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Abstract

The plant extracellular matrix contains typical polysaccharides such as cellulose,
hemicelluloses and pectins that interact to form dense interwoven networks. Plant cell walls play
crucial roles during development and constitute the first barrier of defense against invading
pathogens. Cell wall proteomics has greatly contributed to the description of the protein content
of a compartment specific to plants. Around 400 cell wall proteins (CWPs) of Arabidopsis
representing about one fourth of its estimated cell wall proteome, have been described. The main
points to note are that: (1) the diversity of enzymes acting on polysaccharides suggests a great
plasticity of cell walls; (i1) CWPs such as proteases, polysaccharide hydrolytic enzymes, and
lipases may contribute to the generation of signals; (i11) proteins of unknown functions were
identified, suggesting new roles for cell walls. Recently, the characterization of PTMs such as N-
and O-glycosylations improved our knowledge of CWP structure. The presence of many
glycoside hydrolases and proteases suggests a complex regulation of CWPs involving various
types of post-translational events. The first 3D-structures to be resolved gave clues about the
interactions between CWPs, or between CWPs and polysaccharides. Future work should include:
extracting and identifying CWPs still recalcitrant to proteomics, describing the cell wall
interactome, improving quantification, and unraveling the roles of each of the CWPs,

1 Introduction

Plant cell walls are composite structures, mostly made up of polysaccharides, proteins and
lignins, the latter being found only in specific cell types. Polysaccharides represent up to 95% of
cell wall mass whereas CWPs only account for 5 to 10% [1]. Models of cell wall structure
describe the arrangement of their components into dense interwoven networks of polysaccharides
and proteins [2, 3]. Cellulose microfibrils and hemicelluloses constitute a network, another one is
formed by structural proteins, e.g. extensins, both embedded in a pectin matrix. Plant cell walls
are dynamic structures essential not only for cell division, enlargement, and differentiation, but
also for response to environmental constraints [4, 5].

Cell wall dynamics is illustrated by immunodetection of various carbohydrate epitopes in
developing roots of Arabidopsis thaliana. These epitopes are unevenly distributed among the
walls of a given cell and their location around cells is regulated during development [6]. Such a
control of the fine structure of cell walls may be performed by addition of new cell wall material
and/or modification of existing components by cell wall enzymes. Many essential roles of such
cell wall proteins (CWPs) during development or in response to environmental constraints will be
illustrated in this review.

Three types of CWPs can be distinguished on the basis of their interactions with cell wall
components [7]. Loosely bound CWPs have little or no interactions with cell wall
polysaccharides and thus move freely in the intercellular space. Alternatively, CWPs can be
weakly bound to the matrix by Van der Waals interactions, hydrogen bonds, hydrophobic or ionic
interactions. Even though most of the cell wall polysaccharides are neutral, pectins contain
polygalacturonic acid residues that provide negative charges for interactions with basic proteins.
Such interactions could be modulated by pH, degree of pectin esterification, Ca*" concentration,



as well as the mobility and diffusion coefficients of the pectins [3]. Finally, CWPs can be
strongly bound to cell wall components and become resistant to salt-extraction. For instance,
extensins are cross-linked by covalent links [8].

Despite the difficulties specific to the extraction and analysis of CWPs, cell wall proteomics
has become an active field during the last years. Today, around 400 CWPs have been described
in Arabidopsis thanks to cell wall proteomic analyses. They represent about one fourth of
expected cell wall proteins [7]. Results have mainly been obtained with the model plant
Arabidopsis [9-23]. Some studies have also been performed on Medicago sativa [24], Zea mays
[25], and Cicer arietinum [26]. The resulting cell wall proteomes were different showing in
another way that cell wall structure and composition are regulated during development. They also
allow comparison between cell wall proteomes of different organs in relation to their functions.
The characterization of the Z. mays xylem sap proteome should be mentioned since it also reveals
secreted proteins [27]. Finally, the plasma membrane proteome provides information on CWPs
interacting with plasma membranes [28].

This review focuses on Arabidopsis cell wall proteomics with special emphasis on CWP
structure and function. Strategies will be discussed based on specific properties of cell walls and
CWPs. Beyond protein identification, questions concerning protein structures, e.g. post-
translational modifications (PTMs) and interactions with cell wall components, will be addressed.
Finally, the main features emerging from cell wall proteomics will be highlighted, i.e. plasticity
of cell walls, signaling via cell walls, and identification of many proteins with an as yet unknown
function.

2. Specific strategies for plant cell wall proteomics

There are several constraints in performing cell wall proteomics: (1) the lack of a delimiting
membrane may result in the loss of CWPs during the isolation procedure, (i1) polysaccharide
networks of cellulose, hemicelluloses, and pectins form potential traps for intracellular proteins
that contaminate CWP extracts, (ii1) CWPs are embedded in a polysaccharide matrix and interact
in different ways with other cell wall components, making the extraction of some of them
challenging, (1v) separation of CWPs by 2-DE is not very efficient since most of them are basic
glycoproteins, (v) identification of heavily O-glycosylated CWPs is very hard using peptide mass
mapping by MS. Specific strategies have been developed to overcome these difficulties.

2.1. Extraction methods

For the reasons stated above, a complete cell wall proteome cannot be obtained with a single
extraction procedure. Employing living cells is probably the best choice to avoid contamination
with intracellular proteins [7, 29]. Fig. 1 shows three different non-destructive methods for CWP
extraction. Both loosely- and weakly-bound CWPs can be released using these extraction
methods. In certain cases, it is not possible to apply the above methods, and destructive ones
should be employed [7, 29] (Fig. 1). The general practice is the purification of cell walls followed
by extraction of the proteins with salts. However, this approach implies losing most of the loosely
bound CWPs, and the contamination with intracellular proteins sticking non-specifically to the
cell walls 1s considerably increased [16].



