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Summary
Transgenic plants have recently emerged as a promising system for low-cost and
large-scale production of therapeutic proteins. Despite many advantages plants offer as
hosts for expression of recombinant proteins, there are certain limitations caused by major
structural differences between plant and mammalian N-linked glycans. Thus, efforts are
being made in order to eliminate, or at least minimize, plant-specific N-glycosylation as
well as to supplement the plant endogenous system with human glycosyltransferases to
obtain »humanized« non-immunogenic N-glycans on plant-made pharmaceuticals aimed
for human therapy.
Key words: N-glycosylation, transgenic plants, glycosyltransferases, sialic acid, recombinant
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Introduction
The technology of recombinant DNA, which has rapidly developed in the last two decades, has allowed the
expression of heterologous recombinant proteins in different host systems. The majority of the early work was
directed to expression of recombinant therapeutic proteins in prokaryotic hosts, mainly in bacteria Escherichia
coli, because of the low overall cost and short production timescale. Due to limitations of prokaryotic systems, such as low product quality and the lack of posttranslational modifications, biotechnology has turned to
eukaryotic hosts: yeast, insect and mammalian cell cultures as well as transgenic animals. These production
systems have drawbacks in terms of cost, scalability,
product safety and authenticity (Table 1) (1). Therefore,
a simple and inexpensive system that allows large-scale
production of safe recombinant proteins would be highly desirable. Studies performed recently have revealed
the great potential of plants as an alternative system for
expression of recombinant proteins due to many practi-

cal, economic and safety advantages in comparison with
conventional systems (2,3).
Plants have a great potential as biofactories for the
production of therapeutic proteins. Consequently, the
number of recombinant proteins successfully produced
in various plants, including mono- and dicotyledons, is
rapidly increasing (4–6). Plant expression systems are
much less likely to harbour human pathogens than mammalian expression systems. Therefore, plants are convenient hosts for production of therapeutic proteins such
as vaccines and antibodies. Moreover, it is possible to
direct the expression of the recombinant protein to specific parts of plant, such as fruits, seeds, leaves and tubers. Several examples have shown that plants allow the
production of complex human proteins with appropriate
biological features and activity (7–10).
Most of the therapeutic proteins are subjected to several posttranslational modifications, among which glycosylation is the most frequent one. The oligosaccharide
chain can be either N- or O-linked. N-glycosylation occurs in the endoplasmic reticulum (ER) and the primary
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Table 1. Comparison of available hosts for production of recombinant therapeutic proteins
Host

Production
cost

Production
timescale

Product
quality

Glycosylation

Risk of
pathogenicity

Storage cost

Ethical
concerns

Bacteria

Low

Short

Low

No

Medium

Moderate

Medium

Yeast

Medium

Medium

Medium

Yes (unusual)

Low

Moderate

Medium

Mammalian
cells

High

Long

Very high

Yes

High

Expensive

Medium

Insect cells

High

Long

High

Yes (minor
differences)

Medium

Expensive

Medium

Transgenic
mammals

High

Very long

Very high

Yes

High

Expensive

High

Plant cell
cultures

Medium

Medium

High

Yes (minor
differences)

Low

Moderate

Medium

Transgenic
plants

Low-medium

Long

High

Yes (minor
differences)

Low

Low

Medium

oligosaccharide chain is further processed during its exit
from the ER and passage through the Golgi apparatus
(GA). The latter cell compartment is also a site of protein
O-glycosylation. Carbohydrate binding to a polypeptide
chain has a great impact on physicochemical properties
of proteins such as its resistance to thermal denaturation, protection from proteolytic degradation and solubility. Glycosylation can change basic biological functions
of a protein including imunogenicity, specific activity, and
the ligand-receptor interaction. Although plants represent
a promising system for production of recombinant proteins, small differences in protein N-glycosylation between
plants and humans can pose problems for the production of fully functional therapeutic proteins.

Types of Plant N-glycans
All N-glycans share the common core structure,
Man3GlcNAc2 (Fig. 1), constituted of N,N'-diacetyl chitobiose unit, a b-mannose residue attached to the chitobiose and two a-mannose residues linked to hydroxyl 3
and 6 of the b-mannose (11). Depending on the additional sugars that can be attached to the core structure,
plant N-glycans can be classified into four groups: high-mannose type, complex type, hybrid type and paucimannosidic type N-glycans (12).

a

a
b
b

Fig. 1. Minimal core structure which is common for all N-glycans

High-mannose type N-glycans have 5–9 mannose
residues attached to N,N'-diacetyl chitobiose unit. They
are common in plants and mammals (Fig. 2). High-mannose N-glycans arise from the limited trimming of
glucose and mannose residues from the oligosaccharide
precursor. They were first identified in plants in soybean
agglutinin (13). Afterwards, these N-glycans were found
as glycan part of spinach and maize calreticulin (12,14)
as well as linked to different vacuolar and extracellular
glycoproteins (15–18).
Complex type N-glycans are formed after modifications of high-mannose type N-glycans in the GA. They
are characterized by the a(1,3)-fucose residue attached
to the proximal GlcNAc and/or b(1,2)-xylose linked to
the b-mannose residue of the core. These are specificities
of the plant glycoproteins since animal and human N-glycans have a(1,6)-Fuc attached to the proximal GlcNAc
and do not contain any xylose residues (Fig. 2) (19,20).
Complex type N-glycans also have one or two GlcNAc
residues attached to a-mannose units of the core structure. More complex bi-antennary plant N-glycans, which
contain additional side chains of a(1,4)-fucose and
b(1,3)-galactose linked to the terminal GlcNAc units,
have recently been identified (21–24). They have one or
two terminal antennae containing an oligosaccharide sequence Galb1-3(Fuca1–4)GlcNAc, named Lewis a (Lea)
after their mammalian counterparts.
Hybrid type N-glycans result from the processing of
only a(1,3)-mannose branch of the intermediate Man5GlcNAc2, which yields the oligosaccharide with a(1,3)-fucose and/or b(1,2)-xylose linked to the GlcNAcMan5GlcNAc2 (25).
Paucimannosidic type N-glycans are plant specific
N-linked glycans, which have not been detected in humans and animals (Fig. 2). They are modified oligosaccharides which contain only an a(1,3)-fucose linked to
the proximal GlcNAc and/or a b(1,2)-xylose attached to
the b-mannose residue of the intact, Man3GlcNAc2, or
truncated core structure, Man2GlcNAc2. They have been
found in many plant glycoproteins (26–31) and are considered as typical vacuolar type N-glycans.
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Fig. 2. Differences of N-glycan structures between plants and mammals. The high-mannose type N-glycans have the same structure
in plant and mammalian glycoproteins. The complex and hybrid type N-glycans are structurally different, for example, in plant the
proximal GlcNAc of the core is substituted by an a(1,3)-Fuc [a(1,6)-Fuc in mammals] and the b mannose of the core is substituted
by a bisecting b(1,2)-Xyl [a bisecting b(1,4)-GlcNAc in mammals]. In addition, b(1,3)-Gal and a(1,4)-Fuc linked to the terminal
GlcNAc of plant N-glycans form Lewis a oligosaccharide structures [instead of b(1,4)-Gal combined with a(2,3)-NeuAc or a(2,6)-NeuAc
in mammals]. Paucimannosidic type N-glycans, which contain only a(1,3)-Fuc and/or b(1,2)-Xyl linked to the core, are typical
glycans of plant vacuole and they have not been detected in mammals. Structures indicated in the rectangle (a bisecting b(1,4)-GlcNAc
in mammals and Lewis a structures in plants) are optional

