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X-RAY CINEMATOGRAPHY OF PtIOSPHOLIPID PHASE TRANSFOR- 
MATIONS WITH SYNCHROTRON RADIATION 

PETER LAGGNER, KARL LOHNER, and KARL MULLER 
Institute of X-ray Fine-Structure Research, Austrian 
Academy of Sciences and Research Society Joanneum, 
Graz, Austria. 

Abstract Time-resolved X-ray diffraction methods were 
used to study the structural mechanisms and kinetics of 
phospholipid phase transformations, involving (a) ther- 
motropic transitions between different lamellar phases, 
(b) thermotropic lamellar-hexagonal phase transitions, 
and (c) lamellar-isotropic micellar transformations 
induced by natural detergents (bile salts). The poten- 
tial of these methods to resolve molecular rearrange- 
ments in the millisecond time-scale is discussed. 

INTRODU CT T ON 

A considerable wealth of knowledge exists on the equilibri- 

um structural properties of phospholipid-water systems . 
Solid information, from spectroscopic methods, is also avai- 

lable on the molecular dynamics in terms of local order pa- 

rameters or diffusion An information gap, how- 

ever, exists on the structural mechanisms and kinetics of 

phase transitions, where mainly the results from optical 

studies (e. g. turbidity measurements) form the basis of 

present knowledge, which is, therefore, mainly restricted 

to rates4. The classical techniques of X-ray structure analy- 

sis are by several orders of magnitude too slow to follow 

structural arrangements in the sub-second domain, as would 
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374 P. LAGGNER, K .  LOHNER AND K .  MULLER 

be r e q u i r e d  f o r  t h i s  p u r p o s e .  T h i s  s i t u a t i o n  h a s  changed i n  

t h e  p a s t  few y e a r s  w i t h  t h e  a v a i l a b i l i t y  o f  p o w e r f u l  syn- 

c h r o t r o n  r a d i a t i o n  s o u r c e s ,  which e x c e e d  c o n v e n t i o n a l  X-ray 
5 s o u r c e s  by a t  l e a s t  f o u r  o r d e r s  o f  magni tude  i n  b r i l l a n c e  . 

I n  combina t ion  w i t h  f a s t ,  h i g h - c a p a c i t y  p o s i t i o n - s e n s i t i v e  

d e t e c t o r s ' ,  t h e s e  f a c i l i t i e s  open t h e  f i e l d  f o r  X-ray 

s t r u c t u r e  a n a l y s i s  i n  t h e  m i l l i s e c o n d  time-domain, and pos-  

s i b l y  a l s o  below. I n  t h e  p r e s e n t  a r t i c l e  we summarize o u r  

e x p e r i e n c e  s o  f a r  g a i n e d  w i t h  t h i s  t e c h n i q u e  on t r a n s f o r m a -  

t i o n s  o f  p h o s p h o l i p i d  mesophases .  I n  a d d i t i o n  t o  t h e  p r e v i -  
I o u s l y  d e s c r i b e d  tempera ture- jump a p p r o a c h  we p r e s e n t  f i r s t  

r e s u l t s  on c h e m i c a l l y  induced  changes  u s i n g  s topped-f low 

mixing.  

MATERIALS AND METHODS 

P h o s p h o l i p i d s  (>99% p u r e )  were p u r c h a s e d  from A v a n t i  P o l a r  

L i p i d s  I n c .  (Birmingham, AL, USA) e x c e p t  f o r  I -hexadecyl-  

2-oleoyl-sn-phosphoethanolaminc-3 - (HOPE) which was s y n t h e -  

s i z e d  a t  t h e  I n s t i t u t e  of  B i o c h e m i s t r y ,  T e c h n i c a l  U n i v e r s i -  

t y  Graz.  C h o l e s t e r o l  and b i l e  s a l t s  were o b t a i n e d  from 

SIGMA ( S t .  L o u i s ,  MO, U S A ) .  Aqueous d i s p e r s i o n s  were p r e -  

p a r e d  by v o r t e x i n g  l i p i d s  w i t h  a p p r o p r i a t e  amounts  o f  de- 

i o n i z e d  w a t e r  t o  g i v e  c o n c e n t r a t i o n s  o f  a b o u t  0 .2  g/ml.  

