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Abstract
Glycosylation plays an important role in several types of recognition processes associated with
fertilisation and development, allergies, pathological events and cell death. Whereas the amino
acid sequence of a protein is fixed by the DNA, the glycosylation abilities depend on enzymes and
substrates currently present in the cell.

During the last decades our knowledge on glycosylation – the structure of glycans as well as the
corresponding biochemical pathways including the responsible enzymes - especially on glycans of
mammalian origin increased enormously. The glycosylation capabilities of other species were
under investigation only if their glycans were for any reason connected to human life (e.g. some
recognition processes of pathogens or allergy on food or plant glycans) or if they were potent
candidates for cell culture systems for the expression of therapeutic agents (some insect, yeast and
plant cells). However, in the meantime there is an increasing interest also in invertebrate
glycosylation.

Snails in particular show a broad spectrum of glycosylation abilities within their N-glycosylation
pattern. In one case this has been shown to be involved in an intermediate host – parasite
recognition process. For other snail species, it was found that they share many structural elements
of N-glycans with mammals, plants, insects or nematodes. Sometimes several of these elements
are present within one single structure.

Here we present an overview of the current knowledge of N-glycosylation of snails, the glycan
structures and the corresponding enzymes involved in the biosynthetic glycosylation pathway.
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INTRODUCTION
The structure of protein-linked glycans determines recognition events, decides about binding
or not and influences the speed or quality of biological processes. Differences within the
oligosaccharide structures appear not only between different species but also between
individuals of the same species. Furthermore the current glycosylation pattern highly
depends on the developmental and physiological status of the cell.

So, in medicine, the microheterogeneity of glycans has to be kept in mind in transfusion and
transplantation events, especially, of course, in xenotransplantation. Since changes in the
glycosylation pattern can be observed in the course of several diseases, this can be used for
diagnoses or as control of therapy success. Different glycosylation features also play an
important role in allergic processes against plant extracts, pollen or some food [1-3].
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A number of pharmaceutically relevant products are already produced in cell-culture.
Whereas the amino acid sequence of a protein is fixed by the cloned DNA, the
posttranslational modifications depend on the current presence of enzymes and substrates in
the expression cell-line. Amongst all possible modifications, the glycosylation pattern of the
recombinant glycoprotein has to be analysed especially carefully. Glycosylation contributes
not only to physical properties, such as conformational stability, protease resistance, charge
or hydrophilicity, but glycans may also function as recognition determinants in host-
pathogen relationships, protein targeting and cell-cell interactions [4,5]. Incorrect
glycosylation may result, in the worst case, in a complete loss of activity or in the formation
of allergenic structures [1,6]. Economic reasons force industry more and more to establish
easier and cheaper cell culture systems for the production of recombinant glycoproteins for
therapeutic purposes, but nevertheless special care has to be taken that the glycan moieties
of the produced proteins are highly similar to those of the natural counterparts in order to
keep their function. At the moment many of the pharmaceutically relevant glycoproteins,
where a correct glycan structure is essential for their function, are produced in mammalian
cell cultures because of their similarity to the human system; however, these are expensive
and sensitive systems with some risks of virus transfer and so non-mammalian sources are
under closer investigation. Therefore the investigation of glycosylation capacities combined
with the analysis of substrate specificity and the order of involved enzymes is a growing
field in this area.

