Chapter 3

The Major Glycosylation Pathways
of Mammalian Membranes
A Summary

Ajit Varki and Hudson H. Freeze

1. INTRODUCTION

Many types of cellular membranes have sugar chains (oligosaccharides or gly-
cans) attached to a variety of their constituent macromolecules. Such glycosy-
.lated macromolecules are called glycoconjugates. This chapter will broadly scan
the subject of structure and biosynthesis of oligosaccharides on glycoconjugates,
primarily in higher animal cells. The classification of different types of oligosac-
charides will be based on the type of linkage that joins them to the nonsugar
component (aglycone), rather than on the types of sugars (monosaccharides)
found in the chains. As shown in Table I, this classification is slightly different
from the more conventional categories and nomenclature used for glycoconju-
gates in the past. This change is made because it is now clear that the aglycone
usually determines the initiation step in creating a glycoconjugate and can have
an influence upon the further buildup of a more complex glycan. Furthermore,
the traditional boundaries between the different types of glycoconjugates as
previously described have become blurred.
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Table I
Descriptive Terms for Glyconjugates in Relation (o the Attachment Site
of Sugar Chains

Historical terms Conventional terms Defining types of linkages and sequences
Glycoprotein N- or O-linked glycoprotein  Scatiered N-GleNAc and/or O-Gal.NAc-
linked sugar chains
Mucins Mucin-like glycoproteins Many-clustered O-GalNAc-linked chains

Mucopolysaccharides Proteoglycans O-Xylose-linked glycosaminoglycan chains
on core proleins
Can also carry N-GleNAc and/or O-

GalNAc-linked chains

Mucolipid, glycolipid Glycosphingolipid Glucose or galaciose linked 1o ceramide
Not recognized earlier Glycophospholipid an- Elhanolaminc-phosphalc in amide-linkage
chored protein to proteins and glycan linked to phos-
phatidylinositol

The uniformity of the glycone-aglycone linkage region and of the first few
sugars immediately attached 1o it forms a sharp dividing line between the differ-
ent classes of oligosaccharides. However, this distinction becomes Jess promi-
nent as more monosaccharide units are added. In fact, considerable overlap is
seen in the structures of outer sequences of the different types of glycans. It is
also important to remember that an individual aglycone (e.g., a protein) can
carry many different types of oligosaccharide chains attached by different link-
ages. Most types of oligosaccharides are synthesized in the membrane-bound
compantments of the ER-Golgi-plasmalemma pathway (see Figure 1). Thus,
trimming and restructuring reactions in the biosynthesis of a variety of sugar
chains can occur in parallel on a single glycoconjugate during its synthesis,
trafficking, and maturation.

1.1. Historical Overview

The study of carbohydrate-containing molecules began with the analysis of
specific classes of macromolecules. Each such class was in easily recognizable
forms that could be defined and separated by their physical properties (e.g.,
viscous secretions, soluble blood proteins, amphipathic lipids, and gristly con-
nective tissue molecules). The carbohydrate analytical technology of the time
required large amounts of material and allowed somewhat gross analyses of these
apparently different types of molecules. Thus, individual research groups tended
to focus upon analysis of different types of glycosylated molecules such as
glycoproteins (with N-linked oligosaccharides), mucins (with O-linked oligosac-
charides), glycolipids (with lipid tails), and proteoglycans (with glycosaminogly-
can chains) (see Table ). Both the diversity and complexity within each of these
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FIGURE 1. Injtiation and maturation of the major types of glycoconjugates in relation to subcellular
traflicking in the ER-Golgi-plasmalemma pathway. The asterisks represent the addition of outer
sugars 10 the oligosaccharides in the Golgi apparatus. See text for a better understanding of the events
depicted in the figure.

individual groups of molecules were challenging, and the major structures ap-
peared 10 be clearly different in each group. Thus, research groups seldom
crossed over from studying one type of molecule to another. For the same reason,
prior reviews of the structure, biosynthesis, and function of glycoconjugates have
tended to focus upon one or the other of such specific classes of molecules.

1.2, The Modern View

More refined and sensitive technology and the elucidation of biosynthetic
pathways made it possible to analyze trace amounts of functionally impontant
molecules (Cummings er al., 1989; Varki, 1991). Such studies showed that the
dividing lines between the different glycoconjugates are not as rigid as previously
thought. Thus, some glycoproteins contain functionally important glycolipid
portions, some glycoproteins carry glycosaminoglycan chains, and many pro-
teoglycans have both N- and O-linked carbohydrate chains. Also, the same di- or tri-
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saccharide unit is frequently found in the outer chains of both glycoproteins and
glycolipids. Such combinations occur on many important molecules, and in some

physiologically important molecules. The novelterm “glycobiology” describes the
study of the structure, biosynthesis, distribution, regulation, and function of the en-
tire spectrum of sugar chains found on glycoconjugates (Rademacher er al., 1988).

In this chapter we wil] survey the major types of sugar chains and their
biosynthesis. This includes the minimal requirements to jnitjate their synthesis,
how the chains are extended, terminated, and turned over. We will also mention
the subcellular localization of these biosynthetic steps in the general ER-Golgi-
plasmalemma pathway, and some inhibitors and mutants useful in their study
(Elbein, 1991; Winchester and Fleet, 1992). As discussed above, we will classify

chains, a subject deserving of a completely separate review (Cumming, 1991;
Stanley, 1992; Varki, 1992b; Varki, 1993).

