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2. ACTIVITE DE RECHERCHE POST-THESE 

 
2.1 Activités de recherche post-doctorales (1995-1998) : Etude des mécanismes 
de transport actif de protéines entre le cytoplasme et le noyau 

  
En 1994, j’ai soutenu ma thèse de Biologie sur la régulation de la translocation nucléaire et 

l’activité de la protéine p53 par la Protéine Kinase C (PKC) et la calciprotéine S100B. Par la suite, j’ai 

choisi d’effectuer un stage post-doctoral dans le laboratoire du professeur Larry Gerace au Scripps 

Research Institut (San Diego, USA). Ce laboratoire s’intéressait alors aux mécanismes de régulation du 

transport de protéines et ARNs entre le noyau et le cytoplasme. Le transport à travers les pores 

nucléaires se fait soit par diffusion passive pour les petites molécules (< 30 kDa), soit par transport actif 

pour celles de taille plus importante. Le transport actif met en jeu l’importine β pour l’import et 

l’exportine pour l’export. La directionalité du transport est contrôlée par Ran, une petite protéine G 

qui lie le GTP dans le noyau et l’hydrolyse dans le cytoplasme. Dans le cadre de mon activité post-

doctorale, j’ai cherché à comprendre le rôle de la protéine RanBP2 (ou NUP358) dans les mécanismes 

de transport nucléocytoplasmiques. RanBP2 est une protéine d’environ 350 kDa, constituant majeur 

des fibres présentes sur la face cytoplasmique des pores nucléaires par lesquels transitent les 

molécules. 

 

Une partie de mon travail a abouti à la purification de RanBP2 endogène à partir de foie de rat 

et à l’étude des différentes interactions mises en jeu au cours du transport. Avec mes collègues de 

l’équipe, nous avons ainsi pu montrer que Ran sous la forme GTP se lie à l’importine β alors qu’associée 

au GDP, elle interagit avec NTF2 (Nuclear Transport Factor 2), un facteur impliqué dans le recyclage de 

RanGDP du cytoplasme vers le noyau (Pascal et al., P.N.A.S., 1996, p224). Nous avons montré que 

RanGTP, en interagissant à la fois avec l’importine β et RanBP2, empêche l’interaction de l’importine 

β avec différentes protéines du pore nucléaire tout en favorisant son interaction avec RanBP2 (Delphin 

et al., Mol. Biol. Cell, 1997, p212). 

 

Enfin, nous avons établi que RanGAP, un régulateur de l’activité de Ran qui catalyse l’hydrolyse 

du GTP par Ran, peut être modifié de façon covalente par une protéine qui a des ressemblances avec 

l’ubiquitine et que nous avons nommé SUMO-1 (Small Ubiquitin-related Modifier 1) (Mahajan et al., 

Cell, 1997, p201).  La sumoylation de RanGAP permet son association avec RanBP2 et le couplage entre 

l’hydrolyse du GTP par Ran et la progression du complexe d’import au niveau du pore nucléaire. 
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2.2 Activités de recherche en tant que chargé de recherche entre 1998 et 2006 : 
Signalisation calcique et membrane plasmique 
 

Suite à mon recrutement à l’Inserm en 1998, comme chargé de recherche, j’ai rejoint l’équipe 

de Jacques Baudier associé alors au laboratoire d’Edmond Chambaz (CEA, Grenoble). Au cours des 8 

années passées dans cette équipe, j’ai développé différents projets en accord avec la progression 

thématique du groupe :  

J’ai tout d’abord repris des études sur la régulation de l’activité de l’anti-oncogène p53 par la 

calciprotéine S100B et la PKC. Nous avons identifié le domaine de p53 impliqué dans l’interaction 

calcium-spécifique avec S100B (Delphin et al., J. Biol. Chem., 1999 (p182)). Ce domaine est situé dans 

la partie C-terminale impliquée dans la séquestration cytoplasmique de p53. Nous avons également 

montré une coopération entre la PKC et la S100B dans la stimulation de la translocation nucléaire et 

de l’activité de p53 (Scotto et al., Mol. Cell. Biol., 1999 (p188)). Ces résultats ont mis en lumière le 

mécanisme d’activation de p53 en réponse à une stimulation calcique. 

Nous avons ensuite identifié deux nouvelles cibles cellulaires de la protéine S100B: IQGAP1 et 

Ahnak. IQGAP1 est une protéine d’échafaudage impliquée dans la signalisation cellulaire entre des 

récepteurs membranaires et des molécules de signalisation intracellulaires conduisant à un 

remodelage actine- et microtubule-dépendant de la membrane plasmique. IQGAP1 est un effecteur 

des petites protéines G, Ras, Cdc42 et Rac. IQGAP1 possède un domaine IQ d’interaction avec la 

calmoduline et de phosphorylation par la PKC. Nous avons mis en évidence une interaction calcium- 

et zinc-dépendante de S100B avec le motif IQ. Cette interaction se produit dans des zones de 

réarrangement de la membrane plasmique reliant l’activité de S100B au remodelage de la membrane 

plasmique et au contrôle des interactions inter-cellulaires (Mbele et al., J. Biol. Chem., 2002 (p163)). 

Ahnak, une molécule géante d’environ 700 kDa, interagit avec plusieurs molécules impliquées dans la 

signalisation calcique : les canaux calciques de type L, la phospholipase C et la PKC. Nous avons montré 

qu’Ahnak est une cible majeure de la S100B (Gentil et al., J. Biol. Chem., 2001 (p173)). Nous avons 

également observé qu’Ahnak est une protéine spécifique des tissus soumis à des contraintes physiques 

ou présentant des propriétés de barrière (Gentil et al., J. Histochem. Cytochem., 2003 (p153)). Ahnak 

s’accumule aux interfaces cellule-cellule homo- et hétérotypiques et est spécifique au niveau du 

système nerveux central et périphérique des jonctions vasculaires imperméables. Dans les tumeurs, 

les néo-vaisseaux qui se caractérisent par une perte des propriétés de barrière en sont dépourvus 

(Gentil et al., J. Cell Physiol., 2005 (p131)). Ces observations suggèrent donc un rôle pour Ahnak dans 

l’organisation des propriétés de barrière de l’endothélium vasculaire. Nous avons identifié comme 

partenaire d’Ahnak au niveau de la membrane plasmique, le complexe S100A10/Annexine 2 (Benaud 

et al., J. Cell Biol., 2004 (p141)). Ce complexe permet d'ancrer Ahnak à des domaines de la membrane 
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plasmique riches en cholestérol où elle joue un rôle dans l’organisation et le remodelage du 

cytosquelette d’actine cortical. Ahnak est donc un régulateur de la cytoarchitecture cellulaire 

interagissant avec la membrane plasmique et le cytosquelette cortical. Enfin, nous avons caractérisé 

biochimiquement et par triple-hybride chez la levure, l’interaction entre Ahnak et le complexe 

S100A10/Annexine 2 (De Seranno et al., J. Biol. Chem., 2006 (p122)).  

 

2.3 Activités de recherche depuis 2007 : Etude du rôle de la protéine MAP6 dans 
la régulation du cytosquelette 

 
En 2007, j’ai rejoint le groupe « Physiopathologie du cytosquelette » dirigé par Didier Job, puis 

par Annie Andrieux, et alors localisé sur le CEA-Grenoble. Cette équipe s’intéressait déjà à la 

dynamique du cytosquelette dont les dysfonctionnements sont associés à de nombreuses pathologies 

neuronales. Elle est à l’origine notamment de la découverte de MAP6 et cherche à comprendre 

comment son invalidation cause des troubles cognitifs et de comportement dans un modèle murin. 

Mon activité de recherche s’est focalisée sur le volet moléculaire de l’étude de la fonction de la 

régulation du cytosquelette par MAP6. Elle s’est poursuivie à l’institut des Neurosciences de Grenoble 

après le déménagement du groupe d’Annie Andrieux sur le site et actuellement dans le groupe codirigé 

par Annie et Isabelle Arnal. 

 
2.3.1 Introduction 

 
2.3.1.1 La protéine MAP6 

 
Les microtubules sont des structures intrinsèquement très dynamiques. Cependant, dans 

certaines structures telles que les cils et les flagelles, les microtubules peuvent être extrêmement 

stables. C’est également le cas pour une partie des microtubules neuronaux. Cette stabilité peut être 

due à la composition en tubuline, à des modifications post-traductionnelles ou à l’association avec des 

facteurs protéiques. C’est de la recherche de facteurs protéiques responsables de la forte stabilité des 

microtubules neuronaux et notamment de leur résistance à une dépolymérisation induite par une 

exposition à basse température que fut identifiée MAP6 ((Job et al., 1981; Job et al., 1982; Margolis 

and Rauch, 1981; Pabion et al., 1984).  

 

2.3.1.1.1 MAP6, une famille de protéines issues d’un seul gène 

MAP6 est exprimée uniquement chez les vertébrés (Bosc et al., 2001). Chez la souris, en 

fonction des tissus considérés, plusieurs isoformes de MAP6 peuvent être exprimées. Elles sont 

produites à partir d’un gène unique, par épissage alternatif et départs de transcription différentiels 
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(Aguezzoul et al., 2003; Bosc et al., 1996; Denarier et al., 1998a). Les formes N et E sont principalement 

exprimées dans les neurones. MAP6E est exprimée au cours du développement et reste chez l’adulte 

alors que MAP6N, la plus longue isoforme, est exprimée après la naissance et est la forme majoritaire 

chez l’adulte (Galiano et al., 2004; Guillaud et al., 1998; Tortosa et al., 2017). MAP6O et MAP6A sont 

exprimées dans les oligodendrocytes et les astrocytes respectivement (Galiano et al., 2004). Enfin 

MAP6F est ubiquitaire. 

 

2.3.1.1.2 Organisation structurale de MAP6 

L’analyse de la séquence de MAP6 (Bosc et al., 1996) a montré qu’elle comporte les 

caractéristiques des MAP structurales : c’est une protéine basique (pHi    ̴9.5) très peu structurée et 

multi-modulaire. Elle ne comporte pas de domaines de liaison aux microtubules communs à d’autres 

MAP. Cependant, elle est composée de plusieurs séquences répétées impliquées dans la stabilisation 

des microtubules (Figure 1). Les modules Mn, identifiés au nombre de trois (Mn1-3), stabilisent les 

microtubules contre la dépolymérisation induite par le froid et le nocodazole (Bosc et al., 2001). En 

plus de ses modules Mn, MAP6 contient des modules Mc. Ces modules ne sont présents que chez les 

mammifères et leur nombre peut varier selon l’espèce ou même selon la souche (3-6 chez la souris, 1 

chez l’homme) (Bosc et al., 2003). Ces modules sont capables de conférer aux microtubules une 

stabilité au froid mais pas à des drogues dépolymérisantes, par absence d’interaction avec les 

microtubules à températures physiologiques (Bosc et al., 1996; Denarier et al., 1998b).  

 

 

Enfin, MAP6N possède une longue queue C-terminale constituée d’une répétition imparfaite 

d’une séquence de 11 aa (28 répétitions chez la souris) (Bosc et al., 1996) et dont la fonction est 

inconnue. En plus des motifs répétés impliqués dans la stabilisation des microtubules, MAP6N possède 

Figure 1 : Organisation multimodulaire des protéines MAP6, MAP6d1 et SAXO1/2 



10 
 

à son extrémité N-terminale une séquence riche en cystéines. Ces cystéines peuvent être palmitoylées 

et dépalmitoylées favorisant ainsi une association réversible de MAP6 avec des structures 

membranaires (golgi, membrane plasmique, vésicules) (Gory-Faure et al., 2006; Gory-Faure et al., 

2014; Tortosa et al., 2017). MAP6 possède également des séquences riches en prolines (PRD) capable 

de lier des molécules à SH3 impliquées dans la signalisation de la sémaphorine 3E au cours du 

développement (Deloulme et al., 2015). Enfin, 12 domaines de liaison à la calmoduline ont été 

identifiés sur MAP6 suggérant une forte régulation de l’activité de MAP6 en réponse à une signalisation 

calcique (Gory-Faure et al., 2006; Job et al., 1981; Pirollet et al., 1992a; Pirollet et al., 1983; Pirollet et 

al., 1992b). Trois autres protéines possèdent également des domaines Mn et le domaine N-terminal 

riche en cystéines. La première, MAP6d1 (MAP6-domain-containing protein 1, anciennement SL21), a 

une séquence N-terminale et un domaine Mn très conservés par rapport à MAP6 (80% et 72% 

d’homologies pour la séquence N-terminale et le Mn (avec Mn3 de MAP6N) respectivement) (Bosc et 

al., 2001; Gory-Faure et al., 2006). La palmitoylation du domaine N-terminal de MAP6d1 régule son 

interaction avec le golgi et la membrane plasmique mais pas son interaction avec les mitochondries 

(Gory-Faure et al., 2006; Gory-Faure et al., 2014). MAP6d1 est capable de stabiliser les microtubules 

d’une dépolymérisation induite par le nocodazole ou le froid (Gory-Faure et al., 2006). Plus 

récemment, ont été découverts chez le protozoaire Trypanosoma brucei deux nouveaux homologues 

de MAP6, les protéines SAXO1 et SAXO2 (Dacheux et al., 2012). Les protéines SAXO possèdent un 

domaine N-terminal riche en cystéines et un nombre important de domaines Mn (12 chez la souris) 

présentant des homologies avec les modules Mn de MAP6. Ces domaines sont impliqués dans la liaison 

de la protéine aux microtubules et leur stabilisation au froid (Dacheux et al., 2012). Les protéines 

SAXOs sont présentes chez tous les eucaryotes possédant des cils ou des flagelles, des structures 

présentant une forte résistance à la dépolymérisation induite par le froid et le nocodazole. L'isoforme 

humaine hSAXO1 est exprimée de manière ubiquitaire et s'associe spécifiquement aux centrioles, aux 

corps basaux et aux cils (Dacheux et al., 2015).  

 

2.3.1.1.3 Rôle de MAP6 dans le développement et les fonctions neuronales 

L’obtention de souris déficientes dans l’expression de MAP6 (MAP6-KO) a permis une étude 

exhaustive de l’implication de MAP6 dans différents aspects du fonctionnement neuronal (Andrieux 

et al., 2002). 

- Rôle de MAP6 dans la plasticité synaptique 

MAP6 est impliquée dans la plasticité synaptique avec une diminution importante chez les 

souris MAP6-KO de la LTD (long-term depression) et LTP (long-term potentiation) des neurones 

hippocampiques glutamatergiques de la région CA1, du nombre de vésicules pré-synaptiques et du 

nombre d’épines dendritiques (Andrieux et al., 2002; Peris et al., 2018). 
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- Rôle de MAP6 dans la neurotransmission  

La neurotransmission des souris MAP6-KO est largement affectée avec une hypo-

glutamatergie due à une diminution du niveau de glutamate et de son transporteur Vglut1 (Brenner et 

al., 2007; Eastwood et al., 2007) à l’origine des défauts de plasticité synaptique décrits plus haut.  Les 

souris présentent aussi une hyper-dopaminergie de la voie mésolimbique (Bouvrais-Veret et al., 2007; 

Bouvrais-Veret et al., 2008; Brun et al., 2005) conduisant à une activité locomotrice accrue (Andrieux 

et al., 2002; Bouvrais-Veret et al., 2007; Brun et al., 2005; Fradley et al., 2005), une hypersensibilité à 

la nouveauté ou aux amphétamines (Begou et al., 2007; Bouvrais-Veret et al., 2008; Brun et al., 2005), 

ainsi qu'à une perturbation importante du sommeil (Profitt et al., 2016). La transmission 

sérotoninergique des souris MAP6-KO est également fortement dérégulée au niveau de la production 

de sérotonine et de l’expression de son récepteur (5-HT) dans différentes régions du cerveau (Fournet 

et al., 2010; Fournet et al., 2012b). 

 

- Rôle de MAP6 dans le développement cérébral 

Les souris MAP6 KO présentent une réduction de leur volume cérébral, du cervelet et du 

thalamus (Deloulme et al., 2015; Powell et al., 2007). Elles ont une diminution du volume des voies 

myélinisées ainsi que de la fasciculation des voies cortico-spinales et la perte de la partie post-

commissurale du fornix (Deloulme et al., 2015 ; Gimenez et al., 2017). L'absence du fornix entraîne une 

déconnexion entre l'hippocampe et l'hypothalamus et contribue certainement aux défauts 

comportementaux observés chez les souris MAP6-KO (voir plus bas). 

 

2.3.1.1.4 Rôles de MAP6 dans le comportement 

Les troubles précédemment décrits chez les souris MAP6-KO sont associés/participent à des 

troubles du comportement observés tels qu’une hyperactivité, une fragmentation de l'activité 

normale, un comportement de type anxieux, un retrait social et un comportement maternel altéré 

conduisant à la mort des petits (Andrieux et al., 2002; Bouvrais-Veret et al., 2007; Brun et al., 2005; 

Fradley et al., 2005).  

 

2.3.1.1.5 MAP6 : Modèle animal et implication en pathologies neuronales humaines 

Ces défauts biologiques et comportementaux répondent à un traitement à long terme par des 

antipsychotiques couramment utilisés pour le traitement de la schizophrénie, ce qui a amené à 

proposer les souris MAP6-KO comme un modèle d'étude de cette pathologie (Andrieux et al., 2002).  

Allant dans ce sens, des défauts d’expression de MAP6 ont été associés à des pathologies humaines 

dans des études portant sur des cas de retard de développement, de dysgénésie du corps calleux et 
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de symptômes autistiques ou schizophréniques (Chen et al., 2021; Choi et al., 2009; Martins-de-Souza 

et al., 2009; Shimizu et al., 2006; Wei et al., 2016; Xiao et al., 2015). 

 

2.3.1.1.6 Importance de la régulation de la dynamique des microtubules dans les 

fonctions neuronales de MAP6 

En plus des neuroleptiques, il a été montré qu’une partie des déficits observés chez les souris 

MAP6-KO pouvaient être améliorés par traitement à long terme avec de l’épothilone D (Andrieux et 

al., 2006; Daoust et al., 2014; Fournet et al., 2012a).  L’épothilone D est un modulateur de la dynamique 

des microtubules, capable de stabiliser les microtubules in vitro (Chou et al., 1998; Kolman, 2004). De 

même, le NAP, un motif de l’ADNP (Activity-Dependant Neuroprotective Protein), qui favorise la 

croissance et la stabilisation des microtubules, atténue partiellement les déficiences cognitives chez 

les souris hétérozygotes pour MAP6 (Merenlender-Wagner et al., 2010; Volle et al., 2013). Le NAP 

interagit avec la tubuline (Divinski et al., 2004), les protéines EB (Gozes and Divinski, 2007; Oz et al., 

2014) et Tau (Ivashko-Pachima and Gozes, 2019; Ivashko-Pachima et al., 2019; Ivashko-Pachima et al., 

2017). Son expression est dérégulée dans la schizophrénie et l'autisme (Gozes, 2011; Hacohen-Kleiman 

et al., 2018; Van Dijck et al., 2019). 

Ces observations mettent en évidence un rôle important de la régulation de la dynamique des 

microtubules par MAP6 dans la plasticité synaptique et le comportement.  

 

2.3.1.2 Cytosquelette d’actine et microtubules 

 
Le cytosquelette des cellules eucaryotes comprend les filaments d'actine, les filaments 

intermédiaires et les microtubules qui forment des réseaux distincts. Bien qu’issues d’un ancêtre 

commun, l'actine et la tubuline ont divergé pour donner aujourd'hui des protéines qui forment des 

polymères différents tout en préservant des modes de fonctionnement et de régulation similaires. 

 

2.3.1.2.1 Localisation et fonctions cellulaire des microtubules et des filaments d’actine 

Les microtubules, polymères longs et rigides, forment un réseau qui rayonne depuis le 

centrosome ou centre organisateur des microtubules (MTOC) jusqu’à la périphérie de la cellule. Dans 

les neurones matures, des microtubules non-centrosomiques sont orientés vers les extrémités dans 

les axones ou ont une orientation mixte dans les dendrites (Kapitein and Hoogenraad, 2015). Les 

microtubules forment l'échafaudage de l'appareil mitotique (McIntosh, 2016), des axonèmes, des cils 

et des flagelles (Loreng and Smith, 2017). Ils servent aussi de rails pour les moteurs moléculaires 

dynéine et kinésine qui transportent sur de longues distances des complexes protéiques ou des 

vésicules (Barlan and Gelfand, 2017; Sweeney and Holzbaur, 2018). Ces mouvements sont 
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responsables des distributions caractéristiques du réticulum endoplasmique, de l'appareil de Golgi et 

d'autres organites dans le cytoplasme. 

Les filaments d'actine se concentrent principalement à la périphérie de la cellule, au niveau du 

cortex sous-jacent à la membrane plasmique (Svitkina, 2020). Dans les neurones, l’actine s’accumule 

au niveau des cônes de croissance et dans les épines dendritiques. La polymérisation des filaments 

d'actine produit des forces pour les mouvements cellulaires et le trafic membranaire. Les myosines 

transportent des vésicules sur de courtes distances le long des filaments d'actine et tirent sur les câbles 

d’actine pendant la locomotion, la cytokinèse et d'autres changements de forme de la cellule (Svitkina, 

2018). 

 

2.3.1.2.2 Composition et formation des microtubules et des filaments d’actine 

Microtubules et filaments d’actine sont des structures polarisées formées par l’assemblage en 

tête à queue de sous-unité protéiques. 

L’unité de base des microtubules est un hétérodimère stable constitué d’une molécule de 

tubuline α et une molécule de tubuline β. Les dimères de tubuline s'associent pour former des 

protofilaments qui, à leur tour, établissent des liaisons latérales entre sous-unités voisines identiques 

(α/α et β/β) pour former un cylindre d’environ 25 nm de diamètre. Les protofilaments sont légèrement 

décalés les uns par rapport aux autres, formant une hélice latérale. Le nombre de protofilaments qui 

composent les microtubules peut varier in vitro de 11 à 17 (Pierson et al., 1978). In vivo, la plupart des 

microtubules cytoplasmiques sont composés de 13 protofilaments. Selon le nombre de protofilaments 

qui constitue le microtubule, le décalage après un tour d’hélice latérale varie, imposant une contrainte 

différente sur la fermeture du tube. Dans le cas d’un microtubule à 13 protofilaments, cas le plus 

courant in vivo, le décalage correspond pratiquement à la dimension de trois sous-unités de tubuline. 

En conséquence, à la fermeture, chaque sous-unités α va se trouver à côté d’une sous-unité β formant 

une couture (seam) dans laquelle les interactions latérales seront entre des sous-unités différentes 

(α/β) à la différence du reste du microtubule. Une deuxième conséquence du décalage est que la 

couture va se faire en induisant un angle différent de rotation entre l’axe des protofilaments et l’axe 

du microtubule produisant ainsi une hélice longitudinale des protofilaments autour du microtubule. 

La molécule d'actine est plate, composée de quatre domaines avec au centre, une cavité 

profonde où se fixe l’ATP (Pollard, 2016). Les monomères d’actine s’associent pour former des 

filaments qui décrivent une hélice droite constituée de deux brins parallèles décalés d’une demi-unité. 

Toutes les sous-unités d'actine asymétriques sont orientées dans la même direction le long du 

polymère, conférant une polarité au filament. Les deux extrémités des filaments d'actine sont appelées 

extrémités "barbées" et "pointues", du fait de l’aspect des filaments en microscopie électronique 

lorsqu’ils sont décorés par la myosine. 



14 
 

2.3.1.2.3 Dynamique d’assemblage des microtubules et des filaments d’actine  

La nucléation de la polymérisation des microtubules et de l'actine peut se faire spontanément 

mais elle est thermodynamiquement défavorisée. Les cellules utilisent des protéines régulatrices pour 

spécifier quand et où de nouveaux polymères se forment. Une fois amorcés, les filaments d'actine et 

les microtubules peuvent s'allonger aux deux extrémités par l'addition de monomères ATP-actine ou 

de dimères de GTP-tubuline respectivement. L’extrémité barbée du filament d'actine et l’extrémité 

« plus » du microtubule se développent plus rapidement que l’extrémité pointue du filament d'actine 

et « moins » du microtubule. Les nucléotides liés à l'actine et à la tubuline ont un impact sur leurs 

propriétés de polymérisation. Chacune des sous-unités du dimère αβ de tubuline a un site de liaison 

pour un nucléotide guanine qui se situe à l’extrémité « plus ». Le GTP, qui est lié à la sous-unité α à 

l'interface stable entre les deux sous-unités, est stable. Le site exposé sur la sous-unité β se lie soit au 

GTP soit au GDP. La présence de GTP sur la sous-unité β est favorable à l’assemblage du dimère à 

l’extrémité du microtubule. Les dimères de tubuline s'associent ou se dissocient essentiellement aux 

extrémités, généralement plus rapidement aux extrémités « plus » qu'aux extrémités « moins » 

(Goodson and Jonasson, 2018). Suite à l’assemblage, le GTP de la sous-unité β est hydrolysé et le 

phosphate γ se dissocie.  La GDP-tubuline, si elle est exposée à l'extrémité d'un microtubule se dissocie 

très rapidement mais elle peut être stabilisée par la présence d’une coiffe de sous-unités de GTP-

tubuline présente à l'extrémité du microtubule. La perte de la coiffe GTP déstabilise l'extrémité d'un 

microtubule et entraîne une dépolymérisation rapide par dissociation de courts morceaux de 

protofilaments. Dans la cellule, de nombreux microtubules peuvent alterner entre des phases 

d'élongation et de désassemblage (interrompues respectivement par des évènements de 

« catastrophe » ou « sauvetage »), un comportement appelé instabilité dynamique (Desai and 

Mitchison, 1997; Mitchison and Kirschner, 1984). Après qu'un dimère se dissocie d'un microtubule, le 

GDP de la sous-unité β est échangé contre du GTP dans le cytoplasme en vue d'un autre cycle 

d'assemblage. La dépolymérisation des microtubules peut également être catalysée à partir des 

extrémités par des kinésines dépolymérisantes (Walczak et al., 2013) ou par clivage interne par la 

Katanine, la Spastine ou la Fidgetine (Kuo and Howard, 2021). 

Les deux extrémités du filament d’actine peuvent croître ou rétrécir, mais l'extrémité barbée 

croît plus rapidement que l'extrémité pointue. Après assemblage, l'ATP lié à l'actine est rapidement 

hydrolysé en ADP, suivi d'une lente dissociation du γ-phosphate. L'actine ADP-Pi ressemble beaucoup 

à l'actine ATP, mais l'ADP-actine se dissocie plus rapidement des filaments que l'ATP-actine. Par 

conséquent, la réaction cruciale est la dissociation du phosphate plutôt que l'hydrolyse de l'ATP 

(Pollard, 2016). La dépolymérisation des filaments d’actine peut être catalysée par fragmentation par 

la cofiline (Blanchoin et al., 2014). 
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2.3.1.2.4 Nucléation des microtubules et des filaments d’actine 

In vivo, la nucléation des microtubules se fait majoritairement au niveau du MTOC à partir du 

complexe γ-TuRC (γ-Tubulin Ring Complex) qui agit à la fois comme noyau de nucléation et coiffe de 

l’extrémité moins. Cependant, dans les neurones, en absence de MTOC central, la nucléation est 

régulée localement. Les Golgi « outpost » dans les dendrites de neurones en cours de développement 

ont notamment été décrits comme centre de nucléation des microtubules implicant le complexe γ-

TuRC (Ori-McKenney et al., 2012). La nucléation de nouveaux microtubules à partir de la surface d’un 

microtubule préexistant a également été décrite : le complexe Augmine dont l’interaction avec la 

surface des microtubules est favorisée en présence de TPX2, peut promouvoir l’attachement du 

complexe γ-TuRC sur un microtubule existant, favorisant ainsi la formation localisée d’un nouveau 

microtubule (Cunha-Ferreira et al., 2018; Petry et al., 2013; Sanchez-Huertas et al., 2016). D’autres 

mécanismes participant à la formation de microtubules indépendamment du complexe γ-TuRC ont été 

proposés. Des protéines qui coupent les microtubules, comme la Katanine ou la Spastine peuvent 

produire des bouts de microtubules susceptibles de polymériser pour former de nouveaux 

microtubules. La protéine CAMSAP en stabilisant les bouts « moins » peut favoriser ce processus 

(Akhmanova and Hoogenraad, 2015; Goodwin and Vale, 2010; Liu et al., 2021). Beaucoup de protéines 

qui stabilisent les microtubules ont une activité de nucléation des microtubules in vitro mais ce n’est 

pas clair si elles agissent in vivo en favorisant la nucléation ou en stabilisant des microtubules nucléés 

par d’autres mécanismes. 

In vitro, la nucléation d’un filament d’actine consiste en la formation au minimum d’un trimère 

d’actine qui sert de base à la polymérisation. La formation de ces noyaux, très instables, peut être 

favorisée par différents facteurs protéiques. On dénombre trois types de facteurs de nucléation :  1) le 

complexe ARP2/3 se fixe sur des filaments existants et mime une extrémité barbée d’où va polymériser 

un nouveau filament avec un angle constant par rapport au filament mère, ce qui conduit à la 

formation d’un réseau branché. Ce réseau situé dessous la membrane plasmique joue un rôle dans la 

formation de protrusions cellulaires (Gautreau et al., 2021; Papalazarou and Machesky, 2021). 2) Les 

formines constituent une large famille de protéines qui favorisent la nucléation et l’élongation des 

filaments d’actine (Valencia and Quinlan, 2021). Ce sont de homodimères caractérisés par un domaine 

FH2 et un domaine FH1 riche en prolines. Le domaine FH2 favorise la nucléation en stabilisant les 

dimères d’actine (Pring et al., 2003) et interagit avec l’extrémité barbée (Goode and Eck, 2007; Paul 

and Pollard, 2009).  Le domaine FH1 favorise l’élongation en interagissant avec la profiline. Les 

formines permettent la nucléation de filaments non-branchés présents dans les anneaux contractiles, 

les fibres de stress et les filopodes, 3) une troisième famille de nucléateurs de filaments d’actine est 

constituée des protéines à plusieurs domaines WH2 (Dominguez, 2016). Les domaines WH2 constitués 

d’une hélice α suivi d’une petite séquence LKKV sont des domaines qui peuvent interagir avec de 
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l’actine-ATP avec une forte affinité. Présents en plusieurs copies dans des protéines comme Spire (4 

WH2), Cordon bleu (3 WH2) ou VopL/VopF (3 WH2), ils favoriseraient la formation de dimères ou 

trimères d’actine (Ahuja et al., 2007; Liverman et al., 2007; Quinlan et al., 2005; Tam et al., 2007). 

Comme pour les microtubules, la génération de nouveaux filaments peut aussi se faire pas coupure de 

fragments existants par la cofiline (Ichetovkin et al., 2002). 

 

2.3.1.2.5 Formation de faisceaux de microtubules ou de filaments d’actine 

Les microtubules peuvent s’associer en larges faisceaux (bundles) sous l’activité de protéines 

de pontage présents au niveau du fuseau mitotique comme MAP65/ASE1/PRC1 ou CENP-V (Nabi et 

al., 2021; Walczak and Shaw, 2010). Dans les prolongements neuronaux, les protéines Tau, MAP2 et 

Ankyrine B pontent les microtubules en régulant leur espacement (Chen et al., 1992; Chen et al., 2020; 

Harada et al., 1994; Stephan et al., 2015). Trim 1 et MTCL1 au niveau de l’AIS (Axon Initial Segment) 

sont d’autres protéines pouvant participer à la formation de faisceaux de microtubules (Harterink et 

al., 2019; Satake et al., 2017). 

La formation de faisceaux d’actine est importante dans le rôle structural de l’actine, la 

génération de force (De La Cruz and Gardel, 2015), la division cellulaire et la motilité (Mitchison and 

Cramer, 1996; Pollard and Cooper, 2009) et dans la formation des filopodes (Blanchoin et al., 2014; 

Mogilner and Rubinstein, 2005). Les filaments d’actine peuvent être pontés par de nombreuses 

protéines (Matsudaira, 1994). Par exemple, la Fascine et la Fimbrine forment des faisceaux denses 

d’actine dans les filopodes (Gallop, 2020) alors que la filamine au niveau des lamellipodes, ponte un 

réseau moins compact (Razinia et al., 2012). 

 

2.3.1.2.6 Coordination entre le cytosquelette d’actine et les microtubules 

La communication entre les filaments d’actine et les microtubules est essentielle pour le bon 

fonctionnement de mécanismes tels que la cytokinèse, la génération et le maintien de la polarité 

cellulaire (Dogterom and Koenderink, 2019; Rodriguez et al., 2003). Elle met en jeu de grosses 

molécules d’échafaudage comme la protéine APC (Efimova et al., 2020) et la famille des plakines 

(Suozzi et al., 2012). Elle inclut aussi la famille des formines (Bartolini et al., 2012; Gaillard et al., 2011), 

la myosine 10 (Weber et al., 2004) et des MAP structurales comme TAU (Cabrales Fontela et al., 2017; 

Elie et al., 2015). Durant le développement neuronal, l’interaction entre des microtubules dynamiques 

et les faisceaux de filaments d’actine au niveau des filopodes, est essentielle pour la formation de 

branches collatérales (Dent and Kalil, 2001; Kalil and Dent, 2014; Ketschek et al., 2016; Pacheco and 

Gallo, 2016). L’interaction entre les microtubules dynamiques et les filaments d’actine dans les 

filopodes ainsi que dans les épines dendritiques fait intervenir la drébrine (Ketschek et al., 2016; 

Merriam et al., 2013). Les microtubules dynamiques peuvent également pénétrer dans les épines 
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dendritiques et modifier leur morphologie en interagissant avec les filaments d’actine à travers des 

protéines de bouts « plus » des microtubules comme EB3 (Dent, 2017; Gu et al., 2008; Jaworski et al., 

2009) ou CLIPs (Neukirchen and Bradke, 2011; Swiech et al., 2011). 

 

2.3.2  Résultats 

 

2.3.2.1 PARTIE I : Mécanisme de stabilisation par MAP6F des microtubules exposés au 

froid  

Dans cette étude, nous nous sommes intéressés au mécanisme de reconnaissance et de 

stabilisation des microtubules par l’isoforme ubiquitaire de MAP6, MAP6F, à basse température. 

Des informations complémentaires, détails expérimentaux et figures pourront être trouvés dans 

l’article original joint en annexe (p110): « MAP6-F is a temperature sensor that directly binds to and 

protects microtubules from cold-induced depolymerization » par C. Delphin, D. Bouvier, M. Seggio*, E. 

Couriol, Y. Saoudi, E. Denarier, C. Bosc, O. Valiron, M. Bisbal, I. Arnal and A. Andrieux, Journal of 

Biochemical Chemistry, 2012. 

*Doctorant sous ma co-direction. 

In vitro, la dynamique des microtubules est sous le contrôle de la concentration en tubuline et de 

nombreux autres paramètres physico-chimiques (Lee and Timasheff, 1977; Olmsted and Borisy, 1975; 

Regula et al., 1981). Parmi ceux-ci, la température joue un rôle crucial car les microtubules se 

dépolymérisent lors d’un changement de température de 37 °C à 4 °C. Cela pourrait être dû à la 

modification de différents paramètres de la dynamique, dont l’augmentation du nombre de 

catastrophes et la disparition des événements de sauvetage à ces températures (Fygenson et al., 1994; 

Modig et al., 2000). Parmi les organismes endothermes qui contiennent des microtubules sensibles au 

froid, certains peuvent subir une baisse significative de leur température corporelle dans des 

conditions naturelles. Le maintien d’un réseau minimal de microtubules est alors nécessaire pour les 

fonctions cellulaires de base. Il avait été démontré que la protéine MAP6 est la principale protéine 

capable de protéger les microtubules contre la dépolymérisation induite par le froid (Andrieux et al., 

2002; Denarier et al., 1998b). Cependant, la sensibilité au froid des microtubules cellulaires à des 

températures variables entre 37 °C et 4 °C était peu connue et le mécanisme de leur protection par 

MAP6 n’était pas compris. 

Dans les cellules fibroblastiques NIH/3T3 qui expriment la plus petite isoforme de MAP6, MAP6F, 

les microtubules sont dynamiques à 37 °C (comme révélé par leur sensibilité au nocodazole) (Lieuvin 

et al., 1994) alors qu’ils sont stables à 4 °C. Cette stabilité s’accompagne d’une relocalisation de MAP6F 

du cytosol à 37 °C vers le réseau de microtubulaire à 4 °C (Denarier et al., 1998a). Ces données 
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suggèrent que la stabilisation des microtubules par MAP6F dépend de la liaison de la protéine aux 

microtubules. 

 

2.3.2.1.1 MAP6F protège les microtubules d’une dépolymérisation température 

dépendante comprise entre 25 °C et 4 °C. 

L’effet du froid sur la dépolymérisation des microtubules et leur protection par MAP6 ont été 

documentés dans des conditions de diminution rapide de la température de 37 °C à 4 °C. Ici, nous 

avons analysé l’effet de l’exposition des microtubules à des températures intermédiaires. Les cellules 

ont donc été incubées à des températures variables entre 37 °C et 4 °C puis nous avons quantifié par 

immunofluorescence les microtubules présents après exposition. Ceci a été fait après élimination de 

la fraction de tubuline libre soluble par perméabilisation des cellules en présence de glycérol (pour 

préserver les microtubules). Dans ces conditions, en absence de MAP6F (HeLa, naturellement 

dépourvues de MAP6F ou MEF KO pour MAP6 (MEF-/-)), la quantité de microtubules cellulaires décroît 

progressivement lorsque la température diminue en dessous de 25 °C jusqu’à une quantité très faible 

à 4 °C. Par contre, en présence de MAP6F (3T3, MEF+/+), une quantité résiduelle importante de 

microtubules est préservée même à très basse température. Ceci indique que MAP6F protège les 

microtubules d’une dépolymérisation induite par des température comprises entre 25 °C et 4 °C. 

 

2.3.2.1.2 In vivo, MAP6F se relocalise du cytoplasme vers les microtubules de façon 

température-dépendante et rapidement lors d’une chute de température de 37 °C à 4 °C 

Pour mieux caractériser les mécanismes de stabilisation des microtubules par MAP6 durant le 

refroidissement, nous avons cherché à établir une corrélation entre les conditions qui déstabilisent les 

microtubules et celles qui permettent l’interaction de MAP6 avec les microtubules et leur stabilisation. 

Il était connu que MAP6 se relocalisait du cytoplasme vers le réseau microtubulaire lors d’un passage 

de 37 °C à 4 °C, nous avons également observé qu’une telle relocalisation se produit déjà à 15 °C. Pour 

analyser l’association de MAP6F avec les microtubules, nous avons utilisé des approches de 

fractionnement subcellulaire et quantifié la part de MAP6F dans la fraction soluble et la fraction 

insoluble. En parallèle, nous avons analysé l’activité de MAP6F dans les cellules 3T3 en quantifiant les 

microtubules protégés d’une dépolymérisation induite par le froid. En effet, comme MAP6 n’est pas 

associée avec les microtubules à 37 °C, elle est éliminée lors de la perméabilisation des cellules et les 

microtubules deviennent sensibles au froid. Au contraire, si les cellules sont exposées au froid avant 

perméabilisation, MAP6F s’associe aux microtubules qui deviennent résistants au froid. On peut donc, 

en quantifiant la résistance des microtubules a une dépolymérisation induite par le froid, identifier les 

conditions nécessaires à une interaction de MAP6F avec les microtubules. Dans ces conditions, nous 
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avons observé une relocalisation progressive de MAP6F de la fraction soluble vers la fraction insoluble 

lorsque la température décroit par paliers de 37 °C à 4 °C. Nous avons également observé que la 

réponse de MAP6 à un changement de température est très rapide ( ̴15 s à 4 °C) et réversible avec la 

même cinétique suggérant que la température influence directement l’interaction de MAP6 avec les 

microtubules. 

 

2.3.2.1.3 Le domaine Mc de MAP6F se lie de façon température-dépendante aux 

microtubules. 

Nous avons ensuite purifié à partir de cellules d’insecte, MAP6F ou le domaine Mc de MAP6 

connus pour protéger les microtubules d’une dépolymérisation induite par le froid en condition de 

surexpression dans des cellules HeLa. La liaison in vitro du domaine Mc aux microtubules est 

dépendante de la température. Elle est très faible à 37 °C et augmente de manière significative lorsque 

la température diminue en dessous de 20 °C pour atteindre une haute affinité (Kdapp 70 nM) à 4 °C. 

Ainsi, in vivo et in vitro, le domaine Mc de MAP6 reconnait et stabilise les microtubules dès que la 

température descend en dessous de 20 °C. Ces résultats montrent également pour la première fois 

une interaction directe de MAP6F avec les microtubules. 

 

2.3.2.1.4 La conformation de MAP6F est dépendante de la température 

Les résultats précédents suggèrent que MAP6F adopte une conformation dépendante du froid 

permettant son interaction avec les microtubules, et/ou que MAP6-F reconnait une caractéristique 

structurale des microtubules qui dépolymérisent sous l'effet du froid. En particulier, les microtubules 

qui dépolymérisent présentent à leurs extrémités, des protofilaments enroulés, mais nous n'avons 

observé aucune accumulation de MAP6F à l'extrémité des microtubules en voie de désassemblage, ni 

dans les cellules ni dans les essais in vitro suggérant que la reconnaissance spécifique des 

protofilaments enroulés vers l'extérieur par MAP6F est un mécanisme peu probable. Par contre, une 

analyse structurale du domaine Mc faite en collaboration avec Denis Bouvier (IBS-Grenoble) par 

dichroïsme circulaire indique que les domaines Mc ont tendance à se structurer en feuillets béta qui 

se désorganisent à basses températures. 

Ces résultats indiquent que MAP6 se comporte comme un « détecteur de température » en 

adaptant sa conformation pour permettre la liaison et la préservation des microtubules lors d’une 

baisse de température. 

 

2.3.1.2.5 Un rôle physiologique de MAP6F dans la protection des microtubules exposés 

à une baisse de température ?  
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Nous avons observé que les microtubules sont sensibles au froid et en absence de MAP6 

dépolymérisent graduellement à des températures allant de 20 °C à 4 °C.  Chez les animaux, des 

températures aussi basses peuvent être atteintes pendant les épisodes de torpeur ou d'hibernation 

(Geiser, 1988; Heldmaier et al., 2004) et MAP6 pourrait être nécessaire pour préserver un niveau 

minimal de microtubules dans de telles conditions. En accord avec cette hypothèse, nous avons trouvé 

une corrélation relativement bonne entre le nombre de motifs Mc (de 1 à 9) dans le domaine Mc des 

mammifères et la capacité des animaux à hiberner ou à entrer en torpeur. Par exemple, presque tous 

les rongeurs dont le génome a été séquencé (souris domestique, rat de Norvège, écureuil terrestre) 

qui présentent une MAP6 avec 3 à 9 répétitions de Mc sont capables d'hiberner ou de se mettre en 

torpeur, alors que le rat taupe, qui ne présente qu'un seul motif est très sensible à l'exposition au froid. 

De même, chez les primates, seule la branche lémurienne qui contient plusieurs motifs de Mc (3 à 6 

pour le galago à petites oreilles et le lémurien souris grise) peut entrer en torpeur alors que tous les 

autres primates incluant l'homme, l'ourang-outan de Sumatra, le chimpanzé, le gorille, le singe rhésus 

et le babouin Hamadryas n'entrent pas en torpeur et expriment une MAP6 à un seul motif. Chez 

l'homme, bien que minimale, la stabilisation des microtubules par MAP6 peut encore être utile lors 

d’épisodes d'hypothermie accidentels ou même pendant l'hypothermie périopératoire après une 

anesthésie. 

 

2.3.2.2 PARTIE II : Etude de l’activité de MAP6N sur la dynamique et la structure des 

microtubules 

 

Dans cette étude, nous nous sommes intéressés au rôle de MAP6 sur la dynamique et la 

structure des microtubules à température physiologique. Cette étude a été entreprise pour essayer de 

trouver une explication moléculaire aux défauts observés dans les souris MAP6 KO et sensibles à des 

traitements qui modifient la dynamique des microtubules. Nous avons donc travaillé avec MAP6N, la 

forme de MAP6 majoritaire dans les neurones et nous avons étudié son activité sur la dynamique des 

microtubules à température physiologique (35 °C - 37 °C). 

Des informations complémentaires, détails expérimentaux et les figures pourront être trouvés 

dans l’article original joint en annexe (p78) : « MAP6 is an intraluminal protein that induces neuronal 

microtubules to coil » C. Cuveillier*, M. Seggio*, J. Delaroche, S. Gory-Fauré, C. Bosc, E. Denarier, M. 

Bacia, G. Schoehn, H. Mohrbach, I. Kulić, A. Andrieux, I. Arnal and C. Delphin. Science Advances, 2020. 

*Co-premier auteurs, doctorants sous ma co-direction. 
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2.3.2.2.1 MAP6N interagit directement avec les microtubules et favorise leur 

polymérisation 

Nous avons, dans un premier temps, purifié MAP6 recombinante étiquetée ou non avec la GFP, 

et exprimée en cellules d’insectes, puis analysé son interaction avec les microtubules. A température 

physiologique (35 °C), MAP6N interagit avec les microtubules avec une forte affinité (Kdapp 50 nM). 

Ajoutée sur des microtubules polymérisés, elle décore rapidement et uniformément les microtubules 

(observation en microscopie TIRF). Nous avons constaté qu’une faible quantité de MAP6 a une forte 

activité de stabilisation des microtubules en ralentissant la vitesse de dépolymérisation et en induisant 

des « sauvetages ». Cette activité est similaire à celle décrite pour d'autres MAP structurales. Nous 

avons aussi observé une augmentation de la fréquence de survenue de « catastrophes » en présence 

de MAP6N, ce qui indique une activité déstabilisatrice de MAP6N sur l'extrémité des microtubules en 

croissance. La combinaison de ces deux activités conduit à la polymérisation de microtubules stables 

à extrémité dynamique.  

 

2.3.2.2.2 MAP6N induit la polymérisation de microtubules hélicoïdaux  

Etonnement, avec une concentration modérée de MAP6N (50-100 nM), les microtubules 

adoptent une conformation en spirale gauche avec un pas et une largeur d'environ 5,5 µm et 700 nm 

respectivement, observable en microscopie TIRF ou airyscan. Cet effet de MAP6N sur la structure des 

microtubules nécessite la présence de MAP6N durant la polymérisation et n’est pas observé lors de 

l’ajout de MAP6N sur des microtubules déjà formés. Encore une fois, ces données suggèrent une 

activité de MAP6 à l'extrémité des microtubules.  

 

2.3.2.2.3 MAP6N favorise la fermeture des feuillets à l’extrémité des microtubules 

Au vu de ces résultats, nous avons analysé l'effet de MAP6N sur les feuillets présents aux 

extrémités des microtubules en croissance. Les microtubules ont été polymérisés en présence de 

DMSO et GMPcPP, conditions favorisant l'observation des feuillets. Alors que de nombreux feuillets 

sont observables en conditions contrôle, la présence de MAP6N diminue de façon significative la 

proportion de feuillets par rapport aux tubes indiquant que MAP6N favorise la fermeture du feuillet à 

l'extrémité du microtubule. 

 

2.3.2.2.4 MAP6N est une MIP (Microtubule Inner Particule) in vitro et in vivo 

Mais le plus surprenant est qu’au cours de nos études de microscopie électronique à 

transmission, nous avons observé la présence d’une succession de petites structures ponctiformes de 

forte densité électronique régulièrement espacés le long des microtubules polymérisés en présence 
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de MAP6N. Nous avons pu montrer par tomographie cryo-électronique que ces particules sont 

localisées à l'intérieur des microtubules. Nous avons également observé la présence de ces particules 

intraluminales lorsque les microtubules sont copolymérisés avec MAP6N dans des conditions standard 

en présence de GTP. La participation de MAP6 dans la formation des particules intraluminales a été 

confirmée in vivo par l’analyse par cryo-microscopie électronique de microtubules de cultures 

primaires de neurones issus de souris sauvage ou déficientes en MAP6.  La présence des particules 

intraluminales est fortement réduite dans les microtubules des neurones dépourvus de MAP6 par 

rapport aux neurones sauvages.  Cela indique que MAP6 est un composant principal des particules 

intraluminales des microtubules dans les neurones et que la présence de ces structures pourrait définir 

une population spécifique de microtubules. 

 

2.3.2.2.5 MAP6N favorise la formation de microtubule avec des ouvertures 

Une autre observation que nous avons faite par cryo-microscopie électronique est la présence 

de nombreux trous stables dans le réseau des microtubules polymérisés en présence de MAP6N. Nos 

données suggèrent que MAP6N peut avoir deux activités différentes sur les microtubules : une 

première activité, stabilisatrice, comme d’autres MAP structurale et une seconde, qui se produirait lors 

de la polymérisation à l'extrémité du microtubule, conduisant à l'incorporation de MAP6N dans la face 

interne du microtubule, à une déformation hélicoïdale du microtubule, à la formation de trous et à 

l’induction de catastrophes. En accord avec cette hypothèse, nous avons identifié un mutant de 

MAP6N qui porte une délétion de 32 acides aminés dans son domaine N-terminal, MAP6Δ4-35, et qui 

conserve une activité stabilisatrice des microtubules mais aucune de ses autres fonctions. 

 

2.3.2.2.6 Modèle de déformation des microtubules par l’incorporation de MAP6N 

En collaboration avec Igor Kulic et Herve Morhbach (Strasbourg), nous avons établi un modèle 

à partir des données de l’équipe et de la littérature, de déformation des microtubules en présence de 

MAP6N. Ce modèle est basé sur l'état conformationnel bistable des dimères de tubuline : une 

conformation allongée, énergétiquement favorisée par liaison au GTP et une conformation courte et 

compacte favorisée en présence GDP. En condition standard, la tubuline liée au GDP (après hydrolyse 

du GTP suite à l’incorporation dans le microtubule) adopte la conformation courte et le microtubule 

est droit. MAP6N se lierait à la GTP-tubuline pendant la polymérisation et formerait un noyau élastique 

qui favoriserait la forme allongée de la tubuline, même après hydrolyse du GTP. Ceci introduirait un 

stress au niveau de la tubuline entre une conformation compacte favorisée par l’hydrolyse du GTP et 

la conformation allongée favorisée par la présence de MAP6N. Ces deux situations étant 

énergétiquement défavorables, le microtubule réduirait son énergie interne en permettant à une 
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partie des protofilaments d'être dans la forme allongée tandis que les autres adopteraient la forme 

compactée.  Ceci introduirait une courbure qui se propagerait le long des protofilaments. Nous avons 

observé que MAP6N favorise la polymérisation de microtubules à 14 protofilaments connus pour avoir 

une hélicité gauche avec un pas de 5,6 µm. Cette hélicité, combinée à la courbure induite par MAP6N, 

forcerait le microtubule à adopter une forme en spirale. 

 

2.3.2.2.7 Quel rôle pour des microtubules hélicoïdaux avec des trous persistants et des 

densités intraluminales dans les neurones ?  

Nous avons observé que les microtubules qui polymérisent en présence de MAP6N peuvent 

adopter une structure hélicoïdale. In vivo, à cause de leur faible amplitude, ces déformations sont 

difficiles à observer.  Ces structures pourraient influencer l'organisation spatiale du réseau de 

microtubules, par exemple, en modifiant le co-alignement et la formation de faisceaux de 

microtubules, contribuer à déterminer la largeur des neurites ou des axones, ou conférer une 

résistance aux charges compressives rencontrées au cours du développement ou de la régénération.  

In vivo, la plupart des microtubules observés sont constitués de 13 protofilaments. Et des 

facteurs protéiques autres que MAP6N tels que la doublecortine favorisent ce type de microtubules 

(Bechstedt and Brouhard, 2012). Dans les microtubules possédant 13 protofilament, les protofilaments 

ont un angle de rotation très faible autour de l’axe du microtubule. Dans ce cas, une torsion induite 

par MAP6N induirait la formation d’une courbure en arc de cercle. Une localisation de MAP6N pourrait 

alors favoriser des changements de direction des microtubules.  

La présence de particules intraluminales dans les microtubules cellulaires avait été observée 

par cryo-microscopie électronique depuis longtemps (Burton, 1984; Garvalov et al., 2006). Au niveau 

des cônes de croissance, ces particules semblent être enrichies dans les microtubules stables et 

pourraient participer à cette stabilisation (Atherton et al., 2018; Foster et al., 2022).  

 

2.3.2.3 PARTIE III : Rôle de MAP6N sur la nucléation des microtubules et des filaments 

d’actine et sur la formation de faisceaux d’actine 

 

2.3.2.3.1 MAP6N promeut la nucléation des microtubules in vitro 

Au cours de l’étude décrite précédemment, nous avons observé en microscopie TIRF qu’en 

absence d’amorces, MAP6N, à une concentration supérieure à 200 nM, est capable d’induire la 

nucléation des microtubules. Nous avons analysé cet effet par des expériences de polymérisation en 

solution, sédimentation, et quantification de la masse de microtubules obtenus, conditions standard 

d’évaluation de la concentration critique de nucléation (Figure 2).  
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Les résultats obtenus indiquent que dans ces conditions, la concentration critique de 

nucléation de la tubuline passe de 38 µM en absence de MAP6 à 8 µM en présence de 500 nM de 

MAP6N. Lorsque l’on analyse la proportion de tubuline polymérisée par rapport à la tubuline totale 

présente dans l’essai, on remarque que la courbe obtenue en présence de MAP6N a une allure 

différente de celle de la condition contrôle ou en présence de TAU. En effet, des microtubules, 

observables en microscopie électronique, sont présents à de très faibles concentrations en tubuline. 

Ceci indique que l’effet de MAP6N sur la concentration critique de nucléation des microtubules est 

sous-estimé lorsque l’on quantifie cet effet en mesurant la quantité totale de tubuline polymérisée, et 

qu’avec MAP6N des évènements de polymérisation peuvent se produire à des concentrations en 

tubuline de l’ordre du micromolaire. Quoiqu’il en soit, la capacité de MAP6N à nucléer des 

microtubules est nettement supérieure à celle observée pour TAU, une autre MAP structurale qui 

présente pourtant des effets sur la dynamique des microtubules comparables à MAP6N (Ramirez-Rios 

2016). Ces résultats suggèrent que MAP6N pourrait avoir une capacité particulière à induire la 

nucléation des microtubules qui pourrait être due en partie à sa capacité à interagir avec la face interne 

des microtubules. 

 
2.3.2.3.2 MAP6N stimule la nucléation des filaments d’actine 

Parallèlement à ce travail, nous avons également observé au laboratoire une réduction de la 

densité en épines dendritiques présentes sur les neurones cultivés à partir de cerveaux de souris 

MAP6-KO. Nous avons montré que cette activité pouvait être restaurée par surexpression du domaine 

Mc de MAP6 dans ces neurones.  Ce domaine interagit avec l’actine dans les cônes de croissance et les 

épines dendritiques et permet la stabilisation de l’actine des épines dendritiques en réponse à une 

activation synaptique. In vitro, ce domaine favorise la nucléation des filaments d'actine. Ces résultats 

suggèrent qu’une partie des défauts observés chez les souris MAP6-KO pourrait être liée à une 

perturbation de la régulation du cytosquelette d’actine (Peris et al., Nature com., 2018 (p89)).  

Figure 2 : MAP6N favorise la nucléation des microtubules 
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Au cours de cette étude, nous 

avons observé sur des courbes 

d’assemblage d’actine/pyrène que MAP6N 

présente une activité de nucléation bien 

supérieure à celle des domaines Mc isolés. 

Ceci indique que la protéine contient 

d’autres domaines impliqués dans cette 

activité et que le rôle de MAP6 sur le 

cytosquelette d’actine pourrait dépasser 

celui décrit précédemment au niveau des 

épines dendritiques.  Nous avons alors entrepris une étude in vitro sur la régulation du cytosquelette 

d’actine par MAP6N. Nous avons suivi, par mesure de la fluorescence d’actine-pyrène (2 µM), la 

polymérisation de l’actine en présence d’une concentration croissante de MAP6N et observé que 

MAP6N favorise fortement et de manière dose-dépendante la nucléation des filaments d’actine 

(Figure 3). Cet effet de MAP6N sur l’induction de la polymérisation de l’actine a aussi été observé en 

microscopie TIRF. 

 

2.3.2.3.3 MAP6N se lie aux filaments d’actine et les organise en faisceaux denses 

Nous avons également observé, dans des expériences de co-sédimentation, que MAP6N lie les 

filaments d’actine. Pour ces expériences, des concentrations croissantes d’actine polymérisée et 

stabilisée avec de la phalloïdine (de 0 à 6 µM) sont incubées avec MAP6N (500 nM) puis sédimentées 

par centrifugation à haute vitesse (100 000 xg). La quantité de MAP6N ayant interagi avec les filaments 

et co-sédimenté est ensuite quantifiée. Les résultats indiquent une interaction dose-dépendante de 

MAP6N avec les filaments d’actine et une affinité apparente associée d’environ 200 nM (Figure 4).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3 : MAP6N stimule la nucléation  
     des filaments d’actine 

 

Figure 4 : MAP6 interagit avec les filaments d’actine 
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De la même façon, nous avons étudié la capacité de MAP6N à induire la formation de faisceaux 

de filaments d’actine (Figure 5). Dans ce cas, une concentration fixe d’actine/phalloïdine (2 µM) est 

incubée avec une concentration croissante de MAP6N puis centrifugée à faible vitesse (15 000 xg) pour 

sédimenter les faisceaux d’actine plus lourd (C) alors que les filaments isolés restent dans le surnageant 

(S). Les résultats montrent que MAP6N induit de façon dose-dépendante la formation de faisceaux 

d’actine.  Ces faisceaux d’actine formés en présence de MAP6N et observés par microscopie 

électronique après coloration négative présentent une structure compacte. Ils sont constitués 

majoritairement de 8 filaments d’actine avec la présence de structures ponctiformes denses aux 

électrons qui semblent être au centre des faisceaux. Ces structures bien que de taille différente (  ̴15 

nm) évoquent celles observées avec MAP6N à l’intérieur des microtubules. 

 

 

 

 

 

 

 

 

 

2.3.2.3.4 MAP6N favorise la co-nucléation et le co-alignement des filaments d’actine 

et des microtubules  

Nous avons cherché à savoir ce qui se passe lorsque MAP6N se retrouve en présence conjointe 

de tubuline et d’actine, comme c’est le cas dans les cellules. Pour répondre à cette question, de la 

tubuline (7 µM) et de l’actine (0.3 µM) à des concentrations où il n’y a pas ou très peu de 

polymérisation en l’absence de MAP6N, ont été incubées en présence de 250 nM MAP6N et observées 

en microscopie TIRF (Figure 6). Dans ces conditions, nous observons que des microtubules et des 

filaments d’actine polymérisent rapidement et se co-localisent partiellement.  Ces résultats montrent 

que MAP6N peut à la fois favoriser la nucléation des microtubules et des filaments d’actine et induire 

leur co-alignement. 

Figure 5 : MAP6N induit la formation dose-
dépendante de faisceaux d’actine. En haut, 
analyse sur gel SDS-PAGE et Coomassie de la 
quantité de filaments en faisceaux (C) ou non (S). En 
bas, observation des faisceaux par microscopie 
électronique. 
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2.3.2.3.5 Déterminants moléculaires de l’interaction de MAP6N avec l’actine et la 

tubuline. 

Afin de déterminer les domaines fonctionnels de MAP6N impliqués dans son interaction avec 

la tubuline (dimères de tubuline/microtubules) et l’actine (monomérique/filaments), nous avons divisé 

la protéine en 4 grands fragments : le fragment LNT (long N-terminal, résidus 1 à 221) comprenant le 

domaine N-terminal et les deux premiers Mn, Mn1 et Mn2, le fragment Mc constitué des cinq modules 

Mc (résidus 222  à  450), le domaine KR (globalement plus riche en lysines et arginines que le reste de 

la protéine) comprenant le Mn3 (résidus 451 à 614) et le domaine C-terminal (résidus 615 à 952). Ces 

régions ont été délétées, seules ou en combinaison, à partir de la MAP6N-GFP (Figure 7).  

Nous avons également produit des mutants de délétion plus ciblés. Le fragment C-terminal a 

été préservé dans toute l’étude car il confère une meilleure solubilité à la protéine produite. Dans 

aucune de nos expériences, nous n’avons pu déceler une quelconque interaction ou activité du 

fragment C-terminal avec l’actine ou les microtubules. Ces mutants de délétion ont été analysés pour 

leur capacité à promouvoir la nucléation des microtubules et des filaments d’actine, à se lier aux 

filaments d’actine et à induire la formation de faisceaux d’actine. Les résultats obtenus sont résumés 

dans la Figure 7. 

En ce qui concerne l’interaction de MAP6N avec les dimères de tubuline, le domaine KR semble 

avoir une activité prépondérante puisqu’il est le seul à pouvoir se lier de manière significative lorsqu’il 

Figure 6 : Co-nucléation et alignement des filaments d’actine et 
des microtubules en présence de MAP6N 
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est seul. Cette activité est potentialisée par le domaine N-terminal et dans une moindre mesure par la 

présence du domaine Mc. 

 

 

L’induction de la nucléation des microtubules par MAP6N est un phénomène qui nécessite la 

présence des domaines LNT et KR. Dans les conditions de l’essai réalisé en présence de 12 µM de 

tubuline et 300 nM de fragment en microscopie TIRF, le domaine Mc n’est pas indispensable mais sa 

délétion impacte la capacité de MAP6N à potentialiser la nucléation des microtubules. Cependant, 

cette implication du domaine Mc dans la nucléation des microtubules induite par MAP6N n’est pas 

retrouvée dans d’autres conditions (conditions de détermination des concentration critiques). Ceci 

indique que le domaine Mc, qui n’interagit pas significativement avec la tubuline ni avec les 

microtubules à la température de l’essai (35 °C, voir plus haut), n’est pas directement impliqué dans 

cette fonction. Sa délétion pourrait affecter l’activité de la protéine indirectement en modifiant par 

exemple la distance entre les domaines LNT et KR. 

Comme avec la tubuline, l’interaction de MAP6N avec les filaments d’actine est impactée par 

la délétion de chacun des fragments. Le fragment KR a une activité de liaison supérieure aux deux 

autres et peut à lui seul permettre une interaction. 

En accord avec les résultats obtenus pour l’interaction, la formation de faisceaux d’actine, 

quantifiée par sédimentation à basse vitesse nécessite l’association d’au moins deux fragments sauf 

pour le fragment KR qui peut induire des faisceaux seul. Cependant, l’observation par microscopie 

électronique montre que ces faisceaux obtenus en absence des fragments LNT et Mc sont beaucoup 

moins denses et organisés que ceux obtenus avec la protéine entière (Figure 8).  

 

Figure 7 : Implication des différents domaines de MAP6N dans son activité sur l’actine et la tubuline  
- = 0-25%, + = 25-50%, ++ =50-75%, +++ = 75-100% de l’activité de MAP6N 
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En ce qui concerne la nucléation de l’actine, le 

fragment KR peut à lui seul exercer une activité 

similaire à la protéine entière. Les 2 autres fragments 

présentent soit une faible activité en tandem soit une 

diminution de l’activité du fragment KR lorsqu’ils lui 

sont associés.  Ceci suggère un mécanisme 

d’autorégulation interne de l’activité de nucléation des 

filaments d’actine par MAP6 ou une gêne due à la 

production d’une protéine anormalement structurée. 

Dans l’ensemble, ces résultats montrent une 

implication majeure du domaine KR dans les activités 

de MAP6N sur les cytosquelettes d’actine et 

microtubulaire 

 

Des mutations qui touchent des domaines plus précis de MAP6N ont également été testées. 

De façon inattendue, la mutation simultanée des Mn 1, 2 et 3, les trois domaines d’interaction avec les 

microtubules identifiés, n’affecte que partiellement la nucléation des microtubules (concentration 

critique d’environ 8 µM, 20 µM et 38 µM pour MAP6N, MAP6NΔMn1,2,3 et le contrôle sans MAP6 

respectivement). Ce résultat indique que d’autres domaines de la protéine sont impliqués dans 

l’interaction de MAP6N avec la tubuline. La délétion des trois domaines Mn n’a pas d’influence sur la 

nucléation des filaments d’actine par MAP6N, ni sur son interaction avec les filaments d’actine et leur 

organisation en faisceaux, indiquant que contrairement à d’autres MAPs, les domaines d’interaction 

de MAP6N avec l’actine seraient distincts de ses domaines d’interaction avec les microtubules 

(Cabrales Fontela et al., 2017; Correas et al., 1990). 

La mutation Δ4-35 dans la partie N-terminale de MAP6N est nécessaire à la fonction MIP de 

MAP6 (voir plus haut). Cette mutation abolit également la capacité de MAP6N à stimuler la nucléation 

des microtubules, ce qui indique que ces deux activités ont des bases structurales communes. Comme 

pour la délétion des Mn, la délétion Δ4-35 n’a pas d’impact sur l’activité de MAP6N sur le réseau 

d’actine. Ce domaine pourrait être impliqué dans la formation d’oligomères de MAP6N qui seraient 

favorisés en présence de tubuline. 

 

 

 

 

Figure 8 : Effet du domaine LCT + KR sur 
la formation de faisceaux de filaments 
d’actine.   
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3. Projet de Recherche 
 

Les résultats obtenus, associés aux données de la littérature, amènent de nouvelles questions 

auxquelles on cherchera à répondre dans les années qui viennent et dont une partie fait l’objet d’un 

contrat de financement ANR du laboratoire. 

 

3.1 Analyse des domaines d’interaction de MAP6 avec les microtubules : de 
nouveaux modules Mn ? 
 

La découverte récente des nouveaux membres de la famille de MAP6, les protéines SAXOs, a 

fait évoluer la définition des domaines Mn, originellement basée sur la stabilisation des microtubules 

dans des expériences de surexpression dans des cellules HeLa (Bosc et al. 2001), et dont les résidus 

impliqués dans l’interaction avec les microtubules avaient été confirmés par RMN (Lefèvre et al 2013). 

L’analyse informatique de comparaison de séquences d’un nombre important de domaines Mn 

présents en de multiples copies dans chaque protéine SAXO et dans de nombreuses espèces a permis 

de définir une nouvelle séquence consensus de 15 résidus pour les domaines Mn (Dacheux 2012). Basé 

sur ce consensus, deux nouveaux modules Mn, Mn4 et Mn5 situés en aval du module Mn3 ont été 

retrouvés sur MAP6N (Figure 9). L’implication fonctionnelle de ces modules dans la stabilisation des 

microtubules reste à démontrer mais cela pourrait expliquer les résultats obtenus sur l’effet partiel de 

la mutation des domaines Mn1, 2 et 3 sur la nucléation des microtubules. Dans le cas de protéines 

capables de lier à la fois actine et microtubules, les mêmes domaines sont impliqués (Corréas 1990, 

Wu 2022). Nos premiers résultats suggèrent que cela pourrait être différent pour MAP6. Cependant, 

ils montrent aussi que le fragment KR joue un rôle majeur et c’est là que se situe les nouveaux 

domaines Mn de MAP6N, Mn4 et Mn5. De nouvelles constructions de MAP6N portant des mutations 

Figure 9 : Evolution des domaines Mn de MAP6N 
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au niveau de ces domaines seuls ou en association avec les autres domaines Mn seront produites et 

testées pour leur implication dans les activités de MAP6N sur les microtubules et l’actine. 

  

3.2 La famille des protéines de MAP6 : une famille de MIP ? 
 
De façon intéressante, une étude récente d’analyse structurale par cryo-electron microscopie 

des MIPs contenues dans les doublets de microtubules de cils de Chlamydomonas reinhardtii (Ma et 

al., 2019) a identifié un orthologue de la famille de MAP6. Cette protéine, FAP363, possède six 

domaines Mn directement impliqués dans l’interaction de la protéine le long de la surface interne des 

microtubules, chaque domaine se fixant à l’interface entre les sous-unités α et β d’un dimère de 

tubuline. Cette observation renforce l’hypothèse d’un rôle fonctionnel de MAP6N en tant que MIP et 

suggère que l’ensemble des protéines de la famille de MAP6 possédant des domaines Mn seraient des 

MIPs. Les protéines SAXO sont exprimées dans des cellules portant des cils ou flagelles. Il est très 

probable que, comme pour FAP363 chez C. reinhardtii, elles soient localisées dans les doublets de 

microtubules et servent à leur stabilisation mécanique.  

Nous avons obtenu au laboratoire un financement ANR (MIPMAP) pour analyser la possibilité 

que les autres membres de la famille de MAP6, MAP6d1 et SAXO1 et 2 soient des MIPs et étudier leur 

rôle in vivo dans la stabilité/fonction des microtubules. Ces protéines sont en cours de production pour 

mener des analyses in vitro semblables à ce qui a été fait pour MAP6N, étudier leur effet sur la 

dynamique des microtubules et leur capacité à former des densités intraluminales. Parallèlement, 

nous avons débuté la production de souris déficientes en ces gènes pour observer leurs rôles dans des 

processus où l’activité ciliaire/flagellaire est importante (reproduction, circulation du fluide 

cérébrospinal, système respiratoire...) 

 

3.3 MAP6 : MIP, MAP, MIPMAP ? 
 
La nouvelle séquence consensus des domaines Mn établie à partir des séquences de 

l’ensemble des domaines Mn présents dans la famille de MAP6 et constitué très majoritairement de 

Mn de SAXOs est différente de celle établie originellement à partir des séquences des protéines MAP6 

des vertébrés. Notamment, les résidus RAWxxxR/K présents dans le consensus établi à partir des 

séquences de MAP6 et montrés comme impliqués dans l’interaction avec les microtubules, ne font pas 

partie du consensus établi avec les séquences des SAXOs. Ceci suggère qu’au cours de l’évolution, 

MAP6 a modifié son mode d’interaction avec les microtubules par rapport à SAXO, permettant soit 

une modification/régulation de son interaction sur la face luminale des microtubules soit une nouvelle 

fonction, telle qu’une interaction sur la face externe des microtubules. Les nouveaux modules Mn 
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identifiés sur MAP6, Mn4 et Mn5 n’ont pas la séquence RAWxxxR/K et n’auraient donc pas suivi la 

même évolution que les domaines Mn1, 2 et 3. 

En accord avec leur orthologue FAP363, les protéines SAXO du fait de leurs domaines Mn sont 

probablement des MIPs. Dans le cas de MAP6 et MAP6d1, l’évolution a fait apparaitre au niveau de 

ces domaines, une séquence supplémentaire importante pour l’interaction avec les microtubules et 

que l’on pensait être impliquée dans l’interaction de MAP6 avec la face externe du microtubule. Est-il-

possible que MAP6 soit à la fois une MAP et une MIP ?  

 

Le fait que l’on obtienne des résultats différents selon que MAP6N est présente pendant ou 

uniquement après polymérisation indique qu’il existe pour MAP6N plusieurs modes d’interaction avec 

les microtubules. La présence in vitro de particules à l’intérieur des microtubules polymérisés en 

présence de MAP6N, la diminution du nombre de particules intraluminales dans les neurones 

dépourvues en MAP6 et l’analogie avec FAP363 indiquent clairement une possibilité d’une fonction de 

MIP pour MAP6N. Nous avons également des arguments suggérant une interaction de MAP6N avec la 

surface externe des microtubules : la vitesse d’association de MAP6N avec les microtubules pré-

polymérisés et stabilisés qui laisse peu de place à la possibilité d’une diffusion à partir des extrémités 

ou des trous présents dans la paroi des microtubules, la capacité du mutant MAP6NΔ4-35 à décorer 

les microtubules tout en ayant perdu sa capacité à se comporter comme une MIP et à stimuler la 

nucléation des microtubules et les effets de MAP6N sur la dynamique des microtubules semblables à 

ceux d’autres MAP structurales qui interagissent avec la surface externe des microtubules. 

 

Une étude structurale de l’interaction de MAP6N avec les microtubules a été entreprise au 

laboratoire par cyo-EM. Cette analyse pourra préciser si MAP6N se fixe préférentiellement sur la face 

externe des microtubules ou la face luminale et si la résolution le permet, identifier les résidus de 

MAP6N impliqués. Ces résultats sont importants car ils permettront d’envisager de nouveaux mutants 

qui pourront être utilisés pour étudier le rôle de chacune de ces interactions dans les fonctions de 

MAP6 in vitro et in vivo. 

 

Nous pouvons d’ores et déjà produire des mutants de MAP6N en ciblant les domaines Mn soit 

dans leur partie N-terminale correspondant au consensus de Mn « SAXO », soit à leur extrémité C-

terminale spécifique de MAP6 (consensus RAWxxxR/K) dans le cas des Mn 1, 2 et 3. Nous analyserons 

leur interaction avec les microtubules et leur implication dans les différentes fonctions de MAP6N sur 

les microtubules (liaison, stabilisation, torsion, particules intraluminales, nucléation) afin de 

discriminer clairement les fonctions MIP des fonctions MAP. 
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3.4 Coordination des réseaux d’actine et de microtubules par MAP6N 
 
Nos résultats montrent que MAP6N peut favoriser la nucléation à la fois des filaments d’actine 

et des microtubules et leur co-alignement in vitro. Nous analyserons comment la présence d’un des 

deux réseaux peut influencer la dynamique de l’autre (coopération ou compétition pour MAP6) et si 

MAP6N peut utiliser l’un des deux réseaux pour favoriser la polymérisation de l’autre. Le co-

alignement des filaments d’actine et des microtubules sera observé par microscopie électronique et 

nous chercherons à savoir si MAP6N est capable de favoriser la polymérisation de filaments d’actine à 

l’intérieur des microtubules comme cela a déjà été observé in vivo (Paul 2020). 

Un des éléments importants de l’activité de MAP6N pourrait être son oligomérisation. Nos 

expériences, utilisant des approches de chromatographie d’exclusion de taille, de couplage chimique 

et de fractionnement sur gradient de sucrose, suggèrent que MAP6N peut former des oligomères. 

Cette oligomérisation serait favorisée en présence de tubuline et impliquerait le domaine N-terminal. 

Ces   observations apportent un élément de réponse pour expliquer l’incapacité de MAP6N délétée 

des résidus 4-35 à présenter une activité de type MIP et à favoriser la nucléation des microtubules. 

 

3.5 Analyse structurale des noyaux de nucléation 
 
Les mécanismes de nucléation des microtubules en absence du complexe γTURC sont très peu 

compris et leur implication in vivo est difficile à démontrer. In vitro, les MAP structurales favorisent 

probablement la nucléation en stabilisant les noyaux de nucléation qui se forment spontanément. 

MAP6N, en se liant à la fois sur la face des dimères de tubuline qui se retrouvent à l’intérieur et à celle 

qui se retrouve à l’extérieur du microtubule, pourrait avoir un mode de fonctionnement différent dans 

la nucléation des microtubules. De même, pour la nucléation des filaments d’actine. Elle nécessite la 

formation d’un noyau qui mime l’extrémité d’un filament. Un complexe de nucléation devrait donc 

être composé a minima d’une molécule de MAP6 et de deux molécules d’actine. 

L’analyse des noyaux de polymérisation des filaments d’actine et des microtubules est 

importante pour comprendre les mécanismes moléculaires qui sous-tendent ces activités. Pour 

l’instant, les tentatives d’identification de noyaux de nucléation de microtubules et de filaments 

d’actine en présence de MAP6N par microscopie électronique n’ont pas abouti. Ces observations sont 

difficiles à mettre en place car les événements de nucléation sont difficiles à isoler. Plusieurs approches 

pourront être testées pour réaliser ces expériences : 1) changement de l’agent de contraste : 

l’utilisation du SST (sodium silico tungstate) par exemple, qui peut être utilisé à différents pHs 

contrairement à l’acétate d’uranyle, pourrait favoriser l’observation de ces complexes, 2) changement 

des conditions expérimentales pour limiter les interactions « parasites » qui amènent de 
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l’hétérogénéité dans les complexes observés, 3) utilisation d’un mutant de l’actine (DVD actine, Zahm 

et al., 2013) que nous avons produit au laboratoire pour restreindre la polymérisation à partir des 

noyaux de nucléation.  

 

3.6 Une fonction spécifique pour l’isoforme neuronale embryonnaire 
MAP6E ? 
 
La souris MAP6-KO présente des défauts développementaux qui prennent leur origine avant 

la naissance à un stade où l’isoforme MAP6N n’est pas encore exprimée et où la forme E est 

prépondérante. La différence entre les deux isoformes est une absence chez MAP6E de l’extrémité C-

terminale contenant un grand nombre de séquences répétées. In vitro, cette isoforme fusionnée à la 

GFP a une très forte propension à s’agréger, ce qui rend son étude impossible. Cependant, il serait 

intéressant de comprendre la différence fonctionnelle due à cette extrémité. In vitro, nous pourrons 

chercher à améliorer sa solubilité en l’exprimant seule ou en modifiant la position ou les séquences 

ajoutées pour la purification et la détection. Cette forte tendance à former des agrégats pourrait 

refléter une capacité de la protéine à faire des condensats comme cela est de plus en plus 

fréquemment montré pour les MAPs (Boyko and Surewicz, 2022; King and Petry, 2020). 

 

3.7 Quel rôle cellulaire pour MAP6 ? 
 
Nous avons vu que MAP6 est exprimée dans des neurones ou des cellules gliales (pour les 

isoformes O et A). Dans ces cellules, MAP6 pourrait jouer un rôle dans la stabilisation des doublets de 

microtubules du cil primaire. Dans les neurones, MAP6 est associée aux microtubules dans le 

cytoplasme. Des expériences d’immunofluorescence en microscopie super-résolution, couplant 

expansion de l’échantillon et microscopie Airyscan ou STED, sont en cours dans le laboratoire pour 

caractériser la localisation précise de MAP6 (faisceaux d’actine, sous-populations de microtubules, 

sites particuliers qui contiennent MAP6) et des défauts du réseau de cytosquelette après manipulation 

de l’expression de MAP6. Des mutants de MAP6 ainsi que des stimulations des neurones pourront 

aussi être utilisés pour mettre en évidence un rôle précis de MAP6 dans les neurones. 
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Jean-Christophe Deloulme, Sylvie Gory-Fauré, Christian Delphin, Christophe Bosc,
Isabelle Arnal* and Annie Andrieux*

Univ. Grenoble Alpes, Inserm U1216, CEA-IRIG, CNRS, Grenoble Institut Neurosciences, Grenoble, France

The development and function of the central nervous system rely on the microtubule
(MT) and actin cytoskeletons and their respective effectors. Although the structural
role of the cytoskeleton has long been acknowledged in neuronal morphology and
activity, it was recently recognized to play the role of a signaling platform. Following this
recognition, research into Microtubule Associated Proteins (MAPs) diversified. Indeed,
historically, structural MAPs—including MAP1B, MAP2, Tau, and MAP6 (also known
as STOP);—were identified and described as MT-binding and -stabilizing proteins.
Extensive data obtained over the last 20 years indicated that these structural MAPs
could also contribute to a variety of other molecular roles. Among multi-role MAPs,
MAP6 provides a striking example illustrating the diverse molecular and cellular
properties of MAPs and showing how their functional versatility contributes to the
central nervous system. In this review, in addition to MAP6’s effect on microtubules,
we describe its impact on the actin cytoskeleton, on neuroreceptor homeostasis, and its
involvement in signaling pathways governing neuron development and maturation. We
also discuss its roles in synaptic plasticity, brain connectivity, and cognitive abilities, as
well as the potential relationships between the integrated brain functions of MAP6 and
its molecular activities. In parallel, the Collapsin Response Mediator Proteins (CRMPs)
are presented as examples of how other proteins, not initially identified as MAPs, fall
into the broader MAP family. These proteins bind MTs as well as exhibiting molecular
and cellular properties very similar to MAP6. Finally, we briefly summarize the multiple
similarities between other classical structural MAPs and MAP6 or CRMPs. In summary,
this review revisits the molecular properties and the cellular and neuronal roles of the
classical MAPs, broadening our definition of what constitutes a MAP.

Keywords: microtubule, microtubule-associated-proteins, actin, neuron, synapse, psychiatric disease, cognition

INTRODUCTION

Microtubule-Associated Proteins (MAPs) were discovered in the context of the study of
microtubule (MT) stability in neurons during the 1970s (Weingarten et al., 1975; Sloboda
et al., 1976). Indeed, in neurons, MTs composed of α- and β-tubulin heterodimers
forming 25 nm wide hollow tubes can either exhibit dynamic properties with phases of
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polymerization/depolymerization (Mitchison and Kirschner,
1984), or be particularly stable with a slow tubulin turnover
(Okabe and Hirokawa, 1990; Li and Black, 1996). In testimony
to their stability, neuronal MTs can resist conditions usually
causing MT depolymerization, such as exposure to tubulin
poison (nocodazole) or to cold temperatures (Webb andWilson,
1980; Brady et al., 1984; Baas and Black, 1990). The search for the
neuronal effectors leading to this stability has long been a focus
of research. Various factors were shown to modulate neuronal
MT stability, including: (1) the nature of tubulin isotypes,
(2) post-translational tubulin modifications, and (3) binding of
MAPs (Baas et al., 2016).

The nature of tubulin isotypes was clearly demonstrated in
mice, where α and β tubulin are each coded by eight genes
(Findeisen et al., 2014; Hausrat et al., 2020). The different
isoforms combine to produce MTs with distinct dynamic
parameters. For example, the βIII/βII tubulin MT isoform
displays antagonist effects on dynamicity/stability (Panda et al.,
1994; Pamula et al., 2016; Vemu et al., 2016; Ti et al., 2018).

Post-translational modifications of tubulin—including
tyrosination, polyamination, polyglutamylation, and
acetylation—were shown to modulate MT stability by altering
their dynamic properties (Moutin et al., 2020), resistance to
cold exposure (Song et al., 2013), sensitivity to severing enzymes
(Lacroix et al., 2010; Valenstein and Roll-Mecak, 2016), and
flexibility (Portran et al., 2017; Xu et al., 2017). Finally, the
so-called structural MAPs which bind throughout the MT
lattice also influence MT stabilization. As indicated above,
these structural MAPs were first discovered in the 1970s, when
they were found to be associated with purified brain tubulin
preparations. The group includes MAP1, MAP2, MAP4, Tau,
and MAP6 (also known as STOP; Cleveland et al., 1977; Herzog
and Weber, 1978; Huber and Matus, 1984; Margolis et al., 1986;
Job et al., 1987; Chapin and Bulinski, 1994). Other members
were identified more recently: DCX, MAP7, and MAP9 (Gleeson
et al., 1999; Yadav et al., 2014; Monroy et al., 2020).

Since the initial discovery of these MAPs based on their
ability to bind and stabilize MTs, studies have increasingly
pointed toward a wide array of other cellular functions (Dehmelt
and Halpain, 2005; Morris et al., 2011; Dent and Baas, 2014;
Bodakuntla et al., 2019). Thus, structural MAPs have been
shown to: regulate actin cytoskeleton dynamics; be amenable to
post-translational modifications which target them to membrane
compartments; interact with a huge number of partners which
are then involved in neuroreceptor homeostasis and signaling
cascades. These additional abilities stem from molecular features
including actin-binding domains, stretches of cysteine residues
for palmitoylation-driven membrane association, and Proline-
Rich-Domain (PRDs) to mediate binding to SH3-containing
signaling proteins.

In this review, we will present results obtained over almost
40 years of research on MAP6 proteins to illustrate the wide
range of MT-dependent and -independent molecular properties
that MAPs can exhibit. Using the Collapsin Response Mediator
Proteins (CRMPs) as an example, we will show how other
proteins not initially identified as MAPs also fulfill molecular
and cellular functions initially attributed to the classical

structural MAPs. We will also discuss the multiple cellular and
physiological roles of MAPs in neurons and in the central
nervous system. The review will, in particular, illustrate the
crucial implication of MAPs in neuronal plasticity and cognition
in accordance with their dysfunctions in neuropsychiatric
diseases. Overall, we aim at demonstrating that the initial
definition of classical MAPs (i.e., MT binding and stabilization)
should now encompass the MT-dependent and -independent
functions of these proteins.

MAP6 PROTEIN IS A MULTI-FUNCTIONAL
PROTEIN

Like the other structural MAPs, MAP6 protein was initially
identified thanks to its ability to interact with tubulin/MTs.
Subsequent studies identified a large number of MAP6 partners
related to various cellular functions including neuroreceptor
homeostasis, endocytosis, nuclear function, and signaling
pathways. The different partners are summarized in Figure 1,
and further details are provided in Supplementary Table 1.
In the following sections, the contribution of each MAP6
sub-domain to itsmolecular, cellular, and physiological functions
are detailed. A summary of MAP6 domains and their roles is
presented in Figure 2.

MAP6 Binds and Stabilizes Microtubules
Discovery of MAP6 as a Microtubule (MT)-Associated
Protein
The exceptional stability of brain-extracted MTs when exposed
to cold was first described almost half a century ago (Brinkley
and Cartwright, 1975; Lee et al., 1975; Webb and Wilson, 1980).
Subsequent work led to the identification of several polypeptides
that co-purify with cold-stable MTs (Job et al., 1981, 1982;
Margolis and Rauch, 1981; Pabion et al., 1984) and are retained
on calmodulin-affinity columns (Job et al., 1982; Pirollet et al.,
1983). The unique ability of these polypeptides to confer cold
stability on MTs led Job and collaborators to call them STOP
proteins, for Stable-Tubule-Only Polypeptides (they were later
renamed MAP6 proteins). The MT stabilization properties of
MAP6 are Ca2+-calmodulin sensitive (Job et al., 1981; Pirollet
et al., 1983, 1992a,b) and the 145-kDa STOP isoform from the
rat brain was shown to confer a super-stable state on MTs, in a
dose-dependent manner (Job et al., 1987).

Molecular Cloning of MAP6 and Identification of
MAP6 Isoforms
Bosc et al. (1996) first cloned MAP6 cDNA by immuno-
screening of a DNA expression library with MAP6 monoclonal
antibodies (Pirollet et al., 1989). These experiments provided
clear identification of MAP6 and made further studies to gather
specific information on the protein possible. MAP6 isoforms
are restricted to vertebrates, where they are expressed in several
tissues (Pirollet et al., 1989; Bosc et al., 2001). In mice, a
single four-exon gene, Map6 (formerly Mtap6), produces several
isoforms of MAP6 proteins as a result of RNA splicing and the
use of alternative promoters (Bosc et al., 1996; Denarier et al.,
1998a; Aguezzoul et al., 2003). Murine neurons express MAP6-E
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FIGURE 1 | MAP6 protein and its interactors. All the known MAP6 interactors (see Supplementary Table 1) are presented and grouped based on their functions.

FIGURE 2 | MAP6 domains and functions. Schematic representation of MAP6, color-coded arrows indicate the different domains identified so far: the N-terminal
domain shared with MAP6d1 protein (violet box); the three palmitoylation sites (red bars); the proline-rich domain involved in transduction of Semaphorin 3A signals
(black box); the three microtubule-stabilizing Mn modules (orange boxes); the tandem repeats corresponding to microtubule-stabilizing Mc modules (dark gray
boxes); the C-terminal repeats (light gray boxes). Below the representation, the corresponding roles of these domains are indicated, covering molecular and cellular
roles, and tissues and integrated functions.
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(MAP6-Early, formerly E-STOP, apparent MW 79 kDa) from
early developmental stages to adulthood at constant expression
levels, whereas expression of the longest isoform MAP6-N
(MAP6-Neuronal, formerly N-STOP, apparent MW 120 kDa)
increases between birth and adulthood (up to 10-fold higher
expression than MAP6-E in adults) (Guillaud et al., 1998;
Galiano et al., 2004; Tortosa et al., 2017). These two variants
can be found associated with MTs in neurons and stabilize
neuronal MTs when exposed to cold or nocodazole (Pirollet
et al., 1989; Margolis et al., 1990; Bosc et al., 1996; Guillaud
et al., 1998; Andrieux et al., 2002). Glial cells also express
some MAP6 isoforms, with MAP6-O (apparent MW 89 kDa)
found in oligodendrocytes, where they provide resistance to both
cold and nocodazole. In contrast, astrocytes express MAP6-A
(apparent MW 66 kDa), which only provides cold resistance
(Galiano et al., 2004). Like MAP6-A, the ubiquitous MAP6-F
isoform (apparent MW 42 kDa) provides only cold resistance
(Denarier et al., 1998b).

Identification of MAP6 MT-Binding Domains and
Their Role in MT Stabilization
The identification of 12 calmodulin-binding domains on
MAP6-N revealed the existence of three domains that partially
overlap some of the calmodulin-binding motifs. These three
domains are known as Mn modules (Mn1–3, Figure 2)
and stabilize MTs against both cold and nocodazole-induced
depolymerization (Bosc et al., 2001). Mn1 and Mn2 modules
were shown to reproduce the function of full-length MAP6-N
with regard to MT stabilization, both in vitro and in cellulo
(Bosc et al., 2001; Lefevre et al., 2013). Thus, these modules
may stabilize MTs exposed to cold and nocodazole by forming
bridges with adjacent tubulin heterodimers either between
protofilaments, or longitudinally within the same protofilament
(Lefevre et al., 2013).

In addition to its Mn modules, MAP6-N contains central
repeats, or Mc modules, each of which encompass a calmodulin-
binding domain (Figure 2). As indicated above, MAP6 proteins
are found only in vertebrates, but Mc modules are further
restricted. Thus, these domains have only been identified in
mammals and are absent from MAP6 homologs expressed in
fish, frogs, lizards or birds (Bosc et al., 2001, 2003). Among
mammals, the number of Mc modules varies depending on the
species and/or individual (4–6 in non-inbred rats, 3–6 in mice
depending on the strain, and only 1 in higher primates) (Bosc
et al., 2003). Mc modules have been shown to be responsible for
conferring cold-stability ofMTs in cells, even though they display
no MT-binding capacity at physiological temperatures (Denarier
et al., 1998b; Delphin et al., 2012). In vitro studies demonstrated
that cold temperatures induce conformational changes in the Mc
modules which allow them to interact with MTs (Delphin et al.,
2012). Thus, Mc modules behave like cold sensors, stabilizing
MTs when temperatures drop, for example during hibernation
or torpor.

The high abundance of calmodulin-binding domains
overlapping the Mn and Mc modules in MAP6 hints that
MAP6 binding to MTs is likely to be tightly regulated in cells.
Indeed, it was shown in vitro that Ca2+-Calmodulin (CaM)

binding to MAP6 occurs in an unusual manner (Bouvier
et al., 2003) and prevents MAP6 binding to MTs (Lefevre
et al., 2013). MAP6/MTs interaction is also prevented by
phosphorylation of MAP6 by CAMKII and favors MAP6/F-actin
interaction in neurons (Baratier et al., 2006). Based on the
available experimental data and as proposed by Ramkumar
and collaborators (Ramkumar et al., 2018), the regulation of
MAP6 by Ca2+-CaM in dendritic spines might follow this
sequence: upon synaptic activity, the Ca2+-CaM complex forms,
detaches MAP6 from adjacent MTs and activates CAMKII (Fink
and Meyer, 2002). When Ca2+ level decreases, CaM is released
from MAP6 allowing its phosphorylation by CAMKII. Then
phosphorylated MAP6 is unable to re-associate with MTs but
rather binds and stabilizes the synaptic F-actin (Baratier et al.,
2006; Peris et al., 2018).

Recently, in cell-free systems, recombinant MAP6-N was
shown to exert some stabilizing effects on MT dynamics by
promoting rescue (Cuveillier et al., 2020), although the precise
contribution of the various MAP6-N MT-binding domains
(Mn and/or Mc modules) remains to be clarified. Indeed, the
specific role of MAP6-related MT stabilization in developing
neurons remains unclear. For example, MT-dependent
parameters of neuronal differentiation and morphology
(e.g., neurite elongation and branching, axonal polarization)
are not dramatically altered in neurons expressing reduced
MAP6 levels. Indeed, MAP6 deficient neurons exhibited only
moderate morphological defects with a slight increase of the
axonal length and a decreased spine density (Andrieux et al.,
2002, 2006; Peris et al., 2018; Boulan et al., 2020), as well as a
reduced growth cone size and an increased dendrite branching
(Schwenk et al., 2014; Qiang et al., 2018). Those defects are
not striking possibly due to compensatory mechanisms by
other MAPs. Indeed, double-KO neurons for Tau/MAP1B
or MAP2/MAP1B display stronger alterations of neuronal
differentiation (Takei et al., 2000; Teng et al., 2001) than
single KO neurons (Harada et al., 1994; Takei et al., 1997;
Gonzalez-Billault et al., 2001). In this respect, an increased
expression of Tau has been observed when MAP6 expression
is knocked-down even though Tau and MAP6 role in MT
stabilization are not similar in neurons (Qiang et al., 2018). In
developing neurons, MAP6 was found enriched in the proximal
part of the future axon (Tortosa et al., 2017) and a recent
proteomic analysis pointed out MAP6 as a specific component
of the AIS (Hamdan et al., 2020). MAP6-N localization in the
proximal part of axons has been shown to be protective toward
the formation of axonal varicosities induced by mechanical
stress (Gu et al., 2017). Still, the exact relationships between
MAP6-dependent MT stabilization, axonal polarization and AIS
functions remains elusive.

MAP6 Belongs to a Family of Proteins
Although most structural MAPs exhibit repeated MT-binding
motifs, the repeated motifs in MAP6—its Mn and Mc
modules—are unique, and share no homology with MT-binding
domains found in Tau or MAP1B (Bosc et al., 1996). However,
bioinformatic analysis of the MAP6 sequence has revealed three
proteins that share homology in MAP6 functional domains.
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The first one is MAP6d1, for MAP6-domain-containing
protein 1 (formerly SL21 for 21-kDa STOP-like protein).
MAP6d1 is expressed at high levels in the brain and shares
two major similarities with MAP6: 80% sequence homology in
its N-terminal domain, and 72% sequence homology with the
Mn3module of MAP6 (Bosc et al., 2001; Gory-Fauré et al., 2006).
Since the N-terminal domain of both proteins contains the main
calmodulin-binding site (Bosc et al., 2001), its functional role
might be important.

The original MAP6 family was enlarged following the
discovery of homologs of SAXO proteins (SAXO1 and
SAXO2 in mammals, formerly named FAM154A and FAM154B,
respectively). These proteins were originally identified in the
protozoan Trypanosoma brucei and in ciliated/flagellated cells
(Dacheux et al., 2012). Like neuronal MTs, cilia and flagella
are characterized by a high level of MT stability displaying
resistance to cold- and nocodazole-induced depolymerization.
The human isoform hSAXO1 is ubiquitously expressed and
specifically associates with centrioles, basal bodies and cilia
(Dacheux et al., 2015). Little is known about SAXO2 beyond the
fact that its expression appears to be enriched in ciliated cells.

SAXO proteins share homologies with the Mn modules
of MAP6/MAP6d1, and their N-terminal sequence, although
distinct, is also rich in cysteines (Dacheux et al., 2012).
Interestingly, 80% of hSAXO1 consists of 12 tandemMnmodules
that, like the equivalent modules in MAP6 and MAP6d1, are
involved in MT binding and cold stabilization. The high number
of Mn modules is important since hSAXO1 overexpression
results in an increased primary cilia length in RPE1 cells, through
a mechanism requiring the Mn modules (Dacheux et al., 2015).

MAP6 Is a Microtubule Inner Protein (MIP)
Cryo-EM experiments revealed neuronal MTs to contain visible
intraluminal densities (Burton, 1984; Garvalov et al., 2006;
Atherton et al., 2018). These densities correspond toMicrotubule
Inner Proteins (MIPs), the molecular identity of which was
totally unknown until MAP6 was identified as a MIP (Cuveillier
et al., 2020). The capacity of MAP6 to enter the lumen
of MTs was demonstrated using cell-free systems in which
MTs were copolymerized with MAP6, yielding MTs with
regularly spaced intraluminal densities.When usingMTs derived
from murine MAP6 KO neurons, a net reduction in the
numbers of intraluminal densities was observed. The presence
of MAP6 inside MTs would explain, in part, the extremely
slow turnover of MAP6 on neuronal microtubules described by
Tortosa et al. (2017). Strikingly, intraluminal MAP6 induced
MT coiling in vitro, leading to the formation of helical MTs
with a highly conserved pitch and width associated with a
specific tubulin compaction state in the MT lattice. This coiling
pattern requires the Mn and Mc modules, as well as the first 35
N-terminal residues.

In neurons, the functions of such stable helical
MAP6-containing MTs remains to be determined. By occupying
a greater width, helical MTs could influence the spatial
organization of the MT network, help determine neurite or
axonal width, or confer resistance to compressive loads, such
as those encountered during development. The unhabitual

tubulin compaction state of helical MTs could also be a mean to
specifically recruit a set of proteins such as molecular motors.

From an evolutionary point of view, it will be interesting
to discover when did the ability of mammalian neuronal
MAP6 to behave as a MIP emerge? In other words, does the
MAP6 ancestor SAXO in Trypanosoma (Dacheux et al., 2012)
behave as a MIP only, as a MAP only, or does it exhibit
both properties?

MAP6 Associates With Actin
The first indication that MAP6 can bind to actin was obtained
when CaMKII-phosphorylated MAP6 was found to be unable
to bind MTs, but that it binds actin in vitro and in the growth
cones of neurons (Baratier et al., 2006). More recently, the central
Mc modules of MAP6 were shown to bind actin and to induce
specific rearrangements—leading to straightening and bundling
of actin filaments (Peris et al., 2018). Moreover, MAP6-mediated
stabilization of synaptic actin following synaptic activation was
shown to be crucial for maintaining mature dendritic spines,
the postsynaptic compartments of synapses (Peris et al., 2018).
Other effects of MAP6 on the dynamic parameters of actin,
such as nucleation, remain to be investigated, as does the
possibility that MAP6 mediates cross-linking between actin and
MT networks in neurons. MAP6 may also indirectly influence
the actin cytoskeleton through an effect on signaling cascades as
it has been shown to interact with the small GTPase protein Rac2
(Figure 1; Capala et al., 2015). Several MAP6 partners have also
been shown to interact with actin (Supplementary Table 1), such
as spinophilin (Grossman et al., 2004) or α-synuclein (Oliveira
da Silva and Liz, 2020). These interactions support specific actin-
related cellular functions for MAP6 and its partners.

MAP6 Associates With Membranes and
Neuroreceptors
MAP6 and Membranous Compartments
The N-terminal domains of MAP6 and MAP6d1 contain a
stretch of cysteines with C5, C10, and C11 residues (Figure 2).
These positions have been shown to be palmitoylated by a
subset of palmitoylating enzymes containing a DHHC motif.
The proteins are then targeted to the Golgi apparatus or the
plasma membrane (Gory-Fauré et al., 2006, 2014). In addition,
MAP6 interacts directly with ankyrin repeats present in the
palmitoylating enzymes zDHHC13 and zDHHC17 (Lemonidis
et al., 2015). During neuronal development, palmitoylated forms
of MAP6 were identified on the Golgi and on secretory vesicles,
and depalmitoylation by α/β hydrolase-domain-containing
17 proteins (ABHD17 proteins) induced MAP6 relocalization
to MTs in the proximal part of the axon (Tortosa et al., 2017).
In neurons, non-centrosomal MT nucleation is crucial, and
through its interactions with MTs as well as with the Golgi
apparatus or Golgi outposts which are nucleation sites for
non-centrosomal MTs (Sanders and Kaverina, 2015; Valenzuela
et al., 2020; Yang andWildonger, 2020), MAP6 might contribute
to such events.

MAP6 and MAP6d1 proteins were also shown to localize
to mitochondria. This localization involved their N-terminal
domain, but not palmitoylation (Gory-Fauré et al., 2014).

Frontiers in Molecular Neuroscience | www.frontiersin.org May 2021 | Volume 14 | Article 66569348

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Cuveillier et al. Neuronal MAPs: Not Only MT-Stabilizers

Finally, indirect evidence links MAP6 to lysosomes: KIF5B
(Kinesin 1 heavy-chain) preferentially binds to MAP6-positive
MTs (Tortosa et al., 2017) and lysosomal transport—which is
dependent on KIF5B and on TMEM106B, a MAP6 partner
(Figure 1)—is perturbed when MAP6 expression is impaired
(Schwenk et al., 2014).

