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Communications Grand Public
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synthase from Lavandula angustifolia. (Plant. Mol. Biol. 2014).
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1. Avant propos

Le présent mémoire est rédige en vue de I'obtention de I'habilitation a diriger des recherches et
retrace mon parcours en détaillant les jalons de mes travaux de recherche. Ce premier chapitre
donne un aperc¢u rapide sur mon parcours, ma productivite scientifique, mes responsabilités
administratives et scientifiques, mes activités d'enseignement et d'encadrement, et la diffusion
de l'information scientifique et technique. Le chapitre 2 détaille I'ensemble de ces points. Le
chapitre 3 résume mes travaux de recherche antérieurs d ma titularisation en tant que Maitre de
conférence. Le chapitre 4 résume mes projets de recherche actuels et ma vision & moyen et plus
long terme.

NB : les notes de bas de page de couleur bleu correspondent aux articles que je co-signe.
* Parcours

Physico-chimiste de formation, j'ai obtenu une maitrise de Chimie a Nice et un DEA de Chimie
Informatique et Théorique a Nancy. Pendant ma thése a Nice, j'ai utilise’ les méthodes de
mécanique quantique pour €tudier la réactivite de métabolites secondaires (flavonoides) et de
modélisation moléculaire afin d'élucider les interactions entre ces composées et différentes
enzymes (Quercetinase, Lipoxygenase). J'ai ensuite effectu€ un stage postdoctoral (ATER) a Nice
sur la compréhension des meécanismes d'interaction entre une molécule odorante et une
protéine de transport des odorants puis un deuxiéme stage postdoctoral d I'Université de Bréme
sur la compréhension des interactions antigene-anticorps a l'aide de simulations de docking (ou
amarrage moléculaire) protéine-protéine, méthodes théoriques pour lesquelles j'ai développé un
nouveau champ de force gros-grains.

J'ai ét€ recrut€ en Septembre 2008 4 I'Institut de Chimie de Nice (UMR 7272 CNRS) au sein de
I'équipe Ardme Parfum Synthése et Modélisation et plus précisément dans le groupe
Modélisation Moléculaire récemment renomme Chemosim (acronyme regroupant les mots clés
Chemistry, Chemoinformatics, Molecular Modeling, Emotion & Simulation). ]'ai cette chance de
connaitre les membres de I'équipe, et plus particuliérement les professeurs Serge Antonczak et
Jéréme Golebiowski, depuis de nombreuses années. Cela a grandement facilit€ mon intégration
dans le groupe et dans les thématiques prioritaires (sens chimiques, métabolites secondaires) de
I'équipe et du laboratoire.

* Production Scientifique

Mes travaux de recherche ont donné€ lieu d 30 publications dont 22 dans des revues a comite de
lecture (rang A), 4 chapitres de livre et 4 actes de colloques. Ma thése a donne lieu a 7
publications, et chacun de mes projets de recherche a €te valid€ par plusieurs publications. Ma
spécificit€ au laboratoire sur le théme interactions protéine-protéine puis plus récemment sur la
compreéhension des mécanismes moléculaires de la perception des saveurs m'a permis de gagner
en indépendance et de signer désormais mes publications comme auteur principal. 8 de mes 30
publications ont €té rédigé en tant qu'auteur correspondant ou co-correspondant.

» Responsabilités scientifiques et administratives
Depuis 2014, je suis membre du conseil de gestion de I'UFR Sciences de 1'Universite de Nice
Sophia Antipolis. Depuis 2015, je suis membre du conseil scientifique de I'Institut de Chimie de

Nice (UMR 7272 CNRS). Depuis la création du GDR 3713 0% en 2015 (Odorant - Odeur -
Olfaction), je suis membre du conseil scientifique et co-animateur du théme « Odorat & Gout ».
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Nos approches théoriques nécessitent des moyens de calculs importants. Au laboratoire je suis
responsable de la maintenance de notre serveur de stockage (NAS) et de l'administration
systéme de notre serveur de calcul. Je fais parti du panel d'experts sollicit€s pour I'évaluation des
projets déposés auprés de l'infrastructure europé€enne de calcul intensif (PRACE). Je suis
régulierement sollicite’ pour la relecture d'articles en chimie théorique, chimie physique ou
biophysique. Je suis intervenu plusieurs fois comme animateur (chairman) a des manifestations
internationales.

Note sur les projets de recherche et leur financement:

J'ai particip€ a plusieurs projets de recherche financés (ANR, PEP's CNRS, PHC, ...) pour lesquels
un rapport d'avancement ou de fin de projet a du étre rédigé€ et j'ai ét€ porteur et coordinateur
de 3 projets financés. Bien que partenaire de plusieurs projets ANR, je n'ai jamais €t€ porteur
d'un projet « majeur ». J'ai eu I'occasion de déposer en tant que coordinateur 4 projets d 1'appel
d'offre ANR JCJC; en 2009 et 2010 sur les interactions protéine-protéine puis en 2014 et 2015
sur les bases moléculaires de la perception des saveurs. Le dernier en date a €te trés bien regu
par 3 des 4 rapporteurs (note de 21, 35, 40, et 41 sur 45) et je ne désespére pas de décrocher le
sésame ANR (ou autre) avant mes 42 ans... Age charniére avancée par la revue Nature comme
étant un jalon important dans la vie d'un chercheur en quéte de son premier projet majeur
financé. *

+ Enseignements et Encadrement

J'ai bénéficie’ d'une décharge de service d'enseignement lors de ma premiére année en tant
qu'enseignant-chercheur et je remercie 1'Universite d'avoir mis en place cette procédure. Cela
m'a permis de développer mes activités de recherche (partenaire d'un projet ANR en 2009,
rédaction d'un chapitre de livre en 2010, porteur d'un projet PHC en 2012) et de renforcer mes
collaborations (avec le Prof. M. Zacharias notamment) pendant mes premiéres années en poste.
J'ai stabilise” mes enseignements, essentiellement autour de la chimie structurale et la
modélisation moléculaire. Cela me permet de sensibiliser les €tudiants sur la recherche réalis€e
au laboratoire, et plus particuliérement au travers de nouveaux travaux pratiques « machine » ;
par exemple sur la prédiction de la structure de récepteurs chimiosensoriels, sur l'identification
de pharmacophore de ligands de récepteurs transmembranaires ou encore sur la simulation par
dynamique moléculaire de systémes ligand-récepteur. Cette activité d'enseignement m'a permis
avec mes collégues de développer de nouveaux outils pédagogiques. Dans ce cadre, plusieurs
projets ont €té éte finances par Unisciel et sont disponibles en ligne.

L'une de nos missions d'enseignant-chercheur est de former les étudiants a la recherche par la
recherche. J'attache une importance toute particulieére a cette mission et je souhaite soutenir ma
HDR pour encadrer officiellement un étudiant bien que cela se soit déja produit et traduit par
des co-publications ou plus récemment par des co-encadrements. Au total, j'ai encadre 12
étudiants lors de stages de recherche et 1 post-doctorant. Le premier doctorant que j'ai co-
encadre€ a soutenu sa these en 2015. Une deuxiéme thése sous notre co-direction avec le Prof.
Serge Antonczak a démarreé en octobre 2014 et devrait s'achever a la fin de cette année.

» Diffusion de l'information scientifique et technique

La dissémination de mes travaux de recherche a donné€ lieu a 28 communications par affiches, 27
présentations orales, dont 4 invitations a des conférences et 6 séminaires sur invitation, 1
logiciel librement distribué et la mise en place d'une base de données disponible sur le site web
de notre groupe de recherche. ]'ai participe€ a 1'organisation de 6 manifestations nationales
depuis 2011 et 1 manifestation internationale qui a eu lieu a Nice en 2013 pour laquelle je faisais

'B. Maher. « Young scientists under pressure: what the data show ? », Nature 2016, 538, 444
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également parti du comité€ scientifique. J'ai également particip€ d la création du GDR 02 qui au-
dela’ de la dimension recherche a pour but de sensibiliser et faciliter le transfert de
connaissances scientifiques et techniques vers le grand public.

2. Activités de recherche & Méthodologie

La motivation premiére de mes travaux de recherche est de combiner des approches
expérimentales et théoriques dans le domaine de la chimie physique pour atteindre une
meilleure compréhension des phénomeénes a 1'échelle atomique. Mes travaux en cours traitent de
systéemes d'intérét biologique concernant les processus moléculaires impliqués dans les sens
chimiques (olfaction et gustation), la biosynthése de métabolites secondaires ou encore la
formation d'assemblages macromoléculaires.

Dans les approches computationnelles, notre expertise consiste d déterminer le niveau de détail
nécessaire pour répondre au probléme pose et de faire la balance entre la précision de la
méthode utilisée et la rapidité du calcul. Pour éviter les erreurs ou simplement pour éviter de
perdre du temps en utilisant une méthode non adaptée au probléme, il faut répondre a certaines
questions. Tout d'abord, est-ce que la structure des entités mises en jeu est connue ? Répondre a
cette question permettra de s'orienter vers les méthodes basées sur la connaissance du ligand
(approches « ligand-based ») ou sur la connaissance du récepteur (approches « receptor-based »).
Quel est le niveau de résolution spatiale et temporelle nécessaire pour décrire/prédire le
processus moléculaire ? Par exemple les méthodes de chimie quantique décrivent de fagon
pointue la structure électronique des molécules sur un temps relativement court en
comparaison a la simulation de quelques millisecondes d'un systéme moléculaire de plusieurs
centaines de milliers ou millions d'atomes avec une approche de mécanique classique.

Quelle que soit la méthode de modélisation moléculaire utilisée, un point commun aux différents
projets sur lesquels j'ai pu travailler est la prédiction des interactions entre deux (ou plus) objets
moléculaires et la quantification de différentes grandeurs thermodynamiques comme par
exemple I'enthalpie libre qui régit les processus réactionnels. Qu’elle soit de complexation lors
de l'association d’un ligand a un récepteur ou d’activation lors d'une réaction chimique entre
deux compos€s, l'estimation de l'enthalpie libre reste un défi pour la chimie/biochimie
théorique :

- La description des processus réactionnels est un enjeu majeur en chimie et en biochimie. Du
point de vue microscopique, la chimie théorique permet de fournir les indices nécessaires 4 la
compréhension de systémes réactifs complexes. Les méthodes ab initio, ainsi que les méthodes
basées sur la théorie de la fonctionnelle de la densité sont utilisées pour prendre en compte
explicitement le réle des électrons, et ainsi caractériser les intermédiaires réactionnels et les
états de transition d’'un mécanisme réactionnel. Les méthodes de thermodynamique statistiques
telles que les simulations de dynamique mol€éculaire permettent d’échantillonner au cours du
temps les changements conformationnels d'un systéme moléculaire et de faire le lien entre une
grandeur macroscopique et les différents €tats microscopiques du systéme.

- La description et la prédiction des assemblages macromoléculaires est également un enjeu
majeur en biologie puisque I'ensemble des processus biologiques résultent de l'interaction entre
une ou plusieurs entités moléculaires. La modélisation moléculaire et la bioinformatique
permettent notamment de reconstruire et d’étudier les macromolécules d'intérét biologique et
d’analyser leurs propriétés afin de mieux comprendre leurs fonctions. Les méthodes
d’alignement de séquence et de reconstruction par homologie ont rendu accessible I'étude de
biomolécules encore non-cristallisées. Enfin les méthodes de docking ont I'avantage de prédire
un grand nombre de complexes ligand/récepteur pour un cout « processeur » relativement
faible.
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- En pharmacologie, lorsqu'une cible thérapeutique est inconnue, il est tout de méme possible
d'extraire des informations sur celle-ci en se basant sur la connaissance des ligands (agoniste,
non-agoniste, agoniste inverse, ...). Dans ce contexte, la chémoinformatique s'appuie sur un
ensemble de méthodes statistiques pour résoudre ces problémes. Par exemple, les méthodes
QSPR/QSAR, pour Quantitative Structure Propriety/Activity Relationships, permettent de relier la
structure chimique de ces composé€s a une de leur propriété intrinseéque ou a une de leur activite,
ici biologique.

3. Interdisciplinarité & Collaborations

L'étude des systemes moléculaires a’ l'aide de modéles numeériques, est par nature
transdisciplinaire. En sciences fondamentales, la notion de systéme existe aussi bien en chimie,
en physique qu'en biologie. Lors de mes différents projets de recherche j'ai pu me rendre compte
a quel point 1'échange entre chercheurs de différentes disciplines scientifiques €tait parfois
difficile. Il me semble important de promouvoir la pluridisciplinarite et l'interdisciplinarite’ a
I'heure ou la recherche est principalement financée pour répondre a des attentes sociétales, par
nature globale et non disciplinaire.

Mes travaux ont un caractere interdisciplinaire a la frontiére entre chimie physique, biophysique
ou encore biologie structurale tout en m'appuyant sur les avancées en informatique appliquée et
en calcul intensif. Mes projets de recherche sont le plus souvent enrichis par les collaborations
fructueuses avec des chercheurs de différentes spécialités telles que la biologie moléculaire, les
neurosciences ou encore l'informatique.

Ci-dessous une liste des principales collaborations mises en ceuvre et attestées par des co-
publications et/ou des projets financés ou en cours.

Sur le theme des interactions protéine-protéine :

- Prof. Martin Zacharias TU Munich (Allemagne)
- Dr. Chantal Prévost IBPC Paris
- Dr. Pierre Poulain DSIMB Paris

Sur le théme de la biosyntheése de métabolites secondaires :

- Prof. Sylvie Baudino LBVPAM St Etienne
- Dr. Frédéric Julien LBVPAM St Etienne

Sur le théme des sens chimiques :

- Dr. Loic Briand CSGA Dijon

- Dr. Emmanuelle Jacquin Joly iEES-Paris Versailles

- Prof. Hirohaki Matsunami Duke Durham (USA)

- Prof. Minghong Ma UPenn Philadelphie (USA)
- Dr. Peihua Jiang Monell Philadelphie (USA)
- Dr. Alexander Bachmanov Monell Philadelphie (USA)
- Dr. Jéréme Waldispuhl McGill Montréal (Canada)
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Fonctions

2008 - Maitre de conférences
2007 - 2008  Stage Postdoctoral
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Jacobs University Bremen

2006 - 2007 Attach€é Temporaire d’Enseignement et de UNS
Recherche
Formation universitaire
2003 -2006 Doctorat de Chimie UNS
2002 -2003 DEA Chimie informatique et Théorique Uni. H. Poincaré, Nancy |
2001 - 2002 Maitrise de Chimie UNS
2000-2001 Licence de Chimie UNS
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Theése, soutenue publiquement le 6 octobre 2006, intitulée « Activités biologiques de composés de
la famille des flavonoides : approches par des méthodes de chimie quantique et de dynamique
moléculaire » en présence du jury compos€ de :

Dr. Manuel Ruiz-Ldpez (Rapporteur), DR CNRS, Université Henri Poincaré,Nancy |
Dr. David Perahia (Rapporteur), DR CNRS, Uniuversité Orsay, Paris XI

Dr. Gilles Iacazio (Examinateur), MCF, Université Paul Cezanne, Aix-Marseille 111
Dr. Patrick Trouillas (Examinateur), MCF, Université de Limoges

Pr. Daniel Cabrol Bass (Directeur de thése), Pr. UNS

Dr. Serge Antonczak (Directeur de these), Pr. UNS.

obtenue avec mention « trés honorable » et les félicitations orales du jury.

Activités de recherche

» Thémes de recherche en modélisation moléculaire:

Théme prioritaire — Description des bases moléculaires des sens chimiques
80 % du temps recherche (olfaction et gustation)
Thémes secondaires — Catalyse enzymatique dans les voies de biosynthése
20 % du temps recherche — Prédiction des interactions protéine-protéine

« Production scientifique:

Résumé :

- 30 publications (dont 4 chapitres d'ouvrage et 4 conference proceedings)
- 4 conférences sur invitation

- 17 communications orales

- 6 séminaires sur invitation

- 28 communications par affiche.

La liste compleéte des publications et communications est fournie en annexe.

Bibliométrie* :

- H-factor: 12

- Nombre de citations totales : 461

- Moyenne de 15 citations par article et de 50 citations par an

*source croisée I1SI web of knowledge / SCOPUS / Google Scholar en date du 23 mars 2017.

Liste de 5 publications significatives :

annexées a la fin de ce document, le sigle * signifie auteur correspondant .

- The anatomy of mammalian sweet taste receptors. J.B. Chéron, ]. Golebiowski, S. Antonczak, S.
Fiorucci*. Proteins. 2017, in press.

- Sweetness prediction of natural compounds. ].B. Chéron, ]. Golebiowski, S. Antonczak, S.
Fiorucci*. Food. Chem. 2017, 221, 1421-1425.

- Fine-tuning of microsolvation and hydrogen bond interaction regulates substrate channeling in
the course of flavonoid biosynthesis. J. Diharce, J. GolebiowskKi, S. Fiorucci*, S. Antonczak*. Phys.
Chem. Chem. Phys., 2016 18, 10337-10345.
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- Isolation and functional characterization of a t-cadinol synthase, a new sesquiterpene synthase
from Lavandula angustifolia. F. Julien*, S. Moja, A. Bony, S. Legrand, C. Petit, T. Benabdelkader, K.
Poirot, S. Fiorucci, Y. Guitton, F. Nicole, S. Baudino, ].L. Magnard. Plant. Mol. Biol. 2014, 84, 227-
241.

- Prediction/calculation of protein-protein binding affinities and mutation effect, S. Fiorucci*, S.
Antonczak, ]. Golebiowski. in Protein-protein complexes: Analysis, modeling and drug design, M.
Zacharias, World Scientific (2010) p.295-317.

* Autres productions:

- Développement d'un logiciel de docking protéine-prot€ine: Ptools/Attract.
Citations: A. Saladin et al. BMC struct. Biol (2009) + Schneider et al. Meth Mol Biol (2012)

Teléchargeable sur Github ou sur http://chemosim.unice.fr

- Base de données de composés sucres : SweetenersDB
Citation : J.B. Chéron et al. Food Chem. (2016)

Teléchargeable sur http://chemosim.unice.fr

Responsabilités scientifiques et administratives

* Projets financés :

2017-2020 Partenaire du projet ANR Demeter port€ par le Dr. E. Jacquin Joly (UMR iEES
1392, Versailles) et en collaboration avec le Dr. D. Boujard (UMS 3387, Rennes).
Budget : 591 k€
Titre : “Bio-olfacticides : produire plus avec moins d'insecticides”

2015-2018 Partenaire du projet ANR-NSF NeuroComp (Fr-US) en collaboration avec le Prof.
H. Matsunami (Duke) et Prof. M. Ma (U. Penn). Budget : 148 kK€ (Fr) & 300 k$
(US)
Titre : “Predicting odorant-dependent and independent olfactory neuron activation
based on receptor dynamics”

2014-2015 Partenaire du projet PEP's CNRS EXOMOD en collaboration avec le laboratoire
BVpam (U. St Etienne). Budget: 30 k€
Titre: “Utilisation de la biodiversité des roses botaniques pour I'étude du réle d’'une
NUDIX hydrolase dans la biosynthése du parfum”

2014 Porteur du projet innovant de I'lCN (U. Nice) Budget : 3,5k€
en complément de la thése de doctorat Jean-Baptiste Chéron déja soutenue par le
Giract (3k€) et la Gen Foundation (3,5k€)
Titre : “Les bases moléculaires de la perception sucrée”

2014 Porteur du projet Crédit Scientifique Incitatif (CSI) de I'Université de Nice Sophia
Antipolis en collaboration avec le laboratoire 13S (U Nice). Budget: 3,5 k€
Titre: CLIO “Chemogenomics Links In Olfaction”

2013-2014 Partenaire au projet d'échange international Egide (PHC AURORA n° 28890T])
en collaboration avec N. Reuter, Professeur Titulaire d'une chaire de Biologie
Computationnelle a Bergen (Norvége). Budget : 9 k€
Titre : “Modeling of membrane bound metabolon”
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http://chemosim.unice.fr/
http://chemosim.unice.fr/
https://github.com/ptools/ptools

2012-2013

2009-2012

Porteur d'un projet d'échange international Egide (PHC PROCOPE n°® 26435SG)
en collaboration avec M. Zacharias, Professeur titulaire d'une chaire de
biophysique théorique a TU Munich (Allemagne). 6 co-publications. Budget: 7
k€

Titre : “Multiresolution and Multicomponent Docking of large biomolecular
assembly”

Partenaire et PI de la tdche 1 de I'ANR Blanche 2009-2012 (projet NADYN
n°NT09_504609) sur le design d'un peptide ligand de la Dynéine. 1 publication.
Budget: 334 k€.

Titre : “Nanoparticules d’ADN fonctionnalisées par des peptides ligands de la
dynéine pour 'amélioration de leur trafic intracellulaire”

» Responsabilités électives :

2015 -
2014 -
2012 -2014

2009 - 2012

2010-2011

Conseil scientifique de I'Institut de Chimie de Nice, UMR 7272 CNRS
Conseil de gestion de I'UFR Sciences de 'Université de Nice-Sophia Antipolis

CPRH du département de Chimie de I'Université de Nice-Sophia Antipolis
(Comité Permanent des Ressources Humaines).

Bureau du Département de Chimie de I'Université de Nice-Sophia Antipolis, en
charge de la commission Ressources Informatiques

Comité de Direction de I'Institut de Chimie de Nice, UMR 7272 CNRS

* Réseaux & Groupements de Recherche :

2014 -

2013-2014

2014-

2013-

Comité scientifique du GDR 3713 Odorant-Odeur-Olfaction & Coordonateur du
théme "Relations Odorat-Gout". Budget: 4 k€/an. https://gdro3.wordpress.com/

Participant au projet de montage de dossier GDR Odorant-Odeur-Olfaction.
Budget: 75 k€. (45 k€ pour 2013 et 2014 + 30k€ pour 2 PEP's de site en 2014).

Participant du COST GLISTEN: GPCR-Ligand Interactions, Structures, and
Transmembrane Signalling: a European Research Network

Participant du GDR Chemoinformatique (organisateur des journées SFCi en
2015)

Membre de la Soci€té Chimique de France (SCF), de la Société Francaise de biophysique (SFB),
du Groupe de Graphisme et Modélisation Moléculaire (GGMM), du Groupe d'Etude des
Membranes (GEM), de la Soci€te Francaise de Chémoinformatique (SFCi) et du Réseau Francais
de Chimie Théorique (RFCT).

+ Membre du comité d'organisation (ORG) / scientifique (SCI) :
—  ORG+SCI : 7émes journées de la Soci€t€ Frangaise de Chemoinformatique, 8-9
octobre 2015, Nice, France. http://sfci2015.wordpress.com/
— ORG : 2éme journées interdisciplinaires thématiques 03, 9-11 octobre 2013, La Colle
sur Loup, France http://www.unice.fr/icn-s/spip.php?article253
—  ORG: 1ére journée interdisciplinaire thématique 03, 4 juillet 2013, Nice, France
http://www.unice.fr/icn-s/spip.php?article253

—  ORG+SCI : 5éme Journée Arémes & Parfums, 7 juin 2013, Nice, France.
http://www.unice.fr/icn/journee a
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http://www.unice.fr/icn/journee_ap/
http://www.unice.fr/icn-s/spip.php?article253
http://www.unice.fr/icn-s/spip.php?article253
http://sfci2015.wordpress.com/
https://gdro3.wordpress.com/

—  ORG+SCI : Integrative Approaches for Modeling Biomolecular Complexes 2013, 29-31
mai 2013, Nice, France. http://iambc2013.wordpress.com

— ORG: 13éme Rencontre des Chimistes Théoriciens Francophones, 1-5 juillet 2012,
Marseille, France. http://rctf2012.wordpress.com/

— ORG : AROMAGRI, groupe de réflexion sur les sens chimiques, 13-14 octobre 2011,
Grasse, France. http://aromagri2011.wordpress.com

Membre du comité éditorial :

- BioMed Research International, section Computational Biology (IF 2016 = 2.1)
(http://www.hindawi.com/journals/bmri/editors/computational.biology/)

— Frontiers in Molecular Biosciences, section Mathematics of Biomolecules (début en
2014, pas encore d'IF)
http://www.frontiersin.org/Mathematics of Biomolecules/editorialboard

— ISRN Thermodynamics (début en 2014, pas encore d'IF)
http://www.isrn.com/journals/thermodynamics/editors

— Dataset Papers in Science, section Biophysics (début en 2013, pas encore d'[F)
http://www.datasets.com/journals/biology/editors/biophysics

Activité de « Peer-reviewing » :

Journal of Molecular Graphics and Modeling, International Journal of Quantum
Chemistry, BMC structural biology, Journal of Physical Chemistry, BBA Proteins and
Proteomics, Journal of Molecular Modeling, Molecular Simulation, PLoS One.

Membre du panel d'expert scientifique pour l'infrastructure européenne
PRACE (Partnership for Advanced Computing in Europe, http://www.prace-ri.eu/), plus
d'une dizaine d'expertises réalis€es.

Administration systéme, équipe APSM du laboratoire ICN (UMR 7272 CNRS)
— serveur de calcul haute performance (48 CPU)
— serveur de sauvegarde (type NAS, stockage 25 To)

Encadrement de recherche

Postdoctorant :

Juan Fernandez Carmona (2010): 1 publication commune sur les interactions
tannins/protéines peu structurées (Mol Inf2011)

Doctorant :

Jean Baptiste Chéron (2014-) : encadrement a 50% sur la modélisation des récepteurs
membranaires impliqués dans les sens chimiques. 3 publications (Food Chem, Proteins,
LActu Chim 2017) + 1 articles soumis (/ Comp Chem) et 3 en préparation.

Julien Diharce (2011-2014): encadrement a 50% sur la formation de complexes
protéine-protéine impliqués dans la biosynthése de substances naturelles. 3 publications
(PCCP 2016, J. Phys Chem B et Structure 2014)

Jérémie Topin (2008-2012) 1 co-publication sur la prédiction de la cinétique de
diffusion du dioxygeéne dans une hydrogénase. (] Phys Chem B 2014).

Landry Charlier (2006-2009) : 1 co-publication sur la prédiction d'enthalpie libre de
complexation dans les systémes hydrophobes (PCCP 2007).
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http://www.prace-ri.eu/
http://www.datasets.com/journals/biology/editors/biophysics/
http://www.isrn.com/journals/thermodynamics/editors/
http://www.frontiersin.org/Mathematics_of_Biomolecules/editorialboard
http://www.hindawi.com/journals/bmri/editors/computational.biology/
http://aromagri2011.wordpress.com/
http://rctf2012.wordpress.com/
http://iambc2013.wordpress.com/

Master 2 recherche:

* Hubert Grunig (2016-2017) : encadrement a 100 % sur ['étude de nouveaux ligands de
récepteurs olfactifs d'insectes par approches QSAR (projet ANR Demeter 2017-2021).

