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Preface

Books on biological membranes have, in the main, discussed this topic
primarily in terms of the detailed composition of membranes and the
reactions, such as transport and enzyme functions, that characterize them.
Over the past few years, however, the functioning of biological membranes at
the molecular level has begun to be understood. In particular, biological
membranes have emerged, not as static inert boundaries to the cellular and
intracellular compartments, but as dynamic structures intimately involved in
many, if not most, of the biochemical processes of the cell. The emphasis of
this book is therefore on structural and functional aspects which contribute to
our concept of the dynamic membrane. In view of this we do not aim to
provide a catalogue of reactions that have been observed in biological
membranes. As such we give no detailed description of the kinetics of trans-
port of material across membranes as details of these, like that of enzymes,
are inappropriate to the aims of this book and can be found in other standard
biochemical texts. Hopefully, this approach will give the reader an insight into
our current understanding of the many aspects of biological membranes and
the direction future research is likely to take.

Much of what we describe in this book is the fruit of biochemical and
biophysical techniques that have been developed over the last decade or two.
We are conscious, however, that the information regarding the structure and
function of biological membranes is going to increase at an enormous rate
with the application of genetic engineering techniques. Rarely does a month
pass without the sequence of another membrane protein, deduced using these
techniques, appearing in the literature. Not only do these techniques provide
a means of deducing a protein sequence without having to purify the protein
and analyse the amino-acid sequence directly (both difficult and tedious pro-
cesses), but there is also scope for the investigation of structure and function
of membrane protein using systems in which genetically engineered DNA
molecules are expressed in vivo.

We have compiled this book with the needs of scientific and medical
students in mind, as well as those of research workers wishing to be
acquainted with current developments in this fast-moving field. A rapid
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appreciation of the contents of each chapter may be made by reading only the
summary and figure legends of each section. For those wishing more details
and explanation, the full text may be read. Finally the references at the end of
each section and those cited in figure legends will lead the interested reader to
some of the key reviews and published papers. We hope that the concepts
which we have tried to lay down will be clear and might even stimulate some
to further investigations into the fascinating propertics of biological
membranes.

We wish to thank all those who gave helpful comments and criticism on the
manuscript and Rhian Houslay and Elizabeth Wright who helped in the
production of the manuscript.
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Membrane components and
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3 The endoplasmic reticulum
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5 The lysosome
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Preparation of membrane fractions

The structure of membrane components

1.4.1 Lipids .

1.4.2 Proteins . ..

A model for biological membrane structure .
Solubilization and purification of membrane proteins
Extraction and separation of membrane lipids .

1.1 THE IMPORTANCE OF MEMBRANES IN CELL STRUCTURE

AND FUNCTION

1.1.1 Definition of the cell surface

A living cell, by definition, consists of a discrete mass of cytoplasm separated
from its environment by a membrane. The most obvious function of this
membrane, called the plasma membrane, is to define the boundaries of the
cell. No single structure for this membrane can be described, however, since it
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can take on a number of forms according to the physiological role of the cell.
A single cell can also have several different areas of plasma membrane with
different morphology and function. For instance it might have domains
specialized for interaction with a basement membrane, interaction with
adjacent cells and for absorption from body fluids. A further complication is
that some cells are able continually to change their shape. Some examples of
the diversity of cell morphology are shown in Figure 1.1. The apical surface of
the MDCK cell line, derived from dog kidney, is convoluted into narrow
cylindrical structures called microvilli (Figure 1a), which greatly enhance the
surface area of the cell and aid absorption. Shown here is a cell that has
rounded up during cell division. In contrast the plasma membrane of the
adipocyte is smooth and featureless (Figure 1b). The function of this cell is
principally to store fat, so no specialized structures in the plasma membrane
are required. The cell is very large (about 50 ym diameter) and contains a
central droplet of triglyceride over which a thin layer of cytoplasm and the
plasma membrane is stretched. On the other extreme of size is the erythrocyte
(7.7 um diameter x 1.9 um in depth) which is the principal oxygen carrier in
the blood. Erythrocytes are all very uniform in shape, having a characteristic
biconcave appearance (Figure 1c). Even when the plasma membrane is
isolated from the cell contents this shape is retained, showing that in this case
the membrane structure itself is responsible for determining the cell shape.
Despite its rigid appearance it is flexible enough to be squeezed through the
narrow blood capillaries of the peripheral circulation. This may be demon-
strated in vitro by the ease with which they may be drawn up into narrow
capillaries several times smaller than the diameter of the cell. Flexibility of a
different sort is seen in fibroblasts and some tumour cells (Figure 1.1d) which
can flatten on to a solid surface, extend lamellipodia and crawl along at
several ym per minute (see section 6.7.3). Here the plasma mambrane is
distensible and irregular in shape, quite unlike the erythrocyte.

