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Préambule

La paroi primaire des plantes des dicotylédones vraies est constituée de microfibrilles
de cellulose, de protéines et de polysaccharides complexes, représentés par les
hémicelluloses et les pectines. Chez la plante modeéle Arabidopsis thaliana, le xyloglucane
(XyG) et le rhamnogalacturonane-l (RG-l) constituent les catégories majeures des
hémicelluloses et des pectines respectivement. Avant d’étre transportés vers la paroi, le XyG
et le RG-l sont synthétisés au sein de I'appareil de Golgi, notamment via 'action d’enzymes
d’interconversion des sucres et de glycosyltransférases, qui vont générer et assembler les
différents sucres pour former les polysaccharides.

L'objectif de ce projet de recherche a été d’effectuer la cartographie golgienne
d’épitopes polysaccharidiques et de différentes enzymes impliquées dans la synthese du XyG
et du RG-I, ainsi que de rechercher I'existence de complexes enzymatiques, en utilisant les
techniques de microscopie confocale a balayage laser, de microscopie électronique a
transmission et d’'immunocytochimie quantitative.

Ce manuscrit s’organise en quatre chapitres :

» Une introduction ou les polysaccharides constitutifs de la paroi primaire des plantes
eudicotylédones sont présentés, ainsi que les enzymes participant a la synthése de deux
polysaccharides majoritaires : le XyG et le RG-l. Dans une derniére partie, |'organisation
structurale et fonctionnelle de I'appareil de Golgi (lieu de synthése des polysaccharides
complexes) sont décrites.

» Un chapitre Matériel et Méthodes ol le matériel végétal, les conditions expérimentales,
ainsi que les techniques auxquelles j'ai été formée sont décrites en détail.

» Les résultats obtenus au cours de mes travaux de these selon quatre parties: le
développement méthodologique, la synthése golgienne du XyG, la synthése golgienne du
RG-l et les travaux effectués dans le cadre d’une collaboration avec I'équipe du Dr Y.
Sakuragi (Université de Copenhague, Danemark). Pour chaque partie, un résumé présente
les résultats clefs, puis les résultats sont décrits en détail sous forme d’articles scientifiques
(publiés ou soumis a publication).

» Enfin, un dernier chapitre relatif aux discussions et conclusion reprend les données clefs

de ces travaux et propose des hypotheses sur la synthése golgienne du XyG et du RG-I.
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Introduction

PARTIE A : COMPOSITION DE LA PAROI PRIMAIRE VEGETALE CHEZ LES PLANTES

EUDICOTYLEDONES

|- Généralités

Les cellules végétales sont caractérisées par la présence d’'une matrice extracellulaire
de structure moléculaire diverse et hétérogene, appelée paroi (Popper et al., 2011). Il existe
une paroi primaire et secondaire constituées d’'une grande variété de polysaccharides
complexes, dont la composition et les propriétés structurales sont contrélées dans |'espace
et le temps, ainsi qu’aux niveaux tissulaire et cellulaire. Cette paroi est essentielle pour les
plantes, puisqu’elle joue un rdéle dans la croissance, la différenciation cellulaire, la
communication intercellulaire, les mouvements d’eau et la défense (Cosgrove, 2005 ;Vicré et

al., 2005 ; Moore et al., 2006).

La paroi végétale a également un intérét industriel important puisqu’elle représente
la matiere premiére nécessaire pour le textile, le papier, le bois de construction, les agents
texturants, etc.... Plus récemment, I'industrie s’est aussi intéressée aux propriétés de la paroi

végétale en tant que source de biocarburant (Jordan et al., 2012).

Mon projet de recherche s’est principalement intéressé a la localisation subcellulaire
d’enzymes participant a la synthése de la paroi primaire de la plante modeéle Arabidopsis
thaliana. De plus, Nicotiana tabacum, autre modele végétal trés répandu, a été utilisé
comme systéme d’expression de ces enzymes impliqguées dans la synthése des composés
pariétaux. D’apres la troisieme version de la classification phylogénétique des angiospermes
(figure 1), la plante Arabidopsis thaliana est issue de 'ordre des Brassicales qui fait partie de
I'embranchement des Rosidées, tandis que Nicotiana tabacum est issu de l'ordre des
Solanales qui fait partie de I'embranchement des Asteridées. Les Rosidées et les Astéridées
font partie de I'embranchement du noyau des dicotylédones vraies ou « Core Eudicots »,
c’est pourquoi nous nous focaliserons dans cette introduction bibliographique, sur la

présentation des caractéristiques pariétales de cet embranchement.
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Figure 1 : Classification phylogénique des angiospermes (APG Ill).

lI- Organisation de |la paroi primaire

Au sein des parois primaires des plantes du noyau des dicotylédones vraies sont
présents des microfibrilles de cellulose, des protéines et des polysaccharides non
cellulosiques (également nommeés polysaccharides complexes). Ces derniers sont définis par
deux catégories: les hémicelluloses et les pectines. Les hémicelluloses regroupent le
xyloglucane (hémicellulose majeure chez les dicotylédones vraies), les xylanes, les mannanes
et les glucomannanes. Les pectines regroupent 4 classes majeures : les homogalacturonanes,
les homogacturonanes substitués représentés par les xylogalacturonanes et le

rhamnogalacturonane-ll, et le rhamnogalacturonane-I.
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L’organisation de ces différents composés pour former la paroi primaire végétale a
donné lieu a plusieurs modeles. L'un des premiers modeles a initialement représenté cette
paroi comme une grosse structure avec de nombreux liens covalents entre les microfibrilles
de cellulose, les hémicelluloses et les pectines (figure 2A) (Keegstra et al., 1973). Vingt ans
plus tard, Talbott et Ray (1992) ont proposé un modéle « multi-couches » (figure 2B), dans
lequel la cellulose est intégrée dans des couches d’hémicelluloses et ou les pectines

remplissent les interstices.

A —m : — =——— - ccllulosc elementary fibril
- “ S xyloglucan
“mm ’! '! ? '!‘ wall protein with arabinosyl tetrasaccharides

glyvcosidically attached to the hydroxyproline
residues

total pectic polysaccharide

_ rhamnogalacturonan main chain of the
pectic polysaccharide

arabinan and 4-linked galactan side chains
of the pectic polymer

3,6.linked arabinogalactan attached to
serine of the wall protein

unsubstituted seryl residues of the wall
protein

- microfibril

: ---hemicellulose sheath

----- interstitial pectic
phase

cellulosic glucan

xyloglucan
arabinan/galactan
(free polymer)

arabinan/galactan
sidechain of pectin

pectic polyuronide
backbone

--glycoprotein
(extensin)

Figure 2 : Premiers modeéles proposés pour |'organisation de la paroi primaire végétale.
A- Modele « grosse structure » proposé par Keegstra et al., 1973
B- Modéle « multi-couches » proposé par Talbott et Ray, 1992

A cette méme période, McCann & Roberts (1991) proposerent un modéle nommé
« réseau collant » (figure 3A), en insistant sur le réle central de I’"hémicellulose xyloglucane
qui, via des liaisons non covalentes, permet d’attacher les microfibrilles de cellulose entre

elles, tout en les séparant d’un espace de 20 a 40 nm. Cest ce modéle qui a été
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communément admis ces derniéres années. Toutefois, celui-ci a récemment été remis en

cause. En effet, Park et Cosgrove (2012), ont proposé un nouveau modele ou le xyloglucane

n’aurait plus un réle central, mais serait un adhésif sur des zones limitées la ou 2

microfibrilles sont suffisamment proches pour le prendre en sandwich et former une sorte

d’amalgame cellulose/xyloglucane (figure 3B).

Middle {
Lamella

e Pectin

Cellulose
Microfibril

Hemicellulose

Primary
Cell Wall
Plasma _{: Hemicellulose
Membrane
Soluble
Protein
B
Cellulose
Microfibril

Figure 3 : Derniers modéles proposés pour la structure de la paroi primaire végétale.
A- Modeéle de McCann & Roberts (1991) ou le XyG joue un réle central dans I'attachement des microfibrilles de

cellulose entre elles.

B- Modele proposé par Park et Cosgrove (2012), ou le XyG relie les microfibrilles de cellulose uniquement sur

des zones ou les deux molécules sont suffisamment proches.
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lll-La cellulose

Les fibres de cellulose sont constituées de macrofibrilles, constituées a leur tour d’un
assemblage de microfibrilles (figure 4A). Celles-ci sont formées de chaines paralléles de
B(1,4)-D-glucose, liées par des liaisons hydrogénes inter- et intramoléculaires, et par des
forces de Van der Waals.

La biosynthese de la cellulose a lieu au niveau de la membrane plasmique (Brown,
1996), grace a des complexes protéiques formant des hexaméres appelés « rosettes » (figure
4B). Une rosette, dont le diamétre est d’environ 20 a 30 nm, est constituée de 6 complexes
globulaires dans lesquels se trouvent des cellulose synthases, nommées CesA (Kimura et al.,
1999). Un complexe globulaire possederait jusqu’a 6 protéines CesA, qui représentent les
sous-unités catalytiques, permettant la synthése simultanée de 36 chaines de

B(1,4)glucanes.

B
A p-(1.4)-glucan CESA % %

chains

(a) Celulose fibers \I :K\ Hosene
\ £ )
 — J
Cellulose /
el microfibril /
D cesa
(c) Mard bl
B-(1,4)-glucan
chain (
/ — \Achve
(9‘9\4 site
e
(O A b
R b
o o P-GI
QLR (lGTo101515151510] Og‘)\l-illU%;
Chains of Qo Qe
celludose .
miscies G Q.o @ ~N-erminal
G @@ -terminal
Plasma
membrane

Figure 4 : Structure et synthese de la cellulose (Lerouxel et al., 2006).

A - Représentation schématique d’une fibre de cellulose, composée de macrofibrilles, elles-mémes constituées
de microfibrilles formées a partir de chaines glucanes. B- Structure d’une « rosette », constituée d’'un hexamére
de complexes globulaires CesA. Chaque complexe est lui-méme formé par 6 sous-unités catalytiques (les
protéines CesA) au sein de la membrane plasmique. (TMD, domaine transmembranaire ; UDP-Glc, uridine di-
phosphate glucose).

Chez Arabidopsis, 10 genes codant pour les protéines CesA ont été identifiés. Les

protéines CesAl, -2, -3, -5, -6 et -9 sont impliquées dans la synthése de la cellulose de la
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paroi primaire, tandis que les protéines CesA4, -7 et -8 interviennent pendant la synthese de
la paroi secondaire (Endler et Persson, 2011).

Plusieurs modeéles concernant le déroulement de l'initiation, de I’élongation, et de la
terminaison des chaines B(1,4)-glucane au sein des complexes CesA ont été proposés, revus
par Endler et Persson (2011), et sont résumés figure 5. Les complexes CesA, formant une
structure en rosette avec un large domaine cytosolique, utilisent I’"UDP-glucose (UDP-Glc)
pour la polymérisation des chaines. Celui-ci peut étre synthétisé dans le cytosol par une
sucrose synthase (SuSy) ou une UDP-glucose pyrophosphorylase (UGPase). Lorsque SuSy est
attachée sous forme phosphorylée a la membrane plasmique, elle fournit I’'lUDP-Glc pour la
production de chaine B(1,4)-glucane. Cette protéine a également été décrite comme
appartenant a un large complexe soluble associé au complexe CesA (Fujii et al., 2010). Ainsi,
les invertases cytosoliques fourniraient le glucose dans les cellules non photosynthétiques
(Barratt et al., 2009), alors que les steryl glycosides, tels que le sisterol-B-glucoside,
pourraient agir comme primers pour initier la polymérisation de la cellulose (Peng et al.,
2002) et/ou pourraient créer un environnement membranaire favorable a la synthése de la

cellulose (Schrick et al., 2004).

CesA complex

steryl -
glycosides
Suc + UDP
cytosolic . UDP-Glc + Fru
invertases
UDP-Glc
+PP
Glc-1-P

+UTP

CYTOSOL

Figure 5 : Les différentes sources de glucose pour la synthése de cellulose (Endler et Persson, 2011).

Les enzymes SuSy et UGPase, mais également des invertases, apportent 'lUDP-Glc nécessaire a la synthese de
chaine glucane via I'action des complexes CesA au sein de la membrane plasmique. La présence de steryl
glycosides semble essentielle pour l'initiation de la synthése des chaines glucanes (CesA : cellulose synthase ;
Fru, fructose ; Glc, glucose ; Suc, sucrose ; PM, membrane plasmique ; SuSy, sucrose synthase ; UGPase, UDP-
glucose pyrophosphorylase).
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IV-Les hémicelluloses

Les hémicelluloses sont définies comme des polysaccharides insolubles dans I'eau,
mais que l'on peut extraire par une solution alcaline de 1M ou 4M de KOH. Elles sont
également définies comme les polysaccharides pariétaux ayant une chaine principale de
résidus B-D-pyranosyl (glucose, xylose ou mannose) liés en 1,4 ; ou I'oxygene O-4 est en

orientation équatoriale (figure 6) (Scheller et Ulvskov, 2010).

Hemicellulose repeating disaccharides

Equatorial
4 3 1
Y 5 j 2
O
2 \L 5 :
p1—4

Figure 6 : Spécificité structurale et de liaison des hémicelluloses (Scheller et Ulvskov, 2010).

Chez les plantes dicotylédones vraies, les hémicelluloses sont trés majoritairement
représentées par le xyloglucane (XyG) qui représente 20 a 25% de la quantité de
polysaccharides pariétaux, ainsi que la présence d’environ 5% de glucuronoarabinoxylanes
(GAX) (Darvill et al., 1980 ; Zablackis et al., 1995 ; Scheller et Ulvskov, 2010). Chez certains
ordres, on détecte également de 3 a 5% de (gluco)mannanes (Eda et al., 1985 ; Sims et al.,
1997 ; Schroder et al., 2001).

Les hémicelluloses jouent un réle structural au niveau de la paroi primaire, et par
conséquent régulent I'expansion cellulaire (Scheller et Ulvskov, 2010). Ce sont également
des sources de molécules signal (McDougall et Fry, 1989) et des molécules de réserves au

sein de la graine (Meier et Reid, 1982 ; Reid, 1985).

IV-1- Le xyloglucane (XyG)

Le xyloglucane est constitué d’une chaine principale de B-D-(1,4)-glucose pouvant
étre substituée par des chaines latérales contenant des sucres variés, dont l'identification
repose sur l'utilisation d’'une endoglucanase générant des fragments oligosaccharidiques
analysés ensuite par spectrométrie de masse. Une nomenclature a été mise en place par Fry

et al. en 1993, afin de nommer et d’identifier facilement ces fragments oligosaccharidiques
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définissant les chalnes latérales. Ainsi, une lettre a été attribuée a chaque résidu B(1,4)-D-
glucose de la chaine principale qui est lié a une chaine latérale. Cette lettre désigne les
substituants constituant la chaine latérale, a partir du sucre terminal de cette derniére. La
lettre G est utilisée dans le cas ou le glucose n’est pas substitué. Cette nomenclature est

présentée figure 7.

G = 4)-p-D-Glcp(1-
S-= arL-Ara#{(1-2)-a-D-Xylp-(1-6)--D-Glop-(1-
X= rr-D-Xylpﬁ-ﬁ]-li-D-G‘I'cp-ﬂ- '
4 T= aoLAra(1-3)-o-L-AraF{1-2)-a-D-Xylp-(1-6)-{-D-Glcp-1-

L = p-p-Galp-{1-2)-c-D-Xylp-{1-6)-3-D-Glep-(1- t

4

1 J= a-L-Galp-{1,2)--D-Galp-(1-2)-«-D-Xylp{1-6)-$-D-Glep-(1-
F = c-L-Fucp-(1-2)-p-D-Galp(1-2)-c-D-Xylp-(1-6)-p-D-Glep-(1- t

4

Figure 7 : Nomenclature des chaines du xyloglucane (Fry et al., 1993).

Apreés plusieurs études, il a été montré qu’il existe deux grands types de xyloglucane
nommeés XXXG ou XXGG (Vincken et al., 1997). Le type XXXG posséde 3 résidus glucose
consécutifs substitués par un xylose et un dernier non substitué, tandis que le type XXGG
possede 2 résidus glucose consécutifs substitués par un xylose et deux non substitués.

Le traitement a I'endoglucanase des XyG de type XXXG génére des oligosaccharides
qui ont été tres bien définis. Par exemple, les études effectuées sur les Rosidées telles que
les suspensions cellulaires d’Arabidopsis thaliana (Ordre des Brassicales) (Pauly et al., 2001)
ou les suspensions cellulaires de sycamore Acer pseudoplatanus (Ordre des Sapindales)
(Hisamatsu et al., 1992) ont montré que les chaines latérales sont principalement
constituées de résidus xylose, xylose-galactose et xylose-galactose-fucose, pour donner des
structures de type XXFG, XXXG et XLFG (figure 8). Ces structures peuvent étre partiellement

acétylées sur le carbone 6 du galactose.

1 1
Brassicales i i ; Fyce
2 2
[$Galp 6-OAc \Galp [Galp 6-OAc
i ¥
2 2 2
uXylp uXylp uXylp uXylp uXylp aXylp aXylp aXylp aXylp
' B v Bl i 1 ¥ i i
6 6 6 6 6 6 6 6 1]
4))Glcp-(1,4)[}Glcp-(1,4)[iGlcp-(14))Glcp-{1, | 4)Glcp-{1,4))Glcp-(1,4)Glcp-(1,4)3Glcp-(1, | 4)}Glcp-{1,4)}Glcp-(1.4)iGlcp-(1,4)}Glcp-{1,
X X F G X X X G X L F G

Figure 8 : Structures typiques des fragments de xyloglucane retrouvées chez les Brassicales.
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(Complex Carbohydrate Research Center, http://www.ccrc.uga.edu/~mao/xyloglc/Xtext.htm#xyloglucan)
L’étude des XyG de type XXGG, s’est avérée un peu plus complexe de par la présence

de groupement O-acétyl sur les glucoses de la chaine principale, empéchant ainsi I'action de
I’endoglucanase. Cependant, les études effectuées sur les Astéridées Solanales, telles que les
suspensions cellulaires de tabac Nicotiana tabacum (Eda et al., 1983 ; York et al., 1996) et
Nicotiana plumbaginifolia (Sims et al., 1996) ou bien les suspensions cellulaires de tomate
Lycopersicon esculentum (Jia et al., 2003), puis sur d’autres représentants des Astéridées
(Hoffman et al., 2005) ont montré que les chaines latérales sont principalement constituées
de résidus xylose, xylose-arabinose, xylose-galactose ou xylose-arabinose-arabinose, pour
donner des structures de type XSGG, LSGG et XTGG (figure 9). Ces structures peuvent étre

acétylées sur le carbone 5 de I'arabinose et sur le carbone 6 d’un glucose non substitué.

Solanales “*‘f"
3
cAraf-5-OAc pGalp uAraf-5-OAc aAraf-5-OAc
.
2 2 2 2
uXylp uXylp OAc quIp ulylp OAc aXylp aXylp OAc
. . 4 1 . 4 . 1 +
6 6 6 3 6 6 6 6 6
4)5Glcp-(1,4)Glcp-(1,4)GIcp-(1,4)}Glcp-(1, | 4)iGlcp-(1,4)iGlcp-(1,4)Glcp-(1,4)3Glcp-(1, | 4)iGlcp-(1,4)}Glcp-(1,4)Glcp-(1,4)3Glcp-(1,
X s G G L s G G X T G G

Figure 9 : Structures typiques des fragments de xyloglucane retrouvés chez les Solanales .
(Complex Carbohydrate Research Center, http://www.ccrc.uga.edu/~mao/xyloglc/Xtext.htm#xyloglucan)

Le XyG est étroitement associé aux microfibrilles de cellulose grace a leur homologie
conformationnelle, ce qui lui permet de contréler leur relachement ou leur resserrement.
Cette interaction assure le maintien de l'intégrité cellulaire durant les processus de

croissance et de différenciation (Scheller et Ulvskov, 2010 ; Hayashi et Kaida, 2011).

IV-2- Les glucuronoarabinoxylanes (GAX)

Des études menées sur des suspensions cellulaires de sycamore Acer pseudoplatanus
(Darvill et al., 1980) et des feuilles d’Arabidopsis (Zablackis et al., 1995), ont révélé que les
glucuronoarabinoxylanes (GAX) sont composés d’une chaine principale de B-D-(1,4)-xylose,
substitués par des chaines latérales neutres ou acides (Figure 10).

Les chaines neutres sont constituées de résidus arabinose et/ou xylose, tandis que les

chaines acides sont terminées par des résidus d’acide glucuronique ou de 4-O-méthyl acide
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glucuronique. Les résidus xylose de la chaine principale peuvent étre O-acétylés et les

résidus arabinose des chaines latérales peuvent étre estérifiés par de I'acide férulique.

=Xyl Ferulayl
+
3 5
=Xyl Xy au-Ara
' i ‘
2 2 2
DAC w-Ara [-Gloh DAC c=fra c=fra a=Ara a=Ara 4-0-Ma [-GlcA
' * i i 1 ) ) 4 *
3 2 2 2 2 2 2 3 2

==y iy | ==X =y = =2 | i DRy Xy o oKy sy == Ky Xy = ==Ky [y 3= =Xl

Figure 10 : Structure des glucuronoarabinoxylanes.
(Complex Carbohydrate Research Center, http://www.ccrc.uga.edu/~mao/wallmab/Hemicel/hemi.htm)

IV-3-Les polysaccharides mannanes

Les mannanes regroupent différents types de polysaccharides: les mannanes,
polyméres de résidus mannose liés en B(1,4), et les glucomannannes qui contiennent une
chaine principale de résidus glucose et mannose liés en B(1,4). Les résidus mannose ou
glucomannane peuvent étre substitués avec un résidu galactose lié en a(1,6), on les nomme
alors galactomannanes ou galactoglucomannanes. Les mannanes et glucomananes sont
parfois acétylés (Scheller et Ulskov, 2010).

Chez Arabidopsis thaliana, il n’a pas été détecté de mannanes dans la paroi primaire
(Zablackis et al ; 1995), et il ne semble pas qu’il y ait d’étude montrant la présence de ce type
de polysaccharide dans la paroi primaire des Rosidées. Cependant, chez les Astéridées telles
qgue le tabac Nicotiana tabacum (Eda et al., 1985), Nicotiana plumbaginifolia (Sims et al.,
1997) ou le kiwi Actinidia deliciosa (Schroder et al., 2001), on trouve des
galactoglucomannanes constitués d’une chaine principale de résidus D-glucopyranose et D-
mannopyranose liés en (1,4), avec une majorité de mannoses substitués en 0-6 par un ou

deux résidus B-D-galactopyrannosyl (figure 11).

fA-o-Monpg-(1—#=4)-A-D- Glcp-(1—==4)- f-p-Manp- {1 —e=4}-2-0-Glcp-(1——wm4}- F-p-Mang- (1~ 4)- p-Glic

6 (¢]
1 1

a-p-Galp a-p-Galp
2
|
1

f1-0-Galp

Figure 11 : Galactoglucomannanes présents chez Nicotiana tabacum (Eda et al., 1985).
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Chez Nicotiana tabacum, la présence d’arabinoglucuromannanes (Mori et Kato,
1981) constitués d’une chaine principale d’acide D-glucopyranosyluronique et de D-
mannopyranose, substitué en O-3 par un résidu a-L-arabinofuranose a également été mis en

évidence (figure 12).

—4)--D-GlcpA-(1—-2)-2-D-Manp-(1 —
3 3
T T
| I
a-L-Araf u-L-Araf

Figure 12 : Arabinoglucuronomannanes présents chez Nicotiana tabacum (Mori et Kato, 1981) .

V- Les pectines

Les pectines sont définies comme des polysaccharides facilement extractibles avec un
acide a chaud ou des chélateurs, et contenant une grande proportion de résidus d’acide
galacturonique. Chez les plantes « Core Eudicots », les pectines constituant la paroi primaire
sont représentées par les homogalacturonanes, les homogalacturonanes substitués: le
xylogalacturonne et le rhamnogalacturonane-ll, et le rhamnogalacturonane-I.

Les pectines sont structurellement complexes et trés hétérogenes, elles jouent un
role clef dans le contréle de I'architecture pariétale (porosité, adhésion,...). Elles jouent
également un role dans la défense des plantes, car elles servent de cibles primaires lors
d’attaques microbiennes et peuvent servir d’éliciteurs (Cosgrove, 2005 ; Caffall et Mohnen,

2009).

V-1-Les homogalacturonanes

Les homogalacturonanes (HG) consistent en une chaine linéaire de résidus d’acide
galacturonique liés en a(1,4), avec un degré de polymérisation typique de 100/150, pouvant

étre méthylée et/ou acétylée (figure 13) (Caffall et Mohnen, 2009 ; Wolf et al., 2009).

O =D-Galacturonic acid ¢ = O-Acetyl ¢

Figure 13 : Structure des homogalacturonanes (Scheller et al., 2007)
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Les HG semblent représenter la chaine principale des pectines (Coenen et al., 2007),
méme s’il a également été suggéré que les HG seraient une chaine latérale du
rhamnogalacturonane-I (Vincken et al., 2003). Les blocs d’"HG non estérifiés peuvent étre liés
par des ponts calciques (figure 14), pour former des chaines d’HG fortement compactées,
appelé modele en « boite a ceufs », participant ainsi a la rigidité de la paroi. Le degré de
méthyl estérification des HG influe directement sur leur affinité pour les ions calcium, et
donc également sur la formation d’un gel pectique essentiel pour I'adhésion (Jarvis, 1984 ;

Orfila et al., 2001 ; Caffall et Mohnen, 2009).
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Figure 14: Association des chaines HG via des ponts calciques : modéle en « boites a ceufs ».
(Caffall et Mohnen, 2009)

V-2- Les xylogalacturonanes

Les xylogalacturonanes (XGA) sont constitués d’une chaine de résidus d’acide
galacturonique liés en a(1,4), pouvant étre acétylés et méthylés, et substitués en O-3 avec

un B-D-xylose terminal (figure 15) ou de courtes chaines de xylanes.

O =D-Galacturonic acid ¢ = O-Acetyl
@ =D-Xylose ?

Figure 15 : Structure des xylogalacturonanes (Scheller et al., 2007)

Les courtes chaines de xylanes peuvent varier dans leur type de liaison. Chez les
Rosidées, les chaines de xylanes ont des liaisons B(1,4) pour la pomme (Oechslin et al.,
2003), B(1,4) et B(1,2) pour le soja (Nakamura et al., 2002), B(1,2) et B(1,3) pour le pois
(LeGoff et al., 2001). Chez les Astéridées, les liaisons sont de type B(1,4) comme pour la

pomme de terre (Zandleven et al., 2006).
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V-3-Le rhamnogalacturonane-I|

Le rhamnogalacturonane-Il (RG-Il) (figure 16) est le polysaccharide pectique le plus
complexe d’un point de vue structural, puisqu’il est constitué d’au moins une douzaine de

monosaccharides différents et de plus d’une vingtaine de liaisons (Ridley et al., 2001).

f-L-Araf u-L-!:hap
1
Side chain D g Side chain C ;
e chain
fi-D-Dha a-D-Kdo
2 2
A4 v
3 3

4)-a-D-GalpA-{1,4):-D-GalpA-{1,4)-u-D-GalpA-(1,4)-:-D-GalpA-(1,4)-:-D-GalpA-{1,4)-u-D-GalpA-(1,4)-«-D-GalpA-(1,4)-:-D-GalpA-{1,
2 2

1 1
[1-D-Apif [-D-Apif
3 3
i t
1 1
a-D-GalpA 1-+2[-L-Rhap 3+ 1[1-D-GalpA f-L-Rhap
4 3
1 1
2-0-Me «-D-Xylp1-—+3 «-L-Fucp * AcO +a-L-AcefA
4 2
+ ] 1-a-L-Rhap 2« -1[i-L-Araf
1 1 2
{-D-GlcpA (-D-Galp 4+-1 u-l.-Arap3
2 2 &
Side chain A + * 1-a-L-Rhap
1 1
L-Galp 2-0-Me a-L-Fucp+— OAct
Side chain B

Figure 16: Structure du Rhamnogalacturonane-ll.
(Complex Carbohydrate Research Center, http://www.ccrc.uga.edu/~mao/rg2/intro.htm#rhamnogalacturonan
1)

Sa chaine principale est constituée d’au moins 8 résidus a-D-(1,4)-GalA sur lesquels

sont substituées 4 chaines latérales, notées A, B, C et D. Les chaines A et B sont liées en C-2
du résidu acide galacturonique (GalA) de la chaine principale, tandis que les chaines C et D
sont substituées en C-3 (O’Neill et al., 2004). Les chaines A et B sont constituées de 8 a 10
monosaccharides et attachées via un résidu B-D-apiose en O-2. La chaine B posséde
également un résidu D-galactosyl (D-Gal). Les chaines C et D sont des chaines courtes
constituées par un disaccharide. La chaine C est formée par un résidu rhamnose et un résidu
acide 2-céto-3-déoxy-D-manno-octulosonique (Kdo), tandis que la chaine D est constituée
d’un résidu acide 2-céto-3-déoxy-D-lyxo-heptulosarique (Dha) et d’un résidu arabinose
(O’Neill et al., 2004).

Le RG-Il joue un réle essentiel dans la régulation de la porosité et des propriétés
mécaniques de la paroi primaire (Ishii et al., 2001), car il existe sous forme d’un dimere lié
par des di-esters de borate (Matoh et al., 1993; Kobayashi et al., 1996; Ishii et Matsunaga,

1996; O’Neill et al., 1996). Chez Arabidopsis, des mutations portant sur la synthése ou la

25


http://www.ccrc.uga.edu/~mao/rg2/intro.htm#rhamnogalacturonan II
http://www.ccrc.uga.edu/~mao/rg2/intro.htm#rhamnogalacturonan II

Introduction

dimérisation du RG-ll entrainent des altérations majeures de la croissance et du

développement des plantes (O’Neill et al., 2001; Reuhs et al., 2004, Voxeur et al., 2011).

V-4- Le rhamnogalacturonane-|

Le rhamnogalacturonane-l (RG-1) représente 20 a 35% des pectines, et il est le plus
variable d’un point de vue structural, d0 a la variabilité des chaines latérales. Sa chaine
principale est constituée du disaccharide [-4-a-D-GalA-(1,2)-a-L-Rha-(1-)],. De 20 a 80% des
résidus rhamnose sont substitués par des chaines latérales dont la composition et la
longueur varient en fonction de I'espece et du stade de développement (Albersheim, 1996).
Ces chaines latérales sont majoritairement constituées de galactanes, d’arabinanes et
d’arabinogalactanes (McNeil et al., 1982, Vincken et al., 2003; Mohnen, 2008).

Les galactanes sont principalement des chaines linéaires de B(1,4)-D-galactopyranose
(Galp) (Figure 17B et 17C). Les arabinanes sont des chaines de a(1,5)-L-arabinofuranose
(Araf) linéaires ou substituées en O-3 et parfois en O-2 (Figure 17A, 17D et 17E). Les chaines
arabinanes ou galactanes sont souvent substituées par des esters phénoliques terminaux

permettant la liaison avec d’autres polyméres (Ralet et al., 2005).

A LArf(L5)-aL-Amf(1,2)-aL-Araf(1.3)-f-D-Galp-(1.4)-Rhamnose in RG-1 side chain

B-D-Gal-(1,6)-B-D-Gal-(1,4)-f-D-Gal-( 1,4-)-Rhamnose in RG-[ side chain

c a-1-luc-(1,2)-B-D-Gal-(1 4)-f-n-Gal-(1 4)-Rhamnose in RG-1 side chain

D Ara-( 1,4)- Rhamnose in RG-1 side chain

E ce-l.-Araf

b - =

-5)-a-L-Araf-(1,5)-ce-L-Araf~(1,5)-a-L-Araf-( 1.5)-ce-L-Araj~( 1, RG-1 backbone
3 3

t t
1 1
c-1-Araf ce-1-Araf
3
1
1

a-1-Araf

Figure 17 : Structures des chaines arabinanes et galactanes rencontrées dans le RG-I (Adapté de Mohnen,
2008)
B,C : exemples de chaines galactanes, A,D,E : exemples de chaines arabinanes.
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Plusieurs types de chalnes arabinogalactanes ont été identifiés. Les
arabinogalactanes de type | (Figure 18F et 18G) consistent en une chaine de B(1,4)
galactanes avec des résidus arabinose branchés en O-3 ou d’autres sucres tels que le fucose
et I'acide glucuronique (Ridley et al., 2001; Nakamura et al., 2002; @bro et al., 2004).

Les arabinogalactanes de type Il (Figure 18H) consistent en une chaine de B(1,3)
galactanes substituée par de courtes chaines B(1,6) galactanes, elles-mémes branchées par
des résidus arabinose, rhamnose, et acide glucuronique. Ce type de chaine est typique de la
composition glycannique des arabinogalactanes protéines (AGPs), et le débat reste encore
ouvert pour savoir si les chaines identifiées dans les fractions enrichies en RG-l sont
effectivement liées a ce polysaccharide ou bien si elles proviennent d’une co-extraction des
AGPs (Mohnen, 2008; Verhoef et al., 2009).

Un autre type de chaine arabinogalactane a été identifié chez les Rosidées telles que
la pomme (Schols et al., 1990) ou le soja (Huisman et al., 2001). Elle consiste en un résidu
galactose ou une courte chaine de galactane liée en B(1,3), branchée a une chaine

d’arabinanes liés en a(1,5) et substitués en -2 ou en -3 (figure 18l).

F ~H--p-Gal-(1,4)-p-D-Gal-(1 4)-B-p-Gal-(1,4)-p-D-Gal-(1 4)--p-Gal (1 RG-I backbone
3 3
1 I
1 1
ct-L-Araf a-L-Araf
G -H-f-D-Gal-(1, 4)-p-n-Gal-(1, H-p-n-Gal-(1, H)-p-p-Gal-(1 RG-I backbone
3
1}
1
L-Ara/-(1, 5)-L-Aral
H B-D-Gal-(1, 3)-B-D-Gal-(1, 3)-B-D-Gal-(1, 3)-f-D-Gal-(1, 3)-B-D-Gal-(1, 3)-f-5-Gal-(1, 3)-B-D-Gal-(| RG-
6 6 3
: 1 r
| 1 1
f3-p-Gal a-1-Arat-(13)-f-n-Gal a-L-Araf-(1, 3)-f-p-Gal
] [§] O
» 1 [
1 1 I
a-L-Araf-(1, 3)-p-n-Gal a-L-Araf-(1, 3)-f-D-Gal oe-L-Araf
O (8]
t 1
1 1
a-L-Araf-( 1, 3)-p-D-Gial ce-l-Araf
6
1
-1 -Araf
I a-L-Araf
1
1
2
(1,5)-a-L-Araf-(1,9)-[a-L-Araf~(1,5)]n-a-L-Araf(1,9)-[a-L-Araf~(1,5)]n-0-L-Araf(1,5)-a-L-Araf(1,3)-f-0-Gal-(1,3)-B-D-Gal-(1.........RG-l
3 6
1 1 1
a-L-Araf a-L-Araf p-o-Gal

Figure 18 : Structures des chaines arabinogalactanes rencontrées dans le RG-I (Adapté de Mohnen, 2008)
F,G : exemples de chaines arabinogalactane de type | ; H : exemple de chaine arabinogalactane de type ll ; | :
autre type de chaine arabinogalactane.
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Les chalnes latérales du RG-I influencent les propriétés mécaniques de la paroi car
elles diminuent la capacité des molécules pectiques a créer un réseau pour former un gel
stable (Hwang et Kokini, 1991). Les chaines latérales jouent également un role important
dans I'adhésion cellulaire (Orfila et al., 2001) et dans l'ouverture et la fermeture des
stomates, grace a l'action des chaines arabinanes qui maintiendraient la flexibilité en
prévenant |’association des homogalacturonanes (Jones et al., 2003).

De plus, il a été montré que la structure et la distribution tissulaire des chaines riches
en arabinanes ou galactanes sont régulées durant la croissance cellulaire et le
développement chez de nombreuses espéces (voir les revues Willats et al., 2001 ; Scheller et

al., 2007 ; Harholt et al., 2010).
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PARTIE B : LES ENZYMES IMPLIQUEES DANS LA SYNTHESE DU XYLOGLUCANE ET

DU RHAMNOGALACTURONANE-I

I- Généralités

Chez les plantes, environ 10% de leurs genes sont dédiés a la biosynthese et au
remodelage de la paroi végétale (Arabidopsis genome initiative, 2000; Tuskan et al., 2006).
Comme décrit précédemment, les polysaccharides pariétaux non cellulosiques sont des
structures complexes constituées d’au moins 14 monosaccharides différents et d’une grande
variété de liaisons glycosidiques (Scheible et Pauly, 2004). Afin d’assembler ces différents
polysaccharides non cellulosiques, dont la synthése a lieu au sein de I'appareil de Golgi,
I’action de différents types d’enzymes et de transporteurs est nécessaire.

Dans un premier temps, les monosaccharides sont générés majoritairement dans le
cytosol sous forme de nucléotide-sucres, puis ils sont amenés dans la lumiere des saccules
golgiennes grace a l'action de transporteurs de nucléotides-sucres, avant d’étre pris en
charge par des glycosyltransférases golgiennes (dont le site catalytique est luminal)
spécifiques d’un nucléotide-sucre et d’un type de liaison, afin de les assembler pour générer

les différents types de polysaccharides.

LUMIERE
GOLGIENNE

MEMBRANE
GOLGIENNE

z
w
=

&—\ ®--+-----:>0

CYTOSOL

NIE UDP-sucre

Figure 19 : Schéma représentant la prise en charge des UDP-sucres au cours de la synthése golgienne des
polysaccharides complexes .

Les monosaccharides sont générés majoritairement dans le cytosol sous forme de nucléotide-sucres par des
enzymes d’interconversion d’UDP-sucre (NIE), puis ils sont amenés dans la lumiére des saccules golgiennes via
I'action de transporteurs de nucléotides-sucres (NST), avant d’étre pris en charge par des glycosyltransférases
golgiennes (GT) dont le site catalytique est luminal, afin de les assembler pour générer des polysaccharides.

29



Introduction

ll- Les enzymes d’interconversion des nucléotides-sucres

Les différents monosaccharides sont générés sous forme de nucléotides-sucre par
une conversion séquentielle de 'UDP-glucose, grace a l'action d’enzymes d’interconversion
comprenant des épimérases, des décarboxylases, des déshydratases, des réductases et des

mutases (Figure 20).

GDP-L-tF:JaIactose SME, Dp.p-mannose SMP, GDP-L-fucose
ecling R mannan ‘GER  pectins and xvioglucan
E Cellulose, callose
Photosynthesis f----- »D-fructose-6-P ipeechinied gluoan
\ tins
UDP-p-galactose YCEE. ypp-p-g RHM, o2
pectins angxpmafucan Ll NRSIERUDP L-rhamnose
UGD
pectins |
UDP-D=-a plose UAXS xylan and xyloglucan

UDP-D-qucuronlc acid UXS/ UDP-D-xylose

UDP-D-xﬁlose
/ UGICAE UXE

U DP-D-gaIactu ronic acid  UDP-L-arabinose
Dectins pectins and xylan

Figure 20 : Interconversion des UDP-sucres via I'action des différentes enzymes d’interconversion (Yin et al.,
2011).

(GER : GDP-4-keto-6-désoxy-D-mannose-3,5-épimérase-4-réductase, GMD : GDP-D-mannose-4,6-déhydratase,
GME : GDP-D-mannose-3,5-épimérase, RHM : UDP-L-rhamnose synthase, NRS/ER: nucléotide-rhamnose
synthase/épimérase-réductase, UGE : UDP-glucose-4-épimérase, UGICAE : GDP-4-céto-6-désoxy-D-mannose-
3,5-épimérase-4-réductase, UAXS : UDP-D-apiose/UDP-D-xylose synthase, UXE : UDP-xylose-4-épimérase, UXS :
UDP-D-xylose synthase)

I1-1- La production de 'UDP- D-xylose

Harper et Bar-Peled (2002) ont identifié cing UDP-xylose synthases (UXS) chez
Arabidopsis thaliana, par comparaison avec celle identifiée chez Cryptococcus neoformans,
gu’ils ont nommeées AtUXS. D’apres les analyses in silico, AtUXS3 et -5 seraient solubles,
tandis que AtUXS1, -2 et -4 seraient transmembranaires de type Il.

Leur activité UDP-acide glucuronique décarboxylase, pour convertir I’'lUDP-GIcA en
UDP-Xyl, a été démontrée chez Escherichia coli par expression hétérologue. En 2005,
Pattathil et al., ont démontré qu’AtUXS2 était effectivement une protéine transmembranaire

de type Il de localisation golgienne et qu’AtUXS3 était cytosolique.
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11-2- La production de 'UDP- D-galactose

La premiere UDP-glucose-4-épimérase (UGE), qui convertit 'UDP-Glc en UDP-Gal, a
été identifiée chez Arabidopsis thaliana, par comparaison de séquences avec les UDP-
glucose épimérases identifiées chez les bactéries, le rat et les champignons (Dérmann et
Benning, 1996). Son activité épimérase a été démontrée par expression hétérologue chez
Saccharomyces cerevisiae et Escherichia coli.

Par la suite, un groupe de 5 isoformes a été défini par homologie de la séquence
d’AtUGE1 (Seifert, 2004) et les caractéristiques de chacune ont été étudiées (Barber et al.,
2006). Il est ressorti des différences au niveau de leurs propriétés enzymatiques, de la
régulation de leur transcrit et de leur localisation subcellulaire. AtUGE2, -4, et -5 auraient
plutdét tendance a convertir I'UDP-Glc en UDP-Gal, tandis qu’AtUGE1 et -3 feraient la
réaction inverse. La localisation subcellulaire d’AtUGE1, -2 et -4 a montré une localisation
uniquement cytosolique, excepté pour AtUGE4 qui semble pouvoir étre aussi associée aux
membranes golgiennes.

Rosti et al. (2007) ont montré qu’AtUGE4 influence la croissance racinaire et la
guantité de galactose au sein de la paroi, en agissant de facon synergique avec AtUGE2, et
de facon moindre avec AtUGE1l et -5. Cependant, AtUGE4 influence a elle seule la
galactosylation du XyG au niveau racinaire. AtUGE3, avec l'aide d’AtUGE2, est spécialisée
dans le développement du pollen. Enfin, AtUGES5 pourrait agir en situation de stress, car son
niveau de transcription varie en fonction de la température et du niveau d’acide abscissique
et des teneurs en sel. De plus, les auteurs ont émis I'hypothéese qu’AtUGES pourrait apporter
de 'UDP-Gal pour la synthése de galactinol, qui serait un osmoprotectant pour la tolérance a

la sécheresse.

11-3- Production du GDP-L- fucose

La synthése du GDP-L-fucose (ou 6-désoxy-L-galactose) a partir du GDP-D-mannose
nécessite 3 types de réactions séquentielles : une 4,6-déshydratation, une 3,5-épimérisation
et une 4-réduction.

Bonin et al. (1997) ont isolé chez Arabidopsis deux séquences d’ADN¢ d’intérét, en
utilisant un EST (Expressed Sequence Tag) ayant une forte similarité de séquence avec des
séquences codant des GDP-D-mannose-4,6-déshydratases bactériennes. Ces genes ont été

nommeés GMDI1 and GMD2 (guanosine-diphospho-D-mannose-4,6-déshydratase). Il s’est
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avéré que GMDZ2 était en fait un ADNc dérivé du gene MURI. Le mutant chimique
Arabidopsis murl est un mutant nain, qui est justement déficient en GDP-L-fucose (Reiter et
al., 1993). L'activité GDP-D-mannose-4,6-déshydratase de la protéine soluble et cytosolique
AtGMD2/MUR1 par expression hétérologue dans E.coli et par complémentation du mutant
murl a ensuite été démontrée.

La protéine AtGMD2/MUR1 est exprimée partout dans la plante, alors que la
protéine AtGMD1 est exprimée principalement dans la pointe de la racine. L'’expression
différentielle des deux isoformes AtGMD1 et -2 montre que la synthése du GDP-L-fucose est
contrélée de facon cellule spécifique (Bonin et al., 2003).

Ce méme laboratoire a également identifié chez Arabidopsis I'enzyme responsable
des 2 autres réactions, une 3,5-épimérase-4-réductase, nommée AtGER1/FX, ainsi que la
présence d’'un homologue potentiel d’AtGER1/FX, nommé AtGER2. Ainsi, ils ont pu convertir
du GDP-mannose en GDP-fucose in vitro en coexprimant AtGER1/FX et AtGMD2/MUR1 dans

E.coli, démontrant ainsi leur activité (Bonin et Reiter, 2000).

[I-4- Production de ’'UDP-D-acide galacturonigue

Une UDP-D-acide glucuronique-4-épimérase (UGICAE, ou GAE pour Glucuronic Acid
Epimerase) catalyse I'épimérisation de 'lUDP-a-D-acide glucuronique (UDP-GIcA) en 'UDP-a-
D-acide galacturonique (UDP-GalA). Par comparaison de séquence avec une UDP-D-acide
glucuronique-4-épimérase bactérienne, le géne codant pour AtUGICAE1/GAE4 a été identifié
chez Arabidopsis et I'activité de I'enzyme a été démontrée par expression hétérologue de la
protéine (délétée de son domaine transmembranaire) chez E.coli (Gu et Bar-Peled, 2004).
Les auteurs ont montré que I'activité d’AtUGICAE1 n’était pas inhibée par I'UDP-Glc, I’'UDP-
Gal, mais qu’elle était inhibée par I'UDP-Xyl et I'UDP-Ara, suggérant un rble de ces
nucléotides-sucres dans la régulation de la synthese des pectines.

Le géne AtUGICAE1 fait partie d’'une famille de génes déshydrogénases/réductases
composée de 6 isoformes, dont tous les membres codent pour des protéines putatives
transmembranaires de type Il. En 2004, Usadel et al. (a) ont identifié, cloné et caractérisé la
protéine AtUGICAE2/GAE6 chez Arabidopsis, et la méme année la protéine AtUGICAE3/GAE1
a été caractérisée par Mg@lhgj et Reiter. L'activité de ces deux protéines a été démontrée in

vitro chez Pichia pastoris.
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L’analyse de I'expression des différentes isoformes montre qu’AtUGICAE3/GAE1 est
fortement exprimée dans tous les tissus (Mglhgj et Reiter, 2004). Toutes les isoformes sont
exprimées au cours du développement du pollen et leur expression au niveau racinaire est
différentielle. En effet, AtUGICAE3/GAE1 et AtGAE2 sont exprimées dans toute la racine,
alors que AtGAE3 et AtUGICAE2/GAE6 sont exprimées uniquement dans la zone pilifere et
AtUGIcAE1/GAE4 a la pointe racinaire (Usadel et al., 2004a).

[I-5- Production de 'UDP-L- rhamnose

La premiére UDP-L-rhamnose synthase (RHM) a été identifiée chez Arabidopsis grace
au mutant mum4 (mucilage modified 4) qui a une quantité réduite de rhamnose et d’acide
galacturonique dans le mucilage des graines (Western et al., 2004 ; Usadel et al., 2004b). La
protéine AtMUMA4 est exprimée de facon ubiquitaire et code certainement pour une UDP-L-
rhamnose synthase requise pour la synthese du RG-I, puisque c’est le composant majoritaire
du mucilage des graines d’Arabidopsis. MUMA4 est un membre d’une famille de génes décrite
in silico par Reiter et Vanzin en 2001, et constituée de 3 membres AtRHM1, AtRHM2/MUMA4
et AtRHM3.

La deuxieme UDP-L-rhamnose synthase a été identifiée via I'étude d’'un mutant
suppresseur, le mutant roll1 (repressor of Irx1) (Diet et al., 2006). A partir d’'un mutant
chimique Irx1 (LRR-extensin1) présentant des poils racinaires morphologiquement aberrants,
un screening a été effectué pour identifier les genes liés a I'expression de Irx1 au cours du
développement, et le mutant roll a été identifié. ROL1 est allélique a AtRHMI1, et les
mutations sur le géne AtRHM1/ROL1 modifient la structure du RG-I et RG-II. Il a été montré
qgque AtRHM1 est une protéine cytosolique fortement exprimée dans les racines et les
cotylédons de plantules (Wang et al.,, 2009), et que sa surexpression chez Arabidopsis
entraine une augmentation de 40% de rhamnose dans les feuilles, et que ce surplus est
utilisé pour la synthése de RG-I et/ou RG-II.

Oka et al. (2007) ont démontré que les 3 isoformes avaient une activité
cytoplasmique  UDP-D-glucose 4,6-déshydratase, UDP-4-céto-6-désoxy-D-glucose-3,5-
épimérase et UDP-4-céto-L-rhamnose 4-céto-réductase lorsqu’elles étaient exprimées chez
Saccharomyces cerevisiae, pour former de I"'UDP-L-rhamnose a partir de 'UDP-glucose. Lors

de cette étude, il a été montré que la partie N-terminale de AtRHM2/MUM4 ayant I’activité
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UDP-D-glucose-4,6-déshydratase était fortement inhibée par I"UDP-L-rhamnose, UDP-D-

xylose et I’'UDP, mais pas par les autres nucléotides-sucres.

[I-6- Production de ’'UDP-L-arabinose

11-6-1- Les UDP-D-xylose 4-épimerases

En 1999, Burget et Reiter ont étudié chez Arabidopsis le mutant chimique mur4, qui
présente une réduction de 50% du monosaccharide L-arabinose dans la plupart des organes.
De fagon plus fine, une réduction de moitié des teneurs en L-arabinose dans les fractions
pectines, xylanes et xyloglucane est observée chez le mutant mur4, ainsi qu’une plus grande
mobilité électrophorétique des arabinogalactanes protéines traduisant une modification de
charge et/ou de masse. Le mutant murd4 présente une déficience dans la conversion de
I’"UDP-D-xylose en UDP-L-arabinose. La protéine AtMUR4 (Burget et al., 2003) a ensuite été
caractérisée et son activité UDP-D-xylose 4-épimerase démontrée apres expression chez
Pichia pastoris. AtMUR4 est une protéine transmembranaire de type Il, localisée au niveau
de l'appareil de Golgi, ayant ainsi son activité épimérase dans la lumiere des saccules
golgiennes. Trois autres isoformes d’AtMUR4 existent chez Arabidopsis.

En 2004, Seifert a normalisé leur dénomination en les appelant UXE (pour UDP-D-
xylose 4-épimerase), pour donner AtUXE1/MUR4, AtUXE2, -3 et -4. Le géne AtUXE1/MUR4
est alléliqgue au gene AtHSRS, isolé chez le mutant high sugar response 8 (Li et al., 2007) et
le geéne AtUXE3 est allélique au gene AtMEE25, identifié lors de l'identification de genes

requis pour le développement gamétophyte femelle (Pagnussat et al., 2004).

11-6-2- Les UDP-arabinose mutases

Les épimérases précitées générent de I'UDP-L-arabinopyranose, or in planta les
pectines contiennent du L-arabinofuranose transféré par des arabinosyltransférases. L’action
intermédiaire d’UDP-arabinose mutases (UAM) convertissant |I’"UDP-arabinopyranose en
UDP-arabinofuranose est donc nécessaire.

La premiére UDP-arabinose mutase a été caractérisée chez le riz (Konishi et al.,
2007b), et il a été montré qu’elle partageait plus de 80% d’identité avec une famille de 5
protéines chez Arabidopsis nommées RGPs, pour Reversibly Glycosylated Polypeptides,

capables de s’autoglycosyler.
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Une premiere étude de la localisation de ces protéines exprimées de fagon transitoire
chez N.tabacum a montré que AtRGP1 a 4 étaient des protéines solubles délivrées au
plasmodesme via I'appareil de Golgi (Sagi et al., 2005). Cependant, lorsque ces protéines ont
été exprimées chez Arabidopsis soit dans le tube pollinique (Drakakaki et al., 2006) ou dans
la plante entiére (Rautengarten et al., 2011), il a été montré que AtRGP1, -2 et -5 étaient des
protéines cytosoliques, avec AtRGP1 et -2 également associées aux vésicules golgiennes.

Les différentes études d’activité tendent a montrer que AtRGP1, -2 et -3, qui forment
les RGPs de classe 1, ont une activité UDP-arabinose mutase ; contrairement a AtRGP4 et -5
qui forment les RGPs de classe 2 (Delgado et al., 1998 ; Konishi et al., 2007a ; Rautengarten
et al.,, 2011). Rautengarten et al., (2011) ont montré que les transcrits d’AtRGP1, -2 et -5
étaient détectés dans tous les tissus, avec une plus forte présence au niveau des fleurs, des
graines et des siliques en développement. Les transcrits d’AtRGP3 et -4 sont quasiment

uniquement retrouvés dans les siliques.

lll- Les transporteurs des nucléotides-sucre

Une fois les différents nucléotides-sucre synthétisés dans le cytosol, ils vont étre
transportés jusque dans la lumiere des saccules golgiennes via des transporteurs de
nucléotides-sucre (NST), qui sont des protéines golgiennes ayant 6 a 10 domaines
transmembranaires (Reyes et Orellana, 2008). Peu de NST pouvant participer a la synthése
des polysaccharides complexes, et plus particulierement du XyG ou du RG-l, ont été
identifiés chez Arabidopsis. Actuellement, seuls des NSTs pouvant transporter I’'UDP-glucose
et /ou 'UDP-galactose ont été identifiés et leur activité démontrée : AtUTrl (Norambuena et
al., 2002) et AtUTr7 (Handford et al., 2012) transportent I"'UDP-glucose et 'UDP-galactose ;
tandis qu’AtUTr2 (Norambuena et al., 2005), UDP-GalT1 et -2 (Bakker et al., 2005) et AtNST-
KT1 (Rollwitz et al., 2006) transportent uniguement I’'UDP-galactose.

L'identité de NSTs transportant I'UDP-xylose ou le GDP-fucose nécessaires a la
synthése du xyloglucane, ou bien I"UDP-acide galacturonique, 'UDP-rhamnose et I"'UDP-
arabinose nécessaires a la synthése du RG-I n’est pas encore connue. Cependant, tous ces
transporteurs ne sont peut-étre pas nécessaires, car plusieurs enzymes d’interconversion de
nucléotides-sucre sont des protéines transmembranaires de type Il également présentes

dans les saccules golgiennes, avec une activité luminale.
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Par exemple, le transport d’UDP-acide glucuronique au sein des saccules golgiennes
pourrait fournir un substrat pour la synthése d’UDP-acide galacturonique, d’"UDP-xylose et
d’UDP-arabinose au sein des saccules. En effet, toutes les UDP-acide glucuronique 4-
épimérases (AtGAE) identifiées sont de type Il, donc semblent générer de I'UDP-acide
galacturonique uniquement au sein des saccules golgiennes. Certaines UDP-xylose synthases
sont également de type Il (AtUXS1, -2 et -4) et peuvent générer de 'UDP-xylose a partir de
I'UDP-acide glucuronique. Enfin, I’'lUDP-arabinose peut étre généré a partir de 'UDP-xylose,

grace a une UDP-xylose 4-épimérase dont une, nommée AtUXE1/MUR4 est de type Il (Figure

21).
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Figure 21 : Vue générale des transporteurs d’UDP-sucres pouvant exister (adapté de Reboul et al., 2011)

GAE : UDP-D-acide glucuronique-4-épimérase ; GMD/GER GDP-D-mannose 4,6-déshydratase/ 3,5-épimérase-4-
réductase; RHM : UDP-L-rhamnose synthase; UGD : UDP-D-glucose déshydrogénase ; UGE:UDP-D-glucose 4-
épimérase ; UXE : UDP-D-xylose-4-épimérase ; UXS : UDP-D-xylose synthase

GDP-D-Man : Guanidine-diphosphate-D-mannose; GDP-L-Fuc: Guanidine-diphosphate-L-fucose; UDP-D-
Gal :uridine diphosphate-D-galactose; UDP-D-Glc: uridine diphosphate-D-glucose; UDP-D-GIcA : uridine
diphosphate-D-acide glucuronique; UDP-D-GalA : uridine diphosphate-D-acide galacturonique; UDP-L-Ara :
uridine diphosphate-D-arabinose; UDP-L-Rha : uridine diphosphate-L-rhamnose.

IV-Les glycosyltransférases impliquées dans la synthese du XyG

L'étude des mutants chimiques d’Arabidopsis, puis I'utilisation de la génomique
fonctionnelle ont permis d’identifier et de caractériser les principales glycosyltransférases
qui participent a la synthése du XyG de type XXXG. Cette derniére requiert une glucane

synthase pour I'assemblage de la chaine principale, et différentes glycosyltransférases pour
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la synthése des chaines latérales, qui sont principalement de type xylosyltransférase,

gactosyltransférase et fucosyltransférase.

IV-1- La Glucane synthase

Identifier un ou plusieurs génes responsables de la synthése de la chaine principale
de P(1,4)-D-glucose du XyG n’a pas été aisé, car sa structure est similaire a celle de la
cellulose. Cependant, la famille de genes CSL (cellulose synthase like) a été identifiée chez
Arabidopsis comme étant un bon candidat (Richmonds et Somerville, 2001) pour la synthése
des polysaccharides non cellulosiques. En 2007, Cocuron et al., ont identifié un géne chez la
capucine (Tropaeolum majus), puis ont ensuite trouvé un gene trés proche chez Arabidopsis
thaliana, nommé AtCSLC4. lls ont exprimé ce géne dans Pichia pastoris, en le coexprimant
avec le geéne d’une xylosyltransférase (AtXXT1), puisque de précédentes études ont montré
gu’ils devaient certainement agir ensemble pour la biosynthése du XyG (Hayashi et al.,
1981 ; Faik et al., 2002). Bien que Cocuron et al. n'aient pas réussi a détecter d’activité
glucane synthase, ils ont montré une accumulation de  [(1,4)-D-glucose chez les
cotransformants de Pichia, qui est naturellement riche en B(1,3)-D-glucose et pauvre en
B(1,4)-D-glucose. De plus, des analyses in silico révélent que ce gene est coexprimé avec
d’autres génes participant a la synthese du XyG, tel que le gene XTH22 codant pour une
xyloglucane endotransglucosylase/hydrolase.

Ces résultats tendent a montrer que AtCSLC4 est une glucane synthase impliquée
dans la synthése du XyG, et que la famille de genes AtCSLC est impliquée dans la synthése du
XyG (Liepman et Cavalier, 2012). AtCSLC4 est une protéine golgienne constituée de plusieurs
domaines transmembranaires (probablement six), avec son site actif situé sur la face
cytosolique (Cocuron et al., 2007 ; Davis et al., 2010). AtCSLC4 fonctionnerait probablement
de facon analogue aux protéines CESA, puisque sa topologie est trés proche, permettant
ainsi I'ajout d’UDP-glucose sur un polymere en cours de synthése et la traversée de la

membrane des vésicules golgiennes (Davis et al., 2010 ; Davis, 2012).

IV-2- Les a(1,6)Xylosylstransférases

La premiere a(1,6)xylosylstransférase, a été identifiée chez Arabidopsis par
homologie de séquence d’une a(1,6)galactosyltransférase du fenugrec (Edwards et al., 1999)

qui a conduit a 7 candidats possibles (Faik et al., 2002). L’activité d’AtXXT1 (xyloglucan
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xylosyltransferase 1) a été montrée par expression hétérologue dans Pichia pastoris. Un
cellopentaose de type GGGGG a été utilisé comme accepteur, et AtXXT1 y a transféré
principalement un résidu xylose sur le deuxieme résidu glucose a partir de I'extrémité non
réductrice, pour donner GXGGG.

Cavalier et Keegstra (2006) ont identifié AtXXT2, dont le géne est trés proche
d’AtXXT1. Cette fois-ci, I'activité de la protéine a été démontrée par expression hétérologue
dans des cellules d’insectes, car cela ne fonctionnait pas avec Pichia pastoris. L’'activité
d’AtXXT1 et AtXXT2 a été testée sur un cellopentaose et un cellohexaose comme accepteur.
Les deux enzymes ont permis |’ajout d’un résidu xylose pour donner GXGGG ou GGXGGG. De
plus, les auteurs ont montré qu’en augmentant le ratio UDP-xylose/cellohexaose et le temps
de réaction, AtXXT1 et AtXXT2 pouvaient ajouter un deuxieme résidu xylose pour donner
GGXXGG.

Zabotina et al. (2008) ont étudié une autre enzyme, nommée AtXXT5, ayant
potentiellement une activité a(1,6)xylosyltransférase. L'étude du XyG des graines du mutant
T-DNA xxt5 d’Arabidopsis, aprés traitement a I’endoglucanase, a montré une diminution des
fragments xylosylés (XXXG, XXFG et XXLG) et une augmentation de fragments avec un seul
xylose (GXXG et XXG), comparé au type sauvage. De plus, ils ont montré que le mutant xxt5
était complémenté par la protéine AtXXT5 et retrouvait un XyG comparable au type sauvage.
Enfin, des analyses immunohistochimiques effectuées sur le mutant xxt5, ont montré une
diminution spécifique des épitopes du XyG des parois (reconnus par les anticorps CCRCM1,
CCRCM39 et CCRCM58), alors que les épitopes d’autres polysaccharides étaient inchangés.
Bien que l'activité in vitro de la protéine n’ait pas été démontrée, ces résultats semblent
montrer que AtXXT5 peut étre une a(1,6)xylosyltransférase impliquée dans la synthése du

XyG.

IV-3- Les B(1,2)Galactosyltransférases

La premiére B(1,2)galactosyltransférase a été identifiée chez Arabidopsis grace a
I’étude du mutant chimique mur3 qui possede un XyG trés différent du type sauvage
(Madson et al., 2003). En effet, chez le type sauvage, apres traitement a I'endoglucanase,
des fragments typiques d’Arabidopsis XXXG, XLXG, XXLG, XXFG, XLLG et XLFG étaient
détectés, tandis que chez le mutant mur3, seuls les fragments XXXG et XLXG étaient

présents. Ceci tendait a montrer que le géne mur3 codait certainement pour une
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B(1,2)galactosyltransférase spécifique du troisieme résidu glucose portant un xylose. Une
fois le géne identifié, I'activité de la protéine AtMUR3 a été montrée par expression
hétérologue dans Pichia pastoris, montrant I'incorporation spécifique du galactose sur le
troisieme résidu glucose portant un xylose, pour donner le fragment XXLG et son équivalent
fucosylé XXFG. Grace a AtMUR3, 10 régions codantes proches de sa séquence ont été
identifiées, et I'étude des mutants d’insertion T-DNA a fait ressortir 2 candidats
(AtGT13/At2G32740 et AtGT18/At5G62220) montrant une diminution en galactose, qui
pourraient coder pour une galactosyltransférase (Li et al., 2004).

En 2012, Jensen et al., ont effectué une étude transcriptomique sur des graines de
capucine, qui sont riches en XyG non fucosylé, afin d’identifier de nouvelles enzymes
impliquées dans la synthése de ce polysaccharide. Parmi les génes trés exprimés, ils ont
recherché les génes orthologues chez Arabidopsis thaliana, et le candidat
AtGT18/At5G62220, précédemment cité comme une potentielle galactosyltransférase est
ressorti. Ainsi, ils ont étudié le phénotype du XyG chez le mutant gu’ils ont nommé x/t2
(Xyloglucan L-side chain galactosylTransferase position 2), et ont montré par les techniques
de HPAEC—PAD et OLIMP que les fragments XLXG and XLFG n’étaient pas détectés, alors que
les fragments XXLG et XXFG étaient bien présents. Ces résultats démontrent que AtXLT2
incorpore spécifiquement du galactose sur le deuxieme résidu glucose portant un xylose,
pour donner le fragment XLXG et son équivalent fucosylé XFXG. Pour confirmer que ce
phénotype était bien di a I'absence de la protéine AtXLT2, ils ont complémenté le mutant
avec AtXLT2 sauvage et réussi a restaurer un phénotype structural typique de XyG

d’Arabidopsis.

IV-4- La o(1,2)Fucosyltransferase

En 1999, Perrin et al, ont identifié¢ et caractérisé une xyloglucane
a(1,2)fucosyltransférase chez Arabidopsis thaliana. A partir de fractions microsomales
d’épicotyles de pois, ils ont purifié la protéine et testé son activité sur du XyG de tamarin ou
de graine de capucine (qui possedent un XyG non fucosylé). Une fois I'activité confirmée, ils
ont recherché un candidat orthologue chez A.thaliana, nommé AtFUT1, et démontré son
activité a(1,2)fucosyltransférase sur le XyG.

AtFUT1 a permis de mettre en évidence une famille de génes contenant 9 autres

glycosyltransférases potentielles, notées AtFUT2 a -10, qui ont été étudiées pour voir si
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certaines étaient redondantes avec AtFUT1, ou bien étaient des fucosyltransférases
impliquées dans la synthese d’autres polysaccharides non cellulosiques (Sarria et al., 2001).
L'activité de AtFUT3, -4 et -5 a été testée in vitro sur du xyloglucane (de tamarin), des
arabinogactanes (de méleze) et des arabinogalactanes protéines (de radis), mais aucun
transfert de fucose n’a eu lieu. AtFUT3, -4 et -5 ont ensuite été surexprimées chez
Arabidopsis pour voir si la composition monosaccharidique pariétale était modifiée. AtFUT4
et -5 induisaient une augmentation de fucose (ainsi qu’une augmentation de xylose, et une
diminution d’arabinose et de galactose) dans la composition pariétale des feuilles et de la
tige, comparé au type sauvage. AtFUT3 avait un profil pariétal différent d’AtFUT4 et -5, ainsi
gue du type sauvage. Ces résultats suggerent qu’AtFUT4 et -5 possedent des fonctions
similaires, mais distinctes d’AtFUT3.

