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X-ray diffraction f rom ordered mul t i layers  ha s  been  used  to  s tudy t he  s t ruc ture  of  t he  l ipid-water  s y s t e m  in o r i en ta t ed  
mult i layers  o f  1 ,2-dioleoyl-sn-glycero-3-phnsphodmline  ( D O P C )  a t  30  ° C  as a func t ion  of  water  con ten t .  At  h igh  levels 
of  water  con ten t  the  s t ruc ture  is lamellar  (La)  , compr i s ing  equid is tan t  lipid bi laycrs  o f  c o n s t a n t  t h i c k n e s s  s epa ra t ed  by 
layers  of  water.  T h e  low water  con ten t  s t ruc tu re  is a two-dimensional  hexagona l  a r ray  wi th  na r row wa te r  channe l s  ( H u ) .  
X-ray sca t te r ing  densi ty  profi les a re  derived for  bo th  s t ruc tures .  T h e  p r e p u c e  o f  a s tab le  in te rmedia te  r ippled s t ruc tu re  
be tween  the  L .  and  H n phases  is demons t r a t ed  and  a mode l  is p resen ted  which  involves  a s m o o t h  s t ruc tura l  t rans i t ion  
be tween  the  two e x t r e m e s  desgribed.  T h e  t rans i t ion  f rom L a to H n phase  is  re la ted to  t h e  b i layer  th i ckness  and  no t  to  
any  o ther  variable p a r ame te r  such  as  water  con ten t  o r  composi t ion .  T h e  e f fec t  o f  1 ,2-dioleoyl-sn-glyeero-3-phospho-  
e thano lamine  ( D O P E )  on  the  s t ruc ture  and  phase  t rans i t ion  charac ter i s t ics  o f  the  s y s t e m  is  repor ted.  

In t roduct ion  

Phospho l ip ids  a re  one  o f  the  ma jo r  c o m p o n e n t s  o f  
biological  m e m b r a n e s  a n d  s p o n t a n e o u s l y  f o r m  a wide  
var ie ty  o f  o rdered  s t ruc tu res  wi th  water .  T h e  pa r t i cu la r  
s t ruc tu re  a d o p t e d  by  such  a sy s t em has  been  s h o w n  to  
be  d e p e n d e n t  o n  a n u m b e r  o f  factors ,  i nc lud ing  t emper -  
a t u r e  and  water  c o n t e n t  [1]. If  the  t empe ra tu r e  a n d  
wate r  con t en t  a rc  h igh  e n o u g h  the  phospho l ip id s  a re  
a r ranged  in la tera l ly-disordered lamellae.  Lower ing  
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e i ther  wa te r  c o n t e n t  o r  t e m p e r a t u r e  genera l ly  causes  the  
sy s t em to u n d e r g o  a t r a n s f o r m a t i o n  in to  a n e w  confo r -  
m a t i o n  in wh ich  the  o rder  e x t e n d s  in  m o r e  t h a n  o n e  
direct ion.  R ipp le s  [2], h e x a g o n a l  a r r ays  [3] a n d  c o n s t a n t  
m e a n  cu rva tu r e  ( C M C )  su r faces  [4] a re  e x a m p l e s  o f  
such  s t ructures .  It is a fea ture  o f  p h o s p h o l i p i d - w a t e r  
s y s t e m s  tha t  they  can  m a i n t a i n  a lfigh degree  o f  Order in 
one  d~rcction whils t  p o s s e s s i n g  tit t le o rde r  in a n o t h e r  
p lane .  T h e  exac t  r e la t ionsh ip  be tween  t he  c o n f o r m a t i o n  
o f  the  d i f ferent  p l anes  o f  t h r ee -d imens iona l  o rde r  is  no t  
well unde r s tood .  

