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ABSTRACT

Glycoproteomics recently became a very active fietdstly in mammals. The first part of
this paper consists of a mini-review on the sthiaegised in glycoproteomics, namely
methods for enrichment in glycoproteins and masstspmetry (MS) techniques currently
used. In a second part, these strategies are dpplighe cell wall glycoproteome of etiolated
hypocotyls of Arabidopsis thaliana showing their complementarity. Several sub-
glycoproteomes were obtained by: (i) affinity chaiography on concanavaline A (ConA)
and analysis of glycoproteins by MALDI-TOF MS; (iimultidimensional lectin
chromatography (using AIL, PNA, ConA and WGA leslirand subsequent identification of
glycoproteins by MALDI-TOF MS and LC-MS/MS; (iii) dvonic acid chromatography
followed by identification of glycoproteins by MAUBIOF MS. Altogether, 127
glycoproteins were identified. Most glycoproteinere found to be putativid-glycoproteins
and N-glycopeptides were predicted from MS data using PneTerNyc bioinformatics
software.
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1. INTRODUCTION

The plant cell wall, mainly composed of polysacates (cellulose, hemicelluloses, and
pectins), is involved in different biological prases such as growth, environmental sensing,
signaling, and defense (Ellis et al., 2002; Robdr@®0, 2001; Vogel et al., 2004). Cell wall
proteins (CWPs), which represent less than 10%etell wall mass, are very diverse. From
previous estimation, 1500 to 2000 cell wall proseare expected iArabidopsis thaliana
(Jamet et al., 2006). Most of them probably undeigoosylation during their transit through
the secretory pathway. Several cell wall proteostisdies performed oA. thaliana (for
reviews, see Jamet et al., 2008; Jamet et al.,)28@b other species (Alvarez et al., 2006;
Bhushan et al., 2006; Chen et al., 2008; Cho e@8D9; Jung et al., 2008; Watson et al.,
2004; Zhu et al., 2006) enabled to predict a var@dt functions in the wall. A database
containing about 800 CWPs classified into nine fiomal classes is available at our web site

(www.polebio.scsv.ups-tlse.fr/WallProtDB(Jamet et al., 2006; Pont-Lezica et al., 2010).

However, the biochemical function of most CWPs wat demonstrated and their wall

substrates or partners were not identified so far.

The post-translational modification (PTMs) of CWRbould be considered to fully
understand their structure/function relationshipicosylation is a widespread protein PTM
that controls various processes such as proteidinfpl activity, stability, signaling or
interaction (Spiro, 2002). The two main types obtpm glycosylations aréN- and O-
glycosylations. In plant cells, as in other euk#éicyaells, N-glycosylation starts in the
endoplasmic reticulum (ER) by a co-translationahsfer of an oligosaccharide precursor,
GlcsMangGIcNAC,, onto specific Asn residues within the consengggience Asn-X-Ser/Thr
(where X is any amino acid except Pro). During @rottransport along the secretory
pathway, specific glycosidases and glycosyltraaskes perform maturation steps leading to
characteristic complex and high MaRglycans (Faye et al., 2005). Unlikeglycan addition,
O-glycosylation takes place at a post-translatiomaiell, by a step by step proces3:
glycosylation in plants mainly concerns cell wajyldnoxyproline (Hyp)-rich glycoproteins
(HRGPs) such as extensins or ArabinoGalactan Po{@GPs), and Hyp/Pro-rich proteins
(H/PRPs) (Faye et al., 2005; Kieliszewski, 2001gr 8sidues can be monogalactosylated
(Cho and Chrispeels, 1976; Faye et al., 2005). i3droxylation is performed in the ER
and/or in the Golgi apparatus by a prolyl-4-hydiasg (Robinson et al., 1985). Hyp-

glycosylation, which is unique to plants, occursotlgh a process still not completely



understood. Pro hydroxylation and Hyp glycosylatoe directed by a code depending on the
contiguity of Pro along the protein primary sequen®ieliszewski, 2001). Extensins,
characterized by clusters of contiguous Hyp, carabinooligosaccharides whereas AGPs are
hyperglycosylated onto Hyp alternating with Ala,rS® Thr residues. Finally, H/PRPs
contain repetitive Pro/Hyp-rich sequences which assumed to be galactosylated in
Nicotiana alata(Sommer-Knudsen et al., 1996) afvdthaliana(Liu and Mehdy, 2007).

Little information is available on plant proteinygbsylation in the literature, as compared to
mammal glycoproteins that have been extensivelyadterized. However, it was shown that
N-glycans on the jack beam-mannosidase influence the enzyme activity and its
oligomerization (Kimura et al., 1999). In the casfethe cationic peanut peroxidase, it was
reported thaiN-glycans are required for full catalytic activitg avell as for the control of
thermostability and folding (Lige et al., 2001) edently, it was proposed thidtglycosylation
motifs on a plant cell wall polygalacturonase intub protein (PGIP) favor the interaction
with its fungal polygalacturonase target duringthmsthogen interaction (Lim et al., 2009).
Concerning the role dD-glycosylations in plants, it was demonstrated Daflycans permit

to keep extensins in a rigid extended conformaf&tafstrom and Staehelin, 1986). It has also
been suggested th@tglycans increase HRGP solubility, resistance tagmigtic degradation
(Lamport, 1967), and thermal stability (Ferris ét 2001; Homer and Roberts, 1979).
Recently, biophysical data provided, for the fitghe, quantitative evidence thad-
glycosylation causes a dramatic increase in tharalestability of the polyproline type I

helix characteristic of some HRGPs (Owens et alL(2.

Although glycoproteomics recently became a veryvacfield (Tissot et al., 2009), such
approaches have never been performed on plantsgldhal pattern of protein glycosylation
inside the wall may reflect the regulation processecurringn muroto modulate biological
activity of CWPs and cell wall dynamics. Considgrithe numerous methods available
(described in the next paragraph) and the lackn@drination about global plant protein
glycosylation patterns, we decided to explore #dewall glycoproteome oA. thaliana

We will describe for the first time the cell wallygoproteome ofA. thaliana etiolated
hypocotyls, a model previously used for cell watbteomics (Irshad et al., 2008). The
strategy consisted in purifying cell walls priordmtracting proteins with salt solutions (Feiz

et al., 2006). Then, mono-dimensional or multi-disienal lectin affinity chromatography,



combined with boronic acid chromatography were grened to get sub-proteomes enriched
into different classes of glycoproteins. Altogeth#27 glycoproteins were identified, with a
preponderance ofN-glycoproteins. N-glycopeptides were predicted for some b
glycoproteins, revealing different patterns Mfglycans. The information obtained on the
identity of glycoproteins and the prediction of giyn motif structures enabled to go beyond
protein identification provided by mass spectromg¢MS) and bioinformatics, and to give
new insight into plant CWP structure.

