340

Catherine A. Cooper',
Elisabeth Gasteiger?,
Nicolle H. Packer'2

'Proteome Systems Ltd, Sydney,
Australia

2Swiss Institute of Bioinformatics,
Geneve, Switzerland

SMacquarie University Center
for Analytical Biotechnology,
Sydney, Australia

* C. Cooper and E. Gasteiger have contributed

Proteomics 2001, 1, 340-349

GlycoMod - A software tool for determining
glycosylation compositions from mass spectro-
metric data

GlycoMod (http://www.expasy.ch/tools/glycomod/) is a software tool designed to find
all possible compositions of a glycan structure from its experimentally determined
mass. The program can be used to predict the composition of any glycoprotein-
derived oligosaccharide comprised of either underivatised, methylated or acetylated
monosaccharides, or with a derivatised reducing terminus. The composition of a gly-
can attached to a peptide can be computed if the sequence or mass of the peptide is
known. In addition, if the protein is known and is contained in the SWISS-PROT or
TrEMBL databases, the program will match the experimentally determined masses
against all the predicted protease-produced peptides (including any post-translational
modifications annotated in these databases) which have the potential to be glycosy-
lated with either N- or O-linked oligosaccharides. Since many possible glycan compo-
sitions can be generated from the same mass, the program can apply compositional
constraints to the output if the user supplies either known or suspected monosaccha-
ride constituents. Furthermore, known oligosaccharide structural constraints on mono-
saccharide composition are also incorporated into the program to limit the output.
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1 Introduction

The standard proteomic approach to the identification of
proteins is to digest the separated proteins by a protease,
such as trypsin, and to match the resulting masses with
those generated by the theoretical digestion of the protein
sequence or translated nucleotide sequence of the
organism. Using this classic approach of peptide mass
fingerprinting (PMF) it is clear that there are many masses
generated which do not match the predicted mass of
peptides generated by the theoretical protease digestion
of an identified protein. Many of these masses may be
accounted for by experimental artefacts, but many nat-
ural modifications occur to the read-out of the genome,
both co- and post-translationally (e. g., phosphorylation,
glycosylation and deamidation). These modifications will
usually produce peptides that have masses greater than
that predicted. These can be overlooked if only the iden-
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tity of the protein is required, as there are often sufficient
correct peptide masses for a match to be made. If char-
acterisation of the protein is required, however, then tools
that can compute the difference between the observed
and predicted masses, can give useful insight into the
types of possible modifications that may have occurred
to the protein. One such tool is FindMod [1] which consid-
ers 25 post-translational modifications, including acetyla-
tion, methylation, sulphation, and the addition of single O-
GlcNAc residues. The complexity of protein glycosylation,
however, precluded its inclusion in FindMod.

Glycosylation of a protein is one of the most common
post-translational modifications in eukaryotes as well as
prokaryotes [49]. It has recently been estimated that
more than half of all proteins are glycosylated [2]. The
two main types of glycosidic linkage in glycoproteins are
an N-glycosidic link via the amide nitrogen of an aspara-
gine residue; and an O-glycosidic link via the hydroxyl
group of serine, threonine, tyrosine, hydroxylysine or
hydroxyproline. Glycan units may also be O-linked to ser-
ine and threonine residues via a phosphate group, speci-
fically known as a phosphodiester linkage [3].

