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ABSTRACT 

The phase  b e h a v i o u r  o f  model membranes c o n t a i n i n g  1 - a l k a n o l  

a n e s t h e t i c s  h a s  been s t u d i e d  u s i n g  d e u t e r i u m  n u c l e a r  magne t i c  

r e s o n a n c e  s p e c t r o s c o p y  ( 2~ NMR 1 . The model membrane s y s t e m s  

were aqueous  m u l t i l a m e l l a r  d i s p e r s i o n s  composed o f  e i t h e r  a  

s a t u r a t e d  p h o s p h a t i d y l c h o l i n e  p e r d e u t e r a t e d  on  t h e  sn-2 c h a i n  

c o n t a i n i n g  1 - o c t a n o l  o r  1-decanol  o r  1,2-dipalmitoyl-sn-glycero- 

3-phosphorylchol  i n e  (DPPC) c o n t a i n i n g  [ 2 ~ 1 7  1 1 -oc tano l  o r  

s e l e c t i v e l y  d e u t e r a t e d  1 -decano l ,  The phase  changes  moni to red  

by 2~ NMR a r e  c o r r o b o r a t e d  u s i n g  d i f f e r e n t i a l  s c a n n i n g  

c a l o r i m e t r y  (DSC). 

I n c o r p o r a t e d  1 -oc tano l  o r  1-decanol  c a u s e s  t h e  l i p i d ' s  g e l  

t o  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 o  b roaden  and i t s  o n s e t  

t e m p e r a t u r e  (T , )  t o  d e c r e a s e .  Oc tano l  h a s  more e f f e c t  t h a n  

d e c a n o l ,  i n d i c a t i n g  t h a t  i t  d i s r u p t s  t h e  g e l  phase  pack ing  o f  

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

a l s o  be o b s e r v e d  i n  changes  i n  t h e  l a b e l l e d  1 - a l k a n o l s '  2~ NMR 

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

d e c a n o l s  i t  i s  found t h a t  t h e  phase  change i s  s e n s e d  a t  

d i f f e r e n t  t e m p e r a t u r e s  depend ing  on  t h e  p o s i t i o n  o f  t h e  2~ 

l a b e l .  

For  l i q u i d  c r y s t a l l i n e  s y s t e m s  p l o t s  o f  C - 2 ~  bond o r d e r  

p a r a m e t e r  SCD v s .  p o s i t i o n  o f  d e u t e r a t i o n  have been c o n s t r u c t e d .  

A t  50oC t h e r e  is  no s i g n i f i c a n t  change i n  t h e  p h o s p h o l i p i d  SCD 

due t o  2 5  mol % i n c o r p o r a t i o n  o f  e i t h e r  1 - o c t a n o l  o r  1 -decano l .  

T h i s  i m p l i e s  t h a t  t h e  l i q u i d  c r y s t a l l i n e  phase  c a n  accommodate a  

iii 



l a r g e  number o f  l i n e a r  a n e s t h e t i c  m o l e c u l e s  w i t h o u t  c h a n g i n g  t h e  

o r i e n t a t i o n a l  o r d e r  i n  t h e  a c y l  c h a i n  r e g i o n  o f  t h e  l i p i d  

b i l a y e r .  The o r d e r  p a r a m e t e r  p r o f i l e  o f  1 -decano l  i n  DPPC shows 

t h a t  1 -decano l  a l i g n s  a p p r o x i m a t e l y  p a r a l l e l  t o  t h e  C-3 t o  C-13 

segmen t  o f  t h e  l i p i d ' s  sn-2 c h a i n ,  The d e u t e r i u m  r e l a x a t i o n  

time c h a r a c t e r i z e d  by t h e  time c o n s t a n t  T2, l e n g t h e n s  

d r a m a t i c a l l y  i n  t h e  p r e s e n c e  o f  1 - a l k a n o l .  T h i s  is t a k e n  t o  

mean t h a t  t h e  s l o w  m o t i o n s  t h o u g h t  t o  be r e s p o n s i b l e  f o r  t h i s  

r e l a x a t i o n  o c c u r  a t  a  f a s t e r  r a t e  when 1 - a l k a n o l  is d i s s o l v e d  i n  

t h e  l i p i d .  These  r e s u l t s  a r e  d i s c u s s e d  i n  terms o f  t h e  

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

model membrane s y s t e m s  a r e  a p p l i c a b l e .  

The s e c o n d  area o f  s t u d y  c o n c e r n s  t h e  e f f e c t  o f  a - t o c o -  

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

d e u t e r a t e d  p h o s p h a t i d y l c h o l i n e .  2~ NMR a n d  DSC show t h a t  a- 

t o c o p h e r o l  b r o a d e n s  a n d  reduces T, o f  the p h o s p h o l i p i d  g e l  t o  

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 ,  a n d  t h a t  t h e  g e l  p h a s e  

l i p i d  i s  d i s r u p t e d  by t h e  p r e s e n c e  o f  a - t o c o p h e r o l .  Above t h e  

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

These  r e s u l t s  imply  t h a t  t h e  s t r u c t u r a l  e f f e c t s  o f  a - t o c o p h e r o l  

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

One may d e f i n e  a n e s t h e s i a  a s  b e i n g  t h e  temporary  l o s s  o f  

s e n s a t i o n .  'Loss  o f  s e n s a t i o n f  i s  d i f f i c u l t  t o  moni to r  

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

l i n k e d  t o  r e a d i l y  o b s e r v e d  e f f e c t s  such  a s  t h e  a b s e n c e  o f  muscle 

movement upon s u r g i c a l  i n c i s i o n .  The mechanism by which 

a n e s t h e s i a  o c c u r s  i s  n o t  well u n d e r s t o o d  and is b e i n g  r e s e a r c h e d  

e x t e n s i v e l y .  Two r e c e n t  r e v i e w s  o f  t h i s  r e s e a r c h  a r e  Dluzewski  

e t  a l .  ( 1 9 8 3 )  and J a n o f f  and M i l l e r  ( 1 9 8 2 ) .  

A n e s t h e t i c s  g e n e r a l l y  a c t  on t h e  n e r v e  and i n t e r f e r e  w i t h  

e i t h e r  t h e  n e r v e  impulses  which t r a n s m i t  s t i m u l i  o r  w i t h  

communicat ion from one n e r v e  t o  a n o t h e r  a c r o s s  t h e  s y n a p s e s .  

The former c a n  a f f e c t  j u s t  one p a r t  o f  t h e  body as  i n  l o c a l  

a n e s t h e s i a  w h i l e  t h e  l a t t e r  is  t h o u g h t  t o  r e s u l t  i n  g e n e r a l  

a n e s t h e s i a .  H y p o t h e t i c a l  a n e s t h e s i a  mechanisms u s u a l l y  

a t t r i b u t e  a n e s t h e t i c  a c t i v i t y  t o  e i t h e r  d i r e c t  i n t e r a c t i o n s  

between p r o t e i n  and a n e s t h e t i c ,  o r  t o  i n d i r e c t ,  1 i p i d - m e d i a t e d  

e f f e c t s  o f  t h e  a n e s t h e t i c  on  p r o t e i n .  I t  is  t h e  second class o f  

h y p o t h e s e s  which is r e l e v a n t  t o  t h e  work i n  t h i s  t h e s i s .  E a r l y  

e v i d e n c e  i n  f a v o u r  o f  a n  i n d i r e c t  mode o f  a n e s t h e t i c  a c t i o n  came 

from t h e  o b s e r v a t i o n  t h a t  a wide v a r i e t y  o f  c h e m i c a l s  have 

a n e s t h e t i c  p r o p e r t i e s .  These r a n g e  from i n e r t  g a s e s  ( e g .  Xe) 

t h r o u g h  t h e  c l i n i c a l l y  used  i n h a l a t i o n  a n e s t h e t i c s  ( e g .  

h a l o t h a n e ,  CF3CHClBr1, t o  a l i p h a t i c  a l c o h o l s ,  a l k a n e s  and 



s t e r o i d s ,  There is a  c o r r e l a t i o n  between t h e  po tency  o f  t h e s e  

a n e s t h e t i c s  and t h e i r  s o l u b i l i t y  i n  l i p i d ,  b u t  no o t h e r  o b v i o u s  

c o r r e l a t i o n s  w i t h  chemica l  p r o p e r t i e s .  S p e c i f i c  ' l i p i d f  

h y p o t h e s e s  o f  a n e s t h e s i a  a r e  i n t r o d u c e d  i n  s e c t i o n  I1 of  t h i s  

c h a p t e r .  

The 1 -a lkano l  o r  l o n g  c h a i n  a l c o h o l  f a m i l y  o f  a n e s t h e t i c s  

h a s  been t h e  s u b j e c t  o f  numerous i n v e s t i g a t i o n s  i n t o  t h e  

molecu la r  mechanisms o f  a n e s t h e s i a .  Alcoho l s  b l o c k  b o t h  

c o n d u c t i o n  a l o n g  n e r v e s ,  a s  measured f o r  t h e  s q u i d  g i a n t  axon 

(Armstrong and B i n s t o c k ,  1964)  and s y n a p t i c  t r a n s m i s s i o n ,  

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

( P r i n g l e  e t  a l . ,  1 9 8 1 ) .  Ascending t h e  homologous s e r i e s  o f  1- 

a l k a n o l s  i t  is found t h a t  t h e  c o n c e n t r a t i o n  o f  a l c o h o l  i n  t h e  

aqueous  medium needed t o  produce  a n e s t h e s i a  i s  p r o g r e s s i v e l y  

r e d u c e d ,  A t  a  c e r t a i n  c h a i n  l e n g t h  ( a p p r o x i m a t e l y  13-14 

c a r b o n s )  t h e  a l c o h o l s f  a n e s t h e t i c  c a p a c i t y  i s  l o s t ,  These 

o b s e r v a t i o n s  c a n  be e x p l a i n e d  i n  t e rms  o f  t h e  1 - a l k a n o l s f  

1 i p i d : w a t e r  p a r t i t i o n  c o e f f i c i e n t s ,  which i n c r e a s e  w i t h  

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

o f  t h i r t e e n  o r  f o u r t e e n  c a r b o n s .  Taking i n t o  a c c o u n t  t h e  

r e l a t i v e  a n e s t h e t i c  c o n c e n t r a t i o n s  i n  t h e  aqueous  medium and i n  

t h e  membrane, i t  h a s  been shown t h a t  t h e  a n e s t h e t i c  

c o n c e n t r a t i o n  i n  t h e  membrane is s i m i l a r  f o r  1 - a l k a n o l s  from - 
e t h a n o l  t o  dodecano l ,  v a r y i n g  between 0 . 0 1  and 0 .04  moles p e r  

l i t r e  ( P r i n g l e  e t  a l . ,  1 9 8 1 ) .  



, 
A ,  Model membrane s t u d i e s  

D i a c y l  p h o s p h a t i d y l c h o l i n e s  s p o n t a n e o u s l y  form b i l a y e r  

s t r u c t u r e s  upon h y d r a t i o n .  G e n t l e  mixing o f  t h e  l i p i d  and wa te r  

y i e l d s  m u l t i - b i l a y e r e d ,  i r r e g u l a r  s h a p e s  w i t h  d i a m e t e r s  on  t h e  

o r d e r  o f  s e v e r a l  thousand  a n g s t r o m s ,  These m i x t u r e s  w i l l  i n  

g e n e r a l  be r e f e r r e d  t o  a s  l m u l t i l a m e l l a r  d i s p e r s i o n s 1  ( P l a t e  I )  

i n  t h i s  t h e s i s .  Another  common name f o r  them i s  f l i p o s o m e s f ,  

b u t  t h i s  t e rm is sometimes used  t o  mean u n i l a m e l l a r  s p h e r i c a l  

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

p h o s p h o l i p i d  i s  a  r e s u l t  o f  t h e  l i p i d ' s  chemica l  s t r u c t u r e ,  a s  

i t  p o s s e s s e s  a  p o l a r  ( h y d r o p h i l i c )  headgroup and non-polar  

( h y d r o p h o b i c )  f a t t y  a c y l  c h a i n s .  The hydrophob ic  c h a i n s  p o i n t  

toward e a c h  o t h e r  t o  form t h e  c o r e  o f  t h e  b i l a y e r  w h i l e  t h e  

headgroup r e g i o n  i n t e r a c t s  w i t h  w a t e r ,  forming t h e  l i p i d / w a t e r  

i n t e r f a c e .  I n  a  m u l t i l a m e l l a r  d i s p e r s i o n ,  many c o n c e n t r i c  

b i l a y e r s ,  s e p a r a t e d  by w a t e r ,  make up e a c h  l a r g e ,  c l o s e d ,  on ion-  

l i k e  s t r u c t u r e .  The s t r u c t u r e s  tumble s l o w l y ,  on t h e  o r d e r  o f  

one second .  Wi th in  e a c h  b i l a y e r ,  l i p i d  m o l e c u l e s  undergo f a s t  

l a t e r a l  d i f f u s i o n  ( ~ 1 0 ' ~  cm2 s-1 ) , 

P l a t e  I: M u l t i l a m e l l a r  D i s p e r s i o n  



The b i l a y e r  s t r u c t u r e  is common i n  n a t u r a l  membranes, which 

i n  a d d i t i o n  t o  v a r i o u s  t y p e s  o f  l i p i d ,  c o n t a i n  p r o t e i n s  and 

o t h e r  f a t - s o l u b l e  m o l e c u l e s  such  a s  c h o l e s t e r o l .  Model membrane 

sys tems ,  whose c o m p o s i t i o n s  a r e  a c c u r a t e l y  known, and whose 

p r o p e r t i e s  a r e  i n t r i n s i c a l l y  s i m p l e r ,  are t h e  l o g i c a l  s t a r t i n g  

p o i n t  f o r  i n v e s t i g a t i o n s  i n t o  many s u b j e c t s  o f  b i o l o g i c a l  

r e l e v a n c e .  The q u e s t i o n  o f  a n e s t h e s i a  mechanism is p a r t i c u l a r l y  

s u i t e d  t o  t h i s  t y p e  o f  s t u d y ,  s i n c e  many h y p o t h e s e s  have 

i d e n t i f i e d  t h e  l i p i d  c o n s t i t u e n t  o f  membranes a s  t h e  p r imary  

s i t e  o f  a n e s t h e t i c / m e m b r a n e  i n t e r a c t i o n s .  I t  i s  i n t e r e s t i n g  

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

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

R e c e n t l y  C u r a t o l o  e t  a l .  ( 1 9 8 5 )  r e p o r t e d  a  2~ NMR s p e c t r o s c o p i c  

s t u d y  o f  mammalian n e u r a l  t i s s u e  whose c h o l i n e  headgroups  were 

b i o s y n t h e t i c a l l y  d e u t e r a t e d .  T h e i r  r e s u l t s  l e d  them t o  c o n c l u d e  

t h a t  t h e r e  were no s t r o n g  i n t e r a c t i o n s  between n e u r a l  p r o t e i n s  

and c h o l i n e - c o n t a i n i n g  l i p i d s  i n  i n t a c t  n e r v e  membranes. 

Another  r e c e n t  s t u d y  (Smi th  and B u t l e r ,  1985)  p r e s e n t e d  e v i d e n c e  

from 2~ NMR t h a t  t h e  l o c a l  a n e s t h e t i c  t e t r a c a i n e  (which  had been 

d e u t e r a t e d )  behaved s i m i l a r l y  i n  model membranes, i n t a c t  bov ine  

s p i n a l  c o r d  o r  t h e  l i p i d  e x t r a c t s  o f  bov ine  s p i n a l  c o r d .  

B. P h o s p h a t i d y l c h o l i n e  phase  t r a n s i t i o n s :  e f f e c t  o f  1 - a l k a n o l s  

Mu1 t i l a m e l l a r  d i s p e r s i o n s  o f  f u l l y  h y d r a t e d  1,2- 

dipalmitoyl-sn-glycero-3-phosphorylcholine (DPPC) d i s p l a y  a  

number of  phase  changes  a s  t h e y  a r e  h e a t e d  ( T a r d i e u  e t  a P . ,  



1973; Ruocco and S h i p l e y ,  l 9 8 2 a ) .  The two which w i l l  be  

f o c u s s e d  o n  a r e  t h e  p r e t r a n s i t i o n ,  a t  ~ 3 5 0 C  and t h e  main g e l  t o  

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 ,  a t  420C. A t  t e m p e r a t u r e s  below 

t h e  p r e t r a n s i t i o n  ( a n d  above n l5oC)  t h e  l i p i d  i s  i n  t h e  g e l  

phase  (LDt which i s  c h a r a c t e r i z e d  by e x t e n d e d  a c y l  c h a i n s  which 

are t i l t e d  w i t h  r e s p e c t  t o  t h e  b i l a y e r  normal ,  and by l i p i d  

pack ing  which i s  a p p r o x i m a t e l y  o r t h o r h o m b i c ,  I n  t h i s  phase  t h e  

a c y l  c h a i n s  a r e  i n  c l o s e  c o n t a c t  w i t h  e a c h  o t h e r ,  and mot ion  i n  

one c h a i n  o c c u r s  i n  tandem w i t h  n e i g h b o u r i n g  c h a i n  mot ion .  

A t  t h e  p r e t r a n s i t i o n  t h e  l i p i d  assumes hexagonal  p a c k i n g  

and a  r i p p l e d  s u r f a c e  d e v e l o p s  (Pnt p h a s e ) ,  w i t h  a  p e r i o d  o f  

a b o u t  two hundred a n g s t r o m s .  The mot ion  o f  t h e  a c y l  c h a i n s  is 

l e s s  r e s t r i c t e d  t h a n  i n  t h e  LBt phase ,  and r o t a t i o n  o f  t h e  

c h a i n s  a b o u t  t h e i r  l o n g  a x e s  o c c u r s  a t  a n  i n c r e a s e d  r a t e  (Meier 

e t  a l . ,  1 9 8 3 ) .  The d e t a i l s  o f  t h i s  r i p p l e d  g e l  phase  s t r u c t u r e  

a r e  s t i l l  c o n t r o v e r s i a l  !see; f o r  i n s t a n c e ,  Harder  e t  al., 

1984 1 .  

A t  t h e  main t r a n s i t i o n  t h e  b i l a y e r  becomes l i q u i d  

c r y s t a l l i n e  (La p h a s e )  and t r ans -gauche  i s o m e r i s a t i o n s  o f  t h e  

a c y l  c h a i n s  l e a d  t o  a n  e l i m i n a t i o n  o f  t h e  t i l t  and t o  a  d e c r e a s e  

i n  t h i c k n e s s  o f  t h e  hydrocarbon  c o r e  by a b o u t  twen ty  p e r  c e n t .  

The o r i e n t a t i o n a l  freedom o f  t h e  a c y l  c h a i n s  is c o n s t a n t  from 

a b o u t  C-2 t o  C-9 and t h e n  i n c r e a s e s  towards  t h e  middle  o f  t h e  

b i l a y e r  a s  shown by 2~ NMR ( f o r  a  r ev iew see S e e l i g ,  1 9 7 7 ) .  

Numerous s t u d i e s  u s i n g  model membranes have r e p o r t e d  

changes  i n  t h e  p h o s p h o l i p i d  phase  t r a n s i t i o n  b e h a v i o u r  upon 1- 

a l k a n o l  i n c o r p o r a t i o n .  A b r i e f  summary o f  t h e  r e s u l t s  is  



p r e s e n t e d  h e r e .  H i l l  11974) found,  u s i n g  l i g h t  s c a t t e r i n g ,  t h a t  

1 - a l k a n o l s  w i t h  from t h r e e  t o  n i n e  c a r b o n s  lowered t h e  main 

phase  t r a n s i t i o n  t e m p e r a t u r e  o f  DPPC. J a i n  and Wu ( 1 9 7 7 )  and 

J a i n  e t  a l .  (19751,  u s i n g  d i f f e r e n t i a l  s c a n n i n g  c a l o r i m e t r y  

(DSC), r e p o r t e d  t h a t  t h e  a l c o h o l s  1 -pen tano l  t o  1 - o c t a n o l  lower  

T, and b roaden  t h e  t r a n s i t i o n  o f  DPPC. Also u s i n g  DSC o n  DPPC 

E l i a s z  et a l .  ( 1 9 7 6 )  s t u d i e d  t h e  C-8 t o  C-18 ( e v e n  c h a i n )  1- 

a l k a n o l s  and o b s e r v e d  t h a t  t h o s e  w i t h  fewer t h a n  t w e l v e  c a r b o n s  

lowered Tm w h i l e  t h e  rest  r a i s e d  T,. ( F o r  1-dodecanol a n  

i n c r e a s e d  T, was s e e n  o n l y  a t  c o n c e n t r a t i o n s  g r e a t e r  t h a n  20 mol 

% . )  Lee ( 1 9 7 6 a )  used  c h l o r o p h y l l  a a s  a  f l u o r e s c e n t  p robe  i n  

DPPC, DMPC and 1,2-dipalmitoyl-sn-glycero-3-phosphoryl- 

e thano lamine  ( DMPE 1 c o n t a i n i n g  1 -bu tano l  t o  1-dodecanol  , Those 

1 - a l k a n o l s  w i t h  fewer t h a n  t e n  c a r b o n s  lowered T, f o r  a l l  t h r e e  

l i p i d s ,  w h i l e  1-decanol  r a i s e d  T, f o r  DMPC and 1-dodecanol  

r a i s e d  T, f o r  DMPC and DPPC. By measuring t h e  volume expansion 

t h a t  accompanies t h e  main t r a n s i t i o n  MacDonald ( 1 9 7 8 )  found t h a t  

1-propanol  t o  1 -pen tano l  d e c r e a s e d  T, w i t h o u t  b r o a d e n i n g  t h e  

t r a n s i t i o n  w h i l e  1-hexanol  d e c r e a s e d  T, and i n c r e a s e d  t h e  

t r a n s i t i o n  w i d t h .  Using a n  ESR s p i n  l a b e l l i n g  t e c h n i q u e  

R i c h a r d s  e t  a l .  (1980) r e p o r t e d  t h e  e f f e c t s  o f  1 - a l k a n o l s  from 

s i x  t o  f o u r t e e n  c a r b o n s  l o n g  on  DMPC. 1-Hexanol t o  1-nonanol 

r educed  T, w h i l e  1-decanol  t o  1 - t e t r a d e c a n o l  r a i s e d  i t .  

These r e s u l t s  t a k e n  t o g e t h e r  imply t h a t  t h e  phase  

t r a n s i t i o n  e f f e c t s  o f  1 - a l k a n o l s  o n  s a t u r a t e d  p h o s p h o l i p i d  

b i l a y e r  sys tems  depend on t h e  c h a i n  l e n g t h s  o f  b o t h  t h e  a l k a n o l  

and l i p i d  a c y l  m o i e t i e s .  The phosphatidylcholine/alcohol 



, 

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

c a r b o n s  d i s p l a y  i n c r e a s e d  T m f s  compared w i t h  t h e  p u r e  l i p i d  

w h i l e  a  g r e a t e r  c h a i n  l e n g t h  d i s p a r i t y  r e s u l t s  i n  lower  T m t s .  

I t  h a s  been proposed t h a t  t h e  l o w e r i n g  o f  t h e  p h o s p h o l i p i d  

main phase  t r a n s i t i o n  t e m p e r a t u r e  c o u l d  be l i n k e d  t o  t h e  

mechanism by which 1 - a l k a n o l s  induce  a n e s t h e s i a .  E a r l y  

s p e c u l a t i o n s  (Lee ,  1976b; T r u d e l l ,  1977)  were t h a t  phase  

s e p a r a t i o n s  normal ly  p r e s e n t  i n  n e r v e s  were d i s r u p t e d  by 

a n e s t h e t i c s .  These i d e a s  r e l i e d  on r e g i o n s  o f  l i p i d  which were 

n e a r  t h e i r  g e l  t o  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 e m p e r a t u r e s  and 

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

phase  s e p a r a t i o n  i d e a  b a c t e r i a l  membranes have phase  t r a n s i t i o n s  

n e a r  t h e  t e m p e r a t u r e s  a t  which t h e  b a c t e r i a  were grown. 

R e c e n t l y  t h e s e  i d e a s  have been c r i t i c i s e d  ( J a n o f f  and Miller, 

1982)  i n  t h a t  mammalian n e r v e  membranes c o n t a i n  c h o l e s t e r o l  and 

u n s a t u r a t e d  l i p i d  acyl c h a i n s .  The former h a s  t h e  e f f e c t  o f  

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

a r e  n o t  e x p e c t e d  t o  o c c u r .  A s  well, no, c o n v i n c i n g  e v i d e n c e  f o r  

long-1 i v e d  l i p i d - p r o t e i n  complexes i n  n e r v e s  h a s  been  p r e s e n t e d .  

The ' p h a s e  s e p a r a t i o n f  a n e s t h e s i a  mechanisms a r e  viewed 

w i t h  c o n s i d e r a b l e  d o u b t .  N e v e r t h e l e s s  i t  is i m p o r t a n t  t o  know 

what changes  a n  a n e s t h e t i c  c a u s e s  i n  t h e  phase  b e h a v i o u r  o f  t h e  

membrane sys tem under  s t u d y  i n  o r d e r  t o  i n t e r p r e t  a n e s t h e t i c -  

induced changes  i n  l i p i d  a c y l  c h a i n  o r d e r  o r  ' f l u i d i t y f .  Such 

changes  are d i s c u s s e d  i n  s e c t i o n  P I B  o f  t h i s  c h a p t e r .  For  

example, a  r e c e n t  p u b l i c a t i o n  ( F e s i k  and Makr iyannis ,  1985) 



r e p o r t s  d i f f e r e n c e s  i n  t h e  2~ NHR s p e c t r a  o f  DMPC c o n t a i n i n g  two 

c l o s e l y  r e l a t e d  s t e r o i d s ,  one o f  which is a n e s t h e t i c  and t h e  

o t h e r  i n a c t i v e .  The a n e s t h e t i c  s t e r o i d  was found t o  r e d u c e  t h e  

d e u t e r a t e d  p h o s p h o l i p i d ' s  q u a d r u p o l a r  s p l i t t i n g s  (which  a r e  

p r o p o r t i o n a l  t o  t h e  C - 2 ~  o r d e r  p a r a m e t e r s )  w h i l e  t h e  i n a c t i v e  

s t e r o i d  d i d  n o t ,  a t  a g i v e n  t e m p e r a t u r e .  However i t  was a l s o  

n o t e d  t h a t  t h e  a n e s t h e t i c  s t e r o i d  reduced  Tm o f  DPPC much more 

t h a n  t h e  n o n a n e s t h e t i c  s t e r o i d ,  s o  t h a t  t h e ' d i f f e r e n c e s  i n  

q u a d r u p o l a r  s p l i t t i n g  o b s e r v e d  a r e  n o t  s u r p r i s i n g .  Many s t u d i e s  

have r e p o r t e d  a d e c l i n e  i n  p h o s p h o l i p i d  2~ NMR o r d e r  p a r a m e t e r s  

w i t h  i n c r e a s i n g  t e m p e r a t u r e  above t h e  phase  t r a n s i t i o n  ( e g .  

Davis ,  1979 1 .  

C .  L i p i d  di~ordering/~fluidizing' e f f e c t  o f  1 - a l k a n o l s  

Another  a r e a  where model membrane s t u d i e s  have been 

u t i l i z e d  e x t e n s i v e l y  is i n  t h e  d e t e r m i n a t i o n  o f  changes  i n  

membrane o r d e r  a n d / o r  ' f l u i d i t y '  due t o  1 - a l k a n o l  i n c o r p o r a t i o n .  

The term ' o r d e r '  d e f i n e s  t h e  d e g r e e  o f  o r i e n t a t i o n a l  freedom o f  

t h e  l i p i d  a c y l  c h a i n s  w h i l e  ' f l u i d i t y f  is r e l a t e d  t o  t h e  r a t e s  

o f  mot ion  t h a t  l i p i d  components e x p e r i e n c e .  The two terms 

s h o u l d  n o t  be used  i n t e r c h a n g e a b l y ,  a l t h o u g h  reduced  o r d e r  is 

o f t e n  accompanied by i n c r e a s e d  f l u i d i t y .  Two t e c h n i q u e s  have  

p r o v i d e d  most o f  t h e  r e s u l t s :  ESR o f  s p i n - l a b e l l e d  l i p i d  

s y s t e m s  and f l u o r e s c e n c e  measurements  u s i n g  some form o f  

f l u o r e s c e n t  probe  i n  t h e  l i p i d  b i l a y e r  sys tem.  These t e c h n i q u e s  

have a common drawback i n  t h a t  t h e y  r e l y  on i n d i r e c t  and 



p o s s i b l y  probe-modulated i n f o r m a t i o n  a b o u t  t h e  b i l a y e r  c o r e ,  due 

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

ESR s t u d i e s  have c o n s i s t e n t l y  r e p o r t e d  a n e g a t i v e  change i n  

ESR o r d e r  p a r a m e t e r  upon a d d i t i o n  o f  a n e s t h e t i c  a l c o h o l s .  The 

f i r s t  s u c h  s t u d y  ( P a t e r s o n  e t  a l . ,  1972)  d e t e r m i n e d  t h e  e f f e c t s  

o f  1-propanol  t o  1 -oc tano l  on  o r i e n t e d  m u l t i b i l a y e r s  o f  human 

e r y t h r o c y t e  o r  bee f  b r a i n  l i p i d s  a s  moni to red  by a  s t e r o i d  s p i n  

l a b e l .  I t  was found t h a t  a l l  t h e  a l c o h o l s  d i s o r d e r e d  t h e  ESR 

spec t rum o f  t h e  s p i n  l a b e l  i n  b o t h  t y p e s  o f  membrane, t h e  l o n g e r  

homologues e x e r t i n g  t h e i r  e f f e c t  a t  lower  aqueous  concen- 

t r a t i o n s .  Subsequen t ly ,  a  21 mol % l i p i d  c o n c e n t r a t i o n  o f  1- 

o c t a n o l  was found t o  d i s o r d e r  a s p i n - l a b e l l e d  DPPC d e r i v a t i v e  i n  

egg  l e c i t h i n / c h o l e s t e r o l  l i p o s o m e s  (mol r a t i o  1 . 0 : 0 . 9 )  (Lawrence 

and G i l l ,  1 9 7 5 ) .  The o r d e r  p a r a m e t e r  o f  t h e  l a b e l ,  which was 

a t t a c h e d  t o  C-8 o f  t h e  l i p i d  sn-2 c h a i n ,  was reduced  by 0 .09 .  

Lyon e t  a l .  ( 1 9 8 1 )  d e t e r m i n e d  that t h e  abkanals from e t h a n o l  t o  

1 - o c t a n o l  r educed  t h e  o r d e r  o f  a  C-5 s p i n - l a b e l l e d  s tear ic  a c i d  

probe  i n  mouse synap tosomal  plasma membrane p r e p a r a t i o n s .  The 

magni tude  o f  t h e  r e d u c t i o n  was l i n e a r  w i t h  a l c o h o l  concen- 

t r a t i o n ,  and t h e  d i s o r d e r i n g  c a p a b i l i t i e s  o f  t h e  a l c o h o l s  were 

c o n s i s t e n t  w i t h  t h e i r  membrane/buffer  p a r t i t i o n  c o e f f i c i e n t s .  

P r i n g l e  e t  a l .  ( 1 9 8 1 )  measured t h e  d i s o r d e r i n g  e f f e c t  o f  a  2 5  

mol % c o n c e n t r a t i o n .  o f  1 - a l k a n o l s  h a v i n g  l e n g t h s  o f  between t e n  

and twenty  c a r b o n s  o n  t h e  o r d e r  p a r a m e t e r  o f  C-5 l a b e l l e d  

p a l m i t i c  a c i d  i n  egg  l e c i t h i n / c h o l e s t e r o l  ( 2 : l )  l i p o s o m e s .  They 

found t h a t  t h e  change i n  o r d e r  p a r a m e t e r  was reduced  as t h e  1- 

a l k a n o l  c h a i n  l e n g t h  was i n c r e a s e d ,  s o  t h a t  1 - e i c o s a n o l  had no 



e f f e c t ,  w h i l e  1-decanol  r educed  t h e  o r d e r  pa ramete r  by a b o u t  

f o u r  p e r  c e n t .  More r e c e n t l y  B o i g e g r a i n  e t  a l .  ( 1 9 8 4 )  s t u d i e d  

t h e  e f f e c t s  o f  methanol  t o  1 - o c t a n o l  on  C-5 l a b e l l e d  s t e a r i c  

a c i d  i n c o r p o r a t e d  i n t o  r a t  i n t e s t i n a l  membrane p r e p a r a t i o n s ,  

They r e p o r t e d  t h a t  t h e s e  a l c o h o l s  r e d u c e  t h e  p robe  o r d e r  i n  a  

manner t h a t  c o r r e l a t e d  w i t h  t h e i r  p a r t i t i o n  c o e f f i c i e n t s ,  

S p e c i f i c a l l y ,  a  f i v e  p e r  c e n t  r e d u c t i o n  i n  o r d e r  was found f o r  

a l l  t h e  a l k a n o l s  when t h e y  were p r e s e n t  i n  t h e  membrane a t  

c o n c e n t r a t i o n s  between 0 . 1 5  and 0 .30  mol/kg.  

F l u o r e s c e n c e  measurements  on  l a b e l l e d  model membrane 

s y s t e m s  c o n t a i n i n g  a l c o h o l s  y i e l d  v a l u e s  which c a n  be r e l a t e d  t o  

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

A n a l y s i s  o f  t h e s e  e x p e r i m e n t s  i s  c o m p l i c a t e d  by v a r i a b l e s  such  

as t h e  c h o i c e  o f  p robe  ( a n d  hence  i t s  p r e f e r r e d  l o c a t i o n  i n  t h e  

b i l a y e r ) ,  and a l s o  by t h e  f a c t  t h a t  a n i s o t r o p i c  r e o r i e n t a t i o n  o f  

t h e  probe  c a n  l e a d  t o  e r r o r s  i n  t h e  determinati~n of  micro- 

v i s c o s i t y  (Heyn, 1979; J a h n i g ,  1 9 7 9 ) .  Zavoico and Kutcha i  

(1980 1 d e t e r m i n e d  t h a t  t h e  a l k a n o l s  1 -bu tano l  t o  1 - o c t a n o l  

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

d i p h e n y l h e x a t r i e n e  (DPH) i n  microsomal membranes i s o l a t e d  from 
I 

c h i c k  h e a r t s ,  When t h e  a l k a n o l s  were compared a t  e q u i v a l e n t  

membrane c o n c e n t r a t i o n s  t h e i r  e f f e c t s  were s i m i l a r  and i n c r e a s e d  

l i n e a r l y  w i t h  c o n c e n t r a t i o n .  I n  a n o t h e r  s t u d y  employing DPH, 

( Ingram e t  a l . ,  1982)  t h e  r e s u l t s  were i n t e r p r e t e d  t o  mean t h a t  

e t h a n o l  i n c r e a s e d  t h e  f l u i d i t y  o f  n e u r a l  membranes i s o l a t e d  from 

f i s h .  A v e r y  r e c e n t  r e p o r t  by Zavoico e t  a l .  ( 1 9 8 5 )  compares 

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



which, due t o  t h e i r  s t r u c t u r e  and p o l a r i t y ,  are l o c a t e d  i n  

d i f f e r e n t  r e g i o n s  o f  t h e  b i l a y e r .  Two o f  t h e  p robes  were DPH 

ana logues  wh i l e  t h e  o t h e r  t h r e e  were f l u o r e s c e n t  s t e a r i c  a c i d  

d e r i v a t i v e s  whose f l u o r e s c e n t  m o i e t i e s  were a t t a c h e d  t o  C-2, C- 

7 ,  o r  C-12 o f  t h e  a c i d .  The l i p i d s  used were egg yo lk  l e c i t h i n  

(egg PC) o r  DPPC w i t h  i n c o r p o r a t e d  1 -pen tano l ,  1-decanol  o r  1- 

t e t r a d e c a n o l .  I n  t h e  l i q u i d  c r y s t a l l i n e  phase s  s t u d i e d  1- 

p e n t a n o l  d e c r e a s e d  probe o r d e r  and i n c r e a s e d  i t s  rate o f  

r o t a t i o n ,  independen t  o f  t h e  p a r t i c u l a r  probe employed. The 

r e s u l t s  conce rn ing  1-decanol  o r  1 - t e t r a d e c a n o l  were more 

compl i ca t ed .  For i n s t a n c e ,  1-decanol  d e c r e a s e d  t h e  o r d e r  o f  t h e  

f a t t y  a c i d  p robes  b u t  had no e f f e c t ,  o r  i n c r e a s e d  o r d e r ,  when 

t h e  DPH p robes  were used .  Decanol s l i g h t l y  i n c r e a s e d  t h e  

r o t a t i o n  rate  f o r  a l l  p robes .  The 1 -decano l : phospho l i p id  molar 

r a t i o s  used were app rox ima te ly  1:2 .  These r e s u l t s  p o i n t  o u t  

t h a t  t h e  p r o p e r t i e s  o f  t h e  p a r t i c u l a r  f l u o r e s c e n t  probe must be 

known b e f o r e  f l u o r e s c e n c e  measurements c a n  be i n t e r p r e t e d  

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

dynamics is  markedly probe-dependent .  

A p o p u l a r l y  h e l d  mechanism o f  a n e s t h e s i a  is  t h a t  

a n e s t h e t i c s  d i s s o l v e  i n t o  p h o s b h o l i p i d  membranes and d i s r u p t  

t h e i r  s t r u c t u r e  i n  a way which c r i t i c a l l y  a l t e r s  t h e  f u n c t i o n  o f  

p r o t e i n s  suspended i n  t h e  b i l a y e r .  Th i s  i s  a t t r a c t i v e  i n  t h a t  

i t  removes t h e  need t o  e x p l a i n  t h e  po tency  o f  molecu les  whose 

s t r u c t u r e s  and chemica l  p r o p e r t i e s  are s i m i l a r  o n l y  i n  t h a t  t h e y  

are l i p i d - s o l u b l e .  Changes d e t e c t e d  i n  ESR o r d e r  pa r ame te r s  due  

t o  1 -a lkano l  i n c o r p o r a t i o n  are q u i t e  s m a l l  when c l i n i c a l  



c o n c e n t r a t i o n s  o f  a l c o h o l s  a r e  u s e d .  For  t h i s  r e a s o n  t h e  t h e o r y  

h a s  been c r i t i c i s e d  i n  t h a t  t e m p e r a t u r e  i n c r e a s e s  which c a u s e  

t h e  same change i n  o r d e r  p a r a m e t e r  do n o t  c a u s e  a n e s t h e s i a .  

