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GLYCANS

Endogenous biomolecules that
consist of monosaccharides
that are O-linked to one
another. Glycans can either

be branched, in which several
glycosidic linkages extend
from a single monosaccharide,
or linear, in which
monosaccharides are linked to
one another end-to-end.
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CLASS OF NEW AND IMPROVED

THERAPEUTICS
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Abstract | Complex glycans that are located at the surface of cells, deposited in the extracellular
matrix and attached to soluble signalling molecules have a crucial role in the phenotypic expression
of cellular genotypes. However, owing to their structural complexity and some redundancy in terms
of structures that elicit a function, the therapeutic potential of complex glycans has not been well
exploited, with a few notable exceptions. This review outlines recent advances that promise to
increase our ability to use complex glycans as therapeutics. Opportunities for the development of
further structure—function relationships for these complex molecules are also discussed.

Complex crycans that are attached to proteins and lipids
coat all eukaryotic cells, and are also found in the extra-
cellular space between cells'. In simple terms, glycans
can be divided into two categories: the linear sugars or
polysaccharides, which consist of repeating pyranose
monosaccharide rings; and the branched sugars, which
are saccharide structures that are based on multiple
linkages between monosaccharide rings (FIG. 1).
Through the post-translational modification of pro-
teins and lipids, and non-covalent interactions with
proteins, complex glycans regulate biochemical path-
ways and, accordingly, impinge on diverse biological
processes ranging from development?’ to coagulation*
to infection by bacterial and viral agents®. Complex
glycans act at a multicellular level, at the interface
between cells, tissues and organs, to coordinate bio-
logical processes®. Therefore, from a biological per-
spective, complex glycans represent a promising, but
relatively untapped, source for the development of
new pharmaceutical agents.

The discovery of detailed structure—activity rela-
tionships for DNA and proteins has led to an in-depth
understanding of how genotype, in part, controls pheno-
type. Furthermore, this biological and biochemical
knowledge has been successfully translated into drug
discovery efforts. Advances in our understanding of the
biosynthesis, structure and function of complex glycans

promise to allow us access to this important class of
molecules to modulate disease processes. Several reviews
and scientific investigations have been published in
recent years describing important findings in the basic
biology of complex glycans**. Here, we begin by out-
lining some of the most notable findings, to illustrate
the advances that have been made, before moving on to
discuss the potential of complex glycans as therapeutics.

Through cloning the enzymes that are involved in
the biosynthesis of complex glycans, and developing an
understanding of their mechanism of action and sub-
strate specificity”*'’, we now have an understanding of
the range of complex glycan structures that are possible.
In addition, numerous gene-knockout experiments have
increased our understanding by examining, at an organ-
ismal level, the effect of impinging on the biosynthesis
and/or catabolism of complex glycans. Loss-of-function
studies using genetic knockouts have provided impor-
tant structure—function correlates for both branched
glycans and linear polysaccharides®'!. For example, the
conversion of branched sugars from one type (high
mannose) to hybridand complex structures is initiated
by the action of the enzyme GlcNAcT-Iglycosyltrans-
ferase, which is encoded by the MGAT1 gene'>'*. The
conversion of hybrid to complex structures is controlled
subsequently by the MGAT2 gene, which encodes
GIcNACT-II glycosyltransferase'*. Mutation of MGAT1
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Figure 1 | Biological roles of branched and linear glycans. a | Branched glycans that are attached to proteins, lipids and other
biomolecules as glycoconjugates represent the most extensive and diverse form of post-translational modification. Using proteins as an
example, glycans are either N-linked through the amino acid asparagine, or O-linked through the amino acids serine or threonine, to the
peptide backbone. The structure and conformation of branched glycans are important in their function; they affect protein binding,
targeting, folding and stability, and specificity. b | Linear polysaccharides are found on the cell surface and the extracellular matrix.
Many linear polysaccharides are attached to a protein core, although some are free. Depending on their location and sequence, linear
polysaccharides have several biological functions, including storing signalling molecules, mediating cell-surface binding and signalling
events, and directing intracellular-transport events. Key: purple diamond, sialic acid; beige circle, galactose; blue square, N-acetyl-
glucosamine; green circle, mannose; orange star, xylose; half-coloured diamonds, acidic sugars; black dots, O- or N- sulphation.
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results in embryonic lethality®. Conversely, mutation of
SIALYATED MGAT?2 results in a range of abnormalities that are illus-

Sialic acid is an important
‘capping’ monosaccharide that
imparts essential structural and
biological information. For
recombinant proteins, the
presence of sialic-acid capping is
important in the half-life and
stability of the protein.
Sialic-acid capping also has a
role in a range of biological
processes, including immune-
system functioning.

trative of the role of complex branched sugars in various
processes'®. These and other studies have led to the real-
ization that complex glycan structure is modulated by
the expression and levels of specific glycosyltransferases
acting in conjunction with one another.

