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Abréviations

Abréviations

APP : Amyloid Precursor Protein ou protéine précurseur du peptide AB

CBP : CREB-binding protein

CDK : cyclin-dependent kinases

CREB : cAMP-responsive element (CRE)-binding protein

EPL : Expressed protein ligation

ERK2/MAPK1 : Extracellular signal-requlated kinase 2/Mitogen-activated protein kinase 1

FKBP : FK506-binding protein

FTDP-17 : Frontotemporal dementia with parkinsonism linked to chromosome 17 ou démences
frontotemporales avec syndrome parkinsonien liée au chromosome 17

GSK3 : Glycogen Synthase Kinase 3

HAT : Histone acétyltransférase

HDAC : Histone deacétylase

HPLC : High perfomance liquid chromatography ou chromatographie liquide a haute performance

HSQC: Heteronuclear Single Quantum Correlation

IDP : Intrinsically Disordered Proteins ou protéines intrinsequement désordonnées

Kp : constante de dissociation

MA : maladie d’Alzheimer

MALDI-TOF : Matrix-assisted Lazer Desorption lonization — Time-Of-Flight

NFT : Neurofibrillary Tangles ou enchevétrements neurofibrillaires

NIMA : Never In Mitosis A

NOE: Nuclear Overhauser Effect

OGA : O-GIcNAc hydrolase

O-GlcNAc : O-B-N-acétylglucosamine

OGT : O-GlIcNAc transférase (uridine diphosphate-N-acétyl-D-glucosamine: polypeptidyl-transferase)

PHF : Paired Helical Filaments ou paire de filaments appariés en hélice

Pinl : Protein-Interacting with NIMA-1

PKA : cAMP-dependent Protein Kinase A

PP2A : Protein Phosphatase 2A

PPlase : peptidyl-prolyl cis/trans isomérase

PTM : posttranslational modifications ou modifications post-traductionnelles

RMN : Résonance Magnétique Nucléaire

TPR : tetratricopeptide repeat

UDP-GIcNAc : uridine diphosphate N-acétyl-D-glucosamine

WW : domaine Trp-Trp

WW™*: domaine WW phosphorylé par PKA
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Introduction générale : parcours scientifique et thématiques de
recherche

Mon parcours universitaire et post-doctoral m’a conduit a étudier, aprés une formation en chimie
générale, les protéines au niveau structural, en me focalisant sur leurs interactions moléculaires et
leur fonction. Les principaux outils que j’ai utilisés sont des techniques spectroscopiques comme la
résonance magnétique nucléaire (RMN) et la fluorescence, mais aussi les techniques de biologie
moléculaire et structurale pour le clonage, I'expression et la purification de protéines recombinantes
dans E. coli. De plus, ma formation en chimie organique m’a permis de synthétiser des petites
molécules ou des peptides modifiés ciblant la fonction des protéines ou les interfaces protéine-
protéine. Ces molécules ont été utilisées comme modeles dans la compréhension des processus
biologiques, des mécanismes associés aux dérégulations pathologiques, ainsi que dans la découverte
de nouvelles cibles pharmacologiques. Mon objectif scientifique est donc de caractériser, a I'aide de
méthodes structurales comme la RMN, les surfaces d’interaction protéine-protéine pour des
complexes impliqués dans des processus physiopathologiques. A ce titre, les modifications post-
traductionnelles des protéines qui entrent en jeu dans ['établissement de complexes
macromoléculaires spécifiques et dans la régulation de leur fonction, sont d’un intérét évident.
Récemment, les avancées technologiques et méthodologiques ont permis d’étendre le champ
d’investigation de la RMN au-dela de la caractérisation structurale de protéines ou de complexes. La
vision dynamique d’une protéine en solution, le criblage de composés a visée thérapeutique ou
I"utilisation de la RMN comme technique analytique dans la caractérisation des modifications post-
traductionnelles en sont quelques exemples qui seront illustrés dans ce manuscrit. Le travail
présenté ici concerne I'étude, au niveau moléculaire, de la régulation de la protéine neuronale Tau
par diverses modifications post-traductionnelles. Cette protéine est impliquée dans le maintien de
I'architecture microtubulaire du neurone et dans le processus de neurodégénérescence de la maladie
d’Alzheimer. Avant de commencer, je vais décrire brievement mon parcours scientifique et
professionnel.

Apres I'obtention d’un dipléme d’Ingénieur de I'Ecole Nationale Supérieure de Chimie de Lille et d’un
DEA de Chimie Organique et Macromoléculaire, j’ai effectué ma thése (2001-2004, BDI CNRS/Région)
sous la direction du Dr. Guy Lippens (UMR CNRS 8525, Institut de Biologie/Institut Pasteur de Lille)
avec pour thématique I'étude, au niveau moléculaire, du complexe Pin1/Tau phosphorylée et son
implication dans la maladie d’Alzheimer. J'ai pu ainsi acquérir les méthodes associées a I'étude des
protéines par RMN, comme |'expression et la purification de protéines recombinantes enrichies avec
des isotopes stables, I'acquisition et I'interprétation de spectres RMN bi- et tridimensionnels pour la
caractérisation de complexes protéine-protéine, et les stratégies de criblage par RMN. Parallélement,
I'utilisation de peptides modifiés, synthétisés par chimie en phase solide, m’a permis d’obtenir un
grand nombre d’informations sur ces interfaces protéine-protéine, difficilement accessibles
autrement. La méme stratégie de synthése a été employée pour I'obtention de mimes peptidiques
rompant des interactions protéine-protéine spécifiques. Ces travaux ont permis d’ouvrir le chemin
vers la compréhension des mécanismes de reconnaissance par Pinl de la protéine Tau phosphorylée
et de régulation de la fonction de Pin1.
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Une premiére expérience post-doctorale en Allemagne (2005), dans l'industrie pharmaceutique
(Intervet Innovation GmbH), m’a permis de renforcer mon expérience en synthése organique avec
I’optimisation de la synthése en phase homogéne d’'un composé (macrolide) a visée antibiotique, a
partir d’'un composé naturel, et la synthese paralléle d’'une série de composés dérivés.

J'ai rejoint ensuite le groupe " Systems Epigenomics " du Dr Arndt Benecke (2006-2008, financement
ANR), au sein du nouvel Institut de Recherche Interdisciplinaire (USR CNRS 3078) a Lille. Cette équipe
a pour objectif la compréhension, selon une approche multi- et interdisciplinaire, des mécanismes a
la base de la régulation de I'expression des génes pour définir de nouvelles stratégies d’interférence
thérapeutique, en parfait accord avec mes objectifs scientifiques. J’ai eu I'occasion, dans le contexte
de cet institut émergent, de mettre en place un laboratoire de biologie structurale pour permettre
I’exécution de mon projet de recherche : I’étude structurale et fonctionnelle des interactions entre la
CREB-binding protein (CBP) et la Thymine DNA Glycosylase humaine (TDG), le premier lien entre la
réparation d’ADN par excision de base, la transcription et I'épigenese. Le but de ce projet était de
définir les mécanismes moléculaires impliqués dans la réparation de I’ADN au niveau des sites de
régulation épigénétique que sont les sites de méthylation de I’ADN au sein des ilots CpG, ainsi que les
interactions entre TDG et ses partenaires: le coactivateur général de la transcription CBP et la
protéine SUMO-1. Nos données structurales, obtenues par RMN, ont permis de définir les bases
moléculaires pour permettre, a partir d’analyses transcriptomiques, de définir le réle du complexe
CBP/TDG dans la régulation épigénétique de la transcription, et d’identifier les réseaux de
signalisation associés dans les leucémies.

En 2008, j'ai souhaité rejoindre a nouveau le groupe du Dr. Guy Lippens (financement de
I’Association Internationale pour la Recherche sur la Maladie d’Alzheimer), qui fait désormais partie
de I’'Unité de Glycobiologie Structurale et Fonctionnelle (UMR CNRS 8576, Université des Sciences et
Technologies de Lille). J’ai commencé ce post-doctorat avec différents projets autour de la peptidyl-
prolyl cis/trans isomérase Pinl, dans la continuité de mes travaux de thése, pour comprendre le réle
de l'isomérisation cis/trans des prolines comme modification post-traductionnelle : son impact la
fonction des protéines et les interactions avec leurs partenaires. Les différents projets menés autour
de Pinl concernent (i) la mise en évidence du rble de Pinl, au niveau moléculaire, dans la
déphosphorylation de Tau par la phosphatase PP2A (en collaboration avec le Pr Janssens, Faculty of
Medicine of Leuven University, Belgique), (ii) I'étude d’'un mécanisme allostérique de régulation de Ia
fonction de Pinl par interaction avec I'inhibiteur-2 de la phosphatase PP1 (IPP-2) dans sa forme non
phosphorylée (en collaboration avec le Pr D. Brautigan, Center for Cell Signaling, University of
Virginia School of Medicine, Charlottesville, USA) et (iii) I'’étude structurale et dynamique de la forme
phosphorylée du domaine WW de Pinl comme mécanisme inhibiteur de la liaison des protéines
phosphorylées. Parallelement, dans le cadre d’une collaboration avec le Dr Francoise Jacob-
Dubuisson (Inserm U1019/ CNRS UMR8204/ Institut Pasteur de Lille, Lille), j'ai été impliquée dans la
mise en évidence de I'activité PPlase de Par27, une protéine chaperonne de Bordetella pertussis.

Depuis 2009, j'ai orienté mes activités de recherche vers I'étude des modifications post-
traductionnelles de la protéine neuronale Tau, que je méne en parallele a mes activités
d’enseignement. Ce projet comporte plusieurs approches : I'étude de la phosphorylation, de I'O-B-N-
acétylglucosaminylation (O-GIcNAcylation) et de I'acétylation de la protéine Tau au niveau structural
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et fonctionnel, et de I'effet réciproque de ces différentes modifications. La caractérisation par RMN
de la phosphorylation de Tau par différentes kinases purifiées ou dans des extraits cellulaires est une
thématique qui a été développée dans notre groupe par le Dr |. Landrieu. Je vais m’intéresser a la
phosphorylation de Tau, avec une approche complémentaire, au travers de la production d'une
protéine Tau semi-synthétique permettant I'étude de l'impact de sites de phosphorylation
spécifiques sur la conformation et la fonction de Tau (en collaboration avec le Pr C. Hackenberger,
Leibniz-Institut fuer molekulare Pharmakologie, Berlin, Allemagne). Cette stratégie pourra également
étre utilisée pour I'étude d’autres modifications post-traductionnelles. L'O-GlcNAcylation et
I'acétylation de Tau sont deux modifications post-traductionnelles qui ont été décrites plus
récemment et qui offrent de nouvelles perspectives pour interférer dans le processus pathologique
d’agrégation de Tau dans la maladie d’Alzheimer. Une étude des sites de modification et des
mécanismes au niveau moléculaire est un prérequis pour pouvoir interférer dans ces processus au
niveau cellulaire.
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1| Introduction : la protéine neuronale Tau et son étude par
RMN

Chapitre 1: La protéine neuronale Tau et son étude par
Résonance Magnétique Nucléaire

1.1 LA PROTEINE TAU, UNE PROTEINE ASSOCIEE AUX MICROTUBULES IMPLIQUEE DANS LA MALADIE
D’ ALZHEIMER

Les neurones ont un cytosquelette constitué de plusieurs types de filaments : les microtubules, les
filaments d’actine et les neurofilaments. Les microtubules sont particulierement abondants dans
I’axone des neurones ou ils jouent un role essentiel dans leur organisation tridimensionnelle et dans
le transport de vésicules du corps cellulaire vers les terminaisons axonales. La dynamique du
cytosquelette des neurones joue un role prépondérant dans leur différenciation, le maintien de leur
forme et des connexions entre les neurones qui en résultent. Les microtubules sont des objets
macromoléculaires de 20-30 nm de diameétre, constitués d’'une protéine dimérique de 110 kDa, Ila
tubuline. Ces structures, tres dynamiques, sont régulées par la polymérisation/dépolymérisation de
la tubuline via I'hydrolyse du GTP en GDP. D’autre part, des protéines microtubulaires associées, les
MAP (microtubule-associated proteins), stabilisent les microtubules par liaison, donc en intervenant
plutot dans des quantités stoechiométriques que catalytiques. La protéine neuronale Tau est une des
protéines associées aux microtubules et joue un réle prépondérant dans un certain nombre de
pathologies neurodégénératives, appelées tauopathies, dont la plus connue est la maladie
d’Alzheimer (MA). La protéine Tau est, dans sa forme libre, dissociée des microtubules, une protéine
intrinsequement désordonnée (IDP pour Intrinsically Disordered Proteins). Du fait de la nature
instable des microtubules et de la nature désordonnée de la protéine Tau, le mode de liaison de Tau
aux microtubules et son mode d’action sont difficiles a établir, et restent encore a élucider.

Décrite pour la premiere fois en 1975, la protéine Tau a été isolée de cerveaux de porcs apres
dépolymeérisation des microtubules et dissociation de la tubuline (Weingarten, Lockwood et al. 1975;
Cleveland, Hwo et al. 1977; Cleveland, Hwo et al. 1977). Elle y est montrée comme un facteur
thermiquement stable, nécessaire a la polymérisation de la tubuline in vitro. Tau est principalement
une protéine neuronale, localisée dans I'axone, mais on la retrouve également dans le compartiment
somato-dendritique du neurone ou dans le noyau (Loomis, Howard et al. 1990; Brady, Zinkowski et
al. 1995). Une des premiéres caractérisations structurales de Tau, réalisée par RMN 'H & 270 MHz en
1983, montre une protéine tres flexible qui perd en partie sa flexibilité en présence de dimeéres de
tubuline (Woody, Clark et al. 1983). Par la suite, de nombreux travaux se sont intéressés a la
caractérisation structurale de la protéine Tau, notamment aux différentes isoformes et a leur
expression spatio-temporelle ainsi qu’a la modulation de la liaison de Tau aux microtubules en
fonction des isoformes ou de modifications post-traductionnelles (PTM), en particulier, la
phosphorylation. Ainsi, des régions fonctionnelles ont été identifiées correspondant a des domaines
directement impliqués dans la liaison des microtubules ou a des domaines régulateurs de cette
interaction (voir paragraphe 1.1.1).

D’autre part, la protéine Tau a été identifiée comme un des marqueurs pathologiques de la MA. Plus
généralement, différentes maladies neurodégénératives impliquant la protéine Tau ont été définies
sous le terme de tauopathies, ol la forme pathologique de Tau présente des caractéristiques
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communes (maladie de Pick, démences frontotemporales avec syndrome parkinsonien liée au
chromosome 17 ou FTDP-17, paralysie supranucléaire progressive ou PSP...). Deux types de dépots
ont été observés dans la MA : les dépo6ts amyloides, encore appelés plaques séniles, constitués
d’agrégats extracellulaires de peptides AP provenant de la coupure de la protéine transmembranaire
APP (Amyloid Precursor Protein) par les sécrétases, et la dégénérescence neurofibrillaire (NFT pour
neurofibrillary tangles), correspondant a des dépots intraneuronaux de PHF (Paired Helical Filaments
ou paires de filaments hélicoidaux) constitués principalement de protéines Tau hyperphosphorylées
(voir paragraphe 1.1.2). Les caractéristiques des lésions de type NFT (leur composition en protéines
Tau et leur morphologie) ainsi que leur propagation dans les différentes régions du cerveau varient
selon les tauopathies. Ces Iésions, déja observées par Alois Alzheimer en 1907, nont commencé a
étre caractérisées qu’a partir des années 1960.

Les Iésions NFT se propagent dans le cerveau avec le développement de la maladie, suggérant un
transfert interneuronal des protéines Tau pathologiques a la maniere du prion (Braak and Braak
1991; Su, Deng et al. 1997; Armstrong, Cairns et al. 2001). La dégénerescence neurofibrillaire va
suivre un chemin précis dans les différentes régions du cerveau de maniére progressive et
commence bien avant (plusieurs années) I'apparition des signes cliniques (pertes de mémoires,
aphasie, apraxie, agnosie). Ces signes cliniques évoluent avec le chemin de propagation de la
pathologie Tau, selon les aires du cerveau touchées. En revanche, la distribution des plaques
amyloides est plus hétérogéne et plus diffuse. Les deux types de |ésions apparaissent généralement
simultanément mais n’occupent pas les mémes régions du cerveau. Alors que la pathologie amyloide
a longtemps été considérée comme prépondérante dans la MA, la pathologie Tau a pris récemment
toute son importance depuis qu’il a été établi que I'étendue de lésions NFT est corrélée avec la
progression de la maladie, contrairement aux plaques séniles. De plus, des mutations du gene tau,
connues pour accélérer la formation des fibres pathologiques, sont un des facteurs étiologiques dans
d’autres tauopathies. Enfin, la protéine Tau peut étre utilisée comme biomarqueur de la MA car elle
est détectée spécifiquement et précocement dans le fluide cérébrospinal de patients atteints de la
MA et non dans ceux des controles correspondant au vieillissement normal ou a d’autres tauopathies
(Arai, Terajima et al. 1995; Johnson, Seubert et al. 1997; Sjogren, Rosengren et al. 2000; Saman, Kim
et al. 2012). Cependant, les pathologies Tau et AR sont étroitement liées. En particulier, il a été
montré qu’une dérégulation dans la transformation de Tau (phosphorylation et clivage
protéolytique) est une conséquence de I'accumulation anormale de peptide AB, et inversement, Tau
augmente significativement la cytotoxicité de AB dans la MA (Rapoport, Dawson et al. 2002;
Roberson, Scearce-Levie et al. 2007).

1.1.1. Isoformes et domaines de la protéine Tau dans la régulation fonctionnelle de la
liaison aux microtubules

Dans le cerveau humain, la protéine Tau est produite a partir d'un géne unique (localisé sur le
chromosome 17) par épissage alternatif de ’ARNm. Les six isoformes de Tau, constituées de 352 a
441 acides aminés, différent par l'insertion des régions peptidiques codées par les exons 2, 3 et 10.
Les exons 2 et 3 codent pour un insert de 29 (exon 2) ou 58 (exons 2 et 3) acides aminés dans la
partie N-terminale de la protéine, tandis que I'exon 10 code pour un fragment répété de 31 acides
aminés, le R2, dans la région C-terminale. La protéine Tau contient au minimum trois segments
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répétés, appelés R1, R3 et R4. Trois des six isoformes contiennent également le segment R2 (Tau4R)
et trois n’en contiennent pas (Tau3R). Ces trois ou quatre fragments répétés, avec les régions
avoisinantes, notamment le C-terminus, constituent le domaine de liaison aux microtubules (Gustke,
Trinczek et al. 1994; Trinczek, Biernat et al. 1995) qui présente des homologies de séquences avec
d’autres MAP ; le reste de la protéine est appelé domaine de projection. Le segment R2 constitue un
point d’ancrage supplémentaire aux microtubules. Il a en effet été montré que les isoformes
contenant quatre segments répétés ont une affinité plus importante pour la tubuline que les
isoformes n’en possédant que trois (Lu and Kosik 2001), contribuant davantage a la stabilité des
microtubules. Les protéines Tau sont donc des protéines essentielles au transport intra-neuronal en
controlant la stabilité des microtubules, et interviennent ainsi indirectement dans la plasticité
neuronale. Les segments répétés du domaine de liaison aux microtubules sont constitués de
séquences similaires, mais non identiques, de 31 ou 32 résidus. Chaque segment est composé de 18
résidus appelés repeat correspondant a la région minimale de liaison a la tubuline, espacés du repeat
voisin par une séquence moins conservée de 13 ou 14 résidus, appelée inter-repeat. Les deux
premiers repeats ainsi que l'inter-repeat R1-R2 présentent la plus grande capacité a lier les
microtubules (Goode, Denis et al. 1997). La liaison de Tau a la tubuline implique des interactions
ioniques entre le domaine C-terminal acide de la tubuline et la région basique de Tau. En particulier,
deux résidus lysine, K274 et K281, localisés dans le premier inter-repeat R1-R2, sont essentiels a la
liaison de la tubuline et a la promotion de I'assemblage microtubulaire (Goode and Feinstein 1994,
Trinczek, Biernat et al. 1995). Il a été proposé que Tau se lie a la fois a la queue C-terminale acide,
non structurée, des sous-unités a et B de la tubuline ainsi qu’aux régions exposées a la surface
externe des microtubules (Nogales, Wolf et al. 1998). Deux modes de liaison ont été proposés : Tau
pourrait se lier a un seul monomere de tubuline ou a deux monomeres adjacents (Chau, Radeke et al.
1998). D’autre part, il a été montré que la polyglutamylation de la tubuline, au niveau de la région C-
terminale des sous-unités a et B, régule de maniere indirecte l'interaction avec Tau, via un
changement conformationnel (dé)masquant le site de liaison a la tubuline (Boucher, Larcher et al.
1994).

D’un point de vue physico-chimique, la protéine Tau est globalement basique (avec un pl supérieur a
9) et présente notamment une forte concentration de résidus lysine (44 dans l'isoforme la plus
longue, soit 10% de la séquence). Cependant, la région N-terminale du domaine de projection
contient une forte proportion de résidus acides comparée au reste de la protéine. La deuxiéme partie
du domaine de projection contient une forte proportion de résidus proline, d’'ol son nom de
domaine riche en prolines. Différents réles ont été attribués au domaine de projection. Il joue
notamment un réle dans I'espacement des microtubules en se projetant vers I'extérieur de leur
surface et en établissant un pont avec les microtubules voisins, d’ou sa dénomination (Hirokawa,
Shiomura et al. 1988; Chen, Kanai et al. 1992). Il peut également jouer un role de médiateur
d’interactions avec d’autres protéines, plus particulierement au niveau de la région riche en prolines.
La présence de motifs PPXXP ou PXXP dans cette région pourrait jouer un role dans l'interaction de
Tau avec les domaines SH3, modules d’interaction protéine-protéine spécifiques des régions poly-
prolines. Cette région pourrait par conséquent étre le médiateur d’interactions avec des protéines
associées a la membrane cytoplasmique (Brandt, Leger et al. 1995). De plus, la région riche en
prolines a été décrite dans la régulation de la liaison de Tau aux microtubules. Plus précisément, la
séquence peptidique ***KKVAVVR??, localisée en amont du domaine de liaison aux microtubules,

17

© 2014 Tous droits réservés. doc.univ-lille1.fr



HDR de Caroline Smet Lille 1, 2013

1| Introduction : la protéine neuronale Tau et son étude par
RMN

favorise fortement la liaison des microtubules et leur assemblage (Goode, Denis et al. 1997). De
maniére significative, la région riche en prolines est le siege de nombreux sites de phosphorylation,
des PTM décrites dans la modulation de la liaison de Tau aux microtubules (voir paragraphe 1.1.3).

1.1.2. Pathologie de la protéine Tau dans la maladie d’Alzheimer

Observés par microscopie électronique pour la premiere fois en 1963 (Kidd 1963; Kidd 1964), les
fibres insolubles appelées PHF sont des filaments appariés en hélice de 10 nm de diamétre. Les PHF
sont une signature morphologique de la dégénérescence neurofibrillaire de type Alzheimer et
semblent spécifiques a I'espece humaine. Ce n’est qu’en 1986 qu’a été identifié le constituant majeur
des PHF, la protéine Tau. Elle y apparait sous une forme hyperphosphorylée et toutes les isoformes y
sont représentées (Grundke-Igbal, Igbal et al. 1986; Grundke-lgbal, Igbal et al. 1986; Kosik, Joachim
et al. 1986; Wood, Mirra et al. 1986). Assez rapidement, des formes tronquées de Tau dans les PHF
ont été détectées (Wischik, Novak et al. 1988; Wischik, Novak et al. 1988). Le mécanisme de la
formation des PHF n’est pas encore totalement élucidé et toujours sujet a controverse. Autre
question d’intérét : est-ce que les PHF sont la cause primaire de la MA ou jouent-ils un role
secondaire, notamment parce qu’ils seraient une conséquence de la formation des plaques
amyloides ? En effet, la pathologie AB a longtemps été considérée comme primordiale du fait de
I’existence de mutations dans les geénes de I’APP, de la préseniline-1 ou -2 qui engendrent toujours la
MA, en accélérant notamment la formation de peptide AR (formes familiales, 1% des cas) alors
gu’aucune mutation de Tau n’a été décrite dans la MA. En revanche, des mutations du gene tau ont
été rapportées dans la FTDP-17 et constituent un facteur étiologique de la maladie.

Le mécanisme par lequel Tau induit une toxicité neuronale reste également non élucidé. La
formation des PHF dans la MA implique a la fois une perte de fonction de Tau, qui ne peut plus
assurer sa fonction physiologique sous cette forme insoluble, mais également un gain de fonction
toxique avec la formation d’espéces oligomériques solubles, cytotoxiques. Il a été montré que ces
formes oligomériques sont présentes dans les neurones aux stades précoces de la pathologie
contrairement aux PHF et perturbent le transport axonal antérograde. Au niveau moléculaire, ces
oligomeéres sont riches en structures en feuillet B. De maniere intéressante, il a été proposé que ces
oligoméres servent a la nucléation et a la propagation des fibres pathologiques selon un mécanisme
similaire au prion (Lasagna-Reeves, Castillo-Carranza et al. 2012; Lasagna-Reeves, Castillo-Carranza et
al. 2012; Ward, Himmelstein et al. 2012). En effet, des oligomeres solubles, purifiés de cerveaux de
patients atteints de la MA, propagent la pathologie Tau in vivo, dans des souris saines, non
transgéniques. In vitro, ces oligoméres sont bien plus toxiques que des oligomeres générés in vitro a
partir de protéine Tau recombinante car ils sont capables d’induire la formation d’agrégats a partir
de monomeres de protéine Tau recombinante de maniere plus rapide et robuste. Ces données
suggerent que ces oligomeres in vivo issus de cerveaux humains MA, sont porteurs de PTM ou de co-
facteurs, ou encore présentent une conformation pathologique stable qu’on ne retrouve pas dans les
oligomeéres in vitro (Lasagna-Reeves, Castillo-Carranza et al. 2012). Sur base de ces résultats, il a été
suggéré que la formation des PHF pourrait avoir un réle protecteur en débarrassant la cellule des
formes oligomériques plus toxiques mais cette théorie fait encore débat (Bretteville and Planel 2008;
Congdon and Duff 2008).
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Au niveau moléculaire, la région de Tau impliquée dans la formation des PHF in vitro est le domaine a
segments répétés (Wille, Drewes et al. 1992) qui constitue le cceur des PHF (Wischik, Novak et al.
1988; von Bergen, Barghorn et al. 2006). De maniére intéressante, cette région coincide avec celle
impliquée dans la liaison des microtubules suggérant un recouvrement des fonctions physiologiques
et pathologiques de Tau. Deux courtes séquences peptidiques constituées de six acides aminés

chacune, I'une au début du deuxiéme repeat appelée PHF6* (*°VQIINK*?)

, 'autre au début du
troisieme repeat appelée PHF6 (*°°vVQIVYK®'') sont étroitement liées au processus d’agrégation (von
Bergen, Friedhoff et al. 2000; von Bergen, Barghorn et al. 2001). Ces deux peptides PHF6* et PHF6

sont capables de s’assembler de fagon autonome in vitro.

La distribution des différentes isoformes de Tau est un facteur qui a également été examiné dans la
formation des PHF, en particulier le ratio Tau3R : Tau4R. Dans le cerveau adulte sain, ce ratio est de
1:1. Puisque les isoformes 4R sont prédominantes dans les NFT, il est possible qu’une dérégulation
de la balance entre les deux groupes d’isoformes en soit I'une des causes. Par exemple, le ratio Tau
3R :4R est modifié dans la FTDP-17 sous l'effet de différentes mutations du gene tau (Hong,
Zhukareva et al. 1998; Hutton, Lendon et al. 1998). Dans les formes sporadiques de la MA ol aucune
mutation de tau n’a été détectée, I'étiologie de la pathologie reste encore indéterminée et d’autres
facteurs interviennent. Une dérégulation de la machinerie impliquée dans I'épissage alternatif de Tau
pourrait modifier le ratio 3R :4R dans la MA (Glatz, Rujescu et al. 2006). D’autres mutations FTDP-17,
localisées dans le domaine a segments répétés (P301L, P301S, R406W, V337M) altérent plutot la
liaison de Tau aux microtubules et augmentent significativement la vitesse de formation des PHF in
vitro (Nacharaju, Lewis et al. 1999). Sur base de ces observations, un modele de souris MA
transgénique exprimant la mutation P301L a été construit et constitue, a I’"heure actuelle, I'un des
meilleurs modeles d’étude (Lewis, McGowan et al. 2000). Ces souris développent, avec |'dge, des NFT
et d’autres lésions caractéristiques de la MA, et présentent également des déficiences cognitives et
motrices, associées aux pertes neuronales. De plus, ces événements ne sont pas associés a un niveau
d’expression anormalement élevé de Tau.

Par ailleurs, les PTM jouent un role central dans la physiopathologie de la protéine Tau. De
nombreuses PTM, de différentes natures, sont représentées au sein de la protéine, en raison
probablement de la structure désordonnée de Tau qui la rend flexible et facilement accessible
(Pevalova, Filipcik et al. 2006). Elles sont presque toujours liées a la pathologie Tau comme la
phosphorylation, la N-glycosylation, I'ubiquitination (Morishima-Kawashima, Hasegawa et al. 1993),
la sumoylation (Hatakeyama, Matsumoto et al. 2004; Dorval and Fraser 2006), I’oxydation (Schweers,
Mandelkow et al. 1995), I'acétylation (Min, Cho et al. 2010; Cohen, Guo et al. 2011), I'O-
GlcNAcylation (Arnold, Johnson et al. 1996). La plus étudiée est, de loin, la phosphorylation car elle
joue également un role dans la régulation de la liaison de Tau aux microtubules (paragraphe 1.1.3).
Elle tient également une place prépondérante dans la pathologie car, historiquement, c’est la
premiere PTM qui a été associée aux PHF (Grundke-Igbal, Igbal et al. 1986; Wood, Mirra et al. 1986)
et on pense aujourd’hui encore, que c’est I'augmentation de la phosphorylation qui favorise, de
maniére prépondérante, I'agrégation pathologique selon un mécanisme encore mal défini. Il faut
noter que la proportion des PTM est plus importante dans le domaine de projection et la région C-
terminale que dans le domaine de liaison aux microtubules, ce qui peut s’expliquer par une
accessibilité moindre de ce dernier lorsqu’il est lié aux microtubules (dans des conditions
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physiologiques, étant données les concentrations relatives de Tau et de tubuline, et la constante de
dissociation estimée, toute la protéine Tau serait sous forme liée dans le neurone). La
phosphorylation, par exemple, est plus importante dans la région riche en prolines, car celle-ci
contient de nombreux motifs Ser/Thr-Pro ciblés par des kinases spécifiques. Cependant, certaines
PTM, comme |'acétylation, ciblent davantage le domaine de liaison aux microtubules, en lien avec le
caractere basique de cette région.

1.1.3. Phosphorylation de la protéine Tau: équilibre entre effet physiologique et
pathologique

La phosphorylation joue un réle crucial dans la régulation de la liaison de Tau aux microtubules et
dans sa capacité a stimuler la polymérisation de la tubuline. De plus, dans le contexte pathologique,
la protéine Tau se présente sous forme de fibres insolubles, anormalement phosphorylées, appelées
NFT, qui constituent un des marqueurs moléculaires de la maladie d’Alzheimer. La phosphorylation
est donc un processus central dans la régulation physiopathologique de Tau. Dans le cerveau normal,
la protéine Tau contient 2 a 3 moles de phosphate par mole de protéine alors que dans la MA, la
stoechiométrie est au moins trois fois plus importante : elle est dite hyperphosphorylée (Morishima-
Kawashima, Hasegawa et al. 1995, Morishima-Kawashima, Hasegawa et al. 1995).
L'hyperphosphorylation se rapporte a la fois au niveau de phosphorylation des différents sites, dont
le rOle est notamment de moduler I'affinité de Tau pour les microtubules, et également a I'apparition
de phosphorylations dites pathologiques, sites qu’on ne trouve qu’associés aux PHF. L’augmentation
du niveau de phosphorylation, en diminuant la capacité d’interaction avec les microtubules, favorise
la déstabilisation du réseau microtubulaire (Alonso, Zaidi et al. 1994). L'autre effet est d’augmenter
le réservoir de protéines Tau libres, susceptible de favoriser I'association des protéines Tau entre
elles pour former des oligomeéres. Ainsi, la phosphorylation semble jouer un réle décisif dans la
pathologie Tau (Gotz, Gladbach et al. 2010). Preuve en est que I’évolution de la maladie peut étre
suivie dans des coupes de cerveau a l'aide de I'anticorps monoclonal AT8, révélant I'apparition
progressive de Tau phosphorylée en Ser202 et Thr205 (Braak, Alafuzoff et al. 2006). Le réle
spécifique de ces phosphorylations multiples (Tau contient 80 sites potentiels de phosphorylation,
soit 20% de la séquence), a savoir si elles sont la cause ou la conséquence des déréglements liés a la
tauopathie reste a élucider. Plusieurs kinases et phosphatases sont bien connues pour modifier Tau
mais pas la cascade d’événements moléculaires qui conduit a la formation de Tau
hyperphosphorylée. Mieux comprendre cette séquence d’événements aura pour but a long terme de
trouver des molécules qui pourraient bloquer la formation d’espéce toxiques hyperphosphorylées de
Tau dans les neurones, a un stade précoce de la maladie.

Bien que cette phosphorylation soit un processus cellulaire normal, la protéine Tau
hyperphosphorylée ne serait plus capable de se lier aux microtubules, ce qui pourrait étre a I'origine
de I'agrégation de la protéine sous forme de PHF (Alonso, Grundke-lgbal et al. 1996; Merrick,
Trojanowski et al. 1997; Alonso, Zaidi et al. 2001). L’état de phosphorylation de Tau est
majoritairement caractérisé en utilisant des anticorps spécifiques des sites phosphorylés. Cependant,
ces anticorps ne sont pas disponibles pour tous les sites, et I'aspect quantitatif de I'immunochimie
reste a confirmer. La caractérisation des formes hyperphosphorylées de Tau est dés lors compromise
par ces limitations. Tau, dans les PHF, est phosphorylée sur 40 sites dont la plupart sont localisés
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dans les régions encadrant le domaine a segments répétés (Morishima-Kawashima, Hasegawa et al.
1995; Morishima-Kawashima, Hasegawa et al. 1995; Johnson and Stoothoff 2004). Différents sites de
phosphorylation sont impliqués dans la modulation de la liaison de Tau aux microtubules. Certains
sites, localisés dans le domaine a segments répétés diminuent fortement la liaison de Tau aux
microtubules comme la phospho-Ser262, générée par la kinase MARK, dans le motif KxGS du premier
repeat (Biernat, Gustke et al. 1993; Augustinack, Schneider et al. 2002). D’autres se trouvent dans le
domaine riche en prolines, qui influence indirectement la liaison de Tau aux microtubules, comme la
phospho-Ser214, phosphorylée par PKA (cAMP-dependent protein kinase A) (licha, Weaver et al.
1999). Bien que la phosphorylation de Ser262 et Ser214 détache Tau des microtubules, elle protege
également de I'agrégation (Schneider, Biernat et al. 1999), ce qui souligne la difficulté d’établir un
lien clair entre phosphorylation, diminution de la liaison aux microtubules et agrégation.

D’autres kinases dites proline-directed sont spécifiques des sites Ser/Thr-Pro. Il existe 17 motifs
Ser/Thr-Pro au sein de I'isoforme la plus longue de Tau (Tau441) qui sont principalement localisés
dans les régions flanquant le domaine de liaison aux microtubules, en particulier le domaine riche en
prolines. Les protéines GSK3f et Cdk5 sont des kinases majeures impliquées dans la pathologie Tau
car elles phosphorylent Tau sur un grand nombre de sites dont la plupart sont communs aux deux
kinases. Les niveaux d’expression de ces deux kinases sont élevés dans le cerveau et elles ont été
toutes deux étroitement impliquées dans I’hyperphosphorylation et la formation des NFT dans la
MA. Une surexpression de GSK3B conduit a I’hyperphosphorylation de Tau dans des souris
transgéniques et dans des cellules en culture. Cdk5 doit étre activé par les protéines p35 ou p25, le
produit de protéolyse de p35 par la calpaine. Une surexpression de p25 induit I’hyperphosphoylation
de Tau dans des souris transgéniques (Ahlijanian, Barrezueta et al. 2000; Noble, Olm et al. 2003).
Comme pour GSK3B et Cdk5, les kinases ERK, de la famille des MAPK (mitogen-activated protein
kinases), et JNK, de la famille des stress-activated kinases, phosphorylent Tau au niveau de sites
associés a I’hyperphosphorylation anormale de Tau dans les PHF. Parmi les sites de phosphorylation
associés a la pathologie, on trouve entre autres les sites p5202/pT205 reconnus par I'anticorps ATS,
pT212/pS214, reconnus par AT100, pT231/pS235 reconnus par AT180, pS396/pS404 reconnus par
PHF-1, pS422 reconnus par I'anticorps du méme nom. Une corrélation a été observée dans les
cerveaux entre l'immunodétection spécifique par ces différents anticorps et I’évolution de la
pathologie Alzheimer (Augustinack, Schneider et al. 2002). Certains phospho-épitopes sont obtenus
par des phosphorylations séquentielles mettant en jeu différentes kinases, comme AT180 et PHF-1.
GSK3B fonctionne sur ce mode : elle requiert un priming, c’est-a-dire la phosphorylation préalable
par d’autres kinases, avant la phosphorylation séquentielle de motifs S/TXXXpS (Fiol, Mahrenholz et
al. 1987; Fiol, Haseman et al. 1988; Fiol, Wang et al. 1990; Liu, Zhang et al. 2004; Leroy, Landrieu et
al. 2010). Contrairement aux phosphorylations des résidus Ser262 et Ser214, la phosphorylation d’'un
unique site dans les motifs Ser/Thr-Pro a peu d’effet sur la liaison de Tau aux microtubules.
Néanmoins, la multiplication des phosphorylations, en particulier dans la région riche en prolines,
réduit fortement la capacité de liaison de Tau (Sergeant, Bretteville et al. 2008). Il faut aussi souligner
que la phosphorylation physiologique ou pathologique peut étre modulée par l'interaction de Tau
avec d’autres protéines comme les microtubules ou par I'association des protéines Tau entre elles
lors de la formation des PHF, rendant certains sites inaccessibles a la phosphorylation ou a la
déphosphorylation. Parallelement a I'activation des kinases, une diminution de I'expression et de
I'activité de PP2A, la phosphatase majeure de Tau, a été décrite dans la MA, contribuant ainsi a
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I’hyperphosphorylation anormale de Tau (Gong, Shaikh et al. 1995; Sontag, Hladik et al. 2004; Liu,
Grundke-Igbal et al. 2005; Rudrabhatla and Pant 2011). De plus, PP2A est une phosphatase majeure
dans le cerveau (l'activité de PP2A compte pour 70% de I'activité phosphatase). Elle est responsable
de [l'activation de plusieurs kinases dans le cerveau. Ainsi PP2A stimule indirectement la
phosphorylation de Tau en favorisant I’activité de PKA, de MAPKK ou de ERK.

D’autre part, il a été montré que la phosphorylation mitotique de Tau s’apparente au profil de
phosphorylation observé dans la MA (Preuss and Mandelkow 1998). En effet, le niveau de
phosphorylation de Tau varie au cours du cycle cellulaire en réponse au besoin de modulation du
fuseau mitotique au cours des différentes étapes, passant par des phases de polymérisation et de
dépolymérisation des microtubules. De méme, le niveau de phosphorylation de Tau varie au cours du
développement (la forme fétale de Tau est hautement phosphorylée par rapport a la forme adulte
normale) ou en fonction des conditions (stress thermique, stress oxydant, anesthésie). De plus, une
expression anormale de marqueurs du cycle cellulaire, comme la cycline D1 ou le complexe
Cdc2/cyclineB1, a été observée dans les neurones de cerveaux atteints de la MA ou dans un modeéle
de neuroblastomes SH-SY5Y exprimant p25 de facon inductible. Une réactivité forte avec I'anticorps
mitotique MPM-2 (Davis, Tsao et al. 1983) des NFT et des neurones malades suggére une
réactivation des kinases mitotiques dans la MA. Il a été proposé qu’en réponse a des signaux
inappropriés, une réactivation anormale du cycle cellulaire dans les neurones matures pourrait étre a
I'origine de la neurodégénérescence conduisant, entre autres, a I'hyperphosphorylation de Tau
observée dans la MA (Vincent, Rosado et al. 1996; Vincent, Zheng et al. 1998; Delobel, Flament et al.
2002; Hamdane, Delobel et al. 2003; Hamdane, Sambo et al. 2003; Schindowski, Belarbi et al. 2008).

La phosphorylation est médiateur d’interactions phospho-dépendantes aux niveaux physiologique et
pathologique. On citera par exemple, les interactions avec les peptidyl-prolyl cis/trans isomérases
(PPlases) Pinl (Lu, Wulf et al. 1999) et FKBP52 (Chambraud, Sardin et al. 2010) ou la protéine 14-3-3
(Hashiguchi, Sobue et al. 2000), qui jouent un réle sur la localisation, la stabilité, la phosphorylation
de Tau et régulent ses interactions avec d’autres partenaires. L'interaction de Tau phosphorylée avec
la protéine régulatrice Pinl permettrait de restaurer la fonction de Tau hyperphosphorylée, piégée
dans des agrégats neurofibrillaires dans la pathologie Alzheimer, et serait donc un événement
permettant a la cellule neuronale de récupérer une protéine Tau fonctionnelle. Ainsi, il semble que
Pinl, par son affinité pour Tau hyperphosphorylée, soit séquestrée dans les PHF et ne pourrait plus
exercer sa fonction cellulaire normale (Lu, Wulf et al. 1999). Des souris Pinl knockout (Pin1”)
développent une tauopathie liée a I'adge, avec la formation de NFT composés de protéines Tau
hyperphosphorylées, accompagnée de déficits cognitifs et moteurs. De plus, Pinl favorise la
déphosphorylation de Tau par la phosphatase PP2A (Zhou, Kops et al. 2000). Il semble donc que Pinl
ait un réle neuroprotecteur qui serait compromis par la ségrégation de Pinl dans les PHF (Liou, Sun
et al. 2003). En revanche, Pinl aurait un réle opposé dans des souris transgéniques exprimant la
protéine Tau mutée P301L, typiquement utilisées comme modele de la MA, ou il a été montré que
Pinl exacerbe la pathologie Tau et la dégénérescence neuronale (Lim, Balastik et al. 2008). Plus
récemment, I'interaction de Tau hyperphosphorylée avec FKBP52, membre d’une autre famille de
PPlases, a été montrée avec un rdle potentiel dans la MA. Mais, au contraire de Pinl, FKBP52 semble
exercer une activité “anti-Tau”. FKBP52 inhibe I'assemblage des microtubules par la protéine Tau in
vitro. La surexpression de FKBP52 dans des cellules PC12 en culture empéche I'accumulation de Tau
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et réduit la longueur des neurites (Chambraud, Sardin et al. 2010). Bien que présente a un niveau
d’expression anormalement bas dans les cerveaux de patients atteint de la maladie d’Alzheimer ou
de FTDP-17, FKBP52 n’est pas séquestrée dans les fibres pathologiques (Giustiniani, Sineus et al.
2012). L'association de FKBP52 avec la chaperonne Hsp90, dont le réle dans la dégradation des
especes phosphorylées de Tau via le protéasome a été décrit (Dickey, Kamal et al. 2007), pourrait
étre impliquée dans l'inhibition de I'accumulation et de la fonction de Tau dans les neurones.

1.1.4. Autres modifications post-traductionnelles dans le processus d’agrégation de la
protéine Tau

De nombreuses hypotheses ont été proposées pour expliquer le réle de Tau dans la pathogenese de
la MA, notamment le lien entre I'accumulation de formes hyperphosphorylées et I'agrégation. Nous
venons de décrire comment |’activation anormale des kinases et/ou le défaut d’activité phosphatase
pourrait mener aux formes hyperphosphorylées. Parmi les différents mécanismes potentiellement
impliqués dans |'agrégation ou dans l'accumulation de protéines Tau hyperphosphorylées, une
altération de la conformation de Tau soluble a été suggérée. Des anticorps conformationnels ont été
développés pour détecter ces conformations anormales qui précedent la formation des PHFs et qui
sont aussi retrouvées dans les PHF. Ces anticorps, générés par repliement du domaine N-terminal sur
les repeats, reconnaissent les premiers stades de la pathologie Alzheimer (Carmel, Mager et al. 1996;
Jicha, Bowser et al. 1997; Jicha, Berenfeld et al. 1999). Ces épitopes ne sont pas trouvés dans les
cerveaux sains. Les anticorps Alz50 et MC1 reconnaissent un épitope discontinu localisé a la fois dans
la région N-terminale de Tau et dans la région des repeats. D’abord identifiée par FRET puis vérifiée
par les expériences RMN de relaxation paramagnétique (PRE), cette conformation anormale, dite
paperclip-like existe déja dans la protéine Tau soluble de maniére transitoire, et serait exacerbée
dans les formes oligomériques ou dans les PHF. Dans cette conformation, les régions N- et C-
terminales se replient a proximité du domaine a segments répétés (Jeganathan, von Bergen et al.
2006; Bibow, Mukrasch et al. 2011). De méme, des études structurales sur des formes phosphorylées
ou mimant la phosphorylation de Tau ont montré des modifications conformationnelles, avec des
résultats contradictoires selon les sites et le nombre de phosphorylations (Bielska and Zondlo 2006;
Jeganathan, Hascher et al. 2008; Bibow, Ozenne et al. 2011). De maniére générale, il semble qu’une
modification des réseaux d’interactions transitoires a longue distance est une propriété commune a
un certain nombre de protéines désordonnées impliquées dans des processus d’agrégation.

Parmi les causes possibles de l'agrégation de Tau sous forme de PHF, il a été proposé une
dérégulation de son ubiquitination et un défaut de dégradation par les chaperonnes moléculaires.
Tau et, plus particulierement, sa forme phosphorylée sont dégradées par le protéasome (Petrucelli,
Dickson et al. 2004; Tan, Wong et al. 2008). Des protéines chaperonnes, comme Hsp70 ou Hsp90, et
leur co-chaperonnes, comme le domaine C-terminal de [|’Hsc70-interacting protein (CHIP),
interagissent avec Tau et régulent le niveau de Tau soluble dans les neurones. Elles jouent ainsi un
role dans la prévention de I'agrégation de maniere phospho-dépendante. De maniéere intéressante, il
a été mis en évidence que la région de Tau engagée dans l'interaction avec les protéines de choc
thermique correspond aux peptides formant des structures en feuillets B, impliqués dans I'agrégation
(Sarkar, Kuret et al. 2008; Tortosa, Santa-Maria et al. 2009). La protéine chaperonne Hsp90 joue un
réle décisionnaire dans le tri des protéines, en reconnaissant les protéines mal conformées et en les
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orientant soit vers la voie du refolding, soit vers la dégradation en s’associant avec la co-chaperonne
CHIP (Connell, Ballinger et al. 2001). Il a été montré que CHIP est la E3 ubiquitine-ligase spécifique de
Tau, qui contréle la dégradation de Tau in vitro. CHIP peut dégrader Tau dans des conditions
physiologiques indépendamment de son état de phosphorylation. Dans des conditions
pathologiques, CHIP assure la dégradation de la protéine Tau hyperphosphorylée induite par
suractivation de GSK3 ou inhibition de PP2A, dans des cerveaux de rats ou des cellules en culture.
Ainsi, une surexpression de CHIP pourrait contrebalancer I'accumulation de Tau dans les cerveaux
MA (Zhang, Xu et al. 2008). D’autre part, l'inhibition d’Hsp90 favorise une diminution sélective des
especes phosphorylées de Tau dans des souris transgéniques présentant une tauopathie, suggérant
un role comme cible thérapeutique potentielle dans le traitement des tauopathies (Dickey, Kamal et
al. 2007).

Il a été observé la présence de protéines Tau tronquées dans les NFTs. Ce clivage peut résulter de la
protéolyse par les caspases, caspase-3 ou caspase-6, aux acides aspartiques 421 et 402 (Guo,
Albrecht et al. 2004; Rissman, Poon et al. 2004; Albrecht, Bourdeau et al. 2007) localisés du c6té C-
terminal du domaine de liaison aux microtubules. Il a été démontré que la protéine Tau clivée au
niveau de son extrémité C-terminale agrege plus rapidement que la protéine Tau entiére in vitro
(Gamblin, Chen et al. 2003). Caspase-6 est une cystéinyl protéase qui fait partie des protéases
exécutrices de I'apoptose cellulaire. Caspase-6 induit une mort neuronale différée dans des cultures
neuronales primaires ol elle est activée. L'activation de caspase-6 ne conduit pas a la mort
neuronale mais a un processus de neurodégénération, compatible avec une implication de la
caspase-6 dans I'apparition des altérations neuropathologiques caractéristiques de la MA (Klaiman,
Petzke et al. 2008; Klaiman, Champagne et al. 2009; Nikolaev, McLaughlin et al. 2009). Une étude
d’imagerie in vivo de cerveaux de souris indique que l'activation transitoire de caspases dans un
neurone est corrélée avec la formation de NFTs. Une activation des caspases-3 et 6, ainsi que leur
colocalisation avec la protéine Tau tronquée permet de les impliquer dans la formation de NFTs. Bien
que les caspases soient normalement des enzymes impliquées dans la mort cellulaire, leur activation
suivie de la formation de NFTs ne semble pas induire la mort neuronale. L’hypothése selon laquelle le
clivage de Tau précede la formation des NFTs a été vérifiée en surexprimant Tau tronquée en D421
chez la souris. Les neurones deviennent réactifs aux anticorps Alz50, PHF-1 et ATS8, spécifiques des
PHFs. Ainsi, la présence de Tau tronquée induit des modifications de la phosphorylation et de la
conformation de Tau caractéristiques des NFTs (de Calignon, Fox et al. 2010). Tau contient encore
d’autres sites de coupure accessibles a différentes protéases, comme la calpaine par exemple, qui
génerent des courts fragments qui exercent potentiellement leur action cytotoxique via la voie AB
(Canu and Calissano 2003; Park and Ferreira 2005). De maniére générale, les formes tronquées de
Tau au niveau des N- et C-termini, par les caspases ou d’autres protéases, constituent des points de
nucléation qui peuvent recruter diverses formes de Tau, dont des formes intactes, et promouvoir la
formation des fibres in vivo (Binder, Guillozet-Bongaarts et al. 2005).

Il existe encore bien d’autres mécanismes impliqués dans le processus d’agrégation et parmi ceux-ci,
différentes PTM sont impliquées dans la pathologie Tau. Par exemple, il a été montré que la
glycosylation est une PTM anormale de la protéine Tau et qu’elle est essentiellement associée aux
processus pathologiques dans la MA. Les N-glycannes sont notamment impliqués dans le maintien de
I'hélicité des PHF (Wang, Grundke-Igbal et al. 1996). De plus, il a été montré que la glycosylation de
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Tau précede et favorise I’hyperphosphorylation (Sato, Naito et al. 2001; Liu, Igbal et al. 2002; Liu,
Zaidi et al. 2002; Liu, Zaidi et al. 2002). L'oxydation des résidus cystéines (au nombre de deux, en
positions 291 et 322, dans I'isoforme la plus longue) est également une modification qui apparait
comme essentielle dans le processus d’agrégation car elle serait I'étape préliminaire a la formation
des especes oligomériques (Schweers, Mandelkow et al. 1995). Il faut souligner que I'épissage de
I’ARNm module la formation et la nature des especes oxydées puisque, des deux cystéines présentes
dans les motifs KCGS, I'une (C322) se trouve dans le repeat R3 tandis que I'autre (C291) se trouve
dans le R2, qui n’est présent que dans trois isoformes sur six.

L'acétylation et I'O-GIcNAcylation sont des PTM décrites récemment, qui jouent également un réle
dans le processus d’agrégation de maniéere directe ou indirecte. L’acétylation inhibe la liaison de Tau
a la tubuline, favorise I'agrégation et prévient la dégradation de Tau par le protéasome, contribuant a
I’'accumulation de formes anormalement phosphorylées. A I'inverse, I'0O-GIcNAcylation jouerait plutot
un role protecteur de I'agrégation en diminuant la phosphorylation de Tau et en inhibant Ia
formation des PHF de maniere indépendante de la phosphorylation. Ces deux PTM seront discutées
plus en détails dans le Chapitre 4.

1.1.5. Tau comme cible thérapeutique dans la maladie d’Alzheimer

Il n’existe pour le moment pas de traitement curatif de la MA, mais uniqguement des traitements qui
ralentissent sa progression et améliorent, pour un temps, les symptomes. Des tests menés jusqu’aux
essais cliniques de phase Il n"ont pas abouti. La cible était la formation des plagues amyloides avec,
notamment la mise au point d’un vaccin. L'un des problémes actuels est de diagnostiquer plus
précocement la maladie avant que les pertes neuronales ne soient trop importantes, avec comme
avantage supplémentaire, la possibilité de mieux évaluer les nouvelles approches thérapeutiques.
Dans la stratégie d’élimination des plagues amyloides par immunothérapie dans les cerveaux atteints
de la MA, il n’y a pas eu de gain significatif de fonction cognitive et la progression de la maladie n’a
pas été ralentie malgré une nette diminution des plaques (Citron 2010). La protéine Tau est a présent
considérée comme une cible thérapeutique d’intérét (Brunden, Trojanowski et al. 2009). L’hypothese
que Tau pourrait jouer un role central dans le mécanisme physiopathologique des démences séniles
est en effet de plus en plus supportée. Reconnue a présent comme un composant majeur
responsable des fonctions synaptiques altérées et de la destruction irréversible des neurones
(Dawson, Cantillana et al. 2010), Tau, ses modifications anormales et leurs conséquences
pathologiques doivent étre étudiées si on souhaite parvenir a contréler les mécanismes de
pathogenese (Ballatore, Lee et al. 2007; Brunden, Trojanowski et al. 2008).

Un réle exécutif de la protéine Tau hyperphosphorylée est reconnu dans la neurodégénération, basé
sur la corrélation entre I'envahissement par des d’agrégats de Tau dans les neurones et I'aggravation
des symptdmes de la maladie. Les régions du cerveau dont la fonction est altérée sont ainsi envahies
par ces agrégats. Il existe en outre des formes familiales de tauopathies qui sont liées a des
mutations dans le gene codant la protéine Tau, comme la FTDP-17. C’'est une preuve directe qu’une
altération de Tau peut conduire a la neurodégénération. D’autre part, la protéine Tau
hyperphosphorylée pourrait participer a la progression de la maladie dans les différentes zones du
cerveau en étant transmise aux neurones voisins (Clavaguera, Bolmont et al. 2009). L’effet toxique de
Tau pourrait provenir non seulement de son agrégation mais aussi de son accumulation (Brunden,
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Trojanowski et al. 2008). Cette hypothese est étayée par plusieurs études qui démontrent qu’en
réduisant la quantité cellulaire de Tau, on peut diminuer la toxicité des fibres amyloides AR
(Roberson, Scearce-Levie et al. 2007; Ittner and Gotz 2011). Les travaux les plus récents ont en effet
démontré que la fonction de Tau ne se limite pas a la stabilisation des microtubules mais que Tau
peut jouer un réle de protéine plate-forme (“scaffold”) intervenant ainsi dans une cascade de
signalisation qui relaie la toxicité des fibres amyloides (Ittner, Ke et al. 2010). De plus, Tau nucléaire
protege l'intégrité de I’ADN neuronal en condition de stress (Sultan, Nesslany et al. 2011). Une
stratégie immunothéapeutique ciblant la protéine Tau est désormais envisagée avec |'utilisation
d’oligomeéres solubles de Tau ou pré-filaments (Kayed and Jackson 2009) puisque de nombreuses
études ont montré la prévalence du role pathogénique des formes oligomériques par rapport aux
protéines Tau solubles et aux fibres (Santacruz, Lewis et al. 2005; Roberson, Scearce-Levie et al.
2007).

Différentes stratégies thérapeutiques ont été envisagées avec, pour cible, la protéine Tau. En
général, la protéine Tau est visée de maniére indirecte, sauf dans le cas des inhibiteurs de
I’agrégation. Pour cause, I'absence de structure qui empéche la conception de molécules bioactives
basées sur une complémentarité de forme et une liaison optimale dans la structure tridimensionnelle
d’un site actif ou de tout autre site allostérique. Dans les cas des IDP, d’autres stratégies doivent étre
employées. Cependant, un apercu de la structure moléculaire des fibres pourrait mener a des
stratégies plus rationnelles dans la conception des molécules antiagrégantes (Landau, Sawaya et al.
2011). Des inhibiteurs de I'agrégation ont été initialement criblés avec des méthodes a haut débit.
Des molécules de type colorants ont été ainsi identifiées avec, comme chef de file, le bleu de
méthyléne, qui présente des effets thérapeutiques positifs et est aujourd’hui en tests cliniques de
phase lll. D’autres composés de la famille des anthraquinones et des rhodanines montrent non
seulement des effets inhibiteurs de I'agrégation mais sont également capables de dissoudre de fibres
pré-formées. D’autres familles de composés comme les polyphénols ont été identifiées plus
récemment. Tous ces composés ont été évalués dans des tests d’agrégation in vitro basés sur
I'amorcage de l'agrégation par des polyanions comme [|’héparine, et le suivi de I'’émission de
fluorescence de la Thioflavine S ou T pour détecter la formation de structures en feuillet B auxquelles
se lie spécifiquement la Thioflavine. Cependant, il a été mis en évidence que certains composés
empéchent la formation des fibres via la formation de peroxides avec le dithiothréitol (DTT) utilisé
dans les tests in vitro et sont inactifs en absence de DTT, ce qui souléve la question de leur
pertinence dans un contexte in vivo.

D’autres stratégies ont pour cibles des partenaires de Tau impliqués dans la modification de la
protéine comme les inhibiteurs I’hyperphosphorylation : inhibiteurs de kinases et de I'O-GIcNAc
hydrolase (OGA) ou activateurs de phosphatases. Il a été montré qu’il faut la contribution de
plusieurs combinaisons de kinases pour conduire a I'hyperphosphorylation de Tau alors que la
phosphatase PP2A a elle seule peut réguler la phosphorylation (lgbal, Liu et al. 2009). Les kinases
GSK3B, Cdk5 et MARK ont été envisagées comme des cibles thérapeutiques d’intérét car ces kinases
sont étroitement liées a la phosphorylation anormale de Tau dans la MA. L'inhibition spécifique des
kinases n’est pas simple en termes de conception de molécules capables d’inhiber sélectivement un
type de kinases. En effet, la plupart des inhibiteurs actuels ciblent le site de liaison a I'ATP partagé
par I'ensemble des kinases, posant des problémes de sélectivité. De plus, les conséquences de cette
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inhibition restent également incertaines. Par exemple, il existe un lien entre les activités de Cdk5 et
GSK3B (Wen, Planel et al. 2008). Cdk5 inhibe GSK3B par phosphorylation de la Ser9 et il a été
observé, dans des modeles souris transgéniques surexprimant p25, qu’une inhibition de Cdk5
entraine une élévation de la phosphorylation de Tau par GSK3B. Chez des souris traitées par le
chlorure de lithium, un inhibiteur de GSK3B, on observe une réduction de la phosphorylation de Tau
et des agrégats insolubles, et moins de dégénérescence axonale (Noble, Planel et al. 2005).
Cependant, I'inhibition de ces kinases peut avoir des effets néfastes sur les autres substrats. Cdk5 est
essentielle chez la souris et joue un role primordial dans le développement neuronal. GSK3j
intervient dans le métabolisme du glycogene et est également une cible thérapeutique dans les
désordres métaboliques associés. L'utilisation d’inhibiteurs de kinases a permis de montrer, dans des
souris transgéniques modeéles de tauopathies, I'implication de ces kinases dans la pathologie Tau. De
maniere générale, I'administration de ces inhibiteurs permet de réduire la phosphorylation de Tau et
le niveau de protéines insolubles. Leur utilisation précoce permet de retarder le développement de la
maladie et prévient la formation des NFT mais une administration plus tardive, lorsque la pathologie
Tau est déja installée, accompagnée de déficits moteurs et cognitifs, diminue la phosphorylation de
Tau sans diminuer la charge en NFT, soulignant I'intérét d’établir un diagnostic précoce. Une autre
approche pour réduire la phosphorylation de Tau met a profit la relation antagoniste entre
phosphorylation et O-GlcNAcylation. Un inhibiteur de I'O-GIcNAc hydrolase (OGA), le Thiamet-G,
permet de réduire la phosphorylation spécifique des résidus Thr231, Ser262 et Ser396 chez des
souris traitées per os.

La phosphorylation anormale qui diminue fortement la capacité de liaison de Tau aux microtubules,
augmentant ainsi le réservoir de Tau libre, contribue pour une part importante a la formation des
agrégats insolubles. Pour preuves, des mutations de Tau dans certaines tauopathies affectent
directement la liaison aux microtubules suggérant qu’une déficience dans la fonction des
microtubules et du transport axonal contribue a la neurodégénération. Ainsi, des stratégies visant a
compenser la perte de fonction de Tau par stabilisation des microtubules constituent une approche
alternative. Des souris transgéniques Tau knock-out présentent des déficits moteurs et une réduction
de la densité microtubulaire. Traitées avec le paclitaxel, une molécule stabilisant les microtubules,
ces souris montrent une amélioration du transport axonal rapide et de la fonction motrice,
accompagnée d’une augmentation de la densité des microtubules, indiquant qu’'une compensation
de la perte de fonction de Tau est possible par les agents stabilisant les microtubules. De telles
molécules (paclitaxel, épothilones), avec une faible capacité a passer la barriere hémato-
encéphalique, sont utilisées comme agents anti-mitotiques avec un potentiel de molécules anti-
cancéreuses, d’ou l'intérét de nouvelles générations de molécules présentant une pénétration plus
importante pour traiter la MA, permettant de limiter les effets secondaires liés a une concentration
élevée au niveau périphérique.

Une autre approche consiste a favoriser la clairance des agrégats de Tau via le protéasome avec des
inhibiteurs de la chaperonne Hsp90. La destruction des protéines se fait soit par dégradation
protéolytique, par le systeme lysosomial ou par le systeme ubiquitine-protéasome. Il a été proposé
qgue les voies du catabolisme soient affectées dans le cerveau de patients atteints de la MA et il
semble que ces trois voies soient affectées concernant la dégradation de Tau. Les protéases ne sont
plus capables de cliver Tau a l'intérieur des PHF. Le systeme ubiquitine-protéasome nécessite la
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liaison covalente d’une ou plusieurs molécules d’ubiquitine qui permet la dégradation de la protéine-
cible par le complexe protéasome. Mais son ouverture trop étroite pour les protéines multimériques
empéche vraisemblablement l'utilisation de cette voie pour la dégradation des PHF, les orientant
préférentiellement vers la macro-autophagie. Il a été montré que les protéines Tau phosphorylées ou
présentant une conformation anormale sont reconnues par la protéine de choc thermique Hsp90.
Ces chaperonnes moléculaires reconnaissent les protéines mal conformées et les stabilisent pour
aider a leur refolding selon un mécansime ATP-dépendant. Il a été montré qu’une inhibition de la
fonction ATPase de Hsp90 les détourne de la voie du refolding pour les orienter vers la dégradation
par le protéasome. Dans des cellules surexprimant une protéine Tau mutée, les inhibiteurs de Hsp90
réduisent la phosphorylation spécifique de plusieurs motifs Ser/Thr-Pro (Ser202, Thr205, Ser296,
Ser404) et diminuent le niveau de protéines présentant une conformation anormale. De maniere
intéressante, certains inhibiteurs de Hsp90 présentent une affinité plus importante pour les
complexes impliquant des protéines mal conformées permettant une utilisation a des doses qui
laisseraient les autres protéines-clientes de Hsp90 intactes.

Enfin des stratégies utilisant des inhibiteurs de HAT ou de peptidyl-prolyl cis/trans isomérases
(PPlases) sont encore peu explorées. La modulation des interactions protéine-protéine phospho-
spécifiques pourrait s’avérer une voie thérapeutique originale, jusqu’ici peu explorée. Il existe, par
exemple, des inhibiteurs de la PPlase phospho-spécifique Pinl (Zhang, Fussel et al. 2002; Uchida,
Takamiya et al. 2003; Wildemann, Erdmann et al. 2006; Zhang, Daum et al. 2007; Guo, Hou et al.
2009; Dong, Marakovits et al. 2010; Namanja, Wang et al. 2010; Duncan, Dempsey et al. 2011;
Urusova, Shim et al. 2011) congus dans la recherche de molécules anti-cancéreuses, en lien avec le
role de Pinl dans la régulation du cycle cellulaire, et sa surexpression dans de nombreux cancers (Lu
2003; Lu, Suizu et al. 2006). De tels composés n’ont pas encore été évalués dans des modeles de la
MA mais pourraient étre utilisés pour moduler le réle de Pinl dans ce contexte (Hamdane, Smet et
al. 2002; Lim and Lu 2005).

1.2 ETUDE DE LA PROTEINE TAU PAR SPECTROSCOPIE RMN

1.2.1. Généralités sur les protéines non structurées et leur étude par RMN

La protéine Tau est une protéine intrinséquement non structurée dans sa forme native, dissociée des
microtubules, qui adopte une conformation étendue, relativement flexible. Une des raisons de cette
absence de structure tridimensionnelle est liée a la faible proportion d’acides aminés hydrophobes.
En effet, le repliement des protéines en une structure globulaire est gouverné principalement par la
formation d’un coeur hydrophobe. Ces caractéristiques structurales conferent a la protéine Tau des
propriétés particulieres qui rendent possible son étude par RMN malgré sa taille (441 acides aminés
pour l'isoforme la plus longue), notamment une vitesse de relaxation comparable a celle de petits
peptides. En conséquence, la largeur des signaux est relativement faible pour une protéine de cette
taille et le gain en résolution résultant compense, en partie seulement, la faible dispersion des
déplacements chimiques liés a I'absence de structures secondaires et tridimensionnelles. Un autre
facteur est défavorable a I’étude de la protéine Tau par RMN, il s’agit de la mauvaise représentation
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des vingt acides aminés usuels dans la séquence, avec cinq acides aminés (Ser, Thr, Lys, Gly, Pro)
représentant environ 50% de la séquence.

Les protéines non structurées ou partiellement structurées ont longtemps été ignorées du fait des
méthodes utilisées pour I'extraction et la purification des protéines a partir des cellules ou des tissus,
ou seules les protéines les plus robustes, donc présentant une structure globulaire trés stable,
survivent. Leur étude au niveau structural reste encore un challenge a I'heure actuelle. Avec les
méthodes modernes, il est désormais possible d’isoler une protéine non structurée, la purifier, et
d’étudier sa fonction in vitro et in vivo. La caractérisation directe des protéines partiellement ou non
structurées est possible, a I’échelle du résidu acide aminé, par RMN a haut champ avec I'utilisation
de protéines marquées uniformément ou sélectivement, combinée aux séquences impulsionnelles
tridimensionnelles dites “isotope-éditées”. Ces techniques ont permis de contourner, au moins en
partie, le probleme de la faible dispersion des signaux protons, qui représente le probleme majeur de
I’étude des protéines non structurées par RMN. En revanche, la dispersion des résonances des
noyaux °N reste comparable a celle des protéines structurées. L'attribution des signaux utilise par
conséquent la dispersion des résonances °N, qui sont plus sensibles a la séquence primaire locale
que les résonances 'H, et les résonances °C, qui sont plus sensibles & I’environnement, notamment
la conformation locale ou la structure tridimensionnelle.

La protéine neuronale Tau est totalement non structurée et son étude au niveau moléculaire a donc
bénéficié des techniques de RMN et de biologie structurale modernes. D’autres techniques que la
RMN sont possibles pour I'étude des protéines non structurées, comme la spectroscopie infrarouge,
Raman ou de fluorescence, ou le dichroisme circulaire, mais seule la RMN offre une résolution a
I’échelle du résidu. Ainsi, on peut observer finement des changements conformationnels locaux sous
I'effet d’interactions avec d’autres protéines ou ligands, de changements de conditions (agents
dénaturants, pH, salinité...) ou encore, sous I'effet de changements covalents comme les PTM. Les
stratégies qui peuvent étre utilisées en RMN sont nombreuses pour caractériser la conformation
d’une protéine intrinsequement désordonnée, le but étant de déterminer la présence ou non de
structures résiduelles locales. Ces structures résiduelles, transitoires, sont indicatives de régions
impliquées dans la liaison a un partenaire et peuvent parfois adopter une structure secondaire stable
lors de la liaison. Il peut également s’agir de régions ayant une propension a former des oligoméres
par interactions inter- ou intramoléculaires. Différents indicateurs provenant de différentes
expériences RMN existent (Dyson and Wright 2004) : (1) les déplacements chimiques *C, *°N, 'Ha et
'Hy (Wishart 1992; Wishart, Bigam et al. 1995; Wishart, Bigam et al. 1995) qui permettent d’identifier
des régions présentant une propension a former des structures résiduelles avec le calcul du score SSP
(Secondary Structure Propensity) (Marsh, Singh et al. 2006); (2) les paramétres de relaxation N, T1,
T2 et NOEs hétéronucléaires (Golovanov, Blankley et al. 2007) qui permettent de discriminer les
régions totalement flexibles et désordonnées des régions plus ordonnées (Kay 1997; Kay 1998; Kay
2005) ; (3) les contraintes de distances proches avec les NOE *H-'H (moins de 5A) ou les constantes
de couplage ®J Hy-Ha, ou & plus longue distance par le marquage de spin avec des espéces
paramagnétiques dans les expériences PRE (Paramagnetic Relaxation Enhancement), la mesure des
couplages dipolaires résiduels (RDC ou residual dipolar couplings).... Différentes expériences doivent
étre combinées pour I'étude des IDP car les déviations par rapport aux valeurs standards ou aux
valeurs théoriques calculées sont faibles (Marsh, Singh et al. 2006).
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La RMN offre donc de nombreuses approches pour I'étude de protéines désordonnées tant au
niveau structural que fonctionnel, notamment au travers des interactions avec leurs partenaires.
L'intérét dans le cas de la protéine Tau est de comprendre son rble aussi bien physiologique que
pathologique, et dans ce contexte, I'importance n’est pas tant d’étudier la protéine Tau isolée que de
comprendre les phénomenes qui se produisent dans un contexte plus physiologique, notamment
quand celle-ci est liée aux microtubules ou a la tubuline. Que ce soit pour les investigations de la
liaison a la tubuline ou aux microtubules ou concernant la structure des PHF et le processus de leur
formation, la compréhension de ces phénomenes au niveau moléculaire se heurte aux contraintes
lides a I'’étude de gros objets, qui est une limite majeure de la RMN. A I'inverse, la cristallographie est
plus adaptée pour ces complexes de grande taille mais elle sera confrontée a la dynamique
importante que conservent certaines régions de Tau dans les deux contextes.

1.2.2. Etudes structurales et fonctionnelles de Tau par RMN : structures résiduelles, liaison
aux microtubules, formation des PHF et impact de la phosphorylation

Le role primordial de Tau dans la régulation de la dynamique des microtubules et dans la
pathogenese de la MA a conduit a des efforts considérables en matiere de biologie structurale pour
déterminer la structure d’une protéine nativement non structurée, ce qui peut sembler paradoxal.
Cette nature intrinsequement désordonnée empéche la cristallisation per se et les études
consécutives par cristallographie aux rayons X. A priori, la taille de 441 résidus devrait décourager
également les études par RMN puisqu’elle se situe au-dela de ce qui est accessible pour des études
structurales (on considére généralement comme limite une taille d’environ 25 kDa). Les premiéres
données structurales ont été obtenues grace aux techniques classiques de biologie moléculaire et de
biochimie (reconnaissance par des anticorps ciblant des épitopes discontinus, mutagenese, délétions,
pull-down, fluorescence/FRET, tests fonctionnels...). Le développement de la RMN appliquée aux
protéines, puis, plus récemment, aux protéines désordonnées a permis d’envisager I'étude de la
protéine Tau malgré sa taille puisque ces protéines désordonnées ont un comportement trés
dynamique en solution. Elle apparait donc comme un objet de poids moléculaire plus faible en
termes de largeurs de raie. Ainsi, la RMN permet |'étude structurale des protéines désordonnées,
comme Tau ou a-synucléine impliquée dans la maladie de Parkinson, avec une résolution a I'échelle
du résidu (Eliezer 2009). Les spectres *H->N HSQC constituent une sorte de signature pour une
protéine donnée et sont a la base de la plupart des expériences RMN. L’attribution des *H->N HSQC
de différentes isoformes de la protéine Tau a été initiée dans I'équipe de G. Lippens (Lippens,
Wieruszeski et al. 2004; Smet, Leroy et al. 2004), il y a une dizaine d’année, et sont décrits dans le
Chapitre 2 plus en détails car ils ont été I'objet d’'une partie de mes travaux de thése. La possibilité de
détecter des structures résiduelles a Iaide des résonances *C, obtenues des expériences
tridimensionnelles avec la protéine doublement enrichie >N/*3C, était la perspective premiére de ce
travail d’attribution. Le probléme auquel nous avons été confrontés vient, d’'une part, de la similitude
de séquence entre les repeats qui rend difficile I'attribution compléte de la protéine. En effet, la
comparaison de ces séquences répétitives montre que 11 acides aminés sont identiques dans ces
quatre séquences et chacune de ces séquences contient un motif particulier de quatre acides
aminés, PGGG. D’autre part, I'élargissement plus important de certaines résonances du spectre
semble indiquer une hétérogénéité dynamique de la protéine ou une dynamique d’échange des
fonctions amides avec I'eau différente selon les régions protéiques. Les attributions sont donc
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partielles et réalisées manuellement, dans un premier temps. Les problemes d’attribution ont été
contournés avec les marquages sélectifs qui permettent de réduire significativement le
recouvrement des résonances ou la comparaison de spectres de différentes isoformes (Lippens,
Sillen et al. 2006), jusqu’a l'utilisation de petits peptides (Smet, Leroy et al. 2004). Le clonage de
fragments plus courts, ne contenant par exemple que la région des repeats (fragments K18 ou K19)
(Mukrasch, Biernat et al. 2005), ou contenant également les régions voisines : le domaine C-terminal
et la région riche en prolines (fragment K32 [198-394]) (Mukrasch, von Bergen et al. 2007) a permis
de réduire la taille des protéines et donc le recouvrement, tout en conservant les régions
fonctionnelles. Ces études structurales fines ont permis de détecter la présence de courtes
séquences présentant une propension a former des feuillets B au début des repeats R2, R3 et R4,
coincidant avec les hexapeptides PH6* et PHF6 précédemment identifiés par dichroisme circulaire et
spectroscopie infra-rouge a transformée de Fourier (von Bergen, Friedhoff et al. 2000). La région C-
terminale des repeats ne présente pas de structure particuliére. En revanche, un motif **KKVAVVR**°
est plus rigide que le reste de la région riche en prolines probablement sous I'effet d’interactions
transitoires a longue distance. De plus, la phosphorylation des sites T231, S235 et S237 induit une
conformation en hélice de type poly-proline Il dans la région 229-238 (Bielska and Zondlo 2006). Il a
également été montré que de courtes régions dans chaque repeat présentaient une tendance a
former des coudes B, résistante aux conditions dénaturantes, et viendraient perturber la tendance
des repeats a former des structures en feuillet B étendues (Mukrasch, Markwick et al. 2007).

L'utilisation de séquences impulsionnelles multidimensionnelles combinées a des stratégies
d’attribution automatique a menée a I'attribution presque compléte de I'isoforme la plus longue de
Tau mais requiert des temps d’acquisition tres longs (Narayanan, Durr et al. 2010; Harbison,
Bhattacharya et al. 2012). Des séquences tridimensionnelles classiques, nécessitant des temps
d’acquisition plus courts, ont été combinées a une stratégie d’attribution semi-automatique
(Verdegem, Dijkstra et al. 2008) dans notre laboratoire aboutissant au méme résultat. A partir des
attributions, il est possible d’étudier par RMN différents aspects impliqués dans la physiopathologie
de la protéine Tau comme (i) la liaison de Tau aux microtubules (Fischer, Mukrasch et al. 2007; Sillen,
Barbier et al. 2007; Fauquant, Redeker et al. 2011), (ii) I'effet de la phosphorylation sur la structure
de la protéine Tau soluble (Bibow, Ozenne et al. 2011; Sibille, Huvent et al. 2011), (iii) I'interaction
avec des polyanions comme I’héparine induisant I'agrégation de la protéine (Mukrasch, Biernat et al.
2005; Sibille, Sillen et al. 2006; Mukrasch, von Bergen et al. 2007), (iv) le mécanisme antiagrégant de
petites molécules (Akoury, Gajda et al. 2013), (v) la dynamique de Tau dans les PHFs par RMN liquide
et a I'angle magique (Sillen, Leroy et al. 2005; Sillen, Wieruszeski et al. 2005; Bibow, Mukrasch et al.
2011) ou (vi) la structure du coeur des PHF par RMN du solide (Andronesi, von Bergen et al. 2008;
Daebel, Chinnathambi et al. 2012).

En particulier, la RMN a permis d’étudier I'effet de la phosphorylation sur la structure de Tau. Dans la
protéine Tau entiere, une rupture des interactions transitoires a longue distance a été observée sous
I'effet de pseudo-phosphorylations au niveau des épitopes AT8, AT100 et PHF-1, obtenues par des
mutations glutamates mimant la forme phosphorylée des résidus sérine ou thréonine impliquées
dans ces phospho-épitopes (Bibow, Ozenne et al. 2011). Dans un fragment de la protéine Tau
(fragment F4 [208-324]) phosphorylé par le complexe CDK2/Cycline A3 au niveau des résidus Thr231,
Ser235, Thr212 et Thr217 de la région riche en prolines, a été détectée la formation d’une courte
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hélice a transitoire dans le segment 235-245. La double phosphorylation Thr231/Ser235 forme un N-
cap qui stabilise I'hélice. D’autre part, ce profil de phosphorylation diminue significativement la
capacité du fragment F4 a polymériser la tubuline (Sibille, Huvent et al. 2011). Il a été montré
également que la présence d’au moins trois phosphorylations parmi les épitopes AT8
(Ser202/Thr205) et AT180 (Thr231/Ser235) est nécessaire pour empécher I'assemblage des
microtubules sans pour autant modifier significativement I'affinité de Tau pour les microtubules
(Amniai, Barbier et al. 2009). Tau phosphorylée pourrait participer a une interaction non productive
avec la tubuline a la maniere de la Stathmine (Jourdain, Curmi et al. 1997). D’autre part, une
cartographie de l'interaction de Tau avec les microtubules stabilisés par le paclitaxel a montré une
disparition des résonances du domaine a segments répétés ainsi que des résidus de la région riche en
prolines a partir du résidu Ser214, révélant leur immobilisation a la surface des microtubules. La
phosphorylation en Ser214, bien que diminuant significativement I'affinité de Tau, ne permet pas de
retrouver l'intensité des résonances observées en I'absence des microtubules, indiquant que la
région riche en prolines ne récupere pas une mobilité suffisante. Au contraire des deux domaines
précédemment cités, les résonances du domaine N-terminal restent inchangées, indiquant que ces
résidus conservent leur flexibilité et n"adoptent pas de structure stable (Sillen, Barbier et al. 2007).
Un fragment de Tau a pu étre identifié permettant une liaison optimale au complexe constitué de
deux dimeéres de tubuline liant le domaine stathmin-like de la protéine RB3 (complexe T2R ; voir la
référence (Gigant, Curmi et al. 2000)). Il inclut une partie de la région riche en prolines et va jusqu’au
troisieme repeat (Tau-F4 [208-324]) (Fauquant, Redeker et al. 2011). Ce fragment présente une
affinité plus importante que Tau entiére indiquant la présence, dans Tau, de régions inhibitrices de
I'interaction avec les microtubules. Chacun de ces domaines, le domaine riche en prolines d’une part
et le domaine de liaison aux microtubules d’autre part, lie T2R avec une affinité modérée mais ils
fonctionnent en synergie pour lier les microtubules (Faugquant, Redeker et al. 2011). Les détails
moléculaires qui permettront de comprendre le mode d’action de Tau dans la liaison et la
polymérisation de la tubuline n’ont pas encore été élucidés. Des efforts importants ont été faits dans
notre laboratoire pour avancer dans cette voie.

La formation des PHF a pu étre étudiée par RMN liquide ou I'angle magique pour observer les régions
de Tau qui conservent un certain degré de flexibilité, méme dans le contexte des fibres. A nouveau, il
s’agit principalement de la région N-terminale (Sillen, Leroy et al. 2005; Sillen, Wieruszeski et al.
2005). D’autre part, la disparition d’'un grand nombre de résonances, dans des conditions
d’agrégation, permet d’identifier les résidus impliqués dans la formation du cceur des fibres et
répond a des phénomenes dynamiques complexes (Sillen, Leroy et al. 2005). Le fait que la protéine
Tau n’agrége pas spontanément in vitro indique la présence de facteurs inhibiteurs au sein de la
protéine. Les régions flanquant les points de nucléation de I'agrégation, incluant la région riche en
prolines chargée positivement en amont, pourraient jouer ce role d’inhibiteur. L'interaction entre
Tau et de petits fragments d’héparine a été étudiée par RMN dans des conditions ol I'agrégation ne
se produit pas. L'initiation de I'agrégation et la formation des PHF par les polyanions pourraient étre
similaire a 'effet de I’hyperphosphorylation. Il faut noter toutefois I'incapacité de la protéine Tau
phosphorylée seule a former des PHF in vitro. Il a été montré que I'héparine interagit, entre autre,
avec une zone positivement chargée dans la région riche en prolines. L'interaction avec I’héparine
induit la formation de brins B dans plusieurs régions de Tau qui pourraient servir de sites de
nucléation de I'agrégation. L’héparine est également intégrée dans le cceur des fibres ou elle pourrait
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neutraliser des fragments riches en lysines afin de permettre un empilement des feuillets B pour
former les fibres (Sibille, Sillen et al. 2006).

