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We present  phosphorus magnetic resonance (PhMR) spec t ra ,  r e l a x a t i o n  
r a t e s ,  and chemical s h i f t s  f o r  unsonicated and son ica ted  l e c i t h i n s  
i n  aqueous d i s p e r s i o n s  and f o r  egg l e c i t h i n  i n  c h l o r o f o r m  and 
anol .  Aqueous l e c i t h i n  d i s p e r s i o n s  a r e  c h a r a c t e r i z e d  by long 
f o r  TI and cons ide rab ly  s h o r t e r  va lues f o r  T 2 .  Both o f  these 
as w e l l  as t h e  va lue  o f  t h e  l i n e w i d t h  change w i t h  s o n i c a t i o n .  
c i t h i n  d i s p e r s i o n s  i n  methanol and c h l o r o f o r m  have r e l a x a t i o n  
s h o r t e r  than those seen f o r  son ica ted  l e c i t h i n .  We do n o t ,  a 
t ime,  present  a d e t a i l e d  i n t e r p r e t a t i o n  o f  these r e s u l t s .  On 
e m p i r i c a l  l e v e l ,  however, s ince  the  r e l a x a t i o n  r a t e s  a re  sens 
t o  t h e  t ype  o f  d i s p e r s i o n  and p o s s i b l y  t o  t h e  s o l v e n t ,  we a r e  
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t i m i s t i c  t h a t  they w i l l  be s e n s i t i v e  t o  s t r u c t u r a l  changes i n v o l v -  
i n g  the  headgroup reg ion .  

1 I NTROWCT I ON 

Phospho l i p ids  a r e  a major  c o n s t i t u e n t  o f  most b i o l o g i c a l  membranes. I n t r i n s i c  
t o  these molecules i s  a phosphodiester  which l i n k s  the  headgroup t o  t h e  g l y -  
c e r o l  backbone. Phosphorus-31 n u c l e a r  magnetic resonance (PhMR) s t u d i e s  o f  
these molecules have the  p o t e n t i a l  o f  p r o v i d i n g  i n f o r m a t i o n  concern ing t h e  
s t r u c t u r e ,  environment, and dynamics o f  t he  headgroup r e g i o n  (and i n  some i n -  
s tances t h e  e n t i r e  molecule)  i n  membrane and model membrane systems. 
evidence i s  accumulat ing t h a t  many membranes c o n t a i n  reg ions  o f  phospho l i p ids  
ar ranged i n  a b i  l a y e r  (1 -31 ,  aqueous d i s p e r s i o n s  o f  phosphol i p i d  b i  l aye rs  p ro -  
v i d e  a s u i t a b l e  model system f o r  i n i t i a t i n g  such work (4-6) .  I n  t h i s  paper we 
p resen t  o u r  i n i t i a l  obse rva t i ons  o f  t h e  PhMR spec t ra  and r e l a x a t i o n  r a t e s  f o r  
son ica ted  and unsonicated aqueous l e c i t h i n  d i s p e r s i o n s ,  and a p r e l i m i n a r y  ob- 
s e r v a t i o n  o f  a PhMR spectrum f rom unsonicated membranes f rom E. cozi. 

Since 

2, METHODS 

L e c i t h i n ,  prepared f rom hen egg y o l k s  acco rd ing  t o  the  method o f  S i n g l e t o n  
e t  a l .  
was e l u t e d  w i t h  t h e  f o l l o w i n g  s o l v e n t s :  C H C 1 3 ,  CHC13:CH30H (7 :2 ) ,  and C H C 1 3 :  
CH30H ( 7 : 3 ) .  Traces o f  column m a t e r i a l  were removed by d i l u t i n g  the l i p i d s  
i n t o  abso lu te  e thano l  and c e n t r i f u g i n g  a t  5,000 x g f o r  15 min. The l e c i t h i n  
was s t o r e d  i n  abso lu te  e thano l  under argon a t  -22'. The l e c i t h i n  was d e t e r -  
mined t o  be pure by p r o t o n  magnetic resonance (PMR) spect roscopy a t  220 MHz 
and by s i  1 i c a  ge l  t h i n - l a y e r  chromatography u s i n g  CHC13:CH30H:H20 (65:25:4) as 
the  s o l v e n t  (7) .  The l i p i d s  were v i s u a l i z e d  w i t h  i o d i n e  and i d e n t i f i e d  by com- 
p a r i s o n  t o  a s e t  o f  s tandards.  The e x t e n t  o f  o x i d a t i o n  was low as determined 

