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Four major classes of macromolecules in biology are
DNA, proteins, carbohydrates, and lipids. Carbohy-
drates differ from the other two classes of biological
polymers in two important characteristics: they can
be highly branched molecules, and their monomeric
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units may be connected to one another by many
different linkage types. Proteins and nucleic acids
are almost exclusively linear and they have only a
single type of linkage between (amide bonds for
proteins and 3'—5' phospho diester bonds for nucleic
acids). This complexity allows carbohydrates to
provide almost unlimited variations in their struc-
tures. Although carbohydrates can be present with-
out being attached to other molecules, the majority
of carbohydrates present in cells are attached to
proteins or lipids and the terminology glycoprotein
and glycolipids is used to reflect this. Further, the
attached carbohydrate is often referred to as an
oligosaccharide.

1.2. Glycoproteins

Glycoproteins are fundamental to many important
biological processes including fertilization, immune
defense, viral replication, parasitic infection, cell
growth, cell—cell adhesion, degradation of blood clots,
and inflammation. Glycoproteins and glycolipids are
major components of the outer surface of mammalian
cells. Oligosaccharide structures change dramati-
cally during development, and it has been shown that
specific sets of oligosaccharides are expressed at
distinct stages of differentiation. Further, alterations
in cell surface oligosaccharides are associated with
various pathological conditions including malignant
transformation.
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1.3. Glycobiology

Glycobiology deals with the role of carbohydrates
in biological events. Two main themes have
emerged: (1) How do carbohydrates influence the
properties of the proteins to which they are attached?
(2) How are carbohydrates involved in recognition
events?

The use of new technology has shown that at each
glycosylation site on a protein, there is a set (or
ensemble) of glycosylated structures. This has led
to the concept of a glycoprotein being defined as a
set of glycoforms. These all have the same amino
acids but differ in the sequence or position of the
attached sugars. It is the populations in this set of
glycoforms that change under a variety of conditions
such as disease.

1.4. Technology Developments

In the early 1980s the determination of carbohy-
drate sequences was very difficult and carried out by
very few laboratories—mainly in Japan by Akira
Kobata and colleagues. Some 10 years ago the
determination of the sequences of the oligosaccha-
rides associated with a glycoprotein could take up to
one year. As in all newly developing fields, technol-
ogy plays a crucial role so that it is now possible to
accomplish this in 1—-2 weeks. Some idea of the new
technologies and approaches for characterizing mi-
cromole amounts of glycans is shown in Figure 1. In
general, oligosaccharides are released by hydrazi-
nolysis to produce a pool of glycans. These glycans
are then fluorescently labeled. A variety of methods,
including HPLC, allow profiling of the mixture and
separation of individual glycans. These can then be
fragmented with arrays of enzymes. The fragments
are then combined, and the measurement of the
subsequent profile allows the structure to be worked
out.

1.5. There Is No Single Unifying Function for
Oligosaccharides

One of the aims of this review is to give some
indication of the general principles of glycosylation
which have emerged as a result of developments in
carbohydrate technology. Another, is to describe how
individual sugars or sets of glycoforms affect the
properties of the proteins to which they are attached.
What is quite clear, is that there is no single function
for oligosaccharides. Perhaps their major function
is to serve as recognition markers. Additionally,
oligosaccharides can modify the intrinsic properties
of proteins to which they are attached by altering the
stability, protease resistance, or quaternary struc-
ture. The large size of oligosaccharides may allow
them to cover functionally important areas of pro-
teins, to modulate the interactions of glycoconjugates
with other molecules, and to affect the rate of
processes which involve conformational changes.
Glycosylation is highly sensitive to alterations in
cellular function, and abnormal glycosylation is
diagnostic of a number of disease states including
rheumatoid arthritis and cancer. The control of
glycosylation by the cell affords, in principle, a means
of putting the same recognition markers on quite
different proteins without having to code the infor-
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Figure 1. An overall process for release, labeling, and sequencing of nanomolar amounts of a glycan from a glycoprotein.

mation into the DNA of that protein. Site-specific
glycosylation of a protein also suggests that the 3D
structure of the protein plays a role in determining
the extent and type of its own glycosylation.

In the last two years there have been two outstand-
ing experimental contributions to the glycobiology
field, which although outside the scope of this review,
have great significance in understanding the function
of oligosaccharides. The first is the important dem-
onstrations of the significance of glycosylation in
development by two sets of workers using gene
knockout experiments.’? In these, deletion of a
transferase gene in developing mice resulted in
embryonic lethality at about 10 days of gestation. The
embryos had defects in neural tube closure and an
overall stunting of growth. These types of experi-
ments open up exciting possibilities for studying the
role of glycosylation in development and indeed, in a
host of other situations. The second development
concerns the recognition of oligosaccharides by the
serum lectin, the mannose-binding protein (MBP).
This protein plays a role in immune defense and in
general recognizes oligosaccharides on invading patho-
gens. What becomes clear from the X-ray data®* on
the MBP trimer is that the actual geometry of
presentation of the oligosaccharides to the receptor
is important in order to trigger a biological response.
In general, multiple interactions with multivalent
targets are required for physiologically relevant
binding. Thus it is possible to have the same sugar
on a whole host of different proteins, none of which
may present the oligosaccharide with the correct
geometry to the receptor. In this way it is possible
to distinguish oligosaccharides which are “self” from
those which are “nonself”.

2. What Does a Typical Glycoprotein Look like?

2.1. Implication of the Conformations and
Dynamics of Protein Surface Oligosaccharides in
Protein Function

The majority of cell surface and secreted proteins
are glycosylated, with carbohydrates covalently at-
tached through either a nitrogen atom (supplied by
the amino acid asparagine) or an oxygen atom
(supplied by serine or threonine). The carbohydrate

moiety of a glycoprotein may participate directly in
recognition events,® but it may also modify the
properties of the protein.®” The large size of the
carbohydrates®® is probably the most significant
factor in modifying the properties of the proteins to
which they are attached. It should be noted that the
distance across a carbohydrate residue (from O-1 to
0-4) is approximately 5.4 A and that the first three
residues of the core of an N-linked oligosaccharide
extend approximately 16 A from head to tail. When
the dynamic motions of the carbohydrate are taken
into account it becomes apparent that large areas of
the protein surface may be shielded by a relatively
small oligosaccharide. As an N-linked oligosaccha-
ride will typically have two or three outer arms each
consisting of three or four sugar residues, the pos-
sibility that the oligosaccharide may cover an ex-
tremely large area of the protein surface is clear.

Furthermore, comparatively small motions of the
protein—carbohydrate linkage, when combined with
the rigidity of the carbohydrate core, will amplify the
motion of the terminal arms of the oligosaccharide.
This enables the carbohydrate to span an even larger
area of the protein and may have a dramatic effect
on the accessibility of the protein in intermolecular
interactions. Accurate quantitation of these proper-
ties necessitates a knowledge of both the 3D struc-
tures of the carbohydrate and protein and, more
importantly, of the time evolution of these properties.
For many proteins conformational information may
be obtained from crystallographic methods. How-
ever, the oligosaccharides present on glycoproteins
appear much less amenable to these techniques.
Moreover, for a given time period the carbohydrate
exhibits greater dynamic fluctuations than the pro-
tein. NMR measurements offers insight into these
dynamics, but NMR data alone are frequently insuf-
ficient to determine uniquely the conformations of the
oligosaccharide. It is often necessary to combine
NMR data with molecular dynamic simulations. To
illustrate this, consider the enzyme ribonuclease
(RNase) for which both NMR data and computer
simulations have been carried out.

RNase is an example of a protein which exists in

vivo in both non-glycosylated and glycosylated forms,
A and B, respectively. RNase B has only a single
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Figure 2. A schematic representation of MangGIcNAC,-
OH. The hydrogen atoms have been omitted for clarity.

N-linked glycosylation site at Asn-34. In bovine
pancreatic RNase B, the glycosylation is character-
ized by a set of oligopmannose Mans.sGIcNAc, glyco-
forms (see section 4).

Despite the existence of a well-resolved X-ray
crystal structure of RNase B the poor definition of
the electron density associated with the oligosaccha-
ride has prohibited any determination of the sugar
conformation.’® While NMR spectroscopy has been
widely applied in the conformational analysis of
proteins, including RNase A,'*"1* and RNase B,
unambiguous conformational determinations of oli-
gosaccharides are less common. The ambiguity in
oligosaccharide conformational analysis arises from
a characteristic paucity of nuclear Overhauser effects
(NOEsS) between sugar residues. Typically two NOEs
are observed across a given glycosidic linkage, and
in oligomannose structures this has been shown to
be consistent with more than one conformation.'® A
computer simulation of the dynamic properties of the
oligosaccharide offers an additional approach to the
conformational analysis.

2.2. Molecular Dynamics (MD) Simulation of
ManyGIcNAc ,OH

The application of MD techniques to proteins is
typically part of the refinement protocol in X-ray
crystallography.'” In contrast, MD simulations of
oligosaccharides are often applied in conjunction with
NMR refinement. This difference leads to unique
requirements for the simulations of oligosaccharides.
In order to compare MD-generated data with NMR-
derived data the duration of the simulation should
be sufficient to sample adequately the conformational
space of the macromolecule. An MD trajectory from
an unrestrained simulation that is in agreement with
the NMR-derived data, provides strong support for
both the structure and the computational method.
However, the determination of an appropriate dura-
tion for an unrestrained simulation requires careful
analysis of the MD data for each system under
examination.

The MD simulation of Man-9 (see Figure 2) used a
novel parameter set for oligosaccharides and glyco-
proteins (GLYCAM_93) with the AMBER molecular
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Figure 3. A least-squares overlay of rings 1—3 from 10
snapshots from the trajectory of Man-9 each separated in
time by 15 ps.

mechanical force field.’® The simulation was initi-
ated with an energy minimized conformation in
which the values for the glycosidic torsion angles
were consistent with reported intraresidue NOE
data.'81%-22 In order to emulate as closely as possible
the conditions of the NMR experiment, the oligosac-
charide was immersed in a theoretical box of water
molecules?* and the simulation performed for 750 ps.
The temperature was maintained at 300 K through-
out the isobaric simulation. During the simulation,
each of the glycosidic angles in Man-9 was monitored
to determine whether any significant variations
occurred.

2.3. The Core Conformation of the
Oligosaccharide in N-Linked Glycoproteins Is
Independent of the Protein

During the simulation the core residues were found
to maintain a relatively constant conformation, de-
spite average fluctuations in the individual glycosidic
torsion angles of approximately 15°. An overlay
based on a least-squares fitting of the non-hydrogen
atoms of rings 1—3 of 10 randomly selected snapshots
from the simulation is presented in Figure 3. The
constancy of the conformation of these residues is
readily apparent.

Although in general the oligosaccharides of glyco-
proteins are not well resolved in X-ray crystal struc-
tures, there are a few examples in which the residues
are clearly defined. These are those in the lectin
Erythrina corallodendron,? the serine protease hu-
man leukocyte elastase (HLE),?® the Fc domain of
human 19G;,%” and a variant surface glycoprotein
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from Trypanosoma brucei.?® Although the oligosac-
charides present in the crystal structures varied in
sequence and by the presence or absence of a fucose
residue attached to the first GIcNAc residue, the core
conformations were remarkably similar to each other.
(A least-squares fitting of the ring atoms of core
residues 1 and 2 for the average MD conformation
with each of the glycoprotein cores gives atomic
displacements of only 0.37—0.55 A.) These similari-
ties lead to the conclusion that the conformation of
the di-N-acetylchitobiose core in N-linked glycopro-
teins is independent of the protein and would also
be that present of the free sugar.

2.4. Outer Arm Conformation of the
Oligosaccharide

The conformations of the remaining glycosidic
linkages from the MD simulations are in good agree-
ment with values of the glycosidic angles derived
from previous NMR studies®19-232% gand from MD
simulations of related mannobiosides.?®3 Interest-
ingly, an analysis of the hydrogen bond and van der
Waals interactions in the mannobioside simulations
show that the Man(al—2)Man linkage prefers a
stacked conformation, in which the hydrophobic faces
of the two sugars are in close proximity (¢ = —41°,
1 = 47°). Incontrast, the (al1—3)Man linkage prefers
an extended conformation that optimizes interresidue
and sugar—solvent hydrogen bonding (¢ = —56°, v
= —32°). The different conformations reflect not only
the effects of linkage position, but also the attempt
to maximize hydrophobic and hydrophilic interac-
tions. As observed experimentally, the gauche (gt)
orientation of the (a1—6)Man linkage in the disac-
charide was the favored orientation during the
simulation.®® This gauche preference was attributed
to bulk solvation effects (Figure 4).

2.5. Dynamic Sugar Model of RNase B

A structural model for RNase B can be constructed
from the crystal structure of the protein and the
simulation data for Man-9. While the sugar is not
resolved in the crystal structure, the side chain of
Asn-34 was well defined. In each of the glycoprotein
crystal structures discussed above as well as in those
of glycopeptides®!®? the Asn—GIcNAc linkage displays
the same conformation. This conformation has been
reported also to be present in solution.31:3% Given the
similarity of the C1—N—C=0 atomic sequence of an
N-linkage to a Ca—N—C=0 peptide bond, its prefer-
ence for planarity and a torsion value of 0° is not
surprising. Provided with this observation it is
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Figure 5. The Man-9 glycoform of RNase B based on the
2.5 A X-ray crystal structure with an overlay of 10
oligosaccharide conformations from a 750 ps MD trajectory
of Man-9 linked through Asn-34. The side chain of Asn-34
was maintained in the crystallographically determined
orientation. In order to ensure a correct position for the
reducing terminus, the oligosaccharides were overlaid on
the first GIcNAc residue. All hydrogen atoms have been
omitted for clarity.

possible to link the dynamic model of the free sugar
(each snapshot overlaid on GIcNAc-1) to the side
chain of Asn-34 in the crystal structure of RNase B
to generate the structure shown in Figure 5. This
model indicates that a considerable area of the
protein surface is shielded by the sugar.

