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A HYPOTHESIS ON THE STRDCTURE OF THE 
I? IOLISLTBRAITE I; IP ID BILAY l3R 

PdIK LIIIIELSAAR 
I n s t i t u t e  of General ,and Xo lecu la r  
Pathology,  Ta r tu  S t a t e  V n i v e r s i t y ,  
Ta r tu ,  Es ton ia ,  U.S.S.R. 

Abs t rac t  A novel  biomembrane l i p i d  b i l a y e r  
i m i t a t i o n  has been b u i l t ,  using new T a r t u  
p r e c i s i o n  s i a c e - f i l l i n g  ntomic-molecular 
models. According t o  t h i s  model, t h e  men- 
brane c o n t a i n s  t r i m e r i c  hexagonal-p r i s i n a t  i c  
l i p i d  u n i t s ,  vM,cli a r e  bound t o  one a n o t h e r  
most ly  through weak i n t e r a c t i o n s  between 
hydrocarbon chains, composing a dynamic 
honeycomb-like p n e r a l  s t r u c t u r e .  Thesea2 
u n i t s ,  having a c r o s s - s e c t l o n  area. o f  222 A,  
c o n s i s t  o f  t h r e e  per igdier icEl ly  p l aced  mol-  
e c u l e s  o f  f u n d m e n t a l  l i p i d s  (t ; . lo-tailed 
g lycero-  and s p h i n g o l i p i d s )  and c e n t r a l l y  
l o c a l i z e d  molecules  o f  a s s i s t a n t  l i p i d s  
( s t e r o l s ,  hopanoids,  c a r o t i n o i d s ,  t e r p e n e s ,  
e t c . )  o r  i c e - l i k e  water .  The u n i t s  a r e  most- 
l y  h e l d  t o g e t h e r  by wa te r  b r i d g e s  and e lec-  
t r o s t a t i c  i n t e r a c t i o n s  between l i p i d  polar 
Groups as w e l l  by van-der-Wnala c o n t a c t s  
be tveen  fundamental  and a s s i s t a n t  l i p i d s .  

It i s  g e n e r a l l y  accepted  t h a t  t h e  main s t r u c t u r a l  
component of  biomembranes i s  a l i p i d  b i l a y e r  
formed by g lycero-  and s p h i n g o l i p i d s  having  
c e n t r a l l y  l o c a l i z e d  a p o l a r  hydrocarbon tai ls  
and p e r i p h e r i c a l l y  p l aced  ( o r i e n t e d  t o  the water )  
p o l a r  groups.  There are  many hypotheses  on the 
biomembrane g e n e r a l  s t r u c t u r e ,  bu t  the  most p o p -  
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230 R MIKELSAAR 

1 l a r  one to-day i s  the f l u i d  mosaic model , 
according t o  which the  l i p i d  b i l aye r  i s  a s o r t  
o f  Q "sea" of l i p i d  molecules with f l o a t i n g  ' l i c e  
bergs" o f  per ipher ica l  and i n t  etJral proteins .  
This model proposed i n  1972 i s  o f  considerable 
value in the  explanation of diverse  experimental 
data obtained i n  c e l l  membrane invest igat ions.  
Unfortunately, i t  doesn't provide any knowledge 
e i t h e r  on the exact s p a t i a l  a rch i tec ture  o f  li- 
p i d  molecular complexes o r  the reason f o r  the  
asymmetric nature and la rge  d ive r s i ty  o f  mem- 
brane l i p i d s .  The f l u i d  rnosaic model has not 
cas t  any l i g h t  on the  ro l e  plr,:ptd by the  l i p i d  
b i layer  i n  the processes o f  ion ic  permeability, 
bioenergetics and the t r ans fe r  o f  nerve impulses. 
Nor i s  there  any e q l a n a t i o n  for the  contra- 
dictory s i tua t ion :  the  cheiaically ac t ive  po la r  
groups theo re t i ca l ly  ought t o  i n t e r a c t  and f i x  
l i p i d s  t o  one another but f ac tua l ly  the l a t t e r  
e r e  very mobile and have a high r a t e  o f  
diffusion. 

date  the d e t a i l  structixre and exact r o l e  o f  the  
biomembrane l i p i d  b i layer  by means o f  molecular 
modelling. 'Jnder the supervision o f  the  author 
o f  t h i s  paper new precis ion space- f i l l ing  atomic- 
-molecular models were elaborated in Tartu S t a t e  
University. Due t o  the  extraordinary firmness of  
connectors and improved theo re t i ca l  parameters 
the l a t t e r  a r e  highly su i t ab le  for the  modelling 
o f  membrane l i p i d s ,  proteins  and other  macro- 
rno1.ecules~s3. Unti l  now only a s l ior t  paper on 

l a t e m l  

The aim of  the present work N~LS t o  eluci-  
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STRUCTURE OF BIOMEMBRANE LIPID BILAYER 23 I 