T h e  c o n f o r m a t i o n a l  t r ans i t i ons  b e t w e e n  the  v a r i o u s  
morpho log ica l  f o r m s  of  phosphol ipid-w~-ter  s y s t e m s  
have  been  s tud ied  in g rea t  deta i l  in a n u m b e r  o f  sys -  
tems,  a n d  by  a var ie ty  o f  t echn iques ,  i nc lud ing  d i f fe ren-  
tial s c a n n i n g  ca lo r ime t ry  [5-71, X- r ay  d i f f rac t ion  [1,2], 
e lec t ron  m i c r o s c o p y  [8], e lec t ron  sp in  r e s o n a n c e  [9], 
nuc lea r  magne t i c  r e sonance  [10-12] ,  f luorescence  [13,14] 
a n d  l ight  sca t te r ing  [15]. However ,  ne i the r  the  n a t u r e  o f  
the  in t e rmed ia t e  s t ruc tu res  be tween  s table  p h a s e s  no r  
the effect  o f  mixed  p h o s p h o l i p i d  types  on  their  forrna-  
0 o n  have  been  fuUy e lucidated .  Moreover ,  a l t h o u g h  
in te rmedia te  s t ruc tu res  have  been  s h o w n  to be  d e p e n -  

0005-2736/89/$03.50 © 1989 Elsevier Science Publishers B.V. (Biomedical Division) 



dent on the nature of the acyl chain of the phosphotipid 
[6], little is known about the influence of the headgroup 
region of the phospholipid, even though some lipid 
types have a greater propensity to form bilayer rather 
than hexagonal structures, and vice versa [16]. 

Although the lipid content of livir.g ceils can be 
extremely variable, some trends may be noted in the 
composition of membranes of mammals. Phosphatidyt- 
choline is overall the most common phospholipid 
headgroup, and oleic acid represents the most fre- 
quently occurring fatty acid chain. The content of phos- 
phatidyl~:thanolamine also tends to be high in mam- 
mallan cells, particularly in the inner membrane of 
mitochondria. In this study the lamellar to hexagonal 
phase change induced by hydration level has been in- 
vestigated in bilayers of phosphatidylcholine and phos- 
phatidylethanoiamine, both with oleic acid chains. The 
biological significance of the difference conformations 
of phospholipi6-water systems has long been the subject 
of speculation. Whilst lamellar structures bestow a 
selectively permeable barrier to the volumes which they 
occlude, they also permit a certain degree of flexibility 
on the structure and freedom of motion of the individ- 
ual lamellar components. Roles for the non-bilayer 
structures detected in natural membranes [17] in mem- 
brane fusion [18], in phospholipid translocation (flip- 
flop) from one monolayer to the other [19] and in the 
transport of proteins across the bilayer [20] have been 
described, and there is a certain amount of experimental 
evidence for there being a correlation between the 
structural phase of  the phospholipid and the physio- 
logical properties of a membrane [21]. 

X-ray diffraction provides a suitable method for the 
study of the hydration dependent structural transforma- 
tions of phospholipid systems. Most of the previous 
X-ray diffraction studies of phospholipid-water systems 
have used random dispersion samples. Much more in- 
formation can be obtained if the sample is ordered on a 
substrate. An X-ray diffraction pattern from such an 
ordered system can be considered to be the product of 
two components. The first of these is the molecular 
transform and consists of th~ contribution to the dif- 
fraction pattern of the repeating unit within the diffract- 
ing structure. In the lipid-water systems of the present 
study this represents the electron density profile of a 
single lipid and water layer which constitutes the unit 
cell. The other component  is the iattice transform, which 
corresponds to the geometric arrangement by which the 
repeating unit is assembled into the three-dimensional 
array of lipid molecules and water. In its simplest form, 
the lattice transform consists of a row of points on the 
normal to the plane of  a multilayer system of planar 
lamellae, in this present study we have utilised the 
information contained in both components of the dif- 
fraction pattern in an attempt to elucidate the nature of 
the conformational transition, induced by changing tire 
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water content of the system, from planar bilayers to 
hexagonal arrays of cylindrical micelles. 

Materials and Methods 

Sample preparation 
The phospholipids 1,2-dioleoyl-sn-glycero-3-phos- 

phocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-phos- 
phoethanolamine (DOPE) were obtained from Sigma 
and confirmed ~.o be single species by thin-layer chro- 
matography before use. Highly orientated multilayers 
were prepared by spreading 6 - 10 - °  reel (about 5 ms) 
of phospholipid in chloroform over a curved glass (10-20 
mm radius) substrate. The solvent was allowed to 
evaporate unde: a stream of warm air and the sample 
was fully dried under vacuum for 24 h. The lipid was 
hydrated by annealing it for at least 4 h at 7 0 ° C  and 
100% humidity All samples were run at 30°C,  after 
being allowed to equilibrate at this temperature for 1 h 
in the sample c, II. Three types of sample were prepared 
in this way, pure DOPC, DOPC with 10% (mol/mol)  
DOPE and DOPC with 30% (mol/mol)  DOPE. 

