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Background

This thesis was carried out within the research program of the Centre of Biosystems 
Genomics (CBSG) which is part of the Netherlands Genomics Initiative of the 
Netherlands Organization for Scientific Research. The program is based on two 
Technology Development (TD) projects: N-glycoproteomics in Arabidopsis and its 
applications (TD7) and Plasma membrane proteomics in plant pathogen interactions 
(TD5). Both projects were focused on the development of plant proteomics 
methodology, utilizing different types of proteome enrichment techniques. In Liquid 
Chromatography coupled to Mass Spectroscopy (LC-MS)-based proteomics studies, 
proteins are isolated from the tissue or cells of interest, digested with trypsin and the 
resulting peptides are separated by LC and measured by MS. In proteomics of a total 
cell protein extract, peptide detection may be dominated by peptides from the most 
abundant proteins, resulting in an underrepresentation of low abundant peptides/
proteins. Moreover, in very complex peptide samples the separation of peptides 
may not be optimal and different peptides with overlapping elution during LC may 
hinder ionization of the peptide and hence mass spectrometer detection. Therefore, 
proteomics can benefit from specific enrichment procedures with allow focusing on 
a particular type of proteins in the cell. In this project we developed the techniques 
to measure proteins that are modified by N-glycosylation or which specifically reside 
in the plasma-membrane (PM). Because N-glycosylation takes place on proteins that 
enter the secretory pathway, which includes proteins that migrate to the PM, many 
PM proteins are also glycosylated. Therefore, results from N-glycoproteomics and PM 
proteomics can be complementary. The role of protein N-glycosylation in plants is still 
not fully understood and for most plant proteins it is not even known whether they 
are N-glycosylated. The developed glycoproteomics protocol was therefore applied to 
make an inventory of all N-glycosylated proteins in Arabidopsis. The PM proteomics 
was applied to quantify changes in the PM-proteome of plant cells and its importance in 
plant-pathogen interactions. 

1. General approaches in proteomics

Proteomics is widely used for the characterization of cellular responses to different 
treatments that are not marked by transcriptional changes but may initially only be 
detectable at the protein level. In proteomics the level of different proteins is determined 
by measuring the abundance of peptides derived from each protein. Proteomics may be 
used to identify proteins in a protein extract, while in quantitative proteomics peptide 
abundance is also quantified to get information about quantitative changes in the 
proteome. 

Until recently, gel-based proteomics was the main method for proteome profiling via 
one or two dimensional polyacrylamide gel electrophoresis (2DGE). Individual protein 
spots on the gel were isolated for trypsin digestion, mass spectrometry and subsequent 
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identification of the protein. 2DGE has a high resolving power, and a few thousand 
protein spots can be separated and visualized on a single gel (Tannu and Hemby, 2006). 
However, this number is still far below the actual number of proteins in most biological 
samples and low abundant proteins are not or difficult to detect by gel staining assays. 
A typical 2DGE can only visualize 30-50% of the entire proteome (Baggerman et 
al., 2005). Moreover, for quantitative proteomics, comparison of protein content in 
two different samples is needed and this requires alignment of protein spots from 
two different samples for which specialized software has been developed. Instead of 
comparing protein spots between different gels, samples may also be run together in a 
single gel to allow comparison of protein spot intensity from two samples by differential 
fluorescent labeling of the proteins in each sample by N-hydroxy succinimide 
fluorescent dyes (e.g. Cy3, Cy5) (Van den Bergh et al., 2003). 2D-difference gel 
electrophoresis (2D-DIGE) has been used successfully to detect differential protein 
abundances in two protein samples, however, it is only efficiently applied in comparison 
of two protein samples. In experiments where multiple conditions or time points have 
to be compared, the use of 2D-DIGE becomes a major problem due to limitations in 
dynamic range and insufficient separation of proteins (Ong and Pandey, 2001). For such 
cases gel free proteomics has become more popular. 

Gel free proteomics makes use of separation of peptides derived from a trypsin digest 
of the protein extract instead of separation of the proteins by 2D PAGE. Peptides are 
separated by LC and when needed, separation of peptides in complex mixtures may 
be enhanced by multi-dimensional liquid chromatography, followed by tandem mass 
spectrometry. The peptides that are identified are then used to identify the corresponding 
proteins. A peptide based proteomic analysis can be performed much faster and cost 
effectively than a complete gel-based analysis. For relative peptide quantitation in 
multiple samples there are many peptide labeling approaches that can be used in gel 
free proteomics such as ICAT (isotope-coded affinity tagging), SILAC (stable isotope 
labeling in cell culture), iTRAQ (Isobaric tag for relative and absolute quantitation), etc. 
However, in these peptide labeling procedures not all the protein/peptides are tagged 
and different efficiencies of peptide labeling may hinder accurate relative quantification 
in different samples (Patel et al., 2009). Such problems that are introduced by the 
peptide/protein labeling for quantitative proteomics may be avoided by using label-free 
comparative proteomics. 

2. Label-free comparative proteomics

Label-free comparative proteomics is a popular tool to reveal changes in the 
whole protein pool of samples following different treatments, as it does not suffer 
the constraints and costs of labeling methods. In this research we used label-free 
comparative proteomics for both the proteins selected for N-glycoproteomics and 
proteins selected for PM proteomics. While label-free proteomics sample preparation 
may be less time consuming and does not suffer from variations in labeling of proteins 

Chapter 1                                                                                                                                                                                                                                                                                                             General introduction



10

with heavy isotope labeling methods such as SILAC, ICAT and iTRAQ, the label-
free proteomics does require extra care for reliable relative quantification. Therefore, 
label free proteomics needs multiple replicates per protein sample, which in the post-
processing of data introduces a challenge for the alignment between samples. Still, with 
the help of recently developed software for protein identification and quantification, 
in combination with advanced statistical tools, label-free proteomics can be used as a 
reliable and powerful tool to unravel the proteome profile in multiple protein samples. 

In LC-MS analysis of a peptide sample the machine can switch between the data 
acquisition mode for peptide identification: DDA (data dependent acquisition) and for 
peptide quantification: MSE (data independent acquisition, DIA). These MS modes 
provide different types of output, each with their own constraints and missing data. In 
DDA, during each spectrum scan the most abundant precursor ions are selected for MS/
MS. Therefore good fragmentation patterns can be obtained, which helps in determining 
the peptide amino acid sequence and thus identifying the corresponding protein. The 
trade-off for this mode is that other masses that co-elute at the same time are selected 
and therefore not identified. Also, at lower frequency of MS spectrum collection, for 
each detected mass, the intensity signal covers only part of the related eluting peak. 
DDA data (at lower MS frequency) are therefore not quantitative, but good for protein 
identification. In contrast, in MSE mode all precursor ions are measured more frequently 
(every 1 or 2 seconds) and data on intensity of the signal over the entire eluting peak 
are captured in the MSE mode. Therefore, the MSE mode provides good quantitative 
information for each of the detected peptide masses, but MSE spectra are less suitable 
for peptide identification. 

In this project we analyzed protein/peptide samples by both DDA and MSE and one 
of the major challenges was to link DDA data (peptide identity) to MSE data (peptide 
abundance) in multiple samples. In MS-based proteomics the efficiency of peptide 
identification and quantification is also influenced by the complexity of the protein 
sample, due to co-elution of multiple peptides. Therefore, complex protein samples 
like from whole plant cell extracts may first be fractionated by a first dimension 
LC in multiple sub-pools, followed by separate second dimension LC-MS of these 
individual sub-pools. However, this also introduces the additional problem that peptide 
information belonging to the same protein may be distributed over multiple LC-MS 
runs.

The complexity of the protein samples may also be reduced by focusing on enrichment 
of particular types of proteins (e.g. proteins with an N-glycan or phosphorylated 
proteins, etc.). Alternatively, protein isolates may be reduced in complexity by 
enrichment of proteins located at particular sites of the cells (e.g. soluble proteins 
versus membrane located proteins, chloroplast proteins, etc.). In my thesis I explored 
two approaches to protein enrichment for label-free quantitative proteomics: selection 
of N-glycosylated proteins/peptides and selection of (plasma)membrane bound 
proteins. Each of these approaches may be linked to different types of biological 
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questions. Modification of proteins by N-glycans is one of the most common protein 
modifications, but has not extensively been studied in plants because mutants in 
N-glycosylation do not show a clear phenotype (in contrast to N-glycosylation mutants 
in other eukaryotes). Therefore, the function of N-glycosylation in plants is still not 
fully understood. Proteins in the plasma membrane are often under-represented in full 
proteome studies as these proteins are more difficult to extract and usually have a low 
abundance. Analysis of proteins from the plasma membrane of cells is especially of 
relevance when studying the responses of plants to microbial pathogens, of which the 
detection usually occurs in the extracellular space and for which the presence may be 
signaled to the cell by receptors in the plasma membrane. 

3. N-glycoproteomics

Glycosylation is one of the most common post-translational modifications of proteins 
in eukaryotic cells. It is estimated that half of the expressed proteome in higher 
eukaryotes consist of secreted proteins which are modified by N-glycans (Varki, 1999). 
Glycoproteins are proteins modified with a glycan, consisting of one or several sugar 
groups. In eukaryotes, proteins may be modified at different positions and by different 
types of sugars. Within the pool of proteins modified by glycans we distinguish 
N-glycans, O-glycans and glycosyl phosphatidyl inositol (GPI) lipid anchor. Glycans 
may be attached to serine or threonine in the protein backbone (O-glycosylation) or 
to asparagine (N-glycosylation). Whereas O-glycosylation takes place in the cytosol, 
N-glycosylation takes place on proteins that enter the secretory pathway upon import 
into the ER on the consensus site Asn-X(P!)-Ser/Thr (N-P!-S/T, where X is any 
amino acid except proline) (Varki, 1999). O-glycan attachment sites seem to be less 
well conserved compared to the N-glycan attachment sites on proteins. GPI anchor 
attachment may take place on both cytosolic proteins and in the ER secretory pathway 
without the presence of a clear consensus site. In this thesis research we used special 
techniques to study N-glycoproteins, so we will first summarize the essential points of 
N-glycosylation in plants in comparison to N-glycosylation in animals.

3.1 N-glycosylation in plants versus N-glycosylation in mammals
In both mammals and plants, N-linked glycan biosynthesis starts at the cytosolic face 
of the ER where two N-acetylglucosamine and five mannose residues are added onto 
the dolichol carrier. Then the intermediate dolichol linked oligosaccharide is flipped 
from the cytosolic to the luminal face of the ER. Eventually, four more mannoses and 
three glucose residues are transferred to the oligosaccharide and the oligosaccharide 
precursor is transferred from the dolichol to an asparagine residue of a nascent peptide. 
N-glycans are further processed in the ER, and later on in the Golgi apparatus. In the 
ER, the terminal glucoses and one or two mannoses residues of Glc3Man9GlcNAc2 
are removed. Then the glycoprotein may be transported to the Golgi apparatus and the 
remaining α1,2-linked mannoses are removed by α1,2-mannosidase (ManI) resulting 
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in a Man5GlcNAc2 structure. In the Golgi, an additional GlcNAc residue is added 
to the Man5GlcNAc2 catalyzed by N-acetylglucosaminyltransferase I (GnTI). This 
is an obligatory step, and only after this the N-glycans can be further modified by 
glycosidases and glycosyltransferases which can add additional sugars with different 
linkages to the N-glycan. Since many of these reactions are not always completed, 
this results in a heterogeneous glycan profile existing of specific glycoprotein forms in 
different tissues. The N-glycosylation pathway is evolutionary strongly conserved in all 
eukaryotes, but certain N-glycan core modifications like fucosylation and xylosylation 
are specific for higher plants, suggesting an important role for these plant specific 
glycan-modifications. 

3.2 Function of protein N-glycosylation in ER relates to protein folding 
quality control
One general role of N-glycosylation for proteins secreted into the ER is in protein 
folding control, but for animal systems a role for N-glycans has also been implicated 
in polar protein localization, protein stability, ligand binding, endocytosis, immune 
recognition, inflammation and pathogenicity, cell signaling and cell motility (Varki, 
1999). The importance of N-glycan modifications in mammalian cells is exemplified 
by the strong congenital disorders resulting from mutations in N-glycan processing. In 
plants, N-glycosylation has also been implicated in protein folding control, as complete 
absence of N-glycosylation is associated with induction of several protein folding 
stress responses (Varki, 1999). However, in contrast to animals, in plants changes in the 
structure of the mannose type N-glycans on glycoproteins imported into the ER seems 
to be less essential. For example, in the alg3-2 mutant (Fig. 1), which has aberrant 
N-glycans for ER localized glycoproteins but normal N-glycans once the glycoprotein 
is transported to the Golgi, no clear growth phenotype was observed (Henquet et al., 
2008). 

3.3 Level and function of protein N-glycosylation for secreted proteins 
beyond ER not well understood
N-glycans on glycoproteins which are transported from the ER to the Golgi may 
be further modified into so-called complex N-glycans. Plants have specific types of 
complex N-glycan biosynthesis but the function of these modifications is not well 
understood. For instance, the complex glycan less (cgl1-1) mutant of Arabidopsis, 
which completely lacks complex N-glycans (Fig. 1), has no obvious growth phenotype 
and only displays a somewhat altered salt stress tolerance (Kang et al., 2008). The 
lack of a clear phenotype in N-glycosylation mutants hampers resolving the role of 
N-glycosylation in plants. Specific measurement of glycoproteins could help elucidate 
the role of this protein modification and quantitative glycoproteomics could for 
instance help establish whether there is a difference in lifetime of the same protein in 
Arabidopsis Col-0 (normal N-glycan) and in a glycosylation mutant background (e.g. in 
the alg3-2 mutant background). 
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Figure 1. Illustration shows the difference in the N-glycosylation pathway of 
Arabidopsis Col-0 (WT), the complex glycan less (cgl1-1) mutant and the α1,3-
mannosyltransferase (alg3-2) mutant.

3.4 Different strategies for N-glycoproteome enrichment 
Due to the heterogeneity of the N-glycans on glycoproteins, glycopeptides are 
notoriously difficult to identify and sequence by mass spectrometry. Glycoproteomics 
tries to overcome these difficulties and is based on enrichment of the glycoprotein. 
Glycoprotein enrichment is achieved through lectin affinity capturing. Lectins are 
proteins that can bind carbohydrates and different lectins may show specificity for 
different sugar moieties. For instance, lectin ConA is mainly used for capturing proteins 
with mannose type of glycans. Wheat germ agglutinin (WGA) is often used for 
enrichment of glycoproteins with a terminal GlcNAc on N-glycans. Therefore, multiple 
lectins need to be used for isolation of the full N-glycan proteome (Kullolli et al., 2008; 
Zielinska et al., 2010; Zielinska et al., 2012). 

Instead of enrichment of intact N-glycoproteins, enrichment of N-glycosylated peptides 
after trypsin digestion of the proteins may be used. Lectins may also be used for this (Xu 
et al., 2016). However, lectins mainly bind to mannose type N-glycans and not or weak 
to complex N-glycans, resulting in underrepresentation of glycoproteins with complex 
N-glycans. Glycopeptides may also be captured by covalently linking them to activated 
materials. For instance, after a glycan oxidation step, glycopeptides can be covalently 
coupled to hydrazide resin beads (Zhang et al., 2003; Tian et al., 2007; Zhang, 2007; 
Zhang and Cotter, 2008; Li et al., 2013; Sun et al., 2015; Yang et al., 2016). This method 
has no bias for different glycans. However, release of the captured glycopeptides highly 
depends on the efficiency and specificity of glycosidases which cleave the N-glycan 
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from the peptide and thus releases the captured peptide from the column for analysis by 
LC-MS. Similar to glycopeptide capturing to hydrazide beads, glycopeptides may be 
captured by boronic acid activated beads. Boronic acid can covalently react with cis-
diols in the oligosaccharide and form five- or six-membered cyclic esters in an alkaline 
environment, while the cyclic esters dissociate when the environment changes to low 
pH. Boronic acid can be immobilized to monoliths, magnetic particles, mesoporous 
silica, polymer nanoparticles, gold nanoparticles or other solid-phase particles for 
glycopeptides enrichment (Wang et al., 2013). Also for this method, the release of the 
captured glycopeptides highly depends on the efficiency and specificity of glycosidases 
which release the deglycosylated peptide from the carrier material. Especially for 
plant N-glycoproteomics this step poses a problem because the plant specific complex 
N-glycans are not substrate for the glycosidase PNGase F, which is commonly used in 
these procedures and which for instance can cleave all types of N-glycans occurring 
in mammalian cells. Because the N-glycans are hydrophilic, a so called zwitterionic 
hydrophilic interaction liquid chromatography (ZIC-HILIC) solid phase extraction 
(SPE) may also be used for enrichment of hydrophilic compounds such as glycan or 
glycopeptides (Pohlentz et al., 2016). In this case, glycopeptides are not covalently 
linked and eluted as intact glycopeptide, which requires special conditions for peptide/
N-glycan identification. 

3.5 Hydrazide beads glycopeptide affinity capture for glycoproteomics in 
plants
We chose to use the hydrazide beads affinity capturing method for glycopeptide 
enrichment to do glycoproteomics in Arabidopsis (Fig. 2). As special feature we made 
use of glycosylation mutants, such as complex glycan less (cgl1-1). The cgl1-1 mutant 
was used to be able to study the full glycoproteome of Arabidopsis, which is not 
possible for Arabidopsis Col-0 because of complex N-glycans on glycoproteins that are 
in or go through the Golgi. Glycoproteins in the cgl1-1 mutant do not have complex 
N-glycans and therefore potentially all glycopeptides can be released from hydrazide 
beads by PNGase F. Analysis of peptides released from Arabidopsis Col-0 and the cgl1-1 
mutant can give a first comprehensive inventory of glycopeptides/proteins in plants. 
Moreover, the identification of glycopeptides with enhanced signal in cgl1-1 compared 
to Arabidopsis Col-0 potentially identifies glycopeptides with complex N-glycans, so 
identifies proteins that are present in or passed through the Golgi. 
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Figure 2. Schematic representation of an N-glycoproteomics workflow by using 
hydrazide resin beads as solid phase for affinity capture of N-glycoproteins. 

4. Plasma membrane proteomics in plants

The plasma membrane in plant forms a semipermeable and selective barrier between 
the cell and its environment. In plants, the plasma membrane (PM) together with the 
cell wall (CW) forms the PM-CW continuum which separates the intracellular and 
extracellular space and regulates what enters and exits the cell. Proteins in the PM play 
an important role in many cellular processes such as signal transduction, exchange of 
metabolites, ion transport, endocytosis, and pathogen recognition (Shiu and Bleecker, 
2001; Alberts et al., 2002; Uemura et al., 2004; Dodds and Rathjen, 2010). Proteins in 
the PM contain one or multiple transmembrane domains or they are anchored to the PM 
by a lipid anchor. The space for proteins in the PM is small compared to the volume 
of the cytosol of a cell. Therefore proteins in the PM membrane are less abundant 
than cytosolic proteins and studying the PM proteins therefore requires enrichment of 
the PM fraction of cells. For PM proteomics, membranes are isolated from cells and 
subsequently fractions are enriched for PMs. Because the lipid content of membranes of 
endogenous cellular compartments differs, membrane vesicles can be separated based 
on their different lipid composition by aqueous two-phase partitioning (Alexandersson 
et al., 2004) (Fig. 3). 

4.1 Plasma membrane proteomics application in plants
In addition to the glycoproteomics described above, in my thesis I used a second 
approach to enrichment proteomics in plants and implemented and optimized a 
procedure for PM protein enrichment. The procedure of PM enrichment had been 
described for mammalian cells (Alexandersson et al., 2004; Fig. 3), but at the onset of 
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my thesis work had hardly been used for plants. The presence of the cell wall in plants 
poses additional problems for PM isolation and the procedure requires optimization 
for each plant species or tissue type (Arabidopsis leaf, potato leaf, tomato cells). In my 
thesis, PM proteomics is used to study different aspects of plant-pathogen interactions. 
In Arabidopsis I compare the plasma membrane composition of Col-0 (resistant to 
P. brassicae) and lecrk-I.9 mutant and 35S-ipiO1 transgenic plants (susceptible to 
P. brassicae). In addition, I study the PM proteome of tomato cell suspension cells 
with mock and real infection by P. infestans zoospores or zoospore supernatant which 
contains secreted effector proteins from the pathogen. 

 

Figure 3. Scheme of plasma membrane enrichment from Arabidopsis by two phase 
partitioning as described by Alexandersson et al. (Alexandersson et al., 2004).

5. PM proteomics in plant-pathogen interaction studies 

Plants are affected by microbial pathogens such as fungi, bacteria and oomycetes. 
The interaction between plants and microbial pathogens can be viewed as two-
way communication. On one side, when a pathogen has landed on a plant, the plant 
should recognize pathogen contact and initialize its defense system. On the other side, 
pathogens will try to manipulate plants for successful invasion by adapting/creating 
an environment within the host suitable for its growth and reproduction. The battle 
between plant and pathogen resulted in the evolution of genes that enable recognition 
and response between plant and pathogen. When a pathogen attacks a plant, a so called 
pathogen-associated molecular pattern (PAMP) can occur (Pel and Pieterse, 2013), 
which triggers the plant defense, also known as PAMP-triggered immunity (PTI) (Boller 
and Felix, 2009). In many cases, pathogens are able to suppress the PTI by secreting 
“effector” proteins into the plant. Subsequently, the plant defense system can recognize 
these effectors, which triggers additional plant defense responses, also known as 
effector-triggered immunity (ETI). Many responses to plant pathogens may only occur 
at the protein level and therefore are only detected by proteome analysis. Table 1 shows 
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that many proteomics studies have been done to study plant-pathogen interactions, but 
in none of these a PM enrichment procedure was used. 

In studies of effector proteins from the oomycete tomato pathogen P. infestans, the ipiO 
gene was identified and shown to interact with a LecRK receptor kinase (Bouwmeester 
et al., 2011). Subsequent research using an Arabidopsis model with Phytophthora 
brassicae showed that both Arabidopsis plants with ipiO overexpression (35S-ipiO1) 
as well as the Arabidopsis lecrk-I.9 mutant have a gain of susceptibility to P. brassicae 
while Arabidopsis Col-0 is resistant to P. brassicae. In my thesis I use this system to 
study the PM proteome as I postulate that the similar phenotype of 35S-ipiO1 and 
lecrk-I.9 mutant is caused by similar changes in the PM proteome in these transgenic 
lines. In a more direct study of the plant pathogen interaction I apply PM proteomics 
to study the PM proteome changes in tomato MsK8 culture cells in response to either 
infection by P. infestans zoospores or treatment of supernatant from P. infestans 
zoospore cultures. PM enrichment is difficult, for example because of the presence of 
contaminating proteins. Another major problem is the limited link between identified 
peptides/proteins and quantitative data of peptide features. By using filtering procedures 
and alternatives to protein identification I try to solve these problems so I can still 
identify some potentially interesting candidate proteins which may play a role in the 
response to the plant pathogens P. infestans and P. brassicae. 

Table 1. Summary of publications in Arabidopsis proteomics studies of plant-pathogen 
interactions, including pathogen name, plant material, protein separation technology, 
identification method, publication source and which post-translational modifications 
(PTMs) were introduced.
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Abbreviations

PTI: Pathogen-associated molecular pattern (PAMP)-triggered immunity; ETI: Effector-
triggered immunity; ETD: Effector-triggered defense
Flg22: A 22-amino acid sequence (flg22) of the conserved N-terminal part of flagellin
SDS-PAGE: Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
DIGE: Differential in-gel electrophoresis
MOAC: Metal oxide affinity chromatography
IMAC: Immobilized metal ion affinity chromatography
iTRAQ: Isobaric tags for relative and absolute quantitation
LC-MS: Liquid chromatograph and mass spectrometry
SCX: Strong cation exchange chromatography
MALDI-TOF: Matrix-assisted laser desorption/ionization and Time-of-Flight
ESI-LIT-MS: Electrospray ionization-linear ion trap mass spectrometry
LTQ-MS: Linear trap quadrupole mass spectrometry
LCQ: Liquid chromatography quadrupole
Q-TOF: Quadrupole Time-of-Flight
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6. Scope of the thesis

In Chapter 2 (N-glycoproteomics in plants: challenges and perspectives Song et al. 
(Song et al., 2011) we give an overview of the current state of N-glycoproteomics 
in plants and perspectives of application. The difference between N-glycosylation in 
plant and mammalian is discussed and how this affects the possibilities of established 
methods for enrichment and analysis of glycoproteins in plants versus animals. One 
big difference between plants and mammalian organisms is that in mammalian cells the 
secreted proteome is estimated to constitute up to 50% of the overall proteins, while 
in plants the glycoproteome is only a small fraction of the total cellular protein pool. 
Enrichment of the glycoproteome in plants is therefore much more important than in 
mammalian cells. In plants, most intriguingly, mutations in glycan modification of 
glycoproteins do usually not have a clear effect on the plant phenotype, which is in 
sharp contrast to similar types of mutations in animals where they are often lethal or 
have high impact on development. The lack of a clear biological function, while at the 
same type glycosylation is strongly conserved in plants, makes the dedicated analysis of 
glycoproteins an important target for the future. Different glycoprotein or glycopeptide 
enrichment strategies are discussed and compared. Implications for the analysis of the 
biological role of these complex protein modifications are discussed. 

In Chapter 3 (N-glycan occupancy of Arabidopsis N-glycoproteins Song et al. (Song et 
al., 2013) we describe the optimization of the protocol for N-glycoproteome enrichment 
in Arabidopsis. Using selective affinity capturing, 330 confirmed N-glycopeptides 
are identified which belong to 173 glycoproteins. Different methods for glycoprotein 
enrichment are described and compared. The limitations in the software for glycoprotein 
identification are discussed and the false positive discovery of protein identification 
estimated. Protein quantification is briefly introduced and applied. In application, the 
complex glycan less (cgl1-1) Arabidopsis mutant is used and results compared with 
Col-0 to generate an inventory of N-glycoproteins in Arabidopsis. As application of the 
results, the topology of several membrane proteins is verified, leading to identification 
of one membrane protein with wrongly annotated topology. Moreover, the results also 
reveal heterogeneity of N-glycans (both mannose type and complex type) on a single 
protein. 

In Chapter 4 we describe the protocol of plasma membrane proteomics in 
Arabidopsis using label-free comparative proteomics as a tool. In application, two 
Arabidopsis mutants are studied which show a gain of susceptibility under infection 
by P. brassicae. Plasma membrane proteins from those mutants show subtle protein 
composition differences on SDS-PAGE in comparison with Arabidopsis Col-0. With 
the help of high resolution 2D nano LC-MS, we are able to select the differential PM 
proteins quantitatively. Candidate genes are selected and validated. One Arabidopsis 
mutant crk37 from the list of candidate genes showed a strong phenotype in gain 
of susceptibility under infection of P. brassicae, a Phytophthora species which is 
incompatible with Arabidopsis Col-0. This indicates that CRK37 might be involved in 
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plant-pathogen interaction. 

In Chapter 5 we describe the optimization of the protocol for plasma membrane 
enrichment from potato leaf and tomato MsK8 cultured cell. The in house build 
“SEDMAT” (single experiment data matching tool) a tool in the Galaxy toolshed is 
introduced, and shown to be instrumental in linking protein identification (DDA and 
MSE from ProteinLynx) with quantification (Progenesis). In this chapter, the difficulty 
of plasma membrane enrichment from potato is described and discussed. As an 
alternative, tomato MsK8 suspension cell are used for the study of plant-P. infestans 
interaction. Plasma membrane protein identification in treatments with zoospores 
and with supernatant of zoospores are compared quantitatively. Protein candidates 
are subsequently selected based on the peptide scoring and peptide/protein ranking 
from SEDMAT, the confirmation of peptide abundance profiles in Progenesis, specific 
domain prediction, the presence of a trans-membrane domain or GPI anchor and the 
presence of signal peptides. These eight protein candidates are manually confirmed and 
characterized by comparison with putative Arabidopsis homologs.

