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Summary 

The primary X-ray peak profile characterizing the interchain structure in the 
dipalmitoylglycerophosphocholine membrane has been measured as a function 
of temperature. The scattering between 23 and 34.6°C is characterized by an 
asymmetric crystalline reflection accounting for 85% of the total intensity, the 
remaining 15% being liquid-like in character. At a pre-transition temperature of 
34.6°C, the reflection profile becomes (nearly) symmetrical, indicating a 
change in tilt angle of the chains with respect to the membrane surface. This 
change is accompanied by an increase of 20% in the amount  of  liquid-like 
scattering, indicating that  the pre-transition mechanism includes a partial 
melting of the chains. At the melting point, 41.5°C, the crystalline reflection 
disappears, and the liquid component  of the scattering increases to a point 
where it includes all the scattered intensity. The relative values of the 
integrated intensities at each temperature are tabulated, and the significance of 
the peak widths and shapes are discussed. 

Introduction 

The interchain scattering in phospholipids bilayers is characterized [1,2] by 
a peak, varying in sharpness and position with temperature. The position of 
the peak in s space is determined by the interchain spacing. At lower tempera- 
tures the chains appear to stack into a hexagonal array of rigid rods [1--3], as 
in a 2-dimensional crystalline lattice, while at higher temperatures the packing 
becomes disordered, a state more characteristic of liquid chains. There is a 
transition between the two states at a temperature To, the melting tempera- 
ture, which depends on the chain length, the degree of chain branching arid the 
extent of double bond character. A heat of  8.2 kcal/mol is associated with the 

Abbreviation: DPPC, dipalmitoylglycerophosphocholine. 
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transition [4,5]. Below Tc there is another pre-transition temperature which is 
also characterized by a latent heat, about 0.2-times the magnitude of that  at 
Tc. At this temperature there is a change in the angle of tilt of the chains with 
respect to the bilayer surface. Below the pre-transition temperature the chains 
appear to be tilted at an angle of ~30°C;  above it they are normal to it. In 
dipalmitoylglycerophosphocholine, the relevant value for the pre-transition 
temperature is ~ 34.6 and for the melting temperature Tc, ~42.0 ° C. The Bragg 
interchain spacing below and above Tc are 4.16 and 4.6 A, respectively. Other 
phases have been observed and have been classified by Tardieu and Luzzatti 
[11. 

Many details of the bilayer structure are still unclear. The actual amount  of 
structural order in the chains has not been established. Electron probe and NMR 
measurements indicate a considerable amount  of rotational motion [6--9]. In 
fact, the EPR measurements are interpreted as showing that  the chain order 
only persists to be about the seventh C atom, counted from the polar head 
group. A disturbing fact is that  there is considerable difference between the 
high resolution NMR spectra for sonicated and unsonicated phospholipids. 
Further, the structural details in the region midway between the two surfaces, 
particularly [9] the degree of registry between hydrocarbon chain ends, have 
not been established [9]. This is an important consideration in the mechanism 
of lateral diffusion [10,11], where it is not  clear how both halves of the bilayer 
take part cooperatively in the process; if there were registry, the interpretation 
would be simplified. Also, since sonicated vesicles are widely used as membrane 
model systems, the effect of curvature, which introduces the added complica- 
tion of having to accommodate in the membrane structure two halves of dif- 
ferent area, becomes a significant factor. 

In this report we present results of the X-ray determination and analysis of 
the intensity profiles of suspensions of dipalmitoylglycerophosphocholine as a 
function of concentration and temperature. Surprisingly, no precise determina- 
tion of the peak profile, properly corrected for solvent scattering, and including 
the intensity profile in the angular region to the left and right of the peak, has 
appeared so far in the literature. Since careful intensity comparison techniques 
[12,13[ generally show features which are obscured when Fourier transform or 
deconvolution techniques are used, and since these features are revealing as to 
the physical state of the system, such a study is worthwhile. This is the first in 
a projected series of publications in which the contributions to the scattering of 
each membrane component  and its correlation with the scattering from the 
other component ,  will be evaluated. 

Experimental 

The X-ray measurements were made in transmission gonimeter, fitted with a 
LiF singly bent crystal monochromatic.  A set of slits defined an area of 0.5 
mm 2 at the sample. To eliminate air scattering, the X-ray path between the 
source and the counter was enclosed and helium flowed through it continuous- 
ly. The sample was held in a cell whose windows were made of 5 mil beryllium 
metal. The cell was enclosed in a thermostat  whose temperature could be varied 
between 34 and 100°C. The temperature control was accurate to 0.1°C. This 
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appara tus  was designed to  provide accura te  in tens i ty  measurements  in the cor- 
re la t ion range f rom 1.5 to 50 A and is par t icular ly  useful for  measurements  in 
the region of  the  in terchain  cor re la t ion  dis tance.  It has been ful ly descr ibed 
elsewhere [14] .  Also descr ibed e lsewhere  [15] is the absorp t ion  cor rec t ion  
techn ique ,  based on measuring the in tegrated in tens i ty  o f  the (101)  re f lec t ion  
f rom the cell windows,  and f rom this compu t ing  the absorp t ion  co r rec t ion  at 
all angles. This t echn ique  is an i m p o r t a n t  par t  of  the procedure ,  since af ter  
these cor rec t ions  are applied,  the in tens i ty  pa t te rns  can be d i rec t ly  compared  
or sub t rac ted  one f rom the o ther ,  thus allowing isolat ion of  the scat ter ing con- 
t r ibu t ion  of  the various c o m p o n e n t s  in the system.  