Enfin, la RMN a été utilisée comme outil analytique pour la caractérisation de phosphorylations in
vitro (sites de modification, niveaux relatifs et cinétique de phosphorylation) par des kinases purifiées
ou des mélanges plus complexes, comme des extraits cellulaires, a I'échelle du résidu (Landrieu,
Lacosse et al. 2006; Amniai, Barbier et al. 2009; Landrieu, Leroy et al. 2010; Leroy, Landrieu et al.
2010). De plus, la RMN dans la cellule (in-cell NMR), une des perspectives les plus prometteuses de la
RMN biologique a I’heure actuelle, a permis d’observer la protéine Tau injectée dans des ovocytes de
Xenopus laevis et de détecter les régions associées aux microtubules ainsi que des modifications in
situ par phosphorylation (Bodart, Wieruszeski et al. 2008).
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Chapitre 2 : Phosphorylation de la protéine Tau et régulation
des interactions avec la peptidyl-prolyl cis/trans isomérase Pin1

2.1 INTRODUCTION

Y

2.1.1. De I’hétérogénéité conformationnelle des motifs Ser/Thr-Pro phosphorylés a une
régulation fonctionnelle par Pin1 ?

Le cycle cellulaire est régulé par des protéines kinases cycline-dépendantes ou CDK dont les substrats
sont majoritairement composés par le motif Ser/Thr-Pro. Récemment, un nouveau mécanisme de
régulation a été proposé impliquant la conformation des prolines dans ces motifs Ser/Thr-Pro
phosphorylés (Figure 2.1) (Lu, Hanes et al. 1996; Lu 2000; Lu, Liou et al. 2002; Lu, Liou et al. 2003),
dont la plupart sont reconnus par I'anticorps monoclonal mitotique phospho-dépendant, MPM-2
(Davis, Tsao et al. 1983). Ces épitopes sont reconnus par des protéines de la famille des peptidyl-
prolyl cis/trans isomérases (PPlases) comme la protéine Pinl (Protein interacting with NIMA-1). La
régulation de la conformation de la proline dans ces motifs par les PPlases a été proposée comme un
nouveau mécanisme de régulation du cycle cellulaire, consécutif au processus de phosphorylation.
Sur le plan fonctionnel, Pinl et ses homologues eucaryotes jouent un role essentiel dans la
progression du cycle cellulaire. La surexpression de Pinl dans les cellules Hela induit I'arrét en
mitose. Inversement, la déplétion de Pinl provoque I'apparition de phénotypes mitotiques précoces,
mais empéche également les cellules de sortir de la mitose et les conduit ainsi tout droit vers
I'apoptose (Hani, Stumpf et al. 1995; Lu, Hanes et al. 1996; Crenshaw, Yang et al. 1998; Shen,
Stukenberg et al. 1998). Sur le plan moléculaire, hormis pour les modeles peptidiques, peu de
données structurales sur des protéines permettent de comprendre le role des PPlases et I'impact de
leur action sur la structure et la fonction biologique des protéines substrats.

2.1.2. Méthodes de caractérisation de I'’échange conformationnel

Contrairement aux PTM résultant de I'addition d’'un ou plusieurs groupements chimiques, les
modifications de nature purement conformationnelle, comme I’échange entre les conformeres cis et
trans des prolines, avec conservation stricte de la composition chimique de la protéine, sont
difficilement détectables et quantifiables par les techniques biochimiques classiques, ou seulement
de maniére indirecte. La spectrométrie de masse se réveéle donc inefficace dans ce cas, puisque
I’échange conformationnel n’induit pas de modification de la masse de la protéine. On peut utiliser,
par exemple, la reconnaissance d’un seul des deux conforméres par une protéase qui n’hydrolysera
alors qu’une fraction du substrat peptidique- celle qui est en conformation trans- ce qui aboutira a
un déplacement de I'équilibre conformationnel en faveur de ce conformére (Fischer, Bang et al.
1984). Malheureusement, toutes les protéines “conformeére-dépendantes” décrites a ce jour sont
trans-spécifiques ce qui rend cette méthode peu sensible pour la détection d'un équilibre
conformationnel ou d’'une modification de celui-ci sous I'effet d’'une PPlase car la conformation trans
est trés souvent majoritaire. A moins qu’il ne soit stabilisé par la structure globulaire de la protéine,
le conformeére cis correspond a une conformation défavorable, associée état énergétique élevé
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comparé a celui de la conformation trans, ou les fragments de la chaine polypeptidique de part et
d’autre de la liaison peptidique en cis sont trop proches d’un point de vue stérique. On estime que,
dans de petits peptides non structurés, la proportion de formes cis ne dépasse pas 10%, et 30% dans
le cas particulier d’'une liaison Tyr-Pro. Dans ce contexte, la RMN est un outil particulierement
intéressant puisqu’elle permet de détecter directement I'interconversion cis/trans des prolines qui se
déroule sur une échelle de temps relativement lente (de I'ordre de la minute). Il est donc possible
d’observer distinctement les résonances correspondant a ces deux conformeéres (Figure 2.1). La
spectroscopie d’échange utilisant la séquence "H-'H EXSY permet d’observer un échange entre deux
états. Dans le cas de l'interconversion cis/trans des prolines, cet échange est trop lent pour étre
détecté par spectroscopie d’échange EXSY. En revanche, elle permet de détecter de maniére directe
I’accélération de I'isomérisation cis/trans des prolines en présence d’une PPlase (voir Figure 2.3). On
peut alors observer un pic d’échange reliant les résonances des conformeres cis et trans de la proline
(par exemple, entre le proton Ha de la forme cis et le proton Ha de la forme trans). L'expérience
hétéronucléaire z-exchange permet d’observer, sur une expérience de type ‘H-"N HSQC, un pic
d’échange pour les résonances amide des résidus au voisinage d’une proline, qui ressentent
I’échange conformationnelle de celle-ci.

ppm X
<=y, EE&&B j, B
1.5 :
Hy phospho-Thr  Hy phospho-Thr
(Pro cis) (Pro trans)
2.0
2.5
C
3.0
3.5
4.0+
==Hp ==, HB
15 ' TSSO Ho ~
9.60 955 950 015 9.40 935 ppm

Figure 2.1 : (A,B) Observation d’un équilibre conformationnel relatif aux formes cis et trans de la proline dans
un motif phospho-Thr-Pro. (A) Représentation des contacts scalaires "H-'H de la phospho-Thr (corrélations
entre les protons Hy et les protons Ha, HB et Hy) sur un spectre TOCSY. Les signaux les plus intenses, annotés
en rouge, correspondent a la forme majoritaire liée a la Pro en trans. Les signaux annotés en bleu
correspondent a la forme minoritaire liée a la Pro en cis. (B) Equilibre conformationnel cis/trans de la liaison
peptidique précédant une proline dans un dipeptide phospho-Thr-Pro. (C) Structure tridimensionnelle de la
peptidyl-prolyl cis/trans isomérase humaine Pin1 qui catalyse I'interconversion conformationnelle des motifs
phospho-Ser/Thr-Pro dans les protéines substrats. Le domaine WW de Pinl est représenté en vert et le
domaine PPlase en bleu, en complexe avec un ion sulfate et le dipeptide Ala-Pro (PDB ID : 1PIN) (Ranganathan,
Lu et al. 1997).
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2.1.3. Interactions fonctionnelles entre Pinl et Tau phosphorylée, et implications
physiopathologiques

La fonction de la protéine Tau dans I'association aux microtubules et la polymérisation de la tubuline
est régulée par la phosphorylation. De nombreuses kinases sont impliquées, notamment les kinases
dites proline-directed qui phosphorylent spécifiquement les motifs Ser/Thr-Pro. CDK5/p25,
Erk2/MAPK1 et GSK3B sont des kinases majeures impliquées dans la phosphorylation de Tau, et
également dans I’hyperphosphorylation pathologique. Il a été proposé qu’une réactivation anormale
du cycle cellulaire dans les neurones matures, avec I'expression concomitante de ces kinases, puisse
étre a 'origine de I'hyperphosphorylation de Tau dans la maladie d’Alzheimer (Hamdane, Smet et al.
2002; Hamdane, Delobel et al. 2003). De plus, la formation d’épitopes MPM-2 est une caractéristique
de la maladie d’Alzheimer et d’autres maladies neurodégénératives, et le profil de phosphorylation
de Tau observé dans la maladie d’Alzheimer est similaire a celui de cellules mitotiques (Vincent,
Zheng et al. 1998; Lu, Liou et al. 2003).

Il a été montré que la peptidyl-prolyl cis/trans isomérase humaine Pinl est un acteur important dans
le processus de neurodégénérescence impliquant la protéine Tau (Lu, Wulf et al. 1999; Liou, Zhou et
al. 2011). LUinteraction Pinl/Tau se fait via les motifs phospho-Ser/Thr-Pro, phosphorylés
spécifiquement par les kinases proline-directed, notamment des kinases mitotiques telles que les
CDK. La régulation par Pinl de l'isomérisation conformationnelle du lien peptidique précédant les
prolines, de maniére phospho-dépendante, pourrait constituer un deuxiéme niveau de régulation de
la fonction physiopathologique de la protéine Tau, consécutive a la phosphorylation (Lu 2000; Lu,
Liou et al. 2003). L'interaction de Pin1l avec Tau phosphorylée permet de restaurer la fonction de Tau
dans la liaison aux microtubules et la promotion de leur assemblage in vitro selon un mécanisme qui
reste a définir. En revanche, dans le contexte pathologique, la séquestration de Pinl dans les NFT
résulterait en une diminution de Pinl soluble, induisant I’arrét en mitose et conduisant les neurones
vers I'apoptose (Lu, Wulf et al. 1999). Il a été montré dans des souris Pin1” gue Pinl aurait un effet
protecteur sur la dégénérescence neuronale puisqu’en I'absence de Pin1, les souris développent avec
I’age des déficits moteurs et comportementaux, une hyperphosphorylation de Tau, des PHF et une
dégénérescence neuronale (Liou, Sun et al. 2003).

Au niveau moléculaire, Pinl est constituée d’un petit domaine N-terminal de 40 résidus, le domaine
WW, qui se lie spécifiguement aux motifs phospho-Ser/Thr-Pro et, dans sa partie C-terminale, d’un
domaine catalytique responsable de la catalyse de I'isomérisation cis/trans de la liaison peptidique
dans ces mémes motifs (Figure 2.1) (Ranganathan, Lu et al. 1997; Verdecia, Bowman et al. 2000). De
maniére surprenante, il a été montré que Pinl se lie, avec une haute affinité, a la protéine Tau au
niveau d’un unique phospho-épitope, le motif phospho-Thr231-Pro232 (Lu, Wulf et al. 1999), qui est
guantitativement phosphorylé dans le contexte de la MA (Morishima-Kawashima, Hasegawa et al.
1995). Pinl se trouve ainsi séquestrée dans les agrégats de Tau formés dans le cytosol des neurones
en dégénérescence, conduisant a une diminution de Pinl soluble. Une diminution de Ia
concentration de Pinl au niveau nucléaire, par interactions avec de nombreux phospho-épitopes
générés par l'activation des kinases mitotiques dans les neurones en dégénérescence telles que
Cdk5/p25, pourrait étre a l'origine d’une réactivation du cycle cellulaire dans les neurones matures
(Hamdane, Smet et al. 2002; Hamdane, Delobel et al. 2003).
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2.2 RESULTATS

2.2.1. Le motif phospho-Thr212-Pro213, un nouveau site de la protéine Tau permettant une
interaction fonctionnelle avec Pin1 (Smet, Sambo et al. 2004)

De maniere surprenante, 'interaction Pinl1/Tau qui a été décrite par Lu et collaborateurs, est
spécifiquement régulée par le phospho-épitope phospho-Thr231-Pro232 parmi les 17 motifs
phospho-Ser/Thr-Pro que contient la protéine Tau (Lu, Wulf et al. 1999). La liaison de Pinl a ce
phospho-épitope serait nécessaire et suffisante pour permettre a Pinl de restaurer I'activité de Tau
phosphorylée sur la polymérisation de la tubuline (Lu, Wulf et al. 1999). Bien que cet épitope soit
décrit comme étant hautement phosphorylé dans la protéine Tau fétale et dans les PHFs (Morishima-
Kawashima, Hasegawa et al. 1995), la spécificité de I'interaction avec Pinl via cet épitope est difficile
a comprendre d’apres les données structurales, qui montrent que la reconnaissance des protéines
phosphorylées par Pinl se limite au seul motif phospho-Ser/Thr-Pro, (Ranganathan, Lu et al. 1997;
Verdecia, Bowman et al. 2000; Wintjens, Wieruszeski et al. 2001). De plus, I'impact structural d’une
activité PPlase sur une protéine non structurée comme Tau n’est pas évident. Il pourrait néanmoins
exister des motifs structuraux particuliers impliquant une proline qui nécessiteraient I'intervention
d’une PPlase pour faciliter les interactions avec et/ou les modifications par un troisieme partenaire.
Par exemple, Pinl a été décrite comme médiateur dans le recrutement de partenaires de la protéine
Tau, comme la phosphatase PP2A. Il a été montré que Pinl stimule la déphosphorylation de Tau par
la phosphatase PP2A (Zhou, Kops et al. 2000). A nouveau, le site phospho-Thr231-Pro232 a été décrit
comme étant la cible privilégiée de PP2A. Par ailleurs, Pinl pourrait également réguler des
interactions entre Tau et ses partenaires via la liaison des mémes sites. Une compétition entre le
domaine WW de Pin1 et la sous-unité CKS (cyclin-dependent kinase subunit) pour la liaison de motifs
phospho-Ser/Thr-Pro a été mise en évidence (Landrieu, Odaert et al. 2001).

Nous avons mesuré les constantes de dissociation des complexes formés par Pinl, ou son domaine
WW isolé, avec différents peptides issus de Tau, centrés autour de divers phospho-épitopes décrits
dans la forme physiologique ou plus spécifiques de la forme pathologique observées dans la maladie
d’Alzheimer. La RMN a la capacité de détecter des interactions de faible affinité (comprise entre 10
UM et 1 mM), indétectables par bon nombre de techniques de mesure d’interactions moléculaires,
grace a I'acquisition de spectres bidimensionnels *H-""N HSQC qui nécessite de travailler avec une
protéine enrichie en °N (Figure 2.2 A et B). La méme expérience 'H-">N HSQC peut également
permettre de déterminer le site de liaison d’un ligand (Figure 2.2 C et D). De plus, les constantes de
vitesse d’association (ko,) et de dissociation (ko) des complexes peuvent étre extraites a partir du Ky
et des largeurs de raies (Lippens, Caron et al. 2004) (Figure 2.2 E).
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Figure 2.2 : (A) Titration du domaine WW isolé de Pinl, enrichi uniformément en BN, par un peptide de Tau
phosphorylé en Thr212. Des agrandissements de régions du spectre 'H-N HSQC montrent différents
comportements des résonances lors de I'ajout de ligand en fonction de la variation de fréquences entre |'état
libre et I'état lié (Awmay). (B) La variation de déplacement chimique en fonction des concentrations initiales de
protéine et de ligand permet d’extraire la constante de dissociation du complexe. (C et D) La cartographie des
déplacements chimiques permet d’identifier le site de liaison du ligand. (E) Simulation de Monte Carlo de
I’échange chimique permettant la modélisation de I'élargissement des raies lors de I'expérience de titration et
I’extraction des constantes de vitesse d’association (k,,) et de dissociation (k) en fonction du Kp.

Nous avons observé une gamme restreinte d’affinités pour des peptides de Tau provenant de
différentes régions comme la région riche en prolines et la région carboxy-terminale, allant de 100
UM a 1 mM pour les formes mono-phosphorylées (Smet, Sambo et al. 2004). Ces affinités ont
également été mesurées par des techniques de fluorescence faisant intervenir la fluorescence
intrinseque du domaine WW ou le FRET (Fluorescence Resonance Energy Transfer) avec un peptide
marqué par le groupement 5-(diméthylamino)naphthaléne-1-sulfonyle (ou dansyle) en position N-
terminale, comme sonde fluorescente (Figure 2.3 A et B). Seuls les complexes de plus haute affinité
ont pu étre détectés par ces méthodes, notamment ceux impliquant le peptide mono-phosphorylé
en Thr212 ou des peptides multi-phosphorylés, avec des affinités similaires a celles déterminées par
RMN.
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Figure 2.3 : (A,B) Titration de Pinl par un peptide contenant le phospho-épitope Thr212-Pro213 réalisée par
FRET. (A) Spectres d’émission de Pinl apres excitation a 295nm pour différentes concentrations de peptide
comportant deux maxima d’émission a 334 et 530 nm, correspondant respectivement aux Trp et au dansyle.
(B) Courbe de titration représentant la variation de I'intensité d’émission a 334 nm en fonction du ratio peptide
sur protéine. (C,D) Activité cis/trans isomérase de Pinl mesurée par RMN sur le peptide contenant les motifs
phospho-Thr212-Pro213 et phospho-Thr217-Pro218. Spectres "H-"H EXSY sur le peptide seul 3 2 mM (C) et en
présence de 50 uM Pin1 (D). Le pic encerclé en trait plein correspond au pic d’échange entre les protons Ha cis
et Ha trans du résidu Pro213. Le cercle en pointillés indique I'absence d’un pic similaire pour le résidu Pro218.

Cette absence de spécificité de liaison de Pinl ou du domaine WW isolé concorde avec les données
structurales qui indiquent que la reconnaissance par le domaine WW ou le domaine catalytique de
Pin1 se fait principalement au niveau du motif phospho-Ser/Thr-Pro et que la séquence environnante
ne module que tres peu l'affinité. D’ailleurs, les dipeptides Ac-phospho-Ser/Thr-Pro-NH, sont
reconnus dans la méme gamme d’affinité (Smet, Sambo et al. 2004; Smet, Duckert et al. 2005). Nous
avons constaté que la discrimination se fait principalement entre la phospho-Thr et la phospho-Ser
avec une affinité environ trois fois plus importante pour la premiére (respectivement, 150 et 420
LM). De plus, les affinités de ces peptides pour le domaine WW isolé different peu des affinités pour
Pinl entiere, indiquant une participation négligeable du domaine catalytique a la liaison des
substrats. Ces résultats ne permettent donc pas d’expliquer la spécificité pour I'épitope phospho-
Thr231 au niveau de la liaison et ont mis en évidence un site de plus haute affinité, le motif phospho-
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Thr212-Pro213. Alors que nous n’avons pas observé de sélectivité pour la liaison des phospho-
épitopes de Tau, nous avons montré une sélectivité de I'activité cis/trans isomérase de Pinl pour le
site phospho-Thr212-Pro213 (Figure 2.3 C et D) (Smet, Sambo et al. 2004). Ce site, en combinaison
avec la phospho-Ser214, constitue |'épitope AT100, un phospho-épitope caractéristique des
filaments insolubles de la protéine Tau associés a la MA (Hoffmann, Lee et al. 1997; Zheng-
Fischhofer, Biernat et al. 1998). Il pourrait permettre une interaction fonctionnelle entre Pinl et Tau,
dont les conséquences biologiques restent a définir.

2.2.2. Réole du domaine WW et des phosphorylations multiples dans la régulation de
lactivité cis/trans isomérase de Pin1 (Smet, Wieruszeski et al. 2005)

Dans les modeles peptidiques issus de la région riche en prolines de Tau, le ratio trans :cis de la
liaison peptidique des motifs Ser/Thr-Pro est largement en faveur de la forme trans, mais peut aller
toutefois jusqu’a 10% de forme cis. Ce ratio varie peu avec |'état de phosphorylation des résidus
sérine ou thréonine impliqués dans ces motifs (Smet, Sambo et al. 2004). L'activité enzymatique de
Pin1 via son domaine PPlase est plus sélective que la liaison des motifs phospho-Thr/Ser-Pro par le
domaine WW, et n'a été observée que sur un seul site de phosphorylation parmi les différents sites
criblés de la région riche en prolines, I'épitope phospho-Thr212-Pro213 (Smet, Sambo et al. 2004;
Lippens, Landrieu et al. 2007).

Nous avons étudié I'activité catalytique de Pinl entiere et de son domaine catalytique isolé (PPlase),
et montré que le domaine WW joue un role positif sur I'activité isomérase au niveau d’un substrat
peptidique simple, ne contenant qu’un seul site de phosphorylation centré sur le motif phospho-
Thr212-Pro213. L’enzyme est plus efficace en présence du domaine WW et |’échange cis/trans de la
Pro213 (de l'ordre de la seconde) se caractérise par une vitesse 10 fois supérieure avec Pinl qu’avec
son domaine catalytique isolé (Figure 2.4) (Smet, Wieruszeski et al. 2005). Ces données suggerent
qgue le domaine WW fonctionne probablement en permettant I'ancrage de I'’enzyme au substrat. En
revanche, I'effet est plus subtil au niveau d’un substrat plus complexe présentant un deuxiéme site
de phosphorylation, I'épitope phospho-Thr231-Pro232.

Pour cette étude, nous avons synthétisé en phase solide un peptide de 40 acides aminés comportant
trois sites de phosphorylation aux positions Thr212, Ser214 et Thr231. Pour ce substrat, nous avons
observé une diminution de I'activité isomérase de Pinl d’un facteur 3 par rapport au peptide mono-
phosphorylé en Thr212 indiquant que, bien que le domaine PPlase n’ait pas d’activité isomérase sur
I’épitope phospho-Thr231-Pro232, une liaison non productive du domaine PPlase est néanmoins
possible sur ce site et pourrait diminuer I'activité sur I'épitope phospho-Thr212-Pro213 (Figure 2.4).
De plus, le domaine WW, en permettant la liaison de Pinl alternativement sur I'un ou l'autre des
motifs phospho-Thr-Pro, pourrait jouer un role régulateur sur la fonction isomérase de Pinl au
niveau d’un site particulier dans le contexte d’un substrat multi-phosphorylé (Smet, Wieruszeski et
al. 2005).
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Figure 2.4 : (A) Activité cis/trans isomérase de Pinl mesurée par RMN sur le peptide contenant les motifs
phospho-Thr212-Pro213 et phospho-Thr231-Pro232. Spectres ‘H-"H EXSY sur le peptide 3 2mM en présence de
Pin1 a 50 uM. Le pic encerclé en trait plein correspond au pic d’échange entre les protons Ha cis et Ha trans du
résidu Pro213. Le cercle en pointillés indique I'absence d’un pic similaire pour le résidu Pro232. Activité
cis/trans isomérase de Pinl (B) ou du domaine catalytique isolé Pin1" (C) sur différents peptides. (B) Activité
de Pinl sur le peptide court [208-221] comportant un seul motif en phospho-Thr212-Pro213 (M, ke,=0.8 s7),
sur le peptide long [201-240] comportant les deux motifs phospho-Thr212-Pro213 et phospho-Thr231-Pro232
(A, Kexen=0.3 s'l), et sur le mélange des deux peptides mono-phosphorylés [208-221] et [224-240] (O, Kexcn=0.5
s™1). (C) Activité de Pin1®" sur le peptide court [208-221] comportant un seul motif en phospho-Thr212-Pro213
(®, Keyer=0.1 s), sur le peptide long [201-240] comportant deux motifs en phospho-Thr212-Pro213 et phospho-
Thr231-Pro232 (@, Keyh=0.06 5).

2.2.3. Vers I’étude de la protéine Tau entiére et des interactions fonctionnelles avec Pin1
par RMN (Lippens, Wieruszeski et al. 2004; Smet, Leroy et al. 2004; Lippens, Sillen et al.
2006)

Bien que la protéine Tau soit intrinsequement non structurée, une structuration particuliére autour
des sites de phosphorylation est envisageable, notamment dans le contexte de la protéine
hyperphosphorylée ou en interaction avec la tubuline, et pourrait étre a l'origine de la sélectivité
observée dans l'interaction avec Pinl, au niveau du phospho-épitope Thr231-Pro232. Une étude
structurale des peptides issus de la protéine Tau a permis de mettre en évidence une absence de
structure secondaire ainsi qu'une hétérogénéité conformationnelle des prolines, impliquées dans les
motifs phospho-Thr/Ser-Pro reconnus par Pinl, qui reste toutefois limitée (populations de formes cis
inférieures a 10%). Mais le modéle peptidique a ses limites et ne permet pas de prendre en compte
un effet de structuration globale ou de structures résiduelles locales qui pourraient exister dans le
contexte de la protéine entiere. Cependant, la caractérisation conformationnelle des peptides a
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permis d’utiliser ces derniers comme modeéles random coil dans la recherche de structures
résiduelles ou de prolines dont I’équilibre cis/trans serait modifié au sein de la protéine Tau entiére.

La comparaison des spectres *H-"N HSQC de peptides d’environ vingt résidus et de la protéine Tau
entiere n'a pas permis de détecter de structures résiduelles ou de proline majoritairement en
conformation cis autour de ces motifs Ser/Thr-Pro (Lippens, Wieruszeski et al. 2004; Smet, Leroy et
al. 2004; Lippens, Sillen et al. 2006) qui puissent expliquer une sélectivité du complexe Pinl/Tau
autour d'un site de phosphorylation particulier et le réle fonctionnel de Pinl sur la conformation de
ses substrats. Dans le contexte de la protéine non phosphorylée, des déplacements chimiques
strictement identiques ont été observés pour les résonances amides dans ces petits peptides non
structurés ou dans le contexte de la protéine Tau entiere (Figure 2.5), indiquant, une absence de
structure, méme résiduelle, dans les régions observées (Smet, Leroy et al. 2004). Des travaux publiés
récemment par Zweckstetter et collaborateurs ont montré la présence de structures résiduelles dans
la protéine Tau grace a I'optimisation de la stratégie d’attribution du spectre 'H->N HSQC de
différentes isoformes de Tau et |'analyse des résonances B3C (Mukrasch, Bibow et al. 2009;
Narayanan, Durr et al. 2010; Bibow, Mukrasch et al. 2011). Néanmoins, ces premieres expériences de
RMN sur la protéine Tau entiére réalisées dans notre groupe ont été précurseurs de |'étude de Tau
par RMN a haute résolution (Sillen, Leroy et al. 2005; Sillen, Wieruszeski et al. 2005; Landrieu,
Lacosse et al. 2006; Sibille, Sillen et al. 2006; Sillen, Barbier et al. 2007; Amniai, Barbier et al. 2009).
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Figure 2.5 : Comparaison des spectres 'H->N HSQC de la protéine Tau entiére (rouge) uniformément enrichie
en N (3 gauche) ou sélectivement enrichie en “N-Lys (3 droite) avec le spectre du peptide de Tau [224-240]
en abondance naturelle °N (noir).

Dans le contexte de la protéine Tau phosphorylée, la situation est différente. La protéine Tau
phosphorylée in vitro par le complexe CDK2/cyclineA3 purifié présente de nombreux sites de
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phosphorylation Ser/Thr-Pro dont la plupart sont localisés dans la région riche en prolines (Figure 2.6
A). La région centrée sur |'épitope AT8 (pSer202/pThr205), dans la protéine Tau entiére ou dans le
fragment Tau-F5 [165-245] comprenant la région riche en prolines, présente un déplacement
chimique inhabituel pour le résidu Gly207, dont le proton amide établit probablement un pont
hydrogene avec le phosphate des résidus phosphorylés de I'épitope AT8, qui pourrait témoigner
d’une structure locale particuliére qui toutefois n’implique pas une modification de I'équilibre
cis/trans des prolines (aux positions 203 et 206) (Figure 2.6 B). L’interaction de la protéine Tau
phosphorylée avec Pinl est difficile a étudier dans la mesure ou la liaison de Pinl conduit a un
élargissement des résonances des résidus phosphorylés et de leurs voisins immédiats dans la
séquence (Figure 2.6 A). De plus, on observe une précipitation importante des protéines de
I’échantillon aux concentrations utilisées pour I'acquisition des spectres RMN. Cette précipitation
pourrait étre spécifique de certains complexes car elle apparait pour des ratios Pinl : Tau au-dela des
concentrations équimolaires. Par ailleurs, nous avons pu observer une activité PPlase de Pinl dans le
contexte de la protéine Tau entiére, via I'expérience hétéronucléaire z-exchange, au niveau de
résidus voisins des prolines qui présentent une hétérogénéité conformationnelle cis/trans (Figure 2.6
B) (données non publiées).
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Figure 2.6 : (A) Interactions entre Pinl et °N-Tau phosphorylée par le complexe CDK2/cyclineA3. Spectre de
Tau phosphorylée seule (noir) ou en présence de Pinl (rouge). (B) Activité PPlase de Pinl sur la protéine Tau
phosphorylée. Spectre de controle de la protéine Tau phosphorylée par le complexe CDK2/cyclineA3 a 400 uM
(gris) et en présence d’une quantité catalytique de Pinl (40 uM) (rouge). Les pics d’échange, dans I'expérience
de z-exchange, indique une accélération de I'interconversion cis vers trans (noté c»t) et trans vers cis (noté
t»c), observable pour le résidu Gly204 lié a la Pro203 en conformation cis (cP203) ou trans (tP203), et lié au
résidu phospho-Thr205.
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2.2.4. Réle de Pin1 dans la stimulation de la déphosphorylation de Tau par la phosphatase
PP2A (Landrieu, Smet-Nocca et al. 2011)

La régulation de la fonction physiologique de Tau dans la stabilisation des microtubules par la
phosphorylation et la déphosphorylation suit un processus qui reste encore mal compris, tout
comme la formation des fibres dans la pathologie Alzheimer, composées de protéines Tau
hyperphosphorylées. Un profil de phosphorylation spécifique est donc le résultat d’une balance
entre les activités kinases et phosphatases, et I'hyperphosphorylation résulterait donc d’une
dérégulation de cette balance. La progression de la MA peut étre caractérisée post-mortem avec des
anticorps monoclonaux spécifiques, qui peuvent définir des lésions neurofibrillaires a différentes
étapes de la pathologie. Par exemple, le site T231 est précocement phosphorylé (phospho-épitope
AT180) dans la progression de la maladie et précéde la phosphorylation du site $202/T205 (phospho-
épitope AT8) (Goedert, Jakes et al. 1994; Goedert, Jakes et al. 1995; Braak, Alafuzoff et al. 2006). La
protéine hétérotrimérique PP2A (Protein Phosphatase 2A) est la phosphatase majeure de Tau in vivo,
qui contribue a son état de phosphorylation final (Drewes, Mandelkow et al. 1993; Gong, Grundke-
Igbal et al. 1994; Goedert, Jakes et al. 1995). Elle comprend un corps dimérique (PP2A;), constitué
d’une unité catalytique (sous-unité C) et d’'une unité “plate-forme” (sous-unité A), ainsi qu’une sous-
unité régulatrice (sous-unité B) qui régule de maniere spatio-temporelle I'activité de PP2A. La sous-
unité régulatrice la plus importante dans les neurones est la sous-unité PR55/Ba (PP2Ass,) (Janssens
and Goris 2001; Schmidt, Kins et al. 2002; Martens, Stevens et al. 2004; Janssens, Longin et al. 2008;
Xu, Chen et al. 2008; Virshup and Shenolikar 2009). Il a été montré, dans un modele de souris
transgénique, qu’une réduction de l'activité de PP2A induit une hyperphosphorylation de Tau,
incluant la phosphorylation de I'épitope AT8 (Kins, Crameri et al. 2001). Dans le cerveau de patients
atteint de la MA, une réduction de I'expression de '’ARNm de la sous-unité C et de diverses sous-
unités B de PP2A a été observée dans I'hippocampe (Vogelsberg-Ragaglia, Schuck et al. 2001). Au
niveau protéique, une diminution du niveau de PR55/Ba due a une augmentation du turnover a été
associée avec la pathologie Alzheimer (Sontag, Luangpirom et al. 2004).

La spectroscopie RMN a été utilisée ici pour mesurer la vitesse de déphosphorylation de Tau
phosphorylée par PP2A au niveau de sites spécifiques incluant les phospho-épitopes AT8
(pS202/pT205) et AT180 (pT231) (Figure 2.7 A). La phosphorylation de Tau a été générée in vitro par
la kinase CDK2/cycline A3 recombinante (Jeffrey, Russo et al. 1995; Brown, Noble et al. 1999;
Welburn and Endicott 2005). Nous avons montré que la sous-unité régulatrice PR55/Ba est
importante pour 'activité de déphosphorylation de phospho-Tau et que la phosphorylation du site
pT231 interfére négativement dans la déphosphorylation du site pS202/pT205 (Figure 2.7 B). D’autre
part, il a été montré que la peptidyl-prolyl cis/trans isomérase phospho-dépendante Pinl stimule la
déphosphorylation de Tau par PP2A (Zhou, Kops et al. 2000) (Figure 2.7 B). Nous avons donc utilisé
notre approche par RMN de la déphosphorylation de Tau par PP2A pour étudier le mode d’action de
Pin1 au niveau moléculaire. Nous avons observé que I'effet inhibiteur de la phosphorylation en T231
sur 'activité de PP2A est levé par Pinl. Puisque I'effet stimulant de Pinl sur la déphosphorylation de
Tau est perdu en utilisant le corps dimérique de I'enzyme (PP2Ap) ou avec un mutant de Tau T231A
qui ne peut plus étre phosphorylé au niveau du site AT180, nous proposons que Pinl régule
I'interaction entre la sous-unité PR55/Ba et le phospho-épitope AT180 de Tau.
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Figure 2.7 : (A) Cinétique de déphosphorylation de Tau phosphorylée par PP2A observée directement sur les
résidus phosphorylés, pT153 (@) et pT231 (*) (en haut) ou sur un résidu voisin d’un site de phosphorylation, le
résidu A152 (® pour le résidu A152 lié a la forme non phosphorylée du résidu T153, [ pour le résidu A152 lié 3
la forme phosphorylée du résidu T153) (en bas). (B) Déphosphorylation par PP2A de Tau phosphorylée. La
phosphorylation de la protéine Tau a été obtenue in vitro avec le complexe CDK2/cyclineA3 (spectres gris). La
déphosphorylation par PP2A (spectres rouges) a été mesurée avec PP2A seule et la protéine Tau sauvage
(pTau) ou avec le mutant Tau T231A (pTauT231A), en présence de Pinl avec la protéine Tau sauvage
(pTau/Pin1) ou le mutant Tau T231A (pTauT231/Pin1).

En conséquence, lI'amorcage par une déphosphorylation en AT180 est requis pour une
déphosphorylation efficace de I'épitope AT8 par PP2Arss,. Ainsi, une interaction complexe entre les
mécanismes d’amorcage rapportés pour certaines kinases de Tau et celui décrit ici pour la
phosphatase PP2Arss, pourrait contribuer a I’hyperphosphorylation de Tau observée dans les
neurones dans la pathologie Alzheimer.

2.2.5. Inhibition de l'interaction de Pin1 avec Tau phosphorylée

Dans I'étude des interactions Pin1/Tau, nous avons envisagé d’inhiber I’activité de Pinl pour éclaircir
son role au niveau moléculaire dans des modeles in vitro et in vivo (Hamdane, Smet et al. 2002;
Smet, Duckert et al. 2005). Trois voies d’inhibition de I'activité de Pin1 ont été envisagées :

= La conception rationnelle de petites molécules inhibitrices ciblant la liaison de Pinl via son
domaine WW aux substrats phosphorylés (Hamdane, Smet et al. 2002; Smet, Duckert et al.
2005)

= L’'impact structural et dynamique de la phosphorylation du domaine WW de Pinl dans la
régulation de la liaison des substrats phosphorylés (Smet-Nocca, Launay et al. 2013), la
phosphorylation de Pinl ayant été impliquée dans la modification de la localisation
subcellulaire et dans I'inactivation de Pin1 (Lu, Zhou et al. 2002).

= L’interaction de Pinl avec l'inhibiteur 2 de la phosphatase PP1 (IPP-2) dans sa forme non
phosphorylée (Sami, Smet-Nocca et al. 2011). Il a été montré, en effet, que l'interaction
Pin1/IPP-2 modifie de maniére allostérique la spécificité de Pinl pour les phospho-protéines
mitotiques (Li, Stukenberg et al. 2008; Sami, Smet-Nocca et al. 2011).
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Petites molécules interférant dans les interactions protéine-protéine entre le domaine WW de Pin1
et Tau phosphorylée

Les interactions impliquant les motifs phospho-Ser/Thr-Pro dans les protéines jouent un rdle-clé dans
un grand nombre de processus de régulation dans la cellule. Nous avons synthétisé et évalué des
ligands potentiels du domaine de liaison de Pinl dans le but d’inhiber les interactions protéine-
protéine entre Pinl et des peptides phosphorylés. Notre stratégie de conception des molécules est
basée sur la structure du domaine WW en complexe avec des substrats phosphorylés et implique la
synthése d’analogues du dipeptide Ac-Thr(POsH,)-Pro-NH, ainsi que I’évaluation de la liaison de ces
molécules au domaine WW par RMN a haute résolution. Ce dipeptide a été défini comme étant le
motif d’interaction minimal avec le domaine WW (Hamdane, Smet et al. 2002; Smet, Sambo et al.
2004). La RMN a permis, d’une part, de mesurer la constante de dissociation des complexes (Kp) avec
I’avantage de pouvoir mesurer des K dans une gamme d’affinité relativement faible (de I'ordre de 1
mM). Nous avons pu ainsi discriminer des ligands dans une gamme de Kp allant de 5 uM a quelques
mM. De plus, la capacité d’identifier le site d’interaction des ligands a permis d’augmenter la
complexité structurale des ligands de maniére rationnelle et de relier le gain d’affinité de ces
molécules a I'établissement d’interactions additionnelles au niveau du domaine WW (Figure 2.8)
(Smet, Duckert et al. 2005).

Dans un premier temps, des composés peptido-mimétiques ont été synthétisés en phase solide dans
lesquels la proline a été remplacée par un analogue structural ou le phosphate substitué par une téte
polaire. Ces composés ont ensuite été criblés par RMN. Tous les composés constitués de mimes de
phosphate ont montré une perte d’affinité significative (Kp>2mM), en dehors de la gamme
mesurable par RMN, indiquant une adaptabilité trés limitée de la boucle B-hairpin liant le phosphate.
En revanche, les mimes de proline ont abouti a des composés dont I'affinité reste mesurable et
comprise entre 20 UM (pour la 3,4-dehydroproline) et 800 uM (pour la 4-trans-hydroxyproline). La
poche aromatique, constituée des chaines latérales des résidus Tyr23 et Trp34, responsable de la
liaison de la proline, est capable d’adapter des cycles homologues au cycle pyrrolidinique ainsi que
I’énantiomeére de la proline sans perte d’affinité notable. Cependant, I'introduction d’un isostére ou
d’un substituant en position 4 induit généralement une perte d’affinité, sauf dans le cas de la 4-trans-
fluoroproline (40 uM). Devant les possibilités restreintes de modifications pharmacophoriques
autour de ces deux éléments, I'introduction de motifs d’interaction supplémentaires a été envisagée
et guidée par la connaissance de la structure du domaine WW en complexe avec des peptides
phosphorylés. L'introduction de groupements hydrophobes sur I'amine de la phosphothréonine
et/ou de groupements polaires sur la fonction acide de la proline a permis d’augmenter
significativement I’affinité des composés (jusqu’a 5 uM). Le mapping des déplacements chimiques du
domaine WW en présence de ces ligands plus complexes a permis d’identifier un nouveau site
d’interaction du domaine WW ciblé par les groupements hydrophobes portés par le ligand (Smet,
Duckert et al. 2005).
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Figure 2.8 : Cartographie de l'interaction des ligands du domaine WW de Pinl par RMN. Variations des
déplacements chimiques des résidus du domaine WW en |'absence de ligand (spectre noir)
(spectre rouge, ratio [WW] : [ligand] 1 :20) observées sur le spectre 'H-"N HSQC du domaine WW enrichi en
15 , . .. , , . . ,

N. L'amplitude des variations des résonances est reportée sur un graphique en fonction de la séquence
primaire du domaine WW et sur la structure tridimensionnelle du domaine WW (représentation en ruban) en

complexe avec le dipeptide phospho-Thr-Pro (représentation en batonnets).

et a saturation

Dans des expériences de compétition, mesurées par déplacement du FRET entre le domaine WW et
un phospho-peptide issu de la protéine Tau marqué en position N-terminale par un fluorophore,
nous avons montré que les composés sont capables de déplacer le peptide phosphorylé du domaine
WW, avec des Ki comparables aux K, déterminées par RMN. De plus, dans des lignées cellulaires
(neuroblastomes SY5Y) transfectées de maniéere stable avec Tau et surexprimant Pinl par induction,
il a été montré une corrélation entre I'inhibition fonctionnelle de Pinl par la juglone (un inhibiteur
spécifique de Pinl) et la diminution du niveau de cycline D1 dans les neurones (Hamdane, Smet et al.
2002). Ces effets ont été reproduits avec un des composés synthétisés, avec des doses similaires a la
juglone (Smet, Duckert et al. 2005). Il faut souligner ici que la présence de phosphate dans les
composés synthétisés, en plus d’étre instable d’un point de vue métabolique, est un obstacle a
I’entrée des composés dans la cellule. L'amélioration de I'affinité des composés comportant un point
d’interaction supplémentaire, de nature hydrophobe, a permis de revisiter le remplacement du
phosphate. Le groupement squaramide, notamment, a pu étre utilisé en remplacement du
phosphate avec des Kp relativement faibles mais mesurables (compris entre 500 uM et 1 mM) (Smet,
Duckert et al. 2005), ce qui laisse de nouvelles perspectives de synthése pour améliorer la stabilité
métabolique des composés ainsi que leur perméabilité membranaire.
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Inhibition des interactions protéine-protéine Pinl/Tau phosphorylée par la phosphorylation du
domaine WW (Smet-Nocca, Launay et al. 2013)

Les modules d’interactions protéine-protéine qui lient les résidus sérine ou thréonine phosphorylés
sont impliqués dans la transduction de signaux spécifiques, notamment ceux liés a la régulation du
cycle cellulaire. Le domaine WW de Pinl joue un réle essentiel en ciblant Pinl a ses substrats de
maniére phospho-dépendante et est essentiel pour la fonction de Pinl in vivo (Lu, Zhou et al. 1999;
Winkler, Swenson et al. 2000). Si la phosphorylation des protéines-substrats est requise pour la
liaison a ces domaines, leur propre phosphorylation pourrait également réguler la liaison de ces
derniers aux protéines phosphorylées. Il a été montré que le domaine WW de Pinl est phosphorylé
in vitro et in vivo par PKA sur le résidu S16 (Lu, Zhou et al. 2002). La phosphorylation du domaine WW
régule sa capacité a recruter des protéines phosphorylées et la localisation subcellulaire de Pinl. Un
mutant Pin1-S16A induit I'arrét en mitose et I'apoptose. Dans les tissus sains, la phosphorylation du
domaine WW sur la sérine 16 inhibe sa fonction dans la liaison des substrats phosphorylés et conduit
a linactivation de Pinl. En revanche, dans les tissus de cancer du sein, le domaine WW est
majoritairement retrouvé sous une forme non phosphorylée, active (Lu, Zhou et al. 2002). De plus,
dans un modele de tauopathie et dans des cerveaux MA, Pinl est hyperphosphorylée sur la Serl6
(Ando, Dourlen et al. 2013).

Nous avons produit le domaine WW de Pinl phosphorylé par PKA in vitro (WW’*). L’analyse par

RMN du domaine WW™* est décrite en détails dans le Chapitre 3, qui décrit 'utilisation de la RMN
comme technique analytique pour la caractérisation des PTM. Brievement, le résidu Serl6 a été
identifié comme unique site de phosphorylation par PKA, par comparaison des déplacements
chimiques *CB entre les formes phosphorylée et non phosphorylée, et la phosphorylation est quasi-
quantitative. Le spectre 'H->N HSQC du domaine WW™* montre que la phosphorylation de la Ser16,
localisée dans la boucle de liaison du phosphate entre les feuillets Bl et B2, affecte la largeur des

résonances de cette boucle. Une titration du domaine WwW™*

par un peptide de Tau phosphorylé en
position Thr212 montre une diminution significative de I’affinité du domaine WW pour ce substrat
(Kp estimé a 5 mM vs. 120 uM pour le domaine WW non phosphorylé). L'index des déplacements
chimiques basé sur les valeurs des *Hy, Ny, Ca, *CB et 3CO et les constantes de couplage J(Hy-
Ha) calculées & partir de I'expérience HNHA sont similaires pour les domaines WW™* et WW
indiquant que la phosphorylation perturbe peu la structure tridimensionnelle du domaine WW. En
revanche, la dynamique de la boucle et les échanges avec I'eau sont modifiés par la phosphorylation
d’apres les expériences de relaxation N et de mesure des vitesses d’échanges avec 'eau (CLEANEX).
De maniére remarquable, les variations des résonances des résidus de la boucle sous I'effet de la
phosphorylation sont similaires a celle du domaine WW non phosphorylé lors de la liaison a un
phospho-peptide (voir Chapitre 3, Figure 3.3). La modélisation du domaine WW™* par dynamique
moléculaire montre que le phosphate porté par la Serl6 entre compétition avec le phosphate du
substrat lors de la liaison d’un phospho-peptide (Figure 2.9), contribuant a la perte de I'affinité du
domaine WW™* pour les phospho-protéines (Smet-Nocca, Launay et al. 2013). Comme nous avons
montré que le domaine WW joue un réle positif sur 'activité PPlase de Pinl probablement en
ancrant Pinl a son substrat (Smet, Wieruszeski et al. 2005), la phosphorylation du domaine WW, en
régulant négativement la liaison des substrats phosphorylés, pourrait induire une diminution de
I'activité PPlase de Pinl.
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Figure 2.9: Structure du domaine WW phosphorylé (Ww™*

) obtenue par dynamique moléculaire. (A)
Comparaison des structures du domaine WW non phosphorylé (PDB ID 1F8A), représenté en gris, et du
domaine Ww"™*

liaison du phosphate, dans sa forme phosphorylée sur le résidu Serl6, montrant (en trait pointillés verts) les

, représenté en bleu, selon un alignement global. (B) Détail de la boucle impliquée dans la

contacts inter-résidus stabilisant la phospho-Ser16. (C) Comparaison des structures de la boucle du domaine
WW lié 3 un peptide phosphorylé (en gris) et celle du domaine WW™ (en bleu). Ici, I'alignement des structures

des deux protéines a été fait sur les résidus de la boucle.

Liaison allostérique de I'inhibiteur-2 de la phosphatase PP1 (IPP-2) a Pinl.

Comme Pinl reconnait les protéines phosphorylées au niveau de motifs phospho-Ser/Thr-Pro et que
I'inhibiteur-2 de phosphatase PP1 (IPP-2) est phosphorylé pendant la mitose au niveau d’un site
PSpTP, ce site pourrait étre un site de reconnaissance pour Pinl. De maniére surprenante, il a été
proposé que la forme non phosphorylée d’IPP-2 est préférentiellement reconnue par Pinl et qu’IPP-2
serait un ligand allostérique de Pin1, modifiant sa spécificité vis-a-vis des substrats (Li, Stukenberg et
al. 2008). Nous avons déterminé l'organisation du complexe Pinl: IPP-2 par GST-pull down,
chromatographie d’exclusion et RMN. Bien que I'homologie de séquence entre les protéines IPP-2
humaine, de xénope et de drosophile ne soit que de 50%, elles présentent toutes une méme capacité
de liaison & GST-Pin1, avec des constantes d’inhibition de 0.3 uM. La marquage N de I'un des
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partenaires en présence de I'autre non marqué a permis de cartographier I'interaction Pin1/IPP-2.
D’une part, les résonances ‘H-">N des domaines WW et catalytique de Pinl varient avec I'addition
d’IPP-2 impliquant les deux modules dans l'interaction avec IPP-2. D’autre part, des régions
spécifiques d’'IPP-2 sont affectées par Pinl. Nous avons ainsi pu identifier le résidu lle68 comme
important pour la liaison a Pin1l via le domaine WW : la mutation I68A diminue de moitié la liaison de
Pinl et empéche la liaison du domaine WW isolé. De méme, la troncation d’IPP-2 au niveau de
I'acide aminé 152 (sur 205) modifie peu l'interaction avec le domaine WW mais élimine celle avec le
domaine PPlase de Pinl. La chromatographie d’exclusion a montré que Pinl et IPP-2 forme un large
complexe macromoléculaire dont la taille dépasse 300 kDa tandis que le mutant I68A d’IPP-2 est
impliqué dans un complexe deux fois plus petit. Nous avons proposé que Pinl et IPP-2 s’associent
pour former un hétérotétramere (Pinl),(IPP-2), et que le complexe formé par ces deux protéines
conservées chez les eucaryotes est un mode de régulation de la spécificité et |la fonction de Pin1.

2.3 DISCUSSION.

2.3.1. Réle moléculaire de Pin1 dans la reconnaissance de substrats phosphorylés

Le role moléculaire de Pinl reste encore largement incompris plus de 15 ans aprés sa découverte (Lu
and Hunter 1995; Lu, Hanes et al. 1996) mais a été I'objet de beaucoup d’attentions. Son rdle est
essentiel dans le déroulement du cycle cellulaire et un grand nombre de phospho-protéines,
notamment des phospho-protéines mitotiques, ont été décrites comme substrat de Pinl (Lu 2000;
Lu, Liou et al. 2002; Lu, Finn et al. 2007). Son implication a également été mise en cause dans
certaines pathologies comme les cancers et la maladie d’Alzheimer (Lu 2003; Lu, Liou et al. 2003; Lu
2004; Lu, Suizu et al. 2006; Lu and Zhou 2007). Ce sont le réle de Pinl dans cette derniere pathologie
et I'interaction avec la protéine Tau qui nous ont intéressés. Il faut souligner que Pinl interagit
également (au niveau du motif phospho-Thr668-Pro) avec I'autre marqueur pathologique de la
maladie d’Alzheimer, la protéine APP, et stimule la production du peptide AB, qui est le principal
constituant des plaques amyloides extra-neuronales (Ramelot and Nicholson 2001; Akiyama, Shin et
al. 2005; Pastorino, Sun et al. 2006; Balastik, Lim et al. 2007).

Bien que de nombreuses structures de Pinl en complexe avec divers substrats existent, les
informations apportées par ces structures restent limitées du fait de la nature méme de ces
substrats, de petits peptides ou petites molécules. De ce fait, I'interaction complexe entre Pinl et des
protéines multi-phosphorylées comme Tau, qui comporte 17 motifs phospho-Ser/Thr-Pro donc
autant de sites d’interaction potentiels, n’est pas encore comprise. Nos données indiquent que Pinl
reconnait plusieurs sites phospho-Ser/Thr-Pro de Tau avec des affinités modestes plutdt qu’un seul
site avec une haute affinité comme décrit par Lu et collaborateurs (Lu, Wulf et al. 1999). Cet aspect
de régulation par des phosphorylations multiples a déja été décrit dans la dynamique du cycle
cellulaire avec des travaux montrant comme ces événements de phosphorylation multiple sont
coordonnés pour se traduire par une activité de type “tout ou rien” (Deshaies and Ferrell 2001). II
faut souligner que de nombreux substrats de Pinl, comme I’ARN polymérase Il par exemple (Albert,
Lavoie et al. 1999; Xu, Hirose et al. 2003; Xu and Manley 2007), contiennent plusieurs sites de
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phosphorylation dans des régions désordonnées (Lu, Liou et al. 2002; Albert, Lavoie et al. 2004; Lu
2004; Lu 2004).

La fonction cellulaire de Pinl n’est pas encore bien définie bien qu’il soit généralement admis que
Pinl catalyse lisomérisation cis/trans des liaisons peptidiques phospho-Ser/Thr-Pro dans les
phospho-protéines, régulant ainsi leur fonction biologique dans le transport intracellulaire, les voies
de signalisation, la transcription, la progression du cycle cellulaire et I'apoptose. Cependant, on peut
se demander, sur base des données actuelles, si I'activité PPlase de Pinl est sa fonction principale ou
s’il s’agit d’une activité artefactuelle observée in vitro qui n’existe pas dans le contexte cellulaire. En
cause, la difficulté de mettre en évidence une activité qui n’impose qu’une modification
conformationnelle du substrat et non une modification covalente, comme les (autres) PTM. D’autre
part, la redondance des PPlases dans la cellule, regroupées en trois familles : les cyclophilines, les
FK506-binding proteins (FKBP) et les parvulines, avec des similitudes au niveau structural et
fonctionnel (Zhang, Daum et al. 2007), complique la détermination du role fonctionnel de Pinl au
niveau cellulaire. Ainsi, il faudra déterminer si I'activité primaire de Pinl est I'activité PPlase ou la
liaison des motifs phospho-Ser/Thr-Pro et, dans les deux cas, quelles en seront les conséquences
pour le substrat (régulation de l'activité, des interactions protéine-protéine, de la localisation
cellulaire, de la dégradation...). Ces deux fonctions, liaison et activité PPlase, sont portées par deux
domaines distincts qui ont, néanmoins, les mémes spécificités structurales, a savoir la
reconnaissance des dipeptides phospho-Ser/Thr-Pro avec peu d’influence de la séquence primaire
environnante (Ranganathan, Lu et al. 1997; Yaffe, Schutkowski et al. 1997; Verdecia, Bowman et al.
2000; Wintjens, Wieruszeski et al. 2001; Smet, Sambo et al. 2004) : elles sont donc difficiles a
dissocier. Le domaine catalytique présente cependant une plus large spécificité de reconnaissance
que le domaine WW, incluant la reconnaissance des motifs Glu-Pro, par exemple (Yaffe, Schutkowski
et al. 1997; Eidenmuller, Fath et al. 2000; Sami, Smet-Nocca et al. 2011). De plus, il est difficile de
dissocier liaison et catalyse dans la mesure ou des mutants du site actif perdent également leur
capacité de liaison des substrats phosphorylés (Behrsin, Bailey et al. 2007). Le domaine PPlase
pourrait simplement étre un second site de liaison de plus faible affinité, dont I'occupation
nécessiterait une augmentation de la concentration locale en substrat, obtenue par la liaison du
domaine WW (sur le méme site ou sur un site voisin) (Smet, Wieruszeski et al. 2005).

La fonction PPlase de Pinl est d’autant plus intrigante que la plupart des motifs phospho-Ser/Thr-Pro
reconnus par Pinl sont localisés dans des régions désordonnées, caractérisées par une minorité de
proline en conformation cis. Le role d’une activité PPlase ciblant les régions désordonnées au sein
des protéines-substrats reste une question entiere. Il a été proposé que Pinl, en stabilisant I'état de
transition entre les états cis et trans, sans changer la population relative de ces deux conformations,
pouvait faciliter I'interaction de I'un ou I'autre des deux conformeéres lors d’une interaction avec un
troisieme partenaire conformere-spécifique, menant ainsi au déplacement de [I'équilibre
conformationnel. Cependant, la plupart des partenaires des substrats de Pinl, comme le complexe
kinase CDK2/cyclineA (Brown, Noble et al. 1999) ou la phosphatase PP2A (Zhou, Kops et al. 2000)
montrent une spécificité pour le conformere trans, qui est décrit comme le conformere majoritaire
dans ces fragments protéiques ou protéines totalement non structurés coincidant avec les sites de
phosphorylation (lakoucheva, Radivojac et al. 2004). Le bénéfice d’'une accélération de
I'isomérisation conformationnelle catalysée par Pinl, dans ce contexte, ne semble pas donc trivial.
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2.3.2. Réle de l’interaction Pin1/Tau phosphorylée dans la maladie d’Alzheimer

Pinl pourrait jouer un réle dans la MA a la fois via la régulation de facteurs de transcription (Ryo,
Nakamura et al. 2001; Wulf, Ryo et al. 2001; Wulf, Liou et al. 2002; Zacchi, Gostissa et al. 2002;
Zheng, You et al. 2002; Barone, Desouza et al. 2008) ou via son rble de régulation post-
traductionnelle. Pinl est une protéine essentiellement nucléaire, qui régule le cycle cellulaire et
prévient I'entrée en mitose (Joseph, Yeh et al. 2003). C’'est cette fonction de Pinl qui pourrait
intervenir dans la réactivation anormale du cycle cellulaire dans les neurones différenciés. Il a été
observé en effet, que Pinl augmente le niveau de cycline D1 dans les neuroblastomes, ce qui
pourrait avoir pour conséquence de faciliter la transition de la phase GO a la phase G1, une
dédifférenciation neuronale anormale, conduisant vers |'apoptose (Hamdane, Smet et al. 2002;
Hamdane, Delobel et al. 2003). D’autre part, Pinl a été co-localisée dans les PHF des cerveaux de
patients atteints de la MA (Lu, Wulf et al. 1999; Ramakrishnan, Dickson et al. 2003). Il a été proposé
gue Pinl, en se liant a la protéine Tau hyperphosphorylée, soit ainsi séquestrée dans les PHF et
maintenue dans le cytoplasme, et ne pourrait plus assurer sa fonction dans la régulation du cycle
cellulaire au niveau nucléaire, contribuant ainsi a la mort neuronale (Lu, Wulf et al. 1999; Lu, Liou et
al. 2003). De plus, des souris Pinl knock-out développent des caractéristiques de tauopathies liées a
I'age comme des déficits moteurs et comportementaux, une hyperphosphorylation de Tau, la
formation de PHF et une dégénérescence neuronale, impliquant Pinl comme facteur neuro-
protecteur (Liou, Sun et al. 2003). Un des réles les plus convaincants de Pinl concerne la stimulation
de la déphosphorylation des phospho-protéines (Zhou, Lu et al. 1999; Galas, Dourlen et al. 2006;
Landrieu, Smet-Nocca et al. 2011; Kimura, Tsutsumi et al. 2013). La perturbation de I’équilibre entre
Pinl et ses substrats phosphorylés conduirait a une boucle d’amplification du phénomeéne
d’hyperphosphorylation, via notamment un défaut de déphosphorylation par PP2A.

Dans le cas de l'interaction Pinl/phospho-Tau, de nombreuses questions concernant le réle de Pinl
persistent, incluant le(s) mécanisme(s) moléculaire(s) (liaison et/ou activité PPlase). Pinl pourrait
agir indirectement en stimulant la déphosphorylation de Tau par PP2A (Zhou, Kops et al. 2000;
Hamdane, Dourlen et al. 2006; Landrieu, Smet-Nocca et al. 2011), favorisant ainsi une forme moins
phosphorylée, capable de se lier aux microtubules. Une des hypothéses est que Pinl pourrait servir
de module d’ancrage de PP2A aux protéines cibles a la maniere des sous-unités CKS (cyclin-
dependent kinase subunit) des CDK. Pinl pourrait également agir directement par interactions avec
la protéine Tau phosphorylée en imposant, par exemple, une modification conformationnelle a cette
derniere permettant de réguler sa fonction dans la liaison des microtubules et la polymérisation de la
tubuline. Pour cela, Il faudra déterminer au préalable, I'effet de la phosphorylation sur la structure de
la protéine de Tau et comment ces phosphorylations multiples modifient la liaison de Tau aux
microtubules et sa capacité a favoriser leur polymérisation, avant d’envisager le role de Pin1 dans ces
processus.

Des études structurales basées sur de petits peptides de Tau ont montré un faible pourcentage de
conformations cis (moins de 10%) pour les prolines impliquées dans les motifs phospho-Ser/Thr-Pro
(Daly, Hoffmann et al. 2000; Smet, Sambo et al. 2004). Nos études par RMN de la protéine Tau
entiere ou de fragments plus courts montrent les mémes populations de conformeres cis que dans
les peptides (Lippens, Wieruszeski et al. 2004; Smet, Leroy et al. 2004; Lippens, Sillen et al. 2006). Il a
été montré que des phosphorylations multiples pourraient créer des contraintes conformationnelles
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locales favorables a une conformation cis pour une ou plusieurs prolines dans la région riche en
prolines de Tau (Bielska and Zondlo 2006). Cependant, aucune proline en conformation cis n’a été
détectée dans le contexte de la protéine Tau libre mais il pourrait en étre autrement dans le cas
d’une protéine Tau associée aux microtubules. Cette région est particulierement intéressante car elle
présente une concentration importante en motifs phospho-Ser/Thr-Pro et joue un réle prépondérant
dans la régulation de la liaison de Tau aux microtubules (Goode, Denis et al. 1997). Des premieres
données structurales sur le domaine riche en prolines phosphorylé par le complexe CDK2/cycline,
obtenues dans notre groupe, indiquent, dans un contexte de protéine globalement désordonnée, la
formation d’une courte hélice transitoire allant du phospho-résidu pSer235 jusqu’au début du
domaine de liaison aux microtubules (Sibille, Huvent et al. 2011). Ces données montrent une
stabilisation de [I'hélice dépendante de la séquence puisque le phospho-épitope AT180
(pThr231/pSer235) stabilise cette hélice tandis que la phosphorylation des résidus Thr212 et Thr217
n‘a pas d’impact sur cette structure secondaire locale transitoire. De plus, des travaux utilisant
différents mutants de la protéine Tau et un test de polymérisation de la tubuline, montrent qu’au
moins trois phosphorylations parmi les sites Ser202/Thr205 (AT8) et Thr231/Ser235 (AT180) dans
cette méme région riche en prolines, sont nécessaires pour perdre I'activité sur la polymérisation de
la tubuline bien que la protéine phosphorylée sur ces deux phospho-épitopes conserve sa capacité
de liaison aux microtubules (Amniai, Barbier et al. 2009). Les différents mutants pourront étre testés
en présence de Pinl pour mettre en évidence quels sites de phosphorylation sont importants pour la
liaison et I’activité de Pinl.

La complexité liée aux phosphorylations multiples limite I'’étude et la compréhension du réle de
phosphorylations spécifiques dans |'agrégation, la liaison a la tubuline ou les interactions avec
d’autres protéines comme Pinl. L'utilisation de phospho-peptides a permis de simplifier le modéle a
un ou deux sites de phosphorylation mais ne rend évidemment pas compte du contexte qui est celui
d’une protéine de 441 résidus, avec ce que cela sous-tend, notamment la présence de structures
résiduelles ou d’une structuration globale, la capacité a lier la tubuline ou a former des oligomeres.
Nous allons envisager I'étude structurale et fonctionnelle de protéines Tau semi-synthétiques
obtenues par ligation chimique native. Cette approche va permettre I'introduction quantitative de
PTM spécifiques via la synthése peptidique en phase solide de fragments de Tau, qui seront ensuite
reliés, par un lien peptidique natif, au reste de la protéine obtenue par expression recombinante
dans E. coli. Nous allons ainsi étudier des phospho-épitopes spécifiques mais aussi d’autres PTM,
comme |'acétylation ou I’'O-GIcNAcylation. La RMN va permettre de caractériser les protéines semi-
synthétiques au niveau structural avant d’étudier lI'impact fonctionnel de ces modifications.
Parallelement, nous allons étudier ces PTM récemment décrites que sont l'acétylation et I'O-
GlcNAcylation, en faisant appel a la RMN comme technique analytique pour la caractérisation des
profils d’acétylation ou d’O-GlcNAcylation obtenus aprés modification in vitro par des enzymes
recombinantes. Cette stratégie nécessite la production des enzymes intervenant dans |'ajout de ces
PTM et la caractérisation préalable des sites de modifications avant une étude fonctionnelle des
protéines Tau modifiées. Ces projets sont décrits dans le Chapitre 4. Nous allons d’abord aborder Ia
question de l'utilisation de la RMN comme technique analytique des PTM dans le Chapitre 3.
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Chapitre 3: La Résonance Magnétique Nucléaire dans la
caractérisation des modifications post-traductionnelles

3.1 INTRODUCTION

Les PTM constituent un mode de régulation de la structure et/ou de la fonction des protéines apreés
leur synthése en introduisant un niveau de complexité supplémentaire qui n’est pas directement
codé dans le géne. Elles permettent une régulation spatio-temporelle de I'activité des protéines dans
la cellule en modifiant la surface d’interactions avec leurs partenaires cellulaires, leur localisation
sub-cellulaire, leur durée de vie... Elles nécessitent le recrutement, a un moment donné, d’enzymes
spécifiques qui participent a la modification dynamique du substrat via I'introduction et la coupure
d’un groupement chimique ou d’une protéine sur un résidu spécifique, ou la protéolyse du substrat.
En plus des mécanismes de régulation transcriptionnelle et d’épissage alternatif, qui interviennent au
niveau du gene et de I’ARN messager, respectivement, les PTM induisent une grande diversité au
niveau du protéome et sont donc impliquées dans la régulation de processus biologiques variés tels
que le cycle cellulaire et la différenciation, les voies métaboliques, le transport intracellulaire et les
voies de transduction de signaux, la communication cellule-cellule, I'apoptose... Les erreurs au niveau
de l'incorporation des PTM sont impliquées dans un certain nombre de pathologies comme les
cancers, les maladies neurodégénératives, les diabétes et désordres métaboliques, d’ou l'intérét de
comprendre leur régulation et comment elles interférent dans la fonction de leurs divers substrats.
En effet, le probleme est complexe puisque (i) I'introduction et I'impact d’'une PTM sont directement
dépendantes du substrat modifié car codée, en premier lieu, dans la structure primaire, (ii) la
modification peut étre liée a la présence ou a I'absence d’autres PTM a proximité, (iii) I'identification
d’une PTM est dépendante de la nature chimique de celle-ci, du contexte (PTM multiples, présence
ou non de sites de clivage protéolytique, présence ou non d’une séquence consensus,...).
L'interprétation quantitative aussi bien que qualitative des PTM est une question essentielle et
complexe du fait de leur nature dynamique et de leur aspect multiple, séquentiel ou combinatoire.

La RMN se présente comme une approche nouvelle pour I'étude des PTM. Sa nature non destructive
permet, a partir d’'un méme échantillon, de caractériser les PTM a la fois sur le plan analytique, en
termes de position et quantification, et sur le plan structural et fonctionnel. La sensibilité du
déplacement chimique vis-a-vis de modifications de nature chimique (covalentes) ou
conformationnelle (non covalentes) peut étre mise a profit pour la détection, I'identification et la
quantification des PTM. Si, actuellement, la spectrométrie de masse est la technique de choix pour
I’étude des PTM, la RMN peut néanmoins apparaitre comme une techniqgue complémentaire
(Prabakaran, Everley et al. 2011). Loin de se suffire a elle-méme dans une approche analytique,
méme a I'échelle d’une protéine unique, purifiée, la RMN peut étre d’une aide précieuse dans
I'identification de PTM, utilisant des approches méthodologiques dépendantes de la modification
étudiée. Nous allons présenter ici, sommairement, les caractéristiques spécifiques de trois PTM que
sont la phosphorylation, I'acétylation et I'0O-GIcNAcylation, qui vont nous intéresser ensuite pour
I’étude de la protéine Tau. Une présentation exhaustive de la caractérisation par RMN de PTM
impliquant I'addition covalente de groupements chimiques, ce qui exclut les PTM impliquant
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I'addition de protéines telles que I'ubiquitine ou SUMO, est donnée dans la revue (Theillet, Smet-
Nocca et al. 2012).

L'introduction d’'une nouvelle fonction chimique, de méme que toute modification
conformationnelle ou toute modification de I'environnement chimique quelle qu’elle soit, va
entrainer une modification du déplacement chimique des noyaux du résidu concerné, en particulier
du proton amide (Hy), mais aussi de ses voisins, qu’ils soient voisins dans la séquence primaire de la
protéine ou dans la structure tridimensionnelle. Ceci permet de localiser un site de modification ou
d’interaction par mapping des déplacements chimiques : on observe alors une ou plusieurs régions
de la protéine subissant des variations plus ou moins importantes des déplacements chimiques.
Ainsi, le mapping des déplacements chimiques ne suffit généralement pas pour identifier un site de
PTM. Une analyse des déplacements chimiques proton et carbone est nécessaire pour identifier sans
ambiguité le résidu modifié. De plus, il faut distinguer le cas des protéines non structurées et petits
fragments peptidiques, des protéines globulaires. Dans le cas des protéines non structurées, la faible
déviation des déplacements chimiques des résidus de la protéine par rapport aux valeurs random coil
permet de détecter facilement des variations attribuables aux PTM. En revanche, dans les protéines
structurées, la situation est différente car les écarts par rapport aux valeurs random coil sont plus
importants du fait de la structure tridimensionnelle. L'effet d’'une PTM n’induira pas nécessairement
des variations significatives des résonances.

3.2 RESULTATS

3.2.1. La phosphorylation

La phosphorylation correspond a I'ajout d’un groupement phosphate sur les résidus sérine/thréonine
par les sérine/thréonine-kinases ou sur les résidus tyrosine par les tyrosine-kinases. La
phosphorylation des protéines se produit principalement dans les régions désordonnées
(lakoucheva, Radivojac et al. 2004). Du fait de la nature chimique méme du groupement phosphate,
la phosphorylation a un effet important sur le déplacement chimique des résidus sérine et thréonine
phosphorylés. Dans le cas des peptides et protéines non structurées, on observe généralement une
variation importante de la résonance du proton amide du résidu sérine/thréonine phosphorylé vers
les résonances a bas champ, ce qui rend cette modification facilement détectable sur le spectre
RMN. Cette résonance s’écarte significativement du “massif” des autres résonances (Figure 3.1), qui
sont peu dispersées dans la dimension proton, et se retrouve dans une région vide du spectre *H-"°N
HSQC. Ces résonances sont détectables méme dans une expérience 'H & une dimension, qui peut
donc étre utilisée pour évaluer rapidement I'état de phosphorylation d’une protéine non structurée.
Il a été proposé que |'établissement d’'un pont hydrogéne intra-résidu entre le phosphate et le
proton amide du squelette soit responsable de cette variation prononcée du déplacement chimique
du proton amide du résidu phosphorylé (Du, Li et al. 2005). Les résonances amides des résidus
voisins du site de phosphorylation sont modifiées également. Cependant, dans les protéines non
structurées, les résidus affectés sont ceux qui se trouvent dans le voisinage immédiat du résidu
phosphorylé dans la séquence primaire. On estime que seuls les résidus se trouvant a moins de 3
résidus de part et d’autre du site de phosphorylation sont concernés (Figure 3.2).
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Figure 3.1 : Variation du déplacement chimique du résidu thréonine (T231) entre la forme non phosphorylée (a
gauche) et la forme phosphorylée (3 droite). Spectres "H-">N HSQC du peptide issu de la protéine Tau (résidus
224 a 240, numérotation de Tau humaine, isoforme de 441 résidus) obtenu en abondance naturelle.

Dans le cas des peptides, I'attribution séquentielle a I'aide des expériences RMN 2D homonucléaires
TOCSY et NOESY, ainsi que les expériences hétéronucléaires (en abondance naturelle) *H-*C HMQC
et 'H-"N HSQC permettent d’identifier précisément le(s) site(s) de phosphorylation. En général, on
observe des variations importantes du déplacement chimique du proton amide, et plus faibles pour
les protons a et B du résidu phosphorylé. Les résonances des résidus voisins sont également
modifiées. L’identification du site de phosphorylation vient des variations des résonances *C qui sont
significativement plus importantes pour le résidu phosphorylé (Figure 3.2 B).

Dans le cas d’une protéine globulaire, la dispersion des déplacements chimiques de I'ensemble des
résonances est plus importante et I'effet de la phosphorylation sur le déplacement chimique du
résidu phosphorylé est moins remarquable car la résonance ne s’écarte pas nécessairement des
autres. De plus, I'effet de la phosphorylation peut étre fortement marqué pour les résidus situés au
voisinage dans la structure tridimensionnelle, ce qui rend délicate lidentification du site de
phosphorylation. Ce cas de figure est illustré par la phosphorylation du domaine WW de Pin1 par PKA
(Smet-Nocca, Launay et al. 2013). Ce domaine posséde une boucle B-hairpin, flexible, impliquée dans
la liaison des substrats phosphorylés, localisée entre les brins B1 et B2 du triple feuillet B. Il a été
montré que cette boucle est phosphorylée au niveau du résidu Serl6 par PKA avec, pour
conséguence, un changement de localisation subcellulaire et une inactivation du domaine WW (Lu,
Zhou et al. 2002). Cette région du domaine WW contient trois sérines aux positions 16, 18 et 19 dont
les résonances Hy sont toutes fortement affectées par la phosphorylation. Les résonances des Ser18
et Serl9 sont méme davantage modifiées que celle de la Ser16 sur le spectre *H-">N HSQC (Figure 3.3
A, B, C). De plus, on observe un élargissement des résonances sur le spectre 'H->N HSQC du domaine
WW, a des pH supérieurs a 6.4, pour les résidus R17 a S19 qui diminue avec une diminution du pH ou
sous I'effet de la phosphorylation.
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Figure 3.2 : Effet de la phosphorylation sur les résonances 'H et BC du peptide Tau[392-411] phosphorylé en
S404. (A) Attribution séquentielle du peptide Tau[392-411]-pS404 a l'aide des séquences homonucléaires
TOCSY (noir) et NOESY (rouge). (B) Spectre 'H-"C HsQC du peptide Tau[392-411]-pS404 (noir). En bleu,
spectres TOCSY (A) et "H-">C HSQC (B) du peptide Tau[392-411] non phosphorylé.

L’analyse par spectrométrie de masse MALDI-TOF indique la présence d’une seule phosphorylation.
De méme, deux séries de résonances sont observables sur le spectre 'H->N HSQC concernant
plusieurs résidus, indiquant un dédoublement de certaines résonances sous l'effet de Ia
phosphorylation : on observe une résonance faible au méme déplacement chimique que dans le
domaine WW non phosphorylé et une résonance plus intense qui n’apparait que dans le spectre du
domaine WW phosphorylé (WW?*Y). Ces deux signaux correspondent a la résonance d’un résidu du
domaine WW dans sa forme non phosphorylée et phosphorylée, respectivement. Ce dédoublement
touche également les résonances des résidus au voisinage du site de phosphorylation. Ceci devrait
permettre une quantification du niveau de phosphorylation.

Un mapping des déplacements chimiques montre que les variations les plus importantes concernent
les résidus R17, S18 et S19 de la boucle B-hairpin ainsi que les résidus R21 et Y23 du brin B2, et E35
(Figure 3.3 A et B). Dans le cas présent, il faut noter que le mapping ne permet pas d’identifier sans
ambiguité le site de phosphorylation. De méme, alors que dans les protéines non structurées, une
comparaison des déplacements chimiques >C de la forme phosphorylée avec les valeurs random coil
suffit généralement pour identifier le site de phosphorylation, dans le cas d’une protéine globulaire,
les variations des résonances “>C sous I'effet de la phosphorylation sont du méme ordre que celles
imputables aux structures secondaires, et ne permettent donc pas d’identifier facilement le résidu
phosphorylé. L'identification de la Serl6 comme site de phosphorylation a pu étre réalisée par
comparaison des déplacements chimiques *>C des Ca et CB entre les formes non phosphorylée et
phosphorylée du domaine WW (Figure 3.4). Ainsi, nous avons observé une forte variation de la
résonance du CB de la Serl6, sous I'effet de la phosphorylation par PKA, par rapport a la méme
résonance dans la forme non phosphorylée. Ce site a été confirmé par analyse des fragments de
digestion trypsique par spectrométrie de masse MALDI-TOF, notamment grace a la présence d’un
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signal correspondant a un incrément de +80 Da pour les peptides “*RMSRY et MSRY. Il faut
souligner que, dans le cas présent, I'identification d’'une phosphorylation sur les résidus Serl8 ou
Ser19 n’aurait pas été possible du fait de I'absence de site de coupure spécifique de la trypsine entre
ces deux résidus.
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Figure 3.3 : Phosphorylation du domaine WW de Pinl et liaison d’un substrat phosphorylé. (A,B) Effet de la
phosphorylation du domaine WW de Pin1 par PKA sur le spectre ‘H-">N HSQC. (A) Spectres ‘H-">N HSQC a pH
5.8 du domaine WW dans sa forme non phosphorylée (noir) et phosphorylée par PKA (rouge). (B)
Représentation graphique des variations de déplacements chimiques du proton amide et de |'azote pour
chaque résidu (résidus 6 a 41, numérotation Pinl humaine). (C,D) Comparaison de I'effet de la phosphorylation
ou de la liaison d’un substrat phosphorylé sur les résonances du domaine WW. (C) Variations des résonances
entre la forme phosphorylée (rouge) et la forme non phosphorylée (noir) pour les résidus de la boucle de
liaison du phosphate. (D) Variations de ces mémes résonances du domaine WW non phosphorylé entre la
forme apo (noir) et la forme liée a un peptide phosphorylé comportant un motif phospho-Thr-Pro (rouge).

La quantification d’une PTM est également une question centrale et I'intégration des résonances
relatives des formes phosphorylée et non phosphorylée devrait, en théorie, donner le taux de
modification. A nouveau, des précautions doivent étre prises car des différences significatives ont été
observées au niveau des largeurs de raies pour les résonances de la boucle, qui ne donne pas la
méme précision sur l'intégration des signaux. Dans le cas du domaine WW, a pH 6.8, on n’observe
pas les résonances des résidus R17 a S19 du fait de I'élargissement important des résonances qui les
rend indétectables. Si on effectue I'intégration des signaux correspondant aux formes phosphorylée
et non phosphorylée, on trouvera donc, a partir de ces résonances, 100% de phosphorylation. En

58

© 2014 Tous droits réservés. doc.univ-lille1.fr



HDR de Caroline Smet Lille 1, 2013

3] La RMN dans la caractérisation des modifications post-
traductionnelles

revanche, a des pH plus bas ou par intégration des signaux d’autres résidus, on trouve un niveau de
phosphorylation de I'ordre de 90 * 3%. La quantification du niveau de phosphorylation est donc une
guestion délicate qui doit tenir compte d’'une modification de la largeur de raie en présence ou en
I’'absence de phosphorylation sous I'effet d’'une modification de la dynamique de la région concernée
ou d’'une modification de I'’échange avec I'eau, car les régions phosphorylées, méme dans le cas de
protéines globulaires, sont des régions généralement désordonnées et accessibles au solvant.
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Figure 3.4 : Identification du résidu Serl6 comme site de phosphorylation du domaine WW par PKA. Strips Bc
issus de I'expérience HNCACB sur le domaine >C/*>N-WW phosphorylé par PKA (A et B, panels gauches) et non
phosphorylé (A et B, panels droits) montrant une variation des déplacements chimiques des Ca et CB sous
I'effet de la phosphorylation avec un effet plus marqué pour le CB de la S16.

La RMN a été utilisée ici comme outil analytique mais I'un de ses grands avantages est de pouvoir
caractériser au niveau structural et fonctionnel I'impact d’'une PTM. Dans le cas du domaine WW de
Pinl, la caractérisation de la phosphorylation par RMN a été I'étape préliminaire a I'étude de I'effet
de cette phosphorylation sur la fonction du domaine WW de Pinl. Nous avons montré que la forme
phosphorylée du domaine WW ne peut plus se lier a un peptide phosphorylé de la protéine Tau, au
niveau de I'épitope phospho-Thr212 (voir Chapitre 2). Nous n’avons pas détecté de changements
structuraux notables sous I'effet de la phosphorylation, notamment la structure en triple feuillet B
est conservée. Des études comparatives de la forme non-phosphorylée et phosphorylée ont été
réalisées pour expliquer la perte significative de I'affinité du domaine WW pour les substrats
phosphorylés. Des études dynamiques, avec la mesure des paramétres de relaxation N (T1, T2 et
hétéro-NOE), ainsi que la mesure des vitesses d’échange des protons amides avec |'eau ont permis
de mettre en évidence une modification significative de la dynamique de la boucle de liaison des
substrats phosphorylés qui contient le site de phosphorylation, de I'ordre de la microseconde a la
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milliseconde (relaxation R2) ainsi qu’une diminution de I'échange avec I'eau pour les résidus de la
boucle sous I'effet de la phosphorylation de la Ser16. Une minimisation d’énergie et une dynamique
moléculaire ont permis de modéliser la conformation de la boucle dans son état phosphorylé. Le
modele a permis d’expliquer les modifications observées par RMN sur les déplacements chimiques,
la dynamique de cette boucle et I'échange réduit avec I'eau, et montre que le phosphate porté par la
Serl6 pourrait entrer en compétition avec le phosphate du substrat phosphorylé, ce qui explique la
perte de fonction observée (Smet-Nocca, Launay et al. 2013).

Ici, la phosphorylation quasiment quantitative (de I'ordre de 90 %) du domaine WW par PKA sur un
site unique a facilité I'identification du site de phosphorylation ainsi que la détermination de I'impact
de cette phosphorylation spécifique sur la structure et la fonction du domaine WW. Ce cas de figure
est rarement atteint et la phosphorylation par les kinases conduit généralement a des
phosphorylations multiples et incomplétes et, par conséquent, a une hétérogénéité de I'échantillon
qui complique grandement les spectres RMN et leur interprétation (voir Figure 3.5) (Amniai, Barbier
et al. 2009; Landrieu, Leroy et al. 2010). Ce qui semble étre un obstacle a premiere vue peut
néanmoins apporter beaucoup d’informations sur I'aspect combinatoire des PTM lorsque plusieurs
modifications sont localisées sur des sites proches. Alors que la spectrométrie de masse aura des
difficultés a identifier des sites proches, liées a I'absence de site de digestion pour des protéases
spécifiques ou a la modification de leur activité protéolytique sous I'effet de la PTM méme, la RMN
pourra détecter deux PTM proches, de moins de 2 ou 3 acides aminés, car chacune d’elles va
influencer la résonance de I'autre (Figure 3.6 A, voir les résidus S199 et S202). De méme, les résidus
voisins d’un site de phosphorylation voient leur résonance dédoublée, avec des intégrations relatives
proportionnelles au niveau de phosphorylation de leur voisin (Figure 3.6 A, wvoir la résonance de
A152).
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Figure 3.5 : Phosphorylation de la protéine Tau441 par le complexe CDK2/cyclineA3 (A), par PKA (B), par PKA
puis GSK3B (C). Quelques sites de phosphorylation sont annotés en rouge. On observe un décalage
remarquable vers les bas champs pour les résonances des résidus phosphorylés.

