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INTRODUCTION

“Many knowledgeable biologists would say, almost reflexly, that complex carbo-
hydrates probably play a pivotal role in determining the specificity of many biological
recognition phenomenon” (Marchesi, Ginsburg & Robbins, 1978). So states the
preface to an authorative symposium volume on surface carbohydrates. However, 16
years previously it was possible, in the light of contemporary knowledge, for a
discussant at an equally authorative symposium to state, in relation to the recognition
of self and non-self, “At the cell level it is possible that carbohydrate may play a part,
carbohydrate is always present, but I know of no clear evidence yet to indicate that it
plays a role in the mechanism by which cells discriminate between their closer and
more distant relatives” (Davies, 1963). Clearly over this period, which incidentally
corresponds very closely with the establishment of the Journal of Cell Science, a
considerable development in the study of surface carbohydrates has taken place,
though interestingly there is still a need for definitive evidence for the role of
carbohydrates in cell discrimination.

Rothstein (1978) drew attention to the fact that when the membrane literature was
reviewed in the Annual Review of Physiology in 1968 about 400 of an estimated-600
published references were used, among which papers on glycoproteins, per se, were
not a recognizable category. However, between 1968 and 1976 the annual rate of
production of papers on membranes jumped from about 600 to 3000, of which in
1976, 300 papers were identifiable as being concerned with proteins and glyco-
proteins. The pace of research into glycoproteins in particular continues unabated,
with Sharon quoting in 1984 that since 1976 over 20 000 papers have been published
on these compounds. In being invited to make a contribution to this twentieth
anniversary volume of the Journal it is perhaps appropriate to step back and look at
the way in which an interest in surface carbohydrates has developed and to examine
the body of work started in the 1960s, which has resulted in this quantum jump in
endeavour, before going on to speculate on the direction that this area of research is
likely to take in the next 20 years.

CHEMISTRY OF CELL SURFACE CARBOHYDRATES

For the general reader it may be helpful to give some details as to the type of com-
pound that comes within the scope of the description ‘Cell Surface Carbohydrates’.
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The carbohydrates of the surface of animal cells can be considered to fall into two
groups, namely those molecules that are components of the ‘extracellular matrix’ and
those that are integral to the plasma membrane. While the former group may be said
to have an ephemeral association with the plasma membrane during their bio-
synthesis and secretion, the latter group constitute a definite part of the plasma
membrane. This is not to suggest that the division into these two groups’is absolute
but it does constitute a working basis on which to consider these compounds.
The former group of molecules comprise glycoproteins and proteoglycans/
glycosaminoglycans, and their relationship to the cell surface has recently been
reviewed by Yamada (1983). In the case of the second group, glycolipids are an
important additional component.

‘Glycoprotein’ as a term has often been used to describe any macromolecule
containing carbohydrate and protein, and as such would encompass molecules that
are more properly defined as proteoglycans. For the purposes of this article the term
glycoproteins will be used to describe those molecules in which, covalently at-
tached to a protein backbone, there are one or more hetero-oligosaccharide chains.
These chains are usually branched and can contain the neutral sugars D-galactose,
D-mannose, L-fucose, the basic monosaccharides 2-amino-2-deoxy-D-glucose and
2-amino-2-deoxy-D-galactose (the basic residues are invariably N-acetylated), and
the sialic acids. The latter are a family of nine-carbon sugars based on 5-amino-
3,5-dideoxy-D-glycero-D-galacto-2-nonulosonic acid; the nomenclature of Blix,
Gottschalk & Klenk (1957) in which the unsubstituted parent compound is re-
ferred to as ‘neuraminic acid’, whilst sialic acid is used as a generic term for all the
acylated neuraminic acids, will be used here, though other terminology has been
proposed more recently (Scott, Yamashina & Jeanloz, 1982). Two major types
of carbohydrate—peptide linkages occur in the glycoproteins, namely N- and O-
glycosidically linked sequences and these structures are shown in more detail in
Fig. 1.