In Chapter 6 I summarize and discuss the results from the different experimental 
chapters and give an overview of the major problems encountered and potential 
solutions for these problems. Finally I give perspectives for enrichment proteomics to 
study a number of different biological problems.
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Abstract

In eukaryotes, proteins that are secreted into the ER are mostly modified by N-glycans 
on consensus N-P!-S/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. 

Keywords

N-glycosylation, glycoproteomics, N-glycans, glycopeptides, cell specific proteomics, 
mass spectrometry

Abbreviations 

ER, Endoplasmatic Reticulum; cgl, complex glycan less; GlcNAc, N-acetylglucosamine; 
OST, oligosaccharyltransferase; ERAD, ER-associated degradation; PNGase, peptide-
N-glycosidase; UPR: unfolded protein response; MALDI-TOF MS, matrix assisted 
laser desorption/ionization time-of-flight mass spectrometry; PAGE, polyacrylamide 
gel electrophoresis; ConA, Concanavalin A; WGA, wheat germ agglutinin; AIL, 
Artocarpus integrifolia lectin; PNA, peanut agglutinin; GalNAc, N-acetylgalactosamine; 
HRP, Horseradish peroxidase; LC-MS/MS, liquid chromatography tandem mass 
spectrometry; CE, capillary electrophoresis; LTP, lipid transfer protein; RBCS, ribulose 
bisphosphate carboxylase; GO, Gene Ontology;
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N-glycosylation of proteins imported into ER

The process of N-glycosylation in plants was recently reviewed in the context of 
therapeutic glycoprotein production in plants by Gomord et al. (2010) (Gomord et 
al., 2010). 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 Glc3Man9GlcNAc2 structure (Trombetta, 2003). This 
fully assembled glycan is linked to the protein backbone via an amide bond (N-linked: 
N-glycosylation) of an asparagine residue in an Asn-X(P!)-Ser/Thr (N-P!-S/T) motif; 
where X can be any amino acid, except proline (Bause, 1983). 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 oligosaccharyltransferase (OST) 
complex (Knauer and Lehle, 1999; Lehle et al., 2006). In Arabidopsis, only three 
from the nine different components of the OST complex in yeast have been identified 
(Lerouxel et al., 2005). Approximately 70% of all N-P!-S/T sites on secreted proteins 
are indeed glycosylated (Apweiler et al., 1999; Petrescu et al., 2004), 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 (Kasturi et al., 1997; Mellquist et al., 1998; Senger and Karim, 2005).

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 species, but 
further modifications in the Golgi apparatus may differ between species (Faye et al., 
2005). In the Golgi apparatus the first modification is the removal of one to four α-1,2 
mannose residues by α-mannosidase I (Szumilo et al., 1986). 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 α-1,3 mannose branch by N-acetylglucosaminetransferase I (GnTI) (Fig. 1, 
(von Schaewen et al., 1993)) which in plants subsequently allows for two independent 
N-glycan core modifications: an α-1,3 linked fucose residue can be connected to the 
innermost GlcNAc residue and/or a β-1,2 xylose can be attached to the central mannose 
residue (Lerouge et al., 1998). In mammals, the complex N-glycans have an α-1,6 
fucose instead of an α-1,3 fucose linked to the innermost GlcNAc of the glycan core, 
while no β-1,2 xylose core modifications occur in mammals (Fig. 1) and glycans may 
be further modified by a β-1,4 galactose to which additional sialic acid residues may 
be attached (van Ree et al., 2000; Fotisch and Vieths, 2001; Bencurova et al., 2004). 
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 et al. 
(Gomord et al., 2010) 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 α-1,3 linked fucose. 
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Figure 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 α-1,3 fucose attached to the first GlcNAc 
residue and the β-1,2 xylose attached to the central mannose residue. Mammalian 
N-glycans may be modified by α-1,6 fucoses as opposed to the α-1,3 of plants, as well 
as β-1,4 galactose residues, attached to terminal GlcNAc moieties. To these galactose 
residues sialic acid groups may be attached. (Adapted from (Faye et al., 2005)).

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 (Helenius and Aebi, 2004). 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 (Spiro, 2004). 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) (Hampton, 
2002). 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 (Yoshida, 2003; Helenius and Aebi, 2004; 
Spiro, 2004). Recently a set of N-glycan modifying mannosidase encoding genes (Mns 
1-3) were identified in Arabidopsis (Liebminger et al., 2010). The triple mutant of the 
three mns genes forms only short roots, with radially swollen cortical cells and displays 
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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 (Liebminger et al., 2010). 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 (Liu and Howell, 
2010). 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. 

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 (Klenk and Garten, 1994; Ihara et al., 
1997; Takahashi et al., 2003; Lehle et al., 2006; Green et al., 2007; Chatterjee et al., 
2008). 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 (Lige et al., 2001) or 
subcellular localization and secretion (Ceriotti et al., 1998). Recently it was found that 
N-glycans may also play a role in plant pathogen interactions (Pattison and Amtmann, 
2009) and in functional pattern recognition receptors (Häweker et al., 2010).  Some 
plant glycoproteins have a special N-glycan structure known as a “Lewis a” antigen 
(Fitchette-Laine et al., 1997; Melo et al., 1997). In mammals these glycan structures 
are located on glycoproteins at the cell surface and function in cell-cell recognition and 
adhesion processes (Lerouge et al., 1998). 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 processing are linked to very severe 
phenotypes (Type II congenital disorders (Grunewald et al., 2002; Schollen et al., 
2005)). In contrast, eliminating overall modifications to complex type N-glycans on 
plant glycoproteins has no or little effect on plant growth. For instance, the Arabidopsis 
cgl1-1 mutant is unable to modify N-glycans on glycoproteins in the Golgi apparatus 
to complex glycans due to a non-functional GnTI gene (von Schaewen et al., 1993; 
Strasser et al., 2005). In the cgl1-1 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 (Kang et al., 2008). Also, when 
complex glycosylation was artificially suppressed by RNAi in tobacco and duckweed, 
the plants did not show an obvious growth phenotype (Cox et al., 2006; Strasser et 
al., 2008; Daskalova et al., 2010). There is also an altered N-glycan profile in the 
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Arabidopsis glycosylation mutant alg3-2 (von Schaewen et al., 1993; Henquet et al., 
2008). In the alg3-2 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 alg3-2 mutant shows no severe effect on plant growth 
(Henquet et al., 2008). 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.

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, path a-b and i-j describe 
the different options for obtaining information on the N-glycan structure based on 
MALDI-TOF MS, MALDI-TOF/TOF MS/MS, or LC-MS/MS analysis of either 
the cleaved N-glycans or the glycopeptides (Glycomics). Alternatively, capillary 
electrophoresis (CE) can be used for oligosaccharides profiling analysis. CE has 
the advantage of efficient separation and short run times allowing for HTP analysis 
of multiple samples (Taverna et al., 1992; Chen and Evangelista, 1998; Karamanos 
and Hjerpe, 1999; Kamoda et al., 2004; Balaguer and Neusüss, 2006). For path i-j 
information 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 compatible with an ‘omics’ type 
of approach. 
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Figure 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; l: 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.  

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 identification, 
there is a free accessible tool called “GlycoWorkbench” available online, which can 
give glycan interpretation and annotation based on the glycan mass spectrometry data 
(Ceroni et al., 2008). 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 (Albenne et al., 
2009). In many cases, a single glycoprotein shows a range of different glycan structures 
(Triguero et al., 2005; Lim et al., 2008), even when there is only a single N-glycosylation 
site present (Henquet et al., 2010). 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 intermediates. 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 glycoprotein 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 (Häweker et al., 2010). 
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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. 

Table 1. N-glycans profile in different plants, plant tissues and of isolated glycoprotein 
(numbers are % of the detected total N-glycan pool); Data was compiled from 
references (Elbers et al., 2001; Henquet et al., 2008; Henquet et al., 2010). 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.
  

Strategies in N-glycoprotein analysis: N-Glycoproteomics

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 
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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 (Varki, 1999). 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 (Varki, 1999). 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 α-GalNAc O-glycans in mucin-like 
glycoprotein(s) of C.elegans (Natsuka et al., 2005). 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 Arabidopsis Col-0 plants (Fig. 3, lanes 
1, 3 and 5) and leaves of the glycosylation mutant cgl1-1 (von Schaewen et al., 1993; 
Strasser et al., 2005), 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 carbohydrate groups (e.g. Pro-Q-Emerald, 
Molecular ProbesTM). 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 (Zhang et al., 2008). 
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Figure 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 Col-0 
(lane 1) and cgl1-1 mutant (lane 2) as detected by silver staining. Lanes 3-4: Western 
blot of identical Col-0 (lane 3) and cgl1-1 (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 Arabidopsis Col-0 (lane 5), leaf 
tissue of cgl1-1 mutant complemented with RBCS-GnTI (lane 6) or LTP1-GnTI (lane 7), 
leaf tissue of cgl1-1 mutant (lane 8). For technical details see supplement.

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 
multidimensional 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-glycosylation sites; yet these peptides with an N-glycan represent the majority 
of extracellular proteins (over 70%) (Zhang et al., 2006). The putative N-glycoproteome 
of a plant species can be predicted from its genome sequence information. Of the 
32,825 proteins that have been annotated in the Arabidopsis genome (TAIR9, www.
arabidopsis.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 N-P!-S/T consensus glycosylation sites. Because not 
every N-P!-S/T consensus site on secreted proteins will be occupied by an N-glycan, 
the predicted 3597 proteins constitute the maximum estimate of the N-glycoproteome. 
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 the putative secreted N-glycoproteome is enriched for hydrolase, kinase and 
receptor signaling proteins. Especially the receptor kinases with leucine rich repeats 
(which have been implemented in plant pathogen defense reactions (Kedzierski et 
al., 2004; Shanmugam, 2005; Chinchilla et al., 2007; Dodds and Rathjen, 2010)), 
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.

Chapter 2                                                                                                                                                                                                                                          N-glycoproteomics in plants



37

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. 

After in silico trypsin digestion, the proteins of the predicted N-glycoproteome of 
Arabidopsis render 12399 peptide fragments which contain one or more N-P!-S/T 
sites. A tryptic digest of the full Arabidopsis proteome results in 1665744 (predicted) 
fragments and a selection of only the glycopeptides would give approximately 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 N-P!-S/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 information, like 
MS/MS sequence information is required for further identification, or protein isoforms 
could not be discriminated at (glyco)peptide sequence level. 
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Figure 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.

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 pools. The isolated glycoprotein subfraction may 
than be size fractionated on PAGE, 2D-PAGE or Size-Exclusion Chromatography 
(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. 
Therefore, 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 (Varki, 1999). WGA can be used to isolate glycoproteins with a terminal 
GlcNAc on N-glycans, but glycoproteins modified by O-glycosylation may also bind to 
WGA (Jackson and Hardham, 1998). The lectins AIL and PNA can be used to capture 
Gal-containing N- and O-glycoproteins. AIL is assumed to recognize mostly α-Gal, 
while PNA recognizes α-Gal and ß-Gal (Banerjee et al., 1994; Arockia Jeyaprakash 
et al., 2005). Recently, different lectin affinity purification methods were combined 
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for fractionation and identification of cell wall associated glycoproteins (Zhang et 
al., 2010). 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 (Zhang et al., 2010). Of these 127 glycoproteins, 101 proteins were 
previously identified in a cell wall proteome analysis of 11-day-old etiolated hypocotyls 
of Arabidopsis thaliana (Irshad et al., 2008). 
 

Figure 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 (Berardini et al., 2004) based on signal peptides 
(SignalP: www.cbs.dtu.dk/services/SignalP/) and N-P!-S/T consensus site.

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-l). For this, the glycans of a tryptic digest of the isolated 
protein sample are first oxidized to create functional aldehyde groups and subsequently 
covalently linked to hydrazide resin (Tian et al., 2007). 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 α-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, 
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followed by label free quantitative LC-MS/MS. Alternatively, differential stable isotope 
labeling of samples can be used (Tian et al., 2007). In our hands, even after extensive 
washing, also non-glycopeptides are released from the hydrazide resin upon PNGase F 
treatment. The presence of an N-P!-S/T glycosylation consensus site, in combination 
with a 1 Da mass shift (N to D conversion) of the peptide, can be used to distinguish 
between real glycopeptides and contaminating non-glycopeptides. 

Applications of N-glycoproteome analysis

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 transport pathway of a 
glycoprotein. For instance, when a glycoprotein 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. 

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 (Trombetta, 2003; Helenius and 
Aebi, 2004; Moremen and Molinari, 2006). Indeed, the topology of membrane proteins 
is often verified by introducing a consensus N-glycosylation sites in specific loops, 
located between the transmembrane spanning domains, and monitor the occurrence of 
N-glycosylation when expressed in the cell (Wo and Oswald, 1994; Kato et al., 2001). 

Chapter 2                                                                                                                                                                                                                                          N-glycoproteomics in plants



41

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) (Kimura et al., 1999; Mühlenhoff et al., 2001; Yusa et al., 2005; Uemura et 
al., 2006; Yusa et al., 2006). 

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 N-P!-S/T; (2) the 
amino acid x in the consensus sequence; (3) the location of the N-P!-S/T motif within 
the polypeptide chain and its proximity to the C terminus; (4) the amino acids flanking 
the N-P!-S/T sequence; and (5) the polypeptide structure surrounding the consensus 
sequence (Jones et al., 2005). A prediction tool was developed for variable Site-
Occupancy Classification of N-Linked Glycosylation Using Artificial Neural Networks, 
based on only 48 N-P!-S/T sites from individual proteins of which site occupancy had 
been retrieved from literature (Senger and Karim, 2005). 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. 

Unique opportunities for N-glycoproteomics in plants

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 Arabidopsis Col-0 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 mostly release glycopeptides from ER compartments in Col-0 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 (von Schaewen 
et al., 1993). 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, 
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different knockout strategies can be used to block complex glycosylation (Cox et al., 
2006; Strasser et al., 2008; Daskalova et al., 2010; Gomord et al., 2010). 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 18O-water, 18O is incorporated at the N-glycosylation site and samples treated with 
PNGase F in normal water and 18O-water can be easily compared quantitatively (Shakey 
et al., 2010).

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 (cgl1-1) mutant (von Schaewen et al., 1993; 
Strasser et al., 2005). By restoring N-glycan processing in this mutant by expressing 
the Arabidopsis Col-0 GnTI gene under control of a cell specific promoters (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 Col-0 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’ glycoproteome 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 Col-0 and cgl1-1 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 cgl1-1 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 lane 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. 

Bottlenecks in glycoproteomics

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 
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moieties may therefore be distributed over multiple peaks at different retention times 
using liquid chromatography, impeding detection or efficient identification in complex 
mixtures. 

Peptide identification 
The 1 Da (in water) or 2 Da (in 18O-water) mass shift from the PNGase treatment, being 
diagnostic for the glycosylation site, could alternatively originate from a deamidation 
of asparagine. This needs to be checked by control samples (eg. detecting the “normal” 
level of deamidation). Furthermore, because many glycoproteins contain only one or 
few glycosylation 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 (Alves et al., 2010; Nesvizhskii, 2010), 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.

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 independent of 
glycosylation mutant background. We mentioned the unique possibility of performing 
cell specific glycan tagging in plants, by cell specific complementation of the cgl1-1 
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. 

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 (Syka et al., 2004; Ahn 
et al., 2007; Jackson et al., 2009). The glycoproteome, and especially the part of the 
glycoproteome in the plasma membrane, which are (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 
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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 great 
assistance to enhance our insight into these important biological processes.      
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Supplementary data

Plant materials and growth conditions
Seeds of Arabidopsis thaliana lines were sown on 9 cm 0.8% Daishin agar in Petri 
dishes and placed in a cold room at 4°C for 2 days in the dark to promote uniform 
germination. Plants were grown in soil in a greenhouse with a 16h day/ 8h dark cycle at 
a temperature of 22°C.

Cell specific complementation of cgl1-1 mutants
Arabidopsis  GnTI  and the  RBCS promoter  were  PCR ampl i f ied  us ing 
Platinum Pfx polymerase (Invitrogen) and   primers   flanking   the   coding    
region.    The   primers   used   for    cloning   the GnTI were GnTI-F 
(5'-ACATATGGCGAGGATCTCGTGTGAC TTG-3’) and GnTI-R (5'-ACTCGAG
TCAGGAATTTCGAATCCCAAGCTGC-3’) which contain a BglII and XhoI site 
respectively. The primers used for cloning the RBCS promoter were RBCS-F (5'-AA
GCTTGACGATATATTACAGGAAAAATCT-3’) and RBCS-R (5'-CATATGTTCTT
CTTCTTCTTCTTTTGC-3’) which contain a HindIII and SmaI site respectively. The 
epidermal LTP promoter has been cloned and characterized before (Thoma et al., 1994). 
The Arabidopsis GnTI was ligated together with either the epidermal LTP promoter 
or the mesophyll RBCS promoter into the binary pBinplus vector. The constructs 
containing the LTP1-GnTI or RBCS-GnTI cassettes were transferred to Agrobacterium 
tumefaciens AGL-0 by triparental mating using the E.Coli pRK2013 helper plasmid. 
Arabidopsis mutant plants were transformed by immersion in the bacteria suspension 
culture. Seeds from transformed plants were selected by growing on plates containing 
MS powder (4.4 g/L), sucrose (10 g/L) and Daishin agar (8 g/L) with kanamycin (50 
µg/mL) as selective marker. Seeds were germinated and grown on selective medium for 
1-2 weeks (25 °C long day conditions). The putative transformants were transferred to 
soil and grown using standard conditions (16 hours day/8 hours dark).

SDS-PAGE and immunoblotting
Plants were grown in the condition as described in the supplement. Flowers were 
collected at developmental stage 12 and siliques were harvested at the length of around 
1.5 cm. Plant material was ground in liquid nitrogen, resuspended in 10 µL phosphate-
buffered saline (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, 
pH 7.4) per mg of plant material and centrifuged. An aliquot of the supernatant 
(approximately 5 µg soluble protein) was immediately mixed with SDS-polyacrylamide 
gel electrophoresis (PAGE) loading buffer, denatured at 95°C for 5 min and subjected 
to SDS-PAGE (8 or 12.5%) under reducing conditions. Western blotting was performed 
using PVDF membranes, blocked with 5% (w/v) non-fat dry milk in Tris-buffered 
saline (TBS, 20 mM Tris-HCl, pH 7.6, 137 mM NaCl) with 0.05% Tween20. The 
membranes were probed with either anti-HRP (1:2000; Sigma) or anti-GFP (1:5000; 
Roche). Detection of bound primary antibodies was performed with BCIP/NBT or after 
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incubation with goat anti-rabbit antibodies. The faint staining with anti-HRP of the 
cgl1-1 is attributed to background staining. It may also be caused by the restore of GnTI 
activity in the cgl1-1 mutant when conditions favour underglycosylation. In this case 
the mutant GnTI is no longer retained into the ER and can reach the Golgi apparatus 
where, despite the mutation, it exhibits low level of activity (Frank et al., 2008).
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Abstract 

Most secreted proteins in eukaryotes are modified on the amino acid consensus 
sequence N-P!-S/T by an N-glycan through the process of N-glycosylation. The 
N-glycans on glycoproteins are processed in the endoplasmic reticulum (ER) to different 
mannose-type N-glycans or, when the protein passes through the Golgi apparatus, to 
different complex glycan forms. Here we describe the capturing of N-glycopeptides 
from a trypsin digest of total protein extracts of Arabidopsis plants and release of these 
captured peptides following Peptide N-glycosidase (PNGase) treatment for analysis 
of N-glycan site-occupancy. The mixture of peptides released as a consequence of the 
PNGase treatment was analysed by two dimensional nano-LC-MS. As the PNGase 
treatment of glycopeptides results in the deamidation of the asparagine (N) in the N-P!-S/T site 
of the released peptide, this asparagine (N) to aspartic acid (D) conversion is used as a 
glycosylation ‘signature’. The efficiency of PNGase F and PNGase A in peptide release 
are discussed. The identification of proteins with a single glycopeptide was limited by 
the used search algorithm but could be improved using a reference database including 
deamidated peptide sequences. Additional stringency settings were used for filtering 
results to minimize false discovery. This resulted in identification of 330 glycopeptides 
on 173 glycoproteins from Arabidopsis, of which 28 putative glycoproteins, that were 
previously not annotated as secreted protein in The Arabidopsis Information Resource 
database (TAIR). Furthermore, the identified glycosylation site occupancy helped to 
determine the correct topology for membrane proteins. A quantitative comparison 
of peptide signal was made between Arabidopsis Col-0 and complex-glycan-less 
(cgl1-1) mutant Arabidopsis from three replicate leaf samples using a label-free MS peak 
comparison. As an example, the identified membrane protein SKU5 (AT4G12420) 
showed differential glycopeptide intensity ratios between Arabidopsis Col-0 and cgl1-1 
indicating heterogeneous glycan modification on single protein.

Keywords 

N-glycosylation; N-glycoproteomics; Arabidopsis; LC-MS; MS/MS; Data Independent 
Acquisition (MSE)

Abbreviations 

ER, Endoplasmatic Reticulum; cgl, complex glycan less Arabidopsis mutant; OST, 
oligo¬saccharyl¬transferase; PNGase, peptide-N-glycosidase; PAGE, polyacrylamide 
gel electrophoresis; LC-MS/MS, liquid chromatography tandem mass spectrometry; 
UPLC, Ultra performance liquid chromatography; ACN, acetonitrile; DDA, data 
dependent acquisition; DIA (MSE), data independent acquisition; Q-TOF, quadrupole 
time of flight; GO, Gene Ontology; TAIR: The Arabidopsis Information Resource 
database; 
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Introduction

Glycosylation is one of the most common and essential post translational modifications 
of proteins in eukaryotic cells (Lee et al., 2005). In eukaryotes proteins may be modified 
by N-glycans, O-glycans or a glycosyl phosphatidyl inositol (GPI) lipid anchor (Spiro, 
2002). Here we are mainly concerned with N-glycosylation which takes place on 
proteins secreted into the ER. In eukaryotes N-glycans are involved in protein folding, 
protein folding quality control, polar protein localization and stability, ligand binding, 
endocytosis, immune recognition, inflammation and pathogenicity, cell signalling and 
cell motility (Varki, 1993; Parodi, 2000; Schollen et al., 2005; Sun et al., 2005). The 
importance of N-glycan modifications in mammalian cells is exemplified by the strong 
congenital disorders resulting from mutations in N-glycan processing (Grunewald et al., 
2002; Schollen et al., 2005). In contrast, in plants the structure of mannose type glycans 
in the ER seems to be non-essential as for example in the alg3-2 mutant, where no 
clear phenotype can be observed (Henquet et al., 2008). Also the complex glycan less 
(cgl1-1) mutant of Arabidopsis, which completely lacks complex N-glycans has no obvious 
growth phenotype and only shows some altered salt stress tolerance (Kang et al., 
2008). The lack of a clear phenotype from N-glycosylation mutants may be the reason 
that this process is less well studied in plants. However, techniques that can determine 
N-P!-S/T N-glycan site occupancy of proteins and follow these under different (a)biotic 
stress conditions or through development may eventually allow for wider elucidation 
of their biological function in plants. Moreover, because N-glycoproteins are part of 
the secretome, they make an interesting sub-class of the proteome for characterization 
and targeted functionality studies in developmental and (a)biotic stress response 
studies. In order to study the role of N-glycosylation and N-glycan occupancy on 
plant glycoproteins we optimized the previously described procedure for isolation of 
glycoproteins from yeast or mammalian cells and we applied it to capture and analyse 
glycopeptides from plants (Tian et al., 2007).  

Complex N-Glycan modifications in plants hinder glycoproteomics
The core N-glycosylation pathway is evolutionary strongly conserved in all eukaryotes. 
Upon import into the ER, secreted proteins are glycosylated by the OST complex on 
the N-glycosylation consensus sequence site N-P!-S/T, where x can be any amino acid 
except proline. N-glycosylation starts with transfer of a glycosylated high mannose 
N-glycan (Rayon et al., 1998) to the asparagine side chain. In the ER the mannose 
glycans are slowly trimmed as part of a protein folding quality control mechanism 
(Liebminger et al., 2010). This processing in the ER results in different high mannose 
type N-glycans for ER resident proteins, while glycoproteins that are transported to and 
through the Golgi apparatus are further modified by Golgi resident glycosyltransferases 
and glycosidases into complex type N-glycans (Rayon et al., 1998). In general, the 
distinction between mannose and complex type N-glycans on a glycoprotein may 
therefore give information on its sub-cellular location history. Plant specific complex 
N-glycans contain α-1,3 fucose attached to the glycan core and ß-1,2 xylose attached 
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to the central mannose residue (Lerouge et al., 1998). The plant specific α-1,3 
fucose core modification prevents cleavage by PNGase F, an enzyme broadly used 
for deglycosylating glycopeptides. Procedures developed for yeast or mammalian 
glycoproteomics involving the usage of PNGase F are therefore severely limited in plant 
glycoproteomics. However, for full glycoproteomics in Arabidopsis we can make a use 
of the glycosylation mutant cgl1-1 (von Schaewen et al., 1993; Strasser et al., 2005). 
This mutant lacks a functional N-acetylglucosaminyltransferase 1 (GnT1) gene, which 
is essential for the formation of complex glycans. Consequently, the glycoproteins in 
cgl1-1 are all of the mannose type, which can be cleaved by PNGase F. Under normal 
growth conditions this cgl1-1 mutation has no visible effect on the growth phenotype of 
the Arabidopsis plants.

Glycoproteomics in plants
The presence of N-glycans on plant proteins has only been proven incidentally, usually 
by a de-glycosylation assay which results in increased mobility of the target protein in 
SDS-PAGE. However, such assays do not give direct information on glycosylation-
site occupancy. Glycoproteins or glycopeptides may be studied using lectins (sugar 
binding proteins with either a broad or narrow specificity binding of glycan structures) 
or antibody affinity capturing (Chang and Chang, 1986; Varki, 1999; Hagglund et 
al., 2004; Hirabayashi, 2004; Qiu and Regnier, 2005; Uematsu et al., 2005; Yang and 
Hancock, 2005; Wang et al., 2006; Hagglund et al., 2007; Kaji et al., 2007; Kubota et 
al., 2008; Pan et al., 2011; Song et al., 2011). Recently, a lectin based N-glycoprotein 
enrichment approach was developed by Zielinska et al. (Zielinska et al., 2010) and 
applied to  mammalian cells by using the filter aided sample preparation (FASP) method 
for N-glycopeptide capture. This method was also applied in Arabidopsis by Zielinska 
resulting in 2186 glycosylation sites mapped (Zielinska et al., 2012). A more general 
approach is chemical crosslinking of glycopeptides through their carbohydrates to a 
resin (Zhang et al., 2003; Tian et al., 2007; Zhang, 2007). For this, the carbohydrates in 
glycopeptides are chemically activated into aldehydes, which can be covalently coupled 
to hydrazide-derivatized resin beads. After washing away the non-bound peptides, the 
conjugated glycopeptides can subsequently be released by a peptide-N-glycosidase like 
PNGase F. Here we developed and optimized this procedure to capture and analyse 
glycopeptides from plants. Because plant specific complex N-glycans with a fucose 
modified core structure are not cleaved by PNGase F, we tested and compared the 
efficiency of glycopeptide release by both PNGase F and PNGase A (cleaves all types 
of asparagine bound N-glycans). Results showed that PNGase A was not effective in our 
experimental protocol, only PNGase F could be applied for glycopeptide release. This 
limits glycoproteomics of Arabidopsis Col-0 to proteins located in the ER or proteins 
targeted to subcellular compartments that bypass the Golgi apparatus. However, we 
also performed glycoproteomics on protein extracts of the Arabidopsis cgl1-1 mutant 
containing only mannose type glycan, which should allow for release by PNGase F of 
all glycopeptides bound to hydrazide. Results were limited by peptide identification 
protocols but could be improved by adjustment of reference protein database. Further, 
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identification of N-glycopeptides enabled mapping the topology of membrane proteins, 
prediction of heterogeneous glycosylation, protein localization and function. 

