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Glycoscience finally comes of age

To take its place alongside genomics and proteomics, glycoscience needs recognition from scientists

Anthony H. Merry & Catherine L.R. Merry

lycoscience—the study of the com-
G plex carbohydrates on the surface

of proteins and lipids—has long
been the neglected stepchild of molecular
biology. Although genomics, proteomics
and now systems biology have become hot
topics of biomedical research, attracting
both researchers and funding, glyco-
science has played a rather minor role.
Once of little interest to understanding
biology on a larger scale, the field is
increasingly being recognized as critically
important for the next phase of biological
and medical research. Following the
genomic and proteomic revolutions, an
increased knowledge of sugars, and their
composition, synthesis and function in a
wide variety of cellular processes, will be
necessary to understand structural diversity
and recognition, and the transfer of com-
plex information among cells and organs.
The perception among glycoscientists
themselves is also changing—they now
view their research in the larger context of
biology rather than in isolation.

Glycoscience ... has long been
the neglected stepchild of
molecular biology

General interest in glycoscience contin-
ues to grow as academic and industrial
researchers realize its importance to many
biological processes. Recent advances
in analytical technologies, carbohydrate
chemistry, structural biology and transgen-
ics—particularly  knockout studies in
mice—have made the discipline more
accessible to the wider scientific community.
Glycoscience is particularly relevant in the
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post-genomic era, as glycosylation is one of
the main post-translational events and is
highly dynamic in nature. Its importance in
cell signalling, the immune response and
development is only now becoming fully
appreciated. A major promise of glyco-
science is that it could be applied to
manipulate cell-cell communication in
development or disease, which in turn could
lead to greater precision and specificity in
drug targeting. Potential applications in
developing diagnostic or therapeutic prod-
ucts based on specific carbohydrates on
the cell surface continue to attract both
scientists and funds to this field.

he scant attention paid to glyco-
Tscience over the past few decades is

surprising, considering that British
scientist Walter Morgan discovered, almost
60 years ago, that carbohydrates are the
cell markers that define the ABH blood
group system (Morgan, 1950). His work
indicated the importance of sugar moieties
for immune reactions and cell recognition.
Although further work inspired consider-
able research and commercial interest in
glycoscience (Varki, 1993), the field has
not yet joined the mainstream of scientific
interest. This is despite observations and
experimental demonstrations of the biolog-
ical role of glycosylation in development,
immune reactions, wound healing, disease
and many other cellular processes (Varki,
1993; Sharon & Lis, 1993; Dwek, 1995,
1998; Haltiwanger & Lowe, 2004). These
have generally been regarded by many sci-
entists as noteworthy, but isolated, insights
that are intrinsically random and too
diverse to have any generalized function.
One example of the lack of understanding
of glycoscience is the fact that more than

30% of all glycoprotein entries in the
Research Collaboratory for Structural
Bioinformatics’ Protein Data Bank are
either incorrect or highly implausible
(Lutteke & von der Lieth, 2004).

The low esteem for glycoscience is also
reflected in the amount of funding it has
received. The cost of sequencing the
human genome was between US$50 mil-
lion and US$150 million. By contrast, the
total funding for glycoscience between
1993 and 2003 was probably less than
US$5 million (Schmidt, 2002).

A major promise of glycoscience
is that it could be applied to
manipulate cell—cell
communication in development
or disease...

This bias is also observed, apart from a
few notable exceptions, in the investments
made by the pharmaceutical and biotech
industries. During the 1990s, commercial
interest and funding were significantly and
negatively influenced by the failure of
various carbohydrate-based drugs, such as
sialyl Lewis X. As this molecule has important
roles in regulating inflammatory processes
and in cancer metastasis, over-ambitious
biotech companies hyped their products as
the next wonder drugs in the war against
cancer and inflammatory diseases. Their
failure to fulfil their promises was most
probably caused by insufficient basic
research, but it further decreased commer-
cial and medical interest in glycoscience.

The true nature and importance of gly-
coscience in the larger context of molecu-
lar and cellular biology has not been fully
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understood. Nor has it lived up to its
original promises of novel therapeutic
approaches. This may be because many
glycoscientists approach problems in an
isolated way rather than looking at the big-
ger picture—similar to a botanist studying
the function of a leaf by concentrating on
the differences between individual leaves,
rather than asking about the purpose and
function of the leaf for the plant as a whole.