En 2002, Vanzin et al., ont étudié le mutant chimique d’Arabidopsis mur2, qui
possede un phénotype normal, bien qu’il contienne moins de 2% de XyG fucosylé comparé
au type sauvage, et ce a cause d’'une mutation dans le gene AtFUTI1. Cette mutation
engendre la perte de fucosylation du XyG dans presque toute la plante, indiquant qu’AtFUT1

est la seule enzyme responsable de la fucosylation du XyG chez Arabidopsis thaliana.

V- Les glycosyltransférases impliquées dans la synthése du RG-|

Il existe peu de données sur [lidentification et Ila caractérisation des
glycosyltransférases impliquées dans la synthése du RG-I, comparé aux connaissances sur le
xyloglucane. En 2009, Caffall et Mohnen ont postulé que 34 glycosyltransférases ayant une
activité spécifique pourraient étre requises.

A ce jour, aucune donnée n’existe quant a lidentification de [l'activité de
glycosyltransférases impliquées dans la synthése de la chaine principale, qui est constituée
du disaccharide [-4-a-D-GalA-(1,2)-a-L-Rha-(1-)],, ainsi seules les glycosyltransferases
potentiellement impliquées dans la synthése des chaines ramifiées seront présentées.

Cependant, ces derniéres années, plusieurs équipes ont réussi a synthétiser
artificiellement un tétrasaccharide ou un hexasaccharide de la chaine principale (Nemati al.,
2008 ; Reiffarth et al., 2008 ; Zakharova et al., 2013). Ainsi, ils pourront servir de substrats
pour tester et montrer I'activité de glycosyltransférases candidates pour la synthése de la
chaine principale, mais aussi pour des glycosyltransférases qui pourraient initier la synthese

des chaines ramifiées a partir de la chaine principale.
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V-1- Les B(1,4)galactosyltransférases

Plusieurs études ont permis d’identifier des activités B(1,4)galactosyltransférases,
notamment chez le soja (Rosidée, Glycine max Merr) (Konishi et al., 2004, 2007a) et la
pomme de terre (Astéridée, Solanum tuberosum L.) (Geshi et al., 2002, 2004).

Konishi et al. (2004) ont réussi a transférer quelques résidus galactose sur des
galactanes pectiques commerciaux de lupin partiellement hydrolysés, par une préparation
membranaire issue d’hypocotyles étiolés de soja. Ils ont montré que le transfert nécessite au
moins 5 résidus galactose. En 2007, les mémes auteurs ont augmenté le transfert jusque 25
résidus galactose, avec une fraction plus purifiée, et ont montré qu’au-dela de 7 résidus
galactose, I'efficacité de transfert diminuait fortement.

Geshi et al. (2002) ont démontré une activité B(1,4)galactan galactosyltransférase a
partir de fractions microsomales issues de suspensions cellulaires de pomme de terre, puis
ont prouvé que cette activité était intra-golgienne (Geshi et al., 2004).

Récemment, Liwanag et al. (2012) ont réussi a identifier une B(1,4)galactan
B(1,4)galactosyltransférase dans la famille CAZy GT92, qui possede chez Arabidopsis 3
candidats potentiels nommés AtGALS1, -2 et -3. Ces 3 mutants d’insertion montrent une
diminution significative de galactose dans la paroi. De fagon plus fine, I'analyse de sucre a
montré une réduction significative du contenu en galactose dans les tiges chez les mutants
gals1-1 et gals3-1, mais pas chez le mutant gals2-1 ; et une faible réduction dans les graines
pour les mutants gals1 et gals2. Les 3 protéines sont des protéines transmembranaires de
type I, et la protéine AtGALS1 est golgienne. Les protéines AtGALS2 et -3 ont été identifiées
comme des protéines potentiellement golgiennes, d’aprés une étude protéomique effectuée
sur des fractions golgiennes purifiées de cellules d’Arabidopsis (Parsons et al., 2013).

Les auteurs ont exprimé la protéine AtGALS1, fusionnée a un tag (FLAG ou YFP), chez
Nicotiana benthamiana et ont démontré que les fractions microsomales contenant la
protéine AtGALS1 pouvaient transférer un galactose sur un B(1,4)galactopentaose. Les
auteurs suggérent que cette protéine n’est certainement pas une enzyme qui ajoute le
premier galactose sur la chaine principale du RG-l, puisque son substrat est un

B(1,4)galactopentaose, mais n’ont pas de preuve qu’elle pourrait étre processive.
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V-2- Les B(1,3)galactosyltransférases

Une étude bioinformatique a permis d’identifier chez Arabidopsis thaliana des
B(1,3)galactosyltransférases potentielles (Qu et al., 2008), par comparaison avec des
séquences de B(1,3)galactosyltransférases issues de I'Homo sapiens. Une vingtaine de
candidats a été identifiée, tous issus de la famille GT31, dont une B(1,3)galactosyltransférase
impliquée dans la synthése des N-glycannes, et caractérisée chez A. thaliana (Strasser et al.,
2007). Sur ces 20 candidats, 13 protéines sont prédites comme des protéines
transmembranaires de type Il, avec une localisation golgienne, aprés une analyse in silico des

séquences.

V-3- Les a(1,5)arabinosyltransférases

Chez Arabidopsis, une premiére a(1,5)arabinosyltransférase potentiellement
impliquée dans la synthese des chaines arabinanes du RG-l a été identifiée grace a la
génération d’'un mutant d’insertion T-DNA arad 1 (arabinan deficient 1). Il présente une
réduction d’arabinose d’environ 75% dans les feuilles et 46% dans les tiges (Harholt et al.,
2006). Une étude immunohistochimique a montré que cette diminution était spécifique des
arabinanes, de plus le RG-l du mutant présentait seulement 30% d’arabinose comparé au
sauvage. Enfin, lorsque la protéine AtARAD1 a été exprimée sous promoteur fort chez le
mutant arad 1-1, elle a permis de restaurer un niveau d’arabinose équivalent au type
sauvage. Bien que l'activité de la protéine n’ait pu étre testée in vitro, ces résultats tendent a
montrer que la protéine AtARAD1 est trés certainement une a(1,5)arabinan
arabinosyltransférase impliquée dans la synthése du RG-I. De plus, les auteurs ont constaté
gue méme si la quantité d’arabinose diminuait, le pourcentage de substitution de rhamnose
de la chaine principale restait identique, indiquant une diminution de la longueur des
chaines arabinanes. Ces résultats tendent a montrer que cette arabinosyltransférase a
certainement une activité processive.

Chez une autre Rosidée, le haricot mungo, Konishi et al. (2007a) ont démontré une
activité a(1,5)arabinofuranosyltransférase dans des fractions membranaires golgiennes
issues d’hypocotyles étiolés. lls ont démontré qu’il y avait transfert d’'un résidu UDP-
arabinofuranose (UDP-Araf) a la fois sur un oligomére d’arabinofuranoses liés en a(1,5) et

marqués au 2-AB (2-aminobenzamide), montrant une activité non processive. Lorsque cet
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oligomere possédait un arabinopyranose (Arap) en position terminale, il n’y avait aucun
ajout. Les auteurs ont donc émis I’hypothése que I'ajout d’Arap sur une chaine
a(1,5)arabinane était certainement le moyen de stopper I’élongation d’une chaine et donc

de contréler la longueur des chaines.

V-4- Les 0(1,2) et 0(1,3)arabinosyltransférases

Actuellement, aucune étude n’a mis en évidence de candidats potentiels pour une
activité a(1,2) ou a(1,3) arabinofuranosyltransférase pouvant participer a la synthese du RG-
I. Cependant, une étude récente portant sur la famille CAZy GT61, a démontré l'activité
d’une a(1,3)arabinofuranosyltransférase spécifique de la synthése des xylanes (Anders et al.,
2012). Cette famille posséde d’autres candidats qui potentiellement peuvent participer a la

synthése du RG-I.

V-5- Les B(1,3)arabinosyltransférases

Une activité B(1,3)arabinopyranosyltransférase permettant le transfert d’un résidu
arabinopyranose sur un accepteur L-arabinofuranose-oligosaccharide lié en a(1,5) marqué
au 2-AB a été identifiée sur une préparation d’hypocotyle de haricot mungo (Vigna radiate L.
Wilezek) (Ishii et al., 2005). Les résultats ont démontré que I'arabinopyranose transféré était
lié en B(1,3) sur le O-3 d’un résidu arabinofuranose terminal de I'oligosaccharide, et que le
degré de polymérisation le plus efficace s’effectuait avec un oligomére de 8

arabinofuranoses.
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PARTIE C: LA SYNTHESE GOLGIENNE DES POLYSACCHARIDES NON

CELLULOSIQUES CHEZ LES PLANTES EUDICOTYLEDONES

I- 'appareil de Golgi

[-1- Généralités

L'appareil de Golgi fut découvert par Camillo Golgi, professeur de pathologie générale
a I'Université de Pavie (Italie) en 1883. Il étudiait la structure du cervelet a I'aide d'une
coloration au nitrate d'argent, ou il décrivit un « appareil réticulaire interne » dans le
cytoplasme des cellules de Purkinje, qui fut ensuite nommé « appareil de Golgi ». Plus tard,
ce dernier fut décrit a I’échelle de la microscopie électronique comme « un empilement de
lamelles courbes a surface lisse entourées par des vacuoles de taille variable » (Sjostrand et
Hanzon, 1954). Ces lamelles courbes sont appelées citernes ou saccules.

Contrairement a I'appareil de Golgi (AG) des cellules animales qui est formé par une
structure fixe unique périnucléaire, celui des végétaux est constitué de nombreux
empilements golgiens mobiles dans le cytoplasme. Cependant, il existe des exceptions, telles
qgue la Drosophile et chez certaines cellules de mammiferes ou I'appareil de Golgi peut aussi
exister en plusieurs petites unités (Kondylis et Rabouille, 2009). Grace aux différentes études
de microscopie électronique réalisées chez les plantes (Staehelin et al., 1990; Staehelin and
Kang, 2008), I'appareil de Golgi a pu étre défini comme des empilements de citernes
constitués de 3 compartiments nommées cis, médian et trans, qui se distinguent par leur
position dans I'empilement golgien et leur morphologie unique (Figure 22A).

Les citernes cis sont les plus larges et sont les moins contrastées. Les citernes médian
sont plus étroites et plus denses aux électrons. Les citernes trans ont la plupart du temps
leur domaine central avec leur lumiére complétement collapsée et sont visualisées par un
trait épais denses aux électrons. Chacune de ces saccules ont des extrémités
bourgeonnantes. Un réseau trans-golgien (TGN, trans-Golgi network) peut étre associé, situé
trés proche des saccules trans. Il est constitué de nombreuses vésicules bourgeonnantes
ayant différents types de contraste. Des éléments interciternes situés entre les citernes trans
et le TGN peuvent également étre présents. Les saccules et le TGN sont englobés dans une
zone sans ribosomes, appelée matrice golgienne. De nos jours, la technique de tomographie

électronique, qui permet d’obtenir une image de microscopie électronique en 3 dimensions,
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ouvre de nouvelles perspectives sur la vision que nous avons de I'appareil de Golgi (Figure

228).

matrix

trans

Figure 22 : Morphologie générale d’'un empilement golgien.

A- Micrographie électronique montrant la structure 2-D des 3 catégories de saccules cis, médian, trans et le
TGN, chacun différenciés par la largeur de leur saccule et leur contraste spécifiques (Staehelin et al., 1990).

B- Tomogramme électronique représentant la structure 3-D d’un empilement golgien avec les différentes
saccules et le TGN englobés dans la matrice golgienne (Staehelin et Kang, 2008).

(ER : réticulum endoplasmique, med : médian ; TGN : réseau trans-golgien)

I-2- ’appareil de Golgi est une structure évolutive et mobile

La premiére difficulté pour définir un modéle général de la structure de I'appareil de
Golgi réside dans le fait que ce n’est pas une structure fixe. Le nombre d’empilements
golgiens par cellule, le nombre de citernes par empilement, la présence ou I'absence de TGN
et d’éléments interciternes varient en fonction du type cellulaire, du stade de
développement de la cellule et des espéces (Staehelin et al.,, 1990; Zhang and Staehelin,
1992).

Cette variabilité est due au fait que I'appareil de Golgi joue un réle central dans le
trafic membranaire intracellulaire. En premier lieu, au sein de l'appareil de Golgi, les
protéines sont glycosylées et les polysaccharides non cellulosiques sont synthétisés, puis
chacun est trié pour étre envoyé a sa destination finale selon les différentes voies (sécrétion,
lysosome, vacuole, endocytose,..). Son activité peut donc étre variable selon les besoins de
la cellule.

De plus, a I’échelle d’'un empilement golgien, deux points de vue ont longtemps été
débattus quant a son évolution dans le temps, a savoir si un empilement golgien est

constitué de saccules dont la nature reste fixe, formant une sorte de sous-organites
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distincts ; ou bien si les saccules évoluent du cis vers le trans. Ce deuxieme modele, appelé
« modeéle de maturation des citernes », propose que de nouvelles citernes se forment du
coté cis de I'empilement golgien, et maturent a travers 'empilement dans une direction cis-
trans, puis se dissipent en formant des vésicules dans le réseau trans-golgien.

De nos jours, c’est plutét ce modele qui est finalement accepté, car il a été mis en
évidence chez la levure Saccharomyces cerevisiae (Losev et al., 2006; Matsuura-Tokita et al.,
2006), les algues (Becker et al., 1995), les mammiféres (Bonfanti et al., 1998), et chez les
plantes (voir les revues Moreau et al., 2007 ; Staehelin et Kang, 2008 ; Hawes et al., 2010).

L'autre difficulté pour étudier I'appareil de Golgi est que, chez les plantes, les
empilements golgiens sont mobiles dans la cellule, des études I'ont notamment démontré
chez le tabac (Boevink et al., 1998 ; Nebenfiihr et al. 1999 ; Yang et al. 2005 ; Ito et al., 2012).
De plus, ce déplacement est dépendant des éléments du cytosquelette (systéme

actine/myosine) (Boevink et al., 1998 ; Nebenfihr et al. 1999).

I-3-Techniques développées pour étudier I'appareil de Golgi

Pour répondre a ces 2 difficultés, les techniques d’imagerie par microscopie
confocale a balayage laser et par microscopie électronique a transmission ont été
développées et admises comme étant les 2 méthodes complémentaires permettant I'étude
structurale et fonctionnelle de I'appareil de Golgi chez les plantes. La premiére permet une
observation in vivo de la dynamique des empilements golgiens dans leur environnement,
guand la deuxieme permet une observation avec une plus grande résolution, pour observer
I'ultrastructure des empilements golgiens a un instant donné.

A ces techniques ont été ajouté différents outils, dont la Brefeldin A (BFA). La BFA est
un métabolite fongique qui bloque le systéme endomembranaire de sécrétion, et plus
particulierement le transport entre le RE et le compartiment cis-Golgi. L'intérét de cette
molécule est qu’elle induit une disparition des empilements golgiens, et que son action est
réversible aprés un simple lavage de I’échantillon traité. Ainsi, on peut induire la reformation
d’un empilement golgien aprés un traitement a la BFA (Hawes et al., 2010).

L'utilisation de marqueurs de |'appareil de Golgi et de son environnement proche a
également été développée afin de suivre la néosynthése des empilements. Ces marqueurs
peuvent étre des protéines transmembranaires ou cytosoliques fusionnées a la Green

Fluorescent protein (GFP) ou l'un de ses variants (RFP, YFP) exprimées dans le systeme
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étudié, ou bien des anticorps couplés a des fluorochromes et dirigés contre des marqueurs
constitutifs. Ces marqueurs sont souvent des enzymes résidentes des empilements golgiens
ou des protéines associées aux vésicules impliquées dans le systéme endomembranaire de
sécrétion situées dans I’environnement tres proche des saccules.

Ainsi, les paragraphes suivants sont une synthese des résultats obtenus en utilisant

une approche combinée de ces différents outils.

lI- Biogenese et structure de I'appareil de Golgi

I1-1- Différents modeles de synthese

1I-1-1- Synthése de novo a partir du réticulum endoplasmique

Chez les plantes, lorsqu’on colocalise le réticulum endoplasmique (RE) et I'appareil de
Golgi, on observe une distribution des empilements golgiens parfaitement liée au réseau du
RE (Figure 23), en particulier sur des zones spécifiques du RE, appelées « site d’export du
RE » (ERES, endoplasmic reticulum exit site) (Hawes et Satiat-Jeunemaitre, 2005 ; Sparkes et

al., 2009, Hawes et al., 2010).

Figure 23 : L'association entre le RE et I'appareil de Golgi mise en évidence dans des cellules de tabac (Hawes
et Satiat-Jeunemaitre, 2005)

Coexpression d’'un marqueur du RE couplé a la GFP (vert) formant un réseau en toile d’araignée, et d’un
marqueur golgien couplé a la RFP (rouge) formant des spots, dans des cellules épidermiques de feuille de
tabac. Notez la colocalisation de signal des empilements golgiens (rouge) avec le réseau du RE (vert).

Les empilements golgiens étant constitués de saccules évolutives qui maturent du cis
vers le trans, I'hypothése a été posée que c’était peut-étre au niveau des ERES que les

empilements golgiens étaient synthétisés de novo.
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Récemment, une étude effectuée sur différents types d’algues (Scherffelia dubia,
Chlamydomonas reinhardtii) et sur des cellules de pointe de racine d’Arabidopsis a montré a
I’échelle ultrastructurale la mise en place des premiéres saccules cis au niveau des sites ERES
(Donohoe et al., 2013). Au départ, plusieurs vésicules intervenant dans le systeme de
sécrétion, appelées COPIl, vont fusionner pour donner une structure tubulaire, puis une
structure plate qui sera définie comme étant la premiére saccule cis. Une fois générée, cette
premiere petite saccule va évoluer en une saccule cis plus tardive, qui va grossir en taille
grace a la fusion d'autres vésicules COPII par les extrémités de la saccule (Figure 24A). Une
fois les saccules cis formées, elles maturent en saccules median, puis en saccules trans, puis

vont former le réseau trans-golgien (Figure 24B).

Figure 24 : Synthése de novo des saccules golgiennes (Donohoe et al., 2013)

A- Tomogramme électronique montrant les vésicules COPII (représentées en jaune) qui s’associent en petits
groupes (cercle en pointillés notés | et Il), puis fusionnent pour donner une structure tubulaire, la premiére
saccule cis (notée C1 en orange). Puis la saccule C1 va former une « vraie » saccule cis, nommée C2, et ainsi de
suite. De C2 a C5, les saccules cis grossissent grace a la fusion par les extrémités de vésicules COPIl. Barre
d’échelle : 100 nm. B- Tomogramme électronique montrant les vues de face des différents types de saccules,
cis, median et trans.

11-1-2- Duplication par maturation

Une autre hypothése sur la synthese de I'appareil de Golgi a été formulée. En effet,
durant le cycle cellulaire de cellules méristématiques d’Arabidopsis, il a été montré que le
nombre d’empilements golgiens, doublait durant la phase G2, précédant la mitose (Segui-
Simarro et al., 2006). Plus tard, la méme équipe a montré via la tomographie qu’a partir d’un
empilement golgien constitué de deux demi-citernes cis, on pouvait obtenir deux nouveaux

empilements golgiens (Staehelin et Kang, 2008). Ces derniers ayant des saccules qui
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maturent du cis vers le trans, les deux saccules cis servent de matrice de départ, et vont
ensuite évoluer en median, puis en trans pour donner un nouvel empilement golgien (Figure

25).

matrix

Figure 25 : Duplication par maturation d’un empilement golgien (Staehelin et Kang, 2008)

Tomogramme électronique montrant un empilement golgien en cours de division au niveau d’un ERES dans
une cellule méristématique de racine d’Arabidopsis. Les saccules cis (orange et vert) et médian (bleu et beige)
sont doublées et maintenues ensemble via une grande saccule trans (rose). Au-dessous, on peut observer
différents TGN (vert, blanc rouge). L'ensemble est entouré dans une matrice Golgienne (maillage blanc). On
observe également la fusion de vésicules COPII (sphéres jaunes) pour former les premiéres saccules cis.

11-1-3- Coexistence des 2 modeles

Récemment, Abiodun et Matsuoka (2013) ont démontré que la synthese des
empilements golgiens chez les cellules de tabac BY-2 se faisait selon les 2 systemes. Pour ce
faire, ils ont utilisé des protéines fluorescentes photoconvertibles (Hawes et al., 2010)
couplées a des marqueurs golgiens. L'intérét de ces protéines est de pouvoir différencier in
vivo des empilements golgiens préexistants et des empilements nouvellement synthétisés.
Ainsi, on s’affranchit de I'utilisation de la BFA pour destructurer puis reconstruire des
empilements golgiens, et la création de possibles artéfacts est minimisée.

Le principe est le suivant : les cellules de tabac exprimant les marqueurs golgiens
couplés a la protéine photoconvertible sont exposées a une lumiere violette, transformant le
marquage initial en vert des empilements golgiens en marquage rouge. Les cellules sont
ensuite cultivées normalement, puis de nouveau observées au microscope. Le marqueur
golgien nouvellement formé émettra en vert, et lorsqu’il sera transporté dans les
empilements golgiens, ces derniers auront donc un marquage rouge, vert et jaune.

lls ont observé une diminution rapide d’empilements golgiens «rouges» et

« jaunes », et une augmentation d’empilements golgiens « verts » dés le début de leur
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analyse, indiquant que la synthése de novo a partir du RE et la division d’empilements
préexistants apres avoir accepté la protéine marqueur provenant du RE nouvellement

synthétisée se fait en paralléle dans des cellules de tabac en croissance.

I1-2- Le réseau trans-golgien

Staehelin et Kang (2008), ont mis en évidence I'existence de deux types de TGN,
nommés TGN précoce et TGN tardif, ayant une morphologie bien distincte. Le TGN précoce
posséde un domaine central plat, provenant certainement d’une saccule trans et quelques
vésicules en bourgeonnement, et situé trés prés du compartiment trans de I'empilement
golgien. Le TGN tardif présente plut6ét une structure en grappe, constitué de vésicules et de

guelques restes de saccules, il peut étre proche ou éloigné du TGN précoce (Figure 26).

R\
/ late TGN

Figure 26 : Morphologie des différents types de TGN (Staehelin et Kang, 2008).

Micrographe (A) et tomogramme électronique (B) présentant la morphologie d’'un empilement golgien, avec
les TGN précoce et tardif. En (C), tomogramme électronique montrant une vue de face d’une saccule trans
(bleu), du TGN précoce (turquoise) et du TGN tardif (rouge). (CCV : vésicules a manteau de clathrine; SV:
vésicules de sécrétion)

Il a également été montré que le TGN tardif en tant que structure disparaissait
compléetement, puisque la totalité de ses membranes servait a la formation des vésicules de

sécrétion et des vésicules a manteau de clathrine. Ainsi, le TGN tardif peut étre considéré
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comme une structure a « usage unique », dont la durée de vie varierait en fonction des

besoins cellulaires (Kang et al., 2011 ; Kang, 2011).

I1-3- Comment est conservée 'intégrité d’un empilement golgien ?

11-3-1- Les éléments inter-citernes

Les éléments inter-citernes sont des éléments fibreux, opaques aux électrons, avec
une structure réguliere, et majoritairement détectés entre les saccules trans (Kristen, 1978 ;
Staehelin et al., 1990) (Figure 27A). Ces éléments sont supposés effectuer une compression
de la région centrale des citernes, afin de restreindre le gonflement des saccules et le
bourgeonnement de vésicules aux extrémités des saccules. En effet, une citerne avec un
contenu hypertonique aura tendance a devenir sphérique (Figure 27B). Kristen (1978) a émis
I’'hypothése que la compression des citernes par les éléments inter-citernes pouvait
engendrer un changement de distribution de charges électriques dans les membranes,
permettant ainsi une attraction des surfaces internes de ces derniéres et conduisant a des

saccules trés collapsées.

Figure 27 : Les éléments inter-citernes (Kristen, 1978)

(A) Micrographe montrant la morphologie des éléments inter-citernes, indiqués par les fleches noires.

(B) Schéma présentant le role possible des éléments inter-citernes. Ces derniers sont représentés en points
noirs entre les saccules trans, les fleches représentent la direction de la force de compression. (E : éléments
inter-citernes; FF : forming face (face cis); GV : golgi vesicles; MF : maturing face (face trans))

11-3-2- La matrice golgienne
La matrice golgienne est définie par une zone entourant les empilements golgiens
d’ou sont exclus les ribosomes, suggérant une densité plus forte que le cytoplasme dans

lequel se trouvent les empilements golgiens (Figure 28).
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Figure 28 : Morphologie de la matrice golgienne (Donohoe et al., 2013)
Micrographie montrant un empilement golgien inclut dans une zone exclue de ribosomes, la matrice golgienne,
délimitée par un trait blanc. Barre d’échelle : 300 nm.

La nature et le réle de cette matrice sont encore peu définis. Les golgines, une classe
de protéines avec une structure en superhélice, ont été identifiées dans la matrice golgienne
de plusieurs systemes eucaryotes, et leur réle commence a étre mieux compris. Les golgines
semblent avoir un réle dans le trafic membranaire et la structure des empilements golgiens.
De nombreuses golgines possédent un site de fixation pour les GTPases de la famille Rab, ce
gui améne a penser que les golgines pourraient agir de facon collective pour former une
matrice golgienne qui capture les membranes coatées avec la protéine Rab a proximité des
saccules (Munro, 2011 ; Renna et al., 2013).

Aujourd’hui, encore peu de golgines ont été identifiées chez les plantes, mais les
premiers résultats montrent une grande conservation de ces protéines dans les différents
systemes (Latijnhouwers et al., 2007), et suggerent donc un réle similaire, ou du moins en

partie.

11-4- Le systeme endomembranaire golgien

11-4-1- L’appareil de Golgi et les sites ERES

La nature du contact entre les sites ERES et les empilements golgiens fait débat,
puisque deux hypothéses sont proposées: les ERES et les empilements golgiens sont
associés de facon stable pour former une unité sécrétoire mobile (Brandizzi et al., 2002a;
daSilva et al., 2004) ou les empilements golgiens s’associent de facon transitoire aux ERES
(Nebenfiihr et al., 1999 ; Yang et al., 2005).

Staehelin et Kang (2008) ont proposé un modele appelé « Dock, Plug and Go »

(Figure 29). A I’échelle de la tomographie électronique, ils ont observé qu’au niveau d’un site
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ERES, les vésicules COPIlI bourgeonnent et s’entourent d’une couche d’ou sont exclus les
ribosomes. Un empilement golgien qui passe sur son filament d’actine va étre « arrimé » par
cette couche qui va I'orienter du c6té de sa face cis, et I'entourer comme dans une sorte de
cocon, le décrochant du filament d’actine. Les vésicules COPII délivrent alors leurs molécules
par fusion avec I'empilement golgien, puis une fois ce processus terminé, I'empilement
golgien est de nouveau libre de continuer son mouvement sur le filament d’actine. La nature
des molécules constituant la couche est trés certainement constitué de golgines structurées

en super-hélice (Latijnhouwers et al., 2007).

A GO-phase (saltatory/directional movements)
aassss ER export site
ER = = D
Golgi stack~es . et ‘ “**\copIl scaffol
\\ COPII bud
Golgi matéx K
* : ve .:‘ ‘:myosin actin filament
B DOCK- and PLUCK-phase (wiggling movements)
AS8888 ER export site
ER D

COPII vesicle 20" OF 2"

Golgi matrixs&si-'(%\;g":

Figure 29 : Le modeéle “Dock, pluck, and go” du transport RE/Golgi (Staehelin et Kang, 2008)

(A) « Phase Go » : Les empilements golgiens circulent sur les filaments d’actine propulsés par les moteurs de
myosine. (B) « Phase Dock- and Pluck : la couche située sur les vésicules COPIl en bourgeonnement va arrimer
I’empilement golgien et I'orienter sur sa face cis, et le décrocher du filament d’actine. Les vésicules COPII vont
délivrer leur molécules, puis I’empilement Golgien sera libre et de nouveau sur le filament d’actine.

11-4-2- Transports antérograde et rétrograde entre le RE et les empilements golgiens

Un transport antérograde est effectué par les vésicules COPII, originaires du RE, qui
se chargent de transporter les molécules du RE vers le compartiment cis, et participent
activement a la génération des saccules comme vu au paragraphe 1l-1-1. Un transport
rétrograde est effectué par les vésicules COPI, originaires des saccules golgiennes, qui se
chargent de ramener des protéines « échappées » du RE et du transport intra-golgien. En
effet, puisqu’'un empilement golgien est une structure dont les saccules maturent en
permanence, les vésicules COPI maintiennent la composition membranaire de chaque type

de saccule.
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Il a été montré par tomographie électronique (Staehelin et Kang, 2008) qu’il existait
deux groupes de vésicules COPl, nommés COPla et COPIb. Les vésicules COPla bourgeonnant
uniqguement des saccules cis, sont confinées dans I'environnement RE/cis-Golgi, et
colocalisent avec les vésicules COPIl. Au contraire, les vésicules COPIb bourgeonnant
exclusivement des saccules median, trans et du TGN précoce, sont confinées dans

I’environnement proche de ces saccules (Figure 30).

{ ER l
fO\

t
coriar O cos () ~{copn

s - i cis
i« ) 7
@E = S )@_ med
ol

trans

P early

o £
= Uy N\ TGN
WSy -~ =~ O
Sclathrin / -
secretory

Figure 30 : Transport antérograde et rétrograde entre le RE et les empilements golgiens (Staehelin et Kang,
2008)

Les vésicules COPII effectuent le transport antérograde du RE vers les saccules cis, tandis que les vésicules
COPIla se chargent du transport cis vers le RE, et les vésicules COPIb se chargent du transport rétrograde au
niveau des saccules médian, trans et du TGN précoce.

11-4-3- Transport post-Golgi

Le réseau trans-golgien est le point de départ du transport post-Golgi, qui joue un
role essentiel dans la voie de sécrétion, mais également dans les voies d’endocytose et de
recyclage des membranes. Ces transports font appel a des vésicules bourgeonnant a partir
du TGN, via la nature lipidique particuliere des membranes ou grace a I'action de protéines
manteaux, comme détaillé ci-apres.

Les vésicules a manteaux (Figure 31, «Coat-mediated budding») se forment grace a
I’action des coat protein complexes (CPCs) qui vont faciliter la reconnaisance de la molécule
a transporter et la déformation de la membrane, et a I'action des dynamin-related GTPases
(DRPs) qui participent a la tubulation et a la scission de la vésicule ainsi formée. Puis,
I'intervention des Rab GTPases (membre des Ras), des protéines d’attachement et des
SNAREs (soluble N-ethylmaleimide-sensitive factor attachment protein receptors) vont

permettre le guidage, I'ancrage et la fusion de la vésicule au niveau de la membrane
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réceptrice (Fujimoto et al., 2012). Pour les vésicules formées a partir de domaines lipidiques
(Figure 31, «Domain-mediated budding»), de petits radeaux lipidiques vont fusionner pour
former une plateforme lipidique plus large et plus stable qui va également emprisonner les
molécules cargo. Les différents lipides créent des forces de tension qui vont recourber la

membrane, et ce avec I'aide d’autres facteurs (Melser et al., 2011 ; Surma et al., 2012).

Domain-mediated Coat-mediated

Lipidraft  Protein

Figure 31 : Formations des vésicules de transport au niveau du TGN (Surma et al., 2012).

Droite : formation des vésicules a manteau. La molécule cargo est intégrée dans une vésicule de transport par
I'action de protéines « adaptateur » et de protéines manteaux qui vont induire une déformation de la
membrane. Gauche : la formation du radeau lipidique est induite avec I'aide d’agents aidant a I'agglomération
des lipides et des molécules cargo. Les différents lipides créent des forces de tension qui vont recourber la
membrane, et ce avec I'aide d’autres facteurs.
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L'idée que le bourgeonnement de certaines vésicules au niveau du TGN a lieu
spécifiguement au niveau de microdomaines lipidiques distincts est de plus en plus présente
(Melser et al., 2011 ; Surma et al., 2012). Effectivement, le TGN a été observé comme le lieu
privilégié pour la formation de microdomaines lipidiques, également nommés « radeaux
lipidiques » (Klemm et al., 2009). Récemment, une étude a montré le réle déterminant des
sphingolipides et des stérols dans le trafic endomembranaire (Yang et al., 2013). lls ont
étudié un transporteur ABC (ATP-binding cassette) chez Arabidopsis et ont montré qu’une
fois traversé I'empilement golgien, son départ au niveau du TGN dépendait du contenu
membranaire en stérols.

Cela présente plusieurs avantages. Premiérement, cette organisation en
microdomaines ne nécessite pas l'intervention d’autres molécules qu’il faudrait ensuite
stocker au niveau de I'appareil de Golgi. De plus, ce systéme représente un bon moyen pour
exclure les protéines transmembranaires résidentes de I'appareil de Golgi des vésicules en
bourgeonnement, parce qu’elles seront riches en cholestérol/sphingolipides, et ainsi les
retenir indirectement dans I'empilement golgien (Bretscher et Munro, 1993).

En 2006, Dettmer et al., ont émis I’"hypothése que le TGN ne jouait pas uniquement
un role dans le systeme de sécrétion, mais également dans le systeme d’endocytose, en
représentant un endosome précoce. Ainsi, le TGN a été nommé TGN/EE pour Early
Endosome. La méme équipe a également observé que les TGN/EE se dissociaient de
I'appareil de Golgi et pouvaient s’associer a d’autres TGN par le biais d’une interaction
homotypique réversible (Viotti et al., 2010). Enfin, ils ont démontré que les corps
multivésiculaires (MVBs, Multivesicular Bodies), représentant les endosomes tardifs (LE, Late
Endosome), étaient dérivés du TGN/EE par maturation, et que la formation des vésicules
intraluminales commencait dés le TGN/EE, via I'action d’ESCRT (Endosomal Sorting Complex
Required for Transport) et I'action d’annexines pour I'étape finale de libération des MVBs
comme transporteur jusqu’a la vacuole. Ainsi, ils ont également démontré que le transport
post-TGN vers les vacuoles lytiques n’était pas dépendant des vésicules a clathrines

(Scheuring et al., 2011) (Figure 32).
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Figure 32 : Modéle de maturation des corps multivésiculaires (MVBs) a partir du TGN (Scheuring et al., 2011).
Le TGN/EE se subdivise probablement en différents domaines, certains vont donner les vésicules de sécrétion
vers la membrane plasmique, d’autres domaines vont maturer pour former un MVB/LE, via I'action des
complexes ESCRT et d’annexine, qui fusionnera avec une vacuole lytique.

(CCV : vésicules a manteau de clathrine ; MVB/LE : corps multivésiculaire/endosome tardif ; TGN/EE : réseau
trans-golgien/endosome précoce ; SV : vésicule de sécrétion)

lll- La synthése golgienne des PS complexes

I11-1- Généralités

Les premieres études ayant démontré l'implication de I'appareil de Golgi dans la
synthése des PS pariétaux datent des années 60 et 70 (Pickett-Heaps, 1966, 1968; Harris et
Northcote, 1971; Dauwalder et Whaley, 1974). Elles ont montré que I'appareil de Golgi était
riche en glucides de méme nature que ceux contenus dans la paroi. Puis, d’autres études ont
montré le role de I'appareil de Golgi dans la synthése des PS non cellulosiques par la
présence d’activités glycosyltransférases spécifiques dans les membranes golgiennes
(Gardiner and Chrispeels, 1975; Green et Northcote, 1978; Ray, 1980 ; Camirand et al., 1987,
Brummell et al., 1990; Gibeaut et Carpita, 1994).

Les glycosyltransférases impliquées dans la synthése du xyloglucane et du
rhamnogalacturonane-l qui ont été caractérisées (voir partie B; Scheller et al., 2010;
Atmodjo et al., 2013) sont des protéines transmembranaires de type Il résidentes de

I'appareil de Golgi.
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I1l-2- La rétention des glycosyltransférases au sein du Golgi

Plusieurs mécanismes de rétention des protéines membranaires semblent coexister
(Figure 33), impliquant la nature de leur séquence primaire, ainsi que leur relation avec la

composition lipidique des membranes golgiennes.

Oligomerization TMD-based partitioning
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Figure 33 : Différents mécanismes de rétention des protéines membranaires (adapté de Banfield, 2011).

« Oligomerization »: rétention par oligomérisation des protéines ; « TMD-based partitioning »: rétention selon
la longueur et la nature du domaine transmembranaire de la protéine ; « Lipid composition-based partitioning
»: rétention de la protéine selon la composition lipidique membranaire du compartiment.

11I-2-1- Longueur et nature du domaine transmembranaire des protéines

En 1993, Bretscher et Munro ont observé que les protéines transmembranaires de
type |l localisées dans la membrane plasmique avaient un domaine transmembranaire en
moyenne plus long que des protéines golgiennes transmembranaires de type Il. Ce modéle
propose que le domaine transmembranaire plus court des protéines golgiennes de type Il
empéche leur entrée dans les vésicules de sécrétion a destination de la membrane
plasmique, ces derniéres ayant une bicouche plus épaisse enrichie en stérols. Ainsi, la
longueur et la composition riche en acides aminés aromatiques du domaine
transmembranaire des protéines golgiennes seraient déterminantes pour leur rétention

dans le Golgi.
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Une étude menée chez le tabac a clairement démontré que la longueur du domaine
transmembranaire jouait un role déterminant sur la localisation d’une protéine
transmembranaire de type | (Brandizzi et al., 2002b). Enfin, une récente étude de
protéomique effectuée sur des cals d’Arabidopsis a comparé la structure des domaines
transmembranaires de 304 protéines localisées dans le RE, 197 localisées dans I"appareil de
Golgi et 208 dans la membrane plasmique. Comparées aux protéines de la membrane
plasmique, les protéines golgiennes ont des domaines transmembranaires plus courts, avec
des séquences qui possedent plus d’acides aminés hydrophobes volumineux comme la
leucine, la phénylalanine, la tyrosine. Leur queue cytosolique est quant a elle inférieure a 45

acides aminés (Nikolovski et al., 2012).

111-2-2-Un signal de rétention dans la séquence protéique

Pour les protéines transmembranaires de type Il, il n’y a pas de motif directement lié
a une rétention dans I'appareil de Golgi, comme il peut exister pour le RE (motif H/KDEL).
Cependant, plusieurs études tendent a montrer que la queue cytosolique joue un réle
essentiel, mais pas suffisant dans la rétention au sein de I'appareil de Golgi (Dirnberger et al.,
2002 ; Saint-Jore-Dupas et al., 2006). Ainsi, il semblerait que la présence d’acides aminés
basiques (Arginine/Lysine) situés dans la queue cytosolique de glycosyltransférases soit
importante pour faciliter I'export de ces protéines au niveau du RE (Schoberer et al., 2009 ;
Strasser et al., 2006).

Dés lors, une glycosyltransférase de type Il pourrait résider dans I'appareil de Golgi
par un signal de rétention «indirect », a savoir un export immédiat du RE, puis une
localisation dans I'appareil de Golgi par son domaine transmembranaire ou via une

interaction avec d’autres protéines partenaires (Banfield, 2011).

111-2-3-La composition lipidique des membranes golgiennes

En 2008, Patterson et al., ont proposé que les protéines transmembranaires
golgiennes se séparaient dans des domaines membranaires spécifiques selon un ratio
lipidique, en particulier celui des glycérophospholipides/sphingolipides (GPL/SL). En effet, ce
dernier est plus faible du coté cis et plus important du c6té trans. Ainsi, chaque protéine
transmembranaire irait vers le compartiment dont le ratio lipidique lui convient (Patterson

et al. 2008; Lippincott-Schwartz et Phair 2010; Sharpe et al., 2010).
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l1I-2-4-Ancrage des enzymes par les éléments inter-citernes

Staehelin et al. (1990) ont proposé que les éléments inter-citernes, situés
principalement au niveau du trans-Golgi, aient pour fonction principale de servir de point
d’ancrage pour les enzymes transmembranaires ou les complexes enzymatiques au sein des
saccules golgiennes afin de prévenir leur sorties dans les vésicules de sécrétion. Cependant,

aucune étude n’a démontré cette hypothese.

l11-2-5- L’oligomérisation des protéines

Il a été observé dans le monde animal et le monde végétal que les protéines
membranaires résidentes de I'appareil de Golgi, peuvent exister sous forme de monomeres,
mais également sous forme d’homo- ou hétéro-oligomeéres (Banfield, 2011 ; Oikawa et al.,
2013). Un des rbles proposés pour cette oligomérisation est que ces protéines seraient
exclues des vésicules de transport car le complexe formé serait trop large, les préservant
ainsi de leur sortie d’'un empilement golgien (Nilsson et al., 1993). La capacité a former des
oligomeres dépendrait des caractéristiques du domaine transmembranaire (longueur et

composition en acides aminés) et/ou de leur région luminale (Banfield, 2011).

I11-3- Les enzymes de synthese fonctionnent en complexes

l11-3-1- Généralités

La synthése golgienne des polysaccharides pariétaux, tels que le xyloglucane et le
rhamnogalacturonane-l, nécessite l'action concertée d’enzymes d’interconversion des
nucléotides-sucres, des transporteurs de nucléotides-sucres et de glycosyltransférases, dont
un certain nombre a été identifié, comme décrit dans la partie B de ce chapitre.

Les glycosyltransférases sont des protéines membranaires de type I, ayant un seul
domaine transmembranaire, avec un site catalytique dans la lumiére d’'une saccule
golgienne. Les enzymes d’interconversion des nucléotides-sucres peuvent également étre
des protéines transmembranaires de type Il ou bien des protéines solubles, souvent
périphériques et associées a un empilement golgien, et d’autres peut-étre situées dans la
lumiére d’une saccule golgienne. Enfin, les transporteurs de nucléotides-sucre sont des
protéines membranaires présentent dans la memebrane golgienne et possédant plusieurs

domaines transmembranaires (Figure 34).
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Figure 34 : Les différents types de protéines (adapté de Banfield et al., 2011).

« Type Il »: Les protéines ont un domaine transmembranaire avec un domaine catalytique luminal,
« Peripheral » : ce sont des protéines solubles souvent associées a des partenaires transmembranaires,
« Multispanning » : protéines avec plusieurs domaines transmembranaires.

Les approches de biochimie, de bio-informatique et d’imagerie ont permis d’apporter
des preuves plus ou moins directes sur le fonctionnement de ces différents acteurs en
complexes enzymatiques golgiens pour la synthése des polysaccharides pariétaux. Par
exemple, il a été montré que pour la synthése de I'homogalacturonane (Atmodjo et al.,
2011), la galacturonosyltransférase AtGAUT1 fonctionne en complexe avec une autre
protéine nommée AtGAUT7, qui bien que présentant des similarités avec AtGAUT1, n’a pas
d’activité transférase. Ces deux protéines sont membranaires de type Il, mais la région N-
terminale et le domaine transmembranaire de AtGAUT1 seraient clivés et son site
catalytique serait lié par des liaisons covalentes et non-covalentes au site catalytique de
AtGAUT7 (Figure 35). Une analyse protéomique a également démontrée qu’une douzaine

d’autres protéines étaient potentiellement associées a ce complexe.

GAUT1 GAUT1
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Figure 35 : Association des protéines AtGAUT1 et AtGAUT7 (adapté de Oikawa et al., 2012).
La partie N-terminale et le domaine transmembranaire d’AtGAUT1 sont clivés, puis la partie C-terminale
possédant le site catalytique est associé via des cystéines a la partie C-terminale d’AtGAUT7.
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11I-3-2-Complexes enzymatiques impliqués dans la synthése du XyG

Il a été montré que la glucane synthase AtCSLC4 et la xylosyltransférase AtXXT1
fonctionnaient certainement en complexe d’aprés des études biochimiques effectuées in
vitro (Hayashi et al., 1981, 1988). Plus récemment, Chou et al. (2012) ont démontré par
différentes méthodologies in vitro et in vivo I'existence d’homodimeres de la glucane
synthase AtCSLC4-AtCSLC4 et de la xylosyltransférase AtXXT2-AtXXT2 (également montré par
Pattathil et al.,, 2005) , et d’hétérodimeres AtXXT1-AtXXT2, AtXXT2-AtXXT5 et AtXXT5-
AtCSLC4.

L'UDP-glucose épimérase AtUGE4, qui transforme I'UDP-glucose en UDP-galactose,
participe a la galactosylation du XyG. Elle est cytosolique, mais également localisée en
périphérie de I'appareil de Golgi, et pourrait ainsi étre associée a la galactosyltransférase
AtMURS3 (Barber et al., 2006 ; NGuema-Ona et al., 2006). AtUGE2, une autre épimérase, agit
synergiquement avec AtUGE4, et ces deux protéines solubles peuvent former des
homodimeéres et également des hétérodiméres entre elles, mais avec une faible interaction
(Rosti et al., 2007).

La synthese du GDP-L-fucose (ou 6-désoxy-L-galactose) a partir du GDP-D-mannose
nécessite I'action d’'une GDP-D-mannose-4,6-déshydratase AtGMD2/MUR1 et d’une 3,5-
épimérase-4-réductase AtGER1/FX. Nakayma et al. (2003) ont montré que ces deux
protéines cytosoliques formaient un complexe, et que la protéine AtGER1/FX était méme

importante pour garder I'intégrité de la protéine AtGMD2/MUR1 (Figure 36).
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Figure 36 : Association des protéines AtFX/GER1 et AtMUR1/GMD2 (Nakayama et al., 2003).
L’association de la protéine AtGER1/FX a la protéine AtGMD2/MUR1 permet de maintenir cette derniére dans
une forme stable et active.
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l11-3-2-Complexes enzymatiques impliqués dans la synthése du RG-I

Comme il a été vu dans la partie B, peu de glycosyltransférases impliquées dans la
synthése du RG-I ont été identifiées. Récemment, Liwanag et al. (2012) ont réussi a identifier
une B(1,4)galactan B(1,4)galactosyltransférase AtGALS1, mais il n‘ont pas testé si cette
derniere était associée en oligomeres.

L’'UDP-L-arabinopyrannose est synthétisé par les UDP-D-xylose 4-épimérases, or in
planta les pectines contiennent du L-arabinofuranose transféré par des
arabinosyltransférases. L’action intermédiaire d’UDP-arabinose mutases, nommées RGP
(voir partie B), convertissant I"'UDP-arabinopyranose en UDP-arabinofuranose est donc
nécessaire. En 2011, Rautengarten et al. ont montré in vitro I'existence de différents hétéro-
oligoméres AtRGP1-AtRGP2-AtRGP5 ; AtRGP3-AtRGP1 et AtRGP4-AtRGP2-AtRGP1. De plus,
les auteurs ont montré qu’AtRGP1, -2 et -5 s’associent in vivo en complexes cytosoliques,
dans I’environnement tres proche des vésicules golgiennes.

De Pino et al. (2007), ont montré que la glycosylation des RGPs facilitait leur
association en complexe, et ont proposé que l'intérét de ces protéines de fonctionner en
complexe serait de faciliter leur association aux vésicules golgiennes. Plus récemment, ces
mémes auteurs ont confirmé et affiné leur hypothése en étudiant les RGPs du riz (De Pino et
al., 2013). lls ont montré que la formation de complexes s’effectuait a des moments
spécifiques du développement, puisqu’ils sont présents sur de jeunes plantules et absents
sur des graines non germées. La formation d’'un complexe est donc trés probablement
associée a la synthese d’un polysaccharide durant I'élongation de la plante. De plus, une
expression différentielle des transcrits des RGPs de classe 1 et 2 a été observée. Ainsi, ils
proposent que les RGPs de classe 1 soient glycosylées dans le cytosol, ce qui enclenche le
recrutement de RGPs de classe 2, voire de classe 1. Une fois les RGPs complexées, une RGP
de classe 2 pourrait se lier aux vésicules golgiennes (Figure 37). Les RGPs de classe 2 n‘ont

pas d’activité mutase.
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Figure 37 : Oligomérisation des protéines RGPs (De Pino et al., 2013).
Une fois la glycosylation d’'une RGP de classe 1, le recrutement de RGPs de classe 2, voire de classe 1, peut

s’effectuer, puis le complexe formé peut étre lié aux vésicules golgiennes via une RGP de classe 2 (C1RGP : RGP
classe 1, C2RGP : RGP classe 2)

I11-4- Les enzymes de synthése sont spécifigues d’un compartiment golgien

Schoberer et Strasser (2011) ont résumé plusieurs études ayant utilisé les techniques
d’imagerie in vivo pour compartimenter les glycosyltransférases impliquées dans la synthese
golgienne des N-glycanes chez les plantes (ce sont aussi des protéines membranaires de type
II). Ces études ont testé la présence ou non d’une colocalisation des différentes
glycosyltransférases testées avec l'a2,6-sialyltransférase de rat, qui est un marqueur
reconnu de la face trans-Golgi a I'échelle de la microscopie électronique a transmission
(Boevink et al., 1998 ; Wee et al., 1998).

D’autres études effectuées a I’échelle de la microscopie électronique a transmission
ont montré que ces enzymes étaient spécifiquement localisées dans un seul type de
compartiment golgien cis ou médian (Nebenfihr et al., 1999; Pagny et al., 2003 ; Saint-Jore-
Dupas et al. 2006 ; Reichardt et al., 2007; Staehelin and Kang, 2008).

Actuellement, la cartographie a I'échelle de la microscopie électronique au sein de
I'appareil de Golgi des enzymes impliquées dans la synthése du XyG ou du RG-I est trés peu
connue (Chevalier et al., 2010). Cependant, plusieurs études d’immunomarquage ont permis
d’effectuer la cartographie golgienne d’épitopes polysaccharidiques spécifiques de la chaine

principale ou de chaines ramifiées fucosylées du XyG (Zhang and Staehelin, 1992; Driouich et
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al., 1993; Staehelin et Driouich, 1997). Celles-ci ont montré que ces épitopes étaient associés
aux citernes trans et au réseau trans-golgien. Zhang et Staehelin (1992) ont également
étudié la cartographie golgienne d’un épitope polysaccharidique associé a la chaine

principale du RG-I, qui a été détecté dans les citernes cis et median.

En tant que préambule a I'ensemble de ces travaux, nous avons écrit et publié une
revue synthétisant I'ensemble des connaissances sur la synthése golgienne et la sécrétion

des polysaccharides de la paroi primaire des plante supérieures, présentée ci-apres.
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The Golgi apparatus of eukaryotic cells is known for its central role in the processing, sort-
ing, and transport of proteins to intra- and extra-cellular compartments. In plants, it has the
additional task of assembling and exporting the non-cellulosic polysaccharides of the cell
wall matrix including pectin and hemicelluloses, which are important for plant development
and protection. In this review, we focus on the biosynthesis of complex polysaccharides of
the primary cell wall of eudicotyledonous plants. We present and discuss the compartmen-
tal organization of the Golgi stacks with regards to complex polysaccharide assembly and
secretion using immuno-electron microscopy and specific antibodies recognizing various
sugar epitopes. We also discuss the significance of the recently identified Golgi-localized
glycosyltransferases responsible for the biosynthesis of xyloglucan (XyG) and pectin.
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INTRODUCTION
One of the most important functional properties of the plant Golgi
apparatus is its ability to synthesize complex matrix polysaccha-
rides of the cell wall. Unlike cellulose which is synthesized at the
plasma membrane and glycoproteins whose protein backbones are
generated in the endoplasmic reticulum, the cell wall matrix poly-
saccharides (pectin and hemicelluloses) are assembled exclusively
in the Golgi cisternae and transported to the cell surface within
Golgi-derived vesicles (Driouich et al., 1993; Lerouxel et al., 2006).

The synthesis of cell wall matrix polysaccharides occurs
through the concerted action of hundreds of glycosyltransferases.
These enzymes catalyze the transfer of a sugar residue from an
activated nucleotide-sugar onto a specific acceptor. The activity
of these enzymes depends, in turn upon nucleotide-sugar syn-
thesizing/interconverting enzymes in the cytosol, and also on the
nucleotide-sugar transporters necessary for sugar transport into
the lumen of Golgi stacks and subsequent polymerization.

Because cell wall matrix polysaccharides exhibit a high struc-
tural complexity, their biosynthesis must be adequately organized
and a certain degree of spatial organization/coordination must
prevail within Golgi compartments, not only between glyco-
syltransferases themselves, but also between glycosyltransferases
nucleotide-sugar transporters and nucleotide-sugar interconvert-
ing enzymes (Seifert, 2004; Reiter, 2008).

Cell wall matrix polysaccharides are known to confer impor-
tant functions to the cell wall in relation with many aspects of

plant life including cell growth, morphogenesis and responses to
abiotic, and biotic stresses. Plant cell walls are also an important
source of raw materials for textiles, pulping and, potentially, for
renewable biofuels or food production for humans and animals
(Cosgrove, 2005; Pauly and Keegstra, 2010).

THE PRIMARY CELL WALL IS COMPOSED OF DIVERSE
COMPLEX CARBOHYDRATES

Plants invest a large proportion of their genes (~10%) in the
biosynthesis and remodeling of the cell wall (Arabidopsis Genome
Initiative, 2000; International Rice Genome Sequencing Project,
2005; Tuskan et al., 2006).

Cell walls of flowering plants are highly diverse and hetero-
geneous (Popper et al., 2011). They are composed of a variety
of complex carbohydrates whose compositional and structural
properties are controlled spatially and temporally as well as at
the tissue and cell levels (Roberts, 1990; see also Burton et al.,
2010).

The primary wall of eudicotyledonous plants comprises cel-
lulose microfibrils and a xyloglucan network embedded within a
matrix of non-cellulosic polysaccharides and proteins (i.e., glyco-
proteins and proteoglycans). Four major types of non-cellulosic
polysaccharides are found in the primary walls of plant cells (in
taxa outside the gramineae), namely the neutral hemicellulosic
polysaccharide xyloglucan (XyG) and three main pectic polysac-
charides, homogalacturonan (HG), rhamnogalacturonan I and
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rhamnogalacturonan II (RG-I and RG-II; Carpita and Gibeaut,
1993; Mohnen, 2008; Scheller and Ulvskov, 2010).

XyG consists of a B-p-(1-4)-glucan backbone to which are
attached side chains containing xylosyl, galactosyl-xylosyl, or
fucosyl-galactosyl-xylosyl residues. In eudicotyledonous plants,
XyG is the principal polysaccharide that cross-links the cellulose
microfibrils. It is able to bind cellulose tightly because its B-p-(1-
4)-glucan cellulose-like backbone can form numerous hydrogen
bonds with the microfibrils. A single XyG molecule can therefore
interconnect separate cellulose microfibrils. This XyG-cellulose
network forms a major load-bearing structure that contributes to
the structural integrity of the wall and the control of cell expansion
(Cosgrove, 1999, 2005; Scheller and Ulvskov, 2010).

The pectic matrix is structurally complex and heteroge-
neous. HG domains consist of a-p-(1-4)-galacturonic acid (GalA)
residues, which can be methyl-esterified, acetylated, and/or sub-
stituted with xylose to form xylogalacturonan (Willats et al., 2001;
Vincken et al., 2003). De-esterified blocks of HG can be cross-
linked by calcium producing a gel matrix which is believed to
be essential for cell adhesion (Jarvis, 1984). RG-I domains contain
repeats of the disaccharide [-4-a-p-GalA-(1-2)-a-L-Rha-(1-)] and
the rhamnosyl residues can possess oligosaccharide side chains
consisting predominantly of B-p-(1—4)-galactosyl- and/or a-1-
(1-5)-arabinosyl-linked residues (McNeil et al., 1982). Side chains
of RG-I can also contain a-L-fucosyl, B-p-glucuronosyl, and 4-O-
methyl B-p-glucuronosyl residues and vary in length depending
on the plant source (O'Neill et al., 1990). These chains are believed
to decrease the ability of pectic molecules to cross-link and form a
stable gel network, and are thereby able to influence the mechan-
ical properties of the cell wall (Hwang and Kokini, 1991). In
addition, the structure and tissue distribution of arabinan- or
galactan-rich side chains of RG-I have been shown to be regu-
lated during cell growth and development of many species (for
review see Willats et al., 2001; Scheller et al., 2007; Harholt et al.,
2010).

RG-II is the most structurally complex pectic polysaccharide
discovered so far in plants and is of a relatively low molecular
mass (5-10Kda; Ridley et al., 2001). It occurs in the cell walls
of all higher plants as a dimer (dRG-11-B) that is cross-linked by
borate di-esters (Matoh et al., 1993; Ishii and Matsunaga, 1996;
Kobayashi et al., 1996; O’Neill et al., 1996). The backbone of RG-
II is composed of a HG-like structure containing at least eight
a-p-(1-4)-GalA-linked residues to which four structurally differ-
ent oligosaccharide chains, denoted A, B, C, and D, are attached.
The C and D side chains are attached to C-3 of the GalA residues
of the backbone whereas A and B are attached to C-2 of GalA
residues (O'Neill et al., 2004). The C chain corresponds to a dis-
accharide that contains rhamnose and 2-keto-3-deoxy-p-manno-
octulosonic acid (Kdo), whereas the D chain is a disaccharide
of 2-keto-3-deoxy-p-lyxo-heptulosaric acid (Dha) and arabinose
(O’Neill et al., 2004). The A and B oligosaccharide chains are both
composed of eight to ten monosaccharides and are attached by a
B-p-apiose residue to O-2 of the backbone. A D-galactosyl residue
(D-Gal) occurs on the B chain. RG-II plays an important role in
the regulation of porosity and mechanical properties of primary
cell walls (Ishii et al., 2001). This in turn has an important impact
on growth and development as has been shown from studies using

various Arabidopsis mutants (O'Neill etal.,2001; Reuhs et al., 2004;
Voxeur et al., 2011).

As for hemicellulosic polysaccharides, it is worth to note that
glucurono(arabino)xylan (GAX) does exist in the primary cell
walls of eudicotyledonous although at very limited amounts. It
is however mostly present in the secondary walls of eudicotyledo-
nous as well as in both the primary and secondary walls of grasses
(see also Vogel, 2008 for a difference in polysaccharide compo-
sition of the cell walls between grasses and eudicots). GAX of
eudicotyledonous primary cell wall is composed of a linear -p-
(1 —4)-xylose backbone substituted with both neutral and acidic
side chains. The acidic side chains are terminated with glucurono-
syl or 4-O-methyl glucuronosyl residues, whereas the neutral side
chains are composed of arabinosyl and/or xylosyl residues (Darvill
etal., 1980; Zablackis et al., 1995; Vogel, 2008). GAX is also known
to be synthesized within Golgi stacks and significant advances have
recently been made in understanding its biosynthesis (Faik, 2010).
However, this is beyond the focus of this review and only major
polysaccharides of the primary cell walls of eudicotyledonous are
considered here below.

THE ROLE OF THE GOLGI APPARATUS IN COMPLEX
POLYSACCHARIDE BIOSYNTHESIS

THE GOLGI IMPLICATION IN THE CONSTRUCTION OF THE CELL WALL

In higher plants, the Golgi apparatus plays a fundamental role in
“the birth” of the cell wall. During cytokinesis, a new cell wall is
formed and starts to assemble with the transport of Golgi-derived
secretory vesicles to the center of a dividing cell. Fusion of these
vesicles gives rise to a thin membrane-bound structure, the cell
plate, which undergoes an elaborate process of maturation leading
to a fully functional cell wall (Stachelin and Hepler, 1996; Cutler
and Ehrhardt, 2002; Segui-Simarro et al., 2004). Also to perform
the plant cell growth, new polysaccharides are delivered to grow-
ing cell wall by fusion of Golgi vesicles with the plasma membrane
(Cosgrove, 2005).

The Golgi apparatus of plant cells is a dynamic and organized
organelle consisting of a large number of small independent Golgi
stacks that are randomly dispersed throughout the cytoplasm. At
the confocal microscopy level, individual green fluorescent protein
(GFP)-tagged Golgi stacks (around 1 um in diameter) appear as
round disks, small rings, or short lines depending on their orienta-
tion (Nebenfuhr et al., 1999; Ritzenthaler et al., 2002). At the level
of transmission electron microscopy in high pressure frozen/freeze
substituted cells, each stack appears to consist of three types of cis-
ternae, designated cis, medial, and trans that are defined based
on their position within a stack and their unique morpholog-
ical features (Stachelin et al., 1990; Stachelin and Kang, 2008).
This morphological polarity reflects different functional prop-
erties of Golgi compartments (Figure 1; Stachelin et al., 1990;
Driouich and Staehelin, 1997). The number of stacks per cell,
as well as the number of cisternae within an individual stack,
varies with the cell type, the developmental stage of the cell and
the plant species (Stachelin et al., 1990; Zhang and Staehelin,
1992).

The trans Golgi network (TGN) is a branched tubulo-vesicular
structure that is frequently located close to trans cisternae. How-
ever, the TGN can be found remote from the Golgi stack located
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FIGURE 1 | (A) Electron micrograph of suspension-cultured tobacco cells
preserved by high pressure freezing showing the random distribution of
Golgi stacks throughout the cytoplasm. The bar represents 0.5 um. (B)
Confocal microscopy image showing distribution of Golgi stacks in
suspension-cultured tobacco (BY-2) cells. Golgi stacks-expressing the Golgi
XyG-synthesizing enzyme (XyG -GalT/MUR3) fused to GFP are visible as
bright green spots. The bar represents 8 um. (C) Two Golgi stacks and
associated trans Golgi network (TGN) in a tobacco BY-2 suspension-cultured
cell. Cis-, medial, and trans type of cisternae as well as the TGN are
indicated. The bar represents 0.1 um. (D) Electron tomographic model of a
Golgi stack in a columella root cell of Arabidopsis. CW, cell wall; ER,
endoplasmic reticulum; G, Golgi stack; m, mitochondria; N, nucleus; P
plastid; TGN, trans Golgi network; V, vacuole.

throughout the cytosol as an independent compartment. Two
types of TGN compartments have been described and referred
to as an early and a late TGN (see Stachelin and Kang, 2008). The
plant TGN plays a major role in sorting of proteins and it rep-
resents a meeting point of secretory, endocytosis, and membrane
recycling pathways. Recent studies have shown that certain TGN
types, can serve also as early endosomes and thus have been termed
TGN-Early endosomes (Dettmer et al., 2006; Richter et al., 2009;
Viotti et al., 2010).

In contrast to the Golgi complex in mammalian cells that hasa
fixed location near the centrosomes, Golgi units in plants appear
to move actively throughout the cytoplasm (Boevink et al., 1998;
Nebenfuhr et al., 1999). GFP-fusions have allowed the study of
Golgi dynamics in vivo and have shown that each Golgi unit can
move at a slow or high speed (up to 5pm/s) without loosing
structural integrity (Boevink et al., 1998; Nebenfuhr et al., 1999;
Brandizzi et al., 2002). In addition, cytoskeletal depolymerization
studies have indicated that the movement of Golgi stacks depends
on actin filaments rather than on microtubules (Nebenfahr et al.,

1999). Indeed, it is now established that the movement of Golgi
stacks in plant cells occurs along actin filaments driven by myosin
motors (Staehelin and Kang, 2008). In the context of this review, it
is worth noting that actin filaments interact with Golgi stacks via
an actin-binding protein, KATAMARI 1/MURUS3 - that is also
known as a glycosyltransferase required for cell wall biosynthesis
(see below; Tamura et al., 2005). KATAMARI 1 has been shown
to be involved in maintaining the organization and dynamics of
Golgi membranes.

As in animal cells (Rabouille et al., 1995), the plant Golgi appa-
ratus functions in the processing and modification of N-linked
glycoproteins (Pagny et al., 2003; Saint Jore Dupas et al., 2006;
Schoberer and Strasser, 2011); but the bulk of the biosynthetic
activity of this organelle is devoted to the assembly of different
subtypes of complex, non-cellulosic polysaccharides of the cell
wall such as pectin and hemicelluloses.

The first studies implicating plant Golgi stacks in cell wall
biogenesis date back to the 60 and 70 and involved cytochemi-
cal staining as well as autoradiographic experiments with radi-
olabeled sugars (Pickett-Heaps, 1966, 1968; Harris and North-
cote, 1971; Dauwalder and Whaley, 1974). These investigations
have shown that Golgi cisternae and Golgi-derived vesicles are
rich in carbohydrates and that a similar carbohydrate content
is found in the cell plate, the cell wall and in Golgi-enriched
fractions. Additionally, biochemical evidence for the role of the
Golgi apparatus in the assembly of cell wall polysaccharides
was obtained from fractionation experiments in which several
glycosyltransferase activities (e.g., xylosyltransferase, arabinosyl-
transferase, fucosyltransferase) were detected in Golgi membranes
(Gardiner and Chrispeels, 1975; Green and Northcote, 1978;
Ray, 1980). Further biochemical investigations, reported in the
eighties and nineties, allowed the identification and partial char-
acterization of Golgi-associated enzymes specifically involved
in the synthesis of XyG and pectic polysaccharides (Cami-
rand et al., 1987; Brummell et al., 1990; Gibeaut and Carpita,
1994).

More recently, a proteomic method called LOPIT, for Localiza-
tion of Organelle Proteins by Isotope Tagging, has been developed
in order to determine the subcellular localization of membrane
proteins in organelles of the secretory pathway such as Golgi stacks
(Dunkley et al., 2004, 2006). This approach has allowed the iden-
tification of the a1,6-xylosyltransferase (AtXT1) involved in XyG
biosynthesis, in the Golgi apparatus (Dunkley et al., 2004).