Materials and methods

Plant material and growth conditions
For leaf material from mature rosette plants, Arabidopsis thaliana Col-0 and cgl1-1 
mutant were grown in a climate chamber for 35 days under long day conditions (16 hrs 
daylight/ 8 hrs darkness) before harvest. All rosette leaves from a plant were harvested 
and leaves from 10 plants were pooled. For seedling samples, seeds were germinated 
on 1% agarose (Sigma) in ½ MS medium (Duchefa Biochemie), cold incubated for 
3 days at 4oC and subsequently grown under long day conditions at 22oC for 7 days. 
For harvesting, seedlings and plates were frozen in liquid nitrogen and seedlings were 
scraped off the plates. One sample contained the pooled material of ~500 seedlings. 

Protein extraction
Total protein was extracted by adding 750 µL of  extraction buffer (8 M urea, 0.05% 
SDS, 5 mM DTT, 25 mM EDTA, 0.1 M Tris-HCl; pH8.0) to 30 mg of in liquid nitrogen 
grinded plant material (leaves or seedlings). After centrifugation (10 min at 20,000g) 
the proteins in the supernatant were precipitated by 15% (w/v) of pre-cold TCA 
(trichloroacetic acid). Sample was kept on ice for 30 min, followed by centrifugation 
at 4oC (10 min at 20,000g). The protein pellet was washed two times with 1 mL 
of 100% pre-cold acetone. After air-drying, the protein pellet was resuspended in 
150 µL extraction buffer by sonication. Iodoacetamide (IAA) was added to a final 
concentration of 12 mM and incubated in the dark for 30 min. After adding 3 volumes 
of 0.1 M Tris-HCl (pH 8.0) buffer, the proteins were digested with trypsin (Sigma) 
(trypsin:protein=1:50) by overnight incubation at 37oC. Digestion was terminated by 
adding 0.1% TFA (trifluoroacetic acid). Before digestion, the protein concentration of 
the samples was determined by Bradford protein assay.

Capturing glycopeptides to hydrazide beads
The digested sample was loaded on a 1 mL C18 SPE column (Supelco) and the 
peptides were eluted with 1 mL of 60% acetonitrile (ACN), 0.1% TFA. Subsequently, 
10 mM NaIO4 was added to the sample and incubated for one hour in the dark at 4oC 
without shaking. An additional C18 SPE purification step was applied to remove the 
NaIO4. Speedvac was applied to reduce the volume of the elution till 200 µL. 25 mg of 
hydrazide resin beads (Bio-rad) (50 µL of 50% slurry) were added to the 200 µL sample 
in 60% ACN, 0.1% TFA and incubated overnight at 37oC with gently shaking. To 
remove the un-coupled non-glycosylated peptides, the beads were washed three times 
with 1 mL of DMF, three times with 1 mL of deionized water, and finally three times 
with 1 mL of PNGase buffer (for PNGase F using 50 mM sodium phosphate buffer, pH 
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7.5; for PNGase A using 10 mM sodium acetate buffer, pH 5.0). 

Release of peptides from hydrazide beads using PNGase F or PNGase A
To release the peptides from the beads, 25 mg resin beads was incubated with 3 µL 
of PNGase F (500 U µL-1, New England Biolabs) or 10 µL of PNGase A (0.05 mU 
µL-1, Roche) in 50 µL PNGase buffer overnight at 37oC with gently shaking. After 
centrifugation at 2,500g for 5 min, the supernatant was collected and the beads were 
washed three times with the PNGase buffer. The combined supernatants were loaded 
on a C18 SPE column and the peptides were eluted with 60% ACN, 0.1% TFA. The 
purified peptides were dried by vacuum centrifugation and dissolved in 20 µL of 0.1 M 
ammonium formate (pH 10) for 2D-LC-MS analysis.  

Peptide analysis using 2D-LC-MS/MS and 2D-LC-MSE

For high-resolution separation of the complex tryptic (glyco)peptide samples a 
nanoAcquity 2-D UPLC system (Waters Corporation, Manchester, UK) was used 
employing orthogonal reversed phase separation at high and low pH, respectively. With 
this 2-D set up, the pool of peptides was eluted from the first dimension XBridge C18 
trap column (in 20 mM ammonium formate pH 10) using a discontinuous step gradient 
of 12%, 15%, 18%, 20%, 25%, 35% and 65% ACN. For the second dimension an 
acidic ACN gradient was applied using a BEH C18 column (75 μm x 25 cm, Waters, 
UK) and a 65 min linear gradient from 3 to 40% ACN (in 0.1 % FA) at 200 nL/min. 
The eluting peptides were on-line injected into a Synapt G1 Q-TOF MS instrument 
(Waters Corporation, Manchester, UK) using a nanospray device coupled to the second 
dimension column output. The Synapt MS was operated in positive mode with [Glu1] 
fibrinopeptide B (1 pmol/μL; Sigma) as reference (lock mass) sampled every 30 s. 
LC-MS data were collected with the Synapt operating in either MS/MS or MSE mode 
for data-dependent acquisition (DDA) or data-independent acquisition (DIA) using 
low (6 eV) and elevated (ramp from 15 to 35 eV) collision energy every 0.6 s over 
a 140-1900 m/z range, respectively. DDA was performed by peptide fragmentation 
on the three most intense multiply charged ions that were detected in the MS survey 
scan (0.6 s) over a 300-1400 m/z range and a dynamic exclusion window of 60 s with 
an automatically adjusted collision energy based on the observed precursor m/z and 
charge state. Confidence level of the glycoprotein identification was determined based 
on the following features: (1) hydrazide bonding; (2) comparison of measured masses 
and predicted masses; (3) peptide fragmentation pattern; (4) AA-sequence covering 
the consensus N-P!-S/T motif; (5) Deamidation of N to D as a signature for PNGase 
treatment; (6) literature confirmation. 

Data base search  
LC-MS/MS and MSE data were processed using ProteinLynxTM Global Server software 
(PLGS version 2.5, Waters Corporation) and the resulting list of masses containing all 
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the fragment information was searched against the TAIR protein sequence database 
downloaded from The Arabidopsis Information Resource (TAIR, www.arabidopsis.
org). Peptide identification was done by matching the detected peptide fragmentation 
spectrum to that of predicted peptide spectra using the Arabidopsis TAIR protein 
sequence database as input in PLGS. For matching MSE data to predicted peptide 
spectra the following settings were used: minimum fragment ion matches per peptide: 
four, per protein: seven, minimum one peptide per protein match and a false discovery 
threshold of four percent. The false discovery rate was determined automatically in 
PLGS by searching the randomized TAIR protein sequence database. Peptide and 
fragment tolerance was set to automatic: the software determines tolerance thresholds 
based on the actual resolution and stability in the MS data (Geromanos et al., 2009; Li 
et al., 2009). In practice this resulted in mass tolerances below 10 ppm for precursor 
and below 30 ppm for fragment ions. Carbamido-methylation of cysteine was set as 
fixed modification, and oxidation of methionine (M) and deamidation on asparagine (N) 
as (enriched) variable modification. The deamidation of N can be used as a signature 
for the determination of glycosylation site on peptides which were released by PNGase F 
(PNGase F cleavage between the peptide backbone and the N-glycan results in an N 
to D conversion at the N-P!-S/T glycosylation consensus site). For DDA analysis the 
peptide tolerance was set to 30 ppm and a fragment tolerance of 0.05 Da. Carbamido-
methylation (Cys) was used as fixed modification and deamidation (NQ) and oxidation 
(M) as variable modifications. The AutoMod option was applied as secondary search to 
the database search results with a maximum of one missed trypsin cleavage and non-
specific secondary digest reagent were chosen. Finally, the DDA and MSE outputs were 
merged in Excel. Gene ontology annotation was done by using the tools from TAIR 
(http://www.arabidopsis.org/tools/bulk/go/index.jsp).

Construction of a modified Arabidopsis protein reference database
A limitation of the software for protein identification was observed, which is caused 
partly by the N to D conversion (similar to a deamidation) with 1 Da increase from 
the PNGase treatment. To improve the protein identification, a custom constructed 
Arabidopsis protein database was built. In the constructed database, the whole TAIR 
proteome which contains putative glycosylation sites was used. To find putative 
glycosylation sites (pattern N[ACEFGHIPLMNQRSTVWY][ST]) and putative ER 
resident proteins (patterns KDEL>, RDEL>, HDEL> and KKxx>) the program ps_scan 
was used (Gattiker et al., 2002). A single asparagine (N) on the N-P!-S/T motif from the 
putative glycosylation site was modified to aspartic acid (D) in the modified database. 
If the protein contained more than one putative glycosylation site a combination of 
two modifications per protein was entered in all possible combinations. Each modified 
sequence was given a new accession number, causing a dramatically increased 
complexity of the modified database, which increased the searching time of the software 
for protein identification. Therefore, only single and double asparagine modification 
was employed and combined in our modified database.
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Protein quantification in Progenesis
Protein quantification from raw MSE data was done in Progenesis LC-MS version 
4.0 (Nonlinear Dynamics, UK) using lock-spray and dead time correction as mass 
calibration. Progenesis performed extraction of ion features such as mass, charge, 
intensity, retention time, etc, after retention time alignment and peak detection of all 
the samples. Peptide intensity was normalized by the algorithm in Progenesis. Further, 
peptide identification from ProteinLynx were linked to matching features in Progenesis 
for coupling identification to quantification. Eventually, the identified peptides with 
normalized intensity and other features from Progenesis were exported to Excel for 
further data analysis (e.g. intensity ratio analysis, see Fig. 5B). Three experimental 
replicates (separate extracts) from cgl1-1 and Arabidopsis Col-0 leaf samples were used 
for protein quantification.   

Results

Evaluation of PNGase treated glycopeptide release
Proteins were extracted from Arabidopsis Col-0 leaves and digested with trypsin, 
followed by activation of the glycans on glycopeptides by NaIO4 for coupling to 
the hydrazide resin beads (see methods). This procedure results in coupling of all 
peptides containing oxidized sugars (both N-glycopeptides and O-glycopeptides) to the 
hydrazide resin. After extensive washing of the resin to remove unbound peptides, the 
release of the bound N-glycopeptides with PNGase F or PNGase A was tested. In this 
procedure only PNGase A (cleaves all types of asparagine bound N-glycans) can release 
all peptides bound by N-glycans, while PNGase F (does not cleave N-glycans modified 
with fucose) will only release peptides bound by mannose type N-glycans. Because 
the commercial PNGase A is only available at 0.05 mU/µL, only 0.5 mU of PNGase 
A were used for 25µL of resin with bound peptides. The more restrictive PNGase F is 
available at 500 U/µL and 1500 U of PNGase F were used for release of glycopeptides 
from 25µL of resin. Although 1 U is defined differently for the two enzymes by the two 
suppliers, results show that the signal (base peak chromatogram (2nd LC) of fraction 
1 (1st LC) from 2D-LC-MSE) from peptides released by PNGase A was much lower 
than that from PNGase F (Fig. 1 and also Supplementary Fig. S1A and B) due to the 
enormous difference in units of the two enzymes applied in the experiment. In repeated 
experiments the yield of peptides released by PNGase A was always much lower than 
that by PNGase F.  Apparently, the high levels of PNGase A needed for peptide release 
combined with the low concentration of available PNGase A do not allow for our 
type of proteomics grade experiments. Therefore, in subsequent experiments only the 
proteomics compatible PNGase F was used. For protein extracts of Arabidopsis Col-0 
this means that only peptides that are bound to the hydrazide resin with ‘mannose’ type 
glycans will be released. However, for release of all captured N-glycopeptides, allowing 
for full glycoproteome analysis, we used the cgl1-1 mutant of Arabidopsis. This mutant 
is not capable of making complex N-glycans and consequently all glycoproteins in this 
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mutant only contain ‘mannose’ type N-glycans, which all can be cleaved by PNGase F.  

 

Figure 1. Comparison of PNGase A and PNGase F base peak chromatogram (2nd LC) 
of fraction 1 (1st LC) from 2D LC-MSE chromatograms of three replicate Arabidopsis 
Col-0 extracts released with PNGase A (top 3) and PNGase F (bottom 3).  
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Limited protein identification matching to Arabidopsis standard protein 
sequence database 
Proteins were extracted from leaf or seedlings from the Arabidopsis mutant cgl1-1 and 
digested by trypsin. After activation of the sugar groups, glycopeptides were captured 
on hydrazide beads. Non bound peptides were washed away and covalently linked 
N-glycopeptides were released by PNGase F treatment (see methods). Released 
peptides were analysed by 2D-LC-MS and peptide fragmentation spectra were obtained 
both in the DDA and MSE mode. Table 1 shows the summary of total peptide numbers 
that were detected from 19 leaf samples and 11 seedlings samples respectively from 
Arabidopsis cgl1-1 mutant. DDA analysis with ProteinLynx Global Server software 
(PLGS) yielded in total 1194 detected peptide masses that matched 190 proteins from 
the TAIR protein sequence database. In contrast, analysis of the MSE spectra resulted 
in only 641 peptide matches. This lower percentage of identified peptides from MSE 

spectra was not in line with the quality of the MSE spectra, suggesting that PLGS 
may have a problem identifying individual peptides from the mixed spectral input 
of MSE. Some of the detected peptides masses that matched peptides in the database 
did not have the N to D glycosylation signature suggesting contamination with non-
glycopeptides. However, analysis of the wash fluids showed that after three washes of 
resin with bound glycopeptides, no peptides could be detected in the wash fluid (data 
not show). Results therefore indicate that non-glycopeptides seem to be trapped to the 
resin by the coupled glycopeptides and that these contaminants were only released upon 
the PNGase F treatment. For this reason we used the presence of the N-glycosylation 
consensus site in the identified peptide sequence and the N to D conversion as two strict 
filters to distinguish between glycopeptides and putative contaminants (Table 1).

Table 1. Identified Arabidopsis N-glycoproteome. Cumulative Arabidopsis 
N-glycoproteome identifications from leaf and seedling samples with DDA and MSE 

using normal TAIR database or modified TAIR database containing all possible 
combinations of N to D conversions of putative glycopeptides. Confirmed glycoproteins 
fit criteria of sequence covering N-P!-S/T site, N to D conversion and being part of 
annotated secretome. Data was obtained from 19 leaf and 11 seedling samples from 
Arabidopsis and combined. 
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Improved peptide identification by matching to modified protein  sequence 
database
Because of the relative low number of peptide identifications in PLGS from MSE 
spectra, we tested whether the 1Da modification of a glycopeptide was affecting the 
number of identifications, when used as a variable modification while searching the 
standard TAIR protein sequence database, or when incorporated into the sequence 
database beforehand. A new database of Arabidopsis protein sequences was made in 
which all putative glycosylation sites (containing an N-P!-S/T consensus site) were 
present both in the unmodified form as well as with an N to D converted form. For 
proteins with multiple N-glycosylation sites all possible combinations of single and 
double N to D conversions were included (giving each combination a new accession 
number,). When spectral data from DDA and MSE mode were matched to this 
modified database (TAIR with N to D conversion), the number of matching peptides 
for DDA spectra decreased from 1194 to 1107. However, the number of confirmed 
glycoproteins increased from 190 to 252 (for DDA). For the MSE spectra the number of 
matching peptide masses increased from 641 to 1254, while the number of confirmed 
glycoproteins increased from 3 to 87. The glycoproteins identified from MSE mode in 
PLGS showed a bias towards glycoproteins with multiple N-glycosylation sites (75 
out of 87 for MSE versus 110 out of 252 for DDA). Apparently, the search algorithm 
was less efficient for identification of proteins with single glycopeptides using the 
variable modification (N to D), especially for the MSE peptide identification. And the 
algorithm may rely strongly on identification of multiple peptide hits from a single 
protein. The scoring algorithm gives a lower score to a peptide match with a (variable) 
modification then to a non-modified peptide (Li et al., 2009). This is an aspect of the 
search algorithm scoring that strongly affects the identification rate here, as all our 
glycopeptides contain such a (variable) modification. This is exemplified by the strong 
difference in the number of identified peptides in the modified versus the unmodified 
database, especially those containing the consensus site (513 vs. 374 for DDA, 470 vs. 
57 for MSE). 

Quality control and FDR of glycopeptide identification
The glycopeptide identification in this procedure heavily relies on the presence of the N 
to D glycosylation signature. Therefore it was of importance to determine the reliability 
of deamidation as signature for identification of all glycopeptides released from the 
hydrazide beads. Different control experiments were used to get insight into the level of 
spontaneous deamidation that may occur during the different sample preparation steps. 
Recent studies by Palmisano et al. (Palmisano et al., 2012) give evidence of deamidation 
on asparagine of non-glycan linked N-P!-S/T sites on E.coli proteins by PNGase F/
A treatment. In our experiments such PNGase F activity would lead to false positives. 
We tested this potential false positive rate under our own experimental conditions by 
using proteins isolated from E.coli (which does not contain N-linked glycoproteins) and 
being processed in the same way as the protein fractions from plants. Trypsin digested 
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proteins were treated with periodate or PNGase F separately and treated and untreated 
peptide samples were compared for difference in level of deamidated peptides. Analysis 
of the E.coli peptide spectra showed a detected deamidation level of approximately 8% 
in the untreated peptide fraction, while both the sodium periodate treatment (used to 
activate glycans for binding to hydrazide) and the conditions during PNGase treatment 
did not result in an increase in the level of peptide deamidation (Table 2). The detected 
level of deamidation could be due to true deamidated peptides, but could also be the 
result from wrong selection of the parent ion mass (e.g. due to selection of the first C13 
isotope peak as parent mass during MS/MS). However, when the criteria of deamidation 
is combined with N to D conversion of an N-P!-S/T site, the level of E.coli matching 
peptides dropped to below 0.8%. Combined, the results showed that the glycopeptide 
enrichment procedure did not increase peptide deamidation, while the level of detected 
deamidation (which could be interpreted as false discovery rate) is estimated to be 
below 1% when sequence confirmation of N-P!-S/T glycosylation consensus is taken 
into account at the peptide level. Deamidation of the N-P!-S/T glycosylation consensus 
site is therefore a reliable signature to identify glycopeptides that were coupled to 
hydrazide beads and were released by PNGase F. The matching of peptide masses to 
a given protein database is a function of the quality of the spectra that is obtained for 
each peptide. In Fig. 2 we plotted the number of peptides in the enriched glycopeptide 
fraction that showed a match to the database, as function of the spectral quality as 
given by the ladder score, a spectrum matching quality metric provided by PLGS. The 
graph shows the results for matching to the conventional Arabidopsis TAIR protein 
sequence database. To determine false positive detection, the same peptide spectral data 
was matched to a decoy protein database. This decoy protein database was constructed 
from the normal protein data by inverting and randomizing the protein sequences, until 
the numbers of N-P!-S/T sites in both databases were identical. When the matching to 
the Arabidopsis TAIR protein sequence database is compared to matching the decoy 
protein database, results show that for a spectral ladder score higher than 50 only 15 
peptides match with the decoy dataset. For the ladder score larger than 50, 175 peptides 
were identified in Arabidopsis TAIR protein sequence database and no matches in the 
decoy database when also the deamidation and N-P!-S/T criteria was applied (Table 3).

Table 2. The number and percentage of identified peptides and proteins from E.coli 
treated with or without PNGase F or NaIO4 filtered on criteria of N-P!-S/T site and/or 
deamidation. 

Chapter 3                                                                                                                                                                                                                                          N-glycan occupancy in Arabidopsis



67

Table 3. Number of identified N-linked glycopeptides from Arabidopsis (leaf, seeding) 
with ladder score higher than 50 on TAIR normal database or decoy database at 
different filter levels. 

 

Figure 2. Ladder score distribution versus peptide numbers when searching against 
TAIR protein sequence database, applying different criteria either with deamidation, or 
deamidation and N-P!-S/T consensus sequence.

The Arabidopsis N-glycoproteome
In order to obtain the highest number of identified glycopeptides (while meeting the 
most strict selection criteria) the glycoproteomics results from multiple Arabidopsis 
Col-0 and cgl1-1 mutant samples were combined (Col-0, cgl1-1, DDA, MSE, 
unmodified database, modified database). The 3793 identified peptides belonged to 
817 identified proteins (Table S1), of which only 146 were annotated as confirmed 
glycoproteins after application of our most stringent filter settings (presence of secretion 
signal and N-P!-S/T site with deamidation of the N-P!-S/T site) (Table S2). Of the 817 
identified proteins 28 proteins were identified from peptides which do have an N-P!-S/T site 
which was also deamidated, but which were not part of the annotated TAIR secreted 
proteome. Inspection of these proteins show that 11 are predicted to have one or more 
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trans-membrane domains (TMD), 10 proteins were predicted to have ER or plasma 
membrane localization according to SLocX (http://mapman.mpimp-golm.mpg.de/
general/slocx/), and four proteins were predicted to have ER or extracellular location 
according to TargetP (http://www.cbs.dtu.dk/services/TargetP/). This data suggest that 
these are secreted proteins. Therefore, all these 28 proteins were added to the list of 
identified and confirmed glycoproteins (Table S2). Proteins which could be identified 
by this method were mainly receptor kinase, glucosidase, Clavata1 like proteins, 
peroxidase, phosphatase and glycosyl hydrolase. The list of glycoproteins was sorted 
according to Gene Ontology (GO) molecular function or GO cellular component and 
compared to the GO annotation of the full secreted proteome (Fig. 3). Results show 
that the majority of molecular functions (Fig. 3A) of the identified glycoproteins are 
hydrolases, other enzyme and other binding activity, transferase activity and kinase 
receptor binding, similar to the GO molecular function distribution of the putative 
full secreted N-glycoproteome in Arabidopsis as described by Song et al. (Song et 
al., 2011). GO annotation of cellular component (Fig. 3B) shows that the putative 
cellular localization of the majority of identified proteins matches to what is expected 
of proteins in the secretion pathway, but the distribution over cellular components is 
different from that of the full glycoproteome (Fig. 3B). This may be due to the small 
set of identified glycoproteins and redundancy in cellular component annotation for a 
single protein.  
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Figure 3. GO annotation of all 173 confirmed identified glycoproteins comparing with 
the whole putative N-glycoproteome from TAIR. (Fig. 3A) GO annotation of molecular 
functions. (Fig. 3B) GO annotation of cellular components.

Alternative topology for three membrane proteins identified
Of the 173 confirmed glycoproteins 67 proteins were membrane proteins with one or 
more membrane spanning domains. Because the N-glycan is attached to the protein 
in the ER lumen, the N-glycan always faces ER lumen, or extracellular space (when 
located in the plasma membrane). N-glycan mapping can therefore be used to verify the 
predicted topology of membrane proteins. The protein topology based on identification 
of glycan site occupancy was compared with the topology predicted by TMHMM v2.0 
(http://www.cbs.dtu.dk/services/TMHMM/). Of 64 from the 67 membrane proteins 
the topology according to the N-glycan site occupancy matched the topology predicted 
by TMHMM. For three glycoproteins the topology was opposite to that predicted by 
TMHMM (Table 4). As example, Fig. 4 shows a simplified illustration of the topology 
of DnaJ domain protein (AT1G61770) as predicted by TMHMM and as predicted from 
the N-glycan position. As our result showed evidence of glycosylation of asparagine at 
position AA 88 (glycan in Fig. 4 indicates the glycosylation site). Based on the topology 
of the membrane proteins confirmed by our glycoproteomics experiments two potential 
N-P!-S/T glycosylation sites actually map to protein domains that map to the cytosolic 
face of the membrane protein and thus are not true N-glycosylation target sites (in 
AT2G23200 and AT5G14030 C-terminal domain, see Table 4). The information of the 
topology of a membrane protein provides important insights in the functionality of the 
different protein domains in relation to the intra- versus extra-cellular location. 
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Figure 4. An example of new topology found. Topology predicted by TMHMM (top) 
and topology as predicted from the N-glycoproteomics (down). The glycan cartoon 
shows the relative position of glycosylation occupancy. ER = endoplasmic reticulum; 
TMD = transmembrane domain.

Table 4. Three glycoproteins for which the determined topology is different from the 
TMHMM prediction; the numbers indicate the AA sequence position. The number in 
brackets shows how many glycosylation sites were mapped/predicted at that domain. 
Glycosylation site occupancy indicates the number of detected glycosylation sites 
versus the predicted glycosylation sites from NetNGlyc in the protein.
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Different glycans on same glycoprotein
In protein samples from Arabidopsis Col-0, some of the N-glycopeptides will contain 
complex N-glycans which cannot be released by PNGase F, while in protein samples 
from the cgl1-1 mutant Arabidopsis all captured N-glycopeptides can be cleaved and 
released from the resin by PNGase F because all glycans in cgl1-1 are high mannose 
type. Therefore, signals of PNGase F released glycopeptides which are higher in cgl1-1 
protein extracts compared to Col-0 protein extracts are indicative of a complex N-glycan 
at that position in the Col-0 plant. Similarly, peptide masses with similar signal intensity 
in Col-0 and cgl1-1 protein extracts indicate the presence of a similar mannose type 
N-glycan in both mutant and Col-0 plant. Peptide intensity signals were compared 
between replicate extracts of Col-0 versus cgl1-1 mutant leaf samples. Intensity ratios 
were calculated on the average  normalized peak intensities per peptide (Table S3). 
Indeed, some of the identified glycopeptides give a higher signal in cgl than Col-0 
protein samples. Moreover, peptides belonging to the same glycoprotein with multiple 
glycosylation sites, may show different ratio’s for signal intensity in cgl1-1/Col-0 
samples, indicating that not all N-glycan structures on the same protein are the same 
and may vary from mannose to complex type N-glycans. Besides, the signal intensity in 
cgl1-1/Col-0 samples may be affected by digestion efficiency, binding to the hydrazide 
beads and PNGase treatment-release efficiency. An example is the identified protein 
SKU5 (see Fig. 5 and Table S3), which was detected in three replicate leaf samples 
of both cgl1-1 and Arabidopsis Col-0 after release by PNGase F treatment. SKU5 is 
distantly related to multiple-copper oxidases, ascorbate oxidase and laccase involved 
in directional root growth (Sedbrook et al., 2002). Complementary evidence of SKU5 
glycosylation comes from SDS-PAGE mobility shift assays by Sedbrook (Sedbrook 
et al., 2002). They showed a shift of SKU5 mobility in SDS-PAGE after PNGase F 
treatment, suggestive of glycans without core modification by fucose. They also showed 
that treatment of SKU5 with Endo H does not lead to a mobility shift on SDS-PAGE, 
indicating that the PNGase F cleavable N-glycans contain the multi-antennary structure 
which cannot be cleaved by Endo H (Trimble and Tarentino, 1991). In our study, 
seven out of thirteen putative glycosylation sites on SKU5 were identified (highlighted 
N-P!-S/T in Fig. 5A). Fig. 5B shows the quantitative peak intensity ratio of the six 
glycopeptides that were detected in cgl1-1 and Col-0 samples. Four glycopeptides were 
present at ratio close to one (highlighted in grey in Fig. 5A), indicating equal binding 
and equal release by PNGase F in cgl1-1 and Col-0 samples. However, for two peptides 
the ratio was higher than one, suggesting reduced release by PNGase F in Col-0 protein 
samples. This indicates that at these positions the glycans on the glycopeptides have 
the core of the N-glycan modified by fucose for part of the SKU5 protein population 
in Col-0 plants (highlighted in yellow in Fig. 5A). One glycopeptide in SKU5 
(YNDTLVADGIDFETITVHPGK, see Table S2) was only identified in cgl1-1 mutant 
samples, as it was not matched to peak intensity data we do not have quantitative 
information for this peptide (highlighted in dark yellow in Fig. 5A). Combining the 
results from Sedbrook and ours, the SKU5 N-glycan occupancy can be predicted as the 
cartoon showed in the bottom of Fig. 5A. The heterogeneous glycan modification on 
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SKU5 could be related to the protein tertiary structure, which may bury some of the 
N-glycans within the protein and thus make them not accessible for fucosyl transferase 
enzymes in the Golgi apparatus. Alternatively, heterogeneous N-glycan modification on 
the same protein may be indicative of pools of the same protein at different subcellular 
locations (e.g. an ER localized pool and a pool which has been in the Golgi apparatus)  
 

 

Figure 5. N-glycan occupancy of SKU5. Fig. 5A: Amino acid sequence of the SKU5 
protein with putative N-glycosylation sites. Glycosylation sites as predicted by 
NetNGlyc 1.0 (http://www.cbs.dtu.dk/services/NetNGlyc/) are highlighted with N in 
red. Peptides with consensus sequences highlighted in grey (N-glycans without core 
fucose modification) or yellow (N-glycan with core fucose modification) were detected 
in our experiments. Peptide with potential core fucose (complex glycan) is highlighted 
in dark yellow; Bottom: predicted N-glycan occupancy of SKU5 based on our and 
Sedbrook (Sedbrook et al., 2002) results. Fig. 5B: Intensity ratio of six from seven 
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identified glycopeptides of SKU5 by PNGase F treatment from Arabidopsis Col-0 and 
cgl1-1 samples. Error bar shows the standard deviation of the cgl1-1/Col-0 intensity 
ratio among 3 replicates. Four peptides show ratio close to 1 (highlighted in grey in Fig. 
5A) and two show ratio >1 (highlighted in yellow in Fig. 5A). 

