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RÉSUMÉ GÉN ÉRAL 

L'acclimatati on au fro id est le processus par leque l certaines plantes, suite à une 
ex pos ition à des températures légèrement au-dessus de Û°C, acquièrent une to lérance 
au gel qui leur permet de survivre aux conditions ri goureuses de 1 ' hiver. Ce processus 
est associé à 1 ' inducti on de plusieurs gènes et à 1 'accumulati on de plusieurs proté ines. 
Chez le blé, cette accumulation est plus importante chez les variétés d ' hi ver, plus 
to lérantes au ge l, que chez les vari é tés de printemps. La comparaison des blés d ' hiver 
et de printemps a, jusqu 'à maintenant, permi s l' identifica tion de plusieurs gènes 
potentie llement importants lors de 1 'acquisition de la to lérance au gel. Mes travaux de 
doctorat portent précisément sur un groupe de gènes régulés par les basses 
températures et qu i codent pour des protéines de la famille des lipocalines. Ces 
pro téines se retrouvent chez les animaux vertébrés et invertébrés, plantes et bactéri es. 
Elles sont principalement connues comme des protéines de transport et sont 
impliquées dans plusieurs fonctions cellulaires te lles que modulati on de la cro issance 
ce llulaire et du déve loppement, liaison à des récepteurs et signali sati on, et réponse 
aux stress environnementaux. Dans un premier temps, mon travail a permi s de 
découvrir et carac téri ser les premières lipocalines de plantes, identifiées chez le blé et 
Arabidopsis et désignées TIL pour « Temperature-lnduced L ipocalins ». L'analyse 
des séquences protéiques a démontré la présence de trois régions conservées qui 
carac téri sent les lipoca lines. De plus, cette analyse a permis de montrer une similitude 
entre ces protéines végétales et 1 'Apolipoprotéine D humaine (ApoD), la lipoca line 
bactéri enne Ble et la lipoca line d ' insecte Lazarillo. Une comparaison de la structure 
tertia ire des lipoca lines TIL avec celle de l'A poO suggère que ces protéines diffè rent 
au niveau de leur site d ' attachement à la membrane et de leur site de li aison au ligand. 
De plus, des ana lyses ont démontré que les ARN messagers TaTIL et AtTJL 
s'accumulent au cours de l'acc limatati on au froid et suite à un choc thermique. Par la 
suite, mes études ont permis de class ifi er les lipoca lines de plantes et de suggérer des 
fonctions possibles. Pour ce faire, une approche intégrée de compilati on de données 
de séquence, profil d 'expression, analyses phy logénétiques, et prédi cti ons 
bioinfo rrnatiques a été utili sée. Cec i a permis l' identifi cati on de deux nouveaux 
groupes de lipoca lines de plantes, désignés TlL-2 et CHL (Chloroplasti c Lipoca lins). 
Deux autres groupes de protéines, soit les vio laxanthine dé-époxidases (YD E) et les 
zéaxanthine épox idases (ZEP), possèdent une légère similarité avec les lipoca lines 
TILs et ont é té class ifiées sous le nom de protéines « lipocalin-like ». L'expression 
des lipocalines et des protéines « lipocalin- like » de blé est régulée par di ffé rents 
stress abiotiques. De plus, chez le blé, cette expression est corré lée avec la capacité de 
la plante à déve lopper une to lérance au ge l, ce qui suggère une fonction poss ible au 
niveau de la protection contre les dommages provoqués par le gel. Ces résultats, 
combinés à l 'ana lyse phylogénétique, supportent l' hypothèse que l'évolution des 
lipocalines est reli ée à une fo ncti on de protection cellulaire. Cec i est supporté par 
l' express ion de lipocalines dans des organi smes to lérants comme Debaryomyce 
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hansenii, Porphyra yezoensis et les céréales d ' hi ver. Finalement, mes travaux ont 
contribué à élucider la fonction cellulaire de la lipocaline TIL chez Arabidopsis. 
Différentes approches de type gain ou perte de fonction ainsi que des analyses de 
biopuces d'A DN et des mesures de capacité photosynthétique ont été réali sées. Les 
résultats ont démontré que des pl antes n ' accumulant pas A tTrL sont très sensibles aux 
baisses soudaines de température et au stress oxydatif, et que ce phénotype peut être 
renversé lorsque 1 'accumulation de cette pro téine est rétablie. De plus, la 
surexpress ion de A tT lL augmente la tolérance des plantes à ces deux stress en plus de 
retarder la fl oraison et la sénescence de la plante. L' analyse de biopuces d ' ADN a 
indiqué que 1 'absence de A tT IL affecte 1 ' expression de 66 gènes. Parmi ceux-ci, de 
nombreux gènes impliqués dans le contrôle de l' horl oge circadienne et de la balance 
énergétique de la plante. Ces données suggèrent que A tTIL affecte une voie 
métabolique alternative qui module le niveau d' énergie ce llulaire dans le but 
d ' accroître la tolérance au stress oxydatif. Les travaux présentés dans cette thèse nous 
aident donc à mieux comprendre le rôle des lipocalines chez les plantes et à ori enter 
la recherche sur les mécanismes moléculaires, phys iologiques et bi ochimiques 
associés à l'acclimatation au fro id. L' ensemble des info rmations recueillies nous 
amènent à croire que les lipocalines végétales possèdent un potentiel important dans 
notre stratégie globale d' amélioration des céréales dans le but de leur confé rer une 
plus grande tolérance au ge l et autres stress abiotiques. 

Mots clés : acclimatation au froid; Arabidopsis thaliana; lipocaline; stress 
oxydatif; Triticum aestivum L. 



CHAPITRE l 

REVUE DE LITTÉRATURE 

1.0 Introduction 

Les plantes contribuent é normément à la vie sur terre. Ell es affectent 

l'env ironnement g lobal en prévenant l' éros ion des so ls, en étant la princ ipale so urce 

de carbone, en conservant l' humidité et en produi sant l'oxygène que l' on respire . Les 

pl antes sont source de fibres, carburants, médicaments et a liments. L'ex plos ion 

démographique que nous connaissons ac tuell ement engendre des besoins touj ours 

croissants envers cette ressource. Dans le derni er sièc le, la moderni sation des 

méthodes agrico les et de croisements a permis d'augm enter considérablement le 

ni veau de producti on des cultures. Cependant, ces méthodes coûteuses requiè rent 

beaucoup de ressources, de temps et d'espèces ayant des bagages génétiques très 

vari és . La transfonnati on génétiqu e es t depuis peu utili sée dans le but de contourner 

ces barri ères. Cette approche est notamment utili sée dans le but de diminuer les 

dommages causés par le ge l chez les espèces économiquement impo rtantes. 

Afin d'utili ser cette approche, il est important de comprendre les mécani smes 

phys io logiques, biochimiques et mo lécul a ires impliqués dans la rés istance au froid et 

au ge l. Les prochaines sections témo ignent des progrès accompli s dans le but 

d'augmenter nos connaissances sur ces mécani smes. 

1.1 Les plantes et les basses températures 

Lestre s au fro id surv ient lorsque les températures se situent entre 0 et 1 0°C, 

tandi s que le ge l surv ient lorsqu e les températures descendent au-desso us de zéro. Le 

degré de to lé rance au fro id et au gel es t très variable chez les végé taux. On retro uve 
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donc des plantes tolérantes au froid et au ge l, sensibles au froid et au ge l, et tolérantes 

au fro id, mais sensibl es au ge l. Certaines plantes peuvent acquérir un degré de 

tolérance supéri eur au fro id ou au gel après une période d'expos ition à des 

températures légèrement supéri eures au point critique de sensibilité. Par exemple, le 

blé d'hiver tolère normalement des températures de -5 °C mais peut survivre à -l 8°C 

après une période d'exposition au fro id (Limin et al. , 1997). Certaines espèces comme 

le maïs sont sensibles au froid . Malgré le fa it que celui-ci peut acquérir une certaine 

tolérance au froid après un passage à l4°C, il lui sera impossible de devenir to lérant 

au ge l (Prasad et al. , 1994). 

1.2 Effets du gel 

La formation de cri staux de glace dans le milieu extracellul aire suite au ge l est 

très dommageable pour les cellules des pl antes. Ces dommages s'expliquent de la 

faço n sui vante. Le point de congé lati on de l'eau apoplas tique (dans l'espace entre la 

membrane plasmique et la paroi cellulaire) es t plus élevé que ce lui de l'eau 

intrace llulaire. Par conséquent, l'abaissement de la température cause l'appariti on de 

cristaux de glace d'abord à l'extéri eur de la cellul e. La pression de vapeur de la glace 

étant plus fa ible que ce ll e de l'eau liquide, il en résulte un gradi ent de potentiel qui 

déplace l'eau liquide intrace llulaire vers les cri staux de glace. On observe alors une 

déshydratation du protoplasme et l'augmentation de la concentration en so lutés ainsi 

qu ' un affaissement de la membrane pl asmique (G uy, 1990). Comme la congé lation 

mène à une diminution du vo lume du cytopl asme, il s'ensuit un réajustement de la 

dimension de la membrane pl asmique par endocytose. C'est lors du dége l que 

surviennent la majorité des dommages à la membrane. À ce moment, l'augmentati on 

de la surface de la membrane plasmique n'est pas aussi rapide que l'augmentati on du 

vo lume cytoplasmique, l'expansion subi te du cytoplasme provoque une lyse ce llul aire 

(S teponkus, 1984). 
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Autre conséquence du ge l, la diminution du vo lume cytopl asmique et la 

déshydratation à la surface des membranes survenant de -4°C à -1 Ü°C provoquent un 

rapprochement des membranes pl asmiques et chloroplastiques. Étant donné les 

compos itions lipidiques di fférentes de ces membranes, un mélange se produit et on 

assiste à la formation de vésicules lipidiques mixtes de type phase hexagona le li. Au 

retour des températures clémentes, ces vésicules mixtes fusionnent à nouveau avec 

les di fférentes membranes plasmiques changeant ainsi la compositi on et la fluidité de 

ces dernières. Les membranes ainsi modi fiées deviennent alors très fragiles et 

dysfonctionnell es (S teponkus, 1984). 

Lorsque les températures descendent en dessous de -1 Ü°C, des fractures de la 

surface ce llul aire (fracturejump lesion) surviennent chez les plantes sensibles. L'effet 

de ces fractures n'est pas connu, mais comme pour les deux phénomènes précédents, 

ces lésions ne sont pas observabl es chez les pl antes capables de tolérer le ge l. La 

tolérance au gel acquise par certaines plantes permet à ce ll es-ci de survivre à ces 

stress hydriques, thermiques et mécaniques tandi s que les plantes sensibles meurent 

(Burke et a l. , 1976). 

Pour tolérer le ge l, la plante fa it appel à des mécanismes inductibl es qut 

peuvent apparaître ou di sparaître au beso in. Dans la nature, c'est au cours de 

l'automne, alors que la plante est ex posée au froid , que débute l'ensemble des 

changements condui sant à l'acquisiti on de ces mécani smes de rés istance. 

1.3 Effets du froid 

Dans un cycle annuel, la prolongation des péri odes fro ides et la diminution de 

la photopéri ode sont perçues comme 1 'avènement de 1 ' hi ver. La combina ison de ces 

deux phénomènes produit de multiples effets observabl es dans nos régions tempérées 

tels que la co lorat ion et la chute des fe uill es et l' accumulation de réserves sous forme 

de sucres. La capac ité à fl eurir de certa ines pl antes est aussi affectée par le fro id. Par 

exemple, pour le blé d' hi ver, une longue expos ition à de basses températures accé lère 
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le processus d ' induction de la fl oraison (S impson et al. , 1999). Ce phénomène est 

nommé vernalisation et intègre le froid comme signal important lors de la transition 

de la phase végétati ve à la phase reproducti ve (Kane et al. , 2006). Ces changements 

perceptibles témoignent de certains ajustements molécul aires et métaboliques chez la 

plante suite à son exposition au fro id. Voici quelques-un de ces ajustements. 

1.3.1 Effet du froid sur l'horloge circadienne 

À l' intéri eur d ' un cycle de 24 heures, des baisses de température et de 

luminosité sont perçues comme la venue de la nuit. Certaines études ont démontré 

que les plantes sont capables d' intégrer le signal des basses températures comme 

agent synchronisateur de leur horl oge circadienne (McCiung, 200 1 ). Par conséquent, 

les plantes ajustent le fo nctionnement de leur horloge afin d ' adapter de faço n précise 

leur métaboli sme aux di fférentes conditions conférées par leur environnement 

(Millar, 2004; Salomé et McCiung, 2005). li a d ' ailleurs été démontré que la capac ité 

d'ajuster le foncti onnement de l' horl oge circadi enne est un caractère qui confère un 

avantage important lors de l'évolution des espèces végétales (Dodd et a l. , 2005). 

Contrairement à la photopéri ode, la faço n dont le froid et les di fférents stress sont 

perçus et intégrés dans le fo nctionnement de 1 ' horl oge circadienne est encore 

méconnue. A va nt d ' aborder le phénomène de compensati on pour la température et 

autres stress environnementaux de 1 ' horl oge circadi enne, il est important de bien 

comprendre le fonctionnement de cette dernière. 

1.3.1.1 Fonctionnement de l'horloge circadienne 

Chez les pl antes, l' horl oge circadienne régul e l'express ion de plusieurs gènes. 

Ceci a pour effet d' influencer de nombreux processus biologiques notamment 

l' élongation de l' hypocotyle, la position des feuill es, le te mps de fl ora ison, 

l' express ion des gènes de la machineri e photosynthétique et le rythme de fixat ion du 
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C0 2 (McClung, 2006). Les premières expéri ences utili sant la techno logie des puces à 

ADN montrent qu 'environ 10% de tous les ARN d'Arabidopsis présentent un e 

ex press ion qui vari e signifi cati vem ent au cours d ' une péri ode de 24 heures ( Harmer., 

2000; Schaffer et a l. , 200 1 ). Le gène CHLO RO PHYLL A/8 BlN DlNG PROTE fN 

(CA B), dont l'expression est max imale au mili eu de la matinée, est l' un des 

princ ipaux marqueurs du cyc le c ircadi en et est largement utili sé pour carac téri ser les 

d ifférents mutants arythmiques. L ' utili sa ti on de ce marqueur a permis l ' identi fica tion 

de plusieurs gènes composant l' horl oge circadi enne chez Arabidopsis. 

Le modèle actuel de l' ho rloge c ircadi enne est maj oritairement basé sur 

plusieurs boucl es de rétrocontrô le au centre desq ue ll es se retrouvent invari ablement 

tro is protéines: deux fac teurs de transcri ption de type MYB, CIR CA DIAN CLOCK 

ASSOCIATED 1 (CCA / )et LATE ELONGATED H YPOCOTYL (LH Y), et la protéine 

TIMING OF CA B/ EXPRESSION (TOCJ, ou PSEUDO RESPONSE REGULA TOR! , 

PRR !) (Al abadi e t al. , 2001 ; A labadi et a l. , 2002) . La bouc le de rétrocontrôle 

princ ipale implique les gènes LHY et CCA 1 qui so nt ex primés de faço n rythmique au 

lever du j our. Les deux proté ines correspo ndantes s ' accumulent fortement durant 

deux à trois heures, et répriment l'expression de TOC ! en se fixant à son promoteur. 

Pendant la j ourn ée, l'accumul ati on des pro té ines CCA 1/ LHY diminue peu à peu, 

favo ri sant graduellement la transcripti on de TOCJ. L' accumulati on de la proté ine 

TOC l durant la nuit acti ve, le matin sui vant, la transcripti on des gènes CCA 1 ILHY. 

Cette derni ère activat ion nécess ite l'expressio n d 'autres gènes majoritairement 

exprimés en fin de j ournée: EA RL Y FLOWERING 3 (ELF3) , EA RL Y FLOWERJNG 4 

(ELF4), LUX ARRHYTHMO (LUX) et GJGANTEA (GI) (Sc haffe r et a l. , 1998 ; Fowler 

et a l. , 1999; Doy le et al. , 2002 ; Hazen et al. , 2005). 

Une seconde boucle de rétrocontrô le est proposée pour expliquer le 

fo nctionnement de l' horl oge c ircad ienne chez Arabidopsis . Au cœur de cette bouc le 

se retrouve une protéine hypothéti que s'accumulant en so irée q ui v iendra it act iver 

1 ' ex pression de TOC / . L'express io n du gène codant pour cette protéine hypothétique 
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serait e ll e-même réprimée par la proté ine TOC 1. Cette protéine demeure mconnue, 

mais il s ' agirait peut-être de G LGANT EA (Locke et a l. , 2005). 

Une troisième boucl e implique des gènes apparentés à TOC! . Ce dernier, 

partage de l' homologie avec 4 autres gènes, soit APRR (ARA BIDOPSIS PSEUDO­

RESPONSE REGULATORS) 3, 5, 7 et 9 ( Matsushika et a l. , 2000). Le regroupement 

de ces gènes est connu sous le nom de quintette A PRR. À l' aube, APRR9 est le 

premier gène du quintette APRR à être acti vé, suivi successivement de APRR 7, 

APRR5, APRR3 et de TOC! . La durée de l' expression de chacun de ces gènes est de 2 

à 3 heures (Makino et a l. , 2001 ). Cette cascade d ' acti vation donne justement li eu à 

cette troisième boucle de rétrocontrôle. CCA 1 et LHY régul ent positivement 

l' expression de APRR5, APRR 7 et APRR 9 alors qu ' à l' inverse les pro téines APRR5 , 

A PRR7 et A PRR9 répriment l' expression de CCA I et LHY (Farré et a l. , 2005 ; 

Harm er et Kay, 2005; Mizun o et Nakamichi , 2005 ; Nakamichi et a l. , 2005). É tant 

donné la redondance des gè nes APRR, la perte de la foncti on de l' un de ceux-ci n' a 

que très peu d ' effet sur 1 ' horloge. Cependant, lorsque les gènes APRR5, APRR 7 et 

A PRR9 sont tous défectueux, il s'ensuit une ary thmie sévère chez la plante conférant 

un rô le centra l au quintette APRR dans le fo ncti onnement de l' horl oge ( Kaczorowski 

et Quai! , 2003; Michae l et a l. , 2003). Cependant, la surex press ion des gènes A PRR 

n'a que très peu d 'effet suggérant a insi que des fac teurs additi onnels encore inconnus 

sont requi s (Matsushika et al. , 2002 ; Sato et a l. , 2002; Murakami et a l. ,2004) . 

Plusieurs chercheurs se trouvent déroutés par le paradoxe de l' horl oge 

circadienne. Bi en que tous les eucaryotes possèdent des mécani smes molécul aires 

régul ant les rythmes circadi ens, la compos iti on de ces mécani smes va ri e d ' un 

organisme à l' autre. Cependant, plusieurs d ' entre eux sont conva incus que certains 

des gènes associés à l' horloge circadi enne sont conservés dans l' évo lution (Dunl ap et 

a l. , 2004) et qu 'il ne reste qu ' à les trouver. 
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1.3.1.2 Compensation de l'horloge circadienne pour la température 

Une des caractéri stiques qui définit J' horl oge circadi enne chez tous les êtres 

vivants es t la capacité de maintenir un rythme robuste avec une péri ode avo isinant les 

24 h sous di ffé rents régimes de température. Ce phénomène important, appelé 

compensati on pour la température, est peu connu chez les plantes. Cependant, ce 

derni er es t largement étudié chez la drosophile et chez Neurospora, où les gènes 

PERlOD (PER), TIMELESS (TlM) et FREQUENCY (FRQ) sont des joueurs de 

pre mier plan (Barg iello et Youn g, 1 984 ; Zehring et al. , 1 984; McClung et al. , 1 989; 

Sehga l et a l. , 1 994). Deux hypothèses majeures découlent de l'étude du phénomène 

de compensati on pour la température chez ces deux organi smes. La première stipul e 

que la compensati on est un caractère intrinsèque aux gènes de 1 ' horl oge circadi enne. 

Ceux-ci, sans l'aide de facteurs externes, pourraient s'autorégul er afin de compenser 

pour 1 'éca rt de température ( Pri ee, 1997; Ham bien et a l. , 1998; Rothenfluh et al. , 

2000). L' autre hypothèse est que la compensati on pour la température de 1 ' horl oge 

serait J'affaire de facteurs autres que les gènes de l' horl oge (Liu e t al. 1 997; Majercak 

et a l. , 1999). Cette hypothèse est d 'ailleurs soutenue chez les plantes par l'ana lyse de 

di ffé rents QTLs chez 27 écotypes d'Arabidopsis recueilli s à di ffé rentes longitudes, 

latitudes et a ltitudes . Quatorze loci contribuant au phénomène de compensati on pour 

la température ont été identifi és en comparant la capacité de ces pl antes à adapter leur 

rythme circadi en à différents régimes de température. Bien que certa ins QTLs aient 

été associés à des gènes de l' horl oge (Cl , A PRR3 et possiblement TOC! ), la grande 

majorité correspondent à des gènes qui ne sont pas ac tu e ll ement assoc iés à l' horl oge 

(Edwa rds et a l. , 2005). Chez Arabidopsis, le rô le de Cl dans le phénomène de 

compensati on pour la température a récemment été étud ié (Go uld et a l. , 2006). JI 

resso rt de cette étude que lors de changements de tempéra ture, la période durant 

laquell e sont ex primés les di ffé rents gènes de l' horloge (notamment CCA I , LH Y et 

TOC / ) demeure inchangée ou presque. Cependant, l'amplitude de la réponse (ni veau 

d ' express ion) est grandement perturbée, ce qui suggère que l'amplitude serait un 
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caractère important de l'expression des constituants de l' horloge. De plus, il a été 

démontré que l'oscillateur central de pl antes n'exprimant pas G/ est grandement 

affecté à basse et à haute température, démontrant que GI est un gène clé dans le 

phénomène de compensation pour la température. 

1.3.2 Le froid perturbe l'activité photosynthétique. 

On reconnaît au froid la propriété de pouvotr ralentir les réactions 

enzymatiques. lin ' est donc pas étonnant qu ' une péri ode d 'exposition au froid induise 

des perturbations de l'activité photosynthétique chez la plante. Les auteurs Mark Stitt 

et Vaughan Hurry (2002) utili sent l'exemple sui vant pour illustrer ces perturbations. 

Durant la photosynthèse, le C0 2 est combiné avec le ribul ose-l ,5-biphosphate pour 

former le glycérate-3-phosphate, qui est par la suite réduit en triose-phosphate en 

utili sant du NAD PH et l' ATP générés par le transport d ' électrons de la 

photosynthèse. Le triose-phosphate est alors exporté dans le cytoplasme et converti 

notamment en saccharose. Pour que le taux optimal de photosynthèse so it maintenu, 

il est nécessaire de maintenir un équilibre parfait entre le taux de fi xation du carbone 

et la synthèse de saccharose. Cependant, des études menées à la fin des années 80 ont 

démontré que suite à une exposition au fro id , l'orge et l'épinard montrent rapidement 

des défici ences au niveau de la synthèse du saccharose (Leegood et Furbank, 1986; 

Stitt et al. , 1988; Sharkey et al. , 1986). Par conséquent, la capac ité photosynthétique 

de ces plantes se trouve perturbée. 

Il est maintenant connu que le froid entraîne des changements à l' intéri eur 

des chloroplas tes (Huner et al. , 1998) . Ces changements sont notamment provoqués 

par un débalancement entre la quantité d' énergie lumineuse absorbée par la 

photochimie et la quantité d ' énergie utili sée par le métaboli sme de la plante. Ce 

débalancement provoque une modulati on de la pression d ' excitati on du photosystème 

ll (Huner et a l. , 1998). La press ion d' exc itati on est le refl et de l'état de réducti on de 

ce photosystème. La modulat ion de ce paramètre par une expositi on à un excès de 
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lumière ou aux basses températures initi e un e cascade de signa li sati on. Cette cascade 

de s igna li sati on entraîne a lors la modul ati on de 1 ' expression de plusieurs gènes 

notamment ceuxassociés à la photosynthèse et à la protection contre les stress. Chez 

les plantes de régions tempérées comme le blé, l' exposition au fro id cause une séri e 

d 'ajustements au niveau de la taill e des antennes, de la photochimie et de la 

di ss ipati on non photochimique de l' énerg ie (émission de chaleur). Cette séri e 

d ' ajustements protège la plante contre la photo inhibition et mène souvent à 

1 ' acqui sition d ' une plus grande capacité photosynthétique (Huner e t a l. , L 998) . 

Cependant, lorsque la situati on ne peut être rétablie par ces ajustements, on ass iste à 

une photo inhibition sévère causée par un e explos ion de stress oxydati f affectant les 

lipides membranaires, les deux photosystèmes et les enzymes du cyc le de Ca lv in . 

Cette inhibiti on causée par le stress oxydati f peut a lors devenir irréversibl e, se 

propager à l 'ensemble de la cellule et entraîner la mort de la pl ante (Huner et a l. , 

1998). 

1.3.3 Le froid provoque le stress oxydatif 

Le stress oxydati f est fo rtem ent induit par le froid a insi que par une vari été de 

fac teurs environnementaux te ls qu e les hautes températures, les UV, la lumière forte, 

les pathogènes, les herbi cides et le manque d ' oxygène. Le stress oxydati f, tout 

comme le ge l, est considéré comme l' une des princ ipales causes de pertes en 

agri culture (Allen et al. , 1997; Mittl er, 2002; Apel et Hirt, 2004; Barte ls and Sunkar, 

2005; Foyer et Noctor, 2005). 

1.3.3. 1 Production des espèces d ' oxygène réactives 

Par e lle-même, une molécul e d 'oxygène est re lati vement peu réacti ve 

notamment grâce à sa confi gurat ion é lectronique (E istner, 1987). Cependant, lorsque 

cette molécul e d ' oxygène est act ivée, il s ' ensuit la fo rmati on de di ffé rentes espèces 
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d 'oxygène réactives (ROS). L'excitati on de (0 2) entraîne la formati on de ROS 

comme l'oxygène singul et ( 10 2) . Les radi caux libres superoxyde (0 2- ) et hydroxyle 

(OH ") et les molécules comme le peroxyde d ' hydrogène (H20 2) et l'ozone (0 3) sont 

quant-à eux le résultat du transfert de un , de ux ou tro is é lectrons à l'oxygène 

atmosphérique (Mittl er 2002). 

Le peroxyde d ' hydrogène et l'anion superoxyde sont tous deux norm alement 

produits par de nombreuses réacti ons enzymatiques catalysées par des 

lipooxygénases, des peroxydases, des NADPH oxydases et des xanthines oxydases. 

Ces ROS sont auss i fo rm és par les chaînes de transport d 'é lectrons du chl oroplas te 

(Asada, 1999) de la mitochondri e e t de la membrane plasmique (transport d 'électrons 

médié par le cytochrome-b) (E istner, 1987). Cependant, la chaîne de transport 

d 'é lectrons des mitochondri es demeure le site de production des ROS intracellula ires 

le plus carac téri sé chez les eucaryotes. Cette chaîn e produit principalement l'anion 

superoxyde (0 2._) et le peroxyde d ' hydrogène (H20 2) en laissant fuir des é lectrons 

lors du transport de ces derni ers (G ill e et No hl , 200 l ; Chakraborti et a l. , 1999; 

Müll er, 2001 ). Bi en que la respi ra ti on mitochondri ale a it un rôle à jouer lors de la 

surproducti on de ROS chez les pl antes stressées, la photorespirati on et le 

fo ncti onnement de 1 'appareil photosynthétique en demeurent les principa les sources 

(Mittler, 2002). La producti on accrue de ROS en conditi ons de stress résulte en de 

nombreux dommages ce llul aires chez la plante. 

1.3.3.2 Dommages causés par le stress oxydatif 

Les composants cellula ires les plus susceptibles d 'être endommagés par les 

radi caux libres sont les lipides (peroxydat ion des ac ides gras insaturés au ni vea u des 

membranes), les protéines (par dénaturati on), les carbohydrates et les ac ides 

nuclé iques. L 'étendue des dommages li és au stress oxydati f dépend de l'état préa lable 

des ti ssus, des propriétés de la me mbrane pl asmique, de la présence d ' antioxydants 
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endogènes et de la capacité de la plante à induire des mécanismes de protection 

appropriés (Mittler, 2002). 

1.3.3.3 Phénomène de tolérance croisée : implication des ROS 

La tolérance des plantes à différents stress peut être améli orée en augmentant 

les niveaux des différents antioxydants et des enzymes de détox ification (Mittler, 

2002). Par exemple, des plantes surexprimant la MnSOD ont démontré une tolérance 

supérieure au ge l, à la déshydratation , à l'application de paraquat (méthyle viologène) 

ainsi qu ' un meilleur taux de survie suite à la période hivernale (McKersie et al. , 1993, 

1996, 1999; Bowler et al. , 199 1; Slooten et al. , 1995). La surexpression de la FeSOD 

procure aussi une tolérance accrue au paraquat (Van Camp et al. , 1996; Van 

Breusegem et al. , 1999) et un meilleur taux de survie suite à la période hi vernale 

(McKersie et al., 2000). La surexpression de la forme chloroplas tique de la SOD, la 

Cu/Zn-SOD du pois chez Arabidopsis résulte auss i en une to lérance accrue aux stress 

li és à l' exposition à la lumière forte et aux basses températures (Sen Gupta et al. , 

1993a, 1993b). 

Ces études sont un exemple du phénomène de tolérance-croisée aux différents 

stress environnementaux . De plus, bien que les ROS so ient perçus comme des sous­

produits toxiques issus du métaboli sme, de plus en plus d ' indices démontrent que ces 

molécul es, lors de conditions de stress, peuvent auss i agir en tant que signaux 

ce llul aires visant à provoq uer une réponse spéc ifique nécessaire à l'acqui sition d ' une 

to lérance chez la plante (M ittler et a l. , 2004). 

2.0 Acclimatation au froid et tolérance au gel 

L'acc limatation au froid est le processus par lequel les plantes to lérantes 

acqui èrent une tolérance au ge l, ce qui leur permet de survivre aux conditi ons 

ri goureuses de l'hiver. Deux phases sont étud iées lors de l'acclimata ti on (G uy, 1990). 
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Premièrement, la phase d'ajustement métabolique des fonctions cellulaires de base. 

Ce lle-ci permet l'ajustement rapide de la plante aux contraintes biophys iques des 

basses températures. Deuxièmement, l'induction des mécanismes menant à la 

tolérance au gel compl ète l'acclimatation. 

On associe également des changements physiologiques, biochimiques et 

moléculaires à l' acc limatati on au froid et au développement de la tolérance au ge l 

chez les espèces tolérantes. Parmi ces changements, on note l'accumulation 

d 'osmoprotectants, l'augmentation du transport vésiculaire et la modifi cation de la 

composition de la membrane plasmique, l'induction de nouveaux gènes (parfo is 

spécifiques aux basses températures) et la producti on de nouve ll es protéines. Toutes 

ces modifi cations sont considérées comme fa isant parti e du processus d'acclimatation 

au froid qui mène à la tolérance au ge l (Guy, 1990). L' essor de la génomique au cours 

des dernières années a permis d 'étudier et de quantifi er l' importance de l' inducti on de 

nouveaux gènes lors de l' acc limatation au froid chez plusieurs espèces. Ces travaux 

ont permis de constater que les modifi cations de l'expression génétique sont sous­

j acentes à l'ensemble des changements observés lors de l' acquisiti on de la tolérance 

au gel. 

2.1 Accumulation d'osmoprotectants 

Plusieurs études ont montré qu ' à basse température, 1 'expression de certains 

gènes et l'ac tivité de certaines enzymes augmentent dans le but de synthéti ser des 

métabolites nécessa ires à la tolérance des plantes au ge l (Breton et al. , 2000). Les 

osmoprotectants se retrouvent dans tous les organi smes, des archéobactéries aux 

plantes supéri eures et animaux (Yancey et al. 1982 ; McNeil et a l. 1999). Dans des 

conditions phys iologiques, ce sont des composés hautement so lubl es qui ne 

comportent aucune charge nette. Les osmoprotectants sont auss i non tox iques et ce, à 

haute concentrati on. On attribue plusieurs rôles à ce type de composés. Lorsque 

certaines conditions (salinité, température, humidité) ne sont pas favorables, il s 
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abaissent le potentiel osmotique dans le cytoplasme, empêchent la précipitati on de 

protéines et stabilisent la membrane plasmique en produisant des interac tions avec les 

groupements polaires des phospholipides (Bohnert et Shen 1999; McNeil et al. 1999). 

En remplaçant les molécules d'eau, il s permettent une diminution des interacti ons 

protéines-so lvant de façon à ce que 1 'association des sous unités et la conformation 

native des protéines so ient maintenues dans un milieu à fa ible potentiel hydrique. Les 

osmoprotectants sont donc des acteurs importants dans l'adaptation cellulaire aux 

diverses conditi ons environnementales hostil es à la plante (Yancey, 1994). On 

retrouve principalement deux types d'osmoprotectants: ceux déri vés des acides 

aminés et ceux déri vés des sucres. 

2.1.1 Les sucres comme osmoprotectants 

Durant l'acc limatation au froid, l'accumulation de composés reli és aux sucres 

(saccharose, sorbitol et fru ctans) a souvent été observée (Olien et Clark 1993; 

Yaguj fa lvi et al. 1999). tl n'est donc pas étonnant que chez la luzerne et Arabidopsis, 

l'augmentation de l'acti vité de certaines enzymes responsabl es de la formati on de ces 

composés est corrélée avec le degré de to lérance au ge l de certains culti vars ou 

écotypes (Castonguay et Guckert 1996, Taji et a l. , 2002). Les sucres préviennent la 

déshydratati on des protéines et des membranes en les maintenant dans des conditions 

analogues à cell es observées phys io logiquement (Crowe et al. 1992) . 

Selon Cadi eux et al. ( 1988) , l' augmentati on des sucres parti cipe à 

l'augmentati on de l' osmolarité intrace llul aire abaissant le point de congé lation et 

protégeant ainsi la ce llule contre le gel intrace llul aire. tl a auss i été proposé que les 

sucres exercent un effet direct sur la protection de la membrane. Les sucres 

réducteurs, de même que le tréha lose et les fructans prév iendraient la fusion des 

membranes induites par la déshydratation en ag issant comme un ta mpon entre e ll es 

(Deme! et al. , 1998; Vereyken et a l. , 2001 ). 
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LI a été démontré par notre laboratoire que chez le bl é, durant 1 'acclimatation 

au fro id, le contenu en sucres solubles et réducteurs est plus élevé chez les culti vars 

de blé tolérants au ge l que chez les culti vars de blé sensibles. L' accumulati on de 

sucres, qui sont des composés énergétiques, implique que le blé to lérant possède une 

balance énergétique plus élevée que son homologue sensible (Perras et Sarhan, 1984). 

2.1.2 Osmoprotectants dérivés des acides aminés 

Plusieurs osmoprotectants déri vés des ac ides aminés ont été identi fiés chez les 

plantes soumises à des stress environnementaux. On dénombre parmi ceux-ci, la 

praline (Hare et al. 1999), le 3-dimethylsulfoniopropi onate (McNeil et al. 1999), les 

polyamines (Kumar et Minocha 1998), la tri gonelline (Tramontano et Jouve 1997) et 

la glyc ine bétaïne (N uccio et al. 1999). 

2.1.2.1 La proline 

La pra line s' accumule au cours de plusieurs stress environnementaux et est 

auss i corrélée avec 1' induction fl orale et 1 'arrêt de croissance (Hare et al. , 1999). La 

pra line peut être synthéti sée à partir du glutamate par une enzyme bifo nctionnell e 

possédant les activités catalytiques y-glutamyl kinase et glu tamique-y-semialdehyde 

déshydrogénase (Holmberg et Bülow 1998). Le gène qui code pour cette enzyme, le 

p5cs, a été utili sé pour la production de plantes transgéniques dans le but d'augmenter 

la producti on de pra line (Kishor et al. 1995). Des plants de tabac transgéniques au 

contenu élevé en pra line se sont montrés plus osmotolérants que les plants témoins 

durant un stress salin et une péri ode de sécheresse. De plus, il s ont démontré une 

bi omasse plus développée que les plants témoins. Les études portant sur 

l' accumulation de cet ac ide aminé suggèrent qu ' il sera it de plus une molécule de 

signalisa ti on (Maggio et a l. , 2002: Nanj o et al. , 1999) . 
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2.1.2.2 La glycine bétaïne 

Des études ont démontré que l' expression et 1 'accumulation de plusieurs 

enzy mes impliquées dans la synthèse de la g lyc ine bétaïne sont induites par les stress 

environnementaux (Charron et a l. , 2002; McCue et Hanson. , 1992; Nakamura et a l. , 

1997; Weretilnyk et Hanson , 1990). De plus, on attribue à la g lycine bétaïn e plusieurs 

des résultats les plus spectacula ires en ce qui a tra it à l'augmentati on de la to lérance 

aux basses températures (Breton et a l. 2000). Parmi ces résultats, l'appli cati on 

exogène de bétaïne a augmenté de 5°C la to lérance au ge l des plants de blé acc limatés 

ou non (A II ard et a l. 1998) . Des tests de cryoprotecti on ont aussi montré que la 

glyc ine bétaïne peut agir comme osmoprotectant en protégeant les liposom es, les 

bac téri es et di ffé rents ti ssus durant la congé lati on (Higgins et a l. 1987; Z hao et a l. 

1992; Ko et a l. 1994; Lloyd et a l. 1994). 

2.2 Changement de la composition en lipides membranaires et exocytose 

Les membranes plasmiques constituent le plus important site de changements 

structuraux au cours de l'acc limata ti on au fro id . Lyons (1973) et Raison ( 1973) sont 

les premiers à avo ir proposé qu 'une transiti on de phase therm otropique des lipides 

membranaires pui sse j o uer un rô le dans la sensibilité des plantes au fro id . Taiz et 

Ze ig ler ( 199 1) expliquent qu'une augmentati on de la teneur en lipides insaturés 

augmenterait la fluidi té des m embranes en diminuant la température de 

semicri sta ll isa ti on. 

En comparant la compos iti o n en phophatidy lg lycéro ls (PG) de 74 espèces de 

pl antes , un li en fut établi pour la première fois entre la compos iti on lipidique de la 

membrane et le degré de tolérance a u ge l chez les végétaux (Roughan 1985) . Il ex iste 

une co rré lati o n pos itive entre le taux d'in saturation (sa turé vs trans- mono-insaturé) et 

la sensibilité au fro id . Une étude récente a permi s de déterminer avec précis ion que la 
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quantité de lipides insaturés des thy lakoïdes ainsi que des autres membranes 

augmenta it au cours de l' acclimatati on au froid et du déve loppement de la tolérance 

au gel (Welti et a l. , 2002). 

Des changements au ni veau de la composition en lipides durant l'acc limatati on 

du se igle ont aussi été démontrés (Uemura et Yoshida 1984 ; Lynch et Steponkus 

1987). On note une augmentation des stérols libres, du taux d'in saturati on des 

phospho lipides et une diminution du contenu en cérébrosides. Des changements 

simila ires ont été observés chez Arabidopsis (Uemura e t a l. , 1995). Il a aussi été 

démontré que la fu sion de protoplas tes de se ig le avec des liposomes de différents 

types de phosphatidy lcholine, permetta it de simuler l'acc limatati on des protopl as tes 

(S teponkus et al. , l 988) . Le résultat des fu sions a démontré qu ' une augmentati on en 

lipides mono- et di-insaturés permettait d ' imiter le compo rtement des protoplastes 

acc limatés. 

A u cours de l'acclimatati on au fro id, le nombre de vés icul es membrana ires 

près de la membrane plasmique augmente. Ce phénomène d 'exocytose a été constaté 

chez certa ins arbustes (Niki et Saka i 1983) , des m ousses e t l'épicoty le de bl é et d'orge 

(S ingh et Laroche 1988). Ces vésicul es permettraient d'a ltérer la composition 

lipidique de la membrane plasmique en fusionnant avec e ll e lors de l'acclimatation au 

fro id (S ingh et Laroche 1988). 

2.3 Modifications génétiques reliées à l'acquisition de la tolérance au gel 

L' hypothèse voul ant que l'acti vati on de nouvea ux gè nes et la synthèse de 

nouve ll es proté ines so ient nécessa ires à l'acqui s ition de la to lérance au ge l a été 

proposée il y a ma intenant presqu e 40 ans (S iminov itch et al. 1968 ; Weiser, 1970). 

Subséquemment, les travaux de Sarh an et D'A oust ( 1975) ont fo urni les premiers 

indices indiquant que l' acc limatation au fro id éta it probablement assoc iée à 

l'activa ti on de nouveaux gènes. li s ont observé un changement de la compos ition en 

G+C des A R. s lors de l'acclimata ti on d'un bl é to lérant. Ce changement ne survenait 
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pas chez le blé sensible . Cette observation révélait donc un changement dans la 

population des ARNm qui pouvait être attribué à l'inducti on de nouveaux gènes. 

Dix ans plus tard, des expéri ences de traduc ti on in vitro ont dém ontré une 

modifi cati on de l'express ion génétique chez l'épinard au cours de l'acclimata ti on à 

5°C (Guy e t a l. 1985). Au m ême moment, d'autres données confirmèrent 

indirectement l' induction de nouveaux gènes lors de l' acc limatati on au froid . Il a été 

montré que les ARN po lymérases I et li sont plus acti ves lors de l'acclimatati on au 

fro id chez le blé (Sarhan et Chevri er, 1985). Plus tard, des études de séparati o n des 

protéines ainsi que des produits de traducti on d' ARN in vitro par é lectrophorèse en 

deux dimensions ont clairement démontré l'étendue des changements g lobaux se 

produi sant au cours de l'acc limatati on au froid (Danyluk et Sarhan, 1990; Dany luk et 

a l. , 199 1; Sarhan et Perras, 1987). Suite à ces observa ti ons, il a été es timé qu e 

l'expression d 'environ 10 % des gènes de blé éta it régul ée par le fro id . Par la suite, il 

a été démontré que l'expression de certains gènes induits par le froid était corré lée 

avec la capacité de la plante à to lérer le ge l. (Breton et a l. , 2003; Dany luk e t a l. , 1994 ; 

Houde et a l. , 1992; Zhang et a l. , 1993; Frenette Charron et a l. 2002; Charron et a l. , 

2003, 2005). 

Depuis que Schaffer et Fischer ( 1988) ont c loné les premiers ADN e induits 

par les basses températures, plus ieurs autres A DNe induits par le fro id ont été 

identifi és et carac téri sés notamment grâce à des analyses utili sant des biopuces à 

ADN (Thomashow, 1999; Fowler e t Thomashow, 2002; Seki et a l. , 2001 ; Seki et a l. , 

2002). Plus récemment, chez le blé, une coll ec ti on de plus de 70 000 ESTs a été 

générée et réuni e à près de 200 000 ESTs déjà présents dans les bases de do nnées 

publiques ( Ho ude et al. , 2006). L'analyse é lectronique de ces données d 'express ion a 

permis d ' illustrer l'étendue des différents change ments métabo liques provoqu és par 

l'expos iti on du blé au froid et à d 'autres stress abi otiques. Cette ressource constitue 

auss i un outil de premier plan lors d 'analyse gé nétique chez le bl é, une espèce dont le 

génome hexaploïde n ' est pas séqu encé. 
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Lors de travaux plus modestes, pré liminaires aux travaux présentés par Houde 

et a l. , (2006), des ADNe codant pour une proté ine de la famill e des lipocalines ont été 

c lonés chez le blé d ' hi ver et chez Arabidopsis. Les prochaines sections démontrent 

l' importance et la nécessité d 'étudi er plus en déta il cette fa mill e de protéines chez les 

plantes. 

3.0 Les lipocalines 

Durant les 15 dernières années, la bio info rmatique et la cri sta ll ographie de 

proté ines ont permis d ' identifier une nouve ll e fa mill e de protéines, les lipoca lines. 

Les protéines constituant cette fa mille ont la parti cul arité de li er des li gands et 

possèdent des similarités au ni veau de leur mode d 'acti on et de leurs structures 

primaire, secondaire et tertia ire. (Pervaiz et Brew, 1985 ; Flower, 1996) . Le terme 

"fa mill e a lpha-2).1 globuline", faisant référence à un des premiers membres de cette 

famill e, a d 'abord été adopté pour dés igner cette fa mill e. Pui s, en 1987 , Pervaiz et 

Brew ont été les premiers à suggérer le nom lipoca line (déri vé des mots grecs "lipos" 

s ignifi ant gras et "ca lyx " s ignifi ant coupe). Cependant, Sawyer et Ri chardson ( 199 1) 

ont soul evé la controverse en préférant utili ser le term e lipocalycine. Le terme 

lipoca line fa it maintenant parti e du vocabula ire scienti fi que e t, sans égard pour les 

arguments de sémantique, sera utili sé dans le présent docum ent. 

3.1 Séquence et structure 

La fa mill e lipoca line a été défini e principalement sur la base de l' homologie 

de séquence. A priori , les membres de cette fa mill e présentent des séq uences 

étonnamment di vergentes. Un a li gnement des séqu ences révè le que l' homologie entre 

certaines lipoca lines tombe fréquemment so us le seuil de l'acceptabilité, so it 20%. 

Cependant, toutes les lipoca lines partagent, sous fo rm e de courtes séquences 

conservées, des motifs qui leur confè rent des propri étés spécifi ques à cette famill e. La 
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plupart des lipocalines, de type "kernel" , possèdent troi s motifs di stincts tandis que 

d 'autres membres plus divergents, de type "outlier" , n'en possèdent qu ' un ou deux. 

Panni ces troi s motifs, les lipocalines possèdent indubitab lement le premier. Cette 

caractéri stique constitue le critère d'identifi cation par excell ence des membres de 

cette famille. 

La structure tridimensionnelle des lipocalines est maintenant très bi en 

caractéri sée (F iower et al. , 1993; Flower 1995 ; Flower 1996). Lors du repliement, on 

assiste à la fonnation d ' un baril-~ hautement symétrique composé de huit feui ll ets-~ 

antipara llèles reli és entre eux par des ponts hydrogènes. La propriété de li er un li gand 

est conférée à ce baril-~ par la cavité interne hydrophobe formée par le repliement 

des feuil l e ts - ~ et par une boucle ex terne surplombant la partie ouverte de cette cavité. 

Par conséquent, c'est la diversité de cavités qui donne lieu à la liai son d ' une panoplie 

de li gands. Chacun des huit feuillets-~ , généra lement identifi és de A à H, est relié au 

sui vant par une des sept boucles, identifi ées de 81 à 8 7, donnant li eu à la plus simple 

des topologies pour un baril-~. À l'exception de la première, les boucles sont de 

petites épingles à cheveux-~ ou "~-hairpins" . Contrairement aux autres, la boucle 81 

est vaste et de type Q . Ell e forme le couvercle fl ex ibl e qui ferme parti ell ement la 

cavité inteme du baril- ~ . Après le feuillet-~ H, on retrouve deux structures, soit une 

hélice alpha et un petit feuillet-~ supplémentaire (l). Bien que ces deux structures 

so ient touj ours présentes, e ll es sont de dimensions vari ables et ne conservent pas la 

même pos ition dans l' espace par rapport au baril-~. De plus, ces structures n 'entrent 

pas dans la compos ition de la cavité hydrophobe. 

Comme mentionné plus haut, les lipocalines partagent entre ell es jusqu 'à troi s 

motifs. Ces motifs sont nommés: régions structurales conservées ou "structurally 

conserved reg ions (SC R)" (Fiower 1995; Flower 1996). SCR 1 est le motif ubiquitaire 

chez les lipoca lines. Il est composé de l' hé li ce a3 10 (petite héli ce plus rare et moins 

stable qu ' une hé li ce a) et du feuillet-~ A responsable de la fermeture rigide de l'autre 

extrémité du baril-~. On soupçonne le motif SC R 1 de jouer un rôle prépondérant dans 
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la li aison du li gand. Les deux autres motifs auraient un rôle à jouer dans la 

stabili sation de l' interacti on protéine- li gand. Cependant, ces derniers ne sont pas 

présents dans toutes les lipoca lines . Le motif SCR2 comprend les feuillets-[3 F et G et 

la boucle uni ssant ces derni ers, tandis que SCR3 comprend le feuillet-[3 H et une 

partie de la boucle adj acente. 

3.2 Propriétés des lipocalines 

La structure hautement conservée qui caractérise les lipocalines confère à 

cette fami Il e de protéines une séri e de propriétés di stincti ves. On attribue aux 

lipocalines la capacité de li er des li gands et des récepteurs cellu laires en plus de 

former des compl exes molécul a ires. Ces proprié tés sont conservées dans l'évolution 

et définissent maintenant le te1me lipoca lines . 