X.ray diffractior= 
During the d-~ffraction experiment the samples were 

held in a purl~oSe built environmental cell which al- 
lowed the temperature and humidity to be closely con- 
trolled. The cell contained a small boat of saturated salt 
solution. The choice of salt and temperature controlled 
the humidity inside the specimen cell. The relative 
humidity produced by each set of parameters was de- 
termiraed by duplicating the experimental conditions in 
a sealed dessicator containing a hydrometer. A dehy- 
drated environment was achieved by replacing the 
saturated salt solution with phosporus pentoxide (P2Os), 
and a saturated environment with water. In the camera 
used to produce the diffraction patterns, 0.3 mm col- 
limated, Nickel filtered radiation from a Marconi-Elliot 
GX-13 rotating anode X-ray generator was scattered by 
the sample onto a pack of  four 13 x 18 cm films posi- 
tioned 175 mm away. The diffracted beam path was 
evacuated to reduce background noise from air-scattered 
radiation. The developed films were scanned o~ a Joyce 
Loebl Chromoscan 3 Microdensitometer. The position 
of each diffraction peak was recorded and an iterative 
least-squares refir.ement programme was used to calcu- 
late the lattice parameters of  each sample. 

Corrections 
Before the diffracted intensifies could be used in the 

form of structure factors to calculate the electron den- 
sity distribution normal to the bilayer surfac~ of each 
sample, a nt:mber of corrections were applied. 

(1) Baekg>'ound The background optical density level, 
corresponding to incoherent X-ray scatter and pigments 
in the X-ray film base, was subtracted from each dif- 
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fracted intensi ty.  Th i s  was  achieved by  m e a s u r i n g  the  
optical  dens i ty  o f  each f i lm in the  region  immedia t e ly  
ad jacent  to a peak  an d  in te rpola t ing  across  i ts  base.  
This  value  was  the~  sub t rac ted  f rom the  peak.  Af t e r  
correc t ing  for this factor  the  d i f f rac ted  intensi t ies  were 
de t e rmined  by  in tegra t ing  the  area  unde r  each  peak.  

(2) Lorentz factor. Thi s  fac tor  is appl ied  to each  
reflection, a n d  takes  in to  accoun t  the  sp read ing  ou t  o f  
the  in tens i ty  in reciprocal  space  due  to the  d isor ien ta-  
t ion o f  the  bi layers  in the  spec imen.  T h e  na tu r e  o f  the  
correc t ion  factor  is d e p e n d e n t  o n  the  c a m e r a  geome t ry  
and  ha s  been  descr ibed by  F r a n k s  a n d  Lieb [23]. 

(3) Absorption. A correc t ion  was  appl ied  to al low for 
abso rp t ion  o f  the  d i f f rac ted  rad ia t ion  by  the  l ipid fi lm, 
Th i s  factor,  as descr ibed  by  F ran ks  [24], is a func t ion  o f  
the  Bragg angle.  T h e  largest  cor rec t ion  was  appl ied  to  
the  first o rde r  o f  d i f f ract ion froni  the  fully hyd ra t ed  
sample ,  its in tens i ty  be ing  increased  by  a factor  o f  1.3. 

Phasing the reflections 
I n  order  to  calcula te  the  e lect ron dens i ty  across  each  