Advances have also been made in terms of identifying
the protein partners that bind to complex glycans at the
surface of cells and in the extracellular matrix. Examples
include the binding of galectins with f-galactosides,
the binding of sialyl Lewis X structures with selectins,

the interaction of siaLyatep structures with the sialic-
acid-binding immunoglobulin-like lectin (siglec)
family of proteins, and the binding of specific HepArIN
glycosaminoglycan sequences to proteins, such as
antrtHroMBIN 11 (ATTIT) and fibroblast growth factor. In
many cases, knowledge of the co-crystal structures of
glycans with their protein partners has led to an in-
depth understanding of the specific contacts that are
responsible for high-affinity binding*'¢'8. However,
although our understanding of the structure of complex
glycans has markedly increased, our ability to harness
them in drug development has yet to reach fruition.
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HEPARIN

Alinear polysaccharide
consisting of a disaccharide
repeat unit, in which each
individual unit can be
differentially sulphated,
which leads to structural
complexity. Heparin is used
as an anticoagulant.

ANTITHROMBIN III

(ATTII). A serine protease
inhibitor that interrupts the
coagulation cascade to provide
an important feedback loop.
Heparin binds to ATIII, which
causes a conformational change
in the protein and promotes its
anticoagulant function.

BIOINFORMATICS

Data integration, mining and
comparison tools that are used
to combine data sets.
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Figure 2 | Structural complexity and information content of glycans. Glycans amplify the genomic information content of cells.
The recent sequencing of the human genome yielded the surprising result that it contained a smaller number of genes than originally
thought. After the translation of RNA to protein, a huge ampilification of function occurs through post-translational modification by glycan
addition. In this case, a single polypeptide chain can yield many glycoforms with differing properties, thereby providing functional
diversity even in a single gene (see the main text for an example of how glycosylation can drastically affect function).

Drug development challenges with glycans

The problem of how to exploit the vast potential of com-
plex glycans in drug development involves overcoming
fundamental challenges to clarify important structure—
activity relationships. First, experimental procedures are
needed that can accurately and reproducibly measure the
structure or sequence of complex glycans. Second, there
needs to be a framework for describing glycan sequences
in terms of the properties that lead to their functions
(FIG.2). The integration of these two approaches is espe-
cially important in the study of complex glycans as, in
many cases, there seems to be functional and structural
overlap — a single structure might have many divergent
functions depending on its spatial and temporal expres-
sion or, conversely, a given function might be elicited by
several closely related glycan structures.

Although there are several systems with well-defined
structure—function relationships that have facilitated drug
discovery — such as the ATIII/pentasaccharide system®",
the mannose 6-phosphate pathway and lysosomal
storage®, and the sialic-acid content of N- and O-linked
glycoproteins controlling the clearance of glycoproteins
from the blood* — integration of a BiomrormATIC frame-
work with structural investigations in many other sys-
tems is lacking. Beyond this important limitation, from a
drug development standpoint, several factors have ham-
pered the development of glycan-based pharmaceuticals.

First, glycans have a remarkably high information
content owing to diversity in their primary chemical
structures, which requires the application of various
analytical techniques to discern the glycan fine structure
and sequence (see later). This information density
derives from the fact that complex glycans not only con-
tain information from diverse monosaccharides but
also have linkage variability. There are several different
families of complex glycans that are differentiated
according to the types of linkage and the exocyclic
substitutions of the monosaccharides. Therefore,
unlike chemical polymers — which often contain
homogeneous repeating units in which the diversity
of the mixture primarily arises from the degree of

polymerization or cross linking between these units —
liner glycan mixtures are complex owing to chemical
diversity in the repeating units.

Second, glycans are not synthesized in vivo by reading
from a template, unlike proteins or DNA. Rather, com-
plex glycans are created through the concerted action of
several enzymes. This, together with a lack of proof-
reading machinery, results in complex glycans being
heterogeneous and often polydisperse entities, particu-
larly when compared with other biological polymers,
such as proteins and nucleic acids.

Third, there is no mechanism, at present, to amplify
glycan structures. The advent of amplification tech-
niques for proteins and nucleic acids allowed numerous
detailed structure—function studies to proceed for these
biopolymers. Unfortunately, owing to the complexity of
their biosynthesis, as well as the fact that they are created
not in a template-based manner but rather by the con-
certed action of biosynthetic enzymes, there are no such
strategies for complex glycans. In addition, our ability
to manipulate the structure of complex glycans
through chemical modification is limited, although it is
increasing (see later).

Fourth, glycans predominantly act at an extracellular
and/or multicellular level, and, as such, the screening of
glycan activities using simple in vitro cell-model sys-
tems does not always provide an avenue to determine
the in vivo function accurately. To add to the problem,
many glycans interact only weakly as 1:1 complexes
with targets; in fact, the strength of the interaction is
typically provided through the multivalent interactions
of the glycan with the targets®. As a result, screening for
strong glycan binders assuming a 1:1 stoichiometry —
in a similar manner to screens that are used by the
pharmaceutical industry to uncover small-molecule
lead compounds — might overlook information that is
crucial to understanding the role of complex glycans in
a given biological process. An example of this in the
design of compounds to inhibit leukocyte homing and
extravasation, in which multivalency and structural
complexity are both important™?*.
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Table 1 | Representative examples of glycan-based therapeutics

Drug Disease Clinical status Manufacturer
Lovenox Thrombosis Market Aventis
Fragmin Thrombosis Market Pfizer

Aranesp Anaemia Market Amgen
Sepragel Anti-adhesive Market Genzyme
Healon Cataracts Market Pfizer

Arixtra Thrombosis Market Sanofi
Cerezyme Gaucher’s disease Market Genzyme
Aldurazyme MPS | Market Genzyme
PI-88 Cancer Phase I Progen

MPS |, mucopolysaccharidosis type I.

