
Molecular and Cellular Biochemistry 72:3-20 (1986). 
© 1986, Marfinus Nijhoff Publishers, Boston. Printed in the Netherlands. 

Current ideas on the significance of protein glycosylation 

Christopher M. West 
Department of Anatomy and Cell Biology, University of Florida College of Medicine, Gainesville, FL 
32610, USA 

Abstract 

Carbohydrate has been removed from a number of glycoproteins without major effect on the structure 
or enzyme activity of the protein. Thus carbohydrate has been suggested to underly a non-primary function 
for proteins, such as in relatively non-specific interactions with other carbohydrates or macromolecules, 
stabilization of protein conformation, or protection from proteolysis. This non-specific concept is consistent 
with both the general similarity in carbohydrate structure on very diverse glycoproteins and the frequent 
structural microheterogeneity of carbohydrate chains at given sites. The concept is supported in a general 
sense by the viability of cells whose glycosylation processes have been globally disrupted by mutation or 
pharmacological inhibitors. 

In contrast to the above observations, other studies have revealed the existence of specific, selective recep- 
tors for discrete oligosaccharide structures on glycoproteins which seem to be important for compartmentali- 
zation of the glycoprotein, or the positioning of ceils on which the glycoprotein is concentrated. Sometimes 
multivalency in the carbohydrate-receptor interaction is crucial. There are additional possible roles for 
carbohydrate in the transduction of information upon binding to a receptor. The possibility of specific roles 
for carbohydrate is supported by the existence of numerous unique carbohydrate structures, many of which 
have been detected as glycoantigens by monoclonal antibodies, with unique distributions in developing and 
differentiated cells. 

This article attempts to summarize and rationalize the contradictory results. It appears that in general car- 
bohydrate does in fact underlie only roles secondary to a protein's primary function. These secondary roles 
are simple non-specific ones of protection and stabilization, but often also satisfy the more sophisticated 
needs of spatial position control and compartmentalization in multicellular eukaryotic organisms. It is sug- 
gested that there are advantages, evolutionarily speaking, for the shared use of carbohydrate for non-specific 
roles and for specific roles primarily as luxury functions to be executed during the processes of cell differenti- 
ation and morphogenesis. 

Introduction 

New information about the significance of pro- 
tein glycosylation is rapidly accumulating. This can 
be attributed to advancements in methods to detect 
and isolate new structures, to determine structure, 
and to modify carbohydrate structures experimen- 
tally. Nevertheless, the field continues to experience 
profound unrest. Many studies have failed to un- 

cover significant cellular or molecular conse- 
quences for dramatic changes in carbohydrate 
structures. Other studies have pointed to isolated 
specific roles but no sweeping generalizations of 
function have been possible. Interpreters of the 
former studies would attribute apparent specific ef- 
fects to secondary consequences of changes in car- 
bohydrate on protein structure. Interpreters of the 
latter studies would argue that the former studies 
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simply failed to ask the right questions of  function. 
It is clear that there is much to be done to extend 
our knowledge for this particular type of  posttrans- 
lational modification. 

The purpose of  this article is to outline the scope 
of  investigations presently being carried out in this 
subject area and to generalize the possible sig- 
nificance of  these new findings. In particular, this 
article will attempt to compare and contrast the 
two prevailing views in the field. As intimated 
above, one view is that glycosylation plays a rela- 
tively non-specific role in maintaining and preserv- 
ing polypeptide function. The alternate view is that 
carbohydrate structures participate in numerous 
specific interactions with discrete protein receptors, 
and that these interactions lead to predictable 
modifications in the localization or activity of  the 
glycoprotein. These opposing views will be simply 
referred to as the non-specific and specific models. 
The importance of  this issue is dramatized by the 
fact that nearly all secretory, extracellular matrix, 
cell surface and lysosomal proteins are glycosylat- 
ed. 

There are many published comprehensive reviews 
on aspects of  this subject (1-3, 14, 20, 43, 105, 110, 
115, 130, 175) and the reader is referred to these for 
more detailed summaries and documentation. 
Since this article will in part serve as an introduc- 
tion and a background to the others in this volume, 
an overview of  general features of  the glycosylation 
process has been provided to precede the summary 
of  existing and new ideas in the field which follows. 

General structures of protein-linked carbohydrate 

Oligosaccharides linked to asparagine occur in 
cellular slime molds, yeast, higher plants, insects, 
and humans, and several essential features of  these 
structures are highly conserved throughout this 
phylogenetic range (14). Typically though not in- 
variably, a Glc3Man9GlcNAc2 structure is synthe- 
sized on a polyisoprenoid derivative (dolichol-P-P) 
and transferred en bloc to asparagine residues on 
polypeptide acceptors forming an N-glycosidic 
linkage (hence N-linked). The three Glcs are usually 
trimmed by a tandem pair of  a-glucosidases to 
yield a high mannose N-linked structure. The high- 
mannose structure is variably modified, beginning 
with removal of  mannoses in a typical sequence by 

a tandem pair of  o~-mannosidases. One pathway re- 
tains most mannoses but permits additional substi- 
tutions of e.g., sulfate and/or  phosphate. A second 
pathway trims down to MansGlcNAc 2 and makes 
limited additions such as GlcNAc, and sometimes 
Gal and core-linked Fuc. These are referred to as 
hybrid structures. The third pathway continues the 
second pathway to build complex structures usually 
terminated by sialic acid. There can be two, three or 
four chains emanating from the branching man- 
nose (and secondary branching Mans) and these 
structures are accordingly referred to as bianten- 
nary, triantennary or tetraantennary complex N- 
linked oligosaccharides. The sialic acids, which ap- 
pear not to precede echinoderms in their evolution- 
ary appearance, comprise a diverse family of  sugars 
(100). Numerous additional substituents including 
sulfate, phosphate, methyl groups and others have 
been documented (8, 9, 161). 

Each step in the glycosylation pathway is cata- 
lyzed enzymatically; there is usually a unique en- 
zyme for each linkage position formed as monosac- 
charides are accreted or deleted (47). N-linked 
glycosylation is not template driven. Only the first 
step might be considered so, inasmuch there is a 
necessary but not sufficient requirement of  an x- 
asn-x-ser/thr-x sequence for the oligosaccharide ac- 
ceptor. Protein structure or corfformation has also 
been shown to influence whether a site becomes 
glycosylated as well as whether it becomes high 
mannose, hybrid, or complex (4, 7) or whether it 
receives a phosphodiester-linked GlcNAc-PO4 (7) 
or GalNAc-SO 4 (175). A relationship between po- 
sition in the polypeptide chain (distance from N- to 
C-terminus) and whether an oligosaccharide be- 
comes high mannose or complex has been observed 
(6). Finally these relations are not absolutely deter- 
minate, for spontaneous heterogeneity of carbohy- 
drate structures at particular positions has been 
documented (12, 5, 37). Changes in structure also 
result from extracellular influences (see below). 

