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Summary 

X-ray diffraction studies were made on lecithin/cholesterol multilayers with 
very high water  content  and containing the local anaesthetic procaine. Narrow- 
angle diffraction experiments show that the procaine molecules are located 
with the uncharged aromatic amine group approx. 10/~  from the centre of  the 
bilayer. The polar tertiary amine group of  these molecules is almost certainly 
located in the polar head-group region of  the membrane.  Wide-angle diffraction 
experiments show that the incorporation of  procaine molecules into such lipid 
membranes produces an approx. 30% increase in the spread of  acyl chain 
separation, although the average spacing between the chains is slightly reduced. 

X-ray studies were performed with (egg) lecithin/cholesterol multilayers 
prepared with excess water  containing KC1 electrolyte to a concentrat ion of  
10 -3 M. The molecular ratio of  the components  in the multilayer preparations 
used were lecithin : cholesterol : water,  2 : 1 : 50. The large water content  
(with added KC1) was used to obtain a membran~ system as least nominally 
resembling physiological conditions. It is known [1--3] that  electrolyte con- 
centration can strongly modulate  (even reverse!) the effects of  anaesthetic mole- 
cules (such as benzyl alcohol) on the dielectric substructure of  bimolecular 
lipid membranes.  ~' 

The effect  of  procaine was studied by  adding this substance to the electro- 
lyte at a concentrat ion of  2 • 10 -6 M prior to mixing the electrolyte solution 
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with the lipids. This corresponds to a procaine/lecithin ratio of  10 -6. Dis- 
oriented multilayers of  the lipid membranes were prepared by  mechanically 
masticating the mixture. 

To prevent drying-out or oxidation,  the sample was mounted  in a sealed 
cell which had mylar windows to allow the passage of  X-rays through the 
sample. The X-ray camera was a mirror-monochromator  [4] which isolated the 
CuK~l wavelength with the best focussing in the meridional direction. The 
X-ray source was an Elliott rotating-anode generator GX20 (used with a 
helium-filled camera which incorporated the possibility of  an accurately 
calibrated variable sample-film distance). Three diffraction patterns were 
obtained for each sample and the experiments were repeated with four  samples 
to check consistency of  the intensity patterns. The intensities were measured 
using an LC position-sensitive detector  (designed and built  by  A. Gabriel at the 
E.M.B.L.) mounted  in the meridional direction. 

The intensities were scaled so that  the adjusted intensity of the direct, 
unscattered, beam measured through a central pinhole after passing through 
the sample was the same for all samples. After scaling in this fashion the vat/a- 
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Fig. I .  E l ec t ron -dens i ty  prof i les  fo r  l ec i th in l cho les t e ro l  m e m b r a n e s  p r e p a r e d  w i t h  excess 10  -3 M elect ro-  
l y t e  so lu t ions  w i th  p roca ine  a t  2 • 10  -6 M ( ) a nd  w i t h o u t  p roca ine  ( . . . . . .  ). The  re la t ive  in tens i t ies  
fo r  the  t w o  s y s t e m s  s h o w n  were  scaled so t h a t  t he  cen t l a l  ( un sca t t e r ed )  X-ray  b e a m  a f t e r  passing t h r o u g h  
t h e  sample  had  t he  s a m e  (ad jus ted )  in t ens i ty .  The  phases  for  the  f o u l  o rders  used  to  gene ra t e  these  p ro-  
fries w e r e  - -  ~ + - - .  T he  inc ins ion  o f  p r o c a i n e  mo le c u l e s  led  to  large changes  in t h e  h y d r o c a r b o n  reg ion  of  
the  m e m b r a n e s  ( a r row A),  A ~ o w  B ind ica tes  the  b o u n d a r y  of  the  h y d r o p h o b i c  reg ion  d e t e r m i n e d  b y  sub-  
t r a c t i o n  o f  t he  p h o s p h a t e - t o - c a r b o n y l  (C~) g roup  d is tance  ( e s t ima ted  b y  Biildt et  al. [7]  in n e u t r o n  
d i f f r ac t i on  s tudies  of  d i p a l m i t o y l  p h o s p h a t i d y l c h o l i n e  m e m b r a n e s )  f r o m  th e  pos i t ion  of  the  h lgh-dens i ty  
p h o s p h a t e  peaks  in t he  profi les ,  Tills also c o r r e s ponds  closely to  the  p o in t  o f  in f l ec t ion  in the  e lec t ron-  
dens i ty  prof i les  in  t h a t  reg ion .  