ERYTHROPOIETIN

An endogenous glycoprotein,
the main function of which is
to stimulate the proliferation
and differentiation of erythroid
precursors in the bone marrow.
As a pharmaceutical agent, this
protein is used for the
treatment of anaemia owing

to the effect of concomitantly
administered chemotherapy
agents in cancer patients.

Glycans and biotechnological applications
Historically, a series of enzymes — including imiglucerase
(Cerezyme; Genzyme) and larodinase (Aldurazyme;
Genzyme) — that degrade or alter complex glycan
structures have been successful in replacement therapy
for individuals with glycan-related genetic disorders.
Importantly, the development of the available drugs in
this class required a detailed structural/functional
understanding of their mechanism of action, their effect
on glycan structure and the role of specific glycan struc-
tures in various diseases, such as Gaucher’s disease and
mucopolysaccharidosis type I (TABLE 1).

Glycans also have an important role in two distinct
but related areas of drug development: either as part of
glycoprotein therapeutics, modulating protein activity
and stability, or alone as saccharide-based therapeutics.
Given the importance of protein-based therapies —
including antibodies and drugs such as growth hormone
and ErRYTHROPOIETIN, which together constitute a multi-
billion-dollar-per-year industry — most of the initial
focus has been on understanding and manipulating the
complex glycan structures that are attached to glycopro-
teins. However, the development of structure—activity
relationships for free glycans, specifically polysaccha-
rides, has also allowed the development of new classes
of therapeutics.

Complex glycan structures of glycoproteins. Most thera-
peutic proteins, including antibodies, growth factors
and cytokines, are derived from endogenous glyco-
proteins. As a component of therapeutic glycoproteins,
glycans modulate the activity, stability, serum half-life
and immunogenicity of biotechnologically derived pro-
teins. The fact that complex glycans are important in
protein function has been appreciated on a general level
for many years, since the early days of the development
of protein-based therapeutics. It has long been noted
that different isoforms of a protein therapeutic, which
carry distinct glycoforms, possess varied physiochemical
and biological attributes. Therefore, it was concluded
that the quality of a protein product could be influenced
by the degree and differences in glycan or oligosaccharide
structure . Historically, the lack of analytical tools for
understanding glycan structure and the dearth of struc-
ture—function relationships for specific therapeutic

glycoproteins created a situation in which the focus was
not on the optimization of glycosylation or on under-
standing how particular glycoforms impinge on bio-
logical functioning; rather, the focus was on making
protein glycosylation as homogenous as possible.

Given the seeming importance of glycosylation in the
serum half-life and in vivo biological activity of thera-
peutic glycoproteins, this endeavour has sought to
impinge on the glycosylation machinery in three ways: by
the addition or subtraction of chemicals that influence
the synthesis of complex polysaccharide structures; by the
in vitro elaboration of glycan structures through the addi-
tion of exogenous glycosyltransferases and activated sugar
substrates; and by the genetic manipulation of cells that
produce therapeutic glycoproteins. In the first case, the
effect of cell-culture conditions on glycan structure has
been investigated”®?, as has the introduction of specific
monosaccharides to cells, such as N-acetylmannosamine
or glucosamine*®?. In the second case, it has been
reported that specific saccharide structures can be intro-
duced into recombinant glycoproteins using exogenous
glycosyltransferases. A recent report illustrated that the
addition of a specific saccharide structure (sialyl Lewis X)
to a soluble human complement receptor through the in
vitro use of specific glycosyltransferases resulted in the
effective targeting of the complement receptor to acti-
vated endothelial cells that expressed E-selectin®. Finally,
in the third case, the genetic manipulation of both mam-
malian and insect cells has been reported to result in the
formation of fully elaborated, relatively homogenous
glycoforms®~*. Recently, a new procedure has been
developed in which a therapeutic glycoprotein (for
example, epoetin (Epogen; Amgen)) is manipulated at a
genetic level to create further sites of potential asparagine
or N-linked glycosylation*. As shown in TABLE 1, modify-
ing the glycan coat of a protein therapeutic led to the
creation of the second-generation anti-anaemia drug,
darbepoetin (Aranesp; Amgen), with new and improved
therapeutic qualities (see later)™.

Complex glycans as therapeutics. In addition to their
role as conjugates of protein therapeutics, complex
glycans that are isolated from natural sources or are
chemically synthesized are themselves active biological
and pharmaceutical agents. In this respect, several
glycan drugs are now available clinically and many
others are in various stages of clinical trails (TABLE 1). The
development of glycan-based therapeutics has tradition-
ally been accomplished through two separate approaches,
as discussed below.