Overall, these results show that MAP6’s association with
membranous compartments plays important roles in establishing
and maintaining neuronal morphology. The several endocytosis-
related proteins such as Varp, dynamin 1 or endophilin 1 (Craft
et al., 2008; Vikhreva et al., 2009) which have been found to
interact with MAP6 (Supplementary Table 1) suggests that the
roles played by MAP6 in intracellular organelle trafficking still
holds many secrets.

MAP6 and Calcium Channels
Proteomic analysis of the nano-environment of calcium channels
(Cav2.1, Cav2.2, Cav2.3, CavBeta3, CavBeta4) revealed the
presence of MAP6 (Müller et al., 2010; Figure 1). More recently,
MAP6, through its Mn3 module, was found to associate with
Tctex1 (Brocard et al., 2017), a dynein light chain interacting with
Cav2.2/N-type calcium channels (Lai et al., 2005). In conjunction
with Tctex1, MAP6 is involved in sorting and trafficking
Cav2.2 channels, as shown by impaired calcium signaling in
MAP6 KO neurons (Brocard et al., 2017).

MAP6 and Neuroreceptors
Even if MTs are only transiently present in both pre- and
post-synaptic compartments of synapses (axonal boutons and
dendritic spines), MAP6 was consistently identified in synaptic
proteomes, suggesting MT-independent roles (Peng et al., 2004;
Baratier et al., 2006; Cheng et al., 2006; Collins et al., 2006;
Munton et al., 2007; Weingarten et al., 2014). In a study
related to subicular neurons from the hippocampus, MAP6 was
associated with the receptors Neuropilin1, Plexin D1, and
VEGFR2—which together make up the tripartite Semaphorin 3E
receptor (Deloulme et al., 2015; Figure 1).

MAP6 Is Involved in Signaling Cascades
In addition to its associations with subcellular compartments
and receptors, MAP6 protein contains proline-rich domains
(PRD), which are involved in the binding of SH3-domain-
containing proteins (Figure 1 and Supplementary Table 1).
Binding of Intersectin 1, cSrc, PLC-γ, or PI3K have all been
described (Morderer et al., 2012; Deloulme et al., 2015). One of
the PRD domains in MAP6 is essential to the Semaphorin 3E
signaling cascade (Deloulme et al., 2015), driving the formation
of the fornix, an axonal tract which requires Semaphorin
3E signaling.

Although some interactions with kinases and
phosphatases have been reported (Figure 1), almost
nothing is known about how MAP6’s functions are
regulated by phosphorylation enzymes, with the exception
of CaMKII. MAP6-N protein contains four CaMKII
phosphorylation sites located within its calmodulin/MT-
binding domains. These domains can be phosphorylated
in vitro and in vivo. Phosphorylation induces MAP6 to
detach from MTs and delocalize to actin within

growth cones or dendritic spines (Baratier et al., 2006;
Peris et al., 2018).

Finally, MAP6 was shown to associate with the highly brain-
enriched BCH (Cdc42GAP Homology)-domain-containing
protein Bmcc1/Prune2 (Figure 1) which negatively regulates the
actin cytoskeleton regulator RhoA (Soh and Low, 2008). This
association promotes the emergence of membrane protrusions
(Arama et al., 2012). However, the relationship between a direct
or indirect effect on the cytoskeleton is not clear.

Physio-pathological Roles of MAP6 in the
Central Nervous System
As neuronal MAPs, especially MAP6, were thought to be strong
MT stabilizers, its deletion in mice was expected to be lethal due
to major MT-breakdown in neurons. But in fact, MAP6 KOmice
(also known as STOP KO mice) are viable, with an apparently
normal brain organization (Andrieux et al., 2002). However,
these mice display a wide range of biological and behavioral
impairments reminiscent of symptoms displayed by patients
suffering from psychiatric disorders, especially schizophrenia, as
detailed below.

MAP6 KO Mice as a Model for the Study of
Schizophrenia
MAP6 KO mice show hyperactivity, fragmentation of normal
activity, anxiety-like behavior, social withdrawal, and impaired
maternal behavior leading to the death of pups (Andrieux
et al., 2002). These defects are associated with altered synapse-
functioning, particularly during synaptic plasticity events when
the synapses need to adapt their reactivity. These alterations
lead, for example, to strong deficits in potentiation or depression
of the synaptic responses. These biological and behavioral
defects were shown to respond to long-term treatment with
antipsychotics, the gold standard in schizophrenia treatment,
thus positioning MAP6 KO mice as a useful model for the study
of the physiopathology of this disease (Andrieux et al., 2002).

Schizophrenia is a chronic debilitating neurodevelopmental
disorder that affects approximately 1% of the population
worldwide; the first symptoms emerge during adolescence
and early adulthood. It is characterized by a combination
of positive (auditory and visual hallucination), negative
(social withdrawal, anxiety), and cognitive symptoms
(impaired memory, decision-making difficulties; Joseph
et al., 2015). Following our seminal 2002 article (Andrieux
et al., 2002), numerous studies were performed and their
findings reinforced the validity of the MAP6 KO model
for the study of schizophrenia. Indeed, MAP6 KO mice
fulfill the three—construct/face/predictive—criteria for
the validity of an animal model (Belzung and Lemoine,
2011; Jones et al., 2011) with similar underlying molecular
defects/phenotypes/pharmacological responses, respectively
(Delotterie et al., 2010; Volle et al., 2013; Deloulme et al., 2015;
Bouet et al., 2021).

In further support of the validity of this model, subsequent
studies revealed defects in MAP6 expression in humans
presenting developmental delay, corpus callosum dysgenesis,
autistic or schizophrenic symptoms (Shimizu et al., 2006;
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Choi et al., 2009; Martins-de-Souza et al., 2009; Xiao et al., 2015;
Coumans et al., 2016; Wei et al., 2016a,b; Chen et al., 2021).

MAP6 Roles in Neurotransmission and Impact on
Behavior
In tight correlation with the hyper-dopaminergia observed in
schizophrenic patients (Carlsson et al., 2000; Kapur, 2003),
MAP6 KO mice present increased dopamine overflow in the
mesolimbic pathway. This system plays a significant role in
mediating pleasure and rewarding experiences (Brun et al., 2005;
Bouvrais-Veret et al., 2007, 2008). Schizophrenia also presents
positive symptoms, and MAP6 KO mice exhibited increased
locomotor activity (Andrieux et al., 2002; Brun et al., 2005;
Fradley et al., 2005; Bouvrais-Veret et al., 2007) associated
with hypersensitivity to novelty or to the psychostimulant
amphetamine (Brun et al., 2005; Bégou et al., 2007; Bouvrais-
Veret et al., 2008), along with extensive disruption of sleep
patterns (Profitt et al., 2016). All these processes crucially depend
on dopaminergic neurotransmission.

Negative symptoms in schizophrenia are mediated by
alterations in both the glutamatergic and serotoninergic (5-
HT) neurotransmission systems (Aghajanian and Marek, 2000;
Carlsson et al., 2000). MAP6 KO mice exhibited abnormal
glutamatergic neurotransmission with altered synaptic plasticity
in the hippocampus, leading to totally defective Long-Term
Potentiation (LTP) and Long-Term Depression (LTD), as
measured by electrophysiology techniques (Andrieux et al.,
2002). These defects are related to a smaller presynaptic vesicle
pool (Andrieux et al., 2002), a decreased level of glutamate and
the glutamate precursor glutamine in the forebrain (Brenner
et al., 2007), as well as decreased mRNA levels of the glutamate
transporter-1, Vglut1 (Eastwood et al., 2007). MAP6 KOmice are
thus characterized by an overall hypo-glutamatergia.

If we now focus on serotoninergic neurotransmission,
serotonin biosynthesis and expression of the serotonin (5-HT)
receptors are highly perturbed in MAP6 KO mice, with a
70% increase in 5HT-1A expression in the raphe nuclei for
example (Fournet et al., 2010), as well as half reduction of
serotonin (5-HT) in the substantia nigra, the ventral tegmental
area and the hippocampus (Fournet et al., 2012b). In addition,
the levels of serotonin transporters (SERT) recapturing the
serotonin (5-HT) released into the synaptic cleft is very severely
affected in MAP6 KO mice with a decreased expression ranging
from 30% to 90% in some brain areas whereas the expression
increase up to 120% in other brain regions (Fournet et al.,
2010). MAP6 KO mice thus display an extreme imbalance in
serotoninergic transmission.

Finally, sensory-motor gating is also altered in MAP6 KO
mice (Fradley et al., 2005; Volle et al., 2013). This effect might
be linked to perturbed dopamine-, glutamate-, and serotonin-
mediated neurotransmission, but could also be related to
activation of opioid mu receptors (Quednow et al., 2008) which
is altered in MAP6 KO mice (Charlet et al., 2010).

In summary, basal neurotransmission for all the major
neurotransmitters is strongly perturbed in MAP6 KO mice.
Strikingly, serotoninergic neurons—the longest and most
extensively branched neurons in the brain—display very

severe morphological defects, suggesting complementary
roles of MAP6 in these neurons. These roles may
include MT stabilization, modulation of serotonin
neuroreceptors/transporters, and involvement in signaling
cascades.

MAP6 Roles in Synaptic Plasticity
In terms of cognitive symptoms, MAP6 KO mice exhibit
severe defects in both short-and long-term hippocampal synaptic
plasticity. Indeed, glutamatergic hippocampal neurons in the
CA1 region display severely defective Post-Tetanus Potentiation
(PTP), and, as indicated above, cannot support LTP and LTD
(Andrieux et al., 2002). Synaptic deficits exist in the presynaptic
compartment, the axonal bouton, where a two-fold decrease
in synaptic vesicles is reported (Andrieux et al., 2002) with
a possible glutamate-release defect due to the absence of
interaction between MAP6 and the SNARE protein SNAP25
(Figure 1). One can speculate on the formation of a transient
complex between MAP6 and SNAP25 at the plasma membrane,
in the presynaptic release zone, as the membrane targeting of
both proteins is induced by similar palmitoylating enzymes
(Greaves and Chamberlain, 2011; Gory-Fauré et al., 2014). In
addition, the absence of MAP6 induces a general decrease in
spine density which is related to altered actin dynamics in
dendritic spines (Peris et al., 2018). MAP6 could also contribute
to the entry of MTs into the synaptic compartments, and their
residence time, thus influencing synaptic strength. Overall, these
synaptic defects are most probably a consequence of MAP6’s
involvement in signaling cascades, receptor homeostasis, and
cytoskeleton regulation.

MAP6 Roles in Neuroanatomy
Although the first rough anatomical study of MAP6 KO mice
revealed no obvious defects in brain anatomy (Andrieux et al.,
2002), subsequent detailed studies showed that MAP6 KO mice
have a reduced brain volume associated with an increased
ventricular volume and a reduced cerebellum and thalamus size
(Powell et al., 2007; Deloulme et al., 2015). Through the use of
brain imaging techniques, MAP6 KOmice were found to exhibit
a decrease in myelinated tract volumes (e.g., in the internal
capsule and cerebellar peduncle) as well as a strong decrease in
cortico-spinal tract fasciculation (Deloulme et al., 2015; Gimenez
et al., 2017). A very intriguing structural defect is the absence
of an important component of the limbic system in MAP6 KO
mice—the post-commissural part of the fornix (Deloulme et al.,
2015). The fornix is a tract that emerges from the subiculum,
the most inferior component of the hippocampal formation of
both hemispheres and extends to the mammillary bodies, within
the hypothalamus. As part of the Papez circuit, the lack of the
fornix leads to a dis-connectivity between the hippocampus and
the hypothalamus and certainly contributes to the behavioral
defects observed in MAP6 KO mice. During the formation of
the fornix, Semaphorin 3E is an attractive guidance molecule for
subicular neurons (Chauvet et al., 2007) as it binds to its tripartite
receptor (Neuropilin 1/PlexinD1/VEGFR2) to induce activation
of downstream signaling cascades involving SH3-containing
proteins. Interestingly, the impaired fornix formation observed
in MAP6 KO mice is not dependent on MAP6’s MT-binding
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domains; rather it is driven by the interaction of MAP6 PRD
domains with key SH3-domain-containing proteins, including
Intersectin 1, PI3K, and Src (Figure 1; Deloulme et al., 2015).
The axonal tract defects identified in MAP6 KO mice correlate
to a striking extent with anomalies identified on brain images
from patients with schizophrenia (McCarley et al., 1999; De Peri
et al., 2012; Shepherd et al., 2012; Bopp et al., 2017), including
alteration of the fornix or of the cortico-spinal tract (Douaud
et al., 2007; Kendi et al., 2008; Fitzsimmons et al., 2009; Luck et al.,
2010; Davidson et al., 2012; Lee et al., 2013).

MAP6 Role in Neurogenesis
MAP6 is highly expressed in the olfactory bulb and the
hippocampus (Couégnas et al., 2007; Richard et al., 2009),
two regions where adult neurogenesis is known to occur.
Several studies investigated adult neurogenesis in MAP6 KO
mice. Benardais et al. (2010) reported an increased number of
proliferating cells in the olfactory epithelium with increased
apoptosis, whereas Fournet et al. (2010) discovered decreased
cell proliferation in the hippocampus. At the molecular level,
how MAP6 regulates neurogenesis remains a completely
open question, although it is possible that MAP6 through its
binding to the retinoic receptors RAR-beta and RAR-gamma
(Figure 1) can modulate their functions known to be active
during neurogenesis (Jacobs et al., 2006; Maden, 2007;
Mishra et al., 2018).

MAP6 KO Mice Deficits and Therapeutic Approaches
As the defects observed in MAP6 KO mice are reminiscent
of schizophrenia symptoms, the gold standard treatments for
psychiatric diseases were the most obvious approach to try in an
attempt to alleviate MAP6 KO deficiencies. Alternatively, new
pharmacological approaches targeting the neuro-cytoskeleton
represent promising avenues of investigation.

Classical treatments of psychiatric diseases. In accordance
with their defects in almost all neuro-transmission systems,
the defects observed in MAP6 KO mice are sensitive to
neuroactive molecules. Thus, long-term treatments with both
typical antipsychotics, such as haloperidol (Haldol) (dopamine
antagonist), and atypical antipsychotics, such as risperidone
(Risperdal) or clozapine (dopamine and serotonin antagonists),
alleviate behavioral defects in MAP6 KO mice (Andrieux et al.,
2002; Bégou et al., 2008; Delotterie et al., 2010). Moreover,
clozapine improves alterations to synaptic plasticity (Delotterie
et al., 2010) via its known positive effect on glutamatergic
synapses (Fukuyama et al., 2019). Similarly, treatment of
MAP6 KO mice with anti-depressants such as fluoxetine/Prozac
(a Selective Serotonin Reuptake Inhibitor, gold standard
treatment for depression) alleviated anxiety-like behavior and
cognitive defects (Fournet et al., 2012a). The depressive-like
behavior of MAP6 KO mice and their impaired hippocampal
neurogenesis were alleviated by the use of electroconvulsive
stimulation (ECS) (Jonckheere et al., 2018). ECS is the animal
equivalent of Electroconvulsive Therapy (ECT), which remains
a very powerful and useful treatment for major depression.

Cytoskeleton-related drugs represent a new pharmacological
approach to psychiatric disorders. MAP6 KO mice were the first
animal model to establish a link between cytoskeleton defects and

the cognitive impairment characteristics of psychiatric disorders,
in particular schizophrenia (Andrieux et al., 2002). Subsequently,
other cytoskeletal components including actin and tubulin
themselves, as well as CRMP1, CRMP2, MAP2, MAP1B, and
LIM kinases were also linked to psychiatric disorders (see below
and for review: Benitez-King et al., 2007; Gardiner et al., 2011;
Zhao et al., 2015; Marchisella et al., 2016; Lasser et al., 2018). In
addition, proteins that were initially identified as risk factors for
mental illnesses, such as DISC1 (Disrupted In Schizophrenia) or
dysbindin, were later shown to interact with MTs, MAPs, and
actin (Morris et al., 2003; Hayashi et al., 2005; Talbot et al., 2006;
Taya et al., 2007; Shimizu et al., 2008; Marley and von Zastrow,
2010; Bader et al., 2012).

In this context, cytoskeleton-related drugs have been
investigated to determine their ability to influence biological and
behavioral defects in MAP6 KO mice. Firstly, chronic exposure
of MAP6 KO mice to Epothilone D (EpoD), a modulator of
MT dynamics known to stabilize MTs in vitro (Chou et al.,
1998; Kolman, 2004), leads to behavioral changes (improved
maternal behavior, and concomitant pup survival), and improves
short-term memory, associated with restoration of synaptic
plasticity (LTP) in the hippocampus (Andrieux et al., 2006;
Fournet et al., 2012a), as well as restoring neuronal transport
deficits (Daoust et al., 2014). Second, a small peptide motif
called NAP—present in Activity-Dependent Neuroprotective
Protein (ADNP), which is dysregulated in schizophrenia and
in autism (Gozes, 2011; Hacohen-Kleiman et al., 2018; Van
Dijck et al., 2019)—partially alleviates cognitive impairments in
MAP6 heterozygous mice (Merenlender-Wagner et al., 2010;
Volle et al., 2013). NAP directly interacts with tubulin (Divinski
et al., 2004) and also promotes MT growth and stability by its
interaction with MT plus-end binding proteins of EB family
(+TIPs proteins) (Gozes and Divinski, 2007; Oz et al., 2014). In
addition, NAP has been shown to bind to Tau (Ivashko-Pachima
et al., 2019) and to enhance its binding to MTs in cells (Ivashko-
Pachima et al., 2017; Ivashko-Pachima and Gozes, 2019). Thus,
NAP protective activity involves MT dynamics modulation via
direct binding to tubulin and interaction with MT-associated
proteins (Oz et al., 2014; Ivashko-Pachima et al., 2017). However,
NAP’s effects in MAP6 KO mice might not be exclusively
related to its MT-related properties as chronic NAP treatment
restores normal levels of Beclin1 mRNA in MAP6-deficient mice
(Merenlender-Wagner et al., 2014). Beclin1 is a key regulator of
autophagy and its expression is strongly decreased in brains from
patients with schizophrenia (Merenlender-Wagner et al., 2015).

Overall, these studies with EpoD and NAP highlight
MAP6-mediated MT stabilization as an important feature
for synaptic plasticity and behavior. The results presented
also suggest that the cytoskeleton might be a relevant
target for drug development to treat psychiatric disorders
including schizophrenia.

Is MAP6 Present in Cilia and Linked to Schizophrenia
Phenotypes?
MAP6 was the first neuronal MIP to be identified (Cuveillier
et al., 2020). MIPs were originally described in the MT doublet
of motile cilia and flagella axonemes (Kirima and Oiwa, 2018;
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Owa et al., 2019), where MTs needed to be highly stable
to support the strong deformations required to produce a
beating motion. The question of whether MAP6 also localizes
to non-motile (primary) cilia or to motile cilia within the
brain remains open. Future studies assessing these possibilities
may provide additional molecular explanations for some of the
cognitive impairments observed in MAP6 KO mice. Indeed,
ciliopathies can lead to brain malformation and/or mental
retardation (Reiter and Leroux, 2017). More precisely, primary
cilia which act as signaling platforms participating in Sonic
hedgehog or Wnt signaling pathways for example (Lee and
Gleeson, 2010) have been shown to modulate neurotransmission
through dopamine receptors expressed on their surface (Domire
et al., 2011; Iwanaga et al., 2011; Leaf and Von Zastrow, 2015).
Interestingly, Inversin and APT1—both MAP6 partners—have
been shown to be part of the Wnt pathway (Supplementary
Table 1). More directly, a reduced number of primary cilia
was observed in the olfactory neuroepithelium in patients with
schizophrenia (Muñoz-Estrada et al., 2018) and DISC1 was
shown to be necessary for the formation of neuronal cilia (Marley
and von Zastrow, 2010; Wang and Brandon, 2011). It would be
interesting to investigate a possible role forMAP6 acting as aMIP
in controlling the number and integrity of neuronal primary cilia.

CRMPs: FROM SIGNALING PATHWAYS TO
CYTOSKELETON FUNCTIONS

Research on the structural MAPs revealed over time that their
functions are not restricted to MT regulation. Simultaneously,
other proteins that were first identified in signaling cascades,
for example, were subsequently found to belong to the family
of structural MAPs. Collapsin Response Mediator Proteins
(CRMPs) are a perfect example of such proteins. Indeed, in
addition to their well-known roles in signal transduction and
neuronal physiology, we will summarize how, since the 1990s,
CRMPs have been documented to play roles in regulating the
cytoskeleton and especially in MT dynamics.

CRMP Proteins as Signaling Proteins
Originally discovered in C. elegans and named ULIP (UNC-
33 like phosphoprotein), members of the CRMP family are
involved in neuronal connectivity for sensory and motor
neurons (Brenner, 1974; Hedgecock et al., 1985). These
proteins originated from various genes and were subsequently
renamed Collapsin Response Mediator Proteins (CRMPs) due
to their involvement in Semaphorin 3A guidance molecule
signaling (Collapsin was the original name of Semaphorin 3A;
Goshima et al., 1995).

CRMPs are substrates for a large number of kinases, and
high levels of phosphorylation have been reported, mostly
in the C-terminal domain (Cole et al., 2004, 2006; Zheng
et al., 2018); CRMP phosphorylation has been extensively
studied in the context of the axonal guidance signaling pathway
induced by Semaphorin 3A. Several kinases involved in this
signaling pathway phosphorylate CRMPs. First, Cdk5 acts as
the priming kinase, phosphorylating CRMP1, 2, 4, and 5 in
response to a Semaphorin 3A-signal in vitro and in vivo

(Brown et al., 2004; Uchida et al., 2005). This phosphorylation is
required for subsequent phosphorylation of CRMPs by GSK3β,
shown to be a key factor in modulating CRMPs’ interaction
with the cytoskeleton (Uchida et al., 2005; Yoshimura et al.,
2005). Thus, the Semaphorin 3A-induced phosphorylation of
CRMP2 by Cdk5 and GSK3β blocks its capacity to bind tubulin
and MTs (Uchida et al., 2005; Yoshimura et al., 2005). This lack
of interaction leads to cytoskeleton breakdown and the resulting
collapse of the growth cone, as the functional consequences of
Semaphorin 3A signaling.

Semaphorin 3A-stimulation of the growth of dendritic spines
also involves CRMP1 phosphorylation by Cdk5, blocking its
interaction with actin (Yamashita et al., 2011; Yao et al., 2016).

Phosphorylation events on CRMPs, thus regulate the proteins’
capacity to interact with the cytoskeleton while also modulating
their interaction with other partners, such as RhoA (Alabed et al.,
2007), the guidance cue co-receptor PlexinA1 (Deo et al., 2004),
or the ion channels Cav2.2 (Brittain et al., 2009), and Nav1.7
(Dustrude et al., 2016).

At the same time, the C-terminal part of CRMP2 shares
similarities with Tau PRD domains (Hensley and Kursula, 2016),
opening up the possibility that CRMPs can bind to SH3-domain-
containing proteins.

CRMPs Bind and Stabilize Microtubules
From the time of their discovery in 1985, CRMPs were linked
to MTs since mutations induced an over-abundance of MTs
in axonal shafts (Hedgecock et al., 1985). It was therefore
proposed that CRMP could modulate axonal outgrowth by
stabilizing the cytoskeleton (Hedgecock et al., 1985). More recent
work has indicated that all CRMPs bind tubulin both in vitro
and in vivo (Fukata et al., 2002a; Lin et al., 2011; Khazaei
et al., 2014), although the interaction between CRMP2 and
MTs has been the focus of this particular study. Indeed,
for CRMP2, its interaction with MTs was recently found to
involve two distinct domains: the N-terminal domain, which
is essential for binding to soluble tubulin, thus promoting
MT polymerization; and the C-terminal region, which interacts
with and stabilizes polymerized microtubules (Niwa et al.,
2017). Although the ability to bind MTs is shared by all
CRMPs, the MT-stabilizing capacity reported for CRMP2 is only
shared by CRMP1 and CRMP4 (Lin et al., 2011). In contrast,
CRMP5 does not influence MT dynamics (Brot et al., 2010), and
CRMP3 was shown to inhibit MT polymerization (Aylsworth
et al., 2009). The role of CRMP2 in MT assembly was found to
be crucial for neurite formation and axon development (Fukata
et al., 2002b) whereas CRMP4-dependent MT organizations
contribute to growth-cone dynamics (progression, pausing, and
retraction) as well as to axon elongation and regeneration
(Khazaei et al., 2014).

CRMPs Associate With Actin
Of all the isoforms, only CRMP3 presents weaker or no
interaction with actin (Tan et al., 2015). All other CRMPs have
an actin-binding site located at their C-terminal end, adjoining
their MT-binding site. This actin-binding site was initially
characterized in CRMP4 and promotes the formation of F-actin
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both in vitro and in vivo (Rosslenbroich et al., 2005; Khazaei
et al., 2014; Cha et al., 2016). In neurons, through their action
on the actin cytoskeleton, CRMP4 and CRMP5 contribute to
neurite outgrowth and growth-cone remodeling (Khazaei et al.,
2014; Gong et al., 2016), and CRMP4’s actin-binding capacity
also contributes to dendrite maturation in hippocampal neurons
(Cha et al., 2016). The effects of CRMP1 and CRMP2 on actin
dynamics are more indirect, as interactions with VASP family
proteins or the Sra-1 / WAVE1 complex are required for these
proteins to influence axon formation and growth (Kawano et al.,
2005; Yu-Kemp and Brieher, 2016; Yu-Kemp et al., 2017).

CRMPs Associate With Membranes and
Neuroreceptors
The role of CRMPs in vesicular trafficking and plasmamembrane
targeting of several transmembrane proteins is well-documented.
Thus, CRMP2 is known to bind to the vesicle-associated
proteins Slp1 and Rab27 allowing anterograde transport of
BDNF receptor TrkB (Arimura et al., 2009). It also binds to
the endocytic adaptor Eps15, the ubiquitin ligase Nedd4.2, and
to α-adaptin which regulates clathrin-dependent endocytosis
of the cellular adhesion molecule L1 and the sodium channel
Nav1.7 (Nishimura et al., 2003; Kawano et al., 2005; Dustrude
et al., 2016). CRMP1 modulates Na+ currents by interacting
with Nav1.7 (Yamane et al., 2017) whereas, like MAP6, CRMP2,
and CRMP3 respectively interact with voltage-gated Cav2.2/N-
type and L-type channels (Brittain et al., 2009; Chi et al., 2009;
Quach et al., 2013). CRMP4 is involved in vesicular trafficking
through mechanisms involving binding to the SH3 domains of
the scaffolding protein Intersectin 1 (Quinn et al., 2003)—which
is also a MAP6 partner (Figure 1).

Despite the early discovery of the involvement of CRMPs
in the Semaphorin 3A signaling pathway (Goshima et al.,
1995), little is known about direct interactions between CRMPs
and the numerous semaphorin receptors represented by the
Neuropilin and Plexin families. CRMP1, 2, 3, and 4 complexes
with Plexin-A1 have been reported following over-expression of
the different isoforms in the COS7 cell line (Deo et al., 2004), and
associations with the mono-oxygenases MICALs have also been
described (Schmidt et al., 2008). In addition, CRMP2 was shown
to interact with Plexin-A2 and A3 in the Nogo and Semaphorin
3A signaling pathways, respectively (Sekine et al., 2019;
Jiang et al., 2020).

Physio-pathological Roles of CRMPs in the
Central Nervous System
As part of their regulation of neuronal development and
plasticity, CRMPs are involved in many neurodevelopmental
processes including neural progenitor proliferation (Charrier
et al., 2006), neuronal migration (Yamashita et al., 2006),
and neuronal morphogenesis with both axonal and dendritic
maturation influences. The study of CRMP1, CRMP2, and
CRMP4 KO neurons revealed morphological defects, especially
in dendritic development and branching, but also in migration
and positioning (Yamashita et al., 2006, 2007; Niisato et al.,
2012). These phenotypes are more severe in double KO
neurons, whether the combination is CRMP1 and CRMP4, or

CRMP2 and CRMP4 (Tan et al., 2015; Yamazaki et al., 2020).
In vivo, KO of any CRMP (CRMP1, CRMP2, CRMP3, or
CRMP4) leads to robust alteration of dendritic morphogenesis
in several brain regions including the hippocampus and the
cortex (Yamashita et al., 2007; Quach et al., 2008; Niisato
et al., 2012, 2013; Yamashita and Goshima, 2012; Tsutiya
et al., 2015, 2016). CRMP2 is also strongly associated with
axonal specification (Nishimura et al., 2003; Kawano et al.,
2005; Yoshimura et al., 2005; Morita and Sobue, 2009). The
extensive effects of CRMPs on neuronal differentiation are
stronger than those observed for the deletion of classical MAPs.
This enhanced effect might be due to the crucial roles of
CRMPs at the interface between elements of the cytoskeleton
and signaling proteins. Impairment of CRMPs functions also
leads to synaptic-plasticity defects with abnormal LTP (Su
et al., 2007; Quach et al., 2008, 2011; Yamashita et al., 2011),
linked to impaired learning and memory (Su et al., 2007;
Yamashita et al., 2013).

In humans, CRMPs are associated with several psychiatric
disorders, with striking numbers of publications providing
evidence of links between CRMPs and schizophrenia (Nakata
et al., 2003; Nakata and Ujike, 2004; Ujike et al., 2006; Koide
et al., 2010; Hensley et al., 2011; Bader et al., 2012; Lee et al.,
2015; Quach et al., 2015; Toyoshima et al., 2019). For example,
polymorphisms in the genes encoding CRMP1 and CRMP2,
as well as altered hippocampal expression of CRMP2 and
CRMP4 have been reported in patients with schizophrenia
(Edgar et al., 2000; Beasley et al., 2006; Föcking et al., 2011;
Bader et al., 2012). In addition, the abnormal sensory-motor
gating abilities reported in psychiatric patients and described for
MAP6 KO mice (Fradley et al., 2005), were also replicated in
CRMP1 and CRMP3 KO mice (Quach et al., 2008; Yamashita
et al., 2013). Importantly, these defects could be alleviated
through the use of the antipsychotic chlorpromazine (Yamashita
et al., 2013), and CRMP2 and CRMP4 phosphorylation states
were shown to be downregulated by the antipsychotics Clozapine
and Risperidone (Kedracka-Krok et al., 2015).

Which Proteins Can Be Classified as
MAPs?
In summary, the ability of CRMPs to bind MTs, and thus
promote their polymerization and stabilization, are major
arguments to consider them as members of the wider MAP
family. Moreover, and as indicated above, like other MAPs,
CRMPs can also bind actin and are involved in signaling
cascades. As for conventional MAPs, deletion of CRMPs in
mice does not lead to severe cytoskeleton alterations, but
rather to subtler neurodevelopmental defects and cognitive
dysfunctions similar to those encountered in psychiatric diseases.
The history of protein identification draws attention toward
specific research. In the case of CRMPs, although data
regarding their interactions with MTs have been produced
they have not been extensively investigated in the field of
cytoskeleton research. In particular, they have never been used
in in vitro cell-free systems. Several basic questions thus remain
open, such as: Do CRMPs modulate specific parameters of
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microtubule dynamics? Do they induce MT bundling or simply
MT polymerization?

Our demonstration that CRMPs can be considered
as MAPs could be extended to other proteins like for
example, the Huntingtin protein or α-synuclein. These
two proteins have been actively studied in the context of
neurodegenerative diseases. Indeed, HTT binds to MTs and
actin, is involved in signaling cascades, is palmitoylated by
the same DHCC as MAP6 (Lemonidis et al., 2015), and
interacts with neuroreceptors (for review see Saudou and
Humbert, 2016). Similarly, α-synuclein, a MAP6 partner
(Figure 1), interacts with and nucleates MTs (Cartelli et al.,
2016). α-synuclein also interacts with actin and reduces
F-actin polymerization speed (Sousa et al., 2009; Cartelli et al.,
2016; Oliveira da Silva and Liz, 2020). It also participates
in signaling cascades and neuroreceptor functions (for
review see Emamzadeh, 2016; Bernal-Conde et al., 2019).
In addition to these examples, proteins related to schizophrenia
susceptibility could be mentioned, such as DISC1 (Disrupted
In Schizophrenia) or dysbindin, both of which have been
shown to interact with MTs, MAPs, and actin (Morris et al.,
2003; Hayashi et al., 2005; Talbot et al., 2006; Taya et al.,
2007; Shimizu et al., 2008; Marley and von Zastrow, 2010;
Bader et al., 2012).

COMMON PROPERTIES OF THE
NEURONAL STRUCTURAL MAPs

In this section, we will briefly summarize the properties of the
classical neuronal structural MAPs (Tau, MAP1, and MAP2)
and compare them to those described for MAP6 and CRMPs.
We will focus particularly on properties that are just coming
to light.

All the classical MAPs bind to MTs and induce various
levels of stability (Baas et al., 1994; Bulinski and Bossler, 1994;
Vandecandelaere et al., 1996; Faller et al., 2009; Kadavath
et al., 2015; Qiang et al., 2018). Recent advances in cryo-EM
have made it possible to visualize how Tau binds along
protofilaments at the interface between tubulin dimers (Kellogg
et al., 2018). Elucidating the near-atomic structure of complexes
between the other MAPs and MTs is essential if we wish
to reveal the common and specific mechanisms behind MT
stabilization for each MAP. Interestingly, several classical MAPs
such as MAP1B, MAP2, and Tau, are also able to indirectly
modulate MT dynamics via their interaction with EB proteins
(Kapitein et al., 2011; Tortosa et al., 2013; Sayas et al.,
2015; Ramirez-Rios et al., 2016). Such a possibility regarding
MAP6 and CRMPs has not yet been investigated and could be
of interest.

With regard to the ability of MAP6 to behave as a MIP,
future studies will reveal whether this property is shared by
other structural MAPs. Although some previous works suggested
that Tau binds to the luminal side of MTs (Kar et al.,
2003; Inaba et al., 2019), the answer to this question remains
elusive. Interestingly, actin was very recently discovered inside
the MT lumen (Paul et al., 2020), opening the possibility
that MAPs/MIPs might be involved in the crosstalk between

the two cytoskeletons in the MT lumen like they are in
the cytoplasm.

Like MAP6, the other structural MAPs—Tau, MAP1, and
MAP2—were shown to bind actin (Griffith and Pollard, 1982;
Pedrotti et al., 1994; Ozer and Halpain, 2000; Roger et al., 2004;
Ding et al., 2006) and to regulate synaptic plasticity through
actin-dependent mechanisms (Davidkova and Carroll, 2007;
Tortosa et al., 2011; Benoist et al., 2013; Takei et al., 2015).
Interestingly, Tau was directly shown to co-organize actin and
MT networks in vitro and in the neuronal growth cone (Elie et al.,
2015; Biswas and Kalil, 2018), this ability may be shared by the
other MAPs (Mohan and John, 2015).

In relation to neuroreceptors, like MAP6 (Figure 1), MAP1
and MAP2 proteins interact with the Cav2.2/N-type calcium
channel or with BKCa potassium channels (Davare et al., 1999;
Park et al., 2004; Leenders et al., 2008). In terms of membrane-
association, Tau and MAP2 interact with the membranes of
the Golgi and the endoplasmic reticulum (Farah et al., 2005,
2006), whereas MAP1S was shown to link mitochondria and
autophagosomes to MTs (Xie et al., 2011).

Several other MAPs in addition to MAP6 contain PRD
domains and thus interact with SH3-containing proteins. For
example, Tau and MAP2 bind to various SH3-containing
proteins including the non-receptor tyrosine kinase Src
(MAP6 partner, Figure 1; Lim and Halpain, 2000). Interestingly,
in link with Alzheimer’s disease, a general inhibition of Tau’s
interactions with SH3-domain-containing proteins was shown to
reduce Amyloid β-induced membrane trafficking abnormalities
and neurite degeneration (Rush et al., 2020).

Finally, as with MAP6 deletion, invalidation of other
MAPs in mice did not result in major MT-breakdown or
in lethal neurodevelopmental defects but rather produced
viable mice (Harada et al., 1994; Takei et al., 1997, 2015;
Teng et al., 2001). However, all KO mice display cognitive
dysfunctions similar to those associated with psychiatric
diseases. Thus, Tau KO mice exhibit impaired neurogenesis
(Dioli et al., 2017), hippocampal synaptic plasticity, and
cognitive defects (Ikegami et al., 2000; Lei et al., 2012;
Ahmed et al., 2014; Ma et al., 2014; Regan et al., 2015),
as well as age-dependent brain atrophy associated with loss
of neurons and synapses (Lei et al., 2012). MAP1B-deficient
mice also display abnormal synapse maturation (Tortosa
et al., 2011; Bodaleo et al., 2016), along with synaptic
transmission defects due to deregulation of AMPA receptor
trafficking (Benoist et al., 2013; Palenzuela et al., 2017), and
impaired synaptic plasticity with abnormal LTP (Zervas et al.,
2005). Importantly, MAP1B has been linked to the protein
KIRREL3 which is associated with autism/intellectual disability
(Liu et al., 2015). This protein is associated with the altered
working memory observed in young people with attention-
deficit/hyperactivity disorder (Salatino-Oliveira et al., 2016).
Mutated forms of MAP1B have been linked to intellectual
disability and extensive white-matter deficits in humans
(Walters et al., 2018).

A review of the literature relating to MAPs, in particular,
Tau (which is by far the most extensively studied MAP),
reveals that some MAP features have not yet been reported
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for MAP6 and CRMPs. Firstly, it is quite clear that Tau
is a bona fide nuclear protein (for review see Bukar Maina
et al., 2016) mainly contributing to defending the genome
against cellular stress. As shown in Supplementary Table
1, MAP6 has been shown to interact with various nuclear
receptors and effectors, but nothing is known about its possible
roles in the nucleus. Secondly, Tau is an unstructured protein
that has been shown to promote phase-separation events in
cells, both as part of physiological processes such as axonal
transport and in pathological conditions such as during Tau
aggregation (Hernández-Vega et al., 2017; Wegmann et al., 2018;
Siahaan et al., 2019). How the capacity of Tau to promote
phase separation affects its non-cytoskeleton-related functions
still remains to be determined. As most MAPs including
MAP6 are unstructured proteins, it appears logical that the
ability to contribute to phase separation events will be shared by
many MAPs.

CONCLUSION

Structural MAPs, presented here through the examples
of MAP6 and CRMPs, are highly versatile proteins with
multiple partners and functions, playing major roles in several
brain functions.

The original classification of MAPs was based on their ability
to bind MTs. This binding may contribute to MT stability, but it
might also be crucial to ensure MAPs presence all over the cell
in order to be available to promote signal propagation and/or

to form multi-protein complexes (post-synaptic densities) or
regulate the protein composition of membrane compartments.
In other words, the MT-binding ability of MAPs is probably
required for all their other functions as it is essential to
ensure specific spatial and temporal localization. These dual
abilities of MAPs to stabilize MTs and to use them as a means
to gain access to all regions of the cell for other functions
makes it experimentally impossible to distinguish between their
MT-related and -unrelated functions.
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[Abstract] Microtubules (MT) are the most rigid component of the cytoskeleton. Nevertheless, they 

often appear highly curved in the cellular context and the mechanisms governing their overall shape are 
poorly understood. Currently, in vitro microtubule analysis relies primarily on electron microscopy for its 

high resolution and Total Internal Reflection Fluorescence (TIRF) microscopy for its ability to image live 
fluorescently-labelled microtubules and associated proteins. For three-dimensional analyses of 

microtubules with micrometer curvatures, we have developed an assay in which MTs are polymerized 
in vitro from MT seeds adhered to a glass slide in a manner similar to conventional TIRF microscopy 

protocols. Free fluorescent molecules are removed and the MTs are fixed by perfusion. The MTs can 
then be observed using a confocal microscope with an Airyscan module for higher resolution. This 

protocol allows the imaging of microtubules that have retained their original three-dimensional shape 
and is compatible with high-resolution immunofluorescence detection. 
Keywords: Microtubules, Microtubule-Associated Proteins, TIRF microscopy, High resolution imaging, 

Airyscan. 

[Background] Microtubules (MT) are polymers made by the combination of the heterodimers α- and β-

tubulins and are a major component of the cell cytoskeleton. They are involved in fundamental 
mechanisms of cell function such as mitosis, intracellular transport, cytokinesis and maintenance of cell 

shape (Akhmanova and Steinmetz, 2015). Although inherently very rigid, MTs often appear curved in 
cells and few proteins have been described to bend microtubules (Brangwynne et al., 2006; Bechstedt 

et al., 2014; Leung et al., 2020; Cuveillier et al., 2020). Since the early 1970s (Weisenberg, 1972), the 
study of MTs in vitro has led to a better understanding of the molecular mechanism involved in the 

formation and dynamics of MTs. However, a detailed analysis of the shape of the microtubules remains 
technically difficult. Two main approaches are currently used: electron microscopy for the very detailed 
images obtained (up to a separation limit of a few Angstrom) (Alushin et al., 2014; Harris, 2015), and 

TIRF microscopy which allows the live observation of dynamic microtubules using fluorescently-labelled 

molecules (separation limit of about 200 nm) (Al-Bassam, 2014). However, these techniques are not 
suitable for the complete observation of microtubules with large three-dimensional curvatures such as 
the helical shape they adopt in the presence of MAP6 (Cuveillier et al., 2020). In order to obtain more 

clues on the structure of the MTs, we developed an assay that combines the use of fluorescent proteins 

and high-resolution imaging by Airyscan confocal microscopy (achievable resolution down to 120 nm in 
XY), while preserving the original shape of the MTs which is very sensitive to manipulation. This protocol 
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has the advantage of avoiding unusual equipment and material. Moreover, it can be adapted to different 

super-resolution techniques such as expansion microscopy or stimulated-emission-depletion (STED) 
microscopy which would allow to increase the resolution up to 10 times (Blom and Brismar, 2014) and 

reach a separation limit of 50-20 nm. 

Materials and Reagents 

1. Tubulin, Atto-565 labelled tubulin, and biotinylated tubulin are prepared as already fully
described in Ramirez-Rios et al. (2017). Store up to 1 year in liquid nitrogen

2. Cover glasses 26 × 76 mm #1 (VWR, catalog number: 630-2910)
3. Double-face precut tape 70 µm thick, 3 mm wide (LIMA Company, catalog number:

0000P70PC3003)
4. Siligum wax plate (VWR, MODU140013)

5. 1.5 ml Eppendorf tubes (Fisher Scientific, catalog number: 11558232)
6. 0.5 ml Eppendorf tubes (Fisher Scientific, catalog number: 10318661)

7. Petri dishes (Greiner Bio-One, catalog number: 663102)
8. Polycarbonate centrifuge tubes (Beckman, catalog number: 343775)

9. 0.22 µm filters (Merck Millipore, catalog number: SLGP033RS)
10. Silane-PEG (MW 30k) (Creative PEG-Works, catalog number: PSB-2014)

11. Silane-PEG-biotin (MW 3,400) (LaysanBio, catalog number: BIOTIN-PEF-SIL, MW 3,400)
12. NeutrAvidin (ThermoScientific, catalog number: 31000)

13. PLL20K-G35-PEG2K (PLL-g-PEG) (Jenkem, catalog number: 13022755)
14. Pluronic F-127 (Sigma-Aldrich, catalog number: P2443)

15. Bovine Serum Albumin (BSA) (Sigma-Aldrich, catalog number: A7030)
16. Acetone 100% (VWR, catalog number: 20066.321)

17. Ethanol 96% (VWR, catalog number: 20823362)
18. Hellmanex III (Sigma-Aldrich, catalog number: Z805939-1EA)

19. Phosphate buffer saline (PBS) (Sigma-Aldrich, catalog number: P4417)
20. 1,4-Piperazinediethanesulfonic acid (PIPES) (Sigma-Aldrich, catalog number: P6757)

21. Potassium hydroxide (KOH) (Sigma-Aldrich, catalog number: 484016)
22. Potassium chloride (KCl) (Sigma-Aldrich, catalog number: P9541)

23. Ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA) (Sigma-Aldrich,
catalog number: E3889)

24. Magnesium chloride (MgCl2) (Sigma-Aldrich, catalog number: 2670)
25. Sodium hydroxide (NaOH) (Carlo Erba, catalog number: 480507)

26. DL-Dithiothreitol (DTT) (Sigma-Aldrich, catalog number: D0632)
27. Guanosine 5′-triphosphate (GTP) (Sigma-Aldrich, catalog number: G8877)

28. Methyl cellulose 1,500 cP (Sigma-Aldrich, catalog number: M0387)
29. GMPCPP (Euromedex, JE-NU-405S)
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30. HEPES (Sigma-Aldrich, catalog number: H3375)

31. Glucose (Sigma-Aldrich, catalog number: G8270)
32. Glucose oxidase (Sigma-Aldrich, catalog number: G6766-10KU)

33. Catalase (Sigma-Aldrich, catalog number: C9322-1G)
34. Diamond pencil (Agar Scientific, catalog number: AGT5347)

35. Glutaraldehyde solution 25% (Sigma-Aldrich, catalog number: G5882)
36. Clean nitrogen air flow (Air Liquide)

37. Liquid nitrogen (Air Liquide)
38. 5× BRB80 (see Recipes)

39. BSA 10% (see Recipes)
40. Neutravidine (see Recipes)

41. DTT, 200 mM (see Recipes)
42. KCl, 500 mM (see Recipes)

43. PLL-PEG (see Recipes)
44. Silane-PEG or Silane-PEG-biotin (see Recipes)

45. GTP, 20 mM (see Recipes)
46. Glucose, 450 mg/ml (see Recipes)

47. Deoxymix (catalase and glucose oxydase) (see Recipes)
48. NaOH, 1 M (see Recipes)

49. BSA 1%/BRB80 (see Recipes)
50. Methyl cellulose 1,500 cP (see Recipes)

51. HEPES, 10 mM (see Recipes)
52. Pluronic F27, 10% (see Recipes)

53. PBS (see Recipes)
54. Neutravidin stock solution (see Recipes)

55. Red tubulin mix (see Recipes)
56. Imaging buffer (see Recipes)

Equipment 

1. Inverted Eclipse Ti microscope (Nikon) with PSF focus

2. Apochromat 100×/1.49 N.A. oil immersion objective (Nikon) with heated objective (Okolab)
3. Temperature chamber (Technico Plast)

4. Ilas2 TIRF system (Roper Scientific)
5. Cooled Charged-coupled device camera (Evolve 512, Photometrics)

6. Temperature Stage Controller (Linkam Scientific)
7. LSM 710 confocal (Zeiss) Airyscan

8. Plan Apochromat 100×/1.4 N.A. oil immersion objective (Zeiss)
9. Ultracentrifuge (Beckman Coulter Optima, Model Max-XP, catalog number: 393315)
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10. Rotor (Beckman, model: TLA100-1, catalog number: 343837)

11. Plasma cleaner FEMTO Diener Electric (Germany) coupled to a vacuum pump Trivac D2.5E
Oerliken (Germany)

12. Sonicator (Elmasonic S30, Elma, Germany)
13. Glass staining dishes and tray (VWR, catalog number: MARI4200004)

14. Plastic box for glass microscopy (any brand)
15. Diamond Pencil (Oxford Instruments, catalog number: T5347)

16. Tweezers (Dutscher, catalog numbers: 076100 and 005093)
17. Gloves powder-free (any brand)

18. Water-bath (any brand)

Software 

1. MetaMorph 7.8.5 software (Molecular Devices, https://www.moleculardevices.com)
2. Zen Black 2.1 (Zeiss)

Procedure 

A. Flow chamber preparation
Note: This procedure is adapted from Portran et al. (2013) and Leslie et al. (2013). Cover glasses

are used to make both sides of the perfusion chambers. Cover glasses are handled with tweezers

or by hand with non-powdered gloves on the edges when drying with airflow so as not to damage

their surface by more than 1 cm.

1. Glass cleaning
a. Immerge the cover glasses in a clean glass staining dish (105 × 85 × 70 mm) filled with 200-

250 ml acetone and sonicate for 30 min in sweep mode.
Note: 6 cover glasses are required to make 10 flow chambers, but some glass breakage

may occur during the procedure, so it is advisable to start with a little more cover glasses.

b. Replace acetone and incubate for an additional 30 min with orbital shaking (80 rpm).
Note: Acetone from the second bath can be recycled for the first bath of the next cleaning

procedure.

c. Incubate 15 min with ethanol and rinse 10 times with deionized filtered water.
d. Incubate 2 h in prewarmed (60 °C) 2% (v/v) Hellmanex on an orbital shaker (80 rpm), then

rinse 10 times with deionized filtered water.
e. Sonicate 15 min in 1 M NaOH solution.

f. Rinse 10 times with deionized filtered water.
g. Sonicate 15 min in ethanol and rinse each coverslip 10 times in a large volume (2 × 2 L) of

deionized filtered water.
h. Dry the cover glasses with a clean air flow (nitrogen gas).
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i. Dispense the glasses into two clean, dry glass staining tray for activation and silanization

(see the next step below).
Note: 5 silane-PEG-biotin-coated glasses and 1 silane-PEG-coated glass are used to

prepare 10 perfusion chambers (see below paragraph 3).

2. Glasses activation and silanization

a. Plasma activate the glasses for 3 min at 80% of maximum power at a pressure of 0.7 mbar.
b. Rapidly immerge the glasses in either silane-PEG-biotin or silane-PEG solutions and

incubate overnight on an orbital shaker.
Note: Identify the glass staining dishes containing either silane-PEG-biotin or silane-PEG to

avoid mistakes.

c. Recover the coating solutions (they can be reused for several months as long as they

remain clean) and replace them with ethanol (Figure 1A).
d. Wash each coating slide 10 times in a beaker containing ethanol (Figure 1B) and 10 times

in a large volume (2 × 2 L) of water (Figure 1C, 1D).
Note: We recommend to wash first the silane-PEG slides then the silane-PEG-biotin ones

to avoid potential silane-PEG-biotin binding to silane-PEG slides.

Figure 1. Washing of coated slides. In A we have coated slides in ethanol. B contains ethanol. 

C and D contain deionized filtered water. E containing deionized filtered water is used to keep 
rinsed slides before drying. 

e. Dry the coverglasses with a stream of nitrogen.

f. Store the silanized lamellae at 4 °C in a plastic box sealed with plastic film for a maximum
of one week.

3. Construction of the flow chamber
Note: When handling the silanized cover glasses, make sure that the face inside the chamber

remains clean and un-touched.
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a. Transfer 1 silane-PEG-biotin-coated slide to a clean Petri dish and, using the diamond pencil,

cut the glass into four parts (approx. 19/26 mm) (Figures 2A, 2B).
Note: When cutting with the diamond pencil, the Petri dish bottom bends leading to slide

breaking. To avoid this, we use a thin plastic that we put under the Petri dish (Figure 2A).

b. Similarly, transfer the silane-PEG-coated slide to another Petri dish and cut them into 7 parts

of about 11 mm width. Discard the two end parts and cut the others in half to make fourteen
11 × 13 mm pieces (Figures 2C, 2D).

Figure 2. Cutting coated slides. A. From left to right, diamond pencil, plastic to avoid breaking, 

Petri dish containing silane-PEG-biotin slide, tweezers. B. The slide is cut in four equal parts. C. 

A silane-PEG slide is cut in 7 parts. D. Each part is cut in half. 

c. Place two pieces of double-sided adhesive tape, 5 mm apart, in the center of a piece of
silane-PEG-biotin coated coverslips (Figure 3A).

d. Tape one piece of PEG-silane-coated strips above the two pieces of tape (the volume of the
chamber is about 5 µl) (Figure 3B).
Note: Carefully press the silane-PEG-coated strip on the tape to ensure correct sealing. You

might gently remove excess tape (Figure 3D).
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Figure 3. Construction of the flow chamber. A. One piece of silane-PEG-biotin is put in a 

Petri dish. B. Adhesive tape is stuck to the slide. C. Protective plastic above the tape is removed 

and one piece of silane-PEG slide is placed onto the tape. D. Excessive tape is cut and removed. 

B. Preparation of GMPCCP seeds
Note: GMPCPP seeds tend to depolymerize at low temperatures, try to keep them warm all along

the procedure.

1. Prepare a mix of freshly thawed ATTO-565 tubulin and biotinylated tubulin at a 1:1 molar ratio

for a final concentration of 10 µM tubulin in BRB80 supplemented with 0.5 mM GMPCPP.
Note: Usually, 300 µl of seeds are necessary for at least 500 experiments.

2. The mix is placed at 35 °C in a water-bath during 1 h to allow polymerization.
3. Spin down the GMPCPP seeds at 130,000 × g using a TLA 100 rotor during 5 min at 35 °C.

4. Discard supernatant and gently rinse with 2 × 100 µl of prewarmed BRB80.
Note: After the centrifugation, the red seeds are visible in the pellet. Avoid resuspending the

pellet during washing steps.

5. Gently resuspend the pellet in prewarmed BRB80 containing 1 mM GMPCPP.
Note: Resuspending might take some time. For 300 µl of polymerization solution, resuspend

the pellet in 500 µl.

6. Aliquot by 1-2 µl in 0.5 ml Eppendorf and quickly freeze in liquid nitrogen.
7. Store in liquid nitrogen up to one year.

C. Microtubule polymerization and fixation
Note: The perfusion is performed by loading the solution into one side of the chamber while wiping

the other side with a piece of paper (Figure 4).
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Figure 4. Perfusion in flow chamber. From A to D are sequential images of perfusion of the 

desired solution into the flow chamber. 

1. GMPCPP seeds immobilization in the flow chamber

a. Perfuse 10 µl of Neutravidin (25 µg/ml in 1% (w/v) BSA/BRB80) in the flow chamber and
wait for 2 min.

b. Perfuse 30 µl of PLL-PEG (0.1 mg/ml in 10 mM HEPES, pH 7.4) and wait for 30 s.
c. Wash by perfusing 60 µl of 1% (w/v) pluronic in 1% (w/v) BSA/BRB80.

d. Wash by perfusing 2 times with 70 µl 1% (w/v) BSA/BRB80.
e. Quickly thaw GMPCPP seeds and dilute in 1% (w/v) BSA/BRB80.

Note: Adjust seeds dilution if needed, usually start with a 1/100 to 1/500 dilution.

f. Perfuse 30 µl of diluted GMPCPP seeds and let them adhere for 5 min at RT.

g. Wash unbound seeds 3 times with 70 µl 1% (w/v) BSA/BRB80.
2. Microtubule polymerization and fixation

a. Perfuse freshly prepared polymerization mix (Recipe 19).
Note: Adjust tubulin/associated proteins concentration if needed. It depends on the affinity

and effects of the associated proteins of interest. For tubulin, a concentration of 5 to 20 µM

is a good start and for associated proteins from 5 nM to 500 nM should be informative.

b. Put the flow chamber in a warm (32-35 °C) place with a water-saturated atmosphere to
avoid desiccation for MT polymerization (usually at least 30 min).

c. After polymerization, fix MTs by gently perfusing approximately 30 µl of 0.1% Methyl
cellulose 1,500 cP, 0.5% (v/v) Glutaraldehyde/BRB80.
Note: Critical step, fast perfusion will alter MT structure. Put the chamber inside a Petri dish

(you might use tape to prevent it from moving). Then, slightly tilt the Petri dish and add drop

by drop the fixing buffer at the top of the chamber. The solution will slowly flow down the

chamber. You can use blotting paper to clean excess liquid. The fixation buffer should be at

least 3 min inside the chamber for proper fixation. Even if the fixation occurs rapidly, dilution 

might induce MT depolymerization. To overcome this issue, use MT stabilizing compounds
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such as taxol (taxol affects MT persistence length) or grow MT longer. 

d. Wash fixation buffer with 50 µl of 0.1% (v/v) Methyl cellulose 1,500 cP/BRB80.
e. Perfuse imaging buffer (BRB80 supplemented with 0.1% Methyl cellulose 1,500 cP, 2 mg/ml

glucose, 1mg/ml glucose oxidase and 150 µg/ml catalase).
f. Seal the flow chamber with the siligum wax.

Note: Imaging of the chambers should be done within one week.

D. Imaging of the microtubules
1. Control fixation: TIRF Microscopy

Note: To estimate the effect of the fixation process on the sample, it is necessary to compare

the sample before/after fixation.

a. Place the flow chamber on the inverted microscope.
Note: For imaging before fixation, set the temperature of the stage at 35 °C to avoid MT

depolymerization.

b. Adjust laser intensity, exposure and focus in order to observe the microtubules.

c. Acquire images both before (Figure 5A) and after fixation (Figure 5B) of the sample.

Figure 5. Structure of helical microtubules is not altered by the fixation process. TIRFM 

image of a helical MT before (A) and after (B) fixation. MTs were grown from GMPCPP seeds 

with 12 µM tubulin (9:1 non-labeled tubulin:ATTO-565 labelled tubulin) with 200 nM MAP6-N-
GFP. At this concentration, MAP6-N-GFP induces microtubule coiling. Scale bar: 5 µm. 

2. Confocal imaging with Airyscan processing
a. Place the chamber above the objective.

b. Adjust focus and laser intensity in order to observe MTs.
c. Perform acquisition (z-stack series using 220 nm step-size).

d. Use Zen built-in Airyscan processing. See Figure 6 for TIRF versus confocal imaging with
Airyscan processing of helical MT. Figure 7 shows the advantage of performing z-stacks on

MTs with a particular shape.
e. Analyse images using Zen Blue.
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Figure 6. Observation of helical MTs with TIRFM or confocal Airyscan. MTs were grown as 

in Figure 5 and fixed using the described protocol. A. Fixed helical MTs observed using TIRF 
microscopy. B. z-projection of a fixed helical MT observed using confocal microscope followed 

by Airyscan processing. Scale bar: 5 µm. 

Figure 7. z-stack of a helical MT observed using confocal imaging with Airyscan 
processing. Images of the z-stack of the same MT as in Figure 6B, with a step of 220 nm 

between each plane. Scale bar: 5 µm. 

Recipes 

All solutions were conserved at indicated temperature without any observable deterioration along 

time unless stated otherwise. Most solutions were aliquoted to avoid freezing-thawing cycles. 
1. 5× BRB80

36.28 g PIPES
1.5 ml of MgCl2 (1 M)

570.6 mg EGTA
Dissolve in 250 ml of deionized water and adjust pH to 6.85 with KOH

Add deionized water to 300 ml, filtrate, aliquot (1 ml and 50 ml) and store at -20 °C
Note: The 5× BRB80 is used to make the BRB80 solution and to adjust the final concentration

of the reaction to 1× BRB80. Upon 5× dilution the pH drops to 6.75.
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2. BSA 10%

Dissolve 2 g of BSA in 20 ml PBS
Filter and store at -20 °C up to 1 year

3. Neutravidine
Dissolve 10 mg Neutravidine in 10 ml H2O, aliquot (5 and 100 µl) and store at -20 °C

Before the experiment, predilute 5 µl with 195 µl of 1% BSA/BRB80 (final concentration 25 µg/ml)
4. DTT, 200 mM

Dissolve 617 mg DTT powder in 4 ml deionized H2O, filtrate, aliquot and store at -20 °C
The day of use, dilute 1/5 in H2O or BRB80. Discard aliquot after each day of use

5. KCl, 500 mM
Dissolve 1 g KCl into 50 ml deionized H2O (-20 °C) filtrate, aliquot and store at -20 °C

6. PLL-PEG
a. Make aliquot of the powder of known weight (20-30 mg) under argon gas and store at -

20 °C.
b. To make stock solution, dissolve the powder in 10 mM HEPES (pH 7.4) at 1 mg/ml, make

50 µl aliquots and store at -20 °C.
c. The day of use, dilute one 50 µl aliquot with 450 µl of 10 mM HEPES (pH 7.4). Diluted PLL-

PEG can be stored at 4 °C for one week.
7. Silane-PEG or Silane-PEG-biotin

Notes:

i. Silane-PEG or Silane-PEG-biotin powders are weighted and aliquoted in 200 mg per

eppendorf tube under argon gas. The tubes are tightly sealed with parafilm and stored at -

20 °C.

ii. Silane-PEG and Silane-PEG-biotin solutions must be kept anhydrous and in the dark.

a. Dissolve 200 mg powder in 200 ml of 96% ethanol plus 0.4 ml of 37% HCl.

b. To solubilize the Silane-PEG solution, heat to 50 °C in a water-bath. Keep the solution in a
glass bottle.

c. Silane-PEG and silane-PEG-biotin solution are stored at room temperature in the dark for
up to 4 months or around 15 coating. If experiments look dirty in the background, use freshly

prepared coating solutions.
8. GTP 20 mM

Dissolve 250 mg GTP in 5 ml H2O
Make aliquots and store at -20 °C

Before use, dilute the stock solution to 20 mM in H2O or BRB80
9. Glucose 450 mg/ml

Dissolve 2.250 g of glucose in 5 ml of BRB80
Filtrate, aliquot and store at -80 °C

The day of use pre-dilute 1/10 in BRB80 and keep on ice
10. Deoxymix (catalase and glucose oxydase)
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Dissolve 35 mg of catalase plus 250 mg of glucose-oxydase in 10 ml of BRB80 

Filtrate, make 25 µl aliquots, freeze in liquid nitrogen and store at -80 °C 
Discard thawed aliquot after each day of use 

11. NaOH, 1 M
Dissolve 8 g of NaOH in 200 ml deionized water

Discard after each use
12. BSA 1%/BRB80

Dilute 500 µl of 10% BSA with 1 ml of BRB80 5× in 3.5 ml of filtrated deionized water
13. Methyl cellulose 1,500 cP

Dissolve 100 mg of methyl cellulose 1,500 cP in 10 ml of prewarm (60 °C) deionized water
Gently shake on rotating wheel for 30 min

Store at 4 °C for two weeks
14. HEPES, 10 mM

Dissolve 477 mg in 200 ml deionized water
Adjust pH to 7.4 with KOH

Store in aliquots at -20 °C
15. Pluronic F27, 10%

Dissolve 100 mg in 1 ml of deionized water
Store at 4 °C up to 2 months

16. PBS
Dissolve 1 tablet in 200 ml of deionized water

Store at -20 °C
17. Neutravidin stock solution

Dissolve Neutravidin in deionized water at a final concentration of 1 mg/ml
Store at -20 °C

18. Red tubulin mix
Dilute purified non-labelled and ATTO-565 tubulin at a 9:1 molar ratio in BRB80
Spin down aggregates at 100,000 × g, 4 °C using TLA100 rotor

Estimate tubulin concentration by measuring the OD280nm (1OD280nm = 1 mg/ml = 10 µM of tubulin)

Aliquot, quickly freeze and store in liquid nitrogen for up to 1 year
19. Polymerization mix

BRB80 supplemented with:
50 mM KCl

1% BSA
4 mM DTT

1 mM GTP
1 mM glucose

0.05% Methyl cellulose 1,500 cP
1/50 deoxy mix (70 µg/ml catalase, 500 µg/ml glucose oxidase, 1 mg/ml glucose)
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12 µM red tubulin mix 

200 nM MAP6-N-GFP 
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MAP6 is an intraluminal protein that induces neuronal 
microtubules to coil
Camille Cuveillier1*, Julie Delaroche1*, Maxime Seggio1*, Sylvie Gory-Fauré1, Christophe Bosc1, 
Eric Denarier1, Maria Bacia2, Guy Schoehn2, Hervé Mohrbach3, Igor Kulić4, Annie Andrieux1†, 
Isabelle Arnal1†‡, Christian Delphin1†‡

Neuronal activities depend heavily on microtubules, which shape neuronal processes and transport myriad mol-
ecules within them. Although constantly remodeled through growth and shrinkage events, neuronal microtubules 
must be sufficiently stable to maintain nervous system wiring. This stability is somehow maintained by various 
microtubule-associated proteins (MAPs), but little is known about how these proteins work. Here, we show that 
MAP6, previously known to confer cold stability to microtubules, promotes growth. More unexpectedly, MAP6 
localizes in the lumen of microtubules, induces the microtubules to coil into a left-handed helix, and forms aper-
tures in the lattice, likely to relieve mechanical stress. These features have not been seen in microtubules before 
and could play roles in maintaining axonal width or providing flexibility in the face of compressive forces during 
development.

INTRODUCTION
There is perhaps no cell type that must meet more extreme demands 
than neurons. From their birth and migration within the tight quar-
ters of the developing neural crest to the precise navigation of axons 
tips extending toward targets that may be meters away, neurons 
must both maintain a proper shape and be sufficiently flexible to 
adapt their morphology to new functional demands. This dual capac-
ity for persistence and plasticity derives largely from microtubules, 
which themselves can be stable, labile, or a combination of both (1).

Microtubules are hollow cylinders that are constantly being made 
and disassembled according to the cell’s needs to grow, change shape, 
and move organelles or cargo within the intracellular space. They 
are composed of tubulin heterodimers, consisting of -tubulin and 
-tubulin, which join end to end to form protofilaments that asso-
ciate laterally around a 25-nm-wide core. The  subunit is key to the 
microtubule’s renowned dynamic instability: Guanosine triphos-
phate (GTP) bound to the  subunit is quickly hydrolyzed to guanosine 
diphosphate (GDP) soon after assembly, leading to a conforma-
tional change of tubulin that makes the microtubule more prone to 
depolymerization (2, 3). In purified tubulin preparations, micro-
tubules alternate between phases of growth and shrinkage, known 
rather colorfully as rescues and catastrophes. In terminally differen-
tiated neurons, however, dynamic microtubules coexist with long-
lived microtubules characterized by slow turnover. These stable 
microtubules are thought to be crucial for the maintenance of axo-
nal and dendritic architecture. Recent studies indicate that there is 
actually a whole repertoire of stable microtubule subtypes, but the 
specific roles of these subpopulations in neurons are not yet known 
(4). Further complicating this picture is the fact that different regions 

of the same microtubule can have different degrees of lability or 
stability (1). A number of proteins and posttranslational modifica-
tions are thought to influence microtubule perdurance, particularly 
the microtubule-associated proteins (MAPs) (1), but their mecha-
nisms remain elusive.

Our laboratory has been studying MAP6 (also known as stable 
tubule-only peptide), a structural MAP that has the unusual prop-
erty of protecting microtubules against drug- and cold-induced de-
polymerization (5–8). This extreme stability appears to be a property 
unique to MAP6, and it serves a physiological purpose: MAP6- 
deficient mice suffer severe deficits in synaptic plasticity similar to 
those seen in schizophrenia, along with concomitant cognitive deficits 
(9). They also display axonal tract growth defects (10, 11), possibly 
due to microtubule lability that can be alleviated by microtubule- 
stabilizing drugs (12, 13). To better understand the mechanism by 
which neuronal microtubules acquire stability, we decided to study 
MAP6 activity at the level of individual microtubules.

RESULTS AND DISCUSSION
MAP6 forms microtubule intraluminal particles
We first analyzed microtubules extracted from primary cultured 
neurons of either wild-type or MAP6-deficient mouse embryos by 
cryo–electron microscopy. We observed the coexistence of two 
populations of microtubules in the wild-type condition (Fig. 1A): 
64% contained intraluminal particles, and 36% did not. By contrast, 
the majority (73%) of MAP6-KO (knockout) neurons contained no 
visible intraluminal particles at all. This observation caught our atten-
tion for three reasons. First, MAP6 has been thought to be a struc-
tural MAP and thus to bind to the exterior of the microtubule lattice. 
Second, although intraluminal particles have been previously reported 
in microtubules observed in certain neuronal compartments (14), 
their identity has been completely unknown. Third, there is evidence 
that microtubules are regulated, at least in part, through the lumen: 
Tubulin acetylation, which occurs on long-lived microtubules, oc-
curs within the lumen, and taxol, the major stabilizing agent, binds 
to the microtubule lumen (15); furthermore, so-called microtubule 
inner proteins (MIPs) within cilia and flagella have been found to be 
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responsible for doublet microtubule stabilization (16). Could MAP6 
be an inner protein for neuronal microtubules?

Because it would be difficult to answer this question in cells, we 
used in vitro reconstitution experiments to polymerize microtubules 
from purified tubulin in the presence of recombinant neuronal MAP6 
(fig. S1A). Cryo–electron tomography revealed regularly spaced parti-
cles within microtubules copolymerized with MAP6 (Fig. 1B). Cross 
sections of the microtubules show that these particles are localized 
within the lumen and on the inner face of unclosed protofilament 
sheets at microtubule’s growing end (Fig. 1B, a to d, and movie S1). 
These intraluminal particles have a mean diameter of 9 nm [9.27 ± 
1.74 (SD), n = 85] and are spaced at ~31-nm intervals [31.1 ± 6.7 (SD), 
n = 189]. When preformed taxol-stabilized microtubules were incubated 
with MAP6, no particles appeared within the microtubules (Fig. 1C), 
but MAP6–green fluorescent protein (GFP) did decorate the lattice 
exterior (fig. S1, B and C). This indicates that the intraluminal par-
ticles form only when MAP6 is present during co-polymerization.

MAP6 modulates microtubule dynamics
We next used total internal reflection fluorescence (TIRF) microscopy 
to analyze the influence of low concentrations of MAP6 on micro-
tubule growth from stable seeds (Fig. 2A and fig. S2). MAP6 strongly 
inhibited microtubule depolymerization by reducing the shrinking rate 
and promoting rescue events (Fig. 2B). Unexpectedly, MAP6 also in-
creased the frequency of catastrophes (Fig. 2B). This is unusual for 
a structural stabilizing MAP but would be expected for end-binding pro-
teins that accumulate at the microtubule tips such as end-binding 
proteins (EBs) and members of the kinesin family (KIF2A, KIF18A, 
and KIF3C) (17–19). Thus, MAP6 exerts a strong stabilizing effect 
that likely involves binding along the lattice; at the same time, it de-
stabilizes the microtubule ends. The combination of these two activities 
appears to produce slow-growing, largely stable microtubules with 
highly dynamic extremities.

MAP6 induces microtubule helical deformation
Besides influencing microtubule dynamics, MAP6 also altered the 
conformation of the growing microtubule. This effect, already visi-
ble at 30 nM MAP6, was quite notable at 150 to 200 nM (Fig. 2C). 
When observed by TIRF microscopy, microtubules grown in the 
presence of MAP6 took on the appearance of a dashed line instead 
of the continuous line visible in the control condition, because parts 
of the strand curve away from the illuminated field (~100 nm) at the 
bottom of the perfusion chamber (fig. S3A) (wide-field illumination 
is able to show the continuity of the strand). The orientation and the 
periodicity of the “dashes” compared to the overall direction of the 
microtubule indicate a left-handed, long-range helicity with a pitch 
of 5.5 ± 0.8 m (SD, n = 478), which we confirmed using confocal 
microscopy with deconvolution (Airy scanning microscopy) at sev-
eral focal illuminations along the z axis (Fig. 2D and movie S2). 
These curvatures cannot be explained by an increase in microtubule 
flexibility, because the overall growth of these three-dimensional 
(3D) helical microtubules remained linear for the duration of the 
experiment (movie S3). When MAP6 was added to preformed micro-
tubules, only the newly growing sections were helical, while the 
preexisting ones remained linear (Fig. 2, E and F). These results 
indicate that, as for the formation of intraluminal particles, MAP6- 
dependent changes in microtubule structure require MAP6 to be 
present at the time of polymerization. This suggests that MAP6 acts 
at the tip of growing microtubules.

Intraluminal localization of MAP6 is required 
for microtubule helical deformation
The co-occurrence of tip destabilization, intraluminal particle for-
mation, and microtubule conformational changes suggests that these 
events are linked. To see whether we could parse these events, we 
tested several MAP6 mutants with deletion of domains conserved 
among the neuronal isoforms of MAP6 family: the microtubule sta-
bilizing Mn and Mc domains (MAP6Mn and MAP6Mc; fig. S4) 
and the N-terminal domain (MAP64-35; Fig. 3A) (20, 21). These 
domains are all required for microtubule curvature and micro-
tubule inner particle formation (Fig. 3, B and D, and fig. S4). 
MAP64-35 was of particular interest, because it retains the known 
microtubule-binding domains (Fig. 3A) and accordingly bound to 
and stabilized microtubules to a similar degree as the full-length 
MAP6 by reducing shrinkage rates and increasing rescue events but 
failed to stimulate catastrophes (Fig. 3C). Overall, these data imply 
that the presence of MAP6 inside the lumen of growing micro-
tubules is necessary for it to induce microtubule helicity.

MAP6 induces the formation of stable apertures in  
growing microtubules
Another consequence of the presence of MAP6 during microtubule 
polymerization is the apparition of numerous apertures in the lattice 
(Fig. 4, A and B). The fact that aperture frequency (~0.2 m−1) and 
size (~100 nm) did not change significantly over time (15 to 90 min; 
Fig. 4, C and D) indicates that MAP6-induced holes are not prone 
to efficient repair, such as that described for enzymatically or me-
chanically damaged microtubules (22, 23). MAP6 did not induce 
aperture formation in preformed taxol-stabilized microtubules 
(Fig. 4E), confirming that MAP6 must be present during micro-
tubule polymerization to induce the mechanical stress that leads to 
aperture formation. Accordingly, the MAP64-35 mutant, which 
neither formed particles inside the lumen nor induced curvature, 
showed no more tendency to form apertures than control (Fig. 3E). 
It is worth noting that a cellular cryo–electron microscopy study 
recently reported similarly sized apertures within neuronal micro-
tubules (24), which suggests that our results are relevant to the 
in vivo condition.

MAP6 induces microtubule bending: The frustrated  
core-shell model
How can we link the presence of MAP6 particles inside the lumen 
of growing microtubules with the formation of helical microtubules 
containing stable apertures? The induction of microtubule curva-
ture by MAP6 can be explained by a frustrated core-shell model 
built on our previous tubulin bistability model (25, 26) based on 
two assumptions: (i) After GTP hydrolysis, the GDP-tubulin can 
exist as long or short tubulin states (Fig. 5A; see also Supplementary 
Text), and (ii) a cooperative (allosteric) interaction within a proto-
filament favors the switching of adjacent tubulins. In the absence of 
MAPs or external forces, following GTP hydrolysis, GDP-tubulins 
will predominantly switch to their short state and the microtubule 
is straight [Fig. 5B and (26)]. In the presence of MAP6, this picture 
changes drastically as large-scale coherent superhelices are formed. 
We propose that when tubulin and MAP6 are copolymerized, MAP6 
forms an elastic network inside the microtubule lumen by binding 
to GTP-tubulin. The GDP-tubulin resulting from GTP hydrolysis 
tries to shorten, but the intraluminal MAP6 elastic network exerts 
an opposite effect favoring the long state (Fig. 5C). To solve this 
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presence of 200 nM MAP6-GFP and imaged using confocal Airyscan. Distance variations in the z axis are indicated to the right. (E) Microtubules first grown with 15 M 
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erized without MAP6-GFP (arrows), and dash-shaped microtubules are polymerized in the presence of MAP6-GFP (arrowheads). Note the rapid binding of MAP6-GFP to 
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conflict and decrease the stored energy to a minimum, the lattice 
might adopt a frustrated conformation where, on one side of the 
microtubule lattice, a block of adjacent tubulin dimers adopts the 
short state conformation, while, on the opposite side, tubulin dimers 
stay in the long state conformation. This leads to a local bending in 
the direction of the short tubulin block. Once the curvature is estab-
lished, the conformational switching of GDP-tubulin to the short 
state propagates via allosteric interaction along the protofilament 
axis and induces a continuous curvature of the microtubule, resulting 
in a global helical reshaping, a process reminiscent of the formation 
of polymorphic, helically coiled states of bacterial flagella (27, 28). 
As this spontaneous symmetry breaking mechanism is due to the 
coherent conformational switch of an entire block of protofilaments, 
the superhelical pitch is imposed by the intrinsic, lattice-imposed 
helicity of the protofilament along the microtubule axis (29, 30). 
This is in agreement with our data (Figs. 2 and 5D). Microtubules 
nucleated from guanylyl-(alpha, beta)-methylene-diphosphonate 
(GMPCPP) microtubule seeds are likely to be composed of 14 protofil-
aments both because of the seeds (31) and the fact that MAP6 pro-
motes the growth of 14-protofilament microtubules (fig. S5). The 
observation confirms that the superhelical shape of microtubules 
grown in the presence of MAP6 is left-handed, with a pitch of around 
6 m, in agreement with the intrinsic left- handed twisted protofilament 
structure observed in the 14-protofilament microtubules (without 
MAP) (32). This fact alone strongly supports the cooperativity as-
sumption of our model.

We also measured the approximate width of the helix [around 700 nm 
(fig. S3B)] and calculated the average radius of curvature of helical 
microtubules (see Materials and Methods). The obtained value of 2.5 m 
allows us to predict from the model a length difference of about 0.6% 
between the short and long state of GDP-tubulin (see Fig. 5D and 
Supplementary Text). MAP64-35 mutant that does not localize inside 
the microtubule wall fails to induce microtubule curvature (Fig. 5C).

Another consequence of the model is that the increased energy 
stored in the microtubule wall must be somehow released. It is possible 
that this extra stored energy destabilizes the microtubule lattice lo-
cally, leading to loss of specific dimers to relieve the mechanical 
stress; such a scenario could account for the increase in catastrophe 
frequency despite MAP6’s potent stabilizing effect (Fig. 2) and the 
formation of apertures (Fig. 4).

What might be the functional relevance of helical microtubules 
with persistent holes and intraluminal densities in neurons? The 
heterogeneous distribution of neuronal MIPs that we and others 
find (14, 24) indicates that there are specialized functions for dif-
ferent kinds of stable microtubules. One possibility is that proteins 
inside microtubules and apertures in the microtubule lattice modify 
the accessibility of acetylation sites to TAT1 (15, 33). By occupying 
greater width, a helical structure might influence the spatial organi-
zation of the microtubule network (e.g., by inhibiting microtubule 
co-alignment and bundling), help determine neurite or axonal width, 
or confer resistance to compressive loads such as might be encoun-
tered during development or regeneration (e.g., moving through a 
glial scar) (34). Given that MAP6 belongs to a family of four genes 
(MAP6, MAP6D1, FAM154A, and FAM154B) (21, 35), understanding 
the functions of these other proteins could help clarify the special 
roles of various microtubule types in neurons.

Luminal material has been known to exist within cellular micro-
tubules for decades, but the identity and function of the particles 
have remained largely unknown (14, 24, 36). To our knowledge, the 
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significant.

82



Cuveillier et al., Sci. Adv. 2020; 6 : eaaz4344     1 April 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

6 of 11

B

C

15 m
in

30 m
in

60 m
in

90 m
in

Tubulin/MAP6
co-polymerization

60 m
in

Tubulin
pol.

0.0

0.1

0.2

0.3
D

0

0.1

0.2

0.3

+ M
AP6

A
pe

rtu
re

 s
iz

e 
(n

m
)

500

0

15 m
in

30 m
in

60 m
in

90 m
in

E

200

100

300

400

− M
AP6

A

Tubulin/MAP6 co-polymerizationTubulin polymerization

ns

A
pe

rtu
re

 fr
eq

ue
nc

y 
(µ

m
   

)
−1

A
pe

rtu
re

 fr
eq

ue
nc

y 
(µ

m
   

)
−1

Tubulin/MAP6
co-polymerization

Pre-polymerized
    taxol-MTs

Fig. 4. MAP6 produces apertured microtubules. (A) Cryo–electron microscopy images of microtubules polymerized with tubulin alone (left) or in the presence of MAP6 
(right). Arrows point to one aperture in the microtubule lattice. Scale bar, 50 nm. (B) Examples of apertures observed in microtubules polymerized with MAP6. In each 
case, the micrograph is on the left, and a drawing of the microtubule wall is on the right. To improve contrast, a band-pass filter was applied and added to original images. 
(C) Aperture frequency on microtubules polymerized with tubulin alone or in the presence of MAP6 at several polymerization times. The total length of measured
microtubules was 370, 164, 291, 569, and 248 m in the control (no MAP6) and at 15, 30, 60, and 90 min, respectively. (D) Distribution of aperture size in the presence of 
MAP6 at indicated polymerization times. Whiskers represent the 10th and 90th percentiles of the data. Bars within boxes represent the median. Kruskal-Wallis ANOVA 
followed by post hoc Dunn’s multiple comparisons test; n = 38, 75, 122, and 52 for assembly at 15, 30, 60, and 90 min, respectively. (E) Aperture frequency in preformed 
taxol-stabilized microtubules incubated without or with MAP6. The total length of measured microtubules was 319 and 237 m without and with MAP6, respectively.

83



Cuveillier et al., Sci. Adv. 2020; 6 : eaaz4344     1 April 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 11

ShortGTP- tubulin
A

D

GT
P

G
D
P

G
D
P

Long Short

GDP- tubulina)

Hydrolysis

a)

Hydrolysis

GTP- tubulin +
MAP6

Co-polymerization

Polymerization

b)

Model Experimental data

Helical orientation and  pitch

Radius of curvature

Lattice destabilization

Left handed; 5.6 µm (14 pfs) (32) Left handed; 5.5 µm (± 0.7)

2.5–2.8 µm 2.5 µm

Increased energy
stored in the lattice 

Catastrophes 
Holes

MAP6 localization MAP6 elastic core
inside microtubule 

MAP6 dots inside
microtubule 

b)

Hydrolysis

B Straight  MT

Curved MT

Straight MT

GTP- tubulin

GTP- tubulin + 
MAP6-

GTP-tubulin (long)

GDP-tubulin (long)

GDP-tubulin (short)

MAP6

MAP6-

Elastic
MAP6
network

C

Co-polymerization

G

G
TP

G
TP

G
TP

G
TP

G
TP

G
TP

G
TP

G
TP

G
TP

G
TP

G
TP

G
TP

G
TP

G
TP

G
TP

G
TP

G
TP

G
TP

G
TP

G
TP

G
TP

G
TP

G
TP

G
D
P

G
D
P

G
D
P

G
D
P

G
D
P

G
D
P

G
D
P

G
D
P

G
D
P

G
D
P

G
D
P

G
D
P

G
D
P

G
D
P

G
D
P

G
D
P

G
D
P

G
D
P

G
D
P

G
D
P

G
D
P

G
TP

G
D
P

G
D
P

G
TP

Hydrolysis G
D
P

G
D
PLong

Short

G
D
P

G
D
P

G
D
P

Long

4/35

4/35

Fig. 5. MAP6 induces microtubule bending: The frustrated core-shell model. (A) After GTP hydrolysis, the GDP-bound tubulin protofilaments can exist in two distinct 
states (a), with slightly differing elongations (see Supplementary Text): a long tubulin state (blue) and a short tubulin state (red). (b) The short state of the GDP-tubulin is 
energetically favored with respect to the long one. (B) For microtubules polymerized with tubulin alone, GTP-tubulin is incorporated into the lattice in its long state. After 
GTP hydrolysis, the short GDP-tubulin state is energetically dominant. The microtubule shortens but stays straight. To allow visualization of the lumen, only two protofil-
aments, one on each side of the microtubule, are shown. (C) For microtubules copolymerized with tubulin and MAP6 (a), MAP6 binds to the nonhydrolyzed, long GTP- 
tubulin state and forms an elastic network inside the microtubule, stabilizing the initial (long) state at the time point of binding. After hydrolysis, the GDP-tubulin tends 
to shorten but enters into conflict with the force exerted by the intraluminal MAP6 network to maintain the tubulin long state. The resulting frustration is minimized by a 
symmetry-breaking mechanism [i.e., compact tubulin dimers (red) on one side of the cylinder and elongated tubulin dimers (blue) on the opposite side], leading to a 
curved ground state and in which areas of high local stress form holes or apertures (not shown in the scheme; Fig. 4). The observed radius of curvature of the superhelix, 
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tubulin acetyl transferase TAT1, which catalyzes tubulin acetyla-
tion in the lumen of microtubules, is the only protein so far thought 
to function inside microtubules—yet the evidence for TAT1 local-
ization within microtubules remains indirect (37). MAP6 would 
therefore be the first identified MIP in neurons. Further work will 
be needed to tease out the specific neuronal functions that require 
such a class of stable, helical microtubules.

MATERIALS AND METHODS
Preparation of tubulin
Tubulin was purified from bovine brain and labeled with ATTO-565 
or ATTO-496 [ATTO-TEC GmbH, Germany (38)].

Recombinant protein expression
MAP6 with an N-terminal histidine-Tag was cloned either directly 
in pFastbac-Htb or in fusion with GFP and an additional histidine- 
Tag at the C termini. Bacmids and baculovirus were produced using 
DH10BAC and sf9 insect cells as indicated by the manufacturer 
(Thermo Fisher Scientific). Protein expression was carried out in 
High Five cells in suspension at 106 cells/ml for 48 hours at 27°C.

Purification of His-MAP6
Each population of 108 High Five cells was resuspended in 5 ml of 
lysis buffer [50 mM Hepes (pH 7.4), 400 mM NaCl, 0.5% Triton 
X-100, and 1 protease inhibitor tablet mini (Roche)] and centrifuged
at 200,000g for 30 min at 4°C. Heat-stable proteins present in solu-
tion were recovered in the supernatant after incubation at 90°C for
15 min and centrifugation (200,000g for 30 min at 4°C). The soluble 
fraction was diluted three times with the dilution buffer [50 mM
Hepes (pH 7.4) and 0.5% Triton X-100], passed through a 4-ml
Q-Sepharose column, and loaded on a 5-ml SP Sepharose column.
After washing with Q/SP column buffer [50 mM Hepes (pH 7.4),
150 mM NaCl, and 0.5% Triton X-100], bound proteins were eluted 
with five column volumes of elution buffer [50 mM Hepes (pH 7.4), 
400 mM NaCl, and 0.05% Triton X-100]. Imidazole (2 mM) was
then added, and the solution was loaded on a cobalt column (1 ml;
Thermo Fisher Scientific). After washing with 10 mM imidazole in
50 mM Hepes (pH 7.4) and 400 mM NaCl, bound proteins were
eluted by increasing the imidazole concentration up to 200 mM. The
eluate volume was reduced to 200 l by concentration on Amicon
Ultra 30K (Merck Millipore) and injected on a gel filtration column 
(Superdex 200 10/300; Thermo Fisher Scientific) in 20 mM Hepes
(pH7.4) and KCl 100 mM. Collected fractions containing the protein
were pooled, concentrated as above on Amicon Ultra 30K, centri-
fuged at 200,000g for 10 min at 4°C, aliquoted, quick-frozen in liquid 
nitrogen, and stored at −80°C. Protein concentration was quantified 
by SDS–polyacrylamide gel electrophoresis (PAGE) and Coomassie 
blue staining against a bovine serum albumin (BSA) concentra-
tion ladder using ChemiDoc (Bio-Rad) scanning and ImageJ software.

Purification of His-MAP6-GFP-His, His-MAP6Mn-GFP-His, 
His-MAP6Mc-GFP-His, or His-MAP6-4-35-GFP-His protein
Each 108 High Five cell pellet was resuspended in 5 ml of lysis buffer 
A [50 mM Hepes (pH 7.4), 500 mM arginine, 1 mM EGTA/EDTA, 
and 1 protease inhibitor tablet mini (Roche)]. After centrifugation 
(150,000g for 30 min at 4°C), the supernatant was diluted 10 times 
in dilution buffer [50 mM Hepes (pH 7.4), 100 mM NaCl, 0.1% Triton 
X-100, and 1 mM EGTA/EDTA] and centrifuged again at 150,000g 

for 30 min at 4°C. The supernatant was passed through a 4-ml 
Q-Sepharose and loaded on a 5-ml SP Sepharose. After washing
with Q/SP column buffer [50 mM Hepes (pH 7.4), 150 mM NaCl,
and 0.05% Triton X-100], bound proteins were eluted with a
five-column volume of SP elution buffer [50 mM Hepes (pH 7.4),
400 mM NaCl, and 0.05% Triton]. Imidazole (6 mM) was then added,
and the solution was loaded on a cobalt column (1 ml; Thermo
Fisher Scientific). The cobalt column was first washed with 50 mM
Hepes (pH 7.4) and 400 mM NaCl in the presence of 20 mM imidazole, 
and the bound proteins were further eluted in the presence of 200 mM 
imidazole. The proteins were further purified using Superdex-200
columns as described above for His-MAP6.

TIRF microscopy
Perfusion chambers were prepared with functionalized polyethylene 
glycol (PEG)–silane glass coverslips. Coverslips were first sonicated in 
acetone for 30 min, washed in acetone (30 min) and 96% ethanol (EtOH) 
(15 min), and rinsed with water. Coverslips were next treated with a 
2% Hellmanex solution (Hellma) for 2 hours and rinsed in water. 
They were next sonicated in 1 M NaOH for 15 min, rinsed with water, 
further sonicated in 96% EtOH, and rinsed again with water. Cov-
erslips were dried under clean air stream, treated with plasma, and 
incubated overnight at room temperature under gentle agitation in a 
1 mg/ml solution of PEG-silane (30 kDa, Creative PEGWorks) or 
PEG-silane-biotin (3.5 kDa, Laysan Bio) in EtOH containing 0.02% 
HCl. Coverslips were next rinsed in 96% EtOH and water, air-dried, 
and stored at 4°C. Perfusion chambers were assembled between PEG-
silane– coated and PEG-silane-biotin–coated coverslip using double 
adhesive tape face to form a flow chamber of around 5 l in volume.

Preparation of microtubule seeds
Microtubule seeds were obtained by polymerizing 10 M tubulin 
(50% of biotinylated tubulin and 50% of ATTO-565–labeled tubulin) 
in the presence of 1 mM GMPCPP in BRB80 buffer at 37°C for 
1 hour. Microtubule seeds were then centrifuged for 5 min at 
100,000g, resuspended in BRB80 with 1 mM GMPCPP, aliquoted, 
and stored in liquid nitrogen. For each experiment, one aliquot was 
thawed at 35°C and diluted (1:300 to 1:500) in BRB80 + 1% BSA.

Microtubule polymerization assay in TIRF microscopy
The flow chamber was successively perfused with neutravidin 
(25 g/ml; Pierce) in 1% BSA, Poly(l-lysine) (PLL)–g-PEG (2-kDa solu-
tion; 0.1 mg/ml; JenKem) in 10 mM Hepes (pH 7.4), 1% pluronic 
F127 in BRB80, and 1% BSA in BRB80 buffer and finally with the 
microtubule seed solution. Microtubule polymerization was initiated 
with 10 M tubulin (containing 10% of ATTO-565–labeled tubulin 
and 90% unlabeled tubulin) with the indicated concentration of 
MAP6 proteins in TIRF buffer {BRB80 plus 50 mM KCl, 4 mM 
dithiothreitol (DTT), 1% BSA, glucose (1 mg/ml), catalase (70 g/ml), 
glucose oxidase (600 g/ml), and 0.05% methylcellulose [1500 cen-
tipoise (cP)]}. Chambers were sealed with dental paste and visualized 
on an inverted microscope (Eclipse Ti, Nikon) equipped with an 
iLas TIRF system (Roper Scientific), a cooled charge-coupled device 
camera (EMCCD Evolve 512, Photometrics) with 512 × 512–pixel 
imaging array (16 × 16 m pixels), and a warm stage controller 
(LINKAM MC60), all under the control of MetaMorph software 
(version 7.7.5, Molecular Devices). Samples were excited with 491- and 
561-nm lasers and observed using an Apochromat 60× or 100×
oil-immersion objective (numerical aperture, 1.49). Time-lapse imaging
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was performed at one frame per 5 s with a 100-ms exposure time 
during 45 to 90 min at 32°C.

Analysis of microtubule dynamics
Image analysis was performed in ImageJ software, with an in-house 
plugin for extracting the four parameters determining microtubule 
dynamics from the kymograph. Growth and shrinkage rates were cal-
culated from the slopes corresponding to the microtubules’ growing 
and shrinking phases, respectively. The frequencies of catastrophe and 
rescue events were calculated by dividing the number of events by 
the time spent in the growing or the shrinking phase, respectively. 
Graphs and statistical analysis were made using GraphPad Prism.

Wide-field TIRF and Airyscan imaging of microtubules
Microtubules were allowed to polymerize as described above, ex-
cept that the perfusion chamber was not sealed but kept under wet 
atmosphere for 45 min. Free tubulin was removed by gentle perfu-
sion with BRB containing 0.05% methylcellulose (1500 cP), and micro-
tubules were fixed with 0.5% of glutaraldehyde in the same buffer 
for 5 min. Imaging buffer [BRB80, 0.1% methylcellulose (1500 cP), 
catalase (82 g/ml), glucose oxidase (0.58 mg/ml), and glucose 
(1 mg/ml)] was then perfused, and flow chambers were sealed with 
paste. Imaging was done using TIRF microscopy as described above 
in TIRF or wide-field illumination or, for higher-resolution analysis, 
with a confocal LSM710/Airyscan (Zeiss) microscope.

Determination of the radius of curvature of helical microtubule
The radius of curvature (Rc) for the helical microtubule was calcu-
lated using the formula Rc = r + p2/42r, where r is the radius and p 
is the pitch of the helix. It yields a value of ~2.5 m for a radius of 
0.35 m and a pitch of 5.5 m.

MAP6-GFP interaction with taxol-stabilized microtubules
Microtubules were polymerized from 70 M tubulin in BRB buffer 
plus 1 mM GTP for 30 min at 35°C. Taxol (100 M) was then added, 
and the incubation was continued for additional 15 min. The polym-
erization mix was diluted to 15 M tubulin and centrifuged at 
200,000g for 10 min at 35°C. Microtubules were resuspended in one 
volume of binding buffer (BRB80 plus 50 mM KCl, 5 mM DTT, 
0.05% Tween 20, and 10 M taxol), and their concentration was 
quantified using a tubulin concentration ladder and analysis of the 
scanned Coomassie blue-stained SDS-PAGE gels with ImageJ software. 
Microtubules (200 nM) were incubated with increasing concentra-
tions of MAP6-N-GFP (5 to 500 nM in triplicates) for 10 min at 
35°C in 10 l of binding buffer and centrifuged at 200,000g for 
10 min at 35°C. The supernatants were discarded, the pellets were 
resuspended with 200 l of 3 M urea in 100 mM tris-HCl (pH 8.0), 
and the quantities of MAP6-GFP co-sedimented with tubulin were 
quantified against a MAP6-GFP calibration curve using PHERAstar 
FS (BMG Labtech). Concentrations of bound MAP6-GFP were 
plotted as a function of the concentration of MAP6-GFP input. 
GraphPad Prism was used for curve fitting (one-site binding equation) 
and Kdapp determination.

Extraction of neuronal microtubules for cryo–electron 
microscopy analysis
Mouse hippocampal neurons were prepared as previously described 
(21). In accordance with the policy of the Institut des Neurosciences 
of Grenoble (GIN) and the French legislation, experiments were done 

in compliance with the European Community Council Directive of 
24th November 1986 (86/609/EEC). The research involving animals 
was authorized by the Direction Départementale de la protection des 
populations—Préfecture de l’Isère-France and by the ethics com-
mittee of GIN number 004 accredited by the French Ministry for 
of Research. At 8 days of culture (8 days in vitro), they were rinsed 
with PEM buffer (80 mM Pipes, 2 mM EGTA, and 1 mM MgCl2), 
permeabilized for 3 min at 37°C in PEM buffer supplemented with 
10 M taxol and 0.5% Triton X-100, and washed three times with 
PEM-taxol. Neurons were then scraped in PEM-taxol and centri-
fuged for 3 min at 40g, and the supernatants were immediately frozen.

Transmission electron microscopy and negative staining
Tubulin was polymerized at 3 M in BRB80 buffer supplemented 
with 0.5 mM GMPCPP and 10% dimethyl sulfoxide (DMSO) in the 
absence or presence of 1 M MAP6 or MAP-GFP for 40 min at 32°C. 
A 4-l sample drop was applied to a glow-discharge copper carbon–
coated grid, blotted, and stained with 2% uranyl acetate for 30 s. 
Grids were observed using a FEI Tecnai F20 200 kV FEG equipped 
with a 4K × 4K FEI Ceta CMOS (complementary metal-oxide semi-
conductor) camera (FEI Company Ltd.).

Cryo–electron microscopy and tomography
Vitreous ice-embedded microtubules were prepared under controlled 
temperature and humidity using the vitrification robot EM-GP2 
(Leica). Tubulin (6 M) was polymerized at 30°C in the presence of 
MAP6 (0.3 M) in BRB80 buffer supplemented with 50 mM KCl 
and 1 mM GTP. Sample (4 l) was applied onto holey carbon grids 
in the EM-GP2 chamber at various incubation times (15, 30, 60, and 
90 min) followed by blotting and vitrification in liquid ethane. For 
control experiments, microtubules were polymerized from 60 M 
tubulin in BRB80 buffer supplemented with 50 mM KCl and 1 mM 
GTP at 32°C for 60 min. For experiments using preformed micro-
tubules, taxol-stabilized microtubules (1.5 M) were incubated with 
MAP6 (0.3 M) for 30 min at 32°C. For experiments using extracts, 
extracts containing microtubules were rapidly thawed before vitrifi-
cation. Specimens were observed under low-dose conditions using a 
FEI Tecnai F20 equipped with a 4K × 4K FEI Ceta CMOS camera and 
operated at 200 kV. Image analysis was performed in ImageJ software.

