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IN 

SUMMARY 

The electron density distribution across the magnesium stearate bimolecular 
leaflet is calculated from the relative intensities of discrete X-ray  diffraction patterns 
from magnesium stearate multilayers. The generalized Patterson function P'(x) is 
calculated for a system with 3 unit cells. The autocorrelation function Po(x) is deter- 
mined from P'(x). The electron density distribution #(x) is calculated by  a decon- 
volution of Po(x) through a recursion process. 

Diffraction is recorded also from magnesium stearate multilayers with large 
numbers of unit cells. Phase angles are determined from #(x) and by  swelling experi- 
ments. Electron density distributions p(x) are calculated by  Fourier syntheses. 
i-Anilino-8-naphthalene-sulfonate (ANS)is incorporated into this system and the 
effects on its structure are discussed. 

X-ray  diffraction data from lecithin/cardiolipin dispersions are presented. These 
diffracted intensities are a continuous function of the diffraction angle; they can be 
considered to arise from randomly oriented single bimolecular leaflets. The generalized 
Patterson function P'(x) is calculated and it is shown that  in this case P'(x) is identical 
to the autocorrelation function Po(x). #(x) is calculated by  a deconvolution of Po(x). 
ANS in different concentrations is incorporated in the lecithin/cardiolipin bimolecular 
leaflet and the resulting perturbation of its structure is discussed. 

INTRODUCTION 

Fluorescent molecules like i-anilino-8-naphthalene-sulfonate (ANS) have been 
used as probes for structural studies of protein molecules (e.g. ref. i) and biological 
membranes.  These dyes are valuable because the fluorescence characteristics are sen- 
sitive to their local environment. For a detailed analysis of the fluorescence response 
of ANS in a given membrane,  however, the structure of the membrane and the location 
of the probe in it should be known. Such knowledge may  provide some insight into 
the function of the membrane,  since it was shown tha t  the fluorescence of ANS can 
depend on the functional state of a biological membrane 2, 3. 

ANS is known to bind to nonpolar regions of protein molecules such as the 

Abbreviat ion:  ANS, 5-anilino-8-naphthalene-sulfonate. 
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heme binding site of apomyoglobin 1. Biological membranes contain a variety of 
proteins and lipids. I t  is generally thought that  the lipids in biological membranes 
aggregate in such a way as to form lipid hydrocarbon cores. ANS may  be expected 
to bind to such hydrocarbon cores, if they are part  of the structure of a biological 
membrane 4, 5. 

Lipid hydrocarbon cores exist in model systems where polar lipid molecules are 
arranged in bimolecular leaflets. Discrete diffraction was obtained from magnesium 
stearate multilayers and the electron density distribution across the bimolecular 
leaflet was calculated. In addition, the continuous diffraction from dispersions of 
single layered phospholipid vesicles was recorded, and the electron density distribution 
across the phospholipid bimolecular leaflet was obtained. 

ANS was incorporated in both model systems and the effects on the structure 
of the bimolecular leaflets are discussed. 

Some of the results reported have been presented briefly elsewhere ~. 

MATERIALS AND METHODS 

Stearic acid with a puri ty  of better  than 99 % was purchased from Applied 
Science Laboratory.  Purified cardiolipin was purchased from Sylvana Co. Synthetic 
dipalmitoyllecithin was obtained from Calbiochem; this preparation contained a small 
amount  of free fa t ty  acid which could be detected by  thin layer chromatography. 
These substances were used without further purification. All other reagents were of 
analytical grade. Organic solvents were redistilled before use. ANS was obtained as 
sodium salt from Eastman Kodak and purified after the procedure of WEBER AND 
YOUNG 7. I t  was stored as a 0.3 M solution in ethanol in the dark at  o °. The stock 
solution was faintly yellow. 

Magnesium stearate multilayers were built up on a curved glass slide with a 
radius of 20 m m  coated with a freshly evaporated silver mirror after the method of 
BLODGETT s. The glass slide was dipped mechanically through a monomolecular stearic 
acid film on the surface of a lO -3 M MgC12 solution (pH 7.5) in a Langmuir  trough 
until the desired number of bimolecular leaflets was built up. The film in the Langmuir 
trough was kept continuously near the collapse pressure by  a moving float 9. 

Dispersions of phospholipid vesicles were prepared with lecithin and cardiolipin 
in a molar ratio of 8:1 in the following way TM, 11: Small amounts of phospholipids 
were dried down from organic phase on the wall of a glass vessel and subsequently 
suspended in a O.Ol 5 M phosphate buffer (pH 7.5). The suspensions were made as 
concentrated as possible (5-7 %, w/v). They were then sonicated at o o until they were 
optically clear. There was no indication that  this procedure resulted in a nonhomo- 
geneous vesicle population because of separation of lecithin and cardiolipin. The 
sample was finally transferred to a cell made from polymethacrylate with Melinex 
windows for X-ray diffraction experiments. The pathlength of X-rays in the sample 
cell was 1. 5 mm. Multilayer specimens were kept in a closed chamber with Melinex 
windows which could be flushed with helium gas of defined relative humidity, o % 
relative humidity was obtained by  placing the specimen over P205 in the camera 
vacuum at about lO -2 torr (vacuum dried specimen). Experiments were done at room 
temperature (28 ~ 2°). 

A Jalrell-Ash microfocus X-ray  unit with a focusing cathode was the radiation 
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source. Ni-filtered Cu-K a-radiation was used. The effective focal area on the anode 
was 1. 4 mm × 5 #m. The camera axis was set at an angle of 5 ° with the anode surface. 
X-ray cameras were of the Franks' type TM and were equipped with vacuum paths. 
The line source of X-rays was used to obtain the diffraction patterns. The beam width 
at the guard slit was of the order of 15o/~m. The half-width of the beam at the film 
was 125 #m. For multilayer and dispersion specimens the height of the beam at the 
guard slit was 2 mm. 

Diffraction patterns were recorded on Ilford Industrial G X-ray film employing 
cylindrical cassettes with diameters of 62.5 or 125 mm. Densitometer tracings of the 
films were done with a Joyce, Loebl Mark III CS microdensitometer. The integrated 
intensities for discrete diffraction patterns from stearate multilayers with many unit 
cells were obtained from the product of the half-width and the peak maximum on 
the densitometer tracing. The correction factor for the lamellar reflec tion of order h 
for the integrated intensities was h e. The intensities for discrete diffraction patterns 
from magnesium stearate multilayers with a small number of unit cells or from 
phospholipid dispersions were obtained as a function of the reciprocal space co- 
ordinate x* ~ (2 sin 0)/~ from densitometer tracings. The step increase in x* was 
0.52" Io -3 h -1. 