The first approach involves the de novo synthesis of
complex glycans by chemical means. This tactic has
successfully been used to generate a synthetic version of
a truncated heparin oligosaccharide for thrombotic
indications: fondaparinux sodium (Arixtra; Sanofi).
Solid-phase synthetic procedures have been recently
developed for glycans, which are analogous to the avail-
able peptide and nucleic-acid synthetic routes, and hold
promise for potential scale-up in the near future. Solid-
phase synthetic routes have already been developed for
some drugs, such as carbohydrate-based vaccines™.
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Box 1 | Bioinformatics-based integration of data sets

Mass spectrometry NMR Enzymes

Ny

Separation technology Possible

/ sequences

/G 2X 6X 3X NX Code Disacc o

0 00 0O 0 O I-Hnac

of 0 O O 1 1 l'HNS O0—Q—>n0 )

f © © 1 o 2 |_HNAC,SS \ / q
0 1 1 0 1 D |28—HNS6S N 0

0 1 1 1 0 E  lghHnacases .

0 1 los-Hnis 3565 -

Hexadecimal coding system Nodal representation

and tree traversal algorithms

Single
solution

Integration of data
Recently, a systematic and numerical-based nomenclature, which is also known as
property-encoded nomenclature or PEN, has been introduced to encode the dense
information that is inherent in complex glycans***’. The strengths of this approach are its
ability to deal with diverse sets of data and to move from a set of all possible theoretical
sequences to a single solution using a minimum number of experimental constraints.
This bioinformatics platform has been successfully integrated with a wide range of
analytical techniques to facilitate the rapid and precise sequencing of minute amounts
of glycan samples. PEN has been successfully applied to information from mass-
spectrometric techniques to sequence the linear glycans that bind to antithrombin III
(ATTII)®'. This same bioinformatics framework can combine orthogonal data sets to
arrive at solutions, including integrating diverse techniques such as NMR and capillary
electrophoresis®’. Therefore, PEN allows several different techniques to be used in
conjunction to provide extra confidence, as well as eliminating possible sequences until
convergence on a single sequence is achieved. This approach, and others like it that seek to
integrate several experimental data sets, have the potential to deconvolute complex glycan

LOW MOLECULAR-WEIGHT
HEPARIN

This is produced when heparin
is cleaved to produce lower
molecular-weight species, which
are then purified.

GLYCOCONJUGATE

Glycans that are covalently
attached to other biomolecules,
such as proteins or lipids.

mixtures and yield important structure—function relationships.

The second manufacturing strategy uses the isola-
tion of natural glycans, chemical modification and/or
degradation of the backbone structure, followed by
purification. This approach is in wider use owing to the
ease of scale-up, as well as its ability to take advantage of
the natural structural diversity of known complex gly-
cans. The quintessential example of this approach is the
family of Low MoLECULAR-WEIGHT HEPARINS (LMWHs)™,
which are described in more detail below.

Glycans, either alone or as Grycoconjucates, have great
potential for use as drugs, for several practical reasons.
First, complex glycans are relatively small and intrinsi-
cally more stable than protein-based drugs. Second, they
are more easily formulated for drug delivery. Third, and
finally, sugars are highly specific and potentially less
immunogenic than other natural products, such as
proteins or RNA-based strategies®. At the same time,
the large-scale production of specific biologically active
glycans is still a technically demanding task. Owing to
their non-template biosynthesis, glycans cannot be
readily manufactured, unlike protein therapeutics in
which cells can be used as ‘biotechnological factories’
However, important advances have been made in
several orthogonal approaches for their structural
optimization and manufacture; these developments will
enhance our ability to manufacture a wide range of
complex polysaccharide biotherapeutics.

New technologies to study complex glycans

As our understanding of the structure—function relation-
ships of complex glycans increases, so will our ability to
harness their power in various disease processes. Glycan-
based drugs have generated much excitement and
provided important insight into the power of glycan-
based therapeutics. However, the ultimate promise of
glycans as drugs is only beginning to be exploited. In an
effort to harness the promise of glycans as therapeutics,
advances have been made in analysing glycan structures
in a rapid manner using a minimum of material, in
synthesizing glycan structures in vitro and in harnessing
endogenous glycosylation pathways in vivo to create new
reproducible glycan structures. Each of these is discussed
in more detail below.

Developments in analytical procedures. Recently, there
has been a marked increase in the reporting of tech-
niques that have been successfully applied to the
analysis of complex glycans and glycoconjugates,
including mass spectrometric (MS)*-*! and capillary
electrophoretic (CE)* techniques. Many of these tech-
nologies have distinct advantages compared with
traditional analytical methodologies, including the
ability to analyse minute amounts of biologically based
material. In addition, owing to their high resolving
power, these state-of-the-art techniques have the ability
to differentiate between closely related glycan structures.