60

© 2014 Tous droits réservés.

doc.univ-lille1.fr



HDR de Caroline Smet Lille 1, 2013

3] La RMN dans la caractérisation des modifications post-
traductionnelles

3.2.2. L’acétylation

L'acétylation correspond a I'ajout d’'un groupement acétyle sur la fonction amine primaire NHe des
résidus lysine, qui se trouve sur le carbone Ce de la chaine latérale. La fonction amide résultante
donne une résonance détectable sur le spectre *H-"N HSQC, alors que la fonction amine primaire,
avant acétylation, ne I'était pas du fait de I'’échange rapide avec I'eau résultant en I'élargissement de
la résonance NH;". De plus, ce groupement NHs* résonne a une fréquence ©N trés différente des
résonances amides (environ 40-60 ppm pour la résonance NHs5*, 100-140 ppm pour la résonance Hy).
Cette nouvelle résonance correspondant a la forme NHe acétylée apparait dans une région du
spectre 'H-N HSQC qui est non peuplée par les résonances des fonctions amide du squelette
polypeptidique (a environ 8.01 ppm en proton et 127.4 ppm en azote), dans le cas de peptides ou
protéines non structurées. De méme, on peut détecter sur le spectre proton, une résonance a 1.98
ppm, sous forme de singulet, correspondant au méthyle du groupement acétyle. Alors que, dans le
contexte des protéines non structurées, la phosphorylation induit un shift important a bas champ
rendant ces PTM facilement détectables, 'acétylation induit, a I'inverse, un shift faible a haut champ
qui ne permet généralement pas aux résonances de sortir du massif (voir Figures 3.6 B et 3.7).

En revanche, la corrélation scalaire entre le proton amide de la chaine latérale de la lysine acétylée
(NHe-Ac) et les protons aliphatiques de la lysine permet d’identifier, a partir de I'expérience
homonucléaire TOCSY, la(les) lysine(s) modifiée(s) méme dans le contexte d’acétylations multiples
(Smet-Nocca, Wieruszeski et al. 2010). De plus, un shift relativement important, d’environ 0.2 ppm a
bas champ, du proton Hg, localisé sur le carbone porteur de la fonction N-acétyle permet d’identifier
aisément les lysines acétylées. De méme, au niveau des résonances 3¢, des variations des
déplacements chimiques “Ce, **C8, *Cy permettent de mettre en évidence la présence de résidus
lysines acétylés mais restent relativement faibles (de 'ordre de 0.2-0.4 ppm pour Ce et *Cy, 1.5
ppm pour C8). Elles ne permettent pas de distinguer les différentes lysines, qu’elles soient
acétylées ou non, car elles ne sont pas suffisamment résolues dans le contexte de protéines non
structurées (Smet-Nocca, Wieruszeski et al. 2010).

Dans le cas d’une protéine non structurée, on citera le cas ici de la protéine Tau, I'acétylation par
I’histone acétyltransférase CBP (CREB-binding protein) conduit a la détection de plusieurs résonances
amides peu résolues correspondant a des chaines latérales de lysines acétylées (NHe-Ac) indiquant
plusieurs sites d’acétylation (Figure 3.6 B, encadré). L'identification des sites d’acétylation dans le
contexte d’'une protéine entiére nécessite une stratégie d’attribution et l'utilisation de séquences
impulsionnelles spécifiques qui seront développées dans la partie Projet (voir Chapitre 4). Il faut
noter que, les résidus lysines étant la cible de la modification par acétylation, un marquage sélectif
des lysines en N présente I'avantage de simplifier considérablement les spectres *H-N HSQC : on
obtiendra un sous-spectre ne montrant que les résidus lysines, acétylés ou non.
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Figure 3.6: Complexité du spectre '"H-°N HSQC de la protéine Tau phosphorylée par le complexe
CDK2/cyclineA3 (A) ou acétylée par CBP (B). En noir, spectre de la protéine Tau non modifiée (A,B). (A) La
phosphorylation incompléte du résidu T153 induit un dédoublement de la résonance de A152 (en encadré). De
méme, le dédoublement de la résonance de pS202 est di a la phosphorylation incomplete de $199. (B)
L’acétylation de Tau par le domaine acétyltransférase de CBP (résidus 1202 a 1848, numérotation de CBP de
souris) montre une multiplication de certaines résonances avec |'apparition de nouvelles résonances a haut
champ. En encadré, les résonances correspondant aux groupements amides (NHe-Ac) formés au niveau des
chaines latérales des lysines acétylées.

A nouveay, il faut souligner I'intérét de la RMN pour mettre en évidence I'aspect combinatoire des
acétylations multiples via leur impact sur le spectre *H->N HSQC au niveau du résidu acétylé méme
et de ses voisins (voir Figure 3.6 B). On illustrera I'effet d’acétylations multiples dans le cas du
peptide issu de la Thymine-DNA Glycosylase (TDG) humaine. TDG est acétylée in vivo par CBP.
L'acétylation réalisée in vitro avec CBP recombinante a permis d’identifier, dans des modeéles
peptidiques d’environ vingt acides aminés, quatre résidus lysine acétylés aux positions 59, 83, 84 et
87 (Tini, Benecke et al. 2002). La synthése en phase solide de peptides de TDG a permis I'introduction
d’acétylations de maniere sélective et quantitative, et I'obtention de peptides dans différentes
combinaisons d’acétylation. L’acquisition de spectres ‘H->N HSQC en abondance naturelle °N
montre l'influence d’acétylations a différentes positions sur le déplacement chimique du résidu
acétylé et des résidus voisins, et d’acétylations multiples (Figure 3.7) (Smet-Nocca, Wieruszeski et al.
2010).

Dans le cas des trois sites proches K83, K84 et K87, on observe des effets différents de chaque site
acétylé sur les résonances 'H et °N. La résonance amide de la lysine 83 est peu influencée par I’état
d’acétylation de la lysine 84 (Figure 3.7 A). En revanche, la résonance amide de la lysine 84 est
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différente selon I'état d’acétylation de la lysine 83, que la lysine 84 soit elle-méme acétylée ou non.

On constate un effet cumulatif de I'acétylation de K83 et K84 sur la résonance de K84 (Figure 3.7 B).

De méme, la lysine 87 est sensible a I'état d’acétylation des lysines 83 et 84, avec, la aussi, un effet

cumulatif sur la résonance de la lysine 87 (Figure 3.7 C). On peut donc extrapoler I'allure du spectre

d’une protéine TDG acétylée par la protéine CBP sur ces trois positions ou on retrouverait, dans un

méme spectre, I'ensemble des résonances observées dans ces différents peptides, avec des

intensités relatives dépendant de leur taux d’acétylation.
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Figure 3.7 : Impact sur le spectre 'H->N HsQC de I’'aspect combinatoire de plusieurs acétylations sur un peptide

issu de la protéine TDG (résidus 72 a 95, numérotation de la protéine TDG humaine). Effet des différentes
acétylation sur la résonance Hy du résidu K83 (A), K84 (B) et K87 (C). Spectres du peptide non acétylé (noir), des
peptides mono-acétylés en K83 (rouge), en K84 (vert clair), en K87 (rose), du peptide di-acétylé en K83/K84
(bleu) et tri-acétylé en K83/K84/K87 (vert foncé).

3.2.3. L’O-B-N-acétylglucosaminylation

L’O-B-N-acétylglucosaminylation (ou O-GlcNAcylation) est une PTM ajoutée sur les résidus sérine et

thréonine par une enzyme codée, chez I’homme, par un gene unique, I’O-GlcNAc transférase (OGT).

Cette PTM est retirée par I'’enzyme antagoniste, I’O-GlcNAcase (OGA), codée elle aussi par un seul et

unique géne chez 'lhomme. De maniere intéressante, la modification par O-GIcNAc cible les résidus

sérine et thréonine comme la phosphorylation et pourrait étre un mécanisme compétitif de la

phosphorylation, soit pour la modification des mémes sites, soit dans la régulation réciproque de

sites adjacents (Kamemura and Hart 2003; Wang, Gucek et al. 2008). Comme pour I'acétylation, I'O-

GlcNAcylation n’aboutit pas a la détection des résidus O-GIcNAc de maniére évidente car elle induit

des shifts modérés avec des déplacements chimiques qui ne s’écartent pas du massif des résonances

amide du squelette polypeptidique. Il est parfois possible d’observer des variations plus importantes

de la résonance du proton amide du résidu voisin du résidu O-GIlcNAcylé, ce qui peut préter a

confusion lorsque celui-ci est un résidu sérine ou thréonine, comme dans le cas du peptide C-

terminal issu de la protéine CKIl (Dehennaut, Hanoulle et al. 2008). L’identification des résidus O-

GIcNAc par RMN n’est pas triviale car I'O-GlcNAcylation ne permet pas d’observer de couplages

scalaires entre les protons du résidu modifié et ceux du groupement GIcNAc du fait de la liaison

osidique (O-glucosidique) qui les relie. Donc, comme pour la phosphorylation, I'identification du

résidu O-GIcNAc passe par I'analyse des résonances **C (Figure 3.8) (Dehennaut, Hanoulle et al. 2008;

Smet-Nocca, Broncel et al. 2011).
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Figure 3.8 : Influence du groupement O-GIcNAc sur les résonances ‘H, C et °N du peptide Tau[392-411]. (A)
'H-"H TOCSY, (B) 'H-"*C HSQC et (C) "H-">N HSQC du peptide Tau[392-411] non modifié (noir) et O-GlcNAcylé
(rouge).

De plus, comme pour 'acétylation, lors de I'analyse par RMN de peptides non enrichis, une nouvelle
résonance amide, correspondant a la fonction glucosamine acétylée, apparait sur le spectre *H-"N
HSQC en abondance naturelle et peut potentiellement renseigner sur la présence d’un groupement
O-GlcNAc (Figure 3.8 C, Hy"® O-GIcNAc). Cependant, il faut souligner que, contrairement a la fonction
NH-acétylée sur les chalnes latérales des lysines (NHe-Ac), elle ne provient pas de la protéine méme
mais de 'UDP-GIcNAc, et n’apparaitra pas dans le spectre *H->N HSQC d’une protéine N enrichie.
De plus, elle est localisée dans le massif des résonances amide du squelette polypeptidique et ne
peut donc pas étre identifiée facilement (Figure 3.8 C).

3.3 DISCUSSION : APPORT DE LA RMN A L’ETUDE DES MODIFICATIONS POST-TRADUCTIONNELLES
(THEILLET, SMET-NOCCA ET AL. 2012)

3.3.1. Le challenge analytique

La RMN permet de détecter des PTM a I’échelle du résidu. L'introduction d’'une PTM va modifier
I’environnement local du résidu modifié et de ses voisins permettant ainsi de localiser, grace a
I'expérience H-">N HSQC, la région ol se trouve(nt) la(les) PTM(s), mais I'identification du site
modifié requiert des informations supplémentaires comme la mesure des résonances **C. De plus,
certaines PTM ont une signature caractéristique (“indicator” signal) qui permet d’identifier de quel
type de modification il s’agit a partir d’une ou quelques résonances facilement identifiable (Theillet,
Smet-Nocca et al. 2012). Ainsi, il n’est pas nécessaire d’attribuer chaque résonance d’une protéine
pour savoir, d'un point de vue qualitatif, si elle contient des PTM et d’en identifier la nature a
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condition de posséder un spectre de référence de la protéine dans sa forme non modifiée. La nature
non destructive de la RMN permet de quantifier le niveau de modification en plus de I'identification
du site spécifique, et de mesurer la cinétique de I'addition ou de la suppression d’une PTM dans une
réaction reconstituée in vitro dans le tube RMN. Par ailleurs, il est aussi possible d’observer des PTM
dans un environnement complexe tel qu’un extrait cellulaire ou directement dans la cellule intacte
(Bodart, Wieruszeski et al. 2008; Lippens, Landrieu et al. 2008; Selenko, Frueh et al. 2008; Liokatis,
Dose et al. 2010; Bekei, Rose et al. 2012; Bekei, Rose et al. 2012; Bekei, Rose et al. 2012). Dans cet
optique, de nombreux efforts sont encore a fournir pour que cette stratégie soit applicable a plus
large échelle mais il s’agit probablement de I'aspect le plus intéressant a développer. L'aspect
analytique est également couvert par la capacité de détecter plusieurs PTM dans le méme
échantillon, incluant des PTM de méme nature ou de nature différente. La RMN ne nécessite pas de
techniques sélectives d’enrichissement ou de purification de I'’échantillon, par immuno-précipitation
par exemple, qui sont nécessairement directement liées a la nature méme de la modification
étudiée, et qui empéchent I'analyse quantitative. En revanche, lintégration des signaux
correspondant au résidu dans sa forme modifiée et non modifiée, respectivement, dont les
résonances apparaissent dans le méme spectre, permet une comparaison directe de I'intensité des
signaux, donc une quantification. Cette méthode s’applique assez bien dans le cas des protéines non
structurées mais des précautions doivent étre prises dans le cas des protéines structurées, ou
I'introduction ou la suppression d’une PTM peut modifier la dynamique locale et ainsi influer
significativement sur les largeurs de raie, ce qui peut compromettre I'intégration des signaux (Smet-
Nocca, Launay et al. 2013).

3.3.2. PTM multiples

Lorsque deux PTM sont suffisamment proches, soit dans la séquence primaire (de 3 a 4 résidus), soit
dans la structure globulaire, 'une va directement influencer la résonance du résidu portant l'autre
PTM, et vice versa. Un des principaux avantages d’étudier les PTM par RMN réside justement dans
cette capacité a identifier des PTM multiples lorsqu’elles sont proches dans la séquence de la
protéine modifiée, ce qui est un des principaux obstacles de la spectrométrie de masse, qui requiert
une fragmentation de la protéine en peptides plus courts par protéolyse (bottom-up mass
spectrometry) et I'analyse des fragments peptidiques générés par spectrométrie de masse en
tandem (MS/MS) pour l'identification et la localisation de PTM. Dans certains cas, les techniques de
fragmentation induisent une coupure de la PTM (cas de la phosphorylation ou de I’O-GlcNAcylation).
La PTM peut également interférer dans la reconnaissance du site de coupure protéolytique ou
modifier I'activité de la protéase (cas de I'acétylation ou de la méthylation). L’identification précise
du site de modification par spectrométrie de masse nécessite la présence de sites de coupure
protéolytique encadrant le résidu modifié mais ne suffit pas toujours. Dans le cas de PTM multiples,
la présence d’un site de coupure protéolytique entre les PTM empéche la détermination de la
distribution des PTM (Figure 3.9). La RMN, en revanche, permet l'identification des distributions sans
ambiguité puisqu’une PTM va modifier I'’environnement chimique des résidus voisins, qu’ils soient
eux-mémes modifiés ou non. Il faut toutefois souligner que la modification des différents résidus,
souvent partielle dans les réactions enzymatiques, complique énormément les spectres lorsque ces
résidus sont situés a proximité les uns des autres. Cependant, lorsque les PTM sont distantes, la RMN
n’apportera pas d’informations quant a leur distribution.
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Figure 3.9 : Comparaison de I'analyse de PTM multiples par spectrométrie de masse (A) et RMN (B). Dans le cas
de la spectrométrie de masse, les cas 1 et 2 conduisent a la détection d’'un méme ensemble de fragments et ne
permet donc pas de distinguer les deux contextes, alors que ces deux cas de figures induiront sur le spectre "H-
N HSQC des modifications distinctes des résonances des résidus modifiés et de leurs voisins.

3.3.3. PTM et régions désordonnées

Les PTM sont généralement localisées dans des régions désordonnées dans les protéines-substrats,
coincidant avec des régions régulatrices (lakoucheva, Radivojac et al. 2004). L’accessibilité de ces
régions protéiques trés exposées au solvant favorise l'interaction dynamique avec les enzymes
intervenant dans I'ajout ou la suppression des PTM. Par ailleurs, la RMN est un outil particulierement
bien adapté a I'étude des protéines ou fragments protéiques déstructurés et se préte donc bien a
I’étude des PTM dans ces régions désordonnées. L'avantage est que I'impact spectral d’une PTM
donnée sera facilement identifiable dans ce contexte, puisque I'environnement chimique de la PTM
sera peu influencé par le site de modification. On a montré par exemple, que la phosphorylation
induit généralement un shift prononcé de la résonance amide du résidu phosphorylé vers une région
vide du spectre 'H-"N HSQC, ce qui permet de détecter facilement I'état de phosphorylation d’une
protéine. De méme, 'acétylation conduit a un signal facilement identifiable correspondant a la
nouvelle fonction amide formée sur la chaine latérale du résidu lysine modifié, qui apparait
également dans une région caractéristique du spectre 'H-""N HSQC, non peuplée dans le cas des
protéines non structurées. Le cas des protéines globulaires est complétement différent car les
régions spectrales en question ne sont plus vides dans ce contexte, et les shifts, rapportés a la
dispersion des déplacements chimiques directement due a la structure tridimensionnelle,
apparaissent bien moins prononcés

3.3.4. PTM et conséquences structurales/fonctionnelles

En plus de I'aspect analytique, la RMN peut apporter des informations structurales et fonctionnelles.
La nature non destructive de la RMN permet, en utilisant le méme échantillon, a la fois d’identifier
une PTM et d’en étudier I'impact sur la structure et la fonction de la protéine modifiée, en particulier
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comment celle-ci va moduler 'interaction avec d’autres partenaires. En effet, la plupart des PTM
sont “lues” par des modules d’interaction protéine-protéine spécifiques, comme les bromodomaines
pour les lysines acétylées, les chromodomaines pour les lysines méthylées, les domaines 14-3-3 et
WW pour les sérines/thréonines phosphorylés, les domaines SH, pour les tyrosines phosphorylées...
La nature modulaire de nombreuses protéines eucaryotes est en partie liée a I'adaptation des
protéines pour la reconnaissance des PTM, en incluant de tels modules pour |'établissement
d’interactions protéine-protéine spécifiques régulées par ces PTM. Des modifications structurales
résultant directement de l'incorporation spécifique d’une PTM sont également attendue dans le
contexte de protéines globulaires. La conséquence est une augmentation de la complexité spectrale
avec I'observation de perturbations des résonances a plus longue distance du fait du réarrangement
structural, concernant un nombre plus important de résidus de la protéine que ceux immédiatement
au voisinage du site de modification dans la séquence primaire.

Dans le chapitre suivant, nous allons proposer un projet d’étude des PTM de la protéine Tau telles
que l'acétylation et I'O-GlcNAcylation avec l'identification et la caractérisation de ces PTM par RMN
dans le contexte d’'une protéine entiére. La caractérisation des profils de modifications permettra
d’envisager des études structurales et fonctionnelles avec pour objectifs, de clarifier, au niveau
moléculaire, les mécanismes de régulation de la fonction physiopathologique de Tau via ces PTM.

67

© 2014 Tous droits réservés. doc.univ-lille1.fr



HDR de Caroline Smet Lille 1, 2013

4| Projet de recherche : régulation structurale et fonctionnelle
de Tau par les modifications post-traductionnelles

Chapitre 4. Régulation structurale et fonctionnelle de Tau par
les modifications post-traductionnelles

Deux nouvelles PTM de Tau, I'0O-B-N-acétylglucosaminylation (O-GlcNAcylation) et I'acétylation, ont
été décrites ces derniéres années et ouvrent la voie a de nouvelles approches pour le contréle (i) de
la phosphorylation, (ii) de la fonction de Tau dans la liaison et la polymérisation des microtubules et
(iii) de I'agrégation de Tau avec, comme enjeux, non seulement la compréhension des mécanismes
moléculaires au niveau physiopathologique, mais également, de nouvelles perspectives
thérapeutiques pour traiter la maladie d’Alzheimer. D’apres les données actuelles de la littérature,
ces deux mécanismes ont a priori un effet opposé sur la phosphorylation et la formation des fibres
pathologiques. L’'O-GlcNAcylation, d’'une part, décrite par G. Hart en 1996 (Arnold, Johnson et al.
1996), a fait I'objet de nombreuses études cette derniére décennie en raison de son lien compétitif
avec la phosphorylation. Récemment, il a été montré que I'O-GIcNAcylation de Tau réduit la
formation des fibres pathologiques in vitro (Yuzwa, Shan et al. 2012). L’acétylation, au contraire,
pourrait empécher la dégradation des formes oligomériques anormalement phosphorylées de Tau
par le protéasome et contribuer a I'accumulation de formes hyperphosphorylées pathologiques qui
aboutissent a la formation des PHF (Mattson 2010; Min, Cho et al. 2010). De plus, I'acétylation réduit
I'interaction de Tau avec les microtubules et stimule |'agrégation de Tau in vitro (Cohen, Guo et al.
2011).

Une approche en plein essor pour I'étude des PTM est la voie des protéines de synthese ou semi-
synthétiques. Ces méthodologies sont diverses et I'EPL (Expressed Protein Ligation), en particulier,
qui permet de combiner les méthodologies d’expression de protéines recombinantes et de synthése
peptidique en phase solide constitue une voie intéressante pour I'analyse par RMN de la protéine
ainsi obtenue. Cette approche va étre utilisée, dans un premier temps, pour I'étude de phospho-
épitopes spécifiques de Tau et pourra étre étendue a I’étude d’autres PTM.

4.1 ETUDE DE MODIFICATIONS POST-TRADUCTIONNELLES SPECIFIQUES AVEC DES PROTEINES TAU
SEMI-SYNTHETIQUES

4.1.1. Principe de la synthése de protéines Tau semi-synthétiques

Une dérégulation de la phosphorylation peut transformer la protéine Tau en une protéine inactive
qui s’accumule dans les neurones sous forme de fibres insolubles hyperphosphorylées. A I'inverse,
I’O-GIcNAcylation est un mécanisme potentiellement salvateur qui contribue a diminuer le niveau de
phosphorylation et prévient I'agrégation de maniére indépendante de la phosphorylation. Les profils
de phosphorylation sont multiples et complexes par nature étant donné le nombre de kinases et
phosphatases impliquées, leur (dé)régulation spatio-temporelle. L'impact de phosphorylations ou
d’O-GlcNAcylations spécifiques sur la fonction de Tau ou l'agrégation est encore mal connu et
demande a étre clarifié au niveau moléculaire. Des protéines Tau modifiées spécifiquement seront
des modeles simplifiés pour évaluer le réle de ces PTM dans la régulation de la fonction de Tau et son
agrégation. Nous voulons étudier I'effet de phosphorylations ou d’O-GlcNAcylations spécifiques sur
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la conformation et la fonction de la protéine Tau avec la production d’'une protéine semi-synthétique
obtenue par ligation chimique native de type EPL (Figure 4.1). Ce projet sera réalisé dans le cadre
d’une collaboration avec le Pr Christian Hackenberger (Leibniz Institut fuer Moleckulare
Pharmakologie, Allemagne), qui posséde I'expertise dans le domaine des ligations chimiques
(Hackenberger and Schwarzer 2008).
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Figure 4.1 : Principe de production de la protéine Tau semi-synthétique (isoforme de 441 acides aminés)
sélectivement phosphorylée en S404, par ligation chimique native du segment [1-389] produit par voie
recombinante dans E. coli avec le segment [390-441] obtenu par synthese peptidique en phase solide.
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Figure 4.2 : Etapes de I'obtention de la protéine Tau semi-synthétique. Dans un premier temps, la protéine
Tau[1-389] fusionnée a lintéine et au chitin-binding domain (CBD) est purifiée par affinité sur colonne de
chitine. La liaison peptidique avec l'intéine induit un réarrangement spontané sous forme de N->S shift
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conduisant a une fonction thioester. La fonction thioester de I'extrémité carboxy-terminale est obtenue par
réaction de transthioestérification avec le 2-mercaptoéthylsulfonate de sodium (MESNa) et conduit a I'élution
simultanée de la protéine. La protéine Tau semi-synthétique est ensuite obtenue par condensation de la
fonction thioester carboxy-terminale avec la fonction thiol de la cystéine amino-terminale du peptide Tau[390-
441] synthétisé en phase solide permettant l'introduction sélective et quantitative de PTM ou autres
marqueurs. Le réarrangement S—>N shift permet de restaurer une liaison peptidique native, en laissant
néanmoins une mutation A390C.

Dans un premier temps, nous allons étudier I'impact de I'épitope PHF-1 spécifique de la MA (Otvos,
Feiner et al. 1994; Augustinack, Schneider et al. 2002), localisé dans la région C-terminale de Tau,
phosphorylé sur les sites S396/5S400/5404, sur la conformation et la fonction de la protéine Tau
(Wang, Udeshi et al. 2010; Smet-Nocca, Broncel et al. 2011; Yuzwa, Yadav et al. 2011). Le fragment
N-terminal (résidus 1 a 389) sera produit par voie recombinante chez E. coli comme protéine de
fusion a I'intéine, permettant le marquage en N et/ou *C pour les études par RMN (Figure 4.2). Le
fragment C-terminal triplement phosphorylé ou O-GIcNAcylé sera produit par synthése peptidique en
phase solide pour permettre lintroduction sélective et quantitative de PTM ou de marqueurs
(biotine, fluorophores) (Broncel, Krause et al. 2012) (Figure 4.2). Des protéines Tau semi-
synthétiques fonctionnelles ont déja été obtenues selon ce schéma, dans des formes non
phosphorylée ou phosphorylée en S404 (Broncel, Krause et al. 2012). L'obtention du peptide de 52
acides aminés triplement phosphorylé est plus problématique du fait de la proximité des trois
phosphorylations et a nécessité la mise au point d’une stratégie de synthese optimisée (Figure 4.3).
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Figure 4.3: (A) Séquence du peptide C-terminal de Tau de 52 acides aminés comportant trois sérines
phosphorylées aux positions 396, 400 et 404 (en rouge). Le site de biotinylation (K438) permettant la
purification du produit de ligation chimique est noté en vert. Le site de ligation permettant la liaison du peptide
N-terminal de 21 résidus au peptide C-terminal de 31 résidus est noté en violet. (B) Stratégie de synthése pour
I'obtention du peptide de 52 résidus par ligation chimique native du peptide N-terminal de 21 résidus (résidus
390 a 410 ; peptide 1), portant les trois sites de phosphorylation, au peptide C-terminal de 31 résidus (résidus
411 a 441; peptide Il). La jonction se fait au niveau d’un groupement pénicillamine (B-mercaptovaline) du
peptide Il sur la fonction thioester du peptide Il qui, aprés réaction de désulfurisation, restaure une valine
native en position 411. Au cours de cette étape, le groupement thiazolidine en position N-terminale du peptide
de 52 acides aminés est clivé pour donner le résidu cystéine qui réagira avec le groupement thioester de la
fonction carboxy-terminale de la protéine Tau[1-389] produite par voie recombinante, lors de I'étape EPL.
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Des premieres données obtenues par comparaison des spectres de la protéine Tau tronquée (Tau[l-

389]) et de la protéine entiére indiquent que la délétion du domaine C-terminal induit des

modifications importantes de l'intensité relative des signaux qui affecte plus particulierement la

région riche en prolines ainsi que le segment répété R1 et, dans une moindre mesure, le R2 (Figure

4.4). Pour ces régions, on observe un élargissement des signaux qui s’accompagne, pour certains

résidus, d’une variation du déplacement chimique. Au contraire, le R4 et la région voisine (résidus

340 a 389) montrent une nette augmentation de l'intensité des résonances par rapport a l'isoforme

entiére. Ces données indiquent globalement une modification de la dynamique et/ou des échanges

avec I'eau lors de la délétion du domaine C-terminal, qui s’étend sur I’'ensemble de la région riche en

prolines et du domaine de liaison aux microtubules (le segment répété R3 est moins affecté). Ces

observations concordent avec la conformation globale paperclip-like qui a été décrite par Mandelkow

et collaborateurs (Jeganathan, von Bergen et al. 2006), qui montre notamment un repliement

transitoire du domaine C-terminal sur le domaine a segments répétés. En revanche, contrairement a

cette conformation paperclip-like ou il existe une proximité spatiale transitoire entre les domaines N-

et C-terminaux, I'absence du domaine C-terminal ne semble pas affecter ici la région N-terminale de

maniére significative.
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Figure 4.4 : Effet de la délétion du domaine C-terminal de Tau sur le spectre "H-""N HSQC. (A) Superposition des
spectres de Tau441 (noir) et Tau[1-389] (rouge) enrichies en °N. En encadré, analyse sur gel dénaturant de
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polyacrylamide des protéines Tau441 (bande 2) et Tau[1-389] (bande 1). Les marqueurs de poids moléculaires
sont indiqués a droite en kDa. (B) Cartographie des intensités relatives des signaux entre les deux protéines. Les
intensités ont été normalisées sur I'enveloppe des signaux des spectres 'H correspondant. Au-dessus,
représentation schématique des domaines de Tau441 (I'épitope PHF-1 est indiqué en rouge) et Tau[1-389].
Projection : domaine de projection ; Pro-rich : domaine riche en prolines ; MTBR : microtubule-binding repeats ;
Ct : domaine C-terminal.

Il a été montré que la phosphorylation module la conformation globale de Tau selon le nombre et la
localisation des sites phosphorylés, et pourrait rompre des interactions intramoléculaires transitoires
a longue distance (Jeganathan, Hascher et al. 2008; Bibow, Ozenne et al. 2011). L’étude structurale
d’une protéine Tau semi-synthétique phosphorylée de maniére homogeéne permettra d’évaluer
I'impact de phosphorylations spécifiques sur la conformation de Tau.

4.1.2. Etudes fonctionnelles de phospho-épitopes spécifiques par lintermédiaire de
protéines Tau semi-synthétiques

L’étude de I'impact de la phosphorylation des sites S$396/5400/5404 ou de I’O-GIcNAcylation en S400
sur la conformation de Tau seule ou liée a la tubuline pourra étre étudiée par RMN. Cette méthode
permet I'’étude, au niveau moléculaire, de protéines non structurées, la ol la cristallographie par
rayons X est limitée par I'obtention de cristaux pour ces protéines particulierement flexibles et
conformationnellement hétérogenes (Lippens, Wieruszeski et al. 2004; Smet, Leroy et al. 2004;
Lippens, Sillen et al. 2006). Ainsi, I'étude de la conformation des protéines non structurées est
possible avec, par exemple, la recherche de structures locales transitoires (appelées également
structure résiduelles) coincidant généralement avec des régions fonctionnelles. On pourra également
définir, de maniere fine, les régions impliquées dans I'agrégation ou dans la liaison aux microtubules
(Sillen, Leroy et al. 2005; Sillen, Wieruszeski et al. 2005; Sibille, Sillen et al. 2006; Sillen, Barbier et al.
2007). De cette fagon, la conformation et la fonction de Tau modifiée par des phosphorylations ou
glycosylations spécifiques pourront étre étudiées in vitro. La liaison des microtubules sera envisagée
par RMN comme pour la protéine non modifiée et un test de cinétique de polymérisation de la
tubuline permettra de mettre en évidence d’éventuelles différences d’activité sous l'effet de
modifications spécifiques (Sillen, Barbier et al. 2007; Amniai, Barbier et al. 2009). De plus, la RMN
offre la possibilité de caractériser les PTM, en complément de la spectrométrie de masse, dans le cas
de PTM multiples et localisées sur des sites proches (Landrieu, Lacosse et al. 2006; Amniai, Barbier et
al. 2009; Landrieu, Leroy et al. 2010; Landrieu, Smet-Nocca et al. 2011; Prabakaran, Everley et al.
2011; Theillet, Smet-Nocca et al. 2012). On pourra ainsi caractériser I'effet de I’O-GlcNAcylation en
S400 sur les profils de phosphorylation par différentes kinases MA-spécifiques. Dans un deuxiéme
temps, des PTM localisées dans la région riche en prolines, qui intervient dans la régulation de la
liaison aux microtubules, pourront étre envisagées mais requiérent I'élaboration de stratégies de
ligation plus complexes, faisant intervenir plusieurs fragments polypeptidiques.

Il a été proposé que Tau interagisse avec les groupements polyglutamates de la tubuline via sa région
basique. Ces chaines polyglutamates, qui peuvent contenir jusqu’a six résidus Glu, proches du C-
terminus de la plupart des isoformes de tubuline a et B, ne seraient pas impliquées directement dans
la liaison de Tau mais réguleraient sa liaison via un changement conformationnel en (dé)masquant le
site de liaison de Tau a la tubuline (Boucher, Larcher et al. 1994). La phosphorylation de Tau, en
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augmentant l'acidité de la protéine, pourrait modifier la liaison de Tau a la tubuline via des
interactions électrostatiques défavorables avec les queues polyglutamates. Par ailleurs, un
repliement transitoire global de la protéine Tau soluble a été mis en évidence montrant une
proximité spatiale entre les extrémités N- et C-terminales, et les repeats R2/R3, dite conformation
paperclip (Jeganathan, von Bergen et al. 2006). Cette conformation coincide avec la capacité
d’anticorps dits conformationnellement-dépendants, AlIz50 et MC-1, de reconnaitre une
conformation anormale de Tau au travers d’'un épitope discontinu, dans les stades précoces de la
MA. La pseudo-phosphorylation des épitopes AT8, AT100 et PHF-1 ensemble augmente la
compaction de la conformation paperclip et favoriserait I'agrégation sous formes de PHF, tandis que
les pseudo-phosphorylations de AT8 ou PHF-1 seules ont I'effet inverse. La réactivité vis-a-vis de MC-
1 est augmentée en présence des 3 phospho-épitopes suggérant qu’il pourrait exister une
conformation pathologique de Tau dans la MA (Jeganathan, Hascher et al. 2008). Ainsi, la
phosphorylation de I'épitope PHF-1 dans la protéine Tau semi-synthétique permettra d’examiner en
détails I'impact structural de cette phosphorylation spécifique sur la conformation de Tau libre ou
liée a la tubuline. En effet, la formation d’'un complexe Tau : tubuline est susceptible d’affecter la
conformation de Tau et stabiliser une conformation préexistante qui serait transitoire dans |'état
libre. Dans le cadre d’une collaboration avec le Dr Knossow (Centre de Recherche CNRS de Gif-sur-
Yvette, Paris), I'’étude de la liaison de Tau a deux hétérodimeres de tubuline stabilisés par le domaine
stathmin-like de la protéine RB3 (T2R ; PDB ID : 3HKB) a permis d’identifier précisément les régions
de Tau impliquées dans la liaison, et a conduit au clonage du fragment Tau-F4 [208-324] (Fauquant,
Redeker et al. 2011). D’autres études réalisées dans notre laboratoire ont montré que Tau
phosphorylée au niveau des épitopes pathologiques, AT8 et AT180, ne peut plus promouvoir
I'assemblage des microtubules mais conserve sa capacité a lier les microtubules, concluant ainsi a
une liaison non productive de Tau phosphorylée aux microtubules (Amniai, Barbier et al. 2009). Le
complexe T2R pourra étre utilisé pour identifier I'effet d’'un phospho-épitope unique sur la structure
de Tau en complexe avec la tubuline. Des données obtenues dans notre laboratoire (Guy Lippens,
données non publiées) ont permis de cartographier l'interaction de Tau avec T2R qui pourrait
expliquer son réle moléculaire dans la polymérisation de la tubuline. En effet, Tau liée a T2R conserve
une dynamique dans certaines régions qui serait nécessaire pour promouvoir I'assemblage des
microtubules, en liant un ou deux dimeres de tubuline. Dans ce contexte, la phosphorylation de
I’épitope PHF-1 dans la région C-terminale pourrait potentiellement stabiliser la conformation de
Tau, lui permettant toujours de se lier a T2R mais diminuerait la dynamique requise pour favoriser la
polymérisation.

La présence de nombreux sites de phosphorylation dans la protéine Tau phosphorylée par le
complexe CDK2/cycline A3 complique I'étude des interactions avec la peptidyl-prolyl cis/trans
isomérase Pinl en raison d’une interaction multi-site, sur plusieurs sites de faible affinité. Un
élargissement des résonances des résidus phosphorylés en présence de Pinl est observé pour des
quantités de Tau sub-stoechiométriques, et une précipitation des protéines est observée en présence
d’un excés de Tau. La présence d'un seul site de phosphorylation dans la protéine Tau semi-
synthétique permettra de contourner les problémes liés aux phosphorylations multiples. Le site PHF-
1 comporte deux motifs phospho-Ser-Pro, qui présentent individuellement, dans le contexte de
petits peptides, des Ky de I'ordre du millimolaire (Smet, Sambo et al. 2004). D’autre part, il a été
proposé que Pinl induise, par son activité PPlase, un changement conformationnel au sein de ses
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substrats qui régulerait ainsi leur fonction mais qui n’a encore jamais été montré. Dans le contexte
neuronal, il a été observé que Pinl se lie a la protéine Tau phosphorylée et restaure sa capacité a lier
les microtubules et a favoriser leur polymérisation (Lu, Wulf et al. 1999). L’interaction Pin1 :phospho-
Tau pourra étre mise dans le contexte de la liaison de Tau a la tubuline avec le modele T2R et les
protéines Tau semi-synthétiques, ce qui n’était pas possible avec les modeéles peptidiques décrits
dans le Chapitre 2. Il faut souligner cependant, que nous ne pourrons observer l'impact
conformationnel d’une interaction avec Pinl via I'épitope PHF-1 qu’a longue distance, du fait de
I’'absence de marquage isotopique dans la région C-terminale comprenant le motif d’interaction. Un
tel effet structural a longue distance reste encore trés hypothétique, et probablement trés difficile a
observer. Nous pourrons également déterminer si, via I'épitope PHF-1, cette liaison a Pinl a un effet
sur la liaison de Tau phosphorylée a T2R et sur la polymérisation des microtubules.

4.2 O-GLCNACYLATION : UN MECANISME ANTAGONISTE DE LA PHOSPHORYLATION DE TAU ET
PROTECTEUR DE L’AGREGATION ?

4.2.1. Introduction

De nombreuses études ont montré que la phosphorylation anormale de Tau joue un réle crucial dans
le processus de neurodégénérescence de la MA et d’autres tauopathies (Igbal, Alonso Adel et al.
2005). En conséquence, l'inhibition ou le recul de I'hyperphosphorylation de Tau sont des voies
thérapeutiques d’intérét majeur dans la MA. En plus d’étre régulée par les kinases et phosphatases,
le niveau de phosphorylation de Tau est régulé par O-GlcNAcylation. L’O-GlcNAcylation de Tau dans
le cerveau humain a été découverte relativement récemment par rapport a la phosphorylation
(Arnold, Johnson et al. 1996; Liu, Igbal et al. 2004).

La glycosylation par O-GIcNAc est une modification post-traductionnelle réversible résultant de
I’addition, a partir de 'UDP-GIcNAc, d’un groupement N-acétylglucosamine sur les chaines latérales
des résidus sérine et thréonine. 2-5% du glucose intracellulaire est utilisé pour synthétiser 'UDP-
GIcNAc, un sucre activé, via la voie de signalisation des hexosamines (HBP pour Hexosamine
Signalling Pathway) (Love and Hanover 2005). En plus du glucose interviennent d’autres métabolites
comme la glutamine dont le groupement amide se combine a I'acétyl-coenzyme A (AcCoA) pour
former le groupement N-acétyle de I'UDP-GIcNAc. L'O-GIcNAcylation est par conséquent une
modification sensible au stress et aux nutriments, qui régule un large panel de fonctions biologiques.
Cette modification post-traductionnelle est dynamiquement régulée par I'action antagoniste de deux
enzymes, I'O-GIcNAc transférase (OGT) et O-GIcNAc hydrolase (OGA), chacune codée par un géne
unique chez 'homme (lyer and Hart 2003). Dans des conditions normales, la modification par O-
GIcNAc concerne plus d’un millier de protéines aux niveaux nucléaires, mitochondriales et
cytoplasmiques. L'O-GIcNAcylation a été impliquée dans la transduction des signaux, les interactions
protéine-protéine, la transcription, le cycle cellulaire et la réponse au stress cellulaire (Kamemura
and Hart 2003; Zachara and Hart 2004; Slawson, Zachara et al. 2005; Zachara and Hart 2006; Zachara,
Molina et al. 2011) mais I'implication fonctionnelle de la modification des protéines par O-GIcNAc
reste encore largement mal définie. La régulation de I'O-GIcNAcylation est non seulement
conditionnée par la régulation des deux enzymes impliquées dans le cyclage du GIcNAc mais elle est

74

© 2014 Tous droits réservés. doc.univ-lille1.fr



HDR de Caroline Smet Lille 1, 2013

4| Projet de recherche : régulation structurale et fonctionnelle
de Tau par les modifications post-traductionnelles

également sensible a la concentration en glucose qui se trouve a la base de la voie de signalisation
des hexosamines (Hart, Housley et al. 2007). La dérégulation de la modification par O-GIcNAc a été
impliguée dans des pathologies comme les diabetes, les cancers et la maladie d’Alzheimer (Akimoto,
Hart et al. 2005; Lefebvre, Guinez et al. 2005; Dias and Hart 2007; Butkinaree, Park et al. 2009;
Slawson, Copeland et al. 2010).

L'O-GlcNAcylation est un mécanisme analogue a la phosphorylation des protéines et la plupart des
protéines O-GlcNAcylées sont aussi des phospho-protéines (Haltiwanger, Busby et al. 1997). Souvent,
ces deux PTM sont décrites comme mutuellement exclusives. Elles peuvent entrer en compétition
pour I'occupation d’'un méme site ou inhiber I'occupation d’un site adjacent (Hart, Greis et al. 1995;
Cheng, Cole et al. 2000; Comer and Hart 2000; Cheng and Hart 2001; Wells, Vosseller et al. 2001;
Zachara and Hart 2002; Hu, Shimoji et al. 2010). De plus, il a été montré récemment que I'OGT peut
former des complexes transitoires avec la sous-unité catalytique de la phosphatase PP1 (PP1lc)
suggérant que, dans certains cas, de tels complexes enzymatiques puissent étre recrutés a la fois
pour déphosphoryler et O-GIcNAcyler les protéines (Wells, Kreppel et al. 2004). Cependant, des
données récentes indiquent que les relations phosphorylation/O-GlcNAcylation observées sur une
population globale peuvent étre trés différentes, voire a I'opposé, de ce qui est observé a I'échelle
d’une sous-population spécifique, soulignant [I'intérét de développer des méthodologies
guantitatives pour étudier la balance entre deux modifications. Il a en effet été montré que la
glycosylation par O-GIcNAc du répresseur transcriptionnel MeCP2 se produisait uniquement sur la
fraction phosphorylée de la protéine, un mécanisme a l'opposé du mécanisme yin-yang
généralement évoqué ou les deux PTM sont mutuellement exclusives (Kohler 2010; Rexach, Rogers
et al. 2010).

Balance phosphorylation/O-GlcNAcylation dans la protéine Tau

On sait de longue date que le métabolisme du glucose est perturbé dans le cerveau de patients
atteints de la MA (Meier-Ruge and Bertoni-Freddari 1996) et une diminution du niveau de
glycosylation par O-GIcNAc a été observé (Liu, Shi et al. 2009). Une corrélation inverse a été observée
entre phosphorylation et O-GlcNAcylation dans le cas de la protéine Tau. L'O-GIcNAcylation régule la
phosphorylation de Tau, et vice versa, a la fois dans des cellules en culture et dans des coupes de
cerveaux de rats métaboliquement actives. De plus, une diminution de I'O-GlcNAcylation des
protéines, et en particulier de Tau, a été observée dans les cerveaux atteints de la MA.

Différentes approches visant a augmenter le niveau d’O-GIcNAcylation, par utilisation d’inhibiteurs
de I'OGA (Fischer 2008; Yuzwa, Macauley et al. 2008), ou a le diminuer, par privation en glucose (Liu,
Igbal et al. 2004) ou réduction de I'expression de I'OGT dans des cellules HEK-293 (Liu, Shi et al.
2009), ou encore visant a modifier le niveau de phosphorylation par I'action d’un inhibiteur de la
kinase GSK3B (Robertson, Moya et al. 2004) ou de la phosphatase PP2A (Lefebvre, Ferreira et al.
2003), ont permis de mettre en évidence un lien antagoniste entre phosphorylation et O-
GlcNAcylation, dans la plupart des cas étudiés. Par exemple, il a été montré qu’une augmentation de
I’O-GlcNAcylation diminue la phosphorylation de Tau sur des sites spécifiques, dans un certain
nombre de modeles cellulaires et animaux (Arnold, Johnson et al. 1996; Liu, Igbal et al. 2004,
Dehennaut, Lefebvre et al. 2007; Yuzwa, Macauley et al. 2008). Par conséquent, une diminution de la
phosphorylation par augmentation de I'O-GIlcNAcylation pourrait avoir un effet bénéfique sur
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I’agrégation. De plus, il a été montré récemment dans un modeéle de souris transgéniques P301L,
capables de former des NFT et qui expriment un mutant de Tau ayant une cinétique d’agrégation
plus rapide que la protéine sauvage in vitro, que I'O-GlcNAcylation pourrait étre un mécanisme
protecteur de I'agrégation en soi, en diminuant la formation des fibres de Tau in vitro, de maniére
indépendante de la phosphorylation (Yuzwa, Shan et al. 2012). Sur bases de ces observations, il a été
proposé qu’une dérégulation du métabolisme du glucose dans les cerveaux atteints de la MA pouvait
étre a l'origine de la dégénérescence neurofibrillaire via une diminution du niveau d’O-GlcNAcylation
de Tau menant a son hyperphosphorylation (Gong, Liu et al. 2006).

Dans ce contexte, une élévation du niveau d’O-GlcNAcylation de Tau pourrait étre une nouvelle voie
prometteuse dans le traitement de la MA ou d’autres tauopathies, en inhibant ou en renversant
I’'hyperphosphorylation de Tau (Yuzwa and Vocadlo 2009). La conception d’inhibiteurs de I'O-
GlcNAcase basée sur la structure de I'enzyme en complexe avec un substrat O-GIcNAcylé, a abouti a
des molécules mimant I'état de transition du groupement O-GIcNAc dans la poche spécifique de
I’'OGA humaine (Macauley and Vocadlo 2009). Dans cette série, le Thiamet-G présente une activité
élevée (avec Ki de 27 nM), une sélectivité élevée pour I'OGA (de 37 000 fois supérieure par rapport
aux B-hexosaminidases lysosomales humaines et n’inhibe d’autres glycosides hydrolases qu’a des
concentrations supérieures a 500 uM) ainsi qu’une trées faible toxicité. Cette molécule est également
capable de passer la barriere hémato-encéphalique ce qui en fait un chef de file intéressant pour le
développement de candidats médicaments dans le traitement de la MA. Le traitement de cellules
PC12 avec le Thiamet-G induit une augmentation de I'O-GlcNAcylation des protéines ainsi qu’une
diminution de la phosphorylation des sites T231, S396 et S422. Des résultats similaires ont été
observés chez des rats traités par voies orales ou intraveineuses (Yuzwa, Macauley et al. 2008). Il faut
noter qu’une augmentation du niveau d’O-GlcNAcylation d’autres protéines par cette voie pourrait
avoir d’autres conséquences, qui restent a définir. Notamment, comme de nombreuses protéines
sont modifiées par O-GIcNAc, une toxicité potentielle liée a la perturbation des profils de
glycosylation d’autres protéines est a prévoir. De plus, il a été observé une augmentation du niveau
de phosphorylation de certains sites au sein de la protéine Tau, spécifiques de la MA. Cette élévation
de la phosphorylation pourrait étre liée a I'activation de GSK3f, une des kinases les plus importantes
dans le cerveau. Il a en effet été montré que I’AKT et d’autres protéines de la voie de signalisation de
I’AKT sont modifiées par O-GIcNAcylation et que I'O-GlcNAcylation de I’AKT inhibe son activité. L’AKT
est une kinase impliquée dans la phosphorylation de GSK3B au niveau de la S9, résultant en une
inhibition de son activité kinase. Une élévation du niveau d’O-GlcNAcylation de I’AKT pourrait en
conséquence conduire a I'activation de GSK3p.

L’OGT, une enzyme essentielle et unique

Le clonage du cDNA de I'OGT (UDP-GIcNAc:polypeptidtyltransferase) du rat et de ’'homme date de
1997 (Kreppel, Blomberg et al. 1997; Lubas, Frank et al. 1997), et de 'OGA issue de cerveaux humains
de 2001 (Gao, Wells et al. 2001). Chez 'homme, le géne de I'OGT se trouve sur le chromosome X
sous une seule copie (Shafi, lyer et al. 2000). Face aux 400 Ser/Thr kinases, un seul domaine OGT a
été identifié a I'heure actuelle et on dénombre plus de 600 protéines modifiées par O-GIcNAc. Ces
données suggerent que, contrairement aux kinases par exemple dont la sélectivité est en partie
codée dans leur gene, le mode de reconnaissance des substrats par I'OGT reste encore mal compris a
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I'heure actuelle. L'OGT est une protéine ubiquitaire, abondante plus particulierement dans le
pancréas et le cerveau. Elle est majoritairement nucléaire mais un variant d’épissage est également
trouvé au niveau mitochondrial. L’activité de I'OGT est sensible au niveau d’UDP-GIcNAc sur une
large gamme de concentrations qui affectent le niveau d’O-GlcNAcylation des protéines (Kreppel and
Hart 1999).

L'OGT est exprimée sous trois isoformes : I'OGT nucléocytoplasmique (ncOGT) de 116 kDa, I'isoforme
courte (sOGT) de 70 kDa - ces deux isoformes sont localisées dans le noyau- et I'OGT mitochondriale
(mOGT) de 103 kDa. Les différentes isoformes différent essentiellement par leur nombre de TPR
(tetratricopeptide repeats). Le domaine TPR est localisé dans la partie N-terminale de I'OGT. Il s’agit
d’une séquence répétée de peptides de 34 acides aminés. Les TPR sont nécessaires a la spécificité de
I’OGT pour des peptides substrats in vitro et interviennent dans |'oligomérisation de I'OGT (Kreppel
and Hart 1999; lyer and Hart 2003). La ncOGT humaine contient 11.5 TPR qui forment une super-
hélice relativement flexible. La surface interne est riche en résidus asparagines absolument
conservés tandis que la surface externe intervient dans la dimérisation (Jinek, Rehwinkel et al. 2004).
Cette structure présentant une surface en super-hélice exposant un sillon de résidus asparagine
conservés est similaire a celle de la B-caténine (Huber and Weis 2001) ou de I'importine a qui lie les
séquences peptidiques de type signal de localisation nucléaire (NLS pour nuclear localization signals)
(Conti and Kuriyan 2000; Fontes, Teh et al. 2000). Dans le cas de I'importine a, il a été proposé que
différents sous-groupes d’asparagines interviennent pour reconnaitre différents peptides NLS
(Fontes, Teh et al. 2000). Le mécanisme de reconnaissance des protéines par I'OGT pourrait étre
similaire, ce qui expliquerait I'absence de séquence consensus des substrats. De plus, cette
organisation tridimensionnelle favorise plutot la liaison des régions protéiques non structurées. Les
TPR joueraient par conséquent le role de domaine “plate-forme”, médiateur d’un grand nombre
d’interactions protéine-protéine.

A ce jour, il n'y a pas encore de structure tridimensionnelle de 'OGT entiére. Seules les structures
d’une protéine homologue intacte (XcOGT de Xanthomonas campestris) (Martinez-Fleites, Macauley
et al. 2008) ou de la protéine humaine contenant 4.5 TPR et le domaine catalytique existent (Lazarus,
Nam et al. 2011). La structure des TPR en entier a été résolue mais sans le domaine catalytique
(Jinek, Rehwinkel et al. 2004). L’ensemble ne permet de proposer aujourd’hui qu’un modeéle de la
structure de I'OGT humaine (voir Figure 4.6 A). La structure de I'OGT en complexe avec un peptide de
CKIl et I’'UDP ou avec I'UDP seul a permis dans un premier de disséquer le mécanisme enzymatique,
notamment de mettre en évidence les résidus du site actif impliqués dans la liaison du peptide et de
I’'UDP (Lazarus, Nam et al. 2011). Le mécanisme enzymatique de I'OGT implique une inversion de la
configuration du carbone anomérique lors du transfert du groupement GlcNAc du donneur, "UDP-
GIcNAc, vers le résidu Ser ou Thr accepteur. Deux publications indépendantes ont ensuite donné un
apercu du mécanisme enzymatique avec les structures cristallographiques détaillant les coordonnées
de la réaction (Lazarus, Jiang et al. 2012; Schimpl, Zheng et al. 2012). L'OGT fonctionne selon un
mécanisme cinétique bi-bi ordonné : le peptide substrat vient se fixer sur 'OGT aprés liaison de
I’'UDP-GIcNAc dans le site actif et ensuite, le glyco-peptide quitte la poche catalytique suivi de 'UDP
hydrolysé. Pour I'obtention des structures du complexe ternaire impliquant I'OGT, le peptide substrat
et 'UDP-GIcNAc, les auteurs ont utilisé un analogue de 'UDP-GIcNAc, 'UDP-5SGIcNAc, un inhibiteur
de I'OGT qui possede une activité 3000 fois plus lente comme donneur, permettant de ralentir la
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réaction durant le processus de cristallisation. Mais il faut 'utilisation supplémentaire d’un substrat
incompétent pour la réaction de glycosylation, qui differe entre les deux équipes : il s’agit du peptide
CKll ou la sérine glycosylée a été mutée en alanine (Lazarus, Jiang et al. 2012) ou du peptide TAB1
modifié ou le résidu sérine accepteur est muté en aminoalanine (Schimpl, Zheng et al. 2012). Les
mécanismes proposés par les deux groupes sont similaires. Seul differe le résidu basique impliqué
dans la déprotonation de I’hydroxyle accepteur, qui reste encore a déterminer. Il a été proposé que
la catalyse basique ne soit pas essentielle dans le mécanisme enzymatique comme cela a déja été
observé pour des glycosidases fonctionnant par inversion de la stéréochimie du carbone anomérique
(Withers and Davies 2012).

Identification des sites O-GIcNAc dans les protéines

Des anticorps ont été développés pour détecter des modifications par O-GlcNAcylation dans les
protéines, comme RL-2 et CTD110.6, mais leur spécificité a été remise en question. Des réactivités
croisées ont été montrées avec d’autres types de structures glycosidiques comme les N-glycannes,
par exemple. La spectrométrie de masse a permis de détecter des protéines O-GIcNAcylées dans des
cellules en culture ou dans des tissus mais a nécessité des stratégies particulieres car les
modifications par phosphorylation et O-GlcNAcylation sont labiles dans les conditions d’analyse
classique par MS/MS ce qui pose des problémes pour leur identification. Ainsi, des méthodes
sophistiquées combinant modifications chimiques/enzymatiques et spectrométrie de masse ont
permis d’identifier les sites O-GIcNAc dans les protéines (Reason, Blench et al. 1991; Zachara, Cole et
al. 2001; Wells, Vosseller et al. 2002; Zachara, Hart et al. 2002; Vocadlo, Hang et al. 2003; Whelan
and Hart 2003; Zachara, Cheung et al. 2004; Whelan and Hart 2006; Wang, Udeshi et al. 2010;
Zachara, Vosseller et al. 2011; Alfaro, Gong et al. 2012; Banerjee, Hart et al. 2012). Ces méthodes
associent I'enrichissement des échantillons en peptides O-GIcNAcylés, par des marquages spécifiques
avec des enzymes modifiées et purification, a I'utilisation de techniques de fragmentation douce
pour la spectrométrie de masse en tandem, spécifiques des liaisons peptidiques comme la
dissociation par transfert d’électrons (ETD pour Electron Transfer Dissociation) ou la dissociation par
capture d’électrons (ECD pour Electron Capture Dissociation) (Rexach, Clark et al. 2008; Wang,
Udeshi et al. 2010).

La spectrométrie de masse est la technique de choix pour détecter, identifier et localiser des PTM.
Plus récemment, des méthodes ont été développées pour en faire une technique structurale
permettant d’obtenir des informations sur la structure et la fonction des protéines ou des complexes
protéiques. La RMN, a l'inverse, est une technique qui se veut structurale et qui évolue sur le plan
analytique pour la caractérisation des PTM, avec la possibilité de caractériser ces PTM sur le plan
structural et fonctionnel. Ainsi, il apparait généralement que ces deux techniques sont
complémentaires dans I'étude des PTM. Par exemple, I'analyse par spectrométrie de masse MALDI-
TOF du facteur de transcription ERB a montré que le résidu sérine 16 est occupé alternativement par
phosphorylation et O-GlcNAcylation, ces deux PTM régulant la stabilité et I’activité transcriptionnelle
d’ERPB (Cheng, Cole et al. 2000; Cheng and Hart 2000; Cheng and Hart 2001). Il a été proposé qu’un
échantillonnage conformationnel différent du N-terminus non structuré d’ERP puisse étre a 'origine
de la modulation transactivationnelle. L'étude structurale par RMN du peptide d’ERB centré autour
de ce résidu, dans sa forme non modifiée, phosphorylée ou O-GIcNAcylée a montré une différence
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conformationnelle imposée par ces deux PTM, avec une conformation plus étendue sous I'effet de la
phosphorylation tandis que I'O-GlcNAcylation instaure la formation d’un coude B autour du site de
modification (Chen, Du et al. 2006; Hart and Sakabe 2006).

4.2.2. O-GIcNAcylation de Tau : étude par RMN

Etude des mécanismes d’O-GIcNAcylation de Tau in vitro et identification des sites O-GIcNAc dans
des modéles peptidiques

Malgré ces nouvelles approches permettant lidentification de sites d’O-GlcNAcylation par
spectrométrie de masse en tandem (Vocadlo, Hang et al. 2003), I'identification de tels sites dans la
protéine Tau reste difficile (Yuzwa, Yadav et al. 2011). Un anticorps dirigé contre le résidu S400 de
Tau dans sa forme O-GIcNAcylée a été produit (Yuzwa and Vocadlo 2009). La détermination de
I'impact de I’O-GlcNAcylation sur la phosphorylation de Tau a été réalisée jusqu’a maintenant de
maniére indirecte, par immunodétection avec des anticorps spécifiques des sites de phosphorylation.
La RMN devrait permettre de caractériser, de maniéere directe, les sites d’O-GlcNAcylation, en terme
de définition des sites O-GIcNAc et quantification relative des niveaux d’O-GlcNAcylation. Elle pourra
également mettre en évidence I'effet de I'O-GIcNAcylation sur des sites de phosphorylation
spécifiques, et réciproquement. A cet effet, nous disposons de différentes kinases qui peuvent étre
produites par voie recombinante (CDK2/cyclineA3, PKA, GSK3pB). La phosphorylation de Tau réalisée
in vitro avec ces kinases a déja été caractérisée par RMN (Landrieu, Lacosse et al. 2006; Amniai,
Barbier et al. 2009; Landrieu, Leroy et al. 2010; Leroy, Landrieu et al. 2010). L'étude des
phosphorylations de Tau par les kinases Erk activées ou des extraits de cerveaux de rats est
actuellement en cours dans notre laboratoire. D’autre part, la production d’OGT recombinante dans
E. coli n’est pas triviale (Lubas and Hanover 2000). L’ utilisation d’un plasmide contenant un séquence
a codons optimisés pour I'expression dans E. coli, obtenu du laboratoire du Dr S. Walker (Harvard
Medical School, USA) (Gross, Kraybill et al. 2005), permet d’obtenir de grandes quantités de protéine
recombinante (environ 5mg/l), marquée avec une étiquette poly-histidine C-terminale. In vitro, cette
protéine est active sur un peptide synthétique de la caséine kinase Il (***PGGSTPVSSANMM?*?)
(Dehennaut, Hanoulle et al. 2008).

Nos premiers essais de glycosylation de Tau in vitro par I'O-GlcNAc transférase (OGT) recombinante
n‘ont pas permis de détecter de glycosylation. Une sous-unité régulatrice pourrait étre nécessaire
pour favoriser I'interaction de I'OGT avec un substrat spécifique et ainsi stimuler son activité, comme
cela a été décrit pour la phosphatase PP2A, qui recrute une sous-unité régulatrice de type B pour
I'interaction spécifique avec le substrat (Janssens and Goris 2001; Xu, Chen et al. 2008). Nous avons
identifié, au travers d’un criblage de peptides courts issus de la protéine Tau, deux nouveaux sites
d’O-GlcNAcylation localisés dans la région riche en prolines, les résidus S208 et 5238 (Smet-Nocca,
Broncel et al. 2011). Cette stratégie a confirmé le résidu S400 comme site majeur d’O-GIcNAcylation
(Yuzwa, Yadav et al. 2011). Dans cette région C-terminale de Tau en particulier, le phospho-épitope
PHF-1 (S396/5400/5404), centré autour de la sérine 400, constitue un site de phosphorylation
pathologique, généré par combinaisons deux kinases majeures impliquées dans la maladie
d’Alzheimer, CDK5/p25 et GSK3B. Nous avons montré, sur des substrats peptidiques, de maniére
directe, que la phosphorylation des sérines 396 et S404 diminue I'O-GlcNAcylation en S400 in vitro
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par I'O-GIcNAc transférase (OGT) recombinante. Réciproquement, |’O-GlcNAcylation en S400
diminue la phosphorylation en S404 par le complexe CDK2/cyclineA3 et supprime la phosphorylation
séquentielle de I'épitope PHF-1 par GSK3p (Figure 4.5) (Smet-Nocca, Broncel et al. 2011).
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Figure 4.5 : Régulation négative et réciproque de la phosphorylation et de I’O-GlcNAcylation dans un peptide
de Tau au niveau de |'épitope PHF-1.

Hypothése d’une régulation de [lactivité O-GIcNAc transférase de I'OGT par une sous-unité
régulatrice

De maniere surprenante, la co-expression de la protéine Tau et de I'OGT dans E. coli permet de
produire une fraction significative de Tau O-GIcNAcylée (50%) avec, toutefois, un rendement tres
faible (1 mg pour 6 litres de culture) (Yuzwa, Yadav et al. 2011; Yuzwa, Shan et al. 2012). Le
mécanisme mis en jeu dans ce contexte n’a pas été établi. Une protéine d’E. coli pourrait jouer le réle
de partenaire de I'OGT pour faciliter I'O-GlcNAcylation de Tau. Bien qu’une telle protéine ne soit pas
pertinente, il pourrait exister, chez ’'homme, des protéines qui joueraient le méme réle. En effet,
comme I'OGT est codée par un géne unique chez ’homme, le recrutement de sous-unités spécifiques
permettrait une régulation de I'activité de I'OGT via la formation de complexes macromoléculaires.
D’autres protéines fonctionnent sur ce mode, en formant de nombreux complexes protéine-protéine
transitoires pour réguler leur spécificité (Cohen 2002; Virshup and Shenolikar 2009). On citera pour
exemple la protéine PP2A, qui possede des similarités structurales avec I'OGT, avec un domaine
“plate-forme”, représenté par les TPR, et un domaine catalytique. PP2A posséde en plus de ces deux
domaines, une sous-unité régulatrice qui permet de cibler spécifiguement le substrat, comme la
protéine B55 dans le cas de Tau (Figure 4.6). |l faudra envisager I'identification d’une éventuelle sous-
unité régulatrice spécifique de la protéine Tau qui favoriserait 'interaction fonctionnelle Tau/OGT, et
qui permettrait d’obtenir la protéine Tau sous une forme O-GIcNAcylée pour les études par RMN.
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Figure 4.6 : Comparaison des structures tridimensionnelles d’'un modeéle de I'OGT nucléocytoplasmique (A, PDB
ID : 1W3B et 2VSN) et de PP2A (B, PDB ID : 3DW8). Les sous-unités “plate-forme” sont représentées en gris, les
sous-unités catalytiques en vert, et la sous-unité régulatrice B55a de PP2A en rouge.

Des protéines partenaires de I'OGT ont déja été identifiées dans un criblage en double hybride chez
la levure mais aucune sous-unité régulatrice potentielle de Tau n’a été mise en évidence (lyer,
Akimoto et al. 2003; lyer and Hart 2003; Cheung, Sakabe et al. 2008). Récemment, la protéine
chaperonne Hsp90 a été identifiée comme protéine interagissant avec I'OGT (Zhang, Snead et al.
2012). Il a été montré, par ailleurs, que Tau s’associe avec les chaperonnes Hsp70 et Hsp90 (Tortosa,
Santa-Maria et al. 2009; Salminen, Ojala et al. 2011). La protéine chaperonne Hsp70 interagit avec
Tau hyperphosphorylée et lui permet de conserver sa capacité de liaison aux microtubules. Hsp70
préviendrait également de I'agrégation par la régulation du turnover de Tau (Petrucelli, Dickson et al.
2004; Patterson, Ward et al. 2011; Voss, Combs et al. 2012). De plus, Hsp70 présente une activité
lectinique via la liaison aux protéines O-GlcNAcylées (Guinez, Losfeld et al. 2006; Guinez, Mir et al.
2007). Ainsi, la formation d’un complexe Tau/Hsp70/OGT pourrait intervenir dans la régulation de
I’O-GlcNAcylation de Tau. Dans des souris transgéniques ou dans des cerveaux MA, les niveaux de
protéines Tau agrégées et de protéines de choc thermiques Hsp70/90 sont inversement corrélés.
Une augmentation de I'expression de ces deux protéines favorise la solubilité de Tau, sa liaison aux
microtubules et diminue son niveau de phosphorylation (Dou, Netzer et al. 2003). Des données plus
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récentes sont contradictoires et indiquent qu’une inhibition de Hsp90 favorise une diminution
sélective de la phosphorylation de Tau dans un modeéle de souris transgénique MA (Dickey, Kamal et
al. 2007). De plus, I'interaction Tau/Hsp90, décrite au niveau du peptide PHF6 (VQIVYK), localisé dans
le R3, favoriserait la phosphorylation par GSK3 et la formation des fibres (Tortosa, Santa-Maria et al.
2009). Enfin, des interactions entre le complexe Hsp90/Tau et des co-chaperones partenaires de Tau
comme les peptidyl-prolyl cis/trans isomérases FKBP51 et FKBP52 ont été décrites (Chambraud,
Sardin et al. 2010; Jinwal, Koren et al. 2010). FKBP52 posséde un domaine TPR similaire a celui de
I’OGT qui lui permet d’établir des interactions avec la région C-terminale acide de I'Hsp90 (voir Figure
4.7) (Wu, Li et al. 2004). De maniére similaire, la formation d’un complexe fonctionnel
Tau/OGT/Hsp90 pourrait favoriser la liaison et la stabilisation des microtubules et prévenir la
formation des formes phosphorylées de Tau et des PHF. L'interaction OGT/Hsp90 pourrait avoir lieu
au niveau des TPR de I'OGT. Un alignement des TPR de FKBP52 avec ceux de I'OGT montre que
I'alignement des structures se fait au niveau de la poche de liaison du peptide C-terminal MEEVD de
I’'Hsp90 (Figure 4.7).

Figure 4.7 : Alignement des TPR de I'OGT (bleu, PDB ID : 1W3B) et de FKBP52 (vert, PDB ID : 1QZ2) en complexe
avec le peptide C-terminale MEEVD de I'Hsp90 lié & FKBP52 (batonnets roses). Le RMSD est de 1.96A sur 167
atomes (1.30A sur les Ca, soit 27 atomes).

Dans un premier temps, nous avons identifié le site d’interaction de Tau pour 'OGT par RMN. En
effet, une inhibition de l'activité O-GIcNAc transférase de I'OGT par interaction avec une région
spécifique de Tau pourrait étre a I'origine de I'absence d’activité observée en favorisant un ancrage
trop fort au substrat. Deux sites d’interaction ont été détectés avec la ncOGT ou la sOGT en quantités
stoechiométriques, en I'absence ou en présence d’UDP-GIcNAc, dans des conditions ou la réaction
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d’O-GlcNAcylation est défavorisée. De maniere intéressante, deux courts fragments d’une dizaine de
résidus, [308-319] et [284-289], ont été mis en évidence coincidant avec les peptides PHF6* et PHF6,
impliqués dans I'amorcage du processus d’agrégation et dans la formation des structures en feuillets
B dans les PHF (von Bergen, Friedhoff et al. 2000; Mukrasch, Biernat et al. 2005; von Bergen,
Barghorn et al. 2005). Les résultats sont similaires pour les deux protéines et indépendants de I'UDP-
GlcNAc. Linteraction se traduit par un élargissement significatif de ces deux régions (Figure 4.8 C),
plus prononcé pour la ncOGT que pour la sOGT, et plus prononcé pour le segment PHF6 que pour
PHF6*. Il s’agit de deux régions présentant un caractere hydrophobe ainsi qu’une propension a
I'agrégation en feuillets B (von Bergen, Friedhoff et al. 2000; Mukrasch, Bibow et al. 2009; Moore,
Huang et al. 2011; Daebel, Chinnathambi et al. 2012). La liaison de I'OGT pourrait avoir un réle
protecteur, indépendant de I’O-GlcNAcylation, vis-a-vis de ces régions probablement impliquées
dans le processus de nucléation lors de la formation des PHF. L’activité O-GIcNAc transférase pourra
étre évaluée en présence d’'un peptide PHF6 compétiteur, qui modulerait I'interaction Tau/OGT.

De maniere intéressante, le peptide PHF6 de Tau a été également identifié dans I'interaction avec
Hsp90. Ainsi Hsp90 et OGT pourraient entrer en compétition pour la liaison a Tau via cette courte
séquence PHF6, dont les conséquences fonctionnelles restent a déterminer. D’un point de vue
mécanistique, il est possible que la liaison d’OGT au peptide PHF6 permette |'ancrage a Tau via les
TPR favorisant ainsi a I'O-GlcNAcylation de la protéine au détriment du turnover enzymatique. Un
fonctionnement similaire a déja été décrit pour d’autres enzymes comme la Thymine-DNA
Glycosylase (TDG), par exemple (Hardeland, Steinacher et al. 2002). Il faut alors l'intervention
d’autres protéines pour faciliter la dissociation de I’enzyme de son substrat et augmenter le turnover,
comme APE1 ou SUMO-1 dans le cas de TDG (Hardeland, Steinacher et al. 2002; Fitzgerald and
Drohat 2008; Smet-Nocca, Wieruszeski et al. 2008; Eilebrecht, Smet-Nocca et al. 2010; Smet-Nocca,
Wieruszeski et al. 2011). Dans le cas de I'OGT, Hsp90 pourrait, en entrant en compétition pour la
liaison de PHF6, faciliter le départ de I'OGT et ainsi augmenter le niveau de glycosylation par
augmentation du turnover enzymatique. Ces hypothéses pourront étre vérifiées en réalisant I'O-
GlcNAcylation de Tau par I'OGT en présence du peptide C-terminal de Hsp90.

Données préliminaires sur ’O-GIcNAcylation de la protéine Tau in vitro.

Nous avons pu améliorer significativement l'activité de I'OGT recombinante sur des substrats
peptidiques, en montrant notamment qu’une augmentation de la concentration en substrat (entre
100 uM et 2 mM) augmente significativement I'activité enzymatique (d’un facteur 3). Nous avons
donc réalisé des expériences d’O-GlcNAcylation avec la protéine Tau entiere dans des conditions
similaires. L’analyse par immunodétection de I’échantillon avec les anticorps CTD110.6 et ab3925
(Yuzwa, Yadav et al. 2011) montre la présence de formes O-GIcNAcylées (Dr Fred Van Leuven,
communication personnelle). Les données collectées par RMN n’ont pas montré directement d’O-
GlcNAcylation mais le profil de I'interaction Tau/OGT est modifié par rapport a ce qui a été observé
dans des conditions ol I’O-GIcNAcylation est impossible (voir paragraphe précédent et Figure 4.8 C).
D’une part, on ne voit plus d’interactions avec les peptides PH6 et PH6* mais, dans le cas présent, le
ratio Tau :0OGT (environ 10 :1) est nettement inférieur a celui qui avait été utilisé pour cartographier
I'interaction en absence de réaction de glycosylation (ratio 1:1). D’autre part, de nombreuses
résonances sont fortement élargies sous I'effet de la liaison de I'OGT du fait de la taille du complexe.
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La région des sérines et thréonines du spectre 'H-""N HSQC est particulierement affectée, suggérant
une modification possible de plusieurs résidus le long de la séquence et une interaction multi-site.
L'intensité des résonances est particulierement diminuée dans la région riche en prolines, qui
concentre un grand nombre des résidus Ser/Thr de la protéine (Figure 4.8 A et B).

15N ppm A T B B

1089 SE -—_ o7 s A e
- :
e -; - . —-‘66 [ P1 3 P2 R1 R2 R3 R4 ]
110 = - 2 e =
- - -g‘; ,_-45 Projectic Pro-rich MTBR ct
112 so—=3 ”
- % 94 3 32
- = I B 06 = i §
A Ll LY
- o 02
- =2 - o i | |J|.|L|| \I\w Ill |k | LR
116 e == residue number
- z- e = -
T - 15
118 et N oo
z s 108
- - D 110 :
1201 P o g |

122 s F-_FT.

B, - = = 1
- E?’ _-_E_*a e 116
124 - ; :;.’.Q. ?.-'-5 - 118+
» -"-:_,.. = & - 120+
126 B . aTE 122
- - | I TR0 = _ -
128 = 126- i e
- 1H 128-] = N
130 \ T T T \ T T T 130 . Ea . T T T T
88 87 86 85 84 83 82 81 80 ppm 88 87 B6 85 B84 83 82 61 80 79 'H ppm

Figure 4.8: Cartographie de linteraction Tau/ncOGT avant et aprés réaction d’O-GlcNAcylation. (A)
Comparaison des spectres 'H-*N HsQC de la protéine >N-Tau441 seule (noir) ou en présence de ncOGT
(rouge). En encadré, analyse sur gel dénaturant de polyacrylamide du mélange Tau441/ncOGT (ratio 10 :1)
(bande 1) et de I'OGT seule (bande 2). Les marqueurs de poids moléculaires sont indiqués a droite en kDa. (B)
Cartographie des intensités relatives des signaux de Tau entre les deux conditions. Les intensités ont été
normalisées sur I'enveloppe des signaux des spectres H correspondant. Au-dessus, représentation
schématique des domaines de Tau441l ou sont indiqués les sites O-GlcNAc identifiés dans les modeles
peptidiques. Projection : domaine de projection ; Pro-rich : domaine riche en prolines ; MTBR : microtubule-
binding repeats ; Ct: domaine C-terminal. (C) Interactions de °N-Tau441 avec la ncOGT en absence d’UDP-
GlcNAc. En rouge, spectre 'H->N HSQC de Ia protéine Tau a 50 uM en présence d’une quantité équimolaire de
ncOGT. En noir, spectre controle de Tau seule. En encadré, analyse sur gel dénaturant de polyacrylamide du
mélange Tau441/ncOGT (ratio 1 :1).

Ces données sont préliminaires et 'investigation des sites d’O-GIcNAcylation doit étre poursuivie.
L'interaction avec I'OGT empéche la détection des sites de glycosylation dans la mesure ou elle induit
un élargissement des résonances, liée a la taille du complexe. Mais il est possible qu’un taux d’O-
GlcNAcylation trop faible ne permette pas de détecter les résonances correspondant aux résidus
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modifiés, autrement que via I'interaction avec 'OGT. Nous allons également réaliser la co-expression
de Tau et de I'OGT dans E. coli en I'adaptant pour satisfaire aux conditions requises pour les études
par RMN (marquages isotopiques, quantité).

Etudes fonctionnelles d’O-GIcNAcylations spécifiques dans des protéines Tau semi-synthétiques

Le nombre de modifications par phosphorylation ou O-GlcNAcylation dans la protéine Tau rend
difficile la mise en évidence de I'impact de modifications spécifiques sur sa fonction physiologique ou
sur l'agrégation pathologique. Une approche pour I'obtention de glycoprotéines est de synthétiser
des protéines modifiées de maniére stoechiométrique, qui contiennent une ou plusieurs
modifications sur des sites spécifiques, par incorporation des acides aminés modifiés codés
génétiguement. Cette stratégie a été appliquée pour la synthése de protéines O-GlcNAcylées ou
portant des oligosaccharides plus complexes dans E. coli et permet des études structurales et
fonctionnelles ultérieures (Zhang, Gildersleeve et al. 2004). En effet, il n'est pas possible de
distinguer I'effet d’une phosphorylation ou d’'une O-GIcNAcylation sur la fonction d’une protéine en
utilisant la mutagénese dirigée, lorsque les deux PTM ciblent le méme site, ou éventuellement des
sites proches. Une autre approche est celle employant la synthese peptidique en phase solide qui
permet de synthétiser des protéines entieres (jusqu’a environ 100 acides aminées) ou des protéines
semi-synthétiques avec la stratégie EPL décrite précédemment pour 'obtention de protéines Tau
spécifiquement phosphorylées.

L’étude de sites d’O-GIcNAcylation spécifiques, qui ont déja été identifiés via les modeles peptidiques
(Smet-Nocca, Broncel et al. 2011) ou qui seront caractérisés par RMN sur la protéine Tau entiére
comme décrits précédemment, pourra étre réalisée avec des protéines Tau O-GIcNAcylées semi-
synthétiques ou I'introduction d’un groupement O-GIcNAc peut se faire par synthése chimique (voir
paragraphe 4.1). Par exemple, il est possible de synthétiser le peptide de 52 acides aminés
correspondant a la région C-terminale de Tau par synthese peptidique en phase solide en vy
incorporant le résidu Ser400-O-GIcNAc et de procéder a la ligation chimique native avec le reste de la
protéine produite par voie recombinante, qui peut donc &tre enrichie en N et/ou *C pour des
études par RMN. On pourra alors étudier I'impact spécifique de I’O-GIcNAcylation en S400 sur la
structure du fragment marqué [1-389] par RMN et sur la fonction de Tau dans la liaison des
microtubules ou la polymérisation de la tubuline. Le profil de phosphorylation de la protéine Tau O-
GIcNAcylée en S400 pourra étre étudié par RMN comme cela a été décrit pour Tau avec
I'inconvénient que la région [390-441] ne sera pas visible sur le spectre 'H-"N HSQC. Les sites de
phosphorylation voisins de la Ser400, qui ont la plus grande probabilité d’étre affectés par I'O-
GIcNAcylation, ne pourront pas étre observés. Seules d’éventuelles modifications des
phosphorylations a longue distance pourront étre détectées.
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4.3 ACETYLATION DE TAU: UN MECANISME FAVORISANT L’ACCUMULATION DES FORMES
PHOSPHORYLEES ET DES PHFs ?

4.3.1. Introduction

L'acétylation des lysines est une PTM importante dans la cellule et presqu’aussi abondante que la
phosphorylation (Allfrey, Faulkner et al. 1964). L'exemple le plus connu est la régulation de la
transcription des genes via des modifications structurales de la chromatine sous l'effet de
I'acétylation des queues d’histones (Strahl and Allis 2000). Depuis, différents réles dans des fonctions
cellulaires variées ont été décrits (Kim and Yang 2011). L’acétylation des lysines consiste en un
transfert du groupement acétyle a partir de 'acétyl-coenzyme A (AcCoA) sur la fonction amine
primaire NHe des résidus lysines des protéines. Un grand nombre de protéines, regroupées sous le
terme générique d’acétylome, sont modifiées par un ou plusieurs groupements acétyles. Il faut noter
que cette PTM se distingue de I'acétylation N-terminale des protéines. Comme pour la
phosphorylation, diverses enzymes modifiant les lysines ont été identifiées chez les eucaryotes, et
méme chez les bactéries, et sont regroupées en deux familles antagonistes : les acétyltransférases
(HAT pour histone acétyltransférases ou, plus généralement, KAT pour lysine acétyltransférases) et
les deacétylases (HDAC pour histone deacétylases ou, plus généralement, KDAC pour lysine
deacétylases) qui introduisent et coupent, respectivement, les groupements acétyles sur les
protéines-substrats. Le role de I'acétylation dans la régulation des voies de signalisation peut
impliquer la perte ou le gain de fonction. D’une part, I'acétylation, en neutralisant les charges
positives qui se trouvent au bout des chaines latérales des résidus lysine, affecte les interactions
électrostatiques dans les lesquelles ces résidus sont mis en jeu. D’autre part, I'acétylation des lysines
produit une nouvelle interface qui peut potentiellement modifier la structure, la fonction, la
localisation ou la dégradation des protéines-cibles, en modifiant des interactions protéine-protéine.
En particulier, les lysines acétylées sont reconnues spécifiquement par les bromodomaines, ce qui
permet, pour les protéines modulaires qui ont incorporé ces domaines, d’intervenir spécifiquement
dans les réseaux de signalisation associé a I'acétylation (Bannister and Kouzarides 1996; Bannister
and Miska 2000; Bannister, Miska et al. 2000; Polevoda and Sherman 2002; Brunet, Sweeney et al.
2004; Yang 2004; Yang 2004; Faiola, Liu et al. 2005; Glozak, Sengupta et al. 2005; Yuan, Guan et al.
2005). Il faut souligner que, contrairement a la phosphorylation qui cible préférentiellement les
régions désordonnées des protéines (lakoucheva, Radivojac et al. 2004; Gnad, Ren et al. 2007; Malik,
Nigg et al. 2008), I'acétylation est plus fréquemment localisée dans les régions ordonnées et une
proportion plus importante de lysines acétylées a été observée dans ces régions (Kim, Sprung et al.
2006; Choudhary, Kumar et al. 2009).