Whatever the starting material, living cells or purified cell walls, the composition of the
extraction buffer is critical and determines which type of proteins can be released from the cell
walls. Most loosely bound CWPs are dissolved with a low ionic strength solution or simply with
0.3 M mannitol infiltrated in living tissues such as leaves [13]. Weakly bound CWPs are
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Figure 1. Strategies of CWP extraction for proteomics. Two kinds of procedure can be used
for sample preparation prior to CWP extraction and analysis. Non-destructive methods consist of
in analysis of proteins secreted in culture media [11, 14] (A), washings of cells with salt solutions
[11, 18] (B) or vacuum infiltration of organs with salt solutions [13, 25] (C). Destructive methods
require grinding the plant material either to purify cell walls [10, 15, 16] or to select CWPs using
a specific property [22]. In all cases, either all CWPs can be considered for further analysis or a
sub-proteome can be selected through a specific

extracted by salts such as NaCl, LiCl or CaCl,, While LiCl was used to extract Hyp-rich
glycoproteins (HRGPs) from the glycoprotein matrix of the green alga Chlamydomonas
reinhardii [30], the most efficient salt for the extraction of higher plant CWPs is CaCl, [13].
However, strongly-bound CWPs are still resistant to salt-extraction. An example is provided by
peroxidases, lacking in the rosette proteome whereas peroxidase activities have been found in
rosette leaves [13]. The use of several salt solutions to release CWPs by vacuum-infiltration was
probably not efficient to elute peroxidases that can be bound to Ca*" pectates [31]. Also,
structural proteins are under-represented in all cell wall proteomes. Either they were not extracted
from cell walls due to their covalent cross-linking in networks [8] or they were not identified
using MS due to the absence of sites for tryptic digestion or to their high level of glycosylation
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(see below). A sequential treatment with enzymes able to degrade cell wall polysaccharides was
proposed to extract strongly bound CWPs from Candida albicans [32]. However, such methods
have not yet been applied to plant cell walls. Finally, the low abundance of many CWPs is
certainly an important limiting factor for their identification.

2.2. Purification and detection of specific CWPs

Affinity chromatography 1s a widespread method to get sub-proteomes. Since CWPs go
through the secretory pathway, most of them are supposed to be glycosylated. Affinity
chromatography using lectins can select glycoproteins containing different carbohydrate
moieties. Con A was used to select N-glycosylated proteins and 89 putative cell wall
glycoproteins were identified from mature Arabidopsis stems [22].

A specific sub-proteome has been isolated by phase partitioning and sensitivity to
phospholipase C from lipid rafts to analyze glycosylphosphatidyl inositol-anchored proteins
(GAPs) that are located at the cell surface [12].

Arabinogalactan proteins (AGPs) are proteoglycans with O-glycosylation comprising up to
90% of the polysaccharides and specifically recognized by the B-Yariv reagent through an
interaction of the antigen-antibody type [21]. AGPs are not revealed by classical gel staining by
CBB but are revealed as a smear with the B-Yariv reagent (Fig. 2A). Another case 1s that of GRPs
containing only a few aromatic amino acids, thus escaping the classical gel staining by CBB. An
alternative staining method should be used such as amido black. As shown in Fig. 2B, GRPs are
revealed after amido black staining as two additional bands at 22 and 20 kDa. On the contrary,
the band at 38 kDa containing a GRP is stained less by amido black staining than by CBB
staning.

Figure 2. Staining of CWP with
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specific properties. Some CWPs
behaving like proteoglycans or having
biased amino acid composition do not
stain with CBB and thus might escape
proteomic analysis. A. Comparative
staining of CWPs secreted by etiolated
seedlings grown for 14 days in liquid
culture medium with CBB (1) and f-
Yariv reagent (2). Proteins were
analyzed as previously described [14].
B. Comparative staining of a CWP
protein fraction extracted from 11-day-
old etiolated hypocotyls with amido
black (1) and CBB (2). CWPs were
extracted with CaCl, and LiCl from
purified cell walls [16] and
subsequently separated by cationic
exchange chromatography (Irshad et al.

unpublished results). The analyzed fraction was eluted with 0.8 M NaCl.
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2.3. Analysis of CWPs

The analysis of CWPs can be performed in different ways (Fig. 3). Multidimensional protein
identification technology (MudPIT) is a powerful tool allowing the identification of a large
number of proteins by direct tryptic digestion of the protein extract, followed by peptide
sequencing through 2D-LC-MS/MS [10]. This direct analysis is primarily important for CWPs,
which contain a great proportion of basic glycoproteins, poorly resolved by the classical 2-DE
(Fig. 4). An alternative i1s the fractionation of CWPs by cation exchange chromatography
followed by 2-DE or 1-DE for acidic or basic proteins respectively [11, 13]. In-gel tryptic
digestion is performed prior to peptide mass mapping using MALDI-TOF MS or peptide
sequencing by LC-MS/MS. It should be noted that these strategies do not provide exactly the same results, but
their combination can increase the coverage of a proteome [33].

[ Cell Wall Proteins }
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Bioinformatic analysis &
Identification of proteins

Figure 3. Strategies for CWP proteomic analyses. Once extracted, CWPs can be directly
analyzed by 2D-LC-MS/MS after tryptic digestion. Alternatively, they can be fractionated
according to their pl and subsequently separated by 2-DE or 1-DE prior to in-gel tryptic digestion
and MALDI-TOF MS or LC-MS/MS analysis. In all cases, the last step of the procedure consists
in a bioinformatic analysis to get final identification of the proteins.

Identification of heavily O-glycosylated CWPs requires a deglycosylation step prior to tryptic
digestion and analysis by MS or Edman sequencing. The most efficient way to perform this
deglycosylation without disruption of the peptide bonds is hydrogen fluoride (HF) treatment in
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anhydrous conditions [34]. It has been successfully performed with AGPs [21], Hyp-rich/Pro-rich
proteins (H/PRPs) and extensins [35].
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Figure 4. Virtual analysis of CWPs by 2-DE. MM (kDa) and pl of proteins identified in previous
cell wall  proteomic studies were calculated (http://www.1ut-arles.up.univ-
mrs. fr/w3bb/d_abim/compo-p.html) and used to draw a virtual 2-DE gel where proteins are
represented by diamonds. The rectangle shows the usual window of resolution of 2-DE gels. The
oval broken line surrounds the majority of CWPs that have a basic pI and that have been analysed
by 1-DE. The oval dotted line surrounds CWPs (open diamonds) that have small MM and that
have been identified by Edman sequencing or LC-MS/MS.