biornembrane modelling with new Tartu models has 
been published 4 

On the bas i s  Q €  nolecular  modelling ex,neri- 
ments i t  was demonstrated t h a t  according t o  the  
a b i l i t y  o f  complex formation all membrane l i p i d s  
may be divided i n t $  two groups. The f i r s t  one 
contains  two-tailed glycero- and sphingolipids.  
These molecules may be ca l l ed  f u n d a m e n - 
t a 1 l i p i d s ,  because owing t o  s t rong amphi- 
p h i l i c  proper t ies  they have an a b i l i t y  t o  spon- 
taneously form a l i p i d  b i l aye r .  The second group 
cons i s t s  o f  s t e r o l s ,  hopanoids, caro t ino ids ,  
terpenes,  e tc . ,  which a r e  cyc l i c  o r  branched- 
-chain neu t r a l  and weakly p o l a r  isoprenoid com- 
pounds. These molecules have a. resu la tory  o r  
modifying func t ion  and we c a l l  them a s - 
s i s t a n t l i p i d s .  Our experiments with 
atomic-molecular models revealed t h a t  fundmen- 
t a l  l i p i d s  must possess  a very important prop- 
e r t y  - the  a b i l i t y  t o  fom trirneric (trimolecu- 
l a r )  cyc l i c  complexes, which can include i n  
t h e i r  c e n t r a l  parts molecules of a s s i s t a n t  li- 
p ids  o r  i ce - l ike  water (Fig. 1). 

I n  the above-mentioned complexes th ree  d i f -  
f e r en t  region a r e  formed: the  polar ,  c e n t r a l  and 

% 

* A t  a glance,  c a r d i o 1 i p i n , having 
four  t a i l s ,  seems t o  be an exception. Kowever, 
ac tua l ly  t h i s  molecule represents  a hybrid of 
two two-tailed g lycero l ip ids  - phosphatidyl- 
glycer ins  - and i t  w i l l  be thought t h a t . i n  the  
biomembranes ca rd io l ip in  plays almost t he  same 
r o l e  as two separate  molecules o f  phosphctti- 
dylglyc e r in .  
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232 R. MIKELSAAR 

PIGURE 1.  A s ide  view of  the  new space-fill- 
ing molecular model o f  t r imer ic  hexagonal- 
-prismatic 1 i p i d u n i t o f a 
b i o m e m b r a n e. Two molecules o f  l e -  
cithin are demonstrated, which are bound to 
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STRUCTURE OF BIOMEMBRANE LIPID BILAYER 233 

each o the r  i n  the  p o l a r  zone by e l e c t r o s t a t i c  
i n t e r a c t i o n  between phosphorylcholine groups 
and i n  the  cen t r a l  zone by o water bridge 
between cnrbonylic oxygen a t o m s .  I n  t h e  cen- 
tral region o f  t h i s  model a molecule o f  cho- 
l e s t e r o l  i s  placed, having a hydroxyl group 
which is  hydrogen-bonded t o  the  carbonylic 
oxygen atorn o f  the  l e c i t h i n  molecule on the  
r i g h t .  Symbols: A - P o l a r  zone, B - c e n t r a l  
zone, C - hydrocarbon zone, 1 - palmitoyl 
ac id  residue o f  l e c i t h i n ,  2 - carbonylic oxy- 
gen a t o m s  of t he  palmitogl ac id  residue of 
l e c i  bhin, 3 - glycerol  res idues o f  l e c i t h i n ,  
4 - phosphate res idues o f  l e c i t h i n ,  5 - Z?IO- 
l i n e  res idue o f  l e c i t h i n ,  6 - water bridge, 
7 - 3p hydroxyl groups o f  choles te ro l ,  - choles te ro l  corpus, including carbon atoms 
b und by double bonds, 9 - choles te ro l  t a i l ,  @ - pos i t i ve ly  c arged ni t rogen atom o f  the  
c o l ine  residue,  6 - negat ively charged 
oxygen atom o f  the phosghate residue. 

8 - 

hydrocarbon zones. I n  the  p o 1 n 1: zone 
th ree  head groups of fundamental l i p i d s  a r e  
placed. These groups a r e  bound t o  one Enother by 
e l e c t r o s t e t i c  i n t e rac t ions ,  hydrogen bonds and 
ca t ion ic  o r  water bridges (Yic;. 1-3). This zone 
clso contains the l c r g e s t  mount  o f  water mol- 
ecules and ions o f  the  l i p i d  b i l aye r .  

th ree  g lycero l  resiCues or sphingosine head 
groups and also contains water and polar  groups 
o f  a s s i s t a n t  l i p i d s ,  f o r  exmple ,  3p 011-groups 
o f  choles te ro l  (Fig.  1,4,5). Both water and hj- 
Ilroxyl groups a r e  bound by hydrogen bonds t o  the 
carbonylic oxygen atoms o f  glycero- o r  sphingo- 
l i p i d s .  Some water molecules form s ing le  o r  
double bridges between the  neighbouring l i p i d  

