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Avant-propos

Avant-propos

Jusqu'au début des années 2000, les industries pharmaceutiques se sont concentrées sur le
développement de petites molécules thérapeutiques tandis que les peptides étaient laissés de coté en
raison de leur faible biodisponibilité. Au cours de la derniére décennie, le concept selon lequel un
médicament peut ne pas étre disponible par voie orale est devenu de plus en plus accepté et a
contribué a un regain d'intérét pour les peptides comme candidats médicaments potentiels. Bien que
leur poids moléculaire supérieur a celui de petites molécules puisse étre un obstacle au passage a
travers les barriéres biologiques, les peptides sont également capables d'effectuer un nombre plus
important d’interactions moléculaires avec leur cible, ce qui les rend plus puissants et plus sélectifs
que les petites molécules. De plus, la similarité des peptides avec les molécules endogénes leur confére
une faible toxicité avec moins d'effets secondaires que les produits pharmaceutiques traditionnels
composés de petites molécules. Ainsi, les peptides sont devenus le médicament de choix pour le
traitement de nombreuses maladies, comme le diabete, le VIH, I'hépatite, le cancer, etc., et les
médecins et les patients acceptent de plus en plus les médicaments a base de peptides. Plus important
encore, leur forte affinité et leur sélectivité pour leurs récepteurs en font des outils de recherche
inestimables qui aident a disséquer les fonctions physiologiques de nombreux récepteurs humains et
a élucider les mécanismes biologiques sous-jacents des maladies. La nature nous met a disposition de
riches sources de peptides bioactifs. En effet, de plus en plus de peptides entrant en développement
clinique proviennent d'animaux, de plantes ou encore de bactéries. Au cours de millions d’années
d'évolution, les venins d'animaux ont été finement ajustés pour cibler de maniére puissante, rapide et
sélective les récepteurs fonctionnels clés grace a des peptides. Un nombre croissant de peptides
dérivés de venins sont en phase d'essai clinique, certains d'entre eux sont déja approuvés par la FDA.
Parmi les peptides dérivés de venins utilisés en médecine, citons I'Eptifibatide, un médicament
antiplaquettaire développé a partir de I'echistatin provenant d’une vipeére, le Ziconotide, un puissant
analgésique identifié dans le venin d’un cone ou encore I'Exenatide, un agoniste du récepteur du
glucagon-like peptide 1 isolé de la salive du monstre de Gila et utilisé pour le traitement du diabéete de
type 2. Les venins d'animaux se composent d'une diversité tres complexe de peptides évolués pour
paralyser efficacement les proies ou pour se défendre contre un large éventail d'ennemis. La
conservation et la ressemblance des récepteurs de la proie/du prédateur avec les récepteurs humains,
fait des peptides de venins une source unique d’éléments de base pour le design d’outils
pharmacologiques et de composés thérapeutiques. Le potentiel des venins comme source naturelle
de composés bioactifs est indéniable, de plus la richesse est telle qu’il est estimé que moins de 1% des

peptides de venins ont été caractérisés pharmacologiquement. La marge de progression de
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I’exploitation des venins reste donc conséquente et de plus en plus de nouvelles toxines bioactives

seront caractérisées.

Les objectifs majeurs de ce sujet de these étaient la découverte, la synthése et la caractérisation de
nouveaux peptides isolés a partir de venins animaux. En effet, les quantités extraites sont rarement
suffisantes pour une caractérisation pharmacologique et structurale compléte. Ainsi, la synthése par
voie chimique de ces nouvelles toxines potentiellement bioactives devait permettre leur
caractérisation structurale grace a la collaboration avec les Drs Norelle Daly et David Wilson du Centre
for Molecular Therapeutics a 'université James Cook (Cairns, Australie) et leur caractérisation
biologique avec la collaboration du Dr Annette Nicke du Walther Straub Institute of Pharmacology and
Toxicology a l'université de Munich (Munich, Allemagne). L'objectif final étant la découverte de

nouveaux outils pharmacologiques ou nouvelles molécules a potentiel thérapeutique.

Les venins ayant évolués pour la défense et pour faciliter la prédation, les toxines qui les composent
ont souvent pour but d’incapaciter la proie ou le prédateur, notamment en ciblant des fonctions
physiologiques clés telles que I’'hémostase, la jonction neuromusculaire ou la perception de la douleur.
Bien que la plupart des toxines typiques modulent les canaux ioniques assurant la transmission de
I'information nerveuse et comportent généralement plusieurs ponts disulfures, nous avons d’abord
commencé par étudier le potentiel des toxines linéaires et a 1 pont sur des cibles plus rarement
explorées tels que les récepteurs couplés aux protéines G (chapitre 1). Cependant, la majorité des
toxines étant composées de 2 ou 3 ponts disulfures, nous avons ensuite opté pour la mise en place
d’une stratégie robuste de synthése de peptides a deux ponts. Ainsi, la synthése de plusieurs a-
conotoxines (chapitre 2) a permis leur caractérisation structurale par RMN et pharmacologique sur les
récepteurs nicotiniques. Une extension de ce travail sur une séquence prometteuse ayant une activité
duale sur les récepteurs musculaire et neuronaux a été effectuée par cyclisation du squelette
peptidique. Enfin, ce travail a été étendu a la synthése de toxines plus longue ciblant d’autres canaux
ioniques et comportant 3 ponts disulfures (chapitre 3). Pour finir, la synthése de nouvelles toxines
découvertes dans des banques de données issues de divers transcriptomes de glandes a venin a été
initiée, et nous avons réalisé |'analyse protéo-transcriptomique d’un venin de serpent pour

I'identification de nouvelles toxines (chapitre 4).
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1. Introduction

a. Les peptides thérapeutiques
Au cours du dernier siecle, les petites molécules dérivées de produits naturels constituaient la
principale source d’inspiration pour la plupart des programmes de découverte de candidats
médicaments basés soit sur le criblage haut débit ou sur des processus rationnels de design [1]. L'aube
du nouveau millénaire a été marqué par un changement de cap dans l'industrie pharmaceutique,
motivé par des normes de sécurité sur les produits thérapeutiques plus strictes imposées par les
autorités de réglementation [2,3] et par I'émergence de nouvelles cibles thérapeutiques pertinentes
[4] telles que les interactions protéine-protéine [5,6]. En outre, les progrés des technologies
« omiques » et des stratégies de conception de médicaments assistée par ordinateur [7-9], ainsi que
les progres de l'expression des protéines recombinantes et le développement d'une synthése
peptidique plus efficace et économique, ont contribué a modifier le marché pharmaceutique actuel.
Ainsi, ces derniéres années le secteur des produits biologiques et thérapeutiques a base de peptides
s'est progressivement développé aux dépens de celui des petites molécules médicaments, et les taux
de réussite de mise sur le marché sont environ deux fois plus élevés que ceux des petites molécules

médicaments [10-12].

Comme beaucoup de messagers moléculaires sont des peptides ou des formes dérivées, I'utilisation
des peptides pour une application thérapeutique permet d’'imiter fidelement les voies de signalisations
naturelles. En effet, beaucoup de peptides thérapeutiques sont des hormones de synthese ou des
substituts administrés pour traiter les cas ou les niveaux endogenes sont inadéquats [13]. A titre
d’illustration, un exemple typique est I'isolation et la premiére utilisation thérapeutique de I'insuline,
identifiée comme le principe actif des tissus pancréatiques et utilisée pour le traitement des personnes
diabétiques souffrant d’une déficience hormonale en insuline [14]. Plus tard dans les années 1930,
I'isolation de I’hormone corticotrope a partir des glandes pituitaires et son injection intramusculaire
chez les patients présentant une sévére arthrite rhumatoide a conduit a une diminution des
symptomes [15]. Dans la premiére moitié du vingtieme siecle, les peptides isolés de sources naturelles
représentaient déja des médicaments pouvant sauver des vies humaines (Tableau 1), cependant les
guantités extraites restent trés faible et dépendent largement de la quantité disponible en ressource

biologique.

Dans les années 1950 quand les techniques de séquencgage et la synthése chimique ont commencé a
émerger et a se répandre, de petits peptides synthétisés par voie chimique comme |'ocytocine [16] et
la vasopressine [17] sont entrés en tests cliniques (Tableau 1). Cependant, I'enthousiasme concernant

'usage thérapeutique des peptides a été considérablement tempéré a cause de leur faible



Introduction

biodisponibilité. En effet, I'administration par voie orale est considérée comme la méthode
d’administration la plus attractive car elle permet I'autosuffisance sans avoir recours a une prise en
charge externe du patient surtout pour les pathologies nécessitant un traitement chronique. Malgré
les grandes avancées dans la découverte de candidats médicaments et la synthese peptidique leur
faible biodisponibilité due a la rupture des liaisons amides par les enzymes digestives ainsi que leur
polarité élevée et leur haut poids moléculaire, limitent leur perméabilité intestinale (Error! Reference
source not found.). De plus, Les peptides sont généralement éliminés par les reins quelques minutes
apres avoir pénétré le systéme sanguin. Par exemple, I'un des peptides les plus courants, l'insuline, a
une demi-vie dans la circulation sanguine de seulement 4 a 6 minutes. Par conséquent les peptides
thérapeutiques sont administrés par injection : sous-cutanée, intraveineuse, intramusculaire ou

encore intrathécale [13].

Tableau 1 : Source ou nature chimique des premiers peptides thérapeutiques.

Peptide Source Tests Description de la séquence
cliniques

Insuline Isolée des pancréas de bovins  Années Naturelle
et de chiens 1920

Hormone Isolée des glandes pituitaires Années Naturelle

corticotrope de bovins et de chien 1950

Calcitonine Isolée des corps 1971 Naturelle
ultimobranchiaux de saumon

Ocytocine Synthétique 1962 Naturelle

Vasopressine Synthétique 1962 Naturelle

Octreotide Analogue synthétique de la 1988 Octapeptide cyclique analogue
somatostatine de la somatostatine-14

Gonadoreline Analogue synthétique de la 1984 Nonapeptide analogue du

gonadoreline decapeptide gonadoreline
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Figure 1 : Caractéristiques des petites molécules, peptides et protéines/anticorps.

Par conséquent, pendant les années 1980-2000, les industries pharmaceutiques se sont concentrées
sur le développement de petites molécules thérapeutiques et les peptides étaient négligés a cause de
leur faible biodisponibilité. Récemment, I'idée qu’un médicament ne doit pas forcément étre
disponible par voie orale est devenue de plus en plus acceptée et a contribué a un renouveau pour
I'intérét des peptides comme potentiels candidats médicaments [18]. Bien que leur masse moléculaire
élevée puisse étre problématique pour le passage des barriéres biologiques, les peptides du fait de
leur richesse structurale sont capables de générer un grand nombre d’interactions avec leur cible
pharmacologique les rendant plus puissants et plus sélectifs que les petites molécules. De plus, la
similarité des peptides avec les molécules endogenes assure une moindre toxicité, et provoque moins
d’effets secondaires comparés aux petites molécules thérapeutiques [19]. Les médecins et les patients
étant de plus en plus enclins a accepter des traitements a base de peptides, ceux-ci sont devenus un
traitement de choix pour de nombreuses maladies telles que le diabéte, HIV, I’'hépatite, le cancer etc.
Par-dessus tout, leur haute affinité et sélectivité pour leurs récepteurs cibles en font des outils
pharmacologiques inestimables pour I'étude et la compréhension des fonctions physiologiques de

nombreux récepteurs humains impliqués dans les mécanismes biologiques des maladies [20].