In connection with XyG biosynthesis, it is remarkable to note
that the structure of XyG present in isolated Golgi membranes has
been investigated using oligosaccharide mass profiling (OLIMP)
method (Obel et al., 2009). This study has revealed subtle dif-
ferences in the structure of the polymer with XXG and GXXG
fragments being more abundant in Golgi-enriched fraction as
compared to the cell wall. However, due to the inability of sub-
fractionating plant Golgi stacks into cis, medial, and trans cis-
ternae, it is not possible to associate a XyG oligosaccharide to
a specific sub-compartment of the Golgi apparatus. For simi-
lar reasons, it is still not possible neither to determine how the
enzymes are spatially organized and how complex polysaccharides
are assembled within Golgi sub-compartments using biochemical
methods.
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SPATIAL ORGANIZATION OF THE COMPLEX POLYSACCHARIDE
ASSEMBLY PATHWAY IN GOLGI STACKS: INSIGHTS FROM
IMMUNO-ELECTRON MICROSCOPY
Progress toward understanding the compartmentalization of
matrix cell wall polysaccharide biosynthesis has come from
immuno-electron microscopical analyses with antibodies directed
against specific sugar epitopes. In most cases, these immunolabel-
ing studies have been performed on a variety of cells prepared by
high pressure freezing, a cryofixation technique that is recognized
as providing excellent preservation of Golgi stacks thereby allow-
ingdifferent cisternal subtypes to be easily distinguished (Stachelin
et al., 1990; Zhang and Staehelin, 1992; Driouich et al., 1993;
Follet-Gueye et al., 2012). More recently, a combination of cryofix-
ation/freeze substitution with Tokuyasu cryosectioning have been
used to immunolocalize polysaccharide epitopes in Golgi stacks of
Arabidopsis (Stierhof and El Kasmi, 2010). This technology is quite
promising and should be able to provide interesting information
on the localization of epitopes within plant Golgi cisternae.
Quantitative immunolabeling experiments using antibodies
recognizing either the XyG backbone (anti-XG antibodies: Moore
et al., 1986; Lynch and Staehelin, 1992) or an a-L-Fucp-(1-2)-
B-p-Galp epitope of XyG side chains in sycamore cultured cells
have shown that the epitopes localize to trans cisternae and the

TGN (Zhang and Staehelin, 1992). These data suggested that
the synthesis of XyG occurs exclusively in late compartments

of the Golgi and that no precursor forms of XyG are made in
cis and medial cisternae. The use of these antibodies on clover
and Arabidopsis root tip cells have also suggested that the syn-
thesis of XyG takes place in trans Golgi cisternae and the TGN
(Moore et al., 1991; Driouich et al., 1994). Nevertheless, it could
be argued that the sugar epitopes recognized by both antibodies
are not accessible until they reach the trans and TGN compart-
ments, or that the antibodies do not bind XyG precursor forms in
cis and medial cisternae. More recently, Viotti et al. (2010) have
also shown that fucosylated epitopes of XyG occur preferentially
in trans cisternae and the TGN using thawed ultrathin cryosec-
tions of high pressure frozen/freeze substituted and rehydrated
Arabidopsis root tip cells. Therefore, it is necessary to localize XyG-
synthesizing enzymes within Golgi cisternae to determine whether
XyG synthesis is exclusively limited to trans and TGN cisternae.
Although no antibody against any XyG-synthesizing enzyme is
currently available, one possible approach of addressing this issue
is to produce transgenic plants expressing GFP-tagged glycosyl-
transferases, followed by localization with anti-GFP antibodies.
Such a strategy has been successfully used to study the com-
partmentation of enzymes involved in the processing of N-linked
glycoproteins, including a B-1,2-xylosyltransferase responsible for
the addition of B-1,2 xylose residues and an «-1,2-mannosidase
responsible for the removal of a-1,2 mannose residues in tobacco
suspension-cultured cells (Follet-Gueye et al., 2003; Pagny et al.,
2003; Saint Jore Dupas et al., 2006). The same strategy has
been recently applied to enzymes involved in the biosynthesis of
XyG side chains including a-1,6-xylosyltransferase (AtXT1), B-
1,2-galactosyltransferase (AtMUR3), and a-1,2-fucosyltransferase
(AtFUT1; Chevalier et al,, 2010). Immunogold localization of
these GFP-tagged glycosyltransferases has demonstrated that
AtXT1-GFP is mainly located in the cis and medial cisternae,

AtMUR3-GFP is predominantly associated with medial cister-
nae and AtFUT1-GFP mostly detected over trans cisternae sug-
gesting that initiation of XyG side chains occurs in early Golgi
compartments in tobacco suspension-cultured (BY-2) cells.

Another interesting approach to study sub-Golgi localization of
glycosyltransferases is through development of in silico predictors
based on the transmembrane domain of these enzymes. Such an
approach employing a support vector machine (SVM) algorithm
has been recently used to predict the localization of several human
and mouse glycosyltransferases and glycohydrolases within Golgi
sub-compartments (van Dijk et al., 2008). This is an interesting
methodology to apply for the prediction of sub-Golgi localiza-
tion of the known plant glycosyltransferases involved in cell wall
biosynthesis. Using this approach AtRGXT1 and AtRGXT2 -two
a-1,3-xylosyltransferases involved in the synthesis of the pectic
polysaccharide RG-II- have been predicted to be confined to the
TGN (P. Ulskov, personal communication).

As for XyG synthesis, similar immunocytochemical studies
using antibodies raised against pectin epitopes (including JIM7,
anti-PGA/RG-1, and CCRCM2) has allowed a partial characteri-
zation of the assembly pathway of homogalacturonan (HG) and
RG-I within Golgi cisternae (Zhang and Staehelin, 1992). The
polyclonal anti-PGA/RG-I antibodies (recognizing un-esterified
HG) were shown to label mostly cis and medial cisternae in
suspension-cultured sycamore cells as well as in clover root cortical
cells (Moore et al., 1991; Zhang and Staehelin, 1992). In contrast,
JIM7 (specific for methyl-esterified HG) labeling was mostly con-
fined to medial and trans cisternae (Figure 2). Consistent with this
data is the localization of the putative pectin methyltransferase,
QUASIMODO?2 (Mouille et al., 2007) fused to GFP which was
found mainly in medial and trans cisternae of Golgi stacks in Ara-
bidopsis root tip cells (Chevalier et al., unpublished; Figure 2). In
addition, the mAb CCRCM-2 which is believed, but not proven,
to bind RG-I side chains was found to label trans cisternae in
sycamore cultured cells (Zhang and Stachelin, 1992). These data
suggest that HG is synthesized in its un-esterified form in cis and
medial Golgi cisternae and, that (i) the methylesterification occurs
in both medial and trans compartments, and (ii) that side chains
of RG-1 are added in trans cisternae. However, as discussed above
for XyG labeling, the absence of labeling in trans cisternae and the
TGN by anti-PGA/RG-I antibodies, might be due to the inaccessi-
bility of the recognized epitopes in these compartments (because
of the methylesterification for instance). This idea is supported by
the fact that the same epitopes are localized predominantly in trans
Golgi cisternae and the TGN in the epidermal cells of clover. Thus,
it is not surprising that the compartmentation of cell wall matrix
polysaccharides within Golgi cisternae varies in a cell type specific
manner. The distribution of XyG and HG in Golgi membranes has
also been investigated immunocytochemically in root hair cells
of Vicia villosa preserved by high pressure freezing (Sherrier and
VandenBosch, 1994). Although no quantitative analyses were per-
formed, methyl-esterified HG epitopes recognized by JIM7 were
detected within medial and frans cisternae, whereas the fucose-
containing epitope of XyG (recognized by CCRCM1) was found
over trans Golgi cisternae. These observations are consistent with
those made in sycamore suspension-cultured cells and clover root
cortical cells using the same antibodies (Moore et al., 1991; Zhang
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FIGURE 2 | Homogalacturonan localization in transgenic
Arabidopsis root tips expressing the QUA2-GFP fusion protein.
(A,B) Electron micrographs illustrating typical double-immunogoid
labeling of Golgi stacks (G) in Arabidopsis root cells with the mAbs JIM7
{20 nm gold particies) or with anti-GFP (10 nm gold particles). HG
opitopes and the QUA2-GFP are predominantly associated with the

trans cisternae and the TGN. The cell wall (CW) is labeled with JIM 7. Bar
represents 100 nm. (C) A confocal laser fluorescence image of
Arabidopsis root tip expressing the fusion protein QUA2-GFP Bright
spots reprasent GFP-stained Golgi units. Scale Bar: 16 um (Chevalier et
al., unpublished). CW, cell wall; G, Golgi stack; MT, microtubule; PM,
plasma membrane; MZ, meristematic zone; RC, root cap.

and Staehelin, 1992). However, the V. villosa study did not address
the issue of RG-I side chain distribution within Golgi stacks
using the mAb CCRCM2. Therefore, the use of the more recently
produced monoclonal antibodies LM5 and LM6, recognizing B-
1,4-p-galactan and a-1,5-p-arabinan epitopes, respectively (Jones
etal,, 1997; Willats etal., 1998) should prove very useful for extend-
ing the “current map” of the pectin assembly pathway within the
Golgi cisternae of sycamore cultured cells and V. villosa root hairs.
Both antibodies have been widely used to study the distribution
of galactan and arabinan epitopes within the cell walls, but rela-
tively very little is known concerning their localization within the
endomembrane system. In flax root cells, LM5-containing epi-
topes have been shown to be present mostly in trans cisternae
and the TGN (Vicré et al., 1998). Similarly, epitopes recognized
by LM5 and LM6 have been quantitatively localized to TGN in

tobacco (BY-2) cultures (Bernard et al., unpublished). Therefore, it
appears that galactan- and arabinan-containing side chains of RG-
I are assembled in the TGN. Whether the enzymes responsible for
the addition of these residues are confined to the same Golgi sub-
compartments remains to be determined by future studies. One
of the genes involved in the synthesis of RG-I side chains, namely
ARADI (encoding a putative «-1,5-p-arabinosyltransferase) has
been recently identified and cloned (see below). The generation
of specific antibodies against this glycosyltransferase, or the gen-
eration of a GFP-tagged protein should help us to understand
more about its specific localization within Golgi compartments.
To extend our understanding of RG-I synthesis within Golgi
stacks, the use of the new monoclonal antibodies specifically raised
against the RG-1 backbone (Ralet et al., 2010) or the LM13 recog-
nizing longer oligoarabinosides than LM6, should be very helpful.
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In contrast to RG-I, information on the localization and assembly
of RG-1I within the endomembrane system is missing. RG-1I hasa
complex structure consisting of a HG-like backbone and four side
chains that contain specific and unusual sugars including Kdo and
apiose (see above). It would certainly be interesting to find out
whether the backbone is assembled in the same compartments as
the side chains and whether different side chains are assembled
in the same or distinct compartments. The elucidation of RG-
11 assembly within sub-compartments of Golgi stacks requires the
generation of antibodies specific for the sugar epitopes of the back-
bone and for the epitopes associated with different side chains, as
well as the associated immuno-electron microscopy studies.

It is generally accepted that the transport of Golgi products,
including glycoproteins and complex polysaccharides, to the cell
surface occurs by bulk flow (Hadlington and Denecke, 2000).
To date, no specific signals responsible for targeting and trans-
port of such products to the cell wall have been found associated
with any protein or polysaccharide. It has been shown that Golgi-
derived secretory vesicles mediating such a transport vary in size
and are capable of carrying mixed classes of complex polysaccha-
rides (Sherrier and VandenBosch, 1994) or both polysaccharides
and glycoproteins (see Driouich et al., 1994). Nevertheless, using
secretory carrier membrane protein 2 (SCAMP2) from Nicotiana
tabacum, a mobile secretory vesicle cluster (SVC) generated from
the TGN has been recently identified in Arabidopsis tissues and
tobacco suspension-cultured BY-2 cells (Toyooka et al., 2009).
These clusters formed by budding of clathrin coated vesicles from
the late TGN, are highly labeled with antibodies specific for either
complex glycan or homogalacturonan epitopes (JIM7), suggesting
that SVC are involved in mass transport from Golgi stacks to the
cell surface. It is also possible that the processing of Golgi products
suchas cell wall polymers may continue to occur within the vesicles
during their transport to the cell surface (Zhang et al., 1996).

GLYCOSYLTRANSFERASES AND SUGAR-CONVERTING
ENZYMES INVOLVED IN THE ASSEMBLY OF COMPLEX
POLYSACCHARIDES

The Golgi-mediated assembly of complex polysaccharides requires
the action of a set of Golgi glycosyltransferases, in addition to
nucleotide-sugar transporters and nucleotide-sugar interconver-
sion enzymes (Keegstra and Raikhel, 2001; Seifert, 2004; Reiter,
2008; Reyes and Orellana, 2008). It has been postulated that these
partners could interact physically to form complexes within Golgi
membranes that would coordinate sugar supply and polymer
synthesis (Seifert, 2004; Nguema-Ona et al., 2006).

XYLOGLUCAN BIOSYNTHESIS: GLYCOSYLTRANSFERASES AND OTHER
PROTEINS

XyG biosynthesis has long been an interesting, but a challenging,
area of investigation. Biosynthesis of the XyG core is expected to
require two different catalytic activities, a glucan synthase activity
for the backbone and a xylosyltransferase activity adding xylosyl
substitutions. Interestingly, Ray (1980) suggested a “cooperative
action of B-glucan synthase and UDP-xylose xylosyltransferase
in Golgi membranes for the synthesis of a XyG-like polysac-
charide.” In that study, a UDP-xylose xylosyltransferase activity
was measured in Golgi membranes isolated from pea, and the

incorporation of xylose was shown to be stimulated by the addition
of UDP-glucose. Furthermore, the stimulating effect of UDP-
glucose on xylosyltransferase activity was shown to occur only
in a pH range where B-glucan synthase is active, suggesting that
UDP-glucose stimulates UDP-xylose incorporation by promoting
B-glucan synthase activity. Here, the B-glucan synthase produces
the required B-1,4-glucan substrate molecule necessary for XyG
xylosyltransferase activity. At about the same time, Hayashi and
Matsuda (1981a,b) performed a detailed characterization of XyG
synthase activity in soybean suspension-cultured cellsand demon-
strated that XyG synthesis requires the cooperation of XyG B-1,4-
glucan synthase and the XyG xylosyltransferase. The authors not
only demonstrated that the incorporation of one sugar (xylose or
glucose) depended on the presence of the other, but also that xylose
was not transferred to a preformed B-1,4-glucan. This observa-
tion strongly supports the existence of a multienzyme complex
responsible for XyG biosynthesis where glucan synthase and xylo-
syltransferase activities cooperate tightly (Hayashi, 1989). Since
then, considerable efforts have been devoted to the characteriza-
tion of XyG biosynthesis at the molecular level using functional
genomicsand the model plant Arabidopsis thaliana (Lerouxel etal.,
2006; Scheller and Ulvskov, 2010).

We have currently gained a better picture of XyG biosynthe-
sis by identifying and characterizing some of the genes involved
(Table 1), although without much (if any) understanding of how
these enzymes could potentially cooperate to achieve the biosyn-
thesis. For example, the XyG fucosyltransferase AtFUT1 (CAZy
GT37, Cantarel et al., 2009) was the first type II glycosyltrans-
ferase characterized at the biochemical level (Perrin et al., 1999),
and for a long time the only member of this gene family containing
nine putative glycosyltransferases to be characterized, as analyses
of three other members failed to demonstrate any XyG fucosyla-
tion activity (Sarria et al., 2001). Wu et al. (2010) have recently
demonstrated the involvement of AtFUT4 and AtFUT6 genes in
arabinogalactan proteins fucosylation.

Later, the identification and characterization of the mur2
mutant of Arabidopsis provided the unequivocal proof that
the AtFUTI gene encodes the unique a-1,2-fucosyltransferase
activity responsible for XyG fucosylation in Arabidopsis plants
(Vanzinetal., 2002). Likewise, one XyG B-1,2-galactosyltransferase
(AtMUR3; CAZy GT47) activity was successfully characterized
using both mutant analysis (mur3) and heterologous expression
of the enzyme (Madson et al., 2003). Nevertheless, as the galac-
tose residue of the XyG molecule can be found in two different
positions, it seems that at least one XyG galactosyltransferase
remains to be identified and characterized. The galactosyl-residues
of XyG are known to be O-acetylated and only one XyG-O-
acetyltransferase (AXY4) has been identified so far (Gille et al.,
2011) and found to be localized within Golgi stacks.

An important contribution to understanding XyG biosyn-
thesis was also made by the characterization of two «-1,6-
xylosyltransferase activities required for XyG xylosylation (CAZy
GT34). First, one xylosyltransferase activity (named AtXT1) was
identified based on sequence homology with a previously iden-
tified a-1,6-galactosyltransferase from fenugreek (Edwards et al.,
1999), and characterized as an a-1,6-xylosyltransferase using het-
erologous expression in Pichia pastoris (Faik et al., 2002). Cavalier
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and Keegstra (2006) extended this work to the characterization of
a second xylosyltransferase activity (named AtXT2), encoded by
a gene closely related to AtXT]1, that promotes an identical reac-
tion to the one catalyzed by AtXT1. Interestingly, the authors also
demonstrated that both AtXT1and AtXT2are able to catalyze mul-
tiple addition of xylosyl residues onto contiguous glucosyl residues
of a cellohexaose acceptor in vitro (even though the p-linkage
introduce a 180° rotation from one glucosyl residue to the other),
but non-xylosylated cellohexaose was the preferred acceptor. The
observation that both AtXT1 and AtXT2 xylosyltransferase activ-
ities were able to perform multiple xylosylation might indicate a
reduced substrate specificity of these enzymes as compared to the
high specificity of the XyG fucosyl- or galactosyl-transferases. Nev-
ertheless, these results raise the intriguing possibility that AtXT1
and AtXT2 would be fully redundant in planta and that both would
be able to perform multiple xylosylation. Such a hypothesis is con-
sistent with the characterization of an Arabidopsis double mutant
for AtXT1 and AtXT2 genes (named xxt1 xxt2; xyloglucan xylosyl-
transferase 1 and 2), which is lacking detectable amounts of XyG
in planta (Cavalier et al., 2008).

Another enzyme involved in XyG biosynthesis is glucan syn-
thase. While XyG glucan synthase activity has long been studied
biochemically (discussed above), efforts to purify and ultimately
characterize this enzyme have not been successful. A gene from
the Cellulose Synthase-Like C family (AtCSLC4; CAZy GT2) was
shown to encode a Golgi-localized B-1,4-glucan synthase activity
providing a strong candidate for the, as yet, unidentified XyG -
glucan synthase (Cocuron et al., 2007). The candidate gene was
identified using a transcriptional profiling strategy taking advan-
tage of nasturtium’s capacity to perform rapidly XyG biosynthesis
during seed development (Desveaux et al., 1998). This observation
supports the hypothesis that the B-1,4-glucan synthase activity
identified was involved in XyG biosynthesis. Interestingly, this
study also indicates that AtCSLC4 is co-regulated with AtXT1at the
transcriptional level and that some degree of interaction occurs at
the protein level could possibly alter the length of the B-1,4-glucan
synthesized by the AtCSLC4 protein (Cocuron et al., 2007). The
results of this study are consistent with earlier reports showing that
in vitro synthesis of XyG was shown to involve a cooperative action
between the glucan synthase and the xylosyltransferase activities
(Hayashi, 1989). Recently, the topology of AtCSLC4 was examined
using protease protection experiments (Davis et al., 2010). AtC-
SLC4 was predicted to have six transmembrane domains and the
active site facing the cytosol. These data suggest that AtCSLCA pro-
tein would delimitate a pore, the glucan chain being synthesized at
the cytosolic side of Golgi cisternae, translocated into the lumen
and further substituted by an a-1,6-xylosyltransferase to prevent
B-1,4-glucan chain aggregation. A physical cooperation between
AtCSLC4 and AtXT1 or AtXT2 could then be envisioned to ratio-
nalize this process. Recently, Chevalier et al. (2010) have shown
that AtXT1-GFP is mainly associated with cis and medial Golgi
cisternae in transformed tobacco suspension-cultured (BY-2) cells.
A similar approach to localize the AtCSL4 would be highly instruc-
tive. Another approach would be the design of a tagged version of
either AtXT1 or AtXT2, taking advantage of the characterization of
xxt1/xxt2 double mutant (Cavalier et al., 2008) and further use the
tagged version of the xylosyltransferases to pull down interacting

candidate proteins. Then the interaction could be examined using
bimolecular fluorescence complementation (BiFC) approach as
previously performed for cellulose biosynthesis (Desprez et al.,
2007).

XyG biosynthesis does not only depend upon the cooperation
between glycosyltransferase activities, but might also require close
interaction between glycosyltransferases and nucleotide-sugar
interconversion enzymes. The study on the rebl/rhd1 mutant of
Arabidopsis, deficient in one of the five UDP-glucose 4-epimerase
isoforms (UGE4) involved in the synthesis of UDP-p-galactose,
provided indirect evidence for a possible interaction between
UGE4 and a XyG-B-1,2-galactosyltransferase (Nguema-Ona et al.,
2006). The authors showed that the galactosylation of XyG, unlike
that of pectins (RG-I and RG-II), was absent in specific cells of
the mutant and that UGE4 and XyG- B-1,2-galactosyltransferase
are co-expressed at the transcriptional level in the root. Thus,
it was postulated that the two enzymes might be associated in
specific protein complexes involved in the galactosylation of XyG
within Golgi membranes. Such an association could be required
for an efficient galactosylation of XyG, where UGE4 would chan-
nel UDP-Gal to XyG-galactosyl-transferases. The existence of such
a hypothetical association was supported by the demonstration
that UGE4 was not only present in the cytoplasm but also found
associated with Golgi membranes (Barber et al., 2006).

Although it is not the focus of this review, it is of interest to
note that some glycosylhydrolases involved in XyG modification
have been identified and characterized (Sampedro et al., 2001,
2012; Ganl and Pauly, 2011; Ganl et al,, 2011). These are known
to be transported via Golgi-derived vesicles to the apoplastic com-
partment where they act on the polymers. However, whether
these enzymes are transported in the same Golgi vesicles and
whether they are able to act on polymers within the vesicles during
transport remain to be elucidated.

PECTIN BIOSYNTHESIS: TOWARD IDENTIFICATION OF THE
GLYCOSYLTRANSFERASES INVOLVED

Because there is a considerable diversity of monosaccharide units
and glycosidic linkages making up pectic polysaccharides, it has
been proposed that a minimum of 67 glycosyltransferases would
be needed for pectin biosynthesis (Mohnen, 2008). In addition,
the complexity of pectic polysaccharides has made the identifica-
tion and characterization of such glycosyltransferases difficult and,
consequently, only a handful have been assigned precise biochemi-
cal functions (Egelund etal., 2006; Sterling et al., 2006; Jensen etal.,
2008) or suggested to have certain functions (Iwai etal., 2001,2002;
Bouton et al., 2002; Harholt et al., 2006, 2010; Egelund et al., 2007;
Fangel etal., 2011; Held et al., 2011; Liu et al., 2011). An additional
degree of complexity in pectin synthesis is related to the control of
the homogalacturonan methylesterification that requires specific
methyltransferase activities, but also specific esterases to adjust
methyl-esterification level during plant development (Wolf et al.,
2009).

As for XyG biosynthesis, many biochemical studies have been
devoted to the characterization of the enzymes involved in
HG biosynthesis (Doong and Mohnen, 1998; Scheller et al.,
1999). These studies showed that «-1,4-galacturonosyltransferase
(GalAT) and HG methyltransferase activities are located in the
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lumen of isolated Golgi membranes (Goubet and Mohnen, 1999;
Sterling et al., 2001). A HG-GalAT activity was partially puri-
fied from solubilized membrane proteins isolated from Ara-
bidopsis suspension-cultured cells and trypsin-digested peptides
sequencing led to the identification of a candidate gene, named
AtGAUT! for GAlactUronosylTransferasel (Sterling et al., 2006).
Genome analysis revealed that AtGAUT1 belongs to a large gene
family comprising 25 members in Arabidopsis that is present
in CAZy GT8 along with galactinol synthases and bacterial a-
galactosyltransferase (Yin et al., 2010). Among the 25 homolog
genes to AtGAUT1 in the Arabidopsis genome, two distinct group
have been described for the GAUT genes and the GAUT-related
genes (GATL), which comprise 15 and 10 genes, respectively
(Sterling et al., 2006). Heterologous expression of AtGAUT1 in
human embryonic kidney cells, showed that AtGAUTI cDNA
encodes a galacturonosyltransferase activity able to transfer radi-
olabeled GalA onto a-1,4-oligogalacturonide acceptors, whereas
the heterologous expression of AtGAUT7 ¢DNA (36% amino-
acid sequence identity with AtGAUT1) carried out in parallel
did not yield any transferase activity. More recently, Atmodjo
etal. (2011) have demonstrated that the association of AtGAUT1
with AtGAUTY7 is necessary to retain GAUT galacturonosyltrans-
ferase activity in Golgi membranes. In that study the authors have
proposed that two GAUT1 proteins would remain associated to
each other (and thus retain) via one GAUT7 protein anchored in
the Golgi membrane. However, whether the AtGAUT]1 activity is
directly responsible for the biosynthesis of the backbone of HG
or that of RG-I1 polysaccharide in Arabidopsis has not been deter-
mined. Characterization of cell wall composition of Arabidopsis
mutants altered for 13 out of the 15 GAUT genes and 3 of the 10
GATL genes has failed to clearly establish which polysaccharide is
affected (Caffal et al., 2009; Kong et al., 2011).

The Arabidopsis mutant quasimodol (qual) is characterized by
a reduced cell adhesion phenotype combined with a 25% decrease
in cell wall galacturonic acid content, supporting the hypothesis
that the AtQUA gene encodes a putative glycosyltransferase activ-
ity involved in pectin biosynthesis (Bouton et al., 2002; Durand
et al., 2009). AtQUAL (also named AtGAUTS) belongs to CAZy
GT 8 family and shows 77% similarity to AtGAUT1 which has
a characterized HG-galacturonosyltransferase activity (Sterling
et al,, 2006). In addition, a-1,4-galacturonosyltransferase activity
was shown to be significantly reduced in qual providing further
support for AtQUAL1 involvement in pectin biosynthesis (Orfila
etal., 2005). Another Arabidopsis mutant quasimodo?2 (qua2), hav-
ing a 50% decrease in HG content, has been described (Mouille
et al., 2007). Interestingly, AtQUA2 does not show any similarity
with other glycosyltransferases, but it is a Golgi-localized protein
(Figure 2) that contains a putative S-adenosyl methionine depen-
dent methyltransferase domain, and appears strongly co-regulated
with AtQUAL. This study supports the hypothesis that AtQUA2 is
a pectin methyltransferase required for HG biosynthesis and that
both enzymes work interdependently. The observation that an
alteration in a putative methyltransferase can impair HG synthe-
sis led the authors to suggest the existence of a protein complex
containing galacturonosyltransferase and methyltransferase where
the latter enzyme would be essential for the functioning of the pro-
tein complex (Mouille et al., 2007). Whereas Arabidopsis genome

contains 29 putative genes encoding for pectin methyltransferases
(Krupkovd etal., 2007),in addition to the AtQUA2, a novel putative
S-adenosyl methionine dependent HG methyltransferase, show-
ing a high amino-acid similarity with AtQUA2, the AtQUA3 has
been recently characterized (Miao et al., 2011). AtQUA3 is a Golgi-
localized type Il membrane protein which is highly expressed and
abundant in Arabidopsis suspension-cultured cells. More recently,
it has been shown that AtQUA3 is co-expressed with AtGAUT1
and AtGAUT7; supporting the idea that HG methylation is closely
associated with HG synthesis (Atmodjo et al., 2011). In addition,
Held et al. (2011) have identified an Arabidopsis ortholog of a cot-
ton protein containinga domain similar to SAM methyltransferase
domain named cotton Golgi-related 3 (CGR3) involved in the
methylesterification of HG. Finally, a third Arabidopsis mutant —
ectopically parting cells 1 (epcI) — was characterized on the basis of
cell adhesion defects, however cell wall analyses did not support
the hypothesis that pectin biosynthesis was specifically altered in
epcl (Singh et al., 2005).

The HG backbone in Arabidopsis can also be decorated with
B-1,3-xylose residues thus forming a xylogalacturonan domain
(Zandleven et al., 2007). The characterization of the xylogalac-
turonan deficient1 (xgd1) Arabidopsis mutant along with the het-
erologous expression of XGD1 protein in Nicotiana benthamiana
led to the demonstration that the XGDI gene is involved in XGA
biosynthesis (Jensen et al., 2008).

Four other genes involved in pectin biosynthesis, encoding a
small glycosyltransferase family with four members named RG-I1
xylosyltransferase (RGXT1-4; CAZy GT77), have been described
(Egelund et al., 2006, 2008; Fangel et al., 2011; Liu et al., 2011).
The authors convincingly demonstrated that AtRGXT1, AtRGXT2,
AtRGXT3, and AtRGXT4 encode a-1,3-xylosyltransferase activi-
ties that are involved in the synthesis of the pectic polysaccharide
RG-II. Whereas no mutant has been found for RGXT3 (Egelund
etal., 2008), Arabidopsis mutants have been described for RGXT1,
RGXT2 (Egelund etal.,2006) and RGXT4 (Liuetal.,2011). Among
these, only rgxt4 mutant, also named male gametophyte defective
4 (mgd4), presents visible phenotypes in both RG-II structure and
pollen tube growth (Liu et al., 2011). The peculiar role of RGXT4
could be explained by its ubiquitous expression in vegetative and
reproductive organs whereas RGXT1 and RGXT2 expression is
restricted to the vegetative organs. Other genes have also been
proposed to function in pectin biosynthesis although their involve-
ment has not been firmly established. Mutant lines altered in pectin
biosynthesis have been screened based on cell adhesion defects —a
process that involves pectin (Iwai et al., 2001, 2002; Bouton et al.,
2002; Mouille et al., 2007). A gene named NpGUT], for Nicotiana
plmbaginifolia glucuronyltransferase 1, has been identified using
nolac-H18, a tobacco callus mutant line that exhibits a “loosely
attached cells” phenotype (Iwai et al., 2002). It was proposed
that NpGUT1 encodes a putative glucuronyltransferase involved
in RG-II biosynthesis based on the analysis of nolac-H18 mutant
cell walls. However, recent studies have shown that homologs of
Arabidopsis NpGUT] are related to the biosynthesis of the hemi-
cellulosic polysaccharide glucuronoxylan rather than to that of
RG-II (Wu et al., 2009).

As compared to HG and RG-II biosynthesis, relatively lit-
tle is known about the glycosyltransferases involved in RG-I
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biosynthesis and only one glycosyltransferase has been charac-
terized so far. A reverse genetics approach with putative gly-
cosyltransferases from the CAZy GT47 family led to the iden-
tification of the arabinan deficient 1 (aradl) mutant of Ara-
bidopsis showing a reduced arabinose content in the cell wall
(Harholt et al., 2006) Characterization of the aradl cell wall
demonstrated that the ARADI gene probably encodes an arabinan
a-1,5-arabinosyltransferase activity important for RG-I biosyn-
thesis. Another Golgi glycosyltransferase of GT47 family shar-
ing a high homology with ARAD1, named ARAD2, has been
recently characterized (Harholt et al., 2012). Using biochemi-
cal and microscopical approaches, the study has revealed that
ARADI1 and ARAD2 form homo and heterodimers when they
are co-expressed in N. benthamiana plants (Harholt et al., 2012).
It is interesting to note that although arabinofuranose is nor-
mally incorporated in RG-I during its biosynthesis in planta,
it is the arabinopyranose that is actually incorporated during
in vitro assays, using detergent-solubilized membranes. To explain
this discrepancy between in planta and in vitro observations,
it has been hypothesized that a mutase activity responsible for
the conversion is lost upon solubilization (Nunan and Scheller,
2003). A UDP-arabinose mutase (UAM) that converts UDP-
arabinopyranose into UDP-arabinofuranose was characterized in
rice (Konishi et al., 2007) and found to share more than 80%
identity with the reversibly glycosylated proteins (RGPs) of Ara-
bidopsis that have long been known to be cytosolic proteins
capable of associating with Golgi membranes (Dhugga et al.,
1991, 1997; Delgado et al., 1998). Based on the fact that RGPs
can be reversibly glycosylated by glucose, xylose, and galactose
residues, it has been postulated that they could be involved in
XyG or xylan biosynthesis. Among the five isoforms of RGPs
(RGP1-5) identified in the Arabidopsis genome, the mutase activ-
ity has been recently shown for AtRGP1, AtRGP2, and AtRGP3
(Rautengarten et al., 2011). This UAM activity of RGPs sug-
gests their potential role in the biosynthesis of arabinofuranosyl-
containing polymers such pectin or arabinogalactan proteins. A
double mutant rgpl/rgp2 was shown to harbor pollen develop-
ment defects, thereby leading the authors to hypothesize that
RGPs might be involved in cell wall polysaccharide biosynthe-
sis (Drakakaki et al., 2006). Moreover, Rautengarten et al. (2011)
analyzed the phenotype of homozygous T-DNA insertion mutants
(rgp1-1and rgpi-2), and described severe developmental pheno-
types associated with subsequent reduction (>69%) in cell wall
arabinose content.
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Introduction

PARTIE D : OBJECTIFS DE MES TRAVAUX DE THESE

Cette étude bibliographique montre que les voies de biosynthése golgienne du
xyloglucane et du rhamnogalacturonane-I a I'échelle des différents compartiments golgiens
sont encore peu documentées. Afin de compléter les connaissances dans ce domaine, nous
avons mené des études ayant pour objectifs :

1) développer une méthode de préparation d’échantillons qui préserve la qualité
d’ultrastructure et les épitopes, pour I'observation a I’échelle de la microscopie électronique
a transmission, en utilisant la cryofixation et la cryosubstitution,

2) effectuer la cartographie golgienne d’épitopes glucidiques spécifiques du XyG et
du RG-l a I'échelle de la microscopie électronique a transmission, sur des suspensions
cellulaires de tabac BY-2,

3) réaliser la cartographie golgienne de différentes enzymes impliquées dans la
synthése du XyG et du RG-Il a I'échelle de la microscopie électronique a transmission, sur des
suspensions cellulaires de tabac BY-2 exprimant ces protéines couplées a la Green
Fluorescent Protein,

4) rechercher in vivo I'existence de complexes d’enzymes impliquées dans la synthése
du RG-l a l'échelle de la microscopie confocale a balayage laser, sur des cellules

épidermiques de feuilles de tabac N.tabacum.
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CHAPITRE Il : MATERIEL ET METHODES
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PARTIE A : CULTURE DU MATERIEL VEGETAL

I- Culture des plants de tabac Nicotiana tabacum

Les graines de Nicotiana tabacum sont mises a germer en terreau préalablement
stérilisé, dans un phytotron avec une photopériode de 16h de jour a 25°C, et 8h de nuit a
22°C, et un taux d’humidité de 60%. Aprés 4 semaines, les jeunes plants sont rempotés
individuellement, puis utilisés pour I'expression transitoire des protéines de fusion entre 2 et

3 semaines apres le rempotage (Figure 38).

Figure 38 : Plant de tabac Nicotiana tabacum agé de 7/8 semaines

[I- Culture des cellules de tabac Nicotiana tabacum cv Bright Yellow -2 (BY-2)

Les cals de tabac (Figure 39a) sont cultivés sur milieu BY-2 composé comme suit :
Murashige et Skoog (MS) 4,3g/L (Sigma M5524), saccharose 30g/L, di-hydrogénophosphate
de potassium (KH,PO4;) 100 mg/L, myo-inositol 51mg/L, thiamine 1mg/L, acide 2,4
dichlorophénoxyacétique 0,22mg/L et bacto agar 8g/L. Le pH du milieu est ajusté avec une
solution molaire d’hydroxyde de potassium (KOH) a 5,6-5,8, puis stérilisé. Pour les cals
transgéniques, un ou deux antibiotiques de sélection est ajouté aux concentrations
adéquates. Les cals sont repiqués toutes les 4 semaines sur milieu neuf, et maintenus a 24°C
a l'obscurité.

Les suspensions cellulaires de tabac (Figure 39b) sont initiées a partir des cals. Elles
sont cultivées en milieu BY-2 liquide (composition identique a celui des cals de tabac,
exempté de bacto-agar). Aprés 3 repiquages du cal transgénique sur milieu avec antibiotique
de sélection, un morceau de cal agé de 3 semaines est déposé dans un erlenmeyer de 80 mL
contenant 30 mL de milieu BY-2 liquide frais. On maintient sous agitation permanente (140

rpm) a 24°C et a I'obscurité durant 8/ 10 jours afin de resuspendre le cal, puis on repique 10
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mL dans 150 mL de milieu frais. Chaque semaine, 10 mL de suspension sont repiqués dans
150 mL de milieu BY-2 frais. Toutes les manipulations de culture de cellules sont réalisées en
conditions aseptiques sous hotte a flux laminaire horizontal.

b ‘._’,.'
ol

Figure 39 : Cal (a) et suspension cellulaire (b) de Nicotiana tabacum cv Bright Yellow 2(BY-2)

PARTIE B : CREATION DES PROTEINES DE FUSION

I- Construction des protéines de fusion avec la Green Fluorescent Protein

I-1- Clonage via I'utilisation des endonucléases de restriction

Les protéines AtXT1, AtMUR3, AtFUT1, AtARAD1 et AtMUR4 ont été fusionnées a
I’extrémité N terminale de la sGFP (Pédelacq et al., 2006) selon la méthode suivante.

Le clonage par I'utilisation des endonucléases de restriction est la méthode la plus
ancienne. Cette méthode est assez longue et fastidieuse, puisque pour sous-cloner une
séquence d’intérét en utilisant les enzymes de restriction, il faut s’assurer que la séquence
d’intérét ne porte pas les sites reconnus par les enzymes choisies pour le sous-clonage. Par
conséquent, cette méthode de clonage est complétement dépendante de la séquence

nucléotidique considérée et la stratégie doit étre ajustée au cas par cas.

I-1-1- Amplification PCR
Le gene de chaque protéine est amplifié grace a la réaction de polymérisation en

chaine (PCR). Les couples de primers utilisés sont décrits tableau 1.

AtXT1 For BamH1 5’-CGCGGATCCCGATGATAGAGAAGTGTATAGGA-3’
(At3g62720) Rev Nhel 5’-CTAGCTAGCCGTCGTCGTCGTACTAAGCTT-3’
AtMUR3 For Kpnl 5'-GGGGTACCCCATGTTTCCAAGGGTTTCT-3’
(At2g20370) Rev Nhel 5'-CTAGCTAGCCTGTGTCTTATCTCTCTG-3’

AtFUT1 For BamH1 5’-CGCGGATCCCGATGGATCAGAATTCGTACAGG-3’
(At2g03220) Rev Spel 5-GGACTAGTTACTAGCTTAAGTCCCCAGCT-3’
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ARAD1 For Kpn | 5-GGGGTACCCCATGGCGCGTAAATCTTCC-3’
(At2g35100) Rev Spe | 5’-GGACTAGTAATGGAAGTGATAAGACC-3’

MUR4 For BamH | 5-CGCGGATCCCGATGTTTAGTTTTGGCCGAGCA-3’
(At1g30620) Rev Spel 5’-GGACTAGTGTAAACCGAGACCGATGAGGT-3’

Tableau 1 : Primers utilisés pour I'amplification PCR

Le milieu réactionnel était constitué comme suit: 100 a 200ng d’ADN, 5 uL de
tampon Thermo pol. buffer 10X (Biolabs), 1 uL de chaque primer a 10 uM, 2 pL de mix de
dNTP a 10mM et 1 puL de VENT DNA polymerase, Biolabs, complété a 50 uL avec de I'eau
stérile. Pour xt1, ce milieu réactionnel ne fonctionnant pas, nous avons utilisé : 100 a 200ng
d’ADN, 5 pL de tampon Mg free buffer , 5 uL de MgCl2 25 mM (Biolabs), 1 uL de chaque
primer a 10 uM, 2 pL de mix de dNTP a 10mM et 1 uL de Taqg polymerase, Biolabs, complété

a 50 pL avec de l'eau stérile. Les parametres de températures de la réaction PCR sont décrits

Figure 40.
mur 3,
arad1, mur4 : xt1:
94°C, 30 sec 94°C, 45 sec
94°C,30sec | 94°C, 45 sec
55°C,30sec | “30 53°C, 30sec *30
72°C, 1 min 72°C, 1 min 30 sec
72°C, 10 min 72°C, 10 min
4°C, = 4°C o

Figure 40 : Parametres des cycles PCR (dénaturation, hybridation et élongation).

Une fois la réaction de PCR effectuée, chaque échantillon est mis a migrer par
électrophoreése sur un gel d’agarose a 0,8% + bromure d’éthidium a 0,3ug/mL, dans un
tampon de migration TBE 1X (TBE 5X : Tris Base 54g ; Acide borique 27,5g ; EDTA 2,92g ; pH
8,2). Le marqueur de taille utilisé est le « 1kb DNA ladder », Invitrogen. Chaque bande ADN
d’intérét est ensuite découpée et purifiée grace au « Gel Purification Kit », Proméga.

I-1-2- Insertion dans le plasmide pBLTI221sGFP

Le plasmide pBLTI221sGFP a été utilisé comme vecteur de clonage, présenté Figure 41.

TCT AGA GGT ACC CGG GCC CGC GGATCC GCG GCC GCA CTA GT
Xbal Smal BEpl Notl

Bpel

Kpnl Apal BeymHI

Hind 11T

FeaoR1

sGFP Nos

pBLTI221sGFP

Figure 41 : Représentation schématique du vecteur de clonage pBLTI221sGFP.
35S : promoteur CaMV35S du virus de la mosaique du chou-fleur, sGFP: séquence codante pour la sGFP,
Nos : terminateur nos 3 du gene de la nopaline synthase, Amp : géne de résistance a I'ampicilline.
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Afin de créer des extrémités complémentaires pour insérer les séquences d’ADN
amplifiées dans le vecteur de clonage, on les digére par le couple d’enzymes de restriction
choisi en tableau 1. De facon générale, 1ug d’ADN est digéré avec 2uL de tampon
enzymatique (10X), 5 a 10 unités d’enzyme de restriction, et complété avec de 'eau stérile a
20uL. La digestion a lieu a température optimale de I'enzyme durant 2 a 4h.

La ligation entre le vecteur de clonage et le fragment d’ADN digérés est effectuée
avec un ratio molaire Vecteur/Insert 1/3, 1/1 et 3/1, avec 1uL de tampon ligase 10X, 1 unité
de T4 DNA ligase, et complété avec de |'eau stérile a 10uL. Ce milieu réactionnel est ensuite
laissé sur la nuit a température ambiante.

L’ADN plasmidique obtenu est ensuite amplifié en mélangeant 5 puL du mix de ligation
a 50 uL d’E.coli DH50. chimiocompétentes (Invitrogen). Ce mélange est laissé 30 min sur la
glace, puis 30s a 42°C exactement, et remis dans la glace 2 min. Ensuite, ajouter 950 uL de
milieu LB (Sigma) et incuber 1h a 37°C a 150 rpm. Enfin, étaler 10uL sur boite LB
supplémentées en ampicilline 100ug/mL, et incuber sur la nuit a 37°C.

L’ADN amplifié est ensuite extrait via I'utilisation du « Gene Elut Plasmid Miniprep
Kit », Sigma. Le protocole a été modifié afin d’optimiser le rendement final. Lancer une
préculture sur 2 colonies dans 2 mL de milieu LB additionné d’antibiotique de sélection,
incuber 24h a 37°C (150 rpm). Puis, 200 pL sont repris dans 10 mL de milieu LB +
antibiotique de sélection et incubés 24h a 37°C (150 rpm). La préculture est centrifugée 8
min a 7000 rpm, et le culot est repris dans 200 puL de tampon de suspension, auxquels ont
été ajoutés 2 L de lyzozyme a 50 mg/mL (afin d’augmenter I'efficacité de la lyse), et laissé 5
min a température ambiante (RT). Puis, 200 yL de tampon de lyse sont ajoutés, et le
mélange est laissé 5 min a RT. Trois cent cinquante microlitres de tampon de neutralisation
sont ajoutés, puis le tube est centrifugé 1 min a 13000 rpm. Parallelement, la colonne
d'extraction est préparée avec 500 pL de tampon de préparation et centrifugée 1min a
13000 rpm. Le surnagent est transféré sur la colonne, et centrifugé 1min a 13000 rpm. Puis,
750 plL de tampon de lavage sont ajoutés, et la colonne est centrifugée 1min a 13000 rpm.
Aprés 1 min de séchage a RT, ’ADN est élué de la colonne par 120 plL de la solution d'élution,

préalablement chauffée a 50°C, puis centrifuger 1min a 13000 rpm.
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I-1-3- Controle de ’ADN plasmidique amplifié et extrait

Afin de contréler la bonne insertion du géne dans le pBLTI221sGFP, plusieurs clones
de chaque construction plasmidique obtenue sont digérés par les endonucléases de
restriction choisies pour insérer les séquences d’intérét, selon le protocole décrit en I-1-2, et
ainsi vérifier la bonne taille de l'insert.

Une fois les digestions contrbles effectuées, chaque clone est séquencé au
laboratoire, avec le systéme d’analyses génétiques CEQ", afin de vérifier 'exactitude de la
séquence et le respect du cadre de lecture de la sGFP. Les primers evl (situé dans le
promoteur 35S) et sGFPRev (situé au début de la GFP) ont été utilisés, ainsi que le kit de

séquencage « Dye Terminator Cycle Sequencing Quick Start Kit », Beckman Coulter.

I-1-4- Sous-clonage dans le vecteur d’expression pBLTI-121
Le vecteur pBLTI121 (Pagny et al., 2000), représenté Figure 42, est un vecteur binaire

utilisé pour la transformation des cellules végétales par Agrobactérium tumefaciens.

TCT AGA GOT ACC CGG 3CC C3C GGA TCC GCG GCC GCA CTA GT

Xbal Sma 1 Kspl MNot1 Spel

Kpnl Apal BamHIL

Hind II1 L AcoRT
358 Nos

pBLTI121sGFP
LB RB

Figure 42 : Représentation schématique du vecteur de clonage pBLTI221sGFP
35S : promoteur CaMV35S du virus de la mosaique du chou-fleur, Nos : terminateur nos 3 du géne de la
nopaline synthase, Kan : géne de résistance a la kanamycine.

Les constructions obtenues dans le vecteur de clonage pBLTI221sGFP sont digérées
par le couple d’enzymes BamH1/Sacl, afin de sortir la cassette d’expression contenant la
protéine fusionnée a la sGFP, et de I'insérer dans le vecteur pBLTI121, préalablement digéré
par BamH1/Sacl. Les méthodes de digestion, ligation, d’amplification, et d’extraction du

plasmide sont identiques au protocole décrit en I-1-2.
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I-2- Clonage par recombinaison : le systeme GATEWAY

Cette partie du travail a été effectuée en 2008 durant mon stage doctoral (6 mois) au
sein du laboratoire de recherche « Plant cell wall biotechnology: cell wall elaboration »,

dirigé par le Dr Ahmed Faik, a I'université d’Athens, Ohio, USA.

I-2-1- Principe du Gateway

Les protéines homologues d’AtMUR4/UXE1, a savoir At2g20460/UXE2 et
At2g34850/UXE3, ont été fusionnées a I'extrémité N terminale de la GFP selon la méthode
suivante.

La technologie Gateway a été développée par la société Invitrogen. Elle utilise les
propriétés de recombinaison sites spécifiques utilisées par le phage A pour intégrer son ADN
dans le chromosome d’E.coli. Les 2 organismes ont des sites de recombinaison spécifiques :
attP dans le phage A et attB dans E.coli. L'intégration de I’ADN est catalysé par 2 enzymes : la
protéine Int (integrase) pour le phage A et la protéine IHF (Integration Host Factor) pour
E.coli. Apres intégration, la recombinaison des sites attB (25nt) et attP (243nt) va générer

des sites attL (100nt) et attR (168nt) flanquants I’ADN intégré du phage A, comme montré

Figure 43.
Fhage L & - ;
_E;"F aBP; 14T ko
E calf Em GRE: 25k
v
P e e i,
(L, p)!
B
—-.X"-=
Integratlan !I/ T Exclslan
atl ath
Integrated giil: 100 b
prophage —_ —= gk 162 bp

Figure 43 : Principe de la recombinaison par site spécifiques entre le phage A et E.coli.

Cette réaction étant réversible, on peut donc faire des intégrations ou des excisions.
La société Invitrogen a donc développé des vecteurs possédant des régions att, pour obtenir
des vecteurs d’entrée ou de destination. Ici, nous avons utilisé le vecteur d’entrée pENTR-D-
TOPO (Invitrogen) pour intégrer notre séquence d’intérét, qui permet un clonage

directionnel du gene, grace a des extrémités spécifiquement sensibles a l'action de la
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Topoisomérase |. Le clone d’entrée ainsi obtenu constitue le point de départ de la deuxieme
étape, la réaction LR, qui permet de transférer la séquence d’intérét dans un vecteur de

destination, pour donner le « clone d’expression », comme montré Figure 44.

ApP
% e Des!inabonVector. j
R1

R2

4

\

LR CLONASE™

Apf Km®
x;jfcssion le{rf/f' ¢ By-Producx.//
Gen ;
B1 B2 P1 P2
Transform E. coli and Combining L xR

select Ap® transformants | gives B and P

- -
-a="

>90-99% correct clones

Figure 44 : Principe du clonage Gateway par réactions BP ou LR (Invitrogen)

I-2-2- Amplification PCR
Le gene de chaque protéine est amplifié grace a la réaction de polymérisation en

chaine (PCR). Les couples de primers utilisés sont décrits Tableau 2.

At4g20460 For 5’-CACCATGGCTGCTCATGGTGTGAAG-3’
Rev 5’-CATGTATGCAGAAACCAAGGA-3’

At2g34850 For 5’-CACCATGGGCAAGATTATCTTGGTT-3’
Rev 5’-CATAAACTT TCTTTCT-3’

Tableau 2 : Primers utilisés pour I'amplification PCR

Le milieu réactionnel était constitué comme suit : 100 a 200ng d’ADN, 2,5 uL de Accu
prime Pfxreaction mix (avec dNTP) Invitrogen, 1 uL de chaque primer a 10 uM, 0,5 ulL de Pfx

DNA polymerase Invitrogen, complété a 25 uL avec de l'eau stérile. Les parametres de

températures de la réaction PCR sont décrits Figure 45.

At4g20460 At2934850

95°C, 2 min 95°C, 2 min

95°C, 15 sec 95°C, 15 sec
55°C,30sec |x g5  50°C,1min | .35
68°C, 2 min 68°C, 2 min

68°C, 8 min 68°C, 8 min

4°C, o 4°C,

Figure 45 : Parametres des cycles PCR (dénaturation, hybridation et élongation).
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I-2-3- Insertion du géne d’intérét dans le vecteur d’entrée pENTR-D-TOPO ©
Le gene d’intérét est dans un premier temps intégré au vecteur d’entrée pENTR-D-

TOPO (Figure 46), via I'utilisation du « pENTR-D-TOPO cloning kit », Invitrogen.

£ ToPo 2
- AAG GGT T
[3% 3.

frorog

mB T2 transcription termination sequence: bases 268-295
mB T1 transcription termination sequence: bases 427-470
M13 forward (-20) priming site: bases 537-552

attL1: bases 569-668 (c)

TOPO" recognition site 1: bases 680-684

Overhang: bases 685-688

TOPO" recognition site 2: bases 689-693

attL2: bases 705-804

T7 Promoter/priming site: bases 821-840 (c)

M13 reverse priming site: bases 845-861

Kanamydin resistance gene: bases 974-1783

pUC origin: bases 1904-2577

Figure 46 : Représentation schématique du vecteur d’entrée pENTR/D-TOPO

Mélanger 4uL du mix de produit PCR + 1uL de « Salt solution » + 1uL du vecteur
PENTR-D-TOPO. Mélanger doucement et laisser 30 min a température ambiante.

Afin d’amplifier le plasmide, ce dernier est inséré dans E.coli, selon le protocole
suivant. Mélanger 2uL du mix de ligation a 50 uL de E.coli TOP10 (Invitrogen), laisser 30 min
sur la glace, puis 45 sec a 42°C exactement. Laisser 1 min dans la glace, puis ajouter 250 pL
de milieu SOC (Invitrogen). Agiter a 150 rpm durant 1h a 37°C, puis étaler 10uL et 50uL sur
boite LB + antibiotique de sélection. Laisser sur la nuit a 37°C. Quatre colonies sont piquées
et mises en culture séparément dans 2 mL de milieu LB additionné d’antibiotique de
sélection, sur la nuit a 37°C (200 rpm), avant d’étre traités par le kit « Qiaprep Spin

Miniprep », Qiagen

I-2-4- Digestion contréle Asc1/Notl

Afin de vérifier le sens d’insertion du géne, chaque clone est digéré par des enzymes
de restriction selon le protocole suivant. Mélanger 5 pL de miniprep a 1 pL de I’'enzyme Asc |
(New England Biolabs) + 2 uL de tampon NEB 4 (10X). Ajuster a 20 plL avec de I'eau stérile,
puis digérer sur la nuit a 37°C. Purifier le mélange de digestion avec le « QlAquick
purification kit», Qiagen. Le plasmide purifié est ensuite digéré par 1 pL de I'enzyme Notl

(New England Biolabs) + 3,5 uL de tampon NEB 3 (10X) + 1 uL de BSA (100X), 4h a 37°C.
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I-2-5- Séquencgage
Une fois les digestions controles effectuées, chaque clone a été envoyé a séquencer
au laboratoire « Ohio University Genomics Facility », pour vérifier I'exactitude de la

séquence. Les primers M13For et M13Rev ont été utilisés.

I-2-6- Insertion dans le vecteur d’expression pMDC : la réaction de LR clonase

Nous avons choisi le vecteur d’expression pMDC83, représenté Figure 47, qui
provient d’'une banque de vecteur créée par Curtis et Grossniklaus en 2003 (« Marks vector
gateway page »: http://botservi.uzh.ch/home/grossnik/curtisvector/index_2.html), et

commercialisée par I’ABRC stock center.

Facl Ascl

GFP6Ghis Nos

pMDC83

Figure 47 : Représentation schématique du vecteur d’expression pMDC83

Avant d’effectuer la réaction de LR clonase, il est important de digérer le PENTR-D-
TOPO contenant le gene d’intérét avec une enzyme de restriction, afin de linéariser le
vecteur. En effet, le vecteur pENTR-D-TOPO et le vecteur pMDC possédent le méme
antibiotique de résistance. Il faut tout d’abord digérer 5 puL de pENTR-D-TOPO contenant le
gene d’intérét + 5 pL d’enzymes Mlu | (New England Biolabs) + 2 uL NEB 3 (10 X) + 8 ulL
d’eau stérile, sur la nuit a 37°C ; puis laisser 10 min a 80°C pour inactiver I'enzyme.

La réaction de LR clonase se déroule comme suit :
- mélanger 2 uL de vecteur pENTR-D-TOPO contenant le gene d’intérét (et digéré par Mlu 1)
+ 3 pL de vecteur pMDC + 4 pL de tampon TE 1X + 2 uL d’enzyme LR clonase (Invitrogen) ;
- vortexer, et laisser 2h a température ambiante ;
- ajouter 1 plL de protéinase K pour stopper la réaction, puis laisser 10 min a 37°C.
Le plasmide est ensuite amplifié selon la méthode décrite en 1-2-3. Puis, plusieurs clones

sont piqués et testés par une réaction PCR, comme décrit en |-2-2.
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[I- Construction des protéines de fusion pour la Bimolecular Fluorescence

Complementation

Cette partie du travail a été effectuée en 2007 sous responsabilité du Dr. Yumiko Sakuragi
durant mon stage doctoral (2 mois) au sein du laboratoire de recherche « Molecular plant

biology: Cell wall », dirigé par le Pr. Henrik Vibe Scheller, a l'université de Copenhague.

I1-1- Clonage via I'utilisation de la méthode USER™

11-1-1- Principe du USER™ (uracil-specific excision reagent)

Les protéines AtARAD1 et AtARAD2 ont été fusionnées en Cter ou Nter des moitiés
de la YFP, nommées Yn ou Yc pour l'étude des complexes par la technique de
complémentation de fluorescence bimoléculaire (BiFC).

Cette nouvelle méthode de clonage ne dépend pas de site de restriction enzymatique
ou d’une ligase pour insérer un produit PCR dans un vecteur (Nour-Eldin et al., 2006 et
2010). Dans un premier temps, on créé des primers contenant un uracyl et on amplifie le
produit PCR avec une Taq polymérase. Puis, le produit PCR est digéré par 'enzyme USER™,
constituée d’un mélange d’uracile DNA glycosylase et de DNA glycosylase-lyase endo VIII,
créant au final une extrémité 3’ dépassante de 8 nucléotides. En paralléle, un vecteur
possédant une cassette de clonage user, appellée cassette Pacl, est digéré par les enzymes
Pacl et N.BbvC pour créer des extrémités 3’ dépassantes de 8 nucléotides et complémentaire
de celles du produit PCR. Le principe de cette méthode est représenté Figure 48. Chacune
des extrémités dépassantes n’étant pas complémentaires au sein du produit PCR ou du
vecteur, cela permet une insertion orientée du produit PCR et évite un repliement du

vecteur sur lui-méme.
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v Uracile DNA glycosylase
Pacl cassette

GGCTTAAU[ oo IATTAABCC
CEGAATTA I G AAT TRGG
__Pacl —Pacl _ _NtBbvCl . 4
GCTGAGGCTTAATITAAGGATCCTTAATIrAABCATCAGE |
CGACTICCGAATITAATTCCTAGGAAT[TAAT TRGGAGTCG v
Nt.BbvCI C@N% DNA 92"35)'\'/‘;‘191' lyase
Vectaur & ATnT:.AACC
CCGAATTAPCR fragment; “ >y
DigestionPac I et N.B. l ! %g@‘?
i :
GCTGAGGCTTAAT| ITcace
coacT TAATTEGGAGTCG [PeR fragmentA TTAABICC
CCGAATTA 9
:
13 bp v 13 bp
GCTGAGGCTTAAT| ATTAABCC|TCAGC

CGACT|ceaaATTA L CR fragmentin s T rBGGAGTCG

Figure 48 : Principe du clonage USER

11-1-2- Amplification PCR du géne d’intérét
Le gene de chaque protéine est amplifié grace a la réaction de polymérisation en

chaine (PCR). Les couples de primers utilisés sont décrits Tableau 3.

AtARADT For GGCTTAAUATGGCGCGTAAAT CTTCCCT
Rev GGTTTAAJCCAAT GGAAGT GATAAGACCGGT

AARADZ For GGCTTAAUAT GAACCCCAAAAT CAGA,
Rev GGTTTAAJCCGACACCATGGATGATCCC

Tableau 3 : Primers utilisés pour I'amplification PCR

Le milieu réactionnel était constitué comme suit : 100 a 150ng d’ADN, 5uL de Turbo Cx
Buffer 10X, 5uL de chaque primer a 5uM, 5uL de dNTP a 2mM, 0,5ulL de Pfx Cx Hot Start
Polymerase NEB, complété a 50 plL avec de I'eau stérile. Les parameétres de températures de
la réaction PCR sont décrits Figure 49.

94°C, 2min
94°C, 30 sec
50°C, 30 sec *30
72°C, 1 min 30 sec
72°C, 10 min
12°C,n
Figure 49 : Parametres des cycles PCR (dénaturation, hybridation et élongation).
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1I-1-3- Digestion de ’ADN matrice par Dpn |

Cette étape permet de s’affranchir d’un gel de purification, si et seulement si le gene
amplifié n’est pas coupé par Dpnl. Ajouter 1 uL d’enzyme de restriction Dpnl aux 50 pL du
mix PCR, incuber 2 heures a 37°C. Puis, inactiver I'enzyme par une incubation de 20 min a

80°C. Ainsi, le mélange est directement utilisable pour la ligation.

Il-1-4- Digestion du vecteur de clonage BJH MP27
Nous avons utilisé comme vecteur de clonage le plasmide BJH MP27, représenté
Figure 50.
i Cassette Pacl |

LB 35S — Nos RB

BJHMP27

Figure 50 : Représentation schématique du plasmide BJH MP27

Le milieu réactionnel est constitué comme suit: 1ug d’ADN, 2uL de NEB buffer 1
(10X), 2 uL de BSA (10X), 2uL d’enzyme Pacl et de I'eau stérile pour compléter a 20uL.
Incuber le mélange réactionnel sur la nuit a 37°C, puis ajouter 1 puL d’enzyme N.BbvC et
incuber 5h a 37°C. Puis, ajouter 40 uL d’eau stérile, et inactiver I'enzyme via un traitement
de 20 min a 80°C. Vérifier la digestion sur gel agarose 0,8% + BET 0,3ug/mL, en utilisant le

vecteur non digéré comme contréle. Le mélange est directement utilisable pour la ligation.

1I-1-5- Ligation via I'’enzyme USER

Le milieu réactionnel est constitué comme suit: 2uL de vecteur digéré par
Pacl/N.BbvC, 5 uL de produit PCR et 0,5 puL d’enzyme USER. Incuber 30 min a 37°C, puis 30
min a 25°C. Utiliser 4 pL de ce mélange pour I'amplification du plasmide par E.coli. L'ADN

plasmidique est amplifié et extrait comme décrit en I-1-2.
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PARTIE C : EXPRESSION DES PROTEINES DE FUSION

|- Utilisation d’Agrobacterium tumefaciens

Les agrobactéries sont des bactéries pathogeénes des plantes. Les souches utilisées en
laboratoire renferment un plasmide Ti (Tumor inducing) désarmé, c'est-a-dire qu’il ne
contient plus les genes induisant la tumeur, mais conserve les facteurs de virulence
responsables de I'insertion d’un ADN exogéne dans le génome des cellules eucaryotes.

Deux souches d’Agrobacterium tumefaciens ont été utilisées durant ce travail de

these : GV3101pMP90RK (Koncz et Schell, 1986) et EHA105 (Hood et al., 1993).

I- 1- Mise en compétence d’Agrobacterium tumefaciens

I-1-1- Préparation d’agrobactéries chiomiocompétentes

Une colonie d’agrobactérie est repiquée dans 4 mL de milieu LB stérile, puis laissé 24
h a 28°C sous agitation. Cette préculture est transférée dans 100 mL de milieu LB stérile et
incubée a 28°C jusqu’a obtention d’'une absorbance lue a 600 nm, égale a 1. Une fois
transféré dans 2 cornings de 50 mL, laisser 5min sur la glace, puis centrifuger 5 min a 3000
rom. Chaque culot est rincé avec 10 mL de CaCl, 20 mM froid et stérile, puis centrifuger. Le
culot est remis en suspension avec 1mL de CaCl,, puis aliquoté par 100 pL dans des
eppendorfs, ces derniers sont plongés dans I'azote liquide, puis conservés a -80°C dans du

glycérol 20% (Xu et Li, 2008).

I-1-2- Préparation d’agrobactéries électrocompétentes

Une colonie d’agrobactérie est repiquée dans 4 mL de milieu LB stérile, puis laissé 24
h a 28°C sous agitation. Cette préculture est transférée dans 100 mL de milieu frais, et
incubée a 28°C jusqu’a obtention d’une absorbance lue a 600 nm, égale a 1. Deux tubes a
centrifuger froids sont ensuite transférer dans la glace et laisser 20 min, avant une
centrifugation a + 4°C a 4000g durant 15 min. Puis, le surnagent est éliminé et le culot
resuspendu dans 50 mL d’eau stérile froide. Les cellules sont lavées 4 fois pour éliminer

toutes traces de sels, puis doucement resuspendues dans du glycérol froid et stérile a 10%.
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Enfin, aliquoter 50 pL de cellules, et les plonger dans de I'azote liquide, avant de les stocker a

- 80°C.

| - 2 - Transformation des agrobactéries

I-2-1- Transformation des agrobactéries chiomiocompétentes

Un microgramme d’ADN plasmidique est ajouté stérilement a 50 uL d’agrobactéries
compétentes (souches GV3101 ou EHA105), préalablement décongelées sur glace. Le tube
est mélangé et plongé dans l'azote liquide durant 1 min, puis 5 min dans un bain a 37°C.
Une fois le choc thermique effectué, 150 uL de milieu LB sont ajoutés et le tube est incubé
4h a 28°C sous agitation. Dix microlitres de cette préculture sont ensuite étalés sur une boite
de milieu LB supplémenté en antibiotique de sélection et incubé 2 jours a 28°C.

Afin de préparer un stock d’agrobactéries transformées, une colonie est repiquée et
mise dans 3 mL de milieu LB supplémenté en antibiotique de sélection et laissé 24h a 28°C.
La préculture est centrifugée 10 min a 3000 rpm, le culot est repris dans 500 pL de LB stérile,
additionné de 200 pL de glycérol 80%, dans des tubes cryogéniques. Ces derniers sont

plongés 3 min dans |'azote liquide et mis a -80°C.

I-2-2- Transformation des agrobactéries électrocompétentes

Mélanger doucement 200 ng d’ADN a 50 plL d’agrobactéries électrocompétentes, et
transférer dans une cuvette d’électroporation pré refroidie en déposant la goutte au milieu
de la cuvette. Insérer la cuvette dans I'appareil d’électroporation (Bio-Rad, « Cap Exterior
pulse»), puis créer le choc électrique, selon les paramétres suivants : Capacitance 25 uF;
Voltage 2,4 kV ; Sample resistance 200 Q ; Pulse length 5 ms. Puis, ajouter 1 mL de milieu LB,
transférer dans un eppendorff, et incuber 4h a 28°C (200 rpm). Etaler 1 a 10 uL sur boite LB

supplémentée en antibiotique de sélection.
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ll- Transformation de cellules végétales

I1-1- Transformation transitoire des cellules épidermiques de feuilles de tabac Nicotiana

tabacum

Une préculture fraiche d’agrobactérie transformée est réalisée en prenant 50 pL
d’une préculture mére dans 3 mL de milieu LB stérile additionné de I'antibiotique de
sélection, et laissé 24h a 28°C. La préculture est transférée dans un tube corning et
centrifugée 10 min a 4000 rpm. Le culot est remis en suspension dans du milieu LB pour un
volume final d’environ 200 pL. L'absorbance est ensuite mesurée a 600 nm par
spectrophotométrie pour connaitre la concentration en agrobactéries.

