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Role of membrane glycoproteins in mediating trophic
responses
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SUMMARY During growth and differentiation the plasma membrane has a key role not only in the
reception and transmission of extracellular signals such as hormones and growth factors, but also
in communicating cellular response to the cellular microenvironment. Cellular response to trophic
stimuli includes alterations of cell shape and cell surface antigenicity,l of cell-cell recognition and
cellular adhesion,2 of cell matrix binding3 and the adaptation of cell surface receptors.4 The plasma
membrane is therefore regarded as a 'central agency' for the integration of a single cell into the
complex system of a tissue or of an organism. The numerous functions of the plasma membrane are
mainly mediated by membrane integrated glycoproteins or glycolipids both sharing the common
feature of covalently bound oligosaccharide side chains. Specific alterations of oligosaccharide
structure and metabolism associated with growth, differentiation and various pathologic conditions
suggest a specific role for the oligosaccharide moieties in the regulation of cell surface functions
(Table 1). This review intends to focus on the role of plasma membrane glycoproteins describing
briefly principles of glycoprotein structure and function, and characteristics of their biosynthesis
and degradation.

Structure of plasma membrane glycoproteins

The polypeptide backbone of plasma membrane
glycoproteins is constituted by at least two domains,
a sequence rich in hydrophobic amino acids which
anchors them to the lipid bilayer, and a hydrophilic
domain at the extracellular membrane surface. Several
glycoproteins such as the insulin receptor, the EGF
receptor or the LDL receptor span the membrane and

Table 1 Alterations of oligosaccharide structures of
plasma membrane glycoproteins

Selected references
Differentiation 5
Growth 6 7
Mutation 8
Hypervitaminosis (retinol) 9 10
Malignancy 1112
Cystic fibrosis 13
Psoriasis 14
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have a third cytoplasmic domain.'5 The membrane
anchor sequence of transmembrane glycoproteins is
flanked by basic sequences which may interact with
the head groups of negatively charged phospho-
lipids.'5

Oligosaccharide side chains of glycoproteins are
exclusively bound to the extracellular polypeptide
domain extending into the microenvironment of the
cell. Structural analysis by use of 360 and 500 MHz
'H-NMR or sequential exoglycosidase digestion has
shown that oligosaccharides of glycoproteins fall into
two classes according to the type of their carbohydrate
polypeptide linkage (Fig. 1,16) (a) 0-glycosidic linkage
from N-acetyl-D-galactosamine to hydroxyamino
acids (serine, threonine), (b) N-glycosidic linkage
from N-acetyl-D-glucosamine to the amide nitrogen
of asparagine.

Asparagine linked oligosaccharides have a
common core structure consisting of a branched
pentasaccharide Manal-3 (Manal-6) Man/Il-
4GlcNAc,/1-4 GIcNAc-Asn. To the peripheral man-
nose residues different types of side chains are linked
giving rise to three structural subgroups. High
mannose or oligomannosyl oligosaccharides are sub-
stituted with additional mannose residues, whereas
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Fig. 1 Representative structures of N-linked and 0-linked oligosaccharide chains. I: High mannose type, II: complex
type, III: hybrid type of N-linked oligosaccharides; IV: 0-linked structure. Fuc, L-fucose; Gal, D-galactose; GalNAc,
N-acetyl-D-galactosamine; GlcNAc, N-acetyl-D-glucosamine; Man, D-mannose; NeuAc, N-acetylneuraminic acid.

complex type oligosaccharides contain two, three,
four or five outer branches consisting of one lactos-
amine sequence Gal/I1-4GlcNAc or repeating lactos-
amine units. To the galactose or N-acetyl-D-glucos-
amine residues of the lactosamine sequence L-fucose
or N-acetylneuraminic acid may be linked as terminal
substituents. Additionally, L-fucose may be linked to
the C-6 position of the innermost N-acetyl-D-
glucosamine residue. Polysialosyl sequences with up
to 12 sialic acid residues have been found in rat
brain.'7 Thirdly, hybrid oligosaccharides share the
feature of both high mannose and complex type
oligosaccharides containing both oligomannosyl and
lactosamine side chains.
By varying the sugar composition of the outer

chains, the degree of branching and the type of the
glycosidic linkages a tremendously high number of
different oligosaccharides structures may be gener-
ated. Nevertheless, except for a certain microhetero-
geneity, the individual glycosylation sites of a glyco-
protein have a high selectivity for a particular
oligosaccharide structure indicating that oligo-
saccharide biosynthesis must be specifically regulated.