For cryo–electron tomography, 10-nm gold nanoparticles coated 
with cationic BSA (Aurion Gold Tracers, 210111) were prepared in 
BRB80 as described previously (39) and used as fiducial markers for 
3D reconstructions. Tubulin (6 M) was polymerized in the pres-
ence of MAP6 (2 M) in BRB80 buffer supplemented with 0.5 mM 
GMPCPP at 32°C during 40 min. Sample (4 l) was mixed with 1 l 
of fiducial markers and deposited onto a holey carbon–coated grid 
(Quantifoil, R 3.5/1) in the humid and temperature-controlled EM-GP2 
chamber before blotting and vitrification. Specimens were observed 
on a FEI Tecnai F20 equipped with a 4K × 4K FEI Ceta CMOS camera 
and operated at 200 kV. Tomographic tilt series were acquired at a 
magnification of ×29,000 between ±60° (2° increments) under low 
electron dose (1 to 2 e/Å2) and at a defocus of −4 to −5 m, using 
FEI tomography software. Tomograms were reconstructed using 
IMOD and binned by a factor of 2 (final pixel size of 0.70 nm).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/14/eaaz4344/DC1 

View/request a protocol for this paper from Bio-protocol.
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A key function for microtubule-associated-protein
6 in activity-dependent stabilisation of actin
filaments in dendritic spines
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Emerging evidence indicates that microtubule-associated proteins (MAPs) are implicated in

synaptic function; in particular, mice deficient for MAP6 exhibit striking deficits in plasticity

and cognition. How MAP6 connects to plasticity mechanisms is unclear. Here, we address

the possible role of this protein in dendritic spines. We find that in MAP6-deficient cortical

and hippocampal neurons, maintenance of mature spines is impaired, and can be restored by

expressing a stretch of the MAP6 sequence called Mc modules. Mc modules directly bind

actin filaments and mediate activity-dependent stabilisation of F-actin in dendritic spines, a

key event of synaptic plasticity. In vitro, Mc modules enhance actin filament nucleation and

promote the formation of stable, highly ordered filament bundles. Activity-induced phos-

phorylation of MAP6 likely controls its transfer to the spine cytoskeleton. These results

provide a molecular explanation for the role of MAP6 in cognition, enlightening the con-

nection between cytoskeletal dysfunction, synaptic impairment and neuropsychiatric

illnesses.
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Dendritic spines, the neuronal membrane protrusions that
form the post-synaptic part of most excitatory synapses in
the adult mammalian brain, can display both striking

structural flexibility and remarkable persistence. These features
have long been known to depend on the spine actin cytoskele-
ton1,2. Dendritic spines are rich in actin, and remodelling of spine
actin networks is known to drive structural modifications asso-
ciated with synaptic plasticity, such as the expansion of spine
volume that accompanies activity-induced increases in synaptic
efficacy3–5. Spines contain different pools of actin filaments,
displaying distinct dynamics, with sub-membrane foci of
dynamic filaments likely providing the mechanical force needed
for spine expansion, whereas the much more stable polymeric
actin accumulated in the spine core seems to be required for
stabilising large mature “memory” spines3. The molecular
mechanisms that drive these dynamics remain incompletely
defined. In addition to actin, the role of dendritic microtubules in
plasticity events was also highlighted with the discovery of their
transient entrance in spines during synaptic activity, in tight
correlation with an increase in actin polymerisation and spine
enlargement6–9. Proteins associated with microtubule ends, such
as EB3, interact with elements of the post-synaptic machinery,
several of which are known to regulate actin dynamics6,10; how
such interactions contribute to spine plasticity remains unclear.
The question arises whether other microtubule-associated factors
might control aspects of the spine actin cytoskeleton.
The neuronal MAPs (microtubule associated proteins)

including MAP1B, MAP2, Tau and MAP6 are attractive candi-
dates in this regard. Long overlooked as mono-functional pro-
teins controlling microtubule properties, MAPs have been
recently shown to interact with actin11–16. MAPs exist at
synapses and MAP-deficient animals exhibit various synaptic
defects17–21. In particular, MAP6 KO (also known as STOP KO)
mice display severe behavioural and cognitive deficits, associated
with strong impairments in both short-term and long-term
synaptic plasticity17,22. MAP6 is known to bind and stabilise
microtubules (MTs) through two types of MT-binding sequence
elements: the so-called Mc modules (1 to 6 modules depending
on species) that confer protection against MT disassembly at low
temperature, and the Mn modules (3 modules) that convey
resistance to both cold-induced and nocodazole-induced dis-
assembly23,24. Importantly, it was shown that CaMKII phos-
phorylation of MAP6 induced its relocalization from MTs
toward actin-rich domains in neurons25. MAP6 has been
detected by immunostaining in synaptic compartments25

and also found in several analyses of the post-synaptic pro-
teome26–28. Here, we investigate the possible participation of
MAP6 in the regulation of the dendritic spine cytoskeleton.
Using MAP6 KO mice, we show that MAP6 is involved in the
formation and the maintenance of mature post-synaptic spines,
and that this novel aspect of MAP6 function relies on the Mc
modules. While at physiological temperature Mc modules are
unable to bind microtubules24, we find that they can bind actin
filaments. Further, we show that, in dendritic spines, Mc modules
mediate actin stabilisation in response to neuronal activation, a
key event of synaptic plasticity. Finally, we study the interaction
of Mc modules with actin, using purified proteins in a range of
in vitro assays. We show that Mc modules do not affect the actin
polymerisation rate but enhance filament nucleation, protect
existing filaments against depolymerisation, act on filament
conformation, and organise stable filament bundles in an
ordered fashion. Altogether our findings indicate that MAP6 and
the specific type of actin rearrangements it promotes are needed
for proper maturation and plasticity-related modifications of
excitatory synapses. These results also provide a molecular
explanation for the crucial role of MAP6 in cognitive abilities.

Results
A role for MAP6 in spine maturation and maintenance. To
visualise dendritic spines in MAP6-deficient neurons in vivo,
MAP6 KO mice were cross-bred with Thy1-eYFP-H transgenic
mice29. Transgenic MAP6 KO offspring animals expressed yellow
fluorescent protein in layer 5 cortical neurons, as did transgenic
MAP6+/+ controls. Dendritic spine density and morphology
were analysed in brain sections from these mice, using confocal
microscopy (Fig. 1a). MAP6 KO neurons displayed significantly
fewer dendritic spines than WT neurons (Fig. 1b; 1.18 ± 0.04 and
0.91 ± 0.04 spines/µm for WT and MAP6 KO neurons, respec-
tively). Similar results were obtained in cultured hippocampal
MAP6 KO or WT neurons (Fig. 1d), and in WT neurons
transfected with MAP6-targeting siRNAs30 or scrambled control
(Fig. 1g). MAP6 KO neurons exhibited a reduced density of
dendritic spines (Fig. 1e; 1.15 ± 0.05 and 0.92 ± 0.05 spines/µm,
for WT and MAP6 KO neurons, respectively). MAP6
depletion by siRNA similarly resulted in a reduction of spines
(Fig. 1h; 1.25 ± 0.04 and 0.91 ± 0.08 spines/µm for control and
MAP6 siRNAs, respectively).
Dendritic spines are often classified in three morphological

types, corresponding to successive developmental stages: thin,
stubby and mushroom-like spines31. We quantified the density of
spines subtypes, in WT and MAP6 KO neurons in vivo (Fig. 1c).
While no difference was found between genotypes in the number
of thin spines, mushroom spines were significantly reduced in
MAP6 KO neurons as compared to WT neurons (Fig. 1c; 0.38 ±
0.02 and 0.26 ± 0.02 spines/µm for mushroom spines, in WT and
MAP6 KO neurons, respectively). We performed the same
quantitative analysis in cultured neurons (Fig. 1f–i). Similar to the
in vivo data, the lack of MAP6 led to a decreased density of
mushroom-like spines. We also observed a significant loss of
stubby spines in MAP6 KO neurons in vivo (Fig. 1c; 0.31 ± 0.02
and 0.21 ± 0.01 spines/µm in WT and MAP6 KO neurons,
respectively); this latter was not reproduced in cultured KO
neurons, perhaps due to differences in spine maturation
conditions.
To determine whether the loss of spines correlated with

changes in glutamatergic synaptic transmission, we performed
whole-cell patch-clamp recordings of spontaneous miniature
excitatory post-synaptic currents (mEPSCs) in cultured hippo-
campal neurons (Fig. 1j). In KO neurons, the mean mEPSCs
amplitude was not significantly changed compared to WT
neurons (Fig. 1k; 25.76 ± 0.79 and 23.84 ± 0.7 pA for WT and
KO neurons, respectively). In contrast, the mean mEPSCs
frequency recorded in KO neurons was strongly reduced
compared to WT neurons (Fig. 1l; 1.25 ± 0.25 and 0.52 ± 0.17
Hz for WT and KO neurons, respectively). The reduction of
mEPSCs frequency in KO neurons corroborates the reduction of
spine density and is indicative of a perturbed glutamatergic
neurotransmission.
Taken together, these results indicate that MAP6 has an

important role in the formation and/or maintenance of mature
dendritic spines.

MAP6 Mc modules mediate effects on dendritic spine density.
We next sought to determine which part of the MAP6 sequence
was involved in spine formation and maintenance. Rescue
experiments were carried out in KO neurons in vitro, using GFP-
labelled MAP6 isoforms or deletion mutants (Fig. 2a) in combi-
nation with unfused mCherry as an outline marker. Spine density
was measured using the mCherry image (Fig. 2b). Expression of
either the MAP6-N-GFP or the MAP6-E-GFP isoform in MAP6
KO neurons resulted in an increase of spine density from 0.86 ±
0.06 to 1.07 ± 0.02 and 1.05 ± 0.03 spines/µm, respectively, values
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Fig. 1MAP6 inhibition reduces dendritic spine density. a Confocal image showing representative examples of dendritic segments of layer 5 cortical neurons
of WT and MAP6 KO Thy1-eYFP-H mice. Scale bar: 2 μm. b, c Graphs of dendritic spine density in apical secondary or tertiary dendrites. The total density
(b), or that of each morphological spine type (c) in WT and MAP6 KO Thy1-eYFP-H neurons are represented as mean ± SEM (ns: not significant, ***p <
0.001; Student’s t-test), n= 50 neurons/ 4 WT animals and 29 neurons/ 4 KO animals. d Confocal image showing representative examples of dendritic
segments of WT and MAP6 KO hippocampal neurons in culture at 18 DIV, transfected with GFP-expressing vector. Scale bar: 2 μm. e, f Graphs of total
dendritic spine density (e) or density by shape type (f) in WT and MAP6 KO cultured neurons. Values are represented as mean ± SEM (ns: not significant,
***p < 0.001 Student’s t-test), n= 12 neurons/ 3 WT embryos and 9 neurons/ 3 KO embryos, respectively. g Confocal image showing representative
examples of dendritic segments of 18 DIV cultured hippocampal WT neurons transfected with GFP-expressing vector and control siRNA or MAP6 siRNA.
Scale bar: 2 μm. h, i Graphs of total dendritic spine density (h) or density by shape type (i) in neurons transfected with control or MAP6 siRNA. Values are
represented as mean ± SEM (ns: not significant, *p < 0.05; **p < 0.01; Student’s t-test), n= 22 neurons/ 4 embryos and 6 neurons/ 3 embryos from
control and siRNA treated neurons, respectively. j Sample traces showing mEPSCs of WT and MAP6 KO 18 DIV cultured hippocampal neurons. k, l Graphs
of the mean mEPSCs amplitude (k) and frequency (l) recorded in WT or MAP6 KO cultured neurons. Values are represented as mean ± SEM (ns: not
significant, **p < 0.01; Student’s t-test), n= 15 neurons/ 5 WT embryos and 19 neurons/ 3 KO embryos, respectively. For each experiment of cultured
neurons, analysed neurons were pooled from at least three independent cultures

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05869-z ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:3775 | DOI: 10.1038/s41467-018-05869-z | www.nature.com/naturecommunications 391

www.nature.com/naturecommunications
www.nature.com/naturecommunications


no longer significantly different from the density of 1.16 ±
0.06 spines/µm, observed for WT neurons (Fig. 2b, c). Analysis of
spine morphology indicated that both MAP6-E-GFP and MAP6-
N-GFP restored a normal density of mushroom-like spines in
MAP6 KO neurons (Fig. 2d). We then examined the ability of
MAP6-E mutants devoid of microtubule-binding sequence
modules to correct spine density defects. Figure 2a depicts the two
types of MAP6 microtubule-binding modules, the Mn modules
(orange) and the Mc modules in the central domain (grey). When
transfected in MAP6 KO neurons, MAP6-E lacking Mn modules

(MAP6-E-ΔMn-GFP) was able to increase the spine density from
0.86 ± 0.06 to 1.11 ± 0.04 spines/µm (Fig. 2e, f). In contrast,
transfection of MAP6-E lacking Mc modules (MAP6-E-ΔMc-
GFP) failed to significantly change the spine density (Fig. 2e, f).
Conversely, expression of GFP fused to Mc modules alone (GFP-
Mc) increased spine density up to values similar to those observed
in WT neurons (Fig. 2e, g; 1.11 ± 0.04 and 1.16 ± 0.06 spines/µm
for rescued MAP6 KO neurons and WT neurons, respectively).
To determine whether changes in morphologically defined

spines corresponded to synaptic alterations, we next used
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immunological markers to label excitatory synapses32 in cultured
neurons. Neurons were transduced with lentiviral vectors
expressing GFP or Mc-GFP, fixed at DIV18, and stained for
PSD-95/synaptophysin (a post-synaptic and a pre-synaptic
marker, respectively). Fluorescent puncta containing both pre
and post-synaptic markers were used to detect and count
synapses formed on the dendrites of transduced cells, as shown
in Fig. 2h. GFP-expressing WT neurons displayed 0.949 ±
0.020 synapses/µm (Fig. 2i), whereas GFP-expressing MAP6
KO neurons had 0.76 ± 0.030 synapses/µm (Fig. 2i), a value
compatible with the presence of one synapse per dendritic spine.
Thus, in MAP6 KO neurons, the reduced density of excitatory
synapses is in tight correlation with the reduction of spine
density. Expression of Mc modules (GFP-Mc) in MAP6 KO
neurons rescued the number of synapses (Fig. 2h, i, 0.967 ±
0.022 synapses/µm) to values similar to those observed in WT
neurons.
Altogether, these results demonstrate that Mc modules

contribute to the growth and maintenance of dendritic spines
and to the establishment of mature synapses.

A single Mc module ensures normal dendritic spine density.
Human MAP6 only contains one Mc module, whereas Mc
modules are present in five copies in rat MAP633 (R1 to R5,
Supplementary Fig. 1A). We showed that rat R5, human MAP6-E
or the human Mc module were able to correct the spine density
deficit (Supplementary Fig. 1C-F). Thus, a single Mc module, as
present in human MAP6, is sufficient to ensure dendritic spine
maturation and maintenance.

Phosphorylation by CaMKII targets MAP6 to spines. To
determine whether the effect of MAP6 on synapses requires it to
enter spines, we took advantage of the physiological regulation of
MAP6 targeting by CamKII25. We showed that MAP6-E phos-
phorylation mutant (S/E mutant, Supplementary Fig. 1A, G–H)
mimicking phosphorylated state was able to rescue spine density
whereas MAP6-E phosphorylation mutant preventing phos-
phorylation (S/A mutant, Supplementary Fig. 1A, G-H) was not
efficient. These results indicate that MAP6 transfer into the spines
through phosphorylation by CamKII correlates with the effect of
MAP6 on synapse maintenance.

MAP6 Mc modules directly interact with actin. At physiological
temperature, MAP6 interaction with microtubules relies on Mn
domains (Fig. 2a), and Mc modules are not involved23,24. We

thus wondered whether an interaction of the Mc modules with
actin might occur, possibly accounting for the observed spine
stabilisation. We analysed the comparative distribution of endo-
genous MAP6 and cytoskeletal elements in cultured hippocampal
neurons at different stages of maturation. Endogenous MAP6 co-
localised with microtubules throughout the cell, was especially
enriched in axons, but also co-localised with actin in filopodia
and lamellipodia within the growth cone (Fig. 3a, a′, a″). After
30 days in culture, endogenous MAP6 continued to be present in
cell body, axon and dendrites but also accumulated within den-
dritic spines (Fig. 3b, b′, b″). To determine whether Mc modules
could target the protein to actin-rich regions of the cell, we stu-
died the localisation of a transiently expressed GFP-Mc fusion
protein. The GFP-Mc polypeptide was found to co-localise with
actin filaments both in mouse embryo fibroblasts (Supplementary
Fig. 2) and in the growth cone of young neurons (Fig. 3c, c′, c″).
To determine whether MAP6 directly interacted with actin

filaments in neurons, we performed FRET (Förster Resonance
Energy Transfer with Acceptor Bleaching) measurements using
the acceptor photobleaching technique34, with TRITC-phalloidin
labelled actin filaments (as acceptor) and GFP or GFP-tagged
MAP6 (as donor) (FRET-A; Fig. 3d, d′; Supplementary movie 1).
We chose to analyse growth cones, where actin filaments are
clearly visible. The fluorescence intensity of the donor MAP6-E-
GFP within growth cone regions increased significantly after
bleaching of the acceptor, revealing a FRET efficiency of 52 ± 2%
(Fig. 3e). Similar experiments were performed with GFP-Mc
modules, yielding a FRET efficiency of 49.6 ± 2% (Fig. 3e). As a
control (Fig. 3d, d′), no transfer of fluorescence was observed
between F-actin filaments and soluble GFP (1.4 ± 3% of FRET,
Fig. 3e). The FRET-AB technique did not allow us to obtain
accurate measurements of FRET efficiency in dendritic spines.
Overall, these results show that endogenous MAP6 appears to

be present very extensively throughout the neuron, including at
actin-rich structures, where, as indicated by the acceptor
photobleaching experiment, it can be in close proximity to F-
actin.

MAP6 regulates actin dynamics in dendritic spines. The above
results raise the possibility that MAP6 might participate in the
regulation of actin dynamics in spines, which is crucially involved
in spine remodelling and in synaptic plasticity events35. In par-
ticular, long-term potentiation (LTP) is known to be accom-
panied by a rise of actin filaments, increased actin stabilisation
and spine enlargement36. To examine whether MAP6 contributes

Fig. 2MAP6 Mc modules are important for dendritic spine maturation and maintenance. a Schematic representation of MAP6 domain structure and cDNA
constructs used in this paper. b Confocal image showing representative examples of dendritic segments of MAP6 KO 18 DIV cultured hippocampal
neurons transfected with mCherry-expressing vector alone or co-transfected with a MAP6-E construct. Scale bar: 2 μm. c, d Graphs showing the
quantification of dendritic spine density in WT neurons, MAP6 KO neurons and MAP6 KO neurons transfected with MAP6-E or MAP6-N constructs. Total
spine density (c) or type-wise density (d) are represented as mean ± SEM (*p < 0.05; **p < 0.01; one-way ANOVA and Tukey’s post hoc test), n= 12
neurons/ 3 embryos, 9 neurons/ 3 embryos, 12 neurons/ 4 embryos and 22 neurons/ 5 embryos for WT, KO, KO+MAP6-E and KO+MAP6-N,
respectively. e–g Rescue experiments in MAP6 KO neurons (e) Confocal image showing representative examples of dendritic segments of MAP6 KO 18
DIV cultured hippocampal neurons transfected with mCherry-expressing vector and MAP6-E ΔMn-eGFP, MAP6-E ΔMc-eGFP or eGFP-Mc domain
constructs. Scale bar: 2 μm. f, g Graphs of dendritic spine density in WT neurons, MAP6 KO neurons and after rescue of MAP6 KO neurons by MAP6-E
ΔMn or MAP6-E ΔMc (f) or Mc modules (g). Data presented as mean ± SEM (**p < 0.01, ***p < 0.001; one-way ANOVA and Tukey’s post hoc test), n=
12 neurons/ 3 embryos, 9 neurons/ 3 embryos , 14 neurons/ 4 embryos and 22 neurons/ 4 embryos neurons for WT, KO, KO+MAP6-E ΔMn and KO+
MAP6-E ΔMc, respectively. h Representative images of dendrites of WT and MAP6 KO 18 DIV hippocampal neurons transduced with GFP or GFP-Mc
lentivirus (green) and superposed with a magenta mask corresponding to pixels that simultaneously contain PSD-95 (post-synaptic), Synaptophysin (pre-
synaptic) and GFP label. Scale bar, 2 µm. i Graph showing the quantification of excitatory synapse density in dendrites of WT and MAP6 KO neurons
transduced with GFP or GFP-Mc lentivirus. Data presented as mean ± SEM. (****p < 0.0001 one-way ANOVA with Tukey’s post hoc test), n= 14 neurons/
3 embryos, 10 neurons/ 3 embryos and 14 neurons/ 3 embryos for WT+GFP, KO+GFP and KO+GFP-Mc, respectively. For each experiment, neurons
were pooled from at least three independent cultures
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to plasticity-related actin filament accumulation and spine
expansion, we used neurons transfected with plasmids encoding
GFP as a volume marker, together with the filamentous actin
probe LifeAct-mCherry (Fig. 4a). The transfected neurons were
subjected to synaptic activation, using a chemical protocol

mimicking LTP (cLTP, bicuculline and 4-Aminopyridine)21.
Individual mushroom-like spines of live neurons were imaged
before and after induction of cLTP (Fig. 4a). Consistent with
previous publications4,37–39, in WT neurons, cLTP resulted in a
strong expansion of spine volume (Fig. 4b). By contrast, no
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increase was detected in the spines of KO neurons (Fig. 4b).
Further, in agreement with the results of Bosch et al.4, in WT
spines, the concentration of actin filaments (estimated as the ratio
of LifeAct vs. GFP) was ~20% higher following cLTP (Fig. 4c).
Strikingly, no such change in actin concentration was detected in
KO spines (Fig. 4c). Thus, MAP6 is required for the growth of the
actin cytoskeleton that underlies spine expansion during activity-
induced synaptic change. To determine whether MAP6 could
regulate the polymerisation of spine actin, we compared the
turnover rate of actin monomers in spines of MAP6 KO neurons
and WT controls, by using fluorescence recovery after photo-
bleaching (FRAP) of GFP-actin. Under our conditions, the
mobile fraction of GFP-actin molecules calculated from the
recovery kinetics corresponded to actin treadmilling in dynamic
filaments, while the immobile fraction was composed of stable
filaments35. Hippocampal neurons cultured for 15 days in vitro
were transfected with GFP-actin (Fig. 4d), 2 days later a specific
spine was bleached and fluorescence recovery measured over time
(Fig. 4d). In WT neurons, FRAP measurements yielded a classical
average recovery curve with a characteristic recovery time of 40 s
and almost full recovery of fluorescence (Fig. 4e, WT). Similar
results were obtained for MAP6 KO neurons (Fig. 4e, KO)
indicating similar actin dynamics in spines at resting state. Fol-
lowing cLTP, in WT neurons, FRAP measurements showed
slower recovery of the mobile fraction and appearance of a
significant immobile fraction, indicating as expected a diminished
rate of actin turnover and an increased pool of stable actin fila-
ments (Fig. 4e, WT+ cLTP). In contrast, in MAP6 KO neu-
rons, the cLTP protocol did not affect the recovery curve (Fig. 4e,
KO+ cLTP). Quantification, in WT neurons, of the dynamic
GFP-actin in resting conditions or after cLTP clearly showed a
reduction of the mobile fraction from 92.8 ± 3% to 57 ± 9%
(Fig. 4f, 43% of immobile actin), whereas the mobile fraction was
unchanged in MAP6 KO neurons (Fig. 4f, 95 ± 4% and 100.0 ±
5%, in resting and activated conditions, respectively). These
results indicate that the actin stabilisation triggered by chemical
LTP requires MAP6.
We then determined the ability of full-size or truncated MAP6

to restore the actin stabilisation defects observed in spines
(Fig. 4g, h). In neurons transfected with MAP6-E, cLTP-induced
actin stabilisation was restored, as cLTP brought the
mobile fraction down to 66.8 ± 4%, very similar to 57% ± 9%
obtained in WT conditions (Fig. 4h) and significantly different
from the 100 ± 5% found in MAP6 KO neurons (Fig. 4h). MAP6-
E-ΔMc was unable to allow actin stabilisation (Fig. 4g, h),
whereas Mc was able to restore actin stabilisation, lowering the
mobile fraction to 67.4 ± 4% (Fig. 4h). These results clearly

indicate that Mc modules stabilise actin in dendritic spines during
plasticity events.

MAP6 Mc modules promote assembly of ordered actin bun-
dles. We first assayed the in vitro binding of Mc modules to actin
filaments using high-speed co-sedimentation assays. A significant
fraction of Mc modules was found to associate with the actin
pellet (Fig. 5a). Titration experiments showed that binding was
saturable, with a Kd of 670 ± 106 nM and a Bmax of 280 ± 13 nM
for 500 nM actin (Fig. 5b).

To analyse in detail the interaction of Mc modules with actin
filaments, we assayed in vitro the effect of purified Mc on a range
of actin polymerisation parameters, including nucleation, elonga-
tion and bundling, known to be regulated by actin-binding
proteins in spines1,5,36. Actin nucleation was first assayed by
following the polymerisation of pyrene-labelled actin over time.
As shown in Fig. 5c, the initial lag corresponding to actin
nucleation was shortened when actin was polymerised in the
presence of Mc modules. Next, we investigated actin assembly by
directly visualising actin polymerisation using total internal
reflection fluorescence (TIRF) microscopy (Fig. 5d). After a
5 min assembly period, we measured the number of actin
filaments present in the microscope field of view, in the presence
or absence of Mc. Quantification showed that the total filament
number was increased in the presence of Mc modules (Fig. 5e;
total filament number: 66 ± 9.9 and 121.6 ± 15.5; for actin and
actin+Mc modules, respectively). However, the elongation rate
of polymerising filaments was not significantly changed by Mc
(1.1 ± 0.02 and 1.1 ± 0.02 µm/min for actin and actin+Mc,
respectively). In contrast, we observed a dose-dependent induc-
tion of actin bundling by Mc modules, as indicated by the higher
density of filaments, visualised by the orange to yellow pseudo-
colour in Fig. 5f (fluorescence intensity ≥ 200 arbitrary units).
Quantification indicated a higher percentage of actin bundling in
the presence of Mc modules (Fig. 5g; 5.7 ± 0.6%, 14.2 ± 1.5% and
19 ± 2.5% for 300 nM of actin alone, +150 and +300 nM Mc,
respectively). To monitor the kinetics of Mc-induced actin bundle
formation, we performed light-scattering assays during the
polymerisation of actin monomers with or without Mc (Fig. 5h).
In the presence of Mc, light scattering increased much more
rapidly, indicating that Mc quickly bound and bundled newly
forming actin filaments. Furthermore, the ability of Mc to bundle
actin filaments was examined in a co-sedimentation assay (Fig. 5i).
Complete actin polymerisation was checked by high-speed (HS)
sedimentation (100,000×g, actin filaments in the pellet). At low-
speed (LS) centrifugation (15,000×g), in the control condition,
actin filaments were mainly present in the supernatant whereas,

Fig. 3 The MAP6 Mc module directly interacts with the actin cytoskeleton. a Confocal image showing a representative cultured hippocampal neuron at 2
DIV, co-stained for actin filaments (phalloidin, magenta), endogenous MAP6 (green) and microtubules (grey). Scale bar: 20 µm. a′ Higher magnification
view of the axonal growth cone. Scale bar: 5 µm. a″ Graph of the fluorescence intensity variations of actin filaments, MAP6 and microtubule staining along
a line scan (white dotted line). b Confocal image showing a 30 DIV cultured hippocampal neuron stained as in a. Scale bar: 20 µm. b′ Higher magnification
view of a dendrite. Scale bar: 5 µm. b″ Graph of the fluorescence intensity variations of actin filaments, endogenous MAP6 and microtubule staining along a
line scan. c Confocal image showing a 2 DIV cultured hippocampal neuron transfected with GFP-Mc construct (green) and stained for actin filaments
(magenta) and microtubule (grey). c′ Higher magnification view of the axonal growth cone. Scale bar: 5 µm. c″ Graph of the fluorescence intensity
variations of actin filaments, GFP-Mc and microtubule staining along a line scan. d Acceptor Photobleaching FRET (ap FRET) analysis of 2 DIV cultured
hippocampal neuron transfected with either GFP or MAP6-E GFP construct and stained for actin filaments (TRITC-phalloidin). Images were taken before
(pre-) and after (post-) acceptor photobleaching for the acceptor (TRITC-phalloidin, upper images) and the donor (GFP or MAP6-E GFP, middle images).
For better visualisation of the donor fluorescence intensity, a fire lookup table (LUT) was applied to pre- and post-bleach images, with colours
corresponding to pixels from 0 (black-violet) to max intensity (yellow). The insert boxes show bleach regions of interest. Scale bar: 20 µm. d′ Higher
magnification view of the axonal growth cone before and after acceptor photobleaching. Scale bar: 5 µm. e Graphs showing the Acceptor Photobleaching
FRET efficiency in neuronal growth cones of hippocampal neurons transfected with MAP6-E-GFP, GFP-Mc or GFP constructs. Data presented as mean ±
SEM (****p < 0.0001; one-way ANOVA and Tukey’s post hoc test), n= 97, 72 and 35 axonal growth cones from MAP6-E, Mc and GFP-expressing
neurons of 8, 7 and 4 embryos respectively, from three independent cultures

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05869-z ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:3775 | DOI: 10.1038/s41467-018-05869-z | www.nature.com/naturecommunications 795

www.nature.com/naturecommunications
www.nature.com/naturecommunications


in the presence of Mc, 4-time increase of actin was found in the
pellet (13 ± 4.9% and 58.5 ± 3.9% for actin alone and actin+Mc
in the LS pellet). Finally, we analysed the impact of Mc modules
on actin organisation using negative-staining electron micro-
scopy. As shown Fig. 5j, in the presence of Mc modules, actin
filaments formed bundles and appeared straightened as compared

to control conditions. Moreover Mc modules caused filaments to
organise in single layered arrays, showing periodic striations
spaced by 35.9 ± 1.2 nm (Fig. 5j, white arrowheads). These
striations could also be seen in single filaments (spaced by 35.7
± 1.1 nm) and were not observed in the absence of Mc. The
period coincides with the helical pitch of actin (35.7 nm),
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suggesting repeated association of Mc with a specific aspect of the
filaments.
Altogether these in vitro results indicate that Mc modules

regulate actin assembly and favour the formation of actin
bundles.

MAP6 Mc modules stabilise actin filaments. To test whether Mc
modules can stabilise actin filaments, we performed a dilution
experiment. Filaments were polymerised from 2 µM monomeric
actin, next incubated alone or with 0.5 to 1 µM of Mc modules
and then the actin concentration was lowered by dilution to a
final concentration of 0.1 µM. After 20 min, the amount of
remaining filaments was analysed using high-speed co-sedi-
mentation assay, and compared to the initial amount of filaments
(input) (Fig. 6a). As previously described40, dilution of actin
filaments led to depolymerisation (Fig. 6b) with only 38.61+
2.43% of filaments resisting dissociation. In the presence of Mc
modules, actin filaments were more resistant to depolymerisation
(Fig. 6b; 52.3 ± 1.6% and 54.7 ± 1.8% for 0.5 and 1 µM of Mc,
respectively). To track depolymerisation over time, we performed
similar dilution experiments with pyrene-labelled actin (Fig. 6c).
Actin filaments showed a rapid decrease after buffer dilution
(−25% of the initial fluorescence) whereas Mc-decorated actin
filaments were more resistant (−11% of the initial fluorescence;
Fig. 6c).
Taken together, these results indicate that Mc modules may

stabilise actin filaments by preventing their depolymerisation.

Human Mc module bundles and stabilises actin filaments.
Interestingly, we also showed that the hMc module was able to
bundle actin filaments (Supplementary Fig. 3A–B) with periodic
striations spaced by 36.02 ± 1.138 nm and to protect actin fila-
ments from depolymerisation (Supplementary Fig. 3C–D).

Discussion
It is well established that the maturation and plasticity of den-
dritic spines are strongly dependent on the complex, dynamic
remodelling of the spine actin cytoskeleton. We show here that
part of this remodelling is mediated by MAP6, a protein known
to be indispensable for synaptic plasticity and for the normal
development of brain circuits underlying aspects of cognition and
behaviour. MAP6 KO and heterozygous mice exhibit cognitive
defects, associated with strong impairments affecting both short
and long-term synaptic plasticity, including defective LTP and
LTD17,41. Moreover, MAP6 deficits have been linked to autism42

in line with the involvement of spine pathology in human

neuropsychiatric disease43. MAP6 is known as a microtubule-
associated protein that can also interact with actin depending on
its phosphorylation state25. In this work, using biochemical and
microscopy approaches, we identify MAP6 as a novel regulator of
actin filament dynamics and conformation, with implications for
the mechanisms of synaptic homoeostasis and plasticity.
MAP6 KO neurons, both in vivo as in vitro, displayed impair-

ments in the morphological and functional maturation of post-
synaptic compartments. The deficiency phenotype could be rescued
by expressing different MAP6 isoforms. Remarkably, within the
MAP6 sequence, the Mc modules were both necessary and suffi-
cient to rescue dendritic spine density. This result cannot readily be
explained by the known affinity of Mc modules for microtubules, as
microtubule binding cannot occur at physiological temperature;
instead, we find that Mc modules interact with actin filaments in a
way consistent with direct regulation of the spine cytoskeleton.
Several results strengthen the idea that MAP6 binding to spine

actin is instrumental to spine maintenance. In addition to
microtubular localisation, full-size MAP6 as well as the isolated
Mc domain are present in actin-rich regions of neurons, such as
growth cones of young neurons or dendritic spines in mature
cells. FRET assays supported the notion that, via the Mc modules,
MAP6 closely interacts with actin filaments in situ. Using MAP6
phosphorylation mutants, localisation of the protein in the spine
was shown to correlate with spine restoration. Functionally,
FRAP measurements of spine actin dynamics revealed that MAP6
had a necessary role in the kinetic stabilisation of actin filaments
that accompanies activity-induced synaptic change. Rescue
experiments again showed that MAP6 depended on its Mc
modules for regulating spine actin turnover; furthermore, Mc
modules expressed on their own were able to restore actin sta-
bilisation following cLTP in MAP KO neurons.
On the whole, these results indicate that MAP6 has an

important part in the stabilisation of mature spine types
(“mushroom-like” and “stubby” spines), i.e. those that transmit
larger synaptic currents and encode long-lasting information44.
As the fraction of thin spines was not affected, MAP6 deficiency
does not seem to result in a simple reversal of spine maturation.
One explanation could be that the cytoskeletal structure pro-
moted by MAP6 binding to actin is specifically required for
maintaining mature spines.
The in vitro reconstitution of the Mc-actin interaction

uncovered molecular properties that are consistent with the
specific function of MAP6 in spine plasticity. We found, in our
in vitro conditions, that purified Mc modules interact with actin
filament with a Kd below the micromolar range and promote the
formation of straight, stable, rigid actin bundles. Biophysical

Fig. 4 MAP6 regulates the actin filaments stable pool in activated dendritic spines. a Representative confocal images of dendritic spines (boxes) of live
cultured WT and KO hippocampal neurons at 18 DIV, co-transfected with GFP and LifeAct-RFP, before and after cLTP. Scale bar: 5 µm. b Ratio of post- to
pre-cLTP spine volumes. Data presented as mean ± SEM. (***p < 0.001; Mann–Whitney test). n= 172 and 169 spines from 10 WT and 10 KO neurons
before and after cLTP, respectively. c Ratio of post- to pre-cLTP spine F-actin concentration. Data presented as mean ± SEM. (***p < 0.001; Mann–Whitney
test). n= 186 spines/ 10 neurons/ 4 WT embryos and 185 spines/ 10 neurons/ 7 KO embryos before and after cLTP, respectively. d Representative
examples of neurons at 16 DIV, transfected with actin-GFP before and after cLTP. A single spine (boxed) was photo-bleached and the time course of
fluorescence recovery determined. Time series of fluorescence levels are shown in pseudo-colour for better visualisation, with colours corresponding to
pixels from 0 (black-violet) to max intensity (yellow). Scale bar: 5 µm. e Time course of actin-GFP fluorescence recovery in activated and non-activated
neurons, averaged over experiments. Data presented as mean+ SEM for each time point. f Mean value of mobile fractions derived by fitting
individual curves to an exponential recovery model. Data presented as mean ± SEM (ns: not significant, ***p < 0.001; Student’s t-test), n= 21 spines/
7 neurons/ 7 embryos, 10 spines/ 4 neurons/ 4 embryos, 20 spines/ 5 neurons/ 5 embryos and 21 spines/ 5 neurons/ 5 embryos from WT, WT+ cLTP,
KO and KO+ cLTP neurons. g Time course of actin-GFP fluorescence recovery in activated and non-activated neurons transfected with actin-GFP and
MAP6-E, MAP6-E ΔMc or Mc modules, averaged over experiments. Data presented as mean+ SEM for each time point. h Mean value of mobile fractions
calculated as in f. Data presented as mean ± SEM (ns: not significant, **p < 0.01, Student’s t-test), n= 9 spines/ 5 neurons/ 5 embryos, 30 spines/
9 neurons/ 9 embryos, 20 spines/ 5 neurons/ 5 embryos, 14 spines/ 3 neurons/ 3 embryos, 8 spines/ 3 neurons/ 3 embryos and 20/ 4 neurons/ 4
embryos from KO+MAP6-E, KO+MAP6-E+ cLTP, KO+MAP6-E ΔMc, KO+MAP6-E ΔMc+ cLTP, KO+Mc and KO+Mc+ cLTP neurons. For
each experiment, neurons were pooled from two to four independent cultures
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modelling indicates that morphogenesis of the spine head can be
quantitatively accounted for by a balance of forces, involving a
combination of actin bundles pushing outward along the axis of
the spine neck, and filaments that emerge from Arp2/3-nucleated
branches and that exert isotropic radial pressure in the head45.

Indeed, spines have been shown to harbour both a sub-membrane
pool of actively polymerising filaments and a core population of
stable actin filaments; the increase and stabilisation of core actin
is a feature of LTP3. The action of MAP6 Mc modules on actin
filament nucleation might be important during the initial
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reorganisation of the actin cytoskeleton, whereas Mc-induced
filament straightening and bundling could be necessary for the
enlargement and maintenance of potentiated spines (mushroom-
like forms).
Several other proteins, such as drebrin, spinophilin/neurabin,

or CaMKIIβ, have been described as crucial for dendritic
spine morphogenesis in association with their ability to bundle
actin46–50. However, the in vivo phenotype of MAP6 KO spines
indicates that MAP6-induced actin arrangements carry specific
properties, which are not conferred by other actin-binding pro-
teins. The fact that the same MAP6 Mc module carries both
nucleation-enhancing and bundling activities might allow MAP6
to promote the enlargement of the spine actin pool in a specific,

uniquely efficient fashion. Furthermore, at the ultrastructural
level, both single and bundled actin filaments were seen to be
strikingly straightened in the presence of the MAP6 Mc modules.
The straightened fibres displayed regularly spaced striations, with
a period of 35–36 nm, potentially corresponding to the helical
pitch of bare actin filaments. This suggests that filaments cross-
linked by Mc modules were aligned without torsion and in a
highly ordered, extended conformation. The periodic striations
seemingly correspond to a specific feature of MAP6-decorated
actin filaments. Other MAPs such as tau and MAP2C, or the key
neuronal actin-binding protein drebrin, were shown to induce
assembly of actin filaments into rope-like structures or loose
bundles, with no visible striations12,14,51,52. Within the large
group of actin-binding proteins, several members, including
fimbrin, coronin, FRG-1 and p135ABP, induce actin bundling
without striations53–55. In contrast, periodic striations similar to
those seen here have been observed for fascin56 and cortexillin57

or septins58. However, these latter proteins are either absent from
dendritic spines or confined to their base and neck. Thus, MAP6
is the first MAP and the first protein present within dendritic
spines able to induce actin bundling with periodic striations. One
limitation of the present study is that the effect of Mc MAP6 on
actin organisation could only be resolved in vitro, with isolated
components, and we did not further test for interaction of Mc
with other similar charge and mass; future work will need to
further confirm the specificity of this interaction, and to address
the challenge of imaging Mc-dependent actin ultrastructure in
dendritic spines.
The extended conformation of Mc-bound filaments suggests

that they are under tension. Such tension has been shown to
decrease binding of the filament-severing protein, cofilin59; hence
MAP6 may conceivably protect a pool of spine actin against
cofilin activity. Straight filaments induced by MAP6 might also
increase the efficacy of myosin-mediated vesicular transport of
lipid membrane and AMPA receptors into spines60. Indeed,
alteration of myosin isoforms resulted in impaired AMPAR
trafficking, and, similar to MAP6 deficiency, in decreased fre-
quency of miniature EPSCs and defective activity-induced
synaptic change.
Under physiological conditions, the two main MAP6 isoforms

in neurons, MAP6-N and MAP6-E, contain Mc modules but also
Mn modules, which have strong microtubule binding affinity.
Release of MAP6 from the dendritic microtubules is necessary for
translocation into spines, and might be triggered by phosphor-
ylation events occurring upon neuronal activation. We have
previously shown that MAP6 was phosphorylated by CamKII, the
major kinase in spines25. Phosphorylation by CamKII-rendered
MAP6 unable to associate with microtubules, while leaving actin-

Fig. 5 Mc modules modify actin filament dynamics and organisation in vitro. a Mc modules co-sedimented without or with filamentous actin, analysed by
SDS-PAGE and Coomassie blue staining (P: pellet, S: supernatant). b Concentration of Mc polypeptide bound to actin filaments (500 nM), plotted as a
function of the total amount of Mc input. Data points represent mean ± SEM, n= 3 for Mc alone and n= 4 for Mc+ actin. c Representative graph showing
the time course of polymerisation of pyrene-labelled actin (10%) in the absence or presence of Mc modules. d TIRF microscopy images of actin
polymerised with or without Mc modules for 5 min. Scale bar: 10 μm. e Quantification of the total filament number, obtained from d images. Data presented
as mean ± SEM. (**p < 0.01; Student’s t-test). n= 10 independent experiments. f TIRF microscopy images of actin filaments polymerised in the absence or
presence of Mc modules for 60min. For better visualisation of actin bundles, a pseudo-colour lookup table (LUT) was applied. Fire LUT pixel intensity map
show individual actin filaments in violet and actin bundles in red to yellow. Scale bar: 10 μm. g Quantification of the percentage of bundled actin filaments
related to total actin filaments network as a function of Mc modules concentration. Data presented as mean ± SEM. (**p < 0.01, ****p < 0.0001;
Kruskall–Wallis with Dunn’s multiple comparison test). n= 12, 12 and 8 independent experiments for actin, actin+ 150 nM Mc and actin+ 300 nM Mc,
respectively. h Representative time course of actin bundling in the absence or presence of Mc modules, monitored by light scattering at 400 nm (arbitrary
units). i Actin filaments in high (100,000×g) and low-speed (15,000×g) co-sedimentation assays in the absence or presence of Mc modules (P: pellet, S:
supernatant). Data presented as mean ± SEM. (****p < 0.0001; Student’s t-test). n= 6 independent experiments. j Actin alone or in the presence of Mc
modules visualised by negative staining and electron microscopy. Scale bar: 500 nm. Lower panels are higher magnifications of the insert in upper panels.
Scale bar: 50 nm
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Fig. 6 Mc modules protect actin filaments from depolymerisation. a Actin
depolymerisation induced by dilution of actin filaments alone or in the
presence of Mc modules. After 20min of incubation in a buffer containing
0.1 µM actin (alone or with 0.5 µm or 1 µM Mc), samples were centrifuged
at 100,000×g and pellets separated on SDS/PAGE and detected by Stain-
Free system. b Quantification of the percentage of remaining actin
filaments after buffer dilution. Data presented as mean ± SEM. (***p <
0.001, ****p < 0.0001, one-way ANOVA and Sidak’s post hoc test), n= 9
gels from three independent experiments. c Mean time course of actin
filaments and Mc-decorated actin filaments depolymerisation. After 1 h
incubation of 40% pyrene-labelled actin filaments alone or in the presence
of Mc modules, all samples were diluted to a final concentration of 0.1 µM
actin (alone or with 0.5 µM or 1 µM of Mc) and pyrene fluorescence
(arbitrary unit) was measured over time
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binding unchanged (no change of binding following alkaline
phosphate treatment)25. Here, we correlated the translocation of
MAP6 phosphorylation mutants from microtubules in the den-
dritic shaft to actin filaments in dendritic spines, with the ability
of these mutants to restore spine density. The simplest explana-
tion of our data is that the phosphorylation-defective MAP6
mutant (S to A) was retained on MTs and thus unable to
translocate into spines and thereby to rescue the spine deficit in
MAP6 KO neurons. Thus phosphorylation of MAP6 may med-
iate some of the effects of CamKII on structural plasticity.
Finally, beside its direct effects on actin filament dynamics and

organisation, we cannot exclude that MAP6 also indirectly con-
trol spine actin via signalling events, such as activation of small
GTPases. Indeed, MAP6 has been shown to directly interact with
Rac161, a GTPase known to induce strong cytoskeletal rearran-
gements. When present in dendritic spines and bound to actin,
MAP6 might also regulate plasticity pathways by interacting with
SH3 domain-containing proteins such as Intersectin or PI3Ki-
nase, through active PRD domains as reported in the case of
Sema3E-dependant axonal guidance30.
In summary, the present data provide evidence that MAP6 acts

as a novel player in the regulation of actin cytoskeleton structure
and dynamics, with important consequences for the maturation
and maintenance of dendritic spines in hippocampal neurons.
Reduced expression of MAP6 affects the density of dendritic
spines and mature synapses in vitro and in vivo, and prevents the
stabilisation of the spine actin cytoskeleton during plasticity
events. The ability of MAP6 to regulate actin dynamics relies on
its Mc modules, which we show are able to enhance actin filament
nucleation, promote filament stabilisation and bundling, and
induce the appearance of a specific, straightened filament con-
formation. Thus, these data shed new light on the mechanisms
that might contribute to the cognitive impairments associated
with MAP6 deficiency.

Methods
Animals. All experiments involving animals were conducted in accordance with
the policy of the Institut des Neurosciences de Grenoble (GIN) and in compliance
with the French legislation and European Union Directive of 22 September 2010
(2010/63/UE). The research involving animals was authorised by the Direction
Départementale de la protection des populations - Préfecture de l’Isère - France
and by the ethics committee of GIN n° 004 accredited by the French Ministry of
Research. The homogeneous inbred 129SvPas/C57BL6, 129SvPas/C57Bl6-Thy1-
eYFP-H WT and MAP6 KO mice were generated as previously described62.

Plasmids and recombinant proteins. PCR amplification and cloning of cDNAs
were performed with Phusion DNA polymerase (Thermo Scientific) and In-Fusion
HD Cloning kit (Clontech), respectively. All constructs were verified by sequencing
(Eurofins). A cDNA encoding human actin (GenBank accession number
NM_001101) was PCR-amplified and inserted into the pEGFP-C1 vector. The
plasmid encoding mCherry was from Clontech (pmCherry vector) and the actin
filament marker LifeAct-RFP plasmid described in ref.21 A cDNA encoding rat
MAP6-N (accession number NM_017204) was PCR-amplified and inserted into
pEGFP-N1. Rat MAP6-N fragments aa 1–614 (MAP6-E) and aa 221–455 (Mc), rat
MAP6-E deletions of aa 124-138 (replaced by Ala)+ aa 162–171+ aa 481–495
(MAP6-E-ΔMn) and aa 225–450 (MAP6-E-ΔMc), rat MAP6-E point mutations
S139A+ S198A+ T484 A+ S537A (MAP6-E-4A) and S139E+ S198E+ T484E
+ S537E (MAP6-E-4E), according to the numbering of rat MAP6-N (NP_058900),
were created by PCR and cloned into pEGFP-N1 (except into pEGFP-C1 for Mc).
Rat MAP6-N fragments aa 359–451 (R4R5) and aa 404–451 (R5) according to the
numbering of rat MAP6-N (NP_058900) was created by PCR and cloned into
pEGFP-C1. DsRed2 cDNA was amplified by PCR from pDsRed2-C1 plasmid
(Clontech) and inserted in place of GFP in the GFP fusions of the above described
rat MAP6 fragments MAP6-E, Mc and MAP6-E ΔMn. A cDNA encoding human
MAP6-E (accession number AB527183) was PCR-amplified and inserted into
pEGFP-C1. Human MAP6-E fragment aa 224–280 (hMc), according to the
numbering of human MAP6-E (AB527183) was created by PCR and cloned into
pEGFP-N1. The lentiviral plasmid encoding eGFP was from Addgene (pWPXLd
vector, kind gift from D. Trono). A cDNA encoding rat MAP6-N fragment aa
221–235 (5R), according to the numbering of rat MAP6-N (NP_058900), was
created by PCR and cloned into pWPXLd.

Lentivirus production. Lentiviral particles encoding either GFP-Mc or unfused
GFP were produced in our institute by co-transfection of the pWPXLd-based
vector with the psPAX2 and pCMV-VSV-G helper plasmids (Addgene, Cam-
bridge, MA) into HEK293T cells obtained from ATCC (ATCC-CRL-3216). Viral
particles were collected by ultra-speed centrifugation.

Protein purification. The Mc domain was produced in insect cells and purified as
already described24. Human Mc synthetic peptide (hMc) was purchased from
ThermoFisher Scientific, resuspended in BRB buffer (80 mM PIPES pH 6.75, 1 mM
EGTA, 1 mM MgCl2), aliquoted, frozen in liquid nitrogen and stored at −80 °C.

Cell culture, transfection and immunofluorescence. Hippocampi (E18.5) were
digested in 0.25% trypsin in Hanks’ balanced salt solution (HBSS, Invitrogen,
France) at 37 °C for 15 min. After manual dissociation, cells were plated at a
concentration of 5000–15,000 cells/cm2 on poly-L-lysine-coated (1 mg/ml poly-L-
lysine hydrobromide, Sigma Aldrich) coverslips for fixed samples, or on ibidi glass
bottom 60 µDishes for live imaging. Neurons were incubated 2 h in DMEM-10%
horse serum and then changed to MACS neuro medium (Miltenyl Biotec) with B-
27 supplement (Invitrogen, France). Hippocampal neurons were incubated for 2,
16, 18 or 30 days in vitro (DIV) at 37 °C, 5% CO2 in a humidified incubator. The
neurons were transiently transfected with the cDNAs described above using
Lipofectamine 3000 (Invitrogen) according to the manufacturer’s instructions, and
analysed 24 h later. For silencing experiments, efficient knockdown of MAP6 was
obtained using previously described30 Stealth RNAi siRNA1 and siRNA2 (Invi-
trogen). For immunocytochemistry, cells were fixed with 4% paraformaldehyde in
4% sucrose-containing PBS for 20 min and permeabilised with 0.2% Triton X-100/
PBS for 5 min. Fixed cells were then incubated with primary antibodies for 3 h in
0.1% PBS/Tween and then with fluorophore-conjugated secondary antibodies for
1 h at room temperature. Primary antibodies were: rabbit polyclonal anti GFP
(ThermoFisher Scientific. Cat# A-11122) diluted 1:1000, mouse monoclonal anti
PSD-95 (clone K28/43, NeuroMab UC Davis/NIH NeuroMab Facility. Item # 75-
028) diluted 1:500, rabbit polyclonal anti Synaptophysin (SYP (H-93), Santa Cruz
Biotechnology, Inc. Cat# sc-9116) diluted 1:500, mouse monoclonal anti mCherry
(Clontech Laboratories, Inc. Cat# 632543) diluted 1:1000, rabbit polyclonal anti-
body against MAP6 (Ab23N) diluted 1:250 and mouse monoclonal antibody
against MAP6-N63 (Ab 175) diluted 1:250, rat monoclonal anti Tyr-tubulin (YL1/
2) diluted 1:1000 and mouse monoclonal antibody against alpha-tubulin64 (clone
α3A1) diluted 1:1000. Secondary antibodies were coupled to Alexa-488, to Cy3 or
to Cy5 (Jackson Immuno-Research Laboratories). TRITC-Phalloidin (Sigma
Aldrich, Inc. Cat# P1951) was used to label actin filaments. Fluorescent images
were acquired with a Zeiss LSM 710 confocal microscope using a ×40 and ×63 oil-
immersion objective (NA 1.25 and NA 1.4) and ZEN 2010 software (Carl Zeiss
MicroImaging).

Imaging of dendritic spines. For fixed samples, images of dendritic segments of
Thy1-eYFP-H mouse cortical neurons (serial sections of cortex) or 18 DIV
transfected neurons visualised by soluble GFP or soluble mCherry fluorescence
were obtained using a confocal laser scanning microscope (Zeiss, LSM 710). Serial
optical sections (1024 × 1024 pixels) with pixel dimensions of 0.083 × 0.083 μm
were collected at 200 nm intervals, using a ×63 oil-immersion objective (NA 1.4).
The confocal stacks were then deconvolved with AutoDeblur. Dendritic spine
analysis (spine counting and shape classification) was performed on the decon-
volved stacks using Neuronstudio65,66. All spine measurements were performed in
3D from the z-stacks. The linear density was calculated by dividing the total
number of spines present on assayed dendritic segments by the total length of the
segments. At least three dendritic regions of interest were analysed per cell from at
least three independent cultures in each experimental condition.

For live imaging during chemical LTP, 17 DIV WT or MAP6 KO hippocampal
neurons were co-transfected with GFP and LifeAct-RFP cDNAs using
Lipofectamine 3000 and imaged 24 h later at 37 °C on a heated stage with 5% CO2
(PeCon), using a confocal laser scanning microscope (Zeiss, LSM 710) and GaAsP
detector (Zeiss Airyscan). Dendritic segments of neurons that simultaneously
expressed GFP and LifeAct-RFP were selected to image ~30 spines per neuron at
baseline state or 15 min after cLTP (50 µM bicuculline and 2.5 mM4-
Aminopyridine). Only modest bleaching was observed during the experiment. Cells
showing signs of damage (pearling or blebbing) were discarded. Individual spines,
identified using Neuronstudio65,67, which were identifiable at initial and final time
points were manually selected. Each dendritic spine volume before and after cLTP
was quantified on the GFP stack using Neuronstudio and a ratio was calculated as
follows: final volume (fi)/initial volume (iv) with iv as the volume before
stimulation and fv as the volume 15 min after cLTP induction. To estimate F-actin
concentration in dendritic spine, a region of interest (ROI) including the whole
spine was placed at each previously identified dendritic spine on LifeAct-RFP and
GFP stacks at baseline state or 15 min after cLTP induction. The fluorescence
intensity (FI) of the Maximun Intensity z projection of the LifeAct-RFP and GFP
stacks were measured for each spine, before and after cLTP. Individual spine F-
actin concentration was estimated as follows: [FI LifeAct/FI GFP] after cLTP / [FI
LifeAct/FI GFP] before cLTP.
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Imaging of excitatory synapses. For immunodetection of excitatory synapses in
transduced neurons, 1/100 of a hippocampal cell suspension was infected by 15
min incubation with GFP or GFP-Mc lentivirus (Lv) at a multiplicity of infection of
40. The infected population was then mixed with non-transduced cells and plated
on poly-L-lysine-coated coverslips and incubated at 37 °C, 5% CO2 in a humidified
incubator. Neurons were fixed at 18 DIV and immunolabeled with GFP, PSD-95
and Synaptophysin antibodies. Fluorescent images were acquired with a Zeiss LSM
710 confocal microscope using a ×63 oil-immersion objective (NA 1.4) and ZEN
2010 software (Carl Zeiss MicroImaging). Images were enhanced for small struc-
tures with the LoG3D ImageJ plugin68 using a 2 pixel radius, and thresholded to
create a mask for: GFP (transfection and contour marker), Synaptophysin (pre-
synpatic compartment) and PSD-95 (post-synpatic compartment). The mask
corresponding to the overlap of the three markers was superposed to the GFP
image. We manually counted the synaptic puncta present in dendritic spines or in
the shaft and calculated their linear density. Mask creation and counting were done
blind to the transduction condition.

Electrophysiological recordings in neuronal culture. Hippocampal neurons in
culture were visualised in a chamber on an upright microscope with transmitted
illumination and continuously perfused at 2 ml/min with oxygenated Artificial
Cerebro-Spinal Fluid (ACSF in mM: 119 NaCl, 2.5 KCl, 1.25 NaH2PO4, 1.3 MgSO4,
2.5 CaCl2, 26 NaHCO3, 0.001 tetrodotoxin, 0.05 bicuculline methiodide and 11
Glucose) at room temperature. Miniature excitatory post-synaptic currents
(mEPSC) were recorded at a membrane potential of −60 mV with borosilicate
glass pipettes of 4–5MΩ resistance filled for whole-cell recordings (in mM: 117.5
CsMeSO4, 15.5 CsCl, 10 TEACl, 8 NaCl, 10 HEPES, 0.25 EGTA, 4 MgATP, 0.3
NaGTP, pH 7.3). Signals were amplified with an EPC 10 Amplifier (HEKA Elek-
tronik Dr. Schulze GmbH, Wiesenstrasse, Germany). Recordings were filtered at 1
kHz and sampled at 10 kHz using the Patchmaster Multi-channel data acquisition
software (HEKA Elektronik Dr. Schulze GmbH, Wiesenstrasse, Germany).

Fluorescence resonance energy transfer-acceptor bleaching. Fluorescence
resonance energy transfer with acceptor bleaching (FRET-AB)34 was performed on
2 DIV or 18 DIV neurons transfected with GFP-tagged constructs (FRET donor)
and stained for actin with TRITC-phalloidin (FRET acceptor). For photobleaching
of the acceptor, ROIs corresponding to growth cones were exposed to five scans
using the 561 nm laser line at 100% power on the LSM 710 confocal microscope.
The whole neuron was imaged at lower power intensity with both the 488 and
561 nm lasers before and after the bleaching of acceptor. FRET efficiency
was calculated as the relative increase of the fluorescence intensity of the
donor after selective photobleaching of the acceptor, according to the formula
Efficiency= (FDonor post− FDonor pre) × 100/FDonor post. Control measurements were
performed with the same imaging protocol in neurons that had not been stained
with TRITC-phalloidin (donor alone), in non-transfected neurons labelled with
TRITC- phalloidin-(acceptor alone), and by omitting the photobleaching step in
transfected and labelled neurons.

Fluorescence recovery after photobleaching. FRAP experiments were performed
in 16 DIV mouse hippocampal cultures transfected with GFP-actin cDNA using
Lipofectamin 3000 (Lifetechnologies), as per manufacturer’s instructions. FRAP
was performed 24 h after transfection on GFP-actin expressing neurons at baseline
state or 15 min after cLTP treatment. Images were acquired with an inverted Nikon
Eclipse Ti C2 confocal microscope with a Nikon ×60 water objective with 1.33
numerical aperture. Only mature mushroom type spines were used for the
experiments. A ROI including the whole spine was imaged 10 times before
bleaching. GFP-actin was bleached at maximal laser power with the 405 nm laser
line (five iterations, total bleach time of 0.66 s, fluorescence reduction of ~90%).
The fluorescence recovery was measured by scanning the ROI with 488 nm
laser light using the following protocol: 10 images at 1 frame/s before bleaching, 10
images at 1 frame/s after bleaching followed by 60 images at 1 frame/5 s for 300 s.

Fluorescent signal analysis was performed with the Nikon software Nis. All the
post-bleach values were divided by the values from the non bleached area of the
cells and normalised to the first 10 pre-bleach values. The first post-bleach
measurement was set to zero.

Raw fluorescence values were normalised by dividing by the values at each time
point by the average value before bleaching. The analysis of the FRAP recovery data
was performed with GraphPad Prism. For each FRAP assay, the plateau value (y0),
mobile fraction (A), first-order rate constant (k) and characteristic time (k−1) were
calculated by non-linear regression, fitting the data to a mono-exponential recovery
model (y= y0−A*exp(−k*x)). Goodness of fit was not improved when using a
two-phase recovery model, therefore we retained the simpler monophasic curve.
Mean plateau values were calculated from these individual fits. We checked the
different groups of FRAP data for normality (Shapiro–Wilkes test) and variance
homogeneity (Fligner test) and analysed them by one-way ANOVA, followed by
post hoc pairwise t-tests. Diffusional entry of monomeric actin was not included in
the model because in our hands it occurs with a time scale that is at least ≈40-fold
faster than polymerisation; any effect of diffusion is thus included in the value of
the first recovery time point.

Pyrene actin polymerisation. 2 µM of 10% pyrene-labelled G-actin (actin
monomers) was polymerised alone or in the presence of 300 nM of Mc modules, in
buffer AP (Actin Polymerisation) containing 2 mM Tris,10 mM imidazole pH 7.0,
0.2 mM ATP, 0.5 mM DTT, 0.1 mM CaCl2, 50 mM KCl, 1 mM MgCl2, 1 mM
EGTA.

TIRF microscopy. Perfusion chambers were prepared with functionalised silane-
PEG (Creative PEGwork) glass slides, as described previously11. For actin poly-
merisation assays, the flow cell was incubated with PLL-g-PEG (2 kDa, 0.1 mg/ml
in 10 mM Hepes, pH 7.4, Jenkem) and washed with 1% BSA in buffer AP. Actin
growth was initiated by flowing 300 nM G-actin (containing 30% Alexa-488
labelled G-actin) alone or with 150–300 nM Mc modules in AP buffer containing
4 mM DTT, 1% BSA, 1 mg/ml glucose, 70 µg/ml catalase, 580 µg/ml glucose oxi-
dase and 0.3% methylcellulose. Samples were visualised on an inverted microscope
(Eclipse Ti, Nikon) equipped with an Ilas2 TIRF system (Roper Scientific), a cooled
charge-coupled device camera (EMCCD Evolve 512, Photometrics), a warm stage
controller (LINKAM MC60), and controlled by MetaMorph software (version
7.7.5, Molecular Devices). Samples were excited with 491 nm laser light and time-
lapse imaging (at 488 nm) was performed at 26 °C for actin polymerisation, during
45 min at 1 frame per 5 s with a 100-ms exposure time.

The elongation rate of actin filaments polymerisation with or without Mc
modules was determined on kymographs using ImageJ software and a home-made
plugin (KymoTool). Elongation of single actin filaments was derived from actin
length measurements on image stacks. To analyse actin nucleation, 300 nM actin
(labelled as above), alone or together with 300 nM Mc modules was incubated in
AP buffer containing 4 mM DTT, 1% BSA, 1 mg/ml glucose, 70 µg/ml catalase,
580 µg/ml glucose oxidase and 0.3% methylcellulose in the perfusion chamber for
5 min at 26 °C and imaged. TIRF images were skeletonised and the number of
filaments and the length of total actin network were measured. To analyse bundling
activity, 300 nM actin alone or with 150 or 300 nM Mc modules was treated as
before and images were taken after 45 min. TIRF images of actin filaments were
enhanced using Feature detector69 module of Icy70. Actin network and bundles
were segmented with Fiji71 using Otsu or Yen thresholding algorithms,
respectively. The thresholded images were skeletonised and the total length of actin
network or bundles was measured. The percentage of actin bundling was calculated
by dividing the length of bundled actin by the total length of filamentous actin in
the same field.

Light-scattering assay to measure bundling activity. A kinetic light-scattering
assay was performed to determine the ability of Mc modules to form actin bundles
during polymerisation. Light scattering by unlabelled 2 µM G-actin was monitored
at 400 nm at a scattering angle of 90°. The change of light scattering was recorded
after addition of 1 µM Mc modules.

High-speed and low-speed co-sedimentation assays. High- and low-speed co-
sedimentation assays were used to examine actin polymerisation and actin bund-
ling, respectively11. All proteins were pre-clarified at 140,000×g before each
experiment. 2 µM G-actin (actin monomers) was polymerised for 1 h at room
temperature (RT) in AP (Actin Polymerisation) buffer containing 2 µM Phalloidin.
To confirm the complete polymerisation of actin, samples were centrifuged for
15 min at 100,000×g (high-speed co-sedimentation assay: HS).

To analyse the binding of Mc modules to actin filaments, various
concentrations of polymerised actin were incubated with Mc modules in AP buffer
for 1 h at room temperature. After HS sedimentation, Mc modules and actin
present in the pellet or in the supernatant were analysed by SDS-PAGE and
Coomassie blue staining (Supplementary Fig. 4). For titration analysis, co-
sedimented Mc domains were quantified by western immunoblotting using anti-
MAP6 antibody 23C63 and chemiluminescent detection (ChemidocTMMP Imaging
System, BioRad). Absolute protein amounts were determined by calibration with
an Mc-domain concentration range, using ImageJ for image analysis. Kd and Bmax

values and their confidence interval were calculated with R by non-linear fitting of
the data to the single-site binding isotherm, B/Bmax= (T− B)/(Kd+ T− B), where
T is the total (input) Mc concentration, B is the actin-bound Mc concentration, and
Bmax is the saturating concentration.

To analyse bundling activity, 1 µM Mc modules was added (or not) in the
mixture after actin polymerisation and samples were centrifuged for 15 min at
15,000×g (low-speed co-sedimentation assay: LS). All supernatants and pellets were
resolved by SDS-PAGE and detected by Stain-Free technology in the gel (Mini-
PROTEAN® TGX Stain-Free™, Biorad) (Supplementary Fig. 4). Protein bands were
quantified from triplicate blots of independent experiments using ImageJ software
(National Institutes of Health, Bethesda, MD).

Transmission electron microscopy. To analyse the effect of Mc modules on actin
organisation, we performed negative staining electron microscopy in two sets of
samples: in actin+Mc modules co-polymerisation and adding Mc modules after
complete actin polymerisation. In co-polymerisation assays: 2 µM G-actin was
incubated with 2 µM Phalloidin and 1 to 5 µM Mc modules in AP (Actin Poly-
merisation) buffer for 1 h at room temperature (RT).
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In post-polymerisation assays: 2 µM G-actin was incubated with 2 µM
Phalloidin in AP buffer for 1 h at RT. Then, Mc modules (1–5 µM) was added and
incubated for 1 h at RT.

For negative staining, 1 µl of protein solution was loaded onto a carbon-mica
interface. The carbon layer was floated on 2% uranyl acetate, recovered with a 400-
mesh copper grid (Agar Scientific), air dried, and observed with a JEOL 1200EX
transmission electron microscope at 80 kV. Images were acquired with a digital
camera (Veleta, Olympus) at ×100,000 magnification. Experiments were performed
at the Electron Microscopy Facility of the Grenoble Institute of Neuroscience. To
detect the periodic striations of Mc-decorated single and bundled filaments, a line
was traced between the edges of each filament (outside or inside the bundle),
staining intensity along the line was plotted, and the distances between successive
intensity minima were measured. Each value corresponds to the mean distance
between successive striations of the same filament. Images of independent
experiments were
analysed.

Actin depolymerisation by buffer dilution. To analyse actin depolymerisation, we
first incubated 2 µM G-actin with 2 µM Phalloidin in AP buffer for 1 h at RT. Then,
0.5 to 1 µM of Mc modules was added and incubated for 1 h at RT. G-actin was
diluted from 2 to 0.1 µM in AP buffer (alone or with 0.5 or 1 µM of Mc modules)
for 20 min, centrifuged at 100,000×g and pellets were separated on SDS-PAGE and
detected by Stain-Free technology in the gel (Mini-PROTEAN® TGX Stain-Free™,
Biorad). Protein bands were quantified from triplicate blots of independent
experiments using ImageJ software (National Institutes of Health, Bethesda, MD).
The remaining actin filaments were calculated as a percentage of the input. Kinetic
depolymerisation of 2 µM of 40% pyrene-labelled actin, alone or in the presence of
0.5 or 1 µM of Mc modules, was monitored after dilution to 0.1 µM actin in AP
buffer (alone or with 0.5 or 1 µM of Mc modules).

Statistical analysis. All data are presented as mean ± SEM. Statistical significance
of differences between conditions was calculated with Prism 5.0 (GraphPad Soft-
ware), using tests as indicated in each figure.

Data availability. The datasets generated and/or analysed during the current study
are available from the corresponding authors on request.
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CYTOSKELETON

Vasohibins/SVBP are tubulin
carboxypeptidases (TCPs) that
regulate neuron differentiation
Chrystelle Aillaud,1,2 Christophe Bosc,1,2 Leticia Peris,1,2 Anouk Bosson,1,2

Pierre Heemeryck,1,2 Juliette Van Dijk,3,4 Julien Le Friec,1,2 Benoit Boulan,1,2

Frédérique Vossier,1,2 Laura E. Sanman,5 Salahuddin Syed,5 Neri Amara,5

Yohann Couté,6 Laurence Lafanechère,7 Eric Denarier,1,2,8 Christian Delphin,1,2

Laurent Pelletier,1,2 Sandrine Humbert,1,2 Matthew Bogyo,5 Annie Andrieux,1,2,8*†
Krzysztof Rogowski,3*† Marie-Jo Moutin1,2*

Reversible detyrosination of a-tubulin is crucial to microtubule dynamics and functions,
and defects have been implicated in cancer, brain disorganization, and cardiomyopathies.
The identity of the tubulin tyrosine carboxypeptidase (TCP) responsible for detyrosination
has remained unclear. We used chemical proteomics with a potent irreversible inhibitor
to show that the major brain TCP is a complex of vasohibin-1 (VASH1) with the small
vasohibin binding protein (SVBP). VASH1 and its homolog VASH2, when complexed
with SVBP, exhibited robust and specific Tyr/Phe carboxypeptidase activity on microtubules.
Knockdown of vasohibins or SVBP and/or inhibitor addition in cultured neurons reduced
detyrosinated a-tubulin levels and caused severe differentiation defects. Furthermore,
knockdown of vasohibins disrupted neuronal migration in developing mouse neocortex.
Thus, vasohibin/SVBP complexes represent long-sought TCP enzymes.

M
icrotubules are cytoskeletal polymers of
a/b tubulin dimers centrally involved in
cell division, motility, and morphogen-
esis. In the detyrosination/tyrosination
cycle of tubulin, the C-terminal tyrosine

of a-tubulin is removed by an elusive peptidase
[tyrosine carboxypeptidase (TCP)] and re-added
by the tubulin tyrosine ligase (TTL) (1). This cycle,
which is specific to a-tubulin and mostly conserved
from chordates to mammals, has a vital role in vivo
(2). Tubulin detyrosination and tyrosination of
a-tubulin is an important regulatory signal for
mitosis (3–5), neuronal physiology (6–8), and
muscle mechanotransduction (9, 10). Consequent-
ly, abnormal tyrosination levels are associated
with cell transformation and tumor aggressive-
ness (11, 12), neuronal disorganization (2), and
heart failure and cardiomyopathies (10, 13). Al-
though the detyrosination reaction was first de-
scribed 40 years ago (14), the identity of TCP has
remained unknown.
To enrich for TCP, we designed a three-step

purification procedure using taxol-stabilized radio-
labeled tyrosinated microtubules as a substrate
to follow activity. A typical procedure gave a fi-
nal purification factor of nearly 400-fold (Fig. 1A
and fig. S1A). The last fraction (IV) was able to
cleave the C-terminal tyrosine from tubulin in-
corporated in microtubules but not from EB1

(fig. S1B). EB1 is a protein that shares a similar
C-terminal sequence with a-tubulin (-QEEY in-
stead of -GEEY) and is generally not a substrate
for TCP in physiological contexts (15).
To isolate the protein(s) responsible for TCP

activity from fraction IV, we reasoned that an
irreversible inhibitor could be used as in other
chemical proteomic studies (16). We tested the
sensitivity of brain TCP to various commercial
protease inhibitors. The activity was inhibited
by several serine/cysteine protease inhibitors
[4-(2-aminoethyl)benzenesulfonyl fluoride hydro-
chloride (AEBSF), Tosyl-L-lysyl-chloromethyl ketone
(TLCK), Tosyl phenylalanyl chloromethyl ketone
(TPCK), E-64, and parthenolide] and by the thiol-
reactive compoundN-ethylmaleimide (Fig. 1B and
fig. S2A). These results, in agreement with prior
studies (17), strongly suggested that the catalytic
activity of the putative TCP depends on a cat-
alytic cysteine.
Although E-64 only showed modest inhibitory

activity [median inhibitory concentration (IC50)
around 300 mM] (Fig. 1B), it is an ideal starting
point for inhibitor design because its reactive
epoxide electrophile can display a peptide- or
amino acid–mimicking native protein C termi-
nus. Furthermore, parthenolide, which is wide-
ly used to down-regulate detyrosination levels
in cells (4, 6, 9, 10), contains an epoxide func-

tion that is essential to its cellular effect (17). We
thus synthesized three inhibitors—epoY, epoEY,
and epoEEY—which contain the epoxide cou-
pled to one, two, or three amino acids from the
a-tubulin C terminus, respectively (fig. S2B). EpoY
was the most potent inhibitor of the TCP activ-
ity (IC50 around 500 nM) (Fig. 1B). Alkyne-epoY,
which retained a strong inhibitory potency (Fig. 1,
B and C) and irreversibly inhibited the activity
(fig. S2, C and D), was used to perform tetra-
methylrhodamine (TAMRA) labeling of fraction
IV by means of click chemistry (Fig. 1D). This
labeling showed specific modification of a small
number of proteins (Fig. 1E). We then purified
the inhibitor targets using agarose beads and,
after on-beads trypsin digestion and quantita-
tive mass spectrometry analyses of the resulting
peptides from three independent experiments,
we identified the protein vasohibin-1 (VASH1) as
the most likely TCP candidate (Fig. 1D and tables
S1 and S2). Peptides covering the almost full
VASH1 sequence were detected (fig. S2E). Fur-
thermore, recent bioinformatics data show that
Vasohibin-1 and its homolog vasohibin-2 (VASH2)
possess a noncanonical Cys-His-Ser catalytic triad
and are members of the transglutaminase-like
cysteine proteases family (Fig. 1F) (18).
Vasohibin proteins (41 to 42 kDa) have been

extensively characterized as angiogenesis reg-
ulators but are poorly understood on a molec-
ular level (19). Small vasohibin binding protein
(SVBP) (Ccdc23) is a high-affinity binding partner
of vasohibins that has a chaperone-like function
(20). We examined the ability of VASH proteins
to detyrosinate a-tubulin in cells in the absence
or presence of SVBP. Expression of vasohibins
alone in human embryonic kidney (HEK) 293T
cells resulted in a slight increase of detyrosinated
tubulin, whereas expression of either protein
with SVBP resulted in a substantial increase in
detyrosinated tubulin corresponding to a nearly
complete loss of endogenous tyrosinated tubu-
lin (Fig. 2A). Mutation of the putative catalytic
cysteine on vasohibins [C179A for VASH1 and
C158A for VASH2 (18)] abolished their capacity
to produce detyrosinated tubulin. (Single-letter
abbreviations for the amino acid residues are as
follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G,
Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N,
Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val;
W, Trp; and Y, Tyr. In the mutants, amino acids
were substituted at certain locations; for ex-
ample, C179A indicates that cysteine at position
179 was replaced by alanine.) Similarly, in mouse
embryonic fibroblasts (MEFs), expression of
the vasohibins with SVBP resulted in complete
detyrosination of endogenous a-tubulin (Fig. 2B
and fig. S3A).
a-Tubulins are generally encoded with a C-

terminal tyrosine preceded by two glutamates.
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a4-Tubulin lacks the C-terminal tyrosine, and
a8-tubulin contains a C-terminal phenylalanine
residue. Phenylalanine can be incorporated in
place of tyrosine in tubulin and be a possible
cause of neuronal dysfunction (21). We tested the
substrate specificity of the vasohibins by over-
expressing a1B- and a8-tubulin together with
VASH1 or VASH2 and SVBP in HEK293T cells.
Both tubulin isotypes were cleaved by active
vasohibins when expressed with SVBP (Fig. 2C
and fig. S3B). Vasohibins were unable to cleave
the C-terminal residue when tyrosine was mu-
tated to alanine (Fig. 2C and fig. S3B), confirming
the specificity of VASH proteins for C-terminal
tyrosine and phenylalanine residues.
We overexpressed vasohibins in HEK293T cells

in the absence or presence of SVBP and purified
the resulting complexes using a cobalt resin. SVBP
copurified with both vasohibins as expected from
previous affinity measurements [dissociation
constant (Kd) 30 to 90 nM] (20), and complex
formation was not dependent on catalytic activity
(fig. S4A). The two protein complexes efficiently
catalyzed tubulin detyrosination, whereas com-
plexes containing the catalytic dead versions of the
vasohibins were unable to detyrosinate tubulin
(Fig. 2D). Both complexes cleaved microtubules

more rapidly as compared with tubulin dimers
(Fig. 2E and fig. S4B), which is consistent with
the reported preference of brain TCP in in vitro
experiments (1, 22, 23). Purified VASH1/SVBP
complex was not able to cleave the C-terminal
tyrosine from EB1, indicating its clear tubulin
preference. Intriguingly, VASH2/SVBP complex
was able to partially detyrosinate EB1 in the
same conditions (Fig. 2F). In most cell types,
including neuronal-derived cells, C-terminal tyro-
sine cleavage is restricted to tubulin (1, 15). EB1
can, however, be detyrosinated in specific endo-
thelial and tumor cells (24), and this may be
related to their VASH2 contents or defect in a
regulatory mechanism.
To confirm the functional importance of

vasohibins and their role in a-tubulin detyro-
sination, we assessed the phenotypic effects of
knocking down expression of these proteins in
differentiating neurons, where the detyrosination/
tyrosination cycle is highly important for growth
cone pathfinding and axon differentiation—that
is, for neuron polarization (2, 7, 8). Although we
were unable to detect vasohibins and SVBP by
means of immunoblot in mouse neurons using
commercial antibodies, we amplified their tran-
scripts from RNA preparations of cultured hippo-

campal neurons as well as of adult and embryonic
mouse brain tissues (Fig. 3A and figs. S5A and
S6A). We transfected hippocampal neurons with
plasmids expressing short hairpin RNAs (shRNAs)
targeting either the vasohibins or SVBP (validated
in figs. S5B and S6B) as well as control shRNAs.
The levels of detyrosinated a-tubulin were de-
creased by almost 50% when the two vasohibins,
or the SVPB, were down-regulated. Addition of
inhibitor (alkyne-epoY) also largely reduced de-
tyrosinated a-tubulin (Fig. 3, B and C). When
added together with the shRNAs, levels of detyro-
sinated tubulin were decreased up to 75% (Fig. 3,
B and C). The remaining pool of detyrosinated
a-tubulin could be due to incomplete depletion
of vasohibins activities or to the presence of
a4-tubulin, which genetically lacks the C-terminal
tyrosine and remains in detyrosinated form in
the brain (25). The occurrence of other detyr-
osinases can however not be excluded. Confocal
images of neurons cultured 2 days in vitro (2DIV)
confirmed a decrease in the levels of the native
detyrosinated a-tubulin upon reduction of vaso-
hibins expression or addition of inhibitor (Fig.
3D and fig. S5C). The remaining detyrosinated
pools were specifically concentrated in the axon,
whereas a-tubulin in the other neurites appeared

Aillaud et al., Science 358, 1448–1453 (2017) 15 December 2017 2 of 5

Fig. 1. Purification and identification of
mouse brain TCP. (A) SDS–polyacrylamide
gel electrophoresis (silver staining) of the
indicated fractions of TCP enrichment from
mouse brain (1 mg of proteins): ammonium
sulfate precipitation step followed by two
ion exchange columns stages (fig. S1A).
(B) Fraction IV sensitivity to inhibitors. TPCK
and TLCK are commercial serine/cysteine
inhibitors containing either a Phe or a Lys
residue. Fraction IV activity showed a 100-fold
higher sensitivity to TPCK than to TLCK.
E-64 is a natural product inhibitor of clan CA
cysteine protease. EpoY, epoEY, and
epoEEY are designed inhibitors containing
an epoxide group coupled with Y, EY, or EEY
amino acids, respectively. Alkyne-epoY is
a clickable version of epoY. Results are
expressed as percentage of enzyme activity
(radioactivity assay) in the control with
dimethyl sulfoxide (mean ± SD, n = 3 to
6 assays). (C) Structure of alkyne-epoY.
(D) Schematic representation of the last steps
of TCP identification by using Cu-catalyze
azide-alkyne cycloaddition (click reaction).
(E) Labeling of putative TCP from fraction IV
with TAMRA red-fluorescent dye by using
alkyne-epoY (nonclickable epoY is used
as control). (F) Schematic representation
of mouse vasohibin-1 and vasohibin-2 [69%
overall sequence homology; 77% for core
domains (clear blue boxes)]. These putative
transglutaminase-like cysteine peptidases
contain an unconventional triad of catalytic
residues (Cys, His, and Ser).
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highly tyrosinated. Vasohibins down-regulation led
to a clear delay in axonal differentiation (Fig. 3E).
Tau and ankyrin G staining of neurons bearing
an axon confirmed normal distribution, with
Tau highly expressed in axon shaft at 3DIV and
ankyrin G in the axon initial segment at 10DIV
(fig. S7). Neurons 2DIV knocked down for vaso-
hibins developed an increased number of neurites

and branches with overall reduced axon length
(Fig. 3F). A delay of axon differentiation and
similar morphological anomalies were observed
when down-regulating SVBP (fig. S6, D to F).
Transfection of a plasmid allowing coexpression
of shRNAs that target SVBP and a shRNA-resistant
form of SVBP rescued a-tubulin detyrosination
levels (fig. S6, A and C). Thus, contrary to the

premature axonal differentiation observed in
the absence of the reverse enzyme TTL (2), we
observed a clear delay of axon differentiation
when down-regulating vasohibins or SVBP.
We next tested the functional importance of

vasohibins in vivo in mouse brain and focused
on the cerebral cortex, where the detyrosination/
tyrosination cycle is critical for the neocortex
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Fig. 2. Vasohibins associated to SVBP are
potent tubulin tyrosine carboxypeptidases.
(A) Immunoblot of endogenous tubulin from
HEK293Tcells expressing each VASH (V1 and
V2) or their dead versions in the absence
or presence of exogenous SVBP coexpression.
Antibodies specific to tyrosinated and
detyrosinated tubulin were used to assess
detyrosination. Antibodies to a-tubulin,
His, and Flag respectively reveal amounts
of tubulin, vasohibin, and SVBP. Nontrans-
fected cells (–) show endogenous levels
of tubulin modifications. (B) Immuno-
fluorescence images of detyrosinated/
tyrosinated a-tubulin pools from MEF cells
expressing active or inactive VASH1,
and SVBP. Vasohibins were probed with
antibody to green fluorescent protein
(GFP). (C) Immunoblot of protein extracts
from HEK293T cells expressing mCherry-
a1B-tubulin, each VASH, and SVBP.
Native or mutated versions of a1B-tubulin,
respectively ending with EEY or EEA, were
used. Levels of detyrosinated/tyrosinated
tubulin were measured as in (A). Antibody to
mCherry demonstrates same amounts of
exogenous a-tubulin. (D) Detyrosination
activity of purified VASH/SVBP complexes
assessed by using [14C]-tyrosinated
taxol-stabilized microtubules (6 to 8 mM)
(triplicate assay). Active and catalytic
dead versions of the vasohibins were
coexpressed with SVBP in HEK293T cells
and purified on cobalt resin (fig. S4A).
A purified GFP-His construct was used
as a control. Data points were fitted
with a single exponential (blue line). The
theoretical maximal tyrosine release is
indicated by a 100% line. (E) Detyrosination
activity of purified VASH1/SVBP complexes
(20 or 40 nM) on brain microtubules
or tubulin dimers (5 mM) assessed by
means of immunoblot. We controlled that
tubulin was in dimeric or in assembled
form (fig. S4C) and that the same amounts
of enzymatic complexes were present
(fig. S4D). (F) Detyrosination activity of
purified VASH/SVBP complexes (600 nM)
on brain microtubules or recombinant
GFP-EB1 (5 mM). Enzyme quantities are much
higher than in Fig. 2E. Carboxypeptidase A
(CPA) was used as positive control. Antibodies
against tyrosinated and detyrosinated EB1
were characterized in (15).
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layer organization (2). During corticogenesis,
neuronal migration relies in part on neuron
polarization, which was highly dependent on
vasohibins (Fig. 3, D and E) and SVBP (fig. S6,
D and E). We electroporated embryonic day
14.5 (E14.5) embryos with the plasmids express-

ing shRNAs that target the vasohibins as well as
control shRNA, and analyzed radial neuronal
migration 4 days later. At E18.5, most neurons
from control brains had reached the upper layer
(bin 1), whereas when vasohibins were down-
regulated, a significant fraction of neurons failed

to do so (Fig. 4, A and B). Thus, these enzymes
have a crucial role in neuronal migration during
brain cortex development.
TCP remained the crucial missing element of

the a-tubulin detyrosination/tyrosination cycle for
40 years. We identified vasohibins as enzymatic
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Fig. 3. Down-regulation of VASH1 and VASH2 affects neuronal differ-
entiation. (A) Vash1, Vash2, and Svbp transcripts are found in brain
tissues and hippocampal neurons. Reverse transcription polymerase chain
reaction reactions of 45 cycles were performed, except for Gapdh, for
which only 25 cycles were performed. (B) Immunoblot analysis of the
effect of VASH1 and VASH2 (shV1+shV2) or SVBP (shSVBP) down-
regulation with or without alkyne-epoY (inhibitor) on detyrosinated
a-tubulin levels in neurons. Neurons were transfected by means
of electroporation, with shRNAs associated to turboGFP (tGFP) cDNA
just before plating and analyzed at 2DIV. Inhibitor (5 mM) was added
at 0DIV and at 1DIV. Results are from duplicate immunoblots of three
independent neuronal cultures. (C) Quantification of immunoblots as in
(B) (duplicate of four to eight independent neuronal cultures). Results
are expressed as percentage of detyrosinated tubulin related to shControl
(mean ± SEM). Detyrosinated tubulin was significantly reduced in all
conditions compared with shControl [one-way analysis of variance
(ANOVA) with Sidak’s multiple comparisons test]. Detyrosinated tubulin

was additionally reduced when shV1+shV2 and shSVBP transfected neurons
were incubated with the inhibitor (Student’s t test). (D to F) Effect of
vasohibins down-regulation on neurite outgrowth and axonal differentia-
tion. Neurons were transfected as in (B) and analyzed by means of
immunostaining at 2DIV and 3DIV. (D) Tyrosinated and detyrosinated
a-tubulin levels were imaged at 2DIV using the same antibodies as in
Fig. 2A. Levels of shRNA were imaged by using an antibody to tGFP.
The size of scale bars are different. (E) Stage III neurons (bearing an axon)
were counted manually on immunofluorescence images [generated as
in (C)] from 4 to 10 independent cultures, at 2DIV and 3DIV. Proportion of
stage III neurons (an index of neuronal differentiation) is represented as
mean ± SEM (one-way ANOVA with Bonferroni multiple comparison test).
(F) Morphometric analyses of at least 85 neurons (2DIV) by using
AutoNeuriteJ macro (details are available in the supplementary materials,
materials and methods) on immunofluorescence images generated as
in (D) (mean ± SEM, Mann-Whitney tests). In (C), (E), and (F): *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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proteins that perform the TCP function (fig. S8).
The failure of prior attempts to identify TCPs most
probably resulted from their association with
SVBP for stability and activity, which could likely
be lost during standard purification assays. In
agreement with TCP functions, vasohibins are
widely distributed in eukaryotes and have broad
tissue expression, and vasohibin-1 (which is gen-
erally more expressed than vasohibin-2) is abun-
dant in the brain, heart, and kidney [(18, 26, 27)
and GTEx Portal, on www.gtexportal.org/home].
Additionally, we demonstrated their critical role
in neuron and brain physiology.
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Fig. 4. Down-regulation of vasohibins affects radial migration of newborn cortical neurons.
(A) Cortical coronal sections of E18.5 mice embryos electropored at E14.5 with indicated
shRNAs. (B) Quantitative analysis showing the distribution of tGFP-positive neurons across
the cortex divided into six bins of equal surface. Data are from five brains per condition, three
slides per embryo (at least 260 GFP+-neurons per embryo), mean ± SEM. n.s., not significant;
***P < 0.001, ****<0.0001 (Mann-Whitney test).
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Tubulin carboxypeptidase identity revealed
Enzymes of the #-tubulin detyrosination/tyrosination cycle create landmarks on microtubules that are essential
for their multiple cellular functions and are altered in disease. Tubulin carboxypeptidases (TCPs) responsible for
detyrosination have remained elusive for 40 years (see the Perspective by Akhmanova and Maiato). Aillaud et al.
identified vasohibins as enzymes that perform the TCP function and found that their small interacting partner SBVP
was essential for their activity. Vasohibin/SVBP complexes were involved in neuron polarization and brain cortex
development. The authors also developed an inhibitor targeting this family of enzymes. Using a completely different
strategy, Nieuwenhuis et al. also showed that vasohibins can remove the C-terminal tyrosine of #-tubulin.

Science, this issue p. 1448, p. 1453; see also p. 1381

View the article online
https://www.science.org/doi/10.1126/science.aao4165
Permissions
https://www.science.org/help/reprints-and-permissions

D
ow

nloaded from
 https://w

w
w

.science.org at IN
SE

R
M

 on A
pril 05, 2022

109

https://www.science.org/about/terms-service


MAP6-F Is a Temperature Sensor That Directly Binds to and
Protects Microtubules from Cold-induced Depolymerization*
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Background:Microtubules are intrinsically cold-sensitive polymers, but cold-stable microtubules are observed in cells.
Results: Progressive temperature-dependent conformational change inMAP6-F coincides with its binding tomicrotubules and
with its microtubule cold stabilization activity.
Conclusion:MAP6-F is a temperature sensor that protects microtubules from cold-induced depolymerization at temperatures
ranging from 4 to 20 °C.
Significance: This work provides a better understanding of cellular microtubule stabilization under hypothermic stress.

Microtubules are dynamic structures that present the pecu-
liar characteristic to be ice-cold labile in vitro. In vivo, microtu-
bules are protected from ice-cold induced depolymerization by
the widely expressedMAP6/STOP family of proteins. However,
the mechanism by which MAP6 stabilizes microtubules at 4 °C
has not been identified. Moreover, the microtubule cold sensi-
tivity and therefore the needs for microtubule stabilization in
the wide range of temperatures between 4 and 37 °C are
unknown. This is of importance as body temperatures of ani-
mals can drop during hibernation or torpor covering a large
range of temperatures. Here, we show that in the absence of
MAP6, microtubules in cells below 20 °C rapidly depolymerize
in a temperature-dependentmannerwhereas they are stabilized
in the presence ofMAP6.We further show that in cells,MAP6-F
binding to and stabilization of microtubules is temperature-
dependent and very dynamic, suggesting a direct effect of the
temperature on the formation of microtubule/MAP6 complex.
We also demonstrate using purified proteins that MAP6-F
binds directly to microtubules through its Mc domain. This
binding is temperature-dependent and coincides with progres-
sive conformational changes of the Mc domain as revealed by
circular dichroism. Thus, MAP6 might serve as a temperature
sensor adapting its conformation according to the temperature
to maintain the cellular microtubule network in organisms
exposed to temperature decrease.

Microtubules are essential components of the cell cytoskele-
ton, being involved in cell division, cell migration and intracel-

lular trafficking. Microtubules result from the polymerization
of tubulin dimers in protofilaments that associate through lat-
eral contacts (for reviews see Refs. 1–4). Microtubules are
dynamic structures alternating growing and shrinking phases
ended by catastrophes and rescues, respectively. In vitro,
microtubule dynamics are under the control of the tubulin con-
centration and numerous other physico-chemical parameters
(5–8). Among them, temperature plays a crucial role as micro-
tubules depolymerize upon a temperature shift from 37 to 4 °C.
This could be due to the modification of different dynamics
parameters especially the increase of catastrophe and the dis-
appearance of rescue events at such temperatures (9, 10). In a
cold environment ectothermic organisms express tubulin vari-
ants able to assemble at temperatures below 4 °C and to resist to
cold-induced depolymerization (11). The amino acid substitu-
tions affect residues located at sites implicated in tubulin lateral
contact and are thought to increase interactions between
protofilaments (12). Among endotherms that contain cold-sen-
sitive microtubules, some may undergo a significant drop in
their body temperature during natural events. Indeed, during
hibernation or torpor, body temperature can decrease by sev-
eral degrees down to temperatures close to 0 °C depending on
the species (13, 14). In human, deep hypothermia can occur
during accidental events or be medically provoked to preserve
tissues. During such events, the maintenance of a minimal net-
work ofmicrotubules is thought to be required for basal cellular
functions. It has been shown that the main proteins able to
protect microtubules against cold-induced depolymerization
are the microtubule-associated proteins MAP63 (also called
STOP for Stable Tubule Only Polypeptide) (15, 16). MAP6
belongs to a family of proteins encoded by a single gene (16, 17).
They are restricted to vertebrates and expressed in several tis-
sues including brain, heart,muscle, kidney, lung, and testis (18).
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At the cellular level, MAP6 have been found in neurons, astro-
cytes, oligodendrocytes, fibroblasts, and pulmonary endothe-
lium (16, 19–21). Depending onmouse strains,MAP6 isoforms
contain a Mc domain composed of a 4 or 5 times tandemly
repeated 46-residue motif. This Mc domain, when overex-
pressed in HeLa cells (that do not express any MAP6 variants),
is able to stabilize microtubules against exposure to 4 °C (22).
In a previous study, it was shown that NIH/3T3 fibroblastic

cells (16) mainly expressed the smallest MAP6-F isoform. In
these cells, at 37 °C, microtubules are dynamic, non stable (as
revealed by nocodazole sensitivity) (23) whereas they are stable
at 4 °C. Concomitantly, MAP6-F relocalizes from the cytosol at
37 °C to the microtubule network upon chilling at 4 °C (16).
These data suggest thatmicrotubule stabilization byMAP6-F is
dependent on the binding of MAP6-F to the microtubules.
However, the cold sensitivity of cellular microtubules to tem-
peratures between 37 and 4 °C and the effect of these tempera-
tures on MAP6 binding to microtubules were unclear. More-
over, the exactmechanisms involved in the regulation ofMAP6
interaction with microtubules under cold exposure have yet to
be identified.
Here, we show that in the absence of MAP6, cellular micro-

tubules depolymerize in a temperature-dependent manner as
soon as the temperature decreases below 20 °C. In fibroblasts,
which contain MAP6-F, microtubule cold resistance is directly
correlatedwith a rapid and temperature-dependent interaction
of MAP6-F with the microtubules. Using purified in vitro sys-
tems, we provide evidence that MAP6-F stabilizes microtu-
bules via a direct interaction through its Mc domain. Further-
more, we found structural changes in the MAP6 Mc domain
upon temperature modifications, indicating that MAP6
behaves as a “temperature-sensor” adapting its conformation to
allowmicrotubule binding and preservation upon temperature
drop.