Biosynthesis of Plant N-glycans
N-linked oligosaccharides of plant glycoproteins are
covalently linked to the asparagine residue (Asn) within
the common consensus polypeptide sequence Asn-Xaa-Ser/Thr (where Xaa is any amino acid other than proline and aspartic acid), as they are in animal glycoproteins. Biosynthesis of plant N-glycans begins in the
endoplasmic reticulum (ER) by the cotranslational transfer of a precursor oligosaccharide, Glc3Man9GlcNAc2,
from the dolichol lipid carrier to specific asparagine residues on the nascent polypeptide chain. Processing of
this oligosaccharide into high-mannose, complex, hybrid
or paucimannosidic type N-glycans occurs during the
secretory pathway when the glycoprotein moves from
the ER to its final destination.

a

Biosynthesis of high mannose N-glycans in ER
Three terminal glucose residues are trimmed from
the oligosaccharide precursor by the glucosidases I and
II in the ER (Fig. 3) (32,33). ER mannosidase specifically
removes a single mannose residue in order to obtain
Man8GlcNAc2 structure. This part of the biosynthetic
pathway is identical in all eukaryotic cells and the final
results are the high-mannose type N-glycans which can
be further modified in the GA.

Fig. 3. Biosynthesis of plant N-glycans starts in ER. A first class
of high-mannose type N-glycans is made after a limited trimming of the oligosaccharide precursor catalysed by glycosidases
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Maturation of high-mannose N-glycans in GA
As illustrated in Fig. 4. high-mannose plant N-glycans can be modified into complex and hybrid N-glycans during their transport from cis-, through medial, to
trans-Golgi cisternae. First, a-mannosidase I (a-Man)
trims one to four a(1,2)-mannose residues and converts
Man8–9GlcNAc2 to Man5GlcNAc2 (34,35). Biosynthesis of
complex N-glycans begins with the addition of the first
GlcNAc residue to the a(1,3)-mannose branch of the
Man5GlcNAc2 high-mannose oligosaccharide. This step
is catalysed by N-acetylglucosaminyltransferase I (GNT
I) (36–38). Two additional mannoses are subsequently
removed from the oligosaccharide by the a-mannosidase II (a-Man II) (39), then N-acetylglucosaminyltransferase II (GNT II) transfers the second GlcNAc to the
a(1,6)-mannose branch (36,40). In the case of hybrid type
N-glycans, the modifications occur only at a(1,3)-mannose branch, while the a(1,6)-mannose branch keeps its
mannose residues. At this stage, a(1,3)-fucosylation and
b(1,2)-xylosylation of the core structure may occur to

yield plant-specific N-linked glycans. The study of the
substrate specificity of a(1,3)-fucosyltransferase (a(1,3)-FucT) and b(1,2)-xylosyltransferase (b(1,2)-XylT) has revealed that the presence of at least one terminal GlcNAc
is a prerequisite for transfer of the a(1,3)-fucose and b(1,2)-xylose (36,37,41). The identification of plant N-glycans
containing either a(1,3)-fucose or b(1,2)-xylose proved
that this two transfers are not correlated and are completely independent events (29,30,42,43).
The complex type N-glycans can be further processed by the addition of galactose and fucose moieties on
terminal GlcNAc residue(s) by b(1,3)-galactosyltransferase (b(1,3)-GalT) and a(1,4)-fucosyltransferase (a(1,4)-FucT) in order to obtain one or two terminal antennae
containing an oligosaccharide sequence Galb1–3(Fuca1–4)GlcNAc (Lewis a epitope). N-glycans, which are directed to the extracellular matrix, will not be further
modified. Those N-glycans whose final destination is the
cell vacuole will be processed during the transportation
to and in the vacuole.

cis cisternae

a

medial and
trans cisternae

b
a

b
a

trans-Golgi
network

Fig. 4. Processing of plant high-mannose N-glycans into complex and hybrid N-glycans during the transport of glycoproteins from
the cis- (mannose trimming and addition of the first GlcNAc), through the medial part (addition of the second GlcNAc and subsequently of the b(1,2)-Xyl), to the trans-Golgi cisternae (addition of the a(1,3)-Fuc) and trans-Golgi network (addition of galactose and
fucose moieties on terminal GlcNAc residue) by different glycosyltransferases
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Modifications of complex and hybrid type N-glycans
in plant vacuole

5

Since the late events of N-glycan modification in plant
differ from those in mammals, recombinant proteins produced in transgenic plants will not be identical to mammalian glycoproteins. However, the folding and assembly
of recombinant proteins as well as the transfer of an
oligosaccharide precursor to N-glycosylation sites can be
correctly accomplished in transgenic plant systems (44).