Puis, ces derniéres sont diluées dans un milieu d’infiltration (MgCI2 1mM, MES 1mM,
Acétosyringone 10 uM) selon la concentration en agrobactérie désirée pour I'étude, et
laissées 1h a température ambiante. (L'acétosyringone contenue dans le milieu d’infiltration
permet 'activation des genes de virulence des agrobactéries). A I'aide d’une seringue de 2
mL, les agrobactéries sont infiltrées au sein de la couche de cellules épidermiques, situées
sur la partie inférieure des feuilles de tabac. Il est important de ne pas infecter plus de 75%
de la surface de chaque feuille, sinon elles meurent. Les plantes sont ensuite maintenues 1 a

3 jours dans les conditions optimales de cultures.

11-2- Transformation stable des cellules de tabac Bright Yellow-2 (BY-2)

Afin d’insérer la protéine au sein du géndéme de la plante, une transformation stable
des cellules BY-2 de tabac par Agrobacterium tumefaciens est effectuée.

Cing millilitres de suspension cellulaire BY-2 sauvage, dgée de 3 a 4 jours, sont mis en
contact avec 100 pL d’une préculture d’agrobactérie transformée (agée de 24h), durant 48h
a 22°C et a I'obscurité. Cette coculture est ensuite lavée 3 fois avec du milieu BY-2 frais (v/v)
supplémenté en céfotaxime a 250 mg/mL (détruit les agrobactéries) avec 5 min d’attente, et
centrifugée 3 min a 3000 rpm. Le culot est resuspendu dans 1mL de milieu BY-2 et étalé sur
milieu BY-2 solide contenant de la céfotaxime a 250 mg/mL et les antibiotiques de sélection.

Quatre a six semaines sont nécessaires pour obtenir des microcals transformés.
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PARTIE D : LOCALISATION DES PROTEINES DE FUSION

I- Analyse par Microscopie Confocale a Balayage Laser (MCBL)

I-1- Principe de la microscopie confocale a balayage laser (MCBL).

La microscopie confocale a balayage laser (ou MCBL) est une technique de microscopie
optique permettant de réaliser des images de faible profondeur de champ, appelées
« section optiques ». Ainsi, on limite la perte de résolution due a la superposition
d'informations issues des plans adjacents. La MCBL permet d'isoler la fluorescence d'un
unique plan focal, grace a l'utilisation d'un diaphragme variable (ou pinhole) en amont du

détecteur. Le principe de cette technique est illustré Figure 51.

détecteur

pinhole d’émission we=
filtre d’émission
filtre d’excitation

source laser

point focal

- |

- mm— balayage laser

coupe optique

5 = oObjectif i

point non focal A R — :

> - déplacement
F o — vertical
P 74

w== miroir dichroique

pinhole
excitation

point focal '
e—— "
.y B

Figure 51 : Principe d’'un microscope confocal a balayage laser

Le rayon laser excitateur pénétre I'échantillon préalablement marqué par un ou plusieurs
types de fluorochromes. Si la longueur d'onde du rayon laser correspond a la longueur
d'onde d'excitation d'un type de fluorochromes, ces derniers émettront des rayons lumineux
de différents plans optiques. Ces rayons seront ensuite filtrés par le diaphragme, afin d'isoler

ceux ne provenant que d'un plan focal et d’éliminer le signal des plans voisins. Les rayons
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filtrés sont ensuite réceptionnés par des photo-multiplicateurs (PMT) qui vont sélectionner
les fenétres spectrales d'intérét, et convertir le signal lumineux en un signal numérique. Ce
signal numérique sera transmis a l|'ordinateur qui permettra la modélisation et la

reconstitution de I'image.

I-2- Préparation des échantillons

Pour I'observation de I'expression transitoire des protéines de fusion, 3 sections de 1
cm? de feuilles de tabac sont découpées et observées en milieu hydrophile, entre une lame
de verre et une lamelle couvre-objet. Pour I'étude de I'expression stable des protéines de
fusion, une goutte de suspensions cellulaires de tabac agées de 3/4 jours est observée entre

une lame de verre et une lamelle couvre-objet.

I-3- Parameétres d’observations

Les observations ont été réalisées sur le microscope confocal droit TCS SP2 Leica de la
Plate-forme régional de recherche en imagerie cellulaire de Haute-Normandie (PRIMACEN),
localisée sur le campus de Mont Saint Aignan. Deux marqueurs fluorescents ont été utilisés
pour les différentes observations : la Green Fluorescent Protein (sGFP) et la Red Fluorescent
Protein (mRFP). Pour chaque marqueur, un Ascan est effectué afin de définir la fenétre
spectrale optimale, pour capter les longueurs d’ondes d’émission spécifiques sur notre
échantillon. Les parametres retenus sont les suivants : pour la sGFP Accitation = 488nm et
Aémission = 500-520nm et pour la MRFP Agycitation = 543nm et Agmission = 580-620nm. Les réglages
du gain (limite haute du PMT) et de I'offset (limite basse du PMT) sont réglés pour chaque

observation, afin de diminuer au maximum les signaux de fluorescence non spécifiques.

[I- Microscopie Electronique a Transmission

I1-1-Principe du microscope électronigue a transmission

Dans un microscope électronique (Figure 52), des électrons accélérés sont générés
par un canon a électrons comprenant une source et un champ électrique produit par une
différence de potentiel entre la source et une anode, puis focalisés sur I'échantillon par des
lentilles magnétiques ou électrostatiques. Le faisceau d'électrons interagit avec un
échantillon suffisamment mince, avec un contraste spatial résultant de différences de
densité ou de composition chimique, et mesuré par un détecteur permettant ainsi de former
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une image de I'échantillon. Le systeme de lentilles magnétiques permet de projeter I'image
de I'échantillon sur un écran phosphorescent qui transforme I'image électronique en image
optique. Les observations ont été effectuées sur un microscope électronique a transmission
FEl Tecnai 12 Biotwin sous une tension de 80 kV, avec une caméra CCD Gatan ES500W

Erlangshen.

Electron »
Source

Condenser
Electron Lenses
Beam

Sample

Objective Lens
Projector Objective Aperture
Lenses

Viewing
Screen

Figure 52 : Principe du microscope électronique a transmission

11-2- Cryoimmobilisation haute pression

11-2-1- Préparations des échantillons a la congélation

Avant leur congélation, les suspensions cellulaires de tabac agées de 3 a 4 jours
(transformées ou non), sont concentrées par filtration sur une membrane de nylon de 50um.
Les cellules sont d’abord cryoprotégées par des bains de glycérol. Elles sont incubées
successivement dans du milieu BY-2 contenant 5% glycérol, puis 10% glycérol 1h a + 4°C
chaque bain. Les cellules sont ensuite transférées dans du milieu BY-2 additionné de 20%
glycérol. Sous stéréomicroscope, les cellules sont rapidement transférées dans les anneaux
de cryofracture (diametre extérieur de 1,2 mm ; cavité ouverte de 100 um d’épaisseur) ou
dans des cupules d’or (diametre 1,2mm et 200 um de profondeur), et I'excédent de liquide
est délicatement absorbé avec une pointe de papier filtre tout en veillant a ne pas

déshydrater séverement I’échantillon avant sa congélation.
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11-2-2 Cryofixation des échantillons sous haute pression

La cryofixation sous haute pression apporte plusieurs avantages comparée aux
méthodes dites « classiques » de fixation. Elle permet une fixation physique de I’échantillon,
évitant ainsi les artéfacts de préparation dus a [l'utilisation des fixateurs chimiques
classiques. De plus, I’échantillon étant congelé tres rapidement et a trés basse température,
il est congelé non pas sous forme de « glace cristalline » mais sous forme de « glace
vitreuse » qui n’altére pas son ultrastructure et préserve au mieux son état natif, comme il

est montré Figure 53.
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Figure 53 : Les différentes formes de I’eau dans une cellule.

A- Echantillon a température ambiante avec un milieu intracellulaire sous forme liquide, B- Echantillon congelé
et endommagé par la glace cristalline formée, C- Echantillon congelé sous forme de glace vitreuse et non
endommagé.

La congélation sous haute pression a été réalisée avec l'appareil HPF-EMPACT |
(Leica-Vienne) (Figure 54) dont le mode d’action est parfaitement détaillé par Studer et al.,
2001. Brievement, la pression est générée par un systeme hydraulique faisant intervenir le
méthylcyclohexane comme liquide de compression. Le cryogéne utilisé est I'azote liquide. La
pression (2000 bars), appliquée a lintérieur de I’échantillon est synchronisée avec le
refroidissement (jet d’azote liquide) appliqué a I'extérieur de I'échantillon entrainant une
congélation ultrarapide de I’échantillon. Pour une pression d’entrée de 9,5 bars, des taux de
refroidissements variant de 12 000°C/sec a 15000°C/sec sont obtenus. Lorsque I’échantillon
est congelé, il tombe automatiquement dans un réservoir d’azote ou il est conservé en

attendant son transfert dans I'automate de substitution.
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Figure 54 : Apppareil de cryofixation sous haute pression EMPACT1, Leica (Studer et al., 2001)

A- Ecran de contrdle, B- Réservoir pour le liquide de haute pression (Méthylcyclohexane), C- Zone de
chargement du porte-échantillon et de transfert dans I'azote liquide apreés la cryofixation, D- Deware contenant
la réserve d’azote liquide.

1I-2-3- Cryosubstitution et enrésinement

Apres congélation sous haute pression, les échantillons sont transférés dans
I’automate de substitution AFS (Freeze-substitution- Leica Vienne) (Figure 55) pré-refroidi a -
140°C. Les échantillons sont substitués dans I'acétone anhydre contenant 0,5% d’acétate
d’uranyle a -90°C pendant 72h. La température est graduellement augmentée de 2°C/h
jusqu’a -60°C et maintenue pendant 12h. La température est de nouveau remontée a -30°C
(2°C/h). Apres un pallier de 12h a -30°C, les échantillons sont maintenus a -15°C.

Les échantillons sont rincés deux fois 15 min dans I'éthanol sec. L'infiltration est
réalisée a -15°C dans un mélange London Resin White (LRW) : éthanol (ratio 1:2; 1:1; 2:1, 8h
chaque étape) puis en résine pure 2x24h. La polymérisation a lieu sous ultra-violet a -15°C
pendant 48h. La résine LRW est une résine acrylique polyhydroxyaromatique. Pour
polymériser cette résine sous UV, il est nécessaire de lui ajouter un catalyseur d’éther de

benzoine dans une proportion de 0,5% w/v.
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Figure 55 : Automate de cryosubstitution AFS1, Leica

11-3- Réalisation des coupes ultrafines

Comme montré Figure 56, les sections ultra-fines de 90 nm ont été obtenues sur un
ultramicrotome UCT (Leica-Vienne) avec un couteau de diamant Diatome 45°. Les sections
ont été recueillies sur des grilles nickel 100 mesh a trames hexagonales recouvertes d’'une

membrane formvar-carbone.

ock Specimen Carbon/formvar
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Knife
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Figure 56 : Ultramicrotomie

Il- 4- Immunocytochimie

11-4 -1- Immunomarquage des polysaccharides complexes

Les anticorps primaires testés LM5, LM6, LM13, LM15, LM16 (Plant probes) sont des
anticorps monoclonaux produits chez le rat, et les anticorps INRARU1 et INRARU2 sont des
anticorps produits chez la souris. L’anticorps secondaire utilisé est un anticorps anti rat ou

anti souris conjugué a une particule d’or de 10 nm (Tebu, British BioCell).
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Afin de saturer les sites non spécifiques, les sections sont incubées durant 30 min
dans un tampon TBS (Tris 20 mM ; NaCl 150 mM) + BSA 0,2% + Lait écrémé 3%, avant d’étre
rincée 2 min dans un tampon (TBS + BSA 0,2%). Puis, les coupes sont incubées dans
I’'anticorps primaire pur durant 3h, a 25°C, avant d’étre rincées 6x5 min dans le tampon (TBS
+ BSA 0,2%). L'incubation dans I'anticorps secondaire dilué au 1/20 dans une solution de
(TBS + BSA 0,2% + NGS 1/30) s’effectue 1h a 25°C. Les ringages sont effectués 6x5 min avec
du tampon (TBS + BSA 0,2%), puis 5 min dans du TBS seul. Afin de fixer les complexes
immuns, on incube 10 min dans une solution de (TBS + glutaraldéhyde 2 %). Les coupes sont
ensuites rincées 1x5 min dans du TBS, puis 2x5 min dans I'’eau milliQ, avant d’étre séchées a

I'air.

11-4-2- Immunomarquage des protéines fusionnées a la GFP

L’anticorps primaire Av peptide living color testé (Clontech) est un anticorps
polyclonal produit chez le lapin, qui reconnait la GFP, méme fusionnée a une autre protéine.
L’anticorps secondaire utilisé est un anticorps anti lapin conjugué a une particule d’or de 10
nm (Tebu, British BioCell).

Afin de saturer les sites non spécifiques, les sections sont incubées durant 15 min
dans un tampon TBS (Tris 20 mM ; NaCl 150 mM) + BSA 0,2% + Tween 20 0,05%, avant d’étre
rincée 2 min dans un tampon (TBS + BSA 0,2%). Puis, les coupes sont incubées dans
I’anticorps primaire Av peptide dilué au 1/5 dans une solution de (TBS + BSA 0,2% + NGS
1/30) durant 2h, a 25°C, avant d’étre rincées 6x5 min dans le tampon (TBS + BSA 0,2%).
L’incubation dans I'anticorps secondaire dilué au 1/20 dans une solution de (TBS + BSA 0,2%
+ NGS 1/30) s’effectue 1h a 25°C. Les ringages sont effectués 6x5 min avec du tampon (TBS +
BSA 0,2%), puis 5 min dans du TBS seul. Afin de fixer les complexes immuns, on incube 10
min dans une solution de (TBS + glutaraldéhyde 2 %). Les coupes sont ensuites rincées 1x5

min dans du TBS, puis 2x5 min dans I'’eau milliQ, avant d’étre séchées a l'air.

[I-5- Coloration et observation des coupes ultrafines

Les échantillons ainsi préparés transparents aux électrons, il faut donc les contraster.
Dans un premier temps, les grilles sont mises en présence de vapeur d’une solution a
tétroxyde d’osmium a 2%. Puis, nous faisons agir une solution d’acétate d’uranyle a 0,5%

dans le méthanol pendant 10 min. Apres rincage dans de I'eau milliQ, les grilles sont
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incubées 10min dans une solution de citrate de plomb, puis rincées dans I'eau milliQ. Les
observations ont été réalisées avec le microscope électronique a transmission TECNAI 12
Biotwin (FEI company, Eindhoven, NL) sous une tension d’accélération de 80 kV. Les images
ont été acquises avec une caméra CCD Erlangshen ES500W (GATAN) pilotée par le logiciel
Digital Micrograph (GATAN).

[1-6- Tests statistiques

11-6-1-Spécificité de marquage : Test du khi-deux

Afin d’évaluer la spécificité de la distribution des particules d’or pour le marquage
des épitopes polysaccharidiques ou des protéines fusionnées a la GFP, comparé a un témoin
négatif, nous avons effectué un test du khi-deux (Mayhew et al., 2002). Pour le marquage
des épitopes polysaccharidiques, nous avons considéré I’hypothése nulle « Pas de différence
de distribution des particules d’or entre le témoin controle sans anticorps primaire et le test
avec l'anticorps primaire et secondaire ». Pour le marquage des protéines fusionnées a la
GFP, nous avons considéré I'hypothése nulle « Pas de différence de distribution des
particules d’or entre les cellules sauvages et les cellules transformées ». Pour chaque test
khi-deux, le nombre de particules d’or dans les compartiments golgiens (cis, median, trans et
TGN) a été analysé.

Une table de contingence (2 colonnes X 4 lignes) a été créée comme décrit Tableau 4

(Mayhew et al., 2002).

Test avec I"anticorpsprimaire et secondaire Témoin sans anticorps primaire
Cu Cellules transformeées Cu Cellules sauvages
Compartiment Nombre de Nombre de Nombre de Nombre de 2

gl o particules particules %2 partiel particules particules a}rctlel TOTAL

gog observées attendues observées attendues 13
cis

median

trans

TGN
TOTAL

Tableau 4 : Tableau de calcul pour le test du khi-deux.

Dans cette analyse, le « nombre attendu de particules d’or » est calculé comme suit :

(nombre total particules de la colonne X nombre total particules de la ligne) / grand total.
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Chacun étant définit comme suit: Nombre total particules de la colonne = nombre de
particules issu des 4 compartiments golgiens, Nombre total particules de la ligne = nombre
de particules d’un seul compartiment golgien issu du témoin négatif et du test, Grand total =
nombre total de particules des 4 compartiments issu du témoin négatif et du test.

Une fois ces valeurs obtenues, les valeurs de khi-deux partiel ont été calculées
comme suit : (nombre de particules observées — nombre de particules attendues)’ / nombre
de particules attendues. La valeur du khi-deux total est ensuite comparée a la valeur du khi-
deux référence dans une table de contingence, avec un degré de liberté égal a 3 [ddl =

(Nombre de colonne-1)*(Nombre de ligne-1)], voir Mayhew et al., 2002.

11-6-2- Distribution golgienne des particules d’or : Test du RLI

Afin d’évaluer si le marquage des épitopes polysaccharidiques et des protéines de
fusion au sein de saccules golgiennes est aléatoire, ou au contraire spécifique d’un ou
plusieurs compartiments golgiens, nous avons effectué un test du RLI, qui signifie Relative
Labeling Index.

La quantification a été effectuée, comme décrit dans Mayhew et al. (2002) et
Mayhew (2011), sur un total de 35 a 50 saccules golgiennes ayant les 4 sous-compartiments
(cis, médian, trans, TGN) parfaitement définis et photographiés au grossissement X60000.
Puis, pour chaque photo, une région d’intérét a été définie pour définir la saccule golgienne,
et donc la zone de comptage. Dans un premier temps, les particules de chaque
compartiment ont été comptées et définies comme le « Nombre de particules
observées,(ny) ». Puis, on superpose sur chaque photo un maillage fait de croix disposées de
facon aléatoire (voir Mayhew et al., 2002 pour la création du maillage), et on compte le
nombre de croix dans chaque compartiment, qui représente le « Nombre de points
observés,(P) ». Une fois ces données obtenues, on calcule le « Nombre de particules
attendues, (ng) » (qui représente la distribution aléatoire), comme suit : n. = (P * ng total) / P
total, OU & Ng totar » €1 « P 101y » représentent les valeurs tous compartiments confondus.

Les valeurs des « nombres particules observées et attendues » permettent de calculer
le RLI = (no / ne), pour chaque compartiment golgien. Pour une distribution aléatoire, la
valeur du RLI est inférieure ou égale a 1. Pour un compartiment golgien préférentiellement
marqué, la valeur du RLI doit étre strictement supérieure a 1 et la valeur du x2 du

compartiment doit étre supérieure a 10% du x2 total (Mayhew, 2011).
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PARTIE E : TECHNIQUE D ETUDE POUR LA RECHERCHE DE COMPLEXES

ENZYMATIQUES : LA COMPLEMENTATION DE FLUORESCENCE

BIMOLECULAIRE(BIFC)

I- Principe de la Bimolecular Fluorescence Complementation (BiFC)

Cette technique repose sur I'observation de la fluorescence résultant de la reconstitution
de la Yellow Fluorescent Protein ou d'autres variants de la Green Fluorescent Protein (Hu et

Kerppola, 2002 ; Kerppola, 2008). Son principe est résumé Figure 57.

YFP (Nter) YFP(Cter)
Fluorescence
Protéine A Protéine B Intéraction des

2 protéines
(<100 &)

Figure 57 : Principe de la complémentation de fluorescence bimoléculaire

La YFP est séparée en deux fragments, |'un étant porté par une protéine A et l'autre par
une protéine B. En cas de forte proximité des protéines A et B, les deux portions YFP (YN:
fragment Nierminat de la YFP; YC: fragment Cierminat de la YFP) s'assemblent et émettent un
rayonnement apres excitation; cet attachement ne pouvant se faire de maniéere spontanée
entre les fragments de YFP. Au contraire, si les protéines A et B sont distantes de plus de
100A, la YFP ne peut se reconstituer, et aucune émission de fluorescence n'est observable

apres excitation.

lI- Préparation des échantillons

Pour cette étude, les protéines MUR4, ARAD1 et ARAD2 ont été fusionnées a la YFP, ou a
ses portions YN et YC, et exprimées sous le contréle du promoteur CaMV 35S. Dans un
premier temps, les vecteurs d'expression de ces protéines de fusion ont été insérés dans des

agrobactéries. Grace a ces dernieres, les 2 protéines de fusion seront coexprimées
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transitoirement dans des cellules épidermiques de tabac, puis la fluorescence sera observée
par microscopie confocale.

Les constructions disponibles vont étre utilisées en de multiples combinaisons, afin de
nous fournir des témoins négatifs et positifs, mais également pour étudier les homo- et

hétéro-dimérisations.

lll- Les parametres d’observation

Aprés la transformation transitoire des feuilles de tabac, 3 sections de 1 cm?® sont
découpées et observées en milieu hydrophile entre une lame de verre et une lamelle
couvre-objet a 3, 4 et 5 jours apreés l'infection (ou DPI: day post infection) par Agrobacterium
tumefaciens.

Les observations ont été réalisées sur le microscope confocal a balayage laser TCS SP2 de
Leica, appartenant a la plateforme régionale de recherche en imagerie cellulaire de Haute
Normandie (PRIMACEN). Le marqueur fluorescent utilisé est un variant de la Green
Fluorescent Protein (GFP), la Yellow Fluorescent Protein-Venus (YFP-Venus). Cette protéine
posséde des caractéristiques spectrales modifiées (longueur d'onde d'excitation: 514 nm ;
longueur d'onde d'émission: 527 nm) et une fluorescence 13 fois supérieure a la YFP
classique pour la technique du BiFC (Shyu et al., 2006). On utilise la raie 514 nm du laser
argon comme longueur d’onde d’excitation de la YFP-venus. Un Ascan préalablement
effectué a permis de définir la fenétre spectrale optimale, pour capter les longueurs d’ondes
d’émission spécifiques de la protéine reporteur. Celle-ci est délimitée entre 520 nm et 550
nm grace au systéme de fentes spectrales. Les réglages du gain (limite haute du PMT) et de
I'offset (limite basse du PMT) sont effectués sur les feuilles de tabac transformées et adaptés
pour chaque observation, afin de diminuer au maximum les signaux de fluorescence non

spécifiques.
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CHAPITRE Ill: RESULTATS
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PARTIE A : DEVELOPPEMENTS METHODOLOGIQUES

Un des volets de mes travaux de recherche était d’effectuer la cartographie
golgienne d’épitopes glucidiques et d’enzymes impliquées dans la synthése du XyG et du RG-
| a I’échelle de la microscopie électronique a transmission, sur des suspensions cellulaires de
tabac BY-2. Ainsi, en premier lieu, nous avons développé au sein du laboratoire une
technique de préparation d’échantillons pour I'observation en microscopie électronique.
Celle-ci devait étre adaptée pour préserver 'ultrastructure des appareils de Golgi et pour
préserver les épitopes glucidiques ou les protéines fusionnées a la GFP dans des

suspensions cellulaires de tabac BY-2.

Brievement, avant d’étre observé au microscope électronique a transmission un
échantillon doit étre fixé, déshydraté puis enrésinné en résine acrylique (LRW). Le bloc de
résine obtenu est ensuite coupé avec un ultramicrotome, puis les coupes sont traitées par
immunomarquage, contrastées et enfin observées au microscope. Les étapes de fixation,
déshydratation et enrésinnement par les systéemes classiques peuvent apporter des
artéfacts, c’est pourquoi les techniques appelées « cryométhodes » ont été développées. Ici,
nous avons utilisé la technique de congélation sous haute pression (HPF, High Pressure
Freezing), pour |'étape de fixation, suivie de la substitution a froid (FS, Freeze Substitution)

pour I'étape de déshydratation et d’enrésinnement.

Lors du traitement par HPF, les suspensions cellulaires de tabac sont fixées
physiquement par congélation ultrarapide (taux de refroidissement 10 000°C/s) via un tir
d’azote liquide. Le tir est effectué sous haute pression (2000 bars) pour obtenir un
échantillon congelé sous forme vitreuse, et ainsi éviter son éclatement. La difficulté réside
dans le fait que les cellules de tabac BY-2 sont des échantillons trés hydratés, un
prétraitement par un cryoprotectant pour minimiser les artéfacts durant la congélaton est
donc nécessaire. Des cryoprotectants non pénétrants (sucrose, dextran) et pénétrants
(glycérol) ont été testés. Pour [I'étape de substitution a froid (FS), plusieurs milieux de

substitution ont été testés, avec de I'acétate d’uranyle et/ou du tétroxyde d’osmium.
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Il s’est avéré que pour une procédure HPF/FS sur des suspensions cellulaires de
tabac BY-2, un prétraitement par le glycérol comme cryoprotectant, ainsi que I'utilisation
d’un mélange acétate d’uranyle/acétone comme milieu de substitution, étaient le plus
efficace pour préserver une tres bonne ultrastructure des empilements golgiens et les
épitopes associés aux protéines fusionnées a la GFP. Ces résultats sont présentés en détail

dans I'article ci-apres page 117 :

Chevalier L., Bernard S., Vicré-Gibouin M., Driouich A., and Follet-Gueye ML. (2011)
Cryopreparation of tobacco Bright Yellow-2 (BY-2) suspension-cultured cells and application
to immunogold localization of Green Fluorescent Protein-tagged-membrane- proteins.

Journal of Biological Research-Thessaloniki, 16:212-216

Ce protocole de préparation des cellules de tabac BY-2 a été utilisé pour effectuer la
cartographie golgienne d’épitopes glucidiques spécifiques du XyG et du RG-lI et de
différentes enzymes impliquées dans la synthése du XyG et du RG-I. Ainsi, nous avons
également appliqué une méthode statistique a notre problématique, nommée Relative
Labelling Index (RLI). Les différents protocoles développés sont détaillés dans le sous-
chapitre 4 « Spatial organization of non-cellulosic cell wall polysaccharides at the

ultrastructural level », ci-aprés page 135 :

Follet-Gueye ML., Mollet JC., Vicré-Gibouin M., Bernard S., Chevalier L., Plancot B., Dardelle

F., Ramdani Y, Coimbra S. and Driouich A. (2012) Applications of Immunocytochemistry.
Chapter 14: Immuno-Glyco-Imaging in Plant Cells:Localization of Cell Wall Carbohydrate
Epitopes and Their Biosynthesizing Enzymes. Ed. Hesam Dehghani ISBN 978-953-51-0229-8.
pp 297-320
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Papier N° 2: Article scientifique

Résultats : Développements technigues

Cryopreparation of tobacco Bright Yellow-2 (BY-2) suspension-
cultured cells and application to immunogold localization of Green
Fluorescent Protein-tagged-membrane- proteins.

Chevalier L., Bernard S., Vicré-Gibouin M., Driouich A., and Follet-Gueye ML

Journal of Biological Research-Thessaloniki (2011) 16:212-216
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Electron microscopy investigations require excellent ultrastructure preservation, coupled with
high antigenicity signal in specific applications of Golgi enzyme localization. The optimal detec-
tion of membrane-bound proteins needs appropriate specimen preparation techniques, such as
cryo-methods known to provide higher cell structure and antigen preservation than convention-
al techniques. Two cryopreparation methods (high-pressure freezing and Tokuyasu techniques)
applied to tobacco cultured cell lines are presented in this study. Two transgenic lines of tobac-
co cultured cells expressing GFP-fused proteins (Man-I-GFP and MUR3-GFP) were used to as-
sess antigenicity under various conditions of cryomethods. According to cell morphology and im-
munolabeling detection, pre-freezing treatments are discussed in detail for high pressure freez-
ing and freeze substituted samples embedded in both Spurr’s and London Resin White. In a sa-
me approach, the effect of two fixative solutions was investigated for cryosectioned suspension-
cultured tobacco cells using Tokuyasu technique. Integrity during the thawing step and subse-
quent immunolabeling were analysed under chemical fixation conditions.

Key words: Cryosectioning, GFP-tagged Golgi proteins, high-pressure freezing, immunogold la-

! Groupe de Physique des Matériaux, UMR6634 — CNRS, Institut des Matériawx Université de Rouen —

beling, tobacco BY-2 cells.

INTRODUCTION

The plant Golgi apparatus is involved in the process-
ing of glycoproteins and also in the synthesis of cell
wall matrix polysaccharides, such as hemicelluloses
and pectins (Driouich et al. 1993; Saint-Jore-Dupas et
al., 2004). These biosynthetic functions rely on the
activities of glycosidases or glycosyltransferases, the
genes of which have been identified (Arabidopsis Ge-
nome Initiative, 2000). Information on the distribu-

* Corresponding author: tel.: +33 235140039, fax: +33
235146615, e-mail: marie-laure.follet-gueye@univ-rouen.
fr
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tion and dynamics of these enzymes are currently ob-
tained by using green fluorescent protein (GFP) tech-
nologies and confocal laser microscopy (Brandizzi et
al., 2004). Transgenic tobacco Bright Yellow-2 (BY-
2) suspension-cultured cells (Saint-Jore et al., 2002;
Pagny et al., 2003; Yang et al., 2005; Dhanoa et al.,
2006; Saint-Jore-Dupas et al., 2006) were often used
as a model system for the expression of GFP-tagged
proteins. Immuno-electron microscopy is the only ap-
proach to study the distribution of GFP-labeling at
the organelle level, in contrast to light-based micro-
scopy. Therefore, a central issue for immunogold at
transmission electron microscopy (TEM) level is to
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preserve the epitopes of interest while minimizing the
loss of ultrastructural details. As previously reported
by Follet-Gueye et al. (2003) on the distribution of N-
glycan-f (1-2) xylosyltransferase, conventional tech-
niques using chemical fixatives have provided valua-
ble information on the subcellular locations of GFP-
fused proteins. In order to increase the specific label-
ing, additional treatments are often necessary after
the chemical fixation step, and are known to induce a
potential loss of structural details of membranes. To
overcome these problems, it is now well established
that the cryomethods (mainly cryofixation and cryo-
sectioning) offer the best alternatives to conventional
chemical techniques for ultrastructural and immuno-
cytochemical investigations. Under high pressure and
extremely low temperature, cryofixation allows im-
mobilization of cellular structures by achieving amor-
phous state in few milliseconds, thus minimizing dis-
turbance of natural processes (Studer et al., 2001).
When coupled to specific antibodies, high-pressure
freezing (HPF) combined with freeze substitution
(FS) have proven their efficiency in the localization of
cell wall matrix polysaccharides and glycoproteins
(Zhang & Staehelin 1992; Driouich et al., 1993; Dri-
ouich & Starehelin, 1997), actin cytoskeleton (Lan-
celle & Hepler, 1992), storage proteins (Jolliffe et al.,
2004) and vacuolar receptors (Hinz et al., 2007) in
many plant species. Compared to HPF/FS, Tokuyasu
cryosectioning (Tokuyasu, 1973) remains the most
suitable approach for the detection of membrane-
bound proteins. This technique optimizes immuno-
labeling as evidenced by the excellent preservation of
the epitopes, while the embedding and dehydration
steps are omitted. These promising techniques have,
however, scarce applications in plant suspension-cul-
tured cells. Only a few studies were devoted to pro-
tein or GFP-tagged protein localization in tobacco
BY-2 suspension-cultured cells using the HPF/FS
method (Samuels et al., 1995; Nebenfiihr et al., 1999;
Tse et al., 2004; Langhans et al., 2007; Toyooka et al.,
2009; Chevalier et al., 2010) as well as on other plant
cells (Zhang & Staehelin, 1992; Driouich et al., 1993;
Zhang et al., 1993; Driouich & Staehelin, 1997; Lam
et al., 2007; Ebine et al., 2008). Moreover, the Toku-
yasu immuno-cryosectioning method is widely used in
animal systems to study the distribution of membrane
proteins, such as receptor molecules (Liou et al.,
1997; Klumperman et al., 1998) but few applications
are available in plant systems so far. In Arabidopsis
root cells, immuno-cryosectioning has allowed locali-
zation of coat components such as COPI, as well as of

many other proteins involved in vacuolar trafficking,
including syntaxin, a transmembrane receptor protein
called BP-80, p-adaptin and vacuolar H*/ ATPase
(Conceicao et al., 1997; Sanderfoot et al., 1998; Hinz et
al., 1999; Pimpl et al., 2000; Happel et al., 2004; Dett-
mer et al., 2006). More recently, Von der Fecht-Bar-
tenbach et al. (2007) localized a chloride transporter
(AtCLC-d-GFP) to the trans side of Golgi stacks in
ultrathin cryosections of Arabidopsis root epidermal
cells. Applied to tobacco BY-2 suspension-cultured
cells, the Tokuyasu immuno-cryosectioning method
has been published in a limited number of articles
(Saint-Jore-Dupas et al., 2006).

In this context, we report an overview of the tech-
nical conditions for tobacco BY-2 suspension-cultur-
ed cells preparation, using HPF/FS or cryosectioning
methods. The impact of different pre-cooling and free-
ze substitution media prior to HPF and pre-fixative
solutions for cryosectioning were assessed on both
the quality of endomembrane preservation in tobac-
co BY-2 cells and immunogold localization of GFP-
tagged Golgi proteins. Despite their high level of hy-
dration, we demonstrate that BY-2 cells were success-
fully prepared by these cryomethods which could be
routinely applied for the detection of Golgi-membra-
ne-bound proteins in this plant model.

MATERIALS AND METHODS
Growth conditions

Tobacco BY-2 suspension-cultured cells were grown
in vitro as described previously (Gomord ef al., 1998).
Cells were harvested by filtration 3 d after subcultur-
ing and were immediately used for experiments.

Construction of GFP-tagged proteins and transforma-
tion of plant cells

The coding sequence of a xyloglucan-§ (1-2) galacto-
syltransferase (At2g20370) from Arabidopsis thaliana
(MUR3) (Madson et al., 2003) was amplified by PCR
without the stop codon, using respectively Forward
Kpnl (5'- GGGGTACCCCATGTTTCCAAGGGTT
TCT-3') and Reverse Nhel (5'- CTAGCTAGCCTG
TGTCTTATCTCTCTG-3') primers. The SALK cDNA
clones were used as template (S81470). The amplified
¢DNA was then introduced into the pBLTI221 bina-
ry vector containing the sGFP, allowing a N-terminal
fusion to the sGFP, and the resulting construct was
verified by sequencing. Finally, the cassette containing
the chimeric protein was introduced into pBLTI121

120



204

binary vector to allow plant transformation. Trans-
formation of Nicotiana tabacum (cv. BY-2) cells with
Agrobacterium tumefaciens was performed as describ-
ed by Gomord et al. (1998). Transgenic lines express-
ing P (1-2) galactosyltransferase fused to GFP (MUR3-
GFP) were obtained as described by Chevalier et al.
(2010). Transgenic lines of tobacco BY2 suspension-
cultured cells expressing the first 99 amino acids of
soybean f (1-2) mannosidase I (Nebenfihr et al., 1999)
membrane protein fused to GFP (ManI-GFP) were
obtained as described by Saint-Jore-Dupas et al. (2006).

High-pressure freezing, freeze substitution and freeze
drying

HPF was performed with the freezer HPF-EM PACT
I Leica-microsystems (Studer et al., 2001). Prior to
freezing, 3 d-old tobacco (BY-2) suspension-cultured
cells were treated with different cryoprotectants such
as: 20% (v/v) glycerol (Sigma), 0.4 M (w/v) sucrose
(Sigma), 20% (w/v) Bovine Serum Albumin (BSA)
(Sigma), 20% (w/v) arabic gum (Sigma) or 25% (W/v)
dextran 70 KD (Sigma) diluted in culture medium.
For glycerol treatment, the cells were concentrated
on 50 pm nylon membrane and incubated successive-
ly in 5% and 10% glycerol (v/v) for 1 h at +4°C and
under light stirring. Cells were subsequently trans-
ferred to 20% (v/v) glycerol and immediately frozen.
For the other pre-cooling treatment, cells were incu-
bated for a few minutes in Murashige and Skoog (MS)
medium (Sigma) supplemented by cryoprotectants.

Tobacco BY-2 cells pre-treated or not were con-
centrated on 50 pm nylon membrane and transferred
into the cavity of a copper ring used for cryofracture,
which is 100 um in depth and 1.2 mm in diameter. Ex-
cess medium was lightly absorbed by filter paper. Us-
ing a horizontal loading station, the specimen carriers
were tightened securely to the pod of specimen holder.
After fixation on the loading device, specimens were
frozen according to a maximum cooling rate of 10°Cs,
incoming pressure of 7.5 bars and working pressure
of 4.8 bars. Rings containing frozen samples were
stored in liquid nitrogen until the freeze substitution
procedure was initiated.

After HPF the samples were transferred to a FS
automate (AFS, Leica Vienna Austria) pre-cooled to
—140°C. FS conditions followed a modified procedu-
re from D. Studer (personnal communication). For
ultrastructure analyses, substitution media consisted
of anhydrous acetone, supplemented with 2% (w/v)
osmium tetroxide (Polysciences Inc.). The samples
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were substituted at -90°C for 72 hrs. The temperatu-
re was gradually raised (2°C/hr) to -60°C and stabi-
lized during 12 hrs, then gradually raised (2°C/hr) to
-30°C (12 hrs) and gradually raised again (2°C/hr) to
0°C for 2 hrs. The samples were washed at room tem-
perature with fresh anhydrous acetone (Fischer). In-
filtration was done at +4°C in acetone-Spurr’s resin
(Polysciences Inc.) (ratio 2v:1v; 1v:1v; 1v:2v, 8 hrs each
step) and with pure resin for at least 2 d. Polymeriza-
tion was performed at 60°C for 16 hrs. Samples des-
tined for immunocytochemistry were substituted in
anhydrous acetone +0.5% (w/v) uranyl acetate (Poly-
sciences Inc.), using a similar program as that describ-
ed above, except that the final substitution step was
performed at —-15°C. The samples were rinsed twice
with anhydrous ethanol (VWR). Infiltration was pro-
cessed at—15°C in a solution containing ethanol: Lon-
don Resin White (LRW) (Polysciences Inc.) (ratio
2v:1v; 1v:1v; 1v:2v, 8 hrs each step) and with pure re-
sin for 2 x 24 hrs. Polymerization was performed into
the AFS apparatus at —15°C under UV light for 48 hrs.

Cryosectioning

For cryosectioning (Tokuyasu, 1973 modified), 3 d-
old tobacco BY-2 cells were harvested by filtration on
50 pm nylon membrane and fixed at +4°C with a mi-
xture of 1.5% (v/v) paraformaldehyde (PAF) (Prola-
bo) and 0.2% (v/v) glutaraldehyde (GA) (Agar) (fix-
ative solution 1) or 2% (v/v) PAF and 2% (v/v) GA
(fixative solution 2) in 0.1 M Na-phosphate, pH 7.2
buffer (PB) for 16 hrs. After successive washing with
a mixture containing 0.1 M glycine (Fischer) in PB sa-
line (PBS: 0.01 M Na-phosphate pH 7.2, Sigma), and
0.15 M NaCl (Fischer), the cells were progressively
embedded in 12% gelatin (w/v) in 0.1 M PB. Small
blocks (1 to 2 mm?) of gelatin were cut at + 4°C and
transferred into 1.2 M sucrose in 0.1 M PB for 1 hr,
then into 2.3 M sucrose in 0.1 M PB for 2 hrs, follow-
ed by infiltration with fresh 2.3 M sucrose in 0.1 M
PB overnight and then into successive solutions of 2.3
M sucrose in 0.1 M PB for 72 hr periods. The sucrose
infiltration method mentioned just above was per-
formed at + 4°C with stirring. Gelatin cubes were
then mounted onto specimen stubs, frozen in liquid
nitrogen by plunging, and cut into 70 nm ultrathin
sections at —120°C with Ultracut UCT microtome
(Leica Vienna Austria). Frozen sections were picked
up as described by Liou et al. (1996) by using a mix-
ture of 2.3 M sucrose in PB and 2% (w/v) methylcel-
lulose and transferred on formvar-coated nickel grids
stabilized with carbon.
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Immunogold labeling of GFP-tagged membrane
protein

Ultrathin sections (50-70 nm; ultracut UCT Leica Vi-
enna Austria) of HPF-prepared tobacco BY-2 cells
expressing MUR3-GFP fusion protein were collected
on carbon-formvar-coated nickel grids and blocked in
Tris-Buffered Saline (TBS: Tris HCI 20 mM pH 7.2,
Fischer, 200 mM NaCl) supplemented with 0.2%
(w/v) BSA and 0.05% (w/v) Tween 20 (Sigma) for 15
min. Sections were then incubated with the polyclon-
al anti-GFP antibody (BD living colors A.v peptide
antibody — Clontech) at 1:5 dilution in TBS + 0,2%
(w/v) BSA and Normal Goat Serum 1:30 (NGS; Bri-
tish Biocell International) for 2 hrs at room tempera-
ture. After washing in TBS + BSA, the grids were in-
cubated for 1 hr at room temperature in the anti-rab-
bit secondary antibody conjugated to 10 nm gold par-
ticles (Tebu-British Biocell International). After wash-
ing and fixing in TBS + 2% (v/v) GA, the sections
were first stained with 4% (w/v) vapour osmium fol-
lowed by classical staining (uranyl acetate and lead ci-
trate).

Cryosections of tobacco BY-2 cells expressing the
soybean f (1-2) mannosidase I-GFP fusion protein
were immunolabelled with anti-GFP antibodies de-
rived from a rabbit’s polyclonal serum (Pagny et al.,
2003). To this purpose, grids with frozen sections we-
re first incubated in PBS containing 0.1% (w/v) gly-
cine to inactivate any residual fixative. The grids were
blocked in PBS with 1% (w/v) BSA for 2 min and
then incubated with the anti-GFP antibodies diluted
1:100 in blocking buffer for 30 min. After washing in
PBS, the grids were blocked in NGS 1:30 in PBS con-
taining 0.1% (w/v) BSA. After incubation with the
secondary antibody (British Biocell International,
EM gold conjugates, goat-anti-rabbit IgG-10 nm) di-
luted 1:25 in blocking buffer for 30 min, the grids
were incubated with glutaraldehyde 1% (v/v) in PBS
for 5 min and finally washed in water. The specimens
were stained for 5 min with cold 2% (w/v) methyl cel-
lulose (Sigma) containing 0.4% (w/v) uranyl acetate,
at pH 4. Two controls were systematically done by la-
beling sections of non-transformed tobacco cells and
by omitting the first antibody.

Observations were made with a Tecnai 12 Biotwin
TEM (FEI company Eindhoven NL) at 80 KV. Ima-
ge acquisitions were made with a coupled charge de-
vice Megaview II camera controlled by AnalySis soft-
ware (Eloise Paris France).

RESULTS

HPF/FS and Tokuyasu cryosectioning methods were
used to process 3 d-old tobacco BY-2 suspension-cul-
tured cells before TEM investigations. With the HPF/
FS approach, five types of components for freezing
conditions were tested on subcellular preservation,
using a standard osmium tetroxide/acetone condition
for FS followed by Spurr’s resin embedding. The best
conditions were then selected to determine their im-
pact on the detection of xyloglucan-galactosyltransfe-
rase fused to GFP (MUR3-GFP), using acetone/ura-
nyl acetate as FS medium followed by LRW embed-
ding. According to the Tokuyasu method, the effect
of two fixative solutions were assessed on ultrastruc-
tural patterns of the cells as well as immunogold la-
beling of another glycosyltransferase fused to GFP,
the N-Glycan-mannosidase I (Manl — GFP).

Ultrastructural preservation of high pressure frozen
and freeze substituted tobacco BY-2 suspension-cul-
tured cells

Freezing medium composition was firstly studied on
the subcellular structure of 3 d-old BY-2 cells. Freez-
ing of cells directly in their culture medium MS with-
out any additive induces important ice damage lead-
ing to very poor preservation of the cell structure (da-
ta not shown). Similar damage was observed in sam-
ples in which freeze drying and FS were applied as
dehydration processes. Noticeable injuries came from
an inefficiency of freezing, including tonoplast dis-
ruption, segregation phase and extremely low integri-
ty of organelles within the cytoplasm (data not
shown). As for Golgi membrane preservation, those
conditions were not sufficient to obtain a well pre-
served ultrastructure. Thus, to get an optimal freezing
of this organelle in BY-2 cells, cryoprotectants are re-
quired (Figs 1 and 2).

Pre-freezing treatment with glycerol or sucrose and em-
bedding in Spurr’s resin

Figure 1A-E shows the general appearance of a to-
bacco BY-2 suspension-cultured cells frozen in cul-
ture medium containing 20% (v/v) glycerol. The cy-
toplasm presented no visible ice damage and was de-
prived of any phase segregation. Its ground appeared
densely stained with granular texture and was partic-
ularly rich in organelles, demonstrating that no ex-
traction occurred during sample preparation. The nu-
cleus was well preserved, showing a smooth nuclear
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FIG. 1. Electron micro-
graphs of tobacco BY2
suspension-cultured cells
cryofixed by HPFE. Cells
were frozen in 20% (v/v)
glycerol (A-E)orin0.4 M
sucrose (F, G). Cryofixed
cells were substituted in
acetone + 2% (W) osmi-
um tetroxide and embed-
ded in Spurr’s resin. CW:
cell wall; ER: endopla-
smic reticulum; G: Golgi
stacks; IE: intercisternal
elements: M: mitochon-
dria; MF: microfilaments;
MT: microtubules; MVB:
multi-vesicular body; N:
nucleus; NM: nuclear mem-
brane; NP: nuclear pore;
PM: plasma membrane;
SV: secretory vesicles; V:
vacuole. Scale bars =100
nm.
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membrane which exhibited regular disconnections
corresponding to nuclear pores. In our conditions,
the condensed chromatin showed no evidence of ice
crystal damage and appeared as flocculent substances
in localized areas. Figure 1C-E depicts the fine ultra-
structural details of organelles reported to be partic-
ularly susceptible to ice damage. As illustrated in Fig.
1B, Golgi stacks were well preserved. Figure 1B
shows trans cisternae characterized by a lumen filled
with densely stained material and the presence of in-
tercisternal elements. It is worth noting that in plant
cells, intercisternal elements are maintained only in
cryofixed material showing optimal preservation (see
Driouich & Staehelin, 1997). Endoplasmic reticulum
membranes were frequently observed with ribosomes

lining up their surface. Multi-vesicular bodies and mi-
tochondria both exhibited a typical rounded shape
(Fig. 1C-D). Aggregated microfilaments (Fig. 1E)
supposed to be actin filaments could often be ob-
served in the vicinity of Golgi vesicles as shown in Fig.
1B. Microtubules were also frequently observed (Fig.
1D) proving that the freezing protocol used is appro-
priate.

We also assessed the impact of 0.4 M sucrose on
the freezing of tobacco BY-2 suspension-cultured
cells. This pre-freezing condition provided similar re-
sults as glycerol regarding cytoplasm and endomem-
brane preservation (Fig. 1F, G). The abundance of ri-
bosomes and other organelles throughout the cyto-
plasm indicated that little or no extraction had occur-

FIG. 2. Electron micrographs of tobacco BY-2 suspension-cultured cells cryofixed by HPF. Cells were frozen in 20% (w/v)
BSA (A), 209 (w/v) arabic gum (B) and 25% (w/v) dextran (C, D). Cryofixed cells were substituted in acetone + 2% (W/v)
osmium tetroxide and embedded in Spurr’s resin. CW: cell wall; ER: endoplasmic reticulum; G: Golgi stacks; M: mitochon-
dria; MT: microtubules; N: nucleus; PM: plasma membrane; V: vacuole. Scale bars= 100 nm.
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red (Fig. 1G). Plasma membrane appeared regular as
a straight line with no cracks (Fig. 1G). Golgi stacks
and associated vesicles were also clearly discernable
(Fig. 1F, G). The vacuolar sap, filled with dense ma-
terial, was also well preserved (Fig. 1G). Comparing
images obtained by glycerol (Fig. 1A-E) and sucrose
(Fig. 1F, G), constrasting differences appeared on the
membranes. It seems that membranes are “negative-
ly” stained by glycerol pre-treatment and positively
stained by sucrose.

Pre-freezing treatment with high molecular weight
compounds and embedding in Spurr’s resin

We have also assessed the ultrastructural preserva-
tion of BY-2 cells by supplementing the freezing me-
dium with some high molecular weight cryoprotec-
tants (Fig. 2). The addition of 20% (w/v) BSA was not
sufficient enough to preserve well the cell structures
(Fig. 2A). Similar damage was observed as in samples
that were not cryoprotected before freezing. Although
scattered ice defaults were present, treatment with
arabic gum before freezing enhanced the quality of
morphological preservation (Fig. 2B). The cytoplasm

was dense with numerous ribosomes and some well
preserved and clearly discernable Golgi stacks. Nev-
ertheless, the last freezing medium tested, which con-
sisted of MS medium with 25% (w/v) dextran, yield-
ed the best ultrastructural preservation of BY-2 cells
(Fig. 2C, D). In addition to the excellent preservation
of different cellular organelles, including Golgi stacks,
endoplasmic reticulum, mitochondria and tonoplast,
cells appeared turgescent with the plasma membrane
tightly appressed to the cell wall (Fig. 2C). Excellent
preservation of Golgi stacks was obtained, making
the cis-to-trans polarity very easily recognizable (Fig.
2D). The well preserved cytoplasm was however con-
fined to small areas of the cell.

Pre-freezing treatment with glycerol, sucrose or dextran
and embedding in LRW resin

FS for ultrastructural analyses was performed in ace-
tone containing 2% (w/v) osmium tetroxide as a stan-
dard substitution medium, according to McCully &
Canny (1985). Osmium-free substitution method was
secondly investigated for subsequent LRW embed-
ding (Fig. 3). Tobacco BY-2 suspension-cultured cells

FIG. 3. Electron micrographs of tobacco BY-2 suspension-cultured cells frozen by high pressure in 20% (v/v) glycerol (A), in
0.4 M sucrose (B), and 25% (w/v) dextran (C). Cells were substituted in acetone + 0.5% (w/v) uranyl acetate and embedded
in LRW resin. ER: endoplasmic reticulum; G: Golgi stacks: TGN: trans-Golgi network. Scale bars = 100 nm.
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frozen in glycerol (Fig. 3A) or sucrose (Fig. 3B) and
freeze-substituted in acetone containing 0.5% (W/v)
uranyl acetate presented excellent ultrastructural pre-
servation. The well preserved Golgi cisternae were
easily distinguishable with cis to frans polarity and se-
cretory vesicles of various sizes. It is worth noting
that, under these conditions of FS, BY-2 cells frozen
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in glycerol yielded the highest quality of preservation.
In contrast, cells frozen in dextran followed by FS in
uranyl acetate/acetone presented ice crystal damage
throughout the whole cytoplasm. In general, organel-
le preservation was poor and endomembranes, includ-
ing Golgi cisternae, were hardly discernable (Fig. 3C).

FIG. 4. Electron micrographs of transgenic tobacco suspension-cultured BY-2 cells preserved by cryosectioning method. Cells
were chemically pre-fixed with 1.59 (w/v) PAF + 0,2% (v/v) GA (A) or 2% (w/v) PAF+ 2% (v/v) GA (B-E). ER: endopla-
smic reticulum; G: Golgi stacks; M: mitochondria; MVB: multi-vesicular body; N: nucleus; NM: nuclear membrane; P: plas-

tid; SV: secretory vesicles. Scale bars= 100 nm.
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Ultrastructure of cryosectioned suspension-cultured
BY-2 cells

Chemical fixation is a prerequisite for cryosections to
maintain integrity during thawing and subsequent im-
munolabeling. Therefore, the effect of two fixative so-
lutions was investigated on subcellular features of
BY-2 cells that were fixed for 16 hrs with 1.5% (v/v)
PAF - 0.2% (v~v) GA (fixative solution 1) or 2% (V/v)
PAF - 2% (v/v) GA (fixative solution 2) prior to cry-
osectioning.

The use of fixative solution 1 affected drastically
the preservation of cellular organelles (data not shown).
Membranes were not clearly discernable and the cy-

toplasm did not appear uniformly preserved, suggest-
ing that extraction occurred. As illustrated in Fig. 5C,
similar results were observed for Golgi stacks whose
cis to trans polarity was not preserved.

Increasing concentration of GA to 2% (v/v) (fixa-
tive solution 2) enhanced the quality of ultrastructure
(Fig. 4A-E) and the visualization of membranes lim-
iting different organelles, including the nuclear mem-
brane (Fig. 4A), endoplasmic reticulum (Fig. 4B), mul-
ti-vesicular bodies (Fig. 4C), mitochondria (Fig. 4D)
and plastids (Fig. 4E). Compared to the first fixative
solution, Golgi stacks have preserved their structural
integrity with distinct compartments as well as the a-

FIG. 5. Electron micrographs showing immunogold localization of GFP-tagged Golgi proteins under cryopreparation methods
in transgenic tobacco BY-2 suspension-cultured cells. (A, B) Distribution of MUR3-GFP in cells prepared with HPF/FS, pre-
treated by 0.4 M sucrose (A) or 209 (v/v) glycerol (B), shows labeling in Golgi stacks (A) and in medial/ trans Golgi margins
(B). (C-E) Distribution of ManI-GFP in cryosectioned cells pre-fixed with 1.5% (w/v) PAF + 0.29 (v/v) GA (C) or 2% (w/v)
PAF + 2% (v/v) GA (D, E). A cross-section view (D) of Golgi apparatus or a top view (E) of cisternae showing abundant la-
beling of the central zone as compared to the margins. CZ: central zone; ER: endoplasmic reticulum; G: Golgi stacks; GV:
Golgi vesicles; MT: microtubules. Scale bars = 100 nm.
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bundance of Golgi-derived vesicles (see Fig. 4A and
Fig. 5D, E). It appeared that the original structure of
Golgi stacks is better stabilized with high concentra-
tion of GA, allowing the identification of different
subtypes of cisternae (Fig. 5C, D) according to the
cis, medial and trans polarity previously described
(Staehelin et al., 1990; Zhang & Staehelin, 1992; Dri-
ouich et al., 1993). Moreover, Figs 4B and 5D, E
showed the presence of numerous secretory vesicles
in the vicinity of Golgi, illustrating that the quality of
endomembrane preservation was improved using tho-
se conditions.

Immunogold localization of GFP tagged-Golgi pro-
teins under HPF/FS method

To assess antigenicity preservation of our samples pre-
pared under various conditions, we used transgenic
lines of BY-2 cells expressing GFP-fused proteins. A
xyloglucan-galactosyltransferase from Arabidopsis
(MUR3-GFP) and a soybean mannosidase I (Manl-
GFP) were localized respectively using HPF/FS and
cryosectioning procedures. Since the best conditions
of HPF/FS amenable to immunocytochemistry were
obtained by using sucrose and glycerol as freezing
medium, only these two treatments were applied to
the MUR3-GFP detection (Fig. SA, B). As shown in
Fig. 5B, labeling with the polyclonal GFP-antibodies
was found specifically over Golgi stacks and mostly
detected in the margins of medial/ trans cisternae. Si-
milar results in terms of localization were observed
for samples frozen in sucrose (Fig. SA).

Immunogold localization of GFP tagged-Golgi pro-
teins with Tokuyasu method

The impact of the two fixative solutions on the immu-
nogold localization of ManI-GFP within the Golgi
stacks was also examined. Detection of GFP-labeling
over Golgi stacks was possible in both conditions as
shown in Fig. SC-E. With an improved ultrastructure
quality, Fig. 5D illustrates specifically the distribution
of the ManI-GFP with most of the labeling over the
cis moiety of the Golgi stacks, on cryosectioned trans-
formed BY-2 cells prepared with 2% (v/v) PAF-2%
(v/v) GA (fixative solution 2). In addition, the top view
of the Golgi cisternae (Fig. SE) showed that the ma-
jority of gold particles were associated with the cen-
tral zone of the cisternae. The density of labeling was
compared and found to be higher in conditions with
great concentration of GA (Fig. 5D) than in low GA
concentration (Fig. 5C): an average of 21 +4.2 gold

particles per Golgi stack was numbered with 2% (v/v)
GA, compared to 9 + 1.4 with 0.5 % (v/v) GA.

DISCUSSION

HPF/FS and cryosectioning are recognized respec-
tively as the best established fixation and immunode-
tection methods. Nevertheless, in spite of the avail-
ability of those tools, relatively few studies on plant
suspension-cultured cells have been reported to date.
In our work, technical conditions in HPF/FS and cry-
osectioning for tobacco BY-2 cell preparations were
overviewed with a particular focus on the Golgi ap-
paratus and their impact on GFP-tagged protein lo-
calization is discussed below.

In the HPF/FS procedure, the most critical phase
of the whole fixation process is undoubtedly the pre-
ceding preparation prior to freezing of specimen, as
very well described in the recent upgrade published
by McDonald et al. (2007). In our study, the use of FS
media free of strong fixatives amenable for immuno-
analysis, provided optimal freezing quality. It is well
known that the water content of vacuolated cells
(such as tobacco suspension cells) is a crucial factor
for vitrification of hydrated specimens. The complex
interactions between water and intracellular com-
pounds and the various forms of water present in the
different compartments, including vacuoles, cytoplasm
and apoplast, greatly influence phase transitions dur-
ing cooling procedures in spite of high cooling rate
generated by HPF. Studer et al. (1995) demonstrated
the dependence of vitrification on proteoglycan con-
centration and water content in articular cartilage. Si-
milarly, Lepeault et al. (1997) studied vitrification of
water and showed that amorphous ice of pure water
could be obtained by HPF only by adding at least 20%
(W/v) sucrose.

In the case of tobacco suspension-cultured cells, it
was already described that freezing without any cry-
oprotectant gives some sufficient ultrastructural re-
sult to immuno-analysis of specific vacuolar or vesic-
ular compartment, and multi-vesicular bodies (Tse et
al., 2004; Oliviusson et al., 2006; Langhans et al., 2007).
In our work, we showed that freezing tobacco cells
without any additive induced important ice damage
leading to poor preservation of cell structures, includ-
ing the Golgi stacks. These ice injuries are not depen-
dent on the dehydration process but result in the lack
of efficiency of vitrification. In this context, cryopro-
tectants become essential to improve the quality of
freezing by ensuring a rapid heat removal from the
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sample without the formation of ice crystals. Usually,
cryoprotectants are divided into two categories, in-
cluding non-penetrating (e.g. dextran, BSA, arabic
gum and sucrose) and penetrating compounds (e.g.
glycerol). Extracellular compounds act as an “em-
bedding agent”, thereby increasing the viscosity of the
outside medium. Thus, by preventing freezing outside
the cell, the ice nucleation within the cell is delayed
and ice damage is prevented (Echlin, 1992). They are
often more suitable than intracellular cryoprotec-
tants, which might change cell physiology. However,
another classification of these agents, based on their
osmotic activities, should be considered. Dextran, BSA
and arabic gum are molecules with low osmotic activ-
ity, compared to sucrose or glycerol. Dextran and su-
crose have previously been used in large HPF/ FS ap-
plications on sycamore or tobacco suspension-cul-
tured cells (Driouich et al., 1993; Zhang et al., 1993;
Samuels et al., 1995; Driouich & Staehelin, 1997; Wi-
nicur et al., 1998; Nebenfiihr er al., 1999) in contrast
to glycerol. As shown in our results, dextran could be
an effective cryoprotectant when tobacco suspension-
cultured cells were freeze-substituted in osmium te-
troxide and embedded in Spurr’s resin (Fig. 2C, D)
but not when FS conditions deprived of strong fixa-
tives followed by LRW resin were applied (Fig. 3C).
In this case, segregation compartments caused by cry-
stallization were present. These data are in line with
the previous report of Matsko & Miiller (2005), who
demonstrated that Spurr’s components were involved
in the stabilization of fine structures after HPF, re-
sulting in higher quality of ultrastructure compared to
LRW resin. Nevertheless, the major drawback in the
use of dextran is its incompatibility with substitution
fluids such as acetone supplemented with uranyl ac-
etate suitable for immunolabeling. The possible in-
teraction of dextran with uranyl salts (Kiss ez al., 1990;
Giddings, 2003) leads to an important reduction of
freeze substitution efficiency inducing re-crystalliza-
tion when temperature increases during the substitu-
tion process. In those conditions, ultrastructure is da-
maged. In addition, high concentration of dextran
may exert a non colligative osmotic pressure involved
in some membrane shrinkage.

Freezing in glycerol or sucrose provided good pre-
servation with LRW resin (Fig. 3A, B), avoiding the
necessity of using osmium tetroxide in the freeze sub-
stitution medium as generally proposed in the litera-
ture (Nebenfiihr et al., 1999; Toyooka et al., 2009).
Glycerol is a natural compound found in the plant
cell membranes and known to play a key role in tol-
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erance to various abiotic stresses such as cold or de-
hydration (Eastmond, 2004). Although glycerol is i-
dentified as a penetrating cryoprotectant, its entry in-
to the plant cell may be limited by the cell wall
(McGann, 1978; Echlin, 1992; Hayat, 2000). In our
experiments, glycerol incubation was performed grad-
ually on non-fixed cells at +4°C, which decreased
greatly the cell glycerol penetration (McGann, 1978;
Echlin, 1992). Thus, in this context, the glycerol play-
ed the role of an osmotic agent, like sucrose. The good
ultrastructural preservation of Golgi stacks obtained
with sucrose and glycerol treatment is due to an os-
motic effect that does not occur with dextran. This
finding suggests that the optimal freezing of BY-2
cells requires their light dehydration. To preserve the
integrity of endomembranes, osmotical action of su-
crose or glycerol is more successful than dextran.

The lack of membrane staining when glycerol is
used as cryoprotectant, compared to sucrose, could
be explained by the behaviour of membranes during
high pressure freezing. Because of the structure and
composition (phospholipids closely arranged to each
other in a double lamellar layer) of membranes, the
ultrarapid freezing process could be modified and be-
came different of free water. Wolfe & Bryant (1999)
have shown that membrane vitrification is dependent
on the ability of cryoprotectants to diffuse in the in-
terlamellar spaces and each side of phospholipid lay-
ers. A good vitrification of membrane can be achiev-
ed if the cryoprotectant diffuses efficiently in the in-
terlamellar spaces. Otherwise, the presence of differ-
ent types of ice in intra- or extra- compartments could
induce drastic injuries, such as membrane cracks or
swells (Wolfe & Bryant, 1999). We can also speculate
that the visibility of membranes could be modified ac-
cording to vitrification status. Although no link be-
tween vitrification quality and their contrast was es-
tablished, some authors notice the poor staining of
membranes after HPF/FS, and added low rate of wa-
ter in the FS medium to increase membrane contrast
(Walther & Ziegler 2002, Giddings, 2003).

When sucrose or glycerol is added to the freezing
medium, no difference in immunogold localization of
specific Golgi enzymes (Fig. SA, B) was observed.
These findings are illustrated by the localization of
the MUR3-GFP fused protein involved in the syn-
thesis of the xyloglucan, a major hemicellulosic poly-
saccharide of dicotyledonous primary cell wall (Car-
pita & McCann, 2000). In line with the previous work
of Zhang & Staehelin (1992) on the distribution of
oligosaccharide linked to xyloglucan, we recently
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showed that the enzyme responsible for the galacto-
sylation of this polymer is mostly localized in the me-
dial/trans margins of Golgi cisternae (Chevalier ef al.,
2010). We demonstrate here that whatever the pre-
cooling treatment applied to BY-2 cells, sucrose or
glycerol, the localization of these GFP-Golgi fused
proteins is the same. Given the fact that ultrastruc-
tural preservation is better with glycerol pretreatment,
we also used this procedure to describe two other XyG
synthesizing enzymes localization in BY-2 cells pre-
pared by HPF/FS (Chevalier et al., 2010).

Tokuyasu thawed cryosectioning technique is bas-
ed on fixation with aldehydes, infiltration with high
concentration of cryoprotectant, followed by plung-
ing in liquid nitrogen and finally cryosectioning on a
microtome cryo-chamber at -90°C and -130°C. Dur-
ing this process, two major difficulties are generally
encountered: the cryoprotection step and the retrie-
val section. The presence of sucrose, widely used in
high concentration, ensures the vitrification of the bi-
ological material when freezed upon plunging into li-
quid nitrogen. Thus infiltration of sucrose into the
cell seems to be essential to prevent ice damage and
to achieve vitrification, in contrast to the HPF/FS ap-
proach. Therefore, aldehyde fixation plays an impor-
tant role by permeabilizing the plasma membrane, in
addition to stabilizing cell structure. Despite that fix-
ed cells are permeable to sucrose, the infusion rate
into cell is dependent on the fixation intensity (Hay-
at, 2000). When applied to plant cell material, sucro-
se infiltration is obviously impaired by the presence of
cell wall, which constitutes a great biological barrier.
This results generally in severe plasmolysis of the cell,
which can be overcome by increasing fixative concen-
tration and length of incubation to 72hrs, in gradual
sucrose solutions.