EXPERIMENTAL PROCEDURES

Cell Culture—Mouse fibroblastic NIH/3T3 cells were grown
at 37 °C in DMEM 4.5 g/liter glucose (Invitrogen) supple-
mented with 10% fetal bovine serum (Hyclone Laboratories
Inc.), 50 units/ml of penicillin and 50�g of streptomycin (Invit-
rogen). Human epithelial HeLa cells and mouse embryonic
fibroblasts (MEF) prepared from either wild-type or MAP6-
null mice as in Ref. 24, were maintained as for NIH/3T3 cells
except that 1 g/liter glucose DMEM was used instead of 4.5
g/liter glucose DMEM.
Cell Cold Treatment and Permeabilization—For immuno-

fluorescence analysis of cellularmicrotubule content, cells were
plated 24 to 48 h before analysis on glass coverslips placed in
B60 cell culture dishes. For analysis of time- and temperature-
dependent effects on cellular microtubule content, coverslips
were placed in culture medium complemented with 10 mM

HEPES pH 7.4 in P24 culture dishes whose temperature was
pre-equilibrated in water baths. For short incubation times of 1
min or less, incubations were done in PBS instead of culture
medium. At the end of the indicated time, cells were washed
with PBS at the incubation temperature and then permeabi-
lized to wash out the soluble cell content through two 30 s
incubations inOPT buffer (100mM PIPES/KOHpH 6.75, 1mM

MgCl2, 1 mM EGTA, 10% glycerol, 0.5% Triton X-100) at the
incubation temperature. Cells were then fixed in �20 °Cmeth-
anol and processed for immunodetection. For immunofluores-
cence analysis of MAP6-dependent microtubule cold stability,
NIH/3T3 cells on coverslips were treated as described above
except that cells were permeabilized and washed (2 � 30 s) in
PEMT buffer (OPT buffer without glycerol) at the incubation
temperature and then dipped in 4 °C PEMT buffer for 10 min
before methanol fixation.
Detection and Quantification of Cellular Microtubule Con-

tent by Immunofluorescence—Methanol-fixed cells were incu-
bated for 30 min in PBST (PBS buffer plus 0.3% Tween 20) plus
5% (v/v) of normal goat serum (NGS). Mouse monoclonal anti-
tubulin �3a1 antibody (24) (dilution 1/6,000) in PBST plus 1%
NGS was then added and incubated for 1 h at room tempera-
ture. Coverslips were washed five times with PBST and then
incubated for 45 min with Alexa488-coupled anti-mouse sec-
ondary antibody (Invitrogen). Coverslips were washed five
timeswith PBST, oncewith PBS, incubated for 15minwith PBS
containing 100 ng/ml of Hoechst 33258, briefly rinsed with
PBS, ethanol dried, and mounted on glass slides using DAKO
mounting medium. Images were acquired using Axioskop 50
(Carl Zeiss Micro Imaging) microscope and Metamorph (Uni-
versal ImagingCorp.) software. Formicrotubule quantification,
at least 12 pictures of 30 to 50 cells were taken for each condi-
tion. The surface covered bymicrotubules was quantified using
ImageJ software (25) and reported to the number of cells in each
corresponding picture. Statistical analysis and graphs were
made using Excel software (Microsoft).
Immunofluorescence Analysis of MAP6-F Association with

theMicrotubule Network—MEF cells grown on coverslips were
placed in culture medium complemented with 10 mM HEPES
pH 7.4 and either kept at 37 °C or incubated at 4 °C for 30 min.
Cells were permeabilized in OPT buffer and fixed with 3.7%
paraformaldehyde, 0.5% glutaraldehyde, and 0.1% Triton
X-100 in PBS, followed by a treatment with 1 mg/ml NaBH4 in
PBS for 10 min. Tubulin was detected using �3A1 antibody
(1/1,000) andMAP6-F with polyclonal 23C antibody (1/1,000).
Images were recorded with an Axioskop 20 microscope (Carl
Zeiss) (Leica) coupled with Coolnaps ES camera (Roper Scien-
tific) driven by Metaview Software (Universal Imaging).
VideoMicroscopy Analysis of mCherry-MAP6-F Localization

in HeLa Cells—pmCherry-C2 vector was obtained by replacing
the EGFP sequence of pEGFP-C2 vector (Clontech) by the
mCherry sequence from pmCherry-C1 (Clontech) using AgeI/
BsrG1 cloning sites. mCherry-MAP6-F expression vector was
then constructed by inserting MAP6-F cDNA from p16C-APa
(16) into pmCherry-C2 vector using XhoI/KpnI cloning sites.
HeLa cells transfected with pmCherry-MAP6-F using Amaxa
technology (Lonza) were grown on coverslip for 24 h and then
placed in a perfusion chamber at 37 °C. Cell culture medium
was progressively cooled from 37 °C to 15 °C during the course
of the experiment (15min). Imageswere recorded everyminute
on a DMI6000 microscope (Leica) with an EMCCD Quantem
camera (Roper Scientific) driven byMetaMorphSoftware (Uni-
versal Imaging).
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Western Blot Analysis of MAP6-F Recruitment to Cellular
Insoluble Material—For analysis of the temperature-depen-
dent solubility ofMAP6-F inNIH/3T3 cells, cells were grown in
B35 cell culture dishes. The cell culture medium was renewed
with the same medium supplemented with 10 mM HEPES pH
7.4, equilibrated at the temperature of the assay and the culture
dishes were placed in a temperature-controlled water bath. For
incubation times of 1 min or less, PBS was used instead of cell
culture medium. Dishes were incubated in water bath at the
temperature and for the time indicated. Dishes were rinsed
with 1 ml of PBS at incubation temperature and permeabilized
with 400 �l of OPT at the incubation temperature. After 1 min,
OPT medium was recovered and added to 100 �l of 5� Laem-
mli buffer (soluble extract). Insoluble cell material was recov-
ered in 500 �l of 1� Laemmli buffer. Extracts were run on 12%
SDS-PAGE and transferred onto nitrocellulose membranes.
Membranes were blocked with 5% nonfatmilk in TTBS (50mM

Tris-HCl, pH 7.4, 150 mM NaCl, 0.3% Tween 20). Membranes
were probed in the same buffer with affinity-purified rabbit
anti-MAP6 antibody 23C (dilution 1/5,000) or monoclonal
anti-tubulin antibody�3a1 (1/10,000).HRP-coupled secondary
antibodies were incubated in TTBS and probed using Pierce
ECL Substrate (ThermoScientific) and light sensitive film (Fis-
cher Scientific).
Western Blot Analysis of MAP6 Expression in NIH/3T3,

HeLa, MEF�/�, and MEF�/�—Cells grown on B30 cultures
dishes were washed with PBS and lysed by addition of 400 �l of
Laemmli buffer. Extracts were normalized for the quantity of
tubulin by semi-quantitative Western blot using �3A1 anti-
body.MAP6 proteins expressionwas then analyzed byWestern
blot as described above using amixture of both anti-MAP6 23N
and 23C polyclonal antibodies at 1/5,000 dilution each.
MAP6-F and Mc Domain Expression and Purification—

MAP6-F was cloned into pFAST-BAC HTb as previously
reported (22). The Mc domain coding sequences were cloned
intoNcoI/XhoI cloning sites of pFAST-BACHTb in framewith
the His6 tag. Recombinant baculoviruses were obtained and
amplified in Sf9 insect cells (Invitrogen). Protein expressions
were carried out inHigh Five insect cells grown in suspension in
Express Five culture medium (Invitrogen). For His-tagged
MAP6-F purification, 500 ml of infected High Five cell culture
were spun down at 4 °C for 5min at 125� g. Pellets were frozen
and thawed in 50 ml of lysis buffer (20 mM PIPES-KOH pH 6.6,
150 mM KCl, 0.1% Triton X-100, 10% glycerol, 1 mM MgCl2, 1
mM EGTA 0.1 mM DTT, 50 �g/ml AEBSF, 5 �g/ml aprotinin,
10 �g/ml leupeptin, 2.5 �g/ml pepstatin, and 10 �g/ml E64.
Cells were lyzed by passing three times through a 23-gauge
needle and cell debris were pelleted by centrifugation for 30
min at 4 °C and 30,000 � g. Supernatant was diluted with one
volume of Q-Sepharose-adjusting buffer (100 mM HEPES pH
8.0, 50 mM KCl, 0.9% Triton X-100, 1 mM EGTA, 1 mM MgCl2,
0.1 mM DTT plus protease inhibitors and centrifuged at
100,000 � g. The supernatant was loaded onto a 25 ml Q-Sep-
harose column equilibrated in Q buffer (100 mM HEPES-KOH
pH 8.0, 100 mM KCl, 0.5% Triton X-100, 1 mM EGTA, 1 mM

MgCl2, 0.1 mM DTT). Flow through and 25 ml wash with Q
buffer were collected, mixed with 1 volume of Ni-Sepharose
adjustment buffer (60 mM imidazole pH 8.0, 900 mM KCl, 0.5%

Triton X-100, 20% sucrose, 1 mM MgCl2, 1 mM EGTA, and
protease inhibitors) and incubated at 4 °C for 90 min with 1 ml
of Ni-Sepharose beads previously equilibrated in Ni column
buffer (50 mM HEPES-KOH pH 8.0, 500 mM KCl, 0.5% Triton
X-100, 10% sucrose, 50 mM Imidazole, 0.1 mM DTT). Beads
were spun down at 100� g for 5min at 4 °C, washed twice with
Ni-column buffer, and packed in a disposable plastic column.
The column was further washed with Ni-column buffer, equil-
ibrated in equilibration buffer (50mMHEPES-KOHpH8.0, 250
mM KCl, 0.1 mM DTT, 50 mM imidazole), and the protein was
eluted with equilibration buffer containing 250 mM imidazole.
Purified His-tagged MAP6-F was extensively dialyzed against
PEM buffer, aliquoted, frozen in liquid nitrogen, and stored at
�80 °C. Protein purity was analyzed on Coomassie Blue-
stained SDS-PAGE. Quantification was made with ImageJ and
Excel softwares from scanned gel using bovine serum albumin
as standard. For His-Mc domain purification, a 50ml culture of
infected High Five cells was spun down and frozen as indicated
above. Cells were lysed in 10ml of buffer (20mMHEPES pH7.4,
300mMNaCl, 0.5% Triton X-100, and protease inhibitors), and
centrifuged at 30,000 � g for 30 min at 4 °C. The supernatant
was heated at 90 °C for 15 min, cooled on ice, and centrifuged
again. The supernatantwas adjusted to 2.5mMof imidazole and
loaded on a 1ml cobalt column (Pierce) connected toDuo Flow
apparatus (Bio-Rad) pre-equilibrated in buffer A (20 mM

HEPES pH 7.4, 300 mM NaCl, 2.5 mM imidazole). Column was
washed with 20 ml of Buffer A and the proteins were eluted
using a 2.5 to 200mM imidazole gradient. Fractionswith theMc
domain were pooled, concentrated with Ultracel-10K (Milli-
pore), loaded on a S200 gel-filtration column equilibrated in 2�
BRB buffer (160mMPIPES pH 6.75, 2mMEGTA, 2mMMgCl2).
Elution fractions were analyzed, diluted with one volume of
water, reconcentrated with Ultracel-10K, aliquoted, frozen in
liquid nitrogen, and stored at �80 °C. For circular dichroism
experiments, the buffer containing the Mc domain was
changed to 50 mM potassium phosphate buffer (pH 6.75)
through repeated concentrations and dilution steps with
Ultracel-10K.
In Vitro Analysis of the Mc Domain Binding to Taxol-stabi-

lized Microtubules—Microtubules were polymerized from 50
�M brain bovine PC-tubulin prepared as published (26). Tubu-
lin was incubated for 20 min at 37 °C in PEM buffer (100 mM

PIPES pH 6.75, 1 mM MgCl2, 1 mM EGTA) supplemented with
1mMofGTP.Mixturewas further incubated at 37 °C for 10min
in the presence of Taxol (100�M) and then diluted to 2�M final
concentration of tubulin. Five �l of microtubule solution were
incubatedwith 5�l of various concentrations of theMcdomain
in PEM buffer plus 0.05% Tween 20 and 1 mM DTT. After 10
min at the indicated temperature, microtubules were sedi-
mented through centrifugation at 100,000� g for 10min at the
incubation temperature. Pellets were recovered in 80 �l of
Laemmli buffer. Fifteen �l of each fraction were loaded on a
12%SDS-PAGEgels. Aftermigration, 2 gel bandswere cut from
each gel. The first at 45/60 kDa was Coomassie Blue stained to
verify the even quantity of tubulin present in the assay. The
second, at 30–45 kDa was transferred onto a single nitrocellu-
lose membrane at 100 V for 1 h in transfer buffer containing
20% ethanol and 0.05% SDS. The Mc domain detection was

Microtubule Stabilization by MAP6

OCTOBER 12, 2012 • VOLUME 287 • NUMBER 42 JOURNAL OF BIOLOGICAL CHEMISTRY 35129

 at IN
S

E
R

M
, on N

ovem
ber 5, 2012

w
w

w
.jbc.org

D
ow

nloaded from
 

112

http://www.jbc.org/


carried out as described forWestern blot detection of MAP6-F
except that pico-ECL kit (Pierce) was used, and the signal was
recorded with Chemidoc apparatus (Bio-Rad). Signal intensi-
ties were quantified with ImageJ software, and the correspond-
ing amount of protein present in the extract was determined by
comparison with the ECL signal obtained with a ladder of given
quantity of the protein using Excel software.
In Vitro Analysis of Microtubules Cold Stability—Microtu-

bules were polymerized from 60 �M of bovin brain tubulin in
PEM buffer plus 1 �M GTP at 37 °C for 30 min. Three �l of
microtubule solution were mixed with 3 �l of PEM solution
containing either 100 �M taxol or increasing concentration of
purified MAP6-F or Mc domain and incubated on ice for 10
min. Five �l of the mix were loaded on 100 �l of a 30% sucrose
cushion in PEMbuffer, centrifuged at 100,000� g for 30min at
4 °C. The pellets were recovered in Laemmli buffer and ana-
lyzed by SDS-PAGE and Coomassie Blue staining.
Cryo-electron Microscopy Analysis of Microtubule Ends at

4 °C—Microtubules were grown from 80 �M of bovine brain
tubulin in PEM-GTP buffer for 30 min at 37 °C. Microtubules
were then diluted at 37 °C to 55 �M either with PEM buffer
alone or supplemented with the Mc domain (5.5 �M final con-
centration). After 10min at 37 °C, themixes were incubated on
ice for either 1 min in the control condition (rapid depolymer-
ization) or for 20min whenmicrotubules were stabilized by the
Mc domain. Five �l of chilled mixes were loaded onto holey
carbon-coated grids, briefly blotted and plunged into liquid
ethane using the vitrification robot Vitrobot MARK IV (FEI
Co.). Specimens were observed with a Phillips CM200 using a
Gatan G26 cryoholder. Images were recorded on Kodak SO163
films under low dose conditions at defocus in the range of 2 to 3
�m and at a magnification of �27,500. Micrographs were dig-
itized with an Epson scanner at 1600 dpi.
Thermostability Analysis of MAP6-F—Forty �l of PEM

buffer containing 1 �g of MAP6-F were either kept on ice or
incubated for 30 min at 90 °C. Heated solutions were cooled
down on ice and centrifuged at 100,000 � g for 15 min at 4 °C.
Supernatants were recovered and mixed with 10 �l of 5�
Laemmli buffer, while pellets were resuspended in 50 �l of
Laemmli buffer. As control for the total amount of MAP6-F,
40 �l of non-centrifuged protein solution were treated as
described for the supernatants. Protein solutionswere analyzed
by SDS-PAGE on 12% gel and Coomassie Blue staining.
Circular Dichroism Analysis—Circular dichroism spectra

were recorded with a Jasco J-810 spectropolarimeter interfaced
with a Peltier temperature control unit. The Mc domain con-
centration was 9 �M in 50 mM potassium phosphate buffer at
pH 6.75. The path length of the cuvette was 1 mm. Thermal
folding was followed by monitoring the CD signal at 220 nm
and 208 nmwhile changing the temperature from 5 to 80 °C by
1 °C steps. The structural changes observed while varying the
temperature was emphasized by subtracting the CD spectrum
at 5 °C from the CD spectra obtained at given temperatures.

RESULTS

MAP6 Protects Microtubules against Temperature-depen-
dent Depolymerization in Cells—Previous experiments have
shown that in HeLa cells that do not express MAP6 proteins,

microtubules depolymerize when incubated on ice for a pro-
longed time (23). However, no data were available on the effect
of moderate chilling conditions on microtubules. To assess the
effect of intermediate drops in temperature on cellular micro-
tubules, we incubated HeLa cells grown on coverslips at tem-
peratures varying from 37 to 4 °C before rapid permeabilization
and fixation (23). The remaining microtubules were observed
and quantified (Fig. 1, A and B). The quantity of microtubules
was constant for temperatures above 25 °C. This quantity then
progressively decreased with lower temperatures to reach a
very low level at 4 °C. Similar results were obtained with
mouse embryonic fibroblasts derived from MAP6-null mice
(MEF�/�) (Fig. 1, A and C) albeit with stronger chilling effect
on microtubules. In MEF�/�, significant microtubule loss
appeared below 25–20 °C with a rapid drop between 20 and
15 °C with only about 20% of microtubule left and a complete
microtubule depolymerization below 10 °C (Fig. 1C).
On the contrary, in NIH/3T3 cells or MEF wild type

(MEF�/�) that express MAP6, microtubules were mostly
resistant to cold-induced depolymerization (Fig. 1A). In NIH/
3T3 cells, close to 80% of the total amount of microtubules was
preserved at temperatures below 25 °C (Fig. 1B). In MEF�/�,
microtubule resistance to cold-induced depolymerization was
not as strong as inNIH/3T3 cells, with 80%of remainingmicro-
tubules at 15 °C and 30% under 10 °C (Fig. 1C). This discrep-
ancy between NIH/3T3 and MEF�/� could be correlated with
the difference of MAP6-F expression as revealed by Western
blot analysis (Fig. 1D).
We then analyzed the kinetics of cold-induced microtubule

depolymerization in HeLa cells that do not express MAP6 pro-
teins at 4 °C and 15 °C (Fig. 1E). At 4 °C, microtubules depo-
lymerized rapidly and completely in 2 min. At 15 °C, microtu-
bule amount dropped by about 40% in a few minutes but
remained stable thereafter. This suggested that, in cells, a
decrease in temperature induces a change from an equilibrium
state at 37 °C to a new one with a lower quantity of microtu-
bules. Altogether, these experiments indicated that below
25–20 °C, cellular microtubules depolymerize rapidly in a tem-
perature-dependent manner unless they are protected by the
presence of MAP6.
MAP6-F Binding and Stabilization of Microtubules under

Cold Exposure Are Dynamic and Temperature-dependent—To
better understand the mechanisms involved in microtubule
stabilization by MAP6 upon chilling, we intended to correlate
the cold conditions required formicrotubule depolymerization
to those required for MAP6 binding to and stabilization of
microtubules.
It was shown that upon chilling, MAP6-F of NIH/3T3 cells

re-localized from the cytoplasm to the microtubule network
(16). Cold-dependent association of MAP6-F with microtu-
bules was also observed in MEF�/� as revealed by immunoflu-
orescence analysis (Fig. 2). Indeed, after cell permeabilization,
MAP6-Fwas found associatedwith themicrotubule network at
4 °C but not at 37 °C (upper panels). The low MAP6-F nuclear
labeling visible at 37 °C correspond to background as observed
inMEF�/� (lower panels). In addition, temperature-dependent
translocation of mCherry-MAP6-F from the cytoplasm to
microtubules in Hela cells was observed using live video
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microscopy analysis (Fig. 3). Results revealed a progressive
localization of the protein onmicrotubules during temperature
shift from 37 to 15 °C.

To further characterize the association of MAP6-F with
microtubules, we performed cell fractionation and analyzed
MAP6-F presence in soluble versus insoluble fractions. In par-

FIGURE 1. MAP6-F protects fibroblastic microtubules from temperature- and time-dependent cold-induced depolymerization. A, immunofluorescence
analysis of microtubules of NIH/3T3 cells, HeLa cells, MEF�/�, and MEF�/� exposed to the indicated temperature. B and C, quantification of microtubule surface
in immunofluorescence experiments as shown in A for each cell line (NIH/3T3 and HeLa in B, MEF�/� and MEF�/� in C). D, NIH/3T3, HeLa, MEF�/� and MEF�/�

cell extracts were normalized for their content in tubulin and then analyzed for the expression of MAP6-F by Western blot. * indicates minor MAP6 isoforms (16,
19). E, quantification of microtubules remaining in HeLa cells after incubation for the indicated time at 4 or 15 °C. In B, C, and E, data represent mean � S.E. (n
> 12) and are expressed as a percentage of the signal obtained without cold treatment (37 °C).
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FIGURE 2. Cold-induced association of MAP6-F with the microtubule network in MEF. MEF�/� or MEF�/� were either kept at 37 °C or incubated at 4 °C for
30 min as indicated. Cells were then permeabilized with OPT at the incubation temperature, fixed, and processed for immunodetection of tubulin (green) or
MAP6-F (red).

FIGURE 3. Cooling cells from 37 to 15 °C induces a progressive accumulation of MAP6-F-mCherry on microtubule network in HeLa cells. HeLa cells
overexpressing MAP6-F fused to mCherry were placed in a perfusion chamber at 37 °C. Cell culture medium was progressively cooled from 37 to 15 °C during
the course of the experiment (15 min:30 s). Upper panels are recorded images of MAP6-F-mCherry at the indicated time (min:s). Lower panels are enlargements
(3�) of part of the images indicated by white squares.
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allel, we evaluated MAP6-F activity in NIH/3T3 cells by quan-
tifying its microtubule cold-protecting effect. Indeed, since
MAP6-F is not associated with the microtubules at 37 °C it is
washed out upon cell permeabilization. Thus, when NIH/3T3
cells were incubated and permeabilized with a Triton X-100
containing buffer at 37 °C before cooling at 4 °C for additional
10min, microtubules were not protected against cold and were
lost (Fig. 4A, upper right panel). In contrast, when cells were
first preincubated at 4 °C for 10 min to promote MAP6-F asso-
ciation with microtubules before permeabilization, microtu-
bules stayed protected (Fig. 4A, lower right panel). The amount
of remaining microtubules after preincubation of the cells
under various temperature conditions before permeabilization

(at the same temperature) and subsequent incubation at 4 °C
could then be quantified by immunodetection of tubulin. We
thus analyzed under similar conditions the effect of pre-incu-
bation temperatures varying from 4 to 37 °C on MAP6-F solu-
ble/insoluble fractionation (Fig. 4B) and on microtubule cold
stability (Fig. 4C). Results presented in Fig. 4B show a progres-
sive increase inMAP6-F in the insoluble fraction and a decrease
in the soluble fraction when the temperature decreased. Con-
sistently, microtubule cold preservation increased progres-
sively when the temperature decreased from 37 to 4 °C (Fig.
4C).
We next assessed in similar experiments, the kinetics of

MAP6-F associationwith insoluble fraction and stabilization of

FIGURE 4. MAP6-F association with microtubules and stabilization of microtubules are fast and temperature-dependent. A, NIH/3T3 cells at 37 °C (upper
lane) or incubated at 4 °C (lower lane), were permeabilized (TX100) and either directly fixed (left) or further incubated for 10 min at 37 °C (upper middle) or at 4 °C
(upper and lower right) before microtubule immunodetection. B, Western blot analysis of MAP6-F present in soluble (S) or insoluble (I) fractions of NIH/3T3 cells
exposed to the indicated temperature. C, quantification by immunofluorescence of the remaining microtubules in NIH/3T3 cells preincubated and permea-
bilized at the indicated temperature, and then further incubated at 4 °C. Data represent mean � S.E. (n � 12) and are expressed as a percentage of the signal
obtained without cold treatment (37 °C). D and E, NIH/3T3 cells were treated as in B and C, respectively, except that the cell incubation and permeabilization
temperatures were switched from 37 to 4 °C and then from 4 back to 37 °C. MAP6-F solubility (D) and subsequent microtubule cold stabilization at 4 °C (E) were
analyzed at the indicated time course.
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microtubules at 4 °C. As shown in Fig. 4D, an incubation at 4 °C
as short as 30 s was sufficient for maximum MAP6-F associa-
tion with the insoluble fraction and this association was
reversible with apparently similar fast kinetics when cells
were transferred back from 4 to 37 °C. As for the tempera-
ture-dependence experiment, induction of microtubule cold
stabilization followed the localization of MAP6-F in the insol-
uble fraction (Fig. 4E). In addition, analysis of early time points
showed that cold-induced stabilization of microtubules was
mostly achieved within 15 s.
These results indicate that under cold exposure, MAP6-F

interaction with microtubules is very fast and dynamic. This
probably involves a direct effect of the temperature on one of
the binding partners rather than a post-translational modifica-
tion. Furthermore, the concomitant cold exposure conditions
for microtubule depolymerization (Fig. 1) and MAP6-F associ-
ation with microtubules (Fig. 4) suggested that microtubules
and/or MAP6-F and/or other partners involved in the interac-
tion might undergo temperature-dependent conformational
changes.
MAP6-F Is a Heat-stable Protein That Protects Microtubules

from Cold-induced Depolymerization through Direct Interac-
tion via Its Mc Domain—To test whether MAP6-F by itself is
capable of stabilizingmicrotubules and inwhich conditions, we
carried out the purification of theMAP6-F protein as well as of
its Mc domain that constitute two third of the molecule (189/

306 amino acids) and has been shown to specifically protect
microtubules from cold when ectopically expressed in HeLa
cells (22). Both polypeptides expressed in fusion with a His6 tag
using baculovirus-insect cells system were purified to purity
close to 95% (Fig. 5A). During the course of the purification, we
also observed that MAP6-F is a heat stable protein. Indeed,
contrary tomost proteins that denature and precipitate at tem-
peratures above 50 °C, heatingMAP6-F to 90 °C for 30 min did
not lead to protein aggregation (Fig. 5B).
Using a microtubule sedimentation assay, we analyzed the

capacity of purified MAP6-F to protect in vitro polymerized
microtubules from cold-induced depolymerization. Fig. 5C
shows that, as expected, microtubules grown at 37 °C were
mostly lost when incubated at 4 °C alone (lane 2) as compared
with the total amount of microtubules stabilized with taxol
(lane 1). Addition of MAP6-F just before cooling at 4 °C pro-
tected microtubules from cold-induced depolymerization in a
dose-dependent manner (lanes 3–5). The same held true when
heated MAP6-F was used, confirming the heat stability of
MAP6-F (lanes 7–9). TheMcdomainwas also used in this assay
and presented the same ability as the full-length molecule for
microtubule stabilization (lanes 11–13). It is interesting to note
that the Mc domain was more soluble and did not sediment in
the absence of microtubules (compare lane 14with lanes 6 and
10). Altogether, these results demonstrated for the first time
that MAP6-F stabilizes microtubules exposed to cold via a

FIGURE 5. MAP6-F is a heat stable protein that stabilizes microtubules in vitro through interaction with its Mc domain. A, Coomassie Blue-stained
SDS-PAGE gel of the purification products of MAP6-F and the Mc domain expressed as His-tagged proteins in insect cells. B, solubility analysis of purified
MAP6-F at 4 °C or after heating for 30 min at 90 °C. Proteins in the 100,000 � g pellet (P) or supernatant (S) were analyzed in Coomassie Blue-stained SDS-PAGE
gel. T: total. C, microtubule cold-stabilizing activity of MAP6-F, heated MAP6-F, and the Mc domain. Microtubules were grown from pure tubulin in vitro, mixed
with either taxol (60 �M) or increasing concentration of MAP6-F, 90 °C-treated MAP6-F, or with the Mc repeat domain as indicated and then incubated on ice
for 10 min. Cold-resistant microtubules were isolated by centrifugation, and the pellets were analyzed by SDS-PAGE and Coomassie Blue staining.
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direct interaction. TheMc domain is able by itself to fully reca-
pitulate this activity and is thus the main domain involved in
this function.
Characterization of the Mc Domain Binding to Microtubules

at 4 °C—To further characterize the effect of the temperature
on MAP6-F interaction with microtubules, we performed a
titration binding curve of the Mc domain to Taxol-stabilized
microtubules. Results presented in Fig. 6A show that, at 4 °C,
the Mc domain binding to 1 �M of microtubules was titrable
with a binding stoichiometry of 1 mol of the Mc domain for 25
mol of tubulin dimer. The apparent affinity determined was 70
nM. On the contrary, at 37 °C, no specific interaction was
detected (Fig. 6A). Using a Mc domain concentration close to
the apparent dissociation constant (Kd), we analyzed the effect
of various temperatures on the Mc domain interaction with
microtubules in the same conditions. Results presented in Fig.
6B show that, as for MAP6-F association with and stabilization
of microtubule in NIH/3T3 cells (Fig. 4, B and C), in vitro
microtubule binding of the Mc domain progressively increases
with the fall of temperature. The interaction started to be
detectable at 25 °C, rapidly increased between 20 °C and 15 °C
and then was further strengthened between 15 °C and 4 °C.

CircularDichroismAnalysis of Temperature-dependentCon-
formational Changes in the Mc Domain—To investigate
whether the temperature-associated changes in the binding
affinity between the Mc domain and microtubules could be
associated to conformational changes in the Mc domain, we
carried out circular dichroism experiments (Fig. 7). Absorption
spectra from 190 to 250 nm, obtained at different temperatures
(Fig. 7A), indicated that theMcdomainwas essentially unstruc-
tured with mainly random coiled signal (negative absorption
peak near 195 nm) (27). Nevertheless, with increasing temper-
atures, the intensity of the negative bands at 198 nm decreased
and shifted to slightly higher wavelengths while absorption at
219 nm appeared. Moreover, the presence of an isodichroic
point at 208 nm indicated a two conformational state system.
To characterize this structure, subtraction spectra were drawn
(Fig. 7B). The difference spectra showed the apparition with
heating of negative bands at 219 nm and positive bands at 195
nm. This signal is characteristic of beta structures (28). Tem-
perature-dependent Mc domain absorption spectra at 220 nm
(Fig. 7A, inset) indicated that the conformational change
between 5 and 80 °C was linear and reversible. Altogether these
data indicated that the Mc domain which contains beta struc-
tures progressively unfolded upon chilling from 37 to 5 °C.
Structural Analysis of Microtubules Stabilized at 4 °C by the

Mc Domain—To gain insight into the mechanisms by which
MAP6-F protects microtubules from depolymerization under
cold exposure, we used cryo-electron microscopy to analyze
microtubules at 4 °C in the absence or in the presence of theMc
domain. Growing and shrinking microtubules assume various
conformations at their extremities, including sheet-like exten-
sions and blunt ends during polymerization and outwardly
curled protofilaments in disassembling conditions (29, 30). As
MAP6-F inhibits cold-induced microtubule disassembly, we
wondered whether it could affect the global structure of micro-
tubule ends. Microtubules were polymerized at 37 °C and then
incubated at 4 °C with or without the Mc domain. In our con-
ditions, we could not observe the Mc domain bound to the
stabilized microtubules. The main observed differences con-
cerned the structures of the microtubule ends that presented
mostly curled depolymerizing protofilaments in the absence of
the Mc domain and about 50% of blunt extremities in the pres-
ence of the Mc domain (Fig. 8). These data indicated that the
Mc domain stabilized the extremities of microtubule exposed
to cold. However, one would have expected a near to complete
stabilization of microtubules without curled ends in the pres-
ence of the Mc domain. The remaining 50% of curled microtu-
bule ends indicates that the microtubule stabilization is not
complete and that theMc domainmight only dramatically slow
downdepolymerization and/or allow very slowdynamics at low
temperatures.

DISCUSSION

MAP6 proteins have been shown to be essential for the sta-
bilization of microtubules in cells at 4 °C. In fibroblastic cells,
the main isoform, MAP6-F, was shown to relocalize from the
cytoplasm to the microtubule network upon chilling to 4 °C. It
has been suggested that the changes in MAP6-F binding
to microtubules relied on temperature-induced changes in

FIGURE 6. In vitro analysis of temperature-dependent binding of the
MAP6 Mc domain with taxol-stabilized microtubules. A, microtubules
were grown at 37 °C from 60 �M pure tubulin, stabilized with Taxol and
diluted to 1 �M in the final binding reaction mix. The Mc domain was added at
increasing concentrations and incubated at 4 or 37 °C for 10 min. Microtu-
bules were isolated by centrifugation and the associated Mc domain was
quantified by Western blot using Chemidoc apparatus, ImageJ, and Excel
softwares. 4 and 37 °C controls (Ctrl) are the amount of the Mc domain pel-
leted in the absence of microtubules. Insert, Lineweaver-Burk plot analysis of
the data shown in A gave 70 nM as the apparent dissociation constant (Kdapp)
for the binding of the Mc domain to microtubules at 4 °C. B, the Mc domain
(50 nM) binding to microtubules was analyzed as in A at the indicated tem-
peratures. Data represent mean � S.E. (n � 4).
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MAP6-F post-translational modifications (16). We show here
that under cold exposure, MAP6-F recruitment to microtu-
bules and stabilization is highly dynamic, indicating a direct
effect of the temperature on the interaction. In vitro, purified
MAP6-F can directly interact with and stabilize microtubules
against cold-induced depolymerization through itsMcdomain.
As observed in vivo for MAP6-F, in vitro binding of the Mc
domain to microtubules is temperature-dependent. The bind-
ing was very low at 37 °C and increased significantly when the

temperature decreased below 20 °C to reach a high affinity
(Kdapp � 70 nM) at 4 °C. Thus, in vivo and in vitro, the Mc
domain of MAP6 recognizes and stabilizes microtubules as
soon as the temperature drops under 20 °C.
What Is the Structural Element that Regulates the Interaction

between Microtubules and the Mc Domain of MAP6?—Our
results reveal that lowering of temperature is accompanied by
the recruitment of MAP6-F on microtubules both in cells and
in vitro. This suggests that MAP6-F adopts a cold-dependent
conformation enabling its interaction with the polymers,
and/or that MAP6-F recognizes a structural feature of micro-
tubules depolymerizing under cold exposure. Our data provide
strong evidence that variations in temperatures induce confor-
mational changes ofMAP6-F.MAP6-F exhibits beta structures
at 37 °C and progressively unfolds as the temperature de-
creases, enabling its interaction with microtubules and their
subsequent stabilization. MAP6-F binding to microtubules at
low temperatures could also involve the recognition of a spe-
cific feature of cold-induced depolymerizing polymers. In par-
ticular, shrinkingmicrotubules display curled protofilaments at
their ends, butwe did not observe any accumulation ofMAP6-F
at the extremity of disassembling microtubules, neither in cells
(Figs. 2 and 3) nor in purified assays (Fig. 8), suggesting that
specific recognition of the outwardly curled protofilaments by
MAP6-F is an unlikely mechanism. MAP6-F might associate
preferentially to a cold-sensitive lattice region, although little
information is available on changes occurring at low tempera-
tures within the microtubule wall. High-resolution structures
of MAP6-F and MAP6-F/microtubule complexes will be
required to visualize the Mc domain and its precise binding
sites to the microtubule lattice.
HowDoes theMcDomain ofMAP6 StabilizeMicrotubules at

4 °C?—As suggested above, under cold exposure, the Mc
domain of MAP6 might bridge adjacent protofilaments. This,
in turn, would decrease the catastrophe frequency thought to
be involved in cold-inducedmicrotubule depolymerization (9).
Reinforcing lateral interactions has already been proposed to be
a way of stabilizing microtubules in cold-living organisms (12).
Such a mechanism is reminiscent of the doublecortin microtu-

FIGURE 7. Temperature induces secondary structure changes in the Mc domain of MAP6. A, circular dichroism spectra at 5 °C showed a clear minimum for
the spectrum at 198 nm, indicating a mostly random coiled structure. This minimum is shifted with increasing temperature toward higher wavelengths and a
minimum at 219 nm appears. This indicates an increase in structuration. In the inset, the structuration has been monitored at 220 nm from 5 to 85 °C as
indicated by the black arrow. The folding reversibility from 85 °C to 5 °C is indicated by the open arrow. The isodichroic point at 208 nm suggests a two-state
system characterizing the secondary structure of the Mc domain. B, difference CD spectra from A. The subtraction of the CD spectrum at 5 °C from CD spectra
at 10, 20, 40, and 70 °C gave the structure gain during the temperature titration. The spectra obtained correspond to �-sheet conformation.

FIGURE 8. Microtubule cold-stabilization by the Mc domain is associated
with an increase of blunt-ended microtubules. Microtubules were grown
from 80 �M of pure tubulin at 37 °C, mixed at a final concentration of 55 �M

with buffer alone (Ctrl) or with 5.5 �M final of the Mc domain (Mc). After 10 min
at 37 °C, microtubules were chilled on ice for 1 min to allow partial depo-
lymerization of microtubules alone or for 20 min for the Mc domain-stabilized
microtubules. Microtubules were loaded on grids, frozen in liquid ethane, and
observed by cryo-electron microscopy. A, pictures and schematic represen-
tations of microtubule curled and blunt ends. B, quantitative analysis of the
proportion of blunt versus curled ends in control condition or in the presence
of the Mc domain.
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bule stabilization mode at 37 °C (31). Doublecortin is an anti-
catastrophe factor that stabilizes microtubules by linking adja-
cent protofilaments and counteracting their outward bending
in depolymerizing microtubules (32). The analysis of the Mc
domain effects on microtubule dynamics at low temperature
should be very informative but such experiments which require
a controlled cold environment are still technically challenging.
A Link Between the Mc Domain Structure and MAP6 Aggre-

gation in Human Pathology?—During our in vitro studies we
discovered that MAP6-F is a weakly structured molecule as
revealed by its heat stability, a feature shared by other MAPs
such as MAP1, MAP2, and Tau (33). The folding of MAP6-F
into beta structures represents a peculiar behavior already
reported for the Tau protein (34). These beta structures have
been implicated in the formation of pathologic amyloid aggre-
gates (35) and beta structures of MAP6 might be implicated in
the aggregation of MAP6 in Lewis bodies during amyotrophic
lateral sclerosis (36).
A Physiological Function for MAP6 Stabilization of Microtu-

bules under Cold Exposure?—InHeLa cells, that do not express
MAP6proteins,microtubules depolymerized in a temperature-
dependentmanner as soon as the temperature decreased below
20 °C with virtually no microtubules left at 4 °C. On the con-
trary, inMAP6-containingNIH/3T3 cells, 80% ofmicrotubules
were preserved upon cold exposure from 20 to 4 °C. In more
physiological conditions, MAP6 of MEF�/� allowed to pre-
serve about 80% of microtubules at 15 °C and 30% at tempera-
tures below 10 °C. In animals, such low temperatures could be
achieved during episodes of torpor or hibernation and MAP6
could be required to preserve aminimal level ofmicrotubules in
such challenging conditions. In this study we considered the
whole Mc domain without analyzing the contribution of each
individual repeat. However, one can speculate that the compo-
sition in repeats of the Mc domain would determine the
strength of the cold response. Along this line, we found a rela-
tively good correlation between the number of repeats (from 1
to 9) in the Mc domain of mammals and the ability of the ani-
mals to hibernate or to make torpor. For example, almost all
genome-sequenced rodents (house mice, Norway rat, thirteen-
lined ground squirrel) which exhibit MAP6 with 3 to 9 Mc
repeats are able to hibernate/torpor, whereas the naked mole
rat which exhibits only one repeat is very sensitive to cold expo-
sure (main cause of lethality).
Also, in primates, only the lemurian branch which contains

several Mc repeats (3 to 6 for small-eared galago and gray
mouse lemur) can enter torpor whereas all other primates
including human, Sumatran ourangutan, chimpanzee, gorilla,
Rhesus monkey, and Hamadryas baboon do not enter torpor
and express MAP6 containing only one repeat. In human,
MAP6 stabilization of microtubules can still be useful during
accidental hypothermic episodes or even during perioperative
hypothermia following anesthesia.
In conclusion, the Mc domain of MAP6 behaves as a sensor

of temperature able to protect microtubules from temperature
variations. How microtubule stabilization upon temperature
reduction is involved and whether it is crucial to adapt cold-de-
pendent cell responses such as metabolic changes are exciting
questions.
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Annexin2/S100A10 Tetramer*
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The Annexin2 tetramer (A2t), which consists of two
Annexin2molecules bound to a S100A10dimer, is implicated in
membrane-trafficking events.Here, we showedusing a yeast tri-
ple-hybrid experiment and in vitro binding assay that Annexin2
is required for strong binding of S100A10 to the C-terminal
domain of the protein Ahnak. We also revealed that this effect
involves only the Annexin2 N-terminal tail, which is implicated
in S100A10/Annexin2 tetramerization. The minimal A2t bind-
ing motif (A2tBP1) in Ahnak was mapped to a 20-amino acid
peptide, and this peptide is highly specific forA2t.We also iden-
tified a secondA2t bindingmotif (A2tBP2) present in theN-ter-
minal domain of Ahnak, which binds to A2t, albeit with less
affinity. When overexpressed as an EGFP fusion protein in
MDCK cells, A2tBPs cofractionate in a calcium-dependent
manner and co-immunoprecipitate with S100A10 and
Annexin2. In living cells, A2tBPs target EGFP to the cyto-
plasm as does Annexin2. In response to oxidative and
mechanical stress, EGFP-A2tBPs relocalize withinminutes to
the plasma membrane; a behavior shared with Annexin2-
GFP. These results suggest that the A2t complex exists within
the cytoplasm of resting living cells and that its localization at
the plasma membrane relies on cellular signaling. Together,
our data demonstrate that A2tBP1 is a specific A2t complex
binding domain and may be a powerful tool to help elucidate
A2t structure and cellular functions.

Annexin2 is a member of a multigene family of proteins
widely expressed amongmulticellular organisms (1). It binds to
negatively charged phospholipids in a calcium-dependent
manner (2–4) and has been implicated in several membrane
transport events such as endocytic and secretory pathways
(5–14). Annexin2 is composed of a core domain of four 70-
amino acid repeats and a short N-terminal tail of 30 residues

(2). The core domain is responsible for the calcium-dependent
interaction with the membrane phospholipids (15–17). The
very first twelve N-terminal residues form an amphipathic
�-helix that constitutes the minimal binding domain for its
partner, S100A10 (15, 18–20). S100A10 belongs to the large
S100 family of EF-hand calcium-binding proteins. It has the
peculiarity of having lost its calcium-sensing properties and is
locked in a constitutively active conformation (21). Similar to
othermembers of the family, S100A10 homodimerizes andwas
found inside the cell either as a homodimer or as a heterotet-
ramer (A2t)3 in which each of the two S100A10 subunits inter-
acts with one Annexin2 molecule (for reviews see Refs. 22 and
23). Binding partners have been identified for each component:
Annexin2 was found to interact with F-actin, caveolin, and
HIV1-Gag protein (24–26), and S100A10 was reported to
interact with various cell surface receptors and ion channels
such as TRPV5, TRPV6, NaV1.8, TASK-1, and ASIC1 (27–32).
Given the affinity of S100A10 for Annexin2 (Kd � 3 � 10�8,
Ref. 19), it is generally assumed that it is indeed theA2t complex
that interacts with the different substrates. However, in most
cases whether both components contribute to the A2t ability to
bind substrates has not been investigated. Furthermore, co-im-
munoprecipitation experiments failed to detect Annexin2 in
associationwith the complex S100A10/TASK1 (30), suggesting
that, at least for the S100A10 subunit, interaction with some
targets occurs independently of the formation of the tetramer.
Understanding the functions of the tetramer, as opposed to
those of its two components, relies on the identification of sub-
strates that specifically interact with the tetramer.
In a previous study, we have identified the giant protein

Ahnak as a binding partner of A2t. In epithelial cells, A2t
recruits Ahnak to cholesterol-richmicrodomains of the plasma
membrane. This recruitment appears to be essential for the
establishment of the proper cytoarchitecture of polarized
columnar epithelial cells (33). Ahnak is composed of an N-ter-
minal 498-amino acid domain, a large central region of 4390
amino acids organized in 36 repeated units, and the C-terminal
1002 amino acids. We have shown that the S100A10 subunit
mediates the interaction of A2t with the C-terminal domain of
Ahnak (33).
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In the present work, we have extended the molecular and
functional characterization of the A2t/Ahnak interaction. We
have shown that the C-terminal domain of Ahnak constitutes a
highly specific substrate of A2t and does not bind significantly
to S100A10 or Annexin2 individually. We have delineated the
Annexin2 contribution in the A2t-Ahnak complex formation
to its S100A10 binding site and have mapped down the A2t
binding site in the Ahnak C-terminal domain to a 20-amino
acid peptide (A2tBP1). We have shown that in vitro A2tBP1
binding to A2t is characterized by a high affinity and specificity.
We have also demonstrated that EGFP-A2tBP1 expressed in
MDCK cells co-fractionates and co-immunoprecipitates with
S100A10 and Annexin2. Furthermore, we have shown, that
through its specific binding, EGFP-A2tBP1 allows us to follow
stress-induced relocalization of Annexin-2 in living cells. Thus,
A2tBP1 is the first specific A2t complex binding motif, which
might be a powerful tool to study the structure of A2t and to
dissect functions strictly involving the complex A2t, not its
individual subunits.

EXPERIMENTAL PROCEDURES

Cell Culture—MDCK epithelial cells were maintained in
Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad,
CA), 10% fetal bovine serum (SigmaAldrich), and 1%penicillin/
streptomycin (Invitrogen). For metabolic labeling, cells were
labeled in methionine-free MEM, 5% fetal calf serum supple-
mented with [35S]Met/Cys mix (5 �Ci/ml) for 4 days.
Production of MDCK Stable Transformants—Annexin2-

EGFP plasmid was a generous gift from Dr. Moss. EGFP-
A2tBP1 and 2 were obtained by subcloning of the BamHI/XbaI
A2tBP fragments from the pGEX-KG vector to pEGFP-C1 vec-
tor. Plasmids were purified using the Qiagen kit and used for
transformation ofMDCKcells with FuGENE6 transfection rea-
gent following the manufacturer’s instructions (Roche Applied
Science). Transfected cells were selected andmaintained in cul-
ture medium containing 0.6 mg/ml of geneticin. Because ami-
noglycoside antibiotics have been shown to bind to and inter-
fere with phospholipid-dependent cellular functions (34),
geneticin was removed from the culturemedium at least a week
before the experiment was performed.
Cellular Fractionation and Immunoprecipitation—MDCK

cells grown to confluence in 10-cm culture plates were washed
with phosphate-buffered saline and collected in 0.5ml of Buffer
L (Tris-HCl 20 mM, pH 7.4, 150 mM NaCl, 1 mM DTT, 0.3%
Triton X-100 plus 10 �g of each protease inhibitor (AEBSF,
leupeptin, aprotinin)) in the presence of 0.3 mM CaCl2 or 1 mM

EGTA. Cells were passed through a 26-gauge needle and cen-
trifuged at 20,000 � g for 30 min at 4 °C. Supernatants were
removed (S), and pellets (P) were resuspended by sonication in
one volume of Buffer L. ForWestern blot analysis, 20�l of each
sample were separated by 11% Tris-Tricine polyacrylamide gel
electrophoresis. After transfer to a nitrocellulose membrane,
proteins were detected using anti-Annexin2 mAb, anti-
S100A10 mAb (both Transduction Laboratories), and anti-
EGFP pAb (AbCam, Paris, France). For immunoprecipitation,
the calcium concentration of 100-�l samples was adjusted to
0.3 mM and incubated with 1.5 �g of anti-EGFPmAb (AbCam)
for 1 h at 4 °C. 10 �l of protein A-Sepharose were then added

and incubated at 4 °C for 1 h. Beads were spun down at 2000 �
g, washed three times with buffer L, and resuspended in 100 �l
of Laemmli buffer. Western blot analysis was carried out as
described above.
Purification of S100A10 and Annexin2—Native A2t was

purified from porcine intestine as previously described (35).
S100A10 and Annexin2 were dissociated from the complex
with 9 M urea. Each subunit was purified by gel filtration in 20
mMTris-HCl, pH 7.4, 9 M urea, 100mMNaCl, 2mMDTT, 1mM

EGTA, 1mMNaN3 and stored in aliquots at�80 °C. Prior to the
binding experiment, S100A10 andAnnexin2were renatured by
dialyzing against 20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.3%
Triton X-100, and 1 mM DTT.
In Vitro Protein-Protein Interaction/GST Pull-down Assays—

For production of GST fusion proteins, Ahnak C-ter cDNA
was cloned into pGEX-KG (GE Health Care) as previously
described (33). Shorter Ahnak fragments were obtained
either by deleting Ahnak-Cter by restriction digestion,
blunting, and re-ligation or by PCR cloning. Detailed cloning
information for specific GST-Ahnak fragment expression is
available upon request. Numbering of Ahnak residues is from
the human Ahnak sequence (GenBankTM accession number
NM001620). The constructs were introduced in Escherichia
coli BL21(DE3)pLysS strain. Bacteria were grown to an A600 of
0.6–0.8 and treated with 1 mM isopropyl-1-thio-�-D-galacto-
pyranoside for 2–3 h to induce protein expression. All subse-
quent steps were carried out at 4 °C. Bacteria were lysed in
buffer A (40 mM Tris-HCl, pH 7.4, 300 mM NaCl, 1 mM DTT)
complemented with 1mg/ml lysozyme, 1%Triton X-100, 5mM

EDTA, and protease inhibitors (AEBSF, leupeptin, aprotinin,
pepstatin 10 �g/ml each) through three cycles of freeze-thaw.
The lysates were centrifuged at 30,000 � g for 1 h, and the
supernatants were incubated in batch with glutathione-Sepha-
rose beads for 2 h. Beads were washed in batch three times with
buffer A plus 1% Triton X-100 and 5 mM EDTA and then with
ten bead volumes in column. The columns were equilibrated in
buffer A, and the proteins were eluted in buffer A plus 30 mM

glutathione. Fractions containing the proteins were pooled and
extensively dialyzed against buffer A. Protein concentration
was quantified on a Coomassie-stained acrylamide gel using
bovine serumalbumin as standard. Proteins inworking aliquots
were flash-frozen in liquid nitrogen and stored at �80 °C. For
the GST pull-down assay, 2 �g of recombinant protein were
incubated for 1 h at 4 °C with 10 �l of glutathione-Sepharose
beads and thenwashed in buffer B (20mMTris-HCl, pH7.4, 150
mM NaCl, 0.3% Triton X-100, 1 mM DTT, 300 �M CaCl2). GST
pull-down assays were carried out either with different combi-
nations of purified proteins (2.7 �g of Annexin2, 0.8 �g of
S100A10, 2 �g of native A2t, 5 �g of Annexin2 (1–13) as indi-
cated in the figure legends or with cellular extracts. For GST
pull-down, cell extracts from confluent MDCK cells were pre-
pared essentially as described for cell fractionation, and the
supernatant of cells lysed in Buffer L in the presence of EGTA
was used. After incubation for 1 h at 4 °C in a 300-�l final vol-
ume of buffer B, the beads were spun down at 2000 � g for 2
min, washed three times with 0.5 ml of buffer B, and boiled in
SDS sample buffer. Proteins were separated on 11% Tris-
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Tricine acrylamide gel electrophoresis, transferred to nitrocel-
lulose, and detected by Western blot using the ECL kit.
Surface PlasmonResonance—Real-time binding experiments

were performed on a BIAcore biosensor system (Pharmacia
Biosensor AB, Uppsala, Sweden). All experiments were per-
formed at 25 °C. Anti-GST antibodies in 10mM sodium acetate
(pH 3.5), were coupled directly through their amino groups to
the sensor (CM5) surface activated by N-hydroxysuccinimide
and N-ethyl-N�-(dimethylaminopropyl)carbodiimide accord-
ing to the manufacturer’s instructions. The remaining reactive
groups were then inactivated with 1 mM ethanolamine. GST or
GST-A2tBP1 binding to the antibodies, and interaction exper-
iments with native purified A2t were done in running buffer
containing 20 mM Hepes, pH 7.4, 150 mM NaCl, and 0.01%
Triton X-100. Sensorgrams obtained with different concentra-
tions of A2t (297, 595, and 1190 nM) were analyzed using the
Kaleidagraph software. The association and dissociation curves
were fittedwith an equationmodel of one analyte (A2t) binding
two heterogenous ligands (GST-A2tBP1). In Equation 1,

R � Req1�1 � e�ks1(t � to)) � Req2�1 � e�ks2(t � to)) (Eq. 1)

R is the response, subscript 1 and 2 refer to each of the two
ligands, t is the time (s), ks � kaCn � kd where Cn is the con-
centration of the analyte, and Req is the steady state response
level. The correlation coefficient of the fitting, close to 1
(between 0.99485 and 0.99996) indicated the quality of the fit-
ting. A simple explanation for this model with two ligands is
that once A2t, which is a large complex (94 kDa), is bound to
one of the two A2tBP1 sites on the dimer (because of GST
dimerization, Ref. 36) of GST-A2tBP1, the steric constraint
perturbs the binding of anotherA2t to the secondGST-A2tBP1
site. This is in agreement with the binding stoichiometry found
at steady state (up to 1.5 A2t per GST-A2tBP1 dimer at the
higher concentration of the analyte tested (1.19 �M)). For the
evaluation of the Kd of A2t with AtBP1, only the high affinity
responses were considered.
Yeast Triple Hybrid—pLex-Ahnak-Cter and pAct2-S100A10

constructs were obtained as previously described (33). For
expression of Annexin2 in yeast, a �lexA version of pEG202
vector was first obtained. For this purpose, the SphI-SphI frag-
ment of pEG202 containing the lexA sequence was subcloned
into a pGEMT vector, where the NotI-NotI fragment was pre-
viously deleted. The lexA sequence was then excised out by
digesting with HindIII and EcoRI, blunting with Deep vent
polymerase, and self-ligation. The �lexA SphI fragment was
subcloned back into pEG202 at the SphI site. Annexin2 from
pGEMTp36 (generous gift from Dr. Borsotto) was digested
with and cloned into the NotI site of pEG202�lexA. Con-
structs in different combination as indicated in the figure
legends were used to transform the AMR70 yeast strain.
pAct2, pEG202�LexA, and pLex-lamin were used as control.
Colonies were grown into the selective media (uracil-de-
pleted YPD medium minus tryptophan (for pLex10), leucine
(for pAct2), and histidine (for pEG202�lexA)). For �-galac-
tosidase assays, the activity of three independent colonies
from each transformation was measured in triplicate as pre-
viously described (37).

RESULTS

In a former study, we had shown that S100A10 mediates the
interaction between A2t and the C-terminal domain of Ahnak
(Ahnak C-ter) (33). However, the implication of Annexin2 in
this interaction has not been investigated. To test whether
Annexin2 is also involved in the interaction with Ahnak-Cter,
we carried out yeast triple-hybrid experiments with the three
components of the A2t-Ahnak complex. Because the N-termi-
nal extremity of Annexin2 is crucial for its tetramerization with
S100A10, we chose not to use it as a fusion protein. Instead, we
expressed Annexin2 as a free molecule in addition to LexA-
Ahnak-Cter and Gal4-S100A10 (33). By doing so, it was possi-
ble to analyze in yeast the effect of Annexin2 on Ahnak-Cter/
S100A10 interaction. The interactions between Ahnak-Cter
and S100A10 were then assessed in a quantitative manner
through measurement of �-galactosidase activity. Results pre-
sented in Fig. 1A show that a subtle but detectable interaction is
observed between S100A10 and Ahnak-Cter when they are
expressed in the absence of Annexin2. However, when
Annexin2 is co-expressed with LexA-Ahnak-Cter and Gal4-
S100A10, the specific activity is dramatically increased by a fac-

FIGURE 1. Tetramerization of S100A10 and Annexin2 is required for tight
interaction with the Ahnak C-terminal domain. A, in yeast, the weak
Ahnak-Cter/S100A10 interaction is drastically stimulated in the presence of
Annexin2. Yeasts were co-transfected with pLex-Ahnak-Cter, pAct-S100A10,
or/and pEG202�LexA-Annexin2 vectors as indicated. pLex-Lamin (lanes 2, 3,
and 6), pAct (lanes 1, 3, and 5), and pEG202�LexA (lanes 1, 2, and 4) were used
as negative control (�). The interactions were scored by �-galactosidase
activity assays. Specific activities were obtained from three independent
clones tested in triplicate (n � 9). B, Annexin2/S100A10 binding motif is
involved in A2t/Ahnak C-ter interaction. Native A2t, isolated S100A10,
Annexin2, and/or synthetic N-acetylated Annexin2 (1–13) peptide, were
mixed as indicated with GST-Ahnak-Cter bound to glutathione-Sepharose.
After washing, bound proteins were resolved by SDS-PAGE and detected by
Western blot.
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tor of more than 150. No effect was seen when Annexin2 was
expressed alone or solely with LexA-Ahnak-Cter or Gal4-
S100A10. These results indicate that in eukaryotic cells, the
presence of Annexin2 and thus, most likely, the formation of
the tetramer, is required for efficient S100A10 interaction with
Ahnak-Cter. In this complex, the interaction between S100A10
and Ahnak-Cter would be strengthened by Annexin2 through
either direct interaction of Annexin2 with Ahnak-Cter or by
modulation of the S100A10 affinity for Ahnak.
To investigatewhetherAnnexin2 could directly interactwith

Ahnak-Cter and to further characterize the A2t interaction
with Ahnak, we performed in vitro binding experiments. The
C-terminal domain of Ahnak was produced as a GST-tagged
protein and used in a pull-down assay. S100A10 and Annexin2
subunits isolated from pig intestine (see “Experimental Proce-
dures”) were added either individually or in combination in the
binding assay. Under the conditions of the assay, no interaction
of Ahnakwith S100A10 nor with Annexin2was detectable (Fig.
1B, lanes 1 and 2). As expected from the triple hybrid data,
when S100A10 and Annexin2 are mixed together they readily
bind to Ahnak-Cter (lane 3). To investigate whether the full-
length Annexin2 protein or solely the S100A10 binding site on
Annexin2 influences the binding of A2t to Ahnak, an N-acety-
lated Annexin2 peptide (amino acids 1–13) harboring the
entire S100A10 binding site was tested in the assay (19). As
shown in Fig. 1B (lane 5), the peptide mimicks the action of the
full-length protein in allowing complex formation between
S100A10 and Ahnak-Cter. We have verified the specificity of
the peptide action through integration within A2t by testing its
ability to competewith full-lengthAnnexin2.When the peptide
was added in the assay in the presence of S100A10 and in excess
as compared with Annexin2, Annexin2 was displaced from the
complex (Fig. 1B, upper lane 4) although S100A10 is still pres-
ent (Fig. 1B, bottom lane 4). Noticeably, a stronger interaction
of S100A10 with Ahnak-Cter was detected in the presence of
Annexin2 peptide than in the presence of full-length Annexin2
(compare lanes 3 and 4). This observation suggests that in A2t,
it is the S100A10 binding domain of Annexin2 that stimulates
the interaction with Ahnak. However, because Annexin2 and
S100A10 used in this experiment were subjected to a denatur-
ation/renaturation protocol (see “Experimental Procedures”),
we could not exclude the possibility of an artifact caused by
improper refolding. We therefore performed the experiment
with the native A2t complex. Here again, the Annexin2 peptide
by dissociating the complex and replacing Annexin2, induces
S100A10 binding to Ahnak (Fig. 1B, lanes 6 and 7). Altogether,
these data indicate that, by binding to S100A10, Annexin2 cre-
ates conditions for a strong S100A10/Ahnak interaction. We
can envision that this effect is due either to a change in the
S100A10 conformation or to the formation of a binding plat-
form at the interface between S100A10 and the Annexin2
N-terminal peptide.
To map the A2t binding domain on Ahnak-Cter, we com-

pared the interaction of A2t with a series of GST-Ahnak-Cter
deletionmutants by pull-down assays (Fig. 2A). Using this strat-
egy, we mapped the A2t binding sequence in Ahnak-Cter to a
20-amino acid peptide comprising residues 5645–5673 (Fig.
2A). When further deletions of 5 or 9 residues from the N- or

C-terminal extremity, respectively, were made, the peptide lost
its binding properties, indicating that these residues are crucial
for the interaction. This 20-amino acid peptide that binds A2t
will hereafter be referred to as A2tBP1 (for A2t Binding Peptide
1). GST pull-down assay, using cytoplasmic extracts of MDCK
cells metabolically labeled with [35S]methionine/cysteine,
showed that A2tBP1 is equivalent to Ahnak-Cter for its ability
to bind A2t (Fig. 2B, left panel, lanes 3 and 4). Annexin2 and
S100A10 whose identity was assessed by Western blot bound
specifically and to a similar extent to both GST fusion con-
structs (Fig. 2B, right panel). Furthermore, a synthetic A2tBP1
readily antagonized the interaction between GST-Ahnak-Cter
and the A2t (Fig. 2C), confirming that A2tBP1 constitutes the
entire A2t binding domain of GST-Ahnak-Cter. More impor-
tantly, Fig. 2B (left panel) indicates that Annexin2 and S100A10
are the major if not the only proteins pulled-down by GST-
Ahnak-Cter and GST-A2tBP1. Using GST-A2tBP1 bound to a
biosensor chip via anti-GST antibodies, we next analyzed the
kinetics of binding of purified native A2t complex to GST-
A2tBP1 (Fig. 2D). The sensorgram shows a fast binding and a
slow release kinetics indicating a high affinity between GST-
A2tBP1 and A2t. Indeed, the ka and kd derived from three dif-
ferent curves ranged from 5 to 16 � 104 (ka) and 2.3 to 2.6 �
10�3 (kd), which gives aKd of 3(	1.5)� 10�8 (see “Experimen-
tal Procedures”). The high affinity of A2t binding to A2tBP1
with a kd of 2.4 � 10�3 is consistent with the observation that,
while the A2tBP1 synthetic peptide efficiently competed with
Ahnak-Cter for binding to A2t (Fig. 2C), it only weakly dis-
placed A2t from GST-Ahnak-Cter/A2t or GST-A2tBP1/A2t
preformed complex (data not shown). To conclude, we have
identified the minimal domain in the C-terminal domain of
Ahnak that binds specifically and with a high affinity to the A2t
complex.
To identify other A2t-specific binding partners, we

searched in data banks for proteins containing motifs
homologous to A2tBP1. Surprisingly, in addition to Ahnak
A2tBP1 from other mammalian species, only two peptides
both belonging to Ahnak molecules showed significant
homology with A2tBP1. The A2tBP1 sequence is strictly
conserved in the C-terminal domain of all mammalian
Ahnak for which sequences are available, indicating that this
sequence is probably necessary for the function of the mol-
ecule. The two other sequences homologous to A2tBP1 are
located at two different sites within the N-terminal domain
of Ahnak. In human Ahnak, the first peptide corresponding
to residues 302–321 shows 65% identity/75% homology with
the A2tBP1 peptide (Fig. 3A, upper lanes). Its conservation
among mammalian species ranges from 65% identity (Rattus
versus Canis) to 90% identity (human versus Taurus). The
second peptide localized at position 426–447 of human
Ahnak harbors 50% identity/65% homology with A2tBP1
(Fig. 3A, bottom lanes). Among mammalian Ahnak proteins,
this domain is also well conserved when compared with the
human sequence with 68% identity/78% homology to 81%
identity/95% homology for the Rattus and the Canis
sequences, respectively. These homologies with A2tBP1 and
conservation during evolution prompted us to investigate by
GST pull-down assays using MDCK cell extracts, whether
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FIGURE 2. Identification of a 20-amino acid motif on Ahnak C-ter specific for S100A10/Annexin2 complex. A, mapping of a 20-amino acid motif from
Ahnak C-ter that interacts with the A2t complex. GST-Ahnak C-terminal domain or deletion mutants (as indicated) were bound to glutathione-Sepharose and
incubated with MDCK cell extract. After pull-down, and washing, bound Annexin2 and S100A10 proteins were resolved by SDS-PAGE and detected by Western
blot. The presence of bound Annexin2 and S100A10 detected by Western blot is indicated on the right and by a gray box on the schematic representation of
the Ahnak. Amino acid positions of the fragments within the Ahnak full-length sequence is indicated on the left. The sequence of the smallest fragment
competent for Annexin2/S100A10 binding corresponding to Ahnak-(5645–5673) is presented on the bottom. Bold letters indicate residues whose deletion
impaired Annexin2/S100A10 binding. B, Annexin2 and S100A10 are specific Ahnak C-ter and A2tBP1 targets. [35S]methionine/cysteine-labeled MDCK whole
cell extracts (lane 1) were incubated with GST (lane 2) and GST-A2tBP1 (lane 3) or GST-Ahnak C-ter (lane 4) bound to glutathione-Sepharose. Interacting proteins
were resolved on SDS-PAGE and detected by autoradiography (left panel) or Western blot using anti-Annexin2 and anti-S100A10 monoclonal antibodies (right
panel). C, A2t binding strength of A2tBP1 is comparable to that of Ahnak C-ter. MDCK cell extracts were incubated with GST fusion Ahnak C-ter in the absence
or in the presence of increasing A2tBP1concentrations. Bound proteins were analyzed by Western blotting using anti-Annexin 2 and anti-S100A10 antibodies.
The molar A2tBP1/Ahnak C-ter ratio is indicated. D, real-time surface plasmon resonance recording. The association curve (light box) of the sensorgrams were
recorded after injection (light arrowhead) of A2t (595 nM) onto GST-A2tBP1 (upper curve) or GST (lower curve) immobilized on the sensor chip. After 10 min, A2t
injection was stopped (dark arrowhead), and the dissociation curve was recorded (dark box).
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these two peptide motifs could interact with A2t. As shown
in Fig. 3B, the C-terminal domain and A2tBP1 interacted
significantly with A2t in these assays (lanes 5 and 6; see also
Fig. 1). The N-terminal domain containing the two putative
binding sequences also interacted with A2t (lane 3) even
though its affinity for A2t seemed lower than that of the
C-terminal domain. The peptide corresponding to residues
302–321 of human Ahnak bound to A2t to a similar extent as
the N-terminal domain from which it is derived (lane 7). In
contrast, the peptide 426–447 of human Ahnak did not
interact detectably with A2t (lane 8). GST alone and the
median domain (M) of Ahnak containing 4 Ahnak internal
repeats (38), used as controls, did not show any interaction
with A2t. Taken together, these data indicate the existence,
in Ahnak, of a second sequence closely related to A2tBP1 and
capable of interacting with A2t, albeit with a slightly less
avidity than A2tBP1. This A2t binding domain was called
A2tBP2.
To confirm that in eukaryotic cells, A2tBPs interactwithA2t,

the peptide-coding sequences were cloned in-fusion with the
EGFP gene, and stable transformants of MDCK cells were
obtained. Because A2t has been shown to interact with the
membranous fraction in a calcium-dependentmanner, the cells
were lysed either in the presence of calcium or in the presence
of EGTA. Cellular debris including membranes were pelleted,
and partitioning of A2t subunits and A2tBPs into the pellet and
in the supernatant was analyzed by Western blot. Results pre-
sented in Fig. 4A show that as expected, Annexin2 and S100A10
are essentially present within the pelletable fraction in the pres-

ence of calcium (compare upper lanes 1 to 2 and 3 to 4). In
contrast, in the presence of EGTA, both were found in the
supernatant (lanes 2 and 4) and not in the pellet (lanes 1 and 3).
When we analyzed the fractionation of EGFP fusion peptides,
we observed that A2tBP1 and to a lesser extent A2tBP2 pro-
mote a calcium-dependent association of EGFPwith the pellet-
able fraction. Whereas EGFP alone distributed into the super-
natant fraction independently of the presence of calcium (lanes
5 and 6), A2tBP1 and 2 fused to EGFP were found in the pellet-
able fraction in the presence of calcium (compare bottom lanes
7 to 10). A2tBP2 showed a less prominent recruitment com-
pared with EGFP-A2tBP1. These data indicate that calcium
promotes a recruitment of Annexin2, S100A10, A2tBP1, and to
a lesser extent A2tBP2 to insoluble cellular components.
Because this effect has already been shown for A2t (39) and
given the binding specificity and affinity of A2tBP1 for A2t, we
can assume that in these experiments, A2tBPs fractionation is
dependent on their interaction with A2t. We then carried out
co-immunoprecipitation experiments to confirm the in vivo
interaction ofA2twithA2tBPs inMDCKcells (Fig. 4B). For this
purpose, we used protein fractions obtained under the same
(Ca2�/EGTA) conditions as described above. Fig. 4B shows
that Annexin2 and S100A10 present in the calcium pellet (Fig.
4A, lanes 1 and 3) or in the EGTA supernatant (Fig. 4A, lanes 2
and 4) co-immunoprecipitated with EGFP-A2tBP1 (Fig. 4B,
lanes 7 and 8) and to a lesser extentwith EGFP-A2tBP2 (Fig. 4B,

FIGURE 3. Identification of a second A2t binding motif in the Ahnak pro-
tein. A, comparison of A2tBP1 with Ahnak residues 302–321 (upper lanes) and
426 – 447 (bottom lanes). Dark gray and light gray indicate identical and homo-
logue residues, respectively. B, GST-Ahnak N-terminal domain and GST-Ah-
nak residues 302–321 bind to S100A10 and Annexin2. GST alone (lane 2) or
fused to the N terminus (lane 3), part of the median domain (M, lane 4), the
C-terminal domain (lane 5), A2tBP1 (lane 6), Ahnak-(302–321) (lane 7), and
Ahnak-(426 – 447) (lane 8) were used in the pull-down assay with MDCK cell
extracts. Bound S100A10 and Annexin 2 were detected by Western blot.

FIGURE 4. EGFP-A2tBP1 interacts with S100A10 and Annexin2 in MDCK
cells. A, EGFP-A2tBP1 expressed in MDCK cells co-fractionate in a calcium-de-
pendent manner with Annexin2 and S100A10. MDCK cells stably transformed
with EGFP (lanes 1– 6), EGFP-A2tBP1 (lanes 7 and 8), or EGFP-A2tBP2 (lanes 9
and 10) were lysed in the presence of 0,3 mM Ca2� (upper panel) or 1 mM EGTA
(lower panel). Lysates were spun down, and pellets (P) and supernatants (S)
were analyzed by Western blot using anti-Annexin2 (lanes 1 and 2), anti-
S100A10 (lanes 3 and 4), or anti-EGFP (lanes 5–10). B, EGFP-A2tBPI co-immu-
noprecipitates with Annexin2 and S100A10. Calcium concentration of the
pellets (lanes 1, 3, 5, and 7) and supernatants (lanes 2, 4, 6, and 8) from A were
adjusted to 0.3 mM. EGFP (lanes 1 and 2), EGFP-A2tPB1 (lanes 3 and 4), and
EGFP-A2tBP2 (lanes 5 and 6) were immunoprecipitated using anti-EGFP anti-
bodies, and the presence of co-immunoprecipitated Annexin2 (two upper
panels) and S100A10 (two bottom panels) was analyzed by Western blot.
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lanes 9 and 10). As expected, Annexin2 and S100A10 were not
found associated to immunoprecipitated EGFP (Fig. 4A, lane 6)
present in the EGTA supernatant (Fig. 4B, lane 2). Together,
these data indicate that in MDCK cells, overexpressed A2tBP1
is associated in a tight complex with A2t.
To test whether A2tBP1 could be used to trace A2t within

cells, we carried out live fluorescence analysis of EGFP-A2tBPs
and Annexin2-EGFP overexpressed in MDCK (Fig. 5). As pre-
viously described, EGFP alone was localized throughout the
cells with an accumulation within the nucleus (panel A). When
EGFPwas fused toAnnexin2, its localization became essentially
cytoplasmic (panel D). A2tBPs also targeted EGFP to the cyto-
plasm (panels G and J) as expected if they were to interact in the
cytoplasm with A2t. Annexin2 was shown to be relocalized in
response to oxidative stress (40). We therefore tested whether

Annexin2-EGFP and EGFP-A2tBPs
localization under our cellular con-
ditions would change in response to
H2O2 treatment. As shown in pan-
els E, H, and K, H2O2 treatment led
to a fast re-localization to the
plasma membrane of Annexin2-
EGFP and EGFP-A2tBP1 and 2,
respectively. Localization changes
were observable after 2min of treat-
ment (data not shown) and com-
pleted after 5 min. These modifica-
tions of intracellular localization
were entirely reversible when trans-
ferring the cells back to fresh culture
medium (data not shown). We
notice that in agreement with its
weaker interaction with A2t,
A2tBP2 was less efficient than
A2tBP1 in targeting EGFP to the
cytoplasm in resting cells (compare
panels G and J) and to the plasma
membrane of H2O2-treated cells
(compare panels H andK). The con-
trast in EGFP fluorescence between
the nucleus and the cytoplasm
under both conditions and between
the cytoplasm and the plasmamem-
brane in treated cells is stronger
with EGFP-A2tBP1 than with
EGFP-A2tBP2. We also tested the
response of the EGFP fusion pro-
teins to a mechanical stress induced
by wounding of a cell monolayer.
Here again, Annexin2-EGFP, EGFP-
A2tBP1, and EGFP-A2tBP2 within
the cells close to the wound re-local-
ized to the plasma membrane during
the few minutes required for the
observation (panelsF, I, andL, respec-
tively). Neither H2O2 nor wounding
had any effect on GFP cellular distri-
bution. It is interesting to note that

these relocalization events are detectable only in living cells since
after fixation and immunodetection, EGFP-A2tBP1, Annexin2-
EGFP, and endogenous Annexin2 are essentially detected at the
plasma membrane in resting cells (data not shown). Together,
these data indicate that EGFP-A2tBP1 expressed in MDCK fol-
lows the Annexin2-EGFP localization. Given our previous data
indicating that A2tBP1 binding is specific for A2t, we can assume
that EGFP-A2tBP1 localization is dependent on and reflects the
endogenous A2t localization.

DISCUSSION

In this article, we have shown that efficient S100A10 interac-
tion with Ahnak requires its tetramerization with Annexin2.
The fact that the Annexin2 contribution localizes to the first 13
amino acids of Annexin2 corresponding to its S100A10 binding

FIGURE 5. Annexin2 and A2tBP1 re-localize from the cytosol to the plasma membrane in response to
cellular stress. MDCK cells stably transfected with EGFP, Annexin2-EGFP, EGFP-A2tBP1 and 2 as indicated were
either treated with 1 mM H2O2 or scraped (Scrap) with a fine tip pastette (dotted line). EGFP fluorescence of
living cells was recorded after 5 min with a confocal microscope. Scale bars indicated in the bottom panels are
of 100 micrometers in control and H2O2 treatments and 50 micrometers for the scraping experiments.
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site suggests that it might act by changing the conformation of
S100A10 and thereby increasing S100A10 affinity for Ahnak.
The crystal structure of the S100A10 dimer alone or in complex
with the Annexin2 binding site has been solved (20). S100A10,
as the other members of the S100 proteins, is composed of two
EF-handmotifs linked by a flexible loop. In the S100A10 dimer,
the flexible loop (L2) of each subunit adopts a different confor-
mation leading to an asymmetric structure. In the complex, the
two S100A10molecules adopt the same conformation in which
the flexible loops form short stretch of �-helices implicated in
part in binding to theAnnexin2 peptide. Such a conformational
change could explain the increase in the interaction of the
Annexin2 peptide-S100A10 complex with Ahnak. However,
when bound to S100A10, the Annexin2 peptide is exposed to
the surface of the complex.We thus cannot exclude that it may
form together with S100A10 a platform in which each subunit
would participate to Ahnak binding. A2t formed with full-
length Annexin2 is less efficient in binding Ahnak than the
Annexin2 peptide-S100A10 complex. One can speculate that
this difference is caused by steric constraint for the formation of
the A2t/Ahnak-Cter complex providing a way for A2t to mod-
ulate its binding with its targets through a change in Annexin2
conformation. Crystallographic studies would be useful to
reveal the real nature of A2t binding to its targets. Co-crystalli-
zation of S100A10 with full-length Annexin2 has not been
achieved to date. This might be because of the flexibility
between the N-terminal S100A10 binding region and the core
domain. In this regard, A2tBP1 might be a powerful tool for a
co-crystallization assay with A2t.
A2tBP1 was identified in this report as a twenty amino acid

peptide in AhnakC-ter that mediates the interaction with A2t.
A2tBP1 is the first binding motif specific for the tetramer char-
acterized to date. This peptide is 100% conserved among dif-
ferent mammalian Ahnak species, indicating that it is likely
to be involved in key functions. Because the only cellular
binding partners detected for A2tBP1 are the A2t subunits,
we propose that Ahnak binding to A2t is required for crucial
cellular functions probably including the targeting of Ahnak
to cholesterol-rich membrane domains and the establish-
ment of cell polarity (33). Surprisingly, the only two motifs
found in data banks as homologs of A2tBP1 are in the Ahnak
molecule itself. No homology was found when comparing
A2tBP1 to known S100A10 or Annexin2 targets (data not
shown) suggesting that they probably do not share the same
mode of interaction with A2t. Among the two A2tBP1
homolgous peptides that are localized in the N-terminal
domain of Ahnak, only one, named A2tBP2 interacts in vitro
with A2t, albeit with a lower apparent binding affinity for
A2t than A2tBP1. Unfortunately, sequence comparison could
not clearly point out specific residues of A2tBP1 conserved in
A2tBP2 and absent from the third non-A2t-interacting homo-
logue (data not shown). Identification of A2tBP1 residues
involved in the interactionwithA2t will requiremutagenesis or
structural investigations.
We have shown that A2tBP1 binds specifically and with

high affinity to the A2t complex but not to the individual
S100A10 or Annexin2 subunits. A2t was the only detectable
A2tBP1 cellular binding partner in GST pull-down assays

using metabolically labeled cell extracts. In addition, EGFP-
A2tBP1 co-fractionated in a calcium-dependent manner and
co-immunoprecipitated with S100A10 and Annexin2. These
data suggest that EGFP-A2tBP1 could be used to follow A2t
localization in living cells. Indeed, EGFP-A2tBP1 localiza-
tion is identical to that of Annexin2-EGFP in resting cells
and changes with the same dynamics as Annexin2-EGFP
upon cellular stress. Given our previous data, we can reason-
ably assume that it is the interaction of A2tBP1 with endog-
enous A2t that is responsible for EGFP-A2tBP1 localization
in cells. This statement is strengthened by the observation
that A2tBP2, which has a reduced binding affinity to A2t, is
also less efficient in targeting EGFP to sites of Annexin2
localization.
Because, A2t is thought to be involved inmembrane traffick-

ing/remodeling and is likely to associate with various cellular
components including small organelles (5–9,41), the identifica-
tion of its cellular location is of major importance to study its
mechanisms of action. Carrying out live imaging experiments
will be required to study dynamic events in which endogenous
A2t takes part and to avoid artifacts caused by immunodetec-
tion techniques. We believe that EGFP-A2tBP1 might consti-
tute a critical tool to dissect functions strictly involving the
complex and not the individual subunits. In this respect, our
live experiments strongly suggest that A2t complex exists in the
cytoplasm of resting cells and that its plasma membrane local-
ization relies on cellular signaling.
The subunit of A2t, which is implicated in membrane bind-

ing, may depend on the cellular context. It has been shown in
chromaffin cells that p11 is constitutively expressed at the sub-
plasmalemmal region of the cell and that Annexin2 plasma
membrane localization relies on nicotinic activation and cal-
cium rise (42). In huvec, S100A10 is required for cell surface
translocation of Annexin2 upon temperature stress (43). In
contrast, in living HepG2 cells, Annexin2 is the subunit that
mediates A2t complex binding to the plasma membrane (44).
Several mechanisms can be envisioned to participate in the

stress-induced A2t targeting to the plasma membrane. On the
onehand,becauseA2tinteractionwiththemembraneiscalcium-
dependent and because both H2O2 treatment (45) and cellular
wounding (46) can induce a rapid increase of intracellular cal-
cium, one can speculate that the observed membrane localiza-
tion ofA2t is caused by transient calcium increase.On the other
hand, oxidization treatment as well as wounding (47) may
induce alteration of some membrane lipids such as peroxida-
tion (48) that would promote binding of A2t. Alternatively,
stress-induced A2t membrane localization could involve direct
modification of Annexin2 such as tyrosine phosphorylation
(43).
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Specific AHNAK Expression in Brain Endothelial
Cells With Barrier Properties

BENOÎT J. GENTIL,1 CHRISTELLE BENAUD,1 CHRISTIAN DELPHIN,1 CHANTAL REMY,3
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The blood–brain barrier (BBB) is essential for maintaining brain homeostasis and low permeability. Because disruption of the BBB
may contribute to many brain disorders, they are of considerable interests in the identification of the molecular mechanisms of BBB
development and integrity. We here report that the giant protein AHNAK is expressed at the plasma membrane of endothelial cells
(ECs) forming specific blood–tissue barriers, but is absent from the endothelium of capillaries characterized by extensive molecular
exchanges between blood and extracellular fluid. In the brain, AHNAK is widely distributed in ECs with BBB properties, where it
co-localizes with the tight junction protein ZO-1. AHNAK is absent from the permeable brain ECs of the choroid plexus and is down-
regulated in permeable angiogenic ECs of brain tumors. In the choroid plexus, AHNAK accumulates at the tight junctions of the
choroid epithelial cells that form the blood–cerebrospinal fluid (CSF) barrier. In EC cultures, the regulation of AHNAK expression
and its localization corresponds to general criteria of a protein involved in barrier organization. AHNAK is up-regulated by
angiopoietin-1 (Ang-1), a morphogenic factor that regulates brain EC permeability. In bovine cerebral ECs co-cultured with glial
cells, AHNAK relocates from the cytosol to the plasma membrane when endothelial cells acquire BBB properties. Our results
identify AHNAK as a protein marker of endothelial cells with barrier properties. J. Cell. Physiol. 203: 362–371, 2005.
� 2004 Wiley-Liss, Inc.

The giant phosphoprotein AHNAK (also called des-
moyokin; Mr 700 kDa) was first identified in two
independent studies as a component of desmosomal
attachment plaques in stratified skin epithelium (Hieda
and Tsukita, 1989; Hashimoto et al., 1993) and as a gene
whose transcription is repressed in neoplastic neuro-
blasts, in comparison to differentiated derivatives of
the neuroectodermal lineage (Shtivelman et al., 1992).
More recently in rodent fibroblasts, the transcription of
AHNAK was found to be subject to a strong down-
regulation by transforming Ras alleles (Zuber et al.,
2000). AHNAK has also been found associated with a
new type of vesicles called ‘‘enlargosomes.’’ Enlargosome
have been proposed to participate in cell membrane
differentiation and repair (Borgonovo et al., 2002). In
epithelial cell model, the protein AHNAK relocates from
the cytosol to the cytosolic surface of the plasma
membrane during the formation of cell–cell contacts
and the development of epithelial polarity (Sussman
et al., 2001). This targeting is reversible and regulated
by Ca2þ-dependent cell–cell adhesion (Benaud et al.,
2004). At the plasma membrane AHNAK associates as a
multimeric complex with actin (Hohaus et al., 2002) and
the annexin 2/S100A10 complex (Benaud et al., 2004). In
epithelial cells, the preferential association of AHNAK
with lipid raft domains of the plasma membrane sug-
gests that AHNAK could be implicated in regulation of
signaling pathways that are compartmentalized within
these microdomains (Benaud et al., 2004). Several
others putative interacting proteins for AHNAK have
been identified in vitro, including PLCgamma (Sekiya
et al., 1999), the beta subunit of cardiac L-type calcium
channels (Haase et al., 1999), and the brain specific

calcium- and zinc-binding protein S100B abundantly
expressed in the perivascular processes of astrocytic
dendrites (Gentil et al., 2001).

One approach to further delineate the biological func-
tions of AHNAK is to analyze its expression and localiza-
tion in tissues. In adult mouse, AHNAK is expressed at
the plasma membrane of most muscular cells including
cardiomyocytes, skeletal muscle cells, smooth muscle
cells, fibromyocytes, and myoepithelial cells. AHNAK is
also highly expressed at the plasma membrane of epi-
thelia that define body compartments and form physical
barriers where passive diffusion is limited (Hashimoto
et al., 1995; Benaud et al., 2004). We here show that
AHNAK is also specifically expressed in ECs with spe-
cific blood–tissue barriers properties, but is absent from
the endothelium of capillaries characterized by exten-
sive molecular exchanges between blood and extracel-
lular fluid. We also show that, in embryonic stem (ES)
cell-derived endothelial cells, AHNAK expression and
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membrane localization is stimulated by angiopoietin-1
(Ang-1). Ang-1 is considered as a key molecule respon-
sible for astrocyte-mediated brain vascular remodeling
that regulates brain endothelial cell permeability
(Acker et al., 2001; Uemura et al., 2002; Lee et al.,
2003). Moreover, in an in vitro EC blood–brain barrier
model consisting of ECs co-cultured with glial cells, the
targeting of AHNAK to the endothelial cells plasma
membrane strictly correlates with the development of
barrier properties. Collectively, our data suggest that
AHNAK is a protein linked to the establishment of cell
barrier properties.

MATERIALS AND METHODS
Antibodies

Primary antibodies directed against von Willebrand Factor
were from DAKO (Carpinteria, CA), rat anti ZO-1 clone 6A1
was from Biogenesis (Poole, UK), rat anti-PECAM is a hybri-
doma supernatant from clone MEC13-3 (Vecchi et al., 1994),
FITC-conjugated anti-mouse PECAM was from Pharmingen
(San Diego, CA). Rabbit polyclonal anti-human occludin and
rabbit polyclonal anti-human zonula occludens (ZO-1) were
from Zymed Laboratories, Inc. (San Francisco, CA). The affi-
nity purified rabbit polyclonal anti KIS-AHNAK antibodies
were developed in our laboratory (Benaud et al., 2004). Alexa
488 anti-rat and anti-mouse secondary antibodies were from
Molecular Probes (Leiden, The Netherlands). Cyanin 3 and
cyanin 5 anti-rat and anti-rabbit secondary antibodies were
from Jackson ImmunoResearch Laboratories (West Grove, PA).

Immunoblot

For whole tissues, brain cortex and cerebellum were re-
moved from adult mouse, minced, and quickly frozen with
liquid nitrogen. Tissues were homogenized with a glass homo-
genizer in SDS-sample buffer. For ES cell extracts, undiffer-
entiated ES cells (day 0) and ES-derived embryoid bodies (EBs)
at day 3, 4, 5, 6, 7, 10, 12 after the induction of differentiation
were lysed in SDS-sample buffer. Extracts were then heated
at 908C for 3 min in denaturation buffer (2% SDS, 25 mM
Tris-HCl, pH 6.8, 10% glycerol, 0.1% bromophenol blue, 1 mM
EDTA). Proteins were separated on 5% SDS–PAGE and
immunoblotting were carried out with affinity-purified KIS
antibody.

Immunofluorescence and electron microscopy

Mouse and rat tissues were frozen in isopentane at �808C
and cut in 10 mm cryostat sections. Slides were fixed with 4%
paraformaldehyde for 30 min before permeabilization for 5 min
with 0.5% Triton X-100 in TBS. Whole choroid plexus were
dissected from mouse brain in phosphate buffer saline (PBS)
and fixed in methanol at�208C for 5 min. After extensive wash
and goat serum blocking, primary antibodies were incubated
overnight at 48C at the following dillutions: KIS-AHNAK
0.3 mg/ml; PECAM 1:5; ZO-1 1:500. Slides were then incubated
with secondary antibodies for 1 h and nuclear counterstaining
was performed with HOECHST 33258 (1 mg/ml). Double
immunofluorescence analysis was performed using confocal
microscopy (Leica TCS-SP2) and fluorescence microscopy
(Zeiss Axiovert 200M). Images were directly captured, saved,
and transferred to Adobe Photoshop1 5.5.

Cryostat sections (10 mm) from EBs or frozen brain embed-
ded into Tissue-tek OCT compound (Sakura Finetek, Zoeter-
woude, The Netherlands) were collected onto polylysine coated
glass slides. Collagen gels containing EBs were transferred
onto glass slides, then dehydrated in seconds using nylon linen
and absorbent filter cards and conserved at �808C. For elec-
tron microscopy, we used the ABC system from DAKO. Briefly,
200 mm thin floating slides were neutralized for endogenous
peroxidase with 3% H2O2, followed by 0.5% sodium azide in
TBS for 10 min. KIS-AHNAK antibody was then used as
described above. After incubation with a biotinylated second-
ary antibody and extensive washes, an avidin/biotin-horse
raddish peroxidase complex was used. The immunoreaction
was revealed using diamino benzidine (DAB). Immunoreaction
without the primary antibody was used as control. After per-

oxidase staining, slides were fixed with 0.5% osmium tetroxide
and dehydrated for epon infiltration and embedding. Then,
300 nm sections were counterstained with 5% uranyl acetate
and observed on a JEOL 1200 EX II electron microscope at
80 kV.

Tumor models

Tumors were induced in male Wistar rats by stereotactic
injection of 104 9L glioma cells, 3 mm under the dura, into the
striatum. Animal care and all experiments performed on the
animals are conformed to the guidelines of the French Govern-
ment (Decree Number 87–848, October 19, 1987, Licenses
006722 and A38071). Brain of rats were removed 10 days after
cell implantation and freezed in isopentane at �808C for
cryostat section. Ten micrometers coronal sections of the brain
were immunostained with anti-AHNAK or anti-PECAM
antibodies.

Primary differentiation of ES cells

CJ7-ES cells were grown as previously described (Vittet
et al., 1997). ES cells were initiated to differentiate in Iscove’s
medium containing glutamax (IMDM, Invitrogen, Groningen,
The Netherlands) supplemented with 1% methylcellulose
(StemCell Technologies, Inc., Vancouver, Canada), 15% fetal
calf serum (Biochrom, Berlin, Germany), 450 mM monothio-
glycerol, 10 mg ml�1 insulin (Roche Diagnostics, Meylan,
France), 50 U ml�1 penicillin, and 50 mg ml�1 streptomycin.
To improve differentiation into the endothelial lineage, ES cell
differentiation was performed in the presence of a growth
factor (GFs) cocktail containing 50 ng ml�1 human vascular
endothelial growth factor (VEGF; Peprotech, Rocky Hill, NJ),
100 ng/ml human basic fibroblast growth factor (FGF2;
Peprotech), 2 U ml�1 mouse erythropoietin (EPO; Roche Diag-
nostics), and 10 ng ml�1 murine interleukin 6 (IL6; Peprotech),
as described previously (Vittet et al., 1997). ES cells (1.25�
103 cells ml�1) were seeded in a final volume of 2 ml in 35 mm
bacterial grade Petri dishes (Greiner, Nurtingen, Germany).

Embryoid body maturation into type I collagen gels

For secondary culture into collagen gel, EBs were collected
after 11 days of differentiation by dilution of the semi-solid
methylcellulose medium with IMDM Glutamax. After centri-
fugation (200g, 5 min) and two further washes, EBs were
suspended in IMDM Glutamax and mixed with a collagen
culture medium at a final concentration of 50 EBs ml�1. Final
composition of freshly prepared collagen-based culture med-
ium was as described (Feraud et al., 2001). IMDM containing
1.25 mg ml�1 rat tail collagen, type I (Becton Dickinson,
Bedford, MA), 15% fetal calf serum (Biochrom), 450 mM mono-
thioglycerol, 10 mg ml�1 insulin, 50 U ml�1 penicillin, and 50 mg
ml�1 streptomycin. After thorough mixing of EBs into collagen-
based medium, 1.2 ml were dispensed into 35 mm bacterial
petri dishes. Cultures were performed in the presence of the
GFs/angiogenic factor cocktail that was shown to induce
sprouting angiogenesis from the initial EB cord-like vascular
structures (Feraud et al., 2001) not supplemented or supple-
mented with recombinant angiopoietin 1 (0.5mg ml�1) obtained
from R&D Systems (Ref: 923-AN-025).

Co-Culture of bovine brain capillary endothelial
cells (BCEC) and at glial cells

BCEC were isolated from bovine brain cortex according to
Meresse et al. (1989). A pure endothelial cell population with
no pericyte contamination is obtained. The cells were cultured
in Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% (vol/vol) heat-inactivated calf serum and 10% (vol/
vol) horse serum (Hyclone Laboratories, Logan, UT), 2 mM
glutamine, 50 mg/ml gentamycin and basic fibroblast growth
factor (bFGF, 1 ng/ml, added every other day).

Primary cultures of mixed glial cells were prepared from
newborn rat cerebral cortex. After removing the meninges, the
brain tissue was forced gently through a nylon sieve as des-
cribed by Booher and Sensenbrenner (1972). Glial cells were
then plated on 6-multiwell dishes (Nunc, Roskilde, Denmark)
at a concentration of 1.2� 105 cells/ml in 2 ml of DMEM sup-
plemented with 10% (vol/vol) fetal calf serum (Hyclone
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Laboratories). The medium was changed twice a week. The
glial cells consist of 60% astrocytes, plus oligodendrocytes, and
microglial cells.

After stabilization of the glial cells, collagen-coated filters
were set in the 6-well dishes and BCECs were plated on the
upper side of the filters. Co-cultures are left for 12 days (5 days
after confluence) to acquire all characteristics of the BBB
(Cecchelli et al., 1999). In the no co-cultured condition, BCECs
were grown on filters without glial cells for 12 days.

Transendothelial transport studies

On the day of the experiments, Ringer-HEPES (150 mM
NaCl, 5.2 mM KCl, 2.2 mM CaCl2, 0.2 mM MgCl2, 6 mM
NaHCO3, 2.8 mM glucose, 5 mM HEPES) was added to the
lower compartments of a 6-well plate (2.5 ml per well). Filters
(triplicates per condition) were then transferred into the
first wells of the six-well plate containing Ringer, and
Ringer containing 0.1 mCi [14C]sucrose (Amersham Bio-
sciences, Buckinghamshire, England, UK) at 378C was placed
in the upper compartments. At different times after addition of
sucrose (15, 30, 45, 60 min), filters were transferred to another
6-well plate to minimize the possible passage from the lower to
the upper compartment. Incubations were performed on a
rocking platform at 378C. The samples were taken from a lower
and upper compartment for estimation of radioactivity in a
liquid scintillation counter (Tri Carb 2100, Packard Instru-
ment Company, Meriden, CT). Permeability calculations were
performed as described by Siflinger-Birnboim et al. (1987). To
obtain a concentration-independent transport parameter, the
clearance principle was used. The increment in cleared volume
between successive sampling events was calculated by divid-
ing the amount of solute transport during the interval by the
donor chamber concentration. The total cleared volume at each
time point was calculated by summing the incremental cleared
volumes up to the given time point: Clearance (ml)¼Cl (ml)¼X/
Cd, where X was the amount of solute in the receptor chamber
and Cd was the donor chamber concentration at each time-
point. During the 60 min experiment, the clearance volume
increased (linearly) with time. The average volume cleared was
plotted versus time, and the slope estimated by linear
regression analysis. The slope of the clearance curves for the
culture was denoted PSt, where PS was the permeability�
surface area product (in microliter per min). The slope of the
clearance curve with the control filter coated only with collagen
was denoted PSf. The PS value for the endothelial monolayer
(PSe) was calculated from:1/PSe¼ 1/PSt� 1/PSf. The PS values
were divided by the surface area of the porous membrane to
generate the endothelial permeability coefficient (Pe, in cm
per min).

RESULTS
Blood vessels of the adult mouse

brain express AHNAK

Western blot analysis of total adult mouse brain ex-
tracts with affinity purified polyclonal antibodies raised
against KIS-AHNAK peptide (Gentil et al., 2003) can
be seen on Figure 1. A single protein band migrating at
a size corresponding to AHNAK protein is detected. To
specify the cell type expressing AHNAK, we performed
an immunohistological study of the adult mouse brain
parenchyma. AHNAK decorates the entire brain vascu-
lature (Fig. 2). The specificity of the immunostaining
given by KIS-AHNAK antibody reported in this study
was confirmed by several criteria. AHNAK immuno-
staining totally disappears when antibodies are pre-
incubated with KIS-AHNAK peptide. The AHNAK
immunostaining pattern given by KIS-AHNAK anti-
body in adult brain was identical to that revealed by an
affinity purified polyclonal antibody raised against the
C-terminus of AHNAK (aa5630–5643) or by a rabbit
polyclonal antibody raised against the central part of
mouse desmoyokin developed in Hashimoto’s group
(Hashimoto et al., 1993) (data not shown). Double

labeling with AHNAK and the platelet-endothelial cell
adhesion molecule-1 (PECAM) reveals AHNAK immu-
noreactivity in vascular endothelium of capillaries
(parts A and B), intermediate brain vessels (part C)
and small arterioles (part D). AHNAK immunoreactiv-
ity also unsheathes endothelial cells, indicating that the
protein is also present in mural pericytes and smooth
muscle cells that surround brain ECs. In transverse
section of intermediate brain vessels and small arteriols,
AHNAK immunostaining appears concentrated at the
ECs junctions. Double labeling of AHNAK and the tight
junction associated ZO1 protein in frozen brain slices
fixed with methanol, reveals a striking co-localization
of AHNAK with ZO1 in capillaries and in inter-
mediate brain vessels (Fig. 2E,F). Electron microscopy
observations confirmed the presence of AHNAK in ECs
and pericytes of brain capillaries (Fig. 2G). AHNAK
immunoreactivity accumulates at the inner and outer
membranes of the endothelial cells. The capillary
endothelium is supported by a thin basement membrane
that is totally devoid of AHNAK immunostaining. The
electron micrograph also reveals an AHNAK positive
pericyte that embraces the capillary. The external
lamina (equivalent to basement membrane) around
the pericyte is devoid of AHNAK immunoreactivity.

AHNAK is not expressed by the fenestrated
capillaries of the brain choroid plexus,
but accumulates at the tight junctions

of the choroid epithelial cells

Within the brain, the choroid plexus is a vascular
structure arising from the wall of the ventricles and
responsible for the production of cerebrospinal fluid
(CSF). It is composed of a network of small capillaries
which arise from small afferent arteriols that lie in
between two layers of choroid epithelial cells. The tortu-
ous small diameter capillaries are fenestrated allowing
the free movement of small molecules. The blood–CSF
barrier is assumed by the adjacent choroid epithelial
cells that unsheathe the vascular structures. The
epithelial cells form tight junctions preventing most
macromolecule from effectively passing into the CSF
from the blood (Brightman, 1968). Double labeling with
PECAM and AHNAK on choroid plexus whole mounts
shows that only afferent arteriols, but not small

Fig. 1. AHNAK is expressed in adult mouse brain. Western blot
analysis shows that AHNAK is present in cerebral cortex (lane 1) and
cerebellum (lane 2). The position of the molecular weight standards is
indicated in the left margin.

364 GENTIL ET AL.

133



diameter capillaries, are characterized by high AHNAK
immunoreactivity (Fig. 3A,B). AHNAK antibodies also
stain choroid epithelial cells. Single confocal image
acquired thru the x-y axis of the endothelial cells layer
and reconstitution of x-z sections (part B) clearly shows
that tortuous capillary-sized vessels are not immunos-
tained with AHNAK antibodies. The x-z image also
shows that, AHNAK immunoreactivity is concentrated
at the most apical part of the lateral membranes of
the choroid epithelial cells on both sides of the capil-
lary network. In choroid epithelial cells, significant
AHNAK immunoreactivity is also present in a punctu-
ate patterns suggestive of a vesicular localization (parts
A and B).

In mouse choroid epithelial cells, ZO-1 is exclusively
localized at tight junctions (Wolburg et al., 2001).
Double labeling of AHNAK and ZO1 reveals that
AHNAK co-localize with ZO-1 at the tight junction
of the choroid epithelial cells (Fig. 3C,E). There is also
a striking co-localization of both antigens at the
tight junctions of endothelial cells of afferent arteriol
(Fig. 3D). As expected, endothelial cells of the tortuous
fenestrated capillaries show a severe down-regulation
of both AHNAK and ZO-1 immunoreactivities. All
together, these observations suggest that regulation of
AHNAK expression may be a crucial determinant of the
permeability properties of brain endothelial and epithe-
lial cells.

AHNAK expression in brain endothelial cells is
down-regulated during tumor angiogenesis

To confirm a link between AHNAK expression and the
differentiated structural organization of the brain blood
vessels characterized by endothelial barrier properties,
we have analyzed AHNAK immunoreactivity in ECs
of brain tumors vasculature. Loss of the endothelial
barrier phenotypes is a major event characterizing brain
tumor angiogenic ECs (Vick and Bigner, 1972). Experi-
mental brain tumors were generated by intracranial
injection of rat glial 9L cells into the left hemisphere of a
rat brain. Double-labeled fluorescence immunostaining
of AHNAK and PECAM analyzed by confocal laser
microscopy was used to evaluate AHNAK protein ex-
pression in capillary ECs in the control brain paren-
chyma of the right hemisphere (Fig. 4A) and in the
tumor xenograft within the left hemisphere (Fig. 4B).
Results show that AHNAK immunoreactivity strongly
decreases in angiogenic ECs of the tumor vasculature.
No overlap of AHNAK and PECAM immunostaining is
observed in longitudinal, or in transverse sections of
tumor capillaries as revealed by the total absence of
yellow pixels. The absence of AHNAK labeling in tumor
ECs results in appearance of a ‘‘black ghost’’ in the
middle of AHNAK positive glial tumor cells. Note also
that the abundant cytoplasmic AHNAK immunoreac-
tivity in tumor glial cells contrasts with the restricted

Fig. 2. AHNAK is localized in capillaries of adult mouse brain. A–D:
Confocal laser scanning microscopy analysis of AHNAK and PECAM
immunoreactivities in parenchymal brain capillaries (A, scale bar:
40 mm; B, scale bar: 20 mm), in intermediate size vessels (C, scale bar:
16 mm), and small arteriole-veinule (D, scale bar: 40 mm). Right parts:
Merged image of AHNAK and PECAM immunostaining. E–F:
AHNAK co-localizes with ZO-1 at the tight junction of brain
endothelial cells. Double immunostaining for AHNAK (green) and
ZO-1 (red) reveals the co-localization of AHNAK and ZO-1 at the tight

junctions of the brain endothelial cells in a transversal (E) and
longitudinal section (F). Scale bar: 20 mm. G: Analysis of AHNAK
localization in a brain capillary by electron microscopy. Immunoreac-
tion deposits show that AHNAK is localized in the cytoplasm and at
the plasma membrane of an endothelial cell (EC). An AHNAK positive
pericyte (P) and a smooth abluminal deposit of AHNAK immunoreac-
tion in the astrocyte endfeet are also observed. The basal membrane
(BM) and the external lamina (Exl) located between the endothelium
and the astrocyte endfeet are devoid of AHNAK. Scale bar: 1 mm.
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AHNAK localization to the perivascular processes of the
normal astrocytes.

AHNAK is not expressed in peripheral capillaries
characterized by extensive molecular exchanges

between blood and extracellular medium

We confirmed in peripheral tissues a direct relation-
ship between AHNAK expression in endothelial cells
and the permeability properties of the blood vessels

(Fig. 5). In renal corpuscles, the fenestrated endothe-
lium of the kidney glomeruli, which allows the blood
plasma to be filtered, is devoid of AHNAK immuno-
reactivity (part A). The network of capillaries that
surrounds the tubules of the renal cortex and which
reabsorbs molecules from the glomerular filtrates back
into the general circulation is also not immunostained
by AHNAK antibodies. In contrast, ECs of the afferent
and efferent arterioles of the renal corpuscule (part A),

Fig. 3. AHNAK is not expressed by the fenestrated capillaries of the
brain choroid plexus, but is present at the tight junction of the choroid
epithelial cells that form to the blood–cerebrospinal fluid barrier. A–
B: Choroid plexus whole mount double immunolabelled for PECAM
(red) and AHNAK (green) reveals that AHNAK is not expressed by the
fenestrated capillaries. Part A: Tri-dimensional merged stacking of
confocal laser scanning x-y axis sections of PECAM (red) and AHNAK
(green) immunoreactivities taken through the whole plexus. Part B:
Confocal microscopy image of a single x-y section focused on the
vascular structure of the choroid plexus, and vertical reconstitution (x-
z axis) of the merged PECAM and AHNAK immunoreactivities. The

star indicates the capillaries vascular bed and the arrows point to the
plexus choroid epithelial cells. C–E: Choroid plexus whole mount
double immunolabelled for AHNAK (green) and ZO-1 (red) reveals the
co-localization of AHNAK and ZO-1 at the tight junctions of large
vessels (D, arrow head) and of the choroid epithelial cells that
contribute to the blood-cerebrospinal fluid barrier. Part C: Confocal
microscopy image of x-y axis section focused on the apical membrane
of the choroid epithelial cells. Part D: Confocal microscopy image of x-y
axis section focused on the vascular structure of the choroid plexus.
Part E: x-z axis reconstitution showing two layers of epithelial cells
(arrows) on each side of the vascular bed (star). Scale bars: 20 mm.
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and of the cortical radial artery surrounded by single
layer of AHNAK positive muscle cells (part B), do
express AHNAK. In the liver, AHNAK protein is absent
from the hepatic sinusoid cells through which blood
percolates (part C). This contrasts with the presence
of AHNAK in the hepatic portal vein and the hepatic
artery (Gentil et al., 2003). Similarly, the continuous
capillaries of the lung that surround the alveoli and
are involved in gaseous exchanges are also devoid of
AHNAK immunoreactivity, whereas AHNAK is ex-
pressed in less specialized lung endothelium (data not
shown).

Angiopoietin 1 up-regulates AHNAK expression in
endothelial cells derived from ES cells

ES cell in vitro differentiation provides a powerful
model system for studies of vascular development.
Primitive ECs can be obtained from ES cells. Upon
leukemia inhibitory factor (LIF) removal, ES cells spon-
taneously differentiate into complex EBs, which contain
derivatives from the three primitive germ layers,
including ECs (Yamashita et al., 2000; Feraud et al.,
2001). Western blot analysis of ES cell extracts shows
that AHNAK expression rapidly increases upon differ-

Fig. 4. AHNAK is down-regulated in tumor blood vessels. A–B:
Comparison by confocal laser scanning microscopy of AHNAK (red)
and PECAM (green) immunolabelling in control and in experimental
tumor xenografts. A: Vessels of normal brain tissue present a classical
pattern of AHNAK immunostaining, which overlaps to some extent

with that of PECAM. B: Vessels in the tumor are devoid of AHNAK
immunoreactivity. In A and B, vessels are shown both in longitudinal
(upper part, scale bar: 16 mm) and cross section (lower part, scale bar:
8 mm). Right parts: Merged image of AHNAK and PECAM immunos-
taining.
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entiation (Fig. 6A). However, double labeling with
AHNAK and PECAM antibodies revealed that ES-
derived ECs neither expressed AHNAK during EB
development (Fig. 6B,C) nor when EBs were replated
in type I collagen gels, a three-dimensional culture
system recapitulating angiogenesis (Fig. 6D,E, parts
a–e). AHNAK positive cells develop in close association
with PECAM positive cells. Further characterization
of these cells showed that they correspond to smooth
muscle cells, as they are immunostained by the smooth
muscle cell marker a-smooth muscle actin (SMA) (data
not shown). Expression of ZO-1 protein was not de-
tected in ECs at this stage, indicating that ECs have
not yet formed complete cell–cell junctions (Fig. 6E,
part c).

A growing body of evidences indicates that angiopoie-
tin 1 (Ang-1) is a key factor involved in maturation of
ECs underlying the organization of the blood vessels and
their impermeability in vitro and in vivo (Thurston et al.,
1999; Acker et al., 2001; Uemura et al., 2002; Lee et al.,
2003). ES cells do express the Ang-1 receptor, Tie2
(Feraud et al., 2001; Baudino et al., 2002). Treatment of
ES-derived ECs grown in collagen gels with recombi-
nant Ang-1 induced the formation of larger ECs sprouts
(Fig. 6E, parts f–j). Ang-1 also strongly increased the
expression of ZO-1 in ECs (part h) that correlated with
the appearance and recruitment of AHNAK to the cell–
cell contacts (part i, j). These observations indicate that
functional maturation of ECs revealed by formation of
tight junctions appears to be of prime importance in
specifying AHNAK expression and membrane targeting
in ECs.