(71, was f u r t h e r  p u r i f i e d  by s i l i c i c  a c i d  chromatography. The column 

t Pos tdoc to ra l  Fe l low o f  t h e  Na t iona l  Hear t  and Lung I n s t i t u t e  o f  
t he  Na t iona l  I n s t i t u t e s  o f  Hea l th  (1969-1971). 
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by t h e  o x i d a t i o n  index o f  K l e i n  (8 ) .  
by t h e  phosphate procedure ( sca led  down by 10) o f  McC la i r  (9). 

Unsonicated egg y o l k  l e c i t h i n  d i s p e r s i o n s  were prepared by d r y i n g  100 t o  
250 pmoles o f  l i p i d  o n t o  the  w a l l s  o f  a round bot tom f l a s k ,  adding 2 m l  o f  a 
b u f f e r  c o n t a i n i n g  0.15 M K C I ,  
a g i t a t i n g  w i t h  2 g l a s s  beads f o r  5 min on a v o r t e x  m ixe r  (10) .  
were prepared under argon and s t o r e d  on i c e ;  p r i o r  t o  use t h e  samples were ag- 
i t a t e d  f o r  an a d d i t i o n a l  minute on a v o r t e x  m ixe r .  

Sonicated l e c i t h i n  d i s p e r s i o n s  (11-12) were made by s o n i c a t i n g  the  unson- 
i c a t e d  d i s p e r s i o n s  prepared as desc r ibed  above ( w i t h  the  excep t ion  t h a t  30 t o  
100 pmoles o f  l i p i d  were used and t h a t  no EDTA was added). The s o n i c a t i o n  was 
performed f o r  15 min on 2 m l  samples, on i c e  and under argon,  u s i n g  t h e  1/2 
i nch  t i p  on a Branson 185E s o n i c a t o r  a t  a power s e t t i n g  o f  4-5 (68 w a t t s ) .  
The son ica ted  l i p i d s  were then c e n t r i f u g e d  a t  17,000 x g f o r  30 min a t  4" .  
The supernatant  f r a c t i o n  was decanted and ad jus ted  t o  l o m 4  M w i t h  EDTA. D is -  
pe rs ions  o f  d i m y r i s t o y l  L - a - l e c i t h i n  were prepared i n  a s i m i l a r  manner w i t h  
the  excep t ion  t h a t  t h e  l i p i d s  were prepared and s t o r e d  above t h e i r  t r a n s i t i o n  
temperature,  23" (13) .  

Merck-ac id washed alumina, s u i t a b l e  f o r  chromatographic  a n a l y s i s ,  was 
used f o r  a lumina column chromatography. S i l i c i c  a c i d  chromatography was p e r -  
formed u s i n g  M a l l i n k r o d t  S i l i c A R  C C - 4 ,  100-200 mesh. D i m y r i s t o y l  and d i p a l m i -  
t oy1  L - a - l e c i t h i n  were ob ta ined  f rom Calbiochem and f rom K and K ,  and t h e  cad- 
mium c h l o r i d e  s a l t  o f  L-a-glycerophosphorylcholine was ob ta ined  f rom Sigma. 
These chemicals were used w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  Phospho l i p id  s tandards 
and A b s o r b s i l  5 - P  f o r  t h i n - l a y e r  chromatography were purchased f rom App l i ed  
Science. Sonicated d i s p e r s i o n s  o f  d i d i h y d r o s t r e c u l o y l  l e c i t h i n  were a g i f t  
o f  D r .  R .D .  Kornberg (14) .  