bi layer  it  was  necessary  to de t e rmine  the  p h a s e  o f  each  
s t ruc tu re  factor.  T h e  p h a s e  o f  a d i f f rac t ion  peak  f rom a 
cen t ro sym met r i c  un i t  cell m a y  on ly  be  in phase ,  o r  180 ° 
o u t  o f  phase ,  wi th  respect  to ano the r  peak.  T h e  conven i -  
en t  no t a t i on  o f  + or  - m a y  be  used  to indica te  w h e t h e r  
the  phase  o f  a par t icu la r  s t ruc tu re  factor  is 0 ° o r  180" .  
The  m e t h o d  e m p l o y e d  to de t e rmine  the  phase s  is based  
on  the  obse rva t ion  tha t  the  f inal  e lec t ron  dens i ty  dis tr i -  
bu t i ons  o f  a swell ing series o f  b i layers  will d i f fer  f r o m  
each  o ther  on ly  in the  wid th  o f  the  wate r  reg ion  [25]. 
Therefore ,  t he  p h a s e s  o f  the  d i f f rac ted  rays  were de-  
t e rmined  b y  obse rva t ion  o f  c h a n g e s  wi th  hydratio~t. 
Th i s  search  is faci l i tated by  u s ing  any  o the r  i n f o r m a t i o n  
which  pu t s  cons t r a in t s  u p o n  the  expec ted  s t ruc ture .  I n  
our  case  the  s t ruc tu re  o f  the  s a m e  bi layer  sys t em,  a t  two 
hyd ra t i on  levels, h a d  a l ready  been  solved by  n e u t r o n  
di f f rac t ion  [22]. A l t h o u g h  there  a re  d i f ferences  b.~tween 
the e lectron a n d  n e u t r o n  sca t te r ing  profi les  these  dif-  
ferences  are  ne i ther  subs tan t i a l  n o r  unp red i c t ab l e  [26]. 

Resu l t s  

X-ray diffraction pattern 
T h e  X-ray  d i f f rac t ion  f rom assembl i e s  o f  D O P C  falls 

in to  three well def ined  pa t t e rns  d e p e n d i n g  o n  hydra -  
tion. A t  h igh  humid i t i e s  (Fig. 1) the  pa t t e rn  cons is t s  o f  
well-resolved,  on-axis  peaks  co r r e spond ing  to the  lat t ice 
t r a n s f o r m  of  the f u n d a m e n t a l  larnellar b i layer  repea t  
with  uni t  periodici ty.  F r o m  m e a s u r e m e n t s  o f  the  spac-  
ing  of  these  p eaks  it  is poss ib le  to ca lcula te  D,  the  
bi layer  repeat  d is tance ,  which  represen ts  the  wid th  o f  
one  comple te  phospho l ip id  b i layer  and  the  th ickness  o f  
one  water  layer. A t  lower humid i t i e s  an  add i t iona l  set  o f  
dif f ract ion intensi t ies  arises.  T h e s e  in tensi t ies  are  
s i tua ted  close to each  bi layer  peak,  on  b o t h  s ides  o f  the  

Fig. L The Iew-angle region of the X-ray diffraction pattern produced 
by ordered lamellar multibilayers of DOPC. Eight orders of the 
lamellar diffraction intensity may be ~een on the meridian. The large 
rings visible in the diffraction pattern (and also in Figs. 2 and 3) are 
artifactual, and are caused by X-rays scattered by the mylar windows 

of the specimen chamber. 

axis. I n  the  e x a m p l e  s h o w n  in  Fig. 2 these  off -axis  p e a k s  
are  s t ronges t  at  the  s ides  o f  the  first  a n d  fou r th  o rde r s  
o f  the  lamel lar  d i f f rac t ion  peak .  A t  even  lower  h u m i d i -  
t ies ye t  a n o t h e r  series o f  d i f f rac t ion  p e a k s  co-exis ts  wi th  
the  o the r  two  se ts  o f  peaks ,  ind ica t ing  t ha t  the  b i l aye r  
s y s t e m  h a s  t r a n s f o r m e d  in to  the  h e x a g o n a l  Ht t  p h a s e  

i Y • ~.i!~? . 

Fig. 2. The low-angle region of the diffraction pattern of rippled 
multibilayers of DOPC containing 107o (mol/mol) DOPE at 3670 
relative humidity. The off-meridional diffraction peaks which are not 
from a hexagonal phase are strongest to each side of the first- and 

fourth-order lamellar diffraction intensities. 



107 

Fig. 3. The low.angle region of the diffraction pattern of DoPe at 0% 
relative humidity. The distribution of diffraction peaks is quite differ- 
ent to those observed Figs. I and 2, The ~ipcekled appearance of the 
diffraction intensities is caused by the coexistence within the sample 

of a number of discrete domains of phospholipid and water. 