Time-resolved X-ray s m a l l - a n g l e  d i f f r a c t i o n  e x p e r i m e n t s  

were performed on t h e  X-33 camera o f  t h e  European M o l e c u l a r  

Bio logy  L a b o r a t o r y  (Hamburg O u t s t a t i o n  a t  DESY) a t  t h e  

s t o r a g e  r i n g  DORIS 118, F o r  t h e  tempera ture- jump e x p e r i -  

ments  a c o u p l e d - t h e r m o s t a t  s y s t e m  h a s  been used  as  shown i n  

F i g u r e  1 ,  i n  which r a p i d  h e a t i n g  from a t e m p e r a t u r e  below 

t h e  t r a n s i t i o n  ( c o l d  b a t h  "C'') t o  above  t h e  t r a n s i t i o n  ( h o t  

b a t h  "H") i s  s u p p o r t e d  by a n  i n t e r m e d i a t e  p u l s e  f rom a 

h i g h e r  t e m p e r a t u r e  c i r c u i t  ( v e r y  h o t  b a t h  "VH"). The con- 
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X-RAY CINEMATOGRAPHY OF PHOSPHOLIPID PHASE TRANSFORMATIONS 375 

Brass-block 

>ion T-Sensor q I;::. . .. chamber 1 

.::- 
Ionization chamber 2 

X-RAY BEAM 

Insulated Tubing 

bath 

FIGURE 1. Schemat ic  view of  T-jump ar rangement .  

v e r s e  p r o c e d u r e ,  u s i n g  an i n t e r m i t t e n t ,  v e r y  c o l d  ("VC") 

p u l s e ,  was u s e d  f o r  c o o l i n g  e x p e r i m e n t s .  The maximum t e m -  

p e r a t u r e  g r a d i e n t s  t h u s  a c h i e v e d  were i n  t h e  o r d e r  of  

6 d e g / s .  However, owing t o  t h e  h e a t  c o n d u c t i v i t y  of t h e  

sample ,  t h e  t i m e  c o n s t a n t  f o r  e q u i l i b r a t i o n  i s  o n l y  i n  t h e  

o r d e r  of  1 s. Tempera tures  w i t h i n  t h e  sample c e l l  were f o l -  

lowed by a f a s t - r e s p o n s e  thermocouple .  

For  r a p i d  mixing e x p e r i m e n t s ,  a s topped-f low c e l l  de- 

s i g n e d  by R. R i g l e r  a t  t h e  K a r o l i n s k a  I n s t i t u t e t ,  Stockholm, 
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316 P. LAGGNER, K. LOHNER AND K. MULLER 

UIXING CXAUBER 
(GIBSON au y ) 

modified for the optical conditions of X-ray experiments, 

with 60 micrometer mica windows of 0.8 cm diameter, was 

used. A schematic view i s  shown in Figure 2. Blank experi- 

ments with coloured solutions have shown that the dead- 

time is less than 10 ms. 

F I G U R E  2. Schematic view of stopped-flow cell. 

RESULTS AND DISCUSSION 

LAMELLAR PHASE TRANSITIONS 

Fully hydrated samples of dipalmitoylphosphatidylcholine 

(DPPC) show a series of three well-described transitions 
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X-RAY CINEMATOGRAPHY OF PHOSPHOLIPID PHASE TRANSFORMATIONS 311 

0 i n  t h e  temperature-range between 15 and 45 C ,  which a r e  
0 termed sub- (around 17 C) , pre- (around 34 OC) , and main 

t r a n s i t i o n  (41.4 OC)” l o ,  For t h e  main t r a n s i t i o n  charac- 
- - 

t e r i s t i c  t i m e  cons t an t s  between 1 m s  and 1 s have p rev i -  

ous ly  been r epor t ed4’” ,  which were assigned t o  a se- 

quence of e v e n t s  from f a s t ,  noncooperat ive motional 

changes of i nd iv idua l  molecules t o  much s lower,  coope ra t ive  

processes involving n u c l e a t i o n ,  growth, and fus ion  of 

c l u s t e r s ,  a s  w e l l  as changes i n  s o l v a t i o n .  Both t h e  pre-  

and s u b t r a n s i t i o n  are much slower and show a s t r o n g  hyste-  

resis.  Their  t r a n s i t i o n  t i m e  c o n s t a n t s  depend on t h e  quen- 

ching temperature and vary from minutes t o  many hours  

wi th in  a few degrees from t h e  e q u i l i b r i u m  t r a n s i t i o n  tem- 

p e r a t u r e  12,13 

A r e p r e s e n t a t i v e  r e s u l t  of a t ime-resolved tempera- 

ture-jump experiment on hydrated DPPC i s  shown i n  F igu re  3.  