The other major structural class of  oligosaccha- 
rides is O-linked on ser on thr (25, 26). A largely 
distinct set of enzymes catalyzes the synthesis of  
these structures. These  oligosaccharides are built 
by monomer addition from sugar-nucleotide 
donors directly on the polypeptide rather than on 
a lipid precursor. Trimming does not appear to play 
a major role. Gal and GalNAc are typical proximal 
sugars and Man is rarely found. O-linked structures 



are found both in branched and straight chain 
forms. O-linked structures often resemble the 
oligosaccharides of glycolipids (45), and in fact 
these may be built from shared enzymes. An ex- 
perimental consideration of the role of these 
oligosaccharides on protein must inevitably involve 
an examination of homologous glycolipids. 

Although the N-linked and O-linked structures 
discussed above account for 95-100% of incorpo- 
ration of labelled sugar precursors into cellular 
glycoproteins, numerous additional small classes of 
oligosaccharides are also found. For example, 
GalGlc is found on hydroxylysine and hydroxypro- 
line of collagens. GlcNAc-POn-ser is found on a 
lysosomal enzyme in D. discoideum (18) and 
GlcNAc-asn is found on certain glycoproteins of 
what is probably the nuclear envelope (19). 

Archeobacterial proteins are also glycosylated. A 
major class of these glycosylations shares some ho- 
mology with N-glycosylation and may be evolu- 
tionarily related (10, 38, 11). A polyisoprenoid lipid 
carrier is utilized prior to en bloc transfer. The an- 
cient character of the mammalian N-linked glycan 
suggests important functional attributes for his 
posttranslational modification. 

Several physical methods have been applied to 
ascertain the conformation of oligosaccharides on 
proteins (30, 31). Studies in model systems have im- 
plied that there is a preferred conformation at least 
for the core sugars of N-linked oligosaccharide 
chains. This conformation is stabilized by hydrogen 
bonding with the polypeptide chain, which orients 
the structure, and limited intrachain hydrogen- 
bonding. The existence of preferred conformations 
implies that shape may be important for specific 
interactions of protein-linked carbohydrate with 
receptors. 

Cellular sites of glYCosylation 

N-linked glycosylation appears to occur only in 
the rough endoplasmic reticulum (RER) and hence 
only to proteins which possess a signal sequence 
(150). The process is co- or post-translational (14). 
Mannose trimming begins in the RER but can be 
concluded in Golgi. Modification of high-mannose 
forms or conversion to hybrid or complex forms 
occurs in the Golgi. Nearly all glycosylation is be- 
lieved to be restricted to these two compartments. 

Certain steps in glycosylation have, however, been 
postulated to occur in the SER, secretory vesicles, 
nuclear envelope and cell surface (e.g., 43, 139, 
173). Of course, deglycosylation occurs in lyso- 
somes as a part of protein turnover (102). 

O-linked glycosylation appears to be initiated 
and concluded in the Golgi (25, 26, but see 27). As 
for N-linked glycosylation, there has been some 
resolution of processes between the cis, medial and 
trans elements of the Golgi apparatus. 

Nearly all proteins which pass through the RER 
and Golgi become glycosylated in some form. One 
exception is the secretory protein serum albumin 
(32), which is synthesized in hepatocytes. There is 
no evidence for a glycosylated precursor. 

It should be recognized that at least some 
glycoproteins, e.g., cell surface transferrin receptor, 
can probably be reexposed to the Golgi compart- 
ment subsequent to primary passage through this 
organelle (112). This provides new opportunities for 
glycosylation subsequent to initial synthesis. 

Occasional reports have appeared in the litera- 
ture regarding the presence of glycoproteins in 
cytoplasmic compartments topologically discon- 
tinuous with the lumen of the RER and Golgi. Hi- 
stones and other nucleoplasmic proteins (68, 77, 
78), a ribosomal protein (79) and certain mitochon- 
drial proteins (132, 174) have been suggested to be 
glycoproteins. These findings contradict the dogma 
that glycosylation is strictly an RER and Golgi de- 
pendent event unless it is postulated that modified 
proteins subsequently translocate across the mem- 
brane back to the cytoplasmic space. Further work 
remains to be performed to confirm the existence 
of oligosaccharides on these proteins and to 
characterize their structure as a means for under- 
standing their enzymatic basis. 

It must be appreciated that the description of the 
glycosylation pathway as we now understand it sug- 
gests many interesting kinds of regulatory mechan- 
isms. For example, each step of the pathway can be 
influenced by enzyme synthesis and turnover, ac- 
ceptor accessibility, as well as the supply of donor 
sugar, cofactors such as lipids, divalent cations, etc. 
The question of accessibility is particularly in- 
teresting because sequentially acting enzymes tend 
not to be mixed but are distributed vectorially 
through the RER and the multiple compartments 
of the Golgi. Movement of polypeptides through 
these compartments appears to be mediated by 



ATP-dependent dissociative movement of vesicles 
(142). Thus glycosylation may conceivably be regu- 
lated by the pathway of movement of the acceptor 
protein. There is also an indication that some 
glycosyltransferases form supramolecular complex- 
es. Thus, it is possible that certain carbohydrate 
structures are dictated not only by vesicle move- 
ment, but also by which enzyme cluster initially 
captures the acceptor protein (122). 

Existing ideas about carbohydrate function 

Ideas about the role of protein glycosylation may 
be divided into two general groups: 1) those which 
imply specificity associated with particular carbo- 
hydrate structures, and 2) those which stress the 
general similarities of oligosaccharide structures, 
and the presence of microheterogeneity in the 
structure of particular oligosaccharides, in suggest- 
ing that combined carbohydrate bulk creates a 
common microenvironment for resident polypep- 
tides much as the lipid bilayer provides an environ- 
ment for integral membrane proteins. Most effort 
has been devoted to the former category of ideas 
because of the greater ease of formulating hypothe- 
ses of this type. 

Non-specific functions 

A non-specific role for oligosaccharides that is 
dependent on their generalized chemical properties 
has been suggested in several contexts. It was ap- 
preciated early on that carbohydrate afforded a 
stabilizing effect on protein solubility and against 
heat denaturation (see, e.g. 34, 38 and 35). It was 
also realized that oligosaccharides afford resistance 
to proteolytic degradation (166), presumably by a 
mechanism of steric hindrance, and these ideas 
have been reinforced in numerous studies up to the 
present (e.g., 12, 101, 102). There are in addition 
several instances where carbohydrate is known to 
interfere sterically with protein-protein interaction 
not involving proteolysis (74, 75). 