Récemment, deux études ont mis en évidence l'acétylation de Tau au travers, d’une part, de
I'identification des enzymes impliquées, et d’autre part, I'identification des sites d’acétylation. Les
acétyltransférases CBP (Cohen, Guo et al. 2011) et son proche homologue p300 (Min, Cho et al.
2010) ont toutes deux été identifiées dans I'acétylation de Tau. En revanche, les deux deacétylases
identifiées, HDAC6 (Cohen, Guo et al. 2011) et SIRT1 (Min, Cho et al. 2010), n’appartiennent pas a la
méme famille. Les études ont mis en évidence, par incubation de Tau in vitro avec CBP ou p300, de
nombreux sites d’acétylation dont certains communs aux deux acétyltransférases (Lys163, Lys280,
Lys281, Lys369). En particulier, la Lys280 a été décrite comme site majeur d’acétylation (Cohen, Guo

86

© 2014 Tous droits réservés. doc.univ-lille1.fr



HDR de Caroline Smet Lille 1, 2013

4| Projet de recherche : régulation structurale et fonctionnelle
de Tau par les modifications post-traductionnelles

et al. 2011; Irwin, Cohen et al. 2012). Ce résidu est localisé dans l'inter-repeat R1-R2, qui a été
impliqué dans la liaison des microtubules avec une affinité deux fois plus importante que chacun des
repeats individuels (Goode and Feinstein 1994). Deux lysines en particulier, aux positions 274 et 281,
participent a la liaison des microtubules en contribuant de maniere importante a I'affinité de I'inter-
repeat R1-R2. De plus, la délétion de K280 (AK280) est associée a des formes familiales de tauopathie
FTDP-17. Il a été montré in vitro que AK280 altere I'assemblage des microtubules et augmente
I'agrégation sous forme de PHF. L’acétylation de Tau, et en particulier de la Lys280, diminue
significativement la liaison de Tau aux microtubules et sa capacité a promouvoir leur assemblage, et
stimule I'agrégation pathologique de Tau in vitro (Cohen, Guo et al. 2011).

De plus, acétylation et phosphorylation pourrait étre liées puisque I'acétylation empéche
I"'ubiquitination de Tau et sa dégradation par le protéasome, comme cela a déja été montré pour
d’autres protéines (comme p53, Smad7 ou B-caténine) (Li, Luo et al. 2002; Monteleone, Del Vecchio
Blanco et al. 2005; Ge, Jin et al. 2009), menant potentiellement a I'accumulation des formes
phosphorylées de Tau (Min, Cho et al. 2010). L'augmentation de I'acétylation diminue le turnover de
Tau dans des neurones primaires traités avec un inhibiteur de SIRT1 : la forme acétylée et la forme
phosphorylée de Tau reconnue par AT8 (pS202/pT205) sont dégradées plus lentement que la forme
non acétylée. Une augmentation de la forme acétylée de Tau est également détectée dans des
neurones primaires traités avec de faible quantité d’oligomeéres AB, de maniére dose-dépendante, ou
exprimant la mutation pathologique P301L, retrouvée dans la pathologie FTDP-17 (Min, Cho et al.
2010).

De maniere intéressante, I'acétylation de Tau pourrait étre un phénomene précoce dans la MA qui
précederait la formation des fibres hyperphosphorylées. La forme acétylée, détectée par I'anticorps
polyclonal dirigé contre la Lys280 acétylée, est retrouvée dans les PHF isolés de souris transgéniques,
modeles de la MA (Yoshiyama, Higuchi et al. 2007; Hurtado, Molina-Porcel et al. 2010), et dans
différentes tauopathies humaines. La protéine Tau acétylée est retrouvée uniquement dans les tissus
pathologiques, a tous les stades de la MA, mais plus particulierement dans les stades avancés,
associée aux épitopes pathologiques comme Alz50/MC-1, AT8, AT100, TG-3 ou PHF-1 (Irwin, Cohen
et al. 2012). L’acétylation de Tau est donc plutét un événement pathologique qui précederait la
formation d’autres PTM impliquées dans la pathologie Tau, et pourrait donc étre un marqueur de la
MA et d’autres tauopathies. Ainsi, les enzymes impliquées dans la dynamique de I'acétylation de Tau
pourraient étre de nouvelles cibles pharmacologiques dans le traitement des tauopathies.

De maniére générale, les mécanismes de régulation de l'acétylation de Tau, ses effets sur la
phosphorylation, la dégradation de Tau et sa fonction physiopathologique sont encore mal compris.
Des données récentes indiquent que la protéine Tau serait indirectement liée a la stabilité des
microtubules en modulant le niveau d’acétylation de I'a-tubuline. En effet, I'acétylation réversible de
I'a-tubuline est impliquée dans la régulation de la stabilité et de la fonction des microtubules
(Piperno, LeDizet et al. 1987). L'a-tubuline acétylée est plus abondante dans les microtubules stables
et est absente des structures cellulaires dynamiques (Schulze, Asai et al. 1987; Schulze and Kirschner
1987). HDACS, responsable de la deacétylation de Tau, est également la deacétylase majeure de 'a-
tubuline. Elle est localisée exclusivement dans le cytoplasme ou elle s’associe aux microtubules
(Hubbert, Guardiola et al. 2002). Il a été montré que Tau se lie a la protéine HDAC6 via son domaine
de liaison aux microtubules (Ding, Dolan et al. 2008) et inhibe I'activité deacétylase de HDACS6, ce qui
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a pour effet notamment d’augmenter I'acétylation de I'a-tubuline (Perez, Santa-Maria et al. 2009).
D’autre part, HDAC6 joue un réle neuroprotecteur dans la coordination de la réponse cellulaire face a
I’agrégation anormale des protéines via les protéines de choc thermique dont Hsp90 (Boyault, Zhang
et al. 2007; Cook, Gendron et al. 2012; Cook and Petrucelli 2013). L’'inactivation de HDAC6 conduit a
une diminution de phosphorylations spécifiqgues de Tau et son niveau d’expression est
significativement augmenté dans les cerveaux atteints de la MA suggérant un réle de HDAC6 dans la
régulation de la phosphorylation de Tau (Ding, Dolan et al. 2008). Cependant, ces données sont
contradictoires avec le lien établi entre I'acétylation de Tau et la MA qui semble indiquer une
augmentation de I'acétylation dans le contexte pathologique. De plus, I'analyse des microtubules
dans les cerveaux de patients atteints de la MA montre une diminution du niveau d’a-tubuline ainsi
gu’une augmentation de son niveau d’acétylation, principalement associées avec les neurones
présentant des NFT ce qui pourrait signifier la mise en place d’'un mécanisme de sauvetage visant a
stabiliser les microtubules (Perez, Santa-Maria et al. 2009). Par ailleurs, il a été montré que le 4-
phénylbutyrate (PBA), un inhibiteur de HDAC, qui augmente la transcription d’un grand nombre de
génes, exerce également un effet neuroprotecteur. Dans une modele de souris transgénique MA,
I’'administration de PBA a permis de restaurer les processus d’apprentissage et les déficits de la
mémoire (Ricobaraza, Cuadrado-Tejedor et al. 2009; Cuadrado-Tejedor, Ricobaraza et al. 2013). Bien
gue n’ayant aucune conséquence sur les plagues amyloides, le PBA a montré un effet sur la
diminution de la phosphorylation de Tau et pourrait étre une nouvelle approche dans le traitement
de la MA.

4.3.2. Etude de l'acétylation de Tau : caractérisation des sites d’acétylation par RMN et
impact fonctionnel

Lors de mon post-doctorat a I'Institut de Recherche Interdisciplinaire (2006-2008), j’ai travaillé sur la
détermination du réle du complexe formé par les protéines TDG (Thymine DNA Glycosylase) et CBP
(CREB-binding protein) dans la régulation épigénétique de la transcription, impliquant notamment
I'activité acétyltransférase de CBP. Pour ce projet, j’ai cloné différents fragments de la protéine CBP
autour du domaine HAT, permettant leur expression recombinante dans E. coli et leur purification.
J'ai mis au point les conditions permettant (i) I'acétylation in vitro de peptides ou de fragments
protéiques, (ii) I'analyse des peptides et protéines acétylées par chromatographie en phase inverse
et par spectrométrie de masse MALDI-TOF, et (iii) la caractérisation de I'acétylation par RMN sur des
modeles peptidiques (Smet-Nocca, Wieruszeski et al. 2010) qui a été décrite dans le Chapitre 3. Ces
outils m’ont permis de mettre en ceuvre un projet visant a déterminer le réle de I'acétylation de Tau
dans sa fonction physiopathologique qui nécessite une caractérisation préalable du profil
d’acétylation.

Acétylation de Tau par CBP et identification des lysines acétylées par RMN

L’acétylation de Tau par CBP/p300 a été décrite in vitro (Min, Cho et al. 2010; Cohen, Guo et al.
2011). L'approche utilisant la spectrométrie de masse a permis une identification exhaustive des sites
d’acétylation mais ne donne pas un apercu des niveaux d’acétylation relatifs entre les différents
sites. En particulier, le résidu Lys280 a focalisé I'attention en raison de son impact sur la liaison des
microtubules et sa localisation dans le peptide PHF6* qui joue un réle dans la nucléation des agrégats
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pathologiques avec la formation de structures en feuillets B. Nos essais d’acétylation avec le domaine
HAT de CBP [1202-1849] (numérotation de CBP de souris) permettent de détecter par RMN la
présence de plusieurs sites d’acétylation (Figure 4.9 ; voir Chapitre 3, Figure 3.6). Ici, I'avantage est
de pouvoir utiliser le marquage sélectif °N des résidus lysines, ce qui facilite la détection des
acétylations par rapport au marquage uniforme. L’analyse des variations de l'intensité des signaux
correspondant a la forme non acétylée permet dans un premier temps d’identifier les régions ou
vont se trouver une ou plusieurs acétylations (Figure 4.9). En effet, I'acétylation, si elle est partielle,
va conduire a une diminution de l'intensité de la résonance correspondant a la forme non acétylée
au profit d’'une nouvelle résonance correspondant a la forme acétylée. Ceci est valable pour le résidu
acétylé lui-méme mais également pour ses proches voisins dans la séquence. La quantification des
niveaux d’acétylation par cette méthode est possible mais reste délicate car une modification de la
dynamique ou de I'échange avec I'eau, et donc de la largeur de raie, sous I'effet de I'acétylation n’est
pas a exclure.
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Figure 4.9: Acétylation par CBP [1202-1849] de la protéine Tau441l (isoforme la plus longue) enrichie
. , 13 7 . 15 A . , .
uniformément en ~°C et sélectivement en ~Na,e-Lys (rouge), contrdle non acétylé (noir).

L'attribution des sites d’acétylation requiert des expériences tridimensionnelles dont la plus sensible
est le TOCSY-HSQC, qui permet de corréler la résonance amide Hya ou Hye avec les résonances
protons des chaines latérales des résidus lysines. Par exemple, des résonances spécifiques des lysines
acétylées pour les protons Hy, H6 et He peuvent étre utilisée en combinaison pour identifier sur le
plan 'H-"N HSQC les résonances appartenant aux formes acétylées, et donc discriminer des signaux
correspondant a une lysine acétylée de ceux d’une lysine proche d’'un site d’acétylation. Les
premieres expériences que nous avons réalisées sur Taud41 (Figure 4.9) et Tau-F4 [208-324] (Figure
4.10) indiquent que la plupart des sites d’acétylation sont localisés dans la région basique, au niveau
du domaine a segments répétés. On y retrouve les sites précédemment décrits, identifiés par
spectrométrie de masse, notamment les deux motifs (N)K(K) aux positions 280 et 369 (Min, Cho et al.
2010; Cohen, Guo et al. 2011). D’autres sites, comme K224, K240, K274, K317 et K321 sont
également acétylés de maniére significative d’aprés notre étude par RMN. Jusqu’a présent, les
analyses conduites par spectrométrie de masse n’avaient pas permis de graduer les niveaux
d’acétylation des différents sites.
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Figure 4.10 : Acétylation du fragment Tau-F4[208-324] par CBP [1202-1849]. (A,B) Spectres 'H-°N HSQC du
fragment F4 avec marquage “N/™C uniforme (A) ou “N-Lys/"C (B) dans sa forme non acétylée (noir) et
acétylée (rouge). (C) Attribution des sites d’acétylation avec I'expérience TOCSY-HSQC. A gauche, plan 'H-H
TOCSY du signal NHe-Ac (en encadré) montrant les corrélations 'H-'H des lysines acétylés. Les plans
correspondant aux résonances proton des Hy (bleu), H6 (vert), He (rouge) ont été extrait du TOCSY-HSQC et
sont superposés sur le spectre *H-""N HSQC (noir) a droite. Les sites d’acétylation (indiqués par Ac en exposant)

correspondant aux résonances présentes dans les trois plans peuvent ainsi étre détectés. Les résonances

correspondant aux lysines ou aux résidus proches de lysines dans leur forme non acétylée sont indiquées en
italique.

Liaison aux microtubules et agrégation de Tau acétylée

La région dans laquelle nous avons identifié la plupart des sites d’acétylation coincide avec la région

impliquée dans liaison des microtubules et dans I'agrégation. L'effet de I'acétylation sur I'agrégation

pourra étre étudié in vitro. La protéine Tau est trés soluble mais son agrégation peut étre induite par

I’addition de polyanions comme I’'héparine. L'initiation de I'agrégation et la formation des fibres par
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les polyanions in vitro pourrait mimer I'effet de I'hyperphosphorylation. Les molécules de Tau
peuvent alors former des filaments morphologiquement semblables aux PHF trouvés dans le cerveau
atteint de la MA. La cinétique d’agrégation est suivie par fluorescence de la Thioflavine T, qui donne
un signal de fluorescence en se liant aux structures en feuillets B. La formation de PHF bona fide peut
étre confirmée par microscopie électronique. Des études réalisées par RMN dans notre groupe ont
également permis de cartographier le coeur des fibres de protéines N-Tau assemblées par
I’'héparine, en observant les régions qui restent flexibles (Sillen, Leroy et al. 2005; Sillen, Wieruszeski
et al. 2005). Ces expériences pourront étre reproduites avec la protéine Tau ou le fragment F4
acétylés, pour déterminer si I'acétylation modifie la cinétique d’agrégation ainsi que les régions
impliquées dans la formation des fibres. L’acétylation neutralise les charges positives des lysines qui
sont les résidus impliqués dans la liaison des polyanions comme I’'héparine (Mukrasch, Biernat et al.
2005) et mime ainsi le mode d’action supposé de ces composés comme inducteurs de I'agrégation.
Dans un premier temps, I'interaction avec I’héparine, déja observée par RMN dans des conditions ou
I’agrégation ne se produit pas (Sibille, Sillen et al. 2006), pourra étre reproduite avec la protéine Tau
acétylée pour déterminer si I'acétylation modifie le profil d’interaction avec I’héparine auquel cas on
peut s’attendre a ce que I'agrégation induite par I’héparine dans des tests in vitro soit perturbée par
I"acétylation.

Du point de vue des charges, 'acétylation a un effet similaire a la phosphorylation. La premiere
neutralise des charges positives tandis que la seconde apporte des charges négatives. Le bilan des
charges revient alors a une augmentation globale de l'acidité de la protéine. Cependant, la
phosphorylation s’adresse plutét aux régions qui flanquent le domaine des repeats alors que
I"acétylation cible plutot ce dernier. Donc, localement, I'effet des deux PTM sera différent. Ainsi, on
pourra s’intéresser a l'effet de I'acétylation sur la liaison a T2R et sur la polymérisation des
microtubules, comme on I'a envisagé pour la phosphorylation. Comme pour I'agrégation, il est
possible d’observer par RMN, les régions de Tau qui conservent leur flexibilité/mobilité lors de la
liaison aux microtubules ou a la tubuline via le modeéle T2R (Dr Benoit Gigant et Dr Marcel Knossow,
Paris), constitué d’un dimere de tubuline, stabilisé par le domaine RB3 et incapable de polymériser
(Gigant, Curmi et al. 2000; Fauquant, Redeker et al. 2011). Puisque des résidus lysines, notamment
K274 et K281, ont été décrits comme essentiels a la liaison des microtubules, I'acétylation de K280
pourrait jouer un role important dans la modulation de la liaison de Tau aux microtubules. D’autres
sites pourraient avoir un effet similaire et des mutations ponctuelles des sites d’acétylation pourront
étre envisagées pour évaluer |'effet de sites spécifiques dans cette fonction.

Interactions de Tau et Tau acétylée avec les lysine-tweezers

La protéine Tau N sélectivement enrichie a été utilisée pour cartographier les interactions avec des
pinces moléculaires (tweezers) décrites dans la liaison spécifique des résidus lysines, qu’on retrouve
fréquemment impliqués dans I'agrégation des protéines amyloidogéniques (Talbiersky, Bastkowski et
al. 2008; Sinha, Lopes et al. 2011; Sinha, Lopes et al. 2012). Parmi ces molécules, le lysine-tweezer
CLRO1 (Talbiersky, Bastkowski et al. 2008) inhibe I'agrégation et la toxicité de nombreuses protéines
amyloidogéniques dont le peptide amyloide, en interférant dans les interactions intermoléculaires
impliquées dans les processus d’agrégation (Sinha, Lopes et al. 2011). Il a été proposé que ces
molécules puissent intervenir aux premiers stades de l'assemblage, lors de la formation des
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oligomeéres solubles toxiques. Cette molécule CLRO1 inhibe la toxicité du peptide AR 1-42 in vivo.
Dans un modele de souris transgénique de la MA, CLRO1 diminue les agrégats de peptide AB 1-42
dans le cerveau ainsi que I'hyperphosphorylation de la protéine Tau (Attar, Ripoli et al. 2012). Ces
composés ne présentent pas de toxicité aux concentrations requises pour détecter |'effet sur
I'inhibition de I'agrégation chez la souris et passent la barriere hémato-encéphalique. Ces données
indiquent un mode d’action spécifique de ces tweezers moléculaires qui pourraient par conséquent
étre le point de départ d’'une nouvelle stratégie thérapeutique dans le traitement de la MA et
d’autres maladies apparentées en régulant le processus d’assemblage via la formation d’oligomeres
ou d’agrégats non toxiques (Liu and Bitan 2012).

Nous avons commencé |'investigation des interactions du lysine-tweezer CLRO1 avec la protéine Tau
dans le cadre d’une collaboration avec les Dr Gal Bitan (University of California, Los Angeles, USA) et
Thomas Schrader (University Duisburg-Essen, Allemagne). Dans un premier temps, le but est
d’identifier les résidus lysine impliqués dans I'interaction avec le composé. Bien que dans le contexte
d’une protéine désordonnée comme Tau, il n’y ait a priori pas de discrimination selon I'accessibilité,
nous avons observé une sélectivité de la liaison du CLRO1 pour un certain nombre de lysines,
localisées principalement dans la région des repeats et les régions voisines (fragment [224-441]).
Nous avons observé une diminution de l'intensité des résonances pour une vingtaine de pics dans
I'expérience 'H-""N HSQC sur les 44 lysines de Tau441l, due a I'élargissement des signaux. Ce
phénomeéne est di a I'’échange entre les états libre et lié pour chaque résidu participant a
I'interaction avec CLRO1. Un tel élargissement suggere une différence importante de fréquence de
résonance entre les deux états (Awy.,) sous I'effet de la liaison. L'interaction semble donc cibler la
région fonctionnelle de Tau impliquée dans la liaison des microtubules, qui coincident avec une plus
grande proportion de résidus basiques (29 lysines sur 44). De maniére intéressante, on commence a
détecter cet élargissement pour certaines résonances dés le ratio Tau:CLRO1 1:0.5, soit 0.025
molécule CLRO1 par résidu lysine, si on considére que 20 lysines participent a l'interaction, ce qui
indique une interaction dans une gamme de 1-10 uM. Dans cette gamme de Kp, on devrait pouvoir
atteindre la saturation avec un exces molaire de 40 de CLRO1 par rapport a Tau. Une précipitation
importante de la protéine en présence d’un large exces de CLRO1 a été observée et ne permet pas de
mener le titrage jusqu’a saturation et mesurer le Awmax.

Nous allons donc réaliser, sur un fragment plus court, le fragment Tau-F4 [208-324], contenant 17
lysines, des expériences de dispersion de relaxation pour identifier les lysines qui se lient
préférentiellement au CLRO1. En effet, avec ce type d’expérience, I'élargissement des raies peut étre
détecté de maniére beaucoup plus sensible que dans I'expérience H-">N HSQC. On pourra donc
descendre a des ratios Tau :CLRO1 inférieurs a 1 :0.5. Le but est d’identifier les sites préférentiels de
I'interaction et de mettre en évidence le mode d’action de ce composé dans l'inhibition de
I’agrégation de Tau. Des expériences d’agrégation in vitro seront réalisées en présence d’héparine et
la formation des PHF détectée par I’émission de fluorescence de la Thioflavine T (Friedhoff, Schneider
et al. 1998; Sillen, Leroy et al. 2005; Sibille, Sillen et al. 2006). Les données que nous avons collectées
a ce jour vont dans le sens de ce qui a été décrit pour I'interaction de ce tweezer moléculaire avec le
peptide AB ol la molécule se lie aux différents résidus lysines exposés a la surface (Sinha, Lopes et al.
2011; Sinha, Lopes et al. 2012). La cartographie des interactions que nous avons observées avec Tau,
montre une sélectivité modérée dans ce contexte de protéines non structurées, ciblant toutefois
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préférentiellement la région impliquée dans la formation des fibres pathologiques. Ces interactions
multi-site empécheraient les interactions intermoléculaires pour former des oligomeéres. La situation
est différente dans le cas des protéines globulaires, comme décrit récemment avec la protéine
adaptatrice 14-3-3 oU une seule lysine exposée au solvant, a I'extrémité d’une hélice a, est capable
de se lier au composé CLRO1 dont la liaison inhibe les interactions protéine-protéine avec d’autres
partenaires (Bier, Rose et al. 2013).
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Figure 4.11:

Interaction du composé CLRO1 dont la structure est indiquée (A) avec la protéine

Na,e-Lys-

Taud41l. (A) Titrage de la protéine a 100uM (noir) avec différentes concentrations de CLRO1 : 50uM (rouge),
100uM (vert), 200uM (bleu) et 400uM (rose). (B) Cartographie des interactions de CLRO1 avec les lysines de
Tau a un ratio Tau :CLRO1 de 1 :4. La région grisée correspond au fragment Tau-F4 [208-324].
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L'autre volet de ce projet est d’envisager |'utilisation du composé CLRO1 comme outil de détection
des sites d’acétylation. Le but est de déterminer s'il est possible de détecter, par différence, des
formes acétylées dans un échantillon hétérogéne avec ces tweezers moléculaires. En effet,
I'identification des lysines acétylées dans un spectre 'H->N HSQC n’est pas triviale du fait de la
dégénérescence des signaux qui rend difficile la détection des formes acétylées. L'acétylation devrait
empécher la liaison du tweezer moléculaire et, par conséquent, si l'interaction du tweezer avec les
lysines non acétylées “éteint” les résonances de ces derniéres, la détection et l'identification des
résonances correspondant aux lysines acétylées deviendrait plus facile.

Interactions de Tau acétylée avec ’ADN

Bien que Tau ait été décrite comme protéine associée aux microtubules, elle est également trouvée
au niveau nucléaire dans les cellules neuronales et non neuronales (Loomis, Howard et al. 1990). Une
augmentation de Tau déphosphorylée a été observée dans le noyau des neurones aprés un choc
thermique. Sa capacité d’interactions avec ’ADN est augmentée et elle joue un réle protecteur de
I’ADN génomique en réponse au stress (Sultan, Nesslany et al. 2011). Les lysines sont des résidus
importants pour l'interaction avec les acides nucléiques. Une étude des interactions Tau :ADN,
menée avec le Dr Isabelle Landrieu dans notre laboratoire et le Dr Marie-Christine Gallas (Centre de
Recherche Jean Pierre Aubert, Inserm U837, Lille) a récemment débutée. Ces travaux ont déja permis
d’identifier par RMN les régions de Tau impliquées dans la liaison a ’ADN et d’évaluer I'impact de la
phosphorylation sur ces interactions. Nous allons également analyser les conséquences de
I’acétylation des lysines de Tau sur son interaction avec I’ADN.
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The Peptidyl Prolylcis/transIsomerase Pinl Recognizes the
Phospho-Thr212-Pro213 Site on Tau
Caroline Smet, Anne-Vaonique Sambé,Jean-Michel WieruszeskiArnaud Leroyt Isabelle Landried,
Luc Bueef and Guy Lippens*

Institut de Biologie de Lille, Institut Pasteur de Lille, UMR CNRS 8525, BP 245, F-59019 Lille Cedex, France, and Institut de
Médecine pfélictive et recherche thrapeutique, INSERM U422, Place de Verdun, F-59045 Lille Cedex, France

Receied August 19, 2003; Rised Manuscript Recegéd December 12, 2003

ABSTRACT: The interaction between the neuronal Tau protein and the Pinl misliiansisomerase is
dependent on the phosphorylation state of the former. The interaction site was mapped to the unique
phospho-Thr231-Pro232 motif, despite the presence of many other Thr/Ser-Pro phosphorylation sites in
Tau and structural evidence that the interaction site does not significantly extend beyond those very two
residues. We demonstrate here by NMR and fluorescence mapping that the Alzheimer’s disease specific
epitope centered around the phospho-Thr212-Pro213 motif is also an interaction site, and that the sole
phospho-Thr-Pro motif is already sufficient for interaction. Because a detectable fraction of the Pro213
amide bond in the peptide centered around the phospho-Thr212-Pro213 motif iscia ¢beformation,
catalysis of the isomerization by the catalytic domain of Pin1 could be investigated via NMR spectroscopy.

Tau is a microtubule-associated protein that occurs mainly GSK-33 can modify both Ser and Thr residues that are or

in neurons 1). Although derived from a single gene, it can

exist through alternative splicing as six isoforms that are

developmentally regulate®), Further variability is intro-

are not followed by a ProlQ0—12).

The main motivation for this extensive research was and
remains twofold. First, phosphorylation was found to modu-

duced by posttranslational phosphorylation, with a fetal |ate the binding of Tau to the microtubules, with a lower
isoform of Tau carrying significantly more phosphate groups affinity for the phosphorylated Tau, and might as such
in embryonic stages than the six Tau isoforms in adult brain jnfluence the dynamic equilibrium of the tubulin/microtubule
(3). A decade of research has led to the discovery of a largesystem {3). Second, in the paired helical filaments (PHF),
number of kinases that can phosphorylate Tau on specificone of the hallmarks of Alzheimer's disease of which Tau
threonine (Thr) or serine (Ser) residues. Mapping of the js the main component, the protein is heavily phosphorylated
phosphorylation sites was done with specific antibodles ( (1). Hyperphosphorylation in the later life stages might reflect
6) or with protein chemistry techniques, involving mass an erroneous reactivation of the cell cycle in the aging
spectroscopy and/or Edman degradati8n 4, 8). It was neurons, proposed on the basis of the agreement between

found that many kinases belong to the proline (Pro)-directed AD and mitosis-related phosphorylation patterad—16).

protein kinase family, with an enzymatic activity for one of

the 17 Ser/Thr-Pro motifs in full-length Tau. Other kinases,
however, such as PKAwvere found to phosphorylate Ser or

Thr residues that are not followed by a P®),(whereas
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1 Abbreviations: PKA, protein kinase A; GSK33glycogen synthase
kinase #; AD, Alzheimer’s disease; PP2A, protein phosphatase 2A;
PHF, paired helical filaments; CDK, cyclin-dependent kinase; MAPK,
mitogen-activated protein kinase; DMF, dimethylformamide; RP-HPLC,
reverse phase high-pressure liquid chromatography; MALDI-TOF,
matrix-assisted laser desorption/ionization time-of-flight; IPTG, iso-

Still, the relationship between phosphorylation and aggrega-
tion is not clear, and certain phosphorylation sites (Ser214
and Ser262) were recently described as being protective
against aggregatiori).

The phospho-epitope mapping by immunochemistry heavily
relies on a number of specific antibodies that recognize (i)
the protein in its unphosphorylated soluble form, (ii) certain
phospho-epitopes, or (iii) the phosphorylated protein ag-
gregated into PHF tangles as found in the diseased brain.
Examples of the latter are the AT100 and PHF-27/TG3
antibodies that recognize the AD specific phosphorylation
sites composed of the Thr22&er214 and Thr231Ser235
epitopes, respectivell 4, 18). Whereas those antibodies are
commonly classified as being “conformation-dependent”, the
precise conformational changes that they detect have still
not been fully elucidated1@, 20). Because many of the
phosphorylation sites are Pro-directed, one possible hypoth-

propyl thiogalactoside; PBS, phosphate-buffered saline; DTT, dithio- esis is that the Pro conformation would change upon

threitol; EDTA, ethylenediaminetetraacetic acid; TOCSY, total corre-

lation spectroscopy; NOESY, nuclear Overhauser exchange spectroscopy:;
EXSY, exchange spectroscopy; FRET, fluorescence resonance energy

transfer;Kp, dissociation constant; TFE, trifluoroethanol.

hosphorylation and/or aggregation. The Pro residue is
ndeed unique in the sense that the energetic barrier between
its transandcis conformation is significantly lower than for

10.1021/bi035479x CCC: $27.50 © 2004 American Chemical Society
Published on Web 01/24/2004
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all other amino acids, leading to a higher population of the
cis form. In small peptides, this population is typically on
the order of a few percent, but in the context of a folded
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On the basis of the discrepancy between this structural
information and the reported uniqueness of the Pinl interac-
tion site on Tau, we decided to further investigate this aspect

protein, Pro residues can be found that are completely in by NMR spectroscopy. As the Thr212 residue is one of the

the cis conformation.

Indirect evidence of a structural role of the proline
conformation comes from the recent finding that Pinl, a
prolyl cigtransisomerase that is essential for the cell cycle
and highly conserved within all eukaryotic speci2s, 22),
interacts with Tau 23). Pinl was reported to restore the
microtubule binding capacity of Cdc2/cyclin B-phosphory-
lated Tau 23). This might result from a direct physical
interaction between both partners, or alternatively, Pin1 might

assist proline-directed phosphatase PP2A in its catalytic

activity on phosphorylated Tau. Indeed, at least at the level

few proline-directed and PHF specific phosphorylation sites,
we centered our peptide on this residue. Another reason for
the choice of this precise peptide is that the two reported
interaction sites on human CDC25C, Thr47 and Thr68, are
separated by exactly the same number of residues as Thr212
and Thr231 of Tau34). Although the sequences of both
proteins between their respective two threonine residues do
not align, they both are considered random coil polymers
without well-defined structure, and their separation might
therefore be the relevant structural factor. Moreover, as other
sites in the direct vicinity of the Thr212 site can equally be

of short peptide substrates, PP2A only catalyzes the dephosPnosphorylated (Ser214 and Thr217), we have first inves-

phorylation of a threonine when it is followed by a proline
residue in thetrans conformation 24). Finally, the large
reservoir of phosphorylated Tau in the PHF tangles might
lead to depletion of soluble Pin1, and as such interfere with
Pinl’s other functions. Because Pinl is a key regulator of
the mitotic transition, the earlier finding that Alzheimer’s
disease might be related to a reactivation of the cell cycle
(14—16) is in agreement with a functional role for Pinl in
AD.

Pinl is constituted by two domain®5) both essential for
its in »ivo activity: a WW binding domainZ6) which binds
specifically pThr/pSer-Pro motifs and a peptidyl-protyd/
transisomerase domain which can act catalytically to
promote conformational changes in pThr/pSBro bonds
by accelerating the intrinsic slogis/'transisomerization of
these bonds at least on small peptidic substr&®@s {When

tigated the influence of phosphorylation on the conformation
of the peptide, by performing a detailed NMR analysis of
the non-, mono-, di-, and triphosphorylated peptide. Their
interaction with Pinl was studied at the level of binding to
the WW domain in the full-length protein, and the confor-
mational changes of the proline conformation induced by
the catalytical domain of Pinl1 were followed by exchange
spectroscopy. It was found that the different peptides do bind
the Pinl protein even better than the initially reported
pThr231-Pro232 motif, and that at least the conformational
exchange of the pThr212-Pro213 bond froigto trans or

vice versacan be catalyzed by Pinl. Because these results
do not agree with the previously reported uniqueness of the
pThr231-Pro231 site, we have looked into the possibility of
other interaction sites on Tau, and confirmed that a minimal
pThr-Pro dipeptide already can bind with a good affinity.
These combined results show that the interaction of Pinl

the interaction between phosphorylated Tau and Pinl wasgng Tau is not limited to one unique site, and pose the

reported, the authors identifieq a unique i.nteractiorj site at intriguing question of a functional cooperativity between the
the phosphorylated Thr231 residue. Combined peptide map-y\y and catalytic domain of Pinl while it interacts with
ping and mutagenesis studies indicated that phosphorylatiory,q hyperphosphorylated Tau.

of this proline-directed site, which is phosphorylated sig-
nificantly in both fetal and adult rat brain8)(but is also

MATERIALS AND METHODS

one of the phosphorylation sites detected on PHF Tau, IS pgpige Synthesis and PurificatidPeptides were obtained

both necessary and sufficient for the interaction with Pin1.
Thr231 can be phosphorylated by GSK;:3ut only after
phosphorylation of Ser235 by CDK5 or MAPI,(28, 29).
It can be directly phosphorylated by CDKS5 in the presence
of heparin 80), and with a low efficiency by the p35cde2
cyclin A complex 31).

Structural details of the interaction of Pinl with its various
substrates come from several high-resolution X-ray and NMR

by solid phase synthesis with introduction of selectively
phosphorylated residues using appropriate building blocks
of side chain-protected phosphothreonine or phosphoserine,
as described previouslgd). A dansyl fluorophore was added

as a last step in the peptide synthesis of the pT212 peptide,
by reaction of 5 equiv of dansyl chloride and 10 equiv of
diisopropylethylamine in DMF. After TFA cleavage, peptides
were purified by RP-HPLC on a C18 Nucleosil column

structures. Pinl in complex with peptide substrates derived (Macheey-Nagel, Duren, Germany) and eluted with an

from the C-terminal domain of the polymerase Il, the CDC25

acetonitrile gradient. The homogeneity of the fractions was

phosphatase, or Tau itself indicates a dominant role for the verified by MALDI-TOF mass spectrometry.

WW domain in the interaction, with an aromatic clamp
formed by one of the Trp residues and a Tyr holding onto

Expression and Purification of Recombinant Pinl and the
Catalytical Domain (Pinga7). Pinl with an N-terminal

the Pro side chain, whereas Arg and Ser in the loop region histidine tag fusion was produced Escherichia colistrain

connecting the twg@-strands make hydrogen bonds with the
phosphorylated side chain of the TB2(33). The interaction
seems, however, mainly limited to this precise dipeptide,
raising the question of the structural basis for the reported
selectivity. In a recent NMR study, the only conformational
selectivity we could detect was at the level of the proline
isomerization state, with the pThr-Pro moiety interacting only
when the Pro is in thérans conformation 83).

© 2014 Tous droits réservés.

BL21(DE3) (Novagen), carrying the recombinant PIN1-
pPET28 plasmid (generous gift from M. Yaffe, Harvard
University, Cambridge, MA). The recombinant strain was
grown at 37°C in an LB medium containing kanamycin (20
mg/L) until the ODQyo reached~0.6. The cells were then
harvested by centrifugation, and the pellet was resuspended
in half the volume in M9 medium witfPNH,CI (Cambridge
Isotope Laboratories, Cambridge, MA) as the nitrogen source
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[6 o/L N&xHPQy, 3 g/L KH,POy, 0.5 g/L NaCl, 4 g/L glucose,

) Table 1: Peptide Sequences Synthesized during This Study
1 g/L INH4CI, 0.12 g/L MgSQ, 20 mg/L kanamycin, and

MEM vitamin cocktail (Sigma)]. The culture was incubated peptide sequence
at 37°C for 1 h before induction with 0.5 mM IPTG followed g%%l EEY/IX\\;Y/E;?lPEgElSDF?SSQEK
o 231
by growth fa 3 h at 31°C. The cell pellet was resuspended pT231-pS235 KKVAVVR TrsPPKpS 5P SSAK
in a lysis buffer [50 mM NgHPO/NaH,PO, (pH 8.0), 300 T212 SRSRTPSLPTPPTR
mM NaCl (buffer A), 10 mM imidazole, 1 mM DTT, 0.1% pT212 SRSRT21PSLPTPPTR
NP40, and a protease inhibitor cocktail (Roche)], and cell pgﬁ'pﬁﬁi 1217 %};Sﬂ—mpps%liETTPP;ETR
lysis was performed by sonication. The soluble extract was BThr_P'% dipeg:ide pTPS%FEmPp e

loaded on a nickel affinity column (Chelating Sepharose Fast aPhosphorylated residues are in bold, and numbered according to
Flow, Amersham Pharmacia Biotech). Unbound proteins their position in the 441-residue isoform. lThe peptides are represented

were extensively washed with 20 mM imidazole in buffer jn the text with the one-letter code, whereas the individual residues
A, and the protein of interest was eluted with 250 mM are represented with the three-letter code.

imidazole in buffer A. it dgt lculate q ibed ousl
The GSTF-Pinlar fusion protein was produced in the varation was usedto calctiate g as described previously

BL21(DE3) star strain using the pGEX-6P plasmid (Amer- (33.

sham Pharmacia Biotech). The production was performed ReSULTS

in LB medium with 0.5 mM IPTG induction followed by o ) )

incubation fo 3 h at 31°C before the cells were harvested. NMR Characterization of the Peptide EpitopeSour

The pellet was resuspended in phosphate-buffered salingdifferent peptides were synthesized, corresponding to a
(PBS) [130 mM NaCl, 3 mM KCI, 10 mM NaHPfand 2 nonphosphorylated sequence, and peptides containing the
mM KH,PO; (pH 7.4)] containing 1% Triton X-100, 20 mm  Single pThr212 residue, pThr212/pSer214, and finally pThr212/

B-mercaptoethanol, and a protease inhibitor cocktail. GST PS€r214/pThr217. As a control, we also synthesized se-
fusion proteins were purified from the soluble extract by use duences centered around Thr231, with phosphorylation of

of a GSTrap Chelating Sepharose column (Amersham) this latter site alone or of both Thr231 and Ser235 (Table

equilibrated in PBS (pH 7.2). Unbound proteins were . .

extensively washed with PBS, and proteins were eluted after hereas assignment of such short peptides can now be

incubation with Precission Protease (Amersham) in 50 mM routinely carried out according to the sequential assignment
Tris (pH 8.0), 100 mM NaCl, and 4 mM EDTA at*C for procedure based on combined TOCSY and NOESY spectra

20 h. (38), the main problem for detecting and characterizing the
minor cis forms proved to be less straightforward because
of sensitivity reasons. We used 2 mM samples dissolved in
270 uL of aqueous buffer in KD or D,O together with a
cryogenic probe on a 600 MHz instrument to obtain good
ality spectra of even the minor forms. The resulting spectra
on all peptides show that phosphorylation has a large effect

NMR SpectroscopNMR experiments were performed on
a Bruker DMX spectrometer (Bruker, Karlsruhe, Germany)
operating at 14.1 T and equipped with a cryogenic triple-
resonance probe head. Spectral parameters were as specifi
in ref 33. Standard TOCSY and NOESY experiments, with

mixing times of 60 and 400 ms, respectively, were obtained on the amide proton of the carrying Thr or Ser resicR®(

with 1 or 2 mM pgptide solutions in 50 mM deuterated Tris making its ready detection from a one-dimensional spectrum
(pH 6.3) (Cambridge Isotope Laboratories) and 100 MM teagipie (Figure 1). The same phosphorylated residues

NaCl at 293 K.™N-labeled Pinl HSQC spectra were o) 0ed by a Pro residue in theis conformation show up
reporded on a 200M protein sample in 50 mM deuterated  5¢ low-intensity peaks close to the Hlequency of the major
Tris (pH 6.3), 100 mM NaCl, aha 5 mMMDTT/EDTA 1ppser signals followed by a Pro in thans conforma-
mixture at the same temperature. For the titration experi- o

ments, a 200uM solution of Pinl was added to the When we first analyzed the peptides centered around the
appropriate amounts of the lyophilized peptide. The chemical 11,531 residue, we confirmed the previously reported results
shift perturbations of individual resonances calculated with ¢, this epitope 20). Thecis isomer of the pThr231-Pro232
the relationshipAd (parts per million) = [Ad*(*H) + peptide bond is populated at a level ©8% in water, and
0.2A0%(**N)]2were used to derive the dissociation constants {ha conformation of the peptide as determined by NOE
(33). For the observation of catalytic activity, 0 full- — gnecroscopy is essentially random. For the peptides centered
length Pinl or its catalytic domain alone, each solubilized 4.5ng Thr212, confirmation of the Pro conformation came
in D,O buffer, was added to a 1.5 mM solution in@of a from the NOESY spectrum recorded in®on both the non-
triply phosphorylated peptide, and EXSY spectra with & anq triphosphorylated peptides, where we observed specific
mixing time of 400 ms were recorded. NOE contacts between theoHand H3) protons of Thr212
Fluorescence SpectroscofyRET experiments were car- and the Ht proton of cisPro213, and the same contacts
ried out on a PTI (Lawrenceville, NJ) fluorescence spec- between the corresponding protons of Thr217 and Pro218
trometer by exciting tryptophan residues of Pinl at 295 nm. (Figure 2). Other minor forms correspond to Pro216, which
A 20 uM solution of Pin1 in 50 mM Tris (pH 6.3) containing  is preceded by a Leu, whereascis conformation could be
100 mM NaCl ad a 5 mMDTT/EDTA mixture was added  detected for Pro219, despite the fact that its conformation
to lyophilized aliquots of the peptide to obtain a full titration could even be more constrained due to the preceding Pro
curve. When the dansylated peptides were used, the fluo-residue.
rescence quenching of the tryptophan indole groups by the Integration of the different NMR signals in the one-
dansyl moiety was assessed at 334 nm. The fluorescencalimensional spectra or on thedHHS6 NOE cross-peaks,

© 2014 Tous droits réservés. doc.univ-lille1.fr
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FicurE 1: H NMR spectra (zoom of the NH region) of the T212 peptide phosphorylated at the Thr212 position or unphosphorylated. Only
Thr212, Ser214, and Thr217 are annotated. Those in bold precedeséro form, and those in italics precedeia-Pro form.
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Ficure 2: Assignment of the triphosphorylated T212 peptide on a
400 ms NOESY spectrum in 0. Hi—Ho. NOE contacts were

assigned fotrans-Pro isoforms and bl—Ha for cis-Pro forms of

Pro213 and Pro218.41—Hd2 NOE contacts are annotated for all

trans-Pro forms, forcis-Pro213cis-Pro216, andis-Pro218 forms,
and fortrans-Pro219 preceded bgis-Pro218.

Table 2: Relative Populations of ths/trans Ratio for the
Different Pro Residues in the Non- or Triphosphorylated T212

Peptide
cigtransratio (%)
peptide pP213 P216 p218 P219
T212 6 8 12 <1
pT212-pS214-pT217 7 8 13 <1

Interaction Mapping of the Peptides with PirRather than
using the isolated WW domain as we reported in a previous
NMR study @3), we decided to work directly with the full-
length'>N-labeled Pin1 protein. Near-complete assignments
for this protein were previously reported(), enabling a
direct identification of the WW resonances in the full-length
protein. When we titrated the phosphopeptide centered
around the Thr231 epitope against a constant concentration
of full-length Pinl, we found a nearly identical value for
the dissociation constant. A similar titration experiment with
a nonphosphorylated peptide did not yield detectable binding.
When we repeated the experiment with the pT212 peptide,
carrying a single phospho group on the Thr212 side chain,
we detected a 3-fold stronger interaction, confirming that
pThr231 is neither a unique nor even the best binding epitope.
Resonances on the Pinl protein that shifted upon addition
of the pT212 peptide were mainly assigned to the WW
domain, with the strongest shifts for the same residues
(Ser16-Gly20 and GIn33-Glu35, with a very pronounced
variation for the Trp34 HM1 side chain moiety) that were
identified in the titration with the pT231 peptidd3). Small
variations were equally detected for some resonances on the
catalytic domain. A first category of those was assigned to
residues at the interface of the WW and catalytical domain,
including, for example, the Phe139 and Leul141 residues. On
the basis of the chemical shift variation of their resonances
as a function of the increasing peptide concentration, we
derived aKp constant similar to the one describing the
interaction with the WW domain (Table 4). A second group
of resonances that shift slightly upon addition of peptides
are those of the catalytic site, including Met130, Leul22,
Serll4, and Serl15. Because even at the 20-fold peptide
excess used in our titration study, saturation of the chemical
shift variations was not attained, we could not derive a

where a reasonable dispersion exists, allowed the estimatiorreliable Kp value for the catalytic domain. This very weak

of the relative populations of thigans and cis conformers

interaction is in agreement with our findings for the interac-

(Table 2). Importantly, it was found that even a triple tion between phosphopeptides and the Pinl protein of
phosphorylation did not significantly change the relative Arabidopsis thaliana which consists only of a catalytic

populations.

© 2014 Tous droits réservés.

domain @1).
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Table 3: Chemical Shift Values of the Triply Phosphorylated PP (@) | e |
pT212-pS214-pT217 Peptitle |
Hp Hy Ho 4.9 pThr2120 pTherZ[?
A
Hn Hoo HpBF1 H Hyl Hy2 Hol H ' cPro213c
2 2 HOl Ho2 1, "
| [ |
208 S 838 443 387 5.0 L
209 R 85 444 191 179 1.67 3.21 ' n ol o
210 S 849 445 3.89 | Uy |
211 R 848 437 191 1.79 1.67 3.23 5.1 | |
212(t) pT 9.45 450 4.40 1.38 | .
212(¢) pT 952 461 441 1.27 pTbn2if pThe2iTp
213() P - 443 234 209 204 193 4.01 3.78 5.2 ;" '
213(c) P - 494 241 212 195 1.84 3.61 3.48 v ¥, 7 cProZl8a
214 pS 9.10 4.44 411 3.98 | E I
215() L 840 4.69 1.71 1.63 1.59 0.97 0.94 5.3 Do !
215(c) L 7.80 451 160 1.43 0.91 . o
216(t) P - 449 231 2.03 1.89 3.87 3.68 i b,
216(c) P - 460 241 213 195 185 3.62 3.48 5.4 S ——————r—— " —
217() pT 9.03 4.60 4.47 1.37 54 53 52 51 50 49 48 47 4645 44 43 ppm
217 (c) pT 9.20 4.56 4.40 1.30 L :
218() P — 472 24 209 205 19 401 3.75 ppm | gy L | | Pro2i3o
218(c) P - 520 252 217 200 1.86 3.62 3.54 Pl b
219 P - 455 236 209 205 193 3.89 3.71 194 P P :
220 T 829 432 422 1.22 ) ' N
aMinor form assignments of residues in the peptide with a Pro in ' | U §Pro2130
the cis conformation are given. 5.0 Hot cis/ Hot trans
' i ro)
{Pro2180. | |
Table 4: Dissociation Constant Values Obtained by NMR for 5.1 . M :'@‘ * i E
Various Phosphorylated Peptide Substrates against the Full-Length | b !
Pin1 Proteif ,,E-\, ‘ !
peptide KoM (mM) peptide KoPNt (mM) 527 ( = L
pT231 0.38+ 0.1  pT212-pS214 0.16 0.02 ', .
pT231-pS235 0.18 0.05 pT212-pS214-pT217 0.190.01 53] !
pT212 0.10+ 0.03  pThr-Pro dipeptide 0.150.03 ‘4 :
aNMR dissociation constant values are based on chemical shift | '
perturbations of several residud$ ¢ 5). The data for the dipeptide 5.4 e —y
were obtained with the isolated WW domain. 54 53 52 51 50 49 48 47 46 45 44 43 ppm

FiGure 3: (a) Region around # cis-Pro213 and Pro218 in the

. . . . . 400 ms EXSY spectrum of the triphosphorylated T212 peptide.
To investigate the influence of multiple phosphorylations g rejations invoR/ing pThr212 andppThrp2171)|/-and H mino?it)?

on the interaction, we performed similar titration experiments forms are annotated. (b) Same region in the 400 ms EXSY spectrum

with three different peptides, including doubly phosphory- of the triphosphorylated T212 peptide containing &8 Pinl

et Azheimer ype eptopes pTIYZ31pSr2ss and piv212/Shg 3t LS00 Lo st o Prosis & o
Ser214. Amazingly, the effect on th& for Pinl of a N )

Eecond phosphor)g/llgtion is not the same for both peptides;ObserveoI as indicated by the dashed circle.

the addition of a phosphate on Ser235 increases the affinity

by a factor of 2, whereas phosphorylation of Ser214

decreases the affinity for Pinl. Addition of a third phospho-

less suitable substrate for the detection of a potential catalytic
action of Pinl. Because the situation with the epitope
laion site o the ltter pepiide (Thr217) was necessary 1o o e aryogonic probe had alowed the full asagnment of
restore the initial dissociation constant of 181. all minor cis forms (Table 3), we used EXSY spectroscopy
The dissociation constant values for the pT212 peptide to probe the catalytic activity of Pinl. The experimental setup
Pinl interaction were confirmed in an independent experi- was similar to the one we used to demonstrate the catalytic
ment based on the fluorescence variation of Pinl upon activity of the A. thalianaPin1 protein 85), with 400 ms
titration in a dansylated pT212 peptide. Because of energy EXSY spectra of the triply phosphorylated peptide isOD
transfer from the tryptophan emitting at 334 nm to the dansy! with or without Pin1 added. Without Pin1, the isomerization
group on the N-terminus of the pT212 peptide, the fluores- proved to be too slow to give detectable cross-peaks
cence of the tryptophans at 334 nm is efficiently quenched connecting the signal of the same proton on a peptide in
(Figure 4a). The resulting decrease in fluorescence intensitytwo conformations. When we added a catalytic amount of
can more readily be quantified as the increase in the intrinsic the protein, however, several additional cross-peaks appeared.
tryptophan fluorescence that we had previously used with a The contact between theoHprotons of Pro213 in theis
nondansylated peptide as a substrd®.(TheKp value of  and trans conformations was easily identified (Figure 3),
110uM confirms the data from the NMR titration experiment despite the presence of a weak contact between the H
(Figure 4b), and demonstrates the absence of interferenceyroton of Pro213 in theis conformation and the Biproton
by the dansyl group. of pThr212. The structural transition of the Thr212-Pro213
Catalytic Actiity of Pinl. The absence of a detectable amide bond was further confirmed by a contact between the
amount of thecis form in the pThr231 peptide makes it a Ho protons of Pro213 in theis andtrans conformations.

© 2014 Tous droits réserveés. doc.univ-lille1.fr
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258406 sites has been identified in PHF Tau than in fetal Tau, and
(a) second, the occupation level of the individual sites is higher

in PHF Tau than in fetal Tau. An example of this latter factor
is the Thr231 site, which is only phosphorylated to a level
of 30% in fetal Tau, whereas no unphosphorylated Thr231
is found in PHF Taug).

Whereas phosphorylation of the Ser262 residue or Ser214
is known to promote detachment of Tau from the microtu-
bules, and might hence lead to microtubule destabilization
(13), a clear relationship between phosphorylation and
aggregation has not been established. Recent results, for
example, have demonstrated that phosphorylation of the same
Ser262 site actually prevents aggregatia)(in apparent
contradiction with the initial hypothesis that hyperphospho-
rylation is a causal factor for aggregation. The sole factor
of phosphorylation might thus not be sufficient to explain
wavelongth (nm) the physicochemical changes that govern microtubule inter-
action or tangle formation. Additional evidence for this
comes from the recent finding that the perturbed interaction
(b) between phosphorylated Tau and tubulin might be restored
2 by the parvulin Pin1Z3). This latter enzyme belongs to the
class of prolylcigtransisomerases that catalyze the con-
formation of the prolyl bond. However, whereas the cyclo-
g 18 philins or FKBP binding proteins, the two main other classes

20E+06

1.5E+06

Al (countsisec)

1.0E+06

5.0E+05

0.0E-+00 -

of prolyl cigtransisomerases, are at least in yeast not
3 essential for correct cell functioningg), Pinl or its yeast
analogue Essl is crucial for correct progress through the cell
cycle. Many of the recognition motifs of Pinl coincide
os moreover with the epitopes of the monoclonal MPM2
antibody. This latter recognizes mitosis specific phospho-
proteins, confirming further the role of Pinl in the cell cycle.
°o s w u;m:s-v:; ¥ 0 & B Pinl is characterized by a specificity at the substrate level,
i as it catalyzes the conformational change only when the

Ficure 4: (a) Fluorescence titration of Pinl by the pT212 Tau oA :
peptide coupled to a dansyl group at the N-terminus (pT212-Dns) proline is preceded by a phosphorylated Thr or Ser residue.

involving FRET. Increasing amounts of the peptide were added to | Ne same motif is recognized by the second structural unit,
a 20 uM solution of Pinl, resulting in a quenching of the the 40-amino acid WW domain, that seemingly promotes
fluorescence signal at 334 nm and a slight increase in the dansylprotein-protein interactions and is essential for the correct
signal at 540 nm. (b) Graphical representation oftbealculation  fynctioning of the protein44). The interaction of Pinl with

for the pT212 peptide based on the intensity variations of the S .
fluorescence at 334 nm plotted against the molar ratio of the pT212 a large number of phosphoproteins involved in the cell cycle

dansylated peptide to Pinl concentration. has led to the hypothesis of a second conformational
] ) ) mechanism of posttranslational control after the covalent
The isolated character of theotproton of Pro218 in theis modification of phosphorylation. A prolineisitrans iso-

conformation should make the observation of an exchange-merization could be the structural switch, but direct evidence

mediated contact straightforward, but even with a long f such a mechanism with true protein targets has only very
mixing time of 400 ms, we could not observe such a contact. recently begun to emergd®). Finally, it should be noted

This indicates that Pinl selectively catalyzes the conforma- ihat the described interaction sites on several key mitotic
tional change of the peptide bond between pThr212 and ygteins are in the unstructured regulatory parts of the protein.
Pro213, but not the one between pThr217 and Pro218. Whengxamples are the Thrd8 and Thr67 sites on the regulatory
we performed the same experiment with the isolated catalytic part of CDC25C 46, 47), or the Ser63 and Ser73 epitopes
domain of Pinl, very similar results were obtained. on c-JUN ¢9).

Because phosphorylated Tau extracted from the brains of
DISCUSSION people with AD is equally recognized by the mitotic MPM2

The phosphorylation of Tau has been the subject of intenseantibodies 49), Lu et al. 3) set out to study its interaction

studies. A first line of research was aimed at the mapping with Pin1. They discovered several intriguing aspects. First,
of thein vivo phosphorylated sites of fetal or adult soluble Pinl would be able to restore the microtubule binding
Tau @) as well as the Tau found in the insoluble PHF capacity of Cdc2/cyclin B-phosphorylated Tau, and second,
aggregates/( 8). Both immunochemical and protein chem- the interaction with phospho-Thr231 would be necessary and
istry techniques led to the conclusion that adult Tau carries sufficient for this interaction. However, the observed speci-
significantly fewer phosphates than fetal Tau, and that ficity is not easy to explain at the structural level, as several
phosphorylation on PHF Tau is even more pronounced thanstudies have proven that the main interaction motif of the
in fetal Tau. The dual character of the hyperphosphorylation WW domain is the pThr-Pro dipeptide, with a minor
stems from the fact that a larger number of phosphorylation contribution of the residue following the Pr@Z% 33).
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Moreover, although Thr231 is indeed phosphorylated to a The interaction of the different peptides with Pinl was
higher level in PHF Tau, it can at least partially be firstinvestigated in a series of titration experiments against
phosphorylated in fetal Tau, raising the question of the full-length Pinl. The'>N-labeled protein was used simulta-
conformational specificity of the PiriTau interaction. For ~ neously to derive the dissociation constant from a fit of the
these reasons, we decided to further investigate the uniquechemical shift variations as a function of increased peptide
ness of the interaction. concentration and to map those residues that directly interact
Of those sites that are unique to PHF Tau, two (Thr212 with the peptide. A first titration experiment with the pT231
and Ser422) are proline-directed sites. We decided to first peptide resulted in a similafp value as previously deter-
investigate the former site, because it is in the vicinity of mined against the isolated WW doma88), confirming the
the Thr231 residue, with the same distance from the latter primordial role of the WW domain as a proteiprotein
as the two epitopes described on CDC23a@)( Moreover, interaction module. When we performed a second titration
because this Thr212 residue has at least two other phosphoseries with a peptide phosphorylated at both Thr231 and
rylation sites in its immediate vicinity, we synthesized the Ser235, mimicking thereby the recognition site of the
peptides in different combinations of phosphorylation. NMR Alzheimer specific TG3 antibody, the affinity increased
spectroscopy was used to investigate first the conformationalroughly 2-fold. We are at present using calorimetry to study
aspects of those peptides, with specific attention being paidwhether this increased affinity results in a loss of entropy in
to the cigltrans ratios of the different prolines that are the unbound state, or from a true increase in the enthalpy of
involved. Indeed, the absence of interaction between one ofbinding.
those epitopes and Pinl could be due to the latter containing The main result of our study came when we used the
a Pro residue completely constrained in ¢igeconformation, pT212 peptide in the same titration study. Indeed, the affinity
where interaction with the WW domain is no longer possible of this peptide proved to be even better than that of the
(32, 33). A previous study with peptides centered around peptide centered on pThr231. Because this result casts doubt
Thr231 had shown that the phospho-HRmro bond in this on the proposed uniqueness of this interaction site, we
peptide is predominantly in theansconformation, with only repeated the same measurement by fluorescence spectroscopy
3% in thecis conformation. Addition of TFE, a solvent that with a peptide modified with a dansyl group at its N-
is supposed to mimic the more hydrophobic environment of terminus. Energy transfer between Tryp34 of the WW
the inner protein, even further reduced this fracti@0)( domain and the dansyl acceptor proved to be very efficient,
Therefore, it is not clear how a local structural change in and the resulting fluorescence decrease proved to be easier
such a small amount of theis conformation containing  to interpret than the intrinsic fluorescence changes that we
chains could form the structural switch that explains the had previously used to confirm independently the NMR
functional interaction between Pinl and Tau. Of course, our value for the pT231+WW interaction ¢2). Despite the
results are obtained on a small peptide substrate and hencaddition of a dansyl, the resulting, value confirmed our
do not necessarily reflect the situation in the full-length previous results derived by NMR.
protein. Still, recent NMR results of our group tend to Contrary to the case of the pT231 peptide, a second
confirm that the random coil chemical shift can be used phosphorylation on the Ser214 site decreases the affinity by
efficiently to assign at least partially the full-length protein a factor of 2. We can rationalize this observation with the
(51), confirming its unstructured nature and validating the crystal structure of Pinl in complex with a peptide derived
peptide approach. from the C-terminal domain of polymerase IlI, where the
In our T212 peptide, the pool of peptide bonds in tie hydroxyl Ser residue downstream of the phospho-Thr-Pro
conformation is somewhat larger, and this occurs not only recognition motif also makes a hydrogen bond with the WwW
at the level of the Thr212-Pro213 bond. Indeed, using a 2 Trp34 side chain32). In the pT212 peptide, we also find a
mM sample and a measuring time of 12 h on a 600 MHz Ser214 residue, and from the fact that the affinity of pT212
spectrometer equipped with a cryoprobe, we were able tois higher than that of the pT231 peptide, where the Pro233
distinguish the conformational heterogeneity at the level of side chain does not offer the possibility of a hydrogen bond,
the Pro213, Pro216, and Pro218 peptide bonds, and assignve can safely assume that Ser214 indeed contributes to the
the different peptides in solution (Figure 2). On the basis of increased affinity. Phosphorylation, however, would intro-
the integration of the one-dimensional proton spectrum and duce a bulky phosphate group, which might be harder to fit
of the prolined1—02 cross-peaks in the NOESY spectrum, than the simple hydroxyl group. Only when we create a

we obtained the relative concentrations for ttemsandcis second canonical phospho-Thr217-Pro218 interaction motif
peptide bonds preceding Pro213, Pro216, and Pro218 (Tablén the triply phosphorylated peptide did we find our initial
1). Only for Pro219 could we not detecti conformation, dissociation constant of 10@M, indicating that both

which limits its level to an estimated 1%. However, when dipeptides are recognized with similar affinities. This latter
comparing the relative populations in the differently phos- result motivated us to measure the affinity of the isolated
phorylated peptides, we conclude that there is no clear phospho-Thr-Pro dipeptide, devoid of any sequence context.
modification of thecig/transdistribution with an increasing  The dissociation constant measured is on the same order of
level of phosphorylation. As for the secondary structure of magnitude as that for the pT212 peptide, confirming that
the peptides, the only noteworthy NOE contact that we the main motif of interaction is indeed the dipeptide, and
observed was a medium-intensity contact between the amidethat the other amino acids only weakly affect this binding.
protons of Ser214 and Leu215. This might indicate a kink  Because the interaction mapping studies were performed
in the peptide structure, but it remains to be seen whetherwith the full-length Pinl protein, we could also observe
this contact is an artifact of the short size of the peptide or potential interaction sites with the catalytic domain. A first
whether it is truly present in the full-length protein. category of residues whose amide correlation shifted slightly
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upon addition of the peptide includes residues at the interfacePin1 WW domain. The enzymatic activity of Pinl on this
between the WW and catalytic domain. Because Khe latter site was confirmed through exchange NMR spectros-
derived from those chemical shift variations is identical to copy. Many questions about the molecular details of the
the one obtained for the WW domain, we conclude that it Pinl—Tau interaction remain, however, and one of the most
concerns the same binding event, and that binding of theimportant is the possible cooperativity between both Thr212
peptide to the WW domain slightly interferes with the and Thr231 sites, which could be a model for the action of
catalytic domain. This is in agreement with two recent NMR Pinl on other substrates such as Cdc25C. Finally, all our
studies, where chemical shift mapping combined with work is related to the interaction between Pinl and Tau with
interdomain NOEs and residual dipolar couplings led to the the latter in its phosphorylated but free state. In the
conclusion of possible cross-talk between the two domains, microtubule-bound state, however, we cannot exclude the
although the fine details seem to be substrate-depend@nt ( possibility that one of several phosphorylated Thr/Ser-Pro
51). An independent interaction site, be it with a very weak motifs of Tau is forced into ais conformation, and that
affinity, was identified in the long loop that was found to those motifs are the true substrates for the proigkrans
contain the Ala-Pro dipeptide in the first crystal structure isomerase activity of Pinl.

(25). However, as was the case for Pinl frémthaliang Future efforts will be directed to larger substrates encom-

only a lower bound of 10 mM could be determined for the passing both sites, in both their free and microtubule-bound

affinity constant. state, and should be able to describe in further detail the
On the basis of the fact that botis andtrans conforma- intriguing functional role of the WW and prolyl isomerase

tions can be observed for Pro213 and Pro218 in this domains of Pinl.

triphosphorylated peptide, we have investigated the Pinl
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Accepting its Random Coil Nature Allows a
Partial NMR Assignment of the Neuronal Tau

Protein

Caroline Smet,” Arnaud Leroy,™® Alain Sillen,” Jean-Michel Wieruszeski,

Isabelle Landrieu,”’ and Guy Lippens*®

A combined strategy to obtain a partial NMR assignment of the
neuronal Tau protein is presented. Confronted with the extreme
spectral degeneracy that the spectrum of this 441 amino acid
long unstructured protein presents, we have introduced a graphi-
cal procedure based on residue type-specific product planes.
Combining this strategy with the search for pairwise motifs, and

Introduction

The physiological function of the neuronal Tau protein involves
the dynamic stabilization of tubulin into microtubules."?
Hence it plays an important role in neuronal development and
plasticity. Moreover, the same microtubule-associated Tau pro-
tein is one of the major components of the neurofibrillary
paired helical fragments (PHFs) characteristic of Alzheimer's
disease (AD).%# Primarily composed of Tau, these tangles accu-
mulate intracellularly in the diseased neurons, and their pres-
ence correlates rather well with the cognitive impairments that
result from the disease.”

Despite its enormous biological and medical relevance, little
is known about the detailed structure of Tau in solution. Small-
angle X-ray scattering (SAXS) and other spectroscopic tech-
niques such as circular dichroism (CD) and infrared spectros-
copy (IR) have lead to a description of the protein as a random
coil or Gaussian polymer.®” However, as these techniques only
give an overall view of the global structure, local elements of
secondary and/or tertiary structure might well escape observa-
tion. The absence of a stable tertiary structure precludes the
use of X-ray crystallography, but, as an alternative, NMR
spectroscopy might well give hints about otherwise undetect-
ed sequence specific structural elements. Although this latter
technique has been successfully applied in the case of several
other unfolded proteins,®'% the literature contains no detailed
report about the NMR characterization of Tau.

We have recently shown that proline residues and their dis-
tinct influence on the random coil chemical-shift values can be
used to assign at least those residues in Tau that precede a
proline amino acid."” In order to extend the assignment to all
residues irrespective of their direct neighbours, we demon-
strate here the utility of a novel graphical method to handle
the huge information content in the triple-resonance spectra
of Tau. Pushing the comparison of the spectra of full-length
adult Tau and its shorter foetal isoform to the limit of a com-
parison with natural-abundance spectra of short peptides,

[a]

combining the spectra of different Tau isoforms and even of pep-
tides derived from the native sequence, we arrive at a partial
assignment that is sufficient to map the interactions of Tau with
its molecular partners. The obtained assignments equally confirm
the absence of regular secondary structure in the isolated pro-
tein.

allows us to proceed further in the assignment process. We
demonstrate the assignment of Tau to such a level that i) the
presence or absence of well-defined structural elements can
be ascertained, and ii the interaction with other molecular
partners such as tubulin or aggregating agents can be studied.

Results

Conventional assignment strategies that use triple resonance
experiments, correlate the Ca, CO or Cf} of a given residue
with that of its immediate neighbour."? A typical example of
this strategy is the use of HNCA and HN(CO)CA experiments,
where the Ca of residue [] is seen from its own [i] amide cross
peak in the first experiment and from the amide correlation of
the next residue [i+1] in the HN(CO)CA. When applied to the
full-length Tau protein, spectral overcrowding that results from
i) the sheer size of the protein (Figure 1), ii) the limited chemi-
cal-shift dispersion that results from the unfolded nature of the
protein and iii) the high degeneracy in the primary sequence
(Table 1) all made this strategy largely unsuccessful. The only
nucleus that gives a good chemical-shift dispersion is the nitro-
gen, as can be seen from the HSQC spectrum (Figure 2). We
have previously observed that all Glycine Ca carbons, which
represent a total of 49 residues (Table 1), fall within 0.5 ppm of
their random-coil value.™ We found the same extreme de-
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Dr. G. Lippens
CNRS—Université de Lille 2, UMR 8525, Institut Pasteur de Lille
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E-mail: guy.lippens@pasteur-lille.fr

[b] Dr. A. Leroy
Laboratoire de Biochimie Appliquée
Faculté de Pharmacie a Chatenay-Malabry (Paris XI)
Tour D4 2°™ étage, 5 rue Jean-Baptiste Clément
92296 Chatenay-Malabry Cedex (France)

ChemBioChem 2004, 5, 1-8 DOI: 10.1002/cbic.200400145 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1

© 2014 Tous droits réservés.

doc.univ-lille1.fr



BIO

MAEPRQEFEV MEDHAGTYGL GDRKDOG MHQDQEGDTD 40
AGLKESPLOE PTEDGSHEPG SDAKS VTAPLV 80
DEGHPGHEQAA AQPHTEIPER TTHccrBrco BrBieoexcl 120
HVTOARMVSK :.KD];.:JDDK KAKGAD@KTE IASPRGARPP 160
coxGoaNAfllr 1paxfieeark @ecfscErek scorsflsBe 200
GEPGEPGSRS REPSLE@PPT REPKKVAVVR [PPKEPSSAK 240
SRLOTAPVEFM FPDLENEESKI GEE;"]I-' LKH"‘P IINK 280
KLDLENVQSK CGSKDNIKHV PGGG! sfvrs 320
KeGsLGNHH -(lI:E,L’,Q JEVK SEKL skiGsLDNl] 360
THVPGGGNKK I E-TVYKI?VVS 400
GDTEPRHLSN Ihn' SIDMV DFQLA ATLAD EVSASLAKQGE 441

Figure 1. Primary sequence of Tau. The amino acids that are absent from the
shortest Tau352 isoform are in bold. The peptides synthesized for the peptide
mapping are underlined. Residues that are unambiguously assigned are shown
in yellow and those with only a twofold uncertainty in green. Light blue indi-
cates the S/T(P) sites that were previously assigned.!"”

Table 1. Sequence degeneracy for the full-length Tau441 protein. Only the
ten most abundant amino acids are listed.
Amino acid Number Percentage
Gly 49 11.1
Ser 45 10.2
Lys 44 10.0
Pro 43 9.8
Thr 35 8.0
Ala 34 7.7
Asp 29 6.6
Glu 27 6.1
Val 27 6.1
Leu 21 4.8
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Figure 2. 'H,"*N HSQC spectrum of the adult isoform Tau441 (light) and the
smaller foetal isoform Tau352 (dark). The two (T)A(P) correlation peaks are indi-
cated by an arrow.
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generacy for all other carbons including the carbonyl frequen-
cies.

The absence of carbon chemical-shift dispersion can, howev-
er, be used constructively once we accept the random-coil
chemical-shift values from the onset on to be correct. Indeed,
it means that we not only know the carbon chemical-shift
values of every residue, but that we can also utilize them to
identify those same residues, in a manner similar to amino acid
selective labelling. As the random-coil values can be equally
used to extract the nature of the residue in the [i—1] position,
we have to deal with a pairwise degeneracy. In the following
paragraphs, we will demonstrate that this degeneracy is less
stringent than initially thought, but we will first illustrate our
graphical strategy based on product planes and pattern
searching on the concrete example of the assignment of lysine
residues in Tau.

Lysine assignment

Lys is characterized by a Ca chemical-shift value of 56.2 ppm
and a Cp value of 33.1 ppm.I"¥ Therefore, if we extract the cor-
responding planes for the Ca carbon chemical shift from a
HNCA spectrum and for the Cf carbons from the CBCANH
spectrum, two planes result whose intersection should contain
the Lys resonances. To illustrate this observation, we show in
Figure 3A the sum of all 'H,°N HNCA planes with carbon
chemical-shift values between (56.2—0.5 =55.7) ppm and
(56.240.5 = 56.7) ppm, which allow a deviation of 0.5 ppm
from the listed random-coil value based on the carbon histo-
grams that we previously derived for Tau."" A similar proce-
dure for the planes with Cf3 values comprised between 32.6
and 33.6 ppm (Figure 3B) leads to the two basic planes that
define the Lys residues. Rather than superimposing both
planes, however, we define the Lys product plane as the 'H,"”N
plane resulting from a point-by-point multiplication of both
Lys Ca and CB defining planes (Figure 3C). The result of this
operation is that we only recover intensity where both carbon
chemical-shift values fall within the correct interval, thereby
simplifying the visual information of both parent planes. For
example, the peak at (8.09—123.5) ppm, present in the Lys Ca
plane, is absent from the Lys product plane, because of its dif-
ferent CP value (30.3 ppm, as extracted from the CBCANH
spectrum).

Lysine residues allow an immediate experimental verification
of our assignment strategy since a selective Lys labelled
sample is relatively simple to produce.™ A comparison of the
Lys product plane with the experimental spectrum of the Lys
labelled sampile is illustrative of the limitations of our method
(Figure 3 C). First, the majority of the experimental lysine peaks
are present in the product plane. The two peaks at (8.21,
125.4) ppm and (8.41, 124.7) ppm that violate this principle,
concern Lys residues that precede a Pro and therefore undergo
a 2 ppm deviation towards the high field.™® Secondly, the
peaks that do coincide between the product plane and the
spectrum of the Lys labelled sample are not all of equal inten-
sity. Because the intensity in the product plane directly results
from the intensity in the HNCA and CBCANH plane, an obvious
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Figure 3. A) Plane around the Lys Co. random coil chemical shift of 56.2 ppm, extracted from the Tau441 HNCA spectrum and B) around its Cf3 value of 33.1 ppm,
extracted from the CBCANH spectrum. C) Product plane (light) defined by the point-by-point multiplication of the planes in (A) and (B), with superimposed (dark)
"H,”>N HSQC spectrum of the lysine, selectively labelled in Tau441.

reason for the intensity variations is the less efficient transfer
of magnetization in one or both experiments. A deviation of
the assumed random coil chemical-shift value might be a
second unrelated cause of intensity variations, as the parent
planes were constructed as slices around the random-coil
values, such that a deviation superior to 0.5 ppm would result
in a reduced or absent intensity of the peak. A third observa-
tion is that the product plane contains more signals than just
the expected Lys correlation peaks. This is the case for the
strong correlation found at (8.50, 118.8) ppm, absent from the
spectrum of the Lys-labelled sample. Close inspection of the
underlying frequencies shows that this residue is a Ser fol-
lowed by a Pro, leading to a 2 ppm upfield shift of its Ca
random-coil chemical shift from 58.3 to 56.4 ppm.""'¥ More-
over, the residue is preceded by a Lys, and the efficient mag-

netization transfer from the Ser nitrogen to the preceding Lys  strategy.
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than the initial HSQC spectrum;
this brings manual inspection
within reach. Finally, a close look
at the random-coil chemical shift

These latter observations may appear to cast some doubt
on the utility of the product plane approach, but we claim
that our method represents a true advantage when one con-
siders that the 3D HNCOCA and CBCACONH experiments can
be used in an identical way to extract product planes defining
the nature of the residue in the [i—1] position. In Tau, there are
four Pro-Lys patterns. The Pro [i—1] product plane can readily
be constructed from the sum of planes around 63.3 ppm in
the HNCOCA and 32.1 ppm in the CBCACONH spectra, and
shows all amide signals from those residues that are preceded
by a Pro (Figure 4A). If we now form the product plane of the
initial Lys product plane of Figure 3C with the Pro [i—1] plane
of Figure 4A, we obtain the 'H,"’N subspectrum of those Lys
residues that are preceded by a Pro (Figure 4B). There are four
correlations as expected, demonstrating the validity of the

Figure 4. A) Product plane defining those residues that have a Pro in the [i—1] position. B) The product of the Lys
plane of Figure 3C and the Pro [i—1] plane of Figure 4A defines the resonance position of the four (Pro) Lys pairs in

Tau.

tables reveals that Met residues, equally, might be represented
by the intersection of both planes, because the upper limits
for both the Ca (55.4+40.5=55.9 ppm) and the Cf} (32.94-0.5=
33.4 ppm) intersect with the Lys-defining carbon intervals. This
overlap further accounts for the observed “leakage” of correla-
tion peaks in the Lys product plane.
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The described procedure does not allow us to go further in
the identification of these (Pro)Lys patterns, as we do not con-
nect more than two consecutive residues. However, despite
the extreme degeneracy in amino acids for Tau, its sequence
does contain 79 unique pairwise patterns, and another 49 resi-
due pairs that occur only twice in the protein. These statistics
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show that the product planes conjugated with a pairwise pat-
tern search, can lead to an acceptable level of assignment
without having to go through extensive lists of assignments.

Alternative splicing

Tau occurs in human neurons in six isoforms. The longest iso-
form (Tau441) is mainly present in adult brain, whereas the
shortest isoform, with 352 amino acids (Tau352), is dominant in
foetal brain.'”’ The two proteins differ in two inserts in the N-
terminal region, absent in the shortest isoform, and in the ab-
sence of the second microtubule binding repeat for the foetal
form (Figure 1). Based on the presumed absence of secondary
or tertiary structure, we expected the NMR spectrum of the
shorter isoform to be similar to that of the longer Tau441, but
with fewer cross peaks and some border effects for those resi-
dues that immediately flank the missing regions in Tau352. A
comparison of the resulting HSQC spectra of both proteins
(Figure 2) confirms this, with the Tau352 HSQC roughly appear-
ing as a subspectrum of that of Tau441. This observation
allows us to solve some ambiguities. We have previously re-
ported the assignment of all 5 Ala—Pro motifs in Tau,"” but for
the two (Thr)Ala(Pro) residues, the assignment was not unique,
especially as both Thr residues have degenerate Ca and Cf
chemical shifts. One of the (Thr)Ala(Pro) motifs, however, cen-
tred around Ala77 (where we consistently use the Tau441 iso-
form numbering), is in the N-terminal insert that distinguishes
Tau352 from Tau441. In the spectrum of Tau352, the peak at
(8.30, 128.5) ppm is absent (Figure 2), allowing us to assign it
this time without any ambiguity to Ala77, whereas the other
Ala residue at position 246 necessarily has its correlation at
(8.37, 128.1) ppm. Other similar examples exist, as of the 49
patterns that occur twice in the Tau sequence, 19 are absent in
the Tau352 sequence, and hence become unique. This removes
the ambiguity for those 19 pairs, or for approximately another
10% of the protein sequence.

Splicing to the peptide level

Other isoforms of Tau exist in the brain,”"” and could potential-

ly be used in a similar way as Tau352 to assist the assignment.
However, we decided to push this strategy to the limit of small
peptides, thereby circumventing the need to produce isotope-
labelled samples. Several peptides of 13-17 amino acids
(Figure 1) were synthesized by solid-phase synthesis. The pep-
tides were solubilised at a concentration of 4 mm in the same
buffer as was used for the protein spectra, and standard DQF-
COSY, TOCSY and NOESY spectra were recorded for the assign-
ment. The absence of secondary structure elements was veri-
fied by the measurement of coupling constants and analysis of
the NOE pattern. Coupling constants were consistently found
in the range of 6-7 Hz, and except for the sequential H,()—Hy
[i4+1] contacts, no other NOE cross peaks of significant intensi-
ty were detected. Heteronuclear 'H,°N correlation spectra at
natural abundance were recorded overnight by using a cryo-
probe on a 600 MHz instrument and peaks were assigned on
the basis of the proton frequencies derived from the homonu-
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Figure 5. A) Superposition of the uniformly or B) °N-Lys labelled Tau441 HSQC
spectrum (red) with the same spectrum on the Lys224-Lys240 peptide (black).
C) Strips extracted from the CBCANH (black for positive and red for negative
contours) and CBCA(CO)NH (blue) spectrum of *N/C labelled Tau441 confirm-
ing the assignment of the Thr231-Ala227 stretch.

clear TOCSY spectra. The HSQC spectra of the Lys224-Lys240
peptide and of full-length Tau show that peptide resonances
indeed coincide for the most part with amide signals of the
full-length protein (Figure 5A). Because both Arg230 and
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Ala227 are unique (Val)Arg and (Val)Ala motifs had already
been unambiguously assigned, we could immediately verify
that those two amino acids give the same signal when embed-
ded in the peptide or full-length protein. The correlation peaks
of the first two residues of the peptide, Lys224 and Lys225, did
not coincide with the equivalent signals in the protein, as veri-
fied on a HSQC spectrum of a Lys selectively labelled sample
(Figure 5B), leading to the conclusion that border effects
extend to at least two residues. Further verification of the
other resonances in the crowded region of the full-length pro-
tein spectrum was done on the basis of strips extracted from
the CBCANH and CBCA(CO)NH spectra on the doubly labelled
Tau441 (Figure 5C). The C-terminal part of the peptide follow-
ing Pro236 was characterized by resonance broadening of the
amide signals, hindering the assignment of the two Ser
residues.

Whereas the good agreement between peptide and protein
spectra was verified for several other peptides (Figure 1), we
did experience solubility problems with the Gly303-Lys317
fragment. This peptide contains the PHF; motif previously de-
fined to be the nucleus of the aggregation because of its
strong interaction with the proteolytic PHF,; fragment, which
also forms fibres in solution."® The synthesis of the peptide
had not given particular problems, but we did not succeed
well in dissolving it in our standard buffer. Based on the signal
intensity of the NMR signals in the supernatant, we estimate
that only 200 um peptide remains in solution, whereas the rest
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Figure 6. A) Proton 1D spectrum of the Gly303-Lys317 peptide and B) corre-
sponding zone of the Tau441 HSQC. Candidate peaks for both (lle)Val and
(Val)Tyr are indicated.
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readily precipitates. This concentration, though not sufficient
for a 'H,"N HSQC at natural abundance, did allow the record-
ing of the classical homonuclear spectra. Based on the TOCSY
and NOESY spectra, we could assign the proton frequencies of
the amide protons and in Figure 6, we show the assignment of
the Val309 and Tyr310 amide protons on top of the HSQC
spectrum of "N labelled Tau441. Our pairwise motif search had
not succeeded in unambiguously assigning both residues, as
exactly the same motif is found later in the sequence (lle393-
ValTyrLys396). However, for both residues, two candidate corre-
lation peaks had been identified in the HSQC spectrum
(Figure 6). The Hy chemical-shift values of Val309 and Tyr310
in the peptide spectrum indicate that the peaks at (8.24,
126.1) ppm and (8.51, 126.4) ppm correspond to the two resi-
dues.

Discussion

The increasing number of natively unfolded proteins® poses
two challenges to structural biology, one fundamental—if the
protein is natively unstructured, what is the meaning of a
structural biology effort, at least at the level of the isolated bio-
molecule?—and one methodological—these proteins tend to
resist crystallization efforts, and NMR spectroscopy is ham-
pered by a reduced chemical dispersion. Despite these issues,
the biological and medical importance of a large number of
these proteins has motivated a substantial effort in obtaining
information regarding their conformation and dynamics. An
important class of natively unfolded proteins is found to be in-
volved with neurological disorders, such as a-synuclein in Par-
kinson’s disease and Tau in Alzheimer’s disease. Whereas an
NMR effort on the former a-synuclein has given a glimpse of
the dynamical effect of certain disease-related mutations,*”
there is a lack of detailed information on Tau. This protein
plays an important role in the dynamic process of tubulin poly-
merization into microtubules, with four repeat regions of some
30 amino acids, dubbed the MT binding repeats, that are
directly involved in this interaction.”'” Besides its normal phys-
iological role and despite the high solubility of the isolated
protein, Tau also aggregates to form the PHF motif, a hallmark
of AD that directly correlates to the severity of the cognitive
impairments in the patients.”’