The background for the dispersions was determined by the assumption that 

T A B L E  I 

I N T E N S I T Y  D A T A  F O R  M A G N E S I U M  S T E A R A T E  M U L T I L A Y E R S  W I T H  A N D  W I T H O U T  ALN~S 

The  values  for lobs (h) for N = 25 a n d  43 are the  integrated intens i t ies  of the lamellar reflections; 
for N ~ 3, the  m a x i m u m  ampl i tude  of the  reflections in the  dens i tometer  tracings are given.  
A / ( I / D )  is the  hal f -width of the  reflections in units  of  I / D .  Intens i t i e s  are normal ized  t o  Globs(h)  

h 

= I.O. Signal- to-noise  ratio is the  ratio of the  ampl i tudes  of s ignal  and no ise  of the  s trongest  
reflections observed.  
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t he  i n t ens i ty  m i n i m a  between the  diffract ion m a x i m a  are zero and  a smooth  crave  
was f i t ted  th rough  the  min ima  of the  i n t ens i ty  curve whose form was character is t ic  
for the  camera .  The correct ion factors  for the  in t ens i ty  were (x*) ~ for phosphol ip id  
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Fig. I. Observed diffracted intensities IobB (X*) as a function of x* ~ 2 sinO/~ (k  -I) from dispersions 
of dipalmitoyllecithin/cardiolipin (IA) and dipalmitoyllecithin/cardiolipin with ANS in high (IB) 
and low (IC) concentration.  Noise ill the densi tometer  t racing is indicated for each maximum 
as peak to peak noise. For optical wedges A, B, C and scaling factors see text.  
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dispersions and x* for magnesium stearate multilayers with a small number of unit 
cells. No correction for slit smearing was necessary. Signal-to-noise ratios are given 
in Table I for the strongest reflections. The noise level in the densitometer tracings 
for phospholipid dispersions is given as peak to peak noise in Fig. I. Unit cell di- 
mensions from discrete diffraction patterns were calculated from Bragg's equation 
(nA = 2D sin 0). 

Fluorescence emission was recorded on a Hitachi Fluorescence Spectrophoto- 
meter. 

Computations were performed on a PDP 6 computer of the Medical School of 
the University of Pennsylvania. 

RESULTS 

Magnesium stearate multilayers 
Multilayers of magnesium stearate with a varying number, N, of bimolecular 

layers, or unit cells, were built up. Freshly made specimens or specimens kept in 
a saturated water vapor atmosphere appeared as a turbid film on the silver surface. 
After vacuum drying the same specimen showed the multilayers as a highly trans- 
parent film, exhibiting, depending on the number of layers, interference colors of the 
kind observed with barium stearate multilayers 8. 

The reflections in X-ray diffraction patterns arising from the electron density 
distribution along an x-axis normal to the plane of the bimolecular leaflet ("lamellar 
reflections") were different for specimens kept at IOO % relative humidity during the 
exposure ("hydrated specimens") and for vacuum dried specimens. In hydrated 
specimens the unit cell dimension D along the x-axis was 51.o + 0.6 A (for a specimen 
with N = 43) as compared to 48.3 ± 0.6 A for the same specimen after vacuum 
drying. The reproducibility for D for independent specimens was well within the limits 
given. A marked difference in the relative integrated intensities of the lamellar re- 
flections was observed in diffraction patterns from hydrated and vacuum dried 
specimens (Table I). The 4th and 7th lamellar reflection from hydrated multilayers 
are very weak compared to the neighboring reflections, and the 8th reflection is rela- 
tively strong. In diffraction patterns from vacuum dried specimens, the 6th reflection 
was weak and the 8th was missing. The 4th and 7th reflections were, in contrast to 
the hydrated case, strong. Up to 12 reflections were observed from hydrated mag- 
nesium stearate multilayers and up to 9 from vacuum dried specimens. The repro- 
ducibility of the integrated intensity of the lamellar reflections was studied by com- 
paring the reflections from two independent specimens. For this comparison the 
integrated intensities were normalized to the sum of the intensities of all reflections 
of the diffraction pattern. For hydrated magnesium stearate the deviations were less 
than 4- 6 % for reflections stronger than 0.006 on the intensity scale of Table I and 
less than 4- 25 % for the weaker reflections. The variation in the Patterson function 
P(x) 

2 
P(x) = ~ 27 iF(h)12"exp (--  2:~ixh/D) (I) 

h 
where 

hZ'Iob~(h) ~ IF(h)[z 
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(lobs (h) ---- observed diffracted intensity) for the two sets of intensity data for any x 
was less than 4- 2 % of the peak at the origin. For vacuum dried magnesium stearate, 
the deviations were less than 4- 12 % for reflections stronger than O.Oli in Table I 
and less than 4- 25 % for weaker reflections. The variation in P(x) for the two sets 
of intensity data for any x was less than 4- 7 % of the peak at the origin. 

Six lamellar reflections were observed from a hydrated specimen with 3 unit 
cells of magnesium stearate. Larger deviations of the peak maxima from the ideal 
reciprocal lattice points hiD were observed than with specimens with many unit cells, 
especially for the 4th reflection. The value for D was 51.6 4- 0.8 A. The value for 
the intensity given in Table I for this case is the maximum amplitude of the respective 
reflection in the densitometer tracing. The half-width of the reflections is largec by 
a factor of ~ 2.5 than for the specimens with many unit cells (Table I). The half- 
width of the primary beam at the film in units of I/D with D ~-- 50.0 A was 0.0325. 

Magnesium stearate multilayers with incorporated ANS 
Magnesium stearate multilayers which contained ANS were built up in the 

following way. Stearic acid and ANS in a molar iatio of I ANS per 5 fatty acid 
molecules were dissolved in hexane with a small amount of added ethanol. Mono- 
molecular films of this mixture were spread on the surface of a IO -s M MgC12 solution 
(pH 7.5) in the Langmuir trough. This mixed monomolecular film was then transferred 
onto a silver mirror in the same way as with pure fat ty acid films. In a specimen 
with 25 bimolecular leaflets, the fluorescence of ANS could be easily observed in the 
spectrophotometer. Multilayers of magnesium stearate and ANS showed the same 
difference in optical appearance between hydrated and vacuum dried specimens as 
the magnesium stearate multilayers without ANS. 