Une stratégie d’intérét pour limiter la dégradation enzymatique in vivo des peptides est de s’inspirer
des peptides riches en ponts disulfures, en effet ceux-ci leur conférent une stabilité accrue comparée
aux peptides linéaires, envers la digestion enzymatique. Il existe de nombreuses sources de peptides
riches en ponts disulfures, tels que les plantes, les bactéries ou encore les animaux, et nous avons

choisi de nous focaliser sur les venins d’animaux.
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En effet, les caractéristiques des peptides longtemps percues comme des handicaps ne sont plus
problématiques : par exemple, I'injection est considérée comme une voie acceptable pour certaines
indications, en partie due au développement de peptides a action prolongée et a de nouvelles
formulations réduisant considérablement la fréquence des injections. Par exemple, malgré I'existence
d’une grande variété de classes de médicaments disponibles par voie orale pour le traitement du
diabete de type 2, le marché des peptides injectables agonistes du GLP-1 n’a cessé de grandir depuis
I"approbation de I'exenatide en 2005 [13]. Au début des années 1990, le criblage haut débit de venins
de lézards Nord américains (« monstres de Gila ») a conduit a la découverte de deux peptides tres
similaires exendin-3 et exendin-4, ne différant que de deux acides aminés I'un de I'autre (Figure 2). Les
deux peptides augmentent les niveaux de AMPc (adénosine monophosphate cyclique) et la production
d’insuline mais I'exendin-3, due a son manque de sélectivité interagit avec deux classes de récepteurs
ce qui a pour effet 'augmentation de la production d’amylase [21-23]. Par conséquent, I'exendin-4
commercialisé sous I'appellation exenatide a servi de base pour le développement d’agonistes a action
prolongée du GLP-1 (Tableau 2). Ceux-ci peuvent étre injectés une fois par semaine au lieu de deux
fois par jour (exenatide) ou une fois par jour (liraglutide, lixisénatide) [24]. La premiére injection a
durée d’action d’une semaine a été effectuée par relargage controlé de I'exenatide [25] mais
récemment deux autres analogues ont été commercialisés : I'albiglutide et le dulaglutine et encore
d’autres sont en cours développement (semaglutide) [24,26]. L'intérét pour les agonistes du
peptidiques du GLP-1 augmente rapidement surtout depuis la réduction des conséquences
cardiovasculaires et rénales récemment reportée lors des essais cliniques du liraglutide et du
semaglutide sur les patients avec des antécédents de maladies cardiovasculaires [27,28]. Dans certains
cas comme celui du teriparatide, une version tronquée de I'hormone parathyroide présentant un
mécanisme d’action bien distinct des molécules existantes sur le marché justifie une injection
quotidienne pour lutter contre I'ostéoporose. En effet, celui-ci s’avere étre supérieur aux
bisphosphonates concernant la diminution du risque de fracture et 'augmentation de la densité

minérale osseuse de la femme ménopausée [29-31].
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Tableau 2 : Séquence primaire des peptides agonistes du GLP-1. L’astérisque indique un
acide aspartique gamma-palmitoylé. La lettre X indique un acide 2-Aminoisobutyrique. Le

symbole T une lysine acétylée avec un acide stéarique.

Nom Séquence primaire

Exenatide HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPS
Liraglutide HAEGTFTSDVSSYLEGQAAKE*EFIAWLVRGRG

Lixisénatide HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPSKKKKKK
Albiglutide Protéine de 72970.0 Da

Dulaglutine  Protéine de 59669.81 Da

Semaglutide HXEGTFTSDVSSYLEGQAAK'EFIAWLVRGRG

Figure 2 : Structure de I'exendin-4 (exenatide) identifié dans la salive du monstre de Gila.

De plus, les candidats médicaments peptidiques sont concus contre des cibles moléculaire dépassant
le domaine des petites molécules qui ne peuvent seulement cibler qu’une fraction des cibles
moléculaire thérapeutiquement pertinentes traditionnellement dénommé « druggable targets » [32].
Ainsi des peptides empéchant les interactions protéines-protéines (longtemps classifiés comme
« undruggable targets ») [33,34], ciblant les récepteurs tyrosine kinases [35] et inhibant des cibles

intracellulaires [36] ont fait leur entrée en phase de test cliniques et sur le marché du médicament.

Actuellement, plus de 60 peptides médicaments ont été approuvé aux Etats-Unis, en Europe et au
Japon ; plus de 150 sont en développement clinique actif et 260 autres ont été testés dans des essais
clinigues humains. Le nombre de peptides entrant en développement clinique a progressivement
augmenté entre 1980 et 2010, la moyenne sur cing ans s'établissant a plus de 22 peptides par an en
2011. Le nombre cumulé de peptides approuvés a également augmenté progressivement, avec 13

approbations de peptides ayant eu lieu a partir du début de 2010 jusqu'a ce jour. Au cours de la
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décennie actuelle, les candidats au développement sont répartis plus équitablement dans diverses
plages de longueur allant jusqu'a 40 acides aminés (Figure 3), ce qui suggere que le nombre de résidus
n’est plus une limite sérieuse pour le développement d'un médicament peptidique. Rendant ainsi
encore plus pertinente linvestigation des peptides naturels, généralement plus longs que les
analogues peptidiques synthétiques, comme sources de composés a potentiel thérapeutique. Il existe
de nombreuses sources de peptides naturels biologiquement actifs, tels que les plantes, les bactéries

ou encore les animaux, et nous avons choisi de nous focaliser sur les venins d’animaux.
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Figure 3 : Longueur des peptides entrant en développement clinique, groupés par décennie

[13].

b. Stratégies de découverte de peptides bioactifs dans les venins

Les animaux ont développé des venins pour leur protection et la prédation. La diversité des animaux
employant cette stratégie de survie englobe presque tous les phylums du regne animal, y compris les
invertébrés tels que les annélides (ver de feu, glycera), les cnidaires (anémones de mer, méduses et
coraux), les échinodermes (oursins et étoiles de mer), les mollusques (cones et pieuvres), arthropodes
(araignées, fourmis, centipédes, abeilles, guépes, scorpions, moustiques et tiques) et les vertébrés
(poissons, grenouilles, serpents, lézards, oiseaux et mammiferes) (Figure 4). Le venin est inoculé au
prédateur ou a la proie via un dard, des crochets, des cellules, des harpons etc. La composition du
venin varie d’'un animal a I'autre mais la plupart des venins sont constitués d’'un mélange hétérogene
de sels inorganiques, de petites molécules a faible poids moléculaire, de peptides et d’enzymes. Ce

mélange offre a I'animal une approche a plusieurs facettes pour immobiliser et / ou tuer la proie ou le
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prédateur [37,38]. Depuis la nuit des temps, I'espeéce humaine a intégré I'idée que les créatures
venimeuses sont extrémement dangereuses et potentiellement fatales pour les victimes mordues ou
piquées. Nos ancétres ont vite pris conscience du potentiel des venins et ont développé des armes
mortelles a base de projectiles trempés dans les venins de différents animaux. Un des premiers usages
thérapeutiques reporté des venins a été décrit par Appian, historien romain d’origine grecque, en 37
avant J.C, lorsque Mithradates a été blessé a la cuisse par une épée et, alors qu'il était sur le point de
mourir, son médecin scythe lui a administré une petite quantité de venin de vipére des steppes (Vipera
ursinii) aux propriétes anticoagulantes pour arréter le saignement abondant et lui sauver la vie [39].
Les venins de serpents, araignées et scorpions ont été utilisés pendant des millénaires dans un grand
nombre de remedes traditionnels et médicaments pour traiter une variété de maladies comme
I'arthrite, le cancer, et les probléemes gastro intestinaux pour en citer quelques uns. La plupart de ces
remedes traditionnels utilise de petites doses de venin pour atteindre leurs objectifs thérapeutiques.
Ce n'est qu'a la fin du XXe siecle que la médecine moderne a adopté une approche plus systématique

et plus rigoureuse pour utiliser les venins comme agents thérapeutiques [40].
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Figure 4: Arbre phylogénétique schématique du monde venimeux [41].

Au cours de millions années d’évolution, les venins ont été finement ajustés a leurs cibles. En effets ils
interagissent de facon puissante, sélective et rapide avec les récepteurs assurant les fonctions clés
dans I'organisme de leurs proies ou de leurs prédateurs. La conservation et la similarité de séquence
des récepteurs de la proie ou du prédateur avec les récepteurs humains expliquent que les venins
soient source de composés bioactifs servant de base au développement d’outils potentiellement
thérapeutiques [37,38,42]. En premier lieu, la forte affinité et sélectivité de ces toxines pour leur
récepteurs cibles en font de formidables outils de recherche pour I'étude des fonctions physiologiques
de nombreux récepteurs humains et I'élucidation des mécanismes biologiques sous-jacent aux

maladies [20].
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Actuellement sur le marché 9 médicaments dérivés ou non de venins de serpents, sangsues, cones,

monstres de Gila etc. ont été approuvé pour traiter une large de gamme de maladies comme

I’hypertension, I'infarctus, la douleur, le diabéte etc. (Tableau 3). Cependant la diversité naturelle des

venins et des espéces venimeuses est telle que nous avons a ce jour simplement effleuré le potentiel

offert par les molécules bioactives présentes dans les venins. En effet, I'avénement des techniques

dites « omiques » (détaillé plus tard) a permis le séquencage de nombreuses espéces venimeuse et la

découverte de nombreuses autres toxines bioactives en phase de développement clinique actif comme

les conotoxines a-Vcl.1, x-MrlA, contulakin-G, conantokin-G pour le traitement de la douleur, la

chlorotoxin pour I'imagerie tumorale et la toxine ShK pour les maladies auto-immunes pour n’en citer

que quelques-unes.

Tableau 3 : Médicaments approuvés dérivés des venins.

Nom Source Description Cible pharmacologique Traitement
dela
séquence

Captopril Crotale Dérivé Enzyme de conversion de  Hypertension
(Bothrops I"angiotensine
jaracaca)

Eptifibatide Vipére des Dérivé Récepteur allbpf3 Infarctus du
pyramides (Echis myocarde
carinatus)

Tirofiban Crotale (Sistrusus Dérivé Récepteur allbp3 Infarctus du
miliarius myocarde
barbouiri)

Lepirudin Sangsue (Hirudo  Dérivé Thrombine Thrombopénie
medicinalis) induite par

I'héparine

Bivalirudin  Sangsue (Hirudo  Dérivé Thrombine Thrombopénie

medicinalis) induite par
I'héparine

Ziconotide  Céne (Conus Naturelle Canaux calciques de type  Douleur non

magus) N dépendant du voltage  soulagée par la
(Cav2.2) morphine

Exenatide Monstre de Gila  Naturelle Récepteur du glucagon- Diabéte de type 2
(Heloderma like peptide-1 (GLP1R)
suspectum)

Linaclotide Bactérie Dérivé Récepteur 2C du gros Syndrome de
(Escherichia coli) intestin Bowel

Plecanatide Bactérie Dérivé Récepteur 2C du gros Syndrome de
(Escherichia coli) intestin Bowel

La plupart des programmes de découverte de candidats médicaments commence par une forme de

criblage d’une librairie de composés chimiques, dont la plupart contiennent aussi des produits

naturels. Le raisonnement sous-jacent étant que la nature a développé une véritable abondance de
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composés offrant des possibilités quasiment infinies de découverte de nouveaux candidats
médicaments. Comme mentionné précédemment, la plupart des venins sont composés d’un mélange
complexe constitué de peptides, protéines et enzymes. Etant donné les avancées technologiques du
siecle dernier il est devenu de plus en plus aisé d’analyser les venins et de séparer et caractériser les
protéines et les peptides les composant individuellement. Dans les années 80 les méthodes classiques
de chromatographie ont été remplacées par des méthodes de chromatographies a haute pression
(HPLC) pour obtenir des fractions pures qui étaient ensuite séquencées par dégradation d’Edman.
Récemment, les développements paralléles en spectrométrie de masse [43], en séquencage nouvelle
génération [44] et en criblage haut débit miniaturisé [45] ont largement contribué au développement
de la recherche sur les venins. De par leur nature non ciblée les approches transcriptomiques et
protéomiques fournissent une vue d’ensemble sur les composants des venins. L'intégration de ces

approches omiques pour I'étude des venins a été nommée « venomique » [46].

i. Laspectrométrie de masse au service de la protéomique

La protéomique de facon générale traite de I'identification a grande échelle des produits des génes
(peptides et protéines), mais ce domaine regroupe diverses disciplines telles que les techniques
séparatives, la spectrométrie de masse et les outils de bioinformatiques qui contribuent aux études
protéomiques. En effet, la spectrométrie de masse est graduellement devenue la méthode de choix
pour I'analyse d'échantillons complexes de protéines. Ainsi, la protéomique basée sur les données de
spectrométrie de masse est une discipline rendue possible par la disponibilité de bases de données de
séquences de genes, génomes et par les avancées techniques et conceptuelles dans de nombreux
domaines, notamment la découverte et le développement de méthodes d’ionisations adaptées aux

protéines, comme en témoigne le prix Nobel de chimie en 2002.

