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Most molecules involved in the recognition and elimin-
ation of pathogens by the immune system are glyco-
proteins. Oligosacchandes attached to glycoproteins
initiate biological functions through mechanisms that
involve multiple interactions of the monosaccharide
residues with receptors. For example, calreticulin, a
quality-control lectin-like chaperone, interacts with
glucosylated mannose glycans presented by empty
major histocompatibility complex (MHC) class | mol-
ecules, retaining them in the endoplasmic reticulum (ER)
until antigenic peptide is loaded. Clusters of specific IgG
glycoforms, present in increased amounts in rheuma-
toid arthritis, bind mannose-binding lectin (MBL), pro-
viding a potential route to inflammation through
activation of the complement pathway. Secretory IghA
glycans bind gut bacteria, and an unusual cluster of
mannose residues on gp120, the surface coat protein of
the HIV wirus, is recognized by the novel "domain-
swapped” IgG 2G12 serum antibody.

Ulyeosylation is essential for life. Almost all organiams
imncloding fungi, yeast, plants, insecta, fish, birds and
mammals glycosylate most of their secreted and eell-
surface proteins. In addition, viruses, which have no
plycoaylation machinery of their own, attach supars to
their envelope proteing by exploiting the bicsynthetic
pathwayr of their hogts. The essential role of glycosylation
in viahility has been demonstrated in knockout mice. The
Mratl pene encodes N-acetylglucosamine transferase I,
an enzyme required in the processing of complex type
suFars (Box 1) When Mgatl was deleted in mice, the
offspring died after 9 days in embryo as a result of defects
in vascularization and nearal tube closure 1], Similarly,
deletion of the Moat2 pene, encoding N-acetylglucosamine
transferase 11, which 18 also necessary for processing
complex type sugars, caused frequent postnatal lethality
and 9% of the mice died within the first week of birth [2].

In the immune aystem, oliposaccharides attached to
both host and pathopenic proteins have many roles that
are both structural and functional (Box 2). In this review
we discuss some of these roles, focusing in particular on
recopnition eventa in which oliposaccharides penerally
mitiate biological functions throogh mechanisms that
involve multiple interactions of the monosaccharide
reaidues with receptors. This requirement for muolti-
valency i8 a vital means of ensuring that physiological
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consequences generated by the activation of signalling
pathways are not trigrered inadvertently by single weak
interactions, but only in response to a strong stimualos.
Althouph individual monosaccharides have low affinity for
protein receptors — usually in the millimolar to micro-
molar range — two mechanisma enable oliposaccharide
ligands to interact with their receptors with high afiimity
or avidity.

The first mechanism requires the presence of subsites
in the receptor, sach of which can accommodate a
monosaccharide residue with very different affinitiea. An
example of such a receptor is the quality-control lectin-like
chaperone calnexin, which can interact with a tetrasac-
charide epitope presented by an unfolded plycoprotein,
thereby retaining the glycoprotein in the KR (see below).
The second mechanism depends on the presentation of
multiple oligosaccharides in such a way that the sugars
can interact with several carbohydrate recopgnition sites
on the receptor. An example of this mechanism is the
functional bhinding of the carbohydrate recopnition
domaing of MEL to specific aggrregated lp(s plyveoforms
that present arrays of terminal NV-acetylglocosamine
regidues (see below). Insights into some of the ligand—
receptor interactions that imvolve glycoproteinse in the
immune aystem have come from combining glycan
analysis, protein structural data and biochemical data
with molecular modelling.

In peneral, oliposaccharides confer astability on glyco-
proteing and protect them from proteases and nonspecific
protein—protein interactions, but, as we review here, some
olippsaccharides form specific recognition epitopes that
have fonctional consequences on receptor binding.
Houghly 80% of secreted and cell-surface proteins are
Flyeoaylated. In the KR, N-linked sugars are usually
attached co-translationally to partially folded proteins
through the side chaing of asparagine residues contained
in the conssnsus sequence Asn-Xaa-nen Thr (where Xaa is
any aming acid except proline). The fully folded proteins
are transported to the Golpi, where N-linked pglycans
are further processed to complex type oliposaccharides
and (}-glycans can be added to accessible side chains of
serine or threonine residues |3,4).