t a i n e d  i n  g lass  spheres w i t h  a d iameter  o f  app rox ima te l y  13  mm. Spect ra o f  
t h e  s o l i d  samples were taken on 1 g o f  m a t e r i a l  d r i e d  by evacua t ion  o r  by s t o r -  
age ove r  P205 and sealed i n  15 mm sample tubes.  The ambient probe temperature 
was 31".  Spect ra were taken on a F o u r i e r  t r a n s f o r m  NMR spect rometer  o p e r a t i n g  
a t  a f requency o f  24.3 MHz ( I S ) .  A 180" pu l se  was 80 psec. L inew id ths  were 
determined f rom t h e  non-exponen t ia l l y  f i l t e r e d  F o u r i e r  t r a n s f o r m  spec t ra  ( 1 5 ) .  
The s p e c t r a  were i n t e g r a t e d  u s i n g  i n t e r n a l  pyrophosphate as a s tandard.  The 
s p i n - l a t t i c e  r e l a x a t i o n  t imes,  TI, were measured by the method desc r ibed  by 
Vold e t  aZ. (16 ) .  
echo F o u r i e r  t r a n s f o r m  method t o  be desc r ibed  elsewhere (17 ) .  

The l i p i d  c o n c e n t r a t i o n  was determined 

M EDTA, and 0.1 M T r i s -HC1 a t  pH 8.5 and 
The samples 

PhMR measurements were made on a sample volume o f  app rox ima te l y  1 m l  con- 

Transverse r e l a x a t i o n  t imes,  T2, were determined by a s p i n -  

3, RESULTS 

Est imates o f  mo t iona l  parameters f rom magnetic resonance l i n e w i d t h s  re -  
q u i r e  a knowledge o f  t h e  second moment, Aw; ( t h e  square r o o t  o f  which i s  c l o s e ,  
i n  va lue ,  t o  t h e  l i n e w i d t h ) ,  i n  t h e  absence o f  any mo t ion  (18) .  The l i n e w i d t h  
o f  t h e  cadmium c h l o r i d e  s a l t  o f  L-a-glycerophosphorylcholine was measured t o  
p r o v i d e  a t  l e a s t  a lower  l i m i t  f o r  A w g .  The r e s u l t  o f  t h i s  measurement i s  
shown i n  Tab le  1 .  Using the  c o o r d i n a t e s  f rom t h e  c r y s t a l  s t r u c t u r e  f o r  t h i s  
compound (19 ) ,  we have es t ima ted  t h e  c o n t r i b u t i o n  t o  t h e  second moment f rom 
o n l y  t h e  4 p ro tons  on t h e  2 methylene carbon atoms ad jacen t  t o  t h e  phosphorus. 
A l though t h e  remain ing p ro tons  i n  t h e  molecule w i l l  c o n t r i b u t e  t o  t h e  l i n e -  
w i d t h ,  they were n o t  cons idered i n  our  c a l c u l a t i o n s  because t h e i r  d i s tances  
f rom t h e  phosphorus a r e  d i f f i c u l t  t o  determine.  The r e s u l t  o f  t h i s  es t ima te ,  
a l s o  g i ven  i n  Tab le  1 ,  i s  i n  reasonable agreement w i t h  t h e  l i n e w i d t h  measure- 
ment, sugges t ing ,  t h e r e f o r e ,  t h a t  t h e  d i p o l a r  i n t e r a c t i o n s  w i t h  ne ighbor ing  
p ro tons  a r e  t h e  p r imary  source c o n t r i b u t i n g  t o  the  l i n e w i d t h  i n  t h i s  s o l i d  
s t r u c t u r e .  The symmetric appearance and gauss ian shape o f  t h e  resonance a l s o  
suppor t  t h i s  i n t e r p r e t a t i o n  (see F i g .  I ) .  

A l s o  presented i n  Table 1 i s  the va lue  o f  t h e  l i n e w i d t h  f o r  s o l i d  d i p a l -  
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Second moment calculations and linewidth estimates of 
L-a-g lycerophosphory Zcholine and dipalmitoy 2 L-a-lecithin 

Glycerophosphoryl cho l  inea D i p a l m i t o y l  l e c i t h i n  
~~ 

Av observed 4 .5  x l o 3  Hz 

4.8 x 103 HZ b Av c a l c u l a t e d  

2.0 x 103 HZ 

---- 

a Cadmium c h l o r i d e  s a l t ;  t h e  second moment c a l c u l a t i o n  used a v a l u e  
o f  2.9 8, f o r  t h e  phosphorus-proton d i s tances .  