En spectrométrie de masse les mesures de masses se déroulent en phase gazeuse sur des analytes
ionisés. Par définition un spectrométre de masse est constitué d’une source d’ions, d’un analyseur qui
mesure le rapport masse sur charge (m/z) des analytes ionisés et un détecteur qui enregistre le nombre
d’ions a chaque valeur de m/z. 'ionisation par electrospray (ESI) et la désorption/ionisation laser
assistée par matrice (MALDI) sont les deux techniques les plus couramment utilisées pour volatiliser et
ioniser les protéines et les peptides pour I'analyse par spectrométrie de masse [47,48]. La source ESI
ionise les analytes provenant d’une solution aqueuse et peut étre couplée a un outil de séparation en
phase liquide (chromatographie ou électrophoreése). La source MALDI ionise les analytes co-cristallisés
avec une matrice via des impulsions laser sur ce dépot solide. La spectrométrie de masse MALDI est
normalement utilisée pour I'analyse d’échantillons peu complexes ne nécessitant pas de séparation

préalable alors que les systemes de chromatographie liquide couplé a la spectrométrie de masse sont
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préférés pour I'analyse de mélanges complexes. Il y a deux types d’analyseur de masse actuellement
utilisés en recherche protéomique : les analyseurs de moyenne/haute résolution (le piége a ions (IT)
et le temps de vol (TOF)), et les analyseurs de ultra haute résolution a Transformée de Fourrier (FT-
MS) tels que I'ICR (Résonance cyclotronique ionique) et I'Orbitrap. lls sont différents en termes de
performances, chacun possédant ses propres avantages et inconvénients et ils doivent étre choisis de
facon adéquate en fonction de la stratégie analytique et de la précision de mesure de masse souhaitée.
Des expériences de spectrométrie de masse en tandem (MS/MS) sont conduites avec des activations
vibrationnelles ou électroniques selon les configurations d’analyseurs utilisés afin de caractériser les
structures détectées. Celles-ci consistent en I'isolation d’un ion moléculaire, sa fragmentation par
collision énergétique avec un gaz (CID) ou par transfert de charge (ECD/ETD) et I'enregistrement du

spectre de masse MS/MS.

En effet, il y deux types de stratégies en analyse protéomique dénommées « bottom-up » et « top-
down », la premiére étant la plus couramment utilisée. La spectrométrie de masse des protéines
intactes qui fait I'objet des études « top-down » étant beaucoup plus complexe que la spectrométrie
de masse des peptides, la stratégie « bottom-up » est basée sur I'analyse de peptides protéolytiques.
La stratégie « shotgun », consitant a l'analyse d’un mélange de peptides, est la plus usitée
actuellement en protéomique « bottom-up ». Ainsi, une expérience typique de protéomique
« shotgun » décrite en Figure 5 comprend quatre étapes : 1) I’échantillon est d’abord digéré par voie
enzymatique, souvent avec la trypsine conduisant a I'obtention d’un résidu basique protoné en
position C-terminale favorisant le séquencage peptidique. 2) Les peptides protéolytiques sont analysés
par LC/MS/MS. L'ensemble des données spectrales obtenues constitue les informations
expérimentales qui déterminent 3) la masse moléculaire des peptides (spectres MS) et 4)
I'identification de portions de leurs séquences a partir des spectres MS/MS par confrontation aux
données archivées (base de données protéiques de type SwissProt, NCBI, etc.) a I'aide d’outils

bioinformatiques (SEQUEST, MASCOT, PEAKS, etc.).
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Figure 5: Représentation schématique des quatre étapes d’une expérience typique de

protéomique « bottom-up » par spectrométrie de masse [49].

Les schémas de fragmentation de peptides observés en MS/MS dépendent de nombreux paramétres
comme la composition en acide aminé et la taille du peptide, la méthode d’activation, I'échelle de
temps de I'instrument, I’état de charge de I'ion, etc. Les ions précurseurs peptidiques dissociés dans
les conditions de collision a basse énergie les plus habituelles se fragmentent le long de la chaine
peptidique au niveau des liaisons amides formant des ions portant les informations structurales
(appelés ions de séquences) et d’autre ions moins utiles non porteurs d’informations structurales par
perte de molécules neutres comme I'eau, I'ammoniac, etc. Les ions de séquences sont les ions b et les
ions y, qui contiennent les extrémités N- et C-terminale respectivement (Schéma 1) [50-52]. Les
résidus d’acide aminés peuvent étre déterminés a partir de la différence de masse entre deux ions de

méme type.

Le modele le plus complet actuellement disponible pour décrire la maniére dont les peptides protonés
se dissocient est appelé « modele du proton mobile », dans lequel le proton initialement localisé sur
le site le plus basique de la molécule aprés activation par gain d’énergie interne, peut étre transféré
sur les liaisons peptidiques déclenchant ainsi la fragmentation. Ce modéle a été formalisé par Bela
Paizs a la suite d’un grand nombre d’études réalisés par Wysocki, Harrison, Gaskell, Boyd et d’autres
[53]. Les peptides protonés activés par des techniques de collision basse énergie se fragmentent

principalement par des réactions dirigées par la charge. La dissociation des peptides protonés peut



Introduction

étre décrite comme une compétition entre plusieurs voies de fragmentations (PFP) dirigées par la
charge dans un schéma de réactions complexes ou les ions fragments sont formés selon différentes
probabilités. Il existe de nombreuses PFPs, cependant seule la voie by-y, donnant des ions de séquences
permettant de déterminer la composition en acide aminé qui est nécessaire a la compréhension du

manuscrit sera détaillée ici (Schéma 1).

Schéma 1 : Voie de fragmentation bx-yz des peptides protonés.

Y2 VY1
R4

R
u ol R o _— .
NteFfmmad [N H Ri v @ R e . 3
rLN)\mcter " Nter. N \‘;@)\ B Nter‘ﬂ‘,ﬂ"’ '_N@ ‘____‘N)\ Cler
, |H 8 proton © -.IH g*MCter 2 N gwuww
mobile"” ) 2 ) 2 2
N
b, b, -
/\Dissociation
R4 NH Rs
@ @
Nterse="" % {Rz H3N)E*‘W-Cter

b, ions y; ions

Il semblerait, présenté ainsi, que la fragmentation des peptides protonés permettrait le séquencage
de novo de n’importe quelle séquence peptidique par interprétation des différences de masses entre
les ions d’une méme série (b ou y). Cependant, plusieurs problemes s’y opposent, comme les
mauvais taux de recouvrement de séquences dus a (i) I'inefficacité de fragmentation en CID pour
les peptides longs et (ii) aux phénomeénes de voies de fragmentations préférentielles. En effet, plus
les peptides possedent une taille importante plus ils vont étre capables d’absorber une quantité
importante d’énergie sans pour autant se fragmenter sur chaque liaison peptidique. Les phénomeénes
de voies de fragmentations préférentielles sont directement liés a la nature des acides aminés
composants la chaine peptidique et ont pour effet de diminuer considérablement la quantité des
autres ions de séquence y et b. L'effet le plus étudié est celui du résidu proline, qui donne lieu a
d’abondants ions y contenant la proline en position N-terminale [53]. Le clivage bxy. en C-ter des
acides aminés tels qu’histidine, glutamine, asparagine, lysine, et arginine par attaque nucléophile de
la chaine latérale est également favorisé [53]. La séquestration de protons notamment pour les
séquences contenant un acide aspartique donne lieu préférentiellement a des fragmentations par
élimination de charge conduisant a des ions b contenant I'acide aspartique en position C-terminale
[54]. Enfin le dernier obstacle étant les acides aminés isobariques leucine et isoleucine. Bien que des
méthodes de fragmentation a haute énergie telle que I'isolation d’ions z produit par dissociation

induite par transfert d’électron (ETD) et leur subséquente fragmentation par collision a haute énergie
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(HCD) produisant des ions w différents pour la leucine et I'isoleucine existent [55], ces méthodes en
sont encore au stade de la recherche et ne sont pas intégrées en routine dans les analyses

protéomiques.

Pour faciliter le séquencage des protéines d’un échantillon par spectrométrie de masse, celui-ci est
donc assisté par des bases de données. Il existe deux types d’approches pour intégrer les bases de
données dans l'identification de séquence par spectrométrie de masse : la premiére consiste a faire
correspondre les spectres MS/MS expérimentaux a des spectres théoriques générés par digestion in
silico des protéines et des traductions d’acide nucléiques des bases de données existantes (Uniprot,
NCBI etc.). La deuxieme approche consiste a effectuer une premiere étape d’identification de novo
(sans I'appui de la base de données) afin de sélectionner des candidats potentiels pour chaque spectres
MS/MS et ensuite de corriger (ou non) les candidats de novo avec I'utilisation de la base de données,
cette approche est notamment employée par le logiciel PEAKS Studio. L'avantage de I'approche
numeéro 1 qui est utilisée par le logiciel Mascot par exemple est que I'identification ne requiert pas de
base de données personnelles en revanche les protéines identifiées vont forcément étre des protéines
déja référencées. L'approche numéro 2 permet quant a elle l'utilisation d’'une base de données
personnelle, ce qui est un réel avantage pour la découverte de séquences encore inconnues. Cette
particularité constitue la raison pour laquelle nous I’avons utilisée, en plus de permettre la découverte
de modifications post traductionnelles (PTMs) et d’autres modifications (substitutions, délétions,
insertions etc.). Ainsi, dans l'approche intégrée en venomique, la transcriptomique va servir de base

de données a I'analyse protéomique, on parle alors de protéo-transcriptomique (Figure 6).



introduction

PROTEOMIQUE TRANSCRIPTOMIQUE
GENOMIQUE

Glandes a venin
Venin brut Autres tissus

Technique de Extraction ARNm/ADN
séparation

Séquencage nucleotides

Séquencage AAs
Technologie NextGen

Spectrométrie de masse

Assemblage

MS/MS Traduction

SéquencageDe Profil HMM
novo BLAST,

SignalP,etc.