In the specimen with incorporated ANS (N = 25) the unit cell dimensions D 
were 52.2 4- 0.3 • and 48. 4 4- 0.6 A for the hydrated and the vacuum dried cases, 
respectively. The reproducibility of D for independent specimens was within the limits 
given. There were no large differences in the relative intensities of the lamellar re- 
flections due to the presence of ANS in the magnesium stearate bimolecular leaflet 
in either the hydrated or the vacuum dried case. With hydrated specimens the 4th and 
especially the 7th reflection was weak and the 8th reflection strong. With vacuum 
dried specimens, the 6th reflection was weak, the 8th reflection was missing and the 
4th and 7th reflections were strong (Table I). Up to IO reflections were observed with 
hydrated specimens and up to 9 reflections with vacuum dried specimens of ANS/ 
magnesium stearate multilayers. The deviations in the integrated intensities for two 
independent specimens were for the hydrated specimens less than 4- 6 % for re- 
flections stronger than 0.007 in Table I and less than 4- 50 % for weaker reflections. 
The resulting variation in P(x) for any x was less than 4- 5 % of the peak at the 
origin. The deviations in the vacuum dried specimens were less than 4- IO % for 
reflections stronger than 0.060 in Table I and less than 30 % for weaker reflections. 
The variation in P(x) for any x was less than 4- 7 % of the peak at the origin. 

Diffraction was recorded also from hydrated specimens with 3 bimolecular 
leaflets of magnesium stearate with incorporated ANS in the same ratio as above. 
Peak maxima and half-width of the first 6 reflections for such a specimen are given 
in Table I. The unit cell dimension for this specimen is 51. 4 4- I.O A. 
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Phospholipid dispersions 
X-ray diffraction was recorded from a sonicated dipalmitoyllecithin/cardiolipin 

dispersion in a molar ratio of 8: i. The diffracted intensity was a continuous function 
of the diffraction angle. No discrete reflections were observed. The microdensitometer 
tracing is given in Fig. IA. Three broad maxima can be distinguished. A and B refer 
to optical wedges of 3.0 and 0.85 absorbance, respectively. The ratio of the scaled 
but uncorrected first and third maxima is 32.5. Peak to peak noise is indicated for 
each maximum. The intensity was recorded to a diffraction angle corresponding to 
spacings of 12. 7/k. For subtraction of background see MATERIALS AND METHODS. 

Phospholipid dispersions with incorporated ANS 
Dispersions of mixed lecithin/cardiolipin (8:1) and ANS were prepared in an 

analogous way to the pure phospholipid dispersion. ANS was dissolved in ethanol 
and added to the phospholipids before they were dried down from organic phase. 
Densitometer tracings of diffraction patterns from lecithin/cardiolipin dispersions 
with ANS in concentrations of i mole ANS per 3 moles of fa t ty  acid residues and of 
I mole ANS per 300 moles of fa t ty  acid residues of the phospholipid mixture are 
shown in Figs. 1B and IC. As in patterns from the pure phospholipid dispersions, 
the diffracted intensities were a continuous function of the diffraction angle and no 
discrete reflections were observed. Diffracted intensities extended out to a diffraction 
angle corresponding to spacings of 12.3/k and 12.7 • for the preparations with high 
and low ANS concentrations, respectively. Although this was approximately the same 
Bragg angle to which diffraction from the pure phospholipid dispersion was observed, 
only 2 maxima could be observed in the preparation with the high ANS concentration. 
These maxima are broader than those of the reference experiments. With the lower 
ANS concentration 3 maxima are observed, but the second maximum is weaker than 
in the reference pattern.  

B and C in Fig. IB  (low ANS concentration) refer to optical wedges of 0.38 
and 1.76 absorbance, respectively. The ratio of the scaled but uncorrected first and 
third maxima is 45.4- A and B in Fig. IC (high ANS concentration) reler to optical 
wedges of 3.0 and 0.38 absorbance, respectively. The ratio of the scaled but un- 
corrected first and second maxima is 13.2. 

DISCUSSION 

Both model systems used in the experiments described above present in prin- 
ciple the structure of the bimolecular lipid leaflet. In this arrangement two mono- 
molecular films of lipid molecules with opposite orientation face each other so tha t  
a mirror plane exists between the two monomolecular films. The following discussion 
is based on this symmetry  of the one dimensional unit cell along the x-axis normal 
to the plane of the bimolecular leaflet. Only diffraction arising from the electron 
density distribution along the x-axis will be considered in the discussion. With oriented 
multilayer specimens diffraction whose origin lies in electron density contrast in the 
plane of the bimolecular leaflet can be recognized in the pat tern and therefore be 
neglected. Phospholipid dispersions can be regarded as systems composed of randomly 
oriented plane single bimolecular leaflets (see APPENDIX). Contributions to the dif- 
fracted intensities from the electron density distribution along the x-axis and in the 
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plane of the bimolecular leaflet cannot in general be distinguished. The maxilimm 
diffraction angle, however, to which intensities were recorded in the dispersion 
patterns, corresponds to spacings of 12-13 A. At this resolution, the structure of the 
unit cell can be considered to have uniform electron density in the plane of the leaflet, 
since the separation of the fat ty  acid chains or the phosphate groups certainly is 
smaller than io  A. The diffracted intensities then arise only from the variation in 
electron density along the x-axis. 

Magnesium stearate multilayers 
The change in optical appearance upon vacuum drying a hydrated magnesium 

stearate multilayer specimen and the linked decrease in the dimension of the unit cell 
observed in X-ray diffraction experiments indicate that there are water spaces in 
these systems. Multilayers from barium stearate do not take up water, and diffraction 
patterns from hydrated and vacuum dried specimens are identical. 

The electron density distribution of the barium stearate bimolecular leaflet has 
been established previously using 17 lamellar reflections13; it contains two peaks of 
high relative electron density which can only be due to a relatively heavy atom. 
The Patterson functions for the hydrated and vacuum dried magnesium stearate 
structure also show that  narrow regions of high relative electron density exist in the 
unit cell. This and the difference in the swelling behavior of the multilayer specimen, 
depending on whether BaC12 or MgC12 solutions (pH 7-5) are used in the Langmuir 
trough during the process of building up the multilayer specimen, are evidence that 
Mg 2+ (or Ba ~+) are incorporated as counterions of the carboxyl groups into the multi- 
layer structure. 

The width of the lamellar reflections from the hydrated magnesium stearate 
multilayer specimen with 3 unit cells (Table I) may be regarded with good approxi- 
mation as the true width of the maxima of the interference function. The half-width 
of the peaks is much larger than that for a specimen with many unit cells and is 
nearly the same for all reflections (Table I). A generalized form of the Patterson 
function P'(x) may then be calculated by an integral Fourier transformation of the 
intensity data 1~. P'(x) then takes into account information contained in the shape of 
the reflections and shifts of the peak maxima from the ideal reciprocal lattice points ~4. 

