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Protein glycosylation is more abundant and structurally diverse than all 
other types of post-translational modifications combined. Protein-bound 
saccharides range from dynamic monosaccharides on nuclear and 
cytoplasmic proteins, to enormously complex ‘recognition’ molecules 
on extracellular N- or O-linked glycoproteins or proteoglycans. Recent 
elucidation of a few of the myriad functions of these saccharides has finally 
opened a crack in the door to one the last great frontiers of biochemistry. 
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Introduction 

Until recently, protein glycosylation was thought to be 
largely restricted to lumenal or extracellular compartments 
(reviewed in [ 11). However, a multitude of glycosylated 
proteins are now known to reside within both the nucleo- 
plasm and cytoplasm [2**]. Despite remarkable advances 
in our understanding of the biosynthesis of complex sac- 
charides [3,4*], and in our ability to structurally charac- 
terize glycoproteins [ 5,6], the functions of protein-bound 
saccharides largely remain enigmatic. 
Major functions of many complex forms of ‘extracellular’ 
protein glycosylation appear to involve intermolecular or 
intercellular interactions that are important only at the 
multicellular or organismic levels. In contrast, recent cir- 
cumstantial evidence suggests that simple ‘intracellular’ 
glycosylation probably plays a regulatory role that is im- 
portant to single-ceil metabolism or signal transduction. 
The existence of a large number of glycosylation mutants 
in cultured cells [7*] suggests that most complex forms 
of protein glycosylation have no obvious functions in the 
housekeeping activities of a cell growing in a culture dish. 
In contrast, very few viable mutants in glycosylation path- 
ways exist in whole organisms (for example [8,9]>, sug- 
gesting that most such mutants die during development. 
‘Incorrectly’ glycosylated recombinant proteins, which ap- 
pear to have apparently normal receptor binding proper- 
ties or enzymatic activites in vitro, often fail to function 
properly in the whole organism [IO*]. 
Given that both the structural diversity and possible func- 
tions of protein glycosylation are arguably as great as the 
polypeptide components themselves (Fig. l), in this short 
review I will by necessity focus only on a few selected re- 
cent developments that have subtantially impacted our cur- 
rent concepts about protein glycosylation. Glycoproteins 
are classified by the type of protein-saccharide linkages 
that they possess (Table 1). However, many glycoproteins 
contain more than one type of saccharide side chain, thus 
making the classification somewhat arbitrary. 

Proteoglycans are the most complex and least 
understood glycoproteins 

Proteoglycans are simply defined as any polypeptide with 
one or more glycosaminoglycan side chains (Table 1). 
The role of proteoglycans as mediators of growth factors 
and as developmentally important cell adhesion molecules 
[ 11*,12*,13] have greatly renewed general interest in these 
complex molecules. 

Many eukaryotic proteins are anchored to 
membranes by glycosylphosphatidylinositols 

Over a hundred different membrane proteins are now 
known to be linked to the membrane by a glycosylphos- 
phatidylinositol (GPI)-anchor (reviewed in [ 14,15*,16, 
171). GPIs from all organisms appear to have a com- 
mon tri-a-mannosyl core attached to a non-acetylated 
glucosamine in glycosidic linkage to phosphatidylinositol. 
GPIs are preassembled in the rough endoplasmic reticu- 
lum, and are rapidly attached to the nascent polypeptide 
chain with the concomitant cleavage of a hydrophobic 
carboxyl-terminal peptide. The steps in the GPI biosyn- 
thetic pathway and several GPI structures have largely been 
elucidated. However, little is known about the enzymes or 
topology of GPI biosynthesis. GPIs appear to play a role 
in intracellular targeting of proteins to epithelial surfaces; 
on lymphocyte receptors they may also be involved in lym- 
phocyte signalling or activation [ 171; certain GPIs may act 
as second messagers for insulin action [ 161, although this 
proposed function remains highly controversial. 