“Data matching”

foxines pUtatives
Toxines sécrétées et
putatives

Figure 6 : Flux de travail schématique des études venomiques [41].

ii. Latranscriptomique au service de la protéomique
Les premiers projets de séquencage d'ADN ont été réalisés sur un instrument de premiere génération
basé sur la technologie Sanger. Cette technique, encore utilisée dans des études récentes, est basée
sur des didésoxynucléotides, qui sont incorporés a la place des désoxyribonucléotides naturels et
stoppent la progression de I'extension de la chaine d’ADN. Les fragments sont ensuite séparés apres
séparation sur gels 2D et analysés [56,57]. Bien qu’extrémement précise, largement validée et
caractérisée par un faible taux d'erreur, cette approche est extrémement colteuse et laborieuse. Le
séquencage de seconde génération ou de nouvelle génération (NGS) differe de celui de Sanger car il
n’utilise pas de nucléotides modifiés. Cette technologie repose tout d'abord sur la mesure de la
synthése du pyrophosphate : le pyrophosphate est converti en ATP par I'ATP sulfurylase, puis utilisé
comme substrat pour la luciférase, produisant un rayonnement lumineux proportionnel a la quantité
de pyrophosphate générée. Cette réaction a été exploitée pour le développement du premier
séquenceur a haut débit : 454 GS FLX (Roche). Ce succés a été suivi par I'apparition de séquenceurs de
nouvelle génération qui ont considérablement réduit les colts, augmenté le débit et 'attractivité du
séquencage de I’ADN [56]. Cela a abouti a I'émergence d'ambitieux projets de séquencgage de génome
entier, révolutionnant les domaines de la médecine, de la biologie, de I'écologie et de la taxonomie,

avec un impact crucial sur la venomique. En dépit de ces avancées, I'absence de génomes séquencés
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chez les animaux venimeux, ainsi que I'évolution extrémement rapide de I'expression génétique des
glandes a venin, demeure un défi majeur pour la venomique. De plus, I'approche classique du clonage
de génes, reposant sur des amorces (primers) spécifiques, bien qu'utile pour l'identification de toxines
définies, ne convient pas au profilage global de séquences exprimées dans la glande a venin.
L'avénement et |a rentabilité de la technologie NGS actuelle ont ainsi offert aux scientifiques impliqués
dans la venomique une possibilité inégalée de séquencer la totalité des ARNm exprimés dans la glande
avenin, ce qui a été réalisé pour la premiére fois il y a dix ans. Cette technique, connue sous le nom de
RNA-Seq, permet d’obtenir un profil transcriptome complet de la glande a venin des espéces étudiées
avec un investissement en temps et en co(ts raisonnables [58,59]. Dorénavant, des instruments tels
gue ceux developpés par lllumina (HiSeq 2500 Illlumina) et Thermo Fisher Scientific (PGM) permettent
le séquencage des transcriptomes des glandes a venin de facon routiniére et sont de plus en plus
décrits dans les publications sur la venomique [60,61]. La premiére étape cruciale aprés l'extraction de
I'ARNm est la construction d'une bibliotheque d'ADNc (ADN cyclique). L'ADNc simple brin est
synthétisé par la transcriptase inverse (RT) et ensuite amplifié par PCR. Une étape de fragmentation
de la bibliotheque d’ADNc est nécessaire pour obtenir la longueur optimale pour le séquencage et
essentielle pour obtenir des séquences de bonne qualité avec une bonne couverture [62]. La qualité
et la fiabilité des séquences altérées par les lectures de séquencage courtes et le taux d’erreur
relativement élevé (par rapport a la méthode Sanger) dans la détermination des bases caractérisent
les NGS. Des délétions et des substitutions de nucléotides sont en particulier relativement fréquentes
[63]. Ces faiblesses sont en grande partie compensées par |'utilisation de la bioinformatique, qui
permet un assemblage et une analyse fiables des données. Premiérement, le filtrage et I'lassemblage
en contigs (séquence génomique continue et ordonnée générée par I'assemblage des clones d'une
bibliotheque génomique), réalisés avec des logiciels dédiés tels que MIRA ou Trinity, nécessitent des
parametres bien définis et des critéres de validation rigoureux, afin d’éviter les erreurs d’assemblage
et la génération d’artefacts. Les contigs sont ensuite annotés et classés a l'aide d'algorithmes dédiés,
suivant leur fonction : composants cellulaires, processus biologiques ou toxines présumées [64—66].
Jusqu'a récemment, des outils tels que BLAST [67] étaient le standard de référence pour aligner
structurellement et grouper des séquences. Cependant, de nos jours, l'identification et I'annotation
putatives des toxines sont fréquemment effectuées a I'aide de méthodes basées sur des profils, telles
que les modeles de Markov cachés (HMM) ou la « position-specific scoring matrix » (PSSM). Ces
méthodologies permettent l'identification de superfamilles géniques trés divergentes et/ou non
décrites [68—70]. Des algorithmes tels que SignalP ou SpiderP, spécifiquement congus pour les toxines
d'araignées, sont appliqués afin de déterminer les peptides signaux et les séquences matures (Figure
7) [71,72]. La RNA-seq génére des séquences de tous les peptides et les protéines exprimés des glandes

a venin, y compris les peptides minoritaires ou les variants peu communs. Les publications décrivant
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les données transcriptomiques et leur analyse sont de plus en plus fréquentes dans le domaine de la
venomique, mais I'approche intégrative, couplant les études protéomiques et transcriptomiques, reste
relativement nouvelle. Des logiciels dédiés au couplage des données protéomiques et
transcriptomiques, tels que PEAKS, ProteinPilot ou Tandem [73,74] sont aujourd'hui largement utilisés,
permettant une prévision et une annotation des PTMs fiables, une détermination des scores et une
visualisation des résultats [68,75—79]. Cependant, l'identification des toxines, facilitée par ces
stratégies combinant protéomique, génomique et transcriptomique, a posé un défi particulier : la mise
au point d’un procédé rationnel pour nommer et classer les toxines et les toxines putatives afin d’éviter
les informations redondantes, incomplétes ou incorrectes accumulées dans les publications ou les
bases de données. Ce sujet a été abordé dans plusieurs publications, décrivant une nomenclature
systématique pour répertorier de maniére rationnelle les peptides et protéines nouvellement
séquencés en fonction de leur source (espéce animale) et de leur activité (cibles moléculaires) [80—
83]. Brievement, la premiere lettre (grecque) indique la cible pharmacologique de la toxine. La ou les
lettres suivantes (romain, premiere lettre en majuscule) dérivent du nom de I'espéece a partir duquel
la toxine a été isolée. Cette lettre (ou ces lettres en cas d'ambiguité) est suivie d'un chiffre romain, qui
fournit des informations sur la répartition des cystéines. Enfin, une lettre majuscule indique I'ordre de
découverte de la toxine dans cette catégorie. Ces « lignes directrices » aident les chercheurs a

interroger les bases de données pour les annotations, les fonctions et I'origine des séquences.
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Figure 7 : Différence entre peptide précurseur et peptide mature.
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c. La Synthese Peptidique en Phase Solide (SPPS), un puissant outil pour la
production de peptides

La synthése de peptide peut étre accomplie par voie recombinante c’est-a-dire en modifiant le code
génétique d’une bactérie par exemple pour le programmer a la production du produit désiré. Cette
méthode présente I'avantage de proposer un acces rapide a des peptides longs (>50 résidus).
Cependant elle présente aussi de séveres limitations [84], en effet I'incorporation des PTMs
(fréequemment observées dans les peptides venins) et des acides aminés non naturels constitue un réel
défi et les difficultés d’isolation du produit désiré avec un haut degré de pureté demeurent. Beaucoup
de laboratoires ont opté pour l'alternative de la synthése chimique, cette approche permet de
s’affranchir de la contamination indésirable par les protéines (hote) souvent rencontrée dans la
production de protéines par voie recombinante et donne aux chercheurs plus de controle et de liberté
guant aux modifications. La synthese chimique est rapide, hautement automatisée et adaptée a la
montée en échelle de production, fournissant des quantités significatives de peptides natifs et
modifiés de haute pureté. Elle permet l'incorporation d'acides aminés non naturels, d'une large
gamme de PTM, de groupements pour I'imagerie et de modifications structurelles telles que la
cyclisation du squelette peptidique ou le remplacement des ponts disulfures améliorant la stabilité

contre la dégradation enzymatique.

Le travail pionnier de Bruce Merrifield [85] qui a introduit la syntheése peptidique en phase solide (SPPS)
a dramatiquement changé la stratégie de synthese des peptides en simplifiant les étapes de lavage et
de purification associés a la synthése en solution. De plus, I'implémentation de la méthode dans
I'instrumentation robotisée a permis le développement de la synthese peptidique automatisée qui est
dorénavant la méthode de choix pour la production de peptides thérapeutiques bien que la synthese

en solution soit toujours utilisée pour de la production a grande échelle de petits peptides.

Le principe est simple (Figure 8) : le peptide est ancré sur une bille de résine par l'intermédiaire d’un
bras clivable (linker), cet ensemble pouvant étre considéré comme le groupement protecteur de la
fonction acide C-terminale par analogie avec la synthése en solution. Cette matrice polymérique est
insoluble dans les solvants et réactifs utilisés lors de la synthése. Elle est aussiimportante que le solvant
pour la synthése en solution, et est classiquement constituée de polystyrene (PS) réticulé avec un autre
composé chimique qui va moduler les propriétés du polystyrene. En effet les matrices polymériques
hydrophobes constitué de PS réticulé a 1% de divinylbenzene vont avoir des bonnes propriétés de
gonflement et donc une bonne diffusion des réactifs dans les solvants organiques aprotiques peu
polaire (DCM, Toluéne, THF). En revanche cela va avoir pour effet d’entrainer I'agrégation des chaines
peptidiques et donc de rendre la synthése de peptide plus « longs » (15 résidus) difficile. Pour la

synthése de ces derniers il est recommandé d’utiliser des matrices polymériques réticulées a 20 ou
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40% par du polyethyleneglycol (PEG) ou méme composé entierement de PEG, celles-ci étant plus
hydrophiles cela va permettre d’espacer (par rapport a une matrice hydrophobe) les chaines
peptidiques et donc de limiter les phénoménes d’agrégation. Un cycle de synthése peptidique
comprend trois étapes : 1) ancrage du premier acide aminé C-terminal sur la résine. 2) assemblage de
la séquence peptidique de facon linéaire de I'extrémité C-terminale vers N-terminale par cycle répété
de N* déprotection et réaction de couplage d’acide aminé. Le groupement amine a est protégé par
une protection temporaire (généralement un dérivé uréthane) qui est facilement déprotégé en
conditions douces préservant l'intégrité du peptide et réduisant le taux de racémisation. Les
groupements fonctionnels des chaines latérales quant a eux sont protégés par des groupement
protecteurs permanents pendant les étapes d’élongation de la chaine peptidique 3) Lorsque la
séquence désirée a été assemblée le peptide est détaché de la résine et les protections des chaines

latérales sont éliminées lors de I'étape de clivage [86].
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Figure 8 : Principe général de la SPPS.

Deux stratégies de SPPS existent : la Boc/Bzl et la Fmoc/tBu. La stratégie Boc/Bzl utilise le groupement
Boc (tert-butyloxycarbonyl) comme protection temporaire labile en présence d’acide trifluoroacétique
(TFA) et I'étape de clivage se fait en présence d’acide fluorhydrique (HF). Bien que cette méthode
permette la synthese efficace de peptides longs voire de petites protéines, |'utilisation contraignante
et dangereuse de HF font que cette technique a été progressivement supplantée par la stratégie

Fmoc/tBu moins dangereuse et plus facile a mettre en ceuvre. En effet cette technique utilise le
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groupement Fmoc (Fluorenylmethyloxycarbonyl) comme protection temporaire labile en condition
basique et I'’étape de clivage se fait en présence de TFA [87]. L’avantage de I'utilisation de conditions
orthogonales pour le clivage et pour les déprotection N-a permet 'utilisation de conditions plus douces
pour la séparation du peptide de la résine. La majorité des peptides synthétiques sont préparés par
Fmoc-SPPS, le succes de cette stratégie est d(i a son adoption rapide par les non-chimistes, comme les
biologistes réalisant qu'ils pouvaient préparer rapidement des peptides adaptés a la production
d'anticorps en utilisant des machines peu colteuses et éviter I'utilisation de HF anhydre [88]. La Fmoc-
SPPS a été plus facile a automatiser car il n’y a nul besoin d’acide trifluoroacétique corrosif lors des
cycles de synthéses et parce que la déprotection du groupement Fmoc libére un groupement fluorene
avec de fortes propriétés absorption ultra-violet (UV) fournissant un bon indicateur de la réussite de
la synthése [89]. Pour les chimistes, la stratégie Fmoc a permis de surpasser certaines conditions
limitantes de la chimie Boc. En effet les conditions de déprotection sont compatibles avec les peptides
modifiés comme les peptides phosphorylés, glycosylés et pour les chimiothéques de peptides [90]. 1l
y a eu des avancées considérables dans la longueur des peptides synthétisés. C'est en partie di a
I"amélioration de la pureté des acides aminés (« building blocks ») Fmoc qui sont commercialement
disponibles avec une pureté >99% déterminée par chromatographie liquide de phase inverse a haute
pression (RP-HPLC). Cependant, cela ne garantit pas I'absence de sels et le contenu peptidique en poids
net est rarement indiqué. Malgré certains avantages de la stratégie Fmoc sur la stratégie Boc (listé
précédemment), la stratégie Boc est plus adaptée a la synthese de séquences difficiles notamment
grace a l'alternance des conditions acides (déprotection du N°) et basiques (couplage) qui permet de
briser I'agrégation des chaines peptidiques. Le succés de la stratégie Fmoc est donc aussi di a
I"application des pseudoprolines [91,92] et des protections de la chaine peptidique [93] permettant de
s’affranchir des problémes d’agrégations des séquences difficiles. Bien que la limite arbitraire de 50
acides aminés soit souvent citée dans les publications comme la longueur maximale de synthése en
routine, des séquences parfois bien plus courtes peuvent s’avérer extrémement problématiques, et le

succes d’une synthése dépend plus de la séquence que de la taille du peptide.