Another  c h a r a c t e r  i s t ic  o f  e x p e r i m e n t s  which s u p p o r t  t h e  

d i s o r d e r e d  o r  f l u i d i s e d  l i p i d  h y p o t h e s i s  i s  t h a t  t h e  model 

membranes employed g e n e r a l l y  c o n t a i n  l a r g e  c o n c e n t r a t i o n s  s f  

c h o l e s t e r o l .  I t  h a s  been shown t h a t  t h e  o b s e r v e d  p e r t u r b a t i o n s  

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

r e a s o n  f o r  t h i s  is n o t  c l e a r  (Miller and Pang, 1 9 7 6 ) .  

D .  O u t l i n e  o f  r e s e a r c h  

Few r e p o r t s  u s i n g  NMR have been p u b l i s h e d  c o n c e r n i n g  t h e  

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

a l c o h o l s .  An e a r l y  p a p e r  ( C o l l e y  and M e t c a l f e ,  1972) used  

proton NMR t o  s t u d y  DPPC and egg PC v e s i c l e s  c o n t a i n i n g  pheny? 

a l c o h o l s  o r  a l i p h a t i c  a l c o h o l s .  The l a t t e r  were found t o  have 

no e f f e c t  on  t h e  chemica l  s h i f t  o f  t h e  l i p i d s t  c h o l i n e  

headgroups .  

Deuterium NMR h a s  two major  a d v a n t a g e s  o v e r  o t h e r  t e c h -  

n i q u e s .  I t  is p o s s i b l e  t o  i n t e r p r e t  t h e  e x p e r i m e n t a l  r e s u l t s  i n  

a  s t r a i g h t f o r w a r d  manner s i n c e ,  u n l i k e  p r o t o n  NMR, 2~ s n a t u r a l  

abundance is  low, and  any s p e c t r u m  o b s e r v e d  i s  d i r e c t l y  

a t t r i b u t a b l e  t o  t h e  known d e u t e r a t e d  compounds i n  t h e  sys tem.  

I n  a d d i t i o n  d e u t e r i u m  i n t r o d u c e s  t h e  l e a s t  amount o f  p e r t u r -  

b a t i o n  p o s s i b l e  i n t o  t h e  e x p e r i m e n t  u n l i k e  ESR and f l u o r e s c e n c e  

whose p robes ,  b e i n g  s t r u c t u r a l l y  d i s s i m i l a r  t o  t h e  n e i g h b o u r i n g  



p h o s p h o l i p i d s ,  l i k e l y  induce  changes  i n  t h e i r  l o c a l  e n v i r o n m e n t s  

s o  t h a t  t h e  l i p i d s  i n  t h e s e  env i ronments  are no l o n g e r  i n  t h e i r  

n a t u r a l  s t a t e .  

Very few 2~ NMR s t u d i e s  i n v e s t i g a t i n g  p h o s p h o l i p i d /  l- 

a l c o h o l  i n t e r a c t i o n s  have been p u b l i s h e d .  I n  1979, l o o k i n g  a t  a  

c l o s e l y  r e l a t e d  t o p i c ,  Turner  and O l d f i e l d  r e p o r t e d  t h a t  t h e  

e f f e c t  o f  h i g h  c o n c e n t r a t i o n s  o f  t h e  l o c a l  a n e s t h e t i c  benzy l  

a l c o h o l  on DMPCs s e l e c t i v e l y  d e u t e r a t e d  on t h e  sn-2 c h a i n  was a  

d e c r e a s e  i n  t h e  l i p i d s f  q u a d r u p o l a r  s p l i t t i n g s  a t  380C. More 

r e c e n t l y  Pope e t  a l .  ( 1 9 8 4 )  s t u d i e d  aqueous  d i s p e r s i o n s  o f  

DMPC/L2~1711-octanol and found t h a t  t h e  a l c o h o l  was o r d e r e d  i n  a  

manner s i m i l a r  t o  p h o s p h o l i p i d  a c y l  c h a i n s  and was anchored  a t  

t h e  l i p i d / w a t e r  i n t e r  f a c e .  

The g o a l  o f  t h e  work p r e s e n t e d  i n  t h i s  t h e s i s  i s  t o  

d e t e r m i n e  t h e  e f f e c t s  o f  a n e s t h e t i c  1 - a l k a n o l s  on  aqueous  

d i s p e r s i o n s  o f  s a t u r a t e d  p h o s p h a t i d y l c h o l i n e .  2~ MMR i s  used  to 

s t u d y  b o t h  t h e  phase  b e h a v i o u r  o f  l i p i d / a l c o h o l  s y s t e m s  and t h e  

o r i e n t a t i o n a l  o r d e r  i n  t h e  a c y l  c h a i n  r e g i o n s  o f  t h e s e  s y s t e m s  

when i n  t h e  l i q u i d  c r y s t a l l i n e  p h a s e .  I n  t h i s  way any changes  

i n  o r d e r  may be r e l a t e d  t o  changes  i n  phase  t r a n s i t i o n  

t e m p e r a t u r e  upon a d d i t i o n  o f  1 - a l k a n o l s  t o  t h e  p h o s p h o l i p i d .  

The phase  behav iour  a s  d e s c r i b e d  by 2~ NMR i s  compared w i t h  t h a t  

found u s i n g  DSC which m o n i t o r s  t h e  b u l k  phase  b e h a v i o u r  o f  t h e  

d i s p e r s i o n s .  The p h o s p h o l i p i d s  employed a r e  DPPC and 1- 

p a l m i t o y l  (stearoyl l-2-1 2 ~ 3 1  lpalmitoyl-sn-glycero-3- 

p h o s p h o r y l c h o l i n e  (PC-d31). The l a t t e r  i s  i l l u s t r a t e d  below. 



where R= palmitoyl (CH3(CH2) 14C00-1 or 

Two members of the alcohol anesthetic family are studied: 

1-octanol and 1-decanol. These alkanols were chosen for a 

number of reasons. First, they are among the most potent of the 

alcohol anesthetics when potency is defined in terms of the 

aqueous concentration of anesthetic needed to produce 

anesthesia. Also theis 1ipid:water partition coefficients are 

high, so that the 2~ NMR spectra are not complicated by the 

presence of a significant concentration of alkanol in the 

aqueous phase. Lastly, deuterium-labelled long chain alcohols 

are not generally commercially available, with the exception of 

2 ~ 1 7  11-octanol. Selectively deuterated 1-decanols were 

available through collaboration with Dr. A .  P. Tulloch (N.R.C., 

Saskatoon), 

The results from experiments using the systems of 

deuterated phosphatidylcholine/l-alkanol and phosphatidyl- 

choline/deuterated 1-alkanol dispersions are complementary, 

Taken together they enable a more complete understanding of the 

acyl chain region of the bilayers to be attained. 



"Vi tamin E M  c o n s i s t s  o f  a  v a r i e t y  o f  t o c o p h e r o l s ,  t h e  most 

b i o l o g i c a l l y  a c t i v e  b e i n g  a - t o c o p h e r o l  ( P l a t e X I  1 .  T h i s  compound 

was n o t  d i s c o v e r e d  u n t i l  t h e  1 9 2 0 ' s  and much remains  unknown 

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

a b o u t  a - t o c o p h e r o l  d e f i c i e n c y  comes from e x p e r i m e n t s  w i t h  

a n i m a l s .  Symptoms o f  s e v e r e  d e f i c i e n c y  v a r y  from s p e c i e s  t o  

s p e c i e s  and i n c l u d e  r e p r o d u c t i v e  f a i l u r e s ,  muscular  

d e g e n e r a t i o n ,  1 i v e r  c e l l  d e a t h ,  and b r a i n  ma1 f o r m a t i o n .  I n  

humans t h e r e  i s  f a r  l e s s  e x p e r i m e n t a l  knowledge o f  m a l a d i e s  

caused  by t h e  l a c k  o f  a - t o c o p h e r o l .  T h i s  is  due t o  t h e  l i p i d -  

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

e x t e n d e d  p e r i o d s  o f  time f o l l o w i n g  d i e t a r y  wi thdrawal  and s o  

c o n t r o l l e d  s t u d i e s  a r e  d i f f i c u l t .  P remature  i n f a n t s ,  though,  

a r e  c h a r a c t e r i s t i c a l l y  d e f i c i e n t  i n  a - t o c o p h e r o l  and t h e  

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

h i g h  oxygen c o n c e n t r a t i o n s  i n  a d m i n i s t e r e d  a i r )  is t h o u g h t  t o  be 

a m e l i o r a t e d  by d o s e s  o f  a - t o c o p h e r o l .  A summary o f  t h e  c u r r e n t  

knowledge c o n c e r n i n g  a - t o c o p h e r o l ,  i n c l u d i n g  i t s  c h e m i s t r y ,  

b i o c h e m i s t r y  and r o l e  a s  a  n u t r i e n t  is  found i n  Machlin,  1980.  

P l a t e  XI : 
ALPHA - TOCOPHEROL 

a-Tocopherol  i s  p r i m a r i l y  s i t u a t e d  i n  s u b c e l l u l a r  o r g a n e l l e  



membranes, p a r t i c u l a r l y  t h e  i n n e r  m i t o c h o n d r i a 1  and  microsomal  

membranes. . I t  is g e n e r a l l y  a c c e p t e d  t h a t  a  major  f u n c t i o n  o f  a -  

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

damaging p r o d u c t s  o f  l i p i d  breakdown.  An i n t e r a c t i o n  w i t h  

s e l e n i u m  g l u t a t h i o n e  p e r o x i d a s e ,  a n  i n t e g r a l  p r o t e i n  whose 

f u n c t i o n  is t o  r e d u c e  p e r o x i d e s ,  i s  a l s o  p r o p o s e d .  I n  a d d i t i o n  

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

r o l e  o f  s t a b i l i z i n g  membranes, p a r t i c u l a r l y  t h o s e  c o n t a i n i n g  

p o l y u n s a t u r a t e d  f a t t y  a c y l  c h a i n s  ( D i p l o c k  and  Lucy, 1973; 

Maggio e t  a l . ,  1 9 7 7 ) .  P e r l y  e t  a l .  ( 1 9 8 5 )  have  e s t i m a t e d  t h a t  

t h e  l o c a t i o n  o f  a - t o c o p h e r o l  i n  l i p i d b i l a y e r s  i s  w i t h  i t s  

h y d r o x y l  g r o u p  n e a r  t h e  l i p i d / w a t e r  i n t e r f a c e  and  i t s  

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

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

t o c o p h e r o l  i n  l i p i d  b i l a y e r s  i n c l u d e  measurements  o f  p h a s e  

t r a n s i t i o n  e f f e c t s ,  effects on p h o s p h o l i p i d  o r d e r  a n d / o r  m c t i ~ n ,  

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

DSC ( C u s h l e y  e t  a l e ,  1979; Pohlmann and  Ku ipe r ,  1981; Massey e t  

a l . ,  1982; L a i  e t  a l . ,  19851, ESR ( S r i v a s t a v a  e t  a l . ,  1 9 8 3 )  and  

f l u o r e s c e n c e  (Fukuzawa e t  a l . ,  1980) have  d e m o n s t r a t e d  t h a t  

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

t h e  t e m p e r a t u r e  r a n g e  a n d  r e d u c e  t h e  e n t h a l p y  o f  t h e  g e l  t o  

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  i n < b ~ ~ ~  a n d  DPPC b i l a y e r s .  

C o n s i d e r a b l e  d i s a g r e e m e n t  e x i s t s  a s  t o  a - t o c o p h e r o l f s  

e f f e c t ( s 1  o n  membrane o r d e r  and  mot ion .  N e g l i g i b l e  e f f e c t  o n  

membrane o r d e r  by a - t o c o p h e r o l  was d e t e c t e d  u s i n g  ESR o f  5-doxy1 

s p i n  l a b e l l e d  p a l m i t i c  a c i d  i n t e r c a l a t e d  i n  o r i e n t e d  e g g  



p h o s p h a t i d y l c h o l i n e  m u l t i l a y e r s  (Cushley e t  a l . ,  1979 ) .  On t h e  

b a s i s  o f  i n c r e a s e d  13c NMR 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  

measured f o r  egg p h o s p h a t i d y l c h o l i n e  v e s i c l e s  c o n t a i n i n g  25 mol 

% a- tocophero l  a t  l l o C  Cushley and F o r r e s t  (1977)  concluded t h a t  

motion is i n c r e a s e d  w i t h i n  t h e  b i l a y e r .  S r i v a s t a v a  e t  a l .  

(1983)  were unab le  t o  measure 13c NMR s p i n  l a t t i c e  r e l a x a t i o n  

times f o r  DPPC v e s i c l e s  c o n t a i n i n g  50 mol % a- tocophero l  a t  500C 

due t o  s p e c t r a l  b roaden ing  bu t ,  e s t i m a t i n g  s p i n - s p i n  r e l a x a t i o n  

times from l i n e w i d t h s ,  they  concluded t h a t  t h e r e  is a l o s s  i n  

l i p i d  m o b i l i t y .  F luo re scence  measurements on t h e  probe DPH i n  

l i q u i d  c r y s t a l l i n e  DPPC o r  egg  PC l iposomes show t h a t  a- 

t ocophe ro l  i n c r e a s e s  p o l a r i z a t i o n  (Fukuzawa e t  a l . ,  1 9 8 0 ) .  

S i m i l a r l y  DPH i n  DMPC d i s p e r s i o n s  e x h i b i t s  i n c r e a s e d  

p o l a r i z a t i o n  v a l u e s  a t  370C as t h e  a - tocophero l  c o n c e n t r a t i o n  is  

r a i s e d  (Massey e t  a l . ,  19821,  

P e r m e a b i l i t y  studies a l s o  show t h a t  a - tocophero l  mod i f i e s  

phospho l ip id  model membranes, and a g a i n  t h e  s i t u a t i o n  is 

somewhat confused .  Using a 3 1 ~  NMR-lanthanide induced s h i f t  

method, Cushley and coworkers  (Cushley and F o r r e s t ,  1977; 

Cushley e t  a l . ,  1979)  saw t h a t  i n c o r p o r a t i o n  o f  a - tocophero l  

i n t o  egg PC v e s i c l e s  s u b s t a n t i a l l y  i n c r e a s e s  p r3+  p e r m e a b i l i t y  

a t  330C. I n c r e a s e d  DPPC v e s i c l e  p e r m e a b i l i t y  t o  sodium 

a s c o r b a t e  a t  450C as d e t e c t e d  by ESR was r e p o r t e d  by S r i v a s t a v a  

e t  a l .  (1983)  upon a d d i t i o n  o f  a - t ocophe ro l .  I n  c o n t r a s t ,  

Diplock e t  a l .  ( 1977 )  observed  t h a t  a - tocophero 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  egg PC/phospha t id ic  a c i d  l iposomes  t o  D-glucose 

and chromate a t  300C. The e f f e c t  was g r e a t e r  f o r  egg PC samples  



which c o n t a i n e d  h i g h e r  p r o p o r t i o n s  o f  a r a c h i d o n i c  a c i d  r e s i d u e s .  

Reduced p e r m e a b i l i t y  t o  u r e a  was obse rved  i n  egg PC l iposomes  a t  

25oC by S t i l l w e l l  and Bryan t  ( 1983 )  upon a d d i t i o n  o f  a- 

t o c o p h e r o l .  These p e r m e a b i l i t y  e f f e c t s  are dependen t  on  t h e  

p h o s p h o l i p i d  phase ,  and t h u s  show complex t empe ra tu r e  

v a r i a b i l i t y .  Pohlmann and Kuiper  ( 1981 )  found t h a t  a - tocophero l  

enhances  o smo t i c  wa te r  t r a n s p o r t  i n  DPPC l iposomes  below t h e  g e l  

t o  1 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 empe ra tu r e  b u t  ha s  1 i t t l e  

e f f e c t  above.  Exper iments  by Fukuzawa e t  a l .  ( 1979 )  on  DPPC and 

DMPC l iposomes c o n t a i n i n g  d i c e t y l  phospha te  i n d i c a t e d  t h a t  t h e  

r a t e  o f  g l u c o s e  pe rmea t i on  is  d e c r e a s e d  by a - tocophero l  i n  t h e  

l i q u i d  c r y s t a l l i n e  s t a t e  b u t  i n c r e a s e d  below t h e  phase  

t r a n s i t i o n  t e m p e r a t u r e .  For DPPC l iposomes  a t  370C a b i p h a s i c  

v a r i a t i o n  was e x h i b i t e d  where D-glucose p e r m e a b i l i t y  i n c r e a s e d  

a t  a - tocophero l  l e v e l s  o f  less t h a n  5  mol % b u t  d e c r e a s e d  a t  

Leve l s  g r e a t e r  than 5 rnol %. 

Heightened membrane s t a b i l i t y  due t o  t h e  p r e s e n c e  o f  a- 

t o c o p h e r o l  is  a l s o  imp l i ed  by s t u d i e s  o f  r e d  b lood  ce l l  

hemolys i s .  Lucy and Ding le  ( 1964 )  found t h a t  a - t ocophe ro l  

i n h i b i t e d  r e t i n o l - i n d u c e d  hemolys i s ,  wh i l e  Brown (1983 )  r e p o r t e d  

t h a t  a - tocophero l  p r o t e c t e d  a g a i n s t  r a d i a t i o n - i n d u c e d  hemo lys i s .  

2~ NMR o f  aqueous  phospho l i p id  d i s p e r s i o n s  p roduces  r e s u l t s  
/ 

which a r e  c o m p a r a t i v e l y  s t r a i g h t f o r w a r d  r e g a r d i n g  t h e  

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

(Wassa l l  e t  a l . ,  1986)  h a s  n o t  been used t o  i n v e s t i g a t e  

phosphatidylcholine/a-tocopherol i n t e r a c t i o n s .  The f i n a l  

s e c t i o n  o f  t h e  R e s u l t s  and D i s c u s s i o n  d e s c r i b e s  t h e  s t u d y  o f  PC- 



d 3 i  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  a - t o c o p h e r o l .  Both t h e  

phase  behaviour ( c o n f i r m e d  by DSC) and t h e  a c y l  c h a i n  o r d e r  

p a r a m e t e r s  o f  t h e s e  d i s p e r s i o n s  a r e  documented. 



THEORY 

I .  I n t r o d u c t i o n  

T h i s  c h a p t e r  o u t l i n e s  t h e  t h e o r y  beh ind  t h e  measurements  

and c a l c u l a t i o n s  found i n  t h i s  t h e s i s .  I n  e a c h  s e c t i o n  

r e f e r e n c e  i s  made t o  t e x t s  a n d / o r  r ev iew a r t i c l e s  c o n t a i n i n g  

comprehensive  e x p l a n a t i o n s .  An i n t r o d u c t i o n  t o  t h e  n a t u r e  o f  

t h e  NMR s p e c t r a  e x p e c t e d  from d e u t e r o n s  i n  l i q u i d  c r y s t a l l i n e  

u n o r i e n t e d  samples  is g i v e n  f i r s t ,  t o g e t h e r  w i t h  t h e  d e f i n i t i o n  

o f  t h e  ca rbon-deu te r ium bond o r d e r  p a r a m e t e r .  The background t o  

t h e  t e c h n i q u e s  o f  s p e c t r a l  d e p a k i n g  and o f  t h e  q u a d r u p o l a r  echo  

p u l s e  sequence  is t h e n  p r e s e n t e d  i n  some d e t a i l .  Fo l lowing  t h i s  

a r e  b r i e f  e x p l a n a t i o n s  o f  t h e  measurements  used  i n  s t u d y i n g  t h e  

t empera tu re - induced  changes  i n  model membrane s y s t e m s .  These 

measurements  a r e :  ( i )  c a l c u l a t i o n  o f  s p e c t r a l  moments; ( i i )  

c a l c u l a t i o n  o f  t h e  echo h e i g h t  decay t i m e ;  ( i i i )  d i f f e r e n t i a l  

s c a n n i n g  c a l o r i m e t r y .  

11. Deuterium NMR 

The 2~ NMR t e c h n i q u e  measures  t r a n s i t i o n s  between n u c l e a r  

e n e r g y  l e v e l s  i n  a n  e x t e r n a l  magne t i c  f i e l d .  These l e v e l s  are 
, 

t h e  sum o f  magne t i c  (Zeeman) and q u a d r u p o l a r  e n e r g i e s .  A good 

i n t r o d u c t i o n  t o  t h e  n a t u r e  o f  q u a d r u p o l a r  i n t e r a c t i o n s  may be  

found i n  t h e  f i r s t  t h r e e  s e c t i o n s  o f  Cohen and R e i f  (19571,  

w h i l e  S l i c h t e r  ( 1 9 7 8 )  and Harris (1983)  a r e  good g e n e r a l  NMR 



t e x t s .  2~ NMR a p p l i e d  t o  l i p i d  membranes is d i s c u s s e d  i n  

e x c e l l e n t  r ev i ews  by S e e l i g  (1977) and Davis  (1983). 

The Zeeman Hami l ton ian  ,is t h e  s c a l a r  p roduc t  o f  t h e  n u c l e a r  

magne t ic  moment and t h e  magne t ic  f i e l d  Bo, w i t h  a s s o c i a t e d  

ene rgy  l e v e l s  Em = -uhBom/2x. Bo d e f i n e s  t h e  z d i r e c t i o n ,  and 

m = t l ,  0, o r  -1 f o r  deu te r ium,  whose n u c l e a r  s p i n  I=l. The 

gyromagne t ic  r a t i o  Y e q u a l s  4 . 1  x l o 7  T - ~  s-I f o r  Z H .  

The quad rupo l a r  H a m i P  t o n i a n  d e s c r i b e s  t h e  i n t e r a c t i o n  

between a n o n - s p h e r i c a l l y  symmetric  n u c l e a r  c h a r g e  d i s t r i b u t i o n  

and a n  e x t e r n a l  c h a r g e  d i s t r i b u t i o n  t h a t  g i v e s  r ise t o  non-zero 

e lectr ic  f i e l d  g r a d i e n t s  a t  t h e  n u c l e u s .  The quad rupo l a r  

i n t e r a c t i o n  depends  on t h e  o r i e n t a t i o n  of  t h e  n u c l e u s  w i t h  

r e s p e c t  t o  t h e  magne t ic  f i e l d ,  s o  t h a t  2~ NMR c a n  be used t o  

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

The electric f i e l d  g r a d i e n t  a t  t h e  2l-I n u c l e u s  may be e x p r e s s e d  

i n  terms o f  a  d i a g o n a l ,  t r a c e l e s s  t e n s o r  w i th  e l e m e n t s  V Z z  2 Vxx 

2 Vyy where t h e  x and y  components are r e l a t e d  by d e f i n i n g  a n  

'asymmetry pa ramete r  T = (Vxx - v y y )  / v z z *  

A t  t h e  f i e l d s  o f  s e v e r a l  t e s l a  commonly employed i n  NMR, 

t h e  quad rupo l a r  Hami l ton ian  r e s u l t s  i n  o n l y  a  small s h i f t  o f  t h e  

Zeeman ene rg y  l e v e l s .  The ene rgy  l e v e l s  f o r  2~ i n  a magne t ic  

f i e l d  p a r a l l e l  t o  t h e  z  component V z Z  o f  t h e  e lec t r ic  f i e l d  

g r a d i e n t  t e n s o r  are : 
1 

where: e is t h e  n u c l e a r  cha rge ,  eq  e q u a l s  V Z Z ,  and Q is t h e  



nuclear electric quadrupole moment (2.875 x cm2 for 2 ~ ) .  

The frequencies of the allowed transitions are thus displaced 

from the Larmor precession frequency Po = YBo/2r by 23eZqQ/4h, 

resulting in a doublet of separation AP = 3e2q~/2h. This is the 

maximum obtainable splitting, since Bo was defined as being 

parallel to VZZ. 

For a powder sample, consisting of a random distribution of 

VZZts, the NMR spectrum is made up of contributions from all 

orientations sf the molecule-fixed VzZ with respect to the 

external Bo. For a given orientation the splitting is given by: 

where 9 and 8 are the azimuthal and polar angles, respectively, 

between the two sets of axes, as shown in Fig. 1. The quantity 

e2q~/h is termed the 'static quadrupolar coupling constantf, 

which varies according to the chemical environment and equals 

a168 kHz for C-D bonds in an alkane (Burnett and Mdller, 1971). 

Also pertaining to C-D bonds VZz is essentially parallel to the 

bond direction and T, the asymmetry parameter, is very close to 

zero so that the second term in Eq. (2) may be ignored. Thus 

the orientation dependence of the splitting A V  is given by the 

factor (3cos28 - 1112. The probability of finding a given angle 

8 between VZz and Bo varies as sin 8, so that the most probable 

relative orientation is 8 = 900, yielding (3cos28 - 1)/2 = -1/2. 

Correspondingly the frequency separation APQ, called the 

quadrupolar splitting, of the most intense absorptions in the 



F i g u r e  1: The r e l a t i o n s h i p  between t h e  l a b o r a t o r y  c o o r d i n a t e  
sys tem ( x , y , z ;  Bo p a r a l l e l  t o  z )  and t h e  p r i n c i p a l  
component VZz ( p a r a l l e l  t o  t h e  C-D bond)  o f  t h e  
m o l e c u l e - f i x e d  e l e c t r i c  f i e l d  g r a d i e n t  c o o r d i n a t e  
sys tem.  The a n g l e s  8 and d d e f i n e  t h e  r e l a t i v e  
o r i e n t a t i o n  of t h e  a x e s .  





powder l i n e s h a p e  is: 

F i g .  2 i l l u s t r a t e s  a  t y p i c a l  2~ NMR powder spec t rum and A Y Q .  I n  

l i q u i d  c r y s t a l l i n e  samples ,  s u c h  a s  membrane s y s t e m s  o f  

b iochemica l  i n t e r e s t ,  mot ion  o c c u r s  which na r rows  t h e  s p l i t t i n g  

from t h a t  o b s e r v e d  i n  powders.  T h i s  mot ion  is g e n e r a l l y  a  

r o t a t i o n  a b o u t  t h e  l o n g  a x i s  ( t e r m e d  t h e  ' d i r e c t o r ' )  o f  t h e  

l i q u i d  c r y s t a l l i n e  c o n s t i t u e n t  molecu le  s o  t h a t  o n l y  t h e  a v e r a g e  

o r i e n t a t i o n  is d e t e c t e d  by t h e  NMR t e c h n i q u e .  For a n  o r i e n t e d  

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

s p l i t t i n g  is: 

I 

where t h e  a n g u l a r  b r a c k e t s  i n d i c a t e  t h e  time a v e r a g e ,  is t h e  

i n s t a n t a n e o u s  a n g l e  between Vzz and t h e  d i r e c t o r  a x i s ,  and ScD 

is t h e  o r d e r  p a r a m e t e r  o f  t h e  C-D bond. For a  l i q u i d  

c r y s t a l l i n e  sample o f  random d i r e c t o r  a x e s  s u c h  a s  o c c u r s  i n  

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

m o s t - p r o b a b l e  a n g l e  betweeh a g i v e n  d i r e c t o r  a x i s  and Bo i s  9 0 0 ,  

by a n a l o g y  w i t h  powders.  T h i s  g i v e s  rise t o  a measured 

s p l i t t i n g :  



Figure  2 :  A 2~ NMR powder p a t t e r n .  The spectrum is of r7.7- 
2 ~ 2 1  1-decanol i n  DPPC a t  50QC. 





Thus t h e  powder l i n e s h a p e ,  E q .  ( 3 1 ,  is r e d u c e d  by t h e  

a n i s o t r o p i c  mot ions  by a  f a c t o r  = ISCDI. The s i g n  o f  SCD must 

be  d e t e r m i n e d  i n d e p e n d e n t l y  i f  1 SCD 1 5 0.5. 

The f u n c t i o n a l  form o f  t h e  p o r t i o n  o f  t h e  a x i a l l y  symmetr ic  

2~ NMR powder p a t t e r n  which r e s u l t s  from t h e  m=O t o  m=-1  

a b s o r p t i o n  ( i . e .  one-hal f  o f  t h e  q u a d r u p o l a r  d o u b l e t )  is  g i v e n  

by: 

Powder(w1 = O r i e n t e  (w) s i n e  de  

0 j" 
where O r i e n t e ( w ) ,  t h e  o r i e n t e d  s p e c t r a l  shape ,  h a s  n o t  been 

s p e c i f i e d .  T h i s  c a n  be e x p r e s s e d  i n  terms o f  f r e q u e n c y  u s i n g  

t h e  r e l a t i o n s h i p  be tween w and 8:  

where x i s  t h e  maximum v a l u e  o f  w, found when 8  = 0, w h i l e  t h e  

minimum w  e q u a l s  - x / 2 .  I n  f r e q u e n c y  t e r m s  E q .  ( 6 )  is, t h e n :  

where O r i e n t e ( # )  i s  u s u a l l y  assumed t o  be G a u s s i a n  o r  

L o r e n t z i a n .  

The symmet r i ca l  powder p a t t e r n  i l l u s t r a t e d  i n  F i g .  ( 2 )  



results from t h e  sum o f  Eq, ( 8 1  and i ts  m i r r o r  image ( r e f l e c t e d  

t h r o u g h  t h e  w = 0 a x i s ) ,  which stems from t h e  low-frequency ( m = l  

t o  m=O a b s o r p t i o n  and whose l i m i t s  o f  i n t e g r a t i o n  would be -x 

and x / 2 ,  N e g l e c t i n g  t h e  b roaden ing  c a u s e d  by t h e  o r i e n t e d  

l i n e s '  f i n i t e  w i d t h s  ( i . e .  o m i t t i n g  t h e  c o n v o l u t i o n  w i t h  

O r i e n t e ( w )  shown i n  Eq. ( 8 ) )  t h e  powder p a t t e r n  h a s  t h e  

b e h a v i o u r :  E-2w +  XI-^/^ f o r  -x 5 w  < -x/2; El-2w + x 1 - l i 2  + 1 2 0  

+ X I - ~ / ~ I  f o r  -x/2 < w < x/2 ;  and [2w + X I  - 1 1 2  f o r  x / 2  < a I x. 

A .  Depaking 

Depaking h a s  been r e c e n t l y  deve loped  t o  c a l c u l a t e  ' a l i g n e d t  

NMR s p e c t r a  from powder p a t t e r n s  (Bloom e t  a l . ,  1981; S t e r n i n ,  

1982; S t e r n i n  e t  a l . ,  1 9 8 3 ) .  The t e c h n i q u e  y i e l d s  t h e  spec t rum 

t h a t  would r e s u l t  from a n  o r i e n t e d  l i q u i d  c r y s t a l  h a v i n g  i ts 

d i r e c t o r  a x i s  p a r a l l e l  t o  Bo.  For 2~ powder p a t t e r n s ,  then, t h e  

s p l i t t i n g  measured from t h e  depaked spec t rum is twice t h a t  

measured from t h e  powder p a t t e r n .  Depaking is used  t o  enhance  

t h e  r e s o l u t i o n  o f  s p e c t r a  c o n s i s t i n g  o f  super imposed powder 

p a t t e r n s  w i t h  d i f f e r i n g  A V Q ' S .  Assignment o f  t h e  v a r i o u s  

r e s o n a n c e s  from p e r d e u t e r a t e d  m o l e c u l e s  is f a c i l i t a t e d  s i n c e  t h e  

i n t e g r a t e d  i n t e n s i t i e s  o f  t h e  peaks  i n  t h e  depaked s p e c t r u m  a r e  

t h o s e  t h a t  would be  measured from a n  o r i e n t e d  spec t rum,  s o  t h a t  

t h e  p r o p o r t i o n  o f  t h e  s a m p l e ' s  d e u t e r o n s  c o n t r i b u t i n g  t o  a  g i v e n  

peak may be d e t e r m i n e d .  Powder s p e c t r a  must have h i g h  s i g n a l -  

t o - n o i s e  r a t i o s  t o  be s u i t a b l e  f o r  depak ing ,  s i n c e  t h e  enhanced 

r e s o l u t i o n  is accompanied by a c o n c o m i t a n t  i n c r e a s e  i n  n o i s e .  



An o u t l i n e  o f  t h e  depak ing  p r o c e d u r e  f o l l o w s .  For 

s i m p l i c i t y  i t  i s  b e s t  t o  c o n s i d e r  o n l y  h a l f  o f  t h e  2~ powder 

p a t t e r n .  F i g .  ( 3 )  shows how t h e  powder and o r i e n t e d  ( 0  = 0 0 )  

s p e c t r a  a r e  r e l a t e d .  The e x p e r i m e n t a l l y - d e t e r m i n e d  powder 

p a t t e r n  is a s u p e r p o s i t i o n  o f  o r i e n t e d  s p e c t r a  hav ing  a  s i n  8  

d i s t r i b u t i o n  o f  a n g l e s  8  between t h e i r  m o l e c u l a r  symmetry a x e s  

and Bo, a s  h a s  been p r e v i o u s l y  d i s c u s s e d .  The depak ing  r o u t i n e  

d e c o n v o l u t e s  t h i s  powder p a t t e r n  and c o n v e r t s  i t  t o  t h e  spec t rum 

which would a r i s e  from a  homogeneously o r i e n t e d  sample w i t h  0  = 

00.  Axia l  symmetry i s  assumed, s o  t h a t  g i v e n  a  c e r t a i n  

l i n e s h a p e  Oriente,0o ( X I ,  t h e  o r i e n t e d  s p e c t r a  a t  a n g l e s  8  # 0 0  

a r e  r e l a t e d  t o  Or ien te ,0o(x)  by t h e  f a c t o r  (3cos28  - 1 ) / 2  

a c c o r d i n g  t o  ( S t e r n i n ,  

T h i s  r e l a t i o n s h i p  i m p l i e s  t h a t  t h e  maximum h e i g h t  o f  O r i e n t o o ( x 1  

is smaller t h a n  f o r  any o t h e r  o r i e n t a t i o n ,  and t h a t ,  

c o r r e s p o n d i n g l y ,  O r i e n t o o ( x )  h a s  a  l a r g e r  wid th  t h a n  t h e  

o r i e n t e d  spec t rum a t  any o t h e r  a n g l e ,  s i n c e  t h e  i n t e g r a t e d  

i n t e n s i t y  o f  t h e  o r i e n t e d  s p e c t r u m  i s  n o t  8-dependent .  

Now it i s  p o s s i b l e  t o  d e f i n e  Powder(w1 i n  terms o f  
\ 

O r i e n t g o ( x ) ,  i n t e g r a t i n g  o v e r  x:  



F i g u r e  3 :  One-half o f  a ( s i m u l a t e d )  2~ NMR powder p a t t e r n  and 
t h e  a s s o c i a t e d  " o r i e n t e d v  s p e c t r u m  which would 
r e s u l t  from a  c r y s t a l  w i t h  VZZ p a r a l l e l  t o  Bo.  
Adapted from F i g .  2  o f  S t e r n i n  (19821,  w i t h  
p e r m i s s i o n .  



h 
ORIENT (w) 

w (dimensionless) 



The l i m i t s  o f  i n t e g r a t i o n  i n d i c a t e  t h a t  O r i e n t o o ( x 1  h a s  been  

s c a l e d  s o  t h a t  i t  l i e s  w i t h i n  t h e  f r e q u e n c y  r a n g e  0 < w < 1. I n  

a d d i t i o n ,  s i n c e  w = x  ( 3 c o s 2 8  - 11/2 ,  -x/2 2 w 5x a r e  t h e  o n l y  

p o s s i b l e  v a l u e s  o f  w, and t h e  i n t e g r a n d  i s  s e t  e q u a l  t o  z e r o  f o r  

v a l u e s  o u t s i d e  t h i s  r a n g e .  

Eq. ( 1 0  1 forms t h e  b a s i s  f o r  t h e  hepak ing  program. When 

d e a l i n g  w i t h  e x p e r i m e n t a l  d a t a ,  however, P o ~ d e r ( ~ ~ 1 )  is o n l y  known 

a t  N d i s c r e t e  f r e q u e n c i e s  q.  I n  o r d e r  t o  compute O r i e n t o o ( x l ,  

Eq. ( 1 0 )  must be c o n v e r t e d  i n t o  a form c o n t a i n i n g  h i s t o g r a m s  

i n s t e a d  o f  t h e  c o n t i n u o u s  f u n c t i o n s  Powder(0~1 and O r i e n t g o ( x 1 .  

The i n t e g r a l  i n  Eq. ( 1 0 )  may t h e n  be s o l v e d ,  s i n c e  O r i e n t o o ( x )  

is  c o n s t a n t  o v e r  a g i v e n  h i s t o g r a m  i n t e r v a l  and t h u s  may be  

t a k e n  o u t s i d e  t h e  i n t e g r a l .  The r e s u l t i n g  formula ,  o u t l i n e d  i n  

Eq. (111, may t h e n  be used  t o  s y s t e m a t i c a l l y  c a l c u l a t e  t h e  

o r i e n t e d  spec t rum from t h e  known powder p a t t e r n .  The f u n c t i o n s  

N / 2  
Powder ( -wn 1 = E O r  i e n t o o  ( 2wi ) A ( wi, 

i > n  

A and B r e s u l t  from t h e  i n t e g r a t i o n ,  and t h e i r  p r e c i s e  forms a r e  

n o t  n e c e s s a r y  f o r  t h i s  d i s c u s s i o n .  

S t a r t i n g  from t h e  -w s i d e  o f  t h e  spec t rum,  a  p o i n t  i s  

c h o s e n  well beyond t h e  edge  o f  t h e  powder p a t t e r n ,  where i t  h a s  

d i s a p p e a r e d  i n t o  t h e  b a s e l i n e  n o i s e .  Thus, Powder(-wn) = 0 .  I t  

is t h e n  assumed t h a t  0 r i e n t o o ( 2 w n )  w i l l  a l s o  be i n d i s t i n -  

g u i s h a b l e  from n o i s e ,  s o  t h a t  O r i e n t o o  (2wi1 = 0 f o r  a l l  i ) n. 



Orientgo(2cch)  may t h e n  be u n i q u e l y  d e t e r m i n e d  from E q .  (11). 

Powder ( -%-1 is t h e n  s u f  f i e i e n t  t o  c a l c u l a t e  O r i e n t 0 0  ( 2%-11, 

and t h i s  p r o c e s s  may be  c o n t i n u e d  u n t i l  O r i e n t o o ( w i )  is  known 

f o r  a l l  W i .  