The c e n t r a 1 cone i s  formed by 
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1, 

IU A 'v' 

PIG'JRE 2 .  A c r o s s - s e c t i o n  ( p a r a l l e l  t o  the  
biomembrane ? l ane )  o f  t h e  l i p i d  
p o 1 a r z o n e with c l o s e d  po la ropores  
(a d e t a i l e d  v iew) ,  i m i t a t e d  by new molecu la r  
models. The t r imer ic  hexagonal -pr i smat ic  l i p i d  
un i t s  a r e  marked by d o t t e d  l i nes .  The p o l a r  

b i l aye r ' s  D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
15

 1
9 

Fe
br

ua
ry

 2
01

3 



STRUCTURE OF BIOMEMBRANE LIPID BILAYER 235 

.,roups - phosphorylcholine residues o f  th ree  
lecLth in  molecules - a r e  x i t h i n  each u n i t  l i k e  
t r i angu la r  cycles bound by e l e c t r o s t a t i c  
t e r ac t ions  hetween the negat ively charged 

pos i t i ve ly  charged 6 nit rogen atoms of t he  
,unmoniuni groups. To  m i l i t a t e  the  recognizing 
o f  the p o l a r  g roups ,  one of them is  represen- 
t e d  as ffempty'f (a i t i i  no inne r  s t r u c t u r e ) .  
Sjnnbols: nHZO - water molecules, R - nit rogen 
atom o €  the  amonium group, C 1  - carbon a t o m  
o f  the  g lycero l  res idue,  C 3  - carbon atom o f  
the  methyl group,  P - phosphorus atom o f  the  
phosphc.te group, 04 and 05 - oxygen atoms o f  
the  same group. 

oxygen atoms o f  the  hospliate groups and 

molecules o f  the  complex. These water bridges may 
be one o f  the  most i m p o r t a n t  f a c t o r s  i n  the  form- 
i ng  o f  these l i p i d  comglexes. 

I n  the  per ipher ice l  p a r t  o f  the h y d r o - 
c a r b o n zone 5 hydroczrbon chains ( f a t t y  
ac id  or i t s  aldehyde residues and sphingoaine 
t a i l  groups i n  eubacter ia  and eucaryotes, and 
phytanol res idues i n  mchaebac ter ia )  a r e  local-  
i zed ,  which a r e  bound t o  the c e n t r a l  zone by 
e s t e r ,  amide, e the r  o r  s ing le  -C-C- l i n k s  (Pig. 
1,6,7). The cen t r a l  p a r t  o f  t h i s  zone usua l ly  
contains a s s i s t a n t  l i p i d s ,  f o r  exmple  the  corpus 
and t a i l  o f  the  choles te ro l  molecules, having 
van-der-Waals contacts  both t o  one another and t o  
t h e  neighbouring hydrocarbon chains. The planes,  
going through the  cyc l i c  p a r t s  of choles te ro l  
molecules, c ross  i n  the  center  o f  the  l i p i d  com- 
p l ex  a t  the  angle 1 2 0 O .  The narrow l a t e r a l  p a r t  
o f  the  corpus o f  the choles te ro l  molecule con- 
t a in ing  double bonds between 5 and 6 carbon 

atoms, has a per ipher ica l  l o c a l i z a t i o n  - near  
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236 R. MIKELSAAR 

FIGURE 3 .  A cross-sect ion o f  the l i p i d  b i -  
layer's p o 1 a r z o n e with c l o s e d  
po la ropores ,  a general view (cf.Pig. 2 , 8 , 9 ) .  
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STRUCTURE OF BIOMEMBRANE LIPID BILAYER 231 

t he  i n t e r l i p i d  water bridges.  The wide l a t e r a l  
p a r t  o f  t he  choles te ro l  molecule, containing the 
nngular methyl groups, i s  turned to  the cen te r  
o f  the  l i p i d  complex. 

I n  some places  (" the defect  areas") o f  the 
biomembranes the hydrocarbon zone contains 
i c e - 1 i k e v? a t e r s t r u c t u r e s  ins tead  
o f  a s s i s t a n t  l i p i d s .  The main elements o f  these 
s t ruc tu res  a r e  hexagons formed by 6 water mol- 
ecules ,  boun2 t o  one another by hydrogen bonds 
i n  the form o f  4-6 d i sc s  ( i n  the l i p i d  mono- 
l a y e r )  o r  8-12 d i scs  ( i n  the  l i p i d  b i l aye r )  , 
These water p r i sms  o r  cyl inders  appear t o  be 
pieces  o f  i c e  1 having along the  c-axis channels 
with the diameter o f  3 4 ,  which a r e  probably 
f i l l e d  by f r e e  water molecules. These channels 
have been ca l l ed  11shaftsTf5, however, we propose 
t o  use the  term " s  h a f t" t o  s i g n i f y  not t he  
c e n t r a l  chnnnel alone, but the  l a t t e r  toge ther  
with the  surrounding sheet o f  water molecules, 
i .e .  the  vhole ice- l ike  s t r u c t u r e  included in to  
the  membrane l i p i d  complex. The a r i s i n g  of icc- 
- l i k e  s t ruc tu res  i n  the membrane hydrocarbon 
zone can be f a c i l i t a t e d  by the negat ively 
charged hydroperoxyl groups ROO' , f requent ly  
fomed  under the inf luence o f  oxygen &th in  the  
region o f  hydrocarbon chain double bond. 