2. GLYCOPROTEOMICSSTRATEGIES

The *“glycoproteomics” field concerns the identifiom of glycoproteins in a complex
mixture, but also tends to locate glycosylatioesiand to characterize glycan structures (An
et al., 2009). A wide range of methodological andtiumental techniques can be used to
obtain glycoproteomes and to analyze them by M§. (B). The starting material is enriched
in glycoproteins by affinity or chemical methodsifiAity methods are based on the use of
lectin conjugate resins. The specificity of thetiledetermines the type of glycan captured
(Table 1). Concanavalin A (ConA) affinity chromataghy is the most commonly used
(Bunkenborg et al., 2004; Faye et al., 2005; Migical., 2007; Wang et al., 2006). Lectin
chromatography using other lectins such as WheamG¥gglutinin (WGA) (Zhao et al.,
2006), Sambucus nigrdectin (SNA) (Qiu and Regnier, 2005), Peanut amgiu (PNA)
(Schwientek et al., 2007) @krtocarpus integrifolialectin (AIL) (Schwientek et al., 2007)
were carried out, either in mono- or multi-dimemsib ways. Chemical methods rely on
binding glycoproteins onto a specific resin by cdmjrate chemical reactivity, without any
preliminary treatmente(g. boronic acid-functionalized beads) or with a préfiary stage of
modification or labeling of carbohydrates to fdaaile their isolation onto dedicated matrixes.
Under basic conditions, boronic acid can form @iestvith all glycans containingis-diol
groups (Sparbier et al., 2005). The hydrazide-babgcbprotein capture method starts by a
periodic oxidation that cleaves the carbon-carbokae between the diols of saccharides.
The aldehyde groups produced can be bound ontahiydr functional groups immobilized
on a solid support (Zhang et al., 2003; Zhang gt24109). An alternative strategy is the
enzymatic modification or the metabolic labelingiethadd a bioorthogonal moiety onto
target carbohydrates, allowing highly efficient ification of glycoproteins (Bond and
Kohler, 2007). Considering the plurality and thengpbementarities of available methods for

glycoprotein capture, combining different stratsgieas shown to substantially improve the



coverage of the glycoproteome (McDonald et al., ¥0tas well as quantification of

glycopeptides (Zhang et al., 2003).

Following glycoprotein capture, their identificatiois performed through a classical
proteomics approach (Aebersold and Mann, 2003),sistng in a proteolysis stage
(commonly using trypsin), a MS analysis of peptidad a bioinformatics validation. Protein
identification can be performed by Matrix-Assisteaser Desorption/lonisation — Time Of
Flight (MALDI-TOF) MS or Liquid Chromatography — &dtroSpray lonisation tandem MS
(LC-ESI-MS/MS). MALDI-TOF MS enables to identify @eins by peptide mass
fingerprinting (PMF) and is used for sequenced ga® LC-MS/MS provides peptide
sequence information. It is usually more sensitel allows enlarging the coverage of
identified proteins and increasing the number aftgins identified. Single MS approaches
also permit to gain insight into the glycan struetu Indeed, since MALDI and ESI are soft
ionization sources, glycopeptide integrity is preed during MS analysis and MS spectra
enclose information about glycan masses and hetessty. Bioinformatic tools such as
GlycoWorkbench (Ceroni et al., 2008)roTerNyc(Albenne et al., 2009) were developed to
facilitate the identification of glycopeptides orSMpectra. New fragmentation methods, such
as electron capture dissociation (ECD) and electransfer dissociation (ETD), allow
glycopeptide analysis since they cleave peptidelbavhile leaving the glycan attached to the
peptide, allowing the location of glycosylationesit(Catalina et al., 2007; Hakansson et al.,
2001).

To go further into the glycan location and struetuadditional methods can be implemented.
On the one hand, a step of glycopeptide capturdeantroduced after proteolysis in order to
focus on glycopeptides, improving the global glydagon pattern analysis: (i) the lectin

chromatography and hydrazide approaches descrhimagaan be carried out; ii) hydrophilic

interaction liquid chromatography (HILIC), usingllaéose or sepharose matrixes, can be
used since most glycopeptides are more hydropthiaa unmodified peptides (Hagglund et
al., 2004; Wada et al., 2004; Wuhrer et al., 2008) size-exclusion chromatography has also
been applied to glycopeptide enrichment since rnrgptic glycopeptides have high masses
(Alvarez-Manilla et al., 2006). On the other haadjeglycosylation step can be performed,
using chemical (Edge, 2003; Mirgorodskaya et 899t Patel et al., 1993) or enzymatic
approaches (King et al., 2006; Kuster et al., 19@8entino et al., 1985). Analysis of fully or

partially deglycosylated peptides enables to confine glycosylation site occupancy and/or



to characterize the type of glycosylation. Theaséx glycan can also be analyzed by tandem

MS providing additional information about its sttue (Harvey, 2005; Morelle et al., 2006).
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Figure 1. Glycoproteomics approaches: a simplified flowchart.

In a glycoproteomics strategy, the first step consists in getting sub-proteomes enriched in
glycoproteins through affinity or chemical chromatography methods. After a proteolysis step, peptides
and glycopeptides are analysis by either PMF using MALDI-TOF MS or peptide sequencing using LC-
MS/MS. Glycopeptide capture as well as deglycosylation experiments can also be performed before
MS analysis. MS data analyses of (glyco)peptides and/or glycans, assisted by bioinformatics software,
enable to identify proteins, to locate glycosylation sites and to predict or determine glycan structures.



3. RESULTS AND DISCUSSION

3.1. Glycoprotein capture and identification

CWPs were extracted by salt solutions from celllsvaf 11-day-oldA. thaliana etiolated
hypocotyls (Irshad et al., 2008). Different glycoin capture strategies and MS strategies
were employed to obtain several sub-proteomes @igi) ConA affinity chromatography
and analysis of glycoproteins by MALDI-TOF MS; iimultidimensional lectin
chromatography (using AIL, PNA, ConA, and WGA lesti Table 1) followed by analysis of
glycoproteins by MALDI-TOF MS or LC-MS/MS; iii) banic acid chromatography and
analysis of glycoproteins by MALDI-TOF MS.

Table 1. Sugar specificity of plant lectins used for glycan capture and detection.

The specificities targeted in this study are written in bold.

Abbreviation Lectin name Origin Specificity

Mannose-specific lectins

. Concanavalia
ConA Concanavalin A . . a-Man > a-Glc > GlcNac
ensiformis

GNA Galanthus Nivalis Agglutinin  Galanthus nivalis a-Man

Galactose-specific lectins

PNA PeaNut Agglutinin Arachis hypogaea GalB1-3GalNAc > a-Gal and B-Gal

AlL Artocarpus Integrifolia Lectin  Artocarpus integrifolia  Galf1-3GalNAc > a-Gal, a-GalNac

N-acetyl-glucosamine specific lectin

GIcNAC(B1-4GICNAC),, >

WGA Wheat Germ Agglutinin Triticum vulgaris BGICNAC

DSA Daturg Stramomum Datura stramonium Gall1-4GIcNAc > GIcNAc
Agglutinin




Cell Wall Proteins (CWPs)
ConA lectin affinity Multidimensional lectin affinity Boronic
| = ™ acid
r f i
L
< -
HH ;
] ] s )
¥
FT
| ECa
(=]
=
| f |
[ |
||’| 'v
_ECa ECb EA EP EC EW FT4 EBa
' Different sub-proteomes

U

| MS analysis (MALDI-TOF/MS or LC-MS/MS) and bicinformatics |

Figure 2. Enrichment of CWPs into glycoproteins using different chromatographic
procedures.

Our cell wall glycoproteomic strategy consisted in obtaining different sub-proteomes enriched in
glycoproteins from a CWP extract of A. thaliana etiolated hypocotyls. ConA lectin affinity
chromatography led to the elution fractions ECa. ECa was then loaded onto a second ConA matrix,
leading to the elution fractions ECb. A multidimensional lectin affinity approach was carried out using
AIL, PNA, ConA, and WGA. Flow-through fractions (FTn) from a matrix (n) were loaded onto the
following matrix (n+1). Each lectin-conjugate resin was eluted, producing elution fractions EA, EP, EC,
and EW, from AIL, PNA, ConA, and WGA, respectively. Boronic acid-functionalized beads (Ba) were
also used, leading to the elution fractions EBa. All these sub-proteomes were subsequently analyzed
using MALDI-TOF/MS or LC-MS/MS and bioinformatics software.

