  i r l d i c a t e d  times a f t e r  t h e  - a d d i t i o n  o f  0 .005 M pr3+. 





F i g u r e  14.  P e r c e n t  t o t a l  o f  I t i n s i d e "  3 1 ~  NMR s i g n a l  

r e l a t i v e  t o  its. i n i t i a l  v a l u e  v s .  t i m e  f o r  v a r i o u s  l e c i t h i n -  

p h y t y l  compoundPmixed v e s i c l e s .  ( A )  egg l e c i t h i n  a l o n e  + 

0.005 M pr3+, ( B )  egg l e c i t h i n  w i t h  25 mole% i n c o r p o r a t e d  

p h y t o l  + 0 .005  M pr3+, ( C )  egg l e c i t h i n  w i t h  25 mole% 

i n c o r p o r a t e d  V i t a m i n  E + 0  . O O 5  M pr3+ ,  (D) egg l e c i t h i n  

w i t h  2 5  mole% i n c o r p o r a t e d  p h y t a n i c  a c i d  + 0 .005  M pr3+.  

Because  o f  t h e  e x t r e m e  s l o p e  w i t h  p h y t a n i c  a c i d ,  l i n e s  ( C )  

and (D) a r e  reproduced  i n  t h e  insert u s i n g  a n  expanded 

t i m e  s c a l e .  



RELATIVE I NTENSITY (PERCENT) 



- \  

7 \ 

3 1 ~  Chemical- S h i r t  " In s ide"  3 1 ~  R e l a t i v e  Half  L i f e  
* 

= p r e  ~ r 3 +  ( p p ~  up- s i g n a l  decay  , Rate - ( d a y s )  

f i e l d a  from 85 % ( %  t o t a l / m i n )  

H3P04 

EYL 0 .87  " 5 . 3 5 ~ 1 0 - 3  

EYL + Phyto l  0 .85 . 4 . 1 7 ~ 1  o ' ~  
- ~ 

7.79 0.83 . 

EYL + Vitamin E 0.79 2 . 5 5 ~ 1 0 - 1  47.66 0.14 

EYL + Phytan ic  Acid 0.91 15.50 2 897 0.0022 

a 800 t r a n s i e n t s ;  p u l s e  width = 1Ous (56' f l i p  a n g l e )  



shows t h a t  t h e  i n c o r p o r a t i o n  of' 25 mole% phy to l  i n c r e a s e 3  t h e  ve 's ic le  
-, 

Leak r a t e  b y  approximatel;  8 t i m e s .  25 mole% Vitamin E by  

approximate ly  48 t imes ,  and 2 5  mole% phy tan i c  a z i d  by n e a r l y  2900 

t i m e s  o v e r  t h e . r a t e  o b t a i n e d  f o r  pu re  egg- l e c i t h i n  v e s i c l e $ .  Half  

1iv;s were c a l c u l a t e d  from. t h e  observed r a t e s  and ' a r e  a l s o  g i v e n  in - 
Table X I V .  

L 

5 
3 
i 

Af te r  t h e  d i s appea rance  of  t h e  u p f i e l d  t ' i n s ide t t  reso'nance due  t o  - 
? 
P 

- 
pr3+ e n t e r i n g  t h e  v e s i c l e s ,  s u f f i c i e n t  EDTA was r o u t i l i e l y  added t o  

-- 
- 

.. > 

complex w i t h  a c c e s s i b l e  pr3+ and s p e c t r a  rede te rmined .  Again two 
- 

< .- fa peaks were r e s o l v e d ,  t h e  u p f i e l d  peak now due t o  phosphorus n u c l e i  on 

t h e  o u t s i d e  o f  t&e b i l a y e r  ~ i c h  are d i r e c ' t l y  exposed t o  t h e  added 

EDTA. ' Such behaviour i n d i c a t e s  two t h i n g s .  F i r s t l y .  t h e  

- 
d i sappea rance  o f  t z e  u p f i e l d  resonance  i t h  t ime  a f t e r  t h e  i n i t i a l  

- -i 

a d d i t i o n  o f  pr3+,  can n o t  be  due t o  v e s i c l e  r u p t u r e .  If t h e  
i 

i 
\ 

I 

d e s t r u c t i o n  o f  v e s i c l e s  were r e s p o n s i b l e  f o r  t h e  d i s a p p e a r a n c e  o f  t h e  

u p f i e l d  p r o t e c t e d  s i g n a l ,  t h e  subsequent  a d d i t i o n  o f  EDTA should  

r e s u l t  i n  a s i n g l e  u p f i e l d  peak s i n c e  a l l  pr3+ should  be a c c e s s i b l e  

f o r  complexat iqn.  In a d d i t i o n .  t h i s  b e h a v i o d  i n d i c a t e s  t h a t  t h e s e  

mixed v e s i c l e s  are n o t  a p p r e c i a b l y  p e k e a b l e  t o  EDTA d u r i n g  t h e  time 

r e q u i r e d  f o r  t h e  d e t e r m i n a t i o n  o f  a  spectrum (3-10 rnin). Thus. t h e  

3 1 ~  LIS procedure  indeed mon i to r s  t h e  p e r m e a b i l i t y  o f  l e c i t h i n  

v e s i c l e s .  



* ,  The 3 1 ~  NNR method l e n d s  i t s e l f  b e s t  t o  d i f f i s i o n  s t u d i e s  which 
< 

- 
may be  followed t o  comple t ion  d u r i n g  a  t ime  i n t e r v a l  o f  0-4 days .  " A s  

can be  s e e n ,  t h e  observed h a l f  l i f e  f o r  pure  EYL v e s i c l e s  is  o f  t h e  - 
o r d e r  o f  o v e r  one week. It was unders tandably  n o t  p r a c t i c a l  t o  

conduct  exper iments  o f  such  d u r a t i o n .  The re fo re  t h e  observed r a t e  f o r  

EYL is .  s u b j e c t  t o  c o n s i d e r a b l y  more e r r o r  than f o r  t h e  more r a p i d  

r a t e s  in t h e  c a s e  o f - t h e  a f forement ioned  mixed v e s i c l e  p r e p a r a t i o n s .  
, 

T h i s  is  due-to t h e  s m a l l e r  changes  i n  peak a r e a r  i n  t h e  time - 

a v a i l a b l e .  Repeated deter'minatXons o f  t h e  p e r m e a b i l i t y  o f  p u r s Y L  
i - 

v e s i c l e s ,  which were run a s  s t a n d a r d s  f o r  each d e t e r m i n a t i o n ,  y i e l d e d  

- p a t e s  fro; a p p ; o x i m a t e ~  2x1 0-3 . t o  5x1 o - ~  %/min. The s t a n d a r d  
Y 

d e v i a t i o n s  a s  computed from a  l e a s t  smquares t r ea tmen t  o f  t h e  

expe r imen ta l  d a t a  .+ere- t y p i c a i l y  on- t h e  o r d e r  of 20-30% o f  t h e  . 

c a l c u l a t e d  r a t e .  The decay  rates f o r  t h e  mixed v e s i c l e  sys tems  a r e  - 

mwh more e a s i l y  measured over  a  much wider change o f  s p e c t r a l  a r e a  

and a r e  cons ide red  t o  be  a c c u r a t e  t o  * lo%.  It i s  c l e a r  t h a t  t h e  

i n c o r p o r a t i o n  of  p h y t o l ,  Vitamin E, and phytan ic  a c i d  g r e a t l y  

i n c r e a s e s  t h e  p e r m e a b i l i t y  o f  EYL b i l a y e r s .  4 h e  e f f g c t s  o f  t h e s e a  

canpounds on p e r m e a b i l i t y  p a r a l l e l s  t h e i r  e f f e c t ' o n  t h e  f l u i d i t y  o f  

t h e  b i l a y e r  a s  shown by  ' 3 ~  T I  r e l a x a t i o n  t imes .  i . e .  phy tan i c  

a c i d  > Vitamin E > phy to l  > l e c i t h i n  a l o n e .  

In  p rev ious  s e c t i o n s .  t h e  increa 'se  in ' 3 ~  T I  r e l a x a t i o n  t i m e s  

was c o r r e l a t e d  wi th  monolayer a r e a s  f o r  t h e  p h y t y l  compounds, and f o r  

mixed EYL-Vitamin E monolayers .  It i s  " i n t e r e s t i n g  t o  note  t h a t  t h e  



- r e d u c t i o n  . i n  p e r m e a b i l i t y  o f  l iposomes  c o n t a i n i n g  c h o l e s t e r o l  h a s  been 

c o r r e l a t e d  wi th  t h e  low mean' mo lecu la r  a r e a  o f  l e c i t h i n - c h o l e s t e r o l  

mixed monolayers ( 169,170 ) . 

Once aga in .  i n  o r d e r  t o  i l l u s t r a t e  t h e  e f f e c t  o f  t h e  l a r g e  

e f f e c t s  o f  t h e  mo lecu la r  packing due t o  t h e  .brw,ched c h a i n s .  t,he 
*. 

p e & e a b i l i t y  6 f  EYL v e s i c l e s  w i t h  25 mole$ i n c o r p o r a t e d  p a l m i t i c  a c i d  
I 

was s t u d i e d .  Over a  t h r e e  day p e r i o d .  t h e  u p f i e l d  31p s i g n a l  

decayed t o  -90% of  i ts o r i g i n a l  v a l u e .  y i e l d i n g  a  r a t e  o f  2 .4~10'3 

%/min. which i s  o n  t h e  o r d e r  of  t h a t  o b t a i n e d  f o r  EYL a l o n e .  

B p e r i m e n t s  were also c a r r i e d  ou t  t o  de te rmine  t h e  e f f e c t  o f  

-4 t e m p e r a t u r e  on t h e  p e r m e a b i l i t y  o f  l e c i t h i n - p h y t o l  ( 3 :  1  mole r a t i o )  

mixed v e s i c l e s .  The r e s u l t s  are shown i n  T a b l e  XV. Ra i s ing  t h e  

t empera tu re  from 1  I O C  t o  5 2 ' ~  r e s u l t s  in a  r a t e  i n c r e a s e  o f  a lmos t  
J 

two o r d e r s  o f  magnitude. In Fig .15  t h e  l o g a r i t h m s  o f  t h e  rates were . ' 

p l o t t e d  a g a i n s t  t h e  i nve r se  o f  t h e  a b s o l u t e  t empera tu re  (Ar rhen ius  
* 

p l o t ) .  The p l o t  i s  l i n e a r .  y i e l d i n g  an a c t i v a t i o n  energy o f  20.3*0.2 

k c d  . It i s  ex t remely  i n t e r e s t i n g  t h a t  a c t i v a 3 i o n .  &ergy f o r  pr3+ 

permeat ion is  i n  q u i t e  c l o s e  agreement no.t o n l y  w i t h  t h a t  r e p o r t e d  f o r  

~ a +  permeat ion th rough  l e c i t h i n - p h o s p h a t i d i c  ac id  b i l a y e r s  ( 9 9 ) ,  bu t  

a l s o  w i t h  . t h a t  r e p o r t e d  f o r  t h e  t r a n s v e r s e  d i f f u s i o n  ( f l i p - f l o p )  of 
1 

s p i n  l a b e l e d  l e c i t h i n  molecules  a c r o s s  phophol ipid b i l a y e r s  ( 1 9 . 3  

k c a l )  ( 6 5 ) .  The i m p l i c a t i o n s  o f  t h e  magnitude o f  t h e  a c t i v a t i o n  

a 1- 
energy f o r  permeation througki t h e  l e c i t h i n - p h y t o l  b i l a y e r  w i l l  be  

d i s c u s s e d  i n  S e c t i o n  41. 

f 



Table  X V  

z 

Permeat i on  pr3+ i n t o  EXL v e s i c l e s  c o n t a i n i n g  r a t e s  

p h y t o l  a t  v a r i o u s  t empera tu re s .  .' 

Tem p e r a t u r e  ( O K )  

3 25 

. 306 

L 284 . 

a The e r r o r s  

i n d i v i d u a l l y  

r e f l e c t  t h e  s t a n d a r d  d e v i a t i o n  i n  t h e  

de te rmin  d  r a t e s .  

1, 



F i g u r e  15. Arrhenius  p l o t  o f  v e s i c l e  l e a k  r a t e  v s .  t h e  

- f n v e r s e  o?-absolute t empera tu re  f o r  10% w/v egg  y o l k  l e c i t h i n  

v e s i c l e s  c o n t a i n i n g  25  mole% phy to l .  
- - i-. 
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Table  X V I  

Permeation r a t e s  o f  Pr3+ i n t o  EYL! v e s i c l e s  c o n t a i n i n g  
,< - 

--&&: 
v a r i o u s  c o n c e n t r a t i o n s  o f  i n c o r p o r a t e d  Vitamin E a t  33Oc 

Mole$ Vitamin E R e l a t i v e  P e r m e a b i l i t y  



F i g u r e  i6 .  E f f e c t  o f  Vitamin E  c o n c e n t r a t i o n  on t h e  

p e r m e a b i l i t y  o f  10% w/v egg yo lk  l e c i t h i n  v e s i c l e s  a t  33 '~ .  





H. 3 1 ~  NMR P e r m e a b i l i t y  S t u d i e s  o f  EYL-Cholesterol E s t e r  V e s i c l e s  

A s  d i s c u s s e d  i n  Chapter 1,  a r e a s  o f  i nc reased  c h o l e s t e r y l  e s t e r  

c o n t e n t  i n  t h e  a o r t a  membrane have been a s s o c i a t e d  wi th  i nc reased  

p e r m e a b i l i t y .  S ince  any change i n  membrane p e r m e a b i l i t y  may have 

i m p l i c a t i o n s  h a t h e r o g e n e s i s .  t h e  e f f e c t  o f  t h e  i n c o r p o r a t i o n  o f  a 

s m a l l  amount ( 5  mole%) of c h o l e s t e r y l  pa lmi t a t e  i n  EYL v e s i c l e s  was 

i n v e s t i g a t e d  u s i n g  t h e  3 1 ~  NMR method d e s c r i b e d  i n  S e c t i o n  4G. 

These r k s u l t s ,  a n  i m p i t a n t  p a r t  o f  t h e  a t h e r o s c l e r o s i s .  i n v e s t i g a t i o n .  

a r e  p re sen t ed  first he re .  s i n c e  t h e y  t o o  b e a r  on t h e  succeeding  

m e c h a n i s t i c  d i s c u s s i o n .  
/' 
\ 

When Pr3+ i s  added t o  preformed EYL v e s i c l e s ,  t h e  r ape  o f  

i n f u s i o n  o f  praseodymium a c r o s s  t h e  b i l a y e r  is p r o p o r t i  a 1  t o  t h e  k 
r a t e  o f  d i s appea rance  o f  t h e  u p f i e l d  31p NMR s i g n a l .  Leas t  s q u a r e s  

\ 9 

p l o t s  o f  t h e  r a t e  o f  d i s appea rance  o f  t h i s  peak v s  t ime  a r e  shown i n  

F i g u r e  17 f o r  EYL a l o n e .  EYL w i t h  25 mole% i n c o r p o r a t e d  c h o l e s t e r o l ,  

and EYL w i t h  5 mole% inco rpo ra t ed  c h o l e s t e r y l  p a l m i t a t e .  From t h e  

r e l a t i v e  s l o p e s  o f  t h e  g raphs .  i t  i s  c a l c u l a t e d  t h a t  t h e  e f f e c t  o f  5 

mole% i n c o r p o r a t e d  c h o l e s t e r y l  p a l m i t a t e  i n c r e a s e s  t h e  membrane 

p e r m e a b i l i t y  by approximate ly  10 t i m e s .  

On t h e  o t h e r  hand. t h e  d e c r e a s e  in t h e  u p f i e l d  31p s i g n &  

i n t e n s i t y  f o r  EYL w i t h  25 mole% inco rpo ra t ed  c h o l e s t e r o l  i s  

exceed ing ly  s low.  'Ibis i s  i n  agreement w i th  p rev ious  work which 



Fiaure d7 . Relati;; i n t e n s i t y  o f  ' * in s ide t1  3 1 ~  NMR s i g n a l  

( i n i t i a l  va lue  = 100%) v s .  time f o r  pure  and mixed v e s i c l e s  

contiining c h o l e s t e r o l  o r  c h o l e s t e r y l  pa lmi t a t e .  ( A )  10% 

egg yo lk  l e c i t h i n  c o n t a i n i n g  25 mole% c h o l e s t e r o l .  ( B )  10% ' 

W / V  egg yolk  l e c i t h i n .  (C) 10% egg yo lk  l e c i t h i n  c o n t a i n i n g  

5 mole% c h o l e s t e r y l  p a l m i t a t e .  





showed t h a t  t h e  i n c o r p o r a t i o n  o f  c h o l e s t e r o l  d e c r e a s e s  t h e  

p e r m e a b i l i t y  o f  l e c i t h i n  v e s i c l e s  t o  c a t i o n s  ( -99) .  I n  f a c t .  t h e  

r e l a t i v e  i n t e n s i t y  o f  t h e  u p f i e l d  resonance  o f  EYL-cho le s t e ro l  

v e s i c l e s  i nc reased  by approximate ly  6 5 i n  t h e  4000 minutes  o f  t h i s  

exper iment .  T h i s  i s  T n d i c a t i v e  o n l y  o f  t h e  i n h e r e n t  e r r o r  i n  k 
, . - d,< 

measurement. Although i t  i s  c l e a r  t h a t  t h e  i n c o r p o r a t i o n  o f  
'j 

c h o l e s t e r o l  r e s u l t s  in a decreased  p e r m e a b i l i t y ,  t h e  31p metho* i s  

n o t  s u f f i c i e n t l y  s e n s i t i v e  t o  q u a n t i f y  such  a  s low p r o c e s s .    ow ever. 
- more r a p i d  rates o f  permeat ion such a s  a r e  observed wi th  c h o l e s t e r y l  

p a l m i t a t e  i n c o r p o r a t i o n  i n v o l v e  much l a r g e r  changes in r e l a t i v e  

s p e c t r a l  a r e a ,  l e a d i n g  t o  decreased  e r r o r .  L inear  l e a s t  s q u a r e s  

a n a l y s i s  o f  t h e  d a t a  gave s l o p e s  o f  -20 .0~10-3  * 8x1 o ' ~  $mi* and 

- 2 . 0 ~ 1  o - ~  ;t 0 . 6 ~ 1  o - ~  %/min f o r  EYL-cholesteryl p a l m i t a t e  and pure  

EYL v e s i c l e s ,  r e s p e c t i v e l y .  m e r e f o r e ,  a  t e n  f o l d  p e r m e a b i l i t y  

i n c r e a s e  t o  pr3+ is  caused by t h e  i n c o r p o r a t i o n  o f  a  v e r y  small 

amount o f  c h o l e s t e r y l  pa lmi t a t e  ( 5  mole%) .  pa he cou r se  o f  t h e  
I * 

p e r m e a b i l i t y  s t u d y - i s  i l l u s t  ' a t e d  i n  F igu re  18. I n i t i a l l y ,  a  s i n g l e  7 - 
3 1 ~  resonance  s i g n a l  i s  observed ( F i g .  l 8 a )  . 'Tie a d d i t i b n  o f  150 u l  

o f  0.1M Fr3+ r e s u l t s  in a  downfield s h i f t  o f  approximate ly  11 ppm 
e 

( L I S )  of t h e  o u t s i d e  phosphorus n u c l e i  thicki are exposed t o  t h e  added 
- 

l a n t h a n i d e  (F ig .16b ) .  As t h e  paiamagnet ic  pr3+ t r a v e r s e s  t h e  

b i l a y e r  'the r e l a t i v e  i n t e n s i t y  of .  t h e  upf i e l d  peak d e c r e a s e s  ( compare 

Figs .18b and c ) .  Af t e r  t h e  d i s appea rance  o f  t h e  u p f i e l d  peak, 300 u l  ' 

' . o f  0.2M EDTA was added t o  complex wi th  thB a c c e s s i b l e  ~ r 3 + ,  t h e  

spectrum underwent an immediate change .  In c o n t r a s t  t o  t h e  two peaks 



c h o l e s t e r y l  

c h o l e s t e r y l  

- 

3 1 ~  NMR s p e c t r a  a t  3 3 ' ~  of egg  yolk  l e c i t h i n  

palm i t a t e  v e s i c l e s  

egg yolk  l e c i t h i n  v e s i c l e s  c o n t a i n i n g  5 mole% 
il 

p a l m i t a t e .  

b .  Sample a  immediately after t h e  a d d i t i o n  o f  150 u l  of  

0 .1  M Pr3+ ; t ime s 0 min. 

c .  Sample b a f t e r  time = 3044 min. - 
d .  Sample c  immediately a f t e r  a d d i t i o n  o f  300 u l  0 .2  M 

EDTA ( T o t a l  t ime  s 3103 min.) 

e .  Sample d a f t e r  t h e  a d d i t i o n  o f  500 1 pr3+ ( T o t a l  
'v 

t ime  = 3119 min.) 

f .  10% W / V  EYL v e s i c l e s  wi th  0.005 M encapsu la t ed  pr3+. 

immediately fo l l owing  a d d i t i o n  o f  300 u l  pf  EDTA. 

g .  Sample f .  a f t e r  t ime  = 679 min. 





i 

which were obgerved wi th  t h e  p h y t y l  compounds, t h e  spectrum c o n s i s t e d  

o f  a  s i n ~ l e  s h a r p  u p f i e l d  resonance  a t  t h e  same chemical  s h i f t  a s ,  

n a t i v e  phosphol ip id  ( F i g  .18d),. T h i s  i n d i c a t e s  t h a t  a l l  t h e  ~ r 3 +  

which was i n i t i a l l y  p r e s e n t  was a v a i l a b l e  fo r ' complexa t ion  with t h e  

added EDTA w i t h i n  t h e  time r e q u i r e d  t o  de te rmine  t h e  spectrum (app rox .  

10 min . ) .  Subsequent a d d i t i o n  o f  e x c e s s  of pr3+ a g a i n  r e s u l t e d  i n  -? r 
two 3 1 ~  r e sonances ,  w i t h  t h e  same r e l a t i v e  a r e a s  a s  had been 3 

observed immediately . fol lowing t h e  i n i t i a l  a  t i o n  o f  t h e  s h i f t  k - - - 1: d 4 

r e a g e n t  ( F i g .  18c ) .  T h i s  e r e s u l t s  f o r  " 
r 

f 
1 

p e r m e a b i l i t y  a r e  n o t  due e  i n s t e a d  due t o  I 

I 

changes i n  t h e  o? t h e  membrane upon 
1 

I 

i n c o r p o r a t i o n  t h e  v e s i c l e s  a r e  st111 i 
1 
i 

i n t a d t  , a s  shorn by  t h e  a d d i t i o n  o f  t h e  s e c o n d  a l i q u o t  .of  pr3* 
a 

( F Q .  l 8 e ) ,  and since.EDTA was a b l e  t o  complex.with a l l  o f  t h e  i n i t i a l  

p o r t i o n  af pr3+ which had p r e v i o u s l y  t r a v e 6 d  t h e  m i d b r h e .  t h e  g i: . & 
c h o l e s t e r y l  -ester-EYL mixed i e s i c l e s  must be ex t remely '  permeable  t o  

L- r: 
E 

EDTA, i .&. a  h a l f  l i f e  o f  l e s s  t han  10,minutes may b e  c a i c u l a t e d .  i' 
i 
1 

A s  s t a t e d  i n  S e c t i o n  4G; ex t r eme ly  r a p i d  rate o f  permeat ion o f  
L 

EDTA was n o t  found f o r  mixed v e ~ c l e s  o f  phy ty l  compounds wi th  EYL. 

The re fo re ,  a  s e p a r a t e  experiment  was performed i n  o r d e r  t o  e s t i m a t e  - 

t h e  r a t e  o f  i n f u s i o n  o f  EDTA i n t o  pu re  EYL v e s i c l e s .  V e s i c l e s  were 
- 

prepared w i t h  a pr3+ c o n c e n t r a t i o n  o f  0.OO5M b o t h  i n s i d e .  and 
, 

o u t s i d e .  Subsequent a d d i t i o n ' o f  300 u l  of 0.2M EDTA r e s u l t e d  i n  two 
-T - .  

r e s a n G c e s  ( F i g .  l 8 f )  , t h e  u p f i e l d  resonance due t o  b u t s i d e  3'p 

* 



---- 
%a 

' < -  

n u c l e i  and t h e  downfiel'd reso-nance due" to i n s i d e  3 1 ~  n u c l e i  whieh 
. -' 

a r e  exposed t o - e n c a p s u l a t e d  pr3+. By fo l l owing  t h e  r a t e  o f  i ncpease  . . 

of  t h e  r e l a t i v e  a r e a  o f  the,sharp u p f i e l d  resonance  a s  EDTA e n t e r s  t h e  
.9 r . 

v e s i c l e s  arid sub ' t rac t ing  t h e  rate a t  d i c h  pr3+ d i f f u s e s  o u t .  a n  
C 

approximat ion  o f  t h e  rate o f  EDTA i n f l u x  may b e  made. F igu re  18g - 

shows t6e spectrum of t h e  sameasample 679 minutes  a f t e r  t h e  a d d i t i o n .  