The a c t u a l  d e p a k i n g  p r o c e s s  i s  somewhat more complex, f o r  

two r e a s o n s .  One is t h a t  t h e  2~ NMR s d e c t r a  are symmetric ,  s o  

t h a t  e a c h  s i d e  o f  t h e  powder p a t t e r n  c o n t a i n s  c o n t r i b u t i o n s  from 

b o t h  edge  and s h o u l d e r  i n t e n s i t y .  Also,  random n o i s e  t e n d s  t o  

o b s c u r e  t h e  p o i n t  where t h e  spec t rum d i s a p p e a r s  i n t o  n o i s e .  

T h i s  second problem i s  e s p e c i a l l y  s e r i o u s  when t a k i n g  t h e  f i r s t  

s y s t e m a t i c  i n t e n s i t y  found i n  t h e  powder spec t rum as ' s h o u l d e r f  

i n t e n s i t y ,  s i n c e  t h e  s h o u l d e r s  a r e  i n t r i n s i c a l l y  more s u s c e p -  

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

program overcomes t h e s e  d i f f i c u l t i e s  by t a k i n g  a n  i t e r a t i v e  

a p p r o a c h .  The f i r s t  i t e r a t i o n  t r e a t s ' a l l  i n t e n s i t y  i n  h a l f  t h e  

powder spectrum as  'edge ' i n t e n s i t y .  T h i s  i s  a p u r p o s e f u l  Gver- 

e s t i m a t i o n  which is c o u n t e r e d  i n  t h e  second i t e r a t i o n  by 

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

c o n t r i b u t i o n  from t h e  f i r s t  h a l f ' s  ' s h o u l d e r '  i n t e n s i t y  which, 

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

magnitude t h a n  t h e  t r u e  s h o u l d e r  i n t e n s i t y .  A f t e r  o n l y  a  few 

i t e r a t i o n s  ( z  4) t h e  two s i d e s  o f  t h e  c a l c u l a t e d  o r i e n t e d  

spec t rum converge  t o  t h e  same i n t e n s i t y .  An example o f  a  s i m p l e  

2~ NMR powder p a t t e r n  and i t s  a s s o c i a t e d  depaked spec t rum i s  

g i v e n  i n  F i g .  ( 4 ) .  

The a s s u m p t i o n  c e n t r a l  t o  s u c c e s s f u l  depak ing  i s  t h a t  t h e  

i n t e r a c t i o n  g i v i n g  rise t o  t h e  powder p a t t e r n  is a x i a l l y  



F i g u r e  4 :  A 2~ NMR powder p a t t e r n  w i t h  i ts  a s s o c i a t e d  depaked  
s p e c t r u m .  The powder p a t t e r n  i s  from 1 7 , 7 - ~ ~ ~ 1 1 -  
d e c a n o l  i n  a p h o s p h o l i p i d  b i l a y e r  s y s t e m .  Seven  
i t e r a t i o n s  were pe r fo rmed  o n  t h e  d a t a  t o  y i e l d  t h e  
lower  s p e c t r u m .  



ORIENT (w) o0 



symmetric,  s o  t h a t  t h e  o r i e n t e d  spec t rum is  s c a l e d  acco rd ing  t o  

( 3cos28 - 1) 1 2 .  Cau t ion  must be e x e r c i s e d  i f  t h e  powder 

spect rum arises from a  non-zero asymmetry paramete r ,  b u t  u s e f u l  

i n f o r m a t i o n  may s t i l l  be o b t a i n e d  ( S t e r n i n  e t  a l . ,  1983 ) .  A 

second p o t e n t i a l  d i f f i c u l t y  o c c u r s  when o r i e n t a t i o n - i n d e p e n d e n t  

l i n e  b roaden ing  is p r e s e n t .  Th is  is  encounte red ,  f o r  example, 

when t h e  time-domain spect rum is f i l t e r e d  u s i n g  e x p o n e n t i a l  

m u l t i p l i c a t i o n  and g i v e s  rise t o  a r t i f a c t s  i n  t h e  depaked 

spect rum a t  twice t h e  f requency  d i sp l acemen t  ( f rom coo) o f  t h e  

o r i e n t e d  s p e c t r a l  r e sonances .  F o r t u n a t e l y  t h e s e  problems do n o t  

i n t e r f e r e  wi th  s p l i t t i n g  measurements.  

B, The quad rupo la r  echo t echn ique  

The f i r s t  2~ NMR s t u d i e s  on  l i p i d / w a t e r  sys tems  ( O l d f i e l d  

e t  a l . ,  1971) d i d  n ~ t  employ t h e  p u l s e d  F o u r i e r  t r a n s f o r m  

t echn ique  and s u f f e r e d  from t h e  l a c k  o f  s e n s i t i v i t y  a s s o c i a t e d  

wi th  t h e  o l d e r  con t inuous  wave method. E a r l y  F o u r i e r  t r a n s f o r m  

NMR s t u d i e s  ( e . g .  S e e l i g  and S e e l i g ,  1974)  a l s o  produced 

d i s t o r t e d  s p e c t r a .  The f r e e  i n d u c t i o n  decay (FID)  from a 900 

p u l s e ,  which is  t h e  u s u a l  method o f  a c q u i r i n g  d a t a  i n  sys tems  

w i th  narrow resonances ,  is n o t  adequa t e  t o  g i v e  f i d e l i t y  t o  t h e  

2~ NMR powder l i n e s h a p e .  Because o f  t h e  l a r g e  f r e q u e n c i e s  ( u p  

t o  250 kHz) encoun te r ed  i n  2~ powder s p e c t r a ,  t i m e  domain 

i n fo rma t ion  d i m i n i s h e s  ex t r eme ly  r a p i d l y .  The f i n i t e  'dead- 

t i m e 1  o f  t h e  r e c e i v e r  f o l l o w i n g  t h e  RF p u l s e  c a u s e s  t h e  i n i t i a l  

d a t a  p o i n t s  o f  t h e  FID t o  be l o s t ,  and t h e  Four ie r - t rans formed  



spectrum is thus inaccurate. 

To overcome this problem the quadrupolar echo pulse 

sequence was applied to lipids by Davis et al. (1976). 

Neglecting relaxation and losses due to magnetic field 

inhomogeneities, the signal from the static quadrupolar 

interactions is completely refocussed by the two-pulse sequence 

900y - T - 900, - T - echo, illustrated in Fig. (5). The powder 

pattern is then obtained by Fourier transformation of the last 

half of the echo. 

It is very difficult to give a classical view of the 

quadrupolar echo pulse sequence. Two useful references on solid 

echoes are Solomon (1958) and Mansfield (1965). Solomon (1958) 

examined the echoes obtained by sequential pulses about the y 

axis for a nucleus with I=5/2, and his treatment may be readily 

adapted for two pulses 900 out of phase and for 2 ~ ,  with I=l. 

F~llcwing Solomon (19581, we show that the  signal amplitude of 

the echo at t = 2 ~  following the quadrupolar echo pulse sequence 

is equal to the signal amplitude which would be measured by an 

ideal (zero dead-time) receiver coil immediately after the first 

900 pulse. 

In thermal equilibrium the spin density matrix behaves like 

I,, The first 900 pulse is equivalent to a rotation about the y 

axis and immediately after this pulse (t=O) $0) is proportional 

to Ix. The density matrix evolves in time according to the 

quadrupolar interaction which is proportional to I ~ ~ :  



Figure 5: The quadrupolar echo pulse sequence. Fourier 
transformation begins at the top of the echo. 
Pulses are assumed to be infinitely short for 
purposes of illustration. The digitization rate 
is 5 us and T is 125 us. 



ECHO (27) 



The constant 'at is related to the strength of the quadrupolar 

interaction for a given nucleus. The signal amplitude in the 

coil, S ( t ) ,  is proportional to: 

where I+.= I, + iIy. Substituting Eq. (12) into Eq. (131, 

expanding the exponentials with Taylor series and taking the sum 

of the diagonal matrix elements gives: 

At t = e the second pulse is applied, which performs a 

rotation R about the x axis. Immediately after this pulse we 

have : 

where R - ~  is the inverse matrix of R, with a signal established 

in the coil at times t > e of: 

Eq. (16) can be expanded in a similar manner to Eq. (131, 



y i e l d i n g :  

An echo o c c u r s  when S ( t )  i s  independen t  o f  l a r ,  meaning 

t h a t  a l l  n u c l e i  are ' i n  p h a s e r .  The t i m e  a t  which t h i s  

r e f o c u s s i n g  happens  i s  g i v e n  by: 

S i n c e  p ( 0 )  = Ix, t h e  o n l y  non-zero m a t r i x  e l e m e n t s  o c c u r  f o r  

( r n M  - m f )  = t 1. Also,  when m = I = 1, [ 1 ( 1 + 1 ) - m ( m + l ) l ~ / ~  = 0  

i n  E q .  ( 1 7 ) .  The o n l y  v a l u e s  m, m r  and  m M  which are a l lowed ,  

Thus t h e  r a t i o  i n  Eq, ( 1 8 )  e q u a l s  one, s o  t h a t  t h e  echo  o c c u r s  

I n  t h e  q u a d r u p o l a r  echo p u l s e  sequence  t h e  second  p u l s e  is 

a r o t a t i o n  R a b o u t  t h e  x  a x i s .  T h i s  r o t a t i o n  i s  accompl i shed  by 

means o f  t h e  E u l e r  a n g l e s  (U,LI,Y) = ( -x /2 ,  r / 2 ,  x / 2 )  as 

i l l u s t r a t e d  i n  F i g .  (6). The m a t r i x  e l e m e n t s  < m l R l m f t )  are found 

u s i n g  t h e  Wigner r o t a t i o n  m a t r i x  ~ l ( - x / 2 ,  r / 2 ,  r / 2 )  which is 

shown i n  Table  I .  The m a t r i x  e l e m e n t s  < a t  l ~ - l l r n + l )  are found 

u s i n g  t h e  a d j o i n t  o f  ~ l ( - x / 2 ,  n / 2 ,  x / 2 ) .  The non-zero m a t r i x  

e l e m e n t s  < m f f l e ( 0 )  l m r >  a r e  a l l  e q u a l  t o  l/yr2 ( P l a n c k r s  c o n s t a n t  

h a v i n g  been s e t  e q u a l  t o  one by c o n v e n t i o n ) .  



F i g u r e  6: The E u l e r  a n g l e s  ( a , B , Y )  needed f o r  a 900 c l o c k w i s e  
r o t a t i o n  a b o u t  t h e  x  a x i s .  The 900 r o t a t i o n  a b o u t  
t h e  x  a x i s  is  i l l u s t r a t e d  on t h e  l e f t ,  showing i t s  
e q u i v a l e n c e  t o  t h e  sequence  o f  r o t a t i o n s :  -x/2 
a b o u t  t h e  z a x i s ,  x/2 a b o u t  t h e  new y a x i s ,  and x/2 
a b o u t  t h e  new z a x i s .  





TABLE 1: The matrix elements of ~ ~ ( - x / 2 , ~ / 2 , x / 2 ) .  



S ( t = 2 ~ )  may now be e v a l u a t e d  from Eq. (17) and is found to 

e q u a l  o n e .  S i m i l a r l y ,  t h e  s i g n a l  immedia te ly  a f t e r  t h e  f i r s t  

p u l s e  ( assuming  z e r o  dead- t ime)  may be  c a l c u l a t e d  from Eq. (14) 

w i t h  t = O ,  and  is found t o  e q u a l  o n e .  T h i s  p r o v e s  t h a t  t h e  

q u a d r u p o l a r  echo c o m p l e t e l y  r e f o c u s s e s  t h e  q u a d r u p o l a r  

i n t e r a c t i o n s ,  n e g l e c t i n g  t h e  e f f e c t s  o f  r e l a x a t i o n ,  e t c . ,  as 

mentioned p r e v i o u s l y .  

C. Method o f  moments 

The NMR s p e c t r a l  moments M n  c a n  be  d e f i n e d  by: 

where f  ( w )  is t h e  i n t e n s i t y  o f  t h e  frequency-domain s p e c t r u m  as 

a f u n c t i o n  o f  t h e  f r e q u e n c y  d i s p l a c e m e n t  w from t h e  c e n t r a l  

(Larmor )  f r e q u e n c y .  The denominator  o f  E q .  (191, t h e n ,  is j u s t  

t h e  s p e c t r a l  a r e a .  Note t h a t  i n t e g r a t i o n  commences a t  t h e  

c e n t e r  o f  t h e  symmet r i ca l  s p e c t r u m  and is c a r r i e d  o u t  o v e r  o n l y  

h a l f  o f  it. T h i s  a l l o w s  u s e f u l  v a l u e s  t d  be measured f o r  t h e  

odd moments, which are z e r o  when t h e  l i m i t s  o f  i n t e g r a t i o n  are 

t h e  more u s u a l  + a. 

Q u a l i t a t i v e l y ,  t h e  nth s p e c t r a l  moment is a  measure o f  t h e  

f requency  r a n g e  o v e r  which t h e  2~ NMR spec t rum e x t e n d s .  The 

h i g h e r  moments g i v e  i n c r e a s i n g  we igh t  t o  t h e  l o w - i n t e n s i t y  



s h o u l d e r s  o f  t h e  spect rum,  and t h u s  are more s u s c e p t i b l e  t o  

e r r o r s  stemming from low s i g n a l - t o - n o i s e  r a t i o s  o r  from 

i n s t r u m e n t a l  f a c t o r s  which c a u s e  f requency-dependent  d i s t o r t i o n  

(see t h e  Exper imenta l  Methods) .  M 1  is l e a s t  prone  t o  t h e s e  

e r r o r s ,  and t h e  r e d u c t i o n  i n  M 1  as t h e  model membrane is h e a t e d  

th rough  i ts  g e l  t o  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  p r o v i d e s  a 

q u a n t i t a t i v e  measurement o f  t h e  2~ NMR s p e c t r a l  na r rowing  which 

is  q u a l i t a t i v e l y  obv ious  (Davis ,  1 9 7 9 ) .  

I n  t h e  l i q u i d  c r y s t a l l i n e  l i p i d  phase  t h e  f i r s t  moment may 

be r e l a t e d  t o  t h e  mean quad rupo l a r  s p l i t t i n g  o f  a pe rdeu t e r a t e ' d  

sample (Davis ,  1979, 1 9 8 3 ) .  For ax i a l l y - symmet r i c  sys tems  M n  = 

cn <(avQIn>, where cn i s  c o n s t a n t  f o r  a g i v e n  i n t e g e r  n .  Thus 

M 1  = 4 x / 3 f 3  < A V Q > ,  where < A ~ Q >  i s  t h e  mean quad rupo l a r  

s p l i t t i n g .  A l t e r n a t i v e l y  M1 may be r e l a t e d  t o  t h e  mean o r d e r  

pa ramete r  o f  t h e  sys tem:  M 1  = n / r 3  ( e Z q 0 / h )  <SCD>.  S i m i l a r l y ,  

M 2  = 9n2/20 ( e 2 q ~ / h 1 2  < s C D 2 > .  

D .  R e l a x a t i o n :  TZe  

When employing t h e  quad rupo l a r  echo t e c h n i q u e  t h e  most 

a c c e s s i b l e  r e l a x a t i o n  measurement is  t h e  measurement o f  t h e  

decay o f  t h e  echo h e i g h t  A(25) ass f u n c t i o n  o f  t h e  p u l s e  
, I 

s p a c i n g  c. Thi s  decay  h a s  a t i m e  c o n s t a n t  o f  Tze:  

A ( 2 ~ 1  = A ( O ) ~ X ~ ( - ~ T / T ~ ~ )  (20  

where A(0) is t h e  i n i t i a l  i n t e n s i t y  f o l l o w i n g  t h e  f i r s t  900 



p u l s e .  

The i n t e r p r e t a t i o n  o f  T2, d a t a  i s  n o t  s t r a i g h t f o r w a r d ,  

a1 though i t  is g e n e r a l 1  y  a c c e p t e d  t h a t  t ime-dependent  

quad rupo l a r  i n t e r a c t i o n s  a r e  c h i e f l y  r e s p o n s i b l e  f o r  t h e  l o s s  o f  

echo amp l i t ude  (Davis ,  1979; J e f f r e y ,  1 9 8 1 ) .  D ipo l a r  

i n t e r a c t i o n s  w i t h  nearby  p r o t o n s  may a l s o  c o n t r i b u t e ,  b u t  are 

u s u a l l y  assumed n e g l i g i b l e  e x c e p t  f o r  s e l e c t i v e l y  d e u t e r a t e d  

sys tems  (Pratum, T . K .  and Kle in ,  M.P., u n p u b l i s h e d ) .  

T z e  is  o r i e n t a t i o n - d e p e n d e n t  and t h u s  when s t u d y i n g  

u n o r i e n t e d  samples  t h e  decay shou ld  n o t  be c h a r a c t e r i z e d  by a 

s i n g l e  e x p o n e n t i a l  ( P a u l s  e t  a l . ,  1 9 8 5 ) .  I n  p r a c t i s e ,  however, 

t h e  measured dependence o f  echo h e i g h t  on  p u l s e  s p a c i n g  f o r  

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

p u l s e  s p a c i n g s  ( c  < a150 U S ) .  

The examina t i on  o f  t h e  behav iour  o f  TZe  as a  f u n c t i o n  o f  

t empe ra tu r e  allows c o r r e l a t i o n s  to be ma& w i t h  l i p i d  phase  

changes .  P a u l s  e t  a l .  ( 1984 )  have r e l a t e d  T2, t o  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 i m e  cc o f  a d e u t e r a t e d  h e l i c a l  p r o t e i n  i n  a l i p i d  

b i l a y e r  through t h e  g e l  t o  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 .  

They f i n d  t h a t  T2, i s  d i r e c t l y  p r o p o r t i o n a l  t o  cc below t h e  

phase  t r a n s i t i o n  t e m p e r a t u r e  ( s low mot ion)  and i n v e r s e l y  

p r o p o r t i o n a l  t o  .cc above t h e  t r h s i t i o n  ( f a s t  mot ion)  (Eqs. ( 2 1 )  

and (221,  r e s p e c t i v e l y ) .  I n  t h e  i n t e r m e d i a t e  mot iona l  regime 

T z e  = p  cc, p  = c o n s t a n t  ( 2 1 )  

T z e  = (AM2 cc)-lF ( 2 2 )  

 AM^ = measure o f  t h e  e x t e n t  o f  s p e c t r a l  na r rowing  



due  t o  t h e  motion 

T z e  n e c e s s a r i l y  goes  th rough  a minimum, These changes  w i l l  be 

more t ho rough ly  d i s c u s s e d  i n  t h e  r e l e v a n t  s e c t i o n s  o f  t h e  

R e s u l t s  and D i s c u s s i o n .  

111. D i f f e r e n t i a l  Scanning C a l o r i m e t r y  (DSC) 

DSC i s  a  powerful  thermodynamic t o o l  f o r  s t u d y i n g  phase  

changes  i n  l i p i d  sy s t ems .  McElhaney (1982)  r ev i ews  some r e c e n t  

a p p l i c a t i o n s  o f  DSC t o  membrane r e s e a r c h .  Although DSC may be 

used t o  q u a n t i t a t i v e l y  de t e rmine  t h e  change i n  e n t h a l p y  

a s s o c i a t e d  w i t h  a g i v e n  phase  t r a n s i t i o n  t h e  work i n  t h i s  t h e s i s  

is  c h i e f l y  concerned  w i t h  t h e  t empe ra tu r e  o f  t h e  t r a n s i t i o n ,  s o  

t h a t  o n l y  q u a l i t a t i v e  r e s u l t s  a r e  shown. 

DSC measures  t h e  d i f f e r e n c e  i n  p w e r  required t o  keep a 

sample and r e f e r e n c e  ce l l  a t  t h e  same t e m p e r a t u r e .  During a DSC 

s c a n  t h e  t empe ra tu r e  is changed a t  a c o n s t a n t  rate.  I f  t h e  

sample goes  th rough  a n  endo thermic  phase  change,  more power must 

be s u p p l i e d  t o  it, c a u s i n g  a d e f l e c t i o n  on  t h e  r e c o r d e r .  A f t e r  

t h e  phase  t r a n s i t i o n ,  p rov ided  t h e r e  h a s  been no change i n  h e a t  

c a p a c i t y ,  t h e  r e c o r d e r  r e a t t a i n s  i t s  b a s e k i n e  l e v e l .  A l l  phase  

t r a n s i t i o n s  examined i n  t h i s  t h e s i s  a r e  f i r s t  o r d e r ,  

c h a r a c t e r i z e d  by a d i s c o n t i n u i t y  i n  t h e  e n t r o p y  v s .  t empe ra tu r e  

c u r v e  ( S t a n l e y ,  1 9 7 1 ) .  

When comparing d i f f e r e n t  l i p i d  sys tems  whose phase  

t r a n s i t i o n  t e m p e r a t u r e s  Tm are n o t  e q u a l  it i s  u s e f u l  t o  compare 



them a t  a common reduced  t emp e ra tu r e  ( S e e l i g  and Browning, 

1978). The reduced  t empe ra tu r e  is d e f i n e d  as E = ( T - T m ) / T m .  

T h i s  c o n c e p t  does  n o t  e n a b l e  a n  e x a c t  cor respondence  t o  be drawn 

between any two sys tems  a t  any t empe ra tu r e s ,  b u t  h a s  been 

f r u i t f u l  when comparing model membranes n e a r  t h e i r  r e s p e c t i v e  

g e l  t o  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 e m p e r a t u r e s .  



I. Materials 

[ 2~gll~almitic acid was a gift from W. Dale Treleaven. The 

synthesis was by way of hydrogen-deuterium exchange starting 

with palmitic acid and using palladium on activated charcoal as 

the catalyst (Hsiao et al., 1974). Egg yolk lysophosphatidyl- 

choline, 1,2-dipalmitoyl-sn-glycero-3-phosphorylcholine (DPPC) 

( DL-a-; grade 1-S; crystalline, synthetic), a-tocopherol and 

deuterium depleted water were purchased from Sigma Chemical Co. 

(Sigma lysophosphatidylcholine contains 66-68% palmitic acid, 

24-26% stearic acid, and 6-10% other saturated acids.) 1- 

Octanol was obtained from Matheson, Coleman and Bell and 1- 

decanol from Aldrich Chemical Co. [ 2 ~ 1 7  1 1-0ctanol was purchased 

from MSD Isotopes. Selectively deutera ted  1-decanols were 

synthesized by A. P. Tulloch (Plant Biotechnology Institute, 

N.R.C., Saskatoon) using recently published procedures (Tulloch, 

1985a and 1985b). 

11. Synthesis of Deuterated Phosphatidylcholine 

1-palmitoyl (stearoyll-2-1 2 ~ 3 1  1 ~ a l m i t o ~ l ~ s n - ~ l ~ c e r o - 3 -  

phosphorylcholine (PC-d31) was synthesized according to 

published procedures (Grover and Cushley, 1979; Boss et al., 

1975) with minor modifications. Briefly, i 2 ~ 3 1  lpalmitic acid 

was dissolved in dry benzene, to which an equimolar quantity of 



I,lv-carbonyldiimidazole is added. Formation of the activated 

palmitoylimidazole derivative is accompanied by C02 evolution. 

Lysolecithin was then added to the reaction vessel and the 

solvent evaporated. The dried reaction mixture was heated, 

during which imidazole crystals formed, indicating that the 

esterification of fatty acid to lysolecithin had taken place. 

The modifications to the published procedure were as follows: 

the reaction (using 3 g lysolecithin and 1.67 g [2~311palmitic 

acid) was heated in an oil bath at 75-800C for 2.5 hours; the 

crude product was dissolved in petroleum ether/ethanol (28 mL/4 

mL) and precipitated by addition to cold acetone (100 mL); the 

precipitation step was repeated once; the product was purified 

on a 60 x 4 cm Baker Analyzed silica gel column, 60-200 mesh, 

and eluted with chloroform/methanol/water (70:26:4 v:v). 

The mass spectrum of PC-d31 is characteristic of the 

proposed structure, with twc sets of lixes centred at m minus 

183 (e.g. m minus N(CH3)3(CH2)20P03: phosphorylcholine) = 580.1 

and 608.1. The two sets were distributed as follows: m/e: 578 

(4.5%), 579 (12.8%), 580 (14.7%), 581 (9.3%), 582 (4.0%) 

corresponding to phospholipid with a palmitoyl sn-1 chain and 

m/e: 606 (1.2%), 607 ( 2 . 9 % ) ,  608 (3.5%) 609 (Zag%), 610 (1.3%) 

corresponding to phospholipid with a stearoyl sn-1 chain. 



111. Preparation of Multilamellar Dispersions 

Fifty weight percent aqueous multilamellar dispersions of 

PC-d31 were prepared by adding c200 mg of PC-d31 to ~ 0 . 2 0  mL of 

deuterium depleted water and thoroughly mixing using a spatula 

at n5OoC. The PC-d31/1-octanol and DPPC/ I 2 ~ 1 7  11-octanol samples 

were prepared by dissolving the phospholipid ( ~ 2 0 0  mg or ~ 3 0 0  

mg, respectively) in chloroform, evaporating to near dryness 

with a stream of dry N2, and further drying under high vacuum 

overnight. Deuterium depleted water (20.20 mL or ~ 0 . 3 0  mL, 

respectively) and sufficient 1-octanol to bring the 

phospholipid/l-octanol mol ratio to the desired level were 

added. Vigorous mixing at ~ 5 0 0 C  using a spatula and a Vortex 

mixer produced a homogeneous sample, For the PC-d31/1-decanol, 

DPPC/deuterated 1-decanol and PC-d31/a-tocopherol samples, the 

alcohol or the t ocophe ro l  was codissolved with the 1 i n i A  t n  r p r u  & + A  

CHC13 prior to vacuum pumping. Samples were stored at -180C. 

IV. NMR Spectroscopy 

A. Instrumental 

2~ NMR spectra were recorded at 38.8 MHz using a home-built 

spectrometer and a Nalorac 5.9 T superconducting magnet. 

Spectra were measured using the quadrupolar echo pulse sequence 
/ 
i 

9001, - - 90OIy - T. Spectral parameters (see figure legends 

for others) were: data set size = 2K; delay time between 



s c a n s ,  T = 1 .0  o r  1 . 5  s. Sample t e m p e r a t u r e  i n  t h e  home-buil t  

probe  was c o n t r o l l e d  t o  a n  a c c u r a c y  o f  +0.50C, by means o f  a 

h e a t e d  g a s  f low.  Samples were a l lowed  t o  e q u i l i b r a t e  f o r  a  

minimum o f  20 min. a t  a  g i v e n  t e m p e r a t u r e .  Data c o l l e c t i o n  was 

accompl ished w i t h  a n  Exp lo r e r  I11 d i g i t a l  o s c i l l o s c o p e ,  w h i l e  

s i g n a l  ave r ag ing ,  F o u r i e r  t r a n s f o r m a t i o n  and moment c a l c u l a t i o n s  

were performed u s i n g  a N i c o l e t  BNC-12 computer .  The s p e c t r a  

were symmetrized by z e r o i n g  t h e  out -of-phase  q u a d r a t u r e  channe l  

and r e f l e c t i n g  t h e  spec t rum a b o u t  t h e  c e n t r a l  ( c a r r i e r )  

f requency,  r e s u l t i n g  i n  a n  i n c r e a s e  i n  s i g n a l  t o  n o i s e  r a t i o  o f  

2 u 2 .  

The low t e m p e r a t u r e  s p e c t r a  o f  m u l t i l a m e l l a r  l i p i d  

d i s p e r s i o n s  are v e r y  b road  ( u p  t o  2126 kHz), which l e a d s  t o  

d i f f i c u l t y  i n  i r r a d i a t i n g  t h e  e n t i r e  spec t rum w i t h  a v a i l a b l e  RF 

p u l s e s .  Our i n s t r u m e n t  had a 900 p u l s e  o f  6 . 5  o r  8 u s  i n  

duration. Thi s  low v a l u e  G • ’  w l  l e a d s  t o  a l a r g e  r e d u c t i o n  i n  

i n t e n s i t y  i n  t h e  wings o f  t h e  spec t rum.  The d i s t o r t i o n  D ( w )  is  

g i v e n  by [ s i n ( B K ) / K I 3  (Bloom e t  a l . ,  1980)  where K = 

(1 + ~ ~ / 4 w ~ ~ ) ~ / ~  and where w  is  t h e  f r equency  s e p a r a t i o n  from 

t h e  Larmar f requency ,  wl is  t h e  f requency  o f  t h e  p u l s e ,  and 8 i s  

t h e  f l i p  a n g l e  o f  t h e  p u l s e  ( a l l  900 i n  t h i s  t h e s i s ) .  Even w i t h  

' t h e  s h o r t e r  p u l s e  l e n g t h  o f  6 . 5 ~ s  any i n t e n s i t y  a t  2126 kHz is 

s e v e r e l y  a t t enua ' t ed .  Th i s  problem is t o  some e x t e n t  i n s o l u b l e .  

The c o i l ' s  r e s p o n s e  c a n  be made more e f f i c i e n t  ( b y  i n c r e a s i n g  

i t s  " q u a l i t y  f a c t o r w  Q) s o  t h a t  t h e  p u l s e  l e n g t h  i s  reduced,  b u t  

Q, b e i n g  i n v e r s e l y  p r o p o r t i o n a l  I26 bandwidth,  must be k e p t  below 

a b o u t  100 i n  o r d e r  t h a t  t h e  r ad io - f r equency  i r r a d i a t i o n  is 



homogeneous. Also, i f  Q is inc reased ,  t h e  t i m e  c o n s t a n t  

governing t h e  rate o f  decay o f  t h e  p u l s e ,  which is p r o p o r t i o n a l  

t o  Q, is lengthened .  This  l e a d s  t o  long I f r ing ing"  fo l lowing  t h e  

p u l s e  which d e s t r o y s  t h e  p u l s e  shape,  a g a i n  r e s u l t i n g  i n  

s p e c t r a l  d i s t o r t i o n s  (Rance, 1981). The measurements made and 

t h e  conc lus ions  reached i n  t h e  R e s u l t s  and Di scuss ion  are n o t  

dependent on t h e  e x a c t  s p e c t r a l  shape ( w i t h  t h e  e x c e p t i o n  o f  

moment c a l c u l a t i o n ,  d i s c u s s e d  below),  e s p e c i a l l y  of  t h e  broad,  

low temperature  s p e c t r a .  The l i q u i d  c r y s t a l l i n e  l i p i d s f  s p e c t r a  

should  be v i r t u a l l y  d i s t o r t i o n - f r e e .  

B .  Data a n a l y s i s  

F o u r i e r  t r a n s f o r m a t i o n  and c a l c u l a t i o n  o f  s p e c t r a l  moments 

were performed on a N i c o l e t  BNC-12 computer.  P r i o r  t o  

t r ans fe rming  the time-domain d a t a ,  t h e  p o i n t s  were s h i f t e d  a  

f r a c t i o n  o f  a  dwell- t ime s o  t h a t  t h e  i n i t i a l  p o i n t  was a t  t h e  

t o p  o f  t h e  echo (Davis ,  1983) u s ing  a  program o b t a i n e d  from D r .  

M. Bloom ( P h y s i c s  Dept . ,  U . B . C . ) .  The p r i n c i p l e  o f  t h e  

a l g o r i t h m  is  t h a t  f i v e  d a t a  p o i n t s  a r e  used t o  f i t  a  f o u r t h  

o r d e r  polynomial which is e v a l u a t e d  a t  a s p e c i f i e d  s h i f t  from 

t h e  c e n t r a l  p o i n t .  Moments were c a l c u l a t e d  on t h e  F o u r i e r -  

t ransformed d a t a  u s i n g  a program w r i t t e n  by D r .  J. Davis and 

o b t a i n e d  from M .  Bloom. A s  no ted  above, broad s p e c t r a  w i l l  be 

d i s t o r t e d ,  wi th  t h e i r  wings reduced i n  i n t e n s i t y .  This  w i l l  

a l s o  reduce t h e  va lue  o f  t h e  c q l c u l a t e d  moments, which are 

s t r o n g l y  dependent on  c o n t r i b u t i o n s  from t h e  wings o f  t h e  



s p e c t r a  (see Theory c h a p t e r  f o r  t h e  r e l e v a n t  e q u a t i o n ) .  A s  a 

r e s u l t  w e  have measured o n l y  t h e  f i r s t  s p e c t r a l  moment, s i n c e  

t h i s ,  w h i l e  l e s s  s e n s i t i v e  t o  s p e c t r a l  nar rowing,  is much less 

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

h i g h e r  moments. The f i r s t  moment v s .  t e m p e r a t u r e  p l o t s  

p r e s e n t e d  i n  t h e  R e s u l t s  and D i s c u s s i o n  a r e  n o t  used  t o  draw 

c o n c l u s i o n s  based  o n  t h e  a b s o l u t e  v a l u e  o f  t h e  moments a t  low 

t e m p e r a t u r e s .  

Depaking was accompl i shed  on  a n  IBM 4341 computer  u s i n g  t h e  

program c o n t a i n e d  i n  S t e r n i n  (1982). Data  was t r a n s f e r r e d  

between t h e  N i c o l e t  and t h e  main-frame v i a  a n  i n t e r f a c e  w r i t t e n  

by D r .  I .  Gay (Chemis t ry ,  S . F . U . ) .  I n  g e n e r a l  s i x  o r  s e v e n  

i t e r a t i o n s  were per fo rmed  on  t h e  d a t a .  

The decay  ra te  o f  t h e  q u a d r u p o l a r  echo  h e i g h t  was measured 

by v a r y i n g  t h e  t i m e  be tween p u l s e s  i n  t h e  q u a d r u p o l a r  echo  

sequence .  Echo heights were measured using the  N i c o i e t  "peak- 

p i c k f f  r o u t i n e  and n o r m a l i z e d  f o r  t h e  number o f  s c a n s  t a k e n  f o r  a  

g i v e n  d e l a y  t i m e .  G e n e r a l l y  f i v e  times T i n  t h e  r a n g e  4 0 ~ s  t o  

150 US were employed t o  d e t e r m i n e  t h e  i n i t i a l  s l o p e  o f  t h e  echo  

h e i g h t  v s .  2c p l o t .  The s l o p e  was c a l c u l a t e d  u s i n g  t h e  BMDP3R 

weighted  n o n l i n e a r  r e g r e s s i o n  r o u t i n e  from t h e  s ta t i s t ica l  

package BMDP, on  t h e  IBM 4341. 



V. D i f f e r e n t i a l  Scann ing  C a l o r i m e t r y  (DSC) 

DSC traces were o b t a i n e d  u s i n g  a  DuPont I n s t r u m e n t s  S e r i e s  

99 t h e r m a l  a n a l y z e r  f i t t e d  w i t h  a 910 DSC a c c e s s o r y ,  w i t h  al-2 

mg samples  c o n t a i n e d  i n  s e a l e d  sample pans  o v e r  t h e  r a n g e  -300C 

t o  t700C. The h e a t i n g  r a t e  was lOoC p e r  minu te .  T h i s  rate is 

t o o  f a s t  t o  a c c u r a t e l y  d e t e r m i n e  t h e  w i d t h  o f  v e r y  narrow 

endotherms b u t  was used  c o n s i s t e n t l y  t h r o u g h o u t  t h e  t h e s i s .  The 

DSC r e s u l t s  a r e  i n t e n d e d  t o  c o r r o b o r a t e  t h o s e  o b t a i n e d  from NMR 

and t h u s  a r e  used  i n  a  q u a l i t a t i v e  way o n l y ,  Numerous more 

comprehensive  DSC s t u d i e s  have  a l r e a d y  been p u b l i s h e d  ( e . g .  

E l i a s z  e t  a l . ,  1 9 7 6 ) .  The i n s t r u m e n t  was c a l i b r a t e d  u s i n g  G a ,  

water and Hg. 

The phase  t r a n s i t i o n  t e m p e r a t u r e s  were d e t e r m i n e d  as i n  

E l i a s z  e t  a l .  ( 1 9 7 6 ) .  Tm is measured a s  t h e  t e m p e r a t u r e  a t  

w h i c h  t h e  tangent to the  maximum slcpe ~f t h e  endotherm (on t h e  

low-tempera ture  s i d e )  i n t e r s e c t s  t h e  b a s e l i n e .  



RESULTS A N D  DISCUSSION 

The e x p e r i m e n t a l  r e s u l t s  r e p o r t e d  i n  t h i s  c h a p t e r  have been 

o r g a n i z e d  i n t o  f o u r  b road  s e c t i o n s .  The f i r s t  c o n c e r n s  t h e  

i n v e s t i g a t i o n  o f  aqueous  d i s p e r s i o n s  o f  a  d e u t e r a t e d  phospha- 

t i d y l c h o l i n e  u s i n g  2~ NMR and DSC. The second is a  s t u d y  o f  t h e  

e f f e c t s  t h a t  t h e  a l k a n o l  a n e s t h e t i c s  1 -oc tano l  and 1-decanol  

produce  on  t h e  NMR s p e c t r a  and phase  b e h a v i o u r  o f  t h e s e  

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

from a  complementary s t u d y  o f  aqueous  d i s p e r s i o n s  o f  phospha- 

t i d y l c h o l i n e  w i t h  d e u t e r a t e d  1 - o c t a n o l  o r  1-decanol  added .  

These s t u d i e s  a r e  summarized t o g e t h e r  t o  f a c i l i t a t e  c r o s s -  

compar i son  wherever  p o s s i b l e .  The f i n a l  s e t  o f  d a t a  i s  a  

d e p a r t u r e  from t h e  a n e s t h e t i c  s t u d i e s :  t h e  t e c h n i q u e s  o f  2~ NMR 

and DSC are used t o  s t u d y  aqueous  d i s p e r s i o n s  o f  d e u t e r a t e d  

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

s e p a r a t e l y .  



I. Deuterated Phosphatidylcholine 

A. Differential Scanning Calorimetry (DSC) 

A phospholipid, 1-palmitoyl (stearoyl l-2-1 2 ~ 3 1  lpalmitoyl-sn- 

glycero-3-phosphorylcholine (PC-d31), has been prepared from egg 

yolk lysophosphatidylcholine by attaching 2~311palmitic acid as 

the sn-2 chain. PC-d31, then, has the usual egg phosphatidyl- 

choline distribution of acyl chains on the sn-1 position: 66- 

68% palmitoyl (16:O); 24-26% stearoyl (18:O); 6-10% others. PC- 

d3i, while retaining some of the heterogeneity typical of 

natural lipids, is expected to have thermotropic behaviour like 

1,2-dipalmitoyl-sn-glycero-3-phosphorylcholine (DPPC) since both 

of its acyl chains are fully saturated. 