3.1.1. ConA lectin affinity

A ConA affinity chromatography, specific for Mansrdues, was carried out in order to
captureN-glycoproteins. The unbound fractions (flow-throwagid washes) were estimated to
contain more than 50% (in mass) of the CWPs puoimtact with the matrix. An aliquot of
CWPs (1/160), a part of the flow-through fracti@48) as well as the totality of the wash and



elution fractions were analyzed by SDS-PAGE (F#).3'he ECa elution fractions display a
specific pattern compared to the flow-through auggesting an efficient separation between
Man-containing glycoproteins and other proteingofal of 38 bands were excised from the
ECa (1) lane for MALDI-TOF MS analyses. Thirty-eigbroteins were identified (Tables S1
and S5, supplementary data). All of them had aipted signal peptide, showing that they

were putative secreted proteins.

- m _- ==
= - = ) pemy &i o & g F
(e J - R S T I i o
=0 TE8@ qggw Q caa E & ® @
=S A g B =3 _Toon 2 = 3k g8
(- (] ]
Eutggguwm S LACL==Z=ZWL=w EUI..I_EI.ULLI
170 =— '
130 E; =
a5 7
Tz 55 -
43 ik
i 43
—— i 4
_— a4
= s 20
- & 2
- o
2 i .
[] . . w - =8 =3
o £ & ZH oL T 29== —
=3 £ 5 & & D 8 R8=23E
= [T FITRR T W W= Ww w
— - 1T
- - 50
72 - - 05
£ - -7
| = 6
L] *
p— - 34
6 . L s S
. =
s R
a N ~ p—4&

Figure 3. Electrophoretic analysis of proteins separated by different chromatographic
methods for enrichment of glycoproteins.

A. Fractions obtained from ConA chromatography; B. Fractions obtained from two successive ConA
chromatographies; C. Fractions obtained from AIL and PNA chromatographies with the multi-
dimensional lectin affinity approach; D. Fractions obtained from ConA and WGA chromatographies
with the multi-dimensional lectin affinity approach; E. Fractions obtained from boronic acid
chromatography.

M: molecular mass markers; CWPs: cell wall proteins; FT: flow-through fraction; W(1, 2, 3): wash
fractions; ECa (1, 2, 3), ECb (1, 2), EA (1, 2), EP (1, 2), EC (1, 2), EW (1, 2) and EBa (1, 2) : elution
fractions according to the nomenclature used on Fig. 2.

Lectins identified by MALDI-TOF MS in the elution fractions are indicated with the following symbols:
ConA: @ ; AlL: & ; PNA.:<



In a second experiment, two successive steps ofACaffinity chromatography were
performed, the elution fractions from the firstpstECa) being loaded onto a new ConA
matrix (Fig. 2). This experiment aimed at incregdime specificity oN-glycoprotein binding.
As for the first ConA step, an aliquot of ECa (1024a part of the flow-through fraction (3/8)
and the totality of the wash and elution fractiorese analyzed by SDS-PAGE (Fig. 3B). The
pattern of ECb shows a specific enrichment into esqgmoteins of ECa. More than 70 % in
mass of the proteins were lost between the two Csiefis. MALDI-TOF MS analyses of
ECb (1) allowed the identification of 17 proteif@bles S1 and S5, supplementary data). All
these proteins were already found in ECa (1). Derecovery observed between ECa and
ECb could be explained by non-specific interactidnsng the first step or by glycan loss.

3.1.2. Multidimensional lectin affinity

A multidimensional lectin affinity chromatographyperiment was carried out in order to get
specific sub-glycoproteomes and to enlarge theregesof the cell wall glycoproteome. The
flow-through fraction from a matrix was loaded ont® next one (Fig. 2). First, AlIL and
PNA lectins were used to capture Gal-contaififigand/orO-glycoproteins (Table 1). AIL is
assumed to mostly recognizeGal, and PNAa-Gal and-Gal (Banerjee et al., 1994;
Jeyaprakash et al., 2005). A ConA chromatography maoduced in third position and a
WGA resin, specific for GIcNAc residues, was usedthe last step (Table 1). Elution
fractions (EA(1), EP(1), EC(1), EW(1)) were dividedo equal parts which were separated
by SDS-PAGE for three distinct analyses: CoomaBsigant Blue (CBB) staining (Fig. 3C-
D); Yariv phenylglucoside staining to reveal AGR®thnagel, 1997; Yariv et al., 1967) (Fig.
4A); and lectin-blot (Fig. 4B1-4). In each case,aiguot of CWPs (1/200) and of the last
flow-through fraction FT4 (1/18) were also analyz&wbsitive and negative controls were
added.

EA and EP display a very weak CBB staining, revepimears and few thin bands (Fig. 3C).
The most intense bands corresponded to the Id&tlhsand PNA) that were weakly attached
onto the resin. Eighteen and 10 bands were exdised EA and EP respectively (Fig. S2,
supplementary data). However, MALDI-TOF MS signalsre very weak and only two
proteins were identified in each sub-proteome (@2, supplementary data). At5g14920
(AtGASA14, Roxrud et al., 2007) and At5g06860 wérand in EA (1). At5914920 has a

large Hyp/Pro-rich region and a short C-terminajussnce containing the tryptic peptides

10



used for protein identification. Previous MS anel/suggested that the Hyp/Pro-rich region
carries O-glycosylations (Albenne et al.,, 2009). In this nexperiment, At5g14920 is
observed as a smear with an apparent molecular Ibefsseen 147 and 175 kDa, although its
theoretical molecular mass is 24 kDa (Fig. 3C).sTikimuch higher than the molecular mass
previously observed for this protein after catioekchange chromatography (Albenne et al.,
2009; Irshad et al., 2008). This suggests thatseqgaration process can lead to different
glycoform isolation and/or that glycan degradatewents can occur during separation steps.
Binding of At5g14920 onto the AIL lectin confirmisat it is a glycoprotein and suggests that
it containsa-Gal residues (see Table 1). Lectin-blot analy$ithe EA (1) fraction using the
PNA lectin gave a very weak signal (Fig. 4B1), ssjong a glycosylation pattern poorly
recognized by this lectin. Besides, Yariv stainivas negative (Fig. 4A), confirming previous
results (Albenne et al., 2009). The second prdimimd in EA (1) is encoded b4t5906860
and is predicted to be a polygalacturonase inhipiirotein (PGIP1). It displays an apparent
molecular mass of 43 kDae. 9 kDa above its theoretical molecular ma3gylycans on Ser
residuesmay occur. This glycan pattern is recognized neibyethe PNA lectin, nor by the
Yariv reagent (Fig. 4B1, Fig. 4A). These resultggast possible new glycosylation patterns
not yet described for such proteins which couldrésponsible for the different affinities
observed with PNA and AIL lectins.

The first elution fraction obtained after the PNAra@amatography (EP (1)) displays a smear
between 57 and 85 kDa where a protein called AG#BI1d be identified. MS criteria were
modified for identification of this protein by PMHAndeed, only two different peptides,
already found in a previous study (Irshad et @08 were used for AGP31 identification.
However, its characteristic electrophoretic pattaswwell as the strong signal observed on the
PNA lectin-blot (Fig. 4B2), strengthen the iderd#ftion of AGP31, previously described as a
Gal-rich glycoprotein (Liu and Mehdy, 2007). AGPdisplays a short AGP motif and is
expected to be galactosylated. However, unlike iptesly reported (Liu and Mehdy, 2007),
AGP31 was not stained by the Yariv reagent, suggedhat, in our assay conditions,
arabinogalactan motifs were not present (Fig. 4&e second protein found in EP (1) was
identified in a thin band at an apparent molecutass of 43 kDa (Fig. 3C; Fig. S2,
supplementary data). This is a protein of unknowmcfion encoded bjt5g25460 It may

carry Gal-containing\- or O-glycans.
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Figure 4. Analysis of the sub-proteomes obtained by multi-dimensional lectin
chromatography using Yariv staining or lectin blot.