The t h i c k n c s s o f  l i p i d  complex 
zones i s  d i f f e r e n t  as i t  depends on the  m a n -  
brane's chemical co,npositioil, the  average up- 
-down s t r ech  of the pol-cr zone being 5 8, t h a t  
of the  c e n t r a l  zone - 3 A and t h a t  o f  t he  hydro- 

0 

0 
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23R R. MIKELSAAR 

:IK?TE 4. A cross-sect ion o f  %e c e n -  
t r s l  z o n e  o f  biomeinbrane g lycero-  
l i p i d  u n i t s  (a d e t a i l e d  view). Symbols: 
3CIIOL-011 - hydroxyl  groups o f  t h r e e  choleste-  
r o l  r,loleculcs ( i n  n genera l ized  f o r m ) ,  
Ii-01-1i - water br idge,  02 - oxygen atom i n  t h e  
e t h e r  l i n k ,  03 - carbonyl ic  oxygen ctoms o f  
the  f a t t y  a c i d  res idues ,  OG-I1 - 3/3 liydroxyl 
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STRUCTURE OF BIOMEMBRANE LIPID BILAYER 239 

group o f  choles te ro l  which i s  hydrogen-bonded 
t o  the  carbonylic oxygen atom, C 2  - carbon 
atom o f  the  carboxyl group of t he  f a t t y  ac id  
residue. 

0 
carbon zone - 20 A.  Thus, t he  thickness of  the  
monolayer containing t r imer ic  l i p i d  u n i t s  i s  
general ly  2 8  A and t h a t  o f  t he  b i l aye r  - 56 A .  

The cross-sect ion o f  the l i p i d  complex hyd- 
rocarbon zone has a form of a h e x a g o n , 
having i n  each corner an element o f  t h e  hydro- 
carbon chains. The cross-sect ional  a rea  of t h i s  
hexagon is  222 i2. A l l  the  corners a r e  120°, but 
the  s ides  a r e  not equal: there  a r e  th ree  sho r t  
ones (8.5 A ) ,  formed between the hydrocarbon 
chains o f  the  same l i p i d  molecule and th ree  l o n g  
ones (10.0 i), formed between the  chains o f  the  
neighbouring molecules. 

According t o  t he  form of  the  hydrocarbon 
zone cross-section, the  ou te r  shape o f  t he  l i p i d  
complexes formed by th ree  molecules of fundamen- 
t a l  l i p i d s  with assistant l i p i d s  i s  hexagonal- 
-prismatic.  The a rea  o f  the  p r i s m ' s  faces  corre- 
l a t e s  t o  the  lengths  of  the cross-sect ional  
hexagon's s ides :  t he re  a r e  respec t ive ly  three  
l a r g e r  and three  smaller  faces .  Thus the  l i p i d  
complexes may be ca l l ed  t r i m e r i c 
h e x a g o n a 1 - p r i s m a t i c u n i t s  
of the membrane l i p i d  b i layer .  Since usua l ly  the  
p o l e r  groups o f  l i p i d s  a r e  bound t o  one another 
within the  region o f  the  same l i p i d  u n i t  only 
van-der-Waals i n t e rac t ions  occur between diff e- 

r en t  un i t s .  The best  packing should follow, when 
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240 R .  MIKELSAAR 

FIGURE 5. A cross-section of  the c e n t r a 1 
z o n e of  biomembrane g l y c e r o l i p i d  units, 
a general view (c f .  Pig. 4). 
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STRUCTURE OF BIOMEMBRANE LIPID BILAYER 24 I 

a l a r g e  face  o f  one l i p i d  complex i s  i n  contact 
v i t h  a small face  02 the  o the r  one and v i ce  
versa.  This packing w i l l ,  as a r u l e ,  be n o t  dis-  
turbed, when a p a r t  o f  the  l i p i d  u n i t s  is re- 
placed by polypeptide chains o r  proteins .  There- 
f o r e  the s t r u c t u r e  o f  the l i p i d  b i l aye r ,  con- 
t a in ing  t r imer ic  hexagonal-prismatic u n i t s  with 
the  inc lus ion  o f  p ro te ins ,  may be ca l l ed  t h e  
h o n e y c o m b - l i k e  m o d e l  o f t h e  
biomembranes. 