(Fig.  3). S imi la r  d i f f rac t ion  pa t t e rns  were  o b t a i n e d  from 
s a m p l e s  c o n t a i n i n g  10 or  30% ( r e e l / t o o l )  DOPE.  

Bilayer spacing 
T h e  measu red  la t t ice  p a r a m e t e r s  a re  s u m m a r i s e d  

g r a p h i c a l l y  in  Figs.  4 a n d  5, which  show the  re la t ion-  
sh ips  be tween  re la t ive  h u m i d i t y  and  b i l aye r  repea t  dis-  

J , o ,  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ :  . . . . . .  :~__ 

o 2o ~ gh.~ m oo 

Fig. 4. The relationship betweer, the repeat distance (D, .~,ngstroms), 
and relative humidity (r.h., 55) at 300C. zx, pure DOPC; o, IX)PC 
with 10~ (reel/me|) DOPE; 12k DOPC with 30% (reel/reel) DOPE. 
Each point represents the mean of between two and six samples. The 
dashed lin¢~ indicate th~ tc, c, ions ot structural transttton between (top) 
lameUar and rippled bilayers and (bottom) bgtwcgn rippled bi|aycr 

and hexagonal phase. 

S~m 

ma.~ ~n ' 
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At, m .  
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Fig. 5. The relationship between D. the repeat distance, and h. the 
wavelength of the rippled phase (zx) and the repeat for the hexagonal 
pha~e (a). Each point represents a single experimental observation. 
Points fabelled with the latter "p" were obtained from preparations of 
pure DOPC and those indicated with 'm" were obtained from mix- 

ture.~ of .~OPC and DOPE. All units are Angstroms. 

tance  and  be tween  b i layer  repea t  d i s t ance  and  r ipple  
wavelength ,  respect ively.  There  is a d i scon t inu i ty  be- 
tween D for the l ame l l a r  phase  a n d  the hexagona l  
phase.  The  dependence  on D for the  hexagona l  a n d  
in t e rmed ia t e  phases  is the s a m e  for each  phase  wi th  
re la t ive  humid i ty .  

Bilayer profiles 
The  X-ray sca t t e r ing  prof i les  for l ip id  assembl ies  a t  a 

r ange  of  re la t ive  humid i t i e s  were  ca lcu la t ed  f rom the  
correc ted  in tens i t ies  a n d  der ived  phases .  These  scat ter -  
ing prof i les  shown  in Fig. 6 co r re spond  to  the p ro jec t ion  
of  the e lect ron dens i ty  d i s t r ibu t ion  on to  the  n o r m a l  to  
the b i layer  surface.  T h e  p lo ts  a re  a l igned  hor izon ta l ly  to  
supe r impose  the  cent re  of  each  l ip id  bi layer ,  a n d  dis-  
p laced  ver t ica l ly  for clar i ty.  The  peak  of  each prof i le  
reflects the  pos i t ion  of  the e lec t ron-dense  p h o s p h a t e  
g roups  of  the phospho l ip id ,  whi l s t  the  t rough towards  
the cen t re  of  the b i layer  is due  to the t e rmina l  methy l  
g roups  of  the fa t ty  acyl chains .  

Discuss ion  

Bilayer profiles 
W i t h  increased  h u m i d i t y  the e lec t ron  dens i ty  prof i le  

of  D O P C  e x p a n d s  an i so t rop i ca l ly  in  the d i rec t ion  para l -  
lel to the long molecu la r  p h o s p h o l i p i d  axis.  T h e  region 
of  expans ion  is res t r ic ted  to  the a rea  which  represents  
the  wa te r  layer. There  is no  a p p r e c i a b l e  d i f fe rence  in  
X-ray sca t te r ing  prof i le  a t  h igh  h u m i d i t y  b~tween the 
b i layers  c o n t a i n i n g  D O F E  a n d  those  of  pu re  D O P C .  
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0 c 0.,~5 1,,,0 nm 

dtstance through bi laver 
Fig. 6. X-ray scattering density profiles normal to the bilayer across 
half a DOPC bilayer at 3O';C. The vertical scale r~presents relative 
electron density (arbitrary scale) and the horizontal scale is distance 
across the bilayer or, in the case of the hexagonal phase, (line d) 
distance along the vertical line separating the centres of two water 
channels, in each case half of each centrosymmetric unit celt is shown. 
(a) 98~g relative humidity, (b) 37c~, (c) 187o, (d) 0%. The profiles have 

been displaced vertically to prevent superposition of the curves. 

