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Observation of rippled dioleoylphosphatidylcholine bilayers 
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N e u t r o n  di f | r ac t ion  da ta  have  been  obta ined  f rom a rippled phase  of  mult ibi layer  s t acks  conta in ing  mix tu re s  of 
1 ,2-dioleoyl-sn-glyeero-3-phosphocholine ( D O P C )  and 1,2-dloleoyl-sn-glycero-3-phosphoethanolanaivte ( D O P E ) .  in 
o r ien ta ted  bi layers  neu t ron  diff ract ion pa t t e rns  show Bragg  peaks  nea r  to the mer id ian  and  displaced f rom the  usual  
10ng spacings .  T h e s e  of f -ax is  re l lec t ions  a re  ass igned  to a rippled phase  and  it is sugges ted  it is fo rmed  as  a t ransi t ion 
phase  be tween  L a and  H i t  phases .  

Phosphol ip ids ,  one  o f  the  ma jo r  c o m p o n e n t s  o f  
m e m b r a n e s ,  have  Iovg b~en the subjec t  o f  inves t iga t ion  
by  a large n u m b e r  o f  t echn iques  [11. O f  par t icu la r  
in te res t  ha s  been  the  abil i ty o f  h y d r a t e d  phospho l i p id s  
to f o r m  a n u m b e r  o f  d F fe r en t  ordered  s ta tes  inc lud ing  
b i layer  s t ruc tures ,  r ipples  a n d  hexagona l  arrays.  Dif -  
f rac t ion  t echn iques  have  been  u sed  to provide  de ta i led  
c o n f o r m a t i o n a l  i n f o r m a t i o n  o f  m a n y  of  these  s t ruc tura l  
phases .  T o  da t e  relatively little is k n o w n  a b o u t  r ippled  
phase s ,  a l t hough  X- ray  d i f f rac t ion  h a s  g iven s o m e  infor-  
m a t i o n  a b o u t  the  PB" ripple which  occurs  be tween  the 
L a a n d  L~. phase s  [2], 

N e u t r o n  d i f f rac t ion  ha s  a d is t inc t  a d v a n t a g e  over  the  
u se  o f  X-rays  in tha t  the  coheren t  neu t ron  sca t te r ing  
a m p f i t u d e  o f  d eu t e rons  is cons iderab ly  h igher  t han  tha t  
o f  p ro tons .  T h i s  m e a n s  tha t  in  d i f f rac t ion  s tud ies  o f  
specif ical ly deu te ra t ed  mac ro mo lecu l e s  the  d e u t e r o n s  
are  easi ly ident i f ied in n e u t r o n  sca t te r ing  profiles.  Th i s  
no t  on ly  facil i tates the  p h a s i n g  o f  the  d i f f rac t ion  data ,  
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bu t  can  also be  used  to de t e rmine  the  c o n f o r m a t i o n  of  
the  molecules  con t a in ing  the  d e u t e r i u m  labels. Such 
m e t h o d s  have  been  appl ied  to the s t udy  of  sa tu ra ted  
fat ty acyt cha in  phospho l ip id  bi layers  [3]. 

T h e  p h o s p h o l i p i d s  1,2-dioleoyl-s, , t-glycero-3-phos- 
phocho l ine  ( D O P C )  and  1,2-dioleoyl-sn-glycero-3-phos-  
p h o e t h a n o l a m i n e  ( D O P E )  were ob ta ined  f rom Sigma 
Chemica l  C o m p a n y  a n d  con f i rmed  to be single species  
by  th in- layer  c h r o m a t o g r a p h y .  Or ien ta ted  bi layer  s tacks  
were p repared  b )  sp read ing  approx ima te ly  40 m g  of  
phospho l ip id  in ch lo ro fo rm over  a qua r t z  microscope  
slide. T h e  solvent  was  al lowed to evapora te  off  u n d e r  a 
s t r eam of  w a r m  air  a n d  the  s amp le  was  fully dr ied 
u n d e r  v a c u u m  for 24 h. T h e  lipid was  annea led  for at 
least  4 h at  7 0 ° C  and  100% humid i ty .  Once  fully 
hydra ted ,  the  s amples  were b rough t  d o w n  to the  experi -  
men ta l  relative h u m i d i t y  of  57% by equi l ibra t ing  for at 
least  30 rain at  3 0 ° C  over  a sa tu ra ted  so lu t ion  o f  
s o d i u m  bronfide.  