2.4. Evaluation of protocols

At a large scale, the most efficient way to evaluate CWP extraction protocols for a proteomic
study is to perform extensive bioinformatic analysis after identification of all the proteins by MS.
The aim is to determine if the proteins identified contain a signal peptide, and no retention signals
for other cell compartments. Several software packs should be used to ensure reliable prediction:
PSORT predicts any sub-cellular location (http:/psort.ims.u-tokyo.ac.jp/form html); TargetP
looks for the presence of signal peptides for protein secretion or transit peptides for
mitochondrion or chloroplast targeting (http://www.cbs.dtu.dk/services/TargetP/). It is then
possible to assess the quality of the extraction protocol by calculating the ratio of predicted
secreted proteins to intracellular ones. However, such in silico approaches do not prove the
extracellular location of proteins. /n vivo approaches such as immunolocalization or localization
by GFP (Green Fluorescent Protein) fusions should be performed. The lack of such experiments
associated with cell wall proteomic studies constitutes a great weakness.
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Indeed, proteomic studies made on cell walls revealed leaderless proteins mixed with secreted
proteins, many of which have well-known functions inside the cell. There have been many
discussions about the possibility of finding non-canonical proteins in plant cell walls [7, 36]. Are
they bona fide secreted proteins or just contaminants? Recent studies have revealed that several
proteins found in the extracellular matrix of animal cells can be secreted without a classical N-
terminal signal peptide [37]. Moreover, several cytosolic proteins called moonlighting proteins,
have been experimentally shown to perform a second function outside the cell [38]. A non-
classical secretory pathway seems to work independently of the endoplasmic reticulum-Golgi
network, since protein export is not troubled by monensin or brefeldin A, inhibitors of the
classical secretory pathway [39]. A sequence-based method of prediction of non-classical-
triggered secretion for mammalian proteins, gram+, and gram- bacteria, has been developed
(http://www.cbs.dtu.dk/services/SecretomeP-1.0). The assumption is that extracellular proteins
share certain properties and features which can be related to protein function outside the cell,
independently of the secretory process itself [40]. Extracellular proteins were used as positive
input, while proteins known to be nuclear or cytoplasmic were used as negative input. Since the
secretory mechanism of eukaryotes evolved early and seems to be common to animals and plants,
we used SecretomeP set up to predict potential secretion of plant proteins. Fifty proteins found in
several proteomic studies of Arabidopsis cell walls and devoid of predicted signal peptide were
analyzed (Table 1). Only 14 are predicted as putative leaderless secreted proteins. It is interesting
to note that many of the predicted non-classical secreted proteins are linked to lipid metabolism.

To validate the performance of this tool with plant proteins, the location of the potential
secreted proteins listed in Table 1 should be proved on intact tissues and not on purified fractions.
In addition, experiments should be performed to explore the possibilities of occurrence of
moonlighting proteins performing new functions in cell walls. From the study of Bendtsen et al.
on 21 771 human proteins [40], only 46, excluding immunoglobins, were predicted to be secreted
via the non-classical secretion pathway. This shows that this alternative pathway is very
exceptional in contrast with the around 3600 proteins secreted through the N-terminal one [40].
The very high number of known intracellular proteins found in many of the plant cell wall
proteomic studies must alert us about the purity of the samples. However, we must be aware that
MS approaches are considerably more sensitive than biochemical ones. For that reason,
contaminants will always be detected in cell wall protein samples analyzed by MS tools, even as
traces. The detection of these unexpected proteins in cell wall preparations is not sufficient per se
to postulate that they are extracellular.

Table 1. Analysis of proteins without signal sequence with the SecretomeP software.

Proteins without signal peptide found in several proteomic analyses of Arabidopsis cell walls [10,
11, 13-15, 36] were analyzed using SecretomeP (http://www.cbs.dtu.dk/services/SecretomeP-
1.0). Scores higher than 0.600 were considered as significant as reported by Bendtsen et al.
(2004) [40]. Among the 50 proteins analyzed, only 14 were predicted as potential candidates that
may be exported via non-classical secretion.




Gene Neural
accession Putative function Network-
number score
Predicted non-classical secretory proteins
At2g39050 |Homologous to lectin (ricin-type) 0.903
At3g03060 | Homologous to ATPase (AAA family) 0.843
At3g26060 | Peroxiredoxin Q 0.837
At1g67880 | Glycosyl transferase family 17 0.836
At2g43710 |Homologous to fatty acid desaturase 0.819
At1g43800 |Homologous to fatty acid desaturase 0.813
At3g02630 | Homologous to fatty acid desaturase 0.750
Atl1g72730 |Homologous to RNA helicase 0.746
At1g15390 |Homologous to polypeptide deformylase 0.729
At2g21170 |Homologous to triose phosphate isomerase 0.655
At3g52960 | Homologous to peroxiredoxin 0.648
At2g44350 | Citrate synthase 4 (ATCS) 0.622
At4g36530 | Homologous to hydrolase (alpha/beta fold family protein) 0.621
At3g16640 | Homologous to translationally controlled tumor protein (TCTP) 0.608
Predicted intracellular proteins
At2g38870 | Homologous to proteinase inhibitor 0.584
Unknown function (oxido-reductase NAD- and FAD-binding
At5g20080 | domains) 0.576
At1g72560 |Homologous to yeast exportin (PSD1) 0.555
At2g17190 | Ubiquitin family 0.552
At3g15360 | Thioredoxin M type 4 (ATHM4) 0.551
At2g36530 | Homologous to enolase 0.547
At4g30690 | Homologous to translation initiation factor IF-3 0.536
At5g42980 | Thioredoxin H type 3 (ATTRX3) 0.530
At4g17260 | Homologous to lactate/malate dehydrogenase 0.525
At3g16400 |Homologous to jacalin (ATMLP-470) 0.509
At5g49190 | Glycosyl transferase family 1 0.509
At1g03675 | Homologous to thioredoxin M 0.499
At2g01520 |Homologous to pathogenesis-related protein Bet v | 0.497
At3g15730 | Homologous to phospholipase D 0.495
At3g14440 |Homologous to carotenoid oxygenase 0.468
At3g04600 | Amino acid tRNA synthetase class | (W and Y) 0.458
At3g04120 | Glyceraldehyde-3-phosphate dehydrogenase C subunit (GAPC) 0.456
At5g38420 | RuBisCO small subunit 2B (ATS2B) 0.449
Atl1g56070 | Translation elongation factor (LOS1) 0.411




At2g25630 | Glycosyl hydrolase family 1 0.399
At5g26710 | Amino acid tRNA synthetase class | (E and Q) 0.397
At3g03060 | Homologous to ATPase (AAA family) 0.391
At1g69290 | Unknown function (PPR repeats) 0.386
At5g55990 | Homologous to calcineurin B 0.365
At1g24360 | Homologous to dehydrogenase/reductase 0.364
At3g30810 | Unknown function (DUF1633) 0.346
At5g08740 | NAD(P)H dehydrogenase C1 0.338
At4g31180 | Amino acid tRNA synthetase class Il (D, K and N) 0.337
At1g30580 | Unknown function (GTPase domain, DUF933) 0.324
At5g41550 | Unknown function (TIR domain, LRR domains) 0.317
At4g37870 | Homologous to phospho enol pyruvate carboxykinase 0.300
At3g16420 |Homologous to jacalin (PBP1) 0.289
At4922410 |Homologous to ubiquitin carboxyl-terminal hydrolase 0.288
At3g58480 | Unknown function (calmodulin-binding domain) 0.187
At5g46550 | Unknown function (bromodomain) 0.183
ARABIDOPSIS RESPONSE REGULATOR 1 (ARR1 (myb-like
At3g16857 | DNA-binding domain) 0.177

3. Structural features of CWPs

A new challenge in cell wall proteomics is the fine description of CWP structures. Indeed, most
of the time, systematic identification of CWPs through proteomic studies was performed
regardless of post-translational modifications or interactions with other cell wall components.
Structural characterization of some CWPs is now emerging, giving new insight into CWP
structures.

