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Résumé

Les glycannes font montre d'une extraordinaireemdive structurale, et ce a tous les
niveaux d'organisation biologique. Les travaux @néds sont centrés sur la notion de
spécificité d'espéece de la glycosylation, au trender I'étude de plusieurs modeéles procaryotes
et eucaryotes.

Dans une premiere partie, nous exposons nos wga@tant sur les différentes formes
de mannosylation chez les eucaryotes unicellulatdss bactéries. L’utilisation de modeles
aussi divers que les mycobactéries, les levurgsogahes et les eucaryotes unicellulaires
parasites, nous a permis de mettre en lumiéerelli@eo des structures et éventuellement des
fonctions associées aux manno-conjugueés.

Dans une deuxiéme partie, nous exposons nos kaa@tant sur la comparaison des
glycosyltransférases animales. Leur étude est &t dévenue un enjeu majeur pour la
compréhension des roles des glycoconjugués dambrifegenese, la fécondation ou les
réactions immunitaires. Nos travaux consistent #rsmen évidence de nouvelles activités
glycosyltransférasiques sur des modeles animaux Borgénome, la physiologie et le
développement sont suffisamment connus pour gséitsent de plateforme a I'étude du réle
de la glycosylation dans les processus physiol@giqprecités. Les especes animales
principales répondant a ces criteres et que nooissagtudiées au cours des dernieres années
sontXenopus laevis, X.tropicalis, Caenorhabditis elegans et Danio rerio. Dans ce cadre, nous
présenterons nos travaux destinés a promouvoioiEsgn zébrel. rerio) comme modéle
d’étude cohérent en glycobiologie.

Enfin, dans une derniére partie sont compilés riesultats des développements
technologiques portant sur la purification et I'gsa des glycoconjugués nécessaires a nos
études.
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Yann Guérardel

7 rue Saint Saéns,

59790 Ronchin,

Né le £'Nov. 1972
yann.guerardel@univ-lille1.fr

Fonction actuelle

Chargé de Recherche (CR1) au CNRS UMR 8576, USTlenéuve d’Ascq
Depuis Sept 2006, responsable de I'équipe ‘Divemssisociée aux Glycoconjugués’

Dipldmes de I'enseignement supérieur

2002: Doctorat de Biochimiedans le Laboratoire de Glycobiologie Structurdle e
Fonctionnelle de Lille, CNRS UMR 8576, équipediu G. Strecker
‘Variabilité structurale et fonctionnelle des glgomjuguésEtudes réalisées chez les mycobactéries,
les nématodes, les éponges et les amphibiens

1999: DEA des Sciences de la Vie et de la Santé. UnivedstéSciences et
Technologies de Lille (USTL)

1998: Maitrise de Biochimie. USTL

1996: Cours de troisieme année en Biochimie et Bcobtdogie marine, dans le

cadre du programme ERASMUS. University of HUIIK.

Expérience
2004- Chargé de Recherche (CR) au CNRS UMR 8576
2006 Professeur invité a I'Université de NagoyAPON durant 5 mois.
2003-2004 Stage postdoctoral dans I'équipe du Dr. K.H. Khd8, TAIWAN .
2002 Assistant Temporaire d’Enseignement et de Recketd8TL

1996-1998 Technicien de recherche dans le Laboratoire dedbiglogie Structurale et
Fonctionnelle, CNRS UMR 8576.

Thématigues scientifigues

- Relations structure-fonction des glycoconjugeésrobiens
- Spécificité des glycosyltransférases

Compétences scientifigues

- Purification et analyse structurale de glycocgngs : lipopolysaccharides bactériens,
polysaccharides, glycoprotéines et glycolipidesid&yotes

- Techniques analytiques et préparatives de chammregphie et d’électrophorése

- Chromatographie en phase gazeuse, spectromérienakse, résonance magnétique
nucléaire
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Implications dans des contrats de recherche récents

Juil. 2004  Vaincre la Mucoviscidose ‘Relations entre profils de glycosylation
individuels des mucines bronchiales et infectionRe@eudomonas aeruginosae

Dec. 2005 ANR (2006-2008), ‘Roles of specific mycobacterial acg#lll components in
tuberculous disease: amvivo analysis using purified cell wall molecules franycobacterium
marinumin the zebrafish model’ \

Janv. 2006 Contrat de Plan Etat-Région — Z™® tranche (2005-2006) ‘Variabilité
intraspécifigue de deux pathogéndssteria monocytogenesspores deBacillus cereuf et
aptitude a coloniser les aliments et les surfanemn@ironnement défavorable’

Sept. 2007 ANR (2007-2009), ‘Modélisation de la dynamique desraxtBons spores de
Bacillus/matériau. ROle de la complexité de surfates spores, application kisteria
monocytogenepathogéne non sporulé’

Communications orales récentes

Juin 2008  Belgian Biophysical Society Summer school on @Ghjology; Bruxelles,
conférencier invité

Mai 2008  Groupe Francais de Glucides, Ax-les-Thermes

Dec 2007 EMBO WorkshopGlycoDev, Lille, conférencier invité

Oct 2007 Franco-Koreargialobiologymeting, Seoul, Corée, conférencier invité

Sept 2007  EuroCarb, Lubeck, Allemagne, conférencier invité

Sept 2007  Du Glycosynthon a la Glycoprotéirerléans, conférencier invité

Divers
Anglais courant

Chinois parlé (Mandarin classique) niveau débutant
Japonaisparlé et lu niveau débutant
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Présentation de I'équipe

Depuis la création de I'Unité de Glycobiologie Sturale et Fonctionnelle (UGSF),
'analyse structurale des glycoconjugués appa@iinee I'une de ses spécificités thématiques les
plus fortes. A cause de I'hétérogénéité structuéerme de cette classe de composés, ce type
d’étude requiert la maitrise d’'un grand nombreatiniques spécifiques incluant les modifications
chimiques et enzymatiques des glycoconjugués etdmalyse par un vaste panel de méthodes
chromatographiques et spectroscopiques. Ainsi,aliee structurale des glycoconjugués s’est
progressivement définie comme une spécialité diimu sein de la glycobiologie. A ce titre,
'UGSF a grandement bénéficié de son implicationsdia mise en place sur le site de I'Université
des Sciences et Technologies de Lille de platefsti@ehnologiques incluant les Centres Communs
de Spectrométrie de Masse et de Résonance Magadligeléaire. Celles-ci donnent acces a notre
personnel scientifique aux équipements les plus em@s$ et nous permettent une constante
évolution technologique. De plus, les renouvelletmethématiques et technologiques de I'axe
structural ont été recemment assurés grace adiaién de jeunes chercheurs ayant effectué des
stages post-doctoraux a I'étranger et au recruterdémgénieurs de recherche en RMN qui

interagissent fortement avec les équipes impliqdées I'analyse structurale.

Ces dernieres années coincident également avecévoletion sensible des projets
structuraux de l'unité vers une recherche de typegréevia des interactions plus étroites avec des
eéquipes orientées sur des thématiques biologicaessein ou en dehors de l'unité. De fait, il
apparait qu’a ce jour la grande majorité de nostra fassent I'objet de collaborations étroitescave
une ou plusieurs autres équipes. Celles-ci, sait o résultat de la mise en place de projets
concertés, soit proviennent d’'une demande d’uneépégextérieure désirant mettre a profit notre
expérience dans I'analyse structurale. L’intér@issant suscité par I'approche post-génomique et
le perfectionnement rapide des technologies spmmipdques nous ont récemment permis d'initier
de nouveaux développements dans l'analyse des mgbgoet glycoprotéomes. Ces nouvelles
stratégies, fondées sur I'étude des profils deaglylation totaux d’'un organisme et l'identification
des glycoprotéines porteuses, sont rendues possilde seulement par la miniaturisation des
techniques d’analyse mais également par un aco8sefficace a I'information structuralea les
banques de données. Ainsi, I'approche glycomiqumiait des a présent comme un complément
indispensable aux approches classiques de biotogiéculaire destinées a étudier I'expression des
enzymes impliquées dans la synthése des glyca@ette interface promet des développements

rapides dans la connaissance de la régulation deyrghese des glycannes et de leur réle
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physiologique. Ces nouvelles stratégies sont detneht mises en place au laboratoire, en
particulier dans le cadre des études sur la biosiidedes glycoconjugués, et constituent un des

axes de développement prioritaires de notre églaps les prochaines années.

Suite au départ en retraite en septembre 2006 wWeasocien responsable, le Dr Gérard
Strecker, j'ai pris en charge la direction de I'tagu‘Biodiversité Associée aux Glycoconjugués’.
Au cours de la derniére année, nous avons redéfirthématiques du groupe a la lueur des besoins
et de l'orientation de 'UGSF. Deux axes thématggemplémentaires dans lesquels s’integre la
majorité de nos travaux de recherche se sont dégdgétude degelations structure-fonction
des glycoconjugués microbiengt I'étude de lspécificité des glycosyltransférasedAu sein de

ces deux thématiques, les travaux de I'équipe aiusgnt selon trois modes de fonctionnement:

1- Projet initié dans le cadre d’'une collaboration @te avec un ou plusieurs partenaires
Celui-ci représente le mode principal de fonctionaet de notre recherche et correspond a une
évolution des projets structuraux de I'unité veme wecherche de type intégnéda des interactions
plus étroites avec des équipes orientées sur éesatiques biologiques. L'intégration récente au
sein de notre équipe du Pr. Elisabeth Elass, ameelle nous collaborons depuis plusieurs années
sur les relations structures-fonctions des glycpmprés microbiens, est une opportunité pour
développer nos recherches dans ce domaine et aagneindépendance thématique plus poussée.

2- Projet indépendant pouvant donner lieu a des caolfabons ultérieures Ces travaux
s’integrent plus spécifiguement dans une perspeckvprospection sur des sujets de glycobiologie

fondamentale.

3- Prestation de serviceCes travaux proviennent d’appels d’'offres d’égsigxtérieures.
En effet, la reconnaissance de l'importance desogiynjugués dans les processus biologiques
incite un nombre croissant de biologistes a nonsaober pour mettre a profit notre expérience dans
l'analyse structurale. Bien qu’ils représentent ynagtie congrue de notre activité, ces travaux
permettent de mettre en valeur et de partager satreir faire avec la communauté scientifique,

essentiellement francaise, au travers de projetstpels.

L’équipe est actuellement constituée de huit perslnstatutaires, d’'un post-doctorant et de
deux doctorants. Au cours de I'année passeée, festiés de I'équipe se sont enrichis grace au
recrutement d’'un Maitre de Conférence (Emeline &gét a I'arrivée du Pr. Elisabeth Elass issu du
groupe de J. Mazurier ainsi que du Dr Frédéric wimski de I'ancien groupe de Stéphane

Bouquelet. Chague membre de I'équipe est respamsialnh projet, mais intervient également dans
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plusieurs projets. C’est particulierement le cas @¥s B. Coddeville et E. Maes qui ont la
responsabilité des analyses de résonance plasneod@gurface, de spectrométrie de masse et de

résonance magnétique nucléaire.

Nom Fonction Spécialités scientifigues | Responsaldithématique

Yann Guérardel CR CNRS Structure Modéles animaux

Elisabeth Elass Pr USTL Biologie cellulaire Fonction des glycoconjugués
microbiens

Ossarath Kol Pr Polytech-Lille Structure Glycannes d’amphibiens

Florence Delplace McF USTL Structure Glycolipides de levure

Emeline Fabre McF USTL Enzymologie Mannosyltransférases de
levure

Frédéric Krzewinski McF Polytech-Lille Enzymologie Mannosyltransférases de
levure

Emmanuel Maes IR CNRS RMN Polysaccharides d&. cereus

Estelle Garénaux ATER USTL Structure Glycoprotéines d@. cereus
etT. gondii

Yoann Rombouts Doctorant USTL Structure Glycolipides mycobactériens

Lan-Yi Chang Doctorante USTL-NTU  Structure, micralbigie G\I)lgcoprotéines de poisson
zebre

Présentation des travaux

Dés la these, mes travaux ont en partie consistéenle de la structure des glycannes
isolés d'espéces animales génétiguement défideant pour but de définir précisément leurs
profils de glycosylation et de mettre en évideneenduvelles activités glycosyltransférasiques sur
des modeles animaux dont le génome, la physioktde développement sont suffisamment connus
pour permettre I'étude subséquente de ces acteftémsi servir de plateforme a I'étude du rdle
éventuel de la glycosylation dans divers procephysiologiques. Ces travaux sont regroupés dans
I'axe intitulé ‘spécificité des glycosyltransféraseslLes espéces animales répondant a ces critéres
et que nous avons étudiées au cours des dernigméssasonkKenopus laevisXenopus tropicalis
Caenorhabditis elegan$f)anio rerio, Halocynthia roretzet Brachiostoma belcheriCes travaux

ont été effectués entre 2000 et 2008 au sein de@3k} dans I'équipe du Dr Khoo (Taiwan) et dans
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I'équipe du Pr Kitajima (Japon). Nous nous conammgractuellement plus particulierement sur le
modeéleDanio rerio (poisson zébre) qui présente le plus d’'intérétseeme d’étude du rble de la
glycosylation au cours de la fertilisation et dentbryogenése. Ainsi, nous essayons actuellement
de promouvoir le poisson zébre comme modéle d’étatérent en glycobiologie au travers de la
mise en place d'un réseau de collaborateurs etedplateforme d’élevage de poissons zebres
disponible sur TUSTL.

En marge de ces travaux, j'ai initié au cours deiméae de doctorat une série d’études sur la
structure des glycoconjugués mycobactériens ealmmiation avec le docteur Laurent Kremer, du
Laboratoire de Mécanismes Moléculaires de la Pa&hiegMicrobienne INSERM U447 a I'Institut
de Biologie de Lille. Ces travaux se sont d'abardafisés sur I'étude structurale des lipoglycannes
isolés d’especes de mycobactéries encore jamaigétupour en évaluer la diversité structurale.
Dans un deuxieme temps, en collaboration avec elusi équipes de microbiologistes et
d'immunologistes au sein et en dehors de 'UGSBusnavons tenté d’évaluer l'influence de la
structure des lipoglycannes sur leurs propriétémunmomodulatrices au cours de l'infection
mycobactérienne. Au cours des années et au grérderauses collaborations, ces travaux nous ont
également initié a I'étude de diverses formes geaglylation microbienne et constituent a présent
un axe thématique majeur de notre laboratoire uigtit'relations structure-fonction des
glycoconjugués microbiens’ D’'une part, le renforcement de la collaboratigacle Dr L. Kremer,
maintenant dans le Laboratoire de Dynamique desrdations Membranaires Normales et
Pathologiques a Montpellier, nous a permis d’étenars travaux a I'étude structurale d’autres
types de glycoconjugués mycobactériens, en padicalx glycolipides (Lipo-oligosaccharides,
Tréhalose dimycolates, Glycolipides phénoliquesguat glycoprotéines, ainsi qu’a la régulation de
la biosynthése des acides mycoliques. D’autre pempérennisation de collaborations anciennes
mises en place par Gérard Strecker (Dr. D. PouldNSERM U799) et la mise en place de
nouvelles collaborations (Dr C. Faille, INRA UR63Br M. Gohar INRA UMR1238 ; Dr Schwarz
Philipps-University Marburg ; Dr J. Previato, Unigelade Federal do Rio de Janeiro) nous a
permis d'étendre nos champs de compétences a a@bBaumicro-organismes incluant
Corynebacterium diphtheriaeCandida albicans, Bacillus cereus, Toxoplasma gonret

Encephalitozoowuniculi.

Dans le présent manuscrit, je présenterai le @sdi nos travaux dans deux chapitres
principaux reprenant l'organisation des deux axeésnatique&elations structure-fonction des

glycoconjugués microbiens’et ‘spécificité des glycosyltransférasesDans le premier chapitre,
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j'exposerai une partie des travaux sur les glycpmprés microbiens qui ont en commun I'étude des
différentes formes de mannosylation chez les eotesyunicellulaires et les bactéries en essayant
de mettre en lumiere I'évolution de leurs strucsuee éventuellement de leurs fonctions. De fait, |
n’exposerai pas en détail nos travaux actuels coanel'étude des glycolipides déycobacterium
marinumou des glycoconjugués dgacillus cereugpour ne pas surcharger le présent manuscrit.
Une partie sera néanmoins brievement abordée @anselspectives d’études. Dans un deuxiéme
chapitre, jexposerai brievement les résultats mitesur les premiers modeéles d’études que nous
avons utilisés, les xénopes@teleganset m’attarderai sur nos travaux en cours qui eorent le
poisson zebre Oanio rerig) et deux modeles annexes de tunicielalocynthia roretd et
d’amphioxus(Branchiostoma belcheéxi Enfin, dans une derniére partie je compilerai nésultats

de quelques développements technologiques portant la purification et lanalyse des
glycoconjugués nécessaires a nos études. D’'uneereagpenérale, j'essaierai de mettre I'accent sur
les études réalisées au cours des deux dernienégsaen incluant quelques résultats sous forme

d’articles et d’autres encore non publiés.

19

© 2009 Tous droits réservés. http://www.univ-lille1.fr/bustl



HDR de Yann Guérardel, Lille 1, 2008

20

© 2009 Tous droits réservés. http://www.univ-lille1.fr/bustl



HDR de Yann Guérardel, Lille 1, 2008

B- Mannosylation microbienne
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1- Contexte

Le mannose est un monosaccharide tres largemeahdapdans I'ensemble du monde
vivant. C’est un constituant majeur d’'un grand nosnlde glycoconjugués : polysaccharides,
glycolipides, glycoprotéines. Le présent chapié&sume brievement des connaissances de base sur
la structure et la biosynthese des manno-conjugn@®ritaires présents chez les organismes
unicellulaires : bactéries, archae et protistesudNen avons néanmoins exclu une classe pourtant
fortement représentée chez les protistes, les g§ygoosphatidylinositol (GPI), du fait que nous

n’'ayons jamais abordé leur étude.

1.1- La N-glycosylation

1.1.1- Structure des N-Glycannes

La N-glycosylation est une modification post-tratilmienelle commune chez les eucaryotes
impliquant la liaison covalente d’'un oligosaccharidur un résidu d’asparagine au sein d’'une
séquence consensus Asn-X-Ser/Thr{Rroline). Tous les N-glycannes ont en commun wano
pentasaccharidique, le trimannosyl-di-N-acétyldhilee (ManGIcNAc,). De fait, la N-
glycosylation représente chez la majorité des eotes la principale source de manno-
glycoconjugués.

Selon la substitution de ce noyau, on distingussituement trois types de N-glycannes: le
type N-acétyl-lactosaminique ou complexe, le typgomannosidique et le type hybride (Fig. 1).
Pour les N-glycannes de type complexe, I'élongatimeut se faire pardes antennes N-
acétyllactosaminiques de type 1: BaK3)GICNAJ ou de type 2: Gdil-4)GIcNAG. La
diversité structurale des N-glycannes de type cergpbu hybride réside en particulier dans les
possibilités de substitution a leur extrémité pas ducres dits périphériques ou terminaux. Le plus
souvent, la périphérie comprend des monosacchatidesmériea, en positions terminales non-
réductrices, sur les antennes ou directement sumdgau. Chez les mammiferes, ces
monosaccharides consistent généralement en de&s wid@tFuc ou NeuAc. Le plus souvent ce sont
des acides sialiques liés er2,3 oua-2,6 sur un Gal terminal ou du Fuc erl(6) sur le noyau ou
en @1,3) sur un Gal ou une GIcNAc terminale. Chez I'hmnces sucres périphériques peuvent
constituer le support de motifs antigéniques. Enéia N-glycannes peuvent posséder des résidus de
Gal 3-, 4- ou 6-sulfate ainsi que de la GIcNAc-®&qphate.

23

© 2009 Tous droits réservés. http://www.univ-lille1.fr/bustl



HDR de Yann Guérardel, Lille 1, 2008

+/-GlcNAc +/-Fuc
A NeuAc(a2-6 ou 3)Ga[(ﬁ1—4)GICNAC(B1—6)\ » o dade
NeuAc(c2-6ou 3)Gal(B1-4)GIcNAC(B1-2) _Man(a1-8)
NeuAc(a.2-6 ou 3)Gal(B1-4)GIcNAc(B1-4) Man(B1-4)GIcNAc(B1-4)GIcNAc(B1-N)Asn

an(a1-3)
NeuAc(a2-6 ou 3)Gal(B1-4)GIcNAc(B1-2)./

B Man(o1-2)Man(o1-6)
/\/Ian(oc1-6)
Man(o1-2)Mar(c:1-3) Man(1-4)GIcNAC(B1-4)GIcNAC(B1-N)Asn
Man(a1-2)Man(a1-2) Man(a1-3)
c Man(oc1-2)Man(a1-6)\
/Man(a1-6)
Man{o1-2)Man(e1-3) Man(B1-4)GIcNAC(B1-4)GIcNAC(B1-N)Asn
NeuAc(a2-6 ou 3)Gal(p1-4)GIcNAc(B1-2) Man(oc1-3)/ p1-4 01-6
+/-GlcNACc +/-Fuc
D Type 1 Gal(B1-3)GIcNAc

Type 2 Gal(1-4)GIcNAc

Fig. 1: Les trois types de structure N-glycanniqués: type complexe ou N-
lactosaminique; B : type oligomannosidique ou <himgannose » ; C : type hybride ;
D : chaine lactosaminique de type 1 et 2 (Strudwlassiques de mammiferes).Noir :
noyau ; bleu : antennes ; vert : sucres périphéegjou terminaux.

1.1.2- Voie de biosynthese conservee

La biosynthése d’'uiN-glycanne s’effectue en plusieurs étapes : assemldagorécurseur
oligosaccharidique, transfert, action de diversbgogidases puis de glycosyltransférases. Ce
processus est localisé a la fois dans le Réticitaaoplasmique (RE) et dans I'appareil de Golgi.
Les étapes décrites ci-dessous correspondent #odgnthése ded-glycannes telle qu'elle se
déroule dans une cellule de mammifere. Dans leecadr nos études sur les processus de
mannosylation, nous nous concentrerons sur legegf@@coces de la biosynthése.

Le précurseur tétradécasaccharidiques&nyGIcNAC, (Fig. 2) est pré assemblé sur un

résidu polyisoprénique particulier, le dolichala une liaison pyrophosphate.
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Glucosidase | —>(a1-2)

Fig. 2: Structure de l'oligosaccharide précurseur des Najipes.Ce tétradécasaccharide
contient 3 glucoses (triangles), 9 mannoses (csyodt 2 N-Acétylglucosamines (carrés). Les
lettres correspondent a I'ordre d’addition du moaosharide lors de la biosynthese du précurseur.
Les résidus de mannose en vert ou en bleu diffar&nfois par la localisation de leur transfert et
par le donneur impliqué (vert: face cytosoliqueDRsMan ; bleu: lumen, DolPMan).
L'oligosaccharide entier correspond au précurseynthétisé dans les cellules de mammiféres, de
plantes et de champignons. Les sites de clivagquegues enzymes impliqués dans I'élagage
sont indiqués.

Cet assemblage s’effectue dans le RER au cours gfocessus cyclique, le cycle des
dolichols, impliquant I'action séquentielle de éiféntes glycosyltransférases, produits des génes

ALG (Helenius et Aebi, 2004). Les difféerentes étage cet assemblage sont schématisées dans la

UMP upbP
UDP
GDP
[ o GDP uop A
UDP '] o
P ® %
UoP B P P P
ALG7 [M]Sec59[ Sec59[] DPM1 ALG5
ALG13/14 -« —| [—| [— Cytoplasme |
/‘ Lumen \
[+ N R
cop ™ 2 3
é ALG1
GDP  @-mmoa[ | e

ALG2?

<
3
P P P P
L AlGs B ALG10 P

Dolichol
A Glc

m GlcNAc
@ Man

Fig. 3 : Le cycle des dolichols (d’apres Helenius et Aeb 4
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Dans un premier temps, le GIcNAB-P-Dol est formé par addition successive de GlcNA
1-P sur le P-Dol, puis de GIcNAc sur le GIcNAc-PBF2insi formé. Les glycosyltransférases
impliquées utilisent dans les deux cas le nucléotidcre UDP-GICNAc comme donneur. Ces
premieres réactions se déroulent sur la face @gogbue du RE. Les étapes suivantes consistent
en l'addition successive de 9 résidus de mannesecinqg premiers (c,d,e,f,g) le sont a partir de
GDP-Man en une suite de réactions se déroulanadace cytoplasmique. Les 4 derniers (h,i,j,k)
s'ajoutant, au contraire, sur la face luminale @pedournement de l'intermédiaire M&hcNAC,-
P-P-Dol vers la face interne de la membrane. Lesnosyltransférases impliquées utilisent le
Man-P-Dol, donneur synthétisé face cytoplasmiquyeadir de GDP-Man qui, étant donné son
caractére hydrophobe, permet une réaction de @drstalisée dans la bicouche lipidique interne
du RE (Kornfeld and Kornfeld, 1985). De facon saii, I'addition des trois derniers résidus de
glucose se fait a partir de Glc-P-Dol, conduisanpeoduit final, le GlgMangGIcNAc,-P-P-Dol.
Une fois complet, le précurseur est transféré e Bur un résidu asparaginyl d’une protéine
nouvellement synthétisée au sein de la séquenceosas Asn-X-Ser/Thr (X Pro) : il s'agit d'un
événement co-traductionnel.

Chez les mammiféres, I'addition des trois résidesgtlcose confere a l'oligosaccharide
précurseur une affinité plus grande pour l'oligobkacyltransférase (OST) qui en fait son substrat
préférentiel pour le transfert sur la protéine.résidu asparaginyl sur lequel se fait I'additiorit do
étre dans un triplet-consensus: Asn-X-Ser/Thr @htun aminoacide différent de la proline). Si en
général 'OST affiche une affinité particuliére pole précurseur GidanyGIcNAc,-P-P-Dol,
celle-ci n’exclue cependant pas le transfert deyrsurs tronqués (Freeze et Aall05). C'est a
ce moment, une fois I'étape de transfert "en béffe’ctuée, que le devenir de la glycoprotéine est
défini : transfert vers I'appareil de Golgi, ad@gs vers le lysosome ou dégradation. C’est
précisément dans l'appareil de Golgi que le préaursoligosaccharidique subira les étapes
indispensables de maturation a I'origine des stinestoligomannosidiques, complexes ou hybrides.
L'acces a I'appareil de Golgi est conditionné pgaeid signaux portés a la fois par la protéineset |
glycanne.

La diversification ultérieure dds-glycannes de type oligomannosyl en un large répertiz
N-glycannes hybrides ou complexes résulte de acttombinée de glycosyltransférases et
glycosidases. L'élagage du précurseur N-glycannaquemence dans le RE et se poursuit dans les
différents saccules golgiens pour ne conserver adetiucture initiale que I'heptasaccharide
MansGIcNAC,.
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1.1.3- Diversification des voies de biosynthese

1.1.3.1- Chez les eucaryotes unicellulaires

La majorité des eucaryotes synthétisant des N-ghes (champignons, plantes, animaux,
moisissure rampante et euglénes) respectent legsos de N-glycosylation décrit ci-dessus. La
conservation du core pentasaccharidique indiguechague cellule eucaryote produisant des N-
glycannes a conservé |'étape princeps, réticuldieda biosynthése des N-glycannes : le cycle des
dolichols. Si cette étape est conservée, le pedodeées structurales disponibles concernant la N-
glycosylation chez les protistes montre néanmoirnes cprtains de ces organismes présentent des
voies de biosynthese originales, tronquées. Ceguraindiquent ainsi que le transfert d’un
précurseur unique, l'oligosaccharide @anyGIcNAC,, n'a pas été strictement conservé au cours
de I'évolution, et qu’il existe ainsi divepécurseurs oligosaccharidiques synthétisés etfaads
(Castroet al, 2006). La nature du précurseur synthétisé dédaadtement du panel d’enzymes de
type ALG présent dans un organisme. L’existencéalgaines conservés au sein des enzymes de
type ALG facilite leur recherche dans des banquedahnées. De fait, il est possible de prédire la
nature du précurseur oligosaccharidique synth@i@geun organisme en déterminant les enzymes
ALG qu’il posséde. Ainsi, il apparait que chez aar$ eucaryotes, les processus de N-glycosylation
aient été modifiés dans les étapes précoces mlalgréiveau important de conservation, c’est le

cas chez les eucaryotes unicellulaires.

Les levures

Les levures sont les protistes dont les voies dgybbsylation ont été de loin les mieux
étudiées. La principale modification dans la vogehibsynthése précoce des N-glycannes chez les
levures en comparaison du processus précédemmargéeprovient du fait que ces organismes ne
raccourcissent pas le M#@BIcNAc, comme le font les cellules de mammiféres. De fad,profils
de N-glycosylation des levures sont caractérisésaparésence de structures oligomannosylées qui
sont a leurs tours allongées par un grand nombrégidus de mannoses. Ce noyau interne, une fois
la glycoprotéine transférée vers I'appareil de Ggbgut subir une extension par le transfert de
mannoses additionnels liés erd{6), menant a un noyau externe comprenant de53rasidus de
mannose. Finalement, chacun des mannoses liéglgd) peut porter une branche eri,@) ou
(01,3), résultat de l'action de mannosyltransféragetgiennes spécifiques aux levures qui
permettent la synthése de N-glycannes polymanmosyBallou, 1990). De plus, chez de
nombreuses especes de levures, sont observéehalasscoligomannosidiques supplémentaires

liées aux chaines latéraleia des liaisons de type phosphodiester. Sur la beseé&sultats obtenus

27

© 2009 Tous droits réservés. http://www.univ-lille1.fr/bustl



HDR de Yann Guérardel, Lille 1, 2008

par I'étude deSaccharomyces cerevisjda structure des N-glycannes polymannosylés derde

peut étre schématisée comme ci-dessous.

Ainsi, a I'exception des structures M&ICNAC, et ManGIcNAC; les N-glycannes de
levures sont donc largement différents de ceuxrebsechez les mammiferes. De plus, aucun N-
glycanne de type complexe n’est observé chez \esds. La charge normalement apportée par la
présence de résidus d’acides sialiques ou de gmoenis sulfates est éventuellement remplacée par
des groupements phosphates, voire dans de rargsacakes acides uroniques (Fukazaival, 95)
ou des groupements pyruvates (Gematilal, 96). Néanmoins, la fonction éventuelle de telles
charges est inconnue a ce jour.

Si le modéle de glycosylation général semble étem lronservé chez toutes les levures
étudiées, il faut néanmoins noter une diversitéctilirale relativement importante entre les
différentes espéces voire entre différents sératgigela méme espece. Ainsi, les N-glycannes vont
différer a la fois dans la composition des leurgé@rités (Man, Gal, GIcNAc), dans la taille et
degré de branchement de leurs oligomannosides gunsi dans I'anomérie de leurs résidus
glycosidiques. Ci-dessous sont représentés quelgxemples de spéciation structurale des N-

glycannes polymannosylés.

@ B-1.2-Manp
O a-Manp
@ o-1,3-Manp oH ( )
—0-p=0 —0-

O—5—
772
o

QO a-1,2-Manp |
O a-1,6-Manp P
@ o-1.2Gap Q
<> a-1,3-Galp-4,6-pyr ( )n

C. albicans P. pastoris  S. pombe S. cerevisiae
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Les autres protistes
En dehors des levures, les données concerngmtdesssus de N-glycosylation des protistes
restent tres fragmentaires. Néanmoins, quelquedegtstructurales assez anciennes ont mis en
evidence la présence de N-glycannes oligomannosgiégués chez plusieurs especes d’eucaryotes

unicellulaires tels qué&retrahymana pyriformisTrypanosoma cruzyu Leishmania majgrcomme

o0 ns
oo o na

indiqués ci-dessous :

b

1to3

oo
e

vy

T. pyriformis T. cruzi L. major
Taniguchi et al., 1985 Engel et al., 1985 Funk et al., 1987

Ces resultats suggerent fortement la modificaties processus réticulaires de glycosylation
chez ces organismes, due a I'absence d’'un certaibre de glycosyltransférases réticulaires. Des
études récentes de Robbins et collaborateursadomde de tests biochimiques et de I'exploration
des bases de données génomiques, ont élégammeantd&iiabsence de panels différents de
glycosyltransférases de type Alg chez la plupag e@gcaryotes unicellulaires (Samuelsiral,

2005 ; Banerjeet al, 2007). Ces résultats sont résumeés ci-dessous :

Organismes Enzymes réticulaires manquantes Formentiite de transfert prédite

S. cerevisiae ; Dictyostelium | Aucune

T. cruzi Alg 6, 8, 10 §
GlcTfase utilisant Dol-P-Glc
-l

T. gondii ; T. pyriformis Alg 3,9, 12

ManTfase utilisant Dol-P-Man

G. intestinalis ; P. falciparum | Toutes les Algs, sauf Alg 7

E. cuniculi Toutes les Algs et STT3
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Cette diversité de la glycosylation ne résultepais de la complexification progressive du
processus de glycosylation mais bien de pertesndages des différentes enzymes au cours de
I'évolution, a partir d’'un ancétre commun possédarganel complet d’enzymes qui permettent la

biosynthese du précurseur eltanyGIcNAC,.

1.1.3.2- Chez les bactériesaethaea

Bien qu’aboutissant a la synthése de structures différentes, les rares exemples de
processus de N-glycosylation décrits chez les hastérelévent de nombreuses homologies
fonctionnelles. En particulier, un équivalent bdet¢ de N-glycanne consistant en
I'heptasaccharide GalNAa(-4)GalNAc@1-4)[Glc(al1l-3)GalNAc(1l-4)GalNAc(1-
4)GalNAc(@1-3)BacNH lié sur un résidu d’asparagine a été mis en éeelehezC. jejuni[Young
et al, 2002]. Bien que non essentiel a sa survie, latsele N-glycosylation réduit fortement la
capacité de la bactérie a coloniser son hote (Sagknat al, 2002). De la méme maniere que chez
les eukaryotes, la biosynthese des N-glycannesiresée sur un substrat lipidique (un
bactoprénylpyrophosphate inséré dans la membrapéaeea du dolichylphosphate de la membrane
du RE) dans le compartiment cytoplasmique au sequel se poursuit 'addition séquentielle des
divers monosaccharides a partir de nucléotidesesuBuis, I'heptasaccharide précurseur traverse la
membrane pour s’orienter vers le périplasme et téamresféré en bloc sur le résidu d’Asn d’'une
séquence consensuelle Asp/Glu-X-Asn-Z-Ser/Thr (XZetlifférents de Pro) par une protéine
équivalente a STT3, la protéine PgIB (Linteinal, 2005; Kellyet al, 2006 ; Kowarik, 2006). Au
contraire des eucaryotes chez qui la diversificatstructurale s’effectue précisément dans la
lumiere du RE et du Golgi, les bactéries ne semigas modifier la structure oligosaccharidique
aprés changement de compartiment. Néanmoins, leqjueade données structurales ne permet
d’apprécier ni la diversité structurale des N-glyoes bactériens ni la spécificité vivo de PglB
envers le précurseur oligosaccharidique. Un prasegquivalent a celui des bactéries a été observe
chez les haea chez lesquels la biosynthese serait initiee sgrmrécurseurs lipidiques de type
dolichylphosphate et dolichylpyrophosphate (Lecheteal, 1985). Au contraire des bactéries, les
données structurales accessibles établissentrisféra de N-glycannes de structures différentes en
fonction de [l'espece: Mafil-4)Gal chez Haloferax volcanii (Kuntz et al 1997),
ManpNACcA6Thr31-4)GIcpNACc3NACAB1-3)GlcpNAcB- chezMethanococcus voltag/oisin et
al., 20005). Ces données suggerent que la spécifieitéoligosaccharidyl-transferasBarchaea

soit assez lache pour transférer des glycannes trdetwses différentes, ce que confirme
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I'observation d’'un transfert d’oligosaccharidesniaés chez le mutaM. Voltae aglA(Chabaret

al., 2006). Les homologies entre eucaryotes, bactétmshaeasont résumeées ci dessous :

Eucaryotes Bactéries Archae
Donneur de sucre Nucléotides-sucres | Nucléotides-sucres Nucléotides-sucres
Dol-P-sucres
Transporteur lipidique Dolichyl pyrophosphate Bactmyl- Dolichyl mono- ou
pyrophosphate pyrophosphate
Lieu du transfert Lumiére du ER Face externe de |lkace externe de Ia
d’'oligosaccharide membrane plasmique membrane plasmique
Oligosaccharidyl Multimérique ;  STT3| Monomérique ; PgIB Monomeérique ; PgIB
transférase sous-unité catalytique
Séquence consensuelle N-X-S/T#XP) D/E-X-N-Z-SIT (Z, X# | N-X-S/T (X = P); N-X-
P) N/LIV
Modifications du Dans le RE et Golgi Aucune Inconnue
glycopeptide

D’un point de vue évolutif, la présence dans lesstdomaines du vivant de N-glycannes
dont la biosynthése repose sur des principes comnsuiggere que cette modification post-
traductionnelle soit tres ancienne et que le systeommun a I'ensemble des eucaryotes dérive

d’'un ancétre bactérien ou archéal unique.

1.2- La O-glycosylation
1.2.1- Structure des O-glycannes

La O-glycosylation dans son sens large définititasdn d’'un oligosaccharide sur un
polypeptidevia une liaison O-glycosidique. Il existe différenypés de O-glycosylation, certains
types étant limités a des especes, des tissuseopalypeptides particuliers. Elle représente une
famille extrémement diversifiée que I'on observegiBensemble du monde vivant. En effet, la O-
glycosylation peut s’effectuer sur plusieurs typkacides aminés (Ser, Thr, Hyp, Twj)a de
nombreux monosaccharides différents (Man, GalNA&N&c, Gal, Fuc, Glc, Ara), chaque
combinaison étant a l'origine d’un type particulésr O-glycannes. La plus fréquemment répandue
dans le monde animal, implique la liaison d’'undésilea-D-N-acétylgalactosamine en sur un

acide aminé hydroxylé, la sérine (Ser) ou la thidon(Thr). Elle définie une famille
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structurellement trés hétérogene de composés caougde nom de ‘O-glycannes de type mucine’.
Néanmoins cette famille de O-glycannes ne contimais de résidus de mannose. Une autre
famille de O-glycannes, beaucoup plus restreirgec@nposée quant a elle presque uniquement de
résidus de mannose et est connue sous le nom deafeosylation’. Elle est en particulier
retrouvée chez les levures ou elle constitue lallamajeure de O-glycannes, mais a été également

identifiée chez certaines bactéries et les eucasymipérieurs.

Chez les bactéries

Chez les bactéries la O-mannosylation a été idéatifdans plusieurs espéces de
mycobactéries donMycobacterium tuberculosi®t M. bovis En particulier, la protéine du
complexe 45/47-kDa (Apa) est substituée par desaBrmsides constituésodl,2Marp (Doboset
al., 1995 ; Dobo<t al, 1996). La présence de ces O-mannanes seraipamiable aux capacités
immuno-modulatrices d’Apa et servirait de liganthdrotéine surfactante pulmonaire A (PSP-A)
(Romainet al, 1999 ; Horn te al., 1999 ; Ragasal, 2007). La protéine MPB83 retrouvée elle
aussi chezM. tuberculosiset M. bovisest quant a elle substituée par un O-mannosidstit
d’'unités dol,3Mam, ce qui laisse présager I'existence de processusahnosylation spécifiques
des protéines au sein d'une méme espece de myédabagtlichell et al, 2003). Plusieurs autres
glycoprotéines mycobatériennes, telles que leplip@ines de 19 et 38 kDa && tuberculosis
sont supposées étre O-mannosylées sur la basea®agssances spéecifiques avec des lectines,
mais la structure exacte de leurs domaines margmosgbpectifs est encore inconnue (Gaitoa,
1993 ; Herrmanret al, 1996). En dehors des mycobactéries, quelques mrges exemples de
mannosylation directe sur les protéines bactérenmat été mis en évidence, telles les N-
acétylendoglucosaminidases F2 et F3 Ravobacterium meningosepticusubstituées par le
glycanne 2-O-Me-Man(1-4)GIcNACcA(1-4)GIcA(1-4)Glc@)2-O-Me-GlcA-1-4)[2-O-Me-Rham(1-
2)]Man et les cellulases d&treptomyces lividarst Cellulomonas fimisubstituées par un O-

glycanne contenant du mannose et du galactosedtCalg 1994 ; Reinholet al, 1995).

Chez les levures
La O-mannosylation reste la seule forme connue-gé/Csylation chez les levures. Toutes
les levures étudiées jusqu'a présent sont capdelesynthétiser des structures de type Man(
2)Man(@1-2)Man@1-)Ser/Thr. Néanmoins, comme pour les N-glycanngss structures
synthétisées varient selon I'espece considéfe.cerevisiaese distingue par l'addition de

Man(a1,3) pour donner lieu a de courtes structures weyiées, éventuellement substituées par
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des groupements phosphat€andida albicanset Pichia pastorisne transferent que des Man liés
ena-1,2, formant des chaines de tailles variablegjisagueCandida albicansemble également
étre capable de transférer des Man lieg-dn2 (Fradinet al, résultats non publiéskaccharoyces
pombese caractérise par I'attachement d’'un ou deuxduésde Gal, conduisant a I'éventuelle
obtention d'oligosaccharides ramifiés. Cette diitérstructurale est résumeée ci-dessous. Il est
intéressant de remarquer un parallele entre lactanel des O-glycannes et celles des chaines
latérales des N-glycannes dans une espece doneequiclaisse présager des systemes de

biosynthése au moins en partie commun.

@ b-L.2-Manp Ser/Thr  Ser/Thr Ser/Thr Ser/Thr
QO a-Manp
@® a-1,3-Manp (g)n (é)n ( )n ( )0-2
Q a-1,2-Manp ( )0—2
0 a-1,2-Galp
() a-1,3-Galp

C. albicans S. pombe S. cerevisiae

Les O-glycannes liéga un résidu de mannose sont également retrouvédehencaryotes
supérieurs sous d’autres formes. On notera encphbeti, I'a-dystroglycan, une glycoprotéine
indispensable a la neurogenése, qui est substit@éeine chaine glycannique de type : &2a(
3)GalB1-4)GIcNAcB1-2)Maro (Shiba et al, 1997).

1.2.2- Biosynthese des O-glycannes

La biosyntheése des O-mannosides a été décryptéeutapremier temps dans I'organisme
chez qui ils ont été découverts, la levBrecerevisiaeAu contraire de la majorité des autres types
de O-glycosylation, l'initiation de la O-mannosytat a lieu dans la lumiére du RE, par le transfert
de la premiére unité de mannose sur le peptideoars ae translocation. Ce transfert s’effectue
sous l'action d’'une famille de mannosyltransférases Pmts, qui utilisent le Dol-P-Man comme
substrat donneur de mannose et non un nucléotate. 81 cerevisiaeomprend actuellement sept
membres présentant de fortes homologies et classéstrois sous familles : la sous famille Pmtl
(Pmtl, pmt5, pmt7), la sous famille Pmt2 (Pmt2, nmt6) et la sous famille Pmt4. Par
comparaison, 5 isoformes de Pmts ont été identifizC. albicanset seulement 3 ch&x pombe

La multiplicité des Pmts chez les levures, sertaumtes au transfert d’'un unique résidu de mannose,
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est encore une question ouverte et est réminiscknta multiplicité des polypeptides transférases
chez les mammiferes (17 a ce jour) ; ce sujet aré&témment abordé en détail par Ernst et
collaborateurs (Lengelet al, 2008). Il semble néanmoins que ces enzymes eatsatctivent que
sous forme d’hétérodiméres présentant des spééffidie substrats accepteurs différentes et qu'au
sein d’'une méme protéines, différents domainesspuoisétre mannosylées par des Pmt différentes
(Girrbach et al, 2005 ; Ecket al, 2003).

Dans un deuxieme temps, les O-mannosides sonigabodans le Golgi sous I'action
séquentielle di-1,2-mannosyltransférases de la famille Ktr et-il;3-mannosyltransférases de la
famille Mnn1 utilisant de GDP-Man comme substrabmeur (Lussieet al, 1999). Il est a noter
gue ces mémes enzymes participent conjointemergnandelage des chaines latérales N-glycannes
dans le Golgi. Les différentes étapes de la bidtmgd des O-mannosides cl¥ezerevisia@peuvent

étre résumées comme ci-dessous :

GDP-Ma I Dol-P-Man

O a-Manp (\, :
® a-1,3-Manp @?O?O?IO?Ser/Thr

O a-1,2-Manp Manip mntz kil Pmts
Ktr3

5

. Mntl
Golgi | RE

Chez les eucaryotes supérieurs, seuls deux honedadges genes PMTs ont été identifiés :
POMT1 et POMT2 chez les mammiferes et leurs hommseg (rotated abdomen) & (twisted)
chezDrosophila melanogastgduradoet al, 1999 ; Willeret al, 2002). Tout comme les Pmts chez
les levures, I'hétérodiméere POMT1/POMT2 initie lagynthése de la O-mannosylation dans le RE
chez les mammiferes (Lommet al, 2008). Aucun équivalent des protéines de manateyl
golgiennes Ktrs, Mntl et Mnnl n’a été observé deszeucaryotes supérieurs, ce qui expliquerait
I'absence d’oligomannosides.

1.3- Les Lipoglycannes

Une derniere classe majeure de manno-glycoconjuguésnous avons étudiée sont les
lipoglycannes et leurs dérivés isolés de mycob@stétes lipoglycannes sont des constituants
majeurs de la paroi des mycobactéries. Ils sorg b@sés sur une ancre de type phospo-inositol-

glycérol acylée. lls comprennent trois famillesatenposés reliés par une filiation biosynthétique
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directe: les phosphatidyl-inositolmannosides (PIMdes lipomannanes (LMs) et les
lipoarabinomannanes (LAMs). Les PIMs sont constitd&ine famille homogene de composés
présentant de deux (PWMa six (PIM) résidus de Magm L'inositol de PIM est mannosylé en
positions C-2 et C-6 tandis que I'élongation subséatg de la chaine mannosylée dans les; RIM
PIMe s'effectue a partir de la position C-6 de l'inalsjLee, Y.C. & Ballou, C.E., 1965). La position
C-2 de l'inositol étant toujours substituée pamunigue mannose, c'est la longueur de la chaine en
C-6 (1 a 5 mannoses) qui détermine la nature du @M, a PIMs). De fait, I'archétype de la

structure de la partie oligosaccharidique des Riblg étre résumée comme ci-dessous :

En plus des positions C-1 (position R1) et C-2 ifjpws R2) du glycérol, les positions C-2
(position R4) et C-6 (position R3) de l'inositol @ Marp lié en 1,2 sur l'inositol respectivement
peuvent également étre acylées, donnant naissades formes di-, tri- et tétra-acylées des PIMs
(Aco-, Acs- et AgPIMS). Les trois acides gras les plus communénabttifiés lors des études

citées sont les acides palmitiqued)Cstéarique (&) et tuberculostéarique (§; acide 10-méthyl-

octadécanoique).

Les LM et LAM sont des lipoglycannes complexes titunss de plusieurs domaines: une
ancre phosphatidyhycinositol et un domaine polysaccharidique plus ainms complexe. Il sont
issus de l'allongement de PiMet peuvent étre considérées comme des formes-ghydbsylées
des PIMs. De fait, I'ancre phospimoycinositol des LM et LAM est strictement identiquesglle
des PIMs. LM et LAM semblent systématiquement ciztex chez toutes les mycobactéries et ne
difféerent que par la constitution de leur domaimdéygaccharidique. Alors que celui du LM n'est
constitué que d'un homopolymere de D-mannose (d@maannane), celui du LAM est constitué

d'un domaine mannane et d'un domaine arabinandgemeger étant lui méme substitué par un
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troisieme domaine de composition variable appetéff&e’. Les LM et LAM partagent un méme
domaine mannane directement lié sur la positionde-6inositol de I'ancre phospmaycinositol-
glycérol. Il est constitué d'un enchainement lireea'unitésa-D-Manp liées en 6 partiellement
substituées en-1,2 par un résidu de D-MpnCet arrangement a été décrit a l'identique diez
tuberculosis(Chatterjeeet al, 1991),M. bovisBCG (Venisseet al, 1995) etM. smegmatigKhoo,

et al, 1996). Par contre, la taille et le degré de suitsin de ce domaine sont sujets a variations.
Au sein d'une méme espece, le polymere de manxbdeeeun polydispersité importante. Ceci a
été confirmé grace a la mesure de la masse du demmaannane du LM dbl. smegmatigpar
spectrométrie de masse qui a montré que sa taitie de 17 a 35 résidus de mannoses, avec un
maximum de 26 unités (Khoet al, 1996). Dans cette méme espéce il a été montrélegue
domaines mannanes du LAM et du LM étaient de méaille et présentaient une polydispersité
équivalente, alors que ceux t& tuberculosisErdman sont de tailles différentes (Chatterjee &
Khoo 1998). La taille du domaine mannane variegfgeht en fonction de I'espéce: en moyenne 26
chezM. smegmatis20 cheaVl. tuberculosisErdman et 18 cheldl. bovisBCG. De méme, le degré
de substitution des chaines de mannose semble garfenction de I'espece de 50 a 70 % environ.
Le détail des relations entre structure et fonstides lipoglycannes a fait I'objet de plusieurs
revues tres complétes (Chatterjee & Khoo, 1998efihet al, 2008).
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2- Travaux

2.1- Simplification des voies de glycosylation chez les eucaryotes unicellulaires

Ces travaux ont été entrepris dans le cadre d'tuteé&énérale concernant la simplification
des voies de biosynthése des protistes. Sur ladeséravaux précédemment exposes, il apparait
gue de nombreux protistes ont perdu au cours deélalution un nombre variable d’enzymes de
N-glycosylation, ce qui a modifié leurs potentielse glycosylation (Samuelsoet al, 2005 ;
Banerjeeet al, 2007). Ces données génétiques ont été confirderesquelques cas.(pyriformis,

T. cruz) par des études structurales indépendantes, mmidecniéres restent trop fragmentaires. En
particulier, aucune donnée structurale solide caovard les eucaryotes unicellulaires parasites
obligatoires tels quel. gondii et P. falciparum n’est réellement disponible ce qui limite
l'interprétation des données génétiques.

Nous avons eu l'opportunité d’aborder cette thémetipar I'étude dé&. gondiiet de deux
espéeces de microsporidies au travers de collabosa@étroites avec deux équipes spécialisées dans
'étude de ces organismes. Nous nous sommes atéadiééerminer la structure des N- et des O-
glycannes synthétisées par ces modeles d’étudaeldes difficultés majeures de ces études et de
différencier le matériel parasitaire de celui ded#lule hote dans laquelle il se développe. Eateff
malgré des protocoles de purification sophistiquést virtuellement impossible de se prémunir de
contaminations éventuelles de la cellule héte (Rablet al, 2005 ; Monket al, 2006). Ce
probleme est encore aggravé quand le parasite &igeh potentiellement des composés
structurellement proches de ceux de I'hote et/dil lps synthétise dans des quantités restreintes.
De fait, ces études ne peuvent s’effectuer queupar comparaison minutieuse des profils de

glycosylation des cellules hétes et de leurs p@®si

Etude des profils de mannosylation des microspesidi

Ces travaux ont été inities en 2005 dans le cadmedcollaboration avec le Dr Christian
Vivares (UMR CNRS 6023). lls ont pour objectif diéter le réle éventuel de la glycosylation des
protéines membranaires des microsporidies. Une iprendétape a consisté a définir les profils de
glycosylation de deux especes de microsporidiesephalitozooruniculi et Antonospora locustae

Trés peu d’informations sont actuellement dispasbsur la diversité glycannique et les
processus de glycosylation chez les microsporidies, ensemble de plus de 1200 espéces
d’eucaryotes unicellulaires, toutes parasites t¢efialaires. Plusieurs espéces sont des pathogenes
de 'homme et provoquent des infections chez leBepd immunodéprimés. La spore des

microsporidies est entourée par une paroi épald®e contient un organe appelé tube polaire qui
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joue un role essentiel lors de linvasion de lalutel hdte. La paroi épaisse de la spore est
majoritairement composée de chitine. Par conti® pagasites ne seraient capables de synthétiser ni
glycogéne, souvent utilisé comme polysaccharide réserve, ni 31,3 glucane pourtant
communément retrouvé dans la paroi des champignangrésence de glycoconjugués a été
cytochimiquement suggeérée pour au moins trois typesstructures sporales: I'exospore, le
capuchon polaire et le tube polaire. En particuligtilisation de lectines a démontré la présedee
glycannes O-mannosylés sur des protéines parigRlé3l). Ces résultats préliminaires étaient en
accord avec I'annotation du génomd=dtuniculiqui suggérait la O-mannosylation comme seul
mode de O-glycosylation dans cette espéce.

Dans le but de définir leur role éventuel et legyemes impliquées dans leur biosynthése,
nous avons entrepris d’étudier la structure fing glgcannes majeurs de cuniculi et A. locustae
Nous avons démontré I'absence de N-glycosylatiogz abes deux organismes, en accord avec
'absence des homologues microsporidiens pourriegrees-clefs de la N-glycosylation. Par contre,
nous avons mis en évidence et séquencé par liidis combinée de la spectrométrie de masse, de
la chromatographie en phase gaz et de la RMN ah@as champ une famille homogéne de O-
glycannes linéaires constitués de résidus de masniss enal-2 (Taupinet al, 2007). Ces
composés sont tres similaires a ceux identifiés dahevure pathogene. albicans La définition
précise de la structure des O-glycannes endogéne® da voie a I'étude des enzymes de
biosynthese des glycannes et du réle de la glyatsgl chez ces organismes sur le modele des

études actuellement réalisées chez les levures.
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Protein glycosylation in microsporidia, a fungi-related group
comprising exclusively obligate intracellular parasitic species,
is still poorly documented. Here, we have studied glycoconju-
gate localization and glycan structures in spores of
Encephalitozoon cuniculi and Antonospora locustae, two dis-
tantly related microsporidians invading mammalian and
insect hosts, respectively. The polar sac-anchoring disc
complex or polar cap, an apical element of the sporal invasion
apparatus, was strongly periodic acid-thiocarbohydrazide-Ag
proteinate-positive. Mannose-binding lectins reacted with the
polar cap and recognized several bands (from 20 to 160 kDa)
on blots of E. cuniculi protein extracts. Physicochemical ana-
lyses provided the first determination of major glycostructures
in microsporidia. O-linked glycans were demonstrated to be
linear manno-oligosaccharides containing up to eight «l,
2-linked mannose residues, thus resembling those reported in
some fungi such as Candida albicans. No N-linked glycans
were detected. The data are in accordance with gene-based
prediction of a minimal O-mannosylation pathway. Further
identification of individual mannoproteins should help in
the understanding of spore germination mechanism and
host—microsporidia interactions.

Keywords: glycan analysis /microsporidia /O-mannosylation/
polar cap/ultracytochemistry

Introduction

I'he identification of glycans and glycoconjugates in eukary-
otic parasites is of interest for the knowledge of host-—parasite
interactions and pathogenic determinants (Guha-Nivogi et al.
2001). It is worth noting that the capacity of classical
O-linked and N-linked glycosylations can be highly reduced
in some species exhibiting an obligate intracellular lifestyle.
I'his 1s the case of the apicomplexan parasite Plasmodium
falciparum (malaria agent) in which the most abundant

"To whom correspondence should be addressed; Tel: +33 4 73 40 74 57;
Fax: 433 4 73 40 76 70; e-mail: christian.vivaresi@univ-bpclermont.fr

glycoconjugate structures are  glycosylphosphatidylinositol
(GPI) anchors (Gowda et al. 1997). Bioinformatic analysis
of the P. falciparum genome sequence revealed only four
potential enzymes of the N-glycosylation pathway and no
enzyme characteristic of the synthesis of complex O-linked
glycans (Aravind et al. 2003).

Relatively little is known about carbohydrate diversity and
glycosylation processes in microsporidia, an assemblage of
over 1200 unicellular eukaryotic species that are all obligate
mtracellular parasites. These organisms are viewed as highly
derived fungi having undergone rapid reductive evolution
(Keeling 2003; Thomarat et al. 2004). Several species are
human pathogens and may cause severe diseases in immune-
deficient patients (Weiss 2001). Their development inside host
cells comprises a proliferation phase (merogony) followed by a
differentiation phase (sporogony) producing small spores that
can be released in the environment. Surrounded by a resistant
cell wall, the microsporidian spore contains a very long coiled
organelle (polar tube) that plays an essential role in the onset
of cell invasion. Indeed, the polar tube can be quickly extruded
at the apical pole of the spore in order to inject the sporoplasm
into a new host cell (Xu and Weiss 2005).

Chitin appears as the unique microsporidial polysaccharide
and 1s associated with the thick inner layer of the spore wall,
named the endospore (Bighardi et al. 1996; Vavra and
Larson 1999). Glycoconjugates should be abundant in a
periodic  acid-Schiff (PAS)-positive apical region of the
spore, called the “polar sac-anchoring disc complex™ or
“polar cap”, that comprises a dome-shaped vesicular structure
closely associated with a discoid element capping the anterior
end of the polar tube (Vavra and Larson 1999). Current
biochemical information about microsporidial glycoproteins
mainly derives from lectin-binding experiments. Blotting of
Glugea plecoglossi spore extracts with eight different lectins
showed that only concanavalin A (ConA) and wheat germ
agglutinin (WGA) react with some protein bands (Kim et al.
1999). In Encephalitozoon intestinalis, two proteins of the
outer spore wall layer (exospore) were assumed to be
N-glycosylated on the only basis of their detection with
specific antibodies in the fractions of infected cell lysates that
were immobilized on either ConA or WGA-coated agarose
beads (Hayman et al. 2001). In contrast, purified E. hellem
polar tube protem (PTP) 1 should be O-mannosylated
because of its lack of reactivity with an antibody to
O-GleNAc, its binding to only ConA among 10 different
lectins, and climination of this binding by NaOH treatment
(Xu et al. 2004). The occurrence of O-mannosylation is more
in agreement with annotation data for the genome sequence
of the closely related species E. cuniculi (Katinka et al. 2001;
Vivares and Méténier 2004).
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In this article, we report on the localization and
structure of mannoconjugates in spores of the microsporidians
E. cuniculi and Antonospora locustae. Labeling  with
mannose-specific lectins at the electron microscope (EM)
level suggested that the polar cap is a major site for
mannose-rich glycoproteins. Analyses of glycan fractions
with mass spectrometry (MS) and nuclear magnetic reson-

ance (NMR) techniques led to the first determination of

oligosaccharide structures linked to microsporidial proteins.

Results

Our primary choice of E. cuniculi, a monokaryotic

(mononucleate) microsporidian that infects a wide range of

mammals, including humans, was justified by the extreme
reduction of its genome (2.9 Mbp) that was fully sequenced
(Katinka et al. 2001) and viewed as a model of “minimal
genome” in cukaryotic cells (Méténier and Vivarés 2004).
For comparison, analyses were also performed in the diplo-
karyotic (binucleate) species A. locustae that invades grass-
hoppers and locusts and has a 5.3-Mbp genome for which a
sequencing project is in progress (http: //gmod.mbl.edu/perl/
site /antonosporall; Antonospora locustae Genome Project,
Marine Biological Laboratory at Woods Hole, funded by
NSF award number 0135272).

Reactivity of spore structures to PATAg and
mannose-binding lectins

An adaptation of the PAS reaction to the EM localization of

polysaccharides and glycoconjugates, known as the periodic
acid-thiocarbohydrazide-Ag  proteinate  (PATAg) reaction
(Thiéry 1967), was applied to ultrathin sections of epoxy
resin-embedded E. cuniculi spores. A strongly labeled struc-
ture was a cup-shaped organelle, named the polar cap, close
to the spore apex and abutting the anterior end of the polar
tube (Figure 1A). Another PATAg-positive region was the
lamellar polaroplast, a tightly folded membrane system that
represents the precursor of the new plasma membrane sur-
rounding the sporoplasm when transferred into a host cell.
The reactivity of the spore envelope and polar tube was rather
low. Interestingly, a section through a germinated spore (with
extruded polar tube) revealed that the reactive material of the
polar cap forms a collar-like structure around the aperture
required for the passage of the polar tube (Figure 1B).
Moreover, a significant labeling was associated with the
surface of the extruded polar tube. The carbohydrate richness
of the polar cap was also evident when applying the
PATAg test to ultrathin frozen sections of spores from both
A. locustae (Figure 1C) and E. cuniculi (data not shown).
The EM localization of potential mannoconjugates in
E. cuniculi cells was investigated by treatment of cryosections
with two biotinylated mannose-binding lectins [ConA and
Galanthus nivalis agglutinin (GNA)] followed by immuno-
gold detection. ConA labeling was associated with polar tube
coils located in the posterior region of the spore (Figure 2A).
In the anterior region, both the polar tube straight part and
the polar cap were ConA-reactive (Figure 2B). The main
GNA-labeled spore structure was the polar cap (Figure 2C),
as previously found with PATAg reaction. A few images
were obtamed for sporoblasts, the precursor cells in which
the biogenesis of the extrusion apparatus occurs. Gold

© 2009 Tous droits réservés.
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particles were clustered in a more or less central cytoplasmic
area consisting of small vesicles and extending close to a
tubular network characteristic of polar tube formation
(Figure 2D). These vesicles possibly derive from the nondic-
tyosomal Golgi apparatus that remains difficult to identify
only on the basis of morphological criteria. The same
labeling pattern was observed in A. locustae cells (data not
shown).

Detection of E. cuniculi glveoproteins on electrophoretic
profiles

The spore proteome of E. cuniculi has been recently
investigated using two-dimensional (2-D) electrophoresis and
MS techniques, leading to sequence characterization of 177
protein spots (Brosson et al. 2006). In a first attempt to detect
glycoproteins in 2-D profiles, gels (pl range: 3-10) were
either stained with Coomassie blue (Figure 3A) or blotted for
further staining with a PAS-derived procedure involving
sugar biotinylation (Figure 3B). A low number of rcactive
spots were observed. A poorly resolved acidic region was
centered on 55 kDa and correlated with a group of 10 differ-
ent proteins. Two of these proteins are known to be specifi-
cally secreted during sporogony: PTP1 (Delbac, Peyret, et al.
1998) and exospore protein spore wall protein (SWP) (Bohne
et al. 2000). No sequence assignation was available for other
glycoprotein spots, mainly seen between 30 and 35 kDa at
neutral pl and m a 110-kDa basic region.

The presence of mannose-containing glycoproteins was
tested by ConA and GNA blotting afier sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of
spore protein extracts. Because of their highly resistant cell
wall, E. cuniculi spores were subjected to two different
extraction procedures: one based on the combined action of
urea and a disulfide-reducing agent [dithiothreitol (DTT)] and
the other involving hot SDS treatment. Although protein pat-
terns of the two kinds of extracts were significantly different,
ConA and GNA reacted with some common bands in the two
profiles: two bands at 38 and 55kDa and least two other
bands smearing between 100 and 160 kDa (Figure 4). In SDS
extracts, a 65-kDa band and a doublet close to 20 kDa were
also recognized by the two lectins. Ovalbumin preincubation
prevented lectin binding for all bands (data not shown). Thus,
in accordance with our previous ultracytochemical data, some
microsporidial spore proteins  should be mannosylated.
Subsequent physicochemical studies were oriented toward the
characterization of glycan structures.

N-glycans are virtually absent in peptide
N-glycosidase-digested fractions

Potential N- and O-linked glycans were purified from total
delipidated extracts by sequential enzymatic  digestions
with peptide N-glycosidase F (PNGase F) and peptide
N-glycosidase A (PNGase A), followed by reductive
B-elimination. Separation of released glycans from remaining
glycopeptides was achieved between each step by passage
through C-18 columns, which was shown to permit collection
of N- and O-linked glycans from a single sample (Dell et al.
1994), Both PNGase F and A, with different substrate specifi-
cities depending on the presence of fucose residue on chito-
biose core, were used to release both possible types of
N-glycans. Each of the three glycan fractions was tested for
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Fig. 1. EM localization of glycoconjugates with PATAg reaction in microsporidian spores. [(A) and (B)] Epoxy resin sections of E. cuniculi spores. (A) Strong
reactivity of the polar cap (PC) overlying the lamellar polaroplast (Po) and anterior straight part of the polar tube (PT). Polaroplast and plasma membrane (PM)
are moderately labeled. (B) Section across a germinated spore focussing on the apical aperture surrounded by PATAg-positive material (arrows) originating from

the PC. Note also the reactivity of the surface of the extruded polar tube (arrowheads). (C) Cryosection of A. locustae spore. PC labeling is evident. Arrows
indicate several coils of the polar tube. Ex, exospore; En, endospore. Bar, 200 nm.

its monosaccharide composition in gas chromatography
coupled to mass spectrometry (GC—MS) and MS-analyzed as
permethylated derivatives. This strategy repetitively failed to
conclusively demonstrate the presence of N-linked glycans
in several batches of spores from both E. cuniculi and
A. locustae. Composition analysis of PNGase-digested pro-
ducts did not show the presence of GleNAc and Man residues
in significant amounts to be attributed to N-linked glycans.
Accordingly, MS analyses of these fractions i native forms,
or after permethylation, did not show any signal due to poten-
tial  N-glycans. We conclude that either endogenous
N-glycans were absent or, if present, the quantities were too
low to be detected by physicochemical means. As expected,
N-glycans were found in mammalian Madin—Darby canine
kidney (MDCK) cells used for our E. cuniculi cultures after
application of the same purification protocol and
matrix assisted-laser desorption/ionization time of flight
(MALDI-TOF) MS.

O-glyecans are linear mannosylated oligosaccharides

Composition analyses established that mannose is the major
monosaccharide component of O-linked glycan fractions (at
least 70%). In order to facilitate further analysis, O-glycan
fractions were separated into two subfractions (flow through
subfraction and included subfraction) by gel filtration on a
Bio-Gel P2 column. These subfractions were then permethy-
lated and subjected to MALDI-TOF and eclectro-spray
(ES)-ion trap MS analyses. In all experiments involving
permethylated  products, CD;l was used as primary
permethylation reagent to detect natural monosaccharides

58

© 2009 Tous droits réservés.

HDR de Yann Guérardel, Lille 1, 2008

modified by methyl groups, as found in various organisms
(Kocharova et al. 2000; Guerardel et al. 2001). The
MALDI-TOF MS spectrum of permethylated flow througk
O-glycan fraction from E. cuniculi revealed a set of ions
ranging from m/z 947 to m/z 1799 (Figure 5A). Thei
calculated compositions correspond to sodium adducts of
permethylated-reduced tetra-hexosides (Hexy-ol) to  octa-
hexosides (Hexg-ol). The absence of [M-3+Na]™ o
[M-6+Na]™ clearly demonstrated the absence of natural
mono- or di-methylated hexose residues within the detectec
oligosaccharides. MS analysis of the gel filtration includec
fraction of O-glycans and showed only two [M+Na]™ ions
at m/z 520 and 733, attributed to smaller reduced di- anc
tri-hexosides (data not shown).

