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Abstract—Bioinformatics has played a pivotal role in advancing genetics and protein sciences. The large amount of information
generated by genomics, and now proteomics, has been a driving force. By comparison, glycobiology still generates small amounts of
data. The need to organize our knowledge about carbohydrates is however growing constantly and has given rise to an increasing
number of public databases and freely available tools. This review gives an overview of the carbohydrate-oriented resources cur-
rently available on the Internet. Many of the resources are seldom referred to in the literature and difficult to find, in part because of
the constant flux of the net itself, but also because many efforts have been lead by a single individual. As the World Wide Web has
matured the number of ‘permanent’ resources, maintained by organizations rather than individuals, has increased.In this paper, we
present some of the more useful and accessible public tools and databases. There are also a few commercial initiatives but these have
not been reviewed.
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1. Introduction

The recent progress in the field of genomics has been
very impressing. Automated methods for the isolation,
amplification and sequence determination of nucleic
acids have generated vast amounts of information. But
genes alone are not sufficient to describe an organism.
For example, human cells have the same genome but
express different genes in different organs. Information
about which genes are expressed is also required. Hence
proteomics came to fill this void. Proteomics tries to
describe an organism by the level of protein expression,
that is, the active genes. However, the actual activity of
proteins is regulated not only on the level of expression
but also by various post-translational modifications
such as phosphorylation and glycosylation. Whilst much
of the concepts of genomics can be transferred to pro-
teomics, it is difficult to apply similar principles to car-
bohydrates since they are secondary gene products and
their structure cannot be easily predicted from the DNA
sequence.

The structure of carbohydrates is much more com-
plex than that of nucleic acids and proteins. The latter
consist of a reasonably small number of monomers
linked in a predetermined sequential fashion. Carbohy-
drates on the other hand are often branched, can be
linked in a number of different ways and the number of
possible monomers, not counting the numerous modi-
fications, approaches 100. These residues can be con-
nected in a linear or branched fashion using not only
classical glycosidic linkages (acetals), but also by phos-
phodiesters, either directly or through glycerol or an
alditol (teichoic acid-type polymers). Many carbohy-
drates also show varying degrees of heterogeneity.
Despite being macromolecules, glycans require methods
more similar to those for small molecules than for
proteins and nucleic acids. This means that very little of
the methods used for genomics and proteomics research
can be adapted for carbohydrates.

Table 1. Web resources related to the primary structure of carbohydrates

Despite these difficulties there is a steadily increasing
number of useful Internet resources dedicated to car-
bohydrates. At present their audience is rather limited
but it will no doubt increase as biologist and biochemists
turn their attention toward protein glycosylation. This
poses new challenges to the carbohydrate community as
it will have to communicate its findings to an audience
that is accustomed to large, easily searched online data
collections.

Two recent reviews of similar scope have recently
been published. A paper by Marchal et al.! covers the
topic from a glycobiologists point of view and a data-
base collection by Baxevanis gives a summary of pop-
ular microbiology sites.>?

For clarity, all the web sites referred to in this review
are listed in Tables 1-5 and cited with bold numbers in
the text.

2. Primary structure
2.1. Nomenclature

The first difficulty one encounters on entering the field of
carbohydrate chemistry is the nomenclature. Whereas
the nomenclature of proteins and nucleic acids is rea-
sonably easy and consistent, that of carbohydrates is
difficult to master even for an expert. As a result, there is
no universally accepted description of oligo- and poly-
saccharides that can serve as a foundation for databases.
Some progress was made in the 1996 TUPAC-IUBMB
‘Nomenclature of Carbohydrates™*> (1), which specified
an extended form, a condensed form and a short form.
However none of these forms was particularly suited for
computer processing because of the use of special sym-
bols and some remaining ambiguities regarding the
ordering of branches. This has lead to the development
of other structural representations (Fig. 1).