2. THE ER-GOLGI-PLASMALEMMA PATHWAY

The vast majority of glycoconjugates follow a common trafficking pathway
involving biosynthesis in the lumen of the ER and passage through the Golgi
apparatus (Farquhar, 1991; Mellman and Simons, 1992; Rothman and Orci,
1992; Chapter 4 this volume). They may then remain membrane bound, be
secreted immediately, or be packaged into Secretory granules or lysosomes (see
Figure 1). While some bulky sugar chains are made on the cytoplasmic face of
these intracellular membranes and “flipped” across 1o the other side, most are
added to the growing chain on the inside of the ER or the Golgi apparatus
(Hirschberg and Snider, 1987). An imponant topological point to remember js
that whatever portion of a molecule faces the inside of the ER will ultimately face
the inside of a secretory granule or lysosome, but it will face the outside of the
cell. This is the topology of most forms of glycosylation. The biosynthetic
enzymes (glycosyltrasferases) responsible for these reactions are well studied,
and their location can help define various functional compartments of the ER-
Golgi pathway (Paulson and Colley, 1989). A working model envisions the
enzymes as physically lined up along the pathway in the sequence in which they
work. This js probably an oversimplified view, and the distribution probably
depends upon the cell type. The low-molecular-wcight sugar nucleotides that act
as donors for most of the biosynthetic steps are made in the cytosol, and specifi-
cally transported into the lumen of the organelles. A major exception 10 this rule
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is the addition of single GlcNAc residues to cytoplasmic proteins; the active site
of this transferase faces the cytosol. There are also other types of cytoplasmic
glycosylation, but the important point is that they tend to be very different from
those found in the ER-Golgi-plasmalemma pathway.

In some cases, the oligosaccharide components of glycoconjugates (partic-
ularly the outer sugar units) appear to be turned over more rapidly than the
aglycone that carries them. This implies considerable metabolic activity of these
molecules and their recycling back into the Golgi for reglycosylation. The pur-
pose of such turnover and resynthesis is currently unknown.

In the following sections, the different types of linkage regions found in the
ER-Golgi-plasmalemma pathway are individually considered, with regard to
their initiation signal, donor molecules, processing and termination, and specific
inhibitors and mutants in their biosynthesis. The text presents limited informa-
tion on the major principles, but many additional facts can be found in the
accompanying figures and tables. Consult the references for more comprehen-
sive, detailed information.

2.1. The Generation of Diversity

Animal oligosaccharides contain a limited set of monosaccharides and gen-
erate diversity by using different linkages. Of the dozens of possible monosac-
charides, only a few are actually used in mammalian cell glycoconjugates
(Kisailus and Allen, 1992). Figure 2 shows these sugars, along with abbrevia-

A = Giucose (Glc) A\ = Fucoss {Fuc) Ac = O-acetyl

O = Mannose (Man) Y = Xyloss (Xyl) P = Phosphate

@ = Galactose (Gal) @ = Shlic acids (Sla)* s = O-Sulfate

M = N-scetylglucosamine (GlcNAc) O= Glucuronic acid (GlcA) NS = N-Sulfate

[J = N-scetyigalaciosamine (GalNAc) 0: Iduronic acld (IdA) NHgy - fres amino group

- AN monosaccharides are In the D-configuration except for Fucose and Iduronic acld,
which sre in the L- configuration
. ANl monosaccharides linkages originate from the 1-position except for
the slallc aclds, which are linked from the 2-position
- All glycosidlcally linked monosaccharides ar# in the pyranose form

*Common name for a famlly of nine-carbon acidic monosaccharides

SAMPLE: 80Ac-Siaa2-6Galp1-4GlcNAcfl- = sac @ ot @D 4 M D1

FIGURE 2. The monosaccharide units and substituents of mammalian oligosaccharide chains. Mono-
saccharides used in the biosynthetic pathways described in this chapter are presented, along with their
standard abbreviations in parentheses. The symbol key for the monosaccharides is used throughout the
remainder of the figures. Because the origin of a linkage is invariant for cach monosaccharide, the
remaining figures only indicate the position of atachment to an underlying sugar.
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GLYCOSYLATION  PROCESSING / CORE STRUCTURES
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FIGURE 3. The N-GlcNAc-linked oligosaccharide

tions, and a symbol key that will be used for all of the figures in this chapter. Each
monosaccharide can be attached in a- or B-linkage from its 1-position (2-position
only for sialic acids) to an underlying acceptor. If that underlying acceptor is
another monosaccharide, the next number indicates the position on the acceptor
where the attachment occurs (e.g., GalB1-4GlcNAc indicates a galactose residue
B-linked via its 1-position to the 4-position of an N-acetylglucosamine residue).
Because the first number is invariant for each monosaccharide, it is not indicated in
the figures. Various modifications of the monosaccharides can also occur, and
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n = GlcNAc Transferase IIf

0 = GlcNAc Transferase IV

p = GicNAc Transferase V
q= ﬁGalacto:ynranslerase(s)
r = PGalNAc Transferase(s)

s = fGIcNAC Transterase(s)
t= Slalyitransferase(s)

u = a-Galaciosyltransferase
v = Fucosyltransferase(s)
w= O-acetyltransferase(s)

X = St‘:llolrgnsuuu(s)

Yy = A-transferase

’
z = B-transferase

up P P P
h.i B = GIcNAc residues that
> —_— can have alternate
outer chalns

pathway. See Figure 2 for symbol key.
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these are listed in Figure 2. The sialic acids designated by “Sia” actually represent

a family of nine-carbon acidic sugars (Varki, 1992a; Schauer, 1991).