Section retrieval step in the cryo-chamber is known
to be a critical step in the cryosectioning approach.
This step can induce damage of the cell endomem-
branes (Skepper, 2000) and must be performed rapi-
dly to avoid the freezing of the retrieval medium.
When 2.3M sucrose solution is used, the time needed
to retrieve sections in a cryo-chamber maintained at
—100°C was estimated at 3 sec (Skepper, 2000). An
alternative mixture of 2% (w/v) methyl cellulose and
2.3M sucrose helps to avoid tissue over-streching
caused by the strong osmotic activity of sucrose (Grif-
fiths, 1993). Consequently, this solution freezes faster
than sucrose, shortening the section retrieval time.
Thus, we believe that improving pre-fixation will pre-
vent damage occurring at this critical stage. Indeed,

fixation with 1.5% (v/v) PAF - 0.2% (v/v) GA for 16
hrs at +4°C resulted in insufficient ultrastructural
preservation (see Fig. SC) with a quality below that
obtained after chemical co-fixation method (Follet-
Gueye et al., 2003).

Increasing the fixative concentration proved a
marked improvement of cellular preservation. In par-
ticular, the morphology of the endomembrane system
was very well preserved, matching that obtained with
HPF technique in BY-2 cells (see Fig. 5). This me-
thod also allowed a clear distinction of the cis to frans
Golgi polarity. Despite the good patterns of cell ul-
trastructural preservation, the use of a high fixative
concentration is known to hamper epitope accessibil-
ity. In our work, use of 2% (v/v) GA fixative com-
bined to PAF afforded a high density of gold particles
(Fig. 5C, D) and the precise GFP localization within
Golgi membranes (Fig. 5C, D). We observed that the
GFP localization was predominantly associated with
the cis and less frequently in the medial Golgi cister-
nae compartments, as previously described (Saint-
Jore-Dupas et al., 2006). Similar distribution of this
Golgi membrane protein was obtained using either
high-pressure frozen tobacco BY-2 cells (Nebenfihr
et al., 1999) or chemically co-fixed cells (data not
shown), but the density of labeling was much weaker
than that obtained in cryosectioned samples. More
recently, Staehelin & Kang (2008), in a paper dedi-
cated to EM tomography, showed also that the native
B mannosidase was predominantly located to the cen-
tral zone of the medial cisternae in Arabidopsis root
tip as presented here in Fig. 5D, E.

Impacts of Tokuyasu cryosectioning versus HPF/
FS preparations on antigenicity are highly dependent
either on the sample and the antigen (Lauber et al.,
1997; Hess, 2007; Stierhof & Kasmi, 2010). Provided
that antigens were maintained in their original loca-
tion and not extracted during chemical fixation and
sucrose infiltration, the accessibility of epitopes at the
thawed cryosection surface is better when compared
to that of the resin section surface. Moreover, in the
Tokuyasu cryosectioning approach, because tissues
are only fixed with low concentrations of aldehydes
and remain in an aqueous environment prior to im-
munolabeling, epitope detection would sometime turn
out to be more favorable. Here, in the Tokuyasu
technique, to perform the ultrastructural preservation
of tobacco BY-2 cells, we fixed them with an alde-
hyde mixture containing 2% (v/v) PAF and 2% (v/v)
GA and then infiltrated them slowly with 2.3M su-
crose. We show here that this process is not deleteri-
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ous to GFP-tag detection in transgenic BY-2 cells.
On the other hand, we also reveal that the GFP-tag is
insensitive to HPF/FS procedure following by LRW
resin embedding.

Whereas Tokuyasu cryosectioning is often assum-
ed to be the most suitable approach to label membra-
ne-bound proteins (Liou et al., 1996; Griffiths & Pos-
thuma, 2002), the ultrastructural features of BY-2
cells was often inferior to HPF/FS experiments. The
major drawback is the great cell plasmolysis which is
reduced by a progressive sucrose infiltration and stron-
ger fixation. Alternatively, it would be interesting to
combine the quality of the ultra-rapid cooling with
the sensitiveness of thawed frozen section technique.
In practice, a modified approach was proposed by
Van Donselaar et al. (2007) and Ripper et al. (2008)
named the “rehydration method”. It combines HPF/
FS procedure followed by a rehydration step, infiltra-
tion in sucrose and cryo-sectioning. The rehydration
method is particularly sufficient to investigate some
extractable epitopes like polysaccharides that are of-
ten lost during Tokuyasu process and was recently
used to immunolocalize epitopes associated with a
hemicellulosic compound, the xyloglucan (Viotti et
al., 2010). This new approach was also successfully
applied to Arabidopsis thaliana plant model on pollen
grains, cotyledons and root tip (Stierhof & Kasmi,
2010) but never described on tobacco BY-2 cells. Con-
sidering the high hydration level of BY-2 cells, suc-
cessive dehydration and rehydration steps might be
delicate. However, it could be of interest to adapt the
rehydration method to plant suspension cells like to-
bacco BY-2 cells.
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microscopy observations, labelling of Golgi units is hardly detectable. In contrast, the
complete removal of the cell wall in protoplasts allows the access of the MAb CCRC-M86 to
the Golgi-associated epitopes (Fig. 4B). Moreover, it is well recognized that cell wall
polymer synthesis is stimulated in protoplasts thus contributing to the increase of labelling
of the endomembranes. With this procedure, we have clearly shown that sugar motifs
associated with XyG (Fig. 4) or pectins (data not shown) are present in the Golgi units. These
are numerous and dispersed throughout the cytoplasm (see numerous fluorescent spots on

Fig. 4B).

Fig. 4. Immunocytochemical localization of XyG epitopes in partially-digested tobacco BY-2
suspension-cultured cells and protoplasts with the MAb CCRC-M86. A- Confocal
microscope images showing fluorescent staining of the cell surface and B- Golgi bodies.
CCRC-MS86 epitopes localize to both the cell wall and Golgi stacks of tobacco cell or
protoplasts, 1'espectix'ely. Bars = 8 um.

4. Spatial organization of non-cellulosic cell wall polysaccharides at the
ultrastructural level

Due to the unability to subfractionate the plant Golgi stacks into cis, medial and trans
cisternae, our knowledge, concerning the assembly of complex polysaccharides within the
Golgi subcompartments, remains scarce. Progress towards the understanding of
compartmentalization of matrix cell wall polysaccharide biosynthesis has come from
immuno-electron microscopical analyses (Staehelin et al., 1990, Zhang & Staehelin, 1992;
Driouich et al., 1993). These immunolabeling studies have been performed on samples
prepared by HPF, a cryofixation technique that provides excellent preservation of Golgi
stacks thereby allowing different cisternal subtypes to be easily distinguished. For
ultrastructural and immunocytochemical investigations, we used the HPF coupled to freeze
substitution (FS) technologies to prepare Arabidopsis root tips and pollen tubes, or tobacco
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suspension-cultured cells. We present and discuss here protocols allowing epitopes
detection associated with polysaccharides and membrane proteins (e.g., glycosyltransferases
responsible for polysaccharide biosynthesis).

4.1 TEM sample preparation
4.1.1 High-Pressure Freezing/Freeze Substitution (HPF/FS)
4.1.1.1 Pre-cooling treatment

Prior to freezing, 3 day-old tobacco (BY-2) suspension-cultured cells were concentrated on
50 um nylon membrane and incubated successively in MS + 5% glycerol, then in MS+10%
glycerol for 1h each, at +4°C and under light stirring. Cells were then transferred to MS+20%
glycerol and immediately frozen (see § 4.1.1.2). Root tips of seven day-old arabidopsis
seedlings were first immersed in 2-(N-morpholino) ethanesulfonic acid (MES) buffer
(20mM, CaCl.2H0O 2mM, KCI 2mM, Sucrose 0.2M; pH 5.5) containing a small drop of red
ruthenium (to allow visualisation of the roots) for 5 min. Roots were then incubated with
0.2M sucrose in MES buffer for 5 min before freezing. Six hour-old pollen tubes were kept in
the germination medium (GM) before freezing.

4.1.1.2 High pressure freezing

High-pressure freezing was performed with the freezer HPF-EM PACT I Leica-
microsystems (Studer et al., 2001). Tobacco cells were concentrated on 50um nylon
membrane and transferred into the cavity of a copper ring used for cryofracture which is
100um in depth and 1.2 mm in diameter. Excess medium was lightly absorbed with filter
paper. Using a horizontal loading station, the specimen carriers were tightened securely into
the pod of gpecimen holder. After fixation on the loading device, spécimens were frozen
according to a maximum cooling rate of 13000°C/s, incoming pressure of 7.5 bars and
working pressure of 4.8 bars. Rings containing frozen samples were stored in liquid
nitrogen until the freeze substitution procedure was initiated.

Root tips of Arabidopsis thaliana (1 to 2 mm) were excised with a fine razor blade in freezing
media (0.2M sucrose in MES buffer). Three or four roots were placed in a gold platelet (200
mm in depth and 1.2 mm in diameter) carrier pre-filled with the freezing medium and
coated with soybean lecithin (100 mg mL-! in chloroform). Specimens were immediately
frozen in the EM PACT freezer under similar conditions of pressure and cooling rate as for
the tobacco cells (see above). Time between excision of the root tips and freezing was <1
min.

Like root tips, centrifuged 6-h-old pollen tubes were transferred into the cavity of gold
cupules coated with soybean lecithin (100 mg mL- in chloroform). Excess medium was
removed using a filter paper and were frozen as describe above.

4.1.1.3 Freeze substitution and resin embedding

After HPF, pollen tubes were transferred to a freeze substitution automate (EM-AFS; Leica)
precooled to -140°C. Freeze substitution conditions followed a modified procedure from D.
Studer (personal communication). Substitution media were composed of 2% osmium in
anhydrous acetone. Samples were substituted at -90°C for 72 h. The temperature was
gradually raised (2°C hr!) to -60°C and stabilized during 12 h, then gradually raised (2°C -1)
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to -30°C (12 h) and gradually raised again (2°C h-1) to 0°C for 2 h. Samples were washed at
room temperature with fresh anhydrous acetone. Infiltration was done at +4°C in acetone-
Spurr resin (2:1, 1:1, 1:2, 8 h each step) and with pure resin for at least 2 days.
Polymerization was performed at 60°C for 16 h. Samples destined for protein
immunocytochemistry (Arabidopsis root tips and BY-2 cells) were substituted in anhydrous
acetone + 0.5% uranyl acetate (UA) using similar program as that described above except
that the final substitution step was performed at -15°C. Samples were rinsed twice with
anhydrous ethanol. Infiltration was processed at -15°C in a solution containing Ethanol : LR
White (ratio 2:1; 1:1; 1:2, 8h each step) and with pure resin for 2x24 h. Polymerisation was
performed into the AFS apparatus at -15°C under ultra violet light for 48h. Using an ultracut
EM-UCE6 (Leica), thin sections (90 nm) were mounted on formvar-coated nickel grids.

4.2 Immunogold staining
4.2.1 Single immunogold labelling
4.2.1.1 Cell wall immunogold labeling on epoxy sections

Grids, with pollen tube sections, were rehydrated in a Tris-buffered saline buffer (TBS) +
0.2% BSA and blocked in a TBS/BSA 0.2% /milk 3% solution for 30 min. After three brief
rinses in TBS/BSA 0.2% solution, grids were incubated 3 h at 25°C in primary antibodies:
non diluted for LM15 and CCRC-M1 or diluted (LM6, 1:2; anti-callose, 1:100) in TBS/BSA
0.2% buffer. Then, grids were washed (six times for 5 min each) in TBS/BSA 0.2% and
incubated for 1 h at 25°C in a 1:20 secondary antibody (goat anti-rat for LM6 and LM15, goat
anti-mouse for CCRC-M1 and anti-callose) conjugated to 10-nm gold particles (British
Biocell International). Finally, grids were washed (six times for 5 min each) in a TBS + BSA
0.2% buffer, 1 min in TBS, 10 min in TBS + glutaraldehyde 2%, 5 min in TBS, and then two
times for 5 min each in double deionized water. The sections were stained with 0.5% (w/v)
UA in methanol for 10 min in the dark, rapidly rinsed 10 times with water and stained with
lead citrate for 10 min, and briefly rinsed 10 times with water. In this experiment, epoxy
resin was used as embedding medium. It is generally well admitted that Epoxy resin, which
allow good cellular structure preservation, is not recommended for immunocytochemical
studies. In the case of XyG and callose epitopes studied in Arabidopsis pollen grain and
pollen tube, the detection was done with success (Fig. 5). Subcellular observation of
Arabidopsis pollen grains showed that the intine cell wall contains the hemicellulose
epitopes associated with fucogalactoXyG (Fig. 5A) and XyG (Fig. 5B). On the exine wall,
pollen coat material is also visible. In the pollen tube, a double cell wall can be detected back
from the tip region with the inner cell wall containing callose (Fig. 5C).

4.2.1.2 Immunogold labeling of polysaccharides and synthesizing-enzymes in Golgi
stacks on acrylic sections

Ultrathin sections of tobacco cells or Arabidopsis root tips were blocked in TBS (Tris-
buffered saline: Tris-HCl 20 mM pH 7.2, 200 mM NaCl) supplemented with 0.2% of BSA
and milk 3% for 30 min. Sections were then incubated with monoclonal antibodies CCRC-
MS86 at a 1/5 dilution in TBS + BSA and normal goat serum (NGS; British Biocell
International) for 3 h at room temperature. After washing in TBS + BSA 0.2% buffer, grids
were incubated for 1 h at room temperature in the rat secondary antibody conjugated to 10-
nm gold particles (Tebu-British Biocell International, http://www.tebu-bio.com). After
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Fig. 5. A. Localization of fucosylated XyG in the intine wall of the pollen grain using the
CCRC-M1 MAD. B. Localization of the motif XXXG found in XyG in the intine wall of the
pollen grain using the LM15 MAD. C. Localization of callose in the inner cell wall of the
pollen tube using the anti-callose antibody. Arrowhead, gold particles; er, endoplasmic
reticulum; ex, exine; in, intine; iw, inner cell wall; m, mitochondria; ow, outer cell wall; pc,
pollen coat; pg, pollen grain. Bars = 0.2 pm.

washing and fixation in TBS + 2% glutaraldehyde, sections were first stained with 4%
vapour osmium for 3 h on a hotplate warmed to 40°C placed under a fume hood. For this
step, the grids were put closed to 4% osmium droplets on a parafilm paper. This system was
put in a small glass Petri dish who was kept hermetically closed until the total osmium
evaporation. Then sections were classically stained 10 min with 0.5% UA diluted in
methanol and 10 min in lead citrate.

Ultrathin sections of frozen cells expressing AtXT1-Green Fluorescent GFP (GFP) or
AtMURUS 3 (MUR3)-GFP fusion proteins (Chevalier et al., 2010) were blocked in TBS (Tris-
HC120 mM pH 7.2, 200 mM NaCl) supplemented with 0.2% of BSA and Tween 20 0.05% for
15 min. Sections were then incubated with the polyclonal anti-GFP antibody (BD living
colors A.v peptide antibody - Clontech) at a 1/5 dilution in TBS + BSA and NGS for 2 h at
room temperature. After washing in TBS + BSA 0.2% buffer, grids were incubated for 1 h at
room temperature in the rabbit secondary antibody conjugated to 10 nm gold particles
(Tebu-British Biocell International). After washing and fixation in TBS + 2% GA, sections
were stained as described above with osmium vapours, uranyl acetate and lead citrate.

The combined use of HPF-FS and cryo-embedding in acrylic resin is particularly adapted to
immunodetection of either membrane proteins or cell wall polysaccharides (Fig. 6 & Fig. 7).
The cryo-immobilisation by HPF ensures the sample vitrification without modification of
molecular structures. While chemical fixatives (such as aldehydes or osmium tetroxyde) are
relatively inert with sugar molecules, proteins are often covalently cross linked with
fixatives, which can disturb the epitope structure. During the cryo-dehydration step, we
have lightly fixed the cells by adding 0.5% uranyl acetate to avoid the modification of the
protein epitope. To enhance the electron micrograph contrast, the contact with osmium
vapour prior to classical uranyl acetate and lead citrate staining is efficient (Fig. 6, Fig. 7,
Fig.8 & 9) to enhance Golgi stack morphology. The non-fucosylated sugar motifs associated
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with XyG, already detected in Golgi units in tobacco protoplasts (Fig. 4B), are mainly
localized to the secretory vesicles of trans Golgi network (TGN) (Fig. 6A). With the same
preparation procedure, it is also possible to immunolocalize XyG-synthesizing enzymes
fused to GFP (e.g., AtXT1-GFP), within Golgi cisternae in transformed BY-2 cells (Fxg 6B).
AtXT1-GFP was shown to localize mainly to the cis Golgi compartment (Chevalier et al.,

2010).

Fig. 6. Electron nucxocnaphs of HPF/FS and LR White embedded tobacco cells illustrating
ummmooold labelling of Golgi stacks and the cell wall. A- Non fucosylated motifs of XyG
were immunodetected with the MAb CCRC-M86. B- AtXT1-GFP fusion protein was
labelled with anti-GFP Ab, in Golgi stacks of transformed tobacco BY-2 suspension-cultured
cells. The black head arrows indicate the secretory vesicles labelled. CW, cell wall; ER,
endoplasmic reticulum; bars = 200 nm.

4.2.2 Double immunogold labeling

Information on the distribution of Golgi localized enzymes are currently obtained by using
GFP technologies and confocal laser microscopy (Brandizzi et al.,, 2004). Immuno-electron
microscopy is the only approach to study the distribution of GFP-labelling within a given
organelle. Therefore, a central issue for immunogold at TEM level is to preserve epitopes of
interest while minimizing the loss of ultrastructural details. Here, we study the localization
of QUASIMODO? protein (QUA2) in qua2 mutant transgenic plants expressing the QUA2-
GFP fusion protein (Mouille et al., 2007). QUA2 is a putative methyltransferase involved in
the methylesterifcation of HG. It is well admitted that HG are synthesized in their
methylesterified form and then possibly de-esterified by pectin methylesterases in the cell
wall (Micheli, 2001).
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With the sample substituted in 0.5% AU medium and embedded in LR White resin, we have
been able to perform a double immunolabeling to localize Golgi enzymes fused to GFP and
cell-wall polysaccharides. Ultrathin sections of Arabidopsis root tips of qua2-QUA2-GFP
(Mouille et al., 2007) were blocked as describe above and incubated 2h at 25°C with the
polyclonal anti-GFP antibody (BD living colors A.v peptide antibody - Clontech) at a 1/5
dilution in TBS + BSA and normal goat serum. After washing in TBS + BSA 0.2% buffer,
sections were again saturated with 3% milk, 0.2% BSA in TBS buffer for 30 min. Incubation
with the MAD JIM7 diluted to 1/5 in TBS + BSA and normal goat serum was done for 2h at
25°C. After six rinsing for 5 min with TBS buffer containing 0.2% BSA, grids were incubated
for 1 h at room temperature in the rabbit secondary antibody conjugated to 10 nm gold
particles diluted to 1/20 in TBS + BSA 0.2% + NGS 3%. Sections were then washed three times
in TBS buffer + BSA 0.2%, and incubated 1 h at 25°C in the goat anti-rat secondary antibodies
conjugated to 20-nm gold particles (Tebu-British Biocell International, http://www.tebu-
bio.com). Sections were rinsed six times for 5 min with TBS buffer containing BSA 0.2%, and
were followed by one washing in TBS buffer. After fixation in TBS + 2% GA, sections were
stained as described above with osmium vapours, uranyl acetate and lead citrate.

The fusion protein is detected in the tans Golgi cisternae (Fig. 7C) while the
methylesterified HG are immunolocalized not only in the trans cisternae but also in the TGN
as previously described (Zhang & Steahelin, 1992; Toyooka et al., 2009). The lack of strong
fixative in the substitution medium like osmium tetroxide or glutaraldehyde, allows the
combined detection of pectic epitopes and its Golgi-associated biosynthetic enzyme. The cell
wall labelling of the methylesterified HG epitopes (Fig. 7A & 7B) shows that the sample
preparation did not alter the polymer localization. Given that the protein epitope is not
impaired by strong fixatives, the double labelling of the product (HG) and the Golgi-
localized methyltransferase is now possible. Our results suggest that HG methylation is
likely to start in trans Golgi cisternae.

4.3 Quantitative mapping of polysaccharide-synthesizing enzymes within Golgi
stacks

Statistical analysis of immunogold labelling was used to map XyG-glycosyltransferases
within Golgi cisternae (Chevalier et al., 2010). As no antibodies directed against these
enzymes are currently available, we have chosen to investigate their localization indirectly
by using anti-GFP antibodies in transgenic tobacco cells expressing the glycosyltransferases
fused to GFP. Immunogold labelling was quantified over each Golgi cisternae (fifty Golgi
stacks with distinguishable cisternal subtypes) and subjected to chi-squared (y2?) test to
check for labelling specificity in transformed BY-2 cells versus wild type. The relative
labelling index (RLI) was also determined to evaluate specific gold particles distribution
within different subtypes of Golgi cisternae (Mayhew et al., 2002; Mayhew, 2011).

4.3.1 Labelling specificity of signal in transformed BY-2 cells

To evaluate the distribution of gold particles in Golgi stacks of transformed cells as
compared with wild type cells, we used a chi-squared test (y2) as described by Mayhew et
al., (2002). We considered the null hypothesis as ‘no difference of gold distribution between
wild type and transformed cells’. We analyzed gold labelling in different compartments of
Golgi stacks: cis, medial, trans and the TGN (Fig. 8).
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Fig. 7. Electron micrographs of HPF/FS and LR White-embedded ultrathin sections of
Arabidopsis root tips of qua2-QUA2-GFP. Double localization of AtQUA2-GFP with anti-
GFP antibody (10 nm gold particles) and of highly methylesterified HG with MADb JIM7 (20
nm gold particles) in Arabidopsis root meristematic cells. A-B: Note abundant labelling of
HG epitopes in the cell wall and in the last Golgi compartments. C, the black arrow heads
indicate the 10 nm gold particles corresponding to GFP labelling in the trans Golgi cisternae.
CW, cell wall; G, Golgi ; MT, cortical microtubules ; P, plastid; PM, plasma membrane ; V,
vacuole. Bars = 100 nm.
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Fig. 8. Electron micrographs of GFP immunodetection on A- 3 day-old wild type BY-2 cells
or B- transformed cells expressing the fusion protein AIMURS3-GFP. 50 similar images are
used to determine the number of gold particles observed in each Golgi compartment: cis,
medial, trans cisternae and the trans Golgi network (TGN). CW, cell wall; ER, Endoplasmic
reticulum; At MURS is a XyG-galactosyltransferase, bars = 100 nm.

To compare the distribution of gold particles in these compartments between the two
tobacco lines, we counted the gold particles observed over 50 Golgi units both in non-
transformed cells (Wild type cells, termed WT cells) and transformed tobacco cells
(expressing Golgi-enzyme fused to GFP, termed GFP-cells), immunolabelled with anti-GFP
antibodies (Fig. 8). We prepared a table of gold particles counted for each tobacco lines and
their repartition in different Golgi compartments (Table 2).

For each Golgi compartment, we calculated the expected gold particle number (Eij)
according to the null hypothesis as ‘no difference of gold distribution between wild type
and transformed cells and that the gold particles are randomly distributed across the Golgi
units’. The expected gold count (Eij) at two line cells for each selected Golgi compartment
are calculated by using the table 2 valuesl, from the product of column (total gold particles
observed in all Golgi stacks for wild type or transformed tobacco lines) and row totals (total
gold particles observed in all BY-2 lines for the selected compartment) divided by the big
total (total gold particles observed in four Golgi compartments, in wild type and
transformed BY-2 cells).

cis (ju) | medial (jo) | frans (j3) | TGN (js5) | Row Total (js)
WT cells (iy) Oqn On O3 Oy O
GFP cells (iy) On On Ox O Oz
Column Total (i3) Os; (0]3) Os; O34 O35

Table 2. Gold particles counted (Oij) over 50 Golgi stacks from Wild type tobacco cells (WT
cells) or transformed BY-2 cells by Golgi localized enzymes fused to GFP (GFP cells). Ojj
designates the gold particle number indicated in the row (i) and the column (j). Oy5 and Oas
designate the total gold particle number in WT cells and GFP cells, respectively. Os; to Oss
correspond to the total gold count in the four Golgi compartments of the two tobacco lines.
O35 is the big total (four Golgi compartments, in WT and GFP cells).
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Example for the cis compartment of WT cells, expected gold number (Ey) is calculated as
described below:

E 11=[(03:X O15)/ O3s] (1)

To compare the distribution of gold particles between the two tobacco lines in these
compartments, we created a contingency table (two columns; four rows) as described in
Mayhew et al. (2002) and also in table 3. In this contingency table we report the observed
(O4j) and expected (Eij) numbers of gold particles. For each tobacco line, total column should
be equal (O1is=Ess; O25=Ezs). If expected number is superior to 5, the y2? test can then be
applied. The corresponding partial y2 value is calculated as the square of the difference
between observed and expected gold particle numbers divided by the expected gold
number.

Example for the cis compartment of WT cells, y2value (3::?) is calculated as described below?2:

112=[(On-En)?/ En] 2

The total 72 value (y;: + 125 is compared with y2 value in contingency table analysis with a
degree of freedom equal to 3 in our experiment and corresponding to3:

Degree of freedom=[(row number -1)*(column number -1)] (3)

When the total y2 value (1152 + 2% is found to be superior to that of the contingency table,
yune = 12.38 (with a degree of freedom of 3 and an uncertainty degree o = 0.005) indicating
that labelling is specific in Golgi stacks of transformed BY-2 cells.

WT cells GFP cells Total observed
(Oij) (Eij) 1ij2 (O1ij) (Eij) xij2 gold
cis Ou Eu 7112 O21 Ex 1212 Os
medial On En 1122 Ox Ex 122 01
trans O Ei3 7132 O Ex 1232 O::
TGN Ous Eus pars O2 E2s 1242 O3z
C;L‘::lm Oy Ess yeta (0) Ex A2s2 O3

Table 3. Model of contingency table use for quantitative analysis of anti-GFP labelling over
Golgi stacks in tobacco BY-2 cells expressing Golgi enzyme-GFP. This table contains two
columns (Ojj and Eij) and four rows (related to the four Golgi compartments studied).

4.3.2 Determination of fusion protein distribution in Golgi stacks

Quantification of the labelling was done according to Mayhew et al. (2002), on a total of 50
Golgi stacks with clearly distinguishable subtypes of cisternae (Fig. 9A) from transformed
BY-2 cells expressing enzyme-GFP fused construct (noted GFP cells). First, gold particles
were counted in each Golgi compartment (cis, medial, trans and the TGN) in 50 Golgi stacks
from WT or GFP cells as described in § 4.3.1. The “observed gold particles’ (ng) in a given Golgi
compartment in GFP cells is determined by subtracting the number of gold particles found
in this compartment (Oij, GFP cells, 50 Golgi stacks) from the one counted in WT cells (Ojj,
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WT)4. Example for the cis compartment of WT cells, np value is determined as described
below:

non= O2- On 4)

Second, each electron micrograph is calibrated and a lattice of test points was superimposed
on each Golgi stack (so as to be random in position) by the plungins function of Image ]|
computer software (Fig. 9B); hit points were counted (‘Observed points’, P) in each
compartment of the Golgi stack.

e o0 ’—\)cis\

]medial

trans

Fig. 9. Electron micrograph of a Golgi unit from At-MUR3-GFP transformed BY-2 cells.

(A) cis, medial, trans and trans Golgi network (TGN) are clearly distinguishable. (B) Lattice
(1015,43 area per point) was superimposed on the same electron micrograph calibrated
(Inm/1.01 pixels) by using Image ] computer software. In this example, 6 ‘Observed points, P’
are present in the cis (green points), 11 in the medial (red points), 3 in the trans (yellow
points) and 9 in the TGN (blue points) compartments. Scale bars = 100 nm.

“Observed gold particles, ng” and “observed points, P” are put in the relative labelling index
(RLI) table (Table 4). Then, the ‘expected golds particles’ (n.) (i.e. random distribution) is
calculated for each Golgi compartment3 from the product of the observed points in the Golgi
compartments and column total of observed gold particles (total gold particles observed in
four Golgi compartments, ngs;), divided by the column total of observed points (total points
observed in four Golgi compartments, P 5;). Example for the cis compartment of WT cells, n.
value is determined as described?>:

Ne13 = (P12 xnps1)/ P 5. (5)

Observed (ng) and expected (n.) gold particles distribution allowed calculation of the
relative labelling indexé (RLI):
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RLI= (no/ne)

6

For a random distribution, the relative labelling index (RLI) is inferior or equal to 1, and for

a compartment preferentially labelled RLI is superior to 1.

Observed = Expected

gold particles Observepd potee gold particles | RLI (ng/n.)

(o) ® (n)
cis no11 P Ne13 N9 11/ Ne 13
medial no2 Px» Ne23 N9 21/ Ne23
trans No31 Ps; Ne 33 N9 31/ Ne33
TGN no 41 Py e 43 Ng 41/ Ne 43

Column total Nnos1 Ps Me53

Table 4. Model of relative labelling index (RLI) table comprising 3 columns (ng, P and n.)
and four rows (related to four Golgi compartments studied). Total observed gold particles
and total of expected gold particles must be equal (1951 = 7e53).

In a recent published study, we have applied this quantitative analysis to determine the
Golgi mapping of three XyG synthesis enzymes in transformed tobacco cell lines (Chevalier
et al., 2010). We show that the labelling of AtXT1-GFP (Fig. 6B) was mostly associated with
cis and medial cisternae, whereas the labelling of AIMUR3-GFP (Fig. 8B & Fig.9) was mainly
detected in medial and trans cisternae of Golgi stacks. In addition to HPF-FS protocol
described here for BY-2 cell preparation, Tokuyasu cryo-sectioning approach is also
amenable to this plant cell model (Chevalier et al, 2011). A new approach named the
“rehydration method” was proposed by Van Donselaar et al. (2007). It combines HPF/FS
procedure followed by a rehydration step, infiltration in sucrose and cryo-sectioning, and is
particularly efficient to investigate the localization of epitopes from polysaccharides that are
often lost during Tokuyasu process and was recently used to immunolocalize epitopes
associated with XyG (Viotti et al., 2010). It could be of interest to adapt the rehydration
method to plant suspension cells like tobacco BY-2 cells for quantitative study of cell wall
polymers such as hemicelluloses or pectins.

5. Conclusion

In conclusion, many immuno-microscopical methods are available to investigate plant cell
walls. A number of antibodies against cell wall carbohydrate epitopes are also available and
can be used to examine the distribution of polysaccharides. It is however important to perform
experiments with varying parameters to determine the best conditions for a given sample.
Optical imaging instrumentation, based on confocal laser scanning microscopy (CLSM), offers
the ability to determine the spatial organisation of polymers at the cell surface, across the cell
wall compartment as well as within the endomembrane system. The CLSM minimizes
interference of innate plant autofluorescence from chlorophylls or vacuole content and
provides a quite precise picture of polysaccharides distribution. Moreover, cryo-sample
preparation for immunogold EM studies has significantly improved the immunodetection at
the subcellular level of the cell wall components and their synthesizing enzymes. Finally, the
preservation quality of both the cell ultrastructure and epitopes allows the quantification of the
labelling within specific membrane-bound compartments (e.g; Golgi stacks). A careful
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combination of microscopical and quantification methodologies is very promising for future
studies devoted to imaging of cell wall glycomolecules and synthesizing enzymes.
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PARTIE B : SYNTHESE GOLGIENNE DU XYLOGLUCANE

Le xyloglucane est le polysaccharide hémicellulosique majoritaire des plantes
eudicotylédones vraies, et joue un réle clef dans leur développement, comme énoncé dans
le chapitre d’introduction. De précédentes études ont focalisé sur la cartographie golgienne
d’épitopes glucidiques spécifiques de la chaine principale du XyG et des chaines latérales
fucosylées, et ont montré que seules les saccules trans et le réseau trans-golgien (TGN)
présentaient ces épitopes. Ainsi, les auteurs ont proposé que la synthése du XyG auraient
lieu uniquement dans les compartiments tardifs de I'appareil de Golgi (Zhang and Staehelin,
1992, Driouich et al., 1993, Staehelin and Driouich, 1997).

Pour compléter ces premiers résultats, nous avons effectué la cartographie golgienne
de trois glycosyltransférases d’Arabidopsis participant a la synthése des chaines latérales du
XyG, fusionnées a la GFP, puis exprimées dans des suspensions cellulaires de tabac: la
a(1,6)xylosyltransférase  (AtXXT1), la B(1,2)galactosyltransférase (AtMUR3) et Ila
a(1,2)fucosyltransférase (AtFUT1). Nous avons traité les cellules de tabac exprimant ces
protéines de fusion selon la méthode que nous avions développée au laboratoire :
traitement des cellules par un cryoprotectant, puis par congélation haute
pression/substitution a froid. Un immunomarquage a été effectué ensuite et la cartographie
des protéines déterminée d’aprés méthode statistique quantitative nommée Relative
Labelling Index (RLI).

Nos conclusions sont les suivantes : la protéine AtXXT1 est majoritairement associée
aux saccules cis et median, la protéine AtMUR3 est associée aux saccules median et la
protéine AtFUT1 associée aux saccules trans, suggérant que tous les compartiments golgiens
seraient impliqués dans la synthése du XyG et que les enzymes agiraient de facon
séquentielle au sein des différents types de saccules. L'ensemble de ce travail est décrit dans
I'article suivant, page 155:

Chevalier L*, Bernard S*, Ramdani Y, Lamour R, Bardor M, Lerouge P, Follet-Gueye ML,
Driouich A. (2010) Subcompartment localization of the side chain xyloglucan-synthesizing

enzymes within Golgi stacks of tobacco suspension-cultured cells. Plant Journal 64(6):977-89
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SUMMARY

Xyloglucan is the dominant hemicellulosic polysaccharide of the primary cell wall of dicotyledonous plants
that plays a key role in plant development. It is well established that xyloglucan is assembled within Golgi
stacks and transported in Golgi-derived vesicles to the cell wall. It is also known that the biosynthesis of
xyloglucan requires the action of glycosyltransferases including a-1,6-xylosyltransferase, -1,2-galactosyl-
transferase and a-1,2-fucosyltransferase activities responsible for the addition of xylose, galactose and fucose
residues to the side chains. There is, however, a lack of knowledge on how these enzymes are distributed
within subcompartments of Golgi stacks. We have undertaken a study aiming at mapping these
glycosyltransferases within Golgi stacks using immunogold-electron microscopy. To this end, we generated
transgenic lines of tobacco (Nicotiana tabacum) BY-2 suspension-cultured cells expressing either the x-1,6-
xylosyltransferase, AtXT1, the p-1,2-galactosyltransferase, AtMUR3, or the a-1,2-fucosyltransferase AtFUT1 of
Arabidopsis thaliana fused to green-fluorescent protein (GFP). Localization of the fusion proteins within the
endomembrane system was assessed using confocal microscopy. Additionally, tobacco cells were high
pressure-frozen/freeze-substituted and subjected to quantitative immunogold labelling using anti-GFP
antibodies to determine the localization pattems of the enzymes within subtypes of Golgi cisternae. The
data demonstrate that: (i) all fusion proteins, AtXT1-GFP, AtMUR3-GFP and AtFUT1-GFP are specifically
targeted to the Golgi apparatus; and (ii) AtXT1-GFP is mainly located in the cis and medial cisternae, AtMUR3-
GFP is predominantly associated with medial cistemae and AtFUT1-GFP mostly detected over trans cistemae
suggesting that initiation of xyloglucan side chains occurs in early Golgi compartments in tobacco cells.

Keywords: cell wall, cryofixation, green-fluorescent protein, Golgi, immunocytochemistry, xyloglucan.

INTRODUCTION

Plant growth and morphology are largely dependent on
the biosynthesis of the cell wall. In dicotyledonous plants,
the primary cell wall comprises cellulose microfibrils and a
xyloglucan network embedded within a matrix of non-
cellulosic polysaccharides and proteins (i.e. glycoproteins
and proteoglycans). Four major types of non-cellulosic
polysaccharides are found in the primary walls of plant
cells (in taxa outside the graminae), namely the neutral

The Plant Journal © 2010 Blackwell Publishing Ltd
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hemicellulosic polysaccharide xyloglucan (XyG), and three
main pectic polysaccharides, homogalacturonan (HG),
rhamnogalacturonan | and Il (RG-l and RG-ll) (Cosgrove,
2005).

XyG consists of a f-o-{1 — 4)-glucan backbone to which
are aftached side chains containing xylosyl, galactosyl-
xylosyl or fucosyl-galactosyl-xylosyl residues. In dicotyle-
donous and non-grass monocotyledonous plants, XyG is
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the principal polysaccharide that cross-links the cellulose
microfibrils. It is able to bind cellulose tightly because its
f-0-{1 = 4)-glucan cellulose-like backbone can form
numerous hydrogen bonds with the microfibrils, whereas
the side chains give rise to regions where microfibril
binding is interrupted. A single XyG molecule can there-
fore interconnect separated cellulose microfibrils. This
XyG-cellulose network forms a major load-bearing struc-
ture that contributes to the structural integrity of the cell
wall and the control of cell expansion during growth
(Cosgrove, 2005).

XyG biosynthesis has long been an interesting area of
investigation. It mainly requires, among others, a glucan
synthase activity for backbone assembly and several glyco-
syltransferases involved in the addition of the side chains,
including xylosyltransferase, galactosyltransferase and
fucosyltransferase activities.

Early studies on pea stems have demonstrated that all the
glycosyltransferases necessary for XyG biosynthesis are
associated with Golgi membranes (Ali et al., 1986; Camirand
and MaclLachlan, 1986; Camirand et al., 1987). Hayashi and
Matsuda (1981) and Hayashi et al. (1981) have shown that
the p-glucan synthase produces the required B-1,4-glucan
substrate molecule necessary for XyG xyiosyitransferase
activity. In addition, it has been demonstrated that XyG
synthesis requires the cooperation of XyG p-1,4-glucan
synthase and the XyG xylosyltransferase within Golgi
membranes supporting the existence of a multienzyme
complex responsible for XyG biosynthesis (Hayashi et al.,
1988).

Since then, considerable efforts have been devoted to the
identification and characterization of the genes involved in
XyG biosynthesis using functional genomics and the model
plant Arabidopsis thaliana (see Lerouxel et al., 2006). For
example, the XyG fucosyltransferase AtFUT1 (CAZy GT37)
was the first type-ll glycosyltransferase characterized at the
biochemical level (Perrin et al, 1999). AtFUT1 has been
identified as one member of a large family containing nine
putative glycosyltransferases. However, further analyses of
the enzymes have shown that three members of this family
are not involved in the fucosylation of XyG (Sarria et al.,
2001). Later on, the identification and characterization of the
mur2 mutant of arabidopsis provided compelling evidence
that the AtFUT1 gene encodes the unique «-1,2-fucosyl-
transferase activity responsible for XyG fucosylation (Vanzin
et al., 2002). Similarly, one XyG f-1,2-galactosyltransferase
(AtMUR3; CAZy GT47) activity was successfully character-
ized using both mutant analysis (mur3 and heterologous
expression of the enzyme (Madson et al., 2003). Neverthe-
less, as the galactose residue of the XyG molecule can be
found in two different positions, it seems that at least one
XyG galactosyltransferase remains to be identified. AAMUR3
acts specifically on the third xylose of the XXXG core
structure of XyG. An important contribution to understand-
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ing XyG biosynthesis was also made by the characterization
of two a-1,6-xylosyltransferases activities required for XyG
xylosylation (CAZy GT34). First, one xylosyltransferase
activity (named AtXT1) was identified based on sequence
homology with a previously identified «-1,6-galactosyltrans-
ferase from fenugreek (Edwards et al., 1999), and character-
ized as a a-16-xylosyltransferase using heterologous
expression in Pichia pastoris (Faik et al., 2002). Cavalier
and Keegstra (2006) extended this work by the characteriza-
tion of a second xylosyltransferase activity (named AtXT2),
encoded by a gene closely related to AtXT1. AtXT1 and
AtXT2 preferentially add the first xylosyl residue to the
fourth glucosyl residue at the reducing end of the acceptor
XyG oligosaccharides. More recently, Zabotina et al. (2008)
have identified another XyG-xylosyltransferase named
XXT5 that has also been localized to Golgi bodies by using
confocal microscopy.

Another enzyme involved in XyG biosynthesis is the
glucan synthase. Recently, a gene from the Cellulose
Synthase-Like C family (AtCSLC4; CAZy GT2) was shown
to encode a Golgi localized f-1,4-glucan synthase activity
providing a strong candidate for the, as yet, unidentified
XyG B-glucan synthase (Cocuron et al., 2007).

Another approach that has heiped understanding XyG
biosynthesis within Golgi stacks is immunocytochemistry
using transmission electron microscopy and anti-XyG anti-
bodies specific either for the backbone or for the fucosylated
side chains. Based on this methodology, it was suggested
that the assembly of XyG occurs exclusively in the late
compartments of Golgi stacks namely trans cisternae, the
trans-Golgi network (Zhang and Staehelin, 1992; Driouich
et al., 1993; Staehelin and Driouich, 1997). So far, such a
Golgi compartmentalization of XyG-associated sugar epi-
topes has not been investigated for the glycosyltransferases
involved in the biosynthesis of this hemicellulosic polysac-
charide. Therefore and as a starting point towards under-
standing how all functional activities involved in XyG
biosynthesis are organized within Golgi cistemae, we have
investigated Golgi compartmentalization of three glyco-
syltransferases (namely AtXT1, AtMUR3 and AtFUT1)
involved in the assembly of XyG side chains in transformed
tobacco BY-2 cells expressing GFP-tagged AtXT1, AtMUR3
or AtFUT1. To this end, immunogold electron microscopy
with anti-GFP antibodies along with quantitative analysis of
antibody binding within Golgi cisternae based on relative
labelling index calculations were used. Our findings show
thatfusion proteins, AtXT1-GFP, AtMUR3-GFP and AtFUT1-
GFP were targeted to Golgi stacks of tobacco BY-2 suspen-
sion-cultured cells. In addition, labelling of AtXT1-GFP was
mostly associated with cis and medial cistemae, and label-
ling of AtMUR3-GFP and ATFUT 1-GFP was mainly detected
in medial and trans cisternae of Golgi stacks respectively.
These findings suggestthatthe assembly of XyG side chains
involves all subtypes of Golgi cistemae.

The Plant Jounal ©® 2010 Blackwell Publishing Ltd, The Plant Journal, (2010), 64, 977-989
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RESULTS

Structural analysis of XyG isolated from tobacco BY-2
suspension-cultured cells

Prior to any expression or localization studies of XyG-syn-
thesizing enzymes in BY-2 suspension-cultured cells, we
performed a structural analysis of XyG isolated from the cell
wall of these cells via the enzymatic oligosaccharide fin-
gerprinting procedure as previously described (Lerouxel
et al., 2002; Ray et al., 2004). The population of xyloglucan
oligosaccharides generated by endoglucanase treatment of
BY-2 cell walls was analyzed by MALDI-TOF mass spec-
trometry. As described in suspension-cultured cells of
Nicotiana plumbaginifolia (Sims et al., 1996), the main ions
were assigned to (M + Na)* adducts of XXGG-type XyG
fragments partially acetylated and substituted with arabi-
nosyl residues (S) (Figure 1). In addition, minor non-
fucosylated XXXG-type oligosaccharides were detected,
including an acetylated monogalactosylated XXLG or XLXG
fragment.

Subcellular localization of XyG-glycosyltransferases fused
to green fluorescent protein

To establish the subcellular localization of XyG-glyco-
syltransferases, AtXT1, AtMUR3 and AtFUT1 in tobacco leaf
epidermal cells using confocal microscopy, we created
fluorescent protein fusions of these enzymes (see Materials
and methods). All three glycosyltransferases are type Il
membrane-bound proteins containing a transmembrane
domain and supposed to be localized in the Golgi apparatus.

As illustrated in Figure 2, transformed tobacco epidermal
cells with AtXT1-GFP (Figure 2a), AtMUR3-GFP (Figure 2d)
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Figure 1. MALDI-TOF mass spectrum of xylogl frag rel d by
dogl of XyG extracted from tob BY-2 suspensi

cultuv;d cells. XXGG, XSG, SXG, SSGG, XXLG, XLXG refer to XXGG-type or
XXXG-type fragments according to Fry et al. (1993).

or AtFUT1-GFP (Figure 2g) displayed a punctate pattern of
GFP fluorescence, as would be expected from the dispersed
organization of Golgi stacks in plant cells (Nebenfihr et al.,
1999; Pagny et al., 2003). To confirm Golgi localization, we
co-expressed each glycosyltransferase-GFP with the well
known fluorescent Golgi marker, 42,6-sialyltransferase (ST)
fused to YFP, in the same epidermal leaf cells. As shown in
Figure 2(c, f, i), AtXT1-GFP, AtMUR3-GFP and AtFUT1-GFP
fluorescence signals co-localized with ST-YFP fluorescence
to punctate and mobile structures typical of Golgi bodies.
To investigate the localization of the glycosyltransferases
inthe Golgi bodies using transmission electron microscopy,
we could not use transiently transformed epidermal cells,
mostly because the transformation yield was very low. We
therefore generated stably transformed tobacco-suspen-
sion-cultured BY-2 cells expressing AtXT1-GFP, AtMUR3-
GFP or AtFUT1-GFP at a high level (up to 90% of the cells
expressed GFP). Then, we also studied the subcellular
localization of the three fusion proteins in the stably
transformed suspension cultured BY-2 cells using confocal
imaging. In all cases and as for transiently expressed cells,
we observed fluorescent and mobile spots (of 1 um in size)
consistent with Golgi localization for AtXT1-GFP, AtMUR3-
GFP and AtFUT1-GFP (Figure 2j, k, |). None of the transient
or stably transformed cells showed any additional fluores-
cencein any other organelles of the endomembrane system.
These data demonstrate that AtXT1-GFP, AtMUR3-GFP and
AtFUT1-GFP of arabidopsis have Golgi localization in
tobacco leaf epidermal and suspension-cultured cells.

Ultrastructural organization of Golgi stacks in high pressure
frozen/freeze substituted tobacco BY-2 cells

We first examined the quality of ultrastructural preservation
of BY-2 suspension-cultured cells prepared by high pressure
freezing and freeze-substitution in acetone containing 0.5%
uranyl acetate (but no osmium), and embedded in London
Resin White (LRW) for immunocytochemistry. As shown in
Figure 3(a), BY-2 cells exhibited very well preserved sub-
cellular structures including the nucleus, nuclear membrane,
mitochondria, vacuole, endoplasmic reticulum, secretory
vesicles and Golgi stacks. In the context of this paper, Golgi
stacks were clearly distinguishable and their organization
was typical of plant suspension-cultured cells (Zhang and
Staehelin, 1992; Andreeva et al., 1998; Winicur et al., 1998).
Also and as illustrated in Figure 3(b,c), were consistently
discernable based on their very well characterized ultra-
structure as previously described (Staehelin et al., 1990;
Zhang and Staehelin, 1992; Driouich et al., 1993). Cis cis-
ternae exhibited the most irregular contour, were faintly
stained and had the widest lumen. Medial cisternae had a
narrower lumen, were more elongated and picked up more
stain than cis cistemae. There is often a gradation of luminal
staining of the medial cistemae in a cis-to-trans direction.
Trans cisternae presented a very thin, collapsed lumen that
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(b)

is always densely stained even more than medial cisternae.
The trans-Golgi network was observed as a branched tubulo-
vesicular structure that is frequently, but not systematically,
located close to trans cistenae consistent with previous
findings (Zhang and Staehelin, 1992).

Immunolocalization of XyG epitopes in tobacco cells

Prior to any investigation of XyG-synthesizing enzymes at
the electron microscopical level, we immunolocalized XyG
epitopes in tobacco BY-2 suspension-cultured cells using
confocal imaging and immunogold electron microscopy
with the mAb CCRC-M86 (kindly provided by Prof. M. Hahn;
University of Georgia, USA), which recognizes non-fucosy-
lated xyloglucan (Pattathil et al, 2010). On immunodot
assay, the CCRC-M86 antibody reacted strongly with native
tamarind XyG but not with a hydrolyzed sample of the
polymer (Figure S1 in Supporting Information). It also
reacted with XyG isolated from tobacco suspension-cultured
cells.

Confocal imaging of immunostained cells with the mAb
CCRC-M86 showed a punctate fluorescence in the cytosol

Résultats

Figure 2. Distribution of AtXT1-GFP, AtMUR3-
GFP and AtFUT1-GFP in living tobacco cells.
Images of epidermal leaf cells (2-i).

Images of suspension-cultured cells (j-1).
Brightly fluorescent spots typical of Golgi local-
ization are seen following transient expression of
AIXT1-GFP (a), AIMUR3-GFP (d) and AtFUT1-
GFP (g)in leaf epidermalcells. Localization of the
Golgi marker, x 2 6-sialylftransferase (ST), fused
to YFP in epidermal leaf cells (b, e, h). Golgi
stacks are visible as bright spots. Co-localization
of AtXT1-GFP (c), AIMUR3-GFP (f) or AtFUT1-
GFP (i) with ST-YFP in epidermal leaf cells
confirming Golgi localization of the XyG-glyco-
syltransferases. Stable expression of AAXT1-GFP
(j), AtMUR3-GFP (k) and AtFUT1-GFP (I} in
tobacco BY-2 cultured cells also shows fluores-
cent spots typical of Golgilocalization. Scale bars
8 pm.

and a quite uniform staining at the cell surface (Figure 4a,b).
This is consistent with the CCRC-M86-recognized XyG-
associated epitopes being located in Golgi stacks and cell
wall, two compartments where XyG is known to occur.

Immunogold labelling of cryo-fixed BY-2 cultured cells
showed XyG epitopes over Golgi stacks and in the cell wall
(Figure 4c,d). Gold particles were mainly found over medial
and trans cistemnae, the trans-Golgi network and Golgi-
derived transport vesicles. Also, labelling of the cell wall was
mostly associated with the closest zone to the plasma
membrane (Figure 4d). In contrast, no labelling was found in
BY-2cells using the mAb CCRC-M1 (data not shown) specific
for an a-L-Fucp(1-2)--o-Galp epitope of XyG, consistent
with the previously published data showing that tobacco
XyG does not contain fucosyl residues (Hoffman et al.,
2005).

Immunogold localization of the glycosyltransferases-GFP
within Golgi cisternae

Once we confirmed Golgi localization of XyG epitopes
and glycosyltransferases using confocal microscopy (see
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Figure 3. Ulrastructural organization of BY-2
Golgi stacks.

Electron micrographs of tobacco BY2-suspen-
sion-cultured cells preserved by high pressure
freezing.

(a) A view of the cytoplasm showing different
organelles induding Golgi stacks, endoplasmic
icul vacuole, mitochondria and nud

White arrowheads indi lear pores.

(b, ¢) Images of Golgi stacks exhibiting different
subtypes of cisternae induding cis medial and
trans. Note that the trans-Golgi network is not
always associated with all Golgi stacks. ER,
endoplasmic reticdum, G, Golgi stack; NM,
nuclear membrane; N, nucleus; M, mitochondria;
SV, secretory vesicles; TGN, trans-Golginetwork;
V, vacuole. Scale bars: 100 nm.

above), we investigated distribution of the enzymes within
Golgi cisternae using immunogold-electron microscopy.
Labelling of AtXT1-GFP, AtMUR3-GFP and AtFUT1-GFP
was performed by employing anti-GFP antibodies in
stably transformed BY-2 cells prepared by HPF/FS
technique.

Immunogold labelling was quantified over each Golgi
cisterna (fifty Golgi stacks with distinguishable cisternal
subtypes) and subjected to chi-squared (1?) test to check for
labelling specificity in transformed BY-2 cells versus wild
type. The relative labelling index (RLI) was also determined
to evaluate specific gold particles distribution within differ-
ent subtypes of Golgi cisternae (Mayhew et al., 2002) (see
Materials and methods).

Golgi distribution of AtXT1-GFP

Immunogold labelling of Golgi stacks of AtXT1-GFP trans-
genic BY-2 cultured cells with anti-GFP antibodies is illus-
trated in Figure 5(a,b). Gold particles were mainly localized
over cis- and medial-Golgi cisternae and also in transport
vesicles associated with Golgi margins.

Quantification of labelling and chi-square test were per-
formed (Table 1a) to confirm the specificity of the signal in
cells expressing AtXT 1-GFP BY-2 versus wild type cells. The
total chi-squared value (31.28) was found to be superior to
that of the contingency table, 2, = 12.38 (with a degree of

freedom of 3 and an uncertainty degree « = 0.005) indicating
that labelling is specific in Golgi stacks. In addition, distri-
bution of GFP-tagged AtXT1 within subtypes of Golgi
cisternae in transformed cells was assigned based on RLI
determination. The RLI values for cis and medial cisternae
were found to be superiorto 1(1.66 for ciscisternae and 1.27
for medial cistemae; see Table 1b), indicating a specific and
preferential labelling of these two Golgi compartments with
anti-GFP antibodies.

Golgi distribution of AtMUR3-GFP

Localization of AtMUR3 was performed using the same
procedure. Immunogold labelling of Golgi stacks of
AtMUR3-GFP transgenic BY-2 cultured cells with anti-GFP
antibodies is shown in Figure 6(a,b). Gold particles were
also mainly localised in Golgi stacks and seemed to be
preferentially in the medial-Golgi cisternae. Quantification of
labelling and chi-square tests were performed as for cells
expressing AtXT1-GFP (see above). The total chi-squared
value (25.69), was found to be greater than that of the con-
tingency table, /,,, = 12.38 (with a degree of freedom of 3
and an uncertainty degree « = 0.005) indicating that label-
ling in Golgi stacks is specific (Table 2a). In addition, analy-
sis of AtMUR3-GFP distribution based on RLI determination
indicates a preferential labelling of medial cisternae (RLI
value 1.67 for medial cisternae; see Table 2b).
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Golgi distribution of AtFUT1-GFP

Quantification of immunogold labelling, of Golgi stacks in
transgenic BY-2 cultured cells expressing AtFUT1-GFP, and
a chi-squared test were performed as for AtXT1-GFP and
AtMUR3-GFP. The total chi-squared value (22.41), was
found to be superior compared with that of the contingency
table, y2,, = 12.38 (with a degree of freedom of 3 and an
uncertainty degree a = 0.005) indicating that labelling in
Golgi stacks is specific (Table S1in Supporting Information).
The RLI values were found to be 1.00 for cis cisternae, 0.84
for medial cisternae, 1.61 for trans cisternae and 0.97 for the
TGN. The data indicate a preferential labelling of trans-Golgi
cisternae as the RLI is superiorto 1.

Together the immunogold labelling data coupled to
quantitative and statistical analysis of the binding pattern
of GFP indicate that in tobacco BY-2 suspension-cultured
cells, the AtXT1 is mostly located in cis and medial cisternae,

Résultats

Figure 4. Immunocytochemical localization of
XyG epitopes in tobacco BY-2 suspension-cul-
tured cells with the mAb CCRC-M86.

(a, b) Confocal microscope images showing
fluorescent staining of Golgi bodies (a) and the
cell surface (b). CCRC-M86 epitopes localize to
both Golgi stacks and the forming cell wall of
tobacco protoplasts.

(c, d) Electron micrographs of HPF/FS cells
illustrating immunogold labelling of Golgi stacks
and the cell wall. Note that labelling is found over
Golgi cisternae Golgi-derived secretory vesides
fc, d) and the TGN (d). CW, Cell wall; ER,
endoplasmic reticulum; G, Golgi stack MT,
microtubule; PM, plasma membrane; SV, secre-
tory vesides; TGN, trans-Golgi network; V, vac-
uole. Scale bars 8 um (a, b), 100 nm (c, d).

whereas AtMUR3 and ATFUT1 are predominantly associ-
ated with medial- and trans-Golgi cisternae, respectively.

DISCUSSION

The goal of the present study was to gain insights onto the
spatial organization of the biosynthesis of the complex
polysaccharide XyG within Golgi stacks of higher plants.
Therefore, we mapped three glycosyltransferases, namely
AtXT1, AtMUR3 and AtFUT1 that are involved in the bio-
synthesis of the side chains of XyG within different subtypes
of Golgi cisternae of tobacco BY-2 cells. As no antibodies
directed against these enzymes are currently available, we
have chosen to investigate their localization indirectly by
using anti-GFP antibodies in transgenic tobacco cells
expressing the glycosyltransferases fused to GFP. We have
previously used such a strategy to localize various glyco-
syltransferases involved in the assembly of N-linked glyco-
proteins (see Follet-Gueye et al., 2003; Pagny et al,, 2003;
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“

>

medial

Figure 5. Immunogold localization of the AtXT1-GFP fusion protein in Golgi
stacks of transformed tobacco BY-2 suspension-cultured cells with anti-GFP
antibodies.

(a, b) Two electron micrographs illustrating immunolocalization of AtXT1-
GFP fusion protein within Golgi stacks (see also Table 1 for quantification of
labelling).

SV, secretory vesicles; TGN, trans Golgi network; V, vacuole. Scale bars
100 nm.

Saint-Jore-Dupas et al., 2006) within specific compartments
of tobacco Golgi stacks. We show in the present study that
the three enzymes are associated with all compartments of
Golgi stacks with AtXT1, mainly found over cis and medial
cisternae, AtMUR3 being mostly associated with medial
cisternae and AtFUT1 in trans cistemae. These findings
suggest that all Golgi cisternae are involved in XyG assem-
bly by the Golgi apparatus of plant cells.

XyG is known to be synthesized in the Golgi lumen before
its delivery via Golgi-derived vesicles to the cell wall (Ray,
1980; Camirand et al., 1987; Moore and Staehelin, 1988;
Driouich et al,, 1993). The biosynthesis of this polysaccha-
ride, predictably, requires the activities of a p-glucan
synthase; one or possibly more axylosyltransferases; at
least two B-galactosyltransferases; and an «-fucosyltransfer-
ase (Lerouxel et al., 2006); as well as additional enzymes,
such as nucleotide sugar transporters and nucleotide sugar
interconversion enzymes (Seifert et al., 2004; Nguema-Ona
et al., 2006).

In the past, only the products of XyG-synthesizing
enzymes, carrying specific sugar epitopes, have been
mapped within Golgi cisternae using anti-sugar antibodies
and immunogold electron microscopy (Zhang and
Staehelin, 1992). Quantitative immunolabelling experiments
using antibodies recognizing either the XyG backbone (anti-
XG antibodies: Lynch and Staehelin, 1992; Moore et al.,
1986) or an a-L-Fucp-(1 — 2)--o-Galp epitope of XyG side
chains in sycamore cultured cells have shown that the
epitopes localize to trans cisternae and the TGN (Zhang and
Staehelin, 1992). Based on these observations, the authors
proposed that the biosynthesis of XyG is exclusively
confined to trans cisternae and the TGN with the addition
the B-1,4-linked glucosyl backbone being confined to trans
cisternae and the fucosylation of the side chains associated
partly with the trans cisternae and partly with the TGN. The
authors also suggested that no XyG precursors are formed
in cis or medial cisternae. Nevertheless, it could be argued
that the sugar epitopes recognized by both antibodies used
in that study are not accessible (and thus not detectable)
until they reach the trans and the TGN compartments, or that
the antibodies do not bind XyG precursor forms in cis and
medial cisternae. In contrast to the study of Zhang and
Staehelin (1992), the study of Brummell et al. (1990) on XyG-
glycosyltransferase distribution in pea using biochemical
assays of enzyme activities on separated Golgi membranes
suggested that all Golgi cisternae are involved in XyG
biosynthesis. These authors postulated that the glucose-
xylose backbone of XyG is initiated in cis cisternae, contin-
ued in medial cistemae and completed in trans, where the
fucosylation of the side chains is also initiated.

We first demonstrated that the GFP-tagged enzymes
(AtXT1, AtMUR3 and AtFUT1) were targeted to Golgi stacks
in tobacco cells as revealed by confocal imaging of trans-
genic plants. All the enzymes are predicted to be localized in
the Golgi apparatus. We considered both C- and N-terminal
fusions and we found that C-terminal fusions had no impact
on subcellular localization of the enzymes. A similar obser-
vation (Golgi localization) was made when the MUR3 gene
was tagged with RFP at C-terminal position in Arabidopsis
plants(Tamura et al., 2005). In contrast, we found N-terminal
fusion of GFP to MUR3 led to a dual localization, Golgi and
cytosol (not shown). Tagging proteins with GFP at the
C-terminal is generally known to preserve the localization of
the native protein better than tagging at N-terminal position
(Palmer and Freeman, 2004).

Zhang and Staehelin (1992) have suggested that only
trans cisternae and TGN areinvolved in XyG biosynthesis in
sycamore cells. In contrast our immunogold labelling data
presented herein do favor the participation of all Golgi
cisternae in XyG assembly. The fact that AtXT1 and AtMUR3
are detected in cis and medial cisternae of Golgi stacks
implies the involvement of these early compartments in the
biosynthesis of XyG. This is assuming that the enzymes are
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Table 1 Quantitative analysis of anti-GFP labelling over Golgi stacks in tobacco BY-2 cells expressing AtXT1-GFP. (a) Comparison of gold
particles distribution in Golgi cisternae of wild type and transformed cells (expressing AtXT1-GFP) of BY-2 cultured cells. (b) Observed and
expected distribution of gold particles in subtypes of Golgi cisternae of tobacco BY-2 cells expressing AtXT1-GFP and relative labelling index
values

Wild type cells Transformed cells

Observed gold Expected gold Observed gold Expected gold Total observed
Compartment particles particles i’ values particles particles ¥’ values gold particles
(a)
Cis 18 29.26 433 124 1274 112 142
Medial 33 43.89 2.70 180 169.11 0.70 213
Trans 32 19.37 8.24 62 74.63 2.14 94
TGN 19 9.48 9.56 27 36.52 248 46
Column totals 102 102 2483 3% 393 6.44 495

Observed gold Observed Expected gold Relative labelling

Compartment particles, n, points, P particles, n, indexng/n,
(b)
Cis 106 898 64.04 1.66°
Medial 156 179 122.58 1.27°
Trans 4 952 67.89 0.60
TGN 2 708 50.49 0.04
Column totals 305 4717 305

Quantification of labelling was done on 68 Golgi stacks for each line. The total chi-squared value (24.83 + 6.44) compared with that of contingency
table analysis, with a degree of freedom of 3, confirms specificity of gold particles distribution between wild-type and transformed cells.
“Identify Golgi compartments that are preferentially labelled.

Table 2 Quantitative analysis of anti-GFP labelling over Golgi stacks in tobacco BY-2 cells expressing AtMUR3-GFP. (a) Comparison of gold
particles distribution in Golgi cisternae of wild type and transformed cells (expressing AtMUR3-GFP) of tobacco BY-2 cultured cells. (b)
Observed and expected distribution of gold particles in subtypes of Golgi cisternae of tobacco BY-2 cells expressing AtMUR3-GFP and relative
labelling index values

Wild type cells Transformed cells
Observed Expected Observed Expected gold Total observed
Compartment gold particles gold particles 2 values gold particles particles ¥? values gold particles
(a)
Cis 15 13.49 0.17 48 49.51 0.05 63
Medial 26 34.89 2.27 137 128.11 0.62 163
Trans 5 10.49 2.87 44 3851 0.78 49
TGN 24 11.13 149 28 40.87 4.05 52
Column totals 70 70 20.19 257 257 5.50 327
Compartment Observed gold Observed Expected gold Relative labelling
particles, n, points, P particles, n, index n./n,
(b)
Cis 33 5% 35.62 0.93
Medial 116 1159 69.38 1.67°
Trans 27 613 36.69 0.74
TGN 4 640 38.31 0.10
Column totals 180 3007 180

Quantification of labelling was done on 57 Golgi stacks for each line. The total chi-squared value (20.19 + 5.50) compared with that of contingency
table analysis, with a degree of freedom of 3, confirms specificity of gold particles distribution between wild-type and transformed cells.
“Identify Golgi compartments that are preferentially labeled.

functional within these compartments. Thus, our results are data, however, do not necessarily contradict the model
in favor of the model described by Brummell et al. (1990), proposed by Zhang and Staehelin (1992) because the
which involves all Golgi cistemae in XyG biosynthesis. Our absence of XyG backbone labelling in cis and medial
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Figure 6. Immunogold localization of the At-
MUR3-GFP fusion protein in Golgi stacks of
transformed tob BY-2 suspensi Itured
cells with anti-GFP antibodies.

a, b) Two elecron micrographs illustrating
immunogold localization of AIMUR3-GFP fusion
protein within Golgi stacks (see also Table 2 for
quantification of labelling).CW, Cell wall; ER,
endoplasmic reticulum; TGN, trans-Golgi net-
work. Scale bars 100 nm.

cisternae observed in that study could only be due to
inaccessibility (or masking) of sugar epitopes recognized by
anti-XG antibodies. The possible explanation is that, in
sycamore cells, the backbone of XyG could be initiated in cis
and medial cisternae by the action of the corresponding
enzymes but that the sugar epitopes (products of the
enzymes) would not be detectable until they reach the trans
cisternae and the TGN.

Early studies on the biosynthesis of XyG in vitro have
clearly shown that the incorporation of glucose and xylose
into this polymer occurs by cooperative addition (Ray, 1980;
Hayashi and Matsuda, 1981). Thus, it is possible that the
AtXT1 and the glucan synthase, responsible for the biosyn-
thesis of the backbone, enzymes co-exist as a multi-protein
complex to efficiently initiate the synthesis of XyG within
Golgi stacks of tobacco cells. Although localization of the
glucan synthase responsible for the generation of the
backbone remains to be established, it is likely that this
enzyme co-localizes with the xylosyltransferase (XT1) in the
same Golgi cisternae (i.e. cis and medial compartments).
Such a hypothesis will await further studies on Golgi
localization of the XyG-glucan synthase.