Predating this understanding, it was known that 
carbohydrate is a major constituent of the extracel- 
lular matrix in the form of polysaccharides known 
as glycosaminoglycans (GAGs) (3). In the past 15 
years, it has been discovered that most GAGs are 

covalently attached to polypeptides, resulting in the 
formation of glycoproteins which, due to the 
specialized nature of the attached carbohydrate, are 
known as proteoglycans. GAGs are anionic poly- 
mers which hydrate to form enlarged domains 
which can interact with one another, as well as with 
polycationic polymers such as collagen and with 
other glycoproteins (3). A three dimensional space 
is thus defined by polysaccharide, protein, and the 
bound water which provides an environment for 
cells. Convection and diffusion are modified, and 
fluctuations in ionic strength and pH are 
minimized. These structures depend on the polyan- 
ionic nature of the carbohydrate, and the general 
chemistry rather than the specific monosaccharide 
identities and sequences may be dominant in 
governing the properties of the system. 

Carbohydrate oligomers are also known to self- 
associate in the formation of mucous gels and in 
yeast and plant cell walls (152-154, 22). In the 
former, the anionic nature of the carbohydrate ap- 
pears to be important although in the algal and 
yeast gels the interactions are non-coulombic. 

The collective oligosaccharide density on cell 
surface proteins is sufficiently great so as to invite 
comparison with the carbohydrate density of the 
matrix space. This observation has led to the sug- 
gestion that cell surface carbohydrate might also es- 
tablish a convection and diffusionqimited region 
around the cell in an area thick enough to be 
named, in certain cell types, the glycocalyx or fuzz. 
The polyanionic nature of the carbohydrate found 
on some cell surfaces probably results in marked 
cation and pH differences in this region relative to 
the surrounding medium (177). It has recently been 
proposed that the heterogeneity of carbohydrate 
structure found on proteins of this region might re- 
sult in minor differences in protein function, lead- 
ing to a broader range in the ionic strength and pH 
values optimal for protein function (36, 37). As 
such, protein oligosaccharides might subserve a 
homeostatic process used by cells to maintain their 
viability in potentially changing milieus. It has also 
been suggested that a layer of non-immunogenic 
protein-associated carbohydrate may play an 
immuno-protective role for underlying cell surface 
antigens, especially on neoplastic cells (27). 

Plasma membrane carbohydrate, owing to inter- 
carbohydrate associations, might also influence the 
lateral diffusion of certain glycoproteins. Inter- 



molecular association at the cell surface has been 
suggested to be so extensive in an archeobacterial 
system that it can influence the shape of the includ- 
ed cell (11). An extension of  intermolecular associa- 
tion to contact between two cells in close mutual 
proximity leads to a possible mechanism for cell 
adhesion. Interaction of oligosaccharides might be 
due to an apposition of  the hydrophobic faces of 
two monosaccharides such as mannose (126). Im- 
plicit in this model is the idea of a large number of 
weak interactions equalling in strength a smaller 
number of strong interactions. This mechanism is 
feasible in polymeric systems with repreating simi- 
lar subunits. Cell surface oligosaccharides could 
simulate a polymer inasmuch as they are coan- 
chored in the same membrane. The interactions in- 
volved in these phenomena may be relatively non- 
specific. 

The notion of  a 'non-specific' role for carbohy- 
drate has received perhaps its strongest support 
from studies on cells whose glycosylation processes 
have been globally altered by mutation or drugs. 
The most dramatic studies have involved mutant 
cells selected on the basis of  resistance to the toxic 
effects of certain lectins. Many mutations leading 
to loss of lectin recognition have been identified in 
CHO and other cells (20). Some have been charac- 
terized and in fact most steps in the pathway to 
complex, N-linked glycan formation are mutable. 
The striking finding is that mutant cells are largely 
viable in culture. Most mutant CHO cells remain 
adherent under appropriate conditions, proliferate, 
and are tumorigenic. Mutants defective in early 
steps leading to the formation of  high-mannose 
glycans are also viable (24). This result was not, 
however, found in a yeast mutant (40). 

Selected activities of  cells have also been inves- 
tigated in some mutant strains. For example, the 
half-life of cell surface proteins was found not to be 
dramatically affected (23). Similar results were 
found following treatment of  cells with sialidase 
(107). 

A considerable literature details the conse- 
quences of  carbohydrate modification on the secre- 
tory process. Though several examples of  apparent- 
ly specific effects will be enumerated in a later 
section, the number of  cases where little or no ef- 
fect is found is noteworthy (82, 83, 98, 161). In 
some cases detailed kinetic analysis has found only 
small effects on secretory rates (159). 

Similar results have been found regarding ac- 
cxumulation of  receptors in the plasma membrane 
and in their function at that site (88, 99, 90, 164). 
Genetic modification of  the gene for the LDL 
receptor has deleted a sequence required for a clus- 
ter of  O-linked glycans and even for this poorly- 
studied glycan type no consequence on function 
could be detected (163). Mutants in the enzymatic 
pathway of O-glycosylation still place the LDL 
receptor, albeit in a less stable form, on the cell sur- 
face (165). 

These negative results have suggested that carbo- 
hydrate cannot underlie essential housekeeping 
functions in cells. This implies a non-specificity of 
function in the sense that obvious functions cannot 
specifically be attributed to the carbohydrate when 
it is present. This represents a shift in meaning 
from the above definition of  nonspecificity inas- 
much as specific receptors may be involved in func- 
tions non-essential in the tissue culture environ- 
ment. Thus it has alternatively been suggested that 
carbohydrate may be more important for particular 
differentiated functions, which are not expressed in 
cell culture systems such as the CHO cell line. 
There are but few investigations into this possibili- 
ty. For example, in the cellular slime mold D. dis- 
coideum, mutations have eliminated two develop- 
mentally regulated glycoantigens (28, 29). 
Nevertheless, the cells develop reasonably normally 
to produce fruiting bodies and viable spores. The 
result may imply that carbohydrate is either non- 
specific or subserves subtle modulatory roles or 
that their roles are redundant with alternate (or 
back-up) mechanisms. Alternatively, the value of  
these carbohydrate structures may only become evi- 
dent under the competitive conditions of  natural 
survival outside of the laboratory. 

Although the above ideas have been grouped to- 
gether under 'non-specific mechanisms', this is not 
meant to imply that carbohydrate structure per se 
is completely irrelevant. 'Non-specific' should be 
interpreted relative to the types to be discussed be- 
low, were specific, saturable recognition mechan- 
isms related in principle to enzyme-substrate or 
hormone-receptor interactions are apperently in- 
volved. In any case, the non-specific mechanisms 
tend to rely on the bulk chemical properties of the 
participating oligo(poly)saccharides. 