To handle the structural complexity and hetero-
geneity of complex glycans, there has been an increased
recognition that hyphenated techniques — that is,
analytical techniques that combine aspects of separa-
tion, analytical measurement and, in some instances,
data integration through bioinformatics — are essential
for glycan structural characterization; examples of such
technologies include capillary liquid chromatography
(LC)-MS*, CE-MS* and LC-NMR* techniques.
Integration into a bioinformatics framework has been
successfully completed for a range of analytical methods,
including NMR, CE and MS**, and is discussed in
more detail in BOX 1. Several investigators have also
sought to develop chip-based separation and analysis
technology; various strategies have been reported,
including fluorescent labelling of ligands coupled to
imaging analysis, and combining chip-based separation
with MS analysis*-2.

Advances in synthetic strategies. In addition to
advances in analytical methods, new techniques are
also beginning to be designed for the synthesis of
homogenous glycans and glycoconjugates; such
approaches are crucial to develop and test structure—
activity relationships (80X 2). For example, solution and
solid-phase synthetic procedures are continuing to be
evaluated for both linear and branched glycans®***. The
development of in vitro chemoselective and chemo-
enzymatic ligation procedures promises to create new
glycoconjugates. This has most recently been illustrated
by the creation of a long-lasting insulin through the
enzymatic introduction of a trisaccharide to the amino
terminus of the polypeptide chain.
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Box 2 | The creation of defined glycan structures
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Several distinct methodologies have recently been developed that, together, hold much
promise towards facilitating structure—function studies of complex glycans, both alone
and as glycoconjugates. A solid-phase-synthesis strategy for glycan structures has recently
been reported, which allows for the rapid synthesis of complex glycans and requires
minimal clean-up®’; in the example illustrated (a), a monosaccharide is attached to an
octenediol-functionalized resin and elaborated through the addition of further
monosaccharides (one per cycle). Similarly, the introduction of a single non-natural
amino acid into the amino-acid sequence of a protein, in which the modified amino acid
is genetically encoded, has been reported to produce defined glycoconjugates®; in the
example illustrated (b), the modified structure is a - N-acetylglucosamine (GlcNAc)-
serine (represented as a black square attached to the peptide backbone), which allows the
further elaboration of complex structures through either chemical or enzymatic means.
Two recent reports have shown that yeast can be engineered to produce complex glycans,
such as those in human glycoproteins (c). This process involves the systematic
elimination of endogenous yeast glycosylation pathways, in conjunction with the
correct localization of five eukaryotic glycan synthesis and metabolism proteins.
Targeted localization of the enzymes allows the generation of a synthetic in vivo
glycosylation pathway, which produces complex glycan structures. Finally, the addition of
small non-natural monosaccharides to cells both in vitro and in vivo results in their uptake
and integration into the glycan-synthetic machinery (d)**%. Monosaccharides can be
engineered with a chemical handle, which allows selective chemistry to occur, such as the
targeting of cancer cells with reactive therapeutics or with a diagnostic-imaging agent.

Two further techniques have been developed that
can create homogenous protein/glycan conjugates in
the cell in a precisely defined manner. The first
involves the incorporation of non-natural amino acids
in the peptide backbone; these amino acids contain
either a reactive chemical handle or a N-acetyl-
glucosamine-modified amino acid that allows elabo-
ration of a polysaccharide chain through chemical
and/or enzymatic routes®. The second approach
involves the Herculean effort of recreating the mam-
malian glycosylation machinery in yeast™. Both have
been shown to provide homogenous glycoforms that

can be further elaborated and that hold promise for
the routine creation of defined glycosylation patterns
for structure—function relationships.

Finally, an alternative metabolic-engineering
approach that has the potential to work both in vitro
and in vivo has been reported, in which defined non-
natural monosaccharides are introduced into a cell,
where they are incorporated into natural glycans
through the action of endogenous polysaccharide
synthetases®® (BOX 2). After incorporation, these
monosaccharides can be detected through unique
chemical handles. Such an approach has shown some
promise in terms of analysing signalling pathways that
are regulated by particular glycan post-translational
modifications®"®?, as well as in tailoring glycosylation
in vivo for drug development efforts.

Improvements through glycan redesign

Advances in our understanding of the structure—function
relationships of complex glycans have allowed three
important developments: first, the creation of new thera-
peutic modalities for a wide range of diseases; second, the
complete description of existing complex glycan thera-
peutics to potentially develop generics; and third, the
redesign of known drugs to create new second-genera-
tion molecules with tailored biological characteristics.
This last innovation, in particular, effectively illustrates
the power of structure—function studies of complex
glycans. Two examples of this approach are detailed
below. The first involves the polysaccharide-based
LMWHs; recent advances in our understanding of these
molecules have created opportunities for the develop-
ment of redesigned LMWHs as improved anticoagulants
and, potentially, as effective agents in other diseases, such
as cancer or inflammation. The second example is the
anaemia drug erythropoietin; understanding and system-
atically altering the glycan structure of this drug has
allowed the development of second-generation mole-
cules with optimized activity. This is of particular impor-
tance because understanding the glycan structure of a
glycoprotein therapeutic, such as erythropoietin, and
altering its glycan structure without affecting the protein
backbone, makes it possible to create molecules with
divergent properties and raises the possibility of the
creation of tailored drugs.