Name URL Retrievable by Reference
1 IUPAC-IUBMB ‘Nomencla- www.chem.qmw.ac.uk/iupac/ 4,5
ture of Carbohydrates’
2 LINUCS www.dkfz-heidelberg.de/spec/linucs/  Manual input of the structure 6
3  Complex Carbohydrate Struc-  www.boc.chem.uu.nl/sugabase/ Graphic interface, manual input of the 8
ture Database ‘CarbBank’ databases.html structure, keyword, chemical shifts,
references
4  SugaBase www.boc.chem.uu.nl/sugabase/ Graphical interface, manual input of the 9
databases.html structure, keyword, chemical shifts,
references
5  SweetDB www.dkfz-heidelberg.de/spec2/ Graphic interface, manual input of the 43

sweetdb/

6  GlycoBase ustl.univ-lillel.fr/glycobase/

structure, composition, formula, chemical
shifts, MS fragments, references
Manual input of the structure, species
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Table 2. Tools for the analysis of NMR and MS data

Name URL Retrievable by Reference
7 The CCRC database for xyloglu-  www.ccrc.uga.edu/web/specdb/ Chemical shift, sugar residue, linkage
can oligosaccharide NMR data specdbframe.html
8 ECDB—Structure and NMR data www.casper.organ.su.se/ECDB/ Sugar residue, chemical shift, manually
of E. coli LPS
9 GC-EIMS of partially methylated www.ccrc.uga.edu/web/specdb/ms/ Graphic interface
Alditol acetates pmaa/pframe.html
10 SPECARB—Raman spectra of www.models.kvl.dk/users/ Manually
saccharides engelsen/specarb/specarb.html
11 CASPER—Simulation of NMR WWWw.casper.organ.su.se/casper/ Graphic interface, chemical shifts 11,12
data (Manual/Upload)
12 GlycoFragments—Simulation of ~ www.dkfz-heidelberg.de/spec/ Manual input of the structure
mass spectra projekte/fragments/
Table 3. Conformation of carbohydrates and glycoproteins
Name URL Retrievable by Reference
13 Protein Data Bank www.rcsb.org/pdb/ PDB ID, keywords 13
14 Pdb2linucs—Annotated PDB www.dkfz-heidelberg.de/spec/ Manually 6
pdb2linucs/
15 HIC-Up—Small molecules from alpha2.bmc.uu.se/hicup/ PDB ID, keywords 18
PDB
16 Image library of biological www.imb-jena.de/ImgLibPDB/ Manually 19,20
macromolecules—Small pages/carb.html
molecules from PDB
17 Het-PDB Navi—Small daisy.bio.nagoya-u.ac.jp/golab/ PDB Code, hetero-atom code
molecules from PDB hetpdbnavi.html
18 3D Monosaccharide database www.cermav.cnrs.fr/cgi-bin/monos/ Graphic interface
monos.cgi
19 3D Disaccharide database www.cermav.cnrs.fr/cgi-bin/di/di.cgi Graphic interface 23
20 GlycoMaps database—Conforma-  www.dkfz-heidelberg.de/spec/ Graphic interface
tional maps of disaccharides glycomaps/
21 SWEET-II—Performs MM www.dkfz-heidelberg.de/spec/sweet2/ Graphic interface, manual input 24
calculations of the structure
22 Glydict—Performs MM www.dkfz-heidelberg.de/spec/ Manual input of the structure 25
calculations glydict/
Table 4. Databases of enzymes and lectins
Name URL Retrievable by Reference
23 Carbohydrate—Active enzymes afmb.cnrs-mrs.fr/CAZY/ EC number, family number, clan, 26-28
species
24 Bacterial polysaccharide gene www.microbio.usyd.edu.au/BPGD/ EC number, references, gene name,
database default.htm NCBI ID etc.
25 3D Lectin database www.cermav.cnrs.fr/lectines/ Graphic interface
26 A genomics resource for animal ctld.glycob.ox.ac.uk/ Manually 30,31
lectins
27 Thorkild’s lectin page plab.ku.dk/tcbh/lectin-links.htm Manually

The German Cancer Research Centre (DKFZ)
developed LINUCS® (2) and uses it for most of its
WWW applications. The Consortium for Functional
Glycomics (funded by the National Institute of General
Medical Sciences, USA) recently decided to use a com-
mercial representation called LinearCode®.’” Both
nomenclatures present a unique description of complex
structures in a ‘computer-friendly’ manner but both have
yet to find wider acceptance.