(PHA) is a vacuolar storage glycoprotein of the common
bean Phaseolus vulgaris. It consists of two isolectin subunits: PHA-E and PHA-L. A cDNA encoding PHA-L
was introduced in different plant systems (44–46). The
analysis of oligosaccharides from bean and recombinant
PHA revealed that the N-linked glycans of this model
glycoprotein were correctly processed in all tested plant
expression systems. Furthermore, recombinant PHA was
found to be uniformly N-glycosylated in different plant
organs. The absence of organ specificity in N-glycosylation may prevent the production of heterogeneously
N-glycosylated recombinant proteins after purification
from whole transgenic plants. These experiments have
shown that plants can express correctly assembled and
N-glycosylated recombinant glycoproteins. In the recent
study Drakakaki et al. (47) investigated Aspergillus niger
phytase as a model glycoprotein to compare the intracellular fate of a recombinant protein in the leaves and
seeds of rice. The recombinant protein was efficiently secreted from leaf cells, while within endosperm cells it
was retained in endoplasmic reticulum-derived prolamin bodies and protein storage vacuoles. These results
indicate that the intracellular deposition and modification of a recombinant protein is tissue dependent.

Expression of recombinant plant glycoproteins in
plant systems

Expression of recombinant mammalian glycoproteins
in plant systems

The first attempts of the recombinant glycoprotein
expression in plants involved expression of plant glycoproteins in different plant systems. Phytohaemaglutinin

The next step was an expression of mammalian glycoproteins in plant systems. Immunoglobulins are good
model glycoproteins for the evaluation of the potential

Paucimannosidic N-glycans, which are specific for
plant glycoproteins, are formed by processing of complex and hybrid N-glycans by different exoglycosidases
in plant vacuole (Fig. 5). Most of the vacuolar glycoproteins described so far contain fucose and/or xylose, but
they lack terminal GlcNAc. Since the presence of at least
one terminal GlcNAc is the prerequisite for the transfer
of fucose and xylose residues, this type of vacuolar
N-glycans can result from post-Golgi modifications of
complex N-glycans (12).

Expression of Recombinant Glycoproteins in
Plant Systems

Fig. 5. Modifications of complex and hybrid N-glycans into paucimannosidic glycans by different exoglycosidases in plant vacuole
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of an expression system for the production of therapeutic glycoproteins (12). It has been shown that some of
their properties depend on glycosylation.
The monoclonal antibody (MAb) Guy’s 13 is a mouse
IgG1 class antibody, which recognizes a cell-surface protein of Streptococcus mutants, the bacterium that causes
dental carries in humans. A full-length MAb Guy’s 13
was expressed in tobacco (48). This plant MAb was found
to be functional, considering recognition and binding.
Cabanes-Macheteau et al. (49) revealed differences in the
N-glycosylation of the MAb Guy’s 13 produced in mouse
and in transgenic tobacco plants. N-glycosylation analysis of the mouse antibody has shown that this IgG1 is
N-glycosylated on both sites by biantennary N-glycans
having a(1,6)-fucose and about 10 % of terminal sialic
acid residues. The plant MAb Guy’s 13 was also found
to bear N-glycans on both sites of the heavy chains. High
mannose and plant typical complex type N-glycans were
identified. The plant antibody was found to be properly
folded and functional (48) showing that plants can produce biologically active molecules.
Human lactoferrin is an 80 kDa glycoprotein which
contains three potential N-glycosylation sites. The first
two sites have complex N-glycans, while the third site is
usually not glycosylated. Since this glycoprotein has very
important anti-inflammatory, antibacterial, antifungal and
antiviral activity, it is used as a supplement for infant
foods. Comparative analysis of N-glycosylation of human lactoferrin (hLf) and lactoferrin produced in maize
(mLf) and in tobacco (tLf) has revealed differences in
natural and recombinant glycoproteins (6). N-glycosylation analysis of the hLf has shown that this glycoprotein
is N-glycosylated at two sites by biantennary complex
N-glycans that are more or less fucosylated and sialylated. Recombinant mLf and tLf were found to have
mostly paucimannosidic N-glycans substituted by a bisecting b(1,2)-xylose and a(1,3)-fucose linked to the proximal GlcNAc on both N-glycosylation sites. This indicates that the first steps of N-glycosylation are similar in
plants and humans and that the observed differences
only arise from the specificity of the Golgi plant glycosyltransferases and from post-Golgi degradations of the
matured plant N-glycans.
Although the homogeneity of glycosylation could
differ from one plant expression system to another, all
plant species used so far to produce recombinant therapeutic proteins have the capacity to associate a(1,3)-fucose and b(1,2)-xylose residues with the complex
N-glycans (6,49–51). These plant specific glyco-epitopes
are not new to humans who are exposed daily to such
antigens in edible plant material. However, if people experience prolonged exposure to large quantities of these
highly immunogenic plant N-glycans, sensitization to
plant antigens may occur (52). To be able to exploit the
potential a plant can offer for the production of recombinant proteins, it is desirable to inhibit these plant-specific modifications in maturation of complex N-glycans
in order to obtain human-like N-glycan structures.

»Humanization« of Plant N-glycosylation
It is still not clear if recombinant proteins bearing
plant N-glycans are really immunogenic. Nevertheless, it
would be desirable to eliminate, or at least minimize,

the plant-specific N-glycosylation to obtain »humanized« non-immunogenic N-glycans on therapeutic
glycoproteins. On the other hand, none of the transgenic
host systems currently available for the production of
recombinant mammalian glycoproteins will produce
these glycoproteins with the glycans identical to the
ones produced by mammals (1,52,53). A good knowledge of the protein N-glycosylation machinery in plants
and the availability of mutant plants allow scientists to
define strategies to produce recombinant proteins with
more mammalian-like N-glycan structures.

