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Abreviations

AEC: anion-exchange chromatography

AGP: arbinogalactan protein

Ara-BSA: arabinan derived oligosaccharide coupled with BSA
ARAD1: gene encoding for a putative arabinosyltransferase
aradl: mutant for the genes ARAD1

BCIP: 5-bromo,4-chloro,3-indolyphosphatase

BSA: bovine serum albumin

BT-PBS: PBS containing 1 % BSA and 0.05 % Tween

Ca: calcium element

Ca**: calcium ion

CESA: cellulose synthase

DA: degree of acetylation

DE: degree of esterification

DEAE: diethylaminoethanol

DM: degree of methylation

DMSO: dimethylsulfoxyde

DP: degree of polymerisation

ELISA: enzyme linked immunosorbent assay

FID: flame ionization detector

FT-IR: Fourier transform infrared

Gal-BSA: galactan derived oligosaccharide coupled with BSA

GALS1, GALS2, GALS3: genes encoding for 1,4- B-D-galactose-transferases

galsl, gals2, gals3: mutant for the genes GALS1, GALS2, GALS3

GAUT1: gene encoding for a GAlactUronyl-Transferase

GAUT7: gene encoding for a protein which is complexed with GAUT1 and is anchored to the

plasma membrane

GC/MS: gas chromatography coupled to mass spectrometry
GC: gas chromatography

GRP: glycyne rich protein



GT: glysosyl-transferase

GUT1: gene encoding for a putative glucurosyl-transferase
HG: homogalacturonan

HM: high methoxy-pectin

HRGP: hydroxyproline protein

Hyp: hydroxyproline

IC50: is the concentration of inhibitor required to inhibit 50% of the mAb bounding to the
antigene coated to the plate

IgG: immunoglobulin G

IgM: immunoglobulin M (pentameric)

irx10/irx10I: double mutants for gene IRX10/IRX10L (orthologous gene of GUT1)
KNU: unit which corresponds to the amount of enzyme which hydrolyses 4870 mg of starch
per hour

LC-MS: liquid chromatography coupled to MS

LM: low methoxy-pectin

Lys: lysine

mAb: monoclonal antibody

MES: 2(N-morpholino)ethane sulfonic acid

Mg**: magnesium ion

Mn**: manganese ion

MS/MS: tandem MS

MS: mass spectrometry

NBT: nitroblue tetrazolium

NMR: nuclear magnetic resonance

nolac-H18: GUT1mutant

OD: optical density

OVA: ovalbumin

PBS: phosphate buffered saline

PGC-LC: porous graphitized carbon liquid chromatography
PGIP: polygalacturonase inhibitor protein

Pro: proline

PRP: proline rich protein
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QUA1/GAUTS: putative gene encoding for a Galacturonyl-Transferase
QUA2 and QUAS3: putative genes encoding for pectin methyl-transferases
RGI: rhamnogalacturonan |

RGII: rhamnogalacturonan Il

Rgxt1; Rgxt2; Rgxt3; Rgxt4: mutant for the RGXT1; RGXT2; RGXT3; RGXT4 genes
RGXT1; RGXT1; RGXT1; RGXT4: gene encoding for 1,3-a-D-xylosyltransferases
RU: oligosaccharides generated from RGI unbranched backbone

RUB: RGI oligosaccharides extracted from sugar beet pulp

RU-BSA: RU derived oligosaccharide coupled with BSA

RUP: RGI oligosaccharides extracted from potato pulp

RUP-BSA: RUP oligosaccharides coupled to BSA

RUP-OVA: RUP oligosaccharides coupled to OVA

SEC: size exclusion chromatography

Ser: serine

T-DNA: DNA transfert

TFA: trifluoroacetic acid

TMSV: total mean sample value

TOF: time-of-flight

Tyr: tyrosine

Ul: international unit

Val: valine

xgd1: mutant for the gene XGD1

XGD1: xylogalacturonan deficient 1 gene
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Monosaccharides conventional abbreviations:

Ara: arabinose

DHA: 3-desoxy-D-manno-2-octulosonic acid
Fuc: fucose

Gal: galactose

GalA: galacturonic acid

Glc: glucose

GlcA: glucuronic acid

KDO: 3-desoxy-D-lyxo-2-heptulosonic acid
Man: mannose

Rha: rhamnose

Xyl: xylose

f: furanose form

p: pyranose form
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Résumé en francais

Production d’anticorps monoclonaux
originaux a partir de fragments de

rhamnogalacturonanes

Introduction

Cette these a été initiée dans le cadre du projet européen WallTraC. Ce projet est un ITN

(initial training network) Marie Curie ayant deux objectifs majeurs:

-Le développement de nouveaux outils moléculaires et de techniques pour I'analyse de la
paroi végétale. La cellulose et les pectines sont les principales cibles de ce projet étant donné
leur large utilisation dans le secteur industriel en tant qu’ingrédients fonctionnels

alimentaires et fibres textiles.

-La formation de jeunes chercheurs dans le domaine de la paroi végétale a travers la mise en

place de formations transdisciplinaires, intersectorielles et de haute qualité sur I'analyse de la

paroi cellulaire ainsi que sur la conduite de projets de recherche.

15



Résumé en francais

Au sein du projet WalltraC, ma these a pour but le développement de nouveaux anticorps
(Ac) permettant la localisation de structures spécifiques de pectines in planta. Des Acs
reconnaissant les pectines ont déja été développés. Néanmoins, pris tous ensemble, ils ne

permettent pas de recouvrir la complexité de ce polymére.

Etat de I’art (chapitre )

La paroi végétale est un élément de structure qui protege chaque cellule des plantes. Elle
est organisée en trois parties distinctes : la paroi primaire, la paroi secondaire et la lamelle
moyenne. La paroi primaire des eudicotylédones et la lamelle moyenne sont les entités
majoritairement concentrées en pectines. Schématiquement la paroi cellulaire est édifiée de
fibres de cellulose enchassées dans une matrice composée de protéines ainsi que de

pectines. La lamelle moyenne est majoritairement constituée de pectines.

Les pectines représentent 1/3 de la paroi primaire des eudicotylédones. Ce sont des
polyméres acides de par les fonctions carboxyliques présentes sur les acides
galacturoniques. Différents domaines sont constitutifs des pectines (Figure.A). Les
homogalacturonanes (HG) sont des polysaccharides linéaires d’acides galacturoniques. Les
analogues d’homogalacturonane contiennent tous une chaine principale d’'HG. Les
apiogalacturonanes et xylogalacturonanes contiennent respectivement des résidus d’apiose
et de xylose qui sont branchés sur les acides galacturoniques. Le rhamnogalacturonane I
(RGII) est un domaine complexe constitué de nombreux sucres rares contenus dans 5
chaines latérales. Le rhamnogalacturonane | (RGI) est la seule structure pectique édifiée sur
un squelette hétérogéne d’acides galacturoniques et de rhamnoses. Ce domaine peut étre
branché par des chaines latérales comprenant majoritairement des arabinoses et des
galactoses. Tous ces domaines pectiques sont liés directement de facon covalente ou
indirectement par association au calcium, au bore ou a l'acide férulique. Des liaisons
covalentes entre les pectines et hémicelluloses ou protéines structurales ont également été

décrites.
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Rhamnogalacturonan Il Homogalacturonan Xylogalacturonan Rhamnogalacturonan |
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Figure A : Structure des pectines (Harholt J. Suttangkakul A. Scheller H.V. 2010. biosynthesis of pectin plant
physiology, 153: 384-395)

La biosynthese et la fonction des pectines ne sont encore pas concrétement définies.
Néanmoins, certaines études ont permis une avancée majeure dans la compréhension du
réle de ce polymere. Seules quelques enzymes impliquées dans le métabolisme des pectines
ont été caractérisées. Le probleme de redondance de ces enzymes engagées dans la
biosynthese, ne permet pas d’évaluer I'impact réel de leur mutation sur le phénotype de la
plante transformée. Différentes fonctions ont malgré tout été suggérées, proposant les
pectines comme principaux texturants de la paroi primaire des dicotylédones. Les
différentes structures d’HG (méthylés, deméthylés, dimerisés) ont été identifiées comme
ayant un role majeur dans I’élongation des cellules, le mlrissement des fruits ou encore la
signalisation cellulaire. Les dimérisations des HG et des RGIl contribuent largement a
I'adhésion des cellules entre elles. Les chaines latérales d’oses neutres des RGI plus flexibles,
permettent de maintenir la matrice extracellulaire hydratée, tout en ayant un réle
structurant. Les nombreuses chaines latérales des RGI présentes dans les parois des
cotylédons des graines suggerent également que ces domaines pectiques peuvent étre

assimilés a des molécules de réserve.
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Résumé en francais

Stratégie et objectifs de la thése

Le développement de nouveaux anticorps est nécessaire pour I'analyse de structures
pectiques dans les parois cellulaires des plantes. Le rhamnogalacturonane | et le
rhamnogalacturonane Il ont été les domaines cibles en raison de leur diversité structurale et
d’une connaissance tres sommaire de leurs fonctions in planta. Les anticorps disponibles
contre le rhamnogalacturonane | sont principalement spécifiques des structures linéaires du
squelette principal et des chaines latérales, ce qui ne reflete pas la grande hétérogénéité de
cette molécule. Contrairement au rhamnogalacturonane |, aucun anticorps monoclonal n’a
été produit contre le domaine rhamnogalacturonane Il. Différentes étapes sont nécessaires
a la production d’anticorps monoclonaux. Tout d’abord, les glycanes contenant la région qui
sera ciblée par I'anticorps doivent étre préparés. Dans un second temps, les fragments
glycosidiques sont injectés a I'animal. Enfin, les anticorps d’intérét sont sélectionnés pour

étre caractérisés afin de déterminer la structure, reconnue par les nouvelles sondes

produites.

Les domaines de rhamnogalacturonane | et les rhamnogalacturonane Il ont été extraits de
sources végétales diverses (Figure.B). A partir de ces domaines, des oligosaccharides tres
spécifiques ont été purifiés. Leur production a été réalisée a partir de différentes sources de
plantes, par le biais de diverses hydrolyses chimiques et enzymatiques. Ces oligosaccharides
ont été purifiés en utilisant principalement des techniques de chromatographie basse
pression. Les oligosaccharides issus de RGI ont été purifiés a partir de pomme de terre (RUP)
et de betterave (RUB). Ces deux sources ont été sélectionnées car elles différent par leur
composition en oses (pomme de terre riche en galactane et betterave riche en arabinane).
Le recours a des hydrolyses acides ménagées et a des hydrolyses enzymatiques a permis de
réduire la plupart des chaines latérales et principales linéaires. Les oligosaccharides
résultants sont supposés tres substitués et enrichis en motifs ciblés pour la reconnaissance
des mAbs, contenant les points de jonctions entre les chaines latérales et la chaine
principale. Les oligosaccharides de RGIl ont été purifiés a partir de vin. Ce petit domaine
pectique est branché par cing chaines latérales (A-E) liées sur un squelette

homogalacturonique. Pour éviter de produire des anticorps reconnaissant la chaine
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principale d’acides galacturoniques, il a été décidé de purifier les chaines latérales A et B.
Leur structure est connue pour étre largement conservée au cours de I’évolution. Tous ces
oligosaccharides ont été produits en collaboration avec deux autres doctorants du projet
WallTraC : Valérie Cornuault (Université de Leeds, UK) a généré les oligosaccharides dérivés
de RGI de pomme de terre et Jeff Zhang (Université de Newcastle, UK) a quant a lui pris soin
de I'extraction et de la purification des RGII. Leurs travaux ont tous deux été réalisés a 'INRA
de Nantes sous la supervision de Marie-Christine Ralet. Les fragments pectiques ont été
structurellement caractérisés en utilisant différentes méthodes de biochimie analytique et

de spectrométrie de masse.

Les quatre pools d’oligosaccharides (RUP, RUB, chaines latérales A et chaines latérales B) ont
été couplés a une protéine immunogeéne. Les néoglycoproteines ont été injectées a des
souris (3 souris par néoglycoprotéine) de facon a déclencher la production de différents
anticorps reconnaissant des structures spécifiques de RGI et RGII. Les lymphocytes des souris
ont été extraits, puis hybridés avec des cellules cancéreuses immortelles. Des hybridomes
produisant des anticorps reconnaissant les oligosaccharides RUP ont été sélectionnés.
Malheureusement, les immunisations réalisées avec les oligosaccharides RUB et les chaines
latérales A et B n'ont pas permis la production d’anticorps reconnaissant les RGI de
betterave et les RGIIl. Les anticorps prometteurs reconnaissant le pool d’oligosaccharides
RUP ont été caractérisés par une méthode d’analyse a haut débit, la technique d’impression
de glycanes sur plaques de nitrocellulose, mise en place a I'Université de Copenhague par le
professeur William Willats. Les anticorps présentaient tous un profil de reconnaissance trés
semblable vis-a-vis des polysaccharides et des oligosaccharides testés. Suite a cette
expérience un seul anticorps a été sélectionné pour la caractérisation plus fine de I'épitope
reconnu. Cet anticorps a également été utilisé en microscopie par immunofluorescence sur

plusieurs especes végétales.
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Résumé en francais

RGII RGI Polymeéres

Chaines latérale A Chaines latérale B RUB RUP Oligosaccharides

Production d’Ac

/

Chapitre Il

Caractérisation d’Ac

Immunochimie

Chapitre Il

Figure B: Stratégie suivie et résultats développés dans les chapitres | et Il

Dans la partie contenant les résultats, le premier chapitre relate le travail effectué pour
I'isolement des chaines latérales A et B du RGII. Le recouvrement des chaines latérales est
décrit ainsi que leur caractérisation et celle de la chaine principale d’acides galacturoniques.
La variabilité de la structure du RGII a été étudiée apres hydrolyses douces et séquentielles.
Le chapitre Il traite de I'isolement et de la caractérisation des oligosaccharides RUP, ainsi que
de la production et de la caractérisation pour l'utilisation cytochimique, des nouveaux

anticorps monoclonaux reconnaissant ces oligosaccharides.
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Résultats

Partie 1 (chapitre 1) : Purification de sous-domaines de
rhamnogalacturonanes Il et description de la variabilité des structures

caractérisées.

Le RGII Il est un domaine pectique composé de plus de 12 différents oses et 20 différentes
liaisons. Cing chaines latérales sont distribuées sur une chaine principale d’acides
galacturoniques. Cette structure a longtemps été considérée comme tres conservée tout au
long de I'évolution du monde végétal. De récentes études sur la caractérisation de ce
domaine ont néanmoins révélé la présence de variations structurales. L’étude décrite dans
ce chapitre rapporte les diverses structures constitutives du RGIl extrait de vin.
D’importantes variations ont été retrouvées dans les structures de la chaine principale et des
chaines latérales A et B. Ces chalnes secondaires ont été obtenues par hydrolyses acides
douces et séquentielles. Cette étude a été réalisée pour mettre en exergue les variations

intrinséques des chaines latérales du RGII.

Pour cela, le RGII de vin a été hydrolysé avec de I'acide trifluoroacetique (TFA) et les produits
d’hydrolyse ont été séparés en chromatographie échange d’anions. Les fractions issues de la
séparation chromatographique ainsi que certains hydrolysats non fractionnés ont été
analysés par spectrométrie de masse (MALDI-TOF). Les conditions optimales d’hydrolyse ont
été définies pour I'obtention de chaines latérales B (TFA 0.1 M ; 40 °C; 8 h) et de chaines
latérales A (TFA0.48 M ;40 °C; 8 hou TFA 0.1 M ; 40 °C; 8 h) non dégradées. Les conditions
définies pour obtenir le squelette principal de HG ont nécessité une incubation a 60 °C avec
du TFA a 0.48 M pendant 16 h. La séparation chromatographique a permis I’isolement de la
chaine B, des chaines A méthylestérifiées et non-méthylestérifiées. Une grande variabilité de
la structure de la chaine A a pu étre mise en évidence par analyse en spectrométrie de

masse.

En conclusion, de nombreuses variations ont été observées dans la structure du RGIl. La

présence variable d’arabinoses terminaux et de groupements acétyles a été identifiée
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Résumé en francais

comme étant généralement la conséquence des traitements acides, alors que les methyl-
estérifications et éthérification, ainsi que I’oxydation de la chaine A, sont plutét le reflet de la
diversité naturelle. La signification physiologique de cette variabilité reste encore a

déterminer.

Partie 2 (chapitre Ill): Nouvel anticorps produit contre les chaines latérales de

RGI

Le rhamnogalacturonane | est un domaine pectique présentant une haute variabilité. 20 a
80% des rhamnoses peuvent étre branchés par des chaines latérales composées
majoritairement d’arabinoses et de galactoses. La variabilité de la composition des chaines
latérales dépend des organes considérés, du type de plante, ou encore de la morphogénése.
Pour localiser in planta les structures de RGI, des anticorps ont été produits. LM5 et LM9
reconnaissent des structures de galactanes. LM6, LM13 et LM16 se fixent sur des chaines
d’arabinanes. Le squelette principal de rhamnogalacturonane non branché est reconnu par
INRA-RU1 et INRA-RU2. Cependant, peu d’anticorps reconnaissent des structures branchées
et complexes de RGI. Ce chapitre décrit donc la génération d’un nouvel anticorps spécifique

d’un sous-domaine particulier de RGI.

La premiére étape de ce travail a consisté a produire et purifier des oligosaccharides de RGI,
a partir de tubercules de pomme de terre. Les RGI ont été extraits de pulpe de pomme de
terre commerciale, par hydrolyse alcaline a haute température. Dans ces conditions, par
beta-élimination, les HG sont simultanément deesterifiés et dépolymérisés. Les RGI ont
ensuite été séparés des fragments de HG par chromatographie d’échange d’anions.
Différentes hydrolyses enzymatiques ont ensuite été appliquées, pour dégrader
partiellement les chaines latérales linéaires de galactanes et d’arabinanes, puis la chaine
principale non branchée. Les fragments produits (appelés oligosaccharides RUP) ont ensuite
été recouvrés par extraction a I’éthanol 50%. Les oligosaccharides RUP ainsi produits ont été
couplés a une protéine immunogene pour aider au déclenchement de la réponse
immunitaire des souris. Les anticorps secrétés par les lymphocytes se fixant sur les

oligosaccharides RUP ont été sélectionnés pour la caractérisation fine de I'épitope reconnu.
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L'utilisation de plaques de nitrocellulose a haute densité a permis la sélection d’un clone
produisant un nouvel anticorps. L’épitope a été caractérisé plus finement par séparation des
oligosaccharides RUP en chromatographie échange d’anions, suivi par des tests d’inhibition
de chacune des fractions en ELISA. Les fractions considérées ont été ultérieurement
analysées par perméthylation et spéctrométrie de masse. L'anticorps a été également utilisé
en microscopie sur des racines natives d’Arabidopsis et sur coupes de pomme de terre

(Figure.C).

Figure C: Immunomarquage de RUP2. Coupe du periderme de pomme de terre (A et B). Le marquage de
RUP2 est absent sans traitement enzymatique (A) mais I’épitope de RUP2 est révélé (B) apres traitement a la
galactanase (GT'). Il est notament trés présent dans les zones de jonction des cellules (fleche). Sans besoin de
traitement enzymatique, le marquage de RUP2 est plutot situé au niveau de la zone méristematique et de la
zone d’élongation des racines des jeunes pousses d’Arabidopsis (C).

Le clone RUP2 a pu étre identifié comme producteur d’un nouvel anticorps du méme nom,
reconnaissant les RGI. L'analyse des structures présentes dans le pool d’oligosaccharides
RUP et reconnues par l'anticorps, indique que ce dernier est spécifique d’une structure
linéaire composée d’arabinoses et de galactoses. Ce motif est présent dans les parois des
végétaux riches en galactanes. Dans la zone périphérique du tubercule de pomme de terre,
I’épitope est mis en évidence aprés élimination des chaines de galactanes, mais aussi
d’arabinanes linéaires. Dans les racines d’Arabidopsis thaliana, cette chaine mixte a été
observée sans besoin de pré-traitement, au niveau de la zone d’élongation, une région riche

en galactose.
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Résumé en francais

Un nouvel anticorps spécifique des chaines latérales de RGI a été généré. Malgré la
purification de structures branchées de RGI pour I'immunisation, cet anticorps reconnait une
structure linéaire de chaines latérales contenant a la fois des galactoses et des arabinoses.

RUP2 se fixe sur les RGI de plantes riches en galactanes.

Conclusion et perspectives (chapitre V)

Les rhamnogalacturonanes sont les domaines pectiques suscitant beaucoup d’interrogations
concernant la régulation de leur synthese et leurs fonctions in planta. La microscopie par
immunolocalisation est une technique trés sensible pour la détection de structures dans les
tissus végétaux. Cependant, les anticorps reconnaissant les pectines ne sont pas assez
nombreux pour permettre une cartographie de la localisation de tous les domaines
pectiques. Dans ce chapitre, la structure des RGI et RGII, la production des Acs respectifs

nécessaires pour la microscopie, ainsi que leur localisation in planta sont discutées.

L’étude de la structure des RGI et RGII reste difficile en dépit des progrés des méthodes
analytiques. Les conditions d’extraction des polysaccharides, qui déterminent le rendement,
peuvent aussi impacter la structure des polymeéres isolés. Malgré de nombreuses études, la
caractérisation des domaines de RGI et RGlI est, a ce jour, loin d’étre compléetement résolue.
La détermination des structures est facilitée par la dégradation des polyméres en petits
fragments, plus faciles a analyser. Les hydrolyses enzymatiques et chimiques sont largement
utilisées a cet effet. Néanmoins, le manque d’enzymes et la non-spécificité de la dégradation

chimigue empéchent parfois certains fragments d’étre décrits de facon optimale.

Au cours de cette thése, quatre immunisations ont été menées pour la génération
d’anticorps (RUP, RUB, chaine latérale A et chaine latérale B). Certaines n’ont pas permis la
sélection de clones intéressants (RUB, chaine latérale A et chaine latérale B). Deux des
immunisations ont aussi été conduites en parallele, a I’'Université de Leeds (RUP, RUB). Des
différences notables dans I'obtention des anticorps ont été identifiées par les deux

institutions. Le type de glycane injecté a son importance car il est porteur ou non d’'un
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fragment immunogéne. L’animal choisi peut également avoir une sensibilité différente a un
type de motif glycosidique. Enfin, les méthodes utilisées pour le tri des clones peuvent
privilégier la sélection de certains anticorps. En effet, ces méthodes peuvent étre plus ou
moins stringeantes, impliquant des sélections différentes d’anticorps. La caractérisation de
I’épitope est un travail qui dépend incontournablement du type de glycane injecté dans

I"animal.

La localisation des domaines pectiques dans la plante par immunocytochimie n’est parfois
pas représentative de la réalité. Certains anticorps se fixent sur des structures proches, mais
différentes, de celles décrites comme étant leur épitope. La complexité de la paroi cellulaire
et I'abondance de certains composés peuvent parfois cacher certaines structures qui
peuvent alors ne pas étre accessibles par I'anticorps. La localisation hétérogene des

domaines pectiques dans la paroi a été discutée.
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Pectin (from ancient Greek mnkt ké¢ meaning coagulant) is an acidic polysaccharide present
in plant cell walls. This heteropolymer is a prominent constituent of middle lamellae and
primary cell walls in non-woody tissues, next to hemicelluloses and cellulose. Pectin is
involved in a range of cell functions: it influences cell wall mechanical strength, porosity, pH,
ion transport and cell-to-cell adhesion (Willats et al., 2006) and, as a consequence, impacts
plant growth and development. Furthermore, pectin-derived oligosaccharides have been
shown to activate plant defense response and to stimulate morphogenesis (Caffall and

Mohnen, 2009).

Pectin is widely used in food industry as a functional ingredient for its gelling, thickening and
stabilizing properties (Sakai et al., 1993; Willats et al., 2006; Voragen et al., 2009). The ability
of pectin to increase viscosity and stabilize emulsions and suspensions is also used in
pharmaceutical and cosmetic preparations (Sakai et al., 1993; Madhav and Pushpalatha,
2002; Willats et al., 2006). Today, pectin value has also been extended to other promising
fields such as medicine, environment and energy. Indeed, pectin increasingly gains interest
as possible positiveagent in animal and human health (Patel and Goyal, 2012; Leclere et al.,
2013). Its ability to chelate cations provides application in human and environmental
detoxification (Eliaz et al., 2006; Khotimchenko et al., 2007; Krzestowska et al., 2009; Mata et
al., 2009; Leclere et al., 2013). Finally, research in biofuel is another option that merits
consideration for recycling the considerable amount of waste products from industrial

processing of fruits and vegetables (Edwards and Doran-Peterson, 2012). Properties of
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pectin in planta or as isolated polysaccharide and derived oligosaccharides depend highly on
their structural features. Pectin is composed of different structural domains

homogalacturonan (HG), homogalacturonan analogues (rhamnogalacturonan Il (RGlI),
xylogalacturonan, apiogalacturonan) and rhamnogalacturonan | (RGI) (Ridley et al., 2001)
Although the fine structure of these domains has been described to some extent, it is still
unclear how they are linked to each other to form the whole pectin macromolecule.
Furthermore, in plant tissues, according to developmental stages and plant sources, pectic
molecules differ considerably. In the cell wall context, our knowledge of the pectin
biosynthesis regulation and deposition is still incomplete. Furthermore, the way in which the
different pectic domains contribute to cell wall biological and mechanical functions remains

largely unknown.

The complex structure of pectin polymers has been studied by using a range of analytical
tools including chromatographic, spectroscopic and immunolabelling techniques. However,
to allow further progress in the understanding of the relationship between RGI structure and
function in planta, novel pectin enzymes and probes are required. In the context of intact
cell walls, a better definition of the pectic domains variability will lead to a better

understanding of the structures’ impact on biosynthesis and remodeling control.

My PhD project is part of a European Marie Curie Initial Training Network (ITN) project

called WallTraC that has two major objectives:

- To develop knowledge and new molecular tools & techniques for the analysis of plant cell
walls & their component polymers - mainly pectin and cellulose - with direct applicability to

industrial end-users in the functional food ingredients & plant fibre sectors;

- To provide high quality, intersectorial & trans-disciplinary training in plant cell wall analysis
& complementary skills with the aim of enabling young scientists to respond to future

demands in both academic and private sectors thereby securing the future EU expertise base.

The aim of my thesis within the WallTraC project is to develop new antibodies (mAbs), which

probe pectin structural motifs in planta. A set of mAbs specific to pectic structures is already
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available. However, taken all together, they do not cover the whole polymer complexity. In

particular, RGl complexity is poorly covered and there is no RGIl mAb available.

Pectin-rich sources  m———) Oligosaccharides
> \M P Pectic domains extraction
ﬁﬁ' Hydrolyses Mice immunization

Purifications

£

3 \
: § i Characterization
h y Fom

Generation of mAbs

Immunochemistry
Microscopy

Cell wall exploration
Establish a structure/function relationship

Figure D: Thesis main steps

The thesis researchwas organized in different steps (Figure.D), from pectin extraction to the
use of produced mAbs to explore plant cell walls architecture. Oligosaccharides were
produced from different plant sources using a combination of chemical and enzymatic tools
and further purified, mainly by chromatographic means. RGl-related oligosaccharide pools
were isolated from two different plant sources differing by their pectin side chain
composition: sugar-beet root (arabinan-rich side chains) and potato tubers (galactan-rich
side chains). RGlI side chains A and B were obtained from wine RGII. The isolation of pectic
oligosaccharides was performed in collaboration with two other PhD students within the
WallTraC project: Valérie Cornault (University of Leeds, UK) produced the potato-derived
RGl-related oligosaccharide pools and Jeff Zang (University of Newcastle, UK) purified whole
RGII from wine. Both of them carried out this part of their work at INRA Nantes under the
supervision of M.-C. Ralet. Pectic fragments were structurally characterized using different
biochemical analytical methods and mass spectrometry. The oligosaccharides produced
were then injected to mice in order to launch the immune system. During the thesis, 4
different immunizations were performed at INRA Nantes using the two pools of RGI-derived
oligosaccharides and side chains A and B from RGIIl. Promising mAbs were obtained from

potato RGI-derived oligosaccharides and were further characterized using glycan
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microarrays. | carried out this part of my work in the laboratory of Pr. William Willats at the
University of Copenhagen. All mAbs showed a new binding pattern on glycans and one of
them was selected for additional studies to define the epitope. This mAb has also been
tested in immunofluorescence microscopy on several plant species. Altogether, the results

show that a new mAb against pectin RGl domain has been generated.

In the following document, an introduction chapter (chapter |) describes the state-of-the-art
with respect to pectin structure and their functions in planta. Results on RGI and RGII are
presented as two distinct chapters. Chapter Il reports on the variation of structural features
of wine rhamnogalacturonane Il. Chapter Il deals with the production and characterization
of new monoclonal antibodies recognizing a specific RGl motif. A general discussion chapter

(chapter IV) sums up the main results and exposes perspectives.
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State-of-the-art

Plant cells are surrounded by an elaborated extracellular matrix, the cell wall. The cell wall is
a very dynamic entity, which gives to the cell rigidity and resistance against mechanical
constraints. The whole sophisticated arrangement is predominantly constituted by
polysaccharides (60-85% of the dry material), proteins (6-15%) and lignins (2-10%).
Component proportions can vary with respect to both the plant source and the cell
developmental stage. Furthermore, the cell wall can also react to various stimuli, such as

pathogens.

Three main classes of polysaccharides compose plant cell wall: cellulose, hemicelluloses and
pectins. Cell wall glycans structural versatility has been largely described and polysaccharide
fine structure differs widely within the plant cell wall. So far, how cell wall polysaccharides
structural variability relates to specific biological functions within the cell wall is still poorly
understood. Plant cell wall generally comprises three different levels of organisation

differing in their polysaccharides composition.

The middle lamella is situated between two cells, at the most extreme position of each one
(Figure.l.1). It is mainly made of pectic components. It is shaped during mitosis and ensures
the overall cohesion of the adjacent cells. Young cells are surrounded by a primary cell wall

(Figure.l.1). It is synthesized during the cell expansion stage, stability and extensibility being
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the mechanical properties required for cell growth. Primary cell wall is highly hydrophilic
(60% of water). It is made of a loose network of cellulose microfibrils combined with
hemicelluloses and pectins. When cell expansion is over and the cell does not need to grow
anymore, the secondary cell wall can take place to thicken the extracellular matrix
(Figure.l.1). Primary and secondary cell walls can be differentiated by their pectin and lignin
content and by the structure of their hemicellulosic compounds. In secondary cell walls, the
pectin content decreases dramatically and is mainly replaced by lignin. Cell wall loses its

flexibility and becomes thicker to form a consolidated material.