2.6. Consequences of Protein Side-Chain
Flexibility on the Presentation of the
Oligosaccharide

Motion of the Asn—GIcNAc linkage can alter the
presentation of the sugar relative to the protein
surface. For example, consider the case when the
side chain angles y; and y. (see Figure 6) are varied
over an arbitrary range of +30° from the crystal-
lographic values 30° and —152°, respectively). For
illustrative purposes the average oligosaccharide
conformation is used and the variations of £30° (in
15° increments) lead to no unfavorable van der Waals
contacts between the oligosaccharide and the protein.
Figure 7 shows that even this small movement has
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Figure 6. Schematic diagram of the Asn—GIcNAc linkage
indicating the planarity of the C1—N—C=0 glycosidic
linkage and the flexible side chain angles y; and y..
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Figure 7. The effect of flexibility of the Asn-34 side chain
on the orientation of the oligosaccharide in the Man-9
glycoform of RNase B. The y; and y, angles of the side chain
of Asn-34 were varied by +30° in 15° intervals from the
crystallographically determined orientation. The 25 result-
ing orientations are displayed. All hydrogen atoms have
been omitted for clarity.

a profound effect on the volume of space potentially
available to be occupied by the oligosaccharide. In
the absence of specific protein—sugar interactions
this model must represent a comparatively modest
estimate of the extent of the protein surface envel-
oped by the oligosaccharide.

2.7. Biological Implications

The functional activity of RNase in its interaction
with double-stranded RNA is decreased by glycosy-
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lation (see section 6). One explanation of this is that
the oligosaccharide sterically hinders the binding of
RNA to the enzyme and is discussed in more detail
in section 6.

In general, it may be concluded that the sugar
moiety of a glycoprotein may have a significant effect
on the properties of the protein. It is apparent that
the molecular volume occupied by the sugar is large
and therefore able to shield a large section of the
protein surface. When the dynamic nature of the
oligosaccharide and the flexibility of the asparagine
side chain are also taken into account the portion of
the protein surface covered by the sugar is even more
extensive. This indicates that the sugar may inter-
fere with the normal functioning of the protein,
including regions of the protein that are considerably
removed from the actual linkage site. Since the
conformation of the N-glycosidic linkage is both rigid
and planar, the actual conformational space available
to an N-linked oligosaccharide in a glycoprotein may
depend to a large extent on the flexibility of the
asparagine side chain within the local environment
of amino acids.®

3. Some Factors Which Control Protein
Glycosylation

Some rules have emerged with respect to the
factors which control the attachment of oligosaccha-
rides to potential glycosylation sites and the subse-
guent enzymatic modifications of the glycan chains.
While the potential oligosaccharide processing path-
ways®* available to a nascent protein are dictated by
the cell in which it is expressed, its final glycosylation
pattern is also the result of constraints imposed by
the 3D structure of the individual protein.

3.1. The Primary Peptide Structure Determines
the Number and Location of Potential
Glycosylation Sites

The two main classes of glycosidic linkages to
proteins (Figure 8) involve either oxygen in the side
chain of serine, threonine, or hydroxylysine (O-linked
glycans) or nitrogen in the side chain of asparagine
(N-linked glycans). To be glycosylated, an asparagine
residue must form part of the tripeptide AsnXSer
where X is any amino acid apart from proline,
although the presence of this sequon is not in itself
sufficient to ensure glycosylation. The role of the
peptide sequence in directing O-glycosylation is less
clear, but a Pro residue, at —1 and +3, may make it
favorable. Recently, a consensus sequence (Cys-X-
X-Gly-Gly-Ser/Thr-Cys) has been found to correlate
with O-fucosylation in epidermal growth factor
domains.®~37 Other O-linked glycans include those
linked through hydroxylysine are found in collagen
and also O-linked GIcNAc residues which are found
in the nucleoplasmic and cytoplasmic compartments
of cells.® Physiologically this O-GIcNAc modification
is highly labile and seems to be abundant in all
eukaryotes.®®

A third type of linkage to proteins has been found
for an increasing number of cell surface proteins,
which are known to be inserted into the lipid bilayer
via a glycophosphatidylinositol (GPI) anchor.?® Only
six amino acids serve as a GPI attachment site; these
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Figure 8. A schematic representation of the main forms of attachment of glycans to a polypeptide. Several glycans may
be attached to a single polypeptide and some potential sites may remain unoccupied.

are Cys, Asp, Asn, Gly, Ala, and Ser (CDNGAS).*
The amino acids Gly, Ala, and Ser predominate at
the +1 positions and are obligatory at +2 positions.

3.2. Structure and Diversity of N-Linked Glycans

All N-linked glycans contain the pentasaccharide
Manoal—6(Manal—3)ManS1—4GIcNAcS1—4GIcNAC
as a common core. On the basis of the structure and
the location of glycan residues added to the triman-
nosyl core, N-linked oligosaccharides can be classified
into four main groups.®**? These are oligomannose
(high mannose), complex, hybrid, and poly-N-acetyl-
lactosamine (Figure 9).

Oligomannose-type glycans contain only a-man-
nosyl residues attached to the trimannosyl core.
Complex-type glycans contain no mannose residues
other than those in the trimannosyl core, but have
“antennae” or branches with N-acetylglucosamine
residues (Figure 10a) at their reducing termini at-
tached to the core. The number of antennae normally
ranges from two (biantennary) to four (tetraanten-
nary), but a pentaantennary structure has been
reported in hen ovomuvoid.*? While various monosac-
charides can be found in the antennae, the presence
or absence of fucose and a “bisecting” GIcNAc on the
core contributes to the enormous structural variation
of complex-type glycans (Figure 10b). Indeed complex-
type N-glycans show the largest structural variation
in the subgroups resulting mainly from the combina-
tions of different numbers of antennae and variations
of monosaccharides in the outer chains. Some of the
outer chain structures found in complex-type sugar
chains are shown in Figure 10b.

The hybrid-type N-glycans have the characteristic
features of both complex-type and high mannose-type
glycans. One or two a-mannosyl residues are linked

to the Manal—6 arm of the trimannosyl core (as in
the case of oligomannose-type glycans) and usually
one or two antennae (as found in complex type
glycans) are linked to the Mana1—3 arm of the core.

The fourth group is the poly-N-acetyllactosamine
N-glycans containing repeating units of (Galfl—
4GIcNAcB1—3-) attached to the core. These repeats
are not necessarily uniformly distributed on the
different antennae and the lactosamine repeat may
also be branched. Poly-N-acetyllactosamine exten-
sions are most frequently found in tetraantennary
glycans.*

3.3. Structure of O-Linked Glycans

In contrast to N-linked glycans, O-linked glycans
do not share a common core structure. They are
based on a number of different cores.** So far they
can be categorized into at least six groups according
to different core structures (Figure 11). These cores
can be elongated to form the backbone region by
addition of Gal in f1-3 and f1—4 linkages, and
GIcNAc in 1—-3 and 1—6 linkages. Although the
glycans are often linked to serine or threonine
residues through GalNAc, the linkages may be
through other residues e.g. fucose. We should also
note that single glycans such as fucose or GIcNAc
may be O-linked to the peptide backbone. O-GIcNAc
can also be g-linked as found in cytoplasmic and
nucleoplasmic proteins.38

3.4. Cell Type Influences Glycosylation

The type of cell has a major role in determining
the extent and type of glycosylation, which is both
species and tissue specific.® Oligosaccharides are
formed on an “assembly line”. For protein-bound and
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lipid-bound oligosaccharides this is the endoplasmic
reticulum (ER) and the Golgi apparatus.3* A series
of membrane-bound glycosidases and glycosyltrans-
ferases act sequentially on the growing oligosaccha-
ride as it moves through the lumen of the ER and
Golgi apparatus. Many different enzyme reactions
(typically eight for a complex oligosaccharide such as
those on IgG) are involved in the processing path-
ways. Each individual enzyme reaction may not go
to completion, giving rise to glycoforms or glycosy-
lated variants of the polypeptide. The type of en-
zymes (glycosidases and transferases), their type,
concentrations, Kinetic characteristics, and compart-
mentalization, reflect both the external and internal
environment of the individual cell in which the
protein is glycosylated. This explains why the gly-
cosylation patterns of natural glycoproteins may be
influenced by physiological changes such as preg-
nancy and also by some diseases which may affect
one or more of the enzymes in the cell. For example,
in 1gG isolated from rheumatoid arthritis patients
the galactosyl transferase activity may be decreased.
This results in an alteration of the glycoform popula-
tions in the Fc reflecting an increase in the proportion
of agalactosyl N-linked glycans.

The glycosylation of recombinant glycoproteins can
be sensitive to changes in manufacturing conditions,

such as the glucose concentration of the culture
medium.*® The glycosylation pattern basically re-
flects the type of cell used in the expression system
and the use of different cell lines can result in
significant glycosylation differences. For example,
there are differences in the branching structure in
the complex type oligosaccharides. These arise from
the different expression of the GIcNAc transferases
shown in Figure 12.4647 The oligosaccharide struc-
tures at Asn-289 of recombinant human plasminogen
expressed in both chinese hamster ovary (CHO) and
Mamestra brassicae cell lines'’>176 have been com-
pared with those associated with human serum
plasminogen.t’” While human plasminogen contains
only the variably sialylated complex biantennary
glycan, Gal,, Mans, GIcNAc,4, both the CHO and the
insect cell trimer express an additional range of
glycoforms, which includes oligpmannose structures,
and, in the CHO cell line, tetraantennary complex
glycans.

3.5. The 3D Structure of the Protein Influences
the Extent and Type of Glycosylation

Although the same glycosylation machinery is
available to all the proteins which are translated in
a particular cell and use the secretory pathway, it
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has been estimated that between 10% and 30% of
potential glycosylation sites are not occupied.*84°
Moreover site analysis has shown that the distribu-
tion of different classes of N-linked oligosaccharide
structures is frequently specific for each site on a
protein. In the case of rat brain Thy-1 (Figure 13),
for example, site 23 contains only oligomannose
structures, site 74 has only complex and hybrid, while
all three classes of glycans are present at site 98.5051

The 3D structure of the individual protein clearly
has a role in determining the type and extent of its
glycosylation. A number of mechanisms may be
involved. These include the following:

(i) The position of the glycosylation site in the
protein. N-Linked sites at the exposed turns of
pB-pleated sheets, which are sometimes close to pro-
line residues, are normally occupied while those near
the C-terminus are more often vacant.

(if) Access to the glycosylation site on the develop-
ing oligosaccharide. This may be sterically hindered

by the local protein structure or by protein folding
which may compete with the initiation of N-glycosy-
lation.

(iii) Interaction of the developing oligosaccharide
with the protein surface. This may result in a glycan
conformation which may alter the accessibility to
specific glycosyltransferases or glycosidases.

(iv) Interaction of the glycosyl enzymes with the
protein structure. This can lead to site-specific
processing.

(v) Glycosylation at one site in a multiglycosylated
protein. This may sterically hinder events at a
second site on the same molecule.

(vi) The interaction of protein subunits to form
oligomers. This may prevent glycosylation or restrict
the glycoforms at individual sites.

3.6. Generation of Glycoforms

The initial event in N-linked glycosylation is the
cotranslational transfer, to an asparagine residue
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within a glycosylation sequon, of the dolichol-linked
GlcsMangGIcNAc, oligosaccharide to the nascent
polypeptide chain (Figure 14a). A series of trimming
events then occurs. First, glucosidase | hydrolyses,
the outermost glucose (a1—2) residue, followed by the
removal of the remaining two o1,3-glucose residues
by glucosidase Il. These reactions are reasonably
rapid (on the order of minutes) and the protein is
assumed to be fully folded by this stage. Subsequent
enzyme reactions may clearly be influenced by the
3D structure of the protein in respect of the acces-
sibility of the individual enzymes. The routing of
glycoproteins within the cell, the compartmentaliza-
tion of trimming enzymes with different specificities,
and the competing secretion pathways are also
important factors controlling the biosynthesis of
N-linked oligosaccharides.

The synthesis of O-linked oligosaccharides is en-
tirely a post translational event with a series of
enzymes acting sequentially on the fully folded
protein. Many of the factors discussed above will also
apply. Initially O-linked oligosaccharides are co-
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Figure 13. A molecular model of rat brain Thyl demon-
strating that glycosylation is site specific. Site 23 (Asn23-
AsnThr) contains only oligomannose structures, site 74
(Asn74PheThr) has only complex and hybrid, while all
three glycans are present at site 98 (Asn98LysSer).

valently attached through an O-glycosidic monosac-
charide, and a serine or threonine. Some of the
enzymes that act subsequently may be showed by
both the N- an O-linked biosynthetic pathways.

In summary we have seen that both the cell and
the protein influence glycosylation and that compet-
ing reactions and pathways give rise to glycoform
populations (Figure 15).

4. Oligosaccharide Technology

All glycoforms show the same amino acid sequence
but differ with respect to the number, location, or
sequence of attached glycan. One of the simplest
examples of glycoforms is found in bovine pancreatic
RNase®? which is a globular protein composed of a
single domain. It has one variably occupied glycos-
ylation site and occurs naturally as a mixture of the
unglycosylated protein (RNase A) and five glycoforms
(RNase B Man 5—9) in which from 5—9 mannose
residues are attached to the di-N-acetylchitobiose
core.

