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ABSTRACT

In eukaryotes, proteins that are secreted into the ER are mostly modified by N-glycans on
consensus NxS/T sites. The N-linked glycan subsequently undergoes varying degrees of
processing by enzymes which are spatially distributed over the ER and the Golgi apparatus.
The post-ER N-glycan processing to complex glycans differs between animals and plants,
with consequences for N-glycan and glycopeptide isolation and characterization of plant
glycoproteins. Here we describe some recent developments in plant glycoproteomics and
illustrate how general and plant specific technologies may be used to address different
important biological questions.

© 2011 Elsevier B.V. All rights reserved.
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1. N-glycosylation of proteins imported into ER

The process of N-glycosylation in plants was recently
reviewed in the context of therapeutic glycoprotein produc-
tion in plants by Gomord et al. (2010) [1]. The process starts
with dolichol lipid-linked glycan biosynthesis on the cytosolic
side of the ER membrane. After flipping to the lumen side of
the ER glycan synthesis continues to the full GlcsMangyGlcNAc,
structure [2]. This fully assembled glycan is linked to the
protein backbone via an amide bond (N-linked: N-glycosyla-
tion) of an asparagine residue in an Asn-X-Ser/Thr (NxS/T)
motif; where X can be any amino acid, except proline [3].
Transfer from the lipid to the protein occurs during translation

and transfer of secreted proteins into the ER at the Sec61
transmembrane channel complex by the oligosaccharyltrans-
ferase (OST) complex [4,5]. In Arabidopsis, only three from the
nine different components of the OST complex in yeast have
been identified [6]. Approximately 70% of all NxS/T sites on
secreted proteins are indeed glycosylated [7,8], suggesting
additional requirements for N-glycosylation such as flanking
peptide sequence, rate of the protein folding inside the ER
lumen and capacity of the OST glycosylation machinery [9-11].

In the ER the terminal glucose and some mannoses are
trimmed from the N-glycan (see next section). The lipid linked
glycan biosynthesis and the first modification steps in ER and
the Golgi apparatus are conserved between higher eukaryotic
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Fig. 1 - N-glycosylation in plants and animals. Differences in glycosylation pattern between plants and mammals appear in the
Golgi apparatus. The most notable plant-specific N-glycan modifications are the a-1,3 fucose attached to the first GIcNAc
residue and the $-1,2 xylose attached to the central mannose residue. Mammalian N-glycans may be modified by a-1,6 fucoses
as opposed to the a.-1,3 of plants, as well as 3-1,4 galactose residues, attached to terminal GIcNAc moieties. To these galactose
residues sialic acid groups may be attached. (Adapted from Ref. [12]).
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species, but further modifications in the Golgi apparatus may
differ between species [12]. In the Golgi apparatus the first
modification is the removal of one to four «-1,2 mannose
residues by a-mannosidase I [13]. Up until this point, the N-
linked glycans are termed high-mannose N-glycans structures.
The first obligatory step in the synthesis of complex glycans is
the addition of an N-acetylglucosamine moiety to the «-1,3
mannose branch by N-acetylglucosaminetransferase 1 (GnTI)
(Fig. 1, [14]) which in plants subsequently allows for two
independent N-glycan core modifications: an a-1,3 linked fucose
residue can be connected to the innermost GlcNAc residue and/
or a p-1,2 xylose can be attached to the central mannose residue
[15]. In mammals, the complex N-glycans have an «-1,6 fucose
instead of an «-1,3 fucose linked to the innermost GIcNAc of the
glycan core, while no -1,2 xylose core modifications occur in
mammals (Fig. 1) and glycans may be further modified by a p-1,4
galactose to which additional sialic acid residues may be
attached [16-18]. Since many of these reactions do not go to
completion, a very heterogenous end-glycan profile may exist
on a specific glycoprotein in a tissue. The difference in core
glycan modifications between plants and animals is reviewed in
detail by Gomord [1] and of importance in glycoproteomics
because the enzyme that is frequently used for deglycosylation
of mammalian glycoproteins (PNGase F) does not recognize the
plant glycan structure modified by an «-1,3 linked fucose.