Bacteria do not N-glycosylate in the same way as eukaryotes and yeasts often produce very
large oligomannosidic glycans but lack the ability to synthesise complex ones. The
glycosylation potential of insect cells is, due to their advantage in terms of costs as well as
of biosafety, of pharmaceutical interest. Baculovirus expression systems as well as non-lytic
systems are already used for the expression of recombinant proteins with small complex
glycans, but they seem to lack the ability to produce negatively charged complex N-glycans
in an appreciable amount, if at all [7,8]. Currently the engineering of transgenic insect cell
lines is under investigation in order to express mammalian glycosyltransferases and enzymes
synthesising the appropriate activated sugar molecules but up to now these systems are not
in use for large scale production [9,10]. Furthermore other non-mammalian features, such as
α1,3-fucosylation of the inner GlcNAc-residue of N-glycans, may occur on recombinant
glycoproteins derived from insect cell culture. This structural feature is also typical for
plants and has been shown to be highly immunogenic [1,11]. For this reason also plant cells
have to be modified before they can be used as production system for pharmaceutical
relevant glycoproteins. Another deficit of plant glycans, the production of too small
antennae lacking terminal GlcNAc-residues, seems to be solved by the co-expression of a
human N-acetylglucosaminyltransferase III which prevents the degradation of the antennae
[12].

So, up to now, no optimal system has been found which allows the production of
recombinant glycoproteins including all types of N-glycosylation in large quantities and
constantly high quality. This is the reason why other non-mammalian sources are under
investigation for their glycosylation abilities. The current knowledge on gastropod N-
glycosylation is described here.

BIOSYNTHESIS OF N-GLYCANS
N-Glycosylation starts in the Endoplasmatic Reticulum by formation of a lipid linked
precursor, containing two GlcNAc residues, nine mannoses and three glucoses, which is
transferred en bloc onto the growing polypeptide chain. The processing of the N-glycans
from Glc3Man9GlcNAc2 to complex structures is based on a strict order of the action of
glycosidases and glycosyltransferases [13]. The individual glycosylation pattern produced
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by a cell is based on an interplay between substrates and enzymes, as well as their current
availability and location within this cell. These factors are responsible for the creation of an
individual glycosylation pattern in each specific cell, yielding species-, organ- and tissue-
specific glycans.

While the first steps of the biosynthetic pathway of N-glycans seem to be similar in nearly
all kinds of organisms, only very small modifications have been found so far there, the final
modification steps are highly heterogeneous and lead to the wide range of various glycan
structures.

The key enzyme for the formation of complex glycans is the GlcNAc-transferase I, which
forms the GlcNAcMan5GlcNAc2-structure [14]. After previous action of GlcNAc-
transferase I, the glycan is a suitable substrate for a number of further modifying enzymes
such as core α1,6-fucosyltransferase, core α1,3-fucosyltransferase, β1,2-xylosyltransferase,
β1,2-GlcNAc-transferase II and β1,3 – or β1,4- galactosyltransferase which build up larger
and more complex glycan structures (Fig 1). Most of the known modifying
glycosyltransferases depend on the previous action of GlcNAc-transferase I, only few
exceptions have been found up to now [15]. In some tissues the glycans are also further
modified by additional non-sugar structural features, such as methylation, sulphation,
phosphorylation or others to create even more variations.

ANALYSIS OF THE N-GLYCOSYLATION POTENTIAL
The glycosylation pathway of a specific cell or organism is usually elucidated on one hand
by the analysis of the glycan structures and on the other hand by the determination of the
enzymes which are responsible for the formation of these glycans.

First the glycan structures are released from the protein-backbone by specific
glycopeptidases followed by labelling with a fluorescent dye. Routine analysis is carried out
by two-dimensional HPLC-technique (separation by size and hydrophobicity) and mass
spectrometry with or without fragmentation. Sometimes also digestion with specific
exoglycosidases is used to get further information on type and linkage of terminal sugar
residues [16,17]. However, even though this approach sounds quite simple, the strategy and
the purification protocols have to be optimised for each kind of tissue separately, due to the
highly complex sample matrices. With permanently evolving methods a continuous increase
in detection sensitivity can be ensured [18].

Mammalian enzymes involved in the biosynthesis of glycans show a relatively high genetic
similarity throughout different species and therefore it is often possible to identify further
enzymes by homology search. Even though invertebrates and plants contain several
enzymes with quite similar substrate specificity, the genetic homology of these enzymes
with the mammalian ones is usually not high enough for determination by homology search.