Among PTMs of CWPs, hydroxylations of Pro and glycosylations are probably the most
abundant since they occur during their transit through endoplasmic reticulum and Golgi
apparatus. The two main types of plant glycosylations are N- and O-glycosylations, depending on
the residues carrying carbohydrates [41]. On the one hand, plant N-glycosylations take place on
the consensus sequence Asn-Xaa-Thr/Ser, like in mammals, but display some structural
specificities. On the other hand, O-glycosylations are encountered on Ser or Hyp, the latter being
specific to plants.

Global approaches can be employed to describe glycoproteomes. First, glycoproteins must be
detected by specific staining and/or isolated by appropriate chromatography for subsequent sub-
proteome analysis by MS. Unlike mammals in which many glycoproteomes have been studied
[23], plant glycoproteomes are still poorly described. However, some experimental data
concerning glycosylations of CWPs are available. For instance, as many as 12 and 17 glycoforms
of a subtilisin serine protease and a PGIP (polygalacturonase inhibitor protein), respectively, have
been visualized by fluorescent staining with ProQ Emerald, specific for glycoproteins [27]. A
shift in electrophoretic mobility following treatment with a peptide N-glycosidase enabled the
presence of N-glycosylations on the COBRA protein to be demonstrated [42].

Recently, ConA chromatography was used to capture N-glycoproteins from mature
Arabidopsis stems [22]. The cell wall sub-proteome obtained was rich in glycoside hydrolases
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(GH) and in multicopper oxidases. However, the N-glycopeptide structures were not described in
this study. It is noteworthy to observe that expansins, known to be N-glycosylated [43], were
missing from this glycoproteome. This illustrates the difficulties inherent to glycoproteomics, it is
indeed challenging to identify all glycoproteins from an extract, enriched or not. Indeed,
glycoproteins can escape the analysis at any level of a peptide mass mapping procedure: (1)
electrophoresis separation, especially for heavily-glycosylated proteins that can be unable to
migrate; (i1) detection, since glycoproteins can be insensitive to classical staining like CBB; (111)
tryptic digestion, because of possible steric hindrance of glycans near proteolytic sites; (iv)
glycopeptide ionization, known to be less efficient than for unmodified peptides; (v) mass
spectrum analysis, since glycopeptide masses are not listed in data banks. Considering these
limits, studies focused on specific cell wall glycoproteins are more widespread than global
approaches.

Peroxidases provide good examples of structurally-characterized cell wall N-glycoproteins.
Biochemical analysis of a soybean peroxidase (SBP) has revealed that it is a glycoprotein
containing 18% carbohydrates (w/w) [44]. The oligosaccharides released with glycopeptidase A
were analyzed by combining anion exchange chromatography and MALDI-TOF MS. They were
shown to be of two types: the major oligosaccharides (up to 90 %) belong to the
(XyDMang,(Fuc)(GlcNAc, family (m = 2-6; f = 0 or 1; x = 0 or 1) while the remainder are
oligosaccharides of the high-mannose type Man,GIcNAc, (m = 5-9). In addition, SBP displays
considerable heterogeneity in its pattern of N-glycosylation. MALDI-TOF-MS analyses of tryptic
peptides indicated that all N-glycosylation consensus sites can be glycosylated but not all sites are
fully occupied [45]. Among the 7 putative Asn-Xaa-Thr consensus glycosylation sites for N-
linked glycans, only 3 are fully populated on Asn at positions 56, 130 and 144. The other 4 N-
glycosylation consensus sequons occur in close pairs. The Asn'®-Asn'”’ pair was found to be
mainly (85-90 %) diglycosylated. In contrast, the Asn*'-Asn®'® pair occurs primarily as a
monoglycosylated species, at the Asn*"" site. This can be correlated to the fact that these two
glycosylation sites are separated by only two amino acids. Indeed, since translation and
glycosylation occur at the lumen of the endoplasmic reticulum, it is suggested that glycosylation
at Asn®'! will interfere with that of Asn*'® by steric hindrance. In addition, glycan occupancy at
Asn™® can be decreased because of the preceding Asp residue whose negative charge may reduce
the oligosaccharyl transferase activity. Finally, analysis of the 3D-structure of SBP revealed that
the amide of Asn®'° is buried inside the structure, reducing its accessibility. In contrast, Asn'®’,
Asn'” and Asn®'! are either on convex surfaces or on a ridge. Unfortunately, glycans were not
present on the crystal structure of SBP since a recombinant protein expressed in E. coli was used
for crystallization experiments [46].

Pro hydroxylation and subsequent O-Hyp glycosylation are probably the most frequently
described PTMs for CWPs. HRGPs, comprising extensins and AGPs, as well as H/PRPs, are
major CWPs known to participate in plant extracellular matrix networks [47]. Modification of
Pro residues occurs in the endoplasmic reticulum, concomitantly with protein translation. This
can be followed by O-Hyp glycosylation by glycosyl transferases (GT) in the Golgi. However,
Pro-4-hydroxylase does not hydroxylate all Pro residues in HRGPs or H/PRPs. Similarly, all Hyp
residues are not glycosylated by GTs. It is now assumed that HRGP polypeptides themselves are
the primary determinants of HRGP hydroxylation and glycosylation. Indeed, extensins, AGPs
and H/PRPs can be distinguished by characteristic repetitive motifs in their primary sequence. An
original approach using synthetic genes was carried out to produce a range of repetitive peptides
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carrying putative glycosylation motifs, which were subsequently characterized combining
biochemical methods like circular dichroism, sugar and amino acid analyses or NMR [48], [35,
49]. These results, completed by studies on specific HRGPs isolated from plants [50-52] led to
the proposal of the so-called Hyp-O-glycosylation code of CWPs and the concept of functional
glycomodules, including Pro hydroxylation and glycosylation. Hyp-O-glycosylation occurs in
two ways, namely arabinosylation and galactosylation. On the one hand, Hyp-O-arabinosylation
is correlated with Hyp contiguity in sequences such as Xaa-Hyp,, Xaa being commonly Ser, Ala
or Thr, and n>2. Hyp-O-arabinosylation results in short, neutral, linear arabino-oligosaccharides
(Ara);.4. Such glycomodules are encountered in extensins. On the other hand, Hyp-O-
galactosylation i1s thought to occur on clustered non-contiguous Hyp residues (Xaa-Hyp),
typically found in AGPs, Xaa being commonly Ser, Ala or Thr. These glycomodules direct the
addition of large arabinogalactan polysaccharides, consisting in a [(-1,3-galactan backbone,
substituted at C6 or C3 by side chains containing galactose, arabinose, thamnose, and glucuronic
acid residues. Their length 1s diverse, ranging from 30 sugars/Hyp in gum arabic AGP, up to 150
sugars/Hyp in a radish leaf AGP [53].