Fractionation of the individual glycoforms can be
achieved using capillary electrophoresis (Figure 16).
However, the technique is not yet generally ap-
plicable for two principal reasons. First, the number
of individual glycoforms is generally too large to allow
a practical separation. Second, the fractional differ-
ences in physicochemical properties between neutral
glycoforms are often relatively small, rendering their
resolution and separation virtually impossible.

Analysis of protein glycosylation is most commonly
performed by analyzing the glycans following release
from their conjugate peptide. A strategy for protein
glycosylation analysis consists of four distinct steps
(Figure 17).

4.1. Release of Glycans from Glycoprotein

In order to release glycans a general method is
required that is independent of the protein to which
the glycan is attached. For this reason a chemical
method is used, which involves the use of hydrazine
to cleave both N- and O-glycosidic bonds (Figure
18).17® Hydrazinolysis releases glycans which are
intact and with a free reducing terminus and is
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nonselective (with respect to the glycan), and the
process is amenable to automation. The GlycoPrep
1000 (Figure 19) produced by Oxford GlycoSystems
automates the hydrazinolysis of glycans and has been
optimized to release both N- and O-glycans or only
O-glycans. Released glycans are separated from
peptide fragments, leaving unreduced, intact glycans
ready for labeling and analysis. Enzymatic methods
are also much used to release glycans from peptides
and denatured glycoproteins. For example, under
denaturing conditions, peptide-N-glycosidase F (F.
meningosepticum) will generally cleave the Cy—No
bond of the glycosylated asparagine side chain re-
leasing the intact N-linked glycans. However, care
must be taken to ensure that the release is nonselec-
tive. Enzymatic release of O-glycans is much more
difficult since most O-glycanases require an unsub-
stituted disaccharide core as a substrate.

4.2. Labeling of the Released Glycans To Enable
Their Detection in Subsequent Procedures

This involves a reaction of the reducing terminus
of individual glycans using a method which must be
independent of the glycan sequence. Two methods
which are commonly used to label glycans are reduc-
tive amination with a fluorescent compound, such as
2-aminobenzamide,'®® and reduction with alkaline
sodium borotritide, to give the radiolabeled deriva-
tive.182

4.3. Profiling the Pool Glycans To Determine the
Types of Glycans Present and Their Relative
Molar Properties

Three types of glycan profiling are commonly used:
Mass Profile. The molecular weight of each glycan
present can be quickly determined by mass spec-
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Figure 17. A complete strategy for protein glycosylation
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Figure 18. Method for release of oligosaccharides using
hydrazinolysis.

trometry. Methods which give only the parent ion
for each glycan include matrix-assisted laser desorp-
tion ionization (MALDI) (Figure 20) and produce
spectra which are fairly easy to interpret on neutral
glycans, although laser energy-induced desialylation
can often be observed. Detection limits are in the
region of 1 pmol for a single oligosaccharide. Frag-
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mentation, giving information on sequence and
branching, can be observed with time-of-flight instru-
ments fitted with a reflectron.53

Size Profile. Gel permeation chromatography (GPC)
is frequently used to determine the size profile (in
glucose units GU) of a deacidified glycan pool by
coinjection of dextran hydrolysate standard “ladder”
with the sample.

Charge Profile. Anion exchange chromatography
(AEC) is used to determine the charge profile of a
glycan library.

4.4, Structural Analysis

There is no single technique that is able routinely
to provide all the information required for structural
analysis. This usually involves the combined use of
several physical, chemical, and biochemical tech-
niques including NMR, mass spectrometric, and
enzymatic analysis. These techniques have been
critically reviewed elsewhere.> The enzymatic is
clearly the method of choice in biological systems for
which often only very small amounts of material
(picomoles or less) are available.

The basis of enzymatic sequencing for the elucida-
tion of the structure of N- and O-linked glycans is to
evaluate the susceptibility of the glycan to a series
of sequence-grade exoglycosidases of defined specific-
ity. There are still many linkages for which specific
enzymes are not available. However, a sufficient
number have been purified to allow the primary
sequence analysis of N-linked oligosaccharides using
exoglycosidases in multiple defined mixtures, with
analysis performed in a single chromatographic step.
This process called the reagent array analysis method
(RAAM) is, in this case, summarized in Figure 21,
parts a and b, and involves dividing a purified,
labeled N-glycan sample into nine equal aliquots.
Each aliquot is incubated with a precisely defined
mixture of exoglycosidases called a reagent array.
The products of each incubation are combined, and
a single analysis is performed on the pool of products.

In essence, a mixture of exoglycosidases is used to
digest the sample glycan until a linkage is reached
which is resistant to all the exoglycosidases present
in that mix. By omitting one or more different
exoglycosidase(s) from each mixture, different “stop
point” fragments of the oligosaccharide are generated.
Full use is, therefore, made of all positive data (the
exoglycosidases hydrolyse linkages up to the “stop
point”) and negative data (the exoglycosidases do not
hydrolyse linkages beyond the “stop point”). By
labeling the original oligosaccharide at the single
reducing terminus, fragments retaining the original
reducing terminus are readily distinguished from
released monosaccharides.

Chromatographic separation of the combined “stop
point” fragments generates a pattern that is, in effect,
a “signature” of that oligosaccharide treated by the
enzyme array used. This signature is characterized
by the size (GU) and relative signal intensity of each
fragment. A RAAM computer program constructs
the carbohydrate structure from the observed signa-
ture directly from the output of the RAAM Glycose-
quencer (Figure 19).
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Figure 19. GlycoPrep 1000 and RAAM instruments from Oxford GlycoSystems.
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Figure 20. Matrix-assisted mass desorption spectrum of
1gG glycans.

5. Characteristics of Protein Glycosylation

There are three levels of understanding of protein
glycosylation. These are (i) the influence of the
general characteristics of the glycoprotein being
processed; (ii) the local conformation at the individual
glycosylation sites; and (iii) third, the available
repertoire of glycosylation processing enzymes for the
particular tissue or cell type.

The work on the three members of the immuno-
globulin superfamily, CD4 and CD2,55% and Thy-
1,505 well illustrate the main points of protein
glycosylation. These molecules are shown schemati-
cally (Figure 22).

5.1. Importance of the Overall Protein
Conformation in Determining Glycosylation

The chromatographic gel filtration profiles of the
sugars released from soluble recombinant forms of
human CD4, rat CD4, and rat CD2, expressed in
Chinese hamster ovary (CHO) cells,®>5" are shown
in Figure 23. The glycosylation potential in CHO
cells has been well characterized (see references in
ref 58) and processing to multiantennary and poly-
N-acetyllactosamine oligosaccharides. Rat soluble
CD2 (sCD2) shows glycosylation typical of the CHO
cell line, with bi-, tri-, and tetraantennary complex,
glycans, some of which contain poly-N-acetyllac-
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tosamine extensions (Figures 23 and 24).55 In con-
trast, despite the available repertoire of processing
enzymes in this cell line, the N-linked glycans of rat
and human soluble CD4 (sCD4) in this cell line had
quite different glycosylation profiles. Most of the
oligosaccharides were of the biantennary complex,
hybrid, or oligomannose type.>®5°-61 These results
indicate the importance of the protein contribution
in determining glycosylation.

5.2. Effect of Local Protein
Conformation —Glycosylation Shows Site
Specificity

The overall degree of processing of CD4 is less than
in CD2. As CD2 is structurally very similar to the
first two domains of CD4%2 the general 3D conforma-
tion of these members of the immunoglobulin super-
family cannot be the only factor influencing their
glycosylation. Clearly the local amino acid sequence
and microenvironment of the glycosylation site must
also be an important determinant.

To illustrate this, the site specificity of glycosyla-
tion in the rat CD4 was determined by isolating the
glycopeptides containing the glycosylation sites at
Asn-270 and Asn-159% from the wild type. The
glycosylation patterns at each site were different
(Figure 25). In particular, oligomannose and hybrid
structures were restricted to Asn-159, the noncon-
served site. The conserved site (Figure 22) contained
exclusively biantennary complex oligosaccharides.
This was identical to that reported for the equivalent
site in human sCD4.5° Therefore, overall differences
in glycosylation between the rat and human glyco-
proteins can be accounted for by site-specific glycos-
ylation at the nonconserved sites. The detailed
analysis showed that there were three oligosaccha-
ride structures associated with Asn-270 and 10 with
Asn-159 giving an ensemble for CD4, in this case, of
30 glycoforms.

There is the further question of whether the
processing at each site is independent of the process-
ing at the other. One approach is to produce mutants
with the appropriate glycosylation sites deleted. In
this case the glycosylation patterns from the variants
with either Asn-270 or Asn-159 mutated show strong
similarity to that from the glycosylated peptides of
the wild-type (Figure 25). It can be concluded that
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a summary of oligosaccharide sequencing by RAAM.

specific and independent processing occurs at each
glycosylation site.

In an extension of this study the glycosylation
profile from a truncated form of rat sCD4, consisting
of only domains 1 and 2, were made. This variant
contained the nonconserved glycosylation site at Asn-
159.57 There was now more processing at this gly-
cosylation site than in either the glycopeptide or the

full length glycosylation variant containing this site
(Figure 25).5 It seems therefore that the presence
of domains 3 and 4 affect processing at this site in
the intact molecule.

An unexpected finding® was the presence of ter-
minal a-galactose residues on approximately 20% of
the oligosaccharides from human sCD4. Although
oligosaccharides terminating in a-galactose residues
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CD2 molecules to produce the recombinant soluble forms
are indicated by horizontal arrows. Adapted from ref 166.
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Figure 23. Bio-Gel P-4 gel filtration profiles of the
desialylated, tritium-labeled oligosaccharides of recombi-
nant soluble CD4 and CD2 expressed in CHO cells: (a)
total oligosaccharides of human sCD4; (b) total oligosac-
charides of rat sCD4; and (c) total oligosaccharides of rat
sCD2. The vertical arrows indicate the elution positions of
isomaltooligosaccharides containing the corresponding num-
ber of glucose units. The time axis is marked at 100 min
intervals. Data taken from from refs 55 and 56.

are known to occur normally in glycoproteins from
nonprimate mammals®36* examination of the glycos-
ylation of other recombinant glycoproteins expressed
in CHO cells has not revealed the presence of these
moieties (see references in ref 58). The occurrence
of terminal a-galactose residues in the oligosaccha-
rides from human sCD4 is probably not associated
specifically with this molecule but is more likely to
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be caused by the activation by the transfection
process of a latent, endogenous a-galactosyltrans-
ferase.

5.3. Glycosylation Is Protein-Specific,
Site-Specific, and Tissue/Cell-Specific

The characteristics of the natural expression of
N-glycosylation at individual glycosylation sites have
been probed within a single immunoglobulin domain,
thereby eliminating interdomain effects. Thy-1, a
GPI membrane-anchored molecule, has one (V-type)
immunoglobulin-like domain and three N-glycosyla-
tion sites (Figure 22).%°

A comparative study of rat Thy-1 from the thy-
mocyte with that from the brain showed that there
was tissue specificity of N-glycosylation®! although
the amino acid sequences are identical. Further-
more, the differential effects of tissue glycosylation
were expressed at the level of individual glycosylation
sites in the different tissue-derived Thy-1 molecules.>!
The site distribution of oligosaccharides was such
that no Thy-1 molecules were found to be in common
between the two tissues (Figure 26). Thus each
tissue created unique sets of glycoforms.

An important consequence of this is that a glyco-
protein must be viewed as an ensemble or collection
of glycoforms. For instance, tissue plasminogen
activator “tPA” from human colon fibroblast is char-
acterized by a different set of glycoforms compared
with cells from tPA.56.67

tPA is a protease glycoprotein consisting of five
domains: a fibronectin “finger” domain, an epidermal-
growth factor domain, two kringles, and the catalytic
serine protease domain.®®% Binding sites for fibrin
are present within the “finger” and kringle domains.
There are two main classes of glycosylated variants
of the tPA molecule, referred to as type | and type
I1; type | has three N-linked sugars, at Asn-117, Asn-
184, and Asn-448 (Figure 27), whereas type Il has
only two, at Asn-117 and Asn-448. tPA shows site-
specific glycosylation and each of the classes is
characterized by a population of glycoforms. Variable
occupancy of site 184 affects the fine structure of the
glycan population at site 448 demonstrating, in this
case, that glycosylation at one site can influence the
processing at another. In Bowes melanoma type 1
tPA the major species at site 448 were found to be
neutral glycans of the complex or hybrid structures.
In type IlI, however 72% of the structures were
sulfated complex glycans (Figure 27), and there were
relatively few neutral sugars.® This is an interesting
example of site-specific glycosylation at one site (448)
being controlled or influenced by glycosylation at
another site (184). Further detailed studies’ have
confirmed that some of the complexed glycans on tPA
contain terminal galactose monosaccharide residues
instead of, or as well as, terminal GalNAc residues.
This suggests the presence of competing 51,4-galac-
tosyl and N-acetylgalactosaminyl transferases in the
Bowes cell line. Interestingly, when the galactose
residue is present it is always found substituted on
the Manal—6 arm, suggesting that there may be
steric restrictions by the growing glycoconjugate
which result in arm-specific glycosylation. This is
clearly an example of the protein glycoconjugate
influencing its own glycosylation. Additionally, there
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Figure 24. Examples of the structure of the different types of neutral desialylated N-linked oligosaccharides: Fuc, L-fucose;
Gal, p-galactose; GIcNAc, b-N-acetylglucsamine; Man, b-mannose.

may well be “motifs” in the protein that are recog-
nized by particular glycosylating enzymes, such as
the Pro Leu Arg motif, which is recognized by the
glycoprotein hormone-specific N-acetylgalactosamine-
transferase.