The in tens i ty  pat terns  were measured  with Cu Ks radiat ion,  by step-scanning 
in steps of  0.2 ° 2(-) be tween  8 and 30 ° 2('). Multiple scans were taken,  and the 
data  col lec ted  and averaged on a PDP8/E  compu te r .  16 000 counts  were col- 
lected for  each step,  and a least squares p rogram averaged over 5 adjacent  steps 
to give a probable  er ror  o f  0.3% for each poin t .  The scans were p ro g ram m ed  so 
tha t  d i f fe ren t  parts  of  the pa t te rns  were taken  at d i f fe ren t  times. For  example ,  
the pa t t e rn  be tween  16 and 30 ° would  be recorded ,  then  the pa t t e rn  be tween  
8 and 20 ° 2®, in each case allowing suff ic ient  overlap to ensure tha t  no long 
te rm dr i f t  t ook  place, or tha t  no sett l ing o f  the  suspensions occur red  (see 
below).  Background  cor rec t ions  were negligible. Polar izat ion cor rec t ions  were 
applied.  The intensit ies shown in the  figures are p lo t t ed  against s as abscissa 
(s = 47r/X) sin 6), where  ~. is the  wave length and 6) is one-half  the  scat ter ing 
angle). 

The intensit ies were scaled to  the  units o f  the scat ter ing factors  as follows: 
the scat ter ing curve for  pure  H20 was measured.  This scat ter ing is given by  the 
express ion 

IH2o = F n 2 o +  f~,o. I1+  4##? r: (gH2o(r) --1} sinSrsr dr_] (1) 
0 

where  fH20 and FH2o are the cohe ren t  and incoheren t  scat ter ing factors,  
respect ively,  for  H20,  and gH2o (r) is the radial d is t r ibut ion  func t ion  def ined  
such tha t  4 Tcr2g(r)dr gives the n u m b e r  of  H20 's  in a spherical shell o f  radius r 
and thickness dr abou t  each H,O.  The scat ter ing factors  are tabula ted  record-  
ing to James and Brindley [16] .  The  scaling can be conven ien t ly  done  at any 
value of  s where  the integral t e rm in Eq. 1 is zero. For  H20 a conven ien t  value 
where  this occurs  is at s = 1.76 [17 ,18] .  The measured in tens i ty  at s = 1.76 can 
be equa ted  to ff~2o + FI~2o, thus permi t t ing  the scat ter ing factors  to  be ex- 
pressed in the  exper imenta l  units at all values of  s. The  integral t e rm can then  
also be ob ta ined  f rom Eqn.  1 by di f ference.  

Ex tend ing  this p rocedure ,  the scat ter ing factors  for  the d ipa lmi toylg lycero-  
phosphocho l ine  c o m p o n e n t  present  in each solut ion can be evaluated.  The 
scat ter ing uni t  at each concen t r a t i on  is given by  

F 2 F n : o ) l  x (/~pPC + ,~PPc)x(f.~o + 

where  x is the mole  f rac t ion  of  d ipa lmi toy lg lyce rophosphocho l ine  and the cal- 
cula t ion of  (f~)epc + FDePC) in the expe r imen ta l  units  is s t ra ight forward;  it is 
shown in Fig. 4. The  advantage o f  this p rocedure  is tha t  the measured  scatter-  
ing can be cor rec ted  for  i ncohe ren t  scat ter ing at all angles. In addt ion ,  it per- 
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mits the correction for the H20 molecules bound to the polar head groups of 
the bilayer to be properly applied to gH2o (r), rather than to /H20 [12], thus 
taking account of the fact that  the perturbing effect of the polar layers is felt 
in a partial breakdown of the solvent structure. 

The compositions of the three solutions studied were 4.76, 6.25 and 9.09% 
dipalmitoylglycerophosphocholine weight. These will be referred to as solu- 
tions 1, 2 and 3. On a mole basis the compositions are: 

Solution 1. (DPPC)0.00~22s(H20)0.9988, 

Solution 2. (DPPC)0.o0t632(H20)o.99ss, 

Solution 3. (DPPC)0.002446(H20)0.9976. 

From the chemical formula for dipalmitoylglycerophosphocholine, the con- 
centrations for C in the three solutions are in the ratio of 1 : 1.27 : 1.76 when 
expressed in atomic fractions. 