Ca lcu la ted  va lue  o f  t h e  l i n e w i d t h  a t  h a l f  maximum u s i n g  the Van 
Vleck moment a n a l y s i s  and assuming a gaussian l i n e  shape (30). 
C o n t r i b u t i o n s  f rom o n l y  the  4 ne ighbor ing  methylene p ro tons  were 
considered (see t e x t ) .  

3 1  

I kl I 

3 

L-a-GLYCEROPHOSPHORYLCHOLINE (CdC12) 

I - .  

- I  +- 
0 I 2 3 

FREQUENCY (cyc les  I s e c ) .  (10-4) 

F i g .  1 . [ 31P]Fourier transform s p e c t m  of L-a-glycerophos- 
phorycholine. 
tween pu lses .  

1872 pu lses  were accumulated w i t h  a 30 sec w a i t  be- 
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m i t o y l  L - a - l e c i t h i n .  T h i s  va lue  i s  s i m i l a r  t o ,  b u t  somewhat s m a l l e r  than,  t h a t  
f o r  L-a-glycerophosphorylcholine, sugges t ing  again t h a t  d i p o l a r  i n t e r a c t i o n s  
w i t h  ne ighbor ing  p ro tons  determine t h e  l i n e w i d t h .  The s m a l l e r  l i n e w i d t h  may 
r e f l e c t  some mot ion  o f  t h e  headgroup i n  l e c i t h i n  p rec luded  by t h e  presence o f  
the s a l t  i n  t he  glycerophosphorylcholine sample o r ,  a l t e r n a t e l y ,  may r e f l e c t  
d i f f e r e n t  conformat ions o f  t he  headgroup. 

i n  F ig .  2. The chemical s h i f t  o f  t h e  p h o s p h o l i p i d  phosphorus i s  127 Hz (5.3 
ppm) t o  h i g h e r  frequency than the  phosphorus i n  pyrophosphate, a t  pH 8 . 3 " ,  used 
as an i n t e r n a l  s tandard.  The co r respond ing  f r e e  i n d u c t i o n  decay shown i n  F i g .  
3 revea ls  2 components whose r e l a x a t i o n  t imes and f r a c t i o n a l  i n t e n s i t i e s  a r e  
g i ven  i n  Table 2. The re fo re  t h e  resonance shown i n  F i g .  2 i s  a s u p e r p o s i t i o n  
o f  t h e  resonances corresponding t o  2 d i f f e r e n t  c lasses o f  phosphorus w i t h  d i f -  
f e r e n t  r e l a x a t i o n  t imes.  The r e s p e c t i v e  o r i g i n s  o f  these 2 components must a t  
t h i s  t ime  be s p e c u l a t i v e ,  b u t  we suggest 3 p o s s i b i l i t i e s :  

1) The 2 components may a r i s e  f rom t h e  d i s t r i b u t i o n  o f  p a r t i c l e  s i z e s  
c h a r a c t e r i s t i c  o f  these unsonicated v e s i c l e s  (6 ) .  I n  t h i s  i n t e r p r e t a t i o n  one 
c l a s s  o f  s i z e s  would g i v e  r i s e  t o  one r e l a x a t i o n  t i m e  w h i l e  another  c l a s s  o f  
s i z e s  would g i v e  r i s e  t o  t h e  o t h e r  r e l a x a t i o n  t ime .  2) A l t e r n a t i v e l y ,  t h e  
2 components may a r i s e  f rom t h e  d i f f e r i n g  m o b i l i t i e s  o f  t he  headgroup r e s u l t i n g  
f rom 2 c lasses  o f  s i z e s  w i t h i n  each v e s i c l e  (6,21). 3 )  And, f i n a l l y ,  each 
headgroup may e x i s t  i n  2 conformat ions.  

The e f f e c t  o f  s o n i c a t i o n  on unsonicated l e c i t h i n  d i s p e r s i o n s  i s  t o  p r o -  
duce v e s i c l e s  which g i v e  r i s e  t o  r e l a t i v e l y  narrow p r o t o n  (22) and carbon-13 
resonances (23) .  Th i s  behav io r  i s  para1 l e l e d  w i t h  PhMR. Wi th  i n c r e a s i n g  son- 
i c a t i o n  t i m e  a r e l a t i v e l y  narrow resonance w i t h  t h e  same chemical s h i f t  emerges 
f rom t h e  broad resonance t h a t  i s  c h a r a c t e r i s t i c  o f  unsonicated l e c i t h i n  (v ide  
supra).  Th is  t ime  course i s  shown i n  F i g .  4.  i n t e g r a t i o n  u s i n g  pyrophosphate 
as an i n t e r n a l  s tandard revealed t h a t  90+10% o f  t h e  p h o s p h o l i p i d  c o n t r i b u t e s  
t o  t h i s  narrow resonance. A spectrum o f  egg y o l k  l e c i t h i n  i s  shown i n  F i g .  5 .  