3.2.1 Liaison de ligands 

Les lipoca lines sont général ement connues pour leur capac ité à li er de petites 

molécules hydrophobes . Ces molécul es peuvent être aussi bien endogènes 

qu 'exogènes. Parmi les molécul es déj à connues, certaines possèdent des fonction s 

bi o logiques critiques te ll es que les rétinoïdes ( rétinol , aci de rétin oïque), l'acide 

arachidonique, le fer , la bilirubine et la biliverdine, la prostaglandine, et une 

multitude d ' hormones stéroïdiennes. La vaste sé lection de molécules pouvant être 

li ées par les lipoca lines permet d 'envisager un rô le général dans le transport, que ce 

so it pour retirer des molécules indés irabl es ou apporter des composés nécessa ires au 

mainti en ou à la réparat ion ce llul a ire (Âkerstrom et a l 2000). 

La capac ité de li er des li ga nds confère un rôle au ni veau de la détoxification 

lors de condi tions de stress oxydat if à la lipoca line a - Microglobuline. Il a été 

démontré que cette lipoca li ne a la capacité de li er et de détoxifier le groupement 
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hème ainsi que di fférents produits d'oxydation générés par les ROS (Allhorn et a l. , 

2003; Larsson et a l. , 2004; Allhorn et al. , 2005) . 

3.2.2 Liaison aux récepteurs 

Un nombre croissant de preuves expérimentales démontrent que les 

lipoca lines ont la poss ibilité de se lier à des récepteurs spécifiques situés à la surface 

des ce llules et d 'être internalisées, notamment par endocytose. Parmi ces lipocalines, 

on retrouve (par ordre chronologique de la découverte de la liaison à un récepteur) la 

retinol-binding prote in (RBP), l' a -1-Microglobuline ( a -1 M), la purpurine, la ~­

lactoglobuline (Big) , l'epididymal retinoic acid binding protein (ERABP), 

insectianine, l'a-1-ac id glycoprotein (AGP), l' odorant-binding protein (OBP), la 

glycodéline, la lipocaline-1 (Lcn-1 ) et l' Apolipoprotéine D (ApoD) (Burke et al. , 

2006) . Comme exemple plus spéc ifique, le complexe rétinol-RBP est internali sé par 

un mécanisme d 'endocytose de récepteurs dans les ce llules parenchymateuses (Senoo 

et al. , 1990) et implique probablement un transport utili sant les cavéoles (Malaba et 

a l. 1995). Le récepteur de la RBP a depuis été caractéri sé et porte maintenant le nom 

de mégaline (Sa ito et a l. , 1994). Ce récepteur a comme parti cul arité de li er un grand 

nombre de lipocalines y compri s la RBP. Une fois internali sé dans les ce llules, le 

complexe rétinol-RBP se di ssoc ie, rendant ainsi le rétinol di sponible pour la 

croissance, la di ffé renciation ce llul aire, la reproduction et la vision normale (Burke et 

a l. , 2006). Comme autre exemple, il a été démontré récemment, que 1 ' ApoD interag it 

avec le récepteur de la leptine. La découverte de cette interac ti on a permis 

d ' envisager un rôle phys iologique pour cette lipoca line. L' A poO contribuerait à la 

régulation de l' augmentation du taux de gras corporel probablement par la li aison 

d ' un li gand, encore indéterminé, suite à la stimulati on du récepteur de la leptine Ob­

Rb. Ce li gand serv irait de molécul e signal, confé rant ainsi à l'ApoD un rôle dans la 

signali sa ti on ce llulaire (Liu et al. , 2001 ). 
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La principale hypothèse concernant la li aison des lipocalines à des récepteurs 

implique les trois motifs caractéri sant cette famill e. Lorsque la protéine est 

proprement repliée, les trois motifs sont à proximité l' un de l'autre formant ainsi une 

zone de contact à l' ex trémité fe rmée du baril-~ . Cette zone constituerait un site de 

li aison commun à des récepteurs de surface cellulaire (Fiower et al. , 1993 ; North, 

1989) . Cependant, une étude de mutagenèse a démontré que, pour l' interacti on RBP­

mégaline, certains résidus situés dans la boucle Q sont auss i essentiels à la li aiso n 

protéine- récepteur (S ivaprasadarao et al. , 1993). Il est donc clair que les déterminants 

structurels responsables de la li aison lipoca line-récepteur résident dans le repli ement 

et la structure conservée des di ffé rents membres de cette famill e. 

3.2.3 Complexation macromoléculaire 

La capac ité que possèdent certaines lipocalines à fo rmer des complexes avec 

des macromolécules so lubles est possiblement leur foncti on de reconnaissance 

moléculaire la moins documentée (Fi ower, 1995). Dans le plasma sanguin , la RBP, 

transportant ou non un ligand , est généralement complexée à la protéine 

transthyrétine (Goodman, 1984). Seulement 4% des RBPs du pl asma sont à l' état 

libre. La transthyrétine, en plus de li er le rétinol, a la propriété de li er des hormones 

thyroïdi ennes dans le plasma sanguin de la plupart des vertébrés (Malpeli et al. , 

1996). Le complexe RBP-transthyrétine est par la sui te impliqué dans 

l' acheminement du rétinol à certa ins types de ce llules (Yamamoto et al. , 1997) . Un 

proche parent de la RBP, la proté ine purpurine, est un composant des adhérons. Les 

adhérons sont de grands complexes macromolécul aires ex trace llulaires qui 

provoquent 1 ' adhés ion ce llule-cellule ou ce llule-substrat via une interac ti on avec un 

récepteur de surface spéc ifi que (Schubert et LaCorbiere, 1985). 

Chez l' humain , grâce à un cinquième pont disul fure, près de 80% de I' ApoD 

présente dans le plasma existe sous forme de compl exe. Les principaux compl exes se 
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fom1ent avec l'apolipoprotéine Ali dans les HDL et avec l'apolipoprotéine B-1 00 

dans les LDL et VLDL (Blanco-Yaca et al. , 1992). On soupçonne que ces 

interactions permettent de stabili ser la présence de 1 ' ApoD dans les di fférents 

complexes de lipoprotéines pour assurer un transport plus effi cace de cette lipocaline. 

La boucle Q située à l'extrémité ouverte du b a ril- ~ serait responsabl e des 

interactions protéine-protéine. Par conséquent, les vari ations de longueur, de forme et 

de compositi on en ac ides aminés seraient les principaux facteurs nécessa ires à la 

fo rmation de complexes macromoléculaires vari és et hautement spécifi ques (Monaco 

et Zanotti , 1992). 

3.3 Les lipocalines chez les plantes 

Préalabl ement à mes travaux, deux protéines, la violaxanthine dé-époxidase 

(V DE) et la zéaxanthine époxidase (ZEP), ont été identifiées comme ayant certaines 

caractéristiques structurales des lipoca lines (Bugos et al. , 1998). Bien que le nom de 

lipocaline leur ait été rapidement attribué, ces deux protéines suscitent la controverse 

quant à leur appartenance à la famille des lipoca lines (Sali er, 2000; Flower, 

communicati on personnell e) . Comparativement aux lipoca lines connues, la VDE et la 

ZEP, possèdent deux fois plus d 'acides aminés, la position et le nombre d ' introns ne 

sont pas conservés, et la structure secondaire à huit feuill ets-~ est mal défini e. Malgré 

tout, il a été avancé que ces protéines étaient le deuxième exemple tous règnes 

confo ndus de lipoca lines avec une activité enzymatique, le premier exemple étant la 

prostaglandine-D synthase (Bugos et al. , 1998). 

3.3.1 Violaxanthine dé-époxidase et zéaxanthine époxidase 

La VDE et la ZE P catalysent respecti vement le retrait et l'additi on d ' un 

groupement époxyde sur des ca roténoïdes. Plus préc isément, la violaxanthine dé-
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épox idase est loca lisée dans la lumière des thy lakoïdes et cata lyse les dé-époxidations 

de la vio laxanthine en anthéraxanthine et de l'anthéraxanthine en zéaxanthine. Ces 

deux réactions successives nécess itent la présence d 'acide ascorbique et d ' un pH 

acide , fo rmé par la présence de pompes à protons acti vées par la lumi ère. Pour sa 

part, la zéaxanthine époxidase est s ituée dans les membranes thyl akoida les du côté du 

stroma. À l'obscurité ou par très faible luminosité, e lle cata lyse l'épox idation de la 

zéaxanthine en anthéraxanthine puis en v io laxanthine. Les réactions cata lysées par 

ces deux protéines utilisent la ferredoxine et le F AD comme co-substrats. Cette série 

d ' interconvers ions entre la violaxanthine et la zéaxanthine se nomme cycle des 

xanthophy lles ou cycle de la v io laxanthine. Ce cyc le protège l 'appare il 

photosynthétique contre les effets noc ifs de la photooxydati on survenant en condition 

de lumière excessive. Les différents caroténoïdes produits par ce cyc le diss ipent 

l'excès d 'énergie en générant de la chaleur (Bugos et a l. , 1998). 

Bien que la logique veuill e qu ' une plante ayant un contenu supéri eur en 

zéaxanthine pui sse être plus tol érante au stress photooxydati f, la réa lité est toute 

autre. Des résultats pré liminaires ont indiqué que des plantes de tabac surex primant la 

vio lanxanthine dé-époxidase et montrant un taux de conversion accru de la 

vio laxa nthine en zéaxa nthine ne démontrent pas un ni veau supéri eur de 

photoprotecti on (Hieber et a l. , 2002). Dans le même ordre d ' idées, le mutant npq l 

chez Arabidopsis thaliana, qui est incapable de former de la zéaxanthine, montre un 

développement no rmal sous le chaud so leil de la Ca li fo rni e. Cec i la isse présager que 

d 'autres mécani smes doi vent ex is ter pour protéger la plante de la photo inhibition 

causée par une forte intensité lumineuse. Cependant, des feuilles détachées de ce 

mutant ont montré un e sensibilité accrue suite à un traitement avec une lumière forte 

de courte durée sous conditi ons contrôlées, et les lipides des membranes 

chl orop las tiques ont montré une peroxydation accrue. Ces dommages photooxydatifs 

(taches blanches et zones nécrotiqu es au ni veau des fe uill es) sont auss i amplifi és chez 

le mutant par rapport au type sauvage suite à des tra itements au froid et à la 

sécheresse (N iyog i et a l. , 1998) . 
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Malgré le fait que leur appartenance à la famille des lipoca lines soit critiquée, 

les enzymes du cycle des xanthophylles sont néanmoins des protéines jouant un rôle 

de premier plan lors de conditions de stress abiotiques. Le seul fa it de pouvo ir é tablir 

une certaine ressemblance entre ces protéines et la famille des lipoca lines laisse 

envisager que les lipocalines de pl antes pourraient jouer des rôles de premier pl an 

dans la protection de la ce llule végétale. 
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PROBLÉMATIQUE 

Les céréa les représentent une des cultures les p lus importantes sur la planè te. 

Les coûts occas ionnés par les gels précoces à l'automne et tardi fs au printemps 

assombrissent le po tenti el économique re li é à ces cultures dans les pays nordiques 

comme le Canada. L'améli orati on de la to lérance au gel par géni e génétique ou par 

sé lecti on ass istée par des marqueurs molécul aires pourrait augm enter et di versifi er 

ces producti ons, notamment en pro longeant la saison de croissance. 

O utre leur importance économique, les céréa les possèdent une vari ab ilité 

génétique en ce qui a trait à la to lérance au gel. Cette vari abilité nous pem1et de 

di st inguer entre les changements re liés à la croissance lors des basses températures et 

ceux impliqués dans l'acqui sition d e la to lérance au gel. Le blé, un membre important 

des espèces céréa li ères, possède cette variabili té. Cette caractéri stique fa it donc de 

cette espèce un exce ll ent modèle d'étude. 

Des travaux préa lables à mes études ont permis d'identifi er chez le bl é un 

c lone codant pour une protéine fa isant parti e de la fa mill e des lipocalines. 

L'ex pression de ce gène es t régulée par les basses températures et associée avec le 

ni veau de to lérance des di fférents cultivars. Les lipocalines se retrouvent chez les 

animaux vertébrés et in vertébrés, les plantes et les bactéri es. Quo ique princ ipa lement 

connues comme proté ines de transport, il est maintenant c lair que les membres de 

cette fa mill e accompli ssent une vari été de fo ncti ons. Certaines lipoca lines te ll es qu e 

I'Apolipoproté ine D so nt largement é tudi ées en ce qui a tra it à leur implicatio n dans 

d ifférentes maladi es te ll es que l'A lzheimer, les syndromes Parkinsonie ns, et 

différents types de cance r. L'identifi ca ti on, chez les pl antes, de proté ines démo ntrant 

une homologie de séqu ence avec les lipoca lines a soul evé des ques ti ons quant à leur 

rô le dans les pl antes. L'éventa il des processus biochimiques et phys iologiques da ns 

lesquels les lipoca lines sont impliquées et la di stance phylogénéti que entre les 

organi smes infér ieurs, les animaux et les plantes suggèrent qu e les membres de cette 
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famill e de proté ines j ouent des rô les essenti e ls qui ont dû être maintenus au courant 

de l'évo lution . 

Considérant la vaste di stributi on des lipoca lines (animaux, plantes, insectes et 

bactéri es), et l' importance de leurs foncti ons, il est apparu important d ' identifi er et 

caractéri ser les lipoca lines végétales . Pour ce fa ire, une approche intégrée de 

compil ati on de données de séquence, profil d 'expression , analyses phylogénétiques, 

et prédicti ons bioinformatiques afin de caractéri ser en détail l' implication de ces 

proté ines dans l'acquisition de la to lérance au ge l. L'ensemble des informations 

recueilli es jusqu 'à présent mène à cro ire que les lipoca lines de plantes possèdent un 

potenti e l important dans notre stra tégie g loba le d'amé li orati on des pl antes céréali ères 

dans le but de leur conférer une plus grande to lérance au ge l et autres stress 

abi otiques. 
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J' a i été impliqué dans toutes les face ttes des travaux associés à cet arti c le. J' ai élaboré 
le design expérimenta l et effectué les analyses bi oinformatiques. J' a i aussi fa it les 
analyses d 'expression des A RN messagers chez le blé. J' a i fin alement rédigé le 
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design expérimental et des analyses de bioinformatique. Il a de plus réa li sé les 
analyses d 'express ion des ARNm chez Arabidopsis tha/iana et a édité le manuscrit. 
Mohamed Badawi, en fo rmati on à cette époque, a ass isté lors des analyses 
d 'express ion des ARN messagers. 
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Résumé 

Deux A DNe correspondant à une nouvelle lipocaline ont été identifi és chez le blé et 
Arabidopsis. Les deux ADNe, nommés Tati! et Attil pour « Triticum aestivum 
temperature- induced lipoca lins » et « Arabidopsis thaliana tempera ture-induced 
lipocalins », codent pour des po lypeptides de 190 et 186 acides aminés 
respecti ve ment. L'ana lyse des séquences a démontré la présence de troi s régions 
conservées qui caractéri sent les lipocalines. De plus, cette analyse a é tabli une 
ressemblance entre cette nouve ll e lipoca line et trois proté ines reli ées au sens évo luti f: 
I'Apolipoprotéine D humaine, la lipoca line bactérienne Ble et la lipocaline d'insecte 
Lazarillo. Une comparaison des structures tertia ires probables de TaT[L et de 
l'Apolipoprotéine 0 humaine suggère que ces dernières di ffè rent au ni veau de leur 
site d'attachement à la membrane et de leur site de li aison au substrat. De plus, des 
analyses de type northern ont démontré que les ARN messagers de Tati! et A tt il 
s'accumulent au cours de l'acc limatati on au froid et suite à un choc thermique. Les 
foncti ons possibles de cette nouve lle catégori e de lipoca lines végétales au cours des 
stress de température sont di scutées . 

Mots clés : acclimatation au froid; ; apolipoprotéine D; Arabidopsis thaliana; 
Iipocaline; stress à la chaleur; Triticum aestivum L. 
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Abstract 

Two cDNAs corresponding to a nove l lipocalin were identifi ed from wheat and 
Arabidopsis. The two cDNAs designated Tati/ for Triticum aestivum L. temperature 
induced lipocalin and A lti! fo r Arabidopsis tha/iana temperature induced lipoca lin , 
encode polypeptides of 190 and 186 amino acids respecti ve ly. Structure ana lyses 
indicated the presence of the three structura ll y conserved regions that characte ri ze 
lipocalins. Sequence analyses revea led that thi s nove l c lass of plant lipoca lin share 
homology w ith three evo lutionarily rela ted lipoca lins: the mammalian apo lipoprote in 
0 , the bacteri al lipoca lin and the insect Lazarill o. The compari son of the putati ve 
terti ary-struc tures of both th e human apo lipoprotein D and the wheat TaTL L suggest 
that the two proteins di ffe r in membrane attachment and li gand interacti on. North ern 
analyses demonstrated that Tat i/ and A tt il transcripts are upregul ated during co ld 
acclimation and heat-shock treatm ent. T he putati ve functi ons of thi s nove l c lass of 
plant lipoca lins during temperature stresses are di scussed. 



46 

Abbreviations 

A BA, abscisic acid ; At, Arabidopsis thaliana; A poD, apo lipoprotein D; Ble, bacteri a l 
lipoca lin ; G PI , g lycosy lphosphatidylinosito l; SCR, structurall y conserved regions; 
SSC, sa line sodium citrate; Ta, Triticum aestivum L. ; TIL, temperature induced 
lipocalin . 
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Introduction 

Lipoca lins are a large and diverse g roup of sma ll , mostl y ex tracellul ar pro te ins 

th at are fo und in vertebrates and invertebrate animais, plants and bacteri a . They are 

characteri zed by a conserved li gand-binding pocket, w hi ch g ives them the a bility to 

bind sma ll , princ ipa ll y hydrophobie mo lec ul es. The li st of po tenti a l li gands is 

constantly grow ing and inc ludes di verse mo lecul es such as stero ids, pheromones, and 

odorant mo lecul es. Lipoca lins were earl y establi shed as transport proteins, but it is 

becoming increasing ly c lear that sorne of th em may be impli cated in many other 

important functions such as modul ation of ce ll g rowth and metabo li sm, binding of 

ce ll-surface receptors, nerve grow th and regenerati on, regul ati on of the immune 

response, sme ll recepti on , crypti c co lorati on, membrane biogenes is and repair, and 

inducti on of apoptos is [ 1]. ln plants, onl y one study reported the presence of two 

lipoca lin-like proteins. Those lipoca lins were found to be key enzymes of the 

xanth ophyll cyc le responsible fo r th e protection aga inst photo-ox idative damage [2]. 

Considering the w ide di s tributi on of lipocalins in animais, insects and 

bacteri a, and their ex pression under conditi ons of environmenta l stress [ 1 ], it is 

important to survey the plant genome fo r stress regul ated lipoca lin- like prote ins. 

T owards thi s goa l, we searched our ESTs database, generated from co ld acc limated 

wheat, and that of Arabidopsis EST s co ll ec ti on from Gen8ank1111
, to determine if 

sorne of th e c lones iso lated so fa r present sequence homo logy w ith lipoca lins. T wo 

homo logo us c ON As, from w heat (Tati!) , and Arabidopsis thaliana (A !li!) , were found 

to encode pro teins th at contain the three structura lly conserved regions (SC Rs) th at 

charac terize lipoca lins. Those prote ins share signi fica nt homology w ith three 

established members of the lipoca lin tàmil y, th e mamma li an apo lipopro tein D, the 

bacteri al lipoca lin Ble , and the insect Lazar ill o. T he structure, regul at ion and putati ve 

functi on of this nove l c lass of plant lipoca lin during environmenta l stresses are 

di scussed. 
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Materials and methods 

2.1. Plant material and growth conditions 

ln thi s study we used two spring wheat genotypes (Triticum aestivum L. cv 

G lenl ea and cv Concorde), 4 w inte r wheat genotypes (T. aestivum L. cv Monopo le, 

cv Abso lvent, cv Fredri ck, and cv Norstar,), w inter rye (Secale cereale L. cv 

Musketeer), oat (Avena saliva L. cv Laurent) , barl ey (Hordeum vu/gare L. cv 

Winchester) and Arabidopsis tha/iana ecotype Columbia. 

Cerea l seeds were germinated in moist sterili zed vermi culite for 5 days in th e 

dark and 2 days under artificia l li ght (225 J .. Œ) at 25°C 1 20°C (day/ni ght). Control 

plants were m aintained under th e same conditions whil e co ld acc limati on and other 

stress treatments were perform ed as prev iously described [3]. Arabidopsis plants 

were grown in pots in a 1: 1 mi xture of Promi x (Premier) and vermi culite in a g rowth 

cabinet for 40 days under 8 hour artifi cial li ght (70 )l E) at 22°C (70% R.H.). For co ld 

treatment, pla nts were placed unde r the same li ght conditions at 4°C. For hea t-shock 

treatment the plants were ex posed to 45°C for L hour. This conditi on e li cits a typica l 

heat-shock response. 

2.2. Cloning and molecular analysis 

The w heat lipoca lin e DN A was iso lated fro m a Lambda Zap Ll library 

(S tratagene) constructed from po l y (A) ' RN A that was iso lated from one day co ld­

acc limated w inter wheat (T. aesli vum L. cv Norstar) [4]. The Arabidopsis lipoca lin 

was identifi ed by homology sear·ch [5] using the whea t sequence aga inst the 

Arabidopsis ESTs da tabase. T he identi fied c lone ( ID : 1200 12) fro m the PRL2 library 

[6] was ordered from th e Arabidopsis Biolog ica l Resource Center. Complete DNA 

sequences of wheat and Arabidopsis clones were de termined from both strands. 

Cerea ls RN A extract ions were perfo rmed as described prev iously [7]. Tota l RNA 
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from Arabidopsis was iso lated using the Tri-Reagent (Mo lecul ar Research Center) 

according to the manufac turer protoco l. Total RNA (7 .5 11g) samples were mi xed 

w ith e thidium bromide before e lectrophores is on formaldehyde-agarose ge ls [8]. This 

a ll owed visua l evaluati on of RNA quanti ty and loads on ge ls. After e lectrophoresis, 

RNA was transferred to nitroce llulose membranes (Osmonics) in 20X SSC. The 

filters were baked for 2 h at 80°C pri or to hybridizati on w ith corresponding 32P­

Iabell ed pTatil and pA tti/ inserts. Filters were washed at 65°C with severa! buffer 

changes of decreasing SSC concentrati on (5 -0 . 1 X) and autoradi ographed on Kodak 

MS film s w ith MS intensify ing screens (Kodak) at -80°C. Relative levels of Tati! and 

A tt il mRNA transcripts were detem1ined by densitometry scanning of the Northern 

bl a ts using the ImageQuant 4.2 software (Molecul ar Dynamics) . 

Analys is and sequence compari sons were carri ed out with programs avail abl e 

on the ExPA Sy Molecul ar Bio logy Server. 
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Results and discussion 

A novel plant lipoca lin, Tati!, was identifi ed from our co ll ec ti on of co ld 

induced EST using the BLAST X software [5]. The full-l ength clone was then 

iso lated from a wheat eDNA library and named Tati/ for Triticum aestivum L. 

temperature induced lipoca lin . The longest ORF of the eDN A is 570 bp and encodes 

a protein of 190 amino acids (aa) with an A TG codon at nuc leotide 11 5 and a stop 

codon at nucleotide 686. The calculated molecular mass is 22 kDa and its theoreti ca l 

plis 5.5. 

Search 111 the GenBank TM ESTs database revea led high homology (74 % 

identi ty, 83% simil ari ty) with a pu tative protein from Arabidopsis tha fiana that we 

have named AtTl L for Arabidopsis thaliana temperature induced lipoca lin . The 

complete sequencing of thi s Arabidopsis clone revealed that the eDNA encodes a 186 

aa protein . Sequence analysis revealed that the N-terminal portion of both wheat and 

Arabidopsis prote ins possess the th ree lipocalin SCRs. The SCR 1 region is located 

within aa 15-3 1 (G LDVARYMG RWY EIAS F) in TaTI L and within aa 12-28 

(G LNVERYMGRWY ELASF) in A tTIL and posses the two conserved amino ac ids G 

and W [ 1 ,9] (Fig.l ). The SCR 2 of TaTL L is fo und at the C- terminal portion of the 

protein within aa 105-11 9 (YWVLY VDDDYQY ALV) wh ile in A tT LL it is fo und 

within aa 10 l-11 5 (YWVL YIOPDYQHAU ) (F ig. l ) . Genera ll y SC R 2 con ta ins a 

TOY triplet at the positions underlined [1 ,9]. ln TaT IL and AtTIL onl y the central D 

is present. SCR 3 is also fo und at the C-terminal portion of both prote ins within aa 

129-1 44 (ILCRKTHIEEEVNQL) in TaTIL and within aa 125-1 40 in AtT IL 

(!LSRTAQMEEETYKQL) (F ig. l ). The conserved R residue that characterizes thi s 

fin gerprint is present in both sequences [ 1 ,9]. 

Further sequence analys is of TaT I L indi cated the presence of onl y one 

cysteine at aa 130 and a putat ive N-glycosy lat ion site at aa 60. On the other band, the 

en tire prim ary sequence of A tT lL does not conta in any cyste ine, a lthough the putati ve 

N-glycosy lati on site is fo und at aa 56. Putati ve C-terminal cleavage sites are 



5 1 

predicted by severa! target peptide predi cti on programs (DGPI , PSORT [ 1 0] , and 

Signa!P [Il]) to be at aa 172 in TaTlL and at aa 168 in AtTIL. Considering this 

putati ve c leavage site, the ca lculated molecul ar m ass of the mature protein of wheat 

and Arabidopsis is 20 kDa with a pl of 5.2 . 

T he homology search revea led that TaTLL (accession no. A Y077702) and 

its ortho log from Arabidopsis (accession no. A Y062789) share s ignifi cant homology 

with three evo luti onarily re lated lipocalins: the human apo lipoprotein D precursor 

(ApoD) (access ion no. P05090), the E. co/i outer membrane lipoprotein Ble precursor 

(accession no. P3928 1 ) , and the am eri can grasshopper Lazarillo precursor (access ion 

no. P4929 l ) (F ig. 1 ). They respecti ve ly share 29 %, 3 1 %, and 23 % identity and 46 

%, 54 % and 40 % similarity with TaTL L. Among a li lipoca lins, Ble, ApoD, and 

Lazarill o are th e only ones known to be anchored to bio logica l m embranes [ 12]. T h us 

it is possible th at TaT IL and AtTIL are a lso membranes associated prote ins. 

T he sequence analysis a lso revea led that TaTI L and AtTIL , li ke the E.co/i Ble, 

are di stingui shed from most lipoca lins by the absence of intramolecul ar di sulphide 

bonds. However, they are potenti a ll y N -glycosy lated like human ApoD and Lazarill o. 

When the three SCRs of these five prote ins are ali gned, th e start methionines from 

TaT IL and A tTl L are positioned precise ly at the c leavage sites of the N-terminal 

signa l peptides of the three other pro teins (F ig . 1 ). T hi s a li gnment suggests that 

TaTL L and A !TIL do not possess an N-terminal signa l peptide like E. coli Ble, Human 

ApoD and Lazarill o. T he N-terminal portion of TaT IL is composed of hydrophili c 

res idues fo ll owed by few hydropho bi e res idues. In AtTIL, th e hydrophobi e secti on is 

even Jess accentuated. T hi s profi le does not fit th e standard hydrophobi e nature of the 

N-terminal signal peptide identifi ed in Apo D, Ble and Lazarill o. 

Li ke Lazarill o, TaTI L and AtTl L are longer th an human Apo D and Bl e a t 

the ir C-te rmin al end and possess a s imil ar puta ti ve cleavage site (F ig. l ) . T he 

hydrophobi e C-termin al tai! after th e cleavage s ite enables Lazarill o to rece ive a 

g lycosy lphosphatidylinosito l (G Pl ) anchor [ 13]. T hi s may suggest that TaT i L and 

AtT IL a lso receive a G PI anchor. T he G PI anchor is a post-trans lati onal additi on of a 
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lipid occurnng m the endoplasmic reticulum lumen, which links proteins to the 

external face of the plasma membrane. This type of modifi cations has been reported 

in pl ants [ 14]. The fact that the N-glycosylation s ite is conserved between w heat and 

Arabidopsis TIL orthologs support the poss ibility that those prote ins are processed in 

the endoplasmic reticulum lumen. 

Another type of attachment to the membrane can a Iso be suggested for TaTLL 

and AtTlL. lt has been proposed that human ApoD is associated with the external face 

of the membrane by a hydrophobie loop [ 12, 15 , 16]. TaTI Land A !TIL a Iso possess an 

hydrophobie stretch of seven amino ac ids that is inserted into a loop between two 13-

strands (F ig. 1 ). This insertion is not in the sa me loop as the human A poO. It is 

between 13-strands 5 and 6 instead of 7 and 8 (F ig. 2, B 1 and C2). However it is 

possible that thi s stre tch favors the attachment to the pl asma membrane. The model 

presented in fi gure 2, reveals a di ffe rence in the loop scaffold covering the large cup­

shaped cavity that characterize the lipoca lins (F ig. 2, 82) . The loop scaffo ld in TaTIL 

and AtTLL is two amino acids longer than human ApoD and has a proline mo iety at 

pos ition 32 and 29 respectively (F ig. 1 ). Those modifi cations may suggest that the 

pl ant T IL has different binding specificity. 

Northern blot ana lys is revealed that the Tati/ transcripts accumulate to hi gh 

leve ls upon exposure to low temperature ( 1 0-fold) and heat-shock treatments ( 10-

fo ld) and to a lesser extent by water stress (3.5-fo1d). A BA, hi g h sa lt and wounding 

treatments have no measurable effect (F ig. 3A). The Tati! transcripts accumulate 

grad ua ll y to a max imum leve! afte r 36 days of co ld acc limati on. Upon deacclimation , 

the leve l of transcripts returned to th ose seen in the contro l non-accl imated plants. 

T he accumul a ti on of Tati/ transcripts in wheat was fo und to be ti ssue-spec ifi e, as th ey 

were detected onl y in co ld acc limated leaves (F ig. 3A). Transcripts accumul at ion of 

Alli/ revea led that the dicot ortholog is a lso induced by low temperature (6 fo ld) and 

heat-shock treatments (9-fo ld) (F ig 3A) . Arabidopsis ge nome sequence ana lys is 

(access ion no. AB024029) revealed th at th e promoter of Attil does not conta in any 
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known heat shock respon s1ve element althoug h two low temperature respons1ve 

e lements are found [ 17, 18]. 

RNA-blot hybridizati on s tudi es also demonstrated that co ld acclimati on 

induced the accumulati on of the Tati! transcripts in both Jess to le rant and hardy w heat 

(F ig . 38 ). However, thi s increase was greater in the hardy winter cultivars. Low 

leve ls of expression are a lso found in oat and barl ey, two Jess co ld to le rant species 

(Fig. 38 ). This di ffe rence of accumulati on indicates that the Tati! expression is 

corre lated w ith the plants capacity to develop freezing to lerance. 

T emperature stresses are known to induce membrane injuri es. T he membrane­

anchored lipoca lins (Ble, ApoD, Lazarillo and possibl y TaTlL and AtT lL) a li appear 

to be expressed in response to condi tions that cause membrane stresses [ 12], which 

suggest a bi o logica l role in membrane biogenesis and repair under severe stress 

conditi ons. 

TaTlL and AtTlL like human ApoD may possess a wide variety of potenti a l 

li gands of di ffe rent struc tures and functions. Mammali an ApoD is reported to bind 

arachidoni c acid , bilirubine, steroid hormones (progesterone and pregnenolone) and 

chol estero l [ 19]. lt is interesting to mention that plants a lso synthesize a w ide vari ety 

of steroid hormones ca ll ed brass inosteroids. Treatm ent w ith 24-epibrass ino lide, a 

brassinostero id, increases th e to lerance to heat and co ld stresses in pl ants [20]. The 

enhanced resistance to temperature stress was attributed to membrane stability and 

osmoregul ation. T hese resul ts suggest that part of the temperature-responses in pl ants 

may invo lve brass inostero ids as sig naling mo lecul es to e li c it the ex pression of steroid 

binding prote ins such as lipoca lin . lt is a lso known that stero l inserti on in the plasma 

membrane increases its fluidi ty at low temperature and ma inta ins the phospho lipids 

order at high temperature [2 1] . Ta TIL may be invo lved in th e transport of those sterol 

mo lecul es to the membrane in response to stress cond itions. 

T he spec ifie express ion of TaT lL in leaf suggests that the prote in may play a 

ro le in the chl oroplast function durin g tempera ture stresses. However, th ere is no 

evidence of the presence of a chl o roplas t signal peptide to confirm thi s assumption. 
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Recent work on the O EP7 protein from spinach demonstrated that th e interacti on of 

thi s pro te in w ith th e outer membrane of the chloroplast is inde pendent of a c lassical 

c leavable targeting signal or membrane-channe l prote in [22]. lt is possibl e that the 

TaTI L is anchored to the oute r c hl oroplas t membrane in a similar manner under 

temperature stresses. 
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Figure 1. Alignment of the deduced ammo acid sequences of wheat TaTIL and 

Arabidopsis AtTLL w ith re lated lipocalins. 

ldentical residues are in black and simil ar residues are in gray . The three-structura ll y 

conserved regions that prov ide a signature fo r the lipoca lins are indicated above. 

Putative cleavage sites are in red w ith ye llow letters. The secondary structure is 

predi cted from already publi shed mode ls [ 15, 16] and analyzed with the Jpred2 

pro gram [23 ]. Red arrows, green rectangles and blue rectangle, represent 13-strands, 

a -he lix, and 3 10 a-heli x respecti ve ly. 
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Figure 2. Tertiary-structure models of human A poO and wheat T aTI L. 

Terti ary struc ture analyses were carri ed out using the SWISS-MOD EL program [24]. 

The lower blas t limit was set at 0.00001 and the human ApoD mode! (PDB ID : 

2A PD) [ 15] was used as template. The initi a l result was then resubmitted through the 

optimizing mode of the program. T he fin a l result was th en v isua li zed using the 

Swiss-Pdb Viewer and the mode! was adapted according to sequence compari son. 

Di fferences between the wheat and the human m odels were superposed and co lored. 

Secti ons of TaTlL that di ffe r from human ApoD are presented in red. Secti ons of 

human ApoD that differ from TaTlL are in blue. Grey secti ons are common to both 

mode! s. 
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Figure 3. Upregu lat ion of Tati! and Attil during cold acc limation and heat shock. 

(A) Accumulation and tissue spec ifi city of Tati/ and Attil mRNAs under different 

stress conditions in winter wheat Fredrick and Arabidopsis. The 28S ribosomal band 

stained w ith ethidium bromide is included to show RNA loads (7.5 )lg) . NA 7, NA 12, 

non-acclimated plants grown for 7 and 12 days; CA 1, CA6, CA36, co ld acclimated 

plants for 1, 6 and 36 days; DA 1 and DAS , co ld-acc limated plants (36 days) were 

deacclimated for 1 and 5 days ; NaCI , plants treated with 300mM NaCI for 18 h; 

ABA, plants treated w ith 0.1 mM ABA (Sigma) for 18 h; WS, water stressed plants 

w ith a relative water content of 57 % and 44 %; HS, plants exposed to 40°C for 1 h 

and 3 h (heat shock) ; W , wounding stress for 3 h. Leaf, crown and roots of non­

acclimated plants (NA7) and cold-acc limated for 6 days (CA6). At, Arabidopsis 

plants; NA, non acc limated plants; CA 1, co ld acclimated for l day ; HS 1 h, exposed 

to 45°C for 1 h (heat shock). 

(B) Accumu lation of Tati/ mRNAs during cold acc limation in spring and winter 

wheat and other cerea l species. Total RNA (7 .5 )lg) from shoots of: two spring wheat 

genotypes (Triticum aestivum L. cv G len lea (G len), L T5o (lethal temperature that kills 

50% of the seed lings) -8°C; and cv Concorde (Con), LT50 -8°C), 4 winter w heat 

genotypes (T. aestivum L. cv Monopole (Mon), L T50 - 15°C; cv Absolvent (Abs) , LT50 

-I6°C; cv Fredrick (Fred), LT50 -I6°C; and cv Norstar (Nor) , LT50 -l9°C), winter rye 

(Seca!e cerea l L. cv Musketeer (Mus), LT50 -2 1°C) , oat (Avena saliva L. cv Laurent 

(Lau) , LT5o -6°C) , barley (Hordeum vu/gare L. cv Winchester (Win), LT50 -7°C). 

NA, non-acclimated plants grown for 6 days; CA, co ld acclimated plants for 36 days. 
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CHAPITRE Ill 

Identification, expression and evolutionary analyses of plant lipocalins 

Jean-Benoit Frenette Charron, François Ouellet, Mélanie Pelletier, 

Jean Danyluk, Cédric Chauve, and Fathey Sarhan 

Plant Physiology (2005) 139: 2017-2028 

Pour les travaux assoc iés à cet arti c le, j ' ai élaboré le des ign ex périmenta l et effectué: 
les analyses bi oinfo rmatiques, les analyses ph y logénétiques e t les analyses de 
loca li sati on cellula ire. La parti e technique re li ée au PCR qu antitati f a été réa li sée par 
Marie Champoux. J'a i, pour ma part, ana lysé et interprété les données de PCR 
quantitatif. J' ai auss i rédi gé le manuscrit et conçu les fi g ures. Franço is Ouell et, a 
parti cipé à l' é laborati on du design expérimental, à la rédact ion et plus 
parti culi èrement à l'éditi on fin a le du manuscrip t. Mé lani e Pe ll eti er a effectué une 
partie de 1 ' analyse ph ylogénétique (max imum li kelihood). Cédri c Chauve a supervisé 
Mé lani e Pe ll eti er. Jean Danyluk a été un e personne ressource lors des analyses 
d 'express ion des ARN messagers en plus de fo urnir les di ffé rents échantill ons 
d ' ARN totaux utili sés dans cet arti c le. 
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Résumé 

Les lipoca lines sont un groupe de proté ines caractérisées chez les bac téries et chez les 
animaux vertébrés et invertébrés. Cependant, très peu de choses sont connues sur les 
lipoca lines de plantes . Nous avons récemment publié nos résultats portant sur le 
clonage et la carac téri sation des premières vra ies lipocalines de plantes. Dans la 
présente communicati on, nous rapportons l' identifica ti on et la caractéri sation des 
lipoca lines et protéines "lipocalin-like" de plantes en utili sant une approche intégrée 
de compilati on de données, profil age d 'expression, loca li sation cellulaire, analyses 
phy logénétiques, et prédicti ons bioinformatiques. Cette approche a permis de 
class ifi er les lipocalines de plantes en deux groupes: « temperature-induced 
lipoca lins » (TILs) et « chloroplas ti c lipocalins » (CHLs). Deux autres groupes de 
proté ines, violaxanthine dé-épox idase (YD E) et zéaxanthine époxidase (Z EP), 
possèdent un e légère s imilitude avec les lipoca lines TILs et ont été classifi ées sous le 
nom de proté ines "lipocalin-like". Les protéines C HLs, YDEs, et ZEPs possèdent des 
séquences transit qui destinent ces proté ines aux chloroplas tes. Quant à ell es, les 
proté ines TfLs sont locali sées à la membrane pl asmique malgré le fait qu 'elles ne 
possèdent aucun peptide signal défini . Les analyses de PCR qu antitatif en temps réel 
a révélé que l'expression des lipocalines et des protéines "lipocalin-like" de blé 
(Triticum aestivum L.) est régul ée par les stress abiotiques e t es t corré lée avec la 
capac ité de la plante à déve lopper un e to lérance au gel. Cette corrélati on est 
supportée par le fait que les lipocalines sont présentes chez l'a lgue rouge Porphyra 
yezoensis, to lérante à la dessiccation, et chez la levure cryoto lérante Debaryomyces 
hansenii. Ceci suggère une associa tion poss ible entre les lipocalines et les organi smes 
to lérants aux stress. Considérant les propriétés des lipocalines, leur spécifi c ité 
ti ssul aire, leur implication dans la réponse aux stress de température et leur 
association avec le chloroplaste e t la membrane plasmique des ti ssues verts, nous 
formul ons l' hypothèse que les lipoca lines de plantes possèdent une fon ction de 
protection de l'appareil photosynthétique contre les stress de température. Les 
analyses phy logénétiques suggèrent que les lipoca lines TILs chez les plantes 
supéri eures proviennent d ' un gène bac téri en présent chez un e ucaryote unice llulaire 
primiti f. Cependant, CHLs, YD Es et Z EPs ont probablement évo lué d ' un gène 
ancestra l provenant d ' une cyanobactérie après la fo rmation de 1 ' endosymbiote duquel 
le chloroplaste orig ine. 

Mots clés : apolipoprotéine D; Arabidopsis thaliana; cycle des xanthophylles; 
lipocaline; membrane plasmique; tolérance au gel; Triticum aestivum L. 
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Abstract 

Lipoca lins are a group of prote ins that have been characteri zed in bac teri a, 
invertebrate and vertebrate animais. However, very little is known about plant 
lipoca lins. We have prev iously reported the c loning of the first true plant lipoca lins. 
Here we report the identifi cati on and characterizati on of plant lipoca lins and 
lipoca lin-like proteins using an integrated approach of data mining, express ion 
studi es, ce llular localiza tion and phy logeneti c ana lyses . Plant lipocalins can be 
c lass ified in to two groups, temperature-induced lipocalins (T lLs) and chloropl as tic 
lipoca lins (CHLs) . ln additi on, vio laxanthin de-epox idases (YDEs) and zeaxanthin 
epox idases (ZEPs) can be classified as lipocalin-like proteins. C HLs, YDEs and ZEPs 
possess transit peptides that target them to the chloroplast. On the other hand, TTLs do 
not show any targeting peptide but loca lization studi es revealed that the proteins are 
found at the plasma membrane. Express ion analyses by Quantitative Rea l-T i me PCR 
showed that the expression of the w heat (Triticum aestivum L.) lipoca lins and 
lipoca lin-li ke proteins is assoc iated with abiotic stress response and is corre lated w ith 
the p lant ' s capacity to deve lop freezing to lerance. In support of thi s corre lati on, data 
mining revea led that lipocalins a re present in the des iccation to lerant red a lgae 
Porphyra yezoensis and the cryoto lerant marine yeas t Debaryomyces hansenii, 
suggesting a possible association with stress to lerant organisms. Cons idering the 
plant lipocalins properti es, ti ssue specifi city, response to temperature stress, and the ir 
assoc iat ion w ith chl oroplasts and plasm a membranes of green leaves, we hypothesize 
a protective functi on of the photosyntheti c system aga inst temperature stress . 
Phy logenetic analyses suggest tha t TIL lipoca lin members in higher plants were 
probab ly inherited fro m a bacteria l gene present in a primi tive uni ce llular eukaryote. 
On the other hand, C HLs, YD Es and ZEPs may have evolved fro m a cyanobac teri a l 
ancestra l gene after the fo rmati on of the cyanobacteri a l endosymbi ont fro m w hich th e 
chloroplast orig inated . 
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Introduction 

Lipoca lins are an anc ient and functi ona ll y di verse family of mostl y 

ex trace llul ar prote ins found in bacteri a, protocti sts, plants, arthropods, and chordates 

(S uzuki et a l. , 2004) . T hey have been implicated in many important functi ons such as 

modul ati on of ce l! growth and me taboli sm, binding of cell -surface receptors, nerve 

growth and regeneration, regul ation of the immune response, smell reception, cryptic 

co lorati on, membrane biogenes is and repa ir, inducti on of apoptosis, animal behavior 

and environmenta l stress response (Akerstrom et al. , 2000; Bishop, 2000; Frenette 

Charron et al. , 2002). 

The lipoca lin fo ld is a hi g hl y symmetri cal a ll -13 stru cture dominated by a 

single eight-stranded antipara lle l 13-sheet c losed back on itse lf to form a continuously 

hydrogen-bonded 13-baJTe l. Thi s 13-baJTe l enc loses a li gand-binding site composed of 

both an interna i cav ity and an external loop scaffo ld (F iower et a l. , 2000). T he 

structural divers ity of cav ity and scaffo ld gave ri se to a vari ety of di fferent binding 

specific iti es, each capabl e of accommodating li gands of di fferent size, shape and 

chemica l charac ter (F iower et a l. , 2000). Lipoca lins genera ll y bind sma ll hydrophobie 

li gands such as retin o ids, fa tty ac ids, stero ids, odorants and pheromones, and interac t 

w ith ce l! surface receptors (F iower, 2000; F lower et a l. , 2000). 

Phylogenetic ana lyses of lipoca lins are poss ible due to the hi ghly conserved 

three-dimensional structure (Ganfo mina et a l. , 2000) . T hree structurall y conserved 

regions (SCRs) related to features of the 13-barre l are conserved : SCR 1 (strand A and 

th e 3 10-Iike he li x precedin g it), SCR2 (porti ons of strands F and G, and the loop 

lin king them) and SC R3 (porti on of strand H, the beginning of th e fo ll owing he li x 

and the loop in-between). lt has been suggested that bacteria l lipoca lins were 

inherited by uni ce llul a r eukaryotes and th en passed on to both plants and metazoa ns 

(Bi shop, 2000) . According to thi s hypothes is, primiti ve metazoa ns spread a low 

number of anc ient lipoca lins into some of their successors, the arthropods and 

chordates . T hese primordi a l lipoca lins were like ly simil ar to the Lazarill o and Apo D 
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prote ins. A longside the chordate radiati on, the ApoD-like ancestra l lipoca lin suffered 

dupli cations. On one hand, it gave ri se to the ancestor of retino l-binding prote ins 

(RBPs), and on the other hand, to one or more ancestors of a li other para logo us 

groups of lipoca lins that di verged into current chordate lipocalins (Sanchez et al. , 

2003). 

A lthough the evo lution of metazoan lipoca lins is we il documented 

(Ganfornina et a l. , 2000; G utiérrez et al. , 2000; Salier, 2000; Sanchez et a l. , 2003), 

very little is kn own of the evo luti o n of their plant couterparts. The first evidence of 

the presence of putati ve plant lipoca lins was reported by Bugos e t a l. ( 1998). These 

are vio laxanthin de-epox idases (YD Es) and zeaxanthin epox idases (ZEPs), key 

enzymes invo lved in the biosynthesis of the xanthophy ll pigments required for 

photoprotection of the photosynthetic apparatu s. T hey share the common substrate 

antheraxanthin and are th erefore beli eved to exhibit simil ar terti ary structure. 

However, the peculi ar architecture of these two proteins raised do ubt as of the ir true 

be longing to the lipoca lin family (Ganfo rnina et a l. , 2000; Sa lie r, 2000). 

We have rece ntly reported the identifi cati on of the fi rs t true plant lipoca lins 

from w heat and Arabidopsis (Frenette Charron et a l. , 2002). T he two cDNAs 

designated TaT!L fo r Triticum aestivum L. temperature-induced lipoca lin and AtTIL 

fo r Arabidopsis thaliana temperature-induced lipocalin encode po lypeptides of 190 

and 186 amino ac ids respecti ve ly. Structure ana lyses indicated the presence of the 

three typi cal SC Rs th at characteri ze lipoca lin s. Sequence ana lyses revea led that th ese 

fi rst true pl ant lipoca lins share s imilariti es w ith three evo luti onaril y-re lated 

lipoca lin s: the mammali an apo lipoprote in D (A po D), the bac teri al lipoca lin (Ble) and 

the insect Lazarill o protein . T he compari son of the pu ta ti ve te rti ary structu res of the 

hu man A poO and the w heat TaT I L-1 suggests that the two pro te ins di ffe r in 

membrane attachment and li gand interaction. 

To further identi fy and charac terize other plant lipoca lins and study th eir 

putati ve functions, we used an integrated approach of data mining of EST databases, 

bi o info rm atic predi cti ons, structura l features, ce llul ar loca li zati on, expression, 
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phylogenetic and comparative genomics analyses. These ana lyses revea led that plants 

possess prote ins that can be c lass ifi ed as true lipocalins (TlLs and the chl oropl asti c 

CHL lipoca lins) and lipoca lin-like prote ins (VD Es and ZEPs). The fea tures and 

evo lutionary ori gin of these proteins in plants are di scussed. 
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Results 

Identification of Ta TIL homologs 

The recentl y identifi ed wheat lipocalin TaTlL-1 was used to search GenBank 

databases. The search revea led tha t pl ants possess severa! homo logs of thi s protein . A 

combinati on of EST sequencing and in si!ico reconstruction allowed the generati on of 

45 complete TaTIL-re lated prote in sequences fro m plants (Table 1 and Suppl ementa l 

Tabl e IV). Based on size, structure, the presence of th e 3 SCRs and sequence 

similari ty , th ese proteins were c lustered into two di stinct groups, TlLs and C HLs. 