Literally hundreds of glycosyltransferase enzymes must be involved in the
biosynthesis of the different types of oligosaccharides discussed in this chapter.
No details regarding these enzymes will be presented here. Several of them have
beencloned recently (Paulsonand Colley, 1989). Surprisingly, while these enzymes
carry out similar reactions, using similar donors and acceptors, sequence homology
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with one another is uncommon. However, they all show a common structural motif,
being type-2 membrane-bound proteins with short cytosolic amino-terminal se-
quences, followed by hydrophobic membrane-anchor domains and globular car-
boxylterminal domains carrying the catalytic site within the Golgi lumen.

2.2. N-GleNAc-Linked Oligosaccharides

These oligosaccharides are defined by the GlcNAc-N-Asn linkage to pro-
teins (see Figure 3). A preformed precursor glycan is transferred from a lipid
donor to the acceptor protein on the luminal side of the ER, either co-
translationally or immediately posttranslationally, to form a core structure that is
subsequently processed (Kornfeld and Komfeld, 1985; Cummings, 1992; Kobata
and Takasaki, 1992; Schachter, 1991),

2.2.1. Initiation

utilized in natural proteins. The structure of the protein and the rate of jts synthesis
can apparently influence whether a potential glycosylation site is actually used.

2.2.2. Donor

The full-sized lipid-linked oligosaccharide (LLO) is synthesized in the ER on
an isopreny! lipid called dolichol phosphate, by a series of sequential glycosyl
transferase reactions. The first step in this synthesis is blocked by the antibiotic
tunicamycin (Table II). Truncated forms of the LLO synthesized in mutant cells or
those made in the presence of inhibitors can also be transferred 1o proteins, but
usually not as efficiently as the full-sized sugarchain. Although the LLO is initiated
on the outside of the ER, its completion occurs on the inner (luminal) surface of the
ER where it is transferred 1o the acceptor. The mechanism used 1o flip the bulky,
hydrophilic oligosaccharide through the membrane is not known. Any mutations in
the synthesis of the LLO will affect all proteins with N-GlcNAc-linked chains.

2.2.3. Processing and Elongation

Figure 3 outlines the complex and variable processing of N-linked glycans.
The actual pathway followed for an individual glycosylation site on a given
protein is determined by many factors including the structure of the protein, the
location (availability) of the sugar chain on the protein, the relative activities of
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) Table III )
Examples of Glycosylation-Defective Tissue Culture Cell Lines

Parental
line

Mutant line

Altered step

Mature carbohydrates

Single pathway

Multiple patﬁua,\'s

BW5147

L cells

CHo
BW5147

CHO

Human
fibroblasts

CHO

CHO

CHO

PHAR2.7
CL6

Clone 15B
Lec |

PHAR}.8

745
761
I<celt dis-

ease

Clone 13,
Lec 8

Clone 1021
Lec 2

ldle

a-Glucosidase 11

a-Mannosidase 1

GlcNAc transferase |

GleNActransferase V

Xylosyl-transferase
Gal-transferase-|
Phosphorylation of

lysosomal en-
zymes

UDP-Gal-transport
into Golgi

CMP-Sia transport
into Golgi

UDP-Gzl/GalNAc
4'-epimerase

Glycoproteins with
Gle,MangGleNAc,.
Complex chains de-
creased.

Glycoproteins with
Many,GleNAc,.
Complex chains de-
creased.

Processing blocked at
Man,GlcNAc, pro-
cessing.

Decreased multianten-
nary N-linked oli-
gosaccharides.

No glycosaminogly-
can chains.

No glycosaminogly-
can chains.

Lack of M-6-P resi-
dues,

Glycoproteins/
glycolipids de-
creased in Gal and
Sia residues. Com-
plex glycans termi-
nate in GicNAc,

Glycoproteins/
glycolipids termi-
nate in Gal and
have decreeased
sialic acid.

Deficient in Gal and
GalNAc-residues.
Affects O- GalNAc
initiation, and addi-
tion of Gal to
N-GlcNAc linked
and ceramide-
linked molecules.
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the various transferases and processing glycosidases, and the transit rate through
the Golgi apparatus. The early processing steps occur in essentially all organ-
isms, plant and animal, but continued processing leads to many diverse stric-
tures that are special for higher animals.

All of the Glc residues are removed in the ER, followed by removal of a
variable number of Man residues. Metabolic inhibitors and mutant cell lines can
halt processing at many of these early steps (see Tables II and III). The addition
of the first GleNAc residue represents the transition from “high-mannose” type to
“complex type"” oligosaccharides. However “hybrid™ structures can also result.
The processing of Man residues continues and it is followed by the addition of a
variable number of B-GlcNAc, B-Gal, and a-sialic acid residues in the most
common pathways. The a-fucose residues can be added in the core region or in
the peripheral regions, and in some cases terminal «-Gal residues are substituted
for sialic acids. One modification exclusive for N-linked oligosaccharides is the
addition of Man6P residues to high mannose chains on lysosomal enzymes.
These residues function to ta.rgét the newly synthesized enzymes to the lysosome
by binding to a receptor in the Golgi apparatus.

2.2.4. Termination

Certain monosaccharide units are typical of the nonreducing ends of many-
glycoconjugates. Chains can be terminated by a-sialic acids, a-fucose, «-Gal or
blood group sugar sequences. After these transferases add their respective mono-
saccharides, some of the oligosaccharides can be modified further (e.g., by
sulfation or acetylation) as a final step in biosynthesis. How all of these terminal
reactions compete with one another is an interesting issue that is not well resolved.