N-linked glycans nearly always have an N-acetylglucosa-
mine residue at the reducing terminus and are beta linked
to the amide nitrogen of an asparagine residue in the
consensus sequence -Asn-Xaa-Ser/Thr/Cys where Xaa
# Pro [4, 5]. Cysteine has been included in the motif
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because of its potential to be glycosylated in vitro [4], and
the discovery of the Asn-Xaa-Cys sequence being glyco-
sylated in murine fetal antigen 1 [5]. N-linked glycans are
biologically synthesised by the transfer of GlcsMangGlc-
NAc, from dolichol-pyrophosphate-GlcsMangGIcNAc, to
asparagine [6], followed by enzymatic processing to
form the final N-linked glycan structures [7]. Due to this
method of synthesis, the core pentasaccharide Man(x1-
6)[Man(x1-3)]Man(1-4)GIcNAc(f1-4)GIcNAc is nearly
always present in N-linked glycans. This core is then
further elongated, dividing the N-linked glycans into three
distinct classes; high-mannose type, complex type and
hybrid type (Fig. 1). If the core structure is predominantly
substituted by mannose it is called a high-mannose type
N-glycan. When the core structure is substituted by one
or more of the sugars N-acetylglucosamine, galactose,
fucose or sialic acid it is called a complex type. Hybrid
type N-linked glycans have structural features of both
the high-mannose and the complex type chains.

Unlike N-glycosylation there is no single motif for predict-
ing O-glycosylation [8-11]. This is probably because of
the number of monosaccharides and amino acids
involved in O-glycan linkages, each different linkage
probably requiring its own enzyme. O-linked glycans
are characterised by the presence of fucose, galactose,
N-acetylgalactosamine, N-acetylglucosamine, and may
have acidic sugar residues such as N-acetylneuraminic
acid, N-glycolylneuraminic acid, 2-keto-3-deoxynonulo-
sonic acid (KDN) and glucuronic acid. O-linked glycans
can also contain sulfate and phosphate residues. Man-
nose and glucose have been found as components of O-
glycans [12], but they are not common. Unlike N-linked
glycans, O-linked glycans are synthesised one residue at

A) High mannose type:-

Han al—— 2 Han
8
3Hang
Han®! § Han b1— ¢ GLcNAcki— 4 GlchAc
Han al; 2 Han at 2 Han®!
B] Complex type:-

Fuc
al

4
6
§ Han b1— ¢ GLcNAChi— 4 GLcNAC

Gal b1— 4 GleNAchi— 2 Hany,

Neufic a2— 6 GalNAcki— 4 GlchAcki— 2 Han®!

C] Hybrid type:-

Hanyy
SHan
Han®! § Han bi— ¢ GleRAcki— 4 GlchAc

Gal bi—-4 GlcHAcki— 2 Han3t

Figure 1. Classification of N-linked glycan structures.
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atime and at least nine core classes have been described
[13-16]. There exists a wide diversity of structures within
both the N- and O-linked glycans, the synthesis of which
is a result of a finely controlled process dependent upon
the availability and activity of the various glycosyltrans-
ferases, monosaccharides and precursors [17]. Conse-
quently, one glycosylation site may have many glycan
structures (microheterogeneity) [18], and one protein
may have different structures at different sites (macrohe-
terogeneity).

There have been many structures described in the litera-
ture and their monosaccharide compositions have been
found using a range of methods. These methods include
high-performance anion-exchange chromatography with
pulsed-amperometric detection (HPAEC-PAD) [19], thin-
layer and paper chromatography [20], colorimetric detec-
tion [21-23], gas- or liquid-chromatography [20, 24], and
capillary electrophoresis (CE) [25].

Colorimetric and thin-layer chromatographic methods
require little instrumentation, but are time-consuming,
with standard curves needing to be generated for each
series of analyses, and they require large amounts of
material, typically 10-100 ng. High-performance liquid
chromatography (except HPAEC-PAD) and CE methods
require pre- or post-column derivatisation of the carbohy-
drates to improve detection [25, 26]. Gas chromato-
graphic methods are sensitive and rapid, but require the
monosaccharides to be derivatised to form volatile com-
pounds [27].

