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Membranes are more mosaic than fluid
Donald M. Engelman1
The wealth of new data on membrane protein structures and functions is changing our general view of
membrane architecture. Some of the key themes that are emerging are that membranes are patchy, with
segregated regions of structure and function, that lipid regions vary in thickness and composition, and that
crowding and ectodomains limit exposure of lipid to the adjacent aqueous regions.

Given their biological importance, membranes have been surprisingly
neglected by biochemists until recently. Perhaps this is understandable
in view of the technical hurdles that working with them presents. Most
methods require purification and observation in aqueous environments alien to the molecular design of a membrane, and so the field
had to rely on oversimplified views that still dominate the texts and
teaching in this area. But now we have a rising number of high-resolution structures, an abundance of functional data and an evolving conceptual basis for framing more pointed questions. This is leading to a
great expansion of interest in the area. Articles in this Insight expose
current views of the importance, findings and concepts in membrane
biology in some regions of the emerging landscape.
The reductionist view of biology, to which many adhere, rests in part
on the structure–function hypothesis: that the structures we find are
there for specific functional reasons selected by evolution. In the case of
membranes, we might start with the origin of life, noting that compartmentalization is essential for an organism, and that with compartmentalization must come specific ways to surmount the barrier defining the
boundary of the compartment — the membrane. Thus, the lipid bilayer,
which spontaneously forms permeability barriers surrounding aqueous
interiors, must be modified by macromolecules for the uptake of nutrients and the disposal of waste. Further refinements led to the use of the
barrier for its energy-storage properties and to the creation of ways to
pass information between a cell and its environment.
To frame a context for the reviews that follow, a few general perspectives are presented briefly below. To develop these themes fully
would require a much longer text (perhaps a book?), so only representative references are given here, and use is made of the references in the
longer treatments by the other authors.

Each of these ideas is misleading. Most of the authors of the following
reviews write of the preferential associations of molecules in the membrane plane, and as an introduction I suggest that such associations are
expected, that membranes are typically crowded and that their bilayers
vary considerably in thickness.
Is a membrane a random two-dimensional liquid? In the
Singer–Nicholson model, molecules are distributed randomly in two
dimensions. But we know from first principles and from experimental
observation that non-randomness is the rule. Consider a mixture of n

Patchiness in the membrane plane

An influential step in the study of membranes was taken with the development by Singer and Nicholson in 1972 of the ‘fluid mosaic model’1,
which pulled together findings and ideas from the preceding decade.
The model has become the standard conceptualization of membrane
architecture and is shown redrawn in Fig. 1a as it appears in virtually all
biochemistry texts. As important and insightful as this model has been,
the emergence of new findings during the passage of 33 years has weakened the generalizations it contains, and it is now appropriate to examine some of them more closely. The model includes the ideas that the
proteins of a membrane are dispersed, are at low concentration and that
they match the hydrophobic dimension of an unperturbed lipid bilayer
with peripheral belts of exposed hydrophobic side chains. The lipid is
seen as a sea in which mainly monomeric proteins float unencumbered,
and the bilayer surface is exposed directly to the aqueous environment.