2.2.5. Fate and Turnover '

Proteins with N-linked chains are found in membrane-bound organelles, and
as secreted molecules. On some cell-surface proteins, the terminal sugars (e.g.,
sialic acid) turn over faster than the peptide itself, and can also be re-added after
removal. Secreted serum proteins can also lose terminal sugars. In mammals and
birds, this loss may serve as a signal for the proteins to be cleared from the
circulation by carbohydrate-specific receptors found on liver cells.

2.3. 0-GalNAc-Linked Oligosaccharides

These sugar chains are linked to a protein at Ser or Thr residues through an
a-GalNAc unit. These chains can vary greatly in size. They are often, but not
always, found in clusters on the polypeptide backbone. Unlike N-linked oli-
gosaccharides, no lipid-linked precursors or en bloc transfers occur (Schachter
and Brockhausen, 1992; Carraway and Hull, 1991; Fukuda, 1992).
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FIGURE 4. The O-GalNAc-linked oligosaccharide
2.3.1. Initiation

There does not appear 1o be a single consensus sequence for the addition of
O-linked sugars. However, the peptide will often have a Pro-residue at positions
=1 and +3 relative to the glycosylated Ser or Thr residue. Clusters of
O-GalNAc-linked oligosaccharides are frequently found in regions of the protein
with a high density of alanine, serine. threonine, and proline residues. The
difference between Ser and Thr acceptors indicates that initiation requires (wo
different transferases, for which there is now evidence. Initial O-glycosylation
probably occurs predominantly in the Golgi apparatus.
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OUTER G-IAINS/MODIFICATIONS ENZYMES

a = a-GalNAc transferase(s)
b = Corel Galf1-3 transferase
¢ = Core2 GIcNACP1-6 transferase
d = Core3 GlcNACBI-3 transferase
8 = Core4 GicNAcCBI-6 transferase
f= Coret elongation
GleNAcBI-3 transferase
g = Core2 elongation
GIcNACB1-3 transferase
h = Core5 GalNAcal-3 transferase
| = Cores GIcNACBI-6 transferase
| = Oglycan a2-6
Slalyl transferase |
k = O-glycan a2-6
Slalyl transterase |
= O-glycanSialyla2-3 transferase
q= pGalaclosyHuns!erase(s)
r=pGalNAc Transferase(s)
s = BGlcNAc Transferase(s)
1= Slalyllunsferase(s)

U = a-Galactosyltransferase
Y = Fucosyltrnnslerase(s)

w= O-acetyllransferase(s)

€S X =Sulfotransferase(s)
&s B Y = A-transferase
65 S 6 Z = B-transferase ,
68
6S B = GicNAc residues that can have

alternate outer chalns

pathway. See Figure 2 for symbol key.

2.3.2. Elongation

Several different pathways are available for the elongation of O-linked
chains as shown in Figure 4. The early steps in these pathways generate a series
of distinctive units called “core™ units, numbered 1 to 6. Commitment to one
pathway can block access 10 another pathway leading to different structures. The
activity of certain inhibitors (see below) shows that the transferases acting later in

this pathway do not need to recognize the protein backbone to elongate the
chains.
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2,3.3. Termination

The final steps are very much like those seen in the synthesis of N-linked
chains discussed above.

2.3.4. Inhibitors and Mutants

This type of glycosylation can be partially blocked by adding millimolar
concentrations of phenyl or benzyl a-GalNAc to cells. These hydrophobic inhib-
itors penetrate the cell and the Golgi and compete with the endogeneous protein
acceptors. The artificial derivatives then transit through the Golgi and can act as
acceptors for other sugar residues. In contrast to the N-linked oligosaccharide
pathway, cellular mutants that selectively affect O-linked oligosaccharide bio-
synthesis are uncommon. However, several pleiotropic mutants affect both N-
and O-linked oligosaccharide biosynthesis (see Table 11I).

2.3.5. Fate and Turnover

Many of the proteins with clusters of short O-linked chains are the tradition-
al “mucins” that are secreted in large quantities on mucosal surfaces. On the
other hand, some integral membrane proteins such as the LDL-receptor contain
clusters of O-linked chains on the extracellular side of the transmembrane region.
Such clustered O-linked chains tend to extend the polypeptide into a rod-like
section. Thus, these clusters may help to prevent proteolysis of the proteins, to
prop up the globular domains of receptors away from the membrane, and to
present clustered ligands for recognition by receptors.

In at least one case, a protein with a large number of O-linked chains has
been found to recycle repeatedly between the Golgi and the cell surface. On
successive visits to the Golgi, new chains can be initiated and built on previously
unmodified amino acids. It is not known whether this is a general property of all
membrane-bound proteins with O-linked chains. This type of change does not
generally happen for N-linked chains. This is because the latter are first added in
the ER, which is not generally considered to be in the recycling pathway from the
surface.

2.4. Ceramide-Linked Oligosaccharides (Glycosphingolipids)

These molecules are defined as the glucosylceramides and the galac-
tosylceramides, and are predominantly, but not exclusively, found on the cell
surface. They are also called glycosphingolipids because of the sphingosine
chain that makes up part of the ceramide core (Hakomori, 1986, 1990; Kundu,
1992; VanEchten and Sandhoff, 1993; Shayman and Radin, 1991; Stults et al.,
1989).
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2.4.1. Initiation

The ceramide lipid tail is made in the ER membrane, facing the cytoplasm.
The addition of glucose (the first sugar) is believed by most investigators to occur
on the cytosolic face of the membranes of the ER or the Golgi. The glu-
cosylceramide is then probably flipped into the lumen for further addition of
sugars. Less is known about the initial addition of galactose to the ceramide.