Discussion

Glycopeptide identification
We used hydrazide selective coupling to beads to enrich glycopeptides from the 
Arabidopsis glycoproteome. PNGase F treatment was used to release the captured 
peptides. Contrary to mammalian glycoproteins, this procedure has limitations for 
plant glycoproteins due to the plant specific glycan core modification to fucose on 
most complex glycans, which cannot be cleaved by PNGase F. Tests with PNGase A 
(from Roche, MERCK, and EUROPA), which can cleave complex glycan structures, 
showed that at present this enzyme is not concentrated enough to use in our proteomics 
experiments. (The PNGase A contains 10,000,000 times lower units of enzymatic 
activity per microliter, compared to PNGase F, although the units are defined differently 
by both suppliers.) In all cases by using a practical amount of units the PNGase A 
elution contained much less peptides compared to PNGase F. Therefore, for alternative 
assessment of the Arabidopsis glycoproteome we used the cgl1-1 mutant, which 
cannot make complex N-glycans, in combination with PNGase F for peptide release. 
The cgl1-1 mutant has a defective GnT1 protein. The GnT1 activity is required to 
add fucose or xylose to the core mannose residue. Because this enzyme is located in 
Golgi apparatus, while glycan coupling to the protein occurs in the ER, it is expected 
that the actual glyco-site occupancy has not changed in the cgl1-1 mutant, only the 
downstream processing of the glycan structure. Thus the cgl1-1 plant provides evidence 
for the occupancy of a glycosylation site just as in the Col-0 plant. Any quantitative 
difference in detection of the same (glyco)peptide in Col-0 versus cgl1-1 can (to the 
best of our knowledge) only be interpreted as a difference in downstream processing of 
the N-glycan. In the quantitative comparison of peptide intensity signals between Col-0 
and cgl1-1 for the SKU5 protein, four peptides display equal intensity in both samples, 
while two peptides display a higher signal in the cgl1-1 mutant (see Fig. 5B and Table 
S3). The latter indicates that for these 2 peptides the glycan form has changed in the 
Col-0 plant, while the other four have not been processed.

As most glycoproteins only render a single glycopeptide, protein identification was 
not straight forward. Database search algorithms often rely on matching of multiple 
peptides per protein. Different methods were used for peptide identification. Most of the 
glycoproteins were identified by data dependent acquisition (DDA) MS/MS mode. In 
contrast, in data independent acquisition (MSE) mode, there was only limited peptide/
protein identification, both with the normal or the modified database which included 
N to D modifications used as reference (Table 1). In the MSE mode, fragmentation 
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of multiple peptides occurs simultaneously, resulting in mixed fragment ion spectra. 
Although the quality of these spectra was excellent, the database search produced 
only low amounts of identified proteins. In the MSE mode the algorithm presumes 
that a protein would render multiple peptides: peptides are assigned to a particular 
protein with higher confidence, when multiple peptides of the same protein have been 
detected (Geromanos et al., 2009; Li et al., 2009). This actually results in a bias of 
peptide identifications from the MSE spectra towards proteins from which multiple 
glycopeptides were detected in the same run and under-representation of glycoproteins 
with only single glycosylation site (Table 1). Apparently the MS/MS search algorithm 
for DDA data has less bias in this situation, as more proteins have been detected with 
single (glyco)peptide. 

Recently, Zielinska et al. mapped 2186 N-glycosylation sites in Arabidopsis (Zielinska 
et al., 2012) by using the N-glyco-FASP method. In total, 984 out of 1290 proteins 
were identified with high confidence. In Supplementary Table S1 and S2, we marked 
the protein overlap between our results and those of Zielinska’s. In addition, venn 
diagrams showing the overlap among total or high confidence identified proteins from 
us and Zielinska and the secretome from TAIR are displayed in Supplementary Fig. 
S2A and B. Fig. S2A shows that in both data sets there is a high (background) level of 
non-secreted proteins, approximately 65% (528 non-secreted vs 817 total) from our 
results, while 31% (401 out of 1290) from Zielinska’s data. Fig. S2B shows that after 
applying the criteria of  ladder score >50, presence of N-P!-S/T site and deamidation 
as confidence filters, the background detection in our data drops to 16% (28 out of 
173) and 27% (267 out of 984) from Zielinska respectively. While in both procedures 
a considerable amount of non-secreted proteins were detected, the importance of using 
confidence criteria (consensus site, deamidation, and secretion signal) is demonstrated. 
We identified approximately five times less glycoproteins than Zielinska (145 versus 
717). This may be a reflection of a lower detection sensitivity (MS equipment), or also 
a lower identification efficiency (software). However, there are 42 proteins uniquely 
identified by our method. Therefore, both approaches can complement each other to 
maximise the N-glycoprotein identification from Arabidopsis.

Contaminants or special secreted proteins?
Twenty eight proteins were identified from peptide sequences with deamidation of the 
N-P!-S/T site that were not listed in the TAIR secreted protein list. Our results suggest 
that these proteins have entered the ER and were modified by N-glycans. However, 
we also identified peptides which do not contain an N-P!-S/T sequence and which do 
not have the hallmarks of secreted proteins, suggesting that despite intensive washing 
of the resin with bound glycopeptides, the release with PNGase F apparently still 
yielded non-glycopeptides. We propose that these peptides were somehow trapped on 
the resin by the coupled glycopeptides and were therefore co-released with the bound 
glycopeptides upon PNGase F treatment. For instance, mitochondrial and chloroplast 
proteins were identified by multiple peptides with high spectrum scores, in multiple 
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samples, indicating that these proteins are truly eluted from the hydrazide resin by 
PNGase F treatment. However, after applying the stringent filters for secreted protein, 
N-P!-S/T, deamidation and ladder score >50, all these proteins were removed from the 
list, indicating that the combination of these criteria is stringent enough to distinguish 
contaminant identifications from glyco-protein identifications. 

Our control experiments indicate that the level of spontaneous deamidation under the 
experimental conditions is low (Table 2). Nevertheless, the spontaneous deamidation 
indeed occurs by chemical and enzymatic treatment during sample preparation, and it 
is difficult to discriminate between the true and false positive deamidation, as described 
by Palmisano et al. (Palmisano et al., 2012). Alternatively, remaining low levels of 
deamidation without PNGase treatment could be the result of false peak selection: in 
longer peptides the intensity of the first C13 peak is higher than that of the C12 peak, in 
which case in the DDA mode the acquisition software may select the C13 peak instead 
of the C12 peak as precursor ion mass. In such case the mass of the (selected) precursor 
ion will have 1Da increase and may be wrongly assigned as being modified. Therefore, 
stringent methods and filters need to be applied to keep the false positive discovery rate 
as low as possible as discussed before.

Perspectives and Future plans
The Arabidopsis TAIR protein sequence database provides a list of 5310 putative 
secreted proteins based on signalP and TargetP (ftp://ftp.arabidopsis.org/home/
tair/Proteins/Properties/TargetP_analysis.TAIR), of which 3597 proteins actually 
contain one or more N-P!-S/T consensus glycosylation sites. Of these potential 3597 
glycoproteins only 173 proteins were confirmed by 330 glycopeptides identified in 
the experiments described in this paper. Clearly at present the technology is mostly 
limited by the peptide identification and great advances could be made with improved 
detection sensitivity and improvement in the software used to interpret MSE spectra in 
this context. The data generated in these experiments can be used to enhance predictors 
for N-glycosylation site occupancy, subcellular localization and topology of membrane 
proteins. Glycoproteomics as described in this paper could form an alternative to 
membrane proteomics, as many of the important proteins that interact with extracellular 
signals during plant development or extracellular signals from invading pathogens 
are located on the plasma membrane and are glycosylated. However, to optimally use 
glycoproteomics in such context it would be most useful to use a mutant background 
which prevents formation of complex N-glycans like the cgl1-1 mutant in Arabidopsis. 
In future research we will apply this technology to perform extensive comparison of the 
N-glycoproteome (as can be released by PNGase F) of Arabidopsis Col-0 and cgl1-1 
mutant, and comparison of Col-0 and another glycosylation mutant alg3-2 (Henquet et 
al., 2008).
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Supplementary Data

Figure S1. Comparison of base peak chromatograms (left) and their 2D visualization 
(right) from PNGase A and PNGase F released Arabidopsis Col-0 (Fig. S1A) or cgl (Fig. 
S1B) extracts (of fraction F1 from 2D-LC-MSE).
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Figure S2. (Fig. S2A) Venn diagram shows the overlap among total identified proteins 
from us and Zielinska and the whole secretome from TAIR; (Fig. S2B) Venn diagram 
shows the overlap among the high confidence identified proteins (filtered on criteria: 
presence and deamidation of N-P!-S/T) from us and Zielinska and the whole secretome 
from TAIR.
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Supplementary Data

Supplementary data to this article can be found online at:

https://1drv.ms/f/s!Asszhx_to9U8hxXix8NpPWFDJNdA

or by scanning the QR code:

Table S1. Total list of identified proteins from Arabidopsis leaf and seedling 
samples with DDA and MSE using TAIR normal and modified database containing 
all the peptides, not filtered but with listed N-P!-S/T consensus site and potential 
modifications. Proteins were marked with the presence of trans-membrane domain 
(TMD), signal peptide (SignalP) or GPI-anchored protein (GPI-AP). Overlaps of total 
identified proteins from us and Zielinska were marked. A confidence filter on the DDA 
and MSE should be applied in order to provide a lower false positive detection rate. 
Based on previous experience we apply a lower threshold of 50 for the ladder score in 
DDA and a minimal score of 6 for MSE, in order to filter for high confidence individual 
peptide-spectrum matches.

Table S2. High confidence list of identified N-glycoproteins from Arabidopsis leaf and 
seedling samples with DDA and MSE using TAIR normal and modified database; On 
DDA, peptides were filtered by ladder score > 50, deamidation on N as modification or 
D for N as substitution and N-P!-S/T consensus site; On MSE, peptides were filtered by 
score > 6 and D-P!-S/T by using TAIR modified database. Proteins were marked for the 
presence of TMD, SignalP or GPI-AP as in Table S1. Also overlap of high confidence 
identified proteins from us and Zielinska (reported as a separate table in (Zielinska et 
al., 2012)) was marked.

Table S3. Peak intensity data of Fig. 5 from six SKU5 peptides. For the identified 
peptides the peak areas were quantified in three replicate extracts from Arabidopsis 
Col-0 and cgl1-1 mutant. Normalized peak area is displayed as average plus standard 
deviation over three replicates.
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Abstract

Arabidopsis Col-0 is resistant to infection by Phytophthora brassicae isolate strain HH. 
In contrast, transgenic Arabidopsis Col-0 expressing the Phytophthora infestans RXLR 
effector ipiO (35S-ipiO1) and Col-0 with a T-DNA insertion knockout in LecRK-I.9  
gene (lecrk-I.9) both show a gain of susceptibility to P. brassicae. Here we investigated 
whether the shared phenotype of the 35S-ipiO1 and lecrk-I.9 lines relates to a consistent 
altered plasma membrane (PM) protein composition using label-free comparative 
proteomics. Two-dimensional LC-MS of tryptic digests of PM enriched protein fractions 
from Arabidopsis Col-0, 35S-ipiO1 and lecrk-I.9 lines resulted in 2151 identified 
proteins of which 613 are putative PM-proteins either with a predicted transmembrane 
domain (TMD) or glycophosphatidylinositol (GPI) anchor. Quantitative analysis of 
the peptide profiles revealed 99 peptide features with more than two-fold difference in 
peptide mass intensity between Col-0 and the 35S-ipiO1 and lecrk-I.9 lines. Because 
none of these peptides were derived from proteins identified in ProteinLynxTM Global 
Server (PLGS), MS-Fit was used as alternative protein identification method, using 
strict filter criteria to reduce false discovery rate. This allowed us to link 25 of the 99 
peptide features to 17 plasma membrane proteins. One of these proteins is Cysteine-rich 
protein kinase 37 (CRK37) for which the peptide signals were higher in Arabidopsis 
Col-0 than in 35S-ipiO1 and lecrk-I.9. In contrast, the transcript level of CRK37 was 
not significantly different between Col-0 and 35S-ipiO1 and lecrk-I.9, suggesting 
that CRK37 protein level is regulated post-transcriptionally. Subsequently, the role of 
CRK37 in resistance to P. brassicae was proven by showing that an Arabidopsis crk37 
T-DNA insertion mutant displays a gain of susceptibility to P. brassicae infection. In 
conclusion, although label-free comparative proteomics is not without limitations, it is a 
powerful tool to complement transcriptomics approaches in plant-pathogen interaction 
studies.

Keywords

Legume-like lectin receptor kinase (LecRK), RXLR effector, Plasma membrane 
proteomics, Arabidopsis, Phytophthora brassicae, label-free comparative proteomics, 
LC-MS, plant-pathogen interactions

Abbreviations

PM, Plasma membrane; UPLC, ultra-performance liquid chromatography; ESI, electro-
spray ionization; Q-TOF, quadrupole time-of-flight; DDA, data dependent acquisition; 
DIA, data independent acquisition
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Introduction

Arabidopsis Col-0 is resistant against the oomycete pathogen Phytophthora brassicae 
HH, but can be genetically modified to gain susceptibility (Roetschi et al., 2001). This 
allows the use of Arabidopsis as a model to study aspects of the Phytophthora-hostplant 
interaction. The cell wall (CW) plasma-membrane (PM) continuum plays an important 
role in the first line of defense against invading pathogens in plants. Legume-like lectin 
receptor kinases (LecRKs) are a subclass of receptor-like kinases (RLKs), with an 
extracellular lectin domain. There are 45 LecRKs in Arabidopsis, some of which have 
been shown to have a role in plant-pathogen interactions (Bouwmeester et al., 2011b; 
Desclos-Theveniau et al., 2012; Singh et al., 2012; Wang et al., 2016). LecRK-I.9 
of Arabidopsis was shown to be involved in stabilizing the CW-PM continuum in 
Arabidopsis (Mellersh and Heath, 2001; Gouget et al., 2006). Indeed, disruption of 
LecRK-I.9 by a T-DNA insertion resulted in a gain of susceptibility to infection by P. 
brassicae (Bouwmeester et al., 2011b). LecRK-I.9 was also recently identified as an 
extracellular ATP (eATP) receptor (Choi et al., 2014). Peptides containing the Arg-
Gly-Asp (RGD) motif bind to LecRK-I.9 and are involved in mediating cell adhesion 
in mammalian cells and contact between the cell wall and plasma-membrane in plants 
(Dsouza et al., 1991; Takagi, 2004; Bouwmeester et al., 2011a). The RGD motif is also 
present in the Phytophthora infestans effector protein IPI-O and Arabidopsis Col-0 plants 
expressing ipiO (35S-ipiO1) show a similar gain of susceptibility to infection by P. 
brassicae as the lecrk-I.9 insertion mutant (Bouwmeester et al., 2011b). Because of the 
contrasting susceptibility to P. brassicae infection between Arabidopsis Col-0 and the 
lecrk-I.9 and 35S-ipiO1 plants and because both LecRK-I.9 and IPI-O act at or near 
the PM of the plant cell, we suspected that the different response to P. brassicae may 
relate to a different state of the PM proteome of Col-0 and lecrk-I.9 and 35S-ipiO1 
plants. Differences in PM proteins may be identified by comparative PM proteomics 
and differentially expressed proteins are potential candidates for having a role in 
the defense against the oomycete pathogen. Thus, comparative PM proteomics of 
these three lines may lead to the identification of factors involved in plant-pathogen 
interactions. To achieve this we applied label-free proteomics on protein fractions 
enriched for PM proteins isolated from mature, uninfected Col-0, lecrk-I.9 or 35S-ipiO1 
Arabidopsis leaves. Despite limitations in linking differential peptide mass features 
to proteins, eventually 17 PM proteins with differential peptide abundance were 
identified. One of these proteins was the cysteine-rich protein kinase CRK37, which 
was chosen for further validation studies because of its specific gene expression and 
protein abundance profile and because of a potential signaling role of kinases in plant-
pathogen interactions. An Arabidopsis mutant with a T-DNA insertion in CRK37 gene 
indeed showed a gain of susceptibility for infection by P. brassicae, indicating a role for 
CRK37 in the defense against P. brassicae.  Results show the potential of comparative 
proteomics to identify new factors involved in plant-pathogen interactions. 
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Materials and methods

Plant material and growth conditions
The Arabidopsis T-DNA insertion mutant lecrk-I.9 (SALK_042209) and transgenic 
line expressing ipiO1 (35S-ipiO1) were previously described by Bouwmeester 
et al. (Bouwmeester et al., 2011b). Arabidopsis T-DNA insertion mutant crk37 
(SALK_004923) was obtained from the European Arabidopsis Stock Center (http://
arabidopsis.info/). This mutant line was previously checked by PCR for T-DNA 
insertion (Bourdais et al., 2015). Arabidopsis thaliana seeds were sown on 9 cm 0.8% 
Daishin agar (Sigma) in Petri dishes and cold (4°C) treated in the dark for 2 days to 
promote uniform germination. Five days after germination seedlings were transferred to 
soil and plants were grown for 35 days in a climate chamber at 21oC with 75% relative 
humidity (RH) and a 12h photoperiod. 

Plasma membrane enrichment and plasma membrane protein isolation
For each genotype three biological replicates of 30 gram rosettes were harvested, 
pooled and frozen in liquid nitrogen. PM isolation was carried out on these three 
biological replicates, by homogenizing the 30 gram of frozen, pulverized leaf material 
with 50 ml of ice-cold homogenization buffer (0.3 M sucrose, 50 mM 3-(N-morpholino) 
propanesulfonic acid (MOPS)-KOH, 5 mM Na-EDTA, 5 mM ascorbic acid, 5 
mM dithiothreitol (DTT), 0.55% insoluble polyvinylpyrrolidone (PVPP), 1 mM 
phenylmethylsulfonyl fluoride (PMSF), pH 7.5) using a kitchen blender (3 × 20 sec 
strokes). The homogenate was filtered through 0.2 mm pore size Nylon and further 
clarified by centrifugation at 10,000 g for 30 min. Subsequently the supernatant was 
transferred into a ultracentrifuge tube (SS-34) and centrifuged at 100,000 g for 1 hr at 
4°C (JA20, Beckman Ultra-centrifuge). The microsomal pellet was re-suspended in 
2.5 mL re-suspension medium (0.3 M sucrose, 50 mM MOPS-KOH, 5 mM Na-EDTA, 
1 mM DTT, pH 7.5 ) and three consecutive two-phase extractions were performed as 
described by Alexandersson et al. (Alexandersson et al., 2004) to enrich for plasma 
membranes (PM). Therefore, 2.25 g of microsomal fraction was added to 6.75 g ATPS 
(6.2% Dextran T500, 6.2% PEG 3350, 2 mM KCl, 0.33 M sucrose), mixed well and 
centrifuged at 2,000 g for 10 min in order to allow separation of the Dextran and PEG 
phase. In the upper PEG phase plasma membranes will be enriched, and the lower 
Dextran phase will be enriched in intracellular membranes. The upper phase was added 
to a fresh pretreated lower phase of ATPS, while the lower phase was added to a fresh 
PEG top-layer. After centrifugation the two-phase extraction was repeated once more 
and the combined upper phases were added to 50 ml of resuspension buffer (0.3 M 
sucrose, 5mM potassium phosphate, 0.1 mM Na-EDTA, 1mM DTT, pH7.8). After 
ultra-centrifugation at 100,000g at 4oC for 1 hr the PM pellet was resuspended in 100 
µL resuspension buffer for SDS-PAGE analysis. For peptide analysis the PM pellet 
was washed three times with chloroform/methanol/MQ (1:4:5) for removal of lipids. 
Eventually, the protein pellets were dried and dissolved in 50 µL protein dissolving 
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buffer (0.1 M Tris-HCl (pH 8.0), 8 M urea and 5 mM DTT). After alkylation by 
iodoacetamide (IAA), 4 volumes 0.1 M ammonium bicarbonate buffer (pH 8.3) was 
added to dilute urea to 2 M for protein digestion. Protein concentration was measured 
by Bradford assay (Bradford, 1976). Protein was digested with Porcine, TPCK 
treated, trypsin (proteomics grade, Sigma T6567) (trypsin:protein=1:50) by overnight 
incubation at 37oC. Digestion was terminated by adding trifluoroacetic acid (TFA) to 
a final 0.1% v/v. After digestion, a reverse phase C18 solid phase extraction (SPE) 
column (Supelco) was applied for peptide purification. Peptides were eluted with 1 mL 
of 60% acetonitrile (ACN), 0.1% TFA. The purified peptides were dried by vacuum 
centrifugation and dissolved in 20 µL of 0.1 M ammonium formate (pH 10) for 2D 
nano LC-MS analysis.

Pathogen growth and infection assays
P. brassicae strain HH was grown at 18oC on 10% V8-juice agar plates, as described 
by Bouwmeester et al. (Bouwmeester et al., 2011b). Inoculation was performed by 
placing plugs of young mycelium (Ø 5 mm) on the abaxial leaf surface. Inoculated 
plants were kept in trays covered with lids to maintain a high humidity and placed in 
the dark, and placed in a growth chamber with a 16 h photoperiod at 18oC and a RH of 
75%. The first day the trays were kept in the dark. After two days the mycelial plugs 
were removed from plants to stop the facilitation of nutrition from the agar medium. 
Disease symptoms were scored three days after inoculation. Infection efficiencies (IEs) 
were calculated as percentages successful infected leaves relative to the total number of 
inoculations.

Peptide analysis using 2D nano LC-MS/MS and 2D nano LC-MSE

For high-resolution separation of the complex PM protein digests a nano ACQUITYTM 

2D UPLC system (Waters Corporation, Manchester, UK) was used employing 
orthogonal reversed phase separation at high and low pH, respectively. With this 2D set 
up, the pool of peptides was eluted from the first dimension XBridgeTM C18 trap column 
(in 20 mM ammonium formate pH 10) using a discontinuous step gradient of seven 
fractions 12%, 15%, 18%, 20%, 25%, 35% and 65% ACN. For the second dimension 
we used a BEH C18 column (75 μm × 25 cm, Waters, UK) eluting with 65 min linear 
gradient from 3 to 40% ACN (in 0.1 % FA) at 200 nL/min. The eluting peptides were 
on-line injected into a SYNAPTTM G1 Q-TOF MS instrument (Waters Corporation, 
Manchester, UK) using a nanospray device coupled to the second dimension column 
output. The SYNAPT MS was operated in positive mode with [Glu1] fibrinopeptide B 
(1 pmol/μL; Sigma) as reference (lock mass) sampled every 30s. Accurate LC-MS data 
were collected with the SYNAPT operating in either the MS/MS or MSE mode for data-
dependent acquisition (DDA) or data-independent acquisition (DIA) using low (6 eV) 
and elevated (ramp from 15 to 35 eV) energy spectra every 0.6 s over a 140-1900 m/z 
range, respectively. DDA was performed by peptide fragmentation on the three most 
intense multiply charged ions that were detected in the MS survey scan (0.6 s) over a 
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300-1400 m/z range and a dynamic exclusion window of 60 s with an automatically 
adjusted collision energy based on the observed precursor m/z and charge state.

RNA isolation and RNA-seq analysis
Total RNA was isolated from 4-week old Arabidopsis leaves using a NucleoSpin RNA 
Plant kit (Macherey-Nagel). RNA was checked for concentration and quality using a 
Qubit fluorometer. Libraries were constructed for each individual RNA sample using 
standard construction protocols. RNA sequencing (RNA-seq) was performed on an 
Illumina HiSeq 2500 sequencing system. Samples were assigned to one parallel run that 
included 9 samples (3 biological replicates per Arabidopsis line). RNA sequencing and 
data analysis was performed at  Bioinformatics facility of Plant Research International 
(Wageningen UR). Reads were expressed in units of Transcripts per Million (TPM), 
which were normalized by calculating the Z-score.

Database search for protein identification
LC-MS/MS and MSE data were processed using ProteinLynxTM Global Server software 
(PLGS version 2.5, Waters Corporation) and the resulting list of masses containing 
all the fragment ion information was searched against the TAIR protein sequence 
database downloaded from The Arabidopsis Information Resource (TAIR, https://www.
arabidopsis.org/). For matching MSE data to predicted peptide spectra the following 
settings were used: minimum fragment ion matches per peptide: four, per protein: seven, 
minimum one peptide per protein match and a false discovery threshold of four percent. 
The false discovery rate (FDR) was determined automatically in PLGS by searching the 
randomized TAIR protein sequence database. Peptide and fragment tolerance was set to 
automatic: the software determines tolerance thresholds based on the actual resolution 
and stability in the MS data (Geromanos et al., 2009; Li et al., 2009). In practice this 
resulted in mass tolerances below 10 ppm for precursor and below 30 ppm for fragment 
ions. Carbamido-methylation of cysteine was set as fixed modification, and oxidation of 
methionine (M) and deamidation on asparagine (N) as (enriched) variable modification.