Motably, molecular modelling of both proteins and
their attached olipogaccharides provides graphie illus-
trations of the finding that the sugars frequently cocupy a
larper three-dimensional apace than do the protein
domains to which they are attached. Although pglyco-
proteing usually consist of an ensemble of glycosylated
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Box 1. Glycoproteins comprise a mixture of glycosylated varlants (glycolorms)

The covalent attachment of sugars (ghycosylation) is a common
posttranslational modification of both secreted and cell-surface
prateins and one on which the cell expends a significant amount
of energy. About 30 different enrymes are required to attach and
to process the oligosacchandes linked to asparagine [M-inked
glycans) and to serine or threonine (OHinked ghpcans]) residucs
(Figure 1j. Ainked sugars are attached to proteins in the
endoplasmic reticulum (ER], where a preformed oligosaccharide
precursor attached to dolichol phosphate is transferred o some
asparagine residues that are part of the motif, Asn-Xaa SenThr
(where Xaa is any amino acid except proline). Further processing
of the sugars on the nascent glycoprotein takes place first in
the ER and then in the Golgi. An important intermediate in the

ER is the monoglucosylated glycan GloyMang ;GlcMAc;, which
provides the folding protein with the means of enterning the

calnexin/calreticulin | guality control pathway. O-linked sugars are
added to the fully folded protein in the Golgi. Attachment of an
initial N-acetylgalactosamine or fucose residee s followed by
sequential additions of monosaccharides by transferases  that
branch, elongate and terminate the ghycans.

Glycoproteins wsually consist of numerous ghycoforms in which the
same amino ackd sequence is diversified by a range of different sugars
at each of the ghycosylation sites. For example, COS3 cxpressed on
human erythrocytes has more than 150 glycoforms [32], whidh anise
when the glycan processing pathway=s terminate at vanious stages on
different copies of a glycoprotein. Glycosylation processing is
controlled by the amounts of processing enrymes expressed in amy
particular cell, the levels of the sugar nudeostide donors and the three-
dimensional structure of the specific protein around the glycosylation
sites [3].
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variants (‘glycoforms’), epecific sugar epitopes required for
recopnition might be a feature of many glycoforms, and
thus a complete glycan analygis 18 requoired if soch
stroctures are to be identified.

Glycan analysis
otate-of-the-art plycan analysia of scarce biological glyco-
proteins 18 based on a combination of high-performance
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liquid chromatopraphy (HPLLC) analysis and mass spectro-
metry. Exoplycosidase array digestions provide mono-
gaccharide and linkape information and, if safficient
material i8 availabhle, mass spectrometry fragmentation

The analytical strategy vsed in the Oxford Glycobiology
Institute is shown in Figure 1. Glyeans are released either
enzymatically from SDS—PAGE pel bands (for N-linked
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Box 2. Oligosaccharides on proteins have both structural and functional roles

Higosacchandes have many different functions, which can be broadly
subdivided into two categonies. First, the glycans attadhed to proteins
hawe structural rolbes [3.4]. The sugars contribute to thermodynamic
stability throughout the protesn and not only in the region of the
glyocosylation site [32]. The sugars, which are very flexible around the
N-glycosidic linkage in particular, cocoupy a conformational space that
is often @5 large as a protein domain. The large sizes and dynarmics of
the sugars enable them to protect extensive regions of the protein
surface from nonspecific protein-protein interactions and importantly
from proteases. On membrane glycoproteins, which are usoally
heavily glycosylated, the sugars can also function to onient the protein
with respect to the membrane and con prevent the protein from
interacting with cell-swurface lipids. Many proteins are attached to the
cell surfaces by glycosyliphosphatidylinositol (GP) anchors, which
contain a glycan core that links the protein to the lipsd chains that
insert into the top leafiet of the cell membrane. COS9 is an example
of a protein that has N-and OHinked sugars, as well as a GP1 anchor
(Figure 11.