2.4.2. Elongation

Figure 5 shows the major pathways for the many different classes of mole-
cules that can arise from glucosylceramide and galactosylceramide. These are
defined by the addition of specific monosaccharide units added in particular
sequences. Evidence shows that the early transferases are probably specific for
the glycolipids and reside in the early part of the Golgi. In contrast, many of the
later-acting ones are probably shared with other types of oligosaccharides and are
probably present in the late regions of the Golgi. Thus, as in the case of the
N-GlcNAc-linked and O-GalNAc-linked oligosaccharides, a variety of common
outer chains can be mixed and matched among the different classes to generate
further diversity. The glycosphingolipids have the greatest variety of outer
chains. The more unusual ones are not presented in Figure 5 owing to lack of .
space. The levels of the different transferases control what kinds of gly:
cosphingolipids are made by a particular cell, but what controls the expression of
the enzymes is not known. In contrast to the situation with the N-linked oligosac-
charide pathway, only one of the glycosphingolipid-specific transferases has
been cloned to date.

2.4.3. Termination

As in the case of the N- and O-linked sugar chains, termination occurs when
specific terminal sugars (e.g., sialic acid or blood group sugars) are added.
However, details of this process are not clearly understood.

2.4.4. Inhibitors and Mutants

To date, only one specific inhibitor of glycosphingolipid biosynthesis is
known. PDMP was specifically synthesized as an inhibitor of glucosylceramide
synthase, the enzyme that initiates the production of most major classes of
glycosphingolipids. This compound has proven very useful in biosynthetic studies.
However, functional studies are somewhat limited by the fact that it can also affect
the related pathways for biosynthesis and tumnover of sphingomyelin and sphin-
gosine. Most of the available tissue culture mutants that affect glycosphingolipid
biosynthesis are pleitropic ones affecting multiple pathways (see Table IiI).
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GLYCOSYLATION / CORE STRUCTURES
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FIGURE S. The ceramide-linked oligosaccharide

2.4.5. Turnover and Fate

The tumover of glycosphingolipids appears to be rather slow in most cells.
There is some evidence that removal and replacement of terminal units can
occur, similar to the N- and O-linked chains. Terminal degradation takes place in
the lysosomes and involves not only hydrolases, but also specific “activator”
proteins. Glycolipid transfer proteins are also well known and widespread, but
their function within the ceJ] is not well understood.



Glycosylation Pathways

OUTER CHAINS/MODIFICATIONS

x]=-.3s
—0 —> — 940

gas t\ ':-.30..

—_— Da3(4
q,8
t,u Da3(4
NN & ———-

ENZYMES
a= Galactosylceramide synthetase

b= Glucosylceramide synthetase
¢= Lactosylceramide synthetase
d= Slalyla2-3 transferase

GM3 synthetase
o= GalNAcP1-4 transferase

GM2 synthetase
f= Lacto B1-3 GlcNActransferase
g= Lacto f1-3 Galiransferase
h= Neoacto B1-4 Gaitransferase
I= Globo al—4 Galtransferase

= Globo GalNAcB1-3 transferase

k= Isoglobo al-3 Galtransferase
| = Isogiobo GalNAcB1-3 transferase
m = Muco Galfl—4 transferase
n= Slalyla2-8 transferase

GD3 synthetase
p = PGlucuronyiransferase
q = PGalactosyltransferase(s)
r = BGalNAc Transferase(s)
s = BGIcNAc Transferase(s)
t= Slalyltransferasae(s)
u = a-Galactosyltransferase
v = Fucosyltransferase(s)
w= O-acetyliransferase(s)
x =Sulfotransferase(s)

J y = A-transferase
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pathway. See Figure 2 for symbol key.
2.5. 0O-Xylose-Linked Chains

The transfer of B-xylose to appropriately disposed serine residues initiates
these chains on a limited number of “core proteins.” All of these glycans contain a
shared linkage region consisting of GlcUAB1-3GalB1-3-GalB1-4Xyl-O-Ser (see
Figure 6). These cores are extended with alternating disaccharide units of either
GlcUA-GIcNAc (heparin and heparan sulfate) or GlcUA-GalNAc (chondroitin
sulfate and dermatan sulfate). Many of these glycosaminoglycan (GAG) chains are,
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in turn, extensively modified as described below. The finished product, a core
protein with one or more GAG chains, is usually called a proteoglycan. Many such
distinct core proteins have been cloned, and they can be transmembrane, GPI-
anchored (see below), or secreted (Bhavanandan and Davidson, 1992; Kjellén and
Lindahl, 1991; Ruoslahti and Yamaguchi, 1991; Yanagishita and Hascall, 1992).

2.5.1. Initiation

Xyl is transferred from UDP-Xyl to proteins that present an available Ser-
Gly-X-Gly sequence. This is usually preceded by one or two acidic amino acid
residues, but is not a universal signal for addition of Xyl residues. In some
proteins, the Ser-Gly dipeptide occurs as a series of contiguous repeats, whereas
in others it occurs singly. In the final analysis, Xyl addition is probably deter-
mined by a general three-dimensional peptide structure rather than a specific and
limited sequence. Some core proteins are “part-time proteoglycans” in which
only a portion of the available peptide chains are modified by GAG chains.