N-GLYCANS OF MOLLUSCS
Hemocyanin, the oxygen-carrier of arthropods and molluscs, was the first target of
investigation in the elucidation of the gastropod proteome. There, the occurrence of N-
glycans in molluscs was detected [19,20] and soon a novel modification of glycans was
identified: the methylation of hexoses (mannoses and galactoses) [21]. This kind of
modification does not occur in mammals. Up to now it has been found in the kingdom of
animals only in nematodes (2-O-methylated terminal fucose as well as 4-O-methylated
galactose) [22] and in molluscs (see later in detail). All other studies on gastropods at that
time were dealing with the analysis of the biochemical parameters of exoglycosidases or the
binding specificities of lectins derived from snails.
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Since the nineteen-eighties the increase of advanced technical opportunities facilitated a
more accurate and precise investigation of glycans. With this impact the detailed analysis of
gastropod structures started again with the hemocyanin of some selected snails. It was
shown that Helix pomatia hemocyanin includes complex structures containing a common
core with a fucose α1,6-linked to the reducing GlcNAc and a xylose β1,2-linked to the β-
mannose residue. One or both α-mannose residues may be substituted by
GalNAcβ1,4GlcNAcβ1,2-elements which contain two to four β1,3- or β1,6-linked
galactoses with or without 3- or 4-O-methylgroups (Fig 2) [12,24]. A recent study shows
that especially the xylose and terminal 3-O-methylated galactoses seem to be responsible for
the cross-reactivity of Helix pomatia glycoproteins [25].

Lymnaea stagnalis hemocyanin contains low and high molecular mass biantennary
oligosaccharides. They lack the α1,6-linked fucose at the inner GlcNAc-residue but some
antennae are terminated by an α1,2-linked fucose. The basic element of the antennae is a
Galβ1,3GalNAcβ1,4GlcNAc unit [26,27]. The glycans of the Unio elongatulus gp273,
which is the ligand for sperm-egg interaction in this mollusc bivalve, are of the
oligomannosidic type (Glc1Man9GlcNAc2 and Man9GlcNAc2) [28].

Megathura crenulata (keyhole limpet) hemocyanin glycans carry a novel type of
modification with galactose directly linked in β1,6-linkage to the α1,3- or the α1,6-linked
mannose residues or even the β-linked mannose of the N-glycan core [29]. Some of the
glycans are decorated at the α1,3-antenna of the trimannosyl core with the
Fucα1,3GalNAcβ1,4[Fucα1,3]GlcNAc motif, which also occurs in schistosomal
glycoconjugates mediating cross reactivities between these two organisms [30]. For the first
time an elongation by up to two galactose residues of the fucose α1,6-linked to the inner
core N-acetylglucosamine was found [31]. The two N-glycans of the functional unit RvH1-a
of Rapana venosa hemocyanin are biantennary non-fucosylated oligosaccharides with
terminal 3-O-methylated β1,3-linked galactose residues. One of them carries a sulphate
group on the α1,6-linked core mannose and a 3-O-methylated GlcNAc residue linked β1,2
to the β-mannose of the core [32]. Furthermore, an unusually branched fucose residue
substituted by a hexosamine and a hexouronic acid has been found here [33]. In Rapana
thomasiana a similar fucose residue is elongated by 3-O-methylgalactose and N-
acetylgalactosamine [34].

In Biomphalaria glabrata a core structure terminated by two 3-O-methylated mannose
residues linked to the major soluble protein of the organic shell matrix was initially
identified [35].