Blood–brain barrier formation controls
targeting of AHNAK to the endothelial

cells plasma membrane

In the brain, ECs are subjected to regulation by a
variety of extracellular and cytoplasmic signaling
systems that contribute to their differentiation and to
the establishment and maintenance of barrier proper-
ties (Lee et al., 2003). Astrocyte–endothelial cell inter-
actions are essential to the formation of the EC blood–
brain barrier (BBB) (Janzer and Raff, 1987). To confirm
a role for AHNAK during brain ECs differentiation and
BBB formation, we have analyzed AHNAK localization
in an in vitro BBB model consisting of primary BCEC co-
cultured with glial cells (Cecchelli et al., 1999). BCEC
were grown on microporous membrane coated with
collagen alone or in co-culture with glial cells. Co-culture
with glial cells induces formation of BBB highlighted by
the decrease in permeability of the BCECs monolayer
for 14C-sucrose (Fig. 7A). Remarkably, BBB formation
did not affect the total level of AHNAK protein (Fig. 7B),
but resulted in a progressive relocation of AHNAK from
a punctate cytoplasmic to a cell–cell contacts staining
(Fig. 7C, parts e,f). Such relocation during the glial cells
induced formation of BBB in the ECs is highly specific to
AHNAK. The tight junction associated proteins occludin
(parts a,b) and ZO-1 (parts c,d), which are particularly
important in regulating functional BBB organization
(Rubin and Staddon, 1999), are present at the inter-
cellular contacts between BCECs both in the absence
and in the presence of glial cells.

DISCUSSION

Previous immunohistochemical analysis of the
AHNAK protein in mouse tissues has revealed a striking
localization of the protein in most lining epithelia that
form physical barriers to define body compartments
and protect the body from the external environment
(Gentil et al., 2003). We here report that AHNAK is
also expressed in endothelial cells in vessels character-
ized by blood–tissues barrier properties. Remarkably,
AHNAK is absent from endothelia that allow passive
molecular exchanges between blood and extracellular
fluid, including the fenestrated endothelium of choroid
plexus, the kidney glomeruli, the hepatic sinusoids and
the continuous capillaries of the lung that surround the
alveoli (not shown). These observations point out for a
possible role of AHNAK in regulation of ECs properties.

In the brain, the specialized permeability character-
istics of ECs, referred to as the BBB, depend on the
expression of high levels of junction proteins and on the
targeting of specific membrane transporting protein and
receptors capable of shuttling macromolecules into the
brain or back into the blood (Rubin and Staddon, 1999;
Schinkel, 2001; Pardridge, 2003). These processes are
thought to depend on ECs response to inducing factors
found in their immediate environment (Rubin and
Staddon, 1999). A first step towards deciphering a pos-
sible implication of AHNAK in the BBB would then be to
demonstrate that AHNAK is down-regulated in brain
ECs that have lost BBB properties. Regulation of
AHNAK expression and localization in ECs by brain-
derived factors represents a second crucial issue for
investigation. We addressed these issues by comparing
AHNAK expression in normal brain ECs and in tumor
brain ECs, and by investigating the regulation of
AHNAK expression and localization in ECs by brain-
derived factors that promote endothelial cell maturation
and barrier properties.

Fig. 5. The endothelium of vessels which present high level of
filtration and permeability between the blood and tissue parenchyma
are devoid of AHNAK. Confocal laser scanning micrographs of
double immunolabelling for AHNAK (red) and PECAM (green) in
kidney and liver. A–B: In kidney, ECs of the glomerulus and of the
vasa recta capillaries are not immunostained by AHNAK antibodies,
whereas AHNAK is expressed by ECs of the glomerulus afferent and
efferent arterioles (part A, arrow heads) and of the cortical arteriole
(part B). C: In liver, AHNAK antibody do not immunostain sinusoid
ECs, but stain an interlobular veinule (arrow head). Right parts:
Merged images of AHNAK and PECAM immunostaining. Scale bars:
20 mm.
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In glial tumors, the structural organization of the
capillary ECs is severely impaired compared to normal
tissue. Tumor vasculature is characterized by an in-
crease in vessel wall thickness with open endothelial
gaps and fenestration. These structural abnormalities
form the basis for the loss of BBB function in these
tumors. We have shown that down-regulation of
AHNAK characterizes brain ECs of vascularized xeno-
grafted glial brain tumors. One other prominent
characteristic of brain tumor capillaries is the absence
of astrocyte endfeet and pericytes that normally cover
most of the capillary’s basal surface. Pericytes and
astrocytes secrete factors that have a profound influence
on the morphogenetic events underlying the organiza-
tion of the vessel and their permeability (Ramsauer
et al., 2002). Among these is Ang-1 (Lee et al., 2003). We
have shown that Ang-1 is a strong inducer of AHNAK
expression in ES-derived ECs. The formation of larger
EC sprouts by Ang-1 was accompanied by the accumula-
tion of AHNAK immunoreactivity to the plasma mem-
brane. In ES-derived ECs, membrane localization of
AHNAK also correlates with formation of intercellular
tight junctions between ECs. These observations iden-
tify AHNAK as a protein that might directly partici-

pate to Ang-1-dependent EC membrane remodelling.
Similarly, in an in vitro model of BBB consisting of a co-
culture of BCECs and glial cells, membrane localization
of AHNAK in BCECs is induced by glial cells and strictly
correlates with the development of EC barrier proper-
ties suggesting that AHNAK may directly participate
to elaboration of the BBB. The function of AHNAK in
brain barrier properties is not restricted to ECs, but
might also apply to epithelial cells. In the brain choroid
plexus, AHNAK is expressed at low levels in fenestrated
endothelial cells, but accumulates at the tight junctions
of the choroid epithelial cells that form the blood–CSF
barrier.

The BBB is established both by a lack of passive
paracellular permeability and by the limitation and
high regulation of transcellular fluxes. To understand
the molecular mechanisms by which AHNAK may func-
tion in the regulation of brain endothelial cell properties,
several attempts were made to down-regulate AHNAK
expression in ECs using AHNAK specific RNAi (Benaud
et al., 2004), but we found ECs highly resistant to
transfection. However, we have observed that the down-
regulation of AHNAK expression in the epithelial
polarized MDCK cells does not significantly affect the

Fig. 6. Induction of AHNAK by angiopoietin 1 in ES cell-derived ECs.
A: Whole cell extracts of undifferentiated ES cells (day 0) and of EBs at
days 3, 4, 5, 6, 7, 10, 12 after the induction of vascular differentiation
analyzed by Western blot for AHNAK expression. B–C: Double
immunofluorescence analysis of AHNAK (red) and PECAM (green) in
7-day-old EBs (B) and 12-day-old EBs (C). D: Double immunofluor-
escence analysis of AHNAK (red) and PECAM (green) in 11-day-old
EBs after 3 days of secondary culture in collagen gel. In the right part

is the merged image of AHNAK and PECAM immunostaining. E:
Eleven-day-old EBs were grown for 3 days in collagen gel in the
absence (Control, a–e) or in the presence of Ang-1 (Ang-1, f–j)
as indicated. Cells were triple immunolabelled with mouse FITC-
conjugated PECAM antibody (PECAM, b and g), rat-anti ZO-1 (ZO-1,
c and h), and rabbit-anti AHNAK (AHNAK, d, e, i, and j) antibodies. e
and j correspond to higher magnification images. DNA was stained
with HOECHST 33258 (DNA, a and f).
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Fig. 7. Relocalization of AHNAK in primary cerebral capillary endo-
thelial cells with the acquisition of barrier property. A: Mean�SD
percentage decrease of BCEC monolayer permeability to [14C]-sucrose
after co-culture with glial cells for 12 days. The 100% control value (EC
cultured alone for 12 days) represents a Pe of 0,79� 10�3 cm/min for
[14C]-sucrose (n¼ 3 EC monolayers/condition) from four independent

experiments. B: Whole cell extracts of endothelial cells cultivated
alone or in co-culture with glial cells were analyzed by western blot-
ting for AHNAK levels. C: Immunofluorescent localization of Occludin
(a, b), ZO-1 (c, d), and AHNAK (e, f) in BCECs cultured for 12 days
alone (a, c, e) or with glial cells (b, d, f).
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rate of paracellular diffusion of fluorescein isothiocya-
nate (FITC)-dextran (molecular mass 10.000) (data not
shown), suggesting that AHNAK may not be implicat-
ed at the level of the paracellular permeability. We,
therefore, more likely envision a role for AHNAK during
BBB formation in association with cell membrane
remodelling and the control of transcellular fluxes.
Transcellular fluxes cross the BBB are regulated by
membrane transporting proteins and receptors expres-
sed at the apical membrane of ECs (Rubin and Staddon,
1999; Schinkel, 2001; Pardridge, 2003). Indirect immu-
nofluoresence analysis in both epithelial and endothe-
lial cells revealed that AHNAK accumulates at the
lateral membrane, but is also found within vesicle-like
structure in the cytoplasm. In MDCK cells, AHNAK
shuttles between the cytoplasm to cholesterol-rich
plasma membrane domains in association with the
annexin2/S100A10 complex during the formation of
cell–cell contacts and the development of epithelial
polarity (Benaud et al., 2004). Recently, the annexin 2/
S100A10 complex has been identified in MDCK cells as a
component of vesicular carriers responsible for target-
ing of membrane proteins to the raft-containing apical
membrane of the polarized cells (Jacob et al., 2004). The
possibility that AHNAK cooperates with the annexin2/
S100A10 in organizing the routing of these vesicles and
the recruitment of specific barrier-associated proteins or
transporters to the apical membrane of epithelial and
endothelial cells has now to be considered.

Alternatively, one can also envision a role for AHNAK
in preserving the integrity of EC barrier properties.
Most tissues, in which AHNAK is expressed, including
the vascular endothelium, receive considerable levels of
mechanical stress (Gentil et al., 2001). These stresses
often result in tears in the plasma membrane, and
survival requires that the cell rapidly repair or reseal
the disruption (McNeil and Steinhardt, 2003). AHNAK
has been found associated with a new population of
Ca2þ-regulated vesicles capable of fast exocytosis called
enlargosome (Borgonovo et al., 2002). AHNAK was also
found to appear on the surface of cells after membrane
disruptions were induced, suggesting that the enlargo-
some may play a role in membrane remodeling and
repair. Further studies on the role of AHNAK in pre-
vention of disruption and repair of EC plasma mem-
brane are required.
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AHNAK interaction with the annexin 2/S100A10 
complex regulates cell membrane cytoarchitecture
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emodelling of the plasma membrane cytoarchitecture
is crucial for the regulation of epithelial cell adhesion
and permeability. In Madin-Darby canine kidney

cells, the protein AHNAK relocates from the cytosol to
the cytosolic surface of the plasma membrane during the
formation of cell–cell contacts and the development of
epithelial polarity. This targeting is reversible and regulated
by Ca2�-dependent cell–cell adhesion. At the plasma
membrane, AHNAK associates as a multimeric complex with
actin and the annexin 2/S100A10 complex. The S100A10
subunit serves to mediate the interaction between annexin 2

R and the COOH-terminal regulatory domain of AHNAK.
Down-regulation of both annexin 2 and S100A10 using
an annexin 2–specific small interfering RNA inhibits the
association of AHNAK with plasma membrane. In Madin-
Darby canine kidney cells, down-regulation of AHNAK using
AHNAK-specific small interfering RNA prevents cortical
actin cytoskeleton reorganization required to support cell
height. We propose that the interaction of AHNAK with the
annexin 2/S100A10 regulates cortical actin cytoskeleton
organization and cell membrane cytoarchitecture.

Introduction
AHNAK was first identified as a gene whose transcription is
repressed in cell lines of neuroblastoma and some other
tumors (Shtivelman et al., 1992). More recently, transcription
of AHNAK was found to be subject to strong down-regulation
by transforming Ras alleles in rodent fibroblasts (Zuber et
al., 2000). AHNAK is a protein of an exceptionally large size
(700 kD) that is encoded by an intronless gene located on
human chromosome 11q12–13 (Shtivelman and Bishop,
1993; Kudoh et al., 1995). The deduced amino acid sequence
of human AHNAK predicts a protein of 5,643 amino acids
that can be divided into three main structural regions: the
NH2-terminal 251 amino acids, a large central region of
4,390 amino acids composed of the 128-aa unit repeated 26
times, and the COOH-terminal 1,002 amino acids. The
recurrent 7-aa motif present within the AHNAK repeats,
P-[ED]-[AVIL]-[ED]-L-[KR]-G, has striking similarities
with repeated domains found in two other repeat-containing
proteins, the giant sea urchin vesicle-associated protein (600
kD; Barton et al., 1992) and L-periaxin (147 kD; Dytrych et

al., 1998). Several putative regulatory elements are clustered
within the COOH terminus, including several NLSs (Nie et
al., 2000), a leucine zipper (Shtivelman and Bishop, 1993),
and several potential phosphorylation sites for PKB, PKC,
and CKII (Sussman et al., 2001). The exact biological function
of AHNAK is unknown, although several putative interact-
ing proteins have been identified. In vitro, AHNAK fragments
bind and activate PLC� in the presence of arachidonic acid
(Sekiya et al., 1999). AHNAK is also a major target protein
for the calcium- and zinc-binding protein S100B (Gentil et
al., 2001). In cardiomyocytes, AHNAK associates with the
� subunit of cardiac L-type calcium channels at the plasma
membrane, and is phosphorylated by PKA in response to
adreno receptor stimulation (Haase et al., 1999). In vitro,
the COOH-terminal AHNAK region (aa 5262–5643) binds
to G-actin and cosediments with F-actin. A possible role for
AHNAK in the maintenance of the structural and functional
organization of the subsarcolemmal cytoarchitecture has
been proposed (Hohaus et al., 2002). More recently, AHNAK
immunoreactivity has been found within the lumen of specific
vesicles called “enlargosomes,” and is redistributed to the
external surface of the plasma membrane in response to large
increases in Ca2�. Enlargosomes have been proposed to par-
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ticipate in cell membrane differentiation and repair (Bor-
gonovo et al., 2002). A nuclear localization of AHNAK has
also been reported (Shtivelman and Bishop, 1993; Sussman
et al., 2001). During early mouse embryonic development,
AHNAK is abundantly expressed in mesenchymal and epi-
thelial cells at the major sites of morphogenesis, where it is
essentially localized at the plasma membrane (Kingsley et al.,
2001; Downs et al., 2002). In adult mice, AHNAK has a re-
stricted tissue distribution. It is expressed at the plasma-
lemma of elastic tissues submitted to contracting and stretch-
ing forces and/or tissues forming in physical barriers that
define body compartments. AHNAK is expressed in all mus-
cular cells including cardiomyocytes, skeletal muscle cells,
smooth muscle cells, fibromyocytes, and myoepithelial cells
(Haase et al., 1999; Gentil et al., 2003). AHNAK is also
highly expressed at the plasma membrane of lining epithelial
cells (Hieda and Tsukita, 1989; Hashimoto et al., 1993;
Gentil et al., 2003), but is absent from epithelia with secre-
tory or absorptive functions (Gentil et al., 2003). The exact
mechanisms by which AHNAK is localized to the plasma
membranes remain to be investigated, especially because
AHNAK does not possess a transmembrane domain. In the
present work, we have developed cellular and molecular
analyses to elucidate the function of AHNAK at the plasma
membrane, and to identify proteins interacting with AH-
NAK in this cellular compartment. First, we show that at
the plasma membrane, AHNAK interacts with the annexin
2/S100A10 complex, which regulates AHNAK plasma mem-
brane localization. We also demonstrate that down-regula-
tion of AHNAK affects the cell membrane cytoarchitecture
of epithelial cells, and we propose a role of AHNAK in con-
trolling the physical and mechanical properties of cell-
peripheral membranes. Our results provide significant in-
sights into the molecular mechanisms by which annexin 2
regulates cell membrane organization (Babiychuk et al., 2002;
Gerke and Moss, 2002).

Results
AHNAK is redistributed at the cytosolic surface of 
the plasma membrane in confluent MDCK cells
In canine epithelial MDCK cells, AHNAK redistributes
from the cytoplasm to a cortical/plasma membrane localiza-
tion as cell density increases and as cells establish cell–cell
contacts (Sussman et al., 2001; Fig. 1 A). This redistribution
of AHNAK follows the reorganization of the actin cytoskele-
ton into cortical actin (Fig. 1 A). Three different AHNAK
antibodies, the affinity-purified AHNAK-KIS pAb directed
against the repeated central domain of AHNAK, the af-
finity-purified AHNAK-CQL pAb directed against the ex-
treme COOH terminus (Gentil et al., 2003), and the anti-
AHNAK (desmoyokin) antibody (DY) (Hashimoto et al., 1993)
gave a similar immunostaining pattern. A recent work has
shown that in secretory cell models, AHNAK can be local-
ized within the lumen of specific vesicles called enlargo-
somes and is redistributed to the external surface of the
plasma membrane in response to large increases in Ca2�

(Borgonovo et al., 2002). Therefore, we evaluated in conflu-
ent MDCK cells on which side of the plasma membrane
AHNAK is distributed, and whether AHNAK is present in

the lumen of cortical vesicles or in the cytoplasm. To resolve
this issue, we compared the immunostaining obtained with
our affinity-purified anti-AHNAK-KIS antibody in deter-
gent-permeabilized cells, in streptolysin O–permeabilized
cells, and in nonpermeabilized live confluent MDCK cells.
In nonpermeabilized cells, no surface AHNAK immunola-
beling was detected (unpublished data). When the plasma
membrane of live cells was permeabilized with streptolysin
O, a condition in which only cytoplasmic and not the vesicle
luminal proteins are accessible to the antibodies, the plasma
membrane was labeled (Fig. 1 B). An identical result was ob-
tained with the anti-AHNAK (desmoyokin) antibody (DY)
previously shown to recognize the membrane-bound protein
in epithelial cells (Hashimoto et al., 1993, 1995; unpub-
lished data). Even though we cannot exclude the possibility
that a population of AHNAK is present in enlargosomes,

Figure 1. Density-dependent localization of AHNAK to the cyto-
plasmic face of the MDCK cell plasma membrane. (A) Redistribution 
of AHNAK and actin during confluence mediated cell–cell contact 
and polarization. MDCK cells were cultured on glass coverslips for 
2 (a and b), 24 (c and d) or 96 h (e and f), and stained with anti-
AHNAK-KIS antibody (a, c, and e) and F-actin visualized with 
phalloidin (b, d, and f). (B) Confocal immunofluorescence with poly-
clonal anti-AHNAK-KIS antibody of streptolysin O–permeabilized 
confluent MDCK cells reveals a positive signal at the cytoplasmic 
surface of the plasma membrane.
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these results clearly indicate that in our epithelial cell model,
AHNAK is predominantly a cytosolic protein localized at
the intracellular face of plasma membrane.

Membrane-bound AHNAK interacts with the annexin 
2/S100A10 complex
To gain further insight into AHNAK function at the plasma
membrane, we sought to identify proteins interacting with
AHNAK using coimmunoprecipitation coupled to mass
spectrometry analysis. For convenient peptide sequence
identification using human databases, we used human epi-
thelial MCF-7 cells, which predominantly express AHNAK
at the plasma membrane. Confluent MCF-7 cells were
treated with the membrane-permeable cross-linker dithiobis
succinimidyl propionate, and AHNAK was immunoprecipi-
tated with anti-AHNAK-CQL antibodies. Proteins present
within the AHNAK immunoprecipitate were reduced, sepa-
rated by SDS-PAGE, and identified by mass spectrometry.
One major protein recovered within AHNAK immunopre-
cipitate was identified as annexin 2 (Fig. S1, available at
http://www.jcb.org/cgi/content/full/jcb.200307098/DC1).
The interaction between AHNAK and annexin 2 was con-
firmed both by coimmunoprecipitation in absence of cross-
linking with two independent antibodies directed against
AHNAK and immunodetection, and by a pull-down ap-
proach using recombinant AHNAK fragments linked to the
GST tag (Fig. 2 A). The COOH-terminal fragment of AH-
NAK (Cter; aa 4642–5643), but neither a central fragment
of AHNAK (M1; aa 820–1330) nor the GST tag alone, in-
teracted with annexin 2. The interaction of annexin 2 with
AHNAK is specific because other annexin family members,
annexin IV and annexin VI, are not recovered in the AH-
NAK immunoprecipitates or in the pull-down experiments.

At the plasma membrane, annexin 2 can form a tetrameric
complex with the S100A10 subunit (Harder and Gerke,
1993), a protein that belongs to the S100 family of EF
hand–type Ca2�-binding proteins (Schafer and Heizmann,
1996). In contrast to other S100 proteins, S100A10 has lost
the ability to bind Ca2� (Gerke and Weber, 1985). There-
fore, we examined whether S100A10 associates with annexin
2 when complexed to AHNAK. In both MCF-7 and
MDCK cells, S100A10 is recovered together with annexin 2
in AHNAK immunoprecipitates (Fig. 2 B). The interaction
of the annexin 2/S100A10 complex with AHNAK-Cter do-
main was confirmed in pull-down assays (Fig. 2 C). In
MDCK cells metabolically labeled with [35S]methionine/
cysteine, two major proteins migrating with a molecular
mass corresponding to annexin 2 and S100A10 bound spe-
cifically to the AHNAK-Cter domain (Fig. 2 C, left). The
identity of these bands as annexin 2 and S100A10 was con-
firmed by Western blot analysis (Fig. 2 C, right). The inter-
action occurred in EDTA/EGTA-containing buffer, indi-
cating that the interaction between AHNAK and annexin
2/S100A10 is Ca2� independent.

To evaluate the contribution of S100A10 in the annexin
2/S100A10/AHNAK interaction, we examined the effect of
the S100B protein on that interaction. Previously, we have
shown that S100B, another member of the S100 family, in-
teracts with AHNAK-Cter in a strict calcium-dependent
manner (Gentil et al., 2001). Because striking structural

similarities exist between S100A10 and Ca2�-bound S100B
(McClintock et al., 2002), we examined whether S100B can
displace annexin 2/S100A10. First, we controlled that the
interaction between the annexin 2/S100A10 complex and
GST-AHNAK-Cter occurs in the presence of Ca2�. Next,
we observed that in the presence of Ca2�, but not in EGTA
(unpublished data), addition of recombinant S100B to the
cell extracts fully antagonizes the binding of the annexin
2/S100A10 complex in a dose-dependent and competitive
manner (Fig. 2 D). These data suggest that the annexin
2/S100A10- and S100B-binding domains on AHNAK-Cter
overlap, and that S100A10 mediates the interaction between
AHNAK and annexin 2.

The direct interaction of S100A10 with AHNAK was
confirmed in vitro. When expressed in rabbit reticulocyte,
S100A10 protein binds to and is pulled down by the recom-
binant GST-COOH-terminal domain of AHNAK (Fig. 2
E). No binding of rabbit reticulocyte that expressed annexin
2 could be detected (unpublished data). The direct interac-
tion of S100A10 with AHNAK was also confirmed in yeast
two-hybrid experiments. A human heart cDNA library was
screened using the extreme COOH-terminal domain of
AHNAK (CterC; aa 5124–5643) as a bait. 15 colonies were
obtained out of 2 � 106 primary yeast transformants. The
interaction specificity was retested after the mating assays on
YC-UWLH medium and X-gal filter tests. Out of the 15 li-
brary plasmids retested, only two interacted specifically with
CterC. The remaining plasmids gave a positive result with
lamin and were considered as false positive. The nucleotide
sequence of the two positive clones revealed that they corre-
spond to S100A10. The specificity of interaction between
S100A10 and CterC is illustrated in Fig. 2 F. Only CterC is
competent for interaction with S100A10, and not CterN (aa
4642–5124), CterdLZ (aa 4642–4826), or lamin. Our dou-
ble-hybrid experiment also reveals that S100B is capable of
heterodimerizing with S100A10 in a yeast two-hybrid sys-
tem (Fig. 2 F). Heterodimerization of S100B with other
S100 proteins, such as S100A1, S100A6, and S100A11, has
been observed previously (Deloulme et al., 2000). In con-
trast to the results obtained with S100A10, no interaction
between S100B and AHNAK peptides could be detected in
the yeast two-hybrid system (unpublished data). This is
likely attributable to the limitation of yeast two-hybrid anal-
ysis to calcium-independent interactions (Deloulme et al.,
2003).

AHNAK and the annexin 2/S100A10 complex are 
recruited to the sites of early cell–cell contacts
Confocal scanning immunofluorescence analyses of conflu-
ent epithelial MDCK cells reveal that AHNAK and annexin
2 colocalize all over the plasma membrane, including the
sites of cell–cell contacts (Fig. 3 A). An identical pattern of
distribution was observed for S100A10 (unpublished data).
We had observed that AHNAK was recruited to the plasma
membrane as cell confluence increased and as cells polarized
(Fig. 1 A, e). The polarized phenotype of these cells was
confirmed by the reorganization of the actin cytoskeleton
(Fig. S2, available at http://www.jcb.org/cgi/content/full/
jcb.200307098/DC1) and the apicolateral polarization of
the tight junction marker ZO-1 (unpublished data). In po-
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Figure 2. Interaction of the annexin 2/S100A10 complex with AHNAK. (A). MCF-7 cell extracts were incubated with glutathione-Sepharose 
(lanes 2–4) or protein A–Sepharose (lanes 5–7) in the presence of recombinant GST alone (lane 2), recombinant GST fused to AHNAK central 
repeat domain M1 (lane 3), recombinant GST fused to AHNAK COOH-terminal domain (lane 4), anti-AHNAK-CQL antibody (lane 6), or 
anti-AHNAK-KIS antibody (lane 7). Bound proteins were analyzed by Western blotting with anti-annexin 2, -4, and -6 antibodies. Lane 1 is 
total cell extract. (B). MCF-7 or MDCK cell extracts were incubated with control protein A-Sepharose beads (lanes 1and 4), or with anti-
AHNAK-CQL (lanes 2 and 6) or anti-AHNAK-KIS (lanes 3 and 5) antibodies. Coimmunoprecipitated proteins were analyzed by Western blotting 
with anti-AHNAK-KIS, anti-annexin 2, and anti-S100A10 antibodies. (C) S100A10 and annexin 2 are the major proteins that interact with the 
AHNAK Cter domain. [35S]Methionine/cysteine labeled MDCK whole-cell extracts (total; left) were incubated with GST (lane 1) and GST 
fusion AHNAK-Cter (lane 2) in EGTA/EDTA-containing buffer. Bound proteins were resolved on SDS-PAGE and were detected either by auto-
radiography (left) or blotted on nitrocellulose membrane and detected with mixed anti-annexin 2 and anti-S100A10 mAbs (right). (D) S100B 
antagonizes annexin 2/S100A10 binding to the AHNAK Cter domain. U87 cell extracts were incubated with GST fusion AHNAK-Cter in the 
absence (lane 1) or in the presence (lanes 2 and 3) of increasing S100B concentrations in Ca2�/Zn2�-containing buffer. Bound proteins were 
analyzed by Western blotting using anti-annexin 2 and anti-S100A10 antibodies (left), or with anti-annexin 2 and anti-S100B antibodies 
(right). Lane 4 is total cell extract. (E) [35S]Methionine/cysteine-labeled S100A10 was produced in rabbit reticulocyte (total), and the translation 
reaction was incubated with glutathione-Sepharose in the presence of recombinant GST (lane 1) or recombinant GST fused to the AHNAK 
COOH-terminal domain (lane 2) in Ca2�/Zn2�-containing buffer. Bound proteins were resolved on SDS-PAGE and detected by autoradiography. 
(F) S100A10 specifically interacts with AHNAK CterC and S100B in the yeast two-hybrid system. Top: diagram of the various AHNAK 
COOH-terminal fragments used. Yeast were cotransfected with S100A10 pACT2 vector and different baits corresponding to AHNAK Cter
deletion mutants, S100B, and lamin cloned into the pLEX vector as indicated. The interactions were scored by the growth of transfected yeast
on YC-UWLH medium lacking histidine (HIS) and confirmed by �-galactosidase activity assay (bgal).
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larized epithelial cells, cell–cell contacts initiate plasma mem-
brane remodelling and the development of cell polarity
(Drubin and Nelson, 1996). Therefore, we tested the role of
the formation of cell–cell contacts in recruiting AHNAK to
the plasma membrane. Lowering the Ca2� concentration in the
culture medium of an MDCK monolayer interferes with the
stability of intercellular contacts (Grindstaff et al., 1998).
Treatment of confluent MDCK cells with low Ca2� medium
resulted in the redistribution of AHNAK and of the annexin
2/S100A10 complex from cell contacts to the cytoplasm,
and correlated with a more flattened morphology of the cells
(Fig. 3 B, a and b). This membrane dissociation of AHNAK
and of the annexin 2/S100A10 complex was reversible (Fig.
3 B, c–f). When cell–cell contacts were allowed to reform by
readdition of calcium into the culture medium, AHNAK
and the annexin 2/S100A10 complex were recruited to the
sites of cell–cell contacts with a similar kinetic of relocation
and distribution pattern. Within 30 min of calcium addi-
tion, AHNAK and S100A10 started to relocate to the newly
forming cell–cell contacts (Fig. 3 B, c and d), and to strongly
accumulate there after 3 h, as cell acquired a more cuboidal

epithelial morphology (Fig. 3 B, e and f). Coimmunopre-
cipitation experiments on cross-linked MDCK cells dur-
ing the calcium switch experiment revealed that AHNAK
forms a multimeric complex containing actin and annexin
2/S100A10, and that this association is strictly dependent on
the localization of AHNAK at the plasma membrane (Fig. 3
C, lane 4). Upon membrane dissociation of AHNAK, only
S100A10, and to a lesser extent annexin 2, are recovered
within the AHNAK immunoprecipitates (lane 2).

The interaction of the membrane-bound form of AH-
NAK with the cortical actin cytoskeleton was confirmed
by indirect immunofluorescence analysis of MDCK cells
treated with cytochalasin D, which disrupts the integrity of
the actin cytoskeleton (Fig. 3 D). As a consequence of its ef-
fect on actin, cytochalasin D treatment will also reversibly
disrupt the organization of actin-associated membrane pro-
tein. In addition to the modification in the actin pattern, cy-
tochalasin D treatment dramatically altered AHNAK distri-
bution. At the apicolateral plasma membrane, AHNAK and
actin precisely colocalized in a series of aggregates around
the cell border, supporting the association of AHNAK with

Figure 3. AHNAK colocalizes with the annexin 2/S100A10 complex at the plasma membrane in MDCK cells. (A) Confocal microscopy 
analysis (x-z axis) of the distribution in confluent MDCK cells of AHNAK (a), annexin 2 (b), and merge image (c). (B) Disruption of calcium-
dependent cell–cell contacts causes the dissociation of AHNAK and annexin 2/S100A10 from the plasma membrane. Confluent MDCK cells 
were incubated in medium containing 5 mM EGTA supplemented with 1 mM MgCl2 for 30 min at 37�C (a and b), and were then shifted to 
calcium-containing medium for 30 min (c and d) or 3 h (e and f). Cultures were double immunolabeled for AHNAK (a, c, and e) and S100A10 
(b, d, and f). Single-plane confocal microscopy (x-y axis) and x-z section (bottom) images are shown. (C) Confluent MDCK cells incubated 
with EGTA-MgCl2 medium for 30 min (lanes 1–2), then shifted back to Ca2�-containing medium for 3 h (lanes 3 and 4), were cross-linked 
with dithiobis succinimidyl propionate. Whole-cell lysates were incubated with protein A–Sepharose beads (lanes 1 and 3) or anti-AHNAK-CQL 
antibody cross-linked onto Sepharose beads (lanes 2 and 4). Immunoprecipitated proteins were reduced and analyzed by Western blot with 
anti-AHNAK-CQL, anti-actin, mouse monoclonal anti-annexin 2, and anti-S100A10 antibodies. (D) Confocal immunofluorescence of actin 
stained with phalloidin (a) and AHNAK (b) in MDCK cells treated with 1 �g/ml cytochalasin D for 1 h (c) is the merged image.
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actin. Together, these data indicate that calcium-dependent
cell–cell adhesion provides a signal for initiating the local-
ized recruitment of AHNAK and annexin 2/S100A10 to
sites of cell–cell contacts, where they form a stable protein
complex with cortical actin cytoskeleton.

The annexin 2/S100A10/AHNAK complexes 
colocalize to intercellular junctions in a 
cholesterol-dependent mechanism
In addition to the Ca2�-dependent association of annexin
2 with phospholipids, annexin 2 can also associate with the
plasma membrane lipid raft microdomains in a cholesterol-
dependent manner (Oliferenko et al., 1999; Babiychuk
and Draeger, 2000; Babiychuk et al., 2002). Several labo-
ratories have reported that annexin 2 may link lipid rafts
with the cortical cytoskeleton (Oliferenko et al., 1999),
and that annexin 2 recruits signaling proteins to intercellu-
lar junctions in a cholesterol-dependent manner (Hansen
et al., 2002). To test a possible association of AHNAK
with the annexin 2/S100A10 complex within lipid rafts,
we performed flotation experiments in OptiPrep™ gradi-
ents in the presence of cold Triton X-100 (Fig. 4 A). In

this gradient, the detergent-insoluble lipid rafts will float at
the interphase between the 0 and 20% OptiPrep™ layers.
In MDCK cells, a significant amount of AHNAK parti-
tioned with annexin 2 and S100A10 into the lipid raft
fraction together with caveolin-1, a known cholesterol-
binding protein (Fig. 4 A). Not all the annexin 2 cosedi-
mented with AHNAK, suggesting that only a portion of
the annexin 2/S100A10 complex interacts with AHNAK
and associates with the lipid rafts. We confirmed the asso-
ciation of AHNAK with lipid rafts in whole cells by colo-
calization of AHNAK with the FITC-labeled � subunit of
cholera toxin, which specifically binds the lipid raft gangli-
oside GM1 (Harder et al., 1998). Confocal laser scanning
microscopy of MCF-7 cells showed an extensive overlap of
AHNAK staining with the FITC-labeled cholera toxin �
chain at the plasma membrane, including intercellular
junctions (Fig. 4 B). Furthermore, depletion of plasma
membrane cholesterol in MDCK and MCF-7 cells with
methyl-�-cyclodextrin released a population of annexin 2
from the plasma membrane and totally abolished the junc-
tional membrane localization of AHNAK, causing their re-
distribution to the cell cytoplasm (Fig. 4 C).

Figure 4. AHNAK and annexin 2/S100A10 
associate with cholesterol-rich membranes. 
(A) AHNAK and annexin 2/S100A10 cofractionate
to the lipid raft fractions. MDCK cells were lysed in 
buffer containing 1% Triton X-100 on ice, and
flotation fractionation was performed in a 5–40%
OptiPrep™ gradient. Fractions were analyzed by
Western blotting using antibodies against AHNAK,
annexin 2, and S100A10. Caveolin-1 was used as a 
marker of lipid raft–containing fraction. (B) Confocal 
microscopy analysis of FITC-cholera toxin � chain
(a) and AHNAK (b) colocalization in MDCK cells.
(c) Merged image. (C) Specific release of membrane-
bound AHNAK by sequestration of membrane
cholesterol. Confocal microscopy analysis of
AHNAK (a, b, e, and f) and annexin 2 (HH7; c, d, g, 
and h) in MCF-7 (a–d) and MDCK (e–h) cells not
treated (a, c, e, and g) or incubated with 3.8 mM of 
methyl-�-cyclodextrin (M�CD) for 15 min (b and d) 
or 1 h (f and h) at 37�C before fixation.

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/164/1/133/1312378/jcb1641133.pdf by IN

SER
M

 user on 18 M
arch 2022

146



AHNAK regulates cell membrane cytoarchitecture | Benaud et al. 139

Annexin 2/S100A10 down-regulation in MCF-7 cells 
interferes with membrane localization of AHNAK 
and cell height
To evaluate whether the annexin 2/S100A10 complex coop-
erates with AHNAK functions at the plasma membrane, we
first analyzed the incidence of annexin 2 down-regulation on
AHNAK subcellular localization. A small interfering RNA
(siRNA) duplex was designed against the human annexin 2
cDNA sequence. This siRNA does not function in down-reg-
ulating canine annexin 2 in MDCK cells, but is highly effi-
cient in human epithelial MCF-7 cells (Fig. 5 A). Transfec-
tion of MCF-7 cells with annexin 2 siRNA significantly
abrogated the expression of annexin 2, but did not affect the
levels of related annexins expressed in MCF-7, annexin 4, and
annexin 6. The down-regulation of annexin 2 in MCF-7 cells
induced a drastic concomitant down-regulation of S100A10.
This was likely the result of both transcriptional and post-
translational regulations of the S100A10 level by annexin 2, a
previously described well-known phenomenon (Puisieux et
al., 1996; Van de Graaf et al., 2003). A decrease in AHNAK
levels was also observed in transfected cells. This effect of an-
nexin 2 RNA interference on AHNAK levels was specific be-
cause the total level of actin was not affected, and the transfec-
tion with a nonspecific siRNA did not alter the levels of
AHNAK (unpublished data). Consistent with the Western
blot data, the membrane-associated AHNAK immunoreactiv-
ity dropped in annexin 2–depleted MCF-7 cells, and the re-
maining AHNAK signal appeared diffuse within the cyto-
plasm (Fig. 5 B). The interdependence that exists between the

expression of annexin 2/S100A10 and the recruitment of AH-
NAK at the plasma membrane was confirmed in Ca2� switch
experiments (Fig. 5 C). As observed with MDCK cells (Fig. 3
B), disruption of calcium-dependent cell–cell contacts causes
a reversible dissociation of AHNAK and of the annexin
2/S100A10 complex from the plasma membrane in MCF-7
cells (Fig. 5 C, a–d). However, in cells depleted with annexin
2/S100A10, AHNAK could not be re-recruited to the plasma
membrane upon Ca2�-mediated cell–cell adhesion, and cells
retained a flattened morphology (Fig. 5 C, e and f).

Confocal microscopy analysis of actin distribution visualized
with fluorescent phalloidin in control and annexin 2/S100A10-
depleted cells confirmed the change in the morphology of cells
with low annexin 2/S100A10 content (Fig. 6 A). The overall
height of annexin 2/S100A10-depleted MCF-7 cells is de-
creased, with most of the actin-associated fluorescence found in
the more basal focal planes. Similar changes in cell morphology
and actin-associated fluorescence were also observed in MCF-7
cells depleted for AHNAK after transfection with AHNAK
siRNA (Fig. 6 B; see following paragraph). Together, these data
suggest that the membrane-associated annexin 2/S100A10
complex is essential to the recruitment of AHNAK at the
plasma membrane, and that the annexin 2/S100A10/AHNAK
complexes regulate actin-dependent cytoarchitecture.

AHNAK regulates the actin cytoskeleton scaffold of 
epithelial cells
To confirm the function of AHNAK in the regulation of
cortical actin organization, we have down-regulated AH-

Figure 5. The annexin 2/S100A10 complex mediates AHNAK targeting to the 
cell plasma membrane in MCF-7 cells. (A) Western blot analysis of MCF-7 cell 
extracts after transfection with control RNA interference (lane 1) or annexin 2 
siRNA (lane 2). Total protein extracts were probed by Western blot with anti-
annexin 2, -4 and -6 antibodies (left) or with annexin 2, AHNAK, S100A10, and 
actin antibodies (right). (B) Confocal microscopy analysis of annexin 2 (a and c) 
and AHNAK (b, d, and e) in MCF-7 cells transfected with control RNA interference 
(a and b) or annexin 2 siRNA (c–e). The cytoplasmic localization of AHNAK in 
annexin 2–depleted cells is seen in x-y (d) and x-z sections (c). (C) Down-regulation 
of annexin 2/S100A10 prevents calcium-dependent relocation of AHNAK to the 
plasma membrane. Confocal microscopy analysis of S100A10 (a, c, and e) and 
AHNAK (b, d, f) distribution in control MCF-7 cells (a–d), and in MCF-7 transfected 
with annexin 2 siRNA (e and f). MCF-7 cells were incubated in EGTA-MgCl2 
medium for 30 min (a and b), then shifted to Ca2�-containing medium for 3 h (c–f). 
Both x-y and x-z sections are shown.
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NAK levels in MDCK cells, which rearrange their cytoskele-
ton in a highly structured manner as they polarize concomi-
tantly with AHNAK recruitment to the plasma membrane
(Fig. 1). An siRNA designed against the highly conserved re-
peated central domains of AHNAK efficiently and specifi-
cally down-regulates AHNAK levels in MDCK cells (Fig. 7
A; Fig. S3, available at http://www.jcb.org/cgi/content/full/
jcb.200307098/DC1). We examined the effect of AHNAK
siRNA on F-actin cytoskeleton rearrangement by confocal
microscopy (Fig. 7, B–D). The extent of AHNAK down-
regulation varied among transfected cells. Cells depleted for
AHNAK were characterized by a marked disorganization of
their actin cytoskeleton, visualized with fluorescent phal-
loidin. Unlike AHNAK-expressing cells, which rearranged
their actin cytoskeleton into a lateral cortical belt and an api-
cal actin network, cells devoid of AHNAK were unable to
form an apicolateral cortical actin network, and F-actin
could only be detected in the basal confocal plane (Fig. 7
B). AHNAK-negative cells retained a flattened morphology
(Fig. 7 C). This decrease in cell height results in the void ob-
served in the higher lateral and apical focal planes (Fig. 7 B,
e and f). Note also that many AHNAK-negative cells at high
density were dislodged from the cell monolayer and acquired
rounded morphology (Fig. 7 B, arrows). This probably re-
flects an incapacity of invalidated cells to sustain density
pressure because we did not observe a loss of adhesion of

AHNAK-negative cells at low density (unpublished data).
Although down-regulation of AHNAK has a drastic effect
on actin cytoskeleton organization at the apicolateral plasma
membrane that acts to support cell height, it has only a sub-
tle effect on the basal actin organization. Cells invalidated
for AHNAK only displayed more punctuate actin stress fi-
bers on their basal side, compared with control cells (Fig. 7
D). Note also that in AHNAK-depleted cells, the annexin
2/S100A10 complex remains localized at the plasma mem-
brane (unpublished data). This observation indicates that
annexin 2/S100A10 is not sufficient to regulate actin cyto-
skeleton organization that acts to support cell height, and ar-
gues for a direct cooperation with AHNAK. Together, our
data suggest that AHNAK regulates cortical actin cytoskele-
ton organization.

Discussion
In epithelial cells, AHNAK is predominantly a cytosolic pro-
tein localized at the plasma membrane intracellular face. A
faint AHNAK immunoreactivity within the cell nuclei was
observed in cells submitted to a Ca2� switch (Fig. 5 C), but
was never observed in other cell culture conditions. The
apparent exclusive cytoplasmic localization of AHNAK in
MDCK cells contrasts with the results of Shtivelman’s
group, who reported nuclear localization of AHNAK in

Figure 6. Effect of the invalidation of AHNAK and annexin 2 on cell height. Confocal images of MCF-7 cells transfected either with annexin 
2 (A) or AHNAK (B) RNA interference. Apical (a and d), lateral (b and e), basal (c and f), and x-y sections and x-z merged sections (g and h) 
double immunostained for actin (A and B; d–f and h) and S100A10 (A; a–c and g) or AHNAK (B; a–c and g) reveals a similar collapse in cell 
height in both annexin 2– and AHNAK-invalidated cells. In A and B, x-y and x-z sections are from independent experiments.
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sparse MDCK cell cultures (Sussman et al., 2001). Several
possible explanations could be envisioned to explain the
apparent discrepancies in subcellular AHNAK localization
in MDCK cells. Some discrepancies can arise from the
well-known heterogeneities in specific cell lines or clones in
the various laboratories. Differences in epitope accessibility
might also have to be considered. AHNAK nuclear immu-
noreactivity has only been reported with one antibody, FEN
(Shtivelman and Bishop, 1993; Sussman et al., 2001). Be-
cause a recent work has pointed out that FEN cross reacts
with a nuclear protein that is not recognized by two other
AHNAK-specific antibodies (Borgonovo et al., 2002), we
suggest that when located within the cell nuclei, AHNAK
may adopt a conformation that could only be revealed by a
specific antibody such as FEN.

In cultured epithelial cells, AHNAK targeting to the
plasma membrane is reversible and triggered by Ca2�-depen-
dent cell adhesion. Disruption of E-cadherin–mediated cell–
cell contacts by low extracellular Ca2� results in the disso-
ciation of AHNAK from the plasma membrane. After
readdition of Ca2�, AHNAK is rapidly re-recruited to the

plasma membrane at the sites of newly formed cell–cell con-
tacts. In contrast to the tight junction-associated protein ZO-1,
AHNAK immunoreactivity will progressively become more
widely distributed all over the plasma membrane (unpub-
lished data). In fully polarized MDCK cells, AHNAK immu-
noreactivity decorates the entire basal, lateral, and apical cell
membranes. Such distribution of AHNAK suggests that AH-
NAK is not a junctional protein. Down-regulation of AH-
NAK levels in MDCK cells using AHNAK-specific siRNA
prevents cortical actin cytoskeleton reorganization. These ob-
servations suggest a more general function for AHNAK in or-
ganizing cell cytoarchitecture at the plasma membrane.

To gain further insight into the molecular mechanisms
of AHNAK function at the plasma membrane, we have
searched for AHNAK partners at the plasma membrane. We
have identified the annexin 2/S100A10 complex as a major
AHNAK-binding protein in epithelial cells. Annexin 2 (also
called calpactin I heavy chain, p36) is a member of the an-
nexin family of Ca2�- and phospholipid-binding proteins,
which has been implicated in membrane trafficking and or-
ganization (for review see Gerke and Moss, 2002). Annexin

Figure 7. AHNAK regulates actin-based cell membrane cytoarchitecture. (A) Down-regulation of AHNAK by siRNA in MDCK cells. Total 
cell lysates of cells treated with AHNAK RNA interference or control RNA interference were analyzed by Western blot for AHNAK, annexin 2, 
and actin levels. (B) Effect of AHNAK siRNA on actin organization. MDCK cells transfected with AHNAK RNA interference were stained for 
AHNAK (a–d) and F-actin (e–h) with phalloidin. Confocal x-y sections at the apical (a and e), upper lateral (b and f), lower lateral (c and g), 
and basal (d and h) levels of the cells show that cells devoid of AHNAK are unable to form an apicolateral cortical actin network, leaving a 
black void in the higher apicolateral planes. Rounded AHNAK-negative cells can be seen within the monolayer (arrows). (C) Confocal 
microscopy x-z merged sections of AHNAK (green) and actin (red) staining reveals that cells invalidated for AHNAK retains a flattened 
morphology. (D) The effect of AHNAK siRNA on basal actin stress fibers. Basal confocal microscopy section shows that cells invalidated for 
AHNAK (c and d) displayed disorganized actin stress fibers on their basal side, compared with control cells (a and b).
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2 has been proposed to play a role in the organization of
cholesterol-rich membrane microdomains (Oliferenko et al.,
1999), the connection of lipid rafts with the under lying ac-
tin cytoskeleton (Harder et al., 1997; Gerke and Moss,
2002), and in cholesterol-mediated adherent junction for-
mations (Harder et al., 1997; Corvera et al., 2000). Within
cells, annexin 2 can occur either as a monomer or as a het-
eroterameric complex coupled with S100A10 (also called
calpactin I light chain, p11). The heterotetrameric annexin
2/S100A10 complex is the predominant form of annexin 2
present at the plasma membrane in epithelial cells (Harder
and Gerke, 1993). The interaction between AHNAK and
annexin 2/S100A10 occurs within the COOH-terminal do-
main of AHNAK. The direct interaction of S100A10 with
the extreme COOH-terminal domain of AHNAK observed
in vitro and in yeast two-hybrid experiments strongly sug-
gests that S100A10 mediates the interaction between AH-
NAK and annexin 2. The physical interaction between AH-
NAK and the annexin 2/S100A10 complex in the cell is
supported by several observations. First, a strict correlation
exists between accumulation of AHNAK and the annexin
2/S100A10 complex to the plasma membrane during both
confluence-mediated (Hansen et al., 2002; Fig. 1 A) and
Ca2�-dependent cell–cell adhesion (Fig. 3). Second, at the
plasma membrane, AHNAK colocalizes with the annexin/
S100A10 complex, and a significant amount of proteins
associate with membrane rafts in a cholesterol-dependent
manner (Fig. 4). Third, annexin 2 depletion by siRNA pro-
motes AHNAK release to the cytoplasm (Fig. 5, B and C).
The annexin/S100A10 dependence for AHNAK membrane
localization strongly suggests that annexin 2/S100A10 con-
tributes to the recruitment and stabilization of AHNAK at
the plasma membrane. Two recent reports have pointed out
a role for S100A10 in targeting channel proteins to the
plasma membrane (Girard et al., 2002; Van de Graaf et al.,
2003). A more general function for the annexin 2/S100A10
in the routing of proteins to the plasma membrane must
now be considered.

Membrane-bound AHNAK not only interacts with an-
nexin 2/S100A10, but also is part of a complex containing
actin (Fig. 3, C and D). This observation is consistent with a
recent paper describing physical interaction between AH-
NAK and F-actin and G-actin (Hohaus et al., 2002), and
strongly suggests that AHNAK and annexin 2/S100A10 are
part of a submembranous complex that interacts physically
with the cortical actin cytoskeleton. Annexin 2/S100A10-
and AHNAK-depleted MCF-7 cells both display decreased
cell height. A similar and more drastic effect is observed in
polarized epithelial MDCK cells, which retain a mesenchy-
mal morphology upon AHNAK depletion (Fig. 7). Down-
regulation of AHNAK prevents the apicolateral actin cyto-
skeleton reorganization required to support cell height. We
propose that AHNAK and the annexin 2/S100A10 complex
are involved in the regulation of the actin cytoskeleton orga-
nization at the lateral plasma membrane, and thus could be
implicated in plasma membrane remodelling and in the es-
tablishment of specialized intercellular interaction. Such a
role for AHNAK is consistent with its specific expression in
most lining epithelium and in endothelial cells of imperme-
able brain capillaries and peripheral blood vessels, and con-

versely with its absence in the highly permeable fenestrated
endothelium of the kidney glomeruli, the hepatic sinusoid,
and the continuous capillaries of lung (Gentil et al., 2003).
In adult tissues, AHNAK is also abundantly expressed at the
plasma membrane of smooth muscle cells (Gentil et al.,
2003). In smooth muscle cells, annexin 2 is thought to func-
tion as a cross-linker of lipid rafts with the underlying actin
cytoskeleton to regulate sarcolemmal tension (Babiychuk
and Draeger, 2000; Babiychuk et al., 2002). In these cells,
AHNAK may cooperate with annexin 2 in the coordination
of cytoskeletal and membrane rearrangements—a coordina-
tion that provides structural support of the membrane to re-
spond to and control stretching forces (Babiychuk and
Draeger, 2000; Babiychuk et al., 2002). A similar role for
AHNAK has already been suggested in cardiac muscle (Ho-
haus et al., 2002). Although our paper highlights a structural
role of AHNAK, the association of AHNAK with lipid rafts
also opens the possibility that AHNAK could be implicated
in regulation of signaling pathways that are compartmen-
talized within these microdomains (Simons and Toomre,
2000; Zajchowski and Robbins, 2002).

Materials and methods
Cell culture
U87 glioblastomes, MCF-7, and MDCK epithelial cells were maintained in
DME (Life Technology), 10% FBS (Sigma-Aldrich), and 1% penicillin/strep-
tomycin.

For calcium switch experiments, cells were incubated for 30 min with
DME supplemented with 5 mM EGTA and 1 mM MgCl2 to lower extracel-
lular Ca2� concentration and to perturb strict Ca2�-dependent cell–cell ad-
hesion, but to maintain Mg2�-dependent cell–matrix adhesion. Cell–cell
contacts were allowed to reform for the indicated times by returning cells
to complete medium.

Reagents and antibodies
The pAbs directed against AHNAK, KIS, and CQL have been described
previously (Gentil et al., 2003). Anti-annexin 2 mAb HH7 was a gift from
V. Gerke (Universiy of Münster, Münster, Germany). Anti-annexin 2, anti-
annexin 2 light chain (S100A10), anti-annexin IV, anti-annexin VI, and
anti-caveolin-1 mAbs were purchased from Transduction Laboratories.
Texas red–phalloidin was purchased from Molecular Probes, Inc., and
anti-actin mAb was purchased from Sigma-Aldrich. FITC-labeled cholera
toxin B subunit and the cholesterol chelator methyl-�-cyclodextrin were
purchased from Sigma-Aldrich.

In vitro protein–protein interaction assay/GST pull-down
GST-AHNAK-Cter and GST-AHNAK-M1 proteins (Gentil et al., 2001) were
produced in the Escherichia coli AD494(DE3)pLYsS strain (Novagen) and
purified by glutathione-Sepharose affinity chromatography. For metabolic
labeling, cells were labeled in methionine-free MEM and 5% FCS supple-
mented with 50 �Ci/ml [35S]methionine/cysteine mix for 12 h. For binding
assays, cells were lysed at 4�C in TTBS buffer (40 mM Tris-HCl, pH 7.5,
150 mM NaCl, and 0.3% Triton X-100) plus protease inhibitors (leupeptin,
aprotinin, pepstatin, and AEBSF; 10 �g/ml each), and were centrifuged for
10 min. Cell lysates were precleared by incubation for 10 min with 50 �l
GST-Sepharose. 500-�l aliquots of precleared supernatant were supple-
mented with either 5 mM EDTA/5 mM EGTA or with 0.3 mM CaCl2/10 �M
ZnSO4 and mixed with 10 �g purified GST fusion proteins plus 30 �l affin-
ity GST-Sepharose beads equilibrated in the same buffers. After mixing for
15 min at 4�C, the beads were spun down and the supernatant was re-
moved. The beads were washed three times with 1 ml binding buffers. At
the last wash, beads were transferred to new tubes and boiled in SDS sam-
ple buffer.

Mass spectrometric analysis and protein identification
Proteins recovered within AHNAK immunoprecipitates were excised from
Coomassie blue–stained gels and washed with 50% acetonitrile. Gel
pieces were dried in a vacuum centrifuge and rehydrated in 20 �l of 25
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mM NH4HCO3 containing 0.5 �g trypsin (sequencing grade; Promega). Af-
ter 4 h incubation at 37�C, a 0.5-�l aliquot was removed for MALDI-TOF
analysis and spotted onto the MALDI sample probe on top of a dried 0.5-
�l mixture of 4:3 saturated �-cyano-4-hydroxy-trans-cinnamic acid in ace-
tone/10 mg/ml nitrocellulose in acetone/isopropanol 1:1. Samples were
rinsed by placing a 5-�l volume of 0.1% TFA on the matrix surface after
the analyte solution had dried completely. After 2 min, the liquid was
blown off by pressurized air. MALDI mass spectra of peptide mixtures
were obtained using a mass spectrometer (Bruker Biflex; Bruker-Fran-
zen Analityk). Internal calibration was applied to each spectrum using
trypsin autodigestion peptides (MH� 842.50, MH� 1045.55, and MH�
2211.11). Protein identification was confirmed by tandem mass spectrom-
etry experiments as described previously (Gentil et al., 2001).

Double hybrid
For plasmid constructions, fusion proteins with LexA DNA-binding do-
main (LexADBD) were constructed in pLex10. For the pLex-AHNAK Cter
construction, BamHI–EcoRI AHNAK fragment (aa 4642–5643) from
pDY-C (Nishimoto) was subcloned into pcDNA3.1. The insert was then
excised with BamHI and XhoI digestion and cloned into BamHI–SalI
sites of pLex10. pLex-CterN was obtained by deleting AHNAK pstI–pstI
fragment from pLex-AHNAK Cter. To obtain the pLex-AHNAK-CterC
construct, pstI–pstI AHNAK fragment (aa 5124–5643) of pLex-AHNAK
Cter was subcloned into the pstI site of plex10. For the pLex-Cter-LZ
construct, the pLex-CterN plasmid was deleted by SalI–PstI digestion,
blunted with Deep vent polymerase, and self ligated. pLexS100B was
obtained by amplification of human S100B cDNA using primers con-
taining SmaI and pstI sites immediately flanking the start and the stop
codon, respectively, and cloning of the PCR product into SmaI–pstI sites
of pLex10.

Large-scale yeast transformations using the human heart Matchmaker™
cDNA library constructed in pACT2T plasmid (CLONTECH Laboratories,
Inc.) and two-hybrid screens were performed using an L40 yeast strain es-
sentially as described previously (Deloulme et al., 2000). Primary transfor-
mants were analyzed on YC-UWLH medium plates. Growing clones were
then tested for �-galactosidase expression (Deloulme et al., 2000). Library
plasmids expressing LEU2 from positive transformants were selected using
HB101 E. coli, which requires leucine supplementation for growth. cDNAs
were retested in a mating assay against the original bait construct and
pLexA-lamin as a control using the AMR70 yeast strain as described be-
low. The interactions were also tested by yeast mating essentially as de-
scribed previously (Deloulme et al., 2000).

Immunoprecipitation and Western blotting
For total cell lysates and coimmunoprecipitation, cells were washed in
PBS and lysed on ice in lysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl,
0.05% deoxycholic acid, 1% Triton X-100, 10% glycerol, 2 mM EDTA/
EGTA, and protease inhibitor cocktail). Lysates were passed through a 26G
needle and centrifuged for 10 min at 2,500 rpm in a tabletop centrifuge.
Supernatants were either quantified with the BCA protein micro assay
(Pierce Chemical Co.) and boiled in 1� DTT Laemmli buffer (total cell ly-
sates), or incubated with either anti-AHNAK-KIS antibody together with
protein A–Sepharose (Amersham Biosciences), anti-AHNAK-CQL antibody
cross-linked onto Sepharose beads, or with protein A–Sepharose alone, for
1 h rotating at 4�C. The immunoprecipitates were washed three times in ly-
sis buffer, and the beads boiled in 1� Laemmli with 20 mM DTT. Proteins
were separated by SDS-PAGE using 5, 8, or 14% polyacrylamide concen-
trations to resolve AHNAK, actin, or annexin 2/S100A10, respectively.
Proteins were blotted onto nitrocellulose membranes.

For cross-linking experiments, cells were washed in PBS, incubated for
5 min with 0.5 mM dithiobis succinimidyl propionate (Pierce Chemical
Co.) in PBS, and washed twice in 50 mM glycine in PBS before cell lysis
and AHNAK immunoprecipitation. Immunoprecipitated proteins were re-
duced by boiling for 5 min in 1� Laemmli buffer containing 5% �-mer-
captoethanol, and were analyzed by Western blot.

RNA interference
21-nt siRNA duplexes targeting the 5	-AAGAUCUCCAUGCCUGAUGUG-
3	 mRNA sequence in the repeated domains of ahnak, and the 5	-
AAGUGCAUAUGGGUCUGUCAA-3	 mRNA sequence corresponding to
the NH2-terminal domain of human annexin 2 were purchased from Dhar-
macon. The sequence used was submitted to a BLAST search to ensure tar-
geting specificity. The specificity of AHNAK and annexin 2 down-regula-
tion was further checked by Western blotting analysis. MCF-7 or MDCK
cells plated at low density (3 � 104/cm2) were transfected with 20 nM of
either annexin 2 or AHNAK siRNA duplex, or scrambled siRNA using Oli-

gofectamine™ (Life Technologies) on two consecutive days, and main-
tained for a total of 4 d in DME 10% serum.

Immunofluorescence
Cells were either fixed in 4% PFA for 10 min at RT, followed by a perme-
abilization with 0.1% Triton X-100 for 10 min or with 70% methanol at

20�C for 10 min. Cells were then washed in TBS and incubated with the
primary antibody in TBS containing 3% goat serum overnight at 4�C. After
TBS washes, cells were then incubated for 1 h at RT with the secondary
antibody in TBS goat serum, and phalloidin when required. The secondary
antibodies coupled with Alexa® 488 were purchased from Molecular
Probes, Inc., and those coupled with Cy3 and Cy5 were purchased from
Jackson ImmunoResearch Laboratories. After the final washes, cells were
mounted in fluorescence mounting medium (DakoCytomation) and ana-
lyzed with a fluorescent microscope (Axiovert 200M; Carl Zeiss MicroIm-
aging, Inc.) or a confocal microscope (TCS-SP2; Leica).

For plasma membrane permeabilization, cells were treated with 0.5 U
streptolysin O (Sigma-Aldrich) in 0.1% BSA-PBS at 4�C and transferred at
37�C for 5 min. Cells were then washed with PBS and incubated with the
primary antibody diluted in PBS/5% goat serum for 30 min at 4�C. After
PBS washes, cells were fixed with 4% PFA and processed as above.

Cholera toxin labeling of GM1
MCF-7 cells were incubated with 0.5 �g/ml FITC-labeled cholera toxin �
chain in DME for 4 min at 37�C. Cells were then washed twice with DME,
fixed with 4% PFA for 10 min at RT, and permeabilized with 0.1% Triton
X-100 for 10 min at RT. Cells were then analyzed by immunofluorescence
for AHNAK and S100A10.

Flotation gradients
For the isolation of lipid rafts, cells grown in 100-mm tissue culture dishes
were washed and scraped in PBS, pelleted, and lysed on ice for 30 min in
100 �l Triton X-100 lysis buffer (400 mM Tris, pH 7.5, 150 mM NaCl, 1
mM DTT, 1% Triton X-100, and protease inhibitor cocktail). After a 10-
min spin at 2,500 rpm at 4�C, the supernatant was mixed with 200 �l of a
60% OptiPrep™ (Axis-Shield) solution to obtain a 40% final solution, and
transferred to centrifuge tubes. The sample was overlayed with 270 �l of a
35, 30, 25, 20, and 5% solution of OptiPrep™ in Triton lysis buffer. The
gradient was centrifuged in an ultracentrifuge (Optima TL; Beckman
Coulter) at 45,000 rpm for 4 h at 4�C in a rotor (TLS-55; Beckman Coulter).
The fractions were collected and analyzed by Western blotting.

Online supplemental material
Fig. S1 shows a Coomassie blue stain of the proteins coimmunoprecipi-
tated with AHNAK. Fig. S2 shows the rearrangement of the actin cytoskel-
eton in polarized MDCK cells. Fig. S3 shows the specific down-regulation
of AHNAK protein by immunofluorescence in MDCK cells treated with
AHNAK siRNA. The online supplemental material is available at http://
www.jcb.org/cgi/content/full/jcb.200307098/DC1.
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SUMMARY Here we report a detailed analysis of the expression and localization of the
giant protein AHNAK in adult mouse tissues. We show that AHNAK is widely expressed in
muscle cells, including cardiomyocytes, smooth muscle cells, skeletal muscle, myoepithe-
lium, and myofibroblasts. AHNAK is also specifically expressed in epithelial cells of most lin-
ing epithelium, but is absent in epithelium with more specialized secretory or absorptive
functions. In all adult tissues, the main localization of AHNAK is at the plasma membrane.
A role for AHNAK in the specific organization and the structural support of the plasma
membrane common to muscle and lining epithelium is discussed.

(J Histochem Cytochem 51:339–348, 2003)

The giant protein AHNAK has been identified by
Shtivelman et al. (1992) as a gene whose transcrip-
tion is repressed in cell lines derived from neuroblasto-
mas and other tumors. Hieda and Tsukita (1989)
identified the mouse homologue of AHNAK (desmoy-
okin) as a plasma membrane-associated protein local-
ized to the desmosomal attachment plaques in strati-
fied epithelium. AHNAK is unusual in the sense that it
is a very large protein of approximately 700 kD whose
gene is composed of a single exon located on human
chromosome 11q12 (Kudoh et al. 1995). Moreover,
AHNAK is characterized by a large internal domain
(4300 amino acids) composed of highly conserved re-
peated elements, most of which are 128 amino acids
in length. This internal domain is flanked by a short
NH2 terminus and a COOH terminus of 1000 amino
acids. The COOH terminus of AHNAK contains nu-
clear localization sequences and a nuclear export sig-
nal (Shtivelman et al. 1992; Sussman et al. 2001). In
various cell lines, including NIH 3T3 fibroblasts,
MDCK cells, and HeLa cells, AHNAK is located prin-
cipally (but not exclusively) in the nucleus and is phos-

phorylated on serine and threonine residues (Shtivel-
man and Bishop 1993). PKB phosphorylation of
AHNAK prevents its nuclear accumulation in HeLa
and MDCK cells (Sussman et al. 2001). In contrast, in
tissues such as skin and heart, AHNAK has an exclu-
sive plasma membrane localization (Hashimoto et al.
1993; Haase et al. 1999). The targeting of AHNAK to
the plasma membrane is dependent on PKC activation
in epithelial DJM-1 cells (Hashimoto et al. 1995) and
is regulated by cell density in human MDCK cells
(Sussman et al. 2001). The cellular functions of AH-
NAK are unknown, but several studies have impli-
cated AHNAK in signal transduction pathways. In
vitro, AHNAK binds and activates PLC� in the pres-
ence of arachidonic acid (Sekiya et al. 1999). In cardi-
omyocytes, AHNAK associates with the �-subunit of
cardiac L-type calcium channels and is phosphory-
lated by PKA in response to adrenoreceptor stimula-
tion (Haase et al. 1999). Moreover, we have shown
that AHNAK interacts with the EF-hand calcium and
zinc binding S100B protein (Gentil et al. 2001), which
is abundantly expressed in the central nervous system,
skin, and muscle (Boni et al. 1997; Shrestha et al.
1998). Although studies on the cellular and sub-cellu-
lar localization of AHNAK in cultured cell lines are
available in the literature, its tissue localization has
been poorly investigated. Recently, a study on the ex-
pression of AHNAK in embryonic tissues revealed a
tissue-specific expression of AHNAK (Kingsley et al.

Correspondence to: Jacques Baudier, Departement Reponse et
Dynamique Cellulaires, TS EMI 0104, DRDC, CEA Grenoble, 17
rue des Martyrs, 38054 Grenoble Cedex 9, France. E-mail: jbaudier@
cea.fr

Received for publication July 25, 2002; accepted October 9,
2002 (2A5867).

KEY WORDS
muscle

AHNAK

epithelium

tissue localization

153



340 Gentil, Delphin, Benaud, Baudier

2001). At E8.5, AHNAK is expressed in extraembry-
onic tissue, in migratory mesenchymal cells, in mesen-
chymal cells lining the branchial artery, and in nasal
epithelia and skin. In these cells, AHNAK immunore-
activity was essentially found associated with plasma
membrane and cytoplasm. In adult mammals, the ex-
pression and function of AHNAK have not yet been
investigated. In this study we investigated AHNAK
expression in adult mouse tissues.

Materials and Methods
Antibodies and Controls
Rabbit polyclonal antibodies were made against AHNAK
using two different epitopes. The first, KIS (CKISMPDVDL
HLKGPK), was chosen according to the strategy of Shtivel-
man and Bishop (1993). The second epitope, CQL (CQLPE
VELSVSTKKE), is localized in the C-terminus of the protein
(aa 5630–5643). The KIS-AHNAK and CQL-AHNAK anti-
bodies used throughout our study are affinity-purified. Anti-
bodies were purified from immununized rabbit sera by affin-
ity chromatography using KIS or CQL peptide crosslinked
to Sepharose beads. The purity of the immunoglobulins was
controled by SDS-PAGE in the absence and in the presence
of a reducing agent. The purified antibodies were stored in
PBS and 50% glycerol at a concentration of 0.15 mg/ml.
The specificity of the antibodies was tested in Western blot-
ting on HeLa cell extracts and on the recombinant AHNAK
protein. To control for antibody specificity, the KIS-AHNAK
antibody and the CQL-AHNAK antibody were incubated
with the corresponding KIS or CQL peptides before primary
immunoreaction. No immunoreaction was detected using
this method. For immunochemistry, the specificity of im-
munostaining was controlled by preincubation of the af-
finity-purified KIS-AHNAK antibody with the KIS peptide.
For double immunofluorescence experiments, we used a
monoclonal anti-PECAM, MEC13.3, from Sigma (St Louis,
MO). Cyan3 and Alexa 488 antibodies used as second anti-
body were provided by Molecular Probes (Eugene, OR).

Immunoblotting
In adult mouse, specimens from kidney, heart, thymus,
esophagus, pancreas, liver, and lung were removed. These
specimens were cut into small pieces and quickly frozen with
liquid nitrogen until used. Specimens were homogenized
with a glass homogenizer and were then heated at 90C for 3
min in denaturation buffer composed of 2% SDS, 25 mM
Tris-HCl, pH 6.8, 10% glycerol, 0.1% bromophenol blue,
1m M EDTA. Proteins were electrophoretically resolved by
one-dimensional SDS-PAGE (6% polyacrylamide), the gel
was then equilibrated in transfer buffer containing 0.03%
SDS and proteins were transferred onto nitrocellulose mem-
brane. The membrane was first incubated with CQL-AHNAK
antibody (1:100 dilution) in TBS containing 0.3% Tween-20
(TTBS) at 4C for 16 hr. After washing, the membrane was
incubated with a 1:10,000 dilution of horseradish peroxi-
dase secondary antibody and the immune complex was re-
vealed by chemiluminescence. Nitrocellulose membrane was
then stripped in TTBS with 1% SDS and 0.1% sodium

azide, and then reprobed with the KIS-AHNAK antibody
(1:1000 dilution).

Immunochemistry
Tissues were screened for AHNAK localization using a tis-
sue array produced by ResGen Co. (Invitrogen; Carlsbad,
CA). We used paraffin-embedded tissue spots representing
several mouse organs: adrenal, brain, heart, large intestine,
small intestine, renal cortex, renal medulla, liver, lung,
lymph node, skeletal muscle, pancreas, salivary gland, skin,
spleen, stomach, thymus, prostate, testis, ovary, uterus,
breast, and esophagus. Paraffin was removed and immuno-
histochemistry was then performed using the DAKO ABC
horseradish peroxidase system (DAKO; Carpinteria, CA).
After endogenous peroxidase inactivation with H2O2 3%
and sodium azide 0.05%, followed by extensive washing,
tissues were blocked in 5% normal goat serum in TBS for 30
min and incubated with the KIS-AHNAK antibody at 1:100
dilution in TBS plus 2% normal goat serum overnight at
4C. After rinsing with TBS, tissues were incubated with a
biotinylated goat anti-rabbit Ig (DAKO) diluted 1:100 in
TBS plus 5% normal goat serum for 30 min at room temper-
ature. After extensive washing with TBS, the slide was incu-
bated with the horseradish peroxidase complex according to
the manufacturer’s recommendations. The chromogen used
was AEC� (DAKO). Slides were counterstained with hema-
toxylin. For indirect immunofluorescence localization of
AHNAK, mouse testis, brain, and liver were frozen in iso-
pentane at �80C and cut in 10-�m sections. Slides were
fixed with 4% paraformaldehyde for 30 min and washed
abundantly before permeabilization for 5 min with 0.5%
Triton X-100 in TBS. After extensive washing and blocking
with goat serum, primary antibodies were incubated over-
night at 4C at the following dilutions: KIS-AHNAK 1:100;
PECAM 1:5. Slides were then incubated with secondary an-
tibody for 1 hr and nuclear countstaining was performed
with Hoechst 33258 (1 �g/ml). Double immunofluorescence
analysis was performed using confocal microscopy (Leica
TCS-SP2) or fluorescence microscopy (Zeiss Axiovert 200M).
Images were directly captured, saved, and transferred to
Adobe Photoshop 5.5.

Results
Immunoblotting Analysis and Tissue Distribution
of AHNAK

Extracts from various mouse tissues were analyzed for
AHNAK expression by immunoblotting using affin-
ity-purified antibodies raised against the CQL and the
KIS peptides (Figure 1). To normalize for total protein
content of the tissue preparations, the extracts were
also analyzed for �-tubulin content (Figure 1A). Both
the CQL and the KIS antibody reacted strongly with a
major protein band that migrated with the expected
molecular weight for AHNAK, confirming the speci-
ficity of our antibodies (Figure 1B). A high level of ex-
pression of AHNAK was observed in heart, lung and
esophagus, whereas kidney, pancreas, and liver ex-
pressed only moderate levels of AHNAK. AHNAK
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immunoreactivity was absent in the thymus. CQL and
KIS antibodies also reacted with lower molecular weight
protein bands. These protein bands are present only in
tissue extracts that express the full-length AHNAK pro-
tein and may therefore represent proteolytic products
of AHNAK. In support of that assumption, we found
that AHNAK is highly sensitive to metal-dependent
proteases. When tissues are lysed in the absence of
the metal chelators EDTA and EGTA, the full-length
AHNAK immunoreactivity decreases, with a concomi-
tant increase in the lower molecular weight protein
bands recognized by both the AHNAK KIS and CQL
antibodies (data not shown). A band of approximately
100 kD was also detected with the CQL antibody but
not with the KIS antibody. This band might corre-
spond to a C-terminal AHNAK proteolytic fragment.
The affinity-purified KIS antibody was next used for
immunoperoxidase and indirect immunofluorescence
analysis of AHNAK immunoreactivity in mouse tis-
sues (Figures 2–5).

AHNAK Localization in Muscle Cells

Immunohistochemical analysis of AHNAK immu-
noreactivity in different tissues revealed a specific lo-
calization of AHNAK in muscle cells (Figure 2). As
previously reported by Haase et al. (1999), heart sec-
tions clearly show a plasma membrane localization of

AHNAK in cardiomyocytes (Figure 2A). Figure 2B
shows a muscle section incubated with affinity-puri-
fied KIS antibody that was preincubated with the KIS
peptide and counterstained with biotinylated horse-
radish peroxidase. In this control, AHNAK staining
was completely abolished, confirming our biochemical
analysis that the KIS antibody used in our study is spe-
cific for AHNAK protein. AHNAK expression is not
restricted to cardiomyocytes, but appears to be a gen-
eral feature of the different muscular cell types. As ob-
served in cardiomyocytes, in the skeletal myocytes
forming the striated skeletal muscle fiber, AHNAK
immunoreactivity also accumulated at the plasma
membrane (Figure 2C). In the small intestine, AHNAK
antibodies decorated the layers of smooth muscle cells
of the tunica underlining the epithelium (Figure 2D).
Both the longitudinal and the circular layer of smooth
muscle cells showed strong AHNAK immunoreactiv-
ity. A cross-section of the circular layer clearly showed
that AHNAK is localized at the plasma membrane.
This pattern of AHNAK immunoreactivity in smooth
muscle cells was also observed on the muscularis pro-
pria of the body of the stomach, which also consists of
an inner circular and outer longitudinal layer (data
not shown). Other structures composed of smooth
muscle cells found in various tissue also express AH-
NAK (Figure 2E and 2F). In the ovary, theca cells
showed strong plasma membrane AHNAK immu-
noreactivity (Figure 2E). Theca cells, which are impor-
tant for steroid secretion, also have muscle character-
istics (Motta and Familiari 1981; Self et al. 1988). At
ovulation, these cells by their contraction may be ca-
pable of squeezing the follicular wall or may favor
follicle collapse and subsequent involution during
atresia. Smooth muscle cells that compose the tunica
media and ensheathe large blood vessels in various tis-
sue were also stained with AHNAK antibodies. In tes-
tis, smooth muscle cells surrounding small and large
arteries were AHNAK-positive (Figure 2F). AHNAK
was also expressed by PECAM-positive endothelial
cells, as revealed by yellow pixels in merged confocal
double-labeled fluorescent image (Figure 2F). We also
observed apparently higher AHNAK immunoreactivity
in endothelial cells of small arterioles than in large ar-
teries. Slender smooth muscle-like cells surrounding sem-
iniferous tubules also expressed AHNAK (Figure 2F).
These cells are responsible for the production of col-
lagen and elastin fibers present in the lamina propria,
while their contractile activity helps the movement of
spermatogonia along the tubule.

AHNAK Localization in Lining Epithelium

In the stratified epithelium of the skin, AHNAK was
expressed at the plasma membrane of keratinocytes of
the stratum basale and the stratum spinosum (Figure

Figure 1 Immunoblotting analysis of AHNAK content in mouse or-
gans or tissues. Tissue extracts were analyzed by Western blotting
using �-tubulin (A), CQL, or KIS (B) antibody. Lane 1, heart; Lane 2,
liver; Lane 3, lung; Lane 4, thymus; Lane 5, kidney; Lane 6, pan-
creas; Lane 7, esophagus. Asterisk indicates a 100-kD band that
may correspond to a proteolylic fragment of the C-terminus of
AHNAK.
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3A). AHNAK staining was not observed in the corni-
fied layer. AHNAK is also expressed in cells of papil-
lary dermis and in some cells of the hair follicle (Fig-
ure 3A).

In the upper part of the digestive tract, i.e., the
esophagus, AHNAK was found in the stratified squa-
mous epithelium, which in rodents may be keratinized
(Figure 3B). Here again, AHNAK immunoreactivity

Figure 2 AHNAK localization in muscle tissue. (A) Heart section showing strong AHNAK immunoreactivity at the cardiomyocyte plasma mem-
brane. (B) The specificity of AHNAK imunostaining of heart section was controlled by preincubation of the affinity-purified KIS-AHNAK anti-
body with KIS peptide. Bars � 20 �m. (C) Section of skeletal muscle shows strong membrane localization of AHNAK in the myofiber. (D) The
mucosae of the gastrointestinal duct (here the small intestine) is surrounded by a layer of smooth muscle cells, the outer longitudinal (L), the
central circular layer (C), and the muscularis mucosae (MM) bordering the mucosae are AHNAK-positive. Note in the circular layer of smooth
muscle cells the membranous localization of AHNAK. (E) In the ovarian follicle, an oocyte (O) is seen with the surrounding zona granulosa (ZG)
and the theca layer (TC). The layer of theca cells is AHNAK-positive. (F) Double immunofluorescence analysis of AHNAK (red) and PECAM
(green) in a seminiferous tubule of testis cut in transverse section. The myoid cells forming a thin layer surrounding the tubule (arrow head),
the smooth muscle cells surronding a small arteriol and an artery (arrows), and the endothelial cells are AHNAK-positive. Bars � 50 �m.
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was concentrated mainly at the plasma membrane. As
shown in Figure 3B, AHNAK was also present in the
muscle cells of the striated muscularis layer. In kidney,
AHNAK immunochemistry showed that AHNAK was
localized in a special type of epithelium of the urinary
system that lines the collecting ducts, ducts of Bellini,
and the pelvicalyceal system (Figure 3D; and data not

shown). This transitional epithelium, called urothe-
lium, is present along the conducting passages of the
urinary system and protects the organism from acid
and hypertonic urine. In liver, AHNAK immunoreac-
tivity was confined to the portal tract. Figure 3E fo-
cuses on a typical portal tract containing three main
structures. The largest is a terminal branch of the he-

Figure 3 AHNAK localization in lin-
ing epithelium. (A) Skin section. The
stratified squamous keratinizing epi-
thelium, but not the cornified layer
of the epidermis (e), is AHNAK-posi-
tive. The junction between the epi-
dermis and the dermis is character-
ized by downward folds of the
epidermis called rete ridges, which in-
terdigitate with upward projections
of the dermis called dermal papillae
(DP). Some cells of the dermis and a
small layer of cells in the hair follicle
complex are AHNAK-positive. (B) The
lumen of the esophagus is lined by
a thick AHNAK-positive protective
stratified squamous epithelium (e)
which, in this specimen, is keratinized.
The underlying lamina propria is rela-
tively condensed and the underlying
muscularis mucosae is barely visible.
Note the presence of skeletal muscle
(M) in the muscularis, supporting the
idea that the specimen is derived
from the upper part of the esopha-
gus. Bars � 50 �m. (C) Kidney section.
AHNAK staining is located in an epi-
thelium that may correspond to the
collecting tubule (arrowhead). This
renal specimen contains a glomerulus
(arrow) which is not AHNAK labeled.
Bar � 20 �m. (D) Liver section. Dou-
ble immunofluorescence analysis of
AHNAK (red) and PECAM (green) by
confocal microscopy focuses on a typ-
ical portal tract containing a terminal
branch of the hepatic portal vein
(PV), an arteriole (arrowhead), and
the bile ductule (arrow). Bar � 50 �m.
(E) In lung, dense immunoreaction
deposit is observed in a bronchiole at
the apical plasma membrane of epi-
thelial cells and in contact with the
basement membrane (white arrow).
The underlayer smooth muscle (M)
and the lung parenchyma cells are
heavily immunostained. Bar � 20 �m.
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patic portal vein (PV), which has a thin wall lined by
endothelial cells labeled with PECAM antibody. These
endothelial cells were AHNAK-positive. Smaller-diam-
eter vessels are arterioles, which show lower AHNAK
immunostaining. Finally, the bile collecting duct, lined
by simple columnar epithelium, was strongly immuno-
stained with AHNAK antibody. In these lining epithe-
lial cells, AHNAK was concentrated at the plasma
membrane. There was no AHNAK immunostaining of
the liver hepatocytes. Immunohistochemistry with the
lung (Figure 3E) confirmed the Western blotting anal-
ysis, showing that a high level of AHNAK protein is
present in lung (Figure 1, Lane 3). AHNAK was
highly expressed in parenchymal cells (epithelium of
alveoli) and in the smooth muscle layer surrounding
the bronchiolar epithelium. Faint AHNAK immunore-
activity was also present in pseudostratified bronchial
epithelium. The labeled epithelial cells were mainly
ciliated cells characterized by large nuclei. Their soma
was weakly immunostained but concentrated immu-
noreaction deposit was observed at the apical plasma
membrane and in contact with the basement mem-
brane (white arrow).

We also found AHNAK immunoreactivity associ-
ated with the plasma membrane of several other lining
epithelia, such as the stratified epithelium of the tunica
albuginea of the testis (data not shown), and also in
the epithelial cells lining the ventricles of the central
nervous system (Figure 4). In the adult mouse brain,
AHNAK immunoreactivity was abundant in epithelial
cells that bordered all the ventricles, including the lat-
eral ventricles (not shown), the third ventricle (Figure
4A), and the fourth ventricle (Figure 4B). There was
no apparent AHNAK immunostaining of neuronal
and glial cell soma. Brain capillary endothelial cells
were also immunostained (see Figure 4A).

In contrast to muscle cells, not all epithelial cells

synthesize AHNAK. As shown in Figure 5A, the dif-
ferent secretory epithelial cells that constitute the
stomach mucosa, including mucus-secreting cells,
acid-secreting cells, and pepsin-secreting cells, were
not AHNAK-immunoreactive. AHNAK staining ap-
peared as a thin strand between the gastric gland,
which corresponds to the muscularis mucosae that ex-
tends from the base of a gastric gland, to the lumen,
whose contraction expels gastric secretion into the
stomach lumen. The absence of AHNAK in secretory
epithelium was confirmed in the salivary gland (Figure
5B), the mammary gland (Figure 5C), and the prostate
gland (Figure 5D). In the salivary gland, the epithe-
lium of serous acini, with nuclei flattened against the
basement membrane, and the epithelium of mucous
acini were not AHNAK-immunoreactive. The thin
AHNAK immunoreactivity surrounding serous acini
corresponds to the processes of contractile myoepithe-
lial cells. In mammary glands, myoepithelial cells sur-
rounding the gland and endothelial cells of capillaries
were also labeled by the AHNAK antibody (Figure
5C). The prostate glandular epithelium was not posi-
tive for AHNAK, whereas the supporting tissue,
which contains numerous smooth muscle cells and
capillaries, was labeled by the AHNAK antibody (Fig-
ure 5D). Figure 5E shows the immunolabeling of
AHNAK in the pancreas, a large gland composed of
glandular epithelium with exocrine and endocrine
functions. The endocrine tissue formed by the islets of
Langerhans was not stained, nor were the glandular
acini, which constitute the exocrine part of the pan-
creas. Only the endothelial cells of the capillaries were
immunolabeled. AHNAK immunostaining was also
not observed in epithelium with absorptive functions,
such as the epithelium of the small intestine (data not
shown; see also Figure 2D) and the absorptive epithe-
lium lining the colon, which also has protective func-
tions (Figure 5F). The mucosa of the colon, formed of
straight tubular glands consisting of cells specialized
for water absorption and of mucus-secreting globlet
cells, was devoid of AHNAK immunoreactivity. How-
ever, significant cytoplasmic immunoreactivity was
present in the cells of the luminal portion of the epi-
thelium. These cells, which are derived from precursor
cells present in the basal portion of the epithelium, are
more mature and are subjected to the stretching forces
of the luminal content. The muscularis mucosae,
which extends into the lamina propria between the
folds of the gland, also expressed AHNAK.

Discussion
Table 1 summarizes the tissue distribution and the cel-
lular localization of AHNAK in mouse tissues. The
protein AHNAK is a hallmark of muscular and mus-
cle-like cells with contractile properties organized in

Figure 4 AHNAK is localized in the ventricular wall of adult brain.
Double immunofluorescence analysis of AHNAK and HOECHST
(DNA) labeling in the third ventricle (A) and the fourth ventricle (B)
shows that AHNAK is localized in the ependymal cells that border
the ventricles. AHNAK is also present in the brain parenchymal cap-
illaries (arrowhead). Bar � 20 �m.
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contractile tissue or scattered in the tissue as fibromyo-
cytes or myoepithelial cells. AHNAK is also specifi-
cally expressed in epithelial cells of the skin, the
esophagus, the tunica albugina of the testis, the bile
ducts, and the brain ventricles. In contrast to muscle
cells, not all epithelial cells express AHNAK. We did
not find significant AHNAK immunoreactivity in the
glandular epithelium of the mammary gland, the sali-
vary gland, the stomach, the prostate, or the exocrine

and endocrine pancreas, all of which have secretory
functions. We were also unable to detect AHNAK in
the absorptive epithelium of the proximal part of the
nephron and of the intestine. In addition to muscle
cells and lining epithelial cells, AHNAK is also present
in endothelial cells of several capillary and blood ves-
sels (see Figures 2F, 3D, 4A, and 5C–5E). However, in
fenestrated endothelium of the kidney glomeruli (Fig-
ure 3C), the hepatic sinusoid (data not shown), and

Figure 5 AHNAK localization is re-
stricted to lining epithelium. (A) The
mucosae of the stomach is thrown
into prominent folds consisting of
gastric glands (GG). AHNAK is ob-
served in a thin strand that lies imme-
diately beneath the base of the gas-
tric glands and extends from the base
of the glands in the lamina propria
between the glands (arrowhead).
This strand corresponds to the muscu-
laris mucosae and supporting tissue
(lamina propria and blood vessels).
(B) Salivary glands are composed of
mucous acini (MA) and serous acini.
Both are embraced by processes of
contractile cells called myoepithelial
cells (arrowhead) which, on contrac-
tion, force the secretion from the aci-
nar lumen into the duct system. (C) In
the alveolar duct of the breast, myo-
epithelial cells surrounding the duc-
tal lining cells are AHNAK-positive,
whereas cuboidal epithelial cells are
not immunostained. (D) The prostate
glandular epithelium (GE) is AHNAK-
negative, whereas the supporting tis-
sue, which contains many smooth
muscle cells, is AHNAK-positive. (E)
The exocrine pancreas, which forms
the bulk of the gland, is composed of
glandular acini (a), whereas the endo-
crine tissue of the pancreas forms
the islets of Langerhans (I) scattered
throughout the exocrine tissue. In
this organ, AHNAK immunoreactivity
is restricted to vessels (arrows). (F)
The simple tubular glands (LP) of the
colon extend from lumen into the
muscularis mucosae (MM). Lamina
propria, composed of supporting tis-
sue and a thin strand of muscularis
mucosae, is AHNAK-positive. Note
also the cytoplasmic AHNAK immu-
noreactivity in luminal enterocytes.
Arrows in C–E point to blood vessels.
Bars � 50 �m.
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the continuous capillaries of lung (data not shown),
AHNAK immunoreactivity was below the detection
limit. This suggests that the level of AHNAK expres-
sion in endothelial cells might depend on the blood
vessel properties.

In adult tissue, the main subcellular localization of
AHNAK is at the plasma membrane. Cytoplasmic
staining was also observed in fibroblast or certain epi-
thelial cells, such as those in the colon (Figure 5F). Ex-
clusive membrane location of AHNAK has also been
recently reported in rat cardiomyocytes by Hohaus et
al. (2002), using two region-specific AHNAK antibod-
ies raised against either amino-terminal or carboxyl-
terminal epitopes. These findings contrast with the
predominant nuclear localization of AHNAK ob-
served in cultured cells lines of nonepithelial origin
(Shtivelman and Bishop 1993). However, recent data
reported that in MDCK cells derived from canine kid-
ney epithelium, membrane targeting of AHNAK is
regulated by cell density and the formation of cell–cell
contacts (Sussman et al. 2001). The authors proposed
that the plasma membrane-anchored AHNAK may be
involved in the growth arrest of normal epithelial cells
(Sussman et al. 2001). In adult mouse tissues, AH-
NAK-expressing cells are terminally differentiated
cells and therefore do not proliferate. This status

might account for the predominant membrane local-
ization of AHNAK in most adult tissues. Alterna-
tively, recent studies indicate that AHNAK may be
proteolytically cleaved in vivo (Skoldberg et al. 2002)
and that AHNAK fragments may have functional
roles intracellularly (Sekiya et al. 1999). It is therefore
possible that, in cell culture, cytoplasmic AHNAK is
more susceptible to proteolysis, and that AHNAK
proteolysis could contribute to the apparent nuclear
localization of the protein. In normal keratinocytes,
endogenous full-length AHNAK accumulates at the cell
membrane, but the transfected C-terminus of AHNAK
accumulates within the cell nuclei (Nie et al. 2000).

The predominant cellular expression of AHNAK in
muscles and in lining epithelium that we report in this
study might help to elucidate the membrane function
of this giant protein. First, it allows restriction of the
search for AHNAK function to essentially two special-
ized cell types. Moreover, several structural and func-
tional features are shared between muscle and lining
epithelium. These tissues are subjected to stretching
force and have elastic properties. For example, the ep-
ithelium of the esophagus is subjected to the stretching
force of the bolus, and muscle cells to stretching forces
during the contraction–relaxation cycles. This implies
that common cellular organizations are involved in

Table 1 Tissue and cell localization of AHNAK

Tissue and organ AHNAK-positive structure or cell type 
Type of epithelium 

in the organ
AHNAK in
epithelium

Epidermis Keratinocytes Lining ��

Esophagus Stratified epithelium of mucosae, muscular layer
(smooth muscle and skeletal muscle)

Lining ��

Liver Bile duct epithelium Lining ��

Brain Ependymal cells Lining ��

Testis Tunica albuginea, myofibroblasts Lining ��

Prostate Supporting tissue (smooth muscle cells) Secretory �

Breast Myoepithelial cells Secretory �

Salivary gland Myoepithelial cells Secretory �

Small intestine Smooth muscle layers Secretory �

Stomach Muscularis mucosae, smooth muscle layers Secretory �

Adrenal Negative Secretory �

Pancreas Negative Secretory �

Heart Cardiomyocytes
Skeletal muscle Muscle fiber, myocytes
Uterus Myometrium
Ovary Theca cells
Kidney Epithelium of collecting tubule, duct of Bellini,

pelvicalyceal system
Lining/absorptive ��/�

Large intestine Smooth muscle layers Absorptive and protective �

Lung Epithelium of bronchiole, Lining/secretory �

epithelium of alveoli (pneumocytes),a 

smooth muscle
Lining ��

Spleen Negative
Thymus Negative
Lymph node Negative
Blood vessels Endothelium and smooth muscle cells

aConfirmed in human lung.
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both tissues to respond and control the stretching
forces. The first is the cell–cell interactions necessary
for maintaining tissue integrity. Several molecular
structures are known to participate in cell–cell interac-
tions, such as desmosomes, tight junctions, and adher-
ens junctions. Although initially AHNAK was co-puri-
fied with the desmosomal component during cell
fractionation of keratinocytes (Hieda and Tsukita
1989), and therefore was been named desmoyokin,
later studies clearly demonstrated that AHNAK (des-
moyokin) is not directly associated with desmosomes
(Masunaga et al. 1995). We have investigated the pos-
sible association of AHNAK with tight junctions in
endothelial cells of brain capillary and ependymal cells
(data not shown). Double immunofluorescence label-
ing and confocal microscopy analysis for AHNAK
and the tight junction-associated protein ZO1 re-
vealed a distinct localization of the two proteins (un-
published data). Finally, the observation that AHNAK
can migrate from the cytoplasm to the plasma mem-
brane in cell culture without any effect on cell–cell ad-
hesion (Hashimoto et al. 1995) does not support a di-
rect role for AHNAK in cell–cell interactions. We
envision that AHNAK may be more likely associated
with the structural support of the membrane during
changes in membrane shape, the reinforcement of the
cortical framework, and signaling pathways. It is sig-
nificant that AHNAK shares structural similarity and
subcellular localization with two other giant proteins
abundantly expressed in muscle cells, titin and dystro-
phin. Both of these giant proteins lie close beneath the
plasma membrane (Shimada et al. 1993; Mussini et al.
1995). Dystrophin is part of a multimeric protein
complex that links actin on the inside of the cells to
extracellular matrix protein through transmembrane
proteins (Samitt and Bonilla 1990; Wakayama et al.
1993; Norwood et al. 2000). Titin is a giant muscle
protein. Its size and location within the sarcomere
structure suggests that it plays an important role in the
mechanism of muscle elasticity (Freiburg et al. 2000).
It will be very interesting to investigate if AHNAK may
also act as a scaffold protein, recruiting and maintain-
ing the organization of cytoskeletal proteins at the
plasma membrane. This will obviously require the
identification and characterization of AHNAK-associ-
ated proteins at the plasma membrane. Two membrane-
associated signaling pathways regulated by AHNAK
have already been characterized. In the cardiomyo-
cyte, AHNAK modulates membrane-bound L-type
calcium channel activity (Haase et al. 1999). Intrigu-
ingly, organization of the cortical actin network has
been implicated in modulation of voltage-gated ion
channel activity (Maguire et al. 1998), and in vitro
interaction between the carboxyl-terminal region of
AHNAK and actin has recently been described (Ho-
haus et al. 2002). Peptides from the central domain of

AHNAK also bind and activate PLC� in the presence
of arachidonic acid (Sekiya et al. 1999). The activa-
tion of this enzyme mediates several cellular re-
sponses, including cytoskeletal rearrangements that
lead to protection of the plasma membrane in re-
sponse to mechanical stress (Ryan et al. 2000; Ruwhof
et al. 2001). Finally, taking into account that AHNAK
is an abundant muscular protein with possible impor-
tant functions associated with structural support of
the plasma membrane, it will be now of primary inter-
est to investigate if its function is altered in muscular
dystrophies that are characterized by cell membrane
defects.
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The Zn2�- and Ca2�-binding S100B protein is impli-
cated in multiple intracellular and extracellular regula-
tory events. In glial cells, a relationship exists between
cytoplasmic S100B accumulation and cell morphological
changes. We have identified the IQGAP1 protein as the
major cytoplasmic S100B target protein in different rat
and human glial cell lines in the presence of Zn2� and
Ca2�. Zn2� binding to S100B is sufficient to promote
interaction with IQGAP1. IQ motifs on IQGAP1 repre-
sent the minimal interaction sites for S100B. We also
provide evidence that, in human astrocytoma cell lines,
S100B co-localizes with IQGAP1 at the polarized leading
edge and areas of membrane ruffling and that both pro-
teins relocate in a Ca2�-dependent manner within newly
formed vesicle-like structures. Our data identify IQ-
GAP1 as a potential target protein of S100B during pro-
cesses of dynamic rearrangement of cell membrane mor-
phology. They also reveal an additional cellular function
for IQGAP1 associated with Zn2�/Ca2�-dependent relo-
cation of S100B.

S100B is a member of the S100 family of proteins containing
two EF-hand-type calcium-binding domains (1). This protein
interacts not only with Ca2� but also with Zn2� ions, binding
Zn2� ions with an affinity in the nanomolar range (2). The
capacity of S100B to bind and release Zn2� suggests that Zn2�

may not only play a structural role but might also be involved,
together with Ca2�, in concerted regulation of S100B function.
The S100B protein is naturally highly expressed in the verte-
brate nervous system, where it is present in astrocytes and
Schwann cells (3). In the adult central nervous system, the
S100B protein is present in the nuclei and cytoplasm of astro-
cytes and accumulates in the astrocytic dendrites in the
perivascular processes (4). Studies in different laboratories
suggest a variety of intracellular regulations by S100B, includ-
ing negative cell growth regulation (5), cell structure (6), and
calcium homeostasis (7). The S100B protein is also secreted
from astrocytes and has extracellular functions (8). Extracel-
lular S100B acts as a modulator of neuronal synaptic plasticity
(9). Although nanomolar quantities have beneficial neurotro-
phic effects on nerve cells, high levels of this protein have been
implicated in glia activation and could contribute to the devel-

opment of brain pathology as observed in Down’s syndrome and
Alzheimer’s disease (10). The recent observation that S100B
triggers activation of the pro-inflammatory cell surface recep-
tor receptor for advanced glycation end products has shed more
light on its extracellular function (11). In cultured human
astrocytoma U87 cells, S100B secretion is dependent on relo-
cation of S100B toward vesicle-like structures at the periphery
of the cells and is regulated by Ca2� and Zn2� (12). S100B can
also be secreted into the bloodstream and cerebrospinal fluid
and is a biochemical marker of brain damage or dysfunction in
acute and chronic diseases (13, 14). A relationship between
S100B accumulation in the astrocytic end-feet and morpholog-
ical changes of astrocytes in the perivascular regions has been
reported previously (15). These changes may be related to the
release of S100B into the blood stream (15). Consistent with
dynamic regulation of astrocyte cell shape by S100B, antisense
inhibition of S100B production in cultured rat glial C6 cells is
correlated with alterations in cellular morphology (6). The
mechanisms of regulation of astrocyte cell morphology by
S100B and its secretion pathway remain unclear. By analogy
with other EF-hand Ca2�-binding proteins, such as calmodu-
lin, one might suppose that the biological activity of S100B is
related to Ca2�/Zn2�-dependent interaction with target pro-
teins. In this study, we identify IQGAP1 protein as the first
S100B target protein identified to date whose interaction with
S100B is regulated by Zn2� and Ca2�. IQGAP1 is also the
major specific cytoplasmic S100B target protein present in both
rat glial C6 and human U373 or U87 astrocytoma cell lines. We
also provide evidence that cytoplasmic S100B specifically binds
to a sub-population of IQGAP1 molecules that localize at the
polarized leading edge and areas of membrane ruffling and
that both S100B and IQGAP1 proteins are relocated in a Ca2�-
dependent manner within vesicle-like structures. The interac-
tion of S100B with IQGAP1 may have important implications
for understanding the roles played by S100B in processes of
dynamic rearrangement of cell membranes and in the mecha-
nisms of Zn2�/Ca2�-dependent relocation and secretion of
S100B.

MATERIALS AND METHODS

Cell Cultures and 35SMet/Cys Labeling—Human astrocytoma
U-373MG, U-87MG cells, rat glioma C6 cells, mammary carcinoma
MCF7 cells, and NIH 3T3 fibroblasts were cultured in Dulbecco’s mod-
ified Eagle’s medium with Glutamax (Invitrogen) supplemented with
10% fetal calf serum (Invitrogen). Cells were labeled in methionine-free
minimal essential medium, 5% fetal calf serum supplemented with
35SMet/Cys mix (50 �Ci/ml) for 6 h.

Transfection Experiments—U-373MG, U-87MG, NIH 3T3, and
MCF7 cells were transfected with the pcDNA-Neo containing the wild-
type or C-terminal deleted S100B cDNA (17) using FuGENETM 6 rea-
gent transfection according to manufacturer’s protocol. For stably
transfected S100B-MCF7 cell lines, cells were incubated, 48 h after
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transfection, in complete medium supplemented with 500 �g ml�1

neomycin (G418), and neomycin-resistant S100B-MCF7 clones were
selected.