For DDA analysis the peptide tolerance was set to 30 ppm and a fragment tolerance of 
0.05 Da. Carbamidomethylation (Cys) was used as fixed modification and Deamidation 
(NQ), and Oxidation (M) as variable modifications. The AutoMod option was applied 
as secondary search to the database search results with a maximum of one missed 
trypsin cleavage and non-specific secondary digest reagent were chosen. Finally, the 
DDA and MSE protein identifications were merged in Excel. Gene Ontology (GO) 
annotation was performed by using the tools from TAIR (https://www.arabidopsis.
org/) (Berardini et al., 2004). Further filters and tools were applied to remove the non-
membrane proteins such as presence of trans-membrane domain (TMD)  (TMHMM: 
http://www.cbs.dtu.dk/services/TMHMM/), or GPI-anchor (GPI-SOM: http://gpi.unibe.
ch/). Protein domain information was manually checked with Pfam (http://pfam.xfam.
org/) and SMART (http://smart.embl-heidelberg.de/).
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Protein quantification in Progenesis LC-MSTM

Protein quantification from raw MSE data was done in Progenesis LC-MSTM version 
4.0 (Nonlinear Dynamics, UK) using lock-spray and dead time correction as mass 
calibration. Progenesis performed extraction of ion features such as mass, charge, 
intensity, retention time, etc, after retention time alignment and peak detection of all the 
samples. Total peptide mass peak intensities were normalized among different samples 
by the algorithm in Progenesis. Further, statistical analysis was done in Progenesis 
with all the matched features from different samples and experiments. Features were 
clustered, grouped and tagged according to fold change, similarity and P-value for 
significance. Features which showed significantly differential peptide mass intensity 
among samples were selected for matching peptide/protein identification from PLGS. 
The non-matched differential features can be exported as inclusion list to run additional 
dedicated DDA for protein identification. Eventually, identified proteins, which showed 
significant differential peptide mass intensity patterns among samples were exported 
into Excel for further analysis.

Additional protein identification by MS-Fit
Mass features which showed significant differential peptide mass intensity profiles 
among samples were matched to protein identifications from PLGS in Progenesis as 
described above. Eventually, the non-matched features were searched with the help of 
MS-Fit (http://prospector.ucsf.edu/prospector/cgi-bin/msform.cgi?form=msfitstandard). 
MS-Fit only uses precursor ion (MS1) information for matching mass features to 
peptide sequences without taking into account the fragment ion information from MS/
MS (MS2) data. We first clustered differential features in Progenesis, so that features 
with similar peptide mass intensity profiles were loaded as a group into MS-Fit search. 
To reduce the FDR a minimum of three peptides matching per protein was used as a 
filter in MS-Fit. Used database: SwissProt 2013-6-27; taxonomy: Arabidopsis; constant 
modifications: carbamidomethyl (C); possible modifications: oxidation (M); mass 
tolerance: 20 ppm. For proteins identified by MS-Fit, further filters and tools were 
applied to remove the non-membrane proteins such as presence of trans-membrane 
domain (TMHMM: http://www.cbs.dtu.dk/services/TMHMM/), or GPI-anchor (GPI-
SOM: http://gpi.unibe.ch/). Protein domain information was manually checked with 
Pfam (http://pfam.xfam.org/) and SMART (http://smart.embl-heidelberg.de/).

Chapter 4                                                                                                                                                                                                                                          PM proteomics in Arabidopsis



92

Results

Identification of proteins in PM enriched fractions from Arabidopsis Col-0, 
lecrk-I.9 and 35S-ipiO1 lines
Uninfected Col-0, lecrk-I.9 and 35S-ipiO1 plants do not display any obvious growth 
phenotype, but the different response to P. brassicae infection could be due to a 
difference in the PM protein composition in lecrk-I.9 and 35S-ipiO1. Comparison of 
the PM proteome of these two different transgenic lines with that of Col-0 could help 
us understand how lecrk-I.9 and 35S-ipiO1 plants gain susceptibility to infection by P. 
brassicae. However, PM proteins are often under-represented in proteomics studies due 
to their hydrophobicity and low abundance. Enrichment of PM vesicles using aqueous 
two-phase partitioning may improve detection of PM proteins (Alexandersson et al., 
2004). For the isolation of PM proteins, microsomes were isolated by utracentrifugation 
(see methods). This microsomal pellet contains PM, ER and chloroplast membranes and 
the different membrane fractions were separated by density centrifugation on a Dextran/
PEG step gradient, from which the PM-enriched microsome fraction was isolated 
(Alexandersson et al., 2004). 

Because we use label free comparative proteomics we used three replicate samples for 
each genotype, to estimate variations in protein yield introduced by the PM isolation 
procedure. During the formation of microsomes, cytosolic proteins may be captured 
inside the microsomes. Such contaminating cytosolic proteins may be removed through 
a Brij 58 treatment (Alexandersson et al., 2004), however, because in our hands this 
detergent strongly interfered with downstream LC-MS analysis, this wash step was 
omitted. Instead, from all the proteins identified by LC-MS/MS the predicted sub-
cellular localization based on signal peptide or GPI-anchor site was used to filter out 
non-membrane proteins. The proteins extracted from the nine PM-enriched microsome 
samples (3 genotypes × 3 biological replicates) were digested with trypsin, after 
which peptides were purified by SPE for analysis by 2D nano-LC-MS. For optimal 
identification and quantification of peptides, each sample was eluted in seven steps 
from the first reverse phase (RP) column after which each of the seven eluted fractions 
was analyzed with a long gradient on the second RP column. All samples were run in 
MSE mode, yielding 21 data sets (7 LC fractions from each sample × 3 replicates) per 
genotype. In addition, replicate PM samples were pooled and analyzed in DDA mode, 
with the aim to improve protein identification (see Materials and methods). Fig. 1 
shows an overview of the workflow that was used for peptide processing, identification 
and semi-quantification. ProteinLynx Global Server software (PLGS) was used for 
protein identifications using the LC-MSE data. The identified peptides were linked to 
quantitated peptide mass features extracted from the same sets of LC-MSE data with 
Progenesis software and in-house developed software called SEDMAT (https://toolshed.
g2.bx.psu.edu/view/pieterlukasse/prims_proteomics/6107b74eeb11). The search 
program MS-Fit was used to help identify differential peptide features, which were not 
identified by PLGS. By searching the MSE and DDA fragmentation spectra against the 
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Arabidopsis thaliana protein database, using PLGS as a search engine, in total 2151 
proteins could be identified in the nine peptide samples. From these, 249 proteins were 
identified from DDA spectra, which escaped identification in MSE, while MSE yielded 
832 proteins not found by DDA. Hence, both MS methods were complementary and 
together produced a more comprehensive list of identified proteins in the enriched PM 
fractions (Supplementary Table S1). The GO annotation of subcellular localization by 
TAIR (https://www.arabidopsis.org/tools/bulk/go/) (Berardini et al., 2004) suggested 
that 45% of the 2151 identified proteins are PM-localized (Fig. S1A-B). Because only 
13% of the total Arabidopsis proteome is annotated by TAIR to have PM localization, 
this confirms enrichment for PM proteins in our samples. The non-PM proteins were 
filtered from the list of 2151 identified proteins by selecting only those proteins with 
a minimum of one trans-membrane domain as predicted by TMHMM (Krogh et al., 
2001) and/or a potential GPI-anchor as predicted by GPI-SOM (Fankhauser and Maser, 
2005). This resulted in a list of 613 putative membrane proteins: 564 proteins with one 
or more TMD and 49 proteins with a putative GPI-anchor attachment site. In this list of 
613 membrane proteins there were 26 LecRK proteins out of the 45 LecRKs annotated 
in Arabidopsis (see Table S2).

Figure 1. General proteomics workflow used in this study. Arrows indicate the order 
of data processing. Tools for protein identification, quantification and annotation are 
shown in gray-shaded boxes.
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Differential peptide mass intensity of PM proteins in Arabidopsis Col-0, 
lecrk-I.9 and 35S-ipiO1 lines
For quantitative comparison of peptide mass intensities in the peptide samples isolated 
from the different genotypes, the peak intensities from the 2D nano LC-MSE acquired 
data were analyzed with Progenesis. This software allows for alignment of LC-MS 
peptide signals between multiple samples, in order to screen for differentially expressed 
proteins/peptides. Alignment of each of the seven corresponding fractions obtained from 
the 2D nano LC-MSE from the three genotypes (in triplicate) resulted in a total of 76890 
peptide features. We note that because of multiple charge states of peptides in ESI-MS 
one peptide can generate multiple features with the same RT in the ion intensity map 
generated in Progenesis. Therefore, the number of features exceeds the actual number of 
peptides. Eventually, these 76890 features could be linked to 12326 identified peptides 
in PLGS (note that this data set was not yet filtered for none-PM proteins). Analysis of 
these 12326 identified features from the nine samples by Principal Component Analysis 
(PCA) did not show separation of samples by genotype (Fig. 2A-B). This could indicate 
that there are only minor differences in the PM proteome between the three genotypes, 
but also that there is a relatively high level of contaminating non-membrane proteins 
present. Subsequently, the set of 76890 features was filtered for significant two-fold 
differences between the average peptide intensity of two genotypes (ANOVA P < 
0.05). This filtering proved to be very stringent, resulting in a reduction to only 99 
differential features. The PCA plot based on these 99 remaining features now showed 
good clustering of the replicate samples and a separation between the three genotypes 
(Fig. 2C-D). The 99 differentially expressed features were manually checked in 
Progenesis for correct alignment and differential expression. Fig. 3 shows an overview 
of the 99 differentially expressed features distributed over the 6 possible expression 
patterns. Unfortunately, none of the 99 features could be identified directly by matching 
PLGS protein ID to Progenesis using SEDMAT software. Therefore, we used MS-Fit 
(Clauser et al., 1999) for peptide/protein identification of these 99 differential features. 
To enhance reliability of protein identification by MS-Fit we used the strict criterion of 
at least three differential features (peptides) linking to the same protein. In this way, 25 
from the 99 differential features could be linked to a total of 17 PM proteins. This set 
of 17 candidate PM proteins cluster into two expression classes (Fig. 3), for the other 
four expression patterns the limited number of peptide features could not be linked to 
a known protein. Analysis of gene expression data from The Bio-Analytic Resource 
for Plant Biology (BAR) expression browser (http://bar.utoronto.ca/ntools/cgi-bin/
ntools_expression_angler.cgi) (Toufighi et al., 2005) indicated that most of these 17 
genes are responsive to P. infestans as shown in Fig. S2. Since lecrk-I.9 and 35S-ipiO1 
share the susceptibility to P. brassicae infection, they may show similar changes in the 
PM proteome. Therefore, differential PM proteins with a low peptide abundance in 
Col-0 and high abundance in the two transgenic lines and, on the other hand, with high 
abundance in Col-0 and low abundance in the two transgenic lines are of most interest. 
Sixteen of the identified PM proteins show low expression in Col-0 and high expression 
in both transgenic lines (LIW: low in Col-0), while one PM protein (cysteine-rich 
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protein kinase 37; CRK37) shows high expression in Col-0 and low expression in both 
transgenic lines (HIW: high in Col-0) (Fig. 3). Therefore, all 17 proteins that passed 
the filtering criteria are potential candidates that may have causal relationship to the 
difference in susceptibility to P. brassicae infection.

 

Figure 2. PCA plot of peptide intensities of 2D nano LC-MSE data from PM enriched 
protein fractions. PM enriched proteins were isolated from three replicates of 
Arabidopsis Col-0, lecrk-I.9 and 35S-ipiO1 and tryptic digests analyzed by 2D nano 
LC-MSE. This yielded 76890 features after peak detection and alignment in Progenesis, 
of which 12326 features could be identified in PLGS. A-B: PCA plots of total 76890 
features; C-D: PCA plots of a subset of 310 features selected based on significant 
difference with Col-0 (P < 0.05).
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Figure 3. Classification of differential mass features (data obtained from Progenesis). 
The 99 differentially expressed features were classified in 6 different expression 
profiles: LIW (low in Col-0 and high in both lecrk-I.9 and 35S-ipiO1 lines); LIK (low 
in lecrk-I.9 and high in Col-0 and 35S-ipiO1); LIO (low in 35S-ipiO1 and high in Col-0 
and lecrk-I.9); HIW (high in Col-0 and low in both lecrk-I.9 and 35S-ipiO1 lines); HIK 
(high in lecrk-I.9 and low in Col-0 and 35S-ipiO1); HIO (high in 35S-ipiO1 and low in 
Col-0 and lecrk-I.9). Of the 99 differentially expressed features 25 could be assigned to 
17 PM proteins, using MS-Fit to link m/z values to protein identification. Results were 
filtered for PM proteins based on the presence of TMD or GPI. 
(Color scheme: green = low peptide abundance, red = high peptide abundance).

Transcription of the 17 PM-proteins identified from Arabidopsis Col-0, 
lecrk-I.9 and 35S-ipiO1 
The same leaf material that was used for PM-proteomics was used for extraction of 
mRNA to study expression of the genes encoding the candidate proteins. The transcript 
profile over the three genotypes of these 17 candidate genes was compared with the 
encoded protein levels (Fig. 4). For three out of the 17 genes the transcription profile 
partly matched the protein abundance profile. For these genes the transcript level was 
both low in Arabidopsis Col-0 and 35S-ipiO1 and enhanced in lecrk-I.9, while protein 
abundance tended to be low in Col-0 and high in both phenocopy lines, indicating 
a consistent discrepancy between transcription and translation levels in the three 
genotypes. The transcript profile of the gene encoding CRK37 (AT4G04500) was most 
different from the protein expression pattern: transcript levels were low in Col-0 and 
35S-ipiO1 and high in lecrk-I.9, while protein levels were lower in 35S-ipiO1 and 
lecrk-I.9 compared to Col-0 (Fig. 4). 
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Figure 4. Comparison of proteome and transcriptome expression data of 17 identified 
PM proteins. Left: protein intensity heatmap of 17 proteins with differential peptide 
abundance between Arabidopsis Col-0 and 35S-ipiO1 and/or lecrk-I.9, as determined 
with comparative proteomics. Right: transcript levels of the protein encoding genes as 
determined by RNAseq. The intensity of mRNAs and proteins were normalized against 
total signal intensity in transcriptome and proteome data respectively. Genes that show 
a different pattern for protein and mRNA abundance across the samples are marked 
with an asterisk.

Arabidopsis crk37 mutant shows gain of susceptibility to P. brassicae
Because of the unique RNA and protein expression profile of CRK37 in the set of 17 
differentially expressed proteins and the potential role of kinases in plant-pathogen 
signaling, CRK37 was selected as candidate for further functional analysis. The low 
level of CRK37 in both 35S-ipiO1 and lecrkI.9 coincides with gain of susceptibility to  P. 
brassicae and therefore we tested whether a CRK37 mutant shows a similar phenotype. 
The crk37 Arabidopsis T-DNA insertion mutant (SALK_004923) was obtained from 
the SALK T-DNA insertion collection (Bourdais et al., 2015). Gene expression analysis 
confirmed crk37 as knock-out mutant of the CRK37 gene (data not shown). The crk37 
mutant was analyzed for response to P. brassicae in a leaf infection assay (Fig. 5A-
B). The crk37 mutant plant did indeed display a gain of susceptibility to P. brassicae 
compared to Col-0. Future analysis will have to show whether lack of CRK37 in Col-0 
also impairs the CW-PM continuum, similar to the effect of  absence of LecRK-I.9 and  
overexpression of ipiO as demonstrated by Bouwmeester et al. (Bouwmeester et al., 
2011b).  

Chapter 4                                                                                                                                                                                                                                          PM proteomics in Arabidopsis



98

Figure 5. Infection of Arabidopsis crk37 by P. brassicae and CRK37 protein domain 
architecture. A: Infection efficiencies of Phytophthora brassicae HH on Arabidopsis 
Col-0 and crk37 leaves at 4 days post inoculation. Percentages indicate the number 
of lesions on the inoculated leaves (18 leaves per line). B: Phenotype of crk37 mutant 
upon P. brassicae infection; lesions are indicated with yellow arrows. C: Illustration 
of CRK37 protein domain architecture. Gnk2: Ginkbilobin-2 antifungal domain; Red 
arrows indicates location of peptide sequences identified by MS-Fit.

Discussion

Differential proteins identified in Arabidopsis Col-0 and lecrk-I.9 and 
35S-ipiO1 plants
Here a label-free comparative proteomics approach was used to detect differences in PM 
protein composition of Arabidopsis leaves of Col-0 plants and lecrk-I.9 and 35S-ipiO1 
plants, which both show a gain of susceptibility to P. brassicae. An enrichment of PM 
vesicles using aqueous two-phase partitioning was used (Alexandersson et al., 2004) 
in which we omitted the Brij 58 washing step, which is normally used to remove 
contaminating cytosolic proteins. This washing step was omitted because of greatly 
reduced protein yield and interference of Brij 58 with LC-MS. To solve this, stringent 
filtering (based on predicted targeting information) was applied to the identified proteins 
in order to remove none-PM proteins. Thanks to this filtering, even without the Brij 
58 wash step, 45% of the identified proteins in our PM fractions were annotated to be 
localized on the PM according to TAIR (Berardini et al., 2004), which is a clear increase 
compared to 13% PM-proteins in the total Arabidopsis proteome as deduced from the 
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TAIR GO annotation as shown in Fig. S1. In addition, contaminating proteins will show 
variable abundance between replicate samples and therefore are removed by filtering on 
consistent protein levels in replicate samples. Another major problem we encountered 
in the comparative data analysis is the matching of differential features to peptide and 
protein identification. To solve this, MS-Fit was employed. MS-Fit correlates Mass 
Spectrometry data (parent masses and charge only, not fragment masses) with a protein 
in the TAIR sequence database which fits that data the best. However, this method 
faces the same drawback as regular proteomics approaches; it cannot distinguish 
closely similar proteins, if the identified peptides belong to conserved protein regions. 
Therefore, it can be expected that peptides originating from homologous proteins will 
show a similar peptide(feature) abundance pattern in Progenesis. To overcome this, we 
used the stringent criteria that at least three feature/peptide masses should be detected 
with a similar expression profile in a narrow mass tolerance window. In this way 17 
PM proteins were identified from those 99 features. The biological function of those 
protein candidates must be validated through knockout or overexpression and analysis 
of the resulting phenotype. Analysis of the transcript levels of these 17 genes over the 
three genotypes showed there were only subtle differences in gene expression. Gene 
expression analysis would hence not have been sufficient to link these genes to a role 
in plant-pathogen interaction. One of the candidate proteins (CRK37) that displayed a 
higher protein level in Col-0 than in the two transgenic lines, was tested for a function 
in the response of Arabidopsis to P. brassicae infection.

CRK37 is required as a disease resistance component to P. brassicae
CRK37 encodes a cysteine-rich receptor kinase with an extracellular putative receptor 
domain and a cytosolic kinase domain (Fig. 5C). The lecrk-I.9 mutant has a low 
abundance of CRK37, while CRK37 transcription is actually upregulated in lecrk-I.9 
compared to Col-0 (Fig. 4). This suggests that the LecRK-I.9 and CRK37 proteins 
may interact in plants, leading to stabilization of CRK37. CRK37 is predicted to be 
N-glycosylated by the NetNGlyc server (http://www.cbs.dtu.dk/services/NetNGlyc/) 
and it could be that the lectin binding motif of LecRK-I.9 interacts with the N-glycans 
on CRK37. Because CRK37 level is also reduced in the 35S-ipiO1 line and IPI-O 
was shown to interact with LecRK-I.9, this raises the question whether the interaction 
of IPI-O with LecRK-I.9 causes destabilization of LecRK-I.9 or interferes with the 
putative interaction of LecRK-I.9 and CRK37, possibly resulting in destabilization of 
the CRK37 protein. 

A role for CRK37 in the response to P. brassicae was subsequently demonstrated in 
the Arabidopsis crk37 mutant, which displayed a gain of susceptibility to infection 
by P. brassicae. This matches the phenotypes of the lecrk-I.9 and 35S-ipiO1 plants 
(susceptibility to P. brassicae and reduced CRK37 protein levels). Recently, a study of 
CRKs on their function in the response to oxidative stress in reactive oxygen species 
(ROS) signaling, was demonstrated by Bourdais et al. (Bourdais et al., 2015), who 
suggested that CRKs might play an important role in a wide range of plant-abiotic/
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biotic stress interactions. We note that in the proteomics experiment proteins were 
selected on the basis of at least two-fold difference between Col-0 and either one of the 
transgenic lines, while the transcript levels of the corresponding genes differed only 
between 1.3 to 1.6-fold between Col-0 and the transgenic lines. Because usually a cut-
off value of at least two-fold difference is used to identify significant differences in 
gene expression, the transcriptomics study alone would not have identified CRK37 as a 
candidate disease resistance component.

PM proteomics identifies more LRR RLKs than previous reports in 
Arabidopsis 
Compared to other publications on plant PM proteomics (Mitra et al., 2009), we 
identified PM proteins with higher confidence in peptide score and ranking. This 
can be attributed to the gain in sensitivity of peptide detection by optimal peptide 
separation, first in seven steps using RP chromatography at high pH, followed by RP 
chromatography for each of the seven fraction at low pH. This increased LC resolution 
of peptides prior to ionization and MS analysis resulted in a considerable improvement 
in the detection of low abundant peptides. This is illustrated by (1) the high number of 
identified LRR RLKs and (2) the high number of identified LecRKs (Table S2).  LRR 
RLKs are the most well-studied RLKs in relation to plant development, pathogen 
resistance and hormone perception (Shiu and Bleecker, 2001; Goff and Ramonell, 2007; 
Nishimura and Dangl, 2010; Vaid et al., 2013). In previous PM proteomics studies of 
LRR RLKs only 30 LRR RLKs were identified in Arabidopsis (Mitra et al., 2009), 
while in total 82 LRR RLKs were identified in the present study (Table S3). However, 
LecRK-I.9 was not among the LecRK proteins identified by proteomics, suggesting that 
protein levels of this receptor kinase may be very low. 
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Supplementary Data

Supplementary data to this article can be found online at:

https://1drv.ms/f/s!Asszhx_to9U8hxXix8NpPWFDJNdA

or by scanning the QR code:
 

Figure S1. GO annotation of subcellular localization (A) and molecular function (B) of 
identified PM proteins (613), total identified proteins (2151), and the whole proteome 
of Arabidopsis thaliana. GO annotation of subcellular localization shows that plasma 
membrane proteins were enriched (based on their subcellular localization annotation) 
in the total identified proteins (2151) and the putatively identified PM proteins (613), 
compared with the whole Arabidopsis proteome from TAIR. GO annotation of protein 
molecular function shows that binding and kinase activity (typical plasma membrane 
protein functions) were enriched in the total identified proteins and PM proteins 
compared with the whole Arabidopsis proteome from TAIR.
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Figure S2. Gene expression of 17 candidates under biotic stress in the BAR expression 
browser. Heatmap on the left indicates the level of gene expression under Phytophthora 
infestans treatment at different time points. Genes are clustered according to the 
similarity of their expression pattern under the different treatments. The heatmap shows 
that expression of most of the genes increases with time in response to P. infestans 
treatment. 
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Table S2. LecRKs identified by proteomics in plasma membrane enriched fractions of 
Arabidopsis Col-0, lecrk-I.9 and 35S-ipiO1. LecRK-I.9 is highlighted (yellow) because 
it was knocked-out in the lecrk-I.9 line. Numbers are the sum of identified peptides, in 
brackets are the numbers of unique identified peptides for the corresponding LecRK.

Table S3. LRR-RLKs identified by 2D nano LC-MS, using a combination of DDA and 
MSE protein identification.
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Abstract
In plants, the plasma membrane (PM) forms the barrier between the external and 
internal cellular environment and proteins at the PM help regulate many essential 
processes like growth, development and adaption to the environment, including abiotic 
and biotic stresses. In order to be able to deal with pathogens, plants have evolved 
receptors to recognize so-called pathogen associated molecular patterns (PAMPs). In 
turn, the recognition by plant receptors of these PAMPs may be suppressed by effector 
proteins secreted by the pathogen. Much of the signaling related to PAMPs or effector 
detection takes place by proteins at the PM and here we used cultured tomato MsK8 
suspension cells infected by Phytophthora infestans, as a model to study the role of the 
PM proteome in the Phytophthora-tomato interaction. Tomato MsK8 suspension cells 
were either challenged with Phytophthora infestans zoospores (spo) or the supernatant 
of a zoospore suspension (sup). The PM was isolated from the treated cells, proteins 
were extracted and label-free comparative proteomics was used for protein identification 
and quantification. A combination of data dependent acquisition (DDA) and data 
independent acquisition (DIA or MSE) mass spectrometry resulted in the identification 
of 1698 proteins (1101 from tomato and 597 from P. infestans). From these 1698 
proteins, a total of 1365 proteins could be quantified by the Single Experiment Data 
Matching Tool from the Galaxy Proteomics toolbox (https://usegalaxyp.org/). In total, 
287 tomato proteins showed a more than 1.5-fold change between control and treated 
samples. Among these, 73 proteins contain a trans-membrane domains, while five 
proteins contain the consensus sequence of a GPI-anchor addition site. Finally, ten 
proteins were selected for further study, based on the presence of domains found in 
proteins with a putative role in plant-pathogen interactions. The Arabidopsis homologs 
of these ten candidate tomato proteins were used for rapid validation studies. 

Keywords
Plasma membrane (PM), MsK8 suspension cells, label-free comparative proteomics, 
UPLC, mass spectrometry; 

Abbreviations
PM, Plasma Membrane; UPLC, ultra-performance liquid chromatography; ESI, 
electrospray ionization; QTOF, quadrupole time of flight; 
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Introduction

The oomycete Phytophthora infestans is a pathogen which causes important agricultural 
problems in crops like potato and tomato and understanding how this pathogen is 
recognised by the plant to trigger immune responses may eventually help combat its 
effects. Plant resistance against pathogens is continuously evolving. For example, plants 
have evolved pattern recognition mechanisms using Pattern Recognition Receptors 
(PRRs) to perceive molecules derived from microbes. Perception of these pathogen-
associated molecular patterns (PAMPs) results in a defense response called PAMP 
triggered immunity (PTI) (Boller and Felix, 2009; Macho and Zipfel, 2014). Such 
immunity may be suppressed by effector proteins secreted by the pathogen, which in 
turn may result in the evolution of effector-triggered immunity (ETI) in the plant (Win 
et al., 2012). Most microbial plant pathogens enter the extracellular space (also called 
the apoplast) between the cell wall and the cellular plasma membrane (PM) of plant 
cells to initiate infection, making the PM the first interface in the crosstalk between 
host and pathogen. Multiple receptors involved in pathogen recognition and immune 
responses are therefore located on the PM. Activated perception of pathogens by such 
PM located receptor proteins often affects their stability. Therefore, plant pathogen 
infection may be associated with alterations in the protein content in and around the 
PM. Investigation of changes in these PM proteins could thus help identify factors 
involved in pathogen recognition and the subsequent defense responses. Indeed it 
has been shown that proteins at the PM are important determinants for biotic stress 
resistance as they trigger a first biotic stress response (Macho and Zipfel, 2014).