Strategies for reduction of a(1,3)-fucose and
b(1,2)-xylose
Different strategies to prevent the formation of highly immunogenic plant N-glycans on recombinant proteins have been explored (53). One drastic approach is to
prevent the immunogenic N-glycans to attach to the recombinant protein by modification of the N-glycosylation sites. However, this strategy does not work for
heterologous proteins, which require N-glycosylation for
in vivo stability and biological activity. Gomord et al. (53)
have reported that the addition of N-glycans to several
therapeutic recombinant proteins improves their biological activity and half-life. This illustrates a current tendency in glyco-engineering towards increasing instead
of reducing the number of glycosylation sites on recombinant pharmaceuticals (54).
Recombinant proteins may be retained in the endoplasmic reticulum, which is upstream from the Golgi
stacks where plant-specific modifications take place. Such
recombinant proteins possess only high-mannose type
N-glycans which are common to plants and mammals,
and therefore are probably not immunogenic (55–59).
However, it seems that high-mannose oligosaccaharides
can affect chemicobiological properties of produced therapeutic glycoconjugates. Ko et al. (59) have shown that
antibodies, which contain only high-mannose N-glycans,
were less stable in comparison with their human homologues after injection into mice.
The third and the most promising approach is the
inhibition of Golgi glycoslytransferases. Numerous plant
glycosyltransferases, which are responsible for maturation of N-glycans, have been cloned in the past years.
This resulted in knockout mutants which blocked the
synthesis of typical plant complex N-glycans. The first
plant deficient in any glycosyltransferase was the Arabidopsis thaliana cgl mutant lacking GNT I. This mutant
cannot produce complex type N-glycans and accumulates high-mannose structures Man5GlcNAc2 (60). In contrast to the mice, where deficiency of this glycosyltransferase was shown to be lethal (61), there was no effect
on cgl plant development or morphology. Strasser et al.
(42) have generated knockout plants of A. thaliana that
lack potentially allergenic and immunogenic a(1,3)-fucose and b(1,2)-xylose without any adverse impact on
plant growth and development. Knockout lines display
less heterogeneity than wild-type plants, while the high
proportion of complex N-glycans, carrying terminal GlcNAc residues on both a(1,3)- and a(1,6)-linked mannoses, is a good prerequisite for further modification of
plant N-glycosylation in a human-like fashion. In an
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attempt towards humanization, the genes for a(1,3)-fucosyltransferase and b(1,2)-xylosyltransferase were disrupted by homologous recombination in Physcomitrella
patens (62). This moss is an excellent plant system for
targeted gene knockouts because of its high rate of homologous recombination, which is unique among plants
(63). Moreover, it has been shown that the N-glycosylation pathway in P. patens is similar to that in higher
plants (64,65). Single Dfuc-t and Dxyl-t plants, as well as
the double knockouts, lacked transcripts of the corresponding genes, but they did not differ from the wild-type moss in morphology, growth, development or
their ability to secrete recombinant, human growth factor VEGF121 into the culture medium. N-glycosylation
analysis revealed the absence of a(1,3)-fucose and b(1,2)-xylose residues. The moss strains generated in this study open up the possibility of using P. patens as a safe
production system for therapeutic protein with human-like glycosylation patterns.

How to overcome the lack of certain monosaccharides
in plant N-glycans
It has been commonly accepted that plants do not
perform mammalian-like post-translational modifications. Most human glycoproteins are synthesized with
oligosaccharides that contain terminal sialic acid added
to a penultimate galactose residue. The presence of sialic
acids at the nonreducing terminal position of various
glycoconjugates is physiologically important (66,67).
Sialylation affects the biological activity and circulatory
half-life of many therapeutically important glycoproteins (68). To preserve the bioactivity and to fulfill regulatory requirements, it is crucial to ensure the desired
glycosylation of glycoconjugate drugs. Until very recently, it has been firmly believed that plants are not capable of synthesizing sialic acids and sialylated glycoproteins (69,70). This is why knock-in engineering has
focused on the addition of terminal b(1,4)-galactose and
sialic acid residues to humanize glycosylation of therapeutic proteins.
The expression of mammal glycosyltransferases in
plants is a very attractive approach for humanization of
plant N-glycans with the aim to supplement plant endogenous system for Golgi maturation of N-glycans. So
far, the successful expression of human b(1,4)-galactosyltransferase (b(1,4)-GalT) has been obtained in tobacco cells
(50,71). These plants, expressing the human b(1,4)-GalT,
were shown to produce antibody with 30 % of N-glycans bearing terminal N-acetyllactosamine sequences
identical to those associated with the N-glycans of an
antibody produced in mammalian cells (50). Early galactosylation, in cis-Golgi cisternae, is very convenient
since it prevents transfer of a(1,3)-fucose and b(1,2)-xylose, which take place in medial and trans-Golgi. Recombinant glycoproteins obtained in this experiment are not
immunogenic, and except from being devoid of sialic acid,
they are very similar to human glycoproteins. However,
as the N-glycans carried by the tobacco-derived antibodies are highly heterogeneous, the action of the human
b(1,4)-GalT on this pool of glycans resulted in a complex
mixture of N-glycans among which some were only partially humanized (50,72,73). This strategy was more suc-