Specific mechanisms 

This phrase implies interactions between recep- 
tors and ligands (usually the oligosaccharide) of  
saturability and high selectivity and avidity. Selec- 
tivity can be achieved by high affinity monovalent 
interactions or multiple weaker interactions. Selec- 
tive interaction is often equated with molecular or, 
on a more complex level, cellular recognition. The 
phrase also implies that a specific function can be 
attributed to the carbohydrate structure. Perhaps 
the strongest indication for specific roles are the va- 
riety of  structures which have been detected on pro- 
tein carbohydrate. 

The following sections outline how several 
characterized structures are thought to function in 
specialized processes. In some cases, a receptor pro- 
tein capable of recognizing a given structure is 
known. 

Intracellular routing to lysosomes 

In 1965 Eylar (80) presented the idea that proteiL' 
glycans constitute a 'chemical passport'  signalling 
export of a protein to the cell surface or for secre- 
tion. Though this idea has since been supplanted by 
the 'signal hypothesis' of  Blobel and Sabbatini 
(150), it has served as a precursor to more refined 
ideas of chemical signals leading to the accumula- 
tion of  glycoproteins in specific compartments (81). 
For example, a mannose-6-phosphate moiety has 
been suggested to be responsible for associating 
proteins with receptors which in turn lead to pro- 
tein accumulation in lysosomes (134). The key to 
this understanding was the finding of  mutant cells 
which appeared to secrete constitutively certain 
lysosomal enzymes that were distinct in their 
oligosaccharide structures: namely that normal en- 
zymes possessed multiple phosphate residues 
6-1inked to non-peripheral Mans in high-mannose 
structures, and that mutant enzymes lacked these 
phosphate moieties. This suggested that there was 
a Man-6-PO 4 receptor in membranes of the Golgi, 
and plasma membrane (since lysosomal enzymes 
can also be absorbed from the medium and translo- 
cated to lysosomes), which was responsible for 
binding the Man-6-PO4 recognition marker on cer- 
tain glycoproteins. Two such receptors, one of 
215kD and the other of 46kD, have been discovered 
(157, 158). These are located in the Golgi and/or  on 

the cell surface in concordance with their proposed 
functions. From studies on receptor movement and 
the effects of inhibitors there is fairly good evi- 
dence that the Man-6-PO 4 moiety, together with 
one or both of  these receptors, plays a recognition 
role in the intracellular routing. However, not all 
lysosomal enzymes seem to be involved because 
some copies of the altered enzymes still accumulate 
in mutant cells (157), and some lysosomal enzymes 
are not affected. It has been suggested that there is 
lysosomal heterogeneity with only one class of  
lysosome employing this recognition marker. It is 
nevertheless apparent that for some lysosomal en- 
zymes in some cell types the Man-6-PO4 receptor 
does not function alone, even as an intermediate 
signal, for lysosomal routing. There must be other 
recognition signals on the en zy m e  polypeptide 
which lead to its potential lysosomal accumulation. 

It is interesting to note that the distinctive carbo- 
hydrate structure plays a compartmentalization 
role separate from the enzyme's function in catalyt- 
ic degradation. Furthermore, carbohydrate is em- 
ployed to perform a common role shared by multi- 
ple proteins. A posttranslational modification such 
as glycosylation is well-suited to the demands of a 
mechanism for compartmentalization. 

Other intracellular compartments 

The RER, Golgi, smooth endoplasmic reticu- 
lum, and nuclear envelope are also intracellular 
destinations for proteins which traverse the RER 
cotranslationally. These compartments contain 
numerous characteristic and uniquely distributed 
glycoproteins, but there is not enough information 
to evaluate the possibility that carbohydrate struc- 
ture is involved in routing or maintaining the posi- 
tions of  the glycoproteins. 

Several cases of RER-specific glycoproteins have 
been considered. Cells infected with Rotavirus syn- 
thesize, under control of the virus, several proteins 
including VP7, an integral membrane glycoprotein 
whose distribution is restricted to the RER (95). 
This protein together with the membrane of the 
RER form a temporary coat for the virus. In a ge- 
netically modified form of VP7, a hydrophobic re- 
gion, which presumably serves as a transmembrane 
anchor defining the proteins as an integral mem- 
brane glycoprotein, was deleted. The truncated 
gene encoding VP7 was introduced to cells by 



transfection. Truncated VP7 was synthesized, but 
was then secreted despite this fact that glycosyla- 
tion at its single site toward the C-terminus retained 
its high-mannose character. These results show that 
the key factor which retained the glycoprotein in 
the RER was the transmembrane sequence and was 
not related to the glycosylation site. The results 
would also imply that glycosylation is not essential 
to the process of  secretion. 

Several nuclear envelope glycoproteins have been 
found to express an unusual carbohydrate structure 
consisting of GlcNAc-asn (19), which is an expected 
product of endo-glycosidic degradation. It is at 
present unknown where this structure is synthe- 
sized and thus whether glycosylation precedes or 
follows arrival into the nuclear envelope. 

Secretion 

The secretion of protein appears to involve at 
least two pathways: a constitutive pathway and a 
pathway which includes a secretory vesicle which is 
stored cytoplasmically (144). A range of high man- 
nose and complex bi-, tri- and tetra-antennary N- 
linked structures has been observed on both secre- 
tory and plasma membrane associated 
glycoproteins. Most studies have been directed, 
however, toward N-linked glycans since these struc- 
tures are easier to modify and detect than are O- 
linked and other, unknown structures. 

One approach to evaluate the potential role of N- 
linked glycans has involved the use of pharmaco- 
logical inhibitors of  several steps, namely the initial 
steps of synthesis, and deglucosylation and deman- 
nosylation. Tunicamycin blocks N-linked glycosyla- 
tion completely (as well, possibly, as other types of  
glycosylation (15)), whereas deoxynojirimycin and 
swainsonine block certain steps leading from high 
mannose structures to the complex type. Though 
the effects are not simple it tentatively appears that 
lack of N-linked glycosylation has a measureable 
affect on the rate of  secretion of  some proteins 
from hepatocytes or hepatoma cells (82, 85, 84). 
Secretion from these cells appears not to involve a 
stored secretory vesicle. Modification of glycosyla- 
tion by deoxynojirimycin or swainsonine appears 
in some cases to affect the rate of  movement from 
the RER to the Golgi and, in other cases, from the 
Golgi to the extracellular space (162, 159, 84). Some 
glycoproteins and albumin are not affected at all. 
This result has led to speculation that there is a 
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receptor which can recognize and retain 
glycoproteins bearing the high mannose marker. 
This mechanism would not be universal for all pro- 
teins. Alternatively, these differences may reflect 
spurious differences in rates of  dissociation from 
glycosylation enzymes. It seems reasonable to con- 
sider that glycans may be designed to play a 
modulatory role in the kinetics of secretion for only 
selected proteins. Since secretion of these proteins 
is not regulated by storage in a secretory vesicle, 
this mechanism may be used by the cell as a fine- 
tuning mechanism for controlling release of  pro- 
tein. It is plausible that the passive constitutive 
pathway for secretion (95, 144) does not involve 
carbohydrate per se, but that modifications of  this 
pathway or its kinetics do. Further work remains to 
be done to compare carbohydrate structure on 
different glycoproteins and to consider the possible 
involvement of neighboring polypeptide regions in 
the interaction with a hypothetical receptor. 