2 um

Figure 1.1: The cell wall of Arabidopsis thaliana (wild type Columbia (Col-0)). From electron micrograph, all
different entities of the wall are clearly recognizable in Arabidopsis thaliana metaxylem: middle lamella (ml),
primary wall (pw) and secondary wall (sw). Plasma membrane (pm), cytosol (c) and vacuole (v) were also
labeled. (From Caffall and Mohnen, 2009)

In this work, pectins were the focus of attention. To replace pectin in the context of primary
cell walls in eudycotyledons, the other extra-cellular structures present in these cell walls are
first briefly described. Pectin structure and the enzymes implicated in its biosynthesis and
degradation are then reviewed. In the last part of this chapter, the biological role of the

different pectic domains in planta is described.

36



State-of-the-art

.1 Major components present with pectin in eudicotyledon

primary cell walls

I.1.a Structural proteins

Proteins represent about 10 % of the cell wall mass (Tan et al., 2013). Extra-cellular proteins
can fulfil different functions in the wall. While some of them have a marginal role or still
have unknown function, they can be organized under different functional classes. Proteins,
which contain a catalytic site for reactions (i), are largely present in the apoplast. Enzymes
are involved in various reactions (peroxidases, invertases, hydrolases, lyases, esterases), and
have an active role in the extracellular matrix rearrangement or disassembling. Other
proteins were described as having enzyme inhibitor roles (ii), such as the polygalacturonase
inhibitor protein (PGIP) or the pectin methyl esterase inhibitor (PMEI). Some proteins are
involved in cell signalling (iii) (Seifert and Roberts, 2007) or can operate as molecules
transporters (iv) in the extracellular matrix. Finally, structural proteins (v) are required to

maintain cell wall integrity.

Several hundreds of the structural proteins are present in the cell wall (Showalter, 1993).
They can be rich in hydroxyproline (HRGP), proline (PRP) or glycine (GRP) amino acids. So far,
the functional role of GRPs has not been clearly evidenced (Ringli et al., 2001). HRGPs
constitute the most studied group of structural proteins. They are classified in PRP, extensins

and AGP. The three classes are characterized by repeated sequences of amino acids.

PRPs

PRPs represent one class of HRGPs, which are lowly glycosylated. PRPs are characterized by a
sequence repetition based on a pentamer (Pro-Hyp-Val-Tyr-Lys),, which might also vary
(Cassab, 1998). Transcription of PRPs is regulated over plant development (Wyatt et al.,
1992; Bernhardt and Tierney, 2000) and can also be induced by biotic and abiotic stresses
(Sheng et al., 1991).
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Extensins

Extensins represent about 5% (dry material) of the primary cell wall in legumes and 0.5% in
non-graminaceous plants. The monomeric molecule appears as a rod shape structure with
an extended helical conformation (Lamport et al.,, 2011). These glycoproteins contain a
repeated sequence of Ser(Hyp),. Most of the Hyp are substituted by one to four a-L-Araf
units linked to each other by 1,2 or 1,3 linkages (Clarke et al., 1979; Lamport et al., 2011).
The Ser residues can carry one or two [-D-Galp units (Figure.l.2). Glycosylation is likely to

maintain the helix stable and may also prevent extension enzymatic degradation.
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Figure 1.2: Extensin self-assembly via hydrophobic segments (AFM image from Cannon et al., 2008) and focus
on the hydrophilic motif structure (Clarke et al., 1979).

The glycosylated hydrophilic sequences (Figure.l.2) are interspersed with hydrophobic
motifs, which are initiated by extensin peroxidase. Self-assembly builds a rigid and planar
network (Figure.l.2), which increases the tensile strength of the primary cell wall (Cannon et
al., 2008). Extensins form a network for cell wall extensibility. The glycosylated proteins are
involved in several physiological processes, such as morphogenesis (Wu et al., 2001),
response to mechanical stresses (Salva and Jamet, 2001) or plant injuries (Guzzardi et al.,

2004).
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AGPs

AGPs are complex proteins, which account from 1 to 10% of the wall matrix. Some of the
glycoproteins can be associated to a glycosylphosphatidylinositol anchor (GPI) at the
hydrophobic C-Terminal extremity (Schultz et al., 2000; Schultz et al., 2002; Showalter et al.,
2010). The lipidic anchoring allows the incorporation of AGPs to the plasma membrane. The
glycoproteins are composed of at least 90% of carbohydrate. Glycan chains of type Il
arabinogalactans (AGll) and short arabinans are branched to the protein backbone via Hyp
residues. Two different models have been proposed to describe the macromolecular
organization of the carbohydrates over the protein (Figure.l.3). The Wattle-blossom model is
characterized by a global spherical structure and contains a GPIl anchor. On this model, short
side chains of arabino-oligosaccharides are present on contiguous Hyp residues. AGlls are
more likely localized onto non-contiguous Hyp residues, which are more abundant (Fincher
et al., 1983; Ellis et al., 2010). This structure has been found in AGPs from carrot and tobacco
(Cheung et al., 1995). The twisted hairy rope model that applies to Arabic gums has a
characteristic repeated sequence of proteins bearing short arabino-oligosaccharides and
long strips of AGII (Qi et al., 1991; Ellis et al., 2010). More recently it was shown that pectin
and hemicellulose can be covalently linked to AGP via an AGIl domain (Tan et al., 2013). AGII

was found associated to Rhap and GlcpA units (Tan et al., 2004).

AGP function is still unclear and their structural heterogeneity suggests that they could fulfil
several functions (Ellis et al., 2010; Showalter et al., 2010). Several studies listed by Ellis et al.
(2010), have pointed the significance of the AGP role in plant growth and development. They
have also been described to have an impact on the cellular adhesion (Carpita and McCann,

2000).
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Figure 1.3: Model of the glycan organization over the protein backbone of AGP (adapted from Ellis et al.,
2010). A: The wattle and blossom model shows the globular AGII (yellow ovals) and the short arabinan side
chains (short blue dashes) beard by the protein backbone of the AGP. In this model, low amounts of
contiguous Hyp residues are present. B: The twisted hairy rope model represents proteic sequences with
contiguous Hyp, which are linked to short-arabino-oligosaccharides and elongated bands of
glucuronorhamno-arabinogalactan.

I.1.b The cellulose and hemicellulose network

In contrast to the acidic pectin, cellulose and hemicelluloses are predominantly made of
neutral sugars. Hemicelluloses are supposed to be associated to cellulose by non-covalent

bonds forming the so-called cellulose-hemicellulose network.

Cellulose

Cellulose is the organic molecule the most present on Earth. It is insoluble and represents
about 15 to 40% of the dry primary cell wall (Caffall and Mohnen, 2009). It consists of (1—4)-
[-D-glucopyranoses, forming a linear homopolymer (Figure.l.4). Each chain may account for

2000 to 25000 residues.
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Figure 1.4: Cellulose in the cell wall is arranged in microfibrils, which are paracristaline. Microfibrils are
constituted of (1—>4)-B-D-glucopyranoses chains bonded together by non-covalent linkages (Moore and
Clark, 1998).

Cellulose is arranged to a special conformation by association of the polymeric glycan chains.
Cellulose chains link through glycan interaction hydrogen bonding of free hydroxyls groups
present on glucoses of the molecules. The hydrogen linkages enable to stabilize the linear
parallel orientation of the cellulose molecule (Sugiyama et al., 1991). Inter-chain connections
result in a “multichain complex”, which ensures a rigid construction. The whole structure
drives to the generation of solid pseudo-crystalline fibers, which are organized together in
microfibrils (Figure.l.4). This general conformation is solid and very condensed, which
explains its insolubility in water. The center of the fiber has a crystalline structure whereas
the cellulose chains located at the microfibrils periphery may have a less organized structure,
(paracrystalline) (Earl and Vanderhart, 1981). Throughout the microfibrils, some alteration
can occur and disrupt the condensate structure of the cellulose. The glucan chains are
synthesized by terminal complexes or rosettes consisting of cellulose synthases (CESA) and
associated enzymes. Present at the plasmic membranes, rosettes are formed by hexameric
sub-units (Doblin et al., 2002). Six CESAs are grouped to form a sub-unit. From UDP-D-Glc
units, CESAs enable the production of 36 glucan chains, which are associated in a microfibril,

giving a thickness of about 3-5nm (Somerville, 2006).

Hemicelluloses

Hemicelluloses represent about 25% of the primary cell wall dry material. They group all
polysaccharides in the cell wall, which are neither cellulosic nor pectic. Hemicelluloses are

usually extracted using dilute alkaline solutions. Hemicelluloses can have a homopolymeric
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or heteropolymeric backbone. Homopolymeric backbones always have the same common
structure constituted by (1—4)-B-D-glycopyranose units, which can be glucose, xylose or
mannose (Figure.l.5). These hemicelluloses are called glucans, xylans or mannans,
respectively. Heteropolymer backbones always involve glucopyranose residues, which can
be linked to mannose residues (heteromannan) or linked to themselves with hetero-linkages
(B(1-4)(21-3) glucans). Hemicelluloses may be substituted by various short side chains, which
increase their structural diversity. Depending on the developmental stages or the plant
species, different hemicellulosic polymers are present in the cell wall. In the primary cell wall
of  eudicotyledons, the most commonly encountered are  xyloglucans,

glucuronoarabinoxylans and glucomannans (Scheller and Ulvskov, 2010).

e Xyloglucan
Xyloglucan is the most abundant hemicellulosic polymer in eudicotyledon primary cell walls
representing 20-25% of the dry material (Scheller and Ulvskov, 2010). Xyloglucan has a
(1—>4)-B-D-Glcp backbone that is branched at 0-6 by a-D-Xylp residues (Hayashi, 1989)
(Figure.l.5A). Different xyloglucans have been described, based on the degree of substitution
of the glucan backbone (Vincken et al., 1997; Pauly et al., 2013). The majority of higher
plants produce xyloglucans, in which three of every four B-D-Glcp residues is substituted
with a Xylp residue. Less substituted xyloglucans containing only two Xylp residues per four
Glcp units have been identified in Solanales (Pauly et al., 2013). Xylp can be substituted at O-
2 by B-D-Galp or a-L-Araf residues, depending on the plant source. Both substitutions can
also coexist in the same plant (Hoffman et al., 2005). B-D-Galp residues, which are the most
often observed, can be further substituted at O-2 by a a-L-Fucp residue and/or acetylated at
0-6 (Vincken et al., 1997; Scheller and Ulvskov, 2010; Pauly et al., 2013). Araf unit can also
be acetylated at O-6 and further substituted at O-3 by a B-L-Araf residue (York et al., 1996;
Scheller and Ulvskov, 2010). Fry et al. (1993) have developed a nomenclature to represent
xyloglucan ramifications. Only terminal sugars of the lateral chains are represented by a
corresponding single letter, as represented in Figure.l.5A. The implication of xyloglucans in
plant development has received much attention. Xyloglucans have a strong affinity to
cellulose. They can be non-covalently linked to cellulose microfibrils via hydrogen bonds and
may also be trapped in the cellulose structure, preventing the normal condensation of the

microfibrils (Carpita and Gibeaut, 1993; Somerville, 2006; Anderson et al., 2010). The
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xyloglucan-cellulose interaction has long been thought to be crucial for primary cell wall
architecture. The lack of detectable xyloglucan in the xxt1 xxt2 double mutant resulted in
significant changes in the mechanical properties of these plants (Cavalier et al., 2008). Some
xyloglucan oligomers were shown to induce cell expansion (McDougall and Fry, 1990).
However, others may have a negative effect on cell expansion. For example, the
nonasaccharide XXFG was demonstrated to inhibit pea stem growth (York et al., 1984;
McDougall and Fry, 1988). Xyloglucan can be also mobilized in cotyledons of seeds. The
abundant accumulation of xyloglucan in these walls provides a carbohydrate source for the

developing plant (Edwards et al., 1985; dos Santos et al., 2004).

e Glucuronoarabinoxylan
Glucuronoarabinoxylan is also present in primary cell walls of eudicotyledons where it
represents approximately 5% of the dry material (Darvill et al., 1980; Scheller and Ulvskov,
2010). Variability in xylan branching depends of the cell tissue and the development stage
(Scheller and Ulvskov, 2010). In glucuronoarabinoxylans (Figure.l.5B), a-L-Araf and o-D-
GlcpA branching occurs at the O-2 position of a xylan backbone, which can also be acetylated
at the O-2 and O-3 positions (Gille and Pauly, 2012). As the polysaccharide is mostly found in
primary and secondary walls of grasses (Faik, 2010; Scheller and Ulvskov, 2010), potential
functions in primary cell walls of eudicotyledons have been poorly studied. Also, the general
role of xylans in the cell wall is not well defined. It has been pointed to play a role in cell wall
thickening in eudicotyledon wood (Lee et al., 2013). In the endosperm of cereal grains,

glucuronoxylan was shown to act as a storage polymer (Naran et al., 2009).

e Glucomannan
Glucomannan has a hetero-backbone of (1—4)--D-Man with interspersed 3-D-Glcp residues
(Pauly et al., 2013) (Figure.l.5C). It represents 3-5% of the primary wall of eudicotyledons.
The polymer can be acetylated at O-2 and O-3 on Manp residues. The functions in planta of
this polymer remain a matter of debate. Mannan, which is considered to be the most
ancient hemicellulose of the plant wall, is suggested to have been largely replaced by other

hemicelluloses in spermaphytes (Scheller and Ulvskov, 2010; Pauly et al., 2013) .

43



CHAPTER |

A (Xyloglucan)

Model 1 Model 2

® ® ® ® ®

B-D-Glcp 1>4 B-D-Glep 1->4 B-D-Glcp 154 B-D-Glep
6 6 6

6 6
» » A ~ A
1 1 1 1 1
a-D-Xylp  a-D-Xylp a-D-Xylp a-D-Xylp a-D-Xylp
X X X G X X
£ £ £ £
p-D-Glecp p-D-Glecp p-D-Glecp p-D-Glep
6 6 6 6
» » » »
1 1 1 1
a-D-Xylp  a-D-Xylp a-D-Xylp a-D-Xylp
2 2 2 2
0 0 ~ 0
1 1 1 1
p-D-Galp B-D-Galp  a-L-Araf  o-L-Araf
2 2
2 »
1 1
a-L-Fucp B-L-Araf
L F S T

B-D-Glcp 154 B-D-Glep 1->4 B-D-Glcp 154 B-D-Glep

B (Glucuronanarabinoxylan)

2 2 2

» » »

1 1 1
o-D-Glcp o-L-Araf o-D-Glep

B-D-Xylp 1>4 B-D-Xylp 1>4 B-D-Xylp 134 B-D-Xylp1>4 B-D-Xylp 14 B-D-Xylp 1>4 B-D-Xylp
2

/P
1
o-L-Araf

C (Glucomannan)

B-D-Manp 1+4 B-D-Glcp 154 B-D-Manp 14 B-D-Manp1+4 -D-Manp 134 3-D-Glcp 154 B-D-Manp

Figure 1.5: Structure of the most encountered hemicelluloses in eudicotyledons primary cell walls. A:
Xyloglucans. The two models of xyloglucan motifs are represented. In both models, short side chains, shown
in blod (*), are variable. The B-D-Glcp unbranched residues in the backbone and the last sugar at the non-
reducing end of each side chain are represented by a letter (G, X, L, F, S, T) (Fry et al., 1993).
B:Glucuronoarabinoxylan. C: Heterobackbone of glucomannan. All three polymers can be further acetylated
at 0-2 or 0-3 on the glycosyl-pyranose from the backbone. Side chain of xyloglucan (A) can also be acetyled

at 0-6 on the -D-Galp or a-L-Araf residues.
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.2 Pectins

Pectins are considered as key components for plant primary cell wall architecture in
eudicotyledons and are involved in various cell functions and plant processes. They
represent about one third of the primary cell wall. They are heterogeneous and complex
galacturonic acid (GalpA)-rich polysaccharides. These polymers are constituted by three
major domains, which are covalently linked one to another (Caffall and Mohnen, 2009). The
complex structure of homogalacturonans (HG), HG analogues and type |
rhamnogalacturonans (RGI) requires a combination of many enzymes for their biosynthesis.
HG and HG analogues are both constituted of a a-D-GalpA backbone. In HG analogues
(xylogalacturonan, apiogalacturonan, rhamnogalacturonan ll), this backbone is branched by
single sugar units or short side chains. RGI is the unique pectic domain having a
heteropolymeric backbone made of alternating rhamnose (Rhap) and GalpA residues. This
heteropolymer can be substituted by various neutral sugar side chains. Whole pectin was
shown to have a mechanical role and to be a strong adhesive material between cells (Carpita
and Gibeaut, 1993; Willats et al., 2001a; Jarvis et al., 2003). Pectin is suggested to control
porosity, pH, and hydration within the plant cell wall (Mohnen, 2008). Pectin-derived

oligomers are deeply involved in cell signaling (Ridley et al., 2001).

l.2.a Structure

Homogalacturonan

Homogalacturonan (HG) is the simplest and most abundant pectic structural domain,
accounting for approximately 65% of the pectic domains. It consists of a linear backbone of
(1—4) linked a-D-GalpA residues (Figure.l.6A). The estimated length of this domain is 85-320
GalpA residues (Thibault et al.,, 1993; Hellin et al., 2005; Yapo et al., 2007; Round et al.,
2010). GalpA residues are commonly partly methyl-esterified at 0-6 (Voragen et al., 1995)
and, in some plant species, partly acetyl-esterified at O-2 or O-3 (Ralet et al., 2005; Ralet et

al., 2008). Both the degree of methyl-esterification (DM) (i.e. the number of methyl-
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esterified GalpA residues for 100 total GalpA residues) and degree of acetylation (DA) (i.e.
the number of acetyl-esterified GalpA residues for 100 total GaplA residues) have a profound
impact on pectin gelling properties. HM pectins ( > DM% 50) forms gels under acidic
conditions in the presence of a cosolute whereas LM pectin (< DM% 50) forms gel by a
different mechanism in the presence of calcium ions (May, 1990; Willats et al., 2006). High
DA has been shown to be a limiting factor for gelling properties (Vriesmann and Petkowicz,
2013). Not only the degree of the esterification but also the distribution of the esters is
important. The distribution of esters is very complex at an intramolecular level (within one
molecule) and at an intermolecular level (over various pectin molecules within a mixture)
(Daas et al., 1998; Daas et al., 1999; Ralet et al., 2008). The degree and distribution of
esterification vary according to the plant species, age and location in the plant cell wall and
is implicated in controlling functional properties of pectin (Bonnin et al., 2008; Caffall and

Mohnen, 2009).

Homogalacturonan analogues

e Mono- or di-substituted homogalacturonans
Mono- or di-substituted homogalacturonans (Figure.l.6B) can be branched by apiose or
xylose units and/or disaccharide side chains (Le Goff et al., 2001a; Le Goff et al., 2001b).
Apiogalacturonans, which are branched with a 3-D-Apif at O-2 and/or O-3, were detected in
the walls of aquatic plants (Hart and Kindel, 1970; Ovodov et al., 1971; Ridley et al., 2001). -
D-Apif disaccharides linked to the HG backbone were also isolated in duckweed. HG
branched with B-D-Xylp units at O-3 is called xylogalacturonan (Schols et al., 1995; Le Goff et
al., 2001b; Zandleven et al., 2006). Depending on plant sources, disaccharide side chains of
[-D-Xylp have been identified where O-2, O-3 and 0-6 linkages were involved (Zandleven et
al., 2006). Concerning xylogalacturonan, a single evidence, for the methyl-esterification of
the HG backbone, has been provided. In apple pectin, a purified fraction containing
xylogalacturonan has been characterized in NMR spectroscopy to have a degree of

methylation of 39 % (Schols et al., 1995).
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Figure 1.6: Structural representation of HG and HG analogues. A: position of acetylation and methylation on
Homogalacturonan. B: The three homogalacturonan analogues: xylogalacturonan; apiogalacturonan and
rhamnogalacturonan Il. In B, esterifications are not shown. However, only methylation has been well

described in the RGIl backbone.
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Rhamnogalacturonan Il is a low molecular weight (5-10kDa) highly complex macromolecule.
It is indeed composed of 12 different glycosyl unit types and more than 20 different linkages
(O'Neill et al., 2004). It contains a backbone consisting of (1—4) linked a-D-GalpA units
substituted with 5 different side-chains (Figure.l.6B). The side chains include GalpA, Rhap,
Araf-p and Galp together with rare sugars such as aceric acid (AcefA), methyl fucose (O-Me-
Fucp), methyl xylose (O-Me-Xylp), 3-desoxy-D-manno-2-octulosonic acid (DHA), 3-desoxy-D-
lyxo-2-heptulosonic acid (KDO). The whole structure of the RGII is extensively studied in

Chapter .

Rhamnogalacturonan |

e Backbone
RGI represents from 20% to 35% of the pectic polysaccharides (Mohnen, 2008). The RGI
backbone is composed of [—>2)-a-L-Rhap-(1—4)-a-D-GalAp-(1—] repeats (Figure.l.7). This
backbone was found to consist of up to 300 repeats (Schols et al., 1990; Renard et al., 1995;
Albersheim et al., 1996). Partial acetylation can occur at the O-2 and O-3 positions of the a-
D-GalpA residues (Komalavilas and Mort, 1989; Ishii, 1997) and less commonly at the O-3 of
the o-L-Rhap residues (Komalavilas and Mort, 1989). No clear structural evidence of
methylesterification of GalpA carboxyl groups has been shown, but some RGI rich fractions

were reported to contain limited amounts of methyl esters (Yapo, 2011).

e Side chains
RGI is decorated, mainly at the 0-4 of the rhamnosyl units, by arabinan, galactan,
arabinogalactan | and Il side chains (Ridley et al., 2001; Willats et al., 2001a; Caffall and
Mohnen, 2009; Yapo, 2011). From 20 to 80% of a-L-Rhap were reported to be substituted
(Albersheim et al., 1996; Ridley et al., 2001). The proportion of side chains, their length and
their degree of branching vary according to plant sources, taxons, organs and tissues
(Lerouge et al., 1993; Willats et al., 2001a; Caffall and Mohnen, 2009). Arabinan-rich pectins

have been isolated from apple, sugar beet, carrot and onion (Voragen et al., 1995). Galactan
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side chains are found in potato, soybean, and lupin (Voragen et al., 1995). The RGI backbone

GalpA units can also be substituted by single 3-D-GlcpA residues at O-3 (Renard et al., 1999).
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Figure 1.7: Structural representation of Rhamnogalacturonan I. Different side chains may occur on this pectic
domain. The length and proportion of arabinan, galactan, arabinogalactan type | and arabinogalactan type Il

side chains is plant- and tissue-specific.

L-a-Arabinans consist in a (1—5) linked o-L-Araf backbone that can be substituted with

(1—>2) linked a-L-Araf residues, (1—3) linked a-L-Araf residues and/or by (1—3) linked o-L-
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Araf disaccharides (Carpita and Gibeaut, 1993; Ridley et al., 2001). Galactan side chains
encompass a (1—4)-B-D-Galp backbone that may be branched at O-3 and 0-6 by Galp
residues (Vis, 1994; hinz, 2005). Arabinogalactans are more complex molecules and consist
of galactan chains bearing a-L-Araf branches. Arabinogalactan | consists in a main (1—4)-p-
D-galactan backbone, branched at O-3 with single a-L-Araf unit or short (1—5)-a-L-Araf
chains (Carpita and Gibeaut, 1993; Ridley et al., 2001). Complex Ara- and Gal-containing side
chains were also evidenced in soybean (Huisman et al., 2001). Indeed, oligosaccharides
containing (1—4)-linked Galp residues bearing one Arap residue at the non-reducing end,
and oligosaccharides made of (1—4)-B-D-Galp residues interspersed with one internal
(1—>5)-a-L-Araf residue were evidenced. Finally, (1—4)-B-D-Galp residues interspersed with
(1—>3)-B-D-Galp stretches were evidenced in potato, soybean, citrus and onion (Hinz et al.,
2005). Arabinogalactan Il has a main (1—3)-B-D-galactan backbone, on which (1—6)-3-D-
galactan secondary chains are branched (Carpita and Gibeaut, 1993; Ridley et al., 2001;
Mohnen, 2008). a-L-Araf units can be attached at the O-3 position of the non-reducing end
of the secondary galactan chains. Arabinogalactan |l side chains non-reducing ends can be
terminated by single a-L-Fucp, B-D-GlcpA, 4-O-Me-3-D-GlcpA or 3-D-Glcp residues (Ridley et
al., 2001; de Vries et al., 2002).

Internal interaction of pectin structural domains

e Glycosidic cross-linkages
It is assumed that HG, HG analogues and RGI are covalently linked since harsh chemical and
enzyme treatments are required to separate them one from another (Coenen, 2007).
Different models have been proposed. In the “smooth and hairy region model” (Schols et al.,
1996), neutral sugars are concentrated in blocks of highly substituted RGI regions
(designated hairy regions) separated by HG regions (designated smooth regions). In this
model RGIl is believed to be an integral part of some HG segments (Ishii and Matsunaga,
2001). In the “RGI backbone model” (Vincken et al., 2003), HG is considered as a side chain

of RGI attached to the rhamnosyl, or to GalpA residues of the RGI backbone.
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e Hydrogen bonds
Highly methylated homogalacturonans have the ability to self-aggregate via hydrogen bonds
(Willats et al., 2001a). Hydrogen bonds are thought to occur in the wall but this

phenomenon has never been clearly observed.

e Calcium-pectin complexes
Calcium, a divalent cation, can act as an ionic bridge between negatively charged
unmethylated GalpA residues in the HG domain. In vitro, ionic-mediated gelation through
cations is the classical mechanism of LM-pectin gelation (Zaidel and Meyer, 2012). Blocks of
7-14 methyl free a-D-GalpA residues are required for stable association with calcium (Daas
et al., 2001). The mechanism of calcium binding to the ionized carboxyl groups of the HG
chains has been studied for 40 years. The “eggs box” model, in which two HG chains are
oriented in parallel, was first proposed by Grant et al, (1973). However, more recent
conformational studies showed that this model cannot provide the best entropic
contribution to the pectate dimer. It was instead suggested that the two HG chains could be
anti-parallel (Braccini and Perez, 2001; Cabrera et al., 2008). In planta, this type of

interaction has been suggested to occur mostly in the middle lamellae.

e Borate ester cross-linked pectin
RGII exists in primary walls as a dimer, via covalently cross-linked boron. Borate diester is O-
3 and O-2 linked to apiosyl residues from side chain A (Ishii et al., 1999; Ishii and Ono, 1999).
This complex is thought to contribute to the formation of a three-dimensional pectic
network that is believed to have a role in cell wall properties (Ishii et al., 2001). This RGII-
boron complex stabilized by Ca®" may account for 95% of the RGII in plant (O'Neill et al.,
2001). About 80% of the plant boron is involved in the RGII dimerization via di-ester bonds

with Apif residues.

e Ferulic esters
Pectins originating from Chenopodiaceae (spinach and sugar-beet for example) contain
ferulic acid residues in the arabinan and galactan side chains (Fry, 1982; Clausen et al.,
2004). In arabinans, feruloylation occurs at the 0-2 and O-5 position of a-L-Araf (Ralet et al.,
2005). On galactan side chains, ferulic acid was detected at the O-6 position (Ralet et al.,

2005). These phenolic residues are potential sites for crosslinking via oxidative coupling.
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Ferulic acid dehydrodimers account between 10% to 29% of the total ferulates in sugar-beet

pectin (Levigne et al., 2004).

e Interconnections with other polysaccharides
Evidence for pectin interconnection with the other cell wall polymers is increasing. The
existence of a possible covalent linkage between xyloglucan and pectin was first suggested
by Thompson and Fry (2000) based on the co-elution of a fraction of alkali-extracted
xyloglucan from suspension-cultured rose cells with high anionic pectin on anion exchange
chromatography under high salt concentration. Treatments with either endo-galacturonase
or galactanase or arabinanase converted appreciable amounts of this anionic xyloglucan to
neutral material. The xyloglucan-pectin bonding was further investigated by Popper and Fry
(2008). Using pulse labeled Arabidopsis cell culture with [*H] arabinose and monitoring the
radiobelling of the anionic xyloglucan-pectin complex, they showed that the xyloglucan-
pectin bonds were formed intra-protoplasmically. The proportion of the wall-bound
[3H]xyloglucan that was anionic was found almost constant at ~50% for several days,
showing that the xyloglucan—pectin bond was stable. They concluded that pectin serves as a
primer, on which xyloglucan is synthesized. The complex is then secreted into the apoplast,

where the xyloglucan—pectin bonds are stable and the pectic moiety aids wall-assembly.

A pectin-like structure linked to xylan oligosaccharides was reported in soluble
polysaccharides extracted from soybean cotyledons (Nakamura et al., 2002). Indeed, short
chains of 3-D-Xylp (dp up to 7) attached at the O-3 position of the HG were detected. More
recently, a proteoglycan consisting of pectin and arabinoxylan covalently linked to an
arabinogalactan protein were isolated from the media of Arabidopsis suspension cell culture
(Tan et al., 2013). The arabinoxylan is covalently linked, either on the RGI backbone via the

[3-D-Xylp residues or on arabinogalactan via the a-L-Araf residues (Tan et al., 2013).

Non covalent linkage of RGI neutral side chains to cellulose was also investigated in vitro
(Zykwinska et al., 2005). Unbranched arabinan and galactan showed a high affinity to
cellulose (Zykwinska et al., 2005; Zykwinska et al., 2006). It was suggested that pectin via

some side chains may tether cellulose microfibrils (Zykwinska et al., 2007).
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1.2.b Pectin synthesis and glycosyl transferases

In contrast to cellulose, hemicelluloses and pectin are synthetized in the Golgi apparatus
(Delmer, 1999). Pectin biosynthesis begins with activated nucleotide sugars necessary for
the polymer growing. These precursors are from recycled cell wall polysaccharides and from
plant photosynthesis. Enzymes via the salvage pathway, catalyze the conversion of free
sugars in two sequential reactions involving sugar kinases and UDP-sugar
pyrophosphorylases referenced by Atmodjo et al. (2013). Those recycled nucleotides sugars
and those synthetized by photosynthesis metabolism are then substrates for nucleotide
sugar interconverting enzymes, which extent the sugar nucleotide panel (Bar-Peled and
O'Neill, 2011; Atmodjo et al., 2013). Most of the enzymes are soluble and located in the
cytosol. Nucleotide sugars are then transferred to the Golgi lumen and used as precursors
for the complex pectin synthesis promoted by gycosyl-, methyl- and acetyl-transferases.
Pectin polysaccharides are then transferred to the apoplast where they can be organized in
the extracellular matrix (Driouich et al., 1993). Over plant life, cell wall modification occurs
and polysaccharides such as pectins undergo a continuous remodeling promoted by the

action of the glycosyl hydrolases and esterases.