d. Syntheése des peptides riches en pont disulfures

Les toxines peptidiques issues de venins sont souvent des peptides riches en pont disulfures ce qui leur
confere une forte rigidité conformationelle et donc une stabilité et activité accrues [94]. La réussite
d’une synthése de ce type de peptide dépend de deux facteurs principaux: la suppression ou
minimisation de la racémisation des résidus cystéines pendant I’élongation du peptide et I'obtention
de I'appariement désiré des cystéines sous forme d’un pont disulfure. En effet bien souvent un mauvais
appariement conduit a une structure tridimensionnelle différente (Figure 9) qui peut entrainer une

activité réduite voire I'obtention d’un peptide totalement inactif [95-97] (bien qu’il existe des contre



Introduction

exemples). Concernant le premier point, divers groupements protecteurs de la fonction thiol en
position B accompagnés de procédures précises pour l'incorporation du résidu cystéine ont été étudiés
et appliqués [98]. D’apreés la littérature les conditions de couplages pour I'incorporation des cystéines
protégées (Tableau 4) (Xan, Tmob, Trt et Acm) avec un minimum de racémisation (<1% par étape) en
Fmoc-SPPS sont : 1) BOP (ou HBTU ou HATU)/HOBt (ou HOAt)/TMP (4/4/4) sans préactivation dans
DCM/DMF (1/1) 2) DIC/HOBt (ou HOAt) (4/4) avec 5 min de préactivation et 3) 'utilisation d’ester de
pentafluorophenyl (Pfp) préformé dans DCM/DMF (1/1). Aux vues de cette étude bibliographique, les
conditions retenues et utilisées pour les synthéses décrites dans ce manuscrit, alliant un minimum de
racémisation et la disponibilité des réactifs présents au laboratoire sont les suivantes:
HATU/HOBt/DIPEA (5/5/5) sans préactivation dans DCM/DMF (1/1). Le risque de racémisation du
résidu cystéine est particulierement présent lorsque la cystéine C-terminale est ancrée via une liaison
ester aux résines hydroxymethyles car I'ancrage requiert des méthodes d’activation fortes qui favorise
la racémisation [99]. Dans le cas d’une cystéine C-terminale est ancrée via une liaison ester il est
recommandé d’utiliser une résine qui ne requiert pas d’activation comme la résine chloro-2-
chlorotrityle [100] ou des méthodes d’activation utilisant une quantité catalytique de DMAP (4-
Dimethylaminopyridine) [99]. Concernant le deuxieme point le repliement (folding) oxydatif sous
controle thermodynamique est la stratégie génerale pour la synthese de peptides riches en ponts
disulfures [101-104]. Cette stratégie simple en comparaison a la stratégie régiosélective, consiste a
oxyder sous controle thermodynamique les résidus cystéines. Cependant le folding est un processus
compliqué impliquant des réactions d’oxydation (formation de S-S), de réduction (rupture de S-S) et

d’isomérisation ou d’échange de pont disulfure (réarrangement de S-S, scrambling) [105].

15H

a3H COOH
NH
2
SH
“SH
I Folding oxydatif
NH,
COOH
S
-~ 1\54
_— PRI b ———3
Isomére Isomére Isomére
globulaire ruban bille

Figure 9 : Exemple des différents isomeres de folding obtenu pour un peptide a deux ponts

disulfures [82].
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En fonction du nombre de ponts disulfures présents le procédé de folding augmente rapidement en
complexité en raison du nombre croissant d’isomeres possibles (2n)!/(2"n!) avec n étant le nombre
de ponts disulfures formés. Par conséquent 2, 3 ou 4 ponts disulfures représentent 3, 15 ou 105
isomeres possibles [106]. La réussite du folding dépend principalement de plusieurs facteurs : les
informations de structure intrinséquement encodées dans la séquence en acides aminés, la réactivité
des groupements thiolates de la séquence, la stabilité thermodynamique du produit final et les
conditions de folding utilisées [94,107]. En effet le peptide méme completement réduit (pas de S-S) de
par sa séguence en acide aminés peut, en formant des interactions faibles intramoléculaires, se
préstructurer de facon favorable au folding [105]. La stabilité thermodynamique du produit d’arrivée
va faire évoluer au cours du temps les « mauvais » isomeres de folding vers le « bon » isomére de
folding par échange de ponts disulfures [105]. Un autre aspect important a prendre en compte
également dans le folding de produits naturels est que le folding in vivo contrairement au folding par
voie chimique peut-étre assisté par des chaperonnes ou par les propeptides N- et C-terminaux pouvant
jouer le réle de chaperonnes intramoléculaires [108]. Ainsi la conformation active du peptide n’est pas
forcément la plus stable thermodynamiquement et I'obtention de la conformation active via le folding
en conditions oxydantes par voie chimique peut s’avérer difficile. Des conditions typiques de folding
oxydatif sous contréle thermodynamique sont : NHsOAC (0.33 M), GnHCI (0.5 M), GSH/GSSG/peptide
(100/10/1), pH 7.8, 4 °C [82]. Cependant il existe une myriade de conditions de folding alternatives, et
il 'y a pas de régles générales pour une séquence donnée (certaines conditions peuvent mener au
bon folding alors que d’autres non). Pour s’affranchir de ce probleme, les chimistes ont développé
divers groupements protecteurs et approches sophistiquées pour I'appariement régioselectif des
ponts disulfures. L’approche régiosélective permet la formation dirigée des ponts disulfures par paire
de cystéines. De fagon génerale la stratégie est basée sur une déprotection sélective et I'oxydation 2 a
2 des résidus cystéines. Comme plusieurs ponts disulfures sont formés étapes par étapes, des
conditions de réaction qui empéche (ou limite) la rupture ou le scrambling des liaisons disulfures déja
existantes sur la molécule, sont nécessaires. Par conséquent I’exposition a des conditions alcalines, des
thiols ou autres nucléophiles et des temps de réaction trop longs qui pourraient conduire a I’échange
des ponts disulfures sont a éviter. Les groupements protecteurs de la cystéine peuvent étre regroupés
en 4 catégories : labiles en présence de base, labiles en présence d’acide, labiles en présence d’ions
métalliques et labiles en présence d’agents réducteurs (Tableau 4). La versatilité du groupement Acm
utilisé en combinaison avec des groupements labiles en conditions acide en font I'un des groupements
les plus utilisé en Fmoc- ou Boc-SPPS [109]. En effet celui-ci peut en présence de sels de mercure pour
obtenir des groupements thiols ou, comme c’est souvent le cas pour la synthese de peptides riches en
ponts disulfures, étre clivé de facon oxydante par I'iode ou le trifluoroacetate de thallium pour former

une liaison disulfure avec un autre groupement Acm [109,110]. Les conditions de réactions pour le
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clivage [111] et les étapes de déprotection doivent étre choisies précautionneusement pour éviter les
réactions secondaires telles que I'oxydation des résidus méthionines, histidines, tryptophanes ou
tyrosines ainsi que le déplacement S-0 du groupement Acm pour les peptides contenant des résidus
serines et thréonines [112]. La formation régiosélective de ponts disulfures peut étre effectuée soit
pendant que le peptide est encore attaché au support solide, soit en solution aprés I'étape de clivage,

chacune des deux approches a ses propres avantages et inconvénients.
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Tableau 4 : Les différents groupements protecteurs de la cystéine classiquement utilisés. La

ligne hachurée indique le site de clivage.

Chimie Groupement Structure Stabilité  Conditions
protecteur d'élimination
Synthése
génerale
Boc (Fmoc) 4-Methylbenzyl % Base HF
($-Meb) S"ﬁ@\ TFA 5%DMSO/TFA 60°C
Boc (Fmoc) 4-Methoxybenzyl * Base HF
(s-Mob) N TFA TFMSA
-
Fmoc Triphenylmethyl Base 1% TFA
(S-Trt) T
Iz
Fmoc 2.,4,6- Base 7% TFA/scavengers
Trimethoxybenzyl
(5-Tmob])
Synthése
orthogonale
Boc 8-Fluorenylmethyl TFA Base
(S-Fm) HF
Boc 3-Mitro-2- TFA Agents réducteurs
pyridylsulfenyl HF Thiols
(S-Npys)
Boc Acetamidomethyl Base Iz
Fmoc [S-Acm) TFA Hg(n), Ag{), Tl (i)
HF
Boc tert-Butylsulfenyl TFA Agents réducteurs
Fmoc (S-SEBu) HF Thiols
(partiel)
Fmoc tert-Butylmercapto TFA 5% DMSOSTFA 25°C
(Boc) (S-fBu) Base HF 20°C
Fmoc QH-¥anthem-9-yl Base 1% TFA/scavengers
(S-Xan) Iz
T

La stratégie la plus commune utilise le groupement acetamidométhyle (Acm) protecteur de la fonction

thiol. Typiqguement le peptide est clivé du support solide ainsi que toutes les protections des chaines

Les approches en solution
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latérales a I'exception du groupement Acm. Les résidus cystéines libres sont oxydés en conditions
douces pour former le premier pont disulfure et le second pont est généralement formé par traitement
avec l'iode. Cette approche a été utilisée avec succés pour la synthese de I'a-conotoxine Gl et de ses
isomeres de folding par chimie Boc [113] (Schéma 2A) et a été appliquée par la suite a de nombreuses
autres syntheses tant en chimie Boc qu’en chimie Fmoc [114] (Schéma 2). La stratégie de protection
par le groupement Acm a pu aussi étre appliquée a la synthese de toxines a trois ponts disulfures en
utilisant une stratégie semi sélective pour la synthése de la conotoxine w-MVIID (Schéma 2B) [115].
L'oxydation simultanée des quatre résidus cystéines ont conduit a la formation majoritaire d’un seul
isomére qui a pu étre isolé et engagé dans une deuxiéme étape de déprotection/oxydation
concomitante en présence d’iode. Dans une approche plus sélective le groupement Mob a été
introduit en plus du groupement Acm et du groupement Trt pour permettre la formation consécutive
des trois ponts disulfures dans la synthese en chimie Fmoc de la w-MVIIA (Schéma 2C) [82], plus connue
sous le nom de ziconotide et qui constitue a ce jour la seule conotoxine ayant recu I’autorisation de

mise sur le marché.
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Schéma 2 : Exemples de stratégie régiosélective de folding en solution. (A) Stratégie de synthéese de la
conotoxine a-Gl [113]. (B) Stratégie de synthése de la conotoxine w-MVIID [115]. (C) Stratégie de

synthése de la conotoxine w-MVIIA [82].