Such a diverse morphology in mammalian cells is a reflection of the com-
plexity with which the membrane is organized. Close beneath the membrane
and in the cytoplasm is a network of polymeric protein structures called the
cytoskeleton (see section 6.7.3). Together with the membrane structure itself
these determine the shape of the cell. Thus the shape of microvilli is largely
governed by the actin filaments which line up along the axis of the structure.
The regular shape of the erythrocyte membrane on the other hand is largely
governed by cross-linking between membrane proteins. In the fibroblast, the
ability to change shape and move is a combination of the fluid and flexible
nature of the plasma membrane and the rapid polymerization and
depolymerization of cytoskeletal proteins. This differentiation of cell shape to
suit its function is unique to animal cells. Bacteria and higher plants also have
a plasma membrane analagous to animals, but it is protected by an outer cell
wall which is rigid and of uniform shape.



1.1.2 Control of the intracellular environment

Perhaps the most important property of the cell surface or plasma membrane
is the formation of a continuous barrier around the cell which limits the
diffusion of substances into and out of the cytoplasm, thus protecting the cell
from fluctuating or adverse conditions in the environment. The origin of its
impermeability lies in the lipid core of the membrane which, being
hydrophobic, does not allow the passage of water or charged molecules. It is,
however, punctuated with a wide variety of protein pores and transport
systems whose function is to regulate the permeability of the plasma
membrane according to the particular needs of the cell (see Chapter 7). Thus
the lipids and proteins play complementary roles in the control of membrane
permeability. Whilst some small molecules are able to gain access to the cell
via these transport systems in the plasma membrane, no large particles, pro-
teins or oligopeptides can enter directly in this way. For these a special
mechanism exists. First the particle or macromolecule must bind to the cell,
usually to specific receptor proteins embedded in the plasma membrane. The
ligand-receptor complexes then aggregate into small areas of the plasma
membrane which pinch off to form a vesicle in the cytoplasm. This process is
called receptor-mediated or absorptive endocytosis. The endocytotic vesicles
then usually fuse with the lysosomes where their contents are degraded,
although it is also possible for them to be transported intact to other parts of
the cell (see section 6.7). Defects in these transport systems severely affect
the metabolism of the cell, usually with pathological consequences.

1.1.3 Communication between cells

While an isolated cell is capable of individual existence it does not normally
function in this manner in a tissue. The activity of a cell is regulated by those
around it, and also by cells in remote locations. For instance cells growing in a
monolayer normally stop growing when they come into contact, a
phenomenon known as ‘contact inhibition’. Presumably this process is
involved in the normal process of limiting cell growth in an organ, since
cancer cells, which do not exhibit contact inhibition, grow over each other to
produce a tumour. The nature of the intercellular communication involved in
contact inhibition is not known, but presumably it takes place at the level of
the plasma membrane.

Cells at remote locations may also be linked together by the action of
hormones. These are trace substances produced in the endocrine glands in
vertebrates which act as chemical messages between distant organs. In
mammals a large number of different hormones exist which can evoke a wide
variety of responses, ranging from long-term growth and maturation, to
short-term regulation of metabolic activity. Hormonal control is organized in
a hierarchical manner, secretion of hormones by the adrenal cortex, thyroid,
gonads and pancreas being itself under the control of hormones released by
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the pituitary gland. This in turn is controlled by factors released from the
hypothalamus. In each case specific targets are selected by the presence of an
appropriate receptor protein on the cell surface which allows the hormone to
bind. The hormone may then have a direct effect on the metabolism of the
cell by activating a membrane-bound enzyme facing the cytoplasm or facili-
tating a movement of ions across the membrane. Alternatively, it may
have secondary effects which follow absorptive endocytosis of the
hormone—-receptor complex (see section 7.7).

Another circulating molecule which has recently provoked intense interest
is the small polypeptide called interferon, so named after its ability to protect
cells from viral infection. Interferon induces two enzymatic activities in the
cytoplasm. The first synthesizes unusual oligonucleotides from ATP con-
taining 2'-5" phosphodiester bonds. These oligonucleotides activate an
endonuclease that cleaves mRNA. The second enzyme activity is a protein
kinase which phosphorylates the initiation factor, elF-2, thus inhibiting
protein synthesis. Although most cells are capable of making their own
interferon, it appears that it can also be used to co-ordinate the defence of
distant cells against viral infection, rather like a hormone. Similarly when
interferon is added to some tumour cells in culture it inhibits their pro-
liferation, a result which has led to widespread claims for its therapeutic use.
It is not known how interferon acts on the cell, but presumably it binds to a
membrane receptor.