S100- and CaM-Sepharose Beads—S100B and CaM1 were purified
from bovine brain to homogeneity (16). S100B- and CaM-Sepharose
were prepared by reaction of bovine brain S100B and CaM with CnBr-
Sepharose in 20 mM HEPES, pH 7.8, 0.5 mM CaCl2. Both S100B- and
CaM-Sepharose contained 2 mg of protein per milliliter of beads. The
purification protocols for human S100A1, S100A6, S100B, and S100A11
recombinant proteins have been described previously (17). Recombi-
nant human S100B, S100A1, S100A6, and S100A11 were coupled to
CnBr-Sepharose (1 mg of protein per milliliter of beads) as described
above.

Primary Antibodies—Monoclonal anti-�-tubulin antibody was a gift
from Drs L. Paturle and D. Job (Laboratoire du cytosquelette, CEN-
Grenoble). Polyclonal rabbit anti-S100B antibodies (Z0311 and A5110)
were from Dako. Purified S100B monoclonal antibody S16 was previ-
ously described (18). Monoclonal anti-calmodulin (C-7055) and mono-
clonal anti-S100A6 antibody (S5046) were from Sigma. The monoclonal
mouse anti-calmodulin (05-173) and the monoclonal mouse anti-IQ-
GAP1 AF4 (05-504) antibodies were from Upstate Biotechnology. IQ-
GAP1 AF4 antibody was used for immunoprecipitation experiments.
The mouse monoclonal anti-IQGAP1 (mAb IgG1, I53820) antibody was
from Transduction Laboratories and used at 1:2000 in Western blot
analysis. Polyclonal rabbit anti-IQGAP1 antibody was a gift from Dr. J.
Ericksson (Cornell University, Ithaca, NY) and was used at 1:2000 for
immunofluorescence. Mouse monoclonal anti �-catenin antibody was
from Transduction Laboratories (C19220). Polyclonal rabbit anti-Cdc42
antibody was from Santa Cruz Biotechnology (SC-87). MyoD mono-
clonal antibody 5.8A was from H. Weintraub (Seattle, WA).

Western Blot Analysis—S100B protein was resolved with SDS-Tris-
Tricine-11%-PAGE (17). �-tubulin, �-catenin, and IQGAP1 were ana-
lyzed using Laemmli SDS-PAGE. The proteins were transferred to
nitrocellulose membrane and incubated with the primary antibodies.
Proteins were visualized using an ECL kit (PerkinElmer Life Sciences).

Plasmid Constructions—The following constructs were used for in
vitro translation using the TNT T7 Quick system (Promega): (i) pCAN-
myc-IQGAP1 containing a cDNA encoding IQGAP1 was a gift from J.
Erickson (Cornell University, Ithaca, NY); (ii) the pcDNA vector con-
taining a cDNA coding for the IQGAP1-N terminus (amino acids 1–863)
was generated by digesting pCAN-myc-IQGAP1 with BamHI and sub-
cloning the BamHI-BamHI fragment into a BamHI site in
pcDNA3.1(�) (Invitrogen); (iii) the pcDNA containing a cDNA coding
for the IQGAP1-IQ domains (amino acids 740–869) was generated by
digesting the pcDNA/N-ter with StuI and BamHI and subcloning the
StuI/BamHI fragment into the EcoRV/BamHI sites in pcDNA3.1(�)
(Invitrogen); (iv) the pcDNA/CHD-IQ was obtained by digesting
pcDNA/N-ter with StuI and by religating the vector; (v) the
pcDNA/IR-IQ (amino acids 232–740) was obtained by digesting
pcDNA/N-ter with StuI and BamHI. Then the StuI/StuI and StuI/
BamHI fragments were subcloned into EcoRV/BamHI sites in
pcDNA3.1(�).

Mass Spectrometric Analysis and Protein Identification—The 170-
kDa protein that binds to S100B-Sepharose in the absence of calcium
was excised from Coomassie Blue-stained gels and washed with 50%
acetonitrile. Gel pieces were dried in a vacuum centrifuge and re-
hydrated in 20 �l of 25 mM NH4HCO3 containing 0.5 �g of trypsin
(Promega, sequencing grade). After 4-h incubation at 37 °C, a 0.5-�l
aliquot was removed for MALDI-TOF analysis and spotted onto the
MALDI sample probe on top of a dried 0.5-�l mixture of 4:3 saturated
�-cyano-4-hydroxy-trans-cinnamic acid in acetone/10 mg/ml nitrocellu-
lose in acetone/isopropanol 1:1. Samples were rinsed by placing a 5-�l
volume of 0.1% trifluoroacetic acid on the matrix surface after the
analyte solution had dried completely. After 2 min, the liquid was blown
off by pressurized air. MALDI mass spectra of peptide mixtures were
obtained using a Bruker Biflex mass spectrometer (Bruker-Franzen
Analityk, Bremen, Germany). Internal calibration was applied to each
spectrum using trypsin autodigestion peptides (MH� 842.50, MH�

1045.55, MH� 2211.11). Protein identification was confirmed by tan-
dem mass spectrometry experiments. After in-gel tryptic digestion, the
gel pieces were extracted with 5% formic acid solution and then with

acetonitrile. The extracts were combined with the original digest, and
the sample was evaporated to dryness in a vacuum centrifuge. The
residues were dissolved in 0.1% formic acid and desalted using a Zip Tip
(Millipore). Elution of the peptides was performed with 5–10 �l of 50%
acetonitrile/0.1% formic acid solution. The peptide solution was intro-
duced into a glass capillary (Protana) for nanoelectrospray ionization.
Tandem mass spectrometry experiments were carried out on a quadru-
ple time-of-flight hybrid mass spectrometer (Micromass, Altrincham,
UK) to obtain sequence information. Collision-induced dissociation of
selected precursor ions was performed using argon as the collision gas
and collision energies of 40–60 eV. Protein identification was achieved
using both MALDI peptide mass fingerprints and MS/MS sequence
information. Mass spectrometric data were compared with known se-
quences using the programs MS-Fit and MS-Edman located at the
University of California San Francisco (available at prospector.ucs-
f.edu/). Tandem mass spectrometry sequencing of three different pep-
tides (LGLAPQIQDLYGK, LEGVLAEVAQHYQDTLIR, and FPD-
AGEDELLK) confirmed the strict identity of the 170-kDa protein with
IQGAP1. These peptides are not found in other human protein se-
quences, including IQGAP2 and the putative IQGAP3 sequence.

Cell Extracts—For binding assays and co-immunoprecipitation ex-
periments, cells were lysed at 4 °C in TTBS buffer (40 mM Tris-HCl, pH
7.5, 150 mM NaCl, 0.3% Triton X-100) plus protease inhibitors (leupep-
tin, aprotinin, pepstatin, and 4-(2-aminoethyl)benzenesulfonylfluoride
hydrochloride, 10 �g/ml each) and centrifuged for 10 min. Cell lysates
were precleared by incubation for 10 min with 50 �l of protein
A-Sepharose.

S100B and CaM Binding Assays—500-�l aliquots of precleared su-
pernatant were supplemented with either 5 mM EDTA/5 mM EGTA, or
with 20 �M ZnSO4, or with 0.3 mM CaCl2/10 �M ZnSO4 and mixed with
20 �l of affinity beads equilibrated in the same buffers. After mixing at
4 °C for 15 min, the beads were spun down and the supernatant was
removed. The beads were washed three times with 1 ml of binding
buffers. At the last wash, beads were transferred to new Eppendorf
tubes and boiled in SDS-sample buffer. For binding assays using re-
combinant IQGAP1 or IQGAP1 domains, 20 �l of reaction lysates were
diluted in 500 �l of TTBS and processed as described for cell extracts.

Co-immunoprecipitation Analysis—500-�l aliquots of pre-cleared su-
pernatant were mixed with 40 �M GTP�S (Sigma) plus 5 mM MgCl2, if
needed, and with either 5 mM EDTA/5 mM EGTA or 0.3 mM CaCl2/10 �M

ZnSO4 and mixed with the appropriate antibodies (5 �g) plus 20 �l of
protein A- or protein G-Sepharose equilibrated in the same buffers.
After mixing at 4 °C for 50 min, the beads were centrifuged briefly (5 s,
13,000 rpm), and the supernatant was removed. The beads were
washed three times with 1 ml of appropriate incubation buffers. At the
last wash, beads were transferred to new microcentrifuge tubes and
boiled in SDS-sample buffer containing 5 mM EGTA and 5 mM EDTA.

Immunofluorescence Analysis—cells grown on permanox slides from
Nunc, Inc. were fixed for 30 min with 4% paraformaldehyde in HBS (10
mM HEPES, pH 7.4, 130 mM NaCl, 15 mM KCl, 5 mM MgCl2) and
permeabilized for 5 min with TBS (30 mM Tris-HCl, pH 7.4, 150 mM

NaCl) containing 0.2% Triton X-100 plus 1 mM CaCl2. After washing
with TBS/1 mM CaCl2, cells were incubated for 30 min in TBS/1 mM

CaCl2 containing 10% normal goat serum and then incubated with
primary antibodies for 90 min in the same buffer containing 5% normal
goat serum. The cells were then washed with TBS/1 mM CaCl2 and
incubated for 1 h with the appropriate secondary antibodies conjugated
with cyanin3 (Jackson ImmunoResearch Laboratories) or with Al-
exa488 (Molecular Probes, Inc., Eugene, OR) in the same buffer as
described for the primary antibodies. After washing with TBS/1 mM

CaCl2, cells were incubated in a solution of Hoechst 33258 (2 �g/ml) for
5 min and placed under coverslips. Preparations were analyzed with a
Zeiss fluorescence microscope (Axiovert 200M) or a Leica confocal
microscope (TCS-SP2).

RESULTS

S100B Overexpression Correlates with Changes in U373 Cell
Morphology—In the transformed human astrocytoma U373
cell line, the expression of S100B is up-regulated in post-con-
fluent cells (Fig. 1). Up-regulation of S100B is specific, because
it is not observed with �-tubulin, calmodulin (CaM), and
IQGAP1.

Indirect immunofluorescence analysis of post-confluent
U373 cells, double-stained with polyclonal rabbit anti-human
S100B (red) and mouse monoclonal anti-S100A6 (green), re-
veals heterogeneity in S100B staining among cells (Fig. 2A).

1 The abbreviations used are: CaM, calmodulin; Tricine, N-[2-hy-
droxy-1,1-bis(hydroxymethyl)ethyl]glycine; MALDI-TOF, matrix-as-
sisted laser desorption ionization time-of-flight; MS/MS, tandem mass
spectrometry; GTP�S, guanosine 5�-3-O-(thio)triphosphate; GFP, green
fluorescent protein.
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Although all cells are uniformly immunostained with S100A6
antibodies (Fig. 2B), considerable variation in S100B immuno-
staining characterized post-confluent U373 cells. In post-con-
fluent culture, the strongest S100B-positive cells had grown on
top of the cell layer. These cells are characterized by intense
cytoplasmic S100B immunoreactivity and have adopted a less
flattened morphology with long processes. Confocal microscopy
analysis of S100B immunostaining in confluent and post-con-
fluent U373 cells confirmed a relationship between S100B
overexpression and change in cell shape (Fig. 2, C and D). In
these experiments, cells were double-labeled with S100B poly-
clonal antibodies (red) and IQGAP1 monoclonal antibody
(green). U373 cells that enter confluence have a flattened mor-
phology. In these cells, the weak S100B immunoreactivity is
mostly nuclear and IQGAP1 accumulates at the cell periphery
(Fig. 2C). In post-confluent culture, cells characterized by in-
tense cytoplasmic S100B immunoreactivity have adopted a less
flattened morphology with long processes (Fig. 2D). Overlap-
ping of the S100B and IQGAP stainings (white pixels) reveals
that some of the S100B colocalizes with IQGAP1 at the cyto-
plasmic membrane and within processes. The correlation be-
tween cytoplasmic S100B overexpression with changes in cell
shape is consistent with previous studies that showed that
selective inhibition of S100B production by antisense strategies
in rat glioma C6 cells resulted in a more flattened cellular
morphology (6). In rat C6 glioma cells, S100B is also up-regu-
lated in post-confluent cells, and its up-regulation correlates
with drastic cell morphological changes (data not shown).

IQGAP1 Is the Major Specific S100B Binding Protein in the
Glial C6 and U373 Cells—In an attempt to identify specific
S100B target proteins that could mediate the effect of S100B on
cell morphology, we compared proteins in astrocytoma U373
and glial C6 cell extracts that bind to S100B-Sepharose beads.
A major S100B-binding protein that migrated with an appar-
ent molecular mass of 170 kDa was identified in both cell lines
(Fig. 3A). The 170-kDa protein binds to S100B-Sepharose
beads in EGTA/EDTA- and Ca2�/Zn2�-containing buffer. The
170-kDa human protein from U373 MG cells was further char-
acterized by mass spectrometry. Protein identification was
achieved using both MALDI peptide mass fingerprints and
MS/MS sequence information (see “Materials and Methods”).
Results revealed that it corresponds to human IQGAP1. IQ-

GAP1 is a widely expressed protein that acts as a scaffold in
recruiting and maintaining the organization of cytoskeletal
proteins at the plasma membrane (19–27). The other high
molecular weight Ca2�/Zn2�-dependent S100B-binding protein
present in glial C6 cells, but not in U373 cell extract, has been
previously identified as AHNAK (28). The binding of IQGAP1
to S100B is specific, because it is not observed with S100A6
(Fig. 3B, lanes 5 and 6), and S100A11 (Fig. 3C, lanes 3 and 7),
two other S100 species expressed in U373 cells (17). S100A1,
the closest S100B homologue that is not expressed in U373
cells (17), also binds IQGAP1 (Fig. 3B, lanes 3 and 4). IQGAP1
in U373 cell extract also binds to calmodulin-Sepharose beads
(Fig. 3C, lanes 4 and 8).

IQGAP1 Co-immunoprecipitates with S100B from U373 Cell
Extract—A physical interaction between S100B with IQGAP1
was confirmed by co-immunoprecipitation of a S100B/IQGAP1
complex from confluent U373 cell extract (Fig. 4). In a first set
of experiments, S100B was immunoprecipitated with S16
monoclonal S100B antibody that recognizes an epitope located
within the N terminus of S100B (18). The presence of IQGAP1
in the S100B immunoprecipitate was revealed with anti-IQ-
GAP1 polyclonal antibodies. A small but detectable amount of
IQGAP1 is found in the S100B immunoprecipitates in EDTA/
EGTA buffer (Fig. 4A, lane 4). The amount of IQGAP1 immu-
noprecipitated with S100B monoclonal antibody increased sub-
stantially in buffer containing Ca2�/Zn2�(Fig. 4A, lane 5). The
co-immunoprecipitation of IQGAP1 with S100B is specific, be-
cause it is not observed with control anti-MyoD antibodies (Fig.
4A, lanes 2 and 3). The Ca2�/Zn2� requirement for the inter-
action between soluble S100B and IQGAP1 contrasts with the
apparent divalent ion-independent interaction observed with
S100B cross-linked to Sepharose beads (see below).

In a second set of experiments, IQGAP1 was immunoprecipi-
tated with anti-IQGAP1 AF4 monoclonal antibody (Fig. 4B).
S100B is found associated with IQGAP1 immunoprecipitates
when using Ca2�/Zn2�-containing buffer. Cdc42 and �-catenin,
two other IQGAP1 target proteins (22–24) are also found asso-
ciated with IQGAP1 immunoprecipitates in both EGTA/EDTA
and Ca2�/Zn2� buffer. Several laboratories have also shown
intracellular interactions between CaM and IQGAP1 (19–20,
26, 29). In Fig. 4C, we compared the association of calmodulin
(CaM) and S100B with immunoprecipitate IQGAP1 out of ex-
ponentially growing and post-confluent U373 cells in EGTA/
EDTA- and Ca2�/Zn2�-containing buffer. CaM and S100B that
co-immunoprecipitated with IQGAP1 were sequentially re-
vealed using the same nitrocellulose transfer membrane. CaM
co-immunoprecipitates with IQGAP1 in all conditions tested,
whereas S100B only co-immunoprecipitates with IQGAP1 from
post-confluent cell extracts in buffer containing Ca2�/
Zn2�(compare lanes 2 and 3). It is noteworthy that, although
other laboratories reported that Ca2� enhances the interaction
between CaM and IQGAP1 (26, 29–30), we found more CaM
immunoreactivity associated with IQGAP1 in U373 cell ex-
tracts containing EGTA and EDTA (compare lanes 2 and 3 or
lanes 5 and 6). This unexpected observation cannot solely be
explained by a competition with S100B, because it is also
observed with sub-confluent culture characterized by low
S100B expression.

Zn2�-dependent Interaction between S100B and IQ-
GAP1—In a pull-down assay using S100B cross-linked onto
Sepharose beads, the S100B/IQGAP1 interaction can be de-
tected independently of the presence of EGTA/EDTA or Ca2�/
Zn2� in binding buffer (Fig. 3). In contrast, co-immunoprecipi-
tation experiments with endogenous cellular proteins revealed
that IQGAP1/S100B interaction is markedly strengthened
when Ca2� and Zn2� are included in binding buffer (Fig. 4).

FIG. 1. Western blot analysis for �-tubulin, IQGAP1 calmodu-
lin, and S100B expression in astroglioma U373 MG cells. Total
protein (25 �g) from exponentially growing U373 MG cells (lane 1) and
from cells left post-confluent for 1 day (lane 2), 3 days (lane 3), and 4
days (lane 4) were immunoblotted using specific antibodies directed
against �-tubulin, IQGAP1, calmodulin (CaM) (Sigma), and S100B as
indicated.
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One factor that might explain this apparent discrepancy is the
high S100B protein concentration used in the pull-down assay
(1.5–3 �M) compared with the soluble S100B in cell extracts. To
evaluate the effect of S100B concentration on complex forma-
tion with IQGAP1, we performed co-immunoprecipitation anal-
ysis using MCF7 cells extracts (which do not express the S100B
protein) supplemented with increasing concentrations of re-
combinant human S100B (Fig. 5A). Results confirm that the
S100B/IQGAP1 interaction is regulated by divalent ions and
that high concentrations of S100B are not sufficient to promote
ion-independent interactions.

Previous studies from our laboratory have shown that chem-
ical modifications within the S100B molecule may have pro-
found effects on the protein quaternary and tertiary structures
(2, 31). We thus investigated the possibility that cross-linking
of S100B onto Sepharose beads modifies S100B conformation
as to favor interaction with IQGAP1. To test this, we compared
the interaction of recombinant IQGAP1 produced in rabbit
reticulocytes with the equal amount of soluble S100B, by
means of co-immunoprecipitation, and S100B cross-linked onto

Sepharose beads by pull-down assays. As shown in Fig. 5B,
S100B cross-linked onto Sepharose beads, but not soluble
S100B, interacts with in vitro translated IQGAP1 in EGTA/
EDTA-containing buffer (compare lanes 3 and 7). We next
evaluated the contribution of individual divalent ions, Zn2�

and Ca2�, to the S100B/IQGAP1 interaction. In the co-immu-
noprecipitation and pull-down assays, addition of Zn2� (10 �M)
to binding buffer stimulates interaction between S100B and
IQGAP1 (lanes 4 and 8). Further addition of Ca2� repeatedly
enhanced that interaction (lanes 5 and 9). Quantitative evalu-
ation of the radioactivity associated with S100B-Sepharose
beads in different buffer conditions is shown in Fig. 5C. To-
gether, these data suggest that, when cross-linked onto Sepha-
rose beads, S100B adopts a conformation that favors its inter-
action with IQGAP1. This conformational state is probably
very similar to that induced upon Zn2� binding. They also
suggest that Ca2� might also strengthen the S100B/IQGAP1
interaction.

Zn2�-dependent interaction of S100B with IQGAP1 was also
observed with cellular proteins (Fig. 5D). NIH-3T3 cells were

FIG. 2. Localization of S100B in
post-confluent astroglioma U373 MG
cells. A and B, post-confluent U373 MG
cells (day 3) were fixed and double-
stained with polyclonal rabbit anti-hu-
man S100B (A) (red) and mouse mono-
clonal anti-S100A6 (B) (green). C and D,
confocal microscopy analysis of confluent
(C) and post-confluent (day 3) (D) U373
MG cells double-stained with polyclonal
anti-S100B (red) or with monoclonal anti-
IQGAP1 (green). Overlapping red and
green pixels are shown in white.

FIG. 3. Identification of S100B-binding proteins in rat glioma C6 cells and astroglioma U373 MG cells. A, comparison of [35S]methi-
onine-labeled proteins in rat glioma C6 cells (lanes 1–2 and 5–6) and in U373 MG cells (lanes 3–4 and 7–8) that interact with control Sepharose
beads (lanes 1, 3, 5, and 7) or with S100B-Sepharose (lanes 2, 4, 6, and 8) in the absence (lanes 1–4) or in the presence of calcium (lanes 5–8). B,
comparison of [35S]methionine-labeled proteins in U373 MG cell extracts that interact with control Sepharose beads (lanes 1–2), S100A1-Sepharose
(lanes 3–4), S100A6-Sepharose (lanes 5–6), and S100B-Sepharose (lanes 7–8) in the absence (lanes 1, 3, 5, and 7) or in the presence of calcium
(lanes 2, 4, 6, and 8). C, comparison of [35S]methionine-labeled proteins in U373 MG cell extracts that interact with control Sepharose beads (lanes
1 and 5), S100B-Sepharose (lanes 2 and 6), S100A11-Sepharose (lanes 3 and 7), and CaM-Sepharose (lanes 4 and 8) in the absence (lanes 1–4) or
in the presence of calcium (lanes 5–8). In A–C, the bound proteins were resolved on 5% SDS-PAGE. In C, the bound proteins were resolved on 5%
SDS-PAGE and autoradiographed. In panel C, proteins with low molecular weight were left to run out of the gel. Values at left indicate molecular
size in kDa of protein standards. Arrowheads indicate the position of IQGAP1 and of the giant protein AHNAK.
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transfected with S100B expression plasmid and S100B/IQ-
GAP1 complex formation analyzed by co-immunoprecipitation
with S16 monoclonal antibody in different buffer conditions.
When transfected cells are lysed in binding buffer containing
20 �M EGTA, the S100B/IQGAP1 interaction is almost unde-
tectable (lane 1). If cell extract containing 20 �M EGTA is
supplemented with Zn2� (40 �M), binding of IQGAP1 to S100B
is rescued (lane 2). Addition of Ca2� (300 �M) or Zn2� plus Ca2�

to EGTA containing cell extract also rescues S100B/IQGAP1
interaction (lanes 3 and 4). As observed with in vitro translated
35S-labeled IQGAP1 (Fig. 5, B and C), a slight but significant
increase in IQGAP1 immunoreactivity is found associated with
S100B immunoprecipitates in buffer containing Ca2�. That
stimulation was more clearly seen with lower exposure of the
Western blot membrane to ECL film. All together these data
suggest that, in solution, the S100B/IQGAP1 interaction re-
quires either Zn2� or Ca2� ions and that Zn2� is sufficient to
promote that interaction. IQGAP1 is thus the first S100B tar-
get protein identified whose interaction with S100B is medi-
ated by Zn2�-dependent conformational change on S100B.

Mechanism of Zn2�-dependent Interaction of S100B with
IQGAP1—To further confirm the essential role of Zn2�-de-
pendent conformational change on S100B for interaction with
IQGAP1, we next compared the mechanism of interaction of
S100B with IQGAP1 and with a strict calcium-dependent tar-
get protein, AHNAK (28). We first studied the interactions of
the wild-type S100B and of a C-terminal deleted mutant S100B
(S100B�Ct) with IQGAP1 and AHNAK. We used S100B�Ct
because the C terminus domain of S100B is required for inter-
actions between S100B and strict Ca2�-dependent target pro-
tein (32, 33). NIH 3T3 cells were transfected with expression
vectors encoding S100B or S100B�Ct, and complex formation
was assayed by co-immunoprecipitation using the N-terminal
S100B monoclonal antibody S16 (Fig. 6A). Although we repeat-
edly observed a much lower expression of S100B�Ct compared
with wild-type S100B, both wild-type S100B and mutant
S100B�Ct co-immunoprecipitate with IQGAP1 from cell ly-

sates in Zn2�/Ca2�-containing buffer (lanes 6 and 9). Deletion
of the C terminus of S100B specifically abrogated Zn2�/Ca2�-
dependent interaction of S100B with AHNAK (compare lanes 6
and 9). These results suggest that the C terminus of S100B is
not implicated in Zn2�-dependent interaction of S100B with
IQGAP1. We next compared the contribution of individual di-
valent ions, Zn2� and Ca2�, to the S100B�Ct/IQGAP1 interac-
tion (Fig. 6B). When transfected NIH 3T3 cells are lysed in
binding buffer containing 20 �M EGTA, the S100B�Ct/IQGAP1
interaction is almost undetectable (lane 2). If cell extract con-
taining 20 �M EGTA is supplemented with Zn2� (40 �M) (lane
3) or Zn2� plus Ca2� (lane 5), binding of IQGAP1 to S100B�Ct
is rescued. However, in contrast to the full-length S100B (Fig.
5D, lane 3), addition of Ca2� (300 �M) alone also stimulates
S100B�Ct/IQGAP1 interaction, but to a much lower extent
than Zn2� or Zn2� plus Ca2� (Fig. 6B, lane 4). All together
these data confirm that, in solution, Zn2� is sufficient to pro-
mote the S100B/IQGAP1 interaction and that Ca2� binding to
S100B might contribute to strengthen the interaction via the C
terminus of S100B.

Mapping the Minimal Interaction Domain for S100B on IQ-
GAP1—To investigate which domains of IQGAP1 are respon-
sible for S100B binding, the full-length protein and the indi-
cated mutants of IQGAP1 were produced in rabbit reticulocytes
(Fig. 7A), and their interaction with S100B- and CaM-Sepha-
rose beads compared (Fig. 7B), as described under “Materials
and Methods.” There is no difference between the full-length
IQGAP1 and the N-terminal domain of IQGAP1 in binding
S100B and CaM beads. All fusion proteins containing the IQ
domain (IQ, CHD-IQ, and IR-IQ) also bind to S100B and CaM
in the presence of EGTA/EDTA. These findings suggest that IQ
motifs are essential for interactions between S100B and IQ-
GAP1. They are also consistent with previous data showing
that the high affinity CaM binding region on IQGAP1 corre-
sponds to its IQ domains (29).

To confirm that S100B and the CaM-binding domain on
IQGAP1 overlap and to investigate if S100B competes with

FIG. 4. Co-immunoprecipitation of
IQGAP1/S100B in U373 MG cell ly-
sates. A, post-confluent (day 4) U373 MG
cell extracts in buffer containing 5 mM

EDTA and 5 mM EGTA (lanes 2 and 4) or
0.3 mM CaCl2 and 10 �M ZnSO4 (lanes 3
and 5) were immunoprecipitated with
control anti MyoD antibody (lanes 2 and
3) or monoclonal anti-S100B S16 antibody
(lanes 4 and 5). In lane 1 is total cell
extract used for immunoprecipitation. B,
confluent U373 MG cell extracts supple-
mented with 40 �M GTP�S and with 5 mM

EDTA and 5 mM EGTA (lanes 1 and 3) or
with 0.3 mM CaCl2 and 10 �M ZnSO4
(lanes 2 and 4) were immunoprecipitated
with control anti-MyoD antibody (lanes
1–2) or monoclonal anti-IQGAP1 AF4 an-
tibody (lanes 3–4). C, cell extracts ob-
tained from post-confluent (day 4) (lanes
1–4) and sub-confluent (lanes 5–6) U373
MG cells were immunoprecipitated with
control MyoD antibody (lane 1), or mono-
clonal anti-IQGAP1 AF4 antibody (lanes
2–3 and 5–6). Lane 4 is total cell extract
from post-confluent cells used for immu-
noprecipitation. In A, B, and C, protein
complexes were resolved by SDS-PAGE,
transferred to nitrocellulose membranes,
and probed with monoclonal anti-IQ-
GAP1, monoclonal anti-�-catenin, poly-
clonal anti-Cdc42, monoclonal anti-CaM
(Upstate Biotechnology), and polyclonal
anti-S100B antibodies. Immune com-
plexes were visualized using an ECL kit.
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CaM for binding with IQGAP1, we next performed competition
assays. Purified S100B was mixed with 35S-labeled recombi-
nant IQGAP1 together with CaM-Sepharose beads. The

amount of IQGAP1 bound to calmodulin, in the presence of
various concentrations of divalent ions and of S100B, was
quantified by measuring the radioactivity associated with the
CaM-beads pellet (Fig. 7C). In the absence of divalent ion,
S100B interfered with the association of IQGAP1 with CaM
only at high concentration. In the presence of Zn2�, or Zn2�

plus Ca2�, S100B produced a dose-dependent inhibition of
binding of IQGAP1 to CaM. The S100B concentration-depend-
ent inhibition curves show that, in the presence of Zn2�, or
Zn2� plus Ca2�, half inhibition occurs with a S100B concentra-
tion below the estimated CaM-Sepharose concentration in the
assay (1.8 �M), suggesting that, in its Zn2�- or Ca2�/Zn2�-
bound conformations S100B may have higher affinity for IQ-
GAP1 than CaM. As expected, when purified bovine brain CaM
was used in competition with CaM-Sepharose, in the presence
of Ca2� and Zn2�, for binding IQGAP1, the inhibition curve is
shifted to a higher competitor protein concentration (Fig. 7C).
Inversely, when the purified competitor proteins, CaM and
S100B, were mixed with 35S-labeled recombinant IQGAP1 to-
gether with S100B-Sepharose beads, CaM antagonized IQ-
GAP1 binding to S100B-Sepharose at a much higher concen-
tration than S100B (Fig. 7D) confirming that in its Ca2�/Zn2�-
bound conformations S100B has a higher affinity for in vitro
translated IQGAP1 than has CaM.

S100B Co-localizes with IQGAP1 at Ruffling Membranes but
Not at Sites of Cell-Cell Contact in U373 Cells—The specificity
of interaction between S100B and IQGAP1 in U373 cells was
then investigated at the cellular level by indirect double im-

FIG. 5. Zn2�-dependent interaction between S100B and IQGAP1.
A, MCF7 cell extracts in buffer containing 5 mM EDTA and 5 mM EGTA
(lanes 2–6) or 0.3 mM CaCl2 and 10 �M ZnSO4 (lanes 7–11) were not
supplemented (lanes 2–3 and 7–8) or supplemented with purified human
recombinant S100B at concentrations of 1 �M (lanes 4 and 9), 2 �M (lanes
5 and 10), and 4 �M (lanes 6–11) prior to immunoprecipitation with
control anti MyoD antibody (lanes 2 and 7) or monoclonal anti-IQGAP1
AF4 antibody (lanes 3–6 and 8–11). Lane 1 is total cell extract used for
immunoprecipitation. Protein complexes were resolved by SDS-PAGE,
transferred to nitrocellulose membranes, and probed with monoclonal
anti-IQGAP1 or with polyclonal anti-S100B antibodies. Immune com-
plexes were visualized using an ECL kit. B, [35S]methionine-labeled re-
combinant IQGAP1 produced in rabbit reticulocyte was mixed with solu-
ble purified recombinant S100B (2 �M), then S100B was
immunoprecipitated with monoclonal anti-S100B S16 antibody (1 �g)
(lanes 3–5) or with S100B-Sepharose beads (2 �M) (lanes 7–9) in buffer
containing 5 mM EDTA and 5 mM EGTA (lanes 3 and 7), 10 �M ZnSO4
(lanes 4 and 8), or 0.3 mM CaCl2 and 10 �M ZnSO4 (lanes 5 and 9). Protein
complexes were resolved by SDS-PAGE and autoradiography. Lanes 1
and 6 correspond to total reticulocyte lysate. Lane 2 is immunoprecipita-
tion with control anti MyoD antibody. C, quantitative analysis of the
radioactivity associated with S100B-Sepharose beads as shown in B.
Results are the average of one typical experiment done in triplicate. Lane
C corresponds to S100A11-Sepharose beads used as control. D, mouse
NIH 3T3 cells were transfected with S100B pcDNA, and S100B was
immunoprecipitated with monoclonal S16 antibody in buffer containing
20 �M EGTA (lane 1), 20 �M EGTA plus 40 �M ZnSO4 (lane 2), 20 �M

EGTA plus 0.3 mM CaCl2 (lane 3), or 20 �M EGTA plus 40 �M ZnSO4 and
0.3 mM CaCl2 (lane 4). Protein complexes were resolved by SDS-PAGE,
transferred to nitrocellulose membranes, and probed with monoclonal
anti-IQGAP1 or with polyclonal anti-S100B antibodies. Immune com-
plexes were visualized using an ECL kit.

FIG. 6. Mechanism of Zn2�-dependent interaction of S100B
with IQGAP1. A, NIH 3T3 fibroblasts were transfected with empty
(control) plasmid (lanes 1–3), or with wild-type (wt) S100B (lanes 4–6)
or mutant (�Ct) S100B�Ct (lanes 7–9) plasmids for 36 h by the calcium
phosphate method. Cell extracts were immunoprecipitated using the
monoclonal anti-S100B S16 antibody (lanes 2–3, 5–6, and 8–9). Immu-
noprecipitations were performed in the absence (lanes 2, 5, and 8) or in
the presence (lanes 3, 6, and 9) of Ca2�/Zn2�. Lanes 1, 4, and 7 are total
cell extracts used for immunoprecipitation. B, NIH 3T3 cells were
transfected with control plasmid (lane 1) or with S100B�Ct plasmid
(lanes 2–5) as in A. S100B�Ct was immunoprecipitated with mono-
clonal S16 antibody in buffer containing 20 �M EGTA (lanes 1 and 2), 20
�M EGTA plus 40 �M ZnSO4 (lane 3), 20 �M EGTA plus 0.3 mM CaCl2
(lane 4), or 20 �M EGTA plus 40 �M ZnSO4 and 0.3 mM CaCl2 (lane 5).
In A and B, protein complexes were resolved by SDS-PAGE, transferred
to nitrocellulose membrane, and probed with monoclonal anti-IQGAP1,
polyclonal anti-AHNAK, and polyclonal rabbit anti-S100B. Immune
complexes were visualized by an ECL kit.
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munofluorescence studies (Fig. 8). In sub-confluent U373 MG
cells, S100B expression is down-regulated (Fig. 1) and is hardly
detectable with the monoclonal S16 anti S100B antibody.
Sparse U373 cells were transfected with the S100B cDNA and
the sub-cellular localization of both ectopically expressed
S100B and IQGAP1 were evaluated with anti S100B mono-
clonal antibody and rabbit anti-IQGAP1 antibody (Fig. 8). The
majority of ectopically expressed S100B protein translocates
and accumulates within cell nuclei. Nevertheless, a substantial
amount of S100B remains specifically sequestered within the
cytoplasm. In the cytoplasm, S100B accumulates and co-local-
izes with IQGAP1 in a region that resembles the polarized
leading edge and area of membrane ruffling (Fig. 8A, see ar-
row). Membrane ruffles were characterized by intense staining
with fluorescein isothiocyanate-phalloidin (not shown). Several
groups have shown previously in different cell models that
IQGAP1 accumulates at the polarized leading edge and areas
of membrane ruffling (27, 34). At the polarized leading edge,
IQGAP1 forms a tripartite complex with CLIP-170 and Rac1/
Cdc42 to regulate linkage of microtubules to the cortical region
(27). In transfected U373 cells, S100B immunoreactivity is
totally excluded at the sites of cell-cell contacts where IQGAP1
also localizes (Fig. 8B, see arrowheads). At the cell-cell junc-
tions, IQGAP1 may associate with Cdc42 or �-catenin for reg-
ulation of cadherin-based cell adhesion (22–25).

S100B and IQGAP1 Relocate in a Ca2�-dependent Manner
within Secretion-associated Vesicle-like Structures in Human
Astrocytoma U87 Cells—Relocation of S100B from the perinu-
clear area toward the periphery of the cell in the form of
vesicle-like structures in response to intracellular Ca2� in-
crease has been recently reported in the human astrocytoma
U87 cell line transfected with S100B-GFP fusion protein (12).
In this cell model, Ca2�-dependent relocation of S100B-GFP
has been linked to the S100B secretion pathway (12). To eval-
uate whether IQGAP1 could be implicated in the S100B-secre-

tion pathway, we studied the effect of intracellular Ca2� in-
crease on S100B and IQGAP1 localization in U87 cells. U87
cells were transiently transfected with the S100B cDNA and
the sub-cellular localization of S100B, and IQGAP1 were eval-
uated by immunocytochemistry (Fig. 9). In U87 cells grown in
normal medium, ectopically expressed S100B protein localizes

FIG. 8. Cytoplasmic S100B protein co-localizes with IQGAP1
protein at membrane ruffling but not at sites of cell-cell contact
in U373 MG cells. Sparse U373 MG cells transfected with the S100B
expression plasmid were fixed and double-stained with monoclonal
anti-S100B and polyclonal anti-IQGAP1 as indicated. In sub-confluent
U373 MG cells, S100B expression is down-regulated and is hardly
detectable with the monoclonal S16 anti-S100B antibody. Only trans-
fected cells with S100B plasmid are strongly immunostained. Arrows
show co-localization of S100B with IQGAP1 in the region that resem-
bles the polarized leading edge and area of membrane ruffling. Arrow-
heads point to the site of cell-cell contact where IQGAP1 but not S100B
also localizes.

FIG. 7. Mapping of the S100B-bind-
ing domains on IQGAP1. A, domain di-
agram of IQGAP1. IQGAP1 has a variety
of domains, including a calponin homolo-
gous domain (CHD), six internal repeats
(IR) of yet unknown function, four IQ re-
peats, and a Ras GAP-related domain
(GRD). B, in vitro translated IQGAP1 and
different N-terminal domains as indi-
cated were tested for interaction with
S100B-Sepharose (lanes 2–3) or CaM-
Sepharose (lanes 4–5) in buffer supple-
mented with 5 mM EDTA/EGTA (lanes 2
and 4) or 0.3 mM Ca2� plus 10 �M Zn2�

(lanes 3 and 5). Lane 1 corresponds to
total reticulocyte lysate that has been
precipitated by 20% trichloric acid (TCA).
C and D, S100B and CaM compete with
CaM-Sepharose for binding with IQ-
GAP1. C, binding of [35S]methionine-la-
beled recombinant IQGAP1 to CaM-
Sepharose beads (1.8 �M) was analyzed in
the presence of increasing bovine brain
S100B (Œ, �, and �) or CaM (�) concen-
trations in buffer containing 5 mM EDTA
and 5 mM EGTA (Œ), 10 �M ZnSO4 (�), or
0.3 mM CaCl2 and 10 �M ZnSO4 (� and
�). D, binding of [35S]methionine-labeled
recombinant IQGAP1 to S100B-Sepha-
rose beads (1.3 �M) was analyzed in the
presence of increasing bovine brain
S100B (�) or CaM (�) concentrations in
buffer containing or 0.3 mM CaCl2 and 10
�M ZnSO4 (� and �). In C and D, results
are representative of two experiments in
duplicate.
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to membrane ruffling, the perinuclear area, and within the cell
nuclei (Fig. 9A). Ionomycin stimulation of U87 cells induces
rapid relocation of S100B within vesicle-like structures that
have the appearance of membrane blebs (Fig. 9B). As previ-
ously noticed (12), these vesicle-like structures are often lo-
cated toward the periphery of the cells. When considering IQ-
GAP1 in non-stimulated U87 cells, IQGAP1 is diffusely located
within the cytoplasm and accumulates at membrane ruffling
(Fig. 9A). Increase in the intracellular Ca2� concentration
causes relocation of IQGAP1 to the newly formed membrane
blebs where it co-localizes with S100B (Fig. 9B). IQGAP1 relo-
cation did not depend on the expression levels of S100B, be-
cause it is also observed in non-transfected cells.

Ca2� Regulates Both Relocation and Stable Association of
S100B and IQGAP1 with Membrane Vesicles in MCF7
Cells—As observed in most epithelial cells, in MCF7 human
breast epithelial cells, IQGAP1 accumulates at the cell-cell
junction (Ref. 24 and Fig. 10A). With MCF7 cells stably trans-
fected with the S100B gene (S100B-MCF7) and grown in com-
plete culture medium, IQGAP1 remains concentrated at the
cell-cell junction, whereas the ectopically expressed S100B pro-
tein accumulates within the cell nuclei (Fig. 10A). When
S100B-MCF7 cells are cultured in serum-free medium, intra-
cellular calcium elevation mediated by calcium ionophore iono-
mycin produced a rapid relocation of both S100B and IQGAP1
within the cell cytoplasm (Fig. 10B). When ionomycin-contain-
ing medium was replaced by fresh complete medium, both
S100B and IQGAP1 relocated to the cell nuclei and the cell-cell

junctions, respectively, indicating that Ca2�-dependent trans-
location is reversible. However, in many S100B-MCF7 cells, a
co-localization of S100B and IQGAP1 persisted within newly
formed membrane blebs located toward the periphery of the
cells (Fig. 10C).

DISCUSSION

Characterization of the Molecular Interaction between S100B
and IQGAP1—In solution, S100B associates as a non-covalent
dimer. In its dimeric form, S100B interacts not only with Ca2�

but also with Zn2� ions (2). S100B binds Zn2� ions with affinity
in the nanomolar range (2). In contrast, the S100B dimer
affinity for calcium is rather weak compared with other EF-
hand calcium-binding proteins and is not within the range of
physiological intracellular calcium concentrations (2). In the
presence of Zn2�, or upon alkylation of Zn2� ligand Cys84, the
S100B adopts a “Ca2�-bound-like” conformation (2, 31). That
conformation is associated with destabilization of the quater-
nary protein structure, exposure of the calcium-binding sites to
solvent, and increased apparent Ca2� affinity compatible with
local intracellular calcium concentration (2, 31). The capacity of
S100B to bind and release Zn2� without denaturation suggests
that Zn2� may not only play a structural role but might be
involved, together with Ca2�, in concerted regulation of S100B
interaction with target proteins. In this study, we identified for
the first time a Zn2�-dependent S100B target protein, IQGAP1.
Zn2�-bound S100B co-immunoprecipitates with IQGAP1 pres-
ent in cell extract or expressed in rabbit reticulocyte. In con-
trast to immunoprecipitation assay, pull-down assay using

FIG. 9. Ca2�-dependent relocation of S100B and IQGAP1
within secretion associated vesicle-like structure in U87 cells.
Transiently transfected U87 cells with S100B-pcDNA were incubated 5
min in complete medium plus Me2SO (A) or 5 �M ionomycin in Me2SO
(B). Cells were fixed and double-stained with polyclonal anti-S100B or
with monoclonal anti-IQGAP1 as indicated.

FIG. 10. Ca2� regulates relocation of S100B and IQGAP1 in
MCF7 cells. A, stably transfected MCF7 cells with S100B-pcDNA were
grown in complete medium. B, S100B-MCF7 cells were left 20 h in
serum-free medium and stimulated 5 min with 5 �M ionomycin prior to
fixation. C, S100B-MCF7 cells were treated as in B. After 5 min culture
medium was changed to fresh complete medium and cells were left 1 h
prior to fixation. In A, B, and C, cells were double-stained with poly-
clonal anti-S100B or with monoclonal anti-IQGAP1 as indicated.
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S100B cross-linked onto Sepharose beads revealed that the
S100B/IQGAP1 interaction can also be detected in the presence
of EGTA/EDTA in binding buffer. We have shown that these
discrepancies probably result from differences in conformation
between the soluble S100B and the S100B cross-linked onto
Sepharose beads (Fig. 5B). This was further confirmed by com-
petition experiments using CaM-Sepharose. Only in its Zn2�-
or Zn2�/Ca2�-bound conformations is S100B capable of sub-
stantially antagonizing the binding of recombinant IQGAP1 to
CaM-Sepharose beads (Fig. 7C). The mainly CaM-binding do-
mains on IQGAP1 correspond to IQGAP1-IQ motifs (29). It is
therefore likely that Zn2�-dependent interactions of S100B
with IQGAP1 also require IQGAP1-IQ motifs. This was con-
firmed by mapping the Ca2�-independent S100B-binding do-
main on IQGAP1 using a pull-down assay (Fig. 7, A and B). The
IQ motif was initially identified in brain-specific protein kinase
C substrates neuromodulin (GAP43) and neurogranin as part
of Ca2�-independent CaM binding and protein kinase C phos-
phorylation site domain (35, 36). IQ motifs have since been
identified as binding sites for CaM in a variety of proteins (37).
We provide here evidence that the IQ motifs are not specific to
CaM and can also be targeted by Zn2�-bound S100B. The
Zn2�-dependent interaction of S100B with IQGAP1 is unique
among the S100B-target proteins so far identified. With con-
ventional S100B target proteins, Zn2� does not promote direct
interaction but modulate S100B Ca2� affinity (28). Although
Zn2� binding to S100B is sufficient to promote interaction of
S100B with IQGAP1, quantitative comparison of binding of full
length recombinant IQGAP1 to S100B revealed that addition of
Ca2� to the binding buffer significantly potentiates the inter-
action between the two proteins (Fig 5B). A similar effect of
Ca2� was reported for CaM/IQGAP1 interaction (26, 30). It has
been proposed that differences in CaM binding to IQGAP1 in
the absence and in the presence of Ca2� is attributable to
difference between IQ motifs, some of which bind Ca2�-CaM,
and others bind Ca2�-free CaM (26, 30). Because Zn2�-bound
S100B prevents the binding of IQGAP1 to Ca2�-free CaM, it is
possible that, in its Zn2�-bound conformation, S100B interacts
with some of the IQ motifs that are capable of binding CaM in
the absence of Ca2�. When complexed to Ca2�, the S100B
would then be able to utilize the four IQ motifs to further
strengthen its interaction with IQGAP1. It is also possible that
other domains on IQGAP1 could confer Ca2� sensitivity to the
S100B/IQGAP1 interaction. A striking amino acid sequence
conservation exists between the IQGAP1–5 repeat motif
(541INEALDEGDAQ550) and the Ca2�-dependent S100B-bind-
ing domain on p53 (344LNEALELKDAQ353) (38). The S100B-
binding domain present on p53 is a tetramerization domain
that is also implicated in the interaction of p53 with other
regulatory proteins (39). Further studies should explore if the
interaction of S100B with IQGAP1 could regulate IQGAP1
interactions with partner proteins through its repeat motifs.

IQGAP1 as a Mediator of S100B-induced Regulation of Cell
Shape and S100B Secretion Pathway—In post-confluent hu-
man glioma U373 MG, the strongest S100B immunoreactivity
is found associated with cells that are characterized by a less
flattened morphology and long processes (Fig. 2). In these cells,
a co-localization of S100B and IQGAP1 is evident at plasma
membrane and within growing processes. Transient transfec-
tion of S100B in sub-confluent U373 MG cells confirmed that
cytoplasmic S100B specifically co-localizes with IQGAP1 at the
plasma membrane but not at sites of cell-cell junction (Fig. 8).
Many studies have implicated IQGAP1 as a scaffold to recruit
and localize protein complexes involved in actin and microtu-
bule-based cellular functions at the plasma membrane (19, 20,
27, 34). Interaction of Ca2�/Zn2�-S100B with IQGAP1 could,

therefore, regulate IQGAP1 scaffold function at the plasma
membrane in response to incoming signals linked to the reor-
ganization of the actin and microtubule cytoskeleton. This hy-
pothesis is consistent with previous studies showing that se-
lective inhibition of S100B expression by antisense strategies
in rat glioma C6 cells resulted in a more flattened cellular
morphology and a more organized actin stress fiber staining
pattern with less membrane ruffling (6). It is noteworthy that
IQGAP1 can also bind to S100A1 (Fig. 3B). S100A1, the closest
S100B homologue, is also a potential regulator of cell cytoskel-
eton and cell morphology (41).

In this study, we have also provided evidence that the inter-
action between S100B and IQGAP1 might also occur within
vesicle-like structures that also have the appearance of mem-
brane blebs in the human astrocytoma U87 and MCF7 cells. In
U87 cells, both S100B and IQGAP1 translocate and co-localize
within vesicle-like structures in response to increased intracel-
lular calcium. The Ca2�-dependent translocation of S100B in
U87 has been studied in detail elsewhere (12). It has been
proposed that these vesicle-like structures, which correspond to
cytoplasmic extensions that form and disappear dynamically,
are implicated in Ca2�-dependent S100B secretion process
(12). In U87 cells not stimulated with ionomycin, these vesicle-
like structures were rarely immunostained with IQGAP1 anti-
bodies, suggesting that Ca2� regulates targeting of IQGAP1 to
these structures. The mechanism that controls Ca2�-depend-
ent IQGAP1 relocation is independent of S100B, because it is
also observed in cells that do not express S100B. Ca2�-depend-
ent translocation of S100B and IQGAP1 within structures hav-
ing the appearance of membrane blebs was confirmed with
stably transfected S100B-MCF7 cells (Fig. 10). In stably trans-
fected S100B-MCF7, IQGAP1 is naturally targeted to the cell-
cell junctions and S100B accumulates predominantly within
the cell nuclei. Serum deprivation coupled to intracellular cal-
cium elevation mediated by ionomycin induces a relocation of
both S100B and IQGAP1 within the cell cytoplasm. This proc-
ess is maximal within 5 min, supporting the idea that it de-
pends on calcium fluxes. When ionomycin-containing medium
is replaced by fresh complete medium, the majority of S100B
and IQGAP1 has a tendency to relocated to nuclei and to
cell-cell junctions, respectively, indicating that Ca2�-depend-
ent translocation is reversible. However, in many S100B-MCF7
cells, a co-localization of S100B and IQGAP1 persisted within
membrane blebs located toward the periphery of the cells.
Hence, Ca2� is required for both S100B and IQGAP1 relocation
and their subsequent stable association with newly formed
membrane structures. Taking into account the high affinity
interaction between S100B and IQGAP, we propose that IQ-
GAP1 might be implicated in recruiting S100B to secretory
vesicular structures and might be involved in the Ca2�-depend-
ent S100B secretion pathway. The observed Ca2�-dependent
association of IQGAP1 with vesicle-like structure is new and
might reveal an additional cellular function for the protein.
Whether or not IQGAP1 directly participates in stabilization,
turnover, and dynamics of these vesicle-like structures has yet
to be evaluated. It is significant that functional disruption of
Iqg1p, a yeast homologue of the mammalian IQGAPs, has been
directly implicated in vesicle accumulation at the growing bud,
suggesting a possible involvement of yeast Iqg1p in secretion or
some aspect of vesicle trafficking (40).

The interaction between cytoplasmic S100B and IQGAP1
might also have important implications for understanding the
relationship between overexpression of cytoplasmic S100B and
the development of a more aggressive cell phenotype during
brain tumor progression. In astroglial brain tumors, progres-
sion from low grade (astrocytoma) into faster growing, more
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dysplastic and invasive high grade tumors (glioblastomas), cor-
relates with increased expression of cytoplasmic S100B (42).
Although a causal relationship between S100B concentration
and malignancy has not been demonstrated, it is hypothesized
that increased concentration of S100B may contribute to neo-
plastic transformation. In these brain tumor cells, overex-
pressed S100B could interfere with the regulatory function of
IQGAP1 during processes of dynamic rearrangement of cell-cell
adhesion (23, 24) to favor cell motility and metastasis.
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Benoit J. Gentil‡, Christian Delphin‡, Gaëlh Ouengue Mbele‡, Jean Christophe Deloulme‡,
Myriam Ferro§, Jérôme Garin§, and Jacques Baudier‡¶
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Transformation of rat embryo fibroblast clone 6 cells
by ras and temperature-sensitive p53val135 is reverted
by ectopic expression of the calcium- and zinc-binding
protein S100B. In an attempt to define the molecular
basis of the S100B action, we have identified the giant
phosphoprotein
AHNAK as the major and most specific Ca21-dependent
S100B target protein in rat embryo fibroblast cells. We
next characterized AHNAK as a major Ca21-dependent
S100B target protein in the rat glial C6 and human
U-87MG astrocytoma cell lines. AHNAK binds to S100B-
Sepharose beads and is also recovered in anti-S100B
immunoprecipitates in a strict Ca21- and Zn21-depend-
ent manner. Using truncated AHNAK fragments, we
demonstrated that the domains of AHNAK responsible
for interaction with S100B correspond to repeated mo-
tifs that characterize the AHNAK molecule. These motifs
show no binding to calmodulin or to S100A6 and
S100A11. We also provide evidence that the binding of 2
Zn21 equivalents/mol S100B enhances Ca21-dependent
S100B-AHNAK interaction and that the effect of Zn21

relies on Zn21-dependent regulation of S100B affinity
for Ca21. Taking into consideration that AHNAK is a
protein implicated in calcium flux regulation, we pro-
pose that the S100B-AHNAK interaction may participate
in the S100B-mediated regulation of cellular Ca21

homeostasis.

Calcium is a ubiquitous second messenger that regulates
many cellular functions including cell growth, differentiation,
and apoptosis (1, 2). EF-hand calcium-binding proteins, such as
calmodulin, troponin C, parvalbumin, and S100, are implicated
in calcium transduction pathways (3). These proteins bind
Ca21 through their EF-hand motifs, and in their Ca21-bound
conformation they interact with secondary effector proteins.
S100 proteins constitute one of the largest subfamilies of EF-
hand proteins (4). To date, 17 different proteins have been
assigned to the S100 protein family. The S100 proteins are
small proteins (10 kDa) that are generally expressed in tissue-
and cell-specific manners. They show different degrees of ho-

mology, ranging from 25% to 55% identity at the amino acid
level. In vivo, the S100 proteins associate as noncovalent ho-
modimers but may also heterodimerize with other individual
S100 species (5–8). Some S100 protein members including
S100B, S100A1, S100A3, S100A6, S100A7, and S100A11 are
not only calcium-binding proteins but also bind Zn21 ions (9).
The interaction of S100B protein with Zn21 may be important
in its biological function. Unlike Ca21 binding, Zn21 binding to
S100B has a minimal effect on the conformation of the overall
protein structure but profoundly increases affinity for calcium
(10). An important question related to Zn21 binding to S100
proteins in general is how Zn21 regulates the functions of S100.

S100B is abundant in the brain, where it localizes to astro-
cytes. This protein has attracted much interest over the past
few years because, like other proteins implicated in neurode-
generation (e.g. b-amyloid and superoxide dismutase), its gene
is located on chromosome 21, which is trisomic in Down’s syn-
drome (11). Overexpression of S100B in the brain of patients
with Down’s syndrome or Alzheimer’s disease (12, 13) and in
the brains of patients with AIDS (14) has led to the hypothesis
that S100B plays a contributory role in several neuropatholo-
gies associated with these diseases. Outside the central nerv-
ous system, expression of S100B protein is increased in many
tumors (15). In cardiomyocytes, S100B synthesis is induced in
response to hypoxia (16) and acts as a negative modulator of
the hypertrophic response after myocardial infarction (17).
S100B null mice are viable and exhibit no behavioral abnor-
malities up to 12 month of age (18). On the other hand, astro-
cytes derived from S100B null mice show abnormal calcium
elevation in response to agents that normally induce a tran-
sient Ca21 increase (18). These results suggest that S100B
plays a role in the maintenance of Ca21 homeostasis within
cells. The identification of in vivo S100B target proteins is
essential for determination of the exact contribution of the
S100B-dependent signaling pathways to cellular functions.
Several putative S100B target proteins have already been
characterized, including cytoplasmic cytoskeletal-associated
proteins (19–21); enzymes such as nuclear kinase Ndr (22),
retinal membrane-bound guanylate cyclase (23), and fructose
1,6-bisphosphate-aldolase (24); and transcription factors (25,
26). Most of these putative target proteins are also able to
interact with the other S100 species and/or calmodulin.

We show here that a major and specific target protein for
S100B is the giant phosphoprotein AHNAK. AHNAK/des-
moyokin (molecular mass, 700 kDa) is a protein originally
identified by Shtivelman et al. (27) and Shtivelman and Bishop
(28) as a nuclear phosphoprotein repressed in cell lines derived
from human neuroblastomas and in several other types of
tumors. Subsequently, Hashimoto et al. (29) described

* This work was supported by Association pour la Recherche sur le
Cancer Grant 5643 and a grant from the Ligue Nationale Contre le
Cancer. The costs of publication of this article were defrayed in part by
the payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

¶ To whom correspondence should be addressed: Département de
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AHNAK/desmoyokin as a desmosomal plaque protein in epi-
thelial tissues. In epithelial cells, AHNAK/desmoyokin is pres-
ent mainly in the cytoplasm when cells are kept in low Ca21

medium but translocates to the plasma membrane after an
increase in extracellular Ca21 concentration or protein kinase
C activation (30). More recently, AHNAK has been found in
cardiomyocytes associated with L-type calcium channels. In
these cells, AHNAK may play a role in cardiac calcium signal-
ing by modulating L-type calcium channels in response to b-ad-
renergic stimulation (31). A recent report also identified AH-
NAK as a protein that binds and activates phospholipase C-g1
in the presence of arachidonic acid to generate inositol
trisphosphate and diacylglycerol, two second messengers that
control intracellular calcium flux (32). A possible role for AH-
NAK in S100B-mediated regulation of cell calcium homeostasis
is discussed.

MATERIALS AND METHODS

Cell Cultures—REF1 cells (clone 6) (44) were grown in RPMI 1640-
Glutamax (Life Technologies, Inc.) supplemented with 5% fetal calf
serum (Life Technologies, Inc.) at 37.5 °C. Glial C6 cells, U87-MG,
U373-MG, and HeLa cells were grown in Dulbecco’s modified Eagle’s
medium-Glutamax (Life Technologies, Inc.) supplemented with 10%
fetal calf serum (Life Technologies, Inc.) at 37.5 °C.

Antibodies—Purified S100B monoclonal antibody S16 was a gener-
ous gift from Dr. M. Takahashi (Skye PharmaTech Inc.). S100B poly-
clonal antibodies were from DAKO. KIS/AHNAK polyclonal antibodies
(28) were obtained from Dr. E. Shtivelman (University of California San
Francisco, San Francisco, CA). p53-specific monoclonal antibody
PAb421 was purified from hybridoma supernatants by protein A-agarose
chromatography. Anti-tubulin was a gift from Dr. L. Paturle and D. Job
(CEA-Grenoble). Myc epitope-specific monoclonal antibody 9e10 and
MyoD monoclonal antibody 5.8A were from H. Weintraub (Fred Utchin-
son Cancer Research Center, Seattle, WA).

S100B- and CaM-Sepharose Beads—S100B and CaM were purified
from bovine brain to homogeneity (10). S100B- and CaM-Sepharose
were prepared by reaction of bovine brain S100B and CaM with CnBr-
Sepharose in 20 mM HEPES, pH 7.8, and 0.5 mM CaCl2. Both S100B-
and CaM-Sepharose contained 2 mg protein/ml beads. Recombinant
human S100B, S100A1, S100A6, and S100A11 were coupled to CnBr-
Sepharose (1 mg protein/ml beads) as described above.

Bacterial Expression Plasmids—The bacterial expression plasmid for
the production of His-tagged M2-DY (AHNAK amino acids 2589–3059)
was constructed by cloning an EcoRV/HindIII fragment from Z83 (27)
into EcoRV/HindIII sites of pet32b (Novagen). For His-tagged M3-DY
(AHNAK amino acids 3730–4188) expression in Escherichia coli, the
corresponding SspI DNA fragment from Z80 (27) was cloned into EcoRV
site of pet32a (Novagen). His-tagged U1-DY (AHNAK amino acids
3730–3878) and His-tagged U2-DY (AHNAK amino acids 3730–3972)
expression plasmids were obtained by deleting the carboxyl-terminal
part of the AHNAK fragment of M3-DY. M3-DY expression vector was
digested by BspMI/XhoI or AatII/XhoI for the production of U1-DY or
U2-DY expression vector, respectively, blunted, and then self-ligated.

Recombinant Protein Expression and Purification—Recombinant
protein expression was carried out in E. coli strain AD494(DE3)pLYsS
(Novagen). Bacteria were grown to A600 5 0.6 in 100 ml of Luria-Bertani
broth medium supplemented with 15 mg/ml kanamycin, 34 mg/ml chlor-
amphenicol, 40 mg/ml leucine, and 50 mg/ml carbemicillin. Protein ex-
pression was induced with 1 mM isopropyl-1-thio-b-D-galactopyranoside
for 2 h. Bacteria were harvested and resuspended in 2 ml of lysis buffer
(30 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.3% Triton X-100, 1 mM

b-mercaptoethanol, 1 mg/ml lysozyme, and 2 mg/ml of each protease
inhibitor (leupeptin, aprotinin, pepstatin, and AEBSF)). After one
freeze/thaw cycle, bacterial lysates were cleared (100,000 3 g for 20
min) and kept on ice or stored at 220 °C. His-tagged M3-DY, U2-DY,
and U1-DY were purified by Ni31 affinity chromatography.

S100B- and CaM-binding Assays—For binding assays using recom-
binant AHNAK fragments expressed in rabbit reticulocytes (TNTquick;
Promega), 20 ml of reaction lysates were diluted in 500 ml of TTBS
supplemented with either 5 mM EDTA and 5 mM EGTA or 0.3 mM CaCl2

and 10 mM ZnSO4 and mixed with 20 ml of affinity beads equilibrated in
the same buffers. After mixing at 4 °C for 10 min, the beads were spun
down, and the supernatant was removed. The beads were washed three
times with the binding buffers and boiled in SDS-sample buffer. For
binding assays using recombinant AHNAK fragments expressed in
bacteria, soluble extracts (50 ml) were diluted in 500 ml of TTBS sup-
plemented with either 5 mM EDTA and 5 mM EGTA or 0.3 mM CaCl2
and 10 mM ZnSO4 and treated as described above. For binding assays
using crude cell extracts, cells were first labeled in methionine-free
minimum Eagle’s medium, 10% fetal calf serum, supplemented with
[35S]methionine/[35S]cysteine mix (50 mCi/ml) for 8 h. Cells were lysed
in TTBS buffer supplemented with protease inhibitors (leupeptin, apro-
tinin, pepstatin, AEBSF, N-acetyl-Leu-Leu-norleucinal, and N-acetyl-
Leu-Leu-methioninal; 10 mg/ml each) and centrifuged for 10 min at
14,000 3 g. The lysates were precleared by incubation for 10 min with
50 ml of protein A-Sepharose. Aliquots (500 ml) of precleared superna-
tant were mixed with 500 ml of TTBS supplemented with either 5 mM

EDTA and 5 mM EGTA or 0.3 mM CaCl2 and 10 mM ZnSO4 and mixed
with 20 ml of affinity beads equilibrated in the same buffers. After
mixing at 4 °C for 10 min, the beads were spun down, and the super-
natant was removed. The beads were washed three times with the
binding buffers. At the last wash, the beads were transferred to new
Eppendorf tubes and boiled in SDS-sample buffer.

Co-immunoprecipitations—For co-immunoprecipitation of AHNAK
and S100B, NIH-3T3 cells in 100-mm dishes were first transfected with
control plasmid or S100B plasmid (4 mg) using FuGENETM reagent (12
ml) as recommended by the manufacturer (Roche). Cells were lysed after
36 h. For co-immunoprecipitation of p53 and AHNAK, confluent REF
cells were labeled in methionine-free minimum Eagle’s medium, 5%
fetal calf serum, supplemented with [35S]methionine/[35S]cysteine mix
(100 mCi/ml) for 6 h. NIH-3T3 and REF cells were lysed in TTBS buffer
supplemented with protease inhibitors (leupeptin, aprotinin, pepstatin,
AEBSF, N-acetyl-Leu-Leu-norleucinal, and N-acetyl-Leu-Leu-methion-
inal; 10 mg/ml each). The lysates were precleared by a 10-min centrif-
ugation at 14,000 3 g, and the supernatant was further incubated for
15 min with 50 ml of protein A-Sepharose. Aliquots (500 ml) of pre-
cleared supernatant were mixed with 500 ml of TTBS supplemented
with either 5 mM EDTA and 5 mM EGTA or 0.3 mM CaCl2 and 10 mM

ZnS04 and mixed with appropriate antibodies (5 mg) plus 20 ml of
protein A-Sepharose equilibrated in the same buffers. After mixing at
4 °C for 15 min, the beads were centrifuged briefly (5 s, 13,000 rpm),
and the supernatant was removed. The beads were washed three times
with the binding buffers. At the last wash, the beads were transferred
to new Eppendorf tubes and boiled in SDS-sample buffer.

Mass Spectrometric Analysis and Protein Identification—The protein
bands were excised from Coomassie Blue-stained gels and washed with
50% acetonitrile. Gel pieces were dried in a vacuum centrifuge and
reswollen in 20 ml of 25 mM NH4HCO3 containing 0.5 mg of trypsin
(sequencing grade; Promega). After 4 h of incubation at 37 °C, a 0.5 ml
aliquot was removed for MALDI time of flight analysis and spotted onto
the MALDI sample probe on top of a dried, 0.5 ml mixture of 4:3
saturated a-cyano-4-hydroxy-trans-cinnamic acid in acetone/10 mg/ml
nitrocellulose in acetone/isopropanol 1:1. Samples were rinsed by plac-
ing a 5 ml volume of 0.1% trifluoroacetic acid on the matrix surface after
the analyte solution had dried completely. After 2 min, the liquid was
blown off by pressurized air. MALDI mass spectra of peptide mixtures
were obtained using a Bruker Biflex mass spectrometer (Bruker-Fran-
zen Analityk, Bremen, Germany). Internal calibration was applied to
each spectrum using trypsin autodigestion peptides (MH1 842.50,
MH1 1045.55, and MH1 2211.11). Protein identification was con-
firmed by tandem mass spectrometry experiments. After in-gel tryptic
digestion, the gel pieces were extracted with 5% formic acid solution
and then extracted with acetonitrile. The extracts were combined with
the original digest, and the sample was evaporated to dryness in a
vacuum centrifuge. The residues were dissolved in 0.1% formic acid and
desalted using a Zip Tip (Millipore). Elution of the peptides was per-
formed with 5–10 ml of 50% acetonitrile/0.1% formic acid solution. The
peptide solution was introduced into a glass capillary (Protana) for
nanoelectrospray ionization. Tandem mass spectrometry experiments
were carried out on a quadrupole time of flight hybrid mass spectrom-
eter (Micromass, Altrincham, United Kingdom) to obtain sequence in-
formation. Collision-induced dissociation of selected precursor ions was
performed using argon as the collision gas and with collision energies of
40–60 eV. Protein identification was achieved using both MALDI pep-
tide mass fingerprints and tandem mass spectrometry sequence infor-
mation. Mass spectrometric data were compared with known sequences
using the programs MS-Fit and MS-Edman from the University of
California San Francisco.

1 The abbreviations used are: REF, rat embryo fibroblast; CaM, cal-
modulin; TTBS, 40 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.3% Triton
X-100; MALDI, matrix-assisted lazer desorption ionization; PAGE,
polyacrylamide gel electrophoresis.
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Real-time Surface Plasmon Resonance Recording—Real-time binding
experiments were performed on a BIAcore biosensor system (Pharma-
cia Biosensor AB, Uppsala, Sweden). All experiments were performed
at 25 °C. AHNAK peptides in 10 mM sodium acetate, pH 3.5, were
coupled directly through their amino groups to the sensor surface
activated by N-hydroxy-succinimide and N-ethyl-N9-(dimethylami-
nopropyl)carbodiimide according to the manufacturer’s instructions.
The remaining reactive groups were then inactivated with 1 mM etha-
nolamine. For control experiments, the sensor surface was treated as
described above in the absence of peptide or coupled to His-tagged
importin a1. All interaction experiments were done using a running
buffer containing 20 mM Tris-HCl, pH 7.5, and 150 mM NaCl in the
absence or presence of CaCl2 as indicated. Between injections, the
sensor chip was washed with a buffer containing 20 mM Tris-HCl, pH
7.5, 120 mM NaCl, and 2 mM EDTA and equilibrated with the appro-
priate running buffer. For Zn21-dependent binding experiments, the
S100B protein was incubated with ZnS04 before injection on the sensor
chip. Sensorgrams were analyzed using the BIAevaluation 3.0 program
(Pharmacia Biosensor AB).

RESULTS

Identification of the Giant Protein AHNAK as a Target Pro-
tein for S100B in Fibroblastic Cell Lines—Ectopic expression of

the calcium- and zinc-binding S100B protein in mouse embryo
fibroblasts and REFs expressing the temperature-sensitive
p53val135 mutant cooperates with Ca21 to promote nuclear
accumulation of the wild-type p53val135 conformational species
and rescue wild-type p53 functions at the nonpermissive tem-
perature (33, 34). To begin to characterize the mechanism
behind this effect, we chose to characterize Ca21-dependent
S100B target proteins in REF clone 6 cells. REF cells were
metabolically labeled with [35S]methionine, after which protein
extracts were incubated with S100-Sepharose beads in the
absence or presence of Ca21/Zn21. To control for specificity of
protein interactions, the pattern of protein binding was com-
pared with that of CaM-Sepharose (Fig. 1A). The most abun-
dant and specific calcium-dependent S100B target protein in
REF cells is a large protein heavily labeled with [35S]methi-
onine that migrates at the top of the gel (Fig. 1A).

The corresponding human protein from HeLa cell extract
was next isolated by Ca21-dependent interaction with S100B-
Sepharose beads and further characterized by mass spectrom-
etry. Protein identification was achieved using both MALDI
peptide mass fingerprints and tandem mass spectrometry se-
quence information (Fig. 2). Results revealed that the large
molecular mass protein corresponds to the human protein AH-
NAK (27).

A physical Ca21-dependent interaction between S100B and
AHNAK was also demonstrated by exploiting the observation
that AHNAK co-immunoprecipitates with the anti-p53 mono-
clonal antibody PAb421 from clone 6 cell extracts (Fig. 1B and
Fig. 1C, lanes 1 and 4). AHNAK is not precipitated by the
control monoclonal anti-MyoD antibody, showing that AHNAK
co-immunoprecipitation with PAb421 is specific (Fig. 1B). If
clone 6 cell extracts are supplemented with purified S100B (5
mM) before immunoprecipitation with PAb421, S100B prevents
co-precipitation of AHNAK only when calcium is present (Fig.
1C, compare lanes 1 and 2). In the absence of calcium, AHNAK
is unable to interact with S100B (lanes 6), and S100B does not
dissociate AHNAK from PAb421 immunoprecipitates (Fig. 1C,
compare lanes 4 and 5). S100B does not antagonize p53val135

immunoprecipitation by PAb421 (Fig. 1C, compare lanes 1 and
4 with lanes 2 and 5), confirming that the dissociation of
AHNAK from PAb421 immunoprecipitate results from direct
interaction between S100B and AHNAK.

FIG. 1. AHNAK in REF clone 6 cells interacts with S100B. A,
comparison of [35S]methionine-labeled proteins in REF cell extracts
that interact with S100B-Sepharose (S100B) or CaM-Sepharose (CaM)
beads in the absence (EDTA) or presence of calcium (Ca21). The bound
proteins were resolved on 5% SDS-PAGE without stacking gel and
autoradiographed. B, analysis of [35S]methionine-labeled proteins in
REF cell extracts that co-precipitate with p53val135. Cell extracts were
immunoprecipitated with either MyoD monoclonal antibody 5.8A or
p53-specific monoclonal antibody PAb421 as indicated. Immunoprecipi-
tates were resolved by 7.5% SDS-PAGE and autoradiographed. C,
S100B prevents co-precipitation of AHNAK with p53val135. Left panel,
[35S]methionine-labeled proteins in REF cell extracts were incubated
with p53 monoclonal antibody PAb421 coupled to Sepharose in the
absence (lanes 1 and 4) or presence of 5 mM purified S100B (lanes 2 and
5). Identical extracts were incubated with S100B-Sepharose in the
presence (lanes 3) or absence of calcium (lanes 6). The bound proteins
were electrophoresed on 7.5% SDS-PAGE gels and autoradiographed.
Right panel, REF cells extracts were treated as described for the left
panel. Proteins were electrophoresed on 5% SDS-PAGE and detected by
Western blot analysis using KIS/AHNAK antibodies.

FIG. 2. Identification of AHNAK by mass spectrometry. Nano-
electrospray mass spectral analysis was performed on the high molec-
ular weight specific S100B target protein isolated from human HeLa
cells as described under “Materials and Methods.” Positive-ion mass
spectrum of the tryptic peptide mixture obtained from in-gel digestion
and microcolumn desalting is shown. The molecular weight of peptide
ions indicated with gray-filled circles matched tryptic peptides from
AHNAK. Peptides indicated with black-filled circles were sequenced by
tandem mass spectrometry and found to match tryptic peptides from
AHNAK. t, tryptic peptide from trypsin.
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Finally, we confirmed a strict Ca21-dependent interaction
between S100B and AHNAK by co-immunoprecipitation (Fig.
3). NIH-3T3 cells were transfected with an expression vector
containing S100B cDNA, and complex formation was assayed
by co-immunoprecipitation. AHNAK co-immunoprecipitates
with S100B from cell lysates containing Ca21 and Zn21 (Fig. 3,
lane 5) but not in the presence of EGTA/EDTA (Fig. 3, lane 4).
The co-immunoprecipitation of AHNAK with S100B was spe-
cific because it was not observed in cells transfected with empty
vector (Fig. 3, lanes 2 and 3).

Characterization of AHNAK as a Major Calcium-dependent
S100B Target in Glial Cells—In humans, the S100B protein is
abundant in the adult central nervous system, where it accu-
mulates in glial cells. We therefore evaluated the presence of
AHNAK in two human astrocytoma cell lines (U373-MG and
U87-MG) (Fig. 4A) and one rat glioma cell line (C6) (Fig. 4B).
Western blot analysis of crude cell extracts revealed that only
human U-87-MG cells (Fig. 4A, lane 1) and rat C6 cells (Fig. 4B,
lane 1) show strong AHNAK immunoreactivity. AHNAK was
absent in the human astrocytoma cell line U-373-MG (Fig. 4A,
lane 2; see also Fig. 5A). Western blot analysis (Fig. 4B) as well
as affinity batch interaction studies using [35S]methionine-
labeled cells (Fig. 5) confirmed the strict calcium-dependent
interaction of the AHNAK protein in U-87-MG cells and glial
C6 cells with S100B-Sepharose beads. Note, here again, that
most of the proteins that bound to S100B-Sepharose also bound
to CaM-Sepharose and that AHNAK is the only protein that
specifically bound to S100B-Sepharose beads in a strict Ca21/
Zn21-dependent manner (Fig. 5B, lanes 3 and 4).

Identification of the S100B-binding Region of AHNAK—A
three-domain structure was predicted for AHNAK in which the
amino- and carboxyl-terminal ends of the protein flank a large
internal domain (Fig. 6A). The internal domain is composed of
30 repeated motifs, each of which is 128 residues long (27). The
128-residue motifs are, on average, ;80% identical to each
other with respect to amino acid sequence. The 128-residue
repeat is characterized by underlying heptad repeats that are
also found in the first portion of the carboxyl terminus. To
investigate which domains of AHNAK are responsible for spe-
cific binding to S100B, the amino terminus (residues 1–251,
N-DY), four complete repeating units of the central domain
(residues 820–1330, M1-DY), and the carboxyl-terminal 1002
amino acids (C-DY) tagged with a Myc epitope were translated
in vitro using rabbit reticulocyte lysates. The interaction of the
Myc-tagged AHNAK domains with anti-Myc and with S100B-
or CaM-Sepharose was evaluated. The amino terminus was

unable to bind to S100B- or CaM-Sepharose (Fig. 6B). The
carboxyl terminus was found to bind to S100B-Sepharose and,
to a much lesser extent, to CaM-Sepharose in a strictly Ca21/
Zn21-dependent manner (Fig. 6C). The M1-DY domain showed
absolutely no binding to CaM-Sepharose but interacted
strongly with the S100B-Sepharose in a Ca21/Zn21-dependent
manner (Fig. 6C). The specificity of the interaction of S100B
with the M1-DY domain was confirmed by comparison with
three other S100 proteins, S100A1, S100A6, and S100A11 (Fig.
6D). Only S100A1-Sepharose showed a faint Ca21-dependent
interaction with M1-DY, albeit with a much lower avidity than
S100B.

To confirm the contribution of the AHNAK repeat units to
S100B binding, we next analyzed the interaction of two bacte-
rial recombinant fusion AHNAK domains containing different
repeating units from the central domain (M2-DY and M3-DY,
see Fig. 6A) with S100B- and CaM-Sepharose. Both M2-DY and

FIG. 3. Co-immunoprecipitation of AHNAK with S100B. NIH-
3T3 cells were transfected with an expression plasmid containing the
S100B gene (lanes 1, 4, and 5) or empty vector alone (lanes 2 and 3).
After 36 h, cells were lysed in detergent-containing buffer and incu-
bated with protein A-Sepharose and S100B monoclonal antibody S16 in
the absence (lanes 2 and 4) or presence of calcium (lanes 3 and 5).
Immunoprecipitates were either electrophoresed on 5% SDS-PAGE and
analyzed for AHNAK by Western blot or electrophoresed on 11% SDS-
Tricine PAGE followed by Western blot analysis for S100B. Lane 1
corresponds to total extract of NIH-3T3 cells transfected with the
S100B gene.

FIG. 4. AHNAK is present in glial cells. A, AHNAK is present in
the human astrocytoma cell line U87-MG (lane 1) but not in U373-MG
cells (lane 2). Cell extracts were analyzed by Western blot using KIS/
AHNAK polyclonal antibodies. B, characterization of AHNAK as a
calcium-dependent target for S100B in rat glial C6 cells. Proteins from
total glial C6 extract (lane 1) and proteins that bound to S100B-Sepha-
rose in the absence (lane 2) or presence of calcium (lane 3) were ana-
lyzed by Western blot using KIS/AHNAK polyclonal antibodies.

FIG. 5. AHNAK is a major and specific calcium-dependent tar-
get for S100B in glial cell lines C6 and U87-MG. A, comparison of
soluble proteins in human astrocytoma U373-MG (lanes 1 and 2) and
U87-MG cells (lanes 3 and 4) that bound to Sepharose (lanes 1 and 3) or
to S100B-Sepharose (lanes 2 and 4) in the presence of calcium. B,
comparison of soluble proteins in glial C6 extract that interact with
CaM-Sepharose (lanes 1 and 3) or S100B-Sepharose (lanes 2 and 4) in
the absence (lanes 1 and 2) or presence of calcium (lanes 3 and 4). In A
and B, cells were metabolically labeled with [35S]methionine for 8 h
before lysis. Cell extracts (1 ml) were incubated with 20 ml of either
Sepharose or Sepharose coupled to CaM or S100B in the absence or
presence of calcium. The bound proteins were electrophoresed on 5%
SDS-PAGE and visualized by autoradiography.
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M3-DY specifically bound to S100B in a calcium-dependent
manner but did not bind to CaM (Fig. 7).

S100B Binding to AHNAK Repeated Units—The interaction
between S100B and AHNAK repeat units was next analyzed
using surface plasmon resonance detection. His-tagged recom-
binant AHNAK peptides comprising three-repeat units (M3-
DY, residues 3730–4188), two repeat units (U2-DY, residues
3730–3972), and one repeat unit (U1-DY, residues 3730–3878)
were purified to homogeneity (Fig. 8A, inset) and separately
coupled to the biosensor chip. Note that purified U1-DY shows
two protein bands in SDS-PAGE. These two protein bands are
recognized by KIS/AHNAK antibodies (data not shown). The

lower band is most likely a proteolytic product of the full-length
U1-DY.

Fig. 8A shows a typical sensorgram representing the real-
time interaction between purified Ca21/Zn21-bound S100B and
M3-DY peptide. In these experiments, S100B was injected onto
the biosensor chip with 2 Zn21 equivalents/mol S100B mono-
mer and 0.1 mM CaCl2, and the sensor chip was then washed
with Ca21-containing buffer in the absence of Zn21. The Ca21/
Zn21-dependent interaction of S100B with M3-DY is com-
pletely reversed by the addition of EDTA to the buffer. The
reversibility of the interaction allows recycling of the biosensor
chip with EDTA-containing buffer and permits a dose-depend-
ent titration of the interaction with the same biosensor chip.

Fig. 8B shows the kinetics of the interaction between S100B
at different concentrations with U2-DY peptide. The specificity
of the interaction of S100B with U2-DY peptide is also assessed
by comparison with bovine brain CaM and human recombinant
S100A1, S100A6, and S100A11 (Fig. 8B, inset). Neither CaM,
S100A1, S100A6, nor S100A11 showed interaction with the
AHNAK peptide-coated sensor chip.

As shown in the inset in Fig. 8C, purified U1-DY peptides
bind to S100B-Sepharose beads in a strict Ca21/Zn21-depend-
ent manner. Fig. 8C shows the kinetics of the interaction be-
tween S100B at different concentrations with U1-DY peptides.
The best fit of the curve obtained with one repeat unit and 250
nM S100B was obtained with a 1:1 binding model and an
estimated Kd of 50 nM. Taken together, these data indicate that
one AHNAK repeat is sufficient for S100B binding.

Ca21 and Zn21 Dependence of S100B Binding to AHNAK
Repeated Units—We next investigated the respective contribu-
tions of Zn21 and Ca21 to the S100B-AHNAK interaction. To
begin, we studied the effect of Zn21 alone on S100B binding to
U2-DY peptide (Fig. 9A). In those experiments, S100B was
incubated with 2 Zn21 equivalents/mol S100B monomer before
injection onto the biosensor chip. There was no binding of
Zn21-S100B to AHNAK peptide in Ca21-free buffer. We con-
firmed this observation by analyzing the interaction of 35S-
labeled Myc-tagged M1-DY AHNAK domains with S100B-
Sepharose beads (Fig. 9B). Zn21 alone does not promote M1-DY
binding to S100B-Sepharose. We next studied the effect of Zn21

on Ca21-dependent binding of S100B to AHNAK peptides. In
the absence of Zn21, only a faint interaction between S100B
and U2-DY peptide coupled to the biosensor chip was observed
at 100 mM CaCl2 (Fig. 9A). Calcium titration of the interaction
between Myc-tagged M1-DY AHNAK domains and S100B-
Sepharose beads confirmed that 100 mM CaCl2 is not sufficient
for maximum interaction (Fig. 9B). If S100B is incubated with
2 Zn21 equivalents/mol S100B monomer before injection onto
the biosensor chip, the intensity of the interaction signal be-
tween S100B and the U2-DY peptide increases (Fig. 9A). In the
presence of Zn21, calcium titration of the interaction between
Myc-tagged M1-DY AHNAK domains and S100B-Sepharose
beads is shifted to lower concentrations, with maximum bind-
ing at 50 mM CaCl2 (Fig. 9B). Such a shift is compatible with the
positive effect of Zn21 on S100B affinity for calcium (10) and is
in agreement with previous determinations of the in vitro bind-
ing affinity of S100B for Ca21 under the same experimental
conditions (10). The effect of Zn21 on Ca21-dependent interac-
tion of S100B with U2-DY peptide is maximal with the addition
of 2 Zn21 equivalents/mol S100B and is decreased at higher
Zn21:S100B molar ratios (Fig. 9C). This observation is consist-
ent with previous reports showing that binding of 2 Zn21 equiv-
alents/mol S100B has the pronounced effect of increasing cal-
cium affinity in S100B, whereas this effect is reversed at higher
molar ratios (10).

FIG. 7. Binding of M2-DY and M3-DY to S100B. AHNAK domains
corresponding to M2-DY and M3-DY were expressed as recombinant
proteins in bacteria. Calcium-dependent binding of the soluble bacterial
proteins (Total) to CaM-Sepharose (CaM) or S100B-Sepharose (S100)
was compared. Proteins were electrophoresed on 8% SDS-PAGE gels
and revealed either by Coomassie Blue staining (left panel) or by West-
ern blot analysis using KIS/AHNAK antibodies (right panel).

FIG. 6. Identification of the S100B-binding domain of AHNAK.
A, schematic diagram of AHNAK showing the amino terminus (N-DY),
central repeating units (M1-DY, M2-DY, and M3-DY), and carboxyl
terminus (C-DY) AHNAK fragments used in this study. Numbers refer
to the amino acid sequence of AHNAK domains. B and C, different
Myc-tagged AHNAK domains corresponding to N-DY (B) and C-DY and
M1-DY (C) were translated with rabbit reticulocytes. Equal amounts of
the translation reaction (20 ml) were immunoprecipitated with mono-
clonal antibody against Myc-tag (Myc) or incubated with 20 ml of bovine
brain CaM-Sepharose (CaM) or S100B-Sepharose (S100) in 1 ml of
buffer supplemented with 5 mM EDTA/EGTA (EDTA/EGTA) or 0.2 mM

Ca21 1 10 mM Zn21 (Ca21/Zn21) as indicated. Bound proteins were
electrophoresed on 8% SDS-PAGE gels and visualized by autoradiog-
raphy. D, comparison between human recombinant S100-Sepharose
proteins (1 mg/ml Sepharose) in binding Myc-tagged M1-DY domain
translated in rabbit reticulocyte lysates. Incubation buffer contained 5
mM EDTA/EGTA or 0.2 mM Ca21 1 10 mM Zn21 as indicated.
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FIG. 8. Characterization of the interaction of purified S100B with AHNAK peptides using surface plasmon resonance detection.
A, His-tagged M3-DY peptide and His-tagged importin a1 (dashed line), which was used as a control, were covalently immobilized on the sensor
surface as described under “Materials and Methods.” Running buffer contains 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.1 mM CaCl2.
Recombinant human S100B (140 nM) in the presence of 280 nM ZnSO4 was injected (solid line). At the end of the injection, the sensor surface was
washed with running buffer and then washed with a buffer containing 2 mM EDTA. Inset shows SDS-PAGE and Coomassie Blue staining of the
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DISCUSSION

Identification of in vivo S100B target proteins represents a
first step toward understanding the exact contribution of the
S100B protein to calcium-dependent signaling pathways. In
this study, we have presented data that suggest that the giant
protein AHNAK is a specific calcium-dependent S100B target.
AHNAK is the major protein that binds to S100B-Sepharose
beads from REF clone 6 cell extracts and from two different
astrocyte cell lines. A specific Ca21/Zn21-dependent interaction
of AHNAK with S100B was confirmed by co-immunoprecipita-
tion (Fig. 3). An overlapping specificity of S100B and CaM for
interaction with target proteins, peptides, and drugs is often
observed (19, 22, 35). Hence, most of the proteins in crude cell
extracts that bind S100B-Sepharose beads also bind to CaM.
AHNAK is the only protein identified to date that demon-
strates a strict Ca21/Zn21-dependent interaction with S100B
and absolutely no binding to CaM (Figs. 1A and 5B). That
specificity of interaction has been confirmed using different
AHNAK peptide domains. The same specificity of the S100B-
AHNAK interaction was further confirmed with the finding
that other S100 molecules do not bind AHNAK under similar
conditions (Figs. 6D and 8B). S100B may thus represent a
specific AHNAK regulator protein.

AHNAK is a protein of an unusually large size. The interac-
tion of small EF-hand calcium binding proteins with giant
proteins has a precedent in the literature. Two giant protein
kinases, titin (3000 kDa) and twitchin (750 kDa), interact with
Ca21-CaM and Ca21/Zn21-S100A1, respectively (36). However,
no kinase domain is predicted based on AHNAK structure.
Another distinctive feature of the AHNAK protein is the re-
peated 128-residue motifs that characterize the middle portion
and the carboxyl-terminal domain of the protein (27). Inspec-
tion of the 128-residue repeat revealed an underlying heptad
repeat with the motif c6cP6c6, where c is a hydrophobic
residue, 6 is a hydrophilic residue, and P is proline (27). In-
ternal domain peptide (M1-DY, M2-DY, and M3-DY) and the
carboxyl-terminal end (C-DY) of the protein display similar
specific calcium-dependent binding to S100B (Figs. 6C and 7).
It is thus likely that the repeated units represent structural
elements involved in S100B binding. The interaction between
S100B and AHNAK repeat units was confirmed using surface
plasmon resonance detection (Fig. 8). The experiments shown
in Fig. 8C indicate that one repeat unit is sufficient for binding
S100B. Although CaM and other S100 proteins species are
unable to interact with the internal domain peptides of AH-
NAK (M1-DY, M2-DY and M3-DY), a faint interaction of the
carboxyl terminus of AHNAK (C-DY) with CaM is nevertheless
observed (Fig. 6C). The extreme carboxyl terminus of AHNAK
is characterized by a high proportion of basic and hydrophobic
amino acids, with the potential to form an amphipathic a-helix.
These features are generally found in other S100- and CaM-
binding peptides (22) and are likely responsible for the faint
binding of CaM.

The highly specific interaction of AHNAK repeat units with
S100B provided a model target protein to evaluate the respec-
tive role of Ca21 and Zn21 binding to S100B. Previous studies

using synthetic peptides corresponding to a calcium-sensitive
epitope (TRTK-12) for S100B recognition revealed that al-
though Zn21 increases apparent peptide affinity for Ca21-
S100B, Zn21 is not directly implicated in binding of the target
(37). In line with these observations, we found that Zn21 bind-
ing alone to S100B is unable to promote AHNAK peptide bind-
ing. However, the binding of two Zn21 equivalents to S100B
enhances Ca21-dependent interactions (Fig. 9). In solution,
S100B dimer is capable of binding up to 8 Zn21. The Zn21

binding sites are not equivalent with respect to their affinity
and associated conformational changes. Saturation of the two
highest affinity Zn21-binding sites (Kd, 10–100 nM) has no
significant effect on the overall S100B protein structure but
produces drastic changes in Ca21 binding affinity of site IIb
(10). In contrast, saturation of the lower affinity Zn21-binding
sites on S100B produces drastic conformational changes, an-
tagonizes calcium binding, and favors protein aggregation and
precipitation. Thus, we consider it more likely that only the two
high-affinity Zn21-binding sites on S100B may have regulatory
functions. The three-dimensional structures of S100B and the
related S100A7 predict that the highest affinity Zn21-binding
site includes residues His85 and His90 (38, 39). These residues
are located within the carboxyl-terminal domain that is essen-
tial for regulating Ca21 binding to site IIb (40). It is likely that
Zn21 binding to His85 and His90 induces subtle changes in the
carboxyl-terminal region of S100B that increase accessibility of
the EF-hand Ca21 binding loop II to solvent (40). The increased
affinity of Zn21-bound S100B for Ca21 is illustrated by the shift
to low calcium concentration of the Ca21 titration curve for the
interaction between Myc-tagged M1-DY AHNAK domains and
S100B-Sepharose in the presence of Zn21 (Fig. 9B). The Ca21

titration curve in the presence of Zn21 is in agreement with the
binding affinity between S100B and Ca21 determined under
the same experimental condition (10). The effect of Zn21 on the
S100B-AHNAK interaction is maximal with the addition of 2
Zn21 equivalents/mol S100B and decreased at higher Zn21:
S100B molar ratios (Fig. 9C), confirming the regulatory role of
the highest affinity sites. We therefore propose that Zn21 reg-
ulates the function of S100B by binding and thereby regulating
Ca21-dependent interactions of S100B with target molecules.

AHNAK/desmoyokin was first identified as a neuroblast dif-
ferentiation-associated nuclear phosphoprotein (27). AHNAK
was localized primarily (but not exclusively) to the nucleus of
HeLa cells and neuroblastoma cells (28). In contrast with the
predominant nuclear localization of human AHNAK protein in
nonepithelial cells, the protein is found mainly at the plasma
membrane in epithelial cells and is abundant within the cyto-
plasm of melanoma cells (29–30). Recently, Nie et al. (41)
reported that a fragment consisting of the carboxyl-terminal
1002 amino acids of AHNAK (C-DY) accumulates in the nu-
cleus of COS-7 cells, whereas N-DY and M-DY fragments re-
main cytoplasmic. The carboxyl-terminal region of AHNAK
contains several putative nuclear localization signals (27). It is
also characterized by the presence of a typical consensus
leucine zipper sequence L-X(6)-L-X(6)-L-X(6)-L (residues 5012–
5034) found in many gene-regulatory proteins (42). These

purified His-tagged M3-DY, U2-DY, and U1-DY AHNAK peptides used in A, B, and C. B, concentration dependence of the interaction of S100B with
U2-DY peptide. Increasing concentrations of 2Zn21-bound S100B as indicated were injected in running buffer on the sensor surface coated with
U2-DY peptide. The interaction of S100B (140 nM) with U2-DY immobilized on the sensor chip surface is compared with S100A1, S100A6, S100A11,
and calmodulin (140 nM each). Running buffer contains 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.1 mM CaCl2. The different sensorgrams shown
here were obtained on the same sensor surface. Inset shows SDS-PAGE and Coomassie Blue staining of the purified human recombinant S100B,
S100A1, S100A6, S100A11, and bovine brain calmodulin used in these studies. C, interaction of S100B with U1-DY peptide. U1-DY peptide was
covalently immobilized on the sensor surface. S100B/Zn21(1:2 molar ratio), at the indicated concentration, was injected onto the sensor chip in
running buffer containing 0.1 mM Ca21. After injection, the sensor chip was washed with calcium-containing running buffer. His-tagged importin
a1 covalently immobilized on the sensor surface was used as a control. The inset shows binding of U1-DY AHNAK peptides (Total) to
S100B-Sepharose beads in Ca21/Zn21-containing buffer (Ca21/Zn21) but not in EDTA/EGTA-containing buffer (EDTA).
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structural features suggest that the carboxyl-terminal region of
AHNAK could have specialized nuclear functions. The dual
intracellular location of AHNAK suggests the involvement of
AHNAK in signal transduction pathways between the plasma
membrane and the cell nucleus. A major feature of AHNAK is
the repetitive heptad structure found in multiple copies within
the large internal domain and the carboxyl terminus. The
architectural arrangement of these repeat units in the full-
length protein probably provides a scaffolding function that
allows the assembly of multiprotein complexes. The strict cal-
cium dependence of the interaction between S100B and repeat

units on AHNAK indicates that AHNAK is probably not a
S100B anchor protein but most likely a protein subjected to
regulation by calcium and S100B. In the cytoplasm, a possible
function for S100B could be to regulate AHNAK interaction
with other cellular proteins. Such a model is supported by the
observation that S100B is capable of preventing co-immuno-
precipitation of AHNAK with the p53val135 in REF clone 6 cell
extracts (Fig. 1). In REF clone 6 cells, p53val135 is sequestered
in the cytoplasm by an as yet unidentified short-lived protein
(43). Within the cytoplasm, p53val135 cooperates with ras for
cell transformation (44). AHNAK could be part of a cytoplasmic

FIG. 9. Zn21 regulates S100B bind-
ing to AHNAK peptides. A, Ca21- and
Zn21-dependent interaction of S100B
with U2-DY peptide. Recombinant hu-
man S100B (140 nM) in the presence of
Ca21 (0.1 mM) or Zn21 (280 nM) or a mix-
ture of Ca21 and Zn21 (0.1 mM Ca21 and
280 nM Zn21), as indicated, was injected
on U2-DY peptide immobilized on the
sensor chip surface. At the end of the in-
jection, the sensor surface was washed
with running buffer (20 mM Tris-HCl, pH
7.5, 150 mM NaCl, and 0.1 mM CaCl2). B,
Ca21 titration of the interaction of 35S-
labeled M1-DY domain expressed in rab-
bit reticulocyte with S100B-Sepharose.
Interactions were studied in binding
buffer in the absence (f) or presence of 10
mM ZnSO4 (l). C, Zn21 titration of the
interaction between S100B with U2-DY
peptide. Recombinant human S100B (140
nM) in the presence of various Zn21:
S100B molar ratios, as indicated, was in-
jected on U2-DY peptide immobilized on
the sensor chip surface. At the end of the
injection, sensor surface was washed with
running buffer (20 mM Tris-HCl, pH 7.5,
150 mM NaCl, and 0.1 mM CaCl2).
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scaffold protein complex involved in p53val135 cytoplasmic se-
questration. In support of this, we have found that in REF cells,
AHNAK is a short-lived cytoplasmic protein and that cyclohex-
imide-mediated p53val135 nuclear accumulation (43) correlates
with AHNAK protein degradation (data not shown). Alterna-
tively, the interaction of AHNAK with p53val135 could be as-
sociated with the transforming activity of this p53 mutant
protein (45). Dissociation of protein complexes involving
p53val135 and AHNAK by S100B might explain the effect of
S100B on both reversion of the transformed phenotype of clone
6 cells (33) and the nuclear accumulation of the p53val135

protein (34). The exact functional relationship between AH-
NAK and p53 proteins is under investigation.

The interaction of S100B with AHNAK might also open new
opportunities for understanding the role played by S100B in
the regulation of Ca21 homeostasis within cells. Astrocytes
derived from S100B null mice exhibit enhanced Ca21 flux in
response to depolarization or caffeine, suggesting that S100B
plays a role in the maintenance of Ca21 homeostasis in astro-
cytes through regulation of intracellular calcium flux (18).
AHNAK has recently been found to be associated with a protein
complex containing the b2 subunit of L-type calcium channel
(31). S100B may thus represent a regulator protein for AHNAK
L-type calcium channel interaction in astrocytes. It is also sig-
nificant that S100B is up-regulated in rat and human cardio-
myocytes after ischemic injury and acts as a negative modula-
tor of the adrenergic-mediated hypertrophic response (16–17).
In cardiomyocytes, AHNAK is thought to play a role in cardiac
adrenergic signal transduction (31). S100B-dependent regula-
tion of AHNAK in the adrenergic-mediated hypertrophic re-
sponse should clearly now be investigated. S100B might also
represent a possible regulator protein for other functions of
AHNAK within cells. AHNAK has recently been characterized
as a protein that binds and activates phospholipase C-g. The
repeated motifs on AHNAK are directly implicated in phospho-
lipase C-g activation (32). Activation of phospholipase C-g by
repeated AHNAK motifs triggers inositol 1,4,5-trisphosphate
synthesis. Inositol 1,4,5-trisphosphate, through binding to its
receptors, is directly implicated in Ca21 release from intracel-
lular calcium stores. Hence, through interaction with L-type
calcium channels or phospholipase C-g, AHNAK appears to be
a protein that may play a key regulator function in calcium
homeostasis regulation. We propose that S100B represents one
AHNAK regulatory protein and that AHNAK regulation by
S100B might provide a clue for understanding Ca21 homeosta-
sis regulation by S100B (18).
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EMBO J. 17, 5913–5922
23. Zimmer, D. B, and Van Eldik, L. J. (1986) J. Biol. Chem. 261, 11424–11428
24. Pozdnyakov, N., Goraczniak, R., Margulis, A., Duda, T., Sharma, R. K.,

Yoshida, A., and Sitaramayya, A. (1997) Biochemistry 36, 14159–14166
25. Baudier, J., Bergeret, E., Bertacchi, N., Weintraub, H., Gagnon, J., and Garin,

J. (1995) Biochemistry 34, 7834–7846
26. Delphin, C., Ronjat, M., Deloulme, J. C., Garin, G., Debussche, L.,

Higashimoto, Y., Sakaguchi, K., and Baudier, J. (1999) J. Biol. Chem. 274,
10539–10544

27. Shtivelman, E., Cohen, F. E., and Bishop, M. J. (1992) Proc. Natl. Acad. Sci.
U. S. A. 89, 5472–5476

28. Shtivelman, E., and Bishop, M. J. (1993) J. Cell Biol. 120, 625–630
29. Hashimoto, T., Amagai, M., Parry, D. A., Dixon, T. W., Tsukita, S., Tsukita, S.,

Miki, K., Sakai, K., Inokuchi, Y., Kudoh, J., Shimizu, N., and Nishikawa, T.
(1993) J. Cell Sci. 105, 275–286

30. Hashimoto, T., Gamou, S., Shimizu, N., Kitajima, Y., and Nishikawa, T. (1995)
Exp. Cell Res. 217, 258–266

31. Haase, H., Podzuweit, T., Lutsch, G., Hohaus, A., Kostka, S., Lindschau, C.,
Kott, M., Kraft, R., and Morano, I. (1999) FASEB J. 13, 2161–2172

32. Sekiya, F., Bae, Y. S., Jhon, D. Y., Hwang, S. C., and Rhee, S. G. (1999) J. Biol.
Chem. 274, 13900–13907

33. Scotto, C., Deloulme, J. C., Rousseau, D., Chambaz, E., and Baudier, J. (1998)
Mol. Cell. Biol. 18, 4272–4281

34. Scotto, C., Delphin, C., Deloulme, J. C., and Baudier, J. (1999) Mol. Cell. Biol.
19, 7168–7180

35. Marshak, D. R., Watterson, D. M., and Van Eldik, L. J. (1981) Proc. Natl. Acad.
Sci. U. S. A. 11, 6793–6797

36. Heierhorst, J., Mann, R. J., and Kemp, B. E. (1997) Eur. J. Biochem. 249,
127–133

37. Barber, K. R., McClintock, K. A., Jamieson, G. A., Dimlich, R. V. W., and Shaw,
G. S. (1999) J. Biol. Chem. 274, 1502–1508
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In vitro, the S100B protein interacts with baculovirus
recombinant p53 protein and protects p53 from thermal
denaturation. This effect is isoform-specific and is not
observed with S100A1, S100A6, or calmodulin. Using
truncated p53 proteins in the N-terminal (p531–320) and
C-terminal (p5373–393) domains, we localized the S100B-
binding region to the C-terminal region of p53. We have
confirmed a calcium-dependent interaction of the S100B
with a synthetic peptide corresponding to the C-termi-
nal region of p53 (residues 319–393 in human p53) using
plasmon resonance experiments on a BIAcore system. In
the presence of calcium, the equilibrium affinity of the
S100B for the C-terminal region of p53 immobilized on
the sensor chip was 24 6 10 nM. To narrow down the
region within p53 involved in S100B binding, two syn-
thetic peptides, O1357–381 (residues 357–381 in mouse
p53) and YF-O2320–346 (residues 320–346 in mouse p53),
covering the C-terminal region of p53 were compared
for their interaction with purified S100B. Only YF-O2
peptide interacts with S100B with high affinity. The
YF-O2 motif is a critical determinant for the thermosta-
bility of p53 and also corresponds to a domain responsi-
ble for cytoplasmic sequestration of p53. Our results
may explain the rescue of nuclear wild type p53 activi-
ties by S100B in fibroblast cell lines expressing the tem-
perature-sensitive p53val135 mutant at the nonpermis-
sive temperature.

