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The Biological Membrane Structure Paradigm: One 
View of Its Current Condition

Thomas E. Thompson

Abstract
The biological membrane structure paradigm is alive and well, however many details, most of which 
are pecular to specific membranes or membrane-localized systems, need to be worked out at the 
molecular level.
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It has been known for many years that biologi
cal membranes separate the cell from its environ
ment and compartmentalize the cell interior. The 
various membranes playing these vital roles are 
comprised of roughly equal weight percent pro
tein and lipid, with carbohydrates constituting less 
than 10% in the plasma and nuclear membranes. 
Although there are many hundreds of molecular 
species present in any one membrane, the gen
eral organization of the generic components was 
established in the 1960’s (Korn, 1969; Henn and 
Thompson, 1969). In this model, the lipids, all of 
which have their polar and nonpolar portions ge
ographically segregated within each molecule, are 
arranged in a continuous bimolecular leaflet with 
the polar portions of the constituent molecules 
forming the two bilayer faces, and the nonpolar 

portions, the interior of the bilayer. This struc
ture forms the permeability barrier for the essen
tial, water soluble molecules and ions of the cell, 
and in so doing provides the basis of the com
partmentalizing function of biological membranes. 
The protein components are of two kinds. Some 
are inserted into the bilayer and most traverse this 
structure. These so-called integral membrane pro
teins have amino acids with nonpolar side chains 
at the interface between the protein and the non
polar central region of the lipid bilayer. Other pro
teins associated with the polar surfaces of the bi
layer and with the intrinsic membrane proteins are 
termed peripheral. The carbohydrate component 
of those membranes that display it is covalently 
linked to either lipids or proteins.

The protein components confer on biological 
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membranes their physiological functions, which 
are particular for each type of membrane. The 
lipid component, apart from its critical barrier 
function, is, for the most part, physiologically 
silent, although derivatives of certain membrane 
lipids can serve as intracellular messengers. The 
most remarkable feature of this general structure 
is the fact that neither the lipid nor the protein 
components are covalently linked to one another or 
to each other. This structure formed by molecular 
associations only, is less than 100 Å in thickness, 
but many orders of magnitude larger in the other 
two orthogonal dimensions. Although it is me
chanically surprisingly strong, it is fluid-like and 
as a dielectric can withstand field strengths up to 
105 volts cm-2 without breakdown. Experimen
tal and theoretical studies carried out over a pe
riod of many years have established the fact that 
these unusual properties are conferred on biologi
cal membranes by the lipid bilayer matrix (Henn 
and Thompson, 1969).

An important modification to this model of bi
ological membrane structure was made in the early 
1970’s by Singer and Nicolson, who offered strong 
evidence that the molecules, both lipid and intrin
sic proteins, comprising this structure undergo a 
variety of thermally-driven motions (Singer and 
Nicolson, 1972). Both types of molecules diffuse 
laterally, and rotate about an axis normal to the 
membrane plane. In addition, the lipids can flip 
from one face of the membrane bilayer to the other 
and adsorb/desorb from the bilayer at slow, but 
measurable rates. Although these latter motions 
are forbidden to intrinsic proteins, both lipids and 
proteins can to some degree exhibit limited bob
bing motions normal to the membrane plane. As 
a corollary to this idea of a dynamic membrane 
structure, which came to be known as the fluid 
mosaic model, the notion rapidly developed that 
within the planar confines of the membrane, the 
molecular components formed a two-dimensional, 
anisotropic, stochastic system.

In recent years, the random character of the 
in-plane mix of the membrane molecules has given 
way to the realization that, although the dynamic 
aspect is correct, there is considerable order in the 
plane of the membrane. This order takes the form 

of a compositional mosaic of molecular association 
complexes in the membrane plane (Jacobson and 
Vaz, 1992). The plane of the biological membrane 
is thus compartmentalized by domain structures 
much as the three dimensional space of the cell is 
compartmentalized by the membranes themselves. 
The dimensional range of the domain mosaic runs 
from tens of microns to tens of nanometers over 
persistence intervals of minutes to nanoseconds. 
Because of these large ranges in time and space, 
experimental investigation of domain structure is 
limited by the spatial and dynamic ranges intrin
sic to a particular method. This fact has given 
rise to much confusion and apparently conflicting 
information about membrane domain structure.

In addition to this in-plane domain structure, it 
has been known for some time that the two lipid 
monolayers comprising the membrane bilayer do 
not in many membranes have the same composi
tion. This transbilayer lipid compositional asym
metry appears to be in large part stable in the ab
sence of metabolic energy. Whether the stability 
is an equilibrium or a kinetically-trapped config
uration is not known (Devaux, 1991). This lipid 
asymmetry and the fact that intrinsic membrane 
proteins do not rotate about an axis in the mem
brane plane, combine to make the two faces of the 
bilayer separate domains.

The membrane paradigm outlined above incor
porates the features that are at present known to 
be common to most, if not all, biological mem
branes. Many questions remain unanswered, how
ever. A large number are specific to individ
ual membranes and their idiosyncratic functions. 
Some questions are more general. Important 
among these are the physical basis or bases of in
plane domain structure and its physiological conse
quences. The ultimate physical basis for domains 
in membranes must, of course, lie in the interac
tions between molecules. Interactions can not only 
give rise to association complexes of molecules that 
specifically interact with each other, but also to 
groups of molecules that do not specifically inter
act but are excluded from other association com
plexes and thus form domains by default. Interac
tions that are important in forming domain struc
tures can occur between membrane proteins, or 
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between these molecules and proteins of the cy
toskeleton and cytoplasm. Association domains 
can equally well be the result of interactions be
tween membrane proteins and lipids or between 
different types of bilayer lipids. Obviously, in any 
membrane at any time these interactions can op
erate singly or in combination. The non-ideal mix
ing that is characteristic of membrane lipids can be 
used to understand domain structure arising from 
the coexistence of multiple lipid phases. The ba
sis of domain structure formed by membrane pro
teins is more varied and is dependent on highly 
specific interactions between molecules. A unitary 
hypothesis applicable to all such protein-protein 
association complexes is probably impossible to 
formulate. Interactions between membrane pro
teins and lipids of the bilayer are more fully un
derstood (Mouritsen and Bloom, 1993; Mouritsen 
et al., 1996).

We have suggested that modulation by the cell 
of the percolation properties of its membrane do
main systems can be used to control the extent and 

rate of physiologically important in-plane molec
ular interactions (Thompson et al., 1992). This 
idea has been examined experimentally using sim
ple two-component, two-phase phospholipid bilay
ers in which interactant molecules are confined to 
the fluid domains in temperature and composi
tion ranges where both solid and fluid lipid phases 
co-exist. The results of the experimental studies 
agree well with computer simulations of such sys
tems (Sankaram et al., 1992; Piknova et al., 1996; 
Schram et al., 1996; Schram and Thompson, 1997; 
Piknova et al., 1997). Taken together, this work 
provides strong support for the idea that domain 
structures in the plane of bilayer membranes can 
have a marked effect on the apparent equilibrium 
poise and effective rates of in-plane reactions. Al
though this work has been carried out on two- 
component lipid bilayers and utilizes the coexis
tence of solid and fluid domains as the interaction 
domain matrix, the conclusions drawn are appli
cable to any planar domain system regardless of 
its physical origin.
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