Secretory vesicles 

Entry of  protein into stored secretory vesicles re- 
quires a specific signal as shown by the observation 
that some hormone polypeptides produced by pitu- 
itary cells are stored whereas others are constitu- 
tively secreted. It has been observed that peptide 
hormones which are stored in pituitary gonado- 
tropes and thyrotropes are sulfated whereas related 
peptide hormones released from placental cells, but 
not stored there, are not sulfated. This sulfate has 
subsequently been shown to reside at one or more 
non-reducing termini of  N-linked complex 
oligosaccharides in the position usually occupied 
by sialic acid. This substitution may be directed by 
a substitution of the GalNAc for underlying Gal 
(156). The functional significance of the relation- 
ship between GalNAc-SO 4 and delivery to a vesicle 
which is stored cytoplasmically prior to release by 
a secretagogue remains to be explored. An excep- 
tion to this structure-function correlation is posed 
by human FSH, which is stored in human pituitary 
gonadotropes but, unlike the LH stored in these 
cells, is not sulfated. Possibilities consistent with a 
role for GalNAc-SO4 are that FSH may segregate 
to a discrete vesicle population relative to LH, or 
that the two homones colocalize and that some in- 
termolecular association substitutes for the lack of 
this carbohydrate modification. 
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Plasma membrane 

There is no concensus oligosaccharide structure 
discovered thus far which distinguishes plasma 
membrane from secreted glycoproteins. Although 
this may suggest the possibility that plasma mem- 
brane and secretory glycoproteins may in fact 
share a common signal, on account of  their 
topologically equivalent destinations, inhibitor ex- 
periments have shown that an absence of  N-linked 
glycans does not consistently block the appearance 
of  glycoproteins on the cell surface (88, 90). There 
are, however, some instances of inhibition (86, 87, 
89, 91-93),  which allow for the possibility that N- 
linked glycans may act as a signal or modulator for 
the export of  specific proteins to the plasma mem- 
brane. Alternatively, the failure of  a few altered 
glycoproteins to be exported may be explained by 
enhanced proteolysis, by a secondary effect on con- 
formation, or by the display of  another signal else- 
where on the polypeptide (165). 

A special class of  extrinsic plasma membrane 
glycoproteins is known, however, for which a gly- 
can structure appears to be significant for localiza- 
tion. This includes glycoproteins which are recog- 
nized by the cell surface protein ligatin, which 
recognizes a Man-6-PO4-1-Glc, linked to a high- 
mannose backbone (160). This structure appears to 
be important for the cell surface association of  
these glycoproteins since Glc-I-PO4 can elute them 
from cells and a high concentration of  Ca + +, which 
can elute ligatin, also elutes the associated gly- 
coproteins. Glycoproteins associated by this mech- 
anism were first recognized ultrastructurally 
on the surface of  the intestinal mucosa of  the suck- 
ling rat, but have since been discovered on the sur- 
faces of  a variety of cell types in sea urchin, chicken 
and mouse. It is unclear whether the GIc-I-PO 4 
marker serves as a routing signal for export to the 
cell surface, using ligatin as an intermediate carrier, 
or whether it serves a recognition role for secon- 
dary association with the cell surface once secretion 
in soluble form has already occurred. Though the 
identity of  many of  the ligatin associated 
glycoproteins is unknown, the first to be discovered 
in the intestinal mucosa was j3-N- 
acetylhexosaminidase. In this case, the primary 
function of  the glycoprotein can be viewed as an 
enzymatic one. The appended carbohydrate ap- 
pears to serve a role in localization, contributing to 

the spatial organization of the system. 
Consideration of  the possible role of carbohy- 

drate in other molecular associations with the plas- 
ma membrane will be considered below in sections 
on hormone-receptor interactions and cell- 
substratum (e.g., extracellular matrix) and cell-cell 
adhesion. 

Extracellular localization 

It has been proposed that specific carbohy- 
drate/protein interactions might designate the 
localization of  secreted glycoproteins to specific 
sites in the extracellular matrix (3). This idea has 
received support recently from the detection of ani- 
mal lectins in matrices, basement membranes, and 
mucous secretions (140). Lectins, which are mul- 
tivalent carbohydrate binding proteins with 
oligosaccharide specificity, are believed to crosslink 
other molecules to contribute to, e.g., the viscosity 
of  certain mucous structures (44). Binding of  ma- 
trix proteins to carbohydrate of  GAGs has been 
reported (21, 32). A recent report suggests that the 
neural adhesion protein N-CAM has a binding site 
for heparan sulfate-like GAGs (171). 

Cell surface receptor recognition of  soluble ligands 

In the early 1970s, Ashwell and Morrell demon- 
strated that desialylation of serum glycoproteins, 
resulting in the exposure of  a penultimate galactose 
in mammalian species, caused rapid removal of  
proteins by hepatocytes once these altered proteins 
were restored to the blood (reviewed in 105, 106). 
This suggested that normal turnover of  serum pro- 
teins is regulated by the structure of  their glycans, 
which would be regulated by interaction with siali- 
dases. Though a carbohydrate binding receptor for 
(non-reducing) terminal Gal/GalNAc has been 
characterized in hepatocytes, it has not been possi- 
ble to prove this hypothesis directly. This mecha- 
nism is not universal because not all serum pro- 
teins, albumin being a notable example, are 
enzymatically glycosylated. Further work must be 
done to determine whether this system actually 
functions in serum protein turnover. It is interesting 
to note that a family of  serum proteins (IgA1) binds 
this receptor by way of  O-linked oligosaccharides, 
but only upon denaturation (175). It has also been 
recently shown that liver endothelial cells can 



desialate a serum protein, thus rendering it suscep- 
tible to uptake by hepatocytes via the Gal/GalNAc 
receptor (178). 

Additional studies have revealed the presence of 
a distinct carbohydrate binding protein in Kupffer 
and other macrophage-like cells (105, 108, 109, 
175). Following recognition, these and other carbo- 
hs~drate binding proteins become internalized to- 
gether with their ligands, which carry a 
Man/GlcNAc/Fuc specificity, but later return to 
the cell surface free of ligand. In addition, cell sur- 
face localized Man-6-PO4 receptors have been sug- 
gested to be responsible for hepatic uptake of en- 
zymes supplied to the fetal blood from placental 
fluids (111). 