A. Yariv stained SDS-polyacrylamide gel. B. Lectin-blot analysis using PNA digoxigenin-labeled lectin
(B1 and B2), GNA digoxigenin-labeled lectin (B3) and DSA digoxigenin-labeled lectin (B4) for
detection of glycans. Paositive controls are provided in the DIG Glycan Differentiation Kit (Roche) used
for these analyses. Negative control is an E. coli protein extract.

M: molecular mass markers; CWPs: cell wall proteins; EA(1), EP(1), EC(1), EW(1): first elution
fractions obtained from AIL, PNA, ConA and WGA chromatographic steps, respectively; FT4 : flow-
through fraction obtained from WGA chromatography.
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The third stage of this multi-dimensional lectin opedure consisted in a ConA
chromatography similar to that reported in the pres paragraph. SDS-PAGE analysis of EC
(1) and EC (2) followed by CBB staining displaypattern similar to that shown on Fig. 3A
(Fig. 3D). Lectin-blot analysis of EC (1) showeditmost proteins, excepted low molecular
mass ones, were recognized by GNA, a lectin spefofi Man residues (Fig. 4B3). ConA
thus appears as an efficient tool to specificaiptareN-glycoproteins. As expected, Yariv
staining of EC (1) gave no signal (Fig. 4A). In erdo increase the number of identified
proteins in EC (1), LC-MS/MS analyses were perfatrfrem a liquid sample similar to that
analyzed by SDS-PAGE. One hundred fifteen proteiese identified in EC, with only two
proteins having no predicted signal peptide (Tabe supplementary data), attesting the
efficiency of ConA to specifically capture secref@oteins. Three times more proteins were
identified in EC (1) than in ECa (1) using LC-MS/M8nce LC-MS/MS is a more efficient
tool than MALDI-TOF MS for protein identificatiomia complex mixture. However, among
the 38 proteins identified in ECa (1), only 30 watso found in EC (1). MALDI-TOF MS
allowed specific identification of 8 proteins, shog that both approaches are
complementary. In addition, unlike LC-MS/MS, MALOWOF MS analyses permit to keep

PTMs, enabling to get information on glycan stroesufrom spectra (see paragraph 3.3).

The last stage of the multi-dimensional lectintstygt was carried out using the WGA lectin,
specific for GIcNAc (Table 1). SDS-PAGE of EW orggrmitted to detect three weak bands
using CBB staining (Fig. 3D). They were excisednfreghe EW (1) lane, but the only
identified protein was ConA that was issued froma finevious step (Figure S2B and Table
S2, supplementary data). Lectin blot analysis uS)&a\, a lectin with specificity similar to
that of WGA (Table 1), was also negative (Fig. 4B®)ese results show that the WGA step
was inefficient. It can be proposed tiNglycoproteins containing terminal GIcNAc were all
retained on the ConA resin. However, a very weghkalicould be seen on EW (1) after the
Yariv staining (Fig. 4A). This suggests that som@&Rs were retained onto WGA, although
AGPs are not expected to contain GIcNAc (Seifed Roberts, 2007).

Following the four stages of this multi-dimensiomettin procedure, the last flow-through
fraction (FT4) corresponding to the overall unboymdteins was analyzed. CBB-stained
SDS-polyacrylamide gel displayed a staining wittnaear in its upper part and more focused
bands in its downer part (Fig. 3D). MALDI-TOF MSalysis of the 1&ands excised from

the gel only allowed identification of 6 proteingaple S2, supplementary data). Proteolysis is
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assumed to have occurred during the different stagethis multi-step process, limiting
protein identification by PMF using MALDI-TOF MS.Ithe proteins identified except one
(At4g29270) were found in at least one sub-glyctgmme, suggesting that they exist in both
glycosylated and non glycosylated forms. It shdaédhoted that At4g29270 has no predicted
N-glycosylation site and was previously found in &l wall proteome of 11-day-old
etiolated hypocotyls (Irshad et al., 2008). Ledtiat analyses using PNA and GNA did not
permit to detect any protein in FT4 (Fig. 4B1-3)shows that this fraction does not contain
any Gal-rich proteins nom-glycoproteins, showing the efficiency of the praiso
chromatographic steps carried out. On the contresiyng the DSA lectin, a signal is observed
at 42 kDa where three proteins of unknown functi@t5911420, At5g25460, and
At4g32460) were identified (Fig. 4B4). At least oakthese proteins may carry GIcNAc
residues. Since these proteins were very abundaheiCWP extract, it is possible that their
capture by the different chromatographic steps m@scomplete. Finally, a Yariv staining
was observed at the top of the FT4 lane (Fig. 4Ajis suggests that the CWP extract
contains some AGPs, but that the chromatograplepssperformed were not efficient to

capture them.

3.1.3. Boronic acid chromatography

Chemical glycoprotein capture methods were caroetin order to take advantage of the
plurality of available methods to enlarge the aedll glycoproteome. In our hands, the
hydrazide-based method was unsuccessful. On th&acpnboronic acid chromatography

enabled to bind more than 50 % in mass of the CW&ded on the resin. An aliquot of

CWPs (1/200), a part of the flow-through fracti@i1Q) as well as the totality of the wash
and elution fractions were analyzed by SDS-PAGH.(BE). Elution fractions (EBa (1) and

EBa (2)) display an electrophoretic pattern digtifrom those obtained by lectin affinity

chromatography. Indeed, boronic acid resin is assutm be less specific than lectin matrixes,
since it can bind any cis-diol containing carbolagdr However, MALDI-TOF MS analyses

of EBa (1) permitted to identify only 20 proteirmnong which 2 proteins with no predicted
signal peptide. It shows that EBa is mostly comgdoskesome major proteins, reducing the

diversity of this sub-proteome.

3.2. Comparative analysis of the glycoproteomes
A comparison of the different sub-proteomes obtisdllustrated by a Venn diagram shown
on Fig. 5A. Altogether, 127 CWPs were identifieantmning lectin affinity (ConA, AlL, and

14



PNA) and boronic acid chromatographies. The fingdence is that ConA permitted to
capture most of the glycoproteins identified. IndleE21 out of the 127 proteins are found in
at least one ConA sub-proteome (EC/ECa/ECDb). ltilshioe noted that the overall ConA sub-
proteome was enlarged by the combination of LC-MS/adhd MALDI-TOF MS tools. The
use of AIL, PNA and WGA lectins in the multi-diméossal lectin approach permitted to
identify only one additional protein in EA (AtGASA) This protein is assumed to Qe
glycosylated as previously reported (Albenne et24109). Besides, the absence of putdtve
glycosylation sites on AtGASA14 is in agreementwitie fact that it was not found in ConA
fractions. The second protein of EA (At5g06860) vaéso found in EBa and EC, possibly
because of the presence of diverse glycan striscamrdt. The two proteins of EP (At5g25460
and At1g28290) were also found in ConA sub-protenidneir presence in EP and ConA
sub-proteomes suggests that they carry bbtandO-glycans. Boronic acid chromatography
enabled to identify 5 additional proteins (two pedases, one glycine-rich protein and two
proteins of unknown function). Although four of thepossess putativg-glycosylation sites,
they may carryD-glycans and ndt-glycans.

Figure 5. Numerical analysis of the cell
wall glycoproteome of A. thaliana
etiolated hypocotyls using  Venn
diagrams.