Second, oligosacchandes attached to proteins take part in many
highly specific recognition events. For example, through a Ca™* ion
embedded in their structure, the Ctype lectins can igate to two
hydroxyl groups that are presented in a di-eqguatornial onientation on
the terminal monosacchande residee, such as N-acetylglucosamine,
mannose and fucose, of oligosaccharides |34]. The affinity for a single
minosacchande residwe of a protein recepior is usually low (in the
miillimolar range). In general, multiple interactons (Involving either
the recognition of several residues on a single glycan or the
presentation of armays of glycans to multivalent receptors| are requined
if recognition is to trgger biological function.
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glycans) or by hydrazinolysis (for N- and O-linked
plycang). The glycan pool is then labelled with 2-amino-
benzamide. Aliquots of the labelled glyean pool are treated
with exoplyoosidase arrays and, topether with the original
ponl, are analysed by normal-phase HPLC. - and O-glyean
structures are assigned to the peaks automatically from
entries in the Uxford Glyeobiology Institute datahase by
uring elotion positions, measured in ‘glocose units’
derived from a standard dextran hydrolysate ladder, and
exogrlyeosilase dipestion patterns |5,6].

Glc;Man, ;GlcMNAc; oligosaccharides bind subsites on
calnexin

Peptides enter the secretory pathway by passng through
the heterotrimeric Sechl channel into the KH, where the
oliposaccharyl transferase complex is located in close
proximity to the hominal exit. The N-linked oliposaccharide
precursor (GlesMang GleN Ac,, where Gle is glocose, Man is
mannose and (leM Ac is N-acetylplucosamine) is attached to
appropriate asparagine regidoes in the nascent peptide by
the oliposaccharyl transferase complex and rapidly pro-
cessed to Gle,Mang -GleNAc; supars (Fipure 2a). These
monagElucesylated glyeans confer on every nascent glyen-
protein the pogsibility of entering the calnexindcalreticulin
folding and gquality-control pathway. In a dynamie cycle in
which the terminal glucose residues is alternately removed
and replaced, these chaperones release and rebind unfolded
www_scienieedine-Lomen
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proteins, retaining them in the KR until they achieve their
properly folded conformation (Fipure 2a).

The proposed glycan recognition epitope in the
LGlegMang fzlcNAe; chain is the tetrasaccharide GleyMang
on the al 3-arm (Figare 2b) |7,8|. The free tetrasaccharide
hinda to calreticulin with micromolar afimity [9]. Calreti-
culin hag a gingle binding site for glucosylated glycans [9)],
and calnexin is also thought to have a single hinding
gite with similar athnity, because of ita high sequence
homolopgy with ealreticulin. Stodies on the calnexin-
binding protein tyrosinase have shown, however, that
thie protein does nol co-precipitate with anti-calnexin
antibodies unless at least two of s four N-glycosylation
gites are occupied |10, sugpesting that more than one
calnexin molecule can bind to glyeoproteing presenting
mare than one oliposaccharide or that calnexin fonctions
as a dimer in a larper chaperone complex |11-12].

Monoglucosylated glyeoforms of the homan MHC elags |
molecule (MHCI), which is N-glyeosylated at AsnB6
(Figure 2b), hind both of the lectin-like chaperones
calnexin and calreticulin but at different stages of protein
maturation (Box 3). Initial binding to calnexin facilitates
the efheient folding and assembly of MHCI heavy chaing
with [iZ-microglobulin. The glyean on MHCI then hinds to
snluble calreticuling which forms part of the peptide-
lnading complex. The interaction of ecalreticulin with
MHC] stabilizes the multimolecular complex and retaing