Mass spectrometry has developed into a method often
used to study glycopeptides and oligosaccharides [28,
29, 50] and it is now becoming the method of choice for
the rapid prediction of individual glycan compositions.
The main advantages of MS are its sensitivity, accuracy
and speed. It is possible to detect glycans in femtomole
quantities [28, 30] and the mass accuracy is usually better
than 50 ppm, with later model instruments and improved
sample preparation [29]. The mass of the glycan on a pro-
tein can be determined either as the free oligosaccha-
rides, after their release from the protein, or while still
attached to the peptide backbone. MS cannot, however,
distinguish between monosaccharides with the same
mass, e.g. hexoses — glucose, mannose, galactose; hexo-
samines — glucosamine, galactosamine; N-acetylhexo-
samines — N-acetylglucosamine, N-acetylgalactosamine.
This is further complicated by the fact that often different
combinations of monosaccharides result in the same
mass. For example, one hexose residue and one NeuAc
residue combine together to give the same monoisotopic
mass (453.1482 Da) as one deoxyhexose residue plus
one NeuGc residue (453.1482 Da). To easily and quickly
determine the possible glycan compositions correspond-
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ing to an experimentally determined mass of either a
protease generated glycopeptide or a released and deri-
vatised glycan, we found it necessary to have at our dis-
posal a computational tool to predict the possible hetero-
geneous glycan compositions.

GlycoMod is a program designed to find all possible com-
positions of a glycan structure from its experimentally
determined mass. This is done by comparing the mass
of the glycan to a list of precomputed masses of glycan
compositions. The program can be used with free or a
range of derivatised glycans and for glycopeptides where
the peptide mass or the identity of the protein is known.
The latter can be entered as a SWISS-PROT/TrEMBL [31]
accession number or a user-entered sequence. Mono-
saccharide compositional constraints entered from
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experimental data or known structural precedents can
be applied to the output to limit the possible outcomes.
GlycoMod is available on the internet as part of the
ExPASy suite of proteomics tools at http://www.expa-
sy.ch/tools/glycomod/.

2 Materials and methods
2.1 Input parameters (Fig. 2)

2.1.1 Experimental masses

Experimental masses (average or monoisotopic) to be
analyzed may be manually entered separating them
by spaces or new lines, or uploaded from a text file.
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Table 1. Upper limits imposed on the number of residues of a particular monosaccha-
ride (based on a survey of the literature) found in O-linked and N-linked oligo-
saccharides using GlycoMod

Monosaccharide residue | O-linked oligosaccharides | N-linked oligosaccharides
Hexose 0-14 0-20
HexNAc 0-14 0-20

Deoxyhexose 0-6 0-6
NeuAc 0-7 0-5
NeuGc 0-7 0-5

Pentose 0-3 0-3
Sulphate 0-6 0-3
Phosphate 0-6 0-2
KDN 0-2 0-0
HexA 0-2 0-0

A mass tolerance level can be selected in either Daltons
or ppm.

2.1.2 lon mode and adducts

The masses are entered as neutral ions, positive ions, or
as negative ions. The possibility of sodium, potassium,
TFA or user entered adducts can be accounted for.

2.1.3 Glycopeptides

GlycoMod can be used to calculate the possible compo-
sitions of the glycans attached to a peptide. The peptide
data may be entered as a protein sequence, a SWISS-
PROT/TrEMBL ID or AC, or as a set of unmodified peptide
masses [M], where the masses are average or monoiso-
topic in agreement with that specified for the experimen-
tal masses of the data entered above. The user options for
protein digestion, including cysteine adducts, methionine
oxidation, protease selection, and missed cleavages, can
be chosen as in PeptideMass [32] and FindMod [1].

1.1.4 Released glycans

GlycoMod can be used to calculate the possible compo-
sitions of free glycans. For example, N-linked glycans
released using peptide-N-glycosidase (PNGase) F,
PNGase A or anhydrous hydrazine; N-linked glycans
released using endoglycosidase (Endo) H or Endo F; O-
linked glycans released using O-glycanase, mild hydrazi-
nolysis [33], or nonreductive beta-elimination [34]; and
O-linked glycans released and reduced using reductive
beta-elimination. Once released, free reducing oligosac-
charides are often derivatised at the reducing terminus

by a process of reductive amination, i.e. the reducing
terminus of the glycan is reacted with an amine followed
by reduction with a selective reducing agent. Common
derivatives include 2-aminopyridine (PA) (Fig. 5), 2-ami-
nobenzoic acid (ABA) or 8-aminonapthalene-1,3,6-trisul-
fonic acid (ANTS) [26]. GlycoMod allows the user to
select “derivatised oligosaccharide” and to supply the
mass of a derivative (M).