. o f  EDTA. The r e l a t i v e  a r e a s  o f  t h e  peaks o f  thk s p e c t r a  i n  F i g u r e s  

18f and 18g a r e  v e r y  t h a t  ve ry  l i t t l e  change has  
j -. 

occur red  i n  t h e  i o n i c  environment o f  t h e  i n s i d e  o r  o u t s i d e  phosphorus 

n u c l e i  d u r i n g  t h e  i n t e r v e n i n g  time pe r iod .  The re fo re  pu re  EYL 

v e s i c l e s  e x h i b i t  low' p e r m e a b i l i t y  t o  bo th  pr3+ a d  EDTA. 

S u b t r a c t i n g  the '  p r e v i o u s l y  de te rmined  rate o f  pr3+ permeat ion i n t o  

p i r e  EYL v e s i c l e s  from t h e  .observed ra ' te o f  i n c r e a s e  o f  t h e  u p f i e l d  
/ 

resonance  f o r  pure& v e s i c l e s .  w i t h  e k a p s u l a t k d  p r 3 +  y i e l d s  a rate 

- o f  5 .8x10 '~*4 .1~1  o - ~  $/min foi- EDTA p e n e t r a t i o n  i n t o  pu re  EYL 

vesicl-es'.  cThis is  i n  d i r e c y  c o n t r a s t  t o  t h e  ex t r eme ly  r a p i d  
. ,  I I 

perm6ation o f  EDTA th rough EYL v e s i i l e s  c o n t a i n i n g  5  mole% c h o l e s t e r y l  ' 

- p a l m i t a t e  ( h a l f  l i f e  <10 mina tes )  . 

Proof t h a t  t h e  increased  p e r m e a b i l i t y  o f  t h e  membrane t o  ~ r 3 +  

i s  due t o  t h e  i n c o r p o r a t i o n  o f  c h o l e s t e r y l  'pa lmi ta te  is seen  i n  F i g u r e  
I 

rC 

19. Figu re  19. shows th; r e l a t i v e  r a t e - o f  inward d i f f u s i o n  o f  p r 3 1  

. v e r s u s  s e v e r a l  c o n c e n t r a t i o n s  o f  c h o l e s t , e r y l  p a i m i t a t e .  The ra te  / 
. - \ .  

i n c r e a s e s  in a  rough ly  l o g a r i t h m i c  f a s h i o n  wi th  i n c r e a s e s  iri t h e  

c h o l e s t e r y l  e s t e r  c o n c e n t r a t i o n .  These r e s u l t s  a r e  s i m i l a r  t o  t h o s e  t - 1 
- 



Figure 19. Effect of cholesteryl palmitate concentration on 

the  permeability of egg yolk l ec i th in  vesicles  a t  33'~. 

-?--'- 
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obtained f o r  the Intercalation of various concentrations of  Vitamin E 

(Section 4G). It is interest inq t o  note tha t  * i l e  the incorporation 

of 5 mole% cholesteryl palmitate increases the permeability of EYL 

ves ic les  approximately ten fold,  the same increase would require the 

incorporation of approximately 15 mole% Vitamin E. 

A fur ther  s e t  o f  experiments were carr ied out w i t h  the 

unsaturated cholesteryl e s t e r ,  cholesteryl l inolea te ,  i n  order t o  

determine the e f f e c t  of the nature of the  f a t t y  acid chain on membrane 

permeability. To within experimental e r ror .  there was no increase i n  

permeability up t o  5 moles cholesteryl l inolea te  incorporation. The 

dissimilar  influence on ~ r 3 +  inward diffusion can be explained by 

examining the s t ruc ture  of each es t e r  a t  33'~. A t  3 3 ' ~ ~  the 

temperature of the  NHR experiment, cholesteryl  palmitate is in  a sol id 

c rys ta l l ine  phase, whereas cholesteryl l inolea te  e x i s t s  i n  e i ther  a 

smectic or  cholester ic  l i q u i d  c rys ta l  phase (173). It appears tha t  

the  thermodynamic s t a b i l i t y  of  the  d i f f e ren t  phases of  cholesteryl  

e s t e r s  may be of importance in biological systems (174). Whether the  

d i f f e r e n t i a l  e f f e c t s  of the saturated and unsaturated e s t e r s  a re  due 

t o  s e ~ r e g a t i o n  of the cholester ic  phase of the l ino lea te  (See Section 

5C), o r  whether it i s  s i m p l y  a function of increased f l e x i b i l i t y  of  

the  unsaturated es ter  is not  known. This question may be answered in 

Part b y  an Interacting spin label  s t u d y  employina ni t roxide labeled 

e s t e r s  i n  t h e i r  cholester ic  phase. 



.. 
I n  summary. t h e  i nco rpa ra t i on -  o f  s m a l l  amounts o f  c h o l e s t e r y l  

p a l m i t a t e  i n  t h e  s o l i d  s t a t e  i n c r e a s e s  membrane pe rmeab i l i t y .  wh i l e  

esters i n  a  more f l u i d  s t a t e  d o  not. It i s  known t h a t  
I -  - - - - - \  

c h o l e s t e r o l  : l e c i t h i n  d i s p e r s i o n s  w i t h  a  c h o l e s t e r o l  : l e c i t h i n  r a t i o  o f  

g r e a t e r  t han  1  : 1  s t i m u l a t e  k t r a c e l l u l a r  format ion  o f  c h o l e s t e r o l  ' 

e s t e r s ,  p o s s i b l y  t o  d i v e r t  e x c e s s  c r y t a l l i n e  c h o l e s t e r o l  i n t o  a  more 

f l u i d  l i q u i d  c r y s t a l  form ( 1 7 4 ) .  T h e r e f o r e ,  i n  a d d i t i o n  t o  t h e  , . 

importance o f  t h e  f r e e  c h o l e s t e r o l / c h o l e s t e r y l  e s t e r  r a t i o  ( S e c t i o n  

1C); t h e  p r o p e r t i e s  o f  t h e  a o r t i c  membrane w i l l  be i n f luenced  by t h e  

r e l a t i v e  amounts o f  s a t u r a t e d  and u n s a t u r a t e d  esters which are p r e s e n t  

du r ing  t h e  i n i t i a l  s t a g e s  o f  a t h e r o s c l e r o s i s .  Y 

I. Mechanism of V e s i c l e  ~ e r m e a b f l i t %  
- i 

S e v e r a l  p o s s i b l e  mechanisms e x i s t  f o r  t h e  
9 

t h e  b u l k  phas-g:,, a c r o  s t h e  b i l a y e r  t o  t h e  i n s i d e  o f  phosphol ip id  '% 
v e s i c l e s .  These inc1ud.e mechanisms i h v s l v i n g  v k s i c l e  f u s i o n .  c a r r i e r  

. mediated t r a n s p o r t .  and s imp le  p a s s i v e  self d i f f u s i o n  through 

t r a n s i e n t  po re s  in t h e  membrane. 

During f u s i o n  o f  DPL-phosphatidylserine v e s i c l e s  it had been 
\J 

sugges ted  t h a t  t h e s e  s t r u c t u r e s  a r e  t e m p o r a r i l y  open,  a l l owing  f o r  an 

i n f l u x  o f  e x t e r n a l  c o n t e n t s  i n t o  t h e  v e s i c l e  i n t e r i o r  ( 175) .  , However. 

v e s i c l e  f u s i o n  i n  t ha t e l s tudy  was subsequen t ly  found t o  b e  due t o  an 

un i d e n t i f e d  i m p i i t y  i n  t h e  p h o s p h a t i d y l s e r i n e  ( 175) .  Fusion h a s  been 



.b-. 

# * "  +' 
found n o t  t o  be  an impor t an t  p r o c e s s  i n  t h e  c a s e  o f  pu re  EYL v e s i c l e s .  

6 

A s  w e l l ,  s t u d i e s  o f  t r a n s v e r s e  and l a t e r a l  d i f f u s i o n  n a t e s .  and 

;A measurement o f  transmembrane p o t e n t i a l s  (65 ,66 .69 ,72 ,176)  have t aken  

advantage o f  t h e  fact  t h a t  t h e  p r o c e s s  o f  f u s i o n  i s  n e g l i g i b l e ,  b o t h  
4 

f o r  phosphol ip id  v e s i c J e s ,  and v e s i c l e s  prepared from b i o l o g i c a l  
I- 

man b ranes .  
t 

. The o p e r a t i o n  of' a f u s i o n  mechanism would r e s u l t  i n  an i n c r e a s e  

i n  v e s i c l e  s i z e .  An estimate o f  t h e  d i ame te r  of t h e  v e s i c l e s  may b e  

made from t h e  r a t i o  o f  t h e  i n t e n s i t i e s  o f  tQe o u t s i d e  t o  i n s i d e  3 l p  

r e sonances  in t h e  p re sence  o f  s h i f t  r e a g e n t  (28,177). and i n  t h e s e  
e 

s t u d i e s .  no  i n c r e a s e  o f  v e s i c l e  s i z e  i s  d e t e c t e d .  I n  a d d i t i o n ,  a f t e r  

t h e  d i s appea rance  o f  t h e  u p f i e l d  peak due t o  permeat ion o f  t h e  added 
-+ 

l a n t h a n i d e ,  i n  f a v o u r a b l e  c a s e s ,  t h e  r e l a t i v e  a r e a s  o f  t h e  i n s i d e  and 
e 

ou t  s i d e  phosphorus resonance  s i g n a l s  may b e  rede te rmined  fo l l owing  t h e  

a d d i t i o n  o f  EDTA. The r e l a t i v e  i n t e n s i t i e s  o f  t h e  i n s i d e  and o u t s i d e  

phosphorus r e sonances  b e f o r e  and a f t e r  t h e  pr3+ permeat ion a r e  
t 

presen ted  i n  Table  X V I I .  I n  t h e  c a s e  o f  c h o l e s t e r y l  palmitate-EYL 

mixed v e s i c l e s ,  t h e  p o s t ,  e x ~ r i m e n t a l  va lue  was de te rmine4  a f t e r  t h e  

a d d i t i o n  of  a second a l i q u o t  o f  pr3+ because o f  t h e  r a p i d  rate o f  

permeat ion o f  EDTA which r e s u l t s  i n  a s i n g l e  u p f i e l d  resonance .  Post  
e 

expe r imen ta l  v a l u e s  f o r  pu re  EYL, EYL-with i n c o r p o r a t e d  c h o l e s t e r o l ,  

and EYL 4 t h  i nco rpo ra t ed  p a l m i t i c  a c i d  S r e  u n a v a i l a b l e  due t o  t h e  

ex t remely  s low r a t e  o i  ~ r 3 +  p e n n e a t i o n .  
t 



Table XVII. 

o f  inward f a c i n g  3 ' ~  n u c l e i .  NMR s i g n a l  i n t e n s i t y  

I n t e n s i t y  ( $  t o t a l )  

I n i t i a l  

EY L 

EYL + 2 5  mole% p h y t o l  

EYL + 2 5  mole$ Vitamin E 

EYL + 5  moles c h o l e s t e r y l  

* 
c ,  

EY L '+ 2  5. mole % - p a l m i t i c  a c i d  

% . c h o l e s t e r o l  EYL + 2 5  mole 

/ a  Measurement n o t  p o s s i b l e  due t o  ex t remely  s low r a t e  o f  

s 
5" 

\ 
~ r 3 +  . permeat ion o f  



. - 6 
0 

Assuming a  b i l a y e r  t h i c k n e s s  o f  50A, a n  equa l  packing d e n s i t y  o f  

phosphol ip id  on t h e  i n s i d e  and o u t s i d e  l a y e r s .  and a  homogeneous 
6 

d i s t r i b u t i o n  o f  t h e  added nonphosphol ipid menbrane components. s i m p l e  2 

d iame te r .  I n  a c t u a l  f a c t  t i g h t e r  packing may e x i s t  on t h e  i n s i d e  o f  

t h e  b i l a i e r  ( 2 8 ) ,  r e s u l t i n g  i n  an o v e r e s t i m a t i o n  o f  t h e  t r u e  v e s i c l e  
0 

s i z e .  Thus,  t h e  v a l u e  o f  500A s e r v e s  as an upper l i m i t  o f  t h e  v e s i c l e  

d i m e  t e r  . 

In  a d d i t i o n .  t h e  narrow 3 1 ~  l i n e s h a p e  i s  

v e s i c l e s  undergoing r a p i d  i s o t r o p i c .  tumbl ing .  

chemical  s h i f t  a n i s o t r o p y  c o n t r i b u t i o n  t o  t h e  

i n d i c a t i v e  o f  small 

S ince  t h e r e  is  l a r g e  . 

l i n e w i d t h  o f  l a r g e r  

l i posomes  (76-81) due t o  t h e  s lower  r e o r i e n t a t i o n  o f  t h e s e  l a r g e r  

p a r t i c l e s ,  3 1 ~  r e sonances  a r i s i n g  from phosphorus n u c l e i  i n  such a  

s t a t e  would be  broadened i n t o  t h e  s p e c t r a l  b a s e l i n e .  Thus p o s s i b l e  

canp l  ' c a t i o n s  due t o  i n i t i a l  size inhomogeneity i s  avoided .  t w \ 

y ,  t h e  s i m . i l a r i t y  o f  t h e  r a t i o  o f  i n s i d e  and o u t s i d e  , - 

J 
\ 

phosphorus r e sonances  b e f o r e  and a f t e r  t h e  p e r m e a b i l i t y  s t u d i e s  
I" 

1 i n d i c a t e  t h a t  l i t t l e  change h a s  occu r r ed  i n  v e s i c l e  s i z e  du r ing  t h e  
1 
\ 

\ c o u r s e  o f  t h e  exper iments .  I f  s i g n i f i c a n t  f u s i o n  hqd --- occu r r ed ,  t h e  
I 

r a t i o  o f  o u t s i d e  and i n s i d e  would tend  towards  u n i t y .  'If "leaky" 

i 
, f u s i o n  was t h e  mechanism whereby pr3+ e n t e r s  t h e  v e s i c l e s  t h i s  
'! 

f u s i o n  p r o c e s s  would occur a t  an ex t remely  r a p i d  rate, e s p e c i a l l y  i n  

- t h e  c a s e  o f  ~ ~ ~ - ~ h ~ t a n i c  a c i d  mixed v e s i c l e s .  (t,,* f o r  pr3+ 



permeagion -3 m i n u t e s ) .  Rapid f u s i o n  would r e s u l t  i n  a  g r e a t  

i n c r e a s e  in p a r t i c l e '  s i z e  i n  a  s h o r t  time per iod .  Such a  s i z e  change 

might b e  expec ted  t o  m a n i f e s t  i t s e l f  a s  i nc reased  l i n e w i d t h  w i t h  time 

i n  NMR s .pec t ra  caused  by a  s lower  tumbling r a t e  o f  v e r y  l a r g e  

v e s i c l e s .  However no d q e r e n c e s  were observed i n  t h e  l inewi 'd ths  o f  

resonances  in t h e  13c s p e c t r a  o f  phy tan i c  acid-EYL v e s i c l e s  o v e r  a  

per iod o f  approximate ly  30 hour s .  T h e r e f o r e , t h e  p o s s i b i l i t y  o f  a  
P R 

f u s i o n  t y p e  o f  mechanism i s  ex t remely  remote.  

E l imina t ion  of  t h e  p o s s i b i l i t i e s  o f  v e s i c l e .  r u p t u r e  ( s e e  S e c t i o n s  

4G and 4H) and v e s i c l e ' f u s i o n  show t h a t  t h e  observed d i sappea rance  o f  
5 

t h e  u p f i e l d  3 1 ~  resonance  s i g n a l  wi th  t ime  a f t e r  t h e  a d d i t i o n  o f  

pr3+ is  due t o  a  t r a v e r s a l  o f  t h e  membrane by t h i s  c a t i o n .  

1 
The sugges t ion  h a s  been made t h a t  t h e  format ion  o f  an i o n - l i p i d  

complex, fo l lowed by t r a n s v e r s e  d i f f u s i o n  ( f l i p - f l o p )  of t h e  complex 

t o  t h e  o p p o s i t e  s i d e  o f  t h e  b i l a y e r  may b e  r e spons iQle  f o r  i o n  f l u x  

a c r o s s  phosphol ip id  menbranes ( 6 5 , 1 7 8 ) .  Unfortuna ' te ly ,  i t  i s  n o t  - 
p o s s i b l e  t o  d i r e c t l y  mon i to r  t h e  f l i p  f l o p  o f  an i o n - l i p i d  complex, 

and t h e r e f o r e ,  such a  mechanism h a s ,  a s  y e t ,  no  d i r e c t  p roof .  It i s  

o n l y  p o s s i b l e  t o  compare r a t e s  and a c t i v a t i o n  e n e r g i e s  o f  t r a n s v e r s e  

d i f f u s i o n  wi th  r a t e s  and a c t i v a t i o n  e n e r g i e s  o f  i o n  permeat ion.  S i n c e  

r a t e  o f  i n s i d e - o u t s i d e  t r a n s i t i o n  o f  s p i n  l a b e l e d  l e c i t h i n  i n  EYL 

b i l a y e r s  is o f  t h e  o r d e r  of 24 h r - l ;  t h e  r a t e  f o r  un labe led  l e c i t h i n  

may b e  much s lower d u e  t o  t h e  g r e a t e r  p o l a r i t y  o f  n a t i v e  phosphol ip id .  , 



Other membrane canponents  may undergo much more r a p i d  

t r a b i t i o n s .  ''c-labeled s t e a r a t e  exchanges between 

w i t h  a  h a l f  l i f e  o f  25  minutes  a t  2 5 ' ~  

( 1 7 9 ) .  However, t h i s  system does n o t  o f f e r  a  v e r y  s a t i s f a c t o r y  

comparison wi th  phosphol ip id  b i l a y e r s  because  o f  l a r g e  d i f f e r e n c e s  

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

, 

It may be  mere ly  c o i n c i d e n t a l  t h a t  t h e  a c t i v a t i o n  energy f o r  

pr3+ permeat ion o f  l e c i t h i n - p h y t o l  mixed b i l a y e r s  (20.3+0.2 kc&) -1s 

i n  such good aareement w i t h  t h a t  o f  phosphol ip id  " f l i p f l o p t l  ( 1 9 . 5  

k c a l )  a s  measured by Kornberg and McConnell ( 6 5 ) .  s i n c e  t h e  s p i n  

l a b e l e d  phosphol ip id  used i n  t h a t  s t u d y  i s  l e s s  p o l a r  t han  EYL and 

t h e r e f o r e  may g i v e  r i s e  t o  an a r t i f i c i a l l y  lowered a c t i v a t i o n  energy.  

However. t h e  p e r t u r b a t i o n  o f  t h e  b i l a y e r  by i n t e r c a l a t e d  phy to l  may- 
.5 

. a l s o  r e s u l t  i n  a  l e s s e n e d  a c t i v a t i o n  energy f o r  phosphol ip id  
, . 

t r a n s m i g r a t i o n ,  and t h u s  a  c a r r i e r  mechanism may n o t  b e  n e c e s s a r i l y  

The t h i r d .  and most p robab le  mechanism invo lves  p a s s i v e  

,- s e l f - d i f f u s i o n  a c r o s s  t h e  b i l a y e r .  T h i s  mechanism invo lves  a  

t r a n s l o c a t i o n  o f .  an i o n  from a  medium of h i g h  d i e l e c t r i c  c o n s t a n t  

( e x t e r n a l  bu lk  s o l u t i o n )  t o  a  medium o f  low d i e l e c t r i c  c o n s t a n t  

( b i l a y e r  membrane i n t e r i o r ) .  Such a  p r o c e s s  would be u n f a v o w a b l e  f o r  

charged s p e c i e s  i n  g e n e r a l ,  and may account  f o r  t h e  h igh  a c t i v a t i o n  



energy  ( approx. 20 kcal /mole)  observed wi th  t h e  l e c t i h i n - p h y t o l  

s y s  tem . 

d 

The e n t r y  o f  t h e  ion  @ t o  t h e  membrane i n t e r i o r  may occu r  through 

9 
t r a n s i e n t  po re s  caused by thermal  motion o f  t h e  b i l a y e r ,  f o r  example. . 

l a t e r a l  d i f f u s i o n  g r a l l e l  t o  t h e  membrane s u r f a c e .  Mig ra t i on  o f  a  

phophol ip id  through an  i n t e r s t i t i a l  s i t e  i n  t h e  p l a n e  o f  t h e  membrane * 

would f o r c e  t o g e t h e r  phospho i ip id s  i n  its. pa th ,  l e a v i n g  a  t r a n s i e n t  

l a t t i c e  vacancy (110 ) .  A s  d i s c u s s e d  i n  S e c t i o n  4F t h e r e  a r e  

- i n d i c a t i o n s  o f  a  l a t e r a l  expansion o f  t h e  b i l a y e r  upon i n c o r p o r a t i o n  

o f  t h e  branched cha in  phy ty l  compounds. Such an expansion o f  t h e  

b i l a y e r  should  d e c r e a s e  th% i o n i c  a t t r a c t i o n  o f  t h e  n e g a t i v e l y  charged 
"- 

phosphate  moie ty  o f  one l e c i t h i n  molecule  f o r  t h e  t r imethylammonim 

group o f  an .ad jacent  phosphol ip id  and may l e a d  t o  an i n c r e a s e  in . 
-3 

t r a n s i e n t  pore format ion  and an i n c r e a s e  i n  l a t e r a l  d i f f u s i o n  r a t e s .  

It h a s  been demonstrated by C u l l i s  ( 3 6 1 ,  t h a t  t h e  i n t e r c a l a t i o n  o f  30 

mole$ cholesFero1  dec reases  t h e  l a t e r a l  d i f f u s i o n  rate o f  EYL above 

t h e  g e l - l i q u i d  c r y s t a l l i n e  t r a n s i t i o n  t empera tu re  by approximate ly  

50%. a s  w e l l  a s  d e c r e a s i n g  membrane pe rmeab i l i t y  t o  ~ a + ,  C1-. and 

g l u c o s e  ( 9 9 ) .  Thus, t h e -  p e r m e a b i l i t y ,  f l u i d i t y  arid r a t e s  o f  l a t e r a l  
/ -' 

d i f f u s i o n  of  membrane cauponents  appear  t o  be  i n t e r r e l a t e d .  I n  any 

c a s e ,  i nc reased  f l u i d i t y  o f  t h e  b i l a y e r  should  l e a d  t o  i nc reased  

p e r m e a b i l i t y ,  t h e  i n c r e a s e  i n '  f l u i d i t y  be ing  caused by t h e  

i n t e r c a l a t i o n  o f  c o r n p o d s  such a s  c h o l e s t e r y l  p a l m i t a t e ,  phy to l .  
1% 

phytan ic  a c i d  o r  Vitamin E.  Indeed,  t h e  membrane pe rmeab i l i t y  



i n c r e a s e s  wih i n c r e a s i n g - V i t a m i n  E c o n c e n t r a t i o n  o v e r  t h e  r ange  o f  3 

t o  2 5  mole%. -Membrane f l u i d i t y  should  a l s o  i n c r e a s e  w i t h  i n c r e a s i n g  

Vitamin 

c e r t a i n  

t h a t  o f  -- - 
' -r- -- 

g r e a t e r  

E c o n c e n t r a t i o n .  

has  been sugges ted  that t h e  i n c o r p o r a t i o n .  i n  t h e  membrane. o f  

molecules  whose p o l a r i t y  o r  p o l a r i z a b i l i t y  i s  g r e a t e r  than  

t h e  T i p i d  could  s t a b i l i z e  an i o n  i n  t h e  l i p i d  phase t o  a  

e x t e n t  t han  water  molecul'es ( 1 8 0 ) .  It might b e  assumed t h 9 t  

any s l i g h t l y  p o l a r  molecules  w i t h  a h ighe r  s o l u b i l i t y  i n  l i p i d  t han  a  

hyd ra t ed  i o n  would i n c r e a s e  t h e  p e r m e a b i l i t y  o f  such  i o n s .  If t h e  

p o l a r i t y  o f  t h e  i n t e r j a c e n t > m o l e c u l e s  used ' i n  t h i s  s t u d y  was t h e  major  

c o n t r i b u t i n g  f a c t o r  i n  t h e  i n c r e a s e  o f  i o n  p e r m e a b i l i t y ,  i t  would be  

expec ted  t h a t  s i m i i a r  i n c r e a s e s  -in p e r m e a b i l i t y  would be  observed f o r  

t h e  i n t e r c a l a t i o n  o f  p a l m i t i c  ' a c i d  and phytan ic  a c i d .  Obviously t h i s  

i s  n o t  $ha c a s e .  The p e r m e a b i l i t y  o f  'EYL v e s i c l e s  is  unchangeo i n  . the 
'Z; t 

presence  of625 mole$ p a l m i t i c  a c i d  bu t  i n c r e a s e d  approximate ly  3000 
e7 

f o l d  i n  t h e  p re sence  o f  25 m.ole% phy tan i c  a c i d .  The re fo re  t h e  major  
. , 

c o n t r i b u t i n g  f a c t o r  t o  t h e  p e r m e a b i l i t y  i n c r e a s e s  is s t e r i c  i n  nature ' .  

i . e .  a  f u n c t i o n  o f  molecular  packing i n  t h e  mixed bifiayer sys tems  

( s e e  S e c t i o n  4F)  . 