A s  concerns the  f u n c t i o n a 1 
r o 1 e o f  t he  l i p i d  complexes, the  u n i t s ,  
folmed by combining fundmenta l  and a s s i s t a n t  
l i p i d s ,  prove t o  be r e l a t i v e l y  i n e r t  b a r -  
r i e r - s t r u c t u r a l  u n i t s  o f  the  biomembranes. 
3u t  the l i p i d  u n i t s  including ice- l ike  s t ruc-  
t u re s  - s h a f t s  - , may funct ion  as 1 i p i d 
c h a n n e 1 s . Respective t o  the zones, the  
channels have p o 1 a r o -, c e n t r o - and 
h y d r o c a r b o p o r e s . The narrowest 
aiid most  r i g i d  p a r t  o f  the  channel i n  t h e  cent- 
ropore having a diameter o f  about 10 A .  The head 
groups i n  t he  polar zone o f  l i p i d  u n i t s  may un- 
dergo considerable conformational rearrsnge- 
;Tents, and so they represent  three-gate regula- 
t o r s  opening o r  c los ing  the polaropores (Fig. 2 ,  
3,3-10). P o l a r  groups o f  var ious l i p i d s  a r e  
bound t o  one another by d i f f e r e n t  forces:  i n  
chol inol ip ids  ( l e c i t h i n ,  sphingomyelin, plasma- 
logen) they a r e  e l e c t r o s t a t i c  i n t e rac t ions ,  
wli e r ea s i n  ,minopho s p  ha t i de s ( p ho s pha t i dyl  e t ha- 
nolamine and -ser ine)  and g lycol ip ids  they a r e  
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242 R. MIKELSAAR 

PIGUR.3 5. A cross-sect ion o f  t h e  
c n r b o n 
l i p i d  u n i t s  on t h e  l e v e l  of 5-6 carbon 
bound by double  bonds,  a d e t a i l e d  viem. 
b o l s :  CIi - s a t u r a t e d  hydrocarbon chain,  CXIL - - c h o l e s t e r o l ,  3 CIIOL - t h r e e  molecules  o f  
c h o l e s t e r o l  i n  R gene ra l i zed  form, ANG - s i d e  
of c h o l e s t e r o l  with angular methyl groups ,  

h y d r o - 
z o n e of the biomembrane's 

atoms 
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STRUCTURE OF BIOMEMBRANE LIPID BILAYER 

CYCL - s i d e  of c h o l e s t e r o l  n i th  atomic cycles, 
= - s i d e  o f  c h o l e s t e r o l  n i t h  atoms bound by 
double  bonds, :I011 - v a t a r ,  COO' -1iydroperoxyl 
gron:: bound t o  t h e  hydrocarbon cha in .  

243 

hydrogen bonds. 
It i s  i n t e r e s t i n g  t o  n o t e  that the p o l a r  

groups o f  l i p i d s  Czj1 be  bound t o  one a n o t h e r  i n  
m o s t  o f  t h e  biomembrane regioi is  n o t  on ly  i n  a n  
i n t r a -  bu t  a l s o  in te rcomplex  way, i. e. w i t h i n  
the  re@Dns between l i p i d  u n i t s  .These s t r u c t u r e s  
may be c a l l e d  i n t e r m e d i a 1 c o m -  
p 1 e x e B (Fig. 8,9,17). Fkte i n t r acomplex  
a s s o c i a t i o n  of  t h e  p o l a r  groups can e a s i l y  be 
t ransformed i n t o  t h e  in te rcomplex  one and v i c e  
v e r s a .  These t r a n s f o r n a t i o n s  r e p r e s e n t  two d i f -  
fe ren t  t r i g E; e r s t a t e s o f  l i p i d  
b i l s y e r s .  The c h o l i n o l i p i d s  are l i k e l y  t o  per-  
form t h e s e  shif ts  most  e a s i l y  because the IT+- 
-atoms o f  c h o l i n e  r e s i d u e s  can b ind  t o  the 0"- 
-atoms of  phosphate  r e s i d u e s  by e l e c t r o s t a t i c  
i n t e r a c t i o n s .  The a n g l e  of t h e  l o n g  axis rear- 
rangement o f  phosphorylchol ine  r e s i d u e s  o n  t h e  
p l a n e  o f  t h e  l i p i d  b i l a y e r  i n  case of  t r i g g e r  
s ta te  t r a n s f o r n a t i o n s  i s  n e a r l y  50° (Fig.lC),l l) .  