GlycosylTransferase (GT) activities have been reported already 45 years ago but isolation of
pure and active enzymes is still challenging (Harholt et al., 2010; Atmodjo et al., 2013). To
build the complex pectic polymer, about 67 different transferases are required (Mohnen,
2008; Harholt et al., 2010). Putative enzymes have been identified but so far, only seven GTs
involved in pectin biosynthesis have been functionally characterized. GTs are all suggested to
be type Il transmembrane proteins. The catalytic reactions are optimal in the pH range from
5 to 7 - usually found in the Golgi - and require cofactors such as Mn** or Mg?*. Up to now,
two different models have been proposed for pectin synthesis (Atmodjo et al., 2013). In the
consecutive GT model, individual GTs consecutively add sugar residues to the nonreducing
end of growing oligo- or polysaccharides. In the domain synthesis model, each pectic domain
would be synthetized one by one. After elongation, the domains would be connected one to

another by hypothetical oligosyl-transferases.
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Homogalacturonan

GAUT1 (GAlactUronyl-Transferase) and QUA1 (QUAsimodo)/GAUT8 are both well-studied
GTs described to be involved in HG synthesis. They belong to the same GAUT sub-family
from the CAZy GT8 family.

GAUT1 was the first functionally described protein identified in pectin biosynthesis. When
expressed in the mammalian HEK293 kidney cells, this protein has an HG:GalAT activity
(Sterling et al., 2006). Using a reciprocal co-immunoprecipitation approach, GAUT1 has been
recently shown to be complexed with GAUT7 (Atmodjo et al., 2011). Despite the 60%
similarity between both proteins, GAUT7 did not have any activity expression in the
mammalian HEK293 kidney cells (Sterling et al., 2006). Interestingly, the group of Mohnen
showed that the type Il transmembrane protein GAUT1 has its N-terminal transmembrane-
spanning domain cleaved in the Golgi and thus, requires the GAUT7 association to anchor
the complex to the plasma membrane (Atmodjo et al., 2011). In the same study, immune
precipitation allowed the identification of 12 other proteins that may be also associated to
the GAUT1:GAUT7 complex. In Arabidopsis thaliana, the GAUT (36-68% identity to GAUT1)
and GAUT-Like (23-29% identity to GAUT1) families have 15 and 10 putative members,

respectively (Sterling et al., 2006).

QUA1/GAUTS is also a putative protein highly suggested to be involved in the
homogalacturonan backbone synthesis (Bouton et al., 2002). Qual mutants show dwarfism
and reduced cell adhesion. Cell wall chemical analysis revealed no major changes in neutral
sugar content whereas a clear reduced amount of the GalpA content was observed
compared to the wild type. An additional study highlighted, after measurement in stem
microsomal membrane, that the 1,4-D-xylanase synthase activity was also reduced by about
40% (Orfila et al., 2005). Xylan content in stems was slightly decreased compared to the wild

type. These results suggest that QUA1 could also be involved in xylan synthesis.

Homogalacturonan homologues

Few studies have been focussing on the synthesis of HG analogues. These polymers are

constituted of a HG backbone substituted by monomers and/or rather short side chains.
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GAUT proteins could be involved in the backbone synthesis before other proteins add side

chains decorations.

e Xylogalacturonan
Xylogalacturonan deficient 1 (XGD1) is a gene encoding for a xylosyl-transferase, which
transfers UDP-Xylp onto GalpA residues of the HG backbone (Jensen et al., 2008). In the
mutant xgdl, a reduction of 25% xylose content was observed in Arabidopsis thaliana.
Hence, linkage analyses showed reduction of XylpT and 3,4-GalpA, which are
xylogalacturonan specific. Interestingly the study provides the evidence that RGl seems to
offset the Xyl deficiency. An increase of 40% in Gal content was found in xgd1 mutants,
which mostly concerns the 1,4-linkages. An increase of the substituted Rhap supports the
increase in galactan side chain amounts. In the xgd1 mutant no specific growth phenotypes
were detectable. Moreover, immunochemistry could not differentiate mutants and control
using the LM8 probe, which recognizes xylogalacturonan (Willats et al., 2004). Therefore, the
authors hypothesized that Arabidopsis thaliana contains at least two different types of XGA,
guestioning the linkages produced by XGD1. The study highly supports that XGD1 is involved

in the 1,3—B-D-Xylp linkages but it has to be confirmed by additional biochemical analysis.

e Rhamnogalacturonan Il
At least 22 GT are supposed to be required for the RGIl synthesis. The biosynthesis of the
most structurally complex polysaccharide has not been much studied except for a protein
group from the GT77 CAZy family. Four protein members, RGXT1 to RGXT4, encoding for 1,3-
a-D-xylosyltransferases have been identified and were showed to transfer a-D-Xylp from
UDP-Xylp to a-L-Fucp. This glycosyl linkage is only present in the RGII side chain A. The rgxt4
mutant, in which pollen tubes and roots growth are affected, is the only one showing a clear
phenotype (Liu et al., 2011). The changeless phenotype of the rgxtl and rgxt2 mutants is
suggested being caused by genotype redundancy (Egelund et al., 2006; Harholt et al., 2010).

The rgxt3 mutant is not available (Liu et al., 2011).

In Nicotinia plumbaginifolia, The NpGUT1 gene, which is altered in the nolac-H18 line, was
proposed to encode a glucuronyltransferase involved in the transfer of the GlcpA residue

onto RGII side chain A (lwai et al., 2002). However, studies on the Arabidopsis thaliana
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orthologous gene IRX10/IRX10L, provided evidence that GUT1 is more likely to encode for a
gene involved in xylan biosynthesis (Wu et al., 2001; Brown et al., 2009). Furthermore
analyses by mass spectrometry showed no structural changes in RGIl on the double mutant

irx10/irx10/ when compared to the wild type (Seveno et al., 2009).

Rhamnogalacturonan |

The complex RGl made of different sugars and linkages requires a large number of enzymes
for its synthesis. Only enzymes required in side chain synthesis will be presented in the
following paragraphs. The GALS1 GT, involved in galactan synthesis, is the only gene
encoding for an RGl-related GT that has been functionally characterized. From the CAZy GT
47 family, two putative enzymes (ARAD1 and XGD1) have been described for arabinan
biosynthesis. GAUT11, which belongs to the CAZy GT8 family, might have an impact on the

regulation of RGI backbone macromolecular properties (Kong et al., 2013).

In the GT 92 family, three genes GALS1, GALS2 and GALS3 were recently described to encode
for a 1,4- B-D-galactosyl-transferase (Liwanag et al., 2012). The three genes appeared to be
almost ubiquitously expressed in Arabidopsis but have distinct expression pattern in plant
organ development. The three mutants gals1, gals2 and gals3 did not exhibit any notable
morphological phenotype but all showed a decrease in Gal content, the most important
decrease being for galsl mutant. GAL1 was selected for further characterisation. Both,
overexpression of GAL1 in Arabidopsis, and glycosyltransferase assay using GALS1 protein
isolated from microsomal fraction, led the authors to conclude that GALS1 encodes for a

(1,4)-B-galactan synthase involved in the elongation of galactan chains.

In Arabidopsis thaliana, ARAD1 is a putative arabinosyl-transferase that was shown to have
an impact on the cell wall arabinan content (Harholt et al., 2006). Furthermore, linkage
analyses showed a strong reduction in (1—>5)-a-L-Araf in the mutant compared to the wild
type, which highly suggests that ARAD1 is a RGI (1—5)-a-L-arabinosyl-transferase.
Functional activity remained to be characterized. ARAD1 was demonstrated to form a
complex with its close homolog ARAD2 held together by sulfuric bonds (Harholt et al., 2012).
Despite they are closely related (65% amino acid homology), function of ARAD1 and ARAD2
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were not redundant, since ARAD2 overexpression didn’t rescue the biochemical phenotype
of the aradl mutant. Furthermore, in contrast with wild type and the aradl mutant,
immunochemistry analyses using the LM13 mAb revealed long stretches of (1—5)-a-L-
Arabinan in intact roots of Arabidopsis seedling in the arad2 mutant. Such changes in
arabinan type detection led the authors to hypothesize that ARAD2 protein may be involved
in adding lateral chains to the (1—5) arabinan core, either directly or through modulating
the activity of other arabinosyl-transferases. aradl and arad2 single mutants and the double
aradl x arad2 mutant didn’t show physiological growth phenotype changes compared to the

wild type.

Acetyl and methyl transferases

Methyl and acetyl esterification on pectin are highly suspected to be Golgi-localized (Goubet
and Mohnen, 1999; Pauly and Scheller, 2000; Ibar and Orellana, 2007). No functional
enzymes have been characterized so far. Nevertheless, several mutants have been
generated and studied. Cotton Golgi-related 3 (CGR3) and QUASIMODO 2 and QUASIMODO
3 (QUA2 and QUA3) were characterized as putative methyl transferases (Mouille et al., 2007,
Held et al.,, 2011; Miao et al., 2011). Mutants all showed pectin methylesterification
deficiency, but additional studies are required to confirm the biochemical activity of the
proteins. The only putative acetyltransferases described were xyloglucan-specific (Gille and

Pauly, 2012).

I.2.c Enzymes involved in pectin degradation

Degradation of pectin is controlled by different classes of enzymes: esterases, hydrolases
and lyases (Bonnin et al., 2014). Glycan esterases remove non-carbohydrate substituants
such as methyl and acetyl esters. Hydrolases are enzymes which are able to degrade
glycosidic linkages between two different sugars in presence of water. Polysaccharide lyases
cleave the glycosidic linkage by catalysing a B-elimination reaction. Depending on their mode
of action, enzymes are classified into exo- or endo-enzymes. Exo-enzymes cleave off

monomers or dimers from the non reducing end of the molecule, whereas endo-enzymes
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hydrolyse the polymer substrate randomly. So far, no pectin trans-glycanase or trans-
glycosidase has been identified in the wall. However, it is maybe a matter of time as
transglycosylation reactions are required to integrate new synthetised pectic domains into

the cell wall.

HG degrading enzymes

HG is deesterified by pectin methyl- and acetyl-esterases (PMEs — EC 3.1.1.11 - and PAEs —
EC 3.1.1.6 -, respectively). PMEs can act on homogalacturonan, either randomly or linearly
(Pelloux et al., 2007; Wolf et al., 2009). When PMEs act linearly, they give rise to blocks of
free carboxylic groups that could interact with Ca** and contribute to cell wall stiffening. The
mode of PME action depends on the pH, on the initial degree of methylesterification pattern
or on the plant origin. PAEs remove acetyl groups from pectin. Theses enzymes are required
since acetyl groups impede pectin dimerisation and inhibit enzymatic degradation through
steric hindrance. In general, PAEs show broad substrate specificity and will de-acetylate both

HG and RG-I (Bonnin et al., 2008).

HG is depolymerised by endo-polygalacturonases (endo-PGs — EC 3.2.1.15 -), exo-
polygalacturonases (Exo-PGs — EC 3.1.1.67 -) or by pectin and pectate lyases (PLs — EC
3.2.2.10 -, PALs — EC 3.2.2.2 -, Figure.l.8). Endo-PG and exo-PG catalyze the hydrolysis of
glycosidic bond between two adjacent (1—4)-a-D-GalpA units (Voragen et al., 2009; Bonnin
et al., 2014). Previous polygalacturonan demethylation by PME makes HG more susceptible
to degradation by PG. PL and PAL depolymerize HG by B-elimination reactions, introducing a
double bond on the newly formed non reducing GalpA end (Voragen et al., 2009; Bonnin et
al., 2014). PLs act on methylated HG whereas PALs are specific of none or moderately

methylated HG. The catalysis by PALs requires Ca*".

In planta, PME and PG (both endo and exo-acting) are present. They have been extensively
studied in relation with fruit ripening, organ abscission or growth tube pollen (Sitrit et al.,
1999; Futamura et al., 2000; Martin-Rodriguez et al., 2002; Prasanna et al., 2003; Brummell
et al., 2004; Supapvanich and Tucker). PAE and PAL have also been reported in plants
(Bordenave et al., 1995; Taniguchi et al., 1995; Medina-Escobar et al., 1997; Chourasia et al.,
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2006; Wang et al., 2010). These enzymes are present in numerous isoforms. However, more
work is required to better understand the respective roles of these different isoforms in

plant development events.

HG RG-1
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Figure 1.8: Main pectin degrading enzymes (Bonnin et al., 2014)

PG: polygalacturonase (endo, EC 3.2.1.15; exo, EC 3.2.1.67) ; PAL: pectate lyase (EC 4.2.2.2) ;

PL: pectin lyase (EC 4.2.2.10) ; PME: pectin methylesterase (EC 3.1.1.11) ;

PAE: pectin acetylesterase (EC 3.1.1.-); RH: rhamnogalacturonan hydrolase (EC 3.2.1.171) ;

RL: rhamnogalacturonan lyase (EC 4.2.2.23); RGH: rhamnogalacturonan galacturonohydrolase (EC 3.2.1.173);
eA: endoarabinanase (EC 3.2.1.99); AF: arabinofuranosidase (EC 3.2.1.55);

eG: endogalactanase (EC 3.2.1.89); B-Gal: B-galactosidase (EC 3.2.1.23).

RGI degrading enzymes

Acetyl groups on RGI are removed by acetyl esterase (RgAE - EC 3.1.1.86 -). RGI backbone is
cleaved by RG hydrolases (main hydrolases: RH - EC 3.2.1.171- or RGH - EC 3.2.1.174-) and
lyases (RL - EC 4.2.2.24 -) (Wong, 2008; Bonnin et al., 2014). Arabinans side chains are
degraded by endo-arabinosidases (eA — EC 3.2.1.99 -), exo-arabinanases (no Ec number),
arabinofuranosidases (AF — EC 3.2.1.55 -). Galactasyl linkages are hydrolyzed in galactan and
arabinogalactan type | by endo-galactanases (eG — EC 3.2.1.89 -), exo-galactanase (no Ec
number), and -galactosidases (B-gal — EC 3.2.1.23 -). The mode of action of these enzymes is
described in Figure.l.8. These enzymes have been identified and extensively studied in
different microorganisms, but only some of them are reported in planta (Wong, 2008;

Goulao et al., 2008; Bonnin et al., 2014). For example, in the litterature, there is no mention
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of endogenous endo-galactanases or endo-arabinanases. The presense of RG hydrolase in
apple, grape and tomato fruit has been reported (Gross et al., 1995). RG lyase activity has
been found in cotton cotyledon intercellular spaces (Naran et al., 2007). In fleshy fruit, B-
galactosidase and a-arabinofuranosidase activities have been reported. Decline in the
amount of galactose and arabinose from RGI side chains is a common feature in most
ripening fruit. As a consequence, [3-galactosidases and a-arabinofuranosidases are the RGI
enzymes the most documented: some isoforms were described to have different expression
pattern during fruit development and ripening with some present at high level only during
ripening (Rose et al., 2003; Brummell, 2006; Goulao et al., 2008). Both (-galactosidase and
exo-f-galactanase have been purified from lupin cotyledon but the exo-f3-galactanase is the
principal enzyme involved in galactan mobilization following germination (Buckeridge and

Reid, 1994; Buckeridge et al., 2005).

1.2.d Pectin distribution

To increase the understanding of the structure/function relationships of pectin in planta, the
distribution of the structural domains has been investigated using immunocytochemical
approaches (Willats et al., 2001a). Several mAbs recognizing HG, RGI backbone, arabinan and
(arabino)-galactan side-chains have been developed (Table.l.1). From an organism to
another, in a given tissue, pectic composition may vary widely. However, specific occurrence
of pectic domains has been highlighted. Young and meristematic cells are rich in
methylesterified HG compared with elongating cells (Bush et al., 2001; Leboeuf et al., 2005;
Sobry et al., 2005). Cell development has also an impact on the RGI neutral side chains
distribution. In different studies, arabinan rich side chains have been predominantly
detected in proliferating cells (Willats et al., 1999b) whereas the galactan rich side chains
have been observed in the elongating cells and cambium (Willats et al., 1999b; Ermel et al.,
2000; Bush et al., 2001; McCartney et al., 2003). Mucilage of Arabidopsis seed is mainly
composed of unbranched RGI (Macquet et al., 2007; Arsovski et al., 2009). In peripheral
layers of mature potato tuber (periderm) low methylated homogalacturonan has been
identified while galactan and arabinan neutral side chains have been hardly detected (Bush

and McCann, 1999; Sabba and Lulai, 2004). In contrast, RGI side chains are abundant in
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potato tuber parenchyma or in cotyledon of leguminous seeds (Bush et al., 2001; Buckeridge

et al., 2005; Habibi et al., 2005; Gomez et al., 2009).

Table I.1: Well characterised antibodies produced for pectin recognition

Homogalacturonan & HG analogues

antibodies Epitope recognition References
2F4 HG unesterified Ca®* cross-linked -Liners et al., 1989
JIM5 HG partially methyl-esterified -Knox et al., 1990; Clausen et al.,
(DE=35<x<90%) and unesterified 2003;Verhertbruggen et al., 2009a
JIM7 HG partially methyl-esterified (DE>50%) -Knox et al., 1990; Clausen et al.,
2003 Verhertbruggen, et al. 2009a
PAM1* HG unesterified long blocks -Willats et al., 1999a
LM7 HG partially methyl-esterified -Willats, et al., 2001b
LM18 HG unesterified and partially methyl- -Verhertbruggen et al., 2009a

esterified (preferred)

disaccharide (Rhap-GalpA) repeats for the
antibody binding (maximal binding from
R;U; to ReUs

LM19 HG unesterified (preferred) and methyl- -Verhertbruggen et al., 2009a
esterified
LM20 HG methyl-esterified -Verhertbruggen et al., 2009a
LM8 Xylogalacturonan (but not all) -Willats et al., 2004
Antisera**  Monomeric and dimeric RGII -Matoh, 1998
LM5 (1—4)-B-D-galactan -Jones et al., 1997
LM6 Linear (1—5)-a-L-arabinan -Willats et al., 1998
LM9 Feruloylated-(1—4)-B-D-galactan -Clausen et al., 2004
LM13 Linear (1—5)-a-L-arabinan, binding can be -Verhertbruggen et al., 2009b
increased by arabinofuranosidase pre-
= treatment
g LM16 (1—5)-a-L-arabinan. Epitope can be -Verhertbruggen et al., 2009b
§ generated be arabinofuranosidase pre-
é treatment and is sensitive to
§° B-galactosidase
g INRA-RU1  RGI backbone, it requires a minimum of six -Ralet et al., 2010
= disaccharide repeats for the antibody
binding (maximal binding for R;U5)
INRA-RU2  RGI Backbone, It requires at least two -Ralet et al., 2010

All antibodies are monoclonal mAbs except for, PAM1* which has been generated from a
naive phage display library and the antisera** from rabbit which contain polyclonal
antibodies.
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The distribution of pectic domains has been investigated at the ultrastructural level using
transmission electron microscopy. Esterified HG are detected throughout the cell wall
whereas low methyl-esterified or de-esterified HG are often localized to middle lamellae, cell
corners and around air spaces (Bush et al., 2001; Willats et al., 2001a; Leboeuf et al., 2005;
Verhertbruggen et al., 2009a). In the wall, RGII is present in the primary cell walls but is
absent from the middle lamellae (Matoh et al., 1998). Interestingly, linera (1—5)-arabinan
and (1—4)-galactan are also localized in a different area of the wall. In mature potato tuber,
(1—5)-arabinan is present throughout the cell wall, except at the extended middle lamella at
cell corner (Bush et al., 2001; Oomen et al., 2002), whereas (1—4)-galactan is localized at
the primary wall especially in the zone close to the plasmalemma and is absent from the
middle lamella (Sgrensen et al., 2000; Bush et al., 2001; Oomen et al., 2002). In seed tobacco
endosperm, RGI backbone has been shown to have a distinct distribution pattern compared
with side chains (Lee et al., 2013). RGI backbone is present in middle lamellae, and (1—5)-

arabinan and (1—4)-galactan occur in adjacent primary cell wall regions.

l.2.e Pectin Functions

Currently, the relationship between pectin fine structure and function in planta is far
from being clear. Pectin is a complex molecule mainly present in the primary cell walls and
middle lamella of eudicot plants. This polyelectrolyte carbohydrate influences pH and ionic
balance in the cell wall (Willats et al.,, 2001a). Distribution of pectic domains is well
controlled, and is continually rearranged by enzymes from the extracellular matrix. In planta,
pectin has been shown to serve many functions playing a role in the mechanical and textural
properties of tissues. The polymer is responsible for cell to cell adhesion and porosity of the
wall which are both controlled by physico-chemical characteristics of pectin structure.
However, in the context of cell wall, balance and roles of the individual pectic domains

remain to be determined.

62



State-of-the-art

Homogalacturonan

e HG contributes to cell adhesion and cell wall stiffening
The capacity of HG to form gel is thought to be important for cell-to-cell adhesion and cell
wall stiffening. This capacity is strongly influenced by the extent and the pattern of methyl
esterification of HG. Calcium pectin complexes have been suggested to play a key role in cell
adhesion. In particular, the Ca®* cross-linked HG would contribute to the resistance to stress
that tends to separate cells (Jarvis et al., 2003). This hypothesis is supported by several
studies. Low methyl esterified HG are found to occur at a consistent location within cell walls
and intercellular matrices across a range of plant organs and species. Block of non
methylesterified GalpA (2F4 antibody epitope) when present is generally restricted to cell
junction, middle lamella close to junction zones and the lining of intercellular spaces in plant
tissues (Bush and McCann, 1999; Willats et al., 1999b; Orfila et al., 2001; Guillon et al.,
2008). In suspension-cultured carrot cells, a similar pattern distribution is observed (Liners
and Vancutsem, 1992). In sugar beet compact calli, block of non methylesterified GalA is
present in fibrillar material expanded in areas of cell separation, while it is not detected in
friable callus (Liners et al., 1994). The pectic qual and qua2 Arabidopsis mutants defective in
a putative glycosyltransferase (Bouton et al., 2002; Leboeuf et al., 2005) and in a putative
methyltransferase (Mouille et al., 2007), respectively, show a reduced cell adhesion, a
specific reduction in GalA and a lower labeling with antibodies recognizing blocks of non-
methyl-esterified HG (2F4 and PAM1) observed in the middle lamellae at tricellular junction.
Beside the localization of low methyl estrified HG, the distribution of calcium ions was
investigated in some tissues by analytical ion microscopy (Roy et al., 1994; Guglielmino et al.,
1997) and it was found that the cell corners were rich in Ca®". However, less than half of
pectins are generally extracted by chelating agents and limited cell separation occurs in
these conditions (Goldberg et al., 1996), indicating that calcium mediated low methylated

pectin cross-linking is not the only mechanism responsible for cell adhesion.

Proseus work’s based on their results with the alga Chara corallina suggests that pectate
chemistry may play a prominent role in the cell growth control. The wall extension is driven
by turgor pressure that stretches the wall irreversibly as load-bearing bonds naturally break

and re-form between wall polymers (Proseus and Boyer, 2006b). Calcium pectate bonds can
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be distorted by tension from the turgor pressure, weakening the calcium bonding which
holds the pectate complex together (Proseus and Boyer, 2006a). When the tension is above
a threshold, the distortion would cause the calcium to be lost from the wall and bind to
newly supplied pectate. The growth would be controlled when the new pectate forms new
cross-links within the existing wall together with Ca®* entering from the outside, thus
strengthening the wall (Proseus and Boyer, 2007; Proseus and Boyer, 2008). Of course Chara
has a simpler wall structure compared to land plants and the growth is not supported by wall
polysaccharide cleavage enzymes. The non-enzymatic process of control growth has to be

validated in land plants.

Reduced wall extensibility and cessation of growth in pollen tube and hypocotyls have been
associated with a low level of pectin methylesterification (Bosch et al., 2005; Parre and
Geitmann, 2005; Derbyshire et al.,, 2007). However, not all the PME mutants show a
morphological growth phenotype and there is a discrepancy in the literature in the effect of
demethylesterifiaction of HG on the tissue mechanical properties (Peaucelle et al., 2013).
Furthermore, the mechanism behind is not always easy to interpret as PME activity may
have diverse consequences for wall properties, formation of calcium mediated cross-linking
of HG, depolymerisation of HG by PG, release of Oligogalacturonides (OGA) with signaling

function in the plant and change in the wall pH and ionic status.

Pectin solubilization and depolymerisation are among the most pronounced changes in the
walls of ripening fruits and is generally correlated with changes with tissue softening
(Brummell and Harpster, 2001; Rose et al., 2003; Goulao et al., 2008). In many ripening fruit
PG and PME are abundant. In the ripening impaired tomato mutants, which exhibit delayed
or reduced softening, the PG mRNA levels are low (Dellapenna et al., 1987; Dellapenna et al.,
1989). These observations led to the hypothesis that PG mediated pectin depolymerization
represented the enzymatic basis of softening. However, several attempts to control
softening by genetic engineering of PME and PG involved in the pectin degradation during
ripening had limited success (Rose et al., 2003; Goulao et al., 2008). These results stress that
the full details of the mechanisms involved in fruit softening and by enlarge fruit texture are

yet to be fully identified.
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e Oligogalacturonides related signaling
When plant is attacked by pathogens (funghi, bacteria, virus), it produces phytoalexins,
antimicrobial proteins and reactive oxygene species. Pectins are generally the first target of
invading pathogens. Oligogalacturonides (OGA) are released by EPG or PL secreted from the
pathogens. Those oligosaccharides interact with cell receptors. They influence the Ca’* flux
around the plasma membrane (Romani et al., 2004) and induce signal transduction pathway
for defense responses. OAG are also involved in the plant growth and development. OGA has
been shown to inhibit auxin induced pea stem elongation (Branca et al., 1988), to affect the
expression of late auxin-responsive genes in tobacco (Mauro et al., 2002). OGA has also been
found to inhibit rhizogenesis (Bellincampi et al., 1993), to induce the morphogenesis of
flowering shoot growth (Marfa et al., 1991), and to activate somatic mitosis (Altamura et al.,
1998). Except in fruit ripening, the OGA effect is generally the opposite of the effect of

added auxin.

Rhamnogalacturonan Il

RGII occurs in the primary cell walls of all higher plant (Matoh et al., 1998). RGIl can complex
together with Boron, forming a borate—diol ester, which can crosslink two HG molecules. A
boron deficiency affects RGIlI dimerisation and leads to a reduced plant growth that is
accompanied by swelling of the cell walls, irregularly shaped cells (Matoh, 1997; Matoh et
al., 1998; Ishii et al., 2001) and changes in the appearance of the middle lamella (Kouchi and
Kumazawa, 1976; Ishii et al., 2001). The tissues of boron-deficient plants are also often
brittle. Supplying borate to the boron-deficient plants restores normal growth, reduces wall
thickening, and increases the amount of RG-Il cross-linking to normal levels (Ishii et al.,
2001). Additional evidence of the role boron RGIl dimerization in plant growth has been
provided with plants carrying the borl mutation. These plants are extremely dwarfed
(Noguchi et al., 1997; Noguchi et al., 2003). BOR1 is a gene encoding for a boron transporter
protein. Plants carrying the borl mutation cannot generate a sufficiently high concentration
of borate in their xylem sap for transport to the shoot tissues to prevent boron deficiency
from occurring. Growth is rescued with borate treatment (Noguchi et al.,, 1997). The
importance of cross linking RGIl for normal plant growth has been also demonstrated with

plant carrying the murl mutation (O'Neill et al.,, 2001). Alteration of the MUR1 gene
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encoding for a guanosine diphosphate (GDP)-D-mannose-4,6-dehydratase changes the RGII
sugar composition. o-L-Fucp and 2-O-Me- a-L-Fucp residues are replaced by a-L-Galp and 2-
O-Me- a-L-Galp. The murl plants are dwarfed and have brittle stems. The rate of dimer
formation and stability of the cross link dimer in mur 1 plants treated with exogenous o-L-
Fucp or borate are comparable to wild type and the growth is rescued (O'Neill et al., 2001).
Borate treatment also restores the tensile strength of murl hypocotyls and inflorescence
stems to near normal values. All together, these results suggest that boron RGII dimerisation

has a fundamental structural role in the wall of land plants development.

Rhamnogalaturonan |

e Pectic arabinan and galactan are mobile polymer components of hydrated cell walls
in eudicot plants

The contribution of each cell wall polymers in mechanical properties depends on the
polymer’s own rigidity and interaction with other polymers. Solid state magnetic resonance
relaxation experiments have been used to study the rigidity and the spatial proximity of
polysaccharides in cell walls of non gramineous plants. RGI side chains were found highly
mobile within the hydrated cell wall. It was also shown that except in potato cell wall,
arabinan side chains are more mobile than galactan one (Ha et al., 2005; Larsen et al., 2011;
Ng et al., 2013). This is in agreement with the stereochemistry of the (1,4)-B-D-
galactopyranosyl and (1,5)-a-L-arabinofuranosyl linkages (Pérez et al., 2000). In potato,
(1—4) galactan chains are very long and a substantial fraction of each chain is far enough
from the influence of RGI backbone attachment point to reorient continually (Ha et al.,
2005). It has been suggested that the side chains may contribute to the mechanical
properties of the cell wall through physical entanglement. The high mobility of the arabinan
and galactan segments makes it unlikely. Instead, their structural role could be as wall
plasticizers and water binding agent during plant growth and development. However,
according to Zykwinska et al., (2005, 2006, 2007) diverse pectic populations may coexist in
the cell wall, one highly mobile and the other one displaying a restricted mobility and closely

associated with cellulose surface. From Zykwinska‘s studies, it can be envisioned that
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cellulose microfibrils can be tethered by some pectic side chains. Pectins together with

xylogucans would control spacing between microfibrils cellulose and thus wall extensibility.

e RGl arabinan is involved in wall plasticity
The role of arabinans as plasticizer has been highlighted in several studies. Resurrection
plants possess the ability to survive dehydration of their vegetative tissues for extended
period of time and to recover a full metabolic competence upon rehydration. This leads to
the question as to how these plants are able to withstand such substantial water loss and
particularly the effect on the cell wall. Studies on the leave composition of these plants
showed that the presence of arabinan and other Ara-rich polymers in high amount is a
common feature (Moore et al., 2008; Moore et al., 2013). It has been hypothesized that
these arabinan rich polymers acts as wall plasticizers ensuring the wall flexibility is
maintained and rehydration is facilitated in these plants. By extension, it has been
speculated that arabinans or galactans present in high amount in some seeds (Gomez et al.,
2009) are serving a dual function, protecting the seeds against desiccation and providing

fuels to the growing embryo following germination.