Powder d i f f r a c t i o n  p a t t e r n s  were sampled i n  time-slices of 

250 m s .  The f i r s t  two o r d e r s  of t he  l a m e l l a r  r e p e a t  l a t t i c e  

are c l e a r l y  resolved a t  a l l  temperatures ,  and i n  t h e  low 

temperature phase even t h e  t h i r d  o r d e r  i s  v i s i b l e .  The 

peak i n t e n s i t i e s  i n  the  h ighe r  maxima are i n  t h e  o r d e r  of 

10 counts ,  showing t h a t  t h e  i n t e n s i t y  cond i t ions  would 

e a s i l y  a l low t o  extend t h e  experiments down t o  t h e  m i l l i -  

second region. 

4 

Both t h e  three-dimensional i n t e n s i t y  p l o t  and t h e  

contour  maps show q u i t e  c l e a r l y  t h a t  t h e  upper two t r a n -  

s i t i o n s  a r e  not  isothermal  under these  cond i t ions .  For t h e  

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

a half-width of  about 2 s ,  o r  3 O C ,  where t h e  two phases  

c o e x i s t .  The width i s  cons ide rab ly  l a r g e r  than expected 

from p r e c i s e  isothermal  d i f f r a c t i o n  experiments’‘, and i s  

i n  t h e  range o f  thermal v a r i a t i o n  wi th in  the  sample expect-  
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37R P. LAGGNER, K .  LOHNER AND K. MULLER 

IO'C 

s.102 [ A-'I - 

FIGWE 3 .  a )  Time-resolved X-ray s m a l l - a n g l e  aowder d i f f -  
r a c t i o n  from a m u l t i l a m e l l a r  aqueous d i s n e r s i o n  of  DPPC 
d u r i n g  a T-jumo and T-dron e x o e r i m e n t .  b)  C o n t o u r - l i n e -  
p l o t  o f  t h e  i n t e n s i t i e s  i n  t h e  h e a t i n g  e x o e r i m e n t .  
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X-RAY CINEMATOGRAPHY OF PHOSPHOLIPID PHASE TRANSFORMATIONS 379 

ed under t h e  p re sen t  T-jump cond i t ions .  Thus, t h e  e f f e c t i v e  

t ime-resolut ion of t h i s  experiment i s  about 1-2 s ,  a r a t h e r  

d i sappo in t ing  s i t u a t i o n  i f  compared t o  t h e  p o s s i b i l i t i e s  

given by the  i n t e n s i t i e s  and the  d e t e c t o r ,  This l i m i t a t i o n  

i s  mainly due t o  t h e  hea t  conduc t iv i ty  of t h e  sample and 

can,  t h e r e f o r e ,  ha rd ly  be changed. 

Neve r the l e s s ,  t he  p re sen t  r e s u l t s  show s e v e r a l  s t r i k -  

i n g  f e a t u r e s  concerning mainly the p r e t r a n s i t i o n .  Upon hea t -  

i n g ,  t h e  p a t t e r n  i n d i c a t i n g  a r epea t  per iod of about 708 

c h a r a c t e r i s t i c  of t he  P '  phase develops i t s  f i n a l  i n t e n s i -  

t y  only wi th in  about 1 h. However, on coo l ing ,  t he  recove- 

r y  of t h e  ordered,  l ame l l a r  p a t t e r n  o f  t h e  L '  phase t a k e s  

even longe r ,  and i s  e a s i l y  within t h e  reach of t ime-resolv- 

ed  experiments on a l abora to ry  X-ray generator .  Figure 4 

shows the  dependence of t h e  recovery r a t e s  on t h e  f i n a l  

quenching temperature.  This  i n d i c a t e s  a nega t ive  tempera- 

t u r e  c o e f f i c i e n t  with the d i f f e r e n c e  between quenching and 

equ i l ib r ium t r a n s i t i o n  temperature ,  suggest ing t h a t  t h e  

r a t e s  are governed by n u c l e a t i o n  k i n e t i c s  I 5 , l 6 .  It i s  a l s o  