The DSC profile of PC-d31 (Fig. 7) confirms this 

prediction. The DSC t r a c e  ef a 50:50 wt:wt PC-d~~/water 

dispersion is given in Fig. 7a and shows a pretransition at 310C 

and a main gel to liquid crystalline transition at 400C (half- 

height width x20C). Fig. 7b shows the DSC trace of a 50:50 

wt:wt DPPC/water dispersion which exhibits a pretransition at 

350C and a main transition at 420C (half-height width x20C) in 

agreement with literature values (Eliasz et al., 1976; Boroske 

and Trahms, 1983). The fact that the DSC traces of both lipid 

dispersions display main transition peaks with half-height 

widths of 20C indicates that the heterogeneity of the sn-1 chain 

of PC-d31 does not influence its gel to liquid crystalline 

transition to any appreciable extent, 



F i g u r e  7:  DSC t r a c e s  o f  50 w t  % aqueous  d i s p e r s i o n s  o f :  ( a )  
PC-d31; ( b )  DPPC. The peak a t  OoC is due t o  w a t e r .  
Scanning r a t e  was lOO/min. o v e r  t h e  r a n g e  -300C t o  
+70OC. 
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The d i f f e r e n c e s  between F i g s .  7a and 7b l i e  i n  t h e  

t e m p e r a t u r e s  a t  which t h e  p r e t r a n s i t i o n  and t h e  main t r a n s i t i o n  

o c c u r  and t h e  r e l a t i v e  s e p a r a t i o n  ( i n  d e g r e e s )  o f  t h e  two endo- 

the rms ,  which d e f i n e s  t h e  i n t e r m e d i a t e  ( P n t  1 phase .  The 

o b s e r v e d  t r a n s i t i o n  t e m p e r a t u r e s  o f  400C and 310C f o r  PC-d31 a r e  

c o n s i s t e n t  w i t h  i ts d e g r e e  o f  d e u t e r a t i o n  and w i t h  t h e  p r e s e n c e  

o f  a b o u t  15% s t e a r o y l  c h a i n s .  I ~ H ~ ~  IDPPC h a s  a  main t r a n s i t i o n  

a t  370C and a  p r e t r a n s i t i o n  a t  300C (Ruocco and S h i p l e y ,  1982b1, 

due t o  i s o t o p e  e f f e c t s  caused  by t h e  s u b s t i t u t i o n  o f  d e u t e r i u m  

f o r  hydrogen.  The t e m p e r a t u r e  r a n g e  o f  t h e  i n t e r m e d i a t e  ( P a t  

phase  o f  PC-d31 i s  ~ 9 0 ,  which is l a r g e r  t h a n  t h e  ~ 7 0  r a n g e  found 

f o r  DPPC. T h i s  is  c o n s i s t e n t  w i t h  t h e  p r e s e n c e  o f  sn-1 s t e a r o y l  

c h a i n s  s i n c e  t h e r e  i s  a 130C d i f f e r e n c e  between t h e  

p r e t r a n s i t i o n  and main t r a n s i t i o n  f o r  1 - s t ea roy l -2 -pa lmi  toy l - sn -  

glycero-3-phosphorylcholine (Chen and S t u r t e v a n t ,  1 9 8 1 ) .  

B. 2~ NMR 

1. S p e c t r a l  c h a n g e s  a s  a f u n c t i o n  o f  t e m p e r a t u r e .  

The 2~ NMR s p e c t r a  o f  P C - d ~ l / w a t e r  d i s p e r s i o n s  have  been 

measured f o r  t e m p e r a t u r e s  from -150C t o  600C. S e l e c t e d  s p e c t r a  

a r e  shown i n  F i g s .  8-11. Low-temperature s p e c t r a  a r e  

i l l u s t r a t e d  i n  F i g .  8 .  R e f e r r i n g  t o  F i g .  8 a  i t  is a p p a r e n t  t h a t  

t h e r e  i s  a  p a i r  o f  ' e d g e f  f e a t u r e s  a t  +63  kHz, and a n o t h e r  a t  29 

kHz. The former  p a i r  c o r r e s p o n d s  t o  - c ~ H ~ -  r e s o n a n c e s  from 

immobile sn-2 c h a i n s ,  s i n c e  t h e o r e t i c a l l y  n P g ( m a x ) = l 2 6  kHz f o r  



F i g u r e  8 :  Low-temperature 2~ NMR s p e c t r a  o f  a PC-d31/water 
d i s p e r s i o n .  S p e c t r a l  p a r a m e t e r s :  p u l s e  s p a c i n g  = 
75 u s ;  p u l s e  l e n g t h  = 6 . 5  u s ;  l i n e  b roaden ing  = 50 
Hz; sweep wid th  = +250 kHz, number o f  a c q u i s i t i o n s  = 
1000. 



I I I I 
-100 -50 0 50 100 

kHz 



methy lenes .  Note t h a t  t h e  s h o u l d e r s  a t  +I26 kHz a r e  s e v e r e l y  

a t t e n u a t e d  due t o  t h e  f i n i t e  p u l s e  l e n g t h .  The l a t t e r  p a i r  o f  

e d g e s  c a n  be a t t r i b u t e d  t o  -c2H3 r e s o n a n c e s .  These s p e c t r a  a r e  

l i k e l y  t h o s e  o f  l i p i d  i n  a  m e t a s t a b l e  s t a te ,  however, s i n c e  i t  

h a s  been found t h a t  a n  e q u i l i b r a t i o n  a t  low t e m p e r a t u r e s  on  t h e  

o r d e r  o f  d a y s  was needed t o  c o n v e r t  DPPC l i p o s o m e s  i n t o  t h e i r  

low-tempera ture  c r y s t a l  phase  (LC)  (Chen e t  a l . ,  1980, Ruocco 

and S h i p l e y ,  1 9 8 2 a ) .  T h i s  low t e m p e r a t u r e  phase  is n o t  o f  

p r imary  r e l e v a n c e  t o  t h e  s t u d y  o f  a n e s t h e t i c - i n d u c e d  changes  t o  

t h e  l i p i d  b i l a y e r  and t h e  main body o f  r e s u l t s  c o n c e r n s  

t e m p e r a t u r e s  g r e a t e r  t h a n  150C. More d i s c u s s i o n  o f  low 

t e m p e r a t u r e  2~ NMR o f  DPPC d i s p e r s i o n s  may be found i n  Davis  

( 1 9 7 9 ) .  

F i g .  9 g i v e s  t h e  t e m p e r a t u r e  dependence  o f  t h e  2~ NMR 

s p e c t r a  o f  m u l t i l a m e l l a r  d i s p e r s i o n s  o f  PC-d31 i n  t h e  ge l  p h a s e .  

O n l y  small s p e c t r a l  changes  a r e  c b s e r v e d  as t h e  t e m p e r a t u r e  is 

i n c r e a s e d  from 150C t o  280C. A l l  s p e c t r a  a r e  c h a r a c t e r i z e d  by 

e d g e s  a t  263 kHz, rounded peaks  a t  2 7  kHz and f e a t u r e l e s s  

s l o p i n g  r e g i o n s  i n  between.  These s l o p i n g  r e g i o n s  g r a d u a l l y  

t r a n s f o r m  from n e a r l y  l i n e a r  a t  150C t o  s l i g h t l y  rounded humps 

a t  280C. Such s p e c t r a  a r e  n o t  s i m p l e  powder p a t t e r n s :  t h e y  

c a n n o t  be a n a l y z e d  as such  i n  terms o f  e i t h e r  z e r o  o r  nonzero  

asymmetry p a r a m e t e r .  

The 2~ NMR s p e c t r a  o f  PC-d31 d i s p e r s i o n s  f o r  t e m p e r a t u r e s  

from 300C t o  390C a r e  g i v e n  i n  F i g .  1 0 ,  T h i s  t e m p e r a t u r e  r a n g e  

s tar t s  a t  t h e  l i p i d ' s  p r e t r a n s i t i o n  and g o e s  t o  j u s t  below t h e  

main t r a n s i t i o n  t e m p e r a t u r e ,  d u r i n g  which t h e  l i p i d  is i n  t h e  



Figure 9: phase 2~ NMR spectra of PC-d31/rater. Spectral 
parameters: pulse spacing = 75 US; pulse length = 
6.5 us; line broadening = 50 Hz; sweep width = 2250 
kHz; number of acquisitions = 1000, 



kHz 



F i g u r e  10 :  I n t e r m e d i a t e  p h a s e  2~ NMR s p e c t r a  o f  PC-dgl /water .  
S p e c t r a l  p a r a m e t e r s :  p u l s e  s p a c i n g  = 75 US; p u l s e  
l e n g t h  = 6 . 5  y s ;  l i n e  b r o a d e n i n g  = 50 Hz; sweep 
w i d t h  = +250 kHz, number o f  a c q u i s i t i o n s  = 1000 .  





P~ phase .  The s p e c t r a  i n  F i g .  10 a l l  have  i n t e n s i t y  a t  263 kHz 

as was s e e n  i n  t h e  g e l  phase  as w e l l  a s  peaks  a t  a b o u t  27 kHz. 

The rounded humps s e e n  a t  280C become s l i g h t l y  more c u r v e d  a s  

t h e  sample is h e a t e d  t o  3906. The most n o t a b l e  change i s  t h e  

growth o f  i n t e n s i t y  i n  t h e  c e n t r a l  r e g i o n  o f  t h e  spec t rum.  T h i s  

m a n i f e s t s  i t s e l f  a s  f i r s t  a  ' f i l l i n g  i n '  o f  t h e  d i p  between 27 

kHz, s e e n  a t  300C ( F i g .  1 0 )  compared w i t h  280C ( F i g .  9 ) .  A s  t h e  

t e m p e r a t u r e  i s  i n c r e a s e d  a  second p a i r  o f  peaks  emerges a t  + 4  

kHz, presumably due  t o  t h e  - c ~ H ~  g r o u p s  o f  a  second p o p u l a t i o n  

o f  l i p i d  a c y l  c h a i n s .  T h i s  second p o p u l a t i o n  might  be s m a l l  

p o o l s  o f  l i p i d  which a r e  b e g i n n i n g  t o  m e l t  n e a r  t h e i r  methyl  

g r o u p s ,  i n  t h e  c e n t e r  o f  t h e  b i l a y e r ,  T h i s  g r a d u a l  growth o f  a  

second s p e c t r a l  component a s  t h e  t e m p e r a t u r e  i s  i n c r e a s e d  

between t h e  p r e t r a n s i t i o n  and t h e  main t r a n s i t i o n  is a l s o  

o b s e r v e d  i n  m u l t i l a m e l l a r  1,2-dimyristoyl-sn-glycero-3- 

phosphory?cho?ine  (DMPCI s e ? e z t i v e ? y  d e u t e r a t e d  a t  t h e  methyl  

g roup  o f  t h e  sn-2 c h a i n  ( s e e  F i g .  6  o f  Meier e t  a l . ,  1 9 8 3 ) .  The 

r a t i o  o f  t h e  s m a l l e r  s p l i t t i n g  t o  t h e  l a r g e r  a t  a t e m p e r a t u r e  o f  

Tm minus 20C is 0 .64  + 0 . 0 3  f o r  PC-d31 (380C) and 0 .65  + 0 . 0 3  

f o r  s e l e c t i v e l y  d e u t e r a t e d  DMPC (220C) .  Meier e t  a l .  ( 1 9 8 3 )  

were a b l e  t o  s i m u l a t e  t h e i r  i n t e r m e d i a t e  phase  s p e c t r a  by 

i n t r o d u c i n g  a  second  c h a i n  o r i e n t a t i o n  p a r a m e t e r  whose v a l u e  was 

d e t e r m i n e d  by e x t r a p o l a t i o n  from t h e  h i g h e r  t e m p e r a t u r e  l i q u i d  

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

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

minimum and d i d  n o t  p r o p o s e  a  d e t a i l e d  model,  

F i g u r e  11 i l l u s t r a t e s  t h e  l i q u i d  c r y s t a l l i n e  l i p i d ' s  2~ NMR 



Figure 11: Liquid crystalline phase 2~ NMR spectra of 
PC-d31/water. Spectral parameters: pulse spacing 
= 75 us; pulse length = 6.5 us; line broadening = 50 
Hz; sweep width = 2100 kHz, number of acquisitions = 
1000 (410C and 600C1, 2000 (500C). 



kHz 



s p e c t r a .  The main phase  t r a n s i t i o n  a t  400C i s  accompanied by a 

d r a s t i c  na r rowing  and s h a r p e n i n g  o f  t h e  s p e c t r u m .  There is no 

l o n g e r  any i n t e n s i t y  a t  k63 kHz. A t  t e m p e r a t u r e s  above 400C 

o n l y  a  g r a d u a l  na r rowing  t a k e s  p l a c e .  T h i s  na r rowing  r e f l e c t s  

t h e  d e c r e a s i n g  o r d e r  o f  t h e  l i p i d  a c y l  c h a i n s  and i n d i c a t e s  

i n c r e a s i n g  t h e r m a l  mot ion  w i t h i n  t h e  b i l a y e r .  

The p r e c e d i n g  d e s c r i p t i o n  o f  t h e  changes  o b s e r v e d  i n  t h e  

2~ NMR s p e c t r a  o f  PC-dZ1 m u l t i l a m e l l a r  d i s p e r s i o n s  w i t h  

i n c r e a s i n g  t e m p e r a t u r e  w i l l  be q u a n t i f i e d  v i a  s p e c t r a l  moment 

and o r d e r  pa ramete r  p r o f i l e  c a l c u l a t i o n s  i n  c o n j u n c t i o n  w i t h  t h e  

r e s u l t s  from t h e  PC-d31/1-alkanol e x p e r i m e n t s  d e t a i l e d  i n  

S e c t i o n  I1 o f  t h i s  c h a p t e r .  * 

2.  T2e  as a  f u n c t i o n  o f  t e m p e r a t u r e  

The amplitude a f  t h e  quadrupolar echo d ~ c a y s  e x p o n e n t i a l l y  

w i t h  i n c r e a s i n g  p u l s e  s p a c i n g  i n  t h e  q u a d r u p o l a r  echo p u l s e  

s e q u e n c e .  The t i m e  c o n s t a n t  o f  t h i s  decay,  T z e ,  i s  one o f  t h e  

most a c c e s s i b l e  r e l a x a t i o n  times o f  d e u t e r a t e d  m u l t i l a m e l l a r  

p h o s p h o l i p i d s .  

The decay o f  t h e  q u a d r u p o l a r  echo a s  a  f u n c t i o n  o f  two 

t i m e s  t h e  p u l s e  s p a c i n g  is shown i n  F i g .  12 f o r  PC-d31 a t  

s e v e r a l  t e m p e r a t u r e s .  The f i r s t  o b s e r v a t i o n  is t h a t  a t  a l l  

t e m p e r a t u r e s  t h e  semi- log  p l o t s  a r e  l i n e a r .  The second  o b s e r v a -  

t i o n  i s  t h a t ,  a s  t h e  t e m p e r a t u r e  is  i n c r e a s e d  from 200C t o  370C, 

j u s t  below t h e  main phase  t r a n s i t i o n ,  t h e  s l o p e s  o f  t h e  l i n e s  

become p r o g r e s s i v e l y  s t e e p e r .  Above t h e  phase  t r a n s i t i o n  t h e  



Figure 12: Quadrupolar echo height vs. twice the pulse 
spacing for multilamellar dispersions of PC-d31 at 
several temperatures. 200C; (MI 300C; (a) 370C; . 
( A )  50OC. 
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s l o p e  r e t u r n s  t o  b e i n g  more g r a d u a l .  

The v a r i a t i o n  o f  T2, w i t h  t e m p e r a t u r e  f o r  m u l t i l a m e l l a r  

d i s p e r s i o n s  o f  PC-d31 is shown i n  F i g .  1 3 .  The r e l a x a t i o n  t i m e  

c o r r e l a t e s  w i t h  t h e  l i p i d  phase  a s  f o l l o w s .  I n  t h e  g e l  phase  

T2e d e c r e a s e s  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  T h i s  d e c r e a s e  

becomes more g r a d u a l  a t  t h e  p r e t r a n s i t i o n  t e m p e r a t u r e  ( 3 1 o C ) .  

I n  t h e  i n t e r m e d i a t e  phase  T2, changes  o n l y  s l i g h t l y ,  r e a c h i n g  a 

minimum o f  120 US a t  a b o u t  370C. A t  t h e  main phase  t r a n s i t i o n  

T z e  l e n g t h e n s  c o n s i d e r a b l y ,  r e a c h i n g  290 + 25 US a t  500C. 

S i m i l a r  T2, b e h a v i o u r  w i t h  i n c r e a s i n g  t e m p e r a t u r e  h a s  been 

o b s e r v e d  f o r  d e u t e r o n s  a t t a c h e d  t o  t h e  backbone o f  a s y n t h e t i c  

p r o t e i n  i n  DPPC b i l a y e r s  ( P a u l s  e t  a l . ,  1 9 8 4 ) .  The T2, minimum 

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

p r o t e i n  a b o u t  i ts  l o n g  a x i s .  The r o t a t i o n  was p o s t u l a t e d  t o  

b e g i n  n e a r  t h e  h igh- tempera tu re  g e l  phase  boundary and i n c r e a s e  

i n  speed as t h e  t e m p e r a t u r e  was raised, r e f l e c t i n g  t h e  p r e s e n c e  

o f  more and more f l u i d  phase  l i p i d ,  A t  t h e  T2, minimum t h e  

r o t a t i o n  r a t e  was c o r r e l a t e d  w i t h  t h e  change i n  t h e  a v e r a g e  

q u a d r u p o l a r  s p l i t t i n g  due  t o  t h e  motion,  (Bloom and Smith,  1 9 8 5 ) .  

For  t e m p e r a t u r e s  above t h e  l i p i d ' s  main phase  t r a n s i t i o n  T2, 

v a r i e s  d i r e c t l y  w i t h  t h e  m o t i o n a l  c o r r e l a t i o n  t i m e ,  s o  t h a t  

f a s t e r  r o t a t i o n  y i e l d s  l o n g e r  Tze  measurements .  

I t  is p r o b a b l e  t h a t  t h e  T2, minimum o b s e r v e d  f o r  PC-d31 

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

a c y l  c h a i n s  i n  t h e  i n t e r m e d i a t e  p h a s e .  S i m u l a t i o n  o f  t h e  2~ NMR 

spec t rum o f  m e t h y l - d e u t e r a t e d  DMPC a t  t e m p e r a t u r e s  o f  lOoC ( j u s t  

below t h e  p r e t r a n s i t i o n )  and 130C ( a t  t h e  p r e t r a n s i t i o n )  



Figure 13: T2e v s .  temperature for a 50 wt % aqueous 
multilamellar dispersion of PC-d31. 
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r e q u i r e d  a n  i n c r e a s e  o f  n e a r l y  a n  o r d e r  o f  magnitude i n  t h e  

r o t a t i o n  r a t e  a b o u t  t h e  l i p i d  l ong  a x i s .  I n  c o n t r a s t  t h e  ra te  

o f  motion p e r p e n d i c u l a r  t o  t h e  l i p i d  l o n g  a x i s  i n c r e a s e s  by o n l y  

a f a c t o r  o f  two o v e r  t h i s  t empe ra tu r e  r ange  and t h e  r a t e  o f  

t rans-gauche i s o m e r i z a t i o n  i n c r e a s e s  v e r y  l i t t l e  (Meier e t  a l . ,  

1983). The d i s c u s s i o n  conce rn ing  T2, w i l l  be a m p l i f i e d  i n  

s e c t i o n  I I . B . 4  o f  t h i s  c h a p t e r ,  



11, Beuterated PhosphatidyPcholine + 1-Alkanol 

Multilamellar dispersions (50 wt % deuterium depleted 

water) containing PC-d31 and 1-octanol or 1-decanol were 

prepared at 500C. The molar ratio of phospholipid to 1-alkanol 

was 3:l (eg. 25 mol % alcohol) in all cases except for the 5 

mob % 1-octanol preparation discussed in Section IID. Both 1- 

octanol and 1-decanol have high 1ipid:water partition 

coefficients so that in a dispersion of equal weights of lipid 

and water the amount of alcohol in the aqueous phase is 

negl igible (Jain et a1 . , 1978 . 

A. DSC 

Fig. 14 shows DSC traces for dispersions of PC-d31/water, 

has already been discussed in Section I. Upon the addition of 

1-decanol at a bilayer concentration of 25 mol % the DSC trace 

(Fig. 14b) shows that the PC-d31 pretransition has vanished and 

the main transition has been lowered (to 370C) and broadened 

(half-height width a4oC). 1-Octanol has a greater effect than 

1-decanol on the DSC profile of PC-d31 as Fig. 14c shows that 

the main transition occurs at 290C with a half-height width of 

7.50C. The pretransition, as seen for the 1-decanol/PC- 

d31/water system, has been eliminated. 

It is interesting to compare the effects of 1-octanol and 

1-decanol on the thermotropic behaviour of PC-d31 with the 

- 67 - 



Figure 14: Differential scanning calorimetry traces: 50 wt % 
aqueous multilamellar dispersions of: (a) PC-d31; 
(b) PC-d31/25 mol % l-decanol; (c) PC-d31/25 mol % 
l-octanol. Scanning rate was lOQ/min. over the 
range -300C to +70QC. 





r e s u l t s  o f  Lee ( 1 9 7 6 )  and E l i a s z  e t  a l .  ( 1 9 7 6 ) .  Lee examined 

t h e  change i n  c h l o r o p h y l l  f l u o r e s c e n c e  i n t e n s i t y  i n  DPPC 

l iposomes  a s  a  f u n c t i o n  o f  t e m p e r a t u r e  and a l c o h o l  concen- 

t r a t i o n .  A t  a  1 - o c t a n o l  c o n c e n t r a t i o n  o f  25 rnol % ( 2 . 3  m M )  Lee 

obse rved  a  phase  t r a n s i t i o n  t e m p e r a t u r e  o f  31oC compared w i t h  

41oC f o r  DPPC w i t h  no added 1 - o c t a n o l .  T h i s  compares w e l l  w i t h  

o u r  r e s u l t s  o f  Tm = 29oC (for 25 % 1 - o c t a n o l )  and 40oC ( f o r  0 % 

1 - o c t a n o l ) .  For 22 rnol % 1-decanol  ( 0 . 1 3  mM) Lee o b s e r v e s  a 30 

r e d u c t i o n  i n  T m .  We s i m i l a r l y  see a  r e d u c t i o n  i n  Tm o f  30 upon 

i n c o r p o r a t i o n  o f  25 rnol % 1-decano l .  E l i a s z  e t  a l .  u sed  DSC t o  

d e t e r m i n e  t h e  change i n  Tm o f  DPPC d i s p e r s i o n s  i n  t h e  p r e s e n c e  

o f  1 - o c t a n o l  and 1 -decano l .  A 25 rnol % 1-decanol  c o n c e n t r a t i o n  

caused  a  40 d r o p  i n  Tm, w h i l e  25 rnol % 1 - o c t a n o l  produced a  150 

d r o p  i n  Tm. These a r e  s l i g h t l y  l a r g e r  Tm d e p r e s s i o n s  t h a n  we 

o b s e r v e d .  

B .  2~ NMR 

1. Tempera ture  dependence 

2~ NMR s p e c t r a  were measured f o r  t e m p e r a t u r e s  from -150C t o  

500C f o r  50 w t  % aqueous  m u l t i l a m e l l a r  d i s p e r s i o n s  o f  PC-d31/1- 

o c t a n o l ,  molar r a t i o  3 : l .  F i g .  15 shows r e p r e s e n t a t i v e  s p e c t r a  

f o r  d i s p e r s i o n s  o f  PC-d31 w i t h  and w i t h o u t  i n c o r p o r a t e d  1- 

o c t a n o l .  A t  -150C ( F i g s .  15a and 1 5 e )  b o t h  samples  d i s p l a y  

e s s e n t i a l l y  t h e  same s p e c t r a l  shape ,  d i s c u s s e d  i n  S e c t i o n  I B .  

A t  150C ( F i g s .  15b and 1 5 f )  b o t h  samples  produce  a t y p i c a l  g e l  



Figu re  15 :  Temperature dependence o f  t h e  2~ NMR s p e c t r a  o f  
m u l t i l a m e l l a r  d i s p e r s i o n s  o f :  ( a -d )  PC-d31 w i t h  2 5  
mol % 1 -oc t ano l  i n c o r p o r a t e d ;  ( e - h )  PC-d31 a l o n e .  
S p e c t r a l  pa r ame te r s :  p u l s e  s p a c i n g  = 75 u s ;  p u l s e  
l e n g t h  = 6 . 5  u s ;  l i n e  b roaden ing  = 50 Hz; sweep 
wid th  = +250 kHz e x c e p t  ( d l  and ( h ) ,  + I00  kHz; 
number o f  a c q u i s i t i o n s  = 1000 e x c e p t  ( d l  and ( h ) ,  
2000, 





phase spectrum with an absence of distinct shoulders and a 

broad, featureless central region. At 300C the PC-d31 sample 

(Fig. 15g) is still in the gel phase but the l-octanol- 

containing sample (Fig. 15c) is in an intermediate phase between 

gel and liquid crystal: the broad gel phase component has 

almost disappeared and sharp edges are beginning to form at +24 

kHz. When the temperature is raised to 500C (Figs. 15d and 

15h1, both samples are in the liquid-crystalline phase. This 

phase is characterized by an axially symmetric powder pattern 2~ 

NMR spectrum possessing well-defined, sharp edges (at 213-14 

kHz) associated with a plateau in the variation of the C - 2 ~  bond 

order parameter SCD with position along the phospholipid acyl 

chain. The l-o~tanol/PC-d~~ sample, Fig. 15d, appears to have 

sharper and more numerous component peaks than Fig. 15h - a 

feature that is discussed in Section IIC. 

The temperature variation of 2~ NMR spectra for the PC-d3i 

sample containing 25 mol % 1-decanol is qualitatively the same 

as the one containing 25 mol % 1-octanol except that the 

temperature of the gel to liquid crystalline transition occurs 

at a higher temperature with 1-decanol. Thus, 1-decanol/PC- 

d3l/water dispersions gave a 50oC spectrum virtually identical 

to Fig. 15d, and a 150C gel phase spectrum very similar to Fig. 

15b. Differences in the 2~ NMR spectra of lipid plus 1-octanol 

and lipid plus 1-decanol occurred only at temperatures near 

their respective gel to liquid crystalline phase transitions. 

The behaviour of 1-o~tanol/PC-d~~/water and PC-d31/water 

dispersions throughout the gel to liquid crystalline phase 



Figure 16: Changes in 2~ NMR spectra at the main gel to liquid 
crystal1 ine phase transition: (a-dl PC-d31/25 mol 
% 1-octanol; (e-f 1 P C - d 3 ~  alone. Spectral 
parameters: pulse spacing = 75 us; pulse length = 
6.5 us; line broadening = 50 Hz; sweep width = 2250 
kHz, number of acquisitions = 1000. 
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t r a n s i t i o n  r e g i o n ,  as  shown by 2~ NMR, i s  d e p i c t e d  i n  F i g .  16 .  

F i g s .  16a t o  16d show t h e  s p e c t r a  a t  2-degree i n t e r v a l s  th rough  

t h e  main t r a n s i t i o n  o f  t h e  1-octanol /PC-d31/water  d i s p e r s i o n .  

The s p e c t r a l  changes  a r e  much more g r a d u a l  t h a n  t h o s e  shown i n  

F i g s .  16e and 1 6 f ,  which o c c u r  i n  t h e  a b s e n c e  o f  1 - o c t a n o l .  The 

phase  t r a n s i t i o n  r e g i o n  o f  a  m u l t i l a m e l l a r  d i s p e r s i o n  o f  1- 

d e c a n o l / P C - d ~ ~ ~ / w a t e r  is i l l u s t r a t e d  i n  F i g .  17 .  2~ NMR s p e c t r a  

a t  350, 360 and 370C i n d i c a t e  t h a t  t h e  g e l  t o  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  o c c u r s  o v e r  a  narrower  t e m p e r a t u r e  r a n g e  t h a n  i n  t h e  

1 -oc tano l /PC-d3 l /wa te r  d i s p e r s i o n  ( F i g .  1 6 ) .  

The t r a n s i t i o n  behav iour  o f  t h e  2~ NMR s p e c t r a  i n  t h e  

v i c i n i t y  o f  t h e  g e l  t o  l i q u i d  c r y s t a l l i n e  phase  change c a n  be 

examined more c l e a r l y  u s i n g  s p e c t r a l  moments, which q u a n t i f y  t h e  

s p e c t r a l  na r rowing  t h a t  o c c u r s  a s  t h e  t e m p e r a t u r e  is r a i s e d .  

F i g .  18 shows t h e  v a r i a t i o n  o f  t h e  f i r s t  moment M 1  w i t h  

temperature f a r  P C - ~ 2 ~ ~ ! w a t e r ,  2 5  no1 % l - ~ c t a n o l / P C - d ~ ~ / w a t e r  

and 25 mol % 1-decanol /PC-d31/water .  The u n c e r t a i n t y  i n  t h e  M1 

measurements is  small e x c e p t  a t  t h e  phase  t r a n s i t i o n .  Here t h e  

f i r s t  moment depends  o n ,  t h e  t i m e  T between t h e  two 900 p u l s e s  o f  

t h e  q u a d r u p o l a r  echo  p u l s e  sequence .  T h i s  i s  d i s c u s s e d  i n  

S e c t i o n  IIE. The v a l u e s  p l o t t e d  were o b t a i n e d  by v i s u a l l y  

e x t r a p o l a t i n g  M1 back t o  z e r o  p u l s e  s p a c i n g  T o f  M1 r e c o r d e d  a s  

a  f u n c t i o n  o f  T. F i v e  T v a l u e s  i n  t h e  r a n g e  40-125 u s  were 

g e n e r a l l y  employed and a n  u n c e r t a i n t y  o f  n o t  more t h a n  5  % was 

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

From F i g .  18 i t  c a n  be s e e n  t h a t  t h e  f i r s t  moment d e c r e a s e s  

s h a r p l y  a s  t h e  t e m p e r a t u r e  i n c r e a s e s  t h r o u g h  t h e  main g e l  t o  



F i g u r e  1 7 :  Changes i n  2~ NMR s p e c t r a  a t  t h e  main g e l  t o  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  f o r  PC-ds1/25 mol % 
1-decano l .  S p e c t r a l  p a r a m e t e r s :  p u l s e  s p a c i n g  = 
75 u s ;  p u l s e  w i d t h  = 6 . 5  u s ;  l i n e  b r o a d e n i n g  = 50 
Hz; sweep w i d t h  = 2250 kHz, number o f  a c q u i s i t i o n s  = 
1000.  





Figure 18: Variation of the first moment M 1  with temperature 
of 50 wt % aqueous multilamellar dispersions of: 
(0 )  PC-d31; (0) PC-d31/25 mol % 1-octanol; ( A )  PC- 
d31/25 mol % 1-decanol. The uncertainty in 
temperature is estimated at +0.50C. 
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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 .  For  PC-d31/water t h i s  

m e l t  o c c u r s  a b r u p t l y  a t  4 0 0 C ,  immedia te ly  p receded  by a  r e g i o n ,  

c e n t e r e d  a t  320C, o f  more g r a d u a l  d e c r e a s e  which we a s s o c i a t e  

w i t h  t h e  p r e t r a n s i t i o n .  For 1-octanol/PC-d31/water  a b road  

t r a n s i t i o n  c e n t e r e d  a t  330C on  t h e  M1 v s .  t e m p e r a t u r e  p l o t  is  

o b s e r v e d .  The o n s e t  o f  t h e  t r a n s i t i o n  o c c u r s  a t  ~ 2 8 0 C  and it 

s p a n s  a b o u t  100C. The 1 -decano l -con ta in ing  l i p i d  d i s p e r s i o n  h a s  

a  narrower  t r a n s i t i o n  ( F i g .  18) from ~ 3 4 0 C  t o  a390C. The main 

phase  t r a n s i t i o n  o n s e t  t e m p e r a t u r e s  d e t e r m i n e d  by NMR a r e  

g e n e r a l l y  1-30 lower  t h a n  t h e  m e l t i n g  p o i n t s  d e t e r m i n e d  by DSC. 

The o n s e t  t e m p e r a t u r e s  d e t e r m i n e d  by NMR c o r r e s p o n d  more c l o s e l y  

w i t h  t h e  t e m p e r a t u r e  a t  which t h e  DSC s i g n a l  f i r s t  d e v i a t e s  from 

t h e  b a s e l i n e  a s  t h e  sample is  h e a t e d  t h r o u g h  t h e  endotherm. 

The d i f f e r e n t i a l  e f f e c t s  o f  1 - o c t a n o l  and 1-decanol  on  t h e  

main phase  t r a n s i t i o n  t e m p e r a t u r e  o f  PC-d31 a r e  due t o  t h e i r  

r e s p e c t i v e  chain lengths. 1-Octano? d i s r u p t s  t h e  gel-phase 

l i p i d ' s  pack ing  t o  a  g r e a t e r  e x t e n t  t h a n  1-decanol  due t o  t h e  

g r e a t e r  d i f f e r e n c e  i n  a c y l  c h a i n  l e n g t h  be tween 1 - o c t a n o l  and 

PC-d31 ( ~ 8  c a r b o n s )  t h a n  between 1-decanol  and PC-d31 ( ~ 6  

c a r b o n s ) .  T h i s  h a s  been  d i s c u s s e d  i n  t h e  l i t e r a t u r e  ( P r i n g l e  e t  

a l . ,  1 9 8 1 ) .  The a b o l i t i o n  o f  t h e  p r e t r a n s i t i o n  o f  PC-d31 by 1- 

o c t a n o l  and 1-decanol  i s  l i k e l y  due t o  t h e  changed g e l  phase  

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

T a r d i e u  e t  a l .  ( 1 9 7 3 )  o b s e r v e d  t h a t  t h e  LBt and P,r p h a s e s  o f  

DMPC and DPPC c o u l d  be  t r a n s f o r m e d  i n t o  a n  LB phase  by a d d i n g  

7 % decane .  The LB phase ,  w i t h  no l i p i d  a c y l  c h a i n  tilt, and 

hence a  t h i c k e r  hydrocarbon  r e g i o n  t h a n  Lnt o r  P,t, is  p o s s i b l y  



a l s o  induced by 1 - a l k a n o l s .  

2.  Order  p a r a m e t e r s  

The l i q u i d  c r y s t a l l i n e  2~ NMR s p e c t r a  o b s e r v e d  f o r  PC-d31 

and PC-d31/1-alkanol d i s p e r s i o n s  above t h e  main t r a n s i t i o n  

t e m p e r a t u r e  c a n  be a n a l y z e d  t o  g i v e  i n f o r m a t i o n  a b o u t  t h e  

m o l e c u l a r  o r d e r  a l o n g  t h e  e n t i r e ' l i p i d  a c y l  c h a i n .  To compare 

t h e  o r d e r  p a r a m e t e r s  o f  t h e  t h r e e  s y s t e m s  PC-d31, PC-d31/1- 

o e t a n o l  and PC-d31/1-decanol a  t e m p e r a t u r e  o f  50QC was c h o s e n .  

T h i s  t e m p e r a t u r e  is  a b o u t  t e n  d e g r e e s  above t h e  t e m p e r a t u r e  a t  

which t h e  main phase  t r a n s i t i o n  i s  comple te  i n  a l l  t h r e e  c a s e s  

a s  o b s e r v e d  from t h e  M1 v s .  t e m p e r a t u r e  p l o t  ( F i g .  1 8 ) .  Using 

t h e  d e p a k i n g  t e c h n i q u e  ( S t e r n i n  e t  a l . ,  19831, o r i e n t e d  s p e c t r a  

c a n  be d e r i v e d  from t h e  powder p a t t e r n  s p e c t r a ,  enhanc ing  t h e  

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

F i g .  19a and 19b c o n t a i n  t h e  depaked s p e c t r a  o f  50 w t  % 

aqueous  m u l t i l a m e l l a r  d i s p e r s i o n s  o f  PC-d31 and o f  75 mol % PC- 

d31/25 mol % 1 - o c t a n o l ,  a t  50QC. (The powder p a t t e r n  s p e c t r a  

from which t h e s e  depaked s p e c t r a  were c a l c u l a t e d  are shown i n  

P i g .  15d and l 5 h .  

Looking f i r s t  a t  F i g .  19a,  f i v e  w e l l - d e f i n e d  q u a d r u p o l e  

d o u b l e t s ,  p l u s  one p a i r  o f  broad,  compos i t e  o u t e r  peaks  c a n  be  

i d e n t i f i e d .  Assignment o f  t h e  v a r i o u s  p o s i t i o n s  o f  t h e  sn-2 

[ 2 ~ 3 1 1 p a l m i t o y l  segments  t o  t h e  s p e c t r a  i n  F i g .  19a  i s  based  on 

t h e  work o f  P a u l s  e t  a l .  ( 1 9 8 3 )  where in  i t  was assumed t h a t ,  

w i t h  t h e  e x c e p t i o n  o f  t h e  2 - p o s i t i o n  d e u t e r o n s ,  t h e  q u a d r u p o l a r  



F i g u r e  19: The depaked 2~ NMR s p e c t r a  a t  5 0 0 C  of  5 0  w t  % 
aqueous  m u l t i l a m e l l a r  d i s p e r s i o n s  o f :  ( a )  PC-d31; 
( b )  PC-d31/25 mol % 1 -oc t ano l .  D i g i t s  on  peaks  
i n d i c a t e  t h e  number o f  d e u t e r o n s  a s s i g n e d  t o  e a c h .  
S i x  i t e r a t i o n s  were performed on t h e  powder p a t t e r n  
d a t a  f o r  bo th  ( a )  and ( b ) .  



3 

H 
I 10 kHz 



s p l i t t i n g s  d e c r e a s e  m o n o t o n i c a l l y  towards  t h e  c2H3 segment.  

Assignments  o f  t h e  r e s o n a n c e s  from t h e  C-2 d e u t e r o n s  were based  

on  r e s u l t s  w i t h  25 mol % 1-palmitoyl(stearoy1)-2-[2,2- 

2 ~ 2  lpalmitoyl-sn-glycero-3-phosphorylcholine ( P c - d ~  1 i n  

d i s p e r s i o n s  o f  e i t h e r  egg yo lk  p h o s p h a t i d y l c h o l i n e  ( e g g  PC) 

(250C) (Parmar ,  1985)  o r  DPPC (480C) ( Y . I .  Parmar, S.R. 