i s  e v i d e n t  t h a t  t he  e f f e c t  o f  s o n i c a t i o n  on t h e  l i n e w i d t h  (as desc r ibed  above) 
i s  a l s o  r e f l e c t e d  i n  t h e  values o f  T, and, t o  a l e s s e r  e x t e n t ,  T,. That t h e  
T i  va lue  increases w i t h  s o n i c a t i o n  suggests b u t  by no means e s t a b l i s h e s  t h a t  
t h e  s h o r t  c o r r e l a t i o n  t ime  regime f o r  TI r e l a x a t i o n  i s  a p p l i c a b l e .  The data 
i n  Tab le  2 show t h a t  t h e  va lues o f  t h e  s p i n - l a t t i c e  r e l a x a t i o n  t imes o f  t h e  
2 s y n t h e t i c  l e c i t h i n s  a re  n e a r l y  i d e n t i c a l ,  w h i l e  t h a t  f o r  egg y o l k  l e c i t h i n  
i s  s u b s t a n t i a l l y  l onger .  We do n o t  have, a t  t h i s  t ime ,  an e x p l a n a t i o n  f o r  
t h i s  d i f f e r e n c e .  

For son ica ted  l e c i t h i n  d i s p e r s i o n s  t h e  va lue  o f  Tg determined f rom a s p i n -  
echo experiment i s  s i g n i f i c a n t l y  l onger  than t h a t  es t ima ted  f rom t h e  l i n e w i d t h ,  
sugges t ing  a f i n i t e  n o n - d i p o l a r  c o n t r i b u t i o n  t o  the l i n e w i d t h .  T h i s  presum- 
a b l y  n o n - d i p o l a r  c o n t r i b u t i o n  has a l s o  been seen i n  p r o t o n  NMR (17,25). The 
v a l u e  o f  T2 i s  independent o f  t h e  echo spacing,  thus no s u b s t a n t i a l  c o n t r i b u -  
t i o n  t o  t h e  l i n e w i d t h  a r i s e s  f rom d i f f u s i o n  through magnetic f i e l d  g r a d i g n t s .  
Since son ica ted  l e c i t h i n  d i s p e r s i o n s  a r e  q u i t e  sma l l ,  app rox ima te l y  250 A i n  
d iameter ,  i t  i s  impor tan t  t o  c o n s i d e r  the  c o n t r i b u t i o n  o f  p a r t i c l e  tumb l ing  
t o  t h e  d i p o l a r  l i n e w i d t h .  Using t h e  va lues o f  t he  second moment g i v e n  i n  Table 
1 and a v a l u e  o f  l o m 6  sec f o r  t h e  r e o r i e n t a t i o n  t i m e  o f  t h e  e n t i r e  v e s i c l e  
(25 ) ,  t h e  r e s i d u a l  d i p o l a r  l i n e w i d t h  w i l l  be o f  t he  o rde r  o f  100 Hz (18 ) .  The 
observed l i n e w i d t h s  and t ransve rse  r e l a x a t i o n  t imes,  T2, determined by s p i n -  
echo exper iments,  a r e  c l e a r l y  i n d i c a t i v e  o f  s i g n i f i c a n t l y  s h o r t e r  c o r r e l a t i o n  
t imes f o r  t h e  mo lecu la r  mot ions.  