7

cessful in transgenic alfalfa plants, where in vitro galactosylation was performed; the N-glycosylation of produced
antibodies was restricted to a mature oligosaccharide
chain bearing terminal GlcNAc residues (51).
Engineering of plants with the potential of glycoprotein sialylation would be demanding. It seems now
that this will not be necessary since recent results suggest the presence of a genetic and enzymatic basis for
sialylation in plants. Shah et al. (67) found sialylated glycoconjugates in suspension-cultured cells of A. thaliana
using biotinylated SNA-I and MAA lectins. The results
were confirmed by reversed-phase C18 chromatography.
On the contrary, the results obtained from A. thaliana
and N. tabacum protein extracts by Seveno et al. (74) do
not support the presence of detectable sialic acid in
plants. According to their study the presence of 3-deoxy-D-manno-2-octulosonic acid (KDO), an a-ketoacid
assumed to be solely found in the cell wall, could lead
to misinterpretation of results under conditions that are
otherwise specific for sialic acids in mammalian protein
extracts. In their opinion, the lack of digestion by sialidase and the detection of signals in the cgl mutant indicate that, even if they do exist, sialic acid-related compounds are not associated with protein N-glycans.
Nevertheless, the presence of sialic acids in different tissues of cactus Mammillaria gracillis grown in vitro (75)
(shoot, callus, hyperhydric regenerant and tumour) was
indicated by application of both biotin- and digoxigenin-labeled SNA-I and MAA lectins, revealing the terminal sialic acid-a(2,6)-galactose and sialic acid-a(2,3)-galactose structures, respectively (76). Since the use of
lectins is very critical and can lead to unspecific signals,
as it was shown by Seveno et al. (74), the high performance anion exchange chromatography with pulsed
amperometric detection (HPAEC-PAD) analysis of monosaccharide mixtures, obtained after total hydrolysis of
detached N-glycans, was performed. This analytical method, which clearly resolves KDO and sialic acid residues (77), has demonstrated that N-acetylneuraminic acid
is a constituent of the oligosaccharide chain in 42-kDa
glycoproteins from the hyperhydric regenerant and tumour tissue. Additionally, by quadrupole time-of-flight
electrospray mass spectrometry and an accurate mass
determination the structures of the three disialylated
species were postulated: Hex4HexNAc4NeuAc2, Hex6HexNAc4NeuAc2 and Hex6HexNAc5NeuAc2 (Fig. 6). Since
such structures have not been found in plant proteins so
far, the presented glycan patterns require further detailed analysis by sequencing. However, these new data
clearly indicate the presence of sialylated glycoconjugates in plants although the amounts of sialic acids are
much smaller than in mammalian tissues (78). Thus, certain genetic manipulation might be required to enable
plants to synthesize quantitatively significant amounts
of sialylated glycoproteins. The pathways of sialylation
in plants should be clarified in order to enhance the
sialylation up to the desired level and to direct the enzyme activity to the protein of interest. Therefore, in vitro addition of sialic acid would be a more realistic option in the short run. Nevertheless, this discovery opens
a new field of study in plants that involves the synthesis, localization, structural variations and function of
sialic acids and shows that specific metabolic engineer-
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Fig. 6. Predictions of disialylated complex oligosaccharides found
in the 42-kDa glycoprotein from the Mammillaria gracillis hyperhydric regenerant and tumour tissue. These structures were postulated by quadrupole time-of-flight electrospray mass spectrometry and accurate mass determination

ing of endogenous plant pathways could be an effective
way to enhance the value of plants as production systems for mammalian proteins.

Conclusion
Results obtained so far indicate that plants, with
small modifications of their glycosylation system, could
become suitable hosts for massive production of therapeutic glycoconjugates compatible with human therapy
in the near future. Differences in N-glycosylation between plants and mammals pose a certain limitation for
production of some recombinant therapeutic glycoproteins at the moment. Overcoming these difficulties it
soon might be possible to produce any therapeutic protein on the large-scale, which would fulfill pharmaceutical industry demands.

Acknowledgements
Many thanks to Prof. Dr. Jasna Peter-Katalini} for her
great help in the experimental part of our work. The financial support was provided by The Ministry of Science, Education and Sports of the Republic of Croatia
within the project »Proteins and sugars in plant development« to M.K.-R. and by Deutsche Forschungsgemeinschaft within Sonderforschungsbereich 492, project
Z2 to J.P.-K. We thank the Federation of European Biochemical Societies (FEBS) for the award of a short-term
fellowship in 2004 to B.B.

References
1. J.K.C. Ma, P.M.W. Drake, P. Christou, The production of
recombinant pharmaceutical proteins in plants, Nat. Rev.
Genet. 4 (2003) 794–805.
2. R. Fischer, N. Emans, Molecular farming of pharmaceutical proteins, Transgenic Res. 9 (2000) 279–299.
3. G. Giddings, Transgenic plants as protein factories, Curr.
Opin. Biotechnol. 12 (2001) 450–454.

4. W. Dieryck, J. Pagnier, G. Poyart, M.C. Marden, V. Gruber,
P. Bournat, S. Baudino, B. Merot, Human hemoglobin from
transgenic tobacco, Nature, 386 (1997) 29–30.
5. K. Ko, Y. Tekoah, P.M. Rudd, D.J. Harvey, R.A. Dwek, S.
Spitsin, C.A. Hanlon, C. Rupprecht, B. Dietzschold, M.
Golovkin, H. Koprowski, Function and glycosylation of
plant-derived antiviral monoclonal antibody, Proc. Natl.
Acad. Sci. USA, 100 (2003) 8013–8018.
6. B. Samyn-Petit, J.P. Wajda Dubos, F. Chirat, B. Coddeville,
G. Demaizieres, S. Farrer, M.C. Slomianny, M. Theisen, P.
Delannoy, Comparative analysis of the site-specific N-glycosylation of human lactoferrin produced in maize and tobacco plants, Eur. J. Biochem. 270 (2003) 3235–3242.
7. J.M. Staub, B. Garcia, J. Graves, P.T. Hajdukiewicz, P. Hunter, N. Nehra, V. Paradkar, M. Schlittler, J.A. Carroll, L. Spatola, D. Ward, G. Ye, D.A. Russell, High-yield production
of a human therapeutic protein in tobacco chloroplasts, Nat.
Biotechnol. 18 (2000) 333–338.
8. E. Stoger, C. Vaquero, E. Torres, M. Sack, L. Nicholson, J.
Drossard, S. Williams, D. Keen, Y. Perrin, P. Christou, R.
Fischer, Cereal crops as viable production and storage systems for pharmaceutical scFv antibodies, Plant. Mol. Biol.
42 (2000) 583–590.
9. K. Peeters, C. De Wilde, G. De Jaeger, G. Angenon, A. Depicker, Production of antibodies and antibody fragments
in plants, Vaccine, 19 (2001) 2756–2761.
10. C. Merle, S. Perret, T. Lacour, V. Jonval, S. Hudaverdian,
R. Garrone, F. Ruggiero, M. Theisen, Hydroxylated human
homotrimeric collagen I in Agrobacterium tumefaciens-mediated transient expression and in transgenic tobacco plant,
FEBS Lett. 515 (2002) 114–118.
11. R. Kornfeld, S. Kornfeld, Assembly of asparagine-linked
oligosaccharides, Annu. Rev. Biochem. 54 (1985) 631–664.
12. P. Lerouge, M. Cabanes-Macheteau, C. Rayon, A.C. Fischette-Laine, V. Gomord, L. Faye, N-glycoprotein biosynthesis in plants: Recent developments and future trends,
Plant Mol. Biol. 38 (1998) 31–48.
13. H. Lis, N. Sharon, Soybean agglutinin: A plant glycoprotein, J. Biol. Chem. 253 (1978) 3468–3476.
14. L. Navazio, B. Baldan, P. Mariani, G.J. Gerwig, J.F.G. Vliegenthart, Primary structure of the N-linked carbohydrate
chains of calreticulin from spinach leaves, Glycoconj. J. 13
(1996) 977–983.
15. M. Bardor, L.C. Faye, P. Lerouge, Analysis of the N-glycosylation of recombinant glycoproteins produced in transgenic plants, Trends Plant Sci. 4 (1999) 376–380.
16. Y. Kimura, D. Hess, A. Sturm, The N-glycans of jack bean
alpha-mannosidase. Structure, topology and function, Eur.
J. Biochem. 264 (1999) 168–175.
17. H. Ueda, H. Ogawa, Glycobiology of the plant glycoprotein epitope: Structure, immunogenicity and allergenicity
of plant glycepitopes, Trends Glycosci. Glycotech. 11 (1999)
413–428.
18. D. Kolarich, F. Altmann, N-glycan analysis by matrix-assisted laser desorption/ionization mass spectrometry of electrophoretically separated nonmammalian proteins: Application to peanut allergen Ara h 1 and olive pollen allergen
Ole e 1, Anal. Biochem. 285 (2000) 64–75.
19. B. Priem, R. Gitti, C.A. Bush, K.C. Gross, Structure of ten
free N-glycans in ripening tomato fruit, Plant Physiol. 102
(1993) 445–458.
20. A.C. Fitchette, V. Gomord, A. Chekkafi, L. Faye, Distribution of xylosylation and fucosylation in the plant Golgi apparatus, Plant J. 5 (1994) 673–682.
21. A.C. Fitchette-Laine, V. Gomord, M. Cabanes, J.C. Michalski, M. Saint Macary, B. Foucher, B. Cavelier, C. Hawes, P.
Lerouge, L. Faye, N-glycans harboring the Lewis a epitope
are expressed at the surface of plant cells, Plant J. 12 (1997)
1411–1417.