A s  d i s c u s s e d  p r e v i o u s l y .  d e v i a t i o n s  from normal l i p i d  packing 

caused by t h e  i n t e r c a l a t i o n  o f  t h e  

an expansion of  t h e  b i l a y e r  and an 

l e c i t h i n  molecule>. Th i s  d e c r e a s e  

phy ty l  compounds should r e s u l t  i n  
-./+ 

increased '  average  s e p a r a t i o n  o f  

i n  packing d e n s i t y  i s  'mani fes ted  i n  



* 
an  inc reased  membrane pe rmeab i l i t y ,  

s imp le  pas s ive  d i f f u s i o n .  Horjever , 

t o  t h e  observed r a t e  o f  a  f l i p - f l o p  

s 

$4 - *  

l i k e l y  th rough a  mechanism of 

t h e  p o s s i b i l i t y  , o f  a  c o n t r i b u t i o r i  

c a r r i e r  mechanism cannot  b e  . 
e n t i r e l y  excluded sine; a  l a t e r a l  expansion o f  t h e -  b i l a g e r  should .  

r e s u l t  i n  dec reased  s t e r i c  h ind rance  t o  l i p i d  transmembrane m i g r a t i o n .  



CHAPTER 5  

RESULTS AND DISCUSSION: PART I1 

CHOLESTERYL ESTERS A N D  ATHEROSCLEROSIS 

A .  ESR o f  O r i e n t e d  L i p i d  M u l t i p l a y e r s  

1,  O r i e n t a t i o n  o f  c h o l e s t e r y l  esters in  p h o s p h o l i p i d  mul t  i l a y e r s  

O r i e n t e d  l i p i d  m u l i l a y e r s  were  p r e p a r e d  as  d e s c r i b e d  i n  S e c t i o n  

2. B. 3 .  The s t r u c t u r e s  o f  t h e  s p i n  p r o b e s  used - c h o l e s t a n e .  I, 

5 - d o x y l p a l m i t i c  a c i d ,  11, 16 d o x y l s t e a r i c  a c i d ,  111, and I V ,  and  V .  

t h e  c o r r e s p o n d i n q  c h o l e s t e r y l  e s t e r s  o f  11, and 111. r e s p e c t i v e l y ,  a re  

shown i n  F i g u r e  20. The v a l u e s  o f  t h e  h y p e r f i n e  s p l i t t i n q  c o n s t a n t s  

f o r  t h e s e  l a b e l s  i n c o r p o r a t e d  i n t o  EYL m u l t i l a y e r s  are g i v e n  in T a b l e  

XVIII, where  TII and  TI a r e  d e f i n e d  by t h e  o r i e n t a t i o n  o f  t h e  sample  

such  t h a t  t h e  normal t o  t h e  f l a t  c e l l  s u r f a c e  is p a r a l l e l ,  and 

p e r p e n d i c u l a r ,  r e s p e c t i v e l y ,  w i t h  r e s p e c t  t o  t h e  d i r e c t i o n  o f  t h e  

a p p l i e d  magne t ic  f i e l d ,  i .e . p a r a l l e l  and p e r p e n d i c u l a r .  

r e s p e c t i v e l y ,  t o  t h e  known d i r e c t i o n  o f  t h e  2 p r r o r b i t a l s  o f  t h e  f a t t y  

a c i d  n i t r o x i d e s .  The o r d e r  p a r a m e t e r .  S. was c a l c u l a t e d  from t h e s e  

h y p e r f i n e  s p l i t t i n e s  u s i n g  e q u a t i o n  111-66 i n  t h e  c a s e  o f  t h e  f a t t y  

a c i d  p r o b e s  whose n i t r o x i d e  2pW o r b i t a l  is p a r a l l e l  t o  t h e  l o n e  

m o l e c u l a r  a x i s ,  and  u s i n g  e q u a t i o n  111-67. i n  t h e  c a s e  o f  t h e  

c h o l e s t a n e  s p i n  p robe  whose 2prl o r b i t a l  i s  p e r p e n d i c u l a r  t o  t h e  l o n g  

m o l e c u l a r  a x i s .  The f a t t y  a c y l  c h a i n s  o f  t h e  l a b e l e d  esters were 



cure 20.  he s t r u c t u r e  o f  v a r i o u s  n i t r o x i d e  s p i n  probes. 

I ,  3-doxylcholes tane ;  11, 5-doxylpa lmi t ic  a c i d ;  111. 16-doxy l s t ea r i c  

a c i d  ; 

- I V ,  t h e  c h o l e s t e r y l  e s t e r  of 11; V.  t h e  c h o l e s t e r y l  e g t e r  of 111. - 





asspned  i n i t i a l l y  t o  have t h e  s a m e  o r i e n t a t i o n  a s  the  f ~ e e  *id 

l a b e l s .  . A s  well ,  t h e  p r i n c i p l e  v a l u e s  o f  t h e  h y p e r f i n e  s p l i t t i n g  

t e n s o r  o f  t h e  e s t e r s c  were assumed t o  co r r e spon  o  t hose  o f  t h e  acids-, 9" 
9' 

i . e .  T x , ~ ~ y y l  6 gauss .  and T Z , r  32 :gauss (&) f o r  both' o f  t h e  

e s t e r s  a n d A t h e  a c i d s .  The o r d e r  parameters  f o r  t h e  two s p i n  l a b e l e d  

a c i d s ,  and f o r  c h o l e s t a n e  ( T a b l e  X V I I I )  are in agreement w i t h  t h e  

l i t e r a t u r e  valu* (51.54.60.111.135.181.182L Note t h a t  t h e  o r d e r  
$"a, 

parameter  f o r  t h e  c h o l e s t a n e  s p i n  probe is q u i t e  h igh .  s i n c e  t h e  

n i t r o x i d e  is  s i t u a t e d  nea r  t h e  membrane s u r f a c e .  It should  a l s o  b e  

no ted  t h a t  t h e  o r d e r  parameter  o f  t h e  5-doxylpa lmi t ic  a c i d  is much 

l a r g e r  t han  t h a t  o f  t h e  16 -doxy l s t ea r i c  a c i d ,  Once a g a i n ,  t h i s  

behaviour  is c h a r a c t e r i s t i c  o f  t h e  f l u i d i t y  g r a d i e n t  which e x i s t s  

a long  t h e  f a t t y  a c i d  c h a i n s  o f  t h e  .membrane i n t e r i o r  ( see F ig  .21)  . 

. <  d h y p e r f i n e  s p l i t t i n g s  and o r d e r  parametk-s f o r  t h e  t w  e s t e r s .  

IV, and V i n c o r p o r a t e d  i n t o  l e c i t h i n  m u l t i l a y e r s  are g i v e n  i n  Tab le  

X V I I I .  For  t h e  16-doxyls teara te  e s t e r .  V: a  l ow  p o s i t i v e  o r d e r  

parameter  i s  c a l c u l a t e d .  similar t o  t h a t  f o r  t h e  co r r e spond ing  a c i d .  

111. i n d i c a t i v e  o f  t h e  fact t h a t  t h e  n i t r o x i d e  2p7r o r b i t a l  i s  

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

t h a t  it i s  undergoing r ap id  motion d i c h  t e n d s  t o  average  t h e  

c m p o n e n t s  o f  t h e  h'ype-rfine s p l i t t i n g  t e n s o r .  Such o b s e r v a t i o n s  a r e  

c o n s i s t e n t  w i t h  t h e  doxy1 group Aor bo th  111, and V occupying a  

p o s i t i o n  nea r  t h e  

i n t e r p r e t a t i o n  is 

exper iments  wfi i c h  
J 

f l u i d  c e n t r a l  r eg ion  o f  t h e  b i l a y e r .  T h i s  
-, 

s u b s t a n t i a t e d  by t h e  r e s u l t s  o f  a s c o r b a t e  r e d u c t i o n  

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



Table  X V I I I  

S p e c t r a l  pa rame te r s  o f  .si& l a b l e s  I - V  i n  l e c i t h i n  

m u l t i l a y e y  a t  23Oc. 

Spin  Probe ' T$. TI L e c i t h i n  

I I L  17.4 , 12.5 
"-r 3 

I V  13.0 ' 1 6*:0 

The v a l u e s  o f  t h e  h y p e r f i n e  s p l i t t i n g 3  are i n  g a u s s .  

T h e 7 0 r d e r  parameter ,S,  was c a l c u l a t e d  f o r  a  number of  
f 

samples .  The e r r o r  i n d i c a t e d  r e f l e c t s  t h e  v a r i a t i o n  

i n  t h e  i n d i v i d u a l  d e t  

DPL m u l t i l a y e r s  were p rehydra t ed  wi th  0.15 M NaCl f o r  

a t  l e a s t  60 minutes  p r i o r  t o  r e c o r d i n g  t h e  s p e c t r a .  



F i g u r e  21.  P o s i t i o n a l  dependence o f  t h e  ' o rde r  p a r a m e t e r  i n  a 

l i p i d  b i l a y e r  as d e t e c t e d  by f a t t y  a c i d  s p i n  p r o b e s  u s i n g  E q u a t i o n  

111-66. Taken from r e f e r e n c e  131. 





The 5-doxylpa lmi ta te  e s t e r ,  I V ,  however, e x h i b i t s  a  low and 

n e g a t i v e  o r d e r  parameter  s i n c e  TL>T,~ . The co r r e spond ing  a c i d ,  11. 

was found t o  have a  l a r g e  p o s i t i v e  o r d e r  parameter  of  0.54. These 

r e s u l t s  i n d i c a t e  t h a t  t h e  n i t r o x i d e  2 p n  o r b i t a l  o f  t h e  e s t e r .  IV, i s  

o r i e n t e d  d i f f e r e n t l y  f rom t h e  cor responding  a c i d .  11, i . e ,  th.e s i g n  

o f  t h e  o r d e r  parameter  as c a l c u l a t e d  from Equat ion  111-58 changes  i f  

t h e  o r b i t a l  ' i s  o r i e n t e d  such t h a t  it make.s a&anp;& o f  s l i g h t l y  
'-4 

g r e a t e r  t han  45' w i th  t h e  b i l a y e r  normal.  . Thus t h e  o r i e l i t a t i o n  o f  

t h e  n i t r o x i d e  o f  t h e  5-doxylpa lmi ta te  e s t e r  more c l o s e l y  resembles  

t h a t  o f  c h o l e s t a n e ,  I ,  than  t h e  cor responding  a c i d ,  11. 

Other  evidence which b e a r s  upon t h e  o r i e n t a t i o n  and m o b i l i t y  o f ,  

I V  i s  t h a t  t h e  peak t o  peak l i n e w i d t h  o f  t h e  low f i e l d  resonance  is , 

approx ima te ly  8 g a u s s ,  a s  compared t h  a  l i n e w i d t h  o f  approximate ly  2 .I 
gauss  f o r  t h e  16-doxyls teara te  e s t e r .  Such broadening may b e  

i n d i c a t i v e  e i t h e r  of s l ower  mo t iona l  r e o r i e n t a t i o n  o f  t h e  s p i n  probe 
- /* 

o r  a  s u p e r p o s i t i o n  o f  resonances  due t o  d i f f e r e n t  o r i e n t a t i o n s  w i t h i n  

t h e  membrane. Indeed ,  IV h a s  been shown t o  e x h i b i t  canplex  behaviour  

w i th  d o u b l e t  low and h i g h  f i e l d  resonances  f o r  sample o r i e n t a t i o n s  '-- between 0 and 90' w i th  r e s p e c t  t o  t h e  magnet ic  f i e l d  ( 1 8 3 ) .  A 

c m p l e t e  a n a l y s i s  o f  t h e s e  s p e c t r a  r e q u i r e s  computer s i m u l a t i o n  o f  t h e  

expe r imen ta l  s p e c t r a  in o r d e r  t o  s e p a r a t e  t h e  effect~%#'order and 
< 4 

motion.  Such s p e c t r a l  complexi ty  i s  unique t o  I V ,  i n d  has  h o t  been 

observed f o r  t h e  16-doxyls teara te  ester inco rpo ra tgd  i n t o  phosphol ip id  

m u l t i l a y e r s  ( 1 8 3 ) .  



Ascorbate  r e d u c t i o n  exper iments  which a r e  dPscussed l a t e r  i n  t h i s  , 

s e c t i o n  i n d i c a t e  t h a t  t h e  doxy1 group o f  I V  i s  s i t u a t e d  n e a r e r  t o  t h e  

b i l a y e r  s u r f a c e  than t h a t  o f  V .  
i 

The e f f e c t  o f  c h o l e s t e r o l  on t h e  o r d e r  parameter  of  I V ,  and V was 

a l s o  s t u d i e d .  and t h e  r e s u l t s  a r e  shown i n  Figur 'es  22 and 23. The 

e f f e c t  o f  c h o l e s t e r o l  i n c o r p o r a t i o n  i n t o  t h e  b i l a y e r  o v e r  t h e  range  o f  

0-40 mole% o f  t h e  t o t a l  l i p i d  i n c r e a s e s  t h e  o r d e r  parameter  o f  V from 

a  va lue  o f  0.029 t o  a v a l u e  o f  0.26. w i th  t h e  g r e a t e s t  i n c r e a s e  between I 

30 and 40  mole% added c h o l e s t e r o l .  c o n s i s t e n t  w i t h  t h e  known condensing 

e f f e c t  o f  c h o l e s t e r o l  on t h e  hydrophobic r eg ion  o f  phosphol ip id  

.manbranes. The o r d e r  parameter  of IV changed from -0.049 i n  t h e  absence 

o f  c h o l e s t e r o l  t o  -0 .13  i n  t h e  presence  o f  , 49.5% c h o l e s t e r o l  i . e .  t h e  

Pk, / 
i n c o r p o r a t i o n  o f  c h o l e s t e r o l  ipr'creases t h e  a b s o l u t e  v a l u e  o f  t h e  o r d e r  

/ 

parameter ,  b u t  i t s  s i g n  remai .6~  n e g a t i v e ,  i n d i c a t i v e  o f  an o r i e n t a t i o n  - r' 

o f  t h e  2 p n o r b i t a l  a t  an angle o f  l e s s  t han  45' w i t h  t h e  b i l a y e r  

s u r f a c e .  

The e f f e c t  o f  added c h o l e s t e r y l  pa lmi t a t e  on t h e  o r d e r  parameter  

of  t h e  c h o l e s t a n e  s p i n  l a b e l ,  I, was a l s o  inves t iga t ' ed .  The r e s u l t s .  
I' 

which a r e  shown i n  F i g u r e  24" r evkd l  a  s l i g h t  d e c r e a s e  in t h e  o r d e r  ," 

paramete upon ,incorporatj,bn o f  c h o l e s t e r y l  pa lmi t a t e .  w i t h  a n  ab rup t  FbJ 
break  a t  approximate ly  5  mole% c h o l e s t e r y l  p a l m i t a t e .  In l i g h t  o f  t h e  

3 

r e s u l t s  d e s c r i b e d  i n  S e c t i d n  5B, and t h a t  o  evious'  workerg 

(184-1861, i t  is  probable  t h a t  e s t e r  p resen  o f  5 mole% 



F i g u r e  22.  I n t e r a c t i o n s  between choles tery l -5-doxylpalmi ta te ,  

c h o l e s t e r o l  and egg  yolk  l e c i t h i n  at 23 '~ .  M u l t i l a y e r s  

c o n t a i n i n g  1 mole$ I V  i n  egg yo lk  l e c i t h i n  and s p e c i f i e d  

c o n c e n t r a t i o n s  o f  c h o l e s t e r o l  were t r e a t e d  wi th  1 0 ' ~  M 

a s c o r b a t e .  F i r s t  h a l f  l i f e  ( s o l i d  l i n e )  and o r d e r  parameter  

(dashed l i n e )  a r e  p l o t t e d  a g a i n s t  c h o l e s t e r o l  c o n c e n t r a t i o n .  



CHOLESTEROL (MOLE %) 
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Figu re  23. I n t e r a c t i o n s  between c h o l e s t e r y l - 1 6 - d ~ y l s t / e ~ a t e ,  -- - - 
c h o l e s t e r o l  and egg yo lk  l e c i t h i n  a t  23 '~ .  M u l t i l a y e r s  

c o n t a i n i n g  1 moles V i n  egg yo lk  l e c i t h i n  and s p e c i f i e d  
- 

c o n c e n t r a t i o n s  o f  c h o l e s t e r o l  w e r e  t r e a t e d  wi th  M 

a s c o r b a t e .  F i r s t  h a l f  l i f e  ( s o l i d  l i n e )  and o r d e r  parameter  

(da2hed l i n e )  a r e  p l o t t e d  a g a i n s t  c h o l e s t e r o l  c o n c e n t r a t i o n .  
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CHOLESTEROL (MOLE %) 



F i g u r e  24. I n t e r a c t  i o n s  between 3-doxylcholestane , 

c h o l e s t e r y l  p a l m i t a t e  and e g g  y o l k  l e c i t h i n  a t  2 3 ' ~ .  

Egg y o l k  l e c i t h i n  m u l t i l a y e r s  c o n t a i n i n g  1 mole$ 

3-doxy1 c h o l e s t a n e  , and s p e c i f i e d  c o n c e n t r a t i o n s  o f  

c h o l e s t e r y l  p a l m i t a t e  were t r e a t e d  w i t h  M 
I'r 
I 

a s c o r b a t e .  F i r s t  h a l f  l i f e  ( s o l i d  l i n e )  and o r d e r  p a r a m e t e r  % * +  
( d a s h e d  l i n e )  a r e  p l b t t e d  a g a i n s t  c h o l e s t e r y l  p a l m i t a t e  

c o n c e n t r a t i o n .  





forms a  s e p a r a t e  phase which d o e s  n o t  i n t e r a c t  s t r o n g l y  w i t h  t h e  

l e c i t h i n  l a m e l l a r  phase.  However, t h e  i n c o r p o r a t i o n  o f  up t o  5 mole% 

c h o l e s t e r y l  pa lmi t a t e  d e c r e a s e s  t h e  o r d e r  parameter  o f  I, c o n s i s t e n t  

an i n c r e a s e  in membrane mot iona l  freedom a n d .  p e r m e a b i l i t y  a s  d i s c u s s e d  

i n  S e c t i o n  5.A.3. 

Sodium asdo rba t e  r a p i d l y  r educes  n i t r o x i d e  Spin l a b e l s  t o  t h e  
' 

c o r w s p o n d i n g  h y d r a e  w i th  concommitant l o s s  o f  ESR s i g n a l  0 

--'-L 
\ 

2 - 

i n t e n s i t y .  This. p r o p e r t y  h a s  been u t i l i z e d  by Schre ie r -Mucci l lo  e t  a 1  
.; 

( 7 3 )  t o  fo l low t h e  r a t e  o f  a s c o r b a t e  permeat ion i n t o  o r i e n t e d  l i p i d  

m u l t i l a y e r s  c o n t a i n i n g  v a r i o u s  s p i n  p robes ,  and a s  a  s p e c t r o s c o p i c  

r u l e r  t o  de te rmine  t h e  d e p t h s  a t  wfiich t h e  l a b e l e d  s i t e s  l i e  benea th  

t h e  membrane s u r f a c e  ( 7 3 ) .  

'b 

I n  t he  p r e s e n t  i n v e s t i g a t i o n  it was _found t h a t  t h e  r a t e  o f ,  
-- 

4 d i sappea rance .  o f  t h e  low f i e l d  component o f  t h e  n i t r o x i d e  ESR &pectrum 

dld no t  fo l l ow  f i r s t  o r d e r  k i n e t i i s  b u t  r a t h e r  t h e  q u a d r a t i c  

was b o t h  n e c e s s a r y  and s u f f i c i e n t  t o  d e s c r i b e  t h e  d a t a .  The 

inadequacy o f  a  s imple  first o r d e r  t r e a t m e n t  i s  demonstrated i n  F i g u r e  . 
25 where t h e  d o  ed l i n e  d e s c r i b e s  a  l i n e a r  f i t  o f  I n  (peak  h e i g h t )  v s  P" 
t i m e ,  and t h e  s o l i d  l i n e  i s  a  l e a s t  s q u a r e s  computer f i t  o f  t h e  d a t a  

- t o  Equat ion  V-1. The insert i n  F i g u r e  25 

s y s t e m a t i c  e r r o r  i n  t h e  1 i n e a r  t r e a t m e n t .  

t h a t  t h e  h a l f  l i f e  o f  a s c o r b a t e  r e d u c t i o n  
1 

more c l e a r l y  d e p i c t s  t h e  

The re fo re ,  i t  i s  obvious  



Figu re  25. Ascorbate  induced ESR s i g n a l  d e c a y  vs .  time. ' 

f. E&g yolk  l e c i t h i n  r p u l t l l a y e r s  c o n t a i n i n g  1 mole$ 16-doxyl- 

s t e a r i c  a c i d  were t r e a t e d - w i t h  M e tscorbate .  

L e a s t  s q u a r e  f i t s ,  l i n e a r  ( s t r a i g h t  l i n e )  and q u a d r a t i c  

(curved  9 were* comput'ed f o r  i n (  peak h e i g h t )  9%. time; 

The hkrt shows t h e  s y s t e m a t i c  e r r o r  o f  t h e  l i n e a r  , f i t  (computed 
- " 

va lue  - observed va1ue)gvs.  time. 
- 





depends upon t h e  i n i t i a l  t ime  l a g  between a s c o r b a t e  a d d i t i o n  and t h e  

r e c o r d i n g  o f  t h e  f i r s t  spectrum as well as upon t h e  t o t a l  l e n g t h  o f  

time f o r  which d a t a  a r e  acqu i r ed .  Therefoqe,  t h e  expe r imen ta l  d a t a  

was f i t t e d  t o  t h e  q u a d r a t i c  shown i n  Equat ion V-1, and- t h e  r a t e  

d e s c r i b e d  by t h e  first h a l f  l i f e .  l t l /S. o f  t h e  decay  o f  t h e  ESR 

s i g n a l  i n t e n s i t y  which i s  g iven  by 

1  where t l /2  i s  t h e  time r e q u i r e d  f o r  t h e  s p e c t r a l  ampl i tude  t o  

decay  t o  50% o f  i t s ' e x t r a p o l a t e d  ze ro  time va lue .  

Kornberg and McConnell ( 6 5 )  have p r e v i o u s l y  d e s c r i b e d  t h e  r a t e  o f  

a s c o r b a t e  r e d u c t i o n  o f  t h e  n i t r o x i d e  mo ie ty  o f  headgroup l a b e l e d  

l e c i t h i n .  They observed t h a t  t h e  r a t e  o f  s i g n a l  decay  i n i t i a l l y  

t fo l lowed first o r d e r  k i n e t i c s .  b u t  t h a t  d e v i a t i o n  from t h i s  behaviour  
<\ 

occu r r ed  a t  l a r g e  t ime  due t o  r e o x i d a t i o n  o f  t h e  n i t r o x i d e .  It i s  

h i g h l y  u n l i k e l y  t h a t  t h e  d e v i a t i o n  from l i n e a r i t y  o f  F i g u r e  25 i s  due 

t o  r e o x i d a t i o n  o f  t h e  n i t r o x i d e  s i n c e  u n l i k e  t h e  p r e v i o u s  s t u d y  ( 6 5 )  

which used EYL v e s i c l e s  up t o  2 days  o l d ,  t h e  use  in t h e  pr'esent 

i n v e s t i g a t i o n  o f  s a t u r a t e d  d i p a l m i t o y l  l e c i t h i n  (DPL) . f o r p i c h  

r e o x i d a t i o n  by ox id i zed  l i p i d  is n o t  p o s s i b l e ,  r e s u l t e d  i n  d e v i a t i o n s  

from l i n e a r i t y  s i m i l a r  t o  t h a t  shown by  ~ i ~ ' u r e  25. In a d d i t i o n ,  a l l  

r e d m  t i o n s  were c a r r i e d  ou t  w i t h  f p e s h l y  p repa red ,  t ho rough ly  
- 

deoxyqenated a s c o r b a t e  s o l u t i o n s .  The re fo re ,  t h e  d e v i a t i o n  from 

l i n e a r i t y  must be a  consequence o f  t h e  mechanism o f  a s c o r b a t e  

permeat ion.  