2 8 3  

tions in the intensities (for each of  the four diffraction orders) in the different 
samples were all less than +2%. 

The electron~iensity structures of  the lipid membranes with an wi thout  
procaine, reconstructed from the diffraction pattern using the diffraction 
lines up to four orders, are shown in Fig. 1. 

The phases assigned were those obtained using a very basic block model  
of  the membrane and correspond to  those previously published by others 
(e.g., see Ref. 5). With these phases the plot  of  the structure factors as a 
function of  the reciprocal Bragg spacing yielded a smooth  curve wi thout  
extraneous or unexpected peaks incompatible with the known morphology 
of  these membranes.  It is clear that  the effect  of  procaine is to enhance the 
electron~lensity profile, very markedly,  in the region (indicated by  arrow A 
(in Fig. 1) between 7 and 14 ~ from the centre of  the bilayer. 

The mean ratio of  lecithin to total procaine added to the sample was 104 : 
1 (the ratio must be in excess of  this in the lipid membranes themselves as a 
finite amount  of  the anaesthetic must remain in the aqueous phase). Differ- 
ences in the mean electron densities of  procaine and lipids alone are there- 
fore unlikely to affect significantly the mean electron densities of  the bilayers. 
The latter, of  course, could be affected by  modulat ion of  the membrane 
structure induced by  procaine. 

The lipid bilayer membrane is known to consist of a hydrophobic  region 
sandwiched between two more hydrophilic,  polar regions. The precise delimit- 
ing boundaries of  these regions are difficult to define. In the corresponding 
electron-density profiles of  such membranes one could for simplicity (although 
perhaps a little arbitrarily) define the boundaries of  the central hydrophobic  
region to be at points of  inflection in the eleetron~iensity profile leading into 
the polar head-group region. 

This yields a value of  32 ~ for the thickness of  the hydrophobic  region. 
Alternatively, we could make use of  the values determined by  Biildt et al. 
[7] of the distance between the carbonyl region (Ca) and the phosphate 
group in dipalmitoyl phosphatidylcholine membranes above their transition 
temperature  (using neutron diffraction). Assuming that  the peak intensities 
in the electron~density profiles of  the membranes correspond to the high- 
density phosphate  groups, it is then possible to calculate the boundary  of  the 
hydrocarbon region. This was the method adopted by  McIntosh et al. [8] and 
with our profiles yields values for the thickness of  the hydrocarbon regions of 
33 /~ for the control membranes and 34 /~ for the membranes with 2 • 10 -4 
M procaine. 

Both methods  of  estimating the thickness of  the hydrocarbon regions yield 
similar values, although both  are a little larger than the value of  27 .~ deter- 
mined from very low frequency capacitance dispersion measurements [1,3,6] 
on single p lanar  bimolecular lipid membranes with this lecithin/cholesterol 
ratio in 10 -3 M KC1 electrolyte.  

The present s tudy shows that 2 • 10 -4 M procaine with 10 -3 M KCI tends to 
increase slightly the thickness of  the hydrophobic  region. Similar results (i.e., 
about  a 2 A increase in thickness on addition of  procaine) were obtained with 
dielectric measurements made in this laboratory [3] on single planar bimole- 
cular lipid membranes of  this composi t ion in 10 -3 M KC1. 
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Fig.  2 .  T h e  e f f e c t  o f  p r o c a i n e  a t  2 • 1 0  -6  M o n  t h e  w ide -ang l e  X - r a y  d i f f r a c t i o n  p a t t e r n s  a r i s ing  f r o m  
t h e  a c y l  c h a i n s  o f  t h e  l e c i t h i n / c h o l e s t e r o l  b i l a y e r  l ip id  m e m b r a n e s .  P r o c a i n e  s l igh t ly  r e d u c e d  t h e  ave rage  
s p a c i n g  h u t  i n c r e a s e d  m a r k e d l y  t h e  s p r e a d  in  t h e  s p a c i n g ;  t h e  l a t t e r ,  d e d u c e d  a t  t h e  h a l f - i n t e n s i t y  p o i n t s ,  
is i n d i c a t e d  o n  t h e  p ro f i l e s .  In  t h e  h o r i z o n t a l  scale  ( c h a n n e l  n u m b e r s ) ,  5 0  c h a n n e l s  ~ - 0 . 1 1 3 3  u n i t s  o f  
s in  20 ( w h e r e  0 is t h e  d i f f r a c t i o n  ang le ) .  