P'(x) = j IF(x*) 12.exp (-- 2~ix.x") dx" (2) 

--¢O 

In this case, [F(x*)l~ is proportional to x"'Iobs (x"). The correction factor x" arises 
from the geometry of the specimen. Since the primary beam can be treated approxi- 
mately as a b-function, no correction for beam divergence is needed. P'(x) is shown 
in Fig. 3. 

As has to be demanded P'(x) disappears rapidly outside i N ' D ,  where N = 3 
is the number of unit cells. A peak around -4-4.D can still be observed; its amplitude, 
however, has decreased to 5 % of P'(o). Under these conditions, the Patterson function 
of a single unit cell Po(x) can be calculated from P'(x) (see APPENDIX). Po(x) is the 
autocorrelation function of the structure and it can be deconvoluted according to 
HOSEMANN AND BAGCH114, since the structure has a center of symmetry. The decon- 
volution is performed by a recursion process (ref. 14, p. 122-131) and the electron 
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d e n s i t y  d i s t r i bu t i on /~ (x )  o b t a i n e d  in  th is  w a y  for the  h y d r a t e d  m a g n e s i u m  s t e a r a t e  
b i m o lecu l a r  leaflet  is shown  in  Fig.  4;  peaks  of h igh re la t ive  e lec t ron  d e n s i t y  n e a r  
±D/2  are s epa ra t ed  b y  a region  of low a n d  n e a r l y  c o n s t a n t  e lec t ron  d e n s i t y  w i t h  
a cen t r a l  t rough .  /~(x) es tab l i shes  t h a t  the  h y d r o c a r b o n  in t e r io r  of the  s t ea ra t e  bi-  
m o l ecu l a r  leaflet  in  the  h y d r a t e d  m a g n e s i u m  s t ea r a t e  m u l t i l a y e r  is ana logous  to t h a t  
of the  b a r i u m  s t ea r a t e  s t r u c t u r e  es tab l i shed  p rev ious ly  13. C o m p u t e d  va lues  a n d  a n  
ave rage  s y m m e t r i c  cu rve  for #(x) are g iven  in  Fig.  4. The  a s y m m e t r i e s  in  the  com-  
pu ted /~ (x )  are due  to c o m p u t a t i o n  a r te fac t s  a n d  to  the  choice of a va lue  for D. T h e  

1 
p(x) 

hM=9 

I 
p(x] 

-2'0 -,b 6 k~ zb 

ID -  

P'(x) 

O- 

- -  - -  Mognesiurn Sleorote 
- -  Mo~nesJumSk=orote+ANS (5:1) 

/ /  l \  

-20 -I0 0 I0 20 50 IO0 150 
o 

(A) ~ x(~) 

Fig. 2. Profile of the relative electron density p (x) (in arbitrary units) of the unit  cell of the mag- 
nesium stearate bimolecular leaflet in the vacuum dried (top) and hydrated (bottom) state. 
hM designates the maximum number of reflections used in the Fourier synthesis. For correction 
factors and normalization see text. 

Fig. 3. Generalized Patterson function P '  (x) for structures with 3 magnesium stearate bimolecular 
leaflets in the hydrated state with ( ) and without ( . . . . .  ) incorporated ANS. Normalization 
is for P '  (o) = I.O. For correction factors see text. 

Magnesium Sk'orate 

Magnesium $teorale c A N S  (Sq} 

~,(x) 

o-f ~ % d' 

- 2 0  0 20 

,d,~) 
Fig. 4" Profile of the relative electron density ju (x) (in arbitrary units) for the hydrated magnesium 
stearate bimolecular leaflet with ( ) and without ( - - - - - )  incorporated ANS, as obtained 
by deconvoluting Po(x). Average symmetric curves are drawn; • and • mark the computed 
values for magnesium stearate and ANS/magnesium stearate, respectively (see text). 
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values for different #(x) vary systematically around the same symmetric curve, ii 
/t-functions are calculated with systematically increasing values for D within the 
limits imposed by the variation of the sampling intervals hiD. To choose an average 
/t(x) symmetric around the origin, therefore, is justified. 

I t  was shown previously 18 that the barium stearate bimolecular leaflet can be 
described to a good approximation by the following model for the electron density 
distribution p(x) 

p(x) = g(x*){A .6(x + D/2) + A . 6 ( x - - D / 2 )  - - B . b ( x ) )  (3) 

(g(x) = Gaussian function; 6 ( x ) =  Dirac delta function; * stands for convolution 
operation; A,B ---- constants, with A >B).  This model shows peaks of high relative 
electron density at +D/2 corresponding to the layer of Ba 2+ and a trough in the 
center of the unit cell in the region of the terminal methyl groups of the fatty acid 
chains. The electron density in the region of the methylene groups of the fat ty acid 
chains in the model is assumed to be identical with the average electron density. 
The structure factor F(x*) is then 

F(x ' )  = G(x*)" {2A cos (2~ 'x* 'D/2)  - -  B}  (4) 

The proper set of phase angles 9~ for such a structure is an alternating sequence of 
and 0 for the lamellar reflections of order h = 1,2,3 .. . .  The odd order lamellar 

reflections will be systematically more intense than the even reflections due to the 
constant term in Eqn. 4- 

In a first approximation the structure of the vacuum dried magnesium stearate 
bimolecular leaflet can be assumed to fit the same mathematical model as the barium 
stearate bimolecular leaflet because the unit cell dimensions D and the ratios of the 
intensities of odd and even orders of the first few reflections are very similar. There 
is evidence, however, that  in magnesium stearate multilayers there are 2 separate 
layers of Mg z+ between two adjacent lipid hydrocarbon cores (see below). A Mg 2+ 
then binds to two carboxyl groups of neighboring fa t ty  acids in the same bimolecular 
leaflet. The structure of the hydrocarbon core, however, can be expected to be the 
same for both the barium and vacuum dried magnesium stearate bimolecular leaflet. 
I t  can be shown by trial and error that the only phase sequence which meets this 
criterion when the electron density distribution p(x) 

p(x) = 2/D" 2; 1F(h) ]" exp (- -  igh ) • exp (- -  2nixh/D) (5) 
h 

where 

h2. Iobs(h) oc I F(h) [ 2 

is calculated, is the sequence 9h = n,o,n,o,n,o,n,n,o for the orders h = I, 2 . . . . .  9 
(Fig. 2, top). The integrated intensities were corrected by a factor of h2; one factor 
of h arises from the divergence of the X-ray beam 15, the other from the geometry of 
the specimen. 