LMWHs. Unfractionated heparin, which is the starting
material for all LMWHs, has been used as an anticoagu-
lant for more than 60 years®. The mechanism of action
for heparin was identified through numerous structural
and biological studies. This research revealed that the
anticoagulant activity of heparin predominantly occurs
through the inhibition of two components of the coagu-
lation cascade: factor Xa and factor ITa. In both cases, a
specific pentasaccharide sequence in heparin binds with
high affinity to the serine protease inhibitor ATIIT (REE 4).
This binding induces a conformational change in the
protein that allows ATTII to inhibit factor Xa®. In addi-
tion, heparin chains that are longer than 18 saccharide
units, which contain the ATTII-binding pentasaccharide
motif, bridge factor ITa and ATTIT — this allows ATIII to

868 | OCTOBER 2004 [ VOLUME 3

www.nature.com/reviews/drugdisc



REVIEWS

a Heparin or related molecule
\ \ \ |
Digestion/ Digestion/
chemical chemical
transformation transformation
[
[ I I —
[ — [

Molecule with high
anticoagulant activity

Y Yy

Molecule with high
anti-inflammatory activity

Y Y

Epogen
e Up to 14 sialic acids
® ~40% carbohydrate

Aranesp
* Up to 22 sialic acids e Serum half-life compared with Epogen
® ~50% carbohydrate  Dosing schedule compared with Epogen

Figure 3 | New second-generation therapeutics based on glycan structures. a | Heparin is a mixture of linear polysaccharides
that differ both in terms of sequence and chain length. The heparin chain contains sequences that bind with high affinity to
antithrombin [l (ATII) and thrombin (factor lla). By binding these factors, heparin effectively inhibits blood coagulation. However, much
of the heparin chain is not involved in its anticoagulant activity; in fact, a part is implicated in the side effects that are associated with
heparin therapy. Through understanding the structure of heparin and how it impinges on function, it has been shown that the
deleterious and inactive components can be removed, which yields a low molecular-weight heparin with high activity and a tailored
clinical profile® . b | Epogen is a 30-kDa protein with three N-linked branched sugars. Through site-directed mutagenesis, two
further N-linked glycosylation sites were introduced into the protein to produce the next generation anti-anaemia drug Aranesp**.
This protein has higher in vivo activity and a longer serum half-life than the parent molecule, which result in a substantial clinical benefit.

inhibit factor ITa®. LMWHs, which are important
antithrombotic drugs, are derived from unfractionated
heparin by a range of chemical and/or enzymatic tech-
niques”’. Their structural complexity is therefore a con-
sequence of the heterogeneity of the parent compound
as well as chemical differences in their preparation.
Three main LMWHSs are in clinical use at present: dal-
teparin (Fragmin; Pfizer), tinzaparin (Innohep; DuPont
Pharmaceuticals) and enoxaparin (Lovenox; Aventis).
Given the understanding of the mechanisms by
which heparin inhibits factor Xa and factor Ila, several
strategies have been devised to design LMWHs (and
mimetics) with tailored activity. De novo synthesis has
generated molecules that have an ATIII-binding site
separated from a thrombin-binding site by spacers with
different properties. A series of related molecules that
were created by this route were used to probe in vivo
anticoagulant function, and were optimized for anti-Xa
and anti-Ila activity®*. To circumvent the challenges that
are associated with chemical synthetic strategies for
heparin-based polysaccharides, a chemo-enzymatic syn-
thesis has also been used for the synthesis of Arixtra.
Finally, a practical methodology was recently developed
to quantify the molar composition of a structural corre-
late (a tetrasaccharide, which is part of the pentasaccha-
ride motif) in a given LMWH sample®. The abundance

of this structural motif was found to strongly correlate
with anticoagulant activity. Using this structural corre-
late, which is referred to as + 4-7, a rational approach
was applied to enhance the abundance of the correlate
and to generate a new family of rationally designed
LMWHs with increased anticoagulant activities®
(FIG. 32). These molecules were found to circumvent
many of the shortcomings of known LMWHs, includ-
ing the possession of an increased efficacy in arterial
thrombotic settings.

Finally, heparin, as a complex polysaccharide, has
been shown to possess several activities that extend
beyond anticoagulation, including anti-inflammatory
and anticancer properties. Numerous scientific studies
have identified a role for heparin oligosaccharide struc-
tures in mediating diseases, such as viral infection®,
cancer®, Alzheimer’s disease®® and inflammation®.
There is great potential for the design of new treat-
ments for these diseases through chemical, chemo-
enzymatic and enzymatic routes, using the heparin
scaffold as a starting point.

Erythropoietin. One of the most important biotech-
nology products is the blockbuster anti-anaemia drug
erythropoietin. This 30-kDa protein contains three
different sites of N-linked glycosylation and stimulates
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Box 3 | The Consortium for Functional Glycomics

The goal of the Consortium for Functional Glycomics is to understand the role of carbohydrate—protein interactions in
cell-cell communication. As such, the consortium has set out to build an infrastructure that will facilitate research in the

field of glycomics.