A B 2
S(Meb)  S(Meb) S(Trt) S(Trt)S(Trt) S(Trt) S(Mob)  S(Acm) S(Mob)  S(Acm)
BocHN FmocHN I || l Q FmocHN I ( '
S(Acm) S(Acm) S(Acm) S(Acm) (Trt) (Trt)
1) Piperidine/DMF 1) Piperidine/DMF
2) TFA/Scavengers 2) TFA/Scavengers
SH SH SH SH S(Mob)  S(Acm) S(Mob)  S{Acm)
—!—I—!—I—cONH, | CONH, H,N | l CONH,
(Acm) S(Acm) S(Acm) S(Acm) SH H
KsFe(CN)g/1M 1) Oxydation a I'air, pH 8 Oxydation a I'air, pH 8
NH,OACc/8M Urée 2) Séparation des 3 isomeres
S A S 5 S(Mob)  S{Acm) S(Mob)  S(Acm)
H,N CONH, H,N 1 L— CONH, HoN I CONH,
(Acm) S(Acm) S(Acm) S(Acm) !—!
leeOHJ LITFA j 1,/AcOH
[ § e § S(Mob) S(Mob)
§ —— J
—I—I—!—-I—comc2 H,N I  — I 1 CONH, H,N I | E— 1. CONH,
S S S S
1) TEMSA/TFA/p-cresol
2) Oxydation au DMSO
S —
| S — S
H,N 1 1 I CONH,

Résine rink amide pour la Fmoc-SPPS
Résine MBHA pour la Boc-SPPS

)

Q

La synthese « one-pot » de la conotoxine a-S| a été effectuée en utilisant une combinaison des
groupements protecteurs Meb et tBu pour laquelle la différence de stabilité des groupements
protecteurs selon la température en condition d’oxydation DMSO/TFA/anisole a été exploitée [116].
Les résidus cystéines protégés avec le groupement tBu sont rapidement déprotégés et convertis en
pont disulfure a température ambiante (TA) alors les cystéines protégées Meb restent intactes. Le
chauffage de la solution méne a la déprotection/oxydation pour former le deuxieme pont disulfure
(Schéma 3A) [116,117]. Cette approche a également été combinée a I'approche Acm/Trt pour aboutir
a la synthése sélective d’'un dimére de la conotoxine a-Sl composé de 4 ponts disulfures (Schéma 4)
[118]. Cette approche d’oxydation double « one-pot » est le premier exemple utilisant 4 groupements
protecteurs distincts pour la production d’analogues de toxines. Malgré I'utilité d’une telle procédure,
elle reste limitée par la nature des acides aminés composant la séquence particulierement les résidus

tryptophanes et méthionines connus pour subir une oxydation irréversible s'ils ne sont pas protégés
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dans ces conditions [119]. Comme cela a pu étre mis en évidence lors de la synthése de I'a-Iml en

utilisant une procédure d’oxydation « one-pot » ou aucune quantité détectable de produit n’a pu étre

récupérée [117]. De facon alternative, le groupement StBu a été utilisé en combinaison avec le

groupement Acm pour la synthése de I'a-conotoxine Gl, le premier pont disulfure est formé apres

clivage en condition réductrice du groupement StBu par oxydation a I'air, s’ensuit une une oxydation

al'iode permettant la formation du deuxieme pont (Schéma 3B) [120]. La différence de stabilité a I'iode

du groupement Acm et tBu a été explorée pour la synthése de I'a-conotoxine Gl ol le premier pont

disulfure a été obtenu par oxydation directe des groupements Acm suivi d’une oxydation des

groupements tBu via la procédure chlorosilane/sulfoxide (Schéma 3C) [121]. Bien que le premier pont

ait été obtenu avec succes le traitement avec le systéeme chlorosilane/sulfoxide a conduit a I'obtention

d’un isomeére non natif et donc non désiré, mais cependant I'isomére natif a pu étre régénéré par

échange de pont disulfure (shuffling) en condition tampon Tris en présence de cystéine.

Schéma 3 : (A) Stratégie sélective pour I'oxydation en solution de I'a-Sl et a-Gl en utilisant une

stratégie "one-pot" [116,117]. (B) Folding stratégie de I'a-Gl utilisant le couple StBu /Acm

[120]. (C) Stratégie sélective non efficace pour la synthese de I'a-GI [121].
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Schéma 4 : Stratégie de synthese du dimere de a-SI [118].

S(tBu) S(tBu) S(Meb) S(Meb)
FmocHN O
!(1 1) S(Trt) !(Acm) S(Acm)
1) Piperidine/DMF
2) TFAIScavengers
S(tBu) S(tBu) S(Meb) S(Meb)
H,N CONH,
!H !H S(Acm) !(Acm)
Oxydation a l'air
S(tBu) S(tBu) S(Meh) S(Meb)
HoN T CONH,
s_! !(Acm) !(Acm)
1,/AcOH l
S(tBu) S(lBu) S(Meb) S${Meb)
H,N I L I 1 ! CONH,
S S S e—
5% DMSO/TFA l 25°
S m— S(Meb) S(Meb)
HN | I T ONH,
S S !—!
5% DMSO/TFA 1 65°C
S S S S
H,N I l l CONH,

7

—

O Résine rink amide, Fmoc-SPPS

ii. Lesapproches sur résines
Le principe des stratégies sur résine consiste a former un ou plusieurs ponts disulfures alors que le

peptide est toujours ancré au support solide. Les approches sur résine sont plus pratiques sur le plan
opérationnel, évitent les étapes de purification fastidieuses et préviennent un grand excés de solvants
d’oxydation en raison de I'effet de pseudodilution, qui simule une dilution élevée, favorisant ainsi la
formation de liaisons disulfures de facon intramoléculaire. Dans la perspective de créer des librairies
de peptides riches en ponts disulfures pour des études de relation structure-activité (SAR) ou de
découverte de candidats médicaments, la formation de ponts disulfures sur résine devient pertinente.
Les limitations actuelles des approches sur résine sont souvent un faible taux de récupération du
produit souhaité di a une polymérisation non voulue causée par la formation de ponts
intermoléculaires (au lieu d’intramoléculaire) ou des interactions entre les ponts disulfures et la résine
[122], a cela on peut ajouter le manque de conditions de folding uniformes ou de stratégies pour
controler la formation multiple de ponts disulfures. Par exemple, dans la synthése sur résine de I'a-Sl,
la formation de la boucle la plus petite avant la plus grande boucle était importante pour obtenir
I'isomere souhaité, tandis qu'en solution, quel que soit I'ordre d'oxydation la synthése était réussie
[122]. En outre, la formation de ponts disulfures sur support solide peut souvent étre lente en raison

de I'encombrement stérique causé par les groupements protecteurs de la chaine latérale, et les
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rendements de récupération sont souvent inférieurs a ceux des méthodes en solution [122,123]. La
formation de ponts disulfures sur résine assistée par micro-ondes peut améliorer les rendements de
folding. Le Schéma 3 décrit trois exemples de stratégies orthogonales d’oxydation sur résine qui ont
été appliquées sur des conotoxines, dans tous les cas le folding en solution était plus efficace en termes
de rendement et de taux de récupération de I'isomeére désiré. La combinaison du groupement Fm labile
en condition basique avec le groupement Acm a été utilisée en chimie Boc pour la synthése de I'a-Gl
(Schéma 5A) [82]. Dans cette approche, le groupement Fm a été retiré et oxydé sur résine a l'aide de
la pipéridine et la formation du deuxiéme est réalisée par déprotection/oxydation des fonctions Acm.
Bien que des études antérieures aient suggéré que les liaisons disulfures sont instables dans des
conditions trés acides, une sélection minutieuse de piégeurs (scavengers) pour le clivage de HF a
permis I'obtention de I'isomeére intact. Le laboratoire de Barany (United states, Minneapolis) a étudié
différentes méthodologies orthogonales pour la synthése de I'a-SI par chimie Fmoc (Schéma 5B, C)
[122,124]. La méthodologie initiale consistait a déprotéger les groupements Tmob sans perte de
peptide sur la résine puis de former ensuite le pont entre les cystéines libres par oxydation avec CCl,-
EtsN dans NMP, avec la deuxieme paire de cystéine toujours protégée par le groupement Acm (Schéma
5B). L'oxydation des groupements Acm pour former le deuxi€éme pont a été réalisée avec du TI(TFA);
dans du DMF avec de l'anisole en tant que scavenger. Les rendements globaux de la conotoxine
monomere atteignaient 14% avec présence d’oligoméres supplémentaires retenus sur le support
solide. Alternativement, la combinaison orthogonale des groupements Xan et Acm peut étre utilisée,
ce qui a été illustré dans la synthése sélective sur résine (et en solution) des trois isomeres possibles
de I'a-Sl (Schéma 5C). S'il est certes possible d'améliorer les rendements de la formation des ponts
disulfures sur résine, il ne faut pas oublier que dans une optique de conception de librairie de
molécules, de faibles rendements peuvent étre sacrifiés pour une efficacité de criblage plus élevée.
Une fois qu'une téte de série (« hit ») a été isolé et caractérisé, le folding en solution peut étre la

meilleure option pour un meilleur scale-up et une optimisation plus poussée ou des études de SAR.
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Schéma 5: Exemples de stratégie orthogonale d’oxydation sur résine. (A) Synthése de I'a-Gl

par Boc-SPPS [82]. (B, C) Deux stratégies différentes pour la synthése de I'a-SI en Fmoc-SPPS

[122,124].
A B C
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(A) Résine MBHA, Fmoc-SPPS
(B/C) Résine PAL, Fmoc-SPPS

Un nombre conséquent de conditions existent pour la synthése régiosélective de ponts disulfures, le
travail de cette thése s’inscrit dans le cadre de la synthése de produits naturels et dérivés en quantité
suffisante pour conduire les tests biologiques et déterminer la structure tridimensionnelle, c’est-a-dire
généralement moins d’une dizaine de milligrammes. Ce n’est pas un travail d’optimisation de synthese,
par conséquent les méthodologies employées sont celles qui ont permis I'obtention du produit compte
tenu de la disponibilité des réactifs présents au laboratoire, et certaines d’entre elles peuvent étre

améliorées ou modifiées.
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2. Chapitre 1 : Synthese de toxines linéaires et/ou pauvres en ponts
disulfures ciblant les récepteurs couplés aux protéines G

a. Introduction

La famille des récepteurs couplés aux protéines G (RCPGs) est I'une des plus grandes superfamilles de
genes avec environ 370 membres réagissant aux ligands endogenes tels que les hormones ou les
neurotransmetteurs et un nombre a peu pres égal de récepteurs sensibles aux stimuli externes [125].
Ces récepteurs doivent leur appellation a leur capacité de couplage, une fois activés, a des protéines
hétérotrimériques liant le GTP (guanosine triphosphate), aussi appelées protéines G. Ces protéines
transmettent le signal provenant du récepteur a différents effecteurs intracellulaires permettant la
génération d’une réponse cellulaire appropriée (Figure 10). Un certain nombre de récepteurs de cette
superfamille sont des cibles bien reconnues pour le traitement médical de diverses maladies, alors que
pour de nombreux autres, leur implication dans les pathologies est encore a déterminer. Un probleme
général associé a larecherche et au développement de médicaments ciblant les RCPGs est la spécificité
insuffisante des ligands disponibles pour différencier les différents sous-types de récepteurs
étroitement homologues. En effet, les RCPGs partagent tous la méme topologie avec 7 hélices
transmembranaires, une partie N-terminal extracellulaire et un C-ter intracellulaire, et au sein d’une
méme famille pharmacologique, la diversité des différents sous types existant représente un véritable
challenge pour le développement de médicaments et de ligands sélectifs de certains sous-types.
Malgré les efforts constants de la recherche académique et privée, cette tache reste extrémement
difficile, surtout pour les petites molécules. Dans ce contexte, les peptides de venin pourraient
apporter une contribution significative au développement de médicaments plus spécifiques. Bien que
les toxines ciblent majoritairement les canaux ioniques, certaines d’entre elles ciblent les RCPGs et

sont brievement détaillées ci-apres.
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Figure 10 : Représentation schématique et fonctionnement des RCPGs.

e Les toxines a trois doigts (three-finger toxins, Figure 11)

Figure 11 : Topologie des toxines a trois doigts (three-finger toxins).