The above-mentioned c o n f o r n a t i o n a l  changes 
o f  the  l i p i d  p o l a r  groups and 
t r a n s f o r m a t i o n s  of the membrane t r igger  states 
are caused by various fac tors .Thus ,  when a pos i -  
t i v e l y  charged "s t range"  molecule  r e a c t s  ( i n  a 
s p e c i a l  r e c e p t o r  s i t e )  with the p o l a r  groups  o f  
c h o l i n o l i p i d s ,  then the  IT+ atomic groups o f  cho- 
l i n e  r e s i d u e s  w i l l  be r e p u l s e d  o r  0- atomic 

cor responding  
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244 R. MIKELSAAR 

PICURE 7. A cross-section o f  the h y d r o - 
c a r b o n z o n e o f  -the biomembrane's 
l i p i d  u n i t s ,  a general  view ( c f .  Fig.  6 ) .  The 
hexagonal packing o f  these u n i t s  i s  marked by 
a rhomb. Symbol: CHI= - unsaturated hydrocarbon 
chain. 
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STRUCTURE OF BIOMEMBRANE LIPID BILAYER 245 

groups  o f  phosphate  r e s i d u e s  m i l l  be  a t t r a c t e d  
( F i g ,  1 2 ) .  T h e  Ni and 0- atoms o f  the phosphoryl- 
chol i i ie  groups ,  chmgi i ig  t h e i r  l o c a l i z f i t i o n ,  t h e n  
i n t e r a c t  wuith t h e  co r re spond ing  charged r e g i o n s  
of t h e  neighbourinG l i p i d  un i t s ,  eiid s h o r t - l i v i n g  
i n t e r n e d i r l  complexes o f  polar grou2s :rill be 
fonncd.  Such 2- c o n f o m n t i o n a l  s h i c t  o f  the  l i p i d  
y o l z r  p o u p z  v r Z l l  nLuickly onread i n  seve-rc21 d i -  
rection::  03 t h e  rnexbrane p lnne .  

It was slzown tl1e.t t k e  n o l e c u l a r  modelling 
,;$it11 ncvj s p a c e - f i l l i n g  models a l l o n e d  t o  repre-  
sent a d e -1- 3 i 1 e d m o d e 1 o f  - h e  li- 
p i d  s t r u c t u r e s  i n  b ioncabranes .  To o u r  lwtowledge 
;:lo c o r k  Iizs y e t  been yub l i shcd ,  g i v i n g  a n  e x a c t  
:?ic-turc o f  t h e  bioi.ii~inbMz.lle l i p i d  s t r u c t u r e  . 
? r z - ~ , : ~ '  b z i l t  3. space-::ill in: (SPK) model o f  t h e  
L i l i i d  bi lz .yer ,  idiich YW,S based- on  the e q e r i m e n -  
4- uL,l dzta abou t  l iyd~a, ted.  n i x t u r e s  o f  1 e c i t X . n  and 

c h o l e s t e r o l  , This ;.lode1 Ixs ma.ny c o m o n  p o i n t s  

p e r :  a perpei?d. icular  ( "pa l i s ade" )  o r i e n t a t i o n  o f  
the c h o l e s t e r o l  molecLileo and hydrocarbon c h a i n s ,  
t h e  p lac ing  o f  t h e  c h o l e s t e r o l  i iydrozyl p o u p  i n  
i ; h ~  c e j l t r d  zone and l n c i - t h i n  polar groups on 
 lie b i l a y e r  p l -me.  Xut i n  t h i s  work lateral con- 
t a c t s  between l i p  :-?.c were n o t  model led (probably 
becnuse o f  some %ecl. inical  proble iaa) .  In t h e  c2r- 

t i c l e  o f  F o r s l i n d  and Kj e l l a n d e r '  a n  i n t e r e s t i n g  
s t r u c t u r e  model for t h e  inernbrane l i p i d s  was de- 
r i v e d  from 'clie confomia t iona l  p r o p e r t i e s  o f  i c e -  
- l i k e  cater .  Unfo r tuna te ly ,  'chc u s e  o f  only 
s k e l e t a l  models i n  th i s  work d i d  n o t  a l l o w  e x a c t  

r 

....' ..I 1 ill -i;hc s t r u c t u r e  de::cixLbed i n  -the p r e s e n t  pa- 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
15

 1
9 

Fe
br

ua
ry

 2
01

3 



246 R. MIKELSAAR 

L.'IG'LTIIB C. -1 c r o s s - s e c t i o n  o f  the biomenbrane's 
polar zone v ; i t l i  open 
and c l o s e d  i n t e n n e d i a l  complexes,  a de'zLLed 
v i e a  (cr. I?"G. 2,3,?-11). 