Also, unlike the addition of glucose and xylose, it has been
shown that the incorporation of galactose is independent of
that of fucose and that the galactosylation precedes fucosy-
lation of XyG (Camirand and MacLachlan, 1986; Farkas and
MacLachlan, 1988). Therefore, fucosylation may begin at
least in the compartment where galactosylation occurs
(AtMUR3 is mostly found over medial cistemae in this
study) but might also start only in later compartments, trans
cisternae and the TGN, as suggested previously in both
studies of Zhang and Staehelin (1992) and Brummell et al.
(1990). The preferential localization of AtFUT1 to trans
cisternae (Table S1) in our tobacco system is consistent
with this hypothesis. Nevertheless, fucosylated XyG does
not occur in wild-type tobacco BY-2 cells.

To summarize, the present study is an examination of
immunogold electron microscopy-based distribution of
XyG-synthesizing enzymes within Golgi stacks of higher
plants. Our findings doshowthatthe enzymesinvolvedinthe

biosynthesis of XyG side chains are distributed all over Golgi
stacks with some maxima occurring in given Golgi compart-
ments. Thus, the majority of xylosylation, galactosylation
and fucosylation of XyG is likely to occur sequentially in cis,
medial and trans compartments of Golgi stacks in plants.

MATERIALS AND METHODS

Plant material and growth conditions

Suspension cells of Nicotiana tabacum cv. Bright Yellow 2 (BY-2)
were cultured in the Murashige and Skoog liquid medium (Sigma
M5524, http:/www.sigmaaldrich.com): 43gL" in sucrose
30 g L", KH,PO, 100 mg L', myo-inositol 51 mg L™, thiamine
1mgL™", 2.4 dichlorophenoxyacetic acid 0.22 mg L™, pH 5.6, in
dark, at 22°C, 140 rpm. Cells were subcultured every week by
transferring 10 ml of suspension cells in 150 ml of fresh medium.

Nicotiana tabacumplantswere grown in soil in a growth chamber
under a 16 h photoperiod condition, 22-24°C and 60% relative
humidity. Seven- to 8-week-old plants were used for the subcellular
localization studies.

Cell wall extraction and purification

BY-2 suspension cells (15 g fresh weight) were filtered and crushed
in liquid nitrogen, then heated at 70°C for 30 min in 25 ml of 96%
ethanol, before being centrifuged at 5500 g for 15 min. The pellet
was solubilized in 25 ml 96% ethanol and homogenized in a potter
(Tenbroeck), before heating again at 70°C for 15 min and centrifu-
gation at 5000 rpm for 10 min. The pellet, called cell wall residue
(CWR), was freeze-dried. To remove lipids, the CWR was mixed with
chloroform/methanol (1:1 v/v) for 24 h, filtered, washed with ace-
tone and dried at 45°C (see Nguema-Ona et al., 2006).

Xyloglucan extraction

The alkali-soluble hemicellulosic fraction was extracted from the
CWR as previously described by Nguema-Ona et al., 2006. Briefly,
CWR was treated sequentially with 0.1% CDTA (trans-1.2-
diaminocyclohexane-N,N,N’N'-tetraacetic acid) and 4m KOH
containing 1% (w/v) NaBH,. The 4 m KOH hemicellulosic extract
was neutralized with 10% (v/v) of acetic acid, dialyzed and finally
freeze-dried.

MALDI-TOF mass spectrometry (MS) analysis

XyG fragments were generated by treating 2 mg of cell wall extract
with 5 units of endo (1 — 4)-p-o-glucanase (EC 3.2.1.4, Megazyme
International, http:/www.megazyme.com) in 500 ul of 10 mm
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ammonium acetate buffer, pH5, overnight at 37°C. Glucanase-
resistant material was removed by centrifugation after addition of
EtOH to reach a final concentration of 80%. The EtOH soluble XyG
oligosaccharides were evaporated and concentrated under a stream
of air. MALDI-TOF MS of the XyG oligosaccharides generated by
endoglucanase was recorded on a Voyager DE-Pro MALDI-TOF
mass spectrometer (Applied Biosystems, http://www.applied
biosystems.com) equipped with a nitrogen laser operating at
337 nm. Mass spectra were performed in the reflector delayed
extraction mode using 2,5-dihydroxybenzoic acid (Sigma-Aldrich,
http://www.sigmaaldrich.com) as matrix. The matrix, freshly dis-
solved at 5 mg mi™" in a 70:30 acetonitrile/0.1% TFA, was mixed
with the water solubilized oligosaccharides in a ratio 1:1(v/v). These
spectra were recorded in a positive mode, using an acceleration
voltage of 20 000 V with a delay time of 100 ns and above 50% of
the laser energy. One thousand shots were accumulated for one
spectrum and the data presented here are the sum of 5 acquired
spectrum. The spectra were externally calibrated using commer-
cially available peptides mixture from Applied Biosystems (Sequa-
zyme™ Peptide Mass Standard kit).

Cloning procedure

The coding sequence of AtXT1, AtMUR3 and AtFUT1, were ampli-
fied by PCR without the stop codon using respectively. Forward
BamH1 (5-CGCGGATCCCGATGATAGAGAAGTGTATAGGA-3') and
Reverse Nhel (5-CTAGCTAGCCGTCGTCGTCGTACTAAGCTT-3)
primers for AtXT1; Forward Kpn1 (5'- GGGGTACCCCATGTTTC-
CAAGGGTTTCT-3) and Reverse Nhel (5- CTAGCTAGCCTGT
GTCTTATCTCTCTG-3) primers for MUR3; Forward BamH1
(5"-CGCGGATCCCGATGGATCAGAATTCGTACAGG-3') and Reverse
Spel (5-GGACTAGTTACTAGCTTAAGTCCCCAGCT-3") primers for
AtFUT1. The SALK cDNA cloneswere used as template (respectively
U14458, S81470 and U24263).

Then, the amplified cDNA were introduced into the pBLTI221
(Pagny et al., 2000) binary vector containing the sGFP, allowing a
fusion of the protein to the Nter part of the sGFP, and each resulting
construct was verified by sequencing. Finally, each cassette con-
taining the chimeric protein was introduced into pBLTI121 binary
vector to allow plant transformation.

Stable and transient expression in Nicotiana tabacum

The generated plasmids were transferred into Agrobacterium
tumefaciens (strain GV3101 pMP90) by heat shock, and transformed
agrobacterium were selected on YEB medium (beef extract 5g L',
yeast extract 1 g L', sucrose 5 g L™, MgS0,.7H,0 0.5 g L™") con-
taining kanamycin (100 mg L™ ").Transformation of N. tabacum (cv
BY-2) cells was performed as described by Gomord et al. (1998).
Transformed cells were selected on the Murashige and Skoog
medium (see above) containing kanamycin (100 mg L) and cefo-
taxime (250 mg L") and only micro-calli expressing GFP, screened
for their fluorescence by confocal microscopy, were used to initiate
suspension cultures.

Transformation of leaves of N. tabacum was obtained as follows:
the agrobacteriawere culturedfor 20 h at28°CinYEB media andthen
centrifuged at 3700 gto concentrate them. The excess medium was
eliminated and the initial density of ODgowas measured. Then, each
construct was resuspended in an infiltration medium (MES 10 mm,
MgCl, 10 mm, Acetosyringone 100 um) to obtain a final density of
ODggo = 0.1for Sialyltransferase::YFP (ST-YFP represents the first 52
amino acid of a rat «-2,6-sialyltransferase). AtXT1-GFP, AtMUR3-
GFP and AtFUT 1-GFP fusion proteins were tested with a final density
of ODgyo = 0.1-0.8. Finally, ST-YFP and the AtXT1-GFP, AtMUR3-
GFP and AtFUT1-GFP were incubated together for 1 h at room
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temperature before the co-infiltration in leaves. Microscopic obser-
vation of leaf epidermal cells was made 2 days after infiltration.

Localization of fusion proteins in N. tabacum

Subcellular localization of fusion proteins were examined using a
Leica TCS SP2 AOBS confocal laser scanning microscope. GFP flu-
orescence of epidermal cells and suspension cultured cells were
imaged using an excitation wavelength of 488 nm with the emis-
sion wavelength at 500-520 nm. For colocalization of sGFP and YFP-
venus in epidermal cells, a 488 and 514 nm argon ion laser were
used simultaneously. Fluorescence signals were separated using an
acoustic-optical beam splitter; emission signal was 495-510 nm for
sGFP and 540-580 nm for YFP-venus. The power of each laser, gain
and offset were identical for each experiment to compare images.
Appropriate controls were performed to exclude the possibility of
crosstalk between the two fluorochromes before image acquisition.

Dot blot

Five microliters containing 10 pg of purified xyloglucan from tam-
arind seeds, or 550 pg of tobacco BY-2 cell wall are deposited on
PVDF membrane. The membrane saturation was done overnightin
PBS buffer (137 mm NaCl, 2.7 mm KCl, 100 mm Na,HPO,, 2 mm
KH,PO, pH 7.5) + half milk 5%. The mAbs CCRC-M86 (kindly pro-
vided by Dr M. Hahn, Complex Carbohydrate Research Center,
University of Georgia, USA) and CCRC-M1 were diluted 1/10 in
PBS + 5% dry milk, and the membrane was incubated at room
temperature for 2 h. The mAb CCRC-M1 was used as a negative
control, as it recognizes fucosylated xyloglucan. After washing in
PBS + milk (3 x 10 min), the membrane was incubated 2 h in a
secondary antibody 1/500 (Anti mouse polyvalent Ig Alkaline
phosphatase conjugate - Sigma). The membrane was washed again
2 x 10 min in PBS + milk and 2 x 10 min in PBS, before signal
detection using the ‘BCIP/NBT color development substrate’ from
Promega (http://www.promega.com).

Localization of xyloglucan epitopes in tobacco BY-2 cells

Immunolocalization of XyG epitopes using the mAb CCRC-M86 at
the confocal microscopy level was done on protoplasts.

Protoplast preparation. Four-day-old BY-2 cells (400 ul) were
plasmolyzed in 800 ul plasmolysis medium (20 mm MES buffer
pH 5.6; 0.6 m mannitol; 0.5 mm CaCly; 0.25 mm MgCl,) for 15-
20 min. Then the cell wall was digested overnight at 25°C by incu-
bation in 1 ml enzymatic mixture of 1% cellulase (Sigma) and 1%
pectinase (Sigma) diluted in plasmolysis medium containing 0.1%
bovine serum albumin (BSA). After three washes with plasmolysis
medium, protoplasts were fixed 1 h on the glass slide with 4%
paraformaldehyde in PBS (phosphate-buffered saline: 8 g L™ NaCl,
0.29 g L' KCl, 1.45 g L™" Na,HPO,, 0.24 g L™" KH,PO,) and washed
four times with PBS. Then, protoplasts were sequentially incubated
10 min with 0.5% Triton X100 in PBS, with 1% BSA and 3% half-milk
in PBS, and washed three times with 3% BSA in PBS.

Immunostaining and confocal microscopy. Protoplasts were
incubated overnight at 4°C, with the primary antibody CCRC-M86
diluted at 1/10 in PBS containing 1% BSA, 3% normal goat serum
(NGS). After six washes in PBS containing 1% BSA, protoplasts
were incubated 1 h at 25°C with a secondary antibody (goat IgG
anti-rat TRITC conjugate from Sigma) diluted at 1/50 in PBS con-
taining 1% BSA, 3% NGS. Finally protoplasts were washed three
times in PBS containing 1% BSA. Observation of XyG-epitope
staining was done using a Leica TCS SP2 AOBS confocal laser
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scanning microscope. TRITC fluorescence was imaged using an
excitation wavelength of 543 nm with the emission wavelength at
565-585 nm.

High pressure freezing (HPF) and freeze substitution (FS)

Pre-cooling treatment prior to HPF. Before use, 3-day-old
tobacco (BY-2) suspension cultured cells were checked for their GFP
expression based on fluorescence observation by confocal
microscopy. GFP expressing cells were then concentrated on 50 pm
nylon membrane and incubated successively in 5% and 10% glyc-
erol for 1 h at +4°C. Cells were subsequently transferred to 20%
glycerol and immediately frozen.

High-pressure freezing. High-pressure freezing was performed
with the freezer HPF-EM PACT | Leica-microsystems (Studer et al.,
2001). Tobacco BY-2 cells pre-treated were concentrated on 50 um
nylon membrane and transferred into the cavity of a copper ring
used for cryofracture which is 100 um in depth and 1.2 mm in
diameter. Excess medium was lightly absorbed by filter paper.
Using a horizontal loading station, the specimen carriers were
tightened securely to the pod of specimen holder. After fixation on
the loading device, specimenswere frozen according to amaximum
cooling rate of 10 000°C sec™', incoming pressure of 7.5 bars and
working pressure of 4.8 bars. Rings containing frozen samples were
stored in liquid nitrogen until the freeze substitution procedure was
initiated.

Freeze substitution. After high-pressure freezing, samples were
transferred to a freeze substitution automate (AFS, Leica, httpy//
www.leica-microsystems.com) pre-cooled to -140°C. Freeze sub-
stitution conditions followed a modified procedure of Studer et al.
(2001). Samples were substituted in anhydrous acetone +0.5%
uranyl acetate at —-90°C for 72 h. The temperature was gradually
raised (2°C h™") to -60°C and stabilized during 12 h, then gradually
raised (2°C h™")to -30°C (12 h) and gradually raised again (2°C h™")
to -15°C for 2 h and finally rinsed twice with anhydrous ethanol.
Infiltration was processed at -15°C in a solution containing etha-
nol:London Resin White (LRW) (ratio 2:1; 1:1; 1:2, 8 h each step) and
with pureresin for 2 x 24 h. Polymerisation was performed into the
AFS apparatus at -15°C under ultra violet light for 48 h.

Immunogold labelling of xyloglucan epitopes

Ultrathin sections (50-70 nm; ultracut UCT, Leica) of tobacco cells
were collected on to carbon-formvar-coated nickel grids and
blocked in TBS (Tris-buffered saline: Tris-HCI 20 mm pH 7.2,
200 mm NaCl) supplemented with 0.2% of BSA and milk 3% for
30 min. Sections were then incubated with the monoclonal anti-
body CCRC-M86 at a 1/5 dilution in TBS + BSA and normal goat
serum (NGS) for 3 h at room temperature. After washing in
TBS + BSA 0.2% buffer, grids were incubated for 1 h at room tem-
perature in the rat secondary antibody conjugated to 10-nm gold
particles (Tebu-British Biocell International, http://www.tebu-bio.
com). After washing and fixation in TBS + 2% glutaraldehyde, sec-
tions were first stained with 4% vapour osmium for 3 h followed by
classical staining using uranyl acetate and lead citrate. Sections
were observed in a Philips, FEI Tecnai 12 Biotwin transmission
electron microscope operating at 80 kV, with ES500W Erlangshen
CCD camera (Gatan).

Immunogold labelling of GFP-tagged proteins

Ultrathin sections (50-70 nm; ultracut UCT, Leica, Vienna, Austria)
of frozen cells expressing AtXT1-GFP, AtMUR3-GFP or AtFUT1-

GFP fusion proteins were collected on to carbon-formvarcoated
nickel grids and blocked in TBS (Tris-HCI 20 mm pH 7.2, 200 mm
NaCl) supplemented with 0.2% of BSA and Tween 20 0.05% for
15 min. Sections were then incubated with the polyclonal anti-GFP
antibody (BD living colors A.v peptide antibody - Clontech) at a 1/5
dilution in TBS + BSA and normal goat serum (NGS; British Biocell
International) for 2 h at room temperature. After washing in
TBS + BSA 0.2% buffer, grids were incubated for 1 h at room tem-
perature in the rabbit secondary antibody conjugated to 10 nm gold
particles (Tebu-British Biocell International). After washing and fix-
ation in TBS + 2% GA, sections were stained as described above.

Quantifying immunogold labelling and statistic analysis

Quantification, specificity and statistical analysis of Golgi labelling
were assessed using the method of Mayhew et al. (2002).

Labelling specificity of signal in transformed BY-2 cells. To
evaluate the distribution of gold particles in Golgi stacks of trans-
formed cells as compared with wild type cells, we used a chi-
squared test (Mayhew etal, 2002). We considered the null
hypothesis as ‘no difference of gold distribution between wild type
and transformed cells’.

We analyzed gold labelling in different compartments of Golgi
stacks: cis, medial, trans and the TGN. To compare distribution of
gold particles between the two tobacco lines in these compartments,
we created a contingency table (two columns x four rows) as
described in Mayhew et al. (2002). In this analysis, the expected
gold count at two line cells for each selected Golgi compartment
are calculated from the product of column (total gold particles
observed in all Golgi stacks for wild type or transformed tobacco
line) and row totals (total gold particles observed in all BY-2 lines
for the selected compartment) divided by the grand total (total
gold particles observed in four Golgi compartments, in wild type
and transformed BY-2 cells). The corresponding partial chi-squared
value iscalculated as the square of the difference between observed
and expected gold particle numbers divided by the expected gold
number. The total chi-squared value was compared with chi-
squared value in contingency table analysis, with a degree of
freedom equal to 3 (see Mayhew et al., 2002).

Determination of fusion protein distribution in Golgi stacks

Quantification of labelling was done according to Mayhew et al.
(2002), on a total of 50 Golgi stacks with distinguishable subtypes of
cisternae. First, gold particles were counted in each Golgi com-
partment (cis, medial, trans and the TGN) and represented the
‘observed golds particles’ (ny). Second, a lattice of test points was
superimposed on each Golgi stacks (so asto be random in position);
hit points were counted (‘Observed points’, P) in each compartment
of Golgi stacks. Then, the ‘expected golds particles’ (n,) (i.e.random
distribution) is calculated as followed: n, = (Px Ny 1o1a)/Poswar
Observed and expected gold particles distributions allowed
calculation of the relative labelling index: RLI (ny/n,) for each com-
partment. For a random distribution, the relative labelling index
(RL!) is inferior or equal to 1, and for a compartment preferentially
labelled RLI is superior to 1.
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Figure S1. Immunodot blot analysis of the binding of the mAb
CCRC-M86 to xyloglucan.

Table S1. Quantitative analysis of anti-GFP labelling over Golgi
stacks in tobacco BY-2 cells expressing AtFUT1-GFP.
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Figure S1. Immunodot blot analysis of the binding of the mAb CCRC-M86 to

xyloglucan. CCRC-M86 were tested on purified native XyG from tamarind seeds, on
hydrolyzed XyG (after endoglucanase treatment) and on XyG from BY-2 tobacco cell

walls. CCRC-M1 was used as negative control as XyG from tamarind and from

tobacco are not fucosylated.
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@) Wild type cells Transformed cells
Observed Expected 212 Observed Expected 12 Total observed
Compartment | gold particles gold particles values | gold particles gold particles values | gold particles
Cis 17 1858  0.13 95 9342 003 112
Medis] 31 2323 2.60 109 11677 052 140
Trans 21 1327 450 59 6673 090 80
TGN 3 16.92 11.45 99 85.08 2.28 102
Column totals 72 72 18.68 362 362 3.73 434
(b) Observedgold Observedpoints, Expectedgold Relative Labelling Index
Compartment particles, n, P particles, n, n/ng
Cis 77 1102 77.14 1.00
Medial 98 1666 116.63 0.84
Trans 56 498 34.86 1.61*
TGN 92 1348 94.37 0.97
Column totals 323 4614 323 442

Table S1. Quantitative analysis of anti-GFP labelling over Golgi stacks in tobacco
BY-2 cells expressing AtFUT1-GFP
() Comparison of gold particles distribution in Golgi cisternae of wild type and
transformed cells (expressing AtFUT1-GFP) of BY-2 cultured cells. (b) Distribution of

gold particles in subtypes of Golgi cisternae of tobacco BY-2 cells expressing

AtFUT1-GFP and relative labelling index values.
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PARTIE C: SYNTHESE GOLGIENNE DU RHAMNOGALACTURONANE-I

Le rhamnogalacturonane-l (RG-1) représente 20 a 35% des pectines constituant la
paroi primaire des plantes eudicotylédones vraies. La composition et la longueur des chaines
latérales du RG-l varient en fonction de I'espéce et du stade de développement, c’est
pourquoi nous avons en premier lieu étudié la composition monosaccharidique et les types
de liaison présents dans le RG-I de la paroi des cellules de tabac BY-2, grace a la
spectrométrie de masse. Ainsi, nous avons observé que la chaine principale de ce RG-I était
substituée a 50% par des chaines arabinanes branchées, des chaines galactanes et des
chaines arabinogalactanes, confirmant une étude également effectuée sur des cellules de

tabac (Eda et al., 1983).

A ce jour, aucune étude n’a abordé la cartographie golgienne d’épitopes glucidiques
spécifiques du RG-I. Ainsi, nous avons étudié la distribution au sein des différentes saccules
golgiennes des épitopes spécifiques de la chaine principale et des chaines latérales, en
utilisant des anticorps spécifiques. Apres avoir quantifié cette distribution, les résultats
statistiques (RLI) montrent que les épitopes de la chaine principale sont principalement
retrouvés dans les saccules médian, les épitopes des chaines arabinanes sont situés dans les
saccules trans et le TGN. Enfin, les épitopes des chaines galactanes et arabinogalactanes sont

retrouvés exclusivement dans le TGN.

Puis, nous avons complété cette étude par la cartographie golgienne d’enzymes
d’Arabidopsis potentiellement impliquées dans la synthése des chaines arabinanes du RG-| :
I’arabinan a(1,5)arabinosyltransférase (AtARAD1), I’'UDP-xylose 4-épimérase (AtUXE1/MUR4)
et son homologue (AtUXE3). Nous avons avons fusionné ces protéines a la GFP et exprimé
dans des suspensions cellulaires de tabac. Nous avons utilisé la méme méthodologie que
pour la cartographie des enzymes de synthése du XyG. Il est ressorti que les protéines
AtARAD1 et AtUXE3 étaient majoritairement associées aux saccules median, tandis que la

protéine AtUXE1/MUR4 est retrouvée dans le TGN.

L’arabinosyltransférase (AtARAD1), et la protéine AtUXE3, homologue de I'épimérase
AtUXE1, étant situées toute les deux dans les saccules médian, nous avons postulé qu’elles
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étaient peut-étre associées dans un complexe multiprotéique impliquant également deux

UDP-arabinose mutases nommées AtRGP1 et AtRGP2.

En effet, au niveau du cytosol dans I'environnement trés proche du Golgi, I'épimérase
potentielle AtUXE3 (qui n’a pas de domaine transmembranaire d’aprés les prédictions in
silico) pourrait transformer I’"UDP-xylose en UDP-arabinopyranose, ce dernier serait pris en
charge par les mutases AtRGP1/2 pour devenir de I'UDP-arabinofuranose, traverserait la
membrane golgienne via un transporteur, puis serait pris en charge par

I'arabinosyltransférase AtARAD1 dans la lumiéere des saccules médian.

Ainsi, en collaboration avec I'équipe du Dr Y. Sakuragi, l'intéraction de chaque
partenaire potentiel a été testée en utilisant le systeme de split ubiquitin : les mutases
AtRGP1 et AtRGP2 forment des homo- et hétérodimeéres entre elles, mais
I'arabinosyltransférase AtARAD1 ou I'épimérase potentielle AtUXE3 n’intéragissent avec

aucun des partenaires testés.

Ces résultats sont détaillés dans I'article suivant page 175:

Bernard S, Have Lund C, Dardelle F, Ramdani Y, Loutelier-Bourhis C, Lerouge P, Sakuragi Y,
Driouich A and Follet-Gueye ML. The Golgi compartmentalization of rhamnogalacturonan-I
associated epitopes and enzymes potentially involved in arabinan biosynthesis in tobacco

BY-2 suspension-cultured cells. Soumis a Plant Journal
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SUMMARY

Pectins are cell wall complex polysaccharides that play a central role in plant
development. Rhamnogalacturonan | (RG-I), is a structurally heterogeneous pectic
polysaccharide that consists of a rhamnogalacturonan backbone substituted with
galactan, arabinan and arabinogalactan side chains. RG—I has been implicated in
numerous cell wall properties. Like other complex polysaccharides, RG-l is
synthesized within Golgi stacks before its transport to the cell wall. To gain more
understanding on the spatial organization of RG-I assembly pathway within Golgi
cisternae, we apply here a quantitative immunogold analysis using transmission
electron microscopy on high pressure frozen and freeze substituted wild-type tobacco
(Nicotiana tabacum) BY-2 suspension cultured-cells. We present a detailed Golgi
mapping of major sugar epitopes associated with RG-I by using specific monoclonal
antibodies. We also establish the Golgi compartmentalization of three enzymes
potentially involved in the biosynthesis of RG-l, namely the arabinan o-1,5-
arabinosyltransferase, AtARAD1 (arabinan deficient 1), two UDP-xylose 4-
epimerases, AtUXE1/MURUS4 and AtUXE3. These enzymes have been fused to
green-fluorescent protein (GFP) and stably expressed in tobacco cells. The data
demonstrate that sugar motifs associated with RG-I backbone are preferentially
present in the medial Golgi cisternae whereas linear unbranched arabinan chains are
located to the trans cisternae and the ramified arabinan, galactan or arabinogalactan
are mapped to trans-Golgi network. Finally, the fused proteins AtARAD1-GFP and
AtUXE3-GFP are detected in the medial Golgi cisternae suggesting their possible
cooperative action during the biosynthesis of the arabinose-containing cell wall

polymers such as RG-I.
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INTRODUCTION

Pectins are major polysaccharides of the primary cell wall. They consist of structurally
complex and heterogeneous polysaccharides with galacturonic acid (GalUA)
residues. The most abundant pectin is homogalacturonan (HG), a linear
homopolymer of (1—4)-a-linked GalUA which can be methyl-esterified and/or
acetylated (Willats et al., 2001; Vincken et al., 2003; Knox, 2008). More complex in
structure are the three other major pectic polysaccharides: xylogalacturonan (XGA),

rhamnogalacturonan-Il (RG-II) and rhamnogalacturonan-1 (RG-I).

The RG-I represents 20-35% of pectin and is the most structurally variable pectic
compound. It consists of a disaccharide repeat of [-4-a-D-GalUA-(1—2)-a-L-Rha-(1-
)}» backbone. Between 20 and 80% of the backbone rhamnosyl residues are
substituted and the side chain composition varies depending on plant species,
tissues and developmental stage (Albersheim, 1996; Freshour et al., 1996; Willats et
al., 2001; Guillemin et al., 2005; Lee et al., 2013). Oligosaccharide side chains of RG-
| consist predominantly of galactan, arabinan and arabinogalactan (AG) (Vincken et
al., 2003; Mohnen, 2008; Atmodjo et al., 2013). Galactans are mostly linear chains of
(1—4)-p-D-galactopyrannose (Galp) residues, whereas arabinans are chains of
(1—5)-a-L-arabinofuranose (Araf) that are frequently branched. In certain plant
species, galactan and arabinan side chains could be substituted with terminal
phenolic esters which can dimerize oxidatively to form links between polymers (Ralet
et al., 2005). Several AG side chains of RG-I have been identified. Type | AG is
composed of a linear (1—4)-p-D-galactan chains branched with single a-L-Araf units
at position O-3 of the galactosyl units or other sugars such as fucose and glucuronic
acid (Ridley et al., 2001; Nakamura et al., 2002; @bro et al., 2004). The presence of
type 1l AG in RG-I, that consists of an (1—3)-a-D-galactan backbone substituted by
short (1—6)-B-D-galactan chains branched with Araf, rhamnose and glucuronic acid
and terminated by a-L-Araf, has also been reported (Mohnen, 2008; Verhoef et al.,
2009). Other types of arabinogalactan side chains of RG-I have been described
consisting of galactosyl residues or short sequence of galactosyl residues between
branched arabinan chains and the backbone (Schols et al., 1990; Sakamoto and
Sakai, 1995; Huisman et al., 2001).
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Pectic polysaccharides of the cell wall are assumed to be synthesized in the Golgi
apparatus (Zhang and Staehelin, 1992; Mohnen, 2008; Driouich et al., 2012) via the
combined action of Golgi glycosyltransferases (GTs), nucleotide-sugar transporters
(NSTs) and nucleotide-sugar interconversion enzymes (NIEs) (Keegstra and Raikhel,
2001; Seifert, 2004; Reiter, 2008; Reyes and Orellana, 2008). As compared to XyG,
HG and RG-II biosynthesis, relatively little is known about the GTs involved in RG-I
biosynthesis. Caffall and Mohnen (2009) postulated that 34 specific GTs activities
may be required. None of the enzymes involved in the RG-I backbone assembly
have been identified. The characterization of galactosyltransferase activity necessary
for RG-1 (1—+4)-B-D-galactan chains biosynthesis was carried out in Golgi-membrane
fractions from several eudicotyledonous plants (Goubet et al., 1993; Brickell and
Reid, 1996; Geshi et al., 2000; Kato et al., 2003; Konishi et al., 2004). Recently,
Liwanag et al. (2012) demonstrated that the Arabidopsis galactan synthase 1
(AtGALS1) of GT92 family, is a B(1-4) galactan B(1-4) galactosyltransferase. Two
putative arabinan arabinosyltransferases, AtARAD1 and AtARAD2, belonging to the
GT47 family, have been identified (Harholt et al., 2006; 2012). While pyranose ring is
the utmost arabinose configuration found in plants, pectic arabinan incorporates
UDP-L-arabinofuranose. An UDP-arabinose mutase (UAM) that converts UDP-
arabinopyranose into UDP-arabinofuranose was characterized in rice (Konishi et al.,
2007) and found to share more than 80% identity with the reversibly glycosylated
proteins (RGPs) of Arabidopsis (Dhugga et al., 1991, 1997; Delgado et al., 1998; De
Pino et al., 2007). The arabinose mutase activity has been recently shown for three
(AtRGP1, 2 and 3) of the five isoforms of RGPs identified in the Arabidopsis genome
(Rautengarten et al., 2011). Moreover, severe developmental phenotypes associated
with subsequent reduction in cell wall arabinose content in homozygous T-DNA
insertion rgpl-1 and rgpl-2 mutants have been observed, suggesting that RGPs
could be involved in the biosynthesis of the arabinose-enriched cell wall polymers
such as RG-I or AGPs.

RG-1 biosynthesis in the Golgi apparatus requires cooperation between
glycosyltransferases, nucleotide-sugar interconversion enzymes (NIEs) and
potentially nucleotide-sugar transporters (NSTs). Actually, few NST have been
functionally characterized (Baldwin et al., 2001; Norambuena et al., 2005; Handford

et al.,, 2012). Five UDP-D-glucose-4-epimerases (UGEs) have been identified in
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Arabidopsis thaliana. Whereas AtUGE4 was shown to be involved in AGPs and XyG
galactosylation (Seifert et al., 2002; Nguema-Ona et al., 2006), other UGE isoforms
are less selective and could contribute to RG-I galactosylation (Rdsti et al., 2007). A
Golgi-localized UDP-D-xylose-4-epimerase, AtUXE1/MUR4, has been characterized
in Arabidopsis (Burget et al., 1999; 2003). The authors have shown that the mur4d
mutant contains 50% of wild-type levels of cell wall arabinose affecting both pectic

polysaccharides and AGPs.

To date, the spatial organization of RG-l assembly pathway within the plant Golgi
stacks is not fully understood. Immuno-electron microscopical analyses using
antibodies directed against specific sugar, Golgi enzyme or Golgi tagged-enzyme
epitopes is a reliable method for investigating the compartmentalization of cell wall
complex polysaccharide biosynthesis within Golgi cisternae (Zhang and Staehelin,
1992; Vicré et al., 1998; Chevalier et al., 2010; Follet-Gueye et al., 2012; Driouich et
al., 2012).

To complete the knowledge with respect to RG-I assembly in the Golgi apparatus, we
established the first immunogold quantitative analysis of epitopes associated to RG-I
backbone, arabinan, galactan and arabinogalactan side chains, in tobacco BY-2
suspension  cultured-cells. In  addition, we investigated the  Golgi
compartmentalization of the xylose epimerase AtUXE1/MUR4 and its homolog
AtUXE3, and a putative arabinan arabinosyltransferase (AtARAD1) in cells
expressing AtARAD1-GFP, AtUXE1l-GFP or AtUXE3-GFP. Finally, we tested if
AtARAD1 and AtUXE3 were involved in a proteins complex with the mutases
AtRGP1 and AtRGP2.
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RESULTS

Structural analysis of Rhamnogalacturonan- | isolated from tobacco BY-2
suspension-cultured cells

The monosaccharide composition and sugar linkages of RG-I from tobacco cells
were determined on a pectin-enriched fraction isolated from the whole cell wall of BY-
2 suspension-cultured cells using hot 0.5% oxalate ammonium. The four main
monosaccharides (Table 1a), representing 88% of the total sugar composition, were
arabinose (Ara), galacturonic acid (GalUA), rhamnose (Rha) and galactose (Gal)

consistent with previous data (Eda et al., 1983).

Rha (18.0%) and GalUA (20.8%) are in a ratio close to 1 and can be attributed to the
(4-a-pD-GalUApl—2-a-L.-Rhapl) repeating unit of the backbone of the RG-I.
Therefore, this pectic fraction is highly enriched in RG-I. Ara (38.8%) and Gal
(11.8%), the main monosaccharides constitutive of the RG-I side chains (Scheller et
al., 2007; Mohnen, 2008), represent about the half of the total sugars. The pectin-
enriched fraction also contains low amount of xylose, suggesting the presence of
XyG or XGA probably co-extracted with RG-I or linked to the pectins (Popper and
Fry, 2005, Marcus et al., 2008). Mannose, glucuronic acid, glucose and galactose
could possibly originate from residual arabinoglucuronomannan (Mori and Kato
1981), or galactoglucomannan as it has been described in Nicotiana tabacum (Eda et

al., 1985) and Nicotiana plumbaginifolia (Sims et al., 1997).

The sugar linkage analysis (Table 1b) shows the presence of 2-linked (3.2%) and
2,4-linked (3.6%) rhamnosyl residues in similar ratio indicating that ~50% of the RG-I
backbone is substituted on C4 of the rhamnosyl residue. Linkage analysis of
arabinosyl residues shows a high percentage of 5-Araf (22.9%) and a lower
percentage of 3-Araf (1.9%), indicating most of the Araf residues are found in a(1-5)
arabinan chains, and only a small proportion is found in a(1-3) arabinan chains. The
presence of 3,5-Araf (15.7 %) suggests that a(1-5) arabinan chains are highly
substituted (around 40%). The presence of T-Araf (T, terminal) (14.3%) reinforces
this observation and suggests that substitutions are with single Araf residues and
with short secondary chains of a(1-5) arabinan and a minor part of a(1-3) arabinan.

As for the galactose residues, these are mainly 4-Galp (7.5%) and 3-Galp (3.9%),
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reflecting the presence of 3(1-4) and B(1-3) galactan chains, and a small proportion
found in B(1-6) galactan chain. Given the percentage of 4,6-Galp (1.2%) and 3,6-
Galp (0.8%) substitutions, around 14% of B(1-4) galactan chains and 17% of 3(1-3)
galactan chains are substituted at position O-6 of galactosyl unit. Other substitution
types were not detected. The presence of contaminating xyloglucan in the BY-2
pectin-enriched fraction was confirmed by the identification of T-Xylp, 2-Xylp and 4,6-
Glcp in the sugar linkage analysis. The xyloglucan contamination in the pectin
fraction most likely co-purified because of covalent linkages between xyloglucan and
RG-I which have been reported to occur in Arabidopsis, sycamore, rose, tomato,
spinach, maize and barley in addition to tobacco (Popper and Fry 2005).

Taken together, these analyses indicate that the pectic fraction isolated from the cell
wall of tobacco BY-2 suspension-cultured cells using hot 0.5% oxalate ammonium is
highly enriched in RG-I. Its backbone consists of (4-a-D-GalUAp1 — 2-a-L-Rhapl)
repeating unit which is 50% substituted with branched arabinan, galactan, and
arabinogalactan chains as possible side chains. These findings are in agreement and
confirm previous studies on RG-I structure of BY-2 suspension-cultured cells by (Eda
et al., 1983).

Subcellular localization of RG-I epitopes in tobacco cells

The RG-I epitopes recognized by the set of antibodies we used are summarized in
Table 2. To investigate the subcellular localization of these different epitopes within
tobacco BY-2 suspension-cultured cells, we prepared protoplasts that were
immunolabelled using a secondary antibody coupled to FITC. Figure 1 shows a
punctate pattern of fluorescence with INRA-RU1 (Fig.1A), INRA-RU2 (Fig.1B), LM5
(Fig.1C), LM6 (Fig.1D), LM13 (Fig.1E) and LM16 (Fig.1F) antibodies typical of that
Golgi stack labelling in plant cells (Nebenfiuhr et al., 1999, Pagny et al.,, 2003;
Chevalier et al., 2010).

Immunogold localization of RG-I epitopes in Golgi cisternae

We investigated the distribution of different pectic epitopes within Golgi cisternae
using immunogold-electron microscopy on wild-type BY-2 suspension-cultured cells
prepared by high pressure freezing (HPF), followed by freeze substitution (FS)
technique. Figures 2A and 2B show immunogold-labelled Golgi stacks of wild-type

tobacco BY-2 suspension-cultured cells. It is to note that the ultrastructural

183



Résultats

organization of the Golgi stacks is well-preserved allowing distinction of different
Golgi subcompartments as described previously in Chevalier et al., 2010 (Figure 2B).
Different labelling densities in Golgi stacks depending on the tested antibody were
observed. LM6 and LM16 antibodies showed the strongest labelling density (Figures
2A and 2B), whereas INRA-RU1, LM5 and LM13 antibodies had a lower labelling
density (Figures S1A, S1B and S1C respectively). Also, for LM13 epitopes, labelling
of the cell wall was weaker than those observed with other sugar epitopes analyzed
(data not shown). For INRA-RU2 antibody, we could not detect gold particles in Golgi
stacks or in the cell wall, although fluorescence signals could be observed in Golgi

stacks in protoplast (Figure 1B) and in cell walls of intact cells (Figure S2).

To start the statistical evaluation of the immunogold localization, we first checked the
labelling specificity of different antibodies by using the immunolabelling condition
without the primary antibody as control to do a chi-square test (x?). Our null
hypothesis was: “there is a random distribution of gold particles with immunolabelling
with primary antibody and immunolabelling without primary antibody”. For each
antibody, we counted gold particles in the 3 compartments (cis, medial, trans) and
the trans-Golgi Network (TGN) of 35 to 55 Golgi stacks. For LM6, LM16 and LM5
antibodies, the total chi-squared values were 30.91, 17.36, and 11.32, respectively
(Table 3a for LM6, Table S2a and S3a, for LM5 and LM16). Those values were
compared to reference values in a contingency table, with a degree of freedom = 3
(see M&M), and showed that we rejected the null hypothesis with a risk a < 0.005 for
LM6 and LM16, and a < 0.015 for LM5. For LM13 antibody, the total chi-squared was
4.35 (see Table S4a). In this case, we rejected the null hypothesis with a risk a < 0.1.
A chi-square test was not necessary for INRA-RU1 as we have no gold particle on

more than 55 Golgi stacks on the control without the primary antibody.

Secondly, we investigated Golgi distribution of the pectic epitopes recognized by
these antibodies in the 3 compartments (cis, medial, trans) and the TGN using the
relative labelling index (RLI) as described in Chevalier et al., (2010) and updated by
Mayhew, (2011). According to Mayhew and Lucocq, (2008), RLI indicates the degree
to which a compartment is preferentially labelled in comparison to the theoretical
situation of random labelling considering the surface of each compartment. If RLI of
the compartment is < 1, it means that it is randomly labelled. But if the compartment
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has RLI > 1 and its partial x2 > 10%, then it is preferentially labelled. Immunogold
labelling of Golgi stacks of epitopes recognized by LM6 is illustrated in Figure 2A and
Table 3b. Gold particles were found to be localized mainly over the TGN, as the RLI
=1.75 and x° = 50.34%. Immunogold localization of epitopes recognized by the other
antibodies are shown in supplemental data: for INRA-RU1 antibody, gold particles
were mainly localized over medial Golgi cisternae (Figure S1A and Table S1),
labelling of epitopes recognized by LM13 (Figure S1C and Table S4b) showed a
localization in trans cisternae, whereas LM5 and LM16 epitopes (respectively Figures
S1B and 2B; and Tables S2b and S3b) showed preferential localization in the TGN.

Subcellular localization of AtARAD1, AtUXE1 and AtUXES3 proteins fused to
GFP

In addition to RG-I epitopes distribution within Golgi subcompartments, we first
checked subcellular localization of the proteins potentially involved in RG-I synthesis
by confocal microscopy. We focused on proteins that are good candidates for RG-I
arabinan side chain synthesis: the putative arabinan arabinosyltransferase AtARAD1
(Harholt et al., 2006), the proven xylose epimerase AtUXE1/MUR4 (Burget et al.,
2003) and one of its homologs AtUXE3. AtARAD1 and AtUXE1 are Golgi type Il
membrane-bound proteins. AtUXE3 is a homolog of AtUXE1 that seems to have no
transmembrane domain or signal peptide according to in silico analysis of the coding

sequence with Aramemnon (http://aramemnon.uni-koeln.de/) (data not shown).

As illustrated in Figure 3, transformed BY-2 suspension-cultured cells expressing
AtARAD1-GFP (Figure 3A) and AtUXE3-GFP (Figure 3B) displayed fluorescent and
mobile spots (of 1 um in size) confirming Golgi localization. Interestingly, AtUXE3-
GFP (Figure 3C) showed a similar fluorescence signal again consistent with Golgi

localization, and no any additional fluorescence associated with cytosolic localization.

Immunogold localization of AtARAD1, AtUXE1 and AtUXE3 proteins fused to
GFP within Golgi cisternae

The labelling specificity of the proteins in transformed BY-2 suspension-cultured cells
compared to wild-type was confirmed with a chi-square test (x°). Our null hypothesis

was that there is no difference of gold distribution between wild-type and transformed
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cells. We used the same procedure for immunogold localization of pectic epitopes
(see above). For AtARAD1-GFP and AtUXE3-GFP, the total chi-squared values were
86.98 and 31.68 respectively (Table 4a and Table S5a), showing that with 3 degree
of freedom the null hypothesis can be rejected with a risk a < 0.005. For AtUXE1-
GFP, the total chi-squared was 9.24 (Table S6a). In this case, we rejected the null

hypothesis with a risk a < 0.03.

Then, we investigated the Golgi distribution of these fusion proteins in the 3 sub-
compartments (cis, medial, trans) and the TGN using the relative labelling index (RLI)
as described earlier (Chevalier et al., 2010). Based on RLI value and partial x> value,
we found that AtARAD1-GFP and AtUXE3-GFP are both preferentially localized
within medial Golgi cisternae (Table 4b and S5b respectively). Finally, AtUXE1-GFP
was found mostly in the TGN (Table S6b).

Arabinan RG-I biosynthesis: a search for Golgi protein complex

As the putative arabinosyltransferase AtARAD1 and AtUXE3, the homolog of the
xylose epimerase AtUXE1, seemed to localize to the same Golgi subcompartment,
we investigated whether these proteins interact and form a Golgi protein complex.
Also, we tested if the arabinose mutases AtRGP1 and AtRGP2 (Rautengarten et al.,

2011) could be part of such a putative complex in the Golgi apparatus.

The proteins AtARAD1, AtUXE3, AtRGP1 and AtRGP2 were tested in a binary
protein-protein interaction screen using the split ubiquitin yeast system, to clarify if
any direct interaction occurs between them. A modified split ubiquitin system
commercially available from Dualsystems Biotech AG was used because it allows
fusion of the reporters at the N-termini of tested proteins. The proteins are fused to
the C-terminal ubiquitin moiety (Cub) fused to a transcription factor and the N-

terminal ubiquitin moiety (NubG). The fusion proteins are designated as bait and

prey, respectively.

The data are presented Figure 5. Functionality of bait (Cub) tested against the
positive control interaction partner Ost1-Nubl (Figure 5, lines 1 to 4) showed that all
constructs were functional except for AtARAD1-Cub which did not produce any viable
cell on the selection media and no blue color formation was observed in Xgal assay
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(Figure 5, line 1). Interaction specificity of baits and preys were tested against an
empty vector control (pPR3-N) and AtXXT2, an Arabidopsis type-Il transmembrane
xylosyltranferase involved in xyloglucan biosynthesis, respectively (Figure 5, lines 5
to 12). No random interaction was detected with the empty vector nor with AtXXT2-
Cub.

Binary interaction assay was carried out among the four proteins. The binary
interaction test with AtRGP1 and AtRGP2 showed positive signals, when reciprocal
tagging with Cub or NubG, for the two homodimers, AtRGP1-AtRGP1 (Figure 5, line
18) and AtRGP2-AtRGP2 (Figure 5, line 23), and the heterodimer AtRGP1-AtRGP2
(Figure 5, lines 19 and 22), confirming results of Rautengarten et al. (2011). The
interaction test with AtUXE3 showed no homodimerization (Figure 5, line 28), nor
heterodimerization with AtRGP1 or AtRGP2 (Figure 5, lines 20, 24, 26 and 27).
AtARAD1-NubG did not show positive signals with AtRGP1-Cub, AtRGP2-Cub or
AtUXE3-Cub (Figure 5, lines 17, 21 and 25), suggesting no direct interaction with

these proteins, however we cannot conclude if AtARAD1-NubG is functional.
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DISCUSSION

Structural heterogeneity of RG-l in Nicotiana tabacum BY-2 suspension-

cultured cells

Monosaccharide and linkage analyses combined with immunocytochemical labelling
showed that RG-I in tobacco BY-2 suspension-cultured cells is composed of a
backbone consisting of (4-a-D-GalUApl— 2-a-L-Rhapl) repeating unit where 50% of
the rhamnosyl residues are substituted with arabinan, arabinogalactan and/or
galactan side chains. Arabinan side chains are composed of (1—5)-a-L-arabinan
chain branched at 40% with arabinose residues and/or short (1—5)-a-L-arabinan
and/or short (1—3)-a-L-arabinan at O-3, as we detected 5-Araf, 3-Araf, 3,5-Araf and
T-Araf in the RG-l-enriched fraction. Branched arabinans are common RG-I side
chains already described in plants including apple (Schols et al., 1990), soybean
(Huismann et al., 2001; Nakamura et al., 2002), sugar beet (Sakamoto and Sakai,
1995) and potato (Dbro et al.,, 2004). AG side chains are often defined in the
literature as (1—4)-B-D-galactan, which may be branched at O-3 with a-L-Araf or
arabinan, named type | AG; and (1—3)-B-D-galactan branched at O-6 with galactan
or arabinogalactan, terminated by a-L-Araf, named type Il AG. Sometimes, (1—3)-a-
L-Araf-moieties, and other sugars such as Glc, Rha, and GIcUA can also be found in
AG side chains. Here, we found 14% of (1—4)-B-D-galactan side chain substituted at
0O-6, but we could not detect any substitution at O-3. Therefore, it seems that, in
tobacco BY-2 suspension-cultured cells, RG-I does not contain type | AG in its side
chains. However, an O-6 substitution in (1—4)-p-D-galactan side chain by p-D-GICUA
and 4-O-methyl-B-D-GICUA in RG-l of sycamore suspension cells has been
described (An et al.,, 1994). We detected a small amount of GIcUA (0.3%) in the
monosaccharide composition, but the linkage analysis did not allow study of uronic
acid sugars; therefore it is not possible to ascertain if this chain type exists in RG-I
tobacco BY-2 suspension-cultured cells. Linkage analysis reveals also the presence
of (1—3)-B-D-galactan, with 17% of O-6 substitution, and the presence of (1—6)-B-D-
galactan showing type Il AG side chains. This structure is typical of AGPs, and there
is still no evidence that type Il AG are side chains of RG-I or associated with a
polymer, and co-extracted in the RG-I enriched fraction (Verhoef et al., 2009). The

LM16 antibody suggested the presence of another type of AG side chains in RG-I
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tobacco BY-2 suspension-cultured cells. This antibody has been obtained using RG-I
isolated from apple fruit, which contains arabinogalactan side chains having (1—3)-3-
D-galactose residues (that can be branched with galactose residues), between
branched (1—5)-a-L-arabinan chain and RG-I backbone (Schols et al., 1990). LM16
activity on sugar beet arabinan, whose AG side chain is composed of (1—4)-B-D-
galactose residues, between branched (1—5)-a-L-arabinan chain and RG-I backbone
(Sakamoto and Sakai, 1995), has been clearly shown by Verhertbruggen et al.
(2009). Interestingly, the sugar linkage analysis, showing the presence of 4-Galp, 3-
Galp, 3,6-Galp and branched arabinan, coupled to LM16 immunolabelling, reveals
that this type of AG side chain exists in the RG-I from BY-2 cells. Other
arabinogalactan side chains with galactose residue between branched (1—5)-a-L-
arabinan chain and RG-I backbone have been described in soybean (Huisman et al.,

2001) and could be present in RG-I from tobacco BY-2 suspension-cultured cells.

The assembly pathway of RG-I within Golgi cisternae

Quantitative immunocytochemical studies of specific RG-lI sugar epitopes were
applied to enhance understanding of RG-I synthesis and assembly in the Golgi
apparatus (Table 5). In 1992, Zhang and Staehelin, by using the antibody anti-
PGA/RG-I, which is supposed to recognize the transition region between unesterified
homogalacturonan and the first (1—2)-a-rhamnosyl linked residue of RG-I (Moore et
al., 1991), detected PGA/RGI epitope in the cis and medial Golgi compartments of
sycamore maple suspension-cultured cells. These data indicate that HG and RG-I
backbone units are already assembled in this early Golgi compartment (see also
Driouich et al., 1993). In addition, it has been shown that HG and RG-I are covalently
attached (Coenen et al., 2007). As the INRA-RUL1 sugar epitope, comprising at least
six disaccharides repeats (4-a-D-GalUApl — 2-a-L-Rhapl) with no methylation and
no acetylation (Ralet et al., 2010; Macquet et al., 2007), was localized to the medial
cisternae, it could be postulated that RG-I backbone synthesis is initiated in the cis
Golgi cisternae and extended in the medial cisternae. Then, (1—5)-a-L-arabinan
chains could be added in trans cisternae, as labelling with the LM13 antibody which
binds preferentially 5 to 11 (1—5)-a-L-arabinose residues forming unbranched and
linearized arabinan chain (Moller et al., 2008; Verhertbruggen et al., 2009) was

mainly found over that late subcompartment. In the TGN, where LM5 epitopes
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consisting of at least 4 contiguous units of (1—4)-B-D-galactosyl residues were
detected (Jones et al., 1997), (1—4)-p-D- galactan chains could be initiated and/or
elongated. We also detected a short (1—5)-a-L-arabinan chain recognized by LM6
antibody in the TGN. In accordance with the literature (Willats et al., 1998; Lee et al.,
2005; Verhertbruggen et al.,, 2009), our results support that the LM6 monoclonal
antibody binds 2 to 6 arabinose residues from 1,5-linked arabinan sequences
involved in branched backbone or short secondary side chains. Our immunogold data
using LM16 indicate the presence of arabinogalactan chain composed of

galactose/galactan stub with branched arabinan in the TGN.

To progress towards understanding the compartmentalization of RG-1 assembly
within Golgi cisternae, we performed a Golgi mapping of enzymes potentially
involved in the arabinan chain synthesis: the putative arabinosyltransferase
AtARAD1, the UDP-D-xylose-4-epimerase AtUXE1/MURA4, and its homolog AtUXE3.
So far, few studies have been done on Golgi mapping of both sugar epitopes and
enzymes (Zhang and Steahelin 1992; Chevalier et al., 2010; Follet-Gueye et al.,
2012). Here, we show that AtARAD1-GFP and AtUXE3-GFP fused proteins are
localized in the medial Golgi cisternae, and AtUXE1-GFP in the TGN.

Harholt et al. (2006) hypothesized that AtARAD1 is a processive
arabinosyltransferase, probably involved in the arabinan backbone elongation.
Different arabinosyltransferase activities are needed for the initiation, elongation and
branching of the arabinan chains. Phylogenetic analysis of AtARAD1 homologs in
Arabidopsis GT 47 family identified seven other proteins, among them AtARAD2,
sharing 65% identity with AtARAD1. These two putative arabinan
arabinosyltransferases are nonredundant (Harholt et al., 2012), and form homo and
heterodimers when they were co-overexpressed transitory in epidermal cells of
N.benthamiana (Harholt et al., 2012). ARAD2 gene is less expressed in arabidopsis
tissues compared to ARAD1, and the cell wall arabinose content of arad2 mutant is
not affected. A significant detection of LM13 epitope was observed at the root surface
of arad2 mutant compared to wild-type, aradl and aradl/arad2 double mutant,
suggesting an involvement of AtARAD2 in the arabinan branching. As both AtARAD1
and AtARAD2 are associated in a complex (Harholt et al., 2012) and AtARAD1 has
been found in medial Golgi cisternae, we postulate that AtARAD2 also localized in
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this same compartment, and therefore that arabinan backbone is possibly elongated
and branched in the medial compartment. We have localized unbranched and
linearized arabinan chain epitopes with a length of 5 to 11 a-(1—5)-L-arabinose
residues in the trans cisternae with the LM13 antibody, and we have detected 1,5-
linked arabinan sequences (2 to 6 arabinose residues) involved in branched
backbone and short secondary side chains in the TGN with the LM6 antibody. It is
therefore not surprising to detect the enzyme AtARAD1 in the medial cisternae and to
detect linear arabinan chains (the “final” product) in a later compartment, since in the
medial cisternae, arabinan chains assembly is in progress and the LM13 antibody

needs at least 5 arabinose residues for recognition.

In which compartment is initiated the synthesis of arabinan, galactan or
arabinogalactan side chains? As no specific antibody for initiation region is available,
it remains difficult to draw a conclusion. But, as we have detected linear arabinan
with LM13 and the putative arabinosyltransferase (AtARAD1-GFP) respectively in the
trans and the medial cisternae, we propose that initiation of (1—5)-a-L-arabinan
starts at least in the medial compartment. It remains to be determined if the synthesis
of the RG-I side chains could be initiated directly on the backbone, or if the side

chains could be added on the backbone after their initiation.

Arabinan RG-I biosynthesis: Golgi protein complex research

Arabinan side chains of RG-I is known to influence the mechanical properties of the
cell wall (Ulvskov et al., 2005; Moore et al., 2006; Harholt et al., 2010). Arabinan
synthesis involves the action of different partners within Golgi membranes. First,
biosynthesis of UDP-Arap residues occurs via 4-epimerization of UDP-Xyl, then
UDP-Arap is converted in UDP-Araf by arabinose mutase, and carried by UDP-Araf
transporter and arabinosyltransferase. Using the split-ubiquitin system, we tested if
the homolog of the xylose epimerase AtUXE1/MUR4, called AtUXE3, with the
arabinose mutase AtRGP1 and AtRGP2, and the arabinosyltransferase AtARAD1
could be involved in a complex, as we localized AtUXE3 and AtARAD1 both in the

same Golgi sub-compartment; namely the medial.
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We confirm that AtRGP1 and AtRGP2 form homo and heterodimers (Rautengarten et
al.,, 2011). In contrast, we could not confirm that AtARAD1 forms homodimers
(Harholt et al., 2006), as AtARAD1-Cub was nonfunctional. We did not observe that
AtUXE3 forms homo or heterodimers. Finally, we could not show any direct
interactions between AtUXE3 and AtARAD1, AtRGP1 or AtRGP2 when using this
system.

It could be helpful to explore the cell wall sugar content of uxe3 mutant to determine
whether AtUXE3 is really involved in RG-I arabinan synthesis, as well as more
detailed studies of RG-I fractions in the rgp mutants to ensure that AtRGP-1 and -2
contribute to RG-I arabinan assembly. It should be noted that the lack of interaction in
the split ubiquitin system does not indicate the lack of interaction in vivo.
Furthermore, the proteins could be found within the same complexes without direct
interaction. Recently, DePino et al. (2013) have examined RGP oligomerisation in
Solanum tuberosum, and proposed that class 2 RGPs (e.g. AtRGP4 or AtRGP5),
with no mutase activity, could be directly involved in Golgi membrane binding of RGP
oligomers. According to this model, it is possible that AtRGP1 and AtRGP2 interact
indirectly with Golgi membranes via AtRGP4/5, although this possibility remains to be
tested. Further studies are required to verify potential interaction between AtUXE3
and AtARAD1, and perhaps AtARAD?2. So far, none of the UDP-Araf transporters has
been characterized. Such transporters represent a good candidate partner linking
mutases and arabinosyltransferases, from the cytosol to the Golgi lumen (Sggaard et
al., 2012).
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EXPERIMENTAL PROCEDURES
Plant material and growth conditions

Suspension cells of Nicotiana tabacum cv. Bright Yellow 2 (BY-2) were cultured in
the Murashige and Skoog liquid medium (Sigma M5524,
http://www.sigmaaldrich.com): 4.3 g/L in sucrose 30 g/L, KH2PO4 100 mg/L, myo-
inositol 51 mg/L, thiamine 1 mg/L, 2.4 dichlorophenoxyacetic acid 0.22 mg/L, pH 5.6,
in dark, at 22°C, 140 rpm. Cells were subcultured every week by transferring 10 mL

of suspension cells in 150 mL of fresh medium.

Isolation of RG-I from tobacco BY-2 suspension-cultured cells

One hundred mL of 4 d-old tobacco BY-2 suspension-cultured cells were filtered,
ground and heated twice in 70% ethanol at 70°C for 15 min. The homogenate was
treated with a solution of chloroform/methanol (1/1, v/v) for 15 min following by
acetone for 15 min before drying. The resulting alcohol insoluble residue was
incubated in imidazole-HCI 500 mM pH 7 overnight. The pectin-enriched fraction was
then extracted from the insoluble residue by boiling in 0.5% oxalate ammonium for 1
h. After centrifugation at 2,000 g, the supernatant was dialyzed against water and

then freeze-dried.

Quantification of monosaccharides

Sugar composition of the pectin-enriched fraction was determined by gas liquid
chromatography (GLC) analysis of the trimethylsilyl methylglycoside derivatives using
inositol as internal standard. Briefly, samples were heated overnight in 1 M
methanolic-HCI (Sigma) at 80°C for methanolysis. After evaporation of the reagent,
the methylglycosides were converted into their trimethylsilyl derivatives by heating
the samples for 20 min at 110°C in hexamethyldisilizane / trimethylchlorosilane /
pyridine (3/1/9; Sigma). After evaporation, the samples were suspended in
cyclohexane before being injected on a DB-1 column (DB-1 Supelco).
Chromatographic data were integrated with GLC Star Workstation software (Varian),

each surface being corrected according to its response factor.
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Sugar linkage analysis

The permethylation analysis of the pectin-enriched fraction was carried out as
reported in Ciucanu and Kerek (1984). The permethylated sample was then
hydrolyzed, reduced and acetylated as described in Dardelle et al. (2010). No prior
reduction of uronic acids was used in the protocol and as a consequence, linkage
analysis of only neutral monosaccharides was performed. The partially methylated
alditol acetates were separated by GLC (Hewlett-Packard 6890) on an Optima 5-MS
capillary column (30 m i.d., 0.25 mm; Macherey Nagel) and analyzed by electron
impact mass spectrometry (EIMS) using an Autospec mass spectrometer

(Micromass) equipped with an Opus 3.1 data system.

Cloning procedure

The coding sequence of AtARAD1(At2g35100), AtUXE1/MUR4/HSR8 (At1g30620)
and AtUXE3/MEE25 (At2g34850), were amplified by PCR without the stop codon
using respectively Forward Kpn1 (5-GGGGTACCCCATGGCGCGTAAATCTTCC -3’)
and Reverse Spel1(5- GGACTAGTAATGGAAGTGATAAGACC-3’) primers for
AtARAD1; Forward BamH1 (5'- CGCGGATCCCGATGTTTAGTTTTGGCCGAGCA-
3’) and Reverse Spe1 (5- GGACTAGTGTAAACCGAGACCGATGAGGT-3’) primers
for MUR4; and Forward (5-CACCATGGCTGCTCATGGTGTGAAG-3’) and Reverse
(5- CATGTATGCAGAAACCAAGGA-3’) primers for AtUXE3. The SALK cDNA
clones were used as template (respectively U67266, U21248 and U21365).

For AtARAD1 and AtUXE1, the amplified cDNA were introduced in vectors and fused
to the sGFP as described in Chevalier et al. (2010). The amplified cDNA of AtUXE3
was introduced in pPENTR-D-TOPO, and fused to the GFP by introducing in pMDC83
vector (Curtis and Grossniklaus, 2003) using Gateway technology by LR clonase

reaction.

Stable expression in Nicotiana tabacum

The generated plasmids were transferred into Agrobacterium tumefaciens (strain
GV3101 pMP90 for AtARAD1 and AtUXE1, and EHA105 for AtUXE3 as described in
Chevalier et al. (2010).
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Immunolocalization of Rhamnogalacturonan-l epitopes inside tobacco BY-2
protoplasts

Protoplasts preparation, immunostaining and confocal microscopy were done exactly
as described in Chevalier et al., 2010. INRA-RU1 and INRA-RU2 antibodies (Dr
Fabienne Guillon, INRA, UR1268 Biopolyméres Interactions Assemblages,
guillon@nantes.inra.fr) were diluted at 1/3 in incubation buffer and LM5, LM6, LM13

and LM16 (Plantprobes; http://www.plantprobes.net/) antibodies were not diluted.

Immunolocalization Rhamnogalacturonan-I epitopes in tobacco BY-2 cells wall
Immunostaining and observation were done as describe in Chevalier et al. (2010),

but on entire BY-2 suspension-cultured cells using INRA-RU2 as primary antibody.

Localization of fusion proteins in N. tabacum

Subcellular localization of fusion proteins were examined using a Leica TCS SP2
AOBS confocal laser scanning microscope. GFP fluorescence of suspension cultured
cells was imaged using an excitation wavelength of 488 nm with the emission

wavelength at 500 nm to 520 nm.

High pressure freezing (HPF) and freeze substitution (FS)
BY-2 suspension-cultured cells were fixed by high pressure freezing and freeze

substituted exactly as described in Chevalier et al., 2010.

Immunogold labelling of Rhamnogalacturonan - | epitopes

Ultrathin sections (90 nm; ultracut UCT Leica Vienna Austria) of tobacco cells were
collected on to carbon-formvar-coated nickel grids and blocked in TBS (Tris-Buffered
Saline: Tris-HCI 20mM pH 7.2, 200 mM NaCl) supplemented with 0.2% of BSA and
milk 3% for 30 min. Sections were then incubated with the neat solution of
monoclonal antibody (INRA-RU1, INRA-RU2, LM5, LM6, LM13, LM16) for 3h at room
temperature. After washing in TBS + BSA 0.2% buffer, grids were incubated for 1h at
room temperature in the mouse secondary antibody (INRA-RU1, INRA-RU2) or rat
secondary antibody (LM5, LM6, LM13, LM16) conjugated to 10 nm gold particles
(dilution 1/20, Tebu-British Biocell International). After washing and fixation in TBS+
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2% glutaraldehyde, sections were first stained with 2% vapour osmium for 3 hours
followed by classical staining using uranyl acetate and lead citrate. Sections were
observed in a Philips, FEI Tecnai 12 Biotwin transmission electron microscope
operating at 80 kV, with ES500W Erlangshen CCD camera (Gatan).

Immunogold labelling of GFP-tagged proteins

Immunolabelling was done exactly as described in Chevalier et al. (2010).

Quantifying immunogold labelling and statistical analysis

The procedure was done exactly as described in Chevalier et al. (2010).

Split ubiquitin assay

The split-ubiquitin assay was performed using the yeast strain NMY51 and the bait
vectors pBT3-N or pDHB1 and the prey vector pPR3-N (Dualsystems Biotech AG).
Coding sequences of AtARAD1, AtRGP1, AtRGP2 and AtUXE3 were PCR amplified
and subsequently ligated into the vectors using the Sfil restriction site (see Table S7,
Dualsystems Biotech AG). AtARAD1 was cloned into the bait vector pBT3-N and the
prey vector pPR3-N (Dualsystems Biotech AG). AtRGP1, AtRGP2 and AtUXE3 were
cloned into the bait vector pDHB1, linking the soluble proteins to the ER membrane
via Ost4 anchor domain, and the prey vector pPR3-N (Dualsystems Biotech AG). The
plasmids were pairwise inserted into the yeast NMY51 using the LiAc transformation
method (Gietz and Woods 2002), plated on SD-Leu-Trp plates and grown at 30°C for
3 days. Yeast carrying both vectors were picked and grown O/N in liquid SD-Leu-Trp
media and subsequently spotted in a SD-His-Leu-Trp-Ade plate in equal
concentrations and grown for at 30°C for 3 days.