B 

B 

p o s s i b l e ,  t h a t  t he  development of a 

d r a t i o n  s h e l l  i s  r e spons ib l e  f o r  t h  

a n a l y s i s  c l e a r l y  has  t o  involve the  

between mi l l i s econds  and hours ,  and 

a broad ove r l ap  between improved T- 

d i f f e r e n t l y  ordered hy- 

s behaviour.  A complete 

whole range of t imes 

t h e r e f o r e  w i l l  r e q u i r e  

ump experiments with 

synchrotron r a d i a t i o n  and long-term convent ional  d i f f r a c -  

t i o n  methods. 

LAMELLAR-HEXAGONAL TRANSITIONS 

The quest ion of p o t e n t i a l  i n t e rmed ia t e  s t r u c t u r e s  i n  t h i s  

type of t r a n s i t i o n  has caught p a r t i c u l a r  a t t e n t i o n ,  s i n c e  

t h i s  involves  a major t opo log ica l  change. Mice l l a r  i n t e r -  

mediates were indeed proposed on the b a s i s  of P3'-NMR and 
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380 P. LAGGNER, K. LOHNER AND K. MWLLER 

DPPC: RECOVERY RATES OF L,,'-PHASE 
UPON COOLING FROM 37-C 

t 5 0  

FIGURE 4 .  Temperature-dependence of  t h e  recovery r a t e s  of 
t h e  L '  phase upon coo l ing  from 37 O C .  

6 

e l e c t r o n  microscopic obse rva t ions  ' 7 y 1 8 ,  and a l s o  p o s t u l a t e d  

by a t h e o r e t i c a l  approach". On the  o t h e r  hand, f i r s t  re- 

s u l t s  by time-resolved d i f f r a c t i o n  s tudies2 '  w e r e  i n t e r p r e -  

ted i n  terms of a d i r e c t ,  one-step mechanism invo lv ing  no 

mice l l a r  i n t e rmed ia t e s .  

Figure 5 shows a p a i r  o f  h e a t i n g  and coo l ing  scans o f  

HOPE i n  t h e  f u l l y  tiydrated s t a t e ,  between 10 and 69 O C .  The 

experiment ve ry  c l e a r l y  r e s o l v e s  t h e  two l a m e l l a r  phases 
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X-RAY CINEMATOGRAPHY OF PHOSPHOLIPID PHASE TRANSFORMATIONS 38 I 

FTCLIW 5. a) T 
from an aqueous  
l i ? i d  (HOPE) b 

me-resolved X-ray smal l -angle  diffraction 
disoersinn of a hexagonal-uhase f o r m i n g  
Tntensity contour-line vlots. 
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382 P. LAGGNER, K. LOHNER AND K. MULLER 

L 

cc - L8 a t  h igh  tempera tures .  I n  t h e  h e a t i n g  scan ,  t h e  L 

t r a n s i t i o n  i s  cen te red  around 31 C and i s  as sha rp  as 

can be expected f o r  an i so the rma l  t r a n s i t i o n  under t h e  

c o n d i t i o n s  of t h i s  e x t e r n a l  h e a t i n g  experiment.  The maxi- 

mum range of coex i s t ence  i s  about 2 s ,  o r  5OC,  r e f l e c t i n g  

aga in ,  t h e  l i m i t  given by inhomogeneous sample tempera tures .  