Unlike N-linked oligosaccharides 0-glycosyl units
have no common partial structure varying from
disaccharides to complex branched oligosaccharides
often attached to a Gal/31-3GalNAc disaccharide

core. In A, B, and H (0) blood group determinants
galactose, L-fucose and N-acetyl-D-galactosamine
residues are bound to this disaccharide in different
positions.
The structural diversity of oligosaccharides is

extended by their spatial conformation (for review
see. 18) Biantennary oligosaccharides -for example,
may form three dimensional structures shaped like a
T or Y thus exposing also sugar sequences in an inner
position. Formation of three dimensional structures
involves mutual interactions with the protein moiety
and is therefore subject also to alterations of the
amino acid sequence. Moreover, removal of terminal
neuraminic acid residues forming non-covalent bonds
with basic amino acids of the polypeptide, may
modify the conformation of the oligosaccharide.
Because glycosidic linkages are partly able to rotate,
oligosaccharides of glycoproteins must be regarded as
flexible structures.

Functions of plasma membrane glycoproteins

Because of their structural diversity and modifiability
0- and N-linked oligosaccharides of plasma mem-
brane glycoproteins serve as carriers of biological
information either modulating the properties of
functional glycoproteins or serving as specific signals
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Table 2 Functions of the oligosaccharide moiety of
glycoproteins

Physicochemical modulation:
- tertiary conformation
- solubility
- viscosity
- electrical charge
- stabilisation against proteolysis

Determinants of biological recognition:
- cell-cell recognition and adhesion
- cell-matrix adhesion
- sorting signals for intracellular transport and compart-
mentation

- signals for receptor-mediated endocytosis (clearance of
serum glycoproteins, non-immune phagocytosis)

- cell surface antigens, differentiation markers
- binding sites for viruses and bacteria (hostparasite relation-

ship)

in numerous recognition systems (Table 2, for
review)."9"20

PLASMA MEMBRANE GLYCOPROTEINS IN
INTERCELLULAR RECOGNITION AND ADHESION
The ability of cells to recognise and to bind to each
other specifically is a prerequisite for the development
of multicellular organisms. Intercellular communi-
cation moreover plays pivotal roles in fertilisation,
cellular differentiation, organogenesis, and in both
adaptive and malignant growth.

Evidence that carbohydrate moieties of plasma
membrane glycoproteins are crucial for intercellular
communication has been obtained in several cellular
systems (Table 3). Sugar or oligosaccharide deter-
minants serving as recognition markers or binding
sites have been partly characterised using four major
experimental approaches: (1) studies in cell mutants
with genetic defects in glycoprotein biosynthesis,23 (2)
specific inhibition of glycosylation by drugs and
antimetabolites," (3) modification of oligosaccharide
biosynthesis by glucosidase inhibitors"3 and (4) re-
moval of single sugar residues by specific glycosidases.
Especially terminal sugar sequences of complex N-
linked oligosaccharides have been described as im-

portant signals - for example, in interce!lular ad-
hesion.23 Treatment ofBHK cells with neuraminidase
exposing terminal f6-galactosyl residues has been
shown to increase cellular aggregation, whereas
additional removal of the galactose residue decreases
the aggregation potential of the cells." Similarly, a
switch in glycoprotein biosynthesis from complex
type oligosaccharides to high mannose structures
results in lower cell-cell aggregation."
As first suggested by Roseman,32 surface located

oligosaccharides of plasma membrane glycoproteins
or glycolipids are thought to mediate cellular recog-
nition and adhesion by binding to complementary
binding sites exposed on the surface of adjacent cells.
This conception originally proposed for cell surface
glycosyltransferases was restored to prominence by
the discovery by Ashwell of cell surface receptor
proteins with binding specificity for mono- and
oligosaccharides.33 Numerous mammalian lectins
with different carbohydrate specificity have been
characterised on the surface of various cell types (for
review see.34-36) Figure 2 schematically shows how
binding of a complex N-linked oligosaccharide to a
galactose specific lectin is controlled by the terminal
sugar sequence. Binding to the lectin is initiated by the
removal of terminal neuraminic acid which masks the
penultimate galactose residue, whereas segregation of
the oligosaccharide from the receptor may result from
the subsequent removal of the galactose determinant.
Desialylation of serum glycoproteins followed by
binding and endocytosis by a galactose specific
hepatic lectin has been characterised in detail as a
major mechanism of the regulation of serum glyco-
protein homeostasis.34 The identification of develop-
mentally regulated lectins which are prominent at a
specific stage of development of a tissue,36 and of
tumour associated lectins37 indicates that oligo-
saccharide-lectin interactions participate in embryonic
development and in malignant growth. Structural
modifications of cell surface oligosaccharides ob-
served in developing5 and neoplastic cells""12 could
represent the de novo synthesis of lectin binding sites

Table 3 Oligosaccharides ofplasma membrane glycoproteins in intercellular recognition