XGal assay, which tests B-Galactosidase activity, was performed in growing yeast on
SD-His-Leu plates as in (Obrdlik, El-Bakkoury et al. 2004).Growth on the SD-His-
Leu-Trp-Ade media and blue color formation, B-galactosidase activity, combined is

an indication of interaction.
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9 Monosaccharide composition (%)

Ara 38.8+4.0
GalUA 20.8+0.4
Rha 18.0£ 0.6
Gal 11.8+£0.8
Xyl 6.9+1.4
Fuc 1.7+0.3
Man 1.7+£0.2
GlcUA 0.3z0.1
bLinkage analysis (%)

T-Araf 14.3
3-Araf 1.9
5-Araf 22.9
3,5-Araf 15.7
T-Galp 3.6
3-Galp 3.9
4-Galp 7.5
6-Galp 0.4
3,6-Galp 0.8
4,3-Galp nd
4,6-Galp 1.2
T-Rhap 0.2
2-Rhap 3.2
3-Rhap 0.2
2,4-Rhap 3.6
2,3,4-Rhap 0.6
T-Xylp 3.8
2-Xylp 3.8
2,3,4-Xylp 0.9
T-Glcp 2.0
3-Glep 2.3
4,6-Glcp 5.9

Table 1: Monosaccharide composition and linkage analysis of the pectin-enriched
fraction. (a) The monosaccharide composition was determined by GLC analysis of
trimethylsilyl methylglycosides and expressed as mol %. Values are means + SEM
from three independent experiments. (b) The sugar linkage analysis was determined
by GLC-EIMS of partially methylated alditol acetate and expressed as mol %. nd: not
detected. Ara: Arabinose; Fuc: Fucose; Gal: Galactose; GalUA: Galacturonic acid,;
Glc: Glucose; GIcUA: Glucuronic acid; Rha: Rhamnose; Xyl: Xylose.
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Antibody Reference Epitope

INRA- [—2)-a-L-rhamnose p-(1—4)-a-D-

RU1 Ralet et al., 2010 galacturonic acid p-(1—]/,

INRA- [—2)-a-L-rhamnose p-(1—4)-a-D-

RU2 Ralet et al., 2010 galacturonic acid p-(1—],,,
Moller et al., 2008;

LM13 Verhertbruggen etal., [unbranched a(1-5) arabinan],,
2009

LM6 Willats et al., 1998 [a(1-5) arabinan],,
Verhertbruggen et al, Galactosyl re5|due_/galacta!1 stub

LM16 2009 between arabinan chain

and RGl backbone
LM5 Jones et al., 1997 [unbranched B(1-4) galactanl].,

Table 2: Antibodies used in this study. Mouse monoclonal antibodies, INRA-RU1 and
INRA-RU2 are specific for the backbone of RG-I. Rat monoclonal LM13 and LM6
antibodies bind arabinan side chains, whereas LM5 and LM16 recognize galactan

and arabinogalactan branching respectively.
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Wild-type cells Wild-type cells
(a) without primary antibody with primary antibody
Observed Expected %2 Observed Expected 72 Total observed
Compartment gold particles  gold particles  values | gold particles gold particles  values gold particles
Cis 10 3.82 9.99 9 15.17 2.51 19
Medial 15 7.64 7.08 23 30.35 1.78 38
Trans 3 3.82 0.17 16 15.17 0.04 19
TGN 9 21.71 7.44 99 86.28 1.87 108
37 24.70 147 6.21 184
Column totals
() Observed gold  Observed points, Expected gold RLI ¥2 12
Compartment particles, n, P particles, n, n./n. %
Cis 9 1314 35.8 0.25 18,57 32.02
Medial 23 1579 43.0 0.54 9,29 14.85
Trans 16 423 11.5 1.39 1,75 2.79
TGN 99 2084 56.7 1.75% 30,02 50.34*
Column totals 147 5400 147

Table 3: Quantitative analysis of LM6 labelling over Golgi stacks in wild-type tobacco
BY-2 suspension-cultured cells. (a) Comparison of gold particle distribution within
Golgi subcompartments of wild-type cells immunolabelled with or without the primary
antibody LM6. Quantification of labelling was done on 55 Golgi stacks for each line.
The total y2 value (24.70+6.21=30.91) compared to that of contingency table
analysis, with a degree of freedom of 3, confirms that gold particles distribution is due
to LM6 with a <0.005. (b) Observed and expected distribution of gold particles in
subtypes of Golgi cisternae of wild-type tobacco BY-2 suspension-cultured cells and
relative labelling index values. Asterisks (*) identify Golgi compartments that are
preferentially labelled.
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(@) Wild type cells Transformed cells
Observed Expected %2 Observed Expected %2 Total observed
Compartment gold particles  gold particles valyes | gold particles gold particles  values gold particles
Cis 61 51.60 1.71 88 97.39 0.90 149
Medial 42 95.93 30.32 235 181.06 16.06 277
Trans 37 27.01 3.69 41 50.98 1.95 78
TGN 91 56.45 21.14 72 106.54 11.20 163
Column totals 231 36.86 436 30.12 667
(b) Observed gold  Observed points, Expected gold RLI ¥2 %2
Compartment particles, n, P particles, n, n./n. %
Cis 88 728 39.2 2.24 0,27 0.27
Medial 235 1286 69.2 3.30% 52,54 53.05%
Trans 41 444 23.9 1.71 1,88 1.0
TGN 72 1354 72.8 0.98 44,34 44.76
Column totals 436 3812 205

Table 4: Quantitative analysis of anti-GFP labelling over Golgi stacks in tobacco BY-
2 suspension-cultured cells expressing AtARAD1-GFP. (a) Comparison of gold
particle distribution within Golgi subcompartments of wild-type and transformed cells
(expressing AtARAD1-GFP) of BY-2 suspension-cultured cells. Quantification of
labelling was done on 50 Golgi stacks for each line. The total 2 value (56.86 + 30.12
= 86.98) compared to that of contingency table analysis, with a degree of freedom of
3, confirms specificity of gold particle distribution between wild-type and transformed
cells with a <0.005. (b) Observed and expected distribution of gold particles in
subtypes of Golgi cisternae of tobacco BY-2 suspension-cultured cells expressing
AtARAD1-GFP and relative labelling index values. Asterisks (*) identify Golgi
compartments that are preferentially labelled.
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Golgi

compartment An;c;t;zdy Corresponding epitope detected Possible reaction occuring in this compartment
labeled
cis PGA/RG-| Transition region between deesterified HG and the * Association of HG and RG-I backbone
first Rha linked residue of RG-I ¢ |nitiation of RG-I backbone synthesis
Transition region between deesterified HG and the
PGA/RG-I first Rha linked residue of RG-I
medial ¢ Elongation of RG-I backbone
INRA-RU1 6 to 7 [GalUA /Rha] units which are unbranched,
non-methylated and non-acetylated
PGA/RG-I aft ifiati
/ 2-1arter Transition region between deesterified HG and the ¢ Methylesterification of GalA
deesterification ) . .
first Rha linked residue of RG-I
trans treatment
LM13 Long (5 to 11 Ara), unbranched and linear arabinan * Elongation of (1—5)-a-L-arabinan chain
chain
PGA/RCl-i—lIafFer Transition region between deesterified HG and the e
deesterification ) R - ¢ (Methylesterification of GalA ?)
first Rha linked residue of RG-I
treatment
LM5 Short (4 Gal) galactan chain Elongation of galactan chain
TGN LM6 Short (2 to 6 Ara), possibly branched and non linear * Branching of linear arabinan chain with 2- or 3-
arabinan chain linked arabinose
) ) * Branching of branched arabinan on galactose
LM16 Galactosyl residue/galactan stub between arabinan residue or galactan stub to form arabinogalactan

chain and RG-I backbone

chain

Table 5: A proposed pathway RG-I synthesis and assembly in the Golgi apparatus.

PGA/RG-I epitopes were detected in sycamore maple suspension-cultured cells
(Zhang and Staehelin, 1992; Driouich et al., 1993). Here, quantitative immunogold
analysis (see also table 3) of INRA-RU1, LM5, LM6, LM13 and LM16 was performed
in tobacco BY-2 suspension-cultured cells (deep squares). First, data suggest that
RG-I backbone synthesis is initiated in the cis Golgi subcompartment, extends in the
medial subcompartment, and that arabinan and galactan or arabinogalactan side
chains elongation occurs at least in the trans Golgi subcompartment and the TGN
respectively. And, secondly, data confirm that the methylesterification of galacturonic

acid residues takes place in the late Golgi compartment.
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Figure 1. Confocal microscope images showing subcellular localization of
rhamnogalacturonan-| epitopes within tobacco BY-2 protoplasts. Fluorescent spots
(~1um in diameter), that are typical of Golgi localization, are observed following
labelling with INRA-RU1 (A), INRA-RU2 (B), LM5 (C), LM6 (D),LM13 (E) and LM16
(F). Scale bar =5 pm.
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» J trans

Figure 2: Immunogold localization of rhamnogalacturonan-l epitopes in HPF/FS
tobacco BY-2 suspension-cultured cells. Electron micrographs illustrate labelling of
Golgi units and secretory vesicles with the monoclonal antibody LM6 (A), and of
Golgi stacks and the cell wall with the monoclonal antibody LM 16 (B, C). White
arrows indicate gold particles in B. CW : cell wall, ER : endoplasmic reticulum, G :
Golgi stacks, M : mitochondria, N, nucleus; NM : nuclear membrane, NP : nuclear
pore, PM : plasma membrane; TGN : trans-Golgi network; V, vacuole. Scale bars =
100 nm.
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Figure 3

Figure 3: Distribution of AtARAD1-GFP, AtUXE1/MUR4-GFP, and AtUXE3-GFP in
living tobacco BY-2 suspension-cultured cells. Stable expression of AtARAD1-GFP
(A), AtUXEL/MUR4-GFP (B), and AtUXE3-GFP (C) in tobacco BY-2 suspension-
cultured cultured cells also shows fluorescent spots typical of Golgi localization.

Scale bars : 8 um.
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Figure 4: Immunogold localization of AtARAD1-GFP, AtUXE1/MUR4-GFP, and
AtUXE3-GFP fusion protein in Golgi stacks of transformed tobacco BY-2 suspension-
cultured cells with anti-GFP antibodies. ER, endoplasmic reticulum; TGN, trans-Golgi
network. Arrows indicate gold particles. Scale bars: 100 nm.
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Type of test  Line Bait (Cub) Prey (Nub) Droptest
, 1 AtARAD1-BT3-N  pOst1-Nubl
fun(js:amy 2 AIRGP1-DHB1 _ pOsti-Nubl
test 3  AtRGP2-DHB1 pOst1-Nubl
4 AtUXE3-DHB1 pOst1-Nubl
Bait 5 AtARAD1-BT3-N pPR3-N
randomly 6 AtRGP1-DHB1 pPR3-N
interacton 7  AtRGP2-DHB1 pPR3-N
test 8 AtUXE3-DHB1 pPR3-N
Prey 9 AIXXT2-BT3-N  AtARAD1-PR3-N
randomly 10  AXXT2-BT3-N AtRGP1-PR3-N
interaction 11 AIXXT2-BT3-N AtRGP2-PR3-N
test 12 AIXXT2-BT3-N  AtUXE3-PR3-N

13  AtARAD1-BT3-N AtARAD1-PR3-N

Interacton 14  AtARAD1-BT3-N AtRGP1-PR3-N
test 15 AtARAD1-BT3-N AtRGP2-PR3-N
16 AtARAD1-BT3-N AtUXE3-PR3-N

17  AtRGP1-DHB1 AtARAD1-PR3-N

Interaction 18  AtRGP1-DHB1 AtRGP1-PR3-N
test 19  AtRGP1-DHB1 AtRGP2-PR3-N
20 AtRGP1-DHB1 AtUXE3-PR3-N

21 AtRGP2-DHB1 AtARAD1-PR3-N

Interaction 22  AtRGP2-DHB1 AtRGP1-PR3-N
test 23  AtRGP2-DHB1 AtRGP2-PR3-N
24  AtRGP2-DHB1 AtUXE3-PR3-N

25  AtUXE3-DHB1 AtARAD1-PR3-N

Interaction 26 ~ AtUXE3-DHB1 AtRGP1-PR3-N
test 27  AtUXE3-DHB1 AtRGP2-PR3-N
28  AtUXE3-DHB1 AtUXE3-PR3-N

|
i
i
i
i
}

Figure 5: Droptest and X-gal assay used to detect protein-protein interaction using
the split-ubiquitin system between AtARAD1, AtRGP1l, AtRGP2 and AtUXES3.
Transformed yeast containing the indicated combinations of bait and prey proteins
were spotted in equal concentrations on SD-His-Leu-Trp-Ade plates in a dilution
series from 1x, 10x, 100x, to 1000x and incubated at 30°C for 3 days. Growth on
SD-His-Leu-Trp-Ade plates indicates that two proteins of a given combination are
interacting. X-Gal assay test for -galactosidase activity, which is a reporter for
interaction upon blue color formation. The baits when co-expressed with pOst1-Nubl
tests for functionality and when co-expressed with PR3-N tests for random
interaction. The preys when co-expressed with the type Il membrane protein AtXXT2
tests for random interaction.
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Figure S1. Immunogold localization of rhamnogalacturonan-l epitopes in tobacco
BY-2 cells. INRA-RU1 (A), LM5 (B), LM13 (C). TGN, trans-Golgi network. Arrows
indicate gold particle. Scale bars = 100 nm
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Figure S2: Immunocytochemical localization of rhamnogalacturonan-l epitopes
recognized by the antibody INRA-RU2 in tobacco BY-2 suspension-cultured cells.
Fluorescent signal is seen over the cell wall. Scale bar = 20 um
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Observed gold Observed points, Expected gold RLI ¥2 %2
Compartment particles, n, p particles, n, n./n. o
Cis 3 824 7.5 0.40 2,67 76.26
Medial 10 867 7.9 1.27% 0,59 15.63*
Trans 3 243 2.2 1.36 0,29 7.73
TGN 13 1267 11.5 1.13 0,20 5.38
Column totals 29 3201 29

Table S1: Quantitative analysis of INRA-RUL1 labelling over Golgi stacks in wild-type
tobacco BY-2 suspension-cultured cells. Observed and expected distribution of gold
particles in subtypes of Golgi cisternae of wild-type tobacco BY-2 cells and relative
labelling index values. Asterisks (*) identify Golgi compartments that are preferentially

labelled.
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Wild-type cells Wild-type cells
(a) without primary antibody with primary antibody
Observed Expected 72 Observed Expected 72 Total observed
Compartment gold particles  gold particles yalyes | gold particles gold particles  yalyes gold particles
Cis g 7.37 0.35 8 9.62 0.27 17
Medial 14 9.10 2.62 7 11.89 2.01 21
0.24
Trans 3 2.16 0.31 2 2.83 5
10 17.34 3.11 30 22.65 2.38 40
TGN 36 6.41 47 4.91 83
Column totals
(k) Observed gold Observed points, Expected gold RLI %2 12
Compartment particles, n, 3 particles, n, nJ/n. o,
Cis 8 862 11.3 0.71 0,94 10.23
Medial 7 971 12.7 0.55 2,54 27.65
Trans 2 249 3.3 0.62 0,48 5.23
TGN 30 1518 19.8 1.51* 5,23 56.89%
Column totals 47 3600 47

Table S2: Quantitative analysis of LM5 labelling over Golgi stacks in wild-type
tobacco BY-2 suspension cultured-cells. (a) Comparison of gold particles distribution
in Golgi cisternae of wild-type cells immunolabelled without the primary antibody LM5
and wild-type cells immunolabelled with this antibody. Quantification of labelling was
done on 45 Golgi stacks for each line. The total y2 value (6.41+4.91=11.32)
compared to that of contingency table analysis, with a degree of freedom of 3,
confirms that gold particles distribution is due to LM5 with a <0.015. (b) Observed
and expected distribution of gold particles in subtypes of Golgi cisternae of wild-type
tobacco BY-2 cells and relative labelling index values. Asterisks (*) identify Golgi
compartments that are preferentially labelled.
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Wild-type cells Wild-type cells
(a) without primary antibody with primary antibody
Observed Expected %2 Observed Expected 72 Total observed
Compartment gold particles  gold particles values gold particles  gold particles  values gold particles
Cis 1 8.91 0.48 24 26.08 0.16 g;
Medial 16 8.15 7.55 16 23.84 2.58
Trans 3 : : 68 1.67 78
10 19.87 4.90 58.12 ‘
TGN 10 12.94 117 4.42 157
Column totals
(b) Observed gold  Observed points, Expected gold RLI %2 72
Compartment particles, n, P particles, n, n./n. %
Cis 24 1306 30.0 0.80 1,19 6.73
Medial 16 1383 31.7 0.50 7,80 44.25
Trans 9 310 7.1 1.27 0,50 2.85
TGN 68 2101 48.2 1.41* 8,13 46.17*
Column totals 117 5100 117

Table S3: Quantitative analysis of LM16 labelling over Golgi stacks in wild-type
tobacco BY-2 susepnsion-cultured cells. (a) Comparison of gold particles distribution
in Golgi cisternae of wild-type cells immunolabeled without the primary antibody LM6
and wild-type cells immunolabelled with this antibody. Quantification of labelling was
done on 51 Golgi stacks for each line. The total y2 value (12.94+4.42=17.36)
compared to that of contingency table analysis, with a degree of freedom of 3,
confirms that gold particles distribution is due to LM16 with a <0.005. (b) Observed
and expected distribution of gold particles in subtypes of Golgi cisternae of wild-type
tobacco BY-2 cells and relative labelling index values. Asterisks (*) identify Golgi
compartments that are preferentially labelled.
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Wild-type cells Wild-type cells
(a) without primary antibody with primary antibody
Observed Expected 72 Observed Expected 12 Total observed
Compartment gold particles  gold particles yalues | gold particles gold particles  values gold particles
Cis 7 5.65 0.32 13 14.34 0.12 20
Medial 11 9.04 0.42 21 22.95 0.16 32
Trans 0 2.26 2.26 8 5.73 0.89 8
TGN -] 9.04 0.12 24 22.95 0.04 32
26 3.12 66 1.23 92
Column totals
(b) Observed gold Observed points, Expected gold RLI %2 72
Compartment particles, n, P particles, n, no/n. %,
Cis 13 976 17.0 0.77 0,92 30.43
Medial 21 1265 22.0 0.96 0,04 1.42
Trans 8 284 4.9 1.62% 1,91 63.02*
TGN 24 1275 22.1 1.08 0,16 5.13
Column totals 66 3800 66

Table S4: Quantitative analysis of LM13 labelling over Golgi stacks in wild-type
tobacco BY-2 suspension cultured-cells. (a) Comparison of gold particles distribution
in Golgi cisternae of wild-type cells immunolabelled without the primary antibody
LM13 and wild-type cells immunolabelled with this antibody. Quantification of
labelling was done on 38 Golgi stacks for each line. The total y2 value
(3.12+1.23=4.35) compared to that of contingency table analysis, with a degree of
freedom of 3, confirms that gold particles distribution is due to LM13 with a < 0.1. (b)
Observed and expected distribution of gold particles in subtypes of Golgi cisternae of
wild-type tobacco BY-2 cells and relative labelling index values. Asterisks (*) identify
Golgi compartments that are preferentially labelled.
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(a) Wwild type cells Transformed cells
Observed Expected 72 Observed Expected 72 Total observed
Compartment gold particles  gold particles yalues | gold particles gold particles  values gold particles
Cis 4.21 4.21 15 10.79 1.64 15
Medial 10.65 4.16 34 27.35 1.62 38
1.96 1.96 7 5.04 0.76 7
Trans
TGN 26 13.18 12.48 21 32.82 4.86 47
Column totals 30 22.80 77 8.88 107
(b) Observed gold  Observed points, Expected gold RLI ¥2 %2
Compartment particles, n, P particles, n. no/n. o,
Cis 15 48 18.8 0.79 0,75 31.93
Medial 34 73 28.5 1.19* 1,05 44.36*
Trans 7 15 5.9 119 0,22 9.33
TGN 21 61 23.8 0.88 0,34 14.35
Column totals 77 197 77

Table S5: Quantitative analysis of anti-GFP labelling over Golgi stacks in tobacco
BY-2 cells expressing AtUXE3-GFP. (a) Comparison of gold particle distribution over
Golgi cisternae of wild-type and transformed cells (expressing AtUXE3-GFP) of BY-2
suspension-cultured cells. Quantification of labelling was done on 36 Golgi stacks for
each line. The total 2 value (22.80 + 8.88=31.68) compared to that of contingency
table analysis, with a degree of freedom of 3, confirms specificity of gold particles
distribution between wild-type and transformed cells with a <0.005. (b) Observed and
expected distribution of gold particles in subtypes of Golgi cisternae of tobacco BY-2
cells expressing AtUXE3-GFP and relative labelling index values. Asterisks (*)
identify Golgi compartments that are preferentially labelled.
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(a) Wild type cells Transformed cells
Observed Expected ¥2 Observed Expected 72 Total observed
Compartment gold particles  gold particles values gold particles  gold particles  ya|yes gold particles
Cis 61 65.10 0.26 143 138.91 0.12 204
. 42 49.77 1.22 114 106.22 0.57 156
Medial
37 25.84 4.82 44 55.16 2.26 81
Trans
TEN 91 90.29 0.01 192 192.71 0.00 283
231 6.29 493 2.95 724
Column totals
(b) Observed gold  Observed points, Expected gold RLI 12 72
Compartment particles, n, P particles, n, n./n. o,
Cis 143 1529 153.8 0.92 0,76 1.96
Medial 114 1640 165.0 0.69 15,75 40.71
Trans 44 343 34.5 1.27 2,61 6.75
TGN 192 1389 139.7 1.37* 19,56 50.56*
Column totals 493 4901 493

Table S6: Quantitative analysis of anti-GFP labelling over Golgi stacks in tobacco
BY-2 cells expressing AtUXE1/MUR4-GFP. (a) Comparison of gold particle
distribution in Golgi cisternae of wild-type and transformed cells (expressing
AtUXE1/MUR4-GFP) of BY-2 suspension-cultured cells. Quantification of labelling
was done on 50 Golgi stacks for each line. The total x2 value (6.29 + 2.95=9.24)
compared to that of contingency table analysis, with a degree of freedom of 3,
confirms specificity of gold particles distribution between wild-type and transformed
cells with a <0.005. (b) Observed and expected distribution of gold particles in
subtypes of Golgi cisternae of tobacco BY-2 suspension-cultured cells expressing
AtUXE1/MURA4-GFP and relative labelling index values. Asterisks (*) identify Golgi
compartments that are preferentially labelled.
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Gene Vector Size Primer (Sfil restriction site)
For GGCCATTACGGCCATGGCGCGTAAATCTTCC
AtARAD pBT3-N/ 1344b C
1 pPR3-N P Rev GGCCGAGGCGGCCTTAAATGGAAGTGATAAG
ACC
For GGCCATTACGGCCATGGTTGAGCCGGCGAAC
pDHB1 1073bp AC
Rev GGCCGAGGCGGCCGCTTTAGTGGGTGGG
AtRGP1 For GGCCATTACGGCCATGGTTGAGCCGGCGAAC
AC
PPR3-N  1074bp Rev GGCCGAGGCGGCCTCAAGCTTTAGTGGGTG
GG
For GGCCATTACGGCCATGGTTGAGCCGGCGAAT
pDHB1 1083bp AC
Rev GGCCGAGGCGGCCCAAGCTTTGCCACTGGC
AtRGP2 For GGCCATTACGGCCATGGTTGAGCCGGCGAAT
AC
PPR3-N  1084bp Rev GGCCGAGGCGGCCTCAAGCTTTGCCACTGG
C
For GGCCATTACGGCCATGGCTGCTCATGGTGTG
pDHB1  710bp Rev GGCCGAGGCGGCCCAGTATGCAGAAACCAA
GG
AtUXES For GGCCATTACGGCCATGGCTGCTCATGGTGTG
pPR3-N  711bp Rev GGCCGAGGCGGCCTCAGTATGCAGAAACCAA

GG

Table S7: Primer sequences used to for cloning of AtARAD1, AtRGP1, AtRGP2 and
AtUXE3 genes into the bait vector (pBT3-N or pDHB1) and prey vector (pPR3-N).
Underline primer sequence correspond to the Sfil restriction digestion site used to
insert the genes into the split-ubiquitin vector.
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PARTIE D: TRAVAUX EFFECTUES DANS LE CADRE D’'UNE COLLABORATION

Durant mon séjour au sein du laboratoire de recherche « Molecular plant biology:
Cell wall », dirigé par le Pr. Henrik Vibe Scheller (Copenhague), le Dr. Yumiko Sakuragi m’a
enseigné la pratique de la technique de complémentation de fluorescence bimoléculaire
(BiFC). Cette technique a été développée pour tester in vivo si deux protéines forment un

complexe.

Pour rappeler le principe, la Yellow Fluorescent Protein (YFP) est séparée en deux
fragments, I'un étant porté par une protéine A et I'autre par une protéine B. En cas de forte
proximité des protéines A et B, les deux portions YFP (YN: fragment N-terminal de la YFP; YC:
fragment C-terminal de la YFP) s'assemblent et émettent un rayonnement apres excitation;
cet attachement ne pouvant se faire de maniére spontanée entre les fragments de YFP. Au
contraire, si les protéines A et B sont distantes de plus de 100A, la YFP ne peut se

reconstituer, et aucune émission de fluorescence n'est observable aprées excitation.

L'arabinosyltransférase AtARAD1 possede un homologue trés proche nommé
AtARAD2, qui a été étudié par le laboratoire du Pr HV Scheller. Comme pour AtARADI1,
I'activité a(1,5)arabinosyltransférase d’AtARAD2 n’a pu étre clairement démontrée.
Cependant, I'étude du mutant arad2 et du double mutant aradlarad2, montre que cette
protéine est clairement impliquée dans la synthése des chaines arabinanes du RG-I, et que
son activité n’est pas redondante avec la protéine AtARAD1. Dans le cadre de cette
collaboration, j’ai participé a montrer que ces deux protéines formaient des homo- et des

hétérodimeres in vivo par la technique de BiFC.

Ces résultats sont détaillés dans I'article suivant page 227:

Harholt J, Jensen JK, Verhertbruggen Y, Se¢gaard C, Bernard S, Nafisi M, Poulsen CP, Geshi N,
Sakuragi Y, Driouich A, Knox JP, Scheller HV.(2012) ARAD proteins associated with pectic
Arabinan biosynthesis form complexes when transiently overexpressed in planta. Planta

236(1):115-28
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L’équipe du Dr Y. Sakuragi a également utilisé la technique de BiFC pour développer
un protocole simple permettant de connaitre la topologie d’une protéine golgienne in vivo,
grace a l'utilisation de marqueurs golgiens de la face luminale et de la face cytosolique. Pour
valider cette méthode, plusieurs enzymes participant a la synthése du xyloglucane ou du

rhamnogalacturonane-l ont été testées, afin de confirmer ou de montrer leur topologie.

Ainsi, pour les enzymes de syntheése du XyG, il a été confirmé que le site catalytique
de la xylosyltransférase AtXXT1 était luminal, et il a été montré que le site catalytique de la
xylosyltransférase AtXXT5, et de la galactosyltransférase AtMUR3 étaient également luminal.
Pour les enzymes potentiellement impliquées dans la synthése du RG-I, il a été montré que
I'épimérase AtMUR4 et I'arabinosyltransférase AtARAD1 possédaient un site catalytique

orienté dans la lumiére du Golgi. Les résultats sont présentés dans I'article suivant page 243:
Sggaard C, Stenbaek A, Bernard S, Hadi M, Driouich A, Scheller HV, Sakuragi Y. (2012) GO-

PROMTO illuminates protein membrane topologies of glycan biosynthetic enzymes in the

Golgi apparatus of living tissues.PLoS One 7(2):e31324
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Papier N°6: Article scientifique en collaboration avec Dr. Yumiko Sakuragi au
sein du laboratoire de recherche « Molecular plant biology: Cell wall », dirigé
par le Pr. Henrik Vibe Scheller, a I'université de Copenhague.

Résultats: Travaux effectués dans le cadre d’une collaboration

ARAD proteins associated with pectic Arabinan biosynthesis form
complexes when transiently overexpressed in planta.

Harholt J, Jensen JK, Verhertbruggen Y, Sggaard C, Bernard S, Nafisi M, Poulsen
CP, Geshi N, Sakuragi Y, Driouich A, Knox JP, Scheller HV.

Planta (2012); 236(1):115-28
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Abstract Glycosyltransferase complexes are known to be
involved in plant cell wall biosynthesis, as for example in
cellulose. It is not known to what extent such complexes
are involved in biosynthesis of pectin as well. To address
this question, work was initiated on ARADI (ARABINAN
DEFICIENT 1) and its close homolog ARAD2 of glyco-
syltransferase family GT47. Using bimolecular fluores-
cence complementation, Forster resonance energy transfer
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and non-reducing gel electrophoresis, we show that
ARADI and ARAD2 are localized in the same Golgi
compartment and form homo-and heterodimeric intermo-
lecular dimers when expressed transiently in Nicotiana
benthamiana. Biochemical analysis of arad2 cell wall or
fractions hereof showed no difference in the monosaccha-
ride composition, when compared with wild type. The
double mutant aradl arad2 had an aradl cell wall phe-
notype and overexpression of ARAD?2 did not complement
the arad]l phenotype, indicating that ARAD] and ARAD2
are not redundant enzymes. To investigate the cell wall
structure of the mutants in detail, immunohistochemical
analyses were carried out on aradl, arad2 and aradl arad2
using the arabinan-specific monoclonal antibody LM13. In
roots, the labeling pattern of arad2 was distinct from both
that of wild type, aradl and aradl arad2. Likewise, in
epidermal cell walls of inflorescence stems, LM 13 binding
differed between arad2 and WILD TYPE, aradl or aradl
arad2. Altogether, these data show that ARAD2 is asso-
ciated with arabinan biosynthesis, not redundant with
ARADI, and that the two glycosyltransferases may func-
tion in complexes held together by disulfide bridges.

Keywords Pectin - Arabinan - Glycosyltransferase -
Disulfide bridges

Introduction

Plant cells are surrounded by cell walls composed of cel-
lulose microfibrils interwoven with hemicellulosic poly-
saccharides, pectins and proteins. Pectin consists mainly
of homogalacturonan and rhamnogalacturonan I (RG-I),
while minor components include rhamnogalacturonan II
(RG-II) and xylogalacturonan (Mohnen 2008; Zandleven
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et al. 2007). RG-I is a structurally complex molecule,
consisting of a backbone of [-4-2-D-GalUAp-12-2-1-
Rhap-1-] repeating units. The rhamnose residues often
carry side chains of neutral sugars attached at the O-4
position. These side chains typically contain galactans,
arabinans or branched type I arabinogalactans (Verhertb-
ruggen and Knox 2009). Arabinans consist of a a-1,5-L-
arabinofuranose backbone with possible further ramifica-
tion by sidechains at C-2 and/or C-3 consisting of single
a-linked r-arabinofuranosyl residues or small 2-15-L-
arabinofuranose oligomers. The exact arrangements of
homogalacturonan, RG-I and xylogalacturonan within
pectic networks are not known (Vincken et al. 2003;
Verhertbruggen and Knox 2007), but RG-I and xyloga-
lacturonan co-elute as a high molecular mass fraction after
extraction from cell walls using endo-polygalacturonase,
indicating that RG-I and xylogalacturonan are closely
associated (Jensen et al. 2008).

The complex structure of pectin necessitates intricate
biochemical machinery for its biosynthesis and assembly.
So far, the progress in identifying glycosyltransferases
involved in the biosynthesis of pectin has been modest. Of
the many pectic glycosyltransferase activities predicted to
be needed (Mohnen 2008), only three have been identified
and verified biochemically by heterologous expression and
in vitro assays, namely a homogalacturonan synthase
(GAUTI, Sterling et al. 2006), an RG-II xylosy] transferase
(RGXTI1, RGXT2, and RGXT3, Egelund et al. 2006, 2008)
and a xylogalacturonan xylosyltransferase (XGDI, Jensen
et al. 2008). In addition, a putative arabinan arabinosyl-
transferase (ARAD 1, Harholt et al. 2006) and a group of
putative homogalacturonan synthases (QUAI, GAUT,
Bouton et al. 2002; Caffall et al. 2009) have been identified
based on mutant characterisation. Several of the gaut
mutants show pleiotropic effects in other aspects of cell
wall biosynthesis, but it is likely that some besides GAUTI
function as homogalacturonan synthases (Orfila et al. 2005;
Caffall et al. 2009). ARADI has a close homolog in Ara-
bidopsis designated ARAD2, and because aradl mutants
have residual arabinan and ARADI and ARAD2 appear to
be paralogs with a single common ortholog in rice, we
hypothesized that ARADI and ARAD?2 could be redundant
proteins (Harholt et al. 2006). Pectin biosynthesis has
recently been thoroughly reviewed (Scheller et al. 2007;
Mohnen 2008; Caftall and Mohnen 2009; Harholt et al.
2010; Liepman et al. 2010).

The formation of complexes involved in pectin bio-
synthesis has been proposed by several authors (Scheller
et al. 2007; Mohnen 2008; Ralet et al. 2008). It has
furthermore been found that arabinose is incorporated into
arabinose-containing polymers from the unstable and
energetically unfavorable furanose configuration of UDP-
arabinose (Konishi et al. 2006, 2007; Rautengarten et al.

2 Springer

2011). This form of UDP-arabinose is barely detectable in
plants suggesting that UDP-arabinofuranose is strongly
channeled, i.e. the mutase that makes the conversion of the
pyranose to the furanose form is delivering the product
directly to the arabinosyltransferase. This close association
of the enzymatic steps in arabinosylation suggests that the
enzymes are present in a complex.

Evidence that suggests complex formation in other
aspects of cell wall biosynthesis has been presented. The
cellulose synthase complex is well known (Taylor et al.
2000) and complexes involved in xylan biosynthesis have
recently been reported (Zeng et al. 2010). Zeng et al,
co-immunoprecipitated a non-covalently linked complex,
consisting of at least three glycosyltransferases including
the UDP-arabinose mutase and showed that the complex
had xylan biosynthetic activity (Zeng et al. 2010). Very
recently, a protein complex involved in homogalacturonan
biosynthesis was reported (Atmodjo et al. 2011).

Complex formation by type-II Golgi-localized glyco-
syltransferases is known from the mammalian biosynthesis
of N-linked glycoproteins where several of the glycosyl-
transferases have been shown by reducing and
non-reducing SDS-PAGE analysis to form homo- and
heterodimers by disulfide bridges (El-Battari et al. 2003;
Hassinen et al. 2010). This complex formation apparently
functions as part of a retention signal decreasing the
secretion to the extracellular space, facilitates auto-
glycosylation or enhances activity (McCormick et al.
2000; El-Battari et al. 2003).

Here evidence for dimerisation through disulfide bridge
formation between transiently expressed ARAD proteins is
presented using bimolecular fluorescence complementation
(BiFC), Forster resonance energy transfer (FRET) and non-
reducing SDS-PAGE. Furthermore, mutant analysis by
sugar composition analysis and immunolabelling show that
ARAD?2 is associated with arabinan biosynthesis and is
clearly not redundant with ARADI.

Materials and methods

35S DNA constructs used for complementation
experiments, BiFC analysis and FRET

The coding region of ARAD2 was amplified from the
cDNA clone U13094 (TAIR accession Clone: 1005797675)
with primers 5-GAGCTCATGAACCCCAAAATC AGA
AAA-3' and 5-GAGCTCTTACTAGACACCATGGAT
GA-3’ using Phusion polymerase (Finnzymes). The PCR
product was cloned as a Sacl/Sacl fragment under the
control of the 35S promoter and terminator in pPS48 (Kay
et al. 1987) and checked for correct insert orientation by
Clal digestion, resulting in pPZP88.
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When generating the ARADI-Myc-6xHis and the
ARADI-GFP constructs the coding region of ARADI was
amplified from the cDNA clone OA0O233 (TAIR accession
2337050) with the 5" primer 5'-GTCCGGAGCTCATGGC
GCGTAAATCTTC-3' and with the 3’ primer 5-GTCCGG
AGCTCAATGGAAGTGATAAGACCG-3' using Phusion
polymerase. This PCR product was cloned as a Sacl/Sphl
fragment under the control of the 35S promoter and ter-
minator in two derivatives of pPS48, pPS-Myc-his and
pPS-GFP, resulting in plJJ23 and plJ26, respectively.
pPS-GFP was generated by cloning GFP from pEGFP
(Clontech) into pPS48 as a Sacl/Xhol fragment using PCR
and the primers 5-GTCCGGAGCTCATGGTGAGCAAG
GGCG-3' and 5-GTCCGCTCGAGTTACTTGTACAGCT
CGTCCATGC-3". pPS-Myc-his was generated by cloning
Myc-his from pPICZx (Invitrogen) into pPS48 as a Sacl/
Sphl fragment using PCR and the primers 5-GTCCGGA
GCTCGCGGAACAAAAACTCATCTCAGAAG-3"  and
§-GACATGCATGCGCAAATGGCATTCTGACATCC-3'.
All insert and vector-insert junctions were sequenced, and,
subsequently, Xbal fragments of pPZP88, pJJ23, pJJ26 and
pPS-GFP containing the CaMV 35S cassette with the
respective inserts (355::ARAD2, 35S::ARADI-Myc-6xHis,
358::ARADI-GFP and 35S::GFP) were transferred to
pPZP221 (Hajdukiewicz et al. 1994).

Recombinant fusion proteins with fluorescent proteins
(YFP, Yn, Yc, see below) were made following the USER
cloning strategy as described previously (Nour-Eldin et al.
2006; Sakuragi et al. 2010). ARADI and ARAD2 C-ter-
minal fluorescent fusion protein constructs were made in
one-step cloning in pCAMBIA330035SuYFP (Jensen et al.
2008), pNB56, and pNB63, which harbor the unique USER
cloning site followed by the full-length YFP, Yn and Yc
coding sequences, respectively. UXS2, and MUR3 C-ter-
minal fluorescent protein fusion constructs were made in
two-step cloning (Sakuragi et al. 2010). pNB56 and pNB63

were derived from pCambia330035Su and pCam-
bia230035Su (Nour-Eldin et al. 2006) and are kind gifts
from Niels B Jensen. YFP used in this study are the fol-
lowings: Venus YFP (1-238AA); Venus Yn (1-155AA),
Venus Yc (156-238AA). The following primers used to
amplify YFP, Yn, and Yc: nt59 and nt34; nt59 and nt35;
nt61 and nt34. Recombinant fusion proteins with fluores-
cent proteins (CFP, YFP) for FRET studies were done
using Gateway LR cloning reactions on ARADI] and
ARAD2 cDNA, provided by Dr. Masood Z. Hadi, Joint
BioEnergy Institute, California, JBEL Destination vectors
used were the pEarleyGate 101 vector for full-length
C-term YFP fusions and the pEarleyGate 102 vector for
full-length C-term CFP fusions (Rual et al. 2004; Earley
et al. 2006).

Oligonucleotide primers used are listed in Table 1. All
inserts were verified by direct sequencing.

Subcellular localization, BiFC and FRET

Agrobacterial-mediated  transient  transformatioin  of
N. benthamiana leaves were carried out according to
Sakuragi et al. (2010). Briefly, Agrobacterium tumefaciens
pGV3850 C58C1 was transformed with the plasmid con-
structs (see above) and selected for their resistance to
kanamycin 50 pg/mL, ampicillin 50 pg/mL, and rifampi-
cin 100 pg/mL. The transformed agrobacteria cultured for
20 h at 28°C in LB liquid media were harvested and the
pellets resupended in the infiltration medium (MES
10 mM, MgCl, 10 mM, acetosyringone 100 pM) to obtain
the final cell density of ODgg = 0.05. Co-infiltration in
N. benthamiana leaves of agrobacteria harboring the
appropriate BiFC and FRET constructs were carried out
using a syringe without needle. In BiFC studies the epi-
dermal cell layers were observed 3, 4 and 5 days after
infiltration using a Leica TCS SP2 AOBS confocal laser

Table 1 Primers used in generation of C-terminal fluorescent protein fusion constructs used in bioimaging analysis

Target Primer name Primer

ARAD I-forward Nt122 GGCTTAAUATGGCGCGTAAATCTTCCCT

ARAD l-reverse 1150 GGTTTAAUCCAATGGAAGTGATAAGACCGGT

ARAD2-forward JJ61 GGCTTAAUATGAACCCCAAAATCAGA

ARAD2-reverse J162 GGTTTAAUCCGACACCATGGATGATCCC

MUR3-forward Nt164 GGCTTAAUATGTTTCCAAGGGTTTCTATG

MUR3-reverse Nt165 GGTTTAAUTAAGGATCCTTAATTAAGCCTCAGCGGCTGTGTCTTATCTCTCTGCTC
UXS2-forward Nt47 GGCTTAAUATGGCGAGCGAGCTGATCAAT

UXS2-reverse Nt48 (check) GGTTTAAUTAAGGATCCTTAATTAAGCCTCAGCCTAGCTGAAGTTGTCTTGGTGGT
YFP-forward Nt59 GGCTTAAUCTGGGTAGCGGTGGAATGGTGAGCAAGGGCGAGGAG

Yn- reverse N35 GGTTTAAUTTAGGCGGTGATATAGACGTT

Yc-forward Nt61 GGCTTAAUCTGGGTAGCGGTGGAATGGACAAGCAGAAGAACGGCATC
YFP-reverse N34 GGTTTAAUTTACTTGTACAGCTCGTCCAT

Uracil-containing USER cloning linkers are shown in italics. Engineering USER cloning cassettes are underlined
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scanning microscope. Excitation was with argon laser at
514 nm and the emission was detected between
520-550 nm. For FRET analysis, epidermal cell layers
were observed 3 days after infiltration using Leica SP5
confocal laser scanning microscope. Quadric leaf pieces of
1 cm® were left in a 0.1 M PBS pH7, 4% paraformalde-
hyde fixation solution for 10 min and subsequently washed
2 x 10 min in water. Image acquisition was performed
according to the method described by Sieben et al. (2008).
The following argon laser lines were used for excitation of
fluorescent proteins: 458 nm for CFP and 514 nm for YFP.
The emission of CFP was detected at 465-505 nm and
525-600 nm for YFP. For spectral-FRET, CFP fluores-
cence was detected before and after bleaching between 460
and 595 nm with a 5-nm step size.

The acceptor (YFP) was bleached over 15 scan cycles
with the 514 nm laser at maximum intensity and its
emission was recorded between 525 and 600 nm. Spectral-
fluorescence energy transfer was recorded by excitation of
CFP at 458 nm, and detection between 475 and 595 nm.
Spectrum was measured before (pre) and after (post)
acceptor bleaching. The ratio between intensity of CFP
(480 nm) and YFP (535 nm) was calculated pre- and
postbleaching. Data were normalized towards the intensity
at 595 nm.

The CFP emission was measured over five scan cycles
pre- and postacceptor bleaching. Fluorescence energy
transfer efficiency (FRET eff. %) was calculated as eff =
(Dpost—Dpre)/Dpost, where D is short for donor. ARAD1/
ARADI: n =86, 6 cells; ARADZARAD2: n = 42,
4 cells; ARADI/ARAD2: n = 158, 6 cells; ARAD2/
ARADI: n = 56, 5 cells; UXS2/ARADI: n = 65, 5 cells;
UXS2/ARAD2: n = 65, 5 cells (n number of Golgi vesi-
cles analyzed in following number of cells).

Immunoblotting

ARADI and ARAD2 fused to Myc-6xHis tags and full-
length YFP respectively were constructed as per the clon-
ing strategies described earlier. All tags were added to the
C-terminal of ARADI and ARAD?2. Constructs were
co-expressed with pl9 (Voinnet et al. 2003) in N. benth-
amiana leaves as in Jensen et al. (2008), but with
ODg = 0.6 for each of the ARADI and ARAD?2 constructs
and ODgq = 0.1 for the p19 construct. Two to four infil-
trated leaves were harvested 2 days after infiltration.
Microsomes were prepared as described (Orfila et al. 2005)
with following modifications: Extraction buffer used con-
sisted of 50 mM Tris-HCl pH 725, 100 mM sodium
ascorbate, 400 mM sucrose, 2 mM 2-mercaptoethanol and
1 Complete Protease Inhibitor (Roche) tablet per 50 mL
extraction buffer. The centrifugation conditions used were
3.000g in a F15 rotor (Piramoon Technologies Inc, CA,
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USA) for 15 min at 4°C, followed by ultracentrifugation at
113,000 g in a SW40 Ti rotor (Beckman Coulter Inc, CA,
USA) for 1 h on a sucrose cushion (50 mM Tris—HC] pH
7.25, 1,400 mM sucrose, 2mM 2-mercaptoethanol).
Iodoacetamide was added to each sample to final concen-
tration of 7 mM followed by 15 min incubation on ice to
quench possible di-sulfide bridge formation. Protein con-
tent of each sample was measured by standard Bradford
assay (Bradford 1976). Samples were mixed with
5 x sample buffer (0.125 M Tris—HCI pH 6.8, 20% glyc-
erol, 4% SDS, 1% bromophenol blue) containing either no
reductant or 200 mM DTT. Samples were heat treated for
10 min at either 50°C for samples containing DTT or 37°C
for samples without DTT and electrophoresed on Criterion
XT pre-cast 12% Bis—tris gels with MOPS buffer (Bio-
Rad). Immunoblots were made using Protran nitrocellulose
transfer membrane (Whatman) in a full wet Criterion
blotting system (Bio-Rad). Primary antibody conditions
were 1:5000 dilution of rabbit anti-GFP antibody
(A11122, Invitrogen) or 1:1,000 dilution of mouse anti-his
antibody (His-Tag, Novagen). Secondary antibody condi-
tions were 1:1,000 diluted anti-rabbit horseradish peroxi-
dise-conjugated antibody (Dako PO217, DAKO Denmark,
DK) or 1:1,000 diluted anti-mouse horseradish peroxidase-
conjugated antibody (Dako POI161). Horseradish peroxi-
dise signal were detected using a chemiluminescence
detection system (Super-Signal: Pierce) according to the
instructions of the manufacturer.

Plant growth conditions

Arabidopsis thaliana (L.) Heynh. plants were grown in soil
with an 8 h photoperiod at 100-120 pmol photons m~2s7!,
20°C, 70% relative humidity and watered as necessary.
To initiate bolting and synchronize stem growth plants
were shifted to a 16 h photoperiod after 8 weeks growth in
the 8 h photoperiod. Inflorescence stems were harvested
when they were approximately 15 cm high. Secondary
stems and flowers were removed before preparation of cell
walls.

For the analysis of root surfaces, seeds were sterilized in
70% ethanol for 10 min, followed by 10% bleach for
20 min with shaking and then washed in sterile water.
Seeds were incubated for 2 days in darkness at 4°C to
promote uniform germination before growing for 7 days on
solid sterile medium containing 2.2 g L™ Murashige and
Skoog basal medium (Duchefa Biochemie, Haarlem, The
Netherlands), pH adjusted to 5.7, with 10 g L' sucrose
and 9 g L™' plant agar (Duchefa Biochemie, Haarlem,
The Netherlands). Seedlings were grown in vertical
10 x 10 cm tissue culture dishes (Barloworld Scientific,
Staffordshire, UK) witha 16 h photoperiod and at a constant
temperature of 22°C.
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N. benthamiana Domin. plants were grown on soil in
greenhouse with supplemental light in al6 h photoperiod,
100-120 pumol photons m™> s~', 25°C day/22°C night,
60% relative humidity. Seven to eight-weeks-old plants

were used for the BiFC experiments.
Mutant screening

Genomic DNA from SAIL_88ICI0 was prepared as
described in (Edwards et al. 1991). Homozygosity was
verified by PCR as described by SALK (http://signal .salk.
edu/tdnaprimers.2.html) using forward 5'-GTAGTTGTGT
ATACCCTAGACT'-3 and reverse 5-CGCCTCAGCCGG
GTCAAAA’-3 primers with insert specific primer 5'-TA
GCATCTGAATGTCATAACCAAT-3.

Plant transformation for complementation experiments

Plants of WT and aradl-2 were transformed with the
empty pPZP221 vector or with vectors containing the
358::ARAD2, 355::ARAD1-Myc-6xHis, 355::ARADI-GFP
or the 35S::GFP cassette by A. tumefaciens-mediated
transformation using the A. rumefaciens strain PGV3850.
Seeds were selected for 2 weeks on Murashige and Skoog
medium containing 100 pg/mL gentamycin sulfate and
subsequently transferred to soil. After 8 weeks on soil, the
plants were transferred to 16 h light to induce bolting.
Primary stems of five T1 primary transformants were
harvested when 15-20 cm tall and used to prepare total
alcohol insoluble residue (AIR) for determination of
monosaccharide composition.

Cell wall preparation and sugar composition analysis

Cell walls were prepared as AIR as previously described
(Fry 1988). The pectin-enriched fraction was extracted
using endo-polygalacturonase and pectin methyl esterase
as previously described (Harholt et al. 2006). For sugar
composition analysis, AIR or pectin-enriched fraction was
hydrolysed in 2 M triflouroacetic acid for 1 h at 120°C
followed by quantitative analysis using HPAEC-PAD as
previously described (Obro et al. 2004).

Immunofluorescence microscopy

Arabinan-directed monoclonal antibodies and the immu-
nolabelling of Arabidopsis roots and stems have been
described elsewhere (Willats et al. 1998; Verhertbruggen
et al. 2009). For each antibody, at least 15 seven-day-old
seedlings or 9 inflorescence stems were analyzed per
genotype. The stems used for analysis (over 30 per geno-
types) had an average height of 20 cm and the sections
analyzed were ca. 10 cm distal from the rosette.

Results

Initial analysis of ARAD2 included an in silico analysis of
gene expression, co-expression and changes in expression
level upon various treatments. As with ARADI, ARAD?2 is
ubiquitously expressed, but the transcript level is three- to
fourfold lower than that of ARADI. Neither the response
viewer program in Genevestigator (Hruz et al. 2008), co-
expression analysis using GeneCAT (Mutwil et al. 2008) or
analysis using the AraNet probabilisitic network (Lee et al.
2010) gave any hints towards a particular function of
ARAD?2 or involvement in a known pathway.

ARAD proteins are involved in complex formation

ARADI is a putative arabinosyltransferase involved in
pectin biosynthesis and was chosen as target candidate to
test the hypothesis that pectic biosynthetic genes are
involved in complex formation. In vivo complex formation
would be difficult to identify due to low levels of expres-
sion. For example, complementation of the aradl pheno-
type could be accomplished by expression levels of
ARADI-GFP, which could not be detected using confocal
laser scanning fluoresence microscopy or western blotting
(data not shown). Therefore transient expression of ARADI
in N. benthamiana was used as expression platform.

First, transient expression of ARAD1-YFP and ARAD2-
YFP was observed at 3, 4 and 5 days following the infil-
tration of N. benthamiana leaves to evaluate the expression
level and verify that the fusion proteins were efficiently
targeted to Golgi stacks. A punctuate pattern of YFP
fluorescence, typical of Golgi localization was observed
with both fusion proteins expressed under the 35S pro-
moter (Fig. la, b). The complementation experiments
presented in Table 2 show that ARADI fusion proteins
with C-terminal Myc-6xHis tag or GFP are functional. We
therefore used C-terminally placed tags on ARADI and
ARAD?2.

After having ensured expression and functionality of
fusion proteins, co-expression of ARADI-Yn and ARADI-
Yc were carried out (the abbreviations Yn and Yc designate
the N-terminal and C-terminal part of YFP, respectively).
YFP fluorescence signals were visible until 5 days after
infiltration in approximately 90% of the cells in the infil-
trated area for ARADI-Yn/ARADI-Yc (Fig. le, f). The
size (ca. 1 um) and the mobility of the fluorescent signals
observed are consistent with Golgi localisation.

As negative and positive control for the BiFC signals,
we used UDP-Xylose synthase 2 (UXS2) and MUR3,
which are known to be localized in Golgi. UXS2 operates
at an early biosynthetic step common to synthesis of many
different polymers; and MUR3 is a galactosyltransferase
involved in xyloglucan synthesis (Madson et al. 2003;
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Fig. 1 Bimolecular fluorescence complementation (BiFC) with com-
binations of ARAD1 and ARAD2. First, Golgi localization of
ARADI-YFP (a) and ARAD2-YFP (b) was verified. Fluorescence
signals typical of Golgi localization are seen following the co-
expression of ARADI-YWARADI-Yc (e, f): ARAD2-Yn/ARAD2-
Yc (g, h); and ARADI-Yn/ARAD2-Yc¢ (i-l). The specificity of these
interactions was tested using UXS2 and MUR3 as negative controls.
UXS2-YFP and MUR3-YFP Golgi localization was verified (¢, d). No
fluorescence is observed for co-expression of ARADI-Yn/UXS2-Yc
(m, n) or ARAD2-YWUXS2-Yc (q, r): nor for co-expression of
ARADI-YW/MUR3-Yc (0, p) or ARAD2-Yn/MUR3-Yc (s, t). As
positive control, the interaction of UXS2-Yn/UXS2-Yc¢ was observed
(x) whereas UXS2-Yn (u) or UXS2-Yc (v) alone showed no
fluorescence. Scale bars are 8 pym (a-I) or 20 pm (m-t)

Pattathil et al. 2005). Both UXS2-Yc¢ and MUR3-Yn con-
structs are BiFC functional (Sakuragi et al. 2010; Sggaard
et al. 2012). ARADI-Yn (or Yc) did not complement
fluorescence with UXS2-Yc (or Yn) (Fig. Im) or MUR3-
Yc (or Yn) (Fig. 1o) fusion proteins.

After establishing by BiFC that ARADI forms com-
plexes with itself, ARAD2 was included in the study. It
would be of interest to investigate if ARAD2 also made
homocomplexes and if ARADI/ARAD2 complexes could
be observed.

Similarly to ARADI, ARAD2 was transiently expressed
in N. benthamiana and as with ARADI fluorescence typ-
ical for Golgi localisation was observed (Fig. 1b). Then

Table 2 Monosaccharide composition of stem or leaf AIR deter-
mined in wild-type, mutants and aradl transformed with different
construct

Genotype Mean
Stem samples
WT + empty vector 100+ 8a
aradl + 35S::ARAD 1-Myc-6xHis 90+ 6a
aradl + 355::ARADI-GFP 72+ 8b
aradl + 355::ARAD2 36+3c¢c
aradl + 358::GFP 3+ 2¢c
aradl + empty vector 33+3¢c
Leaf samples
WT 100+ 5a
aradl 57+£7b
arad2 105+ 3a
aradl arad2 61+4b
Pectin enriched fraction
WT 100+ 1a
arad2 101+ 1a

The data (mean £ SD, n = 4) are expressed as mol% of arabinose
relative to mol% of arabinose in WT. No difference in other sugars
then arabinose was observed. Numbers followed by the same letter
are not significantly different from same letter in same tissue or
fraction analyzed (Tukey-Kramer test, p > 0.05)

combinations of ARADI-Yn (or Yc¢) and ARAD2-Yn (or
Yc) were expressed. Fifty percent of the cells for ARAD2-
Yn/ARAD2-Yc (Fig. 1g, h), and 90% of cells for ARADI-
Yn/ARAD2-Yc (Fig. li, j) and ARAD2-Yn/ARADI-Yc
(Fig. 1k, 1) resulted in a fluorescence signal, indicative of
co-localization of ARADI/ARAD2. As for ARADI,
ARAD2-Yn/UXS2-Yc (Fig. 1 q) and ARAD2-Yn/MUR3-
Yc (Fig. Is) co-expression did not result in detectable
fluorescence. The BiFC signal between ARADI and
ARAD2 may indicate that these proteins localized in a
distinct sub-Golgi compartment that is free of MUR3 and
UXS2. Alternatively, and more likely, the results may
indicate that ARADI and ARAD2 form a complex that
does not contain MUR3 nor UXS2.

In order to confirm the BiFC results, we conducted
FRET analysis, where CFP as donor and YFP as acceptor
were used and analyzed by acceptor photobleaching
(Sieben et al. 2008).

FRET analysis for combinations of C-terminal fusion
proteins with CFP and YFP as listed in Fig. 2 were con-
ducted. Each combination was co-expressed transiently in
N. benthamiana under 35S promoter. ARADI-CFP and
ARAD2-CFP showed a typical Golgi localization pattern,
as shown for the YFP fusion proteins (Fig. | and data
not shown). Results are summarized in Fig. 2. When the
following combinations were tested: ARADI-CFP/
ARADI-YFP; ARAD2-CFP/ARAD2-YFP; ARADI-CFP/
ARAD2-YFP; ARAD2-CFP/ARADI-YFP (Z scan 458 nm,
spectrum pre, in Fig. 2), the emission spectrum by exci-
tation of CFP at 458 nm showed increase in peak around
535 nm which corresponds to the YFP emission. The
increase of YFP emission suggested the occurrence of YFP
excitation by FRET from CFP to YFP. Upon bleaching of
YFP, the increase of YFP emission disappeared (4 scan
458 nm, spectrum post, in Fig. 2) and the ratio 480/535 nm
(CFP/YFP) increased by 036, 0.31, 0.28 and 0.59,
respectively. This change was most likely caused by an
increase in CFP fluorescence due to reduced energy
transfer from CFP to YFP as a result of YFP bleaching.
Indeed, an increase of CFP emission was observed upon
YFP bleaching (CFP intensity, Fig. 2) and FRET efficiency
of 12-21% was observed. Overall, these results strongly
indicated positive interaction in combinations of ARADI-
CFP/ARADI-YFP; ARAD2-CFP/ARAD2-YFP; ARADI-
CFP/ARAD2-YFP; ARAD2-CFP/ARADI-YFP.

In contrast, combinations of UXS2-CFP/ARADI-YFP
and UXS2-CFP/ARAD2-YFP did not show significant
changes in YFP emission before and after bleaching of
YFP (Z scan 458 nm, spectrum pre and post) and the ratio
480/535 nm (CFP/YFP) did not change significantly. The
increase of CFP emission was not observed upon YFP
bleaching (CFP intensity) and the FRET efficiency was
calculated as —6 and —7%. These results indicated that
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Fig. 2 FRET analysis of ARADI, ARAD2 and ARADI/ARAD2 intensity of CFP (480 nm) and YFP (535 nm) was calculated pre- and
interaction. Leaf epidermal cells of N. benthamiana co-expressing postbleaching. The CFP emission was also measured pre- and
ARADI-CFP, ARADI-YFP, ARAD2-CFP, ARAD2-YFP, UXS2- postacceptor bleaching (indicated by amowhead) and fluorescence
CFP were analyzed with confocal laser scanning microscopy. energy transfer efficiency (FRET eff. %) was calculated. FRET was
Spectral-fluorescence energy transfer was recorded by excitation of observed for all combinations of ARADI and ARAD?2, as opposed to
CFP at 458 nm, and detection between 475 and 595 nm (4 scan the control UXS2 ARADI or ARAD2 combination. Number of Golgi
458 nm) pre- and postbleaching of acceptor (YFP). The ratio between vesicles analyzed >42 from more than four different cells

no interaction occurred between UXS2 and ARADI or Alignments of the proteins in CAZy family GT47
ARAD?2. In conclusion, these results provide a second set ~ showed two conserved cysteines in the C-terminus in four
of evidence for the ability of ARADI and ARAD2 to form  out of the eight Arabidopsis proteins in subgroup B,
homodimers and heterodimers. namely ARADI, ARAD2, At5gl6890 and Atlg34270.
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These proteins form their own subclade distinct from the
remaining four proteins in the clade based on overall amino
acid sequence similarity. This observation and the known
involvement of disulfide bridges in establishing glycosyl-
transferase complexes in mammalian N-linked protein
glycosylation led us to consider that the protein—protein
interactions observed with BiFC could involve disulfide
bridges. To investigate this possibility, microsomes were
prepared from N. benthamiana transiently expressing
ARADI-Myc-6xHis and ARAD2-YFP and the microsomes
were subjected to SDS-PAGE under reducing and
non-reducing conditions. The tagged proteins were subse-
quently visualized by immunoblotting (Fig. 3). Under
reducing conditions (+DTT) a single band of YFP or Myc-
6xHis tagged protein was observed. The apparent molec-
ular masses are ~ 5-10 kDa larger than the calculated
molecular mass of ARAD2-YFP (75 kDa) and ARADI-
Myc-6xHis (53 kDa), most likely due to glycosylation of
the proteins. Under non-reducing conditions (-DTT) and
using anti-GFP antibody in the western blotting procedure
two bands with apparent masses of approximately 150 and
170 kDa could be observed. These bands are consistent
with heterodimerisation of ARAD2-YFP and ARADI-
Myc-6xHis (150 kDa band) and homodimerisation of
ARAD2-YFP (170 kDa band). Development of the
immunoblots with anti-His-tag antibody revealed the same
150 kDa band ascribed to the ARAD2-YFP and ARADI-
Myc-6xHis heterodimer and showed a 115 kDa band cor-
responding to the ARADI1-Myc-6xHis homodimer. While
the presence of additional proteins in the complexes cannot
be excluded, the observed molecular masses are consistent
with dimers consisting only of ARADI and/or ARAD2.

ARAD?2 is not functionally redundant with ARADI

Redundant activities for ARADI and ARAD2 have pre-
viously been suggested (Harholt et al. 2006). To investigate
this we identified a mutant line with a T-DNA insert
located in the third and last exon of the ARAD2 gene,
designated arad2. The arad2 mutant did not exhibit any
noticeable morphological or developmental phenotype.
Monosaccharide composition analysis of cell walls
[alcohol insoluble residue (AIR)] isolated from leaves
showed no difference between wild type (WT) and arad2
(Table 2). In order to detect possible smaller and subtler
changes in the pectin of arad2, a pectin-enriched fraction
was isolated from leaf AIR and analyzed. However, as with
the total cell walls, no difference was observed in mono-
saccharide composition of pectin from WT and arad2
plants (Table 2). We subsequently generated the aradl-1
arad2 double knockout mutant and analyzed the mono-
saccharide composition of leaf AIR. The aradl arad2
mutant also did not exhibit any noticeable morphological
or developmental phenotype and no effect on sugar com-
position was observed beyond the reduction in arabinose
content observed in aradl (Table 2). To further investigate
the possibility of redundancy and confirm the in vivo
activity of fusion proteins, aradl was used as background
for a series of transformations (Table 2). We have previ-
ously shown that ARAD] driven by the 35S promoter will
complement the aradl phenotype (Harholt et al. 2006).
However, when ARAD2 was expressed under control of the
35S promoter no complementation of the arad! phenotype
could be observed. On the other hand, when ARADI was
introduced, this time either with a Myc-6xHis tag or GFP

Anti-GFP Anti-His
+DTT  -DTT +DTT  -DTT
ARAD2-YFP+ — ARADI-Myc-His+
ARAD2-YFP ARAD2-YFP
2 250
250 / -
=0 y— : ——
ARAD2-YFP+ 100 i N~
ARADI-Myc-His o ARADI-Myc-His+
100 75

ARADI-Myc-His

- ;
: \ . —
73 . ARAD2-YFP 59 ’ . ARADI1-Myc-His

Fig. 3 Visualisation of ARADI and ARAD2 dimers by immunode-
tection. Microsomal preparations from N. benthamiana transiently
expressing different combinations of ARADI-Myc-6xHis tag and
ARAD2-YFP was subjected to SDS-PAGE under reducing (+DTT)
or non-reducing (—DTT) conditions before transfer onto nitrocellu-
lose. Blots were incubated with anti-GFP primary antibody (left hand
panel) or anti-His primary antibody (right hand panel) as indicated.

Note that homo-dimerisaion of ARADI1 (130 kDa) or ARAD2
(170 kDa) and hetero-dimerisation ARAD1 and ARAD?2 (150 kDa)
were only observed under non-reducing conditions. Under reducing
conditions only monomeric forms of ARADI (60 kDa) and ARAD2
(85 kDa) was observed. Identified bands are marked by arrows and
suggested composition of the proteins in the bands is indicated
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fused to the C-terminus, the aradl phenotype was reverted
to WT or near to WT as seen previously with the non-
modified version of ARADI (Harholt et al. 2006).

ARAD?2 is associated with arabinan biosynthesis

In order to investigate arabinan structure and abundance in
arad?2 at a cellular level, we used immunolabelling with
arabinan-specific monoclonal antibodies. The immunode-
tection of epitopes at intact root surfaces is a rapid and sen-
sitive method, which has previously shown differences in
epitope distribution between WT and genetically modified
Arabidopsis seedlings (McCartney et al. 2003; Nguema-Ona
etal. 2006). The intact root surfaces of 7-day-old seedlings of
Arabidopsis WT, aradl, aradl arad2, arad2 and ara-
d2::358::ARAD?2 seedlings were studied with four mono-
clonal antibodies directed to epitopes associated with
arabinan polysaccharides: LM6, LM13, LM16 and LM17
(Willats et al. 1998; Verhertbruggen et al. 2009). No dif-
ferences in epitope detection were observed between WT
and the mutants when immunolabeled with LM6, LM 16 or
LM17 (data not shown). LM6 and LMI7 both recognize
short chains of 1,5-linked arabinans and LM16 is proposed to
bind to an epitope that relates to processed arabinan and that
incorporates an attached galactosyl residue (Verhertbruggen
et al. 2009). In contrast, immunolabelling with LMI3, a
monoclonal antibody that recognizes longer, unbranched
regions of arabinans (Verhertbruggen et al. 2009), indicated
changes in its epitope distribution in arad2 when compared
to WT, whereas aradl or aradl arad2 did not.

In WT, aradl and aradl arad2, LM13 did not bind to
the proximal meristematic zone/elongation zone of roots
(Fig. 4). In contrast, a quite distinct occurrence of the
LMI3 epitope was observed at the proximal meristematic
zone/elongation zone surface of the majority of arad2 roots
(Fig. 4). The proximal meristematic zone and the elonga-
tion zone corresponds to the region of cell division and
maturation (Dolan et al. 1993). When the arad2 mutation
was complemented with 35S::ARAD?2, the LMI13 epitope
was not detected at the proximal meristematic zone/elon-
gation zone of the roots, confirming that the alteration
observed was due to the arad2 mutation.