Unlike HRGPs, few H/PRPs were characterized, from a structural and functional point of
view. Repetitive blocks of Lys-Pro-Pro-Val-Tyr(Lys) are often found in H/PRPs. The presence of
a Lys preceding Pro-Pro is thought to reduce glycosylation with arabino-oligosaccharides [50].
However, the limited number of structural studies performed on these proteins does not permit
the extension of the concept of functional glycomodules established for other HRGPs. A nice
structural study has been carried out on a basic H/PRPs cell wall glycoprotein extracted from
styles of Nicotiana alata, a galactose-rich style glycoprotein (GaRSGP) [54]. SDS-PAGE
analysis of the purified glycoprotein showed a smear ranging from 45 to 120 kDa, revealing a
remarkable heterogeneity in its glycosylation pattern. After consecutive deglycosylation steps
using anhydrous HF and N-glycosidase, the protein was observed by electrophoresis as distinct
bands at 31 and 29 kDa, respectively, indicating the presence of both O- and N-linked glycans.
GaRSGP was shown to consist of approximately 20-25% protein and 75-80% carbohydrates. GC-
MS analyses of trimethylsilyl-derivate carbohydrates and acetate alditols obtained from purified
glycoprotein enabled galactose to be identified as the predominant monosaccharide with 83
mol% of total carbohydrates and that it was shown that it can be terminal or linked through 1,3 or
1,6 or 1,3,6 linkages. The remaining 17 mol% carbohydrates consist notably of 4 % mannose,
encountered only in N-glycans, suggesting that O-glycosylation is the major glycosylated form.
The amino acid composition of GaRSGP showed that Hyp is the most abundant residue (9
mol%). However, biochemical evidence for O-glycosylation onto Hyp residues is still missing.

Other post-translationally modified proteins can be found in plant cell walls. GAPs are
targeted to the plasma membrane. However, since the GPI-anchor can be cleaved by specific
phospholipases, the proteins can exist in both soluble and membrane-associated forms. A large
number of Arabidopsis GAPs has been identified or predicted by combining proteomic and bio-
informatic analyses [12]. A sub-proteome has been obtained from callus cells using Triton X-114
phase partitioning and sensitivity to phosphatidylinositol-specific phospholipase C. The 30
proteins identified were shown to belong to 11 functional categories, such as AGPs,
arabinogalactan (AG)-peptides, [3-1,3-glucanases, Lipid Transfer Proteins (LTPs) or COBRA
protein. PTMs of AG-peptides were more precisely characterized: they are processed in vivo for
addition of a GPI-anchor, cleavage of signal peptide and GPI-anchor, Pro hydroxylation and
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subsequent glycosylation of Hyp residues [21]. Total AGPs were purified from Arabidopsis
seedlings by [-Yariv precipitation and deglycosylated using anhydrous HF. MALDI-TOF MS
and tandem MS/MS analyses of the deglycosylated extract enabled the identification of 10-17
amino acid-long AG-peptides without tryptic digestion. MS data clearly showed that all Pro
residues can be hydroxylated, demonstrating that Pro hydroxylation is possible even in the Gly-
Pro motif, previously described as unmodified. However, the efficiency of hydroxylation in Gly-
Pro motif is thought to be reduced as compared with Ala-Pro. The structure of the
polysaccharides carried by Arabidopsis AG-peptides has not been described so far but it is
thought to be as complex as those described in other plants [49, 55, 56].

Finally, a few reports suggest that CWPs may be phosphorylated. After separation by 2-DE
and i1mmunodetection using antibodies against phosphotyrosine residues, a lectin, a
xyloglucanase and a chitinase were identified by MALDI-TOF MS in Arabidopsis [S7]. A similar
proteomic approach carried out on maize CWPs enabled the identification of three
phosphotyrosine protein spots corresponding to peroxidases that were shown to be
dephosphorylated in response to elicitor treatment [S8]. However, as long as the presence of
phosphate has not been demonstrated by a clear identification of phosphopeptides by MS
experiments, the relevance of phosphorylated CWPs will remain uncertain. Indeed, even if an
extracellular phosphorylation mechanism has been suggested [59], all protein kinases identified
in Arabidopsis are predicted to be located in the cytosol [60]. The proteins claimed to be
extracellular kinases in Arabidopsis are probably lectins, since no kinase domain can be found in
these proteins by bioinformatic searches for functional motifs
(http://www.ebi.ac.uk/InterProScan/).

Due to the particular environment of CWPs in cell walls, many of them interact with
polysaccharides through specific domains. In addition, they may have protein/protein interaction
domains. Some data are available to describe 3D-structures and provide a detailed description of
such interactions. Expansins are assumed to promote turgor-driven extension of cell walls by
altering interactions between cellulose microfibrils and hemicelluloses. The structure of a maize
beta-expansin (EXPB1) has been recently obtained by X-ray crystallography [43]. It was shown
to contain two domains that form a groove assumed to bind a glycan backbone of about ten sugar
residues, as shown by in silico docking experiments. EXPB1 binds to different polysaccharides in
vitro, with a higher affinity for xylans. It was assumed that EXPB1 binds to an arabinoxylan
tethered to a cellulose microfibril causing its local release from the cellulose surface. Movement
of EXPB1 along arabinoxylan-cellulose junctions could allow unzipping of hydrogen bonds
between the polysaccharides, thus causing their displacement. The ability to promote cell wall
extension has been recently described for a tobacco LTP [61]. It was shown that the conserved
hydrophobic cavity of this LTP 1s required for in vitro activity. However, the hydrophobic partner
of LTPs in cell walls is still unknown as well as is the precise mechanisms by which the charged
LTPs interact with the cellulose/xyloglucan network to disrupt hydrogen bonds and allow cell
wall extension. Another major polysaccharide of cell walls of dicots is pectin. Interactions of
CWPs with pectin-Ca”" has been described for a zucchini peroxidase [31] and a bean PGIP [62].
In both cases, the binding site consists of a cluster of four Arg /Lys residues that are positively
charged at the slightly acidic cell wall pH. It interacts in vitro with negatively charged
polygalacturonic acids. Since the pectin-Ca*" binding site of the peroxidase is not on the same
side of the protein as its active site, binding to pectins leaves the protein fully active. On the
contrary, the pectin-Ca*" binding site of PGIP is located close to its interacting site with
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polygalacturonase (PG). It 1s assumed that PGIP is interacting with the PG substrate waiting for
the enzyme to inhibit its degrading activity.