2. Functions of N-glycans in the ER

In the ER, the mannose type N-glycan on the imported protein
supposedly aids the protein folding process. Moreover, the
attached glycan serves as a tag, which marks the quality of the
protein folding state [19]. The misfolded protein is retained in
the ER or, when transported to the Golgi apparatus may be
recycled back to the ER, till correctly folded [20]. However, a
slow N-glycan trimming activity in the ER serves as a timer
mechanism; when the N-glycan is trimmed too far, this
indicates a problem with folding and the trimmed N-glycan
with exposed hydrophobic domains, is recognized by ER
associated degradation machinery (ERAD) [21]. The ERAD
protein complex binds to the misfolded glycoprotein and
facilitates export to the cytosol where the N-glycan is removed
by PNGases and the protein is targeted for degradation by
proteasomes [20,22,23]. Recently a set of N-glycan modifying
mannosidase encoding genes (Mns 1-3) were identified in
Arabidopsis[24]. The triple mutant of the three mns genes forms
only short roots, with radially swollen cortical cells and
displays alterations in development of cell walls and aerial
plant parts, suggesting that several glycoproteins involved in
cell wall formation are affected by the mutations. The effect of
the mutations could be linked to the role of mannose
trimming in glycoprotein folding quality control in the ER
and ER-associated degradation of misfolded glycoproteins
[24]. Our knowledge of protein folding quality control and
ERAD is mostly from yeast and mammalian systems, but
recently the role of ERAD related processes in plants was
reviewed by Liu and Howell [25]. Because of the prominent role
of N-glycans in the unfolded protein responses (UPR) and
associated ERAD, glycoproteomics can play a key role in
further elucidation of these processes in plants.

3. Functions of N-glycans beyond the ER

In mammalian cells the glycans on the glycoproteins have
been proven to be involved in a wide range of biological
functions such as receptor binding, cell signaling, protein
folding, subcellular distribution and localization, protein
stability, endocytosis, immune recognition, inflammation
and pathogenicity [5,26-30]. In contrast, only very little is
known about the role of N-glycan processing beyond the ER in
plants. Only for isolated plant proteins the function of the
processed N-glycan has been investigated in detail. N-glycans
on plant glycoproteins have been shown to affect catalytic
activity, thermostability and folding [31] or subcellular local-
ization and secretion [32]. Recently it was found that N-
glycans may also play a role in plant pathogen interactions
[33] and in functional pattern recognition receptors [34]. Some
plant glycoproteins have a special N-glycan structure known
as a “Lewis a” antigen [35,36]. In mammals these glycan
structures are located on glycoproteins at the cell surface and
function in cell-cell recognition and adhesion processes [15].
In plants these structures are also at the cell surface, but the
function of this specific glycan structure in plants remains
unknown.

Mutations in mammalian cells that affect N-glycan proces-
sing are linked to very severe phenotypes (Type II congenital
disorders [37,38]). In contrast, eliminating overall modifica-
tions to complex type N-glycans on plant glycoproteins has no
or little effect on plant growth. For instance, the Arabidopsis cgl
mutant is unable to modify N-glycans on glycoproteins in the
Golgi apparatus to complex glycans due to a non-functional
GnTI gene [39,40]. In the cgl mutant all glycoproteins which
normally have complex N-glycans now have mannose type N-
glycans. However, plants grow normal and only display a
higher sensitivity to salt stress [41]. Also, when complex
glycosylation was artificially suppressed by RNAi in tobacco
and duckweed, the plants did not show an obvious growth
phenotype [42-44]. There is also an altered N-glycan profile in
the Arabidopsis glycosylation mutant alg3-2[45,46]. In the alg3
mutant the N-glycans of proteins in the ER are replaced by
aberrant mannose type N-glycans. Although it could be
expected that this affects recognition of misfolded proteins
in the ER, the alg3 mutant shows no severe effect on plant
growth [46]. Similar disorders in mammals result in severe
phenotypes. The difference of the impact of mutated complex
glycosylation in mammals and plants could be related to the
fact that in mammalian cells this part of the glycoproteome
has essential functions in protein—protein interactions in the
circulatory system, while in plants there is only very limited
long range transport of proteins.

4. Strategies in N-glycoprotein analysis:
N-glycomics

There are two parts in the analysis of glycoproteins: one is
related to the structure profiling of the N-glycan on the protein
and the other is related to identification of the proteins which
are modified by N-glycans. The strategies that can be used in
glycoprotein analysis are summarized in Fig. 2. In this figure,
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Fig. 2 - Strategies in N-glycomics and N-glycoproteomics. The thick arrows indicate strategies which potentially allow for bulk
analysis of N-glycoproteins/glycans, while the thin arrows indicate strategies which are usually limited to individually
selected, purified N-glycoproteins. Path a: release of N-glycans by PNGase treatment; b: N-glycans analysis by MALDI-TOF MS,
LC-MS/MS or capillary electrophoresis (CE); c: isolation of N-glycoproteins subfraction from whole (glyco)proteins pool; d: PAGE
size separation of N-glycoprotein subfraction; e: tryptic digestion of N-glycoprotein subfraction; f: PAGE size separation of whole
(glyco)proteins pool; g: specific N-glycoprotein detection by Western blot; h: analysis of tryptic digest of selected N-glycoprotein
by LC-MS/MS, MALDI-TOF MS or CE-MS/MS after PAGE separation; i: N-glycopeptides isolation by selective affinity capture; j:
N-glycan analysis of purified glycopeptides by LC-MS/MS or CE-MS/MS; k: release of peptides from N-glycopeptides by PNGase
treatment; I: mapping the N-glyco-site occupancy of peptides obtained from path k by LC-MS/MS; m: analysis of intact
N-glycoprotein by LC-MS/MS, MALDI-TOF MS or CE-MS/MS.