6. Glycosylation Site Occupancy Can Modulate
Enzyme Activities

The presence of natural glycosylation variants, as
in tPA, makes it possible to probe the influence of
oligosaccharides on protein interactions directly. In
addition, to tissue plasminogen activator (tPA types
I and 1), ribonuclease (RNase A and B), and plas-
minogen (Plg types 1 and 2) (Figure 29) are also
important examples of variable sequon occupancy.
While RNase consists of a single domain, both plas-
minogen and its activator are multidomain proteins.

Ribonuclease (RNase). The size of this molecule
makes it amenable to NMR studies. This has al-
lowed the effects of glycosylation on the stability of
the molecule to be probed!>" by comparing the
hydrogen—deuterium solvent exchange rates for the
NH protons of RNase A and RNase B. The presence
of the sugar decreases the exchange rate in 30 of the
124 amino acid residues (Figure 28), suggesting that
the overall dynamic stability of the molecule is
enhanced such that it becomes more rigid. Some of
the affected residues are close to the oligosaccharide
attachment site, others are as far away as 30 A, while
several (including His-12, His-119, and Asp-121) are
involved in the active site, which catalyzes the
cleavage of the phospho diester linkages of RNA.

The functional variations associated with glycosy-
lation of RNase have been probed in three ways: (1)
by determining the relative abilities of RNase A and
B to mediate the hydrolysis of double-stranded
RNA,%? (2) by examining the resistance of RNase A

and B to proteases,®> and (3) by the abilities of
antibodies to distinguish between each form. Fur-
thermore, in the case of RNase B, the enzyme
activities of several glycoforms have been reported
and may be ranked in terms of decreasing activity
as: RNase A > RNase Man-0 = RNase Man-1 >
RNase Man-5 = RNase B.5? The enzyme’s active site
is located in a groove that bisects the protein.”
Efficient hydrolysis of RNA necessitates correct
alignment of the RNA and the enzyme’s active site.
This is achieved in part through an interaction
between the 5'-terminal phosphate of RNA and a
cluster of cationic residues on the proteins surface
(Lys-31, Lys-37, Arg-10, and Arg-33).”® Since Asn-
34 is present on the surface of the protein near this
binding site, it is tempting to speculate that the
attenuated RNase activity of the glycoforms, relative
to that of the nonglycosylated form, arises from steric
hindrance between the oligosaccharide and the RNA.

tPA. The two variants of tPA differ by occupancy
of site 184 (section 5.3). Various properties of tPA
are affected by the occupancy of site 184 with an
N-linked oligosaccharide (type ). These include the
following:

(a) A slower rate for the plasmin-mediated conver-
sion of single chain tPA to two-chain tPA. tPA is
synthesized as a single-chain tPA molecule. Plasmin
catalyzes the cleavage of the Arg275—Ille bond in
native single-chain tPA to form a disulfide bond-
linked two-chain species.” The second-order rate
constant (keat/Knm) for type 1l tPA was found to be
about twice that for type | tPA,”® indicating that
glycosylation at site 184 hinders the conversion of
single- to two-chain tPA. Additionally, single-chain
tPA has a lower activity and susceptibility to inhibi-
tion compared to the two-chain form?’®7’ providing
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Figure 25. Bio-Gel P-4 gel filtration profiles of the
desialylated, tritium-labeled oligosaccharides of the glyco-
peptides and glycosylation mutants of rat soluble CD4: (a)
total oligosaccharides of rat sCD4-derived glycopeptide
from the region of the first glycosylation site; (b) total
oligosaccharides of rat sCD4-derived glycopeptide from the
region of the second glycosylation site; (c) total oligosac-
charides of rat sCD4 with the second glycosylation site
removed; (d) total oligosaccharides of rat sCD4 with the
first glycosylation site removed; (e) total oligosaccharides
of rat sCD4. NH,-terminal-two IgSF domain form. For
details of the annotation see legend to Figure 2. (Repro-
duced from Figure 8 in ref 56. Copyright 1993 Journal of
Biological Chemistry.)

further evidence that glycosylation of tPA serves to
modulate activity.

(b) A decreased affinity of tPA for lysine and a
lower fibrinolytic activity. The decreased affinity of
type | tPA for lysine is well established, and affinity
chromatography is commonly used to separate type
I tPA from type Il. Fibrin clot assays have shown
that type Il tPA binds more efficiently than type |
tPA to fibrin,®” probably through lysine sites exposed
on degraded fibrin. Moreover, the fibrinolytic activity
of type Il tPA and plasminogen has consistently been
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found to exceed that of type | tPA and plasminogen,
regardless of the cell line in which the tPA is
produced. Variable occupancy of site 184 is therefore
one of the factors which controls the rate at which
plasmin is generated, and this may be related to the
differences in the affinity of type | and type Il tPA
for lysine. The differential effects of glycosylation on
the rate, particularly when combined with those for
plasmin, may well be a mechanism for ensuring
persistence of fibrinolytic activity.

Plasminogen. Plasminogen, the natural substrate
of tPA, is a multidomain protein consisting of five
kringle regions and a serine protease domain (Figure
30). Itis a mixture of two major glycoforms”7° which
have the same amino acid sequence® and contain one
O-glycosylation site and a potential N-glycosylation
site in kringle 3. Both type 1 and type 2 plasminogen
contain an O-linked sugar chain at Thr-345 while the
N-glycosylation site at Asn289ArgThr contains a
biantennary sugar in type 1, but is unoccupied in
type 2.8 Molecular modeling (Figure 30) suggests
that the presence of the N-linked oligosaccharide
(type 1) may result in significant shielding of the
kringle 3 domain of the protein. The extent of
glycosylation may have physiological relevance.®?
Human recombinant plasminogen, expressed in
Escherichia coli and consequently not glycosylated,
is resistant to activation by tPA.82 The importance
of the O-linked glycoforms (in plasmingoen 2) has
been demonstrated,®® who isolated six glycoforms
differing in sialic acid content. The O-linked sugar
chain had previously been assumed to be a tetrasac-
charide but the recent work® which suggests the
presence of polysialic acid should prompt a detailed
reexamination. However, they found that the kinetic
activity of the different glycoforms was decreased as
the sialylation increased.

Some of the properties of plasminogen which are
altered by N-linked glycosylation include

(@) A slower rate of the - to a-conformational
changes which is from an open conformation to a
compact form. This change may be important in the
formation and rearrangement of the ternary complex
of plasminogen with fibrin and tPA.8*

(b) A 10-fold weaker binding of plasminogen to
U937 cells.® This suggests that the N-linked glycan
may hinder sterically the recognition event.

(c) A lower affinity for lysine sepharose.8® Again
this may be explained sterically by the sugar at site
289 limiting access to the lysine binding site in
kringle 4.

(d) A slower rate of activation of plasminogen by
urokinase. A lower activation rate by tPA of human
neonatal plasminogen.8¢ This is also true of the
activation of plasminogen by tPA on the surface of
rat hepatocytes.®”

6.1. The Multimolecular Interaction of tPA with
Plasminogen and Fibrin Is Modulated by
Glycosylation

The roles which both the cell and the individual
protein play in determining glycosylation site oc-
cupancy and glycan processing may be an important
means of control, enabling the cell to respond flexibly
to its internal and external environment through the
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Figure 26. A comparison of the nature and percentage composition of the glycoforms of thymocyte and brain-derived rat
Thy-1 glycoprotein. Glycoforms representing less than 2% abundance are not illustrated.
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Figure 27. Site specificity of glycosylation in tPA. Note that the classes of glycan structures present at Asn-448 on tPA
depend on the site occupancy of Asn-184, while those at site 117 do not.

production of a range of glycoforms, allowing the
protein a range of dynamic and functional activities.

For instance, type 1 and type 2 plasminogen exhibit
different kinetics®® when interacting with the differ-
ent types of tPA in the ternary complex with fibrino-
gen fragments (Figure 32). The variable glycosyla-
tion of both molecules affects the k../Km, values which
range from 1.5 uM M~ s~ for interaction of the two
fully glycosylated enzymes to 3.3 uM M~ s for the
least glycosylated ones. The reaction was analyzed
using the different glycosylated variants of tPA and
plasminogen. It was shown that glycosylation at
Asn-289 on plasminogen type 2 affects the association
of the ternary complex, while glycosylation at Asn-
184 as tPA type Il affects kcat for the reaction. The
exact nature of the glycosylation of multidomain
proteins may be important in their control, particu-
larly for those proteins that are involved in both
inter- and intramolecular rearrangements.

6.2. Variable Glycosylation Site Occupancy on
Carbohydrate-Deficient Glycoprotein Syndrome
(CDGS)

The carbohydrate-deficient disorders are a group
of multisystemic diseases characterized by severe
disorders of the nervous system, which include
growth and psychomotor retardation, abnormal dis-
tribution of adipose tissue, “peau d’orange”, squints
and abnormal ocular movements, and infertility.8°
One type of the disease results from a deficiency in
the attachment of the oligosaccharides to glycopro-
teins. A large number of serum glycoproteins have
been reported to be abnormal with respect to their
glycoform populations and these include transport
proteins, glycoprotein hormones, complement factors,
enzymes, and enzyme inhibitors. Among these the
transport protein, tansferrin, is an important diag-
nostic indicator of the disease. Transferrin is an iron
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Figure 28. Effects of glycosylation on the rates of amide
H/D exchange for selected residues of RNase. A schematic
representation of ribonuclease highlighting those residues
whose amide protons (shown by the space-filled balls) show
modified H/D exchange as a result of glycosylation of the
enzyme at Asn-34. The structure of MansGIcNAc (drawn
to the same scale as the protein) is shown attached to Asn
34 and extending away from the protein into solution.
(Reprinted from ref 167. Copyright 1994 American Chemi-
cal Society.)

transport protein containing bi- and triantennary
complex glycans attached to Asn413LysSer and
Asn611ValThr, both of which sites are normally
occupied. Normal transferrin contains glycoforms
which differ only in the number of sialic acid residues
present (usually between 2 and 6). Transferrin form
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CDGS patients may contain additional glycoforms
where only one of the two glycosylation sites is
occupied, and those in which neither site has been
glycosylated.®® These differences in glycoform popu-
lations may be an indication of disease severity, while
also providing a rapid diagnostic test.®® Further
studies of this syndrome may reveal important new
functional roles for glycosylation, particularly in
development.

7. Some Structural Roles for Oligosaccharides

We have seen in the previous section that the major
effects of an oligosaccharide in modulating enzyme
activity arise from the large size of the oligosaccha-
rides which affect inter- or intramolecular interac-
tions. We have also noted (with RNase) that the
presence of a sugar can affect the dynamic stability
of the protein.” More conventional structural roles
for oligosaccharides are in anchoring a protein to a
membrane, and in helping to maintain the quater-
nary structure of a protein such as the Fc portion of
the immunoglobulin G molecule.

7.1. Glycosyl-Phosphatidylinositol (GPI) Anchors

Since 1985 over 100 examples of GPI anchored
proteins have been described.*r The GPI anchor is
an alternative anchoring mechanism to the trans-
membrane polypeptide domain of type I membrane
proteins. The first detailed structural studies on GPI
anchors, of T. brucei variant surface glycoprotein
(VSG) and of rat brain Thy-1, were carried out in
Oxford.?2%8 The structures were determined by a
combination of glycosyl linkage and compositional
analyses by GC—MS, specific chemical cleavages,

Figure 29. The effect of flexibility of the Asn-34 side chain on the orientation of the oligosaccharides attached to ribonuclease

B. The Man-9 glycoform of RNase B based on the 2.5 A

X-ray crystal structure with an overlay of 10 oligosaccharide

conformations from a 500 psec MD trajectory of Man-9. The total Van der Waals surfaces of the oligosaccharides are

illustrated by dots.
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Figure 30. A schematic molecular model of plasminogen type 1 and type 2. Plasminogen consists of five kringle regions
and a serine protease domain. This model was constructed using the coordinates from the corresponding domains on tPA
and is intended to convey the relative size of the oligosaccharides and the protein. Type 1 plasminogen (left) has two
occupied glycosylation sites, at Asn289ArgThr in kringle 3 and at Thr 345 in kringle 4. Type 2 (right) lacks the N-linked

sugar at Asn 289.

sequential enzymatic digestion with exoglycosidases
combined with Bio-Gel P-4 column chromatography,
and 1D and 2D 'H NMR spectroscopy. In each case,
C-terminus of the protein is linked by ethanolamine
phosphate to a glycan with the conserved backbone
sequence Manal—2Manal—6Manal—4GIcNH,, which
in turn is linked to the sixth position of the myo-
inositol ring of phosphatidylinositol.

The conserved sugar sequence of the anchors may
be a consequence of their biosynthesis in which a
preassembled core is added to a protein. The general
principle is much the same for the biosynthesis of
N-linked oligosaccharides on proteins. In both cases
variations on the respective cores may be protein and
cell specific. In VSG this tetrasaccharide backbone
is substituted with branched side chains of a-galac-
tose. It has been speculated that the arrangement
of the GPI anchor of the VSG protein may allow for
the close packing of these molecules on the parasite
surface, with the heterogeneity of the glycan part of
the GPI anchor allowing close packing in 2D space
in order to create a surface. The solution structure®*
showed that the glycan exists in an extended config-
uration along the plane of the membrane spanning
an area of 600 A2, which is similar to the cross-
sectional area of the monomeric N-terminal VSG
domain (Figure 33).