A. Comparison of the different sub-
glycoproteomes obtained by lectin affinity
chromatography on ConA (EC/ECa/ECb), PNA
(EP), AIL (EA), and by boronic acid
chromatography (EBa). The numbers indicated
correspond to the number of glycoproteins
identified in each sub-proteome.

B. Comparison of the cell wall glycoproteome (this
study) to the cell wall proteome (Irshad et al.,
2008) of 11-day-old etiolated hypocotyls of A.
thaliana.

EBa (18)

ConA
(EC/ECal/ECh) EP
(121) )

Cell wall
proteome (101)

Cell wall
glycoproteome (127)
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The coverage of the cell wall glycoproteome?othalianall day-old etiolated hypocotyls is
difficult to estimate. Protein extraction procediseassumed to introduce a bias since most
labile proteins are probably lost and strongly bnoteins among which HRGPs are not
extracted (Feiz et al., 2006). Glycan maturatiod dagradation events are expected in cell
walls (Minic, 2008). Finally, glycan loss can occuuring the extraction or the
chromatographic steps. However, our results cleatipw that our glycoproteome is
essentially anN-glycoproteome. Interestingly, 119 out of the 12ycgproteins possess
putative N-glycosylation sites. The different strategies emptbto capturéd-glycoproteins
(AIL, PNA, boronic acid chromatographies) were fduo be far less efficient. Only a few
structural proteins were identified in our glycomme (Table S5, supplementary data).
Although O-glycoproteins, like HRGPs and H/PRPs, are assuméa tabundant proteins in
the cell wall, they are under-represented. SeVienghtions can explain this situation: i) their
extraction from the cell wall may be difficult bers# of strong or even covalent interactions
with cell wall polysaccharides or CWPs (Brady et 4b96, 1998; Ringli, 2010); ii) their
affinity towards lectins may be too weak for ania@ént binding; iii) their high carbohydrate
content may prevent their migration in SDS-polyémmjide gels as well as their CBB
staining; iv) trypsin digestion may be inefficidmtcause of a low frequency of Lys and Arg
residues along the primary sequence and/or standrdnce of glycans; v) larg®-
glycopeptides may be difficult to ionize and theientification may be limited since they are
hardly predictable. In the case of AGPs, nonenefaghromatographic procedures used seem
to be efficient for capturing them since Yariv stag gave a signal mostly in the FT4 fraction
(Fig. 4A). In addition, their identification wouldequire other methods such as

deglycosylation and N-terminus sequencing (Scletl&d., 2004).

The 127 proteins of our glycoproteome belong toXtienctional classes previously proposed
(Jamet et al., 2008): proteins acting on carbohgdré20.5 %); oxido-reductases (16.6 %);
proteases (9.4 %); proteins with interacting domaih4.2 %); proteins related to lipid

metabolism (3.9 %); signaling proteins (3.9 %)ustural proteins (3.9 %); miscellaneous
proteins (14.2 %); and proteins of unknown functid®.4 %). The possible biological

functions of these proteins were discussed in &ique paper (Irshad et al., 2008). Among
the 127 proteins identified in the present studywre already found in our previous cell
wall proteome from 11-day old. thalianaetiolated hypocotyls (Irshad et al., 2008) (Fig.
5B). Among the 66 newly identified proteins, 56 anmeique to EC, suggesting that the
enlargement of the cell wall proteome is mostly doethe use of LC-MS/MS. Besides,

glycoprotein capture strategies may have permiendch some minor proteins, making
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possible their identification by MS. On the conyta40 proteins previously identified in the
cell wall proteome are absent from the glycoprotedifig. 5B). They may correspond to
non-glycosylated proteins. Interestingly, only 2®tpins out of these 40.e. 62.5 %, have
putative N-glycosylation sites. This rate is clearly lower rihthat determined for our
glycoproteome (93.7 %), strengthening the hypothesithe lack of glycosylation for these
proteins.

3.3. Glycoprotein validation and glycan prediction

Analysis of the electrophoretic migration of proeifrom ECa and ECDb fractions (Fig. 3A-B
and Table S1, supplementary data) shows that 8hd®B8 % of them, respectively, display
an experimental molecular mass above the theokeine suggesting the presence of PTMs.
The proteins for which experimental mass is lowmant expected may be degraded or
maturated (Albenne et al., 2009). For EBa, 9 pnsteamong the 20 found in this sub-
proteome,i.e. 45 %, have an experimental molecular mass lowan the theoretical one,
suggesting that proteolysis occurred during thegmagion and the analysis of this sample
(Table S3, supplementary data). On the contragyptbteins identified in the EA and EP sub-
proteomes display an apparent molecular mass allowetheoretical one (Table S2,
supplementary data). In particular, the proteingA#920 and At1g28290 are found as
smears at apparent masses much higher than tlabraties, suggesting high carbohydrate

contents for both proteins (Fig. 3C).

Bioinformatics data processing was performed ineortb check the specificity of the
glycoprotein capture and to predibi-glycan structure. Among the 127 (121) proteins
identified in our glycoproteome (ConA glycoprotegmé&19 (115) possess at least one
putative N-glycosylation site (Table S5, supplementary dag&)rprisingly, among the 6
proteins devoid oN-glycosylation site from the ConA proteome, 5 anghatexpansins. It
can be suggested that they may be captured by @onAghN-glycosylated protein partners.
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Figure 6. Prediction of N-glycopeptides of At1g68560 alpha-xylosidase (XYL1) on
MALDI-TOF MS spectrum using ProTerNyc.

The protein was identified in the ECal-2 bands from SDS-PAGE analysis of N-glycoproteins
separated by ConA affinity chromatography.

Non-modified peptides used for identification are shown with white arrows and predicted N-
glycopeptides with black arrows. Two peptides (1 and 2) carrying N-glycosylation consensus
sequences (shown on Table 2) were predicted to carry N-glycosylations using ProTerNyc. The mass
of these N-glycopeptides corresponds to the addition of the mass of the peptide to that of the N-
glycans schematically represented.

To go further into thé&l-glycoproteome analysis, we performed bioinformadicalyses using
ProTerNyc (Albenne et al., 2009). This software was develofie predictN-glycosylated
peptides using the data obtained by MS. ExplorimegMALDI-TOF MS for the 43 putative
glycoproteins found in ECa, ECb and EB&glycopeptides were predicted for 20 proteins
(Table 2).The fact that prediction was not possible23 proteins is not really surprising
since glycopeptides are difficult to analyze by M8deed, glycans may cause steric
hindrance, preventing trypsin action. Besides, ghgptides can be difficult to ionize. The 20
proteins for which predictions were possible beltmghe 7 functional classes represented by
the 43 proteins considered for this search, subgge#tatN-glycosylation is ubiquitous. For
each protein, between 1 and 5 glycopeptides wezdigied: multiple predictions concern
different glycosylation sites, but also differefyaan structures at a given site. Such an
heterogeneity is well known fdd-glycoproteins and was particularly well documentethe
case of the horseradish peroxidase (Gray, 1998hdrtase of the alpha-xylosidase encoded
by At1g68560 the peptide 1 (DFNMSWK) is predicted to carryiffedent N-glycans (N2M2
and N2M3N2) whereas peptide 2 (INATGVVAPVGFK) isdicted to carry only one kind
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of N-glycan (Fig. 6, Table 2). Overall, among the cosmplor hybrid structures, the
N2M3F1X1 motif is the major species. N2M4N2 and NEW2F1X1 were also found. Very
few high Man-type glycans were predicted (two N2&ttd one N2M7). These patterns of
glycosylation corroborate those reported for sopbaad horseradish peroxidases whose
glycosylations were fully characterized (Gray, 1988ay et al., 1996). Finally, some short
glycans such as N2M2, N2M2F1 or N2M2X1 can be mtedi. These structures may
correspond to degradation bEglycans. Glycoside hydrolases, which are abundaribe
wall, may have cell walN-glycoproteins as substrates and may be involvabdeamegulation

of their function (Minic, 2008). Thedé-glycan predictions give new insight into the staue

of some N-glycoproteins and may be considered in the framethef study of their

structure/function relationships.