I 

The mechanism of a s c o r b a t e  permeat ion was f u r t h e r  i n v e s t i g a t e d  

u s ing  t h e  f a t t y  a c i d  probe ,  111. The va - r i a t i on  o f  t h e  first h a l f  l i f e  
- 

on t h e  i n i t i a l  a s c o r b a t e  c o n c e n t s a t i o n  f o r  r e d u c t i o n  o f  I11 

i n c o r p o r a t e d  i n t o  EYL m u l t i l a y e r s  is shown i n  F i g u r e  26. The s p i n  

l a b e l  c o n c e n t r a t i o n  was h e l d  c o n s t a n t  a t  1 mole%. The i n v e r s e  o f  t h e  

first h a l f  l i f e  , i nc reases  '\in a  rough ly  l i n e a r  f a s h i o n  wi th  i n d r e a s i n g  
\ J 

a s c o r b a t e  c o n c e n t r a t i o n  o v e r \ t h e  range  o f  1x1 t o  3xl o - ~ M .  That 
- 

t h e  h a l f  l i f e  is dependent  o n  t h e  i nve r se  o f  t h e  in i t ia l  a s c o r b a t e  

c o n c e n t r a t i o n  is  i n  agreement w i  th,the p r e d i c t  i o n  o ~ ~ k h r e i e r - ~ u c c i l l o  

\ J 
e t  a 1  ( 7 3 ) .    ow ever t h e  permeat ion model proposed by t h e s e  workers  

i a l s o  p r e d i c t s  a  dependence o f  t h e  r e d u c t i o n  r a t e  on t h e  f r a c t i o n a l  - \ 

\ 
a r e a  o f  t h e  b i l a y e r  occupied by t h e  n i t r o x i d ? ,  and t h u s  on  t h e  i n i t i a l  

\ 

s p i n  l a b e l  c o n c e n t r a t i o n .  acco rd ing  t o  t h e  r e l a t i o n s h i p  

dh /d t  Y= - * N  Faso x f i L h  V-3 

where i s  t h e  f l u i  o f  a s c o r b a t e  t o  t h e  s p i n  l a b e l  i n  mole 
- 

crn-*sec-' * N i s  Avogadrols number, Fa,, is  t h e  mo lecu la r  a r e a  o f  

0' 
t h e  a s c o r b a t e  i o n ,  fSL i s  t h e  in i t ia l  f r a c t i o n a l  a r e a  occupied  by 

t h e  s p i n  , l abe l  i n  t h e  p l ane  o f  t h e  b i l a y e r ,  and h  i s  t h e  h e i g h t  o f  t h e  

ESR resonance .  The f i r s t  term i n  Equat ion  V-3. $N Fa,, i s  t h e  
5 a 

f r a c t i o n a l  a r e a  i n  t h e  p l ane  o f  t h e  b i l a y e r  swept o u t  b y  t h 6  a s c o r b a t e  

p e r  second.  The re fo re .  Equat ion V-3 s ta tes  t h a t  t h e  r a t e  o f  decay  o f  

t h e  ESR l i n e  h e i g h t  i s  p r o p o r t i o n a l  t o  t h e t p r o d u c t  o f  t h e  f r a c t i o n a l  

a r e a  occupied  by t h e  a s c o r b a t e  i o n s .  and t h e  f r a c t i o n a l  a r e a  occupied  

by t h e  s p i n  l a b e l  i . e .  t o  t h e  p r o b a b i l i t y  o f  a  c o l l i s i o n  r e s u l t i n g  i n  

t h e  chemical  r e a c t i o n .  t 



Figure  26. E f f e c t  o f  i n i t i a l  a s c o r b a t e  c o n c e n t r a t i o n  bn t h e  
/ 

f i r s t  h a l f  l i f e  of  a s c o r b a t e  r e d u c t i o n .  Egg yolk  l e c i t h i n  

mult i l a y e r s  c o n t a i n i n g  1  mole% 1,6-do16ylstearic a c i d  were 

t r e a t e d  wi th  t h e  s p e c i f i e d  concent raQions  o f  a s c o r b a t e .  

i n s e r t  shows a  l i n e a r  c o r r e l a t i o n  between t h e  inve r se  o f  

first h a l f  l i f e  and t h e  i n i t i a l  a s c o r b a t e  c o n c e n t r a t i o n .  

The 

t h e  

... - - 
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However, i n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  it was found t h a t  t h e  r a t e  

o f  decay  o f  t h e  ESR s i g n a l  was i n v a r i a n t  t o  t h e  amount o f  t h e  s p i n  , 
a 

l a b e l .  111, i n c o r p o r a t e d  i n t o  t h e  m a b r a n e .  o v e r  t h e  range  o f  1-3 
li 

3 

mole%, t he f i r .& h a l f  l i f e  remaining c o n s t a n t  a t  approximate ly  - 16+2 

min. This l a c k  o f  dependence o f  t h e  r a t e  on t h e  i n i t i a l  s p i n  l a b e l  
-a 

c o n c e n t r a t i o n  i n f e r s  t h a t  t h e  r e a c t i o n  r a t e  is  ndepend'ent o f  t h e  G 
f r a c t i o n a l  a r e a  i n  t h e  - p l a n e  o f  t h e  b i l a y e r  h i c k  is occupied  by t h e  

n i t r o x i d e .  p o s s i b l y  a s  a  consequence o f  r a p i d  1 I e r a 1  d i f f u s i o n  .- o f  t h e  
l.' 

a c i d ,  111, i n  t h e  p l a n e  o f  t h e  membrane. I f .  indeed .  such  were t h e  

c a s e ,  t h e  slowing of l a t e r a l  d i f f u s i o n  through t h e  u se  o f  DPL below 
.- . . P 

3 

i t s  g e l - l i q u i d  c r y s t a l l i n e  phase t r a n s i t i o n  t empera tu re  might  b e  

expected t o  induce a  r a t e  dependence on t h e  i n i t i a l  n i t r o x i d e  . 
c o n c e n t r a t i o n .  

The f l q  of a s c o r b a t e  t o  t h e  s i t e  o f  t h e  s p i n  l a b e l  h a s  been 

g i v e n  t o  be  ( 7 3 )  P 

@ = D (K C ) / x  mole cm-*sec-' V -4 
P O  

where Co i s  t h e  in i t ia l  a s c o r b a t e  c o n c e n t r a t i o n  a t  t h e  s u r f a c e  

o f  t h e  b i l a y e r ,  x  i s  t h e  d e p t h  a t  which t h e  n i t r o x i d e  is s i t u a t e d  
-, 

benea th  t h e  s u r f a c e .  D i s  t h e  d i f f u s i o n  c o e f f i c i e n t ,  and K P  is t h e  

p a r t i t i o n  c o e f f i c i e n t  o f  t h e  a s c o r b a t e  between t h e  aqueous phase 

and t h e  membrane i n t e r i o r .  It h a s  been a s s m e d  t h a t  t h e  p a r t i t i o n  

c o e f f i c i e n t  i s  i n v a r i a n t  w i t h  time. However, the p o s s i b i l i t y  e x i s t s  

& h a t  t h e  h ighe r  o r d e r  e f f e c t s  on  t h e  observed r a t e s  may b e  due t o  

a  t ime dependence o f  p a r t i t i o n  c o e f f i c i e n t  i . e .  t h e  lower ing  o f  t h e  



a s  t h e  r e a c t i o n  proceeds .  

I n  o r d e r  t o  test  t h i s  h y p o t h e s i s ,  EYL m w a y e r s  were prepared  

inc-orporat inq .1 mole% o f  t h e  a c i d  la tSel ,  111. and hydra t ed  f o r  i 
approximate ly  1 h r  w i t h  1 O - ~ M  6 7 g l u c o n o l & t o A  t. 

(1.2.3.4.5-pentahydmxycaproic a c i d  l a c t o n e )  which was 0.1W i n  NaC1. 

The ESR c e l l  was t h e n  r i n s e d  and f i l l e d  wi th  1 0 - ' ~  a s c o r b a t e .  0.15M 

NaC1. and t h e  r a t e  o f  decay  o f  t h e  ESR s i g n a l  monitored i n  t h e  u sua l  

, h a y .  It was t hough t  t h a t  i f  t h e  p r e i n c u b a t i o n  o f  t h e  m u l t i l a y e r s  w i t h  

Ehe l a c t o n e  (which i s  s t r u c t u r a l l y  .s.imi;lar t o  a s c o r b a t e .  b u t  

u n r e a c t i v e  t o m r d s  n i t r o x i d e  s p i n  l a b e l s )  a l t e r e d  t h e  f i r s t  h a l f  l i f e  

o f  a s c o r b a t e  reduc t iof l .  t h i s  would be  i n d i c a t i v e  o f  a  change i n  t h e  

t p a r t i t i o n  c o e f f i c i e n t  o f  un reac t ed  a s c o r b a t e  a s  t e 

proceeds .  The f i r s t  h a l f  l i f e  was found t o  be  approximat;ly 26 min. 

Thus. t h e  presence  o f  a  molecule  s t r u c t u r a l l y  s i m i l a r  t o  . ascorba te  

s lows t h e  r a t e  o f  r e d u c t i o n  o  he s p i n  l a b e l  from a  h a l f  l i f e  p f  P 
approx ima te ly  16 min t o  a  h a l f  l i f e  o f  approximate ly  26 pd. Thus t h e  

p a r t i t i o n  c o e f f i c i e n t  o f  un reac t ed  a s c o r b a t e  may n o t  be  c o n s t a n t .  b u t  

r a t h e r  nay have a  t ime  dependence -A o f  t h e  form 

v-5 % 

where K O  i s  t h e  i n i t i a l  p a r t i t i o n  o e f f i c i e n t  i n  t h e  absence o f  
P I- ,- 

r e a c t e d  a s c o r b a t e .  However, i t  must be  remembiered t h a t  t h e  g lucono lac tone  i 

was n o t  added i n  t h e  form of a  salt and t h e r e f o r e  m e t  n o t  resemble  . 

c l o s e l y  enough t h e  s t r u c t u r e  o f  sodium a s c o r b a t e .  
L -.- - - ,'Y * ,. 



The f i rs t  h a l f  l i v e s .  't 1 /2 ,  o f  a s c o r b a t e  r e d u c t i o n  o f  t h e  

s p i n  probes I - V  i n  EYL, and DPL m u l t i l a y e r s  a t  2 3 O ~  a r e  shown i n  

Table  X I X .  I n  EYL. c h o l e s t a n e ,  I. y i e l d e d  a  I t l l 2  va lue  bf 

approximate ly  4  minu te s ,  conf i rming  t h a t  t h e  n i t r o x i d e  is  v e r y  n e a r  

t h e  membrane s u r f a c e .  The o t h e r  l a b e l s ,  1 1 - V ,  however. y i e l d e d  v e r y  

s i m i l a r  't 1  /2 v a l u e s ,  a l l  on t h e  o r d e r  o f  14-16 min. Th i s  is  i n  

c o n t r a s t  wi th  t h e  r e s u l t s  o f  p r ev ious  workers  ( 7 3 )  who found h a l f  l i v e s  

o f  a s c o r b a t e  r e d u c t i o n  of 5 -doxy l s t ea r i c  ac id  and 16 -doxy l s t ea r i c  a c i d ,  

i n c o r p o r a t e d  i n t o  EYL m u l t i l a y e r s ,  o f  9 .5  and 32  minu te s ,  r e s p e c t i v e l y .  
', 

Whether t h e  cl iscrepancy between t h e  p rev ious  r e s u l t s  and t h o s e  presen ted  

h e r e  are due t o  s l i g h t  d i f f e r e n c e s  in experimental.  cond$t ions ,  o r  

d i f f e r e n c e s  in t h e  t r ea tmen t  o f  t h e  expe r imen ta l  d a t a  is  n o t  known. 
.<  

Since  t h e  p rev ious  r e s u l t s  were ob t a ined  a t  lgOc,  which i s  v e r y  c l o s e  
I .  

t o  t h e  t empera tu re  of  2 3 ' ~  used i n  t h e  p r e s e n t  s t udy .  i t  i s  u n l i k e l y  
- 

t h a t  t h e  d i s c r e p a n c y  i s  due t o  l a r g e  t empera tu re  induced changes in , 

the f l u i d i t y  o f  t h e  membrane. In t h e  p r e s e n t  i n v e s t i g a t i o n ,  s i n c e  r a t e  

o f  d i s appea rance  o f  t h e  ESR s i g n a l  d i d  nb t  f o l p F f i r s t  o r d e r  k i n e t i c s .  

f 
i t  was found neces sa ry  t o  f i t  t h e  expe r imen ta l  a s c o r b a t e  r e d u c t i o n  d a t a  

t o  a  q u a d r a t i c  equa t ion ,  Equat ion V-1. A s  d i s c u s s e d  p r e v i o u s l y  i n  t h i s  

s e h i o n ,  t h i s  t r e a t m e n t  minjmizes  e r r o r s  in t roduced  t <rough t h e  time 
.\ 

l a g  between t h e  a d d i t i o n  o f  a s c o r b a t e  and t h e  o n s e t  o f  d a t a  

accumula t ion ,  a s  well a s  e l m i n a t i n g  t h e  dependence o f  t h e  c a l c u l a t e d  

f i r s t  h a l f  l i f e  on t h e  t o t a l  t ime  f o r  M i c h  d a t a  is a c q u i r e d .  
', 



Table  X I X  

F i r s t  h a l f  l i v e s  o f  r e a c t i o n  wi th  a s c o r b a t e  f o r  s p i n  probes  

i n  l e c i t h i n  m u l t i l a y e r s  a t  23O.c. 

Spin  Probe 

5-doxylpa lmi t ic  a c i d ,  I1 16.5 +_ 4.0 , 16.5 + 4.0  

16 -doxy l s t ea r i c  a c i d .  I11 16.5 4.0 50.0 +_ 10.0 

a a s c o r b a t e  c o n c e n t r a t i o n  = 1  O - ~ M  

M u l t  i > a y e r s  c o n t a i n i n g  DPL were hyd ra t ed  wi th  0.15 -M 

NaC1, pH 6.83, f o r  60-90 minu te s  p r i o r  t o  a s c o r b a t e  a d d i t i o n .  



It has  been shown p r e v i o u s l y  by God ic i  and Landsberger  (17 ,18 ) '  

u s ing  13c NMR t h a t  s t e a r i c  a c i d  sp in - l abe l ed  a t  t h e  5- o r  16- p o s i t i o n  

i n t e r c a l a t e s  i n t o  t h e  EYL b i l a y e r  membrane i n  an extended form such t h a t  

C5 i s  much n e a r e r  t h e  h y d r o p h i l i c  r eg idn  than  i s  C16. T h e r e f o r e ,  t h e  

s i m i l a r  r a t e s .  o f  a s c o r b a t e  r e d u c t i o n  o f  1 1 - V  i n  t h e  p r e s e n t  s t u d y  

r e f l e c t  t h e  f l u i d  n a t u r e  o f  EYL b i l a y e r s  a t  23 '~.  Once t e a s c o r b a t e  ? 
e n t e r s  t h e  hydrophobic r e g i o n ,  i t  r a p i d l y  d i f f u s e s  th rough t h e  f l u i d  

membrane c o r e ,  p o s s i b l y  by t h e  mechanism of "k ink  d i f f u s i o n t 1  first 

proposed by Trauble  (187 )  .. 
Y 

I n  DPL m u l t i l a y e r s ,  on  t h e  o t h e r  hand. wide v a r i a t i o n s  i n  t h e  

h a l f  l i v e s  were ob t a ined  s i n c e  a t  23'~.  DPL i s  i n  t h e  g e l  s t a t e .  

From Table  X I X  i t  can  be  seen t h a t  t h e  h a l f  l i v e s  ~f a s c o r b a t e  

r e d u c t i o n  a r e  i n  t h e  o r d e r  I1 < I V  < I11 '< V .  The r a t e  o f  r e d u c t i o n  

f o r  t h e  5- labe led  a c i d  ( 1 t1 /2=16 .5  min) is  much more r a p i d  than  

t h a t  o f  t h e  16-labeled a c i d  ( ' t 1 /2=50 .0  min ) .  It should a l s o  b e  

noted t h a t  t h e  h a l f  l i v e s  o b t a i n e d  f o r  bo th  t h e  e s t e r s .  IY and V ,  a r e  

much l o n g e r  than f o r  t h e  cor responding  a c i d s ,  I1 and I11 i . e .  42.3 

min v s  16.5 min f o r  t h e  C5 s p e c i e s .  and 71.0 v s  50.0 f o r  t h e  C16 

s p e c i e s .  S i n c e  it i s  known (17 .18)  t h a t  t h e  n i t r o x i d e  o f  T I 1  l i e s  

deep wi th in  t h e  membrane c o r e  nea r  t h e  l e c i t h i n  f a t t y  a c i d  cha in  

t e r m i n i ,  t h e  s lower  r a t e  observed f o r  t h e  e s t e r ,  V .  cannot  b e  due t o  

i t s  occupying a  p o s i t i o n  n e a r e r  t h e  middle  o f  t h e  b i l a y e r .  b u t  must be  

due e i t h e r  t o  packing d i f f e r e n c e s  f o r  t h e  two molecules ,  o r  t o  t h e  

proximi ty  o f  t h e  e s t e r  c h a i n  t o  t h e  c h o l e s t e r o l  moie ty .  I n  v i ew  o f  



t h e  pr3+ permeat ion s t u d i e s  which were p re sen t ed  i n  S e c t i o n  4H. i t  

i s  u n l i k e l y  t h a t  t h e  s a t u r a t e d  ester s p i n  probes pack i n  a  more sense. 

f a s h i o n  wi th  l e c i t h i n  than  do  t h e  cor responding  a c i d s .  However, i t  

m u k  be  remembered t h a t  what i s  be ing  monitbped i n  t h e  a s c o r b a t e  

permeat ion s t u d i e s  is t h e  r a t e  at h i c h  a s c o r b a t e  r e a c h e s  t h e  s i t e  o f * ,  
- .  
-, 

t h e  n i t r o x i d e  and n o t  t h e  a c t u a l  p e r m e a b i l i t y  th rough t h e  membrane. . 
," - 

-Bearing t h i s  fact i n  mind, i t  i s  more p robab le  t h a t  t h e  l'onger h a l f  

l i v e s  f o r  t h e + e s t e r s  are caused by t h e  c h o l e s t e r o l  mo ie ty  i . e .  t h e  

man??estation of  a  con fo rma t iona l  e f f e c t  . r 

I n  conc lus ion .  based on t h e  a s c o r b a t e  r e d u c t i o n s  o f  t h e  s p i n  

l a b e l e d  e s t e r s  in DPL, C 5  o f  t h e  f a t t y  a c y l  cha in  o f  t h e  ester i s  

s i t u a t e d  nea re r  t o  t h e  membrane s u r f a c e  than is  C16. 

Nine p o s s i b i l i t i e s  e x i s t  f o r  t h e  o r i e n t a t i o n  o f  c h o l e s t e r y l  

esters w i t h i n  t h e  membrane. These o r i e n t a t i o n s  which are d e p i c t e d  i n  

F i g u r e  27 a r e :  

1 .  an  L-shaped c o n f i g u r a t i o n  wi th  t h e  c h o l e s t e r o l  mo ie ty  a t  and 
.. 

p a r a l l e l  t o  t h e  s u r f a c e  o f  t h e  membrane wi th  t h e  a c y l  t a i l  

i n t e r c a l a t i n g  t h e  l e c i t h i n  f a t t y  a 6 i d . c h a i n s .  

2.  a n  L-shaped c o n f i g u r a t i o n  wi th  t h e  c h o l e s t e r o l  l ong  a x i s  
7. 

p a r a l l e l  t o  t h e  b i l a y e r  normal.  and t h e  ester c h a i n  a t  t h e  c e n t r e  a 

o f  t h e  b i l a y e r .  p a r a l l e l  t o  t h e  membrane s u r f a c e .  



F.igure 27. P o s s i b l e  o r i e n t a t i o n s  o f  c h o l e s t e r y l  e s t e r s  

i n c o r p o r a t e d  i n t o  l i p i d  b i l a y e r s  . 





Q 'L" 150 -, , 

3. a n  L - shapd  c o n f i g k e t i o n  wi th  t h e  cholAesterol mo ie ty  i n  L 

r e g i o n  o f  t h e  l e c i t h i n  c h a i n  termigi: p a r a l l e l '  t o  t h e  membrane 

s u r f a c e .  and wi th  t h e  e s t e r  c h a i n  pk rpend icu l a r  t o  t h e  membrane 
. . 

s u r f a c e .  , - 

4. a n  L-Lhaped c b n f i g u r a t i o n  wi th  t h e  c h o l e s t e r o l  m o i e t y  

i n t e r c a l a t i n g  t h e  l e c i t h i n  f a t t y  a c i d  ,l%&ins, and t h e  ester  - t a i l  
* 

a t ,  and p a r a l l e l  t o  t h e  membrane ' s u ~ f a c e .  . 
5. a n  extended l i n e a r  conformation a t  and p a r a l l e l  t o  t h e  _ 

membrane s u r f a c e .  
7 

6 .  a n  ,extended l i n e a r  confor)nat ion i n  t h e  c e n t r e  o f  t h e  b i l a y e r  
l2 2 

' p a r a l l e l  t o  t h e  membrane sup face .  

7. a n  extended l i n e a r  conformation spanning t h e  b i l a y e r .  w i t h  . 

t h e  l o n g  molecular  a x i s  p a r a l l e l i n g  t h e  l e c i t h i n  f a t t y  a c i d  

c h a i n s ,  w i t h  t h e  steroid and f a t t y  a c i d  t a i l s  o f  t h e  ester atw 

o p p o s i t e  aqueous ' i n t e r f a c e s  o f  t h e  b i l a y e r .  - 

i 

' 8. '&i ' i nver ted  nhorseshoe t l '  conformation k t h  t h e  t a i l  o f  t h e  - , 

c h o l e s t e r o l  mo ie ty  and t h e  methyl  terminu&f t h e  e s t e r  f a t t y .  

a c y l  cha in  n e a r  t h e  membrane s u r f a c e .  

9 .  a  "horseshoe" conformation wi th  t h e  carbonyl  group  o f  t h h  
\ . I e s t e r  l i n k a g e  n e a r  t h e  ,membrane s u r f a c e  and both  t h e  s t e r o i d  .--= 

C- 
moie ty  and t h e  a c y l  cha in  p e n e t r a t i n g  t h e  hydrophobic r e g i o n  o f  

t h e  b i l a y e r .  

+- 
P o s s i b i J i t i e s  1 and 5 may b e  summarily e l i m i n a t e d  s i n c e  t h e y  

p l a c e  t h e  hydrophobic c h o l e s t e r o l  moie n  an aqueous environment .  P 



F r e e  c h o l e s t e r o l  i s  v i r t u a l l y  i n s o l u b l e  i n  water. a s  are c h o l e s t e r y l  

e s t e r s  ( 186 ) , The remain ing  s e v e n  p o s s i b i l i t i e s  must b e  c o n s i d e r e d  i n  

l i q h t  o f  t h e  e x p e r i m e n t a l  e v i d e n c e  a v a i l a b l e .  P o s s i b i l i t y  4 may b e  

e l i m i n a t e d  s i n c e  it p l a c e s  t h e  f a t t y  a c y l  t a i l  o f  t h e  e s t e r  i n  an 

aqueous  environment  where t h e  a s c o r b a t e  r e d u c t i o n  o f  t h e  l a b e l  s h o u l d  

be  e x t r e m e l y  r a p i d  i . e .  a t  leas t  a s  r a p i d  as t h e  h a l f  l i f e  o f  

a p p r o x i m a t e l y  4 min found w i t h  c h o l e s t a n e .  S i n c e  it h a s  been shown b y  

t h e  a s c o r b a t e  r e d u c t i o n  e x p e r i m e n t s  i n  DPL t h a t  C16 o f  t h e  ester is 

n e a r e r  t h e  c e n t r e  o f  t h e  b i l a y e r  t h a n  C5, p o s s i b i l i t i e s  3, 7 ,  and  8 

may a l s o  b e  d i s c a r d e d  s i n c e  t h e y  r e q u i r e  t h a t  C5 b e  f u r t h e r  from t h e  

membrane s u r f a c e  t h a n  C16. O r i e n t a t i o n s  2 and 6 r e q u i r e  t h a t  C5 and 

C16 o f  t h e  e s t e r  f a t t y  a c y l  c h a i n  l i e  a t  t h e  same d e p t h  i n  t h e  c e n t r e  

o f  t h e  membrane. These r e s u l t s  a p p e a r  t o  b e  c o n s i s t e n t  w i t h  t h e  rates 

o f  a s c o r b a t e  pe rmea t ion  found i n  EYL m u l t i l a y e r s  ( h a l f  l i v e s  f o r  I V ,  

and V o f  14-1 6i4 min) . However, i t  must b e  remembered t h a t  due t o  t h e  

f l u i d  n a t u r e  o f  EYL m u l t i l a y e r s ' ,  t h e  d e p t h s  of  t h e  c o r r e s p o n d i n g  a c i d  

l a b e l s  11, and I11 c o u l d  n o t  b e  d i s t i n g u i s h e d  i n  s p i t e  o f  t h e i r  known 

o r i e n t a t i o n  ( 1 7 ~ 1 8 ) .  T h e r e f o r e ,  o n  t h e  b a s i s  o f  t h e  a s c o r b a t e  

r e d u c t i o n  r a t e s  in DPL where i t  was p o s s i b l e  t o  d i s t i n q u i s h  between 

t h e  r a t e s  o f  r e d u c t i o n  o f  t h e  a c i d  p r o b e s  11. and I11 b e c a u s e  o f  t h e i r  

d i f f e r e n t  d e p t h s  i n  t h e  b i l a y e r ,  p o s s i b i l i t i e s  2 and  6 are e l i m i n a t e d .  