The F o u r i e r  t r a n s f o r m  spectrum o f  unsonicated egg y o l k  l e c i t h i n  i s  shown 

The r e l a x a t i o n  da ta  f o r  l e c i t h i n  i n  wa te r  a re  summarized i n  Table 2.  I t  

The da ta  i n  Table 3 shows the  e f f e c t  o f  d i f f e r e n t  s o l v e n t s  on t h e  chemical 

"- A t  t h i s  pH t h e  v a r i a t i o n  i n  chemical s h i f t  w i t h  pH i s  minimal (21) .  
The da ta  i n  Table 3 g i v e  t h e  chemical s h i f t  w i t h  respect  t o  the  ex- 
t e r n a l  s tandard,  50% H3P04. 
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FREQUENCY [cycles /set). [ 10-3) 

Fig. 2. [31P]Fourier transform spectrum of approximateZy 90 
mM unsonicated egg yoZk Zecithin in 0.1 M Tris-HCZ, 0.15 M KCZ, a t  
pH 8.5.  400 pulses were accumulated with 6 sec between each pulse. 

50 

FREE INDUCTION DECAY 
EGG YOLK L E C I T H I N  

( UNSONICATED) 

I 
0 2 4 6 

T I M E  (msec) 

Fig. 3. PZot of the  f ree  induction decay enveZope, corre- 
sponding t o  the spectrwn i n  F i g .  2 .  
tive envelope. The apparent scatter of the later time points re- 
sults from modulation between spectral components. 

0, negative envelope; 0 ,  posi- 

23 



VOL. 1, NO. 1 JOURNAL OF SUPRAMOLECULAR STRUCTURE 

EFFECT OF SONICATION ON THE 

OF EGG YOLK LECITHIN 
PHOSPHORUS MAGNETIC RESONANCE 

a 
a W 

400 

I I I 1 I I 
0 4 8 12 16 20 

SONICATION TIME ( m i n . )  

F i g .  4. The e f f e c t  of sonication on the phosphorus magnetic 
resonance spectrum o f  egg y o l k  l ec i th in .  Separate samples were 
son ica ted  f o r  t h e  s p e c i f i e d  l e n g t h  o f  t ime  and were n o t  c e n t r i -  
fuged; a l l  o t h e r  c o n d i t i o n s  were s i m i l a r  t o  those desc r ibed  i n  
t h e  Methods s e c t i o n .  

2 

EGG YOLK LECITHIN AND PYROPHOSPHATE (SONICATED) 

(a  I 

I 

z 

+ a [L 

0 
v) m 
a 

0 

0 

- I  
0 I 2 

FREQUENCY ( c y c l e s  / sec 10-3 ) 

F i g .  5.  [ 3 1 P ] F o u ~ e r  t r a m f o m  s p e c t m  o f  (a) 90 mM pyro- 
phosphate and (b) 15 mM sonicated egg lec i th in  in 0.1 M Tris-HCZ, 
0 . 2 5  MKCZ, a t  pH 8.5. 
between pulses. 

500 pu lses  were accumulated w i t h  7 sec 
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TABLE 2 

Phosphorus magnetic resonance Zinewidths and 
relaxation rates from Zecithin dispersions 

T l  T2 Ava Av 

Unsonicated egg 
y o l k  l e c i t h i n  0.9  i 0.2 0 .07  sec 

b 
590 Hz 73.5%, 

72 Hz 26.5% 

C 0.11 sec 
y o l k  l e c i t h i n  8.3 k 0 . 5  0.13 d sec 2.8  Hz 19.5 ? 1 Hz 

Sonicated egg 

Sonicated dimy- 
r i s t o y l  l e c i t h i n  0 . 4  r 0.1 

s t r e c u o y l  l e c i t h i n e  1 . 4  ? 0.1 
Son i ca ted  d i d  i hydro-  

20.0 f 1 Hz 

1 9 . 0  f I HZ 

The l i n e w i d t h  es t ima ted  f rom t h e  spin-echo T2 by t h e  r e l a t i o n  Av = I / I T T ~ .  

L i n e w i d t h  es t ima ted  from t h e  f r e e - i n d u c t i o n  decay. 

The va lue  o f  T2 u s i n g  a spin-echo spacing o f  0.006 sec. 

The va lue  o f  T2 u s i n g  a sp in-echo spacing o f  0.015 sec. 