Very n o t a b l y ,  however, t h e  L 

sha rp  and invo lves  a broad range of  ove r l ap  between t h e  

two s t r u c t u r e s :  wh i l e  t h e  onse t  of  HII-formation occurs  

a t  45 C and co inc ides  wi th  t h e  i n i t i a l  decay of t h e  L - 
s t r u c t u r e ,  t h e  l a t t e r  c o e x i s t s  wi th  growing amounts of 

hexagonal s t r u c t u r e  ove r  more than 12 s ,  i. e.  t h e  tempe- 

r a t u r e  range between 50 and 60 O C .  It i s  concluded, t h e r e -  

f o r e ,  t h a t  i n  t h e  t r a n s i t i o n  range, t h e  l i p id -wa te r  phase 

c o n s i s t s  of two c o e x i s t i n g  s t r u c t u r e s ,  cor responding  t o  

t h e  two l i m i t i n g  s ta tes .  

and L 
a B a t  low tempera tures ,  and t h e  hexagonal HII phase 

0 

- HII t r a n s i t i o n  i s  less 
a; 

0 

ci 

The coo l ing  behaviour  i s  very  similar: a g a i n ,  t h e  

t h r e e  phases appear w i t h i n  t h e  t ime-scale of t h e  expe r i -  

ment, The r e c i p r o c a l  decay and growth of H and L - 
s t r u c t u r e s ,  r e s p e c t i v e l y ,  i s  s i m i l a r  t o  t h a t  i n  t h e  hea t -  

i n g  experiment.  Notably, however, t h e r e  appears  a s t r u c t u -  

r a l  h y s t e r e s i s :  t h e  i n f l e c t i o n  of t h e  t h r e e  HII-maxima 

towards sma l l e r  ang le s  du r ing  t h e  coex i s t ence  range i s  

cons ide rab ly  more pronounced i n  t h e  coo l ing  experiment.  

The l a s t  c o e x i s t i n g  hexagonal s t r u c t u r e s  have a f i r s t -  

o r d e r  spac ing  o f  73 8, whi le  on h e a t i n g ,  t h e  r e s p e c t i v e  

va lue  i s  68 8. This  i n d i c a t e s ,  t h a t  t h e  f i r s t  c y l i n d r i c a l  

t ubes  formed on h e a t i n g  are sma l l e r  i n  d iameter  than  t h e  

l a s t  ones d i s a p p e a r i n g  on cool ing .  

I1 ci 

These r e s u l t s  l e a d  t o  t h e  fo l lowing  conclus ions  r e -  

gard ing  t h e  mechanism of  t h e  t r a n s i t i o n :  
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X-RAY ClNEMATOGRAPHY OF PHOSPHOLIPID PHASE TRANSFORMATIONS 383 

a)  The La - HII t r a n s i t i o n  i s  a two-s t ruc ture  p rocess ,  i. e .  

i t  proceeds d i r e c t l y  from one s t r u c t u r e  t o  the  o t h e r .  N e i -  

t h e r  does i t  invo lve  d e t e c t a b l e  amounts of m i c e l l a r  i n t e r -  

mediates o r  p a r t i c l e s  which would gene ra t e  a broad, con- 

t i nuous  s c a t t e r i n g  i n  t h e  t r a n s i t i o n  range ,  no r  does it in-  

volve any l o s s  of  l ong  range  o r d e r .  

b) The p rocess  i s  r e a d i l y  r e v e r s i b l e ,  w i th  a minor but  no- 

t i c e a b l e  h y s t e r e s i s  i n  t h e  l i m i t i n g  l a t t i c e  parameters.  

c )  L - and H s t r u c t u r e s  c o e x i s t  ove r  a r e l a t i v e l y  long  

t i m e  and tempera ture  range .  This  could i n d i c a t e  e i t h e r ,  

t h a t  e q u i l i b r a t i o n  i s  s lower  than  t h e  time cons t an t  of t h e  

exper iment ,  o r  t h a t  t h e  two s t r u c t u r e s  belong t o  one co- 

h e r e n t  phase i n  equ i l ib r ium.  

a I1 

FUSION OF LIPID PHASES 

I f  two hydra ted  l i p i d  s p e c i e s ,  one f avour ing  lamellar 

s t r u c t u r e s  and t h e  o t h e r  t e n d i n g  t o  form hexagonal s t r u c -  

t u r e ,  are mixed, t h e i r  p rofoundly  d i f f e r e n t  d i f f r a c t i o n  

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

changes wi th  t ime ,  i f  f u s i o n  occur s .  I n  p a r t i c u l a r  t h e  