B. BALEN and M. KRSNIK-RASOL: Plant Specific N-Glycosylation, Food Technol. Biotechnol. 45 (1) 1–10 (2007)

22. N.S. Melo, M. Nimtz, H.S. Conradt, P.S. Fevereiro, J. Costa, Identification of the human Lewis(a) carbohydrate
motif in a secretory peroxidase from a plant cell suspension culture (Vaccinium myrtillus L.), FEBS Lett. 415 (1997)
186–191.
23. A.C. Fitchette, M. Cabanes-Macheteau, L. Marvin, B. Martin, B. Satiat-Jeunemaitre, V. Gomord, K. Crooks, P. Lerouge, L. Faye, C. Hawes, Biosynthesis and immunolocalization of Lewis a-containing N-glycans in the plant cell,
Plant Physiol. 121 (1999) 333–344.
24. B. Balen, M. Krsnik-Rasol, A. D. Zamfir, J. Milo{evi}, S. Y.
Vakhrushev, J. Peter-Katalini}, Glycoproteomic survey of
Mammillaria gracillis tissues grown in vitro, J. Proteome Res.
5 (2006) 1658–1666.
25. D. Oxley, S.L Munro, D.J. Craik, A. Bacic, Structure of
N-glycans on the S3- and S6-allele stylar self-incompatibility ribonucleases of Nicotiana alata, Glycobiology, 6 (1996)
611–618.
26. D.A. Ashford, R.A. Dwek, J.K. Welply, S. Amatayakul, S.W.
Homans, H. Lis, G.N. Taylor, N. Sharon, T.W. Rademacher,
The b-1® 2-D-xylose and a-1® 3-L-fucose substituted N-linked oligosaccharides from Erythrina cristagalli lectin,
Eur. J. Biochem. 166 (1987) 311–320.
27. G. D’Andrea, B. Bouwstra, J.P. Kamerling, J.F.G. Vliegenhart, Primary structure of the xylose-containing N-linked
carbohydrate moiety from ascorbic acid oxidase of Cucurbita pepo medullosa, Glycoconj. J. 5 (1988) 151–157.
28. C. Capon, F. Piller, J.M. Wieruszeski, Y. Leroy, B. Fournet,
Structural analysis of the carbohydrate chain isolated from
jacalin lectin, Carbohydr. Res. 199 (1990) 121–127.
29. D.A. Ashford, R.A. Dwek, T.W. Rademacher, H. Lis, N.
Sharon, The glycosylation of glycoprotein lectins. Intraand inter-genus variation in N-linked oligosaccharide expression, Carbohydr. Res. 213 (1991) 311–320.
30. D. Oxley, A. Bacic, Microheterogeneity of N-glycosylation
on a stylar self-incompatibility glycoprotein of Nicotiana
alata, Glycobiology, 5 (1995) 517–523.
31. J. Costa, D.A. Ashford, M. Nimtz, I. Bento, C. Frazao, C.L.
Esteves, C.J. Faro, J. Kervinen, E. Pires, P. Verissimo, A.
Wlodawer, M.A. Carrondo, The glycosylation of the aspartic proteinases from barley (Hordeum vulgare L.) and cardoon (Cynara cardunculus L.), Eur. J. Biochem. 243 (1997)
695–700.
32. T. Szumilo, G.P. Kaushal, A.D. Elbein, Purification and properties of glucosidase I from mung bean seedlings, Arch.
Biochem. Biophys. 247 (1986) 261–271.
33. G. Kaushal, I. Pastuszak, K.I. Hatanaka, A.D. Elbein, Purification to homogeneity and properties of glucosidase II
from mung bean seedlings and suspension-cultured soybean cells, J. Biol. Chem. 265 (1990) 16271–16279.
34. Y. Kimura, D. Hess, A. Sturm, The N-glycans of jack bean
alpha-mannosidase. Structure, topology and function, Eur.
J. Biochem. 264 (1999) 168–175.
35. A. Sturm, J.A. Van Kuik, J.F. Vliegenthart, M.J. Chrispeels,
Structure, position, and biosynthesis of the high mannose
and the complex oligosaccharide side chains of the bean
storage protein phaseolin, J. Biol. Chem. 262 (1987) 13392–
13403.
36. K.D. Johnson, M.J. Chrispeels, Substrate specificities of N-acetylglucosaminyl-, fucosyl-, and xylosyltransferases that
modify glycoproteins in the Golgi apparatus of bean cotyledon, Plant Physiol. 84 (1987) 1301–1308.
37. K. Tezuka, M. Hayashi, H. Ishihara, T. Akazawa, N. Takahashi, Studies on synthetic of xylose-containing N-linked
oligosaccharides deduced from substrate specificities of the
processing enzymes in sycamore cells (Acer pseudoplatanus
L.), Eur. J. Biochem. 203 (1992) 401–413.