By contrast, computer modeling of the structure of
Thy-1 and its GPI anchor, suggests that the lipid part
of the GPI may not be the sole membrane anchor.%
The model suggests that the glycan part of the GPI
may lie within the Thy-1 protein moiety so that the
Thy-1 protein moiety sits directly on the membrane
with most of the GPI actually within the protein
(Figure 34a,b). The smaller anchor could therefore
allow access to Thy-1 by other “accessory” molecules
within the membrane.

7.2. Structure/Function Relationships in 19gG

X-ray crystallography has shown that each region
of homology in the 1gG molecule corresponds to a
compact, independently folded unit and that these
are linked together by short sections of polypeptide
chain. Each domain consists of two S-pleated sheets
with antiparallel strands connected by loop regions
(the immunoglobulin fold).*¢ Crystallographic stud-
ies of 1gG Fc fragments®”-°8 have shown that, unlike
other immunoglobulin domains, the two C,,2 domains
do not form extensive lateral associations. The
resulting interstitial region accommodates the com-
plex oligosaccharides, which are attached to Asn-297
on each heavy chain (Figure 35). In the Fc fragment
for rabbit 1gG one of the o-1,3 arms interacts with
the trimannose core of the opposing oligosaccharide,
while the other o-1—3 antenna extends toward the
interface with the C43 domain. In the human Fconly
the first two monosaccharide residues (Man,GIcNAC)
of the 1-3 antenna are defined, but if the next
galactose residue is built into the structure it would
appear that this residue may form interactions with
Thr-335, l1le-336, and Ser-337, on the protein surface.
However, in both the human and rabbit Fc the
o(1—6) antenna of each oligosaccharide is well de-
fined and interacts with the hydrophobic and polar
residues Phe-243 (Man-5 and GIcNAc-6), Pro-244/245
(Gal-7), and Thr-260 (GIcNAc-6 and Gal-7) on the
domain surface.

The effects of glycosylation may be subtle and
highly specific. Both the C1qg and protein A binding
sites on IgG are located in the Cy2 domain between
Phe-319 and 1le-332 (distal or at the carboxyl-
terminal side from the N-linked glycosylation site).
Neither of these functions is markedly affected by the
absence of carbohydrate.®®'%° The binding of mono-
cytes, which involves sites 234—237 (proximal to the
amino terminus) on the lower hinge region, is elimi-
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Figure 31. Schematic model of tissue-type plasminogen activator types | and Il. tPA is composed of five domains: a
fibronectin type 1 finger module, and EGF-like module, two kringles, and a serine protease domain. This model was
constructed using the coordinates of the finger growth factor pair (Smith, B. O.; Downing, A. K.; Campbell, I. D.) and
kringle 2168 from human tPA. Kringle 1 and the serine protease domains were modeled by homology. The high-mannose
carbohydrate at position 117 and the complex sugars at sites 184 and 448 are shown in green. The lysine binding site and
the catalytic triad are highlighted in red and yellow, respectively. Comparison of the glycosylation of type I and type Il
tPA suggests that glycosylation at site 184 may sterically interfere with lysine binding.

nated in aglycosylated monoclonal murine IgG. This
is consistent with a proposal that the absence of
sugars results in a lateral movement of domains in
the hinge region relative to the normally glycosylated
antibody. Moreover, in aglycosylated 1gG a protein
structural change has been detected by *H NMR at
His-268,1°t which is also in the vicinity of the lower
hinge. These data suggest that the oligosaccharide
may stabilize a particular hinge conformation es-
sential for monocyte binding. The spatial relation-
ship between the Cy2 and Cuf domains, on the other
hand, does not seem to depend on presence of the

oligosaccharides, because in their absence protein A
and C1q binding are unaffected.

8. Oligosaccharide Recognition

8.1. Specific Interactions with Animal Lectins

To decode the information present in oligosaccha-
ride structures, these must be recognized by other
molecules. Carbohydrate-binding proteins are termed
lectins. Following recognition of the oligosaccharides
with the appropriate geometry (see later), these



704 Chemical Reviews, 1996, Vol. 96, No. 2

tPA Plg

€ -2
[

S 1.0 | -1
< I-2
83 I -1
< o5}

(=)

O

00 - 1
0 12 24 36 48 60

Time (min)

Kinetic constants of activation of different glycoforms
of plasminogen by tPA variants

tPA  Plasminogen Km SD kcat SD  kcaVKm
(nM) (sec™) (UM T+sect)
1 1 81.8 4.7 0.12 0.01 1.5
2 47.5 29 0.11 0.01 2.2
11 1 85.6 7.0 0.19 0.02 2.2
2 51.1 2.3 0.17 0.03 3.3
(n=4)

Figure 32. The kinetics of the activation of type 1 and 2
plasminogen by tPA variants | and Il in the presence of
fibrinogen fragment and their kinetic contents.

lectins can mediate many specific biological functions.
These include immune defense (e.g. the mannose-
binding protein and the macrophage mannose recep-
tor), clearance of glycoproteins (e.g. the asialo-
glycoprotein receptor), and cell—cell adhesion (e.g. the
selectins). This important and major functional
aspect of the glycobiology of animal lectins derives
mainly from the pioneering work of Kurt Dricka-
mer.1%2 No review of glycobiology could be complete
without acknowledgment of the fundamental impor-
tance of this field, and the readers attention is drawn
to the prime reviews in this area.>1%3-105 Approach-
ing 100 lectins have been isolated and many of these
classified on the basis of sequence homology. By far
the largest and most diverse class is that of the
C-type lectins. These lectins bind carbohydrates in
a Ca?' -dependent manner and are characterized by
the presence of carbohydrate-recognition domains
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(CRDs). These domains contain a common sequence
motif of approximately 120 amino acid residues and
are characterized by 31 invariant or highly conserved
amino acids.'%® Some of the C-type CRDs which have
been reported are shown in (Figure 36).

One C-type lectin which we will refer to in section
9 is the mannose-binding protein (MBP) which medi-
ates antibody-independent binding of pathogens which
contain a high concentration of mannose or N-
acetylglucosamine residues on their surface. The
recognition event can lead to complement fixation or
opsonization.!%” Recent X-ray data of the CRD from
this protein illustrates the principles involved in the
recognition of oligosaccharides. The CRD shows
specificity for terminal residues and involves the
sugar chelating to the Ca?" ion via the 3- and
4-hydroxyl groups'®® (Figure 37). There are also
interactions between the CRD and the monosaccha-
ride residues in the oligosaccharide that are mediated
by water molecules, effectively increasing the surface
area of the oligosaccharide in contact with the CRD.
C-type lectins and their constituent CRDs display
weak affinity for monosaccharides. In general the
triggering of biological events requires multivalent
receptors interacting with multivated targets (oli-
gosaccharides). Multivalency in the receptor can be
achieved by clustering CRDs. In the mannose-
binding protein for example this occurs by the forma-
tion of oligomers of polypeptide chains, each of which
contains a single CRD. In contrast the macrophage
mannose receptor contains multiple CRDs in a single
polypeptide. Clustering of CRDs could also arise
from having multiple copies of the lectin in close
proximity. (This may be the case for the selectins.)
Similarly, the oligosaccharide may be multivalent by
virtue of its branching if there is the “correct”
geometry to bind to the receptor CRDs, or again there
may be multiple copies appropriately presented on a
surface.

The recent X-ray structures of the MBP trimer34
can be used to illustrate the above points. The CRDs
in the trimers are separated by some 44—53 A.
Matching multivalency by an oligomannose oligosac-
charide to the trimer array can only be obtained if
the terminal residues have the correct geometry in

Thy-1 anchor

Mannose

N-acetylgalactosamine

Ethanolamine-P

Alkylacy!
glycerol?

Figure 33. Comparison of the structures of the VSG and Thy-1 glycan anchors.
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Figure 34. Molecular models of VSG (a) and Thy-1 (b)
illustrating the potential interactions of the anchors and
their proteins. In the case of VSG, the anchor is proposed
to serve a space-filling role and spans an area along the
membrane which is comparable to the cross-sectional area
of the proteins N-terminal domains. In contrast the glycan
part of the GPI anchor of Thy-1 may fit into a pocket in
the protein with only the terminal part of the lipid
extending, thus allowing significant direct interactions
between the Thy-1 peptide and the membrane surface.
Adapted from refs 95 and 169.

that they must also be separated by similar spacings
of 44—53 A. For instance, the Man-9 structure has
three terminal monosaccharides each potentially able
to bind to a CRD in the receptor. NMR studies,
together with molecular dynamic calculations on
Man-9,1%° have shown that in Man-9, the maximum
distances between them is approximately 21 A. The
consequence is that the Man-9 structure can be
bound via only one terminal residue to MBP, but this
monovalent binding will not result in the biological
triggering of complement. (This would only result
from multiple presentation of Man-9 structures—as
on a pathogen—with the appropriate spacings be-
tween the individual oligosaccharides to bind to the
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Figure 35. The Fc portion data from ref 97 of the IgG

molecule.

different CRDs.) In this way the MBP molecule can
“inspect” a range of molecules in the serum. Those
with a single oligomannose structure will be bound
and released, while these multiply presented as on
a pathogen will lead to the biological effector func-
tions being triggered. This type of mechanism has
all the hallmarks of the discrimination in the immune
system between self and nonself. Another receptor
which is believed to form part of a basic defense
mechanism against pathogens, is the macrophage
mannose receptor.>!10111  This receptor can also
mediate the clearance of endogenous proteins such
as tissue plasminogen activator (via the oligoman-
nose structures at site Asn-117) and lysosomal en-
zymes which carry high mannose-type oligosaccha-
rides. Such proteins are often released into the
circulation in response to pathological events. The
macrophage mannose receptor internalizes the bound
ligands and targets these to lysosomes for destruc-
tion.

8.2. Neural Glycosylation and Recognition

Glycosylation is a common feature to molecules
implicated in cell—cell and cell-matrix interactions
in the development and maintenance of the nervous
system, as is involved, for example, in axon growth,
guidance, and targeting. There is now increasing
evidence to suggest that oligosaccharides play key
recognition roles in these processes. A knowledge of
oligosaccharide structures involved is essential for an
understanding of carbohydrate-mediated interactions
at the molecular level.

Technology developments which will help this field
include obtaining milligram quantities of oligosac-
charides from the glycoproteins of whole brain by
hydrazinolysis. These sugar libraries provide a
means of profiling brain oligosaccharides and deter-
mining the relative abundance of different classes.
Identification of unusual or novel structures would
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Figure 36. Summary of the structures of several groups of C-type animal lectins. Representative structures for three
groups of membrane-associated lectins are shown: group Il, the chicken hepatic lectin (homologue of the mammalian
asialoglycoprotein receptor); group 1V, the selectin cell adhesion molecules; and group VI, the macrophage mannose receptor.
Group 111 lectins (collectins), such as mannose-binding protein, are found in extracellular fluids. Group | CRD-containing
proteins are proteoglycans of the extracellular matrix. Other domains present in these molecules include EGF, epidermal
growth factor-like repeats; CR, complement regulatory domains; FN-II, fibronectin type Il repeats; COL, collagen-like
sequences, GAG, glycosamino-glycan attachment sites; and HA, hyaluronic acid-binding domains. (Reprinted from ref

170. Copyright Cold Spring Harbor Laboratory.)
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Figure 37. Structure of the C-type CRD from mannose-binding protein.1°® The boxed area is enlarged to illustrate the

details of the interaction with mannose.

suggest different biosynthetic pathways from glyco-
proteins in the systemic side. Further development
and integration of technologies for the sensitive
detection and chromatographic separation of oli-
gosaccharides are being pursued.

One way to probe for functional effects of glycosy-
lation is to test glycans from the brain libraries as
specific competitive inhibitors in neurite outgrowth
assays in vitro. Preliminary work (Chen, Y. J,;
Doherty, P.; Walsh, F.; Wing, D.; Dwek, R. A,
unpublished work) has shown that crude sugar
fractions from a rat brain library (at a concentration
of 500 uM) can inhibit neurite outgrowth over
astrocytes—a process involving recognition between
cell adhesion molecules.

It is well known that carbohydrates are enriched
at the synapse, and as recognition roles for the
associated glycoproteins are becoming established,
the exciting possibility exists for a glycoconjugate role
in synaptic efficacy, a field with far-reaching implica-
tions in such areas as memory formation.

8.3. Major Histocompatibility Complex (MHC)
Restrlilcted Recognition of Glycopeptides by
T-Cells

The major histocompatibility complex (MHC) class
1 molecules display peptides from self or foreign
cellular proteins, on the antigen presenting cell
surface. A critical event in the immune response is
the recognition of these peptide—MHC complexes by
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cytolytic T-cells. These identify and subsequently
eliminate cells that present “foreign” peptides.

An interesting and exciting finding of carbohydrate-
specific recognition has been the demonstration that
T-cells recognize glycopeptides bound to MHC class
I molecules. Harum et al.}*?2 have reported the
efficient binding to class I MHC of a synthetic
glycopeptide carrying the naturally occurring O-4-
linked N-acetylglucosamine (GIcNAc). The peptide
used in the investigation was an analogue of the
epitope FAPGNYPAL from Sendai virus nuclear
protein, which produces a specific cytotoxic T-cell
(CTL) response. The glycosylated analogue (an O-
GIcNAc on the serine residue) is highly immunogenic
and elicits a specific, MHC-restricted, anti-glycopep-
tide CTL response.