2.1.5 Monosaccharide residues

GlycoMod has been designed to calculate the masses of
oligosaccharides using underivatised, permethylated or
peracetylated monosaccharides since mass spectro-
metric data is often obtained from these derivatised oligo-
saccharides. To restrict the possible monosaccharide
combinations it is possible to stipulate which monosac-
charides and how many of each type, are (“yes”), are not
(“no”), or may possibly (“possible”) be present in the gly-
can. The maximum numbers of each residue allowed
(Table 1) has been set based on known structures
reported in the text.

There are also some preprogrammed limits to the output
of possible compositions allowed for N-linked glycans.
These were implemented after careful investigation of
the known N-linked glycan structures. (1). A composition
may not contain both sulfate and phosphate; (2). The sum
of the number of hexose plus HexNAc residues must be
greater than or equal to the number of sulfate or phos-
phate residues; (3). The sum of the number of hexose
plus HexNAc residues cannot be zero; (4). The number of
fucose residues plus 1 must be less than or equal to the
sum of the number of hexose plus HexNAc residues; (5).
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If the number of HexNAc residues is less than or equal to
2 and the number of hexose residues is greater than 2,
then the number of NeuAc and NeuGc residues must be
zero.

The N-linked glycan types are classified by: (1). If the
number of HexNAc residues equals 2 and the number
of hexose residues is greater than or equal to 5, then the
N-linked glycan is of the type “high mannose”; (2). If the
number of HexNAc residues is greater than or equal to 3
and the number of hexose residues is also greater than or
equal to 3, then the N-linked glycan is of the type “hybrid/
complex”.

All other combinations are not given a glycan type. There
are no preprogrammed limits to the possible composi-
tions allowed for O-linked glycans, except for the total
number of any one particular monosaccharide residue
(Table 1) which were set based on a survey of the litera-
ture. An upper limit on the total mass of the glycoform has
also been set. This limit is 8000 Da for underivatised,
10 000 Da for permethylated and 13 000 Da for peracety-
lated N-linked glycans. For O-linked glycans the limit is
5000 Da for underivatised, 7000 Da for permetylated and
9500 Da for peracetylated oligosaccharides.

3 Results

The output for GlycoMod (Fig. 3) is divided into two main
sections — a header and a table for each experimental
mass entered. The header section lists the monosaccha-
ride compositional data entered by the user and the cal-
culated peptide masses of a protein sequence or SWISS-
PROT/TrEMBL ID or AC if the glycopeptide option was
chosen. The output tables report the monosaccharide
compositions whose theoretical masses match the
entered experimental user mass after any stated deriva-
tive or peptide modification has been subtracted. A sepa-
rate table is generated for each entered mass. Each table
shows the glycoform mass, Amass in daltons or ppm
(depending on the units entered by the user on the input
form), and the possible matching monosaccharide com-
positions. If the glycan is N-linked the predicted glycan
type, i.e., hybrid/complex or high mannose (Fig. 1) is
given.

If a glycopeptide mass is entered together with a protein
sequence or SWISS-PROT/TrEMBL ID or AC, then Glyco-
Mod calculates the possible oligosaccharide composi-
tions attached to the unmodified theoretical peptides
formed after enzymatic or chemical digestion. GlycoMod
also considers the peptides that may be biologically mod-
ified (as annotated in SWISS-PROT) and/or chemically
modified (as specified by the user in the input form). If

Proteomics 2001, 1, 340-349

the entry has a SWISS-PROT/TfEMBL ID or AC the
description line from the SWISS-PROT/TrEMBL entry
detailing the protein name, synonym(s), contained pro-
teins and the biological species from which the protein
was derived is given, along with a hyperlink to the
SWISS-PROT/TrEMBL entry.