Nuclear and cytoplasmic glycosylation is 
simple, abundant and highly dynamic 

Structurally, the simplest protein-bound saccharides (Fig. 1) 
are the nuclear and cytoplasmic glycoproteins, which con- 
tain one or more N-acetylghtcosamine monosaccharide 
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Fig. 1. Spectrum of protein glycosylation: a schematic representation of the range of complexity in protein glycosylation. (a) Collagens 
and fb) nuclear glycoproteins have only a small number of simple saccharides. (4 Mucins can be more than 50% carbohydrate with 
highly charged and clustered structures. fd) Am-linked glycoproteins generally contain only a few oligosaccharides that are often highly 
branched and complex. fe) Proteoglycans are among the most complicated molecules in biology and can have from one to over a hundred 
large glycosaminoglycan side chains. (0 Hyaluronic acid is a relatively simple molecule, made up of many regular, repeating, non-sulfated 
disaccharide units. 

Table 1. Classification of glycoproteins by linkage. 

Clycoprotein Linkage group Comments 

Collagen Gal-hydroxylysine Only in collagens; may also have Clu to form a disaccharide. 

O-Linked GlcNAc- GlcNAc-SerfThr) Not elongated; mostly nucleoplasmic and cytoplasmic; dynamic. 

Mucin Type O-Linked CalNAc-SerfThr) Found in membrane and secretory proteins; mucins most studied 
can form very complex structures. 

Asn-Linked GlcNAc-Asn Asn-X-SerfThd attachment site; common GlcNAc2Man3 core. 

Proteoglycan Xyl-Ser Linkage core Cal-GaCXyl; one or more glycosaminoglycan side chains. 

moieties that are 0-glycosidically linked to specific ser- 
ine or threonine residues (O-G~cNAc) [ 1,2**]. Physiologi- 
cally, 0-GlcNAc is highly dynamic, abundant in apparently 
all eukaryotes and appears to have more in common with 
phosphorylation than it has with the other classical types 
of protein glycosylation. 0-GlcNAc is attached to a multi- 
tude of different proteins, which are generally also phos- 
phorylated and multimeric [2**]. The small proportion 
of 0-GlcNAc- bearing proteins identified so far include 
(older references in [2**]): nuclear pore proteins, many 
different chromatin proteins, RNA polymerase II and its 
transcription factors [18**], nuclear oncogene proteins, a 
nuclear tyrosine phosphatase, viral tegument and fibre pro- 
teins [ 19,201, heat-shock protein related lens a-crystallins 
[21*], as well as important cytoskeletal proteins such as 
cytokeratins [22**], talin [23*], erythrocyte band 4.1, and 

bovine brain synapsins. 0-GlcNAc levels on nuclear and 
cytoplasmic proteins change rapidly upon lymphocyte ac- 
tivation [ 24*]. Likewise, pulse-chase studies of O-GlcNAc 
on cytokeratins indicate that the saccharide is highly dy- 
namic [22**]. 0-GlcNAc attachment sites are similar in 
amino acid sequence to growth-factor kinase phosphotyla- 
tion sites [ 2.91. A rat liver cytosolic, 0-GlcNAc-polypeptide 
N-acetylglucosaminyltransferase enzyme has recently been 
purified to near homogeneity and characterized [25-l. The 
current view of 0-GlcNAc is as follows: it may be as widely 
distributed on intracellular proteins as phosphate; it ap- 
pears to behave in a dynamic fashion analogous to phos- 
phorylation/dephosphotylation; it may act as an off switch 
by sterically blocking certain phosphotylation sites; and it 
may be involved in mediating reversible intermolecular in- 
teractions [ 2**]. 
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Other less well characterized forms of cytoplasmic or nu- 
clear glycosylation have also been described [ 11. More 
recent ones include: the 0-fucosylation of cytosolic pro- 
teins in Dictyostelium [26]; the 0-glucosylation of tyro- 
sine hydroxyl moieties on glycogenin [ 27.1, the primer 
protein for glycogen synthesis; and O-linked mannose on 
certain cytosolic proteins that serve as acceptors for a no- 
vel cytoplasmic glucose phosphotransferase [ 281. Reports 
of the presence of N-linked oligosaccharides in both the 
nucleus [29] and cytoplasm 1301 continue to appear reg- 
ularly. However, direct structural proofs for these claims 
still do not exist. 