(1120) r e f l e c t i o n  of t h e  hexagonal phase ,  appear ing  a t  a 

spac ing  of 1.73 x h , ,  where h l  i s  t h e  spac ing  of t h e  promi- 

nent  (IOTO) r e f l e c t i o n ,  i s  v e r y  w e l l  s u i t e d  f o r  t h i s  pur- 

pose ,  s i n c e  i t  l i e s  w e l l  s e p a r a t e d  from any o t h e r ,  lamellar 

r e f l e c t i o n s .  I n  t h e  exper iment  shown i n  F igure  6 ,  t h e  

system s t a r t s  from two s e p a r a t e  l a m e l l a r  phases a t  low t e m -  

p e r a t u r e .  Heat ing  through t h L  -HII t r a n s i t i o n  of  t h e  e t a -  

nolamine l i p i d  component l e a d s  t o  a s i t u a t i o n  where t h e  

hexagonal phase ( a s  c l e a r l y  seen by t h e  1020 r e f l e c t i o n )  

c o e x i s t s  w i th  t h e  l a m e l l a r  L -phase of t h e  cho l ine  l i p i d  

component. Fus ion  of t h e  t w o  phases proceeds wi th  a h a l f -  

time of about 3 minutes and l e a d s  t o  t h e  expected lamellar 

a 

- 

a 
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384 P. LAGGNER, K. LOHNER AND K. MULLER 

FIGURE 6. Time-resolved X-ray small-angle diffraction 
from a mixture of POPC and HOPE. Two minutes after: mixing 
of the aqueous dispersions, the temperature was raised 
from 10 to 70 OC. Fusion of the two phases is evident by 
the reformation of the lamellar structure. 

phase of the equimolar mixture in equilibrium. 

The important conclusion to be drawn is, that the fu- 

sion process is clearly two-state, i. e. the structures 
transform directly from one to the other, without involv- 

ing noticeable amounts of intermediates. Once the local 

concentration of choline lipids exceeds a critical value, 
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X-RAY CINEMATOGRAPHY OF PHOSPHOLIPID PHASE TRANSFORMATIONS 385 

t h e  e n t i r e  domain t r ans fo rms  i n t o  a well-ordered l a m e l l a r  

s t a t e ,  wi thout  l o o s i n g  long-range coherence.  

LAMELLAR-MICELLAR TRANSITIONS 

The i n t e r a c t i o n  of n a t u r a l  d e t e r g e n t s  l i k e  b i l e  s a l t s  wi th  

phospho l ip ids  i s  o f  c o n s i d e r a b l e  i n t e r e s t  t o  t h e  gene ra l  

problem of biomembrane s t a b i l i t y  and of p a r t i c u l a r  impor- 

t ance  t o  t h e  p h y s i o l o g i c a l  f u n c t i o n  of c h o l e s t e r o l  so lub i -  

l i z a t i o n  i n  b i l e ,  and i t s  p a t h o l o g i c a l  a spec t  of g a l l -  

s t o n e  format ion .  E s s e n t i a l l y ,  t h e  r e a c t i o n  can be d e s c r i b -  

ed  a s  t h e  conve r s ion  of  l a m e l l a r  phosphol ip id  b i l a y e r  

s t r u c t u r e s  i n t o  d i s c o i d a l  o r  s p h e r i c a l  mixed m i c e l l e s  w i th  

s t r o n g l y  reduced s i z e s ” .  The d e t a i l s  o f  t h e  mechanism 

a r e  so f a r  p o o r l y  unders tood .  

By X-ray d i f f r a c t i o n ,  t h i s  p rocess  can be r e a d i l y  mo- 

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

t u r e s  and s m a l l  i s o t r o p i c  micelles a r e  cons ide rab ly  d i f -  

f e r e n t .  