Thirty seven TIL members sharing over 57% identi ty and 70% overa ll similari ty with 

TaTlL-1 are fo und in 25 diffe rent species. Wheat possesses two di ffe rent TlL 

members, TIL-l and TIL-2, whi ch share 67% identity and 79% similarity. A short 

region at the N-terminus di fferenti ates these two members in monocot spec ies but is 

absent in di cots. Data mining of the rice genome revea led the ex istence of genes 

encoding TIL- l and TIL-2 members (on chromosomes 2 and 8 respective ly), whereas 

th e Arabidopsis thaliana genome o nl y has T IL- l (on chromosome 5). ln total, twelve 

plant spec ies conta in two Tl L members. Sequence analyses reve a led th at Tl L genes 

encode prote ins ranging from 179 to 20 l ami no ac ids with a ca lcul ated mo lecular 

mass of 19 to 23 kDa. A li T IL hom ologs show a conserved putati ve N-g lycosy lati on 

site. DGPL, PSORT, and Signa!P pred ict a putati ve C-terminal cleavage site in 8 out 

of the 37 prote ins (F ig. 1, Suppl ementa l Fig. 1). Considering thi s c leavage site, th e 

ca lculated mo lecul ar mass of th e mature TIL proteins would be 2 kDa shorter than 

th e corresponding precursor. 

T he second group , CHLs, was found in 8 species and shares 25% identity and 

35% simil ari ty w ith TaT IL- 1 (Table 1) . CHL homologs encode prote ins ranging from 

328 to 340 amino ac ids w ith a ca lcul ated molecul ar mass of 36 to 39 kD a. Targe tP 

and ChloroP predi ct -tenninal chloropl asti c transit peptides with hi gh scores (over 

0.800) (F ig. 1, Suppl ementa l Fig. 2) . However, those transit peptides do not show any 
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conservati on in cleavage site position nor in length ( 17 to 68 amino acids). Pairw ise 

sequence alignments (S uppl emental Fig. 2) predict chloroplas t transit peptide 

cleavage sites near the beginning of SCR 1 in both monocot and di cot sequences. 

CHL homologs also possess 8 conserved cyste ine residues probably invo lved in the 

three-dimensional structure of the protein by fo m1ing di sulfide bridges (F ig. 1 B, 

Suppl ementa l Fi g. 2). 

Lipocalin-like proteins: Violaxanthin De-Epoxidases and Zeaxanthin Epoxidases 

It has been suggested that xanthophy ll cyc le enzymes are lipocalin members 

(Bugos et a l. , 1998 ; Hieber et al. , 2000) . However, no EST s corresponding to VDEs 

or ZEPs were found using TaTrL-1 as query. VD E and ZEP protein sequences from 

Arabidopsis were thus used to search GenBank databases. This search identifi ed 8 

and 12 complete sequences corresponding to VD Es and ZE Ps, respecti vely (Fig. 1, 

Supplementa l Figs. 3 and 4). VD E and ZEP sequences share Jess that 15% similarity 

w ith TaTIL-1 . V DE homologs encode pro te ins rang ing from 446 to 478 amino ac ids 

with a ca1cul ated molecul ar mass of 50 to 55 kDa (Table \). Each of the 8 VDE 

homo logs possesses an N-termina l transit peptide that targets th e protein to the 

chloroplas t (F ig. 1 B, Suppl ementa l Fig. 3). Considering th e c leavage of the transit 

peptide, the ca1cu1 ated molecul ar mass of the matu re VDE prote ins would be in the 

range of 39 to 40 kDa. VD E homologs show a conserved putati ve N-glycosy lati on 

site and 14 conserved cyste ine res idues. Of those 14 cyste ine res idues, 1 1 form a 

cyste ine-ri ch region in the N-te rminal porti on. T he C-terminal porti on contains 47% 

charged res idues, most of w hi ch being g lutamic ac id res idues fo rming a g lutami c 

ac id-rich region. A li VDE prote ins possess th e fî rst lipoca lin signature SC RI nex t to 

the cyste ine- ri ch region. In 6 of the 8 VDE seq uences, SC R 1 fî ts the consensus wh il e 

3 VDE sequences show d iscrepancies according to the Pros ite database . A li VDEs 

exhibit the two invari ant amino acids Gand W th a t are key fea tures of SC RI ( Fiower 

et al. , Sansom 2000). SC R3 is a lso fo und in the g lutami c ac id-ri ch C-termin al region, 
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and the conserved R residue that charac teri zes this fin gerprint is conserved . SCR2 is 

not present in the V D E sequences. 

ZEP homologs encode proteins rang ing from 626 to 763 amino acids w ith a 

calcul ated mo lecular mass of 68 to 80 kDa (Table !). As for the VD E proteins, they 

possess an N-termin a! transit peptide th at targets the protein to the chloropl ast (Fig 1, 

Suppl emental Fig. 4). After the c!eavage of the transit peptide, the ca lcul ated 

molecul ar mass of the mature Z EP pro te ins ranges fro m 60 to 72 kDa. ZEP homologs 

possess a conserved putative N-g !ycosy!ati on and 2 conserved cyste ine res idues . ln 

addition, ZE P proteins conta in an ADP-binding domain in the ir N-termina l porti on 

and an F A D-binding do main in th e ir C-termina l porti on (Marin e t al. , 1996) . T he two 

invari ant ami no acids G and W tha t are key fea tures of SCR 1 are a Iso present. ZE Ps 

differ from T TL and CHL lipoca lins in that they do not possess SC R2 and SCR3. ZEP 

proteins show 28% identity and 44% simila rity w ith mono-oxygenases and oxydases 

th at conta in A DP-binding and F AD-binding domains found in bacteri a and 

cyanobacteri a (S upplementa l Fig. 5) . 

Localization of the TlL- 1 lipocalin 

No ta rgeting peptide was fou nd in TI L-1 . However, Ble and Lazarill o are 

known to be anchored to the plasma membrane (PM ; Bishop, 2000). We therefore 

performed transient ex press ion ana lys is of GFP fusion prote ins in oni on epidermal 

ce ll s to es tabli sh the sub ce!lular locati on of the AtT IL- 1 prote in . To assess for a 

poss ible effect of the GF P mo iety on subce llu!ar !oca li za ti on, three constructs were 

generated (F ig. 2A). T he resu! ts show that the GFP::T[L fu sion accumul ates 

spec ifi ca ll y at the PM (Fi g. 2B). The two other constru cts showed th e same 

loca li za ti on pattern (data not shown). In co ntras t, the flu oresce nce is v isibl e 

throug hout th e ce l! w hen the GF P prote in is in its nati ve state (negative contro l) (F ig. 

2B) . These data show that TIL prote ins accumul ate at the PM . 
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The A tT! L loca li za tion result obta ined by transient expression in on ion ce li s 

was confirmed by biochemica l fractionati on in wh eat. The immunobl ot results in Fig. 

2C show that co ld acc limati on (CA) induces a hi gh accumulati on of TaTl L- 1 in an 

enri ched PM fracti on of co ld-acc limated w heat but not in nucle i. The protein is a lso 

detected in a total so luble extract but at a lower leve!. 

Expression studies 

Induction by abioti c stresses 

Express ion ana lyses of the w heat lipoca lin genes was carri ed out usmg 

quantitati ve real-ti me PC R. T he data show th at a low temperature (L T) treatm ent 

induces the accumul ati on of the TaTIL-1 , Ta TIL-2 and TaZEP transcripts in both less 

to lerant (Manitou) and ha rdy w heat (Norstar) (F ig. 3A) . This increase is greater in the 

hardy w inter culti vars. TaCHL and TaVDE transcripts a lso accumulate during CA but 

only in the to lerant wheat. To dete rmin e w hether plant lipocalin genes are regul ated 

by other stresses, plants were subj ected to different treatm ents. Results in Figure 3 8 

show th at a heat shock induces TaT/L-1 express ion w hile it represses TaCHL and 

TaVDE. There is no signi fica nt change in response to water or salt stress. The Ta TJL-

1 and TaCHL transcripts accumul ate di ffe renti ally in vari ous w heat culti vars showing 

di fferent leve ls of freezing tole rance (FT), indicating that th e ir ex press ion is 

associated w ith the plant's capacity to deve lop FT (F ig . 4) . 

TaT/L- 1, Ta T/L-2 , TaCHL, TaVDE and TaZEP transcripts ali accumul ate in 

response to CA in green leaves (F ig. 5) . T he max imal accumulati on is seen after 6 

days of CA fo r TaCHL and 36 days fo r Ta T/L- 1 and TaZEP. W hen the plants are 

deacc limated at 20°C fo r 1 and 5 days, ali tra nscrip ts dec line to the non- acc limated 

contro l leve ls. Ta TIL - 1 and TaT/L-2 transcripts accumul ate to higher leve! in crown 

compared to leaves after 36 days of CA. T he results a lso show th at TaT/L -2 is th e 

onl y w heat lipoca lin ex pressed in roo ts. 
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Regulati on during th e diurna l cyc le 

Recent evidence bas emerged on the regul ati on of stress-regul ated gene 

express ion by th e circadi an c lock (Fowler et a l. , 2005). ln additi on, T hompson et a l. 

(2000) reported that the ex pression of ZEP genes in tomato is under the control of 

c ircadi an regul ati on. Based on th e class ifi cati on of ZE P pro te ins as lipocalin-like 

pro teins, we thus performed ex pression ana lyses to determine if osc ill ati on in 

transcript accumulati on of these genes occur during a 16 h light 1 8 h dark regime at 

20°C (Fig. 6A). TaZEP transcripts accumu1 ate to lower leve ls during dark periods 

w hil e th ey accumulate up to 15-fo ld in the presence of li ght, reaching a max imum 

after 4 h near diurnal time 12: 00. Thi s oscill ati on was observed over three cycles. 

TaTIL-1 a lso demonstrated a diurna l oscill ati on over three cyc les. However, th e 

osc illati on is less pronounced and reaches a max imal accumulati on leve! at diurn al 

time 00 :00 and a minimal accumul ati on leve! at diurnal time 16: 00. TaTJL-2, TaCHL 

and Ta VDE transcripts accumulati on is no t un der th e control of a diurnal regulation. 

To evaluate the effect of L T on th e diurnal osc ill a ti on, plants were ex posed to 4°C 

under the same light/dark regime (F ig. 68 ). Upon ex posure to L T, the diurn al 

osc ill ati on of TaZEP transcript accumulat ion is deregul ated. 

Evolution of lipocalins 

To invest igate th e evo lutio nary on gm of plant lipoca lins, we searched for 

homologs in ancient pl ants and a lgae. Data mining of no n-redundant sequence 

databases, EST databases and other genome projects showed that sequences encoding 

homologs of T !Ls and C HLs are fo und in ancient plants like masses, coni fe ra ls, 

gneta les and cycads (Tab le l). No entri es encodin g T lL or C HL homo logs were fo u nd 

fo r th e green a lgae Chlamy domonas reinhardtii or th e red a lgae Cyanidioschyzon 

merolae. However, three pl ant lipoca lin-re lated ESTs were identified in the red algae 

Porphyra yezoensis. A survey of 14 cyanobacteria l genome project databases 



74 

revea led that the cyanobacterium Gloeobacter violaceus PCC 742 1 is the only 

cyanobacterial stra in that possesses a lipoca lin gene. A search of 3 1 fungi genomes 

revea led lipoca lin homologs in two different fung i, the yeas t Debaryomyces hansenii 

CBS767 and the foli ar plant pathogen Magnaporthe grisea stra in 70-1 5. 

The relati onships between pl ant lipoca lins, ancient lipocalins and other 

family members were determined by building a phylogeneti c tree (F ig. 7). Our goa l 

was not to redesign the evo lutio n scheme of the lipoca lin fa mily but to trace the 

ori gin of plant lipocalins. We therefore used the da taset from Ganfomina et al. (2000) 

and appended the plants, algae, cyanobacteria and fungi sequences (thi s study) and 

the newly identifi ed epidydimal lipoca lin sequence (S uzuki et a l. , 2004). To reduce 

th e complex ity, we removed close ly-related sequ ences from the orig inal a lignment of 

Ganfomina e t a l. (2000). However, each of th e 14 c lades was represented . We thus 

ali gned 84 lipoca lin sequences and reconstructed phy logeneti c trees using the 

Neighbor-J o ining method (F ig. 7 A) and the ML-based method (F ig. 78 ). For th e 

latter, we firs t computed a g lobal tree (S uppl ementa l Fig. 9) and then refin ed the part 

of the tree conta ining the new sequences using the corresponding subset of the initi al 

a lignment and the same phylogeneti c reconstructi on methodo logy. 

ln compari son with the original a li gnment by Ganfornin a et al. (2000), our 

a li gnment conta ins long gaps due to th e presence of ZE P and VD E sequences and the 

lower conserva tion of the SCR2 and SCR3 signatures. Both trees obta ined from thi s 

alignment are supported by strong bootstrap va lues and agree we il w ith the 14 major 

lipoca lin c lades a lready identifi ed (S uppl ementa l Figs . 8 and 9; Ganfo mina et al. , 

2000; Sanchez et a l. , 2003) . The branching pattern suggests that the plant TILs, the 

yeast DhLLP, th e cyanobacterium GvBl c and th e red a lgae Py LlP di verged earl y from 

bacter ial lipocalins (ML bootstrap va lues of 8 19 and 700). T hi s is in agree ment w ith a 

prev ious phy logeneti c study that inc luded a plant lipoca lin (Sa nchez e t a l. , 2003). T he 

fungus MgLIP and plant C HL lipoca lins a re incorporated into c lade Il a long w ith the 

insect Lazarill o and the mammali an ApoD. T he two lipoca lin-li ke groups, YDEs and 

ZEPs, are in clade X If w ith a 1 G P lipoca lins. The a 1 G P protein has been described as 
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an outlier lipocalin due to the lower conservation of motifs SCR2 and SCR3 

(Ganfornina et al., 2000). As these motifs are not weil conserved in YDEs and ZEPs, 

it is not surpri sing to see these three pro te ins in the same clade. However, the 

branching pattern inside this clade is not supported by high bootstrap values in both 

trees. It is worth noting that exc lusion of the VDE and ZEP sequences from the 

phy logenetic analysis results in the positioning of clade Xli near clade XIll in the 

trees, as reported by Ganfornina et a l. (2000). Apart from thi s, th e branching patterns 

of the trees are not affected. 

Another small difference between our analyses and those of others 

(Ganfornina et a l. , 2000; Gutiérrez et a l. , 2000 ; Sanchez et a l. , 2003 ; Suzuki et a l. , 

2004) is that in the ML tree, the two lipoca lins Hsap.Lcn5 and Ggal.QS-2 1 are 

relocated to the misce ll aneous clade that a lready contains Mmus.Lcn Il , Hsap.Lcn9 

and Lviv.ESP. In the NJ tree, onl y Ggal.QS-2 L is re located to this clade. 
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Discussion 

We recentl y reported the identifi cati on of the first true lipoca lins from plants, 

TaT/L-1 and AtT!L, w hich possess the three SCRs th at cha racteri ze lipocalins 

(Frenette Cha rron et a l. , 2002). Da ta mining of various databases using the TaT IL-1 

sequence as query resulted in the identi fica ti on of a li ava il able full length plant 

lipocalins. Prote in sequence a lignments revea led that these prote ins can be c lass ifi ed 

into four gro ups based on structura l features conse rved among typica l lipoca lins. Two 

of these groups, T ILs and CHLs, are bonafi de lipoca lins. Monocotyledonous species 

possess genes encoding two different members of the TIL group, TIL- l and T/L-2, 

which are regul ated by abiotic stresses. On the o ther band, the re is no conc lusive 

evidence of the ex istence of th ese two forms in di coty ledonous plants. Members of 

the CHLs gro up are expressed specifi ca ll y in photosyntheti c tissues of hi gher plants 

in response to L T exposure. The presence of a transit peptide at their N-terminus 

suggests that they may play a rol e in the chloroplast during CA. 

TaT IL-1 and AtTIL prote ins share similarity w ith three evo lutionaril y related 

lipoca lins, ApoD, Ble and Lazarill o (Frenette C harron et a l. , 2002). Since the latter 

two prote ins are known to be anchored to membranes, we hypoth es ized that Tl Ls 

were also membrane-assoc ia ted . Our locali zati on studi es showed that TIL-l is indeed 

loca li zed at the PM leve!. This result is supported by proteomi c ana lyses of PM 

pro te ins fro m Arabidopsis (Kawamura and Uemura, 2003). TILs do not bea r a s igna l 

peptide, therefore bi oinfo rm at ic ana lyses were used to determin e w hi ch type of 

attachment is responsib le fo r the PM loca li sa ti on. These ana lyses suggested th e 

presence of a C-termin a l c leavage s ite and a favo urabl e enviro nment fo r the addition 

of a G PI anchor (prope r hydrophobie ta i! length and hydrophili c region length) in 8 of 

th e 37 reconstructed TIL prote ins . Additi on of a G PI ancho r would result in th e 

c leavage of th e C-termina l end of TILs. To determin e if thi s is the case, a C- termina l 

T IL: :GFP fus ion was tes ted by transient ex pression. The additi on of a G PI anchor 

would result in the c leavage of the TI L::GF P fusion in two separate prote ins, TIL and 
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GFP, and GFP would be able to move free ly in the cytoplasm. Our results 

demonstrate that TlLs are associated with th e PM but not v ia a GPI anchor since the 

GFP fluorescence is always observed at th e PM leve!. The fact that the N-terminal, 

internai and C-terminal G FP fusions are localized at the PM suggests that TILs could 

be targeted to thi s s ite via the hydrophobie loop between ~- strands 5 and 6, as we 

suggested prev iously (Frenette Charron et a l. , 2002) . 

Despite the presence of SC Rs in members of the other two groups, YDEs and 

ZEPs, many questi ons have been raised on their true be longing to the lipocalin 

fa mily. The s ize and the exon- intro n architecture of these xanthophy ll cyc le enzymes 

show no significant similarity to the genomic organi zati on of typi ca l lipoca lin genes 

(Guti érrez et al. , 2000; Sa li er, 2000). YDEs are predi cted to be lipoca lin-like prote ins 

with a centra l barre l structure fl anked by a cyste ine-rich N-terminal domain and a 

g lutamate-rich C-terminal domain (F ig. L; Hieber et a l. , 2002) . ZEPs possess ADP 

and FAD-binding domains and onl y fit the descripti on of lipoca lins based on a low 

SCR L similari ty (Fig. !). On the other hand, the 44% sequence similarity w ith mono­

oxygenases would instead c lass ify Z EP prote ins in the latter famil y. According to our 

phylogenetic analyses, YDEs and ZEPs are positi oned in clade XII together with 

a 1 GP . Si nee a 1 GP is found only in marsupi a ls and placenta! mammals, it is unlike ly 

th at thi s grouping refl ects a genuine evo lutionary relati onship . Given the featu res of 

YDEs and ZEPs, the stri ct defi niti on of lipoca lins and the ir positioning in the 

phylogenetic trees, it is di ffi cult to consider them part of the lipocalin fa mil y. Rather, 

they could be class ifi ed as lipoca lin- like proteins. T he apparent fusion of a tru e pl ant 

lipoca lin w ith other prote ins during evo luti on was proposed to explain th e atypica l 

structures of these enzymes (Ganfo rnin a et a l. , 2000). The appearance of prote ins 

w ith nove l functi ons wo uld have been an evo lutionary advan tage in that it wo uld 

have prov ided plants with enhanced protection against photoox idative damages. 

Important e lues regarding the evo lution of plant lipoca lins in our study come 

from th e findin g of a lipoca lin hom olog in the cyanobacterium C/oeobacter violaceus 
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PCC 742 1. Cyanobacteri a are unice llular organi sms that carry a compl ete set of genes 

fo r oxygenic photosynthesis, the most fundamenta l !ife process on earth . The 

chl oroplasts in hi gher plants are be li eved to have evolved from cyanobacteri a l 

ancestors w ho deve loped an endosymbi ontic rela ti onship w ith a eukaryo ti c host ce l! 

(Delwiche et a l. , 1995) . To thi s day, sequence info rmatio n is avail able for 14 

complete and 2 parti a l genomes of cyanobacteri a. Among these, only G. violaceous 

possesses a lipoca lin gene. Unlike most recent cyanobacteria, thi s strain Jacks 

thy lakoids, and phycobili somes are attached to the PM . Recent molecul ar 

phylogeneti c analyses show that the G. violaceus is a member of earl y branching of 

the cyanobacteri al lineage (Delw iche et al. , 1995) and could thus be the o ldest known 

cyanobacterium . This suggests th at G. violaceous or a c lose re lati ve might have been 

the initi al donor that gave ri se to the chl oroplast structures of higher plants. These 

observations revea l that certa in lipoca lins were associa ted w ith photosyntheti c 

membranes earl y in the evolution. 

No TLL homologs were fo und 111 the primi tive photosynthetic green a lgae 

Chlamydomonas reinhardtii nor in the red algae Cyanidioschyzon merolae, two 

spec ies fo r w hi ch ex tensive genomic infom1ation is ava il able. However, a homolog 

was found in the red a lgae Porphyra yeonisis. Red algae (Rhodophy ta) are 

photoautotrophic eukaryotes characterized by a Jack of fl age ll a and the presence of 

phycobiliproteins within the plas tid ( Bold and Wynne, 1985; South and Whitti ck, 

1987) . Porphy ra species are blade-fo rming red seaweeds and a re among the s implest 

of red a lgae. Some are ex tremely to lerant to dessiccati on and are fo und in the hi ghest, 

dri est reaches of the littora l zone in co ld temperate and borea l reg ions. The presence 

of a lipoca lin in thi s spec ies may be re lated to its des iccati on to lerance. T he c lose 

pos iti oni ng, in the ph ylogeneti c trees, of the cyanobacteri a l GvB ic with Py Lip from a 

photosynthetic red a lgae supports the hypothes is of late ra l transfer. 

Anoth er nove l fîndin g is the identifica ti on of lipoca lins in two fung i spec ies, 

D. hansenii and M. grisea. D. (Torulaspora) hansenii is a cryoto lera nt marine yeast 

th at to lerates sa lini ty leve ls up to 24%, whereas common yeast growth is inhibited at 
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10% sa1inity . D. hansenii is th e most common spec ies fo und in a li types of cheeses 

(Fieet, 1990). Lt is a lso common in other dairy produc ts (Seil er and Busse, 1990) 

because of its ability to grow in the presence of hi gh salt at L T and to metabo lize 

lac ti c and citri c ac ids. M. grisea, the causa l agent of rice blast di sease, is one of th e 

most devastating threats to food security worldw ide (Zeig ler e t a l. , 1994). M. grisea 

shows excell ent adaptati on abiliti es to a w ide spectrum of stresses ( Ikeda et a l. , 

2001 ). The presence of lipoca lins in these fung i speci es may exp la in their abioti c 

stress to lerance. 1t is possibl e that chloroplast-associated lipoca lins and lipoca lin-like 

prote ins could have ari sen from a la teral transfer fo llowing infection by a fungus such 

as M. grisea. lt has been suggested that such transfers could explain the presence of 

M. grisea DNA in plant genomes (Kim et a l. , 2000). On th e otber hand , gene 

dupli cati on and/or fusion can a lso be proposed to exp lain the presence of the di ffe rent 

prote ins in hi gher plants genomes. 

The plant lipoca lins and lipoca lin-like prote ins properti es, the ir ti ssue 

specificity and tbeir transcript accumulation in response to temperature stress suggest 

a poss ible protec ti on ro le aga inst stress damage. The ir assoc iat ion w ith the 

chloroplast (CHLs, YD Es and ZEPs) and the plasma membrane (TILs) in the green 

leaves supports th e idea tha t these prote ins may ac t as a scavenger of potentia lly 

harm ful mo lecul es known to be induced by temperature stress and excess li ght. The 

lipoca lin-like prote ins YD Es and Z EPs cata lyze the interconvers ions between the 

caroteno ids v iolaxa nthin , antheraxanthin and zeaxanthin in hi g her plants under stress 

conditi on to fo rm th e zeaxa nthin that protects the photosynthetic apparatus aga inst 

the effect of excess ive light ( Havaux and Kl oppstech, 2001 ). Our prev ious wo rk 

demonstrated th at th e photosynthe ti c acc limati on to L T mimics the photosyntheti c 

acc limati on to high li g ht because both conditi ons result in a comparable reducti on 

state of photosystem Il (N dong et a l. , 2001 ). Based on thi s compa ri son and th e data in 

th e present report, we hypothesize that the oth er plant lipoca lins and th e C HLs in 

pa rti cul ar may protect th e photosyntheti c syste m aga inst th e deleteri ous effect of 

-----·----- ---------
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temperature stress . The work is in progress to determine the exact fun ction of these 

nove l members of plant lipocalins. 
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Materials and methods 

Data mining 

TaTlL homologs were identifi ed using the Ta TlL-1 prote in sequence as query (Ace. 

No. AAL 75 S 12) using TBLASTN aga inst the GenBank EST database. Overlapping 

ESTs were assembled u smg the CAP3 Assembly software 

(http: //fenice. ti gem.it/bioprg/ interfaces/cap3. html) and a consensus eDNA sequence 

was deduced when three or more identical sequences could be ali gned. The degree of 

sequence identi ty was determined using ALlGN on the Bio logy Workbench 

(http ://workbench.sdsc.edu/) and NC Bl BLAST 2 sequences 

(http ://www. ncbi .nlm .nih .gov/blast/bl2seq/bl2 .html ). Sequences were a ligned and 

analyzed using C lusta iW on the Bi ology Workbench. Shading of amino acids was 

perfo rmed w ith BOXSHADE 

(http ://ulrec3. unil .ch/software/boxshade/boxshade. html ). PSORT, iPSORT 

(http ://psort.nibb .ac.jp/) , TargetP v 1.01 (http ://www.cbs.dtu .dk), SignaiP v2.0 

(http ://www.cbs.dtu.dk) and Chlo roP (http ://www.cbs.dtu .dk) were used to detect 

spec ifi e targeting sequences. For fun ctional domain identifi cati on, we first used 

ScanProsite to scan the Pros ite da tabase then most of th e software ava il able o n th e 

Ex PASy server (http ://ca.expasy.org). DGPI was used fo r G PI-anchorin g site 

predi cti on (http :// 129. 194. 1S6. 123/G PI-anchor/ index _ en.html). 

Plant material and growth conditions 

ln thi s study, we used two spring wheat genotypes (Triticum aestivum L. cv G lenl ea, 

L T 50 (l etha l temperature th at ki li s 50% of th e seedlings) -S°C; and cv Concorde, L T50 

-S°C) , and fo ur win ter wheat genotypes (T aesti vum L. cv Monopo le, L T 50 -I 5°C; cv 

Abso lvent, L T50 - I6°C; cv Fredri ck, L T50 -I 6°C; and cv Nor tar, L T50 - I9°C). Pl ants 

were grown in a mi xture of 50% blac k earth and 50% Pro-Mix (Premier) fo r 7 days 
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under 16 h day photoperiod with a li ght intensity of 250 J.lmol m-2 s-1 at 20°C. Heat 

shock ( 40°C) and cold treatments ( 4°C) were performed by chang ing the temperature 

in the growth chamber while sa lt stress (0.3 M NaCl) and osmotic stress (30% (w/v) 

PEG-6000) were performed by saturati ng the so i! with these so lutions. A total of 8 

seedlings were harvested on dry ice at di fferent time points as stated in the figures 

and immediately frozen at -70°C. 

Cellular localization of TLLs 

Transient expression ofGFP.fitsions 

AtTIL eDNA fragments were PCR-amplifi ed usmg the pnmers described in 

Supplemental Table I then cloned in the pA VA321 vector (von Arnim et a l. , 1998) to 

generate 3 constructs. The chimeri c genes encode GFP::TIL and TIL:: GFP fusion 

pro te ins, and another prote in in which the G FP prote in is inserted within the TIL 

sequence (TI ::GFP::lL) (Fig. 2A). Plasmid DNA was coated onto Ml7 tungsten 

part ic les (Bio-Rad) and de li vered into oni on epiderm al ce lls by parti cle bo mbardment 

(S hi eh et a l. , 1993) . Images were captured on a MRC 1024 confocal system w ith a 

Nikon Ec lipse TE300 inverted mi croscope and ana lyzed using the LaserSharp 

software (B io-Rad). 

Subcellular_Factionation 

Organellar protein fractions were prepared from leaves of control and 7-day co ld­

acclimated winter w heat cv Norstar. Pl asma membranes (PM) were iso lated by two­

phase partitioning as described by Z hou et a l. ( 1994). N uclei were iso lated as 

previously described (Vazquez-Te ll o et a l. , 1998), then nuc lea r proteins were 

extracted using the TRI-Reagent " (Molecul ar Research Center) fo llowing the 

manufacturer's recommendations. Tota l so luble proteins were prepared as described 
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(Vazquez-Te llo et a l. , 1998) . Samples were separated on 12% S OS-PAGE gels, and 

the rab bit an ti -TaTI L- 1 an ti body was used for th e immunoblot ana lys is. Detecti on 

was perform ed with a peroxidase-coupl ed anti-rabbit lgG secondary antibody and the 

Western Lightning Chemiluminescence Reagent Plus@ (Perkin Eimer). 

Expression analyses by Quantitative Real-Ti me PCR 

RNA isolation and eDNA synthesis 

Tota l RN A was iso lated usmg th e RN easy Plant Mini Kit (QIAGEN). For the 

express ion analyses in the di fferent wheat cultivars, RN A was separated on a 

fo rmaldehyde agarose ge l, transfered to a pos iti ve ly-charged ny lon membrane then 

hybridi zed sequenti a ll y to Ta TIL and TaCHL 32P-Iabe led probes. A li e ther ex pression 

ana lyses w ere performed using quantitati ve real-time PC R. Purifi ed RNA (2 .8 ).lg) 

was reverse transcribed in a 20 ).lL reacti on vo lume using the SuperS cript™ Il First­

Strand Synthes is System for RT-PCR (Invitrogen). Para ll e l reacti ons were run fo r 

each RN A sample in th e absence of SuperScript Il (no RT contro l) to assess fo r 

genomic DN A contaminati on. The reacti ons were terminated by heat inacti vati on at 

70°C for 15 min. Subsequently, the eDNA products were treated w ith 2 units of 

R.Nase H for 20 min at 37°C, then diluted in water to 20 ng ).lr 1 and stored at - 20°C. 

Design o.l gene-specific primers 

The genome of hexaploid w heat conta ins 3 ge nomes inherited from 3 dipl o id 

ancesto rs. Primers were specifi ca ll y des igned to monitor the expression of the 3 

copies of each gene in the same RT reac ti on. ln add ition, primers fo r TaCHL, Ta VDE 

and TaZEP were designed onto exon j un cti o ns to avo id genomic DNA ampli fi cati on. 

The ge ne a rchitecture of Ta TI L-I a nd TaT/L -2 d id not a ll ow for the des ign of LU X™ 

primers on the exon-exon juncti o n. Fluorescent LU X™ primers as we il as non-
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fluorescent primers (Supplemental Table 1) were designed usin g a combination of the 

LUX™ Designer-Desktop Vers ion (lnvitrogen) and the Primer3 software 

(http: //frodo.wi.mit.edu/cgi-bin/primer3/primer3 _ www.cgi). BLASTN searches were 

performed to co nfirm the gene specificity of the primers. Primers were synthesized by 

lnvitrogen. 

PCR amplification 

Quantitative Rea l-Time PC R assays were perfom1 ed in quadruplicate on an ABI 

PRISM® 7000 Sequence Detection System (Applied Biosystems) using the 18S 

ribosomal RNA as intern ai standard . From the diluted eDNA, 1 IlL (20 ng) was used 

as template in a 50 IlL PC R reaction containing 1 x Pla tinum Quantitative PC R 

SuperMix-UDG, 0.15 !lM of non-fluorescent primer, 0.3 !lM of LUX™ fluorescent 

primer, and ROX reference dye. The PCR thermal cycling parameters were 50°C for 

2 min, 95°C for 2 min followed by 50 cycles of 95°C for 20 s and 60°C for 1 mm . 

Each ex perim ent was replicated at least three times. 

Data analysis 

Ali ca lculations and stati stica l analyses were performed using the SOS RQ Manager 

1. 1 software us ing the 2 MCt method with a RQ Min/ Max confidence set at 95 % 

(Livak and Schmittgen 2001 ). Th e error bars disp lay the ca lculated maximum (RQM ax) 

and minimum (RQMin ) ex pression leve ls that rep rese nt standard erro r of th e mea n 

exp ression leve! (RQ va lu e). Co ll ec ti ve ly, the upper and lower limits define th e region of 

exp ression within whi ch the true express ion leve! va lue is likely to occur (S OS RQ 

Manager 1. 1 software user man ua l; Applied Biosystems 1nc.). Amplifi cati on 

efficiency (98% to 1 00%) for the s ix primer sets was determined by amplifi ca ti on of 

eDNA diluti on seri es using 80, 20, 10, 5, 2.5 and 1.25 llg per reaction (data not 
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shown) . Specificity of the RT-PC R products was assessed by ge l electrophoresis. A 

sing le product with the expected length was detected for each reaction . 

Phylogenetic analyses 

Prote ins used in thi s analys is and the FAST A files are presented in Supplementa l 

Tables Il and Ill. The C lustaiX v-1 .83 software (Thompson et a l. , 1997) was used to 

generate the sequ ence a li gnment us ing the foll owing parameters: gap opening penalty 

of 15. 0, gap extension penalty of 0.30, and the substitutio n G onnet scoring matri x. 

The ali gnment was adjusted manuall y in order to respect th e pos iti on of the three 

SCRs, the g lycosy lati on sites and the cyste ine residues, then used to generate 

phylogenetic trees based on two methods. The Neighbor-Joining (NJ) tree was 

generated using TREECON for Windows (version 1.3b) w ith a 100 bootstrap 

repli cates and with the di stance ca lculati on set to the Poisson correcti on (van de Peer 

and Wachter, 1994). PHYML (G uindon and Gascuel, 2003) was used to perfo rm 

max imum likelihood (ML) analyses with the evo lution model JTT (Jones et a l. , 1992) 

and ali other parameters set to the ir defaul t va lue. One thousand boots trap replicates 

were performed with Seqboot and a consensus tree was computed w ith Consense 

fo llowing a stri ct-maj ority rul e. The latter two programs are part of th e PHYLIP v-3.6 

package (Felsenstein, 1993) . The ML trees were rooted w ith the VchoLpro taxon and 

di splayed with TreeV iew v-1. 6.6 (Page, 1996). 

Upon request, a li nove l mate ri a ls described in thi s publi ca ti on w ill be made 

ava il able in a timely manner fo r non-commercial research pu rposes, subj ect to the 

req ui site permi ss ion from any third-party owners of a li or parts of the materi a l. 

Obtaining any permi ssions will be the responsibility of th e requestor. 
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Fig. l. Structure of plant 1 ipocal ins and 1 ipocal in- like pro te ins. 

A. Alignment of the deduced amino acid sequences of wheat lipoca lins w ith a se lect 

set of related lipocalins. Identi cal residues are in black and simil ar residues are in 

grey. The three SCRs that prov ide a signature fo r lipocalins are indicated. The 

secondary structure predi cted from already published models (Bishop et al. , 1995; 

Peitsh and Boguski , 1996) is presented under the a lignment. Arrows, grey rectang les 

and the black rectangle represent f3- strands, a -helix and the 3 10 a -hel ix respective ly . 

B. Schemati c representati on of plant lipocalins. 

Plant lipocalins can be c lass ifi ed in four groups. White boxes labeled 1, 2 and 3 

represent the three ~tructurally _ço nserved regions (SCR 1, SCR2 , and SCR3) that 

charac terize lipocalins. Bl ack rectangles represent chloropl as t transit peptides. Dark 

grey rectang les w ith roman numerals represent res pecti ve ly: l = cysteine-rich region, 

[[ = glutamic acid-ri ch region, Ill = ADP-binding site and IV = FAD-binding site . 

Stars and lozenges represent conserved N-glycosy lati on sites and conserved cysteine 

residues, respecti ve1y. 
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Fig. 2. Ce llular loca li zati on of the plant TIL lipoca lins. 

A. Schematic representati on of GFP fusions used m the transient express ion 

experiments. N and C are th e amino and carboxy termini of the pro teins, respecti ve ly; 

1, 2 and 3 indicate the 3 structurall y conserved regions (SCRs). 

B. T ransient ex pression assays of G FP-TIL fusions. Pl asmids carry ing the fusions 

were transform ed into a ni on epidermal ce ll s by microprojectil e bombardment. 

Confoca l images of GF P flu orescence were captured 20 hours after transformati on. 

O nly the GF P::A tTIL data is shawn since the three constructs gave the same 

fluorescence pattern . The co lor fi gure is shawn in Suppl ementa l Fig. 6. 

C. Bi ochemi ca l fracti onati on ana lysis. Wheat prote in ex tracts were prepared and 

subj ected to S OS-PAGE and western bl ot analyses. Upper panels, western blot results 

obtained using the anti-TaTIL antibody (dil. 1/25,000, 10 sec . ex posure fo r the 

plasma membrane fractions; dil. 112,500, 5 min . exposure for th e other frac ti ons). 

Lower panel, Coomassie Brilliant Blue-stained ge l showing the quality of the 

preparati ons. Typi ca l protein pa ttern s are observed for each frac ti on. N A, non­

acc limated plants grown fo r 7 days; CA 7, plants grown fo r 7 days at 24°C then co ld 

acc limated at 4°C for 7 days . 



A 
GFP::T IL l' LI --~GFw;P ___ ,L.I L..!, ,...J.., _ _J...:Il'""II'-"3'-'-I------'I C 

T l L : :G FP NLI L..!l f...J..I ___ I._,2...1JII'-".1...l.I_..__ __ _,G.!..!FP __ ___J 

T I : :G FP: :IL l' [l DI,JI===IQ2]IIŒ•II Il ==::::<illw2!:P===c=l c 

B 

c 

GFP 

Pla ma 
Membrane 

NA CA7 

GFP::TIL 

C n1dc Nue lei 

1A CA7 A CA7 

96 



97 

Fig. 3. Expression ana lysis of wheat lipocalins in response to abiotic stresses. 

Plants were treated then total RNA was isolated from leaves, reverse transcribed, and 

subjected to quantitative real-time PCR. Relative transcript abundance was calculated 

and normalized with respect to the 18S rRNA transcript leve!. Data shown represent 

mean values obtained from fo ur independent amp lifi cation reactions (n=4), and the 

error bars indicate the range of possible RQ va lues defined by the standard error of 

the delta Ct's. This experiment was repeated tl1ree times with simi lar results . 

A. Expression during co ld acclimation of wheat seed lings . Tissues were samp led at 

18:00. Spring wheat (T aestivum L. cv Manitou; L T 50 (temperature that ki ils 50% of 

the seedlings) of -8°C) and winter wheat (T. aestivum L. cv Norstar; LT50 -19°C) 

were co ld acclimated at 4°C for the indicated number of days. NA, non-acclimated 

plants grown for 7 days ; CA 7 to CA56, plants co ld acc limated for 7 to 56 days. 

B. Expression fo llowing exposure of wheat seedlings to abiotic stresses. Winter 

wheat (T. aestivum L. cv Norstar; L T50 -I9°C) plants were treated as fo ll ows: WS , 

dehydrated in a 30% PEG sol ution (water stress) ; HS, exposed to 40°C for 1 h (heat 

shock) ; NaCl , treated with 300 mM NaCl for 12 and 22 h (salt stress). The sampling 

time (08:00 and 18:00) indicates treatment periods of 12 and 22 hours, respectively. 
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Fig. 4. Expression ana lys is of wheat TaTlL and TaCHL lipocalins in various wheat 

cu lti vars showing vary ing levels of freezing tolerance . 

Non-acclimated contro l plants (NA) were maintained at 20°C for 7 days whil e other 

plants were cold-acc limated (CA36) at 4°C for 36 days after the 7-day germ ination 

period. Tissues were sampled at 18:00. RNA was extracted and analyzed on a 

denaturing RNA ge l blot. Spring wheat genotypes (Triticum aestivum L. cv Glen lea 

(GLEN; LTSO -8°C) and cv Concorde (CON; LTSO -8°C); winter wheat genotypes 

(T. aestivum L. cv Monopo le (MON; L TSO -I5°C) , cv Abso lvent (ABS; L TSO -

l6°C), cv Fredrick (FRED; LTSO -l6°C), and cv Norstar (NOR; LTSO -I9°C)); 

rRNA, ethid ium bromide-stained 28S ribosomal RNA included to show RNA loads 

(7.5 f.lg). 



'""
! 

j 
j 

2 
n 

-
l 

::r::
 
-

)>
 

r 
r 

1 -
G

LE
N

 
C

O
N

 
M

O
N

 
A

BS
 

F
R

E
D

 
N

O
R

 
G

L
EN

 
C

O
N

 
M

O
N

 
A

BS
 

F
R

E
D

 
N

O
R

 

z ?- n ?- V
J 

0
\ 

- 0 0 



------------------------------------------------------------------------------- -----

101 

Fig. 5. Expression analysis of wheat lipoca lins in di fferent ti ssues . 

Plants were grown for 7 days at 20°C. Non-acc limated control plants (NA) were 

mainta ined at 20°C for 1 and 6 days. Cold-acc limated pl ants (CA) were transfered at 

4°C for 1, 6 and 36 days . After CA, sorne plants were transfered at 20°C for 1 and 5 

days fo r deacclimation (DA). Leaf, crown and roo t ti ssues were sampl ed at 18: 00 and 

RNA was ex trac ted and analyzed as described in Fig. 3. 
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Fig. 6. Expression analys is of wheat lipoca lins in response to diurna l cyc les. 

Plants were germinated for 8 days at 20°C under a 16/8 h day/night photoperiod. 

Beginning on day 8 at 8:00, plants were grown at 20°C for 12 hours (from 08:00 to 

20:00) then kept at 20°C for 52 hours (A, controls) or transferred at 4°C for 52 hours 

(B, co ld-accl imated). Leaf samples were harvested at each time-point, and RNA was 

extracted and analyzed as described in Fig. 3. Grey areas represent the dark periods. 
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Fig. 7. Phy logenetic analyses of se lected lipocalins. 

A. T he Ne ighbor-Jo ining tree was built from the a li gnment presented in 

Suppl ementa l Fig . 7 and rooted w ith the VchoLpro taxon. Onl y part of the tree is 

shown. T he g lobal tree is presented in Suppl ementa l Fig. 8. T he scale bar represents 

the branch length (number of ami no acid substitu tions/site). 