* Marilyne Viano (2013-2014): encadrement a 100% sur ['étude de protéines
membranaires impliquées dans les sens chimiques par simulations de dynamique
moléculaire. 1 publication (Chem Senses 2016)

* Felix Lohmann (2011-2012) : encadrement & 100% sur la simulation par dynamique
moléculaire de systemes ligand-récepteur. Bourse ERASMUS

Master 1

* Chloé Pontet (2012-2013) : stage sur la Description des premiéres étapes moléculaires de
la gustation (encadrement 4 100%)

e Océane Dunand (2011-2012): mémoire bibliographique sur la perception gustative
(encadrement a 100%)

* Sylvain Luciano (2010-2011) : mémoire bibliographique sur les calculs d'enthalpie libre
par des méthodes de simulations de dynamique moléculaire. (encadrement a 100%)

* Jérémie Godemert (2009-2010): mémoire bibliographique sur la prédiction des
interactions ligand-récepteur par des méthodes de simulations de dynamique moléculaire.
(encadrement a 100%)

Autres :

e lIurii Cascuic (2014-2015): stage sur la Prédiction des interactions molécules
sapides/récepteurs gustatifs (encadrement 4 100%) 1 publication (Food Chem 2017)

Expertises et compétences

+ Domaines d'expertise (et logiciels dédiés) :

— Modélisation moléculaire (AMBER, Maestro, APBS, ...)

— Chimie quantique (Gaussian, GAMESS, NBO)

— Bioinformatique structurale & Drug Design (Jalview, Clustal, serveurs Uniprot, PIR,
Modeller, Autodock, Attract, ... )

— Visualisation (VMD, Chimera, Pymol, Rasmol, Molekel, Molden, ...)

— Analyse statistique (Knime, R)

+ Compétences informatiques :

— Administration Systéme :
Cluster de calcul haute performance (Serveur Dell C6100), Station de travail OS Linux,
Station de travail Unix SGI : Octane et Indigo II (Irix), Station de travail Sun : Ultra60 et
Ultra80 (Solaris 9).

— Programmation :
Python, C-shell, C/C++, Delphi, Pascal. Quelques notions en HTML & Fortran.
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Enseignements

2010- Matitre de Conférences 192 h.eq. TD

2009-2010  Maitre de Conférences 156 h. eq. TD
avec décharge « nouveaux entrants » de 36h eq. TD

2008-2009  Maitre de Conférences stagiaire 144 h.eq. TD
avec décharge « nouveaux entrants » de 48h eq. TD

2006-2007 %2 ATER 96 h.eq. TD

2003-2006  Monitortat 64 h.eq. TD / an

« Service d'enseignement actuel :
(réalisé€ en filiére Physique-Chimie ou Chimie si non spécifi€)

Modélisation Moléculaire (M1)

Modélisation Moléculaire (5° année ingénieur Polytech'Nice)
Drug Design (5° année ingénieur Polytech'Nice)
Thermodynamique Statistique (L3)

option Modélisation Moléculaire (L3)

Informatique Disciplinaire Chimie (L2)

option Structure des biomolécules (L1)

Chimie Structurale (L1)

* Autres enseignements réalisés sur la période 2003-2016:

Bioinformatique Structurale (label national de Chimie théorique - RFCT), cours et TP
dispensés a I'ENS Lyon

Informations Scientifiques et Techniques (M1)

Chimie quantique (M1)

Risque Cimique (4° année ingénieur Polytech'Nice)

Chimie des Solutions (Préparation Agreg PC)

Chimie atomistique (PCEM1)

TP de Chimie générale (L1), chimie des solutions (L1), chimie inorganique (L3) et
option chimie en pratique (L2 SV)

+ Production de documents pédagogiques en ligne (projets financés par Unisciel)

cours - TD - TP d'un module de Modélisation moléculaire (niveau L3)
http://uel.unisciel.fr/chimie /modelisation /modelisation/co/modelisation.html

cours - TD - TP d un module de Chlmle Quanthue (nlveau L3)

Reorganlsatlon du module Structure Microscopique de la matiére (niveau L1- L2) +
production de QCM http://socles3.unisciel.fr/

Cours - TD -TP d'un module de Biologie structurale (niveau L1-L2)
http://sites.unice.fr/site/ffontaine/structurebio/co/structure.html

Cours - TD -TP d'un module de Drug Design (niveau L3-M1) en cours d'édition.
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http://sites.unice.fr/site/ffontaine/structurebio/co/structure.html
http://socles3.unisciel.fr/
http://uel.unisciel.fr/chimie/modelisationII/modelisationII/co/modelisationII.html
http://uel.unisciel.fr/chimie/modelisation/modelisation/co/modelisation.html

Chapitre 3

Activités de recherche
antérieures

Theése de doctorat
Activités post-doctorale
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1. These de doctorat (2003-2006 - Université de Nice Sophia
Antipolis) :

« Activités biologiques de composés de la famille des flavonoides : Approches par
des méthodes de chimie quantique et de dynamique moléculaire »

Les flavonoides font partie d'une des plus importantes familles de substances naturelles, les
polyphénols. La quercétine est I'une des plus représentatives de cette famille de composés du fait
de son activite’ dans la quasi-totalite” des processus biochimiques pouvant impliquer un
flavonoide. La quercétine est un antioxydant et un composé€ antiradicalaire jouant un réle dans le
piégeage des espéces réactives de 1'oxygeéne (ERO), mais sous certaines conditions elle peut étre
a l'origine d'une activite’ pro-oxydante sur les acides nucléiques et aminés (notamment en
présence de métaux de transition) et enfin avoir la propriéte d'inhiber certaines enzymes. A
I'aide des méthodes de chimie théorique, mon travail de thése a consist€ a décrire les propriétés
intrinséques de la quercétine, molécule modele, et d'étudier divers mécanismes biologiques
pour lesquels les flavonoides pouvaient étre considérés comme substrats ou inhibiteurs. Voici un
résumé des principaux résultats.

« Propriétés réactionnelles des formes activées de la quercétine et étude de
leur implication dans les processus biologiques.

Une €tude a l'aide de méthodes DFT nous a permis de caractériser les propriétés €lectroniques,
énergétiques et structurales de la quercétine.” Le caractére aromatique des flavonoides est
depuis longtemps connu et responsable de la stabilisation de leurs formes radicalaires. Il nous
est pourtant apparu que la délocalisation €était limitée pour certaines formes radicalaires de type
semiquinone (Fig. 3.1, gauche). Ceci induit une spécificité des sites réactifs sur ces substances en
fonction de la position des groupements hydroxyles ou méthoxyles. Une étude des co-réactifs
(O, H20,, OH, ..) impliqués dans les réactions enzymatiques a permis d'établir des cycles
thermodynamiques pouvant expliquer la faisabilité de telle ou telle réaction.

La quercétine est susceptible de métaboliser 1'oxygéne moléculaire au sein d'une enzyme
spécifique: la Quercétine 2,3-Dioxygenase (2,3-QD). Le mécanisme réactionnel (Fig. 3.1, droite) a
pu étre €lucide” a’ l'aide de méthodes de la fonctionnelle de la densité.” Loxygénolyse
enzymatique de la quercétine est précédée par une réaction de complexation avec l'ion cuivre(II)
du site actif de I'enzyme et par une réaction de déprotonation du substrat. L'oxydation de la
quercétine par le dioxygeéne implique l'ouverture du cycle aromatique « central » et une
libération de monoxyde de carbone.

P

_

M 1 | PDTY i _PDTy

Figure 3.1: Gauche: Densité de spin (bleu) d'une forme semiquinone de la quercétine. Droite : Profil
réactionnel d'un composé modeéle permettant d'expliquer la réactivité de la quercétine vis-a-vis du dioxygene.

% Fiorucci et al,, J. Agr. Food Chem., 2007, 55, 903-91
® Fiorucci et al. Chemphyschem, 2004, 5, 1726-1733
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+ Etude du caractere antioxydant de la quercétine - substrat de 1'enzyme
Quercétine 2,3-Dioxygénase.

L'étude mécanistique (DFT) a éte complétée en tenant compte du réle de l'enzyme par une
approche de simulations de dynamique moléculaire. Le cofacteur métallique (Cu®*) entour€ de
trois résidus histidine et d'un résidu glutamate permet le transfert €lectronique et donc
I'activation du substrat. La spécificité de I'enzyme pour la quercétine et le kaempférol a pu étre
explicitée en rationalisant le réle de reconnaissance des acides aminés en fond de poche (Fig. 3.2,
gauche). Cette étude a également permis de mettre en évidence l'existence d'un canal a
dioxygene (Fig. 3.2, droite) qui meénerait directement une molécule de petite taille vers le site
actif de I'enzyme.* Le passage du dioxygene 4 travers ce canal a €t€ étudi€ d I'aide des méthodes
de calcul du potentiel de force moyenne et d’échantillonnage avance (LES).° La faible barriére
énergétique (AG ~ 2 kcal.mol™) montre que I'entrée du dioxygene via le canal est faisable.

l'enzyme 2,3-QD. Droite : Canal a dioxygéne (surface en gris) formé par quatre acides aminés (en vert). Le
cuivre et les molécules d'eau du site actif sont respectivement en bleu et en gris/rouge.

+ Etude du caractere inhibiteur de la quercétine sur la Lipoxygenase.

Une étude a démontrée€ que le produit de la dégradation de la quercétine par la lipoxygeénase-3
(LOX-3) est un inhibiteur de cette enzyme.® Etant donné€ qu’aucune structure de la LOX-3 avec le
substrat quercétine n’a pu étre cristallisée a ce jour, nous nous sommes attachés a décrire le
mode de complexation de la quercétine au sein de I'enzyme.

\ - ) i —

Figure 3.3 : Site actif de la LOX-3 en interaction avec la quercétine
A T'aide des méthodes de dynamique moléculaire, nous avons estime” I’enthalpie libre de
complexation de la quercétine selon trois modes d'interaction.” Nos résultats montrent
clairement que la quercétine se coordonne au centre meétallique via sa fonction 3-

hydroxychromone (Fig. 3.3). Une €tude des interactions enzyme/substrat a permis d’identifier
les résidus a l'origine de la reconnaissance et de I'activation de la quercétine.

* Fiorucci et al,, Proteins, 2007, 67, 961-970
5 Fiorucci et al,, Proteins, 2006, 64, 845-850
® Borbulevych et al. Proteins, 2004, 54, 13-9
7 Fiorucci et al,, Proteins, 2008, 73, 290-298
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2. Attaché Temporaire d'Enseignement et de Recherche (2006-2007,
UNS) :

« Les premiéres étapes moléculaires de I'olfaction : Simulation des interactions
OBP - odorants»

La réception de compos€s odorants au sein de la muqueuse nasale implique différentes
protéines du systéme olfactif. La transformation en signal électrique du signal chimique
s'effectue par des récepteurs transmembranaires situés sur les cils olfactifs. Les protéines de
liaison aux odorants (ou OBP pour Odorant Binding Protein), protéines localisées dans le mucus
olfactif, joueraient un réle de complexation, de solubilisation et de transport des odorants vers
les récepteurs olfactifs.

A l'aide de simulations de dynamique moléculaire, nous avons caractérise’ les interactions
OBP/odorant intervenant lors du processus de complexation et de dé-complexation (Fig. 3.4).°
Différentes approches (PMF, MMPBSA, TI) ont €te” utilisés pour prédire I'enthalpie libre
d’association de ces systémes trés hydrophobes.’ Nous avons pu comparer les résultats obtenus
par ces différentes méthodes et certains sont en trés bon accord avec ceux obtenus par titrage
calorimétrique isotherme qui nous informe de la constante d’association, la stoechiométrie,
I'enthalpie et I'entropie des complexes.
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Figure 3.4* : Structure d’une OBP (a) et détail des interactions OBP-odorant (b). *(Figure tirée de la
référence ’)

3. Stage Postdoctoral (2007-2008, Jacobs University Bremen,
Allemagne) :

« Etude de complexes Antigene/Anticorps et de leur interaction avec le systeme du
complément »

Cette €tude entre dans le cadre d'un projet pluridisciplinaire européen « BacAbs ». L’objectif
était d’étudier des candidats-vaccins contre la méningite (modéle : Neisseria Meningitidis), et de
mettre au point des outils bioinformatiques pour prédire leurs propri€tés structurales. Dans ce
cadre, mon objectif a ét€ de développer un algorithme de docking spécifique pour les complexes
antigéne/anticorps et de comprendre l'interaction de ces structures avec le systéme du
complément (Fig. 3.5, gauche).

8 Golebiowski et al., Proteins, 2007, 67, 448-458
° Charlier et al,, Phys. Chem. Chem. Phys., 2007, 9, 5761-5771
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Figure 3.5 : Gauche : Schéma d'une complexe formée par un antigéne (en rouge), un anticorps (en bleu) et
un des protagonistes du systéme immunitaire, le systéme du complément C1 (en jaune, vert et violet). Droite :
Protocole de docking d’ATTRACT.

La premiére partie de ce projet a porté sur le développement (en Python/C++) d’'un programme
de docking, Ptools/ATTRACT" (Fig. 3.5 droite), et d’optimiser la fonction de score gros-grains
pour I'étude de complexes protéine-protéine’’. La deuxiéme partie du projet' traite de I'analyse
de la surface des protéines (forme de la protéine, accessibilité des résidus, profil €lectrostatique,
caractére hydrophobe, etc.). Cela nous a permis d’identifier les possibles sites de complexation et
de déterminer la région complémentaire sur un antigéne (épitope) impliqué dans l'infection par
la bactérie chlamydia trachomatis.®

1% Saladin et al., BMC Struct Biol, 2009, 9, 27

" Fiorucci et al. Proteins, 2010, 78, 3131-3139

12 Fiorucci et al. Biophys J, 2010, 98, 1921-1930

13 Soriani et al. J. Biol. Chem. 2010, 285, 30126-30138
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Chapitre 4

Activiteés de recherche
actuelles et Perspectives

Thématique 1 : Prédiction des interactions protéine-protéine
Thématique 2 : Biosynthése des substances naturelles
Thématique 3 (Principale) : Bases moléculaires des sens chimiques
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1. Bases moléculaires des sens chimiques

- Thématique principale depuis 2014 -

+ Contexte scientifique

Anatomie du systéme sensoriel. Notre cerveau est fait de milliards de neurones et est
considéré comme l'organe le plus complexe de notre corps. Parmi nos cinq sens, I'odorat et le
gout sont les deux sens chimiques permettant aux étres vivants d’identifier et de réagir aux
substances présentes dans leur environnement. Ces deux sens sont intimement lié€s. L’emploi
courant et erroné€ de 'expression « godt d’'un aliment » est lié a une perception multi-sensorielle
comprenant les saveurs (détection des molécules sapides par la langue) a laquelle s’ajoutent des
sensations olfactives (rétronasale) et somesthésiques (thermiques, tactiles et proprioceptives).
L’espace chimique des molécules pouvant activer notre odorat ou notre gout est immense.
L’homme peut par exemple distinguer plus de mille milliard de molécules odorantes.'
L’extraordinaire capacité de discrimination de notre cerveau provient de I'organisation de notre
systéme de détection. Au niveau physiologique, le premier niveau du traitement de I'information
par le cerveau se situe lors de l'interaction entre une molécule odorante ou sapide et un
récepteur de notre systéeme sensoriel (Figure 4.1 et 4.2).

N

Figure 4.1*: Processus de chimio-réception de molécules odorantes. Lorsque nous inhalons (voie orthonasale,
vo) ou ingérons (voie rétronasale, vr) des molécules odorantes, une partie de notre cerveau décode leur
message moléculaire : il s’agit de notre bulbe olfactif (a). Le signal induit par ces molécules est alors transmis
a différentes zones cérébrales (b,c) pour y étre décodé. Au niveau moléculaire, les composés odorants sont
inhalés via la cavité nasale (d), séparée de la boite crdnienne par la lame criblée de I'os ethmoide (e) Les
molécules entrent ensuite en interaction avec nos neurones olfactifs (f) qui expriment dans leur membrane
leurs récepteurs olfactifs (g), a l'origine de linflux neuronal. *(image issue de Bushdid et al. Actualité
chimique 2016)

" Bushdid et al. Science, 2014, 343, 1370-1372.
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Figure 4.2*: Anatomie du systéme gustatif. La surface de la langue posséde des papilles gustatives qui
varient en nombre, forme et localisation. Ces papilles contiennent des bourgeons gustatifs composés de
plusieurs strates cellulaires en « forme d’oignons » (cellules basales, de soutien et sensorielles). La cellule
sensorielle contient les récepteurs gustatifs de type canal ionique ou métabotropique. Selon la nature du
récepteur, des voies de signalisation différentes sont sollicitées pour mener a l'activation du neurone afférent.
Ces neurones permettent la transmission de l'information par les paires de nerfs craniens VII (nerf facial) et
IX (nerf glossopharyngien) vers le bulbe rachidien, le thalamus et enfin vers les centres du golit formés par le
cortex gustatif et l'insula pour étre traitée et analysée de maniere consciente et inconsciente. Le nerf
trijumeau est support de la sensation somesthésique. *(image issue de la thése de Jean Baptiste Chéron)

Codage de l'information chimique. Depuis les travaux de R. Axel et L. Buck (primé€s par le prix
Nobel de physiologie et de médecine en 2004) sur la découverte de la famille de génes des
récepteurs olfactifs, on comprend mieux le traitement combinatoire du codage de I'information
chimique. Les geénes codant pour l'ensemble des récepteurs olfactifs forment 1'une des plus
grandes familles du génome humain avec environ 900 représentants (dont 500 ne sont plus
fonctionnels). Les mécanismes de chimio-réception impliqués dans le sens de la gustation sont
similaires a ceux de l'olfaction. L’homme posséde plus d’une trentaine de geénes pour distinguer
les cing saveurs primaires. L’identification de ces récepteurs dans les années 2000 a largement
contribu€ a une meilleure compréhension des premiéres €tapes moléculaires de la perception
gustative. Sachant qu'une molécule (odorante ou sapide) peut activer plusieurs récepteurs
sensoriels, qu'un récepteur peut répondre a plusieurs molécules différentes et que la perception
d’'une odeur ou d'une saveur peut provenir d'une seule molécule ou d'un mélange de molécules,
la combinatoire est virtuellement infinie. Les récepteurs sensoriels du gout, canaux ioniques mis
a part, et de I'odorat font partie de la famille des Récepteurs Couplés a une Protéine G (RCPG).
D’un point de vue pharmacologique, une molécule a I'origine d’'une odeur ou d’une saveur doit
s'assembler avec un récepteur sensoriel sur le méme principe que 'association clé-serrure. Leur
mécanisme d'activation va ensuite dépendre fortement de la classe du récepteur en question :

Récepteur olfactifs. Les récepteurs olfactifs sont des RCPG de classe A dont le mécanisme
d'activation est similaire a celui de la Rhodopsine, récepteur prototypique des RCPG de classe A.
IIs agissent comme des « pinces » moléculaires qui peuvent s'ouvrir lorsqu'un ligand (ici une
molécule odorante) s'associe avec eux. Si le ligand est un agoniste, le récepteur se lie a la
protéine G enclenchant ainsi la cascade biochimique intracellulaire de transduction du signal
chimique en signal €lectrique (dissociation de la sous unité alpha de la protéine G, libération du
GDP, ...). S'il s'agit d'un agoniste inverse (ou inhibiteur), la formation du complexe verrouille le
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récepteur empéchant ainsi le couplage 4 la protéine G. Notre équipe a récemment démontré que
la connaissance de la structure de ces récepteurs sensoriels permettait de comprendre leurs
comportements dynamiques et le mécanisme d'ouverture du récepteur’>*(Fig. 4.3).

(1L
(R1E)

Figure 4.3* : modéle 3D d'un récepteur olfactif (centre) et résidus importants validés expérimentalement
(courbes dose-réponse a droite) impliqués dans la reconnaissance du ligand et dans le mécanisme
d'activation (gauche). *(Image issue de la référence 15)

Récepteurs Gustatifs. Les récepteurs gustatifs forment une famille hétérogéne de récepteurs
sensoriels (Fig. 4.4). Les canaux ioniques PKD2L1 et ENaC sont responsables de la perception du
gout acide et sale’ et ne seront pas d'avantage détaillés dans ce document. Les récepteurs
métabotropiques sont responsables de la perception des gotits sucre” et umami pour les
récepteurs gustatif de type 1 (ou T1Rs pour « Taste 1 Receptors») et du gout amer pour les
récepteurs gustatifs de type 2 (ou T2Rs). On suppose que le mécanisme d'activation de ces
derniers est proche des RCPG de classe A malgreé une faible identité de séquence. Les récepteurs
T1Rs se distinguent avant tout des autres récepteurs par leur structure. Les T1Rs, appartenant
aux RCPG de classe C, posseédent un grand domaine extracellulaire et fonctionnent sous forme
hétérodimérique (T1R1-T1R3 pour la perception du godt umami et T1R2-T1R3 pour la
perception du gout sucré). Leur mécanisme d'activation reste encore flou, d'autant qu'ils
possédent de nombreux sites de liaison.

PKD2L1 T1R2-T1R3 T1R1-T1R3

Polycystic-Kidney-Disease-Like Taste 1 Receptor Taste 1 Receptor
Canal ionique perméant aux protons Récepteur gustatif Récepteur gustatif
de type 1 membres 2 et 3 de type 1 membres 1 et 3

ENaC é\/\)j g\//% T2R

Epithelial Sodium Channel - Taste 2 Receptor

Canal ionique sensible au sodium Récepteur gustatif
de type 2
ey ey oo TRraaN ‘

Ht Na*t

Acide Salée Sucrée Umami

Figure 4.4 : Schéma représentant les cinqg familles de récepteurs gustatifs. Les saveurs acide et salée
impliquent des canaux ioniques alors que les saveurs sucrée, umami et ameére sont dépendant de I'activation
de récepteurs couplés a une protéine G (RCPG). 7

5 de March et al. J. Am. Chem Soc., 2015, 137, 8611-8616
18 Yu et al. Proc. Natl. Acad. Sci. USA, 2015, 112, 14966-14971
7 Chéron et al., Act. Chim. 2017, 416, 11-18.
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Intérét des approches théoriques. A ce jour, aucune structure expérimentale (par
cristallographie RX ou spectroscopie RMN) d'un récepteur sensoriel (olfactif ou gustatif) n'a été
obtenue. Cependant, plus d'une centaine de structures de RCPG ont été€ publi€s et peuvent servir
de support pour la prédiction de la structure des récepteurs sensoriels. Les méthodes de
reconstruction par homologie de séquence permettent d'obtenir des modeles 3D en s'appuyant
sur le paradigme : similarité de séquence = similarité de structure et donc de fonction. Il est alors
possible d'avoir une vision atomique des interactions entre le ligand et le récepteur et d'étudier
la dynamique des édifices moléculaires. Si le modeéle est valide” expérimentalement, il est
possible de proposer de nouvelles hypothéses de travail a faire tester (par exemple par
mutageneése dirigée) pour compléter le modéle et pourquoi pas découvrir de nouveaux ligands.

. Collaborations et financements
- Olfaction :

Cette thématique est dirigée par le Prof. ]. Golebiowski, notamment porteur du GDR 3713 O°
(Odorant, Odeur, Olfaction). L'équipe bénéficie d'une solide expertise sur la modé€lisation des
récepteurs olfactifs et a obtenu récemment plusieurs financements nationaux ou internationaux
dans lesquels je suis impliqué. Un financement de coopération internationale Fr-USA (ANR-NSF,
NeuroComp 2015-2018) pour une collaboration entre notre équipe et les équipes du Prof. H.
Matsunami a Duke (Durham, USA) et du Prof. M. Ma a U.Penn (Philadelphie, USA) est en cours
sur la compréhension du spectre de reconnaissance des récepteurs olfactifs.

Un autre projet vient de débuter (ANR Demeter 2017-2019) en collaboration avec le Dr. E.
Jacquin Joly (INRA, iEEs - Paris Versailles) et le Prof. D. Boujard (UMS CRB Xenope, Rennes). Il
porte sur l'identification de nouveaux ligands de récepteurs olfactifs d'insectes (bio-olfacticide)
pour « less pesticides & more food ».

Enfin, une analyse bioinformatique sur la relation séquence-structure des récepteurs olfactifs est
en cours avec le Dr. J. Waldispuhl (McGill, Canada). Ce projet a bénéfici€ d'un « Crédit Scientifique
Incitatif » de la part de I'UNS en 2014 puis d'un poste de Professeur Invité a Nice en 2016. McGill
a également accordé au Dr. ]. Waldispuhl un congés sabbatique pour compléter sa venue a Nice
en 2016.

- Gustation :

Dans l'équipe, cette thématique de recherche est la plus jeune et n'a bénéficie€ pour l'instant
d'aucun financement majeur en dehors d'un soutien pour « projet innovant » de I'lICN et d'un
financement de thése MESR (Bourse de J.B. Chéron sur la période 2014-2017). En revanche, le
doctorant ].B. Chéron a obtenu 4 subventions li€es d son sujet de thése : 2 bourses d'études pour
des projets « food science » financées par les organisations Giract (2014) et The Gen Foundation
(2016) et 2 bourses de voyage pour participer aux congrés COST Action GLISTEN (2015,
Aschwill, CH) et 17™ International symposium on Olfaction and Taste - ISOT (2016, Yokohama,

IP).

Une étude sur l'identification de nouvelles molécules sucrées d'origine naturelle est en cours en
collaboration avec le Dr. L. Briand (CSGA, INRA Dijon). Enfin, une collaboration sur l'étude des
relations structure-fonction des récepteurs T1Rs est également en cours avec les Dr. P. Jiang et A.
Bachmanov du Monell Chemical Senses Center (Philadelphie, USA).
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. Résultats clés et perspectives
- Olfaction :

La thése de Landry Charlier a €t€ le point de départ des €tudes portant sur la description des
bases moléculaires de la perception olfactive. Nous avions commence a décrire au niveau
moléculaire les interactions entre odorant, OBP®*® (Cf. Chapitre 3) et récepteurs olfactifs'®. Les
récents progreés sur la structure et la dynamique des récepteurs olfactifs ont ét€ réalis€ sous la
direction du Prof. ]. Golebiowski. En voici un cours résume méme si je n'ai pas co-publi€ ces
résultats :

« Une approche combinant biologie moléculaire et modélisation 3D d'un récepteur olfactif a permis
de mettre en évidence un ensemble de résidus cruciaux pour la dynamique et la fonction du
récepteur.”**° Il est également possible de prédire in silico si l'association d’un odorant avec un
récepteur est capable de déclencher une réponse de ce dernier.”’ Enfin, une analyse bioinformatique
a montré que les acides aminés impliqués dans la reconnaissance d’'une molécule étaient
relativement variables alors qu'il existait des invariants impliqués dans le mécanisme d’activation
du récepteur.®® »

Méme si les résultats des différents projets en cours n'ont pas encore donne€ lieu a de nouvelles
publications, ils ont €t€ présentés a I'occasion de congrés internationaux spécialis€s dans les
sens chimiques (ECRO?! et Achems®).

Dans un avenir proche, nous souhaitons €tudier les relations entre l'espace chimique des
molécules odorantes et le répertoire des génes exprimant les récepteurs olfactifs chez les
mammiferes. La séquence de tous les récepteurs olfactifs €tant par exemple connue chez
I'homme, le rat ou la souris, il serait possible d'établir les liens chémo-génomiques de la
perception chimio-sensorielle et tenter de répondre a une question cruciale en neuroscience :
« Peut-on prédire si une molécule active ou non un récepteur chimio-sensoriel ? » A moyen terme,
le modeéle numérique permettrait d'identifier de nouvelles molécules candidates avant de les
valider (ou non) in vitro. Dans un cercle vertueux, ces nouvelles données expérimentales
permettront d’alimenter le modéle théorique et ainsi améliorer la prédiction. L'objectif a plus
long terme est de décrypter le code combinatoire de la perception olfactive. L'impact sociétal et
économique peut étre trés important. On peut, par exemple, citer la conception rationnelle de
nouvelles molécules odorantes pour l'industrie des arémes & parfums.