These samples were i n  D20; t h e  o t h e r  samples were i n  H20. 

a 

C 

TABLE 3 

Phosphorus magnetic resonance reZaxation rates ,  chemicaZ s h i f t s ,  
and linewidth estimates f o r  egg yoZk Zecithin in di f ferent  solvents 

T1 (set) T~~ (sec) avb ( H Z )  A V  (HZ)  A C  

Water 8.3  ? 0.5 0.12 2.8 19.2 ? 1 -1.0 ? 0.2  

Me thano 1 1.2 ? 1 0.009 34 46 k 10 -1.5 i 0.2 

Chloroform 0.12  ? 0.02 0.01 32 58 i 10 -1.2 ? 0.2 

a Value o f  T2 measured by c o l l e c t i n g  o n l y  t h e  f i r s t  echo ( v a r y i n g  t h e  echo 
spacing.  

Es t ima te  o f  t h e  l i n e w i d t h  f rom t h e  sp in-echo T2 u s i n g  t h e  r e l a t i o n s h i p  Av = 
1 /nT2.  

S h i f t s  a r e  r e f e r r e d  t o  50% H3P04 used as an e x t e r n a l  re fe rence .  
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2 c  

E C o l i  MEMBRANES 

JOURNAL OF SUPRAMOLECULAR STRUCTURE 

I 

c 

0 2 4 6 0 10 

FREQUENCY (cycles/sec) .  (10-3) 

F ig .  6 .  [ 31P]Fourier transform spectmvn from E .  c o l  i mem- 
branes. A 3 m l  sample c o n t a i n i n g  20 mg p e r  m l  p r o t e i n  i n  0.05 M 
Tr is-HC1,  0.15 M K C I ,  a t  pH 7.5, was pu lsed  1052 t imes.  
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s h i f t s  and r e l a x a t i o n  r a t e s  i n  e c i t h i n .  I n  no case does TI = T 2 ,  a p a t t e r n  
observed i n  t h i s  l a b o r a t o r y  f o r  many o t h e r  phosphorus compounds. I n  b o t h  meth- 
anol  and i n  c h l o r o f o r m  t h e  s p i n  l a t t i c e  r e l a x a t i o n  t imes a r e  s h o r t e r  than those 
i n  wa te r  w i t h  t h e  v a l u e  i n  t h e  a t t e r  s o l v e n t  an o r d e r  o f  magnitude s h o r t e r  
t han  i n  the  former.  By c o n t r a s t ,  t h e  va lue  o f  t h e  t ransve rse  r e l a x a t i o n  t ime  
decreases and i s  n e a r l y  t h e  same i n  b o t h  s o l v e n t s .  The c h l o r o f o r m  r e s u l t s  
were n o t  s u b s t a n t i a l l y  a l t e r e d  by d r y i n g  the  l i p i d s  f rom 020 and resuspending 
them i n t o  C D C 1 3 ,  i n d i c a t i n g  t h a t  t h e  s o l v e n t  p ro tons  per se a r e  n o t  p r i m a r i l y  
respons ib le  f o r  t h e  thermal r e l a x a t i o n .  The r e l a x a t i o n  r a t e  i n  these s o l v e n t s  
may be r e f l e c t i n g  t h e  t ype  o f  " m i c e l l a r "  s t r u c t u r e ( s )  i n  each p a r t i c u l a r  so l -  
ven t .  

F i g .  6 shows a spectrum ob ta ined  f rom unsonicated E. coZi membranes p re -  
pared by the  method o f  Kaback (26 ) .  A qua1 i t a t i v e l y  s i m i l a r  resonance was seen 
i n  membranes prepared by s o n i c a t i n g  whole c e l l s  o f  E. coZi (27) .  T e n t a t i v e l y  
we ass ign  t h i s  phosphorus resonance t o  the  E. coZi phospho l i p ids .  The chemical 
s h i f t  o f  t h i s  resonance i s  100 Hz t o  lower  frequency w i t h  respec t  t o  pyrophos- 
phate a t  pH 10.5 used as an e x t e r n a l  s tandard.  I t  i s  i n t e r e s t i n g  t h a t  t h e  E. 
coZi resonance i s  227 Hz lower  than  t h a t  o f  l e c i t h i n  i n  wa te r .  The phospho- 
l i p i d  composi t ion o f  B. coZi membranes i s  r e p o r t e d  t o  be 70% phospha t idy le tha -  
nolamine, 20% p h o s p h a t i d y l g l y c e r o l ,  and 5% d i p h o s p h a t i d y l g l y c e r o l  (28) .  As- 
suming t h a t  t he  resonance i s  indeed f rom t h e  phospho l i p ids  r a t h e r  than f rom 
n u c l e o t i d e s  o r  n u c l e i c  a c i d s ,  t h i s  d i f f e r e n c e  may r e f l e c t  t h e  chemical s h i f t s  
o f  these phospho l i p ids  i n  membranes as c o n t r a s t e d  t o  l e c i t h i n  i n  water .  Es- 
t i m a t e s  suggest t h a t  t h e r e  i s  a t  l e a s t  an o r d e r  o f  magnitude more p h o s p h o l i p i d  
phosphorus than o t h e r  phosphorus c o n t a i n i n g  molecules i n  these membrane prep-  
a r a t  i ons. 