The nature of all oligosaccharides was confirmed by
collision-induced  decay tandem mass  spectrometry
(CID-MS/MS) analysis of all [M+Na]™ ions detected by
MALDI-TOF MS. For ions at m/z 1373 and 1586, fragmen-
tation patterns of all compounds were consistent with the pre-
sence of linear-reduced oligomers of hexoses (Figure SA anc
B). All fragmentation spectra were dominated by a series of
Y-type (m/z at 503, 716, 929, 1143, 1356) and B-type (m/:
at 466, 679, 892, 1105, 1319) ions resulting from the
cleavage of glycosidic bonds from terminal nonreducing anc
reducing ends of oligomers, respectively. In addition, twc
scts of ions tentatively attributed to intemal '“A o
24A fragment ions (m/z at 756, 969, 1182) and to internal
LA fragment ions (m/z at 651, 864, 1077, 1291) werc
observed as minor fragments. The nature of the "*A fragment
ions was confirmed by MS?® analysis. As expected, MS’
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Fig. 2. EM localization of ConA- and GNA-binding sites in eryosectioned E. cuniculi cells. [(A) and (B)]. ConA binding. (A) Gold particles are located on
polar tube (PT) coils, as seen in an immature spore. A membranous body likely involved in the formation of the posterior vacuole is unlabeled (*). (B) Anterior
spore region showing labeled polar cap (PC). [(C) and (D)] GNA binding. (C) GNA also binds to PC. (D) Labeling of some vesicular elements in a sporoblast
stage (Sh). These elements are located between densely packed Golgi vesicles (Go) and a tubular network (TN) representative of PT precursors. CW, cell wall;

Nu, nucleus: Po, polaroplast. Bar, 200 nm.

fragmentation spectra were all charactenized by the presence
of a set of B-type [M-185-(213), + Na]™ ions indicating the
release of CH,OCD;3-CH,-(CHOCD;),-CH,O fragment and a
set of Y-type ions resulting from the release of nonreducing
hexose residues (data not shown). It is noteworthy that no
hydroxyl group containing secondary fragment ion, mdicative
of the presence of branched structures, was observed in any
of the CID-MS/MS spectra. Taken together, these data
strongly suggested the presence of a family of mannosylated
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lincar oligosaccharides with a degree of polymerization (DP)
ranging {rom two to at least eight.

O-mannosyl glyeans consist of a-1,2 linked mannose residues

In order to identify the linkage position of Man residucs
within the detected oligomers, permethylated O-glycan
fractions from E. cuniculi were submitted to methanolysis
and acetylation prior to analysis by GC—MS. Total ion
chromatogram (TIC) showed three major peaks labeled 1

3 7 10

Fig. 3. Two-dimensional gel electrophoresis of E. cuniculi spore proteins. (A) Coomassie blue-stained gel. (B) Corresponding blot stained with a PAS-derived
procedure. On the left, a reactive acidic region includes at least PTP1 and SWP1, two known glycoproteins assigned to the polar tube and exospore,
respectively. Other reactive spots (30, 35, and 110 kDa) represent still unidentified proteins.
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Coomassie blue-stained profiles. Common lectin-binding bands are marked.

-

to 3 (Figure 6A). By comparison of their retention times
with standard molecules, peaks 1 and 2 were identified as
2.3.4,6-Mey Man(Me) (terminal nonreducing mannose) and
3,4,6-Mes-2-Ac Man(Me) (internal  2-linked mannose),
respectively. The positions of methyl groups were confirmed
by electronic impact (EI)-MS (Figure 6B and C). Similarly,
peak 3 was first identified as 1,3,4,5,6-Mes-2-Ac Hex-ol
residue according to its fragmentation pattem (Figure 6D).
Subsequent comparison of its retention time with standards
produced from acetolysis and reduction of commercial
Saccharomyces cerevisiae mannan definitely typified it as a
2-linked Man-ol residue. This residue results from the

reduction of the reducing mannose following release of

O-glycans by reductive S-elimination. In accordance with the
ES-MS/MS analysis, no di-substituted mannose residue
indicative of branched structures was observed in GC-—-MS
analysis. Differential integration of peak arcas established

that t-Man, 2-Man, and 2-Man-ol were present in a ratio of

0.8/2.9/1, establishing an average DP of five for the high
molecular mass fraction. Similar results were obtamned from
low molecular mass O-glycan fraction, which differs from

high molecular mass fraction only by a lower average DP of

2.5 (data not shown). It is, therefore, clear that these
O-mannosyl glycans are made of linear stretches of 2-linked
Man residues.

Anomery of mannose residues was determined by
800 MHz 'H NMR analyses. One-dimensional (1-D) 'H
(Figure 7A) and 2-D COSY 90 (Figure 7B) NMR spectra
revealed two individual anomeric protons at & 5.224 and
5.045 ppm that correlated with their respective H-2 protons at
8 3.98 and 4.07 ppm. It also revealed a group of at least four
H-1 protons (5.286—5.312 ppm), correlating with H-2 protons
between 4.08 and 4.10 ppm. Chemical shifts of anomeric
protons superior to 5.04 ppm as well as J; 2 coupling constant
of approximately 1.8 Hz clearly established that all residues
were e anomers (Cohen and Ballou 1980; Faille et al. 1992).
According to published 'H NMR parameters, signals at &
5.045 and 5.286-5312 ppm were attributed to terminal
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nonreducing «-Man residue and internal «l,2-linked Man
residues, whereas signal at 8 5.224 was attributed to the
single a-Man residue substituting Man-ol in C-2 position
(Hayette et al. 1992; Trimble et al. 2004). The multiplicity of
signals associated with internal («l-2)Man residues results
from the polydispersity of the oligomannosides, as revealed
by MS analysis, that mfluences individual NMR parameters
(Kobayashi et al. 1994).

Altogether, the data collected from composition, linkage,
MS, MS/MS, and NMR analyses established the presence in
E  cuniculi of a family of O-linked glycans exclusively
composed of «l,2-linked mannose residues, with a size
ranging from two to at least eight residues. Identical strategy
conducted in 4. locustae showed very similar results. As the
two species belong to two different genera that have been
shown to be distantly related in TRNA phylogenetic analyses
(Slamovits et al. 2004), such glycan structures might be a
general feature in the microsporidian phylum.

Discussion

As first observed in Stempellia spores (Vavra 1972), the
application of the PATAg procedure to ultrathin sections of
E. cuniculi and A. locustae spores indicated glycoconjugate
richness of the polar cap. This organclle was also labeled
with biotinylated ConA and GNA, which supports the
presence of mannose-containing glycoconjugates. After extru-
sion, the polar tube must be firmly attached to the spore apex
in order to maintain the integrity of the sporoplasm flowing
toward a host cell. A critical role of the polar cap in this
attachment 1s conceivable because of its positioning between
apical plasma membrane and polar tube domains and its con-
version into a collar-like structure during polar tube extrusion
(Lom 1972). Some PATAg-positive material seen at the junc-
tion between extruded polar tube and spore body (Figure 1B)
likely reflects controlled exocytosis of polar cap contents. An
abundance of hydrophilic sugars associated with polar cap
proteins may facilitate polar tube exit than sliding through the
apical aperture. The IgG response of immunocompetent
humans against Encephalitozoon spp. was found to be
directed against carbohydrate moieties of PTP1 and of some
proteins migrated as a smear m SDS—PAGE between 100
and 250 kDa (Peck et al. 2005). Immunofluorescence data
supported a localization of the last antigenic glycoproteins in
the anchoring region, and a role in the adherence of the spore
to the host cell surface has been hypothesized by the authors.
The adherence of E. intestinalis spores to host cells in vitro
mvolved sulfated glycosaminoglycans of the host cell
surface, and inhibition of spore adherence by chondroitin
sulfate A caused a significant decrease in the percentage of
infected host cells (Hayman et al. 2005). Exospore glyco-
proteins are the best candidates for interacting with host gly-
cosaminoglycans, A putative contribution of polar cap
glycoproteins to host cell-microsporidia interactions should
occur only after polar tube extrusion.

The mannose-binding lectins ConA and GNA recognized
several bands in SDS—PAGE patterns of E. cuniculi spore
proteins, and only mannose was clearly identified after
GC—MS analysis of E. cuniculi and A. locustae oligosacchar-
ide fractions subjected to methanolysis. ConA binding was
reported for protein bands within a size range of 4557 kDa

43

http://www.univ-lille1.fr/bustl



HDR de Yann Guérardel,

A T 046.8
1160.0
e 1373.1
733.6 856.7 1586.4
1799.5
i N T P " miz
HO9.0 G554 1219.8 1480.2 1740.6 2001.0
B B,
)
wo Y, Y, Y, Y, 89;.6923‘?
M o-Mjo-Mj -M}o-Mjo—M-ol il
B, B, B, B Y, '
oot Y T By 1165
679.5 Y,
% 1142.8
B
2 15 1372.9
4662 y 6573 BJY A, i
4493\ soys 132 07 gh2.} 864.7 1077.7
| L [ P ?5{?3 a | 969.5 Kl l " "
50 600 700 800 a0 1000 1100 1200 1300 miz
C B,
w4 Y, Y, Y, Y, Y, HeAT 2 1586.1
1142.8
Mio-M+o-Mio-Mro-Mio-Mro-M-ol v, B
929.7 -
B, B, B, B, B, g%ﬁ 1318.
* Y
Y 6
B, .3 s
5 1355.9
B, (7647165 ,
4662 . pry A 154
Y, A ils 1A 1077.7 A,
./ sosz 65128934 o5y sea] |oses | ngs 1900 G
300 600 700 800 900 1000 o0 1200 1300 1400 1500 miz

Fig. 5. MS analysis of glycans released by reductive B-elimination. (A) MALDI-MS screening of perdeuteromethylated O-glycans from E. cuniculi; CID-MS/
MS sequencing of (B) reduced hexasaccharide at m/z 1373 and (C) of reduced heptasaccharide at m/z 1586, labeled according to Domon and Costello (1988).

M stands for mannose residue.

in a fish-infecting microsporidian, the most labeled band
being at 55 kDa (Kim et al. 1999), as for exospore proteins
SWP1 and SWP2 in E. intestinalis (Hayman et al. 2001) and
PTP1 in E. hellem (Xu et al. 2004), A. locustae, and
Paranosema gryvlli (Polonais et al. 2005). SWP1 and PTP1
anomalously migrate in SDS—PAGE between 50 and 55 kDa
and exist in different species, whereas SWP2 has a larger size
(150 kDa) and is apparently restricted to E. intestinalis. In
E. cuniculi, the ConA- and GNA-binding bands at 55 kDa
may be partially correlated with a large PAS-reactive arca
that was also close to 55kDa m 2-D gels and known to
include both SWP1 and PTP1. Evidence for binding of PTP1
to GNA was previously obtained by lectin blotting in two
insect-infecting microsporidia (Polonais et al. 2005). Whether
at least one high molecular weight smeared band may contain
a polar cap protein should deserve further investigations. The
reactivity with GNA, a lectin that preferentially recognizes
terminal «c1,3-linked Man residues (Shibuya et al. 1988), may
be somewhat surprising because only «l,2-linked Man
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residues were detected here and no microsporidial gene
encoding «l,3-mannosyltransferase was identified. However,
in the work of Shibuya et al. (1988), manno-oligosaccharides
with an «l,2-linked linkage were found to also inhibit
mannan-GNA  precipitation, although less efficiently than
oligosaccharides  with  terminal Man(al,3)Man  unit.
Moreover, the retardation of glycopeptides on GNA column
was strongly dependent on the number and heterogeneity of
disaccharide units. The binding of GNA to homogencous
al,2-linked mannose chains seems therefore likely.

Neither GleNAc and Man residues nor mass-specific
N-glycan signal was identified m PNGase-treated glycan
fractions of the studied microsporidia. Although this cannot
formally exclude the possibility of a very low frequency of
N-glycosylation, it should be stressed that a real loss
of N-glycosylation is consistent with biomformatic analyses
of gene repertoires in E. cuniculi (Katinka et al. 2001)
and A. locustae (Antonospora locustae Genome Project;
http: // gmod.mbl.edu /perl /site/antonospora0l).  Strikingly,
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Fig. 6. Linkage analysis of E. cuniculi O-linked glycans by GC-MS. (A) TIC chromatogram of partially deuteromethylated and acetylated methyl-glycosides;

{B—D), EI-MS spectra of compounds | {(terminal mannose), 2 (2-linked internal mannose), and 3 (2-linked mannitol), respectively. Each compound was

identified according to its retention time and fragmentation pattern.

no genes were found to encode subunits of the oligosacchar-
yltransferase complex needed for flipping of dolichol
(Dol)-PP-GlecNAc,Mans across the endoplasmic reticulum
(ER) membrane and then linking the high-mannose oligosac-
charide to asparagine residues on nascent peptides. The lack
of key enzymes for protein N-glycosylation in E. cuniculi has
been also verified through a recent inventory of Alg glycosyl-
transferases in several eukaryotic organisms; their comparison
leading the authors to postulate that various secondary losses
of enzymes from a common eukaryotic ancestor may have
occurred (Samuelson et al. 2005). The potential E. cuniculi
proteome also lacks critical factors for correct folding of
N-glycosylated proteins in the ER, such as processing
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glycosidases and calnexin—calreticulin - chaperone  system
(Katinka et al. 2001). In fungal organisms, the major fraction
of N-linked glycans is incorporated within cell wall
phosphomannoprotemn complexes, and the importance of these
glycans in host—fungal interactions is especially well illus-
trated by their involvement in the adherence of Candida
albicans cells to host macrophages (Cutler 2001). It 1s note-
worthy that, unlike typical fungi, microsporidia have no
permanent cell wall.  Proliferating  intracellular  stages
(meronts) are indeed delimited only by plasma membrane,
with cell wall formation occurring during sporogony. The low
diversity of glycoprotein spots revealed after 2-D gel electro-
phoresis might be related to lacking N-glycosylated proteins.
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Fig. 7. 800 MHz "H NMR analysis of E. camiculi O-linked glycans. (A) One-dimensional and (B) 2-D COSY-90 'H NMR spectra of glycans.

Detailed analyses of microsporidial O-glycans have
revealed linear oligosaccharides consisting of «l.,2-linked
Man residues. These structures are comparable with those
identified in several fungi and share a common «l.2-linked
mannotriose with a-linkage of the reducing terminal Man
residue to an hydroxy amino acid (Gemmill and Trimble
1999; Willer et al. 2003). Further processing varies accord-
ing to the species under consideration. In S. cerevisiae, the
mannotriose is capped with one or two al,3-linked Man
residues, whereas in Schizosaccharomyees pombe, up to two
galactose residues can be attached via «l,2- and «l,3-lin-
kages. Pichia pastoris and C. albicans have oligosaccharides
with only a«l.,2-linked Man residues. Thus, E. cuniculi and
A. locustae share with the two last yeasts very similar lincar
O-mannosyl glycans, except that maximum glycan length 1s
higher in microsporidia (up to eight Man residues). The
immobilization of E. intestinalis exospore proteins SWPI
and SWP2 on ConA-agarose columns (Hayman et al. 2001)
might be re-interpreted as due to the presence of O-manno-
sylated chains. However, why the same proteins were found
to be also immobilized on WGA-agarose columns 1is still
unclear. The E. cuniculi coding sequence ECUOB_1340 was
iitially annotated as having similarity with the 110-kDa
subunit of O-GleNAc transferase (OGT) (Katinka et al. 2001).
In fact, 1t is improbable that ECUO8 1340 encodes such an
enzyme, the partial homology concerning only tetratricopep-
tide repeats, not the catalytic C-terminal domain of OGT. As
the microsporidian spore wall contains chitin but no 8 glucan,

we tentatively suggest that binding of WGA to SWPs may be
due to the presence of a GPl structure linked to chitin
oligomers.

The finding of O-mannosyl glycans fits with biochemical
evidence for O-mannosylation of E. hellem PTP1 (Xu et al.
2004) and metabolic potentials inferred from E. cuniculi
genome sequence (Vivares and Meténier 2004). Starting from
Dol-P-Man in the ER rather than from a nucleotide sugar in
the Golgi apparatus, the O-mannosylation pathway in fungal
organisms (Ernst and Prill 2001) should be minimally
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represented in microsporidia. Only one gene encodes «l,2
mannosyltransferase  (KTR  family) in  E.  cuniculi
(locus ECU04_1130; UniProtKB entry: Q8SS28 ENCCU)
and probably also in 4. locustae (hitp://gmod.mbl.edu/perl/
site/antonospora01). This excludes the presence of partially
redundant enzymes involved in the addition of the second
and third «l,2-linked Man residues, as demonstrated in both
S, cerevisiae (Romero al. 1999) and C. albicans
(Munro et al. 2005). The conserved PMT family of protein
O-mannosy ltransferases is divided into PMT1, PMT2, and
PMT4 subfamilies and contains up to seven members in
S. cerevisiae. The unique member of the PTP4 subfamily
forms homomeric complexes, whereas members of the PMT1
subfamily interact heterophilically with those of the PMT2
subfamily, the PMT1/PMT2 and PMT4 members differing in
protein substrate specificity (Girrbach and Strahl 2003; Willer
et al. 2003). In E. cuniculi, only two potential PMTs are
present. The protein sequence ECU02_1300 (Q825D9) 1s
clearly representative of the PMT2 subfamily (50-52%
similarity with C. albicans and Aspergillus fumigatus
PMT2s). The highly divergent character of the other PMT
candidate (ECU06_0950; Q8SVAS) does not allow assigna-
tion to a known PMT subfamily. A clear homolog of
ECUO02 1300 has been found in A. locustae (ORF 1659;
http: //gmod.mbl.edu /perl /site /antonospora01).  The  for-
mation of a PMl'l:fPM"l'Z—Iikc complex n microsporidia
remains debatable.

Further isolation and characterization of  individual
O-mamnosylated proteins should be useful for a better
knowledge of the molecular organization of the microsporidian
invasion apparatus, including the polar cap, and of possible
ligands involved 1in host—microsporidia cell interactions.
Moreover, as microsporidian gene potentialities exist for glypia-
tion (Vivarcs and Mectenier 2004) and some recently studied
endospore proteins are likely GPl-anchored (Brosson et al.
2005; Peuvel-Fanget et al. 2005; Xu et al. 2006), physicochemi-
cal analyses are still needed to elucidate the precise structure of
these GPI anchors.

ct
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Materials and methods

Isolation of microsporidian spores

E. cuniculi GB-M1, a mouse isolate that was used for
genome sequencing (Katinka et al. 2001), was produced on
MDCK cells as previously described (Delbac, Duffieux, et al.
1998). Parasite cells were released in culture media by
natural lysis of heavily infected MDCK cells. Culture media
were harvested and then parasite cells were sedimented and
repeatedly washed with phosphate-buffered saline (PBS), pH
7.4, through 10 successive centrifugations (20 000g, 3 min) to
remove host cell contaminants of low density. The final pellet
of E. cuniculi cells was represented by late sporogonial stages
including a majority of mature spores (more than 70%).

A. locustae spores, arising from infected grasshoppers,
were commercially available from M&R Durango Insectary
(Bayfield, CO). These spores were also washed in PBS, pH
7.4, prior to protein extraction.

EM cytochemistry

E. cuniculi and A. locustae spores were either epoxy resin-
embedded or frozen. For resin embedding, spores were fixed for
1h m 2% glutaralhehyde, 0.05% ruthenium red, and 0.07 M
cacodylate buffer, pH 7.4. After washing for 30 min in 0.1 M
cacodylate buffer, pH 7.4, they were postfixed for 1 h in 1%
050y, dehydrated through a graded series of ethanol, infiltrated
in propylene oxide, and embedded in Epikote 812 resin (Agar
Scientific, Essex, UK). Ultrathin sections were obtained with a
Leica Ultracut S ultramicrotome, then classically stained with
uranyl acetate and lead citrate. For ultracryotomy, spores were
fixed for 1 h with 4% paraformaldehyde—0.1% glutaraldehyde
in 0.1 M cacodylate buffer, pH 7.4. Afier mfusion for 1h at
room temperature in a 25% glycerol—5% dimethylsulfoxide
mixture, the samples were rapidly frozen in slush nitrogen.
Cryosections (90 nm) were obtained using a dry sectioning
device at —110 °C and Ultracut S ultramicrotome fitted with the
low-temperature sectioning system FC4, Sectioned material was
mounted on collodion-coated nickel grids (150 meshes) and
stored at 4 “C in PBS prior to cytochemical protocols.

The localization of glycoconjugates and polysaccharides was
investigated using the PATAg procedure (Thicry 1967).
Unstained sections of resin-embedded or frozen cells were sub-
mitted to oxidation with 1% periodic acid for 30 min, washed
in distilled water, and incubated in 0.2% thiocarbohydrazide for
4 h. After washing with 10% acetic acid and then with distilled
water, grids were treated with 1% silver proteinate for 30 min.

For the localization of lectin-binding sites, cryosections
were saturated for 1 h with PBS-1% ovalbumin and then incu-
bated for 1 h with a 1:50 dilution of biotinylated ConA or
GNA lectins (EY Laboratories, San Mateo, CA). Grids were
subsequently reacted for |h with goat antibiotin antibody
(Sigma, St. Louts, MO) at 1:100, then for 1 h with 5 nm
gold-conjugated antigoat 1gG (Sigma) at 1:100. Cryosections
were finally contrasted and protected with a 0.8% uranyl
acetate—1.6% methylcellulose mixture. All specimens were
examined under a JEOL 1200EX transmission EM.

Protein extractions
For 2-D electrophoresis, E. cuniculi spore proteins were

extracted through repeated cycles of freezing—thawing m
liquid nitrogen and sonication (15 x 1 mm on ice) in the
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presence of 7M urea, 2M thiourea, 100 mM DTT, 4%
CHAPS, and 0.2% SDS. For SDS—PAGE followed by lectin
blotting, proteins were solubilized in either Laemmli buffer
(“SDS extract”™) or a solution containing 4 M urca and
100 mM DTT (“DTT-urea extract™).

For MS and NMR analyses, £. cuniculi or A. locustae
spores (total cell number: 10°-10') were disrupted in a lysis
buffer containing 1% (v/v) Triton X-100 and 100 mM DTT,
by repeated cyeles of freezing—thawing and sonication, then
incubated in the extraction solution (7 M ureca, 2 M thiourea,
100 mM DTT, 1% Triton X-100) under agitation for 3 days.
The entire sample was finally dialyzed (60008000 cutoft)
for further 3 days.

2-D gel electrophoresis and glvecoprotein detection
Isoelectrofocalization (IEF) of E. cumiculi protein samples
(50 wg) was performed along linear immobilized pH gradient
strips of 7 em, pH 3—10 (GE Healthcare, Piscataway, NJ) in
rehydration buffer (7M urea, 2M thiourca, 2% CHAPS,
2mM tributyl phosphine, and 0.5% ampholytes), with the
IPGPhor apparatus (GE Healthcare). The program of voltage
increase was 30V for 12h, 400 V for 30 min, 500V for
30 min, 800V for 30 min, 1000V for 1h, 4000 V for 1 h,
and 8000 V for 2 h. After equilibration with 50 mM Tris
HCI (pH 8.8), 6 M urea, 30% glycerol, 2% SDS, 100 mM
DTT, and then 135 mM iodoacetamide, strips were deposited
on 12% polyacrylamide slab gels. After SDS—PAGE for 1 h
at 25 mA, protems were either stained with Coomassie
brilliant blue or electrophoretically transferred onto poly viny-
lidenedifluoride PVDF membranes (Millipore, Billerica, MA).
Glycoprotein detection on these membranes was carried out
with the BioRad Immun-Blot® kit, involving successively
periodate oxidation of carbohydrate groups, biotinylation,
mcubation with streptavidin-alkaline phosphatase conjugate,
and color development with  S-bromo-4-chloro-3-indolyl
phosphate and nitro-blue tetrazolium chloride.

Lectin overlay

SDS and DTT-—urea extracts of E. cuniculi were analyzed by
SDS-PAGE (12% polyacrylamide) and separated proteins
were transferred onto PVDF membranes. Blots were saturated
in Tris buffer saline (TBS) (50 mM Tris—HCI, pH 7.4,
150 mM NaCl)—5% skimmed milk and washed in TBS and
then in lectin reaction buffer (20 mM Tris—HCI, pH 7.4,
0.2M NaCl, I mM MgCl,, | mM MnCl,, and 1 mM CaCl,).
They were subscquently incubated for 1 h with one of the
two following biotin-labeled lectins (EY Laboratories): ConA
diluted at 1:1500 and GNA at 1:1000. After washing in TBS,
the membranes were reacted with a goat antibiotin antibody
(Sigma) diluted at 1:1000 and finally with a peroxidase-
conjugated antigoat lgG (Sigma) at 1:10 000. Lectin binding
was visualized with a chemoluminescent system (ECL +
Western blot detection kit, Amersham). Specificity was tested
by preincubation of lectin conjugates with an ovalbumin blot
at 4 “C overnight.

Isolation of glycan fractions

E. cuniculi and A. locustae extracts were delipidated by
chloroform-—methanol (2:1). The separated pellet was reduced
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with 6 M guanidine chloride, 25 mM DTT in 0.6 M Tris for
8h at 50 °C, alkylated with 50 mM 1odoacetamide overnight,
and dialyzed. The product (3 mL) was then digested with
1 mg of trypsin in 50 mM ammonium bicarbonate pH 8.4 at
37 °C for 1 day and with additional 0.2 mg of chymotrypsin
at 37 “C under agitation for a night. A C18 Sep-Pak (Waters,
Milford, CT) was used to purify the resulting supernatant.
Putative N-linked glycans were released by digestion with
PNGase F and PNGase A. Oligosaccharides were separated
from peptides and glycopeptides using a CI8 Sep-Pak.
Putative O-linked glycans were released by alkaline reductive
degradation in 1 M NaBH,4 and 0.1 M NaOH at 37 “C for
72h. The reaction was stopped by the
Dowex 50 x 8, 25-50 mesh, H™ form (Bio-Rad) at 4 °C
until pH reaches 6.5, and after evaporation to dryness, borate
salts were removed by repeated evaporation with methanol.
Total material was subjected to cationic exchange chromato-
graphy on Dowex 50 x 2, 200-400 mesh, H™ form
(Bio-Rad) to remove residual peptides. The oligosaccharide
fraction was then purified on a Bio-Gel P2 column (Bio-Rad)
and C18 Sep Pak.

Monosaccharide composition

Monosaccharides were analyzed by GC—MS as perhepta-
fluorobutyryl derivatives (Zanetta et al. 1999). Shortly,
N- and O-oligosaccharides were subjected to methanolysis in
500 wL of 0.5M HCI in anhydrous methanol at 80 “C for
20 h and mcubated in 200 (L of anhydrous acetonitrile (ACN)
and heptafluorobutyric acid (HFB) at 180 °C for 10 min. The
reagents were evaporated, and the sample was dissolved in
ACN prior to GC—MS analysis.

Permethviation and linkage analysis

Permethylation was performed according to the procedure of

Ciucanu and Kerek (1984). Briefly, compounds were incu-
bated overnight in a suspension of 200 mg/mL NaOH in dry
dimethylsulfoxide (300 L) and iodomethane (200 pL). The
methylated products were extracted in chloroform and
washed with water. After methanolysis, they were dried and
then peracetylated in 200 pL of acetic anhydride and 50 pL
of pyridine overnight at room temperature. The reagents were
evaporated, and the sample was dissolved in chloroform
before analysis in GC—MS.

MALDI-TOF and ES-MS"

The molecular masses of N- and O-oligosaccharides were
measured by MALDI-TOF on a Voyager Elite reflectron
mass spectrometer (PerSeptive Biosystems, Framingham,
MA), equipped with a 337 nm UV laser. Native and per-
methylated samples were prepared by mixing directly on the
target 1 pL of water (native) or ACN (permethylated) diluted
oligosaccharide solution and 1 pL of 2.5-dihydroxybenzoic
acid matrix solution (10 mg/mL dissolved in ACN-H,0).
For electro-spray ionization multistage mass spectrometry
(ES-MS"), permethylated samples were reconstituted in
methanol and analyzed by mass spectrometry on a LCQ DK
XP +ion trap (Thermo Finnigan, Waltham, MA) instrument.
After mixing with an equal volume of methanol—-0.1 M
aqueous formic acid, samples were directly infused at
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50 nL /min, using the nanoflow probe option for MS and MS"
analyses.

'H NMR spectroscopy

One-dimensional and 2-D "H NMR spectra were recorded on
a Bruker Avance 800 spectrometer (Universite des Sciences
et Technologies de Lille), equipped with a TXI probe-head.
Prior to 'H NMR analyses, oligosaccharides were twice
exchanged with 99.97% 2?H,O and finally solubilized in
250 pL of 2H,0 in 5-mm Shigemi tube matched for
2H,0. The spectrometer operated at 300 K without solvent
presaturation. The chemical shifts were expressed relative to
residual acetate salts (& 1.909 ppm). Spectral width was
8012 Hz with 16 k points for a spectral resolution of
0.49 Hz/pt. The 2-D 'H-'"H COSY (correlation spec-
troscopy) spectrum was acquired with z-gradient pulse from
cosygp pulse program available in Bruker software. Spectral
width was 8012 Hz for both dimensions with 4016 points for
F2 and 256 points for F1 giving spectral resolution of 1.96
and 31.3 Hz/pt, respectively.
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laser desorption/ionization time of flight; MDCK, Madin

Darby canine kidney; NMR, nuclear magnetic resonance;
OGT, O-GleNAc¢ transferase; PAS, periodic acid-Schiff;
PATAg, periodic acid-thiocarbohydrazide-Ag proteinate;
PBS, phosphate-buffered saline; PNGase A, peptide
N-glycosidase A; PNGase F, peptide N-glycosidase F; PTP,
polar tube protein; SDS—PAGE, sodium dodecyl sulfate

polyacrylamide gel electrophoresis; SWP, spore wall protein;
I'BS, Tris buffer saline; TIC, total ion chromatogram;
WGA, wheat germ agglutinin; 1-D, one-dimensional; 2-D,
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Etude de la biosynthése des oligomannosides deplesxna gondii

Dans un contexte scientifique tres similaire a icele I'étude de la glycosylation des
microsporidies, nous avons engage une collaborali&vut 2006 avec le Dr. Ralph Schwarz
(Philipps University Marburg, Allemagne) concernéiétude du profil de glycosylation du parasite
Toxoplasma gondiiEn effet, malgré les nombreuses études dontitill'tabjet et le probleme
sanitaire majeur dont il est la source, les modeglgcosylation de ce parasite sont méconnus. La
difficulté majeure de son étude provient du staeiparasite intracellulaire strict de gondii qui
engendre des contaminations importantes de la gartla cellule héte lors des analyses
biochimiques. Notre stratégie est basée sur unie étwltifactorielle de la glycosylation dans le but
de suivre la biosynthése des glycoconjugués et deaque étape du processus de glycosylation.
Pour ce faire, nous suivons lincorporation de éiéhts précurseurs radioactifs (mannose,
mannosamine) au sein des glycoprotéines et glydelp l'apparition des précurseurs
biosynthétiqgues (dol-P-P-glycannes) des N-glycanpas extraction organique et couplages
fluorescents et des produits finaux (N-glycanne®) gpectrométrie de masse. L’ensemble de ces
expériences sont réalisees en parallele sur dessifes cultivés dans deux types de lignées
cellulaires (vero et HFF) et sur les cellules ndiedtées (vero et HFF).

Les résultats d’incorporation de précurseurs ingliqul’existence d'une biosynthése
indépendante de N-glycannes plar gondii De plus, les parasites libres, expulsés aprésslys
cellulaires sont également capables d’incorporexr gi€curseurs biosynthétiques. L'analyse par
spectrométrie de masse indique que les glycopegéleT. gondiisont uniquement substituées par
des N-glycannes de type oligomannosyl alors quedtgles hbtes contiennent également des types
complexes. Ces résultats sont néanmoins en cocticadipartielle avec des recherches bio-
informatiques qui indiquent qu’une partie des hargaks des genes responsables de la biosynthése
des N-glycannes (ALG3, ALG9 et ALG12) est abseniggénome dd. gondii Pour résoudre ce
probléme nous avons infecté des cellules hotesidéfes dans la synthese de Dolichol Phospho-
mannose Synthase (lignée B3F7) phar gondii dont les N-glycannes ont été analysés par
spectrométrie de masse avant et apres dégradatzymatique. Ces expériences nous ont permis
de démontrer que le parasite possede un systémegteosylation hybride unique en son genre.
En effet, d’'une part il synthétise et transfert daniere indépendante sur ses protéines des N-
glycannes tronqués de structures anormales. D'gatite il utilise également les intermédiaires de
biosynthese glycolipidiques de la cellule hote pwansférer des N-glycannes de type eucaryote

identiques a ceux de la cellule héte sur ses psgmaeines.
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Abstract

N-linked glycosylation is the most frequent modifioatof secreted proteins in eukaryotic cells that
plays a crucial role in protein folding and trakiieg. MatureN-glycans are sequentially processed
in endoplasmic reticulum and Golgi apparatus thhowag pathway highly conserved in most
eukaryotes organisms. Here, we demonstrate thatoltigate intracellular protozoan parasite
Toxoplasma gondiindependently transfers endogenous truncated Bsasvether host derivel-
glycans onto its own proteins. Therefore, we prepibsit the apicomplexan parasite scavemges
glycosylation intermediates from the host cellsdmpensate the rapid evolution of its biosynthetic
pathway, which is primarily devoted to modificatiohproteins with glycosylphosphatidylinositols

(GPIs) rather thah-glycans.

Introduction

In eukaryotes, asparagine-linked glycosylation (ALS initiated in the endoplasmic
reticulum- (ER)-membrane by the synthesis of lipid-linked o$igccharides, the Dol-PP-
oligosaccharide (DolPPOS) (Fig.1A)1,( 2, 3, 4, % The precursor oligosaccharide
GlcsMangGIcNACc,-PP-Dol is assembled in a stepwise manner by theesgial actions of specific
glycosyltransferases (Algl-Alg12) and glycosida3é® five first mannose residues are transferred
from GDP-Man to the chitobiose core, leading to treginal structure MagGICNAC,. After
flipping the oligosaccharide to the luminal sidetbé ER 6, 7) four other mannose residues are
attached, provided by Dol-P-Man and three glucossidues from Dol-P-Glc. The complete
oligosaccharide moiety (GIglangGIcNAC,) is then transferred to selected asparagines @f th
nascent proteins on the consensus motif Asn-X-8ei(Hig. 1A). This central reaction is catalyzed
by the hetero-oligomeric protein oligosaccharylsfenase (OST) complex8), which contains a
catalytic subunit, STT3( 10.

Whereas many reports are available conceriNaglycosylation in free-living organisms,
information regarding obligate intracellular patasiis still fragmentary. The data concerning ALG
genes in several eukaryotic organisms suggestddiabase mining may allow the prediction of
DolPPOS structures synthesized by any organisf). (This bioinformatic approach has been

verified in several unicellular organisms suchTagpanosoma cruzii, Tetrahymena thermophilia

54

© 2009 Tous droits réservés. http://www.univ-lille1.fr/bustl



HDR de Yann Guérardel, Lille 1, 2008

Leishmania majar Interestingly the capacity of classic@Hinked andN-linked glycosylations
appears to be greatly reduced in some species igngilan obligate intracellular lifestyle, for
example, the apicomplexan parasttasmodium falciparungontains low levels d-glycosylation
capability 12, 13, 14 and two microsporidian specidsncephalitozoon cunicuand Antonospora
locustae,seem to have lost the ability to synthedizénked glycans through the secondary losses
of several key enzymes oRN-glycosylation pathway 16, 1. Similar to P. falciparum
glycosylphosphatidylinositol (GPI) anchors représéme major carbohydrate modification of
proteinsin Toxoplasma gondiil7, 18, 14. T. gondiiis a coccidian parasite found worldwide, that
infects a wide range of warm-blooded vertebrates lsals emerged as an important opportunistic
pathogen for immunocompromised persons, for exammigfection with HIV often leads to fatal
encephalitis 19, 20, 2). T. gondiishares common features with other apicomplexaaspas and
represents a promising model for the study of thesymthesis and role of glycans in the
apicomplexa. The firstlirect biochemical evidence fiN-glycosylation of the proliferative-stage,
tachyzoite, glycoprotein gp23 provided impetustfoe study ofN-glycosylation inT. gondii (22).
Furthermore, it was recently reported thiaglycosylation is essential for successful infect{@3).

It's worthy mentioning that lacking of solid strucl data represents a major obstacle to
deciphering glycoconjugate metabolism using biaim@atic tools.T. gondii clearly expresses a
functional STT3p 24), however genome analysis indicates that ortholfigdLG3, ALG9 and
ALG12 are absent. These correspond to the setahll mannosyltransferases that use Dol-P-Man

as the sugar donor (Table 9B, 25, http://www.toxodb.org/toxo/home.jspndicating a profound

modification in theN-glycan biosynthetic pathway of the parasite. Thased on the presence of a
specific subset of orthologous ALG genés,gondii possesses the enzymatic equipment for the
biosynthesis of truncated GMansGIcNAc,-PP-Dol, but not complete GMangGIcNAc,-PP-Dol
oligosaccharide precursors (Fig. 1B). However, ¢iact nature of oligosaccharides transferred

onto nascent parasite proteins is unknown.
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Experimental Procedures

Cell and parasite cultures

T. gondiigrown in Human Foreskin Fibroblasts or Africanegrenonkey kidney cells (VERO cells
ATCC CCL-81), Human foreskin fibroblasts (HFF; ATAQCRL-1635), CHO Pro-5 and CHO
B3F7 were cultured in DMEM (Gibco BRL), supplemehtwith 10% FCS (Gibco), 2 mM
glutamine, 100 units/ml penicillin and 0.1 mg/miepttomycin. Parasites (5 x J0vere added to
confluent monolayers cells (T175 &mnharvested after 72 h of cultivation and libedatom their
host cells using Mixer Mill homogenizer (RetschheTsuspension was run through a 20 ml glass
wool column to remove cellular debris. The purifytbe tachyzoite suspension was monitored
microscopically. Cell lines and parasites wereiraly tested foMycoplasmacontamination.

To control efficiency of parasites purificatioh, gondiigrown in CHO B3F7 liberated from their
host cells were mixed with homogenized Vero-cefid the mixture was purified using glass-wool
coluns as described before.

Strains and media

The S cerevisiaeandE. coli strains used in this work weréPH499 [Mat a;ura 3- 52;lys 2-
80lamber; ade2- 10Jochre; trp1- 63;his 3- 200;leu 2- 1] (Stratagene) aridl coli strainXL1-blue
(Stratagene), which was used for subcloning andrattandard recombinant DNA

proceduresS. cerevisiae strains were grown in YPAD medium [1% (w/v) Bacteagt extract, 2%
(w/v) Bactopeptone, 2% (w/v) dextrose, 4 mg |-1rade] or SD medium (0.17% Bacto yeast
nitrogen base, 0.5% ammonium sulphate and 2% dsjtr@ontaining the nutritional supplements
necessary to complement strain auxotrophs or a#lelgction of transformantPH499-HIS-
GAL-ALG7 was maintained on SGR medium (4% galactose, 2%nos#, 0.17% Bacto yeast
nitrogen base, 0.5% ammonium sulphate) in whichirdeg is replaced by galactose/raffinose as a

source of carbohydrates. coli strains were grown in LB medium.

Extraction of glycoproteins and preparation of N-gl/cans

CollectedT. gondii were homogenized by ultrasonic treatment at 4°@idE were extracted by
sequential extraction with 20 volumes of chlorofémathanol (2:1, v/v), then with a
chloroform/methanol/water (40:20:3) solution.

Delipidated homogenates were suspended in a solofi®@ M guanidinium chloride and 5 mM
Ethylene Diamine Tetraacetic Acid (EDTA) in 0.1 MisTHCI, pH 8, and agitated for 4 h at 4°C.
Dithiothreitol was then added to a final concembratof 20 mM and incubated for 5 h at 37°C,

56

© 2009 Tous droits réservés. http://www.univ-lille1.fr/bustl



HDR de Yann Guérardel, Lille 1, 2008

followed by the addition of iodoacetamide to a financentration of 50 mM and further incubated
overnight in the dark at room temperature. Redudieglated sample was dialyzed against water at
4°C for 3 days and lyophilized. The recovered progamples were then sequentially digested by
(TPSK)-treated trypsin overnight at 37°C, in 50 rmMmonium bicarbonate buffer, pH 8.4 and by
chimotrypsine.

Crude peptides/glycopeptides were loaded onto aPa&pC18 cartridge. Glucan polymers and
other hydrophilic contaminants were washed off ws#b aqueous acetic acid and the bound
peptides/glycopeptides were eluted with a stepignadf 20, 40 and 60% 1-propanol in water.
Eluted fractions were pooled, dried down and threrulbated withN-glycosidase F (Roche, Basel,
Switzerland)) overnight at 37°C in 50 mM ammoniumapbonate buffer, pH 8.4. Releasid
glycans were separated from peptides/glycopeptideg the same C18 Sep-Pak procedammled
propan-1-ol fractions were then digested vitiglycosidase A from almond (0.5 mU, Calbiochem)
in 50 mM ammonium acetate buffer, pH 5, at 37°Cropgt. N-glycans released were likewise
separated from the peptides by the same Sep-palp©@t8dures.

Chemical derivatization
For MALDI-MS analyses, the glycan samples were mthylated using the NaOH/dimethyl
sulfoxide slurry method2@). The permethyl derivatives were then extractedhioroform and

repeatedly washed with water.

Coupling oligosaccharides with 2-aminopyridine

After hydrolysis, oligosaccharides were reductivatyinated with 2-aminopyridine at the reducing

end 7). Then, to remove excess reagent and purify 2-JR@saccharides, two methanol solutions

(75% and 85%) are successively added to the remttioixture and dry under a nitrogen stream.

After adding 1ml water, pH is adjusted at 10 byiagddNH,OH (25%). Aqueous phase is washed

10 times with chloroform to eliminate excess 2-Agueous phase is then transfered into a clean
tube and pH neutralized with glacial acetic acidobe lyophilization. Finally, derivatized

oligosaccharides are purified by SPE onto a Sej-Ba8 column.

Mannosidase treatment of 2-aminopyridinylated N-glgans

2-PA coupled PNGase F released-oligosaccharides digested with alpha-Mannosidase from
Aspergillus saitoi GKX5009 Glykd®). Each sample was treated willil,2) mannosidase in 100
mM sodium acetate, 2mM Zh pH 5.0, and incubated overnight at 37°C. The métuas finally
applied on a Sep-Pak C18 to purify 2-aminopyricatgtl oligosaccharides.
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MS analyses of glycans

For MALDI-time-of-flight (MALDI-TOF) MS glycan proiling, native compounds in water were
mixed 1:1 with 2,5-dihydroxybenzoic acid (DHB) mat{10 mg/mL in MeOH/Water 50:50)
spotted on the target plate and dried under vaclData acquisition was performed manually on a
Voyager (Applied biosystem) operated in the refl@etmode. Laser shots were accumulated until a

satisfactory signal to noise ratio was achievedndwmnbined and smoothed.

Extraction of Lipid Linked Oligosaccharides

Extractions were performed according @B)( Briefly, cell pellets were extracted with 2ml of
chloroform/methanol/kD (3:2:1). After centrifugation, upper phase andt@ns were extracted
twice with 1.5 mL of theoretical lower phase (MeO#dmL, MgCI2 4mM 5mL, chloroform
430mL). Then proteins were washed 4 times with 3ahtheoretical upper phase (MeOH 240mL,
H,0 225mL, MgC} 100mM 9.4mL, CHCI; 15mL). After partial drying of pellets Dol-PP-OSie
extracted by 1.5 mL of Ci€ls/MeOH/H,O (10:10:3; v/v) mixture. Dried Dol-PP-OS were
hydrolysed by THF/HO/HCI (9:1:0.083; v/v) at 50°C for 2h. Releasedjotiaccharides are dried

under a stream of nitrogen and purified on a cawdqagcolumn (Alltech carbograph SPE Column).
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Results and discussion

The alg7 gene encodes GIcNAc-1-P transferase thiaates biosynthesis oN-Glycan
precursors. Therefore, as an initial step towar@\aluation of genetic regulation of tfie gondii
N-glycosylation, the alg7 gene homolog frdmgondiiwas identified.Initially, a 338bp fragment
of putative T. gondii alg7 was identified by BLAST search of the EST aftase
(http://www.toxodb.org/toxo/home.)spusing the sequences of knowerthologs from other

organisms. This was subsequently used to screEngandii Lambda ZAP cDNA library and a
clone containing a 1503 bp open reading frame ptedito encode 54 KDa type Ill transmembrane
protein was isolated (EMBL Data Bank Accession N3436993). The deduced protein sequence
shows 36.3% and 43% identity to amino acid sequentd¢heS. cerevisiaeandHomo sapiens-
homologue proteins, respectively. Furthermore piliativeT. gondii alg7 was able to complement
a conditional lethal yeast mutant (Fig S1 A andsBdngly indicating that it encodes a functional
GlcNAc-1 transferase. The fact thatgondiipossesses genes coding for at least two key erszyme
responsible for the initiation of DoIPPOS precursmsynthesis (alg7) and the transfer of the final
products to nascent proteins (STT3)( strongly suggests that the parasite exhibitsnetfonal,
although possibly truncatedy-glycosylation pathway. The presence ag novo glycosylation
pathway in the parasite was confirmed by obserdiffgrences between the DolPPOS profiles of
the parasite and those of its host cells. Whereagtofile of DolPPOS oligosaccharide moieties
from control African green monkey kidney epithel{&ero) cells is characterized by prominent
MangGIcNACc,;, ManGIcNACc, and Glg.sMangGIcNAC, (Fig. S2),T. gondii tachyzoites exhibit a
simpler pattern containing only HgXlcNAc, and HexGICNAC,. The presence of precursors with
more than eight hexoses does not correlate witlg¢he repertoire of the parasite, whose genome is
likely to lack a number of genes required for thespnthesis oN-glycan (Fig.1B). To reconcile
these apparently contradictory observations, weneddf the nature of the finaN-glycans
biosynthetic products using a glycomic approacleaseng glycans from the total pool of proteins
from T. gondii grown in different host cells then analyzing thelistribution using mass
spectrometry (MS). Surprisingly, and in contrashtst cells, tachyzoites grown in Vero cells were
found to lack complex-typeN-glycans (Fig. 2). Similar results were obtainedhwl. gondii
cultivated in HFF cells (Fig. S3).. gondii exhibited m/z values consistent with the presesice
oligomannosylated typH-glycans ranging from MahklexNAGc, to MargHexNAG, that are typically
observed in mammalian cells. Presence of highemosytated glycans on parasitic proteins is
again in contradiction with bioinformatic prediati& leaving in question origin of these compounds.
To begin to address this discrepancy, we cultivadetiyzoites in a CHO mutant cell line
deficient in Dol-P-Man synthase, B3FZ9. These cells synthesize @iMansGIcNAc,-PP-Dal,
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instead of the classical GlgManyGIcNAc,-PP-Dol lipidic precursors, and transfers truncated
GlcsMansGIcNAc, onto their newly synthesized proteins (Fig. 130). Accordingly, N-
glycosylation profile of host B3F7 cell line is domated by truncated MaGIcNAc, to
MansGIcNACc; as well as complex-typH-glycans that are likely to result from the trimmiand
processing of GMansGIcNAc, (Fig. S4A and Fig. 3C)30). Hex.sGICNAC, signals were
tentatively attributed to glucosylated @GiansGIcNAc, and which are found on proteins due to
their large accumulation in mutant cells. Bdthgondiiand B3F7 cells are expected to synthesize
similar truncated glycans as the result of theadgrficy in different activities: Dol-P-Man synthase
in B3F7 and luminal mannosyltransferases using Bdan in T. gondii If the synthesis of
MangGIcNAc, observed inT. gondii grown in Vero and HFF cells was the result of the
complementation of parasite-deficient ALG3, ALGUaMLG12 enzymatic activities by the host
cell, we would then also find this glycan Th gondii grown in B3F7, which also harbors these
enzymes. Howevefl,. gondiigrown in B3F7 mutant cells synthesize oligosaddeasrvarying from
HexsGIcNAC; to HexGIcNACc, (Fig. S4B and Fig. 3E) but no H#&dcNAc; (Fig 2B, Fig. S3B). In

all infected host cell types analyzed no compleetyas observed to modify parasite proteins. The
specific absence of He&IcNAC; signals inT. gondiigrown in B3F7 cells compared with other
host cells established that parasite glycosylatapacities are somehow dependant of the host.
However, the parasite does not use its host enaymegdertoire to complement its own incomplete
repertoire. Based on the known mammalian glycomydiferase repertoire, the HekiexNACc,
signals observed in Vero and HFF cells are clasbieanched matur&l-glycans derived from the
trimming of GlgManyGIcNAc,, while in B3F7 cells, they largely correspond tontated Glg
sMansGIcNAG;. It is noteworthy that the mutant (B3F7) does mie a complete deficiency in the
DolPMan synthase activity as minute, but measurabteounts of MagGICNAc, were also
detected.

Finally, to assess the relative contributions a pgarasite and host cells 10 gondii N-
glycosylation, we looked for the precise origintloé protozoam-glycans in various host cells. The
exquisite specificity ofAspergillus saitoiexo-mannosidase towaradxX-2) linkage allows the
differentiation of the Golgi-degradation produdi&g( 3G) from the linear ER related compounds
(Fig 3H) and the glucose containing truncated gigcérig. 31). The efficiency of this enzymatic
treatment was evaluated by MS using a standarduneidf high mannose-type chains ranging in
size from MagGIcNAc, to ManGIcNAc,. This demonstrated that glycans ranging from
Man;GIcNAc, to MaryHexNAc, were completely degraded to branched MExNAC,, with a
small amount degraded to M@IcNAc, (Fig S5). On the other hand, treatmentNsflycans
isolated from tachyzoites grown in B3F7 cells destmted complete degradation of M@GtNAC,
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and ManGIcNACc; to generate MadGICNAC,. Thisindicated that these two oligosaccharides are
ER-derived compounds (Fig. 3E and 3F). Furtherm@sstance of He&GICNAC,, Hex;GIcNAC,

and HexGIcNAc, to mannosidase activity, as well as absence ofamched MagGIcNAC,
degradation product establishes that these compaanedGle¢.sMansGICNAC, truncated glycans. A
similar strategy was employed to confirm that tated N-glycans are the major type of
glycosylation in B3F7 cells (Fig. 3C and 3D). Is@alconfirmed the presence of small amounts of
branched glycans, not observedTingondii, due to residual DolPMan synthase activity in B3F7
cells, as already suggested by the presence ob@BlieiHAC, signals. Taken together, these data
show thafT. gondiitransfers truncateN-glycans onto newly synthesized proteins. Howeviates
both parasite and B3F7 mutant cells may synthegleatical N-glycans, therefore the final
observed products may originate either from DolPRi{@Snovosynthesized by the parasite or
scavenged from the host cells.

As expected, mannosidase treatment of Vero cele® N-glycans eliminated Man
oGIcNACc; confirming that the all maturl-glycans are indeed Golgi-modified products (Fi§),S
as observed with the standaMiglycans, their complete degradation generated anipemnt
branched MagGIcNAc, and minor MagGIcNAC,. In contrast, Hex¢GICNAC, isolated fromT.
gondii grown in Vero cells was partially resistant to eijon by mannosidase, indicating the
presence of truncated GkMansGIcNAc, glycans (Fig. 3A and 3B). However, concomitant
marked increase of branched M@tcNAc, and disappearance of HE{cNAC; clearly indicate the
presence of branched May&GIcNAC,, as well. To confirm that the Hg&ICNAC; signal originated
from T. gondii rather then host-cell contaminant, parasites seldédrom B3F7 cells were mixed
with homogenized Vero cells and, after purificaties described before, tiNeglycan profile was
analyzed. This analysis revealed an absence ofsGleMAcC,, therebyindicating that any
contamination from host cells is below the levetletection (Fig. S7).

Analyses ofN-glycans extracted from tachyzoites grown in défdr host cells clearly
demonstrated that the parasite is able to synthesig well as transfer, truncated, immature
oligomannosylated\-glycans to parasite protein®3), in a host independent manner. These results
are in agreementith in silico prediction ofT. gondii glycosyltransferase pathway as well as, the
presence of key enzymes of the dolichol pathwahénparasitel(l, 25. However,T. gondiialso
transfers classical-glycans identical to those of its host cells, adigated by the presence of
Golgi-derived oligomannosylated-types, when tacktggowvere grown in Vero and HFF, but not in
DolPMan synthase mutant B3F7 cells. These glycamsat synthesized by the parasite through
functional complementation of the incompl&te gondii glycosyltransferase pathway by host cell

enzymes, since parasites grown in B3F7 cells (whithmaintain this activity) do not synthesize
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matureN-glycans. Therefore, we hypothesize tfaigondiiscavenges DolPPOS from its host cell
in a non-specific manner and subsequently transfersligosaccharidic moieties onto its own
newly-synthesized proteins, as evidenced by thesgmee of functional STT3p24). Once
transferred, the destiny of these glycans remamdear; however they seem to undergo very
limited processing in contrast to mammalian cdlgleed, in contrast to B3F7 mutant cells that
extensively process the GlMansGIcNACc, precursor glycans toward MaslcNAc, and complex
types,T. gondiigrown in these cells transfer mainly unprocesskd ansGIcNAC, onto nascent
proteinsThis is in good agreement with the apparent lacko$t proteins involved in the quality
control of newly synthesized proteinsTingondii(31).

To our knowledge, this represents the first docueteexample of the scavenging of glycan
intermediates from the host cell by an intracetlydarasite. In a similar way,. gondiihas been
shown tomobilize selected host lipids to fullfil its highatabolic requirements during proliferation
(32, 33, 34 These exchanges could be facilitated by theeckssociation of the parasitophorous
vacuole membrane with the host endoplasmic reticulwhere the early steps ®-glycan
biosynthesis take place. From an evolutionary tsge, it is noteworthy that the absence of Dol-
P-Man dependent mannosyltransferase activitiekaiNtglycosylation pathway is counterbalanced
by the synthesis of very large quantities of GRletglycosylation35). Considering the postulated
common evolutionary origin of ALG enzymes and Pi&znes involved in the biosynthesis of
phosphatidyl-inositol glycans 36), one may postulate that Dol-P-Man dependent
mannosyltransferases could have rapidly evolvedtduhe exclusive synthesis of GPMingondii
The presence of such enzymes in apicomplexan watszin agreement with this hypothes33)(
The opportunity for the parasite to Useylycan precursors synthesized by the host cowdd trave
lifted the selective pressure to keep an intaccuketr N-glycosylation pathway, acting as a

powerful drive for the evolution of glycosylationachinery in intracellular obligatory parasites.
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Figure 1 Inventory of ALG glycosyltransferases genes andligted dolichol-linkedN-glycans in

(A) classical mammalian cell, (B). gondiiand (C) B3F7 mutant cell line
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Figure 2 MALDI-TOF/MS comparison of native PNGase F releaséidosaccharides from (A)

Vero cells and (B)T. gondiigrown in Vero cells. (C) Summary of native and 2-4&ivatives

compounds observed by MS in vero cells andondiigrown in Vero cells.
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Figure 3 MS profiles of oligosaccharides released from pnstef (A,B) T. gondiigrown in vero
cells, (C,D) B3F7 cells, (E,F). gondiigrown in B3F7 cells, (A,C,E) before and (B,D,Fjeaf

Aspergillus saitoexo-mannosidase digestion. SusceptibilibAtgaitoi exo-mannosidase digestion

of (G) branched Golgi derived oligomannosyl-typg$), ER derived\-glycans and (I) ER derived

linear truncatedN-glycans.
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Figure S1Functional complementation of the conditional |étBacerevisiaestrain YPH499-HIS-
GAL-ALGY7 by theT. gondiiALG7. The conditional lethal mutant was transfodweth plasmids
carrying either the Human ALG7 (HSALG7) or thie gondiiALG7 (TgALG7). The transformed
cells were then streaked onto plates containingmahmedium lacking histidine and containing

either galactose (SGR) (2) or glucose (SD) (3)iandbated at 30°C.
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Figure S2 MALDI-TOF/MS comparison ofDolPPOSacid hydrolysed released oligosaccharides
from (A) Vero cells and (B)T. gondii grown in Vero cells. (C) Summary of permethylated

compounds observed by MS in Vero cells dangondiigrown in Vero cells.
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Figure S4 MALDI-TOF/MS comparison of native PNGase F releastigosaccharides from (A)
B3F7 cells and (B). gondiigrown in B3F7 cells. (C) Summary of native and 2-éétivatives

compounds observed by MS in B3F7 cells andondiigrown in B3F7 cells.

100

1095.4

1257.5

‘ 1485.6
e L 1195 T
0

1663.7

1810.8
)

899.0

1159.4 1419.8 16802

933.3
Hex,GIcNAc,
Hex,GIcNAc,
1419.4
Hex,GlcNAc, Hex,GlcNAc,
Hex,GlcNAc, 1581.5 1743.5
1095.3

Hex.GIcNAc,
1257.4 ‘

M l

RIS T ;‘\L |

ool b il

1940.6

1159.4 1419.8 1680.2

1940.6

2201

Native 2-PA Composition Sample
(m/z) (m/z) Assignment B3F7 T gondii
933 1011 Man;GIcNAc,, Na' v v
1079 1157 Fuc Man;GlcNAc,, Na’ v

1095 1173 Hex; Man;GleNAc,, Na' v v
1257 1335 Hex, Man;GlcNAc,, Na' v N
1282 1360 Fuc GlcNAc Man;GleNAc,, Na* v

1339 1417 GleNAc; Man;GleNAc,, Na' N

1419 1497 Hex; Man;GleNAc;, Na' v v
1486 1564 Fuc GleNAc; MansGleNAc, Na* v

1501 1579  Gal GleNAc, Man; GleNAc,, Na' v

1581 1659 Hexy Man;GleNAc,, Na' v v
1648 1726 Fuc Hex GleNAc, Man;GlcNAc,, Na' N

1664 1742 Gal;GleNAc;Man;GleNAc,, Na® v

1689 1767 Fuc GlcNAc; Man;GleNAc,, Na* v

1743 1821 Hexs Man;GlcNAc,, Na' v v
1809 1887 Fuc GalGleNAc;MansGleNAc, Na' v

1905 1983 Hexe Man;GleNAc,, Na© v

2012 2090 Fuc Gal, GleNAc; MansGleNAcy, Na®

2028 2106 Gal;GleNAcsMan;GleNAc,, Na' v

2174 2252  Fuc LacNAc; Man; GIcNAc,, Na' v

2394 2472 LacNAcs; Man; GleNAc,, Na' v

2541 2619 Fuc LacNAcs Mans GlcNAc,, Na N

2906 2984 Fuc LacNAcs Man; GlcNAcs, Na* N

0

miz

Figure S5 Susceptibility of standard branched olimannosykeg/pl-Glycans toA. saitoi exo-

mannosidase digestion. MS profiles of 2-AP deraedi olimannosyl-typebl-Glycans (A) before

and (B) after mannosidase digestion.
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Figure S6 Susceptibility of Vero cells derived-Glycans toA. saitoi exo-mannosidase digestion.
MS profiles of 2-AP derivatized olimannosyl-typds-Glycans (A) before and (B) after

mannosidase digestion. * correspond to complexsti{pglycans.
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Figure S7TMALDI-TOF/MS of native PNGase F released oligosacates fromT. gondiigrown in
B3F7 mixed with VERO cells debris after purification a glass wool column. * correspond to

glucose polymers.
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Table S1Genes predicted to be involved in protskglycosylation inT. gondii

Statistical

sumary on the proteins

CGene Functi on Ref er ences
Item Yeast Human T. gondii
UDP- N- acet yl - Mol ecul ar
) i 50. 37 46. 09 53. 95
gl ucosani ne- 1- wei ght
P transferase, Resi due 448 408 500
ALGT transfers dc- nunbers Eckert et al. (1998)
Nac-P from Hart og and Bi shop, 1987
Char ge 6 3 -6
UDP-d cNac to
Dol -P in the | soel ectric
. 8.40 7.92 5.90
ER poi nt
Mol ecul ar
catal yzes the Cah 30. 36 29. 63 26.93 Olean et al. (1988);
wei t
formation of g Mazhari - Tabrizi et
Resi due
Dol - P- Man from 267 260 237 al. (1996)
nunber s
DPML Dol - P and CDP- Maeda et al. (2000) ;
Man/ ER Char ge 1 10 4 Col ussi PA, et al.
menbr ane . (1997)
I soelectric
. 7.97 10. 40 9.76
poi nt
Mol ecul ar
. 51.93 52.52 63. 40 .
1 4 wei ght Huf f aker & Robbi ns,
P ' Resi due 1983; Couto et
mannosyl - 449 464 574
ALGL fy nunber s al ., 1984;
transferase; . .
Al bri ght & Robbi ns,
essential for Char ge 9 -2 10
1990
viability .
I soelectric
. 9.31 7.19 8.18
poi nt
- - Mol ecul ar
a-1,3 , 58.05  47.09 56. 37
mannosyl - and wei ght
- - Resi due
a-1,6 o 503 416 506
_ nunber s
mannosyl Jackson et al., 1993
AL&Z Tr ansf er ases Char ge 7 22 1
t hat
catal yze two I soelectric 6. 22 7 02 7 65
consecutive poi nt . . .
st eps
- - Mol ecul ar Nasr et al., 1996
AG) 1 2-mnnosyl _ 63.15 55678. 66 58. 92
transferase, wei ght
Resi due
catalyzes 548 492 540
sequenti al nunber s
addition of Char ge 13 9 13.00

the two
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I soelectric
) 9.70 8. 48 8.72
poi nt
Mol ecul ar 52 86 50. 12 .
. . m ssi ng
i Huf f aker & Robbi ns
Dol i chol - P- Man wei ght
d d Resi due 1983; Sharma et al.
ependent a- 458 438
nunbers 1990
ALG3 (1-3)
Verostek et al, 1993
mannosy| - Char ge 11 19 )
Aebi et al., 1996
transferase ) )
I soelectric Kimura et al., 1997
) 9.29 10.21
poi nt
- - Mol ecul ar
o-1,2 ] 63.78 70.78 mi ssi ng
nmannosyl - wei ght
Resi due
transferase 555 618
that catal yzes number s
the transfer
Char ge 9 12 Burda et al., 1996
AL of mannose
from Dol - P- Man
to |lipid- .
tpid | soel ectric
i nked ) 8.74 8. 84
poi nt
ol i gosaccharid
es
- - Mol ecul ar
o-1,8 i 62. 67 54. 65 mi ssi ng
mannosyl - wei ght
Resi due
transf erase 551 488
that catal yzes number s
iti G ubennmann et al.
ALGL2 the addition Char ge 22 17
of the al pha- 2002
1,6 mannose to
i - | soel ectric
dol i chol . 709 10. 43
i nked poi nt
Man7d cNAc2
Mol ecul ar
a-1, 3- ] 62.78 58. 34 61. 14
I I wei ght
gl ucosyl -
t f Resi due 544 509 564
ransf er ase, .
nunber s Reiss et al., 1996
ALGE nutations in
human ort hol og Char ge 15 12 10
are associ at ed .
| soel ectric
w th di sease . 9.87 8. 39 8.61
poi nt
Mol ecul ar .
. 38. 35 36.94 m ssi ng
wei ght Huf f aker & Robbi ns
UDP- gl ucose
. Resi due 1983
dol i chol - 334 324 e He X
nunber s e esen et al.
ALGS phosphat e
1994;
gl ucosyl transf Char ge 6 10
Lennon et al., 1995
eras )
| soel ectric
. 9.17 10. 05
poi nt
a-1, 3- Mol ecul ar Stagljar et al., 1994
ALG3 ] 67. 38 60. 08 81. 47
gl ucosyl - wei ght
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577 526 737
nunber s
Char ge 24 18 15
I soel ectric
) 10. 31 9.81 8. 85
poi nt
Mol ecul ar
 oht 61.74 55. 60 66. 66
Dol i chyl - verg
Resi due
phosphogl ucose o 525 473 603
ALGLO - dependent a- numbers Burda and Aebi , 1998
1, 2 gl ucosyl - Char ge 18 20 14
t ransf erase
I soel ectric
) 10. 19 10. 04 8. 82
poi nt
subunit of the Mol ecul ar
. ) 81.52 80. 52 83
ol i gosaccharyl wei ght .
Yoshida et al., 1995
-transferase Resi due
718 705 753 Zufferey et al., 1995
that forns a nunber s
Hong et al., 1996
subconpl ex .
Stt3 . Char ge 2 4 17 Shams-Eldin et al.
with Ost3p and
2005
Cst4p and is
directly I soel ectric
8.10 8. 07 10. 00

involved in
catal ysi s.

poi nt

© 2009 Tous droits réservés.

75

http://www.univ-lille1.fr/bustl




HDR de Yann Guérardel, Lille 1, 2008

76

© 2009 Tous droits réservés. http://www.univ-lille1.fr/bustl



HDR de Yann Guérardel, Lille 1, 2008

2.2- Biosynthése deB-Mannanes chezC. albicans

2.2.1- Contexte

Ces travaux ont été initiés par le Dr. G. Streaef 990 en collaboration étroite avec le Dr.
Daniel Poulain (INSERM Unité 799). lls concerneiétude structurale des glycoconjugués de la

paroi de la levure pathogefandida albicans

Candida albicansest une levure ascomycete saprophyte de la flgestive normale de
’humain. Cependant, du fait de l'augmentation destements immuno-suppresseurs, des
procédures chirurgicales invasives et du vieillisset de la population des pays occidentaux, cette
levure est responsable d'infections séveres, sbai&seminées, entrainant une mortalité élevée. Le
contact entre&C. albicanset les cellules hotes se fait au niveau de laighrahampignon. Comme
pour toutes les levures, les parois de ces celadesdes structures complexes formées d’un réseau
d’exo-polysaccharides mélés de nombreuses protéinkses ou ancrées dans ces structures. Plus
spécifiguement, la paroi dé. albicansest principalement composée de glucanes (polynud=es
résidus glucoses liés 11,3 etp-1,6), de mannanes (polymeres de résidus de manfiésa-1,2
eta-1,3) et de mannoprotéines. En plus de ces polysrdirteMan, de3-1,2 oligomannosides sont
associés soit aux mannoprotéines pariétales sogthaspholipomannane (PLM) (Shibata al,
1985 ; Kobayashet al, 1992 ; Trinelet al, 2002). Absents chegaccharomyces cerevisjdes3-

1,2 oligomannosides ont aussi été identifiés ch&tibs microorganismes, dont certains
potentiellement pathogéenes, tels que des salmeaniliedberet al, 1988), le parasiteeishmania
(Raltonet al, 2003), ou la levur@ichia pastoris(Vinogradovet al, 2000) De nombreuses études
ont montré que la présence de ces résidus étaiti@ssaux mécanismes de reconnaissance hote-

pathogene, ainsi qu’a la pathogénicitéalbicans.