Extracellular protein glycosylation displays 
site-specific diversity of complex structures 

Although most of the well studied forms of lumenal or 
cell surface glycosylation (Table 1) display a mind-bog- 
gling range of complex structures, certain proteins, par- 
ticularly those of the coagulation/fibrinolytic system, also 
contain simple, unusual 0-glycan moieties on their epi- 
dem-ial growth factor domains, such as O-linked fucose, 
O-linked Xyl-Gic-(Ser) and Xyl-Xyl-Glc-(Ser) [31-341. 
While ‘mucin-type’ O-linked glycans (Table 1) are prob- 
ably as abundant on both secretory and membrane gly- 
coproteins as N-linked oligosaccharides, we know much 
less about them. The enormous complexity of secreted 
mucins, the prototype molecules of this class, which con- 
tain very high carbohydrate content (often > 50 % of the 
dry weight) and can have a molecular weight as large as 
6 x 106, largely prevented their biochemical characteri- 
zation until the advent of molecular biology (reviewed 
in [4-l). These amazingly complex molecules typically 
contain highly clustered GalNAc-Ser(Thr)-linked, highly 
charged oligosaccharides terminating in sialic acids and/or 
sulfate moieties. Not only do these important molecules 
protect epithelial surfaces from mechanical injury or dehy- 
dration, but also their almost infinite diversity of carbohy- 
drate structures serve as a front-line defense by competing 
for adhesion receptors on pathogens, many of which bind 
to cells via similar cell-surface carbohydrates [35]. Very 
recently, the enzyme that attaches GalNAc to threonine 
residues in porcine submaxillary mucins has been pun- 
fied to homogeneity and characterized [36*]. The surpris- 
ing finding of this report is that the enzyme appears to 
have absolute specificity for threonine residues. A similar 
enzyme specific for serine moieties is undetectable in this 
tissue, even though earlier analyses indicated that serine is 
glycosylated in this mucin. 
Many membrane-bound, cell surface proteins also con- 
tain clustered domains of mucin-type glycosylation [37*]. 
These mucin domains serve to protect the protein from 
proteolysis, produce a ‘rigid rod’ structure to help main- 
tain the active site of the receptor or enzyme above the 
‘glycocalyx’ of the cell, or serve as recognition molecules 
for cell adhesion. While we typically think of ‘mucin-type’ 
0-glycans as short, highly charged oligosaccharides (te- 
trasaccharides or less) occuring in clusters, many GalNAc- 
Ser(Thr)-bound saccharides display enormous size and 
complexity. In many cases, the abnormal expression of 
a ‘mucin-type’ glycoprotein, as in the case of epiglycanin 

in the mouse TA3 carcinoma, can completely mask other 
surface recognition molecules, such as histocompatibility 
antigens, substantially contributing to the malignant prop- 
erties of a tumor cell [38*]. 

Intermediate in the spectrum of carbohydrate content 
(Fig. 1 and Table 11, the N-linked glycoproteins contain 
complex oligosaccharides attached to the amide group 
of asparagine via a glycosylamine linkage. The N-linked 
oligosaccharides are found on nearly all secreted and 
surface proteins. These oligosaccharides share a common 
Manj-GlcNAcz core, but may exhibit astonishing diversity 
in branching and in outer sugar components [39*]. The 
only known eukaryotic organism that does not appear to 
synthesize N-linked oligosaccharides is the asexual intra- 
etythrocytic stage of the malarial parasite, Pkzsmodium 
fulciparum [40*]. However, this form of the parasite does 
synthesize a substantial amount of 0-glycans, probably in- 
cluding 0-GicNAc [41]. 