2.5.2. Elongation

This can be considered to occur as three distinct groups of reactions.

2.5.2a. Core Synthesis. The GlcUAB1-3GalB1-3-GalB1-4Xyl-O-Ser
core is added sequentially in the early part of the Golgi apparatus by a series of
different sugar transferases. In some cases, this is accompanied by phosphoryla-
tion of the 2-position of Xyl and sulfation of the 4- or 6-positions of the inner-
most Gal residue. Both the control and the function of these additional modifica-
tions are not understood.

2.5.2b. Chain Extension. The protein itself probably determines
whether GleNAc or GalNAc is added to the GlcUA at the nonreducing end of the
glycan core (Figure 6). This decision is crucial because it determines whether the
chain will be a heparin/heparan sulfate type or a chondroitin/dermatan sulfate
chain. Thereafter, the chains are polymerized by the sequential addition of each
monosaccharide from its nucleotide donor. Some core proteins can alternately
express chondroitin sulfate or heparin/heparan sulfate as the glycan, depending
upon the cell in which they are synthesized.

2.5.2¢. Chain Modification. The individual chains are modified during
their elongation in a variety of ways shown in Figure 6. Not all of the residues are
modified identically, and the control of this modification is not well understood.
In the case of heparin and heparan sulfate, selected GlcNAc residues are first
de-N-acetylated and then N-sulfated. At this point, some of the GIcUA can be
epimerized to IdUA; O-sulfate esters can be added to GlcNAc, GleNSOQ,, or
IdUA residues. In the case of the chondroitin sulfate chains, little GIcUA is
epimerized, and GalNAc can be sulfated on the 4- and/or 6-positions. In der-
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matan sulfate, a portion of GlcUA can be epimerized to IdUA. All of these
highly ordered and interdependent modifications happen as the proteins are rap-
idly moving through the late part of the Golgi apparatus.

2.5.3. Termination

Very little is known about the factors that control the size of the chain or
how it is terminated.

2.5.4. Turnover and Fate

In some cell types, proteoglycans are segregated into secretory vesicles,
where the glycosaminoglycan chains are depolymerized prior to controlled secre-
tion. Cell surface or secreted proteoglycans can be taken up and degraded either
by the same cell that made them, or by another cell. After uptake, some GAG
chains are believed to be directed to distinct cellular compartments such as the
nucleus. However, all GAG chains must eventually be broken down to their
component parts in the lysosomes. Considerable evidence shows that the break-
down of GAG chains in the lysosomes occurs in a highly ordered sequence.

2.5.5. Inhibitors and Mutants

Proteoglycan synthesis can be inhibited and GAG chain synthesis greatfy
stimulated by feeding cells a variety of different B-xylosides. Paranitrophenyl,
4-methyl-umbelliferyl and even methyl-xyloside derivatives at submillimolar
concentrations can penetrate the cells and the Golgi, where they serve as alterna-
tive acceptors for the addition of the first Gal residue. Because the xylosides are
in such high concentration compared to the core proteins, they are very effective
competitors. Further elongation of these chains occurs, but is heavily biased
toward adding chondroitin/dermatan sulfate chains rather than heparan sulfate
chains. These chains are generally smaller than those found on natural core
proteins. Recently, some evidence shows that the structure of the aglycone can
determine which type of GAG chain is added to the artificial core.

Several mutant CHO cell lines have been isolated that either cannot make a
carbohydrate core region or do not elongate the chains. The core-deficient mu-
tants lack xylosyl or galactosyltransferase (Figure 6). Others lack one of the
chain polymerizing enzymes, or a specific sulfotransferase.

2.6. Glycophospholipid Anchors

These structures replace the carboxyl-terminal transmembrane portions of
certain proteins, and thus serve as alternate ways to anchor such proteins to cell
surfaces. Some proteins can exist either with transmembrane regions or with
glycophospholipid (GPl) anchors. In some cases alternative splicing of mRNA
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FIGURE 6.'The O-xylose-linked oligosaccharide

can determine the outcome. The common core structure of these anchors can be
elongated or modified in several ways (see Figure 7). These core structures can
be cleaved by specific microbial and mzmmalian phospholipases (Doering er af.,
1990; Ferguson, 1992).

2.6.1, Initiation

The core anchor structure has several unique features, including the pres-
ence of ethanolamine and a nonacetylated glucosamine. It is both performed and
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OUTER CHAINS/MODIFICATIONS ENZYMES
Chondroltin Sulfate Dermetan sulfate |® = B-Xylosyltransterase
b = B-Galactosyitransferase |
4(6)s 4,68 c = B-Galactosyitransferase If
4(6)s d = Xylosyl-phoshotransferase?
e = f-Glucuronosyltransferase 1|
a(6)s [la(s)s e 4(6)s f = GalNAcB1-4 transferase
a 32 s g = GicNAcal-4 transferase
2 4(6)s [l4(6)s a‘(s)s h = B-Glucuronosyltransferase Ii
I'= B-Glucuronosyltransferase
4(6)s 4(6)S || = chondroltin 6-O-sulfotransferase
[ ],k I,m k = Chondroltin 4-O-sulfotransferase
> o > — I = Glucuronosy! epimerase(s)
f.h f,h f,h m = Iduronate 2-sulfotransferase
6S n = Heparin de-N-acetylase
O = Heparin N-sulfotransferase
p = Glucuronosyleplmorase(s)
6s q = Heparin 6-O-sulfotransferase
f = iduronate 2-sulfotransferase
3SNS |s = Heparin 3-O-sulfotransferase
S t= B-Glucuronosyltransferase
6SNS u = GIcNAcB1-4 transferase
- NH, NS NS (Enzymes |3 act Incompletely,
a generating heterogenelty In
4 NH, MINs Mys NS the final product)
2s
] . o gq . H GicNAc ] GalNsc
' = residues that determine
: : -:'é -:' the type of o'utor chalns
P= phosphate residue varlably
Heparan Sultate Heparin found on core xylose unit

pathway. See Figure 2 for symbol key.