B. The maximum like lihood tree was built from the a lignment presented 111 

Suppl ementa l Fig. 7 and rooted w ith the VchoLpro taxon. Bootstrap va lues 111 

parenthesis indi cate nodes that were refin ed for bette r reso luti on. Onl y part of th e tree 

is shown. The g lobal tree is presented in Suppl ementa l Fig . 9 . T he scale bar 

represents the branch length (number of amino ac id substitu tions/ ! 00 res idues) . T he 

grey boxes, identi fied by roman numerals, represent the clades nomenc lature 

(Gutiérrez et a l. , 2000). 
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Supplemental Table m. FAST A fil es of lipocalins and lipocalin-like sequences used 
in the ali gnment presented in suppl. fi g. 7. 
>Mmus . alGP 
QNP EHVN ITIG DPITNETLSWLSDKWFFIGAAVLNPDYRQEIQKTQMVFFNLT PN LIN DTMELREYHT 
IDDHCVYNSTHLGIQRENGTLSKYVGGVKIFADLIVLKMHGAFMLAFDLKDEKKRGLSLNAKRPDITP 
ELREVFQKAVTHVGMDESEIIFVDWKKDRCSQQEKQQLELEKETKKDPEEGQA 

>Rnor . alGP 
IQNPEPANTLGIPITNETLKWLSDKWFYMGAAFRDPVFKQAVQT IQTEYFYLTPNLINDTIELREFQT 
TDDQCVYNFT HLGVQRENGTLSKCAGAVKIFAHLIVLKKHGTFMLAFNLTDENRG LSFYAKKPDLSPE 
LRKIFQQAVKDVGMDESEIVFVDWTKDKCSEQQKQQLELEKETKKETKKDP 

>Hsap . alGP 
QIPLCANLVPVPITNAT LDQITGKWFYIASAFRNEEYNKSVQEIQATFFYFTPNKTEDTIFLREYQTR 
QDQCIYNTTYLNVQRENGTISRYVGGQEHFAHLLILRDTKTYMLAFDVNDEKNWGLSVYADKPETTKE 
QLGEFYEALDCLRIPKSDVVYTDWKKDKCEPLEKQHEKERKQEEGES 

>Ocun . alGP 
QDPACANFSTSPITNATLDQLSHKWFFTASAFRNPKYKQLVQHTQAAFFYFTAIKEEDTLLLREYITT 
NNTCFYNSSIVRVQRENGTLSKHDGIRNSVADLLLLRDPGSFLLVFFAGKEQDKGMSFYTDKPKASPE 
QLEEFYEALTCLGMNKTEVVYTDWTKDLCEPLEKQHEEERKKEKAES 

>Hsap . RBP 
ERDCRVSSFRVKENFDKARFSGTWYAMAKKDPEGLFLQDNIVAEFSVDETGQMSATAKGRVRLLNNWD 
VCADMVGTFTDTEDPAKFKMKYWGVASFLQKGNDDHWIVDT DYDTYAVQYSCRLLNLDGTCADSYSFV 
FSRDPNGLPPEAQKIVRQRQEELCLARQYRLIVHNGYCDGRS ERNLL 

>Ggal . RBP 
ERDCRVSSFKVKENFDKNRYSGTWYAMAKKDPEGLFLQDNVVAQFTVDENGQMSATAKGRVRLFNNWD 
VCADMIGSFTDTEDPAKFKMKYWGVASFLQKGNDDHWVVDT DYDTYALHYSCRELNEDGTCADSYSFV 
FSRDPKGLPPEAQKIVRQRQIDLCLDRKYRVIVHNGFCS 

>Xlae . RBP 
EKNCRVDNFEVMKDFNKERYAGVWYAVAKKDPEGLFLLDNIAANFKIEDNGKTTATAKGRVRILDKLE 
LCANMVGTF I ETNDPAKYRMKYHGALAILERGLDDHWVVDTDYTTYAITYACRRRNLDGTCRDSYSFV 
FSRDINGLPSESQRIVRRRQEQLCLDRKYRVVVHNGYCETN 

>Omyc . RBP l 
SDCQVSNIQVMQNFDRSRYTGRWYAVAKKDPVGLFLLDNVVAQFSVDES GKVTATAHGRVIILNNWEM 
CANMFGTFEDTPDPAKFKMRYWGAASYLQTGNDD HWVIOTDYDNYAI HYSCREVDLDGTC LDG YSFIF 
SRHPTGLRPEDQKIVTDKKKEICFLGKYRRVGHTGFCESS 

>Ggal . Purp 
QTCAVDSFSVKDNFDPKRYAGKWYALAKKD PEGLFLQDNISAEYTVEEDGTMTASSKGRVKLFGFWVI 
CADMAAQYTVPDPTTPAKMYM TYQGLASYLSSGGDNYWVIDTDYDNYAITYACRSLKEDGSCDDGYS L 
IFS RNPRGLPPAIQRIVRQKQEEI CMSGQFQPVLQSGAC 

>Tatil - 1 
MAAKKSGSEMGVVLGLDVARYMGRWYEIASFPNFFQPRDGRDTRATYELMEDGATVHVLNETWSKGKR 
DFIEGTAYKADPASEEAKLKVKFYVPPFLPIIPVVGDYWVLYVDDDYQYALVGEPRRKSLWILCRKTH 
IEEEVYNQLLEKAKEEGYDVAKLHKTPQSDPPPESDAAPTDSKGTWWFKS LFGK 



Ill 

>Attil 
MTEKKEMEVVKGLNVERYMGRWYEIASFPSRFQPKNGVDTRATYTLNPDGTIHVLNETWSNGKRGFIE 
GSAYKADPKSDEAKLKVKFYVPPFLPIIPVTGDYWVLYIDPDYQHALIGQPSRSYLWI LSRTAQMEEE 
TY KQLVE KAVEEGYDISKLHKTPQSDTPPESNTAPEDSKGVWWFKSLFGK 

>Tatil - 2 
MAAMKVVRNLDLERYMGRWYEIACFPSRFQPKDGANTRATYTLGPDGAVKVLNETWTDGRRGHIEGTA 
FRADPAGDEAKLKVRFYVPPFLPVFPVTGDYWVLHVDDAYQFALVGQPSRNYLWILCRQPQMDSEGVY 
EELVERAKEEGYDVSKLRKTPHPEPTPESQDAPKDGGLWWIKSLFGK 

>AtZEP 
CITGDRING LVDGISGTWYVKFDTFTPAASRGLPVTRVISRMTLQQILARAVGEDVIRNESNVVDFED 
SGDKVTVVLENGQRYEGDLLVGADGIWS KVRN NLFGRSEATYSGYTCYTGIADFIPADIESVGYRVFL 
GHKQYFVSSDVGGGKMQWYAFH EEPAGGADAPNGMKKRL FEIFDGWCDNVL DLLHATEEEAI LRRD IY 
DRPGFTWGKGRVTLLGDSIHAMQPNMGQGGCMAIEDSFQLALELDEAWKQSVETTTPVDVVSSLKRYE 
ESRRLRVAIIHAMARMAAIMASTYKAYLGVGLGPLSFLTKFRVPHPGRVGGRFFVDIAMPSMLDWVLG 
GNSEKLQGRPPSCRLTDKADDRLREWFEDDDALERT IKGEWYLIPHGDDCCVS ETLCLTKDEDQPCIV 
GSEPDQDFPGMRIVIPSSQVSKMHARVIYKDGAFFLMDLRSEHGTYVTDNEGRRYRATPNFPARFRSS 
DIIEFGSDKKAAFRVKVIRKTPKSTRKNESNNDKLLQTA 

>OsZEP 
CVTGDRINGLVDGISGSWYIKFDTFTPAAERGLPVTRVISRMTLQQILARAVGDDAILNDSHVVDFID 
DGNKVTAILEDGRKFEGDLLVGADGIWSKVRKVLFGQSEATYSEYTCYTGIADFVPPDIDTVGYRVFL 
GHKQYFVSSDVGAGKMQWYAFHKEPAGGTDPENGKNKRL LE IFNGWCDNVVDLINATDEEAILRRDIY 
DRPPTFNWGKGRVTLLGDSVHAMQPNLGQGGCMAIEDGYQLAVELEKSWQESAKSGTPMDIVSSLRRY 
EKERILRVSVIHGLARMAAIMATTYRPYLGVGLGPLSFLTKLRIPHPGRVGGRFFIKYGMPLMLSWVL 
GGNSTKLEGRPLSCRLSDKANDQLRRWFEDDDALEQAMGGEWYLLPTSSGDSQPIRLIRDEKKSLSIG 
SRSDPSNSTASLALPLPQISENHATITCKNKAFYVTDNGSEHGTWITDNEGRRYRRTSELPCPFPSLG 
CH 

>~vœ 

PDPSALVKNFNMADFRGKWYISSG LNPTFDTFDCQLHE FRLEGDRLVANLAWRIPTPDTGFFTRGAVQ 
RFVQDSSQPAILYNHDNEYLHYQDDWYILSSKIENKDDDYIFVYYRGRNDAWDGYGGAVVYTRSKELP 
ETIVPELERATKSVGRDFSTFIRTDNTCGAEPPLADRIERTVEKGEKLIVDEVKEIEGEIEGEVKELE 
REEETLVKRLADGIMEVKQDVMNFFQGLSKEEMEILDQLNLEATEVEELFSRSLPIRKLR 

>AtVDE 
PDPSVLVQNFNISDFNGKWYITSGLNPTFDAFDCQLHEFHTEGDNKLVGNISWRIKTLDSGFFTRSAV 
QKFVQDPNQPGVLYNHDNEYLHYQDDWYILSSKIENKPEDYIFVYYRGRNDAWDGYGGAVVYTRSSVL 
PNSIIPELEKAAKSIGRDFSTFIRTDNTCGPEPALVER EKTVEEGERIIVKEVEEIEEEVEKEVEKV 
GRTEMTLFQRLAEGFNELKQDEENFVRE LSKEEMEFLDEIKMEASEVEKLFGKALPIRKVR 

>TaCHL 
MMTKGMTAKNFDPVRYSGRWFEVASRKGGFAGQGQEDCHCTQGVYTFDEKAGAIKVETFCVHGSPDGY 
ITGIRGKVQCLSQEDMAGAETDLEREEMISSKCFLRFPTLPFIPKLPYDVLATDYDNYAVVSGAKDTS 
FIQIYSRTPNPGPEFIEKYKSYAAGFGYDLSKIKDTPQDCEVSSDQLAEMMSMPGMDQALTNQFPDLK 
LKSSVAFDPFTSVTQTLKKLAEVYFK 

>A tC HL 
MMMMRGMTAKNFDPVRYSGRWFEVASLKRGFAGQGQEDCHCTQGVYTFDMKESAIRVDTFCVHGSPDG 
YITGIRGKVQCVGAEDLEKSETDLEKQEMIKEKCFLRFPTIPFIPKLPYDVIATDYDNYALVSGAKDK 
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GFVQVYSRTPNPGPEFIAKYKNYLAQFGYDPEKIKDTPQDCEVTDAELAAMMSMPGMEQTLTNQFPDL 
GLRKSVQFDPFTSVFETLKKLVPLYFK 

>Mmus . ApoD 
QNFHLGKCPSPPVQENFDVKKYLGRWYEIEKIPASFEKGNCIQANYSLMENGNIEVLNKELSPDGTMN 
QVKGEAKQSNVSEPAKLEVQFFPLMPPAPYWILATDYENYALVYSCTTFFWLFHVDFFWILGRNPYLP 
PETITYLKDILTSNGIDIEKMTTTDQANCPDFL 

>Hsap . ApoD 
QAFHLGKCPNPPVQENFDVNKYLGRWYEIEKIPTTFENGRCIQANYSLMENGKIKVLNQELRADGTVN 
QIEGEATPVNLTEPAKLEVKFSWFMPSAPYWILATDYENYALVYSCTCIIQLFHVDFAWILARNPNLP 
PETVDSLKNILTSNNIDVKKMTVTDQVNCPKLS 

>Sscr . VEG 
AQEFPAVGQPLQDLLGRWYLKAMTSDPEIPGKKPESVTPLILKALEGGDLEAQITFLIDGQCQDVTLV 
LKKTNQPFTFTAYDGKRVVYILPSKVKDHYILYCEGELDGQEVRMAKLVGRDPENNPEALEEFKEVAR 
AKGLNPDIVRPQQSETCSPGGN 

>Cfam . flp 
QDTPALGKDTVAVSGKWYLKAMTADQEVPEKPDSVTPMILKAQKGGNLEAKITMLTNGQCQNITVVLH 
KTSEPGKYTAYEGQRVVFIQPSPVRDHYILYCEGELHGRQIRMAKLLGRDPEQSQEALEDFREFSRAK 
GLNQEILELAQSETCSPGGQ 

>Rnor.VEG2 
AQAFPTTEENQDVSGTWYLKAAAWDKEIFTPDKKFGSVSVTPMKIKTLEGGNLQVKFTVLISGRCQEM 
STVLEKTDEPGKYTAYSGKQVFTVYSIPSAVEDHYIFYYEGKIHRHHFQIAKLVGRNPEINQEALEDF 
QNAVRAGGLNPDNIFTFIPKQSETCPLGSN 

>Hsap . VEG 
AHHLLASDEEIQDVSGTWYLKAMTVDREFPEMNLESVTPMTLTTLEGGNLEAKVTMLISGRCQEVKAV 
LEKTDEPGKYTADGGKHVAYIIRSHVKDHYIFYCEGELHGKPVRGVKLVGRDPKNNLEALEDFEKAAG 
ARGLSTESILIPRQSETCSPGSD 

>Mmus . VNSPl 
QDSSFLAFNNGNFSGKWFLKALVSEDDIPINKVSPMLILVLNNGDIELSITHMIYDQCLEVTTILEKT 
DVPGQYLAFEGKTHLQVQLSSVKGHYMLYCDGEIEGMRFLMTQLIGRDPQENLEALEEFKVFTQIKGL 
VAENLVILEQMEKCEPE FYELPSRPSE 

>Mmus . VNSP2 
LQTYDDLPFISEEDKLSGVWFIKATVSQRREVEGETLVAFPIKFTCPEEGTLELRHTLASKGECINVG 
IRLQRTEEPGQYSAFWGHTLFYIYDLPVKDHYIIYCESHPFQKISQFGYLIGKYPEENQDTLEVFKEF 
IQHKGFLQEKIGVPEQRDRCIPIHDSAHQDHKC 

>Mmus . MUP4 
HAEEATSKGQNLNVEKINGEWFSILLASDKREKIEEHGSMRVFVEHIHVLENSLAFKFHTVIDGECSE 
IFLVADKTEKAGEYSVMYDGFNTFTILKTDYDNYIMFHLINEKDGKTFQLMELYGRKADLNSDIKEKF 
VKLCEEHGIIKENIIDLTKTNRCLKARE 

>Mmus . MUPS 
EEASSERQNFNVEKINGKWFSILLASDKREKIEEHGTMRVFVEHIDVLENSLAFKFHTVIDEECTEIY 
LVADKTEKAGEYSVTYDGFNTFTILKTDYDNYIMFHLINKKDEENFQLMELFGREPDLSSDIKEKFAK 
LCEEHGIVRENIIDLSNANRCLQARE 
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>Mmus . MUP 
HAEEASSTGRNFNVEKINGEWHTIILAFDKREKIEDNGNFRLFLEQIHVLENSLVLKFHTVRDEECSE 
LSMVADKTEKAGEYSVTYDGFNTFTIPKTDYDNFLMAHLINENDGETFQLMGLYGREPDLSSDIKERF 
AQLCEKHGILRENIIDLSNANRCLQARE 

>Mmu s . mMUP 
HAEESSSMERNFNVEQISGYWFSIAEASYEREKIEEHGSMRAFVENITVLENSLVFKFHLIVNEECTE 
MTAIGEQTEKAGIYYMNYDGFNTFSILKTDYDNYIMIHLINKKDGKTFQLMELYGREPDLSLDIKEKF 
AKLCEEHGIIRENIIDLTNVNRCLEARE 

>Rnor . a2gl 
HAEEASSTRGNLDVDKLNGDWFSIVVASDKREKIEENASMRVFMQHIDVLENSLGFKFRIKENGECRE 
LYLVAYKTPEDGEYFVEYDGGNTFTILKTDYDRYVMFHLINFKNGETFQAMVLYGRTKDLSSDIKEKF 
AKLCEAHGITRDNIIDLTKTDHCLQARG 

>Rnor . a2g3 
HAEEASFERGNLDVDKLNGDWFSIVVASDKREKIEENGSMRVFVQHIDVLENSLGFTFRIKENGVCTE 
FSLVADKTAKDGEYFVEYDGENTFTILKTDYDNYVMFHLVNVNNGETFQLMELYGRTKDLSSDIKEKF 
AKLCVAHGITRDNIIDLTKTDRCLQARG 

>Hsap . Lcn9 
QEFDPHTVMQRNYNVARVSGVWYSIFMASDDLNRIKENGDLRVFVRNI EHLKNGSLIFDFEYMVQGEC 
VAVVVVC EKTEKNGEYSINYEGQNTVAVSETDYRLFITFHLQNFRNGTETHTLALYETCEKYGLG SQN 
IIDLTNKD PCYSKHYRSPPRPPMRW 

>Cfam . f2p 
QEGNHEEPQGGLEELSGRWHSVALASNKSDLIKPWGHFRVFIHSMSAKDGNLHGDILIPQDGQC EKVS 
LTAFKTATSNKFDLEYWGHNDLYLAEVDPKSYLILYMINQYNDDTSLVAHLMVRDLSRQQDFLPAFES 
VCEDIGLHKDQIVVLSDDDRCQGSRD 

>Tvul . Lip 
LQPECSRSEEDLSDEKERKWEQLSRHWHTVVLASSDRSLIEEEGPFRNFIQNITVESGNLNGFFLTRK 
NGQCIPLYLTAFKTEEARQFKLNYYGTNDVYYGSSKPNEYAKFIFYNYHDGKVNVVANLFGRTPNLSN 
EIKKRFEEDFMNRGFRRENILDISEVDHC 

>Ccri . Aphr 
QDFAELQGKWYTIVIAADNLEKIEEGGPLRFYFRHIDCYKNCSEMEITFYVITNNQCSKTTVIGYLKG 
NGTYQTQFEGNNIFQPLYITSDKIFFTNKNMDRAGQETNMIVVAGKGNALTPEENEILVQFAHEKKIP 
VENILNILATDTCPE 

>Rnor . OBPl 
HHENLDISPSEVNGDWRTLYIVADNVEKVAEGGSLRAYFQHMECGDECQELKIIFNVKLDSECQTHTV 
VGQKHEDGRYTTDYSGRNYFHVLKKTDDIIFFHNVNVDESGRRQCDLVAGKREDLNKAQKQELRKLAE 
EYNIPNENTQHLVPTDTCNQ 

>Mmu s . Pbas 
VMSLKKKIDGPWQTIYLAASTMEKINEGSPLRTYFRHICVGRRSNQVYLYFFIKKGTKCQLYKV I GRK 
KQEVYYAQYEGSIAFMLKMVNEKILLFHYFNKNRRNDVTRVAGVLAKGKLNKEEMTEFMNLVEEMGIE 
EENVQRIMDTDNCPSKIRISITD 

>Rn o r . Pbas 
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MMTDKNLKKKIEGNWRTVYLAASSVEKINEGSPLRTYFRRIECGKRCNRINLYFYIKKGAKCQQFKIV 
GRRSQDVYYAKYEGSTAFMLKTVNEKILLFDYFNRNRRNDVTRVAGVLAKGRQLTKDEMTEYMNFVEE 
MGIEDENVQRVMDTDTCPNKIRIR 

>Btau . alle 
AQETPAEIDPSKIPGEWRIIYAAADNKDKIVEGGPLRNYYRRIECINDCESLSITFYLKDQGTCLLLT 
EVAKRQEGYVYVLEFYGTNTLEVIHVSENMLVTYVENYDGERITKMTEGLAKGTSFTPEELEKYQQLN 
SERGVPNENIENLIKTDNCPP 

>Btau . BLB 
LIVTQTMKGLDIQKVAGTWYSLAMAASDISLLDAQSAPLRVYVEELKPTPEGDLEILLQKWENGECAQ 
KKIIAEKTKIPAVFKIDALNENKVLVLDTDYKKYLLFCMENSAEPEQSLACQCLVRTPEVDDEALEKF 
DKALKALPMHIRLSFNPTQLEEQCHI 

>Sscr . BLB 
VEVTPIMTELDTQKVAGTWHTVAMAVSDVSLLDAKSSPLKAYVEGLKPTPEGDLEILLQKRENDKCAQ 
EVLLAKKTDIPAVFKINALDENQLFLLDTDYDSHLLLCMENSASPEHSLVCQSLARTLEVDDQIREKF 
EDALKTLSVPMRILPAQLEEQCRV 

>Hsap . PP14 
VPAMDIPQTKQDLELPKLAGTWHSMAMATNNISLMATLKAPLRVHITSLLPTPEDNLEIVLHRWENNS 
CVEKKVLGEKTGNPKKFKINYTVANEATLLDTDYDNFLFLCLQDTTTPIQSMMCQYLARVLVEDDEIM 
QGFIRAFRPLPRHLWYLLDLKQMEEPCRF 

>Mmus.Almg 
DPASTLPDIQVQENFSESRIYGKWYNLAVGSTCPWLSRIKDKMSVQTLVLQEGATETEISMTSTRWRR 
GVCEEITGAYQKTDIDGKFLYHKSKWNITLESYVVHTNYDEYAIFLTKKSSHHHGLTITAKLYGREPQ 
LRDSLLQEFKDVALNVGISENSIIFMPDRGECVPGDREVEPTSIAR 

>Hsap . Almg 
PVPTPPDNIQVQENFNISRIYGKWYNLAIGSTCPWLKKIMDRMTVSTLVLGEGATEAEISMTSTRWRK 
GVCEETSGAYEKTDTDGKFLYHKSKWNITMESYVVHTNYDEYAIFLTKKFSRHHGPTITAKLYGRAPQ 
LRETLLQDFRVVAQGVGIPEDSIFTMADRGECVPGEQEPEPILIPRV 

>Xlae . Almg 
SPIQPEDNIQIQENFDLQRIYGKWYDIAIGSTCKWLKHHKEKFNMGTLELSDGETDGEVRIVNTRMRH 
GTCSQIVGSYQKTETPGKFDYFNARWGTTIQNYIVFTNYNEYVIMQMRKKKGSETTTTVKLYGRSPDL 
RPTLVDEFRQFALAQGIPEDSIVMLPNNGECSPGEIE 

>Ssal . Al mg 
VPVLPEPLFPIQDNFDLTKFMGKWHDIAIGSTCPWMQRHKGDAAIGTLELQASGTEDKVSMTRSMKKH 
GKCEQISGDYELTATPGRLTYHIAKWGADVDAYVVDTNYDEYAIVMLSKQKTGGEKTKSAKLYSRTME 
LPPTILEDFRRLVREQGMADDTIIIKQNKGECVPGTEPVAAEPQPEITAP 

>Pp l a . Al mg 
LPVLPEPLYPTQENFDLTRFVGTWHDVALTSSCPHMQRNRADAAIGKLVLEKDTGNKLKVTRTRLRHG 
TCVEMSGEYELTSTPGRIFYH I DRWDADVDAYVVHT YDEYAIIIMSKQKTSGENSTSLKLY SRTMSV 
RDTVLDDFKTLVRHQGMSDDTIIIKQNKGDCIPGEQVEEAPSQPEPK 

>Hsap . CSGC 
QKPQRPRRPASPISTIQPKANFDAQQFAGTWLLVAVGSACRFLQEQGHRAEATTLHVAPQGTAMAVST 
FRKLDGICWQVRQLYGDTGVLGRFLLQARGARGAVHVVVAETDYQSFAVLYLERAGQLSVKLYARSLP 
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VSDSVLSGFEQRVQEAHLTEDQIFYFPKYGFCEAADQFHVLDEVRR 

>Ocun . C8GC 
RWAQKPRGAPSAISAIQPKANFDAQQFAGTWLLAAVGSACHFLQEQGHRAEATALHVAPQGAAMAVST 
FRKLDGICWQVSQRYGATGVPGRFLLPARGPRGAVHVVAAETDYHSFAVLYLERARQLSVKLYVRSLP 
VSDSVLGAFEQRVAQANLTQDQVLFFPTYGFCEAADQFHILDEVRR 

>Xlae . cpll 
SLWVGAEVQVQPDFQKEKVLGKWYGIGLASNSNWFKDRKSHMKMCTTIITPTADGNLEVTATYPKMDR 
CETKSMTYFKTEQLGGFRAKSPRYGSEHDMRVVETNYDEYILMYTVKTKGSETNQIVSLFGRDKDLRP 
ELLDKFQNFAKSQGLADDNIIILPHTDQCMTEA 

>Bmar . lip 
DVPIQPDFQEDKILGKWYGIGLASNSNWFQSKKQQLKMCTTVITPTADGNLDVVATFPKLDRCEKKSM 
TYIKTEQPGRFLSKSPRYGSDHVIRVVESNYDEYTLMHTIKTKGNEVNTIVSLFGRRKTLSPELLDKF 
QQFAKEQGLTDDNILILPQTDSCMSEV 

>Mmus . PGDS 
QTPAQGHDTVQPNFQQDKFLGRWYSAGLASNSSWFREKKAVLYMCKTVVAPSTEGGLNLTSTFLRKNQ 
CETKIMVLQPAGAPGHYTYSSPHSGSIHSVSVVEANYDEYALLFSRGTKGPGQDFRMATLYSRTQTLK 
DELKEKFTTFSKAQGLTEEDI VFLPQPDKCI QE 

>Hsap . PGDS 
QAAPEAQVSVQPNFQQDKFLGRWFSAGLASNSSWLREKKAALSMCKSVVAPATDGGLNLTSTFLRKNQ 
CETRTMLLQPAGSLGSYSYRSPHWGSTYSVSVVETDYDQYALLYSQGSKGPGEDFRMATLYSRTQTPR 
AELKEKFTAFCKAQGFTEDTIVFLPQTDKCMTEQ 

>Mmus . NGAL 
QDSTQNLIPAPSLLTVPLQPDFRSDQFRGRWYVVGLAGNAVQKKTEGSFTMYSTIYELQENNSYNVTS 
ILVRDQDQGCRYWIRTFVPSSRAGQFTLGNMHRYPQVQSYNVQVATTDYNQFAMVFFRKTSENKQYFK 
ITLYGRTKELSPELKERFTRFAKSLGLKDDNIIFSVPTDQCIDN 

>Hsap.NGAL 
QDSTSDLIPAPPLSKVPLQQNFQDNQFQGKWYVVGLAGNAILREDKDPQKMYATIYELKEDKSYNVTS 
VLFRKKKCDYWIRTFVPGCQPGEFTLGNIKSYPG LTSYLVRVVSTNYNQHAMVFFKKVSQNREYFKIT 
LYGRTKELTSELKENFIRFSKSLGLPENHIVFPVPIDQCIDG 

>Hsap . Lcnl2 
KVLQAQTPTPLPLPPPMQSFQGNQFQGEWFVLGLAGNSFRPEHRALLNAFTATFELSDDGRFEVWNAM 
TRGQHCDTWSYVLIPAAQPGQFTVDHGVEPGADREETRVVDSDYTQFALMLSRRHTSRLAVLRISLLG 
RSWLLPPGTLDQFICLGRAQGLSDDNIVFPDVTGNMVHLQACWAVGTGPAGMSLVDPRGAGPSVYPGS 
SAPACAQGSPGSWVPVLNPGSEPPPAAPGPLSWATSSHPGSPVPGHLLPPQVPCPGPPPPAPPAPGPL 
SRPTSSHPGSPVLGYLLPPQVPCPGPSPPSGSPVLGHLLPSPIPAHKELGLIPGGALDLSSLPWVAAP 
A 

>Mmus . Lcnl2 
QILESQISAMSQGFPQMTSFQSDQFQGEWFVLGLADNTFRRE HRALLNFFTTLFELKEK QFQVTNSM 
TRGKHCNTWSYT LIPATKPGQFTRDNRGSGPGADRENIQVIETDYITFA LVLSLRQTSSQNITRVS LL 
GRNWRLSHKTIDKF ICLTRTQNLTKDNFLF PDLSDWLPDPQVC 

>DhLip 
KKEEMPVVEKIELDKYLGKWYEIARKPFLFQKKCYSNVSAKYSLNDNANINVDNSCYSKDGKLRQAIG 
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EAFTQNPPFNSKLKVSFLPKAIRFLPIGRGDYW I LKIDDNYQTVLVGGPSRKYMWILSRSQNHDEIVV 
QDYLDYAKEIGFDVSDIIMTKQTNE 

>Cfre . OML 
CSSPTPPKGVTVVNNFDAKRYLGTWYEIARFDHRFERG LDKVTATYSLRDDGGINVINKGYNPDREMW 
QKTEGKAYFTGDPSTAALKVSFFGPFYGGYNVIALDREYRHALVCGPDRDYLWILSRTPTISDEMKQQ 
MLAIATREGFEVNKLIWVKQPGA 

>Ecol . OML 
CSSPTPPRGVTVVNNFDAKRYLGTWYEIARFDHRFERGLEKVTATYSLRDDGGLNVINKGYNPDRGMW 
QQSEGKAYFTGAPTRAALKVSFFGPFYGGYNVIALDREYRHALVCGPDRDYLWILSRTPTISDEVKQE 
MLAVATREGFDVSKFIWVQQPGS 

>Vcho . Lpro 
MEILIGATCLGMPESVKPVSDFELNNYLGKWYEVARLDHSFERGLSQVTAEYRVRNDGGISVLNRGYS 
EEKGEWKEAEGKAYFVNGSTDGYLKVSFFGPFYGSYVVFELDRENYSYAFVSGPNTEYLWLLSRTPTV 
ERGILDKFIEMSKERGFDTNRLIYVQLQ 

>Ddis . Lip 
I LGGVTYAYNSFKRYIPEGVHAVKPFYPEKYVGKWYEIARLYTYFEKDLDK ITAEYSINKDGSITVVN 
SGYNYKKKKRENAKGIAYFVNGSDEGMLKVSFFGPFYSGYNVIAIDPDYKYALIAGQSFDYMWILSKE 
PTIPEKIKNSYLE LAKSVGYDITKLIWSKQNENEN 

>Dmel . Lip 
AVWVAHAQVPFPGKCPDVKLLDTFDAEAYMGVWYEYAAYPFAFEIGKKCIYANYSLIDNSTVSVVNAA 
INRFTGQPSNVTGQAKVLGPGQLAVAFYPTQPLTKANYLVLGTDYESYAVVYSCTSVTPLANFKIVWI 
LTRQREPSAEAVDAARKILEDNDVSQAFLIDTVQKNCPRLDGNGTGLAGEDGLDVDDFVSTTVPNAIE 
KA 

>Gme l . Gall 
VHEGKCPDFKPVDNFNLTAYQGVWYEISKTPNDAEKNGKCGQAEYKLEGEVVKVKNSHVVDGVQKYVE 
GTAKFAEDANKSAKLLVTLTYGAVNRESPLNVIATDYQNYAIAYTCKYDEKSKSHNDSIWILSRAKKL 
EGDAKTAVDNYLKEHAKEIDASKLVQTDFSEEACKFTSTSAVTEPQTKKQ 

>Pbra . Bbp 
NVYHDGACPEVKPVDNFDWSNYHGKWWEVAKYPNSVEKYGKCGWAEYTPEGKSVKVSNYHVIHGKEYF 
I EGTAYPVGDSKIGKIYHKLTYGGVTKENVFNVLSTDNKNY IIGYYCKYDEDKKGHQDFVWVLSRSKV 
LTGEAKTAVENYLIGSPVVDSQKLVYSDFSEAACKVNN 

>Mse x . IcyA 
GDIFYPGYCPEVKPVDDFDLSAFAGAWHE IAKLPLENENEGKCTVAEYKYDGKKASVYNSFV INGVKE 
YMEGDLEIAPDAKLTKQGKYVMTFKFGPRVVVQVPWVLATDYKNYAINYNCNYHPDKKAHSIHAWVLS 
RNKVLEGNTKEVVDNVLKTFSHLIDASKFMSNEFSEAACQYSTTYSLTGPDRH 

>Hgam . CRC2 
DGIPSFVTAGKCASVANQDNFDLRRYAGRWYQTHIIENAYQPVTRCIHSNYEYSTNDYGFKVTTAGFN 
PNDEYLKIDFKVYPTKEFPAAHMLIDAPSVFAAPY EVIETDYETYSCVYSCITTDNYKSEFAFVFSRT 
PQTSGPAVEKTAAVFNKNGVEFSKFVPVSHTAECVYRA 

>Hgam . CRCl 
DKIPDFVVPGKCASVDRNKLWAEQTPNRNSYAGVWYQFALTNNPYQLIEKCVRNEYSFDGKQFVIKST 
GIAYDGN LLKRNGKLYPNPFGEPHLSIDYENSFAAP LV I LE TDYSNYAC LYSC IDYNFGYHSDFSFIF 

-----------------------------------------------------------------------
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SRSANLADQYVKKCEAAFKNINVDTTRFVKTVQGSSCPYDTQKTL 

>Mmus . Lcnl3 
AQEAPPDDLVDYSGIWYAKAMVHNGTLPSHKIPSIVFPVRIIALEEGDLETTVVFWNNGHCREFKFVM 
KKTEEPGKYTAFHNTKVIHVEKTSVNEHYIFYCEGRHNGTSSFGMGKLMGRDSGENPEAMEEFKNFIK 
RMNLRLENMFVPEIGDKCVESD 

>Tvul . BL 
IQAIENIHSKEELVVEKLIGPWYRVEEAKAMEFSIPLFDMNIKEVNRTPEGNLELIVLEQTDSCVEKK 
FLLKKTEKPAEFEIYIPSESASYTLSVMETDYDNYILGCLENVNYREKMACAHYERRIEENKGMEEFK 
KIVRTLTIPYTMIEAQTREMCRV 

>Mmus . Lcnll 
LQDFHPEQVTGPWHTLKLASTDRSLIEEGGAYRCFMTDIVLLDNGNLNVTYFHRKDGKCVKEFYIAEK 
TDTPGQYTFEYQGRNSLTFVHVTEDFAIMDLENQSEGGTTIVIEFHGRSLSTDELG 

>GvBlc 
DSQPIETVAEVDFNRYDGRWYELARTPNIFQIGCTCVTANYSVLSESSISVFNTCNRFRPRGNLVTID 
GVAVVADPNAPGKLLITFEGSPVAEDYWIIDLVEDPNNSAGDYAFAAIGGPNRDFIFIISRKPALETY 
QDVLAYQGIVKRLQAQHFPVDALNSTPQPTSCTYKSQSLPGGL 

>Btau . OBP 
KNAQEEEAEQNLSELSGPWRTVYIGSTNPEKIQENGPFRTYFRELVFDDEKGTVDFYFSVKRDGKWKN 
VHVKATKQDDGTYVADYEGQNVFKIVSLSRTHLVAHNINVDKHGQTTELTGLFVKLNVEDEDLEKFWK 
LTEDKGIDKKNVVNFLENEDHPHPE 

>MgLip 
DTSSVPNTVPSLWDGECFYPTPDIGFDTKSYLGRWYQVAGTVAPFTASCKCIYAQYALNDNGTIQVNN 
TCEAGGRAVNILGTAEPADPGYGAKGALRVQFPGQPGPACSGPNYVVQDYTGDFALVQTYNFSTLFVL 
SRNQHPEEAVLDAWIKRAGALGSDLSDVIKNDQTNCSFT 

>Same . Laz 
AQETMGCADRSAINDFNATLYMGKWYEYAKMGSMPYEEGGVCVTAEYSMSSNNITVVNSMKDNTTHEV 
NTTTGWAEFASELHTDGKLSVHFPNSPSVGNYWILSTDYDNYSIVWSCVKRPDSAASTEISWILLRSR 
NSSNMTLERVEDELKNLQLDLNKYTKTEQSAKYCA 

>Tvul . LLP 
DDVAFSAFTPSEGTYYVQVIAVDKEFPEEEIPRDMSPLTIMYLDDGKMEARFTMKKDDNCEEINIMLE 
KTADPRKITMNRRLRYTCAAVRTSKQKHWILVCPREFQGETIRMAKLVGPNTDKNPKALEDFYRFIYR 
ERFDKRRIITPKQTEACAPEHA 

>Ecab . pl9p 
RRPHALHMGPGDPNFDEKLVKGKWFSVALASNEPKFIAKDTDMKFFIHKIQVTPESLQFHFHRKVRGM 
CVPTMMTAHKTKKKFQYTVNHSGHKTIFLEKVDPKHFVIFCAHSMKHGKETVVVTLFSRTPTVSPDVM 
WMFKKYCKTHGIHTSNIVDLTQTDRCLHARH 

>Ggal . QS - 21 
AATVPDSSEVAGKWYIVALASNTDSFLREKGKMKMVMARISFLGEDELEVSYAAPSPKGCRKWETTFK 
KTSDDGELYYSEEAEKTVEVLDTDYKSYAVIFATRVKDGRTLHMMRLYSRSREVSPTAMA I FRKLARE 
RNYTDEMVAVLPSQEECSVDEV 

>Hsap.Lcn 5 
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QAVWLGRLDPEQLLGPWYVLAVASREKGFAMEKDMKNVVGVVVTLTPENNLRTLSSQHGLGGCDQSVM 
DLIKRNSGWVFENPSIGVLELWVLATNFRDYAIIFTQLEFGDEPFNTVELYSLTETASQEAMGLFTKW 
SRSLGFLSQ 

>Mmus . Lcn8 
ESTRVELVPEKIAGFWKEVAVASDQKLVLKAQRRVEGLFLTFSGGNVTVKAVYNSSGSCVTESSLGSE 
RDTVGEFAFPGNREIHVLDTDYERYTILKLTLLWQGRNFHVLKYFTRSLENEDEPGFWLFREMTADQG 
LYMLARHGRCAELLKEGLV 

>Mmus . ERBP 
TEAAVVKDFDVNKFLGFWYEIALASKMGAYGLAHKEEKMGAMVVELKENLLALTTTYYNEGHCVLEKV 
AATQVDGSAKYKVTRISGEKEVVVVATDYMTYTVIDITSLVAGAVHRAMKLYSRSLDNNGEALNNFQK 
IALKHGFSETDIHILKHDLTCVNALQSGQI 

>Lviv . ESP 
DIPVVPNFDAQKTVGKWHPIGMASKLPEVPEYEQKISPMDHMVELTDGDMKLTANYMDGVCKEATAML 
KHTDKPGVFKFTGGEIRMMDIDYEKYLIMYMKKSTFEAMYLSARGSDVGDDIKEKFKKLVLEQNFPEA 
HIKYFNAEQCTPTAA 

>PyLip 
RKCPNPATVPALDVAAYTGRWYQIGVTAEFAERQEDNKPCVTADYRLTGPTVEVINCKQDVPANRSSG 
AIVGCAQAVAFPGKKEDPGKLGVQFPGAPFPAPYWVINLAGSKEDGYRVAVVYSCTSTGSFFSQGLFL 
LSRTPKLRYGVFEAVYWYVRVLARGIRFQKGNEFKLTPQGKSCTYRGDEGAKVVFQ 
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Supplemental Table IV. FAST A files of plant lipoca lins and lipocalin-like sequences. 

Temperature-lnduced Lipocalins 

>TaTIL - 1 
MAAKKSGSEMGVVLGLDVARYMGRWYEIASFPNFFQPRDGRDTRATYELMEDGATVHVLNETWSKGKR 
DFIEGTAYKADPASEEAKLKVKFYVPPFLPIIPVVGDYWVLYVDDDYQYALVGEPRRKSLWILCRKTH 
IEEEVYNQLLEKAKEEGYDVAKLHKTPQSDPPPESDAAPTDSKGTWWFKSLFGK 

>TaTIL - 2 
MAAMKVVRNLDLERYMGRWYEIACFPSRFQPKDGANTRATYTLGPDGAVKVLNETWTDGRRGHIEGTA 
FRADPAGDEAKLKVRFYVPPFLPVFPVTGDYWVLHVDDAYQFALVGQPSRNYLWILCRQPQMDEGVYE 
ELVERAKEEGYDVSKLRKTPHPEPTPESQDAPKDGGLWWIKSLFGK 

>HvTIL - 1 
MAVKKIGSEMGVVLGLDVARYMGRWYEIASFPNFFQPRDGRDTRATYELMEDGATVHVLNETWSKGKR 
DYIEGTAYKADPASDEAKLKVKFYVPPFLPIIPVVGDYWVLYVDDDYQYALVGEPRRKSLWILCRKTH 
IEEEVYNQLLEKAKEEGYDVAKLHKTPQSDPPPEGDAAPTDSKGAWWFKSLFGK 

>HvTI L- 2 
MAAMKVVRNLDLERYMGRWYEIACFPSRFQPKDGANTRATYTLGPDGAVKVLNETWTDGRRGHIEGTA 
FRADDAGDEAKLKVRFYVPPFLPVFPVTGDYWVLHVDDAYQYALVGQPSRNYLWILCRQPRMDEGVYN 
ELVERAKEEGYDVSKLRRTPHPEPTPESQDAPKDGGLWWIRSLFGK 

>OsTIL - 1 
MAAAAVEKKSGSEMTVVRGLDVARYMGRWYEIASLPNFFQPRDGRDTRATYALRPDGATVDVLNETWT 
SSGKRDYIKGTAYKADPASDEAKLKVKFYLPPFLPVIPVVGYWVLYVDDDYQYALVGEPRRKDLWILC 
RQTSMDDEVYGRLLEKAKEEGYDVEKLRKTPQDDPPPESDAAPTDTKGTWWFKSLFGK 

>OsTI L- 2 
MKVVRNLDLERYMGRWYE IACFPSR FQPRDGTNTRATYTLAGDGAVKV LNETWTDGRRGHIEGTAYRA 
DPVSDEAKLKVKFYVPPFLPIFPVVGDYWVLHVDDAYSYALVGQPSLNYLWILCRQPHMDEEVYGQLV 
ERAKEEGYDVSKLKKTAHPDPPPETEQSAGDRGVWWIKSLFGR 

>AtTI L 
MTEKKEMEVVKGLNVERYMGRWYEIASFPSRFQPKNGVDTRATYTLNPDGTIHVLNETWSNGKRGFI E 
GSAYKADPKSDEAKLKVKFYVPPFLPIIPVTGDYWVLYIDPDYQHALIGQPSRSYLWILSRTAQMEEE 
TYKQLVEKAVEEGYDISKLHKTPQSDTPPESNTAPEDSKGVWWFKSLFGK 

>LeT IL 
MATKVMEVVKNLDLKRYMGRWYEIASFPSRFQPKDGVDTRATYTLNSDGTVHVLNETWCNGKRGFIEG 
TAYKADPNSDEAKLKVRFYVPPFLPIIPVTGDYWVLYIDEDYQYALIGQPSRRYLWILSRQTRLDDEI 
YNQLVEKAKEEGYDVSKLHKTPQSDSPPDSEDSPKDTKGIWWIKSILGK 

>LeT IL' 
MTTKEMEVVKNLDVEKYMGRWYEIASFPSRNQPKDGVNTRATYTLNQDGTVHVLNETWSGGKRGSIEG 
TAYKADPKSDEAKLKVKFYIPPFLPIIPIVGDYWVLYIDDDYQYALIGQPSKKYLWILCRQPHLDEEI 
YNQLVEKAKEV GYDVSKLHKTPQADPPPDGEDAPKDTKGFWWIKSILGK 

>SoT IL 
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MAAAEGKKSGGQMTVVRGLDVARYMGRWYEIASFPSFFQPRDGRDTRATYRLLEDGATVHVLNETWSK 
GKRDYIEGTAYKADASSDEAKLKVKFYLPPFLPIIPVVGDYWVLYVDDDYQYALVGEPRRKNLWILCR 
KTSIDEEVYNQLVERAKEEGYDVSKLHRTPQDDPPPESDAAPTDTKGVWWFKSLFGK 

>ZmTIL - 1 
MAAEEGEKAKSGGGGQQMTVVRG LDVARYMGRWYEIASFPSFFQPRDGRDTRATYRLLEDGATV HVLN 
ETWSKGKRDYIEGTAYKADPGSDEAKLKVKFYLPPFLP IVPVVG DYWVLYVDDDYQYALVGEPRRKNL 
WILCRKTSIDEDVYNQLVERAKEEGYDVSKLHRTPQDDPPPESDAAPTDTKGVWWFKSLFGK 

>ZmTIL- 2 
MAMQVVRNLDLERYAGRWYEIACFPSRFQPKTGTNTRATYTLNPDGTVKVVNETWADGRRGHIEGTAW 
RADPASDEAKLKVRFYVPPFLPL IPVTGDYWVLHIDADYQYALVGQPSRNYLWILCRQPHMDESVYKE 
LVERAKEEGYDVSKLRKTAHPDPPPESEQSPRDGGMWWVKSIFGK 

>SbTI L- 1 
MAAEAGKTTAATKSGGGGQIMTVVRGLDVARYMGRWYEIASFPSFFQPRDGRDTRATYRLLEDGATVH 
VLNETWSKGKRDYIEGTAYKADPNSDEAKLKVKFYLPPFLPVIPVVGDYWVLYVDDDYQYALVGEPRR 
KNLWILCRKTSIDEEVYNQLVERAKEEGYDVSKLHRTPQDDPPPESDAAPTDTKGVWWFKSLFGK 

>SbTI L- 2 
MAAAAMRVVRDLDLERYAGRWYEIACFPSTFQPKTGTNTRATYTLNPDDRTVKVLNETWTDGGGRRGH 
IEGTAWRADPASDEAKLKVRLYVPPFLPVFPVTGDYWVLHVDADYQYALVGQPSRKYLWILCRQPQMD 
ES VYN ELVERAKEEGYDVSKLRKTAHPDPPPESEQSPGDRGVWWIKSIFGK 

>GmT I L 
MANKEMEVVKGLDLQRYMGRWYEIASFPSRNQPKDGENTRATYTLRNDGTVQVLNETWSNGKRGYIQG 
TAYKVDPKSDEAKFKVKFYIPPFLPIIPINGDYWVLFTDDEYQYALIGQPSRNYLWILSRKPHLDDEI 
YNELVQRAKNVGYDVSKLRKTPQSDPPPEEEGPDDTKGIWWLKSIFGK 

>GmTI L' 
MANNEMQVERGLDLERYMGRWYEIASFPSRNQPKDGVNTRATYTLRNDGTVQVLNETWSNGKRGHIEG 
TAFKSNRTSDEAKFKVKFYVPPFLPIIPVTGDYWVLFIDGDYQYALIGQPSRNCLWILSRKPHLDDEI 
YNKLVQRAKDVGYDVSKLHKTPQSDPPPEEEGPQDTKGIWWLKSILGK 

>PpTI L 
MGGEKDLNVVQNVDLKRYQGRWYEIASIPSRFQPSTGTNSRATYALKEDQTIHVLNETWVSGKRSYIE 
GKAWKADAASPDAKLKVRFLVPPFFPIFPVTGDYWVMKLDENYQWALIGQPSRRYLWVLSRTPELSDE 
IYNQLLEHATNEGYDVSKLHKTQQIPEIGEEGTSNSENTDRAGVWWLKSLFGK 

>PtT I L 
MGKEDLQVVKGLDLQRYMGVWYEIASMPSFFQPKNGINTRATYSLNKDSTVHVLNETFVDGKKSSIEG 
SAYKVDPKSEDAKFKVKFMVPPFFPIIPVYGNYWVLLLDEDYQWALIGEPSLKYLWVLCRQRQLDEAI 
YNRLLEHARQEGYDVGRLHKTTQNDDPETEAPKDKGFWWIKALLGK 

>TrTIL 
MGGEKDLNVVQNVDLTRYQGRWYEIASNPTRFQPSRGSNSRATYTLQEDQTVEVLNETWVNNKRSYIT 
GKAWKADPASPDAKLKVRFMVPPFLPVIPVTGDYWVMKLDADYQWALVGVPDRTSLWVLSRTQEMSEE 
TYKELVEHAANEGYDVSKLHKTEQNPEVGEGEEESTDRAGAWWVKSLFGK 

>VvTI L 
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MAKKEMEVVRGIDLQRYMGRWYEIASFPSFFQPKNGINTRATYTLEADGTTVRVLNETWSDGKRSYIE 
GTAYKADPKS DQAK LKVKFYVPPFLPIIPVVGDYWVLFLDEE YQYALIGQPSRKY LW ILCRQT HMDEE 
IYEMLVEKAKEVGYDVSKLRKTTQTDPPPEGEGPQDTKGIWWIKSIFGK 

>MtTI L 
MANKEMDVARGVDLKRYMGRWYEIACFPSRFQPSDGKNTRATYTLRDDGTVNVLNETWSGGKRSYIEG 
TAYKADPNSDEAKLKVKFYVPPMLPIIPVTGDYWVLHLDHDYHYALIGQPSRNYLWILCRQPHLDEEI 
YNELVQKAKEEGYDVSKLRKTPQSDTPPEQEGPEDTKGIWWFKSLFGK 

>MtTI L' 
MGNTVGKDKEVVKGVDLERYMGRWYEIASFPSFFQPKNGENTRATYTLNSDGTVHVLNETWNNGKRTS 
IEGSAYKADPKSDEAKLKVKFYVPPFLPIIPAVGDYWILYLDEDYQYALIGGPTNKFLWI LSRQPH LD 
ETIYNQLVEKAKEEGYDVSKLHKTPQSDPPPE 

>StTI L 
MTTKEMEVVKNLDVEKYMGRWYEIASFPSRNQPKDGVNTRATYTLNQDGTVHVLNETWSGGKRGSIEG 
TAYKVDPKSDEAKLKVKFYIPPFLPIIPIVGDYWVLYIDDDYQYALIGQPSKKYLWILCRQPHLDEEI 
YNQLVE KAKEVGYDVSKLHKTPQADPPPDGEDAPKDDTKGIWWIKSILGK 

>StTIL ' 
MATKVMEVVKNLDLKRYMGRWYEIASFPSRFQPKDGVDTRATYTLNSDGTVHVLNETWCNGKRGFIEG 
TAYKADPNSDEAKLKVRFYVPPFLPIIPVTGDYWVLYIDEDYQYALIGQPSRRYLWILSRRTCLDDEI 
YNQLVEKAKEEGYDVSKLHKTPQSDSPPESEDSPEDTKGIWWIKSILGK 

>BnTI L 
MTTEKKEMEVVKGLDLERYMGRWYEIASFPSRFQPKNGADTRATYTLNPDGTVKVLNETWDGGKRGFI 
QGSAFKTDPKSDEAKFKVRFYVPPFLPIIPVTGDYWVLYI DPEYQHAVIGQPSRSYLWILSRTAHVEE 
ETYKQLVEKAVEQGYDVSKLRKTAQSDTPPESDAAPDDTKGIWWIKSIFGK 

>PrpTI L 
MAKKTMDVVKGLDLQRYMGRWYEIASFPSRFQPKNGENTRATYTLRDDGTVNVLNETWSDGKRSSIEG 
TAYKADPSSEEAKLKVKFYVPPFLPIIPVVGDYWVLFIDE DYQYALIGQPSRNYLWILSRQPRLDDEI 
YNQ LVQRAKDEEYDVSKLHKTPQSETPPEGEEGPKDTKGIWWFKSLLGK 

>PaT IL 
MAKKTMDVVKGLDLQRYMGRWYEIASFPSRFQPKNGENTRATYTLRDDGTVNVLNETWSDGKRSSIEG 
TAYKADPSSEEAKLKVKFYVPPFLPIIPVVGDYWVLFIDEDYQYALIGQPSRNYLWILSRQPRLDDEI 
YNQ LVQRAKDE EYDVSKLHKTPQSETPPEGE EGPKDTKGIWWFKSLLGK 

>MeT IL 
MAQKAKEMVVVKGLELGRYMGRWYEIASFPSRFQPRDGENTRATYTLRDDGIVDVLNETWSLGKRSYI 
QGTAYKADPNSDEAKLKVKFYV PPFLPIIPVTGDYWVLFIDD DYQYALI GQP RNYLWILCRTPHMDE 
SVYNELVQKAVEEGYDVNKLHKTPQADPPPEGNQAPEDT KGVWWFKSLI GK 

>MeT IL ' 
MAHKSKEMVVVRGLDLERFMGRWYEIASFPSFFQPRDGENTRATYTLNDDGTVHVLNETWSHGKRDAI 
EGTAYKADPKSDEAKLKVKFYVPPFLPIIPVTGNYWVLFIDDDYQYALIGEPLRKYLWILCRKTNMDE 
SIYEELVQKAVEEGYDVKKLHKTPQADPPPESSDQTPKDKGGWWIKSLFGK 

>GaT IL 
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MSQKTMEVVKNLDIKRYMGRWYEIASFPSRFQPRNGVNTRATYT LNEDGTVHVLNETFTDGKRGFIEG 
TAY KADPQSDEAKLKVKFYVPPFLPIIPI VG DYWVLHLDDDYQYALIGQPSRNYLWVLCRQTHMDDEI 
YNQLVQKAKDEGYDVSKLHKTPQSDPPPEGDDTPKDAKGIWWIKSLLGM 

>GaTIL ' 
MEVVKNLDIQRYMGKWYEIASFPSFFQPKKGENTSAFYTLKEDGTVHVLNETFVNGKKDSIEGTAYKA 
DPKSDEAKLKVKFYVPPFLPIIPVTGDYWVLYIDEDYQYVLVGGPTKKYLWILCRQKHMDEEIYNMLE 
QKAKDLGYDVSKLHKTPQSDSTPEGEHVPQEKGFWWIKSLFGK 