N e u t r o n  di f f rac t ion  da ta  were col lected u s ing  the  
D16 i n s t r u m e n t  at t he  Ins t i tu t  M a x  yon  L a u e -  Paul  
Langev in  (LL.L.) ,  Grenob le ,  France .  Af t e r  equi l ibra t ion  
each quar tz  slide con ta in ing  its o r ien ta ted  b i layer  s a m -  
ple was  p laced  in the  t empera tu re  a n d  h u m i d i t y  con-  
trolled cell of  the  i n s t rumen t .  T e m p e r a t u r e  contro l  was  
achieved by circulat ing wate r  f r om a t he rmos t a t  a r o u n d  
a c losed a l u m i n i u m  can  c o n t a i n i n g  the  s amp le  in an  
a t m o s p h e r e  over  a sa tu ra ted  sal t  solut ion.  T h e  D16  
de tec tor  receives sca t te red  n e u t r o n s  over  an  area  tha t  is 
approx ima te ly  9 ° hor izonta l ly  by  4.5 ° vertically,  wi th  
a resolut ion  of  0.143 ° hor izonta l ly  a n d  0.286 ° verti-  

Division) 



1 1 2  

Fig. 1. Contour and 3-dimensional plots of  area around the second order lamellar diffraction peak of rippled DOPC bilayers wilh 10~, (tool) DOPE 
at 3 0 o C  and 57% relative humidity. 



cally. Each recorded di f f ract ion pa t t e rn  cons i s ted  of  
n ine  or ten well def ined  peaks.  O n c e  the posi t ion of  
these  peaks  had  been  es tabl ished,  the  de tec tor  was set 
up  to pe r fo rm a series o f  s cans  in which  the area a round  
the  predic ted  posi t ion o f  each diffracliGn peak was  
s c a n n e d  :, n , :mber  o f  times. Th e  scans  were then added  
toge ther  tak ing  in to  accoun t  the angu la r  offset  of  each 
to give a s imula ted  0-28 scan.  

T h e  full width  ha l f  he igh t  o f  the d i f f rac t ion  peaks ,  
o f ten  called the  mosa ic  spread,  w as  de t e rmined  for each 
s am p le  by a l igning  the de tec tor  wi th  the four th  order  
(20) ,  a n d  s cann ing  the sample  (8 )  t h rough  the  o p t i m u m  
dif f rac t ion  angle  for  this peak  three  t imes,  wi th  increas-  
ingly  fine resolut ion.  Each  scan covered a smal ler  angu-  
lar  sp read  a n d  was  cen t red  on  the  d i f f rac t ion  peak.  In 
th is  m a n n e r  the  va lue  for the  b a c k g r o u n d  level could  be  
obt~.~ncd at several  degrees  f rom the peak  itself a n d  an  
accura te  m e a s u r e m e n t  of  its i'uil wid th  hal f  he igh t  could  
be  pe r fo rmed .  

T h e  da t a  tha t  were  collected by  the Digital  E q u i p m e n t  
C o r p o r a t i o n  P D P  1 1 / 1 2 3  and  1 1 / 3 4  c o m p u t e r s  con-  
t rol l ing the  d a t a  col lect ion process  were t ransfer red  to 
the m a i n  c o m p u t e r  o f  the  I.L.L. The  d i f ferent  s cans  o f  
each  run  were col la ted by  the  c o m p u t e r  to give a 
s imula ted  c o n t i n u o u s  plot  o f  in tens i ty  ve r sus  sca t te r ing  
angle.  