The topography of N-linked oligosaccharide assembly has 
only been recently understood [ 421. Current models indi- 
cate that assembly through Mans-GlcNAc*-P-P-dolichol oc- 
curs on the cytosolic side of the rough endoplasmic reticu- 
lum, whereas steps subsequent to this intermediate occur 
in the lumen. Oligosacchatyltransferase is the key enzyme 
that donates the pre-assembled dolichol-oligosaccharides 
to form glycosylamine linkages to accessible asparagine 
residues in the sequence Asn-X-Ser(Thr)- (where X is 
any amino acid except proline) in nascent polypeptides in 
the lumen of the rough endoplasmic reticulum. Despite in- 
tense efforts for many years, this complex, highly insoluble 
enzyme has eluded characterization (references in [ 431). 
Recently the enzyme has been associated with a protein 
complex comprising three polypeptides, a 48kD subunit 
and the two ribophorins, I and II [44**]. Ribophorin I ap- 
pears to contain a concensus dolichol-binding sequence, 
and may serve as the dolichol-binding subunit of the 
functional enzyme complex. The essential yeast protein, 
WBPI, has been identified to either be the oligosaccharyl- 
transferase itself, or at least an essential component of the 
enzyme complex [45*]. 
After attachment to protein, the N-linked oligosaccharide 
undergoes a complex series of trimming and elongation 
reactions leading to the final complex structures present 
on the mature molecule 13). This complicated pathway 
probably arose as a means for generating ‘metabolically 
responsive’ structural diversity. Recently, good progress 
has been made toward understanding the key N-acetyl- 
glucosaminyl transferases responsible for the extensive 
branching of N-linked oligosaccharides [ 39.1. In contrast, 
we know almost nothing about the mechanisms control- 
ling site-specific glycosylation. However, it is apparent that 
the array of structures found at each glycosylation site of 
a glycoprotein is not only determined by the cell’s glyco- 
sylation machinery, but also by all levels of protein struc- 
ture [46] including quatematy structure [47]. For exam- 
ple, the pituitary glycoprotein hormones share a common 
a-subunit polypeptide but have distinct P-subunits. The 
pattern of glycosylation is determined by the P-subunits, 
which specify typical sialylated structures on follitropin, 
but result in an unusual Sod-GaINAc residue on N-linked 
oligosaccharides on lutropin ([48]; reviewed in [49*]). 
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Clycoforms represent unique molecuiar species 
with a range of biological activities 

The variety of functions of the glycosyl moieties of glyco- 
proteins rival the diversity of functions of the polypeptide 
backbones themselves. In fact, glycoproteins should not 
be regarded as a homogeneous population of polypep- 
tides with attached sugars, but rather each glycofomi 
should be seen as, a unique population of molecular 
species in its own right [ 50,51 l ] Many studies have shown 
that the hydrodynamic volume occupied by saccharide side 
chains is typically enormous, sometimes even dwarfing or 
mostly covering the polypeptide component [ 521. Protein 
glycosylation of all types has a pronounced influence on 
protein confomlation or folding. Many seemingly unre- 
lated roles for N-linked oligosaccharides have been de- 
duced from the use of glycosidase inhibitors, lectin-resis- 
tam mutants, and/or site-directed mutagenesis [7,53,54]. 
Human transferrin receptor mutated to prevent glycosy 
lation at Asn251, which normally contains the N-linked 
oligosaccharide closest to the membrane, is abnomlally 
retained and is rapidly degraded in the rough endoplas- 
mic reticulum by site-specific proteolysis. The mutated 
receptor also fails to dimerize and form its nomtal in- 
terpeptide disuffide bonds [ 551. Human CD4, the T-cell 
surface N-linked glycoprotein that is required for helper T 
ceil activation and is also the receptor for human immun- 
odeficiency virus, requires at least one of its IWO N-linked 
saccharides to fold normally and be expressed at the 
ceil surface (561. Mutagenesis experiments suggest that 
N-linked glycosylation of Asn residues 100, 105 and 128 
of the human human immunodeficiency virus-l envelope 
protein play an important role in its specific fusion activ- 
ity [ 571. Using antibodies specific only for native enzymes, 
together with kinetic analyses, high-mannose N-linked gly- 
cosylation was shown to be an early essential event in the 
proper folding of two membrane-bound, intestinal brush 
border enzymes [ 581. The very complex and numerous 
N-linked saccharides of the lysosomal membrane glyco- 
proteins, which contain considerable amounts of large 
poly-N-acetyllactosamines (Galpl-4GlcNAcpl-3),, appear 
to play an important role in preventing autolysis of the 
lysosome [ 59’1. 