Both 2 ,  and  6 r e q u i r e  t h a t  C5 and C16 o f  t h e  ester c h a i n  are a t  t h e  

same d e p t h ,  d e e p  in t h e  c e n t r e  o f  t h e  b i l a y e r .  However, XU e a v e  a 

h a l f  l i f e  o f  a s c o r b a t e  r e d u c t i o n  o f  42*8 rnin i n  DPL, w h i l e  V gave  a 

h a l f  l i f e  o f  7 l* l2  min and t h e r e f o r e  C16 o f  t h e  ester f a t t y  a c y l  t a i l  

must  l i e  d e e p e r  w i t h i n  t h e  b i l a y e r  t h a n  .C5. 



- The s o l e  remaining conformation i s  9 ,  a horgeshoe wi th  t h e  e s t e r  . - 

l i n k a g e  n e a r  t h e  membrane s u r f a c e .  T h i s  o r i e n t a t i o n  Y s  a l s o  

- -  
. + '. 

c o n s i k t e n t  w i t h  th; o r d e r  prameters for IV:  and V Which were C 

P d i scus sed  p r e v i o u s l y  i n  t h i s  s e c t i o n .  i n  t h a t  V e x h i b i t s  a  low '* 

p o s i t i v e  o r d e r  parameter i n d i c a t i v e  o f  t h e  f l u i d  environment i n  t h e ,  ' 

c e n t r e  o f  t h e  b i l a y e r .  The 5-doxylpa lmi ta te  y s t e r ,  I V ,  e x h i b i t s  a  low I -  

-- 
I 

P A- 

n e g a t i v e  o r d e r  i . k .  t h e  n i t r o x i d e  2pV o r b i t a l  i s  o r i e n t e d  

4 a t  an hie of  less  than  45' from. t h e  p l ane  o f  t h e  membrane s u r f a c e ,  ' *? 

f 

more c l o s e l y  resembling t h e  o r i e n t a t i o n  o f  t h e  2prY o r b i t a l  o f  t h e  
- 

c h o l e s t a n e  -probe. I ,  t han  o f  i t s  cor responding  a c i d ,  11. 7'hi.s i s  

c o n s i s t e n t  w i t h  t h e  proposed hq r se shoe  ester c o n f i g u r a t i o n  first put  
t a  . 

a f o r t h  by J a n i a k  e t  a 1  ( 185 )  s i n c e  it p l a c e s  t h e  C5 ~ o s i t i o n  n e a r  t h e  -. 
4 '  

apex of  t h e  horseshoe which would tend  t o  a l ign" t h e  n i t r o x i d e  2pW 
I .  

4 

o r b i t a l  more c l o s e l y  p a r a l l e l  t o  t h e  membrane s u r f a c e .  r e s u l t i n &  i n  a . * z 

t 

n e g a t i v e  o r d e r  par-ter as c a l c u l a t e d  u s i n g  Equat ion 111-66. 'Ihe , 

p r o p s e d  conformat ions  o f  IV', and V a r e  shown i n  F i g u r e  28. a long  L i t h  

t h e  known o r i e n t a t i o n s  o f  1-111. 

. 1  

2. E f f e c t  o f  - c h o l e s t e r o l  

The e f f e c t  o f  add& c h o l e s t e r o l  on t h e  o r d e r  parameters  o f  I V .  

and V h a s  b e e d d ~ s c u s s e d  5,n S e c t i o n  5 . B .  1.  and t h e  d a t a  f o r  I V  a r e  

shown i n  F i g u r e  22. a long  k i t h  t h e  e f f k c t  o f  c h o l e s t e r o l  on t h e  first 

h a l f  l i f e  o f  a s c  o r b a t e  r e d u c t i o n .  " I n c r e a s i n g  c o n c e n t r a t i o n s  o f  

c h o l e s t e r o l  i n c r e a s e s  t h e  maqnitude o f  t h e  o r d e r  parameter  whi le  



O r i e n t a t i o n  and r e l a t i v e  d e p t h s  o f  v a r i o u s  

s p i n  p r o b e s ,  in l e c i t h i n  m u l t i l a y e r s .  S t r u c t u r e s  VI 

r e p r e s e ~ t  egg y o l k  l e c i t h i n  C o n t a i n i n g  s a t u r a t e d  and  
1 

u n s a t u r a t e d  f a t t y  a c i d  r e s i d u e s .  





I 

/ 

< 
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a, 

* 

d e c r e a s i n q  ;the first h a l f  life of '  t h e  n i t r o x i d e  r e d y c t i d n  t o  a va lue  
i 

on t h e  o r d e r  of -4-6 minu te s .  u g e s t  dec rease  is seen  to;occur',& .- 
h. - 

approximately ? 0 mole% i n t e r c a l a t e d  cho e s t e r d l  . ' S ince  it i s  known t ! /- 
t h a t  c h o l e s t e r o l  dec rgases  t h e  a n g l e  which t h e  1 4 h i  a x i s  o f  t h $  

0 , - 
phospho l ip id s  make w i t h  t h e  s u r f a c e  p l ane .  t h e  - i n c r e a s e  in t h e  

- magn i tude -o f  t h e  o r d e r  parameter  and t h e  ra'te o f  r e d u c t i o n  o f  t h e  s i n  -- B iP 

z. > 

l a b e l  may b e  due t o  a  r e o r i e n t a t i o n  o f - t h e  s t e r o i d  and f a t t y  a c i d  
% 

G I  - 
0 

A 6 
m o i e t i e s  o f  t h e  e s t e r .  Such a r e o r i e n t a t i o n  woulh no t  o n l y  t d  t o  P I 

d e c r e a s e  t h e  a n g l e  which, t h e  n i t r o x i d e  2pR o r b i t a l  makes with?t;he .' f 

l a m e l l a r  p lane .  b u t  would &so r e s u l t  i n  t h e  l a b e l  being r a t q t e d  ' 

c l o s e r  t o  t h e  b i l a y e r  s u r f a c e  r e s u l t i n g  i n  a  s h o r t e r  't .. 'me 

e l u c i d a t i o n  o f  t h i s  p o i n t  would r e q u i r e  canpu te r .  s imulab ion  o f  t h e  ' 
- - 

' cunplex s p e c t r a  o f  N ob ta ined  a t  i n t e r m e d i a t e  a n g l e s ,  and va ry ing  

c o n c e n t r a t i o n s  o f  i n t e r c a l a t e d  p l e s t e r o i .  

The e f f e c t  o f  i n c r e a s i n g  c h o l e s t e r o l  c o n c e n t r a t i o n s  on  t h e  r a t e  

o f  r e d u c t i o n  of t h e  n i t r o x i d e  o f  t h e  16-doxyls te&ate ' e i t e r ,  V .  was 
- 

a l s o  i n v e s t i g a t e d .  The r e s u l t s  a r e  shown i n  F i g u r e  23 a long  w i t h  t h e  
* 

: khanges in t h e  o r d e r  parameter  which were d i s cds sed  in Sect ion . ,5 .  B. 1 .  
- I L5$-..* ; 

While i n c r e a s i n g  amounts o f  c h o l e s t e r o l  i nc reased  t h e  o r d e r  parameter .  
i 

a s  was t h e  c a s e  f o r  t h e  5-doxylpa lmi ta te  e s t e r .  I V .  t h e  e f f e c t s  on t h e  

r a t e  ~f  a s c o r b a t e  permeat ion a r e  somewhat d i f f e r 2 n t .  The first h a l f  

l i f e  d e c r e a s e s  from a  va lue  o f  approximate ly  16 min i n  t h e  absence o f  
. - 

c h o l e s t e r o l  t o  5 .4  min a t  a  c o n c e n t r a t i o n  o f  4.7 mole$. I n c r e a s i n g  
9 
t h e  c h o l e s t e r o l  Eoncen t r a t i on  t o  9 . 1  mole$ r e s u l t e d  i n  a  f u r t h e r  - 



d e c r e a s e  t o  3.5 min/. F u r t h e r  i n c r e a s e s  in  c h o l e s t e r o l  

however. caused t h e  l t l t 2 .  t o  i n c r e a s e .  Thus a minimum 

I t l k 2  h u r v e  is  observed a t  a c h o l e s t e r o l  c o n c e n t r a t i o n  

app rox ima te ly  9 mole%. T h i s  suggesbs t h a t  c h o l e s t e r o l  

L ,  

- - 

e 
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I ,  

concent ra t i 'ons  

i n  t h e  
fY 

o f  I .* 

b 
-I I 

i n d u c e s  a t  B 

l e a s t  'two changes in t h e  s t r u c t u r e  of  t h e  'chol.estero1 e s t e r - l e c i t h i n  1 * ,  " " 3 $  

' 

. .  

m e r a n e .  o n e  a t  low conc6intratrons. and'  ano the r  a t  h ighe r  - &, . . 
- ' 

c o n c e n t r a t i o n s . ,  , 3 9 
. - *  

\" k h a v i o u r  o f - h i s  t ype  i s  n o t  wi thout  p r e c e d e ~ t .  The 
B 

s 

incorpo  ra t i .oneof  up t o  8 mole% c h o l e s t e r o l  intajDPL model membranes 

causes  an i n c r e a s e  in b i l a y e r  , t h i cknes s .  wh i l e  i n c o r p o r a t ' o n  o f  + 
0 

f u r t h e r .  amounts r e s u l t s  in s u b s e q u e n t ' d e c r e a s e s  ( 1 4 7 ) .  However, t h e  
/ 

C 

d a t a  a v a i l a b l e  a t  t h e  p r e s e n t  t ime  does  n o t  a l l ow  t h e \  f o r m u l a t i o n  o f  a  
L 

d e t a i l e d  model h i c h  i s  c o n s i s t e n t  w i t h  t h e  r e s u l t s  o b t a i n e d  f o r  bo th  - 

e s t e r  s p i n  p robes .  . . 
% 

3. E f f e c t  o f  c h o l e s t e r y l  pa lmi t a t e  on c  

% 
IIn view of t h e  dichotomy o f  t h e  e f f e c t s  o f  i n c b r p o r a t e d  

c h o l e s t e r o l  on t h e  f o r  V ,  t h e  converse  e f f e c t s  o f  i n c r e a s i n g  

c o n c e n t r a t i o n s  o f  un labe led  c h o l e s t e r o l  pa lmi t a t e  on t h e  r a t e  o f  a. 
A 

a s c o r b a t e  permeat ion t o  t h e  s i t e  o f  t h e  c h o l e s t a n e  n i t r o x i d e  were 

The r e s u l t s  a r e  d e p i c t e d  i n  Figure 24, a s  a r e  t h e  e f f e c t s L  

parameter  which were d i s c u s s e d  i n  S e c t i o n  5.8.1. The 

c o r p o r a t i o n  o f  2.9 mole% c h o l e s t e r y l  p h i t a t e  r e s u l t s  in a 



t h r e e f o l d  decrease  In t h e  r a t e  o f  decay  o f  t h e  ESR s i g n a l  o f  

c h o l e s t a n e ;  t h e  I t l l 2  i n c r e a s i n g  from approximate ly  4 min t o  12.6 

min. F u r t h e r  i n c r e a s e s  in t h e  amount o f  added c h o l e s t e r y l  p a l m i t a t e ,  

however, l e d  t o  more r a p i d  decay. Fo r  example. t h e  a d d i t i o n  o f  19.8% 

c h o l e s t e r y l  pa lmi t a t e  again y i e lded  a first h a l f  l i f e  o f  4.9 min. 

It is o f  s i g n i f i c a n c e  t h a t  b o t h  t h e  b r e a k  i n  t h e  o r d e r  parameter .  

and t h e  maximum f o r  t h e  'tl12 of r e d u c t i o n  o f  t h e  c h o l e s t a n e  s p i n  

probc: occur a t  approximate ly  4 mole% i n c o r p o r a t e d  c h o l e s t e r y l  

p a l m i t a t e ,  As d i scus sed  above,  it i s  p robab le  t h a t  above t h i s  

c o n c e n t r a t i o n ,  a s e p a r a t e  e s t e r  phase may e x i s t .  

I n  o r d e r  t o  i n v e s t i g a t e  t h e  ef fect  on  t h e  observed rate o f  I 

be ing  s o l u b i l i z e d  by a s e p a r a t e  phase of  e x c e s s  es ter ,  a sample 

c o n t a i n i n g  1 mole$ c h o l e s t a n e  was prepared i n  a manner ana logous  t o  

t h e  p r e p a r a t i o n  o f  phosphol ip id  m u l t i l a y e r s ,  w i t h  t h e  excep t  i o n  t h a t  

no l e c i t h i n  was p r e s e n t .  In  o t h e r  words, c h o l e s t a n e  was d i s p e r s e d  i n  

a m a t r i x  o f  s o l i d  ester. 

The r e s u l t a n t  spectrum o f  t h e  unhydrated sample e x h i b i t e d  one 

ex t remely  broad resonance (approximate ly  15 q a u s s  peak t o  peak) , 

Since  hyd ra t ion  d i d  no t  produce t h e  narrowing c h a r a c t e r i s t i c  o f  t h e  

o n s e t  o f  r a p i d  motion which h a s  been r e p o r t e d  upon t h e  h y d r a t i o n  o f  

l e c i t h i n  mu1 t i l a y e r s  c o n t a i n i n 8  c h o l e s t a n e  ( 5 4 ) ,  i t  is concluded t h a t  

t h e  n i t r o x i d e  i s  p r e s e n t  i n  an inhomogeneous hydrophobic environment.  



As stated previously, the presence of greater  than 4-5 mole% 

cholesteryl palmitate in EYL multi layers r e s u l t s  in  more rapid 

permeation of ascorbate t o  the s i t e  of the  cholestane ni t roxide.  I f  

t h i s  were, i n  par t ,  due to  the part i t ioning of cholestane in to  a 

separate e s t e r  phase, rapid decay of  the  ESR signal  would be expected 

fo r  cholestane present in  an es te r  milieu. However, the l t l I 2  f o r  

cholestane dispersed in  cholesteryl palmitate m s  found t o  be on the 

order of 210 min, indicating tha t  s igni f icant  par t i t ioning of 

cholestane into excess cholesteryl palmitate does not occur in EYL 

b i layers ,  T h i s  is in  agreement w i t h  the low so lub i l i t y  of  cholesterol 

in  cholesteryl e s t e r s  (186).  Therefore, the dual nature of the 

e f f e c t s  of cholesteryl palmitate on the ha l f  l i f e  of cholestane are  

deemed not t o  be due t o  a  phase part i t ioning of the l abe l  in to  excess 

e s t e r ,  but instead r e f l ec t  the influences of  cholesteryl  palmitate on 

es te r  incorporated in to  the phospholipid bi layer .  It is  c l ea r  also 

from the e f f e c t  of added cholesterol on the  e s t e r  labe ls .  I V  and V ,  

t h a t  the interact ions of  cholesterol ,  cholesteryl  e s t e r s ,  and l ec i th in  

.are qui te  complex. Since la rge  amounts of cholesterol  and cholesteryl 

e s t e r s  a re  present in atherosclerot ic  les ions.  the importance of these 

in te rac t ions  cannot be overstated. It has been shown tha t  small 

amounts of cholesterol  ( < I 0  mole%) af fec t  the a rchi tec ture  of the 

cholesteryl  es te r - lec i th in  mixed membrane. and that, ,  conversely, l e s s  

than 5 moles cholesteryl palmitate profoundly perturbs the  

access ib i l i t y  of the  cholesterol s teroid nucleus t o  ascorbate . The 

exact nature of these interact ions awaits the r e s u l t s  of future 



magnetic resonance s tudies  using speci f ica l ly  deuterated and 

perdeuterated cholesteryl e s t e r s  as  well a s  ' 3 ~  enriched es t e r s .  

B. Incorporation of Cholesteryl Esters in to  EYL Vesicles 

The early accumulation of small amounts of cholesteryl e s t e r s  may 

be a contributing fac to r  in  the onset of  atherosclerosis.  For the 

sake o f  continuity. the e f f e c t s  of the  incorporation of up t o  5 mold 

cholesteryl palmitate, o r  l inolea te  into EYL vesicles  has already been 

discussed in  Section 4H. 

It was found tha t  these e s t e r s  in excess of 5 mole% could not be 

incorporated in to  EYL vesicles .  T h i s  i s  in  agreement w i t h  previous 

workers (184-186) who found tha t  only 2-5 mole% of the unsaturated 

e s t e r ,  cholesteryl  l inolenate,  could be incorporated in to  a s ingle 

lecithin-cholesteryl e s t e r  lamellar phase. Attempts t o  increase the 

so lub i l i ty  of  cholesteryl palmitate in ves ic le  systems i n  the  present 

study by the  incorporation of cholesterol ,  A-tocopherol , card i o l  ipin , 

o r  lysoleci thin were unsuccessful. 

I n  view of the  small amounts of es ter  Hhich appeared t o  be 

solubilized in the ves ic les ,  experiments were performed in order t o  

characterize these mixed vesicle  systems. 



t -  
I 

One exper&ent  involved t h e  u se  o f  t h e  C16 n i t r o x i d e  
i 

l a b e l e d  w i 
i 

c h o l e s t e r y l  s t e a r a t e .  111. which was inco rpo ra t ed  i n t o  EYL v e s i c l e s  a t  i 

a  200: 1  mole r a t i o  ~ i l e  unlabe led  c h o l e s t e r y l  palm9tate  was added t o  

i n c r e a s e  t h e  amount o f  e s t e r  p r e s e n t  t o  5 mole% o f  t h e  t o t a l  l i p i d .  
i * I _  

An ESR spectrum o f  t h i s  v e s i c l e  prepara t , ion  was t h e n  de te rmined .  and e 3  

t 

& 4 
t h e  sample dialysed a g a i q t  - 3  changes  of  1000 m l  H20. Subsequent  

.' 
L .  - :  

d e t e r m i n a t i o n  ,of ESR s p e c t r a l  i n t e n s i t y  a t  i d e n t i c a l  s p e c t r m e t ~ r  , - + 

- 
s e t t i n i s  r e v e a l e d k t h a t  >90% o f g h e  l a b e l e d  e s t e r  was s t i l l  p r e s e n t .  , 

6-7 

' A 1 r n l  a l i q u o t  o f s t h e . v e s i c l e  sample was then  d i l u t e d . t o  2  m l  

wi th  t h e  a d d i t i o n  of  1 m l  of 2 x 1 0 ' ~ ~  sodium xsco rba t e ,  0.3M NaC1. 4 

Tks > e s u l t s  i n  a s c o r b a t e  c o n c e n t r a t i o n  o f  I X I O - ~ M .  Subssequent ESR O .  

s p e c t r a  were r eco rded ,  and t h e  r a t e  o f  d i s appea rance  .of t h e  low f i e l d  
A 

f 
resonance  was monitored a s  descr ibed  i n  S e c t i o n  2. E.2. The s i g n a l  was I 

3 

. $ 
a 

found t o  decay w i t h  a  f i r s t  h a l f  l i f e  ( I t A l 2 )  of  14.5 min. a s  2 
" I 

would be  expec ted  f o r  t h e  n i t r o x i d e  be ing  embedded i n  t h e  middle  o f  3 
a 

t h e  EYL m y e r .  T h i s  r a t e  o f  decay  'is i n c o r i s i s t e n t  w i th  t h e  l a d e l e d  
\." 

e s t e r  be ing  p r e s e n t  i n  a , s e p a r a t e  ester phase.  T h i s  p o s s i b i l i t y  was 
. a  

- 
-- -+ 

f u r t h e r  d i s coun ted  because o f  t h e  r e s u l t s  o f  a  s t u d y  i n  which l a b e l e d  

e s t e r  was d e p o s i t e d  i n  c h o l e s t e r y l  p a l m i t a t e  matrix' v i a  a  procedGe 
L 

ana logous  t o  p r e p a r a t i o n  o f  m u l t i l a y e r s .  It was found t h a t  t h e  

' i n t e n s i t y  o'f t h e  low f i e l d  resonance  decayed ex t remely  s l o w l y  & 

( t1 ,2>100 min) i n d i c a t i n g  t h a t  when t h e  e s t e r  l a b e l  i s  p r e s e n t  i n - a  

phase o f  e x c e s s  e s t e r ,  t h e  n i t r o x i d e  i s  q u i t e  i n a c c e s s i b l e  t o  
- 

a s c o r b a t e  i . e .  t h e  f i r s t  h a l f  l i f e  o f  14.5 min encountered f o r  t h e  ,\ 



e s t e r  incorporated in to  vesicles  is indicat ive tha t  the labe l  i s  

incorporated in to  the bi layer  membrane, and tha t  a phase of excess 

e s t e r  i s  not  present. The labeled e s t e r  would be expected t o  

pa r t i t i on  between the l ec i th in  lamellar phase, and the excess e s t e r  

phase, w i t h  a preference f o r  the l a t t e r  i f  the l a t t e r  were present. 

Gel f i l t r a t i o n  experiments were also performed using 

cholesteryl-1-' 'Ic-palmitate a s  a radioactive t racer .  EYL vesicles  

were prepared w i t h  a t o t a l  of 5 mole% co-added cholesteryl palmitate, 

applied t o  a 2 . 7 ~ 4 0  cm Sepharose 4 B  column, and eluted w i t h  0.05M Tris 

pH=7.22, 0.05M K C 1 ,  The elut ion p ro f i l e  is shown in  Figure 29. The 

bottom curve which depic ts  the opt ical  density of the  eluant a t  300 rm 

i s  quite s imilar  to  tha t  found by Sheetz and Chan ( 4 ) .  i n  tha t  it 

shows a shoulder a t  lower eluant volume indicative of  the presence of 

a m a l l  amount of  l a rge r  vesicles  (liposomes) in the preparation, 

while the l a rge r  peak a t t e s t s  t o  the preponderance of small ves ic les .  

Electron microscopy of pure EYL vesicles  and EYL vesicles  containing 

5 mole$ cholesteryl palmitate also revealed the presence of small 

ves ic les  (-300i) in diameter a s  well a s  the presence of some la rger  

liposomes. That the cholesteryl e s t e r  i s  incorporated in  these EYL 

ves ic les  is evinced i n  the two upper curves in Fig.29. The top curve 

shows the  amount of phosphorus present in the f rac t ions .  a s  determined 

by the method of Chen e t  a1 (188),  while the middle curve shows the 

amount of  labeled es te r  present in the various fract ions.  The overlap 

of these curves proves tha t  the cholesteryl e s t e r  is indeed incorporated 

into the l e c i t h i n  vesicles .  



Fig l i r e429 .  G e l ,  f i l t r a t i o n  o f  10% w/v egg 'yblk l e c i t h i n  . . 
v e s i c l e s  c o n t a i n i n g  5 mole% c h o l e s t e r y l  pa lmi ta te . .  .. 
Bottom: O . D .  a t  300 nm vs. e l u a n t  volume 

Middle: Counts  p&r minute, p e r  mlhvs. e l u a n t  volume . 
--i 

Top; u m l e s  phospha te  p e r  m l  v s .  e l u a n t  volume. - 
* 

. . 