The wide-angle diffraction patterns with and without procaine, which arise 
from the acyl chains, are shown in Fig. 2. The effect of procaine is to reduce 
very slightly the average (projected) Bragg spacing for the chains *. (from 
4.8 to 4.7 .~) and also to increase the relative spread (determined at the half- 
intensity points in the peaks) by approx. 30%. It would thus appear that in the 
presence of procaine the dynamic range of motion of the acyl chains of the 
lipids is enhanced (or the chains are more disordered). 

The procaine molecule has a polar (tertiary amine) group at one end. This 
group is almost certainly located in the polar head-group region of the mem- 
brane. The non-polar part of the molecule would penetrate into the bilayer 
interior. This would place the aromatic amine group of 9--11/~ from the centre 
of the lipid bilayer membranes (about 5--7/~ into .the hydrophobic phase 
from the polar head-group region). 

Indeed, this is precisely the region where procaine most strongly affects the 
electron<lensity structure of the lipid bilayers. 

* T h e  B r a g g  s p a c i n g  o f  4 .8  ~, f o r  t he  a c y l  c h a i n s  in  t h e  c o n t r o l  s a m p l e  is s o m e w h a t  l a r g e r  t h a n  t h a t  
f r e q u e n t l y  r e p o r t e d  in  t h e  l i t e ra t t t r e  f o r  l e c i t h i n  l i p o s o m e s .  Th i s  c o u l d  b e  d u e  t o  s y s t e m a t i c  e r ro r s  in  
t he  c a l i b r a t i o n  o f  t h e  pos i t i on - sens i t i ve  d e t e c t o r  a t  t h e  w i d e r  angles ,  a l t h o u g h  c h e c k s  m a d e  o n  t h e  
c a l i b r a t i o n  us ing  t h e  p o s i t i o n  o f  t he  f o u r t h - o r d e r  d i f f r a c t i o n  r evea l ed  n o  s u c h  e r ro r .  O u r  s y s t e m  is t h a t  
of  l ec i th in / cho le s t e ro l  a nd  it  m a y  also be  t h a t  the  p resence  of  KC1 changes  the  pack ing  of  the  acyl  
chains  f r o m  t h a t  usual ly  seen  in samples  w i t h  no  e lec t ro ly te .  
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Preliminary experiments in this laboratory using neutron diffraction 
methods with deuterated procaine also confirm the results presented here 
Fl. 

We are grateful to E.M.B.L., Grenoble, for the use of their facilities. We also 
thank J. Sedita, A. Gabriel, J.M. Bois, D. Tochetti and the members of the 
E.M.B.L. Biochemistry group for help with camera construction, detector, 
electronics, data collection and sample preparation, respectively. 
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A N N O U N C E M E N T -  REFERENCE LIST 

References should be brought together at the end of  a paper, under the 
heading References. The names of  all authors must  be given. The numbering of  
the references should be in order of  citation in the text,  not  in alphabetical 
order. The list of  references should always be given on a separate sheet of  the 
typescript,  double- or triple-spaced throughout ,  and should be clearly distin- 
guishable from footnotes.  Authors are responsible for the accuracy of  their 
references and should check whether  every reference in the text  appears in the 
list of  references and vice versa. 