p o 1 a r o p o r e s D
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STRUCTURE OF BIOMEMBRANE LIPID BILAYER 241 

three-dimensional  mo lecu la r  model l ing ,  In addi-  
t i o n ,  i t  i s  n o t  C l e m ,  ~ h y  t h e  l i p i d  polar 
croups must p r e f e r a b l y  i n t e r a c t  with water raol- 
c c u l e s  bu t  not x i t h  one ano the r .  F o r s l i n d  m d  
Kj cllaaclcr7 sup:)ose Lhat t h e  c l i o l e s t e r o l  hydro- 
q l  group makes a hyclrogen bond t o  t h e  phosphate  
oxygen atox, but the f o m a t i o n  o f  th i s  bond t o  
the ca.rbony1 oxygen etorli i s  inore l i k e l y ,  because 
t h e  l a t t e r  i s  c l o s e r  t o  the  hydrophobic zone 
where t h e  main p a r t  o f  t h e  c h o l e s t e r o l  molecule  
l o c c l i z e s .  Zventua l ly ,  i f  indeed  t h e  p o l a r  
groups o f  l i p i d s  are f i x e d  i n  the i c e - l i k e  
s t r u c t u r e s ,  i t  i s  d i f f i c u l t  t o  e x p l a i n  t h e  high 
r a t e  o f  l a t e ra l  d i f f u s i o n  of: membrane l i p i d s .  In 
the  works o f  o t h e r  a u t h o r s  t h e  d e s c r i p t i o n  o f  
general  ne~iibrene a r c h i t e c t u r e  i s  zbsen t  , a l though  
t h e  l o c a l i z a t i o n  o f  t h e  l i p i d  p o l a r  groups (d i -  
p o l s )  i n  the membrane p l ane ,  t h e  j o i n i n g  o f  the 
l i p i d  molecules  by wa te r  b r i d g e s  and t h e  t i g h t  
packing o f  t h e  phospo l ip ids  and c h o l e s t e r o l  a r e  
g iven  8-13. A concept ion  o f  S i n g e r  and TTicolson 
about  t h e  biomembrane s t r u c t u r e  and f u n c t i o n  i s  
based on the experimental d a t a  about  the mobil- 
i t y  o f  l i p i d  molecules ,  bu t  these a u t h o r s  could  
n o t  shovr, hovi e high ra te  o f  t h e  1 a t e r a 1 
d i f f u s i o n i s  p o s s i b l e  i n  the s t a t e  of  
c o n s i d e r a b l e  r e a c t i v i t y  o f  t h e  p o l a r  groups  t o  
one ano the r  and water. The honeycomb-like mem- 
b rane  model. r e v e a l s  that t h e  h i g h  ra te  o f  t h e  
l i P i d  l a t e r a l  d i f f u s i o n  i s  p o s s i b l e  on ly  i n  t h i s  
c a s e  vhen p o l a r  groups i n t e r a c t  with each o t h e r  
and water n o t  d i f f u s e l y  but  mosa ic ly  and c y c l i -  
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R .  MlKELSAAR 248 

I1'IGURG 3. ii cross-sect ion of the biomembrane's 
polar zone Y i i t l z  open 
and closed intermedial corn lexes ,  a general 
view (cf. Fie;. 2,3,0,10,11p. 
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STRUCTURE OF BIOMEMBRANE LIPID BILAYER 249 

c a l l y  i n  separ&e t r imer ic  l i p i d  un i t s .  Then 
these u n i t s  composed o f  g lycero l ip ids  m i l l  have 
only weak hydrophobic van-der-Waals ccntac ts and 
therefore  are character ized by grea t  mobil i ty .  
The r a t e  oI" d i f fus ion  o f  l i p i d  complexes w i l l  be 
higher ,  when the van-der-'/hals i n t e rac t ions  are 
looser ,  f o r  example, when unsaturated f a t t y  
ac ids  a r e  included i n t o  the  hydrocarbon zone.The 
mobil i ty  o f  t he  sphingol ipid complexes i s  appar- 
en t ly  lower because on the l e v e l  o f  the cen t r a l  
zone the u n i t s  a r e  bound by the network o f  the  
hydrogen bonds 14915 

The honeycomb-like membrane model g ives  an 
explanation t o  the  r o 1 e o f c h o 1 e - 
s t e r o 1 and o ther  a s s i s t a n t  l i p i d s  i n  the  
b i lager :  they serve as  s t r u c t u r d  centers  o f  t he  
b a r r i e r  l i p i d .  un i t s .  The nca model a l s o  a l lows  
us t o  understxu3 the well-known f a c t  about the 
reducing inf luence o f  choles te ro l  on the cross- 
- sec t iona l  a rea  o f  lipid:: ' ' 6. Indeed, the  pack- 
i n g  of molecules i n  the  t r imer i c  hexaGonczl- 
-prismatic complexes i s  maximally t ight:from the  
Geneid. area o f  l i p i d  u n i t s  222 i2 each molecule 
o f  cholcs te ro l  occupies 37 i2 and hydrocarbon 
chain 18.5 h . 