Because of the importance of the biological and medical
phenomena associated with Tau, a large effort has gone into
its structural characterization. However, all macroscopic meth-
ods have concluded the absence of regular secondary struc-
ture®” Selected studies on isolated microtubule binding do-
mains or short peptide fragments derived from these domains
have suggested a tendency for them to adopt an extended f3-
strand like structure, although this conformation seems only
adopted after the initial stages of aggregation.'® Still, the
structure of these same peptides within the full protein re-
mains largely unknown.

Since the amide proton dispersion of Tau is limited to less
than 1 ppm, it is an unambiguous confirmation that the pro-
tein is macroscopically unfolded, but this lack of proton chemi-
cal shift dispersion is simultaneously one of the main reasons
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that NMR studies of Tau have been devoid of success. A
second obstacle for its NMR study is the sequence degeneracy
of Tau, where five amino acids make up for almost 50% of its
full length (Table 1). Moreover, the *C chemical-shift values of
these residues are extremely limited, leaving only the nitrogen
chemical shift as element of spectral dispersion (Figure 2).
Therefore, despite the fact that triple resonance experiments
are easily collected (relaxation properties of the protein are
very favourable despite its large size, and TROSY®"?? tech-
niques do not lead to any detectable signal enhancement), the
traditional triple-resonance  NMR strategy of connecting
through the combined Ca, Cp and CO carbon values a given
residue with its next neighbour is of limited value.

Despite these discouraging considerations, the lack of
carbon chemical shift dispersion and their coincidence with
random-coil values can be used in a constructive way if one
adopts them directly as the true values. When we first applied
this to those residues that are followed by a proline, where a
2 ppm shift towards the high field is expected™ we were able
to assign many of them, although some ambiguity persisted
for double of triple pairs."” Here, we have gone a significant
step further in the assignment process of Tau441. Clearly, the
basic hypothesis of our previous work—the random coil chem-
ical-shift values apply for all residues over the whole se-
quence—is maintained. The direct implication is that we know
the residue type directly from the Ca and Cp values. Neverthe-
less, because the information content of the spectra is so over-
whelming, and inspired by the colocalization process common-
ly employed in confocal microscopy, we introduced a visual
procedure in the form of product planes, centred directly
around the random-coil values. The advantage of this ap-
proach is to directly obtain subspectra of the original 'H,"”N
HSQC map, precluding the need to go through an entire list of
peaks to find those that match the required residue type both
at the level of their Ca and Cf chemical-shift values. Potential
pitfalls are that residues could be missed if their carbon chemi-
cal-shift values fall outside the specified windows, or because
magnetization transfer in the Ca or Cf3 directed experiment
has been hampered by relaxation losses. The experimental ap-
proach of residue specific labelling does not suffer the same
limitations, but residue specific labelling requires several sam-
ples and special efforts to overcome isotopic scrambling. The
product plane approach can be performed for all residues
starting from a single set of triple resonance experiments re-
corded on a unique sample, but the equivalent of spectral
scrambling cannot be prevented, as we have shown with the
example of Lys and Met. A less obvious advantage of the ex-
perimental residue specific labelling is that the resulting spec-
trum can be acquired with any resolution that the operator de-
cides, simply by collecting more increments in the indirect di-
mension. The product planes, on the other hand, are limited
by resolution in the indirect nitrogen dimension of the corre-
sponding 3D experiments, which in most cases comprises sub-
stantially fewer than 128 complex points.

The main advantage of the product plane approach is the
possibility to derive not only the residue type corresponding
to a given correlation peak, but also the residue type of the
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preceding residue from the carbonyl relayed triple-resonance
spectra. Whereas this has been obtained for the [] and [i—1]
residue experimentally by the double labelling of an antibody
Fc fragment,”” the approach is clearly not applicable to all
amino acid pairs. The assignment of doublets, of course, is
equally a major part of the traditional triple-resonance strategy,
but there, the main effort is to connect the correlation peaks
further to obtain stretches of amino acid residues that are then
mapped onto the protein sequence. Here, we did not attempt
to go further, but used the fact that Tau441 contains 79
unique pairwise patterns and another 49 residue pairs that
occur only twice in the protein; this provides a starting basis
for at least a partial assignment of the protein.

Comparing the spectra of the full-length protein and its
fragments to divide the assignment problem is clearly limited
to the case of natively unstructured proteins. We have used
the Tau352 spectrum for the elimination of cross peaks in
those cases in which the initial assignment was ambiguous, as
shown for the two (T)A(P) cross peaks in Figure 2. Other iso-
forms of Tau could be used in a similar way, but we have
opted to divide the full-length Tau protein into short peptides,
and recompose the HSQC spectrum of Figure 2 as a superposi-
tion of the HSQC spectra of the short peptides. Central to our
approach is the statement that the same amino acid stretch in
the isolated peptide or in the full protein should give an iden-
tical HSQC spectrum when the individual amino acids sample
the same conformational space in both contexts. That this will
actually be the case was not obvious at all, as especially the ni-
trogen chemical shift is extremely sensitive to the time-aver-
aged spatial environment of the amide group. Strikingly, em-
pirical prediction methods that use the peptide or database
derived chemical shift parameters still have the most problems
with nitrogen chemical shifts as well.?**! The consequence of
this extreme sensitivity is that in the case of a good agree-
ment, we can safely say that the amino acids indeed sample
conformational space in a very similar way, be they embedded
in a short peptide or in the full protein. Disagreements, on the
other hand, indicate structural differences between the isolat-
ed peptide and the equivalent amino acid stretch in the full-
length protein, and therefore point to regions in the protein
that should be examined in more detail by other NMR
methods.

Peptides should be sufficiently small allowing for their
straightforward chemical synthesis, purification and NMR analy-
sis. An additional reason for a limited length is that they
should not adopt a stable structure (stressing our initial hy-
pothesis that the protein is natively unfolded). They should not
be too short, however, because we expect some spectral
border effects for those residues that are at the N or C termi-
nus of the peptide and, hence, do not have the same chemical
environment as their equivalents in the full-length protein. Our
present work indicates that these border effects generally do
not exceed two residues at both termini. Because we had pre-
viously synthesized a number of peptides of 13 to 17 amino
acids containing potential phosphorylation sites,*® we first
used these and extended them with some additional peptides
from the N terminus or third microtubule binding repeat
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(Figure 1). NMR analysis led to the conclusion of absence of
stable secondary structure elements in all of them. The second
stage of the procedure consists in the recording of 'H,"”N
HSQC spectra on these peptides in the same buffer conditions,
pH and temperature as for the full-length protein. Present
cryogenic probe heads® ? installed on a 600 MHz spectrome-
ter enable such spectral recordings within one night, if the
peptide concentration is in the millimolar range or larger. The
graphical superposition of the peptide spectra with the full-
length Tau HSQC completes the procedure and the triple-reso-
nance spectra can be used to verify rather than determine the
identical assignment of the correlation peaks. The superposi-
tion of the Lys224-Lys240 peptide and Tau441 spectra (Fig-
ure 5A) indeed shows a perfect agreement for the isolated
Ala227 and Arg230 correlation peaks. The strips extracted for
the Thr231-Ala227 stretch at the exact positions of the pep-
tide resonances (Figure 5C) show that the sequential walk is
indeed possible and thereby confirm that the superposition is
valid. However, the CBCA(CO)NH strip extracted for Thr231
shows the difficulty that we would face if we had to use the
same information for the ab initio assignment of full-length
Tau. We indeed observe three Ca and two Cf peaks, but have
no indication how to combine them into meaningful pairs.
This situation is even worse for the strip of Val228, the 'H,"°N
correlation peak of which is in the crowded central region of
the HSQC spectrum.

How far has the approach described here brought us, and,
more importantly, what have we learned from the obtained as-
signments? First, we have succeeded in the assignment of a
significant fraction of the residues occurring in unique pat-
terns. Moreover, some more residues could be assigned on the
basis of their unique presence or absence in the Tau352 spec-
trum or from the peptide mapping. Taken together with the
assignments of those residues that are followed by a proline,
we presently cover about 30% of the sequence without any
ambiguity, and a further 10% with only two choices for the as-
signment (Figure 1). Overall, these assignments are distributed
quite evenly over the sequence, although certain regions such
as the quadruply occurring Pro(Gly); quartet clearly have not
yet been assigned unambiguously. This extent of the assign-
ment should allow us to probe the interactions of Tau with
such molecular partners as tubulin or heparin at the level of
the individual residues.

As for the attempt to detect stretches of residual structure,
one can question whether our approach, which is based on
the validity of the random-coil chemical-shift values, can give
any indication of this, as we should miss those assignments
corresponding to residues that are in a locally well-defined
structure and therefore escape from their respective product
plane. The same objection can be made on the second ap-
proach, where we assume an identical environment of a given
residue in a short unstructured peptide or full-length protein.
For this latter approach, though, a discrepancy between the
peptide and protein spectrum is easily detected. For the prod-
uct plane strategy, we actually have one specific example
where we did note a clear discrepancy: the isolated peak at
(7.82, 127.2) ppm is a Leu, based on the spectrum of a Leu se-
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lective labelled sample (data not shown), but its carbon Ca
and Cp frequencies were found at 56.6 and 43.4 ppm. Because
both values deviate substantially from the random-coil values
of 55.1 and 42.4 ppm, the correlation peak does not show up
in the Leu product plane, and we at first thought we had de-
tected a “hotspot” of residual structure. Closer examination,
however, revealed that the cross peak represents the C-termi-
nal Leu441. As for the other resonances assigned, next to the
Lys labelled sample we have produced two further selectively
labelled samples with Leu and Val. The coincidence of the
product planes with the HSQC spectra recorded on the respec-
tive selectively labelled samples, further demonstrates the val-
idity of our initial assumption. An even more striking example
is given by the (lle)lle278 doublet. Unique in the sequence and
moreover present in the second repeat encoded by the alter-
natively spliced exon 10, this motif is part of the PHF:* peptide
that was previously shown to promote aggregation by the for-
mation of B-structure.”” Despite the compatibility of this pep-
tide with an extended structure in the PHFs, the Ca and Cf
chemical-shift values of the second 1le278 are 60.9 and
38.7 ppm, which is less than 0.2 ppm from their random-coil
value. The a posteriori justification of our conclusion that Tau
lacks well-defined secondary-structure elements is that we
have succeeded in the assignment of a substantial fraction of
its NMR signals based on two methods that assume this lack
of structure from the start. Subtle deviations from the random-
coil carbon values, however, that do not exceed our 0.5 ppm
limit do exist, and we are currently trying to interpret them in
conjunction with the information content in the nitrogen
chemical-shift values.”**' Furthermore, it should be noted that
the resonances in the repeat regions are generally weaker in
intensity than their counterparts in the N- or C-terminal region
of the protein. A full relaxation analysis of this phenomenon is
currently in progress, but it is already clear that those residues,
despite their sampling of the whole conformational space that
defines the “random coil” conformation, do sample this space
on a slower time scale. Therefore, it will be interesting to see
whether this factor of dynamics will equally contribute to the
propensity of fibrilization, on top of the recently determined
structural criteria that govern aggregation.®”

In conclusion, we have demonstrated here that the basic
assumption of the validity of the random coil chemical-shift
values can be successfully exploited to assign, at least partially,
this at first sight impossible spectrum. The introduction of
product planes allows a graphical view of the different resi-
dues and can easily be applied to the preceding residues
when one derives them from the carbonyl relayed triple-reso-
nance spectra. The HSQC spectrum of the shortest Tau352 iso-
form is at least to first order a subspectrum of that of Tau441,
although we cannot exclude that subtle conformational differ-
ences cause deviations beyond the border effects. Peptide
mapping proved possible, and allowed us to ascertain that the
same residues embedded in the full-length protein or in a
short peptide sequence sample the in same conformational
space. Importantly, our present level of coverage and the valid-
ity of the random-coil values confirm that, at the level of the
individual amino acids, this important protein belongs to the

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 7
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class of natively unfolded proteins. The results presented form
the basis for future structural studies of disease-related muta-
tions of Tau, and of its interactions with its diverse molecular
partners.

Experimental Section

Expression and purification of the recombinant Tau protein: Ex-
pression and purification of the uniformly labelled samples was as
previously described.” Residue specific labelling was obtained by
adding "N-labeled Lysine, Leucine or Valine (100 mg) to M9
medium (1 L) supplemented with the other unlabelled amino acids
(50 mg) before induction. Induction delays were kept to 2 h, in
order to minimize isotopic scrambling.

Peptide synthesis and purification: Peptides were synthesized by
using a classical Fmoc strategy on a Pioneer™ peptide continuous
flow synthesizer with intermediate capping after each coupling
step. Cleavage of peptide from the resin and side-chain-protecting
groups were performed by using TFA mixtures that contained
either 2.5% triisopropylsilane or 1% triisopropylsilane/2.5% etha-
nedithiol for peptide containing Cys or Met residues. Crude pepti-
des were then purified by RP-HPLC on a C18 Nucleosil column by
performing a linear gradient of acetonitrile. Fractions were checked
both by RP-HPLC and MALDI-TOF mass spectrometry. NMR samples
of peptides were prepared at a concentration of 4 mm in the same
buffer that was used for recombinant Tau protein.

NMR spectroscopy: All NMR spectra were recorded at 20°C on a
600 MHz Bruker DMX spectrometer (Bruker, Karlsruhe, Germany)
equipped with a cryogenic triple resonance probe head with
actively shielded z-gradient. Spectral windows were 7800 Hz for
proton and 2000 Hz for nitrogen, centred at 4.8 and 115.2 ppm, re-
spectively, and sampled with 1024 and 47 complex points. All
spectra were recorded with 8 scans per increment. The 30.7 ppm
Ca window in the HNCA and HN(CO)Ca spectra was centred at
54.5 ppm and was sampled with 31 complex points. Similarly, the
20 ppm CO window was centred at 175.4 ppm and was sampled
with 21 complex points. Finally, the 70.5 ppm combined Cf and
Ca window in the CBCANH and CBCAcoNH spectra was centred at
40.2 ppm and was sampled with 72 complex points. All spectra
were processed in the SNARF program (F. van Hoesel, Groningen,
the Netherlands), with 2048 complex points in the proton dimen-
sion and 512 complex points in the indirect nitrogen and carbon
dimensions. The final 3D spectra were treated as a three-dimen-
sional matrix, or, alternatively, a collection of 'H,””N planes. The
latter can be considered as two dimensional matrices Aij], with i
ranging from 1-2048 and j from 1-512, containing an index k cor-
responding to the carbon frequency of the plane. The summation
plane S[ijl is defined by Slijl=% AXijl, where the summation is
over the indices k that are within the specified carbon range. Simi-
larly, the point-by-point multiplication plane P[ijl of two sum
planes S' and S? is defined by Pli,l=S'[i,j1x S*i,]. Normalization of
the intensity in the latter product planes was consistently done
with respect to the Ca sum plane.

The homonuclear peptide spectra for peptide assignment and
structural verification were recorded with DQFCOSY or Water flip-
back NOESY and TOCSY sequences, with mixing times of 500 ms
and 69 ms for the latter. 'H,”"N HSQC spectra of the peptides at
natural abundance were recorded with 256 scans per increment,
and 256 points in the nitrogen dimension.

8 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org
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Abstract The WW module of the peptidyl-prolyl cis/trans isom-
erase Pinl targets specifically phosphorylated proteins involved
in the cell cycle through the recognition of phospho-Thr(Ser)-
Pro motifs. When the microtubule-associated Tau protein be-
comes hyperphosphorylated, it equally becomes a substrate for
Pinl, with two recognition sites described around the phosphor-
ylated Thr212 and Thr231. The Pinl WW domain binds both
sites with moderate affinity, but only the Thr212-Pro213 bond
is isomerized by the catalytic domain of Pinl. We show here
that, in a peptide carrying a single recognition site, the WW
module increases significantly the enzymatic isomerase activity
of Pinl. However, with addition of a second recognition motif,
the affinity of both the WW and catalytic domain for the sub-
strate increases, but the isomerization efficacy decreases. We
therefore conclude that the WW domain can act as a negative
regulator of enzymatic activity when multiple phosphorylation
is present, thereby suggesting a subtle mechanism of its func-
tional regulation.

© 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.

Keywords: NMR exchange spectroscopy; Tau protein; Pinl;
WW binding module; Peptidyl-prolyl cis/trans isomerase

1. Introduction

Pinl, a prolyl cis/trans isomerase (PPlase) from the parvulin
family [1,2], is essential for the correct progression of the cell
cycle. Composed of an N-terminal protein—protein interaction
module under the form of a short WW domain, and a C-termi-
nal catalytic domain [3], the protein was found to interact via
one or more phospho-threonine(serine)-proline dipeptide
(phospho-Thr(Ser)-Pro) motifs with a large number of cell cy-
cle regulators such as CDC25 [4,5], Cyclin D1 [6], Weel or
Mytl [7], and equally with other proteins such as c-Jun, B-cate-

*Corresponding authors. Fax: +33 320871233.
E-mail addresses: Isabelle.Landrieu@ibl.fr (I. Landrieu),
Guy.Lippens @ibl.fr (G. Lippens).

Abbreviations: PPlase, peptidyl-prolyl cis/trans isomerase; phospho-
Thr(Ser)-Pro, phospho-threonine(serine)-proline dipeptide; RP-HPLC,
reverse phase-high pressure liquid chromatography; Pin1“AT, isolated
Pinl catalytic domain; Bn, benzyl; TFA, trifluoroacetic acid; EXSY,
exchange spectroscopy

nin or p53 that indirectly determine the progression of the cell
through the cell cycle [8]. Whereas the precise mode of action
of Pinl still remains to be determined, two main mechanisms
seem to exist. In the first mode, exemplified by its interaction
with c-Jun, p53 or B-catenin, the interaction with Pinl prevents
degradation pathways and hence stabilizes the protein sub-
strate [9-14]. Alternatively, with CDC25 being an example,
Pinl interacts with the regulatory unstructured part of the pro-
tein, and isomerization catalysis is thought to regulate the
(de)phosphorylation of specific phospho-Thr-Pro motifs
through the trans-specific PP2A phosphatase [15,16].

The recently described interaction between Pinl and Tau, a
neuronal microtubule associated protein that aggregates into
Paired Helical Fragments in Alzheimer’s diseased neurons,
can be classified as the second type of interaction [15,17]. Aber-
rant reactivation of mitotic mechanisms leading to Tau phos-
phorylation and the generation of MPM-2 epitopes might be
the link between this interaction with a cytoskeletal protein
and the general role of Pinl in the cell cycle [18,19]. However,
because Tau in the tangles is in a hyperphosphorylated state,
the initial description of a unique interaction site (pThr231-
Pro232) was quite amazing [17]. We recently showed that other
motifs, including the pThr212-Pro213 dipeptide that together
with pSer214 forms the Alzheimer’s disease specific AT100 epi-
tope, equally can be targets for Pinl [20]. In this latter study,
we found that under identical experimental conditions, the
WW domain has an even higher affinity for the motif around
Thr212 than for the pThr231-Pro232 site. Equally, because
the pThr212-Pro213 bond in the peptide can be found in the
cis form in close to 10% of the peptides, we were able to ob-
serve the cis/trans isomerase activity of the catalytic domain
[20]. Whereas this study challenged the unicity of the interac-
tion, it still did not answer how the two domains of Pinl inter-
act in the case of the multiply phosphorylated substrate that
Pinl probably encounters in a cellular context. The aim of
the present paper is to investigate this interaction for a 40 ami-
no acid peptide of Tau that spans both pThr212 and pThr231
sites. Both binding to the WW domain and catalytic activity
have been assessed, using the shorter peptides as independent
controls. Whereas the binding event seems mainly independent
of the presence of multiply phosphorylated sites, the catalytic
activity of Pinl seems subject to a more subtle regulation.
The presence of the WW domain indeed stimulates the cata-
lytic activity in the case of a mono-phosphorylated peptide,
but negatively regulates this same activity in the case of a mul-
tiply phosphorylated target.

0014-5793/$30.00 © 2005 Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.
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2. Materials and methods

2.1. Peptide synthesis and purification

The peptides were synthesized on a continuous flow synthesizer (Pio-
neer) using the classical Fmoc temporary-protection strategy. Selective
phosphorylations were introduced by using Fmoc-Thr/Ser(PO(OB-
n)OH)-OH building blocks (Novabiochem). Cleavage of the pepti-
dyl-resin and side chain protections was performed with a
trifluoroacetic acid (TFA) solution containing 2.5% of triisopropylsi-
lane and 2.5% of water. Purification of the crude peptide was realized
by reverse phase-high pressure liquid chromatography (RP-HPLC) on
a CI18 nucleosil column equilibrated in 0.05% TFA aqueous solution.
The peptides were eluted with a linear gradient of acetonitrile
(0-40% acetonitrile in 40 min) at 6 mL/min. Homogeneity of fractions
was analysed by RP-HPLC and matrix-absorption laser desorption
ionization-time of flight mass spectrometry.

2.2. Protein expression and purification

Pinl protein and Pin1™W isolated domain with a N-terminal histi-
dine-tag fusion were produced in Escherichia coli BL21(DE3) strain,
carrying the recombinant Pinl-pET15b plasmid (Novagen). The iso-
lated Pinl catalytic domain (Pin1€AT) with a N-terminal GST fusion
protein was produced in the same strain carrying the recombinant
Pin1“AT-pGEX6P plasmid (GE Healthcare). The recombinant pro-
teins were produced as described [20].

2.3. NMR spectroscopy: peptide assignment, binding studies and
exchange spectroscopy

NMR experiments were performed at 293 K on a Bruker DM X600
spectrometer (Bruker, Karlsruhe, Germany) equipped with a cryogenic
probehead. Standard total correlation spectroscopy and nuclear over-
hauser effect spectroscopy experiments, with, respectively, 60 and 400
ms mixing times were obtained with 2 mM peptide solutions in 50
mM deuterated Tris, pH 6.4 (Cambridge Isotope Laboratories), 100
mM NaCl buffer at 293 K. For the titration experiments, '*N-labeled
Pinl "H-'N HSQC spectra were recorded on a 200 pM protein sample
in 50 mM deuterated Tris, pH 6.4, 100 mM NaCl and 5 mM dithio-
threito/EDTA at the same temperature. The solution of Pinl was
added to the appropriate amounts of lyophilized peptide aliquots.
Chemical shift variations of Pinl residues upon increase in Tau peptide
concentration were used to determine the dissociation constant value
for each peptide. Proton and nitrogen chemical shift variations were
averaged to obtain a global A value (Eq. (1)).

A3(ppm) = /AS(TH)? + 0.246(SN)? (1)

"H-'H exchange spectroscopy (EXSY) spectra were recorded at vari-
ous mixing time (50, 100, 200, 300, 400 ms) on Tau peptides at 3.33
mM concentration in a 25 mM deuterated Tris pH 6.4/50 mM NaCl/
D50 buffer, in the presence of 0.033 mM (1%) Pinl or Pin1“AT. The
exchange peak related to Pro213 Ha cis/Ho trans interconversion
and NOE peak corresponding to Pro213 Ha cis/pThr212 Hp are super-
imposed (Fig. 2). However, because the latter NOE peak is very weak
(as can be seen for the equivalent Pro232 Ha cis/pThr231 H NOE
cross peak in Fig. 2), its contribution was neglected, and both peaks
were integrated together. The exchange rate kexen (s~') was calculated
by fitting the theoretical curve given by Eq. (2) [21] to the experimental
data.

Table 1
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1 —exp(—(1 + 1/a)kexen x MT)
1 +exp(—(1 + 1/a)kexen x MT)

where % [cis — trans], expressed as the volume of the exchange cross
peak to the diagonal peak, corresponds to the fraction of molecules
that undergoes from cis to trans conformation during the mixing time
(MT), and « is the excess of trans over cis forms, determined on the ba-
sis of the integrated values of Table 1.

%lcis — trans] = a

@

3. Results and discussion

3.1. Conformational characterization of the Tau [201-240]
peptide

This peptide spans both Tau [208-221] and [224-240] pep-
tides (Table 1), investigated in a previous study [20]. The solu-
tion structure of the long peptide was verified by high
resolution NMR, in order to ascertain that extending the pep-
tide chain to 40 residues did not alter the secondary structure
encountered in both individual [208-221] and [224-240] pep-
tides, and also to evaluate the distribution of proline confor-
mational states. The good agreement of chemical shift
patterns, both at the level of the amide and aliphatic protons,
demonstrates that the large peptide can be considered as the
independent union of both small peptides that compose it
(see Figure SI1 in Supplementary Materials). For the major
fully trans conformation, only very weak chemical shift
changes are observed for Hy and Ha protons, except for the
S208, R209, T220, R221, K224 and K225 residues. These res-
onances are the two N- or C-terminal residues of the short pep-
tides, and are as such submitted to a ““border effect” due to
modification of their chemical environment. Because the
experimental pH (pH 6.4) is close to the pK, value of phos-
pho-residues (pK?™! =5.9) small differences in pH could
potentially affect resonances of phospho-residues. The small
chemical shift change observed for the phosphorylated T231
amide and aliphatic protons and not for surrounding residues
therefore was ascribed to a small pH variation between this
sample and the one containing the long peptide. Absence of
Hyn—Hy or other long-range NOE contacts, as well as average
Hn—Ho J coupling values, further indicated that this long pep-
tide, similarly to the shorter ones, does not adopt a stable
structure in solution. Some minority forms corresponding to
peptides containing at least one Pro in cis conformation can
equally be observed in the spectrum of the long peptide, and
seem conserved upon peptide elongation. In the aliphatic re-
gion of the 2D spectra (Fig. 2), we can distinguish particularly
the cis forms of P213 and P232, whose integration of Ha pro-
tons were used to estimate the percentages of both conformers
(Table 1).

Sequences of synthesized peptides of Tau protein, dissociation constant of Pinl binding and proportion of cis conformations in each peptide for the
Pro213 and/or Pro232 following the phosphoThr residue. Numbers in the first column indicates the first and the last residue of each peptide sequence
(between brackets) and the position of the phosphorylation site (pT or pS for phospho-Thr and phospho-Ser)

Peptide Phosphorylation sites Sequence Kp (uM) % cis conformation
Pro213 Pro232
[208-221] pT212/pS214 SRSRPTPpSLPTPPTR 160 10 -
[224-240] pT231 KKVAVVRDPTPPKSPSSAK 380 - 3
[201-240] pT212/pS214/pT231 GSPGTPGSRSRpTPpSLPTPPT 70 5 4

REPKKVAVVRPTPPKSPSSAK

© 2014 Tous droits réservés.
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3.2. Characterizing the complex formed by Pinl and the Tau
[201-240] peptide

Similarly as for the shorter peptides, the majority of the
chemical shift perturbations when titrating the long peptide
into a solution of full-length Pinl enzyme were observed for
residues of its WW domain, although chemical shift changes
were equally detected for residues in the catalytic loop or at
the interface of both domains (Fig. 1). In the spectral zoom
of Fig. 1, the resonance of the Phe25 residue of the WW do-
main, the Serl15 residue in the active site of the isomerization
domain, and the Ser147 residue that is at the interface between
the WW and catalytic domain all are affected by the interac-
tion with the peptide. For the Phe25 residue, the chemical shift
variations induced by increasing amounts of peptide go in dif-
ferent directions when the pThr231 or the pThr212 peptide
interact. With the long peptide, however, we obtain an inter-
mediate shift, indicating that both phosphorylated residues
can interact (Fig. 1, upper panel).

As for the catalytic domain, the short pThr231 peptide only
interacts very weakly. Indeed, even at a 10-fold excess of li-
gand, we only observe a slight broadening of the catalytic res-
idues, without any significant shift (see Ser115 in the upper left
panel of Fig. 1). On the contrary, the pThr212/pSer214 peptide
does interact with the catalytic domain, although with a lower
affinity than with the WW domain, as even a 10-fold excess

HDR de Caroline Smet Lille 1, 2013
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does not drive the system into saturation (see Serll5 in the
upper middle panel of Fig. 1). From this chemical shift varia-
tion, we have derived a dissociation constant of 3.3 mM. For
the long peptide, the shifts, although not as pronounced as
for the pThr212/pSer214 peptide, go in the same direction,
indicating a similar interaction with the pThr212, but the inter-
action is 4-fold stronger with a derived Kp of 0.8 mM.

As for the interface between both domains, our results con-
firm the observation by Jacobs et al. that the nature of the pep-
tide influences the interface. Indeed, whereas we do not see any
chemical shift changes for the interfacial Ser147 when titrating
in the pThr231 peptide, the same residue shifts in a very similar
manner when the pThr212/pSer214 peptide is present, be it on
the short or the long peptide.

The pThr212/pSer214 and pThr231 sites when considered on
individual short peptides bind the WW domain with dissocia-
tion constant values of 160 and 380 uM, respectively [20]. In
the same way, the dissociation constant of the long peptide
was evaluated to 70 uM (Table 1). Because the obtained values
are still of the same order of magnitude, it suggests that the in-
creased pool of phospho-epitopes carried by the long peptide
leads to an apparently increased affinity of the WW domain
for the long peptide, but equally allows to conclude to the
absence of a truly positive cooperation between both Pinl
domains for substrate binding.

ppm 4 m ppm A
S147 PP ] S147 E 147
123 - ﬁ 123 S115 ﬁ 123-] SI15 |
] Sllss ] (g g ] I8 §
F25 1 ' F25 ] ' F25
] F ] 4 3
124 {h 124 ; 124 B
% H157 Ifg ] é H157 @“ ] % H157 @g
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Fig. 1. (Top) Details of the HSQC spectra of '*N-labeled Pinl without (black), with a 3:1 excess of peptide (violet) and a 10:1 excess of peptide (red),
with a constant concentration of 0.2 mM Pinl enzyme. Peptide substrates are [224-240] centered around pThr231 (left), [208-221] centered around
pThr212/pSer214 (middle) or the long [201-240] peptide containing the pThr212/pSer214/pThr231 epitopes (right). (Bottom) Chemical shift maps of

the three peptides along the Pinl primary sequence.
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3.3. Positive role of the WW domain in Pinl catalytic activity on
a short peptide substrate

Catalytic activities of Pinl and Pin1“*T were evaluated with
'"H-'H EXSY NMR experiments by integration of the Hot ex-
change peak related to P213 cis/trans isomerization as a func-
tion of mixing time (Fig. 2 and Table 2) [22]. No PPlase
activity was however measured for phosphoThr231-Pro232
bond, possibly because the smaller population of the cis con-
former in the small peptide [23] prevents detection by NMR.

In the case of the small [208-221] peptide carrying a single
recognition motif, cis/trans isomerization catalysis proved to
be more efficient in presence of the WW domain since the ex-
change rate is 8 times higher for full-length Pinl (keyen = 0.8
s~) than for Pin1“*T (Fig. 3). Interestingly, in the case of
the first plant Pinl homologue isolated from Arabidopsis thali-
ana [24] where the WW domain is absent, we had found that
the sole catalytic domain of this enzyme, be it towards another
peptide substrate, had a catalytic activity that was of the same
order (kexen = 1 sfl) as found here for the intact human Pinl
protein, and therefore 10-fold higher than for the isolated cat-
alytic domain of human Pinl. At the molecular level, it indi-
cates a positive role of the WW domain on the human Pinl
function, and supports cellular data that have shown the essen-
tial biological role of the interaction module in vivo [4,25]. The
Pinl WW module could be implicated in anchoring Pinl to its
substrate to increase the local concentration of enzyme around
the substrate molecule, although we cannot exclude that cross
talk between both domains leads to an enhanced isomerase
activity of the catalytic domain. Indeed, although both Pinl
domains interact only weakly together in solution [26], the rel-
ative inter-domain flexibility was found to be substrate-depen-

ppm

1 cP(oi31u
3.6 cPro218a,

] tPro23352 c: Proatess
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7 tPro23ss1 '

O rhez1rd

cPro213a
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4.4+ prarzan 1“
4 prhrzatagye| Hucis

464 || ®
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Fig. 2. Detail of the 400 ms '"H-'"H EXSY spectrum on the [201-240]
large peptide at 3.33 mM in 100% DO in presence of 1% Pinl. The
trans (annotated by t) and cis (annotated by c) Ha are assigned for
Pro213, Pro218 and Pro232. The NOE correlation peaks between cis
Pro Ha and Ha/HP of pThr212, Thr217 and pThr232 is indicated in
italic as well as cis Pro Ho and Ho1/Ho2 of Pro 219 and Pro233 for Pro
218 and Pro232, respectively. Exchange peak between cis Pro213 Ha
and trans Pro213 Ha is circled. The corresponding exchange cross peak
for Pro232 is not observed, as indicated by a dashed circle.
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Table 2

Exchange rates corresponding with the cis — trans isomerization, as
measured from the EXSY spectra in the presence of full-length Pinl or
the sole catalytic domain (Pin1“AT)

Peptide Kexch
Pinl (s7!) PinlAT (s71)
[208-221] 0.8 0.1
[208-221] + [224-240] 0.5 -
[201-240] 0.3 0.06
0.5

normalized exchange
cross peak
(=]
no
1

0 100 200 300 400 500
mixing time (ms)

0.5 §

0.4 4

0.3 1

0.2 4

0.1+

cross peak

‘vrﬁ

4

0.0 *—t
0 100 200 300 400 500
mixing time (ms)

normalized exchange

Fig. 3. Build up curves of the normalized exchange cross peaks of the
Pro213 Ha proton between the trans and cis forms in the EXSY series.
(Top) Measure of catalytic activity of Pinl on the [208-221] small
peptide (M), on the [201-240] large peptide (A) or on an equimolar mix
of both [208-221] and [224-240] small peptides (O). (Bottom)
Exchange curves with the sole catalytic domain on the [208-221] small
peptide (@), or on the [201-240] large peptide (4 ). Theoretical curves
were derived from a fit of Eq. (2) to the experimental data points, with
the derived exchange constants listed in Table 2.

dant [27]. In agreement with this latter observation, we observe
more pronounced chemical shift perturbations at the domain-
domain interface with the small peptide di-phosphorylated at
Thr212 and Ser214 than for the peptides mono-phosphory-
lated at Thr231 (Fig. 1, lower panel) or Thr212 (data not
shown).

3.4. Role of the WW domain in enzymatic regulation on a
multi-phosphorylated substrate

Introduction of a second Pinl binding site at the Thr231 po-
sition in the 40-residue peptide induces a remarkable effect on
Pinl catalytic activity. Indeed, the addition of the pThr231 site
results in a significant decrease of Pinl cis/trans isomerase
activity around the phosphoThr212-Pro213 bond (illustrated
by a plain circled peak, Fig. 2), as measured by EXSY spec-
troscopy with the long peptide as substrate. The deduced ex-
change rate (kexen =0.3 s™') is 3-fold lower than that
measured for the same motif on the shorter peptide (Fig. 3,
upper panel). Despite comparable populations of cis conform-
ers (Table 1) for the Pro213 and Pro232 motifs, we did not de-
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tect any catalysis around the phosphoThr231-Pro232 bond in
the long peptide (that should be present at the location of the
dotted circle in Fig. 2). Still, the diminished isomerase activity
around the Thr212-Pro213 bond in the long peptide demon-
strates that the phosphoThr231 site intrinsically interferes with
the isomerase activity of the enzyme on the other site, probably
through the enhancement of the binding that we described pre-
viously.

As a first control, we measured the Pinl catalysis when
both pThr231 and pThr212/pS214 sites are located on two
different peptide chains, by performing the same EXSY
experiment on an equimolar mixture of both short peptides.
We observed an intermediate isomerase activity (kexen = 0.5
s~!) around the pThr212-Pro213 bond. The independent
interaction of the pThr231-Pro232 peptide with the WW
or catalytic domain might well decrease the available con-
centration of active Pinl enzyme, but because isomerase
activity is characterized by a further significant decrease
when both sites are located on the same peptide chain
(Fig. 3, upper panel), we conclude to a negative cooperativ-
ity of both sites when they are both phosphorylated on the
same peptide chain.

As a second control, we evaluated the isomerase activity of
the sole Pin1 “AT catalytic domain on the long peptide. The cat-
alytic activity, already low on the isolated pThr212-Pro213
bond, further dropped to an exchange rate of 0.06 s~' for
the cis/trans isomerization of the same bond in the long peptide
substrate (Fig. 3, lower panel). In absolute terms, however, this
change is much less significant than the one observed with the
full-length Pinl, supporting a dominant role for the WW do-
main in mediating the cooperativity between both phosphory-
lation sites. A third control, where we have measured the
isomerization activity of Pin1“*T in presence of an equimolar
amount of WW domain on the short [208-221] di-phosphory-
lated peptide, reinforce this hypothesis. The catalysis of
Pinl“AT in these conditions was as low as for Pinl1“T alone
(data not shown) suggesting a cooperative role of both Pinl
domains to ensure the catalysis.

4. Conclusion

Our data show that at the level of a single phosphorylation
site, the Pinl WW domain acts by targeting the enzymatic do-
main to its substrate, thereby increasing the efficiency of isom-
erization catalysis. However, in the context of a multiple
binding sites on the same target as probably is the case in a cel-
lular context, the mode of action is more complex. Adding a
second phosphate moiety at the Thr231 position was found
to increase the affinity of the ligand for Pinl, but to inhibit
the isomerization activity around pThr212/pSer214 bond. This
suggests a negative role for the WW binding module on the
catalytic activity in a multi-phosphorylated substrate. Further
research will be needed to assess its function in the context of
an intact protein substrate.
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Interactions involving phosphorylated Ser/Thr-Pro motifs in proteins play a key role in
numerous regulatory processes in the cell. Here, we investigate potential ligands of the
WW binding domain of Pinl in order to inhibit protein—protein interactions between Pinl
and phosphopeptides. Our structure-based strategy implies the synthesis of analogues of the
Ac-Thr(PO3sHz)-Pro-NH; dipeptide and relies on high resolution NMR spectroscopy to accurately
measure the affinity constants even in the high micromolar range.

Introduction

Protein—protein interactions have an important role
in most biological processes. A number of small domains
present in various proteins with different biological
functions are recurrent in protein—protein interactions
and stand as such in the core of the cellular protein
network.! Interactions mediated by phosphorylated
moieties on their targets are of particular interest, since
crucial regulation processes involve a balance between
phosphorylation and dephosphorylation pathways al-
lowed by kinase and phosphatase activities.?

Pinl is a peptidyl-prolyl cis/¢rans isomerase consti-
tuted by two domains, a catalytic prolyl cis/trans
isomerase domain and a WW binding module.? Both
share a specificity for phospho-Thr/Ser-Pro motifs. At
the cellular level, Pinl is shown to be an essential
protein involved in cell cycle regulation, since Pinl
inhibition prevents entry into mitosis and cell division.*5
Overexpression of Pinl in numerous human cancers
indicates its implication in several oncogenic path-
ways.%7 Therefore, Pinl is proposed as a therapeutic
target for cancer treatment.® Pinl also interacts with
the neuronal microtubule-associated tau protein when
the latter is phosphorylated at specific motifs, and
thereby restores its ability to polymerize the tubulin into
microtubules.?

Inhibition of Pinl activity with small molecules
targeting the enzymatic domain blocks cell proliferation
in cancer cell lines. Juglone was the first of this category
of irreversible ligands, and the synthesis and charac-
terization of several derivatives has been described.1%-11
Recently, conformationally constrained isosteres of phos-
phoSer-cis/trans-Pro were described in inhibition of
cis/trans catalytic activity of Pin1.12 The WW domain
of Pinl, however, is equally essential for its in vivo
activity.>13 Moreover, in healthy tissue, phosphorylation

*To whom correspondence should be addressed. Phone: +33/(0)
320964024. Fax: +33/(0) 320964709. E-mail:  bdeprez@
pharma.univ-lille2.fr.
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of the WW Ser16 inhibits its binding role and inacti-
vates the whole protein. In breast cancer cells, the WW
domain is dephosphorylated, leading to the active form
of the protein.!4

Structural data on Pinl or isolated WW domain in
complexes with phosphopeptides indicate an extremely
limited interface between both partners, centered on
phosphoThr-Pro dipeptide and a poor contribution of
other sequential residues surrounding the dipeptide.15-16
At the molecular level, the WW domain has a flexible
loop encompassing Ser16-Ser19 residues that binds the
phosphate moiety on Ser or Thr residues and an
aromatic clamp constituted by its Tyr23 and Trp34 side
chains that binds the prolyl residue in the +1 position
of the phosphoSer/Thr (Figure 1).1516 These two points
of interaction are of particular interest and are shared
by other binding modules that display either the phos-
pho specificity, distinctly for phosphoTyr (SH2,1” PTB18)
and phosphoSer/Thr (14—3—3 and FHA?), or affinity
for proline-rich sequences like SH3 and other classes
of WW domains (WW type I, II/III).202! The phosphate
moiety brings in strong hydrogen bonds toward the
guanidine side chain and backbone amide groups, and
is as such a real challenge to the development of potent
mimetics.?2 On the other hand, proline displays a unique
pattern among the 20 natural amino acids because its
side chain is comprised in a five membered ring allowing
a critical role in protein structuration (formation of
f-turn or PP II helix in proline-rich peptides) or in
protein—protein interactions.2! Although steric and
stereoelectronic effects of aryl-, alkyl-, and heteroatom-
substituted prolines have been used to study factors that
affect prolyl peptide conformation and activity,?® the
impact of such modifications on the recognition of the
side chain itself is receptor dependent. Some examples
have been described in the case of protease inhibi-
tors.?425

The present study is an exploration of both functional
groups in the context of the Pin1 WW domain, using
NMR spectroscopy throughout to evaluate the indi-
vidual compounds.

© xxxx American Chemical Society
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Figure 1. Structure of the dipeptide Ac-Thr(POsHs)-Pro-NHs
(1a) bound to the Pinl WW domain. The WW domain is
represented as ribbon and the substrate as thick sticks. Side
chains of WW residues implicated in dipeptide binding are
represented as thin sticks and annotated. Hydrogen bonds
between phosphate and Serl6 hydroxyl group and Argl7
guanidinium function are indicated by lines and distances. The
proline moiety is encompassed in an aromatic clamp consti-
tuted by side chains of Tyr23 and Trp34.
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Figure 2. Structures of synthetic WW domain-binding ana-
logues. Structure details of proline mimics and polar moieties
are given in Table 1 and Table 2, respectively, and structures
of hydrophobic moieties in Table 3.

The Ac-Thr(POsHs)-Pro-NH; dipeptide 1a (Figure 2)
was assessed by NMR as the minimal requirement for
binding to the Pin1 WW module exhibiting a relatively
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high dissociation constant of 150 «M and a similar mode
of binding as larger peptidic substrates that derive from
cell cycle-related proteins like RNA Pol II'% and Cdc25
or the neuronal tau protein.!626 On the basis of the
molecular structures of the WW domain and the ligand
(1a), we investigate here potential ligands for the Pinl
WW binding domain, by sequentially considering com-
pounds that contain proline or phosphate mimics, and
further extending these compounds with additional
hydrophobic moieties (Figure 2). High-resolution NMR
proved a sensitive assay even for very weak ligands,27-28
with cryogenic probe technology limiting appropriately
the amount of protein and ligand.?° Moreover, structural
information could be obtained at every step through a
simple mapping of chemical shift variations of the WW
domain.

Results and Discussion

Synthesis. First, we have investigated separately the
replacement of proline and the replacement of phospho-
threonine in two series of molecules described in the
template Figure 2: (i) proline mimics coupled to phos-
phothreonine through an amide bond in the compounds
2—9a and (ii) polar moieties replacing phosphate sup-
ported by various backbone coupled to prolinamide in
the compounds 10—13. Then, introduction of hydropho-
bic moieties in compounds 1b—1g, 9d, 9g, 9h, 14, and
15 was investigated in order to improve compound
affinities for the WW module. Compounds 1—-11 were
synthesized by solid phase chemistry on polystyrene
solid support functionalized by a rink amide linker
(Scheme 1). The chemistry involved is very similar to
solid phase peptide synthesis. Amine functions were
protected by a Fmoc group and deprotected by suspend-
ing the resin in a 20% piperidine solution in DMF.
Carboxylic acid activation was performed by a mixture
of 1 equiv of HOBt/1 equiv of HBTU and 3 equiv of
DIPEA in DMF. Cleavage of compounds from resin
beads and deprotection of polar moiety (phosphate,
carboxylate) were performed under high concentrations
of TFA. Compounds 12—15 were synthesized by clas-
sical homogeneous phase synthesis by coupling amino
acid derivatives of various chain lengths (f8-alanine,
ornithine, lysine) on prolinamide and functionalizing the
amine group of these compounds with polar moieties
(squarate, trifluoromethylsulfonyl) (Scheme 2).

Pin 1 WW Domain Expression, Purification, and
NMR Characterization. The Pin1 WW binding mod-
ule [Alag—Asny] was cloned in a pET28 plasmid fu-
sioned to an N-terminal Hisg tag and overexpressed in
Escherichia coli that allows uniform isotopic labeling
of the protein for NMR studies. The protein was purified
from the soluble cell lysate using two chromatography
systems: chromatography based on nickel affinity and
reverse phase high pressure liquid chromatography. The
protein was obtained at a degree of purity superior to
95% (SDS—PAGE) and characterized by matrix-assisted
laser desorption ionization time-of-flight (MALDI-TOF)
mass spectrometry and high resolution NMR. After
purification, the Pin1 WW domain spontaneously folded
when dissolved in NMR buffer, and bound correctly to
phosphorylated tau peptides as assessed by NMR or
FRET experiments.28 No detectable interaction was
observed with nonphosphorylated peptides. Initially, the
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Scheme 1. ¢ General Scheme of Synthesis for Compounds 1-11
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@ Reagents and conditions: (i) (a) piperidine 20%, DMF, room temperature, 25 min; (b) N-Fmoc-(L)-Pro-OH or mimetics, HOBt, HBTU,
3 equiv of DIPEA, DMF, room temperature, 1 h; (ii) (a) piperidine 20%, DMF, room temperature, 25 min; (b) N-Fmoc-(L)-Thr(PO(OBn)OH)-

OH or N-Fmoc-(L)-Glu(tBu)-OH, HOBt, HBTU, 3 equiv of DIPEA,

DMF, room temperature, 1 h; (iii) (a) piperidine 20%, DMF, room

temperature, 25 min; (b) Ac20, 3 equiv of DIPEA, DMF, room temperature, 30 min; (c) TFA 95%, TIS 2.5%, water 2.5%, room temperature,
5 h; (iv) TFA 95%, TIS 2.5%, water 2.5%, room temperature, 5 h; (v) (a) piperidine 20%, DMF, room temperature, 25 min; (b) carboxylic
acid precursor, HOBt, HBTU, 3 equiv of DIPEA, DMF, room temperature, 1 h; (c) TFA 95%, TIS 2.5%, water 2.5%, room temperature,

5 h; (vi) (a) piperidine 20%, DMF, room temperature, 25 min; (b) glu

taric anhydride or succinic anhydride, 3 equiv of DIPEA, DMF, room

temperature, 1 h; (c) TFA 95%, TIS 2.5%, water 2.5%, room temperature, 2 h; (vii) (a) piperidine 20%, DMF, room temperature, 25 min;
(b) 3-(dibenzyloxyphosphoryl)-propionic acid, HOBt, HBTU, 2 equiv of DIPEA, DMF, room temperature, 6 h; (viii) (a) TFA 95%, TIS
2.5%, water 2.5%, room temperature, 5 h; (b) Hs at atmospheric pressure, Pd/C 10%, MeOH, room temperature, 48 h.

protein was assigned using conventional tridimensional
NMR experiments (HNCA, HNCO, and HN(CO)CA) on
a 500 uM 15N/13C-labeled protein sample on a 600 MHz
spectrometer (Bruker, Karlsruhe, Germany)).
Discovery of Novel Reversible Ligands for the
Pinl WW Binding Module. In an initial phase, we
screened compounds by rapid 1D NMR experiments at
a 20-fold excess of ligand to WW domain. The WW

© 2014 Tous droits réservés.

domain at 20 uM was PN-labeled, allowing the efficient
filtering of the ligand resonances. The signal of the HNe
of the Trp34 (at 10.2 ppm) was used as a sensitive probe
to detect perturbations of the Trp side chain chemical
environment upon binding of the proline ring. When
interaction was detected, we performed an additional
titration study with a 50 uM »N-labeled WW sample
and increasing amounts of ligands (from 0.5 to 20 equiv).
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Scheme 2. ¢ General Scheme of Synthesis for Compounds 12—15
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@ Reagents and conditions: (i) (a) DCC/DCM; (b) prolinamide/DCM, 0 °C, 2 h; (ii) HCl/dioxane, 0 °C then room temperature, 3 h; (iii)
(a) NEtg/EtOH; (b) diethylsquarate/EtOH, room temperature, 12 h; (iv) HCI/DCM room temperature, 24 h; (v) (a) NEts/DCM; (b)

trifluorosulfonyl chloride/DCM, room temperature, 48 h.

Gradual chemical shift perturbations with increasing
ligand concentrations were used to derive the dissocia-
tion constant (Figure 3).

The aromatic clamp was found to accept Pro mimics
with structural variations of the pyrrolidine ring. De-
spite the relatively low affinities, NMR titrations yielded
reliable SAR results for analogues of Ac-Thr(POsHs)-
Pro-NHj (2—9a). Compounds where the pyrrolidine ring
is replaced by an azetidine or a piperidine bind the WW
domain without significant changes of affinity. The
same observation is made for the epimer at the Ca of
proline. Substitutions have contradictory effects on
binding since the replacement of proline by 4-trans-
hydroxyproline, 4-cis-fluoroproline, or thiazolidine-4-
carboxylic acid isostere decreases dramatically the
affinity for the WW domain. However replacement of
proline with a 4-trans-fluoroproline improves signifi-
cantly the binding as well as the introduction of an
unsaturation at position 3—4 of the pyrrolidine ring
(Table 1). Contrary to the proline mimics, polar groups
used to replace the phosphate moiety all exhibited
dissociation constants as low as 2 mM, pointing out an
extreme specificity of the flexible loop for phosphate
binding (Table 2).

Faced with restricted possibilities for structural modi-
fications around the two major points of interaction of
dipeptide 1a with the WW domain, we have examined
further WW hydrophobic patches in the near proximity
of the main binding site in order to gain in affinity. A
potential hydrophobic surface constituted by Phe25 and
Ala31 was targeted with a phenyl ring anchored to the
Thr(POsHg)-Pro dipeptide via aliphatic chains of various
lengths in compounds 1b—1f and with the Fmoc group
in compound 1g. A significant increase of binding
affinity was observed for these compounds with a
maximum for the 4-phenylbutyric acid precursor and
for the Fmoc group that confirms the agreement with
the 4-carbon-length chain (Table 3). Nevertheless, in-
teractions with the phosphate binding loop and the
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prolyl ring binding pocket remain essential and appear
as a minimal requirement for ligands to adapt the
domain since the replacement of phosphothreonine by
a glutamic acid in dipeptides carrying the same hydro-
phobic moieties did not significantly bind the WW
domain (data not shown).

Consistency of Binding Mode in the Series.
Chemical shift interaction mapping was performed for
each compound of significantly improved affinity, to
verify the consistency of the binding mode. Very similar
modes of binding were observed for the various proline
mimics in comparison with the dipeptide 1a. The 3,4-
dehydroproline moiety induces larger chemical shift
perturbations for both phosphate and proline binding
sites, and especially a stronger effect on the Y23 amide
peak (Figure 4A), together with a significant line
broadening concerning most of the interacting residues.
The binding site of the hydrophobic moiety that replaces
the acetyl group in the phospho-Thr-Pro dipeptide is
given by the chemical shift mapping of compounds
1b—1g. Larger Ala31 amide shifts (Figure 4B) and a
dependence of the Ala31 variations with the chain
length carrying a phenyl group (1b—1e) that is not
shared by Trp34 or Argl7 verify our initial structural
hypothesis. It cannot be ruled out that observed chemi-
cal shift variations could also be due to conformational
changes of the domain upon ligand binding. However,
since little variations are observed at remote amino
acids from the binding pocket, we reasonably make the
assumption that, in the series, the conformation of the
WW domain in its ligand bound state is not strongly
affected.

Combining the data on chain length and nature of the
aromatic group with the previously determined optimal
proline mimics provides a further perspective for im-
proving the affinity. The combination of the three
essential motifs was further investigated in compounds
9d, 9g, 9h on the basis of the 3,4-dehydroproline
analogue (Figure 2). In the proline series (1b—1g), the
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Figure 3. NMR titration of the °N-labeled WW domain with the ligand 1g. Overlaid 'H—N HSQC spectra acquired on a 50
uM WW domain »N-labeled sample with increasing amounts of compound 1g. In the left top corner, a titration curve plotting the

chemical shift variations against the concentration ratio 1g:-WW.

replacement of the acetyl group by w-arylalkanoyl
chains or a Fmoc group increased affinity as expected.
Surprisingly, except for 4,4-bis(4-hydroxyphenyl)pen-
tanoyl (9h), most of the hydrophobic moieties induce a
decrease of affinity (Table 3) in the dehydroproline
series, suggesting different structural constraints in the
free ligand of both series.

Revisiting Phosphate Mimics on Improved Lig-
ands. The ligands containing an additional point of in-
teraction with the WW domain through the hydrophobic
moiety display affinities in the low micromolar range.
This level of affinity allows us to revisit possible phos-
phate isosteres. Squaramide is singly charged at physi-
ological pH and thanks to delocalization of this charge
can accept strong hydrogen bonds at each of its oxygen
atoms. Compounds carrying this group instead of the
phosphate were synthesized, and their binding was
studied by NMR. In the Fmoc series, compounds 14 and
15 displayed measurable affinities (respectively 910 and
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540 uM), thereby providing new entry points in series
where the phosphate moiety could be replaced by an
isosteric group. This provides new perspectives for
improvement of metabolic stability and cell membrane
permeation.

Perspectives in Disrupting Protein—Protein In-
teractions and Compound Activity in a Cell-Based
Assay. To confirm that our small ligands can actually
disrupt interactions between the WW binding module
and its proline-containing substrates, we have con-
ducted competition experiments using fluorescence
energy transfer. Our ligands were tested for their
ability to displace a tetradecapeptide centered on the
Thr212(PO3Hy)-Pro?!? of Tau protein2® from the WW
domain. In this setup, our best ligands were shown to
displace the peptide with K; consistent with their Ky
(data not shown).

We have tested some of our lead compounds in a
cellular model of SY5Y neuroblastoma cells with induc-
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Table 1. Structures of Proline Mimics and Dissociation
Constants of Resulting Ligands (2—9a)

compound | Pro mimic Kp (UM)
structures
2 (Nj»,,n/NHQ 100
/ o]

3 NH, 160
4 q( 140
N NH,

/ (0]
5 S 400
<IN3\gNH2
6 He 800
(%(NHZ
/ o]
7 5 36
(%(NHZ
I [e]
8 g 420
! [e]
9a = 18
N NH,
/ [e]

ible overexpression of Pinl. This cellular assay is based
on the monitoring of cyclin D1 level as described.? In
that model, juglone is used as a reference compound for
the inhibition of Pin1 function and induces a marked
diminution of the intracellular concentration of cyclin
D1. Our results with WW ligands are at this moment
very preliminary. Compound 1g has produced the same
effect as juglone at similar concentrations and poses the
intriguing question whether it acts directly on Pinl or
also on other target(s). Further assays will be performed
in the future to identify the cellular target(s) of our
compounds.

Conclusion

Our NMR-based strategy has led to the conception,
synthesis, and testing of new ligands for the Pin1 WW
domain. Whereas the proline in the initial phospho-
Thr-Pro dipeptide could be successfully replaced by a
3,4-dehydro- or 4-trans-fluoroproline, the specificity for
the phosphate moiety proved more challenging. On the
basis of the structure of the WW domain, we extended
these ligands with an N-terminal aromatic group,
resulting in a new series of ligands with low micromolar
affinity. NMR proved crucial throughout this develop-
ment, as a technique to bridge the gap between very
low affinity hit compounds and conventional tools to
measure affinity of small molecules to protein, such as
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Table 2. Structures of Polar Moieties and Dissociation
Constants of Resulting Ligands (10—13)

compound Polar moiety Kp (UM)
structures
10a 7 0 > 2000
HO
o
10b o J\/\/b)\ > 2000
10c o 7 > 2000
JN
11 HOQH g > 2000
12 ot >2000
o
pu“ﬁ
13 Faczsio o > 2000
NN

fluorescence polarization or energy transfer. It allowed
initial screening, and generated reliable SAR at low
levels of affinity, as well as structural information on
the binding mode of our ligands. The exact mode of
action of our ligands is currently being studied.

Experimental Section

Protected natural amino acid, coupling reagents (HOBt and
HBTU), and resin (polystyrene cross-linked with 2% divinyl-
benzene carrying a rink amide MBHA linker) were purchased
from Novabiochem. Purity was checked by HPLC and
LC—MS systems. LC—MS data were recorded on a Varian
1200 MS system using a TSKgel OSH supelco column. Water
(A) and acetonitrile (B) containing 0.1% and 0.12% formic acid,
respectively, were used as eluents. After sample injection, the
column is equilibrated in solution A for 2 min and a 0—100%
B 7.30 min-gradient is performed at a flow rate of 1 mL/min
to elute compounds that are detected at 215 and 254 nm.
HPLC data are collected on a C18 nucleosil column equili-
brated in an aqueous solution containing 0.05% TFA (solution
A). The eluent (solution B) contains 80% acetonitrile and 0.05%
TFA. After sample injection, the column is washed with
solution A for 5 min and then a 0—100% B 30 min gradient is
performed at a flow rate of 1 mI/min. Compounds are de-
tected at 215 nm. Characterization of compounds dissolved in
DMSO-ds was also done with 'H and C NMR spectra
recorded at 300 K on a 300 MHz Bruker spectrometer equipped
with a BBI probehead.

General Procedure (A) for Synthesis of Compounds
1 to 11. Removal of Fmoc Protecting Group. Cleavage of
the Fmoc group was performed with 20% piperidine in DMF
(v/v). The resin beads were mixed with the previous solution
(83 mL for 300 mg resin), and the reaction was performed at
room temperature for 25 min. The solution was removed by
filtration under vacuum, and the resin beads were extensively
washed with DMF.

Coupling of Amino Acids. A mixture of 3 equiv of Fmoc
protected amino acid, 3 equiv of HOBt, 3 equiv of HBTU
dissolved in DMF, and 9 equiv of DIPEA were added to the
resin beads. The reaction was performed at room temperature
for 1 h. The solution was removed by filtration under vacuum,
and the resin beads were extensively washed with DMF.
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Table 3. Structures of Hydrophobic Moieties and Dissociation Constants of Resulting Ligands Based on Proline (1b—1g) or on

3,4-Dehydroproline (9d, 9g, 9h) Derivatives

compound 1b 1c 1d 9d 1f 1g 9g 9h
Hydrophobic HO OH
o 0,0
structures
n=1,2,3,4 (I)
n= 1 2 3 3
Kp (UM) 35 32 30 28 38 15 66 5

Chemical shift variations (ppm)

S18
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10
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40
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Figure 4. NMR chemical shift mapping of the ’N-labeled WW domain. Comparison of the mapping of the WW domain in the
presence of 20 equiv of compound 1a in light gray and (A) compound 9a or (B) compound 1g in dark gray. Arrows along the x-axis
indicate -sheet structural elements. In the structure, the ribbon is darkened as a function of chemical shift variations of compound
9a (A) and compound 1g (B). Amino acids that display a variation superior to 0.3 ppm are labeled.

Amine Acetylation. Five equivalents of acetic anhydride
was dissolved in DMF, and 10 equiv of DIPEA was added. The
solution was mixed with the resin beads, and the mixture was
agitated at room temperature for 30 min. The solution was
removed by filtration under vacuum, and the resin beads were
extensively washed with DMF.

Coupling of Hydrophobic Moieties. A mixture contain-
ing the carboxylic acid derivative (5 equiv), HOBt (5 equiv),
and HBTU (5 equiv) and DIPEA (10 equiv) in DMF was added
to the resin beads, and the coupling reaction was performed
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at room temperature for 1 h. The solution was removed by
filtration under vacuum, and the resin beads were extensively
washed with DMF.

TFA Cleavage of Resin-Bound Compounds and Benzyl
Protecting Group. Resin beads were extensively washed
with DMF, DCM, and 10% TFA in DCM and then mixed with
a TFA solution containing 2.5% triisopropylsilane (v/v) and
2.5% water (v/v) (5 mL for 300 mg of resin). The heterogeneous
mixture was placed under agitation for 5 h at room temper-
ature. The solution was then filtered under vacuum, and the
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resin was washed twice with TFA (2.5 mL each). The combined
filtrates were collected in 200 mL of a cold mixture of ether/
pentane (v/v). A white precipitate was formed, and the
precipitation was achieved at —20 °C overnight. The precipi-
tate was isolated by filtration, washed with ether, and then
dissolved in water and lyophilized.

General Procedure (B) for Synthesis of Compounds
12 to 15. Coupling of Carboxylic Acid Derivatives on
Prolinamide. Three equivalents of carboxylic acid derivative
(N-o-Fmoc-ornithine/lysine(Boc) or N-Boc-$-alanine) was dis-
solved in DCM (15.8 mmol in 8 mL) and added to a solution
of 1.5 equiv of DCC in DCM at 0 °C (7.9 mmol in 2 mL). The
precipitate was filtered off, and the filtrate was added to a
solution of 1 equiv of prolinamide in DCM (5.25 mmol in 3
mL). The reaction mixture was stirred for 2 h at 0 °C. The
crude mixture was evaporated and dissolved in DCM. The
precipitate was removed by filtration, and the organic layer
was washed twice with a saturated NaHCO3 aqueous solution
and then dried over MgSO,4 and evaporated. Products were
isolated by purification on silica column in DCM/EtOH 95/5.

Removal of Boc Protecting Group. One equivalent of
the Boc protected compound was dissolved in DCM (1.37 mmol
in 14 mL), and the mixture was cooled in an ice bath. A
solution of 4 N HCI in dioxane was added dropwise to the
previous solution at 0 °C. The mixture was stirred at room
temperature for 3 h, and then the crude mixture was evapo-
rated. The deprotected product is obtained in quantitative
yield.

Coupling of Diethylsquarate. A solution of 1.2 equiv of
diethylsquarate in ethanol (1.64 mmol in 5 mL) was prepared.
One equivalent of f-alanine or N-o-Fmoc-ornithine/lysine
coupled to prolinamide was dissolved in ethanol (1.37 mmol
in 8 mL), and 1.5 equiv of triethylamine was added. The
mixture was added dropwise to the diethylsquarate solution,
and the reaction was performed at room temperature for 12
h. The crude mixture was evaporated, dissolved in DCM, and
purified on a silica column in DCM/MeOH 9/1.

Removal of Ethyl Protecting Group. The ethylsquarate
derivative was dissolved in THF (1.084 mmol in 6 mL) and
stirred with a solution of 4 N HCl in THF (12 mmol in 3 mL)
at room temperature for 20 h. The crude mixture was
evaporated. The powder was dissolved in DCM and extracted
four times with a 0.3 N solution of ammonium carbonate. The
aqueous solution was lyophilized.

Coupling of Trifluoromethylsulfochloride. Triethyl-
amine (1.2 equiv, 1.044 mmol, 146 uL) was added to 1 equiv
of -alanine coupled to prolinamide dissolved in DCM. Tri-
fluorosulfonyl chloride (1.2 equiv, 1.044 mmol, 110 uL) was
dissolved in 10 mL of DCM and added to the previous solution
dropwise. The mixture was stirred at room temperature for
48 h. The crude mixture was evaporated, dissolved in DCM,
and purified on a silica column in DCM/EtOH 8/2.

Peptide Synthesis (for IC5) Determination). The pep-
tide sequence was isolated from the Tau protein around the
Thr212-Pro213 epitope as described.?® The phosphorylated
peptide was obtained by solid phase synthesis with introduc-
tion of selectively phosphorylated threonine using appropriate
building block (Novabiochem). The dansyl fluorescent probe
(Sigma) was introduced selectively at the N-terminus by
reaction of dansyl chloride (5 equiv) and DIPEA (10 equiv) in
DMF and followed by a TFA cleavage. Peptide was isolated
by precipitation of the TFA solution in 200 mL of a cold
mixture of ether/heptane (v/v) and centrifugation. The peptide
was dissolved in water and purified by RP-HPLC on a C18
nucleosil column equilibrated in a 0.05% TFA aqueous solution
(solution A). Separation of peptides in the crude mixture was
carried out at 50 °C at a flow rate of 2 mlL/min using an
acetonitrile linear 60 min gradient from 0 to 50% solution B
(80% acetonitrile:20% water—0.05% TFA). Homogeneous frac-
tions as checked by RP-HPLC on a C18 nucleosil column (0 to
100% B linear 30 min gradient) and MALDI-TOF MS were
pooled and lyophilized.

Protein Expression and Purification. The WW domain
was produced in E. coli BL21(DE3) strain, carrying the
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pET28a plasmid under control of T'7 promoter with a sequence
encoding a N-terminus Hisg tag. Cells were grown at 37 °C in
a LB medium containing kanamycin (20 mg/L) until O.D. at
600 nm reached about 0.6, allowing a rapid growth to high
cell density. Then cells were harvested by centrifugation. The
pellet was resuspended in a M9 medium containing 4 g/L
glucose, 1 g/L "'NH,C]l, 1 mM MgSO,, 20 mg/L kanamycin,
and MEM vitamin cocktail (Sigma) and incubated at 37 °C
for 1 h. Induction was performed with 0.5 mM IPTG (at final
concentration) at 31 °C for 3 h. Cells were harvested by
centrifugation, and the pellet was resuspended in 50 mM
Na;HPO4/NaH;PO4 pH 8.0, 300 mM NaCl buffer (buffer A)
containing 10 mM imidazole, 1 mM DTT, 0.1% NP40 and
complemented with a protease inhibitor cocktail (Roche). The
soluble lysate was obtained by sonication and centrifugation.
The soluble extract was charged on a nickel-nitrilotriacetic
affinity column (Chelating Sepharose Fast Flow, Amersham).
Unbound proteins were washed with 20 mM imidazole in
buffer A, and the WW domain was eluted with 250 mM
imidazole in buffer A (pH 7.8). The protein was then purified
by RP-HPLC on a Source 15RPC column (Amersham) equili-
brated in a 0.05% TFA aqueous solution (solution A). Separa-
tion of proteins was carried out at room temperature at a flow
rate of 1 mI/min using an acetonitrile linear 20 min gradient
from 0 to 60% solution B (85% acetonitrile:15% water—0.05%
TFA). Homogeneous fractions as checked by SDS—polyacryl-
amide gel electrophoresis were pooled and lyophilized.

NMR Screening. NMR experiments were performed on a
Bruker DMX 600 MHz spectrometer at 293 K equipped with
a cryogenic probehead. N-labeled WW was dissolved in 25
mM deuterated Tris-HCI (pH = 6.8) aqueous buffer containing
50 mM NaCl, 5 mM DTT, and 2.5 mM EDTA and 10% DsO.
The spectra were referenced to the signal of sodium 3-tri-
methylsilyl-d(3,3',2,2)-propionate (TSPA-d4). A solution of
15N-labeled WW at 200 «M (60 uL) was added to a 2 mM
solution of ligand (120 uL) to reach final concentrations (in
600 uL) of 20 uM WW and 400 «M ligand in the NMR sample
buffer.

NMR Dissociation Constant Calculation. Lyophilized
aliquots of ligand were prepared from a concentrated solution
(2 mM) to get a concentration range of 0.025, 0.05, 0.1, 0.15,
0.25, 0.5, and 1 mM (at final concentration in 600 uL of protein
solution). A solution of 50 uM »N-labeled WW was added to
lyophilized aliquots of ligands. Quantification of chemical shift
perturbations was calculated according to eq 1.

Ad(ppm) = v/ ASCH)? + 0.2A0(°N)? 1)

AO(*H) and AS(*®N) are the chemical shift variations of amide
proton (Hy) and amide nitrogen (Np), respectively, of WW
domain residues the upon ligand addition.

Dissociation constants were calculated by fitting on a
graphical representation the theoretical curve obtained from
eq 2 with experimental points.

KD
Ad(ppm) = 0.5A(§max(1 + X+ [})TEIH]O -

e ] -
1+X+———| —4X] (2
[protein],

X is the molar ratio of ligand on protein, [protein], the initial
concentration of protein, and Ad the chemical shift variation
calculated using eq 1. Admax was set at the Ad value at the
protein saturation level.

FRET Competition Experiments for IC5) Determina-
tion. FRET experiments were achieved on a PTI fluorescence
spectrometer by exciting tryptophan residues of WW domain
at 295 nm. As for NMR titrations, a 20 M solution of WW in
protonated Tris 50mM pH 6.8 buffer containing 50 mM NaCl
and 5 mM DTT/EDTA and various concentrations of dansy-
lated peptide were added on lyophilized aliquots of ligand. The
dissociation constant of the WW—peptide complex was evalu-
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ated to 100 uM according to eq 2 by replacing A6 with A%,
the intensity variation of the fluorescence emission signal
measured at 334 nm.26 ICs, determination was calculated as
described for dissociation constants determined by NMR with
eq 2 by replacing A with the inhibition percentage given by
eq 3 and Kp by ICs.

33— 1334
% inhibition = m ®)
0 100

I*%* is the fluorescence intensity at 334 nm upon ligand
addition, I (?;34, the fluorescence intensity without inhibition,
and I 33 the fluorescence intensity at maximal inhibition.
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Appendix

Abbreviations. MBHA, 4-methylbenzhydrylamine;
HOBt, 1-hydroxybenzotriazole; HBTU, 2-(1H-benzotri-
azol-1-y1)-1,1,3,3-tetramethyluronium hexafluorophos-
phate; Fmoc, 9-fluorenylmethoxy-carbonyl; Kp, dissocia-
tion constant; ICso, inhibition constant at 50%; Boc, tert-
butoxycarbonyl; Bzl, benzyl; DCM, dichloromethane;
DMF, dimethylformamide; EtOH, ethanol; DMSO, di-
methyl sulfoxide; DIPEA, diisopropylethylamine; TFA,
trifluoroacetic acid; DTT, dithiothreitol; EDTA, ethyl-
enediaminetetraacetic acid; HSQC, heteronuclear sim-
ple quantum correlation; Tris, 2-amino-2-hydroxy-
methyl-1,3-propanediol; BBI, inverse broad band (probe);
MALDI-TOF, matrix assisted laser desorption ioniza-
tion time-of-flight; RP-HPLC, reverse phase high pres-
sure liquid chromatography; SDS—PAGE, sodium do-
decyl sulfate—polyacrylamide gel electrophoresis.

Supporting Information Available: Synthetic proce-
dures and spectral characterization of compounds 1a to 15.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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_ NMR-based detection of acetylation sites
in peptides

Caroline Smet-Nocca,*** Jean-Michel Wieruszeski,? Oleg Melnyk®
and Arndt Benecke®¢

Acetylation of histone tails as well as non-histone proteins was found to be a major component of the ‘chromatin code’ that
regulates transcription through the recruitment of transcription factors, co-regulators and DNA-binding proteins. Acetylation
can have several effects modifying protein-protein interactions, protein activity, localization and stability. Using NMR
spectroscopy, we provide a simple way to detect acetyl moieties at the e-amino function of lysine residues based on peptides
derived from Histone H4 and TDG amino-terminal domains. Significant changes of acetyl-lysine resonances as compared to
non-acetylated residues allow a direct identification of specific acetylated lysine. We also show that, in unfolded peptides,
acetylation of lysine side chains leads to characteristic NMR signals that vary only weakly depending on the primary sequence
or the total number of acetylated sites, indicating that the acetamide group does not establish any interactions with other
residues. Furthermore, resonance changes upon acetylation are restricted to residues nearby the acetylation site, indicating
that acetylation does not modify the overall peptide conformation. Copyright (©) 2010 European Peptide Society and John Wiley
& Sons, Ltd.

Supporting information may be found in the online version of this article

Keywords: acetylation; histone; thymine-DNA glycosylase; protein structure; NMR spectroscopy

Introduction

Posttranslational modifications of proteins are crucial events in the
regulation of protein functions or protein-protein interactions.
Acetylation of lysine residues is an abundant posttranslational
modification within the eukaryotic cells. Acetylation ranks in
the same order as phosphorylation [1] in terms of abundance
and exhibits the same features as phospho-dependent signaling
pathways because addition and removal of acetyl moities are
highly dynamic and are supported by several (de)acetylase
enzymes [2]. A large number of non-histone acetylated proteins,
the so-called acetylome [1], has been identified in eukaryotic
cells. Reversible protein acetylation is involved in the regulation
of signaling pathways, in the modification of DNA-binding
properties or protein stability and localization, and rivals with
other posttranslational modifications targeting lysine residues,
such as methylation, ubiquitination and sumoylation. These effects
result from neutralizing the positively charged lysine residues and
generating new binding sites. Bromodomains were described as
specialized domains involved in specific binding of acetylation
sites and are found in a number of transcription factors or co-
activators like HATSs [3,4]. In malignant cells, aberrant acetylation
patterns were found as well as modifications of HAT and HDAC
activities [5]. The role of HATs and HDACs in development and
their deregulation in human diseases like leukemia, breast and
colorectal cancers or human developmental disorders emphasizes
their functional prevalence. Furthermore, inhibition of HDAC
activities has been found to be of promising therapeutic use
in cancer treatment because HDAC inhibitors are able to modify
the acetylation patterns of histone and non-histone proteins as

well, implying a change in their protein—protein interactions and
in their subsequent cellular localization and lifetime [6-9].

Many transcription-related factors and DNA-binding proteins
were found to be acetylated. A common feature of these pro-
teins is that they often contain unfolded regions which (i) are
specifically involved in protein-protein or protein—-DNA interac-
tions, (ii) display structural changes upon substrate binding and
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(i) are often preferential targets for posttranslational modifica-
tions [10-17]. Histones, the protein units at the basis of the
nucleosome particle and chromatin architecture, are among the
best studied examples of unfolded targets of the posttranslational
modification machinery [18-20]. Multiple and combinatorial post-
translational modifications were characterized for histone proteins
and more precisely the histone amino-terminal tails [21]. Acetyla-
tion is a key modification of histones as their acetylation levels are
well correlated with transcriptionally active chromatin domains
[22]. Histone acetylation, as it has been well described for the
histone H4-K16 site [23,24], is involved in chromatin relaxation
[25-27] helping to increase DNA accessibility for transcription-
related factors. Acetylation also provides novel binding interfaces
for proteins targeting acetylated residues and therefore is an
integral component of the chromatin code hypothesis [28]. How-
ever, a lack of structural details at the protein level hampers the
establishment of structure—activity relationship upon acetylation.

Identification of acetylation sites and their binding partners is
crucial for a better description of the acetylome and acetylation-
dependent signaling pathways. A major issue consists in the
determination of acetylation sites when multiple acetylations
occur as this is the case of the histone amino-terminal tails.
The identification of the acetylated proteins within cells and the
determination of the acetylation sites have been made possible
through the use of sensitive radiolabeled 14C- or 3H-acetyl-
CoA substrates [29-31]. Determination of specific acetylated
lysine residues is typically realized by Edman degradation of
peptide substrates [32] or acetylation of chemically synthesized
peptides invitro [30], which are either destructive or indirect
methods. Finally, mass spectrometry is the method of choice to
detect acetylation within purified proteins isolated from cells.
However, multiple acetylations render difficult the identification
of acetylation sites and necessitate a tandem mass spectrometry
strategy [33,34]. Quantification of acetylation levels is also a major
issue that requires the isotopic labeling of acetyl moieties to ensure
a normalization of signal intensities [33,34].

We describe here the impact of lysine side chain acetylation
in peptide substrates using NMR spectroscopy. We have studied
the structural effects of acetylation on unfolded peptides derived
from two CBP/p300 substrates: the histone H4 amino-terminal tail
[31,35] and a non-histone protein, the human TDG [32], which
is involved in both transcriptional regulation and DNA repair
processes [36-41]. They both contain at the molecular level an
extended amino-terminal region that is targeted by the CBP/p300
acetyltransferase activity.

Materials and Methods

Peptide synthesis and acetylation

Peptides used in this study are those of the H4 his-
tone N-terminal tail and human TDG, whose sequences
are Ac-SGRGKGGKgGLGKGGAK;4RHRKVLR-NH; and Ac-
QPVEPKKPVESKg3Kgs SGKg7SAKSKEKQ-NH,,  respectively  (Ac
and NH, indicate that the N- and the C-terminus are acetylated
and amidated, respectively, and the acetylated lysine residues
are numbered). Peptides were synthesized automatically by
solid-phase synthesis on a continuous flow synthesizer (Perseptive
Biosystems, Framingham, MA, USA) using the Fmoc group as
temporary protection for the alpha-amine function of each amino
acid. Peptides were assembled at a 0.1-mmol scale on a Rink
amide resin (purchased from Novabiochem, Merck Biosciences

AG, Laufelfingen, Switzerland), leading after the final TFA cleavage
step to an amide function at the carboxy-terminus. Synthesis was
carried out using ten equivalents of N-a-Fmoc-protected amino
acids and coupling was performed with TBTU/HOBt and DIPEA in
DMF. Acetylated lysine residues were introduced by coupling of
the commercially available N-«-Fmoc-N-¢-acetyl-lysine synthon
(Novabiochem). Fmoc cleavage was performed using 20% piperi-
dine in DMF. Capping steps were performed after each coupling
step using acetic anhydride (3%) and DIPEA (0.3%) in DMF.
Amino-terminal functions of peptides were acetylated by a final
acetylation step that immediately succeeds to the amino-terminal
Fmoc deprotection. Peptides were released from the solid support
by resin incubation with 5 ml of a TFA solution containing 2.5% tri-
isopropylsilane and 2.5% water for 3 h at room temperature. Crude
peptides were precipitated in 250 ml of a cold ether:heptane
mixture (v/v) and recovered by centrifugation. Crude peptides
were purified by reverse-phase chromatography in 0.05% TFA
using a linear gradient of 0-40% acetonitrile in 60 min. Homoge-
neous fractions, as checked by analytical reverse-phase HPLC and
MALDI-TOF mass spectrometry, were pooled and lyophilized.

NMR spectroscopy

NMR experiments were performed at 293 K on a Bruker DMX 600-
MHz spectrometer (Bruker, Karlsruhe, Germany) equipped with
a cryogenic triple-resonance probe head. For NMR experiments,
peptides were dissolved at 2 mm in a buffer containing 50 mm
NaH,P04/Na;HPO,, pH 6.8, 100 mm NaCl and 5% D,0. All H
spectrawere calibrated with 1 mmsodium 3-trimethylsilyl-3,3’,2,2'-
d4-propionate as a reference. For peptide assignment, standard
NOESY and TOCSY experiments were recorded with 400 and 69 ms
mixing times, respectively, with 2048 and 512 points and using
a DIPSI2 sequence for mixing. Both are recorded with a Water
suppression by GrAdient-Tailored Excitation (WATERGATE) pulse
sequence for water suppression [42]. "TH-">N HSQC spectra were
recorded at nitrogen-15 natural abundance with 64 scans per
increment, with 2048 and 256 points in the proton and nitrogen
dimensions, respectively, and with a window of 24.1802 ppm
centered on 118.006 ppm for the nitrogen-15 dimension. 'H-13C
HSQC spectra were recorded with 128 scans per increment, with
1024 and 512 points in the proton and carbon dimensions,
respectively, and with a window of 70.4950 ppm centered
on 37.362ppm for the carbon-13 dimension. Heteronuclear
experiments were recorded with a WATERGATE sequence for
water suppression, a Carr—Purcell-Meiboom-Gill sequence and
a double-INEPT (Insensitive Nuclei Enhanced by Polarization
Transfer) for sensitivity improvement. All experiments were
acquired with a recycle delay of 1s.

The chemical shift perturbations of individual resonances in
peptides were calculated with Eqn (1) taking into account the
relative dispersion of the proton and nitrogen chemical shifts (1
and 20 ppm, respectively).

AS(ppm) = V[AS(TH)I2 4 0.05[A5(15N)]2 (1)

Integration of lysine NHe-acetyl signals was performed either
on the proton spectrum for the methyl signals or on the 'H traces
extracted from the '>N-"H HSQC experiment for the NHe signal.

Reverse-phase chromatography and MALDI-TOF mass
spectrometry analyses of peptide mixtures

Concentrated solutions of purified peptides at 10 mm in water
were mixed up to equimolar ratio at final concentrations of
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0.4 mMm. The peptide mixture was analyzed by reverse-phase
chromatography onaC2/C18 column (GE Healthcare Life Sciences,
Uppsala, Sweden) equilibrated in 0.1% TFA buffer containing 2%
acetonitrile; 20 nmol of each peptide was separated by a linear
gradient of acetonitrile (from 2 to 40% acetonitrile in 16.67 ml,
i.e. ten-column volume) at room temperature. The same peptide
mixture was analyzed by MALDI-TOF mass spectrometry (Voyager
DE-PRO 2000, Applied Biosystems, Foster City, California, USA) on
a-cyano-4-hydroxycinnamic acid matrix.