9

38. R. Strasser, J. Stadlmann, B. Svoboda, F. Altmann, J. Glossl,
L. Mach, Molecular basis of N-acetylglucosaminyltransferase I deficiency in Arabidopsis thaliana plants lacking complex N-glycans, Biochem. J. 387 (2005) 385–391.
39. R. Strasser, J. Schoberer, C. Jin, J. Glossl, L. Mach, H. Steinkellner, Molecular cloning and characterization of Arabidopsis thaliana Golgi alpha-mannosidase II, a key enzyme in
the formation of complex N-glycans in plants, Plant J. 45
(2006) 789–803.
40. R. Strasser, H. Steinkellner, M. Boren, F. Altmann, L. Mach,
J. Glossl, J. Mucha, Molecular cloning of cDNA encoding
N-acetylglucosaminyltransferase II from Arabidopsis thaliana, Glycoconj. J. 16 (1999) 787–791.
41. Y. Zeng, G. Bannon, V. Thomas Hayden, K. Rice, R. Drake,
A. Elbein, Purification and specificity of b-1,2-xylosyltransferase, an enzyme that contributes to the allergenicity of
some plant proteins, J. Biol. Chem. 272 (1997) 31340–31347.
42. R. Strasser, F. Altmann, L. Mach, J. Glössl, H. Steinkellner,
Generation of Arabidopsis thaliana plants with complex N-glycans lacking b-1,2-linked xylose and core a-1,3-linked fucose, FEBS Lett. 561 (2004) 132–136.
43. A. Koprivova, C. Stemmer, F. Altmann, A. Hoffmann, S.
Kopriva, G. Gorr, R. Reski, E.L. Decker, Targeted knockouts of Physcomitrella lacking plant-specific immunogenic
N-glycans, Plant Biotechnol. J. 2 (2004) 517–523.
44. C. Rayon, P. Lerouge, L. Faye, The protein N-glycosylation
in plants, J. Exp. Bot. 49 (1998) 1463–1472.
45. A. Sturm, J.A. Van Kuik, J.F. Vliegenthart, M.J. Chrispeels,
Structure, position, and biosynthesis of the high mannose
and the complex oligosaccharide side chains of the bean
storage protein phaseolin, J. Biol. Chem. 262 (1987) 13392–
13403.
46. E.M. Herman, M.J. Chrispeels, L.M. Hoffman, Vacuole accumulation of storage protein and lectin expressed in transgenic tobacco seeds, Cell Biol. Int. Rep. 13 (1989) 37–45.
47. G. Drakakaki, S. Marcel, E. Arcalis, F. Altmann, P. Gonzalez-Melendi, R. Fischer, P. Christou, E. Stoger, The intracellular fate of a recombinant protein is tissue-dependent,
Plant Physiol. 141 (2006) 578–586.
48. J.K. Ma, M.B. Hein, Immunotherapeutic potential of antibodies produced in plants, Trends Biotechnol. 13 (1995) 522–527.
49. M. Cabanes-Macheteau, A.C. Fitchette-Laine, C. Loutelier-Bourhis, C. Lange, N.D. Vine, J.K. Ma, P. Lerouge, L. Faye,
N-glycosylation of a mouse IgG expressed in transgenic
tobacco plants, Glycobiology, 9 (1999) 365–372.
50. H. Bakker, M. Bardor, J.W. Molthoff, V. Gomord, I. Elbers,
L.H. Stevens, W. Jordi, A. Lommen, L. Faye, P. Lerouge, D.
Bosch, Galactose-extended glycans of antibodies produced
by transgenic plants, Proc. Natl. Acad. Sci. USA, 98 (2001)
2899–2904.
51. M. Bardor, C. Loutelier-Bourhis, T. Paccalet, P. Cosette, A.C.
Fitchette, L.P. Vézina, S. Trépanier, M. Dargis, R. Lemieux,
C. Lange, L. Faye, P. Lerouge, Monoclonal C5-1 antibody
produced in transgenic alfalfa plants exhibits a N-glycosylation that is homogenous and suitable for glyco-engineering into human-compatible structures, Plant Biotechnol. J. 1 (2003) 451–462.
52. V. Gomord, P. Chamberlain, R. Jefferis, L. Faye, Biopharmaceutical production in plants: Problems, solutions and
opportunities, Trends Biotechnol. 23 (2005) 559–565.
53. V. Gomord, C. Sourrouille, A.C. Fitchette, M. Bardor, S. Pagny, P. Lerouge, L. Faye, Production and glycosylation of
plant-made pharmaceuticals: The antibodies as a challenge, Plant Biotechnol. J. 2 (2004) 83–100.
54. S. Elliott, T. Lorenzini, S. Asher, K. Aoki, D. Brankow, L.
Buck, L. Busse, D. Chang, J. Fuller, J. Grant, N. Hernday,
M. Hokum, S. Hu, A. Knudten, N. Levin, R. Komorowski,
F. Martin, R. Navarro, T. Osslund, G. Rogers, N. Rogers,