Communication can also be achieved directly through small molecules. For
instance through ion movements across membranes which control the excited
state of nerve or muscle cells, or the nerve transmitters which couple adjacent
synapses.

In each of these examples the communication between cells relies on
structures contained in their plasma membranes. In the absence of these
structures a cell would be isolated from its neighbours.

1.1.4 Cell adhesion and immunogenicity

Many of the proteins embedded in the plasma membrane have large
carbohydrate structures covalently linked on the external face of the cell.
These glycoproteins frequently terminate in sialic acid residues giving the cell
a negative charge. The carbohydrate side chains on these glycoproteins are
also important in the adhesion of the cell to its neighbours or to its substrate.
Another important property of the cell surface is that it is very immunogenic,
mainly as a result of the exposed glycoproteins and glycolipids. The structure
of these cell surface antigens is under genetic control, and is used by the
immune system to distinguish between ‘self” and ‘non-self’. Thus, all cells in
one individual bear similar cell surface antigens, but differ from those in other
individuals. It is the compatibility of these antigens which determines the
success of a blood transfusion or graft transplantation.

The most important surface antigens determining the success of a blood
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transfusion are the blood group antigens. The origin of this antigenic
behaviour is the precise structure of the carbohydrate moiety of glycoproteins
and glycolipids on the erythrocyte cell surface. Many systems of blood-group
specificity exist in man, but the one which is best studied and understood is
that of the so-called ABH and Lewis (Le®* and Le®) antigens. Genetic control
of these five antigens is made by four separate groups of genes which control
the synthesis of specific glycosyltransferases (see Table 1.1). These act
sequentially to produce the characteristic A, B, O, Le* and Le" blood groups.
Both glycoproteins and glycolipids in erythrocyte membranes can carry these
blood-group antigens. Thus the major glycoproteins of the erythrocyte
membrane (see section 4.4) can carry blood-group specific antigens. For
example band III is amongst those proteins which carry blood-group A
activity, and Glycophoryn may carry antigens of the MN blood group.

A second set of antigens determining the individuality of cell surfaces is the
transplantation or histocompatibility antigens. Unlike blood-group antigens,
which define (in most individuals) the antigenicity of body fluids as well as cell
surfaces, histocompatibility antigens are restricted to the cell surface. The
antigenic determinant in this case is the polypeptide chain of a group of
transmembrane proteins coded for directly by the major histocompatibility
complex (MHC) on the mammalian genome. In mice the MHC is known as
the H-2 complex and is present on chromosome 17; in man it is called the

Table 1.1 Genetic control of ABH and Lewis blood group antigens. The four genes

Le, H, A and B each code for a specific glycosyltransferase. Expression of different

combinations of these genes in different individuals gives rise to five phenotypes with

the blood groups A, B, O, Le?, and Le®. Sugar residues are as following: Gal = p-

galactose, GIcNAc = N-acetyl-D-glucosamine, GalNAc = N-acetyl-D-galactosamine,
Fuc = L-fucose. Sugar linkages are omitted for clarity

Gene Gene enzyme Product Blood group
Le a-4-fucosyltransferase Gal—GlcNAc— Le®
Fuc
H a-2-fucosyltransferase Gal—GIcNAc— O
Fuc
Le+H a-4-fucosyltransferase Gal—GlcNAc— Leb
.+_
a-2-fucosyltransferase Fuc Fuc
A+H a-GalNAc transferase GalNAc—Gal—GlcNAc— A
+
a-2-fucosyltransferase Fuc
B+ H 2-Gal transferase Gal—Gal—GIcNAc— B
<+

a-2-fucosyltransferase Fuc
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HLA complex which is found on chromosome 6. The MHC is made up of a
number of loci for each of which up to 100 alleles exist in the population. This
high degree of polymorphism explains the ability of the antigens to function
as markers of the cell surface ‘individuality’. The importance of these antigens
lies not only in graft rejection but also in their role in the immune recognition
of viral antigens, and the linkage of particular alleles with susceptibility to
certain diseases.

The plasma membrane of mammalian cells thus expresses, through
histocompatibility and blood-group antigens, the genetic individuality of the
cell. This complex system, while not essential for the continued existence of a
cell (or individual), is valuable in the defence of an organism against invasion
by virus containing antigenic determinents picked up from their previous
host. The modification or loss of these antigenic markers which occurs in

transformed cells might also prove to be a useful way of screening for
tumours.