T h e  a l i gnmen t  a n d  sensi t ivi ty  o f  each  pixel  of  the  
de tec to r  was  no t  perfect ly  ba lanced ,  so  a correc t ion  was  
app l ied  to each ch anne l  o f  the  da t a  to allow for this. 
T h e  r e sponse  o f  each  pixel  was  de t e rmined  by  us ing  the  
de tec to r  to record the incoheren t  n e u t r o n  sca t te r ing  
f rom  a vial o f  water .  T h i s  incoheren t  sca t te r ing  is inde-  
p e n d e n t  o f  angle  so  each  pixel o f  the  de tec tor  effect ively 
received the  s a m e  signal.  Wi th  t,his i n fo rma t ion  it was  
poss ib le  to der ive  a correc t ion  factor  o f  each pixel  of  the  
detector .  A n o t h e r  cor rec t ion  was  necessary  to allow for 
the  b a c k g r o u n d  of  incoheren t  rad ia t ion  u p o n  which  the  
d i f f rac t ion  pa t t e rn  was  supe r imposed .  T h e  b a c k g r o u n d  
level o f  incoheren t  r ad ia t ion  u n d e r  each  d i f f rac t ion  
peak  was  de t e rmin ed  by  m e a s u r i n g  the  court:  ra te  in the  
c h a n n e l s  immed ia t e ly  ad jacen t  to the  peak  a n d  inter-  
po l a t i ng  across  its base .  Th i s  va lue  was  then  sub t r ac t ed  
f rom  the  c h a n n e l s  u n d e r  the peak.  

T h e  sof tware  used  to cont ro l  the  d a t a  collect ion 
process  was  also capab le  o f  d e t e r m i n i n g  the  angu la r  
pos i t ion  o f  the  cen t re  o f  each  peak  in t e rms  o f  20. 
However ,  the  accuracy  o f  this  va lue  was  d e p e n d e n t  
u p o n  the initial a l i g nmen t  o f  the  n e u t r o n  beam,  de tec to r  
a n d  sample .  Th i s  a n g u l a r  i n fo rma t ion  is used  to calcu-  
late the exac t  D sp ac ing  o f  each sample ,  and  an  accu-  
racy grea ter  than  tha t  o f  the  m a c h i n e  offset  is desirable.  
F o r  this  r eason  a n  i terat ive r e f inemen t  t echn ique  was  
used to calcula te  bo th  the  t rue offset  a n d  the  latt ice 
pa ramete r s .  

Fig. 1 shows  an  e x a m p l e  of  the  o f f -mer id iona l  Bragg 
reflect ion in c o n t o u r  a n d  s imu la t ed  3-d plots .  Such 
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Fig. 2. Diagrammatic representation of low-angle region of lam¢llar 
diffraction pattern of DOPC/DOPE rippled phase. (a) area shown in 
Fig. I. (c) ccnne of reciprocal [auicc, (d) lamellar diffraction peak on 

meridian, I~ ,fir-axis ripple diffraction peak. 

o f f -mcr id iona i  d i f f rac t ion  peaks  were s t ronges t  at the  
s ides  o f  the  first two lamel lar  peaks ,  with intensi t ies  
approx iamte ly  p ropor t iona l  to intensi t ies  of  the  on-ax id  
peaks .  Fig 2 i l lustrates  th is  area  o f  the  d i f f rac t ion  
pa t te rn ,  wi th  the a rea  s a m p l e d  by  the de tec tor  in Fig. 1 
out l ined.  The  ex t remely  low mosa ic  sp read  of  these  
s amptes  m a d e  it necessary  to in t roduce  an offset  into 
the  source - sample -de tec to r  l ine to e m p h a s i s e  the  r ipple 
reflect ion on  one  side of  the  equa to r  at  the  expense  of  
its mi r ror  image  across  the  mer id ian .  Th i s  tilt was  
approx ima te ly  3<>. I terat ive r e f inemen t  o f  the  angles  o f  
each order  o f  d i f f rac t ion  wi th  respect  to a reciprocal  
latt ice gave  va lues  for the  bi layer  spac ing  o f  4.80 n m  
and  4.49 n m  for s amples  con t a in ing  10% (mot)  a n d  30~  
(mol l  D O P E ,  respectively.  T h e  co r r e spond ing  r ipple 
wave lenghts  were 6.6 n m  and  5.7 nm.  T h e  mosa ic  
spread  o f  the  bi layers  con t a in ing  10~  D O P E  was  0.8 ° .  
and  1.2 ° for the  bilayers with  30% DOPE.  