Des les premiers jours de I'existence, les leviwes partie intégrante de la flore humaine
puis deviennent ensuite une composante réguliefaldaentation. Les relations entre le systeme
immunitaire et ces micro-organismes s’équilibreaut le biais de I'immunité innée puis d’un relais
par 'immunité adaptative dont une des composaesésine réponse humorale dirigée contre des
polyméres de mannoses de la paroi des levures aqui gtre mise en évidence chez tous les
individus. Il existe au moins deux circonstancessdasquelles les perturbations des relations héte-
levures aboutissent ou sont liées a des manifestapiathologiques. Il s’agit des candidoses eade |
maladie de Crohn. Dans le premier cas, des pettonsade I'homéostasie de I'h6te vont aboutir a
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l'invasion tissulaire par la levur€. albicansqui est un endosaprophyte pathogéne opportuniste.
Dans le second cas, des anticorps &ntierevisiaelevure essentiellement alimentaire- vont, pour
des raisons encore obscures, étre des marquedrstiisad’une pathologie inflammatoire sévere du
tube digestif. L'équipe du Dr Daniel Poulain a cdnié a explorer les mécanismes
physiopathologiques au travers desquels les stegtoligo-mannosylées synthétisées gar
albicansou S. cerevisiageuvent contribuer a la pathogénie. Ces étudeparntis d’'établir que la
régulation d’'une partie importante des relationsetévure était conditionnée par des «codes
oligomannosidiques » synthétisés différemment pes dernieres en fonction des conditions
imposées ou permises par I'hdte. Dans ce cadrepllaboration avec I'équipe du Dr Gérard
Strecker a été essentielle a ['établissement despécificité structurale des domaines
oligomannosylés au sein des différents glycocorgagoariétaux de la levure. En particulier, ces
analyses structurales ont permis de mettre en gsédia présence g&mannanes spécifiques Ge
albicansau sein de plusieurs de ces composés et d’idantifie nouvelle classe de glycolipides a
longues chaines d&l-2 mannosides (Trinadt al, 1997 ; 1999 ; 2002). De par leur conformation
hélicoidale particuliere (Nitet al, 2002), les3 mannosides présentent des activités biologiques
distinctes desx mannosides trouvés ch&z cerevisiaeAlors que ces derniers interagissent avec
des lectines de type-C, I@smannosides interagissent spécifiguement avecléztgee 3. De plus,
les3 mannosides sont des antigenes pour la réponserniitaine adaptative et élicitent la synthese
d’anticorps protecteurs contre les infections @aralbicans Enfin, I'administration orale d@
mannosides synthétiques protége de la colonisdtidnactus intestinal de la souris nouveau-né par

C. albicans alors que celle & mannosides ne présente aucun effet.

2.2.2- Résultats

Identification des B-mannosyltransférases de. albicans

Nos travaux en collaboration avec I'équipe du dact2. Poulain concernent la biosynthése
des3 mannosides darS. albicans Ainsi, nous avons suivi par des moyens physicojues les
modifications dg3 mannosylation dans les parois desalbicansdéficients dans la biosyntheése de
diverses activitég-mannosyltransférasiques. Une nouvelle familleBdaannosyltransférases, les
BMT, a en effet été identifiée damschia pastoriset leurs homologues ont été individuellement
inactiveés chezC. albicans par I'équipe du Dr Poulain. Nous avons ensuite @iéca leur

phénotypage en analysant par RMN la présencefdesmannosides sur les glycolipides et les
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domaines acide-stable et acide-labile des N-glyesutte leurs phospho-peptido-mannanes. Ainsi,
nous avons participé a identifier les activigemannosyltransférasiques déficientes en fonction de
la longueur des chaines oligomannosidiques obsergBez chaque mutant. Par exemple, cette
stratégie nous a permis de démontrer que troisneezydistinctes CaBmt2, CaBmt3 et CaBmt4

étaient responsables de I'ajout séquentiel des poemiers résidus de mannose en béta sur le

phospho-mannane des N-glycannes (Mide al, 200§. Les enzymes responsables de la

biosynthése du domaine acido-stable ont égalemént identifiées de la méme maniere.
Parallelement, I'analyse structurale des phospboignnanes isolés des souches mutées dans la
synthése def-mannosyltransférases nous a permis de déterménspécificité de deux autres
membres de la famille des BMTs, les BMT5 et BMT6umples glycolipides (Milleet al., soumis

Il est a noter que tous les membres de cette neuvamille d’enzymes font preuve d’une
remarquable spécificité de substrats malgré deftndéss homologies de séquences. De fait, les
BMTs apparaissent comme un modéle extrémement preumepour I'étude des relations entre

structure et activité des glycosyltransférasesp@et sera abordé plus avant dans les projets.

Application de la RMN HR-MAS a I'étude des profilsde glycosylation des levures

Suite a la définition de la spécificité fine de gha-mannosyltransférase par I'analyse
détaillée de la structure des mannanes purifiéscliqgue souche mutante, les profils de
glycosylation totaux de ces souches ont été déweésnpar Résonance Magnétique Nucléaire HR-
MAS (High Resolution-Magic Angle Spinning). Cetechnique nouvellement introduite, et mise
en place par I'équipe de Guy Lippens a Lille, pdraiebserver les signaux RMN des molécules
majeures présentes a la surface de cellules vivamesffectuant des acquisitions sur les cellules
totales. Elle a récemment été utilisée pour I'asmalges lipoglycannes de la paroi des mycobactéries
(Li et al, 2005). Nous avons adapté cette technologie adéeties mannanes présents a la surface
des levures, ce qui nous a permis de détermingrdaotype glycanniqgue de souches mutantes sans
a priori structuraux. Pour ce faire, les culots cellulaidesdifférents sérotypes contréles @e
albicans et des souches mutantes déficientes dans la sgntbes 3-mannosyltransférases
impliquées dans la synthése des mannanes onts&@sndans des rotors en oxyde de zirconium et
analysés en RMN HR-MA&H homonucléaire mono et bidimensionnelled+&X hétéronucléaires
bidimensionnelles. Les spectres ont ensuite étépaods a ceux de mannanes purifiés pour
déterminer les modifications structurales des maesaxprimés a la surface cellulaire dans les

différentes souches mutantes. La comparaison agian anomérique des spectres HR-MAS RMN
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'H-13C hétéronucléaires du mannane purifié et de lateostandard démontre la présenceBde
mannoses a la surface des cellules vivantes. L'énierdes différents signaux est attribuée grace a
la mesure des constantes de couplages dirédtes {70 Hz pour lest -Man et 160 Hz pour leR-
Man). En accord avec nos observations sur les miggmurifiées, nous avons démontré que
l'inactivation des génes de chagfienannosyltransférase induisait des changementsfigpés
dans I'expression des épitodésnannosylés a la surface des cellules. De pluspri@araison des
profils glycanniques de surface a mis en évidermeprésence de structur@smannosylées
additionnelles différentes de celles observées &8 phospho-peptido mannanes et
phospholipomannanes purifiés. En particulier, nohservons un ensemble de paraméetres RMN
attribués a un résidu de phosppeMan encore jamais décrit sur les manno-glycocargsg
fongiques. De fait, la RMN HR-MAS s'est révéléeeétme technique d'analyse extrémement
puissante permettant non seulement de suivre litonl de la structure de motifs glycanniques
pariétaux connus, mais également de mettre en addes motifs inconnus que les techniques

classiques d'analyse aprées purification ne permtgies d'observer.

Notre implication dans I'étude des activités asSegsiaux BMTs et I'application de la RMN

HR-MAS est décrite dans les deux publications sues: Milleet al, 2008; Mae®t al, soumis.
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Structural studies of cell wall components of the pathogenic
veast Candida albicans have demonstrated the presence of
f3-1,2-linked oligomannosides in phosphopeptidomannan and
phospholipomannan. During C. albicans infection, 3-1,2-oligo-
mannosides play an important role in host/pathogen interac-
tions by acting as adhesins and by interfering with the host
immune response. Despite the importance of §-1,2-oligoman-
nosides, the genes responsible for their synthesis have not been
identified. The main reason is that the reference species Saccha-
romyces cerevisiae does not synthesize 3-linked mannoses. On
the other hand, the presence of 3-1,2-oligomannosides has been
reported in the cell wall of the more genetically tractable C. albi-
cans relative, P. pastoris. Here we present the identification,
cloning, and characterization of a novel family of fungal genes
involved in B-mannose transfer. Employing in silico analysis, we
identified a family of four related new genes in P. pastoris and
subsequently nine homologs in C. albicans. Biochemical, immu-
nological, and structural analyses following deletion of four
genes in P. pastoris and deletion of four genes acting specitically
on C. albicans mannan demonstrated the involvement of these
new genes in §-1,2-oligomannoside synthesis. Phenotypic char-
acterization of the strains deleted in B-mannosyltransferase
genes (BMTs) allowed us to describe the stepwise activity of
Bmtps and acceptor specificity. For C. albicans, despite struc-
tural similarities between mannan and phospholipomannan,
phospholipemannan -mannosylation was not affected by any
of the CaBMT1-4 deletions. Surprisingly, depletion in mannan
major B-1,2-oligomannoside epitopes had little impact on cell
wall surface 3-1,2-oligomannoside antigenic expression.

A number of yeast species have adapted to colonize human
tissue, and the adverse effects caused by these pathogenic yeasts
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have gained importance over recent decades. In particular, the
endosaprophytic yeast Candida albicans is able to invade
human tissues in immunosuppressed patients leading to fre-
quent nosocomial systemic infections with a high mortality rate
(1). Current research has shown that successful pathogenic
adaptation requires the ability to utilize elaborate sensing and
regulation pathways, impacting expression of a wide range of
virulence factors (2). Among these virulence attributes critical
for survival under changing environmental conditions is the
yeast cell wall containing large amounts of carbohydrates and
carbohydrates covalently linked to a noncarbohydrate moiety
classified as glycoconjugates, either glycoproteins or glycolip-
ids. In yeasts and other eukaryotes, glycoproteins typically con-
tain N- and/or O-linked glycans (3, 4). Glycans serve diverse
and important functions, such as intracellular trafficking of gly-
coproteins or glycolipids, protein folding, anchoring of macro-
molecules to the cell membrane, signal transduction, cell/cell
interactions, as well as determination of glycoprotein half-life
(5). In pathogenic microbes, glycans trigger host innate and/or
adaptive immunity responses.

Despite similarities in the early steps of processing, the
mature structure of glycans differs substantially between
yeasts and mammals. For example, mammalian N-linked gly-
cans are typically of the complex type, whereas typical fungal
N-glycans are categorized as high mannose (3). Depending
on the species, fungal high mannose glycans contain distinc-
tive modifications, such as the addition of mannosyl phos-
phate (6) and B-linked mannose. Suzuki and co-workers (7)
was the first to demonstrate and confirm that C. albicans, in
contrast to Saccharomyces cerevisiae, harbors B-1,2-linked
oligomannosides (B-Mans)®. The expression pattern of
B-Mans in C. albicans is quite complex. B-Mans have been
found to be associated with the acid-labile and acid-stable
part of the cell wall phosphopeptidomannan (PPM) (8)

*The abbreviations used are: B-Man, p-1,2-linked oligomannoside; PPM,
phosphopeptidomannan; PLM, phospholipomannan; mAb, monoclonal
antibody; ORF, open reading frame; ANTS, 8-aminonaphthalene-1,3,6-
trisulfonate; MALDI-TOF, matrix-assisted laser desorption ionization time-
of-flight; MS, mass spectrometry; HSQC, heteronuclear single quantum
coherence; ROESY, rotating frame nuclear Overhauser enhancement spec-
troscopy; FACE, fluorophore-assisted carbohydrate electropharesis.
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echlA mutant 79 ASN (antigenic factor 6)
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PpBmt2p ' (antigeric factor 5) .
FPpBmtdp D
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FIGURE 1. B-1,2-Mannosylation pathways. Schematic structure of P. pastoris N-linked glycans and C. albicans serotype A glycoconjugates in which the
presence of B-1,2-linked oligomannosides has been demonstrated chemically. A, N-linked glycans from P. pastoris wild-type strain and ochTA mutant. B, C.
albicans cell wall phosphopeptidomannan. C, C. albicans cell wall phospholipomannan, a glycosphingolipid product of the sphingolipid biosynthesis pathway.
D, schematic representation of the main epitopes recognized by mAbs BIE, 5B2, and B6-1. The arrow indicates the function of the PpBmtand CaBmt proteins

identified in this work by showing where the enzymes act and which hexose is added.

where they correspond, respectively, to antigenic factors 5
and 6 (Fig. 1B). They are also associated with phospholipo-
mannan (PLM), a surface cell wall glycolipid derived from
the mannose-inositol-phosphoceramide biosynthetic path-
way (9) (Fig. 1C). Although not yet confirmed by chemical/
structural studies, association of B-Mans with several cell
wall non-mannan mannoproteins has been suggested
repeatedly by the use of anti-B-Man-specific antibodies (10,
11). The mammalian immune system specifically reacts with
synthetic B-Mans that display a unique spatial conformation
(12). B-Mans have been established to be potent antigens for
the adaptive immune response and to elicit specific infec-
tion-protective antibodies (13). In contrast to «-linked oli-
gomannosides, which interact with C-type lectins, B-Mans
specifically bind to galectin-3 (14, 15). PLM from C. albicans
displays exclusively B-Mans (9) and has been shown to stim-
ulate a variety of host signaling pathways (16, 17). Finally, it
has been demonstrated that oral administration of synthetic
B-Mans inhibited C. albicans colonization of the intestinal
track in newborn mice, whereas synthetic «-Man did not
(18). This experimental evidence strongly suggests that
B-Mans contribute in a very specific manner to the virulence
of C. albicans.

To further analyze the importance of B-Man residues in C.
albicans virulence, the construction of mutants partially or fully
depleted of these residues is necessary. However, the genes
encoding C. albicans B-mannosyltransferases (BM Ts) have not
been identified. Furthermore, S. cerevisiae lacks 3-Man resi-
dues and thus is a poor model organism to elucidate mecha-
nisms of B-Man transfer. To date, attempts to decipher the role
of B-Mans in virulence and cell wall structure of C. albicans
have relied on the deletion of genes homologous to S. cerevisiae
genes involved in PLM and PPM biosynthesis pathways
upstream of actual S-mannose transfer (10, 19-21).
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The presence of B-Mans is not restricted to C. albicans and
has been demonstrated chemically in bacteria (22), Leishmania
(23, 24), as well as in nonpathogenic yeasts such as Pichia pas-
toris (25).

Here we describe the identification and characterization ofa
novel family of genes involved in the transfer of 8-Mans in P.
pastoris and the pathogenic yeast C. albicans. Based on the
available genomic sequence of P. pastoris and C. albicans, we
identified four novel genes in P. pastoris and nine previously
uncharacterized family members in C. albicans. Interestingly,
homologs of these genes are not present in S. cerevisiae. A series
of deletion strains of P. pastoris and C. albicans revealed differ-
ent immunochemical phenotypes allowing us to gain insights
into the function of these genes, including the impact of dele-
tion on the global cell wall surface expression of B-Man
epitopes. Moreover, systematic biochemical and structural
analyses of these mutants have allowed us to define their role in
different aspects of glycosylation, specifically core mannosyla-
tion of N-linked glycans in P. pastoris and f-mannose transfer
onto mannan in P. pastoris and C. albicans.

EXPERIMENTAL PROCEDURES

Strains and Culture Conditions—Escherichia coli strains
TOP10 or DH5« were used for recombinant DNA work. The
veast strains used in this study are listed in Table 1. Protein
expression in P. pastoris cells was carried out as reported pre-
viously (26). C. albicans was grown in YPD-Arg-His-Urd
medium (1% yeast extract, 2% peptone, 2% dextrose, 20 mg/liter
arginine, 20 mg/liter histidine, 20 mg/liter uridine) at 37 °C for
16 h. All procedures for manipulating DNA were performed as
described previously (27).

Deletion of BMT Genes—The PpBMT deletion alleles were
generated by the PCR overlap method (28 -30). In the first PCR
5'-and 3'-flanking regions of the PpBMT genes (500-1000 bp
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in size) and the NAT or G418 resistance marker (31, 32) were
amplified. Then, in a second reaction all three first round tem-
plates were used to generate an overlap product that contained
all three fragments as a single linear allele. The final PCR prod-
uct was then directly employed for transformation. Transfor-
mants were selected on YPD medium containing 200 pg/ml of
G418 or 100 pug/ml of nourseothricin. In each case the proper
integration of the mutant allele was confirmed by PCR. Each C.
albicans gene, listed in Table 2, was deleted sequentially from
strain BWP17 by PCR-based gene targeting (33). Two plasmids
were used to release two selectable markers, CaARG4 or
CaHIS1, by Notl digest. Each marker was amplified by PCR
using primers, including the first and the last 100 bp of gene-
specific sequences. The generated disruption cassettes were
used to transform BWP17 by the lithium acetate method as
described previously (34). First, the selectable marker ARG4
was used to generate independent heterozygous strains on syn-
thetic dextrose plates supplemented with 20 mg/liter histidine
and 20 mg/liter uridine. Correct insertion of the marker was
verified by PCR. A second round of transformation was per-
formed to delete the second allele with the HIST marker by the
same method. Homologous integration was verified by PCR.

Reintroduction of CaBMTs into the Null Strains—Each
CaBMT open reading frame with ~500-bp upstream and
downstream nucleotides was amplitied by PCR using
AccuPrime Pfx DNA polymerase (Invitrogen). The amplified
fragment was cloned into the pCRII-TOPO vector (Invitrogen).
Then the CaBMT gene was excised by digestion with Sacl and
NotI and ligated into Sacl- and Notl-digested CIpl0 (35) to
obtain the reintegration vector. The CabmtA null strains were
transformed with Stul- or Ncol-digested reintegration vector.
Transformants were screened by PCR to check the reintroduc-
tion of the CaBM T gene at the RPS10 locus.

Whole Cell Protein Extraction and Western Analyses—P. pas-
toris cells were grown for 1 day in YPD medium at room tem-
perature, and whole cell proteins were extracted using Y-PER
(yeast protein extraction reagent, Pierce). Extracts were
adjusted to the same protein concentration and analyzed by
SDS-PAGE on 5-20% acrylamide gels. Membranes were
probed with monoclonal antibody (mAb) 5B2 diluted 1:2000
(11).

Reporter Protein Purification and Release of N-Linked
Glycans—The Kringle 3 domain was used as a model protein
and was purified using His, tag as reported previously (26). The
glycans were released and separated from glycoproteins by
modification of a method reported previously (36). After the
proteins were reduced and carboxymethylated, and the mem-
branes blocked, the wells were washed three times with water.
The protein was deglycosylated by the addition of 30 ul of 10
mM NH,HCO,, pH 8.3, containing 1 milliunit of N-glycanase
(Glyko). After 16 h at 37 °C, the solution containing the glycans
was removed by centrifugation and evaporated to dryness.

Complementation of P. pastoris OCHI Gene—A 2.86-kb por-
tion of the P. pastoris OCHI locus was amplified by PCR using
primers PB198 5'-GAAGGATCCTGATATAGACCTGCGA-
CACCATC-3" and PB199 5'-ATTCGGATCCTGTCAATGG-
GAAGAGATGTCTTGTGCACA-3". The resulting amplified
fragment was subcloned into the P. pastoris/E. coli shuttle vec-
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tor, pRCD252, constructed in our laboratory, which contains
the HPH gene obtained from plasmid pAG32 (31), encoding for
hygromycin resistance and the P. pastoris TRP2 gene (integra-
tion locus). The resulting plasmid, pPB294, was linearized with
a unique Xbal site located in the TRP2 gene and transformed
into P. pastoris by electroporation. Transformants were
selected on YPD medium containing 300 mg/ml hygromycin.

Phenotypic Characterization of C.albicans Strains—To
determine the growth rate, strains were grown in YPD-Arg-
His-Urd medium at 37 °C for 9 h. Every 2 h, absorbance at 620
nm was measured. Hyphae formation was induced in 5% horse
serum at 37 °C for 3 h. Chlamydospore formation was analyzed
in medium containing 17 g/liter corn meal agar (Difco), 0.33%
Tween 80, and 2% agar. Cultures were grown at 28 or 37 °C for
2-5 days. To determine the sensitivity to chemical agents, 5 ul
of serial 1:10 dilutions of an overnight culture were spotted
onto YPD-Arg-His-Urd agar plates containing 25 or 50 mMm
CaCl,; 10, 20, or 50 pug/ml calcofluor white; 1 or 1.5 m NaCl;
0.001, 0.01, or 0.05% SDS. Plates were incubated at 37 °C for 1
day. For sensitivity assays to antifungal agents, including
amphotericin B, 5-fluorocytosine, itraconazole, fluconazole,
voriconazole, and caspofungin, strains were grown in Sab-
ouraud’s dextrose broth at 37 °C for 24 h. Two hundred
microliters of 1:10 dilution in Shadomy medium were inoc-
ulated onto antifungigram plates and incubated at 30 °C for
24 h. The growth was determined by measuring the absorb-
ance at 620 nm.

Phosphopeptidomannan Extraction and Western Analyses—
PPM from cells grown in YPD-Arg-His-Urd medium was
extracted as described previously (37). Briefly, cell pellets were
suspended in 0.02 M citrate buffer and autoclaved at 125 °C for
90 min. Suspensions were harvested, and Fehling’s solution was
added to the supernatant to precipitate PPM. The PPM was
then washed in methanol:acetic acid (8:1) and dried in a Speed-
Vac concentrator. Sugar concentrations were estimated by the
sulfuric phenol colorimetric method (38). PPM was analyzed by
SDS-PAGE as described above. Membranes were probed with
mAbs 5B2 diluted 1:1000 (11), B6.1 diluted 1:1000 (13), or B9E
diluted 1:750 (39).

Extraction of Sphingolipids—Cells grown at 37 °C in YPD-
Arg-His-Urd medium were broken with a French press
(Aminco) at 20,000 psi, dialyzed, and lyophilized. Extraction
was carried out as described previously (9), using chloroform:
methanol:water extractions, butanol:water partitions, and
chromatography on phenyl-Sepharose.

Analysis of the B-Mans Released from PPM and PLM—Pre-
viously extracted PPM or PLM were hydrolyzed in 0.1 n HCI
for 1 h at 100°C to release their B-Man-containing acid-
labile moiety and neutralized with 0.2 N NaOH. Hydrolysates
were then dried directly for PLM fractions or after an ultra-
filtration step on Centricon YM-30 filters (Amicon) for PPM
fractions and tagged with 0.15 M 8-aminonaphthalene-1,3,6-
trisulfonate (ANTS) and 1 M sodium cyanoborohydride for
16 hat 37 °C as described previously (40). The dried samples
were resuspended in glycerol:water (1:4) buffer. Electro-
phoresis of ANTS-labeled oligomannosides was performed
on 25 or 35% (w/v) acrylamide separating gels, depending on
the degree of polymerization of the oligomannosides, and a
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5% acrylamide stacking gel at 600 V. Electrophoresis buffers
were the same as for SDS-PAGE except that they did not
contain SDS. Acid-hydrolyzed dextran and oligosaccharides
were also tagged with ANTS and used as carbohydrate stand-
ards. Gels were dried, and images were acquired with the Gel
Doc 2000 image analysis apparatus from Bio-Rad equipped
with a 365 nm UV transilluminator.

NMR Analyses—For a better selectivity of mutant analyses,
NMR experiments were performed separately on acid-resistant
domains and on total mixtures of acid-labile oligomannosides
isolated from PPM from mutant and wild-type strains. After
mild acid hydrolysis, acid-labile and acid-resistant domains of
mannans were separated by gel filtration and analyzed sepa-
rately. All anomeric 'H NMR signals were then readily attrib-
uted to @~ and B-linked mannose residues according to pub-
lished data (37, 41). 400-MHz 'H NMR experiments were
performed on a Bruker Avance® spectrometer equipped with a
5-mm TXI probehead ('H resonating at 400.33 and C at
100.25 MHz) (Centre Commun de Resonance Magnétique
Nucléaire of USTL, Villeneuve d’Ascq, France). Samples
were exchanged three times with *H,O (99.97% deuterium
atoms, Euriso-Top, Saclay, France) and intermediate lyoph-
ilization and then dissolved in 250 pl of 2H,O. All experi-
ments are performed with 5-mm Shigemi® tubes matched
for ?H,O. Experiments were recorded at 300 K for acid-labile
fractions and 318 K for acid-stable fractions. Chemical shifts
were expressed in ppm downfield from the signal of the
methyl group of acetone ('H resonating at 2.225 ppm and
'3C at 31.55 ppm for all fractions). For one-dimensional
spectra, a spectral width of 4006 Hz was collected as 16,000
complex data points. Sine-shifted bell was used prior to Fou-
rier transformation. Spectra were base-line corrected with a
fourth order polynomial function.

Two-dimensional 'H-'*C heteronuclear (HSQC) spectra
were recorded without sample spinning, and data were
acquired in the phase-sensitive mode using the time-propor-
tional phase increment method.

ROESY experiment was acquired using 400-ms mixing time
and acquired in States mode according to Bax and Davis (42).
All parameters (90 hard pulses, soft pulses, delays, and pulse
powers) were optimized for each experiment.

Flow Cytometry—Surface expression of B-Mans was deter-
mined as described previously (43). Briefly, cells grown on
YPD-Arg-His-Urd medium at 37 °C for 16 h were washed with
phosphate-buffered saline and then incubated with factor 5 and
6 sera (latron), diluted 1:200. After washing, cells were incu-
bated with specific secondary fluorescein isothiocyanate-la-
beled antibody, diluted 1:100. Then cells were fixed with
paraformaldehyde and analyzed by fluorescence-activated cell
sorter.

Data acquisition was performed using an EPICS XLMCL4
(Beckman Coulter, High Wycombe, UK) equipped with an
argon ion laser with an excitation power of 15 milliwatts at 488
nm. Fluorescence intensity of 5000 cells was analyzed using
WINMDI software (available on line) and represented on a log-
arithmic scale.

© 2009 Tous droits réservés.

HDR de Yann Guérardel, Lille 1, 2008

1 23 45

FIGURE 2. Analysis of p-1,2-oligomannoside expression in PpbmtA
mutants. Western blots of whole cell extracts from P. pastoris strains stained
with mAb 5B2. A, PpbmtA strains in och1A background (see the structure of
glycans on the Fig. 1A, och1A mutant): lane 1, BK64 (wild-type, control strain);
lane 2, BK3-1 (ochTA in BK64); lane 3, YAS137 (pnolA-mnn4A in BK3-1); lane 4,
PBP129 (PpbmtiA in YAS137); lane 5, PBP130 (Ppbmt2A in YAS137); lane 6,
PBP126 (Ppbmt3Ain YAS137);lane 7, PBP135 (Ppbmt4Ain YAS137).8, PpbmtA
strains complemented with the OCH1 gene (see the structure of glycans on
the Fig. 1A, wild-type): lane 1, PBP282 (control strain); lane 2, PBP283
(Ppbmt1A); lane 3, PBP284 (Ppbmt2A); lane 4, PBP286 (Ppbmt3A); lane 5,
PBP287 (Ppbmt4A).

RESULTS

P. pastoris  Glycoproteins Express [-1,2-Oligomannosicde
Epitopes—Previous studies reported the existence of §-Mans in
P. pastoris. Vinogradov et al. (25) employed NMR spectroscopy
to show the presence of 3-Mans on the outer chain of P. pastoris
mannan. To confirm these results, a Western blot of whole cell
extracts stained with mAb 5B2 reacting with -1,2-linked man-
nobiose as a minimal epitope was performed and revealed the
presence of B-Mans in the parental P. pastoris strain BK64 (Fig.
24, lane 1), but not in BK3-1 (ochIA mutant) or YAS137
(priolA, mundL 1A in BK3-1 background)® strains depleted in
their outer chain (Fig. 24, lanes 2 and 3).

Identification of a Family of Putative P. pastoris 3-Mannosyl-
transferase Genes—We speculated that the protein(s) involved
in B-linked mannose transfer might share sequence similarity
or some specific structural motifs with other mannosyltrans-
ferases. Therefore, we performed a BLAST search of a P. pasto-
ris partial genomic sequence (Integrated Genomics, Inc.) for
genes similar to the known fungal Golgi-residing mannosyl-
and mannosylphosphate transferases. Using the C-terminal
part of S. cerevisiae Mnn4 protein containing lysine-glutamic
acid rich repeats (KKKKEEEE) (44) as a probe, a sequence with
similar lysine-glutamic acid-rich repeats was identified. A
detailed analysis of the corresponding contiguous DNA
sequence revealed the presence of an open reading frame (ORF)
encoding a hypothetical protein of 644 amino acids with a puta-
tive N-terminal transmembrane domain, suggesting a possible
Golgi localization. In subsequent searches we identified, in the
genome of P. pastoris, three more ORFs encoding proteins that
share significant sequence similarity (Fig. 3). Interestingly, two
of these ORFs are located adjacent to each other. Based on the
results of the subsequent experiments, we named these new
genes PpBMTI, PpBMT?2, PpBMT3, and PpBM T4 (for P. pas-
toris B-mannosyl transfer 1-4).

*T. A. Stadheim, P. Bobrowicz, H. Li, R. C. Davidson, T. U. Gerngross, and S.
Wildt, unpublished data.
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FIGURE 3. Conserved regions between the four P. pastoris B-mannosyltransferase protein sequences. The alignment was done with ClustalW and edited

with Genedoc.

TABLE 1
Strains used in this study
Strain Parental strain Genotype Refs.

BK64 GS115 (Invitrogen) hisd; K3-ZEO® 26

BK3-1 BK64 ochiA:HIS4; K3-ZEO® 26

YAS137 BK3-1 achlAzHIS4; pnol AcHYG®; mnndL1A:NAT®; K3-ZEO® “

PBP126 YAS137 achlA=HIS4; pnolAzHYGE; mnndL1A:NATY; Ppbmt3A:G418%; K3-ZEO® This study
PBP129 YAS137 ochlA:zHIS4; pnol AxHYG®; mnndL 1A=NAT®; Ppbint1A:=G418%; K3-ZEO® This study
PBP130 YAS137 ochlAzHISE; prol AcHYG®; mnndL 1 A=NATS; Ppbmt2A:G418% K3-ZEO® This study
PBP135 YAS137 ochlA:zHIS4; pnolA:HYG®; mindL IA=NAT®; PpbmtdA:G418%; K3-ZEO® This study
PBP282 BK3-1 ochiA:HIS4; OCHI-HYG®; K3-ZEO® This study
PBP283 PBP245 och1AzHIS4; Ppbmt1 AzNAT®, OCHI-HYG"; K3-ZEO® This study
PBP284 PBP277 och1A:HIS4; Ppbmt2A:NAT; OCHI-HYG"; K3-ZEO® This study
PBP286 PBP128 ochIAzHIS4; Ppbmt3A: G418, OCHI-HYG®; K3-ZEO® This study
PBP287 PBP247 ochlA:zHIS; PpbmtdAz:NATS OCHI-HYG®; K3-ZEO® This study
BWP17 RM1000 argd:hisG/argd:hisGhis1:hisG/hisivhisGiura3Arlimm434/ura3Aclimm434 62

AL84 BWP17 brmit4A: ARG/ DimtdA:HISI This study
ALS86 BWP17 bt 28 ARG4/bint 2A::HIS1 This study
AL90 BWP17 bmit3A:ARG4/bimt3A:HIS1 This study
AL91 BWP17 brti Az ARG/ it 1A:HISI This study
AL93 AL91 bmt1AzARGE/bmt1A=HISI, RPS10:Clp10-BMTI-URA3 This study
AL94 ALS6 bmt2A:ARG4/bmt2A::HISI, RPS10::Clp10-BMT2-URA3 This study
AL95 AL90 bmt3A:ARG4/bmt3A:HIS1, RPS10:Clpl0-BMT3-URA3 This study
AL96 ALB4 bmtd A= ARG4/bmt4A::HISI, RPS10::CIpl0-BMT4-URA3 This study

@ T. A. Stadheim, . Bobrowicz, H. Li, R. C. Davidson, T. U. Gerngross, and S. Wildt, unpublished data.

Analysis of B-1,2-Oligomannoside Expression in PpbmtA
Mutants—To characterize the function of these novel genes,
PpBMT deletion strains were generated in P. pastoris BK3-1
and YAS137 mutants (lacking outer chain, see Fig. 14) using
fusion PCR-generated mutant alleles (Table 1). Disruptions
were confirmed by PCR (data not shown). Both host strains
express the Kringle 3 domain of human plasminogen (K3) used
as an N-glycosylated reporter protein (26).

Similar to the YAS137 parental strain (Fig. 24, lane 3), West-
ern blot analyses of whole cell extracts from Ppbmil-3A
mutants generated in this background (Fig. 24, lanes 4-6)
revealed that they did not express B-Man epitopes recognizable
by mAb 5B2. However, strikingly, these epitopes were detected
in the Ppbmt4A mutant (Fig. 24, lane 7) suggesting that B-Man
epitopes are accessible following PpBMT4 deletion. Similar
results were obtained for deletion mutants constructed in the
BK3-1 strain (data not shown). Whole cell analysis was further
substantiated by Western blot analyses of the secreted K3 pro-
tein (data not shown).
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To further characterize the core glycan structure in PpbmtA
mutants, N-glycans were released from secreted Kringle 3 pro-
tein by treatment with peptide:N-glycosidase (26) and analyzed
by MALDI-TOF mass spectrometry with or without prelimi-
nary mannosidase digestion (Fig. 4). As shown previously by
Davidson et al. (30)with BK3-1, in reference strain YAS137
(0chIA background), core glycans displayed extensive and het-
erogeneous mannosylation (Fig. 44). B-Mannosylation of a
fraction of these glycans blocked the action of @-1,2 mannosi-
dase (peak with 10 mannoses; Fig. 4B). By contrast, disruption
of the PpBMT2 gene strongly reduced the degree of mannosy-
lation of the core glycans (Fig. 4C) and eliminated glycans
resistant to @-1,2 mannosidase treatment (loss of peak with 10
mannoses in Fig. 4D) and yielded the Man_GlcNAc, structure
as expected for core N-glycans with terminal @-1,2 mannose
extensions. In Ppbmt4A strain, an intermediate mannosylation
of the core was observed (Fig. 4E), and after &-1,2 mannosidase
treatment, recalcitrant peaks were still present, but their sizes
were smaller than those of the parental strain (Fig. 4F). No
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reduction in size or distribution of the recalcitrant peaks was
observed in the PpbmtIA and Ppbmt3A strains (data not
shown). These observations suggest that PpBmt2p initiates
B-mannosylation of core N-linked glycans and that PpBmt4p is
responsible for addition of a hexose to the extended -Man
chain (Fig. 14), which obscures the mAb 5B2 epitope, as sug-
gested by the results on Fig. 24, lane 7.

To test the effect of PuBMT deletions on 3-Man epitopes on
the outer chain, Ppbmtl—4A was transformed with the wild-
type P. pastoris OCHI gene. Western blot analyses of whole cell
extracts with mAb 5B2 (Fig. 2B) revealed that PpbmtlA did not
express [3-Man epitopes (lane 2), in contrast to the parental
control strain (Fig. 2B, lane 1). This suggests that PpBmtlp is
involved in B-mannosylation of the outer chain (Fig. 14). A
slight reduction in the signal was observed in the Ppbmit2A
strain (Fig. 2B, lane 3), whereas PpBMT3 deletion had no dis-
cernible effect on mAb 5B2 reactivity (lane 4). Interestingly,
PpBMT4 deletion resulted in a subtle increase in staining, con-
sistent with results obtained in the ochI A mutant background.

No enzymatic treatment

o 1.2 mannosidase treated
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FIGURE 4. Analysis of N-glycans released from K3 reporter protein pro-
duced in PpbmtA mutants in a YAS137 strain background. N-Glycans
were released from K3 by peptide:N-glycosidase treatment and directly ana-
lyzed by MALDI-TOF mass spectrometry (No enzymatic treatment panel). In
addition, a portion of the released glycans was digested with a-1,2-mannosi-
dase priorto MALDI-TOF MS analysis («-1,2 mannosidase-treated panel). Num-
bers next to the peaks correspond to the number of mannose residues pres-
ent in N-glycans, calculated on the basis of the molecular mass of the peak
(e.g. the peak designated with the number 8 comresponds to a ManzGlcNAc,
N-glycan). A and B, YAS137 (control strain); Cand D, PBP130 (Ppbmt2A); Eand
F, PBP135 (Ppbmt4A).
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The putative functions of PpBmtl—4p, as deduced from this
phenotypic analysis, are schematized in Fig. 1A.

Identification of a Related Family of BMT Genes in
C. albicans—To determine whether these four new P. pastoris
genes have homologs in other organisms, we performed BLAST
searches against public genome data bases. Homologs were
found in the fungal species C. albicans, Candida glabrata,
Debaryomyces hansenii, Saccharomyces castellii, Saccharomy-
ces kluyveri, Aspergillus fumigatus, and Aspergillus terreus. This
suggests that these BMT genes form a new family of fungus-
specific genes. By homology with the PpBmt2p sequence, nine
proteins with unknown function were revealed in C. albicans, a
tungal species known to display large amounts of 8-Mans on
various glycoconjugates (8, 11). Table 2 summarizes some char-
acteristics of the newly identified putative proteins. The CaB-
mtp predicted proteins display strong homology to each other
(Fig. 5). However, none of these sequences contains the con-
served glycosyltransferase domain (pfam Gly_transf_sug;
PF04488).

To determine the function of these C. albicans proteins, alle-
les of each corresponding gene were disrupted using a PCR-
based method described previously (33). This generated a set of
strains carrying disruptions of single or both alleles of each gene
in the parental strain BWP17 (Table 1).

Preliminary characterization of the nine deletion strains
revealed phenotypic alterations of PPM, PLM, and mannopro-
tein B-mannosylation (data not shown). We first focused our
analyses on four deletion strains selected for displaying pheno-
typic alterations of PPM B-mannosylation, as far as the distri-
bution of B-Man within this molecule is clearly known (Fig. 1B)
and accessible to structural analyses. We named the corre-
sponding genes CaBMTI1-4.

Deletion of CaBMTs Had No Effect on Growth and Morpho-
genesis in Vitro—When the growth of each CaBMT deletion
strain was monitored in rich medium, no differences were
observed. Similarly, all strains had the same ability to produce
hyphae in serum or chlamydospores on RAT medium. None of
the strains displayed increased sensitivity to CaCl,, calcofluor
white, NaCl, or SDS. No differences in growth were observed on
media containing increasing concentrations of antifungal
agents. Results from Alcian blue binding assays demonstrated
no effect on glycan phosphorylation in mutant strains (data not
shown).

CaBMTI1-4 Deletions Affect B-Mannosylation of Either the
Acid-stable or the Acid-labile Fractions of Phosphopep-
tidomannan—PPMs were extracted from selected strains and
first analyzed by Western blot. Staining with mAb BOE, specific

TABLE 2
Identification of C. albicans genes
Accession no. Gene name Gene name (Candida data base) Protein length Description Refs.

orf19.6782 BMT1 IFQ2 685 Unknown function This study
orf19.54 BMT2 IFQ3 655 Unknown function This study
orf19.3282 BMT3 IPF300 550 Unknown function This study
orf19.5612 BMT4 IPF15015 790 Unknown function This study
orf19.1464 BMTs IFQ4 613 Unknown function Mille et al., unpublished
orf19.5602 BMTé6 IPF19772 647 Unknown function Mille et al., unpublished
orf19.342 BMT7 IPF1520 652 Unknown function Mille et al., unpublished
orf19.860 BMTS IPF7647 695 Unknown function Mille et al., unpublished
orf19.4673 BMT9 IFQ1 783 Unknown function Mille et al., unpublished
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FIGURE 5. Conserved regions between the four C. albicans B-mannosyltransferase protein sequences. The alignment was done with ClustalW and edited
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FIGURE 6. Analysis of phosphopeptidomannan S-mannosylation in
CabmtA mutants. Western blots of PPMs (see the structure of PPM on Fig.
1B) extracted from deletion strains stained with the mAbs as follows:
A, BOE (specific for g-oligomannoside present on the nonreducing end of
«-1,2 chains of the acid-stable fraction of serotype A); B, 5B2 (specific for
B-1,2-mannobiose); and C, B6.1 (specific for B-1,2-mannotriose). Lane T,
BWP17 (parental strain); lane 1, AL91 (Cabmt1A); fane 1, AL93 (CabmtTA/
BMT1);lane 2, AL86 (Cabmt2A); lane 2', AL94 (Cabmt2 A/BMT2); lane 3, AL9O
(Cabmt3A);lane 3', AL95 (Cabmt3A/BMT3); lane 4, AL84 (Cabmt4A); lane 4',
AL96 (Cabmt4A/BMT4).

for B-Mans at the nonreducing end of @-1,2 chains of the acid-
stable fraction of C. albicans serotype A strains (antigenic fac-
tor 6, see Fig. 1B), revealed a complete loss of reactivity for
CabmtIA and Cabmt3A strains (Fig. 6A, lanes I and 3). Reac-
tivity to mAbs 5B2 and B6.1, specific for B-1,2-mannotriose,
was reduced (Fig. 6, B and C) but was completely abolished
(data not shown) after acid hydrolysis, which removes the acid-
labile fraction of PPM (see Fig. 1B). This suggests that CaBMT1
and CaBMT3 deletions affect B-mannosylation of the acid-sta-
ble part of PPM. In contrast, PPMs from Cabmit2A and
Cabmt4A strains displayed wild-type reactivity with mAb B9E
(Fig. 6A, lanes 2 and 4) but a strongly reduced reactivity with
mAb 5B2 suggesting that B-mannosylation of the acid-labile
part of PPM is affected in these mutants.

CaBmt2p, CaBmt3p, and CaBmtdp Are Involved in B-Man-
nosylation of the PPM Acid-labile Fraction—The oligomanno-
sides released from PPMs by mild acid hydrolysis were analyzed

© 2009 Tous droits réservés.
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FIGURE7.Analysis of phosphopeptidomannan acid-labile fraction. Oli-
gomannosides released by acid hydrolysis from PPMs previously
extracted were analyzed by FACE. Different carbohydrate standards were
used to evaluate the monomer number in the oligomannoside chains:
Man, mannose; M2%, synthetic di-mannoside; and M4, tetra-mannoside.
Lane T, BWP17 (parental strain); lane 1, AL91 (Cabmt1A); lane 1', AL93
(Cabmt1A/BMTT); lane 2, AL86 (Cabmt2A); lane 2', AL94 (Cabmt2A/BMT2);
lane 3, AL90 (Cabmt3A); lane 3', AL95 (Cabmt3A/BMT3); lane 4, AL84
(Cabmt4A); lane 4', AL96 (Cabmt4A/BMT4).

by fluorophore-assisted carbohydrate electrophoresis (FACE)
(Fig. 7). In comparison with the parental strain (lane T), dele-
tion of CaBMT1I had no effect on B-mannosylation of the PPM
acid-labile fraction (Fig. 7, lane 1). In contrast, FACE analysis of
the acid-labile fraction from Cabmt2A, Cabmt3A, and
Cabmt4A (Fig. 7, lanes 2—4) revealed the accumulation of a
single mannose, a mannobiose, and a mannotriose, respec-
tively, suggesting that these three CaBMTs are successively
involved in B-mannosylation of the PPM acid-labile fraction.
Cabmit3A also displayed a slight expression of B-Man with a
degree of polymerization >2, which may arise from redundant
activity of other CaBmtps (Fig. 7, lane 3).
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FIGURE 8. NMR analysis of acid-labile domain. NMR structural analysis of
purified acid-labile oligomannosides after mild acid hydrolysis fromwild-type
strain and mutants. One-dimensional '"H NMR spectrum of oligomannoside
fraction from the following: A, AL86 (Cabmt2A); B, AL90 (Cabmt3A); C, AL84
(Cabmt4A); and D, BWP17 (parental strain). £, "H-ROESY spectrum of oligom-
annoside fraction from AL84 (Cabmt4A). The detailed structure of B-Man
chains shows from which part of the molecules the signals labeled in the
various spectra originated. Each anomer a- h is observed as two distinct sig-
nals according to the @ or 8 forms of the reducing mannose residue of the
oligomannosylated chain.

These results were further confirmed by NMR analysis of the
acid-labile fractions from all strains composed of different sets
of free oligosaccharides with a reducing mannose residue. As
shown in Fig. 8D, the "H NMR spectrum of the acid-labile frac-
tion from the serotype A wild-type strain displayed a complex
pattern of H-1 B-Man signals between 8 4.75 and 5.10, as well as
several signals around 8 5.30 attributed to the reducing H-1
a-Man residues of oligomannosides. The a-anomer of free
mannose residues is also easily identified at 8 5.17. These
parameters are in agreement with the presence of a heteroge-
neous family of acid-labile B-Mans as described previously in a
C. albicans serotype A strain (37).

Analysis of Cabmt2A (Fig. 84) showed a much simpler 'H
NMR spectrum dominated by two signals at 8 5.173 (¥, , 1.7
Hz)and 4.890 (*/, , << 0.8 Hz), which were tentatively attributed
to the H-1 signals of a- and B-anomers of free mannose in
accordance with published data. This was confirmed by observ-
ing their respective spin systems on COSY and ROESY spectra
(data not shown). No signal from substituted a-Man residues or
internal B-Mans was identified, indicating the total absence of
oligosaccharides in the acid-labile fraction of Cabmit2A man-
nan. These results confirmed that acid hydrolysis of Cabmt2A
PPM released single mannose residues exclusively.

In addition to free reducing «- and B-Man H-1 signals as
observed in '"H NMR spectra of Cabmt2A, the Cabmt3A spec-
tra exhibited two intense anomeric signals at § 5.29 (ba) and
4.78 (ac) (Fig. 8B), which correlated with their respective H-2 at
& 4.13 and 4.05 on a COSY spectrum (data not shown). The
strong downfield shifts of ba H-1 and H-2 signals at 5.29 and
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4.13 ppm compared with free a-Man indicated that this residue
of @-Man is substituted in the C-2 position. The H-1 signal of
B-Man residue (ac) of the a-form of mannobiosyl was identi-
fied based on the H1/H5 internal nuclear Overhauser effect
observed from the signal at § 4.78 (data not shown). Further-
more, ROESY analysis showed a cross-peak between the ae H-1
signal at 4.78 ppm and the H-2 signal at §4.13, confirming that
the B-Man residue was linked to the C-2 position of the a-Man
residue (ba). The H-1 of @-Man (bB) and of the f-Man (af3)
residues of the B form of mannobiosyl was also identified as
minor signals at §4.99 and 84.82, respectively. Thus, NMR data
confirmed that the acid-labile fraction of Cabmt3A mannan
contains a mixture of free mannose and Man(81-2)Man
disaccharide.

Compared with Cabmt3A, the "H NMR spectrum of
Cabmt4A (Fig. 8C) showed three additional major signals at &
5.28 (exr), 4.87 (car), and 4.86 (dar), which were attributed to the
H-1 of 1,2-linked reducing a-Man, terminal nonreducing
B-Man, and 1,2-linked internal B-Man residues of the @ ano-
mer of mannotriosyl, respectively. Attribution was based on
published data and observation of internal H1/H2 and H1/H5
nuclear Overhauser effects on ROESY spectra (Fig. 8E). Two
additional minor signalsat4.96 (cf) and 4.92 (df3) were attrib-
uted to H-1 of terminal nonreducing 3-Man and 1,2-linked
internal B-Man residues of the B anomer of mannotriosyl,
respectively. Indeed, as demonstrated previously, H-1 and H-2
of internal and terminal nonreducing mannose residues of
mannotriosyl showed splitting because of the e and 3 forms of
the reducing mannose residue (37). These data demonstrate
that the acid-labile domain of Cabmt4A mannan contains a
simple mixture of free mannose, Man(B1-2)Man and
Man(B1-2)Man(B1-2)Man.

CaBmtlp and CaBmt3p Are Involved in B-Mannosylation of
the PPM Acid-stable Fraction—One-dimensional 'H NMR
analysis of the acid-stable fraction of mannan from the serotype
A wild-type strain showed a complex pattern of H-1 protons of
a- and B-linked Man residues (Fig. 94). Nondecoupled *C-'H
HSQC heteronuclear analysis (data not shown) allowed us to
distinguish B-Man from a-Man residues because of their low
'Joy constant around 157 ppm, compared with 171 ppm for
a-Man. As shown on the **C-"H HSQC heteronuclear spec-
trum (Fig. 9E), four signals labeled a—d were attributed to
B-Man H-1 depending on their location within the 8-man-
nan chain. It has been reported previously that serotype B
strains lack B-mannosylation on the acid-stable fraction of
mannans (7). In accordance with these data, the NMR spec-
trum of a serotype B strain did not show any signal originat-
ing from B-Man residues when the same analysis was per-
formed (Fig. 9B).

NMR analysis of the acid-stable fraction of CabmtIA (Fig.
9C) showed a total absence of signals attributed to 8-Man res-
idues, identical to the serotype B strain (Fig. 98). In contrast,
NMR analysis of the acid-stable fraction of Cabmt3A (Fig. 9D)
showed a single B-Man H-1 signal at 4.79 ppm attributed to
Man(B1-2)Man(al-terminal) motif. Presence of a single signal
out of four was confirmed by nondecoupled and decoupled
13C-"H HSQC analysis (data not shown). These data directly
confirmed that the CabmtIA strain does not contain any
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FIGURE 9. NMR analysis of acid-stable domain. NMR structural analysis of
purified acid-stable domain of mannan after mild acid hydrolysis from wild-
type strains and mutants. "H NMR spectrum of acid-stable domain from the
following: A, C. albicans serotype A strain; B, C. albicans serotype B strain;
C, AL91 (Cabmt1A); and D, AL90 (Cabmt3A). E, *C-"H HSQC heteronuclear
spectrum of ALS0 (Cabmt3A). E, a-d, signals have been identified as 3-Man
residues based on their low 'J.,; constant around 157 ppm, whereas all other
signals were identified as e-Man, based on their 'J-, constant around 171
ppm, as observed by the nondecoupled "*C-'H HSQC heteronuclear experi-
ment. The detailed structure of B-Man chains shows from which part of the
molecules the signals labeled in the various spectra originated.

B-Man residues on the acid-resistant domain of mannan,
whereas Cabmit3A retains a single B-linked mannose residue.
Control of Bmtp Activity by Construction of Revertant Strains—
Although all of the deletions had an impact of B-mannosyla-
tion, it was necessary to confirm specific activity by comple-
mentation of one gene copy. Wild copies of CaBM T genes were
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FIGURE 10. Analysis of phospholipomannan pg-mannosylation in CabmtA
mutants. A, Western blot analysis of PLM stained with mAb 5B2 (specific for
B-1,2-mannobiose); B, FACE analysis of oligomannosides released from PLM
by acid hydrolysis. For the FACE analysis, M4 and M8 (tetra- and octo-manno-
side) were used to evaluate the monomer number in the oligomannoside
chains. Lane T, BWP17 (parental strain); lane 1, AL91 (Cabmt1A); lane 2, AL86
(Cabmt2A); lane 3, AL90 (Cabmt3A); lane 4, AL84 (Cabmt4A).

reintegrated into the RPSI0O locus of the corresponding
CabmtA null strains. Complementation was confirmed by PCR
(data not shown). Phenotypic analyses either by Western blot
tor CabmtIA/BMTI1 and Cabmt3A/BMT3 (Fig. 6, lanes 1" and
3") or by FACE for Cabmt2A/BMT2, Cabmt3A/BMT3, and
Cabmt4A/BMT4 (Fig. 7, lanes 2, 3', and 4') showed complete
restoration of phenotype assigning definitely a function for
these representative members of the CaBmtp family.

CaBMT1-4 Deletions Do Not Affect PLM B-Mannosylation—
Considering homology of some B-Man acceptor sites (namely
-Man-P-Man) between PPM and PLM (Fig. 1, B and C), we
investigated whether deletion of CaBMT1-4 had an impact on
PLM. No effect on PLM B-mannosylation was observed in
Western blot analysis of whole cell extracts (Fig. 10A4). These
results were confirmed by the more analytical FACE method
performed on oligomannosides released from PLM in acidic
conditions. Altogether these data demonstrate substrate spec-
ificity for CaBmtl—4p between PPM and PLM.

Single Deletions Have a Slight Effect on 3-1,2-Oligomanno-
side Surface Expression—Flow cytometry assays were per-
formed using factor 5 serum recognizing homopolymers of
B-Mans in the acid-labile fraction of C. albicans and factor 6
serum recognizing B-Man residues at the nonreducing end of
the a-1,2 lateral chain specific to the PPM acid-stable fraction
of C. albicans serotype A (Fig. 1B). Surface expression of
B-Mans of deletion strains detected with polyclonal antibodies
was similar to that of the parental strain (Fig. 11) except for
CabmtIA, which displayed a significant reduction in antigenic
factor 6 expression (Fig. 114), and for Cabmt3A whose reactiv-
ity slightly increased with serum factor 5 (Fig. 11C). In contrast
to results obtained with purified PPM, deletions did not result
in dramatic changes suggesting that, besides PLM which was
not affected, other cell wall molecules contribute to compen-
sate cell wall expression of B-Mans.

DISCUSSION

The significant increase in opportunistic fungal infections
observed over the last 2 decades represents an important med-
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FIGURE 11. Flow cytometric analysis of B-linked oligomannoside surface
expression. B-1,2-Oligomannoside expression of deletion strains (gray line)
revealed with factor 5 and 6 sera was compared with that of the parental
strain (black area). A, AL91 (Cabmt1A); B, AL86 (Cabmt2A); C, AL90 (Cabmt3A);
and D, AL84 (Cabmt4A4).

ical challenge. In particular, C. albicans is one of the most fre-
quent causes of nosocomial bloodstream infections and is asso-
ciated with high mortality rates (45). Despite increased
investments in antifungal therapies, only limited progress has
been achieved in controlling nosocomial candidiasis (1). C.
albicans exists as a harmless, commensal micro-organism in
the majority of immunocompetent people. However, the
increase in number of patients with compromised immunity
has contributed to the observed rise in opportunistic fungal
infections. Several traits, including differential expression of
adhesins (46-48) and lytic enzymes (49), morphological
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changes (50), stress response (51), and changes in the glyoxylate
cycle (52) have been linked to pathogenicity of C. albicans.
However, the way in which C. albicans coordinates these fac-
tors in its continuous adaptation to host conditions is still
poorly understood.

Among factors contributing to C. albicans virulence, which
still pose unresolved questions, are B-Mans. 8-Mans contribute
to at least two important pathogenic mechanisms as follows:
adhesion to the host cells (14) and modulation of the immune
response (53). At the cell wall level, B-Mans are known to be
associated with PPM (7, 8) and PLM (9) as well as several studies
which suggest their association with cell wall mannoproteins.
Failure to identify genes involved in the biosynthesis of B-Mans
has hindered the implementation of genetic approaches to
study their function, i.e. due to their notable absence in most
model fungal species.

In this study, we describe the identification and characteriza-
tion of a new family of genes responsible for the synthesis of
B-Mans in the following two yeast species: P. pastoris and C.
albicans. First, employing glycan analyses by MALDI-TOTF
mass spectrometry and Western blot analyses of glycoproteins
with mAb 5B2, raised against C. albicans cell wall associated
B-Mans, we were able to confirm the presence of B-Mans in P.
pastoris. The ability of P. pastoris cells to modify glycoproteins
with immunogenic B-Mans could be a potential obstacle in the
successful implementation of this organism as a production
platform for therapeutic glycoproteins (54). To overcome this
problem, we attempted to identify the genes responsible for the
transfer of B-1,2-mannose in P. pastoris. Making the assump-
tion that putative B-1,2-mannosyltransferases might share
some structural motifs or domains with other yeast Golgi gly-
cosyltransferases, we employed BLAST to systematically search
for novel genes with such sequence similarities. Golgi manno-
syltransferases are typically type Il membrane proteins that add
a-1,2-, @-1,3-, and @-1,6-linked mannoses to protein- and lipid-
linked glycans (55). In several yeasts, including S. cerevisiae, C.
albicans, and P. pastoris, glycans also contain mannosyl phos-
phate, and the proteins responsible for mannosyl phosphate
transfer are also type II membrane proteins such as Mnndp
(44). A BLAST search using the S. cerevisiae Mnn4p tail as a
probe resulted in the identification of a new gene encoding a
putative type Il membrane protein with C-terminal repeats of
lysines and glutamic acids but with no homology to known
genes. Subsequently, three similar genes were identified sug-
gesting the presence of a novel gene family with four members
in P. pastoris. The results of subsequent BLAST searches
against public data bases revealed that the new family of genes is
present only in a limited number of fungal species. None of the
commonly studied fungal model organisms, including S. cerevi-
siae and Aspergillus nidulans, harbored homologs of these
genes. However, we were able to identify nine homologs in C.
albicans consistent with the prominent expression of B-Man
residues by C. albicans, as established by serological classifica-
tion (56) and subsequently by biochemical and cytological stud-
ies (8,9, 11, 57).

Analyses of a library of deletion strains revealed that these
novel genes are indeed involved in the transfer of B-Man
residues in P. pastoris. Western blot, mannosidase digests,
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and MALDI-TOF MS analyses were performed to character-
ize the N-glycans produced by the mutant strains. The anal-
yses were performed in strains with wild-type glycans and in
an ochlA mutant background with only core N-glycans pres-
ent. All the results point to the conclusion that this new
family of genes is responsible for the addition of B-Man to
N-glycans. In the wild-type strain background, the deletion
of PpBMTI eliminated the interaction between whole cell
extracts and mAb 5B2, suggesting that the PpBmt1 protein is
necessary for the synthesis of a structure recognized by this
mAb. PpBMT2 deletion slightly reduced the interaction with
mAb 5B2. No changes in B-Man were observed in the
PpBMTS3 deletion strain. Interestingly, deletion of PpBMT4
in the wild-type background enhanced the signal on Western
blot probed with mAb 5B2. This suggests that B-mannosyla-
tion catalyzed by PpBmtdp allows further steps that mask
B-Man epitopes recognized by mAb 5B2.

In the ochlA strains, deletion of PpBM T2 eliminates neutral
glycans resistant to a-mannosidase treatment as shown by
MALDI-TOF MS analysis. In contrast to the wild-type strain,
no effect of a PpBMT1 deletion was observed in the ochiA
strain background. This might indicate that PpBmtlp is
responsible for B-mannose transfer only on outer chain N-gly-
cans. Again, we were unable to detect any changes in N-glycans
associated with the PpBM T3 deletion. The deletion of PpBMT4
in ochlA strains seemed to expose the 3-Man structures recog-
nized by mAb 5B2 and even more dramatically in this case
because of the complete lack of signal in the ockIA mutant
parental strain.

However, MALDI-TOFT analysis of the N-glycans from the
PpBMT4 deletion strain showed a size reduction of glycans
resistant to a@-mannosidase treatment. This result, in agree-
ment with Western blot analysis of whole cell extracts, con-
firms that PpBmtdp extends glycans containing B-Man with
hexose. Future NMR studies of glycans from wild-type P. pas-
toris as well as PpbmtA mutants will be necessary to determine
the structure of B-Man containing glycans and the exact func-
tion of PpBMT genes, particularly PpBMT4, in their synthesis.

Similarly, we investigated whether the nine homologs
identified in the genome of C. albicans were also involved in
the transfer of B-Man residues. First, we created a library of
C. albicans BMT (CaBMT) deletion strains. [n vitro, under
the conditions tested, none of the deletion strains displayed
alterations in either growth phenotype or sensitivity to
chemical or antifungal compounds. However, all of the
strains displayed an altered pattern of B-Man epitopes in
PPM. Based on previously established chemical structures of
PPMs, we designed and conducted a series of experiments
involving purification of these molecules. Western blot of
PPMs with anti-B-Man antibodies of different specificity,
FACE analysis of oligomannosides, and confirmation of their
structure by NMR led to the following conclusions, summa-
rized in Fig. 1B. CaBmtlp and CaBmt2p are responsible for
the addition of the first B-mannose on PPM acid-stable and
acid-labile fractions, respectively, and therefore act on
a-linked mannose residues as acceptors. CaBmt3p and
CaBmtdp are active on -mannoses as acceptors, because
they are involved in the elongation of B-Man chains of the
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PPM acid-labile fraction. Analysis of the CaBMT3 deletion
also suggested its involvement in the addition of the second
B-mannose to the PPM acid-stable domain. None of these
deletions had an impact on PLM f-mannosylation demon-
strating the substrate specificity of Bmtps. Finally, flow
cytometry analysis revealed that modifications of PPM
B-mannosylation had a limited effect on B-Man cell wall
surface expression.

A number of studies have implicated a role for mannan in
C. albicans biology and pathogenicity. The importance of
mannan in virulence has been demonstrated by inactivation
of genes involved in transfer of @-mannosyls on O-glycans
(58) or the N-glycan outer chain (19). In parallel, experimen-
tal studies either in vitro (17, 53) or in vivo (13, 18), as well as
clinical studies involving purified (14, 53) or synthetic
B-mannosides (18), or purified molecules selectively con-
taining these residues (16, 17), have shown that B-Mans also
contribute to C. albicans virulence. Moreover, a separate
study has revealed that the spatial conformation of B-Man
(12) differs from the more ubiquitous a-Mans, most of which
are shared with S. cerevisiae. These differences affect B-Man
recognition by the adaptative (13) and innate immune sys-
tem (15, 59). Furthermore, an interesting observation is that
members of the BMT gene family are present in only a lim-
ited number of known fungal species, but among these is the
prominent fungal pathogen A. fumigatus (60). Despite these
findings, recently published papers have contradicted this
notion and led to the conclusion that B-Man may actually
have little effect on C. albicans virulence (20, 21). However,
the strategy followed in these papers did not specifically
target B-Man, but rather was based on the inactivation of C.
albicans genes, homologous to S. cerevisiae genes, which
prevented downstream association of B-Man to PPM
(20, 21).

The results presented here demonstrate a multiplicity and
specificity of Bmtps for their substrates, as well as a relatively
limited impact of individual deletions on overall B-Man
expression. It is striking that deletion of CaBMT2 leading to
the complete absence of PPM acid-labile fraction (identified
as antigenic factor 5 (61)) had no impact on direct aggluti-
nation by the same factor. Even the more analytic flow
cytometry method did not find any difference between the
mutant and parental strain using factor 5. This implies that
the complexity of the process of B-mannosylation in C. albi-
cans has been underestimated.

This study was designed as a principal study to define the
functions of a new gene family. As such it focused on C. albicans
PPM as a reference molecule whose structure elucidation has
required many studies. Besides definition of Bmtl—4p func-
tions, it was shown that disruption of these BMTs acting on
PPM had no impact on PLM B-mannosylation. Further studies
will focus on this using CaBMTs.

Considering this specificity of Bmtps in early biosynthetic
steps, pleiotropic effects of OCH1I deletion are probably also of
importance to be considered. The unknown mechanisms of
N-mannan core elaboration in the C. albicans ochlA mutant
noticed by Bates et al. (19) present striking homologies with
what was observed on P. pastoris ochIA regarding B-Mans.
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However, for mature mannoglycoconjugates, considering
previous immunological studies on B-Man expression in the C.
albicans cell wall, and the present results obtained by flow
cytometry, the hidden part of the iceberg is probably repre-
sented by the numerous cell wall mannoproteins harboring
altogether massive amounts of B-Man epitopes. As far as the
function of a cell wall molecule and its recognition by the host
are dependent on glycosylation, it can be anticipated that a role
for B-Mans in virulence may yet be revealed.

With this is mind, the identification of genes responsible for
B-mannose transfer creates the opportunity to directly study
the B-Man biosynthetic pathway in C. albicans and its relation
to pathogenicity. More generally detailed analysis of bmtA
mutants in different living organisms should allow a more com-
plete understanding of the extent and function of this post-
translational modification and how to manage it for engineer-
ing therapeutics and industrial purposes.
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Abstract

The yeastCandida albicanss an opportunistic pathogen, part of the normahan microbial flora
that causes infections in immunocompromised indiaig with a high morbidity and mortality
levels. Recognition of yeasts by host cells isaliyemediated by cell wall components of the yeast,
including a wide range of abundantly expressed aglgojugates. Of particular interest @.
albicans are the-mannosylated epitopes that show a complex expressattern onN-glycan
moiety of phosphopeptidomannans and are abseriteimadn-pathogenic speci€accharomyces
cerevisiae Being known as potent antigens for the adaptimeniine response and elicitors of
specific infection-protective antibodies, the exalineation off-mannosides regulation and
expression pathways has lately become a major tmilestoward the comprehension of host-
pathogen interplay. Using the newly developed HRS/WAMR methodology, we demonstrate here
the possibility of assessing the general profilecall surface exposed glycosylates from intact
living yeast cells without any prior, potentiallyestructive, purification step. This technique
permitted to directly observe structural modifioat of surface expressed phosphodiester-lifiked
mannosides on a series of deletion strains Frmannosyltransferases and phospho-

mannosyltransferases compared with their paretrahs.
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Introduction

The cell surfaces of yeast are covered with a dgh®®-shield whose biogenesis is tightly
controlled by environmental stimuli. Definition @ftructure to activity relationships classically
requires selective extraction procedures of largantties of material to be compatible with
physicochemical analyses. The application of theeedures in order to unravel basicandO-
mannosylation processes by using different temperatensitive mutants of the eukaryotic yeast
model Saccharomyces cerevisideok several decades to achieve a workable stalctnodel
partially applicable to other yeast model specidé$. Based on sequence homologies of
mannosyltransferases and the deciphering of itsnararstructure, the pathogenic ye@sindida
albicans became a popular model in both biochemistry andnumology considering that
oligomannose sequences act as adhesins and may@wetinate innate and adaptative immunity
responses (2, 3). However, progresses in genatcstidl impaired by the length, and to a lesser
extend by the lack of standardization, of cell walhlecules preparation and analysis procedures.
Moreover application of harsh and selective exibacimethods may give a poor physicochemical
view of the cell wall molecules actually accessiioléhe host tissues and immune system.

We therefore adapted the newly developed HR-MAS8Hrelogy to the analysis of yeast cell
surface as a mean for connecting genetic and imlogiecdbackground knowledge to structure and
ultra-structure ofC. albicanscell wall. We took advantage of our recent involesmin the
definition of C. albicansmannan phenotypes resulting from selective digsapdf 4 members of
genes encoding for a mannosyltransferase familyTldis family, recently discovered, comprises 9
genes which transfei-Man residues to mannan moiety of several cell wgylcoconjugates,
including the phosphopeptidomannans (PPM). Ind@edligomannosides are one of the most
salient features df. albicanscell wall glycoconjugates, compared with non th¢hpgenic species
S. cerevisiadb). They have been first identified by Suzuki amdworkers and then extensively
characterized both for their distribution on difet Candidamolecules and their contribution @
albicansvirulence (6, 7). We therefore used this modepehannosylation previously dissected
with conventional methods, to demonstrate the Uiseds of HR-MAS technology as a new,

powerful tool to directly assess the molecular mhgmes of yeast glyco-shield.
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Materials and Methods

Strains and Culture Conditions

The Candida albicansstrains used in this study are listed in Tabl&tains were grown in
YPD medium (1% yeast extract, 2% peptone, 2% degjrat 37°C for 16h. Then the cultures were
harvested before HR-MAS NMR experiments.