Whilst the problem of storing carbohydrate structures
in a computer readable format has been solved the
complexity of the glucan structures makes if difficult
to design a general, yet intuitive, user interface. An
advanced graphical interface was designed for the CCSD
(3) and SugaBase (4, below) but many applications rely
on simple pull down menus with limited options. No
doubt the shortcomings of the user interfaces is one of the
reasons many carbohydrate databases have few users.
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Table 5. Databases and prediction tools related to glycoproteins

Name URL Retrievable by Reference
28  O-GlycBase—Database of www.cbs.dtu.dk/databases/ Manually 33,34
glycoproteins OGLYCBASE/
29  FindMod—Interpretation of MS www.expasy.org/tools/findmod/ Manual input, upload, structure, 36
composition
30 GlycoMod tool—Interpretation of MS www.expasy.org/tools/glycomod/ Manual input, structure, 37
composition
31  Glypeps—Interpretation of MS www.dkfz-heidelberg.de/spec/ Manual input 38
glypeps/
32 NetOGlyc—Prediction of www.cbs.dtu.dk/services/NetOGlyc/ Manual input 39, 40
glycosylation sites
33  DictyOGlyc—Prediction of www.cbs.dtu.dk/services/ Manual input 41
glycosylation sites DictyOGlyc/
34  NetNGlyc—Prediction of www.cbs.dtu.dk/services/NetNGlyc/ Manual input
glycosylation sites
35 YinOYang—Prediction of www.cbs.dtu.dk/services/YinOYang/  Manual input

glycosylation sites

36 DGPI—Prediction of GPI-anchor sites 129.194.185.165/dgpi/index_en.html Manual input, entry name or access

number
37  Big-PI Predictor—Prediction of GPI- mendel.imp.univie.ac.at/sat/gpi/ Manual input 42
anchor sites gpi_server.html
38 CarbDB web.mit.edu/glycomics/carb/ Not yet available
carbdb.shtml

IUPAC-IUBMB

Extended form:

.-L-Fucp-(1—4)-B-D-GlcpNAc

3
1
1
B-D-Galp
Short form:
Fuca4(GalB3)GlcNAcB
LINUCS:

Condensed form:

Fuc(a1-4)GleNAc(B1-
|
Gal(B1-3)

[J[b-D-Galp]{[(1-3)][b-D-GlepNAc]{[(4+1)][a-L-Fucp]{} } }

LinearCode™
Ab3(Fa4)GNb

CCSD (CarbBank):

a-L-Fucp- (1-4)+
|
b-D-GlcpNAc

b-D-Galp- (1-3) +

CASPER:

bDGal(1->3)[aLFuc(1->4)]bDGIcNAc

Figure 1. Various structural representations of a simple oligosaccharide (Lewis A, Type 1).

2.2. Structure databases

Structure databases were the first web tools developed
for carbohydrates. Indeed, considering the time required
to solve the primary structure of an oligo- or polysac-
charide, it is of great importance to store the known
structures and their analytical data.

The first and by far most ambitious effort in this area
was the creation of the Complex Carbohydrate Struc-
ture Database (CCSD)® better known under the name of
the accompanying search engine: CarbBank (3). It was
an international effort headed by the Complex Carbo-
hydrate Research Center (CCRC, University of Geor-
gia, Athens, GA, USA). In the beginning, the database
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was distributed by ftp or on CD but later WWW
interfaces were developed. The last release of the CCSD
contains &50,000 records with data about the primary
structure, source, the analytical methods used and lit-
erature references. Funding ceased in 1997 but fortu-
nately the database is still available from the Bijvoet
Center (University of Utrecht, The Netherlands) and as
part of SweetDB (5).