used in the ER to replace the transmembrane region of certain proteins in a
transamidation reaction. The acceptor sequence for this reaction is found at the
carboxyl terminus of newly synthesized proteins and appears 1o include specific
residues about 20 amino acids from the membrane. In some cells, a fatty acyl
chain can also be added to the core inositol group, rendering the anchor resistant
to phospholipases. Also, additional ethanolamine phosphate residues can be
added to the core mannose residues in some cell types (not shown in Figure 7).
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GLYCOSYLATION/CORE STRUCTURES

Second messenger
glycollpld??

FIGURE 7. The glycophospholipid anchor

2.6.2. Extehsion

The fatty acyl chains of the anchor can be exchanged for different ones in
some cell types after the initial biosynthesis. A variety of different side chains can
be found on the GPI anchor in mature proteins, some of which are shown in Figure
7. These appear to be added later in the Golgi apparatus. They bear some similarity
to the outer chains of N- and O-linked oligosaccharides, but it is not known
whether they are generated by shared transferases. Their function is unknown.



Glycosylation Pathways ' 93

+

OUTER CHAINS/MODIFICATIONS ENZYMES
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pathway. See Figure 2 for symbol key.

2.6.3. Termination

Apart fromthe side chain, no specific processing of the core structure isknown.
In some cases the fatty acyl chain added to the inositol ring can be removed.
2.6.4. Inhibitors and Mutants

A variety of mutants affect several steps in the assembly of the GPI anchors.
These include both tissue-culture cell lines and cells from patients with an ac-
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Table IV
Less Common Types of Carbohydrate—Protein Linkages
Linkage Found in
GleNAc-0-Serine Cytosolic glycoproteins, transcription fac-

tors, cytokeratins, RNA polymerase, cy-
toskeletal proteins .

GLC-P-Man-O-Serine Parafuscin, a cytosolic glycoprotein,
Fuc-0O-Serine Tissue plasminogen activator
Xyl-Xy1-Glc-O-Serine Cloiting factors

GleNAc-1-P-Senine Proteinase in Dicryostelium
Glec-O-Tyrosine Glycogen core protein
Gal-Glc-O-Hydroxylysine Collagen

Man-0-Ceramide Lower invertebrate glycosphingolipids

quired disorder of blood cells called paroxysmal nocturnal hemoglobinuria
(PNH). Because dolichol-phosphoryl mannose is a donor in the synthesis of the
anchor, some of the mutants affect the biosynthesis of both N-linked oligosac-
charides and GPI anchors.

2.6.5. Fate and Turnover

Little is known about this matter. It is suggested that, in some cases,
phospholipases at the cell surface can release the protein with the oligosaccharide
attached to its carboxyl terminus. Also, some controversial evidence indicates that
by-products of this pathway may act as second messengers for certain hormones.

2.7. Less Common Types of Oligosaccharide Linkages

The types of glycoconjugates discussed to this point are by far the most
common forms encountered, but they are not the only ones. Table 1V lists some of
the rarer forms of protein-carbohydrate linkages. These types are not as well
studied as the commoner ones (except in the case of O-linked GlcNAc residues
added in the cytoplasm, which are discussed below). Itis important to keep in mind
that a rarer oligosaccharide is also unique, and may be restricted to a particular
protein or class of proteins. As such, it would be theoretically more likely to carry
out some unique biological function(s) (Kornfeld, 1990; Troy, 1992).

2.8. Glycoconjugates Frequently Share Identical Outer Sequences

In contrast to the very distinctive features of the core regions of the different
types of oligosaccharides, a large number of outer sequences are shared by a
number of glycoconjugates (Kobata and Takasaki, 1992; Fukuda, 1992). These
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STRUCTURE N-GleNAc] O-GalNAc [ Gle-Cer | GPI- Common Name(s)
-Linked Linked Linked | Linked
@ mo- + + + + Type 2 Lactosamine
@os@nsms- + + + CD75, 7CD76
9(7)(4)Ac@Ppac@name- + .
@®o3@ssMs. + + +
@cs@a3@sime- + +
(@3¢ c3@nsMs- + + Polysialic Acid
(PSA)
@a3®@ndms. + +
NDa2@nsmo- + . .
L} 401311- + + + LewisX (SSEA-1)
CDI15
Aazonalau- + + + LewisY
a
®u30s 4l3n- + + + Sialyl LewisX
a
@cs@namo- + +
6S
€03@camso- +? +
6S
ss@aos@Pal@oimo- + E
. 3s@s4Ms- +
3sQOb3@0 M- +? + HNK-1 antigen
’a:!ﬁ.‘ﬂ 4Ms8- + + + Sda/CAD antigen
O
@0 mMy3(@osMn 3, + + + + Polylactosamine
' (iantigen)
@04MN3@0 MM 3@ 0 aln 3 + + + +? Branched
@5 4.,,36.5 Polylactosamine
(1antigen)
@samI3@n4MD- + + + Dimeric Lewis®
al a3l
Aa2 .n4l303.040l:‘0- + + + Dimeric LewisY
a
0u3004l353.n Mo + + + Sialyl dimeric
a [+
A LewisX
0030041:3.04!:‘0- + + + VIM-2, CD6S
a
005004ln3.n413n- + . +
a