4. CONCLUSIONS

This work constitutes the first plant cell wall gbproteome described so far. Several
glycoprotein capture approaches combined with wiffe MS methods were carried out
successfully to identify 127 putative glycoproteiseme of them being identified for the first
time in cell walls of 11-day-old. thalianaetiolated hypocotyls. ConA chromatography was
found to be the most efficient method, most of gheoproteins identified being putative
glycoproteins. The use of other lectin and bor@uic chromatographies permitted to slightly
increase the overall glycoproteome. TP TerNycsoftware, recently developed in our lab
(Albenne et al., 2009) was found to be an effictent for N-glycan predictions and permitted
to gain new insight into the structure of somelycoproteins. In the future, enrichment
methods based on metabolic labeling of carbohysiratel hydrazide chemistry should be
developed to efficiently capture pla@tglycoproteins and improve their identification (Bbn
and Kohler, 2007). Besides, advanced tandem MStéobies, namely ECD and ETD, are
very promising and will permit to go further intbet structural characterization of plant cell
wall glycoproteins (Catalina et al., 2007; Hakamssbal., 2001).
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Table 2. Prediction oiN-glycopeptides on glycoproteins usifyoTerNyc (Albenne et al., 2009)
Glycoproteins were isolated by chromatography onACor boronic acid resins and were identified byfPi%ing MALDI-TOF/MS.

Theoretical m/z Experimental
Accession . : . .oa m/z of . b
number Functional annotation Sequence of putative glycopeptide predicted Predicted N-glycan

unmodified  predicted N-

peptide glycopeptide glycopeptides

Proteins acting on carbohydrates

DFNMSWK (897-903) (Peptide 1) 927.4035  1657.6835  1657.8003  N2M2
glycoside hydrolase family 31 (GH1) (alpha- ) . N2M3N2
At1gB8560 10 idase ALXYL) DFNMSWK (897-903) (Peptide 1) 927.4035 22259035  2226.0922
e

INATGVVAPVGFK (481-493) (Peptide 2) 1272.7316  2717.2916  2717.0380 N2MGN2F1  m.e” T -

Oxido-reductases
SNCSAR (333-338) 637.2728  1837.7328  1837.3118  N2M4Fl %0 m.m
SNCSAR (333-338) 637.2728 18487328  1848.3540  N2M2N1F1X1

At1g71695  peroxidase (AtPrx12) TCPTANSSNTQVNDIR (246-261) 1720.7924  2451.0724  2451.4043 N2M2
RTCPTANSSNTQVNDIR (245-261) 1876.8935  2769.2335  2769.1876  N2M3 i T =
MGQMSVLTGTQGEIRSNCSAR (318-338) 2226.0429  3686.6029  3686.6965  N2M4N2
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At2g30210

homologous to laccase (AtLAC3)

CQGPNGTR (379-386) 832.3736 1708.7136 1708.7366  N2M2F1 O—-&; I
SCPNVTNIVR (40-49) 1102.5679  1964.8879 1964.9476  N2M2X1 FrH bl
At3g49120  peroxidase (AtPrx34) SCPNVTNIVRETIVNELR (40-57) 2057.0813  3065.4613 3065.5449  N2M2F1X1 ’“Eﬂ*'“f
o0
GLIQSDQELFSSPNATDTIPLVR (272-294) 2501.2888  3687.7288 3687.7991  N2M4X1 B2 i
T
NYTR (88-91) 553.2734 14155934 14153922  N2M2X1 o—l—-—n ..
NYTRGAGR (88-95) 894.4546 1827.8146 1827.5085  N2M2N1 50001
- ; FWNPNINYTLWAQGK (36-50 1851.9182  2931.3382 2931.2651  N2M2N1F1 G
homologous to blue copper binding protein QGK( ) : : : .
At4g12880 A
(AEEN20)
FWNPNINYTLWAQGK (36-50) 1851.9182  3312.4782 3312.3093  N2M4N2
KFWNPNINYTLWAQGK (35-50) 1980.0132  3661.6532 3661.0480
Proteases
homologous to serine carboxypeptidase D
At3g02110  (SCPL25) (Peptidase family S10, $10.005, NWNDTDSTVLPIYR (365-378) 1693.8186  3270.4186 32704210  N2M3N2F1X1
MEROPS)
homologous to Asp protease (pepsin family)
At3g54400 (Peptidase family A1, subfamily A1B unassigned SSNFSGSLR (239-247) 954.4645 1992.8645 1993.0300 N2M3F1

peptidases, MEROPS)

21



SSNFSGSLR (239-247) 954.4645 2124.9045 21249189  N2M3F1X1 2 L
o e
SSNFSGSLR (239-247) 954.4645 2286.9645 2286.4467  N2M4F1X1 AR
T A
MNLTAK (262-267) 677.3656 1610.7256 1610.5756 ~ N2M2N1 [ RO = |
KMNLTAK (261-267) 805.4606 1870.8606 1870.5458  N2M2N1X1 5100l
homologous to serine carboxypeptidase 4
A3963470  cpy 40)
KMNLTAK (261-267) 805.4606 2220.0006 2219.5480  N2M2N2F1X1
KMNLTAK (261-267) 805.4606 2225.0006 2224.4596  N2M5N1
Proteins with interacting domains (with proteins or polysaccharides)
QTNCANFNFTSTA (400-412) 1418.6011  2635.0611 2635.3037  N2M5
At1g03220  homologous to carrot EDGP and tomato XEGIP
QTNCANFNFTSTA (421-433) 1418.6011  3365.3411 3364.6962  N2M7N2
DANTSSVAYIK (444-454) 1168.5850  2501.0850 2500.3921  N2M4F1X1
At1g78830  homologous to lectin (curculin-like) NNPVGENATLSLGR (100-113) 1441.7399  2612.1799 2612.1033  N2M3F1X1
e
DANTSSVAYIKY (444-455) 1331.6483  2573.1283 2573.5324  N2M3N1F1 .PF'*A
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Atlg78850  homologous to lectin (curculin-like)

GSPVKENATLTFGEDGNLVLAEADGR (96- e a0 ag3g7ses 38305284  NZM3FIX1

HNATLSFIR (268-276) 1058.5747  1934.9147 1934.6541  N2M2F1 H—I—I

HNATLSFLR (268-276) 1058.5747  1934.9147 1934.6541  N2M2F1 it Iz

121)
APNASK (432-437) 587.3153  1960.8353  1960.6692 ~ N2ZM3N1F1X1 .:>T_H
5 A
At1g78860  homologous to lectin (curculin-like) HNATLSFLR (268-276) 1058.5747  2599.1547 2598.3817  N2M7
TGDTSLVAYVKAPNASK (421-437) 1721.9074  2760.3074 2760.3701  N2M3F1 B>

GSPVKENATLTFGEDGNLVLAEADGR (96- ;00 3168 38307568  3830.5284  N2M3F1X1 :

121)
SLTNLSSLMHLDLR (170-183) 1599.8529  2932.3529 2932.7810  N2M4F1X1 o
< A
At3g20820  homologous to PGIP (LRR domains)
SLTNLSSLMHLDLR (170-183) 1599.8529  3014.3929 3014.3935  N2M2N2F1X1
NNNISGVIPR (191-200) 1083.5911  2254.0311 2253.4454  N2M3F1X1 e T B
At5g12940 gomo!ogous to Phaseolus vulgaris PGIP2 (LRR
omains) m-
NNNISGVIPR (191-200) 1083.5911  2660.1911 2660.2128 ~ N2M3N2F1X1 o o =@