In the proteoglycans there is a group of molecules in which carbohydrate is again
covalently linked to protein, though the underlying pattern of a disaccharide
repeating unit is quite different from that encountered with the ‘glycoproteins’.
These compounds are the only source of hexuronic acid in animals and may carry
sulphate ester groups. The term ‘glycosaminoglycan’ refers purely to the poly-
saccharide portion of the proteoglycans; the term ‘mucopolysaccharide’ is now
obsolete.

In the case of the glycolipids in animal cells one is dealing with derivatives of long-
chain bases related to sphingosine. The group of sphingolipids formed by attaching
long-chain fatty acids via amide linkage to sphingosine are given the generic name of
ceramides. Glycosphingolipids are those groups of molecules in which carbohydrate
is attached via a glycosidic linkage to the terminal hydroxyl group of the ceramide
residue and include the gangliosides, which contain sialic acids in their carbohydrate
moieties.
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EVIDENCE FOR CARBOHYDRATE AT THE CELL PERIPHERY
Electrokinetic studies

It is interesting that the classical models (Gorter & Grendel, 1925; Danielli &
Davson, 1934) of plasma membranes, with their emphasis on the lipid nature of the
structure, continued to influence an understanding of the chemical nature of the cell
surface well into the 1960s. These models of membrane structure, which completely
ignore the carbohydrates, were accepted as a basis for understanding the molecular
nature of the cell surface, even though the work of Morgan & Watkins (Watkins &
Morgan, 1952; Morgan & Watkins, 1959) in the 1950s had drawn attention to the
carbohydrate nature of the blood-group substances. In 1952, Watkins & Morgan, in
noting that simple sugars could neutralize the anti-H agglutinins in eel serum,
suggested that such observations “can have practical significance”; even then they
were careful to point out that the simple sugar “need not be even a constituent of the
hapten or antigen but merely possess a close structural relationship to a component in
these complexes”. However, seven years later Morgan & Watkins (1959) were able to
write that “the weight of evidence obtained from different laboratories and by
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Fig. 1. A. Structure of the sialic acids (in the pyranose form as represented by Reeves).
N-acetylneuraminic acid (R=CH;CO.HN) and N-glycolylneuraminic acid (R=
HO.CH,COHN) are trivial names accepted in biochemical and biological nomen-
clature; in the nomenclature of Blix ez al. (1957) ‘neuraminic acid’ (R=H,N) is the
unsubstituted structure 5-amino-3,5-dideoxy-D-glycero-a-D-galacto-2-nonulopyranonic
acid-1C,4 whilst the various acylated derivatives (e.g. N-acetylneuraminic acid) are col-
lectively known as the sialic acids. The carboxyl group of free N-acetyl neuraminic acid
has a pK,=2'6 and it is this ionogenic group that is responsible for a significant
proportion of the electrokinetic charge on animal cells. In sialylated materials the
glycosidic linkage between the sialic acid residue and the partner sugar is in the «
anomeric configuration; the hydrolysis of this bond being catalysed by neuraminidase.
B. Structure of carbohydrate—protein linkages present in glycoproteins. On the left-hand
side of the figure is 2-acetamido-N-(L-aspart-4-oyl)-2-deoxy-B-D-glucopyranosylamine,
The asparagine residue, as part of an extended polypeptide chain, forms the point of
attachment of what are classified as N-glycans. As regards O-glycans the linkage structure
of this type most commonly found in higher organisms is depicted on the right-hand side
of the figure; N-acetylgalactosaminyl serine (R=H)/threonine (R=CHs). The sugar
residues are depicted as ‘Haworth formulae’ and for convenience only the configuration of
non-hydrogen substituents on the sugar rings are indicated.
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different techniques therefore indicates that: (1) the specificity of the A, B, H and
Le* substances resides in the carbohydrate portion of the mucopolysaccharide
molecules”. These authors (Morgan & Watkins, 1959) went on to point out that in
the blood-group substances, “although it is the carbohydrate structures which
determine specificity” the orientation of these structures necessary for full serological
activity was brought about by their polypeptide moieties.