path a-b and ij describe the different options for obtaining Alternatively, capillary electrophoresis (CE) can be used for

information on the N-glycan structure based on MALDI-TOF oligosaccharides profiling analysis. CE has the advantage of
MS, MALDI-TOF/TOF MS/MS, or LC-MS/MS analysis of either efficient separation and short run times allowing for HTP
the cleaved N-glycans or the glycopeptides (glycomics). analysis of multiple samples [47-51]. For path i-j information

Table 1 - N-glycans profile in different plants, plant tissues and of isolated glycoprotein (numbers are % of the detected total

N-glycan pool); data were compiled from Refs. . Secr Ab: protein from transgene expressing antibody with secretion
signal; ER Ab: protein from transgene expressing antibody with ER retention signal; n.d.: not detectable.

Tobacco leaf A.thalianaleaf  A. thaliana seed A. thaliana seed
Young Old Secrated antibody Young Old Total ER-retained antibody
“Mannose-type”N-glycans
Man3GIcNAc2 n.d.
Man4GIcNAc2 2.0 n.d.
Man5GIcNAc2 3.0 4.0 4.0 26.7 31.7 21.3
Man6GIlcNAc2 5.0 5.0 4.7 7.5 9.3
Man7GlcNAc2 3.0 2.0 4.0 45 5.7 4.7 26.6
Man8GIcNAc2 2.0 4.0 5.9 5.2 8.9 73.4
Man9GIcNAc2 1.0 2.2 1.8 n.d.
Man3XylGIcNAc2 6.0 10.0 4.0 8.3 5.0 4.8
Man4XylGlcNAc2 21
GIlcNAcMan3GIcNAc2 4.0
GlcNAcMan3XylGlcNAc2 3.0 3.0 3.0 8.5 7.7 n.d.
GIcNAc2Man3GIcNAc2 10.0
GlcNAc2Man3XylGlcNAc2 4.0
“Complex-type”N-glycans
Man3XylFucGlcNAc2 29.0 39.0 14.0 15.3 11.3 41.2
Man3FucGlcNAc2 4.0 1.0
GlcNAcMan3FucGlcNAc2 2.0
GlcNAcMan3XylFucGlcNAc2 42.0 31.0 13.0 8.7 9.1 3.5
GlcNAc2Man3FucGlcNAc2 5.0
GlcNAc2Man3XylFucGlcNAc2 8.0 23.0 15.1 15.0 4.3

Total 100 100 100 100 100 100 100
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about the mass (amino acid sequence) of the peptide to which
the glycan is attached is necessary for establishing the glycan
structure. The other branches relate to different strategies in
identifying glycoproteins or glycopeptides (glycoproteomics).
In Fig. 2 the thick arrows indicate strategies which potentially
allow for bulk analysis of N-glycoproteins/N-glycans; the thin
arrows indicate strategies which are usually limited to
individually selected glycoproteins and thus are less compat-
ible with an “omics” type of approach.

The total set of N-glycans present in the total glycoprotein
pool of a plant tissue may be analyzed by MALDI-TOF MS, LC-
MS/MS or CE after release of the N-glycans from the protein(s)
by PNGase A treatment (Fig. 2 path a-b). For glycan identifi-
cation, there is a free accessible tool called “GlycoWorkbench”
available online, which can give glycan interpretation and
annotation based on the glycan mass spectrometry data [52].
An example of such a MALDI-TOF MS analysis of the N-glycan
pool from two different plant tissues (leaf and seed) is shown
in Table 1. The relative abundance of the different glycan
structures clearly differs between leaves and seeds, and also
changes upon aging in leaves. Alternatively, a specific
glycoprotein may be isolated from a plant tissue extract, as
shown in Table 1. Structures can be released with PNGase A for
analysis with different approaches (Fig. 2, path a-b), or the
(purified) protein can be digested with trypsin and analyzed by
LC-MS/MS, MALDI-TOF MS or CE-MS/MS to determine the
mass of the glycopeptide (Fig. 2, path h). A bioinformatics tool
called “ProTerNyc” can be used to calculate all putative N-
glycopeptides and identify them within the mass data
obtained from mass spectrometry [53]. In many cases, a single
glycoprotein shows a range of different glycan struc-
tures [54,55], even when there is only a single N-glycosylation
site present [56]. This most likely is the result of different
subcellular resident times in ER and/or cis-, medial-, or trans-
Golgi, resulting in different N-glycan processing intermedi-
ates. The N-glycan composition of glycoproteins isolated from
different tissues (leaf, seedling, and seed) also shows distinct
differences, which may be a reflection of different glycopro-
tein composition in these tissues (data not show). Remarkably,
there are large differences in the ratio of “mannose” and
complex type glycans between different plant species. It could
be that this is related to differences in ER:Golgi/plasma
membrane ratio in large (tobacco) and small (Arabidopsis)
plant cells. Experiments with the inhibitor of N-glycosylation
tunicamycin shows that glycoproteins have a turnover
varying from hours to days [34]. However, whether the
changes in the N-glycan composition in leaves upon aging
are a reflection of different glycoproteins being expressed or
reflect a maturation of N-glycans on the existing glycoproteins
is presently not known.