Function (cell type) Sugar determinant Selected reference
Cell-cell binding

Dictyostelium disc N-Acetyl-D-galactosamine 21
Fibroblasts N-Acetylneuraminic acid 22 23

D-Galactose
Intestinal epithelium L-Fucose 24

Lymphocyte homing L-Fucose 25 26
Sequestration of N-Acetylneuraminic acid 27 28

erythrocytes D-Galactose
Cancer cell adhesion D-Galactose, L-Fucose 29 30

N-Acetyl-D-galactosamine

73

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gut.28.S

uppl.71 on 1 January 1987. D
ow

nloaded from
 

http://gut.bmj.com/


Tauber, Reutter, and Gerok

GN Gal Neu Ac

\.11

0

Fig. 2 Schematic model of oligosaccharide lectin
interaction. Details see text.

or the masking and unmasking of preformed ones. In
several forms of disease alterations of cell surface
oligosaccharides correlate with defects in adhesion ;13
the molecular mechanisms, however, are not yet
characterised. Apart from glycoprotein lectin binding
the complex process of intercellular recognition and
adhesion involves specific 'cell adhesion molecules ,
elements of the cytoskeleton39 and multifunctional
glycoproteins loosely attached to the extracellular
surface of the plasma membrane such as fibro-
nectin.40

CELL SURFACE ANTIGENS
As shown by the use of monoclonal antibodies
carbohydrate structures of glycoproteins and glyco-
lipids are prominent antigens and constitute almost
all cell surface associated antigens of the onco
developmental type that have been characterised so
far.4'42 Antigens expressed at different stages of
differentiation or during neoplasia often differ in
single terminal sugar residues linked to a common
saccharide backbone, as shown for a family of blood
group related antigens based on the carbohydrate
backbone sequence Galf1l-4(3)GlcNAc.' Hence,
changes in antigenicity during embryogenesis, differ-

entiation or neoplasia may be a corollary of changes
in the glycosylation of plasma membrane glyco-
proteins or glycolipids.

OLIGOSACCHARIDES OF CELL SURFACE
RECEPTORS
N- and 0-linked oligosaccharides are associated with
most, if not all cell surface receptors. Although still a
matter of inconsistency, there is increasing evidence
supporting the view that intact glycosylation is
required for biosynthesis and assembly of receptor
oligomeric structures, for the stability of receptors
after insertion into the plasma membrane and for the
control of binding affinity. Inference has been mostly
drawn from studies using tunicamycin, an antibiotic
which inhibits the biosynthesis of N-linked oligo-
saccharides,3' and from cell mutants with defects of
glycosylation.434 Glycosylation has been shown to be
an essential step in the biosynthesis of the insulin
receptor4' and the acetylcholine receptor.4647 Like
other glycoproteins receptors are synthesised in
membrane bound polysomes of the rough endo-
plasmic reticulum, glycosylated cotranslationally and
routed via the Golgi apparatus to the plasma
membrane (for review see48 49). The a- and f-subunits
of the heterotetrameric insulin receptor derive from a
single polypeptide precursor which is proteolytically
processed to the precursors of the mature subunits
post-translationally during intracellular transport.
After treatment of cells with tunicamycin the non-
glycosylated proreceptor is incapable of undergoing
processing and is not transported into the plasma
membrane.4' Similarly, inhibition of glycosylation
seems to inhibit transport and assembly of acetyl-
choline receptor subunits followed by a rapid decay
of cell surface ligand binding activity.4647 Conversely
N-linked oligosaccharides do not play a major role in
the biosynthetic routing of the asialoglycoprotein
receptor pointing to individual differences of recep-
tors in their glycosylation requirements.50

Second to biosynthesis the concentration of a
receptor at the cell surface can also be regulated by
interiorisation of the receptor followed by either
degradation-" or delivery to an intracellular storage
compartment.52 Although the biochemical mech-
anisms that control receptor down regulation are not
yet known, evidence is accumulating that the oligo-
saccharide moiety has a key role in the regulation of
receptor glycoprotein degradation. Lack of N-linked
oligosaccharides or 0-linked oligosaccharides causes
enhanced degradation of the acetylcholine receptor53
or the LDL receptor,43 respectively. Furthermore,
studies in cell mutants suggest that not only deficiency
but also structural alterations of N- and 0-linked
oligosaccharides may increase receptor breakdown.44
As oligosaccharides of plasma membrane glyco-
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proteins are stepwise degraded either in situ at the cell
surface or during membrane recycling54-56 alterations
of oligosaccharide structures are likely to occur
during the life cycle of a receptor glycoprotein. Intact
glycosylation may be essential for stabilisation of the
receptor molecule against proteolysis (for review
see20) or against denaturation in the acidic en-
vironment of endosomes, or may be part of an escape
mechanism that protects receptors from segregation
into the lysosomal compartment. Influencing protein
conformation, accessibility of binding sites or the
proper exposure of the receptor on the cell surface,
structural carbohydrates may also modulate receptor
binding affinity.