The role of arabinans in wall flexibility has been also illustrated in the stomatal guard cells.
The walls of guard cells undergo large and reversible deformation as a consequence of
turgor pressure variation causing stomatal opening and closing (Jones et al., 2003; Jones et
al., 2005). Treatment of cells with a combination of PME and PG caused stomata to open to
a greater extent following fusicoccin induced opening in comparison to untreated cells
whereas arabinanase or feruloyl esterase treatment impaired stomatal opening (Jones et al.,
2003; Jones et al., 2005). Open stomata treated with arabinase and induced to close with
either ABA or mannitol failed to close, suggesting that the walls were ‘locked’ into place. It is
hypothesized that in vivo, the feruloylated RGI arabinans form ester linkages either to other
feruloylated RGI arabinans or to other wall molecules and prevent the association of
neighbouring regions of HG. It appears that pectin and phenolic esters have a conserved

functional role in guard cells throughout contrasting angiosperm species.
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Ulvskov et al., (2005) had investigated the significance of RGI structure for wall rheology,
using potato tubers in which RGI structure has been remodeled in vivo using fungal enzymes.
Tuber RGI molecules from the two transformed lines were reduced in linear galactans and
branched arabinans, respectively. The transformed tuber tissues were found to be more
brittle when subjected to uniaxial compression. The interpretation of the mechanical tests
with the aid of mathematic model that takes into account the contribution of cellulose led
the authors to propose that pectic matrix plays a role in transmitting stresses to the load
bearing cellulose microfibrils and that small changes to the matrix environment impact the

biophysical properties of the wall.

e Unbranched RGl is involved in maintaining seed viability
Seeds of a number of species, including the model plant Arabidopsis, release sticky mucilage
on imbibition that is composed of complex polysaccharides. In Arabidopsis, unbranched RGI
is the main component. This polymer is accumulated in the epidermal cells of the seed coat
during their differentiation. Due to its hydrophilic nature, this biopolymer takes up water
and expands on imbibition, rupturing the outer cell wall and forming a gelatinous halo that
encapsulates the seed. It is generally suggested that seed mucilage aids water uptake into
seeds. However, recent low-field NMR results showed that contrary to that belief, released
mucilage trapped water and slowed its uptake into internal seed tissues (Saez-Aguayo et al.,
2014). By this way, it protects the seed against desiccation and prolongs the imbibed state,

providing more time for DNA repair mechanisms to function and improve seed viability.

e Arabinan in pectin is involved in cell attachement
Several studies suggest that arabinan could be involved in cell to cell adhesion. The colorless
non-ripening mutant (cnr) isolated from plantings of commercial tomato (Lycopersicon
esculentum), grows similar to wild type fruits up to the mature-green stage, but does not
ripen (Orfila et al., 2001). In this mutant, large intercellular spaces in fruit pericarp were
observed which indicates a lack of cell adhesion compared to the wild type. Immunolabeling
with the LM6 antibody revealed the presence of arabinan in the cytosol suggesting that it is
not incorporated into the walls at the pre-ripe stage. The mutant also has a reduced calcium
binding capacity, possibly as consequence of suppressed HG de-esterification. These changes

in cell walls of the Cnr tomato mutant with a reduced calcium complexed HG and a lack of
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wall arabinan incorporation would suggest that these polymers may be implicated in cell
adhesion. The role arabinan in intercellular attachment has also been proposed by Iwai et
al., (2001). T-DNA transformed Nicotiana plumbaginifolia non-organic callus (nolac-H14)
with loosely attached constituent cells exhibits a drastic decrease in arabinose content. In
particular the level of arabinan associated with hemicellulose fraction is reduced suggesting
that arabinose-rich pectins, which are associated with hemicellulose-cellulose network,

might play an important role in intercellular attachment (Iwai et al., 2001).

e Storage function of RGI long side chains in seeds
Some species from dicots store galactans and arabinans in their seeds. These
polysaccharides are degraded and metabolized as a source of carbon and energy for several
metabolic processes in the embryo following germination (Crawshaw and Reid, 1984).
Cotyledons of Lupus angustilius seed are rich in linear (1—4) linked galactan. It was
estimated that galactan accounts for 70% of the total neutral sugars in the cell wall. The
massive deposit of this polysaccharide occurs in the mesophyll of the cotyledon cell wall.
After germination, 70% of the galactan have disappeared. An exo-galactanase has been
demonstrated to be the key enzyme involved in the mobilization of the linear galactan
(Buckeridge et al., 2005). The remaining galactan may correspond to branched galactans
resistant to the enzyme action (Buckeridge et al., 2005). In this study, it was shown that
other sugars are mobilized after germination but to a lower extent. In Brassicae seed
cotyledon, arabinose is the main cell wall sugar (Qouta et al., 1991; Gomez et al., 2009). In
Arabidopsis thaliana embryo, arabinose accounts for about 40% of the non cellulosic sugars
(Gomez et al., 2009). Histo-immunolabeling using the LM6 mAb reveals that the amount of
(1—5) linked arabinan declines after germination. Experiments with C*-labeled arabinose

indicate that it is rapidly incorporated and metabolized in growing seedlings.
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CHAPTER I

Wine RGII sub-domains recovery and fine

structure variability

11.1 Introduction

Pectin is a major constituent of primary cell walls of gymnosperm and dicotyledon (O'Neill et
al.,, 2004). It is a multi-component polymer consisting of rhamnogalacturonan | (RGI),
homogalacturonan (HG) and HG analogues; these sub-structures are covalently linked to
each other (Ishii and Matsunaga, 2001; Ridley et al., 2001; Willats et al., 2001; Mohnen,
2008). The backbone structure of RGI is a repeating dimer of [—2)-a-L-Rhap-(1—>4)-a-D-
GalpA-(1—]. This heteropolymer is substituted by arabinan, galactan and arabinogalactan
side chains in variable amounts (Willats et al., 2001). HG is a linear polymer of (1—4) linked
a-D-GalpA residues, which are usually methyl-esterified at 0-6 and sometimes acetyl-
esterified at 0-2 and/or O-3 (Mohnen, 2008). HG analogues contain a (1—4) linked o-D-
GalpA backbone substituted by sugar monomers, sugar dimers or complex side chains. In
xylogalacturonan and apiogalacturonan, the GalpA units are branched at O-3 and O-2 by

monomers or dimers of xylose and apiose residues, respectively (Caffall and Mohnen, 2009).
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Rhamnogalacturonan Il (RGIll) contains five different side chains, defined as A-E, which
decorate a short GalpA backbone. This very complex molecule is composed of more than 12
different sugars and 20 different linkages (O'Neill et al., 2004) constituting a mega-
oligosaccharide of 5-10 kDa (Whitcombe et al., 1995; Vidal et al., 2000; Strasser and Amado,
2001). RGII represents 1-5% of dicotyledon primary cell walls (Darvill et al., 1978; O'Neill et
al., 1990; Matoh et al., 1996). RGIl was first characterised in sycamore by Darvill and co-
workers in 1978. The extraction method involved treatment with endo-polygalacturonase in
order to release RGIl from HG (Ishii and Matsunaga, 2001). Fractionation of the hydrolysate
by size-exclusion chromatography (SEC) combined with anion-exchange chromatography
(AEC) allowed RGII purification. Similar methods using various pectolytic enzymes and
chromatographic methods have been used for RGIl recovery from rice (Thomas et al., 1989),
bamboo (Kaneko et al., 1997), tobacco BY-2 cells (Kobayashi et al., 1997), Cryptomeria
japonica (Edashige and Ishii, 1998), ginseng (Shin et al., 1998), Chenopodium album L.
(Fleischer et al., 1999), pumpkin (Ishii et al., 2001), red beet (Strasser and Amado, 2001),
Arabidopsis thaliana (Glushka et al.,, 2003), lycophytes (Matsunaga et al.,, 2004),
pteridophytes (Matsunaga et al., 2004) and bryophytes (Matsunaga et al., 2004). In wine,
enzymatic degradation occurs during fermentation and the remaining non-degraded
polysaccharides are mannoproteins from yeasts, arabinogalactan proteins (AGP), RGI and
RGII, the latter representing up to 20% of the recovered wine polysaccharides (Doco and

Brillouet, 1993; Pellerin et al., 1996; Vidal et al., 1999; Vidal et al., 2003).

RGII structure has been determined using different approaches. This complex molecule
encompasses specific sugar species, aceric acid (AcefA), methyl fucose (O-Me-Fucp), methyl
xylose (O-Me-Xylp), apiose (Apif), 3-deoxy-bD-manno-2-octulosonic acid (Dha), 3-deoxy-D-
lyxo-2-heptulosonic acid (Kdo), which can be detected and quantified (York et al., 1985;
Kobayashi et al., 1996; Edashige and Ishii, 1998; Stevenson et al., 1998; Doco et al., 2001;
Glushka et al., 2003; Yapo et al., 2007). Unusual linkages include 3-linked rhamnosyl, 3,4-
linked fucosyl, 2-linked glucuronosyl residues and the fully substituted rhamnose are RGlI-
specific and can be detected by glycosyl linkage analysis (Darvill et al., 1978; Thomas et al.,
1989; Kobayashi et al., 1996; Pellerin et al., 1996; Edashige and Ishii, 1998; Shimokawa et al.,
1999; Strasser and Amado, 2001; Glushka et al., 2003). RGII glycosyl sequence was mostly

determined after chemical fragmentation of the molecule. Lithium dissolved in ethylamine
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(Stevenson et al., 1988; Edashige and Ishii, 1998), formolysis (Melton et al., 1986) and Smith
degradation (Puvanesarajah et al., 1991; Glushka et al., 2003) are different ways that have
been used to recover RGll-derived oligosaccharides. However, partial degradation by mild
acid hydrolysis — usually with trifluoroacetic acid (TFA) — has been the most widely used
method to isolate the RGIl components of plant cell walls (Spellman et al., 1983; Stevenson
et al., 1988; Thomas et al., 1989; Whitcombe et al., 1995; Shin et al., 1998; Matsunaga et al.,
2004; Reuhs et al., 2004; Séveno et al., 2009; Voxeur et al., 2011; Pabst et al., 2013). The
recovered oligosaccharides have then been characterised by sugar and linkage analysis, or
have been directly studied by mass spectrometry. Such oligosaccharides were also analysed
by NMR to provide information about sugar sequence, anomeric configuration and the
location of non-sugar substituents (Melton et al., 1986; Puvanesarajah et al., 1991;
Whitcombe et al., 1995; Glushka et al., 2003; Pabst et al., 2013). The proposed distribution
of side chains, based on NMR measurements combined with molecular modelling, played a
major role in the description of the RGII three-dimensional structure (Vidal et al., 2000;

Pérez et al., 2003; Rodriguez-Carvajal et al., 2003).

Around 95% of RGII molecules from normal plants are dimeric (O'Neill et al., 2001), which
was shown to involve in boron integration (O'Neill et al., 1996; Fleischer et al., 1999),
sequestering about 80 % of the cellular boron in plants (Matoh et al., 1996). Boron was
shown to have a key role in plant growth, and RGII structure was shown to be essential for
its internalization in the cell wall (O'Neill et al., 2001). Boron deficiency leads to larger cells
with swollen walls, and the RGII-dimer-boron complex has therefore been suspected to

control cell wall properties (Matoh et al., 2000).

Interestingly, the structurally highly complex RGII is highly conserved over plant evolution
(Matsunaga et al., 2004). However, characterisation of oligosaccharides generated by RGlII
partial hydrolysis highlighted several potential structural alterations (Matsunaga et al., 2004;
Pabst et al., 2013). Differentiating intrinsic structural variations from structural variations
due to the acid hydrolysis conditions used remains challenging. Herein we report on a range
of sequential mild acid hydrolyses and their impact on wine RGIl side chains, backbone
recovery and fine structure. The potential influence of the observed structural variability in

muro will be discussed.
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I1.2 Material and methods

11.2.a RGII extraction

Total colloids were recovered from 21 L of red wine (Merlot) as described by Vidal et al.
(2003). The total colloids solution was mixed with one volume of strong cation-exchange
resin (IR-120, Amberlite) and left overnight at room temperature. The unbound fraction was
mixed with 1/2 volume of strong cation-exchange gel (Sepharose SP Fast Flow, GE
Healthcare) and left 4 h at room temperature. The unbound fraction was finally mixed with
one volume of strong anion-exchange resin (IRA-958, Amberlite) and left overnight at room
temperature. The unbound fraction, corresponding to non-pigmented total wine
polysaccharides, was dialyzed against distilled water and freeze-dried. Total wine
polysaccharides (7.1 g) were solubilised in 25 mM sodium acetate buffer pH 4.5 (320 mL)
and loaded at 90 mL/h in four batches on a DEAE-Sepharose Fast Flow column (5 x 15 cm)
equilibrated with the same buffer. An unbound fraction was recovered and bound
polysaccharides were eluted by steps of NaCl (50 mM and 250 mM in the starting buffer).
The fraction eluted with 250 mM NaCl, corresponding to raw RGII, was dialyzed and freeze-
dried. Raw RGII (3 g) was solubilised in 50 mM sodium acetate buffer pH 4.5 (60 mL) and
loaded in twelve batches at 90 mL/h on a Sephacryl-5400 HR column (2.6 x 100 cm).

Appropriate fractions were pooled, dialyzed and freeze-dried to yield 1.24 g of purified RGII.

11.2.b Sequential mild acid hydrolysis and anion-exchange chromatography

RGII (200 mg) was dissolved in 20 mL water and treated with 0.1 M TFA for 16 h at 40°C. TFA
was removed by in vacuum rotatory evaporation at 40°C to dryness. The hydrolysate was
solubilised in water and further evaporated to dryness. This last step was repeated three
times. The hydrolysate was finally solubilised in water and pH was adjusted to 4.5 with a few
drops of 100 mM NaOH. AEC was performed at room temperature on a DEAE-Sepharose
Fast Flow column (1.6 x 13.5 cm) equilibrated with degased 25 mM sodium acetate buffer
pH 4.5 at a flow rate of 90 mL/h. The hydrolysate (20 mL) was loaded onto the column and

the gel was washed with 50 mL of 25 mM sodium acetate buffer pH 4.5. The bound material
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was eluted with a linear NaCl gradient (0 - 100 mM NaCl in 25 mM sodium acetate buffer,
300 mL). Sodium acetate buffer containing 500 mM NaCl (50 mL) was then applied. Fractions
(3.5 mL) were collected and analysed for their content of GalA and neutral sugars by
colorimetry (Thibault, 1979; Tollier and Robin, 1979). Appropriate fractions were combined

in pools and concentrated by vacuum rotary evaporation at 40 °C.

TFA hydrolysis
(0.1M, 40°C, 16 h)

!

AEC

Pool A Pool B

l

TFA hydrolysis
(0.48 M, 40°C, 16 h)

|

AEC

|
oo

Pool Ba Pool Bb Pool Bc  Pool Bd

|

0.1 M TFA hydrolysis

(60°Cfor4 h,8h,16 h
or
80°Cfor1h,2h, 4 h)

Figure Il.1: RGIl sequential extraction scheme

The pool eluted during the washing step (Pool A) was desalted using a column (1.6 x 100 cm)
of Sephadex G-10 run in deionised water at 1 mL/min. The pool eluted with 500 mM NacCl
(pool B) was dialysed, freeze-dried, and further hydrolyzed with 0.48 M TFA for 16 h at 40°C.
TFA was removed and pH was adjusted as described above. After fractionation by AEC, pools
eluted during the washing step or by the linear NaCl gradient (Pools Ba, Bb and Bc) were
desalted using a column of Sephadex G-10 as described above. The pool eluted at 500 mM

NaCl (pool Bd) was dialysed and freeze-dried. Pool Bd aliquots (0.25 mg) were further

89



CHAPTER Il

hydrolyzed with 1 mL 0.1 M TFA for 4h, 8h or 16h at 60°C or for 1h, 2h or 4h at 80°C
(Figure.l.1). TFA was removed as described above and hydrolysates were solubilised in 1 mL

water.

I1.2.c Alkaline hydrolysis

Samples (100 pg in 400 pL water) were incubated with 25 mM heptylamine (HA, Sigma-
Aldrich) in a 1:1 ratio (v/v) for 3 days. A tri-methyl-esterified tri-GalpA standard was

incubated under the same conditions as a positive control.

I.2.d Matrix assisted laser desorption ionisation time-of-flight mass

spectrometry

MALDI-TOF-MS spectra were acquired on an Autoflex Ill TOF/TOF mass spectrometer
(Bruker Daltonics, Bremen, Germany), equipped with a Smartbeam Laser (355 nm, 200 Hz)
and a reflector detection. Freeze-dried samples were solubilised in water (1 mg/mL). Sample
solution (1 mg/mL water or HA hydrolysates) and matrix, prepared as previously described
(Ropartz et al., 2011), were mixed (1/1, v/v) and applied on a polished steel MALDI target
plate. Spectra were recorded using FlexControl and processed using FlexAnalysis (Bruker

Daltonics). Mass spectra were acquired in positive and negative ionisation mode.

1.3 Results

Il.3.a Side chain debranching

RGll is a substituted a-p-GalpA backbone carrying five structurally distinct side chains: (i) the
octameric side chain A encompassing three acidic sugars, (ii) the hexameric to nonameric
side chain B encompassing one acidic sugar, (iii) the dimeric side chains C and D
encompassing one acidic sugar, and (iv) the monomeric neutral side chain E. The monomeric

side chain E (a-L-Araf), when present, is linked O-3 to the GalpA backbone (Melton et al.,
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1986; Pérez et al., 2003). The two dimeric side chains C and D are linked to the backbone at
0-3 via their ulosonic acid residue (Stevenson et al., 1988). The complex side chains A and B
are both attached at O-2 of the backbone via an apiosyl residue (Stevenson et al., 1988). The
relative position of the side chains on the GalpA backbone is not fully understood (Yapo,
2011). The three side chains C, B and D are located, in this order, to the first five GalpA
residues from the reducing end of the molecule (Vidal et al., 2000). Side chain A is expected
to be the last side chain present from the reducing end (Vidal et al., 1999). Since, glycosyl
linkage analyses detected the presence of (2,3,4) linked GalpA residues in different species,
two side chains are likely to be linked onto the same GalpA unit (Doco and Brillouet, 1993;
Pellerin et al., 1996; Doco et al., 1997; Strasser and Amado, 2001). Side chain E has not been
precisely located to date but could be linked to the third GalpA residue from the non-

reducing end together with side chain A (Yapo, 2011).

Table I1.1: Hydrolysis conditions used for RGII side chain release; 0.1 M TFA was used in all studies

Fragment Incubation  Temperature Degraded References
released time (h) (°C) products
CandD 0.5 60 - Thomas et al., 1989
B 16 40 +/- Whitcombe et al. 1995
B 16 40 +/- Matsunaga et al. 2004
B 16 40 +/- Séveno et al. 2009
B 16 40 + Voxeur et al. 2011
B 24 40 +/- Shin et al. 1998
B 24 40 +/- Reuhs et al. 2004
B 24 50 + Thomas et al. 1989
B 80 ++ Pabst et al. 2013
B 80 +++ Séveno et al. 2009
B 100 ++++ Séveno et al. 2009
A 16 40 - Séveno et al. 2009
A 16 40 +/- Voxeur et al. 2011
A 24 50 + Thomas et al. 1989
A 80 +/- Pabst et al. 2013
A 80 ++ Séveno et al. 2009
A 100 +++ Séveno et al. 2009

Refers to the relative amounts of degradation products observed (from -, very low amounts to ++++, very
high amounts).
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Debranching the various side chains from the GalpA backbone required different hydrolysis
conditions. Their ability to be detached is likely ranking C-D>B>A (Table.ll.1). The acid-lability
of side chain E is presently unknown. Hydrolysis conditions have to be carefully chosen to
avoid side chain degradation. Dimeric side chains C and D can both be detached with 0.1 M
TFA for 6 h at 40°C (York et al., 1985). When the same hydrolysis conditions (0.1 M TFA at
40°C) were applied for a longer time (16 or 24 h), side chain B was detached from the GalpA
backbone and only trace amounts of degradation products were observed (Table.ll.1). When
more drastic conditions were used, extensive hydrolysis of chain B was reported (Séveno et
al., 2009). In contrast, Pabst et al. (2013) found no significant difference in the data whether
the hydrolysis was performed for 16 h at 40°C or for 1 h at 80°C. Side chain A was efficiently
released from the RGII backbone by increasing the temperature of hydrolysis to 80°C for 1 h
but some degradation products were observed (Table.ll.1). Acid-lability is therefore specific
for each branching residue, and sequential hydrolysis is highly recommended for the

recovery of RGlI side chains (Séveno et al., 2009).

To separate hydrolysis products, various chromatographic methods have been used. SEC has
been widely used for side chain B purification, the detached side chain B (DP 6-9) being well
separated from detached dimeric side chains C and D and from RGIl remnants consisting of
side chain A attached to the GalpA backbone (Spellman et al., 1983; Whitcombe et al., 1995;
Shin et al., 1998; Matsunaga et al., 2004; Reuhs et al., 2004). AEC has also been used to
separate hydrolysis products based on their charges that are not equally distributed over the
entire molecule; the side chains and backbone (Thomas et al., 1989). Separation on porous
graphitized carbon liquid chromatography was recently been performed at analytical scale

(Pabst et al., 2013).
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Figure 11.2: Anion-exchange chromatography elution patterns of RGII hydrolysates. (A) Wine RGII hydrolyzed
by 0.1 M TFA for 16 h at 40°C. (B) Pool Bd further hydrolyzed with 0.48 M TFA for 16 h at 40°C. () neutral
sugar; @ uronic acid.

In the present study, wine RGIlI was submitted to sequential acid hydrolysis and hydrolysis
products were separated by AEC. After a first hydrolysis step (0.1 M TFA, 16 h, 40°C), two
populations were separated (Figure.ll.2A). Sugar analysis revealed that Pool A did not
contain GalpA. Side chains B, C and D lack uronic acids, and were likely to be released under
the acid conditions used (Table.ll.1), were probably present in this pool. Pool B, which
contained both neutral sugars and GalpA, was eluted with an ionic strength compatible with
the presence of more than seven charges, and was expected to contain intact and/or
partially hydrolyzed RGII. Pool B underwent a second hydrolysis step under slightly harsher
conditions (0.48 M TFA, 16 h, 40°C), and AEC of the hydrolysate generated four populations

(Figure.ll.2B). Pool Ba was similar to Pool A with respect to elution volume and global sugar
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analysis and probably contains side chains B, C and D that were not released during the first
acidic treatment (Spellman et al., 1983; Whitcombe et al., 1995; Matsunaga et al., 2004).
Pool Bb and Pool Bc both contained GalA and neutral sugars and were eluted with ionic
strengths compatible with the presence of two and three charges, respectively. Pool Bd was
expected, as the previously recovered Pool B, to contain RGIl remnants that were partially
hydrolyzed. Detection of neutral sugars in this pool provides evidence that side chains are

not totally released after the second hydrolysis step.

11.3.b Side chain B

Side chain B was first characterised as a heptasaccharide in RGIl from sycamore
suspension cultured cells (Spellman et al., 1983). However, some variability with respect to
side chain B degree of polymerization (DP) was observed, and side chains B of DP 6 to DP 9
have been purified from various plant sources (Table.ll.2; Figure.ll.3). The length of side
chain B depends on variations in glycosyl substitution on the a-L-Arap residue (Figure.ll.3).
The heptasaccharide described by Spellman et al. (1983) is rhamnosylated at O-2 of the a-L-
Arap residue (Figure.ll.3). This structure has been detected in most plants (Table.ll.2). Two
different forms of octasaccharides were also found. The first form consists of a disaccharide
a-L-Rhap-(2—1)-B-L-Araf substitution at 0O-2 of the a-L-Arap residue. This type of
octasaccharide was detected in red wine, bamboo shoot, suggi and also in sycamore in the
latest studies (Stevenson et al., 1988; Whitcombe et al., 1995; Kaneko et al., 1997; Edashige
and Ishii, 1998; Glushka et al., 2003; Pabst et al., 2013). In the second octameric form, a-L-
Arap was di-substituted at 0-2 and O-3 by a-L-Rhap residues. This structure has been
detected in Arabidopsis thaliana and in some lycophytes and pteridophytes (Matsunaga et
al., 2004). A nonasaccharide containing both the disaccharide a-L-Rhap-(2—1)-B-L-Araf
substitution at 0-2 of a-L-Arap and monomeric a-L.-Rhap at O-3 of the a-L-Arap residue was
identified in red wine and ginseng (Shin et al., 1998; Glushka et al., 2003; Pabst et al., 2013).
A hexasaccharide resulting from the absence of rhamnosylation of the a-L-Arap residue was
also detected in sugi, red beet and Arabidopsis thaliana (Edashige and Ishii, 1998; Strasser

and Amado, 2001; Pabst et al., 2013). Different structures are supposed to co-exist in the
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same plant and it was recently shown that their proportion varies during plant development

and is organ-specific (Pabst et al., 2013).

Table 11.2: RGII side chain B structural variability with respect to plant sources

a-.-Rhap  a-L-Rhap B-L-Araf
Plant source linked at linked at linked at References
0-3 of 0-2 of 0-2 of
a-L-Arap a-L-Arap a-L-Rhap

Svcamore ) + +/- 7.8 Spellman et al., 1983; Stevenson et al.,

Y 1988; Whitcombe et al., 1995
Red wine +/- +/- +/- 6-9 Glushka et al., 2003; Pabst et al., 2013
Panax .

. + + + 9 Shinetal., 1998
ginseng
Pectinol AC - - - 6 Stevensonetal., 1988
Aml?ldOpSIS +/- +/- - 6-8 Glushka et al., 2003; Pabst et al., 2013
thaliana
Rice - + - 7 Thomasetal., 1989
Bamboo - + +/- 7-8 Kaneko et al., 1997
Red beet - +/- - 6-7 Strasser and Amado, 2001
Sugi - +/- +/- 6-8 Edashige and Ishii, 1998
L h

yco.p yte/ +/- +/- - 7-8 Matsunaga et al., 2004
pteridophyte

- absent; +/- partly present ; + present

Variation in esterification and etherification status was also detected in side chain B. In some

lycophytes and pteridophytes; terminal Rhap units linked O-2 and/or O-3 to the a-L-Arap

residue contained were shown to contain 3-O-methyl groups (Matsunaga et al., 2004).

Acetyl groups linked to a-L-AcefA and/or 2-O-Me-o-D-Fucp were also identified (Whitcombe

et al., 1995). Mono-, di- and no-acetylation generally co-exist in all species although mono-

acetylation on the 2-O-Me-o-D-Fucp residue appears to be the predominant form (Spellman

et al., 1983; Whitcombe et al., 1995). In Arabidopsis thaliana RGIl acetylation was reported

not to be organ specific (Pabst et al., 2013).
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Figure 11.3: Side chain B structure. Sugars in black were detected by Spellman et al. (1983). Acethyl groups
can esterify the 2-0-a-D-Me-Fucp and/or a-L-AcefA residue. Methyl groups can esterify the o-L-Rhap
residues at O-3.

Pool A and Ba recovered after AEC (Figure.ll.2) were analysed by mass spectrometry
(Figure.ll.4). No signal was detected for m/z < 1000. Pool A arising from 0.1 M TFA, 40°C, 16
h-treated RGII exhibited one main signal at m/z 1375 corresponding to a mono-acetylated
side chain B of DP 9 (Figure.ll.4A). All other signals were very weak. Signals at m/z 1333 and
1417 were assigned to non-acetylated and di-acetylated side chain B of DP 9. Signals at m/z
1243 and 1229 were assigned to acetylated side chain B of DP 8 having lost a [B-L-Araf
residue or a-L-Rhap unit, respectively. The presence of a signal at m/z 1097 indicates that
acetylated side chain B of DP 7 had lost the terminal disaccharide a-L.-Rhap-(2—1)-B-L-Araf or
both the terminal B-L-Araf and a-L-Rhap units. Pool Ba arising from RGII treated with 0.48 M
TFA at 40°C for 16 h exhibited a more complex spectrum (Figure.ll.4B). The ion
corresponding to the di-acetylated side chain B of DP 9 was not detected. The two main
signals at m/z 1375 and 1333 were assigned to mono-acetylated and non-acetylated side
chain B of DP 9, respectively. Signals at m/z 1243, 1229 and 1097 corresponded to acetylated
side chain B lacking a terminal B-L-Araf , terminal a-L-Rhap or the disaccharide (a-L-Rhap-
(2—1)-B-L-Araf), respectively. Similar degradation products arising from non-acetylated side
chain B were observed at m/z 1201, 1187 and 1055. Both non-acetylated and mono-

acetylated side chain B of DP 8 having lost one B-L-Araf residue were also observed and gave
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strong signals. Signals at m/z 1173 and 1041 were assigned to non-acetylated side chain B
fragments having lost a 2-O-Me-a- L -Fucp residue or both a 2-O-Me-a-L-Fucp and a single (3-
L-Araf unit, respectively. The acetylated form of these two fragments was not detected. It is
therefore assumed that the acetyl group is preferably located on the 2-O-Me-a-L-Fucp
residue as previously reported (Whitcombe et al., 1995). It is evident that the harsher
hydrolysis conditions applied for side chain B generated new fragments indicating that the -
L-Araf, 2-O-Me-a-L-Fucp and acetyl linkages were particularly acid-labile. In contrast, the
rhamnosylation status of side chain B was not greatly affected by hydrolysis conditions; the
signal at m/z 1229, corresponding to side chain B lacking one Rhap residue, was weak

irrespective of the extraction condition (Figure.ll.4).

B+Ac(dp9)
A 1375.4
B+Ac-(Rha)
1229.4
B+Ac-(Ara)
B+Ac-(Ara+Rha) 1243.4 B(dp9) B+2Ac(dp9)
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B-(Ara+Rha) 1251_4) 1243.4
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Figure 11.4: MALDI-TOF mass spectra (negative mode) of the RGII hydrolysates. (A) Pool A recovery after AEC
of 0.1 M TFA for 16 h at 40°C. (B) Pool Bd recovered after AEC of 0.48 M TFA for 16 h at 40°C.