The H20 scattering scaled to the appropriate concentration was subtracted 
from the measured curves after correction for bound H20 was made. This was 
done by assigning a maximum of 10 to the number of H20 molecules either 
bound directly to each polar head group or otherwise constrained by its electric 
field so that they could no longer be considered as part of the solvent con- 
t inuum. This number is reasonable since there are two centres of ionic charge in 
the head group, each of which would affect at least one tetrahedral unit of the 
HzO structure at the interface. At the highest concentration (solution 3), the 
mole ratio of polar groups to H20 is only 0.0025, so that  the assignment of 
10 would only affect ~2% of the H20 molecules. (Reducing the number to 5 
did not qualitatively affect the results, although it led to ambiguities in the 
quantitative interpretation of the results. Making the physically untenable 
assumption that  the solvent-head group interaction is negligible led to 
unreasonably high amounts of residual scattering on both sides of the peak 
profile, which did not correlate in any way with the dipalmitoylglycerophos- 
phocholine concentration). The correction was made by reducing the integral 
term in Eqn. 1 by an amount  proportional to the bound fraction H20 [12]. 
Physically this implies a decrease in gH2o (r), either because the nearest 
neighbor H20 coordination is weakened by the reorienting effect of the surface 
groups, or because the bound molecules no longer are counted in the evalua- 
tion of gH2o (r). Since the integral term in Eqn. 1 is negative and large out to s 
= 1.76, a decrease in gH2o (r) leads to a significant increase in IH2 o. The scat- 
tering of the bound H20 is included in the calculation of the scattering factor. 
Thus the formula of the solution is modified to 

[DPPC(H20) B] x [H20] 1 -  x n x  

where n is the number of bound water molecules (H20) B. The scattering unit 
for DPPC is then 

(/~)eec + nf~2o)x(FDppC + nFHzo)x. 

Research grade Supelco dipalmitoylglycerophosphocholine was used in all 
the experiments. The solutions were made up by evaporating off the CHC13 
solvent in which the material was dissolved in a stream of N2, adding the 
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appropriate weight of H20 and then alternately shaking the samples in a 
mechanical mixer and vortexing them for 30--60 min at 43°C. The dispersions 
thus prepared did not settle for periods of 24 h, and gave reproducible results 
over this period of time. The advantage of using such dilute solutions is that 
complete randomness is assured. For the sonication experiments, the disper- 
sions were placed in a bath-type sonicator for 60 min at 43 ° C. After this treat- 
ment the samples had become opalescent and exhibited a bluish tinge. 

Results and Discussion 

The scattering curves for H20 and for solution 2 are shown in Fig. 1. They 
are of interest in showing the effect of temperature, and to indicate the mag- 
nitude of the dipalmitoylglycerophosphocholine scattering relative to that  of 
H20. The three states are easily distinguished. Below 35°C, the peak shows a 
considerable asymmetry on the right hand side. Above 35°C the scattering on 
the right of the peak has decreased markedly. The asymmetric properties of 
the two curves are characteristic of a (hk) reflection, uncorrelated in orienta- 
tion or position in the l direction. Since hk planes are limited in the I direction 
by the finite length of the rigid hydrocarbon chains, the asymmetric tail, rather 
than being a diffuse continuous band, is terminated at a point in reciprocal 
space which is determined by the square of the Fourier transform of the rigid 
chain, and its angle of tilt relative to the plane of the bilayer. This fact will be 
discussed more fully below. 

Above 42°C the peak has transformed into a broad band, whose maximum 
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Fig .  l .  S c a t t e r i n g  c u r v e s  fo r  d i p a l m i t o y l g l y c e r o p h o s p h o c h o l i n e  s o l u t i o n  2 a n d  H 2 0 .  The  I t 2 0  cu rve  was  

m e a s u r e d  a t  23  ° C, a n d  t he  t e m p e r a t u r e s  f o r  t he  d i p a l m i t o y l g l y c e r o p h o s p h o c h o l i n e  c u r v e s  are s h o w n  in  the  
f igure .  D i p a h n i t o y l g l y c e r o p h o s p h o c h o l i n e  c o n c e n t r a t i o n  is 6 . 2 5 %  b y  w e i g h t .  S o l u t i o n s  I a n d  3 s h o w  
s i m i l a r  curves .  W h e n  t h e  t l 2 0  s c a t t e r i n g  is r e m o v e d ,  as d e s c r i b e d  in  t he  t e x t ,  t h e  i n t e g r a t e d  areas  o f  t he  

t o t a l  p r o f i l e s  f o r  all t h r e e  t e m p e r a t u r e s  are in  t he  r a t i o  1 : 1 . 3 0  : 1 . 8 0  fo r  s o l u t i o n  1, 2, a n d  3 , i n  agree-  
m e n t  w i t h  t he  m o l e  r a t i o s  of  d i p a h n i t o y l g l y c e r o p h o s p h o c h o l i n e  in  the  t h r e e  s o l u t i o n s .  
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has shif ted to  a lower angle. Compar ison with the t t20  curves shows tha t  there  
is excess d ipa lmi toy lg lyce rophosphocho l ine  scat ter ing at all angles. 