Later, several carbohydrate determinants such as terminal Fucα1,3GalNAc units or β1,2-
linked xylose which are common to this intermediate host snail, as well as to the
corresponding parasite, Schistosoma mansoni, were found (Fig. 3) [36,37]. In the course of
our own previous projects we analysed the N-glycosylation patterns of whole tissue extracts
derived from Arion lusitanicus, Limax maximus, Cepaea hortensis, Planorbarius corneus,
Arianta arbustorum and Achatina fulica. There we found glycans with all structural features
mentioned above and some more. The snails contain a broad spectrum of elements which are
already known from different organisms [38-40]. Besides the common high mannosidic
structures (Man3GlcNAc2 to Man9GlcNAc2) the same structures with up to three additional
methyl groups occur (Fig 4). Xylosylation at the β-mannose and core fucosylation in α1,6-
linkage are frequent modifications, but also core α1,3 fucosylation, terminal α1,3
fucosylation and terminal α1,2 fucosylation were found. The larger, complex glycans are
terminated by galactose residues with or without a methyl group. A study on Achatina fulica
eggs and young snails of different ages (up to 120 days) showed that at these young ages
structures with several terminal GlcNAc-residues are dominant [41]. These changes of the
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N-glycan pattern during development may be due to different expression levels of various
glycosyltransferases and glycosidases.

SNAIL ENZYMES INVOLVED IN GLYCOSYLATION
The information given on enzymes which are involved in glycan biosynthesis is restricted in
most cases to enzyme specificity in vitro and some biochemical parameters. Lymnaea
stagnalis has been shown to express the key enzyme for the formation of complex N-
glycans, GlcNAc-transferase I, the prerequisite for the action of further modifying
glycosyltransferases [42]. This water snail also expresses GlcNAc-transferase II and
xylosyltransferase [42], a β1,4-GalNAc-transferase, which shows high homology to
mammalian β1,4-galactosyltransferase [43], a β1,3-galactosyltransferase and an α1,2-
fucosyltransferase, both located in the connective tissue [44,45]. Another β1,3-
galactosyltransferase purified from the albumen gland is not involved in N-glycan
biosynthesis but in the formation of Galβ1,3Galβ1,4Glc units. This enzyme may be essential
for the production of galactogen, the main polysaccharide of Lymnaea stagnalis [46].

Hybridization experiments using the cDNA of bovine β1,4-galactosyltransferase as probe,
revealed a β1,4-GlcNAc-transferase which requires a different nucleotide sugar but is
similar to the mammalian galactosyltransferase in acceptor specificity and definitely not
involved in the biosynthesis of the chitobiose core of N-glycans [47,48]. This enzyme was
the first glycosyltransferase described where an exon duplication seems to have taken place
during evolution (exons 6, 7 and 8 show extremely high sequence similarity) [49].

Furthermore an α1,3-fucosyltransferase catalysing the transfer of fucose from GDP-fucose
to a Galβ1,4GlcNAc acceptor forming the Lewisx -unit has been found in the connective
tissue of Lymnea stagnalis [45] and an α1,3-fucosyltransferase catalysing the transfer of
fucose from GDP-fucose to the asparagine-linked GlcNAc has been found in the albumin
and prostate glands of the same snail [50]. However, neither Lewisx-containing structures
nor core α1,3-fucosylated structures have been detected in this snail so far. Another enzyme
of which the in vivo products are still unknown, is the β1,4-glucosyltranferase present in the
prostate gland of Lymnaea stagnalis. It catalyses the transfer of glucose from UDP-glucose
to terminal GlcNAc-residues which are linked β1,6 to a galactose or a GalNAc residue in O-
glycans, or, in N-glycans to a terminal GlcNAc which is β1,2-linked to mannose [51]. In
Helix pomatia an α1,2-L-galactosyltransferase which seems to be involved in the elongation
of the storage polysaccharides of the snail was found [52]. Besides its galactose transferring
ability, this galactosyltransferase catalyses the transfer of a fucose from GDP-fucose into
α1,2-linkage to a Galβ1,3Gal-O-Me substrate in vitro as well; nothing is known about this
ability in vivo. Other galactosyltransferases with β1,6-specificity building linear chains of
D-galactoses or creating branching points in galactans were identified in Biomphalaria
glabrata, Helix pomatia and Arianta arbustorum [53,54].