- Gustation :

Les premiers travaux de l'équipe sur la perception gustative ont débute” par l'étude de
l'interaction entre les tannins et les protéines peu structurés (financement ANR Protanin 2007) a
l'origine de l'astringence des vins.”® Depuis 2014, mes activités de recherche se focalisent
principalement sur I'étude de la perception du gotit sucre€.

Nous avons commenc€ par €tudier la diversite structurale des sucres naturels et de synthése
pour mettre au point un modeéle (QSAR) de relation structure chimique - pouvoir sucrant (Fig.
4.5). Nous avons élargi I'espace chimique connus des molécules sucrés en réalisant un criblage
virtuel de plus de 325 000 molécules naturelles.”* La grande majorite€ des ~4000 nouvelles

'8 Golebiowski et al. Chap. 96 in Flavour Sciences, V. Ferreira & R. Lopez, Academic Press (2013) p.221-232
Y Topin et al. Chem. Eur J,, 2014, 20, 10227-10230

* de March et al. Prot. Sci. 2015, 24(9), 1546-1548

*! Viano et al. Chem. Senses, 2015, 40, 242

2 Golebiowski et al. Chem. Senses. 2016, 41(7), E83

2 Golebiowski et al,, Mol. Inf, 2011, 30, 410-414

2 Chéron et al. Food. Chem. 2017, 221, 1421-1425
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molécules identifi€s font partie de la famille des di- ou tri-terpénes (respectivement basées sur le
noyau stévioside ou saponine). Trois nouvelles molécules dont la structure est originale vont
faire 1'objet de tests in vitro.

Notre préférence innée pour le sucre et sa surconsommation dans les pays industrialis€s sont a
I'origine de nombreuses pathologies (diabéte, obésité, ..). La découverte de nouveaux
édulcorants a' faible pouvoir calorique ou encore de modulateurs du goit aiderait le
développement de nouveaux produits alimentaires plus sains. Pour cela, l'identification des
interactions ligand-récepteur est primordiale.
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Figure 4.5 : Modéle QSAR de relation structure - goiit sucré (gauche) basé sur la prédiction du pouvoir
sucrant (droite)

La structure du récepteur au gotit sucre €tant encore inconnue, nous avons réalis€ une €tude
bioinformatique®2® récapitulant les données expérimentales connues a ce jour (plus de 20
structures cristallographiques de différents domaines de RCPG classe C et plus de 600 données
de mutagénése dirigée). Cela a permis de fournir un nouveau modéle in silico du récepteur par
homologie de séquence et d'identifier de nouveaux résidus clés pour l'activation du récepteur
(Fig. 4.6). Certaines hypothéses sur le site de liaison de molécules impliqués dans la modulation
de la réponse du récepteur sont en cours d'étude dans l'équipe du Dr. P. Jiang au Monell
(Philadelphie, USA).
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Figure 4.6 : modéle du récepteur T1R2-T1R3 a l'origine de la perception du goiit sucré. La figure récapitule
les résidus clés impliqués dans la reconnaissance d'un ligand dans le site orthostérique (site VFD) et/ou
allostérique (site TMD) ainsi que les résidus potentiellement impliqués dans le mécanisme d'activation du
RCPG (molecular switches). Les résidus en italiques correspondent a des résidus identifiés sur la base de
l'alignement de séquence des RCPG de classe C et de la structure du récepteur.

%5 Chéron et al. Proteins. 2017, 85, 332-341
% Chéron et al. Chem. Senses, 2016, 41(9), E179
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L'étude de la dynamique des interactions ligands-récepteurs dans les différents sites de liaison et
du mécanisme d'activation du récepteur est actuellement en cours. Nous nous intéressons plus
particulierement aux résidus impliqués dans l'interface T1IR2-T1R3 qui seraient responsables du
transfert de l'information d'un monomere a I'autre.

Détailler le mécanisme d'activation d'un RCPG de classe C au niveau moléculaire aurait un
impact direct sur la compréhension de la pharmacologie de toute cette famille de récepteur. Les
RCPG de classe C regroupe notamment les récepteurs métabotropiques au glutamate (impliqués
dans la régulation pré-et post-synaptique de l'activité neuronale) dont le dysfonctionnement est
a l'origine de nombreuses pathologie du systéme nerveux central.

2. Biosynthése des substances naturelles - thématique secondaire -
+ Contexte scientifique

Il a ét€ récemment propos€ que dans une voie métabolique (succession de réactions chimiques
catalysées par des enzymes au sein d'une méme cellule permettant la transformation d'un
métabolite), les enzymes n'agiraient pas de fagon indépendante mais coordonnée a travers la
formation de complexes multi-enzymatique appele” métabolon. Leur réle premier est la
régulation et l'optimisation des flux métaboliques, notamment par un phénomeéne appelé
« substrate channeling ».?” Dans une voie de biosynthése, le produit d'une enzyme devient le
réactif de la prochaine enzyme et la diffusion du substrat, dans un métabolon, est optimisée par
la proximite des sites catalytiques. Cependant trés peu d'études se focalisent sur le réle exact de
ces super-structures et trés peu d'informations sont disponibles au niveau moléculaire. Toute
nouvelle étude a donc un impact important dans la communauté scientifique.? Dans ce contexte
les outils théoriques de modélisation moléculaire peuvent étre d'une aide précieuse pour
apporter de nouvelles hypothéses de travail tout en ayant une vision moléculaire du phénomeéne
modé€lis€ : Détailler un mécanisme réactionnel a 1'aide de méthodes bas€es sur la mécanique
quantique ; observer un processus dynamique a l'aide des méthodes de dynamique moléculaire ;
prédire la formation de complexes biomoléculaires via les approches de docking ; etc.

» Collaborations et financements

Le laboratoire a une spécificite” reconnue sur l'étude des matrices naturelles et plus
spécifiquement sur les molécules odorantes (GDR 03?°). Avec le Prof. Serge Antonczak, leader de
la thématique « catalyse enzymatique » dans 1'équipe, nous nous intéressons aux voies de
biosynthése des molécules odorantes dans les plantes. Nous collaborons notamment avec le
Laboratoire BVPAM de |'Universite de St Etienne et avons obtenu un financement PEP's CNRS
Exomod en 2014 (renouvel€ en 2015) pour l'étude de la spécificite’ d'une famille d'enzymes
(Nudix hydrolase) chez la rose.

Nous nous intéressons également a une autre famille de métabolites secondaires, les flavonoides.
L'un des objectifs de la thése de Julien Diharce, que j'ai co-dirig€ avec le Prof. S. Antonczak, et qui
a éte’ soutenue en 2015, était d'avoir une meilleure compréhension des phénomeénes
moléculaires impliqués lors d'un « substrate channeling». Un des défis majeurs €tait la
reconstruction in silico d'un modeéele de métabolon. Un projet PHC (appel AURORA 2013) sur

" Huang et al. Annu Rev Biochem. 2001, 70, 149-180
% Laursen et al. Science, 2016, 354, 890-893
* GDR « Odorant Odeur Olfaction » soutenu pour la période 2015-2018 https://gdro3.wordpress.com/
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I'étude de la structure d'un métabolon fixe€ a une membrane a éte dépos€ et soutenu en 2013
pour financer les échanges entre Nice et le laboratoire du Prof. Nathalie Reuter a Bergen
(Norvege).

« résultats clés et perspectives

L'étude des voies de biosynthése de composés odorants chez la rose est toujours en cours et
espérons valoriser ce travail a plus ou moins court terme. Cependant la collaboration entre notre
équipe et le LBVPAM a déja’ donne” lieu a’ deux publications communes. Un projet
pluridisciplinaire faisant intervenir botanique, génie génétique, biologie cellulaire, chimie
analytique et modé€lisation moléculaire a permis d'identifier et de caractériser deux nouvelles
terpéne synthase chez la lavande (Lavandula angustifolia): une cadinol synthase® et une bornyl
diphosphate synthase®’. Ce travail a fait la couverture de l'un des volumes de la revue
scientifique Plant Molecular Biology en 2014 (Fig. 4.7, gauche). A plus long terme, on peut
envisager de faire de l'ingénierie végétale pour optimiser la biosynthése de telle ou telle
molécule odorante par la plante, sachant que l'intérét économique est potentiellement trés
important, notamment pour la rose.

Lors de la thése de Julien Diharce, il a éte simul€ pour la premiére fois un phénomeéne de
substrate channeling dans la voie de biosynthése des flavonoides. L'étude théorique d'un
complexe multi-enzymatique a permis d'observer, a résolution atomique, la diffusion d'un
métabolite entre deux enzymes (Fig. 4.7, droite) et de mettre en évidence le réle important de la
microsolvatation lors du processus de « substrate channeling »** Les outils théoriques
développés au sein du laboratoire du Prof. Nathalie Reuter nous ont permis d'obtenir différents
modeéles d'un complexe multienzymatique enchasse” dans une membrane cellulaire. Ces
structures sont toujours en cours d'étude au laboratoire.
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sécrétant les molécules odorantes et la structure de I'enzyme t-cadinol synthase. Droite : Formation
d'un complexe enzyme-enzyme (A et B) permettant la diffusion d'un flavonoide par substrate
channeling (C).

* Julien et al. Plant Mol. Biol, 2014, 84, 227-241
3! Despinasse et al. Phytochemistry, 2017, 137, 24-33
%2 Diharce et al. Phys. Chem Chem. Phys. 2016, 18, 10337-10345
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3. Prédiction des interactions protéine-protéine - thématique secondaire -

* Contexte scientifique

Dans le domaine de la biologie moléculaire, la description des assemblages moléculaires est un
enjeu majeur.®® Actuellement il n'est toujours pas possible de déterminer expérimentalement
toutes les structures protéine-protéine. La prédiction la plus réaliste possible de ces complexes
est alors primordiale pour apprécier leur fonction biologique. Déterminer la structure native
requiert alors I'échantillonnage le plus représentatif possible de 1'ensemble des possibilités et
l'estimation des propriétés thermodynamiques du systéme.** Un édifice moléculaire contenant
plus de deux entités entralne une explosion combinatoire lors de l'étude de toutes les
configurations possibles et nécessite le développement de nouveaux outils théoriques. Dans ce
contexte il est nécessaire de développer des méthodes basées sur des modéles simplifi€s, comme
les méthodes d'amarrage moléculaire (docking). Un des défis dans la mise en ceuvre des
méthodes de docking protéine-protéine est la prise en compte des changements
conformationnels induits par la formation du complexe (flexibilite’ locale et globale) et la
prédiction réaliste des €nergies de complexation (fonction de score plus ou moins sophistiquée).

» Collaborations et financements

Je travaille en collaboration avec 1'équipe de biophysique théorique du Prof. Martin Zacharias,
détenteur d'une chaire en dynamique biomoléculaire a la Technische Universitdt Minchen
(TUM), le Dr. Chantal Prévost du Laboratoire de Biochimie Théorique (LBT, UPR 9080 CNRS,
entite’ de 1I'IBPC a Paris) et le Dr. Pierre Poulain de I'équipe Dynamique des Systémes et
Interactions des Macromolécules Biologiques (DSIMB, UMR_S 1134 INSERM a Paris) sur le
développement d'un logiciel de docking ATTRACT!'**>%, La particularite’ de ce code est
l'utilisation d'un modéle gros-grains pour représenter la protéine et le développement d'un
champ de force empirique basé€ sur la connaissance de structures déja cristallisées (« knowledge
based force-field »).

Dans ce cadre, un projet PHC (appel PROCOPE 2012) sur l'élucidation de la structure de
complexes multiprotéiques a €te dépos€ et soutenu en 2012 pour financer les échanges entre
Nice et Munich. Un projet ANR (programme blanc ANR-09-BLAN-0113) a ét€ obtenu en 2009 par
le laboratoire en collaboration avec I'Institut de Biologie Valrose (IBV, UMR 7277-CNRS, UMR
1091 INSERM) sur le développement de nouveaux vecteurs de transfert de genes. L'objectif €tait
le design de peptides vecteurs pouvant se lier d la dynéine, protéine impliquée dans le trafic
intracellulaire et ces nouveaux outils de docking ont été utilis€ dans ce projet.*’

« Résultats clés et perspectives

Un nouveau protocole de prédiction de structures a éte test€ avec succés ces derniéres années
lors du challenge international CAPRI, héberge par l'Institut Européen de Bioinformatique
(EBI)®. Par ailleurs, le design du code a ét€ pens€ en vue d'étendre la prédiction de complexes a

% Protein-protein complexes: Analysis, modeling and drug design, Martin Zacharias, World Scientific (2010)

3 Fiorucci et al. Chap. 11. in Protein-protein complexes: Analysis, modeling and drug design, M. Zacharias, World
Scientific (2010) p.295-317

% Schneider et al,, Chap.15 in Computational Drug Discovery and Design, Ricardo Baron, Springer Protocols (2012)
% Fiorucci et al. Chap. in Inmunoinformatics, R.K. De & N. Tomar, Springer (2014) p.365-374

37 Parassol et al. Plos One 2013, 8, e82908

% Fiorucci et al. Proteins, 2010, 78, 3131-3139

32/109



plus de deux partenaires (Fig. 4.8, gauche). Une des limites aux approches de docking actuelles
est qu'elles ne permettent pas d'avoir une estimation précise de l'affinite” de liaison*
contrairement aux méthodes théoriques les plus précises nécessitant des moyens de calculs trés
important. Nous avions rédige’ un article de revue traitant de ce sujet.** Nous développons
actuellement un nouveau champs de force gros grains qui permettra d'estimer 1'enthalpie libre
de complexation protéine-protéine de fagon extrémement rapide. Les résultats que nous avons
obtenus sont prometteurs.

Du point de vue applicatif, ces nouvelles approches de docking sont en support des deux
thématiques du laboratoire présentées plus haut : i) la description des voies de biosynthése de
métabolites secondaires et ii) I'étude des phénomeénes moléculaires impliqués dans les sens
chimiques. Le premier projet a déja éte détaillé dans le paragraphe précédent (complexes multi-
enzymatiques). Dans le deuxiéme projet, il est question d’étudier les interactions entre les
protéines de liaison aux odorants (OBP) et les récepteurs olfactifs (OR). Le réle de I'0OBP en tant
que transporteur n'est plus a remettre en cause mais il a €t montre’ que 1'OBP pourrait
également jouer un réle de modulateur de l'interaction entre 1'odorant et le récepteur olfactif.*
En s'appuyant sur plusieurs indices expérimentaux, un modéle d'interaction entre le récepteur
olfactif 17 du rat et '0OBP3 est en cours d'étude* (Fig. 4.8, droite). Il semblerait que la formation
du complexe OBP-OR déstabiliserait le complexe odorant-OBP et entrainerait le relargage de
I'odorant a proximité de I'OR, voire directement dans la cavité du récepteur. De nouveaux calculs
et surtout de nouvelles données expérimentales sont encore nécessaires pour confirmer cette
hypothése.

Figure 4.8: (Gauche) Résultats d’'un docking multi-ligands. La structure expérimentale est en vert, la
prédiction des protéines B et C respectivement en bleu et rouge. (Droite) Structure reconstruite du récepteur
olfactif 17 (rouge) en interaction avec I'OBP3 (jaune) dans un environnement membranaire (orange) et de
molécules de solvant (bleu) explicites.

Ce théme de recherche n'a pas vocation a devenir prioritaire au sein du laboratoire. La spécificité
nationale et internationale que nous avons sur le sujet fait que nous continuons a le supporter,
essentiellement a travers les collaborations déja établies et 1'obtention de financement sur des
projets plus appliqués reliés aux autres thémes développé€s précédemment.

* Kastritis et al. J. Proteome Res., 2010, 9(5), 2216-2225
* Vidic et al. Lab. Chip., 2008, 8, 678-688
* Viano et al. Chem. Senses, 2015, 40, 242
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Conclusion générale

L'habilitation a diriger des recherches est une étape importante dans la vie d'un enseignant-
chercheur validant son aptitude 4 €laborer une stratégie de recherche scientifique, sa capacite a
collaborer avec d'autres chercheurs, souvent de disciplines différentes, a encadrer de jeunes
chercheurs et a obtenir des financements permettant de faire avancer sa recherche. A travers ce
mémoire détaillant mon parcours, mes activités de recherches passées et actuelles ainsi que les
pistes de recherche que j'envisage pour la suite de ma carriére, je pense avoir démontreé mon
aptitude a diriger des recherches.

L'évaluation de la carriére d'un chercheur est (trop?) souvent li€ d sa production scientifique. En
résumant ma carriére en quelques chiffres, il semble que mes activités de recherche soient
respectables pour mon 4ge (une trentaine d'articles, un facteur h de 12, ~460 citations au total,
~50 citations par an) mais il serait extrémement réducteur de la limiter a la seule analyse
bibliométrique. Cette vision chiffrée occulte nos autres activités mais €galement le parcours
scientifique de tout chercheur, jalonn€ de réussites et d'échecs. Nos changements de postes au
cours de notre carriére sont souvent responsables de changements thématiques a 1'origine d'un
ralentissement du rythme des publications scientifiques. Or la reconnaissance par les pairs
passent souvent par cette évaluation chiffrée qui a tendance d encourager la surproduction et
parfois a ses effets pervers.

THE EVOLUTION OF RCADEMIA
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Figure 5.1 : Evolution de la recherche académique ? (Illustration de Pedro Velica)

On peut regretter la liberté d'un chercheur sans contrainte, en quéte de révolution scientifique,
mais cette pression peut cependant étre salutaire. Elle pousse a rationaliser nos efforts et a
concentrer nos recherches sur des thématiques connectées au monde réel*. La recherche n'est
pas une activite’ individualiste. Une grande partie de mes travaux a €te’ possible grdace aux
nombreux étudiants que j'ai pu encadrer et former et grice aux échanges fructueux avec des
collaborateurs de différentes disciplines. Pour ma part, j'ai eu la chance d'avoir une certaine
continuite” dans mes travaux de recherches. Cela s'est concrétisée par des publications
scientifiques réguliéres sur l'ensemble des projets auxquels j'ai eu I'occasion de participer.

* « J'ai toujours tdché de vivre dans une tour d’ivoire ; mais une marée de merde en bat les murs, a
la faire crouler » (Gustave Flaubert, Correspondance, 1872)
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ABSTRACT

All sweet-tasting compounds are detected by a single G-protein coupled receptor (GPCR), the heterodimer T1R2-T1R3, for
which no experimental structure is available. The sweet taste receptor is a class C GPCR, and the recently published
crystallographic structures of metabotropic glutamate receptor (mGluR) 1 and 5 provide a significant step forward for
understanding structure-function relationships within this family. In this article, we recapitulate more than 600 single point
site-directed mutations and available structural data to obtain a critical alignment of the sweet taste receptor sequences
with respect to other class C GPCRs. Using this alignment, a homology 3D-model of the human sweet taste receptor is built
and analyzed to dissect out the role of key residues involved in ligand binding and those responsible for receptor activation.

Proteins 2016; 00:000-000.
© 2016 Wiley Periodicals, Inc.

Key words: chemical senses; sweet taste; GPCR; T1R; class C; structure—function relationships.

INTRODUCTION

Our innate preference for sweet foods acts as a major deter-
minant for the over-consumption of sugar in industrial coun-
tries, which is considered a significant public health problem.
Therefore, understanding the molecular basis underlying
sweet taste perception is fundamental for identifying new
low-calorie sweeteners or sweet taste modifiers to develop
healthier food products with reduced amounts of sugar. We
perceive our chemical environment via the activation of cellu-
lar receptors that trigger downstream signaling cascades. In
vertebrates, G protein-coupled receptors (GPCRs), which
mediate sweet, bitter, and umami tastes as well as vision and
olfaction, constitute the largest and most versatile family of
membrane-bound receptors.l’2 In response to external stim-
uli, the receptor undergoes a series of structural rearrange-
ments that results in signal transduction across the plasma
membrane, with further propagation inside the cell and up to
the brain.3 The GPCR superfamily is divided into five classes
based on sequence homology and functional similarity.4
To date, a hundred X-ray structures of GPCRs have been
solved, most of them being class A (Rhodopsin-like) GPCRs
(regularly updated GPCR structures can be found in the
GPCRDB® website at http://gpcrdb.org/structure/). As the
human genome contains >800 functional GPCRs% and as
GPCR expression is still a challenge,0 a large number of
GPCR structures remain unknown.

© 2016 WILEY PERIODICALS, INC.

Sweet and umami taste recept:ors7_9 (TASIR or T1R)
are expressed in oral but also in extraoral tissues!9 and
belong to the class C GPCR family, which also includes
eight metabotropic glutamate receptors (mGluR), two
y-aminobutyric acid type B receptors (GABAg), the calci-
um sensing receptor (CasR), the class C-group 6-subtype A
GPCR (GPRC6A) and seven so-called “orphan” receptors,
for which no ligand has been identified.1! Class C GPCRs
share a similar structure comprised of a large extracellular
domain called the Venus flytrap domain (VFD), which
holds the orthosteric binding site, and by a seven-helix
transmembrane domain (TMD), both of which are con-
nected by a cysteine-rich domain (CRD).

The sweet taste receptor is a heterodimer comprised of
T1R2 and T1R3 monomers (Fig. 1) that present different
functional role.12:13 Though only one receptor is devoted
to sweet tastes, multiple ligand binding sites have been
reported, including both T1R2 and T1R3 VFDs and the
T1R3 TMD and CRD (Fig. 1). The sweet taste receptor has

Additional Supporting Information may be found in the online version of this
article.
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Figure 1

Schematic representation of the TIR2-T1R3 sweet taste receptor
structure. The large N-terminal domain of each monomer, named the
Venus flytrap domain (VFD), is connected to a seven-helix transmem-
brane domain (TMD) by a cysteine-rich domain (CRD). The orthosteric
binding site is located in the VFDs (sites 1 and 2), while allosteric
modulators bind to CRD and TMD (sites 3, 4, and 5). [Color figure can
be viewed at wileyonlinelibrary.com]

never been crystallized, it then remains challenging to
define the sweetener binding site on this receptor.

For GPCRs for which no experimental structure is
available, computational modeling provided fruitful
insights into their structure—function relationship using
homology modeling. Typically, in the field of chemical
senses, ligand-receptor interactions and dynamics were
discussed on G protein-coupled odorant receptors.l4>15
More specifically, considering taste receptors, models of
the sweet taste VFD and TMD have been proposed based
on other class C VFD!6:17 and on class A GPCR tem-
plates, 18-20 respectively.

In the present study, a theoretical model of the human
T1R2-T1R3 sweet taste receptor has been constructed
based on an updated class C sequence alignment with
constraints from available structural and site-directed
mutagenesis data (Table I). The newly available experi-
mental structure of mGluRs,3%50 considered as prototypi-
cal class C GPCRs represents a significant breakthrough
for predicting the structural features responsible for ligand
recognition and receptor activation within this family. The
molecular model accounts for the residues known to be
involved in the orthosteric and allosteric binding sites.
The structure of the sweet taste receptor sheds light on
the molecular switches in the TMD. By comparing the
inter-species variability of the sweet taste genes, we discuss

2 PROTEINS

the differences observed for sweet taste receptor activation
in mammals.

MATERIALS AND VIETHODS
Sequence alignment

Class C GPCR sequences were aligned using the Clus-
talO algorithm.s1 The alignment was manually refined
based on experimental constraints. The positions of resi-
dues in the VFD sequences were adjusted to satisfy class
C GPCRs site-directed mutagenesis data and to conciliate
the structural superposition of available crystallographic
structures (Table I). The TMD sequence alignment was
refined based on class C bundles site directed mutagene-
sis, transmembrane segment predictions! 152 and crystal-
lographic structures of mGluR1 and mGluR5 (Table I).
Residue numbering of the class C GPCRs correspond to
the Ballesteros—Weinstein definition proposed by Pin
et al.>2

Sweet taste receptor molecular modeling

The sweet taste receptor was constructed using the
homology modeling software Modeller®3 by constraining
GPCR canonical disulfide bridges and those correspond-
ing to the VFD mGluR1 structure. All of the models
were refined by energy minimization using the Amber
molecular modeling package and the ff03 force field
parameters.”4 X-ray structures of mGluR VFD (IEWT
and 1EWK), open and closed receptor states, provide
relevant templates to model various conformational
states of the sweet taste monomers. The structure of the
mGluR1 TMD (40R2) was used as a template for the
T1R2-T1R3 sweet taste receptor transmembrane bundle.
The structure of Bovine Rhodopsin class A GPCR (1F88)
has been chosen to build an alternate model of the sweet
taste TMD as it has been proposed in previous
studies!8-20 to discuss the influence of the template on
homology modeling. The volume of the binding cavity
was calculated with fpocket.5>

RESULTS AND DISCUSSION

Extracellular domain

The venus flytrap domain (VFD) exhibits several binding
pockets

From a structural point of view, the sweet taste VFD
structure is a heterodimer made up of monomers con-
taining approximately 250 amino-acids folded into two
lobes and connected by three hinges®2 (Fig. 1). As
revealed by the structural superposition of mGluRl1, 2, 3,
5, and 7, GABAg1 and g2 VFDs experimental structures,
a highly conserved topology is maintained in those
dimers (Supporting Information Fig. S1).
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Table |

Summary of Experimental Data Used to Align Class C GPCRs Sequences

Crystallographic structures

References of site-directed
mutagenesis experiments

VFD TIR1 - 2122
T1R2 ) 12,16,17,23
mGIuR1 1EWK, 1EWT, 1EWV, 11SS, 1ISR, 3KS9 24-26
mGIuR2 5CNI, 5CNJ, 5CNK, 5CNM 21,28
mGIuR3 2E4U, 2E4V, 2E4W, 2E4X, 2E4Y, 2E4Z, and 3SM9 28
mGIuRS 3LMK
mGIluR7 3MQ4
mGIuR8 i 32
GABAg (1 & 2 4MQE, 4MQF, 4MR7, 4MR8, 4MR9, 3334

4MRM, 4MST1, 4MS3, and 4MS4

TMD TIR3 == 18-20
mGIuR1 40R2 35-40
mGIuR2 - 41-43
mGIuR5 4009, 5CGC, and 5CGD 36,44
mGIuR8 - 45
CasR = 46-49

Accordingly, for these known structures, the profile of
sequence alignment has been built under the constraint
of their structural superposition. Then, the sequences of
those receptors with unknown structures have been fur-
ther added to the sequence alignment profile. A refined
alignment was obtained by checking that the available
site-directed mutagenesis in vitro data for all these recep-
tors were fitting the model (Table I). One can note a
minor difference with already published sequence align-
ments!®17 for the residue K65 in T1R2 consistent with
a putative role in the maintain of a closed structure of
the VED.16,17.25 The alignment unveils a moderate
degree of sequence identity within the class C sub-family

(29 £ 1% identity between T1Rs and mGluRs and 39%
identity between TIR2 and T1R3, cf. Supporting Infor-
mation Table S1).