The curves for  solut ion 2, cor rec ted  for  H20 background  and incoheren t  
scat ter ing are p lo t t ed  in Fig. 2. The  integrated areas under  the three  curves are 
the same (within exper imenta l  error)  for  the three  t empera tu res ;  the values, in 
arbi t rary  units  are 3031,  3100 and 3085 for  curves 1, 2 and 3 respect ively.  The 
features  of  the curves are qui te  striking and show tha t  the processes leading to 
comple te  " m e l t i n g "  are complex .  There  is no visible change in curve 1 betwe.en 
23 and 34.6°C. To  be no ted  is the presence of  a faint ,  broad,  liquid-like peak at 
s = 0.78,  cor responding  to a corre la t ion  distance of  9.9 ,,\. At  this dis tance only  
head group corre la t ions  seem probable ,  and since the head group en t i ty  with 
excess e lec t ron densi ty  is the PO2 group,  we ident i fy  the 9.9 A distance with 
the spatial separat ion of  these groups.  The  main peak m a x i m u m  at s = 1.51 
is of  course ident if ied with the Bragg spacing o f  4 .18 A be tween  the chains. 

The  ab rup t  change in the  pat tern  be tween  34 and 35°C signals the appear- 
ance of  a new state of  organizat ion of  the  chains, which persists unchanged  
(curve 2) unti l  the  " m e l t i n g "  poin t  is reached at 41.5"C.  The detail  on the  left  
and right of  the main peak is now much  more  clearly displayed than in Fig. 1. 
There  is l i t t le change in the posi t ion of  the peak m ax im u m .  On the left,  the  
increased scat ter ing now takes the  appearance  of  an unresolved band,  while on 
the right the  tail has decreased to  such an ex t en t  treat the peak profi le  has 
become  nearly Gaussian in shape. The scat ter ing in the  region of  s = 0.78 has 
intensif ied;  in fact  the  curve in this region now appears to be the tail end of 
a band  whose m a x i m u m  is centered  at a lower value of  s, to  the left  o f  the 
range covered by  our  exper iments .  

At 41.5°C,  the scat ter ing is charac ter ized  by  a single diffuse peak,  showing 
a s y m m e t r y  towards  lower angle; the detail  present  in the lower  t empera tu re  
curves has disappeared,  and a first conclus ion would  be tha t  the  scat ter ing is 
now ascribable to  a single state of  chain organizat ion,  liquid-like in character .  
F rom the  modi f ied  Debye  equa t ion  

30~ 
I ~/~ I T=23C,~304~ 34 5°C 

>- I ~// 2 T=346,375,387,400 
J ]1 // 412,414°C 

i ' II II s'=4~64~s°':: 
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Fig .  2. The  i s o l a t e d  d i p a l m i t o y l g l y c e r o p h o s t ) h o c h o l i n e  c o h e r e n t  s c a t t e r i n g  as a f o n ( t i o n  o f  t e n l t ) c r a l u r c .  

D i p a l m i t o y l g l y c e r o o h o s p h o c h o l i n e  c o n c e n t r a t i o n ,  6.25q~ b y  w e i g h t .  
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Smaxr = 7.72 (2) 

the mean  in terchain  dis tance cor responding  to  Smax = 1.39 is 5.56 A. 
The curves in Fig. 2 are free o f  absorp t ion  and incoheren t  scattering,  and 