>CsTI L 
MASKKEMEVVRGLDIKRYMGRWYEIASFPSRNQPKNGADTRATYTLNEDGTVHVRNETWSDGKRGSIE 
GTAYKADPKSDEAKLKVKFYVPPFFPIIPVVGNYWVLYIDDNYQYALIGEPTRKYLWILCREPHMDEA 
IYNQLVEKATSEGYDVSKLHRTPQSDNPPEAEESPQDTKGIWWIKSIFGK 

>PbTIL 
MATKKEMEVVKGVDLKRYMGRWYEIASFPSRFQPKNGVNTRATYTLNEDGTVHVLNETWNDGKRGYIE 
GSAYKADPNSDEAKLKVKFYVPPFLPIIPVVGDYWVLSLDEDYQYALIGQASRKYLWILCRKTHMEDD 
IYNQLVEKAKEEGYDVEKLHKTPQTDPPPEEEGPKDTKGIWWFQSILGK 

>PbTI L' 
MATKKEMEVVKGVDLKRYMGRWYEIASFPSRFQPKNGVNTRATYTLNEDGTVHVLNETWNDGKRGSIE 
GSAYKADPNSDEAKLKVKFYVPPF LPIIPVVGDYWILYLDDDYQYALIGQPSRSYLWILCRKTHMEDE 
IYNQLVEKAKEEGYDVGKLHKTPQTDPPPEEEGPKDTKGIWWIKSILGK 

>PotTIL 
MATKKVMEVVKGVDLKRYMGRWYEIASFPSRFQPKNGVNTRATYTLNEDGTIHVLNETWNDGKRGSIE 
GSAYKADPNSDEAKLKVKFYVPPFLPIIPVVGDYWILYLDDDYQYALIGQPSRSYLWILCRKTHMEDE 
IYNQLVEKAKEEGYDVGKLHKTPQTDPPPEEEGPKDTKGIWWIKSILGK 

>PotxPotrTIL 
MATKKEMEVVKGVDLKRYMGRWYEIASFPSRFQPKNGVNTRATYTLNEDGTVHVLNETWNDGKRGSIE 
GSAYKADPNSDEAKLKVKFYVPPFLPIIPVVGDYWILYLDDDYQYALIGQPSRSSLWILCRKTHMEDE 
IYNQLVEKAKEEGYDVGKLHKTPQTDPPPEEEGPKDTKGIWWIKSILGK 

>LsTIL 
MSKKAMEVVKGIDLQRYMGRWYEIASFPSRFQPKDGINTRATYTLKDDGTVNVLNETWSGGKRGFIEG 
TAYKADPKSDEAKLKVKFYVPPFLPIIPVTGDYWVLYLDDDYQYALIGQPSRSYLWILCRQTHLDDEI 
YNQLVQKATEEGYDVSKLKKTTQTEPPPESEDAPADTKGIWWFKSLFGK 

CHloroplastic Lipocalins 

>AtCHL 
MILLSSSISLSRPVSSQSFSPPAATSTRRSHSSVTVKCCCSSRRLLKNPELKCSLENLFEIQALRKCF 
VSGFAAILLLSQAGQGIALDLSSGYQNICQLGSAAAVGENKLTLPSDGDSESMMMMMMRGMTAKNFDP 
VRYSGRWFEVASLKRGFAGQGQEDCHCTQGVYTFDMKESAIRVDTFCVHGSPDGYITGIRGKVQCVGA 
EDLEKSETDLEKQEMIKEKCFLRFPTIPFIPKLPYVIATDYDNYALVSGAKDKGFVQVYSRTPNPGPE 
FIAKYKNYLAQFGYDPEKIKDTPQDCEVTDAELAAMMSMPGMEQTLTNQFPDLGLRKSVQFDPFTSVF 
ETLKKLVPLYFK 

>SbCHL 
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MVLVVLGC SPASPRPACTPNSRRRCS AT RQKIIRCSLNEETLLSKH GVVSRQ LISCLAASLVFVSPPS 
QAIPAETFAHPGLCQIATVAAIDNASVPLKFDNPSDDGSAGMMMRGMTAKN FD PVRYSGRWFEVASLK 
RGFAGQGQEDCHCTQGVYSFDEKSRSIQVDTFCVHGGPDGYITGIRGRVQCLSEEDMSSAETDLERQE 
MIREKCFLRFPTLPFIPKEPYDVLATDY DNYAVVSGAKDTSFIQIYSRTPNPGPEFIEKYKSYVANFG 
YDPSKIKDTPQDCEYMSSDQIALMMSMPGMNEALTNQFPDLKLKAPVALNPFTSVFDTLKKLLELYFK 

>OsCH L 
MVLALLLGSSSSSLAAPHPACSSRRKCRPAGRNNFRCS LHDKVP LNAHGVLSTKLLS CLAASLVFISP 
PCQAIPAETFVQPKLCQVAVVAAIDKAAVP LKFDSPS DDGGTGLMMKGMTAKNFDPIRYSGRWFEVAS 
LKRGFAGQGQE DCHCTQGVYSFDEKSRSIQVDTFCV HGGPDGYITGIRGRVQC LSEEDMASAETD LER 
QEMIKGKCFLRFPT LPFIPKEPYDVLATDYDNYAVVSGAKDTSFIQIYSRTPNPGPEFIEKYKSYAAN 
FGYDPSKIKDTPQDCEVMSTDQLGLMMSMPGMTEALTNQFPDLKLSAPVAFNPFTSVFDTLKKLVELY 
FK 

>HvCHL 
MALLPLVGFPSFPFPACPSRRTCGPASRMNFRCCVQERVPAVRNDGISKHLLSCLAAS LVFISTPSQA 
VPADTFARPSLCQVAVVAAIDKAAVPLKFDGPSDDGMMMMTKGMTAKNFDPVRYSGRWFEVASLKRGF 
AGQGQEDCHCTQGVYTFDEKAGAIKVETFCVHGSPDGYITGIRGKVQCLSQEDMASAETDLEKEEMIS 
SKCFLRFPTLPFIPKLPYDVLATDYDNYAVVSGAKDTSFIQIYSRTPNPGPEFIEKYKSYAAGFGYDP 
SKIKDTPQDCEVSSDQLAQMMSMPGMDEALTNQFPDLKLKSSVAFDPFTSVTQTLKKLEVYFK 

>InCHL 
MASHNLFVAQSSPVLLPSHHPSKPRGVSGKMIVRCTLEQTAPSKARAKHLVSGLAASIVFLTQVNSVV 
AADLSYQNNICQLASAADNLPSLPLDGGDDNGGMLMMMRGMTAKNFDPTRYAGRWFEVASLKRGFAGQ 
GQEDCHCTQGIYTFDVNAAAIQVDTFCVHGGPDGYITGIRGKVQCLSEDETLKTATDLEKQEMIKGKC 
YLRFP TLPFIPKEPY DV IAT DYDNFAIVSGAKDKSFVQIYSRTPDPGPEFI EKYKAYLADFGYDPSKI 
KD TPQDCEVMSNSQLSAMMSMAGMQQALNNQFPELELKAPVAFNPFTSVFDTLKK LVELYFK 

>StCH L 
MFCYN LVAQQSPPILVQSQYPSKPRGLPVKVVSACCTECPIFRKVEVKHVISGLATSILCLSPSNMAF 
AADLPHYNSVFQLANVADSMPTLPLEKENDGGKLMMMRGMTAKDFDPIRYSGRWFEVASLKRGFAGQG 
QEDCHCTQGIYTVDMNAPAIQVDTFCVHGGPDGYITGIRGRVQCLNEEDKEKDETDLERQEMIREKCY 
LRFPTLPFIPKEPYDVIATDYDNFALVSGAKDKSFVQIYSRTPNPGPEFIEKYKNYLASFGYDPSKIK 
DTPQDCEVKTTSQLSAMMSMSGMQQALNNQFPDLELRRPVQFNPFTSVFETLKKLAELYFK 

>TaCHL 
MALLPLLGSPSFPFPASRPARPSRRKCGPAARMNFRCSAEERAPVRNSGISKHVLSCLAASLLFISPP 
SQAVPADTFARPSLCQVAVVAAIDKGAVPLKFDAPSDDAMMMMTKGMTAKNFDPVRYSGRWFEVASRK 
GGFAGQGQEDCHCTQGVYTFDEKAGAIKVETFCVHGSPDGYITGIRGKVQC LSQEDMAGAETDLEREE 
MISSKCFLRFPTLPFIPKLPYDVLATDYDNYAVVSGAKDTSF IQIYSRTPNPGPEFIEKYKSYAAGFG 
YDLSKIKDTPQDCEVSSDQLAEMMSMPGMDQALTNQFPDLKLKSSVAFDPFTSVTQTLKKLAEVYFK 

>GmCH L 
MVELLLRASPPPP HSSYLRQCRTVSGRTLVKCS LEVPSKVLTKHVLSGLAASLIFISPANQTIAADLS 
RAPNNICQLASASENAVTSPFENEKGSNLMMMRGMTAKDFDPVRYSGRWFEVASLKRGFAGQGQEDCH 
CTQGVYTFDREAPSIQVDTFCVHGGPNGFITGIRGRVQC LSEEDLGKTETQLEKQEMIKEKCYLRFPT 
LPFIPKEPYDVIATDYDNFSLVSGAKDQSFIQIYSRTPNPGPEFIEKYKSYLANYGYDPSKIKDTPQD 
CEVMSNSQLAAMMSMSGMQQALTNQFPDLGLNAPIELNPFTSVFDTLKKLLEPYFK 

>SoCHL 
GLCQIATVAAIDSASVTLKFDNPSDDGSAGMMMRGMTAKNFDPVRYSGRWFEVAS LKRGFAGQGQEDC 
HCTQGVYSFDEKSRSIQVDTFCVHGGPDGYITGIRGRVQCLSEEDMASAETDLERQEMIREKCFLRFP 
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TLPFIPKEPYDVLATDYDNYAVVSGAKDTSFIQIYSRTPNPGPEFIEKYKSYVANFGYDPSKIKDTPQ 
DCEYMSSDQIALMMSMPGMNEALTNQFPDLKLKAPVALNPFTSVFDTLKKLLELYFK 

Violaxanthin De-Epoxidases 

>AtVDE 
MAVATHCFTSPCHDRIRFFSSDDGIGRLGITRKRINGTFLLKILPPIQSADLRTTGGRSSRPLSAFRS 
GFSKGIFDIVPLPSKNELKE LTAPLLLKLVGVLACAFLIVPSADAVDALKTCAC LLKGCRIELAKCIA 
NPACAANVACLQTCNNRPDETECQIKCGDLFENSVVDEFNECAVSRKKCVPRKSDLGEF PAPDPSVLV 
QNFNISDFNGKWYITSGLNPTFDAFDCQLHEFHTEGDNKLVGNISWRIKTLDSGFFTRSAVQKFVQDP 
NQPGVLYNHDNEYLHYQDDWYILSSKIENKPEDYIFVYYRGRNDAWDGYGGAVVYTRSSVLPNSIIPE 
LEKAAKSIGRDFSTFIRTDNTCGPEPALVERIEKTVEEGERIIVKEVEEIEEEVEKEVEKVGRTEMTL 
FQRLAEGFNELKQDEENFVRELSKEEMEFLDEIKMEASEVEKLFGKALPIRKVR 

>NtVDE 
MA LAPHSNFLANHETIKYYVGSKLPGHKRFSWGWEDYFGSIVVAKICSSRRIPRYFRKSPRICCGLDS 
RG LQLFSHGKHNLSPAHSINQNVPKGNSGCKFPKDVALMVWEKWGQFAKTAIVAIFILSVASKADAVD 
ALKTCTCLLKECRLELAKCISNPACAANVACLQTCNNRPDETECQIKCGDLFENSVVDEFNECAVSRK 
KCVPRKSDVGDFPVPDPSVLVQKFDMKDFSGKWFITRGLNPTFDAFDCQLHEFHTEENKLVGNLSWRI 
RTPDGGFFTRSAVQKFVQDPKYPGILYNHDNEYLLYQDDWYILSSKVENSPEDYIFVYYKGRNDAWDG 
YGGSVLYTRSAVLPESIIPELQTAAQKVGRDFNTFIKTDNTCGPEPP LVERLEKKVE EGERTIIKEVE 
EIEEEVEKVRDKEVTLFSKLFEGFKELQRDEENFLRELSKEEMDVLDGLKMEATEVEKLFGRA LPIRK 
LR 

>OsVDE jap 
MAARPEVVSALSPPAGGGAMGGVRYHRCCPPRAYLWRKGDHLPLHHAKISARCSEIKAHTVLQGSDAL 
SSIREWSRSHLVTMTGLVACAVLVVPSADAVDALKTCTC LLKE CRIE LAKCIANPSCAANVACLNTCN 
NRPDETECQIKCGDLFENTVVDEFNECAVSRKKCVPQKSDVGEFPVPDPSALVKNFNMADFNGKWYIS 
SGLNPTFDTFDCQLHEFRVEGDKLIANLTWRIRTPDSGFFTRTAIQRFVQDPAQPAILYNHDNEFLHY 
QDDWYIISSKVENKEDDYIFVYYRGRNDAWDGYGGAVLYTRSKVVPESIVPELERAAKSVGRDFSTFI 
RTDNTCGPEPPLVERIEKTVEQGEKTIIREVQEIEGEIEGEVKELEEEEVTLFKRLTDGLMEVKQDLM 
NFFQGLSKEEMELLDQMNMEATEVEKVFSRALPIRKLR 

>OsVDE ind 
MAARPEVVSALSPPAGGGAMGGVRYHRCCPPRAHLWRKGDHLPLHHAKIPARCSEIKVHTVLQASDAL 
SSTREWSRSHLVTMTGLVACAVLVVPSADAVDALKTCTCLLKECRIELAKCIANPSCAANVACLNTCN 
NRPDETECQIKCGDLFENTVVDEFNECAVSRKKCVPQKSDVGEFPVPDPSALVKNFNMADFNGKWYIS 
SG LNPTFDTFDCQLHEFRVEGDKLIANLTWRIRTPDSGFFTRTAIQRFVQDPAQPAILYNHDNEFLHY 
QDDWYIISSKVENKEDDYIFVYYRGRNDAWDGYGGAVLYTRSKVVPESIVPELERAAKSVGRDFSTFI 
RTDNTCGPEPPLVERIEKTVEQGEKTIIREVQEIEGEIEGEVKELEEEEVTLFKRLTDGLMEVKQDLM 
NFFQGLSKEEMELLDQMNMEATEVEKVFSRALPIRKLR 

>CsVDE 
MA LSAHLIYLSNDGSIGLCARRQLTCERLRRRVADPCCVVNVKMQPNRRIPKYFGLLRSYRMPCGLES 
KYSNLLSCGSMKISSVCENSTSIPEEKGIFEFQMEVIMSVLKSQLIRVAAVMACIFLVIPAADAVDAL 
KTCSRLLKECGVELAKCIANPSCAANVACLQACNNRPDETECQIKCGDLFENSVVDEFNECAVSRKKC 
VPQKSDVGEFPVPHPNVLVRNFNMKDFSGKWFITSGLNPTFDAFDCQLHEFHMESNKLLGNSTWRIRT 
PDGGFFTRSAVQRFVQDPTQPAILYNHDNEYLHYQDDWYILSSKIENKPDDYVFVYYRGRNDAWDGYG 
GAVVYTRSAVLPNSIIPELEKAAQSVGRDFSKFIRTDNSCGPEPPLVERLEKTVEEGERTIIREVEEI 
EGEVEKTEMNLFGRLLEGFKELQQDEENFLRELSKEEMDILSELKMEASEVEKLFGQALPLRKLR 
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>SoVDE 
MA LVARSICVSYDEIAGICNNVSHRNFKKWVQWKNPFLFQDDARRNIRFNDRKLSCTKFIGAS EKLQ H 
SKSPKSGLISCGWEVNSSKVVSNAVIPKKWNLLKLKVVEVTAIVACTFFVMSSAQAV DALKTCTCLLK 
ECRIELAKCIANPSCAANVACLQTCNNRPDETECQIKCGDLFANKVVDEFNECAVSRKKCVPQKSDVG 
EFPVPDPSVLVKSFNMADFNGKWFISSGLNPTFDAFDCQLHEFHLEDGKLVGNLSWRIKTPDGGFFTR 
TAVQKFAQDPSQPGMLYNHDNAYLHYQDDWYILSSKIENQPDDYVFVYYRGRNDAWDGYGGAFLYTRS 
ATVPENIVPELNRAAQSVGKDFNKFIRTDNTCGPEPPLVERLEKTVEEGERTIIKEVEQLEGEIEGDL 
EKVGKTEMTLFQRLLEGFQELQKDEEYFLKELNKEERELLEDLKMEAGEVEKLFGRALPIRKLR 

>TaV DE 
MLPRQCFKHVFPAEGSSSSILHGPGSRGAGSRGRTTLNFHRCCVRASLWRTDHLHISTARSSEIKVHT 
LLQVPDVFNTIKSWSKLQLVTVTGLAACVVLLVPSAGATDALKTCTCLLKECRIELAKCIANPSCAAN 
VACLNTCNNRPDETECQIKCGDLFENSVVDEFNECAVSRKKCVPKKSDVGEFPVPDPSALVKNFNMAD 
FRGKWYISSGLNPTFDTFDCQLHEFRLEGDRLVANLAWRIPTPDTGFFTRGAVQRFVQDSSQPAILYN 
HDNEYLHYQDDWYILSSKI ENKDDDYIFVYYRGRNDAWDGYGGAVVYTRSKELPETIVPELERATKSV 
GRDFSTFIRTDNTCGAEPPLADRIERTVEKGEKLIVDEVKEIEGEIEGEVKELEREEETLVKRLADGI 
MEVKQDVMNFFQGLSKEEMEILDQLNLEATEVEELFSRSLPIRKLR 

>LsVDE 
MALSL HTVF LCKEEALN LYARSPCNERFHRSGQPPTNIIMMKIRSNNGYFNSFRLFTSYKTSSFSDSS 
HCKDKSQICSIDTSFEEIQRFDLKRGMTLILEKQWRQFIQLAIVLVCTFVIVPRVDAVDALKTCAC LL 
KECRIELAKCIANPSCAANVACLQTCNNRPDETECQIKCGDLFENSVVDQFNECAVSRKKCVPRKSDV 
GEFPVPDRNAVVQNFNMKDFSGKWYITSGLNPTFDAFDCQLHEFHMENDKLVGNLTWRIKT LDGGFFT 
RSAVQTFVQDPDLPGALYNHDNEFLHYQDDWYILSSQIENKPDDYIFVYYRGRNDAWDGYGGSV IYTR 
SPTLPESIIPNLQKAAKSVGRDFNNFITTDNSCGPEPPLVERLEKTAEEGEKLLIKEAVEIEEEVEKE 
VEKVRDTEMT LFQRLLEGFKELQQDEENFVRELSKEEKEILNELQMEATEVEKLFGRALPIRKLR 

>HsV DE 
MLSRQCFKHVFPAEGSSSS I LHGPGS RGAASRSRTALNFHRCCVRASLWRADHLNIRTAGSSEVKVYT 
SLQVPDVFNSIKSWSKLQLVTVTGLAACVVLLVPSAGATDALKTCTCLLKECRIELAKCIANPSCAAN 
VACLNTCNNRPDETECQIKCGDLFENSVVDEFNECAVSRKKCVPKKSDVGEFPVPDPSSALVKNFNMA 
DFTGKWYISSGLNPTFDTFDCQLHEFRVEGDRLVAN LAWRIPTPDTGFFTRGAVQRFVQDPSQPAILY 
NHDNEYLHYQDDWYILSSKIENKEDDYIFVYYRGRNDAWDGYGGAVVYTRSKELPETIVPELERAAKS 
VGRDFSTFIRTDNTCGAEPPLADRIERTVEKGEKLIVDEVKEIEGEIEGEVKELEREEETLVKRLADG 
IMEVKQDVMNFFQGLSKEEMEILDQLNLEATEVEELFSRSLPIRKLR 

Zeaxanthin Epoxidases 

>AtZ EP col 
MGSTPFCYSINPSPSKLDFTRTHVFSPVS KQFYLD LSSFSGKPGGVSGFRSRRALLGVKAATALVEKE 
EKREAVTEKKKKSRVLVAGGGI GG LVFALAAKKKGFDVLVFEKDLSAIRGEGKYRGPIQIQ SNALAAL 
EAIDIEVAEQVMEAGCITGDRINGLVDGISGTWYVKFDTFTPAASRGLPVTRVISRMTLQQILARAVG 
EDVIRNESNVVDFEDSGDKVTVVLENGQRYEGDLLVGADGIWSKVRNNLFGRSEATYSGYTCYTGIAD 
FIPADIESVGYRVFLGHKQYFVSSDVGGGKMQWYAFHEEPAGGADAPNGMKKRLFEIFDGWCDNVLDL 
LHATEEEAILRRDIYDRSPGFTWGKGRVTLLGDSIHAMQPNMGQGGCMAIEDSFQLALELDEAWKQSV 
ETTTPVDVVSSLKRYEESRRLRVAIIHAMARMAAIMASTYKAYLGVGLGPLSFLTKFRVPHPGRVGGR 
FFVDIAMPSMLDWVLGGNSEKLQGRPPSCRLTDKADDRLREWFEDDDALERTIKGEWYLIPHGDD CV 
SET LCLTKDEDQPCIVGS EPDQDFPGMRIVIPSSQVS KMHARVIYKDGAFFLMDLRSEH GTYVTDNEG 
RRYRATPNFPARFRSSDIIEFGSDKKAAFRVKVIRKTPKSTRKNESNNDKLLQTA 

>AtZEP ler 
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MGSTPFCYSINPSPSKLDFTRTHVFSPVAKQFYLDLSSFSGRSGGGLSVFRSRKTLLGVKAATALVEK 
EEKREAVTEKKKSRVLVAGGGIGGLVFALAAKKKGFDVLVFEKDLSAIRGEGK YRGPIQIQSNALAA L 
EAID I EVAEQVMEAGCITG DR INGLVDGISGTWYVKFDTFTPAAS RGLPVTRVIS RMTLQQI LARAVG 
EDVIRNESNVVDFEDSGDKVTVVLENGQRYEGDLLVGADGIWSKVRNNLFGRSEATYSGYTCYTGIA D 
FIPADIESVGYRVFLGHKQYFVSSDVGGGKMQWYAFHEEPAGGADAPNGMKKRLFEIFDGWCDNVLDL 
LHATEEEA ILRRD IYDRSPGFTWG KGRVT LLGDSIHAMQPNMGQGGC MA I EDSFQLALELDEAWKQSV 
ETTTPVDVVSS LKRYEESRRLRVAIIHAMARMAAIMASTYKAY LGVG LGPLSFLTKFRVP HPGRVGGR 
FFVDIAMPSMLDWVLGGNSEKLQGRPPSCRLTDKADDRLREWFEDDDALERTIKGEWYLIPHGDDCCV 
SETLCLTKDEDQPCIVGSEPDQDFPGMRIVIPSSQVSKMHARVIYKDGAFFLMDLRSEHGTYVTDNEG 
RRYRATPNFPARFRSSDIIEFGSDKKAAFRVKVIRKTPKSTRKNESNNDKLLQTA 

>At ZEP ? 
MGSTPFCYSINPSPSKLDFTRTHVFSPVSKQFYLDLSSFSGKPGGVSGFRSRRALLGVKAATALVEKE 
EKRE AVTD KKKKSRVLVAGGGIGGLVFALAAKKKGFDVLVFE KDL SAMRGEGKYRGPIQIQSNALAAL 
EAIDIEVAEQVMEAGCITGDRINGLVDGISGTWYVKFDTFTPAGVTGLPVTRVISRMTLQQILARAVG 
EDVIRNESNVVDFEDSGDKVTVVLEN GQRYEGDLLVGADGIWSKVRNNLFGRSEATYSGYTCYTGIAD 
FIPADI ESVGYRVFLGHKQYFVSSDVGGGKMQWYAFHE EPAGGADAPNGMKKRLFEIFDGWCDNVLDL 
LHATEEEAILRRD IYDRSP GFTWGKGRVTLLGDSIHAMQPNMGQGGCMAIEDSFQLALELDEAW KQSV 
ETTTPVDVVSSLKRYEESRRLRVAIIHAMARMAAIMASTYKAY LGVG LGP LSFLTKFRVPHPGRVGGR 
FFVDIAMPSMLDWVLGGNSEKLQGRPPSCRLTDKADDRLREWFEDDDALERTIKGEWYLIPHGDDCCV 
SE TLCLTKDEDQPCIVGSEPDQDFPGMRI VIPSSQVSKM HARVIYKDGAFFLMDLRSEH GTYVTDNEG 
RRYRATPNFPARFRSSDIIEFGSDKKAAFRVKVIRKTPKSTRKNESNNDKLLQTA 

>CuZ EP 
MVSSMFYNSVN LSTAVFSRTHFPVPVYK HSCI EFS RYDHCINYK FRTGTSGQS KNPTQMKAAVAESPT 
NNSDSENKKLRILVAGGGIGGLVFALAAKRKGFEVLVFEKDMSAIRGEGQYRGPIQIQSNALAALEAI 
DLDVAEEVMRAGCVTGDRINGLVDGISGSWYIKFDTFTPAAEKGLPVTRVISRMTLQQILAKAVGDEI 
ILNESNVIDFKDHGDKVSVVLENGQCYAGDLLIGADGIWSKVRKN LFGPQEAIYSGYTCYTGIADFVP 
ADIESVGYRVFLGHKQYFVSSDVGAGKMQWYAFHKEPAGGVDDPEGKKERLLKIFEGWCDNVVDLILA 
TDEEAILRRDIYDRTPIFTWGRGRVTLLGDSVHAMQPNLGQGGCMAI EDGYQLAVELEKACKKSNESK 
TPIDIVSALKSYERARRLRVAVIHGLARSAAVMASTYKAYLGVGLGPLSFLTKFRIPHPGRVGGRFFI 
DLAMPLMLSWVLGGNSSKLEGRSPCCKLSDKASDNLRTWFRDDDALERAMNGEWFLVPSGSENVVSQP 
IY LS GSHENEP YLI GSESHEDFPRTSIVIPSAQVSKMHARISYKDGAFYLIDLQSEHGTYVTDNEGRR 
YRVSSNFPARFRP SDTI EFGSDKKAIFRVKVIGTPPNNNSER KE AGEI LQAV 

>CrZEP 
MLASTYTPCGVRQVAGRTVAVPSSLVAPVAVARSLGLAPYVPVCEPSAALPACQQPSGRRHVQTAATL 
RADNPSSVAQLVHQNGKGMKVIIAGAGIGGLVLAVALLKQGFQVQVFERDLTAIRGEGKYRGPIQVQS 
NALAALEAIDPEVAAEVLREGCITGDRINGLCDGLTGEWYVKFDTFHPAVSKGLPVTRVISRLT LQQI 
LAKAVERYGGPGTIQNGCNVTEFTERRNDTTGNNEVTVQLEDGRTFAADVLVGADGIWSKIRKQLIGE 
TKANYSGYTCYTGISDFTPADIDIVGYRVFLGNGQYFVSSDVGNGKMQWYGFHKEPSGGTDPEGSRKA 
RLLQIFGHWNDNVVDLIKATPEEDVLRRDIFDRPPIFTWSKGRVALLGDSAHAMQPNLGQGGCMAIED 
AYE LAIDLSRAVS DKAGNAAAVDVEGVLRSYQDSRILRVSAIHGMAGMAAFMASTYKCYLGEGWSKWV 
EGLRIPHPGRVVGRLVMLLTMPSVLEWVLGGNTDHVAPHRTSYCSLGDKPKAFPESRFPEFMNNDASI 
IRSSHADWLLVAERDAATAAAANVNAATGSSAAAAAAADVNSSCQCKGIYMADSAALVGRCGATSRPA 
LAVDDVHVAESHAQVWRGLAGLPPSSSSASTAAASASAASSAASGTASTLGSSEGYWLRDLGSGRGTW 
VNGKRLPDGATVQLWPGDAVEFGRHPSHEVFKVKMQHVTLRSDELSGQAYTTLMVGKIRNNDYVMPES 
RPDGGSQQPGRLVTA 

>CspZEP 
MHARSSLGPRARAGARAPAVCHVAALAACRPAASTPPQP LCATISNSAGSARAAIMPQQGRGLGSGLV 
RCPTTPVATRASSVASAPASQPPAADSMKRPLRVLIAGAGIGGLVLAVALIKKGFHVTVFERDMTAIR 
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GEGKYRGPIQIQSNALGALEAIDPSIADEVMDEGCITGDRVNGLCDGVTGDWYVKFDTFHPAVSKGLP 
VTRVISRVTLQNILAKAVLRYGGPDTIMSNSHVVGFEESNNGVSVTLENGDVHRGDILVGADGIWSKI 
RKAILGETEANYSQYTCYTGISDFTPADIDIVGYRVFLGNSQYFVSSDVGGGKMQWYGFHKEPAGGTD 
PEGQRKARLLDIFGHWNDNVVDLIKATPEEDIMRRDIFDRPPVFKWSEGRTVLLGDSVHAMQPNLGQG 
GCMAIEDAYELANN LSDGMDAAGQQPAHLDVKKAFSTYQSHRMIRASAIHGMAGMAAFMASTYKAYLG 
EGLPGPLQQLTKLKIHHPGRVVGRLVMNLTMPQVLGWVLGGNTEN LDKSRVGHCRIADQPKAFHESQF 
SYLMENDEAIIQSSHADWMLMTSREAGSGSSDSNARVDATADATSTSECKGIYIGDEPSIIGRKSESA 
DLSINDGQVAPQHARVWRTETSSVSGRDVVAYEYHVQDLGSDAGTWLNGRPMPRGGTCQLHAGDVLEF 
GQSPSKEVYRVKMQHVSLRNDKLNGHAFTTLVVGAHEGHGDKHMIMA 

>LeZ EP 
MYSTVFYTSVHPSTSVLSRKQLPLLISKDFSAELYHSLPCRSLENGHINKVKGVKVKATIAEAPVTPT 
EKTDSGANGDLKVPQKKLKVLVAGGGIGGLVFALAAKKRGFDVLVFERDLSAIRGEGQYRGPIQIQSN 
ALAALEAIDLDVAEDIMNAGCITGQRINGLVDGISGNWYCKFDTFTPAVERGLPVTRVISRMTLQQIL 
ARAVGEEIIMNESNVVDFEDDGEKVTVVLENGQRFTGDLLVGADGIRSKVRTNLFGPSEATYSGYTCY 
TGIADFVPADIDTVGYRVFLGHKQYFVSSDVGGGKMQWYAFYNEPAGGADAPNGKKERLLKIFGGWCD 
NVIDLLVATDEDAILRRDIYDRPPTFSWGRGRVTLLGDSVHAMQPNLGQGGCMAIEDSYQLALELEKA 
CSRSAEFGSPVDIISSLRSYESARKLRVGVIHGLARMAAIMASTYKAYLGVGLGPLSFLTQYRIPHPG 
RVGGRVFIDLGMPLMLSWVLGGNGDKLEGRIKHCRLSEKANDQLRKWFEDDDALERATDAEWLLLPAG 
NGSSGLEAIVLSRDEDVPCTVGSISHTNIPGKSIVLPLPQVSEMHARISCKDGAFFVTDLRSEHGTWV 
TDNEGRRYRTSPNFPTRFHPSDVIEFGSDKAAFRVKAMKFPLKTSERKEEREAVEAA 

>NtZEP 
MYSTVFYTSVHPSTSAFSRKQLPLLISKDFPTELYHSLPCSRSLENGQIKKVKGVVKATIAEAPATIP 
PTDLKKVPQKKLKVLVAGGGIGGLVFALAAKKRGFDVLVFERDLSAIRGEGQYRGPIQIQSNALAALE 
AIDMDVAEDIMNAGCITGQRINGLVDGVSGNWYCKFDTFTPAVERGLPVTRVISRMTLQQNLARAVGE 
DIIMNESNVVNFEDDGEKVTVTLEDGQQYTGDLLVGADGIRSKVRTNLFGPSDVTYSGYTCYTGIADF 
VPADIETVGYRVFLGHKQYFVSSDVGGGKMQWYAFHNEPAGGVDDPNGKKARLLKIFEGWCDNVIDLL 
VATDEDAILRRDIYDRPPTFSWGKGRVTLLGDSVHAMQPNLGQGGCMAIEDSYQLALELDKALSRSAE 
SGTPVDIISSLRSYESSRKLRVGVIHGLARMAAIMASTYKAYLGVGLGPLSFLTKFRIPHPGRVGGRF 
FIDLGMPLMLSWVLGGNGEKLEGRIQHCRLSEKANDQLRNWFEDDDALERATDAEWLLLPAGNSNAAL 
ETLVLSRDENMPCNIGSVSHANIPGKSVVIPLPQVSEMHARISYKGGAFFVTDLRSEHGTWITDNEGR 
RYRASPNFPTRFHPSDIIEFGSDKKAAFRVKVMKFPPKTAAKEERQAVGAA 

>NpZEP 
MYSTVFYTSVHPSTSAFSRKQLPLLISKDFPTELYHSLPCSRSLENGQIKKVKGVVKATIAEAPATIP 
PTDLKKVPQKKLKVLVAGGGIGGLVFALAAKKRGFDVLVFERDLSAIRGEGQYRGPIQIQSNALAALE 
AIDMDVAEDIMNAGCITGQRINGLVDGVSGNWYCKFDTFTPAVERGLPVTRVISRMTLQQNLARAVGE 
DIIMNESNVVNFEDDGEKVTVTLEDGQQYTGDLLVGADGIRSKVRTNLFGPSDVTYSGYTCYTGIADF 
VPADIETVGYRVFLGHKQYFVSSDVGGGKMQWYAFHNEPAGGVDDPNGKKARLLKIFEGWCDNVIDLL 
VATDEDAILRRDIYDRPPTFSWGKGRVTLLGDSVHAMQPNLGQGGCMAIEDSYQLALELDKALSRSAE 
SGTPVDIISSLRSYESSRKLRVGVIHGLARMAAIMASTYKAYLGVGLGPLSFLTKFRIPHPGRVGGRF 
FIDLGMPLMLSWVLGGNGEKLEGRIQHCRLSEKANDQLRNWFEDDDALERATDAEWLLLPAGNSNAAL 
ETLVLSRDENMPCNIGSVSHANIPGKSVVIPLPQVSEMHARISYKGGAFFVTDLRSEHGTWITDNEGR 
RYRASPNFPTRFHPSDIIEFGSDKKAAFRVKVMKFPPKTAAKEERQAVGAA 

>OsZEP 
MALLSATAPAKTRFSLFSHEEAQHPHPHALSACCGGGASGKRQRARARVAAAMRPADAAASVAQAASP 
GGGGEGTRRPRVLVAGGGIGGLVLALAARRKGYEVTVFERDMSAVRGEGQYRGPIQIQSNALAALAAI 
DMSVAEEVMREGCVTGDRINGLVDGISGSWYIKFDTFTPAAERGLPVTRVISRMTLQQILARAVGDDA 
ILNDSHVVDFIDDGNKVTAILEDGRKFEGDLLVGADGIWSKVRKVLFGQSEATYSEYTCYTGIADFVP 
PDIDTVGYRVFLGHKQYFVSSDVGAGKMQWYAFHKEPAGGTDPENGKNKRLLEIFNGWCDNVVDLINA 
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TDEEAILRRDIYDRPPTFNWGKGRVTLLGDSVHAMQPNLGQGGCMAIEDGYQLAVELEKSWQESAKSG 
TPMDIVSSLRRYEKERILRVSVIHGLARMAAIMATTYRPYLGVGLGPLSFLTKLRIPHPGRVGGRFFI 
KYGMPLMLSWVLGGNSTKLEGRPLSCRLSDKANDQLRRWFEDDDALEQAMGGEWYLLPTSSGDSQPIR 
LIRDEKKSLSIGSRSDPSNSTASLALPLPQISENHATITCKNKAFYVTDNGSEHGTWITDNEGRRYRR 
TSELPCPFPSLGCH 

>PaZ EP 
MASTLFYNSMNLSAAVFSRTHFPIPINKDFPLEFSPCIHTDYHLRSRTRSGQKKCLTEVRATVASPTE 
VPSAPASTQPKKLRILVAGGGIGGLVFALAAKKKGFDVVVFEKDLSAVRGEGQYRGPIQIQSNALAAL 
EAIDMDVAEEVMRVGCVTGDRINGLVDGVSGTWYVKFDTFTPAVERGLPVTRVISRIALQQILARAVG 
EEIIINDSNVVNFEDLGDKVNVILENGQRYEGDMLVGADGIWSKVRKNLFGLNEAVYSGYTCYTGIAD 
FVPADINSVGYRVFLGHKQYFVSSDVGGGKMQWYAFHKESPGGVDSPNGKKERLLKIFEGWCDNVIDL 
LLATEEDAILRRDIYDRTPILTWGKGHVTLLGDSVHAMQPNMGQGGCMA IE DGYQLALELDKAWKKSS 
ETGTPVDVASSLRSYENSRRLRVAIIHGMARMAALMASTYKAYLGVGLGPLSFLTKFRIPHPGRVGGR 
VFIDKAMPLMLSWVLGGNSSKLEGRSPSCRLSDKASDQLRNWFEDDDALERAIDGEWYLIPCGQDNDA 
SQLICLNRDEKNPCIIGSAPHGDVSGISIAIPKPQVSEMHARISYKDGAFYLTDLRSEHGTWIADIEG 
KRYRVPPNFPARFRPSDAIEIGSQKVAFRVKVMKSSPGSVEKEGILQAA 

>CaZ EP 
MYASSARDGIPGKWCNARRKQLPLLISKDFPAELYHSLPCKSLENGHIKKVKGVKATLAEAPATPTEK 
SNSEVPQKKLKVLVAGGGIGGLVFALAGKKRGFDVLVFERDISAIRGEGQYRGPIQIQSNALAALEAI 
DMDVAEEIMNAGCITGQRINGLVDGISGNWYCKFDTFTPAVERGLPVTRVISRMTLQQILARLQGEDV 
IMNESHVVNFADDGETVTVNPELCQQYTGDLLVGADGIRSKVRTNLFGPSELTYSGYTCYTGIADFVP 
ADIDTAGYRVFLGHKQYFVSSDVGGGKMQWYAFHNEPAGGVDAPNGKKERLLKIFGGWCDNVIDLSVA 
TDEDAILRRDIYDRPPTFSWGKGRVTLLGDSVHAMQPNLGQGGCMAIEDSYQLALELEKAWSRSAESG 
SPMDVISSLRSYESARKLRVGVIHGLARMAAIMASAYKAYLGVGLGPLSFITKFRIPHPGRVGGRFFI 
DLGMPLMLSWVLGGNGEKLEGRIQHCRLSEKANDQLRNWFEDDDALERATDAEWLLLPAGNSNAALET 
LVLSRDENMPCT IGSVSHAN IPGKSVVIPLSQVSDMHARISYNGGAFLGTAFRSDHGTWFIDNEGRRY 
RVSPNFPMRFHSSDVIVFGSDKAAFRIKAMKFAPKTAAKEDRQAVGAA 



129 

Supplementa l Figure 1. Ali gnment of the deduced ammo ac id sequences of TIL 

lipocalins. 

ldentical residues are in bl ack and similar residues are in grey. The three SCRs th at 

provide a signature for the lipoca lins are indicated above. Conserved N-g lycosy lati on 

sites are in pink. Putati ve cleavage sites w ith a DGPI score over 0.700 are in red w ith 

ye ll ow letters. 
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Supplemental Figure 2. A lignment of the deduced ammo acid sequences of CHL 

lipoca lins. 

ldentical residues are in black and similar residues are in grey . The three SCRs that 

provide a signature for the lipocalins are indicated above. Conserved cysteine 

residues are in green. Putative chloroplastic transit peptide c leavage sites identified 

w ith Signal P 1 ChloroP software are in red with ye ll ow letters . The triangle indicates 

the putative chloroplastic transit peptide c leavage site based on seq uence compari son. 
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Suppl ementa l Figure 3. A li gnment of the deduced ammo acid sequences of VDE 

prote ins. 

ldenti cal res idues are in black and s imil ar res idues are in grey. The SCRs that prov ide 

a s ignature for the lipoca lins, th e cyste ine-ri ch N-terminal region and the g lutamic 

acid-ri ch C-terminal regio n are indicated above. Conserved N-glycosy lati on sites are 

in pink. Conserved cyste ine res idues are in green. Conserved g lutamic acid residues 

and other charged res idues are in turquoise. T he tri ang le indicates the chloroplasti c 

transit peptide cleavage site. 
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Supplementa l Figure 4 . Alignment of the deduced ammo ac id sequences of Z E P 

prote ins. 

fdenti ca l res idues are in black and similar res idues are in grey. The SCRs that prov ide 

a signature for the lipocalins and other conserved moti fs are indi cated above. 

Conserved -g lycosylati on sites are in pink. Conserved cyste ine residues are 111 

green. The tri ang le indicates the chloroplas ti c transit peptide c leavage site. 
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Supplementa l Figure 5. A lignment of OsZEP with mono-oxygenases and related 

F A D-dependent oxydases from bacteria and cyanobacteri a. 

ldenti ca l res idues are in black and simil ar res idues are in grey. Two conserved moti fs 

are indicated above. The OsZE P SCR 1 is indicated by pink letters. 
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Supplementa l Figure 6. Cellular locali zation of the plant TIL lipocalins. (color) 

A . Schematic representation of GFP fusions used in the transient expression 

experiments. N and C are the ami no and carboxy termini of the proteins, respectively ; 

l , 2 and 3 indicate the 3 structurally conserved regions (SCRs). 

B. Transient expression assays of GFP-TIL fusions. Plasmids carrying the fusions 

were transfom1ed into onion epidermal cell s by microprojectile bombardment. 

Confocal images of GFP fluorescence were captured 20 hours after transfonnation. 

On ly the GFP::AtTIL data is shown since the three constructs gave the same 

fluorescence pattern. The color figure is shown in Supp lemental Fig. 6. 

C. Biochemical fractionation analys is. W heat protein extracts were prepared and 

subjected to SDS-PAGE and western blot ana lyses . Upper pane ls, western blot results 

obtained using the anti-TaTLL antibody (di l. 1/25,000, lü sec. exposure for the 

plasma membrane fractions ; dil. l /2,500, 5 min. exposure for the other fractions). 

Lower panel , Coomassie Brilliant Blue-stained ge l showing the quality of the 

preparations. Typical protein patterns are observed for each fraction. NA, non­

acclimated plants grown for 7 days; CA 7, plants grown for 7 days at 24°C then co ld 

acc limated at 4°C for 7 days. 
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Supplemental Figure 7. Multipl e sequence alignment of plant lipoca lins, plant 

lipoca lin-like proteins and other selected lipocalins. The ali gnment was generated 

using CLU STAL X v. l .83 . 
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CHAPITRE IV 

The ApoD ortho log Aff IL protects Arabidopsis against oxidative stress and 

delays senescence. 

Jean-Benoit F. Charron, Francois Ouellet, Mario Houde, and Fathey Sarhan 

Pour les travaux assoc iés à cet arti cle, j ' a i é laboré le des ign expérimenta l et effectué 
les analyses phénotypiques . J' ai aussi rédigé le manuscrit et conçu les fi gures. 
François Oue ll et, a parti cipé à 1 ' é laboration du design expérimenta l, à la rédaction et 
plus particuli èrement à l' éditi on fin ale du manuscrit. Mari o Houde a superv isé la 
parti e biopuces à ADN . li a auss i parti c ipé à la rédaction des di vers tex tes concernant 
cette secti on. 
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Résumé 

Les stress environnementaux, tels que le froid et le stress thermique, induisent 
l' accumulati on des lipocalines chez les végétaux. Cependant, la fo nction ce llulaire et 
le mode d ' acti on de ces proté ines demeurent inconnus. L' utilisati on de différentes 
approches de type gain ou perte de fonction nous a permis de démontrer que chez 
Arabidopsis, la lipocaline AtTIL est impliquée dans la modulation de la tolérance au 
stress oxydati f. Comparativement à des plantes témoins, les pl antes n'accumul ant pas 
AtTlL sont très sensibles aux baisses soudaines de températures et à l'expos ition au 
paraquat. Ce phénotype peut être renversé lorsque 1 'accumulati on de cette protéine 
est rétablie. Inversement, la surexpression de AtTIL augmente la tolérance des plantes 
à ces deux stress. De plus, l' accumulation de AtTI L retarde la fl oraison et la 
sénescence de la plante. Pour sa part, l'analyse biopuces d' ADN indique que 
l'absence de cette lipocaline affecte l' expression de 66 gènes. Parmi ceux-c i, on 
dénombre les fac teurs de transcription impliqués dans le contrôle de 1 ' horl oge 
circadienne et plusieurs gènes impliqués dans la balance énergétique de la plante. Ces 
données suggèrent que A tTIL affecte une vo ie métabolique alternati ve qui module le 
niveau d ' énergie ce llulaire dans le but d ' accroître la to lérance au stress oxydati f. Des 
résultats similaires ont été obtenus chez la Drosophile surexprimant une lipocaline 
(tolérance accrue au stress oxidati f et une plus longue longévi té), suggèrant que les 
lipocalines possèdent une fonction conservée entre les espèces. 

Mots clés : apolipoprotéine D; Arabidopsis thaliana; lipocaline; paraquat, 
sénescence; stress oxydatif; tolérance au gel 
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Abstract 

The ce llular functions of plant lipocalins are still unknown. Here we demonstrate that 
the Arabidopsis AtTIL lipoca lin is in vo lved in modulating tolerance to ox idati ve 
stress. A tT IL knock-out plants are very sensiti ve to sudden drops in temperature and 
paraquat treatment, and dark-grown plants die shortly after transfer to li ght. 
Complementa ti on restores the normal phenotype and overex pression enhances 
to lerance to the ox idati ve stress caused by freezing, paraquat and light. Moreover, the 
accumulati on of AtTlL delays fl owering and senescence. Microarray analyses 
identified severa! differenti ally- regul ated genes encoding components of ox idati ve 
stress, energy balance and circadi an clock. These fi ndings support the data in the 
accompanying two papers showing that overexpression of ApoD, a homologue of 
AtTIL , enhances tolerance to ox idati ve stress and increases !i fe span in mi ce and 
Drosophila .. 
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Introduction 

Over 40 lipoca lin members have been identifi ed from a li kingdoms (/ ). The 

bacteri a l lipoca lin (Ble), the mammali an apo lipoprotein D (A poD), and the insect 

Lazarill o protein (GLaz) are among the most studi ed lipocalins. They show a simple 

terti ary structure which gives them the ability to bind small , generally hydrophobie, 

molecul es . lt was recently show n that GLaz possesses a protecti ve ro te against 

ox idati ve stress cond itions and tha t its absence increases lipid peroxydati on, reduces 

li fe span and accelerates neurodegenerati on in Drosophila (2) . O n the other hand , its 

overexpression protects aga inst the effects of sta rva ti on, hypox ia and hyperox ia, and 

extends the fl y's li fe span (3) . 

Plants a lso possess lipocalins, which were c lass ified as temperature-induced 

lipocalins (TILs) and chloroplasti c lipoca lins (CHLs) , and lipoca lin - like prote ins (4). 

The TIL genes are induced by high and low temperature (L T). The TIL properti es, 

the ir assoc iati on with the plasma membrane in photosyntheti c ti ssues, and their 

accumulati on in response to temperature stress support th e hypothes is that these 

proteins may ac t as scavengers of potenti a ll y harm ful molecul es known to be induced 

by temperature stress and excess li ght (5). ln thi s report, we characterized knock-out, 

compl ementa tion and overexpress ion !ines to de tem1ine the cellular and biochemi ca l 

functi ons of the A ff!L lipoca lin . 
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Results and discussion 

Four T-DN A !ines carrymg inserti ons 111 the AtTJL gene were analyzed to 

identi fy knock- out ( KO) !ines (F ig. 1 A and S 1) (6). The SALK _ 136775 li ne carri es a 

single insertion in the first exon of the At TIL gene and shows no detectabl e A tTlL 

expression (Fig . 1 8 ). Complementati on of thi s KO line res tored AtTlL protein 

accumulati on to a leve! about two-fold higher than the wild-type (WT) plants (Fig. 

1 B, Comp). Ove rexpression of the A tTJL eDNA resulted in a 4-fo ld accumulati on of 

the prote in compared to the WT (Fig. 18, O EX). Under normal growth conditions, 

th e downregul ation of A tTJL express ion (KO) has no visible effect on plant growth 

and deve lopment (Fig. 1 C). ln contrast, the Comp and O EX !ines show a delay in 

tl owering and a stay-green phenotype (F ig . 1 C and 1 D). 