Above all, our sequence alignment recapitulates cur-
rent knowledge determined from experimental data
(Supporting Information Figs. S1 and S2) and contrib-
utes to understanding the ligand-receptor interactions
involved in the recognition of sweeteners by TIR2 and
T1R3. Similar to what is observed in X-Ray structures of
mGIuR VFDS,56_59 the binding cavities for sweet com-
pounds are located in between the TIR2 and T1R3 lobes
(Fig. 2). We provide a list of the key residues that inter-
act with sweeteners in Figure 3.

Binding cavity

Figure 2

(Left) Structure of the TIR2 and T1R3 VFD homology model. (Right) The orthosteric binding site is in green and the extended pocket is in
orange. The residues involved with the binding pocket are shown as sticks. [Color figure can be viewed at wileyonlinelibrary.com]
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Structural overview of the sweet taste receptor model and a list of the key residues. Putative residues highlighted from the sequence alignments
(Supporting Information Figs. S2 and S4) or based on the homology model are written in italic. Amino-acids involved in the VFD orthosteric
binding site (in blue) correspond to the Wellendorph and Brauner-Osborne’s definition of the orthosteric binding site homology of class C

GPCRs" " and mutagenesis studies of Xu et al, Proc Natl Acad Sci, 2004

2; Zhang et al., Proc Natl Acad Sci, 201023

; Masuda et al., Plos One,

201216; Maillet et al, Chem Senses, 2015.17 Residues of the allosteric binding sites (in green) come from experimental studies of T1R3 by Jiang

et al., ] Biol Chem, 2005!8:19 and Winnig et al, BMC Struct Biol, 200720

and then extrapolated to T1R2. The molecular signature of class C

GPCRs (in purple) corresponds to the molecular switches: Transmission Switch (TS), Ionic Lock (IL) and Hydm%laobic Barrier (HB). They are

defined with the sequence alignment and the X-ray structures of mGluR1%> (PDB identifier: 40R2) and mGluR5

[Color figure can be viewed at wileyonlinelibrary.com]

The sweetener chemical space contains hundreds of
molecules that are mainly polar and soluble.60:61 Struc-
tural analysis of our model shows that the TIR2 and
T1R3 orthosteric binding pockets (site 1 in Fig. 2) have
a volume of 4900 A’ in their open form and allows small
as well as large sweeteners to bind to the receptor, in
agreement with previously published homology mod-
els.62 Consistent with the properties of sweeteners,00,:01
both the TIR2 and TIR3 cavities are hydrophilic, with
45 and 50% of their surface areas, respectively, being
accessible to polar molecules. Inspecting the model, we
also identified the presence of a secondary cavity (site 2
in Fig. 2) adjoining the main pocket that is similar to a
pocket found on mGluR4.93 In the model of T1R2, the
residue S40 is located in this cavity. This finding is in
line with the mutation S40A that decreases the response
to aspartame.l” As with mGluR, this second pocket
offers an opportunity to design new potent sweeteners.

The cysteine rich domain (CRD) structure is
constrained by disulfide bridges

As found in mGluRs, the VFD of the sweet taste receptor
is connected to the TMD via a cysteine-rich domain

4 PrROTEINS

(4009, 5CGC, and 5CGD).

(CRD).52 The CRDs share nine highly conserved cysteine
residues. The crystal structure of mGluR3 reveals that eight
of them form four intra-domain disulfide bonds while the
remaining one is bound to a cysteine residue in the VD57
It has been suggested that these rigidifying structural
constraints favor the coupling between the VFD and the
TMD upon protein activation. 11

Our sequence alignment (Supporting Information Fig.
S3) shows that the CRDs share modest sequence identities
(Supporting Information Table S2) of 31 = 2% between
the T1R and mGluR protein families. The homology model
of the sweet taste receptor is then highly dependent on the
disulfide bound structural constraints. However, the ten
latest residues of the CRD form an unstructured region,
suggesting that they are flexible enough to enable a local
deformation of the structure upon the VFD-TMD cou-
pling. In our model, this flexible region is at roughly 10-15
A away from the extracellular loop 2 of the TMD. One can
suppose the formation of inter-domain interactions during
the activation mechanism to stabilize the active state.

Model of TIR2/TIR3 transmembrane domain inspired
from class C GPCRs Class C GPCRs share a 7-transmembrane
helix domain that can be targeted by positive or negative allo-
steric ligands. It also can behave as class A GPCRs in the
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Extended

Figure 4

Structural details of the TIR2 and T1R3 TMD homology models. The molecular switches involved in GPCR activation are highlighted in the T1R2
TMD, which is the monomer that couples to the G-protein. Lactisol, cyclamate and neohesperidine dihydrochalcone (NHDC) ligands bind the
T1R3 TMD binding pocket (residues colored in green), suggesting that the chemical information is transmitted to the TIR2 TMD through the pro-

tein—protein interface.

absence of the extracellular domain as demonstrated for
mGluR5.64 This suggests that class C TMDs contain a canoni-
cal GPCR superfamily binding site and the naming of the
transmembrane pocket as either an allosteric or secondary
orthosteric binding site can be debated.

An optimal alignment has been obtained by avoiding
gaps in the TM helices. It is based on the conservation
of key residues obtained from experimental data (Table I
and Supporting Information Fig. S4). We propose for
the first time homology models of T1R2 and TIR3
TMDs based on mGluR templates. Alignment of the
sweet taste receptor sequences and those of the templates
leads to sequence identities between 23 and 24% (Sup-
porting Information Table S3). TIR2 and T1R3 TMD
have a moderate sequence identity of 28% (Supporting
Information Table S3) which suggests a different func-
tional role. The tridimensional model of the sweet taste
receptor proposed here is fully compatible with available
experimental data as described in the following.

Structural details of the T1R2 and T1R3 binding pockets

T1R3, the common subunit of the sweet and umami
taste receptor remains the only monomer for which muta-
tion data and chimeric constructs have shown that the
transmembrane portion of the protein binds ligands. 1820

As shown by site-directed mutagenesis, 18:19 residues from
TMs 3, 5, and 6 and extracellular loop 2 (denoted ex2)
(Fig. 3) circumscribe the binding cavity of T1R3 for small
ligands such as cyclamate and lactisole (Fig. 4). Additional
site-directed mutations such as $620>°7A, F624%°! L,
Y699**° L/, and C8017°I suggest that the binding pocket
may be extended to helices 2, 4 and 7 in the presence of
larger ligands.20 Consistently, our model, shown in Figure
4, reports that the above cited residues point toward the
binding cavity.

T1R2 TMD also binds small size synthetic compounds
such as perillartine, P4000 and $-819.22:65 However,
mutation data on T1R2 TMD binders are lacking to
describe ligand-receptor interactions at the molecular
level. The TIR2 TMD binding pocket was extrapolated
from the sequence alignment and compared to T1R3.
Variations in the TM3 and TM6 sequences between
TIR2 and T1R3 lead to a structural modification in the
TMD binding cavity. $640°2° in T1R3, belonging to the
binding cavity as demonstrated by mutagenesis experi-
ments!18:20 (S6404, Supporting Information Fig. S4), is
replaced by F637%%¢ in T1R2, which is consistent with a
steric hindrance for ligands in T1R2. H641%%, R723%2,
and F778%% in TIR3, highlighted by reports of single
point mutations18—20 (H641A, R723A, and F778A)
constitute three anchor points for ligand recognition, via
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mGIuR1
RMSD based

RHO based

5.3A

Figure 5

Comparison of the homology models based on the alignment proposed in Supporting Information Figure S4 and the mGIuR5 crystal structure:
as template (in dark grey, pdb identifier: 4or2) and two sequence alignments from Jiang et al. JBC, 2005

50
in green and Winnig et al. BMC,

200720 in blue with the rhodopsin crystal structure as template (pdb identifier: 1f88). The top view highlights the global shift of the TM helices.
The side view reveals the local differences in the position of key residues involved in ligand binding or in TMD molecular switches. [Color figure

can be viewed at wileyonlinelibrary.com]

electrostatic interactions and m-7 stacking.18 Based on
the alignment, the corresponding TI1R2 residues,
P638>%7, N721%2, and L7765 differ from those in T1R3
(Supporting Information Fig. S4).

In the model of T1IR3 TMD, we observe a principal
binding pocket, which is shown in Figure 4, of 270 A® in
volume. 38% of its surface area is accessible to polar
molecules. A smaller pocket with a volume of 210 A> can
be found in the TIR2 model. Ranging between 150 and
200 A®, the smallest ligands (lactisole and cyclamate) can
fit into the T1R3 binding pocket but not the T1R2 bind-
ing pocket. These structural differences are in line with
experimental data that show that lactisole, cyclamate and
NHDC bind T1R3 but not T1R2. Nevertheless, a less
buried 310 A® T1R2 pocket surrounded by TMs 3, 5,
and 6 is observed and may be important for designing
new sweet taste receptor modulators.22

Functional differences in T1R2/T1R3 molecular switches

Molecular switches are important structural motifs
involved in the transmission of the ligand-binding signal
from the extracellular part or the receptor to the cytosol-
ic side of the TMD where G proteins bind and have
been extensively described for class A GPCRs.66-69 With
regard to class C GPCRs, molecular switches have been

6 PROTEINS

identified in recent X-ray structures of mGluR13% and
mGluR5.50 Sequence alignment shows a high conserva-
tion of the residues involved in these molecular switches
in the mGluR subfamily (Supporting Information
Fig. S4). Thus, the TIR molecular switches have been
extrapolated from class C sequence alignment.

The class C transmission switch, acting as a ligand
detecting sensor, involves residues 3.44, 6.46, and 7.39
according to Ballesteros—Weinstein numbering and is in
line with their position in the X-ray structure and the
effect of single point mutations Y659>**A and S809”°A/
F in mGluR5 and T794%%A in mGluR1.3%30 By com-
paring the mGluR and T1R sequences one can note the
conservation of the physicochemical properties of the tri-
ad despite the inversion of the tyrosine residue (Y>** in
mGluRs and Y**¢ in TIR2 and T1R3) from helices 3 to
6 (Fig. 3 and Supporting Information Fig. S5). N800”*°
in T1R2 replaces a smaller cysteine and serine residue in
TIR3 and mGluR, respectively. The mutations Y771°*°A
and C8017°°I/L in the transmission switch of TIR3 abol-
ish the response of the sweet taste receptor and highlight
the functional role of these residues in the sweet taste
receptor.

In mGluR1 and mGluR5, the K>°°-E®*° ionic lock
maintains the receptor in its inactive state.3550 As found
in the crystal structures, strong electrostatic interactions
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involving K>*° R** and two serine residues within ICL1
reinforce the TM3-TM6 lock. These residues in mGluR
form two conserved KTNR and NEAK motifs within TM3
and TMBS, respectively (Fig. 3 and Supporting Information
Fig. S4). The sequence alignment and homology models
allow us to highlight the corresponding critical residues
involved in T1R activation. T1R1 and T1R2 have conserved
functional amino acids, that is, a positively (arginine) and
negatively (aspartate) charged residue at positions 3.50 and
6.35, respectively (Fig. 4). In TIR3, the position of polar
residues Q**° and R®* is inverted. The model also sug-
gests that residue E*>* can interact with R®?* then contrib-
uting to reinforce the T1R3 ionic lock. Even if the sequence
alignment indicates this subtle variation, our homology
model demonstrates a similar interaction scheme at the
ionic lock.

In class C GPCRs, the [F/Y]xPKxY motif, which forms
the hydrophobic barrier?0 preventing the flooding of the
GPCR cytosolic side, is highly conserved (Supporting
Information Fig. S4). Based on the sequence alignment,
the residue F/Y”*® represents the hydrophobic barrier of
T1R2 and is replaced by another aromatic residue (H”*%)
in T1R3. In the TIR models, one can notice that the
hydrophobic barrier is reinforced by the contribution of
another aromatic residue, F*” (for T1R1 and T1R2)
or Y*7 (for TIR3) (Fig. 4 and Supporting Information
Fig. $4).

Influence of the and structure

template

align

q

A critical comparison of our homology models based
on class C templates and already published ones based
on class A GPCR18-20 has been carried out. Since no
site-directed mutagenesis experiments on the TMD of
T1R2 are available, the comparison has been performed
on the TIR3 monomer. It reveals important structural
differences on both the relative position of the helices
and the orientation of the side chains as detailed in the
following.

The use of class C GPCRs templates leads to a shift of
the transmembrane segments with respect to the use of
class A, principally for TM 2, 5, and 7. It also decreases
the accessibility and the volume of the binding pocket
(Fig. 5).50 The shift of one helical turn in the structure
of TM5 helix based on mGluR templates does not affect
the list of residues involved in the binding cavity (Y>*°
and H>*). Compared to the previous sequence align-
ment,18 our model shifts the end of the TM4 segment
by one and a half helical turn. Accordingly and consis-
tent with site-directed mutagenesis, our model recovers
that residue Y**, is part of the cavity (Fig. 5).20

The orientation of W®® also clearly differs between
the models (Fig. 5). In previous studies, 1820 W& jn
class C GPCRs was considered aligned with non-
olfactory class A residue W**%.° However, the sequence

similarity between class A and the sweet taste receptors is
too low (for instance 14% with rhodopsin) to clearly
address the questions regarding the key residues involved
in receptor activation. In class C experimental structures,
W does not delimit the bottom of the binding cavity
but point toward TM6 of the second unit. As the active
state of the class C receptors involves TM6-TM6 interac-
tions,”’0 WS® conservation and orientation suggest that
its role in the activation process is different from that of
class A GPCRs. The alignment reveals that the highly
conserved residue W is replaced by a serine in T1R2,
suggesting a functional difference with respect to T1R3.

The class C hydrophobic barrier, formed by the motif
[F/Y]xPKxY at the end of TM7, was aligned with the
equivalent conserved motif NPxxY%0 in class A GPCRs.
As found in the mGluR1 and mGIuR5 X-ray structures,
F/Y”*® (and not Y’**) would behave as Y-** in class A.
In light of the available class C template, it is very likely
that our model is more accurate at these positions than
previous models18:20 (Fig. 5).

Interspecies variability of the sweet
taste receptors

Based on the alignment of the eleven TIR2 and seven
TIR3 mammalian reviewed sequences in the UniProt
database, we observe at least 70% sequence identity for
both T1R2 and T1R3 (Supporting Information Figs. S6
and S7). The VFD is less conserved than the TMD.
Between humans and rodents, the corresponding percent
identity is 70% and 80% for the VFDs and TMD, respec-
tively. These high percentages of sequence identity sug-
gest a similar structure and a conserved activation
mechanism for mammalian sweet taste receptors. How-
ever, the mammalian sequence alignment also reveals
subtle variations in key residues involved in the activa-
tion mechanism. These variations explain the differences
observed in sweetener perception between the organ-
isms.&9 The phylogenetic tree shows that the Canis lupus
familiaris, Mus musculus, and Rattus norvegicus sequences
diverge from other mammalian sequences. The chemical
space of compounds that activate the sweet taste receptor
in rodents is slightly different than that of humans. As
reviewed by Bachmanov,’! rodents do not perceive
primate-specific sweeteners such as aspartame, neotame,
cyclamate and NHDC. Aspartame and neotame are T1R2
VED ligands,12 while cyclamate and NHDC bind the
TIR3 TMD pocket.1920 By comparing the residues that
define the T1R2 VFD binding cavity in human and
rodent sweet taste receptors, subtle variations in the side-
chain lengths of the residues interacting with the ligands
can be observed. S40, S168, and D278 in the human
receptor correspond to T43, T171, and E282, respectively,
in the mouse receptor. The alignment of mammalian
sequences also reveals differences in the T1R3 TMD
binding site (S640, T724, and R790 residues in human

PROTEINS ]

50/109



J.-B. Chéron et al.

are replaced by A645, [V/M]729 and Q795 in rodent
sequences, respectively). In light of the provided TIR2-
T1R3 model, such modifications of the ligand-receptor
interactions provide a rational explanation for the loss in
sweetener binding affinity”! and will contribute to elabo-

rating new hypotheses to understand interspecies
variability.
CONCLUSIONS

The description of the TIR2-T1R3 structure is of cru-
cial importance for deciphering the molecular basis
underlying sweet taste perception and designing new
non-caloric sweeteners or taste modifiers. The sweet taste
receptor is also expressed in extraoral tissues where it
plays a different role than its principal function.10 It fol-
lows that a better understanding of sweet taste receptor
structure and dynamics will also be beneficial for phar-
maceutical research. To date, no structural experimental
data for the sweet taste receptor is available and the
mechanism of ligand recognition and receptor activation
is still under debate. The publication of recent crystallo-
graphic structures of mGluR subfamily proteins provided
a major leap for the modeling other class C GPCRs, like
the sweet taste receptor. In the present article, a critical
alignment of class C GPCRs sequences has been per-
formed to provide a relevant three-dimensional structure
of the sweet taste receptor that satisfies actual available
structural and site-directed mutagenesis experimental
constraints. These data provide an atomic point of view
for TIR2-T1R3 and a robust starting point for initiating
structural and mechanistic studies on the receptor.
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Based on the most exhaustive database of sweeteners with known sweetness values, a new quantitative
structure-activity relationship model for sweetness prediction has been set up. Analysis of the physico-
chemical properties of sweeteners in the database indicates that the structure of most potent sweeteners
combines a hydrophobic scaffold functionalized by a limited number of hydrogen bond sites (less than 4

hydrogen bond donors and 10 acceptors), with a moderate molecular weight ranging from 350 to

Keywords:
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Structure-activity relationship
Chemical space

Natural compounds

450 g-mol . Prediction of sweetness, bitterness and toxicity properties of the largest database of natural
compounds have been performed. In silico screening reveals that the majority of the predicted natural
intense sweeteners comprise saponin or stevioside scaffolds. The model highlights that their sweetness
potency is comparable to known natural sweeteners. The identified compounds provide a rational basis
to initiate the design and chemosensory analysis of new low-calorie sweeteners.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Sugars, or saccharides, naturally present in food are nutrients
associated with caloric intake. However in industrialized countries,
overconsumption of high-calorie foods leads to major risks for
metabolic disorders and pathologies such as obesity, cardiovascu-
lar diseases and type 2 diabetes (Lustig, Schmidt, & Brindis,
2012). To avoid these risks while preserving the sweetness percep-
tion, a large number of low-calorie sweeteners have been identi-
fied in natural extracts or chemically synthesized (Bassoli,
Borgonovo, & Morini, 2011; Behrens, Meyerhof, Hellfritsch, &
Hofmann, 2011; DuBois & Prakash, 2012). However, none of the
currently available sweeteners presents the same chemosensory
profile of sucrose. For instance, saccharin, the most consumed
sugar substitute, is known to combine both a sweet and bitter taste
(Kuhn, 2004). Moreover, some low-calorie sweeteners have been
the subject of controversies about health and food safety (Suez
et al., 2014). In this context, consumer interest in natural high
potency sweeteners has grown spectacularly in recent years but
only few of them are commonly used in the food industry. For
instance, stevia is one of the fastest-growing sweeteners in the
sugar substitute market. However, the identification of potent
sweeteners in plants has always stemmed from an empirical
knowledge of ethnobiological observations (Kinghorn & Soejarto,
1989) and a systematic study of natural compounds to detect

* Corresponding author.
E-mail address: sebastien.fiorucci@unice.fr (S. Fiorucci).

http://dx.doi.org/10.1016/j.foodchem.2016.10.145
0308-8146/© 2016 Elsevier Ltd. All rights reserved.

new sweeteners has never been carried out. The search for novel
sweeteners inspired by nature is still relevant.

Quantitative structure activity relationship (QSAR) modelling is
a widely accepted computational method to predict biological
activities from molecular structures (Cherkasov et al., 2014). Such
ligand based approaches have been successfully applied to estab-
lish a link between the structure of a compound and its sweet
taste. The first SAR and QSAR models date from the 60s and authors
found that hydrophobicity is a crucial physico-chemical property
for explaining the sweetness of a molecule. The first 3D approaches
showed that two or three pharmacophoric structural features
(hydrogen bonds, and a hydrophobic site) are shared by several
families of sweeteners (Deutsch & Hansch, 1966; Kier, 1972;
Shallenberger & Acree, 1967). A more comprehensive pharma-
cophore model highlighting eight interaction sites allowed a new
class of sweet molecules derived from a guanidinium core to be
discovered (Nofre & Tinti, 1996). More recently, several studies
based on machine learning methods involved building statistical
models to either predict sweetness (Yang, Chong, Yan, & Chen,
2011; Zhong, Chong, Nie, Yan, & Yuan, 2013) or to discriminate
sweet from non-sweet molecules (Rojas et al,, 2016). However, a
systematic examination of natural compounds to detect new
sweeteners has never been performed.

For the first time, virtual screening of a large database of natural
compounds has been performed to identify new sweeteners. A
QSAR model for sweetness prediction has been set up based on
the most exhaustive database of compounds with available sweet-
ness values. The model also incorporates additional filters to
remove compounds with undesirable properties, such as bitter
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off-taste and toxicity. The model highlights that the most potent
natural sweeteners belong to the terpene family and predicts that
their sweetness potency is comparable to known natural sweeten-
ers. The identified sweeteners provide a good starting point for the
rational design of an ideal low-calorie sweetener.

2. Materials and methods
2.1. Sweetener database

Three hundred and sixteen compounds belonging to seventeen
chemical families (Fig. 1a) have been collected in a database of
compounds with known sweetness values, ranging from 0.20 to
225,000 (Choi, Hussain, Pezzuto, Kingborn, & Morton, 1989;
Zheng, Rao, & Jia, 2003; Zhong et al., 2013) (Table S1), which has
been named SweetenersDB. The relative sweetness is defined as
the concentration ratio between a given compound and the sucrose
used as a reference that is perceived to have the same sweetness
intensity. According to many biological processes (Koch, 1966)
and due to the skewness of the sweetness value distribution, the
sweetness values were converted into a base 10 logarithm, and
denoted as logS. To set up a fast and accurate QSAR model, two
strategies were employed to describe the structure of the mole-
cules. Firstly, the compounds were stored in a 2D database using
their smiles, and secondly, their 3D structures were generated by
Marvin (Marvin 14.9.29.0, 2014, Chemaxon) and the three lowest
energy conformers were selected. The protonation state was
defined at pH 6.5 corresponding to a physiological salivary pH
value (Aframian, Davidowitz, & Benoliel, 2006). Dragon descriptors
(TALETE srl. Dragon, 2014) were computed for the 2D and 3D data-
base. The descriptors of the 3D database were averaged by Boltz-
mann weighting. Each descriptor of the final matrix was
normalized and redundant descriptors were removed (correlation
greater than 0.9). The final matrices contain 244 and 265 descrip-
tors from the 2D and 3D initial matrices, respectively.

2.2. QSAR model

Two supervised machine learning methods, Random Forest
(Breiman, 2001) (RF) and Support Vector Regression (SVR)

J.-B. Chéron et al./Food Chemistry 221 (2017) 1421-1425

(Cortes & Vapnik, 1995), were assessed to select the fastest and
the most accurate algorithm to predict the sweetness of a mole-
cule. SweetenersDB was randomly split into a training set of 225
molecules and a test set of 91 molecules. Only molecules of the
training set were considered for the optimization of the model,
whereas those of the test set were not used to build the model,
but rather to assess its performance. 2D and 3D QSAR models were
built using the leave-one-out cross-validation methods. For the
SVR and RF methods, a brute-force optimization was applied to
assess the exhaustive parameter value combinations. The effi-
ciency of the prediction of each approach was measured according
to R?, the squared of the correlation coefficient. It follows that the
closer the value is to one, the better the prediction. The chemical
space of SweetenersDB and SuperSweet (Ahmed et al.,, 2011), the
largest database of sweet agents, was compared to assess the
applicability domain of the QSAR model. The aim of determining
the applicability domain is to estimate the uncertainty of the pre-
diction and was used in this study to filter scaffolds that were too
far from the chemical space of known sweet molecules. In a second
phase, a large database of natural compounds, SuperNatural II
(Banerjee et al., 2015), was virtually screened. Additional filters
were used to exclude molecules with undesirable properties such
as bitter off-taste or toxicity (Fig. 1b, see supporting information
for more details).

3. Results
3.1. Chemical diversity of the SweetenersDB

The already known molecules with their associated sweetness
values included in the SweetenersDB cover a large chemical space.
They are composed of 8-89 heavy atoms including roughly a third
of carbon atoms. Their molecular weights range from 120 to
1300 g-mol~'. Despite the fact that the sweeteners should be
hydrophilic to be soluble in saliva, the molecules belonging to
the phenylpropanoid, polyphenol and terpene families also exhibit
hydrophobic properties. As expected, the other chemical families
(e.g. saccharides, polyols and amino acids) in the database share
hydrophilic properties. The average octanol/water partition coeffi-
cient (logP) of 0.0 + 2.1 across all of the compounds is in line with
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the broad diversity of the physico-chemical properties observed in
the database. Fig. 2a and b shows that the number of hydrogen
bond donors and acceptors of the highest potent sweeteners do
not exceed 4 and 10 respectively. Analysis of the physico-
chemical properties of the sweeteners reveals that the sweetness
value (logS) of a molecule is poorly correlated with most of the
molecular descriptors except for the molecular weight (MW) and
the partition coefficient (Fig. 2c and d). The correlation of log$S
and logP follows a linear tendency up to a maximal sweetness
value corresponding to a logP value ranging from 3 to 3.5. The
same observation can be reported considering MW up to a value
ranging from 350 to 450 g-mol~". This analysis reveals that the
expected properties of an intense sweetener correspond to a mod-
erate MW and a hydrophobic core with a limited number of hydro-
gen bond sites. Fig. 2 shows that natural sweeteners (highlighted in
green in Fig. 2) are the heaviest compounds in the SweetenersDB
and show the largest number of hydrogen bond donors and accep-
tors. Their physico-chemical properties exceed the limits defined
above for the most intense sweeteners and are in line with their
sweetness value which does not exceed 1000 (logS <3). This
strengthens the idea that more potent sweeteners remain to be
discovered.

3.2. Performance of QSAR models

To assess the predictability of the QSAR model the R? coefficient
of determination has been calculated for each approach. Satisfying
correlations between theoretical and experimental logS are

a
wn - = o ™
< - l. am B
o {7y -|=' I .
(3, Ii.=.I b = .E l= "
2 o o Emg, I® "= b= [ |
ll..! . "
|
: ll .
o - .l e
[ - -
T T T T T T
0 5 10 15 20 25 30
hydrogen bond acceptors
C
- L -. L
i
o
(%)
o
S o -
o -

logP

1423

observed for both SVR and RF (Fig. 3) meaning that the QSAR mod-
els, beyond being descriptive, are relevant to predict sweetness
values. However, the coefficient of determination R?> appears to
be slightly better for SVR than RF when applying QSAR models to
the molecules of the test set. RF models generally underestimate
high logS values and the predictions reach a plateau for intense
sweeteners. A similar performance (R?>0.8) of the 2D and 3D
SVR models is observed. The computation of the 3D conformers
and descriptors is much more time consuming than for the 2D
ones. As the strategy is to set up a fast and accurate QSAR model,
the 2D SVR approach has been chosen to virtually screen a large
database of natural compounds and identify new putative sweet-
eners (Table S2).