Here we set out to identify proteins that may play a role in the recognition and defense 
response of tomato to Phytophthora. Identification of such proteins may lead to a better 
understanding of how the pathogen is recognized and how the plant activates specific 
defense responses. Eventually, such insights may provide the knowledge required for 
conventional or biotechnological breeding strategies aimed at improved plant resistance. 
Because the proteins in and on the PM are only a small fraction of the total protein 
content of cells, PM proteins are often under-represented in global proteomics 
studies. Analysis of the PM associated proteome can therefore greatly benefit from an 
enrichment of the PM fraction. To achieve this, plant cells can be extracted in specific 
buffers in which the different membranes of the cell form small lipid vesicles. Because 
the membrane lipid content of different cellular subcompartments differs, such lipid 
vesicles may be separated from each other using density centrifugation. When using 
the right conditions for this density centrifugation specific enrichment of PM derived 
vesicles is possible (Alexandersson et al., 2004). Initially we tried such PM enrichment 
for potato leaf material with and without infection with P. infestans. However, analysis 
of the proteins in the lipid fractions isolated in this way showed that, despite different 
variations in the procedure, no enrichment of PM proteins was obtained. As alternative 
to the potato-P. infestans interaction PM proteome study, we switched to tomato MsK8 
suspension cells (Felix et al., 1991). The MsK8 suspension cells can, like tomato leaves, 
be infected by P. infestans (Felix et al., 1991), but has some advantages: (1) uniform 
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and synchronous infection compared with infection in leaves; (2)  the MsK8 suspension 
cells are more uniform, with less different cell types compared with leaves; (3) for the 
tomato MsK8 suspension cells the PM enrichment procedure could be optimized (in 
contrast to potato leaf material). 

During infection, zoospores of P. infestans secrete effector proteins, which can decrease 
the plant host defense response and thus help establish a successful infection. The host 
may counteract the effect of the pathogen effector proteins by ETI. Therefore, in order 
to distinguish between changes in PM proteome potentially related to PTI or ETI, the 
PM proteome was characterized for tomato MsK8 cells challenged by zoospores (PM 
protein changes related to PTI + ETI) and zoospore supernatant (PM protein changes 
mostly related to PTI). For PM proteomics, cells were harvested 16 hours after the start 
of the treatments, after which PM fractions and subsequently the PM  proteins were 
extracted for Label-free comparative proteomics. 

Using this approach, 1101 tomato proteins could be identified in all samples combined. 
From these, 1047 proteins were responding to P. infestans zoospore infection, of which 
540 proteins also responded to treatments with supernatant of P. infestans zoospore 
cultures. For ten candidate proteins the homologs in Arabidopsis were identified and 
used for rapid follow up validation studies. 
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Materials and methods

P. infestans growth and inoculum preparation 
P. infestans transformant 14-3-GFP was grown on rye sucrose agar at 18°C (Du et 
al., 2015). Zoospores were harvested as described previously by Champouret et al. 
(Champouret et al., 2009). Zoospore density was determined using a haemocytometer, 
and adjusted to an inoculum 4 × 106 zoospores/mL. Supernatant fractions of zoospore 
suspensions were obtained by centrifugation at 4000 rpm and collection of supernatant.

Culturing and inoculation of tomato MsK8 suspension cells
MsK8 suspension cells (Koornneef et al., 1987) were cultured in MS and 
vitamins medium (pH 5.7) supplemented with 3% (w/v) sucrose, 1 mg/L 
2,4-Dichlorophenoxyacetic acid (2,4-D) and 0.1 mg/L kinetin at 24°C in the dark 
and shaking at 125 rpm. Fresh sub-cultures were initiated every week. Five days old 
cultures were used for inoculation with P. infestans zoospores. In total 50 ml of Msk8 
suspension cells were inoculated with an equal volume of zoospore inoculum (4 × 106 

zoospores/mL), and incubated with shaking (~ 80 rpm) at 18°C in the dark. MsK8 
suspension cells were harvested 16 hours post inoculation. GFP fluorescence was used 
to monitor hyphae and appressoria to evaluate infection efficiency (Fig. 1). Medium 
was removed by fast vacuum filtration and remaining tomato MsK8 suspension 
cells were frozen in liquid nitrogen in small clumps (ca. 0.5 cm diameter) for easier 
homogenization.  

Figure 1. Tomato MsK8 suspension cells infected with P. infestans 14-3-GFP after 
16hrs. GFP fluorescence can be observed in hyphae and appressoria penetrating MsK8 
suspension cells. (Picture courtesy of K. Bouwmeester) 
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Plasma membrane enrichment and PM protein isolation
For enrichment of the plasma-membrane fraction, 50g liquid nitrogen frozen, 
pulverized cell fine powders were homogenized with 50 ml of ice-cold homogenization 
buffer (0.3 M sucrose, 50 mM 3-(N-morpholino) propanesulfonic acid (MOPS)-KOH, 
5 mM Na-EDTA, 5 mM ascorbic acid, 5 mM dithiothreitol (DTT), 0.55% insoluble 
polyvinylpyrrolidone (PVPP), 1 mM phenylmethylsulfonyl fluoride (PMSF), pH 7.5). 
The homogenate was filtered through 0.2 mm pore size Nylon and further clarified by 
centrifugation at 10,000 g for 30 min. Subsequently the supernatant was transferred 
into a ultracentrifuge tube (SS-34) and centrifuged at 100,000 g for 1 hr at 4°C 
(JA20, Beckman Ultra-centrifuge). The microsomal pellet was re-suspended in 2.5 
mL re-suspension medium (0.3 M sucrose, 50 mM MOPS-KOH, 5 mM Na-EDTA, 
1 mM DTT, pH 7.5 ) and three consecutive two-phase extractions were performed as 
described by Alexandersson et al. (Alexandersson et al., 2004) to enrich for plasma 
membranes (PM). Therefore, 2.25 g of microsomal fraction was added to 6.75 g ATPS 
(6.4% Dextran T500, 6.4% PEG 3350, 2 mM KCl, 0.33 M sucrose), mixed well and 
centrifuged at 2,000 g for 10 min in order to allow separation of the Dextran and PEG 
phase. In the upper PEG phase, plasma membranes will be enriched, and the lower 
Dextran phase will be enriched in intracellular membranes. The upper phase was 
added to a fresh pretreated lower phase of ATPS, while the lower phase was added to 
a fresh PEG top-layer. After centrifugation the two-phase extraction was repeated two 
more times (three times ATPS were applied as discussed in Results and discussion) 
and the combined upper phases were added to 50 ml of resuspension buffer (0.3 M 
sucrose, 5mM potassium phosphate, 0.1 mM Na-EDTA, 1mM DTT, pH7.8). The 
triple fractionated PM fraction was pelleted by ultra-centrifugation at 100,000g for 1 
hour. The PM pellet was re-suspended in 100 µL sucrose buffer (0.3M sucrose, 5mM 
potassium phosphate (1:10 K2HPO4:KH2PO4, pH7.8), 0.1mM Na-EDTA, 1mM DTT).  

For proteome analysis the PM pellet was washed three times with chloroform/methanol/
MQ (1:4:5) for removal of lipids (Mirza et al., 2007). Eventually, the protein pellets 
were dried and dissolved in 50 µL protein dissolving buffer (0.1 M Tris-HCl (pH 
8.0), 8 M urea and 5 mM DTT). After alkylation by iodoacetamide (IAA), 4 volumes 
0.1 M ammonium bicarbonate buffer (pH 8.3) was added to dilute urea to 2 M for 
protein digestion. Protein concentration was measured by Bradford assay (Bradford, 
1976). Protein was digested with Porcine, TPCK treated, trypsin (proteomics grade, 
Sigma T6567) (trypsin:protein=1:50) by overnight incubation at 37oC. Digestion was 
terminated by adding trifluoroacetic acid (TFA) to a final 0.1% v/v. After digestion, 
a reverse phase C18 solid phase extraction (SPE) column (Supelco) was applied for 
peptide purification. Peptides were eluted with 1 mL of 60% acetonitrile (ACN), 0.1% 
TFA. The purified peptides were dried by vacuum centrifugation and dissolved in 20 
µL of 0.1 M ammonium formate (pH 10) for 2D nano LC-MS analysis. In summary, 
the whole workflow including harvesting of zoospores and plasma membrane protein 
isolation is shown in Fig. 2:
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Figure 2. Workflow plasma membrane protein sample preparation (Picture courtesy of 
K. Bouwmeester).

Peptide analysis using 2D nano LC-MS/MS and 2D nano LC-MSE

For high-resolution separation of the complex plasma membrane peptide samples a 
nano ACQUITYTM 2D UPLC system (Waters Corporation, Manchester, UK) was used 
employing orthogonal reversed phase separation at high and low pH, respectively. With 
this 2-D set up, the pool of peptides was eluted from the first dimension XBridgeTM 
C18 trap column (in 20 mM ammonium formate pH 10) using a discontinuous 7-step 
gradient of 12%, 15%, 18%, 20%, 25%, 35% and 65% ACN. For the second dimension 
an acidic ACN gradient was applied using a BEH C18 column (75 μm × 25 cm, Waters, 
UK) and a 65 min linear gradient from 3 to 40% ACN (in 0.1 % FA) at 200 nL/min. 
The eluting peptides were on-line injected into a SYNAPTTM G1 Q-TOF MS instrument 
(Waters Corporation, Manchester, UK) using a nanospray device coupled to the second 
dimension column output. The SYNAPT MS was operated in positive mode with [Glu1] 
fibrinopeptide B (1 pmol/μL; Sigma) as reference (lock mass) sampled every 30s. 
Accurate LC-MS data were collected with the SYNAPT operating in either the MS/MS 
mode for data-dependent acquisition (DDA) or MSE for data-independent acquisition 
(DIA) using low (6 eV) and elevated (ramp from 15 to 35 eV) energy spectra every 
0.6 s over a 400-1400 and 140-1900 m/z range, respectively. DDA was performed 
by peptide fragmentation on the three most intense multiply charged ions that were 
detected in the MS survey scan (0.6 s) over a 300-1400 m/z range and a dynamic 
exclusion window of 60 s with an automatically adjusted collision energy based on the 
observed precursor m/z and charge state.
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Database search for protein identification
LC-MS/MS and LC-MSE data were processed using ProteinLynxTM Global Server 
software (PLGS version 2.5, Waters Corporation) and the resulting list of masses 
containing all the fragment information was searched against the a combined non-
redundant database, containing tomato protein sequence database downloaded from 
the Sol Genomics Network (http://solgenomics.net/) (iTAG2.3 from 20110503), 
Phytophthora database (DB t30-4-1 + gene index GI 070908 + Cogeme database 
Translated) and contaminants (keratins + trypsin + enolase from yeast). Peptide 
identification was done by matching the detected peptide fragmentation spectrum to 
that of predicted peptide spectra using the tomato protein sequence database as input in 
PLGS. For matching MSE data to predicted peptide spectra the following settings were 
used: minimum fragment ion matches per peptide: four, per protein: seven, minimum 
one peptide per protein match and a false discovery threshold of four percent. The false 
discovery rate was determined automatically in PLGS by searching the randomized 
tomato protein sequence database. Peptide and fragment tolerance was set to automatic: 
the software determines tolerance thresholds based on the actual resolution and stability 
in the MS data (Geromanos et al., 2009; Li et al., 2009). In practice this resulted in 
mass tolerances below 10 ppm for precursor and below 30 ppm for fragment ions. 
Carbamido-methylation of cysteine was set as fixed modification, and oxidation of 
methionine (M) and deamidation on asparagine (N) as variable modification. For DDA 
analysis the peptide tolerance was set to 30 ppm and a fragment tolerance of 0.05Da. 
Carbamidomethylation (Cys) was used as fixed modification and Deamidation (NQ), 
and Oxidation (M) as variable modifications. The AutoMod option was applied as 
secondary search to the database search results with a maximum of one missed trypsin 
cleavage and non-specific secondary digest reagent were chosen. Finally, the DDA and 
MSE outputs were merged in Excel. 

Peptide/Protein Identification 
The proteomics procedure for protein identification and quantification is summarized 
Fig. 3. In brief, digested peptides were identified by PLGS either with DDA or MSE 
dataset. Protein quantification was done with MSE dataset in Progenesis LC-MSTM 
version 4.0 (Nonlinear Dynamics, UK). Quantification in Progenesis resulted in a list of 
masses (features) with differential abundance which can be further linked with protein 
identification from PLGS or Mascot, or our “in house tool” SEDMAT, as incorporated 
into Galaxy Proteomics toolbox (Lukasse and America, 2014) (with updated optimized 
parameters and additional filter setup), which provides improved confidence for the 
protein identifications matching to quantification. 
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Figure 3. Pipeline for label-free data in which peptide identification and peptide 
quantification are done in separate MS/MS and MS runs respectively. The “Peptide 
quantification” step in this case is SEDMAT which couples MS/MS peptide 
identifications to quantified MS features based on mass and retention time similarity.

Peptide/Protein quantification
Protein quantification from raw MSE data was done in Progenesis LC-MSTM version 
4.0 (Nonlinear Dynamics, UK) using lock-spray and dead time correction as mass 
calibration. Progenesis performed extraction of ion features such as mass, charge, 
intensity, retention time, etc, after retention time alignment and peak detection of all 
the samples. Total peptide mass peak intensities were normalized among different 
samples by the algorithm in Progenesis. A minimum one unique peptide (feature) per 
protein was employed with high peptide score and ranking for protein quantification. 
Protein intensity was calculated with sum of all unique peptides and shared peptides 
ion abundance. Further, statistical analysis was done in Progenesis with all the matched 
features from different samples and experiments. Features were clustered, grouped and 
labelled (tagged by different colors) according to fold change, similarity and P-value 
for significance. Specific peptide features which displayed significantly differential 
abundance among samples were selected for matching peptide/protein identification 
from PLGS. The non-matched specific features were exported as inclusion list to 
run additional dedicated DDA for protein identification. Subsequently, the peptide 
fragmentation spectra were exported as .pkl file and submitted to Mascot for protein 
identification and protein identification read back into Progenesis. Eventually, identified 
proteins which show significant differential abundance condition among samples were 
exported into MS Excel for further analysis.

Peptide mass features which showed a differential abundance profile could only 
partly be linked to protein identification in Progenesis with limited hits. For those 
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non-matching masses, an in-house built tool (implemented as the PRIMS package 
in Galaxy (available from Galaxy toolshed (Lukasse and America, 2014)) named 
SEDMAT (single experiment data matching tool) can be used. SEDMAT is a tool 
meant for peptide quantification and has an algorithm that assigns to each quantified 
MS feature its respective MS/MS identification based on mass and retention time 
similarity. The SEDMAT algorithm is also able to detect the retention time shifts 
between the MS and the MS/MS runs and correct for these automatically. In Galaxy, all 
the proteins identified by PLGS and features quantified/non-quantified by Progenesis 
were loaded and used for linking identification to quantification. SEDMAT will do the 
alignment for the features with its own algorithm, also for those already quantitatively 
identified features in Progenesis, then try to link the quantified peptide features to their 
protein identifications. Finally, after filtering by peptide scoring and ranking, all the 
quantified and identified proteins were combined into a single output file, in which 
each quantitatively identified peptide feature was annotated according to SEDMAT, 
Progenesis, or both. 

In silico candidate protein function study
Candidate protein domains were obtained from SMART bioinformatics tool (http://
smart.embl-heidelberg.de/) (Schultz et al., 1998; Letunic et al., 2015). Arabidopsis 
homologs of tomato candidate proteins were retrieved from TAIR BLAST (Huala et 
al., 2001) and the protein description was provided based on the gene annotation (GO: 
http://www.geneontology.org/) (Ashburner et al., 2000; Gene Ontology Consortium, 
2015). Arabidopsis homolog gene expression data under different stress condition was 
retrieved from the Bio-Analytic Resource for Plant Biology (BAR) under Arabidopsis 
eFP browser (http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi) (Winter et al., 2007). 

Results and discussion

Optimization of plasma membrane fractionation of plant materials
Here we set out to use PM proteomics to study changes in the proteome of plants 
with or without infection by P. infestans. The PM enrichment procedure is based 
on two principles: separation of PM derived vesicles from other membrane vesicles 
by centrifugation in an optimized Aqueous Two-Phase (PEG/Dextran) Partitioning 
System (ATPS) and the number of repeats of the ATPS (Alexandersson et al., 2004). 
For the isolation of PM fractions we first needed to determine the optimal two-phase 
partitioning conditions for the plant material initially used in this study, i.e. potato 
leaves infected or not infected by P. infestans. Different percentages of PEG/Dextran 
(5.8%, 6.0%, 6.2%, 6.4%, 7.0%)  were tested for enrichment of membrane vesicles 
isolated from potato leaf material (Fig. S1). The relative yield of PM proteins in the 
various PM fractions was evaluated by relative quantitation of identified known PM 
proteins using LC-MS (data not shown). None of the tested two-phase partitioning 
conditions resulted in a satisfactory enrichment of PM proteins from potato leaf. 
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Therefore, as alternative to PM proteomics on potato leaves, we tested PM isolation 
from tomato MsK8 suspension cells, which are also susceptible to infection by P. 
infestans (Felix et al., 1991). Different percentages of PEG/Dextran and numbers 
of repeats of the two-phase partitioning were tested for optimal fractionation of PM 
vesicles from MsK8 suspension cells. This showed that the total protein yield of the 
final PM fraction was very sensitive to the percentage of PEG/Dextran. For instance, 
the total yield of proteins varied more than two-fold between the use of 6.4% and 
6.2% PEG/Dextran. To validate the enrichment of PM proteins, protein fractions were 
analyzed both by SDS-PAGE (Fig. S2) and by LC-MS. As an example, Table S1 lists 
a set of  proteins identified in both 6.4% and 6.2% PEG/Dextran PM protein fractions 
analyzed by LC-MS, which are higher in 6.4% and of which approx. 50% are predicted 
as PM proteins. The SDS-PAGE gel (Fig. S2) shows several high molecular weight 
protein bands in the PM fraction, which are absent from the soluble protein fraction. 
Combined, these results suggest an enrichment of PM proteins using the 6.4% PEG/
Dextran step gradient compared to the 6.2%. Although repeating ATPS application 
substantially reduced total protein yield. Eventually three cycles of ATPS application 
were used to balance PM enrichment and yield. During the PM isolation small vesicles 
are formed, which may capture contaminant soluble proteins. A treatment of the final 
PM fraction with Brij 58 detergent results in vesicle inversion, thereby releasing 
captured soluble protein contaminants (Johansson et al., 1995). However, in our hands 
the Brij 58 treatment also resulted in a major reduction of membrane protein yield from 
the PM fractions of the MsK8 suspension cells. Therefore, we opted to omit the Brij 58 
treatment. Instead, we used in silico filtering of LC-MS identified proteins by selecting 
proteins with a predicted transmembrane domain and/or GPI-anchor.

Plasma membrane proteins identified in MsK8 suspension cells
After optimization of the PM fractionation procedure, MsK8 suspension cells were 
either mock-inoculated, treated with zoospore supernatant or inoculated with a zoospore 
suspension (at 4 × 106 spores/mL). For each treatment four independent replicate 
experiments were performed and cells from each of the treatments were harvested at 16 
hours after inoculation for isolation of the PM fractions and extraction of proteins (see 
Material and methods). For each sample, 100 µg of protein was digested with trypsin 
and peptides were purified using C18 SPE. Peptide analysis was carried out on 2D nano 
LC-MS using a seven step gradient (Fig. S3) in the first dimension (see Material and 
methods). Peptide identification was done using DDA and MSE by matching measured 
peptide spectra with predicted spectra from tomato proteins or P. infestans proteins. 
Overall, 94189 features were detected from DDA and MSE  in all 12 samples combined. 
From these only 15754 features (17%) could be linked to 1698 proteins from either 
the tomato or P. infestans database. The complete list of proteins identified is shown in 
Table S2. From the 1698 identified proteins, 1101 proteins (12622 features) were from 
tomato and 597 proteins (3132 features) from P. infestans. 
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Quantitative peptide feature analysis
For quantitative analysis of the peptides, the MSE data were loaded into Progenesis 
software. Progenesis performs peak detection and quantitation of the multiple isotope 
peaks per peptide, which are integrated and reported together as a single feature. For 
each of the seven fractions obtained by 2D nano-LC the samples had to be aligned 4 × 
mock treated control (mock-samples), 4 × infected with zoospore (spo-samples) and 
4 × infected with zoospore supernatant (sup-samples). After applying the retention time 
shift correction, all peptide features from the seven analyzed fractions were combined 
in Progenesis, which allows comparison between the different samples (replicates/
treatments) and statistical analysis. Results showed that in the total data set, two of the 
four spo-samples were deviating too much from the other samples, due to too low total 
protein loading, resulting in a very reduced number of detected features. Therefore, 
these two deviating spo-samples were omitted for further analysis. The peak intensities 
of the remaining samples were normalized using total peak intensity. Analysis of 
the samples by PCA (Fig. 4A) shows that the two remaining spo-samples show little 
variation (example shown is fraction 5 of the 2D nano-LC), while the replicate samples 
of mock-infected and sup-treated tomato cells display a higher level of variance. This 
was an unexpected result since we assumed the highest variation in the spo-samples  
because of possible variation in infection efficiency by P. infestans zoospores. Fig. 4 A2 
shows the PCA from the same data set, but now filtered in ANOVA for P-value < 0.01 
for features in replicate samples. The PCA shows clustering of the replicate samples in 
different positions in the PCA plot, indicating consistent difference in the PM proteome 
of mock, spo- and sup-samples. Clustering of the quantitative features detected in all 
seven fractions in Progenesis resulted in four major protein abundance profiles over 
the sample sets: (1) down in both spo and sup compared to mock samples; (2) down in 
spo and up in sup samples compared to mock samples; (3) up in spo and down in sup 
samples compared to mock samples and (4) up in both spo and sup samples compared 
to mock samples. As example the sorted expression profiles of proteins detected 
in fraction 5 is shown (Fig. 4B). The combined data contain features from proteins  
derived from tomato and P. infestans (in spo-samples and possibly also in sup-samples). 
Features with expression profile 3 (up in spo-samples) could therefore be mostly from P. 
infestans proteins. Features with expression profile 1 and 4 are from peptides/proteins 
with similar response in sup- and spo-samples. Curiously, there were no major group 
of features/proteins with an expression profile of ‘only low in spo-samples’ nor an 
expression profile with ‘only low in sup-samples’. 
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Figure 4. A: PCA of multiple alignment datasets of LC-MS runs (fraction 5) of the 
three treatments. Spo: infected with zoospore  (2×); Sup: infected with zoospore 
supernatant  (4×); Mock: mock treated control (4×) (A1: total features, A2: selected 
features with P-value < 0.01); B: selected features can be clustered into four abundance 
profiles. 

Linking feature quantification to protein identification
In total, 14429 features from all LC-MS measurements could be quantified by 
Progenesis and/or SEDMAT). From these, 4257 quantified features linked to 896 
tomato proteins, while 792 linked to 469 proteins from Phytophthora. From the 896 
tomato proteins (4257 features), 287 proteins (1869 features) showed a significant 
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differential abundance between mock and one or two of the treated samples (minimum 
1.5 fold change with P-value < 0.01). This set of 287 identified and quantified proteins 
contains 78 putative PM proteins, based on filtering for predicted TMD and GPI-
anchor site (Table 1). From these 78 proteins, 73 proteins had at least one or more 
trans-membrane domain, while five proteins had a putative GPI-anchor attachment AA 
sequence. For a quick putative functional inventory of the 78 candidate tomato proteins, 
we searched for the nearest Arabidopsis homologs. In total 62 Arabidopsis homologs of 
the 78 tomato proteins were found, because a number of different tomato proteins had 
the same Arabidopsis homolog (Table 1). The overall step-wise selection is summarized 
in Fig. 5, in which the numbers of identified or quantified peptide features or proteins 
along with each selection step are listed.

Table 1. 78 tomato plasma membrane proteins with differential abundance profile 
between the mock-, spo- and sup-samples. The 78 tomato plasma membrane proteins 
with differential abundance profile in the MsK8 suspension cell (mock), MsK8 
suspension cell infected with P. infestans zoospore (spo) and MsK8 suspension 
cell treated by P. infestans zoospore supernatant (sup) samples are grouped in four 
abundance profiles. The closest Arabidopsis homologs are shown. Colors of the cells 
are based on protein functional annotation: grey: unknown protein, orange: cell wall 
biosynthesis related, yellow: kinases, light blue: water transport/stress related, green: 
transporter or translocating activity related, brown: protein degradation related, dark 
blue: oxidase activity related. * biotic stress responses in Arabidopsis are based on 
transcript data information in the TAIR gene locus site: N: not detected in experiments 
using different biotic stresses; Y: transcriptional response to one or more biotic stresses. 
N/A: no close Arabidopsis homolog.
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Figure 5. Step-wise selection of protein candidates from tomato and Arabidopsis 
homologs. Note that for quantification the software selects a minimum of one unique 
peptide/feature per protein, while protein identification is based on multiple peptides/
features. TMD: transmembrane domain; GPI-anchor: glycophosphatidylinositol anchor.
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Tomato proteins with similar expression in spo- and sup-samples 
The final selection of 78 PM proteins mainly function in transferase, kinase, transporter 
or binding activities (Fig. S5; Table 1) and can be grouped according to four major 
protein abundance profiles (Table 1). Of 1420 differential features the corresponding 
protein could not be identified, and thus there are at least 100 additional proteins with 
potential differential abundance which remain unidentified. Therefore we should be 
cautious by giving too much meaning to protein functional differences between groups, 
but nevertheless there are some striking differences in protein functions between the 
four protein-abundance-profile groups.

For example, protein abundance profiles 1 (high in mock, low in spo and sup samples) 
and 4 (low in mock and high in spo and sup samples) contain proteins with a similar 
response in spo- and sup- samples, indicating that these respond to factors common to 
both treatments. Most Leucine-rich repeat receptor kinases (LRR-RLKs) fall in these 
two groups (Table 1; highlighted in yellow), suggesting that these are kinases that 
respond to factors both generated by P. infestans infection and factors present in P. 
infestans culture supernatant. 

Six proteins with functions related to carbohydrate and cell wall metabolism show 
reduced abundance in condition 1 (down in both spo and sup). This suggests that factors 
from P. infestans infection and supernatant may have the potential to suppress these 
activities, which could help establish a successful infection. The cell wall is the first 
barrier that pathogens need to destroy for a successful infection with their degrading 
enzymes. And plants have developed a mechanism to sense the pathogen and cell wall 
integrity (Bellincampi et al., 2014). 

Multiple proteins with high abundance in spo and sup samples function in transport 
over the PM membrane (highlighted in green in Table 1). Two of these are ABC 
transporter proteins are homologous to the Arabidopsis ABC-G11 and ABC-G15 which 
are involved in transport of waxes to the cuticle (McFarlane et al., 2010). The cuticle 
provides a physical barrier for plant protection against pathogens (Serrano et al., 2014) 
and ABC transporters in plants have been implicated in plant defense responses (Yazaki, 
2006; Krattinger et al., 2009; Kang et al., 2011). 