Structural proteins




FNRSLVAVR (181-189) 1061.6220 2273.0800 2273.2976  N2M2N1F1X1 ®=@= i
< A
FNRSLVAVR (225-233) 1061.6220 2303.1020 2302.9716  N2M3N1F1 e P B
At1g28290  PRP/AGP (AtAGP31) A
SKKNITAETTTDK (222-234) 1436.7597  2867.2997 2867.2985  N2M3N2X1 e = =
|
LVCKSKKNITAETTTDK (218-234) 1880.0163  3324.5763 3325.3717  N2M3N2F1 e T
)
Miscellaneous
At2g27190  homologous to purple acid phosphatase NRTHAYFSWNR (429-439) 1451.6933  2314.0133 2313.4018  N2M2X1 T e
NRTR (213-216) 546.3112  1716.7512  1716.5568  N2M3F1X1 02 i -
_ | NRTR (213-216) 546.3112 1757.7712 1757.5659 | oMaNLFLXL ron Sl
At4g25900 homologous_to apospory—a_ssouated protein
(aldose 1-epimerase domain) .
NRTR (213-216) 546.3112 2122.9112 2122.6203  NZ2M3N2FIX1 g o %N
i3 A
NRTRFTDHEK (213-222) 1303.6507  2342.0507 2341.6471  N2M3F1 <k
Unknown function
At2g28490  expressed protein (cupin domain) TLNLTSLSIAFGVDEETMRR (462-481) 2253.1549  3145.4949 3145.6553  N2M3 >
TLNLTSLSIAFGVDEETMRR (462-481) 2253.1549  3261.5349 3262.1740  N2M2F1X1 TR



TLNLTSLSIAFGVDEETMR (462-480) 2097.0538 3313.5138 3314.4323 N2M5

At3g22640  expressed protein (cupin domain) LFTSQNYSYFAPTSR (450-464) 1781.8499 2952.2899 2951.9541 N2M3F1X1
[
LNVTK (97-101) 574.3564 1760.7964 1760.8636 ~ N2M4X1
At5g11420  expressed protein (DUF642)
LNVTK (97-101) 574.3564 1774.8164 1774.8811  N2M4F1l

a PutativeN-glycosylation sites predicted by PROSITE are itdl{bttp://www.expasy.org/prosite/\

b Glycan structures are designed using the Glycobrkh software (Ceroni et al., 2008): Man ®1) GIGNAc (N)® | Fuc (FA | Xylose (¥ O
Gal (G).
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5. EXPERIMENTAL

5.1. Plant culture, cell wall isolation and cell ivprotein extraction

A. thalianaseeds (ecotype Columbia 0) were grown in the darlessribed (Feiz et al.,

2006). Etiolated hypocotyls were collected at 1¢sd&ell walls were isolated as previously
reported (Feiz et al., 2006). Proteins were extcafttam the cell wall preparation using 0.2 M
CaCh and 2 M LIiCl solutions, as described (Irshad et 2008). After desalting, proteins
were lyophilized and solubilized in binding bufferuitable for the subsequent
chromatography step. Protein content was estimatie) the Bradford method with bovine
serum albumin as a standard (Bradford, 1976).

5.2. Glycoprotein enrichment

5.2.1. Lectin affinity chromatography

Four lectin-agarose matrixes (Sigma, St Louis, MOjemgsede.g. ConA, AIL, PNA and
WGA. All chromatography steps were carried out in batadde and the different samples
(flow-through, wash and elution) were obtained by d&#on. Before equilibration, ConA,
AIL and PNA resins were conditioned with 10X volume o#-vash buffer 1 (20 mM Tris-
HCl pH 7.4, 1 M NacCl, 3.33 mM Mg@MnCl,/CaC}h) and the WGA resin with 10X volume
of pre-wash buffer 2 (20 mM NAPO/NaH,PO, pH 7, 1 M NaCl) in order to remove

unbound lectins.

5.2.1.1. ConA affinity selection
After resin equilibration with 10X volume of bindingitbfer 1 (20 mM Tris-HCI pH 7.4, 150
mM NaCl, 1 mM MgCH/MnCl,/CaCh), CWPs (8 mL at 125 pg/mL in binding buffer 1) wer
put in contact with the matrix (0.6 mL) for 2 h aom temperature. After flow-through
removal, the resin was washed three times by 1.5omhinding buffer 1. Proteins were
eluted with 3X 1.5 mL of binding buffer 1 supplemeshtwith 1 M methyle-D-Glc (Sigma).
A fraction of flow-through (3 mL) and the totality @ach wash and elution samples were
desalted using Econo-Pac 10 DG columns (Bio-Rad, HexcGA) and lyophilized.
In a second experiment, two successive steps of Caiffiity chromatography were
performed (Fig. 2). The first chromatography wasiedrout like described above. The three
elution fractions were mixed, desalted using Ecoao-RO DG columns (Bio-Rad) and
resuspended into binding buffer 1 prior to a secGodA chromatography performed as the

first one.
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5.2.1.2. Multidimensional lectin affinity selection

Four lectin-agarose resins (AIL, ConA, PNA and WGA) wased for multidimensional
lectin affinity selection. The flow-through fracti from a matrix was loaded onto the next
one in the following order: AIL, PNA, ConA and WGA (F&). CWPs (10 mL at 300 pg/mL
in binding buffer 1) were incubated with 1 mL of tAé. matrix, beforehand conditioned
using 10 mL of binding buffer 1, for 8 h at 4°C endnild agitation. Flow-through was
collected. After two consecutive washes using 3 rhhinding buffer 1, proteins were eluted
by 2X 3.2 mL of 1 M Gal in binding buffer 1.

Chromatography on PNA and ConA were performed, usinglLlof resin in each case.
Equilibration and wash steps were performed with Inigdiuffer 1, under similar conditions
as for AIL chromatography. The incubation times wpttoteins were adjusted to 14 h for
PNA and 4 h for ConA. Elutions were carried out withdomg buffer 1, supplemented with
0.5 M Gal and 1 M methyD-Glc for PNA and ConA respectively. The ConA flow-thrbug
fraction was dialyzed against binding buffer 2 (8 NaHPOJ/NaH,PO, pH 7, 200 mM
NacCl) required for WGA-affinity chromatography. Ingtcase, incubation was performed for
8 h at 4°C. Washes and elution steps were doneasiyntio other lectin chromatography,
using 0.5 M GIcNAc in binding buffer 2. All the eluti@amples, as well as a part (one fifth)
of the last flow-through fraction issued from the W@in, were desalted using Econo-Pac

10 DG columns and lyophilized prior to electropharetnalyses.

5.2.2. Boronic acid chromatography

A phenylboronic acid-agarose conjugate resin (ClinteéSaint-Germain-en-Laye, France)
was used. After a conditioning step of the resin [3 with 2X 10 mL of binding buffer 3 (50
mM HEPES pH 8.4, 0.5 M NaCl), CWPs (10 mL at 100 (lgim binding buffer 3) were
incubated in batch with the matrix for 20 min onhaler at room temperature. The flow-
through fraction was collected by gravity and a wstdp was performed with 2X 10 mL of
binding buffer 3. The resin, in suspension with Imgdouffer 3 was transferred into an empty
column. After an additional wash step with 5 mL ofding buffer 3, proteins were eluted
using 2X 3 mL of binding buffer 3 supplemented wi@0InM Tris. Part of flow-through and
wash fractions as well as the totality of each efufractions were desalted using Econo-Pac