This observation can be explained by the similarity in 
X-ray scattering characteristics of the atoms C, N and 
O, making the PC headgroup indistinguishable from the 
surrounding water. It is interesting to note that apart 
from the contraction of the water layer, there does not 
appear to be any significant change in the electron 
scattering profile between the two phases studied. There 
can be, therefore, no large conformational change in the 
molecular structure of the phospholipid in the transition 
from L~ to Ha,  as confirmed by the samll values of H 
for the thermally reduced bilayer to H n transition [27]. 

The nature of  the phase transition 
The L,  to H u phase transition appears to occur in 

two stages. Intermediate to the liquid crystailir'e phase 
and the hexagonally packed Hll phase, the lipid system 
takes another form. The lack of a second order of the 
intermediate phase reflection even after extensive over- 
exposure of the films suggests that the phase is a 
sinusoidal tipple, since the sine function can be fully 
described in Fourier transformation by a single order. 

This contrast with the P#, ripple ob~erved as the transi- 
tional form between L~, and L a phases in dimyristoyl 
and dipalmitoyl lipid-water systems, which is not 
sinusoidal [2]. The lack of three-dimensional (h, k, 1) 
reflections and the observation of only two-dimensional 
sharp reflections indicate that the ripple is at least 100 
nm deep and precise quantitation is outside the range of 
the experimental methods described here. 

The non-rippled to rippled bilayer transition 
The experimental information given in Fig, 4 sug- 

gests a biphasic relationship between bilayer thickness 
and relative humidity (Fig. 4). This relationship is char- 
acterised by a discontinuity in the dependence around 
the region of D = 4.75 nm, the repeat distance. This 
coffesponds to the transition from planar bilayers to 
intermediate rippled bilayers, indicating that this transi- 
tion is somewhat abrupt, occurring within a relatively 
small humidity range. The abruptness of this transition 
suggests a degree of co-operativity between neighbour- 
ing phospholipids producing a concerted change in 
molecular arrangement triggered by the alteration in 
hydration level. It is interesting to note that the point of 
transition is related to bilayer thickness, and not relative 
humidity, as shown by the observation that the transi- 
tion occurs at the same value of D irrespective of 
DOPE content in the bilayer. 

The rippled bilayer to hexagonal transition 
The transition from rippled bilayer to hexagonal 

phase occurs when the bilayer thickness is in the region 
of 4.5 nm. In contrast to the abrupt well defined transi- 
tion from non-rippled bilayer to rippled bilayvr this 
transformation appears to be broader, though this ap- 
pearance may be due to the limited number of data 
points available. As the relative humidity decreases, the 
X-ray diffraction patterns (see Figs. 2 and 3) show that 
the fi~'st-order ripple reflection changes into the first- 
order hexagonal reflection without a change in the 
dependence of ripple wavelength on D repeat or chang- 
ing the tipple shape. Determination of the repeat dis- 
tance, shown in Figs. 4 and 5 do not exhibit a distinct 
transition point between the tippled bilayer and hexago- 
nal states. The relationship between D-repeat and ripple 
wavelength or hexagonal repeat (Fig. 5) seems to be 
linear, and not related to either humidity or DOPE 
content. This suggests that the cylinder diameter in the 
H n phase and the bilayer ripples have the same dimen- 
sions. Fig. 7 shows a possible model to explain the 
observations. As the humidity decreases the wavelength 
of the ripple also decreases. The combined effect of 
reducing the ripple wavelength and D-repeat produces 
'pockets '  of water connected by narrow water courses. 
Reducing the humidity still further causes the disap- 
pearance of those water courses. Slight rearrangement of 
the lipids around each triangular prismatic water pocket 



Fig. 7. A model of the L~ to H.. phase transition of DOPC which fits 
the experimental observations described in the text. The vertical 
distance between the solid lines represents D, the unit repeal normal 
to the bilayer. At high humidities (over 70%) the phospho[ipids are 
arranged in planar bilayers (a). With dccreesing hydration, the bilayer 
repeat distance drops below 4.75 rim, and Ihc bilayer forms sinusoidal 
ripples (b) of wavelength ~.. As the repeat distance continues to fall 
the tippled bi|ayers come closer together until they meet, causing the 
continuous water layers to break up into triangular prismatic water 
channels. The bilayer,s are dose to this point in (c). Rearrangement of 
the phospholipids around these water channels gives the hexagonal 