The infrastructure consists of scientific cores that are dedicated to generating reagents and developing technologies,
and then making them available to investigators who are both internal and external to the consortium (FIG. 4). The unique
reagents and methodologies that have been developed so far include: a glycogene microarray to analyse expression
patterns for biosynthetic and catabolic enzymes that are involved in glycan construction and elaboration; expression
analysis using sophisticated algorithms for the automated analysis of complex data sets; and printed glycan arrays for
the detection of the specificities of carbohydrate-binding proteins.

The different cores of the consortium generate various types of data pertaining to carbohydrate—protein interactions,
which range from genetic knockouts to analytical measurements by mass spectrometry and array technologies. For
example, profiling has been conducted for N- and O-linked glycans from different mouse organs and human tissues,
which has led to the detection and identification of new glycans. The genomics-, proteomics- and glycomics-related
information about carbohydrate-binding proteins, glyco-enzymes and carbohydrates is integrated into a single

bioinformatics platform.

To this end, a central database is being created, which should prove as useful to investigators in glycomics as GenBank
has been to investigators in molecular biology. This central database is a composite of relational databases, into which the
results from each of the cores is being entered to allow the seamless viewing of all scientific data so as to facilitate future
discoveries (see Updates on the Consortium in the online links box). The integrated data are made available through
different user interfaces, such as a molecule page on which all the data pertaining to a specific molecule are presented
(see Galectin 3 (human) in the online links box for an example of a molecule page). In addition, through the use of
statistical analysis, data mining and other bioinformatics tools, predictive models can be constructed on the basis of diverse

and complementary data sets.

the production of red blood cells in vivo™. Investigations
into the glycosylation of erythropoietin have highlighted
the importance of specific capped structures in terms
of the serum half-life of the protein”'. Worldwide, there
are two main versions of the drug: Procrit, which is
marketed by Johnson and Johnson; and Epogen, which
is marketed by Amgen. Recently, however, a new form of
erythropoietin has been introduced that has generated
much excitement in the nephrology and oncology fields.
This new erythropoiesis-stimulating protein, Aranesp,
differs from erythropoietin only in terms of the number
of N-linked glycans that are attached to the peptide
backbone* (FIG. 3b). In biological and clinical studies,
Aranesp was found to possess higher activity and a sub-
stantially increased serum half-life compared to erythro-
poietin®. This has allowed the creation of a dosing
schedule for Aranesp that supports higher patient com-
pliance and so increases the overall effectiveness of the
anti-anaemia drug.

Importantly, however, this is not the entire story. In
marked contrast to sialyated erythropoietin, it was
recently reported that erythropoietin that lacks the cap-
ping sialic acid (asialoEPO) possesses potent and broad
neuroprotective activities in diseases ranging from cere-
bral ischaemia to mechanical damage of the central
nervous system’? — in other words, it seems that the
erythropoietic and tissue-protective effects of erythro-
poietin can be dissociated from one another. Taken
together, these findings show that by understanding the
glycosylation of a biomolecule therapeutic and ratio-
nally changing its glycosylation, it is possible to alter the
efficacy and in vivo half-life of a protein, or, alternatively,
to change the in vivo effect of a drug. Therefore, it seems
that, as with linear glycans, an array of sugar structures
might be important for distinct functions and it is not

simply a matter of homogenizing to a single glycoform.
In fact, the development of complete integrated systems
for understanding the structure—function activities of
complex glycans is necessary to maximize the therapeutic
potential of complex glycans.

Challenges and opportunities ahead

Given the structural and informational complexity of
glycans, what are the main challenges ahead and how
will they influence drug development in this field? We
have at our disposal diverse techniques to characterize
and synthesize glycans, yet it remains a challenge to
accurately translate this into a description that reflects
the function of a complex glycan pool, to allow rapid
drug development. To add to the problem, although the
arrangement of the monomer units or sequence is
clearly an important characteristic of all polymers,
including complex glycan mixtures, this is insufficient to
completely describe a complex glycan pool. This is in
contrast to other biopolymers, such as DNA, in which
the sequence alone is sufficient to describe the molecule.
Therefore, the descriptions of glycan structure—function
relationships that are yielded by the burgeoning field of
glycomics will undoubtedly differ from those produced
by proteomics and genomics, which are used to describe
protein and nucleic-acid structure—function relation-
ships. In the case of complex glycans, which exist as
mixtures, there are several types of molecule present;
therefore, beyond their identities, the relative abundance
of each sequence in the mixture is required to accurately
compare glycan pools to one another.

Traditionally, summary properties have been used to
describe complex glycan mixtures. Although these are
useful in describing certain attributes of the mixture, they
often overlook other crucial properties. For instance,
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Figure 4 | The Consortium for Functional Glycomics. A | The infrastructure of the consortium consists of scientific cores
(labelled b-g) that are dedicated to generating reagents and developing technologies for glycan analysis, and then making them
available to investigators who are both internal and external to the consortium. B | A central database is being constructed that is
a composite of relational databases, into which experimental results that are derived from each of the cores are being entered;
this will allow the seamless viewing of all scientific data to facilitate future discoveries. Through the integration of many data sets,
important relational and pattern data will emerge about glycan structure—function relationships. CBP, carbohydrate-binding

protein; CHO, Chinese hamster ovary cells; KO, gene knockout.

molecular-weight averages and distributions, and
monosaccharide composition, have been used to
describe complex glycan mixtures, such as LMWHs.
Molecular-weight distributions are sufficient to
describe homopolymers and block polymers; however,
they are not adequate to describe complex glycan mix-
tures. Clearly, molecular-weight distributions and
averages are important and necessary properties, but
because of the structural complexity and heterogeneity
of complex glycans, they do not capture many important
aspects of the mixture.