As the human erythrocyte has been used as the classic model in plasma membrane
studies it is surprising that the results of immunochemistry had little impact on those
of membrane biophysics. The answer to this apparent discrepancy probably lies in
the fact that the biochemical studies at that time on blood-group substances were
confined to tissue fluids and body secretions, in which the blood-group substances
occur in water-soluble form. Certainly, as Morgan & Watkins (1959) pointed out, red
blood cells are “the most obvious materials from which to attempt to isolate the
blood-group substances”, but they drew attention to the particular difficulties
associated with solubilizing serologically active material from this source. This fact,
coupled with the need to use mild methods of isolation and purification for obtaining
biologically active material, indicates why biochemical studies in blood-group active
materials largely ignored the erythrocyte and consequently probably accounts for the
lack of impact of immunochemistry on membrane studies at that time.

The need to consider the role of carbohydrates at the cell surface received the
necessary impetus from two sources, namely cell electrophoresis and, subsequently,
microscopical observations. The electrophoresis of cells is a particularly valuable
technique, as it enables one to study those molecules that are ionogenic or in which a
charged group may be introduced by appropriate chemical modification, into the
outer periphery of the cell, in a non-destructive manner. The electrophoresis of cells
has been pursued actively for over 50 years, the method having been pioneered at the
turn of the century, though it was only in the 1960s that this technique was fully
exploited as regards the chemical nature of the cell surface. It is not intended to give
here a detailed historical review of the electrokinetic studies performed on cells,
but rather, to highlight those contributions that were instrumental in influencing
scientific opinion towards considering carbohydrate at the cell surface. In particular,
the red blood cell, so often the prototype in plasma membrane studies, received
particular attention from this technique. All animal cells studied by the cell electro-
phoresis technique have been shown to possess a net negative surface charge, and in
the case of the human red blood cell it had long been realized that this charge arises
from strongly acidic groups (see Seaman, 1975, for a more detailed review). With the
all-pervasive influence of the classical models of membrane structure, with their
emphasis on the phospholipid nature of the plasmalemma, it is not surprising that
this charge was ascribed to phosphate groups. Even the demonstration by Ponder in
1951 that, following the action of the proteolytic enzyme trypsin on the human
erythrocyte the surface charge was lowered, corresponding to an approximately 30 %
decrease in the net negative surface charge density, failed to have any impact on
the view that biological surfaces were phospholipid in nature. Three years later,
Pondman & Mastenbroek (1954), confirming Ponder’s earlier observations, went so
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far as to suggest that trypsin was cleaving P—N bonds with a resultant loss of
phospholipid from the red blood cell membrane. Re-examining the question in 1960
Seaman & Heard were unable to find any significant release of lipid-bound phosphate
from the human erythrocyte by trypsin treatment and suggested that the changes in
the electrokinetic properties of the cell could be explained in two ways, either by the
fission of peptide bonds and a general “structural loosening up” without any loss of
material from the cell membrane or, alternatively, fission resulting in the direct loss
of carboxyl groups associated with amino acid elements in a polypeptide chain, or
phosphate or sulphate groups from a protein—phospholipid or protein—carbohydrate
complex. This explanation was a significant attempt to explain the electrokinetic
phenomena on the basis of the known properties of trypsin without being completely
dominated by the classical membrane models.