Another group of proteins showing up-regulation in both spo- and sup-samples are 
annotated as oxidases. For example, one of these shows homology to respiratory burst 
oxidase homologue D (RbohD), which plays a key role in plant immunity. The Rbohs 
are involved in generating ROS triggered by PAMPs during the hypersensitive response 
(HR) (Torres et al., 2006). Arabidopsis RbohD (AtRbohD) was initially described as a 
key component of plant defense (Torres et al., 2002). Our results suggest that a tomato 
Rboh is induced both by P. infestans zoospores and by supernatant. Overall, based on 
comparison with homologs in Arabidopsis, most identified tomato PM protein with 
similar abundance profile in spo- and sup-samples may indeed play a role in the plant 
pathogen interaction.  
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Tomato proteins only up in sup- and spo-samples
Proteins abundance profiles 2 and 3 show a unique abundance induction for proteins 
in sup-samples (profile 2) or in spo-samples (profile 3). There are number of receptor 
kinases that are involved in the regulation of plant growth and development, that show 
a uniquely high abundance in the sup-samples, such as CLAVATA1-related receptor 
kinase and STRUBBELIG-receptor protein. STRUBBELIG has been reported to be 
involved in plant-pathogen interactions (Eyüboglu et al., 2007). Our study indicates that 
a STRUBBELIG-like receptor encoding gene is also induced by P. infestans zoospore 
supernatant in tomato, but not by infection with P. infestans zoospores. Another group 
of proteins showing high abundance specific in the sup-treatment (profile 2) are water 
stress related (highlighted in light blue), such as PLASMA MEMBRANE INTRINSIC 
PROTEIN (PIP) and EARLY-RESPONSIVE TO DEHYDRATION 4 (ERD4). This 
suggests that some secreted factors in P. infestans zoospore supernatant alone can 
already cause an osmotic stress response in the tomato cells. And one tomato protein 
shows homology to a UDP glycosyltransferases from Arabidopsis which has been 
implemented in the redox response to Pseudomonas syringae pv. tomato (Simon et al., 
2014).  

Manual validation of eight selected kinases
The multiple steps in LC-MS data processing may result in false positives if for 
instance samples from different treatments are misaligned. Manual validation of all 
78 candidate proteins would be too labor intensive, but for eight protein kinases we 
validated the quality of identification and quantification by manually checking peptide 
spectra alignment and peptide abundance profiles in Progenesis (Fig. S4; Table 1). 

As shown in Table 2, half of these protein kinases were identified with multiple peptide 
hits, while four were only identified with one peptide. As described in the Materials 
and methods, a protein can be quantified with a minimum of one unique peptide. 
After manual peptide quality checking, only one out of eight proteins turned out to be 
identified using two confident (manually confirmed) peptides, while the others were 
identified on the basis of one confident peptide. This indicates that either Progenesis 
or SEDMAT makes mistake for peptide peak alignment and feature quantitation which 
is resulting in false positives, due to the vast sample complexity. However, with the 
manual quality check, these false positives can be removed.  

For the 8 validated tomato kinases, the protein abundance profile in tomato was 
compared to the transcript profile of their closest Arabidopsis homologs. For this 
purpose we used the Arabidopsis homolog gene expression response to P. infestans 
or Pseudomonas syringae infection and to different elicitor treatments from selected 
Arabidopsis transcriptome databases. In addition, because multiple of the identified 
tomato proteins function in responses to water stress (either salt stress, drought or 
osmotic stress), we also searched for the expression responses of the Arabidopsis 
homologs under water stress (Table 3) (http://bar.utoronto.ca/efp/cgi-bin/efpweb.cgi) 
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(Winter et al., 2007). 

Table 3 shows that for most tomato proteins that belong to a single expression class, the 
transcriptional response to (a)biotic stress of the Arabidopsis homologs show similar 
patterns. For two of the proteins with opposite response (but similar in spo- and sup-
samples), the expression of the two Arabidopsis homologs was also opposite and 
mostly similar under biotic and abiotic stresses. Both of these tomato proteins show 
homology to Arabidopsis proteins functioning in chitin responses: one is homologous to 
LysM-containing Receptor Kinase 3 (encoded by Arabidopsis AT1G51940), the other is 
homologous to Chitin Elicitor Receptor Kinase1 (encoded by Arabidopsis AT3G21630). 
In Arabidopsis both of these proteins have been shown to be involved in responses 
to chitin elicitor treatments. LysM-containing Receptor Kinase 3 has been shown to 
regulate a cross talk between biotic response to chitin and ABA (Paparella et al., 2014) 
and is down regulated in response to chitin and osmotic stress. 

The expression of AT1G51940 and AT3G21630 in Arabidopsis fits well with the 
expression profile of the tomato proteins in spo- and sup-samples (down for the protein 
with homology to LysM-containing Receptor Kinase 3 and up for the protein with 
homology to Chitin Elicitor Receptor Kinase1). However, we realize that caution should 
be taken in interpreting this comparison. First of all, the comparison is tomato proteins 
versus Arabidopsis mRNA; second, many of the responses at the protein level may 
not occur at the mRNA level (or vice versa), and third, also the time frame of 16 hour 
treatment used in the MsK8 suspension cells may be different from the time frame used 
for transcript profiling in Arabidopsis plants. Moreover, biotic defense may be different 
in Arabidopsis thaliana and Solanaceae. However, because validation experiments in 
tomato are more time-consuming than in Arabidopsis, the comparison with Arabidopsis 
genes may help select the most promising tomato candidate genes for more effective 
validation studies. 

Table 2. Eight tomato candidate proteins manually validated in Progenesis. Manually 
validated tomato proteins and their seven homologs from Arabidopsis. Proteins are 
clustered according to four expression profiles in the tomato samples. * indicates that 
the same peptide was used for protein quantification.
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Table 3. Comparison of eight tomato kinases with transcriptome data of their seven 
Arabidopsis homologs. Arabidopsis gene expression data are from Bio-Analytic 
Resource for Plant Biology (BAR). Heatmap of transcription data shows down 
regulation in blue and up regulation in red. 
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or by scanning the QR code:
 

Optimization of protocol for PM enrichment from potato leaves 
The original project goal was to enrich plasma membrane proteins from potato leaf, 
and study the PM protein profile difference between P. infestans infected versus non-
infected plants. For PM enrichment, the original method from Arabidopsis had to be 
modified and optimized to make it adaptable for potato leaf since ATPS PM enrichment 
is based on the size, density and polarity difference of the membrane system as 
described by Santoni et al. (Santoni et al., 2000). Based on this, we tested different 
concentration combinations of PEG/Dextran, in combination with different application 
times for two phase partitioning steps. Besides, the concentration of KCl and pH are 
also playing an important role for PM enrichment (data not shown). However, due to 
the limited time, not much was done with the KCl concentration and pH adjustment. 
For PEG/Dextran, concentrations of 5.8%, 6.0%, 6.2%, 6.4% and 7.0% were tested 
in combination with different ATPS steps. However, none of these combinations, 
which had worked for Arabidopsis, resulted in PM enrichment (data not shown). 
Fig. S1 shows the SDS-PAGE of proteins from different subcellular compartments 
isolated from Bintje in 6.2% PEG/Dextran as an example. From the SDS-PAGE, 
there is no significant protein composition difference between PM and IM fractions 
indicating insufficient PM enrichment. This might be due to the different membrane 
characteristics between Arabidopsis and potato leaves. Possibly, the high concentration 
of ribulose-1,5-bisphosphate carboxylase oxygenase (RuBisCO) is influencing the PM 
enrichment in Bintje, since the relative abundance of RuBisCO is much higher than 
in Arabidopsis. And RuBisCO is quite often interacting with plasma membrane after 
sample homogenization, resulting in remaining RuBisCO protein in PM fractions even 
after enrichment and washing. In LC-MS analysis, RuBisCO peptides will suppress the 
ionization of the PM peptides, which makes the PM protein identification more difficult.   
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Figure S1. SDS-PAGE of protein isolation from potato Bintje fresh leaves in 6.2% 
as an example. TL: total lysate; MF: membrane fraction; PM: plasma membrane; 
IM: intracellular membrane; the protein loading amounts are different, therefore no 
quantitative conclusion can be drawn.  

Figure S2. SDS PAGE of the PM proteins from MsK8 suspension cells. Lane 1: Total 
lysate; Lane 2: supernatant (complementary to total membrane fraction); Lane 3-5: Total 
membrane fraction (original, 2 times, 5 times dilution); Lane 7-8: plasma membrane 
fraction (2 times, 5 times dilution from original extract); Lane 9-10: intracellular 
membrane fraction (2 times, 5 times dilution from original extract), Highlighted in 
red: difference in the protein composition between plasma membrane and intracellular 
membrane fractions. 
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PM quality and quantity optimization
In order to obtain highly purified PM, additional two phase separation might be applied. 
However, the additional ATPS application upper phase has to be combined and washed 
to maximize the retrieval of the PM fraction. The more ATPS steps the more washing 
steps are required. Considering the time and ultra-centrifuge machine cost, we decide 
to limit to three times ATPS application. After ATPS, in general the Brij 58 washing 
step must be applied to remove the cytosolic soluble proteins which were sealed in the 
membrane vesicle during isolation. However, as described in chapter 4 for Arabidopsis 
samples, Brij 58 washing resulted in dramatic protein losses. Therefore, in order 
to maximize the coverage of protein identification in order to be able to reveal the 
subtle difference between mock , spo- and sup-samples, the Brij 58 washing step was 
omitted. Instead we made use of the advantage of the high resolution 2D nano UPLC 
for resolving complex protein mixtures and used bioinformatics software for further 
filtering and protein candidates selection.  

Table S1. PM protein enriched in 6.4% PEG/Dextran in comparison with 6.2% PEG/
Dextran from Progenesis (with fold change ≥ 2, P-value < 0.01). Proteins with asterisk 
were predicted as plasma membrane proteins with either transmembrane domain or 
GPI-anchor. 
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Contamination and false positive discovery
Contamination is always the case in proteomics. The source of contamination can be 
from buffers used for protein extraction, unwanted proteins of high abundance (such as 
RuBisCO) or human keratin during sample preparation. Critical proteomics working 
condition was considered to keep the contamination to a minimum. Furthermore, to 
enhance the signal of low abundant target PM protein, and to reduce the overall protein 
complexity, we employed online fractionation on 2D nano UPLC for peptide separation 
using seven fractions and the 2D representation of chromatograms from each fraction 
is shown in Fig. S3. Subsequently, in Progenesis, peaks were further clustered and 
selected based on their charge, which helped to remove contaminants such as secondary 
metabolites. However, from Fig. S3 it is clear that even with seven fractions pre-
separation, the remaining peptide mixtures were still very complex, hampering protein 
identification in PLGS and quantification in Progenesis.

       

Figure S3. 2D representation of chromatograms of MSE from seven fractions (left 
to right) of mock sample replicate 3. Vertical axis represents the retention time and 
horizontal represents the m/z. 

Eventually, the final output from PLGS protein identification was filtered by stringent 
criteria, such as peptide score, peptide length, number of ions per peptide, number of 
peptides per protein, trans-membrane domain presence, signal peptides (option), kinase 
domain (option), protein annotation, publication, etc. to reduce contaminants to a 
minimum.
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In addition, as mentioned in the Results, Progenesis takes into account the noise 
(background) peak feature around the target caused by wrong alignment when there is 
a lot of peptides co-eluting at the same retention time, resulting in false positive protein 
quantitation. Fig. S4 shows a correctly aligned sample (left) and a wrongly aligned 
sample (right). It is quite obvious that there are many co-eluting peaks at the same 
retention time for the right sample, which makes it more difficult for Progenesis to 
distinguish the individual peaks for a correct peak detection. This miss-aligned feature 
(peptide) will cause the wrong protein abundance calculation, resulting in wrong protein 
quantification. To overcome this, we have to adjust the selected area manually (green 
rectangle) to allow for correct quantification of each potentially interesting peptide, to 
make sure the quantified peptide differential abundance profile is trustworthy.

    

Figure S4. The correct (left) and wrong (right) peptide feature quantification by 
Progenesis. The zoomed area shows the details of the specific feature detection for 
quantitation.

. 

Figure S5. GO annotation of 78 tomato PM proteins.
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1. Introduction

In this thesis, we set out to develop proteomics technologies to study N-glycosylation 
and proteins in the plasma membrane of plants. To reach these goals, we developed and 
optimized the protocol for enrichment of N-glycopeptides derived from N-glycoproteins 
and we developed and optimized a protocol for the enrichment of plasma membrane 
(PM) proteins from different plant species. In both approaches, subsequent peptide 
analysis was done by one- or two-dimensional LC, followed by Mass Spectroscopy. 
During this work we faced several challenges that took time to solve but have not 
always been discussed in detail in the previous chapters. In this discussion chapter I 
therefore first discuss some of these challenges in enrichment proteomics we faced 
as well as some potential alternatives or solutions. After their development, both 
enrichment proteomics protocols were used to study two interesting biological 
problems: the still not well-understood biological function of N-glycan modification of 
plant proteins and the role of PM proteins in plant pathogen interactions. Therefore I 
end this chapter with a brief discussion of the latest developments in these two fields in 
relation to (glyco)proteomics. 

2. Challenges in enrichment proteomics and potential solutions

2.1 Filtering out (potential) contaminant proteins 
Gel-based proteomics has limitations in the dynamic range of proteins that can be 
detected and it often suffers from insufficient separation of proteins (Ong and Pandey, 
2001). For this reason, LC-MS based proteomics has been developed. Indeed, the direct 
peptide analysis from a total protein trypsin digest by high resolution LC-MS makes it 
possible to identify more proteins than usually obtained from gel-based approaches to 
proteomics. However, also for direct peptide analysis from total protein extract by LC-
MS, the detection of low abundant peptides (and thus the identification of low abundant 
proteins) still remains a challenge. Especially from green plant tissue, the protein profile 
may be dominated by proteins like RuBisCO and other proteins from the photosynthesis 
systems which makes any low abundant protein easily escape detection. The solution 
to this problem is the use of specific protein enrichment procedures. However, 
even upon enrichment of low abundant proteins the samples are still never free of 
contamination by high abundant proteins. Therefore, if the aim of the experiment is to 
obtain information on a specific class of proteins (e.g. N-glycoproteins or PM proteins), 
filtering is required after analysis, using specific features of the proteins of interest. For 
our glycoproteomics (Chapter 3) we needed to remove contaminants by filtering for 
secreted proteins with an N-P!-S/T glycosylation site, while for PM proteomics (Chapter 
4 and 5) we had to filter for proteins with a predicted transmembrane domain (TMD) 
or glycophosphatidylinositol (GPI) lipid anchor site.  However, although such filtering 
decreases false discovery, it also comes with a drawback: even though there is no 
indication of N-glycosylation on other sites on proteins than N-P!-S/T, filtering for this 
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consensus sequence in identified proteins in glycoproteomics also precludes potential 
discovery of N-glycosylation sites deviating from this consensus amino acid (AA) site. 
A potential solution to the filtering problem for glycoproteomics is a new development 
in glycoproteomics making it possible to directly analyze the N-glycopeptide for both 
the AA sequence and N-glycan structure (Xu et al., 2016).

Also the filtering for PM proteins comes with a drawback: potential interesting proteins 
with a role in plant pathogen interactions may indirectly associate with the PM by 
protein-protein interactions. Such proteins do not have a TMD or lipid anchor and 
would thus be lost during our filtering procedure. For PM proteomics the solution could 
be the application of the Brij 58 wash step, which removes enclosed soluble proteins 
but which should retain non-membrane proteins with tight interaction with PM proteins. 
Below we discuss the problems encountered in PM enrichment for plant materials and 
why the Brij 58 wash step in this procedure was omitted.  

2.2 The use of Brij 58 for plasma membrane enrichment
PM proteins are usually underrepresented in total protein extract proteomics both due 
to their low abundance in the overall protein pool, and because of their embedding 
in a hydrophobic lipid environment, which makes them more difficult to solubilize 
for efficient trypsin digestion. For both our work on Arabidopsis (Chapter 4), potato 
and tomato (Chapter 5) and on Nicotiana benthamiana (Bouwmeester et al., 2014a), 
we enriched PM proteins using an aqueous two phase partitioning system (ATPS) 
(Alexandersson et al., 2004). This method is based on the fact that membranes 
form vesicles during extraction and that membrane vesicles of different subcellular 
compartments can be separated based on differences in their density. The purity of the 
fractions can be assessed by measuring marker proteins from the different subcellular 
compartments (PM, mitochondria, chloroplast, cytosol), as we did by peptide LC-
MS, or by determining the ATPase activity which is characteristic for different types of 
membranes. 

For each experiment with different plant species or tissues, the conditions for vesicle 
density separation had to be optimized by testing different combinations of PEG and 
Dextran. This could either indicate that the PM protein/lipid composition is different 
for the different plant materials tested. However, it could also be due to differences in 
the cell wall and cuticle in the different samples, which causes differences in vesicle 
formation, abundance and densities. Eventually I was able to get a satisfactory PM 
enrichment for Arabidopsis leafs and for tomato suspension cells. For potato leaves, 
however, we did not manage to obtain a satisfactory enrichment of the PM vesicle 
fraction. 

During the membrane vesicle formation upon extraction, soluble proteins are enclosed 
into the vesicles. Brij 58 is a light detergent, which transiently opens the vesicles during 
which contaminating soluble proteins enclosed in the vesicles may leak out (Johansson 
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et al., 1995). However, from my observation, each Brij 58 wash step dramatically 
decreased PM protein yield as determined by protein analysis on SDS-PAGE (Fig. 1A) 
and as determined by LC-MS (Chapter 4 and 5). I spent a lot of time trying to optimize 
the Brij 58 wash step, however the results were never satisfactory, in contrast to other 
PM proteomics studies. However, although the Brij 58 washing step has been applied 
in multiple PM protein studies, in each of these cases still a large number of cytosolic 
soluble proteins were identified in the PM enriched fractions, indicating that also 
with the Brij 58 wash step potential contaminants are not always efficiently removed 
(Alexandersson et al., 2004; Cao et al., 2006; Cheng et al., 2009; Komatsu et al., 2009; 
Mitra et al., 2009; Nouri and Komatsu, 2010; Lund and Fuglsang, 2012). Moreover, we 
also note that in none of the papers on PM proteomics a quality check by peptide LC-
MS of the PM fraction before and after a Brij 58 wash is described. In conclusion, the 
use of Brij 58 washing depends on the biological question to be addressed. Because in 
some of our samples I expected only very subtle changes in PM protein content (e.g. 
Arabidopsis Col-0 versus lecrk-I.9 mutant and 35S-ipiO1 plants without infection; 
Chapter 4) I did not want to end up with the most abundant PM proteins and therefore 
decided to omit the Brij 58 washing step and use rigorous filtering for TMD or lipid 
anchor site to select relevant proteins. 

  

Figure 1. A: SDS-PAGE of plasma membrane proteins from Arabidopsis Col-0 without 
(-) or with (+) Brij 58 washing. B-C: 2D representation of chromatogram of Col-0 
plasma membrane protein from MSE dataset without (-) or with (+) Brij 58 washing.

2.3 Label-free proteomics versus labeled proteomics
In all our analyses we used label-free ‘shotgun’ liquid chromatography coupled to 
mass spectrometry (LC-MS) for the analysis of peptide mixtures derived from specific 
enriched protein fractions. In this LC-MS approach, the whole protein fraction is 
digested by trypsin into peptides, which are subsequently separated by strong cation 
exchange (SCX) chromatography, followed by high resolution MS. Overall, this 
procedure tends to be highly technically reproducible and have a higher dynamic range 
than gel-based approaches (Domon and Aebersold, 2006). However, biological plant 
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samples (or the isolation of proteins from plant materials) show intrinsic variation in 
protein content and for detection of reliable differences between samples from different 
treatments multiple biological replicates are needed. When samples are analyzed in 
multiple LC-MS runs (from replicate samples of control and treated samples) they need 
to be aligned for quantitative comparison of the same peptide features. In the label 
free proteomics analysis that I used this means that between samples and experiments 
independent LC-MS runs had to be aligned in order to compare sets of control and 
treated samples. Potentially, alignment problems can be solved by co-analysis of two 
different samples with different protein/peptide labeling. Indeed, for MS based protein 
quantification, many labeling techniques can be employed. Some of these involve 
labeling in situ in living cells, before protein sample preparation (Ong et al., 2002; 
Hung et al., 2016). Alternatively, proteins or peptides may be differentially labeled after 
protein isolation from different samples. These labels include isotope-coded affinity 
tags (ICAT) (Gygi et al., 1999), tandem mass tags (TMT) (Thompson et al., 2003), 
chemically synthesized peptide standards (Gerber et al., 2003), stable isotope labeled 
peptides (Kuhn et al., 2004), and more recently, isobaric tags for relative and absolute 
quantification (iTRAQ) (Ross et al., 2004; Ow et al., 2008). 

With differential mass-labeling of proteins/peptides from two different samples the 
samples can be mixed after labeling and be analyzed in a single LC-MS run. In such 
a single run, identical peptides from the same protein in each of the two samples can 
be distinguished from each other based on their (tagged) mass difference. The relative 
mass intensity signal for each of these labeled peptide gives a direct value of the relative 
abundance of the corresponding protein in the two samples. Therefore, when the same 
peptide from different samples can be distinguished from each other in the same LC-
MS run, the problem of direct comparison is solved. However, this mostly works for 
two-by-two comparison of samples and not for three or more samples. Moreover, most 
of those labeling techniques also have limitations, such as complex sample preparation, 
low reproducibility, incomplete labeling of low abundant peptides and sometimes create 
additional problems in peptide identification (Patel et al., 2009). In contrast, label-free 
proteomics allows for easier protein identification and high-throughput sample analysis. 
However, label-free proteomics does require more sample replicates, to reliably detect 
quantitative differences between samples (Zhang et al., 2009). In my study, both 
N-glycoproteomics and PM proteomics required multiple steps for sample preparation, 
which may introduce additional variation between samples, especially when not all 
samples can be prepared on a single day. Indeed, without filtering, my samples from 
experiments in Chapter 3 and 4 tended to cluster by preparation day rather than by 
treatment. Such variation in the samples eventually may also create problems for the 
software used for feature detection, quantitation and comparison between independent 
LC-MS runs. Therefore I used manual peptide feature alignment complementary to the 
auto-mode alignment algorithm in Progenesis and used multiple filters for a step-wise 
quantitative feature selection. At least for the case of eight PM proteins from the tomato 
MsK8 suspension cell culture experiment with P. infestans I could confirm that the 
automated selection, identification and quantification done in Progenesis was correct 
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(Chapter 5). However, most problematic turned out to be linking quantified peptide 
features to protein identification and many quantified features remained unidentified 
(see below). Recently, MaxLFQ was developed, a new intensity determination and 
normalization procedure for peptide features and which is freely available (Cox et al., 
2014). Such new software development should in the future allow for more accurate 
and robust proteome-wide quantification using label-free proteomics.

2.4 Peptide quantification linked to protein identification
In our study, protein quantification from peptide features was mainly done in 
Progenesis. Each peptide is represented by multiple features in each LC-MS run 
(multiple isotope masses, different adducts or charges), and for quantification these 
multiple signals have to be reduced to a single, representative quantitative signal. 
For this, Progenesis first aligns all multiple features from a single peptide from 
each individual run and subsequently calculates for each individual peptide a single 
ion abundance as representative feature for each peptide in the multiple samples. 
Subsequently, all the quantified peptide features are linked to protein identification, 
based on their fragmentation spectra. The protein abundance in a sample is calculated 
by summation of all unique peptide signals linked to a protein. 

However, many quantified features from Progenesis cannot be linked to their protein 
identification. This may be  mainly caused by misalignment of these features in 
Progenesis, which makes it difficult to link them to feature identification. Such 
misalignment especially happens when samples are too complex, causing co-elution 
of multiple peptides, which makes it difficult for the software to distinguish each 
peptide. Especially when protein differences are very subtle between samples as for the 
experiment in Chapter 4, this caused problems to link the few quantified differential 
features between samples to protein identification. In Chapter 4, after applying all the 
critical filtering steps, I ended up with 99 quantitative features showing differential 
peptide abundance between resistant Arabidopsis Col-0 and two susceptible phenocopy 
lines. None of these features could be linked to protein identification, but we still 
managed to assign some protein identification using the web-based tool MS-Fit, which 
only uses the accurate mass of a peptide to link it to a protein. To make this more 
reliable I selected for the criterion that at least three peptides should match to the same 
protein, meaning that proteins for which only two or one peptide feature was quantified, 
the protein identity could not be determined. 

In Chapter 5 I used the new software SEDMAT which improves the alignment by 
Progenesis with in-house built algorithms. SEDMAT re-aligns all the features across 
different runs, also with the one already correctly matched by Progenesis. Subsequently, 
it tries to match the quantified peptide features to the protein identification using 
different scoring and ranking algorithms. Eventually, in the integrated output of 
SEDMAT and Progenesis, every quantified feature is annotated either as non-identified, 
identified by SEDMAT, identified by Progenesis, or identified by both. With the help 

Chapter 6                                                                                                                                                                                                                                                                                                                            General discussion



145

of the SEDMAT software, the number of identified and quantified proteins increased 
approximately five-fold (for the tomato cell culture PM proteomics experiment: 
16740 by SEDMAT, 2999 by Progenesis, 2970 overlap from both). It indicates that in-
house development of specialized custom software can be a great complement to the 
commercial software, taking into account the customer’s specific research demand.    

2.5 New alternative strategies for N-glycoproteomics 
In Chapter 3 we describe the enrichment of glycopeptides using coupling to hydrazide 
beads and release by PNGase F. Using this procedure bypasses a common problem 
in glycoproteomics caused by the heterogeneity of N-glycans on a glycoprotein. 
Due to maturation of the N-glycan, which depends on subcellular localization of 
the glycoprotein (ER or Golgi), a single glycan attachment site on a protein may 
contain different N-glycan forms. After tryptic digestion of a glycoprotein this results 
in multiple mass signals from a single glycopeptide, which makes identification of 
the glycopeptide very difficult. Quantification of these different masses of a single 
glycopeptide provides information on how much of the same protein is still in the 
ER, and how much has passed through the Golgi. In our glycoproteomics approach 
(Chapter 3) potential subcellular localization information is deleted, as the N-glycan is 
removed by the PNGase F treatment. However, novel analytical techniques by which 
intact glycopeptides (containing the N-glycan) can be analyzed both for AA sequence 
information and for N-glycan composition would allow for such additional subcellular 
localization information to be extracted. Moreover, such novel analytical techniques 
may also allow for better quantification of N-glycan maturation and or turnover, which 
could help further elucidate N-glycan function for glycoproteins (Xu et al., 2016). 
Such novel analytical techniques would benefit from whole glycoprotein enrichment, 
rather than glycopeptide enrichment. The most common used approach for isolation of 
intact glycoproteins is based on the carbohydrate binding capacity of lectins. However, 
lectins have a bias towards mannose type N-glycans, resulting in underrepresentation 
of glycoproteins with complex N-glycans, even when multiple types of lectins are used 
(Zielinska et al., 2010; Zielinska et al., 2012; Xu et al., 2016). 

2.6 Linking single glyco-peptides to protein identification
Label-free proteomics allows for high-throughput protein identification. However, 
the software algorithm that links peptide features to protein identification relies on 
multiple peptide hits per protein for reliable protein identification. In glycoproteomics 
this introduces a problem for the identification of many glycoproteins, because many 
glycoproteins only have as single glycosylated site, resulting in a single glycopeptide 
from such a protein. After release from hydrazide beads of the captured glycopeptide 
by PNGase F this renders only a single (deamidated) peptide to be analyzed by LC-
MS (Chapter 4). In the conventional peptide-to-protein identification algorithm, such 
single peptide feature may be linked to the correct protein, but will still be filtered out 
by the software because the criterion of multiple peptides matching to the same protein 
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is not matched. It was only after I noticed that all identified glycoproteins have a bias 
towards having three or more N-glycosylation sites that I became aware of this build in 
selection criterion. It shows that non-standard application of commercial software with 
hidden algorithms may lead to unexpected mistakes. Thus, for glycoproteins with a 
single N-glycosylation site we adjusted the parameter settings of the software for single 
peptides, but this also increased the chance of false protein matches. This was solved by 
filtering for proteins/peptides with a consensus N-glycan attachment site, deamidation 
signature and presence of a secretion signal. Furthermore, for the final selected protein 
candidates, we will manually check their spectra quality, alignment, peptide abundance 
pattern, peptide score, and peptide ranking information, to ensure their reliability for 
further biological validation (Fig. 2).   
 