4. Functional studies of CWPs

Prediction of protein function or functional domains by bioinformatics is a very powerful tool to
classify CWPs, to infer their biological or biochemical functions and to point out yet unknown
proteins that can perform new functions. Results from comparisons of amino acid sequences
(http://www.ncbi.nlm.nih.gov/BLAST/) and searches for functional domains
(http://www.ebi.ac.uk/InterProScan/) were combined to propose a distribution of CWPs in
functional classes [7]. The assumption was that proteins sharing functional domains have the
same activity. It should be stressed that the function of only a small portion of the identified
proteins has ever been experimentally demonstrated. Of course, this classification has to evolve
to take into account new results obtained by other experimental approaches such as biochemistry
or genetics. At present, such a classification can be proposed for 404 CWPs coming from several
proteomic studies performed on Arabidopsis [9-22]. About 87 % of these CWPs could be
distributed in eight categories on the basis of predicted biochemical or biological functions. The
remaining 13% consist of proteins of as yet unknown function. Some of them have domains of
unknown functions (DUF) and/or are only present in plants. Proteins acting on polysaccharides
are the most abundant (26.0%). They are GH, GT, carbohydrate esterases, carbohydrate lyases
and expansins. Three functional classes of CWPs are of equal importance: oxido-reductases
(12.4%) which include peroxidases, multicopper oxidases, berberine-bridge enzyme (S)-
reticulin:oxygen oxido-reductases, and germins; proteases (11.9%) are of several types, i.e.
subtilisins, Asp proteases, Cys proteases and Ser carboxypeptidases; proteins having interacting
domains (10.6%) include proteins interacting with proteins through leucine-rich repeat (LRR)
domains, lectins interacting with sugars, enzyme inhibitors such as PGIPs, pectin methylesterases
(PMEs) inhibitors and protease inhibitors. Proteins involved in signaling (7.4%) are mainly AGPs
and LRR-receptor protein kinases that have been identified through their extracellular LRR
domains. Proteins related to lipid metabolism (5.4%) mainly include proteins homologous to
lipase/acylhydrolases, but also proteins homologous to glycerophosphodiesterases or LTPs. Only
a few structural proteins (1.8%) have as yet been identified in proteomic studies for the many
reasons stressed above. Other proteins of various functions (11.9%) were put together in a class
called “miscellaneous” among which are proteins homologous to acid phosphatases and blue
copper binding proteins. These proteins are awaiting additional experimental data to be more
precisely classified. Next, several types of CWPs will be described to illustrate their diverse
functions and to show their importance in plant development and in response to biotic or abiotic
stresses.

A great proportion of the proteins identified by cell wall proteomic analyses act on
carbohydrates. Plant GH are supposed to play various functions in cell wall metabolism,
regulation of cell wall expansion and modification during development, defense, signaling and
mobilization of storage reserves [63-66]. Since plant cell wall polysaccharides are very
heterogeneous complex polymers, spectra of GH activities must be very diverse. Seventy-six out
of 379 GHs have already yet been identified by proteomics. A first group of GHs (GH families 1,
3,9, 10, 16, 27, 28, 31, 35, 51 according to http://afmb.cnrs-mrs.fr/CAZY/) comprises enzymes
that could be involved in the reorganization of cell wall carbohydrates during growth and
development [65]. For the majority of these enzymes, substrates are cellulose, xylan,
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xyloglucans, and pectins (homogalacturonan and rhamnogalacturonan I). These results suggest
that xyloglucans and pectins might undergo important structural changes after their deposition in
cell walls. Since some GH families have a broad substrate range, it was hypothesized that this
allows effective modification of complex cell wall carbohydrates without requiring a high
number of enzymes [66, 67]. The second largest group of identified GHs could be involved in
defense against pathogens. Chitinases (GH18, GH19) and [3-1,3-glucanases (GH17) have been
shown to possess antifungal activity [68]. A third group of GHs could be involved in
glycoprotein PTMs. These enzymes are a-L-arabinofuranosidases (GH3), chitinases (GH18,
GH19), [B-D-galactosidases (GH35), o-D-mannosidases (GH38), and [-D-glucuronidases
(GH79). The role of GHs in hydrolysis of carbohydrate moieties of AGPs has been particularly
studied. A basic beta-galactosidase with high specificity toward [3-1,3- and [3-1,6-galactosyl
residues was shown to be involved in this mechanism [69]. Finally, 3 GHs identified by
proteomics could be involved in the mobilization of storage reserves. In higher plants, sucrose
can serve not only as an intermediate storage system alternative to starch, but also as a major
carbohydrate translocator, osmoticum, regulator of gene expression and signal molecule. In
plants, the cleavage of sucrose into glucose and fructose is performed by invertases (GH32) [70].
Cell wall invertases are thus considered as key enzymes in sucrose unloading, cell differentiation,
and response to wounding or pathogens.

Several proteins known for their ability to inhibit cell wall modifying enzymes (CWMEIs)
have been identified by proteomics in Arabidopsis. CWMEIs represent an expanding family of
plant proteins which presumably act in defense by limiting the rate of degradation of the cell wall
by microbial enzymes, thus reducing colonization of plant tissues by the pathogens that produce
them. These include inhibitors of polygalacturonases (PGs), PMEs and xyloglucan
endoglucanases.

PGIPs are widespread in the plant kingdom. They only inhibit fungal PGs; the degree of
susceptibility of the PG depending on its mode of action [71]. Many plants possess more than one
PGIP [72] with different abilities to inhibit pathogen PG [73]. The overexpression of pgip in
plants efficiently contributes to reducing its susceptibility to a fungal pathogen [74]. PGIP
belongs to the super family of LRR-proteins and this LRR-motif has been shown to be essential
for its affinity and specificity for the PG ligand [75]. Interestingly, PGIPs also interact with
polygalacturonic acid via a motif of four clustered Arg and Lys residues [62].

Pectin is demethylated to polygalacturonic acid by PMEs, thus favoring further cleavage of
polygalacturonic chains by PGs. PMEs can be inhibited by a specific inhibitor. Unlike PGIPs,
PME inhibitors exclusively inhibit plant PMEs [76]. PME inhibitors from Arabidopsis share
strong structural homology with an inhibitor of tobacco invertase (Nt-CIF), but they recognize
different target enzymes, as recently elucidated by crystallographic analysis [77, 78]. The over-
expression of a PME inhibitor in Arabidopsis contributes to promote root length and makes the
transformed plants less susceptible to a necrotrophic pathogen [79].