For a glycopeptide output each table contains additional
information on the peptide mass (M), peptide sequence or
a SWISS-PROT/TrEMBL ID or AC (where entered by the
user), the theoretical glycopeptide mass, and any modifi-
cation noted in SWISS-PROT if a SWISS-PROT ID or AC
was entered. To best show the utility of GlycoMod we pre-
sent four case studies. In each case data was extracted
from relevant journal articles and entered into GlycoMod.
The output was compared with the results reported by the
original authors.

3.1 Case 1: Permethylated N-linked glycan [35]

The N-linked glycans on glycodelin, a human glycopro-
tein, were released using PNGase F, permethylated and
analysed by FAB-MS. The mass 2227.3 Da was assigned
as the [M+Na]* mass of NeuAcHex,;HexNAc, by Dell and
co-authors [35]. Using GlycoMod, the mass 2227.3 Da
was entered as a monoisotopic mass, with a mass toler-
ance of 0.2 Da. Na* was selected as the ion mode and the
form of the N-linked oligosaccharide was chosen as
“Free/PNGase released oligosaccharides”. The mono-
saccharide residues were selected as being permethy-
lated and the search was run.

The output (Fig. 4) shows three different compositions
that were found to match the input data. With some
knowledge these results can be refined. For example,
the composition containing NeuGc might be rejected
because this sialic acid has not been found to date in nor-
mal healthy humans. Similarly, the composition with two
pentose residues is not a typical composition for an N-
linked oligosaccharide (although N-linked glycans con-
taining arabinose and xylose have been characterised
from carrots [36]). Therefore, the most likely composition
for this N-linked permethylated glycan is (Hex),(Hex-
NAc),(NeuAc); + (Man);(GIcNAc),. The composition is
written in this form, with the core monosaccharide resi-
dues written separately, when it contains at least two
HexNAc residues and three Hexose residues. This is
because the structures of N-linked glycans are generally
well conserved with a core region consisting of two N-
acetylglucosamine residues and three mannose residues,
and branches containing a variety of hexose and HexNAc
residues that may be further substituted with other resi-
dues such as sialic acid. To help the user to distinguish
between those residues residing in the core of an N-linked
glycan and those on the branches, the core monosac-
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charide residues are removed from the overall composi-
tion and written separately in the GlycoMod output.

3.2 Case 2: N-linked glycopeptide [37]

Human metalloproteinase inhibitor 1 (P01033) expressed
in CHO cells, was digested using trypsin and the peptides
analysed by MALDI-TOF-MS [37]. The authors assigned
the mass 3726.7 Da to a glycopeptide corresponding
to residues 23-37 (given as residues 46-60 including

Figure 3. An example output
page from GlycoMod.

the signal sequence in SWISS-PROT) with an attached
glycan of the composition Gal,Man;GIcNAcsFuc,. Using
GlycoMod, the mass 3726.7 Da was entered as an aver-
age mass, with a mass tolerance of 0.2 Da. [M+H]* was
selected as the ion mode and “Glycopeptides (motif N-
X-S/T/C (X not P) will be used)” was selected as the form
of the N-linked oligosaccharide. The SWISS-PROT AC
P01033 was entered under “if Glycopeptides” and “Tryp-
sin” was chosen as the cleavage reagent. Monosaccha-
ride residues were selected as being underivatised and
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User mass: 2227.3

Adduct (Na'): 22.989768
Derivative mass (Free reducing end): 46,0419

Proteomics 2001, 1, 340-349
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. linked oligosaccharide released
}h b n dromplex 3500020000 using PNGase F from glycodelin
lebrid!complex 14401000000 and analysed using FAB-MS

[34] (Section 3.1).

the search was run. GlycoMod returned one possible pep-
tide from amino acid position 46-60, corresponding to
the sequence FVGTPEVNQTTLYQR, with a mass (M) of
1752.94 Da. Six different monosaccharide compositions
were proposed as possible matches. These were reduced
to two when pentose was disallowed. The resulting two
compositions were (HexNAc);(Deoxyhexose)s + (Man)s
(GIcNAc), (a very unlikely composition for an N-linked
glycan) and (Hex),(HexNAc)s;(Deoxyhexose); + (Man)z
(GIcNAc),, which is in agreement with that proposed by
Sutton and co-authors [37].