To extend the results obtained on intact root surfaces,
immunolabelling with LM6, LM13, LM16 and LM17 was
assessed on transverse sections of inflorescence stems
(Fig. 5). No differences between WT and the arad mutants
were observed when immunolabeled with LM6, LM16 and
LM17. In contrast, the occurrence of the LM13 epitope was
affected by the mutations. The LMI3 antibody has been
shown to be specific to epidermal cell walls in inflores-
cence stems (Verhertbruggen et al. 2009) and no difference
of epitope detection was observed between WT and arad2
(Fig. 5a, ¢). In contrast, the LM13 epitope was reduced in
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aradl arad2

arad2::35S::ARAD2

Fig. 4 Indirect immunofluorescence detection of the LM13 epitope
at surface of proximal meristematic zone/elongation zone of roots.
Indirect immunofluorescence detection of the LM 13 arabinan epitope
at surface of proximal meristematic zone/elongation zone of roots
from seedlings of WT, aradl, arad2, aradl arad2, and arad2
complemented with 355::ARAD2. Scale bars = 50 pm
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Fig. 5 Indirect immunofluorescence detection of the LM 13 epitope
in stem sections. Indirect immunofluorescence detection of the LM13
arabinan epitope in equivalent stem (middle of the stem) sections of
WT, aradl, arad2, and aradl arad2. Arrows indicate the outer edge
of the stem. Higher magnification micrographs of epidermal cells
(inserted) show details of the LM 13 epitope occurrence in epidermal
cell walls. Scale bars = 20 pm

the epidermal cell walls of aradl and aradl arad2 (Fig. 5b,
d). An analysis of the aradl mutant stem sections under
higher magnification showed that the LMI3 epitope was
still present in the epidermal cell walls of aradl but at a
much lower level compared to WT (Fig. 5b insert). Nota-
bly, the LMI3 epitope occurrence in aradl arad2 stem
epidermal cell walls was not equivalent to that observed for
aradl. The detection of the LMI3 epitope was not as
reduced as in aradl and in contrast to aradl in the double
mutant the LM13 epitope was specifically detected in outer
tangential epidermal cell walls and was relatively abundant

in the intercellular regions between these cell walls
(Fig. 5d).

Discussion

Three different methods, BiFC, FRET and non-reducing
SDS-PAGE, consistently showed interaction between
ARADI and ARAD2 both as homodimers and heterodi-
mers. ARADI/ARADI, ARADI/ARAD2 and ARAD2/
ARAD?2 split-YFP combinations resulted in the excitation
of the fluorochrome (Fig. 1). The absence of fluorescence
when the interaction of ARAD proteins was tested with
UXS2 and MUR3 supported the possible dimerisation
between the ARAD proteins as these controls did not show
any false positive. BiFC can therefore be a useful technique
to investigate protein—protein interaction between Golgi
membrane proteins. Moreover, the results obtained by
BiFC were confirmed by FRET. Both techniques demon-
strated that proteins involved in the biosynthesis of pectins
can form complexes.

Interaction between glycosyltransterases through inter-
molecular disulfide bridges is known from mammalian
cells (El-Battari et al. 2003; Hassinen et al. 2010) and has
been suggested for homogalacturonan synthase in plants
(Atmodjo et al. 2011). Given the presence of conserved
cysteine residues in the ARADI and ARAD?2 proteins, we
hypothesized that disulfide bridges could also be present in
these proteins, and that was confirmed by non-denaturing
SDS-PAGE and immunoblotting. Transient expression of
the ARAD proteins in N. Benthamiana has its limitations
since the proteins are overexpressed. Ideally, native pro-
motors and stable transformants should be used to regulate
the expression of tagged proteins, as done for instance for
UDP-arabinose (Rautengarten et al. 2011).
Unfortunately, due to low levels of expression of ARADI
and ARAD2, we were not able to investigate the protein—
protein interaction under native conditions.

The physiological function of the ARAD complexes
cannot be deduced from the interaction experiments. We
have previously proposed that glycosyltransferases may
work in a multifunctional way such that their acceptor
specificities are affected by other proteins or compounds,
for instance by protein—protein interactions (Scheller et al.
2007). Additionally, an increase in catalytic turnover could
be suggested as reason for the complex formation, as
observed in EXT1 and EXT2 complexes in animals
(McCormick et al. 2000). Another role of complex for-
mation could be to control retention in the Golgi, as

mutases

reported for glycosyltransferases involved in mammalian
N-glycosylation (El-Battari et al. 2003) and homogalactu-
ronan biosynthesis (Atmodjo et al. 2011). In order to

investigate these hypotheses an assay for arabinan
@Springer
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arabinosyltransferase  activity using  heterologously
expressed proteins is required. We have so far been
unsuccessful in developing such assays for ARADI and
ARAD?2. Expression of the proteins in N. benthamiana or
in Pichia pastoris and using a well-established assay for
arabinan synthesis (Konishi et al. 2006) did not enable us to
detect significant activity (unpublished results).

From the in silico analysis of ARAD?2 it could be con-
cluded that the expression of this gene is low and ubiqui-
tous. No clear co-expression with other known or putative
cell wall related genes could be observed. The monosac-
charide composition analysis of arad2 cell walls did not
show any difference in cell wall composition. The double
knock out aradl arad2 had a content of arabinose in the
cell walls and in isolated pectin comparable to aradl and
the overexpression of ARAD?2 in arad]l using 35S::ARAD2
did not complement the arabinose deficiency (Table 2).
Therefore, we conclude that ARAD2 is not functionally
redundant with ARADI.

Monosaccharide composition analysis has some limita-
tions as all information relating to cell context is absent and
arabinose is incorporated into several different cell wall
polymers. Therefore further investigations were done using
a series of monoclonal antibodies directed to pectic arabin-
ans. The modulation of the LM 13 epitope, which indicates a
subset of arabinan polymers with longer, unsubstituted
stretches of arabinan, revealed several subtle but clear dif-
ferences in response to the aradl and arad2 mutations.

The immunolabelling of intact root surfaces showed a
novel pattern of LMI3 labeling in arad2. In stem epider-
mal cell walls no difference could be observed between
WT and arad2, but aradl and aradl arad2 showed dif-
fering LM 13 labeling compared to WT. This may reflect
the expression of redundant proteins in the stem or simply
indicates that ARAD2 has a minor role in the synthesis of
arabinans in that particular organ. The observations of the
LMI3 epitope at root surfaces suggest that ARAD2
requires ARADI for proper functionality. LMI13 recog-
nizes an unsubstituted arabinan epitope, thus it may be
conceivable that ARADI synthesizes the arabinan back-
bone, which can subsequently be modified by ARAD2
directly or indirectly via another glycosyltransferase, e.g.
by adding lateral chains. In the stem, the reduction of
LMI13 epitope occurrence in the double mutant was not as
severe as observed for aradl. Here, the disruption of
ARAD? in the aradl mutant background seemed to par-
tially restore the loss of LMI13 epitope occurrence pro-
duced by inactivation of ARADI. Presumably, this reflects
the presence of other glycosyltransferases involved in
synthesis of arabinan. The aradl and the aradl arad2
mutants still contain about 50% of the wild type level of
pectic arabinan in the leaves (Harholt et al. 2006; Table 2).
Perhaps ARAD2 is also modulating the activity of other

@ Springer

arabinan biosynthetic glycosyltransterases. Future investi-
gation should isolate additional proteins associated with
arabinan biosynthesis and study their interactions with
ARAD proteins to increase our understanding of the
dynamics of arabinan biosynthesis.

The immunolabelling observations support the devel-
oping understanding that the structures of arabinan poly-
saccharides are highly dynamic in plant cell walls. The
functional implications of the extensive modulation of
arabinan structures and substructures in relation to cell
status and cell type are far from clear.

Conclusions

Transient overexpression of ARADI and ARAD?2 in planta
results in formation of homo- and heterodimers facilitated
by interactions labile to reducing conditions, suggested to
be disulfide bridges. Both ARADI and ARAD2 are asso-
ciated with arabinan biosynthesis and are not redundant.
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Abstract

The Golgi apparatus is the main site of glycan biosynthesis in eukaryotes. Better understanding of the membrane

of the proteins and enzymes involved can impart new mechanistic insights into these processes. Publically available
bioinformatic tools provide highly variable predictions of membrane topologies for given proteins. Therefore we devised a
non-invasive experimental method by which the membrane topologies of Golgi-resident proteins can be determined in the
Golgi apparatus in living tissues. A Golgi marker was used to construct a series of reporters based on the principle of
bimolecular fluorescence complementation. The reporters and proteins of interest were recombinantly fused to split halves
of yellow fluorescent protein (YFP) and transiently co-expressed with the reporters in the Nicotiana benthamiana leaf tissue.
Output signals were binary, showing either the presence or absence of fluorescence with signal morphologies characteristic
of the Golgi apparatus and endoplasmic reticulum (ER). The method allows prompt and robust determinations of
membrane topologies of Golgi-resident proteins and is termed GO-PROMTO (for GOlgi PROtein Membrane T y). We
applied GO-PROMTO to examine the topologies of proteins involved in the biosynthesis of plant cell wall polysaccharides
including xyloglucan and arabinan. The results suggest the existence of novel biosynthetic mechanisms involving transports
of intermediates across Golgi membranes.
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Introduction

The Golgi apparatus is an organelle that plays a central role in
the assembly of glycans associated with various macromolecules
(i.e. matrix polysaccharides, proteins, lipids) in eukaryotic cells
[1,2]. Biosynthesis of glycans requires concerted actions of
enzymes and proteins induding glycosyltransferases, modifying
enzymes (e.g. methyltransferases, acetyltransferases, sulfatetrans-
ferases), nucleotide sugar wansporters, and nudeotide sugar
conversion enzymes, many of which are localized in the secretory
pathway including endoplasmic reticulum (ER) and Golgi stacks.
These enzymes and proteins must be oriented in the membrane so
that the caualytic domains face the relevant sides of the membrane
where the substrates are available and the products can be
channeled to the enzymes and proteins in the proceeding steps
during bicsynthesis.

Because an experimental detenmination of protein membrane
topology is often laborious, efforts have been directed towards
bioinformatically predicting the topology of membrane proteins
based on the structural and statistical evaluation of the amino acid
sequences. The transmembrane domains of membrane proteins all

@ PLOS ONE | www.plosone.org

have two common features: a hydrophobic middle section
composed of mostly aliphatic amino acids [3,4] and a flanking
sequence composed of aromatic amino acids, mostly tryptophan
and tyrosine [5]. With the inclusion of the positive-inside rules and
machine-learning techniques, a dozen of algorithms for predicting
opology has been established and is widely used, including poly-
Phobius [6], HMMTOP [7], Prodiv-TMHMM [8], and TopPred
[9].

These programs are said to correctly predict overall topologies
of membrane proteins with an accuracy of ~70% [10-14]. This
means approximately one out of three or four membrane
wpologies predicted by a program is incorrect. Furthermore,
different algorithms often lead to different wpological predictions
for the same protein. This is partly atwributed to marginally
hydrophobic regions, which are not predicted as transmembrane
domains by many of the predictors due to low degrees of
hydrophobicity but are inserted into the membrane due to long
range tertiary interactions during protein folding [15].

A range of experimental methods for examining the topology of
membrane proteins in the endomembrane system of eukaryotes
has been developed, each with advantages and drawbacks.

February 2012 | Volume 7 | ksue 2 | 31324
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Biochemical approaches include recognition of glycosylation
mapping [16], cysteine substtutions [17], and proteinase suscep-
tibility assays [18]. These methods are invasive and require cell
disruption, thus resulting in a loss of information about the
subcellular localizations of the tested proteins.

Several non-invasive methods have been reported based on the
use of green fluorescent protein (GFP) and its variants for detection
of the topology of proteins localized in the endomembrane system
in living cells. A dassical biochemical protease susceptibility assay
[19,20] coupled with fluorescent protein fusions was used to
determine protein membrane topology in a variety of organelles
induding the Golgi apparams, mitochondria, peroxisome, and
autophagosomes [21]. The method has been shown to work
robustly in human cell cultures; however, its applicability to intact,
whole tissue samples of different biological systems has not been
addressed. Bimolecular fluorescent complementaton (BiFC) was
used to determine the membrane orientation of N- and C-termini
of a protin localized to the ER membranes in living plant tisues
[22]. This method relies on cytosolic and ER lumenal reporters
that detect the tagged amino acid termini iflocalized to the cytosol
or ER lumen, respectively. pH-Dependent fluorescent intensity of
vellow fluorescent protein (YFP) was used w determine the
membrane topology of plasma membrane-associated proteins in
plant tissuves [23]. Due to the low pH values (ca. 5-6) in the
apoplast, YFP fluorescence is decreased when exposed to the
apoplast while a robust signal is detectable when exposed to the
cytosol. The absence of signal is inferred, but not directly shown,
as apoplastic localization. A redox-sensitive GFP (roGFP) has been
utilized o probe the ER-localized membrane protein topology by
exploiting the glutathione redox gradient across the ER membrane
[24]. This method provides ratiometric outputs that distinguish the
cytosolic and the ER luminal localizations of the fluorescent tags,
but it requires an advanced filter setup and post-imaging
processing. The application of any of these methods to Golgi
lumen has not been demonstrated.

The lack of a reliable method allowing topology determinations
of Golgi membrane proteins in complex living tissues prompted us
to establish a method based on the BiFC system. GO-PROMTO
(GOlgi PROtein Membrane TOpology analysis), produces binary
signals illuminating the orientation of the N- and C-termini of the
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tested proteins in the Golgi apparatus. We have applied the
method to determine the membrane topologies of eleven enzymes
involved in the biosynthesis of cell wall polysaccharides in the
higher plant Arabidopsis. The data reveal new insights into the
mechanisms controlling the assembly of complex glycans within
the Golgi membranes.

Results
Establishment of the GO-PROMTO method

There are four main criteria that need to be met for a wpology
reporter to prove robust: i) the signal-to-noise ratio must be high;
ii) the wpology reporter must recognize the luminal localization of
protein termini of tested proteins; iii) the topology reporter must be
promiscuous and recognize every tested protein; iv) the method
must be simple, preferably inexpensive, and easily adapted o
standard laboratories. In order to establish a method that produces
excellent signal-to-noise ratio in the Golgi apparatus, we used
BiFC. YFP (Venus) was split in two parts, “Yn” (amino acds 1-
155 of YFP) and “Y<¢" (amino acids 156-238 of YFP) as previously
reported [25]. The individual halves are not fluorescent, while the
two parts can reconstitute if they are in the same microcompart-
ment and emit fluorescence with a maximum peak at 535 nm
upon excitation at 514 nm. Therefore the system gives either “on™
or “off"” output (Figure 1).

A series of topology reporters were generated by using a runcated
rat sialyltransferase sequence. Sialyltransferase has the canonical
type IT membrane topology with N- and C-termini presented in the
cytosol and the Golgi lumen, respectively. A tuncated sialyltransfer-
ase consisuing of the N-tenminal 52 residues containing a
ransmembrane domain is widely used as a Golgi marker (hereafter
“TMD”) [26-28]. In-frame fusions of the TMD and the split YFP
halves were made in order to create the GO-PROMTO wpology
reporters. Two with the sensor domain facing the cytwsol (“cytosolic-
TMD reporters™; Yn/Ye-TMD) and two lumen-oriented wpology
reporters with the sensor domains localized in the Golgi lumen
(“lumenal-TMD reporters”; TMD-Yn/Yc).

When introduced individually into leaves of the tobacco plant
Nicotiana benthamiana via transient transfection [29], none of these
reporters alone produced detectable signals as shown in Figure 2.
When expressed in combinations, the lumenal-TMD reporters

" 4

Lumen
D

Cytosol
b «

1] v

Figure 1. lllustrations of the prindiple of GO-PROMTO. Fluorescent complementation occurs when the two complementary domains of split
YFP (Yn and Yc) fused to the test protein and TMD are present on the same side of the membrane (I and Il), whereas no fluorescence occurs if they are

on the opposite sides of the membrane (Il and V).
doi:10.1371/journal.pone.0031324.g001
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complemented fluorescence signals characteristic of the Golg
apparatus as revealed by CLSM. Similarly, the cytosolic-TMD
reporters lnlnl)lv'lnr':llml fluorescence and showed both the (ru['.:i
apparatus and ER-like signals. No complementation was observed
lumenal- and cytosolic-TMD

expressed. Yn and Yc without fusion proteins were incduded as

when the reporters were co
reporters that localize in the cytosol without a membrane anchor

“cytosolic reporters”). The cytosolic reponers complemented
fluorescence with the cytosolic-TMD reporters but not with the

lumenal-TMD reporters under

In rare occasions, we have noticed that negative interactions gave

the current conditions (Figure 2

Résultats
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weak and sporadic positive signals if reporters were hyperex
pressed and if the gain value of the microscope was set high. This
could be due to a mistargeting, misinsertion, and/or flipping of
these reporters across the membrane. It is noteworthy that ER
\l'.:!l.ll\ were detectable even Illnu‘,:h the lnl)ullr.:\ reporters were
based on the well-defined Golgi marker, which s likely due to
lli‘."ll level t'\[)l"\\i““ of the reporers. These observations suggest
that the topology reporters can be used to detect wpologies of both
Golgi- and ER-localized proteins.

assays were |n‘:ln:nu\| in ord (03]

Proteinase \ll\Al'[)llIPl]i[\
validate the membrane orientation of the TMD fusion proteins.

Cytosolic-TMD reporters ~ Lumenal-TMD reporters
Yn-TMD Yc-TMD TMD-Yn TMD-Yc

Figure 2. Fluorescence complementation among the GO-PROMTO reporters expressed in the whole leaf tissue of Nicotiana
benthamiana at 3 days DPI. The GO-PROMTO reporters were co-expressed and fluorescence complementation was examined by CLSM upon
excitation at 514 nm and detection between 529 nm and 599 nm. All scale bars indicate 10 um. At least two individual experiments were performed
for each combination with the similar results. Raw images are shown.

doi:10.1371/journal.pone.0031324.g002

Cytosolic reporters

Yn

Yn-TMD Y¢

Yc-TMD

TMD-Yn

TMD-Yc
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TMD fused to the full-length YFP at N- and C-termini, YFP-TMD
and TMD-YFP, respectively, were transiently and individually
expressed in N. benthamiana leaves (Figure 3A). Microsomes isolated
from these leaves were treated with proteinase K in the absence or
presence of the detergent Triton X-100. Degradation of YFP was
monitored by SDS-PAGE and immunobloting with and-GFP
antbody which also recognizes YFP. The YFP tag in TMD-YFP
was degraded by the protease only when the detergent was present,
while the YFP tag in YFP-TMD was degraded regardless of the
presence or absence of the detergent (Figure 3B). Untreated YFP-
TMD migrated slightly faster than TMD-YFP in SDS-PAGE and
an additional product with slightly lower apparent molecular mass
that was resistant to proteinase K was observed. These results may
indicate that the YFP tag, when localized to the cytosolic side of the
membrane, is likely to be partially degraded. The combined results
unequivocally demonstrate that the YFP tag localizes to the cytosol
when fused to the N-terminus of TMD, whereas it localizes to the
Golgi lumen when fused to the C-terminus of TMD. These results
demonstate that the reporters detect the cytosolic and lumenal
orientations of the protein termini in the Golgi apparatus and ER
with binary signal outputs.

Validating the robust performance of GO-PROMTO

In order to evaluate the performance of GO-PROMTO, the
membrane topologies of Golgilocalized, predicted type 11
membrane proteins involved in cell wall polysaccharide biosyn-
thesis in the model plant Arabidopsis thaliana were studied. RGXT2

A TMD-YFP

Detergent - - + +

Proteinase K - + - +
37 kDa

25 kDa

20 kDa &%
TMD-YFP

Résultats

GO-PROMTO

is a 1,3-a-D-xylosyltransferase involved in rhamnogalacturonan 11
biosynthesis, whereas UXS2 is a UDP-glucuronic acid decarbox-
ylase responsible for xylose biosynthesis. Both enzymes have been
shown w localize to the Golgi apparatus by using C-terminal GFP
fusions coupled to live-cell imaging [30-32]. IRX10-like (IRX10L,
is a member of the GT47 glycosyltransferase family involved in
xylan biosynthesis [33,34]. IRX10L has been suggested to localize
o a Golgi fraction in a proteomics study [35].

The number of predicted tansmembrane domains in these
proteins varied considerably, between zero and three, depending
on the prediction program (Figure 4). For example, TmHMM
ver. 2) predics that RGXT2 and UXS2 contain single
ransmembrane domains while IRX10L contains no transmem-
brane domain. In contrast, TopPred (ver. 2) predicts that RGXT2
contains two transmembrane domains and IRX10L and UXS2
contain single ransmembrane domains. Assuming that the N-
terminus i placed in the cytosol, the presence of a single
ransmembrane domain would place the C-terminal catulytic
domain in the Golgi lumen, whereas the absence (zero
ransmembrane domain) or the presence of two transmembrane
domains would place it in the cywsol or at the cytosolic surface of
the Golgi membrane, respectively. The cytosolic- and lumenal-
TMD reporters were co-expressed with these proteins, fused with
Yn and Yc at their C-temini, in order to address the membrane
opology of these proteins. In all cases, fluorescence complemen-
ttion was observed between the test proteins and the lumenal-
TMD reporters but not between the test protein and the cytosolic-

YFP-TMD

YFP-TMD

Figure 3. Proteinase protection assay of the TMD fused to YFP at the N- and C-terminus. A. TMD-YFP and YFP-TMD were transiently
expressed in Nicotiana benthamiana whole leaves and CLSM was carried out at 3 DPI. Both fusion proteins show predominantly Golgi apparatus
localization. Scale bars, 10 um. B. Immunoblot analysis of the TMD-YFP and YFP-TMD after treatment with proteinase K in the presence or absence of
TritonX-100. Molecular masses of TMD-YFP and YFP-TMD are estimated to be 33.8 kDa and 34.5 kDa, respectively (Compute pl/Mw server at
Expasy.org). The fulklength fusion proteins are indicated with the amows. TMD-YFP is degraded only in the presence of detergent and protease
indicating Golgi lumenal orientation of YFP tag. YFP-TMD was degraded regardless of detergent addition, indicating cytosolic orientation of YFP tag.
Partial degradation of the YFP was observed for YFP-TMD (bands immediately below the full-length YFP). At least two individual experiments were
performed for each combination with the similar results. Raw images are shown.

doi:10.1371/journal.pone.0031324.g003
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RGXT2 IRX10L uxs2 UGE4 XXT1 xx12 xXXT5 MUR3 ARAD1 MUR4
lAlom_v2 1 1 1 0 1 1 1 1 1
JOAS-TMfiter 1 0 1 1 1 1
Eiconda_v1 1 1 1 1 1 1 1
immTop_v2 1 1 1 ) 1 1 1 1 1
MemSat_vd 1 0 1 0 1 1 1 1 1
innou 1 0 1 0 0 0 0 1 1 0
PHORtm 1 0 0 0 0 1 0
Phobius o 0 1 ] 1 1 1
redTmr_v1 0 1 1 1
[ 1 1 0
] 1 1 1
0 0 0 1
0 1 1 1
0 1 1 1
TmHMM_v2 0 1 1 1
TMMOD 0 1 1 0
1 1 1
1 1 1

Figure 4. Prediction of the number of transmembrane domains for selected cell wall biosynthetic enzymes. The data compiled in
Aramemnon (http//aramemnon.uni-koeln.de/) is summarized. Numbers indicate the number of transmembrane domains.

doi:10.1371/journal.pone.0031324.g004

TMD reponers (Figure 5). Furthenmore, the fluorescence signals
detected were typical of Golgi localization. These results dearly
demonstrate that the C-termini of these proteins are localized to
the Golgi lumen.
Next, a cytosolic protein and a multimembrane-spanning
protein were tested against all six topology reporters. UGE4 s a

UDP-glucose 4-epimerase and has previously been shown to be

TMD-Yn Yn-TMD TMD-Yc

located in the cytosol [36]. As expected, UGE4-Yn did not
complement fluorescence with the lumenal TMD reporters
whereas it complemented fluorescence with the cytosolic TMD
and soluble reporters (Figure 6). The similar results were obtained
for the N-terminally tagged UGE4 (Yo-UGE4) (data not shown).
Cellulose Synthase Like D2
spanning protein that localizes to the Golgi apparatus and has

CSLD2) is a multimembrane-

Yc-TMD

Figure 5. GO-PROMTO analysis of membrane proteins (IRX10L RGXT2, and UXS2) known to be involved in cell wall polysaccharide
biosynthesis in plant. The C-terminal Yc fusion of each of the proteins was co-expressed with TMD-Yn (1% column) or Yn-TMD (2™ column) and
the C-terminal Yn fusion of each of the protein was co-expressed with TMD-Yc (3rd column) or Yc-TMD (4™ column). The fluorescence
complementation with the lumenal reporters and the lack of same with the cytosolic reporters indicate Golgi lumenal orientation of the IRX10L,
RGXT2 and UXS2 catalytic domains. Scale bars, 10 um. At least two individual experiments were performed for each combination with the similar

results. Raw images are shown.
doi:10.1371/journal.pone.0031324.g005
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Cytosolic reporters

Cytosolic-TMD reporters

Résultats

GO-PROMTO

Lumenal-TMD reporters

Yn Y¢ Yn-TMD

UGE4-Yn

Yc-CSLD?2

Yc-TMD

TMD-Yn TMD-Yc

Figure 6. GO-PROMTO analysis of cytosolic (UGE4) and multimembrane spanning protein (CSLD2) known to be involved in cell wall
polysaccharide biosynthesis in plant. UGE4 was fused to Yn at the C-terminus and CLSD2 was fused to Yc at the N-terminus and were transiently
expressed in Nicotiana benthamiana. Observation was carried out by CLSM at 3 DPIL. Scale bars, 10 um. At least two individual experiments were
performed for each combination with the similar results. Raw images are shown.

doi:10.1371/journal.pone.0031324.g006

been postulated to be involved in mannan synthesis [37]. The N-
terminus of CSLD2 has been shown w be located in the cytosol
[38]. Yc-CSLD2 complemented fluorescence with the cytosolic
reporters whereas it did not complement fluorescence with the
lumenal-TMD reporters (Figure 6). When Yn-TMD, a cytosolic-
TMD reporter, was used, the detected signal was very weak, which
is likely to be due to partial degradation of the N-terminus of Yn
Figure 3). It appears that the degree of degradation of the Yn-
TMD reporter is highly vanable. Taken together, the results
presented in Figure 5 and 6 demonstrate that the five out of six
topology reporters (Yn, Ye, Ye-TMD, TMD-Yn, TMD-Yc
specifically and robustly detect the topologies of the tested protein
termini.

Membrane topologies of xyloglucan-biosynthesizing
enzymes

GO-PROMTO was used to determine the membrane topology
of enzymes involved in the biosynthesis of xyloglucan. Xyloglucan
is a major hemicellulesic polysacchanide of primary cell wall,
synthesis of which occurs in the Golgi apparatus [39-41]. In
Arabidopsis, CSLC#4 is thought to catalyze the synthesis of B-1,4-
linked glucan backbone [42]. This glucan backbone is decorated
with the side-chain a-1,6-xylosyl residues by XXT1, XXT2 and
XXT5 [43,44], and can be further substituted with fB-1,2-
galactosyl and a-1,2-fucosyl residues by MUR3 and FUTI,
respectively [43,45-47]. All these enzymes have been shown to
localize to the Golg cisternae [48,49]. A previous study has shown
that the N- and C-termini and the catalytic domain of CSLC4
localize to the cytosolic side of the Golgi membrane [48]. This
indicates that the backbone synthesis of xyloglucan occurs at the
(‘\ll)\ﬁlil face of the (§<»lgi membrane and raises a l|ll’\linu about
the subcellular comparonent in which the side-chain modifications
occur.

The membrane topologies of the side chain bicsynthetic
enzymes have only partially been elucidated: it has been shown
that the terminal fucosylation by FUT1 occurs in the Golgi lumen
[50] and that XXT1 has its catalytic domain in the Golgi lumen

[38]. Therefore we have investigated the membrane topology of

four side-chain biosynthetic enzymes, XXT1, XXT2, XXT5 and
MUR3. XXTI1, XXT2 and XXT5 are predicted to contain zero

. PLOS ONE | www.plosone.org

or one wransmembrane domain, while MURS3 is predicted to
contain one, two and three wransmembrane domains (Figure 4).
Again, assuming cytosol-localized N-termini, odd-numbered
ransmembrane domains would place the C-terminal catalytic
domains of these proteins in the Golgi lumen whereas zero and
even-numbered transmembrane domains would place the caualytic
domains in the cytosol. GO-PROMTO analysis was carried out in
ide-
chain synthesizing enzymes. N-terminal fusions of XXT1, XXT2,
XXT5 and MUR3 complemented fluorescence with the cytosolic

order to gain insight into the membrane topology of these

and cytosolic-TMD reporters, whereas they did not complement
fluorescence with the lumenal-TMD reporters (Figure 7). This
suggests that their N-termini are localized to the cytosol. The (

XXTI1l, XXT5 and MUR3 did not

llllll')ll'llk’lll fluorescence with the cytosolic and cytosolic-TMD

terminal fusions of

reporters whereas they complemented fluorescence with the
lumenal-TMD reporters and gave rise to signals characteristics
of the Golgi apparatus (Figure 7). These results indicate that the
catalytic domains of XXT1, XXT5 and MURS3 are localized to
the Golgi lumen.

Membrane topologies of arabinan-biosynthesizing
enzymes

Arabinan is mostly assocated with the side chain of rhamno-
galacturonan 1. It consists of a-1,5-linked linear oligoarabinosac-
chande with a-1,3- or a-1,2-linked branches also consising of
arabinose. Four gene products, MUR4, RGPl, RGP2 and
ARADI have previously been shown to be involved in arabinan
biosynthesis. MUR4 catalyzes the conversion of UDP-xylose to
UDP-arabinopyranose [51]. RGPl and RGP2 convert UDP-
arabinopyranose to UDP-arabinofuranose [52,53]. ARADI, a
putatve arabinosyltransferase, is involved in the incorporation of
UDP-arabinofuranose into the growing arabinan structure [54].

It has been shown that RGPl and RGP2 are located in the
cytosolic face of the Golgi apparatus [52,53] whereas ARAD 1 and
MUR4 are lllnuglll to be membrane anchored and have been
shown w© localize to the Golgi membrane [29,51]. A previous
study has indicated that MUR4 presents a predicted type II
membrane topology [51]. However, a doser inspection of opology
predictions revealed that the number of transmembrane domains

February 2012 | Volume 7 | ksue 2 | 31324
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Cytosolic reporters Cytosolic-TMD reporters ~ Lumenal-TMD reporters
Yn-TMD Yc-TMD TMD-Yn TMD-Yc

Figure 7. GO-PROMTO analysis of enzymes involved in the xyloglucan biosynthetic pathway. All proteins were fused to GO-PROMTO
tags in the N-terminus. Additionally XXT1, XXT5 and MUR3 were fused to Yn or Yc at the C-temini. In all cases, the N-terminal of the proteins was
found to localize to the cytosol by only reacting with the cytosolic GO-PROMTO reporters, concurrent with bioinformatic predictions. Furthermore, C-
terminal fusions of MUR3, XXT5 and XXT1 showed Golgi lumenal localization. These fusion proteins were transiently expressed in Nicotiana
benthamiana. Observation was carried out by CLSM at 3 DPI. Scale bars, 10 um. At least two individual experiments were performed for each
combination with the similar results. All of the images were processed identically by using Adobe Photoshop CS3.0 Extended v10.0.
doi:10.1371/journal.pone.0031324.g007

Yn-XXT1

XXT1-Yn

Yn-XXT5 Yc-XXT2

XXT5-Yc

Yn-MUR3
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vary considerably from no transmembrane domain (Minnou,
PHDhun, S-Tmhmm_v0.9, TmHMM_v2, SosuiG_vl.1,
SVMuon_v3, THUMBUP_vI1, TMMOD) to one transmembrane
domain (MemSat_v3, Phobius, PredTmr_v1, Scampi, Alom_v2,
DAS-TMfilter,

TmPred, TopPred_v2), and three wansmembrane domains

Eiconda_vl), two wansmembrane domains

HmmTop_v2) (Figure 4). Furthenmore, the membrane topology
predictions of ARADI also vary from one transmembrane domain
TmHMM_v2, TMMOD, SVMun_v3, SosuiG_vl.1, Scampi,
S_Tmhmm_v0.9, PredTmr_vl, Phobius, Minnou, HnmTop_v2,
PHDhun, Top-
Pred_v2, MemSat_v3), and w three transmembrane domains
Alom_v2, DAS-TMfilter, TMUMBUP_v 1, TmPred) (Figure 4).

GO-PROMTO analysis was carned out for ARADI and
MUR4 (Figure 8). The cytosolic and cytwsolic-TMD reporters did

Eiconda_vl), two wansmembrane domains

not complement fluorescence with the C-terminal fusions of

ARADI! and MUR4. In contast, the lumenal-TMD reporters

complemented fluorescence with both the C-terminal fusions of

ARADI and MUR4. These results clearly demonstrate that the C-
terminal catalytic domain of ARADI and MUR# are located in
the (;uls;i lumen.

Discussion

We have developed GO-PROMTO, a protein membrane
topology method for fast and easy determination of the membrane
topologies of proteins in the Golgi apparatus in living tissues. A
senies of topology reporters were generated and validated by live
cell imaging and by the protease protection assay. The method is
non-invasive, gives robust binary signal output, does not require
further chemical treatments, and detects both the cywsolic and
lumenal localization of the tagged termini for Golgi-resident
proteins. GO-PROMTO was used to determine the membrane
topologies of eleven proteins involved in plant cell wall biosynthesis
as detailed below.

The membrane topology of the cell wall polysaccharide
biosynthesis in plants is stll not well underswod. The previous
topological smdies of glucan synthases that catalyze the formation

of the backbone of xyloglucan presented contradictory condu

Cytosolic reporters

Cytosolic-TMD reporters

Résultats

GO-PROMTO

sions. In pea it was \ln;\:t'\lul that the catalytic site of a s:lm an
synthase I, thought to synthesize the backbone glucan chain in the
xyloglucan biosynthesis, is placed in the Golgi lumen [55]. In
contrast a later study based on heterologous expression in Pichia
pastoris provided compelling evidence that the catalytic site of the
Arabidopsis glucan synthase CSLC#4 is placed in the cytosol [48].
In this case, the synthesized glucan chain must be wansported to
the Golgi lumen where xyloglucan epitope is found [39]. The
subcellular site(s) of side-chain synthesis have not vyet been
addressed except for that the terminal fucosylation has been
shown to occur in the Golgi lumen [50] and that the putative
catalytic domain of XXT 1 has been shown to localize to the Golgi
apparatus by protease protection assay [38]. By using GO-
PROMTO we have validated the method by showing the C-
terminus of XXT1 is located in the Golgi lumen, as previously
shown [38] and have determined the membrane topology of
enzymes responsible for two of the remaining steps of the side-
chain synthesis (XXT5 and MURS3). Our results demonstrated
that XXT5 and MUR3 have their C-terminal catalytic domains in
the lumen (Figure 7). These results, together with the previous
studies, indicate that the glucan backbone, if synthesized in the
cytosol, s translocated across the membrane and that the side-
chain modifications including the xvlosylation by XXT1 and
XXT5, galactosylation by MUR3 and the terminal fucosylation
occur in the Golgi lumen.

The recent discovery that an enzymatic step in the pecti
arabinan biosynthesis occurs in the cywsol has lead o an
intriguing hypothesis about the mechanism of pectic arabinan
biosynthesis. Scheller and colleagues have identified that the
RGPl and RGP2 encode UDP-arabinose mutases that are
essential for the generation of UDP-arabinofurancse, an interme
diate in arabinan biosynthesis [53]. Interestingly the authors also
identified that RGP1 and RGP2 localize to the cytosolic surface of
the Golgi apparatus as well as in the cytosol. On the other hand, it
is generally regarded, though without experimental evidence, that
the MUR4 and ARADI! enzymes, involved in the arabinan
biosynthesis at the preceding and proceeding steps of RGP1 and
RGP2, respectively, posses the type IT membrane topology with

the catalytic C-tenmini located in the Golgi lumen. This apparent

Lumenal-TMD reporters

Yn-TMD

MUR4-Yn

Yn Yc

ARAD1-Yc

Yc-TMD

TMD-Yn

TMD-Yc

Figure 8. GO-PROMTO analysis of ARAD1 and MUR4, putative arabinosyltransferase and UDP-xylose/arabinose epimerase. ARAD1
and MUR4 fused with the Yc and Yn tags, respectively, at the C-termini were transiently expressed in Nicotiana benthamiana. Fluorescence
complementation with lumenal reporters suggests Golgidumenal localization of ARAD1 and MUR4 C-temini. Observation was carried out by CLSM at
3 DPI. Scale bars, 10 um. At least two individual experiments were performed for each combination with the similar results. Raw images are shown.
doi:10.1371/journal.pone.0031324.g008
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topology conundrum of arabinan biosynthesis prompted us to
examine the subcellular localization of the C-termini of MUR4
and ARADI.

Topology predictions of MUR4 and ARADI were found to be
highly variable. Based on the topology predicton, three scenarios
were considered: i) the catalytic domains of MUR4 and ARADI
localize w the cytosol; ii) the catalytic domain of MUR#4 localizes
to the cytosol whereas that of ARADI localizes to the Golgi
lumen; iii) the caalytic domains of both MUR4 and ARADI
localize to the Golgi lumen. To test these hypotheses, we have
carried out GO-PROMTO analysis of MUR4 and ARADI. Our
resuls clearly showed that the C-termini of both proteins are
located in the Golgi lumen, therefore the third scenario is likely to
be the case. This mode of bicsynthesis, requiring a shuttling of
intermediates across the membranes not only once but twice, is
rather intriguing. Because the arabinose contents in the mw4
knock-out mutants and the 7g//2 knock-down mutants were
severely reduced [51,53], the possibility of the presence of other
epimerases in the cytosol or mutases in the Golgi lumen is unlikely.
Therefore, together with the previous reports [52,53], our results
provide swong evidence of the existence of novel mechanisms of
glycan biosynthesis involving intermediate shunts across the
membrane (Figure 9).

The TMD topology reporters successfully detected the mem-
brane topologies of all eleven proteins tested. This was initially
unexpected because BiFC is also used to detect specific protein-
protein interactions [51,53]. The apparent promiscuous fluores-
cence complementation by the TMD reporters could be atributed
to the high level of expression under the experimental conditions
tested. This is likely to result in ubiquitous distribution and high
concentrations of the reporters across these subcellular compart-
ments, thereby facilitating non-specific interaction between the
reporters and the tested proteins. Additionally, the N- and C-
terminal portions of TMD are predicted to be disordered by the
three web-based programs, DisEMBL [56], DISOPRED [57], and
GlobPlots [58]. Intrinsically disordered regions are thought to be
structurally extended and flexible, which enhances the inital,
relatively non-specific, associations that occur in protein-protein
interactions [59]. It is plausible that the promiscuous fluorescence
complementation between the TMD reporters and all the proteins
tested is panly auributed to the disordered termini of TMD.
Disordered regions may enhance the irreversible interaction
between the split halves of YFP molecules [60], rendering the
TMD-based reporters very robust.

MUR4

UDP-Xylose «p UDP-Arap

4

UDP-A@P )
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It is noteworthy that the N-terminal fusions of tested proteins
(XXT1, XXT2, XXT5 and MUR3) caused localization not only
tw the Golgi apparatus but also to ER, even though the C-terminal
fusions of the same tested proteins localized predominantly in the
Golgi apparatus (Figure 7). It is plausible that the pamial ER
localization is an artifact due to a combination of the presence of
the tag in the N-termini and the effect of over-expression under the
present conditons. In general, for protein topology analysis that
relies on the tagging of protein termini, N-terminal tagging should
be avoided. The N-tennini of some proteins contain signal
peptides that are cleaved after tanslation. In this case, the
detected topology bears no information about the topology of the
mature proteins. In addition, we have observed that YFP tagged ©
the N-termini of proteins and localized to the cytosol was partially
degraded (Figure 3, Figure 6) or released from the fused protein
(Figure 7, see Yn-MUR3 co-expressed with Yc). Lastly, the
presence of a structured peptide (e.g. the Yn or Yc tag) preceding
the first ransmembrane domain may alter the overall topology of
membrane proteins such as type I membrane proteins and
multimembrane spanning proteins that insert N-tenminal ends into
the lumen of the secretory pathway. Most membrane proteins are
co-translationally translocated across the membrane by the
ranslocation channel, the Sec6l complex [61,62]. The first
ransmembrane domain, as it emerges from the ribosome,
intercalates into the lateral gate of the channel complex. The N-
terminus flips across the channel and subsequently exits the
vanslocon laterally into the lumen if the hydrophobic region is
long and the preceding segment does not contain positive charges
or stable folding [62]. Otherwise the N-terminus is retained in the
cytosol and the proceeding polypeptide is elongated and the C-
terminus is translocated across the channel. To date, it is not clear
o what extent the tagging of N-termini of membrane proteins with
structured polypeptide tags impact the membrane topology. A
systematic and thorough analysis addressing the impact of sizes
and folding of tags on the N-terminal translocation across the
membrane is needed.

This study developed and validated GO-PROMTO as a highly
robust and easy method for determining topology of membrane
proteins in the Golgi apparatus and ER in complex living tissues of
higher plants. By wsing GO-PROMTO the membrane topology of
xyloglucan and arabinan biosyntheses were examined. Even though
GO-PROMTO was only tested in plant tissue, it can potentially be
wsed in other organisms. Large-scale analysis of membrane protein
wpology has been performed previously in Escherichia coli and

ARAD1

UDP-Araf «y Arabinan

Golgi lumen

UDP-Araf

Figure 9. A topology model of Arabinan biosynthesis. UDP-arabinopyranose (UDP-Arap) generated by MUR4 in the Golgi lumen is transported
to the cytosol possibly by a transporter; UDP-Arap is converted to UDP-Araf by RGP1 and RGP2 in the cytosol; UDP-Araf is transported from the
cytosol to the Golgi lumen possibly by a transporter; UDP-Araf is incorporated into arabinan by glycosyltransferase(s) likely including ARAD1.

doi:10.1371/journal.pone.0031324.g009
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Saccharomyces cerevisiae [13,14]. GO-PROMTO may be readily and
universally adapted to global topology analyses in higher eukary-
otes, either in cell culmres or in intact tissues. The binary signal
output makes the detection and interpretation of the resuls
straightforward and suitable for high-throughput applications.

Materials and Methods

Vector constructions and transformation of
Agrobacterium tumefaciens

In-frame fusions of the Arabidopsis thalina ¢DNA CSLD2
(At5g16910), ARADI (Ar2¢35100), RGXT2 (Ardg01750), UXS2
(At3g62830), UGE4 (Atlgh4440), MUR3 (Ar2¢g20370) and
MUR4 (Atlg30620) to Yn or Yc tags and that of XXT5
(Atlg74380) to Yc were generated in pCAMBIA330035su using
the USER cloning technique [63]. The design of the linker
sequence was identical in all constructs as described previously
[29]. In-frame fusions of the Arabidopsis ¢cDNA XXTI
(At3g62720), XXT2 (Ar4g02500) and CSLC4 (At3g28180) to
Yn, and Yc as well as that of XXT5 to Yn were carried out by
Gateway cloning strategy according to the manufacrer’s
protocol (Invitrogen). The following destination vectors were used:
the pEarlygate 104 vector for full length YFP fusions [64]; and
Vyne or Vyce Gateway vectors for Yn and Yc, respectively [65].
Agrobacterium tumefaciens pGV3850 C58CO01 [65] was wansformed
with plasmids bearing the in-frame fusions by electroporation and
the transformants were selected in the presence of appropriate
antibiotics. The transformants were stored at —80°C until used.

Transient expression in tobacco

Strains were grown in LB or YEP media with appropriate
antibiotics ovemight at 28°C with agitation at 220 rpm. Afier
centrifugation, cell pellets were resuspended in 1 ml infiltration
buffer containing 10 mM MES, pH 5.6, 100 pM acetosyringone
and 10 mM MgCl; at the final optical density at 600 nm of 0.05.
The viral suppressor of gene silencing, pl19, [66] was co-infiltrated
at an final optical density at 600 nm of 0.1 in combinations
containing XXT1, XXT2, XXT5 or MUR3. Transient expres-
sion of the fusion proteins were carried out in 4-week-old Nicotiana
benthamiana plants that have been grown in greenhouses at 24°C/
17°C day/night temperatures, 16 hour photoperiod. Each strain
combination was infilvaed into a separate leaf, in two
independent plants. Infiltrations were done by injection on the
bottom face of the leaf using a syringe without a needle, with a
fingertip providing counter pressure. Afier infiltration, the plants
were placed in the greenhouse for 3—4 days until observations by
microscopy. At least two individual experiments were performed
for each combination.

Confocal laser scanning microscopy

CLSM used in this study were Leica SP5 IT and SP5-X AOBS
CLSM with approprate Leica Application Suite Advanced
Fluorescence software as previously described [29]. Samples were
excited with a 40% 514 nm Argon laser line. The emission of YFP
was detected between 525 and 599 nm. Overall gain seuings were
in the range of 600 to 850 volis, and the gain seuing was kept
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constant for each glycan biosynthetic fusion protein. The samples
were observed with a Leica 40x/0.8 Numerical Aperture (NA)
dipping lens with milliQQ water as immersion media. Image
processing, where it was necessary, was performed by using Adobe
Photoshop CS3.0 Extended v10.0.

Protease protection assay and western blot of TMD

constructs

Two to four infiltrated leaves at 2-4 days post infiltration (DPI)
were hawested Microsomes were prepared as follows. Leaves
were frozen and ground in liquid nitrogen. The ground tdssue was
macerated in an extraction buffer, consisting of 100 mM HEPES-
KOH pH 7.25, 300 mM sucrose, 5 mM EGTA, 5 mM MgCl,
and 1 Complete Protease Inhibitor tablet (Roche) per 50 ml
extraction buffer. The homogenates were subjected to cenuifuga-
gon for 3000x g in a FI5 rotor (Piramoon Technologies) for
15 min at 4°C, followed by ultracentifugation of the supernatants
at 113,000x g in a SW40 Ti rotor (Beckman Coulter) for 1 h at
4°C. The pellets were resuspended in the extraction buffer by light
brushing with a small paint brush. The protein content of each
sample was determined by the standard Bradford assay [67].

The protease protection assay was camied out as follows. Ten
micrograms of protein from each sample was mixed with either Triton
X-100, proteinase K (freshly made from a lyophilized stock, Sigma
P6556) or both in the final volume of 15 pl. Final concenrrations was
0.1% (v/v) and 0.1 pg pl ", respectively. The mix was incubated at
30°C for 30 min. The reaction was swopped by the addition of
phenylmethanesulfonyifluoride at the final concentration of 6 mM.
The samples were mixed with 5-fold strength sample buffer (0.125 M
Tns-HCl, pH 6.8, 20% (v/v) glycerol, 4% (v/v) SDS, 1% (v/v)
bromophenol blue) containing 200 mM dithiothreiwl. The mixed
samples were weated for 10 min at 55°C and proteins were separated
in Criterion XT pre-cast 12% (v/v) bis-Tnis gels with MOPS buffer
(Bio-Rad). Immunoblots were carried out with Protran nitrocellulose
ransfer membrane (Whatman) in a full wet Criterion bloting system
(Bio-Rad). The primary antibody, rabbit anti-GFP antibody (A11122,
Invirogen) was diluted by 5000 folds, and the secondary antibody,
anti-rabbit horse radish peroxidase conjugated antibody (Dako
PO217, DAKO Denmark, DK), was diluted by 1000 folds. The
horse radish peroxidase signal was detected with a chemiluminescent
detection system (Super-Signal; Pierce) according w the instructions of
the manufacturer using an Autochemi UVP system (AH Diagnostics)
with LabWorks version 4.5 software.
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PARTIE A : LA SYNTHESE GOLGIENNE DU XYLOGLUCANE

I- Quels compartiments golgiens sont impliqués dans la synthéese du XyG ?

La cartographie golgienne des enzymes impliquées dans la synthése des chaines
latérales du xyloglucane, fusionnées a la GFP, puis exprimées dans des cellules de tabac
traitées par HPF/FS, nous a montré que la a(1,6)xylosyltransférase (AtXXT1) était localisée
dans les compartiments cis et médian, la B(1,2)galactosyltransférase (AtMUR3) dans le
compartiment médian et la a(1,2)fucosyltransférase (AtFUT1) dans le compartiment trans.

Zhang et Staehelin (1992) ont été les premiers a effectuer la cartographie golgienne
d’épitopes polysaccharidiques spécifiques du xyloglucane sur des suspensions cellulaires de
sycomore traitées par HPF/FS. Ils ont testé un anticorps nommé anti-XG, qui reconnait la
chaine principale, et I'anticorps CCRC-M1, qui reconnait spécifiguement le fucose terminal
lié¢ a un galactose d’une chaine latérale. Ils ont constaté que ces deux épitopes étaient
localisés dans le compartiment trans et le TGN.

Ainsi, nos résultats montrent que tous les compartiments golgiens seraient impliqués
dans la synthése du XyG, alors que ceux de Zhang et Staehelin (1992) montrent que seuls le
compartiment trans et le TGN seraient inclus. Cette différence peut s’expliquer par le fait
gue nous avons effectué la cartographie sur des suspensions cellulaires de tabac, alors que
Zhang et Staehelin (1992) ont testé des suspensions cellulaires de sycomore. La synthese
golgienne du xyloglucane pourrait impliquer compartiments qui different selon le type
cellulaire, 'espéce ou le stade de croissance d’une plante.

Une autre différence réside dans la méthode de quantification et d’analyse des
résultats. En effet, Zhang et Stahelin (1992) ont défini un pourcentage relatif par
compartiment, par rapport au nombre total de particules d’un empilement golgien. Nous
avons utilisé la méthode statistique de Relative Labelling Index (RLI), qui prend en compte la
surface de chaque compartiment. Or, ce parametre est important, puisque des citernes cis
jusqu’au TGN, les saccules grandissent et le TGN peut étre trés diffus, augmentant ainsi le
nombre de particules potentielles dans un compartiment. Il serait intéressant de traiter les
données brutes de Zhang et Staehelin par la méthode statistique du RLI, et comparer les

résultats avec ceux obtenus sur les cellules de tabac.
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ll- Les glycosyltransférases participant a la synthese golgienne du XyG sont-elles

organisées en complexes ?

A ce jour, un certain nombre de glycosyltransférases ont été identifiées et reconnues
comme participant a la synthése du XyG, et sont représentées figure 58A. Exceptée la
glucane synthase qui possede 6 domaines transmembranaires, avec ses extrémités N- et C-
terminales du coté cytosolique (Figure 58B, Davis et al., 2010), toutes les autres protéines
sont des protéines transmembranaires de type Il, avec un domaine transmembranaire et

leur domaine catalytique (C-terminal) dans la lumiere des saccules golgiennes (S@gaard et

al., 2012).
A a-Fucosyltransferase B Face
AtFUT1 Fuc luminale
a(l,2)
[-Galactosyltransferase(s)
AtMUR3 Gal
AtXLT2 B(1,2)
Xyl Xyl Xyl Membrane
o-Xylosyltransferase(s) l a(1,6) a(1,6) lu(lob) golgienne
Sl Gle — Glc — Gle —»Glc
AtXXT2 B(1,4) B(1.4) B(1,4)
AtXXTS
=z
Glucan Synthase o Face
AtCLCA o cytosolique

Figure 58 : Synthése du xyloglucane (adapté de http://www.bmb.msu.edu/faculty/keegstra/cellwall.html et
Davis, 2010)

A- Glycosyltransférases identifiées comme participant a la synthese du XyG, B- Topologie de la glucane
synthase AtCSLC4 au sein de la memebrane golgienne. Fuc : fucose, Gal : galactose, Glc : glucose, Xyl : xylose.

Dés les années 1980, des études portant sur la synthése du XyG in vitro ont montré
qgue l'incorporation du glucose pour la synthése de la chaine principale était étroitement liée
a l'incorporation du xylose (Ray, 1980 ; Hayashi et Matsuda, 1981). Lorsque Cocuron et al.
(2007) ont identifié la glucane synthase AtCSLC4 et I'ont exprimé dans Pichia pastoris, ils ont
constaté un taux d’incorporation de glucose plus élevé quand la xylosyltransférase AtXXT1
était co-exprimée. Récemment, Chou et al. (2012) ont montré in vivo et in vitro I'existence
d’un complexe multi-protéique impliqguant la glucane synthase (AtCSLC4) et les

xylosyltransférases (AtXXT1, AtXXT2 et AtXXT5) dans des protoplastes d’Arabidopsis, par des
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techniques de BiFC et de co-immunoprécipitation. D’apres leurs résultats, la glucane
synthase forme un homodimere AtCSLC4-AtCSLC4, avec ses extrémités N- et C- terminales
trés proches, et la xylosyltransférase AtXXT2 forme un homodimére AtXXT2-AtXXT2 via des
ponts disulfures. Trois hétérocomplexes ont été identifiés : AtXXT1-AtXXT2, AtXXT2-AtXXT5
et AtXXT5-AtCSLC4. L'interaction entre les 3 xylosyltransférases a lieu au niveau de leur
domaine catalytique situé dans la lumiére des saccules. La nature de l'interaction entre la
glucane synthase et AtXXT5 n’a pas été identifiée, mais les auteurs postulent qu’elle peut
avoir lieu au niveau de leur domaine transmembranaire.

Sachant que nous avons détecté la xylosyltransférase AtXXT1 dans les compartiments
golgiens cis et médian, il semble probable que la glucane synthase AtCSLC4 ainsi que les
xylosyltransférases AtXXT2 et AtXXT5 soient également présentes dans ces mémes
compartiments. De méme, puisque nous détectons la galactosyltransférase AtMUR3 dans le
compartiment médian, nous pouvons postuler qu’AtMUR3 rejoigne ce complexe dans le
compartiment médian.

Ainsi, dans le compartiment cis, la synthese du XyG commencerait par I'ajout de
glucose par AtCSLC4 pour former la chaine principale, suivi dans I'immédiat par I’ajout de
xylose par les différentes xylosyltransférases AtXXT1, AtXXT2 et AtXXT5, formant un
« complexe de xylosylation ». Dans le compartiment médian, la synthése de la chaine de
glucose et l'ajout de xylose continuent, et I'ajout de galactose sur les résidus xylose
commence. Sachant que la galactosyltransférase AtMUR3 se trouve dans le médian, on peut
également postuler que l'autre galactosyltransférase AtXLT2 se situe dans le médian et
forme avec AtMUR3 un « complexe de galactosylation » du XyG. Enfin, dans le compartiment

trans, 'unique fucosyltransférase AtFUT1 effectuerait I’étape de fucosylation.
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PARTIE B : LA SYNTHESE GOLGIENNE DU RG-I

I- Quels compartiments golgiens sont impligués dans la synthese du RG-| ?

Grace au développement de nouveaux anticorps spécifiques du RG-l dont la nature
des épitopes est connue, nous avons pu effectuer une cartographie golgienne de ces
épitopes sur des suspensions cellulaires de tabac préparées par HPF/FS, et mettre en
évidence I'implication des compartiments median, trans ainsi que du TGN.

Une précédente étude de cartographie golgienne sur des épitopes du RG-l a été
effectuée sur des suspensions cellulaires de sycomore (Zhang et Staehelin, 1992). Les
auteurs ont testé un anticorps, nommé PGA/RG-I, reconnaissant la zone de transition entre
un homogalacturonane non estérifié et un résidu rhamnose provenant de la chaine
principale du RG-I (Moore et al., 1991), dans les compartiments golgiens cis et médian. Aprés
un traitement de dé-estérification au Na,COs, ils ont également détecté cet épitope dans le
compartiment trans et le TGN, suggérant que la méthylestérification des acides
galacturoniques avait lieu dans ces mémes compartiments. Ces résultats ayant été confirmés
par la localisation d’une pectine méthyl transférase putative, nommée AtQUA2, fusionnée a
la GFP et localisée dans le compartiment trans et le TGN dans des empilements golgiens de

cellules de pointe de racine d’Arabidopsis (Driouich et al., 2012; Follet-Gueye et al., 2012).

A partir de toutes ces données, nous avons proposé un modele qui représente les
grandes étapes de la synthése du RG-I dans les différents compartiments golgiens, et résumé
figure 59. Dans le compartiment cis, 'initiation de la chaine principale du RG-I débuterait a
partir d’'une chaine d’homogalacturonane, sachant qu’il a été montré que ces deux
polysaccharides étaient liés de facon covalente (Coenen et al.,, 2007), puis la chaine
principale du RG-l serait rallongée dans le compartiment median. Dans le compartiment
trans, les chaines arabinanes linéaires seraient rallongées, puis branchées au sein du TGN.
Les chaines galactanes seraient rallongées dans le TGN et les chalnes arabinogalactanes
constituées d’un ou plusieurs galactoses associés a des arabinanes branchés y seraient

synthétisées.

261



Discussion / Conclusion

Golgi "
compartment Anl;c;t;zdy Corresponding epitope detected Possible reaction occuring in this compartment
labeled
cis PGA/RG.| Transition region between deesterified HG and the * Association of HG and RG-I backbone
first Rha linked residue of RG-I ¢ Initiation of RG-I backbone synthesis
Transition region between deesterified HG and the
PGA/RG-I first Rha linked residue of RG-I
medial * Elongation of RG-I backbone
INRA-RU1 6 to 7 [GalUA /Rha] units which are unbranched,
non-methylated and non-acetylated
PGA/RC..;_.IafFer Transition region between deesterified HG and the ¢ Methylesterification of GalA
deesterification ) . .
first Rha linked residue of RG-I
trans treatment
LM13 Long (5 to 11 Ara), unbranched and linear arabinan * Elongation of (1—5)-o-L-arabinan chain
chain
PGA/R(lS—lIafFer Transition region between deesterified HG and the e
deesterification ) R - ¢ (Methylesterification of GalA ?)
first Rha linked residue of RG-I
treatment
LM5 Short (4 Gal) galactan chain ¢ Elongation of galactan chain
TGN LM6 Short (2 to 6 Ara), possibly branched and non linear * Branching of linear arabinan chain with 2- or 3-
arabinan chain linked arabinose
) ) * Branching of branched arabinan on galactose
LM16 Galactosyl residue/galactan stub between arabinan residue or galactan stub to form arabinogalactan
chain and RG-I backbone chain

Figure 59 : Modele représentant les grandes étapes de la synthése du RG-I dans les différents compartiments
golgiens.

Une fois localisés des épitopes spécifigues du RG-l, nous avons cartographié
I’arabinosyltransférase potentielle AtARAD1, ainsi que la xylose-épimérase AtUXE1/MUR4 et
son homologue AtUXE3 ; ces enzymes étant de bons candidats pour synthétiser des chaines
arabinanes du RG-l. Nous avons localisé AtARAD1 et AtUXE3 dans le compartiment median
et AtMUR4 dans le TGN. L’arabinosyltransférase AtARAD1 est certainement une enzyme
processive responsable de I'élongation des chaines arabinanes (Harholt et al. 2006). Elle
possede un homologue, nommé AtARAD2, qui semble étre une arabinosyltransférase
participant a la synthése des chaines arabinanes branchées. Il a été montré que ces deux
enzymes existent sous forment d’homo- et d’hétéro-dimere (Harholt et al. 2012). Ainsi on
peut postuler qu’AtARAD?2 colocalise avec AtARAD1 dans le compartiment median.

D’aprés la cartographie golgienne des épitopes, nous avons postulé que les chaines
arabinanes linéaires étaient rallongées dans le compartiment trans et qu’elles étaient
certainement branchées dans le TGN. Comment expliquer cette différence ? Si AtARAD1
effectue I’élongation des chaines dans le median, il n’est pas surprenant que le produit final

ne puisse étre détecté par I'anticorps LM13 que dans le compartiment suivant, puisqu’il
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reconnalt 5 a 11 résidus linéaires d’arabinoses. Cependant, la présence des chaines
arabinanes branchées dans le TGN et celle d’AtARAD2 dans le compartiment median ne
coincident pas. L'activité de la protéine AtARAD2 n’a pas été clairement démontrée, et son
réle en tant qu’arabinosyltransférase responsable du branchement des chaines arabinanes

reste donc hypothétique.

lI- Les glycosyltransférases participant a la synthése golgienne des chaines

arabinanes du RG-| sont-elles organisées en complexes ?

La synthese des chaines arabinanes nécessite I'action de plusieurs partenaires
potentiellement organisés en complexe : une épimérase qui va transformer de I’"UDP-D-
xylose en UDP-L-arabinopyranose, puis une mutase qui va le transformer en UDP-L-
arabinofuranose. Si ces deux réactions ont lieu au sein du cytosol dans I’'environnement trés
proche d’une saccule golgienne, I'UDP-L-arabinofuranose traversera la membrane golgienne
via un transporteur, avant d’étre pris en charge par une arabinosyltransférase dans la

lumiére golgienne, comme schématisé figure 60.

K:lrablnosyl-

transférase

LUMIERE
GOLGIENNE

MEMBRANE
GOLGIENNE

Figure 60 : Représentation schématique des enzymes potentiellement impliquées dans la synthése golgienne
des chaines arabinanes du RG-I.

Grace a la technique de split-ubiquitin, nous avons testé l'interaction directe entre

plusieurs candidats pouvant participer a la synthése des chaines arabinanes pour former un
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complexe multiprotéique. AtUXE3 est ’homologue de la xylose épimérase AtMUR4, elle ne
posséde pas de domaine transmembranaire d’apres les analyses in silico, et elle est localisée
au niveau du compartiment median. AtRGP1 et AtRGP2 sont des mutases, elles n’ont pas de
domaine transmembranaire, elles sont cytosoliques et également associées aux
empilements golgiens (e.g. protéines périphériques). AtARAD1 est une arabinosyltransférase
potentielle, c’est une protéine transmembranaire de type Il, et elle est localisée au niveau du
compartiment median.

Aucune interaction directe n’a été détectée entre |'épimérase potentielle, les
mutases et |'arabinosyltransférase potentielle. Seule I'homo- et I’hétéro-dimérisation des
deux mutases a été observée, confirmant les observations de Rautengarten et al. (2011).
Bien que ce premier test s’avére négatif, cela ne signifie pas que ces candidats ne soient pas
impliqués dans un complexe multiprotéique. En effet, d’autres partenaires potentiels font
peut-étre le lien entre ces différents candidats. De Pino et al. (2013) ont observé que les
mutases RGP n’existaient pas toujours en complexe. C'est la glycosylation des RGPs qui
engendre la formation d’'un complexe dans le cytsosol et qu’une autre RGP, qui elle n’a pas
d’activité mutase, se lie aux saccules golgiennes. D’aprés I'étude des différentes RGPs, il
semble qu’AtRGP5 soit un trés bon candidat pour lier AtRGP1 et AtRGP2 a la membrane
golgienne. De méme, 'homologue de l'arabinosyltransférase, nommé AtARAD?2, participe
cretainement a ce complexe multiprotéique, puisqu’elle est liée a AtARAD1. Enfin, le dernier
partenaire manquant est le transporteur d’arabinose, mais actuellement aucun transporteur

spécifique de I’'UDP-arabinose n’a été identifié.
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PARTIE C : CONCLUSION

Les connaissances sur la synthése golgienne des polysaccharides pariétaux sont
encore trés peu développées. L'identification des enzymes d’interconversion, des
transporteurs et des glycosyltransférases est la premiere étape clef pour comprendre le
processus de synthese. L'identification de ces différents acteurs pour la synthése du XyG est
plus avancée que pour le RG-I, en particulier pour les glycosyltransférases. Le RG-l possede
une structure trés variable comparée au XyG, et la présence d’enzymes homologues ne
facilite pas la tache pour étudier un mutant et caractériser clairement I'activité d’une
protéine candidate.

Bien que I'ensemble des acteurs de la synthese golgienne du XyG et du RG-I ne soit
pas identifié, les résultats de ces travaux de recherche tendent a montrer que leur synthése
au sein de I'appareil de Golgi est séquentielle, ou les différents sous-compartiments golgiens
et le TGN sont chacun dédiés a une étape (représentant une ou plusieurs réactions) de
synthése du XyG et du RG-I.

De plus, les techniques de biochimie et d’imagerie ont mis en évidence in vitro et in
vivo que différents partenaires identifiés s’associent en complexe au sein des empilements
golgiens. L'organisation de ces complexes protéiques est encore trés peu connue, et ce pour
plusieurs raisons. En premier lieu, la topologie des partenaires au sein des membranes est
trés différente, puisque certaines enzymes d’interconversion se situent dans le cytosol,
guand d’autres sont des protéines golgiennes transmembranaires de type Il, tout comme les
glycosyltransférases. Enfin, les transporteurs d’UDP-sucre et certaines synthases sont des
protéines ayant plusieurs domaines transmembranaires, avec leurs extrémités N- et C-
terminales orientées ou non du méme co6té. Ainsi, la nature des liens qui associent les
différents partenaires semble complexe, sachant qu’en plus, nombre de ces partenaires
existent en homo-dimeres.

Pour compliquer encore la tache d’étudier ces complexes, il faut également prendre
en compte que |'appareil de Golgi n’est pas une structure figée, puisque ses saccules
évoluent continuellement du compartiment cis vers le trans, puis le TGN. Si la synthése des
polysaccharides est séquentielle, cela implique I'association et la dissociation des partenaires
pour rester dans un type de compartiment donné, et ce en fonction du micro-
environnement golgien (composition de la membrane golgienne, pH).
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Enfin, I'existence de complexes multi-protéiques de synthése du XyG et du RG-I au
sein méme de 'appareil de Golgi n’est peut-étre pas continue dans le temps. L'appareil de
Golgi étant le lieu de synthése de tous les polysaccharides complexes pariétaux, il est fort
possible que la cellule végétale régule la synthése d’un ou plusieurs types de polysaccharides
complexes pariétaux, en fonction de ses besoins le long de sa vie au sein d’un tissu donné

et/ou en réponse a des stimuli biotique ou abiotique.
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