The effect of li ght stress on the di fferent !ines was monitored under different 

tluence rates ( Fig. 2). Dark-grown KO plants show a reducti on in hypocoty l 

e longati on th at is reversed in the Comp line, whil e O EX pl ants show longer 

hypocoty ls (Fig. 2A). When dark-grown WT, Comp, O EX and contro l plants are 

transfered to normal photoperi od and li ght condi tions, greening occurs and typica l 

deve lopment resumes. In contrast, da rk-grown KO plants transfe rred to light do not 

accumulate chl orophyll and di e shortl y after (data not shown). This suggests that the 

absence of lipoca lin impairs the plant's ab ili ty to adapt to a sudden li ght ex posure. 

Under a continuous moderate flu ence of 100 ) . .llno r 1 sec-2, the di ffe rent !ines show 

similar hypocoty l e longati on (F ig. 2 8 ), but the KO plants have small er coty ledons 

(Fig. 2C, LL). There was no di ffe rence in growth and deve lopment when plants of th e 

di fferent !ines were grown under a normal li ght-da rk cycle (F ig . 2C, LD). These data 

indi cate that in the absence of A tT/ L, pl ants canna t to lera te the stress generated by 

continuous li ght and th at a dark peri od is needed fo r the plants to recover. 

T he di fferent Arahidops is !ines are s imil ar after 2 1 days of growth under 

control non-acc limated (NA) conditi ons or after 7 days of co ld acc limation (CA) 

(Fig. 3A). After A pl ants were subj ected to a freezing tes t at -6°C , a urviva l rate of 
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75 % was obta ined for the wi ld-type (WT) and contro l (vector) plants (Fig. 38). ln 

contrast, onl y 50% of the KO plants surv ived wh ile the surv ival rate of the Comp and 

O EX plants was more than 90%. Freezing treatment caused typi ca l damage and 

necrosis to the leaves of surviv ing WT and KO plants. On the other hand, leaves of 

O EX plants showed no damage after freezing and resumed v igourous growth when 

transferred to normal growtb conditions at 20°C ( Fig. 3A). The leve! of AffiL prote in 

accumu lation in leaves of N A plants is associated with increased FT, indicating that 

AtTtL provides protecti on aga inst damages caused by a sudden drop in temperature 

(Fig. 3C). This difference in sensiti vity to freezing between WT and KO plants is not 

observed w hen plants are co ld acclimated prior to exposure to freezing temperature 

(CA - 1 Û°C, Fig. 3A). Cold acc limati on is therefore suffi cient to prov ide max imal FT, 

and AtTIL is unlike ly to be a major component of the co ld acc limati on process. 

The protecti on aga inst freezing damages could be due to a ro le of lipocalins in 

scavenging harmful reacti ve oxygen spec ies generated when plants are ex posed to 

freezing. To test thi s hypothes is, plants were treated w ith the ox idant paraquat and 

necroti c lesions were monitored over 7 days. At th e end of thi s peri od, KO plants 

showed more damage than WT pla nts, whereas O EX plants were more res istant (F ig. 

4A and 4 8 ). The protein leve! is assoc iated w ith the leve! of paraquat to lerance, 

indicating tha t A tTLL prov ides pro tection aga inst ox idati ve stress (Fig . 4C). 

Express ion profi les were dete rmined using th e Arabidopsis ATH 1 Genome 

Array (Affymetri x) fo r WT and KO plants grown under NA and CA conditi ons (7 

days at 4°C). o di ffe rences in gene express ion were observed fo r a li the genes 

present on the mi croarray between th e CA WT and KO, except fo r the absence of 

AtTIL transcript in the KO li ne. However, in the NA KO, a tota l of 66 genes were 

differenti ally regulated by more th an 2-fo ld (5 1 up and 15 down-regulated) compared 

to th e NA WT (TableS 1 ). Among the 66 ge nes regulated by the absence of AtTLL at 

20°C, 49 are regul ated in a s imilar manner (up or down) by LT exposure in WT 

plants whil e 5 a re regul ated in an oppos ite manner. T hese genes encode known or 

puta ti ve tran cri pti on fac tors or s igna l transducti on pro te ins, heat shock prote in , 
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enzy mes invo lved in carbohydra te metaboli sm or to lerance to ox ida ti ve stress, 

senescence and circadi an clock genes . The rema ining 12 genes a re regulated only in 

the KO line (* in Table S 1; KO-specific genes) and encode genes that are associated 

w ith stress responses. Thi s analys is indicates that w ithout exposure to L T, the 

absence of AtT!L mimicks part of the L T response. 

AtT!L KO plants show an increased sensiti vity to paraquat. T hi s powerful 

herbi cide acts in the chloroplas ti c e lectron transport, generating ROS that can diffuse 

outside the chloroplas ts (7-9). O n the other hand, AtT/L OEX plants show improved 

to lerance to the ox idative stress caused by paraqu at. T he A ff lL protein is associated 

w ith the plasma membrane and could contribute to scavenging ROS and prevent 

membrane da mage. Another poss ibl e mode of acti on is th at A tT! L could increase 

ox idati ve stress to lerance through its ro le in post- stress recovery. lt could play a role 

in restoring membrane integrity caused by ox idati ve stress, as suggested for animal 

lipocalins (JO). 

Severa! genes re lated to th e di sease resistance pa thway are overexpressed in 

the AtT/L KO plant. The WRKY54 gene is known fo r its assoc iati on w ith the defense 

response and invo lves an increase in sali cy lic acid (SA) , which accumulates during 

ox idative stress and medi ates the inducti on of defense response genes (/ / , 12). 

Similarl y, the SigA binding prote in is a homologue of MS K 1 w hi ch was shown to 

cause an accumula tion of SA (13). The At3g55450 protein is most homologous to th e 

BIK 1 kinase which is induced by ROS generators such as paraquat and proposed to 

play a ro le in regul ating optima l SA leve ls (1 4). Induction of the BIK 1 kin ase- like 

gene in AtTJL KO pl ants w ithout exposure to any stress suggests that the ROS leve! is 

hi gher than norm al in these pl ants. The greater susceptibility to paraquat is a lso 

indi cative that the AtT/L KO pl ants are Jess capable to fight additi onal ox idati ve 

stress . Furthermore, ri botl av in deficiency is assoc iated w ith ox idati ve stress ( 15) and 

is an important component ofF AD-requiring enzymes such as g lu ta thi one reductase . 

The overex press ion of ri botl av in bi osynthes is prote in in A tTIL KO plants suggests 
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that ribotl avin becomes limiting and may be mobilized to fi ght against ox idati ve 

stress. 

The m1 croarray anal ys is suggests that in the KO plant , starch synthes is is 

reduced whil e starch catabo lism is acce lerated to provide additi onal so luble sugars 

needed to fi ght ox idative stress . In additi on, the Krebs cyc le is inhibited under stress 

conditi ons, preventing the effi cient utiliza ti on of the g lyco lys is products and thus 

affecting the respira tory machinery ( 16) . To overcome thi s situati on, plants rely on 

the y-aminobutyrate (GABA) shunt. Succinic semia ldehyde dehydrogenase, the last 

enzyme of th e G ABA shunt, is upregul ated in A tTJL KO plants. The GABA shunt is a 

bypass of th e Krebs cyc le w hi ch provides succ inate and N ADH to the respiratory 

machinery (1 7). ln plants, the ac tivity of thi s pathway is enhanced in response to 

bioti c and abioti c stresses (18, 19) suggesting a potenti a l ro le in reducing the impact 

of ox idative s tress in mitochondri a (1 6). 

Our d ata demonstrate tha t th e inacti va tion of A tTIL affects tol erance of 

Arabidopsis to the oxidati ve stress caused by freezing, paraquat treatment and li ght. 

Overexpress ion of thi s gene enhances the to lerance to bo th freezing stress and 

paraquat treatment w ithout affec ting th e plant's growth and deve lopment. Results 

presented in thi s report and the two accompanying papers by Ganfomina et a l. and 

Muffat et a l. suggest that lipoca lins may have a uni versa l ce llular functi on. 

Overexpression of e ither homologs (A tTJL and ApoD) could be used to improve the 

ab ili tity of organi sms to to lerate ox idati ve stress and de lay ag ing. Thi s fun cti on co uld 

have important medi ca l and agricul tura l appli cations. 
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Materials and methods 

AtTIL lines 

Arabidopsis ecotype Columbia (Co l-0) was the genetic background of a li the 

tines used. T- DNA knock-out (KO) tines fo r the AtTJL gene were obta ined from the 

Sa lk lnstitu te Genome Analysis Laboratory (http ://signa l. sa lk. edu/). Seeds were sown 

on agar plates conta ining 50 J..Lg/ml kanamycin, stratifi ed fo r 2 days at 4°C and grown 

at 22°C. Kanamycin-res istant plants were propagated as indi vidual tines on potting 

medium consisting of two parts Arabidopsis growing medium PM-1 5- 13 (LE HL E 

seeds), one part vermiculi te and one part black earth . Based on the segregati on 

analys is of pl ants grown on antibio ti c-conta ining plates, tines putati ve ly homozygous 

for the T-DNA inserti on were subj ected to PCR ana lys is using T-DNA-specifi c 

(LBbl ) and AtTIL- specific (RP) primers, and the resulting PCR fragments were 

sequenced to detem1ine the precise inserti on sites. 

To generate th e complementati on (Comp) and overexpress ing (OEX) tines, 

the AtTIL ORF was fi rst c loned into pRTL2, a vector tha t conta ins a double 

caulitl ower mosaic virus (CaMV) 35S promoter and a 35S terminator (2 1). T he 

resulting PR0 35s:A tT/L:T ERM 35s cassette was then c loned into the binary plant 

expression vector pPZ P 12 1 (22) and electroporated in to Agrobacterium GV3 1 0 1. KO 

and WT Arabidopsis plants were transformed w ith thi s vector using the fl ora l dipping 

method (23) to generate the Comp and OEX tines, respecti ve ly. To generate a 

negati ve contro l, WT plants were transfom1 ed with the pPZ P 12 1 vector that does not 

conta in the AtTIL cassette. Transformed pl ants of a li li nes we re se lected by growth on 

gentamyc in-conta ining med ium . Homozygous plants of the fo urth generati on after 

transformat io n we re used for the experiments. 
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Plant Growth Conditions and Treatments 

Surface-sterili zed seeds were sown on steril e half strength Murashige and 

Skoog medium (S igma-Aldrich). Seeds were stratified fo r 2 days at 4°C then 

germinated and grown at 22°C/18°C (day/night) with a 16 hr photoperiod and a 

photon flu x density of 90 ).!mol m-2 sec-1
• For soil-based analyses, seeds were sown 

directl y on potting medium, strati fied for 3 days at 4°C and grown for Il days at 

20°C un der long day conditions ( 16 br light/8 hr dark) at a photon flux density of 90 

).!mol m-2 sec-1
• Seedlings were then transferred to 3.5 inches or 1.5 inches pots 

containing potting medium and grown under the same conditi ons as described above. 

For low temperature treament, 3 week-old soil -grown pl ants were transfeJTed 

to 4°C fo r 7 days under the same photoperi od condi tions. For paraquat treatment, 

paraquat (S igma) was di sso lved in water at a concentration of 15 ).lM and plants were 

sprayed once with this so lution until run off. Control plants were sprayed with 

di still ed water. After spraying, plants were grown for 7 days under normal condi tions 

of temperature and photoperi od. 

Hypocotyl Analyses 

Seeds were sown on ster il e half strength Murashige and Skoog medium 

(S igma-Aldrich) and strati fied in the dark at 4°C for 6 days. They were then exposed 

to whi te li ght (90 mol m 2 s 1 
) at 20°C for 60 min and returned to darkness fo r 23 

br before being exposed to vary ing tluence rates at 20°C fo r 7 days (see Fig 3 

legend). Hypocotyl length was measured using the Image J 1.36b software (mean ± 

SE ; n = 40). 
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Determination of Freezing Tolerance 

A Caltee Sc ientifi c Ltd. Mode! 8-792 Large Capac ity Temperature Stress 

Chamber was used to perform the freezing to lerance tes ts. T hi s instrument consists of 

four major component systems: a Sanyo Mode! MDF-792 24. 75 ft3 capac ity ultra-low 

temperature chest freezer, a custom des igned sta inl ess stee l plenum box w ith its 

integra l blower and heater (provides a ir c ircul ati on and heating) and an Omega 

Engineering Inc. Mode! CN3 002 programmable profil e controller (monitors the test­

chamber air temperature and contra is the heating e lement) . T he controll ed acti on of 

the heater combines w ith the constant coo ling of the freezer to achieve the desired 

temperature at any g iven time. 

Non-acc limated (NA) and co ld-acc limated (CA) so il-grown pl ants (3 weeks­

old) were subj ected to the fo llowing freezing regime. The temperature was lowered 

gradua ll y (2°C per hr) to -6°C and maintained at thi s temperature for 6 hr. T he 

temperature was then gradu all y increased (2°C per hr) to 4°C. To determin e 

temperature vari ability in the freezer, temperatures were mo nitored by 6 independent 

th ermocoupl ed T probes di stributed in the freezer and connected to an Agil ent 3497-

0A data acqui sition/ switch unit. Freezing regimes that showed more than 0.5 oc 
di screpancies between the di fferent probes were rejected. To minimize li ght stress 

effects afte r the freezing treatm ent, plants were thawed at 4°C fo r 24 hr in the dark 

and away from direct li ght in the growth chamber (20°C) for an additi onal 24 hr 

before returning to normal li ght conditi ons. Pi ctures were taken 3 weeks afte r the 

freezing treatm ent. Eighteen plants were frozen per line per assay, and th e ex periment 

was repeated 3 times w ith independent bio logica l repli cates. 

Protein Isolation and lmmmunoblot Analysis 

T he antibody ra ised aga inst th e w heat Ta T l L lipoca lin prote in ( 4) does not 

cross react w ith the Arabidopsis A tT lL lipoca lin , therefore it was necessary to raise a 
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spec ifi e antibody aga inst the latte r. The AtTIL eDN A was clo ned in the pTrc- HI S 

vector (lnvitrogen) and electropora ted into the E. coli stra in DH5a. The recombinant 

HlS ::A ([lL prote in was produced by induction with 1 mM IPTG for 3 hr. T he ce ll s 

were co ll ected, broken by lysozyme treatment and soni cati on, and HIS-tagged 

prote ins were purifi ed by immobilized metal affinity chro matography on Ni-NT A 

agarose (Novagen). The purified prote ins were more than 90% pure and used to 

immunize a rabbit to obtain po lyc lona l antibodies. 

Aeri a l parts of th e Arabidopsis plants were eut and immedi ately froze n in 

liquid nitrogen. One hundred milli grams of leaf materi a l was processed as one 

sample. Prote ins were iso lated us ing Tri Reagent according to th e manufacturer ' s 

instructions (S igma) . Samples were separated on 12% SOS-PAGE ge ls and th e rabbit 

an ti-A tTI L an ti body ( 1: 1 0,000) was used for the immunoblot analys is. Detecti on was 

performed with a perox idase-coupl ed anti-rabbit IgG secondary antibody ( 1 :25,000) 

and the Weste rn Lightning Chemiluminescence Reagent Plus (Perkin- Elmer). 

PCR and Southern Blot Analyses 

Genomic DNA was ex trac ted from fl ower buds of the di fferent Arabidopsis 

!ines. PC R anal ys is was perform ed according to th e S IG nA L protoco l using the 

recommended primers designed with th e SIGnAL iSect Primer Des ign sofware : 

LBbl (5' GCGTGGACCGCTTGCTGCAACT 

CTGGATCCAGAGATGAAGTCG 3') and 

3 ' ), 

RP 

LP (5 ' 

(5 ' 

AAGACGTGTATGGTACCGTCG 3 ' ). For Southern ana lys is, the DNA (5 IJ-g) was 

di ges ted by Pei! (New Eng land Bio labs) and fractionated by electrophores is on a 

0. 7% aga rose ge l. After e lectrophores is, the gel was transferred to a pos iti ve ly 

charged ny lon membrane and hybrid ized w ith 32 P-I abe led probes corresponding to 

th e T- DN A of pRO K2 (vector used to generate the SA LK !ines) or the T- DNA of the 

35S:A tT/L vector. The fo ll owing primer pa irs were used fo r ampli f ica ti on of th e 
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fragments used as probes: 5' - CAGCAAAATCACCAGTAGCACCATTACCAT-3' 

and 5'- GCGATAGAAAACAAAATATAGCGCGCAAAC-3' for the pROK2 T-

DNA, and 5' -ACGAAACGTGGAGCAACGGGAAGAG-3' and 5 ' -

TGCACATACAAATGGACGAACGGATAAACC -3' for the AtTIL T-DNA. Ail 

f ilters were washed at hi gh stringency (0. 1 X SSC, 0. 1% SOS), exposed to K screens 

(Kodak) and ana lyzed on a Molecular Imager FX (Bio-Rad). 

Transcriptome Analysis 

Non-acc limated and co ld-acc limated WT and KO plants were used for 

microarray analysis. For each sample, tinee independent biological rep li cates of 25 

plants were harvested for RNA isolation and samples were sent to the Microarray 

serv ices platform of the McGi ll University and Génome Québec Innovation Centre 

(Montrea l QC Canada). RNA quality was assessed on the Agilent Bioanalyzer, and 

eRNA was synthesized and hybridized on GeneChip Arabidopsis ATH 1 Genome 

Arrays from Affymetrix (Santa C lara, CA). Ail Affymetrix protocols recommended 

for eDNA synthesis, array hybridization , and chip scanning were fo ll owed. Data 

accumulat ion and ana lysis were performed usmg the Robust Multi-array Average 

ana lysis (RMA versiOn 0.2) 

[http ://www.stat.berke l ey.edu/~bolstad/RMAExpress/RMAExpress. html ], and Excel 

(Microsoft, Redmond , USA). The RMA software provides background-adjusted, 

normali zed, and log-transformed perfect match va lues and is recogni zed as one of the 

most robust tool s for the ana lys is of microarray data (24). An ana lysis of variance 

was performed using GraphPad In Star 3 to se lect genes that are significantly 

differentially ex pressed by at !east two-fold under the conditions spec ified for each 

anal ys is (4°C vs 22°C and KO vs WT) . Functiona l class ification of the genes was 

done according to their annotation 1n the TAIR database 

(http ://www.arab idopsis.org/tools/bulk/go/ index.jsp) and by li terature search 

performed using the gene name and annotation. 
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Figure 1. Modulation of AtTlL protein leve[ affects deve lopment. 

(A) Genomic organi zati on of Arabidopsis SALK !ines carry ing T-DNA insertions in 

th e AtTIL gene (At5g58070) . Boxes 1 and 2, exons. The primers used for PC R 

analysis of the genomi c ON A are indicated (see Fig. S 1 ). (B) A tTl L prote in leve ls in 

leaf extrac ts. Top panel: A rabbit anti-AtT IL antibody was used fo r immunoblot 

analys is. Bottom panel: Coomassie Brilliant Blue-s ta ined ge l. (C) Plants were grown 

under norma l conditions of temperature and photoperi od. Overhead (21 d) or lateral 

(28 , 35 , 45 d) v iews are show n. (0) Deve lopmenta l growth stages expressed 

according to Boy es et al. (200 l ;(20) ). 1.10: 1 0 rosette leaves; 5 . 10: appearance of the 

first fl ower buds; 6. 00 : opening of the first fl ower; 6.90: completi on of fl owering. At 

!east 30 pl ants per line per assay were monitored, and the experiment was repeated 3 

times. WT, w ild type Col-0 pl ants; SALK_ XXXXXX, AtT!L T-DN A insertion !ines 

from the SALK coll ecti on; Comp, SALK_ l36775 KO plant complemented by 

overexpress ion of A/TIL; OEX, an AtTIL overex press ing line ; Vector, Co l-0 

transformed w ith a binary vector that does not carry the A tTIL e DNA (negati ve 

control) . 
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Figure 2. A tT! L knock-out plants show reduced hypocoty l e longati on. 

(A) Representati ve seedlings grown on plates under dark conditi ons. (B) Fluence 

response curves of seedlings grown under continuous li ght. Seeds were stratifi ed at 

4°C in the dark for 6 days on agar plates, then transferred at 22°C for 1 hr in the li ght 

and 23 hr in the dark . Plants were then exposed 7 days in the dark or under 

continuous li ght at various li ght intensiti es. lrnages we re captured on a di ssecting 

microscope and hypocotyl length was measured w ith the lmage J imaging software. 

At !east 40 plants per line per assay were monitored, and the experiment was repeated 

2 times. (C) Representative seedlings grown on plates under continuous li ght (LL; 

upper panel) and li ght-dark (LD; lower panel) conditi ons at 100 !J.mo l m·2s· '. 
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Figure 3. Aff iL enhances to lerance to freezi ng stress. 

(A) Plants were grown for 3 weeks at 22°C (NA) or grown at 22°C then transferred at 

4°C for 7 days (CA 7) , and pictures were captu red. The same pl ants were subj ected to 

a freeze tes t performed at -6°C or -1 Û°C fo r the NA and CA plants, respecti ve ly, and 

pictures were captured after a recovery period of 3 weeks. (B) Surv ival rate after 

freez ing of NA plants to -6°C, expressed as a rati o of surviving to tota l plants. 

Statistica l ana lys is was perfo rmed by one-way ANOV A, and the as terisks (*) indicate 

di ffe rences that are signifi cant at th e P<O.OO 1 leve!. (C) AtT lL prote in accumulati on 

in leaves of NA and CA plants. Proteins were ex trac ted and analyzed by 

immunoblotting using the anti-AtTIL antibody. The Coomassie Brilli ant Blue-stained 

ge ls are shown as load ing controls. Results are representative of at !east three 

independent assays invo lv ing 18 plants per line per assay. 
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Figure 4. The leve! of Affl L accumulation influences oxidative stress tolerance of 

Arabidopsis. 

(A) Plants were grown under normal conditions for 3 weeks and then sprayed until 

run off with either water or a 15 )..LM paraquat solution. Pictures were captured at the 

indicated time after treatm ent. Only the paraquat-treated plants are shown since no 

effect was observed for plants sprayed w ith water. (B) A close-up is shown to better 

show the necroti c lesions. (C) A tT lL accumulation following paraquat treatment. 

Prote in extracts were prepared from at ]east three Arabidopsis plants and subj ected to 

immunoblot ana lys is using the anti-AtTIL antibody. The Coomass ie Brilliant Blue­

stained gels are shown as loading contro ls (bottom panels) . 
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Table S1. Genes showing at least two-fold differentiai expression (induction 1 repression) in Arabidopsis At TIL knock-out plants. 

Putative Function and Reference 
Upregulated Genes 

Transcription Factors: 
pseudo~response regulator 5 (APRRS) 
zinc-binding family protein (DUF597} 

W RKY fa mily transcription factor 

DRE-bindin9 protein (DREB l A) 1 CRTIDRE-bindin9 factor 3 (C BF3) 
ABA-responsive e lement-binding protein (ABRE) 

sigA-binding protein 
heat shock factor protein, pu tative (HSF5) (HSTF5) 
gigantea protein (GI) 
zinc finger (MYND type) family protein 

zinc finger (C3HC4-type RING finger) family protein 
CONSTANS-U KE 13 zinc finger (B-box type) family protein 

AB13-interacting protein 1 (AIP 1) (TOC 1) 

Signal Transduction: 
invert ase/pectin methylesterase inhibitor family protein 

cold circadian rhythm-RNA binding 2: CCR2 

acid phosphatase class B family prote1n 

auxin-regula ted protein kinase, putative 

peptidyl-prolyl cis-trans 1somerase 1 cyclophilin (CYP2) 1 rotamase 

ankyrin repeat family protein (ACD6) 

protein kinase. putative 

phosphorylase family protein 

S tress Reponse, Cell Rescue and Defense: 

ONAJ heat shock N-terminal domain-containing protein 

ONAJ heat shock N-termina l domain-containing protein 

hydrophobie prote1n, low temperature and sal t respons1ve protein 

senescence-associa led protein-rela ted (SAG 1 02) 

hydrophobie prote~n. low tempernturc and salt rcsponstve protetn 

universal st ress protein (USP) family protein 

heavy-metal-associa ted domain-containing protein 

pathogenesis-related thaumatin family protein (ca lcium storage) 

cold-regulated protein (carl Sb) 

pathogen and circadian controlled 1 (PCC1) 

Metabolism: 

riboflavin biosynthesis protein, putalive 

pyruvate decarboxylase. puta tive 

preprotein and amine acid transporter 

succinate-semialdehyde dehydrogenase (SSADH1) 

aldose 1-epimerase family protein 

nucellin prolein, putative 

auxin-responsive family protein 

acyt CoA:diacyt9tycerol acyttransferase (DGAT) 
isoamylase. putative 1 starch debranching enzyme. putative 

2-oxoacid-dependent ox1dase. putative (OIN1 1) 

OEP16-Iike protein 
starch phosphorylase , putative 

glycoside hydrolase starch-binding domam-containrng protein 

ami no acid permease family protein or GABA permease 

Expressed Protein 

expressed pro tein 

expressed protein 

expressed protein 

expressed protein 

expressed protein 

expressed protein 

expressed protein 

Downregulated Genes 

Transcription Factors: 

tate eton9ated hypocotyt (LHY) 
CONSTANS-LIKE 2 (COL2) 

Signal Transduction: 

cys teine protetnase, putattve 

catcium-bindin9 RD20 protein (RD20) 
Stress response, Cel! Rescue and Defense. 

At TIL, lipocalin 

pu tat ive membrane related prote1n CP5 

phosphate-responsive protein. putative (EXO) 

Locus ID 

At5924470 

At1976590 
At2940750 
At4925480 
At1949720 
At39567 10 

At1967970 
At1 922770 
At5g50450 
Atlg49230 

At2947890 
At596 1380 

At5g62360 

At2921660 
At2939920 
At2933830 
At2921130 
At4914400 
At3955450 

At4924340 

At5923240 
At 1956300 

At4930650 
At1953885 
At4930660 

At3962550 
At1951090 

At1920030 
At2g42530 

At3922231 

At2g22450 

At5954960 
At4926670 

At1979440 
At3947800 
At4g33490 

At5g35735 
At2919450 
At4909020 

At3949620 
At2928900 
At3946970 
At5926570 

At2901170 

At4g16146 

At1953035 
At4904330 
At2914560 

At2915890 
Atlg70420 
At1914870 

Atl90l060 

At3902380 

At2927420 
At2yJ.1380 

At5958070 

At1955960 
At4908950 

ProbesetiDs 

249741_at 
259977 _at 
257382_at 
254066_at 
261613_at 

246293_at 
259992_at 
264211_at 
248502_at 
260753_at 
266514_at 
247525_at 

247478_at 
263548_at 

267361_at 
267461_at 
264019_at 

245265_at 
251789_at 

254163_s_at 

249850_at 
256221_at 
253627_at 
262226_at 
253581 _at 

251221_at 
245749_at 
261248_at 

263495_at 
256766_at 

264045_at 

248138_at 
253981_at 

262892_at 
252387_at 
253331_a t 
249719_at 
267280_at 

255070_at 
252265_at 
266225_at 
252468_at 
246829_at 

265790_at 

245319_at 
261318_at 
255331 _at 

265837 _at 
265478_at 
264314_at 

262832 at 

261569_at 

258497 _at 

265665_at 
255795 at 

247851 _at 

260603_at 
255064_at 

Differentia i expression (absolute values) 
KO KO 4' C WT 4' C KO 4' C 

VS 

WT 

5.3 
2.9 
2.8 

2.3 
2.2 

2.2 
2.1 
2.0 
2.1 
2.1 
2.1 
2.1 

5.2 
4.4 

4.0 
3.2 
2.3 

2.2 
2.2 

2.1 

6.5 
4.4 

2.3 
2.3 
2.1 

2.0 
2.0 
2.0 

2.0 
2.0 

2.8 

2.6 
2.4 

2.2 
2.2 
2.1 

2.1 
2.1 
2.1 
2. t 
2.1 

2.1 
2.0 

2.0 

4.0 

2.6 
2.6 
2.5 

2.4 
2.1 
2.1 

-3.2 

-2.4 

-2.3 

-2.1 

-3.6 

-2.2 
-2.0 

vs 

KO 

6.3 
2.1 
2.2 

4.0 
2.4 

1.8 
2.2 
3.6 

2.2 
1.4 
3.5 

3.1 

1.3 
3.2 
-1 .1 
-1.6 

2.9 
2.0 
2.1 

-3.3 

2.1 
-1.2 

7.8 
-4.7 

-2.7 
-2.4 
5.7 
-1.7 

24.0 
1.6 

1.2 
1.6 
1.8 

2.6 
1.6 

-1.1 

1.2 

3.0 
3.0 
-2.8 

2.7 
1.6 
2.5 

1.1 

4.2 

5.1 
-1 .6 

2.9 
-3.0 
-1.8 
4.0 

6.2 
-2.0 

2.3 
-2.1 

-1.7 

-2.0 
-2.0 

VS 

WT 

33.8 
5.7 
4.8 

12.9 
4.9 

3.6 
4.0 
6.9 
4.4 

2.9 
6.5 
5.4 

5.8 

13.4 
3.4 
1.7 

6.4 
4.5 

4.2 
-1.3 

11 .6 
3.1 
17.5 
-2.1 
-1.1 

-1.3 
11 .1 
1.0 

47.7 

2.9 

3.2 
3.7 
4.0 

5.6 
3.7 
1.7 

2.4 
5.9 
6.0 
-1.2 

5.8 
2.9 
4.9 

2.1 

14.7 
12.0 
1.5 

6.1 
-1.4 

1.6 
5.9 

2.1 

-3.2 

t.O 
-3.7 

1.5 
-4.3 

-5.3 

vs Regul · 
WT 4°C ation 

-1 .0 
1.1 

1.3 
-1 .4 
1.1 
1.1 

1.2 
1.1 

1.1 
1.0 
1.1 
1.2 

1.1 
1.1 

1.0 
1.1 

1.1 
-1.0 
1.1 
-1.2 

1.2 
1.2 
1.0 
1.0 
- 1.2 

1.1 
1.0 
1.0 
1.0 

1.0 

-1.0 

1.1 
1.1 
1.0 
-1.1 
1.1 

1.0 
1.1 
1.0 
-1.1 

-1 .0 
1.1 

1.0 
1.0 

1.2 
1.1 
1.1 

1.2 
1.1 
-1.3 
1.4 

-1.1 

-1.5 

-1.0 
-1.2 

-8.8 

- 1.0 
1.3 

tt 
tt 



Metabolîsm: 
dehydrodolichyl diphosphate synthase. puta tive At5g58770 247780_at 
trehatose-6-phosphate phosphatase (TPPA) At5g51460 248404_at 
starch synlhase. putative Al1g32900 261191 - at 
carbonic anhydrase family protein At3g52720 252011_at 
glutathione S-transferase, putative (ERD9) Al1g10370 264436_at 
adenosylmethionine decarboxylase family protein At5g15950 248490_at 

Expressed Protein 

expressed protein At3g28270 256603_at 
expressed protein Al1g68440 259856 at 

12 genes regulated (induced or repressed) only in the KO line (not regulated by exposure of the WT ta LT) 

22 genes for which the regulation in KO is at least 50% of the regulation seen in WT exposed at 4 oc 
genes associated wi lh carbohydrate metabolism 

t t genes associated wi th tolerance to oxidative stress 

t key regulators of the circadian clock 

-3.1 -2.8 -7 .6 -1 .1 
-2.8 -2.6 -6.7 -1.1 
-2.5 6.4 2.7 -1.1 
-2.2 -3.3 -6.9 -1.1 
-2.2 4.5 2.1 -1 .0 
-2.0 6.6 3.5 -1.1 

-2.3 -1.9 -4.0 - 1.1 
-2.1 -2.5 -4 .6 -1.1 

A typica l induct ion ofknown co ld-regulated genes (COR /5a. COR 15b. COR47. CBF3. CBF]) was obscrvcd in bath the co ld-accl imatcd 

186 

WT and KO \ines (rcsult not shawn). O f the 1587 genes rcgulatcd more th an two- rold alter 14 da ys of co ld treatmcm in the study by llannah e1 al. 
(PLoS Genet. 1. c26 2005). 675 gcnt.:s (43%1) arc a Iso rcgulated aller 7 da ys or cole! treatmcnt in our study. 
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Figure Sl. Genomic organization of Arabidopsis SALK !ines carrymg T-DNA 

insertions in the AtTIL gene (At5g58070) . 

(A) PCR ana lysis of genom ic DNA extracted from the different !ines, performed with 

primers indicated in Fig. 1. (B) Southern blot ana lysis of genomic DNA extracted 

from the different !ines. Left panel , probe detecting the pROK2 T-DNA insertion 

present in the SALK !ines; right panel , probe detecting both a portion of the AtTIL 

transgene T-DNA (inc luding the right border) and the AtTIL endogenous gene. WT, 

wi ld type Col-0 plants; SALK_ XXXXXX, AtTIL T-DNA insertion lines from the 

SALK collection; Comp, SALK _ 136775 KO plant complemented by overexpression 

of AtTIL; OEX, an AtTIL overexpressing line; Vector, Col-0 transformed with a 

binary vector that does not carry the AtTIL eDNA (negative contro l). 
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Figure S2. Accumulation of the Aff iL prote in immunodetected with the anti-AtTlL 

antibody. 

Bottom panel: Coomassie Brilli ant Blue-stained ge l. 
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Figure S3. Validation of microarray data using reverse transcriptase-PCR (RT-PCR). 

Transcript levels of randomly se lected genes were quantitated in the contro l and co ld­

treated WT and AtTIL KO plants by RT -PCR. UBQ 10 was used as a constitutively 

expressed contro l transcript. Reactions were perfom1ed using three independent 

biological replicates . Only one replicate is presented. At5g54960, pyruvate 

decarboxylase ; At 1 g79440, succinate-semialdehyde dehydrogenase; At4g09020, 

isoamylase; At2g 19450, diacylglycerol 0 -acy ltransferase; At2g0 11 70, ami no ac id 

permease; At3g52720, carbonic anhydrase; At l g32900, starch synthase ; At5g51460, 

treha lose-6-phosphate phosphatase. 
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CHAPITRE V 

Plant lipocalins 

Jean-Benoit F. Charron, Fathey Sarhan 

Dans Lipocalins. Éditeurs: B. Akerstrom, N. Borregaard, D.R. Flower, et J.P. 

Salier. Landes Bioscience. Georgetown, TX. 2006, pp. 41-48. 
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Résumé 

Un grand nombre de lipocalines sont présentes chez les animaux, les insectes et les 
bactéri es. Toutefo is, les lipocalines de plantes sont encore méconnues. Les premières 
proté ines de type "lipoca lin-like" à avo ir été découvertes chez les pl antes sont deux 
enzymes du cyc le des xanthophy ll es, la violaxanthine époxidase e t la zéaxanthine dé­
épox idase. Cependant, l'architecture distinctive de ces protéines a soulevé des doutes 
quant à leur appartenance à la famille des lipoca lines. Récemment, nous avons 
rapporté l' identifi cation et le clonage des premières vraies lipoca lines de plantes chez 
le blé et Arabidopsis. Les pro téines ont été nommées "temperature-induced 
lipocalins" et possèdent les trois régions structurales conservées qui caractéri sent les 
lipocalines. Les analyses de séquences ont révé lé que les lipocalines de plantes 
possèdent une homologie de séquence avec trois lipocalines re li ées au point de vue 
évo lutif: 1 'Apolipoprotéine 0 de mammifè re, la lipoca line Ble bactérienne et la 
lipocaline d ' insecte Lazarill o. L' utili sati on d ' une approche in tégrée de compilati on de 
données, profi lage d ' expression, locali sati on cellulaire, analyses phy logénétiques, et 
prédi cti ons bioinformatiques a démontré que les plantes possèdent deux autres 
lipocalines : la "temperature-induced lipocalin-2" et la "chloropl asti c lipocalin" . Ces 
analyses suggèrent aussi que les lipoca lines de plantes sont associées aux stress 
environnementaux. 

Mots clés : apolipoprotéine D; Arabidopsis thaliana; Triticum aestivum L.; 
lipocaline; stress abiotiques; chloroplaste; cycle des xanthophylles; membrane 
plamique 
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Summary 

Lipoca lins are w ide ly di stributed in anima is, insect and bacteria but very little is 
known about plant lipocalins. T he first lipocalin-like prote ins reported in plants were 
the two key enzymes of the xantho phyll cycle, the vio laxanthin de-epox idases and the 
zeaxanthin epox idases . However, the peculi ar architecture of these proteins raised 
doubt as of the ir true belonging to the lipoca lin famil y. We recently reported the 
identi ficati on and cloning of the fi rst true plant lipoca lins from wheat and 
Arabidopsis. The encoded proteins were named temperature-induced lipocalins and 
possess the three structura lly-conserved regions that characteri ze lipoca lins. Sequence 
ana lyses revealed th at these plant lipocalins share signifi cant homology with three 
evo luti onarily-re lated lipoca lins, th e mammali an apolipoprote in D, the bacteri a l 
lipoca lin Ble and the insect Lazarill o protein . Data mining of genomic da tabases and 
bi o informati c predi cti ons revea led that plants possess two other lipoca lin members: 
temperature-induced lipoca lin-2 and chloroplasti c lipoca lin . Expression and 
regul ati on studi es suggest th at th e plant lipoca lins are assoc iated with environmental 
stresses. 
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Introduction 

Lipoca lins are an ancient and fun ctionall y di verse family of mostly 

ex trace llular proteins. 1 This family has been studi ed in deta il s in bacteri a, 

invertebrates and vertebrates, and these studi es have been summari zed in severa! 

excell ent rev iews.2
·
5 However, very little is known about pl ant lipocalins. 6

·
7 The 

rapidly expanding area of functi ona l, structura l and comparative genomics prov ides 

opportuniti es for th e identi fica ti on of lipoca lin homologs in plants. Using an 

integrated approach of data mining of EST databases, bioinformati cs predicti ons, 

phy logenetic studi es, and structural, ce llul ar loca li za ti on and ex pression profilin g 

analyses, we identifi ed nove l plant lipoca lins Here we describe th e mo lecular 

characterizati on and evo lution of plant lipoca lins and di scuss their putative function 

during pl ant deve lopment under environmenta l stresses. 
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Temperature-lnduced Lipocalins 

The first true plant lipoca lins were recentl y identifi ed from wheat and 

Arabidopsis thaliana. 7 A full length c lone was first iso lated from a eDNA library 

prepared from co ld-acc limated wheat ti ssues and named TaTJL fo r Trit icum aestivum 

temperature-induced lipocalin . This gene has s ince been renamed Ta TIL-1 . The open 

reading frame encodes a protein of 190 amino acids (aa) with a calcul ated molecular 

mass of 22 kDa and a theoreti cal pl of 5.5 (Table 1 ). A search in the GenBank ESTs 

da tabase revealed homology (74% identi ty, 83% simil arity) with a predi cted putative 

prote in from Arabidopsis thaliana that we named AtTIL fo r Arabidopsis thaliana 

temperature- induced lipoca lin. Sequence analys is of thi s Arabidopsis clone revea led 

th at the cON A encodes a 186 aa prote in . The SCR 1 region is located f rom aa 15 to 3 1 

(GLDVARYMGRWY ElAS F) 111 Ta TT L- 1 and from aa 12 to 28 

(GLNVERYM G RWY EIASF) in AtT lL, and possesses the two conserved amino 

acids G and W (Table 1 ). 8
-
9 T he SC R2 of TaTIL- l is found in the C-terminal porti on 

of th e protein from aa 105 to 11 9 (YWVLYV DDDYQYALV) w hit e in AtTlL it is 

found from aa 10 1 to 1 15 (YWVL YIDPDYQ HALI ). The SCR2 of animal and 

bacteri a l lipoca lins genera lly contains a TOY tripl et. x-9 However, in Ta TIL-1 and 

AtTIL , onl y the centra l 0 is present (Table 1 ). SCR3 is found in the C-terminal 

porti on of both proteins, from aa 129 to 144 ( ILCRKTH1 EEEVNQL) in TaTIL-1 and 

from aa 125 to 140 in AtT 1L (I LSRTAQMEEETYKQL). T he conserved R res idue 

that charac teri zes thi s fi ngerprint is present in both sequences (Table 1 ). R-
9 Further 

sequence ana lys is of TaT IL-l and AtT lL indicated the presence of a putati ve N­

g lycosy lati on site (Tabl e 1 ). Putati ve C-te rminal c leavage sites are predi cted by 

severa! targeting peptide predi cti on programs (DG PI , PSO RT, and S igna!P) to be at 

aa 172 in TaT IL- 1 and at aa 168 in AtT IL. 10
-

11 Cons ideri ng thi s pu tative cleavage site, 

the ca lcul ated molecul ar mass of the mature prote ins in wheat and Arabidopsis is 20 

kDa with a pl of 5.2 (Table 1 ). 
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The homology search revealed that TaTlL- 1 (accession no . A Y077702) and 

its ortho log from Arabidopsis (access ion no . A Y062789) share signifi cant similarity 

w ith three evolutionarily re lated lipoca lins: the human apolipoprote in D (ApoD) 

precursor (accession no. P05090), the Escherichia coli outer membrane lipoprotein 

Ble precursor (access ion no. P3928 1 ) , and the American grasshopper Lazarillo 

precursor (accession no. P4929 1 ). These proteins respective! y share 29%, 3 1 %, and 

23% identity, and 46% , 54% and 40% similarity w ith TaTIL-1. A mong a li lipoca lins, 

Bl e, Apo D, and Lazarill o are th e only ones known to be anchored to bio logica l 

membranes.3 T he good similari ty between these proteins and the plant TlLs suggests 

th at TaTI L- 1 and A tT IL are a Iso membrane-assoc iated pro te ins. T he sequence 

analys is a lso revea led that, like th e E. coli Bl e, TaTIL-1 and AtT IL di ffe r from most 

lipocalins by the absence of intramo lecul ar di sulfide bonds. However, they are 

potenti all y N-glycosy lated like human ApoD and Lazarill o. When th e three SCRs of 

these five prote ins are a li gned, the start codons from TaTIL- 1 and AtTIL are 

positioned at the c leavage sites of the N-termin al s ignal peptides of th e three o ther 

proteins. Thi s a li gnment suggests that TaTIL -1 and AtTIL do not possess an N­

terminal signa l peptide as is the case in Ble, ApoD and Lazarill o . T he N-termina l 

porti on of TaTl L- 1 is composed of hydrophili c residues fo llowed by few 

hydrophobie res idues . Ln AtTlL , the hydrophobie secti on is even less accentuated. 

This profi le does not fi t the standard hydrophobi e nature of the N-termina l signa l 

peptide identi fied in A poO, Bl e and Lazarillo. Like Lazarill o, the TaTI L-1 and A tT l L 

proteins are longer than Apo D and Ble at the ir C-termina l end and possess a simil ar 

putative c leavage site. The hydrophobie C-termina l ta il enables Lazarillo to receive a 

g lycosy lphospha tidy linos itol (G PI) anchor. 12 T his suggests that TaTl L- 1 and A !TIL 

coul d a lso rece ive a G PI anchor. GP I anchoring is a post-translati ona l add ition of a 

lipid occurring in the endopl asmi c re ti culum lumen w hich lin ks prote ins to the 

ex terna t face of th e plasma membrane. T hi s ty pe of mod ifica ti on has been reported in 

plants. 13 T he fac t th at th e N-g lycosy lati on site is co nserved between the w heat and 

Arabidopsis T IL ortho logs supports the possibili ty th at these prote ins a re processed in 
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the endoplasmic reticulum lumen. Another type of attachment to the membrane can 

a lso be suggested for Ta TlL- 1 and AfflL. It has been proposed that human ApoD is 

assoc iated w ith the ex ternat face o f the membrane by a hydrophobie loop .3•
14

-
15 

TaTI L-I and A tTlL a Iso possess a hydrophobie stretch of seven ami no ac ids that is 

inserted into a loop be tween two b-strands. This hydrophobie stretch is in the loop 

between b-strands 5 and 6 instead of being in th e loop between strands 7 and 8, as is 

th e case in the human Apo D (Fig. 1 8 I,C2). lt is nevertheless possible that thi s 

stretch favours the attachment of TlLs to the plasma membrane. The loop scaffo ld in 

TaTI L- I and AtTIL is two ami no acids longer than in the human Apo D and there is a 

praline at positions 32 and 29 respective ly. These modificati ons suggest th at th e plant 

TILs have a di fferent binding specific ity. A recent pro teomi c ana lys is of hi ghly 

purifi ed plasma membranes from Arabidopsis showed that AffiL is associated w ith 

thi s m embrane fracti on.17 This result confirms th e prediction tha t TaT!L-1 and AfflL 

are membrane-assoc iated proteins. However, the nature of the associati on or 

attachment is still unknown. 

North ern blot ana lys is revea led that the TaT!L-1 transcripts accumulate to 

hig h leve ls upon ex posure to low temperature and hea t-shock treatments ( 1 0-fo ld) 

and to a lesser ex tent after a water stress (3.5 -fo ld). 7 Absc isic ac id , hi gh sa lt and 

wounding treatments have no measurabl e effect. T he TaT!L- 1 transcripts accumul ate 

gradua ll y to a max imum leve t afte r 36 days of co ld acc limati on. Upon deacc limati on, 

the leve t of transcripts return s to the leve t seen in the co ntro l nonacclimated plants . 

The accumul a tion of TaTI L- I transcripts in wheat was fo und to be ti ssue-spec ifi e, as 

th ey were detected only in co ld-acc limated leaves. The ex press ion ana lyses revea led 

tha t the di cot ortholog AtTJL is a lso induced by low temperature (6-fo ld) and heat­

shock trea tments (9-fold). RN A bl o t hybridi zati on studi es a lso de monstrated th at co ld 

acc limati on induces the accumul ati on of TaT!L- 1 transcripts in both less to lerant and 

co ld hardy wheat. However, thi s increase is greate r in the hardy w inter culti vars. Low 

leve ls of ex press ion are a lso fo und in oat and barl ey, two less co ld to lerant spec ies. 
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Thi s difference in accumulation indi cates that the Ta T/L-1 ex press iOn is corre lated 

with the plant's capacity to deve lop freezing tol erance. 

Analysis of the promoter regions of AtTIL, Ta TIL-1 , OsTIL-1 and Os T/L-2 

revealed the presence of severa ! low temperature response e lements (L TREs), 

dehydrati on response e lements (OREs) and beat shock elements (HSEs). Ta TIL-1 and 

AtTIL promoter sequences contain more L TREs than the OsTIL-1 promoter sequence. 

On th e other hand, the Os TIL- 1 promo ter con tains more HSEs th an the A tTIL and 

Ta TIL-1 promoters. This situati on is not unexpected since ri ce does not have th e 

ability to co ld acclimate but possesses a higher thermoto lerance than wheat and 

Arabidopsis. The fac t that TIL promoters possess severa! li ght-responsive e lements 

supports the spec ifi e expression of the corresponding genes in green photosyntheti c 

leaves. 

Temperature stresses are kn own to induce membrane injuri es. 17 The 

membrane-anchored lipoca lins (Ble , ApoD, Lazarillo, and possibly TaTIL-1 and 

AtTlL) a li appear to be expressed in response to conditi ons that cause membrane 

stresses, w hich suggests a biologica l role in membrane biogenesis and/or repair under 

severe stress conditi ons.3 T he pl ant Ta TlL-1 and AtTIL prote ins, like the human 

ApoD, may bind a w ide vari ety of potenti al ligands of varying structures and 

functi ons. T he mammali an Apo D is reported to bind arachidoni c acid, bilirubin, 

stero id hormones (progesterone and pregneno lone) and cho leste rol.4 It is interesting 

to menti on that plants a lso synthesize a wide vari ety of stero id hormones ca ll ed 

brass inostero ids. A treatment w ith 24-epibrass ino lide, a brass inostero id , increases the 

IX to lerance of plants to hea t and co ld stresses . The enhanced res istance to temperature 

stress is attributed to increased membrane stab ility and osmoregul ati on. It is known 

that stero l inserti on in the plasma membrane increases its tluidity at low temperature 

and mainta ins the phospho lipids order at hi gh temperature. 19 Ta T l L-1 may be 

invo lved in the transport of these stero l molecul es to th e membrane in response to 

stress conditi ons. 
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Other Plant Lipocalins 

Since plant lipoca lins were las t reviewed , the sequenc ing of th e Arabidopsis 

thaliana and Oryza saliva (ri ce) genomes has been completed .6·
20

-
2 1 T he newly 

identifi ed Ta TIL- 1 and A fTlL prote ins were used to search the pro teins predi cted 

from the DNA sequence informati on of these two genomes using the BLAST 

program. The search revea led that ri ce possesses two other lipoca lin members, TIL-2 

and CHL. Sequence ana lys is revea led the presence of two diffe rent genes in ri ce 

encoding TIL lipoca lins: OsT!L-1 and OsTJL -2 on chromosomes 2 and 8, 

respecti ve ly, whereas Arabidopsis tha/iana has only AtTIL on chromosome 5. The 

OsTlL-1 and OsTIL-2 prote ins share 65% identity and 80% simil arity. OsTIL-2 is a 

protein of 179 aa with a calcul ated mo lecul ar mass of 2 1 kDa (T able 1). The absence 

of aN -termina l target peptide suggests that the OsTlL-2 prote in would , like OsTIL-1 , 

accumul ate in the cytoso l. Furthe r sequence analys is of the w heat and rice TlL-2 

pro te ins indi cated the presence of a conserved putati ve N-g lycosy lati on site. 1 n 

additi on, a putati ve C-termina l c leavage site is predi cted by severa! target peptide 

predi cti on programs: DG PI , PSORT, 10 and S igna iP. 11 Considering thi s putative 

cleavage site, the ca lcul ated mo lecul ar mass of the mature OsTJL-2 prote in is 19 kDa. 