The relevance of studying T-cell responses to
modifications such as glycosylation finds support
from the preliminary data obtained in which the
presence of O-GIcNAc modified peptides has been
detected among the pool of peptides eluted from
human spleen class | MHC.11?

Interestingly, a study by Michaelsson et al.'*3 also
suggested that T-cell recognition of glycosylated
peptides from type Il collagen may be important in
the development of rheumatoid arthritis. Recogni-
tion of glycosylated peptides could therefore be of
significant importance in immunity toward malig-
nant diseases and in viral infections. It is also
possible that acquisition or loss of glycosylation might
provide a novel strategy for viruses or malignantly
transformed cells to escape from selection pressure
by CTL which does not depend on a mutation at the
gene level.

8.4. Recognition of Oligosaccharides by
Stimulated T-Cells

A quite different type of T-cell recognition involving
oligosaccharides may exist in diseases such as rheu-
matoid arthritis, Behcet's syndrome, and IgA neph-
ropathy. In these diseases up to 9% of the T-cells
are bound by cytophilic IgA1 compared with none in
resting T-cells from healthy subjects. Detailed stud-
ies have shown that the binding to this subset of
T-cells can be inhibited by the “O”-linked sugars
associated with the hinge region of IgA1.1*4 While
the functional significance of the receptor has yet to
be established, the observations suggest that the
oligosaccharides indicated recognition may have func-
tional implications in these diseases.

Although the general area of T-cell recognition of
saccharides is a difficult and challenging one, it is
an important one which is well worth pursuing and
which could provide yet more insights into the roles
of oligosaccharides in the cellular immune response.

9. Glycosylation in Disease

The glycosylation of some glycoproteins has been
shown to alter in disease. For example, concanavlin
A lectin chromatography suggests that the relative
amounts of complex biantennary glycans on o-1 acid
glycoprotein decreases during the acute phase re-
sponse.’® Another well-documented example which
is discussed below is the 1gG molecule, the glycosy-
lation of which is altered in rheumatoid arthritis.
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Figure 38. Primary sequences of the N-linked oligosac-
charides associated with 1gG. The hydrodynamic volume
of each structure, measured in glucose units, is indicated.

9.1. The IgG Molecule

The 1gG molecule contains 2.5 oligosaccharide
chains per molecule. Two of these represent the
conserved glycosylation sites in the Fc portion of all
IgGs at Asn-297. The remainder occur in the hyper-
variable regions of the Fab fragment with a frequency
and position dependent on the occurrence of an
N-glycosylation site (Asn/Xaa/Ser(Thr). The glycos-
ylation is of the complex biantennary class and about
30 variants occur in the 1gG molecule (Figure 38).
This glycosylation of 1gG results in many different
glycoforms.

9.1.1. Site-Specific Glycosylation of IgG

There are clear glycosylation site-specific differ-
ences between the Fab and Fc, with regard to
sialylation and the presence of bisecting GIcNAc
residues (both mainly in the Fab fragment). Char-
acteristics of Fc N-glycosylation include a low inci-
dence (10%) of monosialylated structures, the absence
of disialylated structures, a low incidence of cores
carrying a “bisecting” GIcNAc, and heterogeneity in
the galactose residues. In general, the Fc oligosac-
charides are mainly restricted to biantennary oli-
gosaccharides terminating in 2, 1, and 0 galactose
residues (G2, G1, and G0). The unique 3D environ-
ment in the Fc may limit the accessibility of sugar
processing enzymes so resulting in these glycoforms.
Fab N-glycosylation is characterized by a high inci-
dence of di- and monosialylated structures, and of
cores with the “bisecting” GIcNAc residue.l®® It
should be stressed that the large number of different
structures associated with 1gG is not the result of
studying a polyclonal population, since a similar
heterogeneity is found upon analysis of myeloma and
hybridoma-derived IgG.



708 Chemical Reviews, 1996, Vol. 96, No. 2

— Normal IgG
' ——Rheumatoid IgG

Radioactivity

Retention time (minutes)

Figure 39. Representative Bio-Gel new P-4 (=400 mesh)
gel permeation chromatogram of the asialooligosaccharides
of total serum IgG from a healthy individual and a patient
with rheumatoid arthritis.

9.1.2. 19G Glycoforms Associated with Rheumatoid
Arthritis

Serum IgG from patients with rheumatoid arthritis
contains the same set of biantennary oligosaccharides
found in normal individuals, but in very different
proportions (Figure 39). The incidence of structures
with outer arm galactose is dramatically decreased,
and the incidence of those structures terminating in
outer arm N-acetylglucosamine correspondingly in-
creased.? A comparison of the N-glycosylation of Fab
and Fc fragments, derived from total serum IgG of
patients with rheumatoid arthritis or from a control
group, shows that the decreased galactosylation
found upon analysis of total serum IgG is largely due
to changes in the N-linked oligosaccharides of the Fc.
There are also quantitatively minor, but potentially
significant differences in Fab glycosylation (Scragg,
l.; Chen Chang, S., unpublished work), in which there
is an increase in the light chain in the proportion of
fully galactosylated (G2), bisected, and core fucosy-
lated oligosaccharides.

The cause of the altered glycosylation of IgG in RA
is not clear at present. It may have a biosynthetic
origin'*® in which there is decreased levels of the
galactotransferase (GalTase) activity. Indeed, in
peripheral blood B and T lymphocytes isolated from
RA patients, there is a decrease in this activity!7.118
which correlates with the overall decreased galactos-
ylation of serum IgG. In general, such a correlation
is expected to be insensitive to the Fab glycosylation
since it only contributes a small amount to the overall
value. However, the detailed site-specific changes of
ref 119 in which the Fab and Fc glycosylations are
quite differently affected cannot be explained by an
overall decrease in the GalTase activity. Neither
does it explain the normal levels of galactose detected
on rheumatoid serum IgA; when compared with
1gA;1.1%% Analysis of oligosaccharides released from
1gG and its fragments does not give any information
on the combination of the sugars present on the
molecule. Thus, it is entirely possible that RA 1gG
which has increased L chain galactosylation is syn-
thesized by a different population of B cells than
those molecules which have decreased Fc fragment
glycosylation. Since B cells have differing levels of
galactosyltransferase activities'?* this provides a
straightforward explanation for site-specific galactos-

Dwek

Figure 40. Representation of the four human immuno-
globulin subclasses. (Reprinted from ref 171. Copyright
1990 Pergamon Press.)

ylation. Changes in the population of B cells may
be inferred from the finding that there is an increase
in the number of B lymphocytes which are CD5" 122123
and the discovery that IgG subclass distribution is
altered in rheumatoid arthritis.’?* Alternatively,
there is the possibility that multiple galactosyltrans-
ferases of different protein (and hence potentially 1gG
fragment) specificity are present in B cells. An IgG-
specific galactosyltransferase of reduced activity in
RA has been reported!'®'?5 put as yet no other
evidence has confirmed this interesting finding.
Destruction of galactose caused by reactive oxygen
species has also been proposed to contribute to lower
levels of galactose in rheumatoid arthritis!?® but it
is difficult to envisage how this mechanism could lead
to the site-specific changes between the Fab and Fc
fragments. Clearly, more work is necessary to un-
derstand the mechanisms which regulate the glycos-
ylation of human IgG.

There are four human subclasses of 1gG (Figure
40). The most striking difference between them lies
in the hinge regions. Thus the hinge region of 1gG1
consists of 23 amino acids, that for 1gG2—19, that
for 1IgG3—70 and that for 1IgG4—20 (see Table 1). In
serum the mean concentration (in mg/mL) is —9 for
1gG1, 3 for 19G2, 1 for 1gG3, and 0.5 for 1gG4. Table
2 shows that in RA the changes in glycoforms of 1gG
are seen across all four subclasses.

9.1.3. Glycosylation Changes on the IgG Molecule Are
“Disease Restricted” and Are an Important Factor in
Rheumatoid Arthritis

The change in galactosylation of the serum IgG of
patients with rheumatoid arthritis is not common to
all other autoimmune or inflammatory disorders. On
the other hand, agalactosyl 1gG has been consistently
found in patients with juvenile rheumatoid arthritis,
Crohn’s disease, and tuberculosis.t?7:128

The Fc glycoform distribution changes with age
(Figure 39), with disease severity of rheumatoid
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Table 1. Amino Acid Sequences of Human IgG Hinge
Regions?

upper hinge lower hinge
216 middle hinge 231
1gG1 EPKSCDKTHT CPPCP APELLGGP
19gG2 ERK CCVECPPCP APPVA GP
19G3 ELKTPLGDTTHT CPRCP APELLGGP
(EPKSCDTPPP-
CPRCP)ys
19gG4 ESKYGPP CPSCP APEFLGGP

2 The upper and middle hinge are encoded by one exon in
the case of 1gG1, 2, and 4 and four exons for 1gG3. The lower
hinge is encoded by the Cn2 exon. The numbering system
refers to the amino acid sequence position of the beginning of
the upper and lower hinges.'6°

Table 2. Galactosylation of Total Human Serum IgG
and Its Component Subclasses (%) of G2, G1, and GO
Structures

serum subclasses

sample? galactosylation® 1gG 1gGl 1gG2 1gG3 IgG4
H1 G2 450 509 381 617 408
Gl 340 337 386 236 344

GO 21.0 154 234 147 248

H2 G2 476 525 378 575 464
Gl 38.2 411 415 30.1 36.7

GO 14.2 6.4 206 124 169

H3 G2 39.2 542 371 612 383
Gl 417 344 382 276 26.2

GO 19.1 114 247 112 255

R1 G2 194 264 186 236 19.3
Gl 355 350 31.3 296 324

GO 450 386 503 46.8 483

R2 G2 18.7 19.1 13.8 30.7 164
Gl 302 274 255 232 255

GO 51.1 535 60.7 46.1 58.1

R3 G2 142 139 108 206 153
Gl 30.8 265 204 284 207

GO 55.0 59.6 68.8 510 64.0

a H1—H3 refer to three nonarthritic individuals while R1—
R3 are three patients with rheumatoid arthritis. ® Oligoac-
charides were assessed to be di- (G2), mono- (G1), or non- (GO0)
galactosylated. Scragg, I.; Youings, A.; Dwek, R. A. Unpub-
lished data.

arthritis, and with pregnancy. The increase and
decrease may reflect the control of galactosyl trans-
ferase activity under different physiological condi-
tions. Clearly, rheumatoid arthritis is associated
with changes in GO glycoforms so that this parameter
is a good biochemical disease marker of diagnostic
value (Figure 41). In an arthritic woman with
pathologically elevated levels of GO glycoforms,
changes in GO correlated with remission of arthritis
during gestation and post-partum recurrence.'?°
That the GO glycoforms may be an important factor
in rheumatoid arthritis can be demonstrated in the
collagen-induced arthritis (CIA)Y* mouse model.
Passive transfer of an acute synovitus in T-cell
primed mice can be achieved using 1gG containing
autoantibodies to type Il collagen only when these
autoantibodies are present in the GO glycoforms. The
basic protocol is given in Figure 42. 1gG was purified
from pooled sera of mice with CIA at days 17 and 38
when peak levels of type Il collagen autoantibodies
were produced. The IgG fractions were isolated and
divided. One fraction was treated with S-galactosi-
dase from Streptococcus strain 6646K as to generate
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transferred to a suitably primed mouse or is first treated
with g-galactosidase to enrich the 1gGO glycoforms.

the 1gG (GO) glycoforms exclusively. Other IgG
samples contain a distribution of glycoforms only
some of which are the GO glycoform. Thus by
increasing the level of agalactosyl 1gG glycoform of
the anti-type Il collagen antibodies present in the
preparation, the 1gG becomes more effective in caus-
ing arthritis in passive transfer. This indicates that
the glycosylation status of an autoantibody is one
factor in determining if an antibody is pathogenic.

9.1.4. Structural Changes in IgG Fc on Loss of Galactose

NMR relaxation data from a control (26% GO) and
RA (55% GO0) sample show a very slowly relaxing (and
hence a more mobile) subset of proton resonances
between 3.5 and 4.25 ppm (Figure 43) which can be
assigned to oligosaccharide protons. This subset is
characterized by T2 relaxation times of ~0.15s. This
compares to the values of 0.005 s for the protein
backbone and static aromatic side chains, 0.07 s for
ring flipping aromatic side chains, and ~0.2—0.5 s
for released oligosaccharides of a similar size. There
are approximately 18 and 41 protons in this subset
in the control and RA samples respectively. These
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Figure 43. NMR relaxation weighted spectra of 1gG Fc from a rheumatoid arthritic patient. The top insert shows the 500
MHz 1D 'H NMR spectrum of 1gG Fc isolated from a rheumatoid arthritic patient. Selected regions of the CPMG spectra
are shown at total spin echo times of 0.001 s (1) and 0.128 s (2). The first spectrum is essentially the 1D spectrum. The
second spectrum shows only the subset of more slowly relaxing proton resonances.

are not enough to account for all the oligosaccharide
protons in either sample and the remaining ones
must have relaxation properties very similar to the
peptide backbone. Since the 2-fold increase in the
number of more mobile protons mirrors the two-fold
increase in GO values between the two samples, this
allows assignment of these mobile protons to the GO
oligosaccharides. By taking into account the per-
centage occurrence of GO in the two samples (and
that there are two oligosaccharides per Fc), each GO
oligosaccharide must contribute on average 36 pro-
tons to the subset. This suggests that the protein
only has a very small effect on the mobility of the
GO oligosaccharides. This analysis leads to a model
of G1 and G2 oligosaccharides having restricted
motion relative to the peptide surface (as seen in the
crystal structure), while the GO oligosaccharides are
free to move (Figure 44). X-ray data for normal IgG
Fc% and calculations of solvent accessibility (Figure
45) show that one of the main interactions between
the protein surface and the oligosaccharide is medi-
ated by interaction of the (1—6) arm terminal galac-
tose residue with Thr-260. Loss of this galactose
therefore results in a decreased interaction between
the oligosaccharide and the protein surface. On this
basis, it would be expected that GO oligosaccharides
and those of G1 with a galactose residue on the (1—
3) arm would have extra mobility relative to the
protein. The NMR analysis, however, indicates that
no G1 structures have extra mobility. Further
inspection of the X-ray data of the Fc shows a
potential interaction site between the (1—3) galactose
and residues Thr-335, 1le-336, and Ser-337, on the
protein surface. Thus increased mobility of the
oligosaccharide results from loss of both galactoses
(Figure 45) and leads to exposure of the nonreducing
terminal GIcNAc residues.