The characteristic electron density distribution of a fatty acid bimolecular- 
leaflet 13 can be seen in Fig. 2. The peaks of high electron density at the edges of the 
unit cell correspond to the regions of the Mg ~+. At the resolution to which p(x) was 
calculated, the magnesium peaks do not separate from the edges of the unit cell, 
and the missing 8th peak is the only evidence that the layer of Mg ~+ is not located 
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exactly at :LD/2. The inner region of low electron density corresponds to the lipid 
hydrocarbon core composed of packed fa t ty  acid chains. The trough in the center of 
the unit cell is the region of the terminal methyl  groups of the fa t ty  acid chains. 
The minima immediately inside of the magnesium peaks are due to truncation 
artefacts 1~. 

Fourier syntheses, p(x), were calculated also for hydrated magnesium stearate, 
using intensity data for the specimen with 43 unit cells. I t  can be shown by trial and 
error that  only one phase sequence for the first 6 reflections will result in a hydro- 
carbon core in p(x) for the hydrated bimolecular leaflet, which is consistent with #(x) 
obtained by deconvolution of Po(x). Furthermore, there is only one phase combination 
for the higher order reflections which results in a hydrocarbon core consistent with 
that  f or the vacuum dried structure and the barium stearate bimolecular leaflet. 
p (x) calculated with this phase sequence 9h = x, O,Z, O,z,~, 0,~, 0,~, O,z for the orders 
h = 1 ,2 . . .12 is shown in Fig. 2. The intensities were corrected by a factor of h 2 as 
in the vacuum dried case. This phase sequence places the peaks of high relative elec- 
tron density slightly inside of ±D/2. There is a region of low electron density between 
neighboring peaks of two adjacent bimolecular leaflets of approx. 3/~ width. D di- 
minishes by  approximately that  amount when the structure is dehydrated. Since the 
only phase combination, which results in a hydrocarbon core of proper structure and 
dimension for a fa t ty  acid bimolecular leaflet 13, is also the only one which results in 
a small region of low electron density between two bimolecular leaflets, which may  
be identified as water space, it may  be considered to be the correct solution. The 
meaning of these phase sequences can be visualized on the basis of the model in 
Eqn. 3. The two symmetric b-functions are now placed well inside of ~_D/2. Therefore, 
the maxima of the structure factor and the interference function 2~ willget slowly but  
systematically out of phase. This occurs in the hydrated structure in the region of 
the 5th and 6th lamellar reflection and in the vacuum dried structure around the 
8th reflection, because the alternating phase sequence for the model of Eqn. 3 is 
reversed in these regions of reciprocal space. 

Magnesium stearate multilayers with incorporated ANS 
The relative concentrations of ANS and stearic acid in the stock solution used 

to spread monomolecnlar films should be representative for the amount of ANS in 
the multilayer specimen. Although it cannot be excluded that  some of the ANS dis- 
appears into the aqueous phase during the process of spreading in the Langmuir  
trough, most of the ANS must  be contained in the multilayer specimen, since its 
fluorescence can be easily measured. 

P'(x) (Eqn. 2) can be calculated for the specimen with 3 unit cells of ANS/mag- 
nesium stearate (Fig. 3) as before with magnesium stearate. The electron density 
profile/z(x), obtained by  deconvolution of Po(x), is shown in Fig. 4. I t  appears from 
Fig. 4 that  at this resolution ANS causes only minor changes in the structure. This 
observation is consistent with the fact that  at even higher ANS concentrations the 
basic structure of a phospholipid bimolecular leaflet is preserved. I t  can then be shown 
by  trial and error, that  only one phase combination for the first 6 reflections from 
the hydrated ANS/magnesium stearate specimen with 25 unit cells yields a p (x) which 
is consistent with the respective /~ (x) of Fig. 4, namely 9h = re, o,~,o,~,~ for h = 
I, 2 . . . .  6. Similarly, there is only one phase combination for the first 6 reflections, 
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which results in a hydrocarbon core in p (x) for the vacuum dried ANS/magnesium 
stearate specimen with 25 unit cells consistent with # (x), namely 9h = ,~, o,~, o,~, o 
for h = 1,2 .. . .  6. 

In order to find the phase angles for the reflections of order h = 7,8 and 9, 
the assumption is made that the form in p (x) of the hydrocarbon core is similar for 
both the hydrated and vacuum dried specimens also in the case with incorporated 
ANS. The only phase combinations which meet this criterion are 9h ---- o,~, o and 
9h ----- ~, o,~ for h = 7, 8, 9 in the hydrated and vacuum dried structure, respectively. 
This is also the only phase sequence for the hydrated structure, which results in a 
small region of low electron density between adjacent bimolecular leaflets and allows, 
therefore, to account for the observed swelling behaviour. The reflection of order 
h : IO of the hydrated structure is given the phase angle 910 ----- ~, because ~10 = o 
would result in a physically unreasonable structure for the center of the hydrocarbon 
core. The phase sequences for both hydrated and vacuum dried ANS/magnesium 
stearate thus are the same as for the respective structures without ANS, as might 
have been expected, because spacings and swelling behaviour of the respective struc- 
tures are the same and the differences in the relative intensities, especially in the 
vacuum dried case, are not too large. 

The electron density profiles p (x) (Eqn. 5) are shown in Fig. 5. For comparison 
the electron density distributions of the pure magnesium stearate bimolecular leaflet 
were calculated to the same resolution and are included in Fig. 5. The absolute electron 

T 
p(x) 

- ~ o  -Ib 6 ib ~o 

hM=9 

hu=rO 

p(=) ! ~, ,' 

-~o -~b 6 ib ~o 
x(7,) 

Fig. 5. Profile of t he  re la t ive  e lect ron dens i t y  p (x) (in arbitrax~y uni ts)  of the  m a g n e s i u m  s t ea ra t e  
b imolecu la r  leaflet wi th  incorpora ted  ANS (molar  rat io  s t ea ra t e  to  ANS 5 : I) in t he  v a c u u m  dried 
(top) and  t he  h y d r a t e d  (bot tom) s ta te ,  h~t is the  m a x i m u m  n u m b e r  of reflect ions used  in the  
Four ie r  syn thes i s .  For  compa r i son  p (x) of the  respect ive  m a g n e s i u m  s t ea r a t e  s t r uc tu r e  calcu]ated 
to  the  s a m e  resolut ion is also g iven  ( . . . . .  ). For  no rma l i za t ion  and  scal ing fac tors  see tex t .  
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densities in # (x) and p (x) have not been determined. The average electron density of 
the total  structure is chosen as the zero level in all cases. In Fig. 5 it was assumed 
that  the average electron density is not changed in either hydrated or vacuum dried 
magnesium stearate, when ANS is incorporated in the structure and the zero levels 
have been superimposed. The Pat terson functions have been normalized to I.O at 
the origin. This normalization implies a scaling of/z (x) and p (x), since # (x) is derived 
directly from P0 (x) and since the intensities were corrected for calculating p (x) in 
an analogous way as for the Patterson function. 