T he second new member identifi ed from Arabidopsis and ri ce was named 

CHL (for chloroplas ti c lipoca lin). This protein was identifi ed in Arabidopsis as a 

putati ve lipoca lin (CAB41 869). 6 An homo logy search revea led th at AtC HL shares 

onl y 23 % identity and 40% overa ll similarity w ith AtT lL. However, a region of 16 

amino ac ids corresponding to SCRI shows a hi g h s imilarity w ith TIL lipoca lins. The 

encoded mature prote ins in Arabidops is and ri ce are respecti ve ly 3 14 aa and 322 aa 

long w ith calcul ated molec ula r masses of 35 and 36 kDa (T able 1 ) . Signa iP and 

Chl oro P predi ct N-te rmin a l chlo ro pl asti c ta rget ing peptides w ith hi gh sco res in both 

prote ins (Table 1 ) . 1 1.~~ However, the exact length of th e chl o ropl as t transit peptide 

and the loca ti on of the prote ins w ithin the chl oropl as t is still unkn own. A pa irw ise 

sequence a li gnment predi cts chl oroplas t trans it peptide c leavage sites near th e 
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beginning of SCR 1 in both AtCHL and OsC HL sequences. The mature C HL prote ins 

would have a mo lecular mass of 26 kDa, w hi ch is approx imate ly the usua l lipoca lin 

size (T able 1 ). C HL prote ins also possess 8 conserved cyste ine residues probabl y 

invo lved in the three-dimensiona l structure of th e prote in by fo rming di sulfide 

bridges. Moti f searches against the PROSlTE database,23 after exc lusion of patte rns 

w ith a high probabili ty of occu rrence, revea led that Arabidopsis and ri ce CHL 

prote ins possess the SCR 1 lipoca lin signature (T able 1 ). This signature perfec tl y fi ts 

the SC R 1 consensus used by the ScanPros ite software and ex hibits the two invari ant 

ami no ac ids G and W that are key fea tures of SCR 1.8·
9

,2
4 As in most lipoca lins, C HL 

SCR2 is found in the C-tern1ina l half of the protein and bears the conserved T OY 

tripl et (Tabl e 1 ). R-
9 SCR3 is a lso fou nd in the C-termin a l porti on of both pro te ins and 

the conserved R residue that characteri zes thi s fin gerprint is present (Table 1 ).8-
9 

Violaxanthin De-Epoxidases and Zeaxanthin Epoxidases 

Yio laxanthin de-epox idases (Y DEs) and zeaxanthin epox idases (ZE Ps) are the 

most puzzling members with regards to their c lass ifi cati on as pl ant lipoca lins. T he 

size and the exon- intron architecture of the genes encodin g these enzymes show no 

signi ficant similarity to the geno mic organiza ti on of bac teri a l and animal lipocalin 

genes and fo r these reasons, they were not considered as tru e lipoca lins in most 

studi es. 25
-
26 T hese enzymes are invo lved in photoprotecti on of th e photosyntheti c 

apparatus, and are fi rst synthes ized as precursor prote ins that bea r the transit peptide 

needed fo r translocati on to th e thy lakoid space of chl oropl as ts.6·
27 T hey share th e 

commo n substrate antheraxanthin and are be li eved to ex hibit s imil ar tertiary 

stru cture. 6 Y DEs are predi cted to be proteins w ith a centra l barrel structure fl ank ed by 

a cyste ine- ri ch N-te rmina l domain and a g lutamate- ri ch C-termina l do ma in (Table 

1 ) .
2x ZEPs possess A DP-binding a nd F A D-bind ing doma ins and fi t th e descripti on of 

a lipoca lin based on SC R 1 homology (T abl e 1 ). Functiona l analyses of th e di ffe rent 

domains of YD Es demonstrated th at the de leti on of any of the cysteine res idues in th e 
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N-termina l region resulted in a total loss of ac tivity. 28 T hi s is like ly because cysteine 

res idues a llow the formati on of di sulfide bridges, w hich are important determinants 

of protein confo rmati on. lt th us appears that the conform ati on of the mature protein in 

the N-termina l porti on of YD Es is essenti a l to reta in the ir ac ti v ities. Deleti on ana lys is 

of the C-termina l region demonstrated that 7 1 out of 98 aa could be removed w ithout 

any loss of acti vity. 2
R However, remova l of another 12 aa resulted in a 90% loss of 

acti vity and an important reduction of the binding of YD Es to the th y lakoid 

membrane. 2
R 

G iven the feature of YDEs and ZEPs and th e strict definiti on of lipocalins, it 

is di ffi cul t to unequivoca lly consider th ese two prote ins as true lipocalins. They are at 

best lipoca lin- like proteins that could have ari sen from th e fusion of an ancestra l plant 

lipoca lin to pro te ins with enzym ati c functions.Z6
·
29 Thus, YD Es and ZE Ps may 

represent the first example of lipocalins evo lution towards the acqui sition of nove l 

fun cti ons. 

Evolutionary Origin of Plant Lipocalins and Lipocalin-Like Proteins 

T o help e luc idate the evo lutio na ry orig in of plant lipoca lins, we in vestigated th e 

presence of lipoca lins and lipoca lin-like proteins in algae and cyanobacteri a. A lgae 

are considered primitive photosyntheti c eukaryotes w hil e cyanobacte ri a carry a 

compl ete set of oxyge ni c photosyntheti c genes. T he chl oroplas t is be li eved to have 

evo lved from th e endosy mbi os is of a cyanobacteri a l ancestor w ith a eukaryo ti c host 

cel!. An homology search perfo rmed w ith the TaTI L- 1 prote in sequence revea led 

severa[ ESTs from red a lgae. T he search a lso revea led th at cyanobacteri a possess a 

lipoca lin gene. 

Ph y logeneti c ana lyses suggest th at T IL lipoca lin members were proba bly 

inherited from a bac teria l gene present in th e ori g ina l host ce l! , th e common ancestor 

of plants and animais. 1 ln some plant spec ies, the TIL-2 lipoca lin may have ari sen 

from the dupli ca ti on of th e gene encoding the TIL- l lipoca lin . Howeve r, th e 
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remaining plant lipocalin and lipoca lin-like members CHLs, Y DEs and ZEPs might 

have evo lved from a seri es of duplicati on of the cyanobacteri al ancestor gene after 

cyanobacteria endosymbiosis from w hi ch the chloroplast ori g ina ted. VDE and ZEP 

sequences subsequ ently di verged a nd acquired new cellular function as xanthophyll s 

cycle enzymes. 
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Conclusion 

The identification and cha racterizati on of plant lipocalins and lipocalin-like 

prote ins w ill he lp in designing experiments a imed at the understanding of the ir 

ce llul ar functi on in plants and the ir ro te in modul ating the responses to temperature 

and ox idative stresses. U sing fo rward and reverse geneti cs in the mode! system 

Arabidops is should prov ide the informati on needed to eluc idate the fun ction of each 

prote in in the plant metabo li sm. ln additi on, microarray ana lyses w ill he lp in the 

identifi ca ti on of the target genes assoc iated with over 1 under expression of the 

different pro teins. The ease with w hi ch pl ants can be manipul ated and th e ava il ability 

of mutants are tremendous tool s that should enable us to unde rstand the ce llul ar 

function of lipoca lins and lipoca lin-like prote ins in plants. T hi s infom1ati on could 

even he lp understand the cellular fun cti on of lipoca lins in mammals. 
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Figure 1. Structural models of human ApoD and wheat TaTIL-1 . 
Terti ary structure analyses were carri ed out using the Sw iss-Model program. 16 The 
lower BLAST limit was set at 0.00001 and the human ApoD mode! (PDB ID: A PD) 14 

was used as template. The initi a l result was then resubmitted through th e optimizing 
mode of the program. The fin al result was then visuali zed using the Swiss-Pdb 
Yiewer and the mode! was adapted according to sequence compari son. Di ffe rences 
between the wheat and the human models were superimposed and colored. Grey 
secti ons are common to both mode! s. The red ( TaTlL-1 ) and blue (A po D) secti ons 
represent structural di ffe rences between the two proteins. Reprinted w ith permiss ion 
from: Frenette Charron JB, Breton G et a l. FEBS Lett 2002; 5 17( 1-3): 129-1 32. 
© 2002 Publi shed by Elsevier Sc ience B. V. on behalf of the Federation of European 
Biochemica l Societi es. 
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CONCLUSION 

Les travaux réa li sés dans le cadre de ce proj et de doctorat sont les premiers à 

identifi er et à caractéri ser des membres de la famille des lipoca lines chez les plantes. 

Les lipoca lines étant une famill e émergente de protéines impliquées dans de 

nombreuses fonctions ce llul aires et dans de nombreuses maladi es incurabl es chez 

l' être humain, il devenait impératif de caractéri ser cette famill e de proté ines chez les 

plantes . 

Les résultats présentés dans le chapitre li identifi ent pour la première fois la 

présence d ' une lipoca line chez les plantes. L ' expression de cette de rni è re étant 

assoc iée à la tolérance au ge l chez le blé et aux ti ssus photosynthétiques, ce la nous a 

permis de formul e r une première hypothèse quant à la fonction des lipocalines chez 

les plantes. Cette hypothèse assoc ia it les lipocalines à la protection des ti ssus 

photosynthétiques lors de conditi ons de stress abi otiques te ls que le ge l. 

Afin de raffin er cette hypothèse, nous avons entrepri s dans le ch apitre III de 

carac téri ser l'ensemble des lipoca lines de plantes. Étant donné le peu d ' information 

di sponibl e sur les lipoca lines végéta les, nous avons utili sé une approche 

bio informatique afin d ' obtenir le max imum d ' informati ons pertinentes sur les 

caractéri stiques structura les et fonctionnelles de ces protéines . Cec i nous a révé lé de 

nombreuses face ttes encore inconnues des lipoca lines de plantes et nous a permis 

d ' identifie r, de loca li ser et de catégori ser ces protéines . Cette approche 

bioinformatique nous a auss i permi s de préc iser notre hypothèse concern ant la 

fo ncti on de ces protéines. Les lipoca lines de pl ante protègent la ce llul e contre les 

dommages dus aux stress abi otiques en j ouant le rô le de détox ifi ant afin d ' enrayer les 

effets de l' oxydati on causée par des molécul es potenti e ll ement dangereuses induites 

lors de stress de température et d ' excès de lumi ère. 

Les travaux présentés dans le quatri ème chapitre v isa ient à vérifi er cette 

hypothèse. Il a été dé montré que des plantes qui n ' accumulent pas AtT IL sont très 
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sensibles aux baisses de température et au stress oxydati f et que ce phénotype peut 

être renversé lorsque l'accumulation de cette protéine est rétablie. Inversement, la 

surexpress ion de A tTl L augmente la tolérance des plantes à ces deux stress. De plus, 

l'accumulation de AtTIL retarde la fl oraison et le vieilli ssement de la plante. Tous ces 

résultats cadrent bien avec notre hypothèse de trava il énoncée précédemment 

concernant la protection contre les dommages du stress oxydatif. Cependant, 

l' analyse de l'express ion génétique globale a, quant à ell e, été quelque peu 

surprenante. Cette surpri se n 'est pas nécessairement venue du fa it que l' on a retrouvé, 

lors de cette analyse, des gènes régul ant l' horloge circadi enne ou étant impliqués dans 

la balance énergétique ce llul aire, mais bien par ce que l' on n'a pas retrouvé. En effet, 

presque aucun gène associé à la tolérance aux stress ne semble être exprimé 

di fférenti ell ement chez les plantes n'exprimant pas A tTlL. Ces résultats suggèrent 

donc que A tTlL affecte une vo ie métabolique alternati ve qui module le ni veau 

d 'énergie ce llulaire dans le but d'accroître la tolérance au stress oxydati f. Cette 

dernière affirmati on est d 'a illeurs appuyée par des études effectuées chez la 

Drosophile surexprimant une lipocaline apparentée à A tTlL. À l' instar des pl antes, les 

mouches surexprimant la lipocaline présentent une tolérance accrue au stress oxydati f 

et une longév ité accrue tandis que les mouches n'exprimant pas cette lipoca line sont 

plus sensibles aux stress et vivent moins longtemps. Ces observati ons combinées à 

nos résultats suggèrent que les lipoca lines possèdent une foncti on conservée entre les 

espèces visant à accroître la tolérance aux stress. 

L' ensemble des travaux présentés dans cette thèse de doctorat met en 

év idence le caractère multi génique du processus d ' acc limatation au froid et de 

tolérance au ge l. De plus, les lipoca lines s'affichent comme des candidats de premier 

pl an pour l'améliorati on d 'espèces économiquement importantes, tels le blé et autre 

pl antes céréa li ères, dans le but de leur confé rer une tolérance accrue aux stress 

abi otiques. 



ANNEXE 1 (autre contribution) 

Expression profiling and bioinformatics analyses of a novel stress-regulated 

multispanning transmembrane protein family from cereals and Arabidopsis 

Ghislain Breton, Jean Danyluk, Jean-Benoit F. Charron, Fathey Sarhan 

Plant Physiology (2003) 132: 64-74 

Pour les travaux assoc ies à cet artic le, j ' a i participé à 1 'élaboration du design 
expérimenta l et aux ana lyses bioinformatiques. J'ai réa li sé l 'ensemble des ana lyses 
d ' express ion des ARN messagers. J'ai aussi participé à la rédaction du manuscrit en 
prenant sous mon ail e les parties de textes traitant des ana lyses d ' expression des 
ARN messagers dans les sections résultats et discussion . J'ai de plus rédigé 
l' ensemble des sections matériel et méthodes et légendes de figures . 
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Résumé 

L'acclimatati on au froid est un caractère multi génique permettant à certaines plantes 
de déve lopper la tolérance au ge l nécessa ire à leur surv ie durant l'hi ver. Afin de 
comprendre la nature génétique de ce caractère chez le bl é, nous avons iso lé plusieurs 
gènes induits par les basses températures. Certa ins de ces gènes codent po ur de 
nouvell es protéines sans fonction com1ue. En intégrant les résultats de l'analyse des 
banques de données nucl éotidiques, des prédi cti ons bioinfo rmatiques et des profil s 
d'expression génétique, nous avons été en mesure de proposer des fon ctions pour 
certa ines des nouve lles proté ines. Un des gènes identifi és fa it parti e d'une petite 
famille codant pour deux groupes distincts de protéines multitransmembranaires qui 
sont potenti e llement loca li sées à la membrane plasmique (COR4 l 3-PM) ou à la 
membrane thylacoïdale (COR4 l 3-TM). Le premier groupe possède des sites 
potenti e ls de phosphorylati on et d'ancrage de phosphatidylinositol g lycosy lé. Il est 
poss ible que cette famille de pro té ines soit spécifique aux plantes puisqu 'aucun 
homologue n'a été trouvé dans les banques de données. L'analyse de la régul ati on des 
messagers de cette fa mill e a démontré que l'express ion de certains membres chez le 
blé et Arabidopsis thaliana éta it associée avec le déve loppement de la tolérance au 
gel. De plus, l'expression de plus ieurs est régul ée par la sécheresse, la lumière et 
l'acide abscissique. L'analyse de la structure de plusieurs membres de la famill e nous 
a mené à proposer que cette famille code possiblement pour des proté ines simila ires 
aux récepteurs couplés aux protéines G. 

Mots clés : acclimatation au froid; Arabidopsis thaliana; cor413 ; lipocaline; 
membrane plasmique; récepteurs couplés aux protéines G; Triticum aestivum L 
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Abstract 

Cold acc limation is a multigenic trait that allows hardy plants to develop efficient 
tolerance mechanisms needed for winter survival. To determine the genetic nature of 
these mechanisms, severa! cold-responsive genes of unknown function were 
identified from co ld-acc limated wheat (Triticwn aestivum). To identify the putative 
functions and structural features of these new genes, integrated genomic approaches 
of data mining, expression profiling, and bioinformatic predictions were used. The 
ana lyses revealed that one of these genes is a member of a small family that encodes 
two distinct groups of multisparming transmembrane proteins. The cold-regu lated 
(COR)4 13-plasma membrane and COR4 l3-thylakoid membrane groups are 
potentially targeted to the plasma membrane and thylakoid membrane, respectively. 
Further sequence ana lysis of the two groups from different plant species revealed the 
presence of a highly conserved phosphorylation site and a 
g lycosylphosphatidylinosito l-anchoring site at the C-termina l end. No homologous 
sequences were found in other organisms suggesting that this fami ly is specifie to the 
plant kingdom. lntraspecies and interspecies comparative gene expression profiling 
shows that the expression of this gene fami ly is corre lated with the development of 
freezing tolerance in cereals and Arabidopsis. In addition , severa! members of the 
fami ly are regu lated by water stress, li ght, and abscisic ac id . Structure predictions and 
comparative genome analyses allow us to propose that the cor413 genes encode 
putative G-protein-coup led receptors. 
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lntroduction 

To achieve their complete !ife cycle and reproduction in temperate regions, 

hardy plants like winter wheat (Triticum aestivum) have developed two maJOr 

evolutionary adaptative mechanisms: vemalization and cold acc limation (CA). 

Overwintering plants sense the upcoming winter and delay flowering by postponing 

the transition from the vegetative to the co ld-sensitive reproductive phase (Simpson et 

al. , 1999). ln addition, they develop the high degree of freezing tolerance (FT) needed 

for winter survival (Fowler et al., 1999) . Fo llowing low temperature (L T) 

acclimation , sorne winter cereals can tolerate temperatures as low as 33°C. The 

regulatory mechanisms underlying these two processes and how they are 

interconnected are far from being full y understood. To gain further knowledge on the 

strategies that plants use for winter survival, the identification of cold-regu lated 

(COR) genes is needed. A survey of the literature reveals that the expressions of a 

large number of genes are altered during the process of CA (Thomashow, 1999; 

Breton et al., 2000; Seki et al., 2002). These genes could be classified into four groups 

based on the presumed function of the encoded proteins. The first group comprises 

genes encoding structural proteins that may be involved in protecting the cel! during 

L T stress. The second group represents those genes that regulate gene expression and 

signal transduction pathways, such as transcription factors , protein kinases, 

phosphatases, and the enzymes involved in phosphoinoside metabolism. The third 

group represents genes encoding enzymes involved in the biosynthesis of different 

osmoprotectants and membrane lipids and those of the antioxidative response. The 

fourth group con tains co ld-induced genes encoding proteins of unknown function . 

To gain insight into the function of these novel proteins, a combination of 

expression profiling and bioinformatic analyses can be used to predict properties and 

features that may be important for their function. When a novel gene is found to be 

up-regulated by L T and its expression shows an association with the plants' capacity 

to develop FT, it is reasonable to assume that the encoded novel protein may play a 
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role in FT. By taking advantage of intraspecies vari ability in FT, a second leve! of 

associati on can be detennined. Prev ious studi es have shown that, compared w ith 

winter vari eti es, the Jess hardy spring wheat varieties cannot ma inta in the express ion 

of COR genes (e.g. the WCS 120 famil y) at a hi gh leve! and th at thi s differentia i 

expression is close ly associated w ith th eir low degree of FT (Sarhan e t a l. , 1997). A 

third leve! of associati on can be further establi shed by taking advantage of the natural 

diversity of plant species. For example, species such as ri ce ( 0 1yza saliva) and maize 

(Zea mays) are highl y sensiti ve to LT above the freezing point, whereas species such 

as winter wheat and rye can to lerate temperatures as low as 33°C. This associati on 

can help di ffe renti ate between co ld-responsive genes re lated to co ld perfonnance 

from those re lated to the acqui sition of FT. 

As a subsequent step, each nove l L T -regul ated protein sequence can be 

analyzed using available bioinform ati c too ls. These too ls he lp in the identificati on of 

sorting signa is, conserved posttranslati onal modifi cations, transmembrane helices, 

and secondary and terti ary structures. The most recent predicti on software incorporate 

machine-learning algorithms in the fonn of a neural ne twork and a hidden Markov 

mode! (Bl om et a l. , 1999; Krogh e t a l. , 2001 ). Comparati ve studi es have shown that 

their prediction accuracy is often superior to o lder programs (Mü lle r et al. , 200 l ; 

Tusnàdy and Simon, 2001 ) and is bound to improve further when more newly 

characterized proteins are included in their training data sets. Knowledge ga ined from 

analyzing nove l proteins with suc h too ls can lead to the identifi cati on of important 

fun ctional doma ins, an e lement needed to design future ex periments to confirm the 

predicted function. 

ln the present study, the integrated approaches of expressiOn profilin g, 

structural anal ysis, and bioinfo rmatic predi cti ons were used to study a nove l unknown 

gene family named cor4 1 3. T his famil y encodes two di stinct groups of proteins 

containing five putative transmembrane domains (TMD). COR4 13-plasma membrane 

(COR4 13-PM) proteins are potenti a ll y targeted to th e plasma membrane and 

COR4 13-thylakoid membrane (COR41 3-T M) proteins to the thy lakoid . The use of 
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intraspec ies and interspec ies comparative gene expressiOn ana lys is shows th a t the 

regul ati on of thi s gene famil y is associated with the development of FT in cereal s and 

Arabidopsis. A proposed structura l and functi onal mode! for the COR4 13 prote in 

famil y is di scussed. 
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Results 

Identification of TaCOR413-PMl Homologs 

Di fferentiai screening of a wheat co ld-acc limated eDNA library was used to 

iso late L T -responsive clones . O ne of these clones, Tacor4 13-pm 1 (previously 

Wcor4 13), was se lected for detailed molecular characteri zati on (Dany luk, 1996) . 

Sequence ana lysis revea led that the longest open reading frame (O RF) encodes a 2 10-

amino acid (23 kD), hi ghly hydrophobie protein with a predi cted pl of 9.0 (Tabl e 1, 

TaCOR4 13- PM 1 ). A search in the GenBank nonredundant sequence database using 

the BLAST program revealed that TaCOR4 13-PM l is a novel protein with no 

characte rized homologs. Data mining of the GenBank EST database with TaCO R4 13-

PM 1 revealed that plants possess severa! homologs of thi s protein . A combination of 

EST sequenc ing and in silico reconstitution allowed the generati on of 27 new 

COR41 3-re la ted protein sequences from plants. Using pair wise sequence alignments 

with the initi al TaCOR41 3-PMl , these proteins were clustered into two di stinct 

groups (Table I). T he fi rst group is named CO R41 3-PM and contains members 

sharing more than 54% overall identity w ith TaCO R4 13-PM 1 (Table 1) . The second 

group is named COR4 13-TM and conta ins members sharing less than 30% overall 

identity with TaCO R4 1 3-PMl (Table 1). However, a region of 40 ami no acids shows 

a hi gher degree of homology among ali members of both groups (S upplemental Figs. 

l -3 , square brackets; they can be viewed at www. plantphysiol. org). 

Data mining of cerea l EST databases and ri ce genomic sequence helped in the 

identifi ca ti on of two different COR4 13-PM members in wheat, maize, and barl ey 

(Hordeum vu /gare) , whereas only one was identi fied in ri ce (O. sativa subsp. indica 

cv 93-11 ; Yu et a l. , 2002) . ln additi on, fo ur CO R4 13-PM proteins were identifi ed in 

the Arabidopsis genome. On the other hand, onl y one member belonging to the 

COR4 13-TM group was identifi ed in the fo ur ce rea l spec ies analyzed. ln Arabidopsis, 

two COR4 13-TM were found in tandem repeat on chromosome 2 (The Arabidopsis 
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Genome Initi ati ve, 2000) . Furthermore, a search in the GenBank EST database 

revea led that other di coty ledonous plants such as tomato (Lycopersicon esculentum) , 

soybean (Glycine max) , ice plant (Mesembryanthemum crystallinum) , poplar (Populus 

spp. ), and cotton (Gossypium hirsutum) as weil as the coni fera les Cryptomeria 

japonica and Pinus taeda possess sequences encoding homologs of the COR4 13 

groups (see Supplemental Table LI ; supplemental tables can be viewed at 

www. plantphysiol.org) . 

Other embryophytes such as the marchanti a les Marchantia polymorpha and 

the moss Physcomitrella patens a lso have COR41 3 homologs. The deduced moss 

COR413 pro teins share sli ghtl y higher identity with the COR41 3-PM group, 

suggesting that th ey are re lated to thi s group (Table 1). Because of their lower degree 

of homology, th ey were class ified separately in thi s study as moss COR41 3 (Table 1). 

This lower homology may result from the evo lutionary di stance between moss and 

other plants li sted in Table l. Because no entri es encoding COR4 13 homologs were 

found in the green algae Chlamydomonas reinhardtii sequence da tabase, it is possible 

that COR41 3 would be present only in multi ce llular Viridipl antae. COR41 3 

homologous sequences were neither found in other eukaryotes nor in prokaryote 

databases, suggesting that this family is specifi e to the pl ant kingdom. 

The cor413 Genes Encode Membrane Proteins Potentially Targeted to the 

Plasma and Thylakoid Membranes 

The analyses of both COR413-PM and -T M sequences revea led that th ey are 

ri ch in hydrophobie amino ac ids, suggesting that th ey may be membrane proteins 

(Supplementa l Figs. 1 and 2) . The sequence alignments of both groups show many 

regions of hi gh identity (shaded in blac k in Supplementa l Figs . 1 and 2). In additi on, 

many res idues normally considered important for protein structure or acti v ity such as 

Cys res idues and Pro residues are conserved w ithin CO R4 13-P M or COR4 13-TM 

prote ins (S uppl emental Figs. 1-3 , asteri sks). Five of the Pro res idues are even 
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conserved between members of both groups (yellow-shaded asterisks) . On the other 

band, the sequence alignments also revealed that approximately the first 50 amino 

acids of COR413-PM and the first 80 amino acids of COR413-TM are poorly 

conserved. This observation prompted us to analyze these regions for subcellular 

targeting signais. 

Analysis using the PSORT program revealed that there is no consensus 

targeting or retention signal present in COR413-PM sequences (Nakai and Kanehisa, 

1992; Supplemental Table III). Although the program suggested different cellular 

localizations for each member, the average score was slightly higher for the plasma 

membrane localization. Because many proteins targeted to the plasma membrane 

possess a cleavable signal peptide, COR413-PM sequences were analyzed with 

Signa!P (Nielsen and Krogh, 1998). The analysis of SignalP-HMM results revealed 

that six proteins have a high probability to possess a non-cleavable signal anchor for 

endoplasmic reticulum (ER) translocation (Supplemental Table III). These results are 

consistent with those obtained with PSORT and suggest that COR413-PM proteins 

are targeted to the plasma membrane. Moss COR413 shows the same features as the 

COR4 1 3-PM group, suggesting that they are also targeted to the plasma membrane 

(Supplemental Table IV). Using severa! secondary structure prediction programs 

available on the Network Protein Sequence Analysis server, we found that the N­

tenninal region of COR413-PM proteins contains a possible hinge-like structure 

consisting of two segments of 20 to 25 residues predicted to form c<.-helices that are 

separated by a Gly-rich region (Supplemental Fig. 1 ). 

The use of the targeting signal programs PSORT, iPSORT, and TargetP for 

COR4 13-TM sequence analyses revealed that they are ail likely to be targeted to the 

thylakoid membrane (Supplemental Table V; Nakai and Kanehisa, 1992; 

Emanuelsson et al. , 2000; Bannai et al. , 2002). Chloroplast targeting signais are 

generally highly basic and rich in Ser and Thr (Agarraberes and Dice, 2001 ). The N­

terminal sequence of ali COR413-TM members shows these two properties 

(Supplemental Fig. 2) . 
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COR413 Proteins Contain Five TMD 

As expected from the overa ll amino ac id composition, the Kyte and Doolittle 

hydrophobicity plot of TaCOR4 13-PM 1 shows a hi ghly hydrophobie patte rn wi th six 

c lear spikes (Supplemental Fig. L, S I-S6; Kyte and Doolittl e, L 982). Superposition of 

the Kyte and Doolittle plot of the 15 ava il able COR4 13-PM sequences showed that 

the overa ll hydrophobicity is we il conserved among the di fferent members (F ig. 1 A). 

To analyze th e number of TMD and the possible topology of COR4 13-PM proteins, 

the newly developed and accurate membrane topology predi cti on program T MHMM 

was used (Krogh et a l. , 2001 ; Müller et a l. , 2001 ). The fi nal predicti on generated by 

the program for each COR41 3-PM members is li sted in Supplemental Table III, and 

the compilati on of a li TMD predi cti ons is presented in Figure 1 B. These analyses 

a llowed us to propose two structura l models (F ig. 2). ln the first, COR41 3-PM 

proteins would have fi ve TMD w ith the N-terminal end outside and the C-terminal 

end inside (Fig. 2, mode! 1 ). This mode! is supported by the following observati ons: 

(a) The final predicti on of 1 L of 15 proteins have thi s topology; and (b) the 

compi 1ation of the N-probabili ty graphs for TMD shows tha t the fi ve-TMD topology 

is favored. ln this compil ati on, spike 4 was chosen as the third TMD in nine of the 

Il proteins. The data analysis of the inside/outside probability graphs generated by 

TMHMM and the calculati on of the medi an probability revealed that the N-terminal 

topology is favored (64%). Although mode! 1 is the software's preferred topo logy, it 

does not take in to account the fo llowing points: (a) Ali 15 prote ins conta in six 

hydrophobie spikes suggesting six TM D; and (b) fo ur proteins of 15 are predi cted to 

have six TMD with TMHMM. Therefore, an a lte rn ative mode! could be proposed 

where group CO R4 L3-PM members would have six TMD with both the N-termina l 

and C-terminal ends inside (F ig. 2, mode! 2) . T he main difference with the fi rst mode! 

is the inverted topology in the fi rst one-half of the protein . COR4 13-TM sequences 

were analyzed before and after remova l of the putati ve N-terminal chloroplastic 

targeting signal. The compari son of the 10 Kyte and Doo li ttle profi les clearly shows 
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that COR4 13-TM pro teins possess six hydrophobie sp ikes (S l-S6 in Supp lemental 

Fig. 2 and Fig. 1 A). Despite the clear hydrophobie pattern , TMHMM bad difficulties 

generating clear topology predictions (Supplemental Table V). However, the 

compilation of the 10 TMHMM grap hs suggests that group Il may also have a five­

TMD structure (F ig. 1 B). Because no c lear consensus can be deduced for the 

TMHMM inside-outside topology , it is impossible to predict which loops are exposed 

on the lumenal and stroma! side of the thylakoids. The extrace llular loop l of 

COR4 13-PM mode! l (Fig. 1, S3) fa lls in the region that is conserved between 

COR413-PM and -TM, and corresponds to the second predicted loop and the third 

TMD ofCOR413-TM (S upplemental Figs. 1-3; identified in blue in Fig. 2). 

COR413-PM Proteins Contain Conserved Putative Phosphorylation and 

Glycosylated Phosphatidylinositol (GPI)-Anchoring Sites 

Motif searches against the PROSITE, Pfam, and Smart databases , after 

exclusion of patterns with a high probability of occurrence, did not detect known 

motifs. However, the neural network-based NetPhos phosphorylation site prediction 

software generated severa! interesting findings (B iom et al. , 1999). Even though the 

TaCOR413-PM 1 sequence contains eight Ser residues, 10 Thr residues, and fo ur Tyr 

residues, only one Thr residue is predicted to be a phosphorylation site (Supp lementa l 

Fig. 1 in ye llow). Ana lysis of the other CO R413-PM members with the NetPhos 

software a lways identified a putative phosphorylation site at this position 

(Supp lemental Fig. 1 ). lnterestingly, in both of our models, this phospborylation site 

is located on the internai side of the membrane where it may be the target for 

intracellular kinases (see Fig. 2). For the chloroplastic COR4l3-TM proteins, 

NetPhos predicted a phosphorylation site in the same region (between TMD3 and 

TMD4) for eight of the 10 proteins . The other two proteins are those from 

Arabidopsis, which ra ises the possibility that the prediction of the phosphorylation 

site for the ch lorop lastic proteins may be incorrect (Supp lemental Fig. 2). 
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The DGPI program predicted a GPI-anchoring site at the C-tenninal end of ali 

COR413-PM family members (0. Buloz and J. Kronegg, unpublished data) . The 

conserved features are a highly hydrophobie C-terminal end and a consensus cleavage 

site needed for the addition of the GPI anchor (Supplemental Fig. 1). This second 

posttranslational modification fits weil with our structural models because GPT 

anchors are modifications located on the external side of the membrane (Fig. 2). This 

modification will result in the cleavage of the second extracellular loop as 

schematized in Figure 2. The chloroplastic COR4l3-TM proteins' C-tenninal tai! is 

also very hydrophobie but the potential cleavage sites are less conserved. 

cor413 Genes Are Regulated by Environmental Stresses 

Northern-blot analyses indicated that Tacor413-pml and Tacor4!3-tml 

transcripts are strongly up-regulated by L T in leaf tissues (Fig. 3 A). ln contrast, the 

Tacor413-pm2 transcript was down-regulated. The L T kinetics study in winter wheat 

cv Norstar leaves shows that the Tacor413-pml and tm! transcripts accumulate 

rapidly within 24 h and remain at high levels throughout the acclimation period (Fig. 

3A). In comparison, the transcripts accumulation in the less freezing-tolerant spring 

wheat cv Glenlea peaks at 24 h and then declines (Fig. 3A). When the plants are 

deacclimated at 24°C for 5 d, Tacor413-pml and tm! transcripts decline to the 

nonacclimated control levels in both cultivars. The intra- and interspecies comparative 

expression analyses are shown in Figures 38 and 4. Tacor413-pml and tm! mRNA 

levels are higher in winter wheat cultivars compared with the less FT spring wheat 

cultivars (Gienlea and Concorde) . These results suggest that the accumulation of 

Tacor4 13-pml and tm! transcripts is associated with the capacity of the plants to 

develop FT. This figure also shows that Tacor413-pm2 leve! is slightly down­

regulated by long tenn L T treatments because transcript levels are higher in 

nonacclimated wheat leaves than in the 36-d-acclimated ones. The use of the wheat 

Tacor413-pml and tm! full-length probes revealed that LT-sensitive oat and LT-



227 

to lerant barl ey and rye a lso possess co ld-induc ible homologs of the cor4 / 3 family 

(F ig . 4A). T he wheat probes did not detect any signal in ri ce, but the use of ri ce­

specifi c probes showed that the transcript leve! of Oscor4 13-pml is detectabl e but not 

L T -regulated under the fo ur temperature regimes used. ln contras t, Oscor4 13-tm 1 

transcripts are prac ti cally undetectable (F ig. 48 ). Results obtained w ith the maize 

Zmcor413-pml and -tm ! probes using similar treatments have shown that both 

transcripts are undetectable (data not shown). ln Arabidopsis, th e Atcor4 / 3-pm l and 

A tcor4 13-tm 1 transcrip ts accumula te in response to the L T treatments, but A tcor4 13-

pm2 transcripts are undetectable (F ig. 4C). 

To determine whether the wheat and Arabidopsis cor41 3 gene famili es are 

specifi cally regul ated by LT, pla nts were subj ected to di fferent stress treatments 

(F igs. 4C and SA). RN A ge l-blot analys is indicated that water stress induces the 

accumulati on of Atcor413-pm/ and -tm / as weil as Tacor4 13-pm 1 and -tm / 

transcripts to a leve! comparable to 1 d of LT exposure. Exogenous applicati on of the 

stress-associa ted growth regula tor abscis ic ac id ( l 00 J..t M) a lso induced the 

accumulati on of the fo ur transcripts. Taken together, these results suggest tha t the 

AtCOR4 13-PM 1 and TM 1 proteins could be di coty ledonous orth ologs of the w heat 

COR41 3- PMI and TM! proteins. 

Tissue Specificity and Light Regulation of cor413 Genes 

T he expression data in Figure 58 shows that, under L T conditi ons, Tacor413-

pm l is expressed more abundantly in leaves and roots, whereas the chlo roplastic 

prote in-encoding Tacor413-tml accumulated onl y in the photosynthetic ti ssues . To 

furth er inves ti gate the associati on of the Tacor413-tml express ion profil e with 

photosyntheti c ti ssue, we analyzed the regul ati on of the cor4 13 famil y members under 

di ffe rent li ght conditi ons. The results in Figure SC show that the L T - induced 

expression of Tacor413-pm l is not light dependent and is not associated with the 

chloroplast diffe rentiation stage. ln contrast, Tacor413-tm 1 L T accumulatio n is 
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dependent on the chloroplast differentiation stage because Tacor413-tm1 

accumulation is higher in li ght-grown plants than in etiolated plants. 

To take advantage of the large body of infom1ation generated from the 

different plant EST projects, we analyzed systematically each GenBank cor41 3-

related entry for information regarding tissue specificity. The result of our survey is 

presented in Supplemental Table II. In addition to the leaf and roots tissues, cor4 13-

pm and cor41 3-tm transcripts were found in wheat pre-anthesis spike, maize glume, 

and rice panicle. In dicotyledonous plants, they are found in Arabidopsis flower buds, 

cotton post-anthesis fiber bolls, potato (Solanum tuberosum) sprouting eyes, alfalfa 

(Medicago saliva) root tips, soybean immature flowers , and tomato flower buds and 

maturing fruits . Cor4 13 members were also found in P. taeda bark tissue, P. patens 

protonemata, and M polymorpha immature sex organs. This survey reveals that 

cor41 3-pm and -tm expression is not restricted to the plant vegetative stage but also 

occurs in the final phase of the reproductive stage. 
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Discussion 

A combinati on of comparative expression profilin g and bioin fo rmatic too ls 

was used to identi fy and to characterize a novel family of plant multi spanning 

transmembrane proteins. Data mining of vari ous nucleotide databases and prote in 

sequence a lignments revea led that the higher plant CO R4 13 family can be c lustered 

into two di stinct groups. Sequence analyses revea led fo ur important conserved 

features on COR41 3-PM and two on COR4l 3-TM. These fea tures are re lated to the 

cellular loca li za ti on, the structure, and th e presence of a phosphory lati on site and of a 

GPI-anchoring site. 

The bioinfo rmatic approach used a ll owed us to propose that COR41 3-PM 

proteins are targeted to the plasma membrane and that COR4 13-TM proteins are 

targeted to the thylakoid membrane. The predicted loca lization of COR413-TM 

proteins is further corroborated by the fac t that their corresponding transcripts are 

more abundant in photosyntheti c ti ssues and are regul ated by the chl oroplast 

diffe rentiati on stage. The ex istence of sorn e EST entri es from non-photosynthetic 

ti ssues such as a lfa lfa developing fl owers, Arabidopsis fl ower buds, potato sprouting 

eyes, and barley etio lated tissues suggests that the proteins may also be associated 

with other plas ts. 

The hidden Markov-based TMHMM software predi cted that both COR41 3-

PM and -T M proteins are likely to possess five transmembrane he li ces and that the N­

tem1inal end of group CO R4 13-PM may be located on the extracellular side of the 

plasma membrane. Although thi s is the most probable topo logy for the moment, 

TMHMM had a diffi culty reaching a consensus topology, especiall y with COR4 13-

TM proteins. This may be due to the fac t that T MHMM, w hi ch uses a machine­

learning a lgorithm, was tested using a data set containing very few plant membrane 

pro teins (Krogh et a l. , 200 1 ). This hypothes is suggests th at the predi cti on of pl ant 

membrane protein struc tures w ill certainly become more accurate w ith time when 

more plant da ta becomes ava ilable for data set generati on. Thi s parti cul ar program 
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was used for two main reasons: first, it is considered the most accurate prediction 

software (Müller et al., 200 l ), and second, because it is based on a hidden Markov 

algorithm. A recent review on membrane protein topogenesis concluded that the 

current know ledge makes it impossible to estab li sh consensus rules because too many 

different processes seem to influence simultaneously the insertion of the protein into 

the membrane (Goder and Spiess, 2001 ). On the basis of this conclusion, we believe 

that machine leaming algorithms such as the hidden Markov algorithm can better take 

into account the subtle differences in amino acids that cannat be deduced by any other 

method. 

The use of the neural network-based predictor NetPhos 2.0 (B iom et al. , 1999) 

suggested that COR413-PM members are likely to possess a different 

phosphorylation site on the second intracellular loop. lt is worth mentioning that the 

software predicted a phosphorylation site in the loop between TMD3 and TMD4 of 

the wheat TaCOR413-PM L and -PM2 pro teins, and thi s loop is a region that is highly 

divergent between the two proteins. This suggests that the two proteins may be 

regulated by different kinases (Supplemental Fig. 1 ). 

The last consensus prediction was obtained from the anchoring site predictor 

DGPL. This program found the presence of a c leavage site and a favorable 

environment for the addition of a GPI anchor (proper hydrophobie tai] length and 

hydrophilic region length) at the second extracellular loop of COR413-PM proteins. 

The only feature that DGPI did not detect on CO R413-PM sequences is the presence 

of an N-terminal cleavable signa l peptide for translocation to the ER, and neither was 

this feature detected by the accurate SignalP signal sorting predictor (Nielsen and 

Krogh, 1998). However, SignalP did predict the presence of a non-cleavable signal 

anchor for ER translocation in severa] COR4 13-PM. lt is thus possible that in our 

case, a signal anchor may replace the signal peptide. Although no multi spanning 

transmembrane proteins are currently known to be GPI-anchored (Bomer et al., 

2002), the results obtained from our bioinformatic ana lyses do not at this point rule 

out the possibility that COR4 13-PM proteins cou ld be GPl-anchored. The GPI-
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modified proteins are usually identified by their presence in the soluble fraction after 

GPl cleavage by specifie lipases. Thus, multispanning transmembrane proteins will 

always remain attached to the membrane fraction and will not be identified as GPI­

containing proteins. Thus a special experimental procedure needs to be developed to 

confi1m our hypothesis. 

Gene Expression Studies 

To understand the function of the COR413 family , expression patterns were 

determined during severa! environmental stresses . The expression of one member of 

group COR413-PM and one from group COR413-TM was closely associated with the 

acquisition of FT in severa! plant species such as wheat, rye, and Arabidopsis. This 

observation is in agreement with the recent microarray analysis that identified 

Atcor413-pm1 as an LT-inducible gene in Arabidopsis (Seki et al. , 2001; clone FL3-

5A3). On the other band, group Cor41 3-pm and -tm transcripts were not induced in 

the L T-sensitive species rice and maize . Together, these results suggest that the 

cor4 13 expression is not associated with a general metabolic response to L T . 

Furthermore, the wheat and Arabidopsis cor41 3-pm1 and -tm1 genes were also 

induced by water stress and abscisic ac id. Interestingly, a cor4 13 homo log was fou nd 

in an EST survey of ABA-treated protonemata cells of the moss P. patens (Machuka 

et al. , 1999). Furthermore, recent results have shawn that a P. patens homolog of 

cor413 is induced by ABA and slightly by LT, and these increases were associated 

with the development of FT of the protonemata cells (Nagao et al. , 2001 ). 

Putative COR413 Function 

It is known that the plasma membrane is the primary site of freezing injury 

(Steponkus, 1984). To date, only highly soluble amphipatic proteins have been 

proposed to act as membrane-stabiliz ing proteins (Artus et al. , 1996; Danyluk et a l. , 
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1996). As an integral membrane protein, COR4l 3- PM could play a structural role by 

stabilizing the plasma membrane lipid bilayer. If the proposed function is exact, the 

ex istence of a thylakoid COR41 3 may sugges t th at thi s membrane al so needs 

structural rein fo rcement. 

The second proposed hypothesis is that the COR41 3 protein family is 

associated w ith environmental stress signaling. This hypothesis is based on the 

compan son between our structural mode! (F ig. 2, mode! 1) and that of the 

mammali an Rhodopsin-like G-pro tein-coupled receptor (GPCR) family (Bockaert 

and Pin , 1999). G PC R is the largest fa mily of receptors in animais, and sequence 

ali gnment studi es have helped class ify them into fi ve large clusters. The largest 

cluster is named the Rhodopsin-like class A G PCR and contains at !east 

1,000 di fferent members (Horn et a l. , 1998). Ali of these proteins share littl e sequence 

identi ty, but one tripl et moti f(E/0 - R- Y) is hi ghl y conserved and bas been the subject 

of numerous mutational studi es (Scheer et a l. , 1996; A lewijnse et al. , 2000; Chung et 

al. , 2002, and refs. therein). lt is located on the internai side of the membrane at the 

border of the third TMO and second intracellular loop of GPCR (Fig. 2). The 

asparti c/Giu residues contribute to ma inta in the receptor in its qui escent state (Chung 

et a l. , 2002). A similar moti f (0-R/K-T) was found in the most conserved region of 

CO R4 13-PM and moss COR4 l 3 (S upplemental Figs. l and 3), and it is a lso located 

on the interna i side of the membrane a t the border of TMO 1 and the first intrace llular 

loop (F ig. 2). Although there is compelling biocbemica l and molecul ar ev idence for 

the ex istence of GPCR-based signa ling in plants (the three components of the 

heterotrimeri c G-protein are identifï ed), no receptor has been c learly shown to act as a 

GPCR (Millner, 2001 ). Two plant proteins are actua lly considered GPCR. The fï rst is 

the MLO pro tein family that is re lated to the anima l G PCR family because it a lso 

possesses seven TMO (Devoto et a l. , 1999) . The second GCR l , was iso lated by its 

sequence homology with the Dicty ostelium spp. cAMP GPCR (Josefsson and Rask, 

1997 ; Plakidou-Oymock et al. , 1998). These cAMP receptors are not c lustered w ith 

the Rh odopsin-like famil y, but GC R 1 possesses a motif sim il ar to the D-R-Y tripl et 
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(H-R-T). On the basis of transgenic studies Colucci et al. (2002) recently suggested 

that GCRI may be the gibberellic acidreceptor. 

Three other features support the assumption that group COR413-PM proteins 

are related to the Rhodopsin-like GPCR family. GPCR are regulated by kinases, and 

the phosphorylation sites are often located on the last intracellular loop (Pitcher et al. , 

1998). lt is on this loop that the conserved putative phosphorylation site was predicted 

for the COR413-PM proteins. The second feature is the presence of a lipid-anchoring 

site. lt is known that saturated acy! chains are sometimes added on GPCR to link the 

C-tem1inal tai! to the inner leatlet of the plasma membrane (Fig. 2; Bouvier et al., 

1995). Therefore, a hydrophobie molecule is added to an already highly hydrophobie 

protein, as is predicted for COR413-PM members with the addition of a GPI anchor. 

In animal cells, GPI anchors are used to target the modified proteins into special 

cholesterol and sphingolipid-rich membrane domains named lipid rafts (Brown and 

London, 2000). These membrane domains were shown to be the site of intense 

signaling events. Similar domains were recently identified in the plant plasma 

membrane (Peskan et al., 2000). The third feature linking COR413-PM to GPCR is 

the presence of seven highly conserved Pro residues (Supplemental Fig. 1). ln 

transmembrane proteins such as GPCR, sorne highly conserved Pro residues located 

inside the TMD are known to be important for correct folding and function (Sansom 

and Weinstein, 2000). The rigid body motion of the two portions of a Pro-ki11ked 

TMD is proposed as a key dynamic component in the rearrangement of GPCR 

structure upon activation by ligand binding. lnterestingly, five of the seven Pro 

residues in COR413-PM sequences are conserved in COR413-TM sequences, 

suggesting that they may play the same role in both subgroups (Supplemental Figs. 1-

3). 