Clycosylation has attracted the interest of the 
biomedical/pharmaceutical community 

The site-specific glycosylation of recombinant human tis- 
sue plasminogen activator (tPA) and human recombinant 
erythropoietin made in several different cell types has been 
studied in detail (references in [60,61] ), mainly because of 
its potential importance to the pharmaceutical industry. 
Strikingly, while several common oligosaccharide struc- 
tures are present on tPA from the different cell types 
(as might be expected), all glycoforms of the molecule 
were found to be cell-type specific (‘glycotypes’). In tPA 
the presence and type of N-linked oligosaccharides at one 
of its three possible glycosylation sites (Asn184) modulates 
its binding affinity for lysine. Clearance of tPA from the cir- 
culation is modulated by its glycosylation state at Asnll7. 
Recent studies have shown that both the affinity for lysine 
and fibrin-stimulated enzymatic activities of tPA are mod- 

ulated by the complex sialylation and branching of the N- 
linked oligosaccharides at Asn184 and Asn448 [62*]. Ery 
thropoietin is a medically important hornlone that plays 
a major role in regulating the proliferation and differen- 
tiation of etythroid progenitor cells to erythrocytes [61]. 
One current view is that N-linked sialylated oligosaccha- 
rides are essential for in Lhlo activity of the hormone, but 
neither 0-glycans nor N-glycans play a role in its in r&-o 
activity (63.1. 

Immunoglobulins, like most glycoproteins, also display a 
very large number of glycoforms due to extensive vari- 
ability in site-specific oligosaccharide structures. N-linked 
oligosaccharides on immunoglobulin G appear to play 
a role in the interaction of the molecules with Fc re- 
ceptors, their activation of complement (Clq binding), 
the induction of antibody-dependent cellular cytotoxicity 
and feedback immunosuppression [ 510,641. Recent evi- 
dence suggests that the specific under-galactosylation of 
N-linked oligosaccharides on immunoglobulin G may be 
directly involved in the etiology of rheumatoid arthritis 
]51*,64,65*]. 

Oligosaccharides on laminin, a heavily glycosylated base- 
ment membrane protein that is directly involved in cell 
adhesion, migration, differentiation and neurite outgrowth, 
appear to be essential for cell spreading but not adhesion 
[66]. Reconstitution experiments with various glycoforms 
of laminin suggest that carbohydrate plays a major role 
in cell-signalling processes associated with spreading and 
neurite extension. 