A comprehens ive  charac te r i sa t ion  o f  the  r ippled 
phase  has  been  m a d e  in recent  X-ray  s tudies  o f  the  
s ame  sy s t em [4]. T h e  re la t ionsh ip  be tween  ripple wave-  
length  and  bi layer  repeat  d i s tance  in this  present  s t udy  
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indicates  tha t  this phase  is essent ial ly the  s ame  s t ruc ture  
as that  charac ter i sed  by  X-ray  diffract ion.  Th i s  r ippled 
phase  occurs  as a t rans i t ion  fo rm  be tween the  L,= hi-  
layers and  H a  hexagona l  s tates .  The  fact. tha t  the  
t ippled  phase  was only observed  in d i f f rac t ion  f rom 
samples  con ta in ing  CO PE,  a n d  not  in s amples  o f  pu re  
D O P C ,  does  not  necessar i ly  indicate  tha t  the  r ippled  
s ta te  is pr imar i ly  caused  by  the  addi t ion  o f  D O P E .  T h e  
X-ray s tudies  have  indicated tha t  there  is a th resho ld  
va lue  for the  bi tayer  repeat  o f  4.8 n m  below which  the  
t ipple  occurs ,  and  tha t  this  th reshold  is i n d e p e n d e n t  o f  
the  D O P E  con ten t  o f  the  b r aye r .  T h e  b i layer  repeat  is 
i tself de te rmined  by  the a m o u n t  o f  D O P E  present .  A t  a 
relative humid i ty  o f  57% the b i layer  repeat  is above  4.8 
n m  for the pure  D O P C  bilayers,  a n d  on ly  d rops  be low 
this  value  in the  bi layers  con t a in ing  D O P E .  

The  neu t ro n  d a t a  do,  however,  supp ly  s o m e  ex t ra  
in fo rma t ion  on  the  r ippled phase .  Th i s  takes  the  fo rm 
of  the detc,,-n'fination o f  mosa ic  sp read  in the  r ippled  
and  non- r ipp led  phases ,  a m e a s u r e m e n t  which  is no t  
a lways possible  or  pract ical  to m a k e  wi th  X-ray  di f f rac-  
t ion. The  mosa ic  spread  o f  an  or ien ta ted  s amp le  is 
"nfluenced by  a n u m b e r  o f  factors:  the  wave leng th  
spread,  the  size o f  the  d i f f rac t ing  uni ts ,  t he  b e a m  size, 
the  finite l ength  o f  the  spec imen,  the  s tack ing  order  in 
the spec imen  and  increas ing  sca t te r ing  angles  [5,6]. If 
the  neu t ron  b e a m  pa rame te r s  a n d  s amp le  th ickness  for  
a series of  spec imen s  a re  kept  cons tan t ,  the  mosa ic  
sp read  m a y  be  used  as a m e a s u r e  o f  the  mac roscop ic  
order  o f  the  sample  on  the  mci roscope  slide; the  smal le r  

the value, the  less the  degree  o f  d i sorder  o f  the  bilayers.  
The  observed  va lues  o f  abou t  0.8 ° for 10% D O P E  a n d  
1.2 ° for  30% D O P E  correla te  well wi th  va lues  ob t a ined  
for non- r ipp led  b i layers  o f  D O P C - D O P E  [71. Th i s  can  
be  t aken  to indicate  tha t  the  onse t  o f  the  r ipple is b o t h  
un i fo rm  t h r o u g h o u t  the  s amp le  a n d  tha t  the  r ippled  
phase  itself has  a very  low mosa ic  spread .  

T h e  observa t ions  descr ibed  here  d e m o n s t r a t e  tha t  
n e u t r o n  di f f rac t ion  is a t e chn ique  well sui ted to the  
s t udy  o f  phospho l ip id -wa te r  sys t ems .  T o  da te  it h a s  
been  u sed  to s t udy  h e a d g r o u p  a n d  sa tu ra t ed  fa t ty  acyl  
cha in  c o n f o r m a t i o n  o f  a n u m b e r  o f  p h o s p h o l i p i d  bi-  
layers.  T h e  p re sen t  s t u d y  ha s  s h o w n  tha t  the  m e t h o d s  
work equal ly  well for  non -b i l aye r  sys t ems ,  m a k i n g  the  
potent ia l  for  s tud ies  o f  these  s y s t e m s  e n o r m o u s .  
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