Wassal l  and R . J .  Cushley ,  u n p u b l i s h e d  r e s u l t s ) .  Tab le  I1 l i s t s  

t h e  peak a s s i g n m e n t s  and q u a d r u p o l a r  s p l i t t i n g s  ( L P Q )  a s s o c i a t e d  

w i t h  F i g .  19a ,  and a l s o  l is ts  l i t e r a t u r e  v a l u e s  f o r  s i m i l a r  

l i p i d  s y s t e m s  f o r  compar ison p u r p o s e s .  Care  must be e x e r c i s e d  

when comparing d i f f e r e n t  l i p i d  s y s t e m s :  t h e  t e m p e r a t u r e  o f  t h e  

g e l  t o  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  must be t a k e n  i n t o  

a c c o u n t .  T h e r e f o r e  PC-d31 a t  500C would be e x p e c t e d  t o  

c o r r e s p o n d  c l o s e l y  w i t h  s e l e c t i v e l y  d e u t e r a t e d  DPPC a t  52oC and 

w i t h  [ 2 ~ 6 2 1 ~ ~ ~ ~  a t  47oC. a l l  t e n  d e g r e e s  above t h e i r  r e s p e c t i v e  

T n f s .  I n  Table  T I ,  then, t h e  literature values listed for 

l a b e l l e d  DPPC s h o u l d  be s l i g h t l y  h i g h e r  t h a n  t h o s e  f o r  PC-d31. 

I n  g e n e r a l  o u r  d a t a  c o r r e s p o n d  t o  w i t h i n  10% w i t h  p u b l i s h e d  

r e s u l t s .  There is some d i s c r e p a n c y  i n  t h e  a s s i g n m e n t  o f  one o f  

t h e  C-2 d e u t e r o n  r e s o n a n c e s  ( A V ~ = 1 7 . 8 4  kHz), b u t  t h o s e  v a l u e s  

s t i l l  a g r e e  t o  w i t h i n  2 0 % .  

Comparison o f  P C - d 3 ~  and PC-d, ( s e l e c t i v e l y  d e u t e r a t e d  a t  

p a l m i t o y l  sn-2 c h a i n  p o s i t i o n  x) i n  egg  PC is more d i f f i c u l t  

s i n c e  egg PC h a s  a  r a t h e r  b road  phase  t r a n s i t i o n  a t  a round  -50C. 

However, t h e  s p l i t t i n g s  o b t a i n e d  f o r  d e u t e r o n s  on  C-4, 6-7, C- 

11, C-12, and C-16 i n  b o t h  s y s t e m s  a g r e e  t o  w i t h i n  10%. 

S h i f t i n g  a t t e n t i o n  t o  F i g .  19b, one o b s e r v e s  s e v e n  p a i r s  o f  



TABLE 11: 2~ NMR q u a d r u p o l a r  s p l i t t i n g  v s .  a c y l  c h a i n  p o s i t i o n  
f o r  PC-d31 d i s p e r s i o n s  a t  500C. L i t e r a t u r e  v a l u e s  
f o r  comparable  l i p i d  s y s t e m s  a r e  a l s o  shown. 

A C Y ~  ~ V Q  ( k H z )  
Chain  
P o s i t i o n  PC-d31 D P P C ~  [ 2 ~ 6  I D P P C ~  P C - ~ , ~  pc-dXd 

i n  DPPC i n  EYL 
50OC 50OC 45OC 48OC 25OC 

a S e e l i g  and S e e l i g  ( 1 9 7 4 ) .  The DPPC was s e l e c t i v e l y  d e u t e r a t e d  
i n  b o t h  c h a i n s .  Va lues  f o r  t h e  sn-2 c h a i n  are l i s t e d .  

P a u l s  e t  a l .  (1983,  c a l c u l a t e d  from F i g .  1 0 a ) .  

Parmar, Y . I . ,  Wassall, S.R. and Cushley ,  R.J., u n p u b l i s h e d  
r e s u l t s .  PC-dx i s  a n a l o g o u s  t o  PC-d31 e x c e p t  t h a t  t h e  sn-2 
c h a i n  is s e l e c t i v e l y  d e u t e r a t e d .  x=2 e x c e p t  f o r  t h e  11,12 
p o s i t i o n ,  where x=4, and  t h e  1 6  p o s i t i o n ,  where x=3. 

Parmar ( 1 9 8 5 ) .  
- 80 - 



TABLE 111: Quadrupolar splittings ( A ~ Q )  for segments of aqueous 
dispersions of PC-d31 + 1-alkanol anesthetics ( 25 
mol % )  at 500C. 

Acyl A ~ Q  (kHzIa 
Chain 
Position PC-d31 PC-d31/1-octanol PC-d31/1-decanol 

Run I Run I1 

a Quadrupole powder pattern splittings are reported (i.e. one- 
half of the depaked spectrum's splittings) to conform to 
common usage. 

These values are accurate to 59%. 

These values are accurate to 26%. 



well resolved quadrupole peaks, plus one pair of composite peaks 

with two distinguishable splittings. Table 111 lists the peak 

assignments and quadrupolar splittings (LVQ) associated with 

Fig. 19. Included in Table I11 are the results of experiments 

run with two different PC-d31/1-decanol/water samples. The 

differences in the ~ V Q  values for the two PC-d31/1-decanol 

samples indicate the reproducibility of the technique. In all 

of the depaked spectra of alcohol-containing dispersions of PC- 

d3i the C-15 and C-14 doublets have shoulders of smaller 

splittings, L$Q z 9.7 2 0.3 and z 12.7 0.15 kHz, respectively,\, 

(See Fig. 19b). These peaks result from a small amount of acyl 

chain migration during preparation of the PC-d31. The 

splittings of the shoulders correspond very closely to values 

reported by Paddy et al. (1985) for deuterons at C-15 ( A P Q  = 9.7 

kHz) and C-14 ( A V Q  = 13.2 kHz1 of 1-i2~311palmitoyl-2-palmitoy1- 

sn-glycero-3-phosphorylcholine. 

The profiles of order parameter SCD vs. acyl chain position 

for PC-dgl/water, PC-d31/water/l-octanol (25 mol %1 and PC- 

d31/water/l-decanol (25 mol % )  are shown in Fig. 20. The order 

parameter for C-10 of PC-d~~~/water does not appear to fit the 

profile very well. From Fig. 19a one can see that, even in the 

depaked spectrum, the C-10 resonance is not resolved from the 

broad 'plateauf peak. The splittings in the plateau region do 

not necessarily correspond to the mean splitting (Table 111) but 

lie within the error bar in Figure 20 which is determined by the 

width at half height of the composite peak in Figure 19a. Upon 

addition of 1-octanol or 1-decanol resolution is sufficiently 



i g u r e  2 0 :  Order  pa ramete r  p r o f i l e s  a t  500C: SCD v s .  p o s i t i o n  
a l o n g  t h e  p h o s p h o l i p i d  sn-2 c h a i n .  ( @ I  PC-d31; 
( 0 )  PC-d31/25 mol % 1-oc tano l ;  ( A )  PC-d31/25 mol % 
1-decanol  ( a v e r a g e  o f  two d e t e r m i n a t i o n s  1 .  The 
o r d e r  p a r a m e t e r s  f o r  C-2 t o  C-9 o f  PC-d31 a r e  
i n d i c a t e d  by a n  a v e r a g e  v a l u e  (bar). 
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CARBON NQ. 



enhanced i n  t h e  depaked 2~ NMR spec t rum t h a t  t h e  C-10 p o s i t i o n  

becomes r e s o l v e d  and  a  s l i g h t l y  na r rower  s p l i t t i n g  t h a n  t h e  

a v e r a g e  ' p l a t e a u '  v a l u e ,  l e a d i n g  t o  a s m a l l e r  SCD v a l u e  f o r  C- 

10, c a n  be a s s i g n e d ,  The enhanced r e s o l u t i o n  upon 1 -a lkano l  

a d d i t i o n  i s  a  r e s u l t  o f  t h e  na r rowing  o f  t h e  s p e c t r a l  l i n e s .  

T h i s  is d i s c u s s e d  i n  S e c t i o n  I I E .  

The o r d e r  p a r a m e t e r  p r o f i l e  o f  PC-d31/water is  n o t  

s i g n i f i c a n t l y  changed by t h e  p r e s e n c e  o f  2 5  mol % 1 - o c t a n o l  o r  

1 -decano l .  The f i r s t  moments (which  a r e  d i r e c t l y  p r o p o r t i o n a l  

t o  t h e  a v e r a g e  SCD (Davis ,  1983)  f o r  a l l  t h r e e  s y s t e m s  a t  500C 

a r e  0 .455  x l o 5  s-I 2 3% (see F i g .  1 8 ) .  Apparent  d i f f e r e n c e s  i n  

t h e  p l a t e a u  r e g i o n s  o f  t h e  o r d e r  pa ramete r  p r o f i l e s  ( F i g .  r d 1 4 )  

a r e  t h e  r e s u l t  o f  t h e  enhanced r e s o l u t i o n  o f  peaks  i n  t h e  

s p e c t r a  o f  t h e  a l c o h o l - c o n t a i n i n g  s a m p l e s .  T h i s  enhancement 

c a u s e s  t h e  l e n g t h  o f  t h e  p l a t e a u  t o  be r e d u c e d  ( d u e  t o  t h e  

i n c r e a s e d  number o f  r e s o l v e d  p e a k s )  and t h e  o r d e r  o f  t h e  p l a t e a u  

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

p r e v i o u s l y  u n r e s o l v e d  o u t e r  peaks  r a t h e r  t h a n  w i t h  a n  a v e r a g e  

v a l u e ) .  A f t e r  t h i s  work was comple ted  a  p a p e r  a p p e a r e d  

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

r e l a t e d  p h o s p h o l i p i d ,  [ 2 ~ 5 4  IDMPC (Pope e t  a1 . , 1984 1 . These 

workers  a l s o  o b s e r v e d  a small i n c r e a s e  i n  o r d e r  f o r  t h e  f i r s t  

few segments  o f  t h e  p o h o s p h o l i p i d  a c y l  c h a i n s  when 1 -oc tano l  was 

p r e s e n t ,  

The l a c k  o f  e f f e c t  t h a t  1 - o c t a n o l  and 1-decanol  ( 2 5  mol % )  

have on t h e  a m p l i t u d e  o f  l i p i d  a c y l  c h a i n  mot ions  as r e f l e c t e d  

i n  ScD is i n  agreement  w i t h  t h e  r e s u l t s  o f  a r e c e n t  p a p e r  



, 

( J a c o b s  and White, 1984)  which conc luded  t h a t  hexane ( 2 6  mol % )  

d i s s o l v e d  i n  [ 2 ~ 5 4 1 ~ ~ ~ ~  d i d  n o t  change t h e  l i p i d  a c y l  c h a i n  

o r d e r  as d e t e r m i n e d  by 2~ N M R 6  

I n c o r p o r a t i o n  o f  20 rnol % p a l m i t i c  a c i d  i n t o  [ 2 ~ 6 Z ~ ~ ~ ~ ~  

b i l a y e r s  h a s  s i m i l a r l y  been found t o  have o n l y  a  small ( ~ 1 0 % )  

e f f e c t  upon o r d e r  w i t h i n  t h e  membrane ( P a u l s  e t  a l . ,  1983)  when 

t h e  s y s t e m s  a r e  compared a t  510C. I t  is p r o b a b l e  t h a t  t h e  

o r d e r i n g  e f f e c t  o f  p a l m i t i c  a c i d  on DPPC b i l a y e r s  above t h e  

phase  t r a n s i t i o n  is r e l a t e d  t o  p a l m i t i c  a c i d ' s  e f f e c t  on t h e  

t r a n s i t i o n  t e m p e r a t u r e .  The p u r e  DPPC b i l a y e r s  a r e  c o m p l e t e l y  

mel ted  a t  a  t e m p e r a t u r e  t e n  d e g r e e s  l e s s  t h a n  t h e  DPPC/palmi t ic  

a c i d  b i l a y e r s .  When t h e  o r d e r  o f  t h e  DPPC p l a t e a u  r e g i o n  a t  

51oC (SCD = 0 . 1 9 )  is  compared w i t h  t h e  o r d e r  o f  t h e  

~ ~ ~ ~ / ~ a l m i t i c  a c i d  p l a t e a u  r e g i o n  a t  61oC (SCD = 0.20 t h e  

d i f f e r e n c e  is o n l y  5 %. 

3. C o n c e n t r a t i o n  dependence 

Aqueous m u l t i l a m e l l a r  d i s p e r s i o n s  o f  PC-d31/1-octanol a t  a  

molar r a t i o  o f  1 9 : l  ( e . g .  5 mol % 1 - o c t a n o l )  were s t u d i e d  t o  

d e t e r m i n e  t h e  e f f e c t  o f  a lower  c o n c e n t r a t i o n  o f  a n e s t h e t i c  

a l c o h o l  on  t h e  2~ NMR spec t rum o f  P C - d 3 ~ .  The phase  b e h a v i o u r  

o f  DPPC/l-octanol d i s p e r s i o n s  h a s  b e e n - s t u d i e d  f o r  v a r i o u s  1- 

o c t a n o l  c o n c e n t r a t i o n s  ( E l i a s z  e t  a l . ,  19761, and t h e  amount by 

which t h e  phase  t r a n s i t i o n  t e m p e r a t u r e  is lowered i n c r e a s e s  

l i n e a r l y  w i t h  a l c o h o l  c o n c e n t r a t i o n  t o  a  mole r a t i o  o f  1- 

octano1:DPPC o f  0 .29 ,  which c o r r e s p o n d s  t o  22 mol % 1 - o c t a n o l .  
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F i g u r e  2 1 :  The t e m p e r a t u r e  dependence  o f  t h e  2~ NMR s p e c t r u m  
o f  PC-d31/5 mol % I - o c t a n o l  a q u e o u s  m u l t i l a m e l l a r  
d i s p e r s i o n s .  S p e c t r a l  p a r a m e t e r s :  p u l s e  s p a c i n g  = 
75 u s ;  p u l s e  l e n g t h  = 6 . 5  us ;  l i n e  b r o a d e n i n g  = 50 
Hz; sweep w i d t h  = +250 kHz (150C t o  350C) o r  + I 0 0  
kHz (360C t o  500C);  number o f  a q u i s i t i o n s  = 1000 
e x c e p t  4000 a t  320C and  8000 a t  500C. 
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The t e m p e r a t u r e  dependence o f  t h e  2~ NMR spec t rum o f  PC- 

d 3 1 / 5  mol % 1 - o c t a n o l  is  g i v e n  i n  F i g .  21 f o r  t h e  r a n g e  150C t o  

500C. These s p e c t r a  may be compared w i t h  t h o s e  i n  F i g s .  15 and 

16 f o r  PC-d31 m u l t i l a y e r s  c o n t a i n i n g  25 rnol % 1 - o c t a n o l .  The 

150C ( g e l  p h a s e )  spec t rum i n  F i g .  2 1  c o r r e s p o n d s  well w i t h  F i g .  

15  e x c e p t  t h a t  t h e  hump spann ing  = 25 kHz around zlo i n  F i g .  15b 

is more p r o m i n e n t .  T h i s  f e a t u r e  a p p e a r s  t o  be r e l a t e d  t o  t h e  1- 

o c t a n o l  c o n c e n t r a t i o n  as it is a b s e n t  i n  p u r e  PC-d31 

d i s p e r s i o n s .  I t  is p r o b a b l y  due t o  1 - o c t a n o l  a f f e c t i n g  

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

t h e i r  l o c a l  env i ronment .  The 340C spec t rum i n  F i g .  21 

c o r r e s p o n d s  r o u g h l y  t o  t h e  300C spec t rum ( F i g .  1 5 c )  a t  t h e  

h i g h e r  a l c o h o l  c o n c e n t r a t i o n .  The 500C s p e c t r a  i n  F i g s .  21 and 

15d a r e  e s s e n t i a l l y  t h e  same. The s p e c t r a  i n  t h e  r e g i o n  o f  t h e  

phase  t r a n s i t i o n  (320C - 360C) o f  PC-d31/5 rnol % 1-oc tano l  

compare more c l o s e l y  w i t h  t h o s e  i n  F i g .  17, f o r  PC-d31/25 rnol % 

1-decanol ,  t h a n  w i t h  t h o s e  f o r  PC-d31/25 mol % 1 - o c t a n o l .  T h i s  

is  t o  be e x p e c t e d  g i v e n  t h e  n a t u r e  o f  t h e  phase  t r a n s i t i o n  

e f f e c t  o f  t h e  two 1 - a l k a n o l s  upon p h o s p h o l i p i d  b i l a y e r s .  

4.  R e l a x a t i o n  measurements  

When t h e  s p e c t r a  f o r  PC-d31/1-alkanol aqueous  m u l t i l a m e l l a r  

d i s p e r s i o n s  a r e  r e c o r d e d  a s  a f u n c t i o n  o f  t e m p e r a t u r e  w i t h  

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

markedly f o r  t e m p e r a t u r e s  j u s t  below and a t  t h e  o n s e t  o f  t h e  

phase  t r a n s i t i o n .  See,  f o r  example, F i g .  16a-d, where t h e  

- 87 - 



s i g n a l - t o - n o i s e  improves  a s  t h e  sample is h e a t e d  t h r o u g h  t h e  

phase  t r a n s i t i o n .  When t h e  f i r s t  moment is  c a l c u l a t e d  f o r  t h e s e  

s p e c t r a ,  a n  anomalous c o n s t a n t  v a l u e  o f  M 1  was found f o r  T=310 

t o  340C (midway t h r o u g h  t h e  phase  t r a n s i t i o n )  and a p u l s e  

s p a c i n g  o f  75 U S .  T h i s  prompted a c l o s e r  i n v e s t i g a t i o n  o f  

s p e c t r a  i n  t h i s  r e g i o n ,  and it  was d i s c o v e r e d  t h a t  t h e  s p e c t r a l  

shape  ( a n d  hence M I )  depended markedly on  t h e  p u l s e  s p a c i n g  f o r  

t h e s e  t e m p e r a t u r e s .  The v a r i a t i o n  o f  M 1  w i t h  p u l s e  s p a c i n g  i s  

shown i n  F i g .  2 2  f o r  PC-d31/5 mol % 1 - o c t a n o l ,  f o r  t h o s e  

t e m p e r a t u r e s  where t h i s  v a r i a t i o n  is  s i g n i f i c a n t .  A s  s t a t e d  i n  

S e c t i o n  I I B ,  M I  v s .  t e m p e r a t u r e  p l o t s  u s e  t h e  M 1  v a l u e s  

d e t e r m i n e d  from e x t r a p o l a t i o n  t o  z e r o  p u l s e  s p a c i n g .  

F i g .  23 i l l u s t r a t e s  t h e  dependence o f  s p e c t r a l  shape  on  

p u l s e  s p a c i n g  ' for  PC-d31/5 mol % 1 - o c t a n o l  a t  320C. The 

s p e c t r a l  r e g i o n  between a b o u t  10 and 50 kHz away from t h e  Larmor 

f r e q u e n c y  decays  more r a p i d l y  t h a n  t h e  o t h e r  r e g i o n s ,  c a u s i n g  MI 

t o  become smaller. There  a r e  s e v e r a l  p o s s i b l e  r e a s o n s  f o r  t h i s .  

One i s  t h a t  t h e  s p e c t r u m  is composed o f  two super imposed 

s p e c t r a :  one from PC-d31 i n  microdomains o f  me l t ed  l i p i d  and 

one from PC-d31 s t i l l  i n  t h e  g e l  s t a t e ,  e a c h  w i t h  c h a r a c t e r i s t i c  

decay  r a t e s .  A second  r e a s o n  is t h a t  s i n c e  o u r  

p h o s p h a t i d y l c h o l i n e  is p e r d e u t e r a t e d ,  t h e r e  may be a  dependence 

o f  decay r a t e  on a c y l  c h a i n  p o s i t i o n ,  as s e e n  w i t h  I ~ H ~ ~ I D P P C  i n  

t h e  l i q u i d  c r y s t a l l i n e  s t a t e  ( P a u l s  e t  a l . ,  1 9 8 3 ) .  The methyl  

decay  r a t e  is  much s l o w e r  t h a n  t h e  methylene  decay  r a t e .  A 

t h i r d  r e a s o n  i s  t h a t  t h e r e  may be a n  o r i e n t a t i o n - d e p e n d e n c e  t o  

t h e  decay  r a t e ,  s o  t h a t  m i c r o s c o p i c  c r y s t a l l i t e s  whose d i r e c t o r  
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Figure 2 2 :  Variation M1 with pulse spacing for those 
temperatures (indicated beside each curve in O C )  
where this variation is appreciable. Sample: 
PC-d31/5 mol % 1-octanol. 
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Figure 23: Variation of spectral shape with pulse spacing for 
PC-d31/5 mol % 1-octanol at 320C. Spectral 
parameters: pulse spacing:-as indicated; pulse 
length = 6.5 us; line broadening = 50 Hz; sweep 
width = 2250 kHz, number of acquisitions = 1000. 





, 

a x e s  a r e  p a r a l l e l  t o  Bo may behave d i f f e r e n t l y  from t h o s e  whose 

a x e s  a r e  p e r p e n d i c u l a r  t o  Bo.  T h i s  h a s  been o b s e r v e d  w i t h  

s e l e c t i v e l y  deuterated~phosphatidylcholines v e r y  r e c e n t l y  ( P e r l y  

e t  a l . ,  1 9 8 5 ) .  A f i n a l  e x p l a n a t i o n  i s  t h a t  t h e  mot ion  

r e s p o n s i b l e  f o r  t h e  decay h a s  a  c h a r a c t e r i s t i c  t i m e  comparable  

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

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

t h e  q u a d r u p o l a r  echo  t e c h n i q u e  ( S p i e s s  and S i l l e s c u ,  1 9 8 0 ) .  

These d i s t o r t i o n s  i n c r e a s e  i n  s e v e r i t y  w i t h  i n c r e a s i n g  p u l s e  

s e p a r a t i o n .  P e r l y  e t  a l .  ( 1 9 8 5 )  have  s t a t e d  t h a t  l a t e r a l  

d i f f u s i o n  is p o s s i b l y  t h e  mot ion  r e s p o n s i b l e ,  a l t h o u g h  o t h e r  

mot ions  such  a s  c h a i n  r o t a t i o n ,  d i r e c t o r  f l u c t u a t i o n  o r  t r a n s -  

gauche i s o m e r i z a t i o n  c o u l d  be r e s p o n s i b l e  i n  o u r  c a s e ,  

The M1 dependence on  p u l s e  s p a c i n g  i s  o n l y  s e e n  ( f o r  s h o r t  

p u l s e  s p a c i n g s )  a t  t h o s e  t e m p e r a t u r e s  where t h e  l / T Z e  r a t e  is  a  

maximum. The t e m p e r a t u r e  dependence o f  1 / T 2 ,  i s  g i v e n  i n  F i g .  

24, f o r  PC-d31, PC-d31/25 mol % 1 - o c t a n o l  and PC-d31/25 mol % 1- 

d e c a n o l .  For e a c h  o f  t h e s e  t h r e e  s y s t e m s  t h e  1 /TZe c u r v e  

f o l l o w s  t h e  same g e n e r a l  s h a p e ,  I n  t h e  g e l  phase  1/TZe 

i n c r e a s e s  as t h e  sample is  h e a t e d  u n t i l  a  maximum is r e a c h e d  

j u s t  b e f o r e  t h e  o n s e t  o f  t h e  g e l  t o  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 .  Through t h e  t r a n s i t i o n  l / T z e  d e c r e a s e s ,  and when 

t h e  t r a n s i t i o n  is comple te  l / T Z e  a p p e a r s  t o  change o n l y  

g r a d u a l l y  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  D i f f e r e n c e s  i n  t h e  l / T Z e  

b e h a v i o u r  f o r  t h e  t h r e e  s y s t e m s  a r e  a l s o  n o t a b l e  ( F i g .  2 4 ) .  

F i r s t l y ,  t h e  c u r v e s  are d i s p l a c e d  a l o n g  t h e  t e m p e r a t u r e  a x i s  i n  

a way t h a t  c o r r e l a t e s  w i t h  t h e  1 - a l k a n o l ' s  e f f e c t  o n  t h e  



Figure 24: The l/TZe relaxation rate vs. temperature for: (0) 
PC-dsl; (v) PC-d31/25 mol % 1-decanol; (0 )  PC-d31/25 
mol % 1-octanol. 
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phospho l i p id  phase  t r a n s i t i o n .  Secondly,  t h e  maximum l /TZe  

r e l a x a t i o n  r a t e  i n c r e a s e s  i n  t h e  o r d e r  P C - d 3 ~  < PC-d31/1-decanol 

< PC-d31/1-octanol. T h i r d l y ,  t h e  l i q u i d  c r y s t a l l i n e  1 / T 2 e  

measured is a  f a c t o r  o f  two s lower  i n  t h e  p r e sence  o f  25 mol % 

1-oc tano l  o r  1-decanol ;  For example, a t  500C, 5'2, v a l u e s  f o r  

PC-d31, PC-d31/25 mol % 1-octanol  and PC-d31/25 mol % 1-decanol 

a r e  280 u s ,  530 u s ,  and 620 u s ,  r e s p e c t i v e l y .  

The na r rowing  o f  t h e  PC-d31 s p e c t r a l  l i n e s  i n  F i g .  19b c a n  

be a t t r i b u t e d  t o  t h e  s i g n i f i c a n t l y  l o n g e r  T z e f s  o f  PC-d31 i n  t h e  

p r e sence  o f  t h e  a n e s t h e t i c .  The enhanced r e s o l u t i o n  due t o  T z e  

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

h e r e t o f o r e  o b t a i n e d  i n  a  p e r d e u t e r a t e d  p h o s p h o l i p i d  b i l a y e r .  A s  

slow mot ions  o f  t h e  p h o s p h o l i p i d  a c y l  c h a i n s  a r e  u s u a l l y  

c o n s i d e r e d  t o  dominate  T2, i n  t h e  l i q u i d  c r y s t a l l i n e  phase  

(Davis ,  19831, t h e  d e c r e a s e d  r e l a x a t i o n  rate 1/TZe f o r  PC-~CJ~ i n  

t h e  presence o f  1-alkanols s u g g e s t s  t h a t  t he  1-alkancls decrease 

z,, t h e  2~ c o r r e l a t i o n  t i m e  f o r  t h e  d e u t e r a t e d  phospho l i p id  

c h a i n s .  Th i s  a g r e e s  w i th  P a u l s  e t  a l .  ( 1985 )  who f i n d  t h a t ,  

above Tm, l /Tze  v a r i e s  w i t h  zc. The p r e c i s e  n a t u r e  o f  t h e  

a f f e c t e d  motion is n o t  known. Both c h a i n  r o t a t i o n  and d i r e c t o r  

f l u c t u a t i o n s  are e x p e c t e d  t o  occur  a t  a  f a s t  r a t e  ( 2  l o 8  s-l)  i n  

t h e  l i q u i d  c r y s t a l l i n e  phase ,  w i t h  t r ans -gauche  i s o m e r i s a t i o n  

bb ing  f a s t e r  s t i l l  t r l o 9  s-I1 (Meier e t  a l . ,  1 9 8 3 ) .  Slower (I 

l o 6  s-I) mot ions  o c c u r r i n g  i n  l i p i d  b i l a y e r s  a r e  s p e c u l a t e d  t o  
v 

i n c l u d e  c o l l e c t i v e  d i r e c t o r  f l u c t u a t i o n s  such  as t h e  t w i s t  and 

s p l a y  modes i l l u s t r a t e d  by Brown e t  a l . ,  1983. A s  well, t h e  

l a m e l l a e  may e x p e r i e n c e  p e r i o d i c ,  wave-l ike o s c i l l a t i o n s .  I t  is 



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

and t h a t  1 - a l k a n o l s  i n c r e a s e  t h i s  rate,  making l / T z e  r e l a x a t i o n  

less e f f i c i e n t .  L a t e r a l  d i f f u s i o n  is normal ly  c h a r a c t e r i z e d  by 

d i f f u s i o n  c o e f f i c i e n t s  on  t h e  o r d e r  o f  lo -*  c m 2  s-l f o r  b i l a y e r s  

which t r a n s l a t e s  t o  a t ime on t h e  o r d e r  o f  10 m s  f o r  d i f f u s i o n  

th rough  one r a d i a n  on  t h e  s u r f a c e  o f  a 5  x  c m  l iposome.  

The c o n c e n t r a t i o n  dependence o f  t h e  1/T2, v s .  t empe ra tu r e  

p l o t  is  shown i n  F i g .  25. 1-Octanol a t  0%, 5% and 25% was 

i n c o r p o r a t e d  i n t o  PC-d31 b i l a y e r s .  The r e s u l t i n g  p l o t  is v e r y  

similar t o  F i g .  24, i n d i c a t i n g  t h a t  5 rnol % 1-oc tano l  ha s  a 

s i m i l a r  e f f e c t  on  PC-d31 t o  25 mol % 1-decanol .  The 5  rnol % 1- 

o c t a n o l  c o n c e n t r a t i o n  a p p e a r s  t o  be j u s t  as e f f e c t i v e  a s  t h e  25 

mol % c o n c e n t r a t i o n  i n  s lowing  t h e  l /Tze  r a t e  o f  PC-d31 a t  50oC. 

These r e s u l t s  a r e  viewed as p r e l i m i n a r y  and f u r t h e r  

expe r imen t s  a r e  needed i n  o r d e r  t o  form any f i r m  c o n c l u s i o n s  

concerning t h e  effects of 1-alkanols on the mct i cn  sf t he  

phospha t i dy l cho l  i n e  a c y l  c h a i n s .  With r e g a r d  t o  t h e  method o f  

measuring l / T Z e ,  two p o i n t s  shou ld  be made. By measur ing t h e  

r a t e  o f  decay o f  t h e  echo amp l i t ude  w i t h  i n c r e a s i n g  p u l s e  

s p a c i n g  a l l  o r i e n t a t i o n s  o f  t h e  molecu la r  and l a b  a x e s  are 

combined. We measure t h e  f a s t e s t  r e l a x a t i o n  rate i n  a l l  cases, 

and have n o t  a t t e m p t e d  t o  d e f i n e  t h e  o r i en t a t i on -dependence  o f  

t h e  r e l a x a t i o n .  Also,  by u s i n g  a  p e r d e u t e r a t e d  p h o s p h a t i d y l -  

c h o l i n e ,  w e  combine t h e  r e l a x a t i o n  behav iour  f o r  a l l  p o s i t i o n s  

a l o n g  t h e  a c y l  c h a i n .  S i n c e  we measure t h e  i n i t i a l  decay rate, 

t h e  s lower  methyl  g roup  r e l a x a t i o n  is n o t  obse rved  and n e i t h e r  

are t h e  d i f f e r e n t  r e l a x a t i o n  r a t e s  f o r  methy lenes  n e a r  t h e  



F i g u r e  25: The c o n c e n t r a t i o n  dependence of  l / T Z e  a s  a f u n c t i o n  
o f  t e m p e r a t u r e .  S o l i d  l i n e  ( w i t h o u t  s y m b o l s ) :  PC- 
d31; d o t t e d  l i n e :  PC-d31/25 mol % l - o c t a n o l .  (Bo th  
a r e  shown i n  more d e t a i l  i n  F i g .  2 4 . )  (0): PC- 
d31/5 mol % l - o c t a n o l .  



TEMPERATURE (OC) 



l i p i d / w a t e r  i n t e r f a c e  compared w i th  t h o s e  n e a r  t h e  c e n t e r  o f  t h e  

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

and a  method o f  measur ing l / T z e  from d i f f e r e n t  segments o f  t h e  

F o u r i e r  t r an s fo rmed  spec t rum ( a n g u l a r  dependence)  c o u l d  be 

employed t o  c l a r i f y  t h e  mot ional  changes  t o  t h e  phospho l i p id  

caused  by 1 -a lkano l  a n e s t h e t i c s .  An a t t e m p t  t o  e x t r a c t  a n  

a c t i v a t i o n  ene rgy  from t h e  'TZe d a t a  p r e s e n t e d  h e r e  v i a  a n  

Ar rhen ius  p l o t  was u n s u c c e s s f u l  a s  t h e  p l o t  was n o n l i n e a r .  



11%. L a b e l l e d  A n e s t h e t i c :  1,2-Dipalmitoyl-sn-glycero-3- 

p h o s p h o r y l c h o l i n e  (DPPC)/Deutera ted  1-Alkanol 

A .  DPPC/Se lec t ive ly  D e u t e r a t e d  1-Decanol 

H u l t i l a m e l l a r  d i s p e r s i o n s ,  50 w t  % i n  d e u t e r i u m  d e p l e t e d  

wa te r ,  composed o f  75 mol % DPPC/25 mol % s e l e c t i v e l y  d e u t e r a t e d  

1-decanol  have been p r e p a r e d .  

Of t h e  t e n  c a r b o n s  i n  1-decanol  which may be d e u t e r a t e d ,  

e i g h t  have been s t u d i e d .  The r e s u l t s  a r e  d i v i d e d  i n t o  t h o s e  

c o n c e r n i n g  t h e  t e m p e r a t u r e  dependence o f  t h e  2~ NMR s p e c t r a  o f  

t h e  l a b e l l e d  1-decanol ,  and t h o s e  c o n c e r n i n g  1-decanol  ' s o r d e r  

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

1. Temperature dependence:  DPPC/deutera ted  1-decanol  

The t e m p e r a t u r e  dependence o f  t h e  2~ NMR s p e c t r a  o f  DPPC 

c o n t a i n i n g  1 -decano l s  d e u t e r a t e d  a t  p o s i t i o n s  C-2, C-4, C-7, o r  

C-9 h a s  been s t u d i e d .  F i g .  26 shows t h e  2~ NMR s p e c t r u m  o f  

DPPC/ [ 4, 4 - 2 ~ 2  I -1-decanol d i s p e r s i o n s  a t  f o u r  d i f f e r e n t  

t e m p e r a t u r e s ,  i l l u s t r a t i n g  t h e  s p e c t r a l  na r rowing  t h a t  

accompanies t h e  l i p i d  g e l  t o  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 .  A t  150C t h e  DPPC/l-decanol d i s p e r s i o n  is i n  t h e  g e l  

phase  and,  when t h e  sample is h e a t e d  t o  350C, o n l y  a  v e r y  

g r a d u a l  s h a r p e n i n g  o f  t h e  v e r t i c a l  e d g e s  ( z c 3 0  kHz) t a k e s  p l a c e .  

When t h e  t e m p e r a t u r e  is  r a i s e d  f u r t h e r ,  t h e  c e n t r a l  r e g i o n  o f  

t h e  spec t rum nar rows  c o n s i d e r a b l y  and t h e  b road  s h o u l d e r s  a t  263 



F i g u r e  2 6 :  The t e m p e r a t u r e  dependence  o f  t h e  2~ NMR s p e c t r u m  o f  
2 5  rnol % [ 4 , 4 - 2 ~ 2 1 - 1 - d e c a n o l  i n  DPPC m u l t i l a r n e l l a r  
d i s p e r s i o n s .  S p e c t r a l  p a r a m e t e r s :  150C: p u l s e  
s p a c i n g  = 75 u s ;  p u l s e  l e n g t h  = 8 u s ;  l i n e  
b r o a d e n i n g  = 200 Hz; sweep w i d t h  = 5250 kHz; number 
o f  a c q u i s i t i o n s  = 16000; 350C: same as a t  150C . 
e x c e p t :  p u l s e  s p a c i n g  = 50 ~ s ;  l i n e  b r o a d e n i n g  = 
300 Hz; 380C: same as  a t  15oC e x c e p t :  p u l s e  
s p a c i n g  = 60 u s ;  l i n e  b r o a d e n i n g  = 300 Hz; number o f  
a c q u i s i t i o n s  = 32000; 500C: same as  a t  150C e x c e p t :  
p u l s e  s p a c i n g  = 50 u s ;  l i n e  b r o a d e n i n g  = 100 Hz; 
sweep w i d t h  = + I 0 0  kHz; number o f  a c q u i s i t i o n s  = 
64000.  





kHz a r e  no l o n g e r  v i s i b l e ,  The 380C spec t rum a p p e a r s  t o  be due 

t a  a  s u p e r p o s i t i o n  o f  t h e  s p e c t r a  o f  1-decanol  i n  two l i p i d  

p h a s e s :  one narrow spec t rum,  foreshadowing t h a t  obse rved  i n  t h e  

l i q u i d  c r y s t a l l i n e  phase  w i t h  peaks  a t  217 kHz, and one b road  

spec t rum w i t h  f e a t u r e s  a t  +25  kHz r e m i n i s c e n t  o f  t h o s e  s e e n  i n  

t h e  g e l  phase .  The 500C spec t rum i s  a  t y p i c a l  powder p a t t e r n  

w i t h  narrow r e s o n a n c e s  a r i s i n g  from 1-decanol  i n t e r c a l a t e d  i n  

t h e  l i q u i d  c r y s t a l l i n e  p h o s p h o l i p i d  p h a s e .  (The s m a l l  peaks  a t  

2 9 . 6  kHz r e p r e s e n t  5 10% i m p u r i t y  i n  t h e  [ 4 , 4 - 2 ~ 2 1 - 1 - d e c a n o l ,  

p r o b a b l y  due t o  c o n t a m i n a t i o n  w i t h  a n o t h e r  l a b e l l e d  1 - d e c a n o l . )  

The g e l  phase  s p e c t r a  o f  DPPC c o n t a i n i n g  [ 2 ,  2 - 2 ~ 2  I -, [ 7 ,  7 - 2 ~ 2  I -, 

o r  I 9, 9 - 2 ~ 2  I -1-decanol a r e  v e r y  s i m i l a r  t o  t h o s e  shown f o r  [ 4.4- 

2 ~ 2  I -1-decanol .  

A t  150C t h e r e  i s  a n o t a b l e  d i f f e r e n c e  between t h e  s p e c t r a l  

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

i n  o u r  p h o s p h o l i p i d / l - d e c a n o l  d i s p e r s i o n s .  R e f e r r i n g  t o  F i g .  

26, t h e  shape  o f  t h e  2~ NMR spec t rum o f  [ 4 , 4 - 2 ~ 2 1 - l - d e c a n o l  i n  

DPPC a t  15oC i s  a b r o a d  powder p a t t e r n ,  c h a r a c t e r i s t i c  o f  

a x i a l l y  symmetr ic  r o t a t i o n  o f  t h e  1-decanol  a b o u t  i t s  l o n g  a x i s .  