For  t h e  exper iments  d e s c r i b e d  h e r e  (F igure  7 ) ,  mu l t i -  

l a y e r e d  l iposomes of eggyolk  l e c i t h i n  were used i n  combi- 

n a t i o n  wi th  sodiumtaurodeoxycholate. The l a t t e r  has  a 

c.m.c. of 2.10E-3 m o l / l  and a p a r t i t i o n  c o e f f i c i e n t  be t -  

ween l i p i d  and aqueous phase o f  -250, i. e.  it s t r o n g l y  

p r e f e r s  t h e  a p o l a r  l i p i d  environment.  Two s e t s  o f  expe r i -  

ments w e r e  c a r r i e d  o u t :  one  u s i n g  a t o t a l  l i p i d l d e t e r g e n t  

r a t i o  of 1 : l  which i n  e q u i l i b r i u m  de termines  c o e x i s t e n c e  

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

m i c e l l e s .  The o t h e r  r a t i o  used  was 1:5 f o r  which complete 

convers ion  t o  g l o b u l a r  m i c e l l e s  i s  expec ted .  The r e s u l t s  

show, t h a t ,  independent  of  t h e  i n i t i a l  mixing r a t i o ,  a l -  

ways a ve ry  f a s t  format ion  o f  nonb i l aye r  s t r u c t u r e s  re- 
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386 P. LAGGNER, K .  LOHNER AND K. MULLER 

1:5 

FTGUPE 7 .  T ime-reso lved  d i f f r a c t i o n  p a t t e r n s  o f  EYPC/STDC 
mixing  e x p e r i m e n t s  f o r  1 :  1 and 1:5 i n i t i a l  molar  mixing  
r a t i o .  The t i m e  d i f l e r e n c e  between t h e  i n d i v i d u a l  c u r v e s  
i s  0 ,5  min, t h e  measur ing  t ime p e r  c u r v e  w a s  5 s e c .  The 
t o t a l  t ime span  shown by t h e  p l o t s  i s  -15 min. 
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X-RAY CINEMATOGRAPHY OF PHOSPHOLIPID PHASE TRANSFORMATIONS 387 

f l e c t e d  by a d i f f u s e ,  low i n t e n s i t y  s c a t t e r i n g  occur s .  

The d i f f u s e  s c a t t e r i n g  which i n i t i a l l y  i s  superimposed by 

t h e  much s t r o n g e r  d i f f r a c t i o n  of s t i l l  dominat ing  s t acked  

l i p i d  b i l a y e r s  i s  e q u i v a l e n t  t o  t h a t  known f o r  g l o b u l a r  

mixed m i c e l l e s .  This  s c a t t e r i n g  i s  p r e s e n t  even a t  t h e  

s h o r t e s t  t i m e s  t h a t  can be  r e so lved  a t  t h e  p r e s e n t  s t a g e .  

The f i r s t  and v e r y  f a s t  s t e p  of i n t e r a c t i o n  t h u s  seems t o  

be a p e e l i n g  o f f  mechanism of o u t e r  liposome l a y e r s ,  which 

have reached t h e  c r i t i c a l  d e t e r g e n t / l i p i d  r a t i o  by l o c a l  

s a t u r a t i o n .  The second s t e p  i s  much s lower :  a r e d i s t r i b u -  

t i o n  of b i l e  s a l t  from mixed m i c e l l e s  w i th  d e t e r g e n t / l i -  

p i d  r a t i o s  much h i g h e r  t han  t h e  o v e r a l l  mixing r a t i o  t o  

t h e  remaining l iposomes of reduced  s i z e .  This  p r o c e s s  de- 

pends on t h e  i n i t i a l  r e l a t i v e  d e t e r g e n t  c o n c e n t r a t i o n  and 

can be followed by t h e  s t e a d y  dec rease  of  Bragg-reflec- 

t i o n s  and an i n c r e a s e  o f  s i g n a l - i n t e n s i t y  co r re spond ing  

t o  the  format ion  of mixed d i s c  and g l o b u l a r  micelles, de- 

pending on t h e  mixing r a t i o .  

ACKNOWLEDGEMENTS 

This work has  been suppor t ed  by g r a n t  no .  5264  of  t h e  
b s t e r r e i c h i s c h e r  Fonds z u r  Forderung d e r  w i s s e n s c h a f t l i -  
chen Forschung, and by g r a n t  no. 2473 from t h e  b t e r r e i -  
ch i sche  Nat iona lbank.  

REFERENCES 

1 .  D. M. Small ,  Handbook of  L i p i d  Research, Vol. 4 ,  The 
Phys ica l  Chemistry of L i p i d s .  From - -- - Alkanes t o  Phospho- 
l i p i d s  (Plenum P r e s s ,  New York, 1986).  