3.3. Comparison of the chemical spaces

Various chemical spaces have been compared to estimate the
applicability domain of the QSAR model, i.e. to evaluate the uncer-
tainty of the sweetness prediction. On one hand, the chemical
space of SweetenersDB has been compared to the most exhaustive
database of sweet agents, SuperSweet (Ahmed et al., 2011). As
shown in Fig. 4 (right y axis, black dots), more than 99.5% of the
compounds from the SuperSweet database are structurally close
to a representative structure in the SweetenersDB. The chemical
space of the SweetenersDB fully encompasses the structural diver-
sity of SuperSweet. On the other hand, the chemical spaces of
SuperNatural II and SweetenersDB have also been compared
(Fig. 4, grey dots left y axis) to remove natural compounds sharing
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Fig. 2. Analysis of the physico-chemical properties of compounds in SweetenersDB: (a) number of hydrogen bond acceptors and (b) donors, (c) octanol/water partition
coefficient (logP), (d) molecular weight (MW). Natural compounds are highlighted in green. (For interpretation of the references to color in this figure legend, the reader is
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low similarity with sweeteners used to build the QSAR model. As 3.4. Prediction of natural sweeteners
expected, SuperNatural Il contains a very high diversity of struc-

ture with respect to the SweetenersDB. 105,620 of the 325,102 More than 75,000 compounds within the applicability domain
natural compounds belong to both chemical spaces, meaning that of the QSAR model applied to the SuperNatural Il database exhibit
roughly 34% of SuperNatural Il have been virtually screened to a significantly high sweetness value (logS > 2). Additional filters
identify new putative sweeteners. were applied to avoid undesirable properties. First, a classification
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model has been designed to discriminate compounds that share
bitter and sweet tastes (Supporting information). Among the
75,000 natural molecules, 21% are unambiguously classified in
the cluster of sweet taste and not in the bitter one. Secondly, mole-
cules that contain undesirable scaffolds involved in toxicity prob-
lems have also been excluded. The final dataset, available online
(http://chemosim.unice.fr/SweetenersDB), contains 4585 natural
compounds (Table S2). Surprisingly, an overwhelming majority of
the identified natural sweeteners belongs to the terpene family
and less than 200 molecules are saccharides, polyphenols or
phenylpropanoids (Fig. 5). It is noteworthy that the most potent
natural sweeteners exclusively derive from the saponin and ste-
vioside scaffolds. They present a relative sweetness 1000-10,000
times more intense than sucrose, in line with the natural sweeten-
ers already characterized (Behrens, Meyerhof, Hellfritsch, &
Hofmann, 2011; Kinghorn & Soejarto, 1989).

Their average MW of 950+ 158 g-mol~! and the number of
hydrogen bond donors and acceptors of 10+ 3 and 19 + 5, respec-
tively, correspond to the upper bound of already known sweeten-
ers. The physico-chemical properties of these glycosylated terpene
cores go beyond the limits described above for the most intense
sweeteners, i.e. a chemical structure that combines a hydrophobic
scaffold functionalized by a limited number of hydrogen bond sites
with a moderate MW. It follows that it might be difficult to dis-
cover a more intense natural sweetener than the existing ones.
However, the sweeteners in the database provided can be ration-
ally modified to enhance their sweetness potency by borrowing
the hit-to-lead process applied in pharmaceutical research. Deter-
mination of the molecular structure of the sweet taste receptor will
be a significant step forward to understand how a sweetener is
perceived by the human body. Pending an answer to this question,
the quest for an ideal low-calorie sweetener remains open and the
newly identified sweeteners constitute a starting point for rational
design and receptor-based screening experiments.
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In the course of metabolite formation, some multienzymatic edifices, the so-called metabolon, are
formed and lead to a more efficient production of these natural compounds. Cne of the major features
of these enzyme complexes is the facilitation of direct transfer of the metabolite between enzyme active
sites by substrate channelling. Biophysical insights into substrate channelling remain scarce because the
transient nature of these macromolecular complexes prevents the observation of high resolution
structures. Here, using molecular modelling, we describe the substrate channelling of a flavonoid
compound between DFR (dihydroflavonol-4-reductase) and LAR (leucoanthocyanidin reductase). The
simulation presents crucial details concerning the kinetic, thermodynamic, and structural aspects of this
diffusion. The formation of the DFR-LAR complex leads to the opening of the DFR active site giving rise
to a facilitated diffusion, in about 1 ps, of the DFR product towards LAR cavity. The theoretically observed

Received 25th August 2015, substrate channelling is supported experimentally by the fact that this metabolite, ie. the product of the
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dynamic behaviour of the system leads to a loss of interaction between the metabolite and the enzymes,

Published on 14 March 2016. Downloaded by University of Nice Sophia Antipolis on 27/06/2016 11:44:18.

www.rsc.org/pccp

1. Introduction

Currently, studies of metabolites produced in plants, including
their characterization, localization, transport and production,
have become the key point for better understanding their
function. Beyond the investigations that focus on primary
metabolic fluxes,"* there has recently been a growing interest
in the analyses of such data concerning secondary metabolites.
The great molecular diversity of these compounds arises from the
numerous enzymes involved in their biosynthesis. Recently, it
has been proposed that these enzymes may not act independently
but could associate to form active multienzymatic complexes
that could more efficiently lead to the formation of metabolites.
The initial proposal of the existence of such complexes, the
so-called metabolons, emerged many years ago.** Two important
features characterize these complexes: (i) the proteins associate
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water molecules through bridging H-bonds prevent the former from escaping to the bulk.

transiently and (ii) when the complex is formed, the metabolites
diffuse from one active site to the next active site through the
socalled substrate channelling. Information regarding the nature,
in terms of energy and structure, of such protein-protein complexes
bound to a substrate, as well as details concemning the way the
metabolite is transferred, remains scarce. Accessing such informa-
tion will aid in deciphering the role of both the structure of the
complex and the surrounding solvent molecules in the optimization
of this intriguing molecular machinery.

Substrate channelling plays a central role in the regulation
of metabolic flux’*® and presents numerous benefits such as the
protection of unstable substrates and isolation of intermediates
from competing reactions. Substrate channelling should also
avoid long diffusing processes and lead to energy saving by
circumventing metabolite solvation and desolvation events.”?
Numerous examples of this phenomenon have been reported,
including tightly bound multienzymatic complexes'*'* and
assemblies of transient nature.'>'* Two types of mechanisms
have been proposed to describe such diffusion processes: a
direct tunnelling of the metabolites confined within the protein
matrix'® or a channelling of the reaction intermediates at
the surface of the protein complexes guided by electrostatic
steering.'®"'” These studies focused primarily on the electrostatic
propetties of the channel or the proximity of the catalytic sites."®

Phys. Chem. Chem. Phys., 2016, 18, 10337-10345 | 10337
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Finally, the gain in both kinetic'” and thermodynamic aspects
of this specific diffusion process still needs to be estimated.

Among these secondary metabolites, flavonoids are regarded as
a prototypical case for metabolic studies due to their substantial
molecular diversity.*” Thus, numerous enzymes are involved in
their biosynthesis, and their expression needs to be subtly
regulated to manage the production of flavonoids within the
cell. Each individual step constituting these enzymatic cascades
appears to be currently well understood;*" however, it has been
proposed that these enzymes may not act independently but
could associate to form a transient multienzymatic complex
that more efficiently orchestrates the formation of the metabo-
lites.”**"* It is assumed that such a putative metabolon could
be formed around a cytochrome P450 type enzyme anchored to the
endoplasmic reticulum membrane, here the flavone 3" hydroxylase
enzyme (F3'H).”* Many other enzymes could aggregate on F3'H,
and at least three different types of multienzymatic complexes can
be formed depending on the flavonoid sub-classes to be produced,
e.g., flavonols, anthocyanidins or proanthocyanidins. In these
transient structures, the dihydroflavonol-4-reductase (DFR)
enzyme is considered a hub for the biosynthesis of anthocyanin
or procyanidin molecules.*

During the process of proanthocyanidin formation, the step
following DFR action is catalyzed by the leucoanthocyanidin
reductase enzyme (LAR).”” Thus, in a scheme based on the
existence of a metabolon, a dihydroquercetin type substrate
(DHQ) is reduced in the DFR active site with the help of an
NADPH cofactor, which is subsequently oxidized. The product
of this enzymatic reaction, namely leucocyanidin (LCC), has to
diffuse to the active site of the LAR enzyme where it acts as a
substrate and undergoes reduction with the help of another
NADPH cofactor (see Fig. 1).

Concerning protein-protein associations, some recent
studies have demonstrated the existence and the importance of
such interactions in the biosynthetic pathway of flavonoids™~**
and, more generally speaking, has been the central topic of
a series of review articles.® Despite recent insights on the
existence of a metabolon in the course of flavonoid production,
experimental evidence, at the molecular level, of a flavonoid
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compound shuttling between connected enzymes is lacking.
However, LCC is known to be unstable in water. By protecting it
from solvent effects during substrate channelling, the multi-
enzymatic complex would optimize the metabolic flux.

To fully address the atomistic details underlying the mole-
cular mechanisms of macromolecular complexes, high resolu-
tion techniques such as NMR spectroscopy are required. If high
resolution approaches fail for such transient edifices (basically
because single crystals of sufficient size cannot be obtained
or if the size of the system is too large for X-ray and NMR
experiments, respectively), molecular modelling methods are
perfectly suited to act as a computational microscope. In the
present work, performing protein-protein docking calculations
and brute force molecular dynamics simulations reaching a
micro-second time scale we present molecular and dynamic
views of metabolite channelling between two enzymes involved
in flavonoid biosynthesis, namely LAR and DFR.

2. Computational details

2.1. Initial coordinates and system setup

The initial structure of dihydroflavonol-4-reductase (DFR) was
extracted from the crystal structure of a ternary complex with the
co-factor NADP+ and the substrate of the enzymatic reaction,
dihydroquercetin (PDB identifier 2C29).>* The substrate was
then substituted by the product and NADP+ was conserved.
The stability of the newly formed complex has been improved
through long molecular dynamics simulations. The initial struc-
ture of leucoanthocyanin reductase (LAR) was also extracted
from the crystal structure of a ternary complex with both the
co-factor and the enzyme product (NADPH and catechin, respec-
tively; PDB identifier 3152).>” The position of the internal loop
defined by residues 43-53 and both N- and C-terminal regions
(respectively, defined by positions 1-10 and 318-347) of LAR are
not present in the crystal structure.

Because too many residues were missing, a complete model
of LAR was prepared. No specific secondary structure was
predicted by the PSIPRED® server for both the N-terminal

\\ ’0\@ e ‘\_’ o
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Fig. 1 Schematic view of a subset of the multi-enzymatic complex involved in flavonoid biosynthesis. The product of the DFR enzymatic reaction diffuses
to the LAR active site where it will be converted to the following metabolite (4). Enzymatic reactions catalyzed by DFR and LAR, respectively, (B and C).
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and the internal loop, but a short alpha helix was predicted at
the C-terminal moiety (amino-acids 325-330). This helix was
placed at the enzyme surface by minimizing the helix-enzyme
interaction energy using a protein-protein docking protocol.
Docking solutions were filtered following a distance constraint
of 9 A between the residue 325 and the latest crystallized residue
(K317). The position of the helix 325-330 interacting with other
helices (defined by residues 54-60 and 20-34) and associated
with the lowest interaction energy were selected for the definitive
LAR structure. Missing loops (positions 1-10, 43-53, 317-325
and 331-347) were built using Modeller.*" The complete model of
LAR was subjected to structural validation using PROCHECK®*?
prior to protein-protein docking.

2.2. Protein-protein docking simulations

The ATTRACT docking protocol, which was detailed in Fiorucei
et al.*® and recognized in recent CAPRI rounds for the predic-
tion of high quality models of protein-protein interactions, was
applied to build the complex structure of DFR-LAR. Docking
calculations take into account surface and electrostatic
complementarity, as well as physico-chemical properties of
interacting amino acids. A coarse-grained representation of
the protein affords the energy minimization of thousands
of starting configurations. A total of 436 initial positions were
regularly distributed all around DFR, and 258 different orienta-
tions of LAR were generated for each starting point, leading to
more than 110000 docking solutions. Clustering analysis was
performed to group similar docking poses (RMSD < 1 A).

2.3. Force field parameters for NADPH/NADP+/LCC

NADPH and NADP+ parameters were taken from Holmberg et al.**
Leucocyanidin (LCC) parameters were calculated using the
Antechamber module of AMBER12 and following the RESP
method for the atomic charges. Quantum-chemical calcula-
tions were performed using Gaussian03 at the RHF/6-31G* level
of theory.

2.4. Molecular dynamics simulation protocol

Each simulation consists of a fully atomistic detailed, brute
force MD simulation using amber ff03.r1 force field of the
DFR-LAR complex previously determined by the ATTRACT
docking protocol. The molecular systems were considered in
the presence of one LCC molecule (located initially in the DFR
active site) and the co-factors in both active sites, NADP" in DFR
and NADPH in LAR cavities. The protonation state of titratable
residues were determined at a physiological pH of 6.5 through
the H++ server.”® The system was neutralized by addition of 18
Na' ions located in the most negative region of space using the
LEAP module of AMBER12.%® Crystallographic water molecules
were retained and the TIP3P solvent phase was extended to a
distance of 8 A from any solute atom leading to a box whose
dimensions were 107 x 95 x 110 or 115 x 112 x 88 A®
depending on the considered DFR-LAR system (PP1 or PP2).
MD calculations were performed using the PMEMD.cuda module
of the AMBER12 program in the isothermal-isobaric thermo-
dynamic ensemble at 300 K and 1 atm. The SHAKE algorithm
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was applied for bonds involving hydrogen atoms. A time step
of 2 fs was chosen. An 8 A cut-off was applied to non-bonded
van der Waals interactions and the non-bonded pair list was
updated every 15 steps. After the addition of the ions and the
water molecules to the minimized complexes, 15000 steps of
minimization and 30 ps of molecular dynamics (MD) simula-
tions using a restraint of 20 keal mol ' A~? on the solute atoms
were performed, followed by four rounds of 15000 steps mini-
mization reducing the restraints by 5 keal mol ' A™? at each
round, with 30 ps MD simulation. Particle mesh Ewald (PME)
summation with GPU acceleration was used, and PME para-
meters were chosen to obtain a grid spacing close to 1 A and
a 9 A direct space cut-off. The pressure and temperature
coupling constants were fixed to 0.4 ps and 1 ps, respectively.
Furthermore, the system was slowly heated from 100 to 300 K
over a period of 50 ps. The equilibration was carried out for 5 ns
after the 50 ps of heating. Production runs, with a timescale
ranging from 150 ns to 1.2 ps, were performed in the NPT
ensemble for each system. In total, we performed 8 simulations
with a total duration of more than 5 ps. Structural analysis was
performed using the ptraj module of AMBER12.

Accelerated molecular dynamics (aMD)*” was used to enhance
the sampling of the system in the vicinity of LAR cavity.
To overcome conformational barriers, a bias was introduced
to the dihedral angles and the total potential energy. A boost of
3.5 keal mol ' per residue was applied to the dihedral energy,
and a threshold of 20% to the total energy potential.

2.5. Enzyme-substrate free energy calculations

The molecular mechanics generalized Born surface area (MM-GBSA)
method® supplied with AMBER is based on the analysis of
configurations obtained from equilibrated MD. The free energy
calculation is a post-processing analysis of the trajectory of
the complexes. The binding free energy is determined by the
following equation:

AGhind = {Gmmplex> = (Gl\ecepmr> - {Gligand>

where (G,) corresponds to the average of the total free energy of
the component x over snapshots taken from the MD trajectory.
An interesting feature of such a description of the energy lies in
its capability to be decomposed on a per-residue basis because
it is computed through additive potentials.

The total free energy of a system is expressed as the sum of
several contributions:

G = Eypv + Hyansjror + Gsol — TS

where Eyng is the average molecular mechanical energy, G.q is
the solvation free energy and Hiansroe 1S the energetic term
corresponding to the six translational and rotational degrees
of freedom (Hyansror = 3kT ~ 1.8 keal mol ' at 300 K). The
solvation free energy is computed as a sum of polar and non-
polar contributions. The non-polar contribution is due to cavity
formation and van der Waals interactions between the solute
and the solvent, which are typically calculated from the solvent-
accessible surface area. The polar contribution of Gy is obtained
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following the generalized Born model (OBC model 1I*°) avail-
able in AMBER.

In this article, the term TAS was estimated by a normal mode
analysis. This method requires a system in equilibrium and the
entropic contribution was exclusively calculated on initial and
final states, for which it is roughly equal to —23 keal mol "

3. Results and discussion

3.1. Substrate channelling requires optimal conformation of
the enzyme-enzyme complex

To predict the structure of the DFR-LAR complex, a virtual
screening of protein-protein interfaces was performed using
the ATTRACT docking program.* (Fig. 1 and Table $1, ESIT)
The top 10 poses exhibit interaction energy typical for a weak
protein-protein interaction (Fig. S2, ESI{). The broad spectrum
of structures associated with different monomer orientations in
conjunction with a narrow range of weak interaction energies
was actually representative of a flat energy landscape, reflecting
the transient nature of the complex.

Because the substrate has to diffuse from the DFR active site
to the LAR one, only the protein-protein structures in which
a possible pathway between cavities is present should be
considered (Fig. S3, ESIf). Considering that the entrances
should not be too far from one another, two poses were
selected. These, noted PP1 and PP2, are ranked 4th and 7th
and exhibit a similar interaction energy, corresponding to
an estimated dissociation constant in the micromolar range.
Analysis of the protein-protein interface highlights that both
complexes (PP1 and PP2) satisfy the structural requirements of
transient protein-protein complexes:™ an interface ranging
from 1000 to 3000 A* with a fraction of 50-60% of non-polar
residues, approximately 50 residues are involved at the inter-
face and approximately 10 hydrogen bonds.

Multiple non-constrained molecular dynamics (MD) simulations
based on different initial velocities and all of which reached a
hundred nanoseconds time scale were performed to sample the
diffusion of the substrate (see Table 1). Interestingly, each protein
structure undergoes weak structural modifications, as reflected
by the relatively low RMSD values, while the complex is
expected to bear important reorganizations. This point is not
surprising since the refinement of the model, from coarse grain
to full atom description, leads necessarily to a reorganisation of
the amino-acids at the contact surface.

Considering the metabolite, LCC is initially located in the
DFR cavity in contact with the reduced cofactor NADP'. Mole-
cular dynamics simulations on the PP1 complex show large
reorganizations at the protein-protein interface that do not
allow the substrate channelling phenomenon to occur. Indeed,
these calculations lead to either a complete dissociation of the
complex or substrate diffusion in the wrong direction. This
suggests that an adequate structure of the complex is required
for initiating substrate channelling.

Considering simulations applied on the PP2 complex, a
diffusion of LCC from the active site of DFR towards that of
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Table 1 Summary of MD simulations and molecular events

Average RMSD (A)

Simulation

MD length (us) DFR LAR Complex Molecular event

PP1 (1st) 0.055 1.9 1.7 6.9 “

PP1 (2rd) 0.16 22 2.0 4.0 g

PP1 (3rd) 0.49 25 1.8 3.7 &

PP1 (4th) 0.36 2.7 1.7 3.8 ‘

PP2 (1st) 1.20 30 20 7.5 C

PP2 (2rd) 0.94 22 19 6.2 Substrate channelling
PP2 (3rd) 0.57 26 2.0 8.0 “

PP2 (4th) 0.58 24 18 7.5 ¢

@ Complete dissociation of the protein-protein complex. * Substrate
diffusion along the green route shown in Fig. S3A (ESI) for bulk solvent.
© The metabolite is rapidly trapped close to H137 and Q138 amino-acids
located on the green route shown in Fig. S3A (ESI). Strong reorganiza-
tion of the interface of the proteins prevents any substrate channelling.
4 Diffusion of the metabolite along the red route shown in Fig. S3A (ESI)
until it reaches the protein-protein interface and dissociation of
the complex after 1.2 ps due to the loss of the ionic interactions
E9 ppp-K50p 4 and E98ppp-K52; 4y, see main text for discussion.
“ Creation of the E91ppp-K50p ap and E98,pp~K52; Ay ionic interactions
between the two enzymes and diffusion of the metabolite from the DFR
active site to the vicinity of the LAR active site.

LAR was observed in each of the four cases. However, the end of
this diffusion is closely linked to the behaviour of the protein
complex. In one of these cases, the dissociation of the complex
occurs after 1.2 ps, while LCC has already started to diffuse
from the protein-protein interface to the active site of LAR. In
the three other cases, the complex remains stable due to the
creation of two additional ionic interactions between E91pg
and K50, on one side and E98p; and K52, on the other,
creating a new contact area 25 A away from the initial interface
(see Fig. 2 and 3A). This induces a slight allosteric effect, which
allows for the diffusion of LCC towards LAR (see Fig. 3B). This
conformation is sampled only transiently at the beginning of
the first simulation mentioned above, but the loss of these
ionic interactions at the end of the trajectory could explain the
dissociation of the complex. This structural refinement,
observed in each PP2 simulations, is likely to be induced by
the change in the resolution of the model, from coarse-grain
(docking protocol) to full atom description.

This PP2 complex structure is stabilized by two areas where
DFR and LAR interact, as shown in a representative structure
extracted from the trajectory (see Fig. 2 and structure provided
as ESIT). The interaction initially predicted by the ATTRACT
protocol has slightly evolved but remains mainly hydrophobic
(see Fig. 2B). It involves of two zones, (A155-K156-K157-M158-
T159)prg and (N169-L177-T180-P265); ax on one side and (N216-
E217-A218-5221-1222)pp,  and  (E261-N262-1263-1264-P265), an
on the other. In this first contact area, some H-bond may be
transiently formed but do not constitute the major part of the
interactions. A contrario, in the second area, the interactions
mainly involve charged amino acids leading to strong ionic
stabilization (see Fig. 2A) as discussed previously.

In one trajectory out of the three others showing a diffusion
of the metabolite at the entry of the cavity of LAR, LCC
ultimately diffuses into the enzymatic active site, characterizing
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Fig. 2 Details of the interactions occurring at the protein—protein interface of the PP2 complex made up of DFR (green) and LAR (blue) after 155 ns of
simulation. The interface is composed of two areas: (A) electrostatic interactions involving charged side chains and (B) hydrophobic contacts involving
residues (A155-K156-K157-M158-T159)p and (N169-L177-T180-P265) ar on one side (zone 1) and (N216-E217-A218-5221-1222) and (E261-N262-
1263-1264-P265), 45 on the other (zone 2) contribute to the stabilization of the complex.

A — |nterface reorganization B — Allosteric effect
K50, ~E91
K52, ~E98

e o o -

Fig. 3 Molecular events occurring during substrate channelling. The formation of two salt-bridges at the protein-protein (PP2] interface at the beginning of the
molecular dynamics simulation (4) leads to the opening of the DFR cavity (B) and to the channelling of the substrate (C, in magenta). The enzymes DFR and LAR
and the cofactors MADPH are colored green, blue and orange respectively. Key residues defining the gate of the enzyme cavities are represented in yellow.

a complete substrate channelling event between the active sites Finally, these eight simulations can be divided into two
of the two enzymes (presented in Fig. 3C). families. The four simulations based on the initial PP1 complex
This journal is ® the Cwner Societies 2016 Phys. Chem. Chem. Phys.,, 2016, 18, 10337-10345 | 10341
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do not lead to the appropriate diffusion of the metabolite.
Considering PP2, which undergoes structural rearrangements,
the four simulations reproduce the egress of LCC from the DFR
active site and the diffusion towards LAR cavity. The difference
between these simulations is detailed in the next point.

3.2. The allosteric effect induced by DFR-LAR association
modifies the kinetics of the LCC release

Molecular dynamics simulations taking the PP2 complex as
an initial structure show that DFR-LAR binding induces a
tight conformational change of DFR helices defined by residues
D94-K118, D149-K157 and A160-N182 (presented in Fig. 3B).
This allosteric effect corresponds to an opening of the cavity,
which gives rise to the diffusion of the metabolite out of the
active site of DFR in roughly 150 ns. By comparison, considering a
DFR-NADP*-LCC system without any protein-protein interaction,
this diffusion is observed after about 760 ns. Essential dynamics
analysis (EDA),*" which highlights the principal motions of a
molecular system, allowed us to analyse this difference. Consider-
ing the protein-protein complex, the first principal motion is
associated with the opening of the cavity of DFR, and corresponds
to the shift of three helices made up of residues D94-K118,
D149-K157 and A160-N182 (presented in Fig. 3B), known to
be involved in the metabolite ingress and egress mechanisms
(Fig. S3, ESIf). When considering only the DFR/NADP'/LCC
complex, EDA performed on long MD simulations revealed that
the first principal motion does not involve these helices,
although the release of LCC follows the same egress route.
This allosteric effect has a key influence on the fluency with
which the metabolite leaves the DFR active site and thus on
the kinetics of this mechanism. In PP1 complexes, the inappro-
priate placement of LAR onto the surface of DFR hampers
the opening phenomenon from occurring, revealing that an
adequate interaction is necessary.

With the exception of the simulation leading to the complex
dissociation, in the three other simulations performed on PP2,
LCC diffuses close to the entry of the LAR active site, where it
gets locked between helices 4 and 6 of LAR (N135.ar and
E94;,z) and interacts strongly with the NADPH co-factor
through one or two H-bonds. The diffusion of LCC from DFR
to this site takes approximately 300 ns. The calculation was
continued for 1.7 ps, during which LCC remained in interaction
with these two helices. This difficulty for the substrate to enter
the active site of LAR has also been observed by considering the
enzyme alone, Le. not involved in a complex. Five molecular
dynamics simulations of 500 ns each have been produced on a
system composed of LAR alone and five LCC metabolites,
free to diffuse around. None of these simulations led to the
entrance of a LCC molecule in the active site, but in each of
them, at least one LCC was interacting with the enzyme at the
position described above. It can then be considered that the
area described by NADPH and the helices 4 and 6 of LAR acts as
a thermodynamic attractor for the substrates. Thus, to enhance
the sampling of the potential energy surface associated with the
final step of the diffusion process accelerated molecular dynamics
(aMD) simulation was employed after 760 ns of simulation.’”
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Finally, LCC enters the active site and interacts with residues
which belong to the active site, namely Y137, K140, H122, and
Q285 within 160 ns after the aMD simulation has begun
(Fig. 85, ESIT). Fig. 3C shows the complete diffusion pathway
followed by LCC metabolite transfer from the cavity of DFR to
the active site of LAR.

It remains always difficult to extrapolate the simulation time
using aMD to its equivalent when using classical MD. This
depends strongly on the size and the rigidity of the system.
Some estimates on small and large systems put forward ratios of
roughly 2000 and 15 respectively.*>** Here, the 160 ns produced
with the aMD procedure could correspond to a range of 2.5 ps to
25 ps in unconstrained molecular dynamics. This magnitude is
consistent with the time when LCC remained locked into the
thermodynamic attractor discussed above and the fact that no
LCC entered the cavity of LAR when they were free to diffuse
around the enzyme (total sampling time: 12.5 ps).