Depaking t h e  s p e c t r u m  r e s u l t s  i n  a  b road  d o u b l e t  whose s p l i t t i n g  

c o r r e s p o n d s  t o  ~ P Q  r 56 kHz. I n  c o n t r a s t ,  t h e  d e u t e r a t e d  

phosphatidylcholine/l-decanol d i s p e r s i o n  h a s  a  g e l  phase  

s p e c t r a l  shape  a t  150C which is a l s o  s e e n  i n  p u r e  l i p i d  l a m e l l a r  

d i s p e r s i o n s  below Tm.  A t  38oC. t h e  spec t rum o f  [ 4 , 4 - 2 ~ 2 ~ - 1 -  

d e c a n o l  i n  DPPC c o n s i s t s  o f  b road  and narrow components,  

presumably due t o  1-decanol  embedded i n  g e l  phase  l i p i d  and 1- 

d e c a n o l  d i s s o l v e d  i n  l i q u i d  c r y s t a l l i n e  l i p i d ,  r e s p e c t i v e l y .  



The 3G0C spectrum 0% PC-d31 c o n t a i n i n g  25 mol % 1-decanol is  

s i m i l a r l y  a s u p e r p o s i t i o n  o f  broad and narrow components ( F i g .  

1 7 ) .  The p r o p o r t i o n  of  1-decanol i n  t h e  g e l  phase l i p i d  a t  380C 

can  be e s t i m a t e d  by  depaking t h e  spectrum i n  F ig .  26. A s  t h e  

p u l s e  spac ing  T i s  reduced,  however, t h e  broad component i n  t h e  

380C spectrum becomes r e l a t i v e l y  more i n t e n s e ,  i n d i c a t i n g  t h a t  

T2e  is longe r  f o r  1-decanol i n  t h e  l i q u i d  c r y s t a l l i n e  phase t h a n  

i n  t h e  g e l  phase l i p i d .  From a rough e x t r a p o l a t i o n  t o  zerd  a, 

t h e  p r o p o r t i o n  o f  1-decanol i n  t h e  g e l  phase l i p i d  ay 380C is 

approximately  60%. 

Measurement o f  t h e  f i r s t  moment ( M I )  (Davis ,  1983) o f  t h e  

2~ NMR spectrum o f  l a b e l l e d  1-decanols i n  DPPC a s  a  f u n c t i o n  o f  

t empera ture  c l a r i f i e s  t h e  s p e c t r a l  changes  i l l u s t r a t e d  i n  F ig .  

26, P l o t s  o f  M 1  v s .  t empera ture  f o r  1-decanol d e u t e r a t e d  a t  

C-2, C-4, C-7 and C-9 a r e  g iven  i n  F i g .  27. Below t h e  g e l  t o  

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 h e  M I  v a l u e s  f o r  a l l  f o u r  

DPPC/1-decanol d i s p e r s i o n s  a g r e e  c l o s e l y ,  wi th  a n  average  va lue  

of  1.11 * 0.08 x  l o 5  s-l. Above t h e  phase t r a n s i t i o n  M1 

r e f l e c t s  t h e  quadrupola r  s p l i t t i n g  of  t h e  powder p a t t e r n ,  and 

hence SCD, s o  t h a t  14,4-2~21-1-decanol has  t h e  l a r g e s t  va lue  o f  

M I ,  fo l lowed by K 2, 2 - 2 ~ 2  I-1-decanol, 1 7, 7 - 2 ~ 2  I-1-decanol, and 

[ 9, 9 - 2 ~ 2  I -1-decanol. This  a g r e e s  wi th  t h e  o r d e r  parameter  

p r o f i l e  shown i n  F i g .  30 (see p .  1 0 5 ) .  

A t  t h e  phase t r a n s i t i o n ,  M1 d rops  suddenly.  The i n c r e a s e d  

r a t e  o f  t rans-gauche isomer i s a t i o n  o f  t h e  phosphol ip id  a c y l  

c h a i n s  as t h e  sample m e l t s  is a p p a r e n t l y  accompanied by 

i n c r e a s e d  t rans-gauche i s o m e r i s a t i o n  o f  t h e  1-decanol.  An 



F i g u r e  27: F i r s t  moment M 1  v s .  t e m p e r a t u r e  f o r  f o u r  s e l e c t i v e l y  
d e u t e r a t e d  d e c a n o l s  i n  mu1 t i l a m e l l a r  d i s p e r s i o n s  o f  
DPPC. (0) [ 2, 2 - 2 ~  I -1-decanol;  ( T I  [ 4, 4 - 2 ~ 2  I -1- 2 d e c a n o l ;  ( @ I  [7 ,7 -  HZ]-1-decanol;  and ( A )  [ 9 , 9 - 2 ~ 2 ~ -  
1 -decano l .  E r r o r  b a r s  a r e  g i v e n  f o r  [ 2 , 2 - 2 ~ 2 1 - 1 -  
d e c a n o l  i n d i c a t i n g  a  +0.50C u n c e r t a i n t y  i n  
t e m p e r a t u r e  and an e r r o r  i n  t h e  measurement o f  M1 
which i s  a p p r e c i a b l e  o n l y  from 300C t o  400C, where 
M1 becomes dependen t  on t h e  p u l s e  s p a c i n g  and must 
be d e t e r m i n e d  by  e x t r a p o l a t i o n .  





e x a m i n a t i o n  o f  t h e  phase  t r a n s i t i o n  r e g i o n ,  36oC t o  410C i n  F i g ,  

27, r e v e a l s  t h a t  t h e  l a b e l l e d  c a r b o n  p o s i t i o n s  o f  1-decanol  

moni to r  t h e  phase  change d i f f e r e n t l y  depend ing  on  t h e i r  d e p t h  i n  

t h e  b i l a y e r .  The C-2 l a b e l ,  n e a r  t h e  p h o s p h o l i p i d / w a t e r  

i n t e r f a c e ,  h a s  a  t r a n s i t i o n  from 370C t o  41oC, C-4 h a s  a  

t r a n s i t i o n  from 370C t o  400C, C-7 h a s  a  s l i g h t l y  s h a r p e r  

t r a n s i t i o n  from 370C t o  390C, and C-9, toward t h e  middle  o f  t h e  

b i l a y e r ,  h a s  a  v e r y  s h o r t  t r a n s i t i o n  r e g i o n :  from 360C t o  370C. 

D i f f e r e n t i a l  s c a n n i n g  c a l o r i m e t r y  on t h e s e  f o u r  DPPC/l-decanol 

d i s p e r s i o n s  ( F i g .  2 8 )  shows a s i n g l e  e n d o t h e r m i c  phase  

t r a n s i t i o n  a t  a  t e m p e r a t u r e  o f  38 .5  + 0.20C w i t h  a  h a l f - h e i g h t  

wid th  o f  2 . 9  t 0.4oC.  The o b s e r v a t i o n  t h a t  t h e  [ 9 , 9 - 2 ~ 2 3 - 1 -  

d e c a n o l  undergoes  a s h a r p  t r a n s i t i o n  a t  a t e m p e r a t u r e  o f  360C 

w h i l e  t h e  o t h e r  l a b e l s  have b r o a d e r  t r a n s i t i o n s  b e g i n n i n g  a t  

370C i n d i c a t e s  t h a t  t h e  phase  change is i n i t i a t e d  by i n c r e a s e d  

i s o m e r i s a t i o n  i n  t h e  middle  o f  t h e  b i l a y e r ,  w h i l e  t h e  methy lenes  

n e a r  t h e  l i p i d / w a t e r  i n t e r f a c e  remain  more r e s t r i c t e d .  

2 .  Order  p a r a m e t e r :  D P P C / s e l e c t i v e l y  d e u t e r a t e d  1-decanol  

To d e t e r m i n e  t h e  o r d e r  pa ramete r  o f  1-decanol  i n  l i q u i d  

c r y s t a l 1  i n e  DPPC d i s p e r s i o n s  t h e  2~ NMR s p e c t r a  o f  1 -decano l s  

l a b e l l e d  a t  t h e  C-2, C-3, C-4, C-5, C-6, C-7, C-9 and C-10 

p o s i t i o n s  were r e c o r d e d  a t  500C. R e p r e s e n t a t i v e  s p e c t r a  a r e  

shown i n  F i g .  29,  From t h e  s p l i t t i n g s  ~ V Q  o b t a i n e d  from t h e s e  

powder p a t t e r n s  a  d e t a i l e d  o r d e r  pa ramete r  p r o f i l e  (SCD v s .  

l a b e l l e d  c a r b o n )  c a n  be drawn ( F i g .  3 0 ) .  T h i s  o r d e r  p a r a m e t e r  



Figure  2 8 :  DSC t r a c e s  f o r  s e l e c t i v e l y  d e u t e r a t e d  1-decanols  ( 2 5  
mol % )  i n  DPPC m u l t i l a m e l l a r  d i s p e r s i o n s .  The 
p o s i t i o n  o f  l a b e l l i n g  is i n d i c a t e d  b e s i d e  each  
t r a c e .  Scanning r a t e :  lOo/min. from -300C t o  
t 7 O O C .  
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Figure 29: Deuterium NMR spectra of 25 mol % selectively 
deuterated decanols in DPPC multilamellar 
dispersions at 500C. The position of deuterium 
substitution is given to the left of each spectrum. 
Spectral parameters: 2,2-: pulse spacing = 75 us; 
pulse width = 8 us; line broadening = 100 Hz; sweep 
width = 2100 kHz; number of acquisitions = 32000; 
3 , 3 - :  same as for 2,2- except: pulse width = 6.5 
us; line broadening = 50 Hz; number of acquisitions 
= 48000; 4,4-: same as for 2,2- except: pulse 
spacing = 50 us; number of acquisitions = 64000; 
7,7- and 9,9-: same as for 2,2-; 10,10,10-: same 
as for 2,2- except: no line broadening; number of 
acquisitions = 48000. Peaks marked with a cross are 
due to small amounts of impurity. 
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Figure 30: Order parameter profile ISCDI vs. position of the 
deuterium label o f  decanol in DPPC multilamellar 
dispersions at 500C. The SCD values at C-2, C-3, C- 
7, and C-9 are the average o f  the splittings 
measured in duplicate samples, with error bars 
indicating the degree of reproducibility. The 
largest error bar, at C-7, represents a deviation o f  
+ 4 % from the average value. 
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p r o f i l e  show t h a t  1-decanol  i n  a p h o s p h o l i p i d  b i l a y e r  sys tem has  

a  maximum SCD = 0 .20  f o r  C-4 and C-5. Both e n d s  o f  1-decanol 

show reduced  s p l i t t i n g s  w i th  t h e  g r e a t e s t  r e d u c t i o n  o c c u r r i n g  

toward t h e  methyl  t e r m i n u s  (C-10). 

The shape  o f  t h e  SCD v s .  c a rbon  p o s i t i o n  c u r v e  is 

q u a l i t a t i v e l y  similar t o  t h a t  found f o r  1-decanol  i n  s o a p  

l a m e l l a e .  N iede rbe rge r  and S e e l i g  ( 1974 )  s t u d i e d  d i s p e r s i o n s  o f  

sodium decanoa t e  and 1-decanol l a b e l l e d  a t  t h e  C-1, C-2, C-4, C- 

7 ,  C-8 and C-10 p o s i t i o n s  and found t h a t  t h e  maximum o r d e r  

pa ramete r  SCD = 0 .29  o c c u r r e d  a t  C-4. Klason and Henr iksson  

(1982)  s t u d i e d  d i s p e r s i o n s  o f  sodium o c t a n o a t e  and 1-decanol  

s e l e c t i v e l y  l a b e l l e d  a t  C-1 and C-2 o r  p e r d e u t e r a t e d  1-decanol  

a t  200C and measured a maximum SCD = 0 .28 .  The o r d e r  pa ramete r  

p r o f i l e  of  p e r d e u t e r a t e d  1 -oc t ano l  i n  DMPC a t  320C is a l s o  ve ry  

similar, w i t h  a maximum SCD f o r  C-4 and C-5 o f  0 .27 (Pope e t  

a l . ,  1984 ) .  The magnitude o f  t h e  maximum SCG value af 1-decanol 

i n  DPPC m u l t i l a m e l l a r  d i s p e r s i o n s  found i n  o u r  s t u d y  is o n l y  

a b o u t  75% o f  t h a t  found by t h e  p r e v i o u s  workers ,  p robab ly  due  t o  - 

t h e  h igh  water c o n t e n t  o f  o u r  sys tem ( ~ 4 0  Hz0 : 1 l i p i d )  

compared t o  t h e  o t h e r  sys tems  ( a 9  H 2 0  : 1 l i p i d ) .  

The phenomenon o f  reduced  SCD f o r  c a r b o n  p o s i t i o n s  towards  

t h e  hydroxyl  end o f  1-decanol  is  n o t  p e c u l i a r  t o  DPPC, We have 

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

[ 2, 2 - 2 ~ 2  1 -1-decanol o r  [ 4, 4 - 2 ~ 2  I -1-decanol g i v e  SCD = 0.18 and 

0 . 2 1 ,  r e s p e c t i v e l y ,  a t  250C, Th i s  d e c r e a s e  i n  SCD h a s  a l s o  been 

obse rved  by r e s e a r c h e r s  s t u d y i n g  1-decanol  i n  soap  lamellae 

(Klason  and Henr iksson,  1982; Niederberger  and S e e l i g ,  1 9 7 4 ) .  



Those workers a t t r i b u t e d  t h e  r e d u c t i o n  i n  SCD to e i t h e r  

i nc reased  ampl i tudes  o f  motion o f  t h e  C-1 t o  C-3 p o r t i o n  o f  1- 

decanol  i n  comparison with  t h e  sur rounding  l i p i d ,  o r  t o  t h e  

geomet r ic  e f f e c t s  o f  t i l t i n g  t h e  i n i t i a l  p o r t i o n  o f  t h e  1- 

decanol  c h a i n  wi th  r e s p e c t  t o  t h e  b i l a y e r  normal i n  o r d e r  t h a t  

hydrogen bonding may o c c u r .  

The e f f e c t  o f  a t i l t  would be t o  reduce SCQ b u t  no t  t h e  C-C 

- segmental  o r d e r  parameter  Smol through t h e  r e l a t i o n s h i p  Smol - 

S ~ ~ / S g e o  where Sgeo = <3cos28 '  - 1 > / 2  and 8 '  i s  t h e  a n g l e  

between t h e  C - 2 ~  bond and t h e  molecular  long  a x i s  ( S e e l i g ,  1977; 

See1 i g  and Waespe-Sarcevic, 1978 1 . For methylene groups i n  

l i p i d  b i l a y e r  a c y l  c h a i n s ,  8' is g e n e r a l l y  t aken  a s  900 

(Niederberger  and S e e l i g ,  1 9 7 4 ) .  To g e t  a n  o r d e r  of  magnitude 

approximat ion o f  t h e  degree  o f  tilt t h a t  would be neces sa ry  t o  

reduce J S C Q J  t o  ou r  observed v a l u e s  o f  0.18 f o r  C-2 and 0 .19 f o r  

YCI C-3 we can  assume tha t  Smoi .=mains a t  its plateau l e v e l  o f  

about  0 .41  i n  t h i s  r e g i o n  of  t h e  b i l a y e r ,  as found f o r  

phosphol ip id  a c y l  c h a i n s  (Thewalt  e t  a l . ,  1985; Paddy e t  a l . ,  

1 9 8 5 ) -  This  l e a d s  t o  c a l c u l a t e d  va lues  o f  Sgeo = -0.44 f o r  C-2 

and Sgeo = -0 .46  f o r  C-3, cor responding  t o  a t i l t  of  t h e  decanol  

backbone away from t h e  b i l a y e r  normal o f  a120 a t  C-2 and a90 a t  

C-3. Angles t h i s  smal l  would n o t  be expec ted  t o  s i g n i f i c a n t l y  

d i s r u p t  t h e  packing o f  t h e  l i p i d  a c y l  c h a i n s ,  b u t  t h e  e x i s t e n c e  

o f  t h i s  t ype  of  hydrogen bonding has  s t i l l  t o  be independent ly  

v e r i f i e d .  To a t t e m p t  t o  c l a r i f y  t h i s  p o i n t ,  13c NMR s p e c t r a  o f  

DPPC v e s i c l e s  wi th  and wi thout  25 mol % 1-decanol were recorded  

a t  520C. The p o s i t i o n s  o f  t h e  l i p i d  a c y l  c h a i n  carbonyl  



resonances  were unchanged i n  t h e  presence  of  1-decanol, s o  t h a t  

1 3 C  NMR gave no ev idence  of  hydrogen bonding. I t  is p o s s i b l e ,  

however, t h a t  t h e  e f f e c t  of hydrogen bonding on t h e  chemical  

s h i f t s  o f  t h e  a c y l  c h a i n  carbonyl  resonances  i s  t o o  s l i g h t  t o  be 

observed,  s i n c e  DPPC v e s i c l e s  c o n t a i n i n g  c h o l e s t e r o l ,  which is 

known t o  hydrogen bond, d i s p l a y e d  i d e n t i c a l  ca rbonyl  chemical 

s h i f t s .  

Hydrogen bonding of  t h e  carboxyl  group o f  sodium decanoa te  

has been c i t e d  as t h e  reason  f o r  t h e  l a r g e r  SCD va lue  d i s p l a y e d  

by C-2 of  t h e  decanoa te  compared with  t h e  C-2 of  t h e  1-decanol 

i n  t h e  soap / l - a lkano l  mixture  (Niederberger  and S e e l i g ,  1974) .  

The h igher  h y d r o p h i l i c i t y  of  t h e  carboxyl  would restr ict  t h e  

ampli tude of  t h e  motions of  t h e  (2-2 p o s i t i o n  deu te rons ,  t he reby  

i n c r e a s i n g  SCD. Weaker hydrogen bonding o f  t h e  d e c a n o l t s  

hydroxyl group would n o t  s e r v e  t o  r e s t r i c t  t h e  ampl i tude  o f  t h e  

C-2 deu te rons  as much, sc t h a t  SCD i s  corresp~ndingly reduced. 

I n  t h e  case of  t h e  phospho l ip id / l - a lkano l  d i s p e r s i o n s ,  t h e  l i p i d  

a c y l  c h a i n s  a r e  c o v a l e n t l y  bonded t o  t h e  g l y c e r o l  backbone, 

while t h e  1-decanol, even i f  some hydrogen bonding were p r e s e n t ,  

would have i t s  hydroxyl end r e l a t i v e l y  u n r e s t r i c t e d ,  r e s u l t i n g  

i n  smaller SCD v a l u e s  f o r  C-1 t o  C - 3 .  

Table I V  compares t h e  s p l i t t i n g s  o b t a i n e d  from d i s p e r s i o n s  

of  PC-d31/1-decanol and DPPC/select ively  d e u t e r a t e d  1-decanols .  

The composi t ion o f  t h e  d i s p e r s i o n s  was t h r e e  moles phosphol ip id  

t o  one mole 1-alkanol  i n  a l l  c a s e s .  The phosphol ip id  o r d e r  

parameter  is i n s e n s i t i v e  t o  v a r i a t i o n s  i n  t h e  a l k a n o l  

c o n c e n t r a t i o n  as shown i n  S e c t i o n  I1 of  t h i s  c h a p t e r .  As wel l ,  



TABLE IV: Comparison of quadrupolar splittings APQ for 75 mol 
% phosphatidylcholine/25 mol % 1-decanol, 50 wt % 
aqueous multilamellar dispersions at 500C. The 
splittings arise either from labelled phospholipid 
sn-2 acyl chains or from labelled 1-decanol. 

LABELLED PHOSPHATIDYLCHOLINE LABELLED ALCOHOL 

DPPC/selectively deuterated 
1-decanol 

Acyl Chain W Q  (kHz) Alcohol Chain OVQ (kHz) 
Position Posit ion 

a The + values, where found, are deviations found in duplicate 
measurements. 



comparable  o r d e r  p a r a m e t e r s  are measured f o r  b o t h  s e l e c t i v e l y  

d e u t e r a t e d  and p e r d e u t e r a t e d  p h o s p h o l i p i d  a c y l  c h a i n s  ( T a b l e  

111, i n d i c a t i n g  t h a t  mass e f f e c t s  r e s u l t i n g  from p e r d e u t e r a t i o n  

do n o t  a l t e r  t h e  a c y l  c h a i n  o r d e r  p a r a m e t e r s  s u b s t a n t i a l l y .  DSC 

o f  t h e  PC-d31/1-decanol and t h e  D P P C / s e l e c t i v e l y  d e u t e r a t e d  1- 

d e c a n o l  d i s p e r s i o n s  used  shows t h a t  t h e  T m t s  d i f f e r  by less t h a t  

20C (370C v s .  38 .50C) .  Thus, ' r e d u c e d  t e m p e r a t u r e '  e f f e c t s  a r e  

n e g l i g i b l e .  These c o n s i d e r a t i o n s ,  t o g e t h e r  w i t h  t h e  comparable  

chemica l  s t r u c t u r e s  o f  t h e  two m i x t u r e s ,  a l l o w  t h e  s y s t e m s  t o  be 

compared a t  50oC. The q u a d r u p o l a r  s p l i t t i n g s  o f  t h e  two t y p e s  

o f  l a b e l l e d  c h a i n s  i n  t h e  phosphatidylcholine/l-decanol 

d i s p e r s i o n s  are remarkab ly  c l o s e .  The maximum s p l i t t i n g  

d i s p l a y e d  by t h e  d e u t e r a t e d  p h o s p h o l i p i d / l - d e c a n o l  d i s p e r s i o n  is 

27 .4  kHz w h i l e  t h a t  f o r  t h e  DPPC/ [ 5, 5 - 2 ~ 2  I -1-decanol d i s p e r s i o n  

is 25 .8  kHz. 

To a s c e r t a i n  t h e  d e p t h  a t  which d e c a n o l  s i ts  i n  t h e  

p h o s p h o l i p i d  b i l a y e r ,  i t  is u s e f u l  t o  compare t h e  s p l i t t i n g s  i n  

t h e  hydrophob ic  e n d s  o f  t h e i r  r e s p e c t i v e  c h a i n s .  The p l a t e a u  i n  

t h e  p h o s p h o l i p i d  a c y l  c h a i n ' s  q u a d r e p o l a r  s p l i t t i n g s  e x t e n d s  

t h r o u g h  C-8, w h i l e  C-9's s p l i t t i n g  i s  s l i g h t l y  less, and t h e  

s p l i t t i n g s  c o n t i n u e  t o  narrow t o  t h e  t e r m i n a l  methyl  g r o u p .  For  

t h e  d i s p e r s i o n s  c o n t a i n i n g  l a b e l l e d  1-decanols ,  C-4 and C-5 

d i s p l a y  n e a r l y  e q u a l  s p l i t t i n g s ,  AVQ f o r  C-6' i s  s l i g h t l y  less, 

and AVQ f o r  C-7 t o  C-10 d e c r e a s e s  f u r t h e r ,  m o n o t o n i c a l l y .  Thus, 

i t  is l i k e l y  t h a t  C-6 o f  1-decanol  is  a p p r o x i m a t e l y  a t  t h e  d e p t h  

o f  C-9 on  t h e  sn-2 c h a i n  o f  t h e  p h o s p h o l i p i d .  T h i s  i m p l i e s  t h a t  

t h e  hydroxy l  g roup  o f  1-decanol  is  at t h e  l e v e l  o f  C-3 on  t h e  



F i g u r e  31: Superimposed o r d e r  p a r a m e t e r  p r o f i l e s  f o r  PC-d31/1- 
d e c a n o l  (A) and DPPC/deuterated 1-decanol  ( A )  a t  
500C i l l u s t r a t i n g  t h e  p r o b a b l e  l o c a t i o n  o f  1-decanol '  
i n  t h e  p h o s p h o l i p i d  b i l a y e r .  The t h i c k  h o r i z o n t a l  
b a r  r e p r e s e n t s  t h e  p l a t e a u  o r d e r  p a r a m e t e r ,  w i t h  C-3 
t o  C-8 SCD v a l u e s  f a l l i n g  w i t h i n  r a n g e  i n d i c a t e d  by 
t h e  e r r o r  bar. 
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sn-2 chain of the phospholipid provided the 1-decanol's long 

axis is close to being parallel to the bilayer normal. Super- 

imposed order parameter profiles for PC-d31/1-decanol and 

DPPC/deuterated 1-decanol are shown in Fig. 31, illustrating the 

corresponding ScDts described above. By matching the 1-decanol 

C-5 to C-9 SCD values to the PC-d31 profile the alcohol is shown 

to be situated, on average, with its -OH group between C-3 and 

C-4 of the phospholipid sn-2 chain, and its -CH3 group between 

C-13 and C-14. 

This location of 1-decanol in phospholipid bilayers permits 

hydrogen bonding, especially with the ester groups of the sn-1 

chains. The sn-2 chain is bent at C-2, so that the sn-1 chain 

C-1 is at about the same depth in the bilayer as the sn-2 chain 

C-3. A recent paper by Brasseur et al. (1985) contains 

calculations of the depth of a series of n-alkanols in DPPC 

monolayers using a 'semi-smpiricai conforrnationai anaiysis;. By 

calculating the alcoholt3 minimum energy conformation and the 

energies of interaction between neighbouring lipids they locate 

the hydroxyl group of 1-decanol at the level of the ester bond 

between the phospholipid's glycerol backbone and its polar 

headgroup, considerably closer to the lipid/water interface than 

we find. Our method is more direct, however, and the results 

should consequently be more accurate. As an extension of the 

results on DPPC/l-decanol it can be predicted that 1-dodecanol 

would be located slightly deeper in the bilayer, probably 

approximately parallel to the C-4 to C-16 segments of the sn-2 

chain. This location would mean that 1-dodecanoPts effect on 



t h e  DPPC b i l a y e r  would be t h e  minimum f o r  t h e  n-a lkanol  series. 

T h i s  is s u p p o r t e d  by t h e  f a c t  t h a t  t h e  t e m p e r a t u r e  o f  t h e  g e l  t o  

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  is r a i s e d  by less t h a n  two 

d e g r e e s  i n  t h e  p r e s e n c e  o f  30 mol % dodecano l  ( E l i a s z  e t  a l . ,  

1 9 7 6 ) .  B r a s s e u r  e t  a l .  ( 1 9 8 5 )  a l s o  p r e d i c t  t h a t  1-dodecanol 

would l o c a t e  more d e e p l y  i n  t h e  b i l a y e r  t h a n  1-decanol .  

The q u e s t i o n  o f  b i l a y e r  s o l u b i l i t y  o f  t h e  homologous s e r i e s  

o f  n - a l k a n o l s  is  a n  i m p o r t a n t  one .  The a n e s t h e t i c  po tency  o f  

t h e  a l k a n o l s  i n c r e a s e s  w i t h  i n c r e a s i n g  c h a i n  l e n g t h  t o  1- 

dodecanol  ( i n  t a d p o l e s )  w h i l e  1 - t e t r a d e c a n o l  i s  n o t  a n e s t h e t i c .  

T h i s  c a n  be e x p l a i n e d  p u r e l y  i n  t e rms  o f  t h e  l i m i t e d  s o l u b i l i t y  

o f  1 - t e t r a d e c a n o l  i n  t h e  membrane compared w i t h  1-dodecanol 

( P r i n g l e  e t  a l . ,  1 9 8 1 ) .  The s a t u r a t e d  aqueous  c o n c e n t r a t i o n s  o f  

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

compensated f o r  by i n c r e a s i n g  membrane/buffer  p a r t i t i o n  

c o e f f i c i e n t s  up t o  I-dodecanol,  1-Tetradecanol, however, h a s  a 

membrane/buffer  p a r t i t i o n  c o e f f i c i e n t  which is smaller t h a n  t h a t  

o f  1-dodecanol  ( S a l l e e ,  1 9 7 8 ) .  T h i s  s u r p r i s i n g  r e s u l t  c o u l d  be 

e x p l a i n e d  i f  t h e  p r e f e r r e d  l o c a t i o n  o f  1 - t e t r a d e c a n o l  i n  t h e  

b i l a y e r  were such  t h a t  i ts  t e r m i n a l  methyl  g r o u p  e x t e n d e d  beyond 

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

S a l l e e f s  measurements  were conduc ted  on i n t e s t i n a l  b r u s h  b o r d e r  

membranes i t  is n o t  p o s s i b l e  t o  r i g o r o u s l y  compare h i s  r e s u l t s  

w i t h  t h o s e  c o n c e r n i n g  DPPC. A s  t h e i r  c h a i n  l e n g t h  is f u r t h e r  

i n c r e a s e d  a l c o h o l s  a r e  known t o  s e g r e g a t e  w i t h i n  t h e  membrane 

(Grunze e t  a l . ,  1 9 8 2 ) .  T h i s  phase  s e p a r a t i o n  i m p l i e s  t h a t  

a l c o h o l - a l c o h o l  i n t e r a c t i o n s  are s t r o n g e r  t h a n  a l c o h o l - l i p i d  



i n t e r a c t i o n s  f o r  t h e s e  long-cha in  a l k a n o l s .  

1. Temperature dependence  

The t e m p e r a t u r e  dependence o f  t h e .  2~ NMR spec t rum o f  DPPC 

d i s p e r s i o n s  c o n t a i n i n g  25 001 % I 2 ~ l y  I -1-octanol  was 

i n v e s t i g a t e d  and s p e c t r a  f o r  s e l e c t e d  t e m p e r a t u r e s  a r e  p r e s e n t e d  

i n  F i g u r e  32. The 150C spec t rum i n  F i g .  32 h a s  a  shape  

g e n e r a t e d  by super imposed b road  and narrow powder p a t t e r n s .  The 

low, rounded s h o u l d e r s  have a  s p l i t t i n g  o f  a b o u t  44 kHz, which 

is comparable  t o  t h e  48 kHz s p l i t t i n g  found f o r  t h e  humps i n  t h e  

spec t rum o f  [ 4 , 4 - 2 ~ 2 1 - l - d e c a n o l  i n  DPPC a t  15oC ( F i g .  2 6 ) .  I n  

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

i 1 4 . 4  kHz) which are a s s o c i a t e d  w i t h  t h e  - c = H ~  group  o f  t h e  1- 

o c t a n o l .  There is c o n s i d e r a b l e  i n t e n s i t y  i n  t h e  c e n t e r  o f  t h e  

150C spec t rum a s  w e l l ,  which, b e s i d e s  t h e  s i g n a l  from r e s i d u a l  

2 ~ ~ ~ ,  c o u l d  be due  t o  a small amount o f  l a t e r a l  phase  s e p a r a t i o n  

o f  t h e  [ 2 ~ 1 y 1 - 1 - o c t a n o l ,  c a u s e d  by i ts  reduced  s o l u b i l i t y  i n  g e l  

phase  l i p i d  ( J a i n  e t  a l . ,  1978; Diamond and Katz,  1 9 7 4 ) .  A t  

280C t h e  b road  component o f  t h e  spec t rum is  s t i l l  p r e s e n t  

a l t h o u g h  reduced  i n  i n t e n s i t y  because  o f  t h e  f a s t  r a t e  o f  decay  

o f  t h e  q u a d r u p o l a r  echo ( 1 / T 2 , )  a t  t h i s  t e m p e r a t u r e  (Thewal t  e t  

a l . ,  1985)  The p e a k s  due t o  t h e  methyl  g roup  are s h a r p e r  and  

c l o s e r  t o g e t h e r ,  and  a n o t h e r  p a i r  o f  peaks ,  due  t o  t h e  - c 2 H 2 0 ~  

group  o f  t h e  1 -oc tano l ,  is  emerging w i t h  ~ P Q  z 23 kHz. Warming 



Figu re  32: The t empe ra tu r e  dependence o f  t h e  2~ NMR spec t rum o f  
25 mol % [ 2~171- l -oc t ano l  i n  DPPC m u l t i l a m e l l a r  
d i s p e r s i o n s .  S p e c t r a l  pa r ame te r s :  150C: p u l s e  
s p a c i n g  = 75 u s ;  p u l s e  l e n g t h  = 8  us ;  sweep wid th  = 
2250 kHz; l i n e  b roaden ing  = 50 Hz; number o f  
a c q u i s i t i o n s  = 2000; 280C and 33oC: same pa r ame te r s  
as a t  150C e x c e p t :  sweep width  = 2100 kHz; 500C: 
same pa rame te r s  a s  a t  330C e x c e p t :  number o f  
a c q u i s i t i o n s  = 8000. 
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t h e  DPPC/ I 2 ~ 1 7  1 -1-octanol  d i s p e r s i o n  t o  330C produces  a spec t rum 

composed o f  a s u p e r p o s i t i o n  o f  s h a r p e r  powder p a t t e r n s  a r i s i n g  

from t h e  d i f f e r e n t  -c2H2- groups  and from t h e  -c2H3 group o f  t h e  

l2HI7l-1-octanol .  A t  50oC. t h e  sys tem is comple t e ly  i n  t h e  

1 i q u i d  c r y s t a l 1  i n e  phase ,  and t h e  2~ quad rupo la r  s p l  i t t i n g s  o f  

t h e  1 -oc tano l  have narrowed compared w i th  t h o s e  a t  330C. Due t o  

our  method o f  symmetr iz ing t h e  s o l i d  echo NMR s p e c t r a  

(Exper imenta l  Methods, p .  4 8  t h e  chemical  s h i f t  between -C2H20~ 

and t h e  remain ing  -c2H2- groups  r e p o r t e d  by Pope e t  a l .  (1984)  

was n o t  obse rved ,  

To improve t h e  r e s o l u t i o n  o f  t h e  powder s p e c t r a  i n  F i g ,  32 

t h e y  were depaked.  The t h r e e  low t empera tu r e  s p e c t r a  from F i g .  

32, p l u s  a 250C spect rum,  a r e  shown depaked i n  F i g .  33. A t  150C 

t h i s  p rocedure  r e s u l t s  i n  t h r e e  c l e a r l y  r e s o l v e d  quad rupo la r  

d o u b l e t s  w i th  s p l i t t i n g s  co r r e spond ing  t o  APQ = 15.0 ,  28.5  and 

50 kHz. These can be matched t o  t h e  f e a t u r e s  i n  t h e  i53C powder 

spec t rum ( F i g .  32)  w i th  a p p a r e n t  s p l i t t i n g  o f  14 .4 ,  28.0, and 44 

kHz. The d i s c r e p a n c i e s  i n  t h e  measured s p l i t t i n g s  o f  powder and 

depaked s p e c t r a l  l i n e s  are due t o  t h e  b roadnes s  o f  t h e  resonance  

l i n e s h a p e s  a t  low t e m p e r a t u r e s .  

The 25oC depaked spec t rum o f  [ 2 ~ 1 7  I -1-octanol  i n  DPPC ( F i g .  

33)  shows t h r e e  r e sonances ,  b u t  w i th  narrower  s p l i t t i n g s  o f  

11.1, 26,0 ,  and 38 kHz. A t  280C t h r e e  quad rupo la r  d o u b l e t s  

appea r  a t  AVQ = 9.04,  24.0,  and 34 kHz. When t h e  t empe ra tu r e  is 

r a i s e d  f u r t h e r  t h e  r e sonances  sha rpen  and more peaks  c a n  be 

r e s o l v e d ,  s o  t h a t  a t  330C peaks  w i t h  AUQ = 6.58,  21.8, 25.4 and 

27.8  kHz are found.  Based on  t h e  t empe ra tu r e  dependenc ies  o f  



F i g u r e  3 3 :  The t e m p e r a t u r e  dependence o f  t h e  depaked 2~ N M R  
spec t rum o f  25  mol % [ 2 ~ 1 7 1 - l - o c t a n o l  i n  DPPC 
m u l t i l a m e l l a r  d i s p e r s i o n s ,  Seven i t e r a t i o n s  were 
performed f o r  e a c h  spec t rum shown, w i t h  b inomia l  
smoothing b e f o r e  p l o t t i n g .  
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the peak positions, some assignments can be made. The inner 

doublet is due to the -c2H3 group, while the next narrowest 

doublet has only a small temperature dependence and is thus 

assigned to the - C ~ H ~ O H  group (Pope et al., 1984). The 

intensity of this pair of peaks is increased relative to the 

other resonances at 250, 280 and 330C compared with 150C (Fig. 

331, indicating that, at the higher temperatures, this doublet 

is the result of a superposition of the signals from the C-1 

and, likely, the C-7 deuterons. The remaining -C2H2- groups 

contribute to the broad, unresolved doublet in the 150, 250 and 

280C spectra. At 330C, this doublet has split into two, with 

the inner pair probably due to C-2 and/or C-6, in agreement with 

Pope et al., (1984). 

Fig. 34 plots Mi vs. temperature for the D P P C / [ ~ H ~ ~ I - ~ -  

octanol system. The discontinuities in the slope of this graph 

define the phase transition whlch occurs from c250C to 390C. 

All the M1 values are substantially smaller for I 2 ~ 1 7  I -1-octanol 

than for any of the deuterated 1-decanols shown in Fig. 27 at 

any given temperature. As well, the maximum SCD for [ 2~171-1- 

octanol in DPPC at 500C is 0.17, compared with SCD = 0.20 for 

[5,5-2~21-1-decanol in DPPC at 500C. Thus, we conclude that 1- 

octanol is less ordered than 1-decanol in liquid crystalline 

DPPC dispersions at any given temperature. However, when the 

systems are compared at the same reduced temperature (Seelig and 

Browning, 1978). e+g. T = 370C for DPPC/1-octanol and T = 500C 

for DPPC/l-decanol, the maximum SCD for both [ 2 ~ 1 7  I-1-octanol 

and for 15,5-2~23-1-decanol is 0.20. At 370C, however, the 



F i g u r e  3 4 :  V a r i a t i o n  o f  t h e  f i r s t  moment ( M I )  w i t h  t e m p e r a t u r e  
f o r  t h e  2~ NMR spec t rum o f  25 mol % [ 2 ~ 1 7  1-1-  
o c t a n o l  i n  DPPC m u l t i l a m e l l a r  d i s p e r s i o n s .  E r r o r  
b a r s  a r e  g i v e n  f o r  t h o s e  t e m p e r a t u r e s  where M1 i s  a  
f u n c t i o n  o f  p u l s e  s p a c i n g  and is d e t e r m i n e d  by 
e x t r a p o l a t i o n  t o  z e r o  p u l s e  s p a c i n g .  
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DPPC/l-octanol is n o t  c o m p l e t e l y  l i q u i d  c r y s t a l l i n e  s o  t h a t  t h i s  

compar i son  may n o t  be e n t i r e l y  v a l i d .  ( I n d e e d ,  r e c e n t l y  

( C u r a t o l o  e t  a l , ,  1985)  t h e  c o m p l e t i o n  t e m p e r a t u r e  o f  t h e  phase  

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

c a l c u l a t e  t h e  r e d u c e d  t e m p e r a t u r e . )  An a l t e r n a t i v e  e x p l a n a t i o n  

is t h a t  t h e  1 - o c t a n o l  i s  t o o  s h o r t  t o  have  a ' p l a t e a u t  o r d e r  

p a r a m e t e r  as l a r g e  as t h a t  o f  t h e  l i p i d  a c y l  c h a i n s ,  and 

t h e r e f o r e  C-4 and C-5 would have lower  o r d e r  due t o  t h e  e f f e c t  

o f  i n c r e a s e d  mot ion  a t  b o t h  e n d s  o f  1 - o c t a n o l .  R e c e n t l y  t h e  

p r o p o s i t i o n  t h a t  1 - a l k a n o l s  from 1-bu tano l  t o  1 -oc tano l  w i l l  

t e n d  t o  form c l u s t e r s  i n  DPPC h a s  been  made ( B r a s s e u r  e t  a l . ,  

1 9 8 5 ) .  T h i s  c o u l d  a l s o  r e d u c e  t h e  o r d e r  p a r a m e t e r  o f  1 - o c t a n o l .  