Chapman and D .  F. H .  Wallach (Academic P r e s s ,  New York, 
1976) Chap. 2 ,  pp. 48-102. 

2 .  -Cherry, i n  B i o l o g i c a l  Membranes, e d i t e d  by D .  

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
16

 1
9 

Fe
br

ua
ry

 2
01

3 



388 

3. 

4 .  

5 .  

6 .  

7 .  
8. 

9 .  

10. 

1 1 .  
12. 

13. 

1 4 .  

15. 
16. 

17. 

18. 

19. 
20. 
21. 

P. LAGGNER, K .  LOHNER AND K .  MULLER 

R. M. C l e m  and W .  L. C.  Vaz. i n  P r o e r .  P r o t e i n - L i u i d  -- - 
I n t e r a c t i o n s ,  Vol. I ,  e d i t e d  by A. Watts and  J . J . H . H .  
M. DePont ( E l s e v i e r ,  Amsterdam, 1985), Chap. 5 ,  pp .  
173-229. 
T .  J. Tsong and M. I. Kanehisa ,  B i o c h e m i s t r y ,  16, 
2674 (1977) .  
G. M a t e r l i k ,  i n  Uses of S y n c h r o t r o n  R a d i a t i o n  i n  Bio- 
l o g y ,  e d i t e d  by H. B .  Stuhrmann (Academic P r e s s ,  N e w  
York, 1982) Chap. 1 ,  pp .  1-22. 
__ 

J. Hendr ix ,  i n  S t r u c t u r a l  B i o l o g i c a l  Uses of  X-ray 
Absorp t ion ,  S c a t t e r i n g  and D i f f r a c t i o n ,  e d i t e d  by 
H. D. B a r t u n i k  and B .  Chance (Academic P r e s s ,  New York,  
1986) pp.  391-407. 
P. Laggner ,  i b i d .  p p *  171-182. 
C .  Boul in ,  A. G a b r i e l  and J. H e n d r i x ,  i n  R e s e a r c h  Re- 
p o r t  EMBL 1983, p .  135. 
Y .  Inoko and T. M i t s u i ,  J. Phys. SOC. J a p a n ,  6, 1918 
(1978) .  

M. J. Ruocco and G. G.  S h i p l e y ,  Biochim. Biophys .  Acta ,  
691,  309 (1982) .  - 
B .  Gruenwald, Biochim. Biophys.  Acta,  687, 7 1  ( 1 9 8 2 ) .  
R. B .  L e n t z ,  E .  F r e i r e  and R.  L. B i l t o n e n ,  B i o c h e m i s t r y ,  
17 ,  4475 (1978) .  
K. C.  Cho, C.  L. Choy and K .  Young, Biochim. Biophys .  
Acta ,663,  14 (1981) .  
M. H .  G o t t l i e b  and E .  D.  Eanes ,  Biophys.  J., 14, 335 
(1974) .  

- 

-- 

D.  Kashchiev,  C r y s t a l  Res. T e c h n o l . , E ,  1413 ( 1 9 8 4 ) .  
B .  Wunderl ich,  i n  Macromolecular  P h y s i c s ,  Vol. 2 
(Academic P r e s s ,  New York, 1976) .  
B .  De K r u i j f f ,  A, J. V e r k l e y ,  C.  J. A.  Van E c h t e l d ,  
W. C. G e r r i t s e n ,  C .  Mombers, P. C. Noordam and J. D e  
Gier,  Biochim. Biophys.  Acta, 
S. W. Hui ,  T .  P. S t e w a r t  and  
L i p i d s , S ,  1 
D .  P. S i e e e l .  Bionhvs.  J . . 4 5 .  

; I 3  (1983) .  
--. - <  . - .  

M. C a f f r e y ,  B i o c h e m i s t r y ,  24 ,  
K ,  Mii l ler ,  B i o c h e m i s t r y ,  Lc 

5 5 5 ,  - 
L. T. 

399 
4826 

404 ( 

200 ( 
Boni  , 

(1984) 
(1985 

1981).  

1979) .  
Chem. 

>.  

Phys.  - 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
16

 1
9 

Fe
br

ua
ry

 2
01

3 