La famille des toxines a trois doigts est une des familles les plus largement représentées et les mieux
caractérisées des venins de serpents. Ces toxines présentes dans les venins d’elapidae (cobras,
mambas), d’hydrophiinae et de colubridae [126] sont des peptides non enzymatiques composés de 60
a 75 résidus. La plupart de ces toxines a trois doigts ciblent les canaux ioniques (nAChRs et canaux
calciques) cependant, la famille des toxines muscariniques (MTs) isolées des mambas, montre des
activités sélectives pour le blocage des différents sous types des récepteurs muscariniques a
I'acétylcholine (mAChRs) (Tableau 5). Les mAChRs sont les homologues métabotropes (RCPGs) des
nAChRs, ils sont composés de 5 sous types différents M1-Ms [127]. Malgré la grande quantité de ligands
muscariniques découverts dans les plantes et d’autres développés synthétiquement, les ligands

vraiment sélectifs d'un sous type en particulier sont rares. Les toxines a trois doigts isolées des venins
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de mambas sont parmi les ligands les plus sélectifs qui existent. Les premieres MTs (MT1 et MT2) ont
été isolées il y a 20 ans de cela a partir des venins de mamba vert d’Afrique de I'est (Dendroaspis
angusticeps). D’autres ont continué a étre découvertes et sont regroupées dans le Tableau 5. Plus
récemment des toxines du récepteur adrénergique ont aussi été identifiées comme appartenant a la
famille des toxines a trois doigts (Tableau 5) [128-130]. D’autres toxines a trois doigts sont suspectées
d’agir sur les RCPGs telles que les cardiotoxines ressemblant fortement a la chaine courte des
neurotoxines mais généralement plus basiques et hydrophobiques, ainsi que les toxines a trois doigts
dites non conventionnelles caractérisées par leur faible toxicité et un cinquiéme pont disulfure

additionnel dans la boucle numéro 1 [126,131].

Tableau 5 : Profils de sélectivité des toxines trois doigts et affinités apparentes déterminées
par déplacement de ligands radiomarqués. T Pour certaines toxines les valeurs d’ICso sont plus
appropriées a cause de la nature non compétitive des interactions. M;-Ms représente les 5
sous types des récepteurs muscariniques a l'acétylcholine et les sous types du récepteur

adrénergique sont indiqués par la lettre a.

Toxine Sélectivité (affinité nM) Refs
MT1 M3 (50) > M4 (70-130) [132,133]
MT2 M (400) > M, (1200) [132,133]
MT3 My (1-2) >> M4 (100) [134-136]
MT4 M (60) > M, (80) [137]
MT5 M; (200) > M, (500) [137]
MT6 M, (4) >> M1 (200) [137]
MT7 M; (0.5-1.5") [138-140]
MTa  aus (37) >> aaa, 0ac (>1000t) [128]

p-Dala Q1A (035) >> Q1, 1D (300—400) [129]

p-Dalb aya (14) > a2, oxc (40-70) [130]
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e Les phospholipases A2 (PLA2s)

Les venins de serpent sont une riche source de PLA2, enzymes qui hydrolysent les
glycérophospholipides, les acides gras libres et lysophospholipides. Elles sont suspectées de jouer un
role dans linitiation de la digestion de la proie. Cependant, certaines montrent des activités
neurotoxiques comme la vipoxin de la Vipére de Russell (Vipera ruselli) qui inhibe le récepteur al’amine
biogénique [141] avec une forte affinité (3-30 nM). Une autre toxine également de Vipera ruselli
nommeée B-RTX inhibe les récepteurs a, adrénergiques [142]. De plus, un inhibiteur muscarinique
présentant une activité PLA2 purifié du venin de cobra indonésien (Naja naja sputatrix) a montré une

sélectivité parmi les différents sous types de mAChRs [143,144] (Ms>M1>M;=M3=M,).

e L’exemple de I'exenatide

Au début des années 1990, le criblage haut débit de venins de monstres de Gila a conduit a la
découverte de I'exendin-4 (Figure 12), aujourd’hui commercialisé sous I'appellation exenatide pour le
traitement du diabéte de type 2 et a servi de base pour le développement d’agoniste a action

prolongée du GLP-1.

HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPS

Figure 12 : Représentation tridimensionelle et séquence primaire de |'exenatide.

e Les sarafotoxines

Les sarafotoxines-a, -b et -c ont été isolées du venin de vipére Atractaspis engaddensis, un serpent tres
toxique d'Afrique et du Moyen-Orient [145]. L'action de ces peptides a entrainé une vasoconstriction
prononcée chez le rat et présentait une forte homologie avec les endothélines (Figure 13) qui sont de
puissants vasoconstricteurs chez I'nomme [146]. La sarafotoxine-c (ou S6c) est un agoniste sélectif du
récepteur de endothéline B (ETB) [147]. Elle constitue I'agoniste du récepteur de I'ETB le plus utilisé
dans les modeles expérimentaux pour la détermination des réponses via le récepteur de I'ETB. Il a été

démontré que la sarafotoxine-b possédait une activité inhibitrice au niveau des métalloprotéinases
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matricielles (MMP) et, grace a des travaux d’optimisation de séquence, la toxine était convertie en un

inhibiteur sélectif des MMP1 et 9 [148].

10 20
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Endothéline_1 S
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Inhibiteur_STX-S4-CT SCISDMT LYFECMSEMS -

Figure 13 : Alignement montrant la similarité entre I'endothéline 1, les sarafotoxines et

I'inhibiteur STX-S4-CT.

e Latoxine intestinale de Mamba (MIT1) et Bv8

La toxine MIT1 (Mamba Intestinal Toxin) isolé de I'intenstin du mamba Dendroaspis polylepis est un
peptide de 81 acides aminés de long isolé du mamba noir [149]. Un peptide de structure semblable,
Bv8, a été isolé de la peau de la grenouille Bombina variegata en 1999 [150]. Cela a conduit a
I'identification des procinéticines (PKs), PK1, et PK2, ainsi que leurs RCPGs associés, récepteur a la
procinéticines 1 (PKR1) et PKR2 [151-153]. Les PKs sont impliqués dans divers cadres physiologiques,
notamment le développement des organes de reproduction, la neurogenese, le rythme circadien et la
consommation de nourriture, la motilité gastro-intestinale et la perception de la douleur [154]. Bv8 et
MIT1 se lient et activent les récepteurs de la PKR avec une puissance élevée, mais ils ne différencient

généralement pas les différents sous-types de récepteurs [152,155].

e Les ligands des récepteurs latrophilines

La a-latrotoxine (a-LTx) composant du venin de la veuve noire a été utilisée pendant plusieurs
décennies pour étudier le mécanisme de |'exocytose neuronale [156,157]. L'a-LTx s'associe également
a plusieurs récepteurs de la membrane présynaptique. L'un d'entre eux s'est révélé étre un récepteur
de l'a-LTx indépendant du Ca%*, et nommé latrophiline [158,159]. La latrophiline présente les
caractéristiques structurelles d’'un RCPG et est I'un des membres fondateurs d’un groupe de RCPG
collectivement appelés RCPG d’adhésion [160]. On en sait peu sur la fonction de ces récepteurs et une
grande partie des homologues identifiés sont encore orphelins. Le récepteur de la latrophiline, par le
biais du stimulus de a-LTx, se couple aux protéines G et induit des stimuli excitateurs dans les neurones

ainsi que dans les cellules neuroendocrines [161,162].
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e Les peptides de cbnes

Un peptide nommé p-TIA antagonisant les récepteurs a; adrénergiques (01-AR) a été identifié dans le
venin de Conus tulipa bien que celui-ci présente une structure typique des a-conotoxines ciblant les
nAChRs [163]. L'antagonisme fonctionnel a-AR du p-TIA a été démontré aux niveaux tissulaire et
cellulaire par sa capacité a inhiber les augmentations des taux de Ca?* intracellulaire et la contractilité
musculaire [164]. La p-TIA se lie aux trois sous-types de ai-AR, mais montre une affinité dix fois

supérieure pour le sous type ais-AR avec une valeur d’ICso de 2 nM [164,165].

Les hormones hypophysaires arginine vasopressine et ocytocine sont des nonapeptides agissant par
I'intermédiaire des récepteurs a la vasopressine et a I'ocytocine. Des analogues de ces peptides,
appelés conopressins, ont également été trouvés dans les venins de cones (détaillé ultérieurement

dans la section c de ce chapitre) [166,167].

Un glycopeptide 16 acides aminés appelé contulakine-G, a été isolé de Conus geographus et présentait
une similarité de séquence avec les neurotensines des vertébrés et il s'est avéré se lier avec des
affinités submicromolaires a différents récepteurs de la neurotensine, avec une faible sélectivité pour
certains sous-types de récepteurs [168]. Cependant, dans les tests fonctionnels mesurant la production
de phosphate d'inositol médiée par le récepteur, la contulakine-G a montré une activité sélective sur
récepteur de la neurotensine 1 préférentiellement au récepteur 2. La neurotensine étant étroitement
impliquée dans les voies de la douleur, la contulakin-G est actuellement en phase de test clinique

comme analgésique.

Il semble que certains animaux utilisent des peptides assez simples pour imiter les homologues
hormonaux de leurs proies et modifient ainsi considérablement I'activité des récepteurs lors de
I'envenimation. On peut supposer que davantage de peptides analogues d’hormones seront identifiés
par différentes procédures de criblage et que ceux-ci pourraient aider a découvrir les différents réles

des nombreux sous-types de récepteurs existant.

b. Synthese d’analogues de toxines d’araignées

Les araignées utilisent principalement leur venin pour paralyser leurs proies, il n’est donc pas
surprenant que ces venins contiennent une abondance de peptides qui modulent I’activité des canaux
ioniques et des récepteurs neuronaux. Cependant, comme nous avons pu le voir précédemment, peu
d’études ont été réalisées sur les peptides de venins d’araignées ciblant les RCPGs. La toxine d’araignée
(Phoneutria nigriventer) PnTx2-6 a été décrite comme bloquant les canaux sodiques et potentiel

traitement pour la dysfonction érectile et la perception de la douleur. Récemment, un analogue



Chapitre 1 : Synthése de toxines linéaires et/ou pauvres en ponts disulfures ciblant les récepteurs couplés aux protéines G

linéaire nommée PnPP-19 a montré une activité analgésique et la cible a été décrite comme étant le
récépteur p-opioide. Dans I'idée de déterminer son pharmacophore et de mieux identifier ses cibles
pharmacologiques, nous avons effectué la synthese du PnPP-19 et de 2 analogues tronqués
supplémentaires afin de tester leurs activités biologiques sur le récepteur p-opioide en collaboration
avec I'équipe du Dr. Sébastien Granier de I'|GF a Montpellier. Cette étude dans laquelle j’ai effectué la
synthése et la caractérisation par spectrométrie de masse, est détaillée ci-aprés et présentée sous la

forme d’une publication, non publiable en I'état.

1. Introduction

Matavel et al. [169] cloned and sequenced the encoding precursor of the PnTx2-6 toxin, which has
been shown to reduce the Na* current amplitude. PnTx2-6 has also been reported to increase
relaxation in vivoin rat [170,171]. Thereafter, Matavel et al. [172] confirmed the sequence and showed
that PnTx2-6 markedly delayed the inactivation kinetics of neuronal-type sodium channels.
Consequently, decrease in voltage gated Na* channels have been proposed as a possible mechanism
explaining the action on erectile function [172,173]. Moreover, they proposed a structural model of
the toxin and identified a likely binding region proposed on the basis of the different affinities between
PnTx2-5 and PnTx2-6 related to their sequence differences. This likely binding region have been used
to design a synthetic analogue PnPP-19 [173]. Surprisingly, this synthetic analogue had no effect on
sodium channels or heart, however, it has been shown to potentiate erection through nitric oxide
(NO)/ cyclic guanosine monophosphate (cGMP) pathway [173]. In addition, PnPP-19 exhibited reduced
toxicity compared to dose-dependent side effects observed with PnTx2-6 toxin [173] such as intense
vascular congestion in kidney, liver, lungs and myocardium, a discrete brain edema and prolonged pain

[174].