Results

Detection of lysine side chain acetylation in peptides

Histone H4 and TDG peptides analyzed in this study were chosen
among the well-characterized acetylation sites in the literature.
Peptides were synthesized by Fmoc solid-phase chemistry and
acetyl moieties were introduced by the use of the N-a-Fmoc-(L)-
Lys(N-g-acetyl)-OH derivative. The NMR >N-"H HSQC experiments
were acquired at '°N natural abundance in peptides with the use
of a cryoprobe head at 600 MHz. Resonance assignments were
performed with the acquisition for each peptide of homonuclear
TOCSY and NOESY experiments. A remarkable consequence
of lysine acetylation on NMR resonances is that it converts an
amine function which is in fast exchange with water leading to
undetectable NMR signals into an acetamide group which adopts
the same behavior as any backbone amide. In consequence, the
acetamide moiety at the NHe function of lysine side chain exhibits
two characteristic signals: the NHe amide at 8.01 ppm (Figures 1
and 2) and the methyl group at 1.98 ppm (Figure 1). Moreover,
the relative integration of the acetamide methyl signal of lysine
side chain at 1.98 ppm on one hand and those of the N-terminal
acetyl moiety at 2.09 ppm on the other indicates the number of
acetylation sites (Figure 1). Here, the integration values obtained
with a recycle delay of 1s and the number of acetylations
introduced by selective NHe-acetyl-lysine incorporation during
solid-phase synthesis are in good agreement and illustrates the
applicability of the integration of NHe-acetyl signals to quantify
the acetylation level. However, one should take care about the
recycle delays in the case of unknown acetylation pattern for
which a fine measurement is required. Longer recycle delays are
recommended to get accurate integration values at the expense
of the acquisition time. The NHe amide group of acetyl-lysine
exhibits multiple scalar contacts with all side chain protons and a
weak contact with He in the "H-"H TOCSY experiment allowing the
identification of the corresponding acetylated lysine residue in the
absence of any NOE contacts between the NHe and other residues
(Figure 2). Identification of specific acetylated lysine in unfolded
peptides is hampered by the fact that 'H chemical shifts differ only
weakly from random coil values, hence giving a lot of resonance
redundancies. However, as observed in our peptide models from
amino-terminal tail of histone H4 and human TDG, a significant
change in resonances comprised between +0.13 and +0.20 ppm
for the He signals and between —0.19 and —0.22 ppm for the H§
signals as compared to non-acetylated peptides (Tables S1and S2,
Supporting Information) facilitates the identification of acetylation
sites (Figure 2). In contrast to the He resonances that shift in the
lower field, the HS resonances shift in the higher field as do the Hy
signals, however, with a lower amplitude. The backbone amide
signal of the acetylated residue is also significantly shifted as com-
pared to the corresponding non-acetylated lysine falling within a

range of —0.08 to —0.14 ppm (Tables S1 and S2). In contrast, the
acetyl effect is less pronounced on Ha and HB resonances.

Additionally, shifts of peptide resonances have been mapped
on a '"H-"3C HSQC spectrum that can detect variations of '3C
resonances upon lysine side chain acetylation. Resonances of
the modified lysines are the most affected with a marked effect
for the C§ (Table S3), whereas the remaining resonances are
weakly or not perturbed (Figure 3(A)). However, given their high
degree of degeneracy, '*C values of either non-acetylated or
acetylated lysine residues are not useful for the identification of
the acetylation sites. As 3C resonances are sensitive to changes
in backbone structure, perturbations of '3C resonances could be
used to detect a propensity to adopt «-helical or 8-sheet structures
upon lysine acetylation. In the TDG [72-95] peptide, *Ca and '3CS
resonances are within a range of 1 ppm with respect to a purely
random coil structure indicating that the peptide adopts mainly
an extended structure [43,44]. We have measured, by calculating
the SSP with '3Co and '3CB8 values [45], an overall content of
10.7% B-structure localized within the N- and C-termini (residues
72-79 and 93-95, Figure 3(B)). Small variations of '3Ca and/or
13CB resonances of residues flanking the acetylation sites (V80,
E81,582,585,G86, 588 and A89) are detected upon multiple lysine
acetylation (Figure 3(A)) inducing only slight modifications of the
overall B-structure content (Figure 3(B)).

Acetylation of lysine side chains has also an impact on the
local peptide conformation and affects only the resonances of
neighboring residues. We have examined, using N-"H HSQC at
natural abundance combined with TOCSY/NOESY experiments,
the effect of lysine acetylation (i) in the case of a single acetylation
at different positions within the same peptide sequence and (ii) in
the case of multiple close or distant acetylation sites.

Effect of different single acetylations on TDG peptide
resonances

Multiple acetylation sites has been identified in vitro and found
to be in close vicinity within the amino-terminal domain of TDG
[32], which is involved in the regulation of its DNA repair activity
[37,46]. This functional region encompassing the acetylation sites,
the so-called regulatory domain, interacts in an intramolecular
manner with the catalyticdomain and undergoes a conformational
equilibrium between this ‘closed’ state and an ‘open’ state that
adopts an extended conformation with little residual structure [46].
We have synthesized peptides encompassing the three identified
acetylation sites at K83, K84 and K87 positions (human TDG
numbering) located within the TDG regulatory domain [32]. In
the non-acetylated peptide, the detection of the sole sequential
contacts between NH and Ha of residues jand i — 1, respectively, is
indicative of a random coil structure. This observation is supported
by '3Ca and '3C resonances coinciding with random coil values.
We have found that a single-lysine acetylation at each position
leads to local perturbations spanning over the two or three
neighboring residues in addition to the acetylation site (Figure 4).
The resonance of the NHe acetamide moiety is not sensitive to the
chemical environment in these unfolded peptides as it does not
vary with the acetylated lysine residue indicating no interaction
between the acetamide group and other residues.

Furthermore, no NOE contacts were detected between the NHe
acetamide and other peptide resonances, indicating an absence
of interactions mediated by the acetamide moiety. We have not
observed a significant difference of dipolar couplings between
residues upon acetylation suggesting that lysine acetylation does

www.interscience.com/journal/psc  Copyright (©) 2010 European Peptide Society and John Wiley & Sons, Ltd.
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not change the overall extended structure of the peptides. The
region encompassed in the TDG [72-95] peptide has a marked
propensity to adopt a residual structure within the TDG protein
[46]. An analysis of the primary sequence reveals a high content
of charged residues that could be responsible for transient long-
range interactions (hydrogen bonds, salt bridges, etc.) in the
polypeptide chain. In this context, neutralization of positively
charged lysine residues by acetylation could contribute to modify
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these non-covalent interactions. One can further notice that
acetylation of K83 induces larger averaged variations of chemical
shifts than acetylation of K84 or K87 suggesting more pronounced
conformational changes in the TDG [72-95] peptide when K83 is
acetylated (Figure 4). In its non-acetylated form, the NH3 group
of lysine is hardly detected due to fast proton exchange with
water that causes severe line broadening. However, at low pH and
depending on the surrounding environment, exchange rates with
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an Ac superscript and the N-terminus by an Nt. (B) SSP score along the
TDG [72-95] primary sequence for the non-acetylated (upper panel) and
the K83-Ac/K84-Ac/K87-Ac tri-acetylated (lower panel) peptides. The SSP
scores of acetylated lysines are indicated by grey bars.

water are slow enough to allow the observation of NH; resonances.
In the TDG [72-95] peptide, the signals of lysine NHs; groups
were detected only at lower pH values (pH 4.01 and 2.99, Figure
S1(B)). The corresponding >N resonances are found typically
around 30-50 ppm [47]. Here, given the spectral width in the
nitrogen dimension, the signal was four-fold aliased and observed
at129.5 ppm.Furthermore, decoupling of nitrogen was poor at this
frequency, leading to the observation of a ' Jyy coupling of 70.44 Hz
(Figure S1(B)), which is significantly smaller than 'Jyy couplings
observed for backbone amide (around 90 Hz) [47]. In the TOCSY

experimentacquired at pH 2.99, scalar couplings between NH3 and
Ha or side chain protons do not allow for an identification of the
corresponding lysines, all of them being potentially detectable.
The important degeneracy of lysine signals (except for K78 Ha
at 4.585 ppm due to the presence of a proline at the position
79) hampers the assignment of the NH3 lysine resonances (Figure
S1(Q)). Salt bridges between lysine and nearby glutamate residues
(E75, E81 and/or E93) are quite unfavorable at this low pH and
the low content of hydrophobic residues argue rather for an
extended structure, so that such slow water-exchange rates can
merely be explained by a pH effect. Furthermore, a pH titration has
been performed to evaluate the impact of a modification of the
glutamate charge on the resonances of lysine backbone amides.
Because the observation of backbone amides is also related to
water-exchange rates, the pH range that can be experienced is
restricted to pH values lower than 7. We have acquired TOCSY
and ">N-"H HSQC spectra on the TDG [72-95] peptide at pH 2.99,
4.01,5.10 and 6.65. Marked perturbations of chemical shifts upon
pH variations were detected for all glutamate residues with a
larger shift between pH 4 and 5 (Figure S1(A)) which is in good
agreement with the standard pKg value of glutamate (around 4.25).
The same transition is found to a lesser extent for surrounding
residues in the primary sequence (for residues 72-82 in the N-
terminus and 90-95 in the C-terminus). In contrast, in the central
region of the peptide (for residues 83-89) that encompasses the
three acetylation sites, a transition between pH 5.1 and 6.65 was
observed together with smaller shift amplitudes (Figure S1(A)).
These results indicate that a modification of the glutamate charge
has little impact on the environment of backbone amide of K83,
K84 or K87 residues in this unfolded peptide. Hence, the chemical
shift perturbations detected upon lysine acetylation stem from
the acetyl group itself rather than from disruption of long-range
interactions.

Multiple acetylations: the case of distant acetylation sites
in the histone H4 amino-terminus

We have evaluated the reciprocal effect of two distant acetylation
sites in the histone H4 peptide (residues 1-23) located within
the unfolded amino-terminal tail. The mono-acetylated peptides
at K8 and K16 positions, and the di-acetylated peptide at both
positions were analyzed by NMR spectroscopy (Figures 1 and
5). Single acetylation of either K8 or K16 residue leads to a
minor modification of the peptide conformation restricted to
the neighboring residues in the primary sequence (Figure 5) as
seen for TDG peptides. Furthermore, no intramolecular interaction
involving the acetamide moiety was observed because the NHe
signal has nearly the same "H and '°N values in every peptide
(Figure 5). Remarkably, the pattern of chemical shift modifications
in the di-acetylated H4 peptide corresponds to a simple additional
effect of both K8 and K16 acetyl moieties indicating that remote
acetylation sites have no cross-effect on peptide resonances. A
detailed analysis of this latter peptide also allows the quantification
of its acetylation level (i) through the comparison of the methyl
signal integration of N-g-acetyl-lysine with those of the amino-
terminal acetamide (Figure 1(C)) or (ii) through the comparison of
NHe signal integration of the acetyl-lysine residues with those of
other NH signals (Figure 1(A) and (B)).

In contrast to mass spectrometry for which equimolar amounts
of peptides at different acetylation states lead to unequal signal
intensities (Figures S2 and S3), NMR analyses allow the relative
quantification of acetylation levels at each position. For the histone
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Figure 4. Effect of individual acetylations on the amide backbone resonances. '"N-'H HSQC spectra of TDG [72-95] peptides
(QPVEPKKPVESKg3Ks4SGKg7 SAKSKEKQ) at natural abundance (upper panel). The non-acetylated peptide is depicted in black, the mono-acetylated
peptide on K83 residue in red, on K84 residue in blue and on K87 residue in green. Residues are annotated and acetylated residues are indicated by an Ac
superscript. The chemical shift variations between each of the three mono-acetylated peptides and the non-acetylated one along the peptide primary
sequence using the same color code as for the NMR spectra (lower panel) are represented graphically. A8 values are the averaged "H and >N chemical
shift variations calculated according to Eqn (1). Acetylation sites are indicated by arrows.

H4 di-acetylated peptide, we have found identical acetylation  as well as '3C resonances that fall within a range of 1 ppm from
levels at both K8 and K16 positions with the integration of  random coil values still indicate that both peptides adopt an
NHe/Ha and NH/Ha contacts in the "H-TH TOCSY experiment.  extended conformation with a slight propensity (8.5%) to form
We obtained for these couple of signals the same values of  B-sheet structures in their N- and C-terminal parts as indicated by
peak intensities indicating comparable acetylation levels at both  the SSP score [45] (Figure 3(B)). This propensity ranges, however,

positions (Figure 6). in the same order than for the non-acetylated peptide suggesting

no marked modification of the peptide structure upon acetylation.
Multiple acetylations: the case of close acetylation sites In the case of K83/K84 acetylations, a simple additional effect
in the TDG amino-terminus of lysine acetylation was observed (Figure S4(A) and (B)) and

Again, we have used the sensitivity of the amide backbone N0 significant shift was detected out of the 81-88 region. In
resonance to probe modifications of the peptide conformation ~ contrast, an additional acetylation on K87 partially counteracts
upon multiple nearby acetylations in the TDG amino-terminal  the effect of K83/K84 acetylation on K84 and S85 resonances
region (residues 72-95) at positions K83, K84 and K87. We have  and induces larger shifts spanning over the entire C-terminus
compared the effect of either two vicinal acetylations at positions ~ with a more pronounced effect than the sum of K83A¢/K84A¢
K83 and K84 or three acetylations (Figure S4). NOE contacts and K87A¢ individual contributions (Figure S4(C) and (D)). Such
restricted to Hy/Ho between residues i and i — 1, respectively,  long-range perturbations of amide backbone resonances indicate

|
J. Pept. Sci. 2010; 16: 414-423  Copyright (© 2010 European Peptide Society and John Wiley & Sons, Ltd. www.interscience.com/journal/psc
© 2014 Tous droits réserveés. doc.univ-




Journal of

Peptide

HDR de Caroline Smet Lille 1, 2013

SMET-NOCCA ETAL.

L VI —

120.5
1275

121.0

BO0 ppm

s1@

8.05
121.5 4

122.0
122.5
123.0
123.5

124.0

#

K8

124.5 T T
8.65

0.2

B K8
B K16*
B K8~</K164¢

0.18 4
0.16 A
0.14 H
0.12 4
0.1 4
0.08 4
0.06 1
0.04 4
0.02

D -

Ad (ppm)

12 345678 91011121314151617 18192021 2223
residue number

Figure 5. Effect of two remote acetylations on the amide backbone resonances. '>N-"H HSQC spectra of the histone H4 [1-23] peptides
(SGRGKGGKgGLGKGGAK;6RHRKVLR) at natural abundance (upper panel). The non-acetylated peptide is depicted in black, the mono-acetylated
peptide on K8 residue in red or on K16 residue in blue, and the di-acetylated peptide at both K8 and K16 residues in green. Residues are annotated and
acetylated residues are indicated by an Ac superscript. The chemical shift variations between each of the acetylated peptides and the non-acetylated
one along the peptide primary sequence with the same color code as for the NMR spectra (lower panel) are represented graphically. A§ values are the
averaged "H and >N chemical shift variations calculated according to Eqn (1).

that K87 acetylation could have a broader effect on the peptide
conformation.

Discussion

We have investigated by NMR spectroscopy the effect of lysine side
chain acetylation in peptide substrates using two peptide models,
one from the histone H4 and the other from a non-histone protein,
the human TDG, which are both substrates of the acetyltransferase
CBP/p300. We have shown that acetylation at distinct positions
within both substrates has a similarimpact on peptide resonances.
This methodology allows a direct identification of acetylation sites
based on a classical strategy of peptide assignment using TOCSY
and NOESY experiments. Scalar contacts between lysine side chain
protons and the characteristic NHe acetamide signal at 8.01 ppm
enable the identification/quantification of acetylation sites even
in the context of a multiple acetylated substrate. The acquisition
of '>N-"H and '3C-"H HSQC at natural abundance has allowed

for the investigation of the effect of an acetyl moiety on the
15N and '3C chemical shifts and on the peptide structure. These
experiments can be used to detect lysine acetylation through
characteristic resonances and allow for an overall quantification
of acetylation levels. However, they cannot be used for the
identification/quantification of each acetylation site due to a high
degree of resonance degeneracy concerning the (non)acetylated
lysines in the case of random coil peptides. Given the high
sensitivity of '*Ce and '3CB to backbone structure, these chemical
shifts can be used to map a perturbation of the peptide structure
upon acetylation. Based on the sensitivity of backbone amide to
their chemical environment, a mapping of NH variations upon
acetylation of one or more lysine residues can be achieved using
the °N-HSQC experiment. If used in the context of a folded
protein, long-range perturbations can be detected for residues
near the acetylation site. Here, we have shown in the context of
unfolded peptides that acetylation of individual lysines has only
a restricted effect on peptide conformation. No overall changes
in the extended structure was observed but only significant shifts
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Figure 6. Detail of the "H-"H TOCSY spectrum (black) of the histone H4 [1-23] di-acetylated peptide (SGRGKGGKg"“GLGKGGAK;s"“RHRKVLR) showing
the "H-"H scalar couplings between Ha, HB, Hy, H8, He and the backbone NH (left panel) or the NHe acetamide (right panel) for both the K8-Ac and
K16-Ac residues. The "H-"H NOESY spectrum is depicted in red and the "H-">N HSQC spectrum in blue. Note that the x-axis is common for the three
TOCSY, NOESY and ">N-"H HSQC spectra, whereas the y-axis corresponds on the left to the "H dimension of the TOCSY and NOESY spectra and on the

right to the >N dimension of the "> N-"H HSQC spectrum.

of the backbone NH signals of the two or three residues in
the immediate vicinity of the acetylation site. In these unfolded
peptides, multiple acetylations being close or far from each other
have also little influence on the peptide structure. No cross-effect
was detected in the case of two remote acetylation sites as studied
using a histone H4 K8/K16 di-acetylated peptide. The effect of two
or three close acetylation sites exemplified in the case of the TDG
peptide has been analyzed and it shows an additional contribution
of each acetylation on the overall variations of peptide resonances
with a more pronounced effect of K87 acetylation in the triply
acetylated peptide. A detailed study of the latter peptide in its
non-acetylated state indicates that despite a high charge density
spanning over the entire sequence, no long-range interaction
is observed between glutamate and lysine residues that could
be perturbed by charge neutralization upon lysine acetylation.
Moreover, the NHe or methyl resonances of the acetamide moiety
are almost the same for all the acetylation sites, be they in
the histone H4 or TDG amino-terminal domains. These features
suggest that the acetyl group does not establish any interactions
with other residues and always experienced the same chemical
environment.

A number of works has highlighted the use of NMR spectroscopy
todetectresidual structuresinintrinsically unfolded proteins or the
presence of disordered domains in globular proteins [46,48-51].
The use of glutamine as acetylated lysine mimics has shown
that a single-charge neutralization can modify the chromatin
organization suggesting that acetylation of various histone tails
hasdistinctrolesin nucleosome self-assembly and in the regulation
of the higher order chromatin structure [52]. Our methodology,
when combined with a native peptide ligation strategy [53,54],
could determine the structural impact of lysine acetylation itself

in a full protein context. This strategy can take advantage from
chemical peptide synthesis to generate peptide fragments of
up to 50-amino acid length while selectively and quantitatively
introducing one or several posttranslational modifications. The
other part of the protein of interest can be synthesized as a
recombinant protein with the advantage to be isotopically labeled
(with >N and/or '3C and/or 2H) when expressed in Escherichia coli
(for review, see Refs 55-57). The production of high amounts of
natively folded proteins can be achieved at relatively low costs as
compared to the introduction of isotopically labeled amino acids
during solid-phase peptide synthesis. Then, the native chemical
ligation provides segmental isotopically labeled proteins with a
fully controlled incorporation of posttranslational modifications.
Their structural effect can be investigated by NMR spectroscopy
through the assignment of a sub-spectrum corresponding to the
15N or '3C-labeled protein fragment. In other words, for histone
proteins, the structural effect of homogeneous covalent, and
even combinatorial, histone tail acetylations introduced within
the unlabeled, and therefore invisible, part of the protein can
be studied through the spectrum analysis of the labeled part
(the histone core) to evaluate their impact on histone and
nucleosome structures. Isotopic labels can also be introduced
at strategic points during the chemical synthesis of acetylated
peptides to investigate the direct effect of lysine acetylation
on the N-terminal tail structure and function such as in the
establishment of intramolecular interactions or in the binding of
protein or DNA molecules. The detection and characterization
of in vitro acetylation after treatment of recombinant proteins or
protein fragments with purified acetyltransferases or cell extracts
could take advantage from the per-residue resolution of NMR
spectroscopy as similarly described for phosphorylation [58,59].
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Such a methodology applied to the detailed investigation of
chromatin structure and function would have a significant impact
on the comprehension of the chromatin code hypothesis [28], a
central dogma in systems biology.
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Phosphorylation of the microtubule-associated Tau protein plays a major role in the regulation
of its activity of tubulin polymerization and/or stabilization of microtubule assembly.

A dysregulation of the phosphorylation/dephosphorylation balance leading to the
hyperphosphorylation of Tau proteins in neurons is thought to favor their aggregation into
insoluble filaments. This in turn might underlie neuronal death as encountered in many
neurodegenerative disorders, including Alzheimer’s disease. Another post-translational
modification, the O-linked B-N-acetylglucosaminylation (O-GlcNAcylation), controls the
phosphorylation state of Tau, although the precise mechanism is not known. Moreover, analytical
difficulties have hampered the precise localization of the O-GlcNAc sites on Tau, except for the
S400 site that was very recently identified on the basis of ETD-FT-MS. Here, we identify three
O-GIcNACc sites by screening a library of small peptides sampling the proline-rich, the
microtubule-associated repeats and the carboxy-terminal domains of Tau as potential substrates
for the O-B-N-acetylglucosaminyltransferase (OGT). The in vitro activity of the nucleocytoplasmic
OGT was assessed by tandem mass spectrometry and NMR spectroscopy. Using phosphorylated
peptides, we establish the relationship between phosphate and O-GlcNAc incorporation at these
sites. Phosphorylation of neighboring residues S396 and S404 was found to decrease significantly
S400 O-GlcNAcylation. Reciprocally, S400 O-GlcNAcylation reduces S404 phosphorylation by the
CDK2/cyclinA3 kinase and interrupts the GSK3B-mediated sequential phosphorylation process.

Introduction

One of major hallmarks in Alzheimer’s disease (AD) is the
formation of neurofibrillary tangles (NFTs), composed mainly
of the Tau protein in an aggregated and hyperphosphorylated
state. Although not clear whether the latter hyperphosphoryl-
ation results from an imbalance between the kinases/phosphatases
involved, recent results suggest that it also might stem from a
dysregulation of another post-translational modification (PTM),
the O-linked B-N-acetylglucosaminylation (O-GlcNAcylation).
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This PTM of serine or threonine is believed to (in)directly
compete with phosphorylation,' as the phosphorylation levels
for many Tau phosphorylation sites were found to be reciprocally
regulated by increasing or decreasing O-GlcNAc levels in
cultured cells or brain homogenates.> The reversibility of
O-GIcNAcylation is ensured by two antagonistic enzymes,
each encoded by a single gene in mammals. The O-B-N-acetyl-
glucosaminyltransferase (OGT) and the O-B-N-acetylgluco-
saminylase (OGIcNAcase) adds and removes the O-GlcNAc
moiety, respectively.® Three OGT isoforms, ncOGT for nucleo-
cytoplasmic, mOGT for mitochondrial and sOGT for shorter
OGT isoforms differ in their number of tetratricopeptide
repeats (TPRs)** and target different cellular compartments.*
The carboxy-terminal domain ensures the O-GIcNAc transferase
activity.® At least twelve O-GIcNAc sites have been counted
in Tau by [’H]-galactose labeling and RP-HPLC tryptic
mapping.” However, their exact localization remained unclear
until very recently, when the S400 and T123 residues were
identified as glycosylation sites by ETD MS (Fig. 1).8

In the current study, we focus on the identification of
O-GIcNAcylation sites of Tau by probing in vitro activity of
OGT isoforms on recombinant Tau as well as synthetic
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Fig. 1 Known O-GlcNAc and phosphorylation sites in Tau investi-
gated in this study.

peptides derived from this intrinsically unstructured protein.
Glycosylation products were then analyzed by either exploiting
the per residue resolution of NMR spectroscopy or mass
spectrometry to detect O-GIcNAc sites. We previously used
NMR to identify phosphorylation sites of Tau after phosphoryl-
ation with different purified kinases (PKA, CDK2/cyclinA3,
GSK3p).>! In all cases, we found a pattern of phosphorylation
similar to those that has been identified using phospho-Tau
specific antibodies, mass spectrometry or peptide sequencing,"’
which confirms both the activity of recombinant kinases and
the applicability of a NMR-based strategy at the qualitative
level. The additional information provided by NMR spectro-
scopy came from the ability to directly evaluate the phosphoryl-
ation levels and to monitor the kinetics of the phosphorylation
reactions at each site.”'® Here, the use of peptide fragments
carrying phosphorylated residues as OGT substrates further
allows us to monitor directly the interference of phosphorylation
on additional glycosylation or phosphorylation events in the
C-terminal part of Tau.

Results and discussion

In vitro O-GlcNAcylation of Tau protein with recombinant
OGT isoforms

We first incubated '*N-labeled recombinant full-length Tau
with ncOGT or sOGT enzymes. Although we verified the
activity of our enzymes towards a peptide substrate from the
CKII kinase, with a quantitative O-GlcNAcylation after 30 min
at 37 °C (Fig. S1, ESIY),'? the "H-'°N and 'H-'*C HSQC
spectra of a Tau sample incubated with ncOGT in the presence
or absence of UDP-GIcNAc showed no difference whatsoever.
Despite the smaller shifts for the glycosylated Ser or Thr
residues compared to their phosphorylated counterparts were
expected, the resolution of the Tau spectrum at a high field
(900 MHz) should allow to detect those shifts if present. The
same was true for a shorter Tau fragment encompassing the
proline-rich domain (Tau[185-245]), with longer incubation
times (up to two days) or with the sOGT isoform. Western
blots of NMR samples with either WGA or CTDI110.2
antibody further indicated the absence of any O-GlcNAc
(Fig. S1, ESI¥). Consequently, the enzymatic O-GIcNAcylation
of the full-length recombinant Tau appears to be highly
inefficient with the tested OGT isoforms, which could arise
from limited accessibility or incorrect anchoring of the enzyme.
A parallel can be drawn here with the PP2A phosphatase — the
major dephosphorylating enzyme of Tau, which is down-
regulated in AD-brain,'? and has a similar domain structure
as the OGT (Fig. 2).'"* PP2A is a multimeric enzyme com-
posed of a dimeric core (PP2Ap) that can associate with a
B-type regulatory subunit to form the trimeric PP2Arss
complex (Fig. 2B).!> This B-type subunit indeed regulates

Fig. 2 Comparison between the three-dimensional structures of a
model of ncOGT>® (A, PDB ID: 1W3B and 2VSN) and the PP2A
phosphatase'* (B, PDB ID: 3DWS8). The scaffold subunits are depicted
in grey, the catalytic subunit in green and the B55a regulatory subunit
of PP2A in red.

the catalytic activity and specificity of PP2Ap towards the
target phospho-proteins.'® Different regulatory subunits of
OGT have been suggested, but the correct one for Tau as a
substrate is not yet identified.'”

In order to get around this specific recognition issue between
the full-length Tau and our OGT enzymes without the corres-
ponding subunit, we decided to further assess putative GIcNAc
sites by peptide mapping. The intrinsic unfolded nature of Tau
protein argues in favor for the use of peptides as substrates for
studying Tau posttranslational modifications and (dys)functions.'®
Furthermore, peptides carrying posttranslational modifica-
tions are easily accessible by solid phase peptide synthesis
(SPPS), which allows to probe the influence of a specific
modification on additional ones.

In vitro O-GlcNAcylation of Tau peptides and identification of
O-GIcNAc sites

For screening purposes, several unmodified sequences of
overlapping peptides encompassing the proline-rich, the first
repeat microtubule-binding (R1) and the carboxy-terminal
domains of Tau protein (Table 1 and Table S1, ESIT) were
obtained by SPPS. The primary sequence of these peptides
bears the known phosphorylation sites of Tau including the
AT8 (S199/S202/T205), ATI100 (T212/S214/T217), ATI180
(T231/S235), 12E8 (S262) and PHF-1 (S396/S400/S404)
epitopes (Fig. 1).

The synthetic Tau peptides were incubated at 37 °C for
2 days with recombinant ncOGT and a 10-fold excess of
UDP-GIcNAc or without UDP-GIcNAc as a control. Screening
of O-GIcNAc transferase activity was performed by both
MALDI-TOF MS and reverse phase chromatography analyses
of the crude reaction mixtures. Five peptides encompassing
three distinct regions gave an additional m/z signal as
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OH
o OH
R'_OR" _OH ncOGT RNGORY OTachN o
\( C Y [ == R'=H, CH3
__peptide UDP-GIcNAC __peptide R" = H, PO3?
Peptide name” Peptide sequence % O-GlcNAc
Tau[194 209] RSGYSSPGSPGTPGS?*R ca. 5
Tau[194-209]pS202 RSGYSSPGpSPGTPGS**R n.d.
Tau[194-209]pT205 RSGYSSPGSPG%TPGS”*R n.d.
Tau[198-217] SSPGSPGTPGS*RSRTPSLPT <1
Tau[205-220] TPGSRSRTPSLPTPPT —
Tau[224-239] KKVAVVRTPPKSPSS**A ca. 10
Tau[229-244] VRTPPKSPSS**®AKSRLQ <l
Tau[354-369] KNVKSKIGSTENLKHQ —
Tau[392-411] IVYKSPVVS*GDTSPRHLSNV 8.2
Tau[392-411]pS396 IVYKpSPVVS*“°GDTSPRHLSNV 4.7
Tau[392-411]pS400 IVYKSPVVpSGDTSPRHLSNV —
Tau[392-411]pS404 IVYKSPVVS*°GDTpSPRHLSNV 2.7

“ Sequences of peptides used in this study and position of the first and the last peptide residues in the full-length Tau protein (Tau441 isoform
numbering). Phosphorylation sites probed in this study are indicated (pS/pT). The O-GlcNAc transferase activity is given (% O-GIcNAc) and
modified sites are underlined in the peptide sequence. Note that ncOGT activity on the Tau[392-411] series was performed with 0.1 mM of peptide
instead of 1 mM for the others. In these latter conditions, Tau[392-411] was found to be 27% glycosylated. N.d., not determined.

compared to control experiments, with a mass increment
of +203.08 Da matching the incorporation of an O-GlcNAc
group (Fig. S2 and Table S2, ESIf). The peptides that revealed
activity towards ncOGT included the Tau[194-209]/Tau[198-217]
and the Tau[224-239]/Tau[229-244] overlapping regions of the
proline-rich domain, as well as the Tau[392-411] region of the
carboxy-terminal domain (Table 1).

RP-HPLC of the crude reaction mixtures revealed a separate
peak in the chromatogram only when the Tau[392-411]
peptide was used as a substrate. Quantification of this addi-
tional peak, which was assigned to the O-GlcNAcylated
peptide by MALDI-TOF MS (Fig. S3, ESIf), indicated an
overall O-GIcNAc content of 8.2% (Table 1). ECD-coupled
MS/MS analysis of the purified O-GlcNAc fraction (Fig. 3C)
and subsequent NMR spectroscopy using 'H-'H TOCSY and
'"H-13C HMQC experiments (Fig. 4A and B) unambiguously
confirmed the GlcNAcylation of the S400 residue. It is impor-
tant to note that this residue, recently identified by MS on brain
purified Tau,® was the unique O-GlcNAc site among a total of
five Ser or Thr residues on the C-terminal peptide sequence.

The covalent attachment of the O-GIcNAc moiety to the
S400 residue was further supported by significant shifts of the
S400 '*Ca and '*CB signals (Fig. 4B). Moreover, chemical
shift perturbations of amide signals upon O-GlcNAcylation
were detected for the residues V399 to S404 (Fig. 4C and D).
No modification was observed for remote residues, indicating
that the O-GIlcNAc moiety has a limited impact on the overall
peptide structure. The observation of the sole sequential
Hn/Ho NOEs contacts along the entire peptide sequence
indicates an extended structure that remains unchanged upon
S400 O-GlcNAcylation.

For the Tau[194-209]/Tau[198-217] and Tau[224-239]/
Tau[229-244] overlapping peptides, only poorly resolved addi-
tional signals were observed by RP-HPLC (Fig. S3, ESI¥).
O-GlcNAc-enriched fractions were obtained by collecting the

head fraction of the main peak and analyzed by ECD MS/MS
(Fig. 3A and B) and NMR. Similarly to S400, S208 and
S238 were identified as two additional O-GIcNAc sites in
Tau[194-209] and Tau[224-239] peptides, respectively, and were
confirmed in the overlapping Tau[198-217] and Tau[229-244]
peptides (Fig. S4, ESIf).

The finding of two novel O-GIcNAc sites in the proline-rich
region of Tau which is implicated in the regulation of micro-
tubule binding through the repeat domain and contains a
number of phosphorylation sites, in particular AD-specific
phospho-epitopes such as the ATI100 (T212/S214), AT180
(T231/S235) and AT8 (S202/T205),' potentially indicates a
regulation of the phosphorylation state by both O-GlcNAcylated
S208 and S238 located in their near vicinity.

Reciprocal down-regulation of phosphorylation and
O-GIcNAcylation in the C-terminal region of Tau

Subsequently we focused on the reciprocal impact of phosphoryl-
ation and O-GIcNAc modification in the Tau[392-411] peptide.
Here, the use of peptide substrates allows for a direct identifi-
cation and quantification of posttranslationnal modification
sites and levels. It is important to note that recombinant enzymes
used in this study exhibit the same site-specificities in the
peptides as in the full-length Tau protein.”!°

Effect of constitutive S396, S400 or S404 phosphorylation on
Tau[392-411] O-GlcNAcylation by ncOGT

O-GIcNAc incorporation in synthetic phospho-peptides
containing either pS396, pS400 or pS404 with the recombinant
ncOGT was assessed by MALDI-TOF MS and RP-HPLC. As
expected, phosphorylation of S400 completely abolished
O-GlcNAcylation while phosphorylation of S396 and S404
equally reduced the O-GlcNAcylation level by a factor of
2 and 4, respectively (Table 1 and Fig. S5, ESIT). Consequently,
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Fig. 3 Localization of O-GlcNAcylation sites in Tau[194-209] (A), Tau[224-239] (B) and Tau[392-411] (C) using ¢ *
ECD-based experiments on nanoESI-Qh-FT-ICR mass spectrometer. Triply charged ions (m/z
1 ppm) including GlcNAc modifications were selected for ECD spectra. The fragment ions incremented by the mass of a GlcNAc

with Am =

and z**

ions produced by
584.943 in A, m/z 619 in B, and m/z 786.747 in C

moiety allow precise localization of the modified amino acids, i.e. S208, S238 and S400 in Tau[194-209] (A), Tau[224-239] (B) and Tau[392-411]
peptides (C), respectively. * Annotation indicates the presence of the GIcNAc moieties on peptide sequences and on fragment ions. M + 3H" + GlcNAc
and M + 2H" + GIcNAc represent the peptide ions including the GIcNAc moieties. M + 2H' and M + H™ represent the peptide ions without the
GIcNAc moieties.

To further evaluate the impact of O-GlcNAcylation on the
phosphorylation levels, in vitro phosphorylation experiments

we have shown that phosphorylation of adjacent residues reduces
the S400 O-GIcNAcylation in a direct manner.
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Fig. 4 Identification of S400 as an O-GlcNAc site in Tau[392-411] peptide by NMR spectroscopy. Overlay of "H-'H TOCSY (A), 'H-'*C
HMQC (B) and "’N-'H HSQC (C) spectra of the peptide in its non-glycosylated (black) and O-GlcNAcylated (red) forms. (D) Mapping of S400
O-GlcNAcylation in Tau[392-411] peptide by combination of Hy and Ha chemical shift variations (Ad). Asterisks indicate values obtained from
Ho resonances only due to a lack of detectable Hy signals.

Table 2 Reduction of CDK- and GSK3 kinase activity by S400 O-GlcNAcylation

Peptide name

CDK phosphorylation
on S404“ (%)

GSK3p phosphorylation
on S396/5S400 (%)

Tau[392-411
Tau[392-411
Tau[392-411
Ta

[ pS396
[

au[392-411
[

pS400
pS404
Tau[392-411]gS400

Tau[392-411

2S400/pS404

61.3
45.0
12.5

41.5

<1

55

0
0

“ CDK- and GSK3B-mediated phosphorylation of the peptide from the C-terminus of Tau in either its non-modified, phosphorylated (pS) or
glycosylated (gS) forms. O-GlcNAc peptides were obtained by enzymatic treatment with ncOGT of the non-modified peptide and subsequent
RP-HPLC purification. Phosphorylation of the gS400 peptide on S404 was performed by incubation with the CDK2/cyclinA3 kinase and
RP-HPLC purification.
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of Tau[392-411] peptides with recombinant CDK?2/cyclinA3
or GSK3p kinases, known to phosphorylate Tau in vivo, were
performed.

Effect of S400 O-GlcNAcylation on S404 CDK2/cyclinA3-
directed phosphorylation in Tau[392-411] peptide

In analogy to preliminary experiments, the purified CDK?2/
cyclinA3 complex phosphorylates S404 in the Tau[392-411]
peptide to a level of 61.3% after overnight incubation at 22 °C
(Fig. S6, ESIt). This fraction decreased to 45% and 12.5%
when we used phospho-peptides modified synthetically at the
S396 or S400 position, respectively (Table 2 and Fig. S6,
ESIT). S400 O-GlcNAcylation reduced similarly the S404
phosphorylation level to 41.5% (Table 2 and Fig. S7A, ESI¥).
Subsequent kinetic experiments demonstrate that S400
O-GlcNAcylation decreases the S404 phosphorylation rate
by 27.5% (Fig. S7B, ESI¥).

Effect of S400 O-GlcNAcylation on GSK3f-mediated
phosphorylation in Tau[392-411] peptide

To probe the activity of an AD-relevant kinase which was
found to phosphorylate Tau in cell or mouse models as well as
in vitro®® on modified peptide substrates, we examined the
GSK3B-mediated phosphorylation of four different Tau[392-411]
peptides. These included the non-modified peptide, as well
as the peptides containing a phosphorylation at S404, a
O-GIcNAcylation at S400 as well as both modifications, which
were incubated at 30 °C overnight with recombinant GSK 3.
An additional peak with a significantly shorter retention time
was detected by RP-HPLC exclusively for the peptide with
pS404, which was identified as the triple phosphorylated
peptide at S404/S400/S396 by MALDI-TOF MS (Table 2
and Fig. S7C, ESIf). S404 priming appears to be essential
for the GSK3p kinase activity in this Tau region, since the non-
modified peptide did not exhibit comparable phosphorylation
levels. Additionally, S400 O-GlcNAcylation completely abolishes
the GSK3B-mediated phosphorylation by interrupting the
sequential phosphorylation process (Fig. S7C, ESI{ and Fig. 5).
Here, we have shown that O-GIcNAc linkage on S400 both
negatively regulates priming on S404 by CDK?2/cyclinA3 and
suppresses sequential phosphorylation on S404/S400/S396 by
GSK3p. Implications of such a disruption in the physiopatho-
logical phosphorylation processes could be of outmost impor-
tance in the context of AD, since GSK38 is a major kinase for
Tau phosphorylation at AD-relevant Pro-directed sites?!
where CDK5 plays a role as a priming kinase for GSK3p.*

S208 O-GlcNAcylation has no effect on CDK2/cyclinA3-
directed phosphorylation in Tau[194-209] peptide

As for the C-terminal peptide, preliminary phosphorylation
experiments with the purified CDK2/cyclinA3 kinase were
performed with the Tau[194-209] series (unmodified or quanti-
tatively phosphorylated on S202 or T205 by SPPS) using
RP-HPLC analysis of crude phosphorylation mixtures and
subsequent MALDI-TOF MS analysis of isolated fractions. A
more complex phosphorylation pattern was observed in this
case due to the presence of multiple Ser/Thr-Pro substrates
(S199, S202 and T205) that have previously been identified on
full-length Tau using NMR spectroscopy (Fig. S8, ESIt).
Low levels of mono-phosphorylated peptides (6.95% for the
non phosphorylated substrate) were detected after overnight
incubation at 22°C with 2 mM ATP. In contrast, a mixture of
three doubly and one triply phosphorylated peptides were
generated in significant amounts (53.7% and 39.4%, respectively,
for the non-phosphorylated substrate). Furthermore, S208
O-GIcNAcylation does not induce any significant modification
of the CDK-mediated phosphorylation pattern (Fig. S9, ESIt) or
any change in the formation kinetics of the various phosphoryl-
ated species (data not shown).

In contrast to the C-terminal region encompassed in the
Tau[392-411] peptide where S400 O-GIcNAcylation down-
regulates phosphorylation of the downstream S404 site, S208
O-GIcNAcylation has no significant impact on CDK activity
towards the upstream S199/S202/T205 epitope. Based on the
structure of the CDK2/cyclinA3 in complex with a model
peptide substrate,?* the regulation of CDK activity by upstream
glycosylation could be explained by a preferential recognition
of the substrate through the N-terminus of its phosphorylation-
prone Ser/Thr-Pro motif whereas the C-terminal part points
away from the catalytic site except a basic residue in the P + 3
position, which makes contacts with the conserved phospho-
T160. Hence, these observations indicate that the impact of an
0O-GIcNAc moiety on phosphorylation patterns seems to be
controlled by the sequence of the substrate, i.e. the position of
phosphorylation-prone sites and by the kinase specificities.

Material and methods
Peptide synthesis, purification and characterization

Peptides were synthesized on a SyroXP-I peptide synthesizer
(Multi-SynTech, Witten, Germany) according to standard
Fmoc/tBu chemistry using TBTU/HOBt and preloaded resins
(Novabiochem). Fmoc-Ser/Thr(PO(OBzI)OH)-OH (Bachem)
was activated with HATU/DIEA and coupled manually to the

enzymes
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Fig. 5 Reciprocal relationship between phosphorylation and O-GlcNAcylation in Tau[392-411] peptide.
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resin. DIEA was added in 3-fold excess with respect to the amino
acid and HATU. The reaction time was extended to 6 hours. A
mixture of DBU and piperidine (2% each) in DMF was used for
Fmoc deprotection. Peptides were cleaved from the resin by
treatment with TFA/TIS/H,O (95/2.5/2.5) for 3 hours followed
by precipitation with cold diethyl ether. Purification was carried
out by preparative reversed phase HPLC on a Knauer Smartline
system (Knauer, Berlin, Germany) equipped with a Luna C8
column (10 pm, 250 x 21.20 mm; Phenomenex, Torrance, CA,
USA) running with acetonitrile/0.1% TFA and water/0.1% TFA
gradient at 20 ml min~'. Purified peptides were characterized by
analytical HPLC and HRMS. The analytical HPLC was carried
out with a VWR-Hitachi Elite LaChrome system (VWR,
Darmstadt, Germany) equipped with a Luna C8 column (5 pm,
250 x 4.6 mm; Phenomenex, Torrance, CA, USA). Peptide mass
to charge ratios were measured by using an Agilent 6210 ESI-TOF
(Agilent Technologies, Santa Clara, CA, USA) (Table S1, ESI¥).

Expression and purification of the human
O-p-N-acetylglucosaminyl-transferase

BL21(DE3) E. coli strains were transformed with the pET24d
plasmid (Novagen, Merck) carrying the human ogs.>* Plasmid
for the recombinant production of human ncOGT in
Escherichia coli was obtained from the laboratory of S. Walker
(Harvard Medical School). Freshly plated bacteria were
picked up to inoculate a 20 ml culture which was grown at
37 °C overnight. The 20 ml culture then inoculated 2 1 culture
in LB rich medium that allowed to grow at 37 °C for 3 hours
until OD at 600 nm reached 0.8-0.9, then the culture was
cooled down to 16 °C. The protein induction was performed
at 16 °C for 24 hours upon addition of 0.2 mM IPTG.
Cells were harvested at 6000xg for 30 min at 4 °C and the
pellet was resuspended in 100 ml extraction buffer (50 mM
KH,PO,/K,HPO, pH 7.60, 250 mM NaCl, 40 mM imidazole,
1% Triton X-100 complemented with a protease inhibitor
cocktail). Cell lysis was performed by incubation of the cell
suspension with 0.3 mg DNase I and 0.1 mg RNase A at 4 °C
for 20 min followed by a sonication step. Soluble proteins
were isolated from the bacterial extract by centrifugation at
25000 x g for 25 min at 4 °C. An affinity purification step was
performed on a 5 ml-HiTrap Chelating column (GE Healthcare)
charged with Ni*" ions. The full-length OGT was eluted
with 250 mM imidazole while a truncated form was eluted
with 110 mM imidazole. Homogenous fractions containing the
full-length recombinant ncOGT as checked on a 10% poly-
acrylamide SDS gel were pooled (final volume 10 ml) and
dialysed at 4 °C overnight in 2 1 of sample buffer (50 mM
KH,PO,/K>HPO, pH 7.60, 150 mM NaCl, 1 mM EDTA).
After dialysis, fractions were supplemented with 0.5 mM
Tris(hydroxypropyl)phosphine (THP) and stored at —80 °C.
Starting from 2 1 cultures and following this purification
scheme we obtained 4.5 mg of ncOGT (Fig. S1, ESI¥).

In vitro O-GlcNAcylation of Tau peptides and full-length Tau
protein by ncOGT

Tau peptides or full-length protein were incubated at 2 mM or
200 pM, respectively, with ncOGT at 0.5 mg ml~"! (i.e. 4.7 pM)
in the reaction buffer (50 mM KH,PO,/K,;HPO, pH 7.60,

150 mM NaCl, | mM EDTA, 0.5 mM THP, 12.5 mM MgCl,,
10 mM UDG-GIcNAc). Reactions were performed at 37 °C
for 24 hours then an equal volume of ncOGT solution and
10 mM UDP-GIcNAc were added and the reactions were
allowed to continue for 24 hours at 37 °C. Control experiments
were performed under the same conditions without UDP-GIcNAc
(Fig. S3, ESIt). For the determination of O-GlcNAcylation
levels of Tau[392-411] peptides in their non- or mono-
phosphorylated (at S396 or S400 or S404) forms, three
independent experiments were performed with incubation of
peptides at 200 uM with ncOGT at 0.5 mg ml~! for 1 day at
37 °C with 1 mM UDP-GIcNAc, then an equal volume of
ncOGT and 1 mM UDP-GIcNAc were added and the reaction
allowed to continue at 37 °C for 1 day. Control experiments were
performed under the same conditions without UDP-GIcNAc.

Expression and purification of the CDK2/cyclinA3 complex and
GSK3p kinase

CDK2 phosphorylated at T160 was produced in E. coli by
coexpression of human GST-CDK2 and S. cerevisiae GST-Cak1
using a pGEX vector (GE Healthcare), as described.”*?
Human CycA3 (residues 174-432) lacking the destruction
box can activate CDK2.24?°

BL21(DE3) E. coli strains are transformed with a pGEX
vector (GE Healthcare) carrying the human gsk3p. The culture
was performed in 0.5 1 LB at 37 °C for 3 hours until O.D. at
600 nm reached 0.8-0.9, then the culture was cooled down to
20 °C and protein induction was performed at 20 °C overnight
upon addition of 0.2 mM IPTG. Cells were harvested at
6000x g for 30 min at 4 °C and the pellet was resuspended in
40 ml extraction buffer (PBS, 10% glycerol, 1% Triton X-100,
10 mM EDTA, 2 mM DTT complemented with protease
inhibitor cocktail). Cell lysis was performed by incubation of
the cell suspension with 5 mg lysozyme, 0.15 mg DNase I and
0.05 mg RNase A at 4 °C for 20 min followed by a sonication
step. Soluble proteins were isolated by centrifugation at
25000xg for 25 min at 4 °C. An affinity purification step
was performed using 0.3 ml of glutathione sepharose resin
(GE Healthcare). Resin beads were incubated with the soluble
extract at 4 °C for 3 hours and extensively washed with the
extraction buffer, then equilibrated in PBS, 1 mM EDTA. The
GST-GSK3p fusion protein on resin beads was freshly used
for the phosphorylation reactions of Tau[392-411] peptides.

In vitro phosphorylation of Tau peptides by CDK2/cylinA3 and
GSK3p

Tau peptides were incubated at final concentrations of 0.1 mM
with the recombinant CDK2/cyclinA3 complex and | mM
ATP at 22 °C overnight or for 1, 2, 6, 8, 16 and 24 hours for
kinetics measurement. Tau[392-411] peptide in either its non-
phosphorylated form or mono-phosphorylated on S396, S400
or S404 was used in preliminary experiments to determine
the phosphorylation site(s) (Fig. S6, ESIt). The detection
by reverse phase chromatography at 215 nm of a unique
additional peak for all except the phospho-S404 Tau[392-411]
peptide indicates the presence of a unique phosphorylation
site. The retention time of the corresponding peak matches
with that of the constitutively phospho-S404 Tau[392-411]
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peptide obtained by solid phase synthesis (Fig. S6, ESIY)
indicating that the CDK-mediated phosphorylation site is
the S404 residue. Furthermore, the MALDI-TOF MS analysis
of the isolated corresponding fraction shows a mass increment
of +80 Da as compared to the mass of the non-phosphorylated
peptide confirming the presence of a phosphate moiety
(Fig. S6, ESIf). CDK-mediated phosphorylation of Tau[392-411]
peptides either in its non-glycosylated or S400-O-GIcNAc state
was performed in the same conditions (Fig. S7A,B, ESIt) in three
independent experiments.

Tau[194-209] peptides were incubated at final concentrations
of 0.1 mM with recombinant CDK2/cyclinA3 and 2 mM ATP at
22 °C for 24 hours for kinase activity measurement. Tau[194-209]
peptide in either its non-phosphorylated form or mono-
phosphorylated on S202 or T205 was used in preliminary
experiments to characterize the phosphorylation pattern
(Fig. S8, ESIT). Mono-, di- and tri-phosphorylated peptides were
found as assessed by MALDI-TOF MS through the detection of
mass increments of +80, +160 and + 240 Da, respectively, as
compared to the mass of the non-phosphorylated peptide
(Fig. S8, ESIY). CDK-mediated phosphorylation of Tau[194-209]
peptide either in its non-glycosylated or S208-O-GIcNAc state was
performed under the same conditions (Fig. S9, ESIY).

Tau peptides were incubated at final concentrations of
0.1 mM with the recombinant GSK3f kinase and 4 mM
ATP at 30 °C overnight. GSK3 phosphorylation reactions
of Tau[392-411] peptides in its non-modified, phospho-S404,
S400-O-GlcNAc or S400-O-GIcNAc/phospho-S404  states
were performed in two independent experiments as well as
controls without ATP (Fig. S7C, ESI¥).

NMR spectroscopy

For NMR experiments, peptides were dissolved at 2 mM in a
buffer containing 25 mM NaH,PO,4/Na,HPO, pH 6.8, 25 mM
NaCl, 2.5 mM EDTA and 5% D,0. All 'H spectra were
calibrated with 1 mM sodium 3-trimethylsilyl-3,3’,2,2-d4-
propionate as a reference. For peptide assignment, standard
water-flipback NOESY and TOCSY experiments were
recorded with 400 and 69 ms mixing times, respectively, with
2048 and 512 points in both proton dimensions. 'H-'°N
HSQC spectra at nitrogen natural abundance were recorded
with 64 scans per increment, with 2048 and 256 points in the
proton and nitrogen dimensions, respectively. "H-'>C HSQC
spectra were recorded with 864 scans per increment, with
1024 and 512 points in the proton and carbon dimensions,
respectively.

The chemical shift perturbations of amide individual resonances
in peptides were calculated with eqn (1) taking into account
the relative dispersion of the proton and nitrogen chemical
shifts (1 ppm and 20 ppm, respectively).

AS (ppm) = 1/ [A('H)P” + 0.05[AG('5N) (1)

Reverse phase chromatography and MALDI-TOF mass
spectrometry analyses of crude reaction mixtures

Crude reaction mixtures were analyzed (after protein precipita-
tion at 75 °C for 15 min) by reverse phase chromatography on
a C18 column (LRPC C2/C18 4.6 x 100 mm, GE Healthcare)

equilibrated in 0.1% TFA or 10 mM ammonium acetate buffer
pH 5.5. 10 nmoles of crude peptide mixtures were injected
and separated by a linear gradient of 0-60% acetonitrile in
20 ml (i.e. 12 column volume) at room temperature. Determi-
nation of the O-GIcNAc content was estimated by peak
integrations at 215 nm of the O-GIcNAcylated and unmodified
peptides. The signal integration of the control experiment was
subtracted to the peak integration value corresponding to the
O-GlcNAc-modified peptide to take into account the signal
corresponding to peptide contaminants that elute at the
same retention volume than the O-GlcNAcylated peptide.
The crude reaction mixtures were analyzed by MALDI-TOF
MS (Voyager DE-STR, Applied Biosystems) on a a-cyano-
4-hydroxycinnamic acid matrix after ZipTip®-C18 desalting
(Millipore). O-GlcNAc-enriched fractions obtained by reverse
phase chromatography of the crude reaction mixtures were
analyzed by mass spectrometry after lyophilization and
dissolution in 20 pl deionized water.

Identification of O-GlcNAc sites by Electron Capture
Dissociation mode on a nanoESI-Qh-FT-ICR mass
spectrometer

The samples were analyzed with an Apex Qe 9.4 T Fourier
Transform Ion Cyclotron Resonance Mass Spectrometer
(Bruker Daltonics, Bremen, Germany). The FT-ICR mass
spectrometer is equipped with a nano-electrospray source.
Detection was carried out in a positive mode. A potential of
1.1 kV was applied on the needle (PicoTip Emitter, New
Objective, Woburn, USA). The detection parameters were
broadband detection, 512 K acquisition size. Ions were
accumulated in the hexapole during 1 s, and in the collision
cell 0.01 s and 2 s, respectively, for MS and MS/MS. Electron
Capture Dissociation mode was employed for MS/MS experi-
ments using following parameters: ECD pulse length 0.03 s,
ECD bias 2.0 V, ECD heater 20.0 V and ECD heater 1.7 A.

The O-GlcNAc-enriched fraction of each Tau[392-411],
Tau[194-209] and Tau[224-239] peptides were analyzed using
Electron Capture Dissociation mode on a nanoESI-Qh-FT-
ICR mass spectrometer in order to identify the O-GlcNAcylation
sites. S400 residue was identified in Tau[392-411] peptide as
the O-GIcNAcylation site using fragment ion series observed
on the ECD spectrum (Fig. 2C). In details, b*, ¢ and z**
fragment ion series were detected as shown in Fig. 2C; more
interestingly, ¢ ions incremented by GlcNAc modification
from ¢y " to cj9 " were identified allowing the localization of
the modification on the S400 amino acid (9th serine of the
studied sequence). It can be noted that despite the difficulty
reported in the literature®® to obtain ¢ and z** fragments
near proline residue, in this spectrum the ¢ ™ and ¢4 © + GIcNAc
fragment ions could be observed. Relating to Tau[194-209]
peptide, ¢, b* and z"* fragment ions were detected in the
ECD spectrum (Fig. 2A); in particular, two ions, zo™* and
c1s " were identified with mass shift corresponding to GleNAc
moieties. Using the informative c¢;s° + GlcNAc ion
(versus ci4 " ion), it can be concluded that the last serine of
the sequence, S208, is glycosylated. Finally, ¢*, ¢* and
z"* fragment ions were highlighted on the ECD spectrum
related to the glycosylated Tau[224-239] peptide (Fig. 2B).
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The informative ¢;s ™ and ¢;5°* ions implemented with a mass
shift related to the GIcNAc moiety allowed identifying the
serine S238 glycosylated.

Conclusions

Although O-GlcNAcylation of Tau was described more than
ten years ago, the first O-GIcNAc site (S400) was directly
identified only very recently.® This fact underscores the technical
difficulties associated with the labile character and, probably,
the low natural occurring O-GlcNAc modification rate for
unambiguous identification by MS/MS methods.”” In our
studies, we have found that full-length Tau and a Tau fragment
containing the proline-rich domain were not detectably modified
by recombinant OGTs using NMR spectroscopy. Using small
peptide substrates, we were able to verify the previously
identified O-GIcNAc site S400. Additionally, we have located
two novel O-GIcNAc sites in Tau peptides from the proline-
rich domain at S208 and S238. Finally, we have shown the
impact of O-GlcNAcylated S400 on further phosphorylation
events in a peptide from the C-terminal part of Tau, which
resembles an AD-specific phospho-epitope. Specifically, a
reciprocity between phosphorylation and O-GlcNAcylation
in the S396/S400/S404 region was determined.

Current efforts in our laboratory aim to access the modified
full length Tau protein by semi-synthetic strategies,”® which
allows us to probe the activity of kinases with homogeneously
modified Tau protein for detailed biophysical analysis.
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ABSTRACT: Pinl is a prolyl isomerase that recognizes phosphorylated Ser/Thr-Pro sites, and

Pin1cAT

phosphatase inhibitor-2 (I-2) is phosphorylated during mitosis at a PSpTP site that is expected to be “g '

a Pinl substrate. However, we previously discovered I-2, but not phospho-I-2, bound to Pinl as an
allosteric modifier of Pin1 substrate specificity [Li, M., et al. (2008) Biochemistry 47, 292]. Here, we use
binding assays and NMR spectroscopy to map the interactions on Pinl and I-2 to elucidate the
organization of this complex. Despite having sequences that are ~50% identical, human, Xenopus, and
Drosophila I-2 proteins all exhibited identical, saturable binding to GST-Pin1 with K 5 values of 0.3 M.
The "H—"°N heteronuclear single-quantum coherence spectra for both the WW domain and isomerase

domain of Pinl showed distinctive shifts upon addition of I-2. Conversely, as shown by NMR

spectroscopy, specific regions of I-2 were affected by addition of Pin1. A single-residue I68A substitution in I-2 weakened binding to
Pin1 by half and essentially eliminated binding to the isolated WW domain. On the other hand, truncation of I-2 to residue 152 had a
minimal effect on binding to the WW domain but eliminated binding to the isomerase domain. Size exclusion chromatography
revealed that wild-type I-2 and Pin1 formed a large (>300 kDa) complex and I-2(168A) formed a complex of half the size that we
propose are a heterotetramer and a heterodimer, respectively. Pin1 and I-2 are conserved among eukaryotes from yeast to humans,
and we propose they make up an ancient partnership that provides a means for regulating Pin1 specificity and function.

Pinl is the most widely studied member of the parvulin family
of peptidyl-prolyl cis—trans isomerase proteins, with the
unique feature of selectively recognizing the phosphorylated
Ser/Thr-Pro motif in protein."* First characterized in 1996 as
a regulator of the mitotic kinase NIMA in the fungus Aspergillus
nidulans,® Pin1 is homologous to the previously reported essential
gene in Saccharomyces cerevisiae (Ess1)* and to the Drosophila
gene dodo.” The Pinl protein comprises 163 amino acids in two
distinct domains, an N-terminal WW domain (Pin1,,,,, residues
1—39) and a C-terminal catalytic domain (Pinl.,, residues
45—163), and three-dimensional structures have been deter-
mined by crystallography® and NMR spectroscopy.” Whereas the
crystal structure shows the domains compressed together in a
single, overall globular shape, the solution structure determined
by NMR spectroscopy depicts the domains separated from one
another in a more extended configuration. Isomerization of
phosphoproteins by Pinl is considered to modulate many
biological processes, especially those involving key proteins such
as cyclin D1, cjun,” c-Myc,'* p33,"""* and tau.>"'° The
overexpression of Pinl in various human tumors”'® 2 and the
recognition that its depletion from cells induces mitotic arrest
have made Pinl an attractive therapeutic target for drug
development.“*23 A first Pinl inhibitor is juglone, which
covalently modifies the Cys in the active site of the isomerase
domain®* but as a reactive compound lacks selectivity. Other
Pinl inhibitors have been described®>*® but, as far as we know,

v ACS Publications ©2011 american chemical Society
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have not yet entered clinical trials. Because both WW and
isomerase domains can bind phospho sites, it has been proposed
that Pinl uses simultaneous interaction with two different
phospho sites in a particular substrate.”” However, Serl6 in the
WW domain is phosphorylated by PKA,*® which then occupies
the site where a sulfate ion binds in the three-dimensional (3D)
structure.® Moreover, dynamic measurements by NMR spec-
troscopy indicate that dually phosphorylated peptides tend to
interact only with the isomerase domain in Pin1.*® The pre-
sumption has been that Pinl acts as a monomer to isomerize
phosphorylated sites in many different proteins, gret the basis for
Pin1 substrate specificity is poorly understood.”

Inhibitor-2 (I-2) was discovered in 1976°° as a thermostable
protein that inhibited protein phosphatase activity and later was
used to distinguish type 1 (I-2 sensitive) from type 2 (I-2
insensitive) protein Ser/Thr phosphatases.®” 1-2 is the most
ancient of the more than 200 PP1 binding proteins, with
recognized homologues in yeast (Glc8), Drosophila, Xenopus,
and all mammals.*” The most conserved feature of eukaryotic I-2
proteins is a Pro-X-Thr-Pro (PXTP) sequence motif. The
heterodimer of I-2 with PP1 was studied as an “MgATP-
dependent phosphatase”, wherein the phosphorylation and
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dephosphorylation of Thr73 in the PXTP motif cause conforma-
tional activation of the bound PP1.>*> GSK3, MAPK, and CDK
kinases phosphorylate this motif in biochemical assays.** " We
discovered a >25-fold increase in the level of PXTP phosphor-
ylation during mitosis,*® catalyzed by CDKl:cyclinB1*® in a
reaction enhanced by Sucl,* making this site a potential Pinl
substrate. However, T73-phosphorylated I-2 was not a substrate
and did not bind to Pinl, but the negative controls in this assay,
using unphosphorylated or T73A I-2, showed formation of a
Pinl1—I-2 complex.” In the presence of I-2, compared to serum
albumin as a control, GST-Pinl binding to a panel of known
mitotic phosphoprotein substrates was allosterically modified,
with evidence of both enhanced and restricted binding.*” These
results showed that association of Pin1 with I-2 does not occlude
its phosphopeptide binding sites but does alter substrate binding
specificity. Our hypothesis is that functions of Pinl and I-2 are
interdependent.

Recent results have shown that I-2 acts as a critical regulator of
cellular events related to mitosis. The protein is localized at
centrosomes and serves to activate Nek2 kinase by inhibition of
associated PP1.** Centrosomes lie at the base of the primary
cilium, and I-2 is concentrated in the cilium, as seen by
immunofluorescence microscopy.*' Knockdown of I-2 prevents
formation of the cilium and reduces the level of acetylation of
tubulin in the cilium.* I-2 is a maternal gene in Drosophila, and
the I-2 protein is concentrated in oocytes and is required for the
proper execution of early mitosis in the syncytial embryo.*
Hypomorphic embryos exhibit abnormal mitotic spindles and
lagging chromosomes, with lethal consequences. The defects are
rescued by dose-dependent transgenic expression of DI-2.*
Likewise, in human epithelial cells, knockdown of I-2 caused
defects in mitosis, with the appearance of lagging chromosomes
and failed cytokinesis, resulting in multinucleated cells, pheno-
types that were rescued by coexpression of I-2.** Direct binding
of I-2 that activates Aurora A kinase*™* reduces the threshold for
CDK activation at entry into mitosis.** The biological functions
of I-2 can in part be attributed to inhibition of PP1, but that alone
seems to be inadequate to account for these phenotypes.

In this study, we have explored the binding of I-2 to Pinl at
atomic resolution. We found that the binding of I-2 to Pinl is
conserved among species, despite the sequences of the proteins
being only ~50% identical. We used NMR spectroscopy and
reciprocal labeling to titrate and map the interactions on the
surfaces of these two proteins. When we found that a single
residue substitution in I-2 gave 50% binding at saturation
compared to that of the wild type, we realized that multimers
must be involved and used size exclusion chromatography to
demonstrate that Pinl and I-2 form a tetramer in solution. We
used truncated and mutated proteins in binding assays to assign
which regions of I-2 interact with the WW and isomerase
domains in Pinl to generate a model for this complex. We
propose that Pinl and I-2 functions are, like the proteins
themselves, inextricably intertwined, and this opens new direc-
tions for future research.

B MATERIALS AND METHODS

Restriction enzymes and reagents for polymerase chain reac-
tion were purchased from New England BioLabs. Oligonucleo-
tides were synthesized by Integrated DNA Technologies.
Afhinity-purified sheep anti-HI-2, anti-GST, anti-XI-2, and anti-
DI-2 antibodies have been described previously.* Buffers and

© 2014 Tous droits réservés.

chemicals were purchased from Thermo Fisher Scientific. Phos-
pho-S16Pin1 antibodies were from Cell Signaling Technologies.
Alexa Fluor 680 goat anti-rabbit IgG was purchased from
Invitrogen, and donkey anti-rabbit IRDye 800CW was purchased
from LI-COR Biosciences (Lincoln, NE).

Cloning and Bacterial Expression of Proteins. Cloning of all
I-2 proteins used in this study was performed according to the
methods described previously.”> Human Pin1, the WW domain
(residues 1—44), and the isomerase domain (residues 46—163)
were cloned in pGEX-4T-1 (Amersham Pharmacia Biotech,
Freiburg, Germany). In vitro phosphorylation of purified re-
combinant GST-Pinl and GST-WW domain was performed
using the pure PKA catalytic subunit with a previously described
method.*

Escherichia coli strain BL21-CodonPlus (DE3)-RIPL (Agilent
Technologies) was transformed with pET-I-2 vectors or pGEX-
4T-1(Pinl) bacterial expression vectors and grown overnight at
37 °C in 10 mL of TB medium (1.2% tryptone, 2.4% yeast
extract, 2% glucose, 0.017 M KH,PO,, and 0.072 M K,HPO,),
30 (g/mL kanamycin (for pET vectors), 30 ug/mL ampicillin
(for pGEX vectors), and 20 ug/mL chloramphenicol. The
culture was inoculated into 1.0 L of TB medium, including
30 ug/mL kanamycin or ampicillin and 20 mL of ethanol. The
transformed cells were grown to an Aggo of 0.6 at 37 °C, and the
expression of I-2 proteins was induced by addition of isopropyl
1-thio-f-p-galactopyranoside to the culture at a final concentra-
tion of 1 mM for 12—16 h at 18 °C. The bacteria were collected
by centrifugation at 5000g for 10 min, and the cell pellet was
washed by suspension in ice-cold PBS, centrifuged at 5000g for
10 min, and frozen at —80 °C.

Purification of His6-Tagged I-2 Proteins. The pellet was
suspended by a buffer containing SO mM MOPS-NaOH (pH
7.4), 300 mM NaCl, 10 mM imidazole, 10% glycerol, 1 mM
DDT, one Complete EDTA-free tablet (Roche Applied Science)
per 30 mL of buffer, and 1.0 mg/mL lysozyme and frozen at
—80 °C. After being completely frozen, the pellet was thawed for
10 min in a 37 °C bath and sonicated for 30 s pulses eight times to
lyse the cells. The homogenates were centrifuged at 20000g for
1 hat4 °C, and the supernatant was heated for 10 min in boiling
water and centrifuged for 20 min at 20000g. The supernatant was
transferred into a 50 mL tube containing 3 mL of prewashed
TALON His-Tag resin (Clontech) to adsorb protein for 1 h at
4 °C. The beads were packed into a column. The column was
washed extensively with lysis buffer, and bound proteins eluted
with buffer containing 150 mM imidazole hydrochloride. The
eluted proteins were dialyzed against 10 mM Tris-HCI (pH 7.4),
and a Complete EDTA-free protease inhibitor tablet was added
to the dialyzed proteins that were stored at —80 °C.

Purification of GST and GST-Tagged Proteins. Pelleted
bacteria were suspended in a buffer containing 100 mM Tris-
HCI (pH 8.0), 200 mM NaCl, 10% glycerol, one Complete
EDTA-free tablet per 30 mL of buffer, and 1.0 mg/mL lysozyme
and frozen at —80 °C. The frozen pellet was thawed for 10 min in
a 37 °C bath and sonicated for 30 s eight times for lysis of the
cells. The homogenate was centrifuged at 20000g for 1 h at 4 °C,
and the supernatant was transferred into a 50 mL tube containing
3 mL of prewashed Glutathione Sepharose 4B resin (GE
Healthcare Life Sciences and Laboratories). After 1 h at 4 °C,
the resin was packed into a column and washed with lysis buffer,
and the bound proteins eluted using 10 mM reduced glutathione
(GSH, Sigma Aldrich) in the same buffer. Eluted proteins were
dialyzed against 10 mM Tris-HCl (pH 7.4), and a Complete
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EDTA-free tablet was added to the dialyzed proteins that were
stored at —80 °C.

Site-Directed Mutagenesis. Site-directed mutagenesis of
HI-2 was performed using the Phusion Site Directed Mutagen-
esis Kit (New England Biolabs) according to the manufacturer’s
protocol. Mutagenic primers were designed using Primer X
software available online. The mutations were all verified by
automated DNA sequencing in the core facility of the University
of Virginia School of Medicine.

Protein—Protein Binding Assays. The binding of purified I-2
to GST-Pinl was performed using pull-down assays, quantified
by fluorescence immunoblotting. A key way to reduce back-
ground was saturation of beads, accomplished by incubating
10 uL of prewashed glutathione Sepharose beads with excess
recombinant GST-Pinl in binding buffer containing 50 mM
HEPES (pH 7.4), 100 mM NaCl, 10 mM MgCl,, 0.5 mM
MnCl,, S mM EGTA, 1 mg/mL BSA, 0.5 mM DDT, and 1 mM
Pefabloc (Roche Applied Sciences). The GST-Pinl beads were
pelleted by centrifugation and washed once with the same buffer.
Various concentrations of recombinant I-2 proteins were added
to the GST-Pinl beads in a total volume of 1 mL with binding
buffer and incubated for 1 h at room temperature. The beads
were pelleted and washed three times by centrifugation with
1 mL of the same buffer, without BSA. Bound proteins
were eluted with 2x SDS sample buffer and subjected to 12%
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
SDS—PAGE and Western blotting as described previously.*’

Expression and Purification of Pin1 for NMR Spectroscopy
Experiments. The BL21(DE3) E. coli strain was transformed
with the pET15b plasmid (Merck) carrying pinl. The recombi-
nant strain was grown at 37 °C in LB medium until Agoo reached
~0.8, and then the induction phase was started by addition of
0.5 mM IPTG, for 3 h at 31 °C. The cells were harvested by
centrifugation, and the pellet was resuspended in lysis buffer
[S0 mM Na,HPO,/NaH,PO, (pH 8.0) and 300 mM NaCl
(buffer A)], with 10 mM imidazole, 1 mM DTT, 0.1% NP40, and
a protease inhibitor cocktail (Roche). Cell lysis was performed by
incubation with 10 mg of lysozyme and 0.5 mg of DNase I per
liter of culture, followed by a brief sonication, and an extract
prepared by centrifugation. The soluble extract was loaded
on a nickel affinity column (Chelating Sepharose Fast Flow
S mL, GE Healthcare). Unbound proteins were washed away
with 20 mM imidazole in buffer A, and the protein of interest was
eluted with 250 mM imidazole in buffer A. The same protocol
was performed for the production of *N-labeled Pin1, with the
use of M9 minimal medium complemented with 1 g of **NH,Cl
(Cambridge Isotope Laboratories, Cambridge, MA) as a nitro-
gen source, 4 g/L glucose, 1 mM MgSO,, 100 mg/L ampicillin,
and MEM vitamin cocktail (Sigma). Homogeneous fractions
were buffer-exchanged on a PD10 G-25 column (GE
Healthcare) equilibrated in the NMR spectroscopy sample buffer
[50 mM Tris-d,; (pH 6.4), 25 mM NaCl, 1 mM DTT, and 1 mM
EDTAJ.

Expression and Purification of I-2 for NMR Spectroscopy
Experiments. The BL21(DE3) E. coli strain was transformed
with the pET28a plasmid (Merck) encoding HI-2 and grown at
37 °C in LB medium until Ay reached ~0.8, and then 0.5 mM
IPTG was added for 16 h at 20 °C. The cells were harvested by
centrifugation, and the pellet was resuspended in lysis buffer
[S0 mM Na,HPO,/NaH,PO, (pH 8.0) and 300 mM NaCl
(buffer A)], with added 10 mM imidazole, 1 mM DTT, 0.1%
NP40, and a protease inhibitor cocktail (Roche). Cell lysis was

© 2014 Tous droits réservés.

performed by incubation with 5 mg of lysozyme per liter of
culture followed by sonication and centrifugation. The soluble
extract was incubated at 75 °C for 1S min and centrifuged at
15000g. The protein in the supernatant was purified on a 1 mL
column of Chelating Sepharose Fast Flow (GE Healthcare)
following the same procedure that was used for Pinl. The same
}Iarotocol was performed for the production of "*N-labeled or
SN- and "*C-labeled I-2 with the use of M9 minimal medium
complemented with 1 g of "NH,Cl (Cambridge Isotope La-
boratories, Cambridge, MA) as the nitrogen source, 4 g/L
glucose or 2 g of [*Cg]glucose, respectively, 1 mM MgSO,,
20 m%/ L kanamycin, and MEM vitamin cocktail (Sigma). The
same 'H—""N HSQC spectrum was obtained for I-2, regardless
of whether the heating step of the soluble extract at 75 °C was
performed during the purification, indicating that heating did not
modify the natively unfolded conformation of the I-2 protein.
The eluted fractions containing most of the I-2 were pooled and
purified by gel filtration (HiLoad 16/60 Superdex7S prep grade,
GE Healthcare) in 50 mM ammonium bicarbonate. Fractions
were checked on a 12% SDS—polyacrylamide gel, pooled, and
lyophilized before being redissolved in NMR spectroscopy
sample buffer [SO mM Tris-d,; (pH 6.4), 25 mM NaCl, 1 mM
DTT, and 1 mM EDTA] or directly in a Pinl solution for
titration.

NMR Spectroscopy. Interactions between I-2 and Pinl were
mapped either with "“N-labeled I-2 at 100 M and unlabeled
Pinl added to reach 0.5, 1, 2, or 12 molar equiv of Pinl or SN-
labeled Pin1 at 62.5 uM and unlabeled I-2 as lyophilized aliquots
to reach 0.5 or 1 molar equiv of I-2. Spectra were recorded at 293
or 277 K on a 600 or 900 MHz spectrometer equipped with a
cryogenic probehead. All 'H spectra were calibrated with 1 mM
sodium 3-trimethylsilyl-3,3,2,2-d,-propionate as a reference.
"H—"SN HSQC spectra were recorded with at least 2048 points
in the proton and 256 points in the nitrogen dimensions. The
chemical shift perturbations of individual amide resonances in I-2
protein were calculated with eq 1, taking into account the relative
dispersion of the proton and nitrogen chemical shifts (1 and 20
ppm, respectively). Instead, a correction coefficient of 0.2 was
applied to the nitrogen dimension for the mapping of Pinl
resonances.

Ad(ppm) = 1/[AO(H)P + 0.05[AO(SN)P (1)

Superose 12 Size Exclusion Chromatography. Chromatog-
raphy on a Superose 12 HR 10/300 column was performed to
study formation of the Pin1—I-2 complex. The GST tag was
cleaved from Pinl by on-column thrombin digestion using the
previously described method.” Pinl was concentrated on a
centrifugal ultrafilter (10 kDa molecular mass cutoff, Millipore),
mixed with a final HI-2 concentration of 1.25 #M, and incubated
for 1 h at room temperature. An aliquot (200 L) was applied to
the column and eluted with SO mM HEPES (pH 7.4), 100 mM
NaCl, 10 mM MgCl,, 0.5 mM MnCl,, S mM EGTA, 1 mg/mL
BSA, 0.5 mM dithiothreitol, and 1 mM Pefabloc at a flow rate of
0.6 mL/min. Fractions of 1 min (0.6 mL) were collected and
elution profiles developed by dot-blot immunoblotting. Samples
(0.2 mL) of individual fractions were adsorbed on nitrocellulose
using a 96-well vacuum manifold and developed as immunoblots
for I-2 and Pinl. The staining intensities were quantified by
fluorescence scanning and plotted as an elution profile.
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Figure 1. Binding of human, Xenopus, and Drosophila I-2 proteins to GST-Pinl. (A) Coomassie staining of purified proteins used in binding assays after
SDS—PAGE. Left panel: lane 1, molecular size standard proteins; lane 2, human I-2 (HI-2); lane 3, Xenopus I-2 (XI-2); and lane 4, Drosophila I-2 (DI-2).
Right panel: lane 1, molecular size standards; lane 2, GST control protein; and lane 3, GST-Pinl. (B) Immunoblotting of GST protein and GST-Pin1l
using the anti-GST antibody. (C) Immunoblotting of different I-2 forms using species-specific antibodies for an assay of direct binding of recombinant
Hisg-1-2 proteins to GST-Pinl in a pull-down assay, as described in Materials and Methods. (D) Concentration dependence for I-2 from different
species: (@) HI-2, (M) XI-2, and (A) DI-2. (E) Quantification of the amounts of different I-2 proteins bound to GST-Pin1, relative to recombinant
protein standards. (F) Sequence alignment for human I-2 (HI-2), Xenopus I-2 (XI-2), and Drosophila I-2 (DI-2) using ClustalW 2.1. Conserved residues
are marked with an asterisk and a box drawn around them. The polyacidic region is shown in boldface and underlined. HI-2 is 60% identical to XI-2 and

40% identical to DI-2.

B RESULTS

Binding of Inhibitor-2 Proteins with Pin1. To define the
structural requirements for interaction, we compared binding of
I-2 proteins from different species [human (HI-2), Xenopus (XI-
2), and Drosophila (DI-2)] to human GST-Pinl in a pull-down
assay. The recombinant proteins were expressed in bacteria and
extensively purified by affinity chromatography, and the final
products were analyzed by Coomassie staining following
SDS—PAGE (Figure 1A). GST and GST-Pinl were detected

© 2014 Tous droits réservés.

as single bands by anti-GST immunoblotting (Figure 1B). The
binding assay used a range of concentrations of added I-2
proteins (0.1—5 #M) mixed with GST-Pin1 that was bound to
glutathione Sepharose beads. The bound proteins were quanti-
fied by fluorescence immunoblotting with species-specific anti-I-
2 antibodies. Because the I-2 sequences are so divergent, no
single anti-I-2 antibody reacts with these three proteins; there-
fore, we prepared and affinity purified species-specific anti-HI-2,
anti-XI-2, and anti-DI-2 antibodies for immunoblotting detec-
tion (Figure 1C). Staining intensities on immunoblots were
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Figure 2. Comparison of I-2 binding to Pinl, phospho-Pinl, and
separate WW and isomerase domains. GST-Pin and GST-Pin,,,, and
their PKA-phosphorylated forms, and GST-Pinl,,, were prepared as
described in Materials and Methods. (A) Glutathione Sepharose beads
were saturated with GST (Control), wild-type GST-Pin1 (Pinl,,), or
phosphorylated GST-Pinl (pPinl) and subjected to a pull-down assay
with human I-2 protein (1.25 #M) as described in Materials and
Methods. Proteins were eluted and immunoblotted with anti-human
I-2 (top), anti-phospho-S16Pinl (middle), and anti-GST (bottom)
antibodies. (B) GST (Control), GST-Pinl,,, (Pin1""), and PKA-
phosphorylated GST-Pinl,,,, (pPin1™") were incubated for 1 h in with
HI-2 protein and processed as described for panel A. (C) Direct binding
of HI-2 to GST (Control, left lane), GST-Pin1 (center lane), and the
GST-Pinl isomerase domain (right lane). The top panel shows im-
munoblots for bound HI-2 and the bottom panel immunoblots for GST
as a loading control. (D) Quantification of pull-down assays depicted in
panels A—C, showing average values and the standard deviation for
three independent experiments.

quantified and calibrated over a range of concentrations, using
recombinant I-2 standards with the absolute amount of the

© 2014 Tous droits réservés.

proteins determined by A,go. The binding of HI-2, XI-2, and
DI-2 to GST-Pin1 was indistinguishable, with a K 5 of ~0.3 uM,
and all showed saturation at 1.25—5 4M (Figure 1D), which is
well below the estimated cellular concentration of I-2.** The total
amount of each I-2 protein bound to GST-Pin1 at saturation was
identical (Figure 1E). GST was used as the negative control, and
the assay was optimized so there was essentially no I-2 binding to
GST beads. This showed that the I-2 proteins were binding
to the Pinl portion of the fusion protein, not to GST itself.
These results demonstrated that stable, saturable association
with Pinl is a conserved function of the I-2 family of proteins.
Multiple-sequence alignment generated for these I-2 proteins
revealed the location and clustering of identical residues (boxed
in Figure 1F) that are the most probable regions for interaction
with human Pinl.

Association of HI-2 with Phospho-Pin1 and Separate Pin1
Domains. Binding of HI-2 to Pinl used proteins expressed in
bacteria; therefore, they were both devoid of phosphorylations
that occur in live animal cells, such as phosphorylation of Ser16 in
the Pinl WW domain.”® We reacted full-length GST-Pin1 with
purified PKA and showed phosphorylation of Serl6 by immu-
noblotting with a phospho site-specific antibody (Figure 2A).
Binding of HI-2 to the PKA-phosphorylated GST-Pinl was
weakened only slightly compared to the binding of HI-2 with
nonphosphorylated GST-Pinl (Figure 2A,D). These results
show that phosphorylation of Pinl by PKA, involving at least
Ser16, did not affect the formation of a protein—protein complex
with HI-2.