9.1.5. Functional Implications of IgG Glycoforms

The studies of the Fc fragment of X-ray crystal-
lography indicate that galactose residues present on
the a (1—6) arms can interact with the protein. An

Figure 44. Schematic representation of the oligosaccha-
rides of 1gG Fc looking along the pseudo-C, axis. The
squares show the positions of the GIcNAc 1 residues, the
circles the positions of the other monosaccharide residues,
G indicates a nonreducing terminal galactose residue on
the 6-arm of the oligosaccharide. (1) Two G1 oligosaccha-
rides (as seen in the crystal structure). Binding of the 6-arm
to the protein surface holds the rest of the oligosaccharide
rigid with respect to the protein. (2) A GO (left) and G1
(right) oligosaccharide. Loss of interaction between the GO
oligosaccharide 6-arm and the protein surface leaves the
whole of the oligosaccharide free to move.

increase in the level of IgG glycoforms lacking
terminal galactose and thereby terminating in N-
acetylglucosamine could lead to the exposure of
certain Fc determinants. This may elicit an immune
response, or raise a preexisting subclinical response
to a pathological one which may be relevant to
rheumatoid arthritis. In addition, the now vacant
galactose sites on the protein may create a lectin-
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Figure 45. Structure of the 1gG Fc C42 domain (the full 1gG Fc structure is shown in the top left insert) showing part of
the solvent accessible surface: (left) crystal structure®” with a G1 oligosaccharide showing the protein/oligosaccharide
interactions; (right) model structure with a GO oligosaccharide after allowing the oligosaccharide to move within the pocket

between the two Cy2 domains.

like activity in the 1gG resulting in the formation of
complexes or autoaggregates typical of the disease!*®
without an actual autoimmune response. The con-
tribution of such factors to the pathology of the
disease has still to be assessed.

The Fc region of antibody molecules mediate in-
teraction with many of the effector functions of the
immune system following antigen binding. Of these,
the complement system is a major immune defense
mechanism. Inappropriate or chronic localized
complement activation can cause severe damage to
host tissue, and this is an important factor in the
pathogenesis of several diseases.’®? The first step in
the classical complement cascade is the binding of
Clq to the Cy2 domains in the Fc region of the
antibody, following antigen recognition. It involves
surface “matching” of charged amino acid residues
between C1q and Fc.132133 Activation of the classical
complement pathway by a second route, which does
not involve Clq, is mediated by serum lectin man-
nose-binding protein (MBP), and until now has been
reported as antibody independent.1°713* MBP binds
terminal fucose, glucose, mannose, or N-acetylglu-
cosamine (GIcNAc), but not galactose, residues
through its carbohydrate recognition domains
(CRDs).108135 These are connected to collagen-like
domains, giving MBP an overall ultrastructure simi-
lar to C1g.2%*1%% Serum MBP mediates antibody-
independent recognition of pathogens which have a
high concentration of mannose or GIcNAc residues
on their surface. This recognition is followed by
either direct opsonization or complement fixation.
The NMR studies show that (GIcNAc) becomes
exposed in those molecules in which the Fc oligosac-
charides lack galactose and is a candidate for MBP
binding. Further those glycoforms of 1gG in which
Fc carbohydrate terminates in GIcNAc and, when
multiply presented, may activate complement via
MBP. If so, this lectin route provides a mechanism
for inducing inflammation above the normal back-
ground of recognition and clearance.

9.1.6. Modeling of the Possible Interaction between
Agalactosyl IgG Fc and MBP

The X-ray data®’ show that in galactosylated 1gG
Fc none of the monosaccharide residues is accessible
for recognition by lectins. On loss of galactose, the
4-OH group of GIcNAc becomes available, allowing
it potentially to interact with the CRDs from
MBP.108.136 Molecular modeling shows, however, that
such interactions still cannot occur (due to protein—
protein steric interactions) without displacement of
the oligosaccharide from the position observed in the
X-ray structure.®” The NMR data show that such
displacements occur spontaneously on loss of galac-
tose, and molecular modeling indicates that these
make either the 3-arm or 6-arm terminal GIcNAc
residues available for binding to the CRD (Figure 46).

A CRD recognizes a single-terminal monosaccha-
ride weakly.'%¢ Each CRD of MBP is connected to a
collagen-like domain. The individual polypeptides of
the protein associate into groups of three, forming a
collagen triple helix attached to a cluster of three
CRDs in a globular head. These trimeric building
blocks associate, via the collagenous region, to form
larger structures with up to six globular heads (i.e.
with 18 CRDs, Figure 47). MBP recognizes patho-
gens containing high concentrations of mannose or
GlcNAc residues on their surfaces.18134185 Multiple
interactions with multivalent targets are required for
physiologically relevant binding. It is interesting to
note from the recent X-ray data on the MBP CRD
trimers from human? and rat'°® that the binding sites
are separated by 4.4 and 5.3 nm, respectively. This
is much too far apart for CRDs in the single trimer
to bind multiple GIcNAc residues in a single 1gG
molecule (there are four terminal GIcNAc residues
per agalactosyl 1gG Fc). Therefore, multivalency can
only arise from presentation of multiple 1IgG mol-
ecules. Activation of complement by MBP and 1gG—
GO is likely to have similar spatial requirements as
those seen with C1g—I1gG interactions, i.e. at least
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Figure 46. Theoretical model of the interaction between
Fc% (light gray) and a single CRD from MBP8 (black).
The MBP interacts with the (1—6) arm terminal GIcNAc
residue on a GO oligosaccharide. [Note: The CRD can also
interact with the 3-arm nonreducing terminal GIcNAc
residue by an alternative displacement of the Fc oligosac-
charide chain.] The Clq binding site on the right-hand of
the Fc Ch2 domain!®2133 js also indicated (dark gray).

Figure 47. The relative sizes of C1q, MBP, and 1gG based
on refs 135, 172, and 173. C1q has six globular regions each
consisting of three similar, but non-identical independently
folding domains. In contrast the CRDs of MBP are identi-
cal. The spacing of carbohydrate binding sites (shown on
insert) on MBP is between 4.5 and 5.3 nm.34

two globular heads of C1g (or MBP) must bind to
immobilized 1gG. In RA patients, autoantibodies
carrying GO structures may be localized in the joints
bound to collagen and may thus present a multiva-
lent surface to the MBP, similar to that presented
by pathogens.

9.1.7. Ca’*-Dependent Binding of MBP to IgG Is
Mediated by the Agalactosyl Fc Glycoforms

The results in Figure 48 show that there is an
increase in specific MBP binding when normal IgG
(GO = 20%) is converted enzymatically to 100% IgG—
GO0. Comparison of the binding data for IgG—GO0 and
the corresponding Fab and Fc fragments with those
of normal 1gG and its fragments indicates that the
increased binding arises from interactions between
MBP and the Fc-associated oligosaccharides. Al-
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Figure 48. Interaction of MBP with IgG, 1gG-GO, and
their fragments. (a) The Ca?*-dependent binding of MBP
to 1gG—GO (O) or IgG (@) is inhibited in a concentration-
dependent manner by mannose. The binding of MBP in the
presence of EDTA (OD value of 0.3) was subtracted from
the data to take account of nonspecific binding. The error
bars represent the range of three different determinations.
All experiments were done in triplicate. (b) The binding of
MBP in the presence of Ca2* to normal 1gG (20% GO0), 1gG
from an RA patient (36% GO0), and 1gG—GO0 (100% GO0). The
background value of OD = 0.06 was subtracted from the
data to take account of nonspecific binding (in EDTA). (c)
Glycoforms of normal 1gG and Fc containing only GO type
sugars show a higher Ca?*-dependent binding of MBP than
the unmodified normal populations of 1gG and Fc. The bars
are from left to right Fc, Fab, 1gG, Fc—GO0, Fab—GO0, 1gG—
GO.

though normal IgG, its Fab and Fc fragments, and
Fab—GO also contain GO oligosaccharide structures,
the data suggest that their density and presentation
to the multivalent MBP is insufficient to give rise to
strong binding. In IgG it is, therefore, the alteration
of the levels of the Fc glycoforms containing GO
structures that could modulate MBP binding to 1gG.
Figure 48b shows a representative 1gG preparation
from a rheumatoid patient (GO = 36%) which exhibits
increased binding of MBP.

It is important to stress that the assays involve
binding IgG or its fragments to microtiter plates. 1gG
fixed on these plates is multiply presented so that
the data indicate that multiple presentation of aga-
lactosyl 1gG leads to interaction with MBP.

9.1.8. MBP Activation of Complement by Agalactosyl IgG
Glycoforms

Figure 49 shows the activation of the complement
system by MBP following binding to 1gG or IgG—GO0
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Figure 49. 1gG—GO-induced activation of the complement system. (a) IlgG—GO0 (O) induces 5 times more deposition of
C4b than IgG (@®). Deposition of C4b is dependent on MBP concentration. The nonspecific binding was reflected in an OD
of 0.18 which was subtracted from the data points. (b) Increase in C4b deposition occurs when Fc (B) is converted to
Fc—GO0 (O). There is no change in C4b deposition when Fab (a) is converted to Fab—GO (a). The background value of OD
= 0.19 was subtracted from each data point. (c) Binding of MBP is through the oligosaccharide. A complement activation
assay was performed as in Figures 6 and 7 except that MBP was incubated in the protein-coated wells in TBS—Ca?* or
TBS—Ca?" containing mannose. The incubation of MBP with (from left to right) Fc or Fab or 1gG or Fc—GO or Fab—GO or
1gG—GO0 in the presence of mannose decreased the deposition of C4b. A background value of OD = 0.19 was subtracted
from each data point. (d) Conversion of 1gG (®) to IgG—GO0 (O) does not markedly alter the C1lg-mediated deposition of
C4b. Serial dilutions of C1q (100 «L; 10 ug/mL) were incubated in IgG—GO or 1gG coated wells and C1g-mediated deposition
of C4b was measured as above. The background value of OD = 0.18 was subtracted from each data point in the 1gG curve,
while a value of 0.32 was subtracted from the IgG—GO points to account for background due to the residual MBP present

in the depleted serum.

immobilized on microtiter plates. The results in
Figure 49a show that the amount of C4 activated and
deposited was dependent on the concentration of
MBP. At the saturation point the amount of C4 fixed
was ca. 5-fold higher when MBP was complexed with
1gG—GO compared with normal pooled 1gG. The
results in Figure 49b show that the MBP-mediated
activation of complement is induced predominantly
by the interaction between MBP and the Fc/GO and
not the Fab/G0 fragment. Fixation of C4 was reduced
considerably when MBP was incubated with IgG,
1gG—GO, or their fragments in the presence of man-
nose, an inhibitor of binding of MBP to oligosaccha-
rides (Figure 49c). This demonstrates that the
activation by MBP is mediated through the IgG—GO0
sugars. In contrast, the activation by Cl1q is inde-
pendent of the glycosylation state of the 1gG (Figure
49d), confirming that treatment with glycosidases
has not altered the conformation of the 1gG.

9./1.3. MBP and Agalactosyl IgG Are Present in Synovial
Flui

The levels of GO are elevated in the synovium
compared with serum.'37138 The presence of MBP in
synovial fluid has been shown to be very similar to
that in serum.'® The occurrence of MBP in synovial
fluid coupled with the presence of high levels of IgG—
GO structures suggests that the activation of comple-
ment by MBP could contribute to the chronic inflam-
mation of the synovial membrane of affected joints.
This would provide a link between the elevated levels
of GO structures on IgG found in RA and the onset
of tissue damage and a role for GO structures in the
pathogenesis of the disease.

10. Glycosylation Inhibitors as Antiviral Agents

The biosynthesis of N-linked oligosaccharides in-
volves the cotranslational transfer of a GlcsMang-
GlcNAc; precursor from a dolichol carrier onto the
asparagine residue of an Asn-X-Ser/Thr glycosylation

sequon of the protein. Terminal glucose residues are
rapidly cleaved by endoplasmic reticulum o-glucosi-
dases of which two distinct activities have been
identified:'4° glucosidase I, which removes the ter-
minal al,2-linked glucose residue, and glucosidase
Il hydrolyzing the remaining two al,3-linked glucose
residues. Further trimming of the oligosaccharides
by ER- and Golgi-located mannosidases permits
subsequent processing to complex- and hybrid-type
structures through the action of Golgi resident gly-
cosyl transferases.3*141

Several compounds that inhibit purified glucosi-
dases have been identified.'#>'43 In the presence of
these inhibitors complex-type oligosaccharide syn-
thesis would be expected to be blocked. However, it
has been shown in a number of systems that when
cells are treated with these compounds some complex-
type oligosaccharide formation still occurs. There are
several possible reasons for this. These include not
achieving a high enough inhibitor concentration
within the endoplasmic reticulum and the presence
of endomannosidase activity which would provide a
bypass mechanism to circumvent glucosidase inhibi-
tion (see ref 144 and reference therein). It has also
been found that the effects of glucosidase inhibition
on cellular glycoproteins are selective. Some glyco-
proteins require correct oligosaccharide processing for
secretion or cell surface expression, while for others
complete processing of their oligosaccharides is less
critical.