Besides the glycosyltransferases some glycosidases (glucosidase I and II, mannosidase I and
II) are involved in the biosynthetic pathway of N-glycans too. So far none of these specific
exoglycosidases have been determined. Those glycosidases which have been found in snails
seem to be more likely part of the degradation system for galactans, mannans and cellulose
[55,56]. However, these enzymes may be of economical interest and some are checked for a
use in food industry [57]. From Pomacaea canaliculata three exoglycosidases have been
characterised. The α-mannosidase has a broad specificity cleaving α1,2-, α1,3- and α1,6-
mannosidic linkages [58]. The fucosidase and the xylosidase are able to release the
corresponding sugar residues from plant-derived oligosaccharides, α1,3-linked fucose and
β1,2-linked xylose respectively, but have not been tested with other glycans [59]. For some
exoglycosidases also genetic information is available. An endo-β-mannosidase from Haliotis
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discus hannai has been isolated and cloned and two cellulases from Pomacaea canaliculata
were investigated in detail for their genomic organization and their expression in snails of
different ages [60,61].

The genetic information on snails in general is marginal. There are some data mainly on
enzymes involved in the oxidative phosphorylation process which are known to be
extremely conserved. So far there are no data on glycosyltransferases. Because of its
medical relevance as an intermediate host a genome initiative on Biomphalaria glabrata is
ongoing which supplies at least some genetic information on this snail (http://
biology.unm.edu/biomphalaria-genome/).

FUNCTION
Due to their diversity, glycans provide the most perfect instruments for each single cell to
assign its communication and other recognition processes. These processes are well
investigated in mammals and somehow in plants but until now not in gastropods. However,
there is no doubt that glycans are involved in these processes in snails too. For gastropods
only medical relevant recognition events are under investigation. They can be divided into
two groups: one, where the interaction of the intermediate host gastropod with a parasite is
analysed. It has been known for about twenty years that snails and parasites share some
epitopes which cause cross-reactivity in vitro and antibody production in vivo [62]. This
reaction can be used on one hand for the diagnosis and on the other hand for the design of
drugs against the parasites [63-68].

And the second one, where gastropod glycoproteins are studied for their use in cancer
therapy. Some gastropod lectins bind specifically to certain types of cancer cells allowing
diagnoses and prognoses [69]. Also natural or modified gastropod glycoproteins are utilised
against cancer cells by stimulating the human immune response [70-72].

CONCLUSION
The analysis of gastropod glycosylation is an emerging field in glycobiology, but we are still
at the very beginning. A number of structure analyses have already been performed and
several completely new glycan modifications have been detected. However, only few
enzymes which are involved in the glycosylation process have been isolated and
characterised so far and none have been cloned. Lacking these genetic data, not much can be
said about the evolution of the enzymes involved in glycosylation. From the specificity data
of the enzymes and the structural analysis of the glycans no distinctive differences between
land and water snails or snails with and without shell can be made out yet.

Currently the main driving force for this field of research is the interest in new model
organisms with a broad glycosylation spectrum to understand the biosynthesis of all
different kinds of glycans. This new information could than be applied to medicine for the
establishment of new diagnosis and therapy tools as a consequential reward.
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Fuc fucose
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Gal galactose

GalNAc N-Acetylgalactosamine

Glc glucose

GlcNAc N-Acetylglucosamine

Man mannose

Xyl xylose
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Fig. 1.
Possible modifications of a glycan after the action of GlcNAc-transferase I. (1) Mannosidase
II; (2) GlcNAc-transferase II; (3) Core α1,6-fucosyltransferase; (4) Core α1,3-
fucosyltransferase; (5) β1,2-xylosyltransferase; (6) β1,3- or β1,4-galactosyltranferase.
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Fig. 2.
The most complex N-glycan-chain of Helix pomatia [24].

Staudacher et al. Page 13

Curr Top Biochem Res. Author manuscript; available in PMC 2011 June 14.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fig. 3.
One example of a N-glycan of Biomphalaria glabrata hemolymph [36].
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Fig. 4.
High mannosidic N-glycans with three to nine mannose residues and up to three methyl
groups [39,40].
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