FIGURE 8. Some outer chain sequences found on different types of plycans. See Figure 2 for symbol key.
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STRUCTURE -GlcNAcT O-GalNAc T Cic-Cer [ GPI- Common Name(s)
-Linked Linked Linked | Linked
- 6S 65 65 + + Keratan Sulfate
@a3(5Y9s4sMp3@osMn3
L LE] LB + + + Type 1 lactosamine
@®c3@sims- - - +
@c3@s3Mn. + + +
ADo2@s3mn- + + +
.03.‘“' + - + Lewisd
Au2.03l48- + + + Lewisb
a
ANc2@83MB- + + + Blood Group B
a3 ad
NHc2@83Ma- + + + Blood Group A
a3 a4
.°3.°35"' + + + Sialy! Lewis2
®c3003Ms. . +
Q
. o6 + Disialyl Lewisd
@®a3@s3Ms. .
ad
DOssMn- .
4S0Os4m6- +
®csOnemn. +
@530 + + +? | PNA receptor
$c3@030 + + +?
@893 0s30 +
Q@c3@el +
Os3@na- +
$e3053@ - + Forssman Antigen
QOa20n0- + +

FIGURE 8. (continued)

include sialic acids, polylactosamines, blood group sequences, etc. (see Figures
3,5, and 8). These outer chains are probably added to the different acceptors (O-
or N-linked chains, ceramide-linked chains, etc.) by overlapping and, in some
cases, probably identical transferases. How this is controlled from one glycocon-
Jugate to another is not known, but it underscores the importance of the initiation
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Table V

Examples of Modifications of the Oligosaccharide Chains
on Animal Glycoconjugates

Type Modified sugar Found in
Phosphite Man-6-P Lysosomal enzymes, TGF-B precursor
GleNAc-6-P Miik oligosaccharides
Xyl-2-P Core xylose of glycosaminoglycans
Inositiol-1-P Glycophospholipid anchors
Sialic acid-9-P Biosynthetic intermediate (free)
GlcNAc-1-P-6 Man  Precursor of Man-6-P (see above)
Gle-1-P-6-Man Cytosolic parafuscin or phosphoglucomutase
GlcNAc-1-P-Ser Dictyostelium proteins
GalNAc-1-P? N-cadherin and ? other proteins
Man-1-P-6-Man Yeast mannans
Sulfate )
Gal-3-S Sulfatide (ceramide-linked) thyroglobulin (N-GlcNAc-
linked)
Gal-6-S Keratan sulfate
Man-6-S Dictyostelium lysosomal enzymes
Man-3(4)-S Ovalbumin
GicNAc-6-S Heparin/heparan sulfate, N-GlcNAc-linked chains (en-
dothelium), keratan sulfate
GleNS Heparin/haparan sulfate
GIcNS-3-§ Haparin/heparan sulfate
GlcNS-3,6-S Heparin/haparan sulfate
GalNAc+4-S Chondroitin sulfate
GalNAc-6-S Chondroitin sulfate
GClcA-3-S Heparin sulfate
1d-2-§ Heparin sulfate
GlcUA-3-S Glycosphingolipids, ? N-GlcNAc-linked oligosac-
charides .
Sia-8-S Glycosphingolipids: echinoderm, bovine
'O-A'cet)'l Sialic acid-4,7,8,9 O-N- and Ceramide-linked oligosaccharides
O-Methyl Sialic acid-8 Echinoderm glycosphingolipids
0-Acyl Inositol Palmitoylation on GPI anchors
Galactose Acylated Gal-Ceramide in brain
Sialic acid O-lactyl groups on mucins and on free sialic acids

Ethanolamine-P  Mannose

GPI anchors

of the sugar chains. It should not be surprising that similar outer structures could
be used to accomplish different functions when presented in different contexts.
Tissue-specific expression of different genes whose products catalyze the same
reaction but with differing substrate requirements may also be used to generate

“context-specific” glycosylation.
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2.9. Modifications of the Sugar Units in Oligosaccharide Chains

The different types of sugar chains described here are subject to further
modification by the addition of a variety of different types of substituents (e.g.,
phosphate, sulfate, acetate, etc.). A list of known modifications is given in Table
V. Because the addition of such substituents imparts further diversity to the
common core oligosaccharide structures, it is reasonable to speculate that they
may impart more specific functions to the sugar chains. In at least some cases
(e.g., mannose-6-phosphate on lysosomal enzymes and specific types of sulfa-
tion in heparin), this is known to be the case (Kornfeld, 1990; Cumming, 1991).

3. NUCLEAR AND CYTOPLASMIC GLYCOSYLATION

This chapter has focused upon glycosylation that occurs in the ER-Golgi-
plasmalemma pathway. Until a few years ago it was thought that glycosylation
did not occur on molecules on the opposite side of the membrane (i.e., the
cytosol), which is contiguous with the interior of the nucleus. However, it is now
clear that the addition of single O-GlcNAc residues is very common on cytosolic
and nuclear proteins (Hart et al., 1989). Some proteins have many such units,
sometimes closely spaced. Clues from many investigators suggest that this may
only be the proverbial tip of the iceberg, and that many other types of nuclear and
cytoplasmic glycosylation may occur. This topic deserves more attention than
can be accorded it here.
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