Another interesting family is that of inhibitors of hemicellulose-degrading enzymes from
monocots such as endoxylanase inhibitors (XIP-, and TAXI-type) and from dicots, namely
xyloglucan endoglucanase inhibiting proteins (XEGIPs). XIP and TAXT are specific inhibitors of
microbial endoxylanases but do not inhibit plant endoxylanases [80]. GH10 and GHI11
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endoxylanases are inhibited by XIP-I from wheat. The crystal structure of XIP-I complexed with
xylanases revealed that the inhibitor possesses two independent enzyme-binding sites, an unusual
feature allowing binding to two xylanases with different fold [81]. TAXI inhibits only GH11
endoglucanases [82]. XEGIP also inhibits a fungal GH12 xyloglucanase [83], but not
endoxylanases of the GH10 and GH11 families [84]. Structural similarities indicate that wheat
XIP-I 1s related to chitinases of the GH18 family, despite its lack of chitinolytic activity [85].
TAXI 1s related to a fungal Asp protease but does not exhibit any proteolytic activity [86]. Based
on gene sequence homology and inhibitory activity, the tomato XEGIP presumably belongs to a
superfamily including the carrot extracellular dermal glycoprotein (EDGP), the tobacco nectar
NECH4 protein, and monocot TAXI-type inhibitors.

CWMEIs exhibit a high level of selectivity towards their protein targets. The analysis of the
superfamily of glucanase inhibitors suggests that CWMEI can be structurally closely related to
members of the glucanase family, raising the question their origin from a common protein
ancestor. It i1s conceivable that gene sequence analysis data associated with elucidation of

biochemical structure of inhibitors will rapidly allow the characterization of novel families of
CWMEIs [87].

Several oxido-reductases such as peroxidases (23), multicopper oxidases-like (8), germin-like
proteins (7), and homologs to berberine bridge enzymes (6) have been identified. Peroxidases are
involved in many physiological and developmental processes that have been reviewed recently
[88]. They can be involved in both cell elongation and in its arrest. In the latter case, they
catalyze the formation of bridges across phenolic residues of lignins as well as between lignins
and adjacent CWPs or polysaccharides. Multicopper oxidase-like proteins catalyse full, four-
electron reduction of dioxygen (O;) to water (H,O) using a variety of substrates [89]. They
belong to a large gene family of 19 members in Arabidopsis [90]. Only two members of the
family have been studied, SKUS (4t4g12420) and SKS6 (411g41830). It was shown that SKUS i1s
involved in the control of root growth [91] and that SKS6 contributes to cotyledon vascular
patterning during development [90].

Proteolytic enzymes are thought to be involved in maturation of enzymes, signaling, protein
turnover, and defense against pathogens [92]. Previous studies localized protease activities in leaf
intercellular fluids [93]. As mentioned above, results from proteomics revealed the existence of a
great diversity of proteases. The subtilase family is the best represented (38%) among the cell
wall proteases identified by proteomics. It is particularly interesting because it is involved in the
formation of peptide hormones and growth factors from precursor polypeptides in mammals [94].
As an example of peptide signaling in plants, the CLE (CLV3/ESR-related) genes encode small,
basic, secreted proteins with a conserved stretch of 14 amino acids close to their C-termini. These
14 amino acid-peptides are released by N- and C-terminal processing by an as yet unknown
protease and carry the biological activity [95, 96]. In the same way, using MS techniques, the
barley ARAI a-L-arabinofuranosidase/B-D-xylosidase was shown to be processed in vivo by
removing about 130 amino acids from its C-terminus [67]. On the other hand, the extracellular
Ser protease SDD1 (STOMATAL DENSITY AND DISTRIBUTION 1) has been shown to be
involved in the regulation of stomatal density and distribution in Arabidopsis [97]. ALEl
(ABNORMAL LEAF EPIDERMIS]) is also predicted to encode a Ser protease and 1s assumed
to produce a peptide required for proper differentiation of epidermis [98]. CDRI
(CONSTITUTIVE DISEASE RESISTANT 1) encodes a putative Asp protease [99]. Over-
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expression of CDRI causes dwarfism and resistance to virulent Pseudomonas syringae. It was
shown that CDR1 generates a small mobile signal (3-10 kDa) sensitive to heating and to protease.
However, the substrates of these three proteases are still unknown. Finally, proteases could be
involved in processing and/or turnover of cell wall proteins since several plant cell wall
proteomic analyses showed large discrepancies between observed and expected molecular masses
of proteins [13, 18, 25].

At the cell surface, some CWPs share functional domains with extracellular region of
receptor-like kinases (RLKs) such as LRR, legume- and curculin-like lectin, LysM, Pro-rich,
thaumatin, chitinase and DUF26 domains. Altogether, CWPs containing such regions represent a
subset of 34 proteins among the 404 identified so far in proteomic studies. RLKs play
fundamental roles in signal transduction and are involved in all aspects of plant biology, from
early embryogenesis to disease resistance. The wide variety of structures of their extracellular
regions makes them particularly suitable for sensing the cell environment [100]. Recent studies
have shown that receptor homo- and hetero-oligomerization are essential events to regulate the
signaling activity [101, 102]. The versatility of receptor combinations at the cell surface may
explain how signaling specificity is maintained at the cytoplasmic level. Since cell wall allows
cell-to-cell communication [103], it is then tempting to add CWPs into the play. CWPs could
enlarge the variety of combinations and, in turn, the plant cell signaling capacity.

Several examples of the comparison between the functional domains of CWPs and RLKs
revealed common structural characteristics. (/) While the structure of legume-lectin domains of
Arabidopsis CWPs and RLKs consist in a 3-sandwich fold as for the canonical legume lectins,
they lack an invariant Asp residue in the monosaccharide binding site [104, 105]. This residue is
replaced by a His residue, except for two RLKs where it is conserved. It was then assumed that
such lectin domains are unable to bind monosaccharides. However, there remains the possibility
that the association of legume lectin domains of CWPs and RLKs restore a functional dimer with
an active carbohydrate-binding site able to interact with simple or complex sugars. (ii) The LRR-
RLKs were distributed into subfamilies numbered from I to XIII [106]: this classification is based
on the structural arrangement of LRR-domains and the organization of introns in the extracellular
domains of RLKs. Using the same criteria, the LRR-CWPs were grouped into one class
resembling the RLK-LRR subfamily X. Other LRR-CWPs which are annotated LRR-extensins
and PGIPs did not fall into a defined LRR-RLK subfamily. (ii7) Phylogenetic trees generated
using the amino acid sequences corresponding to the DUF26 or curculin domains showed no
specific clade for CWPs compared to RLK homologous regions (Fig. 5). In Fig. 5A, the
At3g22060 DUF26-CWP and the At3g45860 DUF26-RLK showed a high degree of similarity
and are clustered. The At5g43980 DUF26-CWP is grouped with the AtSg40380 and At1g70530
DUF26-RLK. Fig. 5B shows that the curculin-RLK fall into two subfamilies, namely SD-1 and
SD-2, as already described [106]. The At5g18470 curculin-CWP is clustered with the SD-1 RLK
subfamily. Although grouped in a separate clade, the sequences of Atlg78830, At1g78850 and
At1g78860 curculin-CWPs show a high similarity to those of the SD-1 RLK subfamily.
Altogether, these examples suggest the possibility that CWPs sharing domains with RLKs might
participate in the assembly of hetero-oligomeric receptors and in signaling processes.