We expressed the N-terminal WW domain of Pinl (Pinl,,,,)
and C-terminal isomerase catalytic domain (Pinly,) fused to
GST and used them in pull-down assays with purified HI-2. The
amount of HI-2 bound to Pinl,,,, was approximately half of that
bound to Pinl (Figure 2B,D). Phosphorylation of Pinl,,, by
PKA was demonstrated by immunoblotting with the pSerl6
phospho site antibody (Figure 2B). Phosphorylation of the
Pinl,,, domain resulted in no difference in binding of HI-2 in
the pull-down assay, reinforcing the results with full-length Pin1.
These results showed that the WW domain of Pinl alone was
sufficient for interaction with HI-2, albeit at approximately half
the level relative to that of full-length Pinl. Assays with the
isomerase domain of Pinl (Pin;,) revealed that the amount of
HI-2 bound was ~30% lower than the amount of full-length Pin1
(Figure 2C,D), indicating that the isomerase domain also was
sufficient for association with I-2. The results indicate that I-2
independently associates with both the WW domain and the
isomerase domain of Pinl.

NMR Spectroscopy Analysis of Association of I-2 with
Pin1. Pinl and I-2 proteins were separately labeled with '*N by
expression in bacteria and purified, and their interaction in
solution was investigated by NMR spectroscopy. The two-
dimensional "*N—"H heteronuclear single-quantum coherence
(HSQC) spectra of 100 uM "*N-labeled Pin1 alone and mixed
with purified unlabeled HI-2 were recorded and superimposed.
The spectrum of Pin1 alone (black) and that after the addition of
0.5 (red) and 1.0 (blue) molar equiv of HI-2 showed weak but
reproducible shifts of selected resonances in Pinl (Figure 3A),
indicative of physical contacts with HI-2. To delineate the HI-2
binding sites on Pinl, the residues with induced chemical
shift perturbations were mapped on the Pinl 3D structure
from the Protein Data Bank (PDB) (entry 1PIN), depicted
front and back in Figure 3B. Cross-peak movements that
correspond to residues with combined chemical shift variations
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Figure 3. NMR spectroscopy mapping of surface residues in Pinl that contact I-2. (A) "H—"*N HSQC spectrum of ‘*N-labeled Pin1 alone (black)
overlaid with spectra after addition of 0.5 (red) and 1.0 molar equiv (blue) of unlabeled I-2 showing the shifts of resonances, marked with single-letter
code and residue number. The magnified areas are enlarged to the left side for closer examination. (B) Mapping of the I-2 interaction sites on the Pinl
structure (PDB entry 1PIN). The isomerase domain (Pin1“*") is shown at the top left and the WW domain (Pin1"") at the bottom right. The structure
on the right is rotated 180° to show the reverse side. Residues with combined chemical shift variations (calculated as described in Materials and
Methods) greater than 0.04 ppm are colored red, those in the 0.02—0.04 ppm range orange, and those in the 0.015—0.02 ppm range yellow.

greater than 0.04 ppm (red), in the 0.02—0.04 ppm range
(orange), and in the 0.015—0.02 ppm range (yellow) mapped
residues in contiguous areas on the surfaces of both the WW and
catalytic domains of Pinl. The structure is rotated 180° to view
the opposite side, where relatively fewer interactions appeared.
These images support our results in binding assays in which I-2
interacts with the separate, isolated Pinl,,, and Pinl;,, domains.
The contacts of I-2 with the WW domain involved R17, S18, and
S§32, and several hydrophobic side chains, including V22, F25,
and W34. On the other hand, interactions with the isomerase
catalytic domain were dominated by charged side chains, K77,
R68, D153, and K132. The I-2 contact surface on the Pinl
catalytic domain includes the putative active site residue R68 but
does not appear to occlude the active site to interfere with
substrate binding. This is consistent with our previous report that
I-2 allosterically modifies Pinl specificity.

Reciprocal labeling experiments involved the titration of
purified "°N-labeled HI-2 with unlabeled Pinl and were con-
ducted under different conditions (both 4 and 20 °C) and
different molar ratios of the proteins (from 0.5 to 12). The
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HSQC spectra of HI-2 (Figure 4A) in the presence of increasing
amounts of Pinl were superimposed over the spectrum of HI-2
alone (black) to show significant perturbations that correspond
to residues in HI-2 in physical contact with Pin1. HI-2 is known
to be an extended polypeptide in solution and other than one
short helical region is devoid of secondary or tertiary structure, so
the results could not be mapped on a three-dimensional structure
as for Pin1 (see above); instead, we plotted shifts as a function of
sequence position in HI-2 (Figure 4B). This analysis reveals
multiple regions in I-2 appear to be in contact with Pinl. These
include the N- and C-termini, residues 85—95, and residues
105—128S. The region of residues 60—85 was so broadened by
addition of excess Pinl the delta could not be calculated. These
relatively small variations could be reproduced under different
conditions, and our interpretation was that the extreme flexibility
of I-2 did not allow for larger changes. These NMR spectroscopy
results with labeled I-2 show binding with Pin1 involved multiple
sites of protein—protein interaction.

Defining Regions in HI-2 Involved in Binding to Pin1. To
further dissect the structure—function relationship for I-2, we

dx.doi.org/10.1021/bi200553e |Biochemistry 2011, 50, 65667-6578

doc.univ-lille1.fr



Biochemistry

HDR de Caroline Smet Lille 1, 2013

A

15| pm
110

112
114
116
118 -
120 -

122
124

126

128

92 91 89 88 87 86 85 84 83 82 81 8.0 7.8 1H ppm
15N pom ~
o

124.0
124.5
125.0
125.5
126.0
126.5

127.0

127.5 T T T T T
8.8 8.7 8.6 8.5 8.4 8.3

'1H ppm

0.08

0.07
0.06
0.05
0.04
0.03
0.02

chemical shift variations (ppm)

0.01

ol ‘h ol |ﬂ\ ‘\’ ’

residue number

Figure 4. NMR spectroscopy mapping of I-2 residues that contact Pinl.
(A) Complete (top) and magnified (bottom) "H—""N HSQC spectrum
of "“N-labeled I-2 alone (black) overlaid with spectra recorded after
addition of 0.5 (red), 1.0 (green), 2.0 (blue), and 12 (magenta) molar
equiv of unlabeled Pinl, recorded at 4 °C showing the shifts of specific
residues. (B) Graphical representation of the chemical shift variations in
the HDSQ spectrum of I-2 resonances (Ad) upon addition of excess
Pinl, as done for panel A.

produced truncated and mutated forms of HI-2 and assayed
binding to GST-Pinl (Figure S). The following HI-2 variants
were used: full-length wild type I-2 (WT), C-terminally trun-
cated I-2 (1—197), substitution of a conserved aliphatic side
chain, I-2 (I68A), deletion of both N- and C-terminal regions
(14—197), and larger deletions of the C-terminus, (1—152 and
1—119). Recombinant -2 proteins were affinity purified and
assayed at a final concentration of 1.25 uM. The results
(Figure SA) showed no significant difference between the
binding of I-2(205) and 1-2(197), showing that the extreme
C-terminal region was not required for association of HI-2 with
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GST-Pinl. In contrast, truncation of the 13 N-terminal residues
that includes the SILK motif common to many PP1 binding
proteins reduced by half the amount of binding of I-2 to Pinl.
Further truncation of I-2 from the C-terminus to residue 152, or
residue 119, resulted in a significant 75% loss of binding to GST-
Pinl. These results reinforced the NMR spectroscopy assign-
ment of a site in I-2 encompassing residues 170—200 as strongly
interacting with Pinl. We suspect involvement of an uninter-
rupted stretch of acidic residues, which is a conserved feature
among I-2 proteins that does not align exactly in the same residue
positions. It is important to note here that 1—152 was tested
because its inhibitory potency for PP1C is identical to that of
full-length 1-2.**

We had reported association of I-2 with Pinl was exceedingly
sensitive to disruption by detergents,® presumably because of
hydrophobic interaction between the proteins. The highly con-
served region of residues 60—85 of I-2 is likely engaged with Pin1
on the basis of results of NMR spectroscopy. Within this region,
most of the conserved residues are charged, with the exception of
Ile68, which is a strictly conserved, aliphatic residue that we
suspected could be involved in a hydrophobic protein—protein
interface. Therefore, we produced an I68A substituted form of
I-2 and found its level of binding with Pinl was reduced to half
of that of wild-type HI-2 when both proteins were compared at
1.25 uM (Figure SA). We assayed for binding to Pinl over a
range of concentrations and found a reduced slope in the initial
portion (<1 #M) of the saturation curve (Figure SB). However,
more provocative was the observation that when binding of
1-2(168A) reached saturation at approximately the same concen-
tration as wild-type I-2, there was only 50% of the amount of I-2
protein bound. This suggested to us that there were two binding
sites for wild-type I-2 binding to Pinl, and I-2(I168A) bound to
only one of them.

We compared binding of I-2, I-2(I68A), and 1-2(152) to full-
length Pin1, Pinl,,,,, and Pinl;, in pull-down assays (Figure SC,
D). Mutation I68A resulted in essentially a complete loss of
binding to the WW domain, whereas the binding to the Pinl
isomerase domain was the same as binding to full-length Pinl.
Our conclusion was that 168 was critical for binding to the WW
domain but was not required for and did not much affect binding
of I-2 to the isomerase domain of Pinl. On the other hand,
truncation of I-2 to 152 residues essentially eliminated binding to
the isomerase domain, while I-2(152) bound to full-length Pinl
and Pinl,,,,. Our hypothesis was that each domain of Pin1 bound
separate regions of I-2, and Pin1 bound to two I-2 molecules, one
to each domain.

Analysis of HI-2—Pin1 Complexes by Size Exclusion Chro-
matography. We tested our hypothesis using Superose 12
column chromatography to analyze the complexes formed
between Hiss-HI-2 and Pinl (Figure 6). This was a homoge-
neous solution assay that involved simple mixing of soluble
components, compared to the heterogeneous assay that used a
GST fusion protein immobilized on beads. Pinl protein was
recovered free of GST by on-column thrombin cleavage of the
GST-Pinl fusion protein purified from bacteria (see the inset of
Figure 6D). This preparation of Pinl eluted as a symmetrical
peak centered at 15.6 mL (dashed line in Figure 6D), corre-
sponding to monomeric Pinl (Figure 6A—D). Purified I-2 eluted
from Superose 12 as a peak centered at 13.2 mL (dotted line in
Figure 6A—D). Because of its extended and unstructured con-
formation, I-2 has been known to behave as a larger molecule in
solution, and indeed, I-2 eluted before ovalbumin [43 kDa,

6573 dx.doi.org/10.1021/bi200553e |Biochemistry 2011, 50, 6567-6578

doc.univ-lille1.fr



© 2014 Tous droits réservés.

HDR de Caroline Smet Lille 1, 2013

Biochemistry ARTICLE

\Y & )
SN

A 12 C COQ Q\“ DR

1 | -I---|I-z““‘
%“ 0.8 o-HI2
E 0.6 | | > —.|I_21.152
o
-~ 04 a-HI-2

02 —_ GST-Pinl
0
WT 1-197 I68A 14-197 1-152 1-119 s | GST-Pin1*
1-2 proteins —-— GST-Pin1™
B 12 0-GST
4

w 2 D ' Imwn
é 0.8 13+
£ 0 ]
2 06 5 0.8 I I-2 (I68A)
z - Eo6t (1-152)
g o4 £ 06 1 -2 (1-152
£
g 02 o 04+

0 ——m——————————— 0.2 1

0 2 4 6

[I-2] pM Pinl Pinl WW Iso Pinl WW Iso

Figure S. Binding of I-2 variants to GST-Pin1. (A) Binding of wild-type (WT) and truncated and substituted HI-2 to GST-Pin1 in a pull-down assay as
described in Materials and Methods. The recovery of bound I-2 was quantitated using Odyssey version 1.2 by immunoblotting, with a correction for
amount of GST-Pin1 by simultaneous dual-wavelength scanning of two different secondary antibodies on the same filter (Odyssey, Li-Cor Industries).
Values from three independent experiments were normalized to WT, averaged, and plotted with the standard deviation. (B) Dose—response curve for
binding of wild-type HI-2 (M) and I-2(168A) (A) to GST-Pin1 in a pull-down assay (1 = 3). Inmunoblotting analyzed as described for panel A and data
plotted with the standard deviation using Sigma plot 10.0. (C and D) Pull-down assays for binding of 1.25 #M HI-2(168A) (1-2'%**) (top gel in panel C,
gray bars in panel D) or HI-2(1—152) (12" '%2) (center gel in panels C, white bars in panel D) with GST, GST-Pin1 (Pin1), GST-Pin1,,, (Pin1"" and
WW), or GST-Pinl;,, (Pinl*® and Iso). Immunoblotting of GST and fusion proteins is shown in the bottom gel of panel C. For control and
normalization of other samples, wild type (WT) HI-2 was pulled down with GST-Pinl. Data (n = 3) were analyzed as described for panel A.

45 A 35 B 45 C
4= 33 : 47
35 1 ] It 35 +
3+ 257 i 33
25 + 23 i 25 +
2% EE T A 2%
15 3 1 1 ’k 1] LS ¥
Ly Y Y e
05 + 051 f oA 05 *
0 1 0 Foosdl T Sowdstor—— 0 dowes :
7 22 7 12 17 22 7 22
16 D 120 E
14 - ,"\‘
12 i
1 ! \\
0.8 ! !
0.6 I
04 [V
02 N
0 e ) - :- })b
7 12 17 22 22

Figure 6. Size exclusion chromatography analysis of Pinl and I-2 complexes. Recombinant GST-Pin1 was cleaved by thrombin, and the Pinl protein
was concentrated, incubated with recombinant HI-2, and applied to a Superose 12 HR 10/300 column, as described in Materials and Methods. Aliquots
of the eluted fractions were immunoblotted with anti-Pin1 (dashed lines) and anti-HI-2 (dotted lines) antibodies using the dot blot technique with a 96-
well vacuum manifold. (A) Elution profile of a mixture of Pin1 and wild-type HI-2. (B) Elution profile of a mixture of Pin1 and the I68A mutant form of
HI-2. (C) Elution profile of a mixture of Pin1 and the truncated form of HI-2(1—152). (D) Superimposition of separate elution profiles for Pin1 and
wild-type HI-2. The inset is a Coomassie-stained SDS—PAGE gel: lane 1, molecular size standards; lane 2, purified Pin1; and lane 3, purified HI-2 protein
used in these experiments. (E) Superimposition of separate elution profiles for purified proteins used as molecular size standards: catalase (260 kDa,
10.8 mL), immunoglobulin (150 kDa, 12.0 mL), and ovalbumin (43 kDa, 13.8 mL).
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Figure 7. Model of the Pinl—I-2 complex. Cartoon showing the
arrangement of two molecules of Pinl with two molecules of I-2 in a
complex formed in solution. Pinl is colored light and dark blue as two
lobes, composed of a smaller WW domain and a larger isomerase
catalytic domain. I-2 is colored orange as an unstructured polypeptide
with N- and C-termini labeled, using multiple regions for binding to
separate domains of Pinl.

13.8 mL (Figure 6E)] in size exclusion chromatography. When
recombinant I-2 was mixed with Pin1 and the sample resolved on
Superose 12, immunoblotting of the fractions for I-2 revealed
two prominent peaks: a major symmetrical peak centered at
10.2 mL that contained ~60% of the total I-2 protein and a
second peak at 11.4 mL corresponding to unbound monomeric
I-2 (Figure 6A). Immunoblotting of the fractions for Pinl
showed exact co-elution of Pinl with I-2 in the peak at
10.2 mL and also a second peak at 15.6 mL, corresponding to
free monomeric Pinl. These results showed the formation of a
stable, large complex between purified Pinl and I-2 that eluted at
a size larger than that of catalase [260 kDa, 10.8 mL (Figure 6E)].
On the other hand, when the I68A mutant of I-2 was mixed with
Pinl, the complex that formed eluted at 11.4 mL (Figure 6B).
This complex is smaller than catalase but still larger than
immunoglobulin [150 kDa, 12.0 mL (Figure 6E)] and corre-
sponds to approximately half the relative size of the wild-type
I-2—Pinl complex. The distribution of I-2 protein between
the Pinl complexes and the free monomer was approximately
the same for I-2(168A) and wild-type I-2 (Figure 6A,B), and our
interpretation was that these different I-2 proteins had approxi-
mately the same affinity for Pin1. Analysis of I-2(152) binding to
Pinl showed a very low yield of the complex between the
proteins in solution, with most of the proteins eluting separately
as monomers (Figure 6C). What little complex was formed
eluted at 11.4 mL, not 10.2 mL. The excluded volume (V) of this
column is 9 mL; thus, the complexes formed were discrete
molecular species and not simply polymers. Because the com-
plexes eluting at 10.2 and 11.4 mL both contained equivalent
amounts of I-2 and Pinl, we concluded that these peaks
represented tetrameric (Pinl),(I-2), and dimeric (Pin1)(1-2)
complexes, respectively.

W DISCUSSION

The results of this study reveal molecular interactions between
two ancient and essential proteins, Pinl and I-2. Purified
recombinant I-2 proteins from divergent species exhibited
saturable binding to Pinl with submicromolar affinity.
Estimates for the intracellular concentrations of Pinl and I-2
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are micromolar,™*” which would predict that the proteins form
complexes together in living cells and tissues. Our results argue
that binding to Pin1 is an evolutionarily conserved function, and
our hypothesis was that interactions involved regions of the I-2
protein identical in sequence among the different species.
Indeed, NMR spectroscopy of reciprocally labeled proteins
dynamically interacting in solution showed that multiple con-
served sequence regions in I-2 were in contact with surface sites
on Pinl, in both the WW and isomerase domains. One key
conclusion from the results of NMR spectroscopy is that the I-2
interactions mapped on the surfaces of Pinl do no occlude the
active site. This supports the concept that I-2 does not interfere
with substrate binding but acts as an allosteric modulator of Pinl
substrate specificity, as we previously demonstrated using a panel
of mitotic phosphoproteins.*

Mapping the sites of I-2 interaction on Pinl by NMR
spectroscopy revealed surface regions on the WW domain and
on the isomerase domain. Residues in the WW domain that
contacted I-2 did not include Ser16, consistent with unimpeded
binding of I-2 to PKA-phosphorylated Pin1. Phosphorylation by
PKA involves at least Ser16, and this phosphoryl group is thought
to preclude the binding of phosphorylated substrates to the WW
domain.”® Binding of I-2 was insensitive to PKA phosphorylation
of either the full-length Pin1 protein or the WW domain, so the
phosphoryl group at Serl6 did not exert steric or electrostatic
constraints upon association with I-2. These results are impor-
tant in devising a model for the complex between Pinl and I-2
and potentially will influence our understanding of how signaling
events regulate Pinl function. The NMR spectroscopy analysis
also identified several hydrophobic residues in the Pinl1 WW
domain that made contact with I-2. Pinl was already known to
elaborate a hydrophobic surface on the WW domain that faces
the isomerase domain. This forms a hydrophobic cleft that binds
polyethylene glycol during crystallization, as visualized in the 3D
structure determined by X-ray crystallography.® There are rela-
tively few conserved hydrophobic residues in I-2 that would be
available for generating an aliphatic protein—protein interface
with Pinl. Searching among the conserved sequence regions in
I-2 that NMR spectroscopy identified as Pinl contact sites, we
selected I1e68 as a likely candidate. The I68A substitution was a
relatively minor modification in the entire 205-residue protein
but had profound effects on binding to Pin1. The level of binding
was reduced ~50%, but more importantly, the amount of
I-2(168A) bound at saturating concentrations was only half as
much as the amount of wild type. This was unexpected and
forced us to consider the possibility that there were two binding
sites for I-2 on Pinl, only one of which bound I-2(I68A).

This idea was validated by an assay of I-2 binding to Pinl and
the separate WW and isomerase domains. The I68A mutation
essentially eliminated binding of I-2 to the isolated WW domain
but did not equally impair binding to the Pin1 isomerase domain.
On this basis, we assign the 168 and surrounding region of I-2
as the part of the protein engaged with the WW domain of Pinl.
On the other hand, truncation of I-2 to residue 152 eliminates
the Pinl interacting site at residue 170—190 seen by NMR
spectroscopy, which we suspect involves a long uninterrupted
stretch of acidic residues that appears as a conserved feature
among I-2 forms from different species (boldface and under-
lined in Figure 1). I-2(1—152) bound more weakly to Pinl;
however, the level of binding to Pin1 and its isolated WW domain
was approximately the same, whereas there was almost no
binding to the isomerase domain. Our interpretation of these
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results is that the polyacidic site in I-2 probably interacts with the
multiple adjacent basic residues across the surface of the iso-
merase domain in Pinl. Assays with mutated I-2 and Pinl
separate domains were consistent with the results of mapping
with NMR spectroscopy and allowed us to assign interactions of
different I-2 regions to individual Pinl domains.

The results led us to consider the idea that if two molecules of
I-2 were bound to a single Pinl, at different sites, in the two
domains, then it is possible that a second molecule of Pin1 could
contact these same two I-2 proteins to form a sandwich, with the
Pinl proteins positioned opposite one another bridged by two
molecules of I-2 that are predominantly unstructured and
extended (Figure 7). The [Pin1],[I-2], heterotetramer is pro-
posed as the native active form of Pinl. Bringing two molecules
of Pin1 together positions two phosphoSer/Thr binding sites in
the proximity, and the involvement of I-2 in the complex
generates a composite protein surface surrounding the Pinl
isomerase domain, which is predicted to dictate the substrate
specificity. This tetramer represents a quite different target for
drug development compared to monomeric Pinl.

Furthermore, our model accommodates phosphorylation as a
means of Pinl regulation. While PKA phosphorylation of S16 in
Pinl does not affect association with I-2, this phosphorylation of
two sites on the surface of the [Pin1],[I-2], complex could serve
to alter binding to different substrates. Phosphorylation of Thr73
in 12, which is catalyzed by CDK/cyclinB during mitosis,
prevents I-2 from binding to Pin1.* Therefore, we predict upon
entry into mitosis phosphorylation of I-2 in the [Pinl1],[1-2],
complex will cause dissociation into separate components,
releasing monomeric Pinl to interact with mitotic phosphopro-
teins. Mitotic exit will involve dephosphorylation of I-2 and
reassembly with Pinl into the heterotetramer. This model
implies dynamic regulation of Pinl complexes that would affect
substrate specificity at different stages of mitosis.

We note that I-2 residues 85—95 and 105—125 are engaged by
Pinl. For I-2 bound to PP1C, the segment of residues 95—10S is
looped out and does not form contacts with PP1C, and NMR
spectroscopy shows some tendency for this region to be in an o
helix.>® In a recent publication, the authors speculated that this
putative helix could possibly contact another I-2 partner, such as
Aurora A or Pin1.>" This would fit with our results. The region of
residues 105—125 we see affected by Pinl does not overlap with
the region of residues 130—142 of I-2 that is 70% populated in a
helix conformation, as observed by NMR spectroscopy.® The
segment of residues 130—142 of I-2 was visualized as a helix
bound across the PP1C active site in the cocrystal structure, with
only 25% of 1-2 showing discernible electron density.”* Even
when in complex with its primary partner, PP1C, most of I-2 is
thought to remain as flexible as it is when it is alone in solution.
Overall, we are impressed that our NMR spectroscopy results
and those of Peti and collaborators map different I-2 residues
interacting with Pinl compared to those that contact the PP1C
monomer, or PP1C complexed to neurabin.’" Although different
regions of I-2 are used in these various complexes, we do not
imagine this implies assembly of supercomplexes with multiple
partners, but rather assembly of I-2 into multiple complexes with
different partners. Our previous research has revealed that, in
addition to PP1C, I-2 forms complexes with neurabin,>® KPI-2>*
(also known as LMKT?2 and BREK), Aurora A,** and, of course,
Pin1.*” This emphasizes the possibilities available to an unstruc-
tured protein to employ various sequence segments to engage
different protein partners. The ancient and conserved function of
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I-2 involves a web of protein—protein interactions, and we
speculate that binding to Pinl may be as ancient, and fundamen-
tally important, as binding to PP1, the property for which I-2 was
originally named.
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Abstract

Background: Tau phosphorylation and dephosphorylation regulate in a poorly understood manner its physiological role of
microtubule stabilization, and equally its integration in Alzheimer disease (AD) related fibrils. A specific phospho-pattern will
result from the balance between kinases and phosphatases. The heterotrimeric Protein Phosphatase type 2A encompassing
regulatory subunit PR55/Ba (PP2Atss,) is @ major Tau phosphatase in vivo, which contributes to its final phosphorylation
state. We use NMR spectroscopy to determine the dephosphorylation rates of phospho-Tau by this major brain
phosphatase, and present site-specific and kinetic data for the individual sites including the pS202/pT205 AT8 and pT231
AT180 phospho-epitopes.

Methodology/Principal Findings: We demonstrate the importance of the PR55/Ba regulatory subunit of PP2A within this
enzymatic process, and show that, unexpectedly, phosphorylation at the pT231 AT180 site negatively interferes with the
dephosphorylation of the pS202/pT205 AT8 site. This inhibitory effect can be released by the phosphorylation dependent
prolyl cis/trans isomerase Pin1. Because the stimulatory effect is lost with the dimeric PP2A core enzyme (PP2Ap) or with a
phospho-Tau T231A mutant, we propose that Pin1 regulates the interaction between the PR55/Ba subunit and the AT180
phospho-epitope on Tau.

Conclusions/Significance: Our results show that phosphorylation of T231 (AT180) can negatively influence the
dephosphorylation of the pS202/pT205 AT8 epitope, even without an altered PP2A pool. Thus, a priming
dephosphorylation of pT231 AT180 is required for efficient PP2A+s5,-mediated dephosphorylation of pS202/pT205 ATS.
The sophisticated interplay between priming mechanisms reported for certain Tau kinases and the one described here for
Tau phosphatase PP2Atss,, may contribute to the hyperphosphorylation of Tau observed in AD neurons.
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Introduction

Phosphorylation/dephosphorylation of the neuronal microtu-
bule associated protein Tau regulates in a complex manner its
capacity to assemble tubulin into microtubules. It is also associated
with the presence of pathological fibrils in neurons of AD patients,
which are mainly composed of hyperphosphorylated Tau. Mono-
clonal antibodies such as AT180 and AT8, recognizing respectively
the pT231 [1] and pS202/pT205 [2] Tau phospho-motifs, are
available for post-mortem diagnostics of the disease progression,
and can define the neurofibrillary lesions at different stages of the
disease [3]. The spatial hierarchy observed is equally accompanied
by a temporal progression of the phosphorylation pattern of Tau.
The T231 site, for example, becomes phosphorylated early in the

@ PLoS ONE | www.plosone.org
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disease, and precedes phosphorylation at the pS202/pT205 AT8
site [4], [5].

The phosphorylation of Tau is a reversible process, which
implies that the pathological hyperphosphorylation can result
from a deregulation of kinase and/or phosphatase activity. Intense
research has increased our understanding of the kinases that
generate certain phosphorylation events, as well as their complex
regulation. Calpain cleavage of the regulatory p35 subunit of
CDKS5 results in a membrane detachment of the resulting CDK5/
p25 complex [6]. Although the intrinsic catalytic activity of this
complex towards Tau seems not different from that of CDK5/p35
[7], the cytosolic presence of the CDK5/p25 complex might play
a role in Tau’s phosphorylation. As a downstream event, T231
phosphorylation by GSK3p requires priming of the S235 site by
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CDKS5 [8], [9], but CDKS5 can equally inhibit directly the GSK3f
enzyme through phosphorylation of the latter at its S9 [10].

One major brain phosphatase that dephosphorylates phospho-
Tau is the Protein Phosphatase 2A (PP2A) [11], [12], [13], a
multimeric enzyme consisting at least of a dimeric core enzyme
(hereafter abbreviated PP2Ap) constituted of a catalytic subunit (C
subunit) and a scaffolding subunit (A subunit). This heterodimer
(PP2Ap) can further integrate a regulatory B-type subunit to form
a heterotrimeric PP2A complex (PP2A~) [14], [15]. The particular
regulatory B-type subunit, that exhibits itself specific spatial and
temporal expression patterns [16], [17], regulates the catalytic
activity and specificity of the heterotrimeric PP2A towards the
target phospho-protein(s) [18]. One of the most prominent neuro-
nal forms, highly expressed together with the PP2A catalytic C
subunit in neurons, is the B-type subunit PR55/Ba, whose crystal
structure in the heterotrimeric enzyme (hereafter abbreviated
PP2Ar55,) has recently been determined [19]. A reduced PP2A
activity was shown to induce hyperphosphorylation of Tau, in-
cluding at the pS202/pT205 ATS site in transgenic mice [20], and
has equally been shown in AD at various levels. Firstly, in the
hippocampus, a decrease in mRNA expression of the PP2A cata-
Iytic C subunit and various B-type subunits has been observed
[21]. Secondly, at the protein level, a decreased level of the PR55/
Bat subunit due to an increased turnover is associated with the AD
pathology [22].

The regulation of PP2A is complex, and involves more than the
subunits of the holoenzyme. Polycations can stimulate the activity
of PP2A through a direct interaction with the enzyme. As the
stimulation is dependent on the type of holoenzyme, the
interaction involves the regulatory B-type subunit [23], although
an interaction with the substrate has also been reported [24]. An
inhibitory interaction was described for a-endosulfine and Arpp-
19, two small proteins that after phosphorylation by the Greatwall
kinase interact with the PR55/B& regulatory subunit, and thereby
shut down the activity of PP2A [25], [26]. Another regulatory
factor for PP2A activity is Pinl, a phosphorylation dependent
prolyl cis/trans isomerase that targets specifically the pS/pT-P
motifs. This isomerase was shown to stimulate the dephosphor-
ylation of Tau by PP2A [27]. Pinl /" mice show indeed a
decreased phosphatase activity towards pS/pT-P motifs and an
accumulation of both the pS202/pT205 AT8 and pT231/pS235
AT180 epitopes [28].

Kinases and phosphatases can hence regulate the phosphory-
lation/dephosphorylation of Tau in a complex and concerted
manner, whereby this intricate feedback can i vivo control the
final phosphorylation level of Tau [29]. Our present work aims to
better define the molecular role of PP2A and Pinl in this process.
We first address the question of whether the different phosphor-
ylation sites of Tau are independent with respect to PP2A cata-
lyzed dephosphorylation, or whether the equivalent of a priming
mechanism described for certain kinases exists also for some
dephosphorylation reactions. Secondly, we mnvestigate the role of
Pinl in stimulating this PP2A-catalyzed dephosphorylation activity
towards specific sites. We use Tau i vitro phosphorylated by the
activated CDK2/CycA3 complex to study the effect of PP2A on
its dephosphorylation. We showed previously that CDK2/CycA3
action at the AT180 epitope is equivalent to that of the combined
CDK5/p25 and GSK3p kinases and can generate in a robust
manner the pS202/pT205 AT8 and p1231/pS235 AT180 epi-
topes on Tau [30], [31]. We use NMR spectroscopy as an analy-
tical technique that provides a direct and quantitative view on all
phosphorylation events in the full length protein [30], [32]. The
dephosphorylation reaction directly performed in the NMR tube
allows kinetic monitoring of the individual phosphorylation sites in
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one single experiment. We reveal a subtle regulation of PP2A-55,,
activity towards the Tau pS202/pT205 ATS site by the phos-
phorylation status of T231, whereby phosphorylation of the latter
T231 site negatively interferes with the PP2A catalyzed dephos-
phorylation of pS202. In addition, we find that Pinl releases this
negative feedback between the pT231 and pS202/pT205 AT8
epitopes. Our findings define an additional level of molecular
regulation of the PP2A phosphatase towards the phosphorylated
Tau protein, whereby the interplay between kinase and phospha-
tase activity can potentially lead to a stable hyperphosphorylated
state of Tau that characterizes AD affected neurons.

Results

Specificity of the heterotrimeric PP2Ass,, for Pro-directed
CDK2/CycA3 phospho-sites of Tau

We previously showed that the recombinant CDK2/CycA3
complex generates robust and reproducible phosphorylation of
Tau at AD-specific epitopes, with high levels of phosphate
incorporation at pS202-pT205 and pT231-pS235 ([30]; Fig.
S1), recognized respectively by the diagnostic AT8 [1] and AT180
[2] AD-specific monoclonal antibodies. Additional phosphoryla-
tion events were observed at position T153 (70-80%), S199 (70—
80%) and S404 (50-60%). The heterotrimeric PP2As5, complex
composed of the scaffolding A subunit, the catalytic C subunit and
the regulatory PR55/Ba subunit, was added to this CDK2/
CycA3-phosphorylated Tau441 sample (phospho-Tau) directly in
the NMR tube (Fig. 1). Consecutive ['H,'’N] Heteronuclear
Single Quantum Correlation spectra (HSQC; hereafter named 2D
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Figure 1. Dephosphorylation of phospho-Tau by the hetero-
trimeric PP2Arss,. Comparison of the ['H,"°N] 2D spectrum of the
CDK2/CycA3 phospho-Tau (20 pM, in gray) and same sample incubated
16 hours at 25°C (293K) with 1U of PP2A¢ss, enzyme (superimposed in
red). Cross peaks of the amide function of the corresponding
phosphorylated residues are labelled as well as A152(T153 or pT153)
and T205(pS202) resonances. Regions of the spectrum enlarged in Fig. 2,
3 and 5 are boxed.

doi:10.1371/journal.pone.0021521.g001

June 2011 | Volume 6 | Issue 6 | e21521

doc.univ-lille1.fr



t=0 min. t=120 min. t=300 min.
5N (ppm)]
0
122.0+ 00 *
122.54 % % X
123.0- pT231 @ @
9.40  9.30 9.30 9.30
- -
- oA152(T153) °
L) ® ®
129.5- 0
1 O O O
130.01 A152(pT153)
130.5-
| —— T
8.50  8.40 8.40 8.40

"H (ppm)

HDR de Caroline Smet Lille 1, 2013

PP2A and Pin1 in Hyperphosphorylation of Tau

Normalized integrals

1.2
A152(T153
1 o 2152(T153)
0.8
0.6 )
0.41 4| O gy, & pTISS
. - ]
0.2 | U = @ -
¢ A152(pT153) ~ ¢
O L) T L) T 1
0 T 200 400 600 800

Time (min.)

Figure 2. Kinetic of dephosphorylation of phospho-Tau by the heterotrimeric PP2Ays5,. Panels from left to right Control 2D spectrum of
phospho-Tau before addition of PP2A+ss,, (t=0 min.), second (t=120 min.) and sixth 2D spectrum (t =300 min.) in the serie after addition of PP2Arss,,
(1U). A152(pT153) and A152(T153) stand for the amide resonance of A152 next to a pT153 or a T153 residue in the Tau molecule, respectively. A box
is drawn around a peak (see red box around pT153) and is replicated in each spectrum that corresponds to a time-point of the reaction. The surface
of the peak inside this box corresponds to an integral value or data-point in the graph on the right. This graph shows normalized integral values
plotted as a function of time (min.) for pT153 (black diamonds), A152(pT153) (open squares) and A152(T153) (black dots). Data are fitted with mono-
exponential curves characterized by the constant T (min.), indicated on the x-axis by a red arrow and reported in Table 1.

doi:10.1371/journal.pone.0021521.g002

spectra) yield snapshots of the dephosphorylation reaction with a
one hour time resolution, corresponding to the acquisition time of
a single 2D spectrum (Fig. 2, Data S1). Integration of a peak
surface for a given resonance in each 2D spectrum during this
in-spectrometer dephosphorylation reaction gives information on the
kinetics of the modification of the corresponding amino acid
(Fig. 2). Because phosphorylation does not only affect the amide
resonance of the modified amino acid but also that of its neigh-
bours, the same reaction can in favourable cases be followed on
different cross peaks. The A152 amide peak resonates for example
at slightly different frequencies dependent on the phosphoryla-
tion status of T153, and the same enzymatic reaction could be
followed as the decrease of the pT153 or the A152(pT153) amide

Table 1. Specificity of dephosphorylation of the CDK2/CycA3
phospho-sites of Tau by the PP2A+s5,, and PP2Ap phosphatases.

Tau w.t. TauT231A
Trimer (1 U) Trimer (3.5 U) Dimer (3.5 U) Trimer (1 U)
pT153 170 60 200 75
pS199 240 (30%) 220 (60%) 260 (45%) 200 (40%)
pS202 n.d. 300 (25%) n.d. 200
pT205 160 55 120 65
pT231 n.d. n.d. n.d. n.d.
pS235 nd. 500 (40%) n.d. 175 (50%)
pS404 nd. n.d. n.d. n.d.

Integral values of the resonances during a representative dephosphorylation
experiment in the spectrometer are fitted with mono-exponential functions of
type Integral = e or 1-(e ™) with time t and constant T in min, reported in
the Table.

Percentage in brackets (): extent of dephosphorylation if not complete.

n.d.: not dephosphorylated.

doi:10.1371/journal.pone.0021521.t001
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cross peaks, but equally as the increase of the A152(T153) amide
correlation (Fig. 2). Dephosphorylation of pT205 also followed an
exponential trend with a similar time constant (Table 1) that was
best monitored by the unphosphorylated T205 resonance(s)
(Fig. 3), located in a relatively sparse region of the spectrum [33].
Initially, no peak appears at its exact resonance position in the
unphosphorylated Tau protein, but we rather observe two in-
termediate peaks corresponding to T205(pS202) with a further
splitting due to the phosphorylation state of S199 (Fig. 3A). This
assignment was validated by a dephosphorylation experiment on
the phospho-TauS199A/S202A double mutant, where the inter-
mediate forms do not appear, but where we recover immediately
the T205 resonance at its position in the unmodified Tau spectrum
(Fig. 3B). When increasing the phosphatase concentration by a
factor of 3.5, a partial dephosphorylation of the complete AT8
epitope on wild type phospho-Tau could be obtained, with 30% of
the intensity at the position of T205(S202) after 16 hours of
incubation at 25°C (Fig. 3C). This latter observation also verifies
that we do monitor the enzymatic reaction catalysed by PP2A-55,
and not a spontaneous dephosphorylation under our NMR con-
ditions. In addition to the fast dephosphorylation observed for
pT'153 and pT205 with the phosphate almost completely removed
by 3.5 units of PP2A55,, after the first two spectra, two additional
classes of residues could be distinguished. The first one contains
pT231 and pS404, and is characterized by very slow kinetics with
only a marginal reduction of the phospho-resonance after one night.
The second group shows intermediate dephosphorylation kinetics,
and concerns pS199, pS202 and pS235 (Fig. 1-4 and Table 1).

Dephosphorylation of phospho-Tau by the PP2Ay core
enzyme

Several reports have shown the implication of the PR55/Ba
regulatory subunit in the substrate anchoring and enzyme
efficiency of PP2Ars55, [19], [34]. In order to evaluate whether
the dimeric enzyme PP2Ap, composed of the A and C subunits
without any B-type subunit, would maintain a phosphatase
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Figure 3. Regulation of the dephosphorylation of the AT8
epitope. Details of the 2D spectra (in red) of phospho-Tau (pTau, A, C,
D) and phospho-Tau S202AS199A (pTauS202AS199A, B) after 16 hours
of incubation at 25°C (293K) with 1U (A, B) or 3.5U PP2Arss, (C) and
3.5U of PP2Ap (D). The spectra are superimposed on the spectrum of
the unmodified Tau protein (in gray). T205(pS202) stands for the amide
resonance of T205 with a pS202 neighbour in the Tau molecule.
doi:10.1371/journal.pone.0021521.g003

activity, we repeated the same experiments as above with PP2Ap,.
For an identical enzyme activity (3.5 units) of PP2Ap, heterodimer
and PP2A55, heterotrimer as measured with phosphorylase @ as
substrate, the dephosphorylation rate at all phospho-sites of Tau
was slower for the PP2Ap, dimer (Table 1). For pT'153, we found
a three-fold slower rate, and a two-fold slow-down for pT205.
Significantly, dephosphorylation of pS202 at the ATS8 epitope,
such as partially (25%) obtained with 3.5 units of PP2A-55,, after

1.2 1 N?Krmalized integrals
1

0.8 -

0.6 - \\ p$199 2
04 N +$+++$A
0.2 4 S ———— I .
. Gzoquzoﬁ) ' Time (min)*_
0 200 400 600 800

Figure 4. Kinetic of dephosphorylation of phospho-Tau by the
heterotrimeric PP2Ay55,. The dephosphorylation kinetics are ob-
tained by integration of the cross peak of the amide function of the
corresponding phospho-residue in the consecutive ['H,'>N] 2D spectra
encompassing 60 min. of the in-spectrometer reaction at 25°C (293K).
The graph shows the differential dephosphorylation by PP2Arss, (3.5
units) of phospho-Tau. Fitting of the data by a mono-exponential curve
yielded the time constants T (min.) reported in Table 1. pT231 is
represented by stars, pS199 by triangles and G207(pT205) by crosses.
G207 stands for G207 next to a pT205 in the Tau molecule.
doi:10.1371/journal.pone.0021521.g004
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16 hours of incubation at 25°C, did not occur at all with the same
amount of PP2A, (Fig. 3D).

Dephosphorylation of the mutant phospho-Tau T231A
by PP2Arss,

The 90 KKVAVVRTPPKSPy35 peptide of Tau interacts
directly with the PR55/Ba subunit, and is able to compete with
native Tau for binding to PP2Aqs5, [34]. Concordantly, the
substrate binding groove of PR55/Ba shows a negative character,
suggesting a charge-charge interaction between both proteins.
Charge-inverting mutations on PR55/Ba indeed led to a decreased
level of catalytic efficiency of the holoenzyme [19]. Phosphoryla-
tion of the T231 residue would be expected to diminish the positive
character of the Tau peptide, and might hence also modulate this
interaction and possibly the enzymatic efficiency of the holoen-
zyme. Measuring the dephosphorylation of a phospho-Tau T231A
sample with 1 unit of PP2A-s5, phosphatase, we indeed found an
increased dephosphorylation rate compared to the wild type
phospho-Tau, with a gain of more than two-fold for pT153 and
pT205 (Table 1). With this low amount of phosphatase, the pS202
position that was not dephosphorylated in the wild type phospho-
Tau sample after 16 hours, becomes almost completely dephos-
phorylated in the phospho-Tau T231A (Fig. 5, compare panels A
and C). The phosphorylation status of the AT180 epitope hence
influences directly the PP2A 55, catalyzed dephosphorylation rate
of phospho-Tau and most strikingly of the AT8 epitope.

Regulation of the PP2Ass,, activity by Pin1

Using a cdc2 phosphorylated Tau as substrate, Zhou et al.
described a stimulatory effect of Pinl on the dephosphorylation
activity of PP2A+55, [27]. Dephosphorylation of phospho-Tau
T231A not being affected by Pinl led to the hypothesis that the
phosphate release assay used in that study monitored the

*N (ppm)
pTau pTau/Pin1
115.54
1 @ T205
pS20
116.04
@ A b B
pTauT231A pTauT231A/Pin1
115.54 e a
116.04
@ o
o T L

8.00 H (ppm) 8.00 ppm

Figure 5. Regulation of the dephosphorylation of the AT8
epitope. Details of the 2D spectrum (in red) of CDK2/CycA3 phospho-
Tau (pTau, A and B) and phospho-Tau T231A (pTauT231A, C and D)
after 16 hours of incubation at 25°C (293K) with PP2Atss, (1U)
superimposed on the spectrum of the unmodified Tau protein (in
gray). pTau and pTauT231A correspond to dephosphorylation without
Pin1 (A and C) and pTau/Pin1 and pTauT231A/Pin1 with an excess of
Pin1 (B and D).

doi:10.1371/journal.pone.0021521.g005
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dephosphorylation at this pT231 site, and suggested a regulatory
role of Pinl through its cis/trans isomerase activity at this precise
pT231-Pro motif [27]. Our result that pT231 is at best marginally
dephosphorylated by PP2A-s5, (Fig. 2, 4) prompted us to re-
examine the precise role of Pinl in the framework of Tau
dephosphorylation by PP2Aqss,. Because the interaction with
Pinl (and most probably its WW domain, [35]) broadens the
NMR signals of the phospho-resonances beyond detection, we
monitored the PP2A kinetics through the appearance of the non-
phosphorylated forms. The rate of dephosphorylation of pT205
(T'=160 min.) was indeed increased 3 fold by the presence of a
threefold excess of Pinl (T'=155 min.), which is the same ratio
of Pinl:phospho-Tau as used in the initial report [27]. Remark-
ably, pS202, although not dephosphorylated at all by 1 unit of
PP2Ar554, is completely dephosphorylated in the presence of Pinl
(Fig. 5, compare panels A and B). This stimulatory effect of
Pinl is however selective, as the dephosphorylation of pT231,
monitored by the appearance of the R230(T231) peak, is still
negligible.

We next monitored the dephosphorylation of the same phospho-
Tau by PP2Ap in the absence or presence of Pinl. Although
already of reduced activity when compared to PP2A+55, (Fig. 3,
compare panels C and D), the efficiency of the core enzyme
slowed down even further upon the addition of Pinl (Fig. $2). We
finally tested the effect of Pinl on the enzymatic efficiency of the
PP2A155,, phosphatase complex towards the phospho-Tau T231A
mutant. The dephoshorylation of the complete AT8 epitope was
faster than in the wild type phospho-Tau (Fig. 5, compare
panels A and D), but was not further stimulated by Pinl (Fig. 5,
compare panels C and D).

Discussion

Tau phosphorylation is a reversible process that regulates in a
complex manner its physiological role of microtubule stabilization.
It is also linked to its pathological role, as the neurofibrillary
tangles found inside the neurons of AD patients invariably contain
a hyperphosphorylated form of Tau. Analysis with specific anti-
bodies have shown that the latter form is characterized by the
simultaneous presence of multiple phosphorylated residues, includ-
ing the $202/T205 and T231 positions that constitute respectively
the AT8 and AT180 epitopes [2]. These phosphorylation events
seemingly follow a hierarchical appearance, T231 being one of
the earliest sites to be phosphorylated in AD brain before the
epitope recognized by the AT8 antibody [4], [36]. In the axon,
PP2A155,, 1s associated with the microtubules [34], and its phos-
phatase activity counteracts the appearance of this multiply phos-
phorylated Tau [29]. In addition, it has recently been reported that
other neuronal PP2A heterotrimers might indirectly contribute to
Tau phosphorylation/dephosphorylation by regulating the activ-
ities of GSK3B and CDKS5 kinases [37]. However, at a certain
stage of the disease, this kinase-phosphatase balance breaks down,
and one does observe the accumulation of hyperphosphorylated
Tau in the somato-dendritic compartment [29], [38], [39].

In this report, we investigate at the molecular level the enzy-
matic dephosphorylation of Tau by PP2A.s5s5,, the major brain
isoform of PP2A directly associated to microtubules and Tau [16],
[34], and ask whether certain phosphorylation events on Tau
might exert an effect towards its activity at other sites. Our i vitro
set-up with CDK2/CycA3 kinase generating the AT8 and AT180
epitopes on recombinant '°N-labelled Tau [30] and concomitant
NMR analysis gives a global view of the Tau phosphorylation
pattern as a function of time. We thereby find that PP2Arss5,
selectively targets certain Tau phosphorylation sites, with fast
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dephosphorylation of the pT205 and pT'153 sites but hardly any
for pT231 (Table 1). Whereas inefficient dephosphorylation of
p1231 was previously described for PHF-Tau [40], our finding of
efficient dephosphorylation for the pT153 site has not yet been
described in the literature because of the absence of specific anti-
body. This underscores the advantage of the global view conferred
by our NMR approach.

The dimeric PP2Ap (PP2A AC) isoform has a lower catalytic
efficiency on all Tau phospho-sites compared to the heterotrimeric
PP2A55,, emphasizing the crucial role of the B subunit in the
function of the PP2A holoenzyme. A correlation between the
interaction of Tau with the PR55/Bat subunit and the catalytic
efficiency of PP2A~55, was previously described [34], [41], and
has recently obtained a molecular basis with the crystal structure of
the PP2Ars55, holoenzyme [19]. The B-propeller constituting the
PR55/Ba subunit indeed contains an acidic groove constituting a
potential binding site for the basic 99, KKVAVVRTPPKSP,54
Tau peptide that can compete with full-length Tau for binding to
PP2A [34]. In this mode of interaction, the PR55/Ba. regulatory
subunit would thus play a role in anchoring the enzyme to its
substrate, or alternatively, would exert an allosteric stimulatory
effect as observed for protamine or poly-lysine [23]. We did
observe that all sites were more rapidly dephosphorylated in the
phosphorylated Tau T231A, implying that phosphorylation at the
T231 position reduces the PP2A activity. Phosphorylation at this
position could modulate the binding mode of the PR55/Ba
subunit leading to the inhibition of the PP2A activity. The recent
discovery of a-endosulfine or Arpp-19, that both require phos-
phorylation of S67 by the Greatwall kinase within the already
acidic peptide DggSGDDgg in order to efficiently interact with the
PR55/B8 subunit of the Xenopus mitotic PP2A  heterotrimer
[26], [25], suggests that different binding modes to the PR55/B
regulatory subunits may exist. Phosphorylation of T231, be it by
GSK3p after CDK5 priming at the S235 position [8], [9] or by
another kinase combination, thus stimulates the phosphoryla-
tion at the AT8 epitope via negative feedback on PP2Arss,
phosphatase activity. This potentially can lead to a stable state
with both epitopes phosphorylated [42], as is found in AD
neurons [2].

An additional level of regulation has been described for the
phospho-dependent prolyl cis/trans isomerase Pinl [43]. Here, we
confirm the stimulatory effect of Pinl on the PP2A+55, catalyzed
dephosphorylation of wild type phospho-Tau and its absence in
the Tau T231A mutant. Stimulation was most striking for the
pS202 site, switching from no dephosphorylation with one unit of
PP2A55, in the absence of Pinl to complete dephosphorylation in
its presence. The effect is however not homogeneous, with at best a
weak activity of PP2A-55, towards pT231 despite the presence of
Pinl. Moreover, the stimulatory effect directly depends on the
PR55/Ba. subunit, as Pinl rather hinders than stimulates the
activity of the dimeric core enzyme. Pinl hence counterbalances
the negative regulation of PP2A~55, activity towards the AT8 site
following phosphorylation of the AT80 pT231 site, in agreement
with the inverse correlation between Pinl expression and actual
neurofibrillary degeneration in AD [28]. Because PP2Ay55, has
been shown to regulate the phosphorylation status of Tau i vivo, a
potential trigger for PHF formation might be a shift of the balance
between neuronal kinases and phosphatases. Our results show that
phosphorylation of T231 directly influences the dephosphorylation
rate of pS202, without necessitating an alteration in the PP2Ars5,
pool. We have reconstituted here the complex system of phos-
phorylated Tau and the trimeric PP2A+ss5, phosphatase in the
NMR tube with several recombinant proteins, and thereby
unravelled a subtle regulatory mechanism. An additional level of
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regulation has been shown by the prolyl cis/trans isomerase Pinl.
The phosphorylation/dephosphorylation reactions  vivo might
even be more complex, because of the presence of tubulin and/or
other regulatory factors, but even these can be added in the NMR
tube [44]. Whereas we previously showed that NMR observation
of Tau in live Xenopus ovocytes is feasible [45,46], we believe that
both approaches will bring novel insights in the complex regu-
lation of multi-site phosphorylation.

Materials and Methods

Expression and purification of Recombinant proteins

Preparation of the recombinant Tau proteins, isotopic enrich-
ment and phosphorylation are described in [30], [32]. The Pinl
protein was expressed as a His Tag fusion from a pET15b plasmid
in BL21(DE3) E. coli strain [47]. The His Tag was not removed
before the assays.

Preparation of CDK2-CycA3 phospho-Tau

CDK2/CycA3 were prepared as described in [48] except that
the bacterial extracts containing recombinant GST-CDK2pT160
(Gluthathion S transferase fusion protein) and CycA3 were mixed
before being applied on a Glutathion sepharose FF (5 ml, GE
Healthcare). The CDK2/CycA3 complex was recovered from the
resin by proteolysis, performed at 4°C overnight with the Pre-
Scission protease (GE Healthcare) directly on the Glutathion
Sepharose beads in buffer 50 mM Tris pH 8.0, 20 mM NaCl,
I mM EDTA, 1 mM DTT. The concentration of the complex
was evaluated at 280 nm with an extinction coeflicient €& of
67420 M~ 'em ™ 1. The complex was kept frozen at —80°C: in this
buffer until used.

Purification of dimeric and trimeric PP2A

Purification of PP2Ap and PP2Ars5, from rabbit skeletal
muscle 1s described in [23]. Calibration of the activity was done
using the standard PP2A substrate phosphorylase a [23]. One unit
1s defined as the activity corresponding to removal of 1 nmole/min
of **P-phosphate at 30°C.

NMR sample preparation

NMR buffer was 25 mM Tris-d11, 25 mM NaCl, 2.5 mM
EDTA, 1 mM DTT, pH 6.8. Dephosphorylation of 20 uM of
CDK2/CycA3 phospho-Tau (or Tau mutants), as defined by
absorption at 280 nm, was performed in a volume of 160 ul in
3 mm NMR tubes. Samples with Pinl are 20 uM phospho-Tau/
60 uM Pinl. The PP2A enzyme diluted in 20 ul buffer was
directly added in the NMR tube to 140 pl of the phospho-Tau,
immediately before starting acquisition of the 2D spectra series.

NMR spectroscopy

Spectra were acquired at 293K on a 800 MHz equipped with a
3 mm Probe. Parameters of the ['H,"’NJ-HSQC (HeteroNuclear
Single Quantum Spectroscopy) were 32 scans, 2048 points in the
direct dimension and 128 points in the indirect dimension. An
optimized d1 of 0.8 s was used. The ['H,'’N]-HSQC are named
2D spectra in the text.

Data analysis

The peak integrals (Data S1) were normalized against an
invariant and intense peak in the spectrum corresponding to A83,
set to 1 in the integration. Integration was performed with the
Topspin 2.1 software (Bruker, Karlsruhe, Germany). Integral data
were fitted with a mono-exponential function.
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Supporting Information

Figure S1 Identification of the phospho-sites of CDK2/
CycA3 phospho-Tau. Superimposition of the ['H,">N] 2D
spectra of the Tau protein (black) and of the CDK2/CycA3
phospho-Tau protein (red). Inset: the enlarged region of the
spectrum illustrates phosphorylation of residues $202 and T205.
(PDF)

Figure S2 Regulation of the dephosphorylation of the
PS202/pT205 AT8 epitope. Details of the 2D spectrum (in red)
of CDK2/CycA3 phospho-Tau after 16 hours of incubation at
25°C (293K) with PP2Ap, (3.5 U) superimposed on the spectrum
of the unmodified Tau protein (in gray). A dephosphorylation
without Pinl and B in presence of an excess of Pinl.

(PDF)

Data S1 Step by step procedure of NMR data treat-
ment. I. A serie of 2D spectra is acquired, in this example we
limited the serie to the first five 2D spectra. The first one in the
serie is the control experiment without enzyme and is time zero or
starting point in the i spectrometer kinetics of dephosphorylation.
The following 2D spectra, after the addition of the enzyme, are
acquired successively while the NMR tube remains in the
spectrometer. This experimental dataset corresponds to the one
presented in Fig. 2 and Fig. 4. II. Each 2D spectrum required 63
minutes for acquisition. Each data-point is thus obtained every 63
minutes: that is the time resolution in this experiment. III. The
succession of the 2D spectra will allow to follow the kinetics of the
reaction. Duration of each spectrum is cumulated. In this example,
we cover with the five 2D spectra 252 minutes of the enzymatic
reaction. IV. The surface of a peak in a boxed area in the 2D
spectra (see point I) or Integrals is calculated by TOPSPIN2.1
Bruker software. This value is directly related to the amount of the
corresponding amino acid residue in solution. We follow the
evolution of the peak surface or Integral for each amino acid
residue of interest (I1 to I4) during the reaction, as detected in each
successive spectrum. In our example, I1 corresponds to pT153, 12
to pT231 and I3 to A152. I4 is linked to the resonance of amino
acid residue A77. V. Data of integration is normalized against
integral value of A77 (I4), an invariant and intense peak in the
spectra, in order to compensate for any variation of intensity due
to potential spectrum to spectrum modification of conditions (for
example, addition of the enzyme). VI. Data are normalized
against the highest integral value of the kinetics for each amino
acid residue. In that way, the starting point or ending point of the
kinetics is set to one, allowing easier comparison of the evolution of
the amount of various amino acid residues during the course of the
enzymatic reaction. VII. A final table is obtained containing the
normalized integral values for each time-point in the kinetics.
VIII. For each amino acid residue, an exponential curve is fitted
to the experimental data by adjusting the value T in the expo-
nential formula ¢, The value T is found by minimizing the
sum of the square differences between the calculated and observed
data (compare table values in VII and VIII). This constant
characterizes the rate of dephosphorylation and is reported in
Table 1. A scaling factor (0.8) as well as a residual value depending
of the extent of dephosphorylation (0.2 or 0.1) is also used to adjust
the formula to the data. Values in the table IX are calculated
based on the formula in the lefi column for pT153 (decreasing
exponential) and A152 (increasing exponential). IX. Data-points
from table in VII are graphically represented with the axis being
the time-points (each 2D spectrum) and the ordinate the nor-
malized integral value for each time-point (spectrum) reported for
several amino acid residue of interest. In this example, pT153 or
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Il (open squares) shows a decrease of its initial integral value or
peak surface that can be interpreted as a decrease of the cor-
responding chemical species in solution, in this case due to the
dephosphorylation by PP2A. The resonance of A152 (black dots)
shows accordingly an increase of its integral value. pT231 integral
value remains unaffected throughout the n spectrometer enzymatic
reaction (stars). The fitted exponential curves are represented
by lines.

(PDF)
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Abstract Post-translationally modified proteins make up
the majority of the proteome and establish, to a large part,
the impressive level of functional diversity in higher,
multi-cellular organisms. Most eukaryotic post-transla-
tional protein modifications (PTMs) denote reversible,
covalent additions of small chemical entities such as
phosphate-, acyl-, alkyl- and glycosyl-groups onto selected
subsets of modifiable amino acids. In turn, these modifi-
cations induce highly specific changes in the chemical
environments of individual protein residues, which are
readily detected by high-resolution NMR spectroscopy. In
the following, we provide a concise compendium of NMR
characteristics of the main types of eukaryotic PTMs:
serine, threonine, tyrosine and histidine phosphorylation,
lysine acetylation, lysine and arginine methylation, and
serine, threonine O-glycosylation. We further delineate the
previously uncharacterized NMR properties of lysine
propionylation, butyrylation, succinylation, malonylation
and crotonylation, which, altogether, define an initial
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reference frame for comprehensive PTM studies by high-
resolution NMR spectroscopy.
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Introduction

Cellular signaling processes heavily rely on reversible
post-translational protein modifications (PTMs) in their
capacity to rapidly reprogram individual protein functions.
PTMs are established and removed in a highly dynamic
manner and exist in many different forms and flavors
(Walsh et al. 2005). Along with alternative splicing, they
provide the proteome with an enormous capacity for bio-
logical diversity and regulate virtually every aspect of
cellular life, including cell-cell communication, cell
growth and differentiation, sensing of metabolic states,
mediating intracellular transport and initiating programmed
cell death. Errors in PTM establishments and readouts,
whether due to hereditary changes or environmental cues,
constitute causal agents of many human diseases that
include a long list of cancers, heart and brain diseases,
diabetes and several metabolic disorders. Thus, the study of
PTMs and how they regulate different cellular signaling
processes has profound medical implications, both in the
preventive and curative sense. PTM detection by high-
resolution NMR spectroscopy represents a biophysical
extension to studying these signaling marks from an ana-
lytical perspective, but also from a mechanistic, functional
and structural point of view. The majority of PTMs is
brought about by reversible, covalent additions of small,
chemical entities, such as phosphate groups, acyl chains,
alkyl chains, or various sugars, to the side-chains of
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individual protein residues (Khoury et al. 2011). Others
involve the addition of protein modules such as ubiquitin,
SUMO, or NEDD to selected target sites. In this article, we
describe the NMR characteristics of common types of
eukaryotic PTMs that belong to the first class of protein
modifications, namely phosphorylation, acylation, alkyl-
ation and glycosylation. These PTMs typically occur in
‘regulatory’ protein regions that are intrinsically disor-
dered, including also protein loop regions (Iakoucheva
et al. 2004; Xie et al. 2007; Radivojac et al. 2007; Gao and
Xu 2012). This, because fast, cellular signaling responses
usually require modifying enzymes to rapidly access indi-
vidual protein PTM sites, which is easier achieved when
modifiable amino acids are solvent exposed (i.e. not part of
the hydrophobic protein core) and located in parts of the
protein that are devoid of regular secondary, or tertiary
structure. A substrate’s primary amino acid sequence
encodes the specificity determinants for the modifying
enzymes and for the protein modules that eventually
recognize the different PTMs (Seet et al. 2006). Besides
PTM-induced, functional modulations in protein—protein
interactions (i.e. establishment of new interactions, break-
ing of existing interactions), PTMs can also mediate a
range of structural responses that, in turn, differentially
regulate functional, biological outcomes (Dyson and
Wright 2005) (see below for selected examples).

Some protein residues lend themselves to different
forms of modifications at single atom positions, such as
lysines for example, which may undergo mono-, di- or
trimethylation at the N{ position (also referred to as the
lysine e-amino site), or reversible acetylation of the same
site. Similarly, the hydroxyl groups of serines and threo-
nines can be phosphorylated or glycosylated. Other amino
acids undergo multiple modifications at different side chain
positions. Arginines display ‘regio-specific’ modification
patterns, which may be symmetric or asymmetric, as
observed in dimethylation reactions for example. This
variety of modification states within single amino acid
side-chains further increases the scope for diversity and
plasticity of protein functions. Combinations of different
types of PTMs on the same protein also provide the basis
for complex signaling mechanisms via ‘reversible combi-
natorial codes’ (Jenuwein and Allis 2001) and coupled
PTM marks are often established in hierarchical fashions,
whereby upstream ‘master switches’ lead to the activation
of different downstream signaling cascades. Conversely,
co-operative sets of PTMs are frequently laid down in close
proximity and allow direct synergistic or antagonistic cross
talk between adjacent modification marks (Latham and
Dent 2007; Kruse and Gu 2009; Martin et al. 2011).

Protein modifications such as N-terminal acetylation,
proline hydroxylation, proline cis—trans isomerization,
cysteine disulfide bond formation, protein oxidation or

@ Springer
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nitrosylation, as well as proteolytic processing will not be
discussed at this point, although these PTMs constitute
equally abundant and biologically important signaling
marks that are well amenable to investigations by NMR
spectroscopy.

PTMs by NMR

Before the advent of recombinant protein expression
technologies, selective isotope labeling and multidimen-
sional, hetero-nuclear NMR methods, NMR studies of
covalent protein modifications such as phosphorylation or
acetylation were restricted to direct, natural abundance
readouts of phosphorus, or carbon NMR signals. Protein
phosphorylation for example, was assayed by monitoring
discrete changes in ATP/ADP *'P resonances in enzymatic
kinase reactions, with respect to increasing phospho-pro-
tein signals (Mak et al. 1978; James 1985; Matheis and
Whitaker 1984). Similarly, lysine acetylation was observed
by directly reacting proteins with (1’-'*C)-acetylsalicyclic
acid (Macdonald et al. 1999; Xu et al. 1999), while lysine
methylation was chemically established via reactions with
13C formaldehyde (Ashfield et al. 2000; Macnaughtan et al.
2005; Abraham et al. 2009).

In this article, we restrict ourselves to PTM detection
approaches by 2D hetero-nuclear correlation methods i.e.
"H-'>N and '"H-">C NMR experiments and isotope-labeled
protein samples. Experiments of that sort afford higher
resolution insights into PTM reactions and provide residue-
resolved, positional information about PTM target sites and
about structural PTM consequences (see below). Because
PTMs frequently occur in intrinsically disordered protein
regions (IDRs), many of the NMR characteristics of protein
PTMs described here are deduced from IDR examples. We
have nevertheless included examples of PTMs in folded
and partially folded protein substrates, whenever possible.
We additionally discuss deviations in PTM NMR behaviors
of folded proteins in the Conclusions Section of the man-
uscript. In addition, we would like to stress that PTM
detection by NMR spectroscopy is subject to the same
inherent limitations as all other high-resolution NMR
applications. Increasing protein/PTM-substrate sizes inev-
itably lead to greater spectral complexities and unfavorable
NMR relaxation behaviors. Residue-resolved PTM site
mapping requires dual isotope labeling ('*C/"°N), triple-
resonance NMR experiments (3D/4D) and dedicated NMR
backbone assignment routines. Nevertheless, NMR detec-
tion of PTMs offers several advantages over ‘classical’
analytical methods, which are outlined in the following
paragraphs. In addition, qualitative assessments of whether
a protein of interest contains PTMs, and what types of
PTMs, can be obtained without residue-specific resonance
assignments provided that NMR spectra of unmodified
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reference states exist (discussed in the concluding remarks
of the manuscript).

Covalent PTMs introduce local alterations in the
chemical environments of individual protein residues that
are readily detected as characteristic chemical shift changes
of NMR-observable spin systems in 2D NMR correlation
experiments. Because most of the abundant eukaryotic
PTMs involve additions of small chemical entities that do
not significantly alter the molecular weights of the
respectively modified proteins, and are not subject to
chemical exchange behavior, they do not compromise size-
dependent NMR detection parameters. Knowledge about
PTM NMR characteristics enables the correct identification
of PTM type(s), as well as to map the corresponding PTM
site(s), provided that resonance-specific assignments are
available. Protein phosphorylation for example, typically
leads to large downfield chemical shift changes of serine/
threonine backbone amide resonances ('H-'°N), while
protein acetylation results in smaller upfield chemical shift
displacements of lysine backbone amides (see below).

One important feature of PTM detection by NMR spec-
troscopy is the ability to delineate PTM distributions in
proteins modified at multiple sites, provided that the differ-
ent PTM marks are in close proximity. Site-specific mapping
of adjacent protein PTMs is particularly challenging for most
analytical methods, especially mass spectrometry (MS),
which largely relies on proteolytic processing routines and
peptide fragment-based PTM detection. As schematically
illustrated in Fig. la, identical pairs of PTM/peptide frag-
ments are generated from two different PTM distributions,
which, conversely, cannot be distinguished by MS without
elaborate identification processes of MS/MS fragmented
peptides. In contrast, the corresponding NMR peak patterns
unambiguously identify whether both PTMs are present on
the same, or on different substrate molecules (Fig. 1b),
provided that the presence of one PTM influences the
chemical environment, and hence resonance frequency, of
the respective other site. Although partial modifications of
multiple PTM sites in the course of enzymatic modification
reactions can complicate the resulting NMR spectra, their
characteristics nevertheless resolve individual PTM distri-
butions (Liokatis et al. 2012). As demonstrated for the
doubly phosphorylated TEY fragment of the folded Erk
kinase domain activation loop, PTM distributions originally
derived from 2D NMR measurements were later confirmed
by MS, however only after top-down and fragment-based
MS approaches were combined (Prabakaran et al. 2011).
Whenever multiple PTMs do not cluster in close proximity,
PTM detection by NMR suffers from the same limitations in
providing quantitative descriptions of PTM distributions as
peptide-based MS approaches.

The non-disruptive nature of high-resolution NMR
spectroscopy additionally offers convenient means for time-

© 2014 Tous droits réservés.

resolved NMR measurements of reconstituted PTM reac-
tions in vitro, but also of cellular modification events in
complex environments such as cell extracts and whole live
cells (Sakai et al. 2006; Lippens et al. 2008; Selenko et al.
2008). One such example is provided by the N-terminal
‘tail’ region of histone H3 that is post-translationally
modified by endogenous enzymes in extracts of cultured
human HeLa cells (Liokatis et al. 2010). 2D 'H-'°N cor-
relation experiments revealed phosphorylation of Ser10 and
acetylation of Lysl4 (Fig. Ic). This example illustrates
another advantage of PTM detection by NMR spectroscopy:
the unique ability to monitor chemically distinct modifica-
tion events in parallel (i.e. phosphorylation and acetylation)
and without further requirements for selective enrichment
or purification procedures, as would be required for MS
analyses. The quantitative nature of NMR spectroscopy is
another feature that makes it particularly appealing for
PTM studies. Because changes in NMR signal intensities of
modified and unmodified substrate residues are detected
side-by-side, substrate/product concentrations, and time-
dependent changes thereof, are readily deduced from simple
NMR signal integration routines (Fig. 1d). From these,
kinetic reaction parameters can directly be extracted (Dose
et al. 2011; Landrieu et al. 2011). Such measurements are
particularly useful in providing additional mechanistic
insights into stepwise PTM reactions that require com-
pletions of certain PTM events, before others can ensue
(Selenko et al. 2008; Theillet et al. 2012) (Fig. 1d).

While time-resolved NMR recordings can monitor the
incorporation of various PTMs in a quantitative and resi-
due-resolved fashion, PTM removal reactions can be
studied equally well (Dose et al. 2011; Landrieu et al.
2011). In contrast to other methods, no changes in exper-
imental setups, assay conditions, or readout parameters are
required. Direct observations of reversible PTMs are thus
fully compatible with the non-invasive and non-destructive
nature of NMR spectroscopy.

A final benefit of multi-dimensional NMR methods for
PTM detection is the ability to delineate newly established
structural features that result as direct consequences of the
respective modification events. Although increases in
spectral complexity often result from such structural rear-
rangements, as the observed chemical shift changes no
longer report the modified protein residues alone, PTM-
triggered conformational alterations are readily detected by
additional resonance peak displacements of ‘PTM-remote’
protein sites. On their own, such ‘long-range’ chemical shift
changes do not reveal the details of newly established
structural features. They nevertheless enable immediate
qualitative assessments of conformational alterations that
result as direct consequences of the individual PTM reac-
tions. Protein phosphorylation in particular has long been
known to provide the physicochemical basis for well-
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Fig. 1 Post-translational protein modifications by NMR. a Schematic
outline of exemplary PTM distributions and mass spectrometry (MS)
analysis via proteolytic peptide fragmentation and identification. Note
that the different PTM distributions yield identical sets of peptide
fragments. b Schematic outline of NMR analyses of the same set of
PTMs and correct identification of the respective PTM distributions.
NMR spectra reproduced in reference to Liokatis et al. (2012).

defined structural features (Johnson and Lewis 2001) that
include modulations in o-helix stability via N-cap forma-
tion, or C-terminal destabilization (Andrew et al. 2002).
Indeed, several NMR studies of phosphorylation-induced
conformational changes have been reported (Antz et al.
1999; Patchell et al. 2002; Kar et al. 2002; Bielska and
Zondlo 2006; Perez et al. 2009; Tait et al. 2010; Nielsen and
Schwalbe 2011; Sibille et al. 2011). A compelling, recent
example is provided by phosphorylation of two tyrosine
residues within the folded cytoplasmic integrin 3 domain,
which result in pronounced structural rearrangements via
phospho-tyrosine mediated hydrogen bonds and newly
established electrostatic interactions (Deshmukh et al.
2011). Semi-synthetic approaches to introduce site-specific,
homogeneous PTM states additionally offer new possibili-
ties for studying long-range conformational response
behaviors of modified proteins (Hejjaoui et al. 2012; Fauvet
et al. 2012).

@ Springer
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¢ Superposition of 2D "H-'>N  NMR spectra of unmodified '°N-
labeled histone H3 in vitro (aal-33, black) and in HeLa cell extracts
(red). Simultaneous NMR detection of H3 Ser10 phosphorylation and
Lys14 acetylation by endogenous cellular enzymes. Reproduced from
Liokatis et al. (2010). d Quantitative PTM monitoring by time-
resolved NMR spectroscopy. Reproduced from Theillet et al. (2012)
and Dose et al. (2011)

Phosphorylation
Serine, threonine phosphorylation

Modification of serine and threonine protein residues by
reversible phosphorylation constitutes the most abundant
PTM in eukaryotes (Cohen 2002b) (Fig. 2a). Phosphory-
lation is mediated by enzymes collectively referred to as
protein kinases, whose own activities are often regulated
via reversible phosphorylation (Cohen 2002a). All kinases
exploit ATP as the universal phosphate donor. Removal of
phosphates from modified protein residues is accomplished
by sets of enzymes called phosphatases (Wurzenberger and
Gerlich 2011). A number of protein domains specifically
interact with phosphorylated serine and threonine residues
and thereby enable the switch-like properties that these
PTMs bring about (Seet et al. 2006). 14-3-3 domain con-
taining proteins bind phosphorylated serines and threonines
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(Gardino and Yaffe 2011). Some members of the WW
domain protein family interact with modified serines and
threonines followed by a proline (Wintjens et al. 2001;
Salah et al. 2012). They are thereby in competition with
other domains for the same motifs, such as CKS modules
(Landrieu et al. 2001). Fork-head associated (FHA) protein
domains selectively recognize phospho-threonines (Maha-
jan et al. 2008).

As previously mentioned, regulatory protein regions that
harbor post-translational modification sites, and phospho-
rylatable serine/threonine residues in particular, are mostly
solvent exposed and intrinsically disordered (Iakoucheva
etal. 2004). As a consequence, their NMR characteristics are
more readily affected by generic solution conditions such as
pH and temperature. 2D "H-' N correlation experiments are
particularly well suited to identify phosphorylated serines
and threonines, as these residues experience prominent,
modification-induced downfield backbone amide chemical
shift changes (Ad ~ 0.5/1.5 p.p.m.) (Figure 2b). These
chemical shift changes are primarily caused by intra-residue
hydrogen bonds between amide protons and the phosphate
moieties, whenever PTM residues are in extended confor-
mations (Du et al. 2005; Ramelot and Nicholson 2001).
Phosphorylation of serines and threonines involved in pre-
existing hydrogen bond networks, as it is often encountered
in ‘structured’ protein loop regions, results in modulations of
these characteristics (see later). Furthermore, the strong pH
dependency of phosphorylated serine/threonine backbone
amide resonances can directly be exploited to confirm
phosphorylation (Bienkiewicz and Lumb 1999; Ramelot and
Nicholson 2001; Prabakaran et al. 2011). AtpH ~ 5, below
the pKa of phospho-serines and phospho-threonines, phos-
phorylation-induced "H-""N chemical shift changes are less
pronounced due to the different protonation states of the
phosphate group. In addition, high salt concentrations also
shield the negative charge of the phosphate group even at pH
values well above the respective pKa’s and similarly reduce
phospho-serine/threonine chemical shift changes.

Serine/threonine phosphorylation at multiple protein
sites can lead to considerable increases in spectral com-
plexity, especially when the individual modification sites
are closely spaced and incomplete substrate turnover is
encountered. In fact, the large average number of protein
serine/threonine residues that are phosphorylated by
endogenous kinases in physiological environments such as
cell extracts, often result in NMR spectra of that sort. One
such example is provided by direct NMR detection of
multiple phosphorylation events within the N-terminal,
disordered transactivation domain (N-TAD) of human p53,
executed by cellular enzymes in nuclear extracts from
cultured HeLa cells (Fig. 2b). Other examples include
NMR spectra of the multi-site phosphorylated, disordered
C-terminus of PTEN, the human nucleolar protein hNIFK
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(Byeon et al. 2005), the disordered Tau protein (Landrieu
et al. 2006; Leroy et al. 2010; Sibille et al. 2011), the
histone H3 tail peptide (Liokatis et al. 2012), or the folded
Erk protein kinase domain (Prabakaran et al. 2011). It
should be stressed however, that such increases in spectral
complexities often provide additional information with
regard to different PTM distributions (Amniai et al. 2011;
Prabakaran et al. 2011; Liokatis et al. 2012).

Many serine/threonine kinases are proline directed,
which means that individual substrate sites are flanked by
C-terminal proline residues (Songyang et al. 1996; Lu et al.
2002). The prolyl peptide-bond between serine/threonine
and proline residues can exhibit cis/frans isomerization
(Brown et al. 1999; Weiwad et al. 2000; Zhou et al. 2000;
Werner-Allen et al. 2011) and phosphorylation often
affects the thermodynamic properties of these isomers
(Schutkowski et al. 1998). Moreover, sets of peptidyl-
prolyl isomerases (PPlases) that accelerate cis/trans inter-
conversion have been identified and changes in cis/trans
equilibria provide additional levels of PTM regulation
(Liou et al. 2011). With respect to the NMR chemical shift
time scale, prolyl cis/trans isomerization is slow and
therefore two NMR resonance signals are observed for
nuclear spins that are in the proximities of the isomerizing
peptidyl-prolyl bonds. This often leads to additional
increases in spectral complexity (Andreotti 2003). An
example is provided by the NMR study of multi-site,
phosphorylation-specific interactions of the disordered
cyclin dependent kinase (CDK) inhibitor Sicl with its
receptor Cdc4 (Mittag et al. 2008) (Fig. 2b). In this case,
NMR signals of cis-Phe71, -Phe82 and of cis phospho-
ThrS, -Thr45 and -Ser80 further complicate the spectral
appearance of phosphorylated Sicl (marked with asterisks
in Fig. 2b). NMR observation of protein dephosphorylation
i.e. detection of the ‘reverse’ PTM reaction, is equally well
accomplished as illustrated by NMR mapping of site-
selective phosphate removal from Thr153 of human Tau by
the PP2A phosphatase (Landrieu et al. 2011) (Fig. 2b).

Tyrosine phosphorylation

Tyrosine phosphorylation has emerged as a fundamentally
important mechanism of signal transduction in eukaryotic
cells that governs processes such as cell proliferation, cell
cycle progression, metabolic homeostasis, transcriptional
activation, neuronal transmission, differentiation, devel-
opment and aging (Hunter 2009). Perturbations in tyrosine
phosphorylation underlie many human diseases, in partic-
ular cancer, which has prompted the development of
tyrosine kinase (TK) inhibitors as prominent drug targets
(Kolch and Pitt 2010). Auto-phosphorylation of mem-
brane-bound receptor tyrosine kinases (RTKs) (Lemmon
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Fig. 2 Serine, threonine, tyrosine and histidine phosphorylation.
a Serine, threonine phosphorylation. b Left panel: Superposition of
2D 'H-'>N NMR spectra of the unmodified (black) and HeLa cell
extract-phosphorylated (green) N-terminal transactivation domain
(TAD) of p53 (aal-63). Middle panel: Superposition of 2D 'H-'"N
NMR spectra of unmodified (black) and phosphorylated Sicl (red).
Reproduced from Mittag et al. (2008). Right panel: Superposition of
2D '"H-'N NMR spectra of phosphorylated Tau (black) and upon
dephosphorylation by PP2A (blue). Reproduced from Landrieu et al.
(2011). ¢ Tyrosine phosphorylation. d Far left panel: Superposition of
2D natural abundance 'H-'C NMR spectra (aromatic region) of a

and Schlessinger 2010) upon growth factor stimulation for
example, triggers many ‘downstream’, intracellular sig-
naling events that involve serine/threonine- and soluble,
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peptide fragment of unmodified (black) and phosphorylated (red)
adenine-specific DNA methyltransferase (aal34-144). Left panel:
Superposition of 2D 'H-'>N NMR spectra of the unmodified (black)
and phosphorylated (green) Integrin 3 domain. Reproduced from
Deshmukh et al. (2011). Middle panel: Superposition of 2D 'H-'"N
NMR spectra of unmodified (black) and phosphorylated (red) p21
KID (Kriwacki laboratory, unpublished). Right panel: Superposition
of 2D "H-">N NMR spectra of unmodified (black) and phosphory-
lated (blue) PYK2. e Histidine phosphorylation. d Superposition of
2D 'H-'>N NMR spectra of unmodified (blue) and phosphorylated
(pink) HPr. Reproduced from Rajagopal et al. (1994)

nonreceptor tyrosine-kinases (NRTKs). Phospho-tyrosines
are specifically recognized by members of the SH2- and
PTB-domain protein families (Yaffe 2002), as well as a
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range of protein tyrosine phosphatases (Julien et al. 2011).
Importantly, evolution of the SH2 domain family in dif-
ferent organisms correlates with the divergence of down-
stream signaling networks and appears to recapitulate the
complexities of the respective organisms themselves (Liu
et al. 2011).

In contrast to serine/threonine phosphorylation, tyrosine
phosphorylation does not induce similarly large, downfield
backbone-amide chemical shift changes of the modified
protein residues (Bienkiewicz and Lumb 1999), which is
likely due to the more distal position of the phosphoryla-
table tyrosine hydroxyl group (Fig. 2c). Tyrosine phos-
phorylation does, however, lead to large chemical shift
changes of aromatic CHe resonances (Ad ~ 0.3/3 p.p.m.,
'H-13C) (Fig. 2d), which function as unambiguous indi-
cators for the presence of phospho-tyrosines. Due to the
limited chemical shift dispersion of solvent exposed pro-
tein tyrosine residues, phospho-site mapping via 'H-'>C
side-chain resonances, is not easily accomplished. Instead,
once the presence of phospho-tyrosines has been confirmed
by 2D 'H-'C experiments, their exact positions are
mapped via ‘continuous’ backbone amide chemical shift
changes of amino acids that surround the respectively
modified tyrosine residues and that often display larger
chemical shift displacements than the phosphorylated
tyrosines themselves. Examples for phospho-tyrosine NMR
studies are provided by the mono- and di-modified, folded
Integrin /3 domain (Deshmukh et al. 2011) (Fig. 2d),
phosphorylation of the folded cell cycle inhibitors p27
(Grimmler et al. 2007) and p21 (Fig. 2d, Kriwacki labo-
ratory, unpublished results) and the disordered activation
loop of PYK2 (Fig. 2d, Selenko laboratory, unpublished
results). Thus, NMR detection of tyrosine phosphorylation
and mapping of tyrosine phosphorylation sites by combi-
nations of 2D "H-">C and "H-'°N correlation experiments
is rather straightforward.