.. Volume ( ' m l f  



C. 3~ NMR o f  Lec i th in -Cho le s t e ry l  E s t e r  D i spe r s ions  

I 
A s  d i s c u s s e d  p r e v i o u s l y .  5  mole% a p p e a r s  t o  be  t h e  maximum amount 

t o  which c h o l e s t e r y l  e s t e r s  may b e  i nco rpo ra t ed  i n t o  l ~ i t h i n  

v e s i c l e s .  Attempts  t o  s o l u b i l i z e  c h o l e s t e r y l  pa lmi ta t&.  o r  l i n o l e a t e  

i n  an aqueous phase were n o t  & c c e s s f u l  even above t h e  m e l t i n g  p o i n t  
i 

o f  t h e  e s t e r :  m d  wi th  t h e  a i d  o f  t h e  ' d e t e r g e n t s  SDS o r  Tween-20., 

It was found,  

1 i n o l e a t e  cou ld  be 

l i posomes  prepared 

however. t h a t  25 mole% c h o l e s t e r y l  p a l m i t a t e  o r  

suspendid i n  40% w/v EYL o r  DPL m u l t i l a m e l l a r  

i n  D20 f o r  up t o  1 2  h r s  and i n  0.3M ' s u r c rose  f o r  
-. 

s e v e r a l  d a y s .  These samples  appeared mac roscop ica l ly  homogeneous. In 

l i g h t  o f  p r ev ious  work (184-186).  i t  i s  probable  t h a t  t h e  e x c e s s  

e s t e r ,  which is p r e s e n t  a s  a  s e p a r a t e  phase ,  i s  e i t h e r  t r apped  between 

t h e  "onion  sk in"  l a y e r s  o f  t h e  EYL l iposomes .  o r  is p r e s e n t  a s  pa tches  r 

w i t h i n - t h e  hydrophobic r eg ion  o f  t h e  b i l a y e r s .  Such a  system of EYL. 

and c h o l e s t e r y l  e s t e r .  i t  was t h o u g h t ,  might mimic t h e  f a t t y  s t r e a k s  L 

wf i~ch  c h a r a c t e r i z e  primary s c l e r o t i c  t i s s u e  s i n c e  t h e s e  s t r e a k s  a r e  

h o w n  t o  b e  comprised o f  approximate ly  95% c h o l e s t e r y i  ester ( 1 8 9 ) .  

T G ~  NMR s p e c t r a  o f  EYL m u l t i l a m Q h r  l iposomes .  and 

l iposomes  w i t h  25 mole% added c h o l e s t e r y l  p a l m i t a t e  a t  3 7 ' ~  a r e  

shown i n  F i g u r e  30. These s p e c t r a  a r e  v e r y  s i m i l a r ,  as are t h e  

T1 r e l a x a t i o n  t i m e s  which a r e  presen ted  i n '  Table  

spectrum (bot tom)  y i e l d s  a  "base l ine t t  i n d i c a t i n g  

p a l m i t a t e  c o n t r i b u t e s  n e g l i g i b l y  t o  t h e  observed 

t h a t  t h e  c h o l e s t e r y l  

i n t e n s i t y .  
,-. 







Table  X X  . 

, 

9 

l 3 c T l  r e l a x a t i o n  t i m e s  o f  l e o i t h i n  c a r b b s  f o r  40%- 
T 

W / V  EYL . d i s p e r s i o n s  in 0 .3  M s u c r o s e .  and . f o r  40% w/v 

EYL d i s p e r s i o n s  c o n t a i n i n g  2 5  mole% c h o l e s t e r  1 p a l m i t a t e .  

EY L EYL + c h o l e s t e r y l  p a l m i t a t e  

0.52 0.44 

Carbon 

a MR = n o t  r e so lved  



On t h e  o t h e r  hand. t h e  spectrum o f  EYL l iposomes  c o n t a i n i n 5  2 5  

mole% c h o l e s t e r y l  l i n o l e a t e ,  which i s  shown i n  F i ~ u r e  31, e x h i b i t s  

much s h a r p e r  resonances .  A t  37'~.  c h o l e s t e r y l  l i n o l e a t e  is i n  t h e  

i s o t r o p i c  l i q u i d  s t a t e  ( ~ , = 3 5 . 5 ~ ~ ) ,  w h i l e  t h e  s a t u r a t e d  ester. 

c h o l e s t e r y l  p a l m i t a t e ,  i s  i n  i t s  s o l i d  s t a t e .  Unfor tuna te ly .  t h e  

resonances  o f  f a t t y  a c i d s  e s t e r i f i e d  t o  c h o l e s t e r o l ,  and t h o s e  

e s t e r i f i e d  t o  l e c i t h i n  ove r l ap .  The o n l y  peak which may b e  ass igned  

t o  l e c i t h i n  a lone  a t  t h i s  po in t  i s  t h a t  o f  N L - N + ( c F ~ ) ~  carbons .  

I n  o r d e r  t o  e lm i d a t e  t h e  o r i g i n  o f  t h e  s h a r p  components o f  t h e  

spectrum of t h e  EYL-cholesteryl l i n o l e a t e  mixed l iposomes ,  f u r t h e r  

exper iments  were under taken  us ing  t h e  f u l l y  s a t u r a t e d  phosphol ip id  . 
d i p a l m i t o y l  l e c i t h i n .  The spectrum o f  a  DPL m u l t i l a m e l l a r  d i s p e r s i o n  

i n  0.3M Suc rose  a t  3 7 ' ~  i s  shown i n  F i g u r e  32. Note t h a t  t h e  on ly  

resonance  r e so lved  due t o  DPL i s  t h a t  o f  t h e  N+(CH ) carbons .  3 3  

Even t h i s  resonance  is s e v e r e l y  broadened ( w i d t h  a t  h a l f  h e i g h t  = 70 

Hz) s i n c e  t h e  phosphol ip id  is  below i ts  g e l - l i q u i d  c r y s t a l l i n e  phase 

t r a n s i t i o n  t empera tu re  (Tm=4 1•‹c). A l l  o f  t h e  s h a r p  r e sonances  

down f i e l d  from t h e  trimethylammonium resonance  a r e  due t o  s u c r o s e .  

T h i s  spectrum may b e  compared wi th  t h a t  ob t a ined  f o r  DPL 

l iposomes  c o n t a i n i n g  2 5  mole% c h o l e s t e r y l  l i n o l e a t e  under  i d e n t i c a l  

c o n d i t i o n s  (bot tom t r a c e ,  F i g u r e  3 2 ) .  A t  37'~.  t h e  c h o l e s t e r y l  

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

s t a t e .  While t h e  l e c i t h i n  trimethylammonium resonance  is s t i l l  



C 

P - 

F i g u r e  31. N M R  s p e c t r u m  o f  a 40% w/v d i s p e r s i b n  b f  

egg y o l k  l e c i t h i n  i n  0 . 3  M s u c r o s e  contain in^ 

c h o l e s t e r y k  l i n o l e a t e  a t  37'~: Sweep 

F i e l d  i n c r e a s e s '  t o  t h e  riqht. 

width  5000 Hz. 





F i g u r e  , 32 .  13c NMR s p e c t r a  a t  3 7 ' ~  o f  d i p a l m i t o y l  

l e c i t h i n  and d i p a l m i t o y l  l e c i t h i n - c h o l e s t e r y l  l i n o l e a t e  

d i s p e r s i o n s .  Top: 40% w/v DPL i n  0 . 3  M s u c r o s e  . 

Bottom: 40% w/v d i s p e r s i o n  o f  DPL i n  0 .3  M s u c r o s e  c o n t a i n i n g  

25 mole% c h o l e s t e r y l  l i n o l e a t e .  

Sweep width = 5000 Hz. F i e l d  i n c r e a s e s  t o  t h e  r i g h t  



e x t r e m e l y  broad.  n o t e  t h e  i n t e n s i t y  and s h a r p n e s s  o f t t h e  resonances  -in. ' 
- 

t h e  o l e f i n i c  r e g i o n .  The u p f i e l d  and down f i e l d  o l e f i n i c  resonances  

ay  be  uneauivocably a s s igned  t o  t h e  10. 12 and 9 .13  carbons .  

F s p e c t i v e l y .  o f  t h e  l i n o l e a t e  r n o i e t y o f  t h e  c h o l e s t e r y l L e s t e r  s i n c e  

1 
A' 

a 

DPL p o s s e s s e s  two f u l l y  s a t u r a t e d  f a t t y  a c i d  c h a i n s .  Secondly ,  a  - 

4 

f a m i l y  of s h a r p  l i n e s  is  p r e s e n t  u p f i e l d  i n  t h e  r e g i o n  o f  t h e  a l k y l  

ca rbons .  These re.sonances due t d  t h e  c  o r i s t e ry l  e s t e r  a r e  r e l a t i v e l y  ? 
L - n a o w ,  sug;esting t h e  presence  o f  p o o l s  o f  f l u i d  s t e r o l  es ter- .  

The t o p  t r a c e  o f  F i g u r e  33 shows t h e  13c spectrum of  pu re  DPL 

l iposomes  a t  52 '~.  11' above t h e  g e l - l i q u i d  c r y s ' t a l l i n e  t r a n s i t i o n  

t empera tu re .  In  a d d i t i o n  t o  t h e  trimethylammonium resonance .  t h r e e  - 
o t h e r  v e r y  broad resonances  a r e  r e s o l v e d .  namely t h a t  due t o  ca rbons  

4-13 of t h e  p a l m i t a t e  c h a i n s .  t h a t  due t o  t h e  penu l t ima te  c a r b o n s  

(w-I ) which a p p e a r s  a s  a  h igh  f i e l d  shou lde r ,  and t h a t  due t o  t h e  

t e r m i n a l  methyls  ( r e sonance  a t  h i g h e s t  f i e l d ) ' .  w. These r e sonances  

a r e  s e v e r e l y "  broadened when compared t o  t hose  o f  DPL v e s i c l e s  a t  
3 .  

5 2 ' ~  d &  t o  t h e  much Longer r o t a t i o n a l  r e o r i e n t a t i o n  times o f  t h e  . .  

m u l t i l a m e l l a r  l iposomes .  The spectrum o f  DPL-cholesteryl l i n o l e a t e  
& 

5 2 ' ~  i s  shown i n  t h e  middle  t r a c e  o f  F i g u r e  33. It - 
should  be noted t h a t  i n  Addi t ion  t o  s h a r p  r e sonances  due, t o  t h e  

0 

l i n o l e a t i ;  mo ie ty ,  resonances  a r e  a l s o  res61ved f o r  ca rbons  o f  t h e  

s t e r o i d  nuc leus .  n o t a b l y  t h o s e  o f  t h e  u n s a t u r a t e d  c a r b o n s  C 5  a ~ l d  C6 
, 0 

which f l a n k  -the l i n q l e a t e  .o le f in j -c  c a r b & s .  Assignments a r e  g iven  in 
ff  

Tabfe X X I .  The d i f f e r e n c e  spectrum (DPL w i t h  c h o l e s t e r y l  l i n o l e a t e  - 



F i g u r e  33. 13c NMR s p e c t r a  a t  5 2 ' ~  b f  d i p a l m i t o y l  l e c  

and d i p a l m i t o y l  l e c i t h i n - c h o l e s t e r y l  l i n o l e a t e  d i s p e  pin $ i o n s  

' i n  0 . 3  M s u c r o s e .  Top: 40% w/v DPL , Middle:  40% w/v 
> 

-- 1' 

DPL d i s p e r s i o n  c o n t a i n i n g  2 5  mole% c h o l e s t e r y l  l i n o l e a t e :  

Bottom: Midd le  s p e c t r u m  minus t o p  s p e c t r u m .  Sweep 

- w i d t h  = 5000 Hz. F i e l d  i n c r e a s e s  t o  t h e  r i g h t .  





.. 

- 
Table XXI . 

Peak 

NMR ass ignments  f o r  c h o l e s t e r y l  l i n o l e a t e  c a r b o n s  

i n  40% w/v d i s p e r s i o n s  o f  DPL c o n t a i n i n g  25 mole% 
P c, c h o l e s t e r y l  l i n o l e a t e  a t  5 2 O ~ .  Primes r e f e r  t o  c a r b o n s  

o f  t h e  l i n o l e a t e .  c h a i n .  

;,z G 

Assignment 
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minus DPL) is  i n  t h e  bottom t r a c e  o f  F i ~ u r e  33. Even above t h e  

Tm of DPL. t h e  i n t e n s i t y  o f  t h e  s h a r p  s p e c t r a l  l i n e s  i s  c o n t r i b u t e d  ' 

- t o  o n l y  by t h e  e s t e r ,  aythough c e r t a i n  o f  t h e s e  peaks a r e  superimposed 

on v e r y  broad phosphol ip id  resonances .  
3 

One q u e s t i o n  rema.ins. m a t  i s  t h e  s t a t e  o f  t h e  c h o l e s t e r y l  

l i n o l e a t e ?  From t h e  work o f  J a n i a k  e t  a 1  ( 1 8 5 ) .  i t  may b e  r e a s o n a b l y  

assumed t h a t  l e s s  t han  5% o f  t h e  e s t e r  i s  p r e s e n t  i n  a  homogeneous 

phosphol ipid-este ' r  lamellar phase.  t h e  e x c e s s  e s t e r  b e i n g  p r e s e n t  a s  a  

s e p a r a t e  phase.  

V 

Thi s  s e p a r a t e  i s o t r o p i c  phase of  c h o l e s t e r y l  l i n o l e a t e  may b e  

e i t h e r  p r e s e n t  a s  s m a l l  l i q u i d  d r o p l e t s  cap tu red  i n  t h e  aqueous phase . .- 

between t h e  l a m e l l a e  o f  t h e  l i posomes ,  o r  perhaps a s  pa t ches  o f  e s t e r  , 

* 
in t h e  hydrocarbon i n t e r i o r  o f  t h e  b i l a y e r s .  Thus.. such  a  system may 

p a r a l l e l  t h e  me s m o r p h i c  d r o p l e t s  which c h a r a c t e r i z e  a t h e r o s c l e r o t i c  

1 e s i o n s  . 

2 A s  p r e v i o u s l y  mentioned.  t h e  ' 3 ~  T~ r e l a x a t i o n  times f o r  EYL 

alone.,  and t h e  EYL-cholesteryl p lh i ta te  d i s p e r s i o n  are ve ry  s i m i l a r ,  

s i n c e ,  i n  t h i s  c a s e ,  t h e  s p e c t r a l  i n t e n s i t y  i s  due t o  t h e  l e c i t h i n  

c a r b o n s .  Th i s  i n d i c a t e s  t h a t  t h e  presence  of p a t c h e s  o f  s o l l d  ester 

d o e s  n o t  s i g n i f i c a n t l y  p e r t u r b  t h e  average  environment o f  t h e  

phosphol ip id  molecules .  Although up t o  5  mole% o f  t h e  e s t e r  may b e  

p r e s e n t  i n  'a  homogeneous 1 ec i t h i n - c h o l e s t e r y l  e s t e r  l a m e l l a r  phase ,  
L 



~ -s 
I 

.' * 

, t h e  1 3 ~  T l l s  r e f l e c t  an average  va lue  o f  t h o s e  f o r  phosphol ip id  

molecules  which a r e  a d j a c e n t  t o  e s t e r  molecules .  and Chose f o r  . 

phospholipi'd molecules  which a r e  n o t .  Thus, l i t t l e  chanqe would be 
., 

expec ted  i n  t h e  observed r e l a x a t i o n  t i m e s .  S i m i l a r l y .  s e p a r a t e  

pa t ches  o f  e s t e r  w i l l  a f f e c t  r e l a t i v e l y  few l e c i t h i n  molecules  

r e s u l t i n g  i n  l i t t l e  change i n  t h e  expe r imen ta l l y  de te rmined  T l  1s. 

The T I  r e l a x a t i o n  t i m e s  f o r  l e c i t h i n  d i s p e r s i o n s  w i t h  

i n c o r p o r a t e d  c h o l e s t e r y l  l i n o l e a t e  on t h e  o t h e r  hand r e f l e c t  t h e  
1 - 

mot iona l  freed.orn of  t h e  e s t e r  s i n c e  it i s  t h e  e s t e r  ca rbons  which 

c o n t r i b u t e  t o  t h e  s p e c t r a l  i n t e n s i t y .  These 13C T~ r e l a x a t i o n  

t i m e s  a r e  g i v e n ) i n  Table  X X I I .  The r e l a x a t i o n  t i m e s  a r e  much s h o r t e r  
* 

than  t h o s e  ob t a ined  p r e v i o u s l y  f o r  t h e  l e c i t h i n  ca rbons . .  wh i l e  t h e  

l o n e  resonance  in t h i s  c a s e  which may b e  a s s igned  t o  t h e  phosphol ip id  

( the N+( C H ~ ) ~  ) carbons)  . y i e l d s  a  r e l a t i v e l y  unchanged 

a t i o n  t i i e  (0 .52s  v s  0 . 5 0 s ) .  T h i s  would seem t o  i n d i c a t e  t h a t  

t h e  d r o p l e t s  o f  e x c e s s  e s t e r  a r e  n o t  associated wi th  t h e  l e c i t h i n  

he adgroup r egf on .  

I 

It i '  remarkable  t h a t  t h e  l i n o l e a t e  moiety o f  t h e  c h o l e s t e r o l  

e s t e r  e x h i b i t s  such low s p i n - l a t t i c e  r e l a x a t i o n  t i m e s .  The TI I s  a r e  

approximate ly  h a l f  t h o s e  observed f o r  l e c i t h i n  f a t t y  a c i d  c h a i n s ,  
4 

a l though  t h e s e  v a l u e s  d o  i n c r e a s e  a s  t h e  c h a i n  t e rminus  is  approached ,  

T i m e s  o f  0 .24.  0.51. 0 .61 and 1.98 s a r e  a e t e q n i n e d  f o r  t h e  

( C H 2 ) n ,  w-2, w-1 and w ca rbons .  r e s p e c t i v e l y .  Thus a  f l u i d i t y  



, Table XXII * .  

13c T I  re laxat ion times f o r  cho les te ry l  Pinoleate carbons 

* i n  40% w l v  G Y L  d i spers ions  containing 25  mole% choles&gyl 

Carbon 

l i n o l e a t e  - 



g r a d i e n t  e x i s t s  a l o n g  t h e  c h o l e s t e r y l  e s t e r  c h a i n .  However. t h e  lower  

v a l u e s  ind i c a t e  more Limited m o b i l i t y  t han  exper ienced  by phospho l ip id  

f a t t y  a c i d  c h a i n s  a t  t h e  same t empera tu re .  T h i s  phenomenon h a s  been 

p r e v i o u s l y  noted f o r  one o f  t h e  l i n o l e a t e  c a r b o n s ,  C14, o f  ep r i ched  

c h o l e s t e r y l  l i n o l e a t e  p r e s e n t  ' in a  t u r b i d  d i s p e r s i o n  o f  l e c i t h i n .  

sphingomyelin,  c h o l e s t e r o l -  and c h o l e s t e r o l  l i n o l e a t e  ( 2 1 , 2 2 ) .  The " 

i va lue  o f  0 .25  s de te rmined  f o r  t h e  '%14 r e l a x a t i o n  time i n  t h a t  
2 

i n v e s t i g a t i o n  is  i n  e x c e l l e n t  agreement w i t h  t h e  v a l u e  o f  0.26 s 

determined f o r  t h e  1 ec i t h i n - c h o l e s t e r y l ,  l i n o l e a t e  d i s p e r s i o n .  

Such low r e l a x a t i o n  times f o r  t h e  l i n o l e a t e  r e sgnances  i n d i c a t e  a  . 

low r a t e  and /o r  h igh  o r d e r  of  motion of  th'ir a c y l  c h a i n s .  i n d i c a t i n g  
\ 

t-J 

t h a t  e x c e s s  e s t e r  may b e  t i g h t l y  packed,  even whi le  i n  i t s  l i q u i d  

phase.  

a  who1 

5 
HoweTer, t h e  r o t a t i o n a l  c o r r e l a t i o n  times--of t h e s e  d r o p l e t s  a s  

1 
-L 

e  m 4 b e  q u i t e  r a p i d  i n  o r d e r  t o  g i v e  rise t o  t h e  m o t i o n a l l y  
1 
4 

narrowed 3~ resonance  s i g n a l s  i .'e. j u s t  a s  t h e  r o t a t i o n  of  

phosphol ip id  v e s i c l e s  a s  a  whole g i v e s  r i s e  t o  h i g h  r e s o l u t i o n  

NMR s i g n a l s .  t h e  e s t e r  d r o p l e t s  must be undergoing r a p i d  r e o r i e n t a t i o n  

i n  o r d e r  t o  g i v e  r ise  t o  t h e  r e s u l t a n t  sharp, - r e sonances .  

It has  been r e p o r t e d  (190 )  t h a t  ex t remely  small q u a n t i t i e s -  

( 0.1-0.5%) of c h o l e s t e r y l  esters may be  suspended i n  aqueous s o l u t i o n  
1 

above t h e  m e l t i n g  p o i n t  o f  t h e  es ter .  Consider ing t h e  l a r g e  amounts 

o f  e s t e r  used i n  t h e  p r e s e n t  s t udy .  i t  i s  h i g h l y u n l i k e l y  t h a t  t h e  
1 

e x c e s s  e s t e r  i s  suspended a s  d r o p l e t s  i n  t h e  aqueous phase.  Ra ther .  



i t  i s  more p robab le  t h a t  smal l  e s t e r  d r o p l e t s  a r e  a s s o c i a t e d  w i th  t h e  

hydrophobic r e g i o n  o f  t h e  ph5spholJpid b i l a y e r .  I f ,  f o r  example. t h e  

e s t e r  c a s  p r e s e n t  i n  a  homogeneous l e c i t h i n - e s t e r  phase ,  t h e  e s t e r  

- would be  expec ted  t o  expe r i ence  t h e  s low r e o r i e n t a t i o n  o f ,  t h e  l a r g e  

- l e c i t h i n  l i posomes ,  and consequent ly  g i v e  r ise t o  broad NMR 

s i g n a l s .  However, a  s m a l l  d r o p l e t  o f  ester above i t s  t r a n s i t i o n  

t empera tu re  would be  expec ted  t o  undergo r o t a t i o n a l  r e o r i e n t a t i o n  a t  a  - 
5 

d 

f a s t e r  r a t e  than p o s s i b l e  f o r  l a r g e  l e c i t h i n  l iposomes .  Such a  model' 

couid  e x p l a i n  t h e  motdonal ly  narrowed s p e c t r a  o f  c h o l e s t e r y l  
-- - 

'- 
l i n o l e a t e  a t  3 7 ' ~ .  

These l e c i t h i n - c h o l e s t e r y l  ester ems a r e  ex t remely  s t a b l e .  
i) 

No d e t e c t a b l e  amount o f  e s t e r  s e p a r a t e d  out ove r  t h e  c o u r s e  o f  s e v e r a l  :. >.. z? "-9 
. # -- :< %-$- 

days .  The e s t e r  i s  a s s o c i a t e d  w i th  t h e  l e c i t h i n  l i posomes ,  

s o l u b i l i z e d  by t h e s e  l-iposomes, and t h u s .  t h i s  system i s  a  good model 

f o r  t h e  c h o l e s t e r y l  ester d r o p l e t s  and f a t t y  s t r e a k s  which 

c h a r a c t e r i z e  a t h e r o s c l e r o t i c  t i s s u e .  In  a d d i t i o n ,  t h e  i n c o r p o r a t i o n  

o f  l a r g e  q u a n t i t i e s  o f  c h o l e s t e r o l  i n t o  t h i s  system should  more 

c l o s e l y  mimic t h e  n a t u r a l  sys tem,  s i n c e  c h ~ l e s t e r o ~  may b e  
-- - - 

i n c o r p o r a t e d  up t o  a  1  :,I mole r a t i o  o f  1 e c i t h i n : c h o l e s t e r o l .  Excess  

c h o l e s t e r o l  above t h i s  amount should be  expec ted  t o  be  s o l u b i l i z e d  t o  , 

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

c h o l e s t e r o l  on t h e  e s t e r + p a y b e  moni tored .  



D. Aorta Membrane 

1 .  3 1 ~  N M R -  

The p ro ton  decoupled 31p NMR spectrum of t h e  unson ica t ed  a o r t a  

membrane prepared  a s  desc r ibed  i n  S e c t i o n  2. B.5 is shown in F i g u r e  34. 

Th i s  spectrum. which r e p r e s e n t s  t h e  accumulat ion o f  16,000 t r a n s i e n t s  

e x h i b i t s  a  s o l i  which i s  , c h a r a c t e r i s t i c  o f  chemical  
b 

s h i f t  a n i s o t r o p y  o f  t h e  phosphorus n u c l e i  o f '  t h e  phospho l ip id s  

(74-81 ) . The s h a r p  component has  a  chemical  s h i f t  o f  0 .7  ppm 

u p f i e l d  from e x t e r n a l  85% H3POq 

The phospho l ip id s  o f  c l a s s  I1 a o r t a  a r e  known t o  be  made up o f  

26.7% l e c i t h i n .  4.4% l y s o l e c i t h i n ,  59.4% s p h i n g m y e l i n  and 9 .5% . -. r 
c e p h a l i n  ( 191 ) . S i n c e  t h e s e  l i p i d s  a l l  h a v e b s l m i l a r  3'p chemica l  

s h i f t s  (+2 ppm f'rm h PO i n  C H C l  s o l u t i o n )  (192) .  t h e  3  4  3  

i n d i v i d u a l  l i p i d s  would no t  b e  .expected t o  be, reso lved  i n  t h e  c o a r s e  

unsonica ted  d i s p e r s i o n .  It should be noted t h a t  t h e  r e s i d u a l  chemical 

s h i f t  a n i s o t r o p y b d :  which i s  t h e  d i f f e r e n c e  in chemica l  s h i f t  between 

t h e  two extreme edges o f  t h e  resonance .  i s  approximate ly  30 ppm. T h i s  

i s  c o n t r a s t e d  by t h e  r i g i d  l a t t i c e  v a l u e s  ob t a ined  from powder s p e c t r a  

o f  l e c i t h i n  and c e p h a l i n  a i c h  y i e lded  a n i s o t r o p i e s  o f  150-200 ppm 

( 7 6 , 7 9 ) ,  T h i s  c o l l a p s e  

t e n s o r  due t o  motion o f  

i 

is i n d i c a t i v e  

t h e  phosphate  
O f  ,ye r a g i n g  o f  t h e  s h i e l d i n g  

headgroups . 