Following the above work, Cook, Heard & Seaman (1960) examined the tryptic
degradation products released from the intact, saline-washed, human erythrocyte.
Using paper chromatography they were able to demonstrate that the decrease in
the electrophoretic mobility of the erythrocytes, following trypsin treatment, was
accompanied by the release of a sialoglycopeptide into the medium. These analytical
results enabled the authors to provide an explanation of the specific action of trypsin
on intact cells as opposed to stroma. However, more importantly, as the authors
(Cook et al. 1960) had made concomitant electrokinetic measurements, it enabled,
for the first time, a sialic-acid-containing moiety to be localized at the periphery of a
cell. This work was rapidly followed by a detailed description of the action of the
specific glycosidase, neuraminidase, on the electrokinetic properties of the human
erythrocyte (Cook, Heard & Seaman, 1961) and a wide range of erythrocytes from
different animals (Eylar, Madoff, Brody & Oncley, 1962), which conclusively de-
monstrated that the carboxyl group of sialic acids is a dominant charge-determining
species at the surface of the red cell. It was shown that, following neuraminidase
treatment, the much reduced electrophoretic mobility was a result of the release of
free sialic acids and not of the generation of any significant number of cationic
groups. Similar experiments followed in rapid succession with a variety of other cell
types, so that by the end of the decade it had become clear that sialic acids are to
varying degrees ubiquitous components of the surfaces of animal cells, and conse-
quently the species bearing these residues (glycoproteins and possibly glycolipids)
must be taken into account in any complete model of the plasma membrane.

Twenty-five years on, the decision to test the effect of neuraminidase on the
electrokinetic properties of cells seems not only entirely logical, in view of the results
obtained with trypsin, but a relatively easy step to take; the latter viewpoint, if
indeed it is held, completely belies the facts. At the time that these experiments were
in progress both purified neuraminidase and authentic sialic acid samples were not
readily available commercially and a sensitive method for the estimation of sialic
acids only became available in 1959 (Warren); indeed the structure of these materials
had only recently been elucidated (see Ledeen & Yu, 1976, for a review). Work on
the purification of neuraminidase, particularly from Vibrio cholerae, had received
attention from Ada & French (1959), who were conscious of the increasing interest in
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the biological and chemical properties of compounds containing N-acetyl neuraminic
acid and who made samples available to Cook et al. (1961). Earlier, Gottschalk
(1957) had investigated what was then termed receptor destroying enzyme (RDE)
and had shown that the terminal neuraminic acid “in its mono or diacetyl form” was
split off the well-defined substrate neuramin-lactose. Gottschalk (1957), from this
work, proposed the term neuraminidase and defined its action “as the hydrolytic
cleavage of the glycosidic bond joining the keto group of neuraminic acid to D-
galactose or D-galactosamine and possibly to other sugars”. The effect of RDE on the
ability of erythrocytes to adsorb haemoglobin had been investigated in the same year
by Piper (1957), who had suggested that enzymes split off relatively strongly acid
anionic groups, which determine the electrophoretic pattern of normal erythrocytes.
Working with stroma, as opposed to intact erythrocytes, Klenk and his colleagues
(Klenk & Lempfrid, 1957; Klenk & Uhlenbruck, 1958) had found that RDE
liberates acylated neuraminic acids from a number of mammalian species. These
latter studies no doubt led Klenk (1958) to make the suggestion that one may assume
that the negative charge of the erythrocyte is due to an acylated neuraminic acid.
However, even at this stage Klenk’s suggestion was largely hypothetical, no direct
measurements having been made to test this supposition. Indeed, investigators who
would have been in a position to test experimentally the relationship of sialic acids to
surface charge were firmly of the view that the negative charge of the erythrocyte
arose from phosphate groups of phospholipids. That Bateman, Zellner, Davis &
McCafirey (1956) had previously suggested the decrease in the electrophoretic
mobility of erythrocytes treated with the PR8 strain of influenza virus was caused by
the appearance of cationic groups no doubt further complicated the picture, as did
Curtain’s (1953) studies on a urinary. mucoprotein inhibitor of viral haemagglutin-
ation. In these latter studies Curtain (1953) showed that following the treatment of
this inhibitor with RDE it possessed cationic groups of about pK11. Throughout the
1950s the idea that the surface charge on cells was due to groups other than the
phosphate groups of phospholipids met with little enthusiasm and the central
importance of lipids remained firmly entrenched.