It has been suggested that receptors on the Kup- 
ffer cell and other types of macrophages may also 
recognize cells which present the appropriate con- 
figuration of carbohydrate residues (110). Binding 
in these circumstances may lead to phagocytosis. 
This kind of binding has been detected in model 
systems (130). 

Several examples of a role for protein glycan in 
other forms of intermolecular recognition have 
been offered. These include glycans on the Fc por- 
tion of IgG being involved in the recognition by 
complement proteins and cell surface receptors (70, 
129), glycans of human chorionic gonadotropin be- 
ing involved in activation of its receptor subsequent 
to the actual binding event (71- 73), and interaction 
between anti-thrombin III and heparin leading to 
activation of inhibition of thrombin protease ac- 
tivity (176). 

Cell-cell and cell-matrix recognition 

As early as 1945, Burnett (119) and his colleagues 
observed the importance of cell surface protein- 
bound sialic acid in virus binding and infection. 
This phenomenon is sufficiently complex, however, 
that it is necessary to discuss the kinds of evidence 
which are involved in concluding that carbohydrate 
plays a direct, rather than a regulatory, role in this 
and other examples of adhesion. Any demonstra- 
tion that carbohydrate comprises part of a physical 
bridge in cell adhesion (or any molecular binding) 
requires that four general criteria be satisfied: 1) 
removal or alteration of the carbohydrate diminish- 
es cell adhesion; 2) reconstitution of the carbohy- 
drate either on the cell or on an artificial surface re- 
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stores cell adhesion; 3) a specific receptor for the 
carbohydrate is identified on the cell (complemen- 
tary) surface; 4) inactivation of the receptor dimin- 
ishes cell adhesion. Satisfaction of these criteria 
can be complicated because cells appear to have 
multiple adhesion systems, rendering it difficult to 
assay one independently of the others. Removal of 
carbohydrate can have other effects on cells. For ex- 
ample, cell viability can be reduced by drugs or mu- 
tations affecting glycosylation, and transport of 
polypeptides to the cell surface and other mechan- 
isms of turnover and placement of glycoproteins 
can be altered. Specific receptors may be difficult 
to detect because individual receptor-ligand inter- 
actions may have low affinity (e.g., 126). A rationale 
for this generalization is that, because of the large 
area of cell surfaces, cells can theoretically interact 
with other surfaces using a large number of low af- 
finity associations. This may in fact be desirable for 
cell interactions which would need to be reversible. 
The results of several approaches where cell reas- 
sociation has been competed with model sugars 
have shown that the competing sugars must be 
crosslinked to form multivalent structures in order 
to be competitive (172). A multivalency require- 
ment has also been implicated in the Man-6-PO4 
receptor system (155). 

Examination of cell-ceU and cell-substratum 
adhesion in several systems has identified candidate 
molecules which participate in the formation of the 
physical bridge (43, 135). In some cases indepen- 
dent approaches have converged on the same candi- 
date molecules. The candidate molecules are usual- 
ly glycoproteins and in some cases the relative roles 
of carbohydrate and protein have yet to be resolved. 
In other studies, candidates have not yet been iden- 
tified. 

The simplest adhesion systems involve para- 
site/host interaction. Considerable evidence has 
been adduced that various parasites such as viruses, 
bacteria, protozoa, etc., possess carbohydrate bind- 
ing proteins which can interact with sugar structures 
on the surfaces of cells with which the parasites asso- 
ciate (167, 168, 116-119). In some cases it is suspected 
that this sugar is associated with glycolipid but in 
other cases Man is believed to be involved on the 
basis of competition studies (e.g., 114). This would 
imply the involvement of glycoprotein because this 
sugar is rare in glycolipid. The use of carbohydrate 
as attachment points on cells presumably reflects 
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the stability of these structures on cell surfaces and 
their specific associations with target cells suitable 
for the parasite. These would of course be useful 
features for any mechanism of specific cell-cell in- 
teraction. 

Species-specific cell-cell adhesion (the so-called 
secondary type) in the phylogenetically-primitive 
marine sponge is suspected to involve carbohydrate 
ligands (133). Ca-free sea water elutes a fraction 
from cells of Microcionaprolifera which is required 
for their reaggregation. This fraction is the source 
of a purified proteoglycan which is referred to as 
aggregation factor. Hypotonic shock elutes another 
molecular species (the so-caUed baseplate or aggre- 
gation factor receptor) which is also required for 
reaggregation and may recognize the proteoglycan 
by a mechanism involving glucuronic acid on the 
proteoglycan. These preliminary findings were 
ascertained by competition studies with model su- 
gars and enzymatic treatments, and it will be in- 
teresting to confirm these findings using purified 
molecules (179). Results of comparable studies in 
another marine sponge, Geodia cydonium, are even 
more intriguing (133). Bound t3-glucuronic acid is 
also believed to be important in aggregation fac- 
tor/baseplate recognition but its position is 
reversed so that the key sugar is on the baseplate 
glycoprotein. Beta-glucuronidase and j3-glucuro- 
nyltransferase can be eluted from extracellular 
material suggesting a mechanism for the dynam- 
ic regulation of cell recognition. An investiga- 
tion into the tissue specificity of cell recognition 
showed that ~-galactosidase treatment of non- 
aggregating cells permitted their aggregation in the 
presence of aggregation factor. A protein was then 
isolated which could inhibit aggregation of 
aggregation-competent cells in a fl-galactosidase 
sensitive fashion. Finally, a t3-galactoside binding 
protein was isolated from extracellular material 
which rendered an effect similar to that of the 
glycosidase. Though the significance of these ob- 
servations is as yet unclear, it has been suggested 
that carbohydrate structures may underlie specific 
mechanisms of cell recognition in multiple ways in 
these species. 

Cell-substratum adhesion in another primitive 
multicellular system, aggregating cellular slime 
mold cells, appears to involve a multivalent carbo- 
hydrate binding protein termed discoidin I. The in- 
volvement of discoidin I was initially recognized 

based on sequence homology between this protein 
and an oligopeptide sequence of vertebrate 
fibronectin which has been shown to contain its cell 
binding site. This oligopeptide, which blocks 
fibronectin binding to cells, also affects association 
of Dictyosteliurn cells with their substrata (148). 
The ceils become incapable of migrating properly 
on a surface. The effect can be mimicked by anti- 
discoidin I. The effect is also replicated if the cells 
are transformed with a gene which encodes an 
mRNA which hybridizes with authentic discoidin I 
mRNA and blocks its translation (149). The evi- 
dence is very strong that this carbohydrate binding 
protein is involved in cell-substratum association. 
What is unclear, however, is the role of the carbohy- 
drate binding activity. There is evidence that it does 
not associate with the cell via this site (103). It is 
unclear whether the carbohydrate-binding site 
might associate the protein with elements of certain 
substrata, but it is apparent that this is not neces- 
sary. There is recent evidence that food bacteria are 
recognized by this lectin and hence discoidin I 
might assist in the adhesion of ceils to their food 
source (104). 