A specialized database, GlycoBase, with ~300 car-
bohydrate structures from amphibian oviducal mucines
and corresponding literature references is available from
University of Lille (France) (6).

2.3. Analytical data

Whilst databases of known structures are useful, they
cannot be used directly to find a compound with
unknown structure. No doubt much unnecessary work
could be avoided if NMR and MS data for all known
structures were stored in a public database. For exam-
ple, ~20% of the known Escherichia coli O-antigens are
identical to structures from other bacteria.

At the Bijvoet Center, a database called SugaBase’
was created by adding 'H NMR data to 1600 CCSD
entries of oligosaccharides. The scope of SugaBase has
since been extended to cover *C NMR data and a wider
range of carbohydrates (4). Unfortunately SugaBase has
met the same fate as the CCSD and is no longer being
updated. The interfaces are still available and their
content has been included in the recently developed
SweetDB (see below) (5).

Two other specialized databases containing NMR
data are also available. A collection of '"H NMR spectra
of fragments from xyloglucans is hosted by the CCRC
(7) and Stockholm University hosts a database of E. coli
O-antigens (ECDB) (8). The latter database provides the
structures of the known O-antigens of E. coli with bib-
liographic data, and NMR chemical shifts, both 'H and
13C.

The only experimental mass spectrometry database
available for carbohydrates is a collection of partially
methylated alditol acetate maintained by the CCRC (9).
There is also a small database of ~25 Raman spectra of
various oligo- and polysaccharides (10).

2.4. Prediction of analytical data

The structural complexity and diversity of carbohy-
drates makes the structure elucidation a challenging task
despite the progress in spectroscopy. The limited dis-
persion of the chemical shifts in carbohydrates requires
high accuracy in the prediction of NMR data, about
0.2ppm in C—to be compared with 1.3ppm in a
recent tool for the prediction of chemical shifts in pro-
teins.!? Fortunately, some of the factors that contribute
to the poor dispersion of chemical shifts, for example,

the absence of a well-defined secondary structure, make
it possible to achieve high accuracy using additivity
schemes. Computer Aided SPectrum Evaluation of
Regular polysaccharides (CASPER) is a WWW tool
devoted to the assignment of 'H and '*C NMR spectra
(11).!'12 It allows both the simulation of the NMR
spectra of known structures and the sequence determi-
nation of unknown structures using unassigned NMR
spectra and information from chemical analyses (sugar-,
configuration- and methylation analysis).

Mass spectrometry is the preferred method in the
structure determination of oligosaccharides derived
from glycoproteins. The limited number of possible
glycosyl residues with identical mass, prior knowledge
about the possible structures and the high sensitivity of
the method makes it possible to determine the structure
of glycopeptides. Also, the small amounts of protein
available often precludes the use of NMR spectrometry.

GlycoFragments, hosted by DKFZ (12), is a tool for
the interpretation of the mass spectra of oligosaccha-
rides and glycopeptides. Prediction of fragmentation
patterns is also provided as part of SweetDB.

3. Conformation
3.1. Experimental structures

The more we learn about the diverse biological functions
of carbohydrates, the clearer it becomes that it is nec-
essary to go beyond the primary structure and investi-
gate their conformation.

Whilst determining the primary structure of carbo-
hydrates is very difficult, much more so than determin-
ing the sequence of nucleic acids or proteins, the
determination of the conformation is still more com-
plicated. For this reason experimental is scarce.
Although a common way to determine the conformation
of a saccharide is by NMR spectroscopy in water, there
is no database dedicated to the results from NMR
studies. Almost all the available experimental data in
databases comes from X-ray diffraction.