Phosphopeptidomannan Extraction

Phosphopeptidomannan from cells grown in YPD medivas extracted as described
previously (8). Briefly, cell pellets were suspedde 20 mM citrate buffer and autoclaved at 125°C
for 90 min. Suspensions were harvested and Feklisgiution was added to the supernatant to
precipitate PPM. The PPM was then washed in metteamatic acid (8:1) and dried in a Speed Vac
concentrator. Sugar concentrations were estimateldebsulfuric phenol colorimetric method (9).

NMR experiments

Liquid NMR experiments were performed on a 9.4 TaAse Bruke? spectrometer where
'H, *c and*'P resonate at 400.33, 100.67 and 162.06 MHz resplctThe experiments were
acquired with a Broad Band Inverse self-shieldeptadient probehead. Spectra were recorded at
318K in DO after two chemical exchanges with,O (Euriso-top, Gif-sur-Yvette, France).

For *H-*C HSQC spectra, the spectral widths were 4006 HzHawith 4k acquisition data
points and 12080 Hz fol°’C during 256 scans or transients and fdr*’P HSQC spectra the
spectral widths were 4006 Hz with 4k acquisitiotadaoints and 32411 Hz fdH and*'P during
128 scans or transients respectively. Durations poder levels were optimized for each
experiment. The other experiments (i.e., 1D spett#a®'P and 2D homonuclear spectra) were
acquired using classical pulse programs takendrBtiukef® pulse program library.

Spectra were recorded without sample spinning.cheenical shifts were expressed in ppm
downfield from the signals of internal acetori, 2.225 ppm**C 31.55 ppm. HR-MAS NMR
experiments were achieved on an 18.8 T Avance uk&P spectrometer whertH, **C and®'P
resonate at 800.13, 201.2 and 323.9 MHz respegtividle experiments were acquired with a
H/CPPPH probe with uniaxial gradients. Before analysi-pellets were twice washed with
deuterium oxide (Euriso-top, Gif-sur-Yvette, Franoeorder to remove all exchangeable protons.
Four mm ZrQ rotor (CortecNet, Paris, France) was filled wiGuk of cell pellets including 0.5 pL

of acetone as internal standard and finally cargatl at 3000 rpm. All spectra were recorded at 293
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K, rotor spinning rate was 8 kHz. All experimenge from Bruker library pulse program, delays
and powers are optimized for each. Bar"*C HSQC, the spectral widths were 12820 ) (with
1024 points for fid resolution and 29994 HXQ) during 400 scans or transients giving 12.5 Hz/pt
and 75.0 Hz/pt respectively.

Results and Discussion

Detailed structural analysis of mannan fragmentsegged by acetolysis and mild
hydrolysis previously established that the polynuaytated mannan core &. albicansis an
extremely heterogeneous molecule composed by arkné,6 mannan substituted by a wide range
of a-1,2-, a-1,3-linked mannose residues containing oligomasnand 3-1,2-linked mannose
residues in serotype A. Furthermore, in both seedyA and B, the mannan core is substituted by a
phosphodiester linked- andf3-Man residues containing oligomannans commonlyrrefeas acid-
labile domain (Fig. 1). Structure of mannan mogeté phosphopeptidomannan (PPM) from a wide
range of yeast species, including serotypes A andf Eandida albicanshave already been
extensively studied by multidimensional NMR expezints (10, 11, 12, 13). Shear heterogeneity of
polysaccharide structure generates a wide varigbifi the **C and *H NMR parameters of
individual residues depending on their exact lazatvithin the polysaccharide chain because of the
known susceptibility of chemical shifts to diredearonic environment. Whereas the micro-
heterogeneity of NMR parameters is dealt with waealysing purified oligosaccharidic sequences,
it may be a problem when trying to assess the gérgdycosylation pattern of intact mannan
because of signal overlaps which impair its exheestequencing. Still, based on NMR parameters
of linked mannose residuestablished from analysis of acetolysis and hydislfragments (10, 13,
4) the presence @Man residues was readily assessedHby°C NMR-HSQC spectroscopy owing
to the clear observation in the anomeric regiofiva signals at 4.79/99.9, 4.85/100.1, 4.86/102.3,
4.94/102.4 and 5.04/102.5 ppm (Fig. 2A). A sixtlscdete3-Man signal was also observed at
4.90/100.1 ppm (signd) that will be discussed latgs-anomeric configuration of all residues was
unambiguously demonstrated by non-decoupted®C HSQC heteronuclear analysis owinddey
values of about 160 Hz (data not shown). Althouiglfivee main signals are presumably the sum of
numerous sub-signals from individual residues H-&lightly different environments, they each are
distinct enough to be associated with a clear gubish pattern. So, in accordance with published

data, the five signals were respectively labe#léd e and been assigned to constant locatior% of
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Man residues within non phosphorylat@aligomannosylated sequences of different sizeblélra
1A). Accordingly, all five signals are also obsatven the'H-*C NMR-HSQC spectrum of the
total acid resistant moiety of PPM that resultsrfahe mild acid hydrolysis of total serotype A
mannan and release of the phosphodiesteffffieigomannosides (Fig. 2B). Then, recently Shibata
and collaborators proposed that phosphodiesteritifibkenced the H-1 chemical shifts of the first
[3-Man residues of acid labile oligomannosidic chdigisa constant value @ +0.08 (13) and thus
deshielded the H-1 values of Min2Marl-phosphate and [M@i-2].Manf1-2Marol-
phosphate (residues B) to 4.83-4.86 and 4.89-4p090 q@spectively, but left the H-1 parameters of
other 3-Man residues essentially unchanged. This assumptes confirmed by the data of the
present study which also showed a slight modificatof the C-1 chemical shifiAd +0.3) of
ManB1-2Marul-phosphate residue (Table 1B). Thus, it appeass Hr1l/C-1 parameters of
ManB1-2Mar1l-phosphate switch from signalto signalb and thus cannot be easily distinguished
from Marf31-2Mar31-2Marml-2Maro by liquid NMR (Table 1B). H-1/C-1 signal of [M@d-
2].ManB1-2Marni1-phosphate can be observed'sr-*C NMR-HSQC spectrum at 4.90/100.1 ppm
(signalf) but partly overlaps with intense Mat-6Mam- H-1 signal and thus is also difficult to
observe (Fig. 2B). Then, H-1/C-1 parameters of motifieMan residues associated to
phosphodiesterifiefl-oligomannosides cannot be differentiated from ¢hassociated to acid-stable
moiety. In summary, although liquitH-*C HSQC NMR analysis of intact mannan isolated from
PPM permits to easily obsery&@mannosylated epitopes owing to their very distikicfl/C-1
parameters compared with thoseoemannosylated epitopes, it does not permit to raistish the
B-Man residues signals associated to acid-stabie thmse associated to acid-labile fraction due to
a series of signal overlaps.

As a step forward to study the expressiof-ohannosylated epitopes at the surface of intact
yeast cells by NMR, we assessed the usefulnessgbf Riesolution-Magic Angle Spinning (HR-
MAS) NMR by analysing a wide range of wild type a@dndida albicangdeletion strains. This
recently developed technology, which enables tlygiiation of NMR spectra directly from living
intact cells, was previously shown to be effectiveobserve and analyse the structure of complex
molecules present either at the cell surface adénthe cells as long as they are mobile enough and
in sufficient quantity. In particular, it was efteely used to analyse the structure of cell wall
components, including mycobacterial polysaccharidéls}) and complex lipids (15),
lipooligosaccharides fron€campylobactercells (16), as well as intracellular metabolit&é3)(or
periplasmic glucans (18). First, we analysed atgoiuwf intact PPM purified from serotype @.
albicans(BWP17 strain) by HR-MAS NMR in order to standaelexperimental procedurél-*C
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HSQC experiments showed that HR-MAS NMR exhibiteztbmparable resolution to liquid NMR
which permitted to readily discriminate @iMan associated signals (Fig. Sup 1). Furthermalie,
o- andp-Man residues on purified PPM analysed by HR-MASRIEkhibited identical parameters
than those observed by liquid NMR, which validated use of this technology to analyse PPM
structure based on previously established chensbéts. Then, in order to analyse glycan
phenotype of whole cells, spectra were acquire®®pL of intact cells from different strains. As
shown on Fig. 3A, anomeric part ti-*C HSQC HR-MAS NMR spectrum of living serotypeG\
albicans (BWP17 strain) cells shows most of the anomergnals of the mannose residues
associated to PPM, including batlh and3-Man type residues. All majax-Man residues signals
that have been identified on purified PPM are t¢jeabserved ortH-*C HSQC HR-MAS NMR
spectrum with the noteworthy exception of Narf2Marm1-2 Maro atd 5.16/101.3 {H/**C) that
completely disappeared. Furthermore, anomeric kign&lanal1-2 residue ab 5.11/99.6 1H/**C)
was barely visible on intact cell compared withified PPM. Then, very intense signals aat
5.45/97.4 and 5.56/95.4H/*°C) assigned to Maril-phosphate and [M@i-2],Mana1-phosphate
of the PPM acid-labile fraction were also clearbserved. The nature af anomeric configuration
was further confirmed by observation of thki.c coupling constants at 171 Hz by non-decoupled
'H-3C HSQC and linkage to phosphorus atom also confirme'H-3'P HSQC experiments (data
not shown). Surprisingly, a third signal in the ioceg of phosphorylatedx-Man residues was
identified atd 5.56/96.0 YJu.c 164 Hz) exclusively on intact cells by HR-MAS-NM#Rhereas it
never appeared on purified PPM analysed eitheridiyd NMR or by HR-MAS NMR, which
strongly suggest it is not associated to the mdifPPM but to another cell wall related molecule.
Of particular interest for the present study, agaas previously associated ffeMan residues that
were easily identified, with the notable exceptioina, at identical chemical shifts than those
observed for purified PPM analysed by liquid and-MRS NMR. Signala (ManB31-2Maru1-
2Mana-) being the onhy3-Man signal exclusively assigned to PPM acid-stéfaletion, its specific
and reproducible absence on whole cell analysegests thaf3-Man residues associated to acid-
stable moiety is somehow not detected by HR-MAS N&Rlysis of intacC. albicansand thus
that only phosphodiesterifie@-oligomannosides are observed. The transparencgebfwall
associated acid-stabfemannosides to HR-MAS NMR analyses was demonstriayedomparing
data obtained from a serotype BaA-mnn44 strain) and a serotype EE&B-mnn44 strain) both
devoid of acid-labile mannoside domain. Indeed, wagCaA-mnn4d strain differs fromCaB-

mnn44 strain by the presence of acid-staBimannosides, they both show identical HSQC spectra,
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characterized by the total absenceBe¥lan signalsa-e associated to acid-stable moiety (Fig. 3B
and 3C). This is most probably the result of thecdr feature of HR-MAS NMR requiring that
the investigated samples possess some degreesbdityndndeed, constrain molecules exhibiting
low transversal relaxation time (T2) will not betelgted. In agreement with the absence of acid-
labile mannoside domain, no signal associated todlgphosphate and (M@@-2),Manal-
phosphate ab 5.45/97.4 and 5.56/95.4 can be observe@aB-mnn44 andCaA-mnn44 strains. In
summary, absence of detection of acid-stgblsannosidesin vivo, whereas they are easily
observed in purified PPM, gives a clear indicatioat these epitopes have a rigid conformation at
the cell surface compared to the phosphodiestérffimligomannosides that are very mobile.
Altogether, data established that HR-MAS NMR ensltkeein situ observation of cell wall PPM
directly from intact living yeasts without prior piication. Also, the difference in respective
mobility of both fractions gives the opportunity specifically target the phosphodiesterifigd
oligomannosides at the cell surface without interfiee from acid-stablgémannosides.

So, HR-MAS NMR analysis of intact yeasts was usedetermine then vivo phenotypes of
B-mannosyltansferase mutai@sA-bmt24, CaA-bmt4 andCaA-bmt44 by assessing the structure
of the phosphodiesterifie@-oligomannosides expressed at their cell surfabesailed structural
analysis of the PPMs purified from these mutants abyombination of mass spectrometry,
fluorophore-assisted carbohydrate electrophoréA<E) and liquid NMR strongly suggested that
the CaBmt2, CaBmt3 and CaBmt4 proteins were inwbinethe sequential transfer of the first, the
second and the thirl-Man residues, respectively, onto the acid-labilennoside ofC. albicans
PPM (Fig. 1) (4). However, the possibility that methtmlyy based on multiple purification and
chemical degradation steps generate artefactsatomk eventual alternative substrates can never
be completely ruled out, which justifies the useaohon-destructive type of analysis on un-
processed samples. Anomeric region of t¢°C HSQC HR-MAS NMR spectrum of inta€iaA-
bmt24 cells shows mosti-Man signals previously identified on parental BWFRstrain as well as
on CaB-mnn44 andCaA-mnn44 strains, but none of tH&Man signals (Fig. 3D). HoweveGaA-
bmt24 differs from CaB-mnn44 and CaA-mnn44 strains by the observation of Mah-phosphate
H-1 signal a® 5.45/97.4 in agreement with the presence of a RPilltlabile domain, the M&1-
2Mam1-phosphate H-1 signal still being absent. Altogeththese data unambiguously
demonstrates thalaA-bmt24 expresses at its cells surface PPMs substitutedhbbgphodiester
side chains that are constituted by a single, ndostguted,a-Man residue. Compared (0aA-

bmt24, *H-*C HSQC NMR spectrum dtaA-bmt34 showed a single additiontMan residue H-
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1 signal b: ManB1-2Mar1l-phosphate) as well as a single additiandllan residue H-1 signal at
0 5.56/95.4 (Maf1-2Marn1-phosphate) (Fig. 3E). The assignment of thisdagtal as an internal
2-substituted Man was confirmed by the deshieldihigs C-2 value to 78.8 ppm (data not shown).
Then, spectrum dfaA-bmtdd was characterised by the simultaneous presengeMan associated
signalsb, ¢ andf (Fig. 3F). In association with the observation a@fthbterminal and internal
Manal-phosphate H-1 signals and in accordance withiguely established NMR parameters
(Table 1), these signals established the presenbtaoal-phosphate, M@dl-2Marol-phosphate
and Ma81-2Marf31-2Maro1-phosphate side chains at the surface of ilf@aétbmt44 cells.
Altogether, presented data established the walidit HR-MAS NMR technology for
analysing glycosylation phenotypes of intact yeasts. We have shown a perfect correlation
betweenin vitro andin vivo analyses off-mannoside structures by using a numbe€oéalbicans
serotypes strains as well as strains deficientxinemely specific mannosyltransferasés.vivo
analysis has the enormous advantage over clasamaloach of combining low quantities
requirements (5@L of packed cells) and no need for any purificaocedure, making it useful
for quick, although structurally informative, phéyging of mutant strains. A possible drawback of
this approach is the selective signal suppresdi@m@menon associated to low mobility. However,
in the case o€. albicans we took advantage of it to specifically targettmi® molecules by getting
rid of overlapping non informative signals. We delibve that HR-MAS technology has an
enormous potential for analysing the regulationegpression a wide range of yeast parietal

molecules and could be extremely useful to thety@@amunity.
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Table 1.Estimation of‘H-*C chemical shifts&) of B-mannosides associated residues substituting
A, acid-stable an®, acid-labile domains of. albicansPPM, according to 4, 10, 13 and personal
data.a to f correspond to the signals actually observed andidH-*C HSQC NMR andH-*°C
HSQC HR-MAS NMR spectra (Fig. 2 and 3).

A
Sugar residues Range ofH and®C chemical shifts
E D c B A E D c B
MB1-2 Mal-2/3 Mal-  H a  4.76-4.79
Bc 99.6-100.0
MPB1-2 MB1-2 Mal1-2/3 Mal-  *H C 480486 b 483486
Bc 101.8-102.2 99.9-100.6
MPB1-2 MB1-2 MB1-2 Ma1-2/3 Mal-  *H d 489494 d 489494 b  4.83-4.86
Bc 102.2-102.4 102.2-102.4 100.1-100.6
MB1-2 MB1-2 MB1-2 MB1-2 Ma1-2/3Mal- *H d  4.89-494 e 496504 d 4.89-494 b  4.83-4.86
Y 102.2-102.4 102.4-102.6 102.2-102.4 100.2-100.6
B
Sugar residues Range ofH and**C chemical shifts
E D c B A D c B A
Mal-phosphate  *H 5.45
13¢ 97.4
MpB1-2 Mal-phosphate 'H b 4.83-4.86 5.56
B¢ 99.9-100.6 95.4
MpB1-2 MB1-2 Mal-phosphate  H C 480486 f  4.89-4.90 5.56
Bc 101.8-102.2 100.1 95.4
MPB1-2 MB1-2 MB1-2 Mal-phosphate  *H d  4.89-494 d  4.89-494 f  4.89-4.90 5.56
¥c 102.2-102.4 102.2-102.4 100.1 95.4

Table 2. Strains used in this study.

Strain Genotype References

BWP17 Serotype A strain, controle strain Wilsenhal, 1999 (19)
CaA-mnn4A4 Serotype A strainmnn4d/mnn44 Hobsonet al, 2004 (20)
CaB-mnn44 Serotype B straimnnn4d/mnn Singletonet al, 2005 (21)
CaA-bmt24 Serotype A strairpmt24/bmt24 Mille et al, 2008 (4)
CaA-bmt34 Serotype A strainpmt34/bmt34 Mille et al, 2008 (4)
CaA-bmt44 Serotype A strairhpmt44/bmt4A4 Mille et al, 2008 (4)
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Figure 1. Structural model of serotype AC. albicans phosphopeptidomannan (PPM) N-glycan
moiety. In vitro analysis of PPM purified fror@. albicansdeletion mutants strongly suggested that

the acid-labilg3-mannosides is initiated by the sequential actsivf threg3-mannosyltransferases

names CaBmt2-4p onto the MelrPhosphate of the phosphodiester-linked side atfadtPM (4).
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Figure 2 Liquid NMR analysis of purified PPM. *H-*C HSQC NMR spectra d&, native PPM
and B, acid-stable domain of PPM isolated from serotypé. albicans(BWP17) enable the

identification of the3-mannoside moiety owing to six NMR signal$ (Table 1) but do not permit

to easily discriminate between acid-stable and-ktide domains’H-3'P HSQC NMR analyses

(C) confirm the presence of Maf-phosphate and MBh-2Mam1-phosphate residues in native

PPM, and their absence in acid-stable domain of FIPM
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Figure 3 HR-MAS NMR analysis of six intact living C. albicans cells.'H-*C HSQC HR-MAS
NMR experiments of intact cells permitted to es&blthein vivo structure of phosphodiester-

linked side chains of the cell wall associated PR\, serotype A (BWP17)B, serotype A
devoid of acid-labile domainC@A-mnn4d); C, serotype B devoid of acid-labile domaiGaB-

mnn4d); D, CaA-bmt24; E, CaA-bmt34 and F, CaA-bmt4d strains.

* unidentified signal

exclusively observed oftH-*C HSQC HR-MAS NMR spectra of total cells.
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SupFig. 1 Comparison of NMR parameters of purifiedmannan analysed by liquid and HR-
MAS NMR. Details ofA andC, *H-**C HSQC liquid NMR;B andD, *H-**C HSQC HR-MAS
NMR; E, *H-3*P HSQC liquid NMR andF, *H-3'P HSQC HR-MAS NMR spectra of native PPM
isolated from serotype £. albicansdemonstrating that PPMs exhibit identical NMR paeters in

liquid and HR-MAS NMR.a to f signals are all assigned to H31Man residues as described in

Table 1.
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2.3- Diversité structurale des lipoglycannes mycolatériens
2.3.1- Contexte

Mes travaux concernant la diversité structurale lgiegylycannes ont été initiés lors de ma
these de doctorat en collaboration avec le Dr La#ukremer. lls portaient initialement sur
I'élucidation de la structure des lipoglycannes. &fet, les lipoglycannes sont des molécules
intrinsequement hétérogenes. En plus de la polgdigg dont ils font preuve au sein d'une méme
espece, ils présentent un certain degré de varégaltructurale inter-spécifique. L'étude de leur
propriétés biologiques a non seulement révélé squéfaient impliqués dans de nombreux
phénomenes associés aux infections mycobactérienrads également que leurs activités étaient
tres dépendantes de leur origine. De fait, un edgu'étude des LAMs était de déterminer les
domaines structuraux potentiellement impliqués dadraune de ces activités et ainsi d'aider a la
compréhension des mécanismes moléculaires a la dmseelles-ci. Les différences d'activité
observées entre LAMs ont été en partie reliéesnatiare de la coiffe, ainsi qu'au statut d'acytatio
de l'ancre lipidique (voir Gilleromt al, 2008). Néanmoins, plusieurs cas ont été obsetagas
lesquels aucune corrélation précise n'a pu étresdecentre activité et structure. C'est le cas des
pouvoirs chimiotactiques différents des ManLAMs Me bovis BCG etM. tuberculosisou des
pouvoirs d'adhésions différents des ManLAMs de kesdistinctes d®l. tuberculosis

L'étude des relations entre structure et fonctides lipoarabinomannannes était rendue
délicate a cause de deux facteurs principauxerbgénéité des préparations de LAM et le nombre
alors réduit de modeles disponibles. Comme l'omtaiéré les nombreuses études portant sur la
structure des LAMSs, I'hétérogénéité des préparativem LAM est principalement le fait de la
polydispersité de leurs domaines saccharidiquate da multiplicité des états d'acylation de leur
ancre lipidique. De fait, le développement de poles expérimentaux permettant de réduire
I'hétérogeénéité du LAM s'est imposé comme uneégjiatvalide pour I'étude de la fonctionnalité de
cette molécule. Ainsi, le fractionnement du LAMfenction de leur localisation présumée a mis en
évidence des sous-familles de molécules de stestgpius homogénes, qui éventuellement
induisaient des activités biologiques distincteg(N, et al, 1997; Gillerongt al, 1997; Gillerongt
al., 2000 ; Gilleroret al, 2006) De méme, leur séparation en fonction duédg@cylation a permis
d'évaluer l'importance de la partie lipidique deésMs pour certaines de leurs activités (Sidobre
al., 2000; Sidobret al.2001; Riviereet al, 2004).

Une deuxiéme stratégie d'étude, complémentaila geemiere, consistait a rechercher des
LAMs présentant des déterminants structuraux differ de ceux utilisés jusqu'a présent. En effet,

seules deux classes majeures de LAMs, qui diffépantla nature de leurs coiffes, avaient été
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décrites: les ManLAMs ched. tuberculosis, M. bovis, M. Aviuet M. lepraeet les PILAMs chez

M. smegmatiet une espece indéfinie de mycobactéries a craieseapide. Malgré I'existence
d'une variabilité structurale au sein des famillegaible nombre de modeles disponibles ne permet
gue tres peu d'études comparatives. Ce type depprg'avere souvent étre trés riche en
enseignements et est couramment utilisée dandd'étes relations structure/fonction des molécules
biologiques.

Plus de 70 espéces de mycobactéries ont été déeritee jour. Considérant I'extréme
variabilité des structure glycanniques dans le redbactérien, comme le démontre celle exhibée
par les glycolipides synthétisés par les mycobestemous sommes partis du postulat que la
structure du LAM avait de fortes probabilités a@beaucoup plus hétérogene que ne le suggéraient
les études effectuées sur un nombre réduit d'espBlos travaux se sont donc inscrits dans cette
optique avec pour but de mettre en évidence laxigt de nouveaux déterminants structuraux dans
les LAMs de mycobactéries encore non étudiéesrmggela purification de nouveaux LAMs devait
fournir de nouveaux outils pour décrypter les fammt de cette famille de molécules, et

eventuellement mettre en évidence de nouvelleditorschiologiques.

2.3.2- Résultats
Diversité structurale des lipoglycannes

Nos premiers travaux ont consisté en ['étude siralet des lipomannannes et
liporabinomannannes extraits de deux especes debagtéries:M. chelonaeet M. kansasii
(Guérardekt al, 2002 ; Guérardedt al, 2003).M. chelonaesst une mycobactérie non tuberculeuse,
essentiellement impliquée dans des infections éasngui présente l'intérét d'avoir une croissance
rapide. Le fait qu'elle puisse étre transforméefagsait de plus un modéle d'étude attradii.
kansasiiest quant a elle considérée comme l'une des mgtoles atypiques la plus pathogene et
nous est apparue comme un modele intéressant palesance clinique potentielle. La structure de
ces composeés a été réalisée au laboratoire gides méthodologies d'étude classiques, directement
adaptées de la littérature. Ces travaux ont miévehence un ensemble de variations structurales
tant au niveau du domaine lipidique que des difftsseomaines polysaccharidiques.

Ces travaux ont permis de montrer que les liponrames et lipoarabinomannannes de ces
deux espéces présentaient de nombreuses carapi@gstommunes avec ceux des especes déja
étudiées. En particulier, l'organisation en trommdines de cette famille de molécule -ancre
acylglycérol phosphatididyinydnositol, domaine mannosyle et domaine arabinosglemble

conservée dans I'ensemble des espéces mycobawtériétar contre, une liberté structurale limitée
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présiderait a la synthése de chague domaine. uétatke plus surprenant était l'identificationrd'u

nouveau facteur de variabilité au sein des domaimmsnannes des LMs et des LAMs. En effet,

d'apres les études antérieures effectuées, ce dersamblait étre la partie la plus conservée des

lipoglycannes. Les seules variations mises en agglétaient d'ordre quantitative et non qualitative

et concernaient la taille et le degré de substituéina-1,2 de la chaine linéaice-1,6-Man par des

© 2009 Tous droits réservés.

mannoses terminaux. Au contraire, |'étudévdehelonaest M. kansasiia montré que la nature des
liaisons était également variable, et que ce doenpiuvait étre substitué en petite quantité par
d'autres monosaccharides tel que le thio-méthylgsen Il est intéressant de constater que ce méme
monosaccharide soufré avait déja été mis en éwddans le LAM deM. tuberculosis mais était
localisé sur le domaine arabinane (Treumahral, 2002). Sa structure exacte a été déterminée
récemment comme étant un 5-déoxy-5méthylityilafuranose (Joet al, 2006). Enfin, ces travaux
ont démontré que le domaine mannanne des lipoghgsadeM. kansasiipuisse étre substitué non
seulement par des unités de mannoses terminalés,égelement par des di- et trimeres-,2-
Man, motifs normalement cantonnés a la coiffe stiganosidique. La diversité glycanniques des

lipoglycannes étudiés est résumeée ci-dessous :

M. bovis BCG LAMSs

[Ara(al-5)Ara(al-],

[Ara(a1-5)Ara(al-],

i T
g g
g &
-4 =
o o
8 g
g i
< <

ManLAM AraLAM
@) Q @) Q @) Q
2 2 2 2 2 2 Q 3 Q 3 Q 3
[Man(a1-6)Man(al] H) [Man(al-6)Man(al-l XO [Man(a1-6)Man(al-] QO
6 6
- 6
@) @) @)
(MY C-16 C-16
C- Cc-19 C-14 C-161 C-18:1

19 -
X C-15 C17 C-19
C-16 C18 C-19:1

® inositol; ©, Manp; O , Araf; 8 , Thio-Méthyl-XyIf

Le domaine arabinane, quant a lui, présente unetste qui semble invariable, quelle que
soit l'espece. Il a été proposé que les arabimasgférases responsables de la synthése des
domaines arabinanes du lipoarabinomannanne eamihogalactane soient, au moins en partie,

les mémes. Si tel est les cas, au vu du role strelatssentiel que jouent les arabinogalactanes che
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toutes les mycobactéries, on peut supposer quessipn de sélection empéche toute déviation de
l'activité des glycosyltransférases impliguées diansynthése des domaines arabinanes, ce qui
expliquerait leur constance chez les mycobactéfes. contre, cheM. chelonaele domaine
arabinane du LAM ne semble substitué par aucun tigeoiffe, ce qui permet de définir une
nouvelle classe de LAM, pour l'instant spécifiqueette espece. Le LAM dd. kansasiiest coiffé

par des motifs oligomannosidiques et appartientdola famille des ManLAMs.

Enfin, les ancres lipidiques des lipoglycannes e deux espéces ne variaient que par leurs
compositions en acides gras. Alors ddiekansasiiprésentait des acyl-glycerols trés semblables a
ceux de M. tuberculosis et M. bovis BCG -essentiellement substitués par des acides
tuberculostéariques et palmitiques- les lipoglyesnieM. chelonaeétaient substitués par un

meélange complexe d'acides gras jamais observécgansolécules auparavant.

Activités biologiques associées aux lipoglycannes

Dans un deuxieme temps, les propriétés immunolegigles différents lipoglycannes que
nous avions isolés et caractérisés ont été conmgpanex celles des lipoglycannes de souches déja
étudiées. Ces travaux ont été rendus possibles grame collaboration étroite avec le Pr E. Elass
qui s’est fortement impliquée a la fois dans laemes place et dans la réalisation de ces études. De
fait, elle a été la principale instigatrice de demvaux qui ont permis de placer nos études

structurales dans un contexte biologique cohérent.

L’activité anti-inflammatoire des LAM a coiffe maosyle deM. tuberculosisavait été
largement décrite dans la littérature, montrant qes molécules favorisent I'adhérence et
l'internalisation du bacille par les macrophagespetmettent au pathogéne de développer des
stratégies visant a favoriser sa survie et sa phighition au sein des granulomes. En revanche,
lorsque nous avons commenceé ces recherches, pedebétaient consacrées aux LMs. En 2003,
nous avons ainsi démontré que les LMs isolés dersig especes opportunistes, mais pas les LAM
correspondants, étaient de puissants inducteucgtdkines inflammatoires dans les macrophages
humains et que cette activité était dépendante lde-ZI' et du corécepteur CD14 (Vignet al.,
2003). La ‘LPS-binding protein’ (LBP), une glycopéme sérique jouant un réle importante dans la
désagrégation micellaire des lipides bactériende@t présentation aux cellules immunitaires,
potentialise I'effet inducteur des LMs. Nos travaant été confirmés par de nombreux auteurs et

notamment chez des souris dépourvues de TLR2.
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Afin de pouvoir mieux définir les mécanismes molates et cellulaires d’action des

lipomannanes, ngxrincipaux objectifs ont porté sur:

1-L’identification des motifs structuraux des LMsdes LAMs reconnus par les différents

récepteurs ou co-récepteurs du systéeme immunitaire

En effet, il est actuellement admis que l'interatides glycolipides bactériens avec les
cellules est fondée sur I'existence de complexas-pioléculaires faisant intervenir a la fois, des
récepteurs impliguées dans l'activation des vorsignalisation intracellulaires comme les TLR
et, des molécules co-réceptrices membranaireslables comme le CD14 ou la LBP. Dans le cas
des TLRs, la présentation de monomeres de glydelgpparait importante pour potentialiser I'effet
de ces molécules. Ceci ayant été particulieremei@n bdécrit pour [linteraction des
lipopolysaccharides avec TLR4. En revanche, leSnkes & mannose telles que DC-SIGN ou le
récepteur a mannose, reconnaissent avec une meildfinité les structures multimoléculaires
agrégées. Etant donné que nous avons observé gnemiation de I'effet inducteur des LMs en
présence de la LBP et du CD14, nous avons étuslitnieractions moléculaires de ces molécules

avec ses co-récepteurs et identifié les motifsmeags.

En utilisant, différents LMs et LAMs ainsi que drges fractions glucidiques de mannanes
et arabinomannes purifiées a partir de I'enveloggeliverses mycobactéries, nous avons démontré
par résonance plasmonique de surface (Biacor@jsténce d’interactions moléculaires spécifiques
de ces glycolipides avec le CD14 et la LBP. Lesapeitres de fixation (constantes d’affinité et
constantes de vitesse d’'association et de disgmgiabnt été caractérisés. L'affinité des LM et
LAM est plus élevée pour le CD14 que pour la LBPancre phosphatidyycinositol
dimannosylé et acylé est le plus petit domaine ldds et LAMs capable d’interagir avec ces
récepteurs, suggérant que ces interactions exlgemtsence de la partie lipidigue mais pas des
domaines mannanes et arabinanes. Etant donné qjuMieet LAMs forment en solution aqueuse
des agrégats micellaires de taille variable, ceslt&ts indiquent que la LBP et le CD14 peuvent
intervenir dans la présentation de ces glycolipiaes récepteurs en facilitant la désagrégation de

micelles formées par les LMs et LAMs en solutioneuge (Elasst al, 2007).
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2- L’analyse des activités inflammatoires des LMdes LAMs dans les macrophages:

» Effet des LMs sur la production de métalloprotéasasatricielles

Sachant que l'une des conséquences d'une infectianycobactéries est la formation de
granulomes suivie par une nécrose tissulaire péantdta dissimination dans I'organisme du pathogene
il nous a paru intéressant d’étudier I'effet des 4.t LAMs sur l'induction de métalloprotéases
matricielles par les macrophages, en particulietassaynthese de la MMP9, une collagénase de Wpe |
Ces enzymes sont une famille d’endopeptidases eincalcium dépendante qui jouent un réle
important dans le remodelage de la matrice exitdagke au cours des processus physiologiques et
pathologiguesEn particulier, le taux de MMP9 sécrété par lemonytes-macrophages, est augmenté
lors d’infection microbienne. Une production exdessle cette enzyme peut conduire en effet conduire
a des réactions inflammatoires amplifiées condtigada destruction des tissus.

Nos résultats indiquent que les LMs Me chelonaeM. kansasiiet M. bovis BCGaugmentent
fortement I'expression et la sécrétion de la MMR@nhine chez les macrophages alors que l'activité
inductrice des LAMs correspondants est faible.teCatduction est dépendante des récepteurs TLR2
associés a TLR1 et au CD14. En présence de la &Rt inducteur des LMs est augmenté. Ces
travaux suggerent que cette surexpression de la dpdRrrait participer aux processus de dégradations
tissulaires observés lors d’infection mycobactérert favoriser ainsi la dissémination du pathogéne

dans I'organisme (Elags al. 2005).

» Régulation par les LMs des voies d’activation iogltulaires des MAPK (Mitogen-Activated
Protein Kinases)

Les meécanismes intracellulaires induits par lesRTkont complexes et dépendants de
I’hétérodimeérisation de ces récepteurs. En efig@yamt leur coopération avec divers co-réceptdass,
TLR peuvent activer plusieurs voies intracellulaicenduisant en particulier a la stimulation dudac
NF-kappaB mais également des MAPK. La durée et I'intendig&tivation des MAPK sont controlées
par I'action de phosphatases, notamment MKP-1. @eamisme de régulation pourrait étre un des
mécanismes par lequel le pathogéne controle leemmgstde défense de l'organisme. Etant donné
gu’'aucune étude ne décrivait I'effet des LMs simduction des MAPK et leur régulation, nous avons
analysé cette activité.

Nous avons démontré que les LMs, purifiés de wifftes espéeces et reconnus par TLR2,
induisent de facon transitoire I'activation dese®MAPK (ERK, p38 and JNK MAP kinases) dans
les macrophages humains. Cette stimulation estesypar I'induction de I'expression de la MAP

kinase phosphatase 1 (MKP-1) qui régule la durééng¢nsité d'activation des MAPK, en les
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déphosphorylant. Les LAMs a coiffe mannosyle Me kansasii ou de M.bovis BCG sont
dépourvus de cette activité. Des inhibiteurs sjppoifs des voies ERK and p38 MAPK diminuent
I'effet inducteur des LMs sur la transcription ##KP-1. Ces travaux indiquent que par ce
mécanisme, les LMs pourraient controler 'activités macrophages durant le développement de
I'infection (Elasset al.2008).

En conclusion, ces travaux ont contribué a éclailes mécanismes moléculaires et
cellulaires d’action des LMs dans les macrophadgesasent a mieux comprendre le réle de ces
molécules dans la pathogénicité des mycobactéresscompétences que nous avons acquises dans
ce domaine nous permettront d’élargir nos recharénhd’autres molécules isolées de I'enveloppe
de mycobactéries et caractérisées au niveau gtalcaw sein du groupe, notamment les
lipooligosaccharides et les glycoprotéines, isoldesM. marinum Ce travail nous a permis
également d’ouvrir une nouvelle collaboration adec Dr Chambers (TB Research Group,
Veterinary Laboratories Agency Weybridge, New Haiddlestone, Surrey KT15 3NB, UK)
concernant I'effet d’'une glycoprotéine mannosyE&IBP83, fortement exprimée et secréteeNpar
bovis et M. tuberculosissur I'expression de la métalloprotéinase MMP9aetexonnaissance par
TLR2.
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3- Projets

3.1- Bases moléculaires de la spécificité d@snannosyltrasférases d€. albicans

Contexte

Alors que I'étude des voies de biosynthéseighicanes et des mannoprotéines est d'ores
et déja avancée, l'identification de génes pardicipa formation def-1,2 oligomannosides du
PLM ou du phospho-peptidomannane (PPM) n’est ceeerécente et encore partielle. Notre projet
a donc pour but le clonage des genes identifiedentification de nouveaux genes également
impliqués, et la caractérisation de l'activité @egymes codées par ces génes. En particulier, notre
intérét se porte sur la compréhension de la spééifile ces enzymes vis-a-vis de leurs substrats (0
« accepteurs »).

Sur la base d’homologies de séquence avec la p&iierminale de Mnn4 (une
phosphomannosyltransferase 8e cerevisiag I'équipe du Dr. Daniel Poulain (INSERM U799,
Lille) a récemment identifié ché2. pastoris4 genes potentiellement impliqués dans le transfer
-1,2 de résidus mannose, la famille Bmt (Mieal, 2008). Les séquences de ces protéines ont
par la suite permis lidentification de séquencesnblogues chez les espéces fongig@es
albicans C. glabrata Debaryomyces haseniBaccharomyces castells. kluyveri Aspergillus
fumigatuset A. terreus suggérant la découverte d’'une nouvelle famillegdaes spécifique des
champignons. Par homologie avec la séquence de 2pB® protéines de fonction inconnue, et
fortement homologues entre elles, ont été miseg®wtence chez. albicans.L'étude de la
structure des glycoconjugués isolés de souchesestdéficientes dans la biosynthése de chacune
de ces enzymes a permis de déterminer la spégifini de six de cd$1,2 mannosyltransférases.
Elles sont spécifiques non seulement du motif decepmais également de la molécule porteuse,
PPM ou PLM.

A ce jour, la structure tri-dimensionnelle d'unalleemannosyltransferase fongique a été
résolue (Lobsanowet al, 2004) : il s’agit d’'unea-1,2 mannosyltransférase impliquée dans la
biosynthése des glycoprotéines pariétalesSdecerevisiaget appartenant a la famille 15 des
glycosyltransférases. Celle-ci possede un repliemerixte o/f similaire a celui de la
glycosyltransférase-A qui utilise le GDP-mannoseng® donneur et um-mannose comme
accepteur, 'anomérie du donneur étant conservéineste transfert. Les séquences codant pour
les3-1,2 mannosyltransférases @ealbicanset deP. pastorisne présentent, quant a elles, aucune
homologie avec les domaines structuraux répertariés jour (pas de réponse significative lors de

blasts contre la base de données nr ou d’analygse)pfiinsi l'originalité de ces protéines réeside
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tant dans la spécificité de la réaction catalyiéesdn synthétisée et accepteur employé), que dans

leur structure primaire (et probablement tridimenskille).

Objectifs

L'objectif de ce projet est de mieux comprendrevigiges de biosynthése de ces structures

originales. Nous allons nous focaliser sur lesstpmints suivants :

> Caractérisation biochimique dg$-1,2 mannosyltransférasetes étapes préliminaires
consisteront a cloner les genes ch®z pastoris exprimer les enzymes sous forme soluble
directement dans le milieu de culture, puis de gasfier. Enfin, des études enzymologiques
devraient nous permettre de mieux comprendre leerdedsynthese de c@sl,2 oligomannosides.

> Compréhension de la séquence d'action des difsseahzymes pour ['élaboration de
structures complexes telles que les PPM, sachambejseule et mém@-1,2 mannosyltransférase
est probablement capable d'employer différentspdeaes et donc d'intervenir sur différents sites
de la chaine glycannique.

> A plus long terme, la résolution de la structurngitmensionnelle de ces enzymes, par
cristallographie, pourra venir compléter les carasations biochimiques. L'obtention de ces
nouvelles structures sera d'un intérét majeur pgeudesign de nouveaux agents antifongiques

potentiels.

Programme de recherche

Cloner les genes ch@ichia pastoris

Le clonage des génes codant poufilds2 mannosyltransférases @ealbicans ainsi que la
caractérisation des enzymes correspondantes séaiises en relation étroite avec les laboratoires
du Dr. Daniel Poulain (INSERM U799, Lille) et du Btefan Wildt (GlycoFi, Inc./Merck & Co.).

Les génes CaBmtl a 9 pourront étre individuellenmes#rés en multi-copie dans le génome
de P. pastoris et surexprimés a l'aide du promoteur fort et wtthie au méthanol, AOX1. La
sécrétion des protéines d’intérét dans le miliewcdléure sera rendue possible par la fusion N-
terminale d’'un signal de sécrétion (« facteus, Invitrogen). Une fusion N- ou C-terminale avec
une étiquette telle que 6xHis, permettra la puatfan ultérieure des enzymes, par chromatographie
d’affinité. Ces derniéres seront en principe resdselubles par la troncature de leur fragment

transmembranaire. En effet, l'utilisation du logici TopPred [ittp://mobyle.pasteur.fr/cgi-
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bin/MobylePortal/portal.pynous a permis de prédire I'existence systématigoer les 9 protéines,

d’'un segment transmembranaire d’'une vingtaine d&caminés, situé cété N-terminal.

La production a I'’échelle pilote de ces differerdegymes sera éventuellement assurée dans
le cadre d’'une collaboration avec Dr. Stephan W(i&itain Development, GlycoFi, Inc/Merck and
Co., Inc, Lebanon, NH 03766, Etats-unis).

Etudier la spécificité d’accepteurs

L’activité individuelle de chaque enzyme purifiéeras déterminée a partir d’accepteurs
oligosaccharidiques synthétiques et naturels. Liéférehtes souches mutantes @e albicans
construites au cours de I'étude de Méteal. (2008), et déficientes pour les difféerents genef-d
1,2 mannosyltransférases, pourront étre utiliséesr p'obtention des accepteurs. Ainsi, les
accepteurs endogénes putatifs de chaque enzymijudpldans I'addition dB-Man sur le PPM
(Bmtl1-4) seront générés a partir des souches nast@orrespondantes. Les PPM seront purifiés et
des oligomannosyles phosphorylés et non phosplsogdéont libérés par hydrolyse alcaline et
acide respectivement, puis purifies par chromafdgeade gel filtration et HPLC préparative. De
méme, des molécules tronquées de PLM seront msifépartir des cellules déficientes dans la
synthése de Bmt5 et 6. La structure de ces fraxtienmannanes sera précisément déterminée par
RMN. Par ailleurs, les produits synthétisés a paté l'une ou l'autre des différent@sl,2
mannosyltransférases objets de notre étude pousrp@tnémes servir d'accepteurs potentiels pour
les autres enzymes. Les parametres cinétiques atpierenzyme (K et Vimay, Obtenus pour les
différents accepteurs, seront comparés afin daepder les "préférences” de chacune
L’originalité de ce projet repose en partie sucdpacité de notre groupe a purifier et analyser des
accepteurs endogénes putatifs des enzymes étadpgetr de différentes souches@ealbicans

L'ensemble de ces résultats pourra ainsi permatraieux comprendre la séquence d'action

de ce$3-1,2 mannosyltransférases pour la synthése d'alagpbsrides complexes.

Etudier les relations structure-fonctions

Dans une derniere étape, nous allons tenter dentéer les motifs structuraux essentiels
contrlant la spécificité fine de chagemannosyltransférase que nous avons précédemment
déterminée. Pour ce faire, nous étudierons la tstreidri-dimensionnelle du domaine catalytique
d’'un des membres de la famille des Bmts par cdadlisation de I'enzyme avec son substrat
accepteur oligosaccharidique préférentiel. Cesestugleffectueront en collaboration avec le Dr

Julie Bouckaert de I'Université de Bruxelles, déigguipe posséde une expertise reconnue dans
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l'étude de la structure de lectines bactériennest diertaines sont spécifiques de manno-
glycoconjugués. Sur la base de leurs fortes honmedagfructurales nous modéliserons la structure

des autres membres de la famille Bmts au seinlzbrasoire.

3.2- Etude du role de la glycosylation des protéisechezMycobacterium marinum

Contexte

Ces travaux s’integrent dans un projet plus labgsé sur I'utilisation du modéle émergeant
Mycobacterium marinum/Danio rerioUne partie de ce projet est actuellement finangae
I’Agence Nationale de la Recherche en collaboratieec les Dr. L. Kremer (CNRS UMR 5539) et
P. Herbomel (CNRS URA2578M. marinum(M. mg est un pathogéne naturel des poissons qui
induit une infection aux caractéristiques physibpligiqgues semblables a celles rencontrées chez
’lhomme infecté paM. tuberculosigM. tb). Outre les similitudes entid. maet M. tb du point de
vue de la pathogenese, ces deux organismes ssmirtiehes génétiguement, d’'ou l'intérét porté a
M. maen tant que modéle pour I'étude de la physiopatiieltuberculeuse. De pluSanio rerio
("poisson zébre"), un héte naturel Bie ma représente un modéle de choix car son embryon est
optiquement transparent, ce qui permet de suiweénkeractions héte-pathogéneasvivo et ce en
temps réel. Nos travaux en cours sur ce sujet stemsi a comparer les profil lipidiques et
glycolipidiqueses de souches @& ma induisant soit une infection aigué soit une infeati
chronique granulomateuse dans le poisson. Aprégifidation, ces composants sont purifiés afin
premiérement de réaliser leur analyse structuraée &t deuxiemement de les coupler a des billes
de latex fluorescentes. Ces billes chargées eaebpét glycolipides spécifiques sont alors injectée
dans I'embryon du poisson. La participation de m@éecules dans divers phénomenes tels que la
phagocytose, le recrutement cellulaire, la fornmatite granulomes, et I'incidence des réponses
innée/adaptative sont ainsi directement visualiséévaluées vivo.

Suite a I'analyse systématique apres marquage olifae des glycolipides de sept souches
de M. ma en collaboration avec le Dr. Laurent Kremer, nausns mis en évidence chez une
souche induisant une pathologie chronigue (Mma7)ptasence d'une accumulation d’un
intermédiaire de biosynthése glycolipidique. L'aisa&l chromatographique suggere un défaut de
biosynthése du lipo-oligosaccharide IV (LOS IV) reimant I'accumulation de LOS Il dans la

paroi de la mycobactérie. La structure de ces cegpahezM. ma n’étant que partiellement
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connue, nous avons initié la purification des défés LOS a partir de la souche Mma7 et d’'une
souche présentant un profil lipidique normal daesblut de définir la nature du défaut de
glycosylation dans la souche Mma?.

L’étude structurale des LOS purifies des deux sesddmaM et Mma7, a tout d’abord
confirmé que la souche Mma7 présentait bien unudéfa biosynthése du LOS IV. De plus nous
avons établit que les structures des LOSII, Il ¥t dtaient toutes basées sur un corps
oligosaccharidique commun de séquence C4-(tetrakyel,3,4,5-hexyl)-3,6-dideoxg-Galp-(1-
4)3-Xylp-(1-4)-a-Rhgp3Me-(1-3)$-Glcp-(1-3)3-Glcp-(1-4)-a-Glep-(1-1)-a-Glep qui contient en
position terminale non réductrice un monosacchabiéle rare, le caryophyllose, dont la structure

est représentée ci-dessous :

HsC.

Dans le cadre de ce projet, nous couplons égaleimesties composés purifies a des billes
de latex fluorescentes qui sont injectées danshbifgam transparent du poisson par I'équipe du Dr.
Herbomel. Ces expériences permettent de suivreemps réel ein vivo le devenir de chaque
composé et sa participation dans divers phénoméoesne la phagocytose, le recrutement
cellulaire, la formation de granulomes et l'incidendes réponses innée/adaptative. Les billes
fluorescentes recouvertes de LM, LAM et LOS onsaé@ié injectées dans le ventricule postérieur
du cerveau pour évaluer la capacité des composégpa induire le recrutement des macrophages
dans le ventricule injecté (chimiotactisme). De pe=mieres expériences il apparait que le nombre
de macrophages recrutés dans le ventricule desyentbiinjectés avec les billes couplées aux
lipoglycanes est environ 1.5 a 2 fois plus élevéampés injection de billes contrble et celles
couplées aux lipo-oligosaccharides I'est de 3 aig jplus. En paralléle, nous déterminams/ivo
les capacités immuno-modulatrices de ces compasémjection dans la circulation sanguine et
guantification des cytokines pro-inflammatoires Fel\Net zTNFalp présentes chez le poisson zébre
(équipe du Dr. L. Kremer). Ces test sont égaleméalisésin vitro sur des cultures de cellules
humaines. Les premiers résultats obtenus sur eslllhpl différenciées montrent une induction

spécifique de cytokines pro-inflammatoires pardidles couplées aux LOS.
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Nous nous proposons d’étendre le cadre du prajetvignt d’étre décrit a I'étude des
relations entre structure et fonction des glycafinss en utilisant le méme modeéle expérimental

pathogene-hoét®lycobacterium marinurDanio rerio.

Objectifs

La motivation de ce projet de recherche est de xnieemprendre l'influence de la
glycosylation des protéines mycobactériennes syathologie tuberculeuse par une approche de
biochimie structurale. Nos trois principaux objéctont :

> D’étudier systématiquement les glycoprotéines ex@es paiM. marinumpotentiellement
impliquées dans la pathologie.
» De déterminer I'importance relative des génes iquygls dans la glycosylation des protéines.

» D’etudier le réle de glycoprotéines excrétées aunbdulation de la réponse immunitaire.

Programme de recherche

Analyse des profils de glycosylation.

Les glycoprotéines mannosylées parietales et edaséseront purifiées en bloc par
chromatographie d’affinité sur colonne de lectiren&. Sur la fraction retenue, nous mettrons en
évidence les manno-protéines par blot avec lectileespécificités différentes (ConA et GNA).
Nous vérifierons que les protéines retenues paoncatographie d'affinité sont réellement
mannosylées en inhibant la fixation des lectines @das inhibiteurs glycanniques et en
démannosylant enzymatiquement. Les parties glygaesi seront libérées a partir du mélange de
glycoprotéines par méthodes chimiques et analyséesélange par SM, RMN, HPLC et GC/MS.
En paralléle, les protéines mannosylées seroneséges par spectrométrie de masse et identifiées
par comparaison avec les banques de données gasetiur la fraction non retenue par la colonne
d’affinité, nous évaluerons la possibilité de l@&gence d’autres types de glycosylation que la
mannosylation. Ceci sera réalisé sur la base détudirectes aprés libération chimique et
I'utilisation d’'un large panel de lectines.

L’ensemble de ces analyses nous fournira une vigioloale de I'état de glycosylation des

protéines dans une souche témoimvdenarinumet permettra de déterminer :
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- la présence ou non des glycoprotéines déja cenmams d'autres souches de
mycobactéries

- la nature des profils de glycosylation globauinédividuels des glycoprotéines

- I'identité d’éventuelles nouvelles glycoprotéines

- la topologie partielle des glycoprotéines

Comparer les profils de glycoprotéines dans diffiées souches
Sur la base de lidentification des glycoprotéindens la souche de référence, nous
comparerons les profils de glycoprotéines, totatesxcrétées, exprimées dans six souched.de
marinuminduisant des pathologies chroniques ou aigues.
» Ces analyses nous permettront de déterminer l'aafitin éventuelle de glycoprotéines dans

le type de pathologie induite psl. marinum

Purifier les glycoprotéines d’intérét

En fonction des résultats acquis nous sélectiamseune ou plusieurs glycoprotéines dans
le but d’en étudier la structure fine et de I'sdlr dans des tests fonctionnels. Nous sélectionsero
les glycoprotéines nouvelles, qui présentent desdilprde glycosylation particuliers ou dont
I'expression varie en fonction de la pathologies Igdycoprotéines choisies seront purifiées par
chromatographies successives (affinité, échangensl’iet interactions hydrophobes) et leur

structure fine analysée par MS/MS.

Déterminer I'importance des genes impliqués dargdyaosylation des protéines.

Sur la base de l'identification d’'un gene codantipone O-mannosyltransférase chéz
tuberculosis nous rechercherons les homologues des mannosférases potentiellement
impliqués dans la biosynthese des mannoprotéineshMhmarinum Nous génererons des souches
mutantes déVl. marinumdans lesquelles les enzymes mises en évidencet &b surexprimées
soit inhibées. Le phénotype de ces souches seeanigé en terme de croissance et de pouvoir
infectieux. L'ensemble de ces travaux sera effegtaél’équipe du Dr Laurent Kremer (CNRS
UMR 5235, Université Montpellier II).

Nous analyserons les profils glycanniques et glyaidiques des différentes souches mutantes
selon la méme méthodologie précédemment décrites.
» Ces analyses nous permettront de déterminer l8nfte individuelle des enzymes de O-

mannosylation sur la glycosylation des protéineMdearinum
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Etudier le rble de glycoprotéines sur la modulatdmla réponse immunitaire.

Nous étudierons le réle des glycoprotéines excsétér mélange et purifiées, dans les
réponses cellulaire et immunitaire de I'héte. Npusfiterons de I'avantage unique que confere le
modeleM. marinum/Danio rerigpour évaluer I'induction des réponses pro- et-arfitammatoires
in vivo. Les composés seront micro-injectés dans les embrgieDanio rerio et la modulation du
systeme immunitaire sera suivie au cours de l'tidacpar dosage des ARN codant pour un panel
de cytokines. En parallele, nous utiliserons umgmde macrophagique humaine (THP-1) pour
déterminer plus précisément la signalisation iitataire. Les activités des glycoprotéines issues
des différentes souches sauvages et mutantes sewomjarées dans les différents systémes
expérimentaux. L'action de glycosidases spécifigsea €galement évaluée sur la fonction des

différents composés.

» Ces analyses ont pour objectif de corréler lesvia&si biologiques des glycoprotéines avec
leur degré de glycosylation.
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C- Développement de modeles animaux d’étude de

la glycosylation
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1- Contexte

Notre équipe de recherche est impliquée depuisongbreuses années dans I'étude de la
diversité structurale des glycannes, en particdlésr O-glycannes, dans le regne animal. Etudiée de
facon extensive chez les mammiféres, la structese @-glycannes demeure largement inconnue
dans le reste du regne animal. Quelques étudesymilies chez les insectes, les parasites et les
oiseaux mettent en évidence I'existence de schemaguraux trés différents de ceux existant chez
les mammiferes, générant une extraordinaire ditéessiucturale. A ce jour, les deux seules études
systématiques de la structure des O-glycannes diffézentes espéces concernent la classe des
amphibiens par le Dr Strecker, et la classe desspos par I'équipe du Dr Inoue, au Japon.

De maniére surprenante, la structure du noyau degyc@nnes est remarquablement
conservée tout au long de I'évolution, a quelgaessrexceptions. A titre d'exemple, tous les O-
glycannes des mucines salivaires de martinet d'@sareCollocalia) contiennent exclusivement
les noyaux de types 2 ou 5 (Wieruszeskial, 1987; Streckeet al, 1992). De méme les O-
glycannes isolés des ceufs de nombreuses espeBedniEnidaes'articulent autours des noyaux de
types 1 et 5 tandis que la grande majorité desyCaghes d'amphibiens possedent les noyaux de
types 1, 2 et 3 (Inouet al, 1997). De fait, la remarquable variabilité stuwate des O-glycannes
tient essentiellement a I'élongation des chaingsaghiques, qui peut prendre les formes les plus
diverses en fonction de I'organisme. Ainsi, lesl@@nnes isolés de la mucine salivaire du martinet
d'asie présentent un squelette constitué du diaadehGalf31-4)Gap, séquence inconnue chez
I'hnomme. Les divergences observées dans la steudes O-glycannes des modeles animaux les
plus éloignés des mammiferes rendent les notiorssjdelette et de périphérie difficiles a appliquer.

Des études systématiques effectuées chez divaageses d'oiseaux, de poissons, d'insectes
et d'amphibiens, ont permis de mettre en évidere faits majeurs. Premiérement, la diversité
structurale des glycannes semble sans limite. Rewxinent, la structure des glycannes est
spécifiqgue a chaque espéce. La spécificité d’espmen slr, n’exclut pas qu’'une méme structure
puisse étre commune a plusieurs espéces, car nesytaictivités glycosyltransférasiques sont
ubiquitairement retrouvées dans le regne animati €& particulierement vrai pour les structures
les plus courtes, souvent réduites au noyau del/@rmes. Néanmoins, chaque espéce étudiée
possede bien un profil de glycosylation unique.dviale nombre considérable d’especes animales,
le potentiel de diversité de la glycosylation seandire compatible avec une telle hypothése. Au
dela de l'aspect purement phénoménologique, ceswati®ons suscitaient de nombreuses questions

guant aux origines d'une telle diversité et auxlicagions biologiques qui en découlent.
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Les glycosyltransférases impliquées dans la syathés glycannes sont des enzymes dont
la spécificité est habituellement trés stricte. shirf'observation directe d'un motif glycannique
guelconque suppose l'existence d'au moins une gitcansférase a l'origine de sa synthese.
Suivant ce principe, les études effectuées au dahioe sur 22 especes d'amphibiens suggerent
I'existence d'une vingtaine d'activités glycosylsf@érasiques jamais décrites auparavant et donc
d'au moins autant de glycosyltransférases nouvdias exemple, l'analyse des O-glycannes de
trois especes d'ambystomes démontre |'existencgiatee activités fucosyltransférasiques inédites
permettant le transfert de fucosecefi,4 eta-1,5 sur un résidu de Kdn et anl,2 eta-1,3 sur du

fucose (Fig. 4).

Fuca (1-5)\ y Fuca (1-4Xdn a(2-6) Fuca (1-4Xdn a(2-3)
Fuca (1-4Xdn a (2-3) Fuca (1-3) Fuca (1-3
Fuca (1-2
Ambystoma tigrinum Ambystoma mexicanum Ambystoma maculatum

Fig.4 : Epitopes fucosylés observés chez les aminest (http://glycobase.univ-lillel.fr/base/)

Le fait que ces activités ségréguent differemmeamiscchaque espéce suggere qu'elles sont
bien le fait de quatre enzymes différentes. Enteffemaculaturrexhibe les activitéa-1,2 eta-1,3
fucosyltransférasiques tandis gdemexicanum'exhibe que l'activité-1,3 fucosyltransférasique.
De méme, l'activité@-1,4 est commune aux trois especes, tandis queikdm-1,5 n'est présente
que chezA. tigrinum Enfin, ces activités sont hautement spécifiquesabstrat. Ainsi, seul le
fucose présent dans la séquence &Le@)Kdn peut étre a son tour fucosylé, tandis g@seflicoses
présents dans les motifs Fatf2)Gal et Fuafl-3)GIcNAc ne le sont jamais. Sur la base
d'homologies de séquences, des études phylogéegtiant permis de classifier les
fucosyltransférases des vertébrés en trois grouge2:, al,3- et al,4-fucosyltransférases ayant
pour substrat le di-N-acétylchitobiose GICNB&{4)GIcCNAc ou le motif Gaf§1l-3/4)GIcNAc
(Oriol et al, 1999). Ainsi, les activités fucosyltransférasiguies particulieres observées chez les
ambystomes ne s'intégrempriori dans aucun modele d'évolution proposé et l'origeeenzymes
impliquées reste inconnue. Bien que tres spécifijaetivité des glycosyltransférases semble trés
sensible aux mutations. Ainsi, il a ét¢ montré me'unutation unique (TH - Arg) dans le
domaine hyper-variable de la FUT-III était suffisanmodifier son substrat accepteur préférentiel

du disaccharide de type 1 au type 2 (Dupuyetral, 1999). De fait, les fucosyltransférases non
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identifiées d'ambystome pourraient aussi bien déride I'ancétre commun des autres

fucosyltransférases de vertébrés que d'avoir ugmerotalement différente.

L'étude et la comparaison des glycosyltransférasgmales sont devenues un enjeu majeur
pour la compréhension a la fois des mécanismesculaiées a la base de leurs activités, mais aussi
de leurs réles dans I'embryogenése, la fécondatidas réactions immunitaires. De ce point de vue,
il apparait que I'existence d'activités glycosylsférasiques imprévisibles est la limitation lasplu
flagrante a I'utilisation de modéles basés uniquemsur I'homologie de séquence des
glycosyltransférases pour prédire le potentiel eogylation d'un organisme ou d'un tissu. De
méme, l'utilisation d'accepteurs exogenes standawds tester |'activité d'une glycosyltransférase
isolée d'un modele biologique quelconque peut g&leétrompeuse, le substrat endogéne pouvant
étre imprevisible. A ce titre, le cas de la fucasigh du Kdn ou du fucose chez les ambystomes est
éloquent. Il est a noter également que l'existetiaetivites "exotiques” ne se limite pas aux
modeles tres éloignés de 'homme, comme I'a dééndientification du motif Fu@1-6)GalNAc
dans la mucine sous-maxillaire bovine (Martenss®net al, 1998). A contrarig les études
systématiques des glycannes d'amphibiens ont eéilite de mettre en évidence l'existence d'une
enorme diversité dans les activités glycosyltraasigues liées a la synthese des O-glycannes, mais
le manque d'outils moléculaires et de données st sur les modéles utilisés rendent utopique
la caractérisation de toute glycosyltransférasaat@t a partir de ceux ci. En conclusion, il apftar
gue l'étude fine de toute nouvelle glycosyltraredérnécessite une connaissance préalable de ses
substrats endogénes potentiels et que les étufdesuéles sur le modéle humain a partir de bases

structurales solides ne sont pas systématiquerpgehitables aux autres modeles animaux.

131

© 2009 Tous droits réservés. http://www.univ-lille1.fr/bustl



HDR de Yann Guérardel, Lille 1, 2008

132

© 2009 Tous droits réservés. http://www.univ-lille1.fr/bustl



HDR de Yann Guérardel, Lille 1, 2008

2- Travaux

2.1- Profils glycanniques d’animaux modeles

Le modele xenope

Initialement, dans le cadre de la thématique ppiadel du Dr Strecker concernant la diversité
structurale des O-glycannes de gangues oviducaewpdibiens, jai entrepris I'étude des modeéles
Xenopus laevigt Xenopus tropicalisEn effet,Xenopus laevigst un modele historique d’étude en
biologie du développement qui est largement utilipuis des décennies. L'espééenopus
tropicalis s'est quant a elle imposée comme l'un des motkdesius prometteurs en biologie du
développement. En effet, bien gdenopus laevisoit le modéle amphibien le plus utilisé jusqu'a
présent, et par la méme celui dont la génétiquéaasieux connue, son étude se révele complexe
du fait sa nature pseudotétraploide. Dernierenpniy pallier cet inconvénient majedfenopus
tropicalis, une espéce diploide voisine Xelaevis,a été développée dans de nombreux laboratoires
pour remplacer ce dernier. La mise en place dog#@#nétiques spécifiques a cette espece laisse
espérer un développement rapideXdéropicaliscomme modele d'étude.

Les O-glycannes des deux espéces d’amphibiengé@itibérés de préparations de mucines
de gangues oviducales gag€limination en milieu réducteur, isolés par HPLiGapralysés par une
combinaison de techniques physico-chimiqgues -RMIgecsométrie de masse MALDI,
chromatographie en phase gazeuse- et l'utilisad®rectines spécifiques. Che& laevis ces
analyses ont été effectuées en paralléle sur gsirgens issus du méme élevage et ont nécessité le
séquencage complet de 76 oligosaccharides. Cegsasaint permis de mettre en évidence pour la
premiéere fois chez une espéce animale un polymamghintra-spécifique portant sur la structure
des O-glycannes. Celui ci résulte de I'expressioifférdntielle de deux activités
glycosyltransférasiques distinctasl;4-galactosyl- eti1,3-fucosyltransférasiques- impliquées dans
la synthese de la partie terminale non-réductriee @-glycannes. L'étude de la répartition des
structures glycanniques sur les difféerentes mucimaducales a révelé que le polymorphisme
glycannique touche également les glycoprotéineseaud'un méme spécimen.

ChezX. tropicalis nous avons identifiés douze O-glycannes majelanst neuf avaient déja
ete identifiées chez d'autres especes d'amphibkegs §). Les composeés les plus simples avaient
également déja été mis en évidence dans les mudmelverses autres espéces animales, dont
I'hnomme. Par contre, trois O-glycannes substitaésips déterminants de type’lpgésentaient des
structures encore jamais mises en évidence. Dddajlycosylation deX. tropicalisse caractérise
par plusieurs traits qui lui sont spécifiques. Eartipulier, la présence du déterminant® lle

distingue de toutes les autres especes d'amphitpigosit €té etudiées jusqu'a présent.
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Fig. 5. Résumé des structures des O-glycannes isolégadgsies oviducales de tropicalis

D'une maniére générale, le déterminant h& été observé que trés rarement dans les

glycoprotéines animales, alors qu'il est courammigativé dans les glycolipides. A notre

connaissance, les seuls exemples connus sont ¢gc@rnes de type mucine qui substituent les
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immunoglobulines A sécrétées dans le lait humaier¢B-Crételet al, 1989). Par contre, le
déterminant L2est trés commun dans les glycoprotéines de p{®atenaet al, 2001). De plus, le
composé Gafi1,3)[Fuc@l,4)]GIcNAc(B1,6)[Gal31,3)]GalNAc-ol (glycanne 9A) représente
'uniqgue exemple connu dans le regne animal denehdé type | directement liée au GalNAc
terminal. En effet, jusqu'a présent, dans les @agipes, les glycolipides et les oligosaccharides
libres du lait, la chaine de type | avait exclusiemt été observée en position terminale non
réductrice, liée le plus souvent sur un enchainémeriype I, ou tout du moins sur un résidu de
galactose en position C-3. Dans tous les O-glycamiéerits, la position C-6 est communément
substituée par un disaccharide de type I, maisisupar un type |.

Au sein du régne animal, seuls les deux génes FAITRRT5, qui font partie du cluster de
genes de type Lewis (FUT3, -5 et -6), sont connasr roder desu3/4-fucosyltransférases
permettant de synthétiser I'épitop€e’ (Eostache, Met al, 1997). Lesn3/4-fucosyltransférases se
différencieraient dea3-fucosyltransférases grace a une séquence cossgasucourte HHWD a la

place de HHRD/E dans leur domaine hypervariabl®lera).