Perhaps the best documented instance of a direct 
role for carbohydrate in cell-cell adhesion oc- 
curs in higher organisms and involves the protein 
galactosyltransferase and bound GlcNAc, some- 
times associated with oligolactosamine (120, 121, 
74, 124). This pair of molecules has been implicat- 
ed in adhesion between mouse sperm and egg, neu- 
ral crest cells and substrated, and embryonal carcino- 
ma ceils. Each of the four criteria cited above has 
been addressed by experimental approaches using 
antibodies, enzymes and drugs to inactivate the 
receptor and the ligand. A genetic approach to 
modify receptor or ligand has yet to be applied. 
Though the latter approach with its inherent speci- 
ficity is very important, the evidence using the ap- 
proaches already employed is strong. The system is 
interesting because the receptor-ligand interaction 
can be readily reversed by supplying substrate for 
the galactosyltransferase enzyme activity. 

An independent approach to the problem of 
mouse sperm-egg recognition has resulted in the 
isolation, from the jelly coat of the egg, of a 
glycoprotein, ZP3, which can, upon presentation to 
the sperm, block its ability to recognize eggs (125). 
It was found that careful alkaline borohydride 
treatment to strip O-linked glycans without altering 
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the polypeptide chain neutralized the inhibitory ac- 
tivity of ZP3. Finally, it was shown that the 
released glycans possessed inhibitory activity and 
in addition bound to sperm, suggesting that the 
carbohydrate itself served as the recognition site in 
the jelly coat for sperm. Further work remains to 
be done to identify the sperm receptor (169) as well 
as to relate the findings to the above results im- 
plicating the galactosyltransferase. 

Carbohydrate of a different type has also been 
implicated in cell-cell adhesion between mature 
mammalian cells. For example, it has been suggest- 
ed that cell surface carbohydrate may be important 
for recognition between certain lymphocytes and 
certain high endothelial venule surfaces (HEV) in 
lymphatic tissues (136). Pretreatment of lympho- 
cytes with specific sugars renders them incapable of 
binding to HEVs in an in vitro assay, and glycosi- 
dase treatment of HEVs renders them incapable of 
being recognized by lymphocytes. There is conflict- 
ing evidence from these studies regarding the na- 
ture of the carbohydrate structure involved. Addi- 
tional results have indicated that one lymphocyte 
subclass recognition site involves a previously stud- 
ied homing receptor, the ubiquitin-conjugated 
glycoprotein defined by the MEL-14 antigen. Re- 
cent work has found carbohydrate-derivatized 
polyacrylamide surfaces to which lymphocytes will 
specifically bind (137). An effort is underway to 
compare the specificity of this interaction with that 
to HEVs. The exciting prospect is that the manipul- 
ability of the artificial surface (130) will allow dis- 
section of multiple adhesion mechanisms and per- 
mit more rapid investigation of the nature of the 
carbohydrate recognition system believed to be 
responsible for lymphocyte recognition preparatory 
to extravasation. 

Carbohydrate has been suggested to perform an 
opposite kind of role in the function of the protein 
N-CAM in associating neural cells (170). Fab frag- 
ments from anti-N-CAM inhibit reassociation of 
dissociated neural cells and isolated N-CAM can 
self associate. There are several forms of N-CAM 
which differ in their degree of sialylation. The 
more heavily sialylated forms show less affinity for 
one another in the self association assays. Thus it 
has been postulated that sialylation is a posttrans- 
lational modification which modulates the strength 
of adhesion mediated by this glycoprotein and in 
vivo evidence has now been provided (127). Recent- 

ly it has alo been suggested that N-CAM can bind 
carbohydrate in the heparan sulfate proteoglycan 
(128) and that this recognition is involved in inter- 
cellular (171) and cell-substratum adhesion. 

It is too soon to speculate whether binding to a 
carbohydrate ligand may have secondary effects on 
cells as as been suggested for, e.g., binding of hu- 
man chorionic gonadotropin (71-73). This hor- 
mone does not depend upon its carbohydrate for 
binding to its receptor but the carbohydrate is im- 
portant for activating the cellular response. 

The selected examples discussed here indicate 
that protein-linked (or possibly lipid-linked) carbo- 
hydrate may play a fundamental role in multicellu- 
lar organization in a wide phylogenetic range of or- 
ganisms. Though in all of the examples cited there 
is a specificity in the adhesion, in some cases this 
is due to multiple possibly low-affinity binding in- 
teractions. In the extreme, each single binding event 
may approach non-specificity, with specificity ac- 
cruing through multivalency. Perhaps this implies 
that the formalization of non-specific 
carbohydrate-mediated events obscures an actual 
continuum of specificity in these events between 
these two extremes. It is unclear whether the in- 
volvement of carbohydrate in adhesion is universal. 
Several other adhesion molecules, including 
glycoproteins such as gp80 in D. discoideurn (164), 
CAM 80/120 in mammalian cells, etc. and gly- 
colipids (146), are glycosylated but the role of 
carbohydrate is not known. If the use of carbohy- 
drate is universal, then the specificity inherent in 
the examples discussed would suggest an underly- 
ing structural code which may be important for the 
affiliated processes of cell sorting and morphogen- 
esis, to which adhesion makes a very important 
contribution. This may explain some of the in- 
teresting morphogenetic effects circumstantially 
suggested by many studies involving carbohydrate 
structure perturbations on developing cells. 

A role for carbohydrate in cell adhesion choice 
or sorting correlates with its postulated role in in- 
tracellular or extracellular compartmentalization 
of proteins. Cell sorting and molecular com- 
partmentalization can be regarded as sorting at 
different levels. It will be interesting to learn wheth- 
er the proteins on which these carbohydrates are lo- 
cated exist only to place the carbohydrate or wheth- 
er the carbohydrate piggybacks on another 
essential function of the protein. Were the latter 
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true, this would strengthen the analogy with the 
role of carbohydrate in routing or molecular com- 
partmentalization. It may then become feasible to 
generalize carbohydrate's role as important for the 
three-dimensional compartmentalization of pro- 
teins, and the cells, with which they are associated. 
As such, carbohydrate may be the chemical struc- 
ture cells used to address and organize space as they 
evolved from prokaryotes to unicellular eukaryotes, 
and continued to exploit as they evolved to form 
multicellular tissues and organs. 