During recent years, no findings have spurred more inter- 
est in glycosylation than the discovery that a family of in- 
tegral membrane lectins, termed selectins, are transiently 
expressed on the surfaces of activated endotheial cells 
and play a key role in the specific homing of leukocytes 
to sites of inflammation [ 67*,68*]. Selectins each have an 
amino-temiinal, C-type (Ca + “-dependent) [ 49.1 extracel- 
lular domain followed by an epidermal growth factor-like 
module, multiple copies of the consensus sequence of 
complement-binding proteins, a transmembrane domain 
and a short cytoplasmic tail. The major carbohydrate lig- 
ands for selectins involved in neutrophil homing appear 
to be sialyl Lewis X oligosaccharides, i.e. NeuAca (2. 
3)GalB(l-4)[Fuca (I-3)]GlcNAcP-, or related structures, 
most probably as part of O-linked chains. The selectins 
profoundly illustrate that the functions of carbohydrates 
only reveal themselves when we ask the right questions. 
For example, in the usual static adhesion assays, the 
selectin-Sialyl Lewis X interaction did not appear to be 
strong enough to mediate cell adhesion. Indeed, many 
studies have shown that tight cell adhesion of neutrophils 
to activated endothelium is mediated via the integrins 
and intercellular adhesion molecules (67.1. However, in 
the rapid flow of the bloodstream, the leukocytes simply 
move too fast for a stable integrin-intercellular adhesion 
molecule adhesion to take place. The apparent role of the 
selectins is to act like a sticky patch of ‘velcro’ and slow the 
cells down to a ‘slow roll’ so that subsequent integrin-me- 
diated adhesion and extravasation can take place. Based 
upon the initial excitement from these studies many phar- 
maceutical companies are rapidly developing programs in 
order to produce carbohydrate-based therapy [ 69=,70]. 

4



Clvcosvlation Hart 1021 

Sialic acids display enormous diversity of 
structure and functions 

One important feature of protein-bound saccharides that 
is often ignored is the inherent complexity of the sialic 
acids that often terminate oligosaccharides. While N- 
aceylneuraminic and N-glycolylneuraminic acids are the 
most common sialic acids, over 30 different types of 
sialic acids exist in nature, with the most common having 
additional 0-acetyl esters to the hydroxyl groups of 4-,7- 
,8- and 9, or other substituents, such as sulfate [71*,72-l. 
With the recent development of methods to assay differ- 
ent sialic acids, we are only just beginning to appreciate 
both the importance and distribution of these different 
types of sialic acids. In addition, sialic acids can occur 
as large homopolymers (degree of polymerization > 200; 
a 2-8-, a 2-9- or a 2-8/a 2-9-ketosidic linked) attached 
to an N-linked or O-linked oligosaccharide core [73-l. 
Polysialic acids are important oncodevelopmental anti- 
gens in human kidney and brain, and appear to enhance 
the metastatic potential of certain tumors. They also play 
an important role in the modulation of cell adhesion dur- 
ing brain development. 

Tr@unosomu cruzi, an obligatory intracellular parasite 
that causes Chagas’ disease, rapidly displays a completely 
novel trans.sialidase enzyme on its cell surface as it 
emerges from host macrophages [74**]. This trans-sial- 
idase transfers host sialic acids directly from circulating 
serum proteins or cells (without high energy intermedi- 
ates) to the parasite surface where the saccharides play 
an essential role in binding to new target cells. The trans- 
sialidase and the well studied neuraminidase of 7: cruzi 
have recently been shown to be the same enzyme [75]. 
Should similar trans-glycosidases prove to be widespread, 
this discovery could have a major impact on our current 
views of cell adhesion and glycoconjugate biosynthesis. 

Conclusion 

In recent years, we have finally begun to understand the 
biological significance of protein glycosylation. The ex- 
plosive growth in glycobiology is not only due to ma- 
jor advances in the technology required to study com- 
plex glyconjugates, but is also the result of recently 
acquired knowledge about complex biological systems at 
the molecular level. Protein glycosylation is one of the last 
great enigmas of biochemistry/cell biology. Elucidation of 
all aspects of this most ubiquitous, yet diverse, form of 
post-translational modification is rapidly progressing. The 
forthcoming data are relevant to nearly all aspects of bi- 
ology, including development, immunity and virtually all 
major diseases. 
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