The S100 family is one of the largest subfamily of calcium-
binding proteins that are thought to play roles in mediating
calcium signals during cell growth, differentiation, and motility
(reviewed in Ref. 1). These proteins are characterized by highly
conserved helix-loop-helix calcium-binding domains, known as
EF-hand motifs. The S100B is found in astroglial cells in the
central nervous system but also in a number of tissues outside
the nervous system, including adipose tissue, testis, skin, and
lymphocytes (2). In cultured cells, synthesis of S100B is tightly
regulated and is maximum in the G1 phase of the cell cycle
(3–5). The S100B protein is a noncovalent homodimer formed
by the association of two S100-b subunits (6, 7). Calcium bind-

ing induces conformational changes in the protein structure
(8–10), destabilizing the S100B quaternary structure and al-
lowing interaction with target proteins (7–12). For example,
the Ca21-dependent binding of S100B to microtubules (13),
GFAP (14), Ndr protein kinase (15), and p53 (16) has been
demonstrated. The identification of S100B target proteins is
essential to better understand the mechanisms underlying
S100B functions. Like calmodulin, S100B is likely to regulate
multiple target proteins.

The tumor suppressor p53 protein (17) is a putative intra-
cellular target for the S100B protein. In vitro, S100B binds to
p53 and inhibits p53 aggregation and phosphorylation by PKC
(16).1 S100B also binds to a peptide derived from the extreme
C-terminal end of p53 (12, 18). A functional interaction be-
tween S100B and p53 was recently demonstrated in p53-
negative mouse embryo fibroblasts by sequential transfection
with the S100B and temperature-sensitive p53val135 genes
(5). In mouse embryo fibroblast cells expressing a low level of
p53val135, S100B cooperates with calcium in triggering
p53val135-dependent cell growth arrest and death at the non-
permissive temperature (37.5 °C). Activation of wild type p53
functions by S100B correlated with nuclear accumulation of
p53val135 under a wild type conformation. S100B modulation
of p53val135 functions was confirmed in the rat embryo fibro-
blast (REF) cell line clone 6, which is transformed by oncogenic
Ha-ras and overexpression of p53val135 (19). Ectopic expres-
sion of S100B in clone 6 cells reverts transformed phenotypes
and restores wild type p53 activities at 37.5 °C (5). We have
hypothesized that S100B could either inactivate the mutant
p53val135 species and/or favor folding of the p53val135 under
a wild type conformation (5).

The functional activity of the p53val135 mutant is associated
with its conformational flexibility (20). At the nonpermissive
temperature (37.5 °C), the temperature-sensitive p53val135
mutant folds into an inactive mutant conformational form,
detectable by the monoclonal antibody PAb240. At the permis-
sive temperature, the p53val135 protein adopts a wild type
conformation detectable by the monoclonal antibody PAb246
and is functionally active (i.e. able to specifically bind DNA and
to activate transcription). The conformational flexibility that
characterizes the temperature-sensitive p53val135 mutant is
not unique to this mutation and could be representative of the
conformational flexibility that also characterizes wild type p53
(20, 21). In vivo, conformational shift between the wild type and
mutant conformations (recognized by the monoclonal antibod-
ies PAb246 and PAb240, respectively) has been observed dur-
ing embryonic differentiation of embryonic stem cells (22). In
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vitro, wild type conformation of Escherichia coli expressed re-
combinant p53 can be allosterically regulated for stabilization
by two regulatory sites found within the N and C termini of the
molecule to which ligands may bind (23). A major challenge
now is to characterize the domain on p53 associated with
conformational shift and to identify the cellular co-factors
that may govern the conformational switch controlling p53
activity (20).

In this report, we show that the S100B protein interacts with
baculovirus recombinant p53 and protects p53 from thermal
denaturation. We also identify a high affinity S100B-binding
domain within p53 called YF-O2 (residues 320–346 in mouse
p53). This domain constitutes a critical determinant for the
stability and oligomerization status of p53 (24–26). It corre-
sponds to the minimal region of the C terminus that confers
thermal instability to p53 (25) and also corresponds to a do-
main responsible for cytoplasmic sequestration of p53 (27).

MATERIALS AND METHODS

Peptides—The p53319–393 peptide was synthesized as described pre-
viously (28). The peptide was dissolved in 20 mM HEPES-NaOH, pH
7.5, at the concentration of 98 mM. Other peptides were synthesized by
the solid phase method, using Fmoc (fluoren-9-ylmethoxycarbonyl)
chemistry on an Applied Biosystems 430A peptide synthesizer. The O1
peptide, which encompasses the PKC phosphorylation site domain,
corresponds to residues 357–381 within mouse p53: RAHSSYLKT-
KKGQSTSRHKKTMVKK. The peptide was dissolved in 20 mM Tris-
HCl, pH 7.5, at the concentration of 100–200 mM. YF-O2 peptide has the
following sequence: YFTLKIRGRKRFEMFRELNEALELKD and corre-
sponds to residues 321–346 within mouse p53. W-O2 peptide is a
mutated version of YF-O2, and Tyr321 and Phe322 were both substituted
with Trp residues. YF-O2 and W-O2 peptides were dissolved in 10 mM

HEPES-HCl, pH 2.5, at the concentration of 200–400 mM. Peptide stock
solutions were stored at 220 °C.

Proteins—S100B, S100A1, and calmodulin were purified from bovine
brain (10). Recombinant Human p53 was expressed in SF9 cells and
purified to homogeneity by S100B affinity chromatography as described
previously (16). To express truncated human p53, corresponding cDNA
fragments were generated from full-length human p53 by polymerase
chain reaction (oligonucleotide sequences available upon request). After
verification of DNA sequences, c-DNA fragments were inserted into
pBlueBac III vector (Invitrogen). Expression in insect cells and inter-
action with S100B-Sepharose column were as described (16).

Electrophoretic Mobility Shift Assays—The method used was identi-
cal to that previously published (29). To study the effect of S100B and
other related calcium-binding proteins on p53 DNA binding activity,
purified p53 was first incubated in the presence or in the absence of
calcium-binding proteins for 15 min at 30 °C in 20 mM Tris-HCl buffer,
pH 7.5, 110 mM KCl, 5 mM dithiothreitol, and 1 mM CaCl2. The proteins
were then mixed with 1 ng of labeled DNA, further incubated at 4 °C for
10 min prior to electrophoresis onto a 5% nondenaturing polyacryl-
amide gel, and run in buffer containing 10 mM Hepes, 10 mM Tris, pH
8.0, and 0.5 mM CaCl2.

Real Time Surface Plasmon Resonance Recording—Real time bind-
ing experiments were performed on a BIAcore biosensor system (Phar-
macia Biosensor AB, Uppsala, Sweden). All experiments were per-
formed at 25 °C. p53319–393 peptide (35 ml of 1 mM peptide in 10 mM

sodium acetate, pH 3.5) was directly coupled through its amino groups
to the sensor surface activated by N-hydroxy-succinimide and N-ethyl-
N9-(dimethylaminopropyl)carbodiimide according to the manufactur-
er’s instructions. The remaining reactive groups were then inactivated
with 1 mM ethanolamine. For control experiments, sensor surface was
treated as above in the absence of peptide. All interaction experiments
were done using a running buffer containing 20 mM Tris-HCl, pH 7.5,
120 mM NaCl, 1 mM CaCl2. Between injections, the sensor chip was
washed with a buffer containing 20 mM Tris-HCl, pH 7.5, 120 mM NaCl,
2 mM EDTA. Sensorgrams were analyzed using BIAevaluation 3.0
program (Pharmacia Biosensor AB) and kinetic constants were ob-
tained by fittings curves to a single-site binding model (A 1 B 5 AB).

Protein Kinase C Activity Assay and PKC Inhibitor Assay—The PKC
assays were performed as described previously (30). To analyze the
effect of S100B and other calcium-binding proteins on the inhibitor
capacity of YF-O2 or W-O2 peptides, the following procedure was used.
10 ml of diluted inhibitor peptides in H2O (1:4000–1:50 dilution of stock
solution) were mixed in Eppendorf tubes with increasing concentration

of calcium-binding proteins in 30 ml of 50 mM Tris-HCl buffer, pH 8.0,
0.5 mM CaCl2. 10 ml of PKC was subsequently added to each tube to
reach a final concentration of 3 nM, and the protein mixture was vortex-
mixed. The phosphorylation reaction was immediately initiated by the
addition of 20 ml of a mixture containing O1 peptide used as substrate
at 8 mM final concentration plus MgCl2, phosphatidylserine, dioleoyl-
glycerol, and [g-32P]ATP at final concentrations used in standard PKC
assay (30).

Native Gel Electrophoresis—Gels containing 13% acrylamide, 0.375
M Tris-HCl, pH 8.3, and 0.5 mM CaCl2 or 1 mM EGTA were prepared
without stacking gel. W-O2 peptide and S100B were incubated in 40 mM

Tris-HCl, pH 8.0, 0.2 M NaCl, 5 mM dithiothreitol, 15% glycerol, and 0.5
mM CaCl2 or 1 mM EGTA for 5 min on ice prior to electrophoresis. The
gels were run at 20 mA. The electrode buffer consisted of 25 mM Tris,
192 mM glycine, and 0.5 mM CaCl2 or 1 mM EGTA. The gels were stained
with Coomassie Blue.

Fluorescence Measurements—The fluorescence measurements were
performed with a Perkin-Elmer spectrofluorometer in 25 mM Tris-HCl,
pH 7.5, 0.12 M NaCl containing either 0.1 mM CaCl2 or 2 mM EGTA. For
titration experiments, excitation was at 280 nm, and emission was
monitored at 340 nm.

RESULTS

S100B Protects p53 from Thermal Denaturation—Heating
baculovirus recombinant p53 at 30 °C for 15 min leads to self-
aggregation (16) and permanent loss of DNA binding activity
(Fig. 1A; see also Ref. 23). S100B protein, which prevents p53
from temperature-dependent aggregation (16), counteracts the
temperature-dependent inhibition of p53 DNA binding activity
(Fig. 1B, lanes 1 and 2). The S100B effect is specific because
calmodulin, S100A1 and S100A6 have no effect (Fig. 1B, lanes
3–5). The dose response experiment shown in Fig. 1C reveals
that the S100B concentrations required to protect the DNA
binding activity of p53 from thermal inhibition are similar to
those required to protect p53 from temperature-dependent ag-
gregation (16). S100B was only able to activate p53 for DNA
binding if preincubated with p53 at 30 °C. S100B was not able
to activate p53 for DNA binding when incubated at 4 °C, and it
did not reactivate DNA binding activity of denatured p53 (data
not shown). Thus the effect of S100B is limited to protection of

FIG. 1. The effect of S100B on thermal denaturation of p53. A,
effect of temperature on DNA binding activity of p53. Increasing
amounts of murine p53 as indicated were incubated for 15 min at 30 °C
(lanes 1–4) or at 4 °C (lanes 5–8). The proteins were then mixed with 1
ng of labeled DNA and further incubated at 4 °C for 10 min prior to
electrophoresis. B, S100B counteracts the temperature-dependent in-
hibition of p53-DNA binding. p53 (0.1 mg) was incubated for 15 min at
30 °C in the absence (lane 1) or in the presence of 1 mM of S100B (lane
2), calmodulin (lane 3), S100A1 (lane 4), or S100A6 (lane 5). The pro-
teins were then mixed with 1 ng of labeled DNA and further incubated
at 4 °C for 10 min prior to electrophoresis. C, S100B titration of maxi-
mal stabilization of the DNA binding activity of p53 at 30 °C. 1 mM p53
was first incubated for 15 min at 30 °C in the absence (lane 1) or in the
presence of increasing amount of S100B (lanes 2–6) as indicated. The
proteins were mixed with 1 ng of labeled DNA and 20 ng of unlabeled
DNA.
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p53 from thermal denaturation. In that respect, S100B behaves
differently from PAb421. PAb421 binds to the extreme C ter-
minus of p53 to activate p53 DNA binding but does not protect
p53 from thermal denaturation (23).

Mapping of the Minimal S100B-binding Domain on p53—
Recombinant human p53 (p531–393) expressed in SF9 cells ac-
cumulates in the cytoplasm and in the nuclei of infected cells.
Both cytoplasmic and nuclear recombinant human p53 bind to
S100B-Sepharose column in the presence of calcium and are
eluted with buffer containing EGTA (Fig. 2A). We next com-
pared the binding to S100B-Sepharose of human p53 frag-
ments that lacks the C-terminal (p531–320) (Fig. 2B) or N-
terminal (p5373–393) domain (Fig. 2C). p531–320 that lacks
nuclear localization signals (31) accumulates within the cyto-
plasm of infected cells, whereas p5373–393 is predominantly
present within the cell nuclei. Cell extracts enriched with each
of these p53 fragments were loaded onto a S100B-Sepharose
column, and the calcium-dependent binding of the p53 frag-
ments to the column was analyzed by SDS-polyacrylamide gel
electrophoresis, followed by Western blot analysis using mono-
clonal antibodies directed against N-terminal or C-terminal
epitopes (Fig. 2, B and C). p531–320 that lacks the C-terminal
domain does not bind to S100B and was recovered in the
flow-through fractions (Fig. 2B). Only p5373–393 efficiently
binds to the S100B column in the presence of calcium and is
eluted with buffer containing EGTA (Fig. 2C). Hence, the

S100B-binding region is localized to the C-terminal region of
the p53 protein (residues 320–393) (Fig. 3).

The molecular interaction between S100B and the C-termi-
nal region of p53 was then analyzed using surface plasmon
resonance detection (Fig. 4). A synthetic peptide corresponding
to human p53319–393 was coupled to the biosensor chip through
amino functions. Fig. 4A shows a typical sensorgram represent-
ing the real time interaction between purified Ca21-bound
S100B and the p53319–393 peptide. The S100B-p53319–393 inter-
action is strictly dependent on the presence of Ca21 and com-
pletely reversed by addition of EDTA (Fig. 4A). We controlled
that there is absolutely no interaction of S100B with a bio-
sensor ship with no peptide immobilized and neutralized
with ethanolamine (Fig. 4A). The reversibility of the S100B-
p53319–393 interaction allows recycling the biosensor chip with
EDTA containing buffer and to perform a dose-dependent ti-
tration of the interaction utilizing the same biosensor chip (Fig.
4B). At low S100B concentrations (10–100 nM) the kinetics of
interactions could be fitted with a single interaction site model
and an apparent equilibrium affinity of S100B for p53319–393 of
25 6 10 nM. At higher S100B concentrations (100–900 nM),
kinetics of interaction could barely be fitted with a single site
model may be due to titration of lower affinity sites (see “Dis-
cussion”). The specificity of the high affinity Ca21-dependent
interaction between p53319–393 and S100B was confirmed by
comparison with two other related EF-hand calcium-binding
proteins, S100A1 and calmodulin (Fig. 4C, inset). Neither
S100A1 nor calmodulin was able to interact with the p53319–

393-coated sensorship (Fig. 4C).
Molecular Mapping of the High Affinity S100B-binding Site

on p53—To define in further detail the high affinity S100B-
binding region within p53319–393, two synthetic peptides corre-
sponding to putative S100B-binding sites within the C-termi-
nal domain of p53 were synthesized and assessed for their
capacity to interact with purified S100B (Fig. 3).

The first peptide called O1357–381 (residues 357–381 in
mouse p53) shows similarities with the S100B and calmodulin-
binding domain of the MARCKS protein (16). Like its cognate
peptide on MARCKS, O1 peptide is phosphorylated by PKC in
vitro on multiple sites (30). Because binding of S100B to p53
inhibits p53 phosphorylation by PKC (16), we analyzed the
effect of S100B on PKC-mediated phosphorylation of O1. As
shown in Fig. 5, addition of S100B (O1357–381:S100B molar
ratio 0.5) had no effect on the phosphorylation of O1357–381 by
PKC. On the contrary, monoclonal antibody PAb421 that binds
to O1357–381 inhibited phosphorylation by PKC. PAb242, which
does not bind to O1357–381, had no effect on its phosphorylation.
These results suggest that the high affinity S100-binding do-
main within p53 is distinct from O1357–381. In further support
of that conclusion, O1 peptide at the concentration of 1 mM did
not antagonize S100B binding to the p53319–393-coated sensor-
ship (not shown).

The second peptide, YF-O2320–346 (residues 320–346 in

FIG. 2. The interaction of p53 with S100B-Sepharose. Insect
cells were infected with different recombinant baculoviruses expressing
full-length human p53 (1–393) (A) or truncated p53, p53 (1–320) (B), or
p53 (73–393) (C). Cell extracts were loaded onto S100B-Sepharose
columns (1 3 0.5 cm). Columns were washed with 10 column volumes of
buffer containing 0.5 mM CaCl2, and bound proteins were eluted with
buffer containing 4 mM EGTA. Proteins in the loading samples (lanes 1),
in column flow-through fractions (lanes 2), and in fractions eluted with
EGTA (lanes 3) were subjected to 11% SDS-polyacrylamide gel elec-
trophoresis. Gels were either Coomassie Blue-stained (Stain.) or
transferred to nitrocellulose membranes, and the proteins were re-
vealed by Western blot (W.B.) using monoclonal antibodies DO1 (B)
or PAb421 (C).

FIG. 3. The C-terminal region of p53. Amino acid sequence of the C-terminal region of human p53 involved in binding to S100B protein. This
region is sufficient to transform primary fibroblasts in cooperation with ras. The minimal domain required for cell transformation is in bold (44).
The oligomerization (28) and cytoplasmic sequestration domain is boxed (27). The putative PKC phosphorylation sites and PAb421 epitope are
indicated (30). The mouse YF-O2 and O1 peptide sequences used in this study are also presented.
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mouse p53) have sequence, structural, and functional homolo-
gies with the basic helix I domain on myogenic basic helix-loop-
helix proteins, which is also capable of interacting with S100A1
or calmodulin (30, 32–34). We next analyzed the interaction of
S100B with the YF-O2320–346 peptide and its tryptophan de-
rivative, W-O2. In a competition assay, W-O2 is capable of

antagonizing S100B binding to the p53319–393-coated sensor-
ship (Fig. 4A). A physical interaction of S100B with W-O2
peptide was then demonstrated by fluorescence spectroscopy,
taking advantage of the fact that the S100B protein has no Trp
residue (Fig. 6, A and B). Incubation of S100B with W-O2 in the
presence of 0.1 mM CaCl2 resulted in a 25% decrease in Trp
fluorescence of the W-O2 peptide with a shift of the maximum
emission from 345 to 340 nm (Fig. 6A). We next performed a
dose-dependent titration of the fluorescence intensity changes
of the W-O2 peptide at concentrations (1 mM and 2 mM) far above
the apparent Kd determined with surface plasmon resonance.
Maximum change in Trp fluorescence intensity was observed
at a molar ratio of 0.5 mol S100B/mol W-O2, suggesting a
stoichiometric binding of one b subunit of S100B protein/W-O2
peptide molecule (Fig. 6B). In the presence of EGTA, significant
decrease in Trp fluorescence intensity can also be observed
(Fig. 6B). These changes are probably representative of low
affinity and nonspecific interactions. Native gel electrophoresis
was also used to monitor complex formation between S100B
and W-O2 (Fig. 6C). Using that method, low affinity Ca21-
independent interaction could not be detected. Only high affin-
ity Ca21-dependent complex formation between S100B and
W-O2 was observed, as indicated by an upward shift of the
S100B band. Note that in the presence of Ca21, the change in
electrophoretic mobility of S100B is due to conformational
changes induced upon Ca21 binding (32).

YF-O2320–346 corresponds to a putative PKC-binding domain
on p53. The YF-O2320–346 peptide binds to the catalytic site of
calcium-dependent PKC (PKC a, b, and g) with affinity in the
50–100 nM range and inhibits kinase activities (30). As previ-
ously reported, the interaction of YF-O2320–346 with PKC re-
sults in a total inhibition of O1357–381 peptide phosphorylation
(Fig. 7A). The tryptophan derivative W-O2 was as potent as
YF-O2320–346 in inhibiting O1357–381 peptide phosphorylation
(Fig. 7A). In the presence of S100B, inhibition of O1357–381

peptide phosphorylation is abrogated, suggesting that S100B
competes with PKC for binding on YF-O2 and W-O2 peptides
(Fig. 7A). As expected, the half-maximum effect of S100B was
dependent on the W-O2 peptide concentrations used in the
assay (Fig. 7B). In all conditions, the maximum were reached
for 0.5 mol S100B added per mol peptide, confirming a stoichi-
ometric binding of one S100-b subunit per W-O2 or YF-O2
peptide molecule. Calmodulin or S100A6 counteracted W-O2-
and YF-O2-dependent inhibition of PKC activity only at high
concentrations (Fig. 7A). It has been proposed that YF-O2
domain might serve to target PKC on p53 and that it could be
an important potency determinant in p53 phosphorylation by
PKC (30). The ability of S100B to prevent YF-O2-PKC interac-

FIG. 4. Characterization of the interaction of purified S100B
with p53319–393 using surface plasmon resonance detection.
p53319–393 peptide was covalently immobilized on the sensor surface as
described under “Materials and Methods.” Running buffer contains 20
mM Tris-HCl, pH 7.5, 120 mM NaCl, 1 mM CaCl2. The different sensor-
grams shown here have been obtained on the same sensor surface
except for the control. Three different sensor surfaces coated with
p53319–393 peptide gave similar results with respect to their interaction
with the different proteins. A, S100B (90 nM in running buffer) was
injected. At the end of injection, the sensor surface was washed with
running buffer and then with a buffer containing 2 mM EDTA. Because
of the high resonance signal induced by EDTA, the dissociation of
S100B is only visible after the end of the injection of the EDTA buffer.
S100B (90 nM in running buffer) was preincubated with WF-02 peptide
(1 mM) prior to injection (S100B-W-O2). Control corresponds to the
injection of S100B on a sensor surface treated in the absence of p53319–

393 peptide. B, concentration dependence interaction of S100B with
p53319–393. Increasing concentration of S100B was injected in running
buffer on the sensor surface coated with 11.25 nM (a), 30 nM (b), 45 nM

(c), 60 nM (d), or 90 nM (e) of p53319–393 peptide. Control is as in A. C, the
interaction of S100B (90 nM) with p53319–393 immobilized on the sensor
chip surface is compared with S100A1 (90 nM) and calmodulin (90 nM).
Insert shows SDS-polyacrylamide gel electrophoresis and Coomassie
Blue staining of the purified bovine brain S100A1 (lane 1), S100B (lane
2), and calmodulin (lane 3) used in that study. The asterisks indicate
position of covalent S100A1 and S100B dimers.

FIG. 5. PAb421 but not S100B inhibits O1 phosphorylation by
PKC. O1 (2 mM) phosphorylation by PKC was studied in the presence of
increasing amounts of monoclonal antibodies PAb421 (molar ratio as
indicated), PAb242 (molar ratio of 2), and of S100B (4 mM).
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tion might explain the inhibitory effect of S100B on full-length
p53 phosphorylation by PKC (16).

DISCUSSION

In the first part of this study, we have confirmed that bacu-
lovirus recombinant wild type p53 is highly sensitive to ther-
mal denaturation (16). Temperature-dependent denaturation
of p53 is linked to protein aggregation (16) and compromised
DNA binding activity of p53 (Fig. 2A). The interaction of S100B
with recombinant wild type p53 protects p53 from thermal
denaturation (16; Fig. 2, B and C). Secondly, we have confirmed
a specific and strict calcium-dependent interaction of the
S100B with a synthetic peptide derived from the C-terminal
region of p53 (residues 319–393 in human p53) by plasmon
resonance measurement experiments. We have also identified

the YF-O2 peptide as part of a high affinity S100B-binding site
within the C-terminal region of p53. Structural studies have
shown that the YF-O2 sequence is a critical domain for p53
thermostability (24, 25). It is likely that interaction of S100B
with YF-O2 peptide on p53 is directly responsible for the in-
creased resistance of p53 to thermal denaturation. Like S100B,
the E. coli heat shock protein DnaK has been shown to bind to
the C terminus of p53 and protect p53 from thermal denatur-
ation (23, 26). S100B is the first mammalian protein to share
this property with DnaK.

The YF-O2 peptide on p53 is involved in the dimerization
and in subsequent tetramerization of p53 dimers (28, 35–37).
The Kd value found for the tetramer-monomer transition of the
C-terminal domain of p53 was determined to be 1–10 mM (28,
35). Because of the high Kd value, it has been proposed that in
normal, undamaged cells, when the cytoplasmic p53 concentra-
tion is very low, p53 may be largely monomeric (35). However
in its monomeric state, the p53 molecule is thermodynamically
unstable relative to the tetramer (24, 25). The high equilibrium
affinity of the S100B for the C-terminal domain immobilized on
the sensor chip (Kd 24 6 10 nM) suggests that S100B could
transiently interact with cytoplasmic p53 monomer to stabilize
the p53 in a native conformation prior to nuclear translocation.
Once p53 has translocated to the cell nuclei, it may be stabi-
lized through its interactions with DNA targets as a tetramer.
The idea that S100B could be involved in conformational mod-
ulation and stabilization of p53 monomer into a native (wild
type) conformation is supported by in vivo observations (5). In
mouse embryo fibroblast cells expressing low levels of the tem-
perature-sensitive p53val135 mutant, S100B cooperates with
calcium in stabilization and activation of the wild type
p53val135 conformational species at the nonpermissive tem-
perature (37.5 °C) (5). The YF-O2 sequence on p53 also corre-
sponds to a “cytoplasmic sequestration domain” (27). Hence,
one can envision that in response to intracellular calcium ele-
vation, S100B could also dissociate the interaction between p53
and cytoplasmic anchoring proteins to favor p53 nuclear trans-
location. It is noteworthy that in mouse embryo fibroblast cells
expressing S100B and the p53val135, calcium-mediated stabi-
lization of the p53val135 under a wild type conformation is also
associated with wild type p53val135 nuclear accumulation (5).
The involvement of calcium signaling and S100B in activation
of wild type p53 probably not only concern the p53val135 mu-
tant but could be of more general occurrence. Intracellular
calcium elevation is induced in physiological stimulation
known to activate p53 functions, including cell contact (38) and
hypoxia associated with tumor formation (39, 40). S100B,
which is normally expressed at low levels in proliferating glial
cells or in peripheral tissues, is also strongly induced by such
stimulations. For examples, in C6 glial cells, S100B synthesis
correlates with G1 phase growth arrest at confluence (5). In
cardiac myocytes, S100B is induced in response to hypoxia (41).
This last observation also suggests that overexpression of
S100B generally observed in brain tumors and peripheral tu-
mors (42, 43) could be linked to hypoxia during tumor forma-
tion (39). It is tempting to speculate that in normal cells and
also in tumor cells S100B induction could also be associated
with p53 activation.

Finally, the high affinity S100B-binding domain within p53
that we identified also corresponds to the minimal transform-
ing domain on mutant p53 (Ref. 44 and Fig. 3). Overexpression
of the transforming C-terminal p53 mini-protein harboring
YF-O2 domain cooperates with the ras oncogene in cell trans-
formation in the absence of endogenous wild type p53 (45). This
suggests that YF-O2-mediated transformation operates via
stable interaction and inactivation of p53 target proteins. Be-

FIG. 6. S100B interacts with tryptophan-YF-O2 peptide deriv-
ative (W-O2). A, Trp fluorescence spectra of W-O2 (1 mM) in 25 mM

Tris-HCl, pH 7.5, O.12 M NaCl, 0.1 mM CaCl2 in the absence (solid line)
or in the presence (dashed line) of S100B (1.4 mM). B, titration of the
percentage change in Trp fluorescence of W-O2 at the concentration of
1 mM (f) or 2 mM (M, E) as a function of S100B(bb)/W-O2 molar ratio in
the presence of 0.1 mM CaCl2 (f, M) or 2 mM EGTA (E). C, migration in
native 13% polyacrylamide gel electrophoresis plus either 1 mM EGTA
or 0.5 mM CaCl2, as indicated of S100B alone (lanes 1) or mixed with
W-O2 at molar ratio of 0.5 (lanes 2), 1 (lanes 3), and 2 (lane 4). The
arrowhead on the right points to S100b-W-O2 complex.

FIG. 7. S100B counteracts YF-O2 and W-O2 inhibition of PKC
activity. A, inhibition of PKC activity by YF-O2 and W-O2 and release
of this inhibition by S100B, S100A6, and calmodulin. PKC activity was
measured using O1 peptide as substrate. B, titration curves of S100B-
dependent release of PKC in the presence of 0.6 mM (�), 3.3 mM (l), or
26 mM (l) of W-O2 peptide.
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cause ectopic expression of S100B in a REF cell line overex-
pressing ras and the p53val135 is able to revert transformed
phenotypes of the cells, it would be worth investigating
whether S100B could also dissociate interactions between
YF-O2 and target proteins.

The Kd value found for the interaction between S100B and
the p53319–393 peptide (24 nM) is in the same range as that
reported for the interaction between the S100A1 and the basic
helix-loop-helix peptide of MyoD (20 nM) (32–34). A conserved
amino acid sequence exists within the YF-O2 sequence of p53
(344LNEALELK351) that is implicated in S100B binding and
the helix I motif within myogenic transcription factor MyoD
(124VNEAFETLK132) involved in S100A1 binding. These two
motifs are involved in the regulation of p53 and MyoD cellular
localization (27, 46). The identification of a putative S100 tar-
get consensus motif within p53 and MyoD with functional
homologies suggests that regulation of nuclear translocation of
transcription factors associated with negative cell growth reg-
ulation may be a general feature of S100 proteins function. It is
interesting to note that interaction of S100B and S100A1 with
an other nuclear protein, the Ndr protein kinase, has recently
been characterized (15). It would be interesting to study the
possible contribution of S100 proteins in Ndr protein kinase
nuclear translocation. Despite the strong amino acid sequence
homology between the YF-O2 sequence on p53 and the helix I
motif on MyoD, the interaction between p53319–393 peptide and
S100B is isoform-specific (Fig. 4C). Such specificity suggests
that in addition to the consensus sequence, other amino acids
adjacent to that motif could be responsible for the specificity of
interaction between S100B and p53. Weber’s group (12, 18)
recently reported that S100B binds to a basic peptide derived
from the extreme C-terminal basic tail of human p53 (residues
367–388), which corresponds to the O1 peptide. The high dis-
sociation constant for this interaction (Kd 5 20 mM) (12, 18)
would explain why we have not been able to detect interaction
of this peptide with S100B (Fig. 5). In our experimental condi-
tions, the low S100B concentration used (4 mM) was probably
not sufficient to reveal low affinity interaction. It is neverthe-
less possible that O1 domain contribute to strengthen the in-
teraction of S100B dimer with the full-length C-terminal region
of p53. The possible implication of O1 in S100B binding to
p53319–393 peptide may explain why analysis of the kinetics of
interactions between S100B and p53319–393 immobilized on the
sensor chip cannot be analyzed with a single interaction site
model at high S100B concentration. Although O1 peptide is not
involved in p53 dimerization and tetramerization (24, 28, 35,
36), this domain is nevertheless required for formation of
higher oligomeric aggregates (37) and is engaged in transient
interchain interaction with another domain within the protein
tetramer (35, 47). It is likely that, in addition to its effect on
wild type p53 stabilization, S100B could also affect an impor-
tant protein interaction at the C-terminal domain involving O1
domain.
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The calcium ionophore ionomycin cooperates with the S100B protein to rescue a p53-dependent G1 check-
point control in S100B-expressing mouse embryo fibroblasts and rat embryo fibroblasts (REF cells) which
express the temperature-sensitive p53Val135 mutant (C. Scotto, J. C. Deloulme, D. Rousseau, E. Chambaz, and
J. Baudier, Mol. Cell. Biol. 18:4272–4281, 1998). We investigated in this study the contributions of S100B and
calcium-dependent PKC (cPKC) signalling pathways to the activation of wild-type p53. We first confirmed that
S100B expression in mouse embryo fibroblasts enhanced specific nuclear accumulation of wild-type p53. We
next demonstrated that wild-type p53 nuclear translocation and accumulation is dependent on cPKC activity.
Mutation of the five putative cPKC phosphorylation sites on murine p53 into alanine or aspartic residues had
no significant effect on p53 nuclear localization, suggesting that the cPKC effect on p53 nuclear translocation
is indirect. A concerted regulation by S100B and cPKC of wild-type p53 nuclear translocation and activation
was confirmed with REF cells expressing S100B (S100B-REF cells) overexpressing the temperature-sensitive
p53Val135 mutant. Stimulation of S100B-REF cells with the PKC activator phorbol ester phorbol myristate
acetate (PMA) promoted specific nuclear translocation of the wild-type p53Val135 species in cells positioned
in early G1 phase of the cell cycle. PMA also substituted for ionomycin in the mediating of p53-dependent G1
arrest at the nonpermissive temperature (37.5°C). PMA-dependent growth arrest was linked to the cell
apoptosis response to UV irradiation. In contrast, growth arrest mediated by a temperature shift to 32°C
protected S100B-REF cells from apoptosis. Our results suggest a model in which calcium signalling, linked
with cPKC activation, cooperates with S100B to promote wild-type p53 nuclear translocation in early G1 phase
and activation of a p53-dependent G1 checkpoint control.

The tumor suppressor p53 protein has been implicated in
cell differentiation (1, 50), cell contact inhibition of growth
(65), protection of the cell from the acquisition of genomic
abnormalities (32, 33), and cell senescence (53). The mecha-
nisms by which p53 carries out these functions seem to be
related to its ability to induce G1 or G2/M cell cycle arrest
and/or apoptosis. In some systems, p53-dependent growth ar-
rest may inhibit apoptosis and favor viable cell cycle arrest (46,
49). The diversity of cellular responses to p53 activation indi-
cates that the outcome of p53 activation depends on other
signalling pathways upstream and downstream to p53 activa-
tion (2, 27). The extremely short half-life of the p53 protein in
normal cells suggests that multiple, transient, and probably
interdependent control processes regulate cellular p53 at the
levels of its synthesis, cytoplasmic anchorage, nuclear translo-
cation, nuclear activities, and degradation. Conformational
modulation of p53 between wild-type and mutant-like confor-
mations has also recently emerged as a possible mechanism for
regulation of p53 functions (50). Activation of p53 functions
following an appropriate stimulus generally initiates a rapid
and substantial increase in the total p53 level, achieved at least
in part by the stabilization of the normally rapidly degraded
wild-type p53 protein in the cell nuclei. On the other hand,
stabilization of p53 protein in the absence of stimulus is always

a hallmark of loss of function which can occur after gene
mutation or interaction with viral oncoprotein (reviewed in
reference 7). In tumor cells harboring wild-type and mutant
p53 alleles, mutant p53 accumulates in the cell nuclei and acts
as a negative dominant fashion and abolishes the functions of
the wild-type protein. There is thus considerable interest in
understanding the intracellular signalling pathways and mech-
anisms responsible for conformational stabilization and selec-
tive nuclear accumulation of the wild-type p53 conformational
species versus those of mutant p53 molecules. We have previ-
ously shown that the calcium- and zinc-binding S100B protein
(3) can be implicated in activation of wild-type p53 functions
(52). The S100B protein is found in astroglial cells in the
central nervous system but also in a number of tissues outside
the nervous system (42, 43). The synthesis of S100B is tightly
regulated. Many cellular stimulations known to activate p53,
such as cell contact (65), hypoxia (20), and UV irradiation (56),
are also able to stimulate S100B expression (51, 52, 59, 60). In
the central nervous system, both S100B and p53 are up regu-
lated in neurodegenerative diseases and might synergize in
mechanisms of cell death (9, 26, 52, 54). A functional interac-
tion between S100B and p53 in negative cell growth regulation
and cell death was recently demonstrated in p53-negative
(p532/2) mouse embryo fibroblasts (MEF cells) by sequential
transfection with the S100B and temperature-sensitive (ts)
p53val135 genes and in the rat embryo fibroblast (REF) cell
line clone 6, which is transformed by oncogenic Ha-ras and
overexpression of p53Val135 (52). Ectopic expression of
S100B in clone 6 cells (S100B-REF cells) reverts transformed

* Corresponding author. Mailing address: Département de Biologie
Moléculaire et Structurale, INSERM Unité 244, DBMS-BRCE,
CEN-G, 17 rue des Martyrs, 38054 Grenoble Cedex 9, France. Phone:
(33) 76 88 43 28. Fax: (33) 76 88 51 00. E-mail: jbaudier@cea.fr.
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phenotypes characterized by the rescue of cell density-depen-
dent inhibition of growth (52) and of a G2/M checkpoint in
response to double-strand DNA breaks (unpublished data).
Moreover, ionomycin stimulation of S100B-MEF and S100B-
REF cells was able to rescue a p53-dependent G1 checkpoint
control (52). Intracellular calcium elevation mediated by iono-
mycin not only activates calcium-binding proteins but also con-
tributes to the activation of calcium-dependent protein kinase
C (cPKC) isozymes (44, 45). An interdependence is thought to
exist between S100B and cPKC-dependent signalling pathways
(5, 10, 60). Hence, cPKC activation might also account for the
effect of ionomycin on activation of a G1 checkpoint in S100B-
MEF and S100B-REF cells. PKC is a family of calcium/diac-
ylglycerol-dependent serine/threonine kinases which play a
central role in signal transduction and have been widely impli-
cated in control of cell growth, differentiation, transformation,
and apoptosis. The 11 known PKC isoenzymes are classified
into three groups: the conventional cPKCs (isoforms a, b, and
g), the novel calcium-independent PKCs (nPKCs; d, ε, and m),
and the atypical PKCs (l and z) (reviewed in reference 23).
Initial interest in PKC stemmed from its identification as the
major cellular receptor for tumor-promoting phorbol esters
(phorbol myristate acetate [PMA]), which act by binding to the
diacylglycerol-binding site on the enzymes and subsequently
promoting their activation (45). Bryostatin, a macrocyclic lac-
tone with a structure significantly different from that of phor-
bol ester, was also found to bind and activate PKCs (28). PKC
activation can lead to disordered growth, cell transformation,
and inhibition of apoptosis (36). On the other hand, PKC
activation can also promote cell growth inhibition and induc-
tion of apoptosis (18, 39, 66, 67). A key to understanding these
diverse responses may be that individual PKC isoenzymes play
specific and specialized roles in cell signalling. It is also likely
that the genetic background of the cells under investigation
and the contribution of other intracellular signalling pathways
have a profound effect on the response of the cells to PKC
activation. Finally, it is not known whether the long-term ef-
fects of PKC activators are due to activation or depletion of
PKCs. Because of the importance of PKC isoenzymes in major
cellular functions, they have been considered potential targets
for therapeutic intervention (23). An important issue is now to
characterize the PKC isoenzyme-specific functions and their
relationships with other signalling pathways.

We have investigated the contributions of S100B and cPKC
signalling pathways to the activation of the wild-type p53. We
show that cPKC activation cooperates with S100B in regulating
wild-type p53 nuclear translocation and accumulation in early
G1 phase of the cell cycle. Moreover, we provide evidence that
cPKC-mediated nuclear translocation of the wild-type p53 in
early G1 is linked with activation of a p53-dependent G1 check-
point control.

MATERIALS AND METHODS

Cell cultures. REF (clone 6) (40) and S100B-REF cells (clones 6b and 9b)
(52) cells were grown in RPMI-Glutamax (Gibco) supplemented with 5% fetal
calf serum (FCS; Seromed) at 37.5°C. Hygromycin-resistant MEF cells not ex-
pressing S100B (clone C) and S100B-MEF cells not expressing (clone J-b) or
expressing (clone Jb2p53) p53Val135 (52) were grown in Dulbecco modified
Eagle medium (DMEM)-Glutamax (Gibco) supplemented with 10% FCS
(Gibco).

Plasmids and antibodies. A plasmid encoding mouse wild-type p53 was con-
structed by inserting full-length p53 cDNA into pUTSV1 (Eurogentech, Seraing,
Belgium) under the control of the enhancer and promoter from simian virus 40
(SV40). p53-Ala and p53-Asp mutants were made by PCR using oligonucleotides
CGGAATTCCAGTCAGTCTGAGTCAGGCCCCACTTTCTTGACCATTGC
TTTTTTATGGCGGGCAGCAGCCTGGCCCTTCTTGGCCTTCAGGTAGC
TGGCGTGAGCCCTGCTGTCTCC and CGGAATTCGAGTCAGTCTGAG
TCAGGCCCCACTTTCTTGACCATGTCTTTTTTATGGCGGTCATCATC

CTGGCCCTTCTTGTCCTTCAGGTAGCTGTCGTGAGCCCTGCTGTCTCC,
respectively. The fidelity of PCR synthesis was confirmed by sequencing plasmid
constructs. Further details regarding the cloning are available upon request.

The green fluorescent protein (GFP) expression plasmid pEGFP-N1 was pur-
chased from Clontech. The luciferase expression plasmid PGL3-control, encod-
ing luciferase under the control of the SV40 enhancer and promoter, was from
Promega. p53-specific monoclonal antibodies PAb240, PAb246, PAb242, and
PAb421 were purified from hybridoma supernatants by protein A-agarose chro-
matography. Affinity-purified polyclonal rabbit anti-p21 and anti-p27 antibodies
were from Santa Cruz Biotechnology. Anti-Rb (clone PMG3-245) was from
Pharmingen. Anti-PKCs and rat brain extracts used as controls were from Trans-
duction Laboratory. Anti-b-tubulin was a gift from L. Paturle and D. Job.

Transfections. MEF cells and S100B-MEF cells grown in DMEM-Glutamax
supplemented with 10% FCS in 60-mm-diameter dishes at 37.5°C were tran-
siently transfected with Fugene-6 (Boehringer); 1 to 4 mg of wild-type p53
plasmid was cotransfected with 0.5 mg of pEGFP-N1 or PGL3-control in the
presence of 12 ml of Fugene-6 as recommended by the manufacturer. Cells were
harvested 36 h after transfection. We found that 30 to 50% of cells were effi-
ciently transfected in these experimental conditions.

Protein concentration and Western blot analysis. Cells were lysed in radio-
immunoprecipitation assay (RIPA) buffer, and protein concentration was esti-
mated by the bicinchoninic acid method (Pierce), using bovine serum albumin as
a standard. Western blot analysis used cell extracts in RIPA buffer mixed with an
equal volume of 1% sodium dodecyl sulfate (SDS) containing 20% glycerol, 50
mM dithiothreitol (DTT), and a trace of bromophenol blue. Samples were
boiled, and 50 mg of protein was loaded on SDS-containing 12% (p21, p27,
tubulin, and Mdm2) or 7.5% (Rb) polyacrylamide gels. Proteins were transferred
to nylon membrane.

Flow cytometry. Cell cycle and cell sorting analysis by flow cytometry was
performed on a FACStar1 (Becton Dickinson). For cell cycle parameter anal-
ysis, cells were collected in phosphate-buffered saline (PBS), rapidly vortexed
with 0.2% Triton X-100, and fixed with 4% formaldehyde. DNA was stained with
Hoechst 33258 (2 mg/ml) just prior to flow cytometry analysis.

Mitotic detachment. Cells were grown at 37.5°C to 80% confluence. The plates
were gently shaken for 5 s. The media containing mitotic cells were pooled and
centrifuged at low speed. Cell pellets were resuspended in culture medium. This
procedure yielded populations that consisted of early G1 and mitotic cells (37).
Mitotic cells were seeded on polylysine (0.1 mg/ml)-coated Permanox slides from
Nunc, Inc.

Immunofluorescence cell staining. Cells were fixed with 4% paraformaldehyde
for 30 min and permeabilized for 3 min with 0.2% Triton X-100. After washing
with PBS, cells were incubated at 4°C overnight in PBS containing 5% goat
serum with either purified wild-type specific monoclonal antibody PAb246 or
purified mutant specific monoclonal antibody PAb240 (1 mg/ml). The cells were
then washed five times with PBS and incubated for 1 h with fluorescein isothio-
cyanate or cyanin 3-conjugated secondary antibodies. Coverslips were mounted
in Aquamount and observed on a Bio-Rad confocal microscope or a Zeiss
Axioplan microscope (340) equipped with an exposure command system MC80;
400 ASA color slides were used.

Nuclear extracts. Nuclear extracts were prepared as previously described (11),
with minor modifications. S100B-REF cells (clone 6b) were grown to 80%
confluence in 100-mm-diameter dishes and labeled in methionine-free medium
supplemented with [35S]Met-Cys mix (50 mCi/ml) for 3 h. Cells were or were not
stimulated with PMA, washed once with PBS, and frozen by putting the culture
dishes on a layer of liquid nitrogen. Cells were immediately thawed in 1 ml of
buffer A (20 mM Tris-HCl [pH 7.6], 0.2% Triton X-100, 12% sucrose, 2 mM
EGTA, 1 mM Pefabloc, 10 mg of aprotinin/ml, 10 mg of leupeptin/ml, 1 mM
microcystin, 1 mM vanadate, 1 mM NaF). Nuclei were pelleted by low-speed
centrifugation and lysed in 200 ml of buffer B (10 mM Tris-HCl [pH 7.5], 0.5 M
NaCl, 1 mM Pefabloc, 10 mg of aprotinin/ml, 10 mg of leupeptin/ml, 1 mM
microcystin, 1 mM vanadate, 1 mM NaF). After centrifugation at 200,000 3 g for
20 min to remove DNA, the supernatant (200 ml) was diluted in 600 ml of buffer
C (20 mM Tris-HCl [pH 7.4], 5 mM MgCl2, 5% glycerol, 0.5% NP-40, 1 mM
Pefabloc, 10 mg of aprotinin/ml, 10 mg of leupeptin/ml, 1 mM microcystin, 1 mM
vanadate, 1 mM NaF). Diluted nuclear extracts were then centrifuged for 15 min
at 20,000 3 g. The supernatants were used either for immunoprecipitation or for
DNA-binding studies.

S100B-MEF cells were labeled with [35S]Met-Cys mix (100 mCi/ml) for 5 h.
Nuclear extracts were prepared as described above except that the freezing step
was omitted.

Immunoprecipitation. Nuclear extracts were incubated with purified p53
monoclonal antibodies (5 mg/ml) and protein G-agarose for 30 min. The immu-
noprecipitates were washed three times with 1 ml of buffer C. 35S-labeled im-
munoprecipitated proteins were resuspended in 1% SDS–10 mM DTT and
analyzed on SDS–12% polyacrylamide gels.

DNA-binding studies. A biotinylated double-stranded oligonucleotide corre-
sponding to the sequence 59-biotin-TTTTTTTGCAGGAATTCGATAGGCAT
GTCTAGGCATGTCTATCAAGCTTATCGAT-39 was synthesized; it com-
prises the consensus binding site for p53 (16). Nuclear extracts were incubated
for 30 min with biotin-DNA probe (0.6 mg/ml), salmon sperm DNA (20 mg/ml),
and streptavidin-agarose. The streptavidine-agarose was then washed three times
with 1 ml of buffer C. 35S-labeled proteins bound to biotin-target DNA were
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resuspended in 1% SDS–10 mM DTT and analyzed on SDS–12% polyacryl-
amide gels.

RESULTS

Contribution of S100B to wild-type p53 accumulation. To
investigate the contribution of S100B to wild-type p53 accu-
mulation, we used hygromycin-resistant p532/2MEF cells ei-
ther expressing or not expressing S100B (52). After a few
passages in culture, p532/2MEF cells stably transfected with
the S100B gene drastically lost S100B expression, suggesting
that S100B synthesis is detrimental for cell growth. S100B-
producing clone J-b cells (52) were therefore subcloned by
limiting dilution, and seven subclones were selected and ana-
lyzed for S100B production. Only one clone (J-b8) still ex-
pressed a significant amount of S100B (Fig. 1A, upper panel).
Other selected clones were characterized by drastic down reg-
ulation of S100B synthesis. We next compared p53 levels in
MEF cells not expressing (MEF2/2) or expressing different
S100B levels (clone J-b3, J-b6, and J-b8 cells). Cells were
transfected with a plasmid encoding wild-type murine p53 un-
der the control of the SV40 enhancer and promoter, which
allow low protein expression. Transfection efficiencies were
evaluated with a plasmid encoding enhanced GFP (EGFP)
under the control of cytomegalovirus (CMV) promoter. Stron-
ger accumulation of p53 was observed in S100B-producing
J-b8 cells than in parental MEF cells or clone J-b3 and clone
J-b6 cells that down regulated S100B expression (Fig. 1A,
lower panel). This observation was confirmed with experiments
utilizing different p53 plasmid concentrations and transfection
efficiencies evaluated either with the plasmid encoding EGFP
under the control of CMV promoter (Fig. 1B, upper panel) or
a plasmid encoding luciferase under the control of the en-
hancer and promoter from SV40 (Fig. 1B, lower panel). We
controlled so that S100B has no effect on CMV and SV40
promoters.

The S100B-dependent accumulation of p53 in MEF cells is
reminiscent of that observed with the ts p53Val135 mutant
(52). Expression of S100B in MEF cells cooperates with the
calcium ionophore ionomycin to induce specific accumulation
of the wild-type p53Val135 conformational species and to res-
cue wild-type p53 functions at the nonpermissive temperature
37.5°C (52). At 37.5°C, a significant amount of the p53Val135
can be folded under a wild-type conformation (37). Hence, one
cannot exclude the possibility that ionomycin activates such a
minor wild-type p53 population independently of S100B. To
investigate whether S100B contributes to the nuclear accumu-
lation and activation of p53Val135 under a wild-type confor-
mation, we reproduced the experiment at 39°C, a temperature
far above the nonpermissive temperature. Ionomycin stimula-
tion produced a drastic accumulation of the p53Val135 protein
(Fig. 2A). Accumulation of p53Val135 correlated with accu-
mulation of the cells in the G1 phase of the cell cycle (Fig. 2C).
Both immunoprecipitation (Fig. 2B) and indirect immunoflu-
orescence analysis (Fig. 2D) revealed that at 39°C, ionomycin
caused specific nuclear accumulation of p53Val135 with a wild-
type conformation (PAb2461), resulting in high wild-type/mu-
tant ratios in the cell nuclei. Note that in control S100B-MEF
cells grown at 39°C, the level of wild-type p53Val135 was below
the detection limit (Fig. 2D). Note also that in control cells, the
PAb240 immunoreactivity accumulated in the cell nuclei. Only
a small number of cells with small rounded nuclei showed
cytoplasmic staining; these cells were most likely in early G1
phase of the cell cycle (see also Fig. 4).

Shifting S100B-MEF cells to the permissive temperature
(32°C) had no significant effect on p53Val135 accumulation
and cell cycle parameters (Fig. 2A and C). These observations
confirm that calcium signalling and S100B are linked to specific
activation of wild-type p53. They also suggest that tempera-
ture-dependent conformational shift at 32°C is not sufficient to
activate wild-type p53Val135 function when the protein is
present at a low concentration.

FIG. 1. S100B stabilizes wild-type p53. (A) The upper panel shows a comparison of S100B contents in MEF2/2 cells and J-b subclones selected by limiting dilution.
Cells were metabolically labeled with [35S]Met-Cys mix, and S100B was immunoprecipitate with rabbit polyclonal anti-S100B antibody as previously described (52). The
asterisk indicates nonspecific binding. The lower panel shows levels of p53 in MEF2/2 cells and J-b3, J-b6, and J-b8 subclones following transient transfection as
determined by Western blotting. Transfection efficiencies were determined by analysis of GFP expression. (B) Levels of p53 in S100B-MEF (clone J-b8) cells and
MEF2/2 cells in transient transfection assays using different p53 plasmid concentrations. Upper panel, transfection efficiencies determined by Western blot analysis of
GFP expression in parallel with that of p53; lower panel, transfection efficiencies determined by analyzing luciferase activities for each cell line, using a plasmid encoding
luciferase (Luc.) under the control of the SV40 enhancer and promoter. Note that p53 expression in S100B-producing J-b8 cells resulted in cell growth arrest with a
high incidence of cell death and decrease in luciferase activities. Hence, loading samples for Western blot analysis of p53 were adjusted to equal luciferase activities
determined in the absence of p53 plasmids.
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cPKC activation mediates nuclear translocation and accu-
mulation of the wild-type p53 in S100B-MEF cells. Previous
studies pointed to a possible role of PKC in the regulation of
p53 nuclear translocation (11). In vitro, p53 is a cPKC sub-
strate that is phosphorylated on at least five serine and threo-
nine residues (4, 12). To investigate a possible contribution of
direct p53 phosphorylation by cPKC on p53 nuclear transloca-
tion, the five putative cPKC phosphorylation sites on wild-type
murine p53 (Ser360, Thr365, Ser370, Ser372, and Thr377)
were mutated to either an Ala residue to prevent phosphory-
lation or an Asp residue to mimic phosphorylation. The accu-

mulations and subcellular localizations of the p53 mutants
were compared in transient transfection assays using S100B-
MEF cells. Mutations had no significant effect on p53 nuclear
accumulation (Fig. 3). However, incubation of S100B-MEF
cells with the cPKC-specific inhibitor Gö6976 (38) prevented
nuclear accumulation of both wild-type p53 and the p53-Asp
mutant (Fig. 3). Together, these observations suggest that
cPKC indirectly regulates wild-type p53 nuclear translocation
(see also Discussion).

The contribution of cPKC activity to wild-type p53 nuclear
translocation in S100B-MEF cells was also shown with S100B-

FIG. 2. Ionomycin stimulation, but not permissive temperature, promotes
specific activation of wild-type p53 in S100B-MEF cells. (A) Comparison of
p53Val135 contents in clone J-b2p53 cells grown at 39°C (lane 1), kept at 32°C
for 22 h (lane 2), or stimulated with ionomycin (Iono) for 22 h at 39°C (lane 3).
(B) Ionomycin stimulation promotes nuclear accumulation of the wild-type
p53Val135 species in S100B-MEF cells grown at 39°C. Clone J-b2p53 cells grown
at 39°C were stimulated for 12 h with 1 mM ionomycin prior to labeling with
[35S]Met-Cys mix (100 mCi/ml) for 5 h. Nuclear extracts were prepared, and
35S-labeled p53Val135 was immunoprecipitated with anti-MyoD immunoglobu-
lin G used as a control (lane 1), the wild-type-specific PAb246 (lane 2), the
mutant-specific PAb240 (lane 3), or the pan-specific PAb421 (lane 4). (C) Flow
cytometry analysis of the DNA content of clone J-b2P53 cells grown at 39°C
(39°C), shifted to 32°C for 24 h (32°C), or grown at 39°C and stimulated with
ionomycin for 36 h (39°C-Iono). (D) Immunofluorescence analysis of PAb246
and PAb240 immunoreactivities in subconfluent clone J-b2p53 cells grown at
39°C not stimulated (control) or stimulated with 1 mM ionomycin (Iono.) for
20 h.
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MEF cells stably expressing the ts p53Val135 mutant. With
these cells, incubation with Gö6976 drastically decreased iono-
mycin-mediated p53 accumulation (Fig. 4A) and totally inhib-
ited ionomycin-mediated wild-type p53Val135 nuclear translo-
cation (Fig. 4B). The strong correlation that exists between
nuclear translocation and accumulation indicates that nuclear
localization contributes to wild-type p53 stabilization.

cPKC activation promotes nuclear translocation of the wild-
type p53Val135 conformational species in S100B-REF cells in
early G1. S100B-REF cells are derived from transformed REF
cells expressing oncogenic Ha-ras and overexpressing
p53Val135 (clone 6 cells) (40) transfected with the S100B gene
(52). The amount of p53Val135 in S100B-REF cells is about
500-fold higher than the amount in S100B-MEF cells, and
overexpression of p53Val135 in S100B-REF cells results in the
presence of a significant amount of wild-type p53Val135 con-
formation species at the nonpermissive temperature (52). The
loss of growth-suppressive function of the wild-type p53Val135
species in exponentially growing S100B-REF cells at 37.5°C is
probably due to nuclear exclusion of the wild-type p53Val135
conformational species during the early G1 phase of the cell
cycle (11, 37) through interaction with a cytoplasmic anchor
protein (20). To confirm a role for cPKC in regulation of
wild-type p53 nuclear translocation, we analyzed the effect of
PMA stimulation on the subcellular localization of the
p53Val135 protein in S100B-REF cells synchronized in early
G1 by mitotic detachment (Fig. 5). PMA stimulation resulted

in a rapid nuclear translocation of the wild-type p53Val135
conformational species (PAb2461), whereas the mutant spe-
cies (PAb2401) remained cytoplasmic. Such conformational
specificity was restricted to cells in early G1. As the cells pro-
gressed through the cell cycle, the mutant p53Val135 confor-
mational species also translocated to the nucleus (not shown;
see also references 11 and 37). Immunoprecipitation studies
with 35S-labeled nuclear extracts confirmed that PMA stimu-
lation of S100B-REF cells produced rapid nuclear transloca-
tion of the wild-type p53Val135 species, with a maximum effect
after 5 min of stimulation (Fig. 6A, lanes 1 and 2; Fig. 6B).
PMA stimulation was also linked with p53 DNA binding acti-
vation. The DNA binding activity of the nuclear p53Val135
was tested in a DNA-binding assay based on the interaction of
35S-labeled p53 with a biotinylated consensus p53 (p53-CON)
target DNA (Fig. 6A, lanes 3 and 4; and Fig. 6C). The speci-
ficity of the interaction between p53 and the biotinylated target
DNA was demonstrated by competition with nonbiotinylated
p53-CON target DNA (Fig. 6A, lanes 3 and 4). PMA stimu-
lation induced a rapid increase in 35S-labeled p53Val135 which
bound to biotinylated p53-CON target DNA (Fig. 6C, lanes 1
to 3). Depletion of the wild-type p53Val135 species from nu-
clear extracts by immunoprecipitation with PAb246 suppressed
the PMA-dependent increase in DNA binding activity (Fig.
6C, lanes 4 and 5).

Dynamic nuclear translocation of the wild-type p53 medi-
ated by PMA stimulation was followed by long-term cytostatic

FIG. 3. Nuclear translocation of p53 is down regulated by Gö6976, a specific cPKC inhibitor. S100B-MEF clone J-b8 cells were cotransfected with EGFP and
plasmids encoding wild-type p53, mutant p53-Ala, or mutant p53-Asp as indicated. After 12 h, cells culture medium was changed to medium without or with 1 mM
Gö6976 as indicated. After 20 h cells were fixed. Immunofluorescence of PAb246 immunoreactivity was analyzed in parallel with DNA staining with Hoechst 33258
and EGFP autofluorescence.
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effects. With parental REF cells, not expressing S100B, single
stimulation with PMA (5 to 50 nM) decreased the rate of DNA
synthesis by 50% (Fig. 7A), but cell cycle parameters were not
significantly modified (Fig. 7B). With S100B-REF cells, single
stimulation with 5 nM PMA induced a total inhibition of DNA
synthesis (Fig. 7A). Fluorescence-activated cell sorting analysis
showed that this inhibition corresponds to a G1 phase growth
arrest (Fig. 7B).

PMA-dependent growth arrest of S100B-REF cells was phe-
notypically indistinguishable from ionomycin-mediated G1 ar-
rest (52). The arrest was characterized by induction of the
p21WAF1 cyclin-dependent kinase inhibitor protein but not the
p27 inhibitor protein, and with dephosphorylation of the Rb
protein (Fig. 7C). Time course analysis of Rb phosphorylation
status revealed a biphasic dephosphorylation of Rb protein,
with a first maximum effect between 2 and 3 h poststimulation,
when the cell cycle parameters were not yet affected by the
treatment. A trivial explanation for this phenomenon is that
PMA activates a phosphatase which dephosphorylates Rb. Al-
ternatively, it is also possible that PMA mediates p53-depen-
dent transactivation of a phosphatase, like Wip1 (17), which

dephosphorylates Rb protein independently of the position of
the cells within the cell cycle.

PMA stimulation of S100B-REF cells was also accompanied
by increased expression of B99 (Fig. 7D), another cellular
protein that is induced by wild-type p53 activity in REF cells
(61). In NIH 3T3 cells, B99 is selectively induced in G2/M
phase of the cell cycle when p53 is activated (61). As expected,
PMA-dependent B99 induction in S100B-REF cells correlates
with progression of the cells from S to G2/M phase, and B99
synthesis decreases when cells accumulate in G1 phase. It is
noteworthy that in contrast to PMA-mediated G1 arrest, B99
synthesis was sustained in S100B-REF cells growth arrested at
32°C (Fig. 7D; compare lanes 7 and 8), suggesting that tem-
perature shift-mediated growth arrest is distinct from PMA-
dependent G1 arrest (see also below and Discussion).

PMA-mediated G1 arrest of S100B-REF cells was totally
abolished by the cPKC-specific inhibitor Gö6976 (Fig. 8A and
B), suggesting that the PMA effect is mediated via activation of
a cPKC isoform. The implication of cPKC isoforms in the
long-term cytostatic effect of PMA was confirmed by the use of
bryostatin, a structurally distinct PKC activator. In many sys-

FIG. 4. Down regulation of cPKC by Gö6976 counteracts nuclear accumu-
lation of the wild-type p53Val135 conformational species in S100B-MEF cells.
(A) Western blot analysis of p53Val135 protein accumulation in clone J-b2p53
cells stimulated with 1 mM ionomycin in the absence (S100B-MEF) or in the
presence of 1 mM Gö6976 (S100B-MEF-Gö6976). p53 was detected by a mixture
of monoclonal antibodies PAb421 and PAb240. The asterisk indicates a cross-
reacting protein that serves as internal loading control. (B) Microscopic analysis
of PAb246 immunoreactivities in S100B-MEF clone J-b2p53 cells grown at
37.5°C and stimulated for 18 h with 1 mM ionomycin in the absence (Iono.) or in
the presence (Iono. Gö6976) of 1 mM Gö6976. Left panels show DNA staining
with Hoechst 33258.
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tems, bryostatin induces only a subset of the responses to PMA
and blocks those which it does not induce (22, 28, 57). The
mechanisms by which bryostatin and PMA induce divergent
long-term responses are linked with differential activation and
down regulation of PKC isoforms (22, 57). With S100B-REF
cells, bryostatin induced only partial inhibition of DNA syn-
thesis at low concentrations (0.5 to 5 nM) (Fig. 8C) and an-
tagonized the long-term cytostatic effect of PMA at higher
concentrations (5 to 20 nM) (Fig. 8C). The divergent long-term
responses of the cells to PMA or bryostatin stimulation corre-
lated with specific down regulation of the calcium-dependent
PKCa and PKCg isoforms by bryostatin but not by PMA (Fig.
8D). In contrast to cPKC, the nPKCε was down regulated by
both PMA and bryostatin (Fig. 8D).

cPKC-dependent G1 arrest but not permissive temperature
restores full G1 checkpoint control in S100B-REF cells. Pa-
rental REF cells showed only moderate apoptosis upon UV
irradiation (52), and apoptosis was not significantly increased if
cells were stimulated with PMA prior to UV irradiation (Fig.
9A). Exponentially growing S100B-REF cells are also insensi-
tive to UV irradiation (52) but showed full apoptotic response
if they were first arrested in G1 upon PMA stimulation (Fig.
9B). Internucleosomal DNA cleavage in apoptotic cells was
confirmed by agarose gel electrophoresis (Fig. 9C, lanes 1 to
3). Apoptosis of S100B-REF cells was rapid and maximal 24 h
after UV irradiation if PMA was removed from the culture
media after irradiation (Fig. 9B). It is important to note that if
irradiated cells were left in the presence of PMA, the kinetics
of apoptosis were considerably retarded, indicating that cell
cycle progression is probably required for this apoptosis. Ap-
optosis still occurred when the transcriptional inhibitor actino-
mycin D was added 1 h before UV irradiation and maintained
after irradiation (Fig. 9C, lane 4). We controlled so that the

cells treated with actinomycin D alone did not undergo apo-
ptosis upon UV irradiation (not shown). p53Val135-depen-
dent apoptosis in the absence of de novo transcription and
translation in response to UV irradiation has also been ob-
served in immortalized somatotropic progenitor cells express-
ing p53Val135 (8). We also compared the apoptotic responses
to UV irradiation of S100B-REF cells whose growth was ar-
rested by shifting the temperature to 32°C and which were or
were not stimulated with PMA (Fig. 9D). No apoptosis was
observed in cells growth arrested at 32°C. Moreover, apoptosis
could not be restored if the growth-arrested cells at 32°C were
subsequently stimulated with PMA. At 32°C, apoptosis could
be observed only when S100B-REF cells were first growth
arrested with PMA prior to UV irradiation (Fig. 9D; Fig. 9C,
lanes 5 and 6). Together these data confirm that S100B and
PMA act in concert to specifically rescue a p53 apoptosis
pathway in REF cells. They also show that temperature shift-
mediated G1 arrest at 32°C protects cells from UV-mediated
apoptosis and is more likely associated with enhanced cell
survival (see also Discussion).

DISCUSSION

The first observation reported in this study is the synchro-
nized and concerted regulation of wild-type p53 nuclear trans-
location, accumulation, and activation by S100B and cPKC. A
direct implication of S100B in wild-type p53 activation was first
suggested by the fact that MEF cells expressing S100B tolerate
only very low expression levels of the p53Val135 protein (52).
Inversely, REF cells expressing a very high level of p53Val135
tolerate only low S100B expression levels (52). Moreover, cal-
cium-dependent accumulation and activation of the wild-type
p53Val135 functions in MEF and REF cells is strictly condi-

FIG. 5. Effect of PMA on cellular localization of wild-type and mutant p53Val135 in S100B-REF cells synchronized in the early G1 phase of the cell cycle. Shown
are the results of confocal microscope analysis of PAb246 and PAb240 immunoreactivities in clone 6b cells synchronized by mitotic detachment and grown for 1 h on
polylysine-coated coverslips allowing cells to pass through mitosis. Cells were either untreated (control) or stimulated with 8 nM PMA for 5 min (PMA).
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tioned by the presence of S100B (52). Although S100B expres-
sion in p532/2MEF cells was found to be sufficient for the
accumulation of wild-type p53 in transient transfection assays
(Fig. 1), in stable transfected MEF clones expressing both
S100B and a low level of the ts p53Val135 mutant, ionomycin
stimulation was required to promote nuclear accumulation of
p53Val135 under a wild-type conformation (Fig. 2). These
apparent discrepancies for calcium requirement in mediating
S100B-dependent wild-type p53 accumulation are not clearly
understood. It could be that in transient transfection assays,
cellular stress associated with transfection conditions causes
changes in intracellular calcium homeostasis similar to that
produced by the calcium ionophore. It is also possible that
calcium binding to S100B is not absolutely required for S100B
to function in regulating wild-type p53. Other ions such as
Zn21, which bind to S100B with much higher affinity (KD, 10
nM) and which induce Ca21-like conformational changes (3),
could also be implicated in regulating S100B functions. Strict
calcium-dependent regulation of the wild-type p53Val135 in
S100B-MEF cells could also be due to the heat sensitivity of
this peculiar p53 mutant and its low expression level. In vitro,
S100B interacts in a calcium-dependent manner with the C-

terminal regulatory domain of p53 (KD, 20 6 10 nM) so as to
protect p53 from thermal denaturation (13). The high-affinity
and specific S100B-binding site on the C-terminal domain of
p53 overlaps the multifunctional domain on p53 implicated in
stabilization against Mdm2-directed degradation (29) and cy-
toplasmic anchorage (34) and is a critical determinant for the
thermostability of p53 (13). Hence, in its calcium-bound state
S100B could transiently interact with the p53Val135 to favor its
nuclear translocation and subsequent accumulation. A corre-
lation has also been observed between expression of S100A4
with enhanced levels of p53 in melanoma cells (55). Moreover,
S100A2, which is 55% homologous to S100B, is a putative
transcriptional target for p53 (58). This raises the possibility
that p53 activation is a property shared by other S100 proteins.
Finally, like calmodulin, S100B is likely to regulate multiple
target proteins. Hence, other potential effector proteins of
S100B, including cytoskeletal proteins and cytoskeleton-asso-
ciated kinases (41) or other signalling pathways, may addition-
ally synergize with S100B in p53 activation. The complexity of
the calcium- and S100B-dependent regulation of wild-type p53
is further illustrated with the finding that cPKC is also impli-
cated in the transduction of the calcium signal linked with p53
nuclear translocation, accumulation, and activation in the G1
phase of the cell cycle. In the case of S100B-MEF cells ex-
pressing the ts p53Val135 mutant, the cPKC inhibitor Gö6967
inhibited nuclear translocation of the wild-type p53Val135
conformational species and severely decreased p53 accumula-
tion mediated by ionomycin (Fig. 4). This finding indicates that
wild-type p53 degradation is probably linked with cytoplasmic
sequestration and that nuclear localization contributes to p53
stabilization. Cytoplasmic sequestration and degradation of
wild-type p53 would allow cells to maintain a low level of p53
in the absence of p53 activation signals. Activation of cPKC by
ionomycin or PMA could either induce phosphorylation of the
cytoplasmic p53 or induce phosphorylation of cytoplasmic an-
choring proteins (19). To resolve these issues, we performed
studies to evaluate the phosphorylation status of the nuclear
wild-type p53 in S100B-REF cells before and after PMA
stimulation. The results showed that short-term (5-min) PMA
stimulation enhanced nuclear accumulation of wild-type
p53Val135 without affecting the phosphorylation status of the
nuclear protein (data not shown). Moreover, mutations within
the five putative PKC phosphorylation sites on murine wild-
type p53 were found to have no significant effect on the nuclear
translocation of the protein in transient transfection assays
(Fig. 3A), suggesting that cPKC activity on p53 nuclear trans-
location is indirect. We consider that it is more likely that
cPKC activity affects the phosphorylation status of cytoplasmic
anchoring proteins (19) or of proteins implicated in p53 nu-
clear transport. It is noteworthy that the high-affinity S100B-
binding domain within p53 (13) corresponds to a cytoplasmic
sequestration domain on p53 (34). Hence, S100B might coop-
erate with cPKC by modulating interactions between p53 and
cytoplasmic anchoring proteins to favor p53 nuclear transloca-
tion. Whether or not direct cPKC phosphorylation of p53 reg-
ulates other functions of p53 is also under investigation. In
support of a more general role for calcium signalling in the
regulation of p53 nuclear translocation in the G1 phase of the
cell cycle, a correlation can be established between the inhibi-
tion of nuclear translocation of p53 in G1 phase by the anti-
apoptotic protein Bcl2 (6, 48) and the capacity of Bcl2 to
negatively regulate free intracellular calcium elevation by mod-
ulation of mitochondria and endoplasmic reticulum calcium
pumps (30, 31, 63). The S100B and calcium-dependent activa-
tion of wild-type p53 which we have observed in MEF and REF
cells could also be of more general occurrence. Many cellular

FIG. 6. PMA stimulates nuclear translocation and DNA binding of wild-type
p53Val135 in S100B-REF cells. (A) Interaction of wild-type p53 with biotinyl-
ated p53-CON target DNA. Clone 6b cell nuclear extracts were prepared, and
35S-labeled p53 was immunoprecipitated with anti-MyoD immunoglobulin G
used as a control (lane 1) or wild-type-specific PAb246 (lane 2). Nuclear extracts
were also incubated with streptavidin-agarose and biotinylated p53-CON DNA
target in the absence (lane 3) or presence (lane 4) of 20 mg of nonbiotinylated
p53-CON DNA used as a specific competitor. (B) PMA stimulates wild-type p53
(PAb2461) nuclear translocation. Clone 6b cells were not stimulated (2) or
were stimulated with 15 nM PMA for 2, 5, 10, and 15 min as indicated. Wild-type
p53 was immunoprecipitated with PAb246. (C) PMA stimulates wild-type p53
binding to biotinylated target DNA. Clone 6b cells were not stimulated (2) or
stimulated with 15 nM PMA for 2 or 5 min as indicated. Lanes 1 to 3, nuclear
extracts were incubated with biotinylated p53-CON DNA target and streptavidin
(Strep.)-agarose. Lanes 4 and 5, nuclear extracts were first incubated with
PAb246 and protein G-agarose; the remaining supernatants were then incubated
with biotinylated p53-DNA target and streptavidin-agarose. Arrows indicate
positions of 35S-labeled p53 which bound to PAb246 or to a biotinylated DNA
probe that was visualized by gel electrophoresis and autoradiography.
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stimulations known to activate p53, such as cell contact (65),
hypoxia (20), and UV irradiation (57), are also able to stimu-
late S100B expression (51, 52, 59, 60). Moreover, like p53,
S100B has been implicated in cell differentiation, cellular sce-
nescence (21, 64), neurodegenerative disorders (26, 54), and
negative tumor growth (24, 25). It is likely that in both normal
cells and tumor cells, in neurodegenerative diseases and senes-
cence, S100B induction could be associated with p53 nuclear
translocation and activation.

The second major observation reported in this study is that
cPKC-mediated p53 nuclear translocation rescues apoptotic
response in S100B-REF cells at both permissive (37.5°C) and
nonpermissive (32°C) temperatures (Fig. 9). In contrast, tem-
perature shift-mediated growth arrest at 32°C is linked with
enhanced cell survival. Much of the existing data implicates
p53 in G1 checkpoint control. However, in some systems, p53-
dependent growth arrest may inhibit apoptosis and favor viable
cell cycle arrest (46, 49). A central question related to p53 and
optimization of anti-cancer therapies is how a cell decides

whether to undergo either a viable growth arrest and/or apo-
ptosis when p53 is activated (56). It has been suggested that the
outcome of wild-type p53 activation could be dependent on the
timing of p53 nuclear translocation. p53-dependent apoptosis
requires nuclear translocation of the protein during a critical
period in early G1 (14, 48). Similarly, we would like to propose
that in S100B-REF cells, S100B and cPKC act in concert to
activate a p53-dependent G1 checkpoint by synchronizing nu-
clear translocation and transcriptional activation of the wild-
type p53 in early G1. At this stage, p53 is probably capable of
the transactivation of genes linked with both growth arrest and
engagement of cells into a preapoptotic program (47). This
model fits with the fact that UV-irradiated S100B-REF cells
proceeding from G1 enter apoptosis in the absence of de novo
transcription (Fig. 9C, lane 4). When shifted to 32°C, REF cells
and S100B-REF cells overexpressing the p53Val135 stop grow-
ing, and this growth arrest protects cells from UV-mediated
apoptosis (Fig. 9D). It is noteworthy that growth arrest at 32°C
also protects cells from apoptosis mediated by the DNA-dam-

FIG. 7. PMA induces G1 phase growth arrest of S100B-REF cells. (A) Effect of PMA concentration on the rate of DNA synthesis of clone 6 (}), clone 6b (E),
and clone 9b (h) cells grown at 37.5°C. Subconfluent cells were treated for 20 h with a single dose of PMA as indicated, and [3H]thymidine uptake was measured during
the last 2 h. (B) Flow cytometry analysis of the DNA content of clone 6 and clone 6b cells stimulated with 8 nM PMA for 8 and 20 h as indicated. (C) Effect of PMA
on cell cycle regulatory proteins in S100B-REF cells. Shown is a time course of p21 protein induction and Rb dephosphorylation in clone 6b after PMA stimulation.
Cells grown at 37.5°C were not stimulated (lane 1) or stimulated with 8 nM PMA for 1 h (lane 2), 2 h (lane 3), 3 h (lane 4), 4 h (lane 5), 8 h (lane 6), and 16 h (lane
7). Total cell extracts were analyzed by Western blotting using anti-b-tubulin, anti-p27, anti-p21, and anti-Rb antibodies as indicated. (D) Time course of B99 protein
induction in clone 6b cells after PMA stimulation (lanes 1 to 7) and comparison with growth-arrested cells at 32°C (lane 8). The asterisk indicates a cross-reacting
protein that serves as internal loading control.
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aging agent doxorubicin (unpublished data). The antiapoptotic
activity of wt p53Val135 at 32°C could be linked to the fact that
p53Val135 accumulates passively in the nucleus in mid or late
G1 subphases, triggering cell growth arrest after the G1 restric-
tion point. The ability of overexpressed p53 to bind to and
inhibit the function of the cellular DNA replication factors
such as RP-A could be one mechanism by which p53Val135
functions to suppress cell growth at 32°C beyond the G1 re-
striction point at the G1/S boundary (15). That arrest can also
involve p53-mediated transactivation of a target gene like p21.
p53-mediated transactivation of p21 after the G1 restriction
point is indeed possible (35). The ability of p21 to inhibit
proliferating cell nuclear antigen, a factor which is involved in

DNA replication, could also be one other mechanism by which
p53Val135 functions in late G1 by preventing cells progression
to S phase (62). That model would also explain why, in contrast
to PMA-mediated G1 arrest, cell growth arrest at 32°C is as-
sociated with enhanced synthesis of the B99 protein (Fig. 7D).
B99, which is normally down regulated in G1, is thought to play
a role in mediating specific activities of wild-type p53 in later
phases of the cell cycle (61).

Conclusion. p53 does not appear to play an essential func-
tion in normal cell growth and development but plays a critical
role in protection from neoplasia (33). One of the principal
mechanisms by which wild-type p53 becomes activated is
through its stabilization. One avenue of anticancer therapy

FIG. 8. cPKC inhibition suppresses the long-term cytostatic effect of PMA. (A) Subconfluent S100B-REF clone 6b cells were treated for a total of 20 h with 15 nM
PMA in the absence or in the presence of the PKC inhibitor Gö6976 (1 mM) as indicated, and [3H]thymidine uptake was measured during the last 2 h. Results are
the averages of values from three experiments performed in duplicate. C, control. (B) Effect of Gö6976 (1 mM) on the cell cycle parameters of clone 6b cells that were
not stimulated or stimulated with 15 nM PMA for 20 h as indicated. (C) Upper panel, effect of bryostatin (Bryo.) concentration on the rate of DNA synthesis of clone
6b cells grown at 37.5°C; lower panel, effect of bryostatin concentration on PMA-mediated inhibition of DNA synthesis of clone 6b cells. Subconfluent cells were treated
for 20 h with a single dose of bryostatin without (upper panel) or with (lower panel) 15 nM PMA as indicated, and [3H]thymidine uptake was measured during the
last 2 h. (D) Comparison of the effects of PMA (PMA) and bryostatin (Bryo.) on down regulation of PKC isoenzymes in clone 6b cells. Cells grown at 37.5°C were
not stimulated (lanes 1 and 5) or stimulated with PMA (15 nM) (lanes 2 to 4) or bryostatin (20 nM) (lanes 6 to 8) for 2 h (lanes 2 and 6), 8 h (lanes 3 and 7), and
22 h (lanes 4 and 8). Lane 9 is bovine brain extract, which was used as control. Total cell extracts (50 mg) were analyzed by Western blotting using anti-PKCa, anti-PKCg,
and anti-PKCε antibodies as indicated.
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might be to exploit mechanisms involved in the normal regu-
lation of p53 conformation and stabilization. We have shown
here that forced S100B expression coupled to cPKC activation
can promote wild-type p53 nuclear translocation and accumu-
lation. Moreover, we have demonstrated that the dominant
negative activity of mutant p53 can be suppressed by forcing
the wild-type p53 to translocate into the cell nuclei prior to
mutant protein. Our results may constitute a basis for the
rational design of p53 coactivators in the development of p53
gene therapy to restore wild-type p53 function in tumor cells
harboring wild-type and mutant p53 alleles.
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A Small Ubiquitin-Related Polypeptide
Involved in Targeting RanGAP1
to Nuclear Pore Complex Protein RanBP2

Rohit Mahajan, Christian Delphin, Tinglu Guan, is nuclear protein import (Melchior et al., 1993a; Moore
and Blobel, 1993). Like all Ras-related GTPases, RanLarry Gerace, and Frauke Melchior
operates as a molecular switch by cycling between GTPDepartment of Cell Biology
and GDP bound conformations. Interconversion be-The Scripps Research Institute
tween these two states is regulated by guanine nucleo-10550 North Torrey Pines Rd
tide exchange proteins (GEPs), which stimulate ex-La Jolla, California 92037
change of GDP for GTP, and GTPase-activating proteins
(GAPs), which activate GTP hydrolysis (Bourne et al.,
1990). Both a Ran GEP, the RCC1 protein (Ohtsubo etSummary
al., 1987; Bischoff and Ponstingl, 1991), and a Ran GAP,
RanGAP1 (Bischoff et al., 1994, 1995a), have been identi-We have found that the mammalian Ran GTPase–
fied. At least most of the detectable GEP and GAP activ-activating protein RanGAP1 is highly concentrated at
ity for Ran in cell extracts can be attributed to RCC1the cytoplasmic periphery of thenuclear pore complex
and RanGAP1, respectively (Bischoff et al., 1994; Dasso(NPC), where it associates with the 358-kDa Ran–GTP-
et al., 1994). Ran can engage in nucleotide-specific inter-binding protein RanBP2. This interaction requires the
actions with several cytosolic factors and NPC proteins

ATP-dependent posttranslational conjugation of Ran-
implicated in nuclear transport. Ran-GDP preferentially

GAP1 with SUMO-1 (for small ubiquitin-related modi- binds NTF2 (Nehrbass and Blobel, 1996; Paschal et al.,
fier), a novel protein of 101 amino acids that contains 1996). Ran-GTP specifically interacts with the soluble
low but significant homology to ubiquitin. SUMO-1 ap- components RanBP1 (Bischoff et al., 1995b) and p97
pears to represent the prototype for a novel family of (Rexach and Blobel, 1995; Paschal et al., 1996), and
ubiquitin-related protein modifiers. Inhibition of nu- the NPC protein RanBP2/Nup358 (Wu et al., 1995;
clear protein import resulting from antibodies directed Yokoyama et al., 1995). RanBP1 stimulates RanGAP1-
at NPC-associated RanGAP1 cannot be overcome by induced GTP hydrolysis by Ran (Bischoff et al., 1995b),
soluble cytosolic RanGAP1, indicating that GTP hydro- while yeast p97 (importin b/karyopherin b) inhibits Ran-
lysis by Ran at RanBP2 is required for nuclear protein GAP activity (Floer and Blobel, 1996). How these various
import. interactions are linked to different nuclear transport

steps is still unclear. While it is widely accepted that
GTP hydrolysis by Ran is required for nuclear import,Introduction
several different models involving one or multiple rounds
of GTP hydrolysis by Ran in various regions of the NPCImport of protein into the nucleus is a complex multistep
have been proposed (Melchior et al., 1995a; Rexach andprocess that coordinates nuclear and cytoplasmic func-
Blobel, 1995; Nehrbass and Blobel, 1996; Görlich andtions. Transport is mediated by nuclear pore complexes
Mattaj, 1996).(NPCs), elaborate supramolecular structures that span

To distinguish among these models, we decided tothe nuclear envelope (NE) (reviewed by Rout and Wente,
analyze the localization of RanGAP1 (the only known1994; Bastos et al., 1995; Panté and Aebi, 1996a). Al-
GAP for Ran in mammalian cells), because any sitethough some small proteins (<40 kDa) and metabolites
where GTP hydrolysis by Ran occurs should be charac-can diffuse passively through aqueous channels in the
terized by the presence of a RanGAP. RanGAP activityNPC, most proteins are transported by signal- and
has been found both in cytosolic and in nuclear fractionsenergy-dependent mechanisms. Mediated import of
of HeLa cells, but immunolocalization of the 64-kDaproteins containing nuclear localization signals (NLSs)
mammalian RanGAP1 has not been reported as far asis proposed to involve binding of transport substrates to
we know (Bischoff et al., 1994). RanGAP1 is related in

cytoplasmic fibrils of the NPC, movement to the central
sequence to the Saccharomyces cerevisiae and Schizo-

NPC region, and translocation through a central gated
saccharomyces pombe RanGAP Rna1p (Bischoff et al.,

channel to the nuclear interior (reviewed by Melchior 1995a; Becker et al., 1995; Figure 1A), which is localized
and Gerace, 1995; Görlich and Mattaj, 1996; Panté and predominantly in the cytoplasm, although a small frac-
Aebi, 1996b). However, most molecular details of these tion might also be present at the NE (Hopper et al., 1990;
transport steps are not understood. Melchior et al., 1993b). Strong evidence for a role of the

Analysis of nuclear protein import in vitro has led to S. cerevisiae RanGAP Rna1p in nuclear import comes
the identification of five conserved soluble factors in- from in vitro assays using the temperature-sensitive S.
volved in this process: the NLS receptor (importin a, cerevisiae strain rna1-1 (Corbett et al., 1995). Therefore
karyopherin a, Srp1p), p97 (importin b, karyopherin b, it seemed likely that mammalian RanGAP1 might also
Kap95), hsp/hsc70, NTF2 (p10, pp15), and the small Ras- be involved in nuclear protein import.
like GTPase Ran (for review, see Sweet and Gerace, We find that RanGAP1 is highly concentrated at the
1995). In addition, at least one other GTPase appears cytoplasmic periphery of the NPC, where it forms a sta-
to be involved in nuclear import (Sweet and Gerace, ble complex with RanBP2. The interaction of RanGAP1
1996). with RanBP2 involves a covalent conjugation of Ran-

The GTPase Ran has been implicated in a variety of GAP1 with a novel 101-residue ubiquitin-related poly-
cellular processes (reviewed by Sazer, 1996), but up to peptide. Antibody treatment of NPC-associated Ran-

GAP1 leads to an inhibition of nuclear protein import thatnow the only pathway to which ithas been directly linked
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yeasts are approximately 30% identical over a shared
domain consisting of eight leucine-rich repeats followed
by a highly acidic stretch (Figure 1A). Whether mamma-
lian RanGAP1, which contains an additional C-terminal
extension (Figure 1A, tail), was a true functional homolog
of Rna1p remained to be established.

To analyze a possible role of mammalian RanGAP1 in
nuclear protein import, we prepared two affinity-purified
antibodies: one directed against full-length RanGAP1,
and one directed against the mammalian-specific tail
domain. We first investigated their effect on RanGAP1-
induced GTP hydrolysis by Ran (Figure 1B, left). Addition
of 100 mg/ml aGAP-tail antibodies had no measurable
effect on RanGAP-stimulated GTP hydrolysis. In con-
trast, addition of only 20 mg/ml aRanGAP1 antibodies
completely abolished RanGAP-induced hydrolysis (Fig-
ure 1B, GAP 1 aRanGAP). We then measured the effect
of these antibodies on nuclear import. aRanGAP1 anti-
bodies strongly inhibited in vitro nuclear import in HeLa
cells (Figure 1B, right), with maximal inhibition (>90%)
at 0.4 mg/ml antibody. This inhibition could be reversed
by the addition of excess recombinant RanGAP1 prior
to antibody addition (see Figure 7). While the maximal
level of inhibition varied somewhat from experiment to
experiment, we routinely obtained >70% inhibition. In
contrast, aGAP-tail antibodies had a much weaker inhib-
itory effect on import (Figure 1B, right). The differential
effects of these two antibodies on RanGAP1-stimulatedFigure 1. Characterization of Antibodies against Full-Length Ran-

GAP1 and against the C-Terminal Domain of RanGAP1 GTP hydrolysis by Ran correlated well with theirdifferen-
(A) Structural motifs of the RanGAP1 protein. The schematic repre- tial effects in inhibition of nuclear protein import, sug-
sentation is based on a sequence comparison among human Ran- gesting that the decrease in transport was at least partly
GAP1 (Bischoff et al., 1995a), its mouse homolog Fug1 (DeGregori mediated by inhibition of RanGAP activity. Taken to-
et al., 1994), S. cerevisiae Rna1p (Traglia et al., 1989), and S. pombe

gether, these data demonstrate that mammalian Ran-rna1p (Melchior et al., 1993b). All proteins contain eight leucine-rich
GAP1 is required for nuclear protein import.repeats and a highly acidic stretch, while the C-terminal tail domain

of 185 amino acids is specific to mammalian RanGAP1.
(B) Antibodies to RanGAP1 inhibit RanGAP1-induced GTP hydroly- Antibodies to RanGAP1 Recognize Two Proteins
sis by Ran as well as in vitro nuclear import. Left: RanGAP1 (1 mg/ with Apparent Molecular Masses
ml)–stimulated GTP hydrolysis by Ran was measured in the absence of 70 kDa and 90 kDa
(GAP only) or presence of 20 mg/ml antibodies raised against full-

Biochemical fractionation of HeLa cells has raised thelength RanGAP1 (GAP plus aRanGAP) or 100 mg/ml antibodies
possibility that mammalian cells may contain severalraised against the C-terminal tail domain (GAP plus aGAP-tail). No
related RanGAP proteins (Bischoff et al., 1994). We in-GAP: endogeneous hydrolysis rate of Ran-GTP in the absence of

RanGAP1. Right: in vitro nuclear protein import was measured in vestigated this question by performing Western blot
the presence of increasing concentrations of aRanGAP1 or aGAP- analysis of several cell extracts (see Figure 1C). Interest-
tail antibodies. ingly, both aRanGAP1 and aGAP-tail antibodies consis-
(C) Antibodies to RanGAP1 reveal both the 70-kDa and the 90-kDa

tently recognized two proteins: one with an apparentRanGAP1-related proteins in several cell extracts. Samples resolved
molecular massof 70 kDathat comigrated with recombi-on an 8% SDS gel were immunoblotted with aRanGAP1 or aGAP-
nant mouse RanGAP1, and one that migrated at an ap-tail antibodies. RanGAP, 3 ng of recombinant RanGAP1. Cell ex-

tracts from HeLa, NRK, and NIH 3T3 tissue culture cells were pre- parent molecular mass of 90 kDa. The staining pattern
pared by lysis of cells in boiling SDS gel–loading buffer, whereas obtained with both antibodies was virtually identical
rat liver extract was prepared by homogenization of rat liver in a (Figure 1C), suggesting that the 70-kDa and 90-kDa
physiological buffer prior to addition of 23 SDS gel loading buffer.

bands are both related to RanGAP1. The ratio of the
two bands was dependent on the method of sample

cannot be overcome by addition of soluble RanGAP1. preparation. When tissue culture cells were scraped di-
These findings suggest that GTP hydrolysis by Ran oc- rectly into boiling SDS–polyacrylamide gel electrophore-
curs at RanBP2 during nuclear protein import. sis (PAGE) loading buffer, both bands were present in

approximately equal abundance (Figure 1C). In contrast,
Results when rat liver (Figure 1C) or HeLa cells (data not shown)

were lysed under nondenaturing conditions prior to ad-
Mammalian RanGAP1 Is Involved in Nuclear dition of SDS, the 90-kDa band predominated.
Protein Import
Rna1p, the only identified S. cerevisiae RanGAP, is re- The 90-kDa RanGAP1-Related Protein
quired for nuclear protein import (Corbett et al., 1995). Is Highly Enriched in NEs
The 64-kDa mammalian RanGAP1 (Bischoff et al.,1995a) To characterize further the 90-kDa RanGAP-like protein,

we analyzed its subcellular distribution by fractionationand the 44-kDa Rna1 proteins from fission and baker’s 202
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Figure 2. Purification of the 70 kDa and 90
kDa RanGAP1-Related Proteins from Rat
Liver NEs

(A) The 90-kDa RanGAP1-related protein is
highly enriched in rat liver NEs. Equivalent
amounts of subcellular fractions of rat liver
were resolved on an 8% SDS gel and immu-
noblotted with aRanGAP1 antibodies. Total
was taken after homogenization of rat liver.
P1 and SN1, pellet and supernatant of the
first low speed centrifugation; Nuclei,purified
nuclei;DNase Sup,the supernatant of the first
DNase/RNase digest of the nuclei; NEs, the
final NE fraction. NE proteins were enriched
z250-fold. Note that under these conditions,
the 90-kDa protein is the only aRanGAP1-
reactive species detected.
(B) Appearance of the 70-kDa aRanGAP1-

reactive species upon salt extraction of the NE fraction. NEs containing the 90-kDa protein were incubated with 500 mM NaCl and centrifuged,
and the supernatant (Sup) and pellet (Pellet) were analyzed by Western blotting.
(C) Immunoprecipitation with aRanGAP1 antibodies from solubilized rat liver NEs. NEs were solubilized and incubated overnight with aRanGAP1
antibodies preadsorbed to Protein A beads. Antibody–antigen complexes and the remaining supernatant were separated on 8% gels and
either stained with Coomassie blue or immunoblotted with aGAP-tail antibodies. The lower band (z32 kDa) results from a nonspecific interaction
with the Protein A beads (see Figure 6). Asterisk, IgG heavy chain.

of rat liver homogenates (Figure 2A). Whereas a fraction This suggested that the 90-kDa protein might represent
an alternatively spliced form of the previously identifiedof the protein was present in the low speed supernatant

(and remained in a subsequent high speed supernatant; 70-kDa RanGAP1, or an SDS–PAGE-resistant protein
complex of the 70-kDa RanGAP1 with another protein.data not shown), the majority of the protein was present

in the nuclear fraction. DNase/RNase digestion of nuclei,
which releases most nuclear contents, did not solubilize

Identification of a Novel Ubiquitin-Related Proteina significant amount of the 90-kDa protein, indicating
The peptide sequences obtained from the 90-kDa-spe-that a major fraction of the 90-kDa protein is associated
cific HPLC peaks (Table 1, P2–P4) were used to searchwith the NE. Extraction of NEs with high salt resulted in
for related sequences in the DNA databases. While nothe appearance of a 70-kDa band in addition to the
homology to known protein sequences was found, 30expected 90-kDa band (Figure 2B). About 50% of the
overlapping expressed sequence tag (EST) cDNAs from90-kDa band remained in the pellet after salt extraction,
the Human cDNA Database were identified that encodedbut the 70-kDa band was specifically enriched in the
all three peptides. The three longest of these clonessupernatant (Figure 2B; compare supernatant with pel-
were sequenced and found to contain the same putativelet). The appearance of the 70-kDa protein suggested
open reading frame (ORF) of 101 amino acids that in-that this species might derive from the 90-kDa protein by
cluded the three unique peptide sequences present inproteolysis or by loss of a hypothetical posttranslational
the 90-kDa RanGAP protein. The cDNA sequence andmodification.
the deduced protein sequence of the ORF are shown
in Figure 3A. The small calculated size of the proteinThe 90-kDa RanGAP1-Related Protein
(11.5 kDa) suggested that the protein could be post-Contains a Domain Absent from the
translationally coupled to RanGAP1 to yield the 90-kDaRecombinant 70-kDa RanGAP1
species. However, since the cDNAs contained no up-To investigate the relationship between the 90- and
stream stop codons, it was formally possible that this70-kDa protein bands, we solubilized rat liver NEs in
sequence represented an ORF downstream of the origi-radioimmunoprecipitation assay (RIPA) buffer, immuno-
nal published RanGAP1 mRNA sequence, and that aprecipitated the two bands with aRanGAP1 antibodies
hypothetical 59 section encoding a RanGAP1-related(Figure 2C), and analyzed tryptic digests of the two spe-

cies on a C18 high pressure liquid chromatography
(HPLC) column. While the HPLC profiles of tryptic di-

Table 1. Amino Acid Sequences of Tryptic Peptides Derivedgests from the 70- and 90-kDa protein were virtually
from the 70-kDa and 90-kDa Proteinsidentical to each other (data not shown), the profile of
Peptide Sequence 70 kDa 90 kDathe 90-kDa species contained a few peaks missing

from the profile of the 70-kDa species. Several frac- P1 VINLNDNTFTEK 1 1
tions from the HPLC column profiles were selected for P2 ELGMEEEDVIEVY 2 1
peptide sequencing (Table 1). A peptide from the 90- P3 FLFEGQR 2 1

P4 VIGQDSSEIHFK 2 1kDa digest that was common to both species yielded a
sequence found in the published RanGAP1 sequence The 70-kDa and 90-kDa RanGAP proteins obtained by immunopre-
(Table 1, P1), confirming that the 90-kDa protein is cipitation from solubilized NEswere separated by SDS–PAGE, trans-

ferred onto polyvinyldifluoride membrane, and subjected to micro-closely related to RanGAP1. Sequencing of three HPLC
sequencing (Paschal and Gerace, 1995). P1 is present in bothpeaks (Table 1, P2–P4) specific to the 90-kDa protein
proteins as well as in the published sequence of human RanGAP1;demonstrated that none of these sequences was pres-
P2–P4 are specific for the 90-kDA protein.

ent in, or related to, the published RanGAP1 sequence.203
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Figure 3. A Novel Ubiquitin-Related Protein (SUMO-1) Contains Peptide Sequence Present in the 90-kDa RanGAP1

(A) cDNA sequence and deduced amino acid sequence of SUMO-1. The ORF codes for a protein of 101 amino acids with a predicted molecular
mass of 11.5 kDa. The three unique peptides detected in the 90-kDa RanGAP protein are present in the ORF (underlined; see also Table 1).
(B) Northern blot analysis of RanGAP1 and SUMO-1 mRNAs. Hela total RNA (20 mg) was separated on a formaldehyde gel, transferred onto
nitrocellulose, and probed with 32P-labeled DNA fragments of RanGAP1 or SUMO-1.
(C) SUMO-1 is a member of a ubiquitin-related protein family. The BLAST search algorithm was used to identify proteins homologous to
SUMO-1. The following proteins were aligned: the deduced protein sequence of a partially sequenced rat EST cDNA clone that is virtually
identical to human SUMO-1 (Rat SUMO-1, EST108203); human and S. cerevisiae SMT3; ubiquitins from human, Dictyostelium discoideum,
S. cerevisiae, and Arabidopsis thaliana; and Nedd-8 from mouse. Dark shading, residues in rat SUMO-1 and the SMT3 proteins that are
identical to corresponding positions of human SUMO-1. Light shading, residues in ubiquitins and Nedd-8 that are identical to human ubiquitin.
Box, residues identical among human and rat SUMO-1 and ubiquitins. Asterisks, residues identical in all proteins compared. Consensus
sequence below is defined by residues that are either identical or highly homologous among members of the SUMO-1, SMT3, and ubiquitin
families.

sequence was missing from all the EST clones. This sequenced EST cDNA encoding a nearly identical pro-
tein from rat) shows 18% identity to ubiquitin. Our data-possibility was addressed by Northern blot analysis of

total HeLa RNA with a 1.1 kb fragment of RanGAP1 base search revealed three additional proteins related
both to the 11.5-kDa protein and to ubiquitin: the ubiqui-cDNA and a 430 bp fragment of the ESTclones, including

the entire ORF (Figure 3B). As reported previously for tin-like mouse protein Nedd8, of unknown function (Ku-
mar et al., 1993), with 58% identity to ubiquitin and 20%mouse RanGAP1 (DeGregori et al., 1994), only a single

band was detected for HeLa RanGAP1. Moreover, the identity to the 11.5-kDa protein; human SMT3 (Mannen
et al., 1996), with 16% identity to ubiquitin and 47%only band obtained by hybridization with the EST frag-

ment was similar to the size of the longest EST clone identity to the 11.5-kDa protein; and S. cerevisiae SMT3
(Meluh and Koshland, 1995; GenBank accession num-(1.42 kb). These data indicate that the RanGAP1 se-

quence and the 90-kDa protein–specific sequence are ber U27233), with 16% identity to ubiquitin and 52%
identity to the11.5-kDa protein. While the level of identityencoded by two separate mRNAs, implying that the 90-

kDa band observed after immunoprecipitation and SDS– among the ubiquitin/11.5-kDa, ubiquitin/SMT3, and
Nedd8/11.5-kDa pairs is very low, sequence alignmentPAGE contains a stable complex between the 70-kDa

RanGAP1 and the putative 11.5-kDa protein. clearly revealed that these proteins are related. Of the
76 amino acid residues in ubiquitin, 32 (42%) are eitherUsing the basic local alignment search tool (BLAST)

algorithm, we found that this protein (and a partially identical or highly conserved in all proteins (Figure 3C,
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consensus). Since the 11.5-kDa protein is functionally
related to ubiquitin (see below), we have named it small
ubiquitin-related modifier (SUMO-1).