3.3. The substrate channelling is a multistep process

The diffusion process has been sampled without bias, indicating
that it can easily overcome weak energy barriers at room tempera-
ture, such as sidechain reorientations. Thus, in order to obtain
more details on how the structure of the complex could affect the
diffusion phenomenon, we computed the interaction energy
between the metabolite and the protein matrix throughout the
trajectory following the MM-GBSA protocol. The aMD protocol,
applied at the end of the diffusion process was an opportunity
to accelerate sidechain movements without modifying the
temperature of the system. MM-GBSA interaction energy is a
good indicator of the evolution of the interaction between the
metabolite and the protein complex though it lacks a complete
description of the entropy term. The latter has been estimated
on resting states, Le. the initial and final interacting systems, to
be about 23 keal mol .

On the basis of the estimated interaction energy, the
substrate channelling phenomenon can be viewed as a three-
step process, as shown in Fig. 4A. At the beginning of the MD
simulation, LCC is located in the DFR active site and bears
relatively high interaction energy with the complex, close to
—20 keal mol™*. During the first phase, it leaves the DFR active
site after ~40 ns and interacts with residues M88, P204 and
F90 defining the gate of DFR cavity. During the following
260 ns, the ligand diffuses on the protein-protein surface to
finally reach the thermodynamic attractor site, mentioned
above, close to the LAR active site entrance, where it interacts
principally with residues E94, N135, 1171, H172 and 1264. In
Fig. 4B the evolution of the interaction energy is plotted as a
function of the distances between both enzymes and substrate.
This analysis reveals a rapid diffusion of the metabolite. The
interaction energy between the metabolite and the complex
reaches a maximum close to zero when the metabolite is
located at the junction between the enzymes. Nevertheless,
the metabolite remains close to the surface in interaction with
bridging water molecules.

During a second phase covering 50% of the simulation time,
the LCC compound is locked between helices 4 and 6 of LAR.
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Fig. 4 Physico-chemical properties computed along LCC diffusion from DFR to LAR. The diffusion process is divided into three phases. (4) DFR—-LAR/
LCC binding free energy through the diffusion pathway calculated using the MMGBSA protocol. (B) 2D plot of interaction energy as a function of the two
distances between substrate and enzyme centers of mass. (C) Percentage of solvation of LCC along substrate channelling. (D) Evolution of direct H-bond
(black) and H-bond involving bridging water molecules (red) during the diffusion process. For each of these analyses, the average value and standard
deviation were calculated from 156 successive subsets of 600 ps each, considering 1 frame per ps.

It is basically stabilized by strong interaction with the NADPH
phosphate group and to a lesser extent by residues E94 and
N135. The substrate sometimes loses its interactions with these
residues of helices 4 and 6, allowing LCC to go back and forth,
which keeps the anchor points with the phosphate groups of
NADPH. These movements lead to a loss of interaction energy
as reflected in Fig. 4A (period from 550 to 700 ns). This rocking
movement is associated with a sampling of a narrow conformational
attractor. At the end of this second phase, LCC flips and takes an
orientation consistent with an entrance leading to a structure close
to the one found in the LCC-LAR bound crystal structure.

In the final phase, the interaction with the NADPH moiety
breaks, and LCC enters the active site of LAR in a position close
to that found in the crystallographic structure (final ligand
RMSD ~ 5 A). During this entrance, direct interactions between
LCC and the cofactor are partially lost, explaining the decrease
of interaction energy (see Fig. 4A). The major energy drops
throughout the simulation occur at the exit of the DFR enzyme
and after a final reorganization within the LAR target protein
(Fig. S4, ESI}). The accurate prediction of interaction energy
through the MMGBSA protocol on aMD trajectories has recently
been addressed in an article devoted to the exploration of
potential energy surfaces by such a method that confirmed
the pertinence of this approach.*?

This journal is ® the Cwner Societies 2016

Though the energies are slightly modified, the exploration of
the surface is in good agreement with unbiased simulation and
reproduces the general shape of the surface. On the basis of
additional simulations, where the crystallographic structure
LCC/NADPH/LAR system was considered as a starting point,
the MM-GBSA energy of interaction between LCC and LAR is in
a range of —31.5 to —34.5 keal mol ', consistent with the energy
value of —32 keal mol ™ * obtained at the end of the diffusion process.
Thus, this last drop in energy is clearly associated with a stabilization
of the substrate in the binding cavity of LAR. Moreover, since the
entropy terms are similar for the initial and the final states, one
can consider that the binding process is thermodynamically
favoured by about —13.5 kecal mol ' (see Fig. 4A).

3.4. Desolvation penalty is reduced with respect to a regular
diffusion process

Electrostatic analysis performed using APBS software™ suggested
a negatively charged route that connected the two active sites
(Fig. S5, ESIT). Thus, the driving force of the diffusion along
this electrostatic pathway is the interaction of these residues
with the different H-bond donor groups of flavonoid molecules.
The molecular structure of LCC is of ambivalent nature. Its
aromatic rings and hydroxyl groups confer both hydrophobic
and hydrophilic physico-chemical properties. In this trajectory,
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H-bonds appear between LCC and successive amino acids
defining the diffusion pathway, keeping the metabolite close
to the enzymatic surface. When most of the direct H-bonds are
lost, bridging water molecules take the relay. Indeed, some
water molecules get inserted between the metabolite and the
protein surface and play the role of a bridge between the amino-
acids and LCC, hampering the latter from escaping within the
bulk. These water molecules cannot be considered as bulk
solvent molecules and they are in interaction with both the
surface of the proteins and the metabolite.

When LCC diffuses from DFR towards LAR, its solvation is
only partial with respect to a metabolite fully hydrated in the bulk.
The number of water molecules surrounding the metabolite in
the first hydration shell, according to the post-processing analysis
in AMBER, reaches 36. At the protein-protein interface, the
solvation is reduced by at least 20% and up to 60% (see period
2 in Fig. 4C). The desolvation process of the ligand entering within
the second enzyme (which can be considered as energetically
penalizing) is then decreased accordingly. It reveals that a partially
hydrated ligand still in interactions with the protein matrix during
the substrate channelling process is thermodynamically more
favourable than its complete rehydration.

This last point is particularly important because the present
metabolite, beyond presenting H-bond possibilities, is primarily
hydrophobic. LCC is known to be non-stable in water solution;
this partial solvation protects it from possible degradation and
could explain why the global biosynthesis process proceeds and
produces the next metabolites.

4. Conclusions

It has been postulated for several years that enzymes of same
biological cascade aggregate to form transient multienzymatic
complexes that lead to a more efficient production of the
metabolites. In these complexes, the metabolites can diffuse
from an active site to the following active site through the
so-called substrate channelling. For numerous reasons, primarily
arising from the transient existence of these edifices, minimal
experimental evidence of a metabolite diffusing between connected
enzymes at the molecular level is available. Here, by performing
molecular dynamics simulations, we bring a molecular point of
view to depict such a substrate channelling event in the course of
flavonoid biosynthesis. Considering two interacting successive
enzymes of the biochemical cascade, namely DFR and LAR,
we observed the diffusion of the product of DFR, namely LCC,
from the active site to the cavity of LAR. This simulation
allowed us to identify crucial events, at the molecular or atomic
scale, which open the possibility of this diffusion.

First, the formation of the protein-protein (DFR-LAR)
complex leads, in a relatively short time, to an opening of the
DFR active site, due to the movement of three helices D94-K118,
D149-K157 and A160-N182. This allosteric effect triggers a
facilitated release of LCC from the enzymatic cavity with respect
to what happens when considering a DFR/NADP'/LCC system
without interaction with LAR. The second important aspect of

10344 | FPhys. Chem. Chem. Phys., 2016, 18, 10337-10345
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this diffusion lies in the role of solvent molecules and their
interactions with the metabolite. Indeed, throughout the diffu-
sion pathway, strong surface interactions between the ligand
and the protein matrix are reported. Since the present metabolite
exhibits hydrophobic tendencies, it does not diffuse naturally into
the bulk. The evolution of the metabolite trajectory is then
associated with forming and breaking of H-bonds involving amino
acids at the protein surfaces. When the enzyme/metabolite
interaction is lost, bridging water molecules get inserted
between the two protagonists and prevent the metabolite from
leaving the protein surface. As a consequence, in the present
case, diffusion on the protein matrix minimizes the energy loss
during desolvation since the LCC metabolite is on average only
50% solvated. The efficient diffusion of neutral but polarized
intermediates is then controlled by a subtle balance between
H-bond channelling and solvation/desolvation effects.

Despite the fact that the total diffusion process has been
observed only once, this event can be considered as plausible
since it has been sampled without any bias. Moreover, the
leucocyanidin metabolite is not stable in the media and
its concentration remains weak while a higher amount of
catechin, (the enzymatic product of LAR) is detected. It can
be then postulated that, through a substrate channelling event,
the leucocyanidin could be protected from the media and thus
reduced in the product of the enzymatic reaction catalysed
by LAR. The conclusions reached here are specific to the
DFR-LAR-LCC system, notably due to the particular properties
of the metabolite (mainly hydrophobic but with the possibility
to form numerous H-bonds due to its hydroxyl groups),
but could be extended to similar systems involving other
compounds of the flavonoid family.
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Abstract In this paper we characterize three sTPSs: a
germacrene D (LaGERDS), a (E)-B-caryophyllene (La-
CARS) and a t-cadinol synthase (LaCADS). t-cadinol syn-
thase is reported here for the first time and its activity was
studied in several biological models including transiently or
stably transformed tobacco species. Three dimensional
structure models of LaCADS and Ocimum basilicum y-ca-
dinene synthase were built by homology modeling using the
template structure of Gossypium arboreum 8-cadinene syn-
thase. The depiction of their active site organization provides
evidence of the global influence of the enzymes on the

Accession numbers: LaCADS: 1X401282; LaCARS: JX401283;
LaGERDS: 1X401284.
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formation of t-cadinol: instead of a unique amino-acid, the
electrostatic properties and solvent accessibility of the whole
active site in LaCADS may explain the stabilization of the
cadinyl cation intermediate. Quantitative PCR performed
from leaves and inflorescences showed two patterns of
expression. LaGERDS and LaCARS were mainly expressed
during early stages of flower development and, at these
stages, transcript levels paralleled the accumulation of the
corresponding terpene products (germacrene D and (E)-P-
caryophyllene). By contrast, the expression level of LaCADS
was constant in leaves and flowers. Phylogenetic analysis
provided informative results on potential duplication process
leading to sTPS diversification in lavender.
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Abbreviations
CADS Cadinol synthase

CARS B-Caryophyllene synthase

EO(s) Essential oil(s)

EST(s) Expressed sequence tag(s)

IPTG Isopropyl-p-p-thiogalactopyranoside

FPP Farnesyl diphosphate

GERDS Germacrene D synthase

GPP Geranyl diphosphate

LaCADS L. angustifolia cadinol synthase

LaCARS L. angustifolia B-caryophyllene synthase
LaGERDS L. angustifolia germacrene D synthase
mTPS(s) Monoterpene synthase(s)

Qpcr Quantitative realtime polymerase chain reaction
STPS(s) Sesquiterpene synthase(s)

TPS(s) Terpene synthase(s)

Introduction

Lavender, as many species of the Lamiaceae family, syn-
thesizes and accumulates EOs in the secretory capitate and
peltate oil glands located in abundance on the surface of
the calyx and to a lesser extent on leaves (Online resource
1). Monoterpenes and sesquiterpenes are the main com-
ponents of lavender EO and are derived from the conden-
sation of isopentenyl diphosphate (IPP) and its allylic
isomer, dimethylallyl diphosphate (DMAPP). These C5
isomers are produced through two different cytosolic and
plastidial pathways (Fig. 1). The mevalonate pathway
(MEV) is located in the cytosol and probably in its last
steps in the peroxisome (Simkin et al. 2011). It begins with
the condensation of two acetyl-CoA and leads through
several steps to mevalonate diphosphate, then IPP, further
isomerized in DMAPP. This pathway provides IPP/
DMAPP precursors for sesquiterpene and triterpene syn-
theses. The alternative MEP pathway starts by the transfer
of a C2 unit from pyruvate to glyceraldehyde-3-P and also
leads to the synthesis of both [PP and DMAPP that are used
as precursors for both monoterpene and diterpene synthe-
ses. This MEP pathway was first characterized in bacteria
(Rohmer et al. 1993) and then in the plastidial compart-
ment of plants (Arigoni et al. 1997; Lichtenthaler et al.
1997). Although the MEV and MEP pathways are thought
to be independently regulated they can both contribute to
monoterpene and sesquiterpene syntheses through metab-
olite exchanges between cytosol and plastid. A specific
membrane plastid transporter involved in the transport of
IPP and/or GPP has been characterized indicating that
prenylphosphate from the plastid could be used for the
synthesis of sesquiterpenes in the cytosol (Bick and Lange
2003). Moreover, GPP could also be transported to cytosol

@ Springer

leading to the production of monoterpene in the cytosol
(Gutensohn et al. 2013).

Prenyltransferases catalyze the condensation of IPP and
DMAPP to produce prenyl diphosphates. Condensation of one
DMAPP and two IPP molecules catalyzed by farnesyl
diphosphate synthase (FPPS) leads to the formation of FPP in
the cytosol whereas the condensation of one DMAPP and one
IPP catalyzed by geranyl diphosphate synthase (GPPS) leads
to the formation of GPP in the plastid. Both GPP and FPP are
substrates of terpene synthases for the synthesis of mono- and
sesquiterpenes respectively. Five terpene synthases (Demissie
et al. 2011, 2012; Landmann et al. 2007) have already been
characterized from lavender (Fig. 1). Moreover, the expres-
sion of genes encoding linalool and limonene synthases
showed that transcription paralleled terpene accumulation
suggesting, at least in part, a transcriptional regulation of these
genes (Guitton et al. 2010; Lane et al. 2010).

In this study, we characterized three terpene synthases
responsible for the production of the major sesquiterpenes of
the essential oil. A cadinol synthase is reported here for the
first time in the plant kingdom. Correlations of terpene syn-
thase transcript levels from qRT-PCR and essential oil accu-
mulation at different developmental stages were performed to
examine the regulation of these TPSs. 3D protein modeling of
LaCADS and directed mutagenesis were performed to pro-
pose a mechanism explaining the biosynthesis of t-cadinol.

Materials and methods
Plant material

Lavandula angustifolia plants cv ‘Diva’ were grown in an
experimental field in Manosque (Alpes de Haute Provence—
France). The whole plant was harvested to construct the 454
library whereas only leaves and flowers were used to quantify
terpene synthase gene expression. In addition, plants culti-
vated in pots in the greenhouse have been used for leaf or
flower RNA extraction and terpene synthase cloning.

Preparation of a normalized random-primed cDNA
library, 454 pyrosequencing and reads analysis

Total RNAs were extracted from leaves, flowers and roots
using the Tri reagent kit (Euromedex) according to the man-
ufacturer’s instructions. In total, 40 pg of an equimolar mix-
ture of total RNA extracted from the different conditions was
sent to Eurofins MWG GmbH. A normalized random-primed
cDNA library was prepared from the RN A, an emulsion-based
PCR was performed and one segment of a sequencing plate
was sequenced on a GS FLX (454/Roche) to yield more than
600,000 reads delivered as assembled reads in FASTA format
with quality scoring files of all clusters.
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Fig. 1 Pathways of mono and sesquiterpene biosynthesis in L.
angustifolia. Enzymatic steps in the plain box correspond to genes
functionally characterized in the study. Enzymatic steps in the dotted
box represent steps in which full length protein have been obtained
from 454 library. AACT, acetoacetyl-coenzyme A thiolyase; BERS, o-
bergamotene synthase; CADS cadinol synthase, CARS B-caryophyllene
synthase, CDP-ME 4-(cytidine 5'-diphospho)-2-C-methyl-p-erythritol,
CDP-ME2P CDP-ME-2-phosphate, ¢MEPP 2-C-methyl-p-erythritol
2,4-cyclodiphosphate, CINS cineole synthase, CMK 4-(cytidine 5'-
diphospho) 2-C-methyl-p-erythritol kinase, CMS 2-C-methyl-p-eryth-
ritol 4-phosphate transferase, DMAPP dimethylallyl diphosphate, DXP
1-deoxy-p-xylulose 5-phosphate, DXR DXP reductoisomerase, DXS
DXP synthase, FPP farnesyl diphosphate, FPPS FPP synthase, GERDS

RNA isolation and cloning of TPSs

mRNA isolation using the nucleospin® RNA plant kit
(Macherey—Nagel) was followed by a reverse transcription.
RACE assays were carried out to amplify 5" and 3’ ends of
the studied TPS using the Marathon® ¢cDNA amplification
kit (Clontech, San Diego, CA, USA), following the manu-
facturer’s instructions. Sequences of primers used to clone
LaCARS, LaGERDS or LaCADS are reported in online
resource 2. DNA inserts cloned in the pPGEMT®-Easy vector
were sequenced by Eurofins MWG Operon (Germany,
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germacrene D synthase, G3P glyceraldehyde 3-phosphate, GPP
geranyl diphosphate, GPPS GPP synthase, HDS 1-hydroxy-2-methyl-
2(E)-butenyl 4-diphosphate synthase, HDR 1-hydroxy-2-methyl-2(E)-
butenyl 4-diphosphate reductase, HMBPP 1-hydroxy-2-methyl-2(E)-
butenyl 4-diphosphate, HMGCoA 3hydroxy-3-methylglutaryl-CoA,
HMGR hydroxymethylglutaryl-CoA reductase, HMGS hydroxymethyl-
glutaryl-CoA synthase, IDI isopentenyl diphosphate isomerase, IPP
isopentenyl diphosphate, LIMS limonene synthase, LINS linalool
synthase, MDC mevalonate pyrophosphate decarboxylase, MDS 2-C-
methyl-p-erythritol 2.4-cyclodiphosphate synthase, MEP 2-C-methyl-
p-erythritol 4 phosphate, MK mevalonate kinase, MVA mevalonate,
MVAP MVA-5-phosphate, MVAPP MVA-5-diphosphate, PHLS -
phellandrene synthase, PMK 5-phosphomevalonate kinase

Ebersberg). For functional characterization the three sTPS
were cloned in the pHGGWA vector (Busso et al. 2005)
using the Gateway technology. The 5’ primer used to clone
genes in the entry vector (pENTR/D-TOPO) (Invitrogen,
USA) comprised an additional sequence for the hydrolysis
of the GST-sTPS recombinant protein by thrombin.

LaCADS cloned into pPENTR/D-TOPO was transferred
by Gateway LR reactions into the binary destination vector
pMDC32 (Curtis and Grossniklaus, 2003). The expression
of pMDC32::CADS is under the control of a double CaMV
35S promoter.
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Expression of recombinant LaCARS, LaGERDS
and LaCADS in E. coli

Escherichia coli strain Rosetta (DE3) pLysS cells (Novagen,
Darmstadt, Germany) were transformed with pHGGWA
carrying the full length LaCARS, LaGERDS or LaCADS by
heat shock. Production of the heterologous protein was
performed during 14-16 h at 16 °C and 50 rpm in terrific
broth supplemented with 0.5 % glycerol, 0.25 M p-sorbitol,
2.5 mM betaine after induction with 0.2 mM IPTG. The
cells recovered by centrifugation were disrupted by incu-
bation in native binding buffer (50 mM NaH,PO,, 0.5 M
NaCl, 20 mM imidazole, 5 % glycerol, 5 mM DTT, pH 8)
supplemented with 0.5 mg/ml lysozyme and sonication.
After clarification of the lysate by centrifugation, the
recombinant protein was purified by binding to the Talon®
metal affinity resin (Clontech) according to the manufac-
turer’s instruction. The resin-bound protein was incubated
overnight at 4 °C in 200 pl of native binding buffer sup-
plemented with 10 units of thrombin. The next day the TPS
was recovered from the mixture by filtration. Protein con-
centration was measured using the BioRad reagent with
bovine serum albumin as standard (Bradford 1976).

Transient and stable expression of LaCADS in tobacco

Four to six-week-old greenhouse-grown seedlings were co-
infiltrated in triplicate with Agrobacterium tumefaciens
C58pMP90 harboring the pMDC32::CADS binary vector and
A. tumefaciens C58C1 carrying the viral suppressor p19 into
pBIN61 (Voinnet et al. 2003) according to the method of
Hellens et al. (2005). Freshly-grown bacteria cultures were
centrifuged when ODggy nm raised 0.3-0.5 and re-suspended
in infiltration media (50 mM MES buffer, 2 mM NaH,PO,,
0.2 mM acetosyringone, 0.5 % glucose) for 1 h at room
temperature before injection into N. benthamiana leaves using
a 1 ml syringe. After 7-10 days the treated leaves were
detached and terpenes were extracted with hexane.

Transformation of leaf disks of Nicotiana tabacum cv.
W38 by coculture with A. tumefaciens strain C58pMP90
harboring the pMDC32::CADS binary vector was per-
formed according to Horsch et al. (1985).

Directed mutagenesis

Single base mutation were performed in order to replace
the aspartate Ds3» or Dss3 by a glycine in the LaCADS
sequence. LaCADS coding sequence cloned in pENTR/D-
TOPO was used as template in a two step PCR amplifi-
cation strategy. Mutation was introduced in reverse primers
in PCR1 (PCRIR) coupled with the primer F full length
(see online resource 2). In the same way, mutation was
introduced in forward primer of PCR2 (PCR2F) coupled
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with the primer R full length (see online resource 2). PCR1
and PCR2 generate two products of respectively 1,614 and
89 pb. In a second step, PCR3 was performed using both
products from PCR1 and PCR2 in equal molarity as tem-
plate and primers F and R full length to amplify the full
gene including the mutation on Ds3,. Mutation on Ds33 was
performed using the same strategy with primers PCR1'R
and PCR2'F (see online resource 2).

Enzyme assays

Enzymatic assays were performed in a final volume of 500 pl
containing 15-50 pg purified recombinant protein, buffer
(25 mM Tris—Cl, pH 7.5, 10 % glycerol, | mM DTT, 1 mg/
ml BSA) and cofactors (10 mM MgCl,, 1 mM MnCly). The
reaction was started by addition of 50 uM geranyl or farnesyl
diphosphate and the mixture was overlaid with 500 pl of
hexane. After a 2 h incubation at 30 °C, the mixture was
vigorously mixed and the upper hexane phase was collected,
concentrated under nitrogen stream and analyzed by GC/MS.
Negative controls were performed using the purified product
from Rosetta (DE3) pLysS without expression vector.
Enzymatic assays were also performed from transgenic
N. tabacum. Two grams of fresh leaves were crushed in
liquid nitrogen supplemented with 20 mg PVPP. A pH 6.8
buffer with 20 % glycerol, 50 mM HEPES, 50 mM
Na,S,0s5, 50 mM ascorbic acid, 10 mM MgCl,, 5 mM DTT
was added to the leaf powder for protein extraction. After
centrifugation (2 min 12,000g), the supernatant was desalted
on a PD10 column in the following buffer (10 % glycerol,
15 mM MOPS, 1 mM ascorbic acid, 5 mM sodium meta-
vanadate, 2 mM DTT). For enzymatic reaction, the eluted
proteins were supplemented with 20 mM MgCl,, 0.5 mM
MnCl; and 20 uM FPP and the solution was overlaid with
1 ml of pentane. Incubation was performed for 2 h at 30 °C,
then the sample was vigorously vortexed, shortly centri-
fuged and the pentane fraction was analyzed by GC-MS.

GC-MS analysis

All GC-MS were performed on an Agilent GC 6850 gas
chromatograph coupled with an Agilent 5973 ion trap mass
detector. The instrument was equipped with a 30 m x 0.25
mm apolar capillary column DB5. Temperatures of injector
and detector were 250 °C. Helium was used as the carrier gas at
a flow rate of 1.0 ml/min. Oven temperature settings were:
4 min at 60 °C after injection followed by a 4 °C/min tem-
perature ramp from 60 to 240 °C. Temperature was then kept
on hold at 240 °C for 5 min. Injection volume was 2 pl in
splitless mode. Molecule identification was performed using
Wiley, NIST 05 and Adams mass spectra databases (Adams
2007). The GC products were in fine confirmed by comparing
their retention time and mass spectrum to those of authentic
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(E)-p-caryophyllene (Payan Bertrand France) and germacrene
D samples (R.C. Treatt USA Inc.). An essential oil of basil
(Ocimum basilicum) was used to characterize t-cadinol (IFF
France). Terpenes of L. angustifolia cv. Diva leaves and
flowers were extracted with hexane as previously reported
(Guitton et al. 2010) and analyzed as described above.

Transcript quantification by qPCR

LaCARS, LaCADS and LaGERDS expression levels were
determined in leaves and flowers at different flower
maturity stages. Total RNAs were extracted from leaves
and from flowers of three L. angustifolia plants cv. ‘Diva’
using the Tri reagent kit (Molecular Research Center,
Cincinnati, USA) according to the manufacturer’s
instructions and treated with the RQ1 RNAse-free DNase
(Promega, Madison, USA). A total of 2 pg of RNA was
reverse transcribed using SuperScript™ III Reverse
Transcriptase (Invitrogen, Carlsbad, USA) at 50 °C for 1 h
with an oligo-dT primer. Each RNA sample was reverse-
transcribed in two independent reactions.

Quantitative PCR was performed with CFX96™ real-
time detection system (Bio-Rad, Hercules, USA) using the
SsoAdvanced™ SYBR Green Supermix (Bio-Rad, Her-
cules, USA). All reactions were carried out in a 20 pl
volume using 2 pl of reverse transcribed cDNA as template
and 500 nM of each of the primers according to the man-
ufacturer’s protocol. Gene primers (Online resource 2)
were designed using the Primer3 software (Rozen and
Skaletsky 2000). Each cDNA sample was amplified twice
in two independent qPCR runs with each primer combi-
nation. As the RNA samples were reverse-transcribed in
duplicate, this yielded four technical replicates per original
sample. The following thermal profile was used for all PCR
reactions: 95 °C for 30 s, followed by 40 quantification
cycles [95 °C for 5 s, Tm (Online 2) for 30 s]. After 40
cycles, a melting-curve analysis (65-95 °C, one fluores-
cence read every 0.5 °C) was performed to check the
specificity of the amplification.

Normalized expression values (2724€4 method, Livak
and Schmittgen 2001) of LaCARS, LaCADS and LaGERDS
were calculated by the CFX96TM data manager (Bio-Rad,
Hercules, USA) using f-ACTIN, TUBULIN and GAPDH as
reference genes (Online resource 2). The stability of
expression of these reference genes was evaluated using
Best-Keeper (Pfaffl et al. 2004), geNorm v. 3.5 (Vande-
sompele et al. 2002) and NormFinder (Andersen et al.
2004). We used REST 2009 (Pfaffl et al. 2002) to compare
the expression level of a gene in a ‘sample’ group using a
‘control’ group as a reference by implementing a pairwise
fixed reallocation randomization test (10,000 iterations).
Differences in expression between ‘sample’ and ‘control’
cDNAs are considered significant for p values <0.05.