thei r  intensit ies are normal ized  to  the units o f  the i ndependen t  co h e ren t  scat- 
tering for  d ipa lmi toy lg lyce rophosphocho l ine ,  which is also shown in the  figure. 
We can thus compare  them with each o the r  and use them to calculate the rela- 
tive amoun t s  of  crystal l ine and liquid-like C-C bonds  con t r ibu t ing  to  the curves 
in each t e mpe ra tu r e  region. Implici t  in this m e t h o d  of  assessment is the 
assumpt ion  tha t  the chain organizat ion can be descr ibed by  two states, an 
assumpt ion  based on the  fact  tha t  the  excess scat ter ing on the left  of  the main 
peak in curves I and 2 can be r ep roduced ,  within exper imenta l  error ,  by  curve 
3, scaled down  by an appropr ia te  factor .  The peak in curve 3 is broad  enough 
to  encompass  a range of  d isordered  s t ructures ,  and the re fo re  tha t  state de- 
cribing the  liquid-like material  is def ined  b road ly  enough to  take acco u n t  of  
this fact .  The  second state is def ined  more  r igorously  to mean  tha t  the  material  
in it exists at each t empe ra tu r e  in a single crystal l ine state. Such a def in i t ion  is 
suppor t ed  by  the  fact  tha t  at the 34.6°C pre-transi t ion,  in which there  is an 
ab rup t  increase in the  a m o u n t  o f  liquid-like c o m p o n e n t ,  the  crystall ine peak 
does no t  b roaden  at all, which would  be t rue  if there  were an increase in the  
d isorder  or var ie ty  of  the  crystal l ine states; in fact  it narrows due  to  the 
d imuni t ion  of  the  tail on the right hand side. Physical ly,  the exper iments  do n o t  
as ye t  distinguish be tween  a sys tem in which there  exist  separate domains  of  
o rdered  and d isordered  material ,  and one  in which a por t ion  o f  each chain is 
d isordered.  We tend  to  favor the  latter, since it is diff icul t  to  see how such 
domains  would be fo rmed  in the absence of  a nuclea t ion  effect .  A partial  chain 
disorder ,  on the  o the r  hand,  would  result  f rom an increased internal  pressure 
at the  in ter ior  of  the bi layer,  due  to  curvature ,  or f rom a coopera t ive  e f fec t  be- 
tween  polar  head group and interchain in teract ions ,  in which the  fo rmer  con- 
strains the la t ter  into a c o n f o r m a t i o n  in which the energy balance requires tha t  
a por t ion  of  the chain be disordered.  Discussion of  these effects ,  however ,  must  
remain speculat ive unti l  the  a rch i tec ture  of  the head group layer  is de te rmined  
[19] .  Janiak and coworkers ,  [20] in exper iments  with s tacked layers, have ob- 
served the  appearance  of  a new set o f  peaks in the small angle region at the  
pre- transi t ion poin t ,  which is in te rp re ted  as being due  to  the  d ev e lo p m en t  of  a 
cor rugated  s t ruc ture ,  with per iodic  ripples in the plane of  the lamellae. Pinto da 
Silva [21]  had also observed the  same p h e n o m e n o n  in f reeze-f rac ture  e lec t ron 
mic roscope  studies of  d ipa lmi toy lg lyce rophosphocho l ine .  Our findings are 
compa tab le  with these observat ions,  because the  t ransi t ion to the r ippled struc- 
ture  very l ikely is associated with the appearance  of  a new degree of  dimen- 
sional f lexibi l i ty  in the chains; a partial  l iquefact ion,  at the h y d r o c a r b o n  end 
o f  the molecule  furnishes this. 

The  par t i t ion  of  the  scat ter ing be tween  liquid and crystal l ine forms is accom- 
plished by de te rmin ing  the scaling factors  by which curve 3 must  be multi-  
plied so tha t  it fits curves 1 and 2 at values of  s be tween  1.1 and 1.2. This range 
is chosen because it is midway  be tween  the region at s = 0.78, where there  is 
excess scattering,  and the  region of  the main peak.  In this way overlap f rom 
these two regions is minimized.  It  should be po in ted  ou t  tha t  the fit over  this 
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range is qui te  good,  and tha t  moving the f i t t ing range to  lower or higher values 
of  s has little e f fec t  on the results unless it clearly overlaps one or the o the r  of 
these two regions. The  decompos i t i on  is shown in Fig. 3. The peak areas, for  curve 
1, below the pre- t ransi t ion t empe ra tu r e  are 454 for  the  liquid c o m p o n e n t  and 
2567 for  the crystall ine peak.  The percentage  15% of  liquid-like in tens i ty  is 
real and significant,  and it is t empt ing  to  ascribe it to  a region of  d isorder  in the 
vicini ty of  the  terminal  CH3 group,  involving only  the  first few a toms  of  the 
chain. 

At the  pre- transi t ion t empera tu re ,  there  is a sharp increase of  20% in the 
a m o u n t  of  liquid scattering,  accompanied  by  an equivalent  decrease in the  
a m o u n t  of  crystall ine scattering; the  peak area values are n o w  1080 and 2020 
for  the  two types .  The leading edge of  the  ref lec t ion  has been sharpened to 
bo t h  t empera tu res ;  the  asymmet r ic  tail in the ro o m  t em p e ra tu r e  ( 2 3 ° C ) c u r v e  
has be c om e  even more  p r o n o u n c e d  relative to  the  curve above 34.6°C.  The 
increase of  20% in the a m o u n t  of  liquid c o m p o n e n t  at the pre- t ransi t ion,  rela- 
tive to  the  value of  100% at the  mel t ing t rans i t ion is to  be co m p a red  to  the cor- 
responding values of  the  heats of  t ransi t ion at the  two  tempera tu res ;  the values 
for  these,  measured  calor imetr ical ly  by  Suurkuusk  et al. [22] are 1.6 and 8.2 
keal respect ively ,  also in the  rat io of  1:5.  