5. Strategies in N-glycoprotein analysis:
N-glycoproteomics

5.1. Gel based glycoprotein analysis
Most information of individual plant glycoproteins is coming

from PAGE based glycoprotein analysis (Fig. 2, path d, g, h). To
test whether a protein is glycosylated it can be treated with

PNGase or Endo H, which (under denaturing conditions) can
remove the glycan(s) from the glycoprotein. Treated and
untreated protein fractions can be analyzed on Western blot
after size separation on PAGE and difference in mobility of a
specific glycoprotein can be detected if specific antibodies
against this protein are available. This approach only tells
whether a protein is glycosylated. It provides no information
on the attached N-glycan structure beyond the level of
mannose type or complex type N-glycan (by comparing
sensitivity to PNGase A, PNGase F and Endo H: Fig. 1), nor
information on glycosylation site occupancy. Moreover, it is
limited to single protein analysis, so not applicable for “omics”
approaches in glycoprotein analysis.

N-glycan modifications on proteins within a protein extract
may be mapped by PAGE and Western blotting, using glycan
specific lectins, antibodies or fluorescent staining techniques
[57]. Lectins are a group of proteins capable of binding various
forms of carbohydrates with different specificities. The lectin
ConA is often used to detect glycoproteins. It binds to
mannose type N-glycans, but not to plant complex-type N-
glycans [57]. Some lectins may also bind to part of the O-
glycoproteome. For instance, wheat germ agglutinin (WGA)
binds to some GlcNAc- or sialic acid-containing N-glycans, but
also to clusters of a-GalNAc O-glycans in mucin-like glyco-
protein(s) of Caenorhabditis elegans[58]. The selective staining
of part of the glycoproteome may make it easier to detect
subtle changes in a total protein extract when glycoproteins
are specifically affected. The anti-HRP polyclonal antibody
directed against the horseradish peroxidase (HRP) recognizes
the fucose and xylose residues on complex type N-glycans.
Anti-HRP is therefore often used to detect proteins with
complex N-glycans on Western blots. Fig. 3 shows an example
of detection with anti-HRP of the complex glycoproteome in
leaves of WT Arabidopsis plants (Fig. 3, lanes 1, 3 and 5) and
leaves of the glycosylation mutant cgl[14,59], which is blocked
in the formation of complex N-glycans (Fig. 3, lanes 2, 4 and 8).
Glycoproteins may also be detected on gel by covalently
linking a fluorescent molecule to periodate-oxidized carbohy-
drate groups (e.g. Pro-Q Emerald, Molecular Probes™). This
staining method enables detection of even low abundant
glycoproteins on gel, but does not distinguish between
different types of N-glycans or between N- and O-glycans [60].

5.2. Complexity reduction by selective glyco-proteomics

Identification of a complete proteome of a tissue by LC-MS/MS is
mostly hampered by the high complexity of the peptide mixture
that is obtained after digestion with trypsin. This can be solved
in part by fractionation of the peptide mixture using multi-
dimensional LC-MS/MS. However, this makes comparison of
numerous protein samples extra difficult. Proteomics by direct
LC-MS/MS is therefore more feasible with selected proteome
fractions with reduced peptide complexity, such as from
isolated membranes or isolated glycoproteome fractions using
different types of affinity capturing. For instance, only 3% of the
tryptic fragments of the human proteome contain N-glycosyl-
ation sites; yet these peptides with an N-glycan represent the
majority of extracellular proteins (over 70%) [61]. The putative N-
glycoproteome of a plant species can be predicted from its
genome sequence information. Of the 32,825 proteins that have
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Fig. 3 - Complex N-glycan tagging in epidermal and mesophyll cells of Arabidopsis leaves. Lanes 1-2: SDS-PAGE of total protein
extracts from leaves of Arabidopsis wild type (lane 1) and cgl mutant (lane 2) as detected by silver staining. Lanes 3-4: Western
blot of identical WT (lane 3) and cgl (lane 4) fractions and staining of the complex glycoproteome using anti-HRP; Lanes 5-8:

Western blot analysis of the complex glycoproteome (probe anti-HRP) of a leaf tissue of wild type Arabidopsis (lane 5), leaf tissue
of cgl mutant complemented with RBCS-GnTI (lane 6) or LTP1-GnTI (lane 7), leaf tissue of cgl mutant (lane 8). For technical details

see Supplement.

been annotated in the Arabidopsis genome (TAIR9, www.arabi-
dopsis.org), 5879 proteins have a secretion signal peptide (SP) at
the N-terminus predicted by TargetP, indicating that these are
putative secreted proteins and potential candidates for N-
glycosylation. Of this putative secreted proteome, 3597 proteins
actually contain one or more NxS/T consensus glycosylation
sites. Because not every NxS/T consensus site on secreted
proteins will be occupied by an N-glycan, the predicted 3597
proteins constitute the maximum estimate of the N-glycopro-
teome. Fig. 5 compares the annotated biological functions of the
entire Arabidopsis proteome with that of the predicted secreted
N-glycoproteome (see also Table 2). The pie-charts show that

100.0% -
0 0, 0,
] 822% 822% 822% .,
@ 75.0% 1 65.8%
2
£ 50.0% -
(4]
z
‘£ 25.0%
=
0.0% -
° 04 0.5 1 5 10 25
accuracy (ppm)

Fig. 4 - Percentage of unique putative glycopeptide masses
per mass accuracy (ppm). Comparison of measured mass of
putative glycopeptides and a database of predicted
glycopeptide masses, based on the Arabidopsis sequence
data from TAIR9. The percentage indicates how many of the
masses can be uniquely assigned to a glycoprotein at the
given accuracy of mass measurement.

the putative secreted N-glycoproteome is enriched for hydro-
lase, kinase and receptor signaling proteins. Especially the
receptor kinases with leucine rich repeats (which have been
implemented in plant pathogen defense reactions [62-65]), have
multiple (up to 32) consensus N-glycosylation sites, suggesting
that isolation and analysis of the N-glycoproteome may be of
assistance in studying plant pathogen interactions.

After in silico trypsin digestion, the proteins of the predicted
N-glycoproteome of Arabidopsis render 12,399 peptide fragments
which contain one or more NxS/T sites. A tryptic digest of the full
Arabidopsis proteome results in 1,665,744 (predicted) fragments
and a selection of only the glycopeptides would give approxi-
mately a 100-fold reduction in peptide complexity, not regarding
the additional complexity formed by different glycan structures.
When glycopeptides from Arabidopsis can be selectively isolated
and subsequently deglycosylated, the measured mass of the
peptides (without the PTM) can be matched to a database of
predicted (glyco)peptide masses (based on the tryptic peptide
masses from all secreted proteins with a consensus NxS/T site).
When the mass alone would be measured with an accuracy of
~1ppm, a maximum of 82% of the peptides can be matched
unequivocally to a single glycoprotein (see Fig. 4). For the
remainder 18% of predicted (glyco)peptides additional informa-
tion, like MS/MS sequence information is required for further
identification, or protein isoforms could not be discriminated at
(glyco)peptide sequence level.

5.3. Lectin based selection of glycoproteins
and glycopeptides

Antibodies or lectins can not only be used for detection of
glycoproteins, but may also be used for isolation of glycoprotein


http://www.arabidopsis.org
http://www.arabidopsis.org
image of Fig.�3
image of Fig.�4

1469

JOURNAL OF PROTEOMICS 74 (2011) 1463-1474

® unknown molecular functions

u other binding

B other enzyme activity

W transferase activity

m hydrolase activity

u DNA or RNA binding

® kinase activity

m nucleotide binding

W transporter activity

M transcription factor activity

® nucleic acid binding

» praotein binding
other molecular functions
structural molecule activity

receptor binding or activity

Fig. 5 - Ontology of Arabidopsis proteome and putative secreted N-glycoproteome. (A) Gene ontology for molecular function of
the full Arabidopsis proteome from TAIR9; (B) Gene ontology for molecular function of the putative secreted N-glycoproteome of
Arabidopsis[88] based on signal peptides (SignalP: www.cbs.dtu.dk/services/SignalP/) and NxS/T consensus site.