Substrat Nom de l'enzyme Séquence
accepteur (espéeces) conservée
Type-1 et -2 FUT3 HHWD
(Homme/Chimpanzé/macaque)
" FUT5 HHWD
(Homme/Chimpanzé)
Type-2 FUT6 HHRE
(Homme/Chimpanzé)
" FUT7 HHRE
(Homme/Souris)
" FUT4 HHRD

(Homme/Souris)

Table 1: Nature des enzymes responsables de la syntegsépitopes Leet L€ (Costacheet al,
2002)

Ces genes n'ont jusqu'a présent été identifiés ahex les homoidés (humains et
chimpanzés), tandis que l'activiied/4-fucosyltransférases n'a été mise en évideneechaz les
homoidés et les singes du vieux monde (Cercopiéshi mais jamais chez les singes du nouveau
monde (Platyrrhines). Un orthologue de FUT3 dont pl@duit présente une activita4-
fucosyltransférasiqueFUT3 rh, a néanmoins été cloné d'un représentant des QEwmpes
(Dupuy, F.et al, 2002). Ces études suggéraient que l'actodtducosyltransférasique est apparue

deux fois de fagon indépendante au cours de l'@oaldes primates, a partir d'un méme gene
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ancestral codant una3-fucosyltransférase. Néanmoins, aucune donnéeitnjasgu'a présent
disponible quant a I'existence de telles activdi@surs que chez les primates.

Suite a la découverte de nouvelles activités futesysférasiques chez les xénopes, une
collaboration a été mise en place avec le groupePdlA. Maftah de I'Unité de Geénétique
Moléculaire Animale (UMR-INRA 1061), dont le butaétd'étudier les enzymes responsables de
ces activités. Les premiers travaux effectués partéichniques de biologie moléculaires ont permis
de mettre en évidence I'existence ch¥éz laevis de trois génes codant pour ded,3-
fucosyltransférases sur la base des séquencesnsass€lHRD/E qui étaient potentiellement
responsables du polymorphisme observé, mais aufucosyltransérase présentant la séquence
HHWD typique desal,3/4-fucosyltransférases. Par contre, un uniques geésentant de fortes
homologies avec les fucosyltransférases de typeis.ewété observé dans le génome Xde
tropicalis. En place de la séquence permettant de distindesral,3/4- des al,3-
fucosyltransférases il présentait un motif inéd8RD, ce qui suggere fortement que ce gene code

pour un nouveau type d1,4-fucosyltransférase ch&z tropicalis

Le modéle Caenorhabditis elegans

A I'heure actuelle,Caenorhabditis elegan®st I'animal le plus simple et le mieux
caractérisé: son anatomie et son développemeréténbtalement déterminés, et le séquencage de
son génome est complet depuis plusieurs annéesalyse du génome d€. elegansa révelé
I'existence de nombreux genes homologues a de®sylyansférases et des transporteurs de
nucléotides-sucres, dont certains codent des glitcassférases actives. Des genes codant pour des
polypeptides GalNAc-transférases (Hagen & Nehrk&98), GIcNAc-transférases (Chext al,
1999; Warreret al, 2001) et fucosyltransférases (DeBose-Beyal, 1998 ; Zhenget al, 2002 ;
Zhenget al, 2008) actives ont été caractérisés. En effeggtuiteux genes homologues a des
Fuc-transférases, cinq a de3- et une a una6- ont été identifiés dans son génome (Shadtal,
2004 ; Oriolet al, 1999 ; Paschingeat al, 2004 ; Paschingett al., 2005). De plus, son génome ne
contient pas moins de neuf génes homologues altrdbaférase des vertébrés responsable de la
synthese du corps 1 (@4l3GalNAc) et dix huit a la GIcNAc-transférase mspable de la
synthese du corps 2 (@4+3[GIcNA(B31-6]GalNAc) (Juet al, 2002 ; Schachtest al, 2004 ; Jwet
al., 2006). De fait certains auteurs estimaient geXcéption de la sialylation, le génome @e
eleganscoderait un répertoire de géenes capables d'élaborprofil de glycosylation homologue a
celui des mammiféres (Dennés al, 1999).C. elegansapparaissait donc comme un modéle idéal
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pour l'étude du rdle des glycoconjugués dans nontd@eprocessus biologiques reliés au
développement.

Ainsi, I'étude de la glycosylation d& eleganss'intégrait parfaitement dans les objectifs de
nos travaux, c'est a dire de donner un supportctenal a la détermination des activités
glycosyltransférasiques isolées de modéles gemdtiqnt bien définis. Lorsque nous avons
entrepris cette étude, aucune structure de N- oQ@-dé/canne n'avait encore été établie cez
elegans Par contre les structures de six glycosphingbdipiappartenant a la série arthro-, trois
neutres et trois acides, avaient été établiesta gdarlysats totaux d€. elegangGerdtet al, 1997,
Gerdt et al, 1999). Ces structures présentaient des homolagipsrtantes avec le nématode
parasiteAscaris suumce qui confortait la position dé. elegansen tant que modeéle d'étude des
nématodes parasites.

Pour notre part, nous nous sommes concentré sudéé&e la structure des O-glycannes.
D’une maniére générale, nos travaux ont démonteélgumématod€. elegansbien qu'il possede
de nombreux genes homologues a des génes de maesmf@lant des glycosyltransférases, et que
les activités de plusieurs des produits de cessysomet similaires a celles de glycosyltransférases
humaines connues, synthétisevivo des O-glycannes de structures imprevisibles. trestsres de

ces composés sont décrites ci-dessous :

Gal1-6) GalNAc
GalNAc Gal1- 3{
GalB1-3f GIcNAC(B1-4GIcA(BL-3f
GIcA(B1-3)
GIc(Bl-G)\G
Glc(31-6), GalNAc Glo(B1-6), alNAc
Gal(p1-3f SGal@ 13
GIcA(B1-3) GIcA(B1-3)
GIc(Bl—G)\G Glc(B1-6
Glo(p1-6) alNAc Gle(B1-6)_Glc(B1-4 aINAc
Glc(B1-4)Gal@1-3f Gal1-3)
GlcA(p1-3)”
Gal(1-6) Gle(B1-6)
Gal1-6 GalNAc(B1-4%5IcNAc
2-O-Me-Fucft 1-2) Gal(1-3)
Gal(p1-3y
Fuc(@ 1-2)

En particulier, la plupart de ces structures sanactérisées par la présence inhabituelle de
résidus de3-Glc. A ce jour, ces composés représentent les sx@mples connus de O-glycannes
de types mucine incorporant du glucose. A ce ti#teeje l'utilisation combinée de la RMN et de la

spectrométrie de masse a pu permettre de mettéeidance cette originalité. Ainsi, les quelques
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structures que nous avons décrites démontrentsttexde de cing nouvelles activités
glycosyltransférasiques trés  particulieres et iwgiBles: deux activités [(-1,6-
glucosyltransférasiques, deux activité®-1,3-glucosyltransférasiques et une activité N-
acétylgalactosamin@g-1,6-galactosyltransférasique.

Ces prédictions ont été en partie confirmées paréiude indépendante, dans laquelle les
auteurs avaient mis en évidence I'existence €hetegange six génes apparentégytl etgly-15
a -19) dont les séquences présentaient des homologEsrtamtes avec une famille @el,6-N-
acétylglucosaminyltransférases de mammiferes (War@E et al, 2001). Cette famille est
composée de plusieurs membres qui présentent tieiséacvariées: |86-GIcNAc-T(L) synthétise
uniquement le noyau de type 2,3&-GIcNAc-T(M) les noyaux de types 2, 4 et I'antigdntandis
gue la |B6-GIcNAc-T synthétise uniquement l'antigene |. $arbase de comparaisons de
séquences, ces genes @eelegansapparaissaient comme les meilleurs candidats poiercdes
B6-GIcNAc-T actifs sur les O-glycannes. Néanmoihg)'était pas possible de déterminer si ils
codaient pour des homologues depB:GIcNAc-T(L), de lap6-GIcNAc-T(M) ou de la IB36-
GIcNAc-T de mammifére. Sur la base de nos travdes, auteurs ont réévalué les activités
endogenes probables de ces enzymes. En partianiexccord avec la présence du motif &had(
3)[Glc(B1-6)]GalNAc dans les O-glycannes @e elegansils ont démontré qugly-1 transférait
préférentiellement du glucose a partir de 'UDPeghe sur un noyau de type 1 plutdt que de la N-
acétylglucosamine (Warreat al, 2002). Cet exemple démontre directement queviscendogene
d'une telle glycosyltransférase inconnue peut &titbuée uniqguement sur la base des substrats
donneurs et accepteurs endogénes préalablememmoiéis par une étude structurale. Ceci est
d'autant plus vrai que des genes présentant delbgies importantes peuvent coder des
glycosyltransférases d'activités différentes, consr@@montre I'exemple cité.

Une deuxieme étude a caractérisé une UDPGalNAC&INR [31,4-N-
acétylgalactosaminyltransférase @eelegangKawar et al, 2002). Les deux substrats accepteurs
exogenes préférentiels testés de cette enzyme@™oNACB-S-pNP et GIcNAG§1-6)Gal. De fait
les auteurs suggerent que cette enzyme puissein@bleué dans la synthése du noyau tres
inhabituel R-GalNAd81-4)GIcNAc-Ser/Thr (LacdiNAc terminal) présent damsdes O-glycannes
gue nous avons décrits. Ceci est d'autant plusaptebqu'a ce jour aucune autre séquence
LacdiNAc n'a été décrite ni dans les O-glycanndsdans les N-glycannes d€. elegans
(Paschingeet al, 2008).

Enfin, hors du champ de [I'étude des glycosyltraasies et de leurs activités,

I'établissement du profil de O-glycosylation Ge elegansa €galement donné une base structurale
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solide a I'établissement des phénotypes glycansigieesouches mutantes de nématodes. C’est en
particulier le cas du mutarsfr-3 chez qui il a été démontré que la résistance afections par
Microbacterium nematophilumet a [lattachement du biofilm des bactériegersinia
pseudotuberculosist Yersinia pestiserait en partie le résultat de la perte séleckeseO-glycannes

chargés que nous avions décrits (Cipell@l, 2004).

2.2- Développement de nouveaux modeles animaux iée de la sialylation

2.2.1- Poisson zebre

Les travaux que nous avons réalisés sur les prdilglycosylation des xénopesds C.
elegansont pleinement remplis leurs objectifs qui étaielet mettre en évidence de nouvelles
activités glycosyltransférasiques et de servir tleformes structurales solides a I'étude de la
biosynthése et des fonctions des glycoconjugués des différents modeles. Néanmoins, au-dela
de lidentification d’'un gene codant pour un nouvégpe de fucosyltransférase chéztropicalis
ces travaux n’'ont pas été pérennisés au sein dwamire et n'ont donc pas dépassés pour nous le
stade de l'analyse structurale. En particulier, tleavaux surC. elegansfaisaient I'objet d’'une
collaboration avec le Dr R. Oriol et devaient seursaivre par le clonage et I'étude des
fucosyltransférases dans ce modéle, sur la bagerééistions bio-informatique (Orilt al, 1999).
Malheureusement, ces travaux n’ont pu étre réatisés au départ du Dr Balanzino qui gérait la
plateforme d’élevage d€. elegans Cependant, ces travaux ont été repris et sortoent de
réalisation dans d’autres équipes (Zhehgl, 2002 ; Zhengt al, 2008).

Ainsi, nous recherchions un nouveau d’étude modeélgdle de la glycosylation compatible
avec les recherches en biologie du développemésgt @u cours de mon tage post-doctoral chez le
Dr Khoo (Academia Sinica, Taipei) que jai eu I'apjunité d’aborder I'étude du poisson zeébre. En
effet, le poisson zébreDénio rerio) est communément utilisé en tant que modele dé&tdal
développement chez les vertébrés en raison de éeslopppement embryonnaire rapide, de sa
transparence optique et de la facilité avec lagquélpeut étre manipulé vivo. Ces qualités le
prédisposent a devenir un bon modéle d'étude de dé@ la glycosylation chez les vertébreés.
Néanmoins, I'étude de Il'implication éventuelle de dlycosylation dans I'embryogenése était
jusqu'a présent rendue difficile par I'absenceléotle données quant aux profils de glycosylation
exprimeés par cet organisme. Ainsi, en prélude @deé des relations entre structures et fonctions
des glycoconjugués, nous avons entrepris de déagivelution des profils de glycosylation au

cours du développement du poisson zébre. Dansamigrtemps, les glycolipides, N-glycannes et
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O-glycannes ont été séquentiellement purifiés didtst totaux de poissons zébre et étudiés par une
combinaison de spectrométrie de masse, de digestipymatique, de dérivation chimique et de
résonance magneétique nucléaire (RMN). Nous avorss aiis en évidence I'existence de profils de
glycosylation tres particuliers dominés par des posgs hautement sialylés (Guéraetedl, 2006).

La structure des O-glycannes identifiée est résurndessous :

Majeurs >90% Mineurs

GalNac-ol
/GaINAc(B1-4}GaI(B1-3)

Fuc(a1-3) NeuGc(o2-3)
GalNac-ol /
/GaINAc(B1-4}GaI(B1-3) NeuGc

Fuc(a1-3) NeuGc(o2-3) GalNac-ol

/GaINAc(B1-4}GaI(B1-3)

Fuc(a1-3) NeuGc(/a2—3)
GalNac-ol NeuAc

/GalNAc([}1—4}GaI(B1—3) n
Fuc(a1-3) NeuAc(o2-3) /Gai([i'[-il)}}!cNAc(;Hﬁ)l
NeuAc{2-3) *Fuc(al1-3) /GaiNAc-ol

/Gai(ma)

NeuAc(w2-3)

Dans un deuxieme temps, le suivi de la glycosytatia cours du développement a revéle
gue la polysialylation des glycoconjugués étaitédéntiellement régulée en fonction de leur nature.
En effet, alors que I'on observe une chute brul@lda polysialylation des glycoprotéines au cours
des stades précoces du développement, la polygialyldes glycolipides augmente (Chamical,
2008). De plus, les séquences polysialylees préserdes differences structurales entre ces
différents types de glycoconjugués : alors quealgdes polysialiques des N- et O-glycannes sont
majoritairement constitués d’'acide N-glycolyl naumique, ceux des glycolipides sont constitués
d'un mélange équimolaire d’acide N-glycolyl neuramue et N-acétyl neuraminique. Ces
observations démontrent I'existence de phénomemné€neement subtils de régulation de la
glycosylation au cours du développement précoseggére un réle important de ces composeés.

Parallelement a ces travaux, le Dr. Anne Harduipele au sein de notre institut a révélé
I'existence d’'une trentaine d’orthologues de gérmdant potentiellement des sialyltransférases au
sein du génome deanio rerio (Harduin-Leperst al, 2005). Sur la base de ces résultats, jai mis
en place une collaboration internationale sur lentk du réle de la sialylation au cours de
I'embryogenese du poisson zebre. Outre notre égallgecomprend les équipes du Dr. A. Harduin-
Lepers de 'UGSF, I'equipe du Dr K. Kitajima de hiversité de Nagoya (Japon) et I'équipe du Dr

K.H. Khoo de I’Academia Sinica de Taipei (TaiwabDans le but de dynamiser ces travaux et de
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me former a I'étude physicochimique des acides sialigues, j'ai effectué un séjour de cinq mois
(février a juin 2006) dans le laboratoire du DrnK€tajima, au cours duquel j'ai finalisé I'étude d

la polysialylation du poisson zebre. Dans le méadre, le Dr K.H. Khoo et moi-méme encadrons
en cotutelle une étudiante en these taiwanaisediyuiie la régulation des polysialyltransférases
chez le poisson zébre en collaboration avec leAbne Harduin-Lepers. Dans le cadre de cette
collaboration, nous avons suivi les profils d’exgsien de toutes les polysialyltransférases au cours
du développement précoce pour déterminer I'impbeaindividuelle des polysialyltransférases

dans la biosynthése de chaque classe de glycoesmygGhangt al, 2008).
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Glycomic survey mapping of zebrafish identifies unique sialvlation pattern
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Functional genomics and proteomics studies of the develop-
mental glycobiology of zebrafish are greatly hampered by the
current lack of knowledge on its glycosylation profile. To fur-
nish the requisite structural basis for a more insightful func-
tional delineation and genetic manipulation, we have initiated
a survey mapping of the possible expression of stage-specific
glveoconjugates in zebrafish. High-sensitivity mass spectrom-
etry (VS) analysis in conjunction with the usual array of
enzymatic and chemical derivatization was employed as the
principal method for rapid differential mapping of the gly-
colipids and sequentially liberated N- and O-glycans from the
total extracts. We demonstrated that all developmental
stages of the zebrafish under investigation, from fertilized
eggs to hatched embryos, synthesize oligomannosyl types of
N-glycans, as well as complex types with additionally p4-
galactosylated, NeuSAc/NeuSGe monosialylated Lewis x termini.
A combination of collision-induced dissociation (CID)-MSIMS
and nuclear magnetic resonance (NMR) analyses led to the
identification of an abundant and unusual mucin-type O-
glvcosylation, based on a novel sequence Fucael-3GalNAc1-
4(NeuSAc/NeuSGen2-3)Gal31-3GalNAc. This core structure
may be further oligosialylated, but exclusively in the earlier
development stages. Similarly, MS and MS/MS analyses of
the extracted glycolipid fraction revealed the presence of a
heterogeneous family of oligosialylated lactosyleeramide
compounds. In contrast to the O-glycans, these glycolipids
only appear in the later development stages, suggesting a
complex pattern of regulation for sialyltransferase activities
during zebrafish embryogenesis.

Key words: glycomics/mass spectrometry/sialylation/structure
analysis/zebrafish

Introduction

The zebrafish, Danio rerio, has emerged in recent years as
an excellent model system to study the genetic underpin-
nings of wertebrate development. Large-scale genetic
screens have identified thousands of mutant variants that
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allow in vive dissection of developmental processes at single
cell and molecular resolution. Among other advantages, it
has a very short generation time which enables fast genera-
tion of transgenic lines. Its embryos are optically transpar-
ent, develop externally, and can absorb mutagens directly
from surrounding water. The popularity of this model sys-
tem has led to rapid accumulation of a large body of genetic
data which provides a unique opportunity to follow the
functional involvement of glycoconjugates in a vertebrate
model throughout its complete embryogenesis. Such studies
are increasingly accessible owing to recent development of
tools designed to identify and classify enzymes involved in
complex carbohydrate biogenesis based on sequence and
folding similarities (Coutinho and Henrissat, 1999).

Strategies based on sequence similarities appear to be
very successful in higher vertebrate models, including
human, of which the glycosylation potentials are already
well known. However, they show major shortcomings in
the case of phylogenetically distant models because of the
existence of unknown forms of glycosylation deriving from
unpredictable enzymatic activities. In such cases, the defini-
tion of the fine specificity of glycosylation-related enzymes
is rendered very delicate by the extreme variability of their
activities. Such variability has been well illustrated by the
modulation of FUT-3 substrate acceptor through the muta-
tion of a single amino acid in its hypervariable stem (Dupuy
et al., 1999). The presence of unpredictable glycan struc-
tures has been identified in many animal models including
those commonly used for developmental studies (Guerardel
et al., 2000, 2001, 2003; Haslam and Dell, 2003), which
amply demonstrated the pertinence of integrated strategies
combining genetic approach with direct observation of
endogenous forms of glycosylation. Only then can the fine
specificity of identified enzymes be truly assessed using
endogenous substrates rather than commonly found glycan
motifs.

In zebrafish, structural and functional studies of glyco-
conjugates have so far been focused only on very specific
forms of glycosylation. In particular, the invelvement of
chitin oligosaccharides during zebrafish embryogenesis was
strongly suggested by the inhibition of their biosynthesis
(Bakkers et al., 1997; Semino ef al., 1998; Semino and
Allende, 2000). More recently, the existence of a specific
receptor for chitin tetrasaccharide that would link its activ-
ity to the Raf, MEK, and ERK pathway in zebrafish cells
was demonstrated (Snaar-Jagalska er al., 2003). Other gly-
coconjugates such as the glycosaminoglycans (GAG) and
polysialic acids were likewise shown to express a wide range
of functions during zebrafish embryogenesis. including cen-
tral nervous system (Bernhardt and Schachner, 2000; Marx
et al., 2001 Becker and Becker, 2002) and muscle develop-
ment (Bink et al., 2003). However, definitive structures of
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glycolipids, N- or O-linked glycans have hitherto not been
reported which precluded any functional studies on these
essential components.

As a prelude to decipher the influence of glycosylation
during zebrafish embryogenesis, we have initiated a system-
atic profiling of glycoconjugates at different developmental
stages. The first aim was to define the structures of major
glycoprotein-derived glycans and of glycolipids expressed
by this organism. from which the endogenous activity of
glycosylation-related enzymes, including glycosyltrans-
ferases, can be inferred. Mass spectrometry (MS)-based
glycomics mapping were followed by more detailed analysis
for the novel structural features thus identified. In parallel,
comparative analyses were extended to the extracted gly-
comes from other developmental stages to critically evalu-
ate their differential expression, especially in relation to the
unique sialylation pattern.

Results

Our overall glycomic survey mapping strategy involved
sequential extraction of glycolipids and glycoproteins and
the subsequent sequential release of N- and O-glycans
from the proteolytic-digested peptides/glycopeptides mix-
tures, for matrix-assisted laser-desorption ionization-MS
(MALDI-MS) and MS/MS analyses. The released glycans
were permethylated to allow more informative MS/MS
sequencing, but native glycans were also analyzed where
sample amount permitted. Such approach, in general,
gives a good representative profile of the glycome but
does not optimize for the yield of any particular class of
glycoconjugates. It provides the first picture, uncovers
any novel structural features, and facilitates subsequent
more detailed investigations. Typically, the fertilized eggs
at five distinctive developmental stages, 0.5, 8, 24, 45, and
48 h, were analyzed to allow a fair assessment of possible
developmental regulation from first cell stage to hatching.
Any significant differences were noted while common fea-
tures were reported without distinguishing the origin of
sample stage.

Identification of the major N-glycans

MALDI-MS profiling of the permethyl derivatives of N-
glycans released from the total zebrafish embryo extracts
afforded five major peaks at m/z 1579, 1783, 1988, 2193, and
2397, corresponding respectively, to sodiated molecular ions,
[M + NaJ*, of the composition Hexs gHexNAc; (Figure 1A).
Further collision-induced dissociation (CID)-MS/MS anal-
ysis and treatment with ¢-mannosidase (data not shown)
demonstrated that these major signals are indeed the common
high-mannose-type structures. In addition, several signals of
lower intensity were visibly present among which a promi-
nent cluster at m/z 3551, 3581, and 3611 could be tentatively
assigned as [M + Na]" of NeuSAc;Fuc,Hex;HexNAcy.
NeuSAc NeuSGeFucsHexsHexNAcy, and Neu5GesFucy
Hex; HexNAcy, respectively. These unusual compositions
were shown by MALDI-MS/MS analyses to be bian-
tennary complex-type structures with monosialylated
Hexs(Fuc)HexNAc sequence on both antennae (Figure 2).
Both parent ions at m/z 3551 and 3611 afforded similar
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consecutive losses of terminal sialic acid residues and
monosialylated antennae. Importantly, after losing both
sialylated antennae, a common fragment ion at m/z 1143
was produced which corresponds to the sediated trimannosyl
core, ManyGlcNAc,, containing two free OH groups and
thus confirming their biantennary nature.

For the NeuSAcs-containing parent (m/z 3551), a pri-
mary sodiated b ion, Neu3Ac,Hex,;(Fuc)HexNAc, was
detected at m/z 1225, accompanied by a NeuSAc* oxonium
ion at mfz 376 and a sodiated ¢ ion, Neu5SAc-Hex;-OH, at
miz 824 (Figure 2B). In comparison, the Neu5Ge,-
containing parent (m/z 3611) afforded a sodiated b ion,
Neu3GejHexy(Fuc)HexNAc, at m/z 1255, a NeusGet ion
at m/z 406, and a sodiated ¢ ion, Neu3Ge-Hex;-OH, at m/z
854 (Figure 2C). Further loss of the distinguishing Neu5Ac/
Neu3Ge residue from the respective primary b and c ions
degenerated the mass difference and yielded the common
secondary fragment ions at m/z 850 and 449, corresponding
to (HO)Hex-(Fuc);HexNAc and (HO); Hex,-OH., respec-
tively. The mass difference of 60 u between the two parents
could thus be unambiguously attributed to a NeuSAc and
Neu5Ge difference (30 u) on each of the two monosialy-
lated antennae. It could be further deduced that the third
molecular ion signal (m/z 3581) in between the NeuSAc,-
and Neu5Gey-containing parents corresponds to a similar
biantennary complex-type structure carrying a Neu3Ac-
and a Neu5Ge-sialylated antennae.

Higher in mass (Figure 1A) and of even lower abun-
dance was another cluster of molecular ion signals which
could be assigned as trisialylated triantennary complex-
type structures with similar monosialylated terminal
sequence carrying the Neu3Ge/NeuSAc heterogeneity.
Thus the signal at m/z 4830 corresponds to species with all
three Hexs(Fuc)HexNAc antennae sialylated by Neu3Ge,
whereas the one at m/z 4740 carries only NeuSAc-
Hexs(Fuc)HexNAc  antenna. Supporting  data  were
obtained when after desialylation by neuraminidase. a
peak at mfz 3656 was detected which corresponds to [M +
Na]" of a triantennary complex-type structure with three
Hexs-(FucyHexNAc antennae. The corresponding desia-
lylated biantennary structure was observed as a major
sodiated molecular ion at m/z 2827 (Figure 1B). Interest-
ingly, after an overnight (=12 h) digestion., NeuSAc desia-
lylation appeared to be more complete than removal of
NeudGe. Additional molecular ions corresponding to
incompletely digested mono-Neu3Ge sialylated bi- and tri-
antennary structures were detected at m/z 3218 and 4048,
respectively (Figure 1B), but not their mono-Neu3Ac-
sialylated counterparts which could only be observed if the
neuraminidase digestion was kept to a shorter period (data
not shown).

In accordance with MS/MS sequencing of the sialylated
counterparts described above. MALDI-MS/MS on the
desialylated biantennary structure yielded prominent nonre-
ducing terminal primary fragment ions at m/z 463 and 864
(Figure 2A), corresponding to sediated ¢ ion, Hex,-OH, and
b ion, Hexs-(Fuc)HexNAc, respectively. The Fuc substitu-
tion could be deduced as 3-linked to the HexNAc based on
the detection of the secondary ions produced through the
elimination of the Fuc (minus 206 mass units from the par-
ent and other major primary fragment ions), whereas the
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Fig. 1. MALDI-MS profiles of the permethylated N-glycans from zebrafish embryos before (A) and after neuraminidase (B) or after aqueous hydrofluoric
acid (C) treatment. High-mannose-type structures were labeled M5-M9 in (A), representing Man s yGlcNAc, structures. Signal at m/z 2601 most likely
corresponds to GleyMangGleNAc,. Glucose oligomer contaminants were labeled G. In panel B, additional minor signals corresponding to nonsialylated
biantennary structures with incomplete fucosylation andfor galactosylation were also detected (miz 2071, 2245, 2419, 2449, 2623), the smallest of which at
miz 2071 eould be assigned as nonfucosylated biantennary N-glyean with simple Gal-GleNAc termini. In panel C, complete defucosylation and desialyla-
tion produced the bi- (m/z 2479) and triantennary (m/z 3132) structures carrying HexsHexNAc termini, accompanied by their mono-NeuSAc/Neu5Ge
sialylated counterparts at m/z 2840/2870 and 3492/3524, respectively. Under the conditions employed, aqueous hydroflueric acid would remove «2,3,4-Fue

almost completely but sialic acid only partially. For simplicity,
desialylation were not labeled.

elimination of tNeuSAc/Neu5Ge-Hex, was not observed.
Further confirmation was obtained when the desialylated
structures were digested with p4-galactosidase. MALDI-MS
and MS/MS analyses demonstrated that one Hex was
removed from each of the nonreducing termini, whereas
prior defucosylation with aqueous hydrofluoric acid
afforded bi- and triantennary structures with Hex;-HexNAc
termini (Figure 1C) which could then be completely degalac-
tosylated by P4-galactosidase (data not shown). The failure
to remove the internal Gal attached to a fucosylated
GlcNAg is consistent with the well-known selectivity of the
B4-galactosidase acting on a Gal-(Fuc)GlcNAc unit. Linkage
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other minor products corresponding to a combination of incomplete galactosylation and

analysis on the isolated sialylated structures (see Materials
and methodsy further showed that the amount of terminal
Gal relative to 2-linked Man or 3.6-linked Man did not
change significantly before and after desialylation. More-
over., mono-substituted Gal residue was not detected.
Instead, 3.4-linked Gal was quantitatively converted to
4-linked Gal after desialylation, therefore indicating that
the sialic acid was attached to the 3-position of an internal
4-linked Gal and not to the terminal Gal.

Taken together, the data unambiguously defined the
common monosialylated terminal sequence on each
antennae of the major bi- and triantennary complex-type
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Fig. 2. MALDI-MS/MS sequencing of the biantennary complex-type N-glycans from zebrafish embryos. (A) MS/MS on the desialylated parent at miz
2827.(B) MS/MS on the Neu5Ac-disialylated parent ion at m/z 3551; (C) MS/MS on the Neu5Ge-disialylated parention at mz 3611. Major fragmentation
pattern is as indicated schematically. Cleavage ions are mostly b and y ions except when indicated with an oxygen atom which correspond to ¢ ions. All
three gave common trimannosyl core ions at mfz 1143 as shown in panel A which yielded additional common fragment ions (m/fz 939, 866, 662). Elimina-
tion of Fue (minus 206 u) from parent and primary fragment ions are commonly observed, whereas loss of terminal NeuSAe yielded signals at m/fz 3176,
2800 (from 35500, and 1971 (from 2347) in panel B; loss of terminal NeuSGe gave signals at mfz 3206, 2800 (from 3611), and 1971 (from 2377} in panel C.
Symbols used are square, HexMNAg; cirele, Hex; diamond, NeuSGe (dark) and Neu3Ac (light); triangle, Fue. OH denotes exposed hydroxyl group because

of cleavage on the permethyl derivatives.

N-glycan structures as GalB1<4(NeuSGe/NeuSAcu2-3)Galp1-
4(Fucal-3)GleNAc, namely an internal Lewis x unit which
was further galactosylated and sialylated with either
Neu3Ge or NeuSAc. A very small amount of incomplete
sialylation could be detected (Figure 1A) as monosialylated
bi- (m/z 3189/3219) and disialylated triantennary structures
{miz 4439), as well as species that lack both sialic acid and
Gal residues on one of the antennae (m/z 2985/3015; 4235).
Curiously, the major disialylated biantennary structures
were found to occur also as minor species lacking the reduc-
ing terminal GlcNAg, giving sodiated molecular ion signals
at m/z 3305/3335/3365 (Figure 1A). CID MS/MS analysis
of its desialylated counterpart (m/z 2582: Figure 1B) firmly
established that the same antennary sequence is carried on

© 2009 Tous droits réservés.

the implicated Hex;HexNAc; core in place of the usual
ManyGleNAc) for N-glycans (data not shown).

Identification of the major O-glycans

MALDI-MS analysis of the permethylated ©-glycans,
released from de-N-glycosylated peptides as oligoglycosyl
alditols through reductive elimination, afforded two pre-
dominant melecular ion signals at m/z 1315 and 1345,
Other barely detectable weak signals at higher m/z values
became more apparent only after enrichment by stepwise
elution on an anion exchange column (Dowex | X 2 anionic
resin). Thus, an early eluting fraction was found to contain
only the two major signals, whereas a higher salt-eluted
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fraction carried additional minor signals at higher mass
range (Figure 3A), including the pair at m/z 1706/1736
which was related to the m/z 1315/1345 pair by a Neu3Gc
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increment. Assignment of the corresponding compositions
and sequences was afforded by MALDI CID-MS/MS anal-
yses, as schematically shown in Figure 3B-D.
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Fig. 3. MALDI-MS profile of permethylated O-glycans from zebrafish embryos ( A) and MS/MS analyses on the major signals detected (B-D). MS profile
shown in panel A was that on higher salt-eluted fraction from anion exchange chromatography. Nonenriched and earlier eluting fraction both afforded
only the two major peaks at m/z 131571345 (not shown). For elarity, fragmentation pattern and the origin of major fragment ions are schematically indi-
cated on structures corresponding to both parent and primary fragment ions. As in Figure 2, cleavage ions are mostly b and y ions except when indicated
with an oxygen atom which correspond to ¢ and z ions. OH denotes exposed hydroxyl group because of cleavage on the permethyl derivatives. All reducing
end HexNAc of the released O-glyeans is HexMNAcitol by implication. The MS/MS spectrum of m/z 1705 (C, upper panel) contained several abundant low
mass ions clearly not derived from the parent. Symbols used are square, HexNAc: circle, Hex: diamond, Neu5Ge (dark) and NeuSAc (light): triangle, Fuc.
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Notably for the parent ions at m/z 1315 and 1335
(Figure 3B), a core 1-type structure was indicated by the
common z; ion at m/z 298, consistent with a mono-substituted
reducing end HexNAcitol. The presence of a nonreducing
terminal Neu3SAc/Neu5Ge was supported by the respective
by ions at m/z 398 (NeuSAc) and 428 (Neu3Gc), as well as
their facile loss from either the parent ions or the ¢ ions at
miz 1039/1069 which degenerated the 30 u mass difference.
giving rise to the common ions at m/z 939 and 664, respec-
tively. Another distinctive set of b and y ion pair at m/z 436
and 881/911 defined a nonreducing terminal Fuc-HexNAc
moiety, thus completing a rather unique sequence of (Fuc-
HexNAc)(NeuSAoNeuSGe)Hex-HexNAcitol. Localization
of the terminal NeuSAc/Neu5Ge to an internal Hex was
supported by the common y ion at m/z 306 which corre-
sponds to (OH);Hex-HexNAcitol, and the ions at m/z 606/
636 corresponding to (OH)(NeuSAc/Neu3Ge) Hex-OH.

Both the parent ions at m/z 1706 and 1736 likewise
afforded a prominent fragment ion at mifz 506, which
together with the z; ion at m/z 298, clearly indicated a simi-
lar core l-type structure branched at the internal Hex
(Figure 3C). For the m/z 1736 parent which gave a better
quality MS/MS data, direct loss of either a single terminal
Neu5Ge or a dimeric Neu3SGe-Neu 3G yielded the vy ions at
miz 1330 and 939, respectively. This was accompanied by
the corresponding b ion for Neu5Ge-Neu5Ge at m/z §19
which firmly established the presence of a Neu5Ge-disialylated
sequence. Importantly, the characteristic b ion at m/z 456
defined a similar nonreducing terminal Fuc-HexNAc moi-
ety. complemented by the pairing y ion at m/z 1302 which
corresponds to (OH)j(Neu5Ge-NeuSGe)Hex-HexNAcitol.
Further loss of a terminal Neu5Gce from the latter yielded
the ion at miz 897, whereas losing both Neu5Gc residues
gave the aforementioned (OH);Hex-HexNAcitol at miz
506. The MS/MS spectrum of the other parent at m/z 1706
was of inferior quality and did not afford a full range of
fragment ions. Nevertheless, apart from the common ions
at mfz 456 and 506 which established its basic core struc-
ture, direct loss of either a terminal Neu3Ac (m/z 1330) or a
dimeric NeuSAc-NeuSGe (m/z 939), but not a terminal
NeuSGe, indicated that its internal Hex was extended by a
NeuS5Ge and terminating with a Neu3SAc, contrasting with
the other disialylated structure which carries a Neu35Ge-
NeudGe extension. The detection of the corresponding b
ion at m/z 789 for NeuSAc Neu5Gce| and not miz 819 for
NeudGey further supported the assignment. Thus, the
disialylated structures may be considered as carrying an
extra NeuSAc or Neu3Ge extension from a Neu3Ge mono-
sialylated structure but not a Neu3Ac monosialylated
structure, all of which share the same basic Fuc-HexNAc-
Hex-HexNAcitol backbone.

Monosaccharide composition analysis of the purified
monosialylated fraction revealed an almost equal relative
amount of Gal, Fuc, GalNAc, GalNAcitol, and sialic acid.
fully consistent with the assigned sequence. To elucidate
the complete primary structures of the two oligoglycosyl
alditols, the monosialylated fraction was analyzed as a
mixture by 400 MHz "H-nuclear magnetic resonance ('H-
NMR) spectroscopy. Chemical shifts of the protons of
individual constituents obtained from sequential 'H-1H
homonuclear correlation spectroscopy-90 (COSY-90) and
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Table I. 'H-NMR chemical shifts of monosialylated O-glycans

Chemical shifts of 'H (p.p.m.)

NAc/
Residue 1 2 3 4 5 6 MNGe
GalNAc-ol T 3.79%3.76 438 4.064 3531 4148 364 -
Gal(Bl-3) I 4.571 34le 4.182 4117 378 nd -

GalNAc(pl-4) 4.791
111

Fuce(al-3)F  5.088 3.702 3.903 3812 4141 L2006 -
NeudGe(o2-3) - = 19512705 3873 3.655 —
NeuSAc(o2-3) - - 19512705 3873 3.655 —

4.052 3.705 3964 nd nd -

nd, not determined.

total correlation spectroscopy (TOCSY') experiments were
compiled in Table I. Spin systems of monoesaccharides con-
firmed the results obtained from composition analysis. In
particular, as shown on TOCSY spectrum (Figure 4A). the
internal HexNAc residue was unambiguously identified as
a GalNAc owing to its spin system, reminiscent of the
galacto configuration. The presence of both Neu3Ac and
Neu5Ge was easily assessed owing to the observation of
intense N-acetyl and N-glycolyl protons as singlets at
62.045 and 4.122 p.p.m.. respectively. Differential integra-
tion of these signals afforded an estimated NeuSGd/
NeudAc ratio of about 8:2. However, chemical shifts of
their respective H-3ax, H-3eq, and H-5 could not be distin-
guished from one another.

As expected, the chemical shifts of H-2 and H-5 of
GalNAc-ol are clearly indicative of mono substitution of
GalNAc-ol by Gal in B1-3 linkage (Kamerling and
Vliegenthart, 1992), consistent with a core 1-type structure
deduced by CID/MS-MS analyses. The chemical shift of
GalNAc H-1 at 34.791 p.p.m. in conjunction with its cou-
pling constant J 5 of about 8.5 Hz established the GalNAc
I residue as p-anomer. In accordance with previous work
(Herkt ef al.. 1985; Coppin ef al., 2002), the chemical shifts
of Gal, GalNAc, and NeuSAc/Neu3Ge residues are indica-
tive of the sequence GalNAcBl-4(NeuSAcw2-3)Galpl-,
known as the Cad determinant. In particular, the downfield
position of H-3ax of NeuSAc or Neu3Ge to §1.951 p.p.m.
is very specific to this motif (Mourad et af., 2001). How-
ever, the chemical shift values of GalNAc protons showed
significant discrepancies from those of Cad determinant, in
particular, its H-2 signal that was noticeably deshielded by
~0.15 to §3.903 p.p.m., suggesting that the GalNAc residue
was further substituted. Substitution of GalNAc residue
was assessed by the observation of GalNAc 3¢ chemical
shifts owing to heteronuclear “C-1H heteronuclear multi-
ple quantum coherence (HMQC) experiment (data not
shown). In particular, the GalNAc C-3 signal was strongly
deshielded to §79.1 p.p.m. compared with C4 signal at
§70.0 p.p.m., which indicated that only C-3 position bore
further substitution. Accordingly, nuclear Overhauser
effect spectroscopy (NOESY) experiment showed an
intense NOE contact between Fuc H-1 at 85.088 p.p.m. and
GalNAg IIT H-3 at §3.705 p.p.m. (Figure 4B). confirming
the terminal Fucotl-3GalNAc sequence. It also corroborated

249

148

http://www.univ-lille1.fr/bustl



|
1 I GalNAc-ol
E GalNAcﬂ11-4)5a!{p1-3
Fuec{ul-3) NeuAc/Gelu2-3)
Ge |
|
’f L ﬂ (i
| H\ I I I'!| | i H
rllw"f jllj IIIL _rJ “2"1 r; UJLM' "Ilv H“'J"’l
= I ER—
| A L : N o
| ) SI 0 '..:'C'._.:__?
L | N
i (f ?. ¢ @ :'ﬁ ¥ jm
38 o it )T” I:l}‘\ﬁ ;’ ]
2 g oo im
ol @ d e 4
9 w0 3%
o ___I' 4 (‘j‘ !
4.2 P LAl 6,51 '“T_'
4 w | *-:"'!'l 2l
: <L R 5
in (h] .'.10"4 s
u 4 sl
e m 0 fljs
50 3F 4F2F
] g &e
“I1 B : 13!
4“_ A (o .=+'
LR ‘h“‘“ -
an-t 4 :‘f'-‘" I,_.—-—'-' L . Il[
59 J: ? _]|_|_t 4Tl 1FW..3

§2 51 50 40 AZ 47 45 45 44 43 82 A1 40 3G 38 37 365 35  ppm

Fig. 4. Four hundred megahertz NMR analysis of monosialylated 0-
alyeans purified from the total O-glycans by anion exchange chroma-
tography. {A) Two-dimensional 'H-1H TOCSY spectrum (8'H: 3.3-5.2
and 3.3-5.2) that allows the observation of the spin systems of residues 11,
111, and F. The presence of NeuSGe and MeuSAc are clearly established
owing to intense peaks ol N-giyeolyl protons 84.122 p.p.m. and N-acetyl
protons at 82.045 p.p.m. (not shown), (B) Two-dimensional "H-1H
NOESY spectrum (8!H: 3.3-52 and 4.3-5.2) showing the connectivities
between residues F. ILL IF, and T.

the assigned GalNAcl-4Gall-3GalNAc-ol backbone sequence
owing to clear NOE contacts between GalNAc H-1 and Gal
H-4 and between Gal H-1 and GalNAc-ol H-3 at 84.571 and
4.064 p.p.m., respectively.

In summary, the monosaccharide composition, MS/MS
and NMR data collectively and unambiguounsly defined the
two major monosialyated O-glycans as: Fuccl-3GalNAcpI -
4iNeuSAce2-3)Galpl-3GalN Ac-itol and Fucel-3GalNAcS1-
4(Neu5Gee2-3)Galpl -3GalNAc-itol. At a much lower level.
the latter, but not the former. can be further extended by an

250

© 2009 Tous droits réservés.

HDR de Yann Guérardel, Lille 1, 2008

additional Neu5Ge or Neu5Ac. At even higher mass. another
cluster of extremely weak signals at m/z 2891, 2921 and 2951
apparently also exhibited the NeuSGo/NeuSAc heterogene-
ity of 30 v apart (Figure 3A). but no CID-MS/MS could be
successfully obtained to establish their sequence. In con-
trast. the signals at m/z 1880, 2504, and 3127 did not afford
the NeuSGo/NeuSAc sialylation pattern and apparently
constitute a different series of O-glycan structures.

MALDI-MS/MS on the parent ion at sz [880 (Figure 3D)
afforded the same fragment ion at gz 506, corresponding to
a disubstituted Hex-HexNAcitol core. However. instead of
zy ion at m/z 298, miz 284 was detected and therefore indicat-
ing that branching is at the reducing end HexNAcditol.
Terminal NeuSAc substitution was evident from the proto-
nated and sodiated by 1ons at miz 376 and 398, respectively,
whereas consecutive losses of two terminal Neu3SAc (miz
1505 and 1129) from the parent suggested a disialylated
structure with two different monosialylated termini. The ¢
and z ion pair at m/z 620 and 1282, together with the other
v ion at m/z 881 (see the schematic drawing on Figure 3D)
is consistent with a NeuSAc-Hex motif attached to the 3-
arm of a J6-branched HexNAcitol and a Neu3Ac|-
(FuciHex HexNAc¢)- motif on the 6-arm. The latter was
supported by observing the corresponding b ion at m/z 1021
and after lesing the terminal NeuSAc at m/z 646. In the
absence of other data owing to lack of sample material, the
exact structure for the fucosylated motif could not be estab-
lished although facile elimination of a 3-linked Fuc (minus
206 u) from the parent and several other 1ons was strongly
indicative of a Lewis x epitope. This is also consistent with it
bemng extended by another one or two such -[Hex(Fuc)Hex-
NAc]- repeats on the 6-arm to give the higher mass molecu-
lar ions detected at mfz 2504 and 3127 (Figure 3A),
corresponding to a sialylated poly-Lewis x sequence.

As in the case with the N-glycans, the two major monosia-
Iylated O-glycans characterized were consistently detected
across all five developmental stages of the zebrafish embryos.
However, larger O-glvcans, either based on the same core
I-type structure but disialylated on the Neu3Ge appendage
or based on a distinct branched core 2-type structure with
NeudSAc monosialylation on both arms. were in general of
very low abundance and only readily detectable in earlier
stages (0.5 and 8 h). Similar enrichment on anion exchange
column failed to yield any signal for samples derived from
the 45 and 48 h embryonic stages while there was some
batch-to-batch variation for detecting their presence in the
24 h samples. Thus although their low abundance and
heterogeneity in structures precluded firm conclusion with
respect to their exact structures and developmentally regu-
lated expression. oligosialylation on O-glycans appeared to
be preferentially associated with early development, before
the completion of morphological differentiation.

MS profiling of the glveofipids

In contrast to oligosialylation on the N- and O-glycans,
MALDI-MS profiling of the permethyl derivatives of gly-
colipids extracted from various developmental stages of
zebrafish embryos revealed that potential molecular ion sig-
nals corresponding to oligosialylated glyvcosphingolipids
were only present at the later stages (Figure 5). Some minor
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Fig. 5. MALDI-MS and MS/MS analyses of permethylated glycolipids from zebrafish embryos. Oligosialylated glycolipids related to the series at m/z
2095/2125 were only apparent in the profiles of samples from 24 h (A) and 4548 h (B) after the fertilization. MS profiles of earlier stages (not shown)
afforded other weak signals that may be attributed to glycan-containing species which were not further characterized in this study because of low abun-
dance. MS profiles of the 45 and 48 h samples are almost identical, and only the latter was shown in panel B. Signals marked with x in panel A are contam-
inants. The two major sodiated molecular ions at m/z 2095 and 2125 from panel A were selected for MS/MS analyses, and the derived trisialylated
sequences were schematically shown in panels C and D, respectively, along with the major fragmentation pattern observed. All fragment ions are of b and
yions. Signals at mfz 254372573 in panel B are a Hex-HexIN Ac increment from the trisialylated LacCer at miz 2095/2125. Signals at mz 2779 and 2983 are
related by a Hex, but their exaect sequences were not established. Symbols used are cirele. Gle (dark) and Gal (light); diamond, Neu5Ge (dark) and NeuSAc
(light): Cer, ceramide; OH, exposed hydroxyl group because of primary cleavage.

variations between the profile of 24 h (Figure 5A) and those
of 45-48 h (Figure 5B) were noted, but the salient features
were mostly conserved. Among the weak signals, a most
prominent cluster occurred at m/z 2095 and 2125. MALDI-
MS/MS sequencing of the parent ion at m/z 2095 (Figure 5C)
revealed a consecutive loss of NeuSAc residues. Only the
first NeuSAc loss corresponds to loss of a fully methylated
terminal residue, whereas subsequent losses of the other
two NeudAc correspond to further cleavage of internal
Neu3Ac residues, as distinguished by their distinctive resid-
ual mass values. In addition to the linear stretch of a
NeuSAcy sequence thus established, the fragment ions at m/z
449 and 810 could be assigned as sodiated (OH) Hex-
Hex-OH and (OH)|NeuSAc-Hex-Hex-OH. respectively,
consistent with a direct attachment of the Neu5Ac; termi-
nal sequence to a lactosylceramide (LacCer). Based on the
miz values of the sodiated molecular ion and the deduced
glycosyl sequence, the ceramide moiety could be calcu-
lated as corresponding to a d18:1 base with a C16:0 fatty
acyl chain or their equivalent permutation thereof.

© 2009 Tous droits réservés.

For the parent ion at m/z 2125, MS/MS sequencing
(Figure 5D) demonstrated that one of the internal Neu3Ac
in the Neu3Acs-LacCer was replaced by a NeuSGe. Signif-
icantly, only loss of terminal Neu5SAc and not Neu3Gce was
abserved. giving the y ion at m/z 1750. This could be fol-
lowed by further loss of an internal Neu5Ge (miz 1357)
and then an internal NeuSAc to vyield the sodiated
(OH) LacCer ion at m/z 997. Additional sodiated ions at
miz 449 and 810 indicated an internal -Neu3Ac-Hex;-
sequence, therefore suggesting a unique sequence of
NeudAc-NeuSGe-NeudAc-LacCer. Alternative arrangement
of the NeuSAc;Neu5Ge| sequence on the LacCer was,
however, not ruled out nor stage and/or batch variations be
investigated due to its low abundance. At one NeuSAc resi-
due smaller, the molecular ion signals at m/z 1733 and 1763
could be tentatively assigned as NeudAc,-LacCer and
NeuSAc¢ NeudGe LacCer, respectively, whereas signals at
miz 2456 and 2486 are consistent with NeuSAcy-LacCer
and NeudAc,NeudGge-LacCer, respectively. Other weak
signals that may be tentatively assigned include the clusters
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at miz 2904/2934 which correspond to a Hex-HexNAc
increment from the tetrasialylated LacCer, and signals at
mlz 3263/3295 which carried an additional sialic acid. In all
cases though, the low abundance amid contaminant noise
peaks, compounded by additional heterogeneity which may
be contributed by NeuSAc/NeuSGe differences and/or the
lipid moiety, precluded firm definition of the entire spectra
of the glycolipids.

Discussion

A glycomic analysis aims, in general. to define the glycosy-
lation potential of a biological source under investigation.
As applied to lower organism such as the zebrafish for
which current knowledge on its glycobiology is scarce, a
MS approach offers several distinctive advantages. Of prime
consideration, the detection and tentative compositional
assignment, including de nove sequencing, is not dependent
on standard references and hence more conducive to identi-
fication of novel structures than any other methods. In this
context, MALDI-MS mapping coupled with facile CID
MS/MS sequencing on the permethyl derivatives is by far
the most informative and sensitive analytical strategy
although not without its limitations. As a first attempt, we
have successfully derived an overall picture of the zebrafish
glycome, as presented on both the glycoproteins and the gly-
colipids, but have excluded analysis on the GAG or the
chitin oligosaccharides. Our collective results show that a
most striking feature is the diverse oligosialylation pattern
which appears to be developmentally regulated.

The high-mannose-type N-glycans are the only nonsia-
Iylated population of the glycome that occurs at any abun-
dance. Otherwise, both the complex-type N-glycans and
the O-glycans are each predominantly represented by a sin-
gle unique terminal sequence, monosialylated with either
Neu5Ac or Neu5Ge. For the N-glycans, the Galfl-
4(Neu5Ge/NeuSAco2-3)Galpl-4(Fucol-3)GlcNAc nonre-
ducing terminal sequence constitutes the antenna of the major
bi- and triantennary structures, along with some minor
degrees of incomplete sialylation and/or galactosylation on the
internal Lewis x epitope. For the O-glycans, a core l-type
structure was identified which carries a Fucol-3GalNAcPI-
4(Neu5Ge/NeuSAco2-3)Galpl-3GalNAc sequence. In both
cases, 0.2-3-sialylation was found on an internal B-Gal. The
zebrafish sequences can be distinguished from those of
more commonly found mammalian type by virtue of either
an additional p4-Gal extension on a sialyl Lewis x or an o3-
fucosylated f4-GalNAc extension on a sialylated core 1 O-
glycan. On the other hand. they bear much similarity to other
characterized fish glycans (reviewed in Inoue and Inoue, 1997).

The Galpl-4Galpl-4GlcNAc motif was first identified
on the complex-type free sialoglycans released from the gly-
cophosphoproteins of unfertilized eggs of Tribolodon
hakonensis and Oryzia latipes (Inoue et al., 1989; Iwasaki
et al., 1992). ¢2-3-NeuSAc monosialylation was found to
occur on either the terminal or the internal Gal, giving
monosialylated antenna for the predominantly bi- and tri-
antennary structures. Such epitope was also identified on
the bulky multiantennary N-glycans isolated from cortical
alveolus glycoproteins (hyosophorins) of fertilized fish eggs
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which carry species-specific, highly branched poly-N-
acetyllactosaminoglycans (Taguchi et al., 1993, 1994, 1995,
1996). Of all the structural variants determined, only those
presented by the hyosophorins of medaka fish, O. latipes,
also contain the fucosylated version of the o2-3-NeuSAc-
sialylated Galp1-4GalB1-4GlcNAc motif, identical to that
currently identified on the zebrafish N-glycans. Interest-
ingly, the Fucol-3GalNAcBI epitope as found on the
zebrafish O-glycans has also been identified on the N-glycans
of hysophorin of flounder (Seko et al., 1989), but not sialy-
lated and is attached to the same -3GalB1-4GalPl-
4GlcNAc sequence. Thus, a GalB1-4GalB1-4GlcNAc unit,
occurring either at the terminal or as an internal unit, with
and without further 02-3NeuSAc sialylation on the f4-Gal
and/or a3-fucosylation on the f4-GlcNAc appears to be a
shared feature among the N-glycans from several fish eggs
characterized to date. A slightly different version with an
additional o4-Gal capping instead of sialylation or fucosy-
lation has also been recently identified on the pigeon serum
immunoglobulin G (Suzuki ef al., 2003), suggesting a possi-
ble wider occurrence on nonmammalian vertebrates.

The presence of the Lewis x-type a3-fucosylation is in
agreement with the characterization of two zebrafish o.1-3
fucosyltransferases capable of synthesizing Lewis x from
lacto-N-neotetraose in vifro (Kageyama et al. 1999),
A recent communication (Natsuka ef al., 2005) has further
reported the identification of such Lewis x carrying N-glycans
which appeared from the segmentation period (18 h)
onward. The occurrence of the sialylated version of the
same structure or other N-glycans were, however, not
investigated (Natsuka et al., 2005, Takemoto ef al., 2005),
which probably biased the overall glycomic representation.
Our MS-based profiling did not reveal a significant increase
in the relative abundance of nonsialylated complex-type N-
glycans following segmentation. It should, however, be
noted that the discrepancy may also arise from different
starting materials used because we have attempted to start
from total delipidated extracts, whereas Takemoto et al.
(2003) have treated the lyophilized embryos, free of corion
and yolk, directly with hydrazinolysis for N-glycan release.
Interestingly. they have also identified a significant propor-
tion of biantennary N-glycans with the reducing end
GleNAc missing, namely with a trimannosyl GleNAc¢| core
instead of the expected di-N-acetylchitobiose, and attributed
the findings to elevated endo-J-N-acetylglucosaminidase
activity (Natsuka ef al, 2005). Although the activity of
peptide: N-glycanase or glycoamidase has been convincingly
demonstrated in the early embryos of medaka fish (Seko
etal., 1991y and elsewhere in other animals, an endogly-
cosidase F or a chitobiase-type activity has not been previ-
ously identified in fish. It is nevertheless conceivable that
mammalian-type stepwise action of the lysosomal aspar-
tylglucosaminidase and chitobiase (Michalski et al., 1977;
Strecker ef al., 1988) could lead to intracellular generation
of such free sialylated complex-type N-glycans in zebrafish
embryos which were not completely removed from our
glycoprotein sample preparation because of the use of a
low molecular weight cutoff dialysis (3500 Da). coupled
with subsequent omission of CI8 Sep-Pak step after
tryptic digestion to increase the yield of oligosialylated
N-glycans. Chemical degradation during permethylation
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was deemed unlikely as similar structures were also
observed with peracetylation. Furthermore, none of the
more abundant high-mannose-type N-glycans was found
to exhibit similar degradation which seems to be restricted
to the complex-type subset. The origin of these atypical
“N-glycans” remains a moot point and may also represent
a novel linkage or form of glycosylation merit further
investigations.

Despite similarity to previously characterized glycan
structures of fish eggs, the zebrafish glycans are unique and
novel in many additional aspects. First, the hyosophorin N-
glycans are bulky. and those of 0. latipes have been shown
to be exclusively pentaantennary, whereas the much simpler
bi- and triantennary N-glycans from the fish glycophos-
phoproteins characterized to date do not have fucosylation.
Second. whereas sialylated core 1 O-glycans with terminal
Fuccl-3GalNAc epitope have also been identified in fish
eggs (Inoue and Inoue, 1997), none carries the exact
sequence as defined here. Oligo- or polysialylation, when
occurs, extends from the C6 of the reducing end GalNAc or
nonreducing terminal GalNAc. In contrast. the zebrafish
NeuSAc-Neu5Ge or NeuSGe-NeuSGe disialyl unit extends
from an internal Gal of the O-glycans. Further work is
needed to confirm the tentatively defined structures for the
disialylated core 2-type O-glycans which appear to carry
one to several units of Lewis x on its 6-arm.

Notably then, we have shown that Neu5Ac and Neu5Ge
sialylation were not evenly distributed. Most NeuSAc is
located at the nonreducing terminal position and, mostly, if
not, exclusively as monosialylated motif. Neu3Gce occurs as
both terminal and internal residues. For the O-glycans, our
MS/MS data indicated that only the species sialylated with
NeuS5Ge can be further sialylated with another NeuSAc or
NeuSGe residue. Likewise, although both NeuSAc and
Neu5Ge monosialylated antennae could be detected for the
N-glycans, a preliminary oligosialylation analysis with the
more sensitive 1,2-diamino-4,5-methylenedioxybenzene high-
pressure liquid chromatography (DMB-HPLC) fluorescent
detection method indicated that only a Neu5Geo2-
8NeuSGe-DMB derivative could be additionally derived
from the N-glycans (Guerardel, unpublished data). These
data strongly suggest the occurrence of a certain form of
donor and acceptor substrate selectivity in the differential
transfer of Neu5Ac and Neu5Gc on glycoprotein-type gly-
cans of zebrafish or a strict intra-fextracellular compart-
mentalization of sialyltransferase activities.

The concentration of CMP-Neu3Ge in the cytosol has
been suggested to play the most important role in regulat-
ing the level of NeuSGe sialylation because neither the
CMP-sialic acid antiporter nor the sialyltransferases exam-
ined so far seem to exhibit a preference for CMP-Neu3SAc
or CMP-Neu3Gce (Higa and Paulson, 1985; Lepers et al.,
1989, 1990; Schauver and Kamerling, 1997). In contrast, dif-
ferent donor substrate specificities have been observed for
enzymes involved in the elongation of oligo-/polysialylated
chains. Thus, whereas rainbow trout polysialyltransferase
{polyST) can use both CMP-NeuSAc and CMP-Neu5Ge as
activated sialyl donors, chick brain polyST was shown to
not recognize CMP-Neu3Ge (Kitazume ef al, 1994;
Sevigny ef al., 1998). However, to our knowledge. nothing
is presently known on the possible specificity of these
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enzymes toward their acceptor substrates for NeuSAc/
Neu3Ge composition that may explain the absence of polysia-
lyl elongation from Neu3Ac residues in zebrafish O-glycans.

Contrary to the glycoproteins, synthesis of oligosialyl
sequences in glycolipids did not seem to be affected by the
same biosynthetic restrictions. The major sialylated gly-
colipids detected conform to a family of lactosylceramides
extended by up to four sialic acids which can be further
clongated by a Hex-HexNAc unit to form either sialylated
ganglio-tetraglycosylceramides or sialylated (neo)lactote-
traglycosylceramides, with up to five sialic acids. Both
series of glycolipids have previously been identified in other
fishes (Ando and Yu, 1979; DeGasperi et al., 1987; Nakamura
et al., 1997). However, to our knowledge, tetrasialylated lac-
tosylceramides have not been observed previously in any
model system. Such a compound, that would be named
GQ?3 according to used nomenclature, does not fit into
accepted ganglioside synthesis pathway model in which
GT3 is the biosynthetic precursor of the so called c-series
(including GT2, GTlec, GQlc, and GPlc) and is not further
elongated by sialic acids (Freischutz et al., 1995). The sialy-
lated moieties of all observed glycolipids are made up by
heterogeneous mixtures of Neu3Ac and Neu3Ge residues in
all possible combinations. The presence of polymerized
NeudAc sequences distinguishes their sialylation pattern
from those of N- and O-glycans. Furthermore. homoge-
neously NeuSAc-sialylated glycolipids are the major forms
compared with Neu3Ge-containing glycolipids. Altogether,
these data demonstrate that although the glycoprotein gly-
cans and glycolipids are both highly sialylated. the biosyn-
thesis of their respective oligosialylated moieties are
differently regulated. and the sialylation pattern changes as
the embryos develop.

In particular, the disialylated O-glycans were exclusively
abserved in the very first stages of development, before 24 h
after the fertilization. whereas, surprisingly. the pattern of
oligosialylation in glycolipids seems to follow the opposite
trend with the oligosialylated glycolipids being exclusively
observed in later developmental stages. The general low
yield of the glycolipids relative to the major N- and O-glycans
prevented more definitive structural characterization. We
nevertheless could detect glycolipids of even higher degree
of sialylation which collectively represent a complete shift
in the glycolipid profile from the very early stage that con-
tained a putative range of very different, highly heteroge-
neous neutral glycolipids. These findings strongly suggest
the existence of a very complex, regulated expression pat-
tern of sialylation according to the class of glycoconjugates
and developmental stages. By furnishing the structural data
pertaining to the glycome of D. rerio, our studies reported
here provide a solid basis for further functional investiga-
tions into the specificity of glyco-related enzymes and. by
extension. the role of glycosylation during development. In
particular, we believe that D. rerio is a very promising
model for the study of the fine regulation of sialylation
events. Preliminary screening of gene data banks revealed
that zebrafish genome not only contains orthologs of all
identified human polyST-coding genes, but also several
potentially new members of this family (Harduin-Lepers
et al., 2005). The structures reported also give the opportu-
nity to identify other novel glycosyltransferase activities
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such as the fucosyltransferase activity involved in the syn-
thesis of Fuc(ot1-3)GalNAc(p1- motif.

Materials and methods

Sample collection

Zebrafish (D. rerio) were maintained at 28°C on a 14-h
light/10-h dark cycle. Embryos were incubated at 28°C, and
different developmental stages were determined according
to the description in the Zebrafish Book (Westerfield,
1995).

Extraction and preparation of glycoconjugates

Embryos were suspended in 200 PL of water and homoge-
nized by sonication on ice. The resulting material was dried
and then sequentially extracted three times by chloroform/
methanel (2:1, w/v) and three times by chloroform/methanol/
water (1:2:0.8, v/v/v). Supernatants from the latter extrac-
tions were pooled. dried, and subjected to a mild saponifi-
cation in 0.1 M sodium hydroxide in methanol at 37°C
for 3h and then evaporated to dryness (Schnaar, 1994).
Sample was reconstituted in methanol/water (1:1, v/v) and
applied to a C18 Sep-Pak cartridge (Waters, Milford, MA)
equilibrated in the same solvent system. After washing with
five volumes of methanol/water (1:1, v/v). glycosylceram-
ides were eluted by five volumes of methanol and five vol-
umes of chloroform/methanol (2:1. viv).

Delipidated pellet from chloroform/methanol/water
extraction was resuspended in a solution of 6 M guanidin-
ium chloride and 5 mM ethylenediaminetetraacetic acid
(EDTA) in 0.1 M Tris/HCI, pH 8, and agitated for 4 h at
4°C. Dithiothreitol was then added to a final concentration
of 20 mM and incubated for 5 h at 37°C, followed by the
addition of iodoacetamide to a final concentration of 50
mM and further incubated overnight in the dark at room
temperature. Reduced/alkylated sample was dialyzed
against water at 4°C for 3 days and lyophilized. The recov-
ered protein samples were then sequentially digested by
(L-(tosylamido-2-phenyl) ethyl chloromethyl ketone)-treated
trypsin for 5 h and chymotrypsin overnight at 37°C, in
50 mM ammonium bicarbonate buffer, pH 8.4. Crude pep-
tide fraction was separated from hydrophilic components
on a C18 Sep-Pak cartridge equilibrated in 5% acetic acid
by extensive washing in the same solvent and eluted with a
step gradient of 20, 40, and 60% propan-1-ol in 5% acetic
acid. Pooled propan-1-ol fraction was dried and subjected
to N-glycosidase F (Roche, Basel. Switzerland) digestion in
50 mM ammonium bicarbonate buffer, pH 8.4, overnight
at 37°C. Alternatively, both the chloroform/methanol/
water extraction and the C18 Sep-Pak purification step fol-
lowing tryptic digestion may be omitted to increase the
yield of the sialylated N-glycans. Omission of the latter step
would, however, increase the content of contaminant Hex
polymers and possibly other free glycans.

The released N-glycans were separated from peptides
using the same CI18 Sep-Pak procedure as described
above. To liberate O-glycans, retained peptide fraction
from C18 Sep-Pak was submitted to alkaline-reductive
elimination in 100 mM NaOH containing 1.0 M sodium
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borohydride at 37°C for 72 h. The reaction was stopped by
addition of Dowex 50 x 8 cation-exchange resin (25-50
mesh, H* form) at 4°C until pH 6.5 and, after evaporation to
dryness, boric acid was distilled as methyl ester in the pres-
ence of methanol. Total material was then submitted to cat-
ion-exchange chromatography on a Dowex 50 x 2 column
(200400 mesh, H form) to remove residual peptides.

Chromatographic separation of glycans

The released N-glycans were either analyzed directly or
after separation into neutral and sialylated fractions on a
weak anion exchanger. DEAE Sephadex A-25 column
(Amersham, Piscataway, NJ). Samples were dissolved in 20
mM Tris/HCL, pH 8§, for loading onto a column equili-
brated in the same buffer. Nonbinding neutral glycans were
recovered in the washed through fractions, whereas sialy-
lated glycans were eluted in a single fraction by a 0.8 M
NaCl solution in 20 mM TrisfHCI, pH 8. Both fractions
were desalted by passage through a Bio-Gel P2 column
(Bio-rad, Hercules, CA) equilibrated in water.

To remove the contaminating neutral N-glycans and to
enrich for the sialylated components, the O-glycans were dis-
solved in water and fractionated on a strong anion exchanger
Dowex 1 x 2 (200400 mesh, HCOO™ form) column preequil-
ibrated in water. Neutral glycans were washed off by water,
whereas mono- and oligosialylated compounds were recov-
ered by a stepwise elution at (.1 and 2 M pyridine acetate, pH
5.5, respectively. High salt fractions were desalted by passage
through a Bio-Gel P2 column equilibrated in water.

Exaoglycosidase digestions

The N-glycans were digested with 20 mU of neuraminidase
from Arthrobacter ureafaciens (Roche) in 100 uL of 50 mM
sodium acetate buffer, pH 5.5, at 37°C for 1618 h. Desialy-
lated N-glycans were further treated with 3 mU of p1-4
galactosidase from Streptfococcus pneumeoniae (Calbiochem,
Merck, Darmstadt. Germany) in 100 pL of 50 mM sodium
acetate buffer, pH 5.5, at 37°C for 12 h, before and after
chemical defucosylation by 48% aqueous hydrofluoric acid
at 4°C for 48 h.