1.1.5 Functions of intracellular membranes

In the electron microscope the most prominent feature of a mammalian cell is
the abundance of subcellular organelles partitioned off by intracellular
membranes (see section 1.2). All of these membranes conform to the same
general pattern as the plasma membrane, having two layers of lipid molecules
with a hydrophobic centre, but the metabolic functions differ quite radically
according to the proteins which are embedded in the membrane.

One of the simplest functions of these intracellular membranes is to provide
a support to which enzymes may bind. Thus, a number of glycolytic enzymes,
which one might have assumed would be soluble enzymes, have been found in
association with the plasma membrane in erythrocytes (see section 3.2). It is
not entirely clear why this should occur. In other cases, where the substrates
are lipid soluble a more efficient metabolic pathway is produced by restricting
the reactions to the membrane surface.

A second, and very important, function of intracellular membranes is to
define compartments within the cell which can maintain a different
environment from the milieu so as to support their own specialized function.
Thus the lysosomes maintain an acid pH for the function of acid hydrolase
enzymes, the mitochondrial inner membrane maintains an ion and proton
gradient which is used as an energy store in the synthesis of ATP, and the
ratio of ATP to AMP and NADH to NAD can be independently regulated to
suit the metabolic activities of the cytoplasm. Intracellular membranes, how-
ever, are not just permeability barriers defining intracellular compartments,
they also contain many integral and spanning membrane proteins which
perform many of the reactions characteristic of each organelle. Thus the
mitochondrial inner membrane is composed of protein complexes which
themselves act as the proton and electron carriers between the cytoplasmic
and mitochondrial compartments. Other proteins exchange ATP or carboxylic
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acid ions which directly feed the catabolic pathways inside the mitochondria
and generate most of the energy supply for an aerobic cell. Similarly, integral
membrane proteins are responsible for recognizing extracellular molecules
during hormone action or absorptive endocytosis at the plasma membrane
and probably are also responsible for recognizing the leader sequences of
secretory and membrane proteins, being synthesized in the endoplasmic

reticulum. Thus intracellular membranes play a key role in the function of cell
metabolism.

Summary

Biological membranes are essential components of living cells.
Few cellular activities could continue in their absence.

1.2 THE MORPHOLOGY OF MEMBRANES

In the electron microscope the most prominent feature of a mammalian cell is
the abundance of subcellular organelles partitioned off by intracellular
membranes. These organelles may be classified into a number of types (e.g.
Golgi apparatus, endoplasmic reticulum, lysosomes) which are present in
almost all eukaryotic cells. The appearance of any one type of organelle,
however, is very variable depending on the cell type. Thus the endoplasmic
reticulum is very prominent in secretory cells, and the Golgi apparatus which
has only 1-3 cisternae in rat liver may have up to 30 cisternae in some plant
cells. For simplicity we have chosen one cell type, the rat hepatocyte, in order
to illustrate what the intracellular organelles and their membranes look like.
It must be remembered, therefore, that other cell types may have similarly
named structures with a rather different appearance.

Figure 1.2 shows a thin section through a rat hepatocyte viewed in the
transmission electron microscope. In cross-section the hepatocyte has a
polyhedral shape and is about 20-25 ym in diameter. Alternate faces of the
cell interact with adjacent hepatocytes and contain the bile capillaries. In
between these are the blood sinusoidal faces which are separated from the
circulating blood by flattened endothelial cells. The adult mammalian liver is
thus a sponge-like cellular mass perforated by two systems of communicating
cavities.

The staining procedure used to prepare specimens for the electron
microscope results in electron-dense osmium and lead compounds being
deposited in the membranes (as well as some other structures) of the cell. The
complexity of the intracellular structure of a hepatocyte, seen in Figure 1.2 is
therefore largely a reflection of the large number of membranous organelles
that fill the cytoplasm of mammalian cells. These organelles, which may be
identified as morphologically distinct structures, are shown in Figures 1.3 and
1.4.
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Figure 1.2 Thin section of a whole rat hepatocyte. In the electron microscope the most
prominent feature of mammalian cells is the abundance of membranous organelles;
ec = reticulo-endothelial cell, ps = pericapillary space (or space of Disse),
be = bile capillary, blm = basolateral membrane, n = nucleus. Magnification x 5780.
(Micrograph Kindly given by Stephen Massardo and Kathryn Howell)

1.2.1 The plasma membrane

Surrounding the cell is the plasma membrane which in hepatocytes is
differentiated into three domains that may be distinguished on the basis of
their morphology and composition. Where adjacent cells are apposed, the