pools. The isolated glycoprotein subfraction may then be size
fractionated on PAGE, 2D-PAGE or size-exclusion chromatogra-
phy (SEC), and protein bands of interest may be isolated for
analysis by LC-MS/MS, MALDI-TOF MS or CE-MS/MS (Fig. 2, path
c-d-h). Alternatively, the glycoproteins can be identified directly
by those different approaches without PAGE separation (Fig. 2,
path m). Lectins are useful in selecting for groups of proteins
carrying a specific type of glycan, but do not tolerate strong
denaturing conditions for the interaction with glycans. There-
fore, affinity capturing of intact glycoproteins may miss those
proteins for which the glycan moiety is masked by the protein
structure. The selectivity of lectins for certain glycans that
affects detection on Western blots (see above) also affects the
selection of the glycoprotein pool from a total protein extract.
The lectin ConA is often used to capture proteins with mannose
type glycans as ConA does not bind to complex type N-glycans
[57]. WGA can be used to isolate glycoproteins with a terminal
GlcNAc on N-glycans, but glycoproteins modified by O-glyco-

sylation may also bind to WGA [66]. The lectins AIL and PNA can
be used to capture Gal-containing N- and O-glycoproteins. AIL is
assumed to recognize mostly a-Gal, while PNA recognizes a-Gal
and p-Gal [67,68]. Recently, different lectin affinity purification
methods were combined for fractionation and identification of
cell wall associated glycoproteins [69]. After tryptic digestion of
the isolated protein fractions, peptides were identified by either
LC-MS/MS or MALDI-TOF MS, resulting in the identification of
127 glycoproteins [69]. Of these 127 glycoproteins, 101 proteins
were previously identified in a cell wall proteome analysis of 11-
day-old etiolated hypocotyls of Arabidopsis thaliana[70].

5.4. Hydrazide based selection of glycoproteins
and glycopeptides

Glycopeptides may also be captured by linking them through the
glycan moiety to hydrazide resin (Fig. 2, path i-k-1). For this, the
glycans of a tryptic digest of the isolated protein sample are first

Table 2 - Gene ontology annotations for the whole proteome (all #) and putative N-glycoproteome (glyco #) of Arabidopsis.

Enrichment shows the increase (fold change) of proteins with specific molecular function in putative N-glycoproteome
compared to whole proteome.

GO molecular function All # % Glyco # % Enrichment
Unknown molecular functions 10,893 24.45% 744 18.60%
Other binding 5345 12.00% 473 11.83%
Other enzyme activity 4359 9.79% 389 9.73%
Transferase activity 3764 8.45% 332 8.30%
Hydrolase activity 3273 7.35% 805 20.13% 2.72
DNA or RNA binding 2910 6.53% 30 0.75%
Kinase activity 2597 5.83% 439 10.98% 1.87
Nucleotide binding 2456 5.51% 196 4.90%
Transporter activity 1864 4.18% 122 3.05%
Transcription factor activity 1679 3.77% 18 0.45%
Nucleic acid binding 1610 3.61% 16 0.40%
Protein binding 1518 3.41% 233 5.83% 1.71
Other molecular functions 1502 3.37% 133 3.33%
Structural molecule activity 536 1.20% 22 0.55%
Receptor binding or activity 239 0.54% 48 1.20% 222
Total 44,545 100% 4000 100%
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oxidized to create functional aldehyde groups and subsequently
covalently linked to hydrazide resin [71]. After washing away the
non-linked peptides, the glycopeptides that are linked to the
resin with N-glycans can be released by PNGase treatment,
which results in a cleavage between the N-glycan and the
peptide backbone. Although both PNGase A and PNGase F work
for glycoproteins from mammals (Fig. 1), PNGase F is used
mostly because it is (commercially) available at much higher
concentration than PNGase A and can therefore be used in a
much more robust way. PNGase F only cleaves “mannose
type”N-glycans, whereas peptides linked by complex N-glycans
(with a glycan core modified by a-1,3 fucose) will remain linked
to the resin. To release the complex N-glycan containing
peptides from the resin, the less efficient PNGase A has to be
used. For quantitative analysis of N-linked glycopeptides and
comparison between samples we use hydrazide based isolation
of glycopeptides, followed by label free quantitative LC-MS/MS.
Alternatively, differential stable isotope labeling of samples can
be used [71]. In our hands, even after extensive washing, also
non-glycopeptides are released from the hydrazide resin upon
PNGase F treatment. The presence of an NxS/T glycosylation
consensus site, in combination with a 1 Da mass shift (N—D
conversion) of the peptide, can be used to distinguish between
real glycopeptides and contaminating non-glycopeptides.