Our work on [ 2 ~ 1 7  1 -1-octanol/DPPC m u l t i l a m e l l a r  d i s p e r s i o n s  

complements t h e  r e c e n t  r e s u l t s  o f  Pope e t  a l .  ( 1 9 8 4 )  who s t u d i e d  

~ ~ ~ ~ ~ l - l - o c t a n o l / ~ ~ ~ ~  d i s p e r s i o n s .  The h i g h  T, o f  DPPC (42oC) 

compared w i t h  DMFC C24aZi e n a b i e d  u s  t o  measure t h e  2~ NMR 

spec t rum o f  [ 2 ~ 1 7 1 - l - o c t a n o l  i n  b o t h  g e l  and l i q u i d  c r y s t a l l i n e  

phase  l i p i d .  A t  t e m p e r a t u r e s  s 250C t h e  p h o s p h o l i p i d / l - o c t a n o l  

d i s p e r s i o n  is  i n  t h e  g e l  phase  as shown b o t h  by moment a n a l y s i s  

( F i g .  34 and  DSC (Thewal t e t  a1 . , 1985 1 .  The 2~ NMR spec t rum 

o f  [ 2 ~ 1 7 1 - l - o c t a n o l  i s  a s u p e r p o s i t i o n  o f  t h r e e  q u i t e  b road  

powder p a t t e r n s  e v e n  a t  150C which means t h a t ,  l i k e  t h e  [4 ,4-  

2 ~ 2  I -1-decanol a l r e a d y  d i s c u s s e d ,  t h e  1 - o c t a n o l  is undergo ing  

a x i a l l y  symmetr ic  r o t a t i o n  i n  t h e  g e l  phase  l i p i d .  The t h r e e  

o b s e r v e d  SCD v a l u e s  a r e :  -c2H3 = 0.12;  - c 2 H 2 0 ~  = 0.23;  and  - 
( ~ 2 ~ 2 ) ~ -  a 0 . 4 .  The i n t e n s i t y  i n  t h e  c e n t r e  o f  t h e  150C 

s p e c t r u m  i n  P i g .  32 is n o t  c o n s i s t e n t  w i t h  100 % of t h e  1- 



o c t a n o l  e x p e r i e n c i n g  a x i a l l y  symmetr ic  r o t a t i o n ,  s o  t h e r e  c o u l d  

be some p r o p o r t i o n  (515%)  o f  t h e  a l c o h o l  which is  p r e s e n t  i n  

s e p a r a t e  p o o l s  i n  t h e  l a m e l l a e .  No e v i d e n c e  o f  t h i s  second 

p o p u l a t i o n  is obse rved  when t h e  t e m p e r a t u r e  is  r a i s e d  t o  28oC. 

P l o t t i n g  A P Q  v s .  t empe ra tu r e  f o r  t h e  v a r i o u s  quad rupo l a r  

d o u b l e t s  i n  t h e  depaked s p e c t r a  o f  [ 2 ~ 1 7  I-1-octanol  i n  DPPC 

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

i n  F i g .  4 o f  Pope e t  a l .  (19841, a l t h o u g h  o u r  quad rupo l a r  

s p l i t t i n g s  a r e  c o n s i s t e n t l y  s m a l l e r  a t  a  common reduced  

t empe ra tu r e ,  p robab ly  due t o  t h e  much h i g h e r  water c o n t e n t  i n  

o u r  samples .  A similar h y d r a t i o n  e f f e c t  h a s  been r e p o r t e d  i n  

d e c a n o l / o c t a n o a t e  lamellae (Klason  and Henrikkson,  1 9 8 2 ) .  



I V .  D e u t e r a t e d  Phosphatidylcholine/a-Tocopherol 

I n  o r d e r  t o  d e t e r m i n e  t h e  e f f e c t  o f  a - t o c o p h e r o l  on PC-d31 

aqueous  mu1 t i l a m e l l a r  d i s p e r s i o n s  t h r e e  c o n c e n t r a t i o n s  o f  a -  

t o c o p h e r o l  were employed: 5, 1 0  and 20 rnol %. These d i s p e r -  

s i o n s  were examined a t  v a r i o u s  t e m p e r a t u r e s  u s i n g  DSC and 2~ 

NMR, and o r d e r  p a r a m e t e r  p r o f i l e s  were c a l c u l a t e d  f o r  t h e  l i q u i d  

c r y s t a l l i n e  s y s t e m s  a t  500C. 

A .  DSC 

DSC h e a t i n g  c u r v e s  f o r  50 w t  % aqueous  m u l t i l a m e l l a r  

d i s p e r s i o n s  o f  PC-d31 c o n t a i n i n g  0, 5, 10 and 20 rnol % a -  

t o c o p h e r o l  a r e  p r e s e n t e d  i n  F i g .  35.  F i g .  35a, i n  t h e  a b s e n c e  

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

F i g s .  35b-d d e m o n s t r a t e  t h a t  t h e  p r e t r a n s i t i o n  i s  removed, t h a t  

t h e  o n s e t  t e m p e r a t u r e  o f  t h e  main t r a n s i t i o n  is p r o g r e s s i v e l y  

reduced ,  and t h a t  t h e  main t r a n s i t i o n  b r o a d e n s  a s  t h e  

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

t h e  main t r a n s i t i o n  i n  t h e  p r e s e n c e  o f  a - t o c o p h e r o l  a r e :  5  rnol 

%, 370C ( w i d t h  a t  h a l f  h e i g h t  = 40C); 10 rnol %, 340C ( w i d t h  = 

50C);  and 20 rnol %, 290C ( w i d t h  = 8 0 C ) .  These o b s e r v a t i o n s  are 

c o n s i s t e n t  w i t h  o t h e r  DSC s t u d i e s  ( C u s h l e y  e t  a l . ,  1979; 

Pohlmann and Kuiper ,  1981; Massey e t  a l . ,  1982; L a i  e t  a l . ,  

19851, a s  w e l l  a s  w i t h  ESR and f l u o r e s c e n c e  d e p o l a r i z a t i o n  work 

u s i n g  Tempo ( 2,2,6,6-tetramethylpiperidine-N-oxyl) and  DPH 

( d i p h e n y l h e x a t r i e n e )  p r o b e s ,  r e s p e c t i v e l y ,  t o  moni to r  



Figure 35: DSC heating curves for 50 wt % aqueous multilamellar 
dispersions of: (a) PC-d31; ( b )  PC-d31/5 mol % a- 
tocopherol; ( c )  PC-d31/10 mol % a-tocopherol; and 
( d l  PC-d31/20 mol % a-tocopherol. Scanning rate was 
lOoC/min over the temperature range -300C to +700C. 





p h o s p h o l i p i d  membrane phase  ( S r i v a s t a v a  e t  a l . ,  1983; Fukuzawa 

e t  aP.,  1 9 8 0 ) .  Indeed,  t h e  agreement  w i t h  p r e v i o u s  DSC d a t a  is  

q u a n t i t a t i v e l y  e x c e l l e n t .  Pohlmann and Kuiper  r e p o r t e d ,  f o r  

i n s t a n c e ,  t h a t  1 0  mol % a - t o c o p h e r o l  r e d u c e s  t h e  o n s e t  and peak 

v a l u e s  f o r  t h e  main t r a n s i t i o n  t e m p e r a t u r e  o f  DPPC m u l t i l a y e r e d  

l iposomes  by 50C and 20C r e s p e c t i v e l y .  The c o r r e s p o n d i n g  v a l u e s  

r e c o r d e d  h e r e  f o r  P C - d 3 ~  a r e  60C and 20C. 

B .  2~ N M R  

1. Temperature dependence  

Deuterium NMR a l l o w s  t h e  i n f l u e n c e  d f  a - t o c o p h e r o l  on  

aqueous  m u l t i l a m e l l a r  d i s p e r s i o n s  o f  P C - d 3 ~  t o  be examined i n  

much g r e a t e r  d e t a i l .  S p e c t r a  r e c o r d e d  a s  a f u n c t i o n  o f  

t e m p e r a t u r e  f o r  5 0  w t  % aqueous  m u l t i l a m e l l a r  d i s p e r s i o n s  o f  PC- 

d31/20 mol % a - t o c o p h e r o l  and PC-d31 a r e  compared i n  F i g .  36. 

A t  -150C, t h e  s p e c t r a  ( F i g s .  36a and 36d) a r e  e s s e n t i a l l y  

i d e n t i c a l  f o r  b o t h  samples .  They have  a  b road  component w i t h  

e d g e s  a t  r 6 3  kHz, i n d i c a t i n g  a  s u b s t a n t i a l  p r o p o r t i o n  o f  t h e  

methy lenes  a r e  s ta t ic ,  and a  c e n t r a l  component w i t h  a  p a i r  o f  

peaks  s p l i t  by 17-19 kHz. The l a r g e  i n t e n s i t y  o f  t h i s  c e n t r a l  

component i m p l i e s  t h a t ,  i n  a d d i t i o n  t o  me thy l s ,  me thy lenes  

c o n t r i b u t e  and t h u s  a r e  undergo ing  r e o r  i e n t a t i o n a l  mot ion .  Note 

t h a t  t h e  c e n t r a l  component h a s  a  s l i g h t l y  na r rower  s p l i t t i n g  i n  

t h e  p r e s e n c e  o f  a - t o c o p h e r o l .  

G e l  s t a t e  s p e c t r a  a r e  o b t a i n e d  a t  200C f o r  t h e  two s y s t e m s  



Figu re  3 6 :  Temperature dependence o f  2~ NMR s p e c t r a  f o r  50 w t  % 
aqueous  m u l t i l a m e l l a r  d i s p e r s i o n s  o f :  (a-c) PC- 
d31/2O mol % a- tocophero l ;  and ( d - f )  PC-d31. Note 
t h a t  ( c )  and ( f )  are p l o t t e d  on a n  expanded 
f r equency  s c a l e .  S p e c t r a l  pa r ame te r s :  p u l s e  
s p a c i n g  = 7 5 ~ s ;  p u l s e  l e n g t h  = 6 . 5  US; l i n e  
b roaden ing  = 50 Hz; ( a ) ,  (b), ( d l  and ( e l  sweep 
wid th  = 2250 kHz; number o f  a c q u i s i t i o n s =  1000; (c) 
and ( f  ) sweep wid th  = 2100 kHz; number o f  
a c q u i s i t i o n s  = 2000, 
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( F i g s .  36b and 3 6 e ) .  However, q u a n t i t a t i v e l y  t h e  s h a p e s  o f  t h e  

s p e c t r a  d i f f e r .  I n  t h e  a b s e n c e  o f  a - t o c o p h e r o l  ( F i g .  36e1, t h e  

s h o u l d e r s  a t  263 kHz have a l m o s t  d i s a p p e a r e d  and t h e r e  h a s  been 

a  b road ,  f e a t u r e l e s s  i n c r e a s e  i n  i n t e n s i t y  towards  t h e  c e n t e r ,  

a s  d i s c u s s e d  i n  S e c t i o n  I o f  t h i s  c h a p t e r .  For  PC-d31/20 mol % 

a - t o c o p h e r o l  ( F i g .  36b)  t h e  s p e c t r u m ' s  b road  component is  

reduced  i n  i n t e n s i t y ,  and t h e  s p l i t t i n g  o f  i t s  narrow component 

is c o n s i d e r a b l y  s m a l l e r  t h a n  t h e  c o r r e s p o n d i n g  f e a t u r e s  i n  F i g .  

36e.  A t  500C ( F i g s .  36c and 3 6 f )  b o t h  s y s t e m s  a r e  i n  t h e  l i q u i d  

c r y s t a l l i n e  phase ,  d i s p l a y i n g  a x i a l l y  symmetr ic  powder p a t t e r n s  

p o s s e s s i n g  w e l l  d e f i n e d ,  s h a r p  e d g e s  ( a t  513-14 kHz) a s s o c i a t e d  

w i t h  a  p l a t e a u  i n  t h e  v a r i a t i o n  o f  t h e  o r d e r  pa ramete r  S C ~  w i t h  

p o s i t i o n  a l o n g  t h e  p h o s p h o l i p i d  a c y l  c h a i n .  Upon c l o s e  

e x a m i n a t i o n  o f  t h e s e  two s p e c t r a  i t  i s  a p p a r e n t  t h a t  t h e  PC- 

d31/20 mol % a - t o c o p h e r o l  spec t rum ( F i g .  3 6 c )  i s  g e n e r a l l y  

b r o a d e r  t h a n  t h a t  o f  p u r e  PC-d31, w i t h  l a r g e r  f r e q u e n c y  

s e p a r a t i o n s  be tween i ts components ' 900 ledge  f e a t u r e s .  

I n  c o n t r a s t  t o  t h e  2~ NMR spec t rum o f  a p u r e  PC-dgl/water 

d i s p e r s i o n ,  which na r rows  sudden ly  a t  39-400C, t h e  s p e c t r u m  f o r  

PC-d3.1/20 mol % a - t o c o p h e r o l / w a t e r  d o e s  n o t  undergo a n  a b r u p t  

change from a  g e l  s t a t e  spec t rum o f  t h e  form o b s e r v e d  a t  200C 

( F i g .  36b) t o  a  s p e c t r u m  c h a r a c t e r i s t i c  o f  t h e  l i q u i d  

c r y s t a l l i n e  p h a s e .  I n s t e a d ,  a number o f  g r a d u a l  t e m p e r a t u r e  

dependen t  changes  a r e  e x h i b i t e d  b e f o r e  a  l i q u i d  c r y s t a l l i n e  

s t a t e  spec t rum o f  t h e  form d e p i c t e d  i n  F i g .  36c is a t t a i n e d  a t  

. t e m p e r a t u r e s  > 380C. 

F i g .  37 e l a b o r a t e s  upon t h e  v a r i a t i o n  w i t h  t e m p e r a t u r e  



Figure 37: Examination of changes in 2~ NMR spectra as a 
function of temperature for aqueous (50 wt % 
deuterium depleted water) multilamellar dispersions 
of PC-d31/20 mol % a-tocopherol. Spectral 
parameters: pulse spacing = 75 us; pulse length = 
6.5 us; line broadening = 50 Hz; number of 
acquisitions = 1000; ( a ) - ( e l  sweep width = 2250 
kHz; (•’1 sweep width = 2100 kHz. 
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2~ NMR s p e c t r a  o f  PC-d31/20 rnol % a - t o c o p h e r o l  

aqueous  m u l t i l a m e l l a r  d i s p e r s i o n s .  A t  50C ( P i g .  37a1, it is 

a p p a r e n t  t h a t  t h e  i n c r e a s e  i n  t e m p e r a t u r e  from -150C ( F i g .  3 6 a )  

h a s  produced a  r e d u c t i o n  i n  i n t e n s i t y  i n  t h e  wings o f  t h e  

s p e c t r u m  and development  o f  a n  e x t r a  p a i r  o f  p e a k s  ( s p l i t t i n g  = 

8-10 kHz) i n  t h e  c e n t e r .  T h i s  p a i r  o f  peaks  is presumably due  

t o  less o r d e r e d  methyl  g r o u p s  and, as i l l u s t r a t e d  by F i g .  37b, 

i n c r e a s e s  i n  i n t e n s i t y  w i t h  i n c r e a s i n g  t e m p e r a t u r e  u n t i l  a t  200C 

( F i g .  36b) i t  domina tes  t h e  c e n t r a l  p o r t i o n  o f  t h e  spec t rum.  A 

new component, a  rounded "humpM o f  wid th  = 50 kHz p r o b a b l y  

r e p r e s e n t i n g  r a p i d l y  r e o r i e n t i n g  methy lenes ,  is formed a t  h i g h e r  

t e m p e r a t u r e  (Fig. 3 7 c )  and,  t o g e t h e r  w i t h  t h e  c e n t r a l  methyl  

component, c o m p r i s e s  t h e  e n t i r e  spec t rum a t  300C ( F i g .  3 7 d ) .  

F i g s .  37e and 37f t h e n  d e m o n s t r a t e  t h a t  f u r t h e r  i n c r e a s e s  i n  

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

methylene  component.  The l a t t e r  spec t rum,  a t  420C, e s s e n t i a l l y  

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

powder p a t t e r n  o b t a i n e d  a t  500C ( F i g .  3 6 c ) .  A p o s s i b l e  

e x p l a n a t i o n  o f  t h i s  b e h a v i o u r  i s  i n  terms o f  r e o r i e n t a t i o n  o f  

t h e  methylene  c h a i n  as a  whole a t  300C, and t h e  i n c r e a s e  i n  r a t e  

o f  t r ans -gauche  i s o m e r i z a t i o n  a s  t e m p e r a t u r e  rises f u r t h e r .  

The t e m p e r a t u r e  d e p e n d e n c i e s  o f  2~ NMR s p e c t r a  c o l l e c t e d  

f o r  aqueous  m u l t i l a m e l l a r  d i s p e r s i o n s  o f  PC-d31/10 rnol % a -  

t o c o p h e r o l  and PC-d31/5 rnol % a - t o c o p h e r o l  a r e  q u a l i t a t i v e l y  

similar t o  t h a t  s e e n  when 20 rnol % a - t o c o p h e r o l  is p r e s e n t .  The 

same s p e c t r a l  c h a n g e s  o c c u r ,  b u t  o v e r  a na r rower  t e m p e r a t u r e  

r a n g e .  I n  t h e  p r e s e n c e  o f  5  mob % a - t o c o p h e r o l  ( F i g .  3 8 )  a 



F i g u r e  38:  Tempera tu re  dependence  o f  2~ NMR s p e c t r a  f o r  50 w t  % 
a q u e o u s  m u l t i l a m e l l a r  d i s p e r s i o n s  o f  PC-d31/5 mol % 
a - t o c o p h e r o l .  S p e c t r a l  p a r a m e t e r s :  p u l s e  s p a c i n g  = 
75 u s ;  p u l s e  l e n g t h  = 6 . 5  us; l i n e  b r o a d e n i n g  = 50 
Hz; sweep w i d t h  = 5250 kHz e x c e p t  a t  50oC sweep 
w i d t h  = 2100 kHz; number o f  a c q u i s i t i o n s  = 1000 
(150C, 350C a n d  37oC),  2000 (330C)  and  8000 ( 5 0 o C ) .  





t y p i c a l  g e l  s t a t e  spec t rum ( c f .  F i g .  3 6 e )  i s  s t i l l  r e c o r d e d  a t  

150C, w h i l e  a t  350C t h e  spec t rum is  q u a l i t a t i v e l y  s i m i l a r  t o  

F i g .  37d ( 3 0 0 C ) .  These s p e c t r a l  changes  a r e  i l l u s t r a t e d  f o r  PC- 

d31/1O rnol % a - t o c o p h e r o l  i n  F i g .  39, f o r  compar ison p u r p o s e s ,  

For a l l  a - t o c o p h e r o l  c o n c e n t r a t i o n s  employed, s p e c t r a  

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

a t  38-400C. 

Moment a n a l y s i s  f a c i l i t a t e s  more q u a n t i t a t i v e  i n t e r -  

p r e t a t i o n  o f  t empera tu re -dependen t  s p e c t r a l  c h a n g e s .  F i r s t  

moments M I  c a l c u l a t e d  from t h e  2~ NMR s p e c t r a  f o r  PC-dgl/water ,  

PC-d31/10 rnol % a - t o c o p h e r o l / w a t e r  and PC-d31/20 rnol % a- 

t o c o p h e r o l / w a t e r  samples  a r e  p l o t t e d  v s .  t e m p e r a t u r e  i n  F i g .  

40. The u n c e r t a i n t y  i n  t h e  d a t a  is  < +I%, e x c e p t  i n  t h e  

p r e s e n c e  o f  a - t o c o p h e r o l  when t h e  u n c e r t a i n t y  is o n  t h e  o r d e r  o f  

25% f o r  t e m p e r a t u r e s  a p p r o a c h i n g  t h e  g e l  t o  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 .  I n  t h i s  t e m p e r a t u r e  r e g i o n  (150C t o  370C, depend ing  

on a - t o c o p h e r o l  c o n t e n t )  t h e  f i r s t  moment depends  markedly on 

t h e  d e l a y  t i m e  T between t h e  two 900 p u l s e s  o f  t h e  s o l i d  echo 

s e q u e n c e .  The v a l u e s  p l o t t e d  were o b t a i n e d  by e x t r a p o l a t i o n  t o  

z e r o  d e l a y  o f  M1 measured as a  f u n c t i o n  o f  (T. S i m i l a r  b e h a v i o u r  

o f  M I  v s .  ic was d i s c u s s e d  i n  S e c t i o n  I1 o f  t h i s  c h a p t e r .  

I n s p e c t i o n  o f  F i g .  40 shows t h a t  t h e  t r a n s i t i o n  from g e l  t o  

l i q u i d  c r y s t a l l i n e  s t a t e  v a l u e s  f o r  t h e  f i r s t  moment s p a n s  a  

much wider  r a n g e  o f  t e m p e r a t u r e  when a - t o c o p h e r o l  is p r e s e n t .  

For  PC-d31/20 rnol % a - t o c o p h e r o l / w a t e r  t h e  o n s e t  and c o m p l e t i o n  

t e m p e r a t u r e s  o f  t h e  t r a n s i t i o n  a r e  a p p r o x i m a t e l y  280C and 400C, 

r e s p e c t i v e l y ,  A t  10 rnol % a - t o c o p h e r o l  i n c o r p o r a t i o n  t h e  



F i g u r e  3 9 :  Tempera ture  dependence o f  2~ NMR s p e c t r a  f o r  50 w t  % 
aqueous  mu1 t i l a m e l l a r  d i s p e r s i o n s  o f  PC-d31/ 10 mol % 
a - t o c o p h e r o l .  S p e c t r a l  p a r a m e t e r s :  p u l s e  s p a c i n g  = 
75 u s ;  p u l s e  l e n g t h  = 6 . 5  us ;  l i n e  b roaden ing  = 50 
Hz; sweep wid th  = +250 kHz e x c e p t  at 500C sweep 
wid th  = 2100 kHz; number o f  a c q u i s i t i o n s  = 1000 
(160C and 280C), 2000 (32*C), 4000 (350C) and 8000 
(5O0C). 





F i g u r e  40: V a r i a t i o n  o f  t h e  f i r s t  moment M 1  w i t h  t e m p e r a t u r e  
f o r  50 w t  % aqueous  m u l t i l a m e l l a r  d i s p e r s i o n s  o f :  
(0) PC-d3~;  (A1 PC-d31/10 mol % a - t o c o p h e r o l ;  and 
(0) PC-d31/20 mol % a - t o c o p h e r o l .  
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t r a n s i t i o n  is broadened t o  a lesser d e g r e e ,  e x t e n d i n g  from a b o u t  

32-40QC. The same t r e n d  c o n t i n u e s  f o r  PC-d31/5 mol % a -  

t o c o p h e r o l / w a t e r  ( n o t  i n c l u d e d  i n  F i g .  40 f o r  purpose  o f  

c l a r i t y ) ,  w i t h  a t r a n s i t i o n  r a n g e  o f  35-40QC. Thus t h e  g r a p h s  

o f  f i r s t  moment M 1  v s .  t e m p e r a t u r e  ( F i g .  4 0 )  d i s p l a y  t h e  same 

t r e n d  i n  phase  b e h a v i o u r  a s  s e e n  by DSC. I n  t h e  a b s e n c e  o f  a-  

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

v a l u e s  f o r  M 1  is s h a r p  a t  39-41oC and i s  p receded  a p p r o x i m a t e l y  

lOoC below by a  small d i s c o n t i n u i t y  a s s o c i a t e d  w i t h  t h e  

p r e t r a n s i t i o n .  I n  t h e  p r e s e n c e  o f  a - t o c o p h e r o l ,  no 

p r e t r a n s i t i o n  is d i s c e r n i b l e  and t h e  main t r a n s i t i o n  is  

i n c r e a s i n g l y  broadened w i t h  i n c r e a s i n g  a - t o c o p h e r o l  

c o n c e n t r a t i o n .  T h i s  b roaden ing ,  a l s o  shown by DSC, is a  

consequence  o f  a  d e p r e s s i o n  o f  t h e  o n s e t  t e m p e r a t u r e  f o r  t h e  

t r a n s i t i o n .  L i t t l e  change ( <  2QC) o c c u r s  i n  t h e  t r a n s i t i o n ' s  

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

Below t h e  main t r a n s i t i o n  t e m p e r a t u r e ,  a - t o c o p h e r o l  a p p e a r s  

t o  d i s r u p t  t h e  p a c k i n g  o f  ge l -phase  p h o s p h o l i p i d .  T h i s  is 

i n d i c a t e d  by t h e  s p e c t r a l  changes  which o c c u r  upon a d d i t i o n  o f  

a - t o c o p h e r o l  t o  PC-d31 as i l l u s t r a t e d  i n  F i g s .  36-39, and by t h e  

reduced  v a l u e s  o f  M1 a t  low t e m p e r a t u r e s  i n  t h e  p r e s e n c e  o f  a- 

t o c o p h e r o l  shown i n  F i g .  40. T h i s  d i s r u p t i o n  t o  t h e  i n t e r i o r  o f  

g e l  s t a t e  b i l a y e r s  may be  r e c o n c i l e d  w i t h  p e r m e a b i l i t y  

measurements  on model membrane s y s t e m s .  S p e c i f i c a l l y ,  t h e  

p e r m e a b i l i t y  o f  DPPC b i l a y e r s  t o  wa te r  and g l u c o s e  h a s  been 

found t o  be i n c r e a s e d  below t h e  t e m p e r a t u r e  o f  t h e  main 

t r a n s i t i o n  f o r  t h e  u n p e r t u r b e d  sys tem when a - t o c o p h e r o l  i s  



i n t r o d u c e d  (Fukuzawa e t  a l . ,  1979; Pohlmann and Kuiper ,  1 9 8 1 ) .  

Such a  r e s p o n s e  is c o n s i s t e n t  w i t h  i n c r e a s e d  a c y l  c h a i n  m o b i l i t y  

o r  w i t h  t h e  p r e s e n c e  o f  a  l a r g e r  number o f  pack ing  d e f e c t s  i n  

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

t o  i n c r e a s e  p e r m e a b i l i t y  below t h e  t r a n s i t i o n  t e m p e r a t u r e  (De 

Gier e t  a l . ,  1969)  and many 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  on  

p h o s p h o l i p i d  membranes resemble  t h o s e  s e e n  w i t h  a - t o c o p h e r o l .  

I n  p a r t i c u l a r ,  t h e  g e l  t o  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  is 

broadened and t h e  o n s e t  t e m p e r a t u r e  lowered  by c h o l e s t e r o l  

(McElhaney, 1 9 8 2 ) .  However, t h e  endotherm, a s  r e v e a l e d  by h i g h  

s e n s i t i v i t y  DSC, is composed o f  s h a r p  and b road  components i n  

t h e  p r e s e n c e  o f  c h o l e s t e r o l  whereas,  a d m i t t e d l y  a t  lower 

s e n s i t i v i t y ,  o n l y  a s i n g l e  b road  t r a n s i t i o n  i s  o b s e r v e d  w i t h  a-  

t o c o p h e r o l  ( F i g .  3 5 ) .  A s  well, 2~ NMR e x p e r i m e n t s  employing 

s e l e c t i v e l y  d e u t e r a t e d  DMPC i n d i c a t e  t h a t  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  l e a d s  t o  a d d i t i o n a l  a c y l  c h a i n  mot ion  below t h e  main 

t r a n s i t i o n  t e m p e r a t u r e  f o r  t h e  p u r e  p h o s p h o l i p i d  (Haberkorn  e t  

a l . ,  1977; J a c o b s  and O l d f i e l d ,  1979; O l d f i e l d  e t  a l . ,  1 9 7 8 ) .  

2 .  Order  p a r a m e t e r s  

R e f e r r i n g  t o  F i g .  40 ,  a t  t e m p e r a t u r e s  above t h e  phase  

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

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

o r d e r  w i t h i n  l i q u i d  c r y s t a l l i n e  PC-d3l b i l a y e r s .  More d e t a i l e d  

i n f o r m a t i o n  on t h e  i n f l u e n c e  o f  a - t o c o p h e r o l  on a c y l  c h a i n  

o r d e r i n g  becomes a c c e s s i b l e  f o l l o w i n g  d e p a k i n g  ( S t e r n i n  e t  a l . ,  



1983)  o f  t h e  2~ NMR s p e c t r a .  Depaked 2~ NMR s p e c t r a  f o r  aqueous  

m u l t i l a m e l l a r  d i s p e r s i o n s  o f  PC-d31 i n  t h e  a b s e n c e  and p r e s e n c e  

o f  20 rnol % a - t o c o p h e r o l  a t  500C a r e  compared i n  F i g .  4 1 .  Both 

s p e c t r a  c o n t a i n  5  w e l l  r e s o l v e d  d o u b l e t s ,  p l u s  a  b road ,  

compos i t e  p a i r  o f  o u t e r m o s t  peaks  p o s s e s s i n g  a  s h o u l d e r  on  i t s  

i n n e r  s i d e .  S i m i l a r  depaked s p e c t r a  were o b t a i n e d  a t  5  rnol % 

and 1 0  rnol % i n c o r p o r a t i o n  o f  a - t o c o p h e r o l .  The peak l a b e l s  

d e f i n e  a s s i g n m e n t s  t o  sn-2 [ ' ~ 3 1  l p a l m i t o y l  segments .  

P r o f i l e s  o f  o r d e r  pa ramete r  SCD v s .  p h o s p h o l i p i d  c h a i n  

p o s i t i o n  c o n s t r u c t e d  from t h e  depaked s p e c t r a  i n  F i g .  41 a r e  

p l o t t e d  i n  F i g .  42.  The shaded a r e a s  s i g n i f y  t h a t  s p l i t t i n g s  -$. 

measured f o r  t h e  o u t e r m o s t  p a i r  o f  peaks  do n o t  n e c e s s a r i l y  

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

d e t e r m i n e d  by t h e  wid th  o f  t h e  c o m p o s i t e  s i g n a l .  The shape  o f  

t h e  p r o f i l e  is  e s s e n t i a l l y  u n a f f e c t e d  by t h e  i n t e r c a l a t i o n  o f  20 

rnol % a - t o c o p h e r o l  i n t o  t h e  PC-d31 b i l a y e r ,  s i n c e  i n  b o t h  i t s  

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

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

c h a i n  and t h e n  a  g r a d u a l  d e c r e a s e  i n  o r d e r  towards  t h e  c e n t e r  o f  

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

o v e r a l l  h i g h e r  d e g r e e  o f  o r d e r i n g  a l o n g  t h e  e n t i r e  l i p i d  c h a i n .  

The p l a t e a u  v a l u e s  o f  ScD f o r  PC-d31/20 rnol % a - t o c o p h e r o l / w a t e r  

and PC-d31/water a r e  0 . 2 3  and 0 .20 ,  r e s p e c t i v e l y .  P r o f i l e s  f o r  

PC-d31/5 rnol % a - t o c o p h e r o l / w a t e r  and PC-d31/10 rnol % a- 

t o c o p h e r o l / w a t e r  a t  500C f a l l  between t h o s e  p l o t t e d  i n  F i g .  42, 

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

For  a n  a - t o c o p h e r o l  c o n t e n t  o f  5 rnol % t h e  p l a t e a u  v a l u e  o f  SCD 



F i g u r e  4 1 :  Depaked 2~ NMR s p e c t r a  a t  500C f o r  50 w t  % aqueous  
m u l t i l a m e l l a r  d i s p e r s i o n s  o f :  (a) PC-d31; and (b) 
PC-d31/20 mol % a - t o c o p h e r o l .  Peak l a b e l s  s p e c i f y  
a s s i g n m e n t s  t o  sn-2 [ ' H 3 1  l p a l m i t o y l  segments .  Six 
i t e r a t i o n s  were performed on  t h e  powder p a t t e r n  
d a t a  f o r  b o t h  (a) and (b). 
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F i g u r e  4 2 :  Order  pa ramete r  p r o f i l e s  o f  SCD v s .  p o s i t i o n  a l o n g  
t h e  p h o s p h o l i p i d  sn-2 c h a i n  a t  50QC f o r :  (0) PC- 
d31; and (0) PC-d31/20 mol % a - t o c o p h e r o l .  The 
o r d e r  p a r a m e t e r s  f o r  6 - 3  t o  C - 1 1  l i e  w i t h i n  r a n g e s  
i n d i c a t e d  by t h e  s h a d i n g .  The s h a d i n g  r e p r e s e n t s  
t h e  SCD v a l u e s  a t  s p b i t t i n g s  d e t e r m i n e d  by t h e  
w i d t h  a t  h a l f - h e i g h t  o f  t h e  b road  compos i t e  peaks  
i n  F i g .  41. 



Carbon number 



is 0 . 2 1  w h i l e  f o r  10 mol % i t  i s  0 .22 ,  a t  500C. 

I n  c o n t r a s t  t o  t h e  g e l  phase ,  i n t e r p r e t a t i o n  o f  t h e  2~ NMR 

s p e c t r a  r e c o r d e d  f o r  m u l t i l a m e l l a r  d i s p e r s i o n s  o f  PC-d31/water 

and PC-d31/a-tocopherol/water i s  r e l a t i v e l y  s t r a i g h t f o r w a r d  

above t h e  main t r a n s i t i o n ,  Here t h e  s p e c t r a  w i t h  and w i t h o u t  a- 

t o c o p h e r o l  a r e  a x i a l l y  symmetric  powder p a t t e r n s  t y p i c a l  o f  . 

p h o s p h o l i p i d s  i n  t h e  l i q u i d  c r y s t a l l i n e  s t a t e  ( F i g s ,  36c and 

3 6 f ) .  I t  may be immedia te ly  conc luded  from t h e  s i m i l a r  o v e r a l l  

shape ,  b u t  i n c r e a s e d  wid th ,  o f  t h e  s p e c t r u m  i n  F i g .  36c 
-- 

compared w i t h  F i g .  36f t h a t  a - t o c o p h e r o l  o r d e r s  t h e  membrane 

i n t e r i o r  w i t h o u t  a p p r e c i a b l y  a l t e r i n g  t h e  form o f  t h e  p r o f i l e  o f  

o r d e r i n g  a l o n g  t h e  PC-d31 c h a i n .  The a v e r a g e  o r d e r  p a r a m e t e r s  

SCD c a l c u l a t e d  from t h e  f i r s t  moments M1 a r e  i n c r e a s e d  by a -  
- 

t o c o p h e r o l .  The e x t e n t  o f  t h i s  i n c r e a s e  i s  a b o u t  17% f o r  20 mol 
--- -- -. 

% i n c o r p o r a t i o n .  The p r o f i l e s  o f  o r d e r  p a r a m e t e r  SCD v s .  a c y l  

c h a i n  p o s i t i o n  c o n s t r u c t e d  i n  F i g .  42 from t h e  depaked s p e c t r a  

( F i g .  4 1 )  c o n f i r m  t h a t  t h e  g e n e r a l  form o f  t h e  p r o f i l e  is  

m a i n t a i n e d  when a - t o c o p h e r o l  is  i n t r o d u c e d .  The two p r o f i l e s  

p l o t t e d  f o r  PC-d31/water and PC-d31/20 mol % a - t o c o p h e r o l / w a t e r  

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

n e a r  t h e  aqueous  i n t e r f a c e  f o l l o w e d  by a  p r o g r e s s i v e  r e d u c t i o n  

i n  o r d e r  p a r a m e t e r  i n  t h e  lower  p a r t  o f  t h e  p h o s p h o l i p i d  a c y l  

c h a i n .  An upward s h i f t  o f  t h e  e n t i r e  o r d e r  p r o f i l e ,  due t o  
\; 

i n c r e a s e d  o r d e r i n g  t h r o u g h o u t  t h e  b i l a y e r  i n t e r i o r  by a -  

t o c o p h e r o l ,  is  t h e  o n l y  s i g n i f i c a n t  d i f f e r e n c e .  

An ESR s p i n  l a b e l  measurement o f  o r d e r  employing 5-doxy1 

s t e a r i c  a c i d  i n  e g g - y o l k  p h o s p h a t i d y l c h o l i n e  ( e g g  PC) 



m u l t i l a y e r s  ( C u s h l e y  e t  a l e ,  1979)  o f f e r s  t h e  most d i r e c t  

compar ison w i t h  t h e  c u r r e n t  s t u d y .  A 20 mol % c o n c e n t r a t i o n  o f  

a - t o c o p h e r o l  was s e e n  t o  a f f e c t  t h e  s p i n  l a b e l  o r d e r  p a r a m e t e r  

S3 by a  n e g l i g i b l e  amount a t  230C. An e x p l a n a t i o n  f o r  t h i s  

d i s c r e p a n c y  between t h e  ESR and 2~ NMR d a t a  i s  t h a t  p e r t u r b a t i o n  

problems a s s o c i a t e d  w i t h  t h e  bulky n i t r o x i d e  s p i n  l a b e l  

( e s p e c i a l l y  when i t  is s i t u a t e d  c l o s e  t o  t h e  l i p i d / w a t e r  

i n t e r f a c e )  a r e  r e s p o n s i b l e  ( T a y l o r  and Smith ,  1 9 8 3 ) .  The non- 

p e r t u r b i n g  2~ NMR method more t r u l y  r e f l e c t s  t h e  o r d e r  w i t h i n  

t h e  membrane i n t e r i o r .  I t  s h o u l d  be n o t e d  t h a t  i n  a n o t h e r  ESR 

i n v e s t i g a t i o n  u s i n g  s tearic a c i d  s p i n  l a b e l s  28 mol % o f  t h e  

c l o s e l y  r e l a t e d  compound a - t o c o p h e r y l  a c e t a t e  was found t o  

s l i g h t l y  i n c r e a s e  o r d e r  i n  t h e  i n n e r  p a r t  o f  DPPC membranes 

(Schmidt  e t  a l . ,  1 9 7 6 ) .  T h i s  i n c r e a s e  i n  o r d e r  was o n l y  

s i g n i f i c a n t  a t  t e m p e r a t u r e s  o f  41-550C, and t h e  d i f f e r e n c e s  i n  

o r d e r  d i s a p p e a r e d  by 600C ( l e s s  t h a n  200 above t h e  phase  

t r a n s i t i o n  t e m p e r a t u r e  o f  p u r e  DPPC) f o r  a l l  s p i n  l a b e l s .  Also,  

a - t o c o p h e r y l  a c e t a t e  is l e s s  p o l a r  t h a n  a - t o c o p h e r o l  and is t h u s  

n o t  e x p e c t e d  t o  be l o c a t e d  a t  t h e  same d e p t h  i n  t h e  b i l a y e r .  