10

B. BALEN and M. KRSNIK-RASOL: Plant Specific N-Glycosylation, Food Technol. Biotechnol. 45 (1) 1–10 (2007)

G. Trail, J. Egrie, Enhancement of therapeutic protein in
vivo activities through glycoengineering, Nat. Biotechnol. 21
(2003) 414–421.
55. V. Gomord, L.A. Denmant, A.C. Fitchette-Laine, B. Satiat-Jeunemaitre, C. Hawes, L. Faye, The C-terminal HDEL sequence is sufficient for retention of secretory proteins in
the endoplasmic reticulum (ER) but promotes vacuolar targeting of proteins that escape the ER, Plant J. 11 (1997) 313–325.
56. V. Gomord, E. Wee, L. Faye, Protein retention and localization in the endoplasmic reticulum and the Golgi apparatus, Biochimie, 81 (1999) 607–618.
57. S. Pagny, M. Cabanes-Macheteau, J.W. Gillikin, N. Leborgne-Castel, P. Lerouge, R.S. Boston, L. Faye, V. Gomord,
Protein recycling from the Golgi apparatus to the endoplasmic reticulum in plants and its minor contribution to
calreticulin retention, Plant Cell, 12 (2000) 739–756.
58. S. Pagny, F. Bouissonnie, M. Sarkar, M.L. Follet-Gueye, A.
Driouich, H. Schachter, L. Faye, V. Gomord, Structural requirements for Arabidopsis b-1,2-xylosyltransferase activity
and targeting to the Golgi, Plant J. 33 (2003) 189–203.
59. K. Ko, Y. Tekoah, P.M. Rudd, D.J. Harvey, R.A. Dwek, S.
Spitsin, C.A. Hanlon, C. Rupprecht, B. Dietzschold, M.
Golovkin, H. Koprowski, Function and glycosylation of
plant-derived antiviral monoclonal antibody, Proc. Natl.
Acad. Sci. USA, 100 (2003) 8013–8018.
60. A. von Schaewen, A. Sturm, J. O’Neill, M.J. Chrispeels, Isolation of mutant Arabidopsis plant that lacks N-acetyl glucosaminyl transferase I and is unable to synthesize Golgi-modified complex N-linked glycans, Plant Physiol. 102 (1993)
1109–1118.
61. E. Ioffe, P. Stanley, Mice lacking N-acetilglucosaminyltransferase I activity die at mid-gestation, revealing an essential role for complex or hybrid N-linked carbohydrates,
Proc. Natl. Acad. Sci. USA, 91 (1994) 728–732.
62. A. Koprivova, A.J. Meyer, G. Schween, C. Herschbach, R.
Reski, S. Kopriva, Functional knockout of the adenosine
5’-phosphosulphate reductase gene in Physcomitrella patens
revives an old route of sulfate assimilation, J. Biol. Chem.
277 (2002) 195–201.
63. S. Lorenz, S. Tintelnot, R. Reski, E.L. Decker, Cyclin D-knockout uncouples developmental progression from sugar availability, Plant Mol. Biol. 38 (2003) 227–236.
64. A. Koprivova, F. Altmann, G. Gorr, S. Kopriva, R. Reski,
E.L. Decker, N-glycosylation in the moss Physcomitrella patens is organized similarly to higher plants, Plant Biol. 5
(2003) 582–591.
65. R. Vietor, C. Loutelier-Bourhis, A.C. Fitchette, P. Margerie,
M. Gonneau, L. Faye, P. Lerouge, Protein N-glycosylation
is similar in the moss Physcomitrella patens and in higher
plants, Planta, 218 (2003) 269–275.

66. A. Varki, R. Cummings, J. Esko, H. Freeze, G. Hart, J.
Marth: Essentials of Glycobiology, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, New York, USA (1995)
pp. 195-210.
67. M.M. Shah, K. Fujiyama, C.R. Flynn, L. Joshi, Sialylated
endogenous glycoconjugates in plant cells, Nat. Biotechnol.
21 (2003) 1470–1471.
68. S. Matsumoto, K. Ikura, M. Ueada, R. Sasaki, Characterization of a human glycoprotein (erythropoietin) produced
in cultured tobacco cells, Plant Mol. Biol. 27 (1995) 1163–
1172.
69. P. Lerouge, M. Bardor, S. Pagny, V. Gomord, L. Faye, N-glycosylation of recombinant pharmaceutical glycoproteins
produced in transgenic plants: Towards an humanisation
of plant N-glycans, Curr. Pharm. Biotechnol. 1 (2000) 347–
354.
70. L. Faye, A. Boulaflous, M. Benchabane, V. Gomord, D. Michaud, Protein modifications in the plant secretory pathway: Current status and practical implications in molecular pharming, Vaccine, 23 (2005) 1770–1778.
71. N.Q. Palacpac, S. Yoshida, H. Sakai, Y. Kimura, K. Fujiyama, T. Yoshida, T. Seki, Stable expression of human beta-1,4-galactosyltransferase in plant cells modifies N-linked glycosylation patterns, Proc. Natl. Acad. Sci. USA, 96 (1999)
4692–4697.
72. K. Fujiyama, N.Q. Palacpac, H. Sakai, Y. Kimura, A. Shinmyo, T. Yoshida, T. Seki, In vivo conversion of a glycan to
human compatible type by transformed tobacco cells, Biochem. Biophys. Res. Commun. 289 (2001) 553–557.
73. R. Misaki, Y. Kimura, N.Q. Palacpac, S. Yoshida, K. Fujiyama, T. Seki, Plant cultured cells expressing human beta-1,4-galactosyltransferase secrete glycoproteins with galactose-extended N-linked glycans, Glycobiology, 13 (2003)
199–205.
74. M. Seveno, M. Bardor, T. Paccalet, V. Gomord, P. Lerouge,
L. Faye, Glycoprotein sialylation in plants?, Nat. Biotechnol.
22 (2004) 1351–1352.
75. B. Balen, J. Milo{evi}, M. Krsnik-Rasol, Protein and glycoprotein patterns related to morphogenesis in Mammillaria
gracillis Pfeiff. tissue culture, Food Technol. Biotechnol. 40
(2002) 275–280.
76. B. Balen, A. Zamfir, S.Y. Vakhrushev, M. Krsnik-Rasol, J.
Peter-Katalini}, Determination of Mammillaria gracillis N-glycan patterns by ESI Q-TOF mass spectrometry, Croat. Chem.
Acta, 78 (2005) 463–477.
77. M.M. Shah, K. Fujiyama, C.R. Flynn, L. Joshi, Glycoprotein sialylation in plants?, Nat. Biotechnol. 22 (2004) 1352–
1353.
78. R. Zeleny, D. Kolarich, R. Strasser, F. Altmann, Sialic acid
concentrations in plants are in the range of inadvertent
contamination, Planta, 224 (2006) 222–227.