In the crystallographic community, there is a long
tradition of depositing experimental data in centralized
databases. Macromolecular data, for example, struc-
tures of proteins and oligonucleotides, is deposited in
the Protein Data Bank'>'* (PDB). The PDB contains
more than 700 glycoproteins (10%) and about 200 car-
bohydrates, most of which interact with proteins (13).
The vast majority of data comes from crystallography
but a few NMR-derived structures, for example, of
heparin,'> can also be found. Conformational data for
carbohydrates has been extracted from the PDB'¢, but
this not simple since the sugar residues often are named
incorrectly or have distorted structures. Also, the PDB
cannot be searched by carbohydrate structure. A recent
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effort, pdb2linucs,!’ tries to eliminate this problem by
examining every PDB record for carbohydrate residues
and encoding them using LINUCS nomenclature (14).

A number of small databases summarize the ‘non-
protein’ data (HETATM) of the PDB in a way that
facilitates the identification of small molecules co-crys-
tallized with proteins (15-17).1820

Small- and medium-sized organic molecules can be
found in the Cambridge Structural Database?' (CSD),
which contains ~4000 entries classified as carbohydrates
(~1.5%). A large number of these are cyclodextrin
inclusion complexes and synthetic intermediates and
thus of limited biological interest. The CSD is not freely
available and does not have a web interface, it is how-
ever widely available, at least in the crystallographic
community, and certainly the best source of high quality
solid-state structures of carbohydrates. A database of
papers in which the CSD has been used as the main tool
is freely available. Of the ~1000 entries, 2.5% relate to
carbohydrates.?

3.2. Computed structures

Because of the scarcity of experimental data on carbo-
hydrates, computational methods have always played a
central role in the conformational analysis of carbohy-
drates, in particular in conjunction with NOE (distance)
information from NMR. The results are often presented
as the structure of the lowest energy conformation or as
a potential energy surface with the glycosidic torsion
angles, ¢ and y, as axes.

The calculated structures of about 20 mono-
saccharides in 90 different conformations and adiabatic
(¢, ) potential energy surfaces (18), and the structures
and energies for conformers of ~20 disaccharides? (19)
can be found on the web pages of Centre de Recherches
sur les Macromolécules Végétales (CERMAYV, Greno-
ble, France). A similar, but more extensive database,
GlycoMaps, is maintained by DKFZ and contains /700
@, y-maps obtained from MD simulations of disaccha-
rides using the MM3 force field (20). Larger structures
can be analyzed online using SWEET-11?* (21) or off-line
using Glydict®® (22) (for N-linked glycans). Because of
the large number of possible conformations, an
exhaustive analysis is not supported but the structures
are easily built and the conformations obtained ade-
quate as a starting points for further analysis. Both tools
accept CarbBank-style structures as input.

4. Enzymes

Enzymes having carbohydrates as substrates are col-
lected in a database called Carbohydrate Active En-
zymes (CAZy)**2® (23) at the French Center for
National Scientific Research (CNRS). It contains

information about glycosidases, glycosyltransferases,
lyases and esterases, which can be browsed by organism
or CAZy family. The CAZy families are derived from
the amino acid sequences and are therefore expected to
better reflect the secondary structure and mechanism of
the enzyme than the EC numbers, which are based on
substrate specificity. This classification is unique to
CAZy and has provided new insights into the mecha-
nisms and evolutionary relationships of these enzymes.
Links are provided to a number of gene and protein
databases.

A more specialized database, the Bacterial Polysac-
charide Gene Database,” provides data about the genes
involved in biosynthesis of bacterial polysaccharides
(24). Apart from the gene itself, there is information
about the associated protein such as the EC number, the
reaction catalyzed and its role in the biosynthetic path-
way.

5. Lectins

Lectins are carbohydrate binding proteins lacking cat-
alytic activity and which are not antibodies. They are
important in a number of biological events involving
carbohydrate recognition and we have only recently
begun to comprehend their function.

Bibliographic information (Medline) and the three-
dimensional structures of ~200 lectins extracted from
the PDB can be browsed on a server at CERMAYV (25).
Oxford University provides ‘A genomics resource for
Animal Lectins’, which contains information not only
about animal lectins®® but also about other proteins
having a ‘C-type lectin-like domains’ (26).3! A compre-
hensive list of resources related to lectins (Torkild’s
Lectin Page) is maintained by the Center for Biological
Sequence Analysis, Technical University of Denmark
(27).