4- F i g u r e  34. 3 1 ~  NMR spectrum o f  unson ica t ed  a o r t a  membrane 

p r e p a r a t i o n ,  37 '~ .  Sweep width = 10.000 Hz. F i e l d  

i n c r e a s e s  t o  t h e  right. 





Upon s o n i c a t i o n  o f  &&coarse d i s p e r s i o n  ( l iposomes)  , t h e  31P 

spectrum ( F i g u r e  35)  c o n s i s t s  o f  a  s i n g l e  resonance  wi th  a  h a l f w i d t h  

oJ 45 Hz, 0 .8  ppm downfield from e x t e r n a l  85% H3P04. S o n i c a t i o n  
- 

o f  t-he coa r se  suspens ion  r e s u l t s  in a s u b s t a n t i a l  d e c r e a s e  $ t h e  , 

v i s c o s i t y  o f  t h e  sample from an  a lmos t  s o l i d - l i k e  t o  a  l i q u i d - l i ' k e  

s t a t e ,  l e a d i n g  t o  a  much more r a p i d  tumbling of  t h e  s m a l l e r  p a r t i c l e s  

and conse cquent s p e c t r a l  narrowing. 

The e x a c t  form o f  t h e  p a r t i c l e s  is  n o t  known i . e .  whether t h e y  

a r e  v e s i c u l a r  o r  m i c e l l a r  i n  n a t u r e .  However, i f  v e s i c u l a r  s t r u c t u r e s  

a r e  p r e s e n t ,  i t  may b e  p o s s i b l e  t o  d i f f e r e n t i a t e  t h e  i n n e r  and o u t e r  

W s u r f a c e s  by  the '  a d d i t i o n  o f  param_agneti& s h i f t  r e a g e n t ,  i f  t h e  r a t e  o f  

permeat ion o f  t h e  l a n t h a n i d e  i g  s u f f i c i e n t l y  s low.  
4 

The a d d i t i o n  o f  150 u l  of 0.1M FT3+ t o  t h e  s o n i c a t e d  d i s p e r s i o n ,  

r e ' su l t  s in a  s i n g l e  broad resonance ( h a l f w i d t h  = 1 0  ppm) approximats ly  

5  ppm downfield from t h e  o r i g i n a l  resonance, T h i s  cou ld  be i n d i c a t i v e  

e i t h e r  of  r a p i d  p e w & i o n  A o f  t h e  l a n t h a n i d e ,  o r  t h e  absence of-  
- r Y  

v e s i c u l a r .  s t r u c t u r e s ,  a l t hough  v e s i c u l a r  type ,  membrane s t r u c t u r e s  have - 
- --  . - 

been observed f o r  a o r t a  membranes prepared by d i f f e r e n t i a l  

c . e n t r i f u g a t i o n  t echn iques  ( 1 9 3 ) .  

The a d d i t i o n  o f  300 u l  of  0.2M EDTA results in  t h e  reappearance  

o f  a  s i n g l e  narrow resonance  1.3 ppm u p f i e l d  from e x t e r n a l  85% H3P04 

( F i g u r e  35)  w i t h  a  h a l f w i d t h  o f  23 Hz. h he f u r t h e r  sharpening  and t h e  



Figu re  35. High power pro ton  n o i s e  decoupled 

of  s o n i c a t e d  a o r t a  membrane. YIP NMR spectrum 

Top: Before  t h e  a d d i t i o n  o f  Pr?.  oht tom: Af t e r  
-4- 

t h e  a d d i t i o n  o f  Pr3+ and EDTA. Sweep width = 200.0.H~. 

F i e l d  i n c r e a s e 9  t o  t h e  r i g h t .  





u p f i e l d  s h i f t  o f  approximate ly  0.5 ppm o f  t h i s  resonance  from t h a t  which 

j h s  o b t a i n e d  p r i o r  t o  pr3+ a d d i t i o n  i n d i c a t e s  t h e  p re sence  o f  t r a c e s  
k 

of  p o l y v a l e n t  me ta l  i o n s  which a r e  known broaden and s h i f t  phosphorus 

resonance s i g n a l s  ( 1 9 4 ) .  I no rgan ic  c o n s t i t u e n t s  o f  t h e  a o r t i c  wall a r e  
- 

known t o  i n c l u d e  ca lc ium.  magnesium. and i r o n  ( 195) .  The a d d i t i o n  
, 

EDTA removes t h e s e  m e t a l  i o n s .  

The spectrum shown in. F i g u r e  35 r e p r e s e n t s  t h e  co -add i t i on  o f  

blocks'  o f  4,000 t r a n s i e n t s  e a c h .  Cklce a g a i n .  t h e  sharpening  o f  t h e  
5 9 %  

re.sonance up& EDTA a d d i t i o n  i n d i c a t e s  e i t h e r  r a p i d  permeat ion o f  EDTA 

through c l o s e d - s t r u c t u r e s ,  o r  t h e  exposure  o f  t h e  phosphol ip id  b ind ing  - 

si tes  f o r  me ta l  i o n s  t o  t h e  b u l k  s o l u t i o n .  

Th i s  p r e l i m i n a r y  i n v e s t i g a t i o n  h a s  shown t h a t  membrane 

p r e p a r a t i o n s  o f  t h e  human a o r t a  do g i v e  r i s e  t o  w l l  r e so lved  3 l p  

NMR s p e c t r a ,  and t h e r e f o r e  t h i s  t e chn ique  ho lds  promise f o r  f u t u r e  . 
i n v e s t i g a t i o n s  which should .  a l s o  i n c l u d e  an i n v e s t i g a t i o n  o f  t h e  

+ > n a t u r e  o f  t h e  p a r t i c l e s  produced.- It i d  c l e q .  however. t h a p  even 

p r i o r  t o  s o n i c a t i o n ,  t h e  headgroups o f  t h e ' c o n s t i t u e n t  phospho l ip id s  

a r e  r a t h e r  mobi le ,  as i n d i c a t e d  by t h e  l i n e w i d t h  pribr t o  s o n i c a t i o n .  

3 1 ~  NMR h a s  t h e  d i s t i n c t  advantage  t h a t  t h e  resonance  observed i s  

due t o  t h e  phospho l ip id s  on ly .  w i t h  no c o n t r i b u t i o n  due t o  

nonphosphorus c o n t a i n i n g  c o n s t i t u e n t s  ('e,g t r i g l y c e r i d e s ,  c h o l e s t e r o l ,  

and c h o l e s t e r o l  es ters) .  It should b.e noted i n  t h i s  r e g a r d  t h a t  i n  

s p i t e  o f  t h e  s h a r p n e s s  o f  t h e  resonance  s i g n a l  o f  t h e  s o n i c a t e d  



m i x t u r e ,  t h e  t ime r e q u i r e d  f o r  t h e  e e t e r m i n a t i o n  o f  t h e  s p e c t ~ u m  is 
d 

r a t h e r  long .  Whereas t h e  spectrum shown i n  F i g u r e  35 i s  t h e  r e s u l t  o f  

t h e  accumula t ion  o f  some 16.000 t r a n s i e n t s ,  s p e c t r a  w i th  a  s i m i l a r  
i ' , 

s i g n a l  t o  no i se  r a t i o  may b e  o b t a i n e d  from 105 w/v l e c i t h i n  ves i e$ep  
i 

i n  a p p r o ~ i m ~ t e l y  200 , scans .  Th i s  i s  i n d i c a t i v e  ,of t h e  r e l a t i v e l y  l o w  - 
Y 

c o n c e n t r a t i o n  o f  phosphol ip id  i n  a o r t i c  t i s s u e .  T h i s  f a c t  w i l l  become 
4 

- 

c l e a r e r  upon an examinat ion o f  t h e  13c spectrum oT t h e  s o n i c a t e d  

a o r t a  p r e p a r a t i o n  which i s  d i scus sed  i n  t h e  fo l l owing  s e c t i o n  ( S e c t i o n  

2. 13c NMR 

The a o r t a  sample used f o r  t h e  de te rmir ia t ion  o f  t h e  31p s p e c t r a  
. 

was d i a l y s e d  agaiSlst d i s t i l l e d  m t e r  a s  desc r ibed  i n  S e c t i o n  2. B.5 t o  

remove suc rose .  and t h e  i no rgan ic  i o n s  added d u r i n g  t h e  c o u r s e  o f  t h e  

3 1 ~  RMR exper iments .  

I 
- 

The 13c NMR $pectrum of t h e  s o n i c a t e d  a o r t a  i s  shown i n  F i g u r e  
i 

36 and r e p r e s e n t s  some 120.000 t r a n s i e n t s  a c p m u l a t e d  wi th  a  550 

f l i p  a n g l e ,  and an  i n t e r p u l s e  time o f  2  seconds.  The Fesonances a r e  

narrow,  i n d i c a t i v e  o f  l i p i d s  i n  a  mobile  environment .  i n  s p i t e  o f -  t h e  
-- - -/i 

probab le  presence  o f  l a r g e  amounts o f  c h o l e s t e r o l  which is known t o  

broaden t h e  3~ s p e c t r a  o f  l e c i t h i n  v e s i c l e s  ( 1 2 ) .  The r e sonances  

d e s i g n a t e d  "al1 a r e  due t o  r e s i d u a l  s u c r o s e .  e i t h e r  bound t o  t h e  

sample,  o r  perhaps t rapped  wi th in  v e s i c u l a r  o r  mu l t i l a rne l l a r  



F i g u r e  36. 13c NMR spectFum o f  s o n i c a t e d  a o r t a .  37'~. 

Top: Sweep w i d t h  = 5000 Hz. F i e l d  i n c r e a s e s -  t o  t h e  

r i g h t .  Bottom: Expans ion  o f  t h e  r e g i o n  10.7 t o  56.9 ppm 

d o w n f i e l d  from TMS. 





s t r u c t u r e s .  It i s  u n l i k e l y  h o e v e r  t h a t  tfiese r '&sanances . a r e  due 60 
. *  . 1 

a- 

s i n c e  t h e s e  Qr*e lkownstso make up o i ~ I ~ - a b o u t  %$ o f  t h e  
$ '  

I =  . " 

+ t o t a l  l i p i d  6 P . a b r t i c  t5ss& (196) .  
i, 

The appearance o f  s u c r o s e  resonances  in t h e  13C NMR s p e c t r m  is 

i n  i t s e l f ,  i n t r i g u i n g .  The . p o s s i b i l i t y  o f  incomplete  d i a l y s i s  J 

. f o l l d t r i ng  t h e  d e t e r m i n a t i o n  o f  t h e  3 1 ~  s p e c t r a  i s  improbable  s i n c e  

: y n a n c e s  due t o  t h e  T r i s  b u f f e r ,  which 

r e s o l v e d ,  were n o t  p r e s e n t  ( 8 ) .  The 

d i a l y s i s  may a r i s e  from e  he r  i t s  b i i d i n g  t o  some c&nent  o f  t h e  J" 
a o r t a  membrane, o r  from i t s  be ing  t r apped  i n s i d e  v e s i c u l a r  s t r u c t u r e s  

formed upon s o n i c a t i o n  o f  t h e  c o a r s e  d i s p e r s i o n .  The l a t t e r  c a s e  h a s  
" - .  

been observed wi th  v e s i c l e  p r e p a r a t i o n s  o f  r a b b i t  muscle s a r cop la smic  

I n  o r d e r  t o  acco t f o r  t h e  cont inued  presence  o f  s u c r o s e ,  t h e  t ,  
'i fo l l owing  experiment  was performed. A 1.05 gm a l i q u o t  o f  t h e  

p r e v i o u s l y  s o n i c a t e d  4 o r t a  p r e p a r t i o n  was d i l u t e d  wi th  3 m Q H20* and 
d iv ided  i n t o  two a l i q u o t s .  To t h e  first was added only  

[ 4 ~ ~ - s u c  r o s e ,  3x1 O - ~ M  ( low s u c r o s e  sample) , whi l e  t o  t h e  o t h e r  

14 
J 

was added [ C]-sucrose t o g e t h e r  wi th  s u f f i c i e n t  un labe led  suc rose  
I 

t o  b r i n g  t h e  t o t a l  suc rose  c o n c e n t r a t i o n  up t o  1.OM ( h i g h  suc rose  

sample)'. The two a l i q u o t s  were t hen  r e s o n i c a t e d  under  n i t r o g e n  a t  

1 1•‹c f o r  approximate ly  10 minu te s ,  and subsequen t ly  d i a l y z e d  

s e p a r a t e l y  a g a i n s t  t h r e e  changes o f  2000 m l  H20 f o r  a  t o t a l  t ime  o f  

47 hou r s .  I 



e q u i l i b r a t i o n  f o r  each d i a l y s i s  s t e p ,  t h i s  should  

6 l e ad  t o  a  d i l u t i o n  f a c t o r  o f  approximate ly  10 , i f  no b ind ing  o r  

t r a p p i n g  o f  s u c r o s e  o c c u r s .  However, a d i l u t i o n  o f  o n l y  approximate ly  
a 

3  80 times o c c u r s  f o r  t h e  low suc rose  a l i q u o t  and of 2 . 5 ~ 1 0  t i m e s   for 
# 

* 

t h e  h igh  suc rose  a l i q u o t .  The t o t a l  amount r -e ta ined  f o r  t h e  low 

suc rose  a l i q u o t  was 1.3% of  t h a t  added ( 3 . 9 ~ 1 0 ' ~  umoles) w h i l e  t h e  
- 

t o t a l  amount r e t a i n e d  f o r  t h e  h igh  suc rose  a l i q u o t  was 0.4% of' t h a t  
J 

added ( 3g4umoles) . Thus, w h i l e  t h e  t o t a l -  amount o f  s u c r o s e  r e t a i n e d  
- I 

i s  q u i t e  s m a l l ,  a  h i g h e r  pe rcen tage  was r e t a i n e d  f o r  t h e  low suc rose  

sample.  T h i s  cou ld  r e s u l t  from a  sma l l  amount o f  s u c r o s e  b ind ing  t o  

some membrane component, f o r  i f  suc rose  was t rapped  i n s i d e  v ~ e s i c  a r  Y 
s t r u c t u r e s ,  t h e  same p r c e n t a g e  r e t e n t i o n  o f  [ 4 ~ ] - s q c r d s e  should  be  

expected f o r  bo th  h igh  and low suc rose  samples .  Thus. tehe q u a n t i t y  o f  

any  v e s i c l e s  which are impermeable t o  suc rose  is r a t h e r  low. It i s  

a l s o  improbable t h a t  t h e  more i n t e n s e  s h a r p  resonandes  i n  t h e  13C 
C 

NMR spectrum a r e  due t o  f i b r o u s  e l a s t i n '  ( 1 9 7 ) ,  bu t  r a t h e r  a r e .  a s s igned  
, 

t o  t h e  f a t t y  a c y l  c h a i n s  o f  t r i g l y c e r i d e s ,  c h o l e s t e r y l  e s t e r s .  and 

phospho l ip id s .  Assignments a r e  g i v e n  in Table  "XXIII. The r e sonances  

f o r  t h e s e  membrane c o n s t i t u e n t s  a r e  ove r l app ing  i . e .  r e sonances  , f o r  

t h e  w-1 ca rbons  o f  f a t t y  a c i d  c h a i n s  occu r  a t  t h e  same chemical  s h i f t ,  

whether  e s t e r  i f i e d  t b  c h o l e s t e r o l ,  o r  - g l y c e r o l .  The re fo re  t h e  

NPlR spectrum b e a r s  a  s t r o n g  resemblance t o  t h a t  o b t a i n e d  f o r  EYL 

v e s i c l e s .  Of t h e  f a t t y  a c i d s .  a  l a r g e  number a r e  u n s a t u r a t e d ,  w i t h  

peaks be ing  reso lved  f o r  bo th  s i n g l y  and doubly u n s a t u r a t e d  e s t e r s .  



Table  XXIII 

1 
.- 

' 3 ~  Chemical s h i f t s  o f  s o n i c a t e d  a o r t a .  37 '~ .  

- - ' ? =  
+ 

The chemical  s h i f t s  were measure% r e l a t i v e  t o  e x t e r n a l  

. . HMDS and c o r r e c t e d  r e l a t i v e  t o  TMS. 

Carbon Chemical S h i f t  ( ppm) 
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The major  d i f f e r e n c e  between t h e  spectrum i n  F i g u r e - 3 6 ,  and t h a t  

o f  l e c i t h i n  v e s i c l e s  above t h e  t r a n s i t i o n  t 'emperature i s  t h e  v e r y  low 

r e l a t i v e  i n t e n s i t y  o f  t h e  N+(cH ) resonance  a t  54 .7  ppm. T h i s  3 3 

r e f l e c t s  t h e  low c o n c e n t r a t i o n  o f  t h e  p h o s p h o l i p i d s - l e c i t h i n ,  and 

sphingomyelin,  which are p r e s e n t  i n  t h e  a o r t a  sample.  The major  

c o n t r i b u t i o n s  t o  t h e  i n t e n s i t y  o f  t h i s  spectrum must t h e r e f o r e  

o r i g i n a t e  from nonphosphol i p i d  c o n z i t u e n t s  , such a s  t r i q l y c e r i d e s  . 
and c h o l e s t e r y l  e s t e r s .  To g i v e  r ise  t o  such nar- l i n e w i d t h s ,  t h e s e  

molecules  must be .  i n  a  f l u i d  environment.  a s  .was s een  t o  be  t h e  c a s e  

fGr  c h o l e s t e r y l  l i n o l e a t e  in i t s  i s o t r o p i c  l i q u i d  s t a t e  &en p r e s e n t  
t 

Therefore  a o r t i c  t i s s u e  c o n t a i n s  s u f f i c i e n t  amounts o f  

unsa tu ra t ed  f a t t y  a c i d  e s t e r s  t o  g i v e  r i s e  t o  well r e so lved  l 3 c  NMR 

s p e c t r a .  T h i s  f a c t  may prove  t o  be  o f  importanc'e in t h e  i n v e s t i g a t i o n  

' o f  t h e  p r o g r e s s i v e  development o f  a t h e r o s c l e r o s i s .  S ince  appa ren t  . 

* 
T 2  measurements have been shown Lo b e  v e r y  s e n s i t i v e * t o  s u b t l e  

changes  i n  membrae  s k r u c t u r e  ( 1 5 ) .  l i n e w i d t h  measurements o f  a o r t a  

membrane p r e p a r a t i o n s  f o r  va ry ing  s t a g e s  o f  t h e  d i s e a s e  may b e  

i l l u m i n a t i n g .  T i m e  r equ i r emen t s  a t  p r e s e n t  however make t h e  

d e t e r m i n a t i o n  of I3c TI r e l a x a t i o n  t i m e s  imprac ' tkcal .  



, J  CHAPTER 6 
. L 

COKCLUSION 

A .  Vitamin E ,  Phyto l .  and P h q a n i c  Acid " , 

The i s o p r e n o i d s ,  Vitamin E. p h y t o l .  and phy tan i c  a c i d  have been 
/ 

s u c c e s s f u l l y  i n c o r p o r a t e d  i n t o  l e c i t h i n  v e s i c l e s  up t o  a  1:1 mole 

r a t i o  f o r  t h e  l e c i t h i n - p h y t o l  mixed v e s i c l e s ,  and up t o  a  3: 1  mole 
% 

r 
r a t i o  ( l e c i t h i n  : i s o p r e n o i d )  f o r  t h e  l ec i t h in -Vi t amin  E, and 

l e c i t h i n - p h y t a n i c  a c i d  systems.  
- 

The i n t e r c a l a t i o n  o f  p h y t o l ,  Vitamin E, o r  phy tan i c  a c i d  h a s  been 

shown t o  g r e a t l y  i n c r e a s e  t h e  f l u i d i t y  o f  t h e  mixed membrane. a s  , 

monitored by -13c T I  r e l a x a t i o n  times.. The d i s r u p t i v e  e f f e c t  was 
A 

found t o  i n c r e a s e  in t h e  o r d e r  p h s o l  < Vitamin E < phy tan i c  a c i d .  
, 

For  example, ,  t h e  i n c o r p o r a t i o n  o f  25 mole% Vitamin E i n c r e a s e s  t h e  

13c T I  r e l a x a t i o n  times f o r  t h e  l e c i t h i n  f a t t y  acid c a r b o n s  by 

50-1808, whi le  t h e  l a r g e s t  i n c r e a s e s .  which were found upon t h e  

i n c o r p o r a t i o n  o f  25 mole$ phy tan i c  a c i d ,  were on t h e  o r d e r  o f  

150-200%. However, l i t t l e  change i n  l e c i t h i n  T l t s  was noted upon 

t h e  i n c o r p o r a t i o n  o f  25 mole$ o f  t h e  unbranched a c i d ,  p a l m i t i c  a c i d .  
- .  f ' 

The p e r t u r b a t i o n s  caused by t h e  i n c o r p o r a t i o n  o f  ph y t o l  , Vitamin 

E.  and phy tan i c  a c i d  ds monitored by t h e  'Tlls have beep found 



- 

t o  c o r r e l a t e  wi th  p e r m e a b i l i t y  i n c r e a s e s  o f  mixed phosphol ip id-phyty l  

A t  33 '~ .  t h e  p e r m e a b i l i t y  o f  egg yolk  l e c i t h i n  G e s i c l e s  was 

i n c r e a s e d  by approximate ly  8 times upon t h e  i n c o r p o r a t i o n  o f  25 mole% - 
phy to l ,  by app rox ima te ly  48 t i m e s  upon t h e  i n c o r p o r a t i o n  o f  25 mole% 

Vitamin E. and by approximate ly  2900 t i m e s  upon t h e  i n c o r p o r a t i o n  o f  

25 mole% phy tan i c  a c i d .  I n  o t h e r  words. t h e  p e r m e a b i l i t y  o f  t h e  two 

component ( l e c i t h i n  : phy ty l ) '  v e s i c l e s  i n c r e a s e s  in  t h e  o r d e r  phy to l  < - 
Vitamin E < phy tan i c  a c i d .  Th$s is  t h e  same o r d e r  i n  h i c h  t h e  l 3c  

T1 r e l a x a t i o n  t i m e s  i n c r e a s e .  I n c o r p o r a t i o n  o f  a  s m a l l e r  amount o f  . - 
Vitamin E which approaches  p h y s i o l o g i c a l  concen t r a t i ons .  ( 3  mole%) . .  

s t i l l  r e s u l t s  in a  p e r m e a b i l i t y  i n c r e a s e  t o  300% of  t h e  r a t e  f o r  pure 
T I 

egg yolk  l e c i t h i n  v e s i c l e s .  A s  s een  above w i t h  13c s p i n  l a t t i c e  P 

r e l a x a t i o n  'effects. ,  no change i n  t h e  r a t e  o f  ~ r 3 +  permeat ion * I 

was,observed upon t h e  i n c o r p o r a t i o n  o f  25 mole% o f  t h e  unbranched . 
C 

a c i d ,  palm i t i c  a c i d .  

i s  k n o k  t h a t  p h y t o l ,  Vitamin E,.and phy tan i c  a c i d  form 

expandeb monolayers when spread  a t  an a i r -wa te r  i n t e r f a c e  ( 4 6 ) .  In -~ r- 
a d d i t i o n ,  Vitamin E. u n l i k e  c k q l e s t e r o l  o r  palmitic ac id ;  i s  n o t  a b l e  

t o  f i t  i n t o  c a v i t i e s  between a d j a c e n t  phosphol ip id  molecules  i n  
c 

l e c i t h in -Vi t amin  E mixed monolayers ,  bu t  r a t h e r  d i s p l a c e s  i t s  fu l l  

a r e a  r equ i r emen t ,  Thus. t h e  d i s r u p t i v e  . e f f e c t s  of, p h y t o l .  Vitamin E 

- .4 

and phy tan i c  a c i d  have been exp la ined  i n  terms of  t h e  d i f f i c u l t y  i n  
i 

- accommodatini th& branched cha in  compounds i n  an o rde red  b i l a y e r  , 



arrangement .  and decreased  1 i p i d - l i p i d  packinq d e n s i t y .  Concomitant 

d e c r e a s e s  in t h e  Van d e r  Waals a t t r a c t i v e  f o r c e s  between a d j a c e n t  

l i p i d s  would r e s u l t  i n  a  d e s t a b i l i z a t i o n  o f  t h e  mixed b i l a y e r .  