When a range of sugar analogues were screened
for anti-HIV activity in vitro,#5146 N-butyldeoxyga-
lactonojirimycin (NB-DNJ) was found to be a potent
inhibitor of infection and exhibited minimal cytotox-
icity. This compound inhibited purified a-glucosidase
I with a K; of 0.22 um.

The envelope glycoproteins of the HIV virus are
heavily N-glycosylated. HIV-1 gp120 has 20—25
potential sites for N-linked glycosylation with the
carbohydrate contributing 50% of its apparent mo-



714 Chemical Reviews, 1996, Vol. 96, No. 2

OO

NH.
CEROILHREIEY
10

Dwek

OOH

Figure 50. Schematic diagram of the HIV-1 envelope glycoprotein gp120 (adapted from ref 149). Glycosylation sites
containing high mannose and/or hybrid oligosaccharides and those containing complex-type oligosaccharides are indicated.
The disulfide-bonded domains are labeled with roman numbers and the hypervariable regions are enclosed in boxes and

labeled V1—-V5.

lecular weight.’4” The positions of the glycosylation
sites within the primary amino acid sequence of
gp120 are relatively consistent between different
isolates of HIV-1148-1%0 (Figure 50). At least 13 of the
glycosylation sites are conserved, and the remaining
sites usually are not located more than approximately
10 residues from the sites in the reference strain,
HIV-1,,.24° Studies have shown that a diverse range
of high mannose, hybrid, and bi-, tri-, and tetraan-
tennary structures are present both on recombinant
CHO expressed and virally derived gp120 and that
the proportions of the different structures are similar
between the two systems.'5171%  Analysis of gp120
mutants suggests that N-glycosylation of either
gpl120 or gp4l is necessary for a post-CD4 binding
event, such as the fusion of the viral and cellular
membranes.155:156

It has been shown that NB-DNJ inhibits glycopro-
tein processing in intact cells at concentrations
equivalent to those which inhibit HIV replication in
vitro.'®” Using metabolic labeling with (3H) mannose,
endo H release of labeled oligosaccharides, and gel
filtration chromatography, we have demonstrated
that treatment with antiviral concentrations of NB-
DNJ results in the terminal sequence Glcal,2Glca,1,-
3Glcal,3Man being present on gpl20 oligosaccha-
rides (Figure 51).

This has also been demonstrated for gp120 derived
from H9 cells, acutely infected with the HIV-1 Illb
strain.’®® Two consequences of treatment with NB-
DNJ are the inhibition of synctia formation in cells
infected with HIV-1 and the reduction in release of
infectious virus. This reduction is not caused by a
decrease in the release of virus particles but from a
reduced infectivity of the virus released (Figure 52).

The alterations in infectivity of the virus particles
released in the presence of NB-DNJ has been ana-

lyzed by using Cocal (HIV) pseudotype viruses in an
“entry” assay. The production and assay of these
viruses is illustrated schematically in Figure 53. The
assay is based on the entry of Cocal (HIV) pseudo-
types carrying an HIV envelope and a Cocal virus
core into Hela T4 cells. After entry the Cocal core is
released into the cells leading to plaque formation
from cytolitic replication of Cocal virus. Plaques
formed by wild type Cocal virions can be neutralized
by anti-Cocal antiserum. Wild-type HIV and HIV
(Cocal) pseudotypes do not form plaques in these
walls.

The assay thus enables the study of the result of
altering the oligosaccharides of the viral envelope by
using NB-DNJ. It was found that entry of Cocal
(HIV) pseudotype viruses produced in the presence
of NB-DNJ was greatly impaired. This demonstrates
that altering oligosaccharides in HIV envelope leads
to reduced viral infectivity. Further studies detailed
in ref 159 suggest that the altered oligosaccharides
affect viral entry post binding to CD4 but prior to
fusion.

In contrast to the HIV envelope glycoproteins,
which contains about 30 glycosylation sites, the
hepatitis B virus envelope proteins contain only one
or two glycosylation sites. In vitro treatment of this
virus with NB-DNJ results in a high proportion of
virus particles being retained inside the cell. Pre-
liminary data show that these viruses contain a large
proportion of endo-H-sensitive oligosaccharides.®°
This suggests that correct glycosylation is necessary
for the processes involving transport of the hepatitis
B virus out of the cell. Comparison of the effect of
NB-DNJ on these two viruses emphasize that oli-
gosaccharides attached to proteins can have very
different functions.
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Figure 51. Summary of N-glycosylation structures found on untreated and NB-DNJ treated recombinant gp120 expressed
in CHO cells. The upper panel shows the structures from untreated gp120151.155 and the lower panel shows the structures

present following NB-DNJ treatment.158

10.1. Glycosphingolipids

Glycosphingolipids, as their name implies, are
sugar-containing lipids and are a major class of
glycoconjugates synthesized by eukaryotic cells. They
consist of three characteristic building block compo-
nents: one of sphingosine (or one of its derivatives)
and one molecule of a fatty acid with carbohydrate
residues of varying complexity as their polar head
groups. Sphingosine itself is a non-glycosylated long-
chain amino alcohol.*8!

T
HOCHZ_C_$_C:C(CH2)12CH3

HaN* OH H

The amino group of the sphingoid base is attached
to a long-chain fatty acyl group (that can be saturated
or monounsaturated depending on different factors,
such as, cell type, diet, or age) to form ceramide.
While the ceramide moiety is located in the mem-
brane lipid bilayer, the saccharide head group ex-
tends out from the plasma membrane surface to the
extracellular space. The sugar residue in glycosidic
linkage (always j) to the ceramide is either glucose
or galactose, with glucose the more prevalent. The
most complex sphingolipids are the glycosphingolip-
ids, which include neutral lipids containing from one
(cerebrosides) to 20 or more glucose units and acidic
glycosphingolipids containing one or more sialic acid
residues (gangliosides) or sulfate esters (sulfatides).
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Figure 53. Production and assay of HIV-cocal pseudo-
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+ anti-gp120.

Glycosphingolipids are classified according to their
carbohydrate components. These complex lipids can
be divided into two major groups: neutral and acidic.
Cerebrosides are the simplest glycosphingolipids and
consist of sphingosine, a fatty acid residue, and a
single monosaccharide polar head group (Figure
54).181 More complex neutral glycosphingolipids have
unbranched or branched oligosaccharide head groups
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containing up to 20 sugar residues. Acidic glyco-
sphingolipids are sulfatides or gangliosides. Gan-
gliosides have a similar basic structure to the neutral
glycosphingolipids but are differentiated from each
other by the fatty acid residue they contain and by
the sialylated oligosaccharides which comprise the
polar head group. Some examples are shown in
Figure 55.181

Over 100 gangliosides have been identified. Gan-
gliosides are found in all vertebrate cells but are
highly enriched in nervous tissues. They have con-
siderable physiological and medical significance. The
expression of glycosphingolipids on the cell surface
changes as the cells divide and differentiate. There
is considerable evidence that glycosphingolipids are
specific determinants of cell—cell recognition, so that
they probably have an important role in growth and
differentiation of tissues. Specific glycosphingolipids
of host cells have been shown to interact with the
proteins of viral and bacterial parasites. For in-
stance, ganglioside Gy, acts as the cell surface
receptor for the bacterial toxin that causes the
debilitating diarrhea of cholera.

The glycans on glycosphingolipids are in very close
proximity to the plasma membrane, and it is likely
that the spatial proximity of lipid-linked glycans to
the cell surface is biologically important in mediating
interactions which require intimate cell—cell contact.
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The common step in the biosynthesis of the vast
majority of glycosphingolipids involves the transfer
of glucose to ceramide. Partially inhibiting this step
will result in a reduction of the glycosphingolipids
on the cell surface. This approach should allow some
of their functional roles to be investigated. Addition-
ally, such inhibitors of glycolipid biosynthesis may
also have therapeutic potential in treating the human
glycosphingolipid storage disorders.179:180

10.2. Glycosphingolipid Storage Disorders

These result from the inheritance of defects in the
genes encoding catabolic enzymes (which are then
impaired) required for the sequential breakdown of
the glycolipids within lysosomes. The therapeutic
options for the treatment of these disorders are very
limited. Currently, only the nonneuronopathic form
of Gaucher’s disease (type 1), a condition character-
ized by glucocerebrosidase deficiency, which occurs
at high frequency in Ashkenazi Jews, is being
successfully treated using enzyme-replacement
therapy.'6%162 However, the use of specific inhibitors
of glycosphingolipid biosynthesis to reduce their
levels in cells, is one approach which may be gener-
ally applicable to treating storage disorders. This
might then allow the impaired enzymes to catabolize
fully the reduced levels of glycosphingolipids thus
preventing their accumulation.

One example of this has recently been shown using
NB-DNJ, which in addition to being an o-glucosidase
I o IT inhibitor, is also a potent inhibitor of glyco-
sphingolipid biosynthesis.'®* This compound inhibits
the initial monosaccharide attachment and so this
approach may be useful in all glycosphingolipid
storage disorders. Interestingly, the galactose ana-
logue N-butyldeoxygalactonojirimycin (NB-DGJ) was
found to inhibit glycosphingolipid biosynthesis.'*
This is a more selective compound in that unlike NB-
DNJ it does not inhibit the a-galactosidases.

Clearly the ability to manipulate glycoprotein and
glycolipid biosynthetic pathways using specific gly-
cosyltransferase and glycosidase inhibitor has enor-
mous potential. In this way the roles for glycolipids
in such areas as neuronal and embryonic develop-
ment can also be investigated, as well as their roles
in adhesion processes and tumor metasis.

11. Concluding Remarks

The chemistry of simple sugars was worked out in
the late nineteenth century by Emil Fischer, and the
ring structures determined in the interwar years by
Haworth and colleagues. Simple polysaccharides
such as starch, glycogen, and cellulose, as well as
more complex molecules such as chitin and hyalu-
ronic acid had also received attention and their
component sugars identified by classical means. By
the 1960s, especially through work on blood-group
determinants by Morgan, Watkins, and their associ-
ates at the Lister Institute, it had become clear that
besides simple mono- and polysaccharides, naturally
occurring carbohydrates were commonly conjugated
to proteins and lipids (as glycoproteins and glycolip-
ids).

Little progress could be made to determine the
structure or function of these complex molecules until
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sensitive and sophisticated techniques became avail-
able to analyze the component sugars and the order
and structural details of their attachment to protein.
Today automatic techniques are available for analysis
of glycoproteins (in picomole amounts) and the
progress in technology has advanced considerably our
understanding of carbohydrate structures attached
to proteins.

Protein glycosylation is influenced by three main
factors: the overall protein conformation, the effect
of local conformation, and the available repertoire of
glycosylation-processing enzymes for the particular
cell type. In general, the pattern of glycoforms is
protein specific, site specific, and tissue or cell
specific.

Glycobiology deals with the nature and role of
carbohydrates in biological events. Glycoproteins are
now known to be fundamental to many important
biological processes including fertilization, immune
defense, viral replication, parasitic infection, cell
growth, cell—cell adhesion, degradation of blood clots,
and inflammation. They are major components of the
outer surface of mammalian cells. Over half the
biologically important proteins are glycosylated. Oli-
gosaccharide structures change dramatically during
development and it has been shown that specific sets
(i.e. specific sequences) of oligosaccharides are ex-
pressed at distinct stages of differentiation. Further,
alterations in cell surface oligosaccharides are as-
sociated with various pathological conditions includ-
ing malignant transformation.

The finding that glycosylation may vary with
disease also leads to the concept that its manipula-
tion might alter the properties of glycoproteins and
result in beneficial therapeutic results. The ability
to manipulate and modify sugar structures also
provides an important approach in understanding the
different functions of oligosaccharides.

The elegant biosynthetic glycan-processing path-
way in the cell allows, in principle, the same oli-
gosaccharide to be attached to quite different proteins
without having to code the information into the DNA
of the individual proteins. However, the orientation
of the attached oligosaccharide with respect to the
polypeptide may markedly affect the properties of the
glycoproteins. Further, different glycoforms of a
protein may display quite different orientations of the
oligosaccharides with respect to the protein, thus
conferring different properties. A striking example
is the structure of the Fc fragment of 1gG. The
conserved N-linked complex oligosaccharides at Asn-
297 on each heavy chain of the C2 domain occupy
the interstitial space between the domains and also
interact with the domain surface. Loss of the two
terminal galactoses from the oligosaccharide as in the
Fc fragment from patients with rheumatoid arthritis,
results in a loss of interaction between the domain
surface and the oligosaccharide. This permits dis-
placement and consequent exposure of the oligosac-
charides, giving them the potential to be recognized
by endogenous receptors lectins.

The recognition of oligosaccharides (lectins) is
influenced by their accessibility, the number of copies
of the oligosaccharides, and their precise geometry
of presentation. These factors introduce a high
degree of specificity and control as to whether the
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recognition is physiologically relevant or not.

That one set of structures on different proteins can
result in quite dramatic variations in properties of
glycoproteins or that different glycoproteins may
have different properties emphasizes that there is no
single unifying function for oligosaccharides.
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