I t  is p o s s i b l e  t o  i n t e r p r e t  t h e  r e s u l t s  o f  o t h e r  

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

p r o p e r t i e s  o f  l i q u i d  c r y s t a l l i n e  model membranes i n  te rms o f  t h e  

p o s s i b l e  consequences  o f  a n  i n c r e a s e  i n  a c y l  c h a i n  o r d e r .  These 

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

t o c o p h e r o l  ( D i p l o c k  e t  a l . ,  1977; Fukuzawa e t  a l . ,  1979; 

S t i l l w e l l  and Bryan t ,  1983)  and r e d u c t i o n s  i n  a c y l  c h a i n  

f l u i d i t y  as i n d i c a t e d  by f l u o r e s c e n c e  p o l a r i z a t i o n  e x p e r i m e n t s  



when a - t o c o p h e r o l  i s  a d d e d  (Massey e t  a l . ,  1982)  (By " f l u i d i t y '  

i t  is meant t h e  i n v e r s e  o f  t h e  m i c r o v i s c o s i t y  o f  t h e  b i l a y e r  

i n t e r i o r  immedia te ly  s u r r o u n d i n g  t h e  p r o b e .  The m i c r o v i s c o s i t y  

c a n  t h e n  be r e l a t e d  t o  t h e  i n t e r m o l e c u l a r  f r e e  volume ( S h i n i t z k y  

and Yul i ,  1 9 8 2 1 . ) .  Both e f f e c t s  might  be e x p e c t e d  t o  accompany 

i n c r e a s e d  o r d e r i n g  w i t h i n  t h e  b i l a y e r ,  a l t h o u g h  t h i s  is  n o t  

s t r i c t l y  n e c e s s a r y .  

The i n f l u e n c e  o f  a - tocophero l  on l i q u i d  c r y s t a l l i n e  P C - d 3 ~  

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

p h o s p h o l i p i d  b i l a y e r  s y s t e m s ,  I n c r e a s e d  a c y l  c h a i n  o r d e r  due t o  

c h o l e s t e r o l  h a s  been  wide ly  d e s c r i b e d .  2~ NMR s t u d i e s  have 

shown t h a t  w h i l e  c h o l e s t e r o l  l e a d s  t o  h i g h e r  a c y l  c h a i n  o r d e r  i t  

does  n o t  d i s t u r b  t h e  o v e r a l l  shape  o f  t h e  o r d e r i n g  p r o f i l e  

w i t h i n  t h e  membrane ( O l d f i e l d  e t  a l . ,  1 9 7 8 ) .  The e x t e n t  o f  t h e  

i n c r e a s e  is a l s o  comparable  t o  t h a t  r e c o r d e d  h e r e  f o r  a- 

t o c o p h e r o l ,  17 mol % c h o l e s t e r o l  c a u s i n g  a p p r o x i m a t e l y  20% 

h i g h e r  o r d e r  i n  egg  PC b i l a y e r s  a s  moni to red  u s i n g  i n t e r c a l a t e d  

[ Z ~ 3 5 1 ~ t e a r i c  a c i d  ( S t o c k t o n  and Smith,  1 9 7 6 ) .  The s i m i l a r i t y  

between t h e  e f f e c t s  o f  a - t o c o p h e r o l  and c h o l e s t e r o l  e x t e n d s  e v e n  

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

p e r m e a b i l i t y  t o  g l y c e r o l  and e r y t h r i t o l  i n  l i q u i d  c r y s t a l l i n e  

membranes such  a s  egg PC ( D e  G i e r  e t  a l . ,  1 9 6 8 ) .  



SUMMARY A N D  CONCLUSIONS 

I .  E f f e c t  o f  1-Alkanol A n e s t h e t i c s  on Model Membrane Sys tems.  

A .  Phase t r a n s i t i o n  e f f e c t s  

Changes i n  t h e  t h e r m o t r o p i c  phase  b e h a v i o u r  o f  aqueous  

mu1 t i l a m e l l a r  d i s p e r s i o n s  o f  PC-d31 due t o  i n c o r p o r a t i o n  o f  1- 

a l k a n o l s  c a n  be f o l l o w e d  u s i n g  2~ NMR o r  DSC. Pure  PC-d31/water 

d i s p e r s i o n s  d i s p l a y  two phase  t r a n s i t i o n s ,  a p r e t r a n s i t i o n  a t  

31oC and a  main t r a n s i t i o n  a t  400C. These are q u a l i t a t i v e l y  

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

DPPC. Phase  t r a n s i t i o n  t e m p e r a t u r e s  d e t e r m i n e d  by 2~ NMR a r e  

g e n e r a l l y  1-30 lower  t h a n  t h o s e  o b t a i n e d  by DSC, and  c o r r e s p o n d  

more c l o s e l y  w i t h  t h e  t e m p e r a t u r e  a t  which t h e  DSC endotherm 

f i r s t  d e p a r t s  from t h e  b a s e l i n e .  

Upon a d d i t i o n  o f  1 - o c t a n o l  o r  1-decanol  t h e  PC-d31 

p r e t r a n s i t i o n  d i s a p p e a r s .  T h i s  is l i k e l y  due t o  a change i n  t h e  

g e l  phase  pack ing  o f  t h e  p h o s p h o l i p i d .  I n  DPPC d i s p e r s i o n s  i n  

t h e  g e l  phase ,  X-ray d i f f r a c t i o n  measurements  ( T a r d i e u  e t  a l . ,  . 

1973)  r e v e a l  t h a t  t h e  a c y l  c h a i n s  are t i l t e d  w i t h  r e s p e c t  t o  t h e  

b i l a y e r  normal .  T h i s  h a s  been e x p l a i n e d  as r e s u l t i n g  from 

d i f f e r e n c e s  i n  c r o s s - s e c t i o n a l  a r e a  between headgroup and a c y l  

c h a i n s .  The bu lky  p h o s p h a t i d y l c h o l i n e  headgroup is l a r g e r  i n  

c r o s s - s e c t i o n  t h a n  t h e  two a c y l  c h a i n s ,  s o  t h a t  i f  t h e  c h a i n s  

were p a r a l l e l  t o  t h e  b i l a y e r  normal,  c rowding would o c c u r  i n  t h e  

headgroup r e g i o n .  Hence t h e  o b s e r v a t i o n  o f  a c y l  c h a i n  tilt, 



which i n c r e a s e s  t h e  s u r f a c e  a r e a  b u t  d e c r e a s e s  t h e  th ickness  o f  

t h e  b i l a y e r s .  Added 1 - a l k a n o l s ,  by a c t i n g  as molecu la r  

' s p a c e r s f ,  would a l l o w  t h e  e l i m i n a t i o n  o f  t h e  a c y l  c h a i n  t i l t .  

Both 1 - o c t a n o l  and 1-decanol  c a u s e  t h e  main t r a n s i t i o n  

t e m p e r a t u r e  t o  lower  and t h e  wid th  o f  t h e  main t r a n s i t i o n  t o  

i n c r e a s e .  The l o w e r i n g  o f  Tm means t h a t  t h e  a l k a n o l s  i n t e r a c t  

p r e f e r e n t i a l l y  w i t h  l i q u i d  c r y s t a l l i n e  p h o s p h o l i p i d ,  They a r e  

l e s s  s o l u b l e  i n  g e l  phase  l i p i d ,  a c t i n g  t o  d i s r u p t  t h e  t i g h t  

a c y l  c h a i n  pack ing  i n  t h i s  r e g i o n .  1-Octanol  h a s  a l a r g e r  

e f f e c t  on  Tm t h a n  1-decanol  a s  i t s  s h o r t e r  c h a i n  l e n g t h  p r o v i d e s  

a  p o o r e r  match w i t h  t h e  l i p i d  a c y l  c h a i n s ,  and hence d i s r u p t s  
1 

t h e  g e l  phase  t o  a g r e a t e r  e x t e n t .  The i n c r e a s e d  wid th  o f  t h e  

phase  t r a n s i t i o n  when a l c o h o l s  a r e  p r e s e n t  is a s c r i b e d  t o  a  

r e d u c t i o n  i n  t h e  s i z e  o f  t h e  c o o p e r a t i v e  u n i t  o f  t h e  phospho- 

l i p i d ,  ( C o o p e r a t i v i t y  i s  a measure o f  t h e  e x t e n t  t o  which 

p h o s p h o l i p i d  m o l e c u l e s  i n t e r a c t  when m e l t i n g . )  Aqueous 

d i s p e r s i o n s  o f  p u r e  DMPC have a  c o o p e r a t i v e  u n i t  which h a s  been 

measured a s  b e i n g  g r e a t e r  t h a n  1 7 0 0  m o l e c u l e s  ( K n o l l ,  1 9 8 4 ) .  

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

c h a i n  i n t e r a c t i o n s  and t h e  s i z e  o f  t h e  c o o p e r a t i v e  u n i t  is  

c o r r e s p o n d i n g l y  r e d u c e d .  The above i n f o r m a t i o n  is a t t a i n a b l e  

u s i n g  e i t h e r  DSC o r  2~ NMR o f  PC-d31. DSC a l l o w s  t h e  

p r e t r a n s i t i o n  t o  be d e f i n e d  more e a s i l y ,  b u t  2~ NMR g i v e s  a  

g r e a t e r  amount o f  knowledge a b o u t  t h e  s t a t e  o f  the p h o s p h o l i p i d  

d i s p e r s i o n s  below and above t h e  t r a n s i t i o n .  

When u s i n g  DPPC c o n t a i n i n g  s e l e c t i v e l y  d e u t e r a t e d  1- 

d e c a n o l s  2~ NMR p r o v i d e s  a c l e a r  p i c t u r e  o f  t h e  t r a n s i t i o n  i n  



t h e  l o c a l  env i ronment  o f  t h e  l a b e l .  S p e c t r a  o f  DPPC/ [9 ,g -2~211-  

d e c a n n l  narrow s u d d e n l y  from 360C t o  370C, w h i l e  t h o s e  o f  

D P P C / [ ~ , ~ - ~ H ~ I  o r  [ 4 , 4 - 2 ~ 2 1 1 - d e c a n o l  narrow more g r a d u a l l y  from 

370C t o  z410C. T h i s  i n d i c a t e s  t h a t  t h e  i n c r e a s e d  t r a n s - g a u c h e  

i s o m e r i s a t i o n  r a t e  t h a t  accompanies t h e  phase  t r a n s i t i o n  o c c u r s  

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

l i p i d / w a t e r  i n t e r f a c e .  

DPPC/ 2 ~ 1 7  I 1 - o c t a n o l ,  b e i n g  p e r d e u t e r a t e d ,  g i v e s  r e s u l t s  

which a r e  less s t r a i g h t f o r w a r d  t o  i n t e r p r e t .  I t  is c l e a r ,  

however, t h a t  t h e  a l c o h o l r s  NMR s p e c t r a  m i r r o r  t h e  s t a t e  o f  t h e  

p h o s p h o l i p i d  i n  which i t  is immersed. Thus t h e  o c t a n o l r s  

s p e c t r a l  moment M I  l e s s e n s  th rough  t h e  phase  t r a n s i t i o n  r e g i o n ,  

r e f l e c t i n g  t h e  g r e a t e r  amount o f  o r  i e n t a t i o n a l  freedom i t  h a s .  

S i m i l a r l y ,  p r e l i m i n a r y  measurements show t h a t  [ 2 ~ 1 7  11-octanol  i n  

egg PC h a s  a na r rower  spec t rum t h a n  i n  egg  P C / c h o l e s t e r o l  ( 2 ~ 1 )  

a t  a m b i e n t  t e r n - r a t w e  r-- (J. Thewalt ,  u n p u b l i s h e d  r e s u l t s ) ,  

i n d i c a t i n g  t h a t  t h e  a l c o h o l  r e g i s t e r s  t h e  well-known o r d e r i n g  

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

These r e s u l t s  c o n f i r m  what h a s  been found by many o t h e r  

r e s e a r c h e r s ,  t h a t  o c t a n o l  and d e c a n o l  r e d u c e  t h e  main phase  

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

d i s p e r s i o n s .  A s  p o i n t e d  o u t  i n  t h e  I n t r o d u c t i o n ,  a n e s t h e s i a  

mechanisms based on  c r i t i c a l  ' r e g i o n s  o f  l i p i d  p o i s e d  a t  t h e i r  

phase  t r a n s i t i o n  t e m p e r a t u r e s  a r e  d o u b t f u l ,  l a r g e l y  because  o f  

t h e  a b s e n c e  o f  d e m o n s t r a b l e  phase  changes  i n  mammalian membranes 

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

know t h e  phase  t r a n s i t i o n  e f f e c t s  o f  t h e  membrane p e r t u r b a n t  



, 

under  s t u d y  b e f o r e  e f f e c t s  on  o r d e r  p a r a m e t e r  c a n  be c o r r e c t l y  

i n t e r p r e t e d .  An a p p a r e n t  l o w e r i n g  o f  t h e  o r d e r  pa ramete r  may i n  

f a c t  be a  d i r e c t  r e s u l t  o f  a  r e d u c t i o n  i n  Tm, r a t h e r  t h a n  a n  

i n t r i n s i c  d i s o r d e r i n g  c a p a b i l i t y  o f  t h e  a n e s t h e t i c .  ( S i n c e  

a n e s t h e s i a  i s  a n  e s s e n t i a l l y  i s o t h e r m a l  p r o c e s s ,  though,  

c o m p a r a t i v e  measurements  o f  t h e  s t a t e  o f  t h e  l i p i d  a t  a  g i v e n  

t e m p e r a t u r e  a r e  s t i l l  i n t e r e s t i n g . )  

B .  Order  p a r a m e t e r  e f f e c t s  

The work r e p o r t e d  i n  S e c t i o n s  I1 and I11 o f  t h e  R e s u l t s  and 

D i s c u s s i o n  c o n c e r n s  a b i n a r y  l i p i d  d i s p e r s i o n  whose o n l y  

components ( n e g l e c t i n g  w a t e r )  a r e  p h o s p h a t i d y l c h o l i n e  and 1- 

a l k a n o l .  T h i s  is t h e  s i m p l e s t  t y p e  o f  sys tem p o s s i b l e  f o r  such  

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

d e t e r m i n a t i o n  o f  membrane/ 1 -a lkano l  i n t e r a c t i o n s .  The l a c k  o f  

e f f e c t  o f  h i g h  b i l a y e r  c o n c e n t r a t i o n s  o f  1 -oc tano l  o r  1-decanol  

on  t h e  d e g r e e  o f  o r i e n t a t i o n a l  o r d e r  a t  a l l  segments  o f  t h e  

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

phase  t h e  a l c o h o l  methylene  c h a i n  is o r i e n t a t i o n a l l y  

i n d i s t i n g u i s h a b l e  from n e i g h b o u r i n g  p h o s p h o l i p i d  methylene  

c h a i n s ,  a t  l e a s t  on  t h e  NMR t i m e  s c a l e  ( m i c r o s e c o n d s ) .  Thus 

t r ans -gauche  i s o m e r i z a t i o n s  o f  t h e  p h o s p h o l i p i d  a c y l  c h a i n s  a r e  

n e i t h e r  f a c i l i t a t e d  nor  r e s t r i c t e d  by d i s s o l v e d  1 -oc tano l  o r  1- 

d e c a n o l  . 
The r e s u l t s  from t h e  DPPC/deutera ted  1 - a l k a n o l  s y s t e m s  a r e  

complementary t o  t h o s e  from t h e  more u s u a l  d e u t e r a t e d  



p h o s p h o l i p i d / l - a l k a n o l  s y s t e m s .  The major  f i n d i n g  i s  t h a t  i n  

t h e  l i q u i d  c r y s t a l l i n e  phase  t h e  o r d e r  p a r a m e t e r  p r o f i l e  o f  1- 

d e c a n o l  is similar t o  t h a t  o f  t h e  p h o s p h o l i p i d  a c y l  c h a i n  when 

t h e  f o r m e r ' s  s h o r t e r  c h a i n  l e n g t h  and l a c k  o f  c o v a l e n t  bonding 

t o  t h e  g l y c e r o l  backbone a r e  t a k e n  i n t o  a c c o u n t .  The a v e r a g e  

d e p t h  o f  1-decanol  i n  t h e  l i q u i d  c r y s t a l l i n e  DPPC b i l a y e r  is  

from between t h e  sn-2 c h a i n ' s  C-3 and C-4 segments  t o  between 

i ts  C-13 and C-14 segments .  

Such a d e f i n i t e  s t a t e m e n t  is  n o t  p o s s i b l e  w i t h  t h e  1 ~ ~ ~ ~ 1 1 -  

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

s p e c t r a  o f  p e r d e u t e r a t e d  molecu les .  The maximum o r d e r  p a r a m e t e r  

f o r  a n  aqueous  d i s p e r s i o n  o f  DPPC/ I 2 ~ 1 7 1  1 - o c t a n o l  a t  50•‹C i s  

0 .16  (80% o f  t h e  maximum o r d e r  p a r a m e t e r  o f  D P P C / s e l e c t i v e l y  

d e u t e r a t e d  1 -decano l )  w h i l e  t h e  o r d e r  p a r a m e t e r  f o r  t h e  c2H3 

group  o f  t h e  I 2 ~ 1 y 1 1 - o c t a n o l  i s  0.034,  n e a r l y  as h i g h  a s  

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

v a l u e  o f  SCD c o n s i s t e n t  w i t h  t h a t  o f  t h e  p h o s p h o l i p i d .  T h i s  

seems r e a s o n a b l e  g i v e n  t h a t  t h e  " p l a t e a u v  f o r  1-decanol  i n  DPPC 

is  o n l y  two segments  l o n g  (C-4 and C-5). A s  a r e s u l t  t h e  

e s t i m a t i o n  o f  1 - o c t a n o l t s  d e p t h  i n  t h e  b i l a y e r  is n o t  s t r a i g h t -  

fo rward .  The l o n g e r  1 - a l k a n o l s t  ( e g .  1-dodecanol  o r  1- 

t e t r a d e c a n o l )  o r d e r  p a r a m e t e r  p r o f i l e s  would presumably g i v e  a 

d i r e c t  measurement o f  t h e i r  d e p t h  i n  DPPC b i l a y e r s  and would be 

i n t e r e s t i n g  t o  s t u d y  p r o v i d e d  t h a t  t h e  a p p r o p r i a t e  deu te r ium-  

l a b e l l e d  a l c o h o l s  were a v a i l a b l e .  

I n  g e l  phase  DPPC b i l a y e r s  t h e  s e l e c t i v e l y  d e u t e r a t e d  1- 



decanols  g i v e  very  s i m i l a r  s p e c t r a  whether t h e  l a b e l  i s  on C-2, 

C-4, C-7 o r  C-9. These s p e c t r a  appear  t o  be broad powder 

p a t t e r n s  and a r e  c o n s i s t e n t  wi th  t h e  a l c o h o l  r o t a t i n g  a s  a whole 

about  i ts  long  a x i s .  (There  may i n  a d d i t i o n  be some i n t e n s i t y  

i n  t h e  c e n t r e  of  t h e  spectrum due t o  a l c o h o l  whose motion is 

more r e s t r i c t e d  - t h i s  is c e r t a i n l y  s e e n  i n  t h e  low tempera ture  

DPPC/ 2 ~ 1 7 1  1-octanol  's  s p e c t r a .  I n  c o n t r a s t ,  c h a i n  r o t a t i o n  

and o t h e r  motions i n  t h e  g e l  phase phospha t idy lcho l ine  a r e  

thought  t o  be i n t e r m e d i a t e  o r  slow on t h e  NMR t ime s c a l e  (Meier 

e t  a 1  . , 19831, r e s u l t i n g  i n  non-ax ia l ly  symmetric s p e c t r a l  

shapes .  

Prev ious  workers u s ing  ESR s p i n  l a b e l l i n g  t echn iques  

r e p o r t e d  t h a t  long  c h a i n  a l c o h o l s  d i s o r d e r  m u l t i l a m e l l a r  

l iposomes ( P r i n g l e  e t  a l . ,  1981; Lawrence and G i l l ,  1975; Lyon 

e t  a l . ,  1981) .  The r e s u l t s  i n  t h i s  t h e s i s  do n o t  suppor t  t h e s e  

findings, s i n c e  no change i n  t h e  2~ MMR o r d e r  parameter  p r o f i i e  

was found upon t h e  i n c o r p o r a t i o n  of  25 mol % 1-octanol  o r  1- 

decanol .  This  a p p a r e n t  c o n t r a d i c t i o n  may be a  r e s u l t  o f  t h e  

d i f f e r e n t  membrane systems employed by d i f f e r e n t  r e s e a r c h e r s .  

This  was noted  by M i l l e r  and Pang (19761, who surmised t h a t  t h e  

presence  o f  c h o l e s t e r o l  i s  neces sa ry  i n  o r d e r  t o  observe  t h e  

d i s o r d e r i n g  e f f e c t  o f  a n e s t h e t i c s .  The r e a s o n  f o r  t h i s  

dependence on c h o l e s t e r o l  is n o t  known, b u t  any proposed 

"d i so rde red  l i p i d "  hypo thes i s  o f  a n e s t h e s i a  should  be a b l e  t o  

e x p l a i n  t h e  absence o f  d i s o r d e r i n g  o f  pure  phosphol ip id  

d i s p e r s i o n s  by long  c h a i n  a l c o h o l s ,  

The phase behaviour  of  phosphatidylcholine/cholesterol 



s y s t e m s  is complex ( L e n t z  e t  a l . ,  1 9 8 0 ) .  I n c r e a s i n g  concen- 

t r a t i o n s  o f  c h o l e s t e r o l  ( u p  t o  a p p r o x i m a t e l y  5Q m 0 l  % I  c a u s e  t h e  

main phase  t r a n s i t i o n  t o  b roaden  and its e n t h a l p y  t o  d e c r e a s e .  

Using h i g h - s e n s i t i v i t y  DSC t h e  t r a n s i t i o n  i n  t h e  p r e s e n c e  o f  

l e s s  t h a n  20 mol % c h o l e s t e r o l  is found t o  c o n s i s t  o f  a  s h a r p  

and a b road  component a t t r i b u t e d  t o  c h o l e s t e r o l - f r e e  and 

c h o l e s t e r o l - r i c h  l i p i d  r e g i o n s .  A t  h i g h e r  c h o l e s t e r o l  concen- 

t r a t i o n s  o n l y  t h e  b road  component r e m a i n s .  

A d d i t i o n  o f  1 - a l k a n o l s  t o  t h e  p h o s p h a t i d y l c h o l i n e / -  

c h o l e s t e r o l  s y s t e m  i s  n o t  e x p e c t e d  t o  s i m p l i f y  t h e  phase  

behav iour ,  b u t  t h e  d e t a i l s  o f  t h e  phase  d iagram are n o t  known. 

P r e v i o u s  workers  s t u d y i n g  model membrane s y s t e m s  (Lawrence and 

G i l l ,  1975; P r i n g l e  e t  a l . ,  1981)  employed a t  l eas t  a 33 mol % 

c o n c e n t r a t i o n  o f  c h o l e s t e r o l  i n  egg y o l k  p h o s p h a t i d y l c h o l i n e .  

They found t h a t  added 1 - a l k a n o l s  r educed  membrane o r d e r  a s  

d e t e r m i n e d  by ESR. However t h e  t e m p e r a t u r e  was n o t  v a r i e d  and 

s o  t h e  q u e s t i o n  o f  t h e  d e g r e e  t o  which t h e  a l k a n o l s  modify t h e  

egg P C / c h o l e s t e r o l  phase  behav iour  r emains  t o  be  answered.  

A l o g i c a l  e x t e n s i o n  o f  t h e  work r e p o r t e d  i n  t h i s  t h e s i s  

would be t o  i n c l u d e  c h o l e s t e r o l  i n  t h e  PC-d31 o r  PC-d31/1- 

a l k a n o l  d i s p e r s i o n s .  P r e l i m i n a r y  r e s u l t s  ( J .  Thewal t  and R . J .  

Cushley ,  u n p u b l i s h e d )  show t h a t  a t  500C a n  aqueous  d i s p e r s i o n  o f  

PC-d31/cholesterol/l-octanol (mol r a t i o  2 : l : l )  h a s  a  s i g n i -  

f  i c a n t l y  narrower  2~ NMR spec t rum t h a n  PC-d31/choles tero l  (2 :  1) .  

The former  h a s  a n  M1 v a l u e  o f  0 .69  x  l o 5  s-I w h i l e  t h e  l a t t e r ' s  

is  0 . 8 5  x l o 5  s-l. 2 3  p e r c e n t  l a r g e r .  Varying t h e  t e m p e r a t u r e  

r e v e a l s  i n c r e a s e s  i n  s l o p e  o f  t h e  M I  v s .  t e m p e r a t u r e  p l o t s  a t  



between 15 and 20•‹C for PC-d3l/cholesterol/l-octanol and at 

about 350C f6r the PC-d31/cholesterol. (The high-temperature 

levelling off of these plots, if existent, is indistinct but is 

certainly greater than 500C for both samples. The width of the 

"transition" is thus not determined. Further work pursuing 

this topic would employ a 3:l phospholipid to cholesterol ratio 

which should give a shorter, more easily-defined transition. 

C. Relaxation 

An unexpected finding of the PC-dgl/l-alkanol studies is 

that the spin-spin relaxation behaviour of the phospholipid is 

markedly affected by dissolved 1-octanol or 1-decanol. 

Relaxation as reflected by the rate of decay of the quadrupolar 

echo is slowed in liquid crystalline PC-d31/1-alkanol 

dispersions, resulting in sharper iines in their 2~ NMR spectra. 

This is apparent even when the concentration of 1-octanol is low 

(5 mol % ) .  The relaxation rate in the absence of alcohol is 

approximately twice the rate in the presence of alcohol, at 

5OOC. 

The decay of the quadrupolar echo height is thought to be 

related to the slow motions of the lipid acyl chains (Davis, 

1979). In the liquid crystalline phase most motions such as 

trans-gauche isomerisations and chain rotations are rapid (with 

characteristic times of I s). The nature of the motion(s) 

causing the 'Tze relaxation is unspecified. One can speculate 

that the motion( s must be cooperative, involving a population 



, 

o f  p h o s p h o l i p i d s ,  which would a c c o u n t  f o r  t h e  e f f e c t i v e n e s s  o f  5 

mol % 1-oc tano l  i n  d i s r u p t i n g  t h e  r e l a x a t i o n  mechanism. 

( w D i s r u p t i n g "  i n c l u d e s  two o p p o s i t e  meanings:  t h e  a l c o h o l  might  

e i t h e r  d i s a b l e  t h e  m o t i o n ( s )  r e s p o n s i b l e  f o r  r e l a x a t i o n  o r  speed  

t h e  m o t i o n ( s 1  up, making r e l a x a t i o n  less e f f e c t i v e ,  1 

There i s  ample room t o  e x t e n d  t h e s e  r e s u l t s .  S e l e c t i v e l y  

d e u t e r a t e d  p h o s p h o l i p i d s  c o u l d  be used t o  d e t e r m i n e  t h e  

o r i e n t a t i o n  dependence o f  t h e  T2, r e l a x a t i o n ,  and o t h e r  

d e u t e r i u m  r e l a x a t i o n  times c o u l d  be measured.  I t  is d i f f i c u l t  

t o  see how t h e  T2, r e s u l t s  c o u l d  have d i r e c t  b e a r i n g  on  t h e  

mechanism by which 1 - a l k a n o l s  induce  a n e s t h e s i a ,  however, s i n c e  

t h e  h e t e r o g e n e i t y  o f  n a t u r a l  membranes would presumably  p r e c l u d e  

c o o p e r a t i v e  modes o f  r e l a x a t i o n .  



11. E f f e c t  o f  Alpha-Tocopherol on  Model Membrane Systems 

A .  Phase t r a n s i t i o n  e f f e c t s  

I n  agreement  w i t h  p r e v i o u s  s t u d i e s  (Cush ley  e t  a l . ,  1979; 

Pohlmann and Kuiper ,  1981; Massey e t  a l . ,  1982; L a i  e t  a l . ,  

1985; S r i v a s t a v a  e t  a l . ,  1983; Fukuzawa e t  a l . ,  1980)  t h e  2~ NMR 

and DSC r e s u l t s  p r e s e n t e d  i n  S e c t i o n  I V  o f  t h e  R e s u l t s  and 

D i s c u s s i o n  c l e a r l y  d e m o n s t r a t e  t h a t  PC-d31 m u l t i l a m e l l a r  

d i s p e r s i o n s  c o n t a i n i n g  a - t o c o p h e r o l  have a1 t e r e d  phase  behav iour  

i n  compar ison w i t h  t h e  p u r e  p h o s p h o l i p i d .  With 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  a - t o c o p h e r o l  t h e  g e l  t o  1 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  becomes p r o g r e s s i v e l y  b r o a d e r  and i t s  o n s e t  

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

t h a t  a - t o c o p h e r o l  is  more s o l u b l e  i n  l i q u i d  c r y s t a l l i n e  t h a n  i n  

g e l  phase  p h o s p h o l i p i d ,  a  c o n c l u s i o n  which is  f u r t h e r  s u p p o r t e d  

by t h e  l a c k  o f  change o b s e r v e d  i n  t h e  c o m p l e t i o n  t e m p e r a t u r e  o f  

t h e  t r a n s i t i o n .  

I t  i s  i n t e r e s t i n g  t o  compare t h e  phase  b e h a v i o u r  o f  

phosphatidylcholine/a-tocopherol d i s p e r s i o n s  and p h o s p h a t i d y l -  

c h o l i n e / c h o l e s t e r o l  d i s p e r s i o n s ,  Both a - t o c o p h e r o l  and 

c h o l e s t e r o l  ( a t  c o n c e n t r a t i o n s  > 20 mol % )  r e d u c e  t h e  e n t h a l p y  

o f  t h e  t r a n s i t i o n  and b roaden  i t .  The major  d i f f e r e n c e  seems t o  

be t h a t  w h i l e  b o t h  a d d i t i v e s  lower t h e  phase  t r a n s i t i o n  o n s e t  

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

c o m p l e t i o n  t e m p e r a t u r e  o f  t h e  t r a n s i t i o n  (Mabrey e t  a l . ,  1 9 7 8 ) .  

I t  i s  l i k e l y  t h a t  cholesterol/phosphatidylcholine i n t e r a c t i o n s  



a r e  such  t h a t  a r e g u l a r  network o f  t h e  two components c a n  form 

which resists  comple te  c o n v e r s i o n  t o  t h e  random l i q u i d  

c r y s t a l l i n e  p h a s e .  The phase  d iagram o f  a - tocophero l /phospha-  

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

DSC would be r e q u i r e d  t o  v e r i f y  t h a t  t h e  t r a n s i t i o n  i s  a  s i n g l e  

broad peak.  

B .  Order  p a r a m e t e r  e f f e c t s  

Below t h e  g e l  t o  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  f o r  PC-d31/- 

wa te r ,  t h e  2~ NMR s p e c t r a  o f  a - t o c o p h e r o l - c o n t a i n i n g  PC-d31 

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

t h e  i n t e r i o r  o f  t h e  g e l  s t a t e  membrane. The s p e c t r a  o b t a i n e d  

f o r  aqueous  m u l t i l a m e l l a r  d i s p e r s i o n s  o f  PC-d31 a r e  e s s e n t i a l l y  

independen t  o f  t e m p e r a t u r e  i n  t h e  r a n g e  5-300C, c o n s i s t i n g  o f  a  

b road  and r a t h e r  f e a t u r e l e s s  p a t t e r n .  I n  c o n t r a s t ,  t h e  2~ NMR 

s p e c t r a  o b t a i n e d  f o r  aqueous  mu1 t i l a m e l l a r  d i s p e r s i o n s  o f  PC-d31 

i n  t h e  p r e s e n c e  o f  a - t o c o p h e r o l  e x h i b i t  a s e r i e s  o f  s p e c t r a l  

changes  o v e r  t h e  same t e m p e r a t u r e  r a n g e .  The most n o t a b l e  

changes  a r e  t h e  growth o f  a  narrow component (be tween  

a p p r o x i m a t e l y  -50C t o  200C f o r  20 mol % a - t o c o p h e r o l ) ,  f o l l o w e d  

by t h e  appearance  o f  a  b r o a d e r  i n t e r m e d i a t e  component (be tween  

a p p r o x i m a t e l y  200C t o  300C f o r  20 mol % a - t o c o p h e r o l  1 .  

A t t r i b u t i n g  t h e  c e n t r a l  and i n t e r m e d i a t e  components t o  r a p i d l y  

r o t a t i n g  methy l s  and methy lenes ,  r e s p e c t i v e l y ,  i t  i s  proposed 

t h a t  a - t o c o p h e r o l  d i s r u p t s  pack ing  w i t h i n  t h e  g e l  s t a t e  b i l a y e r  

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



l o n g  a x e s .  Indeed ,  t h e  380C spec t rum o f  PC-d31/water is 

q u a l i t a t i v e l y  t h e  same shape  as t h e  15QC spec t rum i n  t h e  

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

i n  i n t e r m e d i a t e - p h a s e  p h o s p h a t i d y l c h o l i n e  d i s p e r s i o n s  (Meier e t  

a l . ,  1983)  t h i s  o b s e r v a t i o n  o f  similar s p e c t r a l  s h a p e s  s u p p o r t s  

t h e  above p r o p o s a l .  The i n c r e a s e  i n  r a t e  o f  t r ans -gauche  

i s o m e r i s a t i o n  d u r i n g  t h e  main g e l  t o  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  a c c o u n t s  f o r  t h e  accompanying r e s o l u t i o n  o f  

i n d i v i d u a l  peaks  i n  t h e  i n t e r m e d i a t e  component (be tween 

a p p r o x i m a t e l y  300C t o  40QC w i t h  20  mol % a - t o c o p h e r o l ) .  

These r e s u l t s  on g e l  phase  phospholipid/a-tocopherol 

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

a d d i t i o n  a r e  s u p p o r t e d  by p e r m e a b i l i t y  s t u d i e s  by Pohlmann and 

Kuiper  ( 1 9 8 1 )  and Fukuzawa e t  a l .  ( 1 9 7 9 ) .  They found t h a t  a- 

t o c o p h e r o l  enhanced water and g l u c o s e  p e r m e a b i l i t y ,  

r e s p e c t i v e l y ,  i n  g e l  phase  p h o s p h a t i d y l c h ~ l i n e .  Thus t h e r e  is a 

l i n k  between i n c r e a s e d  p e r m e a b i l i t y  and l o o s e r  o r  more i m p e r f e c t  

a c y l  c h a i n  pack ing  i n  t h e  g e l  p h a s e ,  The b i p h a s i c  v a r i a t i o n  o f  

g l u c o s e  p e r m e a b i l i t y  w i t h  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  

a - t o c o p h e r o l  i n  DPPC a t  370C o b s e r v e d  by Fukuzawa e t  a l .  ( 1 9 7 9 )  

i s  e x p l a i n e d  by a  p r o g r e s s i v e  r e d u c t i o n  i n  phase  t r a n s i t i o n  

o n s e t  t e m p e r a t u r e  o f  DPPC as a - t o c o p h e r o l  i s  added .  These 

workers  found t h a t  a - t o c o p h e r o l  c o n c e n t r a t i o n s  below 5 mol % 

r e s u l t e d  i n  enhanced p e r m e a b i l i t y  and a t  t h i s  l e v e l  o f  

a - t o c o p h e r o l  t h e  d a t a  p r e s e n t e d  i n  S e c t i o n  I V  o f  t h e  R e s u l t s  and 

D i s c u s s i o n  i n d i c a t e s  t h a t  t h e  d i s p e r s i o n s  would be  i n  t h e  g e l  

phase  a t  370C. A t  h i g h e r  a - t o c o p h e r o l  c o n c e n t r a t i o n s  t h e y  would 



be primarily liquid crystalline and the reduced permeability 

observed is then'consistent with more organized acyl chains, as 

summarized next. 

In the liquid crystalline phase 2~ NMR clearly demonstrates 

that increased phosphatidylcholine acyl chain ordering results 

upon a-tocopherol incorporation, and that the degree of ordering 

varies directly with a-tocopherol concentration (at least up to 

a 4 : l  phospho1ipid:a-tocopherol ratio). Published observations 

of reduced permeability and mobility in liquid crystalline 

phospholipid dispersions containing a-tocopherol (Diplock et 

al., 1977; Stillwell and Bryant, 1983; Srivastava et al., 1983; 

Fukuzawa et al., 1980; Massey et a1.,1982) are consistent with 

the observed increase in order. Reports of increased 

permeability of egg PC vesicles to pr3+ (Cushley and Forrest, 

1977; Cushley et al., 1979) and of DPPC vesicles to sodium 

ascorbate (Srivastava et al., 1 9 8 3 1  are, cn t he  surface, in 

disagreement. Vesicles and multilamellar dispersions are 

different systems, however, and have been reported to display 

differences in acyl chain ordering (Parmar et al., 1984). Thus 

their response to a-tocopherol incorporation may be different 

including their change in permeability. 

Further work to determine the structural effects of a- 

tocopherol on phosphatidylcholine multilamellar dispersions ' 

would incorporate unsaturated fatty acids or phospholipids into 

the system, to test the hypothesis that interactions between a- 

tocopherol and unsaturated fatty acyl chains stabilize the 

membrane (Diplock and Lucy, 1973; Maggio et al., 1977). The 



r e l e v a n c e  o f  s u c h  a n  i n v e s t i g a t i o n  is c o n f i r m e d  by a r e c e n t  

r e p o r t  t h a t  a - t o c o p h e r o l  a n d  f a t t y  a c i d s  form complexes  a n d  t h a t  

t h e  e q u i l i b r i u m  c o n s t a n t s  c h a r a c t e r i z i n g  t h e  complex f o r m a t i o n  

are  s u b s t a n t i a l l y  h i g h e r  f o r  u n s a t u r a t e d  f a t t y  a c i d s  ( E r i n  e t  

a l . ,  1984). 
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