Microscopic demonstration of cell surface carbohydrates

At the time that electrokinetic studies on intact cells were revealing the presence of
sialic acid-containing materials at the surfaces of an increasing variety of cell types,
concomitant histochemical studies, at the level of both the light and the electron
microscope, did much to confirm the ubiquitous presence of carbohydrate at the cell
periphery. A burgeoning body of histochemical data on surface carbohydrates had its
beginning in the 1960s, initially with the application of the periodic acid—Schiff
(PAS) reaction to the study of the cell surface. It would be inappropriate to review
here all the many contributions to this important aspect of the subject but rather
attention will be focused on those papers that have made a particular impact on
our understanding of the structural organization of plasma membrane. For those
requiring detailed information on the development of the study of the histochemical
aspects of surface carbohydrates, the reviews of Martinez-Palomo (1970) and
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Rambourg (1971) would be especially useful. The mechanism of PAS staining
had been investigated earlier by Leblond and his colleagues (Leblond, Glegg &
Eidinger, 1957), who stressed that once glycogen had been removed from the
specimen, by treatment with amylase, the technique is specific for carbohydrate—
protein complexes.

As pointed out by Rambourg & Leblond (1967) “In 1962, Gasic provided the first
direct histochemical evidence of a carbohydrate-rich layer at the surface of some
mammalian cells”. Gasic & Gasic (1962a) examining in ascitic tumour cells the
chemical nature and formation of what they referred to as “cell coating” showed that
it was PAS-positive and susceptible to digestion with proteolytic enzymes. In
addition, Gasic & Gasic (1962a,b) suggested that the Hale stain, introduced in 1946
for acid mucopolysaccharides, was particularly appropriate as a method for detecting
sialic acids at the cell surface and quickly adapted this method for use with the,
electron microscope (Gasic & Berwick, 1963). It is perhaps a pity that Gasic’s
laboratory did not examine a wider range of cell types for, as Rambourg & Leblond
(1967) suggest, “because his work was chiefly done with ascites tumour cells, the
opinion arose that surface carbohydrates are a feature of malignant cells”. This is
another illustration of how the entrenched view that membranes were largely lipid in
nature had such a lasting effect on our understanding of the biochemical composition
of the cell surface. When evidence in favour of surface carbohydrate emerged it is
easy to understand how the contemporary prejudice would have been to regard it as a
specific feature of malignant cells. Indeed, as pointed out subsequently (Rambourg
& Leblond, 1967) “this opinion persisted in spite of a few dissenting voices, such as
that of Kalckar (1965) who thought that carbohydrates may be ‘as abundant, if not
more so, in normal cells’ as in tumor cells”.

Cationic colloids have also been used to visualize sialic acid residues and
a particularly important advance in our understanding of membrane structure
stemmed from the application of this methodology, and was published in the second
volume of this Journal by Benedetti & Emmelot (1967) (Fig. 2). These authors used
colloidal iron hydroxide (CIH) at pH 1-7 to study the ultrastructural localization of
sialic acid residues in plasma membranes isolated from rat liver and transplanted rat
hepatoma. They showed that CIH-reactive neuraminidase-sensitive groups were
always asymmetrically distributed in the membranes studied. Because Benedetti &
Emmelot (1967) had used membrane preparations in which the junctional complexes
were preserved they were able easily to distinguish the outer surface from the
cytoplasmic side of the plasmalemma and were able to make the very important
observation that sialic acid was exclusively located in the outer leaflet of the plasma
membrane. Four years later this aspect of the subject was extended by the intro-
duction of ferritin-labelled lectins, by Nicolson & Singer (1971), as reagents for
studying the distribution of sugar residues within membranes. Nicolson & Singer
(1971) examined double membrane thick erythrocyte ghosts spread flat on carbon—
colloidin-coated grids. In such preparations the upper membrane is occasionally
broken and folded back, revealing the inner surface of the lower membrane. Using
ferritin-labelled concanavalin A (ConA), these authors demonstrated that the




























