Regardless of normalization and scaling factors, it appears from Fig. 5 tha t  
especially in the vacuum dried case and at the resolution obtained the general charac- 
teristics of the hydrocarbon cores, viz. methylene regions of nearly constant electron 
density separated by a well-defined methyl  region, are the same for the structures 
with and without ANS. I t  is, therefore, physically reasonable to demand that  the 
scaling procedure result in the same electron density for that  region of the structures. 
The method of normalizing the intensities meets this criterion and, therefore no 
further scaling factors were applied. Only minor differences are to be expected for 
the vacuum dried structures with and without ANS on the basis of the differences 
and reproducibility of the diffracted intensities. The diffracted intensities for the 
hydrated structures with and without ANS, however, although following the same 
general pattern,  are significantly different and this must  correspond to differences in 
the two structures caused by  ANS. p(x) is the projection of the average electron 
density in the plane of the bimolecular leaflet onto the x-axis ~e. The differences in 
the hydrated structures then mean that  incorporation of ANS results in the projection 
in a higher electron density of the polar regions, in a slightly lower density of the 
hydrocarbon core immediately inside the polar regions and in a deeper methyl  trough. 
The fact that  the water  trough is filled up may  be due in part  to truncation error. 

Phospholipid dispersions 
Phospholipid dispersions prepared in the way outlined above are an aqueous 

suspension of small vesicles 1°, 11. Their walls consist predominantly of single bimolecu- 
lar leaflets1°, n. Some vesicles may  have a wall of two or more bimolecular leaflets, 
however, their mutual  geometrical arrangement is not ordered enough to give rise to 
interference of coherently diffracted radiation or there are very few of them, because 
no discrete reflections can be seen in the diffraction pattern~L There is a wide distri- 
bution of diameters of the vesicles 17, if no special precautions are taken in the prepa- 
ration10, n. The lower limit of the diameter lies at 250-350 A. The vesicles have a near 
spherical shape as long as there is no osmotic gradient across the wall. 

The essential prerequisite in order to apply the theories of HOSEMANN AND 
BAGCHI 1~ and to obtain P' (x), Po (x), and # (x) is tha t  diffraction data are obtained 
from systems with small enough numbers of coherently diffracting unit cells that  the 
true width of the maxima of the interference function can be experimentally observed. 
Under these conditions P' (x) is no longer a periodic function. Theoretically, P' (x) has 
to disappear outside of ! N . D .  The half-width of the reflections determine this 
behaviour and it was shown for the barium stearate TM and the magnesium stearate 
bimolecular leaflet (see above) that  experimental P' (x) rapidly disappears outside 
+ N .  D and that  N can be determined from P' (x) for at least N < 4 .  P' (x) for the 
lecithin/cardiolipin dispersion is shown in Fig. 6. I t  appears from Fig. 6 that  P'(x) 
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has very small values outside of approx. ±5  ° A. The thickness of the phospholipid 
bimolecnlar leaflet is approx. 5o ~, and the diffracted intensity from the dispersion 
must arise, therefore, from single bimolecular leaflets at least with regard to the half- 
width and shape of the diffraction maxima. In other words, Po(x) is identical with 
P' (x) (see Fig. 6; dots in Fig. 6 correspond to calculated P0 (x)). (For a dispersion D 
is defined as the distance between the points where the electron density differs for 
the first time from the average electron density of the total system when approaching 
the bimolecular leaflet from the water space along ~x.) 

T 
p*(x) 

Lecithin/Cot diolipin (8,1) 

20 4 0  6 0  

x ( a°] 

Fig. 6. Generalized Pa t t e r son  funct ion P '  (x) for a single dipalmitoyl leci thin/cardiol ipin bimolecular  
leaflet, as ob ta ined  by  an integral  Fourier  t r ans fo rma t ion  of Iob~(x*) f rom the  phosphol ipid  dis- 
persion.  Normal iza t ion  is fo r /~ ' (o )  = i.o. Dots  refer to  compu ted  P0(x). 

Furthermore, a comparison of discrete reflections from phospholipid multilayers 
with the intensity function from dispersions 18 shows that the relative integrated inten- 
sities from the multilayer specimens at high relative humidity, placed at the ap- 
propriate coordinates x* == hiD, match the continuous intensity function from the 
dispersion in the observed region of x*. The diffracted intensities from the dispersion, 
therefore, are proportional to the spherically averaged absolute square of the Fourier 
transform of the electron density distribution of the bimolecular leaflet, taking proper 
correction factors into account (see APPENDIX). 

The electron density profile # (x) can then be obtained by deconvoluting P0 (x) 
(Fig. 8). The proper x-coordinate from which the deconvolution is to be started must 
be determined by trial and error, since the experimentally determined generalized 
Patterson function does not exactly disappear outside ~ D  due to truncation artefacts. 
The best methods to determine the proper value of D were found to be a search for 
that D which satisfies P0 (x) = P '  (x) or which results in a symmetric/~ (x). The correct 
/~-function can be selected, because the solution has to be symmetric and the sym- 
metric solution is unique 14. Best results were obtained with D ~ 54.0 A./~ (x) shows 
two peaks of high electron density at -t=22-23 • separated by a region of low electron 
density. 

These regions are ascribed to the layer of the polar groups of the phospholipids 
and the lipid hydrocarbon core, respectively. The trough at x = o corresponds to the 
region of the terminal methyl groups of the fat ty  acid chains. The electron density 
of that region, as in the fat ty  acid multilayers, is expected to be lower than in the 
region of the methylene groups ]9. The larger width of the methyl trough compared 
to the fat ty  acid bimolecular leaflet may be explained by differences in chain length 
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of the fa t ty  acids of the phospholipids used. If  the fa t ty  acids have small differences 
in chain length, the packing density in the center of the hydrocarbon core may  be 
decreased to a greater extent than by  the terminal methyl  groups alone. The slight 
asymmetry  in the #-function is due to computation artefacts 13, mainly arising from 
the choice of finite intervals Ax and Ax* for the sampling of Po(x) (see APPENDIX) 
and the intensity data. 