Histidine phosphorylation

Although histidine phosphorylation was thought to primarily
occur in prokaryotic organisms and in plants, it is likely to
play an equally important role in mammalian cells (Besant
and Attwood 2005). A number of histidine-specific mam-
malian protein kinases and phosphatases have recently been
identified (Attwood et al. 2010) and their particular roles in
tissue homeostasis, regeneration and cellular proliferation
are currently investigated. Histidines are phosphorylated at
the d1- (1-phospho-histidine) or £2- (3-phospho-histidine)
positions (Fig. 2e). Spontaneous histidine dephosphoryla-
tion occurs at low pH, and slow inter-conversion of §1- into
&2-phospho-histidines takes place under mild basic condi-
tions. This renders phospho-detection of modified histidine
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residue a particularly challenging task for any method (Be-
sant and Attwood 2010; Kee and Muir 2012).

Interestingly, 2D phospho-histidine investigations by
hetero-nuclear NMR methods have been reported as early
as 1994 (Rajagopal et al. 1994). In their study, the Klevit
laboratory generated stably Hisl5-phosphorylated, folded
HPr by means of continuous enzymatic regeneration,
which counteracted hydrolysis of the modified histidine
residue. Phospho-Hisl5 induced minor backbone amide
chemical shift changes of the majority of HPr resonances,
while the phosphorylated amino acid and neighboring
Alal6 and Argl7 experienced large downfield chemical
shift changes in the proton and nitrogen dimensions
(Fig. 2f). A localized structural rearrangement that was
governed by the dianionic phosphoryl-group of Hisl5,
which acted as a novel hydrogen bond acceptor for the
backbone amide protons of Alal6 and Argl7 and stabilized
an a-helical N-cap position was later shown to be the cause
for this behavior (Jones et al. 1997). Similarly, pronounced
backbone-amide chemical shift changes were also
observed in other phospho-histidine NMR studies despite
the absence of phosphorylation-induced structural changes
(van Nuland et al. 1995; Garrett et al. 1998; Suh et al.
2008). More recently, HNP-type NMR experiments, based
on phospho-histidine “J(*>N/*'P) coupling constants have
been reported for the ‘stereo-specific’ NMR assignment of
phosphorylated histidine residues (Himmel et al. 2010).

Acylation
Lysine acetylation

Acetylation of lysine residues constitutes another abundant
post-translational protein modification in the eukaryotic
proteome (Norris et al. 2009). Differential acetylation of
lysine residues in histone proteins establishes, in part, the
epigenetic ‘histone code’, which ultimately determines the
transcriptional states of entire genomes (Kouzarides 2007).
Comprehensive annotation studies have additionally iden-
tified over 1,700 acetylated proteins in the human prote-
ome, with functions in a great variety of cellular processes
(Choudhary et al. 2009). Acetylation denotes the chemical
conversion of the primary N{H;"-amino group of lysine
side-chains into NH-amide/acetyl moieties (Fig. 3a). Cel-
lular enzymes that catalyze such reactions are collectively
referred to as histone acetyltransferases (HATs), all of which
employ acetyl-CoA as the ubiquitous acetyl-group donor
(Berndsen and Denu 2008). Deacetylation is accomplished
by histone deacetylases (HDACSs) (Haberland et al. 2009)
and both types of enzymes constitute prominent drug targets
(Yang and Seto 2007). Acetylated lysine residues are
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Fig. 3 Lysine acylation. a Lysine acetylation. b Superposition of 2D
"H-">"N NMR spectra of unmodified (black) and stepwise acetylated
(orange and brown) C-terminal TAD of p53 (aa360-393). ¢ Lysine
acetylation, propionylation and butyrylation. d Superposition of 2D
"H-'>N' NMR spectra of synthetic unmodified (black) and Lysl4
acetylated (orange), Lysl4 propionylated (green) and Lysl4

specifically recognized by single-, or multi-copy bromodo-
main (BRD) containing proteins (Sanchez and Zhou 2009).

In 2D 'H-'"N NMR spectra, lysine acetylation in
intrinsically disordered protein regions typically results in
small backbone amide chemical shift changes (~Ad 0.06/
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butyrylated (blue) histone H3 peptides (aa3-19). e Lysine malonyla-
tion, succinylation and crotonylation. f Superposition of 2D 'H-N
NMR spectra of synthetic unmodified (black) and Lys9 malonylated
(blue), Lys9 succinylated (pink), Lys9 crotonylated (brown) histone
H3 peptides (aa3-16)

0.4 p.p.m.) of the respectively modified residues (Fig. 3b).
In addition, every acetylation event produces a novel amide
resonance signal, which corresponds to the newly estab-
lished side-chain amide NH{ group. For most acetylated
lysines this side-chain NH( signal resonates at ~8.1/127.5

doc.univ-lille1.fr



J Biomol NMR (2012) 54:217-236

HDR de Caroline Smet Lille 1, 2013

225

ppm. (‘H-"N) and therefore constitutes the generic
acetylation indicator, whereas NMR mapping of acetyla-
tion sites relies on chemical shift difference readouts of
backbone amide resonances, which serve as specific acet-
ylation site identifiers (Liokatis et al. 2010; Smet-Nocca
et al. 2010). One example of a dual acetylation reaction in
which the two indicator signals do not superimpose is the
stepwise acetylation of Lys382 and Lys373 of the disor-
dered C-terminal transactivation domain (C-TAD) of human
p53 by CBP/p300 shown in Fig. 3b (Selenko laboratory,
unpublished results).

Lysine propionylation and butyrylation

Propionylated and butyrylated lysine residues (Fig. 3c) were
first identified in histone proteins, the transcription factors pS3
and CBP/p300 and in the propionyl-CoA synthetase (Chen
et al. 2007; Garrity et al. 2007; Zhang et al. 2009; Cheng et al.
2009; Liu et al. 2009). Lysine acetyltransferases such as CBP/
p300 and P/CAF were shown to also function as propionyl-
and butyryl-transferases (Chen et al. 2007; Cheng et al. 2009;
Liu et al. 2009; Leembhuis et al. 2008), while deacetylases
SIRT1, SIRT2 and HDACS perform the respective de-prop-
ionylation and -butyrylation reactions (Riester et al. 2004;
Smith and Denu 2007a, b; Cheng et al. 2009; Liu et al. 2009;
Bhedaetal. 2011). In vitro-, and probably also in vivo-, lysine
propionylation and butyrylation are thought to occur via
propionyl- and butyryl-CoA metabolites, which are naturally
present at high abundance. Although propionylated and bu-
tyrylated lysine residues are recognized by acetyl-lysine
binding bromodomains (Vollmuth and Geyer 2011), it is not
known whether they signal particular biological activities, or
whether they merely represent side-products of spontaneous
modification reactions by acetyltransferases and propionyl- or
butyryl-CoA (Lin et al. 2012).

The NMR characteristics of propionylated and butyrylated
lysine residues in intrinsically disordered protein regions are
similar to those of acetylated lysines (Fig. 3d). While their
CH,¢resonances are indistinguishable from acetylated lysines
(~3.2/41.5 p.p.m., '"H-"3C), their side-chain NH( indicator
signals are well dispersed and unambiguously identify the
respective modification types. As shown for butyrylated
Lys14 of histone H3, the NH( signal ("H-""N) is detected at
~8.15/127.5 p.p.m., while the proprionylated form of this
lysine residue resonates at ~8.0/125.0 p.p.m.. Backbone
amide NMR signals of the respectively modified lysine resi-
due experience similar chemical shift changes.

Lysine malonylation, succinylation and crotonylation

In prokaryotic and eukaryotic organisms, lysine residues
are also subject to succinylation, malonylation and
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crotonylation (Zhang et al. 2011; Peng et al. 2011; Du
et al. 2011). These PTMs involve significant chemical
and physical changes in the nature of lysine side-chains
(Fig. 3e). Malonylation and succinylation are likely to
be established via the transfer of a malonyl-, or a suc-
cinyl-group from malonyl- or succinyl-CoA, respec-
tively, which are important metabolic intermediates.
Cellular enzyme(s) that mediate lysine malonylation
and succinylation have not yet been identified, although
succinylation is abundant in mammalian proteins,
especially in metabolic enzymes (Lin et al. 2012).
Moreover, the SirtS protein, a bona fide member of the
HDAC protein family with no known activity as a
lysine deacetylase, has been shown to function as a
nicotinamide-adenosine dinucleotide (NAD)-dependent
lysine de-malonylase and de-succinylase (Peng et al.
2011; Du et al. 2011). Lysine crotonylation has recently
been identified as an important histone modification that
decorates transcription start sites in active chromatin
(Tan et al. 2011). Crotonylating and decrotonylating
enzymes remain unknown, while crotonyl-CoA is
speculated to constitute the source for the transferred
crotonyl group.

CH,e signals of succinylated, malonylated, crotonylated,
or acetylated lysine residues in intrinsically disordered
protein regions display similar resonances (~3.2/41.5
p.p.m., "H-"2C). In contrast, lysine succinylation, malony-
lation and crotonylation NH( indicator signals are clearly
different from acetylated lysines (Fig. 3f). Exemplified by
differentially modified histone H3 Lys9, they resonate at
~8.0/125.0 p.p.m., ~8.2/127.0 p.p.m. and ~8.0/124.5
p.p.m. (‘"H-""N) respectively. Prominent backbone amide
chemical shift changes of the modified residues and
adjacent amino acids are additionally detected (Fig. 3f).
This last characteristic offers means to easily identify the
respective modification site(s), in a manner similar to
acetylated lysine residues. NMR detection of acetylation,
propionylation, butyrylation, succinylation, malonylation
and crotonylation indicator cross-peaks in larger proteins
may be hampered by signal overlap. However, upon
inspection of NMR chemical shift entries of a randomly
chosen set of 20 proteins from the Biological Magnetic
Resonance Bank (BMRB), we did not detect substantial
degrees of signal overlap in this region of the corre-
sponding 2D 'H-'>N NMR spectra (Suppl. Figure 1). In
our hands, indicator cross-peaks of the aforementioned
PTMs usually display larger NMR signal intensities than
the corresponding lysine amide backbone resonances. This
is probably due to comparable water/amide-proton
exchange properties of the different types of amide groups,
paired with favorable dynamic behaviors of side-chain
amides.
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Alkylation
Lysine methylation

Protein lysine residues are subject to two of the most
abundant but chemically distinct PTMs: lysine acetylation
(as described above) and lysine methylation. Moreover,
one and the same lysine residue may be acetylated, mono-,
di-, or trimethylated (Fig. 4a), which produces an impres-
sive range of complexity for switch-like, signaling func-
tions. Indeed, lysine methylation plays pertinent roles in
biological processes that include chromatin-mediated sig-
naling (Latham and Dent 2007; Barth and Imhof 2010;
Bannister and Kouzarides 2011; Suganuma and Workman
2011) and transcriptional regulation (Egorova et al. 2010;
Stark et al. 2011; Lehnertz et al. 2011; Campaner et al.
2011). Conversely, lysine methylation has been linked to
carcinogenesis and tumor malignancy (Stark et al. 2011;
Fullgrabe et al. 2011; Varier and Timmers 2011), brain
function and disorder (Gupta et al. 2010; Peter and Ak-
barian 2011; Graff et al. 2011), various metabolic pathways
(Teperino et al. 2010) and cellular life span (Han and
Brunet 2012). In addition, methylated lysines have been
identified as major virulence factors and strong immuno-
gens in the Mycobacterium tuberculosis heparin binding
protein hemaglutinin (HBHA) (Pethe et al. 2002). Meth-
ylation is generally accomplished via methyl-transfer of the
methylsulfonium moiety of S-adenosyl-methionine (SAM)
onto the distal N{ moieties of lysine side-chains, catalyzed
by SET-domain containing enzymes referred to as lysine
methyltransferases, or KMTs (Del Rizzo and Trievel
2011). Demethylation is mediated by lysine demethylases,
or KDMs. Two classes of KDMs are known: those that
contain LSD domains and employ FAD as a cofactor and
those that bear Jumonji domains and rely on o-ketoglu-
tarate for demethylation (Heightman 2011). Because of
their prevalent roles in disease relevant biological pro-
cesses, both KMTs and KDMs constitute prominent drug
targets (Kelly et al. 2010; Spannhoff et al. 2009; Copeland
et al. 2009). Differentially methylated lysines are specifi-
cally recognized by plant homeo- (PHD) (Sanchez and
Zhou 2011), chromo- (Yap and Zhou 2011) and MBT-
domain containing proteins (Bonasio et al. 2010), which
partially also define the ‘Royal Family’ of Tudor-like
proteins (see also below) (Maurer-Stroh et al. 2003).
While lysine acetylation is manifested by the afore-
mentioned chemical shift changes in 2D 'H-"°N correla-
tion spectra, lysine mono-, di-, and trimethylation in
intrinsically disordered protein regions does not yield
observable perturbations of backbone amide resonance
signals (Theillet et al. 2012). Lysine mono-, and dime-
thylation does however produce characteristic side-chain
lH—ISNC indicator resonances (Fig. 4b), but their fast
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chemical exchange properties at physiological tempera-
tures and pH make NMR detection impracticable. Instead,
lysine methylation is best observed via 2D "H-'">C corre-
lations, which display unique chemical shift changes of
CH,e side-chain resonances for the different methylation
states (Fig. 4b). Specifically, CH,e signals of unmodified
lysines resonate at ~3.0/42.0 p.p.m. (‘H-'*C), while
mono-, di- and trimethylated lysines experience large
downfield chemical shift changes (~Aé 0.1/9.0 p.p.m.,
'"H-'3C) and thus display characteristic resonance fre-
quencies at ~3.1/51.0 p.p.m., ~3.2/60.0 p.p.m. and ~3.4/
68.5 p.p.m. ("H-'>C) respectively. The added methyl
groups of mono-, di-, or trimethylated lysines are detected
at ~2.7/35.5 p.p.m., ~2.9/455 p.p.m. and ~3.1/55.5
p.p-m. ("H-"3C) (Theillet et al. 2012). Because most
modifiable lysine residues in folded and intrinsically dis-
ordered proteins are solvent exposed, they sample similar
chemical environments and the above NMR characteristics
are generally preserved. Hence, lysine CH,¢ resonances
unambiguously determine whether a respective residue is
methylated and, if so, in what form. Because NMR
detection of lysine methylation via proton-carbon correla-
tions does not involve exchangeable protons that could be
subject to differential chemical exchange behaviors, time-
resolved NMR measurements of methylation reactions can
be performed in a broad range of in vitro conditions, or
directly in complex environments such as cellular extracts
(Theillet et al. 2012). The advantage of observing non-
exchangeable 'H-">C correlations is offset by the chemical
shift degeneracy of lysine side-chain resonances, which
makes NMR mapping of lysine methylation sites difficult.
Residue-selective isotope labeling and dedicated 2D
(HCe(Me,)-TOCSY-Ca)NH pulse schemes that exploit
selective methyl-lysine Ce excitations and correlations to
well-resolved lysine backbone amide (IH—ISN) resonances,
obliterate these problems (Theillet et al. 2012). Different to
methylated lysine CH,e signals, CH,¢ resonances of acet-
ylated lysines are detected at ~3.15/42.0 p.p.m. (Fig. 4b)
and can therefore be monitored simultaneously with
methylated lysines (Theillet et al. 2012).

Arginine methylation

Methylation of arginine residues is yet another abundant
and biologically important PTM (Bedford and Richard
2005). Initially described in histone- and splicing-proteins,
arginine methylation occurs in numerous other polypeptides
that exert vital functions in signal transduction, transcrip-
tion and translation (Bedford and Clarke 2009; Teyssier
et al. 2010; Parry and Ward 2010; Erce et al. 2012). Argi-
nine methylation involves the covalent addition of one, or
two methyl groups to either one, or both distal guanidino Ny
nitrogens of arginine side-chains (Fig. 4c). In contrast to
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Fig. 4 Lysine and arginine alkylation. a Lysine mono-, di-, and
trimethylation. b Left panel: Superposition of 2D 'H-'>N' NMR
spectra of unmodified (black), Lys4 monomethylated (blue) and Lys4
dimethylated (purple) histone H3 peptides (aal-15) at pH 4.5. Right
panel: Superposition of 2D 'H-'>C NMR spectra (CH,¢ region,
selective '°C lysine labeling) of unmodified (black) and Lys4
monomethylated (blue), Lys4 dimethylated (purple), Lys4 trimethy-
lated (red) and Lys4 acetylated (orange) histone H3 peptides.
Reproduced from Theillet et al. (2012). ¢ Arginine mono- and

lysine acetylation, but similar to lysine methylation, arginine
methylation preserves the overall positive charge of the
residue. Arginine dimethylation exhibits stereo-specific
chemical properties and occurs in either a symmetric
(SDMA), or asymmetric (ADMA) form. Methylation of
arginine residues is mediated by sets of enzymes called
peptidylarginine methyltransferases, or PRMTs (Wolf
2009). Symmetrically dimethylating PRMTs are referred to
as Class I enzymes. Asymmetric dimethylation is estab-
lished by Class II enzymes. For both classes of PRMTs,
monomethylation typically occurs as an intermediate step
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dimethylation (symmetric/asymmetric). d Left panels: Superpositions
of 2D '"H-"3C NMR spectra (CH,¢ region) of synthetic unmodified
(black) and Argll monomethylated (green), Argll symmetrically
dimethylated (pink) and Argll asymmetrically dimethylated (blue)
histone H2A peptides (aad4-11). Right panel: Superposition of 2D
'"H-'>N NMR spectra (NHe region) of synthetic unmodified (black)
and Argll monomethylated (green), Argll symmetrically dimethy-
lated (pink), Argll asymmetrically dimethylated (blue) histone H2A
peptides (aa4-11) at pH 6.4 and 275 K

en route to dimethylation. All PRMTs employ SAM as a
cofactor and methyl-group donor. Demethylation is
accomplished by peptidylarginine demethylases, or PRDMs
(Smith and Denu 2009; Di Lorenzo and Bedford 2011).
Dedicated methyl-arginine binding is primarily mediated by
proteins of the Tudor domain family (Chen et al. 2011).
Arginine methylation and aberrant PRMT and PRDM
functions are implicated in a number of human diseases,
including several forms of cancer, which has spurred
interest in PRMTs and PRDMs as novel drug targets
(Spannhoff et al. 2009; Lakowski et al. 2010; Luo 2012).
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2D 'H-"°C correlation spectra of non-methylated,
mono- and symmetric di-methylated arginines in intrinsi-
cally disordered protein regions display minute differences
in their CH,0 resonance signals, which superimpose at
~3.25/39.0 p.p.m. ("H-"2C), clearly offset from lysine
CH,e resonances (Fig. 4d). As shown for histone H2A
Argll in comparison, asymmetric dimethylated arginines
exhibit pronounced downfield chemical shift changes in
the carbon dimension and resonate at ~3.25/40.0 p.p.m.
(‘"H-"3C) (Fig. 4d). Methyl-group correlation signals of
mono- and symmetric di-methylated arginines superim-
pose at ~2.75/26.0 p.p.m. (‘"H-"°C), well set apart from
arginine CH,d resonances. NMR signals of asymmetric
dimethyl-groups are detected at a uniquely different res-
onance frequency at ~ 3.0/36.0 p.p.m. ("H-'3C). The poor
chemical shift dispersion of non-, mono- and symmetric
dimethylated arginine CH,0 signals limits the usefulness
of "H-'C correlation experiments in identifying these
particular PTM states. Instead, 2D '"H-'>N correlation
spectra of methylated arginine residues reveal a great
spread of their NHe resonance signals, depending on their
individual modification states (Fig. 4d): NHe cross-
peaks of non-methylated arginines are detected at ~7.05/
84.0 p.p.m. ("H-""N), while mono- (~6.85/81.0 p.p.m.),
symmetric di- (~6.65/79.0 p.p.m.) and asymmetric dime-
thylated arginines (~6.7/83.0 p.p.m.) display uniquely
different resonance frequencies. In addition, arginine
"H-'>N NHp signals exhibit characteristic chemical shift
values in their differentially methylated forms and
because most modifiable arginines in PRMT substrates
are solvent exposed and sample similar chemical envi-
ronments, these NMR characteristics are generally pre-
served. However, NMR detection of solvent accessible
protein arginine NHe and NHy resonances is only feasible
at a pH lower than 6.5, because of fast water/guanidinium
proton chemical exchange (Liepinsh and Otting 1996).
This precludes NMR measurements of enzymatic arginine
methylation reactions under truly physiological conditions
(i.e. at pH 7.0-7.5). Nevertheless, qualitative information
about the presence of methylated arginine residues can be
obtained at a pH below 6.5 and by low temperature NMR
measurements as shown in Fig. 4, while residue-resolved
NMR mapping of arginine methylation sites requires
additional side-chain/backbone amide correlation experi-
ments. As stated before, NMR detection of arginine
methylation may become increasingly more difficult in
proteins of larger sizes. However, methylated arginines
are usually located in disordered protein regions (Gao and
Xu 2012), which-, paired with enhanced side-chain
dynamics-, offers additional advantages for low temper-
ature detection routines that usually suffer from unfa-
vorable increases in NMR correlation times in folded
proteins.
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Glycosylation

Protein glycosylation refers to a large number of chemi-
cally distinct modifications that are overall classified based
on the chemical nature of their protein—sugar linkages:
N-glycosylation and O-glycosylation (Spiro 2002; Cum-
mings 2009; Larkin and Imperiali 2011). Glycosyltrans-
ferase enzymes employ UDP-, GDP- or CMP-‘activated’
sugars as cofactors, from which they transfer the respective
carbohydrate entities onto substrate proteins (Ohtsubo and
Marth 2006). Glycosylation is abundant in viruses, pro-
karyotes, archea and eukaryotes (Vigerust and Shepherd
2007; Eichler and Adams 2005; Bhat et al. 2011; Cum-
mings 2009; Khoury et al. 2011; Hart and Copeland 2010),
where it is involved in nutrient sensing, transcription,
translation, signal transduction, organelle transport and
cell-cell communication (Roth 2002; Hart et al. 2011;
Marth and Grewal 2008). Conversely, these functions are
often hijacked by pathogens for invasive mechanisms of
cell entry (Varki 2008; Vigerust and Shepherd 2007).
Glyco-mediated self, non-self recognition and pathological
aberrations thereof are implicated in a number of human
auto-immune diseases (Alavi and Axford 2008; Arnold
et al. 2007) and speculated to be involved in diabetes
and cancer (Slawson et al. 2010; Slawson and Hart 2011).
O-GIcNAc glycans have additionally been shown to pre-
vent aggregation-prone proteins from oligomerization and
fibrillization (Yuzwa et al. 2012; Liang et al. 2006; Yu
et al. 2008). Structural studies of glycosylated proteins
generally require homogeneous glycans, which are difficult
to produce especially when extended structures are desired.
Recent advances in genetic engineering of bacterial and
yeast glycosylation pathways for in vivo glycoprotein
production have greatly improved this task (Rich and
Withers 2009). Genetically engineered bacteria can also be
employed to produce homogeneous glycans, which can
then be linked via chemical, or enzymatic reactions to
proteins of interest (Skrisovska et al. 2010). These strate-
gies allow alternative isotope labeling schemes for protein
and glycan moieties that permit isotope-filtered/edited
NMR experiments (Slynko et al. 2009). In addition, dedi-
cated protocols for the production of specifically isotope-
labeled and glycosylated antibodies using hybridoma cell
lines have been reported (Yamaguchi and Kato 2010).
Glycans typically display high internal mobility
(DeMarco and Woods 2008), which hampers their char-
acterization by X-ray crystallography (Wormald et al.
2002; Meyer and Moller 2007). In many instances, glycan
sugar moieties retain their high degree of internal mobility
when they are covalently attached to the respective protein
targets. This, in turn, renders them amenable to high-
resolution NMR studies, as exemplified by recent work on
the glycosylated, 55 kDa Fc fragment of immunoglobulin
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G (Barb et al. 2011). Thus, NMR constitutes the preferred
tool for characterizing the structural and dynamic proper-
ties of sugar moieties in glyco-proteins (Fletcher et al.
1994; Wyss et al. 1995; Metzler et al. 1997; Erbel et al.
2000; Slynko et al. 2009; Barb and Prestegard 2011). On
the protein side, NMR has also been used to investigate the
conformational properties of glycosylated-, and neighbor-
ing protein residues. Specifically, preferred protein back-
bone conformations have been correlated with glycosidic
peptide-sugar linkages of modified serine and threonine
residues (Corzana et al. 2006b, 2007). However, due to the
great variety in glycan residues and in glycosylation-
induced changes of protein backbone conformations, it is
not possible to pin down common glycan features that
define the NMR characteristics of individual glycosylation
events. Despite that, residue-resolved NMR measurements
of glycan modification kinetics are easily accessible,
because of the large chemical shift differences between
free and polymerized carbohydrate entities (Barb et al.
2011).

N-glycosylation

N-linked glycans contain Glc;MangGlcNAc, as the basic
building block, which is covalently added onto the NJ
position of asparagine side-chains within the Asn-X-Ser/
Thr consensus sequence (X must not be a proline)
(Stanley et al. 2009). Starting from this primary structure,
additional carbohydrate moieties (fucose, GalNAc, sialic
acid, galactose) are progressively added, or, in turn,
removed to yield the final N-glycan products. Cellular
N-glycan maturation occurs in multiple, spatially sepa-
rated reaction steps in the endoplasmic reticulum (ER)
and Golgi apparatus. Once established, N-glycosylation
itself is rather long lived, whereas individual glycan
structures may experience dynamic compositional changes
during a protein’s lifetime (Stanley et al. 2009; Schwarz
and Aebi 2011). With regard to glycosylation-induced
changes in local protein backbone conformations, N-gly-
cosylation has been reported to promote f-turn confor-
mations (Meyer and Moller 2007), stabilize folded protein
domains (Wyss et al. 1995) and increase the degree of
order in human chorionic gonadotropin (Erbel et al.
2000). Immunoglobulin G N-glycans exhibit conforma-
tional exchange between two states, one giving rise to
contacts between the glycan chain and the immunoglob-
ulin, the other one preventing such contacts (Barb and
Prestegard 2011; Barb et al. 2012). In contrast, a single,
well-defined structure of the N-glycan chain was delin-
eated for the adhesion domain of human CD2 and for a
model glycoprotein from Campylobacter jejuni (Wyss
et al. 1995; Slynko et al. 2009).
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O-glycosylation

O-glycans are established via direct glycosylation of serine,
threonine, or tyrosine side-chain hydroxyl groups and can
be found in prokaryotes and eukaryotes (Brockhausen et al.
2009; Freeze and Haltiwanger 2009; Hart and Akimoto
2009). The structural and chemical diversity of O-glycans
is much higher than for N-glycans, and many different
sugars, such as N-acetylglucosamine (GlcNAc), N-acety-
lgalactosamine (GalNAc), galactose, glucose, sialic acid,
fucose or xylose are commonly incorporated. O-glycosyl-
ation has been shown to induce various protein confor-
mational changes. Serine, threonine O-glycosylation with
o-D-GalNAc for example, was reported to decrease the -
helical content of the modified peptide hormone calcitonin
(Tagashira et al. 2002), or even elicit fS-like, extended
structures in glycopeptides, which, in turn, were detected
by large, residue-specific chemical shift changes (Coltart
et al. 2002; Hashimoto et al. 2011). In contrast, it has been
observed that O-glycosylation with f-p-glucose increases
o-helicity (Corzana et al. 2006a), while O-glycosylation
with f-p-GIcNAc was reported to induce turn-like struc-
tures in several glycopeptides (Simanek et al. 1998; Wu
et al. 1999). These structures were further disrupted by
alternative phosphorylation, as has been shown for the
N-terminus of the murine estrogen receptor beta, for
example (Chen et al. 2006). NMR was also used to deci-
pher a glycosylation-dependent decrease in proline cis
isomer content at positions C-terminal to modified serine,
or threonine residues (Narimatsu et al. 2010). Finally,
O-glycosylation by o-p-Gal or f-p-Gal impacts cis/trans
isomerization of (28S,4S)-4-hydroxyproline (Owens et al.
2009), but not of (25,4R)-4-hydroxyproline (Owens et al.
2007), whereas glycosylation of poly-hydroxyprolines
induces stable poly-proline type II helices (Owens et al.
2010). O-linked p-N-acetylglucosamination is highly
dynamic and as abundant as protein phosphorylation, or
acetylation (Hart and Akimoto 2009; Khoury et al. 2011)
(Fig. 5a). In many instances, individual serine and threo-
nine residues in eukaryotic proteins compete in phosphor-
ylation/glycosylation reactions (Hart et al. 2007; Hart et al.
2011). Because no consensus sequences have yet been
identified for O-linked N-acetylglucosamine transferase
(OGT) enzymes, even MS detection of protein O-GIcNAc
sites has proven difficult. Sophisticated enrichment rou-
tines for O-GlcNAc peptides via combined enzymatic and
chemical reactions, in combination with soft ionization
modes that preserve the labile O-GIcNAc groups on serines
and threonines have to be employed (Wang et al. 2010).
3CB chemical shift values of O-GlcNAcylated or
O-GalNAcylated serines and threonines (~71.0 and ~78.0
p.p-m. respectively) give rise to well-separated resonance
signals in 2D '"H-'3C correlation experiments, which can
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Fig. 5 Serine, threonine glycosylation. a Serine, threonine O-Glc-
NAc modification. b Left panel: Superposition of 2D 'H-""N NMR
spectra of unmodified (black) and Ser400 O-GlcNAcylated (red) Tau
(aa392-411). Middle panel: Superposition of 2D 'HN-'H TOCSY

serve as unique O-glycan indicators (Corzana et al. 2007;
Smet-Nocca et al. 2011). Characteristic, anomeric O-Gly-
can 'H,-'3C, correlation signals at ~4.3-5.0/99.0-105.0
p-p-m. could further function as O-glycosylation indicators.
Direct NMR identification of protein O-glycosylation sites
by homonuclear '"H-'H correlation experiments is not
straightforward, because no cross peaks between GIcNAc
protons and the modified serine or threonine residues are
detected (Smet-Nocca et al. 2011; Dehennaut et al. 2008).
In the case of O-GIcNAc modified Tau for example, 2D
"H-'>N correlation experiments enabled chemical shift
difference mapping of the glycosylated protein region, but
failed to identify the respective modification site(s), because
of large chemical shift changes of two serine and one
threonine residues, Ser400, Thr403 and Ser404, and of
neighboring Val399, Gly401, Asp402 (Fig. 5b). NMR
assignment of the modification site was achieved via a
combination of 2D 'H-'>N HSQC, 'HN-'H TOCSY and
"H-'3C HSQC experiments. Based on the large Co: and Cf8
chemical shift changes of O-glycosylated protein residues
(Ad ~ 2.0 p.p.m. and ~6.0 p.p.m., respectively), corre-
sponding Ho and Hf chemical shifts were extracted from
2D '"H-'3C spectra and correlated to HN resonances via
HN-Ho/f signals from 2D TOCSY NMR spectra (Fig. 5b).
Thereby, O-GIcNAc modification of Tau Ser400 was con-
firmed (Dehennaut et al. 2008; Smet-Nocca et al. 2011).

Conclusions
The growing demand for quantitative methods to annotate

cellular signaling states on systems levels has been met by
the development of analytical tools that enable direct
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NMR spectra of unmodified (black) and Ser400 O-GlcNAcylated
(red) Tau. Right panel: Superposition of 2D "H-'"*C NMR spectra of
unmodified (black) and Ser400 O-GlcNAcylated (red) Tau. Repro-
duced from Dehennaut et al. (2008), Smet-Nocca et al. (2011)

observations of cellular PTMs in unperturbed environ-
ments. Mapping of protein PTM sites, as well as in situ
deductions of mechanistic properties of cellular PTM
reactions -directly obtainable from such analyses-, are
critically required to further our understanding about how
these processes are modulated under different health and
disease conditions. With this article, we hope to have
conveyed strong arguments in favor of high-resolution
NMR spectroscopy as highly useful in providing such
information.

What would be the requirements for an ideal analytical
tool in eukaryotic PTM research? Above all, it ought to be
able to generically and qualitatively report whether a pro-
tein of interest is post-translationally modified and if so, to
identify what kind of PTMs are present and at which res-
idue positions. In most instances, it will be important to
address such questions in cellular contexts and without
defined information about the nature of the modifying
enzymes and their respective activities. Here, direct NMR
measurements of isotope-labeled proteins in different cell
extracts can provide valuable first insights. While in extract
NMR approaches may only be feasible for reasonably-
sized (<20 kDa) proteins, and for one isotope-labeled
protein at a time, in most instances simple 2D NMR cor-
relation ("H-">N and 'H-'>C) experiments may prove
sufficient to qualitatively identify which types of PTMs are
present, even without the necessity for NMR resonance
assignments. As we have outlined throughout the text, most
of the predominant eukaryotic PTMs display characteristic
NMR indicator properties that make their identification
straightforward. Serine/threonine and histidine phosphory-
lation in intrinsically disordered protein regions results in
large downfield chemical shift changes of backbone amide
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resonances for example, which are easily discernable in 2D
"H-'N correlation spectra. Tyrosine phosphorylation is
less pronounced by 2D 'H-'°N measures, but phospho-
tyrosines display unique indicator properties in the aro-
matic region of 2D '"H-'3C NMR correlations. Similarly,
different acylation events (i.e. acetylation, malonylation,
succinylation, crotonylation, propionylation and butyrila-
tion) produce unique HN( indicator signals in 2D "H-""N
experiments, which can simultaneously be detected with
most phosphorylation modifications. Characteristic lysine
CH,e¢ resonances in 2D "H-13C NMR correlations unam-
biguously function as indicators for mono-, di- and
trimethylation and transferring the protein mixture to a low
pH environment enables NMR recordings of unique indi-
cator resonances of different arginine methylation states by
2D 'H-N experiments. At the same time, sets of 2D
'"H-'N and 'H-"C correlation experiments provide
qualitative indications for possible glycosylation events at
serine/threonine positions. Thereby, combinations of
‘simple’ 2D correlation experiments (‘"H-'°N and 'H-'3C)
can be used to identify the most common types of
eukaryotic PTMs.

While we have focused our article on NMR character-
istics of eukaryotic PTMs in disordered, regulatory protein
regions, we wish to explicitly stress that PTMs within
folded proteins, or protein domains, may exhibit deviations
from the canonical NMR properties described above
(Lippens and Selenko laboratories, unpublished observa-
tions). Especially for cases in which post-translationally
modified amino acids are involved in hydrogen bond net-
works, PTM-induced NMR behaviors can differ substan-
tially from disordered, solvent exposed PTM sites. In
addition, whenever more global backbone amide chemical
shifts changes are observed, NMR mapping of individual
PTM sites may require more dedicated in vitro experi-
mental setups and additional 3D NMR experiments. These
potential drawbacks are contrasted by the unique ability of
NMR spectroscopy to provide time-resolved, quantitative
information about individual modification levels (i.e. ratios
of modified versus unmodified substrate sites and mole-
cules), as well as about individual PTM distributions in the
case of closely spaced modification sites. Time-resolved
NMR spectroscopy does provide high-resolution insights
into hierarchical properties of processive PTM events at
multiple protein sites, which ideally complements PTM
data from proteome-wide MS studies. Combined with
direct NMR readouts in complex environments such as cell
extracts and intact cells, it offers the advantage to quickly
and comparatively analyze PTMs under different in vitro
and in vivo conditions. The scope of PTM induced struc-
tural rearrangements, which is not easily accessible with
classical in vitro methods in structural biology and partic-
ularly important for intrinsically disordered, regulatory
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protein regions, provides yet another area for unique NMR
input. For these reasons, we believe that NMR spectros-
copy will become an increasingly important tool for deci-
phering the full biological range of signaling-mediated,
cellular processes. Here, we have provided an initial NMR
reference frame for the most abundant eukaryotic post-
translation protein modifications. Future studies will likely
reveal an even greater chemical repertoire of cellular
PTMs, but given the inherent physical nature of high-res-
olution NMR spectroscopy and its unique ability to report
changes in the chemical environments of individual atomic
nuclei, it is well poised to face these challenges with ease.
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Abstract The Pinl protein plays a critical role in the
functional regulation of the hyperphosphorylated neuronal
Tau protein in Alzheimer’s disease and is by itself regu-
lated by phosphorylation. We have used Nuclear Magnetic
Resonance (NMR) spectroscopy to both identify the PKA
phosphorylation site in the Pinl WW domain and investi-
gate the functional consequences of this phosphorylation.
Detection and identification of phosphorylation on serine/
threonine residues in a globular protein, while mostly
occurring in solvent-exposed flexible loops, does not lead
to chemical shift changes as obvious as in disordered
proteins and hence does not necessarily shift the reso-
nances outside the spectrum of the folded protein. Other
complications were encountered to characterize the extent
of the phosphorylation, as part of the 'H,' N amide reso-
nances around the phosphorylation site are specifically
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broadened in the unphosphorylated state. Despite these
obstacles, NMR spectroscopy was an efficient tool to
confirm phosphorylation on S16 of the WW domain and to
quantify the level of phosphorylation. Based on this ana-
lytical characterization, we show that WW phosphorylation
on S16 abolishes its binding capacity to a phosphorylated
Tau peptide. A reduced conformational heterogeneity and
flexibility of the phospho-binding loop upon S16 phos-
phorylation could account for part of the decreased affinity
for its phosphorylated partner. Additionally, a structural
model of the phospho-WW obtained by molecular
dynamics simulation and energy minimization suggests
that the phosphate moiety of phospho-S16 could compete
with the phospho-substrate.

Keywords NMR spectroscopy -
Post-translational modifications - Phosphorylation -
Protein - Pinl WW binding module

Abbreviations

AD Alzheimer’s disease

IDPs Intrinsically disordered proteins
Pinl Protein interacting with NIMA-1
NIMA Never in mitosis gene A

PKA Protein kinase A

MALDI-TOF MS

Matrix-assisted laser desorption
ionization- time of flight mass
spectrometry

PTMs Post translational modifications

RP-HPLC Reverse phase high pressure liquid
chromatography

Ww Trp—Trp binding module

wwPka PKA-phosphorylated WW domain

Phospho-WW Phosphorylated form of the WW

domain
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Introduction

Protein phosphorylation is a major regulatory process
within eukaryotic cells. Characterization of phosphoryla-
tion sites is an important issue to understand the impact of
phosphorylation on protein activity and function (Johnson
and Barford 1993). To allow phosphorylation-dependent
signalling pathways, proteins incorporate modular domains
enabling specific recognition of other proteins in their
phosphorylated states. The human peptidyl-prolyl cis/trans
isomerase Pinl was first implicated in the regulation of cell
cycle through interactions with mitotic phospho-proteins
by one of these modules, the WW domain (Lu et al. 1996;
Yaffe et al. 1997). More recently, functional interactions
with phosphorylated neuronal Tau and APP proteins have
linked Pinl to Alzheimer’s disease (AD)-neurodegenera-
tive processes (Arosio et al. 2012; Balastik et al. 2007;
Bulbarelli et al. 2009; Lonati et al. 2011; Lu et al. 1999;
Ma et al. 2012; Pastorino et al. 2006; Sultana et al. 2006).
In particular, Tau phosphorylation level regulates its
physiological function of microtubule binding and tubulin
polymerization as well as the formation of the pathological
Tau aggregates, one of the hallmarks of AD. Pinl was
shown to play a critical role in the functional regulation of
the hyperphosphorylated neuronal Tau protein in AD
neurons as Pinl ™'~ mice develop an age-related tauopathy
(Lu et al. 1999; Liou et al. 2003). For these reasons,
molecular characterization of the Pinl and phospho-Tau
interactions has gained attention (Hamdane et al. 2002;
Smet et al. 2004, 2005a; b). Interestingly, Pinl is regulated
by phosphorylation itself (Lu et al. 2002; Rangasamy et al.
2012). High levels of phosphorylation of the Pinl protein
are detected in AD affected brain tissues compared to
control tissues (Ando et al. 2012). Additionally, phos-
phorylation of Pinl was previously shown to affect its
cellular function (Lu et al. 2002).

Here, we investigate the phosphorylation by the PKA
kinase of the WW domain of Pinl, a small module folded
into a triple-stranded [B-sheet, localized in the amino-ter-
minal part of the Pinl protein (Ranganathan et al. 1997,
Verdecia et al. 2000; Wintjens et al. 2001). The WW
domain of Pinl exhibits a strong specificity for phosphor-
ylated substrates and is responsible for the binding of
phospho-proteins through phospho-S/T-P motifs generated
by proline-directed kinases (Yaffe et al. 1997). Phosphor-
ylation of the Pinl WW domain by PKA was shown to
modify the interaction with its partners and leads to a
change in sub-cellular localization (Lu et al. 2002). Firstly
indirectly identified through experiments involving alanine
mutations, the S16 residue located in the phospho-binding
loop was proposed to be the phosphorylation site (Lu et al.
2002). Additional evidence comes from the detection of
Pinl hyperphosphorylation at the S16 residue in AD brain
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tissues when compared with controls (Ando et al. 2012).
The investigation of the functional consequences of the
Pinl WW domain phosphorylation required first the ana-
lytical characterization of the WW PKA-phosphorylation
site(s) in the Nuclear Magnetic Resonance (NMR) sample.

Whereas immunochemistry and mass spectrometry (MS)
have been traditionally the methods of choice to detect
PTMs (Post-Translational Modifications), both at the level
of individual proteins or more largely on a proteome-wide
scale, NMR as an analytical technique has recently entered
this field (Theillet et al. 2012). Although limited by the
requirement of a stable isotope-labeled protein and low
sensitivity, its capacity to detect even in a complex mixture a
variety of PTMs, its quantitative nature and non-destructive
character have all led to propose this biophysical technique
as a useful alternative to the above mentioned techniques. In
order to increase its general use, we have previously pro-
posed areference library of the NMR spectral signatures that
the various PTMs might cause (Theillet et al. 2012). These
signatures can be divided in “indicators”, spectral charac-
teristics that show that a certain PTM is present in the
sample, and “identifying signals” that allow the site-specific
assignment of the PTM to a given residue. As stated, these
spectral signatures are quite generally valid for the PTM of
amino acids embedded in intrinsically disordered proteins
(IDPs). The “indicators” for phosphorylation sites are
based on 'H-'°N chemical shift perturbations, while the
“identifying signals” correspond to the Co and Cf3 chemical
shifts of the phospho-S/T residues (Bienkiewicz and Lumb
1999; Theillet et al. 2012). Whereas disordered regions
often tend to harbor regulatory PTMs (Iakoucheva et al.
2004), many examples equally exist whereby PTMs are
found in the context of globular proteins. Although often
located on residues in accessible and flexible loops of pro-
teins, PTMs are embedded in these structured proteins and
therefore, their NMR-based detection and characterization
do not necessarily obey the same rules as for IDPs. One
major issue for the identification of a modification site in a
globular protein is to differentiate the chemical shift chan-
ges that are related to the secondary or tertiary structural
changes from those related to the modification itself. A
second issue concerns the determination of the extent of
modification as phosphorylation can have an effect on both
water exchange and relaxation rates complicating the
quantification due to specific line broadening. This effect
probably is quite general, as phosphorylation has been
shown to be responsible for stabilization/destabilization of
local secondary structure (Andrew et al. 2002; Baker et al.
2007; Pufall et al. 2005) and introduction of negative
charges through the phosphate moiety will result in water
exchange rate perturbations (Bai et al. 1993).

Despite numerous NMR studies that have carefully
evaluated the role of phosphorylation on protein structures
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and on the modulation of protein—protein interfaces, the
modification site is generally not identified by NMR, or at
best only assessed by 'H-'°N chemical shift mapping (Eto
et al. 2007; Ohki et al. 2001; Pullen et al. 1995; Teriete
et al. 2009; Wittekind et al. 1989). The analytical charac-
terization of the PKA phosphorylation of the WW domain
is thus here addressed in a systematic manner. Based on
these results, we show that the PKA-phosphorylated WW
is unable to bind a phosphorylated Tau peptide substrate.
We next investigate the structural and dynamical pertur-
bations that explain the loss of function due to the phos-
phorylation. Whereas the triple-stranded conformation of
the WW is not changed upon phosphorylation of S16, it
does however induce a loss of flexibility of the phospho-
binding region as evidenced by changes in NMR relaxation
parameters. A model of the phospho-WW domain shows a
novel hydrogen bond network as a consequence of the
phosphate moiety on S16 that stabilizes the binding-loop.

Materials and methods

Production of >N/!3C- or '’N-labeled WW domain
of Pinl in Escherichia coli

The WW domain (residue 5—41 of human Pinl) was pro-
duced fused to a N-terminus GST tag in E. coli BL21(DE3)
strain carrying the WW-pGEX-4T-3 recombinant plasmid.
Cells were grown at 37 °C in a M9 minimal medium
containing 4 g/L glucose or 2 g/L ["*Cg]-glucose for
expression of '*C-labeled proteins, 1 g/L '"’N-ammonium
chloride, 1 mM MgSO,4, MEM vitamin cocktail (Sigma)
and ampicilline (100 mg/L). The induction phase was ini-
tiated by addition of 0.5 mM Isopropyl-1-thio-f-D-galac-
topyranoside and continued at 31 °C for 3 h. Cells were
harvested by centrifugation and the pellet was suspended in
Phosphate Buffer Saline, 5 % glycerol, 2 mM dithiothrei-
tol, 10 mM EDTA, 1 % Triton X-100 pH 7.2 comple-
mented with a protease inhibitor cocktail (Complete™,
Roche). The cell lysate was obtained by incubation of
0.25 mg/ml lysozyme with the cell suspension in extraction
buffer complemented with RNase and DNase and followed
by a brief sonication step. The soluble extract was isolated
by centrifugation. The GST-fusion protein was purified on
Glutathione Sepharose (GE Healthcare). Soluble extracts
were incubated for 3 h at 4 °C with 25-100 pl resin per
milliliter of soluble extracts. Unbound proteins were
extensively washed away with a wash buffer (PBS, 5 %
glycerol, 1 % Triton X-100, 10 mM EDTA) and proteins
were eluted by digestion with Thrombin protease at 0.1
unit/mg fusion protein in one bead-volume of elution
buffer (50 mM Tris—Cl pH 8.0, 150 mM NaCl, 2 % glyc-
erol, 0.1 % NP-40, 5 mM EDTA, 5 mM DTT) at 20 °C for
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20 h. Elution from the beads was then done twice with one
bead-volume of elution buffer. The pooled fractions were
concentrated and purified by reverse phase chromatography
on a Source SRPC column (GE Healthcare) equilibrated in
0.05 % TFA aqueous solution (solution A). Separation of
proteins was carried out at room temperature at a flow rate
of 2 mL/min using a linear acetonitrile gradient over
40 min from 5 to 40 % solution B (80 % acetonitrile in
solution A). Homogeneous fractions as checked by 15 %
denaturing polyacrylamide gel electrophoresis and
MALDI-TOF MS were pooled and lyophilized.

Phosphorylation of the WW domain of Pinl by PKA

The WW domain was dissolved at 10 pM in 10 mL of
phosphorylation buffer (50 mM Hepes.KOH pH 8.0,
50 mM NaCl, 125 mM MgCl,, 1 mM EDTA) with
0.1 pM PKA enzyme. The phosphorylation reaction was
performed at 30 °C for 8 h. The mixture was next purified
by reverse phase chromatography under the same condi-
tions as for the WW domain. Homogeneous fractions were
lyophilized. The protein sample was estimated to be 99 %
WW proteins.

NMR spectroscopy

For NMR experiments, the WW domains were dissolved at
0.3-0.4 mM in a buffer containing 50 mM d;-Tris pH 6.8,
100 mM NaCl, 1 mM EDTA, 1 mM DTT and 5 % D,O.
As a dissociation constant of 2 mM was measured between
Pinl and phosphate ions (Bayer et al. 2003), we use in this
study the deuterated Tris buffer instead of the usual
phosphate buffer for this pH range. 'H spectra were cali-
brated with 1 mM sodium 3-trimethylsilyl-3,3',2,2’-d4-
propionate (TSP) as a reference. It should be noticed that
4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) reference
is the more widely used. Since the chemical shift difference
between TSP and DSS is a constant under given conditions
(TSP resonances are pH-dependent), corrections of chem-
ical shifts given in this study using TSP referencing are of
—0.015 ppm for protons as compared to DSS (0 ppm) and
—0.12 ppm for "*C nuclei (Wishart et al. 1995). 'H-">N
HSQC spectra were recorded at 600 MHz on '°N- or
SN/'3C-labeled proteins with 64 scans per increment, with
2048 and 256 points in the proton and nitrogen dimension,
respectively. Three-dimensional HNCACB and HNCO
experiments were recorded for both the WW'** and the
unmodified WW domain as a control, with 8 and 4 scans
per increment, respectively, and with 2048 and 94 points in
the proton and nitrogen dimensions. Proton and nitrogen
spectral widths were 13.9 and 30 ppm centered on 4.7 and
120.0 ppm, respectively. In the carbon dimension, spectral
widths of 65.4 and 12.0 ppm centered on 39.7 and
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172.5 ppm, sampled with 196 and 112 points, were used
for the HNCACB and the HNCO experiments, respec-
tively. HNHA experiments were recorded with 8 scans, and
2048, 208, 114 points in the 'H, "’N and 'H dimensions,
respectively. Spectral widths were 14.0 and 11.9 ppm
centered on 4.7 ppm for the proton, and 24.9 ppm centered
on 118.5 ppm for the nitrogen dimension.

The chemical shift perturbations (Ad) of individual
amide resonances were calculated with the Eq. (1) taking
into account the relative dispersion of the proton and
nitrogen chemical shifts.

AS(ppm) = \/AS(TH)® + 0.248(15N)? (1)

A titration with a phospho-peptide was carried out at 293 K
with the WW A domain at 0.2 mM and increasing con-
centrations of substrate at 0, 0.1, 0.2, 0.4, 0.6, 1, 2, and
4 mM on a 300 MHz-spectrometer equipped with a BBI
probe.

A pH titration was performed at 293 K on a
600 MHz-spectrometer on a mixture of 'N-WWFX4 and
N/"*C-WW domains at a concentration of 0.1 and
0.12 mM, respectively. The acquisition of 'H-'">’N HSQC
spectra was performed at three different pH values (6.8, 5.86
and 4.86) in a 50 mM d,-Tris buffer where pH were
adjusted with concentrated HCl. The subspectra corre-
sponding to each differentially labeled species were obtained
from a sequence which uses a double INEPT (Insensitive
Nuclei Enhanced by Polarization Transfer) transfer with
isotopical discrimination between BN{2CO} and PN{*CO}
(Golovanov et al. 2007) and water suppression using a
watergate (WATER suppression by GrAdient Tailored
Excitation) sequence (Piotto et al. 1992).

Quantification of phosphorylation level was calculated
from peak integration of resonances in two different WW KA
samples at pH 6.8. To monitor the effect of line broadening
on the determination of the percentage of phospho-WW,
resonances of WW and phospho-WW were integrated in
"H-">N'HSQC spectra of a 1: 0.8 mixture of WW:WWFKA at
different pH. Given that the WWF** sample contains both
the phospho-WW and WW forms, the determination of the
phosphorylation level from "H-'""N HSQC experiments of
the WW:WWFEA mixture follows the Eq. (2), where P is the
overall phosphorylation level in the WW: WW"*4 mixture,
p is the phosphorylation level of the WW"** sample,
[WWFKA] and [WW] are the concentrations of WWFXA and
WW proteins in the mixture, respectively.

(WWPA] + [Ww]

p=PFXx [WWPKA]

(2)

P is calculated with the integration of the peaks corresponding
to the phosphorylated and the unphosphorylated forms of the
WW as in the Eq. (3).
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Aphosphof ww

= Aphospho—WW _|_AWW (3)

APosPho=WW 304 AWW correspond to the integration of the
resonance of a given residue in the phosphorylated and the
unphosphorylated form, respectively.

For the 2D NOESY, relaxation and water exchange
experiments, WW and WW"** samples were prepared at
660 and 940 pM, respectively, in 50 mM d;;-Tris.Cl pH
6.0, 25 mM NaCl, 2.5 mM EDTA, 10 % D,0. For "N
relaxation and water exchange experiments, data were
acquired at 293 K with spectral widths of 14.0 and
52.0 ppm centered on 4.7 and 106.0 ppm in 'H and '°N
dimensions, respectively, with 2048 points in the detection
dimension with 8 scans (for T1 measurements), 16 scans
(for T2 and ""N-NOEs measurements) or 32 scans (for
water exchange measurements). Two-dimensional 'H-'H
NOESY experiments with 300 ms mixing time, and spec-
tral width of 14.0 and 12.6 ppm in F2 and F1 dimensions,
respectively, both centered on 4.7 ppm, were acquired with
2048 points in both dimensions at 293 K with 16 scans and
16 dummy scans. For T1 measurements, mixing times of
10, 100, 200, 400, 600, 800, 1,000, 1,200, 1,500 and
2,000 ms were used. For T2 measurements, mixing times
of 16, 32, 63, 95, 126, 158, 189 and 252 ms were used. A
proton presaturation delay of 4 s was used for '’N-heter-
onuclear NOE experiments. The water exchange rate of
backbone amide protons and arginine He side chain protons
have been measured using the phase-modulated CLEAN
chemical Exchange (CLEANEX-PM) experiment (Hwang
et al. 1998) with mixing times of 1, 3, 8, 16, 32, 48, 64, 81,
97, 114, 130, 146, 162, 178, 194 ms. The exchange rate
constants k were derived from the equation as described
(Hwang et al. 1998). Data were fitted to the Eq. (4) were
Rwater i the longitudinal relaxation rate of water, R, the
apparent longitudinal relaxation rate and k the exchange
rate constant. Here, the water R1 was set to 9 s~
(T{water = 111 ms) allowing the calculation of the k values
(Figure S1) for each exchangeable amide proton or argi-
nine side chain.

—Rl1water-t _exp—(Rlaperk)I (4)

intensity(t) = Cte X |exp
Trypsin digests of WW and PKA-phosphorylated WW
domains, and MALDI-TOF MS analyses

Samples of WW domain in its un- and PKA-phosphory-
lated forms were dissolved at 1 mg/ml in 50 mM ammo-
nium bicarbonate and incubated for 1, 2, 6 or 18 h at 37 °C
with 1:100° trypsin (w/w). Samples were then lyophilized,
dissolved in water and analyzed with the o-cyano-4-
hydroxycinnamic acid matrix. MALDI-TOF MS analyses
were performed on a Voyager DE-STR spectrometer
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(Applied Biosystems). Detection was carried out in a
positive ion mode for the unmodified WW domain and
both positive and negative modes for the phosphorylated
WW samples.

Molecular dynamics simulation of the phospho-binding
loop of the phospho-WW domain

Simulations were performed using the CAChe software
(Fujitsu Limited, Tokyo) with the MM3 force field. Start-
ing from the NMR structure of the apo-WW domain of
Pinl (PDB ID: 116C) (Wintjens et al. 2001) and incorpo-
ration of the di-anionic phosphoryl group on S16, pre-
liminary energy minimization was accomplished with
1,000 steps of conjugate-gradient algorithm on the protein
loop from residues M15-Y23, the rest of the protein being
locked. A first molecular dynamics (MD) simulation was
then performed in vacuo for 50 ps, whereas the final sim-
ulated annealing steps (20 ps at high temperature and 50 ps
at lower temperature) were carried out using an explicit
water model.

Results
Identification of the PKA phosphorylation site

The phosphorylated form of the Pinl WW domain, hereby
called the phospho-WW domain, was obtained in vitro by
incubation of the WW domain with purified PKA enzyme
for 8 h at 30 °C followed by a purification of the crude
phosphorylation mixture by reverse phase chromatography.
Analysis of the purified WW"* domain by MALDI-TOF
MS indicates the presence of a single phosphorylation site
(Fig. 1a), but does not identify the modified residue.
MALDI-TOF MS analysis of trypsin digests performed on
both the unmodified and PKA-phosphorylated WW domains
(Fig. 1b) on the other hand confirm the phosphorylation of
S16 (Lu et al. 2002). Signals at m/z values of 393.14 and
549.27 Da corresponding to MS'®R and RMS'®R peptides
around the S16 residue, respectively, are detected in the
unmodified WW domain, the former being also detected in
the PKA-phosphorylated WW sample. Signals of peptides
with a mass increment of +80 Da were detected only in the
PKA-phosphorylated WW sample both in positive and
negative ion modes and match with the incorporation of a
phosphate group. These results unambiguously confirm the
presence of a phosphate group on the S16 residue (Fig. 1;
Table 1). It should be noted that in case of phosphorylation
on S18 or S19 we would not have been able to distinguish one
or the other by this method, as trypsin digest could not
generate individual peptides in the absence of an arginine
residue separating both serine.

© 2014 Tous droits réservés.

The 'H-">N HSQC spectrum of the WW"** domain
shows two sets of resonances corresponding to the
phosphorylated and the unphosphorylated forms of the
WW domain. The subspectrum of the unmodified form is
significantly weaker confirming that phosphorylation by
PKA is almost complete. A mapping of the chemical shift
perturbations upon PKA phosphorylation was performed
at a pH value of 5.86 (Fig. 2) since severe broadening of
the WW resonances at pH values higher than 6.4 leads to
a loss of R17 to S19 resonances. Line broadening of these
loop resonances and changes related to the phosphoryla-
tion state of the WW domain have been further analyzed
into details (see below). The chemical shift mapping
shows that several residues, grouped in two main regions
are affected (Fig. 2).

A first region is the whole phospho-binding loop
between 1 and B2 strands, encompassing residues M15 to
R21. A second group contains resonances corresponding to
residues Y23 and E35, localized in the (32 strand and in the
C-terminal loop. In peptides or disordered proteins, phos-
phorylation induces a large downfield shift of the amide
protons of the phosphorylated residues (Theillet et al.
2012), allowing for their easy detection in an otherwise
empty region of the 'H-'>N HSQC spectrum. However, in
the case of a folded protein such as the WW domain, the
corresponding resonances still remain inside the spectral
window of amide backbone resonances, and a full assign-
ment of the spectrum is therefore necessary. Based on this
assignment, we unexpectedly find that the "H-""N largest
chemical shift perturbations are detected for S18 and S19
residues and not for S16 (Fig. 2). Shifts of the 'H-5N
cross-peaks compared to the unmodified domain hence
cannot unambiguously identify the phosphorylation site of
the WW domain.

Comparison with the random coil carbon chemical shift
values of either the un- or phosphorylated serine/threonine
equally does not lead in a straightforward manner to the
identification of the phosphorylation site. As all three ser-
ine residues of the loop (S16, S18 and S19) exhibit devi-
ations in '>Ca values from their random coil values
(Fig. 3), it precludes the use of the '*Ca value as a reliable
sensor to probe the phosphorylation site. However, a clear
difference in the '*CB chemical shift of the sole S16 resi-
due between both states points to the latter as the phos-
phorylation site (Fig. 3). Therefore, in contrast to the
situation of IDPs, where the amide proton chemical shift
and/or the Co/CP values are unambiguous parameters for
identifying the phosphorylated residue, in the case of the
folded WW domain, the Cf value of the phospho-S16 acts
as the unique identifying parameter. NMR and MS data
thereby confirm the previously identified S16 residue as the
unique PKA phosphorylation site within the Pinl WW
domain (Lu et al. 2002).
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Fig. 1 Detection and A 6000
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Table 1 Summary of trypsin fragments taking into account no missed cleavage or one missed cleavage in the region of interest

Non phosphorylated Phosphorylated Primary sequence Number of
- - - - missed cleavage

Average Monoisotopic Average Monoisotopic

290.319 290.159 - - GSK 0

392.479 392.184 472.459 472.150 MS'°R 0

405.411 405.197 485.391 485.163 S'¥SGR 0

548.667 548.285 628.647 628.251 RMS'°R 1

779.875 779.370 859.855 859.337 MS'°RS'*S"°GR 1

825.963 825.438 - - LPPGWEK 0

2370.523 2369.082 - - VYYFNHITNASQWERPSGNS 0

Average and monoisotopic masses are given. Masses of the corresponding fragments in their phosphorylated form were calculated only for those
from the loop containing the three potential phosphorylated serine residues at positions 16, 18 or 19
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Fig. 2 Mapping of the PKA phosphorylation site of Pinl
WW domain. a 'H-">N HSQC spectra of the WW (black) and the
PKA-phosphorylated WW (red) domain acquired at pH 5.86 allowing
the detection of the loop resonances otherwise unobservable at higher
pH in the unphosphorylated form. b 'H-">’N combined chemical shift
variations upon PKA phosphorylation of WW domain along the
primary sequence, calculated using Eq. (1) and mapped on the WW
3D structure (PDB ID 116C). Residues with variations greater than
0.4 ppm are colored in red and those comprised between 0.1 and
0.4 ppm in pink

Alternative detection of phosphorylation in WW
domain and identification of phosphorylation-related
residues by pH titration

The phosphate group carried by serine or threonine residues
can experience different ionization states. The transition
from the mono- to the dibasic form is pH-dependent
and characterized by a pKa value that falls around 6.03
for phospho-serine and 6.34 for phospho-threonine
(Bienkiewicz and Lumb 1999). Thus, NMR spectra of
phosphorylated peptides undergo pH-dependent shifts
attributed to protonation changes of the phospho-S/T side
chain. Such pH dependent variations of the amide proton
chemical shift have proven valuable indicators of phos-
phorylation in peptides derived from the Erk activation loop
(Prabakaran et al. 2011). We therefore tried the same
strategy to characterize the phospho-WW domain. We
prepared a mixture of unmodified '’N/'*C-labeled and
PKA-phosphorylated '’N-labeled WW domains to ensure
identical pH conditions during the pH titration. For each pH
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Fig. 3 Effect of phosphorylation on '*C chemical shifts. a and b '*C
strips from HNCACB experiments acquired on '°N/'*C-WW (a and
b, left panels) and on "N/'"*C-WWF*2 (a and b, right panels) for
Serl6 (a) and Serl8 (b) residues. ¢ Graphical representation of
differences of '*Co (dark grey bars) and 13CB (light grey bars)
chemical shifts between the non- and the PKA-phosphorylated forms
of the WW domain along the primary sequence

value (i.e. pH 6.8, 5.86 and 4.86), a "H-'">’N HSQC spectrum
with isotopic discrimination between BN{!2CO} and
N{'*CO} was recorded enabling the extraction of sub-
spectra corresponding to each differentially labeled species.
Effect of pH changes on 'H-'°N cross-correlation peaks
concerns two regions of the WW domain. First, residues
around H27 exhibit pronounced chemical shift modifica-
tions with identical behavior in both proteins, in agreement
with histidine ionization being pH-sensitive in this range of
pH values (Fig. 4, left panels). These His-linked pH per-
turbations are also visible in both proteins in the region
center around residue 13 that is in spatial proximity to H27.
When we compared the "H-""N chemical shifts in the HSQC
spectrum of the phospho-WW domain, we observed that
resonances in the phospho-binding loop are specifically
affected by pH changes between 4.86 and 5.86. We were not
able to extend the comparison for pH changes towards pH
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values of 6.8 for all residues in this loop due to their
broadening in the WW domain (Fig. 4). Together with
residues S16-R21 of the loop, both Y23 and E35 were also
specifically perturbed upon pH titration (Fig. 4, right pan-
els). The reduced changes between pH 6.8 and 5.86 and the
marked shift when going from pH 5.86 to 4.86 indicate that
the pKa value of phospho-S16 in the WW domain is com-
prised in this latter range. However, phospho-S16 itself does
not exhibit the largest shift when compared to amide reso-
nances of S18, S19, G20 and R21. These data show that a pH
titration experiment leaves a potential ambiguity to detect
and identify phosphorylation events in folded proteins, as
resonances of other residues can be even more affected by
changes of the phosphate protonation state.

Quantification of the phosphorylation level

In the WW'*4 sample, integration of the MALDI-TOF MS
signals corresponding to WW and phospho-WW at m/z of

4,634.64 and 4,714.91, respectively, gives 85.3 % of
phosphorylated form (see Fig. 1a). The MALDI-TOF MS
analysis of trypsin digests that identified the phosphoryla-
tion site on the phospho-WW domain did not give a similar
level of phosphorylation (Fig. 1b). Phosphorylation
potentially has an influence on both the trypsin digestion
profile and the ionization properties of peptides, and these
factors preclude comparison of the MS signals of modified
and unmodified peptides as a basis for quantification of the
phosphorylation level of the folded protein.

One of the advantages of NMR spectroscopy is its
ability to extract peak intensities or integrals for individual
resonances in the 1D or 2D HSQC spectra. This can in
principle be used to estimate the stoichiometry of the PTM.
Here, we investigate this approach on a folded protein
domain by measuring the relative integrals for peaks cor-
responding to the WW and phospho-WW domain in the
HSQC spectra of the PKA-phosphorylated WW domain.
Broadening of resonances of the loop region in the WW

residue number
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domain posed an obvious challenge for the quantification,
as one could indeed conclude on the basis of these peaks
that the sample only contains phospho-WW (Fig. 5). The
line broadening is moreover pH-dependent, because low-
ering the pH restores some intensity for peaks corre-
sponding to the loop residues in the unmodified WW
domain. When we take peaks that are distinguishable
between both forms but that are further away from the
loop, we arrive at an overall phosphorylation level of
90 + 3 % phosphorylation in the WWFX* domain, in
agreement with the MS data on the intact domain. In the
"H-"N HSQC of binary mixture (1:0.8 WW:WW"5*) used
to monitor the pH titration, and using the spectrum at the
lowest pH, we estimated in a similar manner a phosphor-
ylation level of 35 £ 5 % (Fig. 5b) that indicates a phos-
phorylation level of 80 & 10 % for the initial WW"X#
sample.

Effect of WW phosphorylation on its binding activity

The WW domain of Pinl binds phosphorylated peptide
substrates, with a marked specificity for phospho-S/T—P
motifs generated by proline-directed kinases. In a previous
work, we have evaluated the dissociation constants of several
peptides from the neuronal Tau protein for either the full-
length Pinl or the isolated WW domain, and found no
selectivity of Pinl binding for a particular Tau phospho-
epitope (Smet et al. 2004). Here, we measure by NMR
spectroscopy the binding constant of phospho-WW for a
phospho-peptide of the human Tau protein (residues
208-221) phosphorylated on residue T212. We performed a
titration of '’N-labeled WW*** domain at a constant con-
centration of 200 uM with increasing amounts of the phos-
pho-peptide. The dissociation constant of the complex was
beyond the values accessible by NMR measurements which
would need concentrations largely above the limit of solu-
bility of the peptide to reach saturation. In contrast, a binding
constant of 100 uM had been measured for the WW domain
under the same conditions (Smet et al. 2004) (Fig. 6).
Phosphorylation of the WW hence leads to a loss of function
on phospho-substrate binding, thereby rationalizing the loss
of Pin1 function upon PKA phosphorylation (Lu et al. 2002).

Dynamical and structural changes of the phospho-
binding loop upon phosphorylation

To explore the relationship between WW phosphorylation
and its loss of binding capacity, we first considered the
structural consequences of phosphate incorporation at posi-
tion S16. Based on the comparison of Ca and Cf3 secondary
chemical shifts and *J Hy—Ho couplings between the
unphosphorylated and the PKA-phosphorylated forms of the
WW domain (Fig. 6), we conclude that the triple B-sheet

© 2014 Tous droits réservés.

structure is maintained upon PKA phosphorylation. Com-
parison of the NOE patterns of phospho-WW and WW
additionally indicates that no major structural change is
induced by phosphorylation (Fig. 7a). Without obvious
structural modifications of the WW backbone upon phos-
phorylation, we compared the relaxation parameters at pH
6.0 (Fig. 8) where all resonances in both WW and phospho-
WW domains "H-'>N HSQC can be detected. As we esti-
mated the pKa of phospho-S16 between pH 4.86 and 5.86,
the phospho-S16 is present in its physiological di-anionic
state at pH 6.0.

N-R1 and 'H-'">N heteronuclear NOE values of the
backbone amide resonances allow distinguishing the
strands from the loop regions, but are not significantly
different upon phosphorylation. Whereas this is in agree-
ment with the conservation of the overall fold upon phos-
phorylation, the slight decrease of the overall '"N-R1
values points towards a higher compactness of the phos-
pho-WW (Fig. 8). However, the selective line broadening
of the loop resonances in the unmodified domain is
reflected in the selective decrease in ° N-R, values of those
same loop residues in the phosphorylated WW domain at
pH 6.0 (Fig. 8). Because the overall tumbling is not
expected to change in view of the overall structure con-
servation, phosphorylation of S16 hence seems to result in
a lessening of exchange broadening on the microsecond-
millisecond timescale. This effect is not limited to next
neighbours in the WW binding loop but equally expands
throughout the B1 strand (Fig. 8).

Comparative measurements of water exchange rates of
backbone amide and side chain protons using the phase-
modulated CLEAN chemical EXchange experiment show
a significant decrease of water exchange upon phosphory-
lation for most backbone amides from the phospho-binding
loop (R17 to S19) but also for the side chain protons of the
arginine residues (Fig. 8 and see Supplementary Materials,
Figure S1). These reduced water exchange rates could be
solely due to the introduction of negative charges in the
binding loop of the phosphorylated domain. However, part
of the observed changes in water exchange rates could also
reflect reduced solvent accessibility accompanying the
conformational stabilization. Rearrangement of the hydro-
gen network previously described for the WW domain
when bound to its substrate (Peng et al. 2007) is a third
factor in agreement with the reduced water exchange we
observe. Both the decrease of microsecond-millisecond
movements and the slower water exchange for backbone
amides of residues in the binding-loop, and more specifi-
cally for residues S16, R17, S18 and S19, account for the
decreased line-width of the corresponding resonances in
the "H-'>N HSQC of the phosphorylated domain.

A model of the phospho-WW domain (Fig. 7) shows
compaction of the binding-loop region, as a consequence of
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Fig. 5 Quantification of PKA phosphorylation level in WW domain
by NMR. Determination of the phosphorylation level based on
integrations of signals corresponding to WW and phospho-WW in the
WWFRA sample at pH 6.8 in '"H-'"N HSQC experiments (a) or in
'H->N HSQC experiments of a WW: WWFPKA mixture (ratio 1: 0.8)
acquired at different pH (b). a Resonances of S16, R17, Y24 and Q33
residues from the 'H-'>N HSQC spectrum of the WWX sample
corresponding either to the phosphorylated (phospho-WW) or
unphosphorylated (WW) forms are shown. Calculation of phosphor-
ylation level was done for two different phosphorylation reactions
with PKA and mean values are indicated for each residue. Zero values
are arbitrarily assigned to residues that have the same chemical shift
in both the unphosphorylated and PKA-phosphorylated forms. For

novel H-bonds between the phosphate moiety and the side
chains of R17, R21 and Y23. These could account for
the conformational stabilization as witnessed by reduced
SN-R2 rates and for the reduction of water exchange rates
for residues in the binding loop. Moreover, conformational
rearrangements of the phospho-binding loop and R21 side
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residues of the phospho-binding loop (R17-S19), despite different
chemical shifts in both forms, the absence of detectable signals at pH
6.8 in the unphosphorylated form lead to an apparent phosphorylation
level of 100 % based on these residues. b Data acquired at pH 6.7,
5.86 and 4.86 are depicted by open circles, squares and triangles,
respectively. The mean phosphorylation level and root mean square
deviation were calculated with data excluding values corresponding
either to residues that give the same resonances in both WW and
WWPFKA or residues of the B-hairpin loop that experience severe line
broadening (R17-S19). The mean phosphorylation level of 35 £ 5 %
was calculated at pH 6.7 and similar values were found at pH 5.86 or
4.86

chain in this model are in good agreement with the sig-
nificant chemical shift perturbations observed for the S18,
S19, R21 and Y23 1H,ISN resonances upon PKA phos-
phorylation (Fig. 2). The novel H-bond of the side chain of
R21 to the phospho-S16 in our model will turn it away
from the side chain of E35, and hence could additionally
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Fig. 6 Binding activity of the phospho-WW domain of Pinl to
phospho-substrates. (a, b) Titration of the '"N-labeled WWFXA
(a) and WW (b) domains with a peptide from human Tau protein
(residues 208-221) containing the phospho-Thr212-Pro motif (Smet
et al. 2004). "H-'N HSQC spectra depicted in black represent the apo
proteins, WWFXA (a) or WW (b), spectra in red represent the proteins
in the presence of a 20-fold excess of phospho-peptide. ¢ Titration
curves for the non- (black) and PKA-phosphorylated (red) WW

explain the chemical shift perturbation observed for the
E35 'H,"”N upon phosphorylation of S16. As the pH value
will determine the value of the net charge of the phospho-
S16 residue, we furthermore observe for all these residues
networked to the phospho-serine that the amide 'H and '°N
chemical shifts titrate with pH (Fig. 4). The conformation
of the R17, S18, S19 and Y23 residues in the phospho-WW
is similar to the one they adopt in the loop of the WW
domain bound to a phospho-peptide substrate (Fig. 7d and
see Supplementary Materials, Figure S2). In support of
this, chemical shift variations for residues R17 to S19 are
similar in direction when we compare the phospho-WW
domain and the WW domain complexed to a phospho-
peptide (see Figs. 2a and 6b for comparison). They are
however distinct for Y23 and R21, which can be rational-
ized by the role that Y23 plays in accommodating the
proline moiety of the phospho-S—P ligand (Verdecia et al.
2000; Wintjens et al. 2001) while its side chain directly
points to the S16 phosphate moiety in our model structure.
Equally, the R21 side chain conformation in the structure
of the complex points away from the phosphorylated serine
side chain of the peptide ligand (Verdecia et al. 2000;
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domain allowing for the calculation of dissociation constants.
d Co — CB secondary chemical shifts of the phospho-WW and
unmodified WW domains. '*C chemical shifts values used as
references are described in (Wishart and Sykes 1994). e 3] scalar
couplings between backbone amide and alpha protons calculated from
HNHA experiments. Data of phospho-WW domain are represented in
black bars and those of unmodified WW domain in grey bars

Wintjens et al. 2001) whereas in our model, it is involved
in the positioning of the phospho-S16 side chain.

Discussion

To better understand the mechanism of regulation of Pinl
function through phosphorylation of its WW domain, and
increase our general understanding of functional regulation
by phosphorylation, we present here a detailed structural
and functional study of its phosphorylated WW domain. At
first, we evaluated the use of NMR to detect, identify and
quantify the phosphorylation event after in vitro phos-
phorylation by the PKA kinase. Although phosphorylation
of globular proteins is mostly directed to disordered
regions or flexible loops, the fact that those are embedded
in the three-dimensional structure renders the character-
ization of phosphorylation less straightforward than in case
of IDPs (Landrieu et al. 2006; 2010; Lippens et al. 2008;
Theillet et al. 2012). Indeed, we found that no signifi-
cant shift of 'H, '*C and >N goes significantly beyond the
usual range observed in folded proteins, and hence can
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Fig. 7 Structural model of the phospho-WW domain. a Comparison
of 'H strips from the 'H-'H "N-filtered NOESY experiments for
the residues S16, R21 and Y23 of the WW (right panels) and the
WW-PKA domains (left panels). b Comparison of the structure of
the WW (grey, PDB ID : 116C) (Wintjens et al. 2001) and the
model structure of the phospho-WW based on the structure of
the unphosphorylated form and molecular dynamics simulations
restrained to M 15 to Y23 residues (blue) highlighting a compaction of
the phospho-binding loop upon PKA phosphorylation. ¢ Close-up of
the phospho-binding loop of the phospho-WW domain showing the
intramolecular contacts with the phosphate moiety. Both R17 and R21
side chains guanidium moieties establish intramolecular contacts with

unambiguously identify a specific serine residue as the
phosphorylation site. The 'H-'>N chemical shift mapping
when comparing both the unmodified and PKA-phosphor-
ylated WW resonances only highlighted the phospho-
binding loop as the region containing the phosphorylation
site. However, all the three serine residues present in this
loop show pronounced backbone amide chemical shift
changes upon PKA phosphorylation, with S18 residue
exhibiting the largest chemical shift variations. This clearly
argues against the identification of the phospho-site on the
basis of the sole "H-'>N chemical shift mapping (Fig. 2).
The site identification came from the precise comparison of
13C values between the unmodified and phosphorylated
WW domains, whereby the Cp of S16 appears to be solely
affected by phosphorylation (Fig. 3). Whereas this result is
in agreement with MS, we should notice that this latter
approach would not necessarily be able to discriminate
between S18 and S19 residues as putative phosphorylation
sites, given their adjacent positions. While peptide-based
MS is conditioned by the presence of a protease cleavage
site between the putative phosphorylation positions, NMR
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the phospho-S16 together with the phenol group of the Y23 that
probably participate to the compactness of the phosphorylated WW
domain. This conformation explains the decrease of water exchange
rates for the residues of the loop in the phospho-WW as compared to
the WW domain as well as the overall R1 decrease and the reduced
R2 values of the residues of the loop. d Comparison of the modeled
structure of phospho-WW (blue) with the structure of the WW
domain bound to a phospho-peptide (grey, PDB ID: 1F8A) (Verdecia
et al. 2000). In this latter structure, residues of the WW domain are
indicated in regular grey characters and those of the phospho—S-P
motif of the peptide substrate in italic

identification based on the characteristic shift of the
phospho-serine '*Cp carbon should function independently
of the primary sequence, in a non-destructive manner.
Since 'Hy and N chemical shifts are not valuable
indicators of phosphorylation events in folded proteins, we
investigated whether the pH dependency of protein reso-
nances in the range of pH around the pKa value of phos-
pho-S/T residues could play this role. In the absence of
stable tertiary structure, the intramolecular hydrogen bond
between the phospho-serine phosphate moiety and its own
amide hydrogen is the underlying factor that determines the
pH dependence of the amide proton chemical shift (Du
et al. 2005). In the case of the WW loop, we observe the
most pronounced pH dependence for the amide proton of
S18, suggesting that the tertiary structure imposes an inter-
rather than intra-residue hydrogen bond (see the modeled
structure, Fig. 7¢). As a result, the pH titration behaviour of
the backbone amide resonance is a second invalid param-
eter to identify the site of phosphate incorporation. Finally,
NMR as a tool to measure the stoichiometry of the PTM
equally requires some caution in the case of a folded
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Fig. 8 Dynamics of the phospho-WW domain. a Comparison of
dynamics parameters of the WW and the phospho-WW domains.
Upper panel, representation of R1, R2 and I5N-NOEs values along
the Pinl WW primary sequence for WW (blue) and WW-PKA (red)
domains. Dynamics parameters were measured at pH 6.0 allowing the
detection of the resonances of the phospho-binding loop (residue
16-21) in both samples. Arrows above the graphics indicate the
position of each B-strand. Note that the R2 values for N26 and T29
residues in the WW domain are not shown and are of 14.5 and
16.5 s, respectively. Lower panel, the R2 values color coded on the
WW structure (PDB ID 1F8A) where each sphere is a backbone
amide nitrogen. b Water exchange measurements using the CLEAN

domain, especially when it induces modifications such as
the loop stabilization and decrease in water exchange rate
of backbone amides that we observe for the phospho-WW
domain. However, when we compare peak integrals in
"H-">N HSQC for the residues outside of this loop region
in the WW"54 sample, we found good agreement with the
MALDI-TOF MS on the intact proteins, and deduced a
phosphorylation yield of 90 £ 3 %.

In addition to its analytical capacities, NMR spectros-
copy is powerful to characterize the structural, dynamical
and functional consequences of phosphorylation. PKA
phosphorylation of the WW leads to a loss of its binding
capacity to a phosphorylated Tau peptide, despite the
overall triple B-sheet structure of the WW module being

© 2014 Tous droits réservés.

chemical EXchange (CLEANEX) experiments. Upper panel, com-
parison of the 'H-">N HSQC of the WW and WW-PKA domains
(black) with the CLEANEX experiments with a mixing time of 50 ms
(red). Lower panel, normalized intensity variations of the signals of
WW (blue) versus phospho-WW (red) for different mixing times for
the loop NH signals (R17, S18, S19) and the He arginine side chains
(R17, R21 and R14). Fitted CLEANEX exchange curves (plain lines)
were calculated as described (Hwang et al. 1998). Initial velocities
(dotted lines) were calculated from fitted curves allowing the
determination of the water exchange rate parameter k (see Supple-
mentary Materials, Figure S1)

conserved (Fig. 6). This suggests modulation of the WW
binding activity at another level. Protein motions such as
loop flexibility are known to be involved in the control of
enzymatic functions, ligand binding or protein—protein
interactions (Baldwin and Kay 2009; Eisenmesser et al.
2005; Kay 2005; Mittermaier and Kay 2006). Conforma-
tional exchange and flexibility of the binding-loop region
of the WW domain were indeed shown to be an important
parameter for the binding affinity and specificity of the
WW domain for phosphorylated substrates (Peng et al.
2007; Sharpe et al. 2007). The observed restriction in the
backbone dynamics of this region once the WW domain is
phosphorylated on S16, most pronounced on the ps-ms
timescale, is thus a first factor that might participate in the

@ Springer
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observed decrease of affinity for binding. Introduction of a
phosphate moiety on S16 further limits the availability of
R17, the essential residue for the phosphate binding of the
protein partner. Our data hence suggest that the confor-
mational and dynamical changes of the phospho-binding
loop upon S16 phosphorylation resemble the structural
adaptation occurring when a phosphorylated peptide sub-
strate binds to the WW domain (see Fig. 7d and Supple-
mentary Materials, Figure S2). Such conformational
mimicking could explain the loss of function of the Pinl
WW  domain in its PKA-phosphorylated state. Both
mechanisms of gain of conformational rigidity and com-
pactness together with the phosphate moiety itself occu-
pying the position of the incoming phospho-S/T will lead
to a phospho-WW domain unable to bind other phospho-
proteins.
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