I1.3.c Side chain A

Side chain A was first characterised as an octasaccharide (Figure.ll.5) in sycamore and rice
(Stevenson et al., 1988; Thomas et al., 1989). Side chain A is particularly important since it is
involved in RGIl dimerization via a boron di-ester bond (Shimokawa et al., 1999). Boron is

covalently linked to B-p-Apif units at O-2 and O-3 (Ishii and Ono, 1999; O'Neill et al., 1996).
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This occurs only with Apif residues from side chain A that has less conformational flexibility
than side chain B (Glushka et al., 2003; Rodriguez-Carvajal et al., 2003; O'Neill et al., 2004).
Side chain A also contains three uronic acids that constitute a suitable site for chelating
cations (Pérez et al., 2003). Two calcium ions, which do not interact with boron, are indeed
required to stabilise the RGIl complex (O'Neill et al., 1996; Matoh and Kobayashi, 1998;
Kobayashi et al., 1999). Possible methylation of side chain A was first hypothesized by
Séveno et al. (2009). This was recently confirmed by Pabst et al. (2013) who showed that
both methyl-esterification at 0-6 of the B-D-GlcpA residue and methylation at O-3 and/or O-
4 of the B-p-GalpA residue could occur. Methyl-esterification is likely to affect calcium-

mediated RGIl complex stabilisation.
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Figure 11.5. Side chain A structure. The B-D-GlcpA residue can be methyl-esterified (in green). The B-b-GalpA
residue can be singly or doubly methyl-etherified (in green). The a—L-Fucp residue can be oxidised in o—L-
Galp (green box).

Pool Bb and Bc from AEC (Figure.ll.2B) were analysed by mass spectrometry
(Figures.ll.6A and .11.6C). No signal was detected at m/z < 1300. For Pool Bb, a major (M+Na)*
ion corresponding to a mono-methylated intact chain A was detected at m/z 1315
(Figure.ll.6A). No signal at m/z 1301, corresponding to a non-methylated full chain A was
detected whereas ions at m/z 1329 and 1343, corresponding to di- and tri-methylated full

chain A, respectively, were observed. For Pool Bc, a major (M+Na)" ion corresponding to a
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non-methylated full chain A was detected at m/z 1301 (Figure.ll.6C). Weak signals at m/z
1315 and 1329, corresponding to mono- and di-methylated chain A, respectively, were also
detected. Pools Bb and Bc were incubated with heptylamine (HA), an alkaline component
that can hydrolyse methyl-ester groups. A tri-methyl-esterified tri-GalpA standard was
incubated in the same conditions. Only non-methyl-esterified tri-GalpA was detected by
mass spectrometry after a 3 day-incubation. After HA treatment of Pool Bd, a shift from the
mono-methylated (m/z 1315) to the non-methylated (m/z 1301) form of side chain A was
observed (Figure.ll.6B). This, together with the fact that Pool Bd was eluted by AEC for an
ionic strength compatible with the presence of two charges, strongly supports the
hypothesis that side chain A is mainly singly methyl-esterified in this pool. The fact that ions
corresponding to mono- and di-methylated side chain A (m/z 1315 and 1329, respectively)
can still be detected after HA treatment suggests that one or two methyl-etherification can
exist in addition to methyl-esterification, as recently reported by Pabst et al. (2013). This
hypothesis is supported by the disappearance of the signal assigned to tri-methylated side
chain A (m/z 1343) (one methyl-ester and two methyl-ether groups) after HA treatment. In
contrast, the Pool Bc spectrum remained similar after HA treatment, only lower intensities
were observed due to the presence of HA (Figure.ll.6D). Non-methylated, mono-methylated
and di-methylated forms of side chain A were present in similar proportions before and after
treatment. In this pool, methyl-etherification only is likely to be present, in agreement with
the fact that Pool Bc was eluted by AEC for an ionic strength compatible with the presence of

three charges.

Oxidation of the a-L-Fucp or a-L-Galp, adding 16 Da to side chain A, was recently observed by
Pabst et al. (2013). Signals 16 Da greater than RGlI-derived oligosaccharides were observed
in Pool Bb and Bc (Figures.ll.6A and .11.6C). Methyl-esterified and/or methyl-etherified forms
of the oxidized structure were also evident. In Pool Bb the oxidized structure was only
mono- (m/z 1331) and di-methylated (m/z 1345) (Figure.Il.6A). After incubation with HA,
ions at m/z 1317 and m/z 1331 assigned to non-methylated and mono-methylated oxidized
side chain A, respectively, were observed (Figure.ll.6B). In this pool, oxidized side chain A
was therefore mono-methyl-esterified and non- or mono-methyl-etherified. Pool Bc, signals
at m/z 1317 and 1331 were assigned to non-, and mono-methylated oxidized side chain A,

respectively (Figure.ll.6C). After HA treatment, no significant changes were observed in the
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MS spectrum (Figure.ll.6D). In this pool, oxidized side chain A species are either mono-

methyl-etherified or non-methylated.
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Figure 11.6: MALDI-TOF mass spectra (positive mode). (A) Pool Bb recovered from RGIl hydrolysate after AEC
of 0.48 M TFA for 16 h at 40°C. (B) Pool Bd incubated with hepthylamine. (C) Pool Bc recovered from RGII
hydrolysate after AEC of 0.48 M TFA for 16 h at 40°C. (D) Pool Bc incubated with hepthylamine. * (M+Na+);

** (M+2Na+); *** (M+2Na+).
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11.3.d Backbone and short side chains (C, D, E)

Three short side chains, the dimeric C and D chains and the monomeric chain E, are present
on the RGII backbone. Side chains C and D are difficult to extract, due to the acid-lability of
ulosonic acid residues, and identifying their (low molecular weight) signals within the matrix
peaks (Stevenson et al., 1988; Séveno et al., 2009). Molecule protection through NaBH,
reduction (Stevenson et al., 1988) or derivatisation with a fluorescent tag (Séveno et al.,
2009) have been used for detection. Side chains C and D are likely to be co-eluted with side
chain B in Pool B and Ba as previously observed (Thomas et al., 1989). In the present study
these two dimers are expected to have been lost during the desalting steps. Side chain E,
consisting of one a-L-Araf residue linked O-3 to a GalpA residue in the backbone is not
always detected. Total or partial removal of this residue can be due to the action of
pectolytic enzymes used for RGIl extraction and to the TFA hydrolysis conditions used for

side chains debranching (Pabst et al., 2013).
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1771.5
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Figure II.7: MALDI-TOF mass spectrum of Pool Bd hydrolyzed by 0.1 M TFA for 8 h at 60°C. Zoom of the m/z
1400 - 1850 region. The full spectrum is shown on Supplementary Figure.l.1B.
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Based on glycosyl residues molar composition and molar mass, a backbone’s length of 6 to
11 residues has been estimated by Yapo (2011). DP values between 8 and 9 are the most
commonly found structures (Melton et al., 1986; Whitcombe et al., 1995; Pellerin et al.,
1996). Higher DP values have been reported in sycamore (Whitcombe et al., 1995) and in
wine (Pellerin et al., 1996). As RGlII is covalently linked (1—4) to a-b-GalpA HG (Ishii and
Matsunaga, 2001), the boundary between HG and RGlII is difficult to determine. Depending
on extraction conditions, the presence of HG at the ends of RGIl molecules cannot be
precluded (Yapo, 2011). Conversely, oligogalacturonates of low DP (<6), which are likely to
be due to partial acid degradation of the RGII backbone (Yapo, 2011), have been observed.
The GalpA residues can be methyl-esterified, as first reported by Melton et al. (1994).

In order to gain insight into (i) backbone length, (ii) presence of side chain E, and (iii) methyl-
esterification status, different hydrolysis conditions ranging from 0.1 M TFA, 4 h, 60°C to 0.1
M TFA, 4 h, 80°C were applied to Pool Bd (Figure.ll.2). The different hydrolysates were
analysed by mass spectrometry (Supplemental Figure.ll.1). No signal was detected at m/z <
1155. After 0.1 M TFA, 4 h, 60°C, matrix-related signals only were detected (Supplemental
Figure.ll.1A). After 0.1 M TFA, 8 h, 60 °C, several signals were observed that were assigned to
different forms of side chain A (non-methylated, methylated and oxidized at m/z 1301, 1315
and 1317, respectively) (Supplemental Figure.ll.1B) and oligogalacturonates of DP 8 and 9
bearing methyl groups from zero to three and/or an B-L-Araf residue (Supplemental
Figure.ll.1B, Figure.ll.7). The presence of di- and tri-methylated oligogalacturonates of DP 7
that exhibit the same molar mass than non-methylated and mono-methylated side chain A,
respectively, cannot be precluded. After 0.1 M TFA, 16 h, 60°C (Supplemental Figure.Il.1C)
the spectrum obtained was very similar to the data presented in Supplemental Figure.Il.1B,
except for the appearance of a signal at m/z 1155, which can be attributed to a truncated
form of side chain A (side chain A lacking 2-O-Me-a-D-Xyl). Interestingly, after hydrolysis at
80°C (Supplemental Figure.ll.1D, E and F), signals corresponding to oligogalacturonates
bearing one B-L-Araf residue could no longer be detected. Furthermore, after the 80°C
treatment the signals corresponding to ‘full length’ side chain A decreased in favour of

signals corresponding to the truncated form of the oligosaccharide mentioned above.
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11.4 Discussion

In the present study, different mild acid treatments were used to deconstruct wine RGII. AEC
allowed good separation of side chain B, methyl-esterified and non-methyl-esterified side
chain A. Hydrolysis conditions were shown to have a significant impact on the structures

observed.

After hydrolysis of wine RGIl with 0.1 M TFA at 40°C for 16 h, the main component released
was side chain B with a DP of 9 that was mono-acetylated on the 2-O-Me-a-b-Fucp residue.
Trace amounts of non- and di-acetylated side chain B and mono-acetylated side chain B of
DP 7 or 8 were also detected. The use of harsher hydrolysis conditions induced partial
degradation of side chain B. B-L-Araf, 2-O-Me-a-L-Fucp and acetyl groups appeared
particularly acid-labile. In a recent study, side chain B of DP 8, having lost its terminal B-L-
Araf residue, was claimed to be predominant in wine RGII (Pabst et al., 2013). It is likely that
in the latter study, the terminal B-L-Araf residue was lost due to the harsh hydrolysis
condition used. The present study provides evidence that the rhamnosylation status of side
chain B is not highly affected by hydrolysis conditions. In Arabidopsis thaliana RGII, which
lacks a terminal B-L-Araf residue, rhamnosylation was shown to vary according to organ and
developmental stage (Pabst et al., 2013). From 2 to 18 days after imbibition single and
double rhamnosylation of side chain B decreases, while a variant of the oligosaccharide
lacking any a-L-Rha increases. In adult plants, rhamnosylation of side chain B appears organ-
specific; the oligosaccharide decoration lacking a-L-Rha is the predominant structure in
stems and siliques, while in leaves chain B generally contains a single a-L-Rha residue (Pabst
et al., 2013). The hydrophobic character of side chain B, due to the presence of Rhap, Arap,
O-Me and O-Ac groups, has been pointed out by Spellman et al. (1983). Variability in
acetylation and/or in the length of side chain B could be a way to modulate the hydrophobic
character of RGIl and hence its association with other molecules through hydrophobic
interactions. Arabinogalactan proteins, RGIl and boron are co-located close to the plasma
membrane (Matoh et al., 1998; Gonzdlez-Fontes et al., 2008) and a boron-deficiency was
shown to prevent the covalent linkage of a hydroxyproline-/proline-rich protein to bean

(Phaseolus vulgaris L.) root nodules (Bonilla et al., 1997). More recently, an arabinogalactan
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protein-extensin (AGPE) from a legume nodule was extracted together with RGIl using the
MAC265 monoclonal antibody that binds to the glycoprotein. Dimeric RGIl was shown to

bind to the glycoprotein (Reguera et al., 2010).

After hydrolysis of wine RGII with 0.48 M TFA at 40°C for 16 h, two forms of ‘full length’ side
chain A, a methyl-esterified one and a non-methyl-esterified one, were recovered and
separated by AEC. These two forms of “full length’ side chain A could also be recovered after
hydrolysis with 0.1 M TFA at 60°C for 8 h. The use of harsher extraction conditions rapidly
led to the appearance of a truncated form of side chain A having lost the O-Me-a-D-Xylp
residue. Analysis by mass spectrometry revealed that side chain A is structurally highly
variable. Beside single methyl-esterification, single and double methyl-etherification and
substitution of the central a-L-Fucp residue by a-L-Galp were evident, in good agreement
with Pabst et al. (2013). In the present study, based on the relative intensities of MS signals,
the proportion of chain A with substitution of a-L-Fucp by a-L-Galp is 27% is also in line with
Pabst et al. 2013. This naturally occurring substitution provides an explanation for the
detection of 3,4-linked-Galp residues in purified wine RGII fractions, (Pellerin et al., 1996).
Pabst et al. (2013) screened for oxidized side chain A in different plants and showed it could
constituted up to 45% of total side chain A. The natural presence of this modified form of
side chain A in several plants allowed Pabst et al. (2013) to shed new light on several RGlII
mutant phenotypes. Indeed, substitution of a-L-Fucp by a-L-Galp had been previously
described in the Arabidopsis thaliana murl mutant, which lacked the gene encoding GDP-D-
Man-4,6-dehydratase required for the conversion of GDP-pD-Man to GDP-p-Fuc (Bonin et al.,
1997; O'Neill et al., 2001; Reuhs et al., 2004). The murl mutant showed a decrease in RGII
dimerization, which severely affected plant growth (O'Neill et al., 2001). In this mutant side
chain A was truncated upstream of the central B-.-Rhap, which led Pabst et al. (2013) to
claim that the impact of the mutation on RGII dimerization could be due to truncation of side
chain A rather than to the a-L-Fucp substitution by a-L-Galp. Silencing of GDP-b-Man-3,5-
epimerase in tomato plants also resulted in a lower capacity of RGIl to perform in muro
cross-linking (Gilbert et al., 2009; Voxeur et al., 2011). The oxidised form of side chain A -
encompassing an internal a-L-Galp - represents 25% of total side chain A in Solanum

lycopersicum. It was thereby hypothesized that truncation of side chain A - due to absence of
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this internal a-L-Galp - rather than a decrease in terminal a-L.-Galp content could be

responsible for the observed phenotypes (Pabst et al., 2013).

After hydrolysis of wine RGIl with 0.1 M TFA at 60°C for 8 h or 16 h, backbone
oligogalacturonates of DP 8 and 9 bearing zero or one B-L-Araf residue were released. The
use of harsher extraction conditions led to the loss of arabinosylated oligogalacturonates.
Methyl-esterification of GalpA residues in the backbone was also evident. Up to two methyl
groups were detected on oligogalacturonates of DP 8 and up to three on oligogalacturonates
of DP 9. Beside backbone methyl-esterification, the possible single methyl-esterification and
single or double methyl-etherification of uronic acids in side chain A, recently shown by
Pabst et al. (2013), was confirmed in the present study. Calcium was shown to reinforce RGII
dimerization initiated by boron; calcium release promotes hydrolysis of RGIl dimers
(Fleischer et al., 1999; Kobayashi et al., 1999). Variability in the methylation status of side

chain A and backbone could affect RGIl dimer stabilisation with calcium.

RGIl is a very complex structure that is overall well-conserved over plant evolution although
some structural differences were observed from one land plant to another (Matsunaga et
al., 2004). In the present study, several modifications to wine RGII structure were identified.
Some of them, such as dearabinosylation and deacetylation, were the consequence of acid
treatment. Others, such as methyl-esterification, methyl-etherification and oxidation reflect
a natural diversity. A range of RGII structures exhibiting specific physico-chemical properties
such as hydrophobicity and charge density were shown to co-exist (this work; Pabst et al.,
2013) and to be organ-specific and developmentally regulated in Arabidopsis thaliana (Pabst
et al.,, 2013). The physiological significance of this variability remains, however, to be

investigated.
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Supplementary data
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Supplemental Figure 1l.1: MALDI-TOF mass spectra of Pool Bd hydrolyzed by 0.1 M TFA: (A) for 4 h at 60 °C;
(B) for 8 h at 60 °C; (C) for 16 h at 60°C; (D) for 1 h at 80 °C; (E) for 2 h at 80 °C; (F) for 4 h at 80 °C
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New monoclonal antibodies, which recognize

an atypical arabinogalactan motif

l1l.1. Introduction

Pectin is a major constituent of primary cell walls in eudicotyledonous plants. Numerous
functions of pectin in plants have been described including cell signaling (Branca et al., 1988;
Marfa et al., 1991; Shibuya and Minami, 2001), cell-to-cell adhesion (O'Neill et al., 2001;
Willats et al., 2001a), cell wall hydration (Tang et al., 1999; Ha et al., 2005; Larsen et al.) and
cell expansion (Proseus and Boyer, 2006). It has also been suggested that pectin could act as
a storage polysaccharide (Buckeridge et al., 2005; Gomez et al., 2009). However functions in
planta related to specific structures remain unclear. Pectin is a multibloc polymer composed
of 3 distinct domains, which are covalently linked to each other (Ishii and Matsunaga, 2001;
Caffall and Mohnen, 2009): homogalacturonan (HG), HG analogues and rhamnogalacturonan
| (RGI). HG is a linear structure made of (1—>4) linked a-b-GalpA units that can be methyl
esterified at C-6 and acetyl esterified at O-2 or O-3 (Ridley et al., 2001). HG analogues consist
in a a-D-GalpA backbone substituted at O-2 and/or O-3 with monomers or short side chains.

Homogalacturonan substituted with Xylp is called xylogalacturonan while homogalacturonan
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substituted with Apif gives rise to apiogalacturonan (Ovodov et al.,, 1971; Le Goff et al.,
2001). Rhamnogalacturonan Il is decorated with five different side chains (A-E) composed of
specific and peculiar sugars, branched on the a-b-GalpA backbone (O'Neill et al., 2004). RGI
is the only pectic domain with a heterobackbone having a repeating dimer sequence of
[—2)-a-L-Rhap-(1—4)-a-b-GalpA-(1—]. Uronic acid from RGI can be acetylated at the O-2
and O-3 position. 20-80 % of the Rhap residues can be substituted at O-4 and, to a lower
extent, at O-3 with neutral side chains (Albersheim et al., 1996; Ridley et al., 2001). RGI side
chains include galactan, arabinan or type | (AGI) and Il (AGIl) arabinogalactan (Carpita and
Gibeaut, 1993; Willats et al., 2001a; Caffall and Mohnen, 2009). Over 15 different linkages
were described in the RGI side chains (Lau et al., 1987; Caffall and Mohnen, 2009). Arabinan
consists of a (1—>5)-a-L-Araf backbone, which can be branched at O-3 with Araf units or/and
arabinan secondary side chains. Galactan and AGI are both made of a (1—4)-B-pD-Galp
backbone on which substitutions by monomeric Galp units at the O-6 or at the O-3 position
can occur. AGl is substituted with a-L-Araf-p residues and/or with (1—5)-a-L-Araf short side
chains. AGIl is composed of a (1—>3)-B-b-Galp backbone decorated with (1—6)-B-p-Galp
secondary chains, which are arabinosylated. According to plant sources, organs, tissues and
developmental stages, RGI side chains composition, length and degree of branching are very

variable (Lerouge et al., 1993; Willats et al., 2001a; Caffall and Mohnen, 2009).

To explore the variability of polysaccharide domains in plant cell walls, different methods
have been used. Without the need to stain or label sample, chemical mapping using Fourier
Transform Infra Red (FT-IR) and Raman spectroscopy can provide information on chemical
composition of tissues down to the level of individual cells. These techniques have been
used to study pectin in various plants and organs (Mouille et al., 2003; Jones et al., 2005;
Mazurek et al., 2013; Chylinska et al., 2014). However the sensitivity of these methods is
limited and spectra are not always straightforward to interpret. Therefore, high resolution
imaging with the aid of specific monoclonal antibodies (mAbs) has been the method of
choice to identify different polysaccharidic domains within cell walls in planta (Willats et al.,
2001a). A large set of mAbs has already been developed against pectin motifs. Available
mADbs can recognize different methylation patterns of HG (LM7 -Willats et al., 2001- ; LM18 -
Verhertbruggen et al., 2009b- ; LM19 -Verhertbruggen et al., 2009b- ; LM20 -Verhertbruggen
et al., 2009b- ; JIM7 -Knox et al., 1990- ; JIM5 Knox et al., 1990- ). LM8 is a mAb specific to
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xylogalacturonan (Willats et al., 2004). Various mAbs have also been generated against RGI.
The unbranched backbone is recognized by INRA-RU1, INRA-RU2 and CCR1 (Young et al.,
2008; Ralet et al., 2010). LM5 (Jones et al., 1997) and LM9 (Clausen et al., 2003) are specific
to unsubstituted and feruloylated linear galactans, respectively. Three mAbs directed to
arabinans can detect different features of arabinan structures (LM6 -Willats et al., 1998- ;
LM13 -Verhertbruggen et al., 2009a- ; LM16 -Verhertbruggen et al., 2009a-). Most of the
available mAbs to RGI bind to linear pectic structures. Antibodies directed to highly-
branched pectic domains or to the connection between the side chains and the RGI
backbone are still missing. Here, we describe the production and characterization of a novel
antibody that binds to a structure, which belongs to RGI side chains. The epitope is detected
in galactan-rich plant sources and is expected to have an essential function in the wall. This
new antibody will extend the panel of probes available to label pectin domains in the

context of intact cells.

I1l.2. Materials and methods

lll.2.a. Plant material, enzymes and glycans

Plant material

Potato pulp (Ref: 74739; 2003) was provided by Roquette (Lestrem, France).

Enzymes

a-amylase (Termamyl 120 L, 120 KNU/g, Novozyme) and amyloglucosidase (Aspergillus
niger, A.3042, 6000 U/mL, Sigma) were used for destarching. The 1,4-B-galactanase (940
Ul/mL; from Aspergillus niger) was obtained from Megazyme (Bray, Ireland). 1,5-a-
arabinanase (950 Ul/mL) was prepared as previously reported (Bonnin et al., 2002).
Rhamnogalacturonan hydrolase (from Aspergillus aculeatus; Batch PPJ4478) is from

Novozyme (Copenhagen, Denmark).
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Glycans

Polysaccharides used in the present work are referenced in Table.lll.1.

Table Ill.1: Sources and sugar composition of polysaccharides used for the characterization of mAb
supernatants

Glycans Sources Sugar composition (%)

Sugar beet pectin (SBP6230) Ralet, et al., 2003 Rha:6.4; Ara:14.9; Gal:12.6; GalA:66.2

Lemon pectin Moller, et al., 2008 ND

Apple pectin Moller, et al., 2008 ND

Lime pectin DM: 81% (E81) Ralet, et al., 2001 Rha:1.5; Ara:0.3; Gal:4.7; GalA:93.5

Lime pectin DM: 15% (B15) Ralet, et al., 2001 Rha:0.9; Ara:0.2; Gal:1.8; GalA:97.1

Lime pectin DM: 34% (B34) Ralet, et al., 2001 Rha:0.9; Ara:0.2; Gal:1.8; GalA:97.1

HG citrus (DM 0)

Tanhatan-Nasseri et al., 2010 GalA >98%

RGI soybean Megazyme Rha:13; Ara: 3.5; Gal:12.5; GalA:51; Fuc:10 ;Xyl: 13.7
RGI beetroot INRA-Nantes Rha:7; Ara: 47; Gal:10; GalA:36

RGI carrot INRA-Nantes Rha:5.3; Ara:6; Gal:23.1; GalA:62.5

AG Il (Larch wood) Sigma ND

AGP (Larch wood) Megazyme Purty > 85% (Ara: 15 ; Gal: 85)

Potato pectic galactan Megazyme Rha:3; Ara:6; Gal:82; GalA:9

Potato galactan | Megazyme Rha:3; Ara:2; Gal: 88; GalA:7

Potato galactan Il Lahaye et al., 1991 Rha:0.2; Ara:1.6; Gal:86.4; GalA:1.4

Lupin galactan Megazyme Rha:4.2; Ara:20.9; Gal:71.3; GalA:5
Branched arabinan (sugar beet) Megazyme Purity 95% (Rha: 2; Ara: 88; Gal: 3; GalA:7)
Linear arabinan (sugar beet) Megazyme Ara: 97.5; Gal:0.4; Rha:0.1; GalA:2

RGI backbone oligosaccharides (designated RU-oligosaccharides; R:Rha and U:GalA) refer to
a pool encompassing a mixture of R,U, oligosaccharides (n:2-18) prepared from A. thaliana
seed mucilage as described in Ralet et al., (2010). Briefly, water-soluble mucilage was
hydrolyzed by a rhamnogalaturonan hydrolase for 3 h. The digest was precipitated by
ethanol, and the ethanol soluble fraction was recovered, desalted and freeze-dried. DP-
resolved RGI oligosaccharides (designated RxUy(Gz), R: Rha; U:GalA; G:Gal) were produced
from A. thaliana seed mucilage or sugar beet pulp as described in Ralet et al.,, (2010).

Arabinan oligosaccharides (designated Ara-oligosaccharides) refer to a pool encompassing a
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mixture of (1—5)-a-L-Araf oligosaccharides (DP5-12) (Ralet et al., 2010). DP-resolved Ara-
oligosaccharides were further recovered using size-exclusion chromatography. Galactan
oligosaccharides (designated Gal- oligosaccharides) refer to a pool encompassing a mixture
of (1—4)-B-D-Galp oligosaccharides (DP4-15) (Ralet et al., 2010). DP-resolved Gal-
oligosaccharides were further recovered using size-exclusion chromatography. Feruloylated

Ara- and Gal-oligosaccharides were prepared according to Ralet et al., (1994).

l1l.2.b. Potato pectin extraction

The de-starched potato pulp was mixed with 0.1 M NaOH (3 L) at 90°C for 2 h. Potato pulp
(Roquette, France) (Solanum tuberosum) (100 g) was de-starched using an a-amylase
(Termamyl 120 L, Novozyme) (10 mL at 15U/mL) in 80 mM sodium phosphate buffer pH 6 (2
L) for 25 min at 90°C. The suspension was cooled down to 30°C and pH was brought to 4.5 by
1 M HClL. The suspension was then incubated with amyloglucosidase (Aspergillus Niger,
A.3042 Sigma, 1 mL, 6000 U/mL) for 17 h at 60°C. Fresh amyloglucosidase (1 mL, 6000 U/mL)
was added at time 30 min and 60 min. The mixture was then cooled and pH brought to pH
7.8 with 1 M NaOH. The de-starched potato pulp was mixed with 0.1 M NaOH (3 L) at 90°C
for 2 h. These conditions favor the B-elimination of methylesterified HG, resulting in the
degradation of part of the HG component and enrichment in pectic RGI. After filtration and
NaOH neutralization with 1 M HCI, the solution was concentrated to 1.5 L by rotary in
vacuum evaporation at 40°C and raw RGI was recovered by precipitation with 70% ethanol
overnight at 4°C. The suspension was centrifuged and the pellet was recovered and
dissolved in water. The solution was concentrated by evaporation to 1 L to eliminate alcohol
traces. The whole protocol starting with ethanol precipitation was repeated twice. Finally,
the residual salts present in the raw RGI solution were removed by dialysis. The salt free

solution was filtrated on a 3 pum membrane and freeze-dried.

lll.2.c. Tailored RGI purification

(This part was performed by Valerie Cornault from University of Leeds, UK)
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The raw RGI fraction (1200 mg) was pre-purified in three batches using DEAE-Sepharose fast
flow gel. After pre-equilibration using 20 mM sodium acetate pH 4.5, the sample (400 mg in
40 mL H,0) was loaded onto the chromatography gel (150 mL). The matrix was manually
stirred over 20 min to allow the polysaccharides to fix before the vacuum aspiration of the
buffer. The sample was eluted using 4 x 100 mL of 20 mM sodium acetate buffer pH 4.5
followed by 4 x 100 mL of 50 mM acetate pH 4.5 + 0.6 M NacCl. An additional step of 100 mL
of 50 mM sodium acetate pH 4.5 + 1 M NaCl was added to elute the most acidic polymers.
The sample eluting with 20 mM sodium acetate pH 4.5 (designated purified RGI) was

dialyzed and freeze-dried.

Purified RGI (650 mg/130 mL) was dissolved in 50 mM sodium acetate buffer pH 4.5 (10 mL).
Solution was incubated with an endo-1,4-B-galactanase (47 Ul/mL, i.e 9.4 U/mg substrate;
450 U/mg protein; protein/substrate 2/1000) for 150 min at 40 °C. Then, the solution was
boiled for 10 min at 100 °C to inhibit the enzyme and dialyzed (8000-10000 Mw) against
distilled water for 3 days at 4 °C. The recovered RGI with shorter galactan side chains (2
mg/mL) was treated with an endo-arabinanase (pure enzyme, i.e enzyme/substrate 1/87;
V/V) to degrade linear arabinose side chains. The reaction was performed in 50 mM acetate
buffer at pH 4.5, for 24 h at 30 °C. After enzyme inactivation by boiling (as describe above),
the digest was dialyzed against distilled water and the retentate was concentrated and
freeze-dried. This fraction was designated ‘low-branched RGI’. RGI backbone was then split
using rhamnogalacturonan hydrolase (Ralet et al., 2010). RGI (1 mg/mL) was dissolved in 10
mM Na-acetate buffer, pH 4 and enzyme (1 mg/mL, i.e enzyme/substrate 1/390; w/w) was
added. The solution was incubated at 40°C for 180 min. One volume of ethanol was added to
the hydrolyzate to precipitate fragments with high degree of polymerization. After one night
at 4 °C, suspension was centrifuged and supernatant was recovered, concentrated and then
desalted using size exclusion chromatography on Sephadex G10 (77 cm x 44 mm). The
column was equilibrated with degassed deionized water. RGI oligosaccharides were loaded
and eluted water at a flow rate of 0.4 mL/min, at room temperature. Fractions containing
glycans (RUP oligosaccharides) were collected and freeze-dried. All the different steps

followed for RUP oligosaccharides purification are summarized in Figure.lll.1.