In addition to the crucial role of CWPs in growth and development, secreted proteins or
peptides are involved in plant defense mechanisms in response to biotic or abiotic stresses.
Families of antimicrobial peptides such as thionins, defensins, LTPs, hevein- and knottin-like
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Figure 5. Neighbor-joining distance trees representing Arabidopsis thaliana DUF26 (A) and
curculin - (B) family members, based on the alignment (http:/pbil.univ-
lyonl fr/software/seaview.html) of amino acid sequences of DUF26 and curculin domains as
defined in Pfam database (http:/pfam jouy.inra.fr). The proteins considered are either CWP
identified by proteomics (white boxes) or plasma membrane RLKs (grey boxes). The DUF26 tree
was rooted with the DUF26 Oryza sativa secreted protein (accession number Os03g0277700).
The curculin tree was rooted with GNA, an agglutinin secreted by Galanthus nivalis (accession
number P30617). Bootstrap values were inferred from 1000 replicates (http:/pbil.univ-
lyonl fr/software/phylowin.html). The numbers represent bootstrap support and branches with
less than 50% support are collapsed.

peptides have been described [107]. However, proteomic studies targeting these proteins have not
been done. In a recent paper, changes in the Arabidopsis secretome were investigated in response
to salicylic acid, a plant hormone that regulates defense signaling. Several proteins involved in
pathogen response were identified, such as jacalin-related, LRR-containing proteins,
esterase/lipase thioesterase, and the GLIP1 lipase. The characterization of GLIP1 confirmed that
it 1s a secreted protein with antimicrobial activity, disrupting the fungal spores. Null mutants were
markedly more susceptible to infections by the necrotrophic fungus Alternaria brassicicola [19].
Abiotic stresses have been shown to alter the protein composition of the apoplast both
qualitatively and quantitatively. Changes in the tobacco leaf apoplast proteome in response to salt
stress were analyzed. The abundance of 20 polypeptides changed in response to salt treatment, in
particular two chitinases, an 0-galactosidase, and a germin-like proteins increased significantly,
whereas two LTPs were de novo induced. On the contrary, the level of several peroxidases
decreased as a consequence of salt stress [108]. Interestingly, two anther-specific proteins
(putative LTPs) were down-regulated following low temperature treatment of rice anthers [109].
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5. Concluding remarks and future development

Plant cell wall proteomics have brought a new vision of CWPs and cell wall functions. The
diversity of cell wall modifying enzymes in all proteomes was probably not anticipated. This
suggests that many changes occur at the level of polysaccharide networks not only during growth
and development but also in mature organs. Major biological roles for proteolytic activities were
only recently demonstrated in maturation of enzymes or production of extracellular peptidic
signals. But there is still no information about CWP turnover which might be of critical
importance in the regulation of extracellular functions. Up to now, protein/polysaccharide and
protein/protein interactions have not been much studied to understand regulation of enzymatic
activities and supra-molecular assembly of cell wall components. The existence of cell wall
micro-domains is suggested by the specific binding to pectins in vitro of some CWPs devoid of
hydrolytic activities towards polysaccharides. Finally, the finding that about 13% of CWPs are
proteins of unknown function leaves open the possibility for new functions for cell walls.

Although our knowledge of cell wall protcomes and CWPs has greatly increased, many
questions remain unanswered. They concem the exhaustive description of proteomes, the
regulation of gene expression through PTM and protein degradation, the role of the cell wall in
signaling via oligosaccharides, oligopeptides and possibly lipids, the precise biological function
of proteins for which a biochemical function is predicted, and the role of proteins of yet unknown
function.

Additional information on CWPs can be obtained using specific methods for extracting CWPs
strongly bound to cell wall components. Efforts should be made to extract CWPs that are
physically-linked to cell wall components, such as polysaccharides or lignins. Hydrolytic
enzymes or chemicals could be used to degrade cell wall polysaccharides while maintaining
protein integrity. Either new types of CWPs will be released or the same types as with salt
solutions but linked in other ways to cell wall components. Similarly, the separation of CWPs
prior to identification by mass spectrometry will, in all likelyhood be improved using liquid
chromatography techniques instead of 2-DE [110, 111]. Alternatively, MS analysis could also be
done on peptide mixtures directly obtained from CWPs to skip the electrophoresis step that
appears to be very limiting. Since quantitative data are still missing, accurate comparisons
between samples can be pursued to perform differential proteomics [112, 113]. Many CWPs
exhibit predicted interaction domains with other cell wall components, including polysaccharides,
CWPs or plasma membrane proteins. Such interactions could be studied using the BIA
(Biomolecular Interaction Analysis)-MS technology [114]. Since peptide signaling studies are
becoming increasingly important, it would be interesting to develop specific approaches for plant
cell wall peptidomics as has been done in animals [115], using the recently released secreted
peptide database [116].

A comprehensive understanding of gene regulation requires all steps from gene transcription
to protein degradation to be taken into account. Comparisons of transcriptomics and proteomics
data show that the amount of an mRNA is not always strictly correlated with that of the translated
protein. This correlation may depend on environmental conditions and/or on genes. For example,
the quantification of soluble proteins of yeast at mid-log phase showed that for a given transcript
level, protein levels were found to vary by more than 20-fold, whereas for a given protein level,
transcript levels were found to vary 30-fold [117]. However, upregulation of yeast genes in
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response to glucose or nitrogen limitation was found to be controlled at the transcription level or
post-transcriptional level respectively [118]. In Arabidopsis and rice, changes observed in the
soluble proteome in response to bacterial challenge were not strictly correlated to changes in
transcript levels [119]. These results show that quantitative analysis of transcript levels is not
sufficient to infer protein levels. Multilevel analysis must take into account protein degradation
that is certainly essential considering the high number of proteases in cell walls.

The biological functions of most CWPs have not yet been experimentally studied. Proteomics
gives information on the presence/absence of a protein in an organ or in response to
environmental constraints as well as on PTMs possibly essential for its function. Bioinformatic
predictions provide useful clues for the design of relevant experiments to understand its
biochemical and biological functions. However, a full description of CWP biological functions
will require complementary approaches including genetics, biochemistry, the study of patterns of
expression and immunocytochemistry. Unexpected cell wall functions during plant development
and adaptation to the environment will probably arise from these studies.
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