Ht~ phase (d). 

as  s h o w n  in Fig, 7, poss ib ly  invo lv ing  e lec t ros ta t ic  inter-  
a c t i o n s  of  the  head-groups ,  p roduces  the H n packing ,  
w i t h o u t  a l t e r ing  the s inuso ida l  s y m m e t r y  of the system. 

Di f f rac t ion  pa t t e rns  co l lec ted  f rom the less h u m i d  
s a m p l e s  t ended  to  have  thei r  d i f f rac t ion  peaks  spli t  up  
in to  m a n y  d iscre te  dots ,  in the fashion of  powde r  dif-  
f rac t ion  spots  (see Fig. 3). Th is  m a y  be in te rpre ted  as  
i nd ica t ing  tha t  the  c o n t i n u o u s  un i fo rm samples  had  
b r o k e n  d o w n  in to  d i sc re te  molecu la r  d o m a i n s  coexist-  
ing w i th in  the sample .  The  d i m e n s i o n s  of  the d i f f rac t ion  
do ts  can  be  used  to e s t ima te  tha t  the  size of  each  
d o m a i n  is g rea te r  t han  200 rim. The  degree  of orien- 
t a t i on  of these d o m a i n s  re la t ive  to each o the r  is com-  
p a r a b l e  to the mosa ic  sp read  of  the h o m o g e n e o u s  sam- 
pies,  s ince al l  the d iscre te  spots  compr i s i ng  each diffrac-  
t ion  peak  supe r impose  the  area  occupied  by the same  
p e a k  in an i so t ropic  sample .  
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The effect of the PE headgroup 
The  mixed DOPC and D O P E  bi layers  do  not form a 

r ippled phase  at relat ive humid i t i e s  above 70%. The 
increas ing a m o u n t s  of D O P E  in the D O P C  bi layers  
reduce the repeat  d is tance  of the sys tem for any given 
humidi ty ,  This  effect is observed at all relat ive humidi -  
ties down  to 0%, where the m i n i m u m  th ickness  of the 
sys tem is reduced from 4.24 nm with no D O P E  to 4.00 
nm wi th  30% DOPE.  These values cor re la le  well  wi th  
neut ron  di f f ract ion s tudies  of  the same sys tems  [22 t . 
This  observa t ion  could bc ~lated to  the lower hyd ra t i on  
level of D O P E  c o m p a r e d  to DOPC,  or  could  be a 
s imple  s te reochemical  phenomenon .  The  neu t ron  dif-  
fract ion s tudies  have shown tha t  increased mo la r  per-  
centages  of D O P E  with a smal le r  po la r  headg roup  than  
D O P C  al low the PC headg roup  to lie closer  to  the 
bi layer  surface. This  would  a l low two bi!ayers  to  come  
nearer  to each other,  thus r educ ing  the observed D-re- 
peat.  Since the presence of the r ipp led  phase,  a n d  its 
wavelength ,  appea r  to be a funct ion  of the b i layer  
spacing,  then any factor  which causes  a decrease  in 
bi layer  spac ing  may, as a secondary  effect, a lso increase  
the humid i ty  thresholds  below which  the r ipple  and  Hit  
phases  occur. 

A n o t h e r  factor  may  also be c o n t r i b u t i n g  to  the nar-  
rowing  of  the bilayers.  Whi ls t  the major i ty  of the phos-  
pho l ip id  headgroups  may  be indi rec t ly  l inked th rough  
hydrogen  b o n d i n g  to ~urface water  molecules  [28,29], 
s t rong  di rec t  in te rmolecu la r  PE-PE  hydrogen  bonds  may  
exist. Such assoc ia t ions  wi th in  b i layers  c o n t a i n i n g  
D O P E  would  imply  a lower level of  hydra t ion  at  a 
pa r t i cu la r  h u m i d i t y  and,  in add i t ion ,  encourage  the 
fo rmat ion  of non-b i l aye r  phases.  
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