Chemical derivatization

Monosaccharide compositions were determined by gas
chromatography (GC)-MS analysis as either per-hepta-
fluorobutyryl (Zanetta et al., 1999) or alditol acetate deriv-
atives. For alditol acetates analysis, glycan samples were
hydrolyzed in 4 M trifluoroacetic acid (TFA) for 4 h at
100°C and then reduced with sodium borohydride in 0.05
M NaOH for 4 h. Reduction was stopped by dropwise
addition of acetic acid until pH 6 was reached, and borate
salts were codistilled by repetitive evaporation in dry meth-
anol. Peracetylation was performed in acetic anhydride at
100°C for 2 h. To determine the chemical nature of sialic
acids, intact sialic acids were liberated directly by mild
hydrolysis in 0.01 N TFA at 50°C and reacted with a vol-
ume of DMB reagent at 50°C for 2 h 30 min (Hara et al.,
1987). The monomeric DMB-sialic acid derivatives were
separated isocratically on a C18 reverse phase (RP) HPLC
column (250 x 4.6 mm, 5 micron, Vydac, Hesperia, CA) by
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a solvent mixture of acetonitrile/methanol/water (7:9:84)
and identified by referring to the elution positions of stan-
dard NeuSAc and Neu3Gc derivatives.

For MALDI-MS analyses, the glycan samples were per-
methylated using the NaOH/dimethyl sulfoxide slurry
method (Ciucanu and Kerek, 1984), as described by Dell
et al. (1994). The permethyl derivatives were then extracted
in chloroform and repeatedly washed with water. GC-MS
linkage analysis was performed as described previously
(Suzuki et al., 2003).

MS analyses of glycans and glycolipids

For MALDI-time-of-flight (MALDI-TOF) MS glycan
profiling, the permethyl derivatives in acetonitrile were
mixed I:1 with 2,5-dihydroxybenzoic acid (DHB) matrix
(10 mg/mL in acetonitrile), spotted on the target plate, air-
dried, and recrystallized on-plate with ethanol whenever
necessary. Data acquisition was performed manually on a
benchtop M@LDI LR system (Micromass) operated in the
reflectron mode. For DHB matrix, the coarse laser energy
control was set at high and fine adjusted using the % slider
according to sample amount and spectra quality. Laser
shots (5 Hz, 10 shots/spectrum) were accumulated until a
satisfactory signal to noise ratio was achieved when com-
bined and smoothed. Glycan mass profiling was also per-
formed on a dedicated Q-Tof Ultima MALDI instrument
(Micromass, Manchester, UK), in which case the permeth-
ylated samples in acetonitrile were mixed 1:1 with ¢-cyano-
4-hydrocinnamic acid matrix (in acetonitrile : 0.1% TFA,
99:1 viv) for spotting onto the target plate. The nitrogen
UV laser (337 nm wavelength) was operated at a repetition
rate of 10 Hz under full power (300 pl/pulse). MS survey
data were manually acquired, and the decision to switch
over to CID MS/MS acquisition mode for a particular par-
ent ion was made on the fly upon the examination of the
summed spectra. Argon was used as the collision gas with a
collision energy manually adjusted (between 50 and 200 V)
to achieve optimum degree of fragmentation for the parent
ions under investigation.

NMR analyses

Before NMR spectroscopic analysis, sample was repeatedly
exchanged in ‘H-;O (99.97% purity. Euriso-top, CEA
Saclay. France) with intermediate freeze drying and then
dissolved in 250 uL of Me>SO-dy (Euriso-top). Chemical
shifts were expressed in p.p.m. downf"e:ld from the signal of
the methyl group of Me»,SO-db (5! Hitetramethyl-silyl ester
[TMS] =2.52 p.p.m.. 8 3C/TMS = 40.98 p.p.m. at 343 K). The
sample was analyzed in 200 x 5 mm BMS-005-B Shigemi
tubes on a Bruker ASX-400 spectrometen (Centre d”Analy-
ses RMN. Villeneuve d’Ascq. France) 'H. 400.33 MHZ
3¢, 100.66 MHz equipped with a double resonance ('HX)
Broad Band Inverse z-gradient probe head. All NMR data
were recorded without sample sl:l}inning.

The one-dimensional proton "H spectrum was measured
using a 90 tipping angle for the pulse and 1.5 s as a recycle
delay between each of 32 acquisitions of 2.4 s. The spectral
width of 4006 Hz was collected in 16384 complex data
points. Two-dimensional homonuclear ('H-1H) spectra
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(COSY and TOCSY ) were measured using standard Bruker
pulse programs. Rotating frame Overhauser enhancement
spectroscopy (ROESY) spectra were acquired with 400 ms
mixing times and acquired in the States mode, according to
Bax and Davis (1985). Moreover, the two-dimensional
TOCSY spectrum was recorded using a MLEV-17 mixing
sequence of 120 ms. The spin lock field strength corre-
sponded to a 90° pulse width of 62 us. The spectral width
was 2402 Hz in both dimensions. About 256 spectra of 4096
data points with 32 scans per tl increment were recorded
glvmg a spectral resolution of 0.6 Hzfpt in F2 and -9.4 Hz/
pt in Fl. Heteronuclear HMQC 'H-13C spectrum was
obtained using with standard Bruker invdtp pulse sequence.
The spectral width was 2403 Hz in F2 and 12080 Hz in B¢
dimension. giving a spectral resolution of 0.6 Hz/pt and
47.2 Hz/pt, respectively.
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Abstract Zebrafish appears as a relevant model for the
functional study of glycoconjugates along vertebrate’s
development. Indeed, as a prelude to such studies, we have
previously identified a wvast array of potentially stage-
specific glycoconjugates which structures are reminiscent
of glycosylation pathways common to all vertebrates. In the
present study, we have focused on the identification and
regulation of major protein and lipids associated «2,8-
linked oligosialic acids motifs in the early development of
zebrafish. By a combination of partial hydrolysis, anion
exchange HPLC-FD and mass spectrometry, we demon-
strated that glycoproteins and glycolipids differed by the
extent and the nature of their substituting oligosialylated
sequences. Furthermore, relative quantifications showed
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that «2,8-linked sialylation was differentially regulated in
both families of glycoconjugates along development.
Accordingly, we established that «2,8-sialyltransferase
mRNA levels was directly correlated with changes of
«2,8-sialylation status of glycolipids, but independent of
those observed on major glycoproteins that appear to
originate from the mother.

Kevwords o2,8-sialylation - «2,8-sialyltransferases -
NeuSAc/NeuSGe - Zebrafish - Early development -
Glycolipids - Glycoproteins

Introduction

Sialic acids constitute a wvast family of heterogeneous
monosaccharides that are distributed throughout most of
the living organisms, from bacteria to vertebrates. About 40
different naturally occurring members have been described
so far [1]. Most of them occur in bound forms to
glycoproteins, glycolipids and free oligosaccharides as
terminal monosaccharide units. Internal «2,8-linked sialic
acids in the diasialosyl motif have been early recognized as
a common constituent of gangliosides and then of glyco-
proteins [2-6]. ®2,8-polySia chain with a degree of
polymerization (DP) =7 was first identified in bacteria
soluble colominic acid prepared from culture medium [7].
Not until 1980 was it identified in animal kingdom
associated with a major sialoglycoprotein, the so called
polysialoglycoprotein (PSGP), isolated from the eggs of
rainbow trout [8]. Although ubiquitously identified in all
fish species examined so far, «2,8-polySia chains exhibited
a remarkable species specificity associated with differential
sequences, nature of constituent sialic acids and degree of
O-acetyl and O-lactyl substitutions [9]. Subsequently, «2,8-
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polySia chain were shown to be associated with multiple
glycoproteins in eukaryotic organisms, including neural cell
adhesion molecule (N-CAM) [10], sodium channels [11],
CD-36 from human milk [12] and neuropilin [13].

The cellular sialic acid content is metabolically regulated
mainly by sialyltransferases and sialidases. «2,8-sialyltrans-
ferases (ST8Sia) are biosynthetic enzymes catalyzing the
transfer of sialic acid residues either to sialoglycoproteins or
sialoglycolipids (reviewed in [14-16]), while sialidases or
neuraminidases are glycohydrolytic enzymes that remove
sialic acid residues during sialoglycoconjugate degradation
[17]. Sialylated glycoconjugates are known to be tightly
regulated developmentally. In particular, gangliosides are
exclusively expressed in mice embryos from 7 days, when
neural crest appears, in agreement with their major local-
isation in central nervous system [18]. Then along brain
development, gangliosides pattern show drastic modifica-
tions, including a decrease of GM3 and GD3 concomitant to
an increase of GDla and GTIb from mid-embryonic
development onward [19]. Similarly in rat, ganglioside
expression pattern was shown to shift from simple b-series
to complex gangliosides along brain development [20].
Polysialylated N-CAM exhibits also an exquisite spatio-
temporal regulation in the developing brain. Indeed, shortly
after its appearance in mouse brain at 8 days, N-CAM
become polysialylated with a peak expression of «2,8-
polySia during perinatal phase and a complete clearing
within the three weeks of post-natal brain development,
with the exception of sites of neuronal plasticity [21, 22].
In fish, polysialylation profile of PSGP is regulated along
oocytogenesis in ovary. Indeed, it was shown to shift from
a diSia-PSGP in earlier stages of oogenesis to a «2,8-
polySia-PSGP in later stages, based on the temporal
regulated expression of the x2,8-sialyltransferases ST8Sia
IT and ST8Sia IV [23, 24]. However, with the exception of
N-CAM, little is known about the regulation and functions
of polySia sequences of various glycoconjugates along
embryogenesis in vertebrates.

The zebrafish, Danio rerio, has emerged in recent years
as an excellent model system to study the genetic under-
pinnings of vertebrate development. Recent profiling of
zebrafish embryos glycosylation established that this
organism synthesizes a wide variety of sialylated glyco-
conjugates, the expression of which is potentially regulated
along development [25]. Collected data has poised zebra-
fish as an ideal model to study the role of sialylation in
embryogenesis. The present report focuses on the identifi-
cation and regulation of «2,8-linked sialylated glycoconju-
gates in the early stages of zebrafish development through a
concerted approach combining structural, biochemical and
molecular biology analyses. In a first step, we established
with different structures of oligoSia sequences associated to

© 2009 Tous droits réservés.

different types of glycoconjugates. Then, we evaluated
the implication of different glycogenes, including o2,8-
sialyltransferases (ST8Sia) and sialidases in the early
developmental regulation of the expression of «2,8-linked
sialic acids.

Materials and methods
Materials

The molecular biology kits RNeasy Midi and Plasmid
extraction were obtained from Qiagen (Chatsworth, CA, U.
S.A)), the TOPO TA cloning kit was from Invitrogen
(Cergy Pontoise, France), the NucleoSpin® RNA II kit was
from Macherey-Nagel (Diiren, Germany). The oligonucleo-
tides were synthesized and purified by Eurogentec (Seraing,
Belgium), Sybr Green Brilliant Q-PCR master mix, eight-
well strip tubes and the MX-4000 Quantitative PCR System
were from Stratagene (La Jolla, CA, USA). The first strand
cDNA synthesis kit was from Amersham Pharmacia
Biotech (Little Chalfont, U.K.). The ¢cDNA Kidney library
was kindly provided by L. Zon (ZFIN, Oregon). The
experion ARN Std Sens Analysis kit was from Biorad
(Marnes-la Coquette, France). Taq polymerase, 4-methyl-
umbelliferone (4-MU) and 2’-(4methylumbelliferyl)-oc-d-N-
acetylneuraminic acid (4-MU-Neu5Ac) were from Sigma
(St Louis, MO, USA).

Sample collection

Zebrafish (D. rerio) were maintained at 28°C on a 14 h-
light/10 h-dark cycle. Embryos were incubated at 28°C and
different developmental stages were determined according
to the description in the Zebrafish Book [26].

Extraction and preparation of glycoconjugates

Embryos were suspended in 200 pl of water and homoge-
nised by sonication on ice. The resulting material was dried
and then sequentially extracted three times by chloroform/
methanol (2:1, v/v) and chloroform/methanol (1:2, v/v).
Supernatants from the extractions were pooled, dried and
subjected to a mild saponification in 0.1 M sodium
hydroxide in methanol at 37°C for 3 h, and then evaporated
to dryness. Sample was reconstituted in methanol/water
(1:1, v/v) and applied to a C18 Sep-Pak cartridge (Waters)
equilibrated in the same solvent system. After washing with
five volumes of methanol/water (1:1, v/v), glycosylcera-
mides were eluted by five volumes of methanol and five
volumes of chloroform/methanol (2:1, v/v).
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Delipidated pellet from chloroform/methanol/water ex-
traction was re-suspended in a solution of 6 M guanidinium
chloride and 5 mM EDTA in 0.1 M Tris/HCI, pH 8, and
agitated for 4 h at 4°C. Dithiothreitol was then added to a
final concentration of 20 mM and incubated for 5 h at
37°C, followed by addition of iodoacetamide to a final
concentration of 50 mM and further incubated overnight in
the dark at room temperature. Reduced/alkylated sample
was dialysed against water at 4°C for 3 days and
lyophilized. The recovered protein samples were then
sequentially digested by TPCK treated trypsin for 5 h and
chymotrypsin overnight at 37°C, in 50 mM ammonium
bicarbonate buffer, pH 8.4. Crude peptide fraction was
separated from hydrophilic components on a C18 Sep-Pak
cartridge (Waters) equilibrated in 5% acetic acid by
extensive washing in the same solvent and eluted with a
step gradient of 20, 40 and 60% propan-1-ol in 5% acetic
acid. Pooled propan-1-ol fraction was dried and subjected
to N-glycosidase F (Roche) digestion in 50 mM ammonium
bicarbonate buffer pH 8.4, overnight at 37°C. The released
N-glycans were separated from peptides using the same
C18 Sep-Pak procedure as described above. To liberate O-
glycans, retained peptide fraction from CI18 Sep-Pak was
submitted to alkaline reductive elimination in 100 mM
NaOH containing 1.0 M sodium borohydride at 37°C for
72 h. The reaction was stopped by addition of Dowex 50 x
8 cation-exchange resin (25-50 mesh, H" form) at 4°C until
pH 6.5 and, after evaporation to dryness, boric acid was
distilled as methyl ester in the presence of methanol. Total
material was then submitted to cation-exchange chroma-
tography on a Dowex 50x2 column (200-400 mesh, H”
form) to remove residual peptides.

Chemical derivatization and MS analyses

Monosaccharide compositions were determined by gas
chromatography (GC)-mass spectrometry (MS) analysis as
alditol acetate derivatives. Briefly, glycan samples were
hydrolysed in 4 M trifluoroacetic acid (TFA) for 4 h at
100°C and then reduced with sodium borohydride in
0.05 M NaOH for 4 h. Reduction was stopped by drop
wise addition of acetic acid until pH 6 was reached and
borate salts were co-distilled by repetitive evaporation in
dry methanol. Peracetylation was performed in acetic
anhydride at 100°C for 2 h.

For MALDI-MS analyses, the glycan samples were
permethylated using the NaOH/dimethyl sulfoxide (Cuicanu
and Kerek 1984), and then extracted in chloroform and
repeatedly washed with water. MALDI-MS and MS/MS
data were acquired on either a Q-TOF Ultima MALDI
instrument (Micromass) or a MALDI-TOF/TOF system, the
ABI 4700 Proteomic Analyzer, exactly as described [27].

© 2009 Tous droits réservés.
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Analysis of oligo-sialylated sequences

In order to minimize internal fragmentation of polysialylated
sequences, sialylated glycan samples were directly coupled
to 1,2-diamino-4,5-methylenedioxybenzene (DMB) without
prior mild hydrolysis [28]. Samples were incubated for 2.5 h
at 50°C in 50 pl of a DMB reagent solution (2.7 mM DMB,
9 mM sodium hydrosulfite, and 0.5 mM [ mercapto-
ethanol in 20 mM TFA). 10 pl of 1 M NaOH was then
added and the reaction mixtures further incubated in the
dark at room temperature for 1 h. Samples were stored at
4°C before analysis.

DMB-derivatized sialic acid oligomers were separated
on a HPLC apparatus fitted with either an anion exchanger
column, mono-Q (Amersham-Biosciences), or a CarboPac
PA-100 column (Dionex). For mono-Q column, the sample
was loaded and eluted with a flow rate of 0.5 ml/min with
20 mM Tris—HC1 (pH 8.0), followed by a NaCl gradient (0—
10 min, 0 M; 10-60 min, 0 to 0.6 M; 60-65 min, 0.80 M)
in 20 mM Tris—HCI (pH 8.0). CarboPac column was eluted
at 1 ml/min with a concentration gradient of 2 to 32% of
I M NaNO3 in water. In both systems, eclution was
monitored by an on line fluorescence detector set at
wavelengths of 373 nm for excitation and 448 nm for
emission. Periodate oxidation and C7/C9 analyses for
oligosialyl linkage determination were performed essential-
ly as described by Sato e al. (1998) [33]. Briefly, samples
were dissolved in a mixture of 25 ul of 40 mM sodium
acetate buffer (pH 5.5) and 2 ul of 0.25 M sodium
metaperiodate and left at 0°C for 45 min in the dark. Five
microliters of 5% glycerol was then added and allowed to
react for another 40 min at 0°C, followed by 32 pul of 0.2 M
sodium borohydride in 0.2 M sodium borate buffer (pH 8.0)
and left overnight at 0°C. Finally, TFA was added to a final
concentration of 1 M and incubated at 80°C for 1 h before
subjected to DMB derivatization. To determine the chem-
ical nature of sialic acids, intact sialic acids were liberated
directly by mild hydrolysis in 0.01 N TFA at 50°C and
reacted with a volume of DMB reagent at 50°C for 2 h
30 min. The monomeric DMB-sialic acid derivatives were
separated isocratically on a CI18 reverse phase HPLC
column (250%4.6 mm, 5 um, Vydac) by a solvent mixture
of acetonitrile/methanol/ water (7:9:84) and identified by
referring to the elution positions of standard NeuSAc and
Neu3Ge derivatives. For additional MS analysis, the DMB-
derivatives were separated instead with a gradient of
acetonitrile/methanol/water (7:9:84) mixture in water (0—
10 min, 10%; 1040 min, 10 to 100%). Fluorescence-
detected peaks were individually collected on ice and
immediately freeze dried. Samples were then reconstituted
in 10 ul of water and analysed by nanoESI-MS and MS/MS
on an LCQ DK XP+ ion trap (Thermo Finnigan).
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RNA extraction and cDNA synthesis

D. rerio unfertilized eggs and embryos (0, 6, 14, 24 and
36 hpf) kindly provided by the Thisses” Lab were sampled
(200 embryos) and snap frozen in liquid nitrogen. Total
cellular RNA was extracted from embryos at various
developmental stages using the RNeasy Midi kit according
to the manufacturer’s instructions. Total RNA purity was
established by calculating the ratio of the absorbance readings
at 260 and 280 nm and quantitied using the NanoDrop® ND-
100 spectrophotometer (NanoDrop Technologies, Wilming-
ton, DE, U.S.A.). The integrity and purity of the extracted
RNA was also analyzed by means of gel electrophoresis on a
bioanalyzer (Experion, Biorad). Total RNA (1.2 pg) was
reverse transcribed using the first strand ¢cDNA synthesis kit
in 33 pl following the manufacturer’s instruction. RNA
samples were tested for genomic DNA contamination by
PCR amplification of the zebrafish (-actin (GenBank
accession number AF025305; [29], using oligonucleotide
primers designed in two distinct exons (Sup. Table 1) and
aerosol contamination by including no template controls
(NTC). Another set of developmental stages cDNAs were
kindly prepared by H. Ahmed and G. Vasta according to [30].

Real-time PCR of ST8Sia genes during development
in zebrafish

Primers used for quantitative Q-PCR (Sup. Table 1) were
designed in the coding region of previously identified
zebrafish ST8Sia genes [14] using the Primer Premier
version 31.1 software (Primer Premier, Biosoft Internation-
al, Palo Alto, USA). Each primer pair was carefully
selected so to give rise to an amplified DNA fragment of
about 300 bp and such that their Tm values were very close
(around 51°C). The suitability of the primers for their
uniqueness to amplify a single PCR product was assured by
regular end-point PCR (Denaturation step at 94°C for 2 min
followed by 38 cycles at 95°C 1 min; 50°C 1 min; 72°C
I min and an elongation step at 72°C for 10 min) using
c¢DNA kidney library provided by L. Zon. The amplified
products were subsequently run on an agarose gel, sub-
cloned in TOPO TA cloning vector and finally, fully
sequenced (Genoscreen, Lille). The TOPO plasmids con-
taining the amplified regions of the targeted genes were
amplified, purified and quantified by nanodrop and used for
the establishment of a standard curve for absolute quanti-
fication. Efficiency of target amplification for each primer
set (ST8Sia I, ST8Sia II, ST8Sia 11, ST8Sia IV, ST8Sia V,
ST8Sia VI, Sup. Table 1) was optimized by real-time PCR
performed in a Stratagene MX4000 by trialing several final
primer concentrations. Each 25 upl Q-PCR master mix
contained 12.5 pl 2X Master Mix (Brilliant® SYBR®Y
Green Q-PCR Master Mix (Stratagene, CA)), 150 nM of
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each primer, and 5 pl of diluted ¢cDNA (equivalent to
100 ng total RNA) extracted from 0, 6, 14, 24 hpf embryos
and the real-time quantitative PCR were the thermal cycling
program consisted of 10 min at 95°C followed by 45 cycles
of 30 s at 95°C, | min at 50°C and 30 s at 72°C and this
was followed by a melting step consisting of heating from
50°C to 95°C at an increment of 1°C per 30 s to check the
specificity of the amplified product. PCR for all the samples
were carried out in triplicate in eight-well strip tubes and
data were expressed as means +/— SD. The reactions were
quantified by selecting the amplification cycle when the
PCR product of interest was detected (threshold cycle, Ct).
Calibration curves were generated by ten-fold serial
dilution of Hind III linearized TOPO plasmids containing
the amplified regions of the targeted genes (from 2x10 5
copies to 2% 10 1 copies). The same PCR master mix and
thermocycler conditions as described above were used and
plasmid standard curve equations were used to calculate the
absolute copy number of each gene. The amplification
efficiencies of each calibrator were found to be between
95.9% and 100.5%. We used absolute quantification relying
on the serial diluted DNA fragment with known concen-
tration, called calibrators, which were amplified from
cDNA of 24-hpf embryos with the same primers.

Sialidases assays

D. rerio embryos (0, 8, 24 and 48 hpf) and unfertilized eggs
were sampled (500 embryos) and snap frozen in liquid
nitrogen. The eggs were homogenized in 500 pl of water,
then different amount of total cell lysate corresponding to 1
to 60 eggs, were mixed with 0.2 mM 4-MU-NeuSAc in
50 mM sodium acetate buffer (pH 3, 4, 5, 6 and 7) in a final
volume of 250 upl. Protein concentration used were
determined using the micro BCA TM protein assay reagent
kit (Thermo Scientific Pierce, Rockford, USA). The
incubation was performed at 37°C. At 0.5, 1, 2 and 4 h,
30 pl of the reaction mixture was taken back, and the
reaction was quenched by adding 120 pl 0.5 M Na,COs.
The released 4-methyl-umbeliferone (MUN) was measured
and quantified by fluorescence detector at 360 nm for
excitation, 460 nm for excitation. Sialidase activity was
calculated according to a MUN standard curve.

Results

Glycans from embryos contain oligosialic acid chains

Oligosialylation on N-glveans

We previously described in zebrafish embryos a family of
unusual di- and tri-antennary sialylated N-glycans along
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with major ubiquitous oligomannosylated N-glycans [25].
They are characterized by the presence of NeuSAc/Neu5Ge
monosialylated Lewis x motifs further substituted by a [34-
Gal residue. A 10% sialic acid content of the total N-glycan
fraction (Fig. 1) nonetheless implied that a much larger
proportion of sialylated N-glycans than that detectable by
MS might be present. In fact, after purification of sialylated
N-glycans by anion exchange chromatography, the propor-
tion of sialic acids in sialylated N-glycans increased sharply
up to 23% of total monosaccharides, which represents an
average of three to four sialic acid residues per N-glycan.
As demonstrated by reverse phase (RP)-HPLC analysis of
sialic acid-DMB derivatives, the Neu5Ge:NeuSAc ratio,
which ranges between 2:1 and 4:1 depending on the sample
batch, was also somewhat inconsistent with a prevalence of
NeuSAc over NeuSGe implicated by MALDI-MS profiling
of the N-glycans. These discrepancies between the MS and
sialic acid composition data indicated that some additional
oligosialylated N-glycans may be refractory to MALDI-MS
detection.

To gain a better picture of the sialylation, the well
established DMB-tagging and HPLC analytical method
[31] was further employed to identify possible presence of
oligo- or polysialyl motifs. We first conducted structural
analyses of glycoproteins associated oligosialylation on
I hpf embryos, then established that oligosialylation was
qualitatively identical in other developmental stages. The
N-glycan sample was incubated in the acidic derivatization
reaction mixtures without prior acidic liberation to mini-
mize internal fragmentation of polysialic acid chain. The
resulting tagged products were then separated on anion
exchange HPLC columns (MonoQ and CarboPac PA-100)
according to their degree of polymerization (DP) and
detected with a fluorescent detector (FD). Under the
experimental conditions employed, a monoQ column
permits a ready detection of polymeric sialic acid chains

60

50 —
40
% 30
20
10

0 — |

Fuc Gal Man  GlcNAc  Sialic
Fig. 1 Relative monosaccharide compositions of N-glycans.
Monosaccharide compositions of total (in grey) and acidic (in black)
N-glycans liberated from 1 hpf embryos were analysed by gas-
chromatography. Results are expressed in percentage of total
monosaccharides
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from DP 2 up to DP 50 (data not shown), whereas the
CarboPac PA-100 column also allows detection of NeuSAc
monomer. Since the FD response per mol of (NeuSAc),-
DMB remains constant for low DPs [32], integration of
peak areas therefore provides a good estimation of the
relative abundance of various Sia, units. On MonoQ
column, total N-glycans fraction was found to yield at most
six peaks with retention times corresponding to Sia[(oc2—-8)
Sia],,-DMB standards of DP 2 to DP 7 (Fig. 2a). Identical
result was obtained with acidic N-glycans obtained after
purification by anion exchange chromatography (data not
shown). A sharp drop in the relative intensities of peaks
occurred from DP 2 onwards. On PA-100 column, it could
be estimated that DP 1 and DP 2 constitute 59% and 38%,
respectively of the total content with higher oligosialyl
chains contributing to less than 3% in total (data not
shown). As expected, the observed peaks are sensitive to
the action of exoneuraminidase (data not shown). Closer
examination of the chromatograms showed that standard |-
8)NeuSAc(o2-], and [-8)Neu5SGe(x2-], exhibited slightly
different retention times, in particular for DP 2 and DP 3
(Fig. 3a). Accordingly, chromatographic behaviours of
DMB-tagged oligoSia from N-glycans suggest that Sia;
and Sias are exclusively composed of Neu5Ge residues. As
shown in Fig. 3¢, standard Neu5Ge, peak co-migrates with
DP 2, whereas NeuSAc, peak exhibits a clear time shift
compared to DP 2 (Fig. 3b).

To ascertain the identity of the major dimeric peak, the
same DMB derivative mixtures were subjected to RP-
HPLC in order to purify DP 2. The elution position of
dimeric sialic acid-DMB was inferred from standard
Neu5Ac; 3-DMB mixtures. A single major dimeric peak
was detected at a retention time similar to that of standard
NeuSAc,-DMB (data not shown) and was collected for MS
and MS/MS analyses. As shown in Fig. 4a, ESI-MS
analysis of a standard NeuSAc,-DMB afforded three
molecular ion signals in positive ion mode, corresponding
to [M+H]", [M+Na]" and [M-H+2Na]" at m/z 717, 739
and 761, respectively. Further CID-MS/MS on the mono-
sodiated parent ion (Fig. 4b) yielded a major y ion at m/z
448 due to facile loss of the non-reducing terminal NeuSAc
residue. In contrast, similar ESI-MS analysis on the
collected dimeric peak from the sample gave the
corresponding molecular ions at m/z 749, 771 and 793
(Fig. 4c), which differ from those afforded by NeuSAc,-
DMB dimer by 32 mass units and are consistent with a
Neu3Ge,-DMB composition. This is supported by CID-
MS/MS on the candidate mono-sodiated parent ion at m/z
771 (Fig. 4d), which afforded a major v ion at m/z 464,
corresponding to loss of a non-reducing terminal Neu5Ge.,
Further confirmation was then sought by referring to the
CID MS/MS spectrum of an authentic Neu5Gc,-DMB
standard which was found to co-elute with NeuSAc,-DMB
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Fig. 2 Profiles of oligosialylated sequences on O- and N-glycans.
OligoSia sequences were released from glycans isolated from Thpf
embryos, tagged with DMB and separated by HPLC-FD on an anion
exchange column. OligoSia profiles from (a) N-glycans including the
inset in upper panel, and (b) O-glycans. Peaks are labeled according
to the DP values as established by comparison with authentic
standards

standard at the same retention time under the HPLC
conditions employed. In contrast, a putative mono-sodiated
NeuSAcINeu5Ge,-DMB peak at m/z 755 did not afford
either a loss of Neu5SAc or Neu5Ge and was subsequent-
ly shown to be a prominent ESI-MS contaminant peak
commonly observed when sample amount was low. Thus,
our innovative MS and MS/MS approaches have provided
unambiguous evidence for the presence of a Neu5Ge-
Neu3Ge dimer, and not a NeuSAc, or NeuSAcNeu5Gce,
dimer, as a major oligosialyl motif on the N-glycans.
Exclusive presence of Neu5Ge in oligosialylated sequen-
ces was further assessed by mild periodate oxidation
followed by hydrolysis and DMB-labelling. Applied to
the sialylated N-glycans, it cleaves the non-substituted side
chains of Neu5Ac/Neu5Ge at the C+—Cg bond which are
identified by RP-HPLC as DMB-labelling C7/C9 ana-
logues [33]. This demonstrated that all 4 expected
products, namely Cg(Neu5Ge)-DMB, C,(Neu5Ge)-DMB,
Co(NeuS5Ac)-DMB and C;(NeuSAc)-DMB could be
detected at increasing retention time (Fig. 5a), and
quantified as representing 28, 51, 2 and 18% of the total
sialic acid content, respectively on an N-glycan sample
with a Neu5Gc to NeuSAc ratio of 4:1. Assuming the mild
periodate oxidation of sialic acid has proceeded to
completion and not hampered by any undetected non-
saccharide substitution on the side chain, the recovery of

© 2009 Tous droits réservés.

HDR de Yann Guérardel, Lille 1, 2008

intact Co NeuSAc/Neu5Ge-DMB derivatives (about 30%
of total) is normally indicative of an internal «2,8-linked
sialyl motif since terminal or «2-9 linked sialic acids
would be cleaved to C7 analogues. Strikingly, there was 14
fold more «2.8-linked Neu5Gc than NeuSAc which
suggests that where oligosialylation may occur, it prefer-
entially extends from Neu5Ge and not from NeuSAc. This
conclusion is consistent with the observation that Neu5Ge
dimer and trimers are the major oligosialyl motifs.
Moreover, after subtracting the proportion of terminal
Neu5Ge that was o2-8 linked to internal Neu5Ge/NeuSAc
in the dimer, the amount of the remaining C;-Neu5Ge
(21%) was roughly the same as that of C;-NeuSAc (18%).
This figure is in good agreement with the MALDI-MS
analysis which detected complex type N-glycans with
antenna monosialylated by approximately equal amount
of terminal Neu5Ge and Neu5Ac [25].

a
mVolts-
204 NeuGc
NeuA 2
s /NeuAcg
mVolts- 10 20 30 40 50 60 70
204
20
104
c . . . . . . . .
mVolts 10 20 30 40 50 60 70
40
30+
20
104
0_

10 20 30 40 50 60 70 Minutes
Fig. 3 Identification of oligosialylation on N-glycans by anion
exchange DMB/HPLC-FD. Chromatographic profiles of co-injected
DMB-derivatized a [-8)NeuSAc(a2-], and [-8)Neu5Ge(x2-|, stand-
ards, b [-8)NeuS Ac(x2-|, standard and oligo-Sia from zebrafish 1-hpf
embryos N-glycans, ¢ [8)Neu5Ge(o2-], standard and oligo-Sia from
zebrafish 1 hpf embryos N-glycans, showing that the diSia (DP=2)
peak from zebrafish N-glycans co-migrate exclusively with Neu5Ge
(28 )NeusGe
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Fig. 4 Structural determination of the disialylated sequences on N-
glycans by CID-MS/MS of DMB-derivatives. a ESI-MS profile of a
Neu5Ac2-DMB standard isolated by C18 HPLC fractionation. The
most abundant molecular ion at m/z 739 corresponds to a mono-
sodiated species which was selected for CID MS/MS sequencing as
shown in (b). ¢ ESI-MS analysis of the putative dimeric sialic acid-
DMB peak afforded by zebrafish embryonic N-glycans and similarly

Oligosialviation on O-glycans

Profiling of the glycosylation pattern of zebrafish embryos
also demonstrated the presence of prominent sialylated O-
linked glycans [25]. In contrast to N-glycans, disialylated
motifs on O-glycans could be directly identified by MS
analysis owing to lower molecular mass of O-glycans
compared with N-glycans. In particular, we identified
NeuSGe—Neu5Ge as well as NeuSAc—Neu5Ge motifs, but
could not observe Neu5Ge—Neu5SAc and NeuSAc—NeuSAc,
suggesting again the existence of exquisite specificity in the
synthesis of «2,8-sialylated epitopes. The extent of «2,8-
sialylation on O-glycans was evaluated using an identical
experimental approach identical to that for N-glycans and
showed very similar results. O-glycans are substituted by
oligosialylated motifs including up to seven residues, as
determined by DMB/HPLC-FD (Fig. 2b). As observed
for N-glycans, slight shifts in the retentions times compared
with NeuSAc[(a2—8)NeuSAc|n-DMB suggest the preva-
lence of Neu5Gc containing oligoSia over Neu5Ac
(Sup. Fig. 1). Separation of periodate oxidised compound
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isolated by C18 HPLC, followed by CID MS/MS on the most
abundant molecular ion at m/z 771 d which established its identity as
monosodiated Neu5Ge2-DMB derivative. In both MS/MS, loss of
204 u corresponds to loss of the common DMB moiety through
cleavage at C3-C4 of the derivatized, reducing end Neu5Ac/Neu5Ge,
as shown schematically

by RP-HPLC confirmed also the absence of internal o2,8-
linked Neu5Ac residues in the molecule, as observed on
N-glycans (Fig. 5b). However, O-glycans differed from N-
glycans by a lower Co(Neu5Ge) to C7(Neu5Ge) ratio which
suggests that the proportion of oligosialylation is lower in
O-glycans.

Collectively, the data presented show that both O- and
N-glycans are substituted by Neu3Ge containing oligosia-
lylated sequences which exhibit similar overall patterns.
Although Neu5Ac has been identified along Neu5Ge in
O- and N-glycans, it seems to be restricted to monosialy-
lated compounds or in non-reducing terminal position of
oligosialylated sequences.

Oligosialvlation on glyeolipids

Direct MALDI-MS-mapping of the acidic glycolipids
demonstrated the presence of oligosialylated glycolipids
substituted by up to five sialic acids (Fig. 6b). The major
tri-sialylated components were previously shown to be
substituted by a mixture of NeuSAc and NeuSGe residues

163

http://www.univ-lille1.fr/bustl



a b
70 70
60 60 I
50 — 50
% 40 % 40
30 30
20+ — 20
10 10
0 S 0 ] S
®§§’®§P F 3 KR N I
%‘\ ’\‘\ %‘@ ’\‘@ Q‘\?J ’\‘\6 Cb% ’\‘\
P & O PSP O

Fig. 5 Relative quantification of internal and external non-reducing
sialic acids in glycoproteins oligosialylated motifs. Periodate oxidized
NeuSAc/Neu5Ge-DMB monomers from zebrafish embryonic glycans
were resolved on RP-HPLC to distinguish the respective C7/C9
products by referring to the elution positions of authentic standards.
Chromatographic profiles of a N-glycans and b O-glycans from 1 hpf
embryos. Results are expressed in percentage of total oxidized
derivatives and are representative of two independent experiments

in all possible combinations [25]. In contrast to N- and
O-glycans, the presence of polymerized Neu5SAc indicates
that no restriction seems to prevail in the synthesis of
oligosialylated motifs in glycolipids. Accordingly, charac-
terization of sialic acids by DMB/RP-HPLC demonstrated
the prevalence of a molar ratio of 1.5:1 for Neu5SAc:
Neu5Ge, indicating that sialylation patterns of glycolipids
differ from those of glycoproteins in which Neu5Ge
prevails over NeuSAc. In agreement with direct observation

Fig. 6 MALDI-MS analyses of
permethylated glycolipids from

zebrafish embryos. Glycolipid 100
profiles of high molecular mass
glycolipids from a 1 hpf and

b 48 hpf embryos. No sialylated
glycolipids were observed at 1 h

psf, whereas a complex mixture

of oligosialylated glycolipids
containing from 2 to 5 sialic

acids were detected at the later

stages. Symbols used: circle

Hex, square HexNAc, diamond b
sialic acid, Cer ceramide 100

Hex ,Fuc,-Cer

%o
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of sialylated glycolipids by MS, DMB/HPLC-FD analysis
shows the presence of oligosialylated motifs up to DP 6
(data not shown).

The sialic acid content changes along development

The presence of «2,8-sialylation on glycoproteins and
glycolipids was assessed along the development timeline
from 0 to 48 hpf. For O-glycans, presence of di-sialylated
glycans could be directly assessed by MS profiling. MALDI-
TOF analysis of permethylated glycans after separation of
mono- and disialylated compounds shows that previously
identified di-sialylated O-glycans can be observed exclusive-
ly in the earlier stages of developments (0 and 8 hpf) as
signals at m/z 1706 (Fucxl-3GalNAcpl-4(NeuSAc—
Neu5Gea2-3)Galp 1-3GalNAc-itol) and at m/z 1736
(Fuca1-3GalNAcp 1 4(Neu5Ge—-Neu5Gea2-3)Galp1-
3GalN Ac-itol), but never in the later stages (Fig. 7).
Although mass spectrometry does not provide quantitative
information, it suggests a disappearance of oligosialylation
on O-glycans along development. DMB/HPLC-FD analysis
provided a semi-quantitative comparison of the oligosialyla-
tion content of total O-glycan fractions purified from
identical numbers of embryos at each development stage.
Each fraction presented a very similar pattern of (Sia),-DMB
with 1<n<6-7, and thus did not show qualitative variation
in the extent of «2,8-sialylation. However, a clear decrease
in the quantity of each oligomer was observed as shown by
integration of chromatographic peaks for di-, tri and tetra-
sialyl components (Fig. 8a), confirming the rapid decrease of
oligosialylated O-glycans during embryonic development.
Indeed, after 8 hpf, quantity of disialylated motif dropped by
more than 60% and less than 5% of the initial di-sialylated
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Fig. 7 MALDI-MS profiling of permethylated O-glycans from
zebrafish embryos. The presence of a mono-sialylated O-glycans
Fucal-3GalNAcf 1-4(NeuSAcx2-3)Galpl-3GalNAc-itol at m/z
1.314 and Fucel-3GalNAcP 1-4(NeuSGeo2-3)Gal f1-3GalN Ac-itol
at m/z 1344 and b di-sialylated O-glycans Fucwl-3GalNAc[1-4
(NeuSAc-Neu5Gea2-3)Galpl1-3GalNAc-itol at m/z 1,706 and
Fucal-3GalNAcP1-4(NeuSGe-NeuSGea2-3)Galp 1-3GalN Ac-itol
at m/z 1,736 was checked by MALDI-MS analyses of the four
embryonic stages from 0 to 48 hpf

motif could be observed prior to hatching (48 hpf). Similarly,
the content of tri-sialylated motifs was reduced by more than
20 fold in 48 h. Identical methodology was applied to N-
glycans and showed a similar trend of rapid clearance of
oligosialylation along development (Fig. 8b).

In contrast to glycoprotein glycosylation, several lines of
evidence demonstrated that oligosialylation in glycolipids
increases along development. First, direct observation of
sialylated glycolipids by MS was only possible in later stages
of development (24 and 48 hpf) as previously reported.
Indeed, MS profiling of total glycolipid from 0 and 8 hpf
embryos exclusively showed a complex pattern of neutral
fucosylated glycolipids (Table 1), but no sialylated com-
pounds (Fig. 6). Repeated attempts to purify acidic com-
pounds from early stages embryos failed to provide any

© 2009 Tous droits réservés.

HDR de Yann Guérardel, Lille 1, 2008

evidence for their presence. These results were confirmed by
comparing endoceramidase treated total glycolipid fractions
from embryos at 0 and 48 hpf. Both samples show overall
similar profiles characterized by complex mixtures of
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Fig. 8 Relative quantification of oligosialylation along embryos
development. Proportions of Sia 2, Sia 3 and Sia 4 associated to a
O-glycans, b N-glycans and ¢ glycolipids were compared from 0 to
48 hpf by anion exchange DMB/HPLC-FD. Relative quantities of
NeuSAc and Neu5Ge from glycolipids were also followed along
development by RP-HPLC after total release of sialic acids (d).
Results are representative of three independent experiments
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Table 1 Monosaccharide composition of neutral glycolipids calculated
from MALDI-MS analysis of permethyl derivatives

miz [M+Na]" Composition
HexNAc Hex dHex

1,941 0 4 3
2,145 0 5 3
2,186 1 4 3
2,361 1 4 4
2,391 1 5 3
2,432 2 4 3
2,473 3 3 3
2,503 3 4 2
2,565 1 5 4
2,606 2 4 4
2,637 2 5 4
2,677 3 4 3
2,810 2 5 4
2,851 3 4 4
2,923 4 4 3
2,984 2 5 5

identical neutral glycans (Sup. Fig. 2). Later stage sample
shows the presence of additional major signals at m/z 838.6,
868.6, 1083.8 and 1113.8 attributed to NeuSAc,Hex,,
Neu5GeHex,, NeuSAcHexoHN; and Neu5Ge Hex>HN,,
respectively. Furthermore, careful analysis of MS spectra
reveals the presence of additional minor signals exclusively
in later stage at m/z 1199.9, 1229.9 and 1259.9 attributed to
NeuSAc,Hex,, Neu5Ac,Neu5GeHex, and Neu5Ge,Hex,
as well as m/z 1145.0, 1475.1 and 1505.1 attributed to
NeuSAc,Hex>sHN;, NeuSAc;NeuSGeHexsHN; and Neus-
Ge;Hex;HN,. The chemical nature of oligosialylated motifs in
endoceramidase treated glycolipids was confirmed by MS/MS
sequencing of their permethylated derivatives. Indeed, frag-
mentation of molecular ions at m/z 1199, 1229 and 1259
showed the presence of NeuSAc;, NeuSAc;Neu5Ge, and
Neu5Ge, sequences owing to the presence of B/Y ion pairs at
m/z 760/463, 790/463 and 820/463, respectively (Sup. Fig. 3).
Furthermore, presence of both Y ions at m/z 825 and 855
established that compound Neu5Ac;Neu5Ge Hex, at m/z
1229 is a mixture of the two isobaric structures NeuSGe—
NeuSAc—Hex-Hex and Neu5Ac-Neu5Gce-Hex-Hex. In
agreement with MS analysis, profiling by DMB/HPLC-FD
demonstrated that oligosialylation increased along develop-
ment, with a sharp increase between 24 and 48 hpf (Fig. 8c).
Indeed, as compared with embryos at 0 hpf, quantity of diSia
increased by 3.5 fold and triSia by 17 fold in 48 hpf embryos.
Accordingly, the total amount of sialic acid at 48 hpfis 4 to 6
higher than in other stage (Fig. 8d).

These data clearly demonstrate that the amount of
oligosialylation in embryos varies along development.
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Surprisingly, comparative profiling of glycoconjugates
established that the overall content of sialylation decreases
for glycoproteins along embryogenesis, but increases for
glycolipids.

Changes of o2,8-sialylation status of glycolipids is directly
correlated with «2,8-sialyltransferase mRNA levels,
whereas sialidase activities might be responsible
glycoproteins

To investigate whether ST8Sia genes may participate in the
di-, oligo- and polysialylation of major glycoconjugates
during the zebrafish development, we examined the mRNA
levels of the «2,8-sialyltransferase genes (ST8Sia I, ST8Sia
II, ST8Sia III, ST8Sia IV, ST8Sia V and ST8Sia VI) in
different developmental stages by real time PCR. Six
human ST8Sia orthologues were previously identified in
the zebrafish genome [14] and were molecularly cloned
from various zebrafish organs by RT-PCR and sequenced.
Since [-actin showed variable level of expression among
the various developmental stages with the same amount of
total cDNA (data not shown), we have chosen absolute
quantification to quantify ST8Sia. Except for ST8Sia II, all
the ST8Sia genes showed very low level of expression at
0 hpf (Fig. 9b). They all increase along embryogenesis
from 0 to 36 hpfbut at very different rates (Fig. 9a). Indeed,
expression levels of ST8Sia I and ST8Sia VI sharply
increase in the first 14 h of development whereas other
ST8Sia exhibited either more modest or delayed increase
(Fig. 9a). Then, ST8Sia I and ST8Sia Il reach maximum
sustained expression levels at 14 hpf whereas the others
show a gradual increase in expression level up to 36 hpf.
Interestingly, ST8Sia I and ST8Sia V genes, the human
orthologs of which are known to be involved in glycolipids
sialylation, are both dramatically up regulated along
development by a factor of 300 and 165, respectively. This
result is in agreement with the observation of an increase of
sialylation associated to glycolipids. On the contrary, the
modest increased expression levels of ST8Sia II and
ST8Sia IV, which are responsible for the biosynthesis of
polysialic acid, and of ST8Sia III also involved in the «2,8-
sialylation of glycoproteins are still slightly inconsistent
with the decreased oligosialylation status observed on
glycoproteins. More surprisingly is the 4000 fold increase
of ST8Sia VI gene expression that is not directly correlated
with an increase of Sia2 motifs synthesis on glycoproteins.

In order to check whether zebrafish sialidases might be
involved in these o2,8-sialoglycoprotein metabolism, we
performed sialidase assays using 4-methyl-umbelliferyl-
NeuSAc (4MU-Neu5Ac) as a substrate at various pH for
various embryonic developmental stages (0, 8, 24, and
48 hpf) and unfertilized eggs. Our preliminary data showed
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Fig. 9 Absolute quantification
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the existence of intense sialidase activities associated to
embryos. Survey of sialidase activities showed dramatic
differences of intensities depending on the pH and along
development (Sup. Fig. 4). The fact that the evolution of
total sialidase activities measured at different pH follows
different trends strongly suggest the presence of different
enzymes, as recently demonstrated by the identification of
several genes coding for potential sialidases in zebrafish
[34]. Indeed, the sialidase activities detected at pH 35
sharply decreased along the zebrafish development whereas
sialidase activities detected at pH 4 increased slightly along
the zebrafish development. These data demonstrate a tight
regulation of sialidase activities along development and
suggest a possible involvement of sialidases in the «2,8-
sialylation status of sialoglycoproteins, which may explain
the discrepancies observed between the regulation of
ST8Sia genes involved in the glycoproteins biosynthesis
and the actual synthesis of oligosialylated motifs on
glycoproteins.

Discussion

A previous study of the glycosylation profiles of zebrafish
embryos demonstrated that this organism synthesizes a vast
panel of unusual sialylated glycoconjugates. Of particular
interest are the [P4-galactosylated sialyl Lewis x, Galj1-4

© 2009 Tous droits réservés.

(Siac2-3)Gal p1-4(Fucee1-3)GIcNAc, motif observed on
all complex N-glycans and Fucol-3GalNAc1-4(Siax2-3)
Galp observed on O-glycans. The Galp1-4Galpl-
4GIcNAc motif now appears to be a common feature of
several fish glycoproteins, as described in Oryzias mela-
stigma, Tribolodon hakonensis and Oryzia latipes 35, 36],
but the ®2-3NeuSAc sialylated Galp1-4Galp1-4GIlcNAc
motif observed in D. rerio was additionally identified
only in O. latipes. However, its Neu5Gc substituted
equivalent is specific to D. rerio so far. Similarly, the
Fucax1-3GaIN Acf3 1-4(Siac2-3)Gal motif has been ex-
clusively identified on the O-glycans from D. rerio
although a wide range of other O-glycan structures have
been described in fishes [37].

The present study extended further our knowledge of the
fine structures of sialylated glycans synthesized by zebra-
fish along embryonic development by focusing on the
o2, 8-sialylation pattern (quality and quantity) of glycopro-
teins and glycolipids. Our data clearly established that both
glycoproteins and glycolipids were «o2,8-sialylated. Sur-
prisingly, fine structural analysis demonstrated that the
major glycolipids and glycoproteins presented different
patterns of oligosialylation. Whilst the «2,8-sialylated
glycolipids may be substituted by mixtures of oligo
(NeuSAc), oligo(Neu5Ge) and hybrid type oligo(NeuSAc,
Neu5Ge) sequences, glycoproteins are mainly substituted
by oligo(Neu5Gc). Indeed, although Neu5Ac and Neu5Ge
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are present in similar proportions on mono-sialylated motifs
of N-glycans [25], we have now demonstrated that only
Neu5Ge is further elongated by other sialic acids to form
oligo(Neu5Gce) sequences. Identical biosynthetic restric-
tions seems to prevail during the extension of oligosialic
acids associated with O-glycans that prevent formation of
oligo(Neu5Ac). These differences between glycoproteins
and glycolipids were also reflected in their respective
contents of sialic acids: two to four times more Neu5Ge
than NeuSAc in glycoproteins and about twice as more
NeuSAc than Neu5Ge for glycolipids. As previously
reported, polysialic acid structures of fish egg glycoproteins
are exquisitely species specific, differing by their extent,
composition, acetylation and sequences [9]. However, to
our knowledge, zebrafish represents the only documented
example of the preferential use of Neu5Ge over NeuSAc for
oligosialic acid elongation found on glycoproteins. This
suggests an «2,8-sialyltransferase activity dedicated to
«2,8-sialylation of glycoproteins, such as ST8Sia II,
ST8Sia III, ST8Sia IV or ST8Sia VI, that would exhibit a
preference for CMP-Neu5Ge over CMP-NeuSAc. In mam-
mals, ST8Sia II and ST8Sia IV are known to be involved
primarily in the polysialylation of the N-glycans of N-
CAM, ST8Sia III catalyzes the transfer of one to seven
sialic acid residues onto glycoproteins or glycolipids
whereas ST8Sia VI catalyzes the transfer of a unique sialic
acid residue on the O-glycans of glycoproteins [16, 38]. In
this context, it is also interesting to note that the zebrafish
ST8Sia IV shows very low capability to transfer NeuSAc
from CMP-NeuSAc onto N-CAM compared to the zebra-
fish ST8Sia II [39]. This last observation might reflect a
preference of the zebrafish ST8Sia IV for CMP-Neu5Ge
over CMP-Neu5Ac. Also, it is noteworthy that the major
glycoprotein associated «2,8-sialyl motifs in zebrafish
exhibit a significantly lower DP compared to those
previously identified on the polysialylated glycoprotein
(PSGP) of other fish species. Indeed, whereas salmonids
eggs contain polysialyl units with chain length up to 20
residues [8, 37], the major sialylated glycoproteins of
zebrafish eggs are mainly substituted by diSia (DP=2)
motif as well as minute amounts of oligoSia (3<DP<6).
In addition, expression of oligosialylation on glycolipids
and glycoproteins is differentially regulated along embry-
onic development. Indeed, the extent of «2,8-sialylation on
major glycoproteins sharply decreases whereas that of
glycolipid increases along development. Surveys of sialy-
lation by MS analyses of intact and endoceramidase treated
glycolipids, as well as the quantification of sialic acids and
oligosialic acids, all indicated that significant sialylation
specifically and reproducibly appears around 24 hpf, which
strongly suggests that glycolipid associated «2,8-sialylation
is triggered during early development. Accordingly, we
failed to detect significant glycolipid associated sialylation
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in mature ovaries before spawning (data not shown). It is
noteworthy that the complex neutral glycolipids observed
in all development stages are apparently not the substrates
for sialylation events occurring in later developmental
stages. MS analyses demonstrated that the sialylated
glycolipids of later stages comprised mainly NeuSAc/
Neu5Ge substituted (Sia); 4LacCer, GM2 and GD2 with
no sialylated equivalents of the fucosylated neutral glyco-
lipids (Table 1), suggesting that these two families of
compounds are independently synthesized.

The appearance of glycolipids associated «2,8-sialylation
in later stages of embryonic development positively corre-
lates with the up-regulation of genes coding for «2,8-
sialyltransferases ST8Sia I, ST8Sia IIl and ST8Sia V
(Fig. 9). The human recombinant enzymes have been
shown to be involved in the biosynthesis of gangliosides
GD3, GT3, GDla, GT1b and GQlc (reviewed in [16]) [40—
46]. The onset expression of these genes starts around
10 hpf and is essentially located in the developing brain
(Chang et al. 2008, this issue). Up-regulation of oligo-
sialylation along zebrafish development is in agreement
with previous observations made on Xenopus laevis
showing by in vitro assays that ST8Sia I (SAT-2) and
ST8Sia V (SAT-4) activities were dramatically increased
along the early development, with a maximum activity at
day 4 [47]. However, whereas quantities of both neutral
glycolipids and gangliosides sharply increase in X. laevis,
only gangliosides appear to be up-regulated in D. rerio
[48]. In contrast to glycolipids, evolution of glycoproteins
associated o2,8-sialylation does not correlate with the
temporal expression and the general increase of mRNAs
of ST8Sia II, ST8Sia IV and ST8Sia VI from 10 hpf along
the early stages of zebrafish development, therefore
implicating a different kind of regulation. These latter
ST8Sia genes were found to be expressed in the ovaries
(Fig. 9), suggesting that the «2,8-sialylated glycoproteins
of the zebrafish embryo detected at very early develop-
mental stages well before the onset zygotic expression of
these ST8Sia (around 10 hpf), might be inherited from the
mother. We hypothesize that these inherited o2,8-sialylated
glycoproteins could be subsequently degraded in the
embryos by endogenous sialidases.

As a first step towards substantiating this hypothesis, we
have essayed the sialidase activities with synthetic sub-
strates at various pH (3, 4, 5, 6, 7) in unfertilized eggs.
Since the higher and lower activities were obtained at pH 35
and 4 respectively, we then assayed the sialidase activities
at pH 4 and 5 for the various developmental stages of
interest. Our preliminary data showed that, sialidase
activities found at pH 4 increased along zebrafish develop-
ment, whereas sialidase activities found at pH 5 decreased
(Sup. Fig. 4). The correlation between the detected
sialidases activities and glycoproteins oligosialylation along
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embryonic development therefore remain equivocal and the
implicated zebrafish sialidases still need to be clearly
identified. A recent study of Manzoni et al. [34] reported
the identification of seven zebrafish sialidase genes homol-
ogous to three of the four known human genes (NEUI,
NEU2, NEU3, NEU4) The zebrafish neu3.l, neu3.3 and
neud were shown to be active towards gangliosides at very
low pH (2-3) and the corresponding genes were found to
be expressed differentially along the embryonic develop-
ment. On the other hand, an additional NEU3 orthologous
gene named neu3.2 has been described, which started to be
expressed at 24 hpf. The corresponding enzyme appears to
be soluble in the cytosol and active at higher pH (5.5).
However, fine enzymatic characterization of all the zebra-
fish sialidases still awaits studies.

Such an up-regulation of the ST8Sia II gene expression
along embryonic development of zebrafish has been
previously reported in the context of an increased synthesis
of polysialic acid chains (PSA) on the N-glycans of the
neural cell adhesion molecule (N-CAM), which reaches a
maximum around 27-40 hpf [49]. Our present study
focused instead on the global «2,8-sialylation status of the
different classes of glycoconjugates along embryonic
zebrafish development and has identified a rapid decrease
of glycoproteins associated o2,8-sialylation content. This
might be explained by the large quantities of PSGP
synthesized in the cortical alveoli during oogenesis in
fishes [24] compared to the natural low abundance and
restricted localization of PSA-N-CAM. It is most probable
that the N-CAM polysialylation pattern cannot be discrim-
inated from the one of PSGP or other polysialylated
glycoproteins by a global approach.

As a premise to the identification of other oligosialylated
glycoproteins in zebrafish fertilized eggs, we have assessed
the oligosialylation patterns of glycoproteins in different
compartments of the fertilized oocyte: embryo tissue,
chorion and perivitelline space. Semi-quantification analy-
sis by DMB-HPLC revealed that about 94% of the total
oligoSia in 1 hpf fertilized oocyte was associated with
soluble glycoconjugates in the perivitelline space, 5% in the
chorion and less than 1% in the embryonic tissue (data not
shown). Surprisingly, the extent of oligosialylation distrib-
uted within each of these fractions was very different. The
perivitelline space associated components show a very short
DP distribution dominated by DP 2, reminiscent of the one
observed on total glycoprotein fraction, whereas the
chorion and embryonic tissues exhibit more evenly distrib-
uted patterns with up to DP 10 (Sup. Fig. 5). Each fraction
was further differentiated by their sialic acids content, as
embryo associated glycoproteins was almost exclusively
composed of Neu5Ge (NeuSGe/NeuSAc 14:1) whereas
perivitelline space associated glycoproteins of Neu5Ge and
NeuSAc in a 4:1 ratio (data not shown).
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The presence of large quantities of oligosialylated soluble
glycoproteins in perivitelline space of zebrafish is in good
agreement with previous reports of the of polysialylated
peptides originating from a fertilization induced proteolysis
of cortical alveoli PSGP in several other species of fish,
including trouts, salmonids and medaka fish [9, 24, 50].
Accordingly, we observed large quantities of protein
associated oligoSia chains in zebrafish mature ovaries that
exhibit a distribution pattern and a composition identical to
that of the soluble glycoproteins of fertilized oocytes (data
not shown). However, despite the postulated conservation
of this phenomenon among fishes and the large quantity of
excreted PSGP, the destiny and the function of these
compounds are still largely unknown. Altogether, our data
established that the vast majority of oligosialylation
observed in fertilized oocytes are synthesized prior to
embryogenesis in the mother ovary and then degraded
along embryonic development for a yet unknown purpose.

The observation of a protein associated oligosialylation
in embryonic tissue as early as 1 hpf, thus long before that
N-CAM associated PSA appears, strongly suggests the
presence of so far undescribed oligosialylated glycoproteins
in oocytes. Diversity of polysialylated components in fish
embryos increases the possible endogenous substrates for
zebrafish «2,8-sialyltransferases. Indeed, ST8Sia Il and IV
were shown to be involved in the synthesis of polysialic
acid chains on both N-CAM N-glycans in zebrafish and on
PSGP O-glycans in rainbow trout, which suggest that these
enzymes might have multiple substrates acceptors in
various animal species [49, 51]. Altogether, the results
presented here establish the structural bases for the
investigation of the fine enzymatic specificitics of the
different ST8Sia identified from zebrafish genome [14].
These studies are actually in progress by using the
endogenous molecules as acceptor substrates. Further work
is also needed to identify the protein carriers of the
oligosialylated motifs and to assess their localization within
the fertilized embryo. The collected data will enable a better
evaluation of the importance of sialyltransferases as well as
sialidases in the regulation of synthesis of sialylated motifs
along zebrafish embryogenesis.
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Abbreviations

Sialyltransferases nomenclature is according to Tsuji er al. [52],
gangliosides nomenclature is according to Svennerholm [53]. hpf]
hours post-fertilization;diSia|disialyl motifitriSia|trisalylmotif:DHB|
2,5-dihydroxybenzoic acid:DP|degree of polymerisation:GC|gas chro-
matography:Hex|hexose:HexNAc|N-acetyl hexosamine;HexNAcitol|
reduced A-acetyl hexosaminitol;LacCer|lactosylceramide; MALDI|ma-

trix-assisted laser-desorption ionization;MS

mass spectrometry;TFA|

trifluoroacetic acid; TOF|time-of-flight
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Supplemental material

Sup. Figure 1: Identification of oligosialylation an O-glycans by anion exchange DMB/HPLC-
FD. Chromatographic profiles of co-injected DMB-detizad (a) [-8)Neu5Aa{2-], and [-
8)Neu5Gc@2-], standards, (b) [-8)Neu5AmR-], standard and oligo-Sia from zebrafish 1hpf
embryosO-glycans, showing that the diSia (DP=2) peak frogbrafishO-glycans does not co-

migrate with Neu5Aa{2-8)Neu5Ac.
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Sup. Figure 2: Comparison of glycolipid profiles ofembryos along developmentMALDI-MS
profiles permethylated derivatives of endoceramedasated glycolipids from (upper panels) 1hpf
embryos and (lower panels) 48hpf embryos. (a) $peuntz 800 to 2300, (b) close up of spectra
m/z 800 to 1150 and (c) close up of spectra m/A1421545. Values labelled with an asterisk
where attributed to sialylated components exclugiwdserved in 48 hpf embryos. m/z 838.6,
NeuS5AgHex;; 868.6, Neu5Ggiex;; 1083.8, NeuSAdHexoHN;; 1113.8, Neu5Ge¢iexoHNg;
1199.9, NeuSAgHex;; 1229.9, NeuSAMNeu5GgHex;; 1259.9, NeuSGtiex;; 1145.0,
NeuSAgHexHN1; 1475.1, NeuSAfNeu5GgHexHN1; 1505.1, NeuS5GgiexoHN;.
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Sup. Figure 3: MALDI-MS/MS sequencing of endoceramidase treated gtolipids from

zebrafish embryos. MS/MS analyses of permethylated derivatives of NeuS5AcHex, at m/z
1200, (b) NeuSAdNeu5GgHex, at m/z 1230 and (c) Neubgtex, at m/z 1260. Fragmentation

pattern of parent ion at m/z 1230 established thegmce of two isomers differing by the respective

positions of Neu5Ac and Neu5Gc within the diSiausewe. Sequences of these compounds are in

agreement with their assignment as derivativesi-sfatylated lactose. Symbol used: dark circle,

Glc; white circle, Gal; dark diamond, Neu5Gc; whdiamond, Neu5Ac.
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Sup. Figure 4: Evolution of sialidase activities @ng embryogenesisSialidase activities from

total embryos at (b) 0 hpf; (c) 8 hpf; (d) 24 h(e#) 48 hpf were assessed at pH 4 and pH 5 for
incubation times ranging from 0.5 to 4 hours, byaswing the release of 4-methyl-umbeliferone
(MUN). Values of activities at each stage and pHZchours incubation are summarized in (a).

Black squares, pH 5; grey diamonds, pH 4.
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Sup. Figure 5: Profiles of glycoprotein associated oligoSia from itferent locations in the

fertilized oocyte. Proteins associated oligoSia were purified from garivitelline space, (b)

chorion and (c) embryonic tissue, then analyzearmipn exchange DMB/HPLC-FD. Intensity of

each DP is plotted in percentage, 100% being thedafwligoSia from all fractions

© 2009 Tous droits réservés.

100

80+

60

401

20+

1,6

1,2—

0,8+

04—

0,5

0,3+

0,2

0.1

176
http://www.univ-lille1.fr/bustl



HDR de Yann Guérardel, Lille 1, 2008

Sup. Table 1:Primer nucleotide sequence and expected amplizenAccession number in
GeneBank for the identified sialyltransferases actth sequences are indicated.

Accession PCR
ST8Sia Primer sequence number Product
(GenBank) size (bp)

ST8Sia | Forward S-TTGCGGTTACTAAGGAGAMAI715535 346
Reverse 5-ACGAAAGATTTGCGGGAC

ST8Sia ll Forward 5'-GACTCGCACGACTTTGTAY055462 335
Reverse 5-TGGTTGGTCAGCCAGTAA

ST8Sia lll Forward 5'-AACAACCTGCTGACCATC@J715543 354
Reverse 5-ATGATACGGCAGCTCCTT

ST8Sia lV  Forward 5-TCTTGACTTGGGAGTTG®J715545 366
Reverse 5-TCTGACCGCAATCCTACA

ST8Sia V Forward 5-AAATAAGGAGGAGACGGATAAAJ715546 291
Reverse 5-AAAGTCAGAAGCGTCAAT

ST8SiaVl  Forward S-TGTCTATGATGGCGAAARI715551 333
Reverse 5-TGACCGTATGAATGAAGG

B-actin Forward 5-GTTGGTATGGGACAGAAAGAAF025305 378
Reverse 5-GGCGTAACCCTCGTAGAT
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Conclusion

En conclusion, ces travaux ont permis d’établpdéesson zebre comme un modele cohérent
d’étude du réle de la sialylation dans le développet embryonnaire des vertébrés, ce qui ouvre la
voie a I'étude des relations entre structure ettion des sialoconjugués. Au dela des données
structurales, nos résultats suggérent fortementiapiglycoprotéines sialylées majeures dont nous
observons les profils de glycosylation sont synsééts par la mere. Celles-ci, aprés avoir été
excrétées dans l'espace périvitellin suite a leoriélation des oocytes sont dégradées par des
sialydases solubles et libérent ainsi des quantitésortantes d'acides sialiques libres dont la
destinée et le rble sont encore inconnus. Par eoles glycolipides sialylés sont synthétisés plus
tardivement par 'embryon au cours de son dévelogpe, ce qui induit un changement total du
profil de glycosylation des glycolipides au couesl@mbryogenese. Il apparait également que les
modes de sialylations des glycoprotéines et deoljbides soient régulés differemment, comme le
démontrent les différences dans les profils d’digtylation et les ratios NeuAc/NeuGc.

Dans le but de mieux cerner le réle de la sialgtatians 'embryogenese, I'expression de la
CMP-Neu5Ac hydroxylase (CMAH) des embryons de pmisaebre -I'enzyme responsable de la
synthése du Neu5Gc- a été bloquée par I'utilisatiermorpholinos par I'équipe du Dr Khoo. Les
embryons ainsi modifiés présentent un phénotypephmbogique tres clair caractérisé par un

excroissance cranienne et un coude de la queuendieryyon comme montré ci-dessous (Fig. 6).

A

Fig. 6 : A, embryon de poisson zébre contrdle, 48 Hpfembryon traité aux morpholinos, 48 hpf
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Il est noter que ce phénotype et en bon accord kEvéait que la CMAH soit exprimée
majoritairement dans les deux zones qui présedi&Entinomalies de développement visibles (Fig.
7).