LecithlnlCardiolipin + ANS 
(ANS Per Fatty Acid Residue) 

. . . .  1:300 

- -  13 

O5 

p'(×) 

O- x \ \  \ _ _ _ _ _ 

\x  / 

xx / 

x t ~ 

- 0 5 -  

\ / 

2'0 40  6'0" @~) 

Fig. 7" Generalized Patterson function P'(x) for the dipalmitoyllecithin/cardiolipin bimolecular 
leaflet with incorporated ANS. ANS concentrations are i ANS molecule per 3 ( ' ) and per 
300 ( . . . . .  ) fatty acid residues of the phospholipids. Normalization is for •' (o) = I.O. 

P' (x) and/u (x) for lecithin/cardiolipin with incorporated ANS is shown in Figs. 
7 and 8, respectively. The thickness of the bimolecular leaflet is not affected, if ANS 
is incorporated in the lecithin/cardiolipin bimolecular leaflet in the low concentration 
of one ANS molecule per 300 fa t ty  acid residues (D = 54.0 •). The central trough in 
the electron density distribution has become wider and the peaks of high electron 
density in the region of the polar groups extend further into the interior of the unit 
cell than in the reference structure. This means that  both the structure of the layer 
of the polar groups and of the hydrocarbon core are perturbed. 

A marked decrease in D occurs if ANS is present in the higher concentration 
of one ANS molecule per 3 f a t ty  acid residues (Figs. 7, 8). The best value for D is 
39.0 A. The electron density function shows that  even at such high ANS concen- 
trations the general structure of the bimolecular leaflet is preserved. The region of 
the polar groups is of comparable width to the reference and the decrease in D is due 
to a decrease in the thickness of the lipid hydrocarbon core. The resolution of the 
#-function is determined by  that  of the Patterson function from which it is derived. 
The small peak in the center of the hydrocarbon core is not likely to be significant. 
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The  average electron density of the whole hydrocarbon core is lower than in the 
reference and a well-defined methyl  region is absent. No such collapse of the hydro- 
carbon core was observed in the magnesium stearate bimolecular leaflet. One reason 
for this may  be that the ANS concentration there was not as high as here. Regardless 
of ANS, however, the hydrocarbon cores of the fatty acid and phospholipid bimolecu- 
Jar leaflets differ with regard to the unsaturation and homogeneity of the fatty acid 
composition. The glyceryl phosphoryl choline residues of the phospholipids may also 
affect the structure of the hydrocarbon interior. 

Electron density distributions for dispersions can be calculated also by a Fourier 
transformation of the square root of the intensity function in order to study the 
internal consistency of the deconvolution procedure. Values for the phase angle in 
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F ig .  8. Profile of the relative electron densi ty  # (x) (in arbitrary units) for the dipalmitoyl leci thin/  
cardiolipin bimolecular leaflet w i th  incorporated A N S  in low (top) and high (bottom) concen- 
tration. A N S  concentrations are I A N S  molecule per 3 and 300 fa t ty  acid residues of the phospho- 
lipids. As reference, /~ (x) for the dipalmitoyllecithin]cardiolipin bimolecular leaflet wi thout  AI~S 
is included ( . . . . .  ). 
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the intervals of the reciprocal space coordinate within each of the maxima of the 
intensity function must then be chosen. I t  may be noted that  for each dispersion 
pattern, one and only one of the several possible electron density functions obtained 
by such a Fourier synthesis was identical with the corresponding/,-function whereas 
all the other Fourier syntheses were not even similar to /, (x). The combination of 
phase angles for this to occur was ~, o,~ for the 3 maxima in the intensity function 
for the dispersions of lecithin/cardiolipin and lecithin/cardiolipin with low ANS 
content. For the lecithin/cardiolipin dispersion with the high ANS concentration the 
/,-function was reproduced by a Fourier synthesis with phase angles of ~ and o for 
the first and second maximum. 

CONCLUSIONS 

The number of coherently diffracting unit cells in the lipid model systems used 
in these experiments can be controlled in several ways. I t  was shown by HOSEMANN 
AND ]3AGCH114 that  a direct analysis of X-ray diffraction can be performed if intensity 
data are obtained from systems with a small enough number of unit cells that  the 
true width of the maxima of the interference function can be observed experimentally. 
The autocorrelation function Po (x) can then be calculated from a generalized Patter-  
son function P' (x), obtained by an integral Fourier transformation of the observed 
intensity function. 

Experimentally determined P' (x) disappears rapidly outside i N ' D ,  and N 
can be determined from P' (x). P'  (x) was calculated for a system with 3 unit cells of 
magnesium stearate. The electron density distributions/,  (x) of these systems can be 
derived by deconvoluting P0 (x), since they are centrosymmetric . / ,  (x) for hydrated 
magnesium stearate shows peaks of high relative electron density near ±D/2 (Mg ~+) 
and an inner hydrocarbon core with low and nearly constant electron density (methyl- 
ene region) with a central trough (methyl region of the fa t ty  acid chains). 

/, (x) determines the phase angles of the first 6 lamellar reflections from 
hydrated structure with a large number of unit cells. The phase angles of the observed 
higher order reflections of the many unit cell structures are determined by swelling 
experiments and comparison with the barium stearate structure whose electron den- 
sity profile has been established previously to much higher resolution 13. 

A similar phasing argument is developed for magnesium stearate with incorpo- 
rated ANS. Fourier syntheses p (x) are calculated with the thus established phase 
sequences. All/ ,  (x) and p (x) show that  the basic structure of the magnesium stearate 
bimolecular leaflet, as revealed by the projection of the electron density in the plane 
of the leaflet onto the x-axis, is preserved when ANS is added. With a molar stearate: 
ANS ratio of 5 : I, the sulfonate group of ANS would have to be resolved, if the ANS 
molecules were completely buried in the hydrocarbon core, as can be verified by 
model calculations. 