Figure 1 | General models for membrane structure. a, The
Singer–Nicholson ‘fluid mosaic model’ (ref. 1). b, An amended and
updated version.
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lipid and protein components in a membrane. The planar distribution
can be random only if all pairwise interaction energies of the n different
molecular species are within thermal energies (about 0.6 kcal mol!1 at
room temperature) of each other. In a plasma membrane there are many
species of lipids and proteins. The Escherichia coli genome, for example,
codes for more than a thousand putative helical transmembrane proteins2, giving more than half a million kinds of pairwise combinations.
A narrow range of interaction energies is a highly improbable condition
given the range of known intermolecular interactions from hydrogen
bonds, packing, electrostatics and the hydrophobic effect. Indeed, simply rotating a pair of identical helices against each other or changing a
single interfacial side chain can result in interaction variations of several
times kT (refs 3, 4). Thus, it should have been expected that regions of
biased composition would exist and that the environments of proteins
should vary, because it is highly improbable that interaction energies will
match each other across all protein and lipid species in a membrane.
Time-invariant complexes, transient associations and biased distributions should be the norm. Evolution, ever seeking to exploit the natural
tendencies of molecules, has seized the opportunity to craft functional
associations, and it is clear that there are functional protein complexes,
separated lipid compositional areas and regions of functional specialization, although we do not yet know their extent.
Many experimental observations now support the patchiness of
membranes as a principle. A clear case is that proteins are mainly
oligomeric. In the thoughtful database compiled by White
(http://blanco.biomol.uci.edu/Membrane_Proteins_xtal.html), almost
all of the unique structures are oligomeric, and many are heterooligomers. Such oligomers are formed using strong associations and
are resistant to dissociation by detergent. The excellent folding discussion offered here by Bowie (see page 581) implies that the side-to-side
helix associations guiding folding also guide oligomer formation.
More associations should be revealed when better means are found to
extract them from or observe them in a membrane, and improved
methods that reveal larger complexes are appearing5. Views of the participation of membrane proteins in organizing large functional complexes are beginning to emerge6. In common with proteins, lipids also
tend to group together, forming lipid–lipid and lipid–protein interactions. Many lipids are seen in crystal structures to form specific complexes with proteins, most famously in the only structure of an entire
membrane that we know — the purple membrane from Halobacterium salinarium7. A large body of literature shows that lipids on their
own form regions of separated composition in the plane of pure lipid
vesicles, as discussed here in the review by Maxfield and Tabas
(p. 612), who also examine the role of lipids in disease. The ongoing
discussion of ‘rafts’ is a case in point8. Further, distortions of the membrane thickness through lipid–protein interactions will create strained
regions, as argued below. So, it would seem that patchiness is the order
of the day.
Functional patchiness underlies ideas developed in three of the
reviews that follow. McLaughlin and Murray (p. 605) discuss the idea
of spatial organization imposed by electrostatic interactions as a way
to understand the diverse functions of bisphosphophosphatidylinositol (PIP2). The discussion of the requirements created by the need for
organelle identity, maintenance and function, presented by Behnia and
Munro (p. 597), also implies membrane regionalization. It could further be argued that the functional correlates of the membrane curvature discussed by McMahon and Gallop (p. 590) depend on planar
segregation of membrane contents and of curvature-inducing proteins
when vesicles are formed.

Membrane thickness

What determines the thickness of a membrane lipid bilayer? The fluid
mosaic model posits that “the structures of the lipid in the membrane
and of the lipid in isolated aqueous dispersion are closely similar” and
that “hydrophobic and hydrophilic interactions are to be maximized
and the lowest free energy state is to be attained for the intact membrane in an aqueous environment”1. It follows that membrane proteins

Figure 2 | Known structures for membrane proteins4, 14–28 represented using
the energy scale of ref. 33. a, Proteins largely within the membrane bilayer.
b, Proteins with large extramembrane regions. c, Proteins covering large
regions of lipid34. The green indicates amino acids with a favourable
interaction with the hydrophobic lipid region, blue a favourable interaction
with water. Calculations are by Jonathan Sachs and Michael Strickler.