Fig. 7 : Hybridationin situsur un embryon de poisson zébre contrdle 48kpt une sonde 3'UTR

du gene codant pour la CMAH

Ainsi, l'inactivation de cette enzyme laissait gager des modifications dans les profils
d’expression du Neu5Ac et du Neu5Gc au sein ddérdifts glycoconjugués. En particulier, si
I'hypothése selon laquelle les glycolipides siayd®nt bien synthétisés par 'embryon et non par la
mere, les glycolipides sialylés devraient étre stuess de facon homogene par du Neu5Ac et non
par un mélange de Neu5Ac et de Neu5Gc comme dareribryons contrdles. Ainsi, nous avons
déterminé la structure des glycannes et leurslprodé sialylation associés aux différents stades de
développement embryonnaire entre 1 et 48h posligation. De facon tres surprenante, nous
n'avons observé jusqu'a présent aucune différentre ées profils de sialylation des embryons
contrbles et mutés, y compris sur les glycolipides.effet, les embryons mutés incorporent autant
de Neu5Gc dans leurs glycolipides que les embrgongdles, ce qui suggere que la biosynthése
de CMP-Neu5Gc ne soit pas perturbée par l'inagtmatle I'expression de la CMP-Neu5Ac
hydroxylase et donc que cette enzyme soit redordd@ette hypothese est néanmoins fort peu
probable car a notre connaissance, I'expressida @MAH n’est pas redondante, y compris chez
le poisson. Une deuxieme hypothese est que mdhgséehce de biosynthéese du CMP-Neu5Gc,
'embryon puisse incorporer du Neu5Gc d'origine @xoe dans ses propres glycoconjugués.
L’incorporation de Neu5Gc d'origine exogene aingecsa réexpression sur des glycoconjugués
membranaires a en effet été démontrée et seradrigine de la synthese de glycoconjugués
contenant du Neu5Gc chez 'homme, bien que la CNiMykhaine soit inactive (Bardet al, 2005).
Sur ce modeéle, il est possible d'imaginer que tlacsialique libéré des glycoprotéines excrétées
dans l'espace périvitellin puisse étre réincorppa¢ I'embryon pour servir de source d’acides

sialiques au cours de I'embryogenese. Sur la basetrdvaux de Inoue effectués sur d’autres
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espéeces de poissons (salmonidés et ‘medaka fishdeenos études sur le poisson zeébre, le
processus pourrait étre représenté comme dang.|8.Fi

Mb vitelline

Vesicule
corticale

PSGP

A

Mb plasmique

Espace perivitellin

Fig. 8 :1, Suite a la fécondation, les glycoprotéines palysées (PSGP) sont excrétées
des veésicules corticales et la membrane vitellleaileve pour former I'espace perivitellin. Tres
rapidement (<10min), les PSGP sont protéolysées foomer des peptides polysialylés (L-PSGP)
(Inoue and Inoue, 1997, dans une deuxieme étape, le domaine polysialgk LAPSGP est
dégradé, probablement sous I'action d’'une sialidasgble ou membranaire, pour libérer de I'acide
sialique libre (Changt al, 2008). Nous émettons I'’hypothese que celui-csgmiiétre ré-endocyté

par I'embryon pour servir a la constitution de rsgloconjugués. Rond gris, Neu5Gc ; rond noir,
Neu5Ac.

Pour prouver cette hypothése nous avons récemmesnemévidence l'existence d’une
activité sialidasique soluble spécifigue a I'espgeéeivitellin. Pour cela, nous avons séparé la
membrane vitelline, I'espace périvitellin et 'embn a partir d'oocytes fécondés (1 hpf). La
mesure de I'activité sialidasique spécifique deqcigafraction montre que l'activité de la fraction

périvitelline soluble compte pour 50% de I'activéi@lidasique totale de I'embryon (Fig. 9).
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Fig. 9: Libération d’acide sialique induite par diffétes fractions d’embryons de poisson zébre
(1hpf).

L’'observation d'une telle activité associée a lasp périvitellin confirme les résultats
obtenus par quantification directe des motifs diglylés associés aux glycoprotéines solubles au
cours de I'embryogeneése, c'est-a-dire que les solifosialylés sont dégradés. Néanmoins, elle ne
démontre pas que les acides sialiques libérés ltsmace périvitellin puissent étre recyclés par

'embryon.

Dans le cadre de la collaboration avec le Dr. Harlepers, nous avons également abordé
'étude des polysialyltransférases potentiellemanpliguées dans la biosynthése des motifs
oligosialylés que nous avions identifiés. En patier, nous nous sommes focalisés sur un
homologue de la ST8Sia VI humaine qui a été préuéumnt décrite comme une di-
sialyltransférase, c'est-a-dire 'enzyme transféram unique résidu d’acide sialique sur un motif
monosialylé (Teintenier-Leliévret al, 2005). L'objectif de cette étude est d'identiflamzyme
responsable de la biosynthese des O-glycannessiigiés. En effet, 'analyse structurale des N-
et O-glycannes suggere tres fortement I'existeric@edactivité di-sialyltransférasique utilisant
uniquement le Neu5Gc et non le NeuSAc comme subatreepteur. Jusqu'a présent une telle
spécificité entre le Neu5Gc et le Neu5Ac n'a jan@é mise en évidence chez les sialyltrasférases,
ni envers le substrat accepteur, ni envers le mtbdbnneur. De fait, la mise en évidence d’'une
enzyme utilisant préférentiellement le Neu5Gc dtunestait une avancée importante dans la
compréhension du mécanisme d’action des sialylfiéaases, voire de la fonction du Neu5Gc. Ainsi,
DreST8Sia VI a été cloné et exprimé dans des cell@@$-7 sous forme soluble (Fig. 10A).
L’enzyme est elle-méme N-glycosylée comme le prolaegmentation de mobilité en PAGE
induite par la digestion avec la PNGAse F (Fig. 1OB
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Fig. 10 : A expression d®reST8Sia VI dans des cellules COSB; déglycosylation de
DreST8Sia VI par la PNGAse.

Bien qu’exprimée sous forme soluble, nous n'avorgheureusement pas encore réussi a
démontrer une activité di-sialyltransférasiquesfaisante. Des expériences de mesure de transfert
ont été réalisée sur de nombreux substrats exogenesdogenes, synthétiques ou naturels, mais
les résultats obtenus ne sont pour l'instant ppsodaictibles. Il est possible que nous n’ayons pas
employé les substrats adéquats, ne connaissant gEgjuence de biosynthese des O-glycannes

sialylés.

Perspectives

Tout d’abord, dans le but de pérenniser nos étadesein de l'institut, nous avons participé
a la mise en place d'une plateforme d'élevage despaos zébres grace a un financement de
'université. Celui ci nous permettra un accesdaigenotre modele d’étude, élément indispensable a

la continuation de nos travaux.

Les perspectives a ces travaux sont multiples :

1- Analyse des profils glycolipidiques et leur évalatau cours de I'embryogeneden effet,
lors de notre premiére approche structurale, namuss reommes focalisés sur les glycolipides
sialylés car ils apparaissaient spécifiques dedestdardifs de I'embryogenese, et donc étaient
synthétisés par I'embryon. Néanmoins, des résulpa&iminaires concernant les profils de
glycolipides des oocytes non fécondés et des avanaures ont mis en évidence la présence d’un

tres grand nombre de glycolipides présentant deststes inédites. En particulier nous avons
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observés des glycolipides polyfucosylés présertaatmotifs Fuc-Fuc. L'analyse de la régulation
de la biosynthese et du catabolisme de ces compesése révéler tres instructive dans le cadre de
la régulation des interactions primordiales suseses qui régulent la compaction de 'embryon

(Eggenset al, 1989; Kojimaet al, 1994). Ces analyses seront réalisées au seirodpey

2- Analyse du processus d’endocytose des acidessalijous essaierons de déterminer
I'existence et le réle éventuel de ce processus tlambryogenese du poisson zebre. Nous nous
proposons d’analyser I'incorporation par I'embryda différents précurseurs d’acides sialiques
dans ses propres glycoconjugués, soit par micwdioje dans I'espace périplasmique, soit par
incubation de I'embryon débarrassé de son envelopigdline. Trés récemment, Bertozzi et
collaborateurs ont démontré qu'un analogue préaursée l'acide sialigue (le N-
azidoacetylmannosamine) était métaboliguement pwzér par 'embryon vivant et pouvait servir
de sonde pour observer I'apparition de glycocongsgsialylés a sa surface (Laugteinal, 2008).
Néanmoins la signification de l'incorporation d'des sialiques dans un contexte physiologique est
totalement inconnue. Ces expériences seront réaleé laboratoire en coopération avec le groupe

du Dr Khoo, a Taiwan.

3- Détermination de la spécificité des polysialyltriitases de poisson zebr&n
collaboration avec le Dr Harduin-Lepers, nous temte de déterminer les spécificités des
différentes enzymes de poisson zebre clonées éigpsrau sein de son groupe. A I'heure actuelle,
deux de ces enzym&seST8Sia VI, homologue a la ST8Sia VI humaineDetST8Sia VII dont le

géne codant n’est homologue a aucune famille cannue

4- Détermination de la nature des glycoprotéines $éaly Les glycoprotéines majeures du
poisson zebre seront identifiées par une approbloe-grotéomique. Les profils de glycosylation
individuels seront déterminés par spectrométrigndsse. Une fois les protéines identifiées, leurs
profils d’expressions seront analysés au courseatebryogenése. Ces analyses sont en court au

sein du laboratoire du Dr Khoo, a Taiwan.
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2.2.2- La sialylation chez les invertébrés

En marge des études effectuées sur la sialylatien le poisson zébre, nous avons initié une
étude prospective sur les profils de sialylatioezcles invertébrés marins. En effet, une recherche
systématigue des genes codant pour des sialyiérassls dans le regne animal réalisée par le Dr
Anne Harduin-Lepers (Harduin-Lepegt al, 2005) avait suggére I'existence chez les urosedé
les céphalocordés de génes codant pour des andésesalyltransférases de vertébrés. Chez les
invertébrés, les génes codant pour des sialyl@aasés putatives peuvent étre regroupées en
seulement quatre familles ancestrales, alors que des vertébrés peuvent étre classés en quatre

familles et vingt sous familles distinctes (Fig).11

Nematodes

Arthropodes

Equinodermes

4 familles ancestrales

Urocordés
Metazoa
900 ma
Coelomata

830 ma
Deuterostoma

700 ma

Chordata

500ma

Céphalocordés

4 familles

Poissons ST6Gal
Amphibiens | ISIKEEINSCH 20 sous-familles
oi ST3Gal
Iseaux
ST8Sia

Vertebrata
430 ma

Tetrapoda
350 ma
Mammiferes

80 ma

Fig. 11: L’apparition soudaine de vingt sous familles zles vertébrés résulterait de trois
cycles de duplication des génomes complets (R1etR23) survenus lors de I'émergence de ces
derniers. D’aprés Harduin-Lepegsal, 2005 (ma : millions d’années)

Dans le cadre de I'étude de I'évolution des adwisialyltransférasiques et de la mise en
place de nouveaux modeles dédiés a I'étude desgaoconjugués, nous avons initié une seérie
d’études sur les profils de glycosylation de repnésnts des deughyla les plus proches des
vertébrés : les céphalocordés et les urocordésavligent pour objectif initial de déterminer les
substrats endogénes d’éventuels sialyltransfér&es travaux ont été initiés en en collaboration
avec les Dr. H. Sawada (Université de Nagoya) ékuokawa (Université de Tokyo) lors de mon

séjour dans le laboratoire du Dr Kitajima. Nousras/donc isolé les N-glycannes, les O-glycannes
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et les glycolipides a partir d’'ovaires @anchiostoma belchericéphalocordé) et de gonades de
Halocynthia roretzi(urocordés) en vue de déterminer leurs structeteleurs compositions en

acides sialiques. Les résultats que nous avonsubtont brievement exposes ci dessous.

Profils de sialylation de Branchiostoma belcheri

Les céphalocordés sont des animaux marins d'oagamsrelativement rudimentaire assez
semblables en apparence aux poissons. lls compreneinon 25 especes, dont la plus utilisée en
tant que modele d’embryologie e8tanchiostoma florideall est souvent considéré comme le
meilleur modéle disponible pour représenter le iderimvertébré a servir d'ancétre commun aux
vertébrés. L'espece que nous avons éetudiéB.eselcheri,proche cousin asiatique & floridea
Par analogie avec les poissons chez lesquels Bgeswont trés riches en sialo-conjugués, nous
avons commencé nos études sur ce tissu. Les owitiess deB. belcheriont été grossierement
fractionnés en protéines solubles, protéines ifded glycannes libres et glycolipides. L'analyse
de leur composition en acides sialiques par HPLf@sapouplage a un fluorophore a révélée la
présence de Neu5Ac, de Neu5Gc, de Kdn (acide 3ydeylycero-D-galacto-nonulosonique) et
d’'un composeé supplémentaire inconnu (dénomme icloXt le temps de rétention ne correspondait
a aucun standard d’acide sialique (Fig. 12A). Neu®A X étaient présents en quantités tres
importantes dans les deux fractions protéiquesif@mviumole par g. de tissu frais). Les quantités
observées sont du méme ordre que celles obseragsded ovaires de poissons. Apres libération et
purification des O-glycannes et des N-glycannes fdaestions protéiques, il est apparu que la

grande majorité des acides sialiques était assacé®©-glycannes (Fig.12C.).

A B C
X NeuAc 30
12 EKdn | |EKdn
ENeuGe Y | HNeuGe
T ox Q Q 20| EX
o 8 NINeuAc N NE B NeuAc
[ N N >
2 o N N
g \ \
NeuGc 4 \\ §— 10 —
\ > N r§
Kdnu o,_-l_lm;-bl-rlmldk D
Glycannes  Protéines Glycolipides Protéines
solubles solubles insolubles NG oG

Fig. 12 : Dosage des acides sialiques d’ovaireBddelcheripar HPLC.A, exemple de
profii HPLC ; B, dosage des les différentes fractiorG,; comparaison des quantités d’acides
sialiques dans les O- et les N-glycannes totaugssie protéines insolubles

186

© 2009 Tous droits réservés. http://www.univ-lille1.fr/bustl



HDR de Yann Guérardel, Lille 1, 2008

Le fait que le composé X soit identifié dans deamités comparables dans les glycannes
purifiés et dans les fractions totales suggérdit ge s’agissait pas d’une contamination, maisbie
d’'un composé spécifiguement associé aux glycanBescomposé a ensuite été partiellement
identifié par I'analyse de son dériveé fluorescant€-CID MS/MS. Le spectre de fragmentation du
pic précedemment identifie comme du Neu5Ac surdsebde son temps de rétention en HPLC a
tout d’abord confirmé la nature de ce dérivé (EBA). Le dérivé du composé X présentait quant a
lui une masse [M+N&Ja m/z 421. La valeur de signal, ainsi que cellérdgment correspondant a
la coupure ente les carbones C-3 et C-4 a m/zrEL €prrespondera priori a aucun acide sialique
classique, mais sont compatibles. Ces valeurs ganicontre compatibles avec un Kdn mono-
meéthylé (Fig. 13B). Bien que la méthylation soieumodification commune des acides sialiques
(Neu5Ac8Me, Neu5,9A8Me, Neu5Gc8Me, Neu9Ac5Gc8Me, Neu2,7an5Gc8Me.. ¢, ehvait a
notre connaissance encore jamais été observédé@ssocKdn. La position de groupement méthyl
doit néanmoins encore étre déterminée par des aetremmplémentaires.

A Neu5Ac-DMB

100+

244

HO,
YU NG
HO,
N o

221 HO  AcNH 448

244 227 h

%
124 443 {

T m/z

LR AR MR Mt Mt M Mt MRS Mt MRS LAMRS Rl Mt Bt MAA LAARS LAMAS AAASE MEAAR AASS LARA LSS Madad |
150 200 250 300 350 400 450

X-DMB 217

100y

HO,
N (0]

HO H
%+
217 227

421

157 227 I

0 Tt |'. T J T T T e T e e mz
150 200 250 300 350 400 450

Fig. 13 : Analyse en LC-CID-MS/MS des acides sialiques nrgjeiérivées au DMB, des O-
glycannes insolubles isolés 8e belcheri Spectres de fragmentatiéy) de Neu5Ac-DMB B, de
X-DMB attribué sur cette base comme du KdnMe-DMB.

Les O-glycannes sialylés majeurs ont ensuite gradtbylés puis analysés par MALDI-MS
et MALDI-MS/MS. Le spectre MS total exhibe deux pimajeurs a m/z 1174,7 et 1256,7 pouvant
correspondre aux adduits [M+Naje glycannes de compositions respectives HexN&xgKdn, et

HexNAcgHex;NeuAG (données non montrées). Il est a noter qu’une faeméthylé, il est
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impossible de distinguer le Kdn du KdnMe. Néanmouomnsidérant le fait que les quantités de
KdnMe sont au moins dix fois supérieures a celle&dn, il est fort probable que le signal observé
a m/z 1174,7 présente la composition suivante : NAexHex;KdnMe,. Les profils de
fragmentation suggerent que ces deux composésnpe@sedes structures équivalentes qui ne
différent que par la nature de leurs acides siaigiNeu5Ac ou KdnMe (Fig. 14). Pour le signal a
m/z 1256.7, la perte consécutive de deux NeuSAuiterux (M-375 a m/z 881.5 et M-2x375 a m/z
506.3) démontre que les deux acides sialiquesmesents en positions terminales non réductrices
et ne forment donc pas de motifs di-sialylés. Enliegncouple de fragments C/Z a m/z 620/659
démontre gqu'un des résidus d’'acide sialique sulestle résidu d’hexose. Ainsi, le profil de
fragmentation établit la séquence de ce glycannenmm étant Neu5Ac-Hex-[Neu5Ac]-HexNAac-
ol. Bien que cette analyse ne permette pas dendi@éter formellement la position de substitution
des branches sur le résidu d’HexNAc-ol, le fait ueésidu d’hexose soit libéwa une coupure de
type Z suggere tres fortement qu’il soit lié suClé et non sur le C-3 (le détail des fragmentation
spécifiques des oligosaccharides méthylés seraéddans la derniére partie du présent manuscrit).
Basé sur les voies de biosynthése canoniques dggc@nnes identifiees chez les vertébres, ce
profil de fragmentation est cohérent avec la stmectNeu5Ac§2,3/6)-Gal3-1,6)[Neu5Achi2-3)]-
GalNAc-ol. Néanmoins, une telle structure devra @onfirmée par d’autres méthodologies. Le
profil de fragmentation du composé a m/z 1174.7test similaire ; les valeurs des fragments
sialylés ne différent que de 41 mu, ce qui corraedpa la différence de masse calculée entre le
Neu5Ac et le KdnMe permétylés. Il est égalementlet que la liaison du KdnMe perméthylé
semble plus résistante a la fragmentation par Ci®-ddie ne l'est celle du Neu5Ac. Ainsi, ces
analyses suggérent que ce composé présente laustrusuivante : KdnMe2,3/6)-Galf3-
1,6)[KdnMe(@2-3)]-GalNac-ol.

100+ 506.3 100 618.3
NeuAc—o0—Hex KDNMe—0—Hex
602 ¢ > 659 12567 561+ ;x> 618
620 o/HeXNAC—Ol 579 O/HexNAc-ol
398 357 A
NeUAC>881~>506 KDNME>840

NeuAc 579.3
881.5

% 4 %

398.2 375.2
37612 357.2

284.2 659.4 8152
6203 l 2131
)

208.1
302.2 602_3[ 230.2 l L 5613 | [636.4
JLJ | i

.J Jh\ \ NI 4 N i L i

" "
04 " ’
200 300 400 500 600 700 800 900 1000 1100 1200 miz 200 300 400 500 600 700 800 900 1000 1100

Fig. 14 Profils de fragmentation par MALDI-Q-TOF-MS/MS desux O-glycannes majeurs
isolés des ovaires d& belcheri
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En conclusion, les analyses préliminaires effedus@ les glycannes d& belcheriont
clairement démontré I'existence de plusieurs aétvisialyltransférasiques dans cet organisme.
L’analyse plus détaillée du génome d’'une especarapfée de céphalocord&s,floridag a revéle
'existence de génes présentant des homologies lasefamilles des ST8Sia et ST3Gal dont les
produits pourraient étre a l'origine de la biosysh des composés que nous avons identifiés
(Harduin-Lepers, résultats non publiés). Ainsi, sipensons que I'analyse de la spécificité fine de
ces enzymes ancestrales est possible chez leslagépidgs sur la base de la connaissance de leurs
substrats endogenes et quelle peut apporter desmations précieuses sur I'évolution des

sialyltransférases.

Profils de sialylation de Halocynthia roretzi

Halocynthia roretzi est un représentant des urocordés, appelés égdldumiciers. Les
tuniciers ont typiquement des corps en forme ddowudcouverts d'une tunique cellulosique. La
plupart des espéces sont des organismes sesdiles goaurrissent en filtrant de grandes quantités
d’eau. Les tuniciers sont depuis peu considérésramias parents les plus proches des vertébrés, et
de fait remplaceraient les céphalocordés qui ongtmps occupés cette position. A priori, les
tuniciers adultes ne présentent que trés peu demddances avec les vertébrés, mais leurs larves
sont libres et possédent une notocorde, un phaymxe queue post-anale. Ce type de queue est
considéré comme le précurseur de queue cartilaggneu osseuse des vertébrés. A ce propos, on
note cependant des différences marquées entreolesclasses de tuniciers : la queue larvaire est
inexistante chez les Thaliacea, perdue lors deétamorphose des Ascidiacea -dont fait pdttie
roretzi-, mais persiste chez les Appendicularia. En rad®mheur position stratégique nouvelle en
tant qu'ancétres des vertébrés, ces petits aniord@wkernierement provoqué un intérét trés large de

la part des biologistes du développement.

De maniére identigue aux analyses effectuéesBsurelcherj nous avons quantifié les
acides sialiques dans les fractions protéiques]idipe et glycannique libre de gonades Hle
roretzi. Au contraire des céphalocordés, il est a noterlgurande majorité des ascidies, y compris
H. roretzi, sont hermaphrodites, chaque individu ayant deadges des deux sexes. En comparaison
avec les quantités trés importantes détectées Bhémlcherj seules des quantités négligeables
d’acides sialiques -de I'ordre de une a deux nrgale/tissu- constituées de Neu5Ac et Kdn, ont été
détectées dans les fractions protéiques et lipedigua fraction glycannique libre contenait quant a
elle des quantités plus importantes de ces mémessasialiques estimées a 10 nmole/g de tissu.

Ainsi, les gonades dkl. roretzi contiendraient 100 a 1000 fois moins d’acide giadi que les
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ovaires de poisson et de céphalocordés, de faistildifficile de déterminer si I'acide sialique
détecté est effectivement associé a des glycocoégugendogenes ou a une contamination
bactériennes. De fait, nous avons dans un premmepd réalisé une série d’analyses préliminaires
concernant la structure des N- et O-glycannes fewar cette ambiguité. L'analyse par MALDI-
MS des N- et O-glycannes totaux purifiés de gonades/élé la présence de familles extrémement
hétérogénes de molécules presque uniquement coagpoeérésidus de HexNAc et de deHex
L’analyse de composition par GC et RMN a démonli€rieurement qu’elles étaient composeées de
résidus de Fuc, GIcNAc et GalNAc pour former destiimd.acdiNAc (GaINA@B1-4GIcNAC)
fucosylés. (Fig. 15 A et B).
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Fig. 15: Profils en MALDI-MS desA, N-glycannes eB, O-glycannes perméthylés isolés des
gonades dél. roretzi Carré noir, HexNAc ; triangle, deHex ; rond, Hprobablement gris, Man et
blanc, Gal). Les séquences représentées sont pepaesr la base des compositions calculées en
monosaccharides, mais n’ont pas été déterminéestade de I'analyse.
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Par contre, aucune molécule substituée par deléasialique n’'a été mis en évidence lors
de ces analyses. De méme, des analyses effectudes glycolipides et les glycannes libres n’ont
révélé aucune trace d’acide sialique. De faitjlis#ttion deH. roretzicomme modele d’étude de la
sialylation paraissait d’ores et déja largement mammise. Néanmoins, la présence de composés
hyperfucosylés s’est avérée étre une piste tramgtteuse pour identifier le ligand potentiel d’'un
récepteur de surface du spermatozoide. En effatrécemment étée démontré que la fixation du
spermatozoide sur I'ceuf dd. roretzi était sous le contréle d’'une protéine de surface d
spermatozoide dont le géne codant est tres homolagelui d’unex-L-fucosidase (Matsumotet
al., 2002). L'activité de cette-L -fucosidase présente un pH optimal extrémemast (pH 4.0)
dont la valeur n’est pas compatible avec les canditphysiologiques (eau de mer pH 8.2). De plus,
l'interaction entre les spermatocytes et la membraitelline a été bloguée par les substrats
synthétiques de la fucosidase (p-nitrophényle, thyhembelliferylet et dex ou 3 fucosides) qui
ont vraisemblablement agit comme inhibiteurs corenrels de la fucosidase pour ses substrats
et/ou ses ligands physiologiques. Ainsi, cette $ist@se ne présenterait a pH physiologique qu’'une
activité lectinique, responsable de I'attachemerggermatozoide a la membrane vitelline de I'ceuf.
De fait, notre collaborateur, le Dr Sawada (Uniitérde Nagoya), s’est montré tres intéresse par la
caractérisation des glycannes fucosylés dont noioms démontré I'existence, ces derniers étant
probablement les ligands du récepteur du spermiaezo

Ayant pour objectif d’identifier les ligands glyaaiques de la fucosidase a la surface de
I'ceuf deH. roretzi nous avons donc dans une deuxiéme étape prockaigalyse des glycannes
isolés d’enveloppe vitellines purifiées. Ce matébielogique n’étant disponible gu’en quantités
réduites nous avons tout d'abord analysé de maeidraustive la structure des glycannes isolés des
gonades, disponibles en grande quantité. Enswtes avons comparé les profils de glycosylation
des oeufs entiers et des membranes vitellines @uec des gonades. Pour ce faire, dans le cas des
gonades et des oeufs, les N- et les O-glycannestérdéparément isolés par hydrazynolysg- et
élimination, respectivement a partir des mémesdw@shantillons séparés en deux. Par contre, pour
les enveloppes vitellines, N- et O-glycannes oétséiccessivement libérés par action de la PNGAse
puis B-élimination. Les profils O-glycanniques (Table 2&)N-glycanniques (Table 2B) de chaque

échantillon ont ensuite été comparés par 'andi§8&DI-MS des glycannes natifs et perméthylés.
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A B

Gonades  Oeufs Mb Vitelline Gonades Oeufs Mb Vitellin
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Table 2 Comparaison des profils de A, O- et B, N-glycatigh des gonades, oeufs et
membranes vitellines dd. roretzi
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Ces analyses ont mis en évidence des difféerencgsiraa dans les profils de glycosylation
des gonades, ceufs et membranes vitellines. Lesdgsred les ceufs contiennent de nombreux O-
glycannes communs de m/z compris entre 798 et $406 formes natives (table 2A). lls ont été
attribués a des molécules contenant uniquemerd 8rdt 5 résidus de HexNAc et 1 a 3 résidus de
deHex. Par contre, 'ensemble des O -glycannesass@s supérieures comprises entre m/z 1643 et
2560 n’a été identifié que dans les gonades. Qhttérence de composition a également été
vérifiee par I'analyse des O-glycannes par TLC (ds non montrées). Enfin, nous n’avons pu
observer de signal caractéristigue de O-glycanmes des membranes vitellines, ce qui suggere
fortement I'absence de tout O -glycanne.

La comparaison des N -glycannes issus des dif@riesgus montre également une grande
spécificité de localisation (table 2B). Alors que tiées nombreuses molécules sont observées dans
les gonades, la diversité observée dans les ceués ehembranes vitellines est beaucoup plus
restreinte. En effet, seuls les N -glycannes oligonosylés sont observés dans les ceufs, tandis que
seule une sous famille de N-glycannes complexesn@enne de masses plus faibles que celles
observées dans les gonades, est présente dansemebrames vitellines. Il est également tres
surprenant de constater I'absence totale de N-ghgs oligomannosylés dans la membrane
vitelline (Fig. 16). Bien que les résultats obtesusles membranes vitellines soient sans ambiguité
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possible, nous suspectons fortement que I'abseadd-dlycannes dans les oeufs soit le résultat
d’'un probléme expérimental lors de leur libératpmar voie chimique. En effet, des analyses fines
des résultats de spectrométrie de masse ont révgéésence d’'un grand nombre de signaux
artefactuels probablement due a une hydratatign itnportante de I'hydrazine. Cette expérience

devra donc étre réitérée.
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Fig. 16: Profil de N-glycosylation (oligosaccharides péthylés) de I'enveloppe vitelline
deH. roretzi Les séquences représentées sont proposéesbagelales compositions calculées en
monosaccharides, mais n’ont pas été déterminéesiade de I'analyse.

Les études en cours ont pour objectif de déetemiénstructure fine de I'ensemble des O- et
N-glycannes identifies dans les différents tissesHd roretzi Des premieres expériences de
séquencage des O-glycannes par MALDI-MS-MS ont léévpie chaque signal observé par
MALDI-MS était en fait un mélange complexe de stmes isobariques qui different par leurs
profils de branchement et la position de leursdigside fucose. A titre d’exemple, quelques

séquences de ces structures isobariques sont meiiaéle 3 et 4.
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Natif Permethylé composition-ol  Séquences
HN( HN—HN—HN-ol
652,1 8206 HN3 _HN-ol
HN
HN—HN—HN-ol HN—HN—HN-ol
798,2 994,7 HN3F / Y,
F F
HN—HN_
855,2 1065,8 HN4 _HN-ol
HN
HN—HN—HN-ol HN—HN—HN-ol
944,3 1168,8 TN R =
/
F
HN—HN_ HN— HN
/ | / N
1001,3 1239,9 HN4F F HN-o = HN-ol
HN HN
HN— HN
N HN—HN
= HN-ol / /N
1147,3 1414,1 HN4F2 uN” F F HN-ol
/
. HN
HN—HN— HN_ HANTHN—HN_ |
12043 1485,1 HN5F F HN-ol F HN-o
/
HN HN
HN— HN—HN HN— HN—HN
/ /D / / A
1350,3 1659,2 HN5F2 FF /HN-Ol F F /HN-Ol
HN HN

Table 3: Séquences des O-glycannes majeurs communs aade® et aux oeufs dé
roretzi déduites de I'analyse des O-glycannes en mélaag®IpALDI-MS/MS
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J gy Pk /HN /HN HN/HN\
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/
HN—HN
HN—HN— HN—HN
/ / VAR
2251,7* HN6F4  F  F = /HN-oI
F HN—HN

Table 4: Séquences des O-glycannes majeurs spécifiquegomades déduites de I'analyse

des O-glycannes en mélange par MALDI-MS/MS
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Ainsi, dans une derniére étape, les structurdmrsgues des O-glycannes isolés de gonades
ont été partiellement résolues par purification BPiultidimensionnelle sur colonnes en phase
normale et inverse. L'analyse de ces composésigmgtt en cours, mais a d’ores et déja permis de
déterminer la structure exacte de plusieurs O-glyea purifiés grace a [l'utilisation d'une
combinaison d’analyses RMN, de chromatographiehas® gaz et de dégradation chimique. A titre
d’exemple un des deux isobares majeurs du compaseiNs-ol (m/z 798) a été isolé et identifié
comme étant le GalNAB(Q-4)[Fuc@l1-3)]GIcNAc(B1-3)GalNAc-ol (Fig. 17), tandis que son
équivalent di-fucosylé (m/z 944) a été identifiéreoe étant le Fuo(l-3)GalNAcB1-4)[Fuc@l-
3)]GIcNAc(B1-3)GalNAc-ol.

1] I | I
GalNAc(B1-4)GIcNAc(B1-3)GalNAc-ol

Fuc(al-3) ‘

I [ T | I T | I 1
5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 ppm

Fig. 17: Spectre'H RMN d'un O-glycanne purifié des gonades lde roretzi par HPLC bi-
dimensionelle.

Ainsi l'analyse exhaustive de deux O-glycannes fiasi suggére fortement que les
enchainements d’HexNAc observés dans tous lesmgigsadeH. roretzisoient constitués de motifs
LacdiNAc plus ou moins fucosylés. L'ensemble desrndes récoltées a démontré que les structures
de tous les N- et O-glycannes était basées surélaarprincipe. Les gonades présentent la plus
vaste diversité structurale, tandis que les oeufssemembranes vitellines ne contiennent que des
sous familles des glycannes observées dans ledgan&n particulier, les glycoprotéines des
membranes vitellines sont spécifiquement substtpée une famille relativement homogene de N-
glycannes polyfucosylés, mais par aucun N-glycasiigomannosylé ni O-glycanne. De fait, ces
molécules apparaissent comme les ligands proballesécepteur identifié a la surface du
spermatozoide. Dans une prochaine étape, les niedégue nous avons purifiées seront utilisées

dans des tests d’inhibition de la fixation du speiomoide sur I'ceuf dél. roretzi pour prouver
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l'implication de ces N-glycannes dans l'interactigmermatozoide-oeuf. Ces tests seront effectués
par le Dr Sawada.

En conclusion, les analyses effectuées sur dewecesple céphalocordés et d’urocordés ont
démontré que I'esped®. belcheripouvait se révéler comme un modéle intéressant lfiude de
I'évolution des activités sialyltransférasiques. fla#, nous envisageons de pérenniser ces travaux
en collaboration avec le Dr Harduin-Lepers dartsuted’étudier la spécificité des sialyltransférases
de ce modele. Par contre, malgré l'identificatioa genes codant pour des homologues de
sialyltransférases chez les urocordés, en pagicui membre apparenté a la famille des ST3Gal, la
présence d'activité sialyltransférasique n’'a pas atinfirmée par nos travaux sur le modele
roretzi. Plusieurs hypothéses peuvent étre avancées @samdre cette apparente contradictin.
les études génétiques sont baseées sur I'étudendumgedeCiona intestinalisune espéce différente
bien que proche, dH. roretzi Nous envisageons d’initier une étude comparativece modele
animal.2, sur la base des données disponibles sur lesopsisset en accord avec celles collectées
sur B. belcherj nous avons restreint nos études aux tissus regtitsl et dérivés. De fait, il est
possible que la sialylation soit tissu spécifique&il faille la rechercher dans d’autres tissels t
gue le pharynx ou I'estoma8, les activités endogenes des sialyltransférasaegepe également
étre limitées a un type de glycanne tres particufeeésent en quantité limité, ce qui rend leur
détection difficile. Un tel cas a été observé cBeasophila melanogastedont le génome code
pour unea2-6-sialyltransferase fonctionnelle, mais dontubsirat endogéne n’'a pas été identifié
par une approche classique d’analyse des profitdyd®sylation (Kolest al, 2004 ; Northet al,
2006). Seule l'analyse détaillée des glycannessaprgification multidimensionnelle a permis
finalement de mettre en évidence la présence diddugnes sialylés mineurs, dont les structures
ne correspondent d'ailleurs pas avec les prévisimas®es sur I'analyse de l'activité vivo de
DSiaT.4, la présence d’homologues de génes codant powsialgkransférases n’est pas suffisante
a la biosynthése de glycoconjugués sialylés erséabe de la machinerie complete de sialylation.
C’est le cagl’Arabidopsis thalianalont le génome code plusieurs homologues de setgtérases

de mammifere mais qui est incapable de synthdgsmoindre sialo-conjugué (Séveabal, 2004).
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D- Développements methodologiques
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L’analyse structurale des glycoconjugués présengeforte composante méthodologique et
de fait est tres dépendante de l'instrumentatiazarioins, malgré les améliorations constantes des
techniques d’analyse, la glycobiologie (ou glycom@gen l'occurrence), au contraire d’autres
disciplines telles que la génomique ou la protéomja’a toujours pas vu émerger de méthodologie
standard permettant la détermination structuraloraatisée des sucres. En cela, elle rejoint
lanalyse de toutes les autres modifications p@sitictionnelles, mais les limitations
meéthodologiques sont d’autant plus fragrantes tkaas des sucres, a cause de leur hétérogénéité
intrinseque. De fait, I'analyse des sucres estéeestne discipline tres traditionnelle dans sa
conception malgré le matériel sophistiqgué qui egpleyé pour la mener a bien. Les améliorations
considérables survenues ces dernieres annéesnengendement étendu nos capacités d’analyse
en terme de complexité de glycannes ou de semgjhiliais n'ont pas radicalement transformé la
discipline. En particulier, les principales améittons technologiques ont été accomplies dans le
secteur de la spectrométrie de masse. Au cours derhiére décennie, sont apparus un grand
nombre d’instruments et de configurations qui amtuplé les capacités d’'analyse par spectrométrie
de masse. Par comparaison, les progres accomphstemmentation RMN semblent beaucoup plus
restreints et limités a 'augmentation del'inteasiies champs magnétiques accessibles. Néanmoins,
I'amélioration de la stabilité des aimants et I'agment de nouveaux supraconducteurs, couplés a
I'utilisation de micro tubes ou de cryo-sondes pertmis ces dernieres années un gain de sensibilité
tres appréciable.

La principale limitation technologique a laquelleus sommes actuellement confrontée ne
concerne pas le manque de sensibilité, comme sbavancé par les constructeurs d’instruments,
mais la complexité des mélanges. En effet, 'am&tion de la sensiblité et des capacités de
discrimination des techniques analytiques n’a rende plus flagrante la reconnaissance de
I’hétérogénéité des structures glycanniques et todificulté a les séparer pour les analyseresu |
utiliser dans des tests biologiques. En effet, detécules considérées il y a une dizaine d’année
comme pures apparaissent maintenant comme des gasglamomplexes. Cet état de fait s’est
confirmé a de nombreuses reprises au sein du grioupgue nous ré-évaluons la structure des
molécules précedemment purifiées par le Dr Streekeonsidérées comme pures. Ainsi, il est clair
gue les capacités de séparation des glycannes péansuivi celles liées a leur analyse. De fait,
deux voies disctinctes peuvent étre suivies pouatrebalancer ce probleme ; soit améliorer notre
capacité a resoudre I'hétérogénéité glycanniqué, &oe capable d’analyser la structure des
glycannes en mélange. Chaque stratégie présenpecgess limites et la résolution de ce probleme

ne peut venir que de l'adoption d’'une voie médiaprenant en compte les améliorations sur les
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deux fronts. En effet, la complexité presque sangd de certaines préparations rend illusoire la
séparation individuelle de chaque structure isojo@ri C'est par exemple le cas des O-glycannes
associés aux mucines trachéobronchiales humaimgshdas estimons le nombre a au moins 2000,
basée sur nos analyses en spectrométrie de masseorire, elle rend également tres difficile la

résolution de leur structure en mélange.

Notre équipe de recherche ne s'implique que trésdams le développement de nouvelles
meéthodologies, préférant utiliser des méthodesalyae robustes déja éprouveées pour arriver a nos
fins. Néanmoins, nous essayons d’améliorer desoqgotes disponibles pour répondre a des
demandes particulieres de nos propres thématicuesctierche. Cela a été le cas récemment dans
le but d’améliorer la purification d'oligosacchaggl sulfatés présents au sein de mélanges
complexes dans le cadre de la préparation et dalyse de O-glycannes sulfatés d’amphibiens et
d’ovomucine de poule. Cette méthodologie sera ptésedans le présent chapitre. En paralléle a
I'amélioration de protocoles de purification, nopiesenterons dans la suite de ce chapitre nos
résultats concernant l'analyse de données de spaétiie de masse en vue d’optimiser
l'interprétation structurale de glycannes en médari@e manuscrit, écrit essentiellement pour notre
usage, reprend des données classiques de speciecteéinasse et propose leur utilisation possible

dans le cadre de I'analyse de molécules en mélange.
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Abstract Purifying and analysing sulfated oligosacchar-
ides by mass spectrometry often constitutes a challenge, We
present here a single step method to isolate sulfated
compounds from a complex mixture of neutral and acidic
oligosaccharide—alditols. The strategy relies on the exclu-
sion of sulfated molecules from strong cation exchange
resin. By testing a wide range of reduced mucin type O-
glycans isolated from different biological sources, we
demonstrate that this method permits, without prior
chemical modification, the specific purification of sulfate-
containing oligosaccharides present in any quantity from
very complex mixtures of molecules.
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ESI ElectroSpray lonization

HPLC High Performance Liquid
Chromatography

Kdn 2-keto-3-deoxynononic acid

MALDI-TOF Matrix Assisted Laser Desorption
lonisation-Time of Flight

MS Mass Spectrometry

Man Mannose

S Sulfate group

TLC Thin Layer Chromatography

Introduction

Sulfation is a common modification of protein glycans. It is
present at a very high prevalence on high molecular weight
glycosaminoglycans bearing proteoglycans, whose physico-
chemical and biological functions are directly dependent on
their number and positions. It is also incorporated in
numerous smaller protein glycans, where it may play a
crucial role in biological functions of glycoproteins. In
humans, it mainly substitutes lactosamine-containing glycans
either as GleNAc-6-sulfate or Gal-3-sulfate [1 3]. Sulfate
groups are observed on N-glycans substituted proteins
such as thyroglobulin [4], carbonic anhydrase VI [5] and
Tamm-Horsfall [6], as well as on O-glycans of ovarian
cystadenoma glycoproteins [7]. Unusual sulfations may also
occur on very specific epitopes such as HNKI1 (SO,—3-
GlcAP14Galp14GleNAc-R) on myelin-associated glyco-
proteins [8]. Several glycoconjugates have been shown to
play important biological roles mediated by specific recog-
nition of their sulfate moiety by receptors. This is the case
with lutemizing hormone receptor on endothelial cells that is
highly specific for the SO, 4-GalNAc1-4G1eNAc motifs
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present on its N-glycans and is responsible for the rapid
clearance of the luteinizing hormone from circulation [9].
Similarly, the oligosaccharide ligand for L-selectin was
shown to be the 6'sulfo-sialyl Lex on a mucin-like molecule,
termed GLyCAM-1 (for glycosylated cell adhesion molecule-
1), during the homing of leukocytes to sites of inflammation
[10].

Other than proteoglycans, mucin type glycoproteins are
the main carriers of sulfated glycans in humans. Indeed,
sulfate groups have been observed in most excreted mucin-
containing mucus, including salivary [11], tracheo bron-
chial [12] and intestinal mucus [13]. Mucins are the major
protein component of the mucus protecting the epithelia.
They are highly glycosylated macromolecules characterized
by the presence of a dense and highly diverse O-
glycosylation, linked to the protein core through serines
and threonines, that may represent up to 80% of the total
weight of mucins, O-glycans contribute to both the physical
and chemical protections of sensitive epithelia, such as
bronchial epithelia, by providing the rheologic properties of
mucus. Furthermore, the extraordinary structural diversity
of O-glycosylation generates a wide range of carbohydrate
based epitopes that are believed to supply attachment sites
for microorganisms, which can be trapped and expelled
during the continuous renewal of the mucus layer. By
providing competing receptors for cell-surface glycoconju-
gates, mucins may trap bacteria and make them less
successful in their attempts to colonize the epithelium.
Thus, the array of oligosaccharides expressed on the
mucins of an individual may play a key role in governing
the susceptibility to infection [14].

The sulfation status of mucin type O-glycosylation,
among other modifications of glycosylation patterns, may
be modified in pathological conditions. Such modifications
may occur during numerous pathologies affecting airways
such as cystic fibrosis or chronic bronchitis. Modifications
of sulfation and sialylation patterns were reported for
airway mucins prepared from patients suffering from cystic
fibrosis or from severe chronic bronchitis [15]. It was
suggested that a strong inflammatory reaction, generates an
increase in mucin sialylation and an hyperexpression of
sialyl-Lewis x that may be responsible for the specific lung
colonization by P aeruginosa of cystic fibrosis patients.
Indeed, the use of purified sulfated O-glycans coupled to
synthetic polymers gave good lines of evidence to directly
correlate the increased sulfation of CF mucins and the
increased affinity of P aeruginosa to CF mucus [16].
Accordingly, the flagellar cap protein, FliD, from PAOI
strain demonstrated a clear association with sulfosialyl-
Lewis x, as well as with other Lewis x derivatives [17].

Structural analysis of sulfated compounds is impaired by
the difficulty to purify them from complex mixtures of
mucin-type O-glycans. Indeed, anion exchange chromatog-

© 2009 Tous droits réservés.

raphy cannot easily discriminate sulfated compounds from
other acidic compounds such as sialic acid and uronic acid
containing O-glycans, which renders subsequent analyses
by chromatographic or spectroscopic methods difficult. An
elegant method for separating sialylated from sulfated
mucin type O-glycans in mixture based on on-column
carboxy-methylation of sialic acids was previously pro-
posed [18]. The conversion of sialic acids to methyl esters
after collection of neutral glycans permitted to elute them
from anion exchanger independently of the sulfated com-
pounds. Although very efficient, this method involves the
chemical modification of sialic acids which are then lost for
possible later use in biological tests. Furthermore, the
necessity to use fairly large amounts of harmful iodo-
methane and the high concentration of pyridinium acetate
for elution of sulfated oligosaccharides is not compatible
with possible large scale purification of sulfated glycans
from natural sources. Here we propose an alternative
procedure aimed to purifying intact sulfated oligosacchar-
ides in batch from complex mixtures of neutral and acidic
O-linked glycans. It is based on the charge repulsiveness
between sulfate groups of carbohydrates and strong cation
exchanger gel and enables an easy one step purification of
all sulfate containing glycans.

Material and methods
Preparation of mucins

Amphibian egg-jelly coats were extracted from intact eggs
into Dulbecco’s phosphate buffered saline (Sigma) containing
10 mM EDTA, 1 mM PMSF and 0.5% 2-mercaptoethanol at
4°C ovemight. The mixture was centrifuged and the superna-
tant was then dialysed for 72 h against water and finally freeze
dried. Tracheobronchial mucins were isolated from a CF
patient and were a kind gift of Prof. Philippe Roussel. They
were prepared according to published methods [2].

Isolation of oligosaccharide—alditols

As starting materials we used mucins from egg-jelly of
Rana temporaria (1 g), Pleurodeles waltl (200 mg) and
human tracheobronchial mucins (less than 100 pg). Sam-
ples were submitted to reductive p-elimination for 72 h at
37°C in 100 mM NaOH containing 1 M NaBH4. The
reaction was stopped by the addition of DOWEX 50x
8 (25-50 mesh, H™ form; Sigma-Aldrich) at 4°C until pH
6.5 is reached. After filtration on glass wool and evapora-
tion to dryness, boric acid was eliminated by repetitive
distillation as its methyl ester in the presence of methanol.
The material was submitted to a first cationic exchange
chromatography on DOWEX 50x2 (200400 mesh, H"
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form) in order to remove residual peptides. Total eluate
from the first DOWEX 50x2 column (five column
volumes) was concentrated and applied to a second Dowex
50%2 column (200400 mesh, H™ form) to purify sulfated
oligosaccharides.

Thin layer chromatography

Elution from cation exchange column was assessed by TLC
chromatography. An aliquot of each fraction was run on
silica gel 60 thin layer chromatography (Merck) in n-
butanol/ethanol/Acetic acid/Pyridine/H,0O (10:100:3:10:30).
Samples were detected following staining with orcinol
reagent and charring,

Permethylation of oligosaccharide—alditols

Glycan samples were permethylated using the NaOH/
dimethyl sulfoxide slurry method [19], with modifications
on the subsequent extraction method for sulfate-containing
oligosaccharides. Briefly, the reaction mixture was neutral-
ized with 4N TFA before solid phase extraction on a Sep-
pack CI8 column. Permethylated oligosaccharides were
eluted with ACN/ H20 0.1% TFA (25:75).

Mass spectrometry analysis

Native and pemmethylated samples were analysed on a
Voyager-DE STR MALDI-Tof Mass Spectrometer, (PerSep-
tive Biosystems, Framingham, MA, USA), equipped with a
337 nm UV laser. Samples were spotted by mixing directly
on the target 1 pl of oligosaccharide solution and 1 puL of
2,5-dihydroxybenzoic acid matrix solution (10 mg/mL
dissolved in MeOH/H,O (.1% trifluoroacetic acid). For
tandem mass spectrometry, native and permethylated oligo-
saccharides were mixed 1:1 with o-cyano-4-hydrocinnamic
acid matrix (in acetonitrile 00.1% trifluoroacetic acid, v:v) and
analysed on a Q-Tof Ulima MALDI instrument (Micro-
mass). The nitrogen UV laser (337 nm wavelength) was
operated at a repetition rate of 10 Hz under full power
(300 w/pulse). MS survey data were manually acquired and
the decision to switch over to CID MS/MS acquisition mode
for a particular parent ion was made on-the-fly upon
examination of the summed spectra. Argon was used as the
collision gas with a collision energy manually adjusted
(between 50~200 V) to achieve optimum degree of
fragmentation for the parent ions under investigation.

Sulfate content analysis
The sulfate content was measured by HPAEC according to

[13]. Briefly, sulfate was released by hydrolysis with 1 M
HCI1 (500 wpl) for 5 h at 100°C and HCl was evaporated

© 2009 Tous droits réservés.

under a stream of nitrogen. The dry residue was dissolved
m 200 pl of Milli-Q quality water (Millipore Corp.,
Milford, MA). 25 pL of this solution were directly injected
onto a Dionex BioLC system equipped with an lonPac
AS4A column (250%4 mm), an anion micromembrane
suppressor, and a CDM 2 conductivity detector. The
column was eluted with 0.04 M NaOH at a flow rate of
2 mlL/min, and the separated anions were measured by
conductivity detection with 30-microsiemens sensitivity.
The chromatograms were analysed and integrated with
Chromeleon software, version 6.40 (Dionex Corporation).
A standard curve was constructed with K,SO, solutions
(6.25, 12.5, 25, and 35 pg/mL) to measure sulfate released
from oligosaccharide fractions.

Results and discussion
Purification of sulfated compounds

O-linked oligosaccharide alditols were released from
several biological sources by reductive f-elimination. For
each sample, borates were co-evaporated with methanol
and samples were passed on a first Dowex 502 cation
exchange column (Sigma-Aldrich) to eliminate residual
peptides. Columns were eluted with five column volumes
of water and total eluates containing all sulfated and neutral
oligosaccharides from each sample were freeze-dried. This
step was not used to separate glycans, but to remove
peptides that are bound on the column. Care was taken to
immediately neutralize samples with diluted ammonia after
cation exchange chromatography to protect eventual sialic
acids from acid hydrolysis. It is noteworthy that eliminating
residual peptides on a first column of Dowex 50%2 resin
substantially improved the subsequent purification of
sulfated oligosaccharides on a second cation exchanger.
So, this step was systematically included in the workflow
(data not shown).

Three samples were used in the course of the present
study: two egg-jelly mucus from the amphibians R.
temporaria and P, waltl and a sample of human tracheo-
bronchial mucus. Oligosaccharides from amphibians have
been extensively characterized so their glycosylation
profiles are already well known and can be used to evaluate
the effectiveness of the separation methodology. Total
oligosaccharide samples devoid of peptides were directly
loaded onto a second 50=2 (200400 mesh H™ form)
without prior desalting and eluted with water. Column size
was adapted depending on the total quantity of carbohy-
drate for each sample that ranged from about 200 mg for R.
temporaria to less than 100 pg for tracheo bronchial O-
glycans. During the course of the study, an average of
10 mL of resin per mg of carbohydrates was used to obtain
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Fig. 1 Fractionation on a strong canon exchange Dowex 502 (200~
400 mesh H™ form) chromatography column of total O-glycans
released by reductive P-elimination from egg jelly coat of R
temporaria egys, monitored by TLC

a satisfactory resolution of separation between sulfated and
non-sulfated glycans. Furthermore, imrespective of column
size, columns with highest length to diameter ratios were
used in order to maximize the separation efficiency.

O-glycans from R. temporaria

About two hundred mg of O-linked oligosaccharides were
released and purified from one gram of dried ege jelly coat
of the amphibian R, temporaria. This species synthesises a
very complex mixture of neutral and acidic O-glycans
(http://glveobase.univ-illel . ft/). Acidic properties are con-
ferred by the presence ol either sulfate groups. sialic acid
(Kdn) or glucuronic acid (GleA) substituents. Some acidic
glycans may be substituted by two different acidic groups.
The sheer complexity of this sample appeared as ideal for
assessing the selectivity of separation on cation exchange
chromatography of different acidic compounds.
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Table 1 Assignment of major oligosaccharides released from Rana
temporarig mucins observed by MALDI-TOF MS in excluded
fraction, in positive mode as (a) [M+2Na-H]" adducts and (b)

(A) Excluded fraction.

negative modes as [M-H] ™ adducts. Individual structures were inferred
from previous studies [20, 21, 22, unpublished results] and confirmed
by ES-MS/MS fragmentation

m/za m/zb  Calculated compositions  Structures
al
672.1 26.0 S Hex; HexNAc-ol /lﬁ
s
]
7132 667.0 S HexNAc Hex HexNAc-ol } ol
760.2  714.0 S Kdn Hex HexNAc-ol i‘*"'
< ]
Ql
818.2 7720 S dHex Hex,; HexNAc-ol j—;Q_
s
ol
848.2  802.0 S HexA Hex, HexNAc-ol @Fﬁ
g
5
859.2 813.0 S dHex HexNAc Hex HexNAc-ol ?}ol
875.2 829.0 S HexNAc Hex; HexNAc-ol }}—ol
]
980.2  934.0 S dHex Hex; HexNAc-ol sﬂﬂ}—“
]
948.0 S dHex HexA Hex,-HexNAc-ol Eﬁf
s
1021.2 975.0 S deHex HexNAcHex> HexNAc-ol ;?_‘J
1037.3 S HexNAc Hex; HexNAc-ol ﬁol
T
11263 1080.0 S dHex; Hex; HexNAc-ol sﬁ
>,
1167.3 1121.1 S dHex, HexNAc Hex; HexNAc-ol E.?EQ—G'
n S dHex HexNAc Hex; HexNAc-ol ol
1183.4
s
12244 1178.0 S dHex HexNAc, Hex, HexNAc-ol 3/.? i
]
1302.4  1256.0 S dHex, HexA Hex; HexNAc-ol gﬁ
1313.5 S dHex; HexNAc Hex; HexNAc-ol

Y

]

Structures are depicted according to the nomenclature of Kamerling and Vliegenthart [25]:<>—0|, GalNAc-ol;g, [B-GulN_a\c:_‘*;P‘ empty
3

diamond, o-GalNAc; filled civcle, B-GleNAc; lgft-half~filled circle, a-GleNAc; filled square, B-Gal; lefi-half-filled square, o-Gal; empty circle

with center dot, o-Kdn; empty square, o-Fuc; empty circle with x, p-GlcA

© 2009 Tous droits réservés.

205

http://www.univ-lille1.fr/bustl



HDR de Yann Guérardel, Lille 1, 2008

Glycocon) J

Total glycan sample was loaded on a Dowex 50x2
column (200400 mesh. H + form; 150=%2.5 ¢m) and was
eluted with water at 0.2 ml/min; 2 ml fractions were
collected. Considering the large quantity of carbohydrates,
the elution of carbohydrate was monitored by orcinol-
sulfuric colorimetric reaction after migration of all fractions
on Thin Layer Chromatography (TLC). This visual method

Table 2 Assignment of major oligosaccharides released from Rana
temporaria mucins observed by MALDI-TOF MS in included fraction
in positive mode as [M+Na]" adducts. Individual structures were

(B) Included fraction

allowed an easy discrimination of different oligosaccharidic
fractions according to their migration. As shown on Fig. 1,
a carbohydrate rich fraction was first excluded from the
column in tubes 37 to 42, which corresponds to the dead
volume of the column. This excluded material exhibited a
very heterogeneous pattern of migration on TLC, estab-
lishing that it is composed of a complex mixture of

inferred from previous studies [20, 21, 22, unpublished results] and
confirmed by ES-MS/MS fragmentation

m/z Calculated compositions Structures
ol |
554 dHex Hex HexNAc-ol Eo g :
570 Hex,HexNAcol  go ©
611 Hex HexNAc HexNAc-ol }(} ol
658 Kdn Hex HexNAc-ol %}—ul &—Dl
]|
716 dHex Hex; HexNAc-ol IEQ_G
757 dHex HexNAc Hex HexNAc-ol ?_al
|
862 dHex; Hex, HexNAc-ol
|
878 dHex Hexs HexNAc-ol
ol
8592 dHex HexA Hex; HexNAc-ol @f—go
|
919 dHex Hex; HexNAc HexNAc-ol
960 dHex Hex HexNAc, HexNAc-ol I
ol
1024 dHex,Hex,; HexNAc-ol E{O
ol
1038 dHex,HexAHex, HexNAc-ol {f
|
1054 dHex HexA Hex; HexNAc-ol
ol
1170 dHex; Hex; HexNAc-ol E@{

]

Structures are depicted according to the nomenclature of Kamerling and Vliegenthart [25]:O—OI, GalNAc-ol;, B—Gu]N:’\c;“%P, empty
3

diamond; o-GalNAc; filled circle, B-GleNAc; left-half~filled circle, o-GleNAc; filled square, 3-Gal; lefi-half~filled square, o-Gal; empty circle

with center dot, o-Kdn; empty sguare, o-Fuc; empty circle with x, 3-GlcA
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oligosaccharides of different sizes. Then, retarded carbohy-
drates were eluted from tube 43 onward. Orcinol positive
fractions (tubes 43 to 76) were all pooled as a single
included fraction for analysis. Excluded and included
material show very distinet chromatographic patterns
establishing that both fractions essentially contain different
oligosaccharides.

The oligosaccharide content of each fraction was
screened by MALDI-TOF MS in both positive and negative
modes. Monosaccharide compositions of individual signals
were calculated according to the observed m/z values and
the nature of each compound was inferred from previously
described oligosaccharides isolated from R. temporaria egg
jelly coat (20, 21, 22, unpublished results) and confirmed
by ESI-MS/MS fragmentation of most oligosaccharides
(data not shown). As expected, MS profiles in positive

mode of excluded and included fractions are different
(Fig. 2). The included fraction is characterized by a
complex pattern of [M+Na]™ signals attributed to neutral
and acidic oligosaccharides as presented on Tables 1 and 2.
Identification of these oligosaccharides established that the
acidic glycans are substituted either by Kdn or by GlcA, but
never by sulfate group. In contrast, the profile of excluded
fraction was characterized by the presence of [M+2Na-H]"
signals attributed to the sulfate containing oligosaccharides
previously described in R. temporaria jelly coat. This
assignment was confirmed by acquiring MS spectrum in
negative mode, which produced a series of [M-H] ions of
composition identical to their [M+2Na—H] counterparts. It
is noteworthy that none of the signals attributed to sulfated
glycans could be observed in the included fraction. Positive
mode MS spectrum of excluded fraction additionally shows

Table 3 Elution profile of oligosaccharide—alditols from Plewrodeles waltl mucin after cationic exchange column assessed by positive mode
MALDI-TOF MS of each fraction 26 to 45 as (a) [M+2Na—H]" and (b) [M+Na]" adducts

a b 26 27 28 29 30 31 32

33 34 35 36 37 38 39 40 41 42 43 44 45

656 + + + o+

mi
+
+
+

|
['_:?S?}_" 1370 + o+ + o+ o+ o+ o+
ﬁﬁs’?}_"' 1516 o+ o+ o+ o+ o+ o+

dﬁa%}d 1356
do:}*"' 1210
5;{%0' 1153
ol
65;!(* 1106
|
SET e
.ﬁfo-"' 1007
al
H#O_ 903
;D“" 804
ol
N 814
|
g : 757
C:c)—cl 699

Individual structures were inferred from previous studies [23, 24] and confirmed by ES-MS/MS fragmentation
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0

Sulfate concentration (ug,/mi)

3 4 5 6 7 & 9 10 11 12 13 14
Cationic exchange chromatography fractions

Fig. 3 Sulfate content of oligosaccharide fractions released from
human tracheobronchial mucin after separation on strong cation
exchange chromatography

numerous [M+Na] " ions attributed to non-sulfated oligo-
saccharides that have already been observed in the included
fraction. As will be demonstrated in the next section, these
ions resulted from a laser-induced desulfation process.
Indeed, most of the [M+2Na-H]" major signals were
accompanied by a signal at 102 mass units lower,
corresponding to loss of a sodium sulfite moiety, eg. m/z
672/570, 818/716, 859/757 and 980/878.

These data demonstrated that strong cation exchange
chromatography enables a complete exclusion of sulfate
containing oligosaccharides from the column. We hypothe-
sise that repulsion forces between sulfate groups substitut-
ing the oligosaccharides and sulfonic acid functional groups
attached to the styrene divinylbenzene resin prevent
sulfated glycans to penetrate copolymer lattice and exclude
them from the column, in contrast to other glycans, which
are retarded in the polymer. Optimal separation between
excluded and included fractions are obtained when using
highest porosity (2% crosslinkage) and lowest particle size
(200—400 mesh) resin, which maximizes the retardation of
included fraction. So., Dowex 30x2 200=400 mesh
(Sigma-Aldrich) and AG 50x2 200%400 mesh (Bio-Rad)
appeared as the most suitable resins. The presence of non
sulfated GlcA and Kdn containing oligosaccharides in the
included fraction established that carboxylated functions are
not excluded from the resin, which permits an easy
separation between acidic oligosaccharides exclusively
based on the presence of sulfate groups.

O-glycans from P. walt!

In a second step, we assessed the usefulness of the
described method for purifying minute amounts of sulfated
oligosaccharides from very complex mixture of non-
sulfated glycans. Contrarily to the amphibian R. temporaria
that synthesises large amounts of sulfated oligosaccharides,
oviductal mucins of P wealt! are almost exclusively
substituted by neutral and sialylated oligosaccharides, as

© 2009 Tous droits réservés.

previously established [23, 24]. However, careful re-
evaluation of the oligosaccharidic content of P waltl
permitted the isolation, by multidimensional HPLC, of
single sulfated glycans as a very minor component,
establishing the presence of small amounts of sulfate
substitutions (Supplementary Fig. 1; unpublished data).
Total O-glycans released by reductive [(-elimination
from 200 mg of P waltl were separated on a Dowex 50x

Table 4 Assignment of major human tracheobronchial oligosacchar-
ides observed in excluded fraction 3 as [M-H] adduct by negative
mode MALDI-TOF MS and included fraction 12 as [AM+Na]" adduct
by positive mode MALDI-TOF MS

miz Calculated compositions

Excluded fraction 3 as [M-H] adduct by negative mode MALDI-TOF MS

813 S dHex HexNAc Hex HexNAc-ol
229 S HexNAc Hex> HexNAc-ol

975 S dHex HexNAcHex; HexNAc-ol
1040 NeuAc HexNAc Hex, HexNAc-ol
1121 S dHex, HexNAc Hexs HexNAc-ol
1137 S dHex HexNAc Hex; HexNAc-ol
1178 S dHex HexNAc: Hexs HexNAc-ol
1186 NeuAc dHex HexNAc Hex, HexNAc-ol
1283 S dHex> HexNAc Hexs HexNAc-ol
1340 S dHex HexNAc, Hex; HexNAc-ol
1486 S dHex; HexNAc: Hexs HexNAc-ol
1632 S dHex;HexNAc,Hex; HexNAc-ol
1648 S dHexsHexNAc-Hexy HexNAc-ol
1794 S dHex;HexNAc,Hex, HexNAc-ol
1851 S dHex,HexNAcyHexy; HexNAc-ol
1997 S dHex;HexNAcyHex, HexNAc-ol

Included fraction 12 as [M+Na]™ adduct by positive mode
MALDI-TOF MS

757 dHex HexNAc Hex HexNAc-ol
773 HexNAc Hexs HexNAc-ol

862 dHex, Hex, HexNAc-ol

878 dHex Hexs HexNAc-ol

919 dHex HexNAc Hex, HexNAc-ol
935 HexNAc Hex; HexNAc-ol

976 HexNAc, Hex, HexNAc-ol

1024 dHex, Hexy HexNAc-ol

1065 dHex,; HexNAc Hexs HexNAc-ol
1081 dHex HexNAc Hex; HexNAc-ol
1122 dHex HexNAcs Hexs HexNAc-ol
1138 HexNAc, Hex; HexNAc-ol

1211 dHex: HexNAc Hex> HexNAc-ol
1227 dHex, HexNAc Hex; HexNAc-ol
1243 dHex HexNAc Hexy HexNAc-ol
1284 dHex HexNAc, Hex; HexNAc-ol
1373 dHex; HexNAc Hex; HexNAc-ol
1389 dHex,; HexNAc Hexy HexNAc-ol
1430 dHex, HexNAc, Hex; HexNAc-ol
1446 dHex HexNAc> Hexs HexNAc-ol
1576 dHex; HexNAc, Hex; HexNAc-ol
1592 dHex> HexNAcs Hexy HexNAc-ol
1649 dHex HexNAc; Hexy HexNAc-ol
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2

column (200400 mesh, H™ form; 50x2 cm) under
similar conditions to those above and collected as 2 mL
fractions. Elution profile of oligosaccharides was directly
assessed by MALDI-TOF MS analysis of each eluted
fraction. As shown in Table 3. three oligosaccharides
observed as signals at m/z 656, 1370 and 1516 are clearly
excluded from the cation exchange column in fractions 26

Fig. 4 Details of mass spec-
trometry analyses of O-glycans
released from human bronchial
mucins. Positive-mode MALDI-
TOF spectra of a the native
neutral fraction, b the native
sulfated fraction and d the per-
methylated sulfated fraction.

¢ Negative mode MALDI-TOF
spectra of the native sulfated
fraction. Asterisks labelled m/z
values correspond to disodiated
ions of sulfated oligosacchar-
ides. For predicted composi-
tions, see Table 4

HN,H,-ol
773

A .
100 HN,H,dH, -ol
P

/
757

% |

800
773

757

14 HNH,ol

S;HN,H,dH,-ol 875

to 34, whereas most other compounds are eluted from
fraction 34 to fraction 45. Signals at m/z 656, 1370 and
1516 observed in the excluded fractions were attributed to
[M+2Na-H] adducts of SO;deHex,Hex;HexNAc,-ol,
S0O;deHexsHexsHexNAcs-ol and SO;deHexsHexsHex-
NAcs-ol, respectively. '"H NMR analysis of the pooled
excluded fraction (data not shown) established the exact

HN.H.dH,-ol
o919

HN,H,dH,-ol
960

HN,H,dH,-ol
03

HN,H,dH,-ol
1049
m'z

850 900 950 1000 1050
919
S,HN,H,dH,-ol
S,HNH,-ol o
S,HN,H_-ol S,HN.H,dH,-ol

976 \

1005

m/z
800 850 900 950 1000 1050
S,HN,H,dH,-ol
C 100 - 975
"] S,HN,H,-ol
SHN,H,dH,-0l gog
813JL SHNH,-ol  SHNH,dH,-ol
Lo L 870 959
750 810 870 930 990 1050
S,HN,H,dH, -ol
D 0. 1245
S,HN,H,-ol
8,HN,H,dH,-ol 1071
1041

%

o

HO,HN,H,dH, -ol

939 gp0

HO,HN,H,-ol

HO,HN,H,dH,-ol

S,HN,H,-ol ]
1112

S,HN,H,dH, -ol
1286

143
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m/z
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structure of its major component as a core 1 based sulfated
trisaccharide Fuc(o1-2)[SO3(4)])Gal(3 1-3)GalNAc-ol, in
agreement with the presence of a signal at m/z 656 in MS
analysis. Signals at m/z 1370 and 1516 were identified as
very minor components whose structures were tentatively
assigned to sulfated trisaccharide extended from GalNAc-ol
C6 with Fue(el-2)GalNAc(p1—-4)GleNAc(p1- and Fuc
(x1-2)  GalNAc(p1-4)[Fuc(cc1-3)]GleNAc( 1-branches,
respectively. It is noteworthy that all sulfated oligosacchar-
ides are excluded in the same fractions, irrespective of their
molecular weights, which demonstrates that their elution
volume is exclusively dependent on the presence of sulfate
group. Signals observed in included fractions were all
attributed to [M+Na]  adducts of neutral and sialylated
oligosaccharides whose structures were assigned based on
previous work (Strecker 1992 a and b; unpublished work) and
in accordance with their calculated compositions. In contrast
to the sulfated compounds, the elution volumes of included
compounds are dependent on their molecular weight, which

demonstrates that the cation exchanger resin acts as a
molecular sieve for neutral and sialylated oligosaccharides.
These data established that the cation exchange chromatog-
raphy is useful for purifying minor sulfated oligosaccharides
among a complex mixture of non-sulfated compounds.