10 DG columns (Bio-Rad) and lyophilized prior to étephoretic analysis.

5.3. Electrophoretic analyses of glycoproteins BSS?AGE and lectin blots
27



Dried samples from the different chromatography stepre dissolved in 50 to 200 pL of
UHQ water, depending on the number of electrophorettyaes to be performed. In the case
of ECb, dried sample was dissolved in 100 pL of 28 BITT and incubated at 50°C for 30
min. After iodoacetamide addition to a final concation of 100 mM, ECb sample is
incubated at room temperature for 30 min prior ingdFifty pL of each sample were loaded
on 10 x 12 x 0.15 cm or 15 x 22 x 0.15 cm SDS-pallamide gel with a concentration of
12.5 % of acrylamide/bisacrylamide. Separation wafopmed according to Laemmli (1970).
The gel staining was carried out with CBB (Schetealg 1998) or with th@-glycosyl Yariv
reagent (Willats and Knox, 1996). The experimentaletular masses were determined using
the Melanie3 software (Geneva Bioinformatics SA, Gen8wvatzerland) with marker masses
as standards. For lectin blots, proteins sepaifaye8DS-polyacrylamide gel electrophoresis
(SDS-PAGE) were transferred onto a PVDF membrane (Stielei& Schuell, VWR,
Fontenay-sous-Bois, France) using a liquid transtdlr (Mini Trans-Blot Cell, Bio-Rad).
Transfer was carried out at 4°C in transfer buffenistHCI 48 mM, glycine 39 mM, SDS
0.0375%) for 2 h 15 at 75 V. Glycoproteins boundh® membrane were revealed, through
their glycans, by a lectin blot method, using diéfat digoxigenin-labeled lectins (DSA, GNA
and PNA) provided in the DIG Glycan Differentiation Kigllowing the manufacturer’s
recommendations (Roche, Mannheim, Germany). A totatein extract fromEscherichia

coli (30 pL at 0.4 pg/uL) was used as negative conbrdetctin blots.

5.4. MS analyses

5.4.1. MALDI-TOF MS

Bands stained with CBB were excised from gels aneéstegl with trypsinas described
(Borderies et al., 2003; Boudart et al., 2005). NDMTOF MS analyses were performed
using a Voyager-DE STR mass spectrometer (AppliedyBiesis/MD SCIEX). Spectra were
acquired in reflectron mode as previously reportBdrderies et al., 2003). Peptide mass
fingerprints were compared to the non-redundant bds of A. thaliana at NCBI
(http://www.ncbi.nlm.nih.gov/) using ProteinProspector MS-FIT

(http://prospector.ucsf.edu/prospector/cqgi-bin/msfeqgi?form=msfitstandajd

Monoisotopic mass accuracy of 20 ppm, minimum ahdtching peptides, maximum one
missed cleavage, and possible oxidation of Medtes and hydroxylation of Pro residues
were the criteria used for database searches. Cgexymmidomethylation was allowed for

reduced alkylated samples.

5.4.2. LC-MS/MS
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Prior to analysis, proteins were shortly separaie8DS-PAGE to get three samples in order
to increase the efficiency of tryptic digestion-del digestion was performed with the Progest
system (Genomic Solution, Digilab, Cambridgeshire,) @€cording to a standard trypsin
protocol. Gel pieces were washed twice by successitres lof 10% acetic acid, 40% ethanol,
and acetonitrile (ACN). They were then washed twicesssively with 25 mM NECO; and
ACN. Digestion was subsequently performed for 6 h &C3with 125 ng of modified trypsin
(Promega, Charbonniéres-les-Bains, France) dissoive 20% methanol and 20 mM
NH4COs. The peptides were extracted successively with 20aaroacetic acid (TFA) and
50% ACN, and then with ACN. Peptide extracts were dried ivacuum centrifuge and
suspended in 20 pL of 0.05% TFA, 0.05% HCOOH, and 2% ACN.

HPLC was performed on an NanoLC-Ultra system (Eksigeablin, CA). A 4 pL sample
was loaded at 7.5 pL.mifron a precolumn cartridge (stationary phase: C18vRaepl00, 5
pum; column: 100 um i.d., 1 cm; Dionex, Voisins le Breneux, France) and desalted with
0.1% HCOOH. After 3 min, the precolumn cartridge washeated to the separating PepMap
C18 column (stationary phase: C18 PepMap 100, 3 ¢otymn: 75 pum i.d., 150 mm;
Dionex). Buffers were 0.1% HCOOH in water (A) and 0.1% HCOM@HACN (B). The
peptide separation was achieved with a linear gnadiem 5 to 30% B for 28 min at 300
nL.min™. Including the regeneration step at 95% B andetiglibration step at 95% A, one

run took 45 min.

Eluted peptides were analyzed on-line with a LTQ Xh teap (Thermo Electron, Thermo
Fisher Scientific Inc, Courtaboeuf, France) usintaaoelectrospray interface. lonization (1.5
KV ionization potential) was performed with liquid gtion and a noncoated capillary probe
(10 um i.d.; New Objective). Peptide ions were analyradg Xcalibur 2.07 (Thermo Fisher
Scientific Inc) with the following data-dependent aisition steps: (1) full MS scan (mass-to-
charge ratio (m/z) 300 to 1400, centroid mode) @)dVMS/MS (qz = 0.25, activation time =
30 ms, and collision energy = 35%; centroid mo&¢p 2 was repeated for the three major

ions detected in step 1. Dynamic exclusion wascsg0ts.

A database search was performed with X! Tandem (wersi®009.04.01.1)
(http://www.thegpm.org/TANDEM/ Enzymatic cleavage was declared as a trypsirstiaye

with one possible miscleavage. Cys carboxyamidontegiby and Met oxidation were set to
static and possible modifications, respectivelyedarsor mass and fragment mass tolerance

were 2.0 and 0.8, respectively. A refinement searchadaed with similar parameters except
29



that semi-tryptic peptides and possible N-ter prsteacetylation were searched. The
Arabidopsis Information Resource (TAIR, http://www.ddapsis.orgf database (32825

entries, version 8) and a contaminant databaspsftrykeratins, ...) were used. Only peptides

with an E-value smaller than 0.1 were reported.

Identified proteins were filtered and grouped using! Tandem parser
(http://pappso.inra.fr/bioinformatique.html) accmgl to: (1) a minimum of two different
peptides was required with an E-value smaller th@b,q2) a protein E-value (calculated as
the product of unique peptide E-values) smallenth@*. To take redundancy into account,
proteins with at least one peptide in common weremgd. Within each group, proteins with
at least one specific peptide relatively to othemmbers of the group were reported as sub-

groups.

5.5. Bioinformatics

Sub-cellular location, length of signal peptidesediction of transmembrane domains,
homologies to other proteins and protein functiod@mains were predicted as previously
described (Minic et al, 2007) or using theProtAnnDB database
(http://www.polebio.scsv.ups-tise.fr/ProtAnnDB/ (San Clemente et al., 2009)N-

glycosylation consensus sequences were determined ing us Prosite

(http://www.expasy.org/prosite/  N-glycans were predicted by ProTerNyc

(http://www.polebio.scsv.ups-tise.fr/ProTerNy¢Albenne et al., 2009). The list of masses

obtained after theoretical digestion of proteinnsidering possibleN-glycosylations on
predicted consensus sites was compared to thefliskmgerimental masses obtained after
MALDI-TOF MS analysis with a mass tolerance up td 3fpm. A manual validation of
glycan prediction was performed on MS spectra, cmmsig only peaks with a significant

signal/noise ratio and not used for any proteimiifieation in the corresponding band.
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