Model building and refinement

Blast and sequence alignment were performed using the
UniProt webserver and MAFFT software. LaCADS and y-
cadinene synthase (UNIPROT entry: Q5SBP5) 3D modeling
was performed from d-cadinene synthase (PDB identifier
3G4F) and molecular models were generated with Modeller
(Marti-Renom et al. 2000). Homology model of LaCADS
with the highest DOPE score and no steric clash was then
energy minimized using AMBER (Case et al. 2012) and the
AMBER ff03 force-field Parameters. The solvation was
treated implicitly with a generalized born model. The
structural integrity of the homology model of LaCADS was
verified with Procheck (Laskowski et al. 1993). Electrostatic
potential was calculated with the APBS program and map-
ped onto the solvent accessible surface area. To obtain
accurate electrostatic properties we use the two step focus-
ing technique and a grid spacing lower than 0.5 A in each
space dimension. The molecular surface was generated
using a water probe with a radius of 1.4 A. The dielectric
constant of the protein and the solvent was fixed to 2-80
respectively. pKa values of ionizable groups was predicted
using PropKa (Rostkowski et al. 2011) and the amber
forcefield (ff03.r1) was used to add atomic charges.

Results

Functional characterization of three sTPSs: LaCARS,
LaGERDS and LaCADS

Partial sequences of three sesquiterpene synthases were
obtained from 3 sets of ESTs obtained from a 454 ¢cDNA
library. Amplification of 5’ and 3’ ends was carried out by
RACE assays. Open reading frames of putative LaCARS,
LaGERDS and LaCADS coded for proteins with 548, 549, and
555 amino acids respectively. The molecular masses are pre-
dicted to be 63.6, 63.9, and 64.5 kDa respectively. Alignment
of the three deduced proteins revealed alterations in charac-
teristic conserved motifs of TPSs (Fig. 2). The arginine-rich
N-terminal RR(x8)W motif required for cyclisation in mTPSs
(Williams et al. 1998) was conserved only in LaGERDS but
was altered in the other two synthases. The highly conserved
aspartate-rich DDxxD motif required for Mg2+ or Mn*"
binding was found in both LaCARS and LaCADS whereas the
third aspartate was substituted by a glutamate in LaGERDS.
The other two characteristic motifs of TPSs LQLYEASFLL
and (N,D)D(L.LLV)x(ST)xxxE are partially conserved (De-
genhardt et al. 2009). Concerning the first motif, a sequence of
four amino acids LYEA could be found in the three terpene
synthases. The second motif was conserved in LaCADS but
altered in both LaCARS and LaGERDS in which a glycine was
found in place of a serine/threonine.
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Fig. 2 Amino acid sequence alignment of the cloned sTPS from L. angustifolia LaCARS, (E)-B-caryophyllene synthase; LaGERDS germacrene
D synthase, LaCADS t-cadinol synthase. The four conserved regions of terpene synthases are underlined

Recombinant LaCARS, LaGERDS and LaCADS were
produced in the E. coli Rosetta™ (DE3) pLysS strain using
the pHGGWA expression vector (Busso et al. 2005) and
incubated with FPP. The purified LaCARS produced a
unique compound with retention time and mass spectrum
identical to those of a (E)-B-caryophyllene analytical
standard (Fig. 3a—c; online resource 3A-B). Purified LaG-
ERDS incubated with FPP catalyzed the production of
germacrene D and bicyclogermacrene as major and minor
products respectively (Fig. 3b). Germacrene D could be
identified by comparison of retention time with an analyt-
ical standard (Fig. 3c). Mass spectra of germacrene D from
enzyme assay and analytical standard are available in
supplementary data (online resource 3C-D). The purified
LaCADS incubated with FPP produced t-cadinol as major
compound and y-cadinene as minor product (Fig. 3d). The
identification of t-cadinol was performed using an essential
oil (EO) of a t-cadinol rich chemotype of O. basilicum as
standard. t-cadinol of O. basilicum had identical retention
time and mass spectrum to those of the major product
catalyzed by LaCADS activity (Fig. 3e, f). t-cadinol was
also found in lavender EO with similar mass spectrum and
retention time to standard (data not shown). No monoter-
pene could be detected when LaCADS or LaGERDS were
incubated with GPP. In contrast LaCARS was able to
catalyze the production of several monoterpenes among
which myrcene, limonene and camphene could be clearly
identified (data not shown).

Because this is the first report of a t-cadinol synthase
activity, additional expression experiments were performed.
A. tumefaciens-mediated transient expression (Hellens et al.
2005) in Nicotiana benthamiana leaves confirmed that LaC-
ADS acted as a t-cadinol synthase in planta: N. benthamiana
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leaves infiltrated with a double CaMV 35S-driven binary
LaCADS vector produced significant amount of t-cadinol
(Fig. 4b). t-cadinol was not produced in control N. benth-
amiana that had been infiltrated with P19 alone (Fig. 4a).

Moreover, stably transformed N. tabacum plants were
obtained through transformation experiments with A. fum-
efaciens strain C58pMP90 harboring the pMDC32::CADS.
No cadinol was found by GC-MS analysis after hexane
extraction of transgenic leaves (data not shown). Proteins
were then extracted from leaves of three tobacco plants
coming from independent transformation events. Desalted
proteins were overlaid with pentane and incubated with
20 pM FPP for 2 h. GC-MS analysis of concentrated
pentane solution revealed the in vitro synthesis of 1-cadinol
only from transformed plants (Fig. 4c, d).

Analysis of transcript levels for LaCARS, LaGERDS
and LaCADS in leaf and during flower development

Quantitative RT-PCR was performed on leaf and inflores-
cence samples from three independent plants. Three flow-
ering developmental stages were defined. In stage 1, the
spike was short and green with flowers completely covered
by bracts. In stage 2, the inflorescence was longer and a
purple calyx appeared above bracts whereas in stage 3, the
corolla was seen at the top of the calyx (Fig. 5). Two
reverse transcription reactions were performed from each
RNA extraction and each sample was analyzed in two
repetitions leading therefore to 12 results per biological
stage. Normalized expression relative to gene expression in
leaf showed that LaCADS is poorly differentially expressed
in flower samples relative to leaf (Fig. 6a). On the contrary,
LaCARS, and LaGERDS exhibited higher transcript levels
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Fig. 3 Sesquiterpene products of LaCARS, LaGERDS and LaCADS
measured in vitro and mass spectrum of t-cadinol of basil and
products of LaCADS. The enzyme were expressed in E. coli,
extracted and incubated with 50 mM FPP and 10 mM MgCl, and
1 mM MnCl, ions. a Products of LaCARS, b products of LaGERDS,

compared to leaves during the first stage of flower devel-
opment. The highest expression of both genes was noted in
stage 2 inflorescences where transcript levels were over
30-fold higher than those of leaves.

Leaves and different flower stages were harvested on the
same three plants. After hexane extraction, GC-MS analysis
were performed in order to quantify t-cadinol, (E)-B-
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LaCADS. Mass spectrum of t-cadinol: e in basil, f in products of
LaCADS. Key to the terpene products was: I (E)-B-caryophyllene, 2
germacrene D, 3 bicyclogermacrene, 4 y-cadinene, 5 t-cadinol. RT
retention time

caryophyllene and its related oxide and germacrene D
(Fig. 6b). 1-cadinol was found in equal quantities in the
different flower samples as expected from the corresponding
transcript levels. Increased amounts of (E)-B-caryophyllene
and its related oxide were noticed between stages S1 and S2
in accordance with transcript levels. However accumulation
of these sesquiterpenes went forward further at stage 3
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Fig. 4 Transient and stable expression of LaCADS in Nicotiana. (a,
b) Transient expression in N. benthamiana: A. tumefaciens suspen-
sions harbouring the pMDC32::CADS binary vector or the viral
suppressor p19 into the pBIN61 were mixed and co-infiltrated into the
adaxial side of young leaves (b). In control, infiltration was performed
only with Agrobacterium carrying the viral suppressor p19 (a). Ten
days after injection, volatiles were extracted by hexane from
transformed leaves and analyzed by GC-MS. Stable expression in
N. tabacum (¢, d): leaf disks were cocultivated with A. tumefaciens
strain  C58pMP90 harboring pMDC32::CADS according to the

whereas the transcription of the related gene LaCARS was
falling down. Correlations between transcript levels of
LaGERDS and germacrene D synthesis during inflorescence
development could also be observed but to a lesser extent. A
relatively high amount of t-cadinol and (E)-B-caryophyllene
in leaves was an unexpected result if we consider the
expression of their related genes.

Homology modeling of LaCADS and y-cadinene
synthase from 3D structures of 3-cadinene synthase

Blast analysis of the LaCADS sequence on the Uniprot
webserver revealed that LaCADS clearly belongs to the
terpene synthase family. y-cadinene synthase is the best
homologous protein with a sequence identity of roughly
63 % and a sequence similarity higher than 83 %. From the
250 best sequence homologs, redundant proteins were
removed using a threshold of 90 % identity. Proteins with

@ Springer

method of Horsch et al. (1985). Transformed plants were in vitro
regenerated on a selection medium with 50 mg/L hygromyecin.
Proteins were extracted from leaves (see section “Materials and
methods™) and after incubation with FPP volatiles were recovered in
pentane and analyzed by GC-MS. e Transformed plants expressing
LaCADS under the control of a double CaMV35S promoter. d Plants
transformed with pBI121:GUS intron used as a control. Key to the
terpene products was I t-cadinol, 2 B-farnesol, 3 y-cadinene, 4 -
farnesene

an unknown function were also removed. Finally a multiple
sequence alignment using MAFFT (Katoh et al. 2002) was
performed on the remaining sequences. Among them, 3D
structures are known for N. rabacum 5-epi-aristolochene
synthase (PDB id. SEAT and 5EAU) and Gossypium ar-
boreum 3-cadinene synthase (PDB id. 3G4D and 3G4F). 8-
cadinene synthase (PDB identifier 3G4F and 3G4D)
exhibits a relatively high sequence homology (E value
<107'00) with LaCADS and was used as template struc-
ture for homology modeling. Although the sequence
identity is modest (34 %), the identical amino acids and
those with similar physico-chemical properties reach 70 %
of the sequence. Important residues within the d-cadinene
synthase active site are known; i.e. D307, R448, D451,
E455, 1526, Y527, Y535 and V536 (Gennadios et al.
2009). The coordinates of residues involved in substrate
binding are well defined except for a short loop defined by
residues 526-536 in 8-cadinene synthase. Online resource 4
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Stage 1

Stage 2

Stage 3

Fig. 5 Developmental stages of lavender inflorescence defined for
qRT-PCR experiments and GC-MS analysis. Scale bar 5 mm

represents a focus of the multiple sequences’ alignment on
this loop. A tyrosine (numbered 527 in LaCADS) and a
short sequence motif DxYT, 3-5 residues farther, are
highly conserved in all aligned enzymes and are involved
in substrate binding. Between these key residues, the loop
region displays high sequence variability (Fig. 7). Three
dimensional molecular models of LaCADS and y-cadinene
synthase of O. basilicum were generated with Modeller
(Marti-Renom et al. 2000) using 3G4F as single template
structure. The structural alignment of the LaCADS and -
cadinene synthase models with the §-cadinene synthase is
shown together with an electrostatic potential map of the
three enzymes in Fig. 8.

Directed mutagenesis on D532 of LaCADS
do not change enzyme catalytic specificity

Modeling of active sites underlines the presence of an
aspartate in position 532 in LaCADS that is substituted by
a glycine in several cadinene synthases. Alignment of -
cadinene synthase of O basilicum and LaCADS revealed a
strong sequence homology for the active site. However the
aspartate in position D532 in LaCADS is replaced by a
glycine in the 7y cadinene synthase (Fig. 7). The hydro-
philic property of aspartate could help water to get inside
the active site in LaCADS. In order to test this hypothesis,
direct mutagenesis was performed on LaCADS leading to
the substitution of aspartate 532 by a glycine. This muta-
tion could be performed by a single A/G base substitution
at position 1595 of LaCADS cDNA sequence. Alternatively
D533, a conserved aspartate in most sTPSs, was also
mutated and replaced by a glycine. The mutated sequences
were transferred into the pHGGWA expression vector and

509 (A)
45 4

40

. 1

30 b

(¢}

25+

20 4

15 4

Normalized fold expression

10

5 b
aa ¢ a a a
0 = )

LaCADS LaCARS LaGERDS

800 - (B)

700 H l

600

o

500 o

400 -

300

Quantity pg/g dry matter

200 d

100 +

a® ]
00 +

T-cadinol caryo+oxide  germacrene D

Fig. 6 Transcriptional activity of terpene synthases and terpenes
accumulation in leaf and during inflorescences development in L.
angustifolia cv Diva. a Transcript levels of LaCADS, LaCARS and
LaGERDS normalized to B-actin, tubulin and GAPDH. b Sesquiter-
penes accumulation corresponding to the activity of LaCADS,
LaCARS and LaGERDS. Caryo + oxide: (E)-B-caryophyl-
lene + caryophyllene oxide. Bars colors: leaf (black), S1 (dark
grey), S2 (light grey) and S3 (white). Statistical analyses were
performed with the software REST for qPCR data and a ANOVA
followed by a test of Fisher for terpene analysis. Values with different
letters indicated a difference with a p value <0.05. Error bars indicate
standard deviationn = 12inaandn=3inb

expressed using an identical protocol as the one described
for LaCADS. Percentages of the different products of both
mutated enzymes and LaCADS used as control were cal-
culated from three replicate experiments (Table 1). Both
mutations did not change product distribution and t-cadi-
nol rise to almost 90 % in all three assays. These obser-
vations were confirmed by a statistical Kruskal-Wallis test.
The activity of mutated enzymes was also not different
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6-Cadi 526 LYRE--GDGYTYV 536
Y-Cadi 511 SYNRNNGDGYTDP 523
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Fig. 7 Part of the sequence alignment of LaCADS, y-cadinene
synthase of O. basilicum and &-cadinene synthase from Gossypium
arboreum. Residues involved in substrate binding are marked with a
star. Highly conserved residues are underlined while the variable
region is bordered by a box

compared to LaCADS. The amount of t-cadinol produced
from assays with 60 pg of LaCADS or mutated enzymes in
D532G and D533G was evaluated respectively to 746, 649
and 814 pg. In independent repeated experiments a dif-
ference of 10-15 % of product amount could be observed
between the three enzymes and the highest amount of
products was never found with the same form of enzyme.

Discussion

Alterations in characteristic motifs of lavender sTPS
sequences

Several structural motifs have been well characterized in the
terpene synthase family among which the best known is an
aspartate-rich region DDXXD involved in the binding of
divalent metal ions which in turn interact with the diphos-
phate moiety of the substrate (Degenhardt et al. 2009). This
DDXXD motif was conserved in both LaCADS and

Fig. 8 Structural alignment
(left) of homology models
LaCADS (yellow) and vy-
cadinene synthase from O.
basilicum (blue) with the known
3D structure of §-cadinene
synthase from Gossypium
arboreum (black). £10 kbT/e
electrostatic potential mapped
onto the molecular surface of
the proteins (right)
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LaCARS whereas one aspartate was substituted by a gluta-
mate in LaGERDS leading to a DDXXE amino-acid
sequence. The same alteration has been reported only twice:
in a bicyclogermacrene D synthase (OvBicyclGerDS) of
oregano (Crocoll et al. 2010) and a 5-epi-aristolochene
synthase of chili pepper (Zavala-Paramo et al. 2000). Con-
sidering the strong sequence identity (66 %) between LaG-
ERDS and OvBicyclGerDS and the unusualness of such
alteration we can hypothesize that this alteration might have
occurred before the separation of genera Lavandula and
Origanum in the Lamiaceae family.

A second motif designated NSE/DTE is also responsible
for metal cofactor binding. This motif has apparently
evolved from a second DDXXD aspartate-rich motif con-
served in prenyl transferases to form a consensus sequence
(N,D)D(L,L,V)x(S,T)xxxE (Christianson 2006). In LaC-
ADS this consensus sequence was DDIxSxxxE whereas in
LACARS and LaGERDS a DDLxGxxxE sequence was
found underlying an alteration of the consensus where
serine/threonine was substituted by a glycine. Such sub-
stitution has already been reported in a number of plant
mono- and sesquiterpene synthases. Recent mutational
investigations of the NSE/DTE motif led to the speculation
that the presence of a water molecule close to the glycine
could replace the missing hydroxyl side chain of serine/
threonine without reducing the efficiency of this sequence
to bind metal cofactors (Zhou and Peters 2009).

Several investigations with tritium-labeled GPP and non-
cyclizable GPP analogs (Wheeler and Croteau 1987) led to
conclude that a prerequisite to the formation of cyclic
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Table 1 Percentage distribution of the products biosynthesized by
LaCADS and mutated enzymes after 2 h-incubation

Enzymes v-Cadinene Unknown 1-Cadinol
sesquiterpene

LaCADS 8.6+ 13 34+£10 879 + 1.8

Mutation D532G 6.0 £ 0.6 45£15 894 £ 1.8

Mutation D533G 6.3+ 0.7 37+03 89.9 £ 1.0

Experiments were repeated once with 15 pg and twice with 60 pg
protein. SD, standard deviation. A kruskal-Wallis test was performed
with the Excel-STAT software. The p value for y-cadinene, unkown
sesquiterpene and t-cadinol data were respectively 0.066, 0.561 and
0.177 then all superior to 0.05 indicating that no statistical difference
was observed for both products synthesized by LaCADS and both
mutated enzymes

monoterpenes is the isomerization of the geranyl diphos-
phate cation into the linalyl diphosphate cation. A RR(x)gW
motif close to the transit peptide may play a role in the
initiation of the isomerization-cyclization reaction (Williams
et al. 1998) or act to stabilize the protein (Hyatt et al. 2007).
This motif is present in all mTPSs leading to the synthesis of
cyclic monoterpenes but also conserved with variations in
most sesquiterpene and diterpene synthases. This motif
could therefore also be implicated in the isomerization
reaction of the transoid farnesyl cation into the cisoid ner-
olidyl cation resulting in the synthesis of cyclic sesquiter-
pene. However the RR(x)sW motif was conserved in
LaGERDS but one and two arginines were missing respec-
tively in LaCARS and LaCADS. Considering that the bio-
synthesis of both t-cadinol and germacrene D need, in a first
step, the same isomerization of farnesyldiphosphate cation
in nerolidyl phosphate cation, we can therefore assume that
the RR(x)sW is not needed for the isomerization of FPP in
nerolidyl diphosphate.

Sesquiterpene synthases are differentially expressed
in L. angustifolia

Gene expression of the three characterized sesquiterpene
synthases was studied by q-PCR. Two different patterns of
expression could be distinguished. LaCADS showed a con-
stitutive expression in the leaf as well as in early flowering
stages. A high concentration of cadinol has been reported in
leaves of several species in the genus Teucrium (Awadh-Ali
et al. 2008; El-Shazly and Hussein 2004). In vitro experiments
demonstrated that a-cadinol and t-muurorol, two stereoiso-
mers of t-cadinol, have effective antifungic properties (Cheng
et al. 2004). Therefore LaCADS could be expressed as a
constitutive chemical defence in lavender. By contrast, La-
CARS and LaGERDS showed an inducible response of tran-
scription from stage 1 to stage 2 of floral development.
Accumulation of (E)-B-caryophyllene and caryophyllene
oxides as well as germacrene D was correlated in the first

stages of flowering with increasing transcript levels of La-
CARS and LaGERDS but in the latest stage transcription levels
of the two genes dropped whereas sesquiterpenes production
remained high. Similar observation was reported for nerolidol
synthase expression during the anthesis of snapdragon
(Nagegowda et al. 2008). LaCARS and LaGERDS are clearly
regulated at the transcriptional level in early stages as already
reported for several genes encoding terpene synthase (Tholl
2006; Nagegowda 2010) but stability of the enzymes (LaC-
ADS and LaGERDS) and accumulation of products could
explain that terpene production still increased in stage 3
whereas corresponding transcripts decreased. (E)-B-caryo-
phyllene and germacrene D are common attractive sesqui-
terpenes and several pollinators such as flies have antennal
receptors for these sesquiterpenes (Ibanez et al. 2010).
Therefore increased biosynthesis of (E)-B-caryophyllene and
germacrene D in the first stages of flowering could be related
to pollination but additional studies are needed to evaluate by
headspace the emission of these sesquiterpenes and their
specific role in pollination.

Lavender sesquiterpene synthases come from different
duplication processes

A phylogenetic tree was constructed using both the avail-
able terpene synthases of L. angustifolia and sesquiterpene
synthases of Lamiaceae (Fig. 9). The three sTPS charac-
terized in this study were clustered in the same TPS-a
subfamily as expected from sesquiterpene synthases
whereas o-bergamotene synthase (LaBERGS) fell in the
subfamily TPS-b as reported by Landmann et al. 2007 with
a zingiberene synthase of O. basilicum. These two sTPSs
probably come from ancestral mTPSs that show convergent
evolution through the lost of plastidial transit peptide and
their neofunctionalization in sTPS. LaCARS and LaGER-
DS belong to the same clade and exhibit a high similarity
compared to LaCADS. Gene duplication could have
occurred before lavender and origano separation leading in
both species to a (E)-B-caryophyllene synthase and a ger-
macrene D/bicylcogermacrene D synthase. LaCADS clus-
tered with the ty-cadinene synthase of O. basilicum
sesquiterpene synthase in a separate clade from LaCARS
and LaGERDS. Ancestral gene duplication could probably
explain the emergence of these two divergent clades.

The activity of LaCADS needs the presence of a water
molecule in the active site

Terpene alcohols can occur from the catalysis of hydrox-
ylation by a P450 enzyme. Such reactions have been
exemplified through the biosynthesis of menthol from
limonene (Lupien et al. 1999) or by the oxidative trans-
formation of epi-aristolochene into capsidiol (Ralston et al.
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Fig. 9 Dendrogram analysis of monoterpene synthases of L. angust-
ifolia and sesquiterpene synthases of Lamiaceae using the neighbour-
joining method. At Arabidopsis thaliana ent-copalyl synthase
(NM116512); La Lavandula angustifolia BERGS, (DQ263741);
CADS, (JX401282); CARS, (JX401283); CINS, (JN701461); GER-
DS, (JX401284); LIMS, (DQ263740); LINS, (DQ263741); PHLS,
(HQ404305) Mp Mentha piperita Fars, (048935), Ob Ocimum
basilicum GerDS germacrene D synthase (AY693644), g-CadS

2001). Terpene alcohols can also be synthesized directly
inside the active site of terpene synthases by deprotonation
of a water molecule leading to the hydroxylation of the
carbocation that recovers its stability. Kampranis et al.
(2005) demonstrated that the ability for water capture of
the active site was crucial to catalyze the formation of the
monoterpene alcohol 1-8 cineole. We propose a similar
reaction for the biosynthesis of t-cadinol. After dephos-
phorylation, FPP could undergo several transformations in
the active site of LaCADS to form the cadinyl carbocation.
This molecule could recover its stability by hydroxylation
from the deprotonation of a water molecule (Fig. 10). A
similar reaction mechanism has been proposed for a cedrol
synthase (Mercke et al. 1999) and a eudesmol synthase (Yu
et al. 2008). To support this hypothesis we performed
the homology modeling of LaCADS and O. basilicum
v-cadinene synthase from the template structure of

@ Springer

At-ent-copalyl synthase

y-cadinene synthase (AY693645); ZinS zingiberene synthase
(AY693646), SelS selinene synthase (AY693643), Ov Origanum
vulgare CarS (E)-B-caryophyllene synthase (GU385970); GerDS
(GU385976), BicyclGerDS bicyclogermacrene D (GU385973); Pc
Pogostemon cablin CurS, curcumene synthase (AY508726); GerAS
germacrene A synthase (AY508728), GerDS (AY508727), patchoulol
synthase (AY508730)

G. arboreum §-cadinene synthase. As shown in Fig. 8 the
electrostatic properties within the active site depend on the
surrounding amino-acids. The cavity is negatively charged
for all the enzymes, in agreement with stabilization of a
cadinyl cation. However, the active site of LaCADS is
slightly more accessible to solvent molecules. The esti-
mated volume of LaCADS, vy-cadinene and d-cadinene
synthase active site using the fpocket algorithm (Le Guil-
loux et al. 2009) is roughly 1,520, 1,460 and 1,430 A3
respectively. The alignment between O. basilicum y-ca-
dinene synthase and LaCADS showed strong homology of
the active site except for the aspartate D532. Directed
mutagenesis on LaCADS (D532G) did not change the
catalytic properties of the enzyme underlying that the better
facility for water to get inside the active site of LaCADS
compared to the y-cadinene synthase is rather depending
on the global shape of the active site than to the ability of
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FPP cadinyl cation

a

4

v-cadinene T-cadinol
MW: 204 MW: 222

Fig. 10 Proposed biosynthetic pathway of 1-cadinol and y-cadinene
from FPP catalyzed by LaCADS. MW molecular weight

one hydrophilic amino acid D532 to trap a water molecule
(Greenhagen et al. 2006).

We also address the involvement of D533 in LaCADS in
catalysis since this residue is highly conserved in most of the
sTPSs sequences (online resource 4). Despite this high
conservation, mutagenesis on this amino acid (D533G) did
not change the activity of the mutated protein and the main
product was still t-cadinol with y-cadinene as a secondary
product. This result raises questions on the actual function of
this amino acid and the mechanism underlying its conser-
vation. From a structural point of view, D533 belongs to a
secondary pocket, containing the isoprenoid moiety of the
substrate and adjacent to the main active site as it was sug-
gested for the y-cadinene synthase of G. arboreum (Genna-
dios et al. 2009). Despite its vicinity with the substrate, the
loop region defined by residues 526-536 seems to be more
flexible than the rest of the active site (i.e. undefined coor-
dinates in the X-ray structure). One may think that D533 does
not play a direct role in the reaction mechanism but may act
as a modulator of the substrate recognition.

In conclusion, the characterization of these three sTPSs
contributes to a better understanding of terpene biosynthetic
pathways in lavender. Considering previous studies, four
mTPSs and four sTPSs have been characterized in this species
(Landmann et al. 2007; Demissie et al. 2011, 2012) and this
plant is therefore one of the Lamiaceae species where the
terpene biosynthetic pathway has been best depicted.
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CHAPTER 11
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This chapter reviews the most popular theoretical methods to compute
changes in protein—protein binding affinities and relative free energies
due to substitution of amino acid residues. It includes techniques for
computing free energy changes associated with alchemical mutations,
like free energy perturbation or thermodynamic integration, as well as
more approximate methods such as the linear interaction energy
method and approaches to combine molecular mechanics calculations
and continuum descriptions of the surrounding solvents and ions. The
applicability of the methods for calculating protein—protein interactions
is also discussed.