How should the task of characterizing such complex
biological mixtures and applying this information to
drug development be approached? The answer lies in
the integration of experimentally derived data sets using
a bioinformatics framework; that is, the development of
strategies that are similar to those outlined in BOX 1. It
must be recognized that a single analytical tool, no matter
how sophisticated, is insufficient to completely charac-
terize the glycan mixtures that are currently used as
drugs or that might be developed in the future. Instead
of relying on one technique, several types of measure-
ment that yield complementary information must be

integrated to completely characterize complex glycan
mixtures and yield important structural correlates to
biological functions. These methods generate different
types of data set, which often prove complementary to
one another. Therefore, to complete a detailed charac-
terization of complex glycans, it is necessary to integrate
the diverse and orthogonal experimental measurements
that are generated by many different methods. Data-
integration methodologies hold much promise for the
analysis of complex glycans. The implementation of
these techniques is expected to provide a more complete
description of the structure—function relationships of
complex glycans, as well as clarifying the biochemical
pathways that are required to elicit specific responses.
An effort currently being undertaken by the Con-
sortium for Functional Glycomics seeks to understand
the role of carbohydrate—protein interactions using
such a strategy (BOX 3; FIG. 4).

In these ways, we might be able to develop a
structure—function relationship model for complex
glycans that will unlock the potential of these mole-
cules as therapeutics and diagnostic agents. Because of
their multifaceted responses and the fact that many
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structures can ‘code’ for a single function, such a model
will capture the essence of the ‘glycome’. This will allow
the development of an ‘-omics’ approach to the study of
glycan structure that is similar to, but in many ways
distinct from, the way in which we have developed
genomics for the analysis of the genetic programming
of the cell, or proteomics for the analysis of the protein
repertoire of the cell.

Summary

In view of the various biochemical pathways and disease
processes in which glycans are crucially engaged —
angiogenesis’®, cancer’*7®, tissue repair, cardiovascular
disease”, immune-system function’®”®, and microbial
and viral pathogenesis®, to name a few — the possibilities
for glycans as therapeutics and diagnostics®® are numer-
ous and exciting. As we further improve our ability to
study glycans, we will gain a better understanding of
existing drugs, as well as developing new specific thera-
peutics. Important challenges lie ahead as we make our
way in a post-genomic world, in which an understanding
of glycan structure and function will undoubtedly lead

to a new generation of highly effective therapeutics.
Importantly, to overcome the challenges and to harness
the excitement that this subject area has recently gener-
ated, the US National Institutes of Health has funded the
development of the Consortium for Functional
Glycomics to advance the burgeoning glycomics field.
From our perspective, the future is exciting and the pos-
sibilities are numerous.

At present, complex glycan drugs are marketed in
two main areas: the treatment of thrombosis (for
example, Lovenox and Fragmin) and as important
structural components to promote healing (for example,
Sepragel (Genzyme) and Healon; (Pfizer). The intro-
duction of Aranesp, which is a hyperglycosylated form
of an existing anti-anaemia drug, has provided an
intriguing hint as to the potential of glycan-based
drug-improvement strategies. Furthermore, the poten-
tial of glycan-based strategies in multicellular diseases,
such as cancer, is now beginning to be exploited.
Finally, enzymes that act on glycoconjugates, such as
Aldurazyme and Cerezyme, are now being used in
enzyme-replacement strategies.
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&) Online links

DATABASES

The following terms in this article are linked online to:
Entrez Gene:
http://www.nchbi.nim.nih.gov/entrez/query.fcgi?db=gene

ATIII| MGATT | MGAT2

Online Mendelian Inheritance in Man:
http://www.ncbi.nim.nih.gov/entrez/query.fcgi?db=0OMIM
Alzheimer’s disease | mucopolysaccharidosis type |

FURTHER INFORMATION

Consortium for Functional Glycomics (CFG):
http://web.mit.edu/glycomics/consortium

Essentials of Glycobiology:
http://www.nchi.nim.nih.gov/books/bv.fcgi?call=bv.View..ShowT
OC8&rid=glyco. TOC&depth=2

Galectin 3 (human): http://web.mit.edu/glycomics/
moleculepages/cbp/galectins/gal3_human

GenBank: http://www.ncbi.nlm.nih.gov/Genbank/index.html
Meetings Related to Glycosciences and Carbohydrates:
http://plab.ku.dk/tcbh/glyco-meetings.htm

Updates on the Consortium:
http://web.mit.edu/glycomics/consortium/whatsnew.shtml

A to this i links box is free online.
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