On the basis of these analyses, one may ask what is the specifie ligand for 

COR413-PM? Severa! molecules can act as GPCR ligands in animal cells, and 

molecules sharing chemical characteristics with some of these ligands do exist in 

plants (Supplemental Table VI; Wink , 1997). Knowing that the larger extracellular 
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loop of COR4 13-PM members is the region w ith the hi ghest homology with the 

chloroplasti c COR4 13-TM, it is possibl e tbat both proteins bind th e same ligand . The 

exact biochemical properti es and function of thi s new pro tein fa mil y during L T 

acclimati on remains to be determin ed. Nevertheless, the combinati on of data mining, 

bi oinfonnatic analyses, and expression profilin g presented here w ill he lp us in the 

design of experimental procedures a imed at answering those questi ons. 
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Materials and methods 

Plant Material and Growth Conditions 

ln this study, we used two spring wheat genotypes (Triticum aestivum L. cv 

Glenl ea, LT50 of 8°C; and cv Concorde, LT50 of -8°C); four winter wheat genotypes 

(T. aestivum L. cv Monopole, LT 50 of -l5 °C; cv Abso lvent, LT 50 of -l 6°C; cv 

Fredrick, L T 50 of -l 6°C; and cv Norstar, LT 50 of -19) ; w in ter rye (Secale cereale L. cv 

Musketeer, L T 50 of -2 1 °C) ; oat (A ven a saliva L. cv Laurent, L T 5o of -6°C); bar ley 

(Hordeum vu/gare L. cv Winchester, L T 50 of - 7°C); ri ce ( Oryza saliva subsp. indica 

cv lR36, L T 50 of 4°C); ma ize (Zea mays, L T 50 of 4°C) ; and Arabidopsis eco type 

Columbia (L T 50 of -9°C) . Growth of plants and stress treatments were as previously 

described (Frenette Charron et a l. , 2002). 

Cloning and Data Mining 

The Tacor41 3-pm 1 clone (prev ious ly p Wcor413) was iso lated by differentiai 

screen ing of a Lambda Zap li library constructed from poly(A +) RNA iso lated from 

1-d co ld-acclimated wi nter w heat (cv Norstar; Houde et a l. , 1992). The Taco r413-

pm l clone was purified and excised as a pBluescript vector following the library 

supp li er's protocol (Stratagene, La Jolla, CA) . 

Database searches to identify Tacor413-pm 1 homologs were performed using 

the Canadian Bioinformatics Resource ( Ha li fax, Nova Scotia, Canada; 

http ://www.cbr.nrc.ca) and Nationa l Center for Biotechnology Information (Bethesda, 

MD; http: //www.ncbi .nlm.nih .gov/BLAST) Web impl ementation of BLAST 

(Altschul et a l. , 1990) against the GenBank nonredundant sequence database and 

GenBank EST database (Benson et al. , 2002). In the first round of data mining, 

COR4 13 homologs were identified by using the TaCOR4 l3-pm 1 protein sequence as 

query with TBLASTN against the GenBank EST database. ln the second round, the 
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identified EST from each different plant species containing the longest 5' or 3' end 

were used as query to search the same database. Overlapping ESTs were assembled, 

and a consensus eDNA was deduced when two or more identical sequence could be 

aligned. To obtain the largest number of complete COR413 sequences, available 

clones were ordered, sequenced, and submitted to GenBank, and the others were 

deduced from the available genomic and EST sequences. The ORF of the assembled 

gene was identified using ORFinder on the NCBT Web site (T. Tatusov and 

R. Tatusov, unpublished data; http ://www.ncbi.nlm.nih.gov/gorf/gorf.html). The 

longest ORF was always chosen (except for CjCOR413 wher ethe third ATG was 

chosen). The complete in silico assembled nucleotide sequence and its encoded 

protein were then used to screen back the EST database. This other round of data 

mining was useful for the identification of very near homologs with subtle amino acid 

differences. Only the complete COR413 homologs were used for subsequent 

structural and functional domain prediction analyses. Survey of ali the homologs 

identified can be found in Supplemental Table Vll. AtCOR413-pm3 and AtCOR413-

pm4 were not used in the bioinformatic analysis. Although AtCOR413-pm3 and pm4 

seem to be related to group COR413-PM, their sequences are slightly different, and 

no other similar plant proteins were found. 

The degree of sequence identity in Table 1 was deterrnined usmg ALIGN 

(Pearson, 1990) on the Biology Workbench workstation (http ://workbench.sdsc.edu/). 

Group 1 and Il sequences were aligned and analyzed by using ClustaiW (Thompson et 

al. , 1994) on the Biology Workbench (http ://workbench .sdsc.edu/) and Network 

Protein Sequence Analysis servers (Combet et al. , 2000; http ://pbil.ibcp.fr/). Shading 

of amino acids was performed with the BOXSHADE program at the BOXSHADE 

Web server at the University of Lausanne (Switzerland; 

h ttp :1 /ulrec3 . uni 1. ch/software/boxshade/boxshade. htm 1). 
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Structural Analyses 

For detection of spec ifie targeting sequences, we used PSORT, iPSORT (Nakai and 

Kanehisa, 1992 ; Bannai et a l. , 2002; http ://pso rt.nibb .ac.jp/), and TargetP v 1.01 

(Emanuelsson et a l. , 2000; http ://www.cbs.dtu.dk) . For detection of signal peptides, 

SignaiP v2.0 was used (Nie lsen and Krogh, 1998; http ://www .cbs.dtu .dk). Before 

performing struc tura l predi ction, a Kyte and Doolittl e hydropathic plot was generated 

by using the Protscal e program (http: //ca.expasy .org/cgi-bin/protscale. pl ) w ith the 

Kyte and Doolittl e option and a w indow of nine amino acids (Kyte and Doolittl e, 

1982) . The superposition of COR41 3 hydropathi c plot was generated by transferring 

the raw data to Microsoft Exce l (Microsoft, Redm ond, W A). The graph was 

constructed by a li gning the data table to the las t C-terminal amino acid therefore 

compensating for the various prote in N-tennina l lengths. For TMD predi cti on, 

TMHMM (http: //www .cbs.dtu.dk) was used (Krogh et a l. , 2001 ). T he T MHMM data 

tables were processed with Microsoft Excel as fo r hydropa thic plot. oc-Helica l regions 

were identifi ed with secondary structure predi cti on programs integrated in the Web 

implementation of C lustaiW at the Network Protein Sequence Analysis Web site 

(Combet et a l. , 2000; http ://pbil.ibcp.fr) . 

Other Prediction Servers 

For func tiona l domain identifi cati on, we first used ScanPROSITE on the 

Expasy Web server for PROS ITE moti f database screenmg 

(http ://ca.expasy .org/tool s/scanpros ite/) and NC BI RPS-BLAST for Pfam and Smart 

conserved domain databases screenmg (A ltschul et al., 199 7; 

http ://www. ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). Ln a subsequent search, we 

used most of the software avail able on the Expasy serve r (http://ca.expasy.org/) . Two 

types of the software gave interesting results. NetPhos was used fo r consensus 

phosphory lati on site detecti on (http ://www.cbs. dtu .dk ; Blom et a l. , 1999), and DG PI 
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was used for G PI-anchoring site detection (http :I/ 129. 194 . 186. 123/GPI­

anchor/ index_en.html ; D. Buloz andJ . Kronegg, unpubli sheddata). 

Expression Studies 

Cereal RN A extraction and RN A ge l-blot analys is were performed as 

already described (Houde et a l. , 1992). Total RNA from Arabidopsis and eti o lated 

wheat were extrac ted using Tri Reagent (Molec ular Research Center, C inc innati ) 

according to th e manufac turer protoco l. To prevent cross-hybridizati on be tween 

Tacor4 1 3-pm l and -pm2 probe in northern analys is, spec ifie probes fo r the 3 '-non­

coding region of each eDNA were used. These probes were generated by PCR with 

the fo llowing primers: Tacor4 13- pm ! , 5'-ttcatctacccggtctgggccgtc and 5'­

ccaggaaacaaactaagacgtgacacc; and Tacor4 13-pm2, 5'-agtctgggtcctggtgctc and 5'­

tcataccagaactacaacaaatcg (Tacor4 1 3-pm2 and Tacor4 1 3-tml clones were kindl y 

provided by Dr Anderson [U. S. Department of Agri culture-Agri cultural Research 

Serv ice-Plant Gene Expression Conter, Albany, CA). Northern bl a ts of ri ce and 

ma ize sam pies were perfo m1ed using the complete Oscor4 1 3-pm 1 or Oscor4 1 3-tm l 

clones (kindly provided by Dr. Sasaki as part of the Japanese Ri ce Genome Research 

Program of the Nati ona l lnstitute of Agrobiological Sciences and th e lnstitu te of the 

Society of Techno-lnnovati on in Agri culture, Forestry and Fisheri es; Yamamoto and 

Sasaki , 1997) and Zmcor413-pm l or Zmcor413-tm l clones (kindl y provided by Dr. 

Singh [Agri culture and Agri-Food Canada]) . The Arabidopsis Atcor4 13-pm l and pm2 

probes also showed cross-hybridiza ti on. Therefore, probes specifi e to th e 5' non­

coding regtons were generated by PCR and used in the hydridiza ti ons. The first 

pnmer hybridized w ith the vector cloning site left border (5'­

atagagctcactagtccggaattcccgggtcga) and the second hybridized specifica lly to the 

Atcor413-pm l or -pm2 sequences (Atcor4 13-pm l , 5'-gtatatggcggcgattgaagcaacc; and 

Atcor4 13-pm2, 5'-tggcagcgaaagaagcgaggaatttga) . For Atcor4 1 3-tm 1 the complete 

eDNA was used as probe. Dr. Newman (Department of Energy-Pl ant Research 
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Laboratory, East Lansing, Ml ) kindly prov ided the three Arabidopsis clones from 

Arabidopsis Biologica l Resource Center (Ohio State Uni versity , Columbus) 

di stribution serv ices. Northern ana lyses for each sampl e were perfo rmed at )east three 

times from two biological replicates. For other COR41 3 sequence ana lys is, Dr. Ujino­

Ihara from the Forestry and Forest Products Research [nstitute kindly prov ided the C. 

japonica clone, Dr. Bashiardes as part of the Physcomitre ll a EST Program at the 

Uni versity of Leeds (UK) and Washington Uni versity (S t. Loui s) kindly prov ided the 

P. patens clone, and Dr. Anderson from Clemson Uni versity Genomic Institute kindly 

prov ided the barl ey clone. A il di stributed clones are identifi ed in Suppl ementa l Table 

VII. 
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Figure l. Hydropathy and transmembrane predictions. A, Compilation of Kyte and 

Doo little profiles of a li group COR4 13-PM and -TM members. S 1 to S6, Spikes 1 to 

6. 8, Compilation of profiles generated by TMHMM 2.0 for ali group COR413-PM 

and -TM members. TMD l to TMD5 , Transmembrane helices l to 5. For group 

COR4 13-TM , the two profiles were generated without the N-termina l chlorop lastic 

targeting signal (eut after the conserved Cys res idue identified in Supplemental Fig. 

2) . 
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Figure 2. Proposed models for COR413-PM proteins and comparison with the GPCR 

Rhodopsin-like family . Green boxes and green !ines, TMD and interconnecting loops, 

respectively .Boxes and !ines shaded in blue, Region containing the highest similarity 

with COR413-TM pro teins. S 1 to S6 correspond to Kyte and Doolittle spikes from 

Figure 1. ln mode! l and Il, S6 is separated from the rest of the proteins due to the 

addition of a GPl anchor. Red box, Phosphorylation sites. Pink line, Lipidic anchor. 

Orange circle, Position of the highly conserved DRT (COR413-PM) or DRY (GPCR) 

triplet motif. 
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Figure 3. Accumulation of Tacor413-pm and -tm mRNAs during CA in spring and 

winter wheat. A, Accumulation of Tacor413-pm and -tm mRNAs during CA in 

spring wheat cv Glenlea and winter wbeat cv Norstar. NA 7, NA 12, nonacclimated 

control plants grown for 7 and 12 d ; CA 1, CA6, and CA36, 7-d-old plants were cold­

acclimated plants for 1, 6, and 36 d; DA5 , cold-acclimated plants (36 d) were 

deacclimated for 5 d. B, Accumulation of Tacor413-pm and -tm mRNAs during CA 

in spring and winter wheat cultivars. Total RNA (7.5 ).lg) from shoots of two spring 

wheat genotypes (cv Glenlea [Glen], L T50 [lethal temperature that kills 50% of the 

seedlings] of 8°C; and cv Concorde [Con] , LT50 of 8°C), four winter wheat 

genotypes (cv Monopole [Mon] , LT50 of I5 °C; cv Absolvent [Abs] , L T50 ofl6°C; 

cv Fredrick [Fred], LT50 of 16°C; and cv Norstar [Nor] , LT50 of I9°C. NA, 

Nonacclimated plants grown for 13 d; CA36, 7-d-old plants were cold acclimated for 

36 d. The 28S ribosomal band stained with ethidium bromide is included to show 

RNA loads. 
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Figure 4. Accumulation of Cor413-pm and -tm mRNAs during CA in cereals and 

Arabidopsis. A, Differentiai accumulation in various species . ln this study, total RNA 

(7.5 ).lg) from oat (Avena sativa L. cv Laurent, LT5o of -6°C), barley (cv Winchester, 

L T 50 of -7°C), and win ter rye (Seca!e cereale L. cv Musketeer, L T 5o of -21 °C) were 

used. NA, Nonacclimated plants grown for 13 d; CA36, 7-d-old plants were cold 

acclimated for 36 d. B, Accumulation in ri ce (O. sativa subsp. indica cv IR36). Plants 

grown for 24 h under the corresponding day/night temperatures in degrees Celsius. C, 

Accumulation in Arabidopsis. NA, Nonacclimated plants grown for 40 d under short 

photoperiod; CA4h, CA 1, CA4, CA 7, CA 14, and CA2l , cold-acclimated plants for 

4 h and 1, 4, 7, 14, and 21 d; CTRL, dehydration control plants were removed from 

pots and placed in water; WS, water-stressed plants were water-stressed by removing 

them from pots and allowing them to dry for the indicated periods of time; ABA, 

plants treated with 0.1 mM ABA (Sigma-Aldrich, St. Louis) for 2 and 18 h. The 28S 

ribosomal band stained with ethidium bromide is included to show RNA loads. 
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Figure 5. Accumu lation of Tacor413-pm and -tm mRNAs under stress conditions and 

tissue specificity in winter wheat cv Norstar. A, Accumulation of Tacor413-pm and -

tm mRNAs under different stress conditions. NA, Nonacclimated plants grown for 

7 d; CA 1, plants co ld acclimated for l d; HS l and 3 h, plants exposed to 40°C for 

1 and 3 h (heat shock) ; ABA 18h, plants treated with 0 .1 mM ABA (Sigma-Aldrich) 

for 18 h; NaCI, plants treated with 300 mM NaCI for 18 h; DHN CTRL, dehydration 

contro l plants grown for 7 d; DHN30% and 70%, water stressed plants with a relat ive 

water content of 30% and 70% . B , Tissue specificity in winter wheat cv Norstar. 

Leaf, crown, and roots of nonacclimated plants (NA) and 6-d co ld-acclimated (CA6) 

plants . C, Tacor4 13-tm 1 expression is dependent on the ch lorop last differentiation 

stage. NA, Nonacclimated plants grown for 7 d in the presence of a light cycle (8 h of 

light: 16 h of dark ; green) or in the dark (etiolated) ; NA+L, 7-d-o ld etiolated plants 

after one light cyc le; CA, 7-d-o ld g reen or etio lated plants co ld acc limated for 24 h in 

the presence of light (L) or in the dark (0). The 28S ribosomal band stained with 

ethidium bromide is inc luded to show RNA loads (7 .5 ).lg). 

--------- --- ---------
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Table 11 (Supplementa l data) . COR413 related entries in Genban k EST data ba se . 

Tlw ussue trum wh1ct1 I ~NA was extracled tS !! Sied v1hen known Spectal uB.atmc"'lts {tmrmonc. temperature pmhogens; a rc notltstc<l smce 

s not a SIQn of specifie express1011 

Species 

P parens 

M po!ymorpl!a 

C 1apomca 

P raecta 

G clalldestltla 

M. tnmcatula 

L. tapomcus 

.0 rremulus X 

.0 rremu/01des 

G arboreum 

G. htrsutum 

r. sals!Jgmea 

No of Orthologs 

2 1 cor4 13 · ,. •8:34 

20 ccr41 3 2 

20 cor41 ~kl 

l cor4 13-4 

1 cor4 13- t; 1507 

2 tmt i 2495 

8 pm 1 .' '- 16g6 

5 11111 

46 pm! 123:.1557 

Wlth 1 1 d1tterent 

spllce s1te va ants 

1 tml 

2 prn l /94~ 

37pm ti 140818 

7 pm2 

tl prn3 

Html 

4 prn 1 1 3 1 BOO 

6pm t 120t37 

1 trn1 

1 prn 1 1 24U:32 

t pm2 

2 pm! 120~6 

2 pm ! /68 1 

Genbank ace. 

number 

AAL lM 10 

8 J20034 1 

l:lJ1 69Utl9 

fJJHk 570 

c 6082 

AY'6120ï 

BG040065 

e .. 5iï l·s 

l2 1tG77 

Ft. 23820 

BG8~!8527 

r o03463 

BGB4ï1!6 

BG45G396 

m G395'ii 

A ID67fJ93 

A116 1823 

All 62976 

BG44 0267 

B <14UG8 

AI727G6l:l 

81::758599 

protonema!a '.le, 

run. • 

n rn 

n.rn 

1mmature sex organ ltemale) 

u1ner bark 

Tissue 

pollen co11e (Immature)( 1): xylem 16l xylem (secol!dafy)( 1) 

shoot Ho \21 xytern SIOC wooa (2). xylem compress;on wood ( 1! 

gennmatmg slwo:s (2 :ld)(:ll. l1ypocotyl and pluomllc 13<1)(2) cotyledons 

(:! · 70 1 14 ) roots (7 Ut1)(2) . cholmcd l1ypocotv1 (9- 10ù)(3): cotylodons 

11 10)\ 11 cegeqerat1ng cotyledons (' WI( Zl. leaf ano sl1oot t1p (2w)( I l 

leaves t 2-<~VI I\ 41 ' stem !Issue ldw)(3) 1mmature ' lower 12) . mature 

flower 111. Immature seed coats 1 1 mature seed poas (2); roots 13) 

whole se dlmQS ( - 3w)( 11) n m. 1 1 1 

~ lora! menstema1!c 

leaves and slem 

cotyledons ... hrst leoves <'3 ) roots (3· ·1 èH5> oevetop1ng leaves (4): roct 

ccli culture <4), eaves (4 ): nodules (4 ). arbuscular mycorrn1za 1 10l. n m 

(3) 

roo t 131: cell cu !lure (roots)(1 ): arouscular mycorm1za (2). oeve1opp1ng 

leav s 111 

arbu sc lar mycon 1za (2). root 1ps (2). n.m {5' 

cotyledons and pnm~uy lcavcs ( ir ··oal ( 2) dcvclop111q 

flowerr 1 ):!ca ves: 1} n.m t3) 

wnole roolS t 21 young p lants 12~<'11 121 

camo1al reg1on -1 5 m achvely qrow1ng tree 1 l 

camo1al 1 eg:on 

7 1Ud post-anHlCSIS t10e1 bolls 

7 1 Oa post anthes1s hbcr boUs 

liber ,6d)l 21 

n .m. 



1 tmi 

49 pm L 2195~3 

11 pm2 

1 pm3 

0 prn4 { C!l l ~1 ! 

5 tml 

1 tm2 

L esw/enwm 22 pm ! · 15~3~14 

J pm2 

6 trn l 

S wberosum 4 tm! 16250 ' 

M. cr;stailmum 1 pm l / 16925 

i prn2 

1 pmJ 

1 tm! 

0 satwa 2 pm 1 1 206242 

2tm l 

S biCOIOr 21 pm i 1 87226 

Jtml 

s propillquum 3 pm t 1 2 1368 

z ma ys 13 pm ! , 19 1177 

6 pm2 

3 tmt 

li vu/gare 4() pm i ' 12697l 

U pm2 

5 tm 1 

ll1698744 

A~283004 

"'"283005 

AYC63884 

La9707 

AAK755 16 

AAL87293 

A\-'V03D062 

El G642925 

AWC341 14 

BG59374 4 

[3!:033418 

[)(037100 

ElG259058 

A1/V265U29 

Al-283006 

AY I8i2 10 

01075784 

BGQ4764U 

i3 G 10 190ë 

AY I81208 

A<'V438128 

AW7876~0 

[) 1::42 1687 

Bl-628071 

-------------------- --

257 

ac,,al pan 

1 aves • rems !2-3w)f li seedlmg (2-6w,!6) flower buds 13). roots !61 

young ftov1e r : 1 i 9reen SiliQue (2): 11ypoca;yJ ~JdH 1, susp~ns1cn i 1) 

teaves 11 2 1)(6.: n.m. (22 , 

e tJotated (5d H 11: seedhngs t2-6w)(2): flewer buds t t l green si lique 111 

IUT' (6) 

n.:., 

no llll founcl 

llcwer ouds t ! l n m. (41 

roset e ( 4 ~ 7vJ) 

frw t mèHure qreeq ( ~\!Je pre noerung)f 1 r break.er ·rwts foencarp {4\ 

tn.Jtl rect npe {pcncarp)(4 ) caHus <25~d0d) (.5) leaf 4w t2 ) suspens10n 

! 1 ;: ovary carpe! Sd pre-an:hes1s ta 5o post-antnes•s ( 1) root pre ­

anthcsts ( 1 ): n m c3) 

""lower buds and open tlcwers ( n : shoot menstem (<1 -6wln ~ : n.m. • 1} 

suspens1on t 1 J callus ( t 1 mature g reen fru111 1). rad1c1e (5d)( 1) n rn (2) 

leaves and pelic'' e (6-8w) spro •ling eyes ( l 2· 14w pest rarvest) 

roots 

élOtGal menstem and leal prunorota t6w) 

n . ~ . 

leaves tGw; 

pamcle f!ov1enng stage l4 J tmmaturc !caf <2~: shoot eitola tcd f8d !{2l 

shoot (t l. root ( l ) young reet ( 1 ;: •rn mature seed ( 1) 

unn,ature sced ;5d aftcr polhnabon) pamcle at npemng sia~J t' 

•mmature pamcle (pre-antnes•sl(61 et•olated t5d !t5l. seeollrg t l 0 -

14a)( t 1 plants t5w) ( 9) 

ovary nmx or ovancs o varymg tmmmurc stage$) ~8w} 

mtzome 

t. th 1eat ( 1} ear tissue 13) tasse! pn rnordajm l3) qlume t 1) amher t 

pollen (1l n m ï4} 

n .m 

rruxed adull t i Ss~ws (3 ) 

1 aves {1 ). leaves t 14d} rt ) s;,oot (8>: hrs! teaves 122 1 roots (2dt {3) 

11 r (5} 

pre anUleS'S so•ke (wtute to yel low antherl( 1) caryops•s 3- 15 OAP 111 

t1olated rcots i · ): testa10encarp from deve!o01ng erne! (tt: teaves f 11 

Cllolated leaves 12}: n. 12:-

shoCi (5d!d 1: :esta-pencarp lrom dev<Jiop•ng kernel ( ï roo! •.5d ) 



T aes!Num 9 om l i 72258 

6 om2 

2 tml 

T turg~dum ~~ om 1 i ~o«3 

2om2 

T monococcum 2 om \ 15655 

"n.m. not menuoned. 

AAB18 207 

AAL2 3724 

AY 81206 

BË428950 

tJE4Z8224 

f.lG607 12J 

258 

ut!olatcd hSSLIB { 1) develor:mq caryops1s 3 15 D AI-' :2) le ê.lv ~s ( 1 i 

toaves ( 14dHJ): pre anttlCSIS sptke { 11 secchnQs (5d l{ 2 }. crm"'n {5·:.t H2) 

n rn. (i ~ 

!Caf f 14 d){2 }. prc- a ll ii' CSIS SptkO {l J: SplkC ( \ } . 11111 {2) 

yotmg spJkelet tlaq leal 

roo ts (3d) (4) 

root 

carly reproductive acex · douole ndge stage ta ter mat ~p; <.e<et staÇle 

(7w ) ( 2) 



Table Il l (Supplemental data). Targeting signais and s t ructure predict ions of the COR413-PM protcin fami ly. 

Na me Targt::r g tocallzatron am.! sca~e"' S i gn~l type aPc score Topology pr eo rcllor1~ 

Tt.COR41 3- P ~tl 1 c t. m 10 752). p.m {0 600) signal ar chor {0 95"7) 6 TMD l\ -in C-in 

TaCOR41 3- P~!2 c :.m. ;O SG&l. p.m (0 600) s1gnal anchor {0.003) 6TMD ' l-in C- in 

l-lvCOR,I ' 3- PM 1 c t.rn 10 844). p 11' {0 GOO) St. na! anct·)or (0 955) GTI·/,D N-1n C-rn 

!-tvCOR4 13- P'.,1 2 c: rn (0 849l. p. rn. (0 600) s1gnal ancho1 (0.004) 6TMD ' l-in C-in 

OsCOR413- P/\11 p.m (0 600). ç t. rn :.0 409) sgnal nchor (0.007) 5-MD N-ot.! C-10 

ZmCOR~ 1 3- PM 1 pm (:)600) g b. (0 400) SJgnal anct·o; ( 0 .007~· 5- M) N-o _rt C- " 

SIJCOR413- P'·A 1 p.m 10 600), c.t. m (0 413) S•Qnal anchor {0.0 '10) 5- i'.D N-out C-111 

A ~COR,I 1 3- PM' p.rn IÛ 600) c. Lm (0 467) sJgna! anchoJ {0 059) 5- M:::> N-Oc;t C-m 

AICOR,I 13- PM2 p. m. (0 600), c.t. r . (0 4'- 11 s1gna1 ancho' (0.00 ) 5- M:::> N-Ot•t C-111 

MICOR413- P'v1 1 p.m (0 600). c.t. rn (0 4021 s1gna l anct101 (0.681 1 5- \10 N-o •• t C-lll 

MICOR'- B - " lv12 pm 10 600\ ; c t. m (0 506) S•(!n<JI anchor {0 857) 5~1\1 ) N-out C·ut 

i .AICOR/. 13- PV13 p.m (0 600). u .rn {Ü .tl17) s1gnal anct1o1 (0.631 1 5- \·D N-Ot~! C-m 

GmCOR41 3- PM1 c t m 10 13 i 9). p.m (0 600) Signal nchor {0.991 ~ s-M~ N-oct C-m 

LeCOR413 - PM1 p m. (0 600). c.t. rn. ~ Q 4G7) Signal anchm {0.067) 5-,·v1~ N-oct C-111 

!..eCOR4 'l 3-?M2 p. rn 10 6001 , c. t. m (0.4',1) s1gna1 anct1or (0.044) 5- M ::> N-o~:t C-Hi 

Mean p.m 10 600). C. l.rn ',0 551} Signal anch01 (0.35()) 5TMD N-out l'r/1 5 

signal peptKle (0 OG) C-1n 15/ 15 

3 PSCRT was usecl to p;· ... drct the ceilular lccahzat on p.m p la~n:a r·1embrane ct m . chloroolast t ~ ·y l ak.OK! r·1embrane- g.b golgi bcdies 

b Signa!P was used to predict the presence or a SJcnai çeptiUe or i!ncno; 

c TMHfi.·1M v,, s us-ed for tooclogy preaiction N-rn N- e1111111a1 insrtle. N-out. N-terrninal outsicle. C-in C-term nal msroe C-mJt C-terminal 

outside 

259 



Table IV ISupplemental data\. Targeti ng s igna is and structu re predictions of the Moss COR41 3 protein farni ly. 

PpC~R41 3- i 

:?pCOR413-2 

i"pC0R'I13-3 

Mean 

Ta rge~tng 'OC.:i! tLf!tron anet ~co·e '* 

pm iO 600). c 1 m ·a '1341 

p. rn tO 600; . c 1 rn \Ü 504 ) 

p :"11. (0 600). (T' {0.5 11) 

p rn (0 600) 

sgnë:t l <:tncr:or \0 149} 

StUPéll ancr~or \0 9 35 j 

stgn. 1 uncror. (0.291i 

stgnal anct·or (0.4ô0) 

signal pepticc tC " 30} 

1 cpclogy ;:aeci::.tir.m..: 

5TMO N-cut. C-11 1 

5 H1110 N-out. C -tn 

4TMD N-out C-out 

5TMD N-out. ::.- in 

260 

"'PSORT was used to pred,ct the ceiluiar Jocalizat on p.m clasma P1e r~br ane ct m . chlc rüp!G.Sl t•JylaKotd P1emorane. nu n:. :nnocnonchtal 

tnner membrane 

u StqnaiP •.vns uscd t orcdtct the prcse nc.e o f e1 s.a~ni'l l ccp:HJC or anc~or 

1; TM -H..,·lM was .;sed for touoloc;y prec rcttcn N- ,r; r.J- lcrrn na! HlStde N-uut N-te rnl!llal c tside. C-1r S-termma! ins1de C-out C-te rrr :nal 

outs1de 
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-;-a or 

str.1ct 1 s1. liantles to ni al GPCR hg ds 

PC~ LJga. o 

Se1oto 1r 

Dop r 1 e 

Ad1 rahr e 

Norad en li ne 

h istar ine 

Re lin al 

Ac ylcrolt e 

Pla nt r~Ao lecules 

- \J- :hyltryptamin 

- U - 0 11 "''et! y tryp:. r"l ine 

-5-Metho y- . f\ -

,; r e: ytse otoni 

- .A, L. xi s 

min 

yi tyramine 

horde tne 

His ar1 ine 

A bSv iS!C acid 

262 



Table VIl (Supplemental data) . Fasta file s of COR413 sequences and predicted open reading 
frames . 

Group 1 COR413 

>TaCOR41 3 - PM1 c l o ne wcor 413 sequenc e d a nd submi tted t o Genban k (~AB18207) . 

263 

~·1t.~--·~-:.:::-··~···.l .. R_-,: .. _~}· ;:.:~. - .:\1 ... ::.·_J,!LL~·:J.."_\:' L~:n.!. :__.-,· ;r·:!,·:·:·L,-.:1 .• :.:-......... : ... :-·.:._ __ v_~ .. d"~:;rr .... · __ :_.L·-~ 
:_:·: !':.~· '-L: 'f'_:,··:.r•:.:;,L.t L:·L:':d·:!: · LhL!:..~ , •. ~-~'-- .··.:,è, ___ ·.L l'Fi ;_ c·:_l~ . ·;L· _, ... ,_,L:-1::.:~-

>TaCOR41 3- PM2 c l o ne WHE 0316_D08_D08 sequenced a nd s ubmitte d to Ge nbank (AAL23 724) . 
·-~,-.[ ':_,,;J.c\'.,·.:.::r: .. ·.::; ..... <.~!:..·'-'U::.L:c.;:_.:• ~ .. :11-,-.· _ j ':·:tL:·,.·::.. ;-;_;;'N.':'liL'. · ~L•"' 

·--~·:::·!'.. .. ::·-. ~L: ... l.. •. ·--~--~~·~:r.,.L'Rt .l..L~(L.-:':.~ i·:-1:-:t:.~Jl..: ... ~!-· h ··:·:~.! L:.-.l.::Fi.J .. :.;: ...... ···::L.:.: ... ··. J,i\ .. '.t'l.._..t.,:b.-!.1 
:r :·~;..; ...•. --!'.d/C. :L'Jt .,!./· f!;:· ~<.: _1/JL_ 

>HvCORti1 3- PM1 deduced f r om ESTs BE42 168 7 a nd AL5 027 41 . 
, .. _ : .... -..,-~:. _,i·· Li . !. .. :-.-..:: L :11··:. ,, ......... ! .. 1.~:.~ ~ .. . •. , ' Hl ' ; .i. .. 

. _:·;_1.:~.--L.: !· ·.:..··:..~ .. ... ·;l..t .. L.• ..... __ :: :H:-L·:,:..:. .... t.' ~--'- · · · ·· ·:;. -·-".LïF!'\.\·:_l_ L·. - ·y_ _,L;·I:..::_ 
!.~\. ._; ::..-~:: ... ;.J 'L'' . . _ i _ _., _. t. ': .·1;',~..._ 

>HvCOR41 3 - PM2 deduced from ESTs BG3 435 66 nd BF62 80 71 . 
!,! "[ ·.: ' . ' .:1!· ,' ::- •~ t· 1 r .-·:' 1. ~ ~ • .. . - . .. :-:•,-, .. , ::! ! : : ,j-. 

l L.' L;'': ! :·! !· ; L ·.-, L;:. L ~ ·-·~-, ·.F L;,'.L;li·ï·I._L :: l ___ ,1'-''ïL-'"S:-IlF', 
~-: . . ~--· ..... ':J : .... 

>OsCOR41 3- PMl. c l o ne 5124 9 sequenced and subm~tted t:.o Genb ank (AF283006 ). 
!-:. -···\.. _.~ ..... - :.:... -. !-._ ... 

!·.:~:· 'i :_ ..... -...:. .. ·•ïJ ·-. . ~;~_ ; _ l _ _.L::l.~.~ :•:•l-- Li.~_ 

>ZmCOR41 3- PMl. c lone Zm0 3_05a03 sequenced a nd s u bmlt:. t ed t o Genba nk (AY1812 08) . 
:-1 ,f -··· _____ ::·:-:F~; ·_._._··.:·'-...:~·. ___ .. __ 1~<· .. .':....:-·t:L :·,.~; .·1'---~ _,= : ~ :r--·_.'i·l;··':i __ ,·.t~----~· .. :_.L _ _._-,::;;:Jï:?:'~~:~L.'.· 

: ..... , c ~ l:·:" L= l l'. : .. t:' ... l!· '··· .l .. ; ... l, l. .. tc:<:i.: .. ·: .... _ .... · .. l~_L'_;· .•. f, : .. F,.!. ... ·.t .... ·.r.l ....... C.' ... L,: . 
1 - · ___ ... ;_ J .• r.i. i ;' :J • LL~t-~, ·~·; . .-_:· 

>SbCOR41 3- PM1 deduced from ES Ts BI 07578 4 a nd Al-16806 0 0. 
:-~.: . _; ___ .~---~ ... ·: _,t~, -·---· · ..... L_L.L·_t ::._ .-- .1- ~:.! .• ~,:: ._.,;, __ r_ L• 

>AcCOR41 3- PM1 c l o ne 115023 s equence d a nd subm~tted to Genba nk (AF283 004 ) At2gl 5970 . 
. ·;.~L.- . .. *.: : .... r 1..~'.:.1·:~.'- .. :~H:. __ , • •..• . i.!,~ .. ~.l!-:.;..-_ L!~_L, !- ... :.'.';_,· LL LL~<l: •. ::-: .... : ~ ....• L ... Ll:--'_lt'M '1 

-.~- l·=.l. ~ .. ;!.:. __ LJ :: .. ~- :..--· :.;. _.l .. · .• _. , .. ;~ · -~-- ....... ·_ ' ...... i... ... -l ... · .. '!t .• .- · ; . -.. 

-- --.-:-- ~ ... ;.· 

>AcCOR41 3 - PM2 c l o ne 90M2 s e quenced a nd subm~tced to Ge nbank (A~2 8 3005 ) At3g5 0830. 
:l.;ii·JL'lL~~".! ·.· ...... ·ï·i :.. .. LL .... I · .•. ~:-.:-: ..... :.- . ·_ ::i.. -~ _ :· '-- :.· L . ::.'-.!---~---;L.'!: .. : ... _:O:.L.:'LLli: .::--·L .-: 
_.;_ J ·,- ~ .. - -·· .:::-:t:.... .. :J!: __ ~ ..... _ 1 .. _ . _:_ .~Lv~• ... ' .. .'c• 
: .•· t .. _, L . • ~ ... L.: : l _ __._, ·._ L · .. l1 !• 1·~ 

>MtCOR41 3 - PMl deduc ed f r om EST BF0 03 463. 
·'"· ·_::1:.-c. .. · ..... l.·:r .. L::: ... J . ... :.r..-.: ... • t = = ,· ... : .... '; . ' -. 1 •. 1 .1 ,•;1 1-!- - .. . ....... 1 •'è .J.. ': . 

. :• •: ... !,;, ...... ;: .. :".• ... f.!-"l.êf-····'LI: ... f .. : ....... . ï::: .L. 1 ·:~ ... !d' . L-.. ·~1:-.:ill .• · .. ·!. ï:.·~· 

.. I:• .. _ .'!! ... ___ L_. Y~ "·,! ..... L •• i·: 



264 

>MtCOR413 - PM2 deduced from EST BG6471 1 6 . 
- ... ~ . - .. . . . . ... ::!· '1·.· ·-·· .~.!. .. : .... : ':::• ....... .' .. !.. < '- i l' '- .. : ii .. · ·.1 ! ~ 

:.: ! ~ 1· : t··, L'·, •. .' ..•..• .1. . ' '. . .. ': ,;· l , ... :!. .. : ...... . l: ·: ... ; t'i· !1.'. i 
.' ... l. .. ·.! : .J L • 

>MtCOR413 - PM3 deduced from ESTs BG456396 a nd AL384664. 
__ ._._,_ L .. L--·--'··-······:lf __ L~· . .'.-. ___ ,. i...-.l __ ..... _____ · ... J~· •• .• _; .·.·-----1-~L.-_i. .'.: :" . 1 .. 

---l. ···--~---: --· .......... :. !i·"· '.'L...:L~; __ .._:_ _ _.L_.· -•~--!:. .. tr··~ ; · ____ ._,...:!. .• . .. 

1 ... ! . ·. 1 . . . . ' 
,j -- --' .. 

>GmCOR413 - PMl deduced from ESTs BE2ll677 and AW309837 . 
[ •... i· .. ,, .. :: . ·. ;· .. : ...... ·,:ii . . L .. Ïo·.!· ..... :. ... 1·: "'.1. .. . 1. ': ... L: :t·!'!ll..!.' .... 

·, .... ., ·• : .. · .. r.;; 1.1- ~r .-:li· .. __ , '"-.... . . ·.: .. ! .. \ ï·i .ill' . ,, : . • :. y: . ' .. :1. · .. ï !': ·:-·· .. 

.. : : r • .. L ... J •. !.":J.f~--· .-- .. 1 : .. .:-

>LeCOR4 1 3- PMl deduced from EST AW039062. 
·:. '"" .... ; ... --· ..:t 'l.'.· .. l L,.:!i."l!·L ·· ... 

.. , ,_ ---· :· .. ~t':·l. r:l c •• L!:."' ·"''-'--'1 
___ L_. ,· .. è•:,_~, -.'t· L 

>LeCOR413 - PM2 deduced from ESTs BG642925 , AW0 41686 and BG629922. 
·'-·~1 .. i· .. L·... .. -•· 1 -_., ... ~. t· .. --~~ . , . . '1 1 !.:~. 1 .. l •. 

:. ·, .-.... . . ::-:-~! :::.··.:' 1.'!l.:~:.:, -~--- · ·-·--• , ! '-~· . . ::" l·:-J ';,_ .·, . . · ···-•· • . .... ,.:: .. li 
.... ·:1 .··.~..~ .... ..:...._·_ .. 1-~.L·--

(; ro up 1 uot usrd for analvsi> 

>AtCOR413 - PM4 from genoml.c sequence (299707 ) At 4g37220 . 

·· !: 

... , ·-tLc .. l._!:..I ... J.~ .. L .. -•·1:,:.:· .~ .... !_ ,·,... ..· ..... :.,~ ... J:.c ... _~---111!·:,·1 ... : ____ ,~ L,.[·:._ 

. . . - . . :.: 
.. '::1 . -

>AtCOR-113- PM3 from Genbank AY0 63884 a .d corrected ·;.tl. th the genomic sequence AC004482 
At2g23680. 

- · · • .! l .. ~ ...... ·_ti·:.'Y "'! ::i _ L::I.i ;·: .·-.. · i'' .. : ... 1. L'·-!···, --·:.!!lH.->1 .. ~·- :. 1 ·:_: :. ' :;':: 

1-1 :tl·:~~.·.!-' , ·. ·1.1 '· 1 .i' r ... 1: 1 ·1; ·:-· .-: 

~: --. r :. 

(;rou p Il CO R~ 13 

TaCOR113- TMl c l o ne WHE0316_D08_D08 sequenced and submitted to Genbank (AY 181206 ). 
: . .'l. -· L _,_, __ ,·_,. _,_,_,_-:1:·.' ,L_,._·~, ... · . .' '·'-· ·-·-·-· .... - .. , :1 ., .. "~ ... - ... !,1'.,:, 
... .::..."'_L_ . ..t • _.-n.·t:.. ;;L:·.u .. ;.l .. :-_ .. ,:.1 ~.-· :... L·-·: ... :_.; ___ J, __ :·L!.!::~ "!:.:L:: .. L.- .'.! ....... .. L: . .", __ ,:.: ~[- -•. , 

. 1 . .f'."r. . . .- .. ·' ·:·1 .-:.1·'--• 1~ ... 1· 

ffvCOR113 - TMl. clo ne HVSMEb0 007Kl 5f sequenced a nd submitted to Genbank (AF4 65810) . 
. . . 2 - L ... :...-..: .. ! 

1 : ;-_. ~ L- --

>OsCOR413 - TM1 clone El 054 3 6Z sequenced and submi tted t o Genbank (AY 181210 ) 
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:J.': .. .. J •• = ..... " .. - ' .•• ., •• !· •\,.'' ~. ;.., • ~~· a' ~ :: .... ·~.L. 

• f . . l':.' j ~- .l. __ : 1·1.· ..• : .. :·: ' ;", --~ •• -1· • i - v : _ •• ! ... ::li:: 1 

. - _. ... '-' ~-

>ZmCOR413 - TMl c lone Zm03_0lb06 sequenced and subml. tted t o Genbank (AY181209) . 
. J.'l .1.·---~-'-L. 1. •. -.l:.-~' _____ ·:1 ----· ,,~: ·-l'':cL .... ~ ·, .. J ;_ .i .. '.·c>.iL:· __ , 
,_\:,'_; :.:.: ... t.~ ··-··:~-·~.l; . J;-t_ .... .:-~!- •... ,.,.. ·,· __ !· .-~-·',- .. !:' .•• ~ .•. 1.."1·1.-:· .: ·::- ... !:~ ••• · •. , .. : ••••• • ." •.• :·l·\ :·:-.•. •L .( 

Î, 1.:_ '. 1 i· . ii ._ : 

>AtCOR413- TMl c lone 97C22 sequenced and shown l.dentical to AJ>.K7 6616, .».tlg29395 . 
. !..' ... . :f· .. '!.:l!'.!· :·.' .... · .... :·'.fi --:·:··~ .. !_,_, ...... , 

L:: .. .:...-·.· ,;, •· 
-.. :I::'Y.- .. f·'i··, 

. :: .. {l. -: ....... ~1.--L.~ .. ~L\.· L:: .. -·.: 
.. r ,. _,,.-.: 

:; '!· . ... ::. 

>At COR413- TM2 from RIKEN Al>L872 93 and completed w.t t h NP_564327 Atlg29390 . 
• J • .'. ·... __ : .. ,.-·; ........ :;:, .'.!..' : ... 1 -· "--·· ..... ! 

. J."l J'l· ï·· .. ,, I'J ··~ • J' J J 

,_,.:., •. __ .L.d.' l.:......... ..... L .. :· . . --.1·--\~·- .. -'-

StCOR413 - TMl deduced from ESTs BM109760 , BM109832 and BG 596886. 

-. ~ - "'· ~ ; .. 

JI.:~~ . .. ~-a-::·.~-· .!IV.:.· .. ·;. -.· .. ~:-:: .. •.! -·, ... il--. . . .rï-.. 1 .. ! _-,·~---~r:v.·.' _._. __ .··.! .. 1 : ...... :v.~--
- ___ ... 1 •• ·_:_l:l. __ , __ ;.._:··~·~_.\;:~~-;:..: · .. -r.'l •. ~- · ... ;;,.':d· ___ L_y~ _{::,: i:l :.....l...!:.._:.: ______ , _.,:~~=-··.·: ... :i.:... '!. 

__ \',L. .l :"' ... ..;.L f-~ :ll:· •• - .-.•·.'-~1-: .... r·L...::. ____ u_,.,_l ~--'~ t·,·:..._.L_ 

>LeCOR41 3 - TM1 deduced from ESTs AW034114 , AW443 083 and AW04 1036. 
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>CjCOR-113 - TMl. clones CC1364 
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and CC0164 sequenced and subm~tted to Genbank (AY18120 7) 
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Moss COR413 

>PpCORIJ13- 1 c l o ne PPU030403 sequenced and subm~tted to Genbank. (AJ\Ll6410) 
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>PpCOR413- 2 deduced from ESTs BJ200341 , BJ167268 a nd BI 487528. 
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>PpCOR4 13- 3 deduced from ESTs BJ169989 and BJ203803. 

_, 

!·1 ·.":'"'--.l·L . ·'' .:.~·.t.,,:.._,-_ ·::: . .:.. ;_. _.·:.:.. ·:-:; -'~"·- .' -"· . ·: ·~ ·--,:o.L., .•.•. d. --· __ !:Ji·,,_::: __ _-_"_:..·. k _:._,, 
-··{··-'··-·· ~ .... ·.·-..!:.::.-··il-.;: _:.._ ...... · ~ .. :-::.r .... ::.··.:·: ........ -: .. I.· .... .:::L:: .·:. .... !..: ...... ~ ~·--.1-L:.··:-i:i ·:i.:.· !: •... ........ L ),,-{ ..... _..J·..,::-! ... ::< 



266 

Supplementa l Figure 1. Ali gment and structural features of CO R41 3-PM proteins. 

COR4 13- PM members from Table 1 were a li gned using CLU STAL W . ldentica l and 

similar amino acids are shaded in black and g ray, respective ly. S 1 to S6: Spikes 

identifi ed in the Kyte and Doolittl e profil e (Fig.4). TMDl to T MD5: T ransmembrane 

domains identifi ed by T MHMM 2. 0.ic 1 and ic2 : intrace llular loop 1 and 2. ec 1 and 

ec2: ex tracellular loop 1 and 2. Ye llow shaded letters: Putati ve phosphory lation sites 

identifi ed by NetPhos 2.0. ###: indicates pu tati ve cleavage site fo r G PI anchor 

identifi ed by DGPI. *: indicates pro line and cysteine res idues with potenti a l structural 

functi on. Yellow shaded asteri es: proline residues conserved between COR41 3-PM 

and - TM. *** : indicates putative GPCR doma in. Brackets indicate the regiOn of 

highest homology between CO R4 13-PM and - TM. 
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Supplementa l Figure 2. Ali gment and structural features of COR413-TM 

proteins.COR413-PM members from Table l were a li gned using CLUSTALW. 

Identical and si milar am ino acids are shaded in black and gray, respectively. 

indi cates the first amino acid of the mature protein that was used for Kyte and 

Dolittle and TMHMM ana lyses. S 1 to S6: Spikes identifi ed in the Kyte and Doolittle 

profile (Fig.4). TMD 1 to TMD5 : Transmembrane domains identified by TMHMM . 

Yellow shaded letters: Putative phosphorylation sites identified by NetPhos 2.0. 

Green shaded letters: Putative chloroplastic c leavage site identified by TargetP. *: 

indicates proline and cysteine residues with potential structural function. Yellow 

shaded aster ies: proline residues conserved between COR4 13-PM and - TM. Brackets 

indicate the region of highest homology between CO R4 13-PM and - TM. 
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Suppl ementa l Figure 3. A ligment and structura l fea tures of CO R4 13- PM, COR41 3-

TM and Moss CO R4 13 proteins. Se lected COR41 3 members from wheat, 

Arabidopsis and Moss were a li gned using CLUSTA LW . Identica l and s imil ar amino 

acids are shaded in b lack and gray, respective ly. TMD 1 to TM D5 : Transmembrane 

domains identifi ed by TMHMM. *: indicates proline res idues w ith potentia l 

structural fun cti on. Brackets indi cate the region of hi ghest homology between group 1 

and group U COR41 3. ic L and ic2: intrace llular loop 1 and 2. ec 1 and ec2: 

extrace llular loop 1 and 2. ***: indicates putative G PC R domain . 
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