118



General discussion

Potato

Starch removal
Alkaline extraction

Raw RGI

Anion exchange in batch

Purified RGI

B-galactanase
da-arabinanase

Low branched RGI

Rhamnogalacturonan hydrolase
EtOH fractionnation

50% EtOH soluble fraction

RUP oligosaccharides

(Rha and Uronic acid from Potato)

Figure lll.1: Different steps followed for RUP oligosaccharides purification

lll.2.d. Anion-exchange chromatography

RUP oligosaccharides were run through anion-exchange chromatography. Separation was
performed at room temperature using a DEAE-Sepharose fast flow gel column (1.6 x 13.5
cm). The gel was equilibrated with degassed 25 mM Na-acetate buffer pH 5.5 at a flow rate
of 1 mL/min. RUP oligosaccharides (20 mg/2 mL) were loaded onto the column. The gel was
washed with 51.6 mL of 25 mM Na acetate buffer. Then, the bound material was eluted with
a linear gradient of NaCl (0.025-0.2 M) in 25 mM Na acetate buffer (262 mL) and then with
0.5 M NaCl in 25 mM Na acetate buffer (34 mL). RUP oligosaccharides were recovered in 90

tubes that were analyzed for their neutral sugar and galacturonic acid contents.
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Ill.2.e. Sugar analysis

Uronic acid and neutral sugars analyses

Uronic acid content was determined by the automated m-hydroxybiphenyl assay (Thibault,
1979). The difference in response of glucuronic acid and galacturonic acid in presence and
absence of tetraborate was used to differentiate them (Renard et al., 1999). Total neutral
sugars were quantified by orcinol assay (Tollier and Robin, 1979) with correction for the
galacturonic acid interference (Tollier and Robin, 1979). Individual neutral sugars were
determined by generation of their alditol acetates after 150 min hydrolysis in 2 M
trifluoroacetic acid at 120°C (Englyst and Cummings, 1988). Alditol acetates were analysed
by GC (Perkin-Elmer autosystem). Samples were run on a fused-silica capillary column (30 m
x 0.32 mm) bounded with OV-225 (50% cyanopropylphenyl dimethylpolysiloxane). Injection
was carried at 210 °C with hydrogen (70 KPa) as a vector gas. Detection (FID) was performed

at 220 °C.

Glycosidic linkage analyses

NaOH-DMSO reagent was prepared as described by Anumula and Taylor (1992). Acidic
samples (1mg/mL) were converted into their H form by percolating the solutions through a
1 mL Sigma Dowex 50WX4 resin and freeze-dried. Then, samples were dried in a vacuum
oven at 40°C for 2 h before being dissolved in dimethylsulfoxyde (DMSO, 0.2 mL) and
sonicated for 2 min (Anumula and Taylor, 1992). Mixtures were left 30 min at ambient
temperature before adding the NaOH-DMSO reagent (0.2 mL) (Anumula and Taylor, 1992).
Methylation was performed with 0.1 mL of methyl iodide for 10 min. For reaction
improvement, mixtures were sonicated and vortexed several times. Water (2 mL) was added
and methylated products were extracted with chloroform (2 mL). Solutions were vigorously
vortexed before brief centrifugation, which allows a strict separation of two phases. The
aqueous supernatant phase was removed by aspiration. The organic phase was washed
three times with water (2 mL) and dried under a stream of N,. Methylated carbohydrates

were hydrolyzed with 2 M trifluoroacetic acid and converted to their alditol acetates (see
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previous paragraph). The partially methylated alditol acetates were analyzed by GC/MS
(TRACE-GC-I1SQ, Thermo™) on a non-polar thermo scientific™ TraceGOLD™ TG-1MS GC
Column (30 m x 0.25 mm x 0.25um). The carrier gas (hydrogen) was injected at 240 °C. The
column oven temperature was maintained for 5 min at 60 °C and increased up to 315 °C (3
°C /min), where it was maintained for 2 min. The flow rate was set at 1.5 mL/min. The ion
source temperature of the electron impact (EI) mass spectrometer was 230 °C. Masses were
acquired with a scan range from m/z 100 to 500. Identification of partially methylated alditol
acetates was based on their retention time and confirmed by GC-MS. Samples were also
analysed on a GC Perkin-Elmer autosystem, on a fused-silica capillary column (30 m x 0.32
mm) bounded with OV-225 (50% cyanopropylphenyl dimethylpolysiloxane). Injection was
carried at 220 °C with hydrogen (80 KPa) as a vector gas. Detection was performed at 220 °C
with a flame ionization detector (FID). Both analyses results were averaged as results

converged closely.

111.2.f. Neoglycoprotein preparation

Neoglycoproteins were prepared by coupling the RUP oligosaccharide pool by
reductive amination to bovine serum albumin (BSA) for indirect ELISA and ovalbumin (OVA)
for immunization (Roy et al., 1984). Some arabino (dp 4-15) and galacto-oligosacharides (dp
5-12) produced by Ralet et al., (2010) were only conjugated to BSA. RU oligosaccharides
coupled to BSA have been prepared by Ralet et al., (2010). Proteins (1.2mL of a 0.028
umol/mL solution), oligosaccharides (0.2mL of a 0.017 pumol/mL solution) and NaBH3CN (42
mg/mL) were mixed in 0.1 M borate buffer (pH 9) and incubated 48 h at 45°C. Reaction was
stopped by desalting conjugates on a PD-10 column (GE-Healthcare). The relative proportion
of carbohydrate to protein in the conjugates was determined using the orcinol and m-
hydroxybiphenyl methods for carbohydrates (Thibault, 1979; Tollier and Robin, 1979), and
Bradford method (Bradford, 1976) for proteins. The weight ratio of proteins to
oligosaccharides was in the range 0.60-0.75 for BSA conjugates and 0.34-0.43 for OVA

conjugates (Table.lll.2).

121



CHAPTER Il

Table 111.2: Oligosaccharide-protein conjugates (weight ratio of protein to oligosaccharides)

oligosaccharides sugar/protein

Ara-BSA* 0.64
Gal-BSA* 0.75
RU-BSA** 0.73
RUP-BSA 0.7
RUP-OVA 0.43

Ara-BSA (arabino-oligosaccharides coupled to BSA); Gal-BSA (galacto-oligosaccharides coupled to BSA); RU-
BSA (R,U, oligosaccharides coupled to BSA); RUP-BSA (RUP coupled with BSA); RUP-OVA (RUP coupled to
OVA); *Oligosaccharides prepared by Ralet et al., 2010; ** Oligosaccharides-protein conjugate prepared by
Ralet et al., 2010.

l11.2.g. Production of antibodies

Two intrapodal injections at 10 days interval were performed in 3 mice. 30 ug of RUP-OVA
were injected (about 15 pg/foot). Four days after the last injection, ganglionic lymphocytes
were isolated and fused with myeloma NS1. Hybridoma were selected in Roswell Park
Memorial Institute media (Lonza, RPMI 1640, BE-12-167F) supplemented with 1% non-
essential amino acid (Lonza, NEAA 100X, BE-13-605E), 1% L-glutamine (Lonza, BE-13-605E),
1% penicillin-streptomycin (Lonza, 10000U penicillin/mL DE-17-602E), 5% hybridoma cloning
supplement (PAA GmbH, FO05- 009), 1X Hypoxanthine-aminopterin-thymidine (Sigma,
supplement media 50X, hybrid-max) and 20% fetal calf serum (PAA clone, A15-102).
Hybridomas were cloned by limited dilution. Hybridomas supernatants from the fusion were
screened for the presence of anti-RUP oligosaccharides. They were tested in indirect ELISA
and clones of interest were recloned by limited dilution. ELISA was performed using RUP-BSA
and pure BSA to select clones that produce antibodies reacting only with carbohydrate
moieties. For all the experiments, the crude hybridoma supernatants were used as a source

of monoclonal antibodies.
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l11.2.h. Elisa experiments

Indirect ELISA

Plates were coated overnight at 4 °C with BSA or oligosaccharides coupled to BSA (5 pg per
well) diluted in 10 mM carbonate-bicarbonate (Na2CO3 15 mM + NaHCO3 35 mM) buffer,
pH 9.6. Uncoated sites were saturated with 200 pL of 4 % defatted skimmed milk in
phosphate-buffered saline at pH 7.4 (PBS: 140 mM NaCl, 2.7 mM KCI, 10 mM Na2HPOg, 1.7

mM KH2PO4, pH 7.4) for 1 h at room temperature. Hybridoma supernatants (50 ul) at

appropriate dilution in 0.1 % defatted skimmed milk PBS (PBS0.1%) were added and
incubated for 1 h at room temperature and followed by washing with PBS containing 0.05 %
Tween 20. The bound antibodies were then incubated with (1/3000 diluted in PBS0.1%) anti-
mouse IgG conjugated to horseradish peroxidase (170-6516, Bio-Rad, Carlsbad, CA, USA).
After washing, color was revealed using orthophenylenediamine (Sigma, St Louis, MO, USA)

as a substrate. Color reaction was stopped after 20 min with 50 pL of 2 M H2SO4 and the

absorbance was read at 492 nm using an ELISA reader (Bio-Tek EL808).

ELISA competitive inhibition

Before performing ELISA competitive inhibition, all hybridoma supernatants were tested in
indirect ELISA to evaluate the adequate concentration for an absorbance value of 1. ELISA
competitive inhibition was used to check the reactivity of available antibodies towards RUP
and to supernatants containing mAbs. To further investigate the specificity of the antibodies,
they were pre-incubated with serial dilution of competitors in PBS containing 0.1% skimmed
milk for 1 h at room temperature. The antibody-antigen mixtures (50/50 pL) were added to
plates coated with BSA-RUP. All subsequent steps were performed as described above. The
concentration of competitor giving a 50% inhibition (IC50) of the binding was determined by
plotting the competitor concentration versus absorbance. Values from controls with no
competitor were taken as 0% inhibition, and values from controls with no antibody

represented 100% inhibition of binding.
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ELISA competitive inhibition was also performed using, as a competitor RUP oligosaccharide
fractions separated by ion exchange chromatography. Each fraction was fivefold diluted, with
25 mM Na-acetate buffer to obtain 1 mL final volume. The pH of PBS buffer was adjusted to
pH 8 (PBS8) to balance the acidic acetate buffer pH 5.5 present in fractions. KCl
concentration was also increased to 5.4 mM in PBS8. The fractions were finally diluted two
fold with PBS8. 50 pL of the diluted solutions (containing carbohydrates) were mixed with 50
uL of clone supernatant. The following steps were performed as described above. Pools (P1-
5) were considered for further characterization. Pools were collected, dialyzed and desalted
using a column (100 x 1.6 cm) of Sephadex G-10 at 1 mL/min eluted with deionized water

and then freeze-dried.

l11.2.i Glycan micro-array

mAbs used to probe the array

Supernatants binding to RUP were tested together with nine well-known pectic mAbs -LM5
(Jones et al., 1997); LM6 (Willats et al., 1998); LM13 (Verhertbruggen et al., 2009b);
LM16 (Verhertbruggen et al., 2009b); LM18 (Verhertbruggen et al., 2009a);
LM19 (Verhertbruggen et al., 2009a); LM20 (Verhertbruggen et al., 2009a); INRA-RU1 (Ralet
et al., 2010) ; INRA-RU2 (Ralet et al., 2010)-.

Immobilization of polysaccharides/oligosaccharides

Polysaccharides and oligosaccharides were used to test mAbs binding specificities (Moller et
al., 2008; Sgrensen et al., 2009; Pedersen et al., 2012). Most of the polysaccharides were
dissolved in water. Mannan was dissolved in 4 M NaOH and Gatti gum in 0.5 M NaOH just
before printing. Oligosaccharides were coupled to BSA (Roy et al., 1984; Pedersen et al.,
2012). Glycans and glyco-conjugates were printed on a nitrocellulose membrane (0.45 um
pore size, Whatman, Maidstone, UK). Microarray robot Microgrid Il (Digilab/Genomic
Solutions, Huntingdon, UK) equipped with four split spin or solid spins (Digilab) was used for

printing. Prior each sample deposition, pins were washed twice. Two different
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concentrations (2 mg/mL; 0.4 mg/mL) were spotted in duplicate. Six drops per spot
containing 55.2% glycerol, 44% water and 0.8% triton X-100 were deposited onto
nitrocellulose membranes. Samples were printed at 19°C (55% humidity). Experiment was

repeated twice.

Glycan micro-array

Arrays were laid in a 6 wells ELISA plate for incubation with 2 mL capacity. Arrays were
blocked by incubation in 5% skimmed milk PBS buffer (PBS5%) for 2 h at room temperature.
Arrays were probed for 2 h at room temperature with characterized mAbs against pectin and
22 hybridoma supernatants diluted 1/10 and 1/5 in PBS5%, respectively. After washing in
PBS, arrays were incubated for 2 h at room temperature with anti-mouse or anti-rat
secondary mAbs conjugated to alkaline phosphatase (Sigma, Poole, UK) diluted 1/5000 in
5%PBS. After washing, arrays were developed using substrate containing 5-bromo,4-
chloro,3-indolyphosphatase (BCIP) and nitroblue tetrazolium (NBT) in BCIP/NBT buffer (100
mM NaCl, 5 mM MgClp, 100 mM diethanolamine, pH 9.5).

Scanning and data analysis

Developed arrays were scanned (Cannon 8800, Soborg, Danmark) and converted to
negative-image 16-bit grey-scale TIFFs (Moller et al., 2008). TIFF files were uploaded into
ImaGene 6.0 microarray analysis software (BioDiscovery, El Segundo, CA, USA). To create an
analysis area for each spot, a semi-automatic gridding was used for analysis. Five-pixel zone
around each spot was used for calculation of local background signal. Individual spot signals
were defined as the mean pixel value within each spot area minus the median pixel value in
the surrounding local background area. Signal of the four spots derived from each sample
defined a “mean sample value”. The “total mean sample value” (TMSV) is the media of both
experiments. For each mAb, the maximal TMSV was set to 100%. All other values were
defined according to the maximal TMSV. To avoid exaggerate fold change values, a minimal
of 5% of the maximal value was cut off. Data sets from the TMSVs were transferred in online

heap mapper software(http://bbc.botany.utoronto.ca/ntools/cgibin/ntools_heatmapper.cgi)
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to generate heatmaps. A hierarchical cluster analysis of the ELISA data was performed using

TMSV profile data-set in Eclust software (http://ep.ebi.ac.uk/EP/EPCLUST/).

ll.2.j LC-MS

lon pairing-reversed phase chromatography separation (IP-RP-UHPLC)

Chromatographic separation of RUP samples and P1-5 was achieved at 45°C, on a ultra
performance liquid chromatographic system (UHPLC, Acquity H-Class® Waters, Manchester,
UK), mounted with a BEH C18 column (100 mm x 1mm, packed with 1.7 um porosity
particles; Waters, Manchester, UK), at a flow rate of 150 uL/min. A ternary gradient was

applied (Table.lll.3).

Table I11.3: Ternary gradient applied on LC-MS

Time %A %B %C
0-10 min 73-50 2-25 25
10-23.5 min 50-2 25-73 25
23.5-27.5 min 2 73 25

A: pure water, B: pure methanol and C: 20mM heptylammonium dissolved in water, and pH value adjusted
to 6 by addition of formic acid

Collision-Induced Dissociation (CID) MS/MS measurements.

MS/MS experiments were performed on a Q-TOF Synapt G2Si HDMS (Waters, Manchester,
UK) in negative ion mode. Samples were diluted 2 fold with MeOH introduced manually into
the electrospray ion source at a flow rate of 5 pL/min. lon spray capillary voltage was
maintained at 3 kV and the temperature source at 120°C. Argon was used as collision gas.
Collision energy was optimized for each sample. Fragments were annotated according to the
nomenclature of Domon and Costello (Domon and Costello, 1988). Data were recorded using

MassLynx 4.1 (Waters).
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111.2.k Immunofluorescence microscopy

Tissue preparation

Small pieces of fresh tissues were sampled from peripheral regions of potato tubers.
Samples were fixed in a mixture of 3% paraformaldehyde and 0.5% glutaraldehyde in 0.1 M
Na-phosphate buffer (pH 7.4) for 20 h at 4 °C. Samples were washed with Na-phosphate
buffer before dehydration in a graded series of increasing concentrations of ethanol (30, 50,
70, 85, 95 and 100 ethanol, 1 h for the first five steps and overnight for the last step).
Samples were progressively infiltered in LR White (London Resin, Reading, UK) resin
according to the following schedule: 20, 40, 60 and 80%, 100% LRW/ethanol, 1 h for each
step and then 2 h and overnight in pure resin. The tissue samples were transferred into
individual gelatin capsules filled with fresh resin. Resin was polymerized at 55 °C for 2 days.
Cross sections (1um thick) were cut with an ultramicrotome UC7 (Leica Microsystems,
Germany) equipped with a diamond knife and mounted on multi-well slides treated with

VectaBond adhesive (Vector Laboratories, www.vectorlabs.com).

Arabidopsis thaliana root seedlings growing

Arabidopsis thaliana ecotype ‘Columbia ‘ seeds were sterilized in 70° ethanol for 5 min and
washed 5 times with sterile water. Seeds were left 3 days at 4 °C on plates containing
Murashige and Skoog salt mixture and 0.215 g/L 2-(N-morpholino) ethanesulfonic acid
(MES), pH 5.8 in 0.4 % agar. Subsequently, seeds were allowed to germinate for 7 days.
Plates were incubated at 22°C in a growth chamber 16 hours light/8 hours dark cycle.

Complete seedlings were harvested for microscopy studies.

Immunolabeling

Immunolabeling of potato tuber cross sections was performed on multi-well glass slides by
applying and removing 40 pL droplets of the appropriate reagents. Roots (5 per

antibody/mAb) were labelled in 24 wells ELISA plates with a total volume of 500 pL of
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reagents. Sections and roots were treated with 3 % BSA in PBS for 1 h at room temperature
to block non-specific labeling. Then, material was incubated for 1 h at room temperature
with primary mAb (LM5; LM6; INRA-RU1) or hybridoma supernatants at dilutions of 1/10 in
PBS containing 1 % BSA and 0.05 % Tween (BT-PBS). Tissues were washed (5 time X 5 min) in
BT-PBS and then exposed to goat anti-rat or anti-mouse IgG antibodies conjugated to Alexa
fluor 546 at a dilution of 1/100 in BT-PBS for 1 h. The samples were washed 3 times in BT-
PBS and 5 times in water. Roots were examined in a light macroscope equipped with
epifluorescence illumination (Nikon intensilight C-HGFIE) and images were captured with a
Qlmaging's EXi Aqua™ camera. Immunofluorescence was observed using a 510-560 nm
band-pass excitation filter and emission at > 590 nm. Potato tuber sections were observed
using a LEICA DMRD microscope equipped with epifluorescence irradiation. A band-pass
filter 515-560 nm was used as excitation filter and fluorescence detected at > 570 nm.
Images were recorded with a sensitive cooled camera (Nikon DS-1QM). In some cases,
enzymatic treatments were applied on sections prior to immunolabeling. RGl was degraded
using arabinanase (50 U/mL), galactanase (50 U/mL) and rhamnogalacturonan hydrolase
(0.1mg/mL) in 50 mM acetate buffer pH 4.5, for one night at 37°C. For multi-treatment on a
same cross section, each enzyme has been applied one by one, in the present order: first
galactanase, then arabinanase then rhamnogalacturonane lyase. After and between each
enzymatic treatment, samples were washed first with 50 mM acetate buffer pH 4.5 (5 times
X 5 min) and then with water (3 times X 5 min). NaOH treatment was performed for pectin
deesterification. Treatment was applied alone or after enzymatic digestion using
galactanase. Samples were incubated with 0.05 M NaOH for 30 min at 4 °C and then washed
with water (5 times X 5 min). As a control, sections were incubated with the secondary

antibody, only.
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I1l.3 Results

lll.3.a Oligosaccharides generation and characterization

Raw RGI was solubilized from de-starched potato pulp using alkaline extraction with sodium
hydroxide at high temperature (Zykwinska et al., 2006). In these conditions, B-elimination
allows HG depolymerization. Raw RGI was recovered from the extract by precipitation with
70% ethanol. 17 g of raw RGI were recovered from 100 g of dry pulp. Gal and GalA were the
main sugars and accounted for 42.9 mol % and 41.9 mol % of the total sugars, respectively
(Table.lll.4). A GalA over Rha molar ratio of 8.2 was calculated, evidencing the presence of
residual HG stretches in the sample. Raw RGI was therefore further purified using an anion
exchange batch separation. The fraction eluting with 20 mM sodium acetate pH 4.5 was
selected based on recovery yield (40%, w/w of raw RGI) and GalA over total neutral sugars
ratio (0.18). Purified RGI was particularly rich in Gal and to a lesser extent in Ara and
exhibited a GalA over Rha molar ratio of 2.6, in agreement with @bro et al., (2004) findings.
Minor amounts of hemicellulose-derived sugars (Fuc, Xyl, Man, Glc) were also detected. The
molar ratio of GalA to Rha in purified RGI decreased by a factor of 3 compared to raw RGlI,
showing that HG fragments were efficiently removed by the anion-exchange purification

step.

The purified RGI was then sequentially treated with an endo-galactanase and an endo-
arabinanase in order to produce so-called low-branched RGIl. The enzymatic treatment
allowed the removal of 86.3% (w/w) of the Gal residues and 83.4% (w/w) of the Ara ones
(Table.lll.4) in agreement with previously reported data (@bro et al, 2009). The RGI
backbone was further split using a rhamnogalacturonan hydrolase and the large fragments
were removed by precipitation with 50 % ethanol. The pool of oligosaccharides recovered in
the ethanol-soluble fraction (designated RUP oligosaccharides) exhibited a GalA over Rha
molar ratio of 1.2 with abundant Gal and to a lesser extent Ara (Table.lll.4). RUP
oligosaccharides also contain low amounts of Fuc, Xyl, Man, Glc and GIcA, which likely

originate from residual hemicelluloses (Cornuault et al., 2014).
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Table 111.4: Recovery yield (weight %) and sugar composition (mol %) of the different RGI fractions.

Raw RGI Purified RGI Low-branched RGl RUP oligosaccharides

Yield 100 40.5 133 4.9
Rha 5.1 5.1 21.3 22.7
Fuc nd 1.2 0.4 0.7
Ara 10.0 133 6.7 7.9
Xyl nd 0.9 2.5 1.2
Man nd 0.8 1.2 0.7
Gal 42.9 64.6 27.0 36.7
Glc nd 1.2 3.9 0.3
GalA 419 13.1 35.5 28.3
GlcA ND ND 1.4 1.5

ND: non-determined; nd: not detected.

l1l.3.b Glycan micro-array

Glycan micro-array (Moller et al., 2008; Pedersen et al., 2012) was used to further
characterize the RUP oligosaccharides. Raw RGI, RUP oligosaccharides and a set of selected
pectic glycans were printed on an array, which was then probed with a selection of eight
mADbs, three being specific to HG domains and five to RGl domains. LM18, LM19 and LM20

bind to HG of various degree of methylation (D

M) (Verhertbruggen et al., 2009a). INRA-RU1 and INRA-RU2 are specific to unbranched RGI
backbone (Ralet et al., 2010). LM5 is specific to galactans (Jones et al., 1997) while arabinans
are recognized by LM6 and LM13 (Willats et al., 1998; Verhertbruggen et al., 2009b). For
each antibody, the level of binding to RUP oligosaccharides was compared to the level of
binding to the other glycans (Figure.lll.2A). Signal intensity from glycan microarray provides
some information about the relative levels of glycan epitope, but cannot be considered as a
tool for quantifying absolute levels of a specific structure (Moller et al., 2008). Therefore
some antibodies have also been tested in ELISA competitive inhibition to confirm the level of

recognition to RUP oligosaccharides.
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Figure 11l.2: Heat map glycan micro-array. A: binding of available pectin-related mAbs (LM18, LM19, LM20:
HG ; INRA-RU1 and INRA-RU2: RGI ; LM5: (1—4)-galactan ; LM6: (1—5)-arabinan) to RUP oligosaccharides
and to a set of purified oligosaccharides and polysaccharides. B: RUP antibodies (RUP1-RUP22) recognition
pattern to oligosaccharides and polysaccharides. Spots signals were scored form 0 (grey) to 100 (yellow).

Structure profile of polymeric glycans

mAbs tested on whole pectin samples from sugar beet, lemon, apple and lime revealed a
variability in the occurrence of HG and RGI domains in these samples (Figure.lll.2A). Indeed,
lowly (LM18 and LM19 binding) or highly (LM20 binding) methylated HG domains were

systematically revealed whatever the pectic sample. In contrast, RGl backbone (INRA-RU1
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and INRA-RU2 binding) was strongly revealed in sugar beet, lemon and apple pectin samples
and in only one lime pectin sample with a low intensity signal. LM6 binding was restricted to
sugar beet pectin, which is well known to encompass long branched arabinan side chains.
LM13 did not bind to any of the pectic samples, precluding the presence of long linear
arabinan stretches in these samples. LM5 bound weakly to most of the pectin samples,

suggesting the constant presence of galactan side chains.

Three whole RGI domains isolated from soybean, potato and beetroot were also tested
(Figure.lll.2A). All three RGI samples were recognized, by LM18 and/or LM19. Spot signals for
potato and soybean RGI were particularly intense. These results are consistent with the high
GalA content of these fractions and strongly suggest the presence of large amounts of
residual HG domains (Table.lll.1). All three RGI samples were also strongly recognized by
INRA-RU1 and/or INRA-RU2, which is consistent with the presence of unsubstituted or lowly
substituted RGI backbone stretches. Finally, side chains-related mAbs (LM5, LM6 and LM13)
bound to virtually all the RGI samples tested. The only exception is the absence of LM13

binding to soybean RGI.

Finally, four isolated pectic side chains (galactan, branched arabinan, linear arabinan and
type Il arabinogalactan) were tested (Figure.lll.2A). Beside expected pectic side chains-
related mAbs binding (LM5 binding to potato galactan |, LM6 binding to sugarbeet branched
arabinan and both LM6 and LM13 binding to linear arabinan), some unexpected binding
occurred revealing the presence of (i) residual HG domains in galactan and branched
arabinan, (ii) residual RGI backbone in the two arabinan samples, (iii) long stretches of linear
arabinan in branched arabinan, and (iv) galactan stretches in linear arabinan. As anticipated,

type Il arabinogalactan was not recognized by any of the mAbs tested.

Structure profile of oligomeric glycans

RUP oligosaccharides were recognized by most of the available mAbs, except LM20 and
LM13, precluding the presence of highly methylated HG stretches and long linear arabinan
stretches (Figure.lll.2A). LM18 and LM19 had a very weak affinity to RUP oligosaccharides,
which is consistent with the very low occurrence of residual HG stretches in this fraction, as

reveled by sugar analysis. (Table.lll.4). INRA-RU1 and INRA-RU2 did bind to RUP
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oligosaccharides but the signal intensity was lower than that observed for raw RGI. The
unbranched backbone from the RGI polymer has indeed been at least partly digested by
rhamnogalacturonan hydrolase. ELISA competitive inhibition assays performed with RU and
RUP oligosaccharides confirmed the low affinity of INRA-RU1 for RUP oligosaccharides
(Figure.lll.2A). The moderate affinity of INRA-RU1 for RUP oligosaccharides strongly suggests
that the RU backbone is highly branched. Unexpectedly, glycan microarray assays showed
that both LM5 and LM6 strongly bound to RUP oligosaccharides (Figure.lll.2A).
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Figure 111.3: ELISA competitive inhibition. Optical density (OD) decreases according to the concentration of
the antigen used. Recognition comparison of RUP oligosaccharides ( ) to each respective mAb epitope (A:
INRA-RU2/RU-oligosaccharides; B: LM5/galactan-oligosaccharides; C: LM6/arabinan-oligosaccharides ( -0-)).
RUP oligosaccharides are lowly recognized by INRA-RU2. In contrast, LM5 and LM6 have a high affinity to the
RUP oligosaccharides.

ELISA competitive inhibition assays (Figure.lll.3B and I1.3C) confirmed the strong binding of
LM5 and LM6 to RUP oligosaccharides. Furthermore, LM5 and LM6 showed a similar affinity
to RUP oligosaccharides than to their respective epitopes (galactan and arabinan). In order to
get further insight into the significance of INRA-RU1, INRA-RU2, LM5 and LM6 binding to RUP
oligosaccharides, 15 purified RGl-related oligosaccharides were printed on an array according
to Pedersen et al., 2012 (Figure.lll.2A). As previously reported (Ralet et al., 2010), INRA-RU1
and INRA-RU2 bound strongly to unbranched RU oligosaccharides, the avidity increasing with
DP increase. A rather strong binding to R2U2G2 (a-L-Rhap-(1—4)- a-D-GalpA-(1—2)- a-L-
Rhap-(1—4)-D-GalpA substituted by one Gal residue on each Rha residue) was also
observed, in agreement with previously published data (Ralet et al., 2010). As expected, LM5

bound strongly to galactan oligosaccharides and LM6 to arabinan oligosaccharides of DP>3
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(Jones et al., 1997; Willats et al., 1998). More unexpected was the rather strong binding of
both mAbs to R2U2G2.

Considering the endo-galactanase and endo-arabinanase treatment applied to purified RGI
and the removal of large fragments after rhamnogalacturonan hydrolase action, it is unlikely
that RUP oligosaccharides still encompass long arabinan and galactan side chains or long
unbranched RU stretches. It is more likely that RUP oligosaccharides mainly consist in rather
short RU fragments highly branched with short Ara- and/or Gal-containing side chains that
appear to be recognized by INRA-RU1, INRA-RU2, LM5 and LM6.

l11.3.c Production of monoclonal antibodies to RUP oligosaccharides

Immunization of mice with RUP-OVA was effective in inducing a strong immune response.
After lymphocyte fusion with splenocytes, hybridomas were screened on RUP-BSA and BSA.
The 22 clones (RUP1-RUP22 antibodies; Figure.lll.2B), which reacted only with RUP-BSA,
were selected for further characterization. Isotyping revealed that the selected mAbs were

all IgMs.

I11.3.d Epitope characterization

The binding of the 22 supernatants to a set of cell-wall derived polysaccharides and
oligosaccharides was investigated using glycan microarray (Figure.lll.2B). All selected
supernatants did not bind to non-pectic oligosaccharides and polysaccharides printed on
arrays (data not shown). RUP1-RUP22 exhibited similar epitope recognition patterns that
differed widely from those obtained with well-known pectin antibodies. The two sole
polysaccharides recognized by the supernatants were potato and soybean RGI. This specific
binding confirms that the epitope is part of the RGl domain. RUP1-RUP22 antibodies all
bound to the RUP oligosaccharides used for mice immunization and clone selection but all
other RGl-related oligosaccharides were not recognized. Therefore, it may be hypothesized
that the epitope corresponds to a very specific structure inside side chains or between RGI

side chains and backbone.
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To better understand the structure recognized by RUP antibodies, complementary ELISA
competitive inhibition assays were performed. The lower the inhibition concentration 50 %
(1C50%) is, the higher the affinity of the antibody for the inhibitor is. HG, type I
arabinogalactan and R2U2G2 were tested as 3 negative controls (Table.lll.5). Since all mAbs
exhibited similar binding profiles on microarray, one mAb was selected: RUP2 antibody. This
antibody showed a stronger affinity for potato raw RGI (IC50: 0.05 ug) than for RUP
oligosaccharides (IC50: 0.15 ug). The removal of HG domains and enzymatic hydrolysis of
linear arabinan, galactan and unbranched RU backbone probably led to partial removal of

the epitope.