According to these examples, oligosaccharides of
plasma membrane glycoproteins are involved in cell
surface functions in at least two different ways: (1)
either as effectors -for example, when interacting
with sugar specific receptors in cell-cell recognition, or
(2) as covalently-bound modulators of activities
effected by the polypeptide moiety - for example, in
receptors. Both of these mechanisms are subject to
structural alterations of the oligosaccharide side
chains. In order to avoid uncontrolled structural
changes hazardous for cell surface functions, but also
to generate specific structures, which may modulate a
particular function, oligosaccharides of plasma mem-
brane glycoproteins must be under precise control.

Biosynthesis and degradation of plasma membrane
glycoproteins

In contrast with the other polymers of the cell DNA,
RNA and proteins, oligosaccharides are not syn-
thesised on a template. Biosynthesis of N-linked
oligosaccharides49 starts in the endoplasmic reticulum
with the assembly of a common precursor oligo-
saccharide Glc3Man9(GlcNAc2) linked by pyro-
phosphate to the lipid carrier dolichol. Catalised by
specific glycosyltransferases monosaccharide residues
are stepwise transferred to the lipid carrier from either
sugar nucleotides or dolichol-linked sugars. The
precursor oligosaccharide which contains the
common pentasaccharide core of N-linked oligo-
saccharides is highly conserved in evolution and
found in nearly all eukaryotes. After en bloc transfer
to asparaginyl residues that are part of a Asn-X-Ser/
Thr sequence, the precursor oligosaccharide is exten-
sively processed to yield the different mature struc-
ture. Processing starts with the stepwise removal of
the three terminal glucose residues catalysed by two
specific glucosidases, and of up to four mannose
residues by mannosidases of the endoplasmic reticu-
lum and the cis cisternae of the Golgi apparatus to
yield high mannose oligosaccharides. Intermediates
destined to become complex type structures are

Table 4 Factors involved in the regulation of
oligosaccharide biosynthesis49

- conformation of the polypeptide backbone
- physical accessability of oligosaccharide chains
- membrane integration
- expression and substrate specificity of glycosidases and glyco-

syltransferases
- route and duration of intracellular transport
- location of the glycoprotein in the cell
- subcellular compartmentation of processing enzymes
- concentrations of lipid intermediates (dolichol, retinol)
- concentration of sugar nucleotides

further processed by addition of a N-aceytlglucos-
amine residue by N-acetylglucosaminyltransferase I
followed by removal of two mannose residues by
Golgi mannosidase II. Thereafter peripheral sugars
are stepwise transferred from sugar nucleotides to the
trimmed oligosaccharide in the medial and trans
cisternae of the Golgi apparatus before insertion into
the plasma membrane. Unlike the assembly of the
lipid linked precursor which seems to proceed via a
single pathway in most cells, processing of oligo-
saccharides is tremendously diverse and allows to
generate a great variety of oligosaccharide structures.
Whereas the sequence of processing events is fairly

well understood, little is known about the control
mechanisms that direct the formation of particular
structures. Several factors that may control processing
have been proposed (Table 4). Whereas the con-
formation of the polypeptide backbone57 and its
insertion into the membrane bilayer58 represent
determinants which reside in the glycoprotein itself,
the concentration of sugar nucleotides and dolichol-
phosphate,59 and the level of expression of the various
glycosidases and glycosyltransferases may be influ-
enced by endogenous and exogenous stimuli and may
reflect conditions at the time of synthesis.

Modifications of oligosaccharides presumedly are
not restricted to the biosynthetic pathway, but also
seem to occur after insertion of glycoproteins into the
plasma membrane. Terminal sugar residues L-fucose
and N-acetylneuraminic acid of plasma membrane
glycoproteins are rapidly removed from the glyco-
proteins two to four times faster compared to the
half-life of the polypeptide backbone.654560 Loss of
terminal sugars occurs either in situ in the plasma
membrane or in endocytotic compartments during
membrane recycling.58 Core sugars are removed in the
different glycoproteins with individual half-lives in
between that of the polypeptide and that of core
sugars.5455 61 This indicates that the oligosaccharides
of plasma membrane glycoproteins may be trimmed
to an individual extent by limited deglycosylation.
Knowledge of the pathways and the regulation of
oligosaccharide biosynthesis and degradation will not
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only further the discovery of diseases that result from
defects in glycoprotein metabolism, but will also
provide new therapeutic approaches for treating
them.

This work was supported by the Deutsche Fors-
chungsgemeinschaft (SFB 154 and 29).
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