Therefore .  i t  i s  p o s s i b l e  t h a t  c e r t a i n  p h y s i o l o g i c a l  effects  of  

t h e  branched cha in  compounds, Vitamin E ,  p h y t o l  and phytan ic  a c i d ,  may 

b e  s t r u c t u r a l  i n  o r i g i n .  For example, Refsum's d i s e a s e  is 

c h a r a c t e r i z e d  by t h e  p re sence  o f  large amounts o f  phy tana t e  in t h e  

ne rve  t i s s u e  (up  t o  24% of  t h e  f a t t y  a c i d s  o f  t h e  c h o l i n e  

g lyce rophospha t ides )  (96). P a t i e n t s  a f f l i c t e d  wi th  t h i s  d i s o r d e r  

canno t  &ox id i ze  and deca rboxy la t e  phy tan i c  a c i d .  and consequent ly ,  

t h i s  branched cha in  f a t t y  a c i d  accumulates .  The r e s u l t  i s  a s e v e r e  

degene ra t i on  o f  t h e  nervous system. n e u r o l o g i c a l  d e f e c t s .  and even tua l  

d e a t h .  It would appear t h a t  t h e  s e v e r e  demye l ina t ion  c h a r a c t e r i s t i c  

of Refsum's d i s e a s e  may b e  caused by t h e  d e s t a b i l i z a t i o n  o f  t h e  myel in  

s h e a t h  by phy tan i c  a c i d .  

Also,  s e v e r a l  i n v e s t i ~ a t i o n s  (198-201) have shown t h a t  a 

c o r r e l a t i o n  e x i s t s  between. t h e  f u n c t i o n  o f  membrane bound c o o p e r a t i v e  

enzymes such a s  (Mg2+.  ~ a * + ) - ~ ~ ~ a s e  and membrane f l u i d i t y .  While 

a  c e r t a i n  d e g r e e  o f  membrane f l u i d i t y  i s  n e c e s s a r y  f o r  t h e  enzyme 

a c t i v i t y ,  t h e  overaccumulat ion o f  branched cha in  compounds may l e a d  t o  

t o o  g r e a t  an amount o f  free movement w i t h  d i s a s t r o u s  consequences 

which may i n c l u d e  a  f a i l u r e  o f  compar tmen ta l i za t i on .  Thus. t h e  

i n c o r p o r a t i o n  of .  branched cha in  compounds i n t o  model membranes r e s u l t s  



i n  a  d e s t a b i l i z a t i o n ,  i n c r e a s e d  f l u i d i t y .  and i n c r e a s e d  pe rmeab i l i t y .  

These e f f e c t s  which have been shown t o  b e  s t r u c t u r a l  i n  o r i g i n  may 

have impor t an t  p h y s i o l o ~ i c a l  . , consequences.  

The p o s i t i o n  occupied  by t h e  branched cha in  compound, p h y t o l .  i n  
- 

t he -  l e c i t h i n - p h y t o l  b i l a y e r  h a s  been determined by means o f  an 

i n t e r m o l e c u l a r  l f n e a r  electric f i e l d  e f f e c t  upon t h e  13c chemica l  

s h i f t s  o f  t h e  phy to l  o J e f i n i c  c a r b o n s  C2 and C3. The i n c o r p o r a t i o n  o f  

phyto l  i n t o  phosphol ip id  b i l a y e r s  exposes  t h e  phy to l  ~ 2 - ~ 3 '  o l e f i n i c  . 

p a i r  t o  an e l e c t r i c  f i e l d  o r i g i n a t i n g  , i n  t h e  l e c i t h i n  h y d r o p h i l i q  

r e g i o n  a t  t h e  membrane s u r f a c e .  The r e s u l t  f o r  phy to l  i nco rpo ra t ed  
3 

i n t o  egg yo lk  l e c i t h i n  v e s i c l e s  a t  5 2 ' ~  i s  an  u p f i e l d  s h i f t  o f  0.46 * 

I 

ppm f o r  C2, and a  downfield s h i f t  o f  0.51 ppm f o r  C3. T h i s .  

c h a r a c t e r i s t i c  upfield-down field chemical s h i f t  i s  caused by an 

e l e c t r i c  f i e l d  which o r i g i n a t e s  a t  t h e  membrane s u r f a c e  induc ing  a  

p o l a r i z a t i o n  o f  t h e  p h y t o l  o l e f i n i c  bond such ' t h a t  t h e  carbon  n e a r e r  - 
t h e  s u r f a c e ,  C2, expe r i ences  an inc reased  e l e c t r o n  d e n s i t y  and i t s  

resonance  is consequen t ly  s h i f t e d  u p f i e l d .  The carbon  fur t -her  

from t h e  membrane s u r f a c e  e x p e r i e n c e s  a  decreased  e l e c t r o n  d e n s i t y  and . 

its 13c Pesonance s i g n a l  i s  s h i f t e d  downf ie ld  by an approximate ly  

equa l  amount. Not o n l y  a r e  t h e s e  s h i f t s  i n  t h e  c o r r e c t  d i r e c t i o n  'for 

an o r i e n t a t i o n  o f  phy to l  such t h a t  t h e  phy to l  double  bond i s  

approximate ly  4.7A below t h e  p l a n e  o f  t h e  l e c i t h i n  headgroup. bu t  . 

a l s o ,  changes  in t h e  'magnitude o f  t h e  f i e l d  e f f e c t  th rough v a r i a t i o n  

o f  t h e  e l e c t r i c  f i e l d  by a  change i n  phosphol ip id .  o r  by t h e  a d d i t i o n  



o f  i o n s ,  a r e  in c l o s e  agreement w i th  t h e o r e t i c a l  p r e d i c t i o n s .  Very - -. 

r e c e n t l y .  molecular  o r b i t a l  c a l c u l a t i o n s  o f  t h e  e f f e c t  on 13c 
'9 

chemical  s h i f t s  f o r  hydrocarbon frameworks caused by t h e  p re sence  o f  

an e l e c t r i c  *d ipo le  have al%been i n t e r p r e t e d  i n  t e rms  o f  a  s imple  
P 

bond p o l a r i z a t i o n  model ( 1 2 8 ) .  E l e c t r i c  f i e l d  e f f e c t s  on 
. < 

chemical  s h i f t s  have been r e p o r t e d  p r e v i o u s l y  f 124.202.203 ) . However. 

' these f i e l d  e f f e c t s  a r e  i n t r a m o l e c u l a r  i n  o r i g i n .  Thus, t h e  

i n c o r p o r a t i o n  o  i n t o  phosphol ip id  v e s i c l e s  is  a  rare example 

o f  an e l e c t r i c  f i e l d  e f f e c t .  

.K 
B. C h o l e s t e r y l  E s t e r s  

The aEBumulation o f  c h o l e s t e r y l  e s t e r s  in t h e  intimal l a y e r  o f  

t h e  a o r t a  has  been a s s o c i a t e d  wi th  t h e  p r o g r e s s i v e  develqpment o f  

a t h e r o s c l e r o s i s ,  b u t  l i t t l e ~ a t t e n t i o n  h a s  been paid t o  t h e  e f f e c t s  o f  

t h e  i n i t i a l  bu i ldup  a t  a molecular  l e v e l .  As t h e  d i s e a s e  p r o g r e s s e s ,  

t h e  a b s o l u t e  amount o f '  fr 'ee c h o l e s t e r o l  and c h o l e s t e r y l  esters b o t h  

i n c r e a s e  s u b s t a n t i a l l y ,  e v e n t u a l l y  forminq up t o  70% o f  t h e  t o t a l  - 

l i p i d  p r e s e n t .  The bu i ldup  o f  c h o l e s t e r o l  e s t e r  i s  most d r ama t i c .  

t 
The c h o l e s t e r o l  e s t e r / f r e e  c h o l e s t e r o l  r a t i o  f o r  d i s e a s e  f r e e  Type 0  

t i s s u e  i s  5.6/8.0,  w h i l e  f o r  more advanced Type I11 t i s u s e  it rises t o  

33.8/19.3 (102 .204) ,  a -2 .5- fo ld  i n c r e a s e  from a  r a t i o  o f  0 .7  (Type 0 )  

t o  1 .75 (Type 111). It i s  p o s s i b l e  t h a t  changes in t h e  a o r t a  du r ing  

t h e  i n i t i a l  s t a g e s  o f  a t h e r o s c l e r o s i s  a r e  dependent  upon t h e  amount o f  
0 

c h o l e s t e r y l  e s t e r  which i s  p r e s e n t .  



The r e s u l t s  which have 

,-. 
s t r u c t u r e  and p rope r t ' i e s  o f  

and t h e  mutual i n t e r a c t i o n s  

c h o l e s t e r o l  esters,  t h e r e b y  

i n t e r a c t i o n s  which occur  in 

, f -  

4 
been p re sen t ed  here.  g i v e  i n s i g h t  i n t o  t h e  

i 

membranes c o n t a i n i n g  c h o l e s t e r y l  e s t e r s ,  

o f  phospho l ip id s .  c h o l e s t e r o l  and 

o f f e r i n g  i n s i g h t  i n t o  t h e  molecular  t 

a t h e r o s c l e r o t i c  t i s s u e .  The main 5 

c o n c l u s i o n s  o f  t h i s  s t u d y  are summarized below: 

1. Small  amounts o f  c h o l e s t e r y l  e s t e r ,  up t o  5 mole$ may b e  

- 
i n c o r p o r a t e d  i n t o  phosphol ip id  v e s i c l e s .  The i n c o r p o r a t i o n  h a s  - 

been demonstrated wi th  t h e  u se  of a  r a d i o a c t i v e  t r a c e r  t e c h n i q u e .  
\ 

% 

a s  we l l  a s  ESR exper iments  employing s p i n .  l a b e l e d  c h o l e s t e r y l  

e s t e r s  . - 

2. The e f f e c t  o f  t h e  i n c o r p o r a t i o p  o f  

p a l m i t a t e .  which i s  i n  i t s  s o l i d  s t a t e  

o f  t h e .  NFlR exper iments )  . i n t o  l e c i t h i n  

t h e  p e r m e a b i l i t y  o f  t h e  mixed membrane 

5 - 
5 mole% c h o l e s t e r y l  

a t  3 3 ' ~  ( t h e  t empera tu re  

v e s i c l e s  is  t o  i n c r e a s e  
0 

t o  ~ r 3 +  c a t i o n s  by 

approximate ly  10-fold and t o  EDTA a n i o n s  by > 1000-fold.  This 

e f f e c t  i s  o p p o s i t e  t o  t h a t  caused by t h e  i n t e r c a l a t i o n  o f  

c h o l e s t e r o l  ( 9 9 ) .  Thus, t he .  _pe rmeab i l i t y  p r o p e r t i e s  o f  t h e  
I 

a o r t i c  membrane should  depend upon t h e  r e l a t i v e  r a t i o  o f  f r e e  t o  

e s t e r i f i e d  c h o l e s t e r o l  wbich i s  p r e s e n t .  a r a t i o  which changes  a s  

a t h e r o s c l e r o s i s  p r o g r e s s e s .  



3. The i n c o r p o r a t i o n  o f  5 mole% c h o l e s t e r y l  l i n o l e a t e  i n t o  

l e c i t h i n  v e s i c l e s  at 33 '~ .  h a s  been shown t o  have no e f f e c t ,  

upon t h e  pe rmeab i l t y  o f  t h e  mixed membrane t o  t h e  ~ r 3 '  c a t i o n .  

The u n s a t u r a t e d  e s t e r ,  a t  t h i s  t empera tu re .  i s  i n  a  more f l u i d  
r 

l i q u i d  c r y s t a l l i n e  form i . e .  above Tm. Therefore .  t h e  

p r o p e r t i e s  o f  t h e  membranes c o n t a i n i n g  c h o l e s t e r y l  e s t e r s  depend 

n o t  o n l y  on t h e  r e l a t i v e  amounts o f  f r e e  and e s t e r i f i e d  

c h o l e s t e r o l .  b u t  a l s o  on t h e  r e l a t i v e  amounts o f  s a t u r a t e d  and 

u n s a t u r a t e d  c h o l e s t e r y l  e s t e r s .  . 

4 .  Larger  q u a n t i t i e s  o f  c h o l e s t e r y l  e s t e r s .  25 mole% o f  t h e  

t o t a l  l i p i d  p r e s e n t .  have been d i s p e r s e d  i n  mac roscop ica l ly  

homogeneous egg yo lk  l e c i t h i n  rnu l , t i '~amel la r  1 iposomes. A t 3  
L 

37 '~ .  t h e  presence  o f  t h e  s a t u r a t e d  e s t e r .  c h o l e s t e r y l  

p a l m i t a t e .  wh i l e  in i ts  s o l i d  phase.  h a s  1" i t t l e  e f f e c t ' o n  t h e  

f l u i d i t y  o f  t h e  l e c i t h i n  f a t t y  a c y l  c h a i n s  a s  ev idenced  by l 3 c  

T I  r e l a x a t i o n  t i m e s .  No resonances  due t o  t h e  s a t u r a t e d  e s t e r  

a r e  r e s o l v e d .  However, a t  3 7 ' ~ .  i t  i s  p o s s i b l e  t o  r e s o l v e  

s h a r p  n a t u r a l  abundance 13c resonance  s i g n a l s  f o r  bo th  t h e  
+ 

c h o l e s t e r o l  and f a t t y  a c i d  chakn m o i e t i e s  o f  t h e  u n s a t u r a t e d  

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

phase.  T h i s  system t h e r e f o r e  h o l d s  promise in t h e  i n v e s t i g a t i o n  

o f  t h e  n a b r e  o f  t h e  f a t t y  s t r e a k s  and mesomorphic d r o p l e t s  which 

c h a r a c t e r i z e  s c l e r o t i c  t i s u s e .  These l e s i o n s  a r e  known t o  b e  

made up o f  approximate ly  95% c h o l e s t e r y l  e s t e r s .  



5. E l e c t r o n  s p i n  resonance  s t u d i e s  based on t h e  r a t e  o f  a s c o r b a t e  

permeation t o  t h e  s i t e  o f .  n i t r o x i d e  sp in  l a b e l e d  c h o l e s t e r y l  

esters inco rpo ra t ed  i n  d i p a l m i t o y l  l e c i t h i n  m u l t i l a y e r s  have  

shown t h a t  c h o l e s t e r y l  esters are inco rpo ra t ed  i n t o  t h e  model 

membranes i n  a l lhorseshoelt  t ype  o f  c o n f i g u r a t i o n  wi th  t h e  ester 

1 inkage n e a r  t h e  aqueous i n t e r f a c e ,  and both t h e  c h o l e s t e r o l  and 

f a t t y  a c i d  m o i e t i e s  deep ly  embedded i n  t h e  hydrophobic reg ion .  

6. Low amounts ( <  1 0  mole%) of i nco rpo ra t ed  c h o l e s t e r o l  i n c r e a s e  

t h e  r a t e  o f  a s c o r b a t e  permeat ion t o  t h e  s i t e  o f  t h e  two n i t r o x i d e  

l a b e l e d  c h o l e s t e r y l  esters, cholesteryl-5-doxylpalmitate (IV) and 

c h o l e s t e r y l  -1 6 -doxy l s t ea ra t e  (V) by 200-300%. Higher l e v e l s  of 

added c h o l e s t e r o l  have l i t t l e  e f f e c t  on  t h e  r a t e  o f  a s c o r b a t e  

r e d u c t i o n  o f  t h e  5- l a b e l e d  s p e c i e s .  w h i l e  i n c r e a s i n g  

c o n c e n t r a t i o n s  o f  c h o l e s t e r o l  (up  t o  50  mole$) decreased  t h e  r a t e  

f o r  t h e  16-labeled s p e c i e s  back  t o  i ts  o r i g i n a l  l e v e l .  Thus. low 

amounts o f  c h o l e s t e r o l  ( less  than  10 mole%) i n t r o d u c e  l a r g e  

changes in  t h e  p r o p e r t i e s  o f  m u l t i l a y e r  model membranes 

c o n t a i n i n g  c h o l e s t e r y l  esters. 

7, The i n c o r p o r a t i o n  of 4 mole% c h o l e s t e r y l  p a l m i t a t e  d e c r e a s e s  

t h e  r a t e  o f  a sco rba t e  r e d u c t i o n  o f  t h e  3-doxylcholestane s p i n  

probe.  ( I ) ,  by approximate ly  300%; however, h i g h e r  c o n c e n t r a t i o n s  

( u p  t o  18 mole%) of i nco rpo ra t ed  c h o l e s t e r y l  pa lmi t a t e  ~ r a d u a l l y  

i n c r e a s e  t h i s  r a t e  back t o  i t s  o r i g i n a l  va lue .  Thus c h o l e s t e r y l  



p a l m i t a t e  produces c o n c e n t r a t i o n  dependent  e f f e c t s  on  t h e  r a t e  o f  

a s c o r b a t e  permeat ion t o  t h e  s i t ' e  o f  t h e  s p i n  l a b e l e d  c h o l e s t e r o l  ~ 

ana logue .  3 -doxylcholes tane .  In a d d i t i o n ,  t h e s e  e f f e c t s  a r e  C 

deemed no t  t o  be  due t o  t h e  s o l u b i l i z a t i o n  o f  t h e  l a b e l e d  

molecule  in a s e p a r a t e  phase o f  e x c e s s  e s t e r  s i n c e  c h o l e s t e r y l  
d 

e s t e r  phases  a r e  known t o  s o l u b i l i z e  l e s s  t han  8 wt % c h o l e s t e r o l  

whereas c h o l e s t e r o l  may b e  i n c o r p o r a t e d  i n t o  l e c i t h i n  m6del 

manbranes up t o  a 1 : 1  mole r a t i o  ( 2 0 5 ) .  Thus. t h e  e f f e c t s  upon * 

t h e  r a t e  o f  a s c o r b a t e  permeat ion t o  t h e  s i t e  o f  t h e  c h o l e s t e r o l  

analogue a r e  due t o  t h e  mutual i n t e r a c t i o n s  o f  phospho l ip id .  

c h o l e s t e r o l ,  and c h o l e s t e r y l  e s t e r .  

- 

unsonica ted  a o r t i c  membranes by  means o f  ~ ' P ~ N M R .  Such a  i * 7 

j 
t e chn ique  e l i m i n a t e s  t h e  p o s s i b i l i t y  o f  resonances  o f  2 

t r i g  

phos 

i" 

l y c e r i d e s  o r  c h o l e s t e r y l  esters i n t e r f e r i n g  wi th  t h o s e  o f  'I 
i 

phol i p i d  . S o n i c a t i o n  o f  t h e  membrane produces ex t r eme ly  

narrow resonances  ( w i d t h  a t  h a l f  h e i g h t  = 23Hz). Such a  system 
8 

a h o u l d  be  amenable t o  p e r m e a b i l i t y  s t u d i e s  u s ing  t h e  l a n t h a n i d e  

s h i f t  ' t e c h n i q u e .  



9 .  HQh r e s o l u t i o n  13c NMR s p e c t r a  o f  a  s o n i c a t e d  a o r t i c  

manbrane have been o b t a i n e d  f o r  t h e  f i r s t  t ime .  The s i g n a l  

i n t e n s i t y  i s  c o n t r i b u t e d  t o  mos t ly  by t r i g l y c e r i d e s  and 

c h o l e s t e r y l  e s t e r s .  Therefore .  t h e  avenue is open f o r  f u r t h e r  

13c NMR s t u d i e s  employing samples  a t  v a r i o u s  s t a g e s  o f  

a t h e r o s c l e r o s i s  which may a s s i s t  i n  t h e  e l u c i d a t i o n  o f  changes  
-- 

o c c u r r i n g  i n  membrane s t r u c t u r e  and f l u i d i t y  du r ing  t h e  

o f  t h e  d i s e a s e .  - 



CHAPTER 7 

FUTURE DIRECTIONS 

& 

One consequence o f  t h e  d e s t a b i l i z i n g  e f f e c t  o f  t h e  i n t e r c a l a t i o n  
1 

o f  p h y t o l ,  phy tan i c  a c i d .  o r  Vitamin E  i n t o  membranes would be  
-/ 

expected t o  be  a  pushing a p a r t  o f  a d j a c e n t  membrane c o n s t i t u e n t s .  It 

may t h e r e f o r e  be  p o s s i b l e  t h a t  t h e  d e c r e a s e  in t h e  s t r e n g t h  o f  

l i p i d -  l i p i d  i n t e r a c t i o n s  and dec reased  packing d e n s i t y  should  be  

mani fes ted  i n  an i n c r e a s e  in  t h e  r a t e  o f  l a t e r a l  and /o r  t r a n s v e r s e  

d i f f u s i o n  o f  membrane c m p n e n t s .  Such changes:which may b e  found t o  

c o r r e l a t e  wi th  membrane pe rmeab i l i t y .  could  be  monitored by s t a n d a r d  
@ 

magnet ic  resonance t echn iques  developed by McConnell and co-workers 

( 6 5 , 6 6 )  o r  by C u l l i s  ( 3 6 ) .  

S ince  t h e  p roposa l  h a s  been m even b e f o r e  

morphological  changes Q c c u r .  - t h e  p e r m e a b i l i t y  oY t h e  a o r t i c  i n t i m a  

i n c r e a s e s ;  t h e  a p p l i c a t i o n  of  t h e  3'& p e r m e a b i l i t y  t echn ique  u s i n g  

p r e s c l e r o t i c  a o r t a  membranes and/or  lower t empera tu re s  Co s low t h e  - 
/C 

r a t e  t o  a  measurab le  l e v e l  may b e  i l l u m i n a t i n g .  A l t e r n a t i v e l y ,  s i n c e  

t h e  t ime r e q u i r e d  f o r  t h e  d e t e r m i n a t i o n  o f  a  3'p spec t rum is on t h e  + 
/ 

o r d e r  of  two hour s ,  t h e  use  o f  ESR t o  moni tor  t h e  r a t e  o f  r e d u c t i o n  by r 
* '  

permeat ing a s c o r b a t e  o f  an encapsu la t ed  water s o l u b l e  s p i n  probe such 

a s  tempochol ine c h l o r i d e  may prove  t o  be  a  s u p e r i o r  method. The r a t e  



of  t e m p c h o l i n e  e f f l u x  cou ld  be  de te rminedSby p r i o r  i n c u b a t i o n  

exper iments  whereby l e c i t h i n  v e s i c l e s  a r e  added t o  an aqueous s o l u t i o n  

o f  t h e  water s o l u b l e '  s p i n  l a b e l .  A l i q u o t s  could  be  remove 1 af ter  

v a r i o u s  t i m e  i n t e r v a l s .  and t r e a t e d  wi th  a s c o r b a t e  a t  OOc. S i n c e  

pure EYL v e s i c l e s  a r e  v e r y  impermeable t o  co ld  a s c o r b a t e .  immediately 

a f t e r  t h e  a s c o r b a t e  a d d i t i o n .  t h e  r e s i d u a l  ESR s i g n a l  would r e s u l t  

from t h a t  tempochol ine which had c rossed  t h e  b i l a y e r  t o  t h e  enc losed  

volume o f  t h e  v e s i c l e s  d u r i n g  t h e  s p e c i f i e d  i n c u b a t i o n  p e r i o d .  Thus, 

t h e  r a t e  o f  t e m p c h o l i n e  permeation a t  any d e s i r e d  t empera tu re  may b e  

-2 

determined.  S u b t r a c t i o n  of  t h i s  r a t e  from t h e  r a t e  o f  r e d u c t i o n  o f  ESR 

s i g n a l  i n t e n s i t y  fo l l owing  d d i t i o n  o f  a s c o r b a t e  t o  t h e  o u t s i d e  bu lk  

s o l u t i o n  f o r  v e s i c l e s  v c  t a i n i n g  encapsu la t ed  tempochol ine w i l l  r e s u l t  

i n  a  measurement o f  the 'permeat ion  o f  a s c o r b a t e .  Thus. t h e  r a t e  o f  

a s c o r b a t e  permeat ion thrbugh t h e  membrane, and n o t  j u s t  to-  t h e  s i t e  o f  

an i n t e r c a l a t e d  n i t r o x i d e  l a b e l  could be  measured. Such a  t echn ique  

cou ld  be  a p p l i e  ; t o  i n c r e a s i n g l y  he te rogeneous  r e c o n s t i t u t e d  a o r t i c  a, 
membranes in o r d e r  t o  s t u d y  t h e  p r o p e r t i e s  o f  more p h y s i o l o g i c a l  

sys tems .  
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