Now, after a troublesome beginning,
glycoscience can proudly join the rest of
molecular biology. In the post-genomic era
of the twenty-first century, attitudes are
changing. It is becoming clear that,
although knowledge of the genome is vital,
this alone cannot provide a comprehensive
answer as to how biological systems oper-
ate. Glycoscience is thus pertinent to the
growing research field—often termed ‘sys-
tems biology’ (Liu, 2005)—that looks at
how biological systems function as a
whole, rather than investigating their indi-
vidual components. Indeed, much of
glycoscience only makes sense when
viewed in such a holistic way.

surface of proteins and lipids are one
of the most characteristic features of
certain cell types, such as embryonic stem
cells (Muramatsu & Muramatsu, 2004); tis-
sues, such as the kidney (Palcic et al,
1990); or even a whole organism, such as
the ABH blood group antigens (Morgan &
Watkins, 2000). The sugars in the
supramembrane surface layer of cells—the
glycocalyx—are optimally positioned to
help the cell communicate with its neigh-
bours and the environment. Furthermore,
the combinatorial possibilities inherent in
glycan synthesis and structure exceed pep-
tide-based structural diversity by several
orders of magnitude (Gabius, 2000). This
creates an enormous number of options to
interact with molecules in the environment
or on neighbouring cells, and to modulate
the binding affinities of their specific
receptors on the cell surface.
Glycosylation is also a prime example
of a cellular process—the post-transcrip-
tional modification of proteins and lipids—
that is not under the direct control of the
genome (Paulson & Colley, 1989). It is
affected by a multitude of factors, such as
the general cell metabolism and the rate of
cell growth. Although the enzymes that
synthesize individual monosaccharides
and the glycosyltransferases that add these
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monosaccharides to glycan chains are
defined by the genome, their activity in any
given cell at any given time cannot be pre-
dicted, even when the transcriptome of
that cell is available (Varki, 1998). The
enormous variability within the glyco-
repertoire is a result of the dynamics of
sugar metabolism, as a few biosynthetic
components—enzymes and monosaccha-
rides—are able to generate multiple sugar
structures depending on factors such as
their distribution within the Golgi appara-
tus and their relative abundance (de
Graffenried & Bertozzi, 2004).

The true nature and importance
of glycoscience in the larger
context of molecular and cellular
biology has not been fully
understood

The ability to characterize cells or tis-
sues by their glycosylation patterns shows
that this diversity is controlled, but that this
control—unlike the synthesis of other
macromolecules—is not hardwired into
DNA. This dynamic regulation of the over-
all structure and shape of sugar molecules
enables the cell to respond quickly to
change; a small change in the activity of
one glycosyltransferase, for example, is
able to redefine an entire sugar epitope
because of the effect on subsequent glyco-
synthesis (Mare & Trinchera, 2004). These
dynamics are a critical part of development
(Haltiwanger & Lowe, 2004) and of our
immune system’s ability to respond to
disease, injury and infection. There are
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What more
do they expect?

b

interesting therapeutic possibilities for
modulating these systems, which have
made glycoscience research a topic of
growing importance. The field is also aided
considerably by recent cloning and knock-
out technologies that allow scientists to
study the biological role and function of
specific sugar-synthesizing enzymes and
glycosyltransferases (Furukawa et al, 2001;
Forsberg & Kjellén, 2001). Nevertheless,
much work on the basic mechanisms of
glycosylation remains to be done.
Although some synthetic pathways and
their regulatory mechanisms are relatively
well understood, most notably for N-linked
glycans, many others remain puzzling,
such as those for glycosaminoglycans.

only the type of carbohydrate that is

important for biological function, but
also the nature and presentation of glycan
chains on the protein or lipid molecule.
Generally, carbohydrates interact only
weakly, but the combined presentation of
many epitopes on a common core can
enhance binding affinity; indeed, strong
carbohydrate-based interactions with pro-
teins occur frequently on the cell surface
(Evans & MacKenzie, 1999). This is exem-
plified in the studies of carbohydrate-
binding proteins known as selectins,
transmembrane molecules on the surface
of leukocytes and activated endothelial
cells and many other cell types. During
inflammation, they regulate the initial
binding of leukocytes to, and their subse-
quent slow movement along, the
endothelium by reversible adhesive inter-
actions with glycans on the endothelial

I t is now widely accepted that it is not
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cells. The ligands for this family of pro-
teins are now being identified, and the
results show that the presentation of the
same glycan in different ways modifies its
binding affinity to different members of
the selectin family (Crocker & Varki,
2001; Daniels et al, 2002).

...glycoscientists—Ilike the
sugars they are studying—must
be highly interactive to
function well

In addition, a single glycan chain can
contain several regions with different and
specific functions. A well-investigated
example for this intrinsic diversity is
heparan sulphate, which is involved in the
binding and regulation of various growth
factors to their specific receptors on the
cell surface (Gallagher, 2001). Although
heparan sulphate molecules show a high
diversity among different chains, the linear
sequence of individual monosaccharides
in heparan sulphate consists of well-
defined domains with highly sulphated
regions of variable length, separated by
extended non-sulphated sugar repeats.
Most ligand-binding motifs characterized
so far are within these sulphated regions.
The pattern of these charged groups dic-
tates the strength of growth-factor binding
and regulates cell growth and differentia-
tion by modulating the binding affinity to
various growth factors. However, the
spacing between these domains also
governs interactions with other—particu-
larly multimeric—proteins such as the
anti-angiogenic  molecules endostatin
(Blackhall et al, 2003) and platelet factor
4 (Stringer & Gallagher, 1997). Finally,
recent evidence suggests that heparan-
sulphate chains may fulfil another func-
tion when shed from the cell surface.
Experiments in mice indicate that an
excess of soluble heparan sulphate delays
wound repair by inhibiting cell prolifera-
tion at wound edges (Elenius et al, 2004).
This specialized complex carbohydrate is
thus able to catalyse a wide range of
diverse functions, with the primary pat-
tern of saccharides and the secondary
domain structure within the chain both
conferring specificity.