6. Applications of N-glycoproteome analysis
6.1.  N-glycan type mapping

N-glycan type mapping can give information on the subcellular
location or transport of a glycoprotein. Because the different N-
glycan modifying enzymes are spatially distributed over the ER
and cis-, medial- or trans-Golgi, the N-glycan structure itself
contains information about the subcellular location or trans-
port pathway of a glycoprotein. For instance, when a glycopro-
tein only contains mannose type N-glycans it is indicative of ER
localization or of direct transport to subcellular compartments
that by-pass the Golgi apparatus. When a protein contains one
or more complex N-glycans, it is an indication that the protein
is resident in or has passed through the Golgi apparatus (e.g.
many of the plasma membrane proteins are modified by
complex N-glycans). Evidence of glycosylation of plant proteins
is mostly obtained through gel-shift based assays in which the
mobility of the target protein before and after PNGase
treatment is compared. When treatment of the protein with
either PNGase F or endoglucanase H (both do not cleave
complex N-glycans of which the core is modified by fucose) or
PNGase A (cleaves all N-glycans) results in a gel mobility shift,
this can be taken as proof for the presence of glycan and a
rough indication of the glycan type may be obtained. As
mentioned above, such information is indicative for subcellular
location or protein transport pathway. However, on the intact
protein not all attached N-glycans may be accessible for
deglycosylation. The use of some reducing and/or denaturing
agent may be required to make buried glycans accessible for
enzymatic action. Furthermore, gel-shift based assays do not
provide information on the site of N-glycan attachment and
only limited information on the number and type of N-glycans
that are attached to the protein.

6.2. N-glycan site occupancy mapping for transmembrane
topology verification

For secreted proteins with multiple membrane spanning
domains, the position of an N-glycan can give information
on the membrane spanning domain topology, because N-
glycan attachment is at the lumen site of the ER [2,23,72].
Indeed, the topology of membrane proteins is often verified by
introducing a consensus N-glycosylation sites in specific
loops, located between the transmembrane spanning do-
mains, and monitor the occurrence of N-glycosylation when
expressed in the cell [73,74]. N-glycoproteomics aimed at
mapping N-glycan site occupancy of glycoproteins may
therefore help to validate the correct topology of membrane
proteins with one or more transmembrane spanning domains.
Knowing the correct topology of membrane proteins is
important for assigning the correct location of enzymatic
activity (ER-lumen, cytosol, apoplast etc.) [75-79].

6.3.  N-glycan site occupancy mapping for prediction tools

Accurate prediction of N-glycan site occupancy on secreted
proteins is of use for development of plants as production
platform of highly value pharmaceutical glycoproteins like
antibodies or vaccines with uniform glycosylation patterns.
The efficiency with which the glycan is transferred onto the
consensus sequence is determined by (1) the serine or
threonine in the consensus sequence NxS/T, (2) the amino
acid x in the consensus sequence, (3) the location of the NxS/T
motif within the polypeptide chain and its proximity to the C
terminus, (4) the amino acids flanking the NxS/T sequence,
and (5) the polypeptide structure surrounding the consensus
sequence [80]. A prediction tool was developed for variable
site-occupancy classification of N-linked glycosylation using
artificial neural networks, based on only 48 NxS/T sites from
individual proteins of which site occupancy had been re-
trieved from literature [11]. For such prediction tools, true
glycoproteomics would greatly increase the input that is used
for entraining the neural network and could thus vastly
improve the accuracy of such prediction tools.

7. Unique opportunities for N-glycoproteomics
in plants

7.1. Full N-glycoproteome mapping

The difference between high mannose versus complex-type
glycans can be used to discriminate proteins that have passed
the Golgi apparatus or not (yet). For the study of changes in the
glycoproteome of the ER and ER derived compartments that
bypass protein transport through the Golgi apparatus, the
selectiveness of PNGase F is actually an advantage when
glycopeptides are captured through their glycan and can only
be released by PNGase F treatment. In protein extracts from
wild type plants, the expensive PNGase A enzyme (which can
cleave all N-glycans) is inefficient in releasing N-glycopeptides
(our observation). This limits an integral analysis of all
glycopeptides captured through their N-glycans. Because
PNGase F can only cleave mannose-type N-glycans it will
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mostly release glycopeptides from ER compartments in wild
type plant protein extracts. For an inventory of the full N-
glycoproteome, mutant plants in which N-glycan modification
to complex glycan has been blocked can be used [14]. In this
genetic background glycoproteins only contain mannose type
N-glycans and therefore, all glycopeptides can be released by
PNGase F from their N-glycans. Alternatively, for plant species
for which such mutants are not available, different knockout
strategies can be used to block complex glycosylation [1,42-
44]. The isolated glycopeptides can be analyzed by label free
quantitative LC-MS/MS comparing mass peak intensities
between (groups of) samples. Alternatively, glycopeptides
may be labeled during the PNGase treatment. When the
deglycosylation reaction is performed in ‘O-water, “O is
incorporated at the N-glycosylation site and samples treated
with PNGase F in normal water and “O-water can be easily
compared quantitatively [81].