4, DISCUSSION 

The main f e a t u r e s  o f  t h e  PhMR spec t ra  presented i n  t h i s  no te  a r e  t h e  sim- 
p l e  (one l i n e ) ,  r e l a t i v e l y  narrow resonances. Th is  f e a t u r e ,  as w e l l  as t h e  
genera l  a p p l i c a b i l i t y  o f  PhMR t o  a l l  phospho l i p ids  and i t s  adequate s e n s i t i v i t y ,  
renders PhMR an a t t r a c t i v e  approach t o  the  s tudy o f  membrane systems. The 
s p e c t r a l  s i m p l i c i t y  can be an advantage i n  experiments w i t h  p h o s p h o l i p i d  d i s -  
p e r s i o n s ,  b u t  i t s  major  advantage may be i n  membrane s t u d i e s  i n  which ove r -  
l a p p i n g  resonances and ambiguous assignments have been o f  major  concern i n  PMR. 
A l though the  s e n s i t i v i t y  o f  PhMR i s  l ess  than t h a t  o f  PMR, we o b t a i n  s i g n a l -  
t o - n o i s e  r a t i o s  >7 on a 1 m l  sample o f  30 mM d i m y r i s t o y l  l e c i t h i n  w i t h  100 
pu lses  ( a t  24.3 MHz). For  r e l a x a t i o n  s t u d i e s  where one must w a i t  5 T l ' s  be- 
tween pu lses ,  about 12 min o f  da ta  accumulat ion a r e  requ i red .  

phorus c o n t a i n i n g  compounds as w e l l  as i n  phospho l i p id  molecules c l e a r l y  l i -  
m i t s  t he  i n t e r p r e t a b i l i t y  o f  r e l a x a t i o n  data a t  p resen t .  Work by ou rse l ves  
and o t h e r s  w i l l  l ead  t o  c l a r i f i c a t i o n s .  Since the  PhMR spec t ra  and r e l a x a t i o n  
t imes a r e  s e n s i t i v e  t o  t h e  t ype  o f  d i s p e r s i o n  and p o s s i b l y  t o  the  s o l v e n t ,  i t  
i s  l i k e l y  t h a t  these parameters w i l l  a l s o  be s e n s i t i v e  t o  o t h e r  changes i n  t h e  
headgroup r e g i o n  o f  these molecules. 

I n  conc lus ion ,  PhMR o f  phospho l i p ids  has the  p o t e n t i a l  o f  p r o v i d i n g  use- 
f u l  s t r u c t u r a l  and dynamic i n f o r m a t i o n  about t h e  headgroup r e g i o n  o f  phospho- 
l i p i d  molecules. Recent ly ,  f o r  example, PhMR i n  c o n j u n c t i o n  w i t h  PMR was used 
t o  determine t h e  r a t e  o f  two-dimensional d i f f s u i o n  i n  son ica ted  l e c i t h i n  (14) .  
Wi th  s u f f i c i e n t l y  s o p h i s t i c a t e d  i n s t r u m e n t a t i o n  t h i s  r a t e  cou ld  be measured 
by pu lsed  g r a d i e n t  techniques ( 2 9 ) .  
develop the  use o f  PhMR as a genera l  probe o f  t h e  i n t e r -  and i n t r a m o l e c u l a r  
s t r u c t u r e  o f  t h e  headgroup r e g i o n  i n  phospho l i p ids .  

An incomplete understanding o f  t h e  r e l a x a t i o n  mechanisms i n  s imp le  phos- 

I n  subsequent communications we hope t o  
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