Two more examples from completely
different areas illustrate the significance
of glycosylation and its implications for
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biomedical research. Recently, research
revealed that the product of fringe, a uni-
versal and essential developmental gene, is
a glycosyltransferase, that points to the
importance of glycosylation in develop-
ment (Haltiwanger & Lowe, 2004).
Similarly, neural biology increasingly
acknowledges the importance of glyco-
sylation in forming basic neural junctions
during the development of the nervous sys-
tem (Martin, 2003). This is not surprising
given that congenital disorders of glyco-
sylation are known to impair neural devel-
opment (Miossec-Chauvet et al, 2003).

...most of us know our own
blood group, but how many of us
will ever know our complete
genome sequence?

The second example concerns the
recent discovery that human embryonic
stem cells grown under certain conditions
express glycoconjugates on their surface
that contain a form of sialic acid, N-glycolyl
neuraminic acid, which is not found in
humans (Martin et al, 2005). As this modifi-
cation usually produces an antigenic
response against the alien carbohydrate
when the cells are implanted, it would
render these stem-cell lines useless for
therapeutic purposes. The possibility that
this could invalidate further stem-cell
research with these specific cell lines
received worldwide attention (Vogel,
2005). The finding provoked a rapid
response from stem-cell researchers, and
several groups are now working to avoid
contamination by developing alternative
culture conditions for these stem cells,
which are notoriously difficult to grow
(Sjogren-jansson et al, 2005). Far from
being a novel observation in stem-cell biol-
ogy, one of the most interesting aspects
of this discovery is that glycans provide
effective markers for characterizing the
state of pluripotency of stem cells, both
from mouse and human (Muramatsu &
Muramatsu, 2004). One of the main prob-
lems in culturing human stem cells so far is
a lack of suitable surface markers to char-
acterize their state of pluripotency and dif-
ferentiation. More research into these cells’
specific carbohydrates could eventually
provide such markers, with important
implications for both research and future
therapeutic applications.

viewpoint

hese and numerous other findings all
Tcontribute to a greater recognition of

the importance of glycoscience in
human development and disease. As a
result, the field is slowly moving back into
the focus of mainstream biology. It also
seems that the tide is now turning with
respect to funding, with the establishment
of the Consortium for Functional Glycomics
(CFG; www.functionalglycomics.org), an
initiative funded by the US National
Institute of General Medical Sciences
(Bethesda, MD, USA) to understand the
role of carbohydrate—protein interactions
at the cell surface and in cell—cell
communication. Another promising sign
is the establishment of a glycomics
programme as part of the Human
Genome Project in Japan and the
creation of organizations such as the
multidisciplinary ~ Glycoscience Forum
(www.glycosciences.org.uk) in the UK.
Bioinformatics will have a vital role in all
of these projects, and it is therefore
promising that the European Union is
funding, under its Sixth Framework
Programme, the creation of EuroCarbDB
(www.eurocarbdb.org), a series of inte-
grated carbohydrate databases and infor-
matics tools to pool information on
glycoscience and glycomics. The long-
term goal is to expand this into a depository
for carbohydrate-related data, similar to
the extensively used data collections in
genomics and proteomics. Similarly, the
CFG databases of carbohydrate structures,
carbohydrate-binding proteins and glyco-
syltransferases are also becoming a useful
resource for researchers in glycoscience.
These developments indicate a growing
interest in this area from academia, indus-
try and governments.

For glycoscience to further gain atten-
tion and funding in the future, researchers
in the field will need to change their
habits. Instead of working in isolation and
looking only at their molecule of interest,
glycoscientists—Ilike the sugars they are
studying—must be highly interactive to
function well. Rather than only attending
specialized meetings that can, at times, be
introspective and as concerned with
semantics as with scientific novelty, it is
time for researchers to make the most of
this renewed interest. The time has come
to infiltrate the wider scientific community
and to welcome researchers from other
fields. It is also important that those
outside the field who have an interest in
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glycoscience are invited to meetings so
that they can show what they expect from
the community.

To truly come of age and take its place
alongside genomics and proteomics,
glycoscience needs proper recognition as a
routine part of biological research, not
only from funding agencies, but also from
scientists themselves. With growing inter-
est and newly available technologies,
glycomic analysis should become as com-
mon as PCR, and sugar sequencing as easy
as DNA sequencing. After all, most of us
know our own blood group, but how many
of us will ever know our complete genome
sequence?
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