3.3 Case 3: 2-Aminopyridine derivatised
N-linked oligosaccharide [38]

Oligosaccharides N-linked to horseradish peroxidase
were released using PNGase A, then derivatised by
reductive amination with 2-aminopyridine (PA). The deri-
vatised glycans were analysed by ESI-MS. The authors
assigned the mass 1143.4 Da to HexzGIcNAC,. Using Gly-
coMod the mass 1143.4 Da was entered as a monoisoto-
pic mass corresponding to [M+Na]*. A mass tolerance of
0.2 Da was chosen and “Derivatised oligosaccharide”
was selected as the form of the N-linked oligosaccharide.
The reducing terminal derivative was identified by ‘PA’
and 94.0531 was entered as its monoisotopic mass (M).
The mass required is the monoisotopic or average mass
of the nonreacted derivative, e.g. 94.053 for the monoiso-
topic mass of PA. GlycoMod automatically adds the mass
of two hydrogen atoms which result from the reductive
amination chemistry as shown in the example of the deri-
vatisation of the reducing terminal N-acetylglucosamine
with PA (Fig. 5). Monosaccharide residues were selected
as being underivatised and the search was run.

Two possible compositions matched the input criteria:
(Hex);(NeuAc){(NeuGc) (Pent), (AMass = 0018 Da) and
(Hex)3(HexNAc),(Pent); (AMass = —0.018 Da). From these

(Hex)3(HexNAc),(Pent), is the more obvious composition
for a typical plant N-linked glycan since it contains the
normal core (Hex)s(HexNAc), and since sialic acid has
not been found on glycans released from plants to date.
Many glycoproteins from plants have been analysed and
have been found to contain the N-linked glycan [39]

(Fig. 6).

3.4 Case 4: O-Linked oligosaccharide
alditol [40]

O-linked oligosaccharides linked to bovine submaxillary
mucin were released using reductive beta-elimination, in
which the released oligosaccharides are reduced to aldi-
tols as they are released to prevent base degradation
(“peeling”). The oligosaccharide alditols were analysed
as [M-HJ ions by liquid secondary-ion mass spectro-
metry (LSI-MS). Using GlycoMod the mass 1040 Da was
entered as a monoisotopic mass, with a mass tolerance
of 0.5 Da. [M-H]~ was chosen as the ion mode, “O-linked
oligosaccharides” was highlighted and “Reduced oligo-
saccharide” was selected. Monosaccharide residues
were selected as being underivatised and the search
was run. Fifteen possible compositions matched the input
parameters. In order to reduce this number, limits were
placed on the types of monosaccharides allowed to be
in the composition. The monosaccharide residues Hex-
ose, HexNAc, Deoxyhexose, NeuAc and NeuGc were left
as “possible”, while Pentose, KDN and HexA were not
allowed since these residues were not found during
methylation compositional analysis. These limitations
reduced the number of possible compositions to three:

(Hex)o(HexNAc),(NeuAc); (AMass = -0.378 Da); (Hex),
(HexNAc),(Deoxyhexose){(NeuGc); (AMass = -0.378 Da);
and (Deoxyhexose)s(NeuAc); (AMass = —-0.403 Da). The
last composition is highly unlikely, but further chemical
analysis (such as methylation analysis or NMR) is required
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to determine which of the other two possible composi-
tions (or both) correctly identify the oligosaccharide(s).