Figure 2. Example of manual verification of feature alignment and quantitation in 
Progenesis.

2.7 Additional quantified proteins from alternative or in-house developed 
software
In our study, we made use of high resolution 2D nano UPLC followed by SYNAPTTM 
Q-TOF mass spectrometry for protein separation and detection. We used ProteinLynxTM 
Global Server (PLGS) for protein identification and Progenesis LC-MSTM for protein 
quantification. However, to our knowledge, only a small portion of overall peptide 
features can be finally quantitatively identified. As shown in Chapter 4, we could 
not link quantified features showing differential ion abundance to their protein 
identifications in Progenesis. Those differential features are, however, the most 
interesting and valuable output from the proteomics. Therefore, we made use of an 
alternative, web-based, tool, MS-Fit, to use those features to identify the corresponding 
protein. The algorithm of MS-Fit will introduce more false positives because it only 
uses the MS data without taking into account peptide fragmentation data from MS/
MS. To minimize false discovery, I applied stringent filtering for the output of MS-
Fit. An additional problem is that MS-Fit relies on multiple hits per protein. Therefore, 
for my N-glycoprotein data (Chapter 3), I could not use it to improve the overall 
quantitatively identified N-glycoproteins, due to the fact that many glycoproteins 
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are singly glycosylated. Later on, in Chapter 5, a similar bottleneck for the tomato 
MsK8 suspension cells was encountered and the overall quantitatively identified 
features were limited when using Progenesis. Fortunately, the in-house developed 
tool SEDMAT was finalized within the Galaxy toolshed. With the help of SEDMAT 
in total I quantitatively identified 16769 features from MsK8 suspension cells, of 
which only 2999 were identified by Progenesis, and 16740 by SEDMAT (with 2970 
overlapping with Progenesis). Since SEDMAT was developed and finalized in the last 
year of my PhD, with the limited time frame I could not re-process my earlier data to 
get more quantitatively identified glycoproteins from Chapter 3 and plasma membrane 
proteins from Arabidopsis in Chapter 4, but it would be valuable if this is still done 
by others. Overall, open access tools and custom in-house developed tools can be a 
great complement of commercially available tools helping using quantified features to 
identify the corresponding protein, especially for researchers with specific proteomics 
demands such as studying specific post-translational modifications (PTMs) or proteins 
in response to plant-pathogen interactions.       

3. Applications of enrichment-proteomics

During my thesis work most time was spend on developing the methods for protein 
enrichment and especially on data analysis using different software packages. 
Unfortunately, this left limited time to work on biological applications of the developed 
technologies. However, some biologically interesting results were obtained in setting 
up the technologies. Below I briefly discuss the biological relevant results in this thesis 
work, what can be done to get more out of the obtained data and how results were used 
by others to enhance their biological research. 

3.1 Using N-glycoproteomics data to improve N-glycan occupancy 
prediction tools
Glycosylation is one of the most abundant protein post-translational modifications in 
eukaryotes. However, the only role of N-glycosylation which is well understood is 
their role in protein folding. Proteins that enter the secretory pathway are imported into 
the ER during translation of the mRNA while the AA string is mostly in an unfolded 
state. Upon entering the lumen of the ER such secreted proteins need to fold correctly 
during which N-glycosylation plays an important role. Trimming of the N-glycan in 
the ER can be a sign of prolonged misfolding and may trigger a misfolded protein 
response to remove the misfolded protein. As such N-glycans function in protein 
folding quality control. In mammalian cells N-glycosylation of proteins has also been 
shown to be important for protein localization and stability, ligand binding, endocytosis 
and for immune responses (Varki, 1993; Parodi, 2000; Schollen et al., 2005; Sun et 
al., 2005). The important role of N-glycosylation in mammals is also clear from the 
strong phenotype of many N-glycosylation mutants in mammals. In contrast, many 
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N-glycosylation mutants in plants have no or only very weak phenotypes, making 
it difficult to study the role of N-glycosylation in plants. Recent study shows that 
glycoprotein levels in soybean may change upon abiotic stress like flooding (Mustafa 
and Komatsu, 2014). However these studies did not reveal whether up and down 
regulation of glycoprotein levels followed a transcriptional regulation or whether 
the N-glycans themselves are involved in changing protein abundance under stress 
conditions. 

Understanding the role of N-glycosylation starts with an inventory of the proteins which 
are modified by N-glycans, to which our research has made a large contribution (Chapter 
3). With the large data set of N-glycan occupancy on glycoproteins we can re-evaluate 
the consensus AA sequence which predicts N-glycan attachment on glycoproteins. 
The consensus sequence of N-glycosylation in plants is known as N-P!-S/T (Varki 
et al., 2009). However, amino acids before N and after S/T might also follow some 
typical pattern specific for N-glycosylation. We loaded all the experimental confirmed 
N-glycosylated peptides sequences obtained in the glycoproteomics studies described 
in Chapter 3 to build a sequence logo (http://plogo.uconn.edu/) which presents the 
frequency of six amino acids around the N-P!-S/T consensus site (Fig. 3). In this 
representation, the overall height of the stack indicates the sequence conservation at that 
position, while the height of symbols within the stack indicates the relative frequency of 
each amino acid at that position. The upper part of the logo shows the most likely AAs, 
while the lower part shows the most un-likely AAs. The results indicate that tyrosine (Y) 
and isoleucine (I) are most often present before and after the asparagine to which the 
N-glycan is attached, especially for the consensus sequence N-P!-S/T. Attachment of the 
hydrophilic Glycan between these hydrophobic AAs would force a directional folding 
in the AA chain (Lu et al., 2012). There are web server tools that predict N-glycosylation 
site occupancy on glycoproteins using different algorithms or artificial neural networks 
that examine the AA sequence context of N-P!-S/T glycosylation consensus sites. 
However, most of these prediction tools are based on glycoproteomics information from 
non-plant glycoproteins (Gupta, 2002; Chuang et al., 2012). Therefore, our results may 
be incorporated into such prediction tools in order to improve the N-glycosylation site 
occupancy prediction for plant proteins. 

Figure 3. Sequence logo is built based on all the identified glycopeptides. The upper 
part of each logo showing the most likely AA, and lower part showing the most unlikely 
AA. 
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3.2 Using N-glycans for cell specific protein tagging
The glycoproteomics technology I developed in my thesis was also used by me 
and others in combination with cell specific N-glycan tagging. In cell specific 
N-glycotagging we make use of the cgl1-1 glycosylation mutant, which lacks proteins 
with complex N-glycans and from which therefore all glycopeptides can be released 
by PNGase F after capturing of glycopeptides on hydrazide beads. By cell specific 
complementation of the cgl1-1 mutant through tissue specific expression of the wild 
type CGL1 gene, complex N-glycosylation will be restored in the complemented 
tissue, and these proteins will be missing in our glycoproteomics analysis. Such cell 
specific complementation was done by expressing CGL1 either under the epidermal 
specific promoter of the Arabidopsis LTP1 gene and the mesophyll specific promoter 
of the Arabidopsis RBCS gene. The results from these cell specific glycoproteomics 
indicate indeed a difference in protein abundance for the two complemented cgl lines 
compared to Col-0 (Table 1). In the pLTP1::GNT1 cgl1-1 line 53 proteins showed a 
higher abundance compared to Col-0, suggesting that these could be proteins that are 
mainly active in non-epidermal cells. Similarly, in the pRBCS::GNT1 cgl1-1 line 29 
proteins showed a higher abundance, indicating that these may be mainly present in the 
epidermal cells. Unexpectedly, we also found proteins that show a lower abundance 
in the pLTP1::GNT1 cgl1-1 lines (11 proteins) and pRBCS::GNT1 cgl1-1 lines (6 
proteins) compared to that in Col-0. This may indicate that glycoprotein levels in one 
tissue influence the glycoprotein levels in another tissue. However, the results from this 
cell specific N-glycan tagging experiment need further validation. 

Table 1. Glycoprotein abundance in  pLTP1::GNT1 and pRBCS::GNT1 complemented 
cgl1-1 mutant compared to Col-0. up: protein abundance higher vs Col-0; down: protein 
abundance lower vs Col-0.

Cell specific complementation in cgl1-1 mutant background was also done using 
a pathogen inducible promotor of Arabidopsis DOWNY MILDEW RESISTANT 6 
(DMR6) fused to the coding sequence of GNT1. In such transgenic cgl line, complex 
N-glycosylation will only be restored in the downy mildew infected cells containing 
downy mildew Hyaloperonospora arabidopsidis (Hpa) haustoria, but not in 
neighboring cells. In this case the proteins with complex N-glycans were isolated from 
infected cells by immunoprecipitation (IP), using antibodies specific against plant-type 
complex N-glycans. Subsequently, label-free comparative proteomics was employed for 
protein identification and quantification. In this study, the property of anti-horseradish 
peroxidase (HRP) antibodies binding with plant complex glycan was utilized to enrich 
complex glycoproteins by immunoprecipitation. Complex glycoproteins released from 
the antibodies were digested with trypsin and peptides were analyzed by LC-MS. In 
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this analysis the peptides containing the complex N-glycan are actually not detected. 
The identified proteins were filtered for putative glycoproteins (secreted proteins with 
N-P!-S/T consensus site). This resulted in the identification of 18 candidate disease-
related complex N-glycosylated proteins, several of which seem to have a potential role 
in susceptibility of Arabidopsis to Hpa. Three of the 18 identified glycoproteins were 
also detected in the glycoproteomics experiment described in Chapter 3 (Song et al., 
2013).

3.3 Using N-glycoproteomics to study the Arabidopsis alg3-2 glycosylation 
mutant
In my thesis I have described the application of N-glycoproteomics to make a full 
inventory of the N-glycoproteome of Arabidopsis using the cgl1-1 mutant, which lacks 
complex N-glycans. We also performed N-glycoproteomics on another glycosylation 
mutant, alg3-2, with a mutation in the gene ASPARAGINE-LINKED GLYCOSYLATION 
3 (ALG3). ALG3 encodes a mannosyltransferase which forms high mannose type 
N-glycans in the ER (see Fig. 4). In addition, we made double mutants of cgl1-1 and 
alg3-2 and N-glycoproteomics was used to compare the non-complex N-glycoproteome 
of single and double glycosylation mutants with that of Col-0. Comparison of the 
N-glycoproteome of Col-0 and alg3-2 can give indications whether N-glycan structure 
is involved in secreted protein stability in the ER. Similarly, comparison of the 
N-glycoproteome of cgl1-1 with the cgl1-1/alg3-2 double mutant can give indications 
whether the N-glycan structure on proteins in the Golgi and beyond have an effect on 
protein stability. Preliminary results of these studies indicate that 26 proteins are more 
abundant, while 29 proteins are less abundant in alg3-2 compared to Col-0 (Table 2 
and Fig. 5). Interestingly, 19 of the 26 proteins that are more abundant in alg3-2 are 
also more abundant in cgl1-1, suggesting that these are proteins, which normally have 
complex N-glycans. This could indicate that for these proteins the aberrant N-glycan 
structure as result of the alg3-2 mutation, makes them less efficient substrates for 
complex N-glycan modification. Of the 29 proteins with lower abundance in alg3-2, 
14 proteins have higher abundance in cgl1-1, indicating that these are proteins with 
complex N-glycan structure, but for which protein stability may be reduced in the 
alg3-2 background. Combined, these preliminary data give a first evidence for the 
importance of N-glycan structure for the stability of plant glycoproteins. Moreover, 
these data provide a clear molecular phenotype for these glycosylation mutants, which 
lack a clear growth phenotype. 

Chapter 6                                                                                                                                                                                                                                                                                                                            General discussion



151

Figure 4 .  Comparing glycoproteomics in N-glycosylation mutants with 
glycoproteomics in Arabidopsis Col-0. cgl1-1: complex glycan less 1-1, lack of enzyme 
activity of GnTI in the Golgi apparatus; alg3-2: asparagine-linked glycosylation 3-2, 
lack of ALG3 enzyme activity that forms high mannose type glycans in the ER; a+c: 
double mutant of cgl1-1 and alg3-2. Red area indicates the location where N-glycans 
can be cleaved by PNGase F and from which N-glycoproteins are analyzed using our 
enrichment procedure using release from hydrazide beads.  

Table 2. Glycoprotein abundance in cgl1-1 , alg3-2 and  cgl1-1/alg3-2 compared to in 
Col-0. Up: protein abundance higher vs Col-0; down: protein abundance lower vs Col-0.
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Figure 5. Inventory of glycoprotein differences between Arabidopsis Col-0, cgl1-1, 
alg3-2 and cgl1-1/alg3-2 double mutant plants. (+): protein abundance higher vs Col-0; 
(-): protein abundance lower vs Col-0.

4. Plasma membrane enrichment to confirm PM localization of 
LecRK receptor protein  
The procedure of PM enrichment, which was developed for different plant tissue types, 
was also used to confirm PM localization of the target protein Arabidopsis LecRK-I.9 
in N. benthamiana. In a study carried out by Bouwmeester et al. (Bouwmeester et 
al., 2014b) the function of the Arabidopsis LecRK-I.9 gene was investigated in a 
cross species experiment by transiently expressing the Arabidopsis LecRK-I.9 in N. 
benthamiana leaves, which were subsequently challenged with P. infestans. In these 
experiments, our PM enrichment procedure helped confirm the PM localization of the 
Arabidopsis LecRK-I.9 protein in N. benthamiana leaves, as the LecRK-I.9 protein 
was enriched and mainly detected on immunoblots in the PM enriched fraction and 
not in other membrane fractions. PM proteomics also provided experimental proof of 
protein localization for other researchers studying PM proteins in response to different 
biotic stresses (Raffaele et al., 2009; Keinath et al., 2010; Qi et al., 2011; Elmore et 
al., 2012) or different abiotic stresses  such as salt (Nohzadeh Malakshah et al., 2007), 
flooding stress (Komatsu et al., 2009) and osmotic stress (Nouri and Komatsu, 2010) or 
during cold acclimation (Li et al., 2012; Takahashi et al., 2013). In all these studies PM 
enrichment was also based on the ATPS that we used for PM proteomics.

Finally, in my thesis I have shown that enrichment technology provides unique 
opportunities to focus on low abundant proteins from specific subcellular localization 
or with post-translational modification and that analysis by label-free comparative 
proteomics provides a powerful tool for high-throughput protein identification 
and quantification. However, there is still room for improvement, both for sample 
processing (e.g. sample purification) as well as for data processing (e.g. peptide feature 
alignment, quantitative differential feature identification). Moreover, proteomics 
results only get meaning after validation in follow-up experiments, which is very time-
consuming especially for crop species. 
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This thesis is based on two technology projects from the Centre for BioSystems 
Genomics (CBSG), entitled ‘Comparative proteomics on Plant Pathogen interactions 
through enrichment of the N-glycoproteome and tagged-glycoproteome’ (TD7) and 
‘Plasma Membrane proteomics for Plant Pathogen interactions’ (TD5). In the former 
project we developed the protocol for isolation, identification and quantification of 
N-linked glycoproteins from plants and used it to obtain a comprehensive inventory of 
glycan-occupancy of Arabidopsis glycoproteins. In the second project, a protocol for 
the enrichment of plasma membrane (PM) fraction from plant material was developed 
and applied to study the role of the PM proteome in the interaction of plants with 
the plant pathogen Phytophthora infestans. Combined these activities have resulted 
in a thesis devoted to technical developments in label-free comparative enrichment 
proteomics, with validation in a number of different biological systems.

In Chapter 1 the background of these two enrichment proteomics approaches is briefly 
described. In this chapter I also briefly introduce the biology of the glycosylation 
mutants used in our glycoproteomics studies and the biology behind the two types 
of PM proteomics experiments that were performed on Arabidopsis genotypes with 
contrasting susceptibility to Phytophthora brassicae and on tomato suspension cells in 
response to infection by P. infestans.   

N-glycosylation is one of the important protein modifications that occur in eukaryotes 
and plays an important role in protein folding, stability, localization and cell signaling. 
The importance of N-glycoproteins in mammalian organisms is well studied, however, 
in plants, much less is known. Chapter 2 is an overview of recent developments in 
N-glycoproteomics in plants. In this chapter I discuss the different approaches to plant 
N-glycoproteomics and how these studies can be used to address important biological 
questions. I also discuss the technical challenges in studying N-glycoproteomics in 
plants and bring up some potential solutions and opportunities. 

N-glycosylation in plants is different from that in mammals, which has consequences 
for the approach to N-glycoprotein/peptide enrichment. In Chapter 3, I describe 
how we modified the protocol for glycopeptide enrichment (as originally set up for 
samples from mammalian cells) for plant samples and how we had to make use of the 
Arabidopsis complex-glycan-less (cgl1-1) glycosylation mutant to allow full capture of 
the N-glycoproteome. In this work we identified 330 glycopeptides, belonging to 173 
glycoproteins from Arabidopsis among which were 28 novel glycoproteins. A special 
problem encountered in this proteomics approach was the fact that common algorithms 
for protein identification are based on multiple peptide features, which especially for 
glycoproteins with single N-glycan group poses a problem. 

Enrichment of the PM proteins may be useful to study proteome changes in the PM 
in relation to plant pathogen infection and resistance responses. In Chapter 4, I 
describe how PM enrichment was used to study the PM proteome of three Arabidopsis 
genotypes. Arabidopsis Col-0 is resistant to infection by P. brassicae isolate strain 
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HH. In contrast, transgenic Arabidopsis Col-0 expressing the effector ipiO (35S-ipiO1) 
and Col-0 with a T-DNA insertion in LecRK-I.9 gene (lecrk-I.9) both show a gain of 
susceptibility to P. brassicae. Because we suspected that the differences in susceptibility 
are due to constitutive differences in PM proteins, we performed label-free comparative 
proteomics on PM protein composition in these lines, without pathogen infection. PM 
enrichment was performed using an aqueous two-phase partitioning system (ATPS). In 
the processing of the samples we encountered problems with PM fractionation and with 
soluble protein contamination. However, after protein identification, contaminating 
proteins were filtered out using bioinformatics by selecting proteins with predicted 
transmembrane domain (TMD) or glycophosphatidylinositol (GPI) anchor site. From 
the 2151 proteins that I identified in these samples, 613 are putative PM proteins of 
which 99 peptide features displayed significant quantitative differences between Col-0 
and the 35S-ipiO1 and lecrk-I.9 lines. Another major problem in label-free quantitative 
proteomics is the link between identified proteins and quantitative peptide features. 
Therefore, MS-Fit was employed to help link 25 out of the 99 differential features to 
17 differential PM proteins. From these, CYSTEINE-RICH PROTEIN KINASE 37 
(CRK37) is the only protein showing a peptide intensity that is higher in Arabidopsis 
Col-0 than in 35S-ipiO1 and lecrk-I.9. Subsequent validation studies showed indeed 
that an Arabidopsis crk37 T-DNA insertion mutant displays a gain of susceptibility to 
P. brassicae infection. Interestingly, the transcript level of CRK37 is not significantly 
different between Col-0 and the two phenocopy lines showing that proteomics is a 
valuable addition to transcriptomics studies for unraveling plant-pathogen interactions.  

PM enrichment proteomics was also used to investigate the PM protein composition 
changes in the interaction between plants and P. infestans. In Chapter 5, initially 
enrichment of PM fractions was attempted from potato, but this was not successful. As 
an alternative, the interaction between tomato MsK8 suspension cells and P. infestans 
was used as a model system. Different PEG/Dextran concentrations and number 
of ATPSs were tested for optimal PM enrichment from these tomato cells, without 
too much loss in protein yield. The optimized PM protein enrichment procedure for 
MsK8 cells was subsequently applied to mock treated cells and cells treated with P. 
infestans zoospores or zoospore culture supernatant. Eventually 290 tomato protein 
were identified with significant peptide mass intensity difference ratio between control 
and treated cells. Among these were 17 receptor kinases, eight of which were manually 
verified for identity and differential abundance. Comparison of the identified tomato 
proteins with Arabidopsis homologs suggests that these proteins are indeed involved in 
biotic stress responses. 

The challenges encountered during the different enrichment proteomics experiments 
in this thesis are explained and discussed in Chapter 6 and potential solutions for 
the future are suggested. In this chapter I also compare the proteins identified by 
glycoproteomics (Chapter 2) and PM proteomics (Chapter 3) in Arabidopsis. The 
labor intensive procedures of enrichment proteomics and processing of the resulting 
data set did not leave enough time for validation of all Arabidopsis and tomato 
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candidate proteins that were identified. Future validation should expose the full 
potential of the proteomics studies that I undertook and possibly result in additional 
candidates that can be used to protect crops against pathogens. 
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you in my heart forever. 
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I learned so many science related things from you. You are so patient and kind, 
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know if the others also think so, but I do. Besides science, you also taught me how to 
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Jan, I have to say, without your help nothing was going to happen for my PhD. How 
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during manuscript revision, during which you remained patient and highly efficient. 
Many times I received your email with feedback late at night or just after your holidays. 
I deeply appreciate that. From you, I see how scientific life can be, quite exciting and 
challenging, but also enjoyable. I wish you all the best working at the University of 
Amsterdam with a fresh start group. Take care, and do your best!    

Marielle, I deeply appreciate all your help in the lab. Without you, some experiments 
would have been a big headache for me. You keep the lab running smoothly and 
provide countless help to me and others. For us, you are the steward of the PPH lab, 
always willing to help. Here I represent all the people in our lab; we salute you!  
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scientist and researcher. I learned a lot by joining your group meeting. I appreciate your 
patience with me as naive person in the phytopathology field. You always encouraged 
and inspired me on how to improve and be critical. I enjoyed so much being a 
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your students, also inviting me for many dinners at home. We had many nice chats and 
discussions for which I would like to say thank you very much. Phytopathology is an 
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Education Statement of the Graduate School 
Experimental Plant Sciences

Issued to: Wei Song
Date:  19 October 2016
Group:  Laboratory of Plant Physiology
University: Wageningen University & Research

1) Start-up phase 
► First presentation of your project  
     Title: Glycoproteomics in plants 
► Writing or rewriting a project proposal
► Writing a review or book chapter
     Review: N-glycoproteomics in Plants: Perspective and Challenges, Journal of 
     Proteomics 74 (2011), 1463-1474. DOI: 10.1016/j.jprot.2011.05.007
► MSc courses
► Laboratory use of isotopes
                                                                                                    Subtotal Start-up Phase

2) Scientific Exposure
► EPS PhD student days
     EPS PhD student day (Leiden, NL)
     EPS PhD student day (Utrecht, NL)
     EPS PhD retreat (Norwich, UK) 
     EPS PhD student day (Amsterdam)
► EPS theme symposia  
     EPS theme 2 ''Interactions between Plants and Biotic Agents', Utrecht University
     EPS theme 1 'Developmental Biology of Plants', University of Leiden
     EPS theme 2 'Interactions between Plants and Biotic Agents', Utrecht University
     EPS theme 2 'Interactions between Plants and Biotic Agents', University 
     of Amsterdam
     EPS theme 3 'Metabolism and Adaptation', Wageningen University 
     EPS theme 2 'Interactions between Plants and Biotic Agents', Wageningen University
► Lunteren days and other National Platforms  
     Annual meeting 'Experimental Plant Sciences', Lunteren, NL
     Annual meeting 'Experimental Plant Sciences', Lunteren, NL
     Annual meeting 'Experimental Plant Sciences', Lunteren, NL
     Annual meeting 'Experimental Plant Sciences', Lunteren, NL
► Seminars (series), workshops and symposia  
     Invited seminars (attended 2x per year)
► Seminar plus  
► International symposia and congresses
     EUPP COST meeting (Nitra, Slovakia) 
     EUPP COST meeting (Luxembourg)
     11th HUPO World Congress (Boston, US)
► Presentations  
     Thematic meeting PRI Bioscience (2 X Talk)
     Cluster meeting PRI (4 X Talk) 
     Poster (EUPP COST meeting Nitra)
      

date

Jan 18, 2010

Dec 16, 2010

7.5 credits*

date

Feb 26, 2009
 Jun 01, 2010
Aug 14-17, 2012
Nov 30, 2012

Jan 22, 2009
Jan 30, 2009
Jan 15, 2010
Feb 03, 2011
Feb 10, 2011
Feb 10, 2012

Apr 06-07, 2009
Apr 19-20, 2010
Apr 04-05, 2011
Apr 02-03, 2012

 2009-2013

Oct 15-16, 2009
Oct 18-20, 2010
Sep 9-13, 2012

2009-2012
2009-2012
Oct 15-16, 2009
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Lunteren meeting (Talk)
Poster (EUPP COST meeting Luxembourg) 
CBSG summit TD7 (Talk)
Poster (CBSG summit TD5&7) 
CBSG summit TD5&7 (Talk) 
CBSG Pathogenomics TD5&7 (Talk)
CBSG Proteomics hotel TD5&7 (Talk)
► IAB interview  
Meeting with a member of the International Advisory Board of EPS
► Excursions  
Keygene excursion 
NPC PhD day (visit DSM)
Rijk Zwaan excursion 
                                                                                         Subtotal Scientific Exposure

3) In-Depth Studies
► EPS courses or other PhD courses  
Bioinformatics (EPS PhD course)
Proteomics (EPS PhD course)
4th European Summer School 'Proteomics basics: High Troughput Data Analysis 
and Statistics (EUPP COST) (Italy)                                         
10th HUPO satellite workshop by ISB (Geneva)
► Journal club  
Literature discussions at PRI and Plant Physiology
► Individual research training  
Plasma membrane isolation from Arabidopsis (Lund University, Sweden)
Subtotal In-Depth Studies   

4) Personal development
► Skill training courses  
EPS Expectation career day, Wageningen, NL
EPS Expectation career day, Wageningen, NL
EPS Expectation career day, Wageningen, NL
BCF event (Amsterdam RAI)
BCF event (Amsterdam RAI)
BCF event (Amsterdam RAI)
CBSG matchmaking event 
NPC successful conferencing 
Make more business with your research
► Organisation of PhD students day, course or conference  
► Membership of Board, Committee or PhD council  
                                                                                    Subtotal Personal Development

Apr 19-20, 2010
Oct 18-20, 2010
Oct 21, 2010
Jan 31, 2011
Oct 20, 2011
Oct 25, 2012
Jan 18, 2013

Feb 17, 2011

Jan 26, 2012
Jan 17, 2013
Sep 27, 2013
29.5 credits*

date

Mar 15-19, 2010
Apr 21-23, 2010
Aug 01-07, 2010

Aug 29-Sep 02, 2011

2009-2012

Nov-Dec, 2009
11.7 credits*

date

Nov 19, 2010
Nov 18, 2011
Feb 01, 2013
May 20, 2010
May 26, 2011
May 24, 2012
Oct 18, 2012
Oct 31, 2012
Apr 23, 2013

2.5 credits*

TOTAL NUMBER OF CREDIT POINTS*
Herewith the Graduate School declares that the PhD candidate has complied with 
the educational requirements set by the Educational Committee of EPS which 
comprises of a minimum total of 30 ECTS credits    

* A credit represents a normative study load of 28 hours of study.  
 

51.2

Poster (CBSG summit TD5&7) Mar 15, 2010

Curriculum Vitae                                                                                                                                                                                                                                                                                                                   Curriculum Vitae  



This work was performed at the Laboratory of Plant Physiology, Wageningen 
University, with financial support from the Centre of BioSystems Genomics (CBSG) 
which is part of the Netherlands Genomics Initiative / Netherlands Organization for 
Scientific Research. 

Cover design and layout: Wenbing Li & Yu Zhang

Printed by: Proefschriftmaken.nl || Uitgeverij BOXPress 