Biochimica et Biophysica Acta implements the recommendations of  the 
Commit tee  of  Editors o f  Biochemical Journals of  the International Union of  
Biochemistry concerning presentation of  reference lists. The recommended 
styles for citation of  journals [1] (abbreviated according to the Bibliographic 
Guide for Editors and Authors *), books [2] and multi-author books [3] are 
given in the following examples: 

1 Pispa,  J .P .  a n d  B u c h a n a n ,  J .M.  ( 1 9 7 1 )  B i o c h i m .  B i o p h y s .  A c t a  247 ,  1 8 1 - - 1 8 4  
2 D i x o n ,  M. a n d  Webb ,  E.C.  ( 1 9 6 4 )  E n z y m e s ,  2 n d  edn . ,  pp.  5 6 5 - - 5 6 7 ,  L o n g m a n s  G r e e n ,  L o n d o n  
3 B r a c h e t ,  J. ( 1 9 6 7 )  in  C o m p r e h e n s i v e  B i o c h e m i s t r y  ( F l o r k i n ,  M. a n d  S t o t z ,  E .H. ,  eds .) ,  Vol .  28,  pp.  

2 3 - - 5 4 ,  Elsevier ,  A m s t e r d a m  

Note that  first and last page numbers are to be included in the reference list. 
Unpublished work and work in preparation should no t  be listed in the Refer- 

ences bu t  should be ment ioned in the text  as follows: (Spector, R., Jr. and 
Glimcher, J., unpublished data). Reference to a 'private communicat ion '  should 
not  be made. A 'personal communicat ion '  should be referred to only when per- 
mission of  the person who made the personal communicat ion is obtained; it 
should be ment ioned in the text,  not  in the list of  references. 

Reference to a paper as 'in the press' implies that  it has been accepted for 
publication and therefore evidence (such as a pho tocopy  of the notice of 
acceptance from the journal concerned) should accompany the submitted 
typescript.  The year quoted  for such a reference should be the best estimate, 
revised, if necessary, at proof  stage; it should be included in the list of  refer- 
ences, the title of  the journal being followed by  the words 'in the press'; for 
example: 

4 S m i t h ,  J .P .  a n d  J o n e s ,  J .E .  ( 1 9 7 9 )  J. Biol .  C h e m . ,  in  t he  press  

Further  detailed information on reference lists and the preparation of  papers 
for publication in Biochimica et Biophysica Acta can be found in Biochim. Bio- 
phys. Acta 582, 1--20 and in the revised (1979) edition of  the brochure Infor- 
mation for Contributors to Biochimica et Biophysica Acta, which is available 
free of  charge from the BBA Editorial Secretariat (P.O. Box 1345, 1000 BH 
Amsterdam, The Netherlands). 

* Bibliographic Support Division, Chemical Abstracts Service, The Ohio State University, Columbus, OH 
43210, U.S.A. 
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ANNOUNCEMENT 

KEY-WORD SYSTEM OF INDEXING 

Authors are requested to select a maximum of six key words (or short 
phrases) and include them with the submit ted typescript.  These will be used in 
the compilation of  the annual cumulative index and will be printed on the title 
page of  the published article. (Authors should note that  American spelling will 
be used.) 

Impor tant  factors of  the investigation as a whole should be selected as key 
words and general terms like enzyme, rat, spectroscopy,  etc. should be avoided. 
In some cases, the general term can be used when qualified; e.g. synaptic mem- 
brane, salicylate transport,  etc. The key words should be chosen so that  the 
combination of  these (as they will appear in the published index) will give the 
reader sufficient direct information as to the relevance of  a given article to 
his/her particular field. 

Example: 
Title: Oestrogen-induced synthesis of  riboflavin-binding protein in immature 
chicks. Kinetics and hormonal  specificity 

Key words: Riboflavin-binding protein; Estrogen induction; Hormonal  
specificity; Clomiphene; (Immature chick) 

The submit ted list may be amended by the editorial office to ensure that  
index entries are consistent throughout  the cumulative index. If the list appears 
with words in parentheses, this indicates that  these words are appropriate to 
the article, bu t  are not  of  sufficient indexing value; these words will not  appear 
as individual index entries, bu t  will be printed each t ime a key-word index 
entry appears. 