Table 111.5: ELISA competitive inhibition. Préciser anticorps et antigénes

Glycans IC50% (ug/ml)
HG-citrus NI
R2U2G2 NI

AGlI NI
Potato galactan Il NI
Lupin galactan 20
Potato pectic galactan 1

RUP oligosaccharides 0.15
Raw RGl-potato 0.05
RGl-carrot 0.05

IC50% is defined as the concentration of inhibitor required to give 50% inhibition of the binding of the

antibody to RUP-BSA. The lower the IC50% is, the higher the inhibition is. NI: No Inhibition.

Carrot RGI and, to a lower extent, lupin galactan and commercial potato pectic galactan
were recognized by the RUP2 antibody. All these substrates originate from galactan-rich
organs: tubers (for potato and carrot) and seed cotyledons (for lupin) (Jarvis et al., 1981;
Massiot et al., 1988; Buckeridge et al., 2005). Interestingly, the RUP2 antibody did not have
the same avidity for the two galactan samples extracted from potato. The epitope occurred
only in the commercial galactan, which is less pure. Indeed, the commercial potato pectic
galactan (IC50 1ug) has larger amounts of contaminating sugars (Rha; Ara; GalA) than potato

galactan Il (Table.lll.1). Altogether, the ELISA competitive inhibition results suggest that the
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epitope is present in galactan-rich sources and that sugars other than Gal are involved in the

recognition.

lll.3.e RUP fractionation by anion-exchange chromatography and fraction

analysis

An epitope detection chromatography (EDC) assay, adapted from Cornuault et al. (2014) was
set-up. RUP oligosaccharides were fractionated according to their charge density by anion-
exchange chromatography, (Figure.lll.4). Each fraction was analyzed for its GalA and total
neutral sugars content and was tested with RUP2 antibody using an ELISA competitive
inhibition assay. Each chromatographic fraction was used as a competitor in antibody-
antigen mixtures. Standards were prepared by mixing serial dilution of RUP oligosaccharides
with the antibody. RUP-BSA was used to coat 96 wells plates. Uncoated sites were saturated
and antibody-antigen mixtures were added. After washing, secondary antibodies were
added and plates were developed. The competitor efficiency was evaluated by absorbance

reading, the more efficient the competitor, the lower the absorbance.

Five pools (designed P1-P5) were identified based on GalA and neutral sugars analyses and
EDC results. P1, P2 and P5 represent a very low proportion of total RUP oligosaccharides.
Nonetheless, P1, containing neutral sugars only, P5, containing high proportions of GalA and,
to a lesser extent, P2, containing both acid and neutral sugars, were particularly well
recognized by the antibody. P3 and P4, containing both acid and neutral sugars, represent a
high proportion of total RUP oligosaccharides. Since the decrease in OD has to be related to
the sugar concentration of each pool, P3 can be considered as poorly recognized and P4 as

moderately recognized by the new mAb.
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Figure 111.4: Fractionation of RUP oligosaccharides using anion exchange chromatography and ELISA
competitive inhibition on the 90 using fractions as competitorsseparated by DEAE chromatography. ( --+--)
Uronic acid concentration ; ( —0— ) neutral sugars concentration; (------~ ) NaCl gradiant for the DEAE ; (=)
optical density (OD). Five different pools were definded P1-P5.

Linkage analysis

Linkage analysis was performed on RUP oligosaccharides and on pools P1-P4 (Table.lll.6). P5
could not be analyzed because it contained too low levels of neutral sugars. Sugar linkage
analysis of RUP oligosaccharides was consistent with the neutral sugar composition
determined as alditol acetates (Table.lll.4). Close to 50% of the Rhap residues were
identified as 2,4-linked units and 16.8% as 2-linked ones, showing that a high proportion of
internal Rha residues linked at O-2 to GalA residues within the RGI stretches are branched at
O-4 with side chains. A high proportion (27.8%) of 4-linked Rhap was detected. These units
are assumed to constitute the non-reducing ends of RGI fragments branched at 0-4 with
neutral sugars side chains. Finally, a low proportion of unbranched terminal Rhap was
detected. Considering 2- and 2,4-linked Rhap as internal residues and t- and 4-linked Rhap as
non-reducing termini, an average DP of 6 can be calculated for the RGI backbone in RUP
oligosaccharides. Arabinose was mainly present as 1,5-linked Araf and t-Araf units, which is
typical of linear arabinans (Khodaei and Karboune, 2013). Terminal Arap was also detected
as previously mentioned for soybean RGI (Huisman et al., 2001). The ratio of 1,5-linked Araf
over t-Araf + t-Arap is close to 1. Galactose was mainly present as t-Galp. The low ratio of
1,4-linked Galp/GalpT (0.3) indicates that Rhap units mainly carry single Galp units. RUP

oligosaccharides also contain 1,6-Galp and 1,3-Galp but these linkages were detected in very
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low amounts in agreement with Khodaei and Karboune (2013). Considering the proportion
of branched Rhap residues (75%) and the proportion of total Ara and Gal residues, one can
assume that RUP oligosaccharides encompass highly branched RU oligosaccharides (average

DP6) bearing monomeric or very short Ara and Gal-containing side-chains.

Table III.6: Linkage analysis of RUP oligosaccharides and related anion-exchange chromatography-resolved
pools P1-P4.

Permethylation | Linkages RUP Pl P2 P3 P4
%/ ether % family | %/Y ether % family | %/3ether % family | %/Y ether % family | %/3ether % family

234Rhamnose | t-Rha 2,4 6,6 0 0 0 0 0,4 1,1 2,4 7,3
34 Rhamnose 2Rha 6,3 16,8 0 0 0 0 0 0 5,3 15,8
23 Rhamnose 4Rha 10,3 27,8 0 0 9,1 40,1 15,6 46,5 7,8 23,3
3 Rhamnose 24Rha 18,1 48,8 0 0 11,8 52,3 17,2 51,2 17,4 51,8
Rhamnose 234Rha 0 0 0 0 1,7 7,6 0,4 1,2 0,6 1,7
Total 37,1 100 0 0 22,6 100 33,7 100 33,6 100
235 Arabinose | t-Arap 4,2 30,7 0 0 1,8 6,6 2,8 9,7 6 24,7
234 Arabinose | t-Araf 1,8 13 0 0 8 29,4 11,5 40,1 5,6 22,7
23 Arabinose 5Ara 7,8 56,3 40,1 100 17,4 64 13,9 48,1 12,1 49,7
2 Arabinose 35Ara 0 0 0 0 0 0 0,6 2,1 0,7 2,9
Total 13,9 100 40,1 100 27,2 100 28,8 100 24,4 100

234 Xylose t-Xyl 2,4 100 0 0 2 100 0 0 0,8 100
Total 2,4 100 0 0 2 100 0 0 0,8 100
2346 Galactose | t-Gal 29,3 64,9 21,4 35 22,8 47,3 33,1 88 29 70,9
246 Galactose 3Gal 3 6,6 0 0 1,7 3,6 1,8 4,8 1,6 3,9
234 Galactose 6Gal 2,3 51 0 0 2,7 5,5 0,3 0,7 1,6 41
236 Galactose 4Gal 9,4 20,9 38,5 65 17,1 35,4 1,9 5,3 8,1 20
26 Galactose 34Gal 0,5 1,2 0 0 2,4 4,9 0,2 0,5 0,1 0,4
23 Galactose 46Gal 0,6 1,3 0 0 1,6 3,3 0,3 0,8 0,3 0,7
Total 45,1 100 59,9 100 48,2 100 37,6 100 40,8 100
2346 Glucose t-Glc 1,4 100 0 0 0 0 0 0 0,4 50
Total 1,4 100 0 0 0 0 0 0 0,4 50

P1 appeared solely composed of Araf and Galp (Table.lll.6). This pool that is very well
recognized by the RUP2 antibody (Figure.lll.4), thereby encompasses free pectic side chains
that are not attached to a RU backbone. Surprisingly, solely 5-linked Araf units and no t-Araf
or t-Arap units were detected. Galactose was present as 4-linked and terminal units. Since
neither branching points nor terminal Ara units were detected, 5-linked arabinan stretches
shall be included into a 4-linked galactan chain. Considering the proportion of 5-linked Araf,

4-linked Galp and t-Galp, the following overall structure can be proposed:

[(1—>4)-B-D-Galpls-[(1—5)-a-L-Araf]y-[(1—4)-B-D-Galp],
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RUP oligosaccharides were recovered after enzymatic treatment of the purified potato RGI
polymer by endo-galactanase and endo-arabinanase, and since t-Gal is present in large

amounts, it is unlikely that x, y and z exceed a value of 3.

P2, P3 and P4 were roughly similar with respect to Rha/Ara/Gal proportion. In P2 and P3, a
vast majority (99-100 mol%) of the Rhap units were branched at 0-4 and close to 50% of the
total Rha can be attributed to terminal non-reducing ends (terminal and 4-linked Rhap).
Thus, it can be assumed that the oligosaccharides present in P2 and P3 have RU backbone of
DPA4. In contrast, close to 25% of the Rhap units present in pool 4 are unbranched (terminal
and 2-linked) and an average DP of 6 could be calculated for the RU backbone in this pool.
The average length of side chains differed significantly between P2, P3 and P4. P2 contains a
much higher proportion of internal Gal units (mainly 4-linked Galp but also 3-, 6-, 3,4- and
4,6-linked Galp) than P3 and P4, which contain mainly t-Galp. P2 also contains a slightly
higher proportion of internal 5-linked Araf units compared to P3 and P4. Altogether, Ara-
and Gal-containing side chains are shorter in P3 (average DP 1.5) and P4 (average DP 1.6)

compared to P2 (average DP 2.5).

Mass spectrometry analysis of RUP oligosaccharides

Linkage analysis showed that the RGI backbone length in P2-4 was low (DP 4-6). Substitution
by short Araf-p and Galp-containing side chains was also evidenced. Mass analysis of RUP
oligosaccharides was performed by LC-MS. Nine different peaks (A-I) were observed
(Figure.lll.5). Spectra from peaks A-l were analyzed and 11 RGl-related oligosaccharides were
detected in peaks A-H (Supplementary Figure.lll.1-2). Oligosaccharides encompassing a RU
backbone of DP4 and 6 were observed. Oligosaccharides with a DP4 backbone were eluted
first in peaks A-C. Then elution of oligosaccharides with a DP6 backbone was observed in
peaks D-H. Two compounds could be attributed to unbranched RU oligosaccharides, 6
compounds to RU oligosaccharides branched solely with hexose units and 3 compounds to
RU oligosaccharides branched with both hexose and pentose units. Based on linkage analysis
(Table.lll.6), pentose residues are likely to be Ara and hexose residues Gal. In the two major
peaks A and E, compounds with molar masses compatible with the presence of a RU

backbone (DP4 and DP6) fully branched (presumably on Rha units) with Gal units were
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detected. It is noteworthy that R2U2G2 has been detected as a major compound in the
rhamnogalacturonan hydrolase digest of potato deesterified modified hairy regions (Schols

et al., 1994).

A(RT:8.83)
m/z 985.3
R2U2G2 (P3) G (RT:15,16)
100 R3U3G1Al
m/z 638.2%
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Figure 11l.5: Separation of RUP oligosaccharides on LC-MS. Nine compounds are detected in the RUP
oligosaccharides. Two were found present in pool 3 (P3) and four in pool 4 (P4). R: Rha ; U: Galacturonic acid;
G: Gal; A: Ara; * doubly charged ions. RT: retention time.

The two main pools (P3 and P4) recovered by anion-exchange chromatography were run
through the LC-MS (Supplementary Figure.lll.3). Pools P1, P2 and P5 were unfortunately not
recovered in sufficient amounts to allow efficient LC-MS analysis. Seven out of the eleven
compounds identified in unfractionated RUP oligosaccharides were detected in pools P3 and
P4. From linkage analysis, it could be hypothesized that P3 and P4 were mainly composed of
a DP4 and DP6 RU backbone, respectively. For both pools, the RU backbone appeared highly
branched at 0-4 of Rha units, mainly by single Galp residues. In agreement with linkage
analysis results, the major compounds identified in P3 and P4 were R2U2G2 (m/z 985) and
R3U3G3 (m/z 734, doubly charged), respectively. In P3, a minor compound at m/z 1249

(R2U2G2A2) was also identified. In P4, four minor compounds were identified at m/z 661
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(R2U2), m/z 866 (R3U3G2A2, doubly charged), m/z 815 (R2U2G4, doubly charged) and m/z
653 (R3U3G2, doubly charged).

The two oligosaccharides present in P3 (R2U2G2, m/z 985 and R2U2G2A2, m/z 1249) were
structurally characterized by MS/MS (Figure.lll.6-7). Glycan microarray and ELISA
competitive inhibition assays showed that R2U2G2, which is the major compound in P3, was
not recognized by the RUP2 antibody. Considering EDC results (Figure.lll.4), R2U2G2A2 is
presumably poorly recognized either but resolving its structure could give insight into the

putative minimal structure recognized (Figure.lll.4, Table.lll.6).

A
c3
100% 809.3
1,3A3
543.2
2,4A4
23-92A,-H,0 B 851.3
581.2 791.3
Bz/ Zz'Hzo 0,2 A4
465.2 925.3
6253 985.3
483.2 | z.02p, 02A,-H,0
599.2 907.3
G,/Y,
01.2
0 \M\\[HXL\L
500 1000 m/z
B

Figure Ill.6: MS/MS spectrum from the ion at m/z 985.3 detected in pool 3 (A) and its respective
fragmentation scheme (B).

The isolated ion at m/z 985.3 (R2U2G2) generated several fragments in tandem MS/MS
(Figure.lll.6A). The presence of the (**A,) ion at m/z 851.3 provides evidence that the

reducing end of the molecule consists in a GalA unit. Masses at m/z 501.2 (C,/Y,) and 483.2
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(B2/Z,), which have only a water loss difference (m/z 18), correspond to the two ions
generated when the parent oligosaccharide is fragmented into two DP3 pieces. These ions
can be both assigned to fragments containing one Rha, one GalA and one Gal, which
unambiguously indicates that the parent ion is a symmetric molecule. Therefore, the two Gal
residues are not linked one to another but branched each on a Rha unit. The attribution can
be confirmed with the m/z 659.3 (Z3) fragment corresponding to the parent ion having lost a
Rha residue on which a single Gal unit is branched. Furthermore, from linkage analyses, it
can be deduced that Gal units are mainly linked on Rha residues at O-4 (Table.lll.6 - as

represented on Figure.lll.6B-).

Fragmentation of the parent ion at m/z 1249.4 (R2U2G2A2) by tandem MS/MS showed that
this molecule is not symmetrical (Figure.lll.7A-B). Indeed the ion C, at m/z 501.2 corresponds
to a fragment containing one Rha, one GalA and one Gal unit, whereas the Z, ion at m/z
747.3, contains in addition to the same three sugars, the two Ara residues. The detection of
a >*A, ion at m/z 1115.3 provides evidence that the reducing end of the molecule consists in
GalA. The Zz ion at m/z 923.3 has lost a fragment containing one Rha and one Gal at the non-
reducing end of the molecule. These results show that the two Ara residues and one Gal
residue are branched onto the internal Rha residue next to the reducing GalA unit. The Gal
and Ara residues could be included in a single side chain or in two distinct ones branched at
O-3 and 0-4 of the Rha residue. The presence of the ion generated from an intracyclic
fragmentation at m/z 543.2 (**A;) provides evidence that the internal Rhap unit is not
branched at O-3. Indeed, this ion corresponds to a trimer of Gal, Rha and GalA carrying a
fragment of the internal Rhap residue containing C-2 and C-3 (Figure.lll.7B). Therefore, the
internal Rha unit is solely branched at 0-4 with a trimeric chain encompassing one Gal and
two Ara residues. The two Ara residues are likely to be branched as a dimer on the Gal unit
since the two pentose units are systematically released together after fragmentation. The
ion assigned to Zz having lost the two Ara units was detected at m/z 659.3. Similarly, the two
ions at m/z 599.3 (Zs-"*As-2Ara) and m/z 581.2 (Z3-?As-H,0,-2Ara) do not contain the
pentose dimer. However, from the fragmentation pattern (Figure.lll.7A-B), it is not possible

to determine the nature of the link between the Gal residue and Ara dimer.
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Figure IIl.7: MS/MS spectrum from the ion at m/z 1249.3 detected in pool 3 (A) and its respective
fragmentation scheme (B).

l11.3.f Labeling on plant tissues

The capacity of the RUP2 antibody to bind pectin in situ was studied using transverse
sections of potato tuber, with a focus on the periderm region, and Arabidopsis seedling
roots. In transverse sections of potato tuber, the labeling pattern of the RUP2 antibody was
compared with that of available RGl-related antibodies (LM5, LM6 and INRA-RU1). Potato
tuber is galactan-rich (Jarvis et al., 1981) and transverse sections were strongly labeled with

LMS5 (Figure.lll.8A). Epiderm was the only tissue, which was not labeled by LM5. There was a
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gradient of the epitope abundance across the phellem and labeling was abundant in the

phelloderm and inner parenchyma (Figure.ll1.8B-8C).

Pdm

L (NTT)

Ctx

M (GT™+ NT)-

v -

C(GT")

100 pm

RUP 2

Figure 111.8: Labeling of periderm and cortical tissues of potato tuber by available mAbs against RGI. B,C:
cortical tissues (Ctx); D-M: pericarp tissue (Pdm); A-E: labeling with LM5; F-G : labeling with LM6; H-I;
labeling with INRA-RU1; J-M: labeling with RUP2; L-M: NaOH treatment (NTT); D,E,G,|,K,M: Galactanase
treatment (GT'). resumer P'information

These results are in agreement with those reported by Bush and McCann (1999) and Sabba
and Lulai (2005). The walls from periderm labeled moderately with LM6 (Figure.lll.8F) as
previously described in previous studies (Bush and McCann, 1999; Sabba and Lulai, 2004).
INRA-RU1 bound the periderm walls (Figure.lll.8H) while no labeling was observed with
RUP2 (Figure.lll.8]). As long galactan side chains may impede the access of antibodies other
than LM5 to their epitopes, sections were treated with a galactanase prior to
immunolabeling procedure. The decrease of labeling with LM5 after galactanase pre-
treatment confirmed the efficiency of galactan digestion (Figure.lll.8E). The labeling with the
three antibodies, LM6, INRA-RU1 and RUP2 was increased (Figure.lll.8G; 8I; 8K). With LM®6,
cell walls were labeled equally (Figure.lll.8G). With INRA-RU1 (Figure.lll.81) and RUP2
(Figure.lll.8K), tri cellular junctions were more densely labeled in comparison with the
intervening walls. The labeling with RUP2 seemed to be present at the intracellular spaces,
the middle lamella and primary cell wall, but this has to be confirmed by electronic
microscopy. RGI backbone in potato tuber is highly acetylated (Schols and Voragen, 1994;

Ishii, 1997) and it has been previously shown that the presence of acetyl groups may restrict
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the binding of antibodies to their epitopes (Marcus et al., 2010). In order to remove acetyl
groups, NaOH pretreatment was applied to sections untreated or pre-treated with
galactanase. In absence of galactanase pre-treatment, no labeling was observed with RUP2
(Figure.lll.8L). In galactanase pre-treated sections, NaOH pre-treatment did not increase
labeling (Figure.lll.8M). Altogether, these results suggest that, as previously inferred from
EDC and linkage analyses results, the RGIl backbone is not involved in the epitope

recognition.

Intensity signal

Galactanase
Arabinanase
Rhamnogalacturonase

No treatment Galactanase Galactanase
Arabinanase

Figure 111.9: RUP2 labeling in transverse section of potato tuber. A: no treatment; B: galactanase treatment; C
galactanase + arabinanase treatment; D: galactanase + arabinanase + rhamnogalacturonan hydrolase
treatment. resumer I'information

To further investigate the impact of RGI traits in the RUP2 binding in situ, sections pre-
treated with galactanase were pre-treated with an arabinanase alone or in combination with
a rhamnogalacturonan hydrolase prior to immunolabeling. The binding of RUP2 was slightly
increased with no change in the labeling pattern (Figure.lll.9A-D). It could be concluded that
the epitope is not sensitive to the enzyme actions and that the degradation of arabinan side
chains or the splitting of the RGI backbone slightly increased the antibody access to the
epitope. Arabidospis thaliana seedling roots have been used as model system for the study
of cell development (Koornneef and Meinke). They offer the advantage to be directly
amenable to immersion immunofluorescence. We applied RUP2 at the surface of intact

Arabidopsis thaliana seedling roots grown at 7 days (Figure.lll.10). Previously, the LM5
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epitope has been shown to occur abundantly in the elongation zone of Arabidopsis roots
while LM6 was found abundant at the root apex (Verhertbruggen et al., 2009b). The RUP2
epitope was detected in the elongation zone. In contrast to what was observed with potato

tubers, no pre-treatment was required to reveal it.

Figure 111.10: RUP2 antibody labels the meristematic and the beginning of the elongation zone in Arabidopsis
thaliana seedling roots.

I11.4 Discussion

lll.4.a Production and characterization of RUP oligosaccharides

RUP oligosaccharides were produced from potato pulp. An alkali-soluble raw RGI fraction
was recovered. Raw RGI was depleted from residual HG stretches by anion-exchange
chromatography and further treated by endo-galactanase and endo-arabinanase to produce
a low-branched RGI fraction. Finally, the low-branched RGI fraction was hydrolyzed by a
rhamnogalacturonan hydrolase, generating a pool of low-branched RGI oligosaccharides.
Large oligosaccharides were removed by precipitation with ethanol. The ethanol-soluble
fraction (designated RUP oligosaccharides) represented approximately 5 % of the raw potato
RGI (Table.lll.4). Linkage analysis showed that RUP oligosaccharides had a DP 4 to 6 RU
backbone and that about 75 % of the Rhap units were branched by DP1-3 Ara- and Gal-

containg side chains, on average. The binding of available mAbs recognizing pectin motifs to
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RUP oligosaccharides was evaluated using glycan microarray. INRA-RU1 and INRA-RU2,
specific to unbranched RGI backbone, moderately bound to RUP oligosaccharides, which
could be explained by the presence of some unbranched RGI stretches in the sample.
Surprisingly, LM5 and LM6, binding to 3-(1,4)-linked-galactan and a-(1,5)-arabinan of DP > 3,
respectively, had a high affinity for RUP oligosaccharides. In order to get further insight into
the significance of INRA-RU1, INRA-RU2, LM5 and LM6 binding to RUP oligosaccharides, 15
purified RGl-related oligosaccharides were printed on an array. All four antibodies showed
strong binding to R2U2G2, a DP4 RU backbone substituted by one Gal residue on each Rha
residue. This oligosaccharide and structurally-related ones are very likely to be largely

present in RUP oligosaccharides.

To have another view of the structure of RUP oligosaccharides, analysis by LC/MS was
performed. Eleven different RGl-related oligosaccharides were detected. The structure of all
fragments contained, as predicted, a DP4 or a DP6 RGI backbone. Some of the fragments
were found unbranched (R2U2; R3U3). These motifs have been identified in literature after
rhamnogalacturonan hydrolase digestion of RGI substrates of various plant origin (Schols et
al., 1994; Zheng and Mort, 2008). Branched RGI oligomers were also detected. Most of the
branched oligosaccharides contained Gal residues only (R2U2G1; R2U2G2; R3U3G1;
R3U3G2; R3U3G3; R3U3G4). Fragmentation of R2U2G2 by MS/MS showed that the two Rha
units were branched by one single terminal Gal. No isomers could be observed. These results
suggest that the other oligosaccharides (R2U2G1; R2U2G2; R3U3G1; R3U3G2; R3U3G3)
could be branched in the same way. Similar oligosaccharides arising from a
rhamnogalacturonan hydrolase digestion of deesterified apple modified-hairy regions
(Schols et al., 1990) were first identified in NMR by Colquhoun et al. 1990. The study was
extended to modified-hairy regions from carrot, onion, leek, potato, and pear (Schols et al.,
1994). After deesterification and rhamnogalacturonan hydrolase treatment, peaks eluting at
the same retention times than peaks found in apple were detected by HPAEC (Schols et al.,
1994). The authors suggested that the same fragments occurred in all these plant sources.
R2U2G2 oligomers, in which the two Rha units were branched by one single terminal Gal
were also isolated from sugar beet RGI (Ralet et al., 2010). In the present study, R3U3G4 was
also identified. The extra Gal unit could either be linked on a Rha residue as a second

substitution at O-3 or be connected to another Gal, most likely at O-4. Interestingly, RGI
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oligosaccharides carrying both Ara- and Gal-containing side chains were identified
(R2U2G2A2; R3U3G2A1; R3U3G2A2). Fragmentation of R2U2G2A2 by MS/MS, revealed that
the two Ara units constitute a disaccharide that is linked onto a Gal residue, itself attached at
0O-4 to the internal Rha unit of the DP4 RU backbone. The non-reducing terminal Rha was
branched at O-4 by a single Gal residue. The exact linkage type between the Ara dimer and
the Gal unit could however not be determined. The presence of a R2U2G2A2 oligosaccharide
was previously shown in Gossypium hirsutum L (Zheng and Mort, 2008). Similarly to our
findings, each Rha unit from the DP4 RU backbone was branched with a single Gal residue. In
contrast to our findings, single independent Araf residues were found attached at O-3 and O-

4 of one of the two Gal units.

l1l.4.b RUP2 antibody putative epitope is a peculiar arabinogalactan side chain

Monoclonal antibodies were raised against RUP oligosaccharides and one of them (RUP2
antibody) was characterized in details. Thanks to glycan microarray, it was shown that RUP2
had an original binding pattern compared to the available RGI-related mAbs. RUP2 antibody
appeared very specific. It did bind to potato and soybean polymeric RGl and to RUP
oligosaccharides and ELISA competitive inhibition assays provided evidence that the epitope
was also present in two other galactan-rich plant sources, carrot and lupin. RUP2 however
does not react with any of the polymeric and oligomeric pectin-related substrates tested;
notably, HG, AGIl and oligosaccharides arising from (1—4)-linked galactan, (1—5)-linked
arabinan, unbranched RGI backbone and RGI backbone branched by single Gal residues

(R2U2G2) were not recognized.

In order to get further insight into the epitope structure, a variant to the epitope detection
chromatography technique developed by Cornuault et al., (2014) was implemented, in which
anion-exchange chromatography-resolved fractions were used as competitors to total RUP
oligosaccharides in a competitive inhibition ELISA assay. A neutral very minor fraction
consisting in terminal Galp, 1,5-Araf and 1,4-Galp was highly bound by the RUP2 antibody.
This implies that the epitope consists in a structurally complex side chain and that the RGI
backbone is not involved in epitope recognition. In a previous study, the structural

complexity of potato RGI side chains was highlighted (@Bro et al., 2009). @bro and co-
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workers indeed showed that [-(1—4)-galactans were released by endo-arabinanase
treatment of purified potato RGI. Furthermore, Ara was released by endo-galactanase
treatment of purified potato RGI. The authors suggested that (i) B-(1—4)-galactans may
carry few substitutions of short arabinan chains, (ii) a-(1—5)-arabinans may be attached to
the RGI backbone through short galactan anchor chains, (iii) B-(1—4)-galactans may be
present as side chains or extensions of the arabinans. Complex Ara- and Gal-containing side
chains were also evidenced in soybean (Huisman et al., 2001). Indeed, oligosaccharides
containing (1—4)-linked Galp residues bearing one Arap residue at the non-reducing end
and oligosaccharides made of (1—4)-linked Galp residues interspersed with one internal

(1—>5)-linked Araf residue were evidenced.

In the present study, oligosaccharides made of (1-—>4)-linked Galp residues interspersed with
internal (1—5)-linked Araf residues were also evidenced. Based on linkage analysis, an
average DP of 2 may be estimated for the internal (1—5)-linked-arabinan stretch. o-(1—5)-
arabinan dimers attached to the RGI backbone through a single Gal anchor chain were also
evidenced, in agreement with @bro and co-workers hypothesis (@Bro et al., 2009).
Interestingly, the anion-exchange chromatography-resolved fraction containing
oligosaccharides made of (1—4)-linked Galp residues interspersed with internal (1—5)-
linked Araf residues was highly recognized by the RUP2 antibody while the fraction
containing a-(1—5)-arabinan dimers attached to a DP4 RGI backbone through a single Gal
anchor was not. The RUP2 antibody is therefore likely to be highly specific to the following

oligosaccharides:
[(1—>4)-B-D-Galp]x-[(1—5)-a-L-Araf],-[(1—4)-B-D-Galp],

with x, y and z values ranging from1 to 3.

l1l.4.c Occurrence of the epitope in plant cell wall

While in biochemistry, the epitope of RUP2 has been described to be abundant in potato
tuber, prior treatments were required on potato periderm section for its revelation. RUP2,

that binds to a complex Ara- and Gal-containing side chain in which (1—4)-linked Galp
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residues are interspersed with internal (1—5)-linked Araf residues, was used as a probe to
localize this peculiar RGI side chain in planta. Immunolabeling of potato tuber sections
showed that preliminary enzymatic treatments are necessary to reveal the epitope. Labeling
was revealed after endo-galactanase treatment and enhanced by a further treatment with
endo-arabinanase. It could be hypothesized that the epitope is at least partly present close
to the RU backbone. Indeed, if the short internal (1—5)-linked-arabinose units would have
been solely present far from the RU backbone (i.e. long galactan anchor to RU backbone),
the galactan anchor would have been hydrolyzed by endo-galactanase and the epitope lost.
It is noteworthy that total depletion of potato RGI side chains by extensive arabinan- and
galactan-degrading enzymes cannot be achieved (Sgrensen et al., 2000; Skjot et al., 2002;
O'Bro et al., 2009; Larsen et al., 2011). Structures recalcitrant to enzymatic degradation are

likely to encompass RUP2 antibody epitope.

In agreement with previous studies (Bush et al., 2001; Oomen et al., 2002), arabinan and
galactan in potato tuber were found abundant in the primary wall and absent from the
expanded middle lamellae at cell corners. Contrary to Lee et al. (2014), INRA-RU1 epitope
was detected in both primary cell wall and middle lamella. This apparent discrepancy could
be because in the study of Lee et al. (2014), tobacco seed endosperm cross sections were
not pre-treated with RGI side chain degrading enzymes prior to immunolabeling. It can be
speculated that the unbranched region of the RGI backbone in primary cell wall was masked
by the presence of side chains. Surprisingly, RUP2 epitope was found to be restricted to
middle lamella and cell corners whatever the pre-treatment prior to immunolabeling. In
Arabidopsis thaliana seedling roots, RUP2 epitope was localized in the elongation zone and
no galactanase pre-treatment was required. These results are preliminary and the
occurrence of RUP2 epitope has to be checked at the ultrastructural level using TEM and

investigated in other plant species.