6. Glycoproteins
6.1. Experimental data

The area of glycobiology that is developing most rapidly
is the study of protein glycosylation. Studies of post-
translational modifications, such as glycosylation, is a
natural progression of a development that started with
the determination of the human genome and has con-
tinued with proteomics. The importance of protein
glycosylation can be appreciated when one considers
that more than half of the known proteins are estimated
to be glycoproteins.’ Despite their importance, there is
only one database dedicated to glycoproteins, OGlyc-
Base, (28), which contains ~250 proteins with experi-
mentally verified O- or C-glycosylation site.>*** This
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database provides the amino acid sequence of the pro-
tein and indicates their glycosylation site. More infor-
mation about glycoproteins can be found in protein
databases such as SWISS-PROT.*

Several tools for the determination of glycosylation
sites from mass spectra are available. FindMod,*® (29)
GlycoMod?” (30) and Glypeps*® (31) compare experi-
mentally measured masses to calculated peptide masses
and thereby determine glycosylation sites.

6.2. Prediction of glycosylation- and GPI-anchor sites

Only in a small fraction of the expected glycoproteins
has the presence of an attached glycan been experi-
mentally verified. Furthermore, it may be desirable to
predict glycosylation directly from the amino acid
sequence of a protein since this is easy to obtain, for
example, from the DNA sequence.

Artificial neural networks can be used to predict
glycosylation sites. The Technical University of Den-
mark hosts NetOGlyc (32, for mucin type O-glycosyla-
tion),¥# DictyOGlyc (33, for O-glycosylation sites in
the amoeba Dictyostelium discoideum),*' NetNGlyc (34,
for N-glycosylation in human proteins) and YinOYang
(35, for O-B-p-GlcNAc/phosphorylation sites). The
interfaces of the tools are very similar and allow an
amino acid sequence to be entered directly or to be
uploaded from a file.

Some membrane proteins are anchored on the
extracellular side of the plasma membrane by a gly-
cosylated phosphatidylinositol, or GPI anchor. There
are two tools that predict if a particular protein is likely
to be attached to a GPI anchor. DGPI (36, University of
Geneva) and big-PI (37, Research Institute of Molecular
Pathology, Vienna).*> Both tools accept the sequence of
a protein and DGPI also allows the use of a SWISS-
PROT access number.

All of these tools use protein sequences. To search by
carbohydrate structure one has to use CarbBank,
SweetDB or one of the commercial alternatives.

7. Outlook

There is a variety of carbohydrate related resources on
the Internet. They are however often difficult to find and
seldom cited in the literature. Nearly half of the data-
bases in this review do not have a scientific publication
that can be cited. Presumably this makes scientists less
inclined to use the tools and, if they do, less likely to
refer to them in their work. It is also possible that the
tools are simply not found.

A universally accepted structural representation of
carbohydrates is still lacking and therefore moving
between different database and tools is difficult.
SweetDB (5),* the most comprehensive carbohydrate

resource available at present, overcomes this problem
and integrates CarbBank and SugaBase with several
computational tools. The Consortium for Functional
Glycomics is also preparing a database, CarbDB (38),
linking several resources but it is not yet available.

At present there are few links between carbohydrate
and protein databases and the intended audience of
most databases is clearly restricted to either carbohy-
drate chemists or the proteomics community. Since
much of the recent interest in carbohydrates originates
in the proteomics community it is important to bridge
the gap between proteomics and glycobiology.

As research has come to rely more and more on
databases and computational tools, there is a growing
need for large, multidisciplinary carbohydrate databases.
But while it is necessary for scientists to participate in
defining the content and the use of databases, it is not
obvious that they are most suited to developing and
maintaining them. Using and citing existing resources
and contributing feedback are simple measures that can
be taken to improve on the present situation. One can
only wonder if CarbBank and SugaBase would still be
receiving funding if they had been cited more frequently.
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