Human tracheobronchial mucins

In a last step, we validated the method by analysing minute
amounts of oligosaccharides isolated from human tracheo-
bronchial mucins. Less than 100 pg of reduced O-glycans
released from purified tracheobronchial mucins by reduc-
tive B-elimination were loaded on 150 pL of DOWEX 50x%
2 resin (200400 mesh, H" form) packed in a 200 uL
automatic pipette cone. Column was eluted with water and
25 pL fractions were collected. Elution of sulfated
oligosaccharides was monitored by assessing sulfate con-
centration on a Dionex BioLC system fitted with an lonPac
AS4A column and a conductivity detector. As expected,

636—» 490

A . 408
1021
100 611 * OI
875 449
408 . 713
534
ol
757
611
200 300 400 500 600 700 200 900 1000 Ll
B
773
1004
611 919
408 534 —» 388
e «—-dHex— 408
388
ol
449
246 449 611
593
534
L] g
8 L " 1 [}
200 300 400 ) 500 &00 T00 200 900 m'z

Fig. 5 Collision induced MALDI-Q-TOF fragmentation spectra of
a [M+2Na—H]" parent ion at m/z 1021 of sulfated oligosaccharide
SOsFuc;Gal,GleN AcyGalNAc-ol and b [M+Na]"™ parent ion at mi/z
919 of on-target desulfated oligosaccharide Fuc,Gal,GleNAc,Gal
NAc-ol isolated from human bronchial mucin. Symbaols are depicted

© 2009 Tous droits réservés.

in legend from Tables | and 2. Asterisks labelled m/z values correspond
to [M+2Na-H]" molecular ions of the sulfated oligosaccharides.
Fragmentation pattern of sulfated oligosaccharides demonstrate the
presence of two different 1sobaric structures in mixture that only differ
by the position of sulfation either on the upper or lower branch
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sulfate concentration is maximal in fractions 3, 4 and 5,
which correspond to the dead volume of the column
(Fig. 3). As observed by MALDI-TOF MS, sulfate
containing fractions are composed of a very complex
mixture of almost exclusively sulfated oligosaccharides
(Table 4). No neutral oligosaccharide was detected in
sulfate containing fractions, but two minor sialylated
oligosaccharides were observed (Table 4). Despite the low
bed volume of resin, sulfated and non sulfated molecules
were unexpectedly well resolved. Oligosaccharides were
detected up to fraction 12, which is completely devoid of
sulfated oligosaccharides and exclusively composed of
neutral compounds (Table 4).

Analysis of sulfated glycans by MALDI-MS/MS

As mentioned above, monosulfated oligosaccharides crys-
tallized in DHB matrix are observed as [M+2Na-H]

A

520
100+
259 284
298
e 232 481
71 %47 548
7 %
424 *
36 440 | | 960 ggo | 48 o0
! \
200 300 400 500 600 700 800 900
B
100+ 520
= 284
472 506
[}

200

300 400

To0

Fig. 6 Collision induced MALDI-Q-TOF fragmentation spectra of
a [M+2Na—H]" parent ion at m/z 1245 of sulfated oligosaccharide
S0yFuc, Gal,GleNAc,GalNAc-ol permethylated derivative and b
[M+Na]" parent ion at m/z 1143 of on-target desulfated oligosaccha-
ride Fuc,Gal,GleNAc,GalNAc-ol permethylated derivative isolated

© 2009 Tous droits réservés.

molecular ions in positive-mode MALDI-TOF MS spectra.
As an example, the spectrum of a sulfated fraction of
human bronchial O-glycans show five molecular ion
signals at m/z 859, 875,916, 1005 and 1021, corresponding
to [M+2Na—H] of sulfated oligosaccharides (Fig. 4b).
Assignment was confirmed by observing their [M-H]

molecular ions at m/z 813, 829, 870, 959 and 975 in
negative-mode (Fig. 4c). Furthermore, a series of mono-
sodiated ions at m/z 773, 814, 903, 919, 960 and 976 were
clearly observed in positive-mode (Fig. 4b), which corre-
spond to the neutral equivalents of all sulfated oligosac-
charides having loss a sodium sulfite moiety. All these
signals were also observed in the neutral fraction of O-
glycans (Fig. 4a), which suggests that they originate either
from a contamination of the sulfated fraction by neutral
oligosaccharides or from a partial desulfation of oligosac-
charides during MALDI-TOF analysis. Positive-mode
MALDI-TOF analysis of the permethylated derivatives of

*

748

520

ol

S . .
1009—3803
1245 660
1159
ol
* 921
1009 4074
1000 1100 1200 miz

646
520
H ol
90F—701

6G&0
506
ol

900 921——715

HO

from human bronchial mucin. Fragmentation patterns of both parent
1ions demonstrate the presence of two different isobaric structures in
mixture that only differ by the position of sulfation either on the upper
or lower branch
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sulfated fraction showed an identical set of sulfated
oligosaccharides as [M+2Na-H]" at m/z 1041, 1071,
1112, 1245 and 1286 (Fig. 4d). each accompanied by
signals corresponding to loss of sodium sulphite (m/z 939,
969, 1010, 1143 and 1184), as described above. These are
the neutral equivalents of permethylated sulfated oligosac-
charides in which a —CH5 group has been replaced by a
hydroxyl group, originating from an on-target desulfation
process and not from genuine unsulfated molecules.

The detection of different sets of di- and mono-sodiated
adducts enables an easy distinction of sulfated and non
sulfated components in positive-mode MALDI-TOF MS
spectra. This principle can be extended to MS/MS analyses
of sulfated oligosaccharides that generate both mono- and
disodiated ions in a single MS/MS spectrum, depending on
the presence of sulfate group in the fragment ions. Indeed,
as shown in the MS/MS spectrum of sulfated oligosacchar-
ides (Fig. 5a and 6a), sulfated fragment ions, marked by an
asterisk, are all characterized by being disodiated. As an
example, fragmentation of parent ion at m/z 1021 (Fig. 5a)
established the presence of a sulfo-Lewis x containing core
2 O-glycans SO;Fuc;Gal,GleNAcGalNAc-ol. Although
many non-sulfated fragment ions are observed on the
spectra, we believe that they do not originate from a
secondary fragmentation induced desulfation, as demon-
strated by the total absence of ion at m/z 773 potentially
resulting from desulfation of primary fragment ion at m/z
875. This particular ion is however clearly observed in the
MS/MS spectrum of the parent ion at m/z 919 that
originates from the primary on-target desulfation of the
sulfated oligosaccharide. A comparison of the MS/MS
spectra of the permethylated derivatives of SOsFuc,
Gal,GlcNAc,GalNAc-ol at m/z 1245 with its desulfation
product at m/z 1143 confirmed that all sulfate containing
disodiated fragment ions are replaced by monosodiated
fragment ions with a free hydroxyl group. Fragmentation of
permethylated derivatives also confirmed the absence of
desulfation during collision induced fragmentation.

Conclusion

The present data established the use of strong cation
exchange resin as a reliable method for specifically
purifying sulfated oligosaccharides from a very complex
mixture of neutral, sialylated and sulfated components. The
purification method, which is exclusively based on the
presence of sulfate groups, is selective enough to extract
very minor sulfated oligosaccharides. Although not exem-
plified in the present report, this method also permits to
purify disulfated glycans which are co-eluted with mono-
sulfated glycans (unpublished data). Furthermore, this
method may be adapted for any quantity of purified glycans

© 2009 Tous droits réservés.

from the microgram scale up to at least hundreds of
milligram. Indeed, we demonstrated that it may be used
for large scale purification simply by adapting bed resin
size, collection and detection procedures. It does not require
any chemical modification of oligosaccharides of interest
and thus can be used in the context of analysis of
biologically relevant molecules. Furthermore, contrary to
classical protocols of purification of acidic oligosaccharides
based on anion exchange chromatography. sulfated mole-
cules are eluted under salt free conditions, which penmits an
omission of a tricky desalting step.
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SupFig. 1:NMR analysis of major sulphatédtglycan from egg jelly coat d?Pleurodeles waltla)

'H-'H COSY-90 NMR and signal attributiond;) *H-NMR chemical shifts of sulphated

trisaccharide.
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Analysis of complex glycan mixtures by CID-MS/MS

Fragmentation patterns of purified complex glycans

Susceptibility of the X(1-3)GIcNAc linkagés established by previous studies, the
predominant fragmentation pathway observed in pethgtated glycans involves cleavage of the
GIcNAc bonds to generate Y- and B-type ions. Thisavage has been widely used for
oligosaccharide sequencing in early FAB-MS expenitselt was thought to originate from the so-
called A-type cleavage of a [M+H]on to produce an oxonium-type fragment ionss Ipiesently
not known whether or not the fragmentation patteat is observed during MALDI-QTOF analysis
of [M+Na]" adducts originates from a similar process. As shon Fig. 1, this fragmentation
pathway leads to formation of intense Y- and B-gymas at m/z 660 and 463, respectively, for all
three isobars of Lacto-N-Fucopentaose (LNF). Thesapounds differ according to both their
lactosamine type (type 1 for LNF-I and -IlI, typed LNF-IIl) and the fucose position (Gal for
LNF-1, GlcNAc for LNF-II and -1Il) which define H-1Le® and L& motifs for LNF-I, -1l and -IlI,
respectively. In addition to these common ionsetao$ sequence-specific ions can be observed in
each spectrum. Examination of the fragmentatiotepat established that these ions all originate
from the release of the C-3 substitution of theNi3c residue by generating C- and Z-type ions. In
this respect, fragmentation patterns of LNFII aridFLII differ owing to the presence of either a
[M-Gal+Na]" Z-ion at m/z 864 (M-236) or a [M-Fuc+NaZ-ion at m/z 894 (M-206), respectively.
Each ion comes together with a related ion of lesgensity of m/z -74 mu at m/z 790 and 820,
respectively. These have been attributed as seppfrdgments resulting from the loss of GIcNAc
C-5 and C-6 through &*X-type fragmentation. Contrarily to the C-3 suhstin, no Z-type
fragment ion resulting from the loss of the C-4 sitbtion (Fuc or Gal) was observed for either
compound. However, C-type ion at m/z 259 resultiogn the cleavage of Gal glycosidic bond was
observed independently of its linkage position (6¥3C-4) for both LNFII and LNFIIl. Similar
rules applied for the fragmentation of LNFI. Agaaiong Y- and B-types ions at m/z 660 and 463,
LNFI showed a specific Z- and C-type couple of i@ahsn/z 690 and 433, that resulted from the
release of terminal Fue(l-2)Gal disaccharide linked in C-3 position to tG4&cNAc residue.
Overall, data suggest that these experimental tondipermit to distinguish type 1 lactosamine
disaccharide (GBIL-3GIcNAc) from type 2 lactosamine (®4F4GIcNAc) owing to the presence
of an intense Z-ion resulting from the primary el@ge of the Gal-GIcNAc bond. It should be noted
that the C-ion that originates from a cleavageraidentical location is not specific of a single

linkage, for it is commonly observed for both ladmine types in variable intensities and thus
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is not a reliable indicator (see following resultS)milarly, the chemical lability of the Fuc bond
results in its non specific cleavage and releasa dson irrespective of the nature of the linkage.
As shown Fig. 1, this ion is observed as a minarabm/z 912 for the three isobars of Lacto-N-
Fucopentaose.

It is noteworthy that specific elimination of the3Csubstitution has already been observed
for permethylated oligosaccharides in FAB-CID-MS/Mfit it exclusively occurred as secondary
cleavage from the oxonium fragment, and never asgpy fragment as observed with MALDI-
CID-MS/MS (ref). Such fragmentation patterns coloédobtained by CID-MS/MS from protonated
adducts of LNFs on a ES-QTOF instrument. In thisfiguration, different isobars LNF-I to -lll
were distinguished owing to the presence of intees®ndary fragments at m/z 228, 402 and 432
respectively generated from Y-ion at m/z 638 by éhenination of C-3 position (Fig. 2). On
another hand, fragmentation of sodiated adductthersame instrument generated fragmentation
spectra almost identical to the ones obtained MILDI-QTOF, demonstrating that the choice of
parent ion adduct and not the instrument configomatonditioned the type of fragmentation (data

not shown).

Identification of H/Lewis motifd=rom the existence of a specific elimination prgcesthe
C-3 substitution of GIcNAc (see above), it is pbbsito easily and accurately predict the nature of
fucosylated lactosamine motifs within a glycan, @odto distinguish between H-1, H-2,*[L.&€e%,
Le* and L€ determinants, solely on the base of CID-MS/MS ifgofVe will first exemplify on
simple glycans the divers fragmentation pathwags$ tan be used toward this purpose, and then
demonstrate that the same principles apply for ¢exnglycans.
Fig. 3 shows CID-MS/MS fragmentation patterns afrfeimple O-glycans, among a large panel of
others tested, containing variations of fucosyldiga-2 lactosamine motifs. As established above,
fragmentation patterns of all compounds are dorathaly B-ions at m/z 660 or 834 and by Y-ions
at m/z 316, 520, 939 or 1113, that result from ¢leavage of GlcNac linkages. All lactosamine
disaccharides can be typified as type 2 accordnipe total absence of specific Z-ion at m/z [M-
236+Na] (loss of terminal Gal) or [M-410+N&]loss of terminal Fuc-Gal) that would result from
the cleavage of Gal-GlcNac bond. However, as ajrgaginted out, their non-specific C-ion
counterparts at m/z 259 or 433 are systematicélberved in variable relative intensities. The H-2
and L€ isobar motifs are easily distinguished by the ey lose their respective fucose residue.
Indeed, fragmentation pattern of H-2 containingcgly exhibits a single [M-Fuc+NaY-ion at m/z
765 (M-188 mu), while L&containing glycan shows two [M-Fuc+NaY and Z-ions at m/z 969
(M-188 mu) and 951 (M-206 mu), respectively (Fig.&hd 3b). The generation of a non-specific
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Y-ion at m/z M-188 is also observed atf1,4)-linked fucose residue containing glycans (Hig).
From these observations, we deduced that fucokagenmay be cleaved in two different ways.
First, a(1,2)-, a(1,3)- anda(l,4)-linked fucose residues are released throughoma specific
cleavage that generates a low intensity Y-type abm/z M-188. On top of thaty(1,3)-linked
fucose residues are released owing to a specificreltion that leads to the generation of a Z-type
at m/z M-206. It is noteworthy that whenever baths are observed, irrespective of their absolute
intensities, Z-ion systematically exhibited a muggher relative intensity than Y-ion. Based on
these assumptions, L.eontaining O-glycan (Fig. 3c) was characterizedh®y/presence of both Z-
ion at m/z 921 (M-206 mu) generated by the speeiimination of Fua§1,3) residue and Y-ion at
m/z 939 (M-188 mu) generated by the loss of presilyrane or the other Fua(-3) and Fuaf1-2)
residues. Then, a third Lspecific ion was observed at m/z 733 (M-206-18Bjci was attributed

to the simultaneous loss of both Fut(3) and Fuafl-2) residues. Loss of fucose may also be
observed as secondary fragment ions, although thesally display lower relative intensity. In
accordance with previous data, one can observe ftloen primary B-ion fragment (mono
fucosylated LacNAc) at m/z 660 either a single Weysecondary fragment at m/z 472 (660 mu-188
mu) for the H-2 containing glycan (Fig. 3a), ortbdt- and Z-type secondary fragments at m/z 472
and 454 (660 mu-206 mu) for the *Lstructure (Fig. 3b). Similarly for Pestructure, from the
primary fragments at m/z 834, 1095 and 1113 (Fgy.aBd 3d) both Y- and Z-type secondary
fragments indicative of the presence of a BEdeB) residue are observed. Contrarily, these
secondary fragmentation are not observed from tHe déntaining primary fragments. Finally,
presence of the G@l{-4)GIcNac motif in a glycan may be further asséss®ing to the presence
of a very specific ion at m/z 503, attributed td°A-ion resulting from internal ring fragmentation
of GIcNAc residue. Indeed, this ion was exclusivebserved in H-2 and Yecontaining glycans
but never in L&(Fig. 3). Similarly, considering that this ion indes only the C-4, C-5 and C-6 of
GIcNAc residue, it is never observed in type 1 LAcMtructures (Fig. 1a and 1b). This observation

was further confirmed from analyses of a large pahstandard glycans (data not shown).
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In the prospect of studying complex mixture of @b glycans, we will now demonstrate
that the above observations enable to distinguetivden individual isobar glycans that present
distinct combinations of Lewis determinants. Aswbd Fig. 4, three trifucosyllacto-N-hexaose
isobars isolated from milk, arbitrarily labeledllland lll, displayed very distinctive fragmentatio
patterns. Compounds Il and Il were identified iagdr molecules owing to the presence of Y- and
B-ions at m/z 463 and 1457, that resulted fromrdtease of the intact tri-fucosylated di-LacNAc
unit (Fig. 4b and 4c) The observation of Y- andoBs at 1086 and 834 established the presence of
a terminal di-fucosylated LacNAc (P®r Le') and consequently of an internal mono-fucosylated
LacNAc (H-1, H-2, L& or L€). The presence of the last motif can also be tieetg observed
owing to the intense secondary fragment at m/z &6the contrary to compounds Il and Ill, no
ion indicative of a linear di-LacNAc core was ohsat for compound | (Fig. 4a). Instead, two sets
of Y-ions at m/z 660/834 and B-ions at m/z 1260A.88tablished the presence of both terminal di-
fucosylated and terminal mono-fucosylated LacNAdsjnwvhich suggested the occurrence of a
branched glycan. Secondary fragment at m/z 449esponding to the release of the Lac core,
presented a discrepancy of 28 mu with its fully npethylated counterpart, which directly
demonstrates that the Lac core is di-substitutedtlitfonally, this was further confirmed by the
presence of aff*A-ion at m/z 720 establishing that the Lac coresithstituted by the mono-
fucosylated LacNAc unit in C-6 position. In compduhspectrum, Z-ion at m/z 1691 (M-206)
established the occurrence of Fut{(3) residue and Y-ion at m/z 1487 (M-410) of tevadi
Fuc@1-2)Gal@1-3) motif. These data are compatible with a comatiim of either L& and L&
determinants or H-1 and Léeterminants. However, it can be observed thanfemts ions at m/z
1086 and 660 generate Z-type secondary ions aB&Uzand 454, through specific elimination of a
Fuc@1-3) residue, which is strongly in favor of the ggace of a Ledeterminant. Accordingly,
elimination of Fucf1-3) could not be observed from fragment ions a 884 and 1260, which
confirms the identity of the other branch a8 teterminant. In addition, we repetitively obseried
all Le” containing glycans a complementary ion at m/z T6& we tentatively attributed as’4X-
secondary ion originating from the 834 B-ion. Foreason unknown of us, this ion was never
observed in any of the Leontaining glycan that we studied, and so wasemently used as a
marker ion for the presence ofL&hrough a similar reasoning, sequence of compstinand Il
can be completely deciphered. In both compoundsbawation of ions at m/z 1487, 834 and 760

clearly indicated the presence of a terminal metif.
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In compound II, [M-Fuc+Nd]Z-ion at 1691 established the presence of adAu8) residue, which
suggests the existence of an interndl inetif. This residue was directly located on thesinal
LacNac unit owing to the Z-type secondary ion a 880, generated by the elimination of Fauky(

3) from Y-ion at m/z 1086. In accordance with tliegence of an internal Lmotif, no cleavage of
its Gal-GIcNAc bond occurred. On the contrary fompound Ill, two intense C- and Y-ion at m/z
1056 and 864 established the nature of the intémaNAc as type-1. Furthermore, they permitted
to locate the Fuc residue on the GlcNac residughwstablishes the presence of interndlretif.
Accordingly with the absence of Fad(-3) residue in the molecule and contrarily to coomd I,

no Z-ion resulting from the loss of fucose can beesved neither from the molecular ion, nor from
the Z-ion at m/z 1086.

Study of glycans in mixture

Proteomic and glycomic-type studies are generalbt mompatible with extensive
purification of glycan moiety following its releasindeed, low quantities of samples generally
available prevent the use of any multi-dimensiomoonfatographic purification process that is
requires for isolation of individual glycan isob&o, to be fully effective, mass-spectrometry based
method of study of carbohydrate structure shoulddable for complex mixture of glycans, and be
able to distinguish, at least partially, betweewsely related isobars. In order to demonstrate that
the CID-MS/MS of permethylated glycans enables sialy, we will resolve the different isobars
present in a single ion from three different soarceo do so, O-glycans have been released and
purified from bovine submaxillary glands mucins B purified human cystic fibrosis (CF)
mucus and total extract from colo 205 carcinogeroalisculture. As expected, after permethylation,
profiling of total O-glycans by MALDI-MS showed axtensive structural variability within each
sample (data not shown). As a mean to study isoldistribution of glycans, we targeted the
[M+Na]* ion at m/z 1157 (1 HexNAc-ol, 1 HexNAc, 2 Hex ahdeHex) which was fragmented in
CID-MS/MS for each sample. From the known biosytitheathways of mucin O-glycans, we
deduced the presence of twelve possible isobarghwiragmentation patterns were inferred
according to the principles aforementioned (Fig. $e our knowledge, only nine out of the twelve
possible isobars have been observed so far in m&r(c@npounds to VII, IX andXl), type 1
LacNAc chain being never observed directly attadime@-6 position of reducing GalNAc residue
(as in compound¥lll , X andXll ). CID-MS/MS fragmentation pattern models were algectly
assessed for five compounds out of the twelve plasbly using pure isobars purified from several

animal species, including all known core 2 (commaMl , IX, X, XI andXll ) and a core 1
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containing glycans (compounidl ). Models did not show any discrepancy from actgactra,
which contributed to validate the method.

As will be demonstrated, analysis of complex migtuof glycans differs significantly from
similar analysis of pure glycans due to overlapgg@émerated fragment ions. It is a multi-step
analysis which prime concern is to identify precisetifs within the mixture, i.e. what type of core,
LacNAc disaccharides and fucosylated motifs aresgmre From a functional point of view, the
expression of such motifs on glycoconjugates cfeappears as the most relevant information to
seek. In a second step, precise arrangement ofsmothin each glycans will be investigate, and by
doing so will permit to definitively establish tipgesence or the absence of each isobar. This step
relies more heavily on secondary fragmentationsitfagnables to distinguish more efficiently
isobars.

In the chosen example, CID MS/MS spectra of thedghO-glycans samples showed
completely different patterns, which establisheadt tkhey contained distinct sets of isobaric
structures (Fig. 5a, 5b and 5c). From the genexadts of spectra, higher complexity of fragment
ions pattern suggests that CF mucus contains aehighmber of compounds than two other
samples. In a first step we will examine the preseof individual structural motifs present in each
mixture, which results are summarize on Fig. 5.

CF and colo 205 samples exhibited both type 1 armbr2 structures according to the
presence of secondary fragment ion at m/z 284 d@etype ion pair at m/z 298/882. Contrarily,
BSM exclusively showed type 2 core specific fragtregrm/z 284, establishing the total absence of
type 1 core containing glycans and so restricts@paric variability to compoundgll to XII .
Terminal Galp1-3) as well as Gd¥l-3)GalNac-ol motif were observed in all three skspas
deduced from the presence of Z-type ions at m/zeBRILY-type ion at m/z 520. Terminal G&lf
3) residue originates either from terminal type 4cNAc or Galpl-3)GalNac-ol motif. Their
fucosylated counterparts, terminal Fat{2)Gal1-3) (Z ion at m/z 747) as well as Fof
2)GalB1-3)GalNAc-ol (Z ion at m/z 694) showed a more niettd distribution and were only
detected in CF and BSM. Accordingly, owing to Z4 ipair at m/z 694 and 486, the presence of
un-fucosylated terminal LacNAc unit was attestety am CF and BSM samples, colo 205 showing
none. Nature of LacNAc unit could also be attribugither to type 2 according tGA-ions at m/z
329 in both CF and BSM, or to type 1 accordingdgoomdary ion at m/z 646, exclusively in CF.
Although fucosylated LacNAc trisaccharides wereentsd in all three samples according to Y/B
ion pair at m/z 520/660, their isomers (H1, H2 had Lé) were differently distributed. Presence
of Le* was easily assessed in all three samples owitigetelimination of 1,3-linked Fuc residue at
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m/z 951. However, owing to secondary fragmentatia#i,could be differently located on core 2
glycans (m/z 715) in all three sample but also @re d glycan in both CF and colo 205 (m/z 676),
but not in BSM, in accordance with absence of cbrglycan in this sample. Because the
elimination of 1,3-linked Gal is not specific foed, its presence was assessed in CF and colo 205
on the basis of secondary fragmentation at m/z #&4resence was further pinpointed in core 1
glycan by secondary ion at m/z 646 in CF and cO & well as in core 2 glycan by secondary ion
at m/z 685 exclusively in colo 205. Terminal HZA-ions at m/z 503) showed also a distribution
restricted to CF sample, but absence of furthgnientation involving this motif does not permit to
localize it definitively on either core 1, 2 or hotThen, presence of H1 on core 1 glycan was
exclusively observed in CF, owing to the conjuncted Z ion at /z 921 and secondary ion at m/z
472. As shown in Fig. 5f, systematic search ofvmtlial structural motifs demonstrated a wide
heterogeneity between samples; whereas CF inchitlesreened motifs, BSM and colo 205 only
include subsets.

In a second step, we tried to assign to each naxtarfinal isobaric composition. For CF,
fine analysis of secondary fragmentations demotesiréhat some of the isobars were actually
missing, despite that all motifs were individuaitientified in the isobaric mixture. In particular,
none of the specific fragments for compoukdld , X andXll (m/z 685 and 511) were identified in
the corresponding spectrum. This result is constisieth the known biosynthetic pathway of O-
glycans. Indeed, to our knowledge, type 1 LacNAaichdirectly attached to C6 position of
GalNAc has never been observed so far in Man,tf@ ¢onsidered as a signal of termination for
upper chain extension. As a general rule, nondylated type 2 LacNAc and H-2 motifs are
difficult to locate because they generate fewetirdiive secondary fragments. So, it is not possibl
to definitively discriminate between compouvicandXI, although the presence of both compounds
is highly probable. On the contrary, as deducethftioe presence of fewer individual motifs, BSM
appeared as a much simpler mixture of isobarsattiqular, association of identified motifs only
enables the generation of compouktisandIX . Although mass spectrometry is not considered as a
guantitative method, comparison of equivalent fragta for both components (486/660; 694/520;
747/921) clearly showed that compowid was the major isobar of the mixture, and permitted
evaluate theVll to IX ratio to about 5 to 1. Then, colo 205 showed afasic distribution
altogether very different from both previous samsplssociation of types 1/2 cores with’lLe*
gives rise to four potential compounts, IV, IX and X, out of which compoundV was not
actually observed, as deduced from the absendedfdcondary fragment ion at m/z 646. Absence
of the L€ in core 1 containing glycan indicated the exiséeatcompound in colo 205. Indeed, a

set of two ions at m/z 685 and 611 that did notioed in any of the two other samples was
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observed from colo 205. These two were tentatiaéijbuted as Z-type and itéX-type associated
secondary fragmentations from Z-ion at m/z 921peesvely. These ions were compatible with the
presence of a Pamotif linked to the C-6 position of the GalNAc-@sidue of a core 2 O-glycan.
As aforementioned, such a glycan has never beemateaized in Man. In animal kingdom, i.e
motif has only been observed in the primate lineageboth glycolipids and glycoproteins, but
never on O-glycans from the C-6 position of GalN#cRecently, by a combination of preparative
HPLC separation and NMR analyses, we have isolatedcharacterized for the first time, such a
compound from the oviducal secretions of the amphilnodelXenopus tropicalisdemonstrating
the emergence of an independemt-@)fucosyltransferase activity in amphibians (Guéelet al,
2003). In order to confirm that the couple of unkmaons observed in Colo 205 sample originated
from the fragmentation of a Eehain linked to C-6 position of GalNAc-ol, purifi€O-glycan from

X. tropicalis was permethylated and fragmented by CID-MS/MS dentical conditions. As
hypothesized, intense ions at m/z 685 and 611 bsereed from fragmentation pattern of this
glycan, confirming that their originated from thecsessive elimination of two (1-3)Gal residues
(Fig. 5d). Accordingly, these fragments were noseyled from equivalent glycans containing
either H-2 or L& determinants (data not shown or sup data). In sanpynas shown in Fig. 5g, CF
mucus, BSM and colo 205 exhibited very differentgras of glycosylation.

In conclusion CID-MS/MS analysis enabled to deciptiee major structural features of
individual O-glycans from complex mixtures. It petted, without prior extensive glycan
separation, to easily distinguish between diffesarhples according to their isobaric variabilities,
from a simple mixture of two or three isomers teeay complex mixture of up to nine components,
each sample containing distinctive sets of glycansthermore, it demonstrated its capacity to
identify a novel structure within a mixture of knovstructures. Indeed, for the first time, & Le
motif directly linked to the reducing GalNAc reselwas identified in a human carcinogenous cell
culture O-glycan, suggesting a profound modifioatad glycan biosynthesis pathways in colonic

cancer cells.
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Study of glycans after periodic oxidation

Mild periodic oxidation has already been used asfattive way to discriminate C-3 from
C-6 linked branches of O-glycans by selectivelyeleg C4-C5 bond of GalNAc-ol. Oxidation of a
single reduced O-glycan generates after reductiaan ftagments in which GalNAc-ol residue is
replaced either by a GBH-CHNAc-CHOH-CHOH group (C4) for C-3 lower branch or by a
[CH20OH], group (C2) for C-6 upper branch. We will demonstréghat the aforementioned
principles of analysis can be applied to oxidizgcghs and give an additional mean to study
mixture of complex glycans. In order to validate thethod, a set of purified mucin O-glycans were
oxidized, reduced, permethylated and subjectedilBMS/MS in MALDI Q-TOF. As shown on
Fig. 6, C2 and C4 containing product substituted ibgntical glycan moieties are easily
distinguished in MS owing to the apparent molecsiae of their parent ions, differing from 129
mu. These oxidation products show very similarfinagtation patterns, irrespective of the nature of
the aglycon group, C2 or C4. Fragmentation pattefrgdycan moieties of permethylated oxidized
products are also similar to those from intact pghylated glycans as demonstrated by comparing
Fig. 6a and 1a, Fig. 6b/c and 3a, Fig. 6d/e andH8avever, care should be taken when analysing
Le*/Le¥ containing C4 products. Indeed, release of thér@fiment by a B-type cleavage results in
the generation of a [M-205] ion very close to thZ06] fragment ion generated by the specific
elimination of 1,3 linked Fuc residue. As showrFig. 6e, both ions are easily distinguished on a
high resolution spectrum, and closeness of sigmaler induced any ambiguity of interpretation in
all the samples we analysed. Similarly, C-typeabfM-189] and Z-type ions at [M-188] that result
from the release of C4 fragment and the non spe@fease of Fuc residue, respectively, are very
close from each other, but easily distinguishedvextheless, in order to ease interpretation, we
tried to omit the reduction step prior to permetiigih as an alternative process, which facilitated
distinction of these fragments. In this case, sdeaf C4 fragment generates a B-type ion at [M-
189] which does not overlap anymore [M-206] iont Bbed in its isotopic cluster the [M-188]
fragment ion. On the other hand, reduction of @adi fragments with deuterium prevented any
distinction between ions generated by release ofrEsidue and C4 fragments, as expected (data

not shown).
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In order to evaluate the usefulness of periodatdation for the study of complex mixture
of glycans, we used as starting material a paytjalirified fraction of O-glycans. Total neutral O-
glycan fraction prepared from CF mucus was sepaiiatéiPLC on an amine bond column eluted
by a 90 min gradient of # in ACN. Ninety fractions were automatically calied and their
composition was individually assessed by MALDI-T®IS. This permitted to follow in the ninety
fractions the distribution of sixty [M+N&molecular ions ranging from m/z at 611 (Hex1HexXac
ol) to m/z at 2745 (Fuc6Hex5HexNAc4-ol) (Supplena¢miata). All ions were then fragmented in
CID-MS/MS in order to partially assess the isobatistribution of compounds in each fraction.
Despite its low capacity to discriminate betweevbars in mixture, MS/MS analysis of native O-
glycans demonstrated that HPLC partially separaedaric structures of low molecular weight
compounds. On the other hand, this was difficultimpossible to assess for higher molecular
weight compounds (above 1500 Da) due to decreafee @eparation resolution and increase of the
isobaric complexity along with increasing size.

We have arbitrarily chosen fracti@? as a model of study. MALDI-MS analysis of this
fraction showed five ions with m/z values rangingnfi 1269 to 1415 mass units (Fig. 7a). In a first
step of analysis, CID-MS/MS analysis of native compds based on already published data
permitted to evaluate their general structure,udiclg nature of cores, length of branches and
distribution of eventual fucose residues. Resultsnf these analyses are depicted in Fig. 7a.
However, exact positioning of fucose, nature anstrithution of LacNAc units could not be
established by this technique as already discudéexkertheless, systematic fragmentation of these
ions in surrounding fractions established that amlgubset of isobaric structures was present in
fraction 52 owing to partial isobaric separation after HPLC phuticular, for the ion at m/z 1269,
extended core 3 containing isobars were identiiieftactions45 to 47 whereas L¥° containing
isobars in fractiom8 (data not shown). Fractid® exclusively contained core 4, mono-fucosylated
LacNAc substituted O-glycans (Fig. 7a). Similarty fon at m/z 1285, fractior9-51 exclusively
contained core 1 isobars, whereas fracii2isontained both core 1 and core 2.

In a second step of analysis, fractid® was subjected to mild periodic oxidation, NaBH
reduction and permethylation. Eleven ions labelemnfl to 11 and ranging from m/z 562
(Hex1HexNAc1l-C2) to m/z 1518 (FuclHex3HexNAc2-C4grev observed in MALDI-MS (Fig.
7b) and subsequently fragmented in CID-MS/MS. Usaforementioned procedures of analysis
permitted to identify the major isobaric sequenitegach of the eleven compounds detected as
summarized in Table 1. It is noteworthy that C2 @#dcontaining fragments presenting identical

monosaccharide compositions systematically exhdhiistinct isobaric distributions. In accordance
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Table 1 Summary of oxidation generated fragment iderdifig MS/MS sequencing

Cpds m/z__Isobars Fragments Cpds m/z Isobars Fragments
1 se2 b1 oa 486 8 1185 &1 979:903;722;
€2 o—cfoz:kcz 516486
2 736 21 X_Ek 660;548;503; 8.2 979:903;660;454;
c2 472;433 OZ:rCD_EkCZ 660;548;472
22 660; 530259 83 433;503:660;
(?:kcz Z{ro{kcz 548,472
3 ges 31 c4 677:660:503;, 9 1314 o1 C4  868,490;416;342
Z{( 472;433 Oz?j
32 C4  660:586:455:433 92 _ 868:794;588;
?F( O&E:O/m .
720514
33 ca 660;659;259 93 Caq  904:694:620;546;
(2:( Z);)/ 490;458:384
4 895 41 4 708:486:432:329 94 C4 1078;694;458,620;
O-Efo/C O)}/ 384,546,664
42 ca 708659486432 10 1344 101 Z ca  1157:881:694;
O/Dg @:’( 620;458;384
5 1039 >1 4 834833646, 11 1518 11 C4 133211101055,
ch 628,503,458 o—l:l’(?:rd 849;646:432
52 4 §34:760:629;572 112 4 -332:1313,868,794;
E 2_453/ 588;720:514:418
6 1069 1 C4 660;454;432; 113 C4  1332:694:620;
Ofd 882863, 8'2};)1 546;418:384
7 1140 71 Ca  935677:486:472
O_D,O—Er’
72 ca 953;881;490;
o—?)/ 486,416,342
3 Ca  953:881:694,677;
é: 620546;486

Table 2 Possible combinations of oxidation generatedrfraigts for each intact molecule

Cpds |Combinations
A 2+3
B 1+6; 2+4; 11
C 8;9
D 1+7; 10
E 2+5
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with previous observations, no type 1 LacNAc chaias identified directly attached to C2
fragments (compound& and8), whereas it was on C4 fragment (compoud@sd5). As a result
only L€ and H2 motifs were identified in produ{ion at m/z 736), whereas L,eH1 and H2 were
identified in product3 (ion at m/z 865) (data not shown). Indeed, fragiemgmm pattern of
coumpound? showed typical fragment ions of terminal H2 (mi{z383, 472, 548), as observed in
standard molecule (Fig. 6a), as well as additiaghahd B ions (m/z at 530 and 259) that clearly
indicate the presence ofLeontaining isobar. However, no fragment indicatifédl (Z ion at m/z
410) or L& (Z ion at m/z 500) epitopes could be observedildishing the complete absence of
such motifs. Contrarily, in addition to H2 and*L&i1 motif is clearly observed in compoufd
owing to the presence of Z ion at m/z 455.

As shown Fig. 8, a new set of characteristic iomsvthg from secondary Y/C and internal
fragmentations was used to identify branching pasteof oligo-lactosaminyl sequences.
Fragmentation of compoundO generated an intense secondary ion at m/z 418¢chw
conjunction with the absence of B/Y ions pair atz®35/432, established the presence of a
branched sequence to the exclusion of its lineantswpart. This observation was confirmed owing
to the set of ions at m/z 694 (Y/C), 6264) and 546 {°A) that demonstrated the presence of a Gal
residue di-substituted in 3 and 6 positions by aNA&c motif. Elimination of a Gal residue from
pseudomolecular ioff;?A ion, %A ions and Y ion at 881 generates secondary iongzal h08, 458,
384 and 645, respectively, which then establishedotesence of terminal type 1 LacNAc chain. In
parallel, presence of terminal type 2 LacNAc waesdéd by the presence of ion at m/z 329.
Although we established the presence of the twoNAC types, it was not possible to determine
which of the four possible isobars were actuallgsent in the mixture. On this basis, we attributed
to productl0 a single isobaric structure presenting both typleEAcNACc, although presence of
others is most probable. A similar strategy of gsial permitted to identify four different isobaric
branched structures for prod@&{Fig. 8b). Distinction of different isobars is eascompared to the
previous ion owing to the dissymmetry of the molecitdowever, exact positioning of fucose is
still difficult for isobaric structure 9.1 consideeg its similarity with structure 9.2. It is notevily
that compound8® and10 exclusively contained branched structures anccare'l type’ linear ones
as revealed by the complete absence of Y ion atl3®ntrast, as already observed for proddcts
and3, product8 exhibited an altogether very different structwatiability than its C2 counterpart
products9. In particular, none of the specific ions for lrhaed sequences were observed on
fragmentation spectrum of prodi&{(supplemental data). Instead, an intense B-typaian/z 979
was indicative of the cleavage of GIcNAc-C2 bonthgether establishing the presence of ‘core 2

or 4 type’ linear fucosylated di-LacNAc sequenceplace of branched ones.
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Three distinct linear isobars differing accordinghe fucose position could be distinguished within
the mixture; two with L& motifs and one with terminal H2 motif (Table 1)bgence of Z-type [M-
236] and [M-410] fragment ions established thalidt not contain terminal eor H1 motifs. Then,
compoundll1 was differing from three previous ones by the thet it contained both linear (11.1)
as demonstrated by the presence of B/Y ion pam/at432/1109, and branched (11.2 and 11.3)
isobars as demonstrated by B ion at m/z 418 andeabiescribed Y/C%?A and*°A sets of ions.
Similarly, compound?7 appeared as a mixture of linear ‘core 3 or 4 typebar (7.1), as
demonstrated by the presence of an intense Y iomza035 and branched isobars (7.2 and 7.3). In
conclusion, exhaustive MS/MS analysis of oxydizeBLE fraction52 permitted to definitely
identify 25 different compounds. As already pointesk, isobaric variability is most probably
underestimated due to the difficulty to distinguigry close isobaric structures, particularly for
those which contain non fucosylated type 2 LacNAxtifs.

In a third step of analysis, independent sequenot€s3 and C-6 branches were combined
according to the results of fragmentation analg§imtact glycans. As summarized in table 2, each
compound A to E) may be the result of one to three different carabons of oxidation products
(1.1 to 11.3). It is noteworthy that most of theidation products are specific to a single final
compound. Indeed, only oxidized produdts@and 2 can possibly occur in more than a single O-
glycan (Table 2). On these bases, combination@Pthidentified oxidation products generated up

to 29 distinct oligosaccharides from the five M§nsils observed in the studied mixture (Table 3).

239

© 2009 Tous droits réservés. http://www.univ-lille1.fr/bustl



HDR de Yann Guérardel, Lille 1, 2008

240

© 2009 Tous droits réservés. http://www.univ-lille1.fr/bustl



HDR de Yann Guérardel, Lille 1, 2008

Références

» Ballou CE, Ballou L, Ball GSchizosaccharomyces pondigcosylation mutant with altered cell surface pdjes.
Proc Natl Acad Sci U S A. 1994 91:9327-31

« Ballou CE. 1990 Isolation, characterization, anojerties ofSaccharomyces cerevisiaenn mutants with
nonconditional protein glycosylation defects. Mathdnzymol. 185:440-70.

* Banerjee S, Vishwanath P, Cui J, Kelleher DJ, Gibrie, Robbins PW, Samuelson J. The evolution ofydam-
dependent endoplasmic reticulum quality controtdesfor glycoprotein folding and degradation. Phatl Acad Sci
US A. 2007 104:11676-81

» Bardor M, Nguyen DH, Diaz S, Varki A. Mechanismugftake and incorporation of the non-human sialid &&
glycolylneuraminic acid into human cells. J Biolébh. 2005 280:4228-37

e Chaban B, Voisin S, Kelly J, Logan SM, Jarrell Kéfentification of genes involved in the biosynttseand
attachment of Methanococcus voltae N-linked glycarmsght into N-linked glycosylation pathways inchaea.
Molecular Microbiology 2006 61259-268

e Chatterjee, D. and Khoo, K.H. Mycobacterial lipddareomannan: an extraordinary lipoheteroglycan pithfound
physiological effects. Glycobiology 1998 8: 113-120

» Chatterjee, D., Bozic, C., McNeil, M. and BrennBn Structural features of the arabinan componetitef
lipoarabinomannan d#lycobacterium tuberculosig. Biol. Chem. 1991 266: 9652-9660

* Chen, S., Zhou, S., Sarkar, M., Spence, A.M. antb&8uaer, H. Expression of thrégaenorhabditis eleganhl-
acetylglucosaminyltransferase | genes during deweémnt. J. Biol. Chem. 1999 274:288-297

» Chiba A, Matsumura K, Yamada H, Inazu T, ShimiziKK@isunoki S, Kanazawa |, Kobata A, Endo T. Struesunf
sialylated O-linked oligosaccharides of bovine pleeral nerve alpha-dystroglycan. The role of a h@nannosyl-
type oligosaccharide in the binding of alpha-dygityoan with laminin. J Biol Chem. 1997 272:2156-62.

» Cipollo JF, Awad AM, Costello CE, Hirschberg C8f-3, a mutant ofCaenorhabditis elegansesistant to bacterial
infection and to biofilm binding, is deficient idygoconjugates. J Biol Chem. 2004 279:52893-903.

» Costache, M., Cailleau, A., Fernandez-Mateos, BglGR. and Mollicone, R. Advances in moleculangtcs ofa-
2 anda-3/4-fucosyltransferases. Transfus. Clin. Biol. 198367-382

» De Bose-Boyd, R.A., Nyame, A.K. and Cummings, RI298) Molecular cloning and characterization ofadgha
1,3 fucosyltransferase, CEFT-1, fradaenorhabditis elegan&lycobiology 8:905-917

e Dennis, J.W., Granovsky, M. and Warren, C.E. Protgycosylation in development and disease. Bioys4899
21:412-421

* Dobos, K. M., K. H. Khoo, K. M. Swiderek, P. J. Brean, and J. T. Belisle. 1996. Definition of thé &xtent of
glycosylation of the 45-kilodalton glycoprotein Mfycobacterium tuberculosis. J. Bacteriol. 178:24586.

» Dobos, K. M., K. Swiderek, K. H. Khoo, P. J. Brenpand J. T. Belisle. 1995. Evidence for glycosglasites on
the 45-kilodalton glycoprotein of Mycobacterium éubulosis. Infect. Immun. 63:2846—2853.

* Dupuy, F., Germot. A., Marenda, M., Orilo, R., Bthier, A., Julien, R. and Maftah, A. Alphal,4-fucbsnsferase
activity: a significant function in the primate diage has appeared twice independantly. Mol. Biabl.E2002 19:815-
824

e Dupuy, F., Petit, J.M., Mollicone, R., Oriol, Rylién, R. and Mafta, A. A single amino acid in thygpervariable
stem domain of vertebrate al,3/1,4-fucosyltranstsadetermines the type l/type 2 transfer. J. Bibem 1999
274:12257-12262

» Ecker M, Mrsa V, Hagen |, Deutzmann R, Strahl Shilea W. O-mannosylation precedes and potentialiyrots
the N-glycosylation of a yeast cell wall glycoprioteEMBO Rep. 2003 4:628-32.

241

© 2009 Tous droits réservés. http://www.univ-lille1.fr/bustl



HDR de Yann Guérardel, Lille 1, 2008

» Eggens, |., Fenderson, B., Toyokuni, T., Dean,3oud, M. and Hakomori, S. Specific interarcticetvbeen L&
and Lé determinants. J. Biol. Chem. 1989 264:9476-9484

» Engel JC, Parodi AJlrypanosoma cruziells undergo an alteration in protein N-glycosigla upon differentiation.
J Biol Chem. 1985 260:10105-10.

» Freeze HH, Aebi M. Altered glycan structures: thelaoular basis of congenital disorders of glycosgta Curr
Opin Struct Biol. 2005 15:490-8.

» Fukazawa Y, Kagaya K, Shinoda T. Cell wall polysentdes of pathogenic yeasts. Curr Top Med Myc®851
6:189-219

e Funk VA, Thomas-Oates JE, Kielland SL, Bates PAaf€ain RW. A unique, terminally glucosylated
oligosaccharide is a common featureL@ishmaniacell surfaces. Mol Biochem Parasitol. 1997 84:83-4

e Garbe,T., Harris,D., Vordermeir,M., Lathigra,R.ahyi,J. and Young,D. Expression of tdgcobacterium
tuberculosisl9-kilodalton antigen iMycobacterium smegmatisnmunological analysis and evidence of glycosghat
Infect. Immun. 199361: 260-267.

» Gemmill TR, Trimble RB. Schizosaccharomyces pomtoelpces novel pyruvate-containing N-linked
oligosaccharides. J Biol Chem. 1996 271:25945-9.

 Gerdt, S., Dennis, R.D., Borgonie, G., Schnabel, #&d Geyer, R. Isolation, characterization and
immunolocalization of phosphorylcholine-substitutglgicolipids in developmental stages ©&enorhabditis elegans.
Eur. J. Biochem. 1999 266:952-963

« Gerdt, S., Lochnit, G., Dennis, R.D. and Geyerlaton and structural analysis of three neutratggphingolipids
from a mixed population d€aenorhabditis elegan®Nematoda:Rhabditida). Glycobiology 1997 7:265-275

» Gilleron M, Jackson M, Nigou J, Puzo, G StructiB@msynthesis, and activities of the phosphatidyleniyositol-
based lipoglycans. In The Mycobacterial Cell EnpeloEd. M. Daffé and J.M. Reyrat, ASM Press, Wagioin.

» Gilleron M, Nigou J, Nicolle D, Quesniaux V, Puzo Be acylation state of mycobacterial lipomannaesiulates
innate immunity response through toll-like recefzo€hem Biol. 2006 13:39-47.

e Gilleron, M., Bala, L., Brando, T., Vercellone, & Puzo, G.Mycobacterium tuberculosiparietal and cellular
lipoarabinomannans. J. Biol. Chem. 2000 275, 674-68

e Girrbach V, Strahl S. Members of the evolutionadbnserved PMT family of protein O-mannosyltranaées form
distinct protein complexes among themselves. J @@m. 2003 278:12554-62.

» Hagen, K.G., Tetaert, D., Hagen, F.K., Richet, Beres, T.M., Gagnon, J., Balys, M.M., Van WuycklejyB.,
Bedi, G.S., Degand, P. and Tabak, L. Characteozatiof a UDP-GalNAc:Polypeptide N-
Acetylgalactosaminyltransferase that displays ghgmiideN-Acetylgalactosaminyltransferase activity. J. BiBhem.
1999 274:27867-27874

e Helenius A, Aebi M Roles of N-linked glycans in the endoplasmic  reticulum,
Annu Rev Biochem. 2004 73:1019-49.

e Herrmann JL, O'Gaora P, Gallagher A, Thole JE, joDB. Bacterial glycoproteins: a link between glggiation
and proteolytic cleavage of a 19 kDa antigen fidgytobacterium tuberculosiEMBO J. 1996 15:3547-54.

* Horn C, Namane A, Pescher P, Riviere M, RomainuZpoFG, Barzu O, Marchal G. Decreased capacity of
recombinant 45/47-kDa molecules (Apa) of Mycobaatartuberculosis to stimulate T lymphocyte respsisdated to
changes in their mannosylation pattern. J Biol ChE989 274:32023-30.

* Inoue, S. and Inoue, Y. Fish glycoproteits. Glycoprotein 1l 1997 J. Montreuil, J.F.G. Vliegenthart and H.
Schachter (Eds), Elsevier Science B.V.:143-161

242

© 2009 Tous droits réservés. http://www.univ-lille1.fr/bustl



HDR de Yann Guérardel, Lille 1, 2008

e« Joe M, Sun D, Taha H, Completo GC, Croudace JE,nmasnDA, Besra GS, Lowary TL. The 5-deoxy-5-
methylthio-xylofuranose residue in mycobacterigilohrabinomannan. absolute stereochemistry, linkaagtion,
conformation, and immunomodulatory activity. J Arhen Soc. 2006 128:5059-72.

e« Ju T, Brewer K, D'Souza A, Cummings RD, Canfield W®loning and expression of human core 1 betal,3-
galactosyltransferase. J Biol Chem. 2002 277:178-86

e Ju T, Zheng Q, Cummings RD. Identification of cdreO-glycan T-synthase fror€aenorhabditis elegans
Glycobiology. 2006 16:947-58.

* Jurado LA, Coloma A, Cruces J. Identification ohaman homolog of the Drosophila rotated abdomeregen
(POMT1) encoding a putative protein O-mannosyldfarase, and assignment to human chromosome 9q34.1.
Genomics. 1999 58:171-80.

e Kawar ZS, Van Die |, Cummings RD. Molecular clonirend enzymatic characterization of a UDP-
GalNAc:GIcNAc(beta)-R betal,4-N-acetylgalactosartimaypsferase from Caenorhabditis elegans. J Bi@n€h2002
277:34924-32

» Kelly J, Jarrell H, Millar L, Tessier L, Fiori LM,au PC, Allan B, Szymanski CM. Biosynthesis of Midinked
glycan in Campylobacter jejuni and addition ontotpin through block transfer. J Bacteriol. 2006 :1387-34.

» Khoo, K.H., Douglas, E., Azadi, P., Inamine, J.Bgsra, G.S., Mikusova, K., Brennan, P. and Chatterp.
Truncated structural variants of lipoarabinomanimagthambutol drug-resistant strains\dfcobacterium smegmatis.
Biol. Chem. 1996 271: 28682-28690

« Kaojima, N., Fenderson, B.A., Stroud, M.R., Goldhergl., Habermann, R., Toyokuni, T. and HakomoriF8rther
studies on cell adhesion based on‘-L€" interaction, with new approaches: embryoglycanreggtion of F9
teracarcinoma cells, and adhesion of various turnells based on Fexpression. Glyconj. J. 1994 11, 238-248

* Koles K, Irvine KD, Panin VM. Functional charactetion of Drosophila sialyltransferase. J Biol Chezi04
279:4346-57.

» Kornfeld R, Kornfeld S Assembly of asparagine-lidia@igosaccharides, Annu Rev Biochem 1985 54: 681-6

» Kowarik M, Young NM, Numao S, Schulz BL, Hug I, Galiaert N, Mills DC, Watson DC, Hernandez M, Kelly,
Wacker M, Aebi M. Definition of the bacterial N-glgsylation site consensus sequence. EMBO J. 2006985 -66

» Kuntz C, Sonnenbichler J, Sonnenbichler I, SumpgEZéitler R. Isolation and characterization of dbbl-linked
oligosaccharides froaloferax volcanii Glycobiology. 1997 7: 897-904.

* Laughlin ST, Baskin JM, Amacher SL, Bertozzi CR. Vivo imaging of membrane-associated glycans in
developing zebrafish. Science. 2008 320(5876):664-7

* Lechner J, Wieland F, Sumper M. Biosynthesis dfaset! saccharides N-glycosidically linked to thetpin via
glucose. Purification and identification of suli@tolichyl monophosphoryl tetrasaccharides fronobatteria. J Biol
Chem. 1985 260: 860-6.

e Lee, Y.C. and Ballou, C.E. Complete structureshefdglycophospholipids of mycobacteria. Biochemid®®g5 4:
1395-1404

» Lengeler KB, Tielker D, Ernst JF. Protein-O-manrtrapsferases in virulence and development. Cell life Sci.
2008 65:528-44.

» Linton D, Dorrell N, Hitchen PG, Amber S, Karlysh&¥, Morris HR, Dell A, Valvano MA, Aebi M, Wren BW
Functional analysis of the Campylobacter jejunimkéd protein glycosylation pathway. Mol Microbi@005 55:1695-
703.

243

© 2009 Tous droits réservés. http://www.univ-lille1.fr/bustl



HDR de Yann Guérardel, Lille 1, 2008

* Lommel M, Willer T, Strahl S. POMT2, a key enzynreWalker-Warburg-Syndrome: somatic SPOMT2 but not
testis specific tPOMT2 is crucial for mannosyltriemase activity in vivo. Glycobiology. 2008, souggse

e Lussier M, Sdicu AM, Bussey H. The KTR and MNN1 masyltransferase families 8accharomyces cerevisiae
Biochim Biophys Acta. 1999 1426:323-34.

e Martensson, .S, Levery, S.B., Fang, T.T. and Bdndia Neutral core oligosaccharides of bovine sukitiaay
mucin. Use of lead tetraacetate in the cold faatdisthing branch positions. Eur. J. Bioche€rf98 258:603-622

» Matsumoto M, Hirata J, Hirohashi N, Hoshi M. Speegg binding mediated by sperm alpha-L-fucosidasthén
ascidianHalocynthia roretzi Zoolog Sci. 2002 19:43-8

* Michell SL, Whelan AO, Wheeler PR, Panico M, Eadin Etienne AT, Haslam SM, Dell A, Morris HR, Reas
AJ, Herrmann JL, Young DB, Hewinson RG. The MPB88gen fromMycobacterium bovisontains O-linked
mannose and (1-->3)-mannobiose moieties. J BiohCI903 278:16423-32.

e Monk CR, Sutton-Smith M, Dell A, Garden OA. Prepama of CD25(+) and CD25(-) CD4(+) T cells for gtymic
analysis-a cautionary tale of serum glycoprotegusstration. Glycobiology. 2006 16:11G-13G.

* Nigou, J., Gilleron, M., Cahuzac, B., Bounéri, J, Blerold, M., Thurnher, M. & Puzo, G. The phosphge
inositol anchor of the lipomannans frokflycobacterium bovidacillus Calmette Guérin. J. Biol. Chem. 1997 272,
23094-23103

» Nigou, J., Vercellone, A. and Puzo, G. New struaitunsights into the molecular deciphering of myacterial
lipoglycan binding to C-type lectins: lipoarabinnenman glycoform characterization and quantificatigncapillary
electrophoresis at subnanomole level. J. Mol. Bi600 299, 1353-1362

* North SJ, Koles K, Hembd C, Morris HR, Dell A, ParivM, Haslam SM. Glycomic studies of Drosophila
melanogaster embryos. Glycoconj J. 2006 23:345-54.

* Ong E, Kilburn DG, Miller RC Jr, Warren RA&treptomyces lividarglycosylates the linker region of a beta-1,4-
glycanase fronCellulomonas fimiJ Bacteriol. 1994 176:999-1008.

» Oiriol, R., Mollicone, R., Cailleau, A., Balanzinb, and Breton, C. Divergent evolution of fucosyftséerase genes
from invertebrates, invertebrates, and bacterigc@iology 1999 9:323-334

 Palma, A.S., Vila-Verde, C., Pires, A.S., FevereRiS. and Costa, J. A novel planti-fucosyntransferase
synthesises the Lewiadhesion determinant. FEBS Lett. 2001 499: 235-238

e Paschinger K, Gutternigg M, ReidD, Wilson IB. The N-glycosylation pattern @&@aenorhabditis elegans
Carbohydr Res. 2008 343:2041-9

« Paschinger K, Rendic D, Lochnit G, Jantsch V, Wil$B. Molecular basis of anti-horseradish perox@ataining
in Caenorhabditis elegang Biol Chem. 2004 279:49588-98.

» Paschinger K, Staudacher E, Stemmer U, Fabini GOWiB. Fucosyltransferase substrate specifiaity #¢ne order
of fucosylation in invertebrates. Glycobiology. B005:463-74.

» Pierce-Crétel, A., Decottignies, J.P., WieruszeSitiecker, G., Montreuil, J. and Spik, G. Primatjucture of
twenty three neutral and monosialylated oligosaddea O-glycosidically linked to the human secrgtor
immunoglobulin A hinge region determined by a comaltion of permethylation analysis and 400-MH#-NMR
spectroscopy. Eur. J. Bioche989 183:457-476

* Ragas A, Roussel L, Puzo G, Riviere M. The Mycodsagin tuberculosis cell-surface glycoprotein apa as
potential adhesin to colonize target cells viaithate immune system pulmonary C-type lectin stafstcprotein A. J
Biol Chem. 2007 282:5133-42.

* Reinhold BB, Hauer CR, Plummer TH, Reinhold VN. &ietd structural analysis of a novel, specific Gkéd
glycan from the prokaryotelavobacterium meningosepticuthBiol Chem. 1995 270:13197-203.

244

© 2009 Tous droits réservés. http://www.univ-lille1.fr/bustl



HDR de Yann Guérardel, Lille 1, 2008

* Riviere M, Moisand A, Lopez A, Puzo G. Highly orddr supra-molecular organization of the mycobadteria
lipoarabinomannans in solution. Evidence of a iatethip between supra-molecular organization araogical
activity. J Mol Biol. 2004 344:907-18.

* Robbins PW, Samuelson J. Asparagine linked glyedisyl in Giardia. Glycobiology. 2005 15:15G-16G.

e Romain F, Horn C, Pescher P, Namane A, Riviere i4oFG, Barzu O, Marchal G. Deglycosylation of tfag4¥ -
kilodalton antigen complex of Mycobacterium tubdosis decreases its capacity to elicit in vivorowitro cellular
immune responses. Infect Immun. 1999 67:5567-72.

» Samuelson J, Banerjee S, Magnelli P, Cui J, Kell&l Gilmore R, Robbins PW. The diversity of dbti¢linked
precursors to Asn-linked glycans likely resultsnirsecondary loss of sets of glycosyltransferasex Ratl Acad Sci
U S A. 2005 102:1548-53.

» Schachter H. Protein glycosylation lessons fl@agnorhabditis elegan€urr Opin Struct Biol. 2004 14:607-16
e Séveno M, Bardor M, Paccalet T, Gomord V, Lerougeéde L. Glycoprotein sialylation in plants? Naotchnol.
2004 22:1351-2

» Sidobre S, Nigou J, Puzo G, Riviere M. Lipoglycare putative ligands for the human pulmonary stafsc
protein A attachment to mycobacteria. Critical rofehe lipids for lectin-carbohydrate recognitianBiol Chem. 2000
275:2415-22.

» Sidobre S, Puzo G, Riviere M. Lipid-restricted rgeidion of mycobacterial lipoglycans by human puiraoy
surfactant protein A: a surface-plasmon-resonataysBiochem J. 2002 365:89-97.

« Strecker, G., Wieruszeski, J.M., Cuvellier, O., Mitski, J.C. and Montreuil, 3H and**C-NMR assignments for
sialylated oligosaccharide-alditols related to msciStudy of thirteen components from hen ovomuagid swallow
nest mucin. Biochimie 1992 74:39-52

» Szymanski CM, Burr DH, Guerry P. Campylobacter @iroglycosylation affects host cell interactiongelct
Immun. 2002 70:2242-4

e Taniguchi T, Mizuochi T, Banno Y, Nozawa Y, Kobata Carbohydrates of lysosomal enzymes secreted by
Tetrahymena pyriformis) Biol Chem. 1985 260:13941-6.

e Teintenier-Lelievre M, Julien S, Juliant S, Guerrd, Duonor-Cérutti M, Delannoy P, Harduin-Lepehs
Molecular cloning and expression of a human hST8%iélpha2,8-sialyltransferase) responsible far fynthesis of
the diSia motif on O-glycosylproteins. Biochem 003 392.:665-74

e Treumann A, Xidong F, McDonnell L, Derrick PJ, Astit AE, Chatterjee D, Homans SW. 5-Methylthiopesgtoa
new substituent on lipoarabinomannan in Mycobaateruberculosis. J Mol Biol. 2002 316:89-100.

* Venisse, A., Riviere, M., Vercauteren, J. and Pugl, Structural analysis of the mannan region of
lipoarabinommannan fromdlycobacterium bovi8CG. J. Biol. Chem. 1995 270: 15012-1521

» Voisin S, Houliston RS, Kelly J, Brisson JR, WatéprBardy SL, Jarrell KF, Logan SM. Identificatiand
characterization of the unique N-linked glycan comnnto the flagellins and S-layer glycoproteinMéthanococcus
voltae J Biol Chem. 2005 280: 16586-93

e Warren, C.E., Krizus, A. and Dennis, J.W. Completagnexpression patterns of six nonessei@iatnorhabditis
eleganscore 2/l N-acetylglucosaminyltransfearse homolsg@ycobiology 2001 11:979-988

» Warren, C.E., Krizus, A., Partridge, E.A. and Dennd.W. Caenorhabditis elegans gly-la core 2/l N-
acetylglucosaminyl-transferase homologue, is aagultransferase. Glycobiology 2002 12:8G-9G

* Wieruszeski, J.M, Michalski, J.C., Montreuil, Jiregker, G., Peter-Katalinic, J., Egge, H., vanhbdak, H.,
Mutsaers, J.H.G.M. and Vliegenthart, J.F.G. Stmectaf the monosialyl oligosaccharides derived freafivary gland
mucin glycoproteins of the chines swiftlet (Gef@alocalia). J. Biol. Chem1987 262:6650-6657

245

© 2009 Tous droits réservés. http://www.univ-lille1.fr/bustl



HDR de Yann Guérardel, Lille 1, 2008

» Willer T, Amselgruber W, Deutzmann R, Strahl S. ltéerization of POMT2, a novel member of the PMatgin
O-mannosyltransferase family specifically localizedthe acrosome of mammalian spermatids. Glycobiol 2002
12:771-83.

* Young NM, Brisson JR, Kelly J, Watson DC, Tessiet.anthier PH, Jarrell HC, Cadotte N, St MichaePBerg E,
Szymanski CM. Structure of the N-linked glycan préson multiple glycoproteins in the Gram-negatiaeterium,
Campylobacter jejuni. J Biol Chem. 2002 277:42530-9

* Zheng Q, Van Die I, Cummings RD. A novel alphaly2esyltransferase (CE2FT-2) in Caenorhabditis elega
generates H-type 3 glycan structures. Glycobiol@§)8 18:290-302.

* Zheng Q, Van Die I, Cummings RD. Molecular clonangd characterization of a novel alpha 1,2-fucoaghkferase
(CE2FT-1) fromCaenorhabditis elegand Biol Chem. 2002 277:39823-32.

246

© 2009 Tous droits réservés. http://www.univ-lille1.fr/bustl



	Titre
	Résumé
	Curriculum vitae
	Activités de recherches
	A. Orientation générale de notre thématique de recherche
	B. Mannosylation microbienne
	1. Contexte
	1.1. La N-glycosylation
	1.1.1. Structure des N-Glycannes
	1.1.2. Voie de biosynthèse conservée
	1.1.3. Diversification des voies de biosynthèse
	1.1.3.1. Chez les eucaryotes unicellulaires
	1.1.3.2. Chez les bactéries et archaea


	1.2. La O-glycosylation
	1.2.1. Structure des O-glycannes
	1.2.2. Biosynthèse des O-glycannes

	1.3. Les Lipoglycannes

	2. Travaux
	2.1. Simplification des voies de glycosylation chez les eucaryotes unicellulaires
	Article 1
	Article 2
	2.2. Biosynthèse des Béta-Mannanes chez C. albicans
	2.2.1. Contexte
	2.2.2. Résultats

	Article 3
	Article 4
	2.3. Diversité structurale des lipoglycannes mycobactériens
	2.3.1. Contexte
	2.3.2. Résultats


	3. Projets
	3.1. Bases moléculaires de la spécificité des Béta-mannosyltrasférases de C. albicans
	3.2. Étude du rôle de la glycosylation des protéines chez Mycobacterium marinum


	C. Développement de modèles animaux d’étude de la glycosylation
	1. Contexte
	2. Travaux
	2.1. Profils glycanniques d’animaux modèles
	2.2. Développement de nouveaux modèles animaux d’étude de la sialylation
	2.2.1. Poisson zèbre
	Article 5
	Article 6
	Conclusion

	2.2.2. La sialylation chez les invertébrés
	Article 7
	Article 8






	source: HDR de Yann Guérardel, Lille 1, 2008
	d: © 2009 Tous droits réservés.
	lien: http://www.univ-lille1.fr/bustl