Developmental functions 

Numerous studies have implicated protein-linked 
carbohydrate in more complicated cellular 
phenomena (43, 122). Glycosylation is modulated 
coincidentally with numerous developmental 
processes (122, 53-67, 69, 96, 161). Carbohydrate 
interactions have been implicated in mammalian 
morula compaction (131, 122, 123). Proliferation 
has been reported to require glycosylation (41) or to 
be inhibited by glycopeptides and a defined frag- 
ment of heparan sulfate (143, 151). Oligosaccha- 
rides released from plant cell walls can stimulate 
cell proliferation and alter cell differentiation in 
plant cells (145). Myogenesis and chondrogenesis 
have been speculated to be affected by GAGs linked 
to proteoglycans (e.g., 113), but conclusions in this 
field are very controversial. Attachment of cells to 
substratum-associated carbohydrate can result in 
its covalent modification (213, 130). Neuritogenesis 
has been shown to be inhibited in vitro by 
tunicamycin (16), though the specificity of the ef- 
fect is difficult to assess, as tunicamycin-sensitivity 
does not convincingly demonstrate the involvement 
of protein-linked carbohydrate (15, 17). A recent re- 
port suggests that alteration of processing of N- 
linked oligosaccharides with swainsonine, without 
affecting cell viablility, inhibits the ability of a line 
of melanoma cells to metastasize to the lung (52). 
This finding is consistent with another report 
documenting carbohydrate differences between 
metastatic and non-metastatic cell lines (49). 

Future developments 

There is much new territory to explore in the 
field. The use of monoclonal antibodies and lectins 
which recognize carbohydrate-dependent epitopes 

continues to reveal an unexpected diversity of car- 
bohydrate structures with surprisingly intricate dis- 
tributions in embryonic and adult tissues. This has 
recently been appreciated in amphibian (53) and 
mouse (54, 55) embryos and in the simpler model 
system Dictyostelium discoideum (96, 161). Tumor 
cells also differ in many cases in specific carbohy- 
drate structures on both lipid and protein (44-46, 
49-  51,180). Several of the antibodies employed rec- 
ognize carbohydrate epitopes whose corresponding 
structures have been determined. The antibodies 
provide unrivaled sensitivity and specificity relative 
to standard methods for detection of unique carbo- 
hydrate structures. Caution must be applied, how- 
ever, because 1) it is theoretically possible that 
unique structures at the monosaccharide level may 
present structures similar enough at the atomic lev- 
el to be immunologically cross-reactive and 2) iden- 
tical or similar structures may be immunologically 
distinguished by conformational restrictions im- 
posed by the surrounding polypeptide environ- 
ment. Thus inference of structure based on anti- 
body data must be confirmed directly by structural 
studies. In any case, antibodies and lectins may 
model potential receptors in cells which might spe- 
cifically recognize carbohydrate-associated struc- 
tures. 

The significance of the association of distinct 
carbohydrate structures with distinct embryonic or 
tumor cell types is absolutely unclear at present. 
Ultrastructural localization has placed some epi- 
topes intracellularly in specific compartments and 
others on the cell surface or extracellularly in the 
surrounding matrix. A cell surface localization is a 
necessary condition for a direct role in cell recogni- 
tion and, on the strength of suggestions from other 
systems, this has been promiscuously interpreted to 
imply a role in cell recognition. This reflects the 
primitive status of our general understanding of the 
significance of protein glycosylation. Thus the 
potential developmental roles of protein-linked car- 
bohydrate in morphogenesis, differentiation, ad- 
herence and proliferation will likely be a primary 
target of investigation in this field in the future. 

Interest in developmental involvement of carbo- 
hydrate is based not only on a large bank of in- 
direct data but also on an intrigue in the special 
kinds of epigenetic regulatory mechanisms with 
which carbohydrate might be associated. For exam- 
ple, glycosylation offers the cell a mechanism to 



regulate the structure of multiple proteins without 
altering gene expression. In addition, monosaccha- 
ride residues may be processed independently of 
the associated polypeptide (141, 142) either by recy- 
cling through the Golgi (112) or at locations near 
the site of funtion (130, 138), far from the point of 
origin in the RER and Golgi. It can be envisaged 
that the cell responded to the evolutionary require- 
ments for cell differentiation by using epigenetic 
pathways such as glycosylation and other post- 
translational modifications (13). Consistent with 
these speculations, there are, as cited above, numer- 
ous examples of glycosylation steps modified by 
differentiation (56-67, 69), as well as by the an- 
chorage state of the cell and the pH and composi- 
tion of the surrounding medium (39, 36). 

An example of what the future may bear is exem- 
plified by a group of developmental arrest mutants 
recently characterized in D. discoideum (147). Iso- 
lated on the basis of failure to accumulate an early 
regulated enzyme, many of these mutants appear to 
be altered in posttranslational modifications, in- 
cluding glycosylation. Thus many potentially 
necessary roles played by glycosylation in develop- 
ment remain unexplored. 
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been shown that carbohydrate interaction is mul- 
tivalent, composed of multiple weak associations 
which only in aggregate are strong (155, 123, 172). 

It would appear that most protein-linked carbo- 
hydrate is not solely responsible for the essential 
housekeeping functions of cells required for life in 
the tissue culture environment. Perhaps this is be- 
cause specification of its structure, which is non- 
template-directed, is not precise enough. Glycosyla- 
tion presumably has instead afforded the cell, du- 
ring the evolution of developmental mechanisms, 
an economy in allowing the structural modification 
of many preexisting proteins using the same enzy- 
matic mechanism. It provides the cell with another 
control point over structure which can be exerted 
on many proteins at the site of function (away from 
the site of synthesis) without necessitating a change 
in gene expression. Change in structure by glycosy- 
lation may be very suitable for the regulation of the 
'luxury' functions of cell differentiation and morp- 
hogenesis. An economy of shared non-specifc and 
specific functions of carbohydrate would thus offer 
an unifying explanation for the often contradictory 
conclusions yielded from the varied experimental 
approaches summarized in this article. 

Summary 

The nearly ubiquitous glycosylation of extracel- 
lular and cell surface proteins and proteins from 
certain organelles may reflect a primitive, non- 
specific function supporting protein structure and 
protection. This carbohydrate carries out a shared 
function, however, when it becomes modified in 
subtle ways without affecting non-specific func- 
tions, to allow discrimination by receptors. Recog- 
nition by discriminate receptors allows the carbohy- 
drate to subserve specific functions. 

Carbohydrate would appear to be used by cells to 
carry out secondary functions (both specific and 
non-specific) for proteins. These include special- 
ized instances of compartmentalization, rate of 
transport through the cell, intermolecular associa- 
tion, conformation control and general protection. 
Interaction of the cell with the environment, which 
is in a sense secondary to the life of the cell, would 
also appear to involve protein-linked carbohydrate. 
This might include compartmentalization or sort- 
ing of cells into tissues. In several instances it has 
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