SUMO-1 Converts the 70-kDa RanGAP1
to a 90-kDa Protein
The homology of the 11.5-kDa SUMO-1 to ubiquitin sug-
gested that it might be involved in converting the 70-kDa
RanGAP1 to the 90-kDa form through a posttranslational
covalent modification. To address this question, we
used affinity-purified aSUMO-1 antibodies in Western
blot analysis of nuclear fractions (Figure 4A) and in im-
munoprecipitates of RanGAP1 from solubilized NEs
(Figure 4B). SUMO-1 antibodies strongly react with 90-
kDa RanGAP1 but not with 70-kDa RanGAP1, support-
ing the idea that 90-kDa RanGAP1 is modified with
SUMO-1. Interestingly, while 90-kDa RanGAP1 is the
major immunoreactive band in nuclei, aSUMO-1 anti-
bodies detected three additional nuclear proteins with
molecular masses of z120 kDa and 140–150 kDa that
are specifically enriched in the nuclear content fraction
(Figure 4A, DNase supernatant).

Ubiquitination is accomplished by an ATP-dependent
process (reviewed by Ciechanover, 1994; Hochstrasser,
1995) and can be achieved in vitro because cells contain
an excess of the ubiquitin moiety. To determine whether
SUMO-1 modification of RanGAP1 showed similar char-
acteristics, we incubated recombinant RanGAP1 with a

Figure 4. The 90-kDa RanGAP1 Is Formed by Covalent Modification
HeLa cell extract that had either been preincubated with of 70-kDa RanGAP1 with SUMO-1
ATP or depleted of ATP. Figure 4C shows that the 70-

(A) Antibodies raised against SUMO-1 react with a 90-kDa band in
kDa recombinant RanGAP1 was shifted in a time-depen- rat liver nuclei.Antibodies raised against recombinant SUMO-1 were
dent fashion to a 90-kDa band in the cell extract con- used to probe rat liver nuclear fractions. Nuclei, DNase supernatant,
taining ATP. This reaction was extremely rapid, as a and NEs were prepared as before (see Figure 2A) and subjected to

immunoblotting. aSUMO-1 antibodies react with a 90-kDa band andsignificant fraction of the protein was already converted
with three additional bands (open arrows) that are released with the10 s after mixing. Conversion was ATP dependent, as
contents of nuclei (DNase Sup).pretreatment of the cell extract with hexokinase–
(B) Immunoprecipitated 90-kDa RanGAP1 contains SUMO-1. NEs

glucose (Figure 4C, minus ATP) prevented the shift al- were solubilized and incubated with aRanGAP1 antibodies pread-
most completely. The apparent 20-kDa size shift is con- sorbed to Protein A beads. Antibody–antigen complexes were sepa-
sistent with the addition of one SUMO-1 per RanGAP1, rated on a 5%–15% gradientgel and immunoblotted with aRanGAP1

and aSUMO-1 antibodies. Asterisk, IgG heavy chain.as recombinant SUMO-1 itself migrates with an appar-
(C) Recombinant 70-kDa RanGAP1 can be shifted to the 90-kDaent molecular mass of 17 kDa, both on SDS–PAGE and
form in an ATP-dependent manner. HeLa cells were permeabilizedby molecular sieving (data not shown). Moreover, when
with digitonin and preincubated for 30 min at room temperature

GST–SUMO-1 (43 kDa) was added to the in vitro shift with 1 mM ATP (plus ATP) or with hexokinase and glucose (minus
assay, some RanGAP1 was shifted to an apparent mass ATP). Recombinant RanGAP1 was added and incubated at room
of z110 kDa, consistent with the addition of one GST– temperature, and samples were mixed with SDS loading buffer at

times indicated. Proteins were analyzed by immunoblotting withSUMO-1 (data not shown). Western blot analysis with
aRanGAP1 antibodies.aSUMO-1 antibodies on a 1:1 mixture of 70- and 90-
(D) In vitro generated 90-kDa RanGAP1 contains SUMO-1. A mixturekDa proteinprepared byincubation of recombinant Ran-
of 70-kDa and 90-kDa RanGAP1 was prepared as described in Ex-

GAP1 with HeLa extracts (Figure 4D) showed specific perimental Procedures and analyzed by immunoblotting with aRan-
reaction with the 90-kDa band, but not with the 70- GAP1 and aSUMO-1 antibodies.
kDa species, demonstrating that the 90-kDa RanGAP1
contained SUMO-1.

RL1, aRanGAP1 also stained the cytoplasm. The same
staining pattern was obtained with aGAP-tail antibodiesRanGAP1 Is Localized Predominantly at the NPC

To localize the 70/90-kDa RanGAP1, we analyzed nor- (data not shown). Cytoplasmic staining was lost when
cells were permeabilized with digitonin prior to fixationmal rat kidney (NRK) cells by double immunofluores-

cence staining with aRanGAP1 antibodies and with the (data not shown), indicating that the cytoplasmic pool
of RanGAP1 is soluble. Confocal images of the cellsNPC-specific RL1 monoclonal antibodies, which recog-

nize a family of O-linked glycoproteins of the NPC (Snow (Figure 5B) showed nuclear rim staining in an equatorial
view and punctate labeling in a nuclear surface view.et al., 1987). Immunofluorescence microscopy (Figure

5A) showed that like RL1, aRanGAP1 antibodies deco- This is virtually identical to the pattern of RL1 staining
and suggests localization of RanGAP1 to NPCs. Therate predominantly the NE. However, in contrast with
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Immunogold labeling of isolated rat liver NEs with
aRanGAP1 antibodies (Figure 5C) resulted in the exclu-
sive decoration of the cytoplasmic surface of the NE,
specifically at NPCs. Most of the labeling was found in
peripheral regions of the NPC, at a distance of 52 (6
14) nm (n = 101) from a plane bisecting the NPC into
nucleoplasmic and cytoplasmic halves. This is very simi-
lar to the localization of the Ran-GTP-binding site at the
NPC (Melchior et al., 1995a) and to the localization of
RanBP2/Nup358 (Wu et al., 1995; Yokoyama et al.,
1995), which is the putative site of initial substrate bind-
ing during nuclear import.

The 90-kDa SUMO-1–RanGAP1 Conjugate
but Not 70-kDa RanGAP1 Stably Interacts
with RanBP2
The similar localizations of RanGAP1 and RanBP2 at
the cytoplasmic periphery of the NPC, and the presence
of a >300-kDa protein in the immunoprecipitate of Ran-
GAP1 from NEs (see Figure 2C, Coomassie P), sug-
gested that RanGAP1 might be associated in vivo with
the 358-kDa RanBP2. To address this possibility, we
investigated whether these two polypeptides could be
coimmunoprecipitated from samples of NEs solubilized
in RIPA buffer by aRanGAP1 and aRanBP2 antibodies.
Figure 6A shows that both aRanGAP1 and aRanBP2
antibodies precipitate the 90-kDa RanGAP1–SUMO-1
conjugate and RanBP2. This demonstrates that RanBP2
is indeed present in a stable complex with RanGAP1.
Interestingly, this stable association seems to be spe-
cific for the 90-kDa modified RanGAP1 species, since
aRanBP2 antibodies failed to precipitate the 70-kDa un-
conjugated form of RanGAP1, even though a significant
amount of 70-kDa protein was generated upon solubili-
zation of the envelopes (Figure 6A, right; compare S and
P). This suggests that the interaction between RanGAP1
and RanBP2 involves the SUMO-1 modification. This
interaction is likely to be direct, as no additional specific
bands could be detected in the aRanGAP1 immunopre-
cipitate (Figure 6A, Coomassie). Additional proteins
present in the aRanBP2 immunoprecipitate are mostFigure 5. RanGAP1 Is Localized at the Cytoplasmic Surface of the
likely proteolytic fragments of RanBP2, since this proteinNPC
is extremely sensitive to proteolysis (Bischoff et al.,(A) Detection of RanGAP1 in NRK cells by immunofluorescence

microscopy. Cells were double stained with aRanGAP1 (left) and 1995b, Melchior et al., 1995).
RL1 (right) and analyzed by light microscopy. To investigate directly whether SUMO-1 modulates
(B) Detection of RanGAP1 by confocal immunofluorescence micros- the binding to RanBP2, we carried out in vitro binding
copy of NRK cells. Cells were double stained with aRanGAP1 (top assays with modified and unmodified RanGAP1. We pre-
panels) and RL1 (bottom panels). Single sections through the equa-

pared a 1:1 mixture of these proteins by incubating re-torial plane (left) or nuclear surface plane (right) are shown.
combinant RanGAP1 with digitonin cytosol and ATP un-(C) Immunogold localization of RanGAP1 in isolated rat liver NEs.
der conditions in which only 50% of the protein wasShown are thin section electron micrographs of isolated rat liver

NEs displaying NPCs either in cross sections (A–E) or in tangential shifted to the 90-kDa species (as shown in Figure 4C,
sections (F–H). Note that gold particles are found exclusively at all recombinant RanGAP1 is competent to be shifted).
the cytoplasmic side of NPCs (arrowheads). Cytoplasmic (C) and To ensure stability of both forms and to rule out indirect
nuclear (N) faces of the NEs are easily distinguished by the presence binding via other cytosolic components, the RanGAP1
of residual chromatin (ch) on the nucleoplasmic side.

proteins were partially purified by ion exchange chroma-Scale bar, 100 nm.
tography followed by molecular sieving. As shown by
silver staining (Figure 6B, 70/90 mix), only a few addi-

absence of cytoplasmic staining in optical sections ob- tional proteins are present in the final 70/90 mixture.
tained with confocal microscopy suggests that the cyto- These proteins are unlikely to interact with RanGAP1,
plasmic concentration of RanGAP1 is significantly lower as they elute in different peak fractions from the 90-
than the concentration at the NE. This interpretation is kDa RanGAP1. Moreover, the 70-kDa and the 90-kDa
consistent with the biochemical fractionation of rat liver, RanGAP1 elute very close together, and the 70-kDa pro-
which revealed a strong enrichment of RanGAP1 in NEs tein in the 70/90 mix elutes in exactly the same position

as untreated recombinant RanGAP1 (data not shown).(at least 100-fold over SN1; see Figure 2A).
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Figure 7. NE-Associated RanGAP1 Is Required for Nuclear Protein
Import

(A) Complete transport reactions were incubated in the presence
(3–5) or absence (1–2) of a final concentration of 0.5 mg/ml aRan-
GAP1 antibodies for 30 min at 48C before initiation of nuclear protein
import at 308C. Lane 1, normal transport. Lane 2, ice control. Lane
3, antibody-inhibited transport. Lane 4, addition of 50 mg/ml Ran-
GDP to antibody-inhibited transport. Lane 5, antibodies preincu-
bated (asterisk) with recombinant RanGAP (50 mg/ml final concen-
tration in the transport assay) for 15 min demonstrate specificity of
the inhibition.
(B) Digitonin-permeabilized HeLa cells were incubated for 1 hr onFigure 6. The 90 kDa Modified Form of RanGAP1 Is Stably Associ-
ice in the presence (lanes 7, 9, 11, 12) or absence (lanes 6, 8, 10)ated with RanBP2
of 0.5 mg/ml aRanGAP1 antibodies. Unbound antibodies were re-

(A) Immunoprecipitation from solubilized NEs using both aRanGAP1 moved, and cytosol, substrate, and ATP-regenerating system were
and aRanBP2 antibodies was carried out as in Figure 2C. A control added before initiating nuclear protein import at 308C. Lanes 8 and
reaction with Protein A–Sepharose beads alone (no antibody) was 9, addition of 2 mg/ml recombinant RanGAP1 to the transport mix.
carried out in parallel. Immunoprecipitates were resolved on a 5%– Lanes 10 and 11, addition of 10 mg/ml recombinant RanGAP1. Lane
15% gradient SDS gel and analyzed by Coomassie blue staining 12, antibodies preincubated (asterisk) with recombinant RanGAP
(left) and blot overlay analysis with [32P]GTP–Ran to identify RanBP2 (50 mg/ml final concentration on the permeabilized cells) for 15 min
(middle). Distribution of the 70-kDa and 90-kDaRanGAP1 was deter- prior to addition to the permeabilized cells demonstrate specificity
mined by immunoblotting of supernatants (S) and pellets (P) with of the inhibition. Mean values are shown; error bars indicate actual
aRanGAP1 antibodies (right). Asterisk, IgG heavy chain. values of duplicate experiments.
(B) RanBP2 and an in vitro generated mixture of 70-kDa and 90-
kDa RanGAP1 were used in the binding assay. RanBP2 was purified
from rat liver NEs, resolved on a 5%–15% SDS gel, and identified

100-fold excess of SUMO-1 (data not shown). The bind-by silver staining. The 70/90 mix of RanGAP1 was generated from
ing of the 70-kDa unmodified RanGAP1 to RanBP2-recombinant RanGAP1 (see Experimental Procedures), and the

components of the partially purified mix were identified by silver coated wells, observed primarily at the highest concen-
staining. tration tested (4.0 mg/ml, equivalent to 60 nM), appeared
(C) The 90-kDa RanGAP1 binds to immobilized RanBP2. The 70/90 to be largely or completely nonspecific, because similar
mix was immunoblotted with aRanGAP1 antibodies to identify the

amounts were also found in the BSA-coated wells.relative ratio of the two forms of RanGAP1 (load). RanBP2 or BSA
immobilized on microtiter wells was incubated with increasing

RanBP2-Associated RanGAP1 Is Requiredamounts of the 70/90 mix. The bound fractions were washed, resus-
pended in SDS gel loading buffer, and analyzed by immunoblotting for Nuclear Protein Import
with aRanGAP1 antibodies (bound). The existence of a cytosolic pool of RanGAP1 (approxi-

mately 30%–40% of the total RanGAP1) raised theques-
tion of whether this pool has a specific role in nuclear
protein import. It has been proposed that Ran-GDP isWe purified the 358-kDa protein RanBP2 from rat liver

to homogeneity by using affinity chromatography fol- required at the cytoplasmic side of the NPC (Nehrbass
and Blobel, 1996). According to this model, RanGAP1lowed by ion-exchange chromatography (Figure 6B,

RanBP2). The purified protein was bound to microtiter might simply be required to recycle Ran-GDP. In this
case, exogenously added Ran-GDP would be expectedwells and incubated with increasing concentrations of

the 70/90-kDa RanGAP1 mixture (0.2 mg/ml to 4.0 mg/ to relieve aRanGAP-mediated inhibition. As shown in
Figure 7A, the addition of 50 mg/ml Ran-GDP had noml, equivalent to 3–60 nM; Figure 6C). After washing,

the bound fraction was solubilized with SDS gel loading effect on antibody-inhibited nuclear protein import.
However, since Ran is readily able to diffuse in andbuffer and analyzed by immunoblotting (Figure 6C,

bound). As a specificity control, the 70/90-kDa mix was out of the nucleus (Melchior et al., 1995), we could not
exclude the possibility that rapid exchange of GTP foralso incubated with BSA-coated microtiter wells. Even

though the 70/90 mix contained more than 50% unmodi- GDP by nuclear RCC1 was reducing the effective con-
centration of exogenous Ran-GDP. To address thisfied RanGAP1 (Figure 6C, load), nearly all of the Ran-

GAP1 that bound to RanBP2 was of the 90-kDa modified question, we performed a second experiment, shown
in Figure 7B, in which only NPC-bound RanGAP1 wasform. This binding was not competed by addition of a
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inhibited by preincubation of permeabilized cells with 1996), and the S. cerevisiae SMT3. No function has yet
been established for these proteins, and we speculatethe antibodies. Antibody-treated cells were washed to

remove unbound antibodies, combined with untreated that they may also function as covalent modifiers.
cytosol or cytosol plus recombinant RanGAP1, and used
for transport assays. This pretreatment of cells led to a Stable Modification of RanGAP1 by SUMO-1
significant (z50%) inhibition of nuclear import, which In contrast with most ubiquitinated proteins, RanGAP1
could not be relieved by addition of either a 10- or a 50- modified by SUMO-1 seems to be metabolically stable.
fold excess of recombinant RanGAP1 over the inhibited No higher molecular mass RanGAP1 conjugates, indica-
NPC-associated RanGAP1. This experiment clearly tive of polyubiquitination and a ubiquitin-mediated deg-
demonstrates that inhibition of import by antibodies to radation pathway, can be detected in intact cells or upon
RanGAP1 is not simply caused by depletion of Ran- in vitro modification. Moreover, the predominant site
GDP or accumulation of Ran-GTP, because recombi- required for assembly of polyubiquitin chains on target
nant RanGAP1 is very effective in converting Ran-GTP proteins, lysine residue 48 in ubiquitin, is absent in
to Ran-GDP (see Figure 1B). The reduced level of inhibi- SUMO-1. These findings suggest that modification of
tion in this case, compared with experiments where high RanGAP1 by SUMO-1 does not target RanGAP1 for deg-
concentrations of antibodies were present throughout radation.
the import reaction (see Figures 1B and 7A), is likely to Modified and unmodified forms of RanGAP1 are likely
be due to dissociation of antibodies during the transport to be present in a dynamic equilibrium in vivo, as inter-
reaction or to limited access of antibodies to RanGAP conversion is possible in vitro (see Figures 2B and 4C).
in the preincubation step. Transport inhibition by aRan- Complete conversion to the 70-kDa form occurs upon
GAP1 antibodies was also observed in reconstituted fractionation of cytosol or high salt extracts of NEs over
assays lacking cytosolic RanGAP1, in which cytosol was molecular sieving columns, presumably owing to sepa-
replaced with recombinant cytosolic factors (Ran-GDP, ration of free SUMO-1 protein (unpublished data). Our
NTF2, p97, and Srp1a). These results indicate that data suggest that both conjugating and cleaving en-
RanBP2-associated RanGAP1 is required for nuclear zymes are present in cell extracts. However, in total cell
import, and that cytosolic RanGAP1 cannot substitute extracts, the modification of RanGAP1 is much more
for this requirement. rapid than its demodification, suggesting that in vivo the

RanGAP1–SUMO-1 conjugate is a long-lived species.

Discussion
SUMO-1 Is Involved in Targeting RanGAP1
to the NPC Protein RanBP2SUMO-1, a Novel Ubiquitin-Related Protein
We found that RanGAP1 is highly concentrated at theWe have identified a novel polypeptide of 101 amino
NPC and forms a stable complex with RanBP2. Threeacids (SUMO-1) that is covalently linked to RanGAP1 in
lines of evidence argue that this interaction requires thean ATP-dependent reaction. SUMO-1 shows a low, but
modification of RanGAP1 with SUMO-1. First, when NEssignificant, homology to ubiquitin, a highly conserved
are solubilized with RIPA buffer and a significant fraction76-residue protein found in eukaryotes that is conju-
of modified RanGAP1 becomes demodified, aRanBP2gated via its C-terminal carboxyl group to lysine e-amino
antibodies coprecipitate only the modified RanGAP1.groups of acceptor proteins (reviewed by Ciechanover,
Second, when NEs are extracted with high salt (condi-1994; Hochstrasser,1995). The ATP-dependant ubiquiti-
tions that do not solubilize a significant amount ofnation reaction, which involves a cascade of enzymatic
RanBP2), modified RanGAP1 distributes evenly be-reactions, is best known for its ability to initiate regulated
tween supernatant and pellet, while 70-kDa RanGAP1protein degradation by a complex called the 26S protea-
is nearly completely soluble. Third, in binding assayssome. Commitment of a target protein to the degrada-
with purified rat liver RanBP2 and a mixture of modifiedtion pathway involves assembly of a polyubiquitin chain
and unmodified RanGAP1, only modified RanGAP1on the target, often via isopeptide bonds between lysine
binds to RanBP2. Taken together, these data indicate48 of one ubiquitin and the C-terminus of the neigh-
that the ubiquitin-related modification of RanGAP1boring ubiquitin (Ciechanover, 1994). However, exam-
serves to target RanGAP1 toRanBP2. Saitohet al. (1996)ples of metabolically stable ubiquitin conjugates con-
recently reported that an 88-kDa protein that coimmuno-taining a single ubiquitin moiety, such as Ub-histone
precipitates with RanBP2 from a Xenopus laevis eggH2A, have been documented, and it is becoming in-
extract contains peptide sequences found in RanGAP1creasingly evident that the role of the ubiquitin modifica-
as well as some additional unique sequences. It seemstion is not limited to a degradation signal (reviewed by
likely that this 88-kDa protein is in fact modifiedHochstrasser, 1996).
RanGAP1.This theme is extended by the present study, in which

we demonstrate that SUMO-1 is a ubiquitin-related pro-
tein modifier that appears to be involved in protein tar- RanBP2-Associated RanGAP1 Is Required

in Nuclear Protein Importgeting and not degradation. Immunoblot analysis indi-
cates that at least three additional intranuclear proteins Although the requirement for GTP hydrolysis by Ran

during nuclear import is well established, the site of GTPare modified with SUMO-1 or with a protein very closely
related to it. Our database search revealed three pro- hydrolysis has remained a matter of dispute. Models

involving either single (Melchior et al., 1995a) or multipleteins related to ubiquitin, the Nedd8 protein from mouse
(Kumar et al., 1993), the human SMT3 (Mannen et al., sites (Rexach and Blobel, 1995; Nehrbass and Blobel,
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Research Institute. HeLa total RNA was prepared with TriReagent1996; Görlich and Mattaj, 1996) of GTP hydrolysis have
(Molecular Research Center, Incorporated). Northern blot hybridiza-been proposed. The data presented here suggest that
tion was performed according to standard protocols. Radiolabeledthe localization of RanGAP1 at RanBP2 is essential for
probes were generated by using the full-length coding sequence

its function in nuclear protein import, as inhibition of for SUMO-1 or a 1.1 kb fragment of RanGAP1 as templates for
NPC-bound RanGAP1 by antibodies to RanGAP1 leads random priming with the Prime-it II kit (Stratagene).
to an inhibition of nuclear protein import that cannot be
rescued by exogenously added RanGAP1. Furthermore, Expression and Purification of Recombinant Proteins

RanGAP1 was bacterially expressed as described for Ran (Melchiorefficient in vitro import can be reconstituted when cyto-
et al., 1995b). After lysozyme lysis the bacterial pellet was washedsol is replaced with soluble transport factors in the ab-
twice with buffer 1 (Melchior et al., 1995b), 1% Triton X-100, oncesence of soluble RanGAP1 (e.g., Görlich et al., 1995; our
with 2 M urea, 50 mM Tris–HCl (pH 7.4), and solubilized with 8 M

unpublished data). Taken together, these findings show urea. The supernatant was dialyzed against 50 mM Tris–HCl, 100
that cytosolic RanGAP1 is not required for nuclear im- mM NaCl (pH 7.4), centrifuged at 100,000 3 g for 1 hr, applied to a
port, while RanBP2-bound RanGAP1 is essential. This Q–Sepharose column (Pharmacia) that had been washed with 200

mM NaCl, and eluted with 1 M NaCl. Final purification was achievedstrongly suggests that GTP hydrolysis by Ran at RanBP2
by molecular sieving (Superdex 200, Pharmacia) in transport bufferis an essential part of nuclear protein import. Together
(TB; Melchior et al., 1995b). Expression and purification of GST–with our previous finding that Ran accumulates at
GAP-tail, GST–RanBP2, and GST–SUMO-1 fusion proteins followed

RanBP2 when it cannot hydrolyze its GTP (Melchior et standard procedures. Pure SUMO-1 was obtained by thrombin di-
al., 1995), these data support a model in which nuclear gestion of GST-SUMO-1 bound to gluthathione beads and gel filtra-
import involves a single round of Ran-GTP hydrolysis tion of the resulting supernatant. Recombinant Ran/TC4 was ex-

pressed as described by Melchior et al. (1995b).at RanBP2. While we cannot rule out that GTP hydrolysis
by Ran may also occur at other sites, there is currently

Antibodiesno direct evidence to support this, as far as we know.
Rabbits were injected with 500 mg of protein (RanGAP1, GAP-tail,RanBP2 is localized at fibrils emanating from the cyto-
RanBP2, or SUMO-1) emulsified with Titermax (Vaxcel, Incorpo-plasmic peripheryof theNPC (Wu et al., 1995; Yokoyama
rated). Boosts were with 200 mg of protein emulsified with incom-

et al., 1995), which are implicated in initial binding of plete Freund’s adjuvant. Antibodies were affinity purified from serum
transport substrates to the NPC(Panté and Aebi,1996b). by adsorption to affinity columns containing recombinant protein
RanBP2 contains Ran-GTP-binding domains as well as and subsequent elution with 0.2 M acetic acid (pH 2.7), 0.5 M NaCl.

RL1 monoclonal antibodies are described by Snow et al. (1987).FG repeat domains, which can interact with a complex
Peroxidase-conjugated goat arabbit immunoglobulin G (IgG) wascontaining NLS receptor, p97, and substrate in vitro
from Pierce, rhodamine-conjugated donkey arabbit IgG and FITC-(e.g., Hu et al., 1996). Several possible functions for Ran-
conjugated goat amouse IgG from Jackson ImmunoResearch, and

GTP and the hydrolysis step can be envisioned. For 5-nm colloidal gold conjugated to goat arabbit IgG from Zymed.
example, the NLS receptor–substrate–p97 complex and
Ran-GTP might initially interact with RanBP2 at the cyto- Preparation of Rat Liver NEs and Immunoprecipitation
plasmic fibrils (Melchior et al., 1995a, Panté and Aebi, NEs were prepared as described by Snow et al. (1987). For immuno-

precipitation, NEs were solubilized at an OD260 of 100 in RIPA buffer1996b). After receptor-substrate–p97 and RanGTP have
(50 mM Tris–HCl [pH 8.0], 150 mM NaCl, 1% Nonidet P-40, 0.5%bound to RanBP2, RanGAP1 would stimulate GTP hy-
deoxycholate, 0.1% SDS, 1 mM DTT, 0.1 mM PMSF, 1 mg/ml eachdrolysis by Ran to commit the transport complex to
of leupeptin, pepstatin A, and aprotinin) for 2 hr on ice and centri-

more distal steps of the import pathway. In another fuged at 100,000 3 g for 30 min. Antibodies (10 mg) (aRanGAP1 or
scenario, Ran-GTP might form a complex with p97 in- aRanBP2) prebound to 5 ml of protein A–Sephacryl beads (Pierce)
side the nucleus during disassembly of a transport com- were added to each 100 OD of solubilized NEs and incubated over-

night on ice. After three washes in RIPA buffer, antigen–antibodyplex. The p97–Ran-GTP complex could then exit the
complexes were solubilized in SDS–PAGE loading buffer.nucleus and bind to RanBP2, where RanGAP1-induced

GTP hydrolysis would release Ran-GDP from the com-
Immunoblotting, Indirect Immunofluorescence,plex and thereby allow RanBP2-bound p97 to interact
and Immunogold Electron Microscopywith a NLS receptor–substrate complex. In any case,
Detection of RanGAP1 on immunoblots was performed with 0.5

the datapresented here strongly favor models of nuclear
mg/ml aRanGAP1 or aGAP-tail, 5 mg/ml aSUMO-1, and 1 mg/ml

protein import in which the localization of RanGAP1 at aRanBP2 antibodies in 5% milk powder in PBS, 0.2% Tween 20 for
the cytoplasmic periphery of the NPC imparts vectori- 1 hr at room temperature. Detection was by enhanced chemilumi-

nescence (Amersham).ality to the import pathway.
For indirect immunofluorescence using light or confocal micros-

copy, NRK cells were fixed on coverslips with 3.7% formaldehydeExperimental Procedures
in PBS and processed as described by Melchior et al. (1995b).
Antibodies were used at 0.5 mg/ml (aRanGAP1) and at a 1:200 dilu-DNA Cloning and Northern Blot Hybridization
tion (RL1 ascites fluid). For immunogold electron microscopy, ratRanGAP1 cDNA obtained by reverse transcription of NIH 3T3 mRNA
liver NEs (200 OD260 /ml) were incubated with 10 mg/ml aRanGAP1and subsequent polymerase chain reaction (PCR) was cloned into
in PBS/Mg, 0.5% BSA for 2 hr at room temperature, and processedthe pET-11d vector (Novagen). Amino acids 400–589 of the coding
as described by Melchior et al. (1995a).sequence were cloned into the pGEX-2T plasmid (Pharmacia) to

create a GST–GAP-tail fusion protein, and amino acids 1592–1766
of RanBP2 were cloned into pGEX-2T to create a GST–RanBP2 Blot Overlay and GAP Assays

Recombinant Ran was loaded with [a-32P]GTP and blot overlaysfusion protein. A cDNA fragment encoding the ORF of SUMO-1 was
obtained by PCR from the I. M. A. G. E. Consortium cDNA clone with [a-32P]Ran-GTP were carried out as described by Melchior et

al. (1995a). GAP assays were initiated by adding 2 ml of [a-32P]Ran-number 49768 and was cloned into pGEX-2T to create a GST–
SUMO-1 fusion protein. I. M. A. G. E. Consortium cDNA clones GTP (40 mg/ml final concentration) to 8 ml of recombinant RanGAP1

(1 mg/ml final concentration) in TB in the absence or presence of(numbers 49768, 51818, and 199507; Lennon et al., 1996), containing
the SUMO-1 ORF, were sequenced at the core facility of The Scripps 20 mg/ml aRanGAP1 or 100 mg/ml of aGAP-tail antibodies. At the
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times indicated, 1-ml samples were spotted onto cellulose polyethyl- (1995a). Human RanGTPase-activating protein RanGAP1 is a homo-
logue of yeast Rna1p involved in mRNA processing and transport.eneimine thin-layer chromatography plates (J. T. Baker) and chro-

matographed in 1.0 M formic acid, 0.5 M LiCl. Amounts of GTP and Proc. Natl. Acad. Sci. USA 92, 1749–1753.
GDP were determined with a Phosphorimager (Molecular Dynam- Bischoff, F.R., Krebber, H., Smirnova, E., Dong, W., and Ponstingl,
ics), and percent GTP was calculated. H. (1995b).Co-activation of RanGTPase and inhibition of GTP disso-

ciation by Ran–GTP binding protein RanBP1. EMBO J. 14, 705–715.

Nuclear Import Assays and In Vitro Modification of RanGAP1 Bourne, H.R., Sanders, D.A., and McCormick, F. (1990). The GTPase
In vitro nuclear import into HeLa cells followed protocols described superfamily: a conserved switch for diverse cell functions. Nature
by Paschal and Gerace (1995). For in vitro modification of RanGAP1, 348, 125–132.
HeLa cells were permeabilized with digitonin at 4 3 107 cells/ml and Ciechanover, A. (1994). The ubiquitin–proteasome proteolytic path-
with 0.07% digitonin. ATP (1 mM) or 400 U/ml hexokinase plus 5 way. Cell 79, 13–21.
mM glucose (to deplete cellular ATP) were added to the cell lysate,

Corbett, A.H., Koepp, D.M., Schlenstedt, G., Lee, M.S., Hopper, A.K.,which was then incubated 30 min on ice. Reactions received 4 mg/
and Silver, P.A. (1995). Rna1p, a Ran/TC4 GTPase activating protein,ml recombinant RanGAP1, were incubated at room temperature,
is required for nuclear import. J. Cell Biol. 130, 1017–1026.and were quenched by the addition of 23 SDS loading buffer.
Dasso, M., Seki, T., Ohba, T., and Nishimoto, T. (1994). A mutantA 1:1 mixture of 70-kDa and 90-kDa RanGAP1 was prepared by
form of the Ran/TC4 protein disrupts nuclear function in Xenopusincubating 50 mg of recombinant RanGAP1 for 10 min at room tem-
laevis egg extracts by inhibiting the RCC1 protein, a regulator ofperature in 1.8 ml of digitonin supernatant (from a 200 3 g, 5-min
chromosome condensation. EMBO J. 13, 5732–5744.supernatant of 7 3 107 cells) and ATP. The mixture was diluted 10-

fold with ice-cold TB, 300 mM NaCl, incubated with Q–Sepharose DeGregori, J., Russ, A., von Melchner, H., Rayburn, H., Priyaranjan,
beads, washed, and eluted with 1 M NaCl in TB. The 70/90-kDa mix P., Jenkins, N.A., Copeland, N.G., and Ruley, H.E. (1994). A murine
was further purified by gel filtration (S200-FPLC, Pharmacia). The homolog of the yeast RNA1 gene is required for postimplantation
70- and 90-kDa RanGAP1 eluted at an apparent molecular mass of development. Genes Dev. 8, 265–276.
z120 kDa, similar to the behavior of pure recombinant RanGAP1 Floer, M., and Blobel, G. (1996). The nuclear transport factor kary-
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Binding Assay Science 271, 1513–1518.
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judge. Cell 84, 813–815.hr. The wells were washed four times and extracted with SDS–PAGE
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RanBP2, a protein containing FG repeat motifs and four binding sites for the guanosine
triphosphatase Ran, is localized at the cytoplasmic periphery of the nuclear pore complex
(NPC) and is believed to play a critical role in nuclear protein import. We purified
RanBP2 from rat liver nuclear envelopes and examined its structural and biochemical
properties. Electron microscopy showed that RanBP2 forms a flexible filamentous mol-
ecule with a length of ;36 nm, suggesting that it comprises a major portion of the
cytoplasmic fibrils implicated in initial binding of import substrates to the NPC. Using in
vitro assays, we characterized the ability of RanBP2 to bind p97, a cytosolic factor
implicated in the association of the nuclear localization signal receptor with the NPC. We
found that RanGTP promotes the binding of p97 to RanBP2, whereas it inhibits the
binding of p97 to other FG repeat nucleoporins. These data suggest that RanGTP acts to
specifically target p97 to RanBP2, where p97 may support the binding of an nuclear
localization signal receptor/substrate complex to RanBP2 in an early step of nuclear
import.

INTRODUCTION

In eukaryotic cells, molecular transport between the
cytoplasm and the nucleus is mediated by the nuclear
pore complex (NPC), a supramolecular structure of
;125 MDa that spans the nuclear envelope. The
framework of the NPC consists of nucleoplasmic and
cytoplasmic rings flanking eight central spokes, which
surround a gated channel involved in the signal-me-
diated transport of macromolecules (Hinshaw et al.,
1992). In addition, eight fibrils, 30–50 nm in length,
emanate from the cytoplasmic ring (Ris, 1991; Jarnik
and Aebi, 1991; Goldberg and Allen, 1993), and eight
fibrils, 50–100 nm in length, extend into the nucleus
from the nucleoplasmic ring (for review see Panté and
Aebi, 1996a). Metabolites and small molecules cross
the NPC by passive diffusion, whereas most macro-
molecules appear to be transported by signal-depen-
dent, active processes. The signals that specify nuclear
protein import (nuclear localization sequences or
NLS) are most commonly short stretches of basic

amino acid sequences (for review see Dingwall and
Laskey, 1991), although at least one additional class of
protein NLS is known to exist (Michael et al., 1995;
Pollard et al., 1996).

The nuclear import of proteins containing basic type
NLS has been characterized in considerable detail (for
reviews see Melchior and Gerace, 1995; Görlich and
Mattaj, 1996; Panté and Aebi, 1996a; Nigg, 1997). It is
a multistep process that involves the binding or
“docking” of transport substrates at the cytoplasmic
fibrils of the NPC, followed by their movement to the
central gated channel and translocation into the nu-
clear interior. These events are orchestrated by inter-
actions between soluble import factors and compo-
nents of the NPC. Nuclear protein import in digitonin-
permeabilized mammalian cells can be reconstituted
with four cytosolic factors: the NLS receptor, p97, Ran,
and NTF2. The NLS receptor (also called importin a
and karyopherin a) recognizes NLS-containing import
substrates in the cytosol and carries them into the
nucleus; after dissociation of the substrate in the nu-
cleus, the NLS receptor is subsequently recycled back
to the cytoplasm (reviewed in Sweet and Gerace, 1995;*Corresponding author.
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Görlich and Mattaj, 1996; Nigg, 1997). The association
of the cytosolic NLS receptor/substrate complex with
the NPC during the import process appears to involve
p97 (also known as importin b and karyopherin b),
which directly interacts with the NLS receptor (Adam
and Adam, 1994; Gorlich et al., 1994; Chi et al., 1995;
Görlich et al., 1995a, 1995b) as well as with a number of
NPC proteins containing FG (phenylalanine, glycine)
repeats (Iovine et al., 1995; Kraemer et al., 1995;
Moroianu et al., 1995b; Radu et al., 1995b; Hu et al.,
1996). FG repeat nucleoporins are localized in many
regions of the NPC and are thought to represent sites
for the binding of the substrate/NLS receptor complex
during its progressive movement from the cytoplas-
mic to the nuclear side of the NPC.

The small guanosine triphosphatase Ran/TC4 (Mel-
chior et al., 1993; Moore and Blobel, 1993) and NTF2/
p10 (Moore and Blobel, 1994; Paschal and Gerace,
1995) are suggested to promote the vectorial move-
ment of the transport substrate/NLS receptor complex
through the NPC, but the functions of these proteins
are not well understood. Ran acts as a molecular
switch that cycles between guanosine triphosphate
(GTP)- and guanosine diphosphate (GDP)-bound
forms. The nucleotide state of Ran is regulated by its
guanine nucleotide exchange factor RCC1 (Ohtsubo et
al., 1987; Bischoff and Ponstingl, 1991a, 1991b), and its
guanosine triphosphatase-activating protein Ran-
GAP1 (Bischoff et al., 1994, 1995a). RCC1 is localized in
the nucleoplasm (Ohtsubo et al., 1989), whereas Ran-
GAP1 is localized in the cytosol and on the cytoplas-
mic surface of the NPC (Matunis et al., 1996; Mahajan
et al., 1997). The differential nucleocytoplasmic local-
izations of these two regulators is likely to be of key
importance for the vectoriality of the nuclear import
pathway.

Ran binds to three additional cytosolic proteins that
may contribute to its transport functions: RanBP1,
NTF2, and p97. The GTP-bound form of Ran binds to
p97 (Rexach and Blobel, 1995; Floer and Blobel, 1996)
as well as to RanBP1 (Bischoff et al., 1995b), a 28-kDa
protein that is suggested to have a direct role in nu-
cleocytoplasmic transport (Schlenstedt et al., 1995; Chi
et al., 1996; Lounsbury et al., 1996; Richards et al., 1996).
The GDP-bound form of Ran interacts with NTF2
(Nehrbass and Blobel, 1996; Paschal et al., 1996) as well
as with a complex containing RanBP1 and p97 (Chi et
al., 1996, 1997). The precise stages in the nuclear trans-
port cycle at which these nucleotide-specific interac-
tions of Ran take place remain controversial (Melchior
et al., 1995; Rexach and Blobel, 1995; Görlich et al.,
1996).

The initial binding of transport substrate to the NPC
during nuclear import is proposed to occur at RanBP2
(Melchior et al., 1995), which is localized at the cyto-
plasmic fibrils of the NPC (Wilken et al., 1995; Wu et
al., 1995; Yokoyama et al., 1995). RanBP2 is a large

protein of 358 kDa that contains a number of distinct
structural domains including four RanGTP-binding
regions, several areas with FG repeat motifs, a zinc-
finger domain, a leucine-rich region, and a cyclophi-
lin-like domain (Wu et al., 1995; Yokoyama et al., 1995).
However, the potential roles of these various domains
of RanBP2 in the nuclear import process have yet to be
defined. The FG repeat domains of some other nucleo-
porins mediate an interaction with p97 in vitro (Iovine
et al., 1995; Kraemer et al., 1995; Radu et al., 1995b; Hu
et al., 1996) and may serve a similar function in
RanBP2. Consistent with this possibility RanBP2 is
able to bind to p97 in a blot overlay assay (Moroianu
et al., 1995b).

The four RanGTP-binding domains of RanBP2 are
46–60% identical to the RanGTP-binding domain of
RanBP1 (Yokoyama et al., 1995). The binding of
RanGTP to RanBP2 has not yet been characterized and
may be very different from the binding of RanGTP to
RanBP1. This is because of the sequence differences
between the RanGTP-binding domains of RanBP1 and
RanBP2 and because of the large surrounding regions
in which the RanGTP-binding domains of RanBP2 are
embedded. The presence of both RanGTP-binding do-
mains and FG repeat domains in RanBP2 suggests that
it plays a more complex role in nuclear import than
the other nucleoporins.

Several lines of evidence indicate that binding and
hydrolysis of RanGTP at RanBP2 are required for
transport. First, when nuclear import is inhibited by
nonhydrolyzable GTP analogues, Ran accumulates at
the cytoplasmic fibrils of the NPC, at a site coincident
with the localization of RanBP2 (Melchior et al., 1995).
In addition, the NPC-bound RanGAP1 is tightly asso-
ciated with RanBP2, and binding of antibodies to this
population of RanGAP1 strongly inhibits nuclear pro-
tein import (Mahajan et al., 1997). This inhibition can-
not be relieved by the addition of active cytosolic
RanGAP1, implying that the localization of RanGAP1
at RanBP2 is central to the function of RanGAP1 in
import and that RanGAP1 does not exist solely to
generate cytosolic RanGDP (Mahajan et al., 1997).
However, the lack of purified RanBP2 has thwarted
any detailed characterization of its interaction with
nuclear import factors and its putative role in nuclear
import.

Here we present a procedure for purifying RanBP2
from rat liver nuclear envelopes. We present structural
data suggesting that RanBP2 is the primary compo-
nent of the cytoplasmic fibrils of the NPC, which may
undergo conformational changes to carry the trans-
port substrate from the periphery of the NPC to the
central channel. We have biochemically characterized
the interaction of RanBP2 with Ran and p97 and dem-
onstrate that RanGTP acts in selectively targeting p97
to RanBP2, where p97 may support the binding of a
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substrate/NLS-receptor complex to RanBP2 in an
early step of nuclear import at the NPC.

MATERIALS AND METHODS

RanPB2 Purification from Rat Liver Nuclei
RanBP2 was purified from 2000 OD280 of salt-washed rat liver
nuclear envelopes (NE). NE were solubilized for 2 h in 40 ml Buffer
A (20 mM Tris-HCl, pH 8.8, 2% Triton X-100, 1 M NaCl, 2 mM
dithiothreitol (DTT), and 5 mg/ml of each of the following protease
inhibitors: aprotinin, leupeptin, pepstatin, E64, Pefabloc). Solubi-
lized proteins were diluted 10-fold in buffer B (50 mM HEPES, pH
7.4, 2 mM DTT, protease inhibitors) and centrifuged at 100 000 3 g
for 1 h. The supernatant was incubated overnight with Ran-coated
agarose beads (see below). The beads were washed four times with
buffer B plus 0.2% Triton X-100, once with buffer B plus 0.2% Triton
X-100 and 0.1% Empigen BB, and once with buffer C (20 mM
HEPES, pH 7.4, 110 mM KOAc, 2 mM MgOAc, 1 mM EGTA).
Proteins were eluted with buffer C plus 10 mM EDTA, 0.2 M NaCl,
and 1% Empigen BB. RanBP2 was further purified by fast protein
liquid chromatography (FPLC) using a Mono-Q column in 50 mM
HEPES, 1% Empigen BB, 2 mM DTT, and eluted with a 100–700 mM
NaCl gradient. Fractions (200 ml) were analyzed by SDS-PAGE and
silver staining. Fractions containing RanBP2 were pooled, and ali-
quots were stored at 270°C. During fractionation, protein concen-
trations were estimated using the Bio-Rad protein assay (Bio-Rad,
Richmond, CA) and Coomassie blue staining of SDS-PAGE using
bovine serum albumin (BSA) as a standard. Yield of RanBP2 puri-
fication was determined by comparative Western blots.

Preparation of Ran-coated Agarose Beads for
RanBP2 Purification
The coding sequence of 86 C-terminal amino acids of the bacterial
biotin carboxy carrier protein (BCCP; Chapman-Smith et al., 1994)
were amplified by polymerase chain reaction from Escherichia coli
and fused to the N-terminal end of the Ran cDNA. The construct
was introduced into the pGEX-KG vector (Pharmacia LKB, Piscat-
away, NJ) in which the glutathione S-transferase (GST) coding
sequence at the EcoN1/BamHI sites has been deleted. BCCP-Ran
expression in DH5a was induced at 37°C with 0.1 mM isopropyl-
b-D-thiogalactopyranoside for 14 h in Luria-Bertani medium. The
cells (500 ml) were then harvested at 6000 3 g, 4°C, for 30 min and
washed in lysis buffer (50 mM Tris-HCl, pH 8.0, 200 mM NaCl, 1
mM MgCl2, 1 mM EGTA, 2 mM DTT, 1 mg/ml phenylmethylsul-
fonylfluoride, 2 mg/ml aprotinin, leupeptin, and pepstatin) and
recentrifuged. The pellet was then resuspended in 20 ml lysis buffer
and frozen at 270°C. The frozen cells were thawed at room tem-
perature and lysed with 1 mg/ml of lysozyme for 1 h at 4°C. Cell
debris was pelleted at 100 000 3 g for 1 h. Triton X-100 was added
to the supernatant at 1% final concentration, and the solution was
incubated with 4 ml of streptavidin-agarose beads (Sigma Chemical,
St. Louis, MO) for 4 h at 4°C. The beads were then washed four
times with 1% Triton X-100 in lysis buffer and twice with 50 mM
HEPES, pH 7.4, 2 mM DTT. The bead-bound Ran was loaded with
GDP by incubation for 30 min at 30°C with 200 mM GDP in 50 mM
HEPES, pH 7.4, 2 mM DTT, 10 mM EDTA. The reaction was
stopped at 4°C by addition of 20 mM MgCl2, and the beads were
washed in 50 mM HEPES, pH 7.4, 2 mM DTT, 1 mM MgCl2.

Expression of Recombinant Proteins
Recombinant proteins were expressed in E. coli BL21 (DE3) and
purified as described by Melchior et al. (1995) for Ran or as de-
scribed by Hu et al. (1996) for GST-p97, (His)6-p97, and (His)6-SRP1.

Micro Plate Assay
Microtiter plates were coated with 2.5 ng purified RanBP2 or 25 ng
GST-p62 per well by incubation for 24 h in coating buffer (phos-
phate-buffered saline [PBS] plus 4 mM DTT and 2 mg/ml of the
protease inhibitors [E64, phenylmethylsulfonylfluoride, apoproti-
nin, leupeptin, and pepstatin]). After coating, the plates were incu-
bated overnight with binding buffer (3% BSA and 0.1% Tween 20 in
coating buffer). Binding reactions involving Ran and/or 6xHis-p97
were carried out for 1 h at room temperature with 100 ml/well of the
indicated protein, and the wells were subsequently washed three
times with binding buffer without BSA. For analysis of p97 binding,
proteins were cross-linked for 15 min with 1 mg/ml EDC (Pierce
Chemical, Rockford, IL) in the same buffer. The wells were then
washed for 20 min with PBS-T (PBS, 0.2% Tween 20), 10 min with
PBS-T plus 100 mM ethanolamine, and 10 min with PBS-T plus 3%
BSA. The bound 6xHis-tagged p97 was detected using antiXpress
antibody (Invitrogen, San Diego, CA) and horseradish peroxidase-
conjugated secondary antibody (Pierce Chemical). Colorimetric de-
tection was carried out using 0.4 mg/ml O-phenylenediamine (Sig-
ma Chemical) in 0.0012% H2O2, 50 mM Na2HPO4, 27 mM Na-
citrate, pH 5. The reaction was stopped by addition of 2 M H2SO4,
and the signal was measured at 490 nm using a microplate reader
(Bio-Rad model 3550). For analysis of Ran binding, bound Ran was
recovered from the plates with a 2% SDS solution, and the radio-
activity was counted in a liquid scintillation counter.

Loading of Ran with GTP or GDP
To study the effect of RanGTP or RanGDP on p97 binding to RanBP2
or p62, 1mM of recombinant Ran (essentially Ran-GDP) was incu-
bated with 1mM of nucleotide in the presence of 10 mM EDTA, 2
mM ATP, 4 mM DTT, 50 mM HEPES, pH 7.4, for 30 min at 30°C.
The reaction was stopped at 4°C by addition of 15 mM MgCl2. To
study the binding of Ran to RanBP2, Ran was loaded using 6mM of
40 mCi/mmol GTPg32P or GDPb32P. Loaded Ran was separated
from free nucleotides using a NAP5 column (Pharmacia Biotech,
Piscataway, NJ) that had been equilibrated in Buffer C (50 mM
HEPES, 2 mM MgCl2, 4 mM DTT, 0.1% BSA, 0.005% Tween 20). For
loading of Ran with GTPg32P, the final RanGTP concentration was
adjusted with cold RanGTP.

p97 Blot Overlay
For blot overlay procedures, proteins present in 2 OD260 of salt-
washed NE were separated on a 5–15% gradient SDS-PAGE and
transferred to nitrocellulose membrane. Proteins were denatured in
6 N Guanidine HCl, 50 mM Tris-HCl, pH 7.4, 4 mM DTT and slowly
renatured by three rounds of dropwise addition of 10 volumes of 50
mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM MgCl2, 2 mM CaCl2, 0.2
mM ZnCl2, 4 mM DTT. The membrane was then blocked with PBS
containing 3% BSA plus 4 mM DTT. Binding reactions were carried
out with 20 nM GSTp97 in the absence or presence of 40 nM Ran in
1 ml of 0.5% BSA, 0.1% Tween 20 in PBS/4 mM DTT for 30 min at
room temperature. After incubation, the membrane was washed in
incubation buffer without BSA, and the bound GST-p97 was cross-
linked with 5 mM EDC (Pierce). GST-p97 was then detected by
using anti-GST antibodies (Pharmacia), peroxidase-conjugated anti-
mouse antibodies (Pierce), and ECL reagents (Pierce).

Electron Microscopy and Immunogold Labeling
Electron microscopy of purified RanBP2 utilized negative staining:
2 ml of RanBP2 (at 2.5 mg/ml) were dropped on carbon-coated grids,
and the excess solution was blotted on the edge with a piece of filter
paper. The grids were immediately washed three times with 15 ml of
2% uranyl acetate and then finally incubated with the 2% uranyl
acetate for 1 min. Excess stain was removed, and the grid was
air-dried before visualization. For immunogold labeling, isolated rat
liver nuclear envelopes (NE) at a concentration of 250 OD260/ml
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were incubated for 30 min on ice either with GST-p97 (5 mg/ml) or
with GST-p97 premixed with RanGTP (10 mg/ml). After incubation,
NE were centrifuged at 6000 3 g and washed with PBS. p97 bound
to NE was labeled by incubation with anti-GST antibody followed
by anti-goat IgG conjugated to 5-nm gold particles for 2 h at room
temperature. The pellets were fixed with 2% glutaraldehyde in PBS
for 30 min at room temperature, washed with PBS, and postfixed
with 1% osmium tetroxide in PBS for 1 h. Finally, samples were
dehydrated and embedded in Epon 812 resin. Sections were stained
with 2% uranyl acetate for 1 min (Guan et al., 1995). All micrographs
were recorded with a Hitachi 600 electron microscope at 80 kV.

RESULTS

Purification and Structural Analysis of RanBP2
We established a procedure to purify RanBP2 from
salt-washed rat liver NE (Figure 1). The initial prepa-
ration of NE from intact rat liver results in an approx-
imate 200-fold enrichment of NPC proteins versus
total proteins (Snow et al., 1987; our unpublished ob-
servations). NE (Figure 1A, lane 2) were first incu-
bated in a buffer containing Triton X-100 and high salt
at pH 8.8 to solubilize RanBP2 (Figure 1A, lane 3). We
then used an affinity purification step to take advan-
tage of the four functional Ran-binding domains in
RanBP2. A fusion protein containing the biotinylated
region of the E. coli BCCP was expressed in E. coli, and
the resultant Ran-BCCP was bound to streptavidin

agarose beads. Solubilized NE proteins were incu-
bated with this affinity matrix, and RanBP2 was eluted
with a buffer containing the zwitterionic detergent
EmpigenBB, which was stringent enough to efficiently
elute RanBP2 without removing Ran-BCCP (Figure
1A, lane 5; and our unpublished observations). The
eluted RanBP2 fractions were then purified on a
MonoQ column (Figure 1A, lane 6). The final pool
from the MonoQ contained no contaminants detect-
able by silver staining (Figure 1B). The yield of
RanBP2 from purified rat liver NE with this procedure
was ;5%, and about 2.5 mg of RanBP2 was obtained
from 2000 OD260 of NE (Table 1).

We characterized the structure of purified RanBP2
by electron microscopy using negative staining (Fig-
ure 2). We observed two distinct but related structural
views of RanBP2, depending on the specific electron
microscopic (EM) sample examined. In some EM sam-
ples (Figure 2A), most of the particles were filaments
with a length of ;36 nm and a diameter of about 5 nm
and were usually bent or curved in an irregular man-
ner. In other preparations (Figure 2B), most of the
particles existed as spherical structures that appeared
to be coiled or spiral conformations of the filamentous
particles. A gallery of particles that appeared as spiral
filaments is shown in Figure 2C. Each type of sample
showed some particles with a structure that was in-
termediate between the two morphologies, suggesting
that RanBP2 forms a flexible filamentous protein that
is able to undergo conformational changes, such as
coiling (Figure 2, A and B, arrows). Because the same
biochemical preparations of purified RanBP2 yielded
EM samples that contained either predominantly spi-
ral particles or curved filaments, it appears that the
conformation of RanBP2 on EM grids is determined by
some aspect of the EM sample preparation (e.g., grid
surface charge). Interestingly, the length of purified
RanBP2 is very similar to the length of the cytoplasmic
fibrils of the NPC that are visualized in freeze-dried,
rotary shadowed preparations (35–50 nm, Jarnik and
Aebi, 1991), and that also appear to be flexible struc-
tures (Panté and Aebi, 199b). Considered together, our

Figure 1. Purification of RanBP2 from rat liver NE. Proteins ob-
tained during different steps of the purification were analyzed by
SDS-PAGE on a 5–20% gradient gel followed by staining with
Coomassie blue. (A) Lane 1, molecular weight standards (molecular
weights indicated to the left of lane 1); lane 2, total NE; lane 3,
salt-washed NE; lane 4, solubilized NE proteins; lane 5, proteins
eluted from Ran affinity beads; lane 6, purified RanBP2. Proteins in
lanes 2–4 were derived from 1 OD260 NE, and proteins in lanes 5–6
were derived from 20 OD260 NE. (B) Purified RanBP2 (from 20
OD260 NE) was analyzed by silver staining after SDS-PAGE as in
panel A

Table 1. Purification of RanBP2

Step
Proteins

(mg)
RanBP2

(mg)

Fold-
purification

Yield
(%)Step Cumulative

Starting material
(NE)

22,000 50 100

Salt wash 15,000 48 1.4 1.4 98
Solubilization 10,000 37 1.1 1.6 74
Ran affinity 200 17 23 37 34
Mono Q 2.5 2.5 11.7 440 5
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data indicate that RanBP2 is a primary component of
the cytoplasmic fibrils of the NPC.

RanGTP Restricts the Binding of p97 to RanBP2 at
the Cytoplasmic Surface of the NPC
Previous studies have shown that p97 interacts with
multiple FG repeat nucleoporins in vitro, supporting
the notion that p97 mediates the binding of the trans-
port substrate/NLS receptor complex to multiple re-
gions of the NPC (Moroianu et al., 1995a; Radu et al.,
1995a; Hu et al., 1996). Because RanGTP inhibits the
formation of a complex between p97 and certain yeast
nucleoporin fragments and/or dissociates this com-
plex (Rexach and Blobel, 1995), we investigated
whether RanGTP interferes with the binding of p97 to
RanBP2 and other nucleoporins of mammalian cells.
As shown in the blot overlay assay in Figure 3 (lane 1),
p97 by itself binds to numerous nuclear envelope pro-
teins representing FG repeat-containing nucleoporins,
as previously reported by Moroianu et al. (1995b). The
presence of RanGTP in the binding reaction abolished
all detectable interaction of p97 with most of these
proteins (Figure 3, lane 3), while RanGDP had no
effect (Figure 3, lane 2). Interestingly, the presence of
RanGTP enhanced the binding of p97 to a ;350-kDa
protein that comigrates with RanBP2 (Figure 3, lane
3). We obtained the same result using purified
RanBP2 (Figure 3, lanes 4 and 5) confirming the

identity of the ;350-kDa band. Thus, under these
conditions RanBP2 is the only NPC protein whose
interaction with p97 persists (and is enhanced) in
the presence of RanGTP.

To assess the effect of RanGTP on the binding of
p97 to native NPCs, we carried out p97 binding
experiments with isolated rat liver nuclear enve-
lopes and then localized the bound p97 by immu-
nogold EM. As shown in Figure 4, p97 bound to
both the nucleoplasmic and cytoplasmic sides of the
NPC in the absence of RanGTP (panels A and B).
Sixty-eight percent of the gold particles were local-
ized on the cytoplasmic side of the NPC at an aver-
age distance of approximatively 50 nm from the
NPC midplane, whereas 32% of the gold particles
were on the nucleoplasmic side of the NPC at an
average distance of about 45 nm from the pore
midplane (Figure 4E). In contrast, in the presence of
RanGTP, p97 bound almost exclusively (92% of the
gold particles) to the cytoplasmic side of the NPC at
an average distance of about 50 nm, where RanBP2
is localized (Melchior et al., 1995; Wilken et al., 1995;
Wu et al., 1995; Yokoyama et al., 1995). These results
are consistent with the demonstration that the pres-
ence of RanGTP restricts binding of p97 to RanBP2
in blot overlay assay (Figure 3) and support the
notion that RanGTP targets p97 to RanBP2 in the
context of the native NPC structure.

Figure 2. Electron microscopy of negatively stained RanBP2. Purified RanBP2 was adsorbed to glow-discharged carbon-coated grids and
was negatively stained with uranyl acetate. Panels A and C are electron micrographs of two different grid preparations that show
predominantly an extended (panel A) or folded (panel B) conformation of RanBP2. Arrows indicate examples of partially folded conforma-
tions of RanBP2 found in both preparations. Panel C is a gallery of folded RanBP2 molecules selected from the same preparation as panel
B. Bar, 100 nm.
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Characterization of the Binding of p97 and Ran to
RanBP2
To investigate the molecular basis for the binding of
p97 to RanBP2 in the presence of RanGTP, we quan-
titatively analyzed the binding of p97 and RanGTP to
RanBP2 using a microtiter plate-binding assay. Figure
5A shows that the interaction of RanGTP with purified
RanBP2 is saturable and of high apparent affinity
(Kdapp 5 0.5 nM). Because there are four distinct Ran-
binding sites in RanBP2, this must be regarded as an
average affinity. This affinity is significantly higher
than that of RanGTP for RanBP1 under the same con-
ditions (Kdapp 5 1.4 nM; our unpublished results), and
may either be caused by sequence differences between
the RanBP1 and RanBP2 Ran binding domains, by the
presence of adjacent domains in RanBP2 that are not
found in RanBP1 or by the presence of four Ran bind-
ing sites in RanBP2 as opposed to one in RanBP1,
which could lead to a higher local concentration of
Ran (Wu et al., 1995; Yokoyama et al., 1995). RanGDP
did not bind significantly to RanBP2 (Figure 5A) or to
RanBP1 (our unpublished results) under these condi-
tions. We also used the microtiter plate-binding assay
to compare the binding affinity of p97 for RanBP2 and
for p62, a nucleoporin that does not bind Ran but that
also contains FG repeats (Starr et al., 1990). We found
that p97 bound both to RanBP2 (Figure 5B) and to p62

(Figure 5C) with an apparent Kd of 14 nM. Thus,
RanGTP binds to RanBP2 with an apparent affinity
that is nearly 30 times higher than the affinity of p97
for RanBP2 or p62.

We next investigated the effect of Ran on the binding
of p97 to RanBP2 and p62 under the above conditions.
Figure 6 shows that a low concentration of RanGTP
stimulated the interaction of p97 with RanBP2 by ap-
proximately 50% (panel A) but had no stimulatory
effect on the binding of p97 to p62 (panel B). As the
RanGTP concentration was further increased, the ex-
tent of interaction of p97 with both RanBP2 and p62
decreased and was eventually abolished, although the
binding of p97 to p62 was more strongly inhibited at a
given concentration of RanGTP than was the binding
of p97 to RanBP2. RanGDP had no significant effect on
the binding of p97 to RanBP2 and p62.

A simple interpretation of these data is that Ran-
binding sites and FG-repeat regions comprise two dif-
ferent classes of binding sites for p97, and that Ran
differentially affects the binding of p97 to these two
classes of sites. In the case of the FG-repeat regions,
free p97 could bind to these regions in both RanBP2
and p62, and RanGTP could inhibit this binding
through the formation of a RanGTP/p97 complex.
This was observed previously for yeast nucleoporin
fragments (Rexach and Blobel, 1995). In the case of the
Ran-binding sites, RanGTP could stimulate the bind-
ing of p97 to RanBP2 by forming a RanGTP/p97 com-
plex. Because the Ran-binding motifs of RanBP2 are
similar to those of RanBP1 and because previous ex-
periments have shown that a stable heterotrimeric
complex can form between RanGTP, p97, and RanBP1
(Chi et al., 1996; Lounsbury et al., 1996), it is plausible
that a similar trimeric complex could form between
RanGTP, p97, and RanBP2. However, at high RanGTP
concentrations, excess RanGTP would compete with
the RanGTP/p97 complex for binding to the Ran-
binding sites on RanBP2.

To directly test whether a complex between p97 and
RanGTP is important for regulating the binding inter-
actions of p97 with RanBP2 and p62, we analyzed a
p97 mutant deficient in Ran binding (Görlich et al.,
1996) for its ability to interact with RanBP2 and p62 in
the absence and presence of RanGTP. The D54N-p97
used in these experiments was slightly shorter that the
D44N-p97 mutant characterized by Görlich and co-
workers (1996). We confirmed that RanGTP did not
bind to the D54N-p97 mutant (Figure 7A). In the ab-
sence of RanGTP, the binding of D54N-p97 to both
RanBP2 and p62 was similar to that of the wild-type
(wt) p97 (Figure 7, B and C). However, in contrast to
wt p97, the binding of D54N-p97 to RanBP2 was not
stimulated by low concentrations of RanGTP, and the
binding of D54N-p97 to either RanBP2 or p62 was not
diminished by higher concentrations of RanGTP (Fig-
ure 7, B and C). These results clearly indicate that

Figure 3. p97 binds selectively to RanBP2 in the presence of
RanGTP. A blot overlay approach was used to analyze the binding
of p97 to proteins of salt-washed NE (swNE, 2 OD260, lanes 1–3), or
to purified RanBP2 (10 ng, lanes 4–5). Protein samples were sepa-
rated by SDS-PAGE on a 5–15% gradient gel, electrophoretically
transferred to nitrocellulose, and the nitrocellulose membrane was
renatured. Nitrocellulose strips were incubated with GSTp97,
RanGDP, and RanGTP as indicated. After cross-linking, bound p97
was detected using anti-GST antibodies.
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RanGTP regulates the binding of p97 to RanBP2 and
p62 through formation of a complex with p97.

DISCUSSION

We have developed a procedure for the purification of
RanBP2 from rat liver NE under relatively mild con-
ditions. Electron microscopy of negatively stained
RanBP2 revealed it to be a flexible filamentous protein
capable of adopting a tightly coiled spiral conforma-
tion. RanBP2 has previously been localized to the cy-

toplasmic NPC fibrils, which appear to be flexible
structures (Panté and Aebi, 1996b) with a length of
35–50 nm in freeze-dried, rotary-shadowed prepara-
tions (Jarnik and Aebi, 1991; Goldberg and Allen,
1993). Purified RanBP2, after negative staining, had a
length of about 36 nm. Thus, the localization, size, and
flexibility of RanBP2 are similar to the properties of
the cytoplasmic fibrils of the NPC. In addition,
RanBP2 in its coiled conformation quite closely resem-
bles the granules observed at the periphery of isolated

Figure 4. RanGTP selectively
targets p97 to the cytoplasmic
side of the NPC. GST-p97 was in-
cubated with isolated rat liver NE
in the absence (A and B) or pres-
ence (C and D) of RanGTP. Bound
p97 was visualized by labeling
with goat anti-GST antibodies fol-
lowed by rabbit anti-goat anti-
bodies coupled with 5 nm gold.
Samples were then processed for
thin section electron microscopy.
(E) Histograms showing the dis-
tance of gold particles from the
midplane of the NPC for the bind-
ing of p97 in the absence (top) or
presence (bottom) of RanGTP. X
axis: distance of gold particles
from the midplane; Y axis: num-
ber of gold particles counted; c,
cytoplasm; n, nucleoplasm.
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NPCs (Unwin and Milligan, 1982; Stewart and Why-
tock, 1988; Goldberg and Allen, 1993), which may
represent a compacted/collapsed form of the cyto-
plasmic fibrils as suggested by Jarnik and Aebi (1991).
Considered together, these observations suggest that
RanBP2 may form the backbone of the cytoplasmic
fibrils of the NPC.

One model for the movement of a transport complex
from an initial docking side at the cytoplasmic fibrils
of the NPC to central pore regions proposes the in-
volvement of fibril bending (Melchior and Gerace,
1995; Panté and Aebi, 1995). This hypothesis has
gained support from a recent electron microscopy
study analyzing the movement of gold-coupled sub-
strate through the NPC of Xenopus oocytes (Panté and
Aebi, 1996b). Our present data lend further credence
to this hypothesis, as indicated by the ability of
RanBP2 to adopt an extended or bent/coiled confor-
mation in vitro. The process leading to these confor-
mational changes may be unregulated (as proposed by
Panté and Aebi, 1996b), or could be controlled in the
native NPC by interactions with cytosolic import fac-
tors such as p97 and Ran. Future analysis of confor-
mational changes of RanBP2 in vitro should provide
valuable mechanistic insight on the movement of an
import complex from the periphery of the NPC to the
central channel.

Using blot overlay and microtiter plate binding as-
says, we demonstrated that RanGTP at appropriate
concentrations both promotes the binding of p97 to
RanBP2 and inhibits the binding of p97 to p62 and to
other FG repeat nucleoporins. In agreement with these
data, EM analysis showed that RanGTP can restrict the
binding of p97 to the cytoplasmic periphery of the
NPC, where RanBP2 is found. Using a p97 mutant
unable to bind RanGTP, we found that the ability of
RanGTP to modulate the binding of p97 to RanBP2
and p62 is dependent upon the formation of a
RanGTP/p97 complex. In agreement with these re-
sults, the ability of anti-RanBP2 antibodies to coimu-
noprecipitate p97 and Ran from a Xenopus egg extract
is nucleotide dependent (Saitoh et al., 1996).

Our data suggest that two different classes of bind-
ing sites for p97 are responsible for these effects. First,
the FG repeat domains present in both RanBP2 and
p62 appear to be able to bind to p97 alone, each with
an apparent Kd of about 14 nM. The presence of
RanGTP, which promotes formation of a RanGTP/p97
complex, appears to inhibit the binding of p97 to this
class of sites on both RanBP2 and p62. These results
are in agreement with a previous study on the binding

Figure 5. Characterization of the interactions of Ran and p97 with
nucleoporins RanBP2 and p62. (A) Titration of Ran binding to
RanBP2. Increasing concentrations of Ran loaded with either
[32P]GTP or [32P]GDP were incubated with RanBP2 adsorbed to
microtiter wells. After washing, the radioactivity was recovered
from the wells with SDS and counted in a liquid scintillation
counter, and the amount of Ran bound to RanBP2 was calculated
from the [32P]GTP-specific activity. (B and C) Titration of p97 bind-
ing to RanBP2 and p62, respectively. Increasing concentration of
His-p97 were incubated with RanBP2 (B) or p62 (C) and adsorbed to
microtiter wells. The 6xHis-p97 that remained after washing was

Figure 5 (cont). then cross-linked to the adsorbed protein and
detected with antibodies (see MATERIALS AND METHODS). The
Lineweaver-Burk plots used to determine the apparent binding
constants (Kdapp.) are shown in the insets.
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of p97 to fragments of yeast nucleoporins containing
FG repeats (Rexach and Blobel, 1995). In addition,
RanBP2 contains specific binding sites for RanGTP
(Kdapp 5 ;0.5 nM) that are absent from p62 and from
other FG repeat nucleoporins. These sites on RanBP2
are homologous to those of RanBP1 (Wu et al., 1995;
Yokoyama et al., 1995) and appear to be capable of
binding p97 in the form of a RanGTP/p97 complex as
was previously described for RanBP1 (Chi et al., 1996;
Lounsbury et al., 1996). Thus, in the case of this class of
p97-binding sites, the presence of RanGTP leads to
formation of a RanGTP/p97 complex and has a posi-
tive effect in promoting the binding of p97 to RanBP2.
Because this second class of binding sites for p97 is
present in RanBP2 but in no other FG repeat nucleo-
porins, appropriate concentrations of RanGTP can
suppress the binding of p97 to all nucleoporins except
RanBP2, to which the binding is enhanced.

In vivo, a complex of RanGTP and p97 could be
formed in the late stages of a nuclear import cycle and
exported to the cytoplasm from the nucleoplasm (see
Görlich et al., 1996) or could be created in the cyto-
plasm after RanGTP exits the nucleus in another form.
Our in vitro binding experiments indicate that the
RanGTP/p97 complex would be selectively targeted
to RanBP2 via its RanGTP-binding sites and would not
interact with FG repeat nucleoporins in other regions
of the NPC. We propose that in vivo, the p97 bound to
RanBP2 in this manner provides a docking site for a
transport substrate/NLS receptor complex that is ini-
tially formed in the cytosol. This would explain how
the initial binding of transport substrates to the NPC is
restricted to the cytoplasmic fibrils, as indicated by
previous work (Newmeyer and Forbes, 1988; Richard-
son et al., 1988; Panté and Aebi, 1996b).

The hydrolysis of RanGTP during nuclear import
very likely occurs at RanBP2 due to the action of
RanGAP1 bound to this protein (Mahajan et al., 1997)
and could have two different functions in the pro-
posed substrate/NLS receptor docking reaction at
RanBP2. In one case, the GTP would be hydrolyzed
upon binding of RanGTP/p97 to RanBP2 and, in so
doing, would provide a binding site consisting of
RanGDP, p97, and RanBP2 for the substrate/receptor
complex at the NPC. In a second case, p97 would
suppress hydrolysis of RanGTP that is bound to
RanBP2, similar to the inhibition of RanGTP hydroly-
sis by p97 in solution (Floer and Blobel, 1996). In this
scenario, RanGTP hydrolysis would be triggered by
binding of the substrate/NLS receptor complex to
RanBP2-associated p97. In either of these cases,
RanGTP hydrolysis would allow formation of a “com-
mitted” transport complex at RanBP2. It is plausible
that the resulting RanGDP would remain stably asso-
ciated with the substrate/NLS receptor/p97 transport
complex after GTP hydrolysis. This association could
“mark” the transport complex as having passed

through an initial commitment step and facilitate its
movement to downstream binding sites in the NPC,
possibly by the ability of RanGDP to interact with
NTF2 (Nehrbass and Blobel, 1996; Paschal et al., 1996)
or with other factors.

Whatever the precise function of RanGTP hydroly-
sis, one key feature of the above models is that a
complex between the substrate/NLS receptor and p97
first forms at the NPC at RanBP2, and not in the
cytosol as was previously proposed by Imamoto and
coworkers (1995). Although complexes between the
NLS receptor and p97 can be detected in a soluble
fraction of cell lysates (Görlich et al., 1995a; Imamoto et
al., 1995), this could be attributed to the a conversion
of RanGTP to RanGDP in the cell extract. Hydrolysis
of RanGTP during the in vitro incubation could con-
vert an initial p97/RanGTP complex (which is incapa-
ble of binding the substrate/NLS receptor complex
[Rexach and Blobel, 1995]) to a form that can interact
with the substrate/NLS receptor. At present, there is

Figure 6. RanGTP modulates the interaction of p97 with RanBP2
and p62. (A) Effect of Ran on the binding of p97 to RanBP2. RanBP2-
coated microtiter wells were incubated with 10 nM His-p97 and
with an increasing amount of RanGTP or RanGDP. After incubation
and washing, proteins were cross-linked, and the amount of bound
p97 was quantified using antibodies (see MATERIALS AND
METHODS). (B) Effect of Ran on the binding of p97 to p62. The
analysis was carried out as in panel A, except that p62-coated
microtiter wells were used.
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no clear evidence that cytosolic complexes of NLS
receptor/p97 occur in living cells. A second key fea-
ture of these models is that RanGTP, in the form of a
RanGTP/p97 complex, is required at the cytoplasmic
side of the NPC for transport. This predicts that a high
concentration of free RanGTP would inhibit import, as
has been shown previously (Görlich et al., 1996), since
RanGTP would compete with a RanGTP/p97 complex
for binding to RanBP2.

In conclusion, the data we present here suggest a
specific mechanism by which RanGTP could mediate
the formation of an import complex at RanBP2 in an
early step of nuclear import. This is consistent with
previous proposals that RanGTP hydrolysis at RanBP2
is important for defining the vectoriality of nuclear
protein import involving basic-type NLS substrates
(Melchior et al., 1995; Mahajan et al., 1997).
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ABSTRACT The use of permeabilized cell models to study
nuclear protein import has led to the identification of cytosolic
components of the import machinery, including the NLS
receptor, p97, Ran/TC4, and nuclear transport factor 2
(NTF2). These proteins are required to reconstitute docking
of transport ligand at the nuclear pore complex and subse-
quent translocation through the nuclear pore. However, a
detailed molecular understanding of how these factors medi-
ate protein import is lacking. Here we describe the results of
solution and solid phase binding assays, which demonstrate
that the small GTPase Ran/TC4 interacts directly with the
cytosolic transport factors p97 and NTF2. By preloading
recombinant Ran/TC4 with ['y-32P]GTP or [3H]GDP, we
show that the interactions with p97 and NTF2 are specific for
the GTP- and GDP-bound forms, respectively. These data
together with previous studies lead us to suggest that the
interaction of the GTP-bound form of Ran/TC4 with p97 is
linked to an early step in the nuclear protein import pathway
and that the association of the GDP-bound form of Ran/TC4
with NTF2 helps define vectorial transport.

The integration of nuclear functions with biosynthetic and
signaling events in the cytoplasm requires rapid and selective
nucleocytoplasmic transport. Molecular trafficking between
the nuclear and cytoplasmic compartments is mediated by
large supramolecular structures that span the nuclear envelope
known as nuclear pore complexes (NPCs; reviewed in refs.
1-3). Ions and small molecules cross the NPC by passive
diffusion, while most proteins and ribonucleoprotein com-
plexes are transported by signal- and ATP-dependent mech-
anisms. There are multiple steps in the nuclear protein import
pathway, including the docking of a nuclear localization se-
quence (NLS)-containing protein at the cytoplasmic periphery
of the NPC, accumulation near the central gated channel, and
translocation into the nucleus (reviewed in refs. 4 and 5).
The development of simple, quantitative assays for measur-

ing nuclear protein import in vitro (6, 7) has led to the
identification of several cytosolic factors that play direct roles
in this process. These factorst are the NLS receptor (8-11),
p97 (12-15), Ran/TC4 (17, 18), and nuclear transport factor
2 (NTF2; refs. 7 and 16). One of the earliest events in the
protein import pathway occurs when the NLS receptor binds
to the NLS of a protein ligand destined for import and
mediates ligand docking at the cytoplasmic periphery of the
NPC in a complex with p97 (reviewed in ref. 5). The function
of p97 in this step of transport seems to be that of an adaptor
protein, which binds directly to both the NLS receptor and to
the NPC (12-15, 19). While addition of the NLS receptor and
p97 is sufficient to reconstitute docking of NLS ligand in
permeabilized cells, Ran/TC4 and NTF2 must also be present
to reconstitute delivery of the NLS ligand into the nucleoplasm
(7, 16). How Ran/TC4 and NTF2 facilitate transport steps

downstream of docking is unknown, though the fractionation
behavior of the Xenopus homologues of these proteins leads to
the suggestion they may interact with each other (16). It is clear
that obtaining a detailed understanding of nuclear protein
import requires defining how the cytosolic transport factors
interact with each other and with proteins of the NPC to
mediate discrete transport steps.
A number of NPC proteins have been characterized in

vertebrates, among them a group of 0-linked glycoproteins
whose primary structures contain degenerate repeats involving
the dipeptide sequence FG (phenylalanine-glycine; reviewed
in ref. 3). The 0-linked glycoproteins appear to have a direct
role in nuclear import, since the binding of wheat germ
agglutinin and monoclonal antibodies to them inhibits nuclear
protein import, and NPCs assembled in their absence are
transport-deficient (reviewed in ref. 1). Furthermore, our
laboratory found that this group of polypeptides can specifi-
cally deplete cytosol of an N-ethylmaleimide-insensitive activ-
ity required for protein import (20). We further found that this
depletion could be partly ascribed to one of these 0-linked
glycoproteins, p62 (7). The activity that restores transport to
cytosol pretreated with immobilized p62 was purified. This
activity is NTF2, a low molecular weight homodimeric protein
(subunit mass = 14,478 Da) that seems to be conserved in
phylogenetically diverse species (7).
Here we describe the results of a biochemical screen for

cytosolic factors that interact with NTF2. We found that the
nuclear transport factors Ran/TC4 and p97 were specifically
depleted from HeLa cell cytosol by treatment with NTF2-
Sepharose. Using purified recombinant proteins, we show that
NTF2 interacts directly with the GDP-bound form of Ran/
TC4, while p97 interacts directly with the GTP-bound form of
Ran/TC4. Together with previous studies, our data suggests
that Ran/TC4 is required for at least two distinct steps in the
pathway of nuclear protein import which are defined by its
nucleotide state.t

MATERIALS AND METHODS
Preparation of HeLa Cell Cytosol and Affinity Depletion of

Transport Factors. A high-speed cytosolic extract (150,000 x
g supernatant fraction) was prepared from HeLa cells grown
in suspension culture as described (7). The concentration of

Abbreviations: NLS, nuclear localization sequence; NPC, nuclear pore
complex; NTF2, nuclear transport factor 2; GST, glutathione S-
transferase; RanBP2, Ran/TC4 binding protein 2.
*To whom reprint requests should be addressed at: The Scripps
Research Institute, Departments of Cell and Molecular Biology,
10666 North Torrey Pines Road, La Jolla, CA 92037.

tThe NLS receptor has also been referred to as importin a, karyo-
pherin a, and SRP1 (8-11). The protein p97 has also been referred
to as importin ,B and karyopherin 13 (12-15). NTF2 has also been
referred to as plO (7, 16).
4The results of this study were presented at the 35th Annual Meeting
of the American Society for Cell Biology and published in abstract
form (21).
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protein in the cytosolic extract was '10 mg/ml, in a buffer
containing 20 mM Hepes (pH 7.4), 110 mM potassium phos-
phate, 2 mM magnesium acetate, 0.5 mM EGTA, and 2 mM
DTT (transport buffer). The matrix for affinity depletion was
prepared by coupling recombinant human NTF2 to CNBr-
activated Sepharose (Pharmacia LKB) at a concentration of
-2 mg of protein per ml of beads. After coupling the beads
were quenched with 1 M ethanolamine, washed extensively
with transport buffer, and transferred to a 10-ml disposable
column. The column was treated with several volumes of 100
mg of BSA per ml to block nonspecific binding and washed
again with transport buffer. Cytosol was passed over the
column (volume ratio 1:1) three times, the unbound fraction
was concentrated by vacuum dialysis, frozen in liquid N2, and
stored at - 80°C. The depletion of known transport factors was
examined with antibodies against p97 (13), SRP1 (11), and
Ran/TC4 (22). A rabbit antibody to human NTF2 was pre-
pared by using the recombinant protein both as the antigen and
as the substrate for affinity purification.

Solution Binding of NTF2 and Ran/TC4. Human NTF2 and
Ran/TC4 were expressed in bacteria and purified as described
(7, 17). Based on the basal GTP hydrolysis rate, the recom-
binant Ran/TC4 should be a mixture of GTP- and GDP-bound
forms, the latter constituting '80% of the total protein.
Recombinant proteins (stored at - 80°C) were thawed and
clarified for 5 min in an air-driven ultracentrifuge (28 psi).
Samples containing Ran/TC4 alone, NTF2 alone, or a mixture
of the two proteins (25 ,tg each) were incubated on ice for 60
min in transport buffer containing 5 mM DTT and 100 ,ug of
BSA in a total volume of 200 ,l. Chromatography was
performed in transport buffer on a Superdex 75 FPLC column
at a flow rate of 0.5 ml/min. The elution profiles of the proteins
were examined by immunoblotting with an anti-peptide anti-
body specific for Ran/TC4 (22) and with a monoclonal anti-
body (Novagen) reacting with the N-terminal T7 epitope tag
on recombinant NTF2.
Chemical Crosslinking of NTF2 and Ran/TC4. The

crosslinking reactions involved NTF2 and Ran/TC4, each at a
final concentration of 100 ,tg/ml in transport buffer. The
proteins were incubated on ice for 60 min, and the crosslinker
disuccinyl suberate (Pierce) was added from a 20mM stock (in
DMSO) to a final concentration of 0.2 mM. The reactions were
quenched by the addition of excess Tris Cl, and the products
were analyzed by immunoblotting. Note the blot containing
the crosslinked products of Ran/TC4 and NTF2 was probed,
stripped, and reprobed with the relevant antibodies.

Determination of the Nucleotide State of Ran/TC4 That
Interacts with NTF2. Recombinant Ran/TC4 (25 ,ug) was
loaded with 20 ,uM guanine nucleotide ([3H]GDP or
[y-32P]GTP) in the presence of 10 mM EDTA, 2.5 mM DTT,
2 mM ATP, and 15 mM Hepes (pH 7.4) in a total volume of
50 ,tl for 20 min at 30°C. The reaction was diluted with excess
magnesium ions and chromatographed on a PD-10 gel filtra-
tion column (Pharmacia LKB) to remove unbound nucleotide.
The nucleotide-loaded Ran/TC4 (10 ,g) was incubated in the
absence or presence of NTF2 (50 ,ug) along with BSA (2 mg)
for 60 min on ice. The samples were chromatographed on a
Sephacryl S100 HR column (40 ml) at a flow rate of 20 ml/hr
in transport buffer. The elution position of the radiolabeled
GDP- or GTP-Ran/TC4 was then determined by scintillation
counting 50 ,ul of each 1-ml fraction. The components of the
nucleotide exchange reactions were Ran/TC4 (1.2 ,ug) pre-
loaded with [3H]GDP, RCC1 (2.8 jig), NTF2 (16 ,tg), and 2
mM GTP in a total volume of 100 ,ul. The reactions (duplicate
points) were performed in transport buffer at 30°C for 10 min.
[32P]GTP, which remained bound to Ran/TC4, was quanti-
tated by a nitrocellulose binding assay.
Binding Assays Featuring Glutathione S-Transferase

(GST)-Fusions of Ran/TC4 and p97. Human Ran/TC4 and
rat p97 were expressed as N-terminal GST fusions in bacteria

and immobilized on glutathione beads at a protein concentra-
tion of 1-5 mg/ml. Soluble recombinant Ran/TC4 (5 ,tg),
NTF2 (5 tg), or both were mixed with 20 ,ul of packed beads
in a total volume of 200 ,ul for 60 min at 4°C. The assays were
performed in transport buffer containing 2.5 mM DTT and
included 100 jig of BSA as a blocking agent. The beads were
recovered by centrifugation and washed four times in transport
buffer, and the bound proteins were eluted and detected by
immunoblotting. To detemine the nucleotide state of Ran/
TC4 that interacts with p97, we preloaded Ran/TC4 with
radiolabled GDP or GTP as described above and carried out
binding reactions (triplicate points) with immobilized GST or
GST-p97. The bound fractions were eluted with 5% SDS/20
mM EDTA and assayed by scintillation counting.

RESULTS
We showed previously that HeLa cell cytosol pretreated with
Sepharose-immobilized NTF2 was strongly deficient (- 30% of
control) in its ability to support protein import in the perme-
abilized cell assay, indicating that NTF2 interacts with addi-
tional soluble factors (7). The addition of individual cytosolic
fractions from sucrose density gradients failed to restore
transport to cytosol pretreated with NTF2-Sepharose, suggest-
ing this procedure may have removed more than one rate-
limiting factor (B.M.P., unpublished observations). To deter-
mine whether NTF2-Sepharose removed any of the previously
characterized transport factors, the unbound fractions of cy-
tosol treated in this manner were examined by immunoblotting
(Fig. 1). We found that the levels of p97 and Ran/TC4 in
cytosol were drastically reduced under these conditions, while
the levels of the NLS receptor and NTF2 were not detectably
changed (Fig. 1).
To determine whether the depletion of cytosolic Ran/TC4

was due to a direct interaction with NTF2, binding experiments
using recombinant forms of both proteins were performed
(Fig. 2). Purified preparations of recombinant Ran/TC4 and
NTF2 eluted from a Superdex 75 FPLC column with apparent
molecular weights of -25 and "30 kDa, respectively (Fig. 2A,
Top and Middle). This agrees with the apparent native sizes of

Cytosol Depletion With:
control NTF2
beads beads

lx 2x 3x lx 2x 3x

p97 41

Ran/TC4~

NTF2

FIG. 1. Affinity depletion of transport factors from HeLa cell
cytosol using Sepharose-immobilized NTF2. Cytosol was passed three
times over Sepharose beads coupled with either 2 mg of BSA per ml
or 2 mg of recombinant NTF2 per ml (5). The relative levels of the
nuclear protein import factors [p97, SRP1 (NLS receptor), Ran/TC4,
and NTF2] in the unbound fraction were then examined by immuno-
blotting. For comparative purposes, 10, 20, and 30 ,ul (denoted lx, 2x,
and 3x) of the unbound fraction from each column was analyzed. The
transport factors p97 and Ran/TC4 were effectively removed from
cytosol by this treatment, while the levels of the NLS receptor and
NTF2 were relatively unchanged. Note that cytosol treated in this
manner supports transport at -30% of control cytosol (7).
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was recognized by antibodies to both Ran/TC4 and epitope-
tagged NTF2. These conditions also produced an "60-kDa
species (indicated by the open circle), which was recognized by
the anti-NTF2 antibody but not by the anti-Ran/TC4 antibody.
The 60-kDa product may be a tetramer of NTF2, or it could
represent a product composed of one copy of Ran/TC4 and a
dimer of NTF2 that is not recognized by our anti-Ran/TC4
antibodies (22).
We then examined whether the binding of NTF2 to Ran/

TC4 is nucleotide-specific. In this experiment, Ran/TC4 was
preloaded with either [3H]GDP or [32P]GTP and chromato-
graphed on a S100 gel filtration column in the absence and
presence of NTF2 (Fig. 3). A size shift of the [3H]GDP-bound
form of Ran/TC4 from -25 kDa to -40 kDa was observed
when chromatography was carried out in the presence ofNTF2
(Fig. 3A). In contrast, the [32P]GTP-bound form of Ran/TC4
eluted at the same position whether chromatographed in the
absence or presence of NTF2 (Fig. 3B). These data clearly
demonstrate that NTF2 binds stably to the GDP-bound form
of Ran/TC4 under conditions where no interaction with the
GTP-bound form of Ran/TC4 is measured.
The interaction of NTF2 with the GDP-bound form of

Ran/TC4 could serve to stabilize this state and consequently

NTF2 Ran + NTF2
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FIG. 2. Direct interaction ofNTF2 with the GTPase Ran/TC4. (A)
Purified recombinant Ran/TC4 and NTF2 alone and in combination

were chromatographed on a Superdex 75 FPLC column and detected
by immunoblotting. The two proteins form a complex that elutes with
an apparent molecular mass of 44 kDa. (B) Purified recombinant
NTF2 and Ran/TC4 were crosslinked using disuccinimidyl suberate
for the indicated times, and the products were analyzed by immuno-
blotting. Crosslinking a mixture of NTF2 and Ran/TC4 resulted in the
formation of a 43-kDa species with a predicted stoichiometry of 1:1
(NTF2:Ran/TC4). The -55-kDa product generated by crosslinking
(open circle) was recognized by the NTF2 antibody (Lower) but not by
the Ran/TC4 antibody (Upper).

Ran/TC4 and the NTF2 homodimer. Gel filtration analysis of
a mixture of the two proteins resulted in the appearance of
higher molecular weight species of both NTF2 and Ran/TC4,
suggesting the formation of a complex in vitro (Fig. 2A,
Bottom). While Ran/TC4 eluted in fractions 9-12 when
chromatographed alone, it appeared also in fractions 7 and 8
when combined with NTF2. The elution position of NTF2 was

altered as well, as the actual peak shifted from fraction 9 to
fraction 8. Interestingly, the peak fraction of the complex
(fraction 8) elutes with an apparent molecular mass of -40
kDa, which could reflect the binding of Ran/TC4 to an NTF2
monomer.

Further evidence for the formation of a Ran/TC4-NTF2
complex was obtained in chemical crosslinking experiments.
Recombinant proteins alone and in combination were treated
with the crosslinker disuccinyl suberate for up to 40 min, and
the products were examined by immunoblotting with mono-

specific antibodies. Ran/TC4 alone remained a monomeric
species during the entire time course (Fig. 2B, Upper), whereas
NTF2 alone was nearly quantitatively crosslinked into a dimer
during the first minute of incubation (Lower). Crosslinking of
a mixture of the proteins generated an %43-kDa species, which
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FIG. 3. Interaction of NTF2 with the GDP-bound form of Ran/
TC4. (A) Recombinant Ran/TC4 was preloaded with [3H]GDP and
chromatographed in the absence or presence of recombinant NTF2.
Under these conditions, GDP-Ran/TC4 displays a size shift from -25
to V40 kDa when chromatographed in the presence of NTF2. (B)
Recombinant Ran/TC4 was preloaded with [32P]GTP and chromato-
graphed in the absence or presence of recombinant NTF2. The elution
position of GTP-Ran/TC4 is unaffected by the presence of NTF2. (C)
The nucleotide exchange activity of recombinant RCC1 was measured
(23) in the absence and presence of NTF2. The exchange activity was
not detectably affected by NTF2.
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act as a guanine nucleotide dissociation inhibitor. Catalyzed
nucleotide exchange on the GTPase rho can be inhibited by its
guanine nucleotide dissociation inhibitor (23). We therefore
tested whether NTF2 could inhibit the nucleotide exchange on
Ran/TC4 catalyzed by its exchange factor RCC1 (24), using
Ran/TC4 preloaded with [3H]GDP and a filter binding assay.
This showed that the RCC1-mediated exchange of GTP for
bound GDP was not detectably inhibited, even when carried
out in the presence of a 10-fold molar excess of NTF2 (Fig. 3C).
We also found that the dissociation of bound nucleotide with
10 mM EDTA was affected only slightly by including NTF2 in
the reaction (B.M.P., unpublished observations). Thus, it
seems unlikely that the function of NTF2 is to protect Ran/
TC4 from nucleotide exchange.
The depletion of p97 from HeLa cell cytosol with NTF2-

Sepharose (Fig. 1) suggested that NTF2, or perhaps a complex
of NTF2 and Ran/TC4, might interact with p97. To probe for
interactions between these proteins, we immobilized GST
fusions of p97 and Ran/TC4 on Sepharose and tested whether
soluble NTF2, Ran/TC4, or a combination of these proteins
could bind to these matrices. As expected, NTF2 bound to
Ran/TC4, but it did not bind to p97 either in the absence or

presence of Ran/TC4. This suggests that the cytosolic deple-
tion of p97 obtained using NTF2-Sepharose (Fig. 1) is medi-
ated by an additional soluble factor. However, it remains
possible that the use of recombinant proteins in the binding
experiment does not reconstitute an interaction that is ob-
served in cytosol with native proteins.
An interesting and unexpected finding in this experiment

was that Ran/TC4 bound directly to p97 and that this inter-
action was independent of NTF2 (Fig. 4A). We reasoned that
this interaction, like the binding of Ran/TC4 to NTF2, might
be regulated by the nucleotide state. To address this issue, we
measured the binding of Ran/TC4 preloaded with radioactive
GDP or GTP to GST-p97 immobilized on Sepharose beads
(Fig. 4). Only nonspecific binding of [3H]GDP-Ran/TC4 to
GST-p97 (23.8 ± 6.2 ng) was obtained, as this was comparable
to the binding to GST alone (17.2 ± 11.6 ng). In contrast, the
level of [32P]GTP-Ran/TC4 binding to GST-p97 was substan-
tially higher (1204 ± 16.08 ng) as compared with binding to
GST alone (7.0 ± 3.1 ng). These data demonstrate a specific,
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FIG. 4. Direct interaction of cytosolic transport factors NTF2 and
p97 with Ran/TC4. (A) GST fusions of p97 and Ran/TC4 were
expressed in E. coli, recovered on glutathione beads, and used for
binding assays (25). Ran/TC4 bound specifically to immobilized p97,
and NTF2 bound specifically to immobilized Ran/TC4. (B) GST and
GST-p97 were incubated with recombinant Ran/TC4 preloaded with
either [3H]GDP (specific activity, 5895 cpm/,ug) or [y-32P]GTP (spe-
cific activity, 106 cpm/,ug). The interaction of p97 with Ran/TC4 is
specific for the GTP-bound form of the latter protein.

direct interaction of the GTP-bound form of Ran/TC4 with
the cytosolic transport factor p97.

DISCUSSION
The nucleotide-specific interactions of Ran/TC4 with NTF2
and p97 are likely to be important features of the nuclear
protein import pathway. Recent studies have shown that the
GTP-bound form of Ran/TC4 directly interacts with the
protein Ran/TC4 binding protein 2 (RanBP2) (25, 26), which
is located near the initial ligand docking site on the cytoplasmic
surface of the NPC (22). Hydrolysis of GTP by Ran/TC4 at
this site is necessary for the NLS ligand to proceed to more
distal steps of the transport pathway and may represent a
"commitment" step in the pathway (22). These observations,
together with our new data showing mutually exclusive nucle-
otide dependent binding of Ran/TC4 to p97 and NTF2,
suggest that these nucleotide-specific interactions may be
important for the assembly and dissociation of a complex of
these transport factors at RanBP2 (Fig. 5).

It has been shown that RanBP2 contains four binding sites
for the GTP-form of Ran/TC4 (25, 26). RanBP2 also appears
to contain binding sites for p97 and NTF2 (ref. 27; unpublished
observations), prompting us to speculate that this NPC protein
provides a template for cooperative assembly of the cytosolic
transport machinery into a transport complex (Fig. 5). The
GTP form of Ran/TC4 could facilitate binding of p97/NLS
receptor to RanBP2 (step 1). Furthermore, the interaction of
Ran/TC4 with p97 could allow GTP hydrolysis to be commu-
nicated to the p97/NLS receptor/ligand complex (step 2). The
conformational change in Ran/TC4 induced by GTP hydro-
lysis could then abrogate its interaction with p97, which in turn
could stimulate dissociation of the transport complex from
RanBP2 (step 3). NTF2 could play several roles in these events.
NTF2 could augment release of the GDP form of Ran/TC4
from p97, or promote the dissociation of a multisubunit
transport complex from RanBP2 (step 3; see legend of Fig. 5).
In addition, assembly of the heterodimer containing NTF2 and
GDP-Ran/TC4 into the transport complex could provide a
molecular marker that specifies vectorial transport, perhaps
for targeting the transport complex to subsequent steps in the
pathway (ref. 4 and below).
We have shown previously that NTF2 binds directly to NPC

protein p62, an interaction which requires the amino terminal
half ofp62 (7). This region ofp62 is notable because it contains
multiple FXFG repeats, a feature shared by other 0-linked
NPC glycoproteins (reviewed in refs. 3 and 4). Indeed, at least
nine different 0-linked NPC glycoproteins released from
nuclear envelopes by detergent and high salt are bound by
Sepharose-immobilized NTF2 (unpublished observations).
While it remains to be established whether these all represent
direct interactions, our laboratory has determined that NTF2
binds directly to recombinant forms of NPC proteins p62 (7)
as well as p58 and p54 (T. Hu and L.G, unpublished data). Blot
overlay (27) and solution binding (T. Hu and L.G., unpub-
lished data) experiments have shown that p97 also interacts
directly with multiple NPC 0-linked glycoproteins. The inter-
action of NTF2 and p97 with the same subset of 0-linked
glycoproteins, all of which contain FXFG repeats, provides a
clue about the mechanism of protein import. Since the 0-
linked glycoproteins are localized at various cytoplasmic and
nucleoplasmic regions of the NPC, p97 and NTF2 may function
at multiple steps in the import pathway. Forward progress of
the transport complex (after dissociation from RanBP2; Fig. 5)
could rely on cooperative and/or sequential interactions of p97
and NTF2 with 0-linked glycoproteins in the NPC.
Whether Ran/TC4 serves to stimulate assembly and/or

disassembly of transport complexes at steps downstream of
RanBP2 is presently unknown. The GTP-form of Ran/TC4
was recently shown to stimulate the release of NLS ligand from
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Docking
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Ran GTP Ran Dissociation
Hydrolysis From RBP2

l p97 - l p97 NL-R

FIG. 5. Hypothetical model depicting interactions of the cytosolic transport factors Ran/TC4, NTF2, NLS receptor (NLS-R), p97,
NLS-containing transport ligand (black), and RanBP2 (stippled) during early transport steps at the NPC. The interaction of p97 with NTF2 and
the GDP form of Ran/TC4 (step 3) is speculative and has not been reconstituted with recombinant proteins. However, the fact that Ran/TC4 and
p97 are depleted from cytosol using NTF2-Sepharose suggests that these proteins interact, either directly or indirectly.

an NLS receptor/p97 heterodimer (28). However, since the
addition of an FXFG-containing protein (Nupl) was also
reported to release NLS ligand from this complex (28), the
implications of these findings remain to be determined. De-
fining the polypeptide composition of the transport complex,
which ultimately translocates through the NPC, remains one of
the key questions related to understanding nuclear protein
import.

In summary, we have demonstrated that the GTP- and
GDP-bound forms of Ran/TC4 interact directly with the
cytosolic transport factors p97 and NTF2, respectively. These
nucleotide-specific interactions could promote the assembly of
a multisubunit transport complex and its dissociation from
RanBP2. We envision that the transport factors p97 and NTF2
play dual roles in the import pathway, those of modulating the
assembly of the complex and its subsequent targeting to
distinct sites in the NPC.
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