The problems o f  l i p i d  b i l a y e r  p e r m e - 
a b i 1 i t y may a l s o  be elucidated with the  
h e l p  o f  a honeycomb-like membrane model .Although 
i t  i3 widely knovm t h a t  the l i p i d  p a r t  of t he  
biomeiibrane i s  eas i ly  penetrated by water Etnd 
small a p o l a r  molecules and i n  some cases a l s o  by 
ions ,  there  i s  no reesonable idea  about concrete 
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250 R. MIKELSAAR 

FIGURE 10. A p o 1 a r o p o r e . Symbols: 
A - open, 13 - c l o s e d ,  C - m p l i t u d e  o f  shifts 
o f  the gate  polar groups ( 5 0 0 ) .  
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STRUCTURE OF BIOMEMBRANE LIPID BILAYER 25 I 

l i p i d  channels. Ivlrov e t  al. l7,I8 supposed 
i n  the  b i lnyer  between c l u s t e r s  of  l i p i d  n o l -  

ecules "dynamic defects'? occur (15-30 p e r  cent 
o f  the  t o t a l  membrane a rea! ) ,  but -the rnolecular 
a r ch i t ec tu re  o f  these defec ts  i s  not described. 
O n l y  Hosur and Govil 1'p20 as well as Govil 
110 sur2 
o f  the  molecular defec ts  i n  the  l i p i d  b i l aye r  
s t ruc tu re ,  which may serve as i o n i c  channels. 
Ilowever, from these works i t  i s  not c l ea r ,  what 
t he  molecular mechanisms of t he  defect  formation 
are and how the defects  f i t  i n  the surrounding 
regular  l i p i d  s t ruc tu re .  Some authors underl ine 
the  inportance o f  i ce- l ike  water i n  the biomem- 
brlznes, but no concrete s t r u c t u r e s  o f  t h i s  water 
acd t h e i r  contacts  with l i p i d s  are described7' 
22-24. According t o  tlie new honeycomb-like mem- 
brane nodel i t  i s  apparent t h a t  each ti-imeric 
hexagonal-prisma t i c  fundamental l i p i d  u n i t  may 
( i n  case o f  the absence o f  the  a s s i s t a n t  l i p i d  
core)  serve RS a channel. Thc cliwneter 10 A o f  
t he  centropore a l l o n s  many small a p o l a r  con- 
pounds t o  move through the l i p i d  channel.%e ex- 
c e l l e n t  spat ia l  f i t  o f  the water s h a f t  t o  the  
cen te r  of  t he  t r imer ic  fundamental l i p i d  complex 
resembles inverted c l a t h r a t e s  and seemingly on- 
ab le s  the  r e l a t i v e l y  frequent occurrence o f  the  
i ce - l ike  defect  s t ruc tu res .  The cen t r a l  p a r t  of 
the vratcr s h a f t s  represents  a nmrow microchan- 
n c l  w i t h  a d i m e t e r  o f  nbout 3 A ,  which i s  per- 
meable for f r e e  m t e r  and o t h e r  small molecules 
(oxygen, ni t rogen,  e tc . )  . The chains of hydrogen- 

t h a t  

and 
have represented de t r i l  ed descr ip t ions  
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FIGURE 11. Ail  i n t e r m  e d i a 1 c o M- 
p 1 e x . S p b o l s :  A - closed,  I3 - open, C - 
am l i t u d e  of shifts o f  t h e  gate polar groups 
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metabolic exchange between the  c e l l  and tlie en- 
vironment i n  comparison x i t h  the  p o l a r  groups of 
axinophos2hatides bound ljy more s t a t i c  and f ixed  
JriydroGen bondo . The preference o f  chol inol ip ids  
In tlie ou te r  l aye r  may be also due t o  t h e i r  bet- 
ter b a r r i e r  funct ion,  because they contain more 
residues oT t h e  sa tura ted  f a t t y  ac ids  end more 

The above-described confomational  s h i f t s  
02 rneribrnne l i g i d  i l o l a r  groups (espec ia l ly  o f  
chol inol ip ids  i n  the o u t e r  l aye r )  racy represent  
?v b x i s  € o r  the  molecular mechanism of  t he  for -  
mation o f  n e r v e i m p u 1 s e s * It is  

e a s i l y  complex with choles te ro l  29931 932 

shom 'Ghat t h i s  process i s  accoxpanied by -the 
s l i i f t  o f  charged atomic group and ions 34,35 

The 02 ening- c lo  s in6  o f  the three- ga t  ed entrances 
in to  the lipidochaniiels and the  work o f  t he  pro-  
ton-conductor ays ten  o f  i ce- l ike  s t r u c t u r e s  
( s h a f t s )  as well as the  t r ans fomct ion  o f  meni- 
'>x:ne t r i y s e r  s t a t e s  (Fig. 10-12) - e r e  all 
electrodynmiic processes making f o r  the  rapid 
cooperative t r a n s f e r  of the  inf'ormation and 
~ 1 i g s i o l o S i c d  e f f ec t s .  

To siun up, the honeycomb-like biomembrane 
model, b u i l t  as a r e s u l t  o f  experiments o f  301- 
ecu la r  mod-elling, i s  a usefu l  means for solving 
u number o f  important problems i n  membrenology. 

1 .  S.J .  Singer  and G.L. Nicolson, Science, 175, 
720 (1372). 
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