should have evolved their hydrophobic regions to fit the lipid dimension perpendicular to the membrane plane, since the exposure of
hydrophobic surface area to water is unfavourable by about 25 cal Å!2,
and the exposure of, say, about 5 Å of bacteriorhodopsin surface out of
the membrane would be unfavourable by about 25 kcal mol!1. Inspection of the known structures shows that they vary in hydrophobic
dimension around their peripheries and also from one to another.
Something must give — either the protein distorts to match the bilayer
or the lipid distorts to match the protein, or both. The fluidity of the
lipid and the relative rigidity of the proteins9 suggest that it is the main
lipid that distorts to match the protein, and both modelling and experiment support this view10,11, although protein distortion may occur in
extreme cases of protein–lipid mismatch12.
If the lipid distorts to cover the hydrophobic area of a membrane
protein, the transmembrane dimension of a bilayer in membranes
with high protein-to-lipid ratios must be variable. Further, if the distortion is asymmetrical across a bilayer, curvature can result (discussed
in the review by McMahon and Gallop, p. 590). Local distortion of the
bilayer is likely to influence protein interactions; for example, the
peripheral energy of distorting the bilayer may enhance interactions
that reduce the peripheral contour length. What effect the energy of
distorting the bilayer might have on the protein itself is not known, but
might have functional relevance for cases where the protein varies its
transmembrane conformation in the course of activity13.

Area occupancy by protein and lipid

How much of the membrane bilayer area is occupied by protein? In
general, we do not know the answer to this question, yet the answer

©2005 Nature Publishing Group

579

INSIGHT INTRODUCTION

NATURE|Vol 438|1 December 2005

strongly influences concepts of membrane organization. Further, proteins may occupy small areas at the bilayer level but have large
ectodomains covering lipid and creating steric restrictions. Most drawings of the fluid mosaic model greatly exaggerate the lipid area in both
senses — the area occupied by protein and the area covered by protein
are shown as small and zero, respectively.
Membrane protein shapes vary greatly, as shown in Fig. 2. Some are
largely contained within the bilayer4,14–18, as in the examples in Fig. 2a.
Many protein complexes, such as the ATP synthase, have large structures outside the lipidic region that will create steric contacts and other
interactions outside the bilayer19–26 (Fig. 2b). These may occupy larger
areas in projection onto the membrane than do the transmembrane
regions. For example, the F1 ATPase ectodomains occupy about four
times the membrane surface area of the transmembrane region23. Proteins anchored by single helices or by lipidic anchors such as fatty acids
can cover large regions of a membrane with protein surfaces27,28, as in
the examples shown in Fig. 2c. Interactions of the ectodomain structures are known to be functionally important in many cases, such as
the tyrosine kinase receptors29. Inspection of the examples in Fig. 2
shows that the exposure of membrane lipid surface may be rather
small, for example when a plasma membrane is viewed from either the
cytoplasm or the extracellular milieu. However, some proteins associate and dissociate with lipid as part of their function30, so some lipid
exposure must be maintained. Whether lipid exposure to the cytoplasm might be used to control or focus such interactions is at present
unexplored.

Fluidity in the context of order

Although most membranes exhibit fluidity, with rapid diffusion
observed for some lipid and protein species in the plane of a membrane, recent measurements using single-particle tracking reveal a
complex set of restrictions on protein lateral mobility. These include
directed motion, confined motion and anomalous diffusion31.
Although the observation that some proteins can move relatively freely
suggests that a subset may not be in larger assemblies, crowding,
ectodomain collisions, transbilayer interactions, adhesion sites and
cytoskeletal structure produce a variety of restrictions on the motion
of most proteins and lipids32. Not yet considered are the additional
constraints imposed by lipid–protein interactions through complex
formation and thickness perturbation.
Fluidity must be reconciled with order. It follows that the patchiness of many membranes must be local enough for there to be channels of lipid separating regions of protein assemblies, but this
constraint would still allow large segregated regions. The sizes and
variability of segregated regions are still to be established.

Consequences for current concepts

The concepts developed above lead us to a view of a membrane that
has variable patchiness, variable thickness and higher protein occupancy than has generally been considered. It will be a challenge to the
immense and excellent body of work on pure lipid systems to assimilate the perturbations by proteins. Of course, there will be variability
— myelin membranes are low in protein content; photosynthetic
membranes high. But, while we await improved measurements, the
modified view sketched in Fig. 1b is suggested as a guide to thinking,
and as a context for the functional interactions that are discussed in the
reviews that follow.
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