These results as others highlight the heterogeneity of the distribution pattern of the
different pectin domains at the cell wall level and the differential masking of epitopes across
cell walls and middle lamellae. They raise questions about the arrangement of these
domains within the pectic molecule, their integration into the cell wall and their

configuration within the wall. Clearly, further work is required for understanding RGI glycan
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complexity in the context of cell-wall architecture and in relation to cell-wall functions in

plant life.

l11.5 Conclusion

RUP2 is a valuable addition to the set of antibodies that can detect various pectic structural
domains within the cell walls. It can provide new insight into pectin structure and processing

in plant cell walls in relation to cell biological events and functions.
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Supplementary figure Ill.1: Detailed spectra of the pics A, B, C, D detected on LC-MS (CF: Figure.lll.5) from
RUP oligosaccharides. x : are contaminants. *: Na adducts. #: K adducts. RT: retention time of the pic

considered.
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Supplementary figure 111.2: Detailed spectra of the peakcs E, F, G, H, | detected on LC-MS (CF: Figure.lll.5)

from the RUP oligosaccharides. y : are contaminants. *: Na adducts. #: K adducts. RT: retention time of the
pic considered.
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Supplementary figure 111.3: Separation of oligosaccharides present in each pool (P1-5) on LC-MS
(CF:Figure.lll.4). y : are contaminants. R: Rha ; U: Galacturonic acid; G: galactose; A: arabinose; RT: retention
time of the pic considered.
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General discussion

Establishing a relationship between a polysaccharide’s fine structure and its function in
planta is an enormous challenge, especially when the polysaccharide is highly
heterogeneous. RGI and RGIl are both very complex pectic domains, exhibiting a large
structural versatility. Evaluation of the structure variability in planta is the first step for
understanding the function related to a specific structure. In situ, microscopy with the use of
mADbs, is a technique which already allowed to localize several pectic structural domains with
a good resolution. Useful mAbs against rhamnogalacturonans are available but they do not
represent the polymers complexity. Production of new mAbs is a difficult task since many
parameters cannot be fully controlled. Also, when new mAbs are successfully obtained, the
epitope recognized might not be what was targeted at the beginning of the study. However,
the use of new mAbs on plant tissues would always provide information about the
distribution of the detected epitope. In this work, RGIl and RGII motifs were isolated for the
production of new mAbs. Issues met at all different steps from the isolation and purification
of RGI and RGII motifs to the use of the produced mAbs are discussed in this chapter and

some research perspectives are highlighted.
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IV.1 Challenges for rhamnogalacturonans structural

characterization

HG, the simplest and the most abundant pectic domain, has been widely studied. HG
domains are indeed responsible for pectin gelling properties (Willats et al., 2006). Today, for
many reasons, other pectic domains are gaining more and more interest. In food and
beverage products, RGl and RGII have been shown to impact on the process efficiency and
the qualitative aspects of the final product (Schols et al., 1990; Willats et al., 2006; Ducasse
et al.,, 2011). ldentification of [B-1,4-galactan synthase was also suggested to be an
interesting tool for engineering plants with improved bioenergy properties (Liwanag et al.,
2012). RGI oligosaccharides have also been largely described as possible health promoting
agents in animal and human (Gao et al., 2013; Leclere et al., 2013). Because of all these
applications, an increasing number of studies focus on RGI and RGIl fine structural
characterization. In the present work, we experienced that the purification and structural

characterization of rhamnogalacturonans remain a complex and difficult task.

IV.1.a Extraction of rhamnogalacturonans and residual contaminants issue

Even though RGII accounts for 1 to 4% of the eudicotyledon walls only (O'Neill et al., 2004),
it has an essential physiological role in planta (O'Neill et al.,, 2001). In depth structural
characterization of this pectic domain was mainly conducted on wine RGII. Indeed, despite
polyphenol and microbial polysaccharides have to be removed, wine is a very good source of
RGII, which represents up to 20% of wine total polysaccharides (Doco and Brillouet, 1993;
Pellerin et al., 1996; Vidal et al., 2000; Vidal et al., 2003). The extraction and purification
process of wine RGIl is now well established as fully described in chapter Il. In contrast,
improvement of RGI domain extraction and purification is still an issue (Khodaei and

Karboune, 2013).

Pectin can be recovered using different extraction methods. Chelation of cations by EDTA or
CDTA enables pectin solubilization. However, the recovery vyield is rather low (Renard and

Thibault, 1993). In addition, the difficulty to remove the chelating agent has to be
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considered. For a better pectin extractability, acid treatment is preferably used (Levigne et
al., 2004). Yet, degradation of side chains, especially arabinans, occurs (Schols et al., 1990).
Under alkaline conditions, pectin can be extracted with good recovery yield and side chains
are well preserved (Bonnin et al., 2001; Zykwinska et al., 2006; Khodaei and Karboune,
2013). Alkali conditions are however propitious to pectin deesterification and information
about methyl- and acetyl-esterification location is lost. Using harsh alkaline conditions, as
described in chapter lll, HGs are degraded by beta-elimination, releasing the RGl domains.
For RGI recovery, another method consists in the degradation of HGs by enzymatic
treatment. Extraction of RGl with endo-polygalacturonase has been widely used. To allow
the enzymatic reaction, prior de-esterification has to be performed (@Bro et al., 2004;
Khodaei and Karboune, 2013). Compared to alkaline extraction, this method allows the
recovery of RGI of higher molar mass (Khodaei and Karboune, 2013). Moreover, the
enzymatic method leads to a lower molar proportion of residual sugars such as Glc, Xyl and
Man than the alkaline one (Khodaei and Karboune, 2013). This would explain the higher
amount of these sugars in our potato NaOH-extracted RGI (chapter 1ll), compared to the
potato endo-polygalacturonase-extracted RGI described by @bro et al. (2004). These sugars
may either be part of the RGI side chains or part of distinct co-extracted cell wall
components, such as glycoproteins and hemicelluloses. AGPs and hemicelluloses such as
xylan and xyloglucan were described to be potentially branched to RGI (Nakamura et al.,
2002; Popper and Fry, 2008; Zaidel and Meyer, 2012; Tan et al., 2013). The work of Cornault
et al. (2014) provided evidence that glucuronoxylan are present in the RUP oligosaccharides
extracted from potato RGI. This study further highlighted that glucuronoxylan motifs may be

covalently linked to RGI.

IV.1.b Production of oligosaccharides is essential for structural

characterization

Pectin is an extremely complex multiblock biopolymer and global analyses on the whole
macromolecule are not sufficient to give insight into the pectin fine structure. Therefore,

pectin is commonly degraded into oligosaccharides by chemical and/or enzymatic means.
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After fractionation of the degradation products, isolated structural elements, which are in

the analytical range of a broad set of techniques, can be obtained (Ralet et al., 2009).

Regarding RGII, only a soil fungus was reported to be able to degrade the branched RGlI
backbone into two pieces, indicating that Penicillium daleae is a potential source for new
pectinase (Vidal et al., 1999). Therefore, RGII glycosyl sequence was mostly determined after
chemical fragmentation of the molecule and partial degradation by mild acid hydrolysis —
usually with trifluoroacetic acid (TFA) — has been the most widely used method (Spellman et
al., 1983; Stevenson et al., 1988; Thomas et al., 1989; Whitcombe et al., 1995; Shin et al.,
1998; Matsunaga et al., 2004; Reuhs et al., 2004; Séveno et al., 2009; Voxeur et al., 2011;
Pabst et al., 2013).

In contrast to RGII, a large set of enzymes is available for the release of RGI fragments
(Bonnin et al., 2014). Esterases and depolymerases, are the two different kinds of enzymes
used for RGI degradation. In chapter lll, the purified potato RGl was digested by endo-
arabinanase and endo-galactanase to remove linear side chains of arabinan and galactan,
respectively. The low-branched RGI backbone could then be depolymerized using a
rhamnogalacturonan hydrolase. From all these successive enzymatic reactions, RUP
oligosaccharides were successfully recovered. However, a recalcitrant fraction, which was
separated from the RUP oligosaccharides by ethanol precipitation, was still present. Schols
and co-workers faced the same problem when isolating RGl-related oligosaccharides from
modified hairy regions (MHR) obtained by enzymatic treatment of different cell wall
materials (Schols et al.,, 1990). Apple MHR was prepared using an enzymatic mixture
(Rapidase C600) and further depolymerized by a rhamnogalacturonan hydrolase. It is
noteworthy that rhamnogalacturonan hydrolase was not active against MHR but very active
towards deesterified MHR. It was also active towards HCl-treated-MHR that was depleted in
arabinan but also largely deacetylated. After fractionation by size-exclusion chromatography
of a rhamnogalacturonan hydrolase digest of HCl-treated MHR, RGI oligomers were
successfully isolated. However a large amount of high molecular weight material was still
present in the digest. This recalcitrant fraction encompassed xylogalacturonan polymers and
presumably RGII but also non-degradable Gal-rich RGI large oligomers. Both studies (Schols
and co-workers one and the present one) illustrate that enzymatic tools are still lacking for a

complete degradation of the complex RGI structure.
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IV.1.c Structural characterization of RGI fragments

NMR has been widely used for structural characterization of cell-wall-derived
oligosaccharides. The main drawbacks of NMR techniques are, however, sample purity and
concentration requirements. The high sensitivity, high throughput and capacity to analyze
mixtures of the new generation of mass analyzers led to a re-emergence of the use of mass
spectrometry for oligosaccharides structural characterization in the past 15 years (Ralet et

al., 2009).

In the present work, MS was shown to be a powerful technique that allowed an in-depth
description of RGII side chain A and side chain B structural variation (chapter IlI). RUP
oligosaccharides were also characterized by mass spectrometry (chapter lll). The detected
oligosaccharides systematically encompassed a DP 4 or DP 6 RGI backbone. Beside limited
amounts of unbranched oligosaccharides (R2U2; R3U3), most of the oligosaccharides
detected contained Gal residues only (R2U2G1; R2U2G2; R3U3G1; R3U3G2; R3U3G3;
R3U3G4). Fragmentation of R2U2G2 by MS/MS showed that the two Rha units were each
branched by a single terminal Gal. The presence of high proportions of terminally-linked
Galp residues in apple MHR has already been discussed (Schols, 1995). By studying the
rhamnogalacturonan digests of apple (non-modified) hairy regions, Schols (1995) came to
the conclusion that native pectin comprises RGI containing a rather high proportion of Rhap
units branched by single Galp residues. In the present work, RGI oligosaccharides carrying
both Ara- and Gal-containing side chains were also identified (R2U2G2A2; R3U3G2A1;
R3U3G2A2). Previous structural studies reported that B-D-Galp and/or a-L-Araf residues
could be substituted on the a-L-Rha units (Table.lV.1). However, substitution by B-D-Galp
units has been much more commonly described whatever the RGI source, arabinan- or
galactan-rich (Gur'janov et al., 2007; Ralet et al., 2010). Only few studies reported direct

substitution of a-L-Araf onto Rhap units (Lau et al., 1987; Ducasse et al., 2011).
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Table IV.1 : Fragments illustrating RGI structural complexity

Structure

Plant source

Reference

B-D-Galp-(1+4)-L-Rhaol
B-D-Galp-(1-6)-B-D-Galp-(1+4)-L-Rhaol
B-D-Galp-(1-4)-B-D-Galp-(1+4)-L-Rhaol
B-D-Galp-(1-6)-B-D-Galp-(1+4)-B-D-Galp-(1+4)-L-Rhaol
a-L-Fucf-(1-2)-B-D-Galp-(1+4)-B-D-Galp-(1+4)-L-Rhaol
Ara-(1-4)-L-Rhaol

Ara-Ara-Rhaol

Fuc-Ara-Rhaol

a-L-Araf-(1-3)-B-D-Galp-(1>4)-L-Rhaol
a-L-Araf-(1>2)-a-L-Araf-(153)-B-D-Galp-(1>4)-L-Rhaol
a-L-Araf-(1>5)a-L-Araf-(152)-0-L-Araf-(153)-B-D-Galp-(1>4)-L-Rhaol

Suspension-cultured

sycamore cells

Lau et al., 1987

-Rhap 154 a-GalpA 152 a-Rhap 1 >4 a-GalpAl /-\pp|e Colquhoun et G/ 1990
4 4 .
» £
1 1
B-Galp B-Galp
hap 154 a-GalpA 152 a-Rh:p 154 a-GalpA 152 Rhap 14 a-GalpA Apple, ca I’TOt, pOtatO, |eek, pear, SChOO'S and Voragen,
; i :
B-Galp B-Galp p-Galp onion 1994

B-D-Galp-(1+4)-B-D-Galp-(1-4)-B-D-Galp-(1+3)- a/B-D-Galp-OH->

attached to arabinogalactan type | backbone

Potato, soybean, citrus, onion

Hinz et al., 2005

a-Rhap 154 a-GalpA 152 a-Rhap 1 54 a-GalpAl

4 4
+ kS
1 1
B-Galp o-Araf 1 53 B-Galp 4 <1 a-Araf

Gossypium hirsutum L.

Zeng et al., 2008

Internal (1»5)-o.-L-Araf residue in a DP5 chain of (1+4)-B-D-Galp Soybean Huisman et al., 2001
cx—L-Araf-(1—>3)(x—L-Araf-(1->5)—(x—L-Ar§f-(1—>5) -o-L-Araf Sugar beet Westphal et G/,, 2010
1
a-L-Araf
a-L-Araf-(1-3)o-L-Araf-(155)-a-L-Araf-(155)-a-L-Araf-(155)-0-L-Araf
7\3 R 43\
1 1 1
o-L-Araf o-L-Araf a-L-Araf
a-L-Araf-(1s3)a-L-Araf-(155)-a-L-Araf-(155) -o-L-Araf
3 3
» »
1 1
o-L-Araf a-L-Araf
GalA-(Rha-Ara-Ara) Wine Ducasse et al., 2011
Rha-GalA-(Rha-Gal)
Rha-GalA-Rha-GalA
B-D-Glcp-(156)-B-D-Galps-(1 A.thaliana Tanetal., 2013

a-D-GalpA-(152)-a-L-Rha-(154)-B-D-GlcpA
B-Xylp-(1>4)-a-L-Rhap
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This observation may be the consequence of two phenomena: direct branching of a-L-Araf
onto the Rhap units is rare or/and this branching is more likely present in the recalcitrant
fraction. On RUP oligosaccharides no a-L-Araf residues have been detected branched on the
Rhap units. Ara- and Gal-containing oligosaccharides were seen to contain o-L-Araf
disaccharides indirectly branched on a Rhap unit through a B-D-Galp residue (chapter lll).
Such a structure has already been described in several studies (Lau et al., 1987; Zheng and

Mort, 2008) indicating that arabinan side chains are likely to be initiated by a f-D-Galp unit.

Full structural characterization of RGI remains a difficult task. Indeed, over 15 different
linkages are constitutive of the polymer, some of them being very minor. Isolating minor
atypical oligosaccharides that are ‘buried’ in large amounts of ‘classical’ ones is very
challenging. The different structures listed on Table IV.1 give an idea of the real complexity

of RGI side chains.

IV.2 Production of mAbs

RGI and RGII fragments were the motifs targeted for mAbs production. No mAb to RGII are
available and RGIl localization in cell walls has only been achieved using polyclonal
antibodies (Matoh et al., 1998). In contrast to monoclonal antibodies, polyclonals are not
specific to one unique antigen and are not inexhaustible. Therefore, mAbs are preferred for
a precise recognition of a peculiar structure. In this project, we chose to isolate RGII side
chain A and side chain B. Indeed, the GalpA backbone is suspected to be an immuno-
dominant motif (Verhertbruggen et al., 2009a). Side chain A and side chain B have been
detached from the HG backbone by mild acid hydrolysis and purified by anion-exchange

chromatography (chapter Il). Both side chains have been used for mice immunization.

RGI oligosaccharides from sugar beet (RUB oligosaccharides) and potato (RUP
oligosaccharides) were prepared from sugar beet and potato pulp NaOH-extracts,
respectively. Both raw RGIs were purified by anion-exchange chromatography prior to
partial chemical and/or enzymatic side chains removal. The low-branched RGIs were then

hydrolyzed by rhamnogalacturonan hydrolase and recalcitrant fractions were removed by
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ethanol precipitation. Mice immunization was performed with RUB and RUP

oligosaccharides.

From the four immunizations, mAbs to RUP oligosaccharides only were obtained. Using
glycan micro-arrays, the 22 selected clones were found to have similar and very selective
patterns of recognition. Namely, only potato and soybean RGIs were recognized.
Immunization with RUB and RUP oligosaccharides was also performed at University of Leeds
(Valérie Cornuault, Prof. J.P. Knox). Interestingly, results obtained at University of Leeds did
not converge with those obtained at INRA-Nantes. mAbs to RUP oligosaccharides were much
more diverse and one mAb was shown to recognize glucuronoxylans. In the following
chapters, immunizations at University of Leeds and at INRA-Nantes will be confronted and

critical points discussed.

IV.2.a Preparation of the glycan immunogen

To generate mAbs, an immunogen has to be prepared. For glycans there are two
possibilities, polysaccharides or oligosaccharides injection. Immunizations with
polysaccharides are rather easy since the glycan of interest is extracted, eventually purified,
and directly injected. Thus, xylogalacturonan (Willats et al., 2004), whole sugar beet pectin
(Clausen et al., 2004), whole apple pectin (Verhertbruggen et al., 2009b) and Arabidopsis
thaliana seeds mucilage (Verhertbruggen et al., 2009a) have been used as immunogens. The
fact that the injected polymer encompasses numerous different constitutive motifs may
increase the chance to generate new mAbs. However, whole polysaccharides are also likely
to contain impurities that could induce immunogenicity. The epitope recognized might not
be what was targeted at the beginning of the study. As an example, LM18 and LM20, two
mAbs that recognize HG domains have been generated from rats immunized with
Arabidopsis thaliana mucilage, which is constituted of >90% of unbranched RGI
(Verhertbruggen et al., 2009a). Some stretches of HG domains having different degrees of
methylesterification are also present in low amounts (Macquet et al., 2007). Interestingly
the immune system was launched by the rare HG fragments rather than by the highly
concentrated unbranched RGI (Verhertbruggen et al., 2009a). These finding illustrate the

immuno-dominance of peculiar structural motifs. Generation of highly purified
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oligosaccharides increases probabilities to obtain mAbs recognizing an aimed domain.
Nonetheless, although it is a more secure strategy, it generally involves a substantial
upstream work. Furthermore, oligosaccharides that are known to be less immunogenic than
polysaccharides have to be covalently linked to an immunogenic carrier protein such as BSA

or OVA prior to immunization.

IV.2.b Immunization and clone selection

Immunization can be performed using short or long protocols. In the long immunization
protocol, hybridomas are generated only if immunoglobulins are detected in animal blood.
Immunization-periods can be adapted following the immunogenicity of the glycan injected
(Willats et al., 1998; Verhertbruggen et al., 2009a). In short immunization no tails blood is
taken to test for the presence of immunoglobulins by ELISA. Therefore, it is not known if

lymphocytes of interest are produced by animals before fusion with myeloma cells.

Immunization with RUP and RUB oligosaccharides led to the generation of different mAbs at
University of Leeds and at INRA-Nantes. At INRA-Nantes, oligosaccharides were injected in
mice using a short immunization protocol whereas at University of Leeds oligosaccharides
were injected in rats using a long immunization protocol. Differences observed in mAbs
characteristics may be due to the protocol used. However, immunization with side chain A
and side chain B were performed at INRA-Nantes using both long and short protocols. In
both cases no mAbs recognizing RGIl were generated. Therefore, it is likely that other
parameters are essential for the production of mAbs. It is suspected that variation in mAbs
production and characteristics could be partly due to the choice of the animal. At INRA
Nantes 22 clones producing mAbs against RUP oligosaccharides were obtained. However,
the 22 hybridomas all produced mAbs that have the same stringent recognition pattern to
glycans. At University of Leeds, using the same antigen (RUP oligosaccharides), 4 groups of
clones having different patterns of recognition to glycans were recovered (Cornuault et al.,
2014). A higher diversity of immune system response may be induced in rats compared to

mice.
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Differences observed in mAbs characteristics may also be due to the clone selection protocol
used. At INRA-Nantes and at University of Leeds, clone selection was performed using ELISA
assays. Glycans containing the immunogens are coated onto ELISA plates. Supernatants of
clones recognizing these glycans are those selected for further characterization. After RUP
immunizations at INRA-Nantes and University of Leeds, clones were not selected using the
same glycan. At INRA-Nantes, RUP oligosaccharides conjugated to BSA have been used for
clone selection whereas raw RGI from potato was used at University of Leeds. Some motifs,
such as glucuronoxylan motifs, are most likely much more represented in raw RGI compared
to RUP oligosaccharides. Therefore clone selection at University of Leeds was less stringent
than at INRA-Nantes. To avoid missing clones at the selection step, glycan micro-array is a
promising screening technique since a very large set of glycans are printed. Furthermore,

each glycan can be tested at the same level of concentration (Gro Rydahl, Unpublish results).

IV.2.c Epitope characterization

Characterization of mAbs epitopes is usually performed by testing the sensitivity of probes
to a large panel of glycans. Indirect ELISA and dotblot have been widely used (Jones et al.,
1997; Willats et al., 1998) . Furthermore, enzymatic treatments can be applied on coated
glycans prior to the ELISA assay. Signal modification induced by specific enzymes can be
evaluated and this can help for the epitope determination (Verhertbruggen et al., 2009b). An
extended procedure to indirect ELISA is glycan micro-array, which enables to test a large
panel of glycans in one experiment (Sgrensen and Willats, 2011; Pedersen et al., 2012). In
the present work, RUP antibodies together with some well-known pectin-related mAbs,

were probed on a nitrocellulose plate printed with more than 100 different glycans.

Interestingly, some well-known and well-characterized mAbs exhibited unexpected binding.
LM®6, which binds to linear arabinan showed a quite high avidity to R2U2G2, which does not
contain Ara residues (Ralet et al., 2010). Similarly, LM5, which binds to linear galactan, also
exhibited a high avidity to R2U2G2. Although the presence of contaminants in R2U2G2
cannot be totally precluded it cannot explain the high level of recognition of this
oligosaccharide by LM5 and LM6. It is more likely that both antibodies cross-react with this

peculiar motif. More work is needed to understand this unexpected binding and to evaluate
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how it could impact on the interpretation of data describing LM5 and LM6 epitope

distribution in planta.

RUP antibodies epitope characterization was far from being straightforward. As mentioned
above, the 22 RUP hybridomas all produced mAbs that have the same stringent recognition
pattern to glycans on micro-arrays. All the main plant cell walls polysaccharides were
present on the array but RUP antibodies recognized potato and soybean RGIs only. Tenths of
homogeneous, sequence-defined plant oligosaccharide structures were also printed but RUP
antibodies did not recognize any of them. Obviously, RUP antibodies epitope was RGI-
related but its specific structure was not represented in the oligosaccharides library used.
The primary reason for this is the lack of facile methods for the production of sets of
homogeneous, sequence-defined plant oligosaccharide structures (Pedersen et al., 2012).
Even though much effort has been devoted to the production of a comprehensive set of
defined oligosaccharide structures, either by isolation from polysaccharides or by de novo

chemical synthesis, covering the enormous complexity of cell wall glycans is illusory.

Nevertheless, the implementation of a variant to the epitope detection chromatography
technique developed by Cornuault et al.,, (2014) and the linkage analysis of the anion-
exchange chromatography-resolved fractions allowed to evidence that the RUP antibodies
are likely to be highly specific to oligosaccharides made of (1—4)-linked Galp residues
interspersed with internal (1—5)-linked Araf residues. The insertion of (1—5)-a-L-Araf
residues in a (1—>4)-B-D-Galp backbone had also been detected in soybean RGI (Huisman et

al., 2001), which makes sense with the glycan micro-array results.

IV.3. MADb binding in planta

IV.3.a Pectin probed by mAbs

MAbs are powerful tools for describing the distribution pattern of cell wall polymers in
planta. Today several mAbs binding to pectin are available (Table.l.1) and have been used

with success to reveal the specific distribution of pectin structural domains at tissue and cell
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wall level in transverse sections of various plant material (Willats et al., 2001a) or in a given
tissue at different stages of organ development. However, epitope detection depends not
only on its occurrence in planta but also on its preservation during sample preparation for
microscopy and on it accessibility. In potato tuber, removal of galactan was required to be
able to detect RUP2 epitope and labeling was further increased by arabinan degradation
(Figure.lll.8J-K and 9.A-B). The INRA-RU1 epitope restricted to middle lamella in absence of
pre-treatment was found throughout the cell wall after galactan digestion (Figure.lll.8l).
Epitope masking has been described in literature: in tobacco endosperm, INRA-RU1 was
revealed using an endo-B-mannanase to remove the abundant heteromannan (Lee et al.,
2013). In transverse sections from the second internode of stems of M.x giganteus, M.
sacchariflorus and M. sinensis, a xylanase treatment has been shown to promote LM5
binding (Xue et al., 2013). This strongly suggests that preliminary information on the cell wall
composition of the material investigated is useful to set up the adequate protocol for
unmasking targeted epitopes. In this respect, the semi-quantitative glycan-array methods
(Moller et al., 2008) applied to isolated tissues or sub organ level could be helpful for a rapid
analysis and complementary to the in situ approach. Immunochemistry is a very sensitive
method and revealed structure that can be hardly detected by other in situ methods such as
FT-IR or Raman microspectroscopies. Furthermore, the immunolabeling approach has the
advantage of being a high spatial image resolution method but its molecular resolution it is
limited by the availability of antibodies, which is confined to a small number of well
characterized wall epitopes. Chemical imaging, which combines spatial information with
chemical information such as Maldi mass spectrometry imaging could very useful in the

future.

IV.3.b Insights on the pectic organization in the wall

Pectins are variable molecules. Motifs recognized by the different mAbs are not uniformly
distributed within the cell wall. A schematic view of the distribution of pectin domains within
the cell wall can be drawn from the data of available literature completed by some of our
results (Figure.IV.1). Methyl esterified HG are present throughout the cell wall (Leboeuf et

al., 2005). Arabinan and galactan are found in the primary cell wall but are absent in cell
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junctions. Within the primary wall, they do not always colocalize. For example, in sugar beet
root (Guillemin et al., 2005), tomato pericarp (Jones et al., 1997; Guillon et al., 2008) and
potato tuber (Bush and McCann, 1999; Bush et al., 2001), (1—4)-galactan is localized
specifically in the zone close to the plasmalemma whereas arabinan is detected throughout
the wall. Close to plasmalemma is also reported RGIl in radish and rice roots, cultured
tobacco cells, red clover root nodules, and lily growing pollen tubes (Matoh et al., 1998).
Unesterified RGI backbone is detected in the middle lamella of tobacco seed endosperm
(Lee et al., 2013). In the present study, RGI backbone was found both in middle lamella and
in primary cell wall after digestion of neutral side chains. Esterified and low or non-esterified
HGs prone to react with Ca?* are generally found confined to middle lamellae, lining
intercellular spaces and at cell junction (Willats et al., 2001a). Surprisingly, the RUP2 epitope
contrary to (1—>5)-arabinan and (1—4)-galactan (Bush et al., 2001; Oomen et al., 2002) is
restricted to middle lamella (chapter Ill). It is interesting to notice that RGI side chains and
backbone are not always present in the same region of the wall. Of course, as it was
commented before, a non-detected motif may be absent or, just masked or can display a
conformation which doesn’t allow the mAb recognition. This view of the cell wall is very
simplistic as it does not integrate changes in the structural features of pectin with cell
development. Nevertheless, these observations raise questions about the linkages between

the different pectin domains and the mechanisms by which they are integrated into the wall.
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Figure IV.1: Detection of pectic domain in cell walls
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Résumeé

Lespectines sont largement présentes dans la lamelle
moyenne et la paroi primaire des dicotylédones. Elles
sont composées de différents domaines structuraux liés
de facon covalente. Lesrhamnogalacturonanes |l et les
rhamnagalacturonanes | sont les domaines pectiques
les plus complexes. Le rhamnogalacturonane Il est
formé d'une chaine principale d’homogalacturonane sur
laguelle sont branchées 5 chaines |atérales contenant
de nombreux oses rares. Le rhamnogalacturonane |
posséde un squelette hétérogéne de rhamnoses et
d'acides galacturoniques. Ce domaine contient des
ramifications constituées d'arabinoses et de galactoses.
Pourlocaliser ces structures in planta, la microscopie en
immunofluorescence est une technigue sensible. Les
immunomarquages sont réalisés par le biais d'anticorps
reconnaissant des structures trés spécifigues. Certains
anticorps  spécifigues des pectines sont  déja
disponibles, cependant la production de nouvelles
sondes est nécessaire. Pour générer de nouveaus
anticorps, des oligosaccharides issus de
rhamnagalacturonane [l et rhamnogalacturonane | ont
&té isolés. La préparation de ces oligosaccharides a
révélé une grande diversité de motifs structuraux
composant ces domaines. Les immunisations mengées
avec les différents oligosaccharides ont permis la
génération d'un nouvel anticorps contre les chaines
latérales des rhamnogalacturonanes | Cet anticorps
reconnaitun motif structural, jusqu'alors trés peu décrit
dans la littérature, mais présent dans les parois
cellulaires riches en galactanes. Cette structure in
planta a été localisée dans le tubercule de pomme de
terre ainsi que dans les jeunes racines d'Arabidopsis.
La fonction de cette structure reste encore & déterminer,
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Abstract

Pectins are widely present in middle lamellae and
primary cell walls of dicots. They are composed of
different covalently linked structural domains.
Rhamnogalacturonan Il and rhamnogalacturonan | are
the most complex pectic domains. Rhamnogalacturonan
Il is composed of a homogalacturanan backbane, which
carries five different side chains containing rare sugars.
Rhamnogalacturonan | has a heterobackbone of
rhamnoses and galacturonic acids. This domain
contains linear or branched arabinose- and galactose-
rich chains. To localize these structures in planta,
immunoflugrescence  microscopy s a  sensitive
technigue. Immunalabelling is performed with antibodies
recognizing specific structures. Some antibodies, which
label pectins are already available. However, the
production of new probes is required. To generate new
antibodies, oligosacchardes from rhamnogalacturanan |
and rhamnogalacturonan Il were purified. Structural
analysesrevealedthe high diversity of motifs present in
rhamnagalacturcan | Immunizations carried out with the
different oligosaccharides have enabled the generation
of a new monoclonal antibody binding o
rhamnogalacturonan | side chains. This antibody
recognizes a molecular motif present in galactan rich
sources which has been poorly described in the
literature. This structure was localized in planta, in
potato tuber and in roots of seedling Arabidopsis.
However, function of this structure remains to be
determined.
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