With re fe rence  to  the change in ti l t  angle of  the chains at the  pre- t ransi t ion 
t empera tu re ,  we no te  tha t  measurements  of  the  bi layer  repea t  dis tance by  
Rand et al. [23] show tha t  at the pre- t ransi t ion this dis tance increases f rom 
64.2 ± 0.2 h to  70.0 ± 0.8 A. If the  t ransi t ion mechanism involved only  a sim- 
ple ro t a t i on  of  rigid chains, for  a change in ti l t  angle of  30 ° , an increase to 74.1 
A would  be predic ted.  The fact  tha t  ou r  results show tha t  the mechanism is 
accompan ied  with a considerable  a m o u n t  of  partial  " m e l t i n g "  explains this 
d iscrepancy,  because the  end- to-end distance of  a d isordered chain, or of  a 
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Fig .  3.  T h e  c u r v e s  o f  F ig .  3 r e s o l v e d  i n t o  l i q u i d - l i k e  a n d  c r y s t a l l i n e  c o m p o n e n t s .  T h e  c l a shed  c u r v e  is f o l  

a l i q u i d  c h a r a c t e r i z e d  b y  o n l y  o n e  d i s t a n c e .  See  t e x t .  



257 

chain in which  a po r t i on  of  it is d i sordered ,  would  be s ignif icant ly  less. Using 

techniques developed in previous measurements on disordered alkane chains 
[24], a good estimate of the end-to-end decrease could be made but this would 
require  a knowledge  of  the  s ta te  of  registry,  if any ,  b e t w e e n  chain ends.  In the  
absence  of  this,  an exac t  cor re la t ion  b e t w e e n  the  change in b i layer  d imens ions  
and the  increased degree  of  chain d i sorder  is no t  feasible. Qual i ta t ive ly  though ,  
the  two  observa t ions  c o m p l e m e n t  each o ther .  

As concerns  the  angle of  t i l t  and its e f fec t  on the  a s y m m e t r y  of  the  peak  
profi le ,  this  results  because  in rec iprocal  space the  pos i t ion  and shape are deter-  
mined  by  the  rec iprocal  vectors  ha + and kb* ,  charac ter iz ing  the  in terchain  
dis tance ,  and the  square  of  Four ie r  t r a n f o r m  of  the  rigid chain p ro jec ted  a long 
a line in the  c* d i rec t ion  [1 ,2] .  Fo r  h = k = 1 the  equa t ion  of  the  line is s = 
a* + b* + a c * ,  where  a is a c o n t i n u o u s  variable.  Fo r  inf ini te ly  long chains,  a, 
is un i ty  and the  line reduces  to  a po in t ,  to  give a un ique  value for  s. Fo r  finite,  
pe rpend icu la r ly  or ien ted  chains, the  p ro jec t ion  is cen te red  s y m m e t r i c a l l y  
a round  the  po in t  a = 0 on the  line, b e c o m i n g  b r o a d e r  as the  chains shor ten .  For  
t i l ted chains the  p ro jec t ion  is sh i f ted  to  a n o t h e r  value of  a which is d e t e r m i n e d  
by  the  cosine of  the  angle of  tilt .  In real space this co r r e sponds  to  a shif t  o f  the  
p ro jec t ion  of  the  e lec t ron  dens i ty  o f  the  rod  on the  b i layer  plane.  The angle of  
tilt  can be e s t ima ted  f rom the  rat io  of  the  values of  s at which the  tails o f  the  
ref lec t ion  t e rmina t e ;  these  are 1.83 A i and 2.11 A 1 for  curve 2 (36°C) and 
curve 1 (23°C)  respect ively .  The  rat io  1 .83 /2 .11  -- cos ¢ = 0.867,  which gives 
29 ° for  the  angle of  t i l t  ¢. The ca lcu la t ion  pre-supposes  t ha t  the  Four ie r  t rans-  
fo rms  of  the  chains in the  two  s tates  are no t  s ignif icant ly  d i f fe ren t ,  and the  
accuracy  o f  the  e s t ima ted  value is condi t iona l  on the  e x t e n t  to  which this 
a s s u m p t i o n  is valid. 

Final ly ,  since curve 3 in Fig. 3 is the  sca t te r ing  f rom a sys t em o f  liquid 
chains,  it can be r ep resen ted  by  the  equa t ion  