7.2 Cell specific tagging of the complex N-glycoproteome

As a tool to compare the glycoprotein pools of different cell
types in plants, we used the Arabidopsis complex-glycan-less
(cgl) mutant [14,59]. By restoring N-glycan processing in this
mutant by expressing the wild type GnTI gene under control of
a cell specific promoters ([89] LTP1 for epidermal expression
and RBCS for mesophyll specific expression), the biosynthesis
of complex N-glycans is only restored in epidermal cells or
mesophyll cells, respectively. Only in the cells with wild-type
GnTI activity, glycoproteins carry complex type N-glycans
with the xylose and fucose epitopes, which allows the study,
characterization and isolation of the “complex-type” glyco-
proteome of the specified cells. Fig. 3 shows as example the
difference in complex glycoproteome detected in Arabidopsis
leaves. Lanes 1 and 2 show the equal (silver) staining of WT
and cgl protein that was loaded, while lanes 3 and 4 show the
Western blot detection of proteins with complex N-glycans
using anti-HRP. Lane 4 shows that in the cgl mutant
background virtually no proteins are detected by anti-HRP.
Lanes 5-8 show an example of the cell type specific tagging
with complex N-glycans in epidermal and mesophyll cells of
Arabidopsis leaf tissue. The detected glycoprotein pattern in
lanes 6 and 7 shows there is quite some overlap of the complex
glycoproteins in the two cell types. Even though Western blots
only allow for the detection of abundant glycoproteins,
already for each cell type uniquely tagged proteins are
detected. We are currently optimizing the protocols for
isolating the peptides that are tagged with complex N-glycans
from Arabidopsis leaf tissue for further protein identification.

8. Bottlenecks in glycoproteomics
8.1.  Multiple glycoprotein products

The complex chemical structure, the different chemical
properties of the peptide and glycan moieties and relative
low abundance of most glycoproteins in plants, make analysis
of glycoproteins or glycopeptides a difficult task. Integral
approaches to glycoprotein analysis are further complicated
by the dynamics of the glycosylation process itself, resulting in

variable glycan structures on the same glycoprotein. The
already relatively low signal of a single glycopeptide with
different attached glycan moieties may therefore be distrib-
uted over multiple peaks at different retention times using
liquid chromatography, impeding detection or efficient iden-
tification in complex mixtures.

8.2 Peptide identification

The 1 Da (in water) or 2 Da (in “O-water) mass shift from the
PNGase treatment, being diagnostic for the glycosylation site,
could alternatively originate from a deamidation of aspara-
gine. This needs to be checked by control samples (e.g.
detecting the “normal” level of deamidation). Furthermore,
because many glycoproteins contain only one or few glyco-
sylation sites, linking the isolated glycopeptide mass to the
presence and identity of a specific protein is no longer
supported by multiple peptide masses. While common
guidelines for publication require the identification of proteins
by multiple peptides [82,83], this is not feasible in many cases
for affinity selected single peptides. We argue that if good
quality MS/MS information is provided per peptide, these
“one-hit” identifications are correct and valuable.

8.3. Non-robust PNGase A

General N-glycoproteomics research for plant glycoproteins
would profit a lot with isolation of the PNGase A gene and
biotechnological production of this more versatile PNGase. It
would enable more efficient release of glycopeptides inde-
pendent of glycosylation mutant background. We mentioned
the unique possibility of performing cell specific glycan
tagging in plants, by cell specific complementation of the cgl
mutant. Analysis of the proteins of the targeted cell type that
are tagged by complex glycans, using the hydrazide capturing
method, requires removal of “mannose” type N-glycopeptides
with PNGase F and subsequent release with PNGase A. This
procedure is still not effective enough and we are currently
testing whether isolation of the complex glycopeptides may be
enriched by prior removal of all mannose type N-glycans from
the peptide mix before binding to the hydrazide resin.

o. Summary and perspectives

With the new developments at the level of software and state of
the art analytical equipment, it becomes feasible to dive deeply
inside of the functional importance of N-glycosylation in plants.
Recent newly developed MS technologies like electron capture
dissociation (ECD) and electron transfer dissociation (ETD)
which results in peptide backbone fragmentation while keeping
the post-translational modification intact may further improve
characterization of glycopeptides [84-86]. The glycoproteome,
and especially the part of the glycoproteome in the plasma
membrane, which is (mostly) modified by complex N-glycans, is
highly enriched in components that interact with extracellular
signals during plant development, but also extracellular signals
emanating from invading pathogens. Glycoproteins may only
be one small part of these biological processes, but the tools that
are being developed to study this part of the proteome may be of
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great assistance to enhance our insight into these important
biological processes.
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