These findings are consistent with a model in which the sulfonate group of the 
ANS molecule is located in the layer of the magnesium ions, and the apolar residue 
of ANS, probably the naphthalene ring, penetrates in between the fat ty  acid chains 
of the bimolecular leaflet. The higher electron density in the layer of magnesium ions 
and the slightly perturbed structure of the hydrocarbon core immediately inside the 
magnesium peak in the hydrated ANS/magnesium stearate structure support this 
model. 
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Phospholipid dispersions may be regarded with good approximation as a system 
of randomly oriented planes of single bimolecular leaflets. /~ (x) of the phospholipid 
bimolecular leaflet shows two peaks of high relative electron density separated by 
a region of low electron density and a central trough; these regions are ascribed to 
the layer of polar groups (mainly phosphorus atoms), and to the methylene and 
methyl regions, respectively i~. ANS in low concentrations has minor effects on the 
structure at the resolution obtained. At high ANS concentration, however, the thick- 
ness of the bimolecular leaflet decreases by approx. 15 A. This is mainly due to a 
perturbation of the structure of the hydrocarbon core. A model analogous to that 
derived for the magnesium stearate structure can be discussed for the location of 
ANS in the phospholipid bimolecular leaflet. The sulfonate group of ANS with its 
relatively high electron density has to be placed in the layer of the polar groups of 
the phospholipids. The most probable reason for the decrease in D at high ANS 
concentrations is that  at least a part of the apolar residue, probably the naphthalene 
ring, penetrates in between the fat ty  acid chains of the hydrocarbon core. This apolar 
residue is much shorter than the average fa t ty  acid chain. I t  is well known that mixed 
crystals of fa t ty  acids of different chain length show long spacings in X-ray diffraction 
patterns which lie between the values observed with the pure components 2°. The 
analogous phenomenon should occur in phospholipid bimolecular leaflets with a high 
content of ANS, if it is located as discussed in the above model. 

Fluorescent molecules like ANS are used as probes for the structure of biological 
membranes. It  is well known that ANS binds to apolar regions of protein molecules 1. 
However, if an aggregation of polar lipid molecules into a lipid hydrocarbon core is 
part of the structure of a biological membrane, ANS will be incorporated also in that  
part of the membrane. In higher concentrations ANS can change the molecular 
architecture of such regions. These observations may help to explain the complexity 
of the fluorescence response of ANS when bound to biological membranes. 

APPENDIX I 

Derivation of the autocorrelation function Po (x) 
The one-dimensional generalized Patterson function P'  (x) (Eqn. 2) can be written 

P ' ( x )  ~ I / D ' { P o ( x ) *  [l(x) .a(x)~};  a(x)  = s ( x ) , s ( - - x )  

(l (x) = one-dimensional lattice function; s (x) = shape function, defined as s (x) ---- I 
and s (x) = o for Ix] < N . D  and Ix t > N . D ,  respectively. P '  (x) can be represented, 
therefore, by a convolution of Po(x) with a weighted lattice function I I (x) 'a(x) j ,  
where [l (x). a (x)l ~= j.D = P'  (J" D)/Po (o), with j = o, I , . . .  N. 

The following equations can then be derived 

P ' ( x i )  = {P ' (o ) .  Po(xi) + P ' ( D ) ' P o ( x i  - -  D) }/P0(o) 

P ' ( x i  - -  D) = {P ' (o) -  Po(x l  - -  D)  + P ' ( D ) ' P o ( x d  }/Po(o) 

and can he solved for Po (xi) for any xi in o < x i <  D(ref. 13). Two new functions p (x) 
and/2 (x) are defined after HOSEMANN AND BAGCm (ref. 14, p. 123). 

x + Ax/2 x + dx/2 

p ( . )  = ] = j- 
X--AX,'2 X--~Ix~2 
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/, (x) can be obtained by  deconvoluting p (x) by a recursion formula, since in the one- 
dimensional case 

h 

p ( - - D  + h. Ax) = ~ Iz( i 'Ax) ' l~([h-- i] 'Ax);  h : o,1,2 . . . .  D/Ax  (3) 
i = 0  

APPENDIX I I  

Intensity correction factors for phospholipid dispersions 
A phospholipid vesicle may  be treated as a spherical shell of average radius R o, 

whose wall is a bimolecular leaflet. The spherically symmetric electron density distri- 
--).  

bution is p (r). I ts  Fourier transform G (r*) is 

G(r') = 2~ i r2"p(r)'sin (2rlrr*)/r~rr* dr 

0 

The bimolecular leaflet extends from r = R- -D/2  to r = R + D / 2  and is assumed to 
be symmetric around R. A symmetric function can be described approximately by  
a set of narrowly spaced and pairwise symmetric &functions. 

h 

p(r) = Z A(ui).{•(r--ER +u,~) + b ( r - - [ R - - u i J ) } ;  u i = i A r ;  n = D/2.Ar 
t = 0  

where A (u) is a scaling function. Then 

h 

I G(r*) 12 oc const .  27 A2(ui)/(r*) 2. {R2.sin ~ (2r~r*R)-cos 2 (2~r*ui) + 
* ~ 0  

ut/2" R" sin (4r~r*R). sin(4r~r*, u,) + u, 2. cos 2 (2~r*R).  sing (2xr*ui) } 

R o is the average radius of the vesicles. If  a gaussian distribution M (R) of the values 
of R is assumed, 

M(R) = exp ( - - f l [R-  Ro] 2) 

the coefficients of the first, second and third term in ]G(~*I2 have to be replaced by  

oo oo 

c.j m.M(R).sin~ (2~r'R) dR, c.u,/2, j R.U(R).sin (4~r'R) dR 

0 0 

and 
oo 

c'ui  2" f M(R)" cos 2 (2r~r*R) dR, 

0 

respectively, where 

c =  i / J  M(R) dR. 
£ - -  

0 

These integrals can be solved and it can be shown that  the second and third term in 

IG (7")12 can be neglected with good approximation: 

h cos2 (2~,*~,) 
I G(r*)l 2 ~ 27 A2(u,) 

=o (r ~)~ 
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T h e  e r r o r s  e (R,r*,ui) i n t r o d u c e d  b y  t h i s  a p p r o x i m a t i o n  a re  of t h e  o r d e r  of less t h a n  

D2/4.Ro 2, s ince  ui<~D/2 a n d  s ince  i n t e n s i t y  d a t a  we re  r e c o r d e d  for  r* > I / R  o on ly .  

W i t h  v a l u e s  for  D ~ 5 o  A a n d  R 0 ~  15o A, t h e s e  e r ro r s  a l r e a d y  a re  less t h a n  3 % of 

IG(r*)l 2. D i s p e r s i o n s  m a y ,  t h e r e f o r e ,  be  t r e a t e d  as  a s y s t e m  of r a n d o m l y  o r i e n t e d  

p l a n e s  of s ing le  b i m o l e c u l a r  leaf le ts .  
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