[1 + '~' r 2 sin~sr- ] Ice = f~ 47rp f {g~(r) - -  1} dr  (3) 
SF 

o 

ana logous  to  Eqn.  1, wi th  fc and gcc being the  sca t te r ing  f ac to r  and the  radial 
d i s t r ibu t ion  func t ion  for  the  C a t o m s  respect ively .  The  integral  t e rm  is given 
b y  the  d i f fe rence  be t ween  the  measured  in tens i ty  and fc2c; its f o r m  is d e t e r m i n e d  
by  g~c(r) and f rom this we can es t ima te  the b read th  of  the  neares t  ne ighbor  C-C 
dis tance  d i s t r ibu t ion  be tween  chains.  As a s tar t ing po in t ,  we can choose  a 6 -func- 
t ion for  g(r) ,  wi th  a non-ze ro  value at r0 = 5 .56A.  The  integral  then  reduces  to  an 
express ion  whose  s d e p e n d e n c e  is d e t e r m i n e d  by r ° (sin sro/sro),  this func t ion  nor- 
real ized at the  peak  m a x i m u m  is p l o t t ed  in Fig. 4. I t  can be seen tha t  the  single 
d is tance  d i s t r ibu t ion  a p p r o x i m a t e s  the  measured  in tens i ty  curve qui te  well. 
This is no t  in general  t rue  for  a liquid sys t em,  and while such a resul t  is no t  to  
be cons t rued  as indicat ing t ha t  there  is on ly  one  C-C dis tance  on the  average,  
it does  show tha t  the  m o t i o n a l  character is t ics  o f  the  m e m b r a n e  chains are of  
a m u c h  m o r e  res t r ic ted  na ture  than  those  a p p r o p r i a t e  to  a sys tem of  the  same 
chains possessing all the  degrees  of  f r e e d o m  of  a free liquid. This is in large 
measure  due  to the  fac t  t ha t  t rans la t iona l  m o t i o n  is res t r ic ted  to  2 d imens ions ,  
and  thus  the  free vo lume  available to  each molecu le  is less. Also the  sliding too- 
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Fig .  4.  C o m p a r i s o n  c u r v e s  fo r  u n s o n i c a t e d  a n d  s o n i e a t e d  s o l u t i o n s .  O n l y  a r e p r e s e n t a t i v e  n u m b e r  (40%)  

o f  t he  a c t u a l  e x p e r i m e n t a l  p o i n t s  are p l o t t e d .  

t ion  of  one  chain wi th  respec t  to  a n o t h e r  is cons t ra ined  b y  the  s t rong  at trac-  
t ion be tween  the  po la r  head  g roup  and the  ex te rna l  wa te r  phase,  which  t end  to  
res t r ic t  this  m o t i o n  to  an osci l la t ion of  the  C a t o m s  in one  chain wi th  respec t  
to  those  in ad jacen t  chains.  

Effect of sonication 
To d e t e r m i n e  the  e f fec t  o f  curva ture  on the  chain organiza t ion ,  it was of  

in teres t  to  c o m p a r e  the  sca t te r ing  curves ob t a ined  in the  Bangham t y p e  bi layers  
wi th  those  ob t a ined  on son ica ted  bi layers ,  unde r  equiva len t  concen t r a t i on  and 
ionic s t rength  cond i tons .  No e lec t ro ly te  was added  in e i ther  set  o f  expe r imen t s ,  
because  this would  have m a r k e d l y  a f f ec t ed  the  H20  b a c k g r o u n d  cor rec t ion  
[12] .  Also, we wished to  avoid the  ins tabi l i ty  e f fec ts  observed  by  S u u r k u u s k  
et al. [22] ,  ascr ibed by  t h e m  to  agg lomera t ion  of  the  very small  ( ~ 1 0 0  A) 
vesicles which are ob t a i ned  when  the  Huang  and T h o m p s o n  p rocedu re  [251 
is used. The  son ica t ion  was s t o p p e d  a f te r  the  samples  became  semi- t ransparen t .  
T h e y  were  then  s to red  at r o o m  t e m p e r a t u r e  under  N2 for  24 h be fo re  the  mea-  
su remen t s  were  made .  No a t t e m p t  was made  to  f r ac t iona te  the  vesicles. The  
e x p e r i m e n t s  are thus  o f  a p re l iminary  na tu re ,  bu t  seem interes t ing enough  to 
war ran t  a b r ie f  inclusion.  

Fig. 4 shows the  scat ter ing curves for  the  t w o  types  o f  sys t ems  for  differ-  
ent  t e m p e r a t u r e s .  I t  is seen t ha t  the  curves are in general  qui te  similar,  excep t  
tha t  b o t h  the  pre- t rans i t ion  and the  t rans i t ion  t e m p e r a t u r e s  are lowered  sig- 
n i f icant ly .  The  pre- t rans i t ion  t e m p e r a t u r e  has d r o p p e d  to  33.5°C and the  
mel t ing  t rans i t ion  now appears  at  39.3°C.  The  33.5°C curve shows a slight 
increase,  a b o u t  2%, in the  liquid region relat ive to  the  34.6°C curve for  unsoni-  
ca ted  samples .  We conc lude  f rom these  m e a s u r e m e n t s  t ha t  the  f u n d a m e n t a l  
o rgan iza t ion  of  the  chains is no t  a f fec ted  by  sonica t ion ,  b u t  tha t  the  chain 
s t ruc ture  at any  t e m p e r a t u r e  iIi unson iea t ed  m e m b r a n e s  will appea r  at a lower  
t e m p e r a t u r e  in the  sonica ted  m e m b r a n e s .  This fac t  has i m p o r t a n c e  in a prac- 
tical sense, because  we found  tha t  sonica ted  dispersed sys tems  gave stable 
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results for periods of  t ime roughly  twice  as long as those  for unsonicated  sam- 
ples. Sorficated samples are also less viscous; the consequent  increased ease ot 
manipulat ion  makes their use worthwhi le .  It is interesting to speculate  that 
severe sonicat ion  could lead to a cond i t ion  where the  pre-transition p h e n o m e n o n  
is e l iminated,  and that  the  increased a m o u n t  of  liquid-like chain structure will 
be present at all temperatures be low T c. Further experiments  will be done  to 
see whether  this is true. 