4 Discussion

GlycoMod provides the means to rapidly calculate the
possible monosaccharide compositions of glycoprotein
linked oligosaccharides from their masses obtained using
a variety of analytical approaches. The main strengths of
GlycoMod are its link to SWISS-PROT/TrEMBL, which
enables glycopeptide possibilities to be easily computed,
and the fact that monosaccharide constraints can be
supplied so that all reasonably possible compositions
are returned. This has the potential to highlight composi-
tions that may not otherwise be considered. For example,
1396.4 Da corresponds to N-linked glycans which have
been described previously with the compositions (Hex);
+ (Man)3(GIcNAc), [41] as well as the composition (Hex-
NAC), (Sulph); + (Man);(GlcNAc), [42]. The monoisotopic

I'iana1
'-\n\~
N,

™
Han al—— él‘lan bi— 4 GlcHAchl—4 GlcHAc
‘,f‘

v
hi/
Ayl

Figure 6. N-linked glycan commonly found in plant glyco-
proteins [39].

A5+R (PA).

mass 2093.74 Da also corresponds to two different com-
positions: (Hex)s(HexNAc),(NeuAc); + (Man)z(GlcNAc),
and (Hex),(HexNAc),(Deoxyhexose){(NeuGc); + (Man)z
(GIcNAc),, both of which describe structures previously
found [43, 44].

The multiplicity of possible compositions that are
returned, especially if large errors are allowed, could be
considered as a drawback of GlycoMod. This can be
reduced by refining the output using monosaccharide
compositional data. For example, if 1021.2 Da is entered
as a monoisotopic mass (M) for a free O-linked oligosac-
charide, 22 possible compositions are returned. When the
input search is refined to disallow pentose, KDN and
HexA residues, the number of possible compositions
returned is reduced to six. On the other hand, increasingly
unusual monosaccharide compositions and structures
are being described. For example, (Hex)s(HexNAc)s
(Deoxyhexose)s(NeuAc); is the composition of an N-
linked glycan found on human Alzheimer’s disease
amyloid A4 protein (P05067) expressed in the C6 cell line
from a glial tumor of Rattus norvegicus [45], and (Hex),
(NeuAc)4(Pent);(HexA){(Sulph); is the composition of a
glycan found on thrombomodulin isolated from human
urine [46]. Thus, an output that has the flexibility to sug-
gest unusual structures was considered to be an advan-
tage in the construction of GlycoMod.

A limitation to the use of GlycoMod at present is the mass
measurement of glycans, as reflected by the large errors
given in the input for the presented case studies. Although
MS and derivatisation chemistries are improving, the sen-
sitivity for the analysis of carbohydrates is less than that
of peptides [29]. This is also a reflection of the micro- and
macroheterogeneity of glycan structures found on glyco-
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proteins: the more different structures present on a pro-
tein, the more protein is needed to get enough of any
one particular glycan structure for analysis. This hetero-
geneity, however, is what makes glycans important in the
regulation of metabolic processes and therefore impor-
tant in the field of proteomics. For example, the biological
activity of erythropoietin is dependent on the types of gly-
cans attached to the protein [47]. In particular, it has been
shown that EPO-bi, a recombinant form of EPO that is
enriched in biantennary N-linked glycans, has signifi-
cantly less activity in vivo than a recombinant EPO
enriched with tetra-antennary N-linked glycans [47].
This was shown to be due to rapid clearance of the
EPO-bi protein from the systemic circulation by renal
handling [48].

5 Concluding remarks

This paper describes the provision of a new computa-
tional tool, GlycoMod, included in the proteomics suite
of tools available on ExPASy. It is the first step in recog-
nising that the proteomic approaches of analysis require
the means to rapidly identify possible protein glycosyla-
tion in the mass spectrometric data being accumulated
from protease digests of known proteins. For this pur-
pose GlycoMod is linked to the information available in
the SWISS-PROT database and enables the prediction
of N- and O-linked oligosaccharides on glycopeptides
using experimentally obtained mass data.

GlycoMod goes further than just computing possible
monosaccharide compositions corresponding to a mass,
and allows a range of options of oligosaccharide release
and derivatisation strategies to be included in the calcula-
tion. Furthermore, the program applies constraints on the
output from both the user interface, in which specific
known monosaccharide constituents can be selected for
consideration, and from in-built criteria which account for
known constraints on N- and O-linked oligosaccharide
compositions.

Received March 29, 2000
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