11.1 Introduction

Molecular sciences have reached a point where manipulation either
experimentally or theoretically of simple molecular systems is often no
more a severe limitation to the exploration of their functionality.
However, for more complex systems, several issues still need to be
addressed in order to ensure that theoretical results are in agreement with
experimental data. This is particularly true in the framework of
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molecular modelling, where the size and complexity of studied structures
are steadily increasing. The remarkable efforts and progress during the
recent years have allowed us to gain detailed and relevant energetic
descriptions associated with structural changes or interactions of multiple
structures. Still, a lot needs to be done but many simulation approaches
have matured to be applicable to a variety of biomolecular systems. In
this chapter we will summarise the most common protocols that allow us
to estimate protein—protein affinities and mutation effects.
Protein—protein association plays a crucial role in many biological
processes including signal transduction, cell growth regulation,
metabolism and adhesion, immune response and others.! Understanding
how these macromolecular complexes are formed and what determines
their specificity is not only fundamental for appreciating the underlying
biological processes but also helpful in developing new therapeutic
strategics. With the advent of the genomic and post-genomic era and the
steady increase of computer capacity and speed, theoretical studies of
highly complex systems become accessible. In combination with alanine
scanning, single and multiple mutant cycles or saturation mutagenesis
experiments, theoretical approaches allow the screening of a wide panel
of amino acid sequences and provide energetic and structural information
on the studied systems. In such context, computational protein design
strategies have even been developed to engineer synthetic protein—
protein interfaces.”™
The tendency of molecular systems to react or to associate is
represented by a thermodynamic quantity, the change in free encrgy.
Predictions of ligand-receptor binding affinity, as well as mutation
effects, remain a challenge for computational approaches, all the more so
since two major difficulties hamper an accurate prediction: (a) despite
spectacular progresses in both X-ray crystallography experiments and
Nuclear Magnetic Resonance spectroscopy, it still remains unreasonable
to hope for the experimental determination of the majority of protein
structures in the near future. It is therefore necessary to build homology
models®™® (if possible) for unknown protein structures; (b) Since many
entries in the Protein Data Bank (PDB) do not describe macromolecular
complexes but isolated proteins, theoretical approaches like docking
methodologies™ are needed to propose a binding mode for a protein—
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protein interaction. In cases where the structure of a protein—protein
complex is known and the mutation of a single amino acid does not
induce large structural changes, computational predictions of binding
free energy becomes feasible.

The accurate estimation of thermodynamic quantities can in principle
be obtained by so-called ‘first principle’ approaches. However, the
corresponding calculations are often time-consuming and not
straightforward to set up. In parallel, the use of more approximate
methods, based on empirical rules, becomes a possible alternative in case
of high-throughput i silico screening.

In this chapter, we present the currently most accurate force field
based methods such as Thermodynamic Integration (TI) and Free Energy
Perturbation (FEP), based on a force field model to describe the physical
interactions of the system. Then more approximate methods like Linear
Interaction Energy (LIE) and Molecular Mechanics/Poisson Boltzmann
Surface Area (MM/PBSA) approaches will be described. Even simpler
models based on empirical rules are also reviewed to complete the panel
of computational approaches.

11.2 About Protein—Protein Interactions

The understanding of protein—protein interface organisation and
composition contributes to identify the forces guiding the association of
such macromolecular entities. The dissection of protein—protein binding
sites has recently been the aim of many investigations in terms of
geometry' ™ and chemical nature of the interface (see Chapters 1 and 2
of this volume).">* Considering different types of molecular assemblies
such as heterodimers (protease-inhibitor, enzyme-inhibitor, antibody-
antigen, etc.), homodimers or others, the distribution of amino acids at
the interface differs from the rest of the surface exposed residues."*'* It is
reflected by their interface propensities (defined as the ratio of the
abundance of a given amino acid at the interface over its overall
abundance on the surface) which are also quite different between the
core and the rim of the interface.'® It is commonly accepted that protein—
protein interfaces are mainly composed of a buried hydrophobic core
surrounded by a more hydrophilic ring partly exposed to the solvent.'>*
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However, depending on the type of interface, even the inner part of the
interface can contain some polar or charged residues. Interacting via
hydrogen bonds or salt-bridges, these residues generally act as strong
anchor points and maintain the structural integrity of the complex.”*
Although electrostatic complementarity™ is strongly involved in protein—
protein recognition, non-polar interactions play a major role in the
binding affinity*"** since the interface is to a large extent densely
packed."”

However, structural analysis alone cannot predict whether all of these
interface contacts are important for binding. Alanine scanning
experiments on human growth hormone and the extracellular domain of
its first bound receptor showed for the first time that few specific
residues contribute dominantly to the binding free energy.® Some
authors have defined a ‘hotspot’ as a residue contributing a significant
part of the binding free energy (AAG > 2 kcal'mol™) as measured by
alanine substitution. Bogan and Thom'® also showed that hotspots are
located within densely packed areas, i.e. at the inner part of the interface.
Substitutions of a hotspot residue by an alternative residue may create
holes or results in steric hindrance preventing a perfect fit and, thus
explaining the critical loss of affinity. Clearly, the capacity to give a
rationale to such mutations or to protein—protein affinities in general
requires a realistic description of the associated changes of the free
energy.

11.3 The Free Energy of Binding

The free energy is a thermodynamic function of state that encodes
information about the equilibrium state of a system. When a system (in
which the temperature, the number of particles and the volume are
constant) is at equilibrium, the free energy (here the Helmholtz free
energy, F) is at a minimum. Depending on the thermodynamic
conditions, one can speak of either the Helmholtz free energy (F) if the
number of particles (N), the volume (V) and the temperature (T) are kept
constant or of the Gibbs free energy (G) if N, T and P (pressure) are
constant, respectively. See Ref. 27 for detailed explanations. The
accurate calculation of the free energy of a molecular system is,
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however, difficult to perform. State-of-the-art approaches are rooted in a
statistical thermodynamic treatment of the system. The free energy
function (here called A) is directly connected to the partition function Q
through the simple relation:

A=—kTnQ (1.1

Here, k corresponds to the Boltzmann constant and T to the temperature
of the system. The partition function Q fills the gap between the
macroscopic properties of a system and its microscopic representations.
It can be simply described as a sum of Boltzmann factors corresponding
to the partition of the particles constituting the system throughout
accessible states. In a simple system of well defined localised and
indistinguishable particles partitioned amongst quantified energy levels
(ey), the partition function reads:

-

N —y
Q:%JQZZP,@” (11.2)

In a more complex system, with interacting particles, the concept is
identical but requires the calculation of the energy of the system through
its Hamiltonian (H(r,p)), which is a function of both the positions (r) and
the momenta (p) of the particles (phase space). H(r,p) is a continuous
function and the summation becomes an integral.

1 1 —H(.p)
:ﬁﬁfje L drdp (11.3)

0

In principle, this equation can give access to the partition function,
provided that the integral can be computed. This is, however, out of
reach for typical biomolecular systems, where the phase space (the space
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of possible positions and momenta) is too large to be properly sampled
with any kind of simulation to directly compute the partition function.

Fortunately, in the framework of molecular systems, one is often
more interested in the difference of the free energies between two states
than in the absolute free energy of a state. We indeed seek to estimate the
free energy change throughout a given transformation that can be a
chemical reaction, a protein folding process or the association of two
protein molecules. In this case the free energy difference relies on a ratio
of partition functions, which is in principle easier to estimate.

Figure 11.1 illustrates the typical thermodynamic cycle used to
compute protein—protein binding affinity and the free energy change
resulting from a mutation. The binding free energy AG, simply results
from the association process between the two protagonists.

LR F 1}

AG, AG,
W T AG 3
+ —_—
P’ R Cpx'

Fig. 11.1. Thermodynamic cycle used to estimate a protein—protein binding free energy
and a free energy difference due to a mutation on one of the protein (P to P’).
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To compare the receptor (R) affinity between a wild-type protein and one
of its mutant (called P”) one can compute the free energy resulting from
the mutation (AG,), the free energy of binding of the mutant with the
receptor (AGs) and finally the free energy difference between the wild-
type complex and the complex made up of the mutant and the receptor
(AGy).

The thermodynamic cycle indicates that AG, + AGy - AG; — AG,= 0.
Consequently, the relative binding free energy is given by,

AAGyt o mut = AG1 - AG3 = AG; - AGy (11.4)

11.4 First Principle Methods and End-point Approaches

11.4.1 Alchemical Mutations. Free Energy Perturbation (FEP) and
Thermodynamic Integration (TI)

The theory of free energy perturbation and thermodynamic integration
approaches was initially developed in the 1950s while the first
application to a biomolecular system was performed during the 1980s.
For a detailed explanation and the historical development of the methods,
see Ref. 28.

Let us consider a typical chemical equilibrium between two states of
a given system:

A B (11.5)

This equilibrium can be described by both the equilibrium constant and
the corresponding free energy,

K—@ (11.6)

and
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A = —len[&} ] (11.7)
A

where Qg and Q, represent the partition functions of states B and A,
respectively.

One can express the partition functions as shown above and the free
energy expression reads

I 8 I e%drdp

Ad=—kTIn (11.8)

H

I " I e}‘—TAdrdp

Considering that the difference between the partition function of states A
and B is small, one can write the Hamiltonian of B as a perturbation of
the Hamiltonian representing state A:

H,=H, +AH (11.9)

The change in free energy can be expressed as follows:

I. : .J‘e%.e%drdp
A =—-kTIn

(11.10)

H

I. . .qu_TTAdrdp

This latter equation is just the ensemble average of the perturbation in the
Hamiltonian, taken from a simulation obtained for the system in state A.

i
A = —len<e L4 > (11.11)
A

94/109



304 S. Fiorucci, S. Antonczak, J. Golebiowski

The Free Energy Perturbation (FEP) approach can be implemented either
in Monte Carlo or Molecular Dynamics simulations. The approach is, in
principle, exact (does not involve any approximations) and the accuracy
of the calculated change in free energy depends on the sampling of
configurations relevant for state B (under the control of the Hamiltonian
representing state A).

From a more general point of view, even if the difference between
states A and B is not significant, one can decompose the path going from
A to B into several smaller steps (A..A;...A,...A,...B) and then compute
the sum of each associated small free energy change throughout the path
from A to B.

The Thermodynamic Integration (TI) approach is also based on
thermodynamic statistics of various simulations. In the TI scheme, one
writes the free energy as a function of a coupling parameter, generally
called A . For the A to B transformation one has

toA(a
A, =A(A,)- A2y )= J'%)d/l (11.12)

g

It is possible to rewrite this free energy difference as a sum of averages
of the Hamiltonian derivatives with respectto 4 .

L
M, , = I<M> di (11.13)
A

The free energy difference can then be obtained by a numerical
integration of the ensemble average for the derivative of the Hamiltonian
with respect to A , obtained from various Monte Carlo runs or Molecular
Dynamics simulations representing an alchemical transformation from A
to B.

In both of these methods, the magnitude of the perturbation is critical
for the accuracy of the calculated free energy difference. The free energy
difference between two states might be calculated accurately, provided
that state B can be considered as a small perturbation to state A. In this
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case, the partition functions of states A and B overlap and the simulation
sampling can be properly achieved within reasonable computing times.

11.4.2 End-point Approaches: Molecular Mechanics Poisson—
Boltzmann Surface Area (MMPBSA) and Linear Interaction
Energy (LIE) Methods

11.4.2.1 MM-GB(PB)SA Approach

Since the free energy is a state function, it is in principle sufficient to
only evaluate the initial and the final states for computing the binding
free energy.”’ The Molecular Mechanics Poisson-Boltzmann Surface
Areca MM-GB(PB)SA method is based on the analysis of configurations
obtained from equilibrated MD simulations with explicit solvent or other
approaches treating the solvent as a continuum. The total free energy of
the system can be expressed as the sum of several contributions:

G=E,;+H +G, - 1S (11.14)

rot [ trans

Where FE,,, is the molecular mechanics energy

Eyvos = Eyona +E

angle

i Edlhedral i EvdW it EC

oulomb

(11.15)

G, is the solvation free energy and H.,,,,,., corresponds to the
contribution due to putative changes in the translational and rotational
degrees of freedom of the binding partners.

The solvation free energy is computed as a sum of polar and non-
polar contributions. The non-polar contribution corresponds to cavity
formation and van der Waals interactions between the solute and the
solvent. This contribution is typically calculated from the solvent-

accessible surface area of the molecule,

Gy, = ySASA+ B (11.16)
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where SASA is the solvent accessible surface area estimated by rolling
the a solvent-sized probe over the solute surface, 7 and J are constants
which were extracted from a least-squares fit to a plot of experimental
alkane transfer free energies versus accessible surface area.

In the MM-PBSA approach, the polar contribution of G_, is obtained by
a calculation of the electrostatic potential ¢(r) from a solution of the
Poisson (or Poisson—Boltzmann) equation,

Vs(r)V¢(r)+ 47zp(r): 0 (11.17)

here S(r) is a position dependent dielectric constant, and ,o(r) is the
charge distribution of the solute.

Alternatively, in the MM-GBSA approach the electrostatic
component is calculated using the Generalized Born equation. In the GB
equation, the protein atoms are represented by spheres with a dielectric
constant different from that of the exterior of the protein (solvent). The
electrostatic energy can be calculated by,

1 1.
G i potary = [l — —}Z \/ Lt (11.18)

2 2
€ v e, exp- (rij /Zaia])

with q; and o; are, respectively, the charges and the effective Born radii
of atoms i and j.

The conformational entropic term TS is often estimated by a normal
mode analysis of the complex and the isolated protein partners.

In order to calculate free energy changes associated with the complex
formation the free energies of isolated protein partners are subtracted
from free energies calculated for conformations of the complex:

AGbind = <Gcamplex> as <G proteinl > i <Gprazein2> (11.19)

Where (GX> corresponds to the average of the total free energy of the
complex or isolated partner over snapshots taken from the MD trajectory.

97/109



Prediction and Calculation of Protein—Protein Binding Affinities 307
and Mutation Effects
An interesting feature of such a description of the free energy change is
the possibility to decompose it on a per-residue basis.

Such a per-residue decomposition allows a semi-quantitative
evaluation of alanine-scanning scoring by replacing a given residue side
chain with an alanine side chain and performing the same free energy
calculation. Often this is performed using the trajectory obtained for the
wild type proteins by replacing in each snapshot a given side chain by
alanine.”**'

11.4.2.2. Linear Interaction Analysis

The Linear Interaction Analysis (LIE) scheme is based on the idea that
when a solute binds to a receptor, the change in free energy can be
decomposed into polar and non-polar contributions.” The linear response
theory is invoked to estimate the polar (electrostatic) component and the
non-polar contribution is considered to scale proportional to the
intermolecular van der Waals interaction energy, averaged over
molecular dynamics simulations. The binding free energy can thus be
written as:

AG,,q = AT )+ BNV ) +7 (11.20)

Here, <x> denotes an average over a sampled trajectory (from MD or
MC), for the van der Waals (vdW) or electrostatic (el) terms involving
the binding partners (/-s). The Astands for the difference between the
solute free in solution and bound to its partner. The parameters o, [
and y are fitted with respect to experimental results on a set of test cases
with known binding free energy.

Several review articles on details and technical aspects of each
approach to compute binding free energies in various systems have been
published.”?* In this section the main aspects that have to be taken into
account when setting up a free energy calculation will be discussed.
These calculations can be applied to the prediction of both the total
binding free energy or the effect of a residue mutation on binding free
energy.
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11.4.3 Applications on Protein—Protein Complex Structures

As for many computational approaches, free energy calculation
techniques are subject to a trade-off between speed and accuracy. The
methods are based on a statistical evaluation of various terms. The
statistics are in general more accurately determined if a large number of
configurations have been sampled. It is not surprising that in the
framework of protein—protein association, the number of applications of
the computationally of very expensive methods such as FEP and TI is
still limited, since large numbers of configurations need to be evaluated.
Due to the large computational costs of alchemical transformations,
applications typically involve single mutations often in model systems
with known binding energies. TI was, for example, used to compute the
relative binding free energy between a wild-type peptide and its Pro6 to
Ala6 mutation on recognition by the T-Cell Receptor.®®> The TI
calculation gave excellent agreement with experiment and allowed also
the decomposition of the free energy change into various energetic
contributions which helps to explain the driving forces for binding. More
generally, the decomposition into various components and more
particularly on a per residue basis is a powerful tool to predict hotspots at
protein binding sites and potential mutations that affect peptide or protein
binding. Such prediction approaches include ‘computational alanine
scanning’ or ‘virtual alanine scanning’ and are frequently used to predict
hotspots in proteins that have a dominant effect on affinity for a given
receptor. Variants of the MMPBSA calculation methods have been
developed to explore the effect of alanine substitutions.***" The
MMPBSA  approach involves more approximations but is
computationally less expensive compared to FEP or TI methods and has
been applied successfully to identify hotspot residues in proteins.*®
Looking more closely at protein—protein interactions, the balance of
hydrophobic and hydrophilic regions at the interfaces has to be properly
considered. Systems dominated by hydrophobic contacts may have
characteristics that are more difficult to predict.”” This phenomenon is
due to the limited directionality and often weak nature of hydrophobic
interactions and due to the indirect role played by solvent molecules. The
LIE approach is particularly sensitive to the hydrophobic character of a
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binding region and generally requires an additional term to produce
accurate free energies for systems dominated by hydrophobic
contributions*** In the LIE approach hydrophobic contacts are
modelled by a scaled van der Waals interaction term. The decomposition
of the interaction free energy between two proteins indeed emphasized
the importance of the non-polar terms.*® The electrostatic contribution
can either play the role of directional constraints® or can even make a
repulsive contribution to binding.*

The LIE approach can give results in good agreement with
experiment if the mutation does not involve residues sensitive to the
electrostatic environment, for example due to changes in protonation
states or the presence of counter ions. Initially, LIE calculations
involving aspartic or glutamic acids gave results in poor agreement with
experimental data.*’ Appropriate treatment of possible changes in
protonation states, however, can improve the results.**** If the residue is
not deeply buried within the interface it is also likely to form close
contacts with water molecules around the interface.

In general, the binding free energy can dependent on buried water
molecules present at the interface between the partner structures. During
alchemical transformation in FEP or TI calculations, the removal of
chemical groups or whole side chains can create large empty cavities at
the interface which in reality are filled with water molecules.* In such
cases the FEP/TI protocol may need to include the creation or
annihilation of water molecules. In case of employing implicit solvent
methods one should be aware that the structural role played by explicit
water molecules may not be appropriately accounted for.

The effect of the substitution of a putative hotspot at the interface can
be decomposed into several parts: (a) the direct interaction energy of the
new residue with its neighbours, (b) the influence of this residue on the
overall structure of both the mutated protein and the complex, (c) the
organisation of the water molecules around this residue, also both in the
free protein and potentially in the complex.

An accurate calculation of these contributions requires sufficient
sampling of conformations of the wild type and mutated complex
structures. The adequate sampling of relevant states is indeed of primary
importance since it represents the cornerstone to achieve convergence on
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the calculation of ensemble averages of a perturbation of free energy
derivative. The large size of biomolecular systems implies that a
thorough sampling is unfortunately not always possible. In case of
screening a large number of possible substitutions it is often necessary to
use much simpler empirically parameterized approaches.

11.5 Empirical Scoring Functions

The calculation of binding free energy changes using the methods
discussed above is based on a statistical analysis of Monte Carlo or
Molecular Dynamics simulations and usually requires the calculation of
averages over many conformations. Specific force fields*™ have been
developed to reduce the requirement of sampling many conformations.
Simplifications of the energy function may, however, result in additional
parameters to reproduce experimental data.

For instance the scoring of a predicted protein—protein complex
usually involves the calculation of a scoring function for a single
conformation of the complex (see the review of Halperin ef al'® and
references therein). Problems arising from docking simulations can be, in
a general manner, split into two groups: (a) the generation of a pool of
protein—protein complex conformations and (bi) the scoring of the
predicted structures. Searching and scoring methods can simply be based
on geometric rules that tended to maximise the packing of interface
atoms. Protein—protein docking algorithms can, however, use more
sophisticated scoring functions taking into account solvation effects and
flexibility of the residue side chains and the backbone,** and may
provide a qualitative estimate of the binding free energy.

The development of a fast and reliable simplified protein force field is
a difficult task due to the subtle balance between different energy terms.
In the following the theoretical basis of empirical force fields used to
estimate free energy changes in the context of protein folding”**** and
protein design®™ will be discussed.
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11.5.1 Empirical Force Fields

Several computational approaches™ ™' have been employed to

approximately calculate binding energies and effects due to substitution
of residues at the binding site. In ecach of these methods, several
empirically parameterized terms are introduced in the energy function. A
set of training structures is used to fit those terms followed by validation
through blind test experiments. Among others, the FOLD-X* and
Robetta® software packages are examples of such approaches and are
described below.

11.5.1.1 FOLD-X

FOLD-X, developed by Guerois ef al.,* provides a fast and quantitative
estimation of mutational effects on protein stability and protein—protein
association. The free energy can be decomposed into a combination of
terms demonstrated to be important for protein stability:

AG = WVdW AGvdW 83 W:alvH AG:OZVH + WFOZVPAGSGIVP
T Awa + AGhbond i AGel 7 WchASmc s VVSCTASSC
(11.21)

AG,,, is the van der Waals interactions term. AG_,, and AG,,,
represent the polar and non-polar solvation energy, respectively. AG,,
and AG,,, , stand for stabilising effect of water bridges and hydrogen
bonds, respectively, and AG,; is the electrostatic contribution of charged
groups. The entropic term, described using fitted parameters,*
accounts for the cost to restrict the backbone (AS, ) and side chain
(AS,,) mobility in the folded state.

The set of parameters and weights (W, in the equation) are fitted
using experimental free energy differences (AAG,, ... ) of 339 single-
point mutants. The predictive performance of the method was examined
on a blind test database of 667 protein mutations as well as 82 protein—
protein complex mutations. A good correlation was obtained between
AAG,,, and AAG,, with a standard deviation smaller than 0.85
kecal-mol ™.
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While hydrogen bonds, van der Waals and electrostatic interactions
are explicitly evaluated, no computationally expensive simulations are
needed by FOLD-X. The algorithm describes implicitly some specific
properties of proteins (flexibility, the existence of an unfolded state) via
the entropic terms and the fitted weights.

For issues like protein—protein interaction, where a critical point is to
provide a fast and reasonably accurate estimation of the energetics of the
system, the FOLD-X approach may be used to test the stability of a
structural model. > For instance, Tur ef al.” investigated the effect of
mutations on protein—protein complexes (TRAIL-DR4 and TRAIL-DRS)
involved in apoptosis using the FOLD-X method. A single amino acid
mutation of TRAIL was predicted to have a favourable effect on binding
affinity.

11.5.1.2 Robetta

While the FOLD-X approach is primarily used to predict binding
energies, the Robetta algorithm™ covers different aspects of protein
design. On the one side, Rosetta is an ab initio™ and comparative
modelling™ tool including NMR refinement™ and side chain interface
packing.® On the other side, the alanine-scanning module is of particular
interest in the case of protein—protein interface analysis studies. Robetta
approximates the binding free energy of protein—protein complexes
accounting for shape complementarity at the interface as well as polar
interactions and solvation effects.*” As in the FOLD-X approach, the free
energy function is a linear combination of various terms:

AG =W, E, .. +W, E,,. +W, E

atty rep”~Lirep HB(sc—bb)"~HB(sc—bb)

2 WHB(:C—JC)EHB(SC—SC) + WCouIECauI & W G

sol ™~ sol

20
W o (e} + Y m B (11.22)

aa
aa=1

The free energy is decomposed into the attractive and repulsive part of a
Lennard-Jones potential (£, and &), ). Eyp ypy and Epp . o

ai

stand for a side chain-backbone and a side chain-side chain hydrogen
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bonding terms, respectively. £, is a Coulomb potential and G_, an
implicit solvation term. Two additional terms are only used for the
alanine-scanning calculation: an amino acid type-dependent backbone
torsion angle propensity (£, (aa)) and a reference value
(approximating the interactions in the unfolded state) for each amino acid
(E;Zf ). The weights (J¥) of the energy terms are parameterized using
thermodynamic measurements of mutation effects® on both monomeric
proteins and on protein interfaces. The effect of residue mutation is
estimated for both the bound and the unbound states for the wild-type
and the corresponding mutation, leading to the estimation of the binding
free energy difference:

AAG,,, = AG; — AGy, (11.23)

For a test set of more than 2500 molecular systems, the unsigned error is
roughly below 1.0 keal'mol™.**

The influence of each term has been evaluated by removing its
contribution to the free energy. The hydrogen bonding term (derived
from an environment-dependent criterion) is a critical factor to
realistically predict the existence of hotspots. As already discussed for
MMPBSA, the lack of an explicit representation of the solvent is likely
to result in an inaccurate description when water mediated hydrogen
bonds are important for the protein-protein interactions. Applied to
hotspot predictions, Robetta provided reasonable predictions of protein—
protein binding free energies. Recent work reported the successful
application of the model on the re-design of protein—protein interfaces
with an experimentally verified significant improvement of the binding
affinities.®>** For instance, Baker and co-workers® were able to increase
the specificity of the colicin E7 DNase-Im7 immunity protein complex at
least 300-fold.

11.5.2 Knowledge-based Force Fields

Knowledge-based (KB) potentials derive known proteins structure
information to model interatomic interactions (see Refs 48, 50 and 65).
The computational cost of such approaches allows them to estimate the
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free energy of a large amount of structures. According to the Boltzmann
statistics, a contact potential can be related to the population of a given
structural feature through the following equation:

V(P )=-kTInP, =G, (11.24)

Where £, is the probability of finding a pair of atom within a cut-off
distance.

A free energy change can then be defined as a linear combination of
individual contributions. The free energy can even be refined by
introducing interaction contributions of higher order between a third

residue (or atom) & and the coupling between 7 and j (AAG;j):

AG = TR L A3 MGt (1125
J ¥k

Here, AG"""™" represents the intrinsic change in free energy relative
to the unfolded state.

Knowledge-based energy functions were used in protein folding or to
evaluate the interaction energy in various receptor—ligand systems,
including  protein—protein,”*®  protein-RNA® or protein-DNA®
complexes.

11.6 About Computation Time

Computational demand is a critical issue for selecting an appropriate
method to calculate or estimate binding free energy changes. Figure 11.2
gives a qualitative idea on the computational resources needed for the
simulation approaches presented in the previous sections. The FEP and
TI methods require an extensive and computationally demanding
sampling of conformations to obtain accurate ensemble averages.
Approaches based on few structures and using an empirically adjusted
scoring function are largely devoid of sampling issues and are thus
extremely useful for in silico high-throughput screening. In between
these two extremes, the MMPBSA and LIE approaches usually require
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shorter simulation times than the FEP/TI methods and for many purposes
represent a reasonable trade-off between speed and accuracy.

Time

T T
Empirical function MMPBSA - LIE FEP/TI

Fig. 11.2. Qualitative comparison of computation time needed to carry out a simulation
using the different approaches discussed in this chapter.

11.7 Conclusions and Outlook

The ability to predict the binding mode of biomolecular complexes and
to calculate the associated free energy change is a great challenge for
computational chemists and biochemists. Several approaches exist that
differ in computational demand and the necessary approximations to
calculate free energy changes. The available approaches range from
computationally very demanding free energy calculations including
explicit solvent to empirically parameterized methods. The free energy
simulation methods can in principle predict with a high accuracy the full
structural and energetic features for biomolecular systems and are limited
only by the accuracy of the force field and the sampling of relevant
states. Due to the large computational demand, the application of free
energy simulation approaches is often limited to the study of single
mutations and its effect on protein—protein binding.
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At the opposite end of the complexity scale, several approximate
approaches are dedicated to produce qualitative results in very short
time. These methods describe changes in the free energy of the system of
interest using empirically derived terms and lack a detailed
representation of the solvent and often also do not account for the
flexibility of partner structures. The strength of these methods relies on a
clever parameterisation and the capacity to deal with a large number of
proteins structures in reasonable computer time.
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