A c k n o w l e d g m e n t s  

We would  like to thank D. Papahadjopoulos  for his assistance and advice in 
preparing the samples. We thank D. Engelman for a stimulating discussion on 
membrane scattering. 

References  

1 Tard ieu ,  A., Luzzat i ,  V. and R e m a n ,  F.C. (1973)  J. Mol. Biol. 75, 711 733 
2 C h a p m a n ,  D., Williams, R.M. and Ladbroke ,  B.D. (1967)  Chem.  Plays. Lipids 1, 445 475 
3 Papahad jop(mlos ,  D., J acobsen ,  K., Nix, S. and Isae, T. (1973)  Biochim.  Biophys.  Acta  311,  330--  

348 
4 L a d b r o o k e ,  B.D. and C h a p m a n ,  D. (1969)  Chem.  Phys. Lipids 3, 304 - -367  
5 t Iubbel l ,  W.L. and McConnel l ,  t t .M. (1971)  J. Am.  Chem.  Soe. 93, 3 1 4 - - 3 2 6  
6 Lee,  A.C., Birdsall, N.S.M., Levine,  Y.K. and Metcalfe ,  J.C. (1972)  Biochim.  Biophys.  Acta ,  255,  43-:  

56 
7 0 l d f i e l d ,  E., C h a p m a n ,  D. and Derbyshi re ,  W. (1971)  FEBS Let t .  23, 2 8 5 - - 2 9 7  
8 Seeling, J. and Seeling, A. (1974)  Bioehim.  Biophys.  Res. C o m m u n .  57, 406 - -407  
9 Wilkins, M.H.F. ,  Blauroek,  A.E. and Fnge lman ,  D.M. (1971)  Nat.  New Biol. 230,  72- -76  

10 Kornbe rg ,  R.D. and MeConnell ,  I t .M. (1971) .  Proe.  Natl. Aead.  Sci. 68, 2 5 6 4 - - 2 5 6 8  
1 l  C h a p m a n ,  D. (1975)  Q. Rev. Biophysics 8 , 1 8 5 - - 2 3 5  
12 Brady,  G. W. and K a p l a m  M.L. (1973)  J. Chem.  Phys.  58, 3535  3541 
13 Brady,  G.W. (1974)  J. Chem.  Phys.  6 0 , 3 4 6 6  3473  
14 Brady,  G.W. and Greenf ie ld ,  A.J.  ( 1967)  Rev.  Sei. I n s t r u m .  38, 736 - -739  
15 Brady,  G.W., C o h e n - A d d a d ,  C. and Lyden ,  E.F.X.  (1969)  J. Chem.  Phys.  51, 4 3 0 9 - - 4 3 1 9  
16 James ,  R.W. and Brindley,  G.W. (1931) .  Z. Kristall  78, 4 7 0 - - 4 8 5  
17 Brady,  G.W. and R o m a n o w ,  W.J. (1960) .  J. Chem.  Phys. 32, 306 
18 Nar ten ,  A.H.,  Danfo rd ,  M.D. and Levy ,  t I .A.  (1967)  Disc. Farad  Soc. 43, 97 106 
19 t t i t chcoek ,  P.B., Mason, R. and Shipley,  G.G.  (1975)  J. Mol. Biol. 94, 2 9 7 - - 2 9 8  
20 Janiak ,  M., Small ,  D. and Shipley,  G.C. (1976)  Biochemis t ry ,  in the press. 
21 Pinto da Silva, P. (1971)  J. De Mierosc. 12, 1 8 5 - - 1 8 9  
22 Suurkuusk ,  ,I., Len tz ,  B.R., Barenholz ,  Y., Bil tonen,  R.L. and T h o m p s o n ,  T.E. (1976)  Biochemis t ry  

15, 1393 1401 
23 Rand ,  R . P . , C h a p m a n ,  D. and Larsson,  K. (1975)  Biophys.  J. 15, 1117 1123 
24 Brady,  G.W. and Fein,  D.B. (1975) .  J. App.  Cryst .  8, 2 6 1 - - 2 6 5  
25 t tuang ,  C. and ' l ' hmnpson ,  T.E. (1974) .  Me thods  E n z y m o l .  B i o m e m b r a n e s  32, 485 489 