Since PnTx2-6 induces hyperalgesia, Freitas et al. [175] investigated the role of PnPP-19 in the
nociceptive pathway and unexpectedly found that PnPP-19 induces antinociception in rat. They have
demonstrated inhibition of the antinociceptive effect of PnPP-19 in the presence of selective inhibitors
of cannabinoid receptor type 1 (CBs), - and 6-opioid receptors. Moreover, they evidenced that PnPP-
19 is a neutral endopeptidase (NEP) substrate and it is cleaved only after a long incubation time
suggesting that it is competing with endogenous opioids thereby increasing their levels and causing
the antinociceptive response. Consequently, they proposed that PnPP-19 induced antinociception

through NEP inhibition and activation of CB;, p- and 6 opioid receptors.

Considering that PnPP-19 potentiates erectile function by activating nitrergic system and that NO is an

antinociceptive molecule, Freitas et al. [176] investigated the role of the activation of this pathway in
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PnPP-19 induced antinociception. By using selective inhibitors of nitric oxide synthetases (NOSs),
neuronal nitric oxide synthetases (nNOSs), guanylyl cyclase and potassium channels ATP-dependent
(Katp) they hypothesized that the peripheral antinociceptive effect results from NO-cGMP-Karp
pathway. Moreover, they reported tissue nitrite concentration increase after PnPP-19 administration.
Finally, Freitas et al. [177] demonstrated that PnPP-19 selectively activates p-opioid receptors inducing

indirectly inhibition of calcium channel without B-arrestin 2 recruitment.

To further delineate the pharmacophore responsible for the analgesic activity, we synthesized PnPP-

19 and two additional truncated peptides and tested their activity on p-opioid receptors.

2. Methods

2.1 Abbreviations

Acm, acetamidomethyl; ACN, acetonitrile; Boc, tert-butoxycarbonyl; DCM, Dichloromethane; DIPEA,
diisopropylethylamine; DMF, N,N’-dimethylformamide; ESI-MS, electrospray ionization mass
spectrometry; Fmoc, fluorenylmethoxycarbonyl; HATU, 1[Bis(dimethylamino)methylene]-1H-1,2,3-
triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate; LC/MS, liquid chromatography/mass
spectrometry; MeOH, methanol; Pbf, pentamethyl-dihydrobenzofuran-5-sulfonyl; RP-HPLC, reversed
phase high performance liquid chromatography; SPPS, solid phase peptide synthesis; t-Bu, tert-

butyl;TFA, trifluoroacetic acid; TIS, triisopropylsilane; Trt, trityl; UV, ultra-violet.

2.2 Chemical synthesis

DMF, DIPEA, ACN, TIS, TFA, piperidine and all others reagents were obtained from Sigma-Aldrich (Saint-
Louis, MI, USA) or Merck (Darmstadt, Germany) and were used as supplied. Fmoc (L) amino acid
derivatives and HATU were purchased from Iris Biotech (Marktredwitz, Germany). Amphispheres™ 40
RAM (0.4 mmol/g) were purchased from Agilent Technologies (Les Ulis, France). The following side-
chain protecting groups were used: Trt for Asn and Gln; tBu for Ser, Tyr and Glu; Boc for Lys and Trp;
and Pbf for Arg. Peptides were manually synthesized using the Fmoc-based solid-phase peptide
synthesis technique on a VWR (Radnor, PA, USA) microplate shaker. All Fmoc amino acids and HATU
were dissolved in DMF to reach 0.5 M. Fmoc deprotection was carried out with piperidine in DMF (1/2
v/v) twice for 3 min. Subsequent amino acids were coupled onto 0.1 mmol of resin twice for 10 min
using an amino acid/HATU/DIPEA ratio of 5:5:10 relative to resin loading. DMF was used for resin
washing between deprotection and coupling steps. After chain assembly was complete, the terminal
Fmoc group was removed and the resin washed with DMF and DCM. For PnPP-19 synthesis, acetylation
was carried out twice for 15 min with 50% acetic anhydride in DCM. Side-chains deprotection and
cleavage from the resin was carried out by adding 10 mL of TFA/TIS/H,0 (95/2.5/2.5 v/v/v) and stirring

the mixture for 2.5 h at room temperature. After the resin was removed by filtration and washed three
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times with dichloromethane. Dichloromethane and TFA were removed under vacuum then cold diethyl
ether was added to precipitate the peptide. Residues were taken up in 20% ACN acidified with 0.1%
TFA and loaded onto preparative RP-HPLC and pure fractions were combined. The combined pure

fractions were freeze-dried and their purity were confirmed by LC/ESI-MS.
2.3 Mass spectrometry
Solvents used for LC/MS were of HPLC grade.

Intermediate products were characterized using a LC/MS system consisting of a Waters (Milford, OH,
USA) Alliance 2695 HPLC, coupled to a Waters Micromass ZQ spectrometer (electrospray ionization in
positive mode (ESI+) fitted with a quadrupole mass analyzer). All the analyses were carried out using a
Chromolith (Fontenay sous Bois, France) HighResolution RP-18e (4.6 x 25 mm, 15 nm—1.15 pum particle
size, flow rate 3.0 mL/min) column. A flow rate of 3 mL/min and a gradient of 0-100% B over 2.5 min
for routine analyses and 0-30% B over 30 min for quality control of pure products were used. Eluent A
was water/0.1% HCO;H and eluent B consisted of acetonitrile/0.1% HCO;H. UV detection was
performed at 214 nm. Electrospray mass spectra were acquired at a solvent flow rate of 200 pL/min.
Nitrogen was used for both the nebulizing and drying gas. The data were obtained in a scan mode

ranging from 100 to 1000 m/z or 250 to 1500 m/z to in 0.7 s intervals.
2.4 Preparative RP-HPLC

Preparative RP-HPLC was run on a Gilson PLC 2250 Purification system (Villiers le Bel, France)
instrument using a preparative column (Waters DeltaPak C18 Radial-Pak Cartridge, 100 A, 40 x 100
mm, 15 um particle size, flow rate 50.0 mL/min). Buffer A was 0.1% TFA in water, and buffer B was

0.1% TFA in acetonitrile.

2.5 Cell culture and transfection

HEK293 cells were grown in DMEM supplemented with 10% FBS (without antibiotics) at 37°C, 5% CO,
Transient transfection was performed using electroporation in a volume of 150ul with 1jug FLAG-SNAP-
MOR, 1ug Gil/oA-Rluc8, 1ug FLAG-B2, 2ug Venus-y2 plasmids and 5 millions of HEK293 cells in
electroporation buffer (50mM K;HPO,, 20mM CHsCOOK and 20mM KOH, pH 7.4). After
electroporation (250 V, 0.5mF, Bio—Rad Gene Pulser electroporator; Bio-Rad Laboratories, Hercules,
CA), cells were resuspended in 5ml DMEM supplemented with 10% fetal bovine serum and seeded for

24hin a white 96-well plate (pretreated with Poly-L-Ornithine 1X) at a density of 100,000 cells per well.

2.6 BRET assay



Chapitre 1 : Synthése de toxines linéaires et/ou pauvres en ponts disulfures ciblant les récepteurs couplés aux protéines G

24 hours after transfection, cells were washed with PBS Ca?/Mg?* and reagents were added as

described below:

(3) 10ul PBS
(2) 10wl coelenterazine H (SuM final)
(1) 30ul PBS

(2) 10pl compound
(2) 10pl coelenterazine H (SpuM final)
(1) 30u! PBS

BRET between Rluc8 and Venus was measured after the addition of the Rluc8 substrate coelenterazine
H (5uM). BRET readings were collected using a Mithras 2 plate reader. The BRET signal was calculated
by the ratio of emission of Venus/YFP (535nm) to Rluc8 (480nm): mBRET = {(Ratio 535/480) assay -
(Ratio 535/480)Rluc8 alone)} X 1000.

3. Results
Most endogenous ligands of pu-opoid receptors share all the same N-terminal motif Y-[P/G]-[G/F]-F
(Figure 1). Considering the highly conserved tyrosine residue at position 1 in endogenous ligands of p-
opioid receptors we decided to generate truncated forms of PnPP-19 sequence at tyrosine residues,

namely analogues PnPP-14 and PnPP-8.

Met-enkephalin YGGFM
Leu-enkephalin YGGFL
Beta-endorphin YGGFMTSEKSQTPLVTLFKNAITKNAYKKGE
Dynorphin-A YGFFLRRIRPKLK
Endomorphin-2 YPFF
PnPP-19 GERRQY FWIAWYKLANSKK
PnPP-14 YFWIAWYKLANSKK
PnPP-8 YKLANSKK

Figure 1. Alignment of synthesized PnPPs peptides and endogenous ligands of p-opioid

receptors.
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3.1 Chemical synthesis

Peptides have been synthesized using Fmoc-SPPS chemistry. According to its described sequence
PnPP-19 [175] has been prepared on rink amide resin and the N-ter has been acetylated. Considering
that PnPP-8 and PnPP-14 have been designed as truncated sequences they also have been synthesized
on rink amide resin but not acetylated since endogenous ligands are not. After successful assembly of
the peptides, they were purified by preparative RP-HPLC purification and their homogeneity was
assessed by analytical RP-HPLC and MS (Figure 2).
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Figure 2: RP-HPLC/ESI-MS analyses of the synthesized PnPP peptides. ACN gradient from O to
100% over 2.5 min.
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3.2 BRET assays on u-opioid receptors

We investigated the signaling profile of the activated p-opioid receptor expressed in HEK293 cells
towards G proteins. The three synthetic peptides were tested on two GPCRs. G heterotrimeric complex
dissociation is monitored by BRET (Bioluminescence Resonance Energy Transfer). The Ga protein is
fused to Renilla Luciferase8 (donor) and gamma-2 to Venus (acceptor). Activation of MOR by an agonist
promotes the dissociation/conformational modification of the Gay protein complex resulting in the

BRET signal decay.
3.2.1 Determination of MOR coupling to Gil/oA upon peptides stimulation.

For Gil/oA dissociation assays, DAMGO agonist was used as positive control (Figure 3) which is an
enkephalin analogue displaying the following sequence: H-Tyr-D-Ala-Gly-N-MePhe-Gly-ol. Naloxone is

an antagonist of the p-opioid receptor.
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Figure 3. Stimulation of p-opioid receptor with DAMGO and synthetic peptides (agonist
activity). HEK293 cells expressing p-opioid receptor with the G protein complex Gil-Rluc8 (a)
GoA-Rluc8 (b), FLAG-B2 and Venus-y2 were stimulated with 10uM DAMGO, PnPP-8, PnPP14
and PnPP-19 +/- an excess of Naloxone at 100uM. Data are means +/- SD of triplicates of a

representative experiment.

None of the synthetic peptides were able to induce the dissociation of the Gay protein complex (no
agonist activity). Surprisingly, upon stimulation with PnPP-14 and PnPP-19, the BRET signal measured
between Gil/oA-Rluc8 and Venus-y2 was increased, possibly meaning i) an increased number of G
protein complex formation, ii) a conformational change of the G protein complex promoting the energy

transfer between Rluc8 and Venus.



Chapitre 1 : Synthése de toxines linéaires et/ou pauvres en ponts disulfures ciblant les récepteurs couplés aux protéines G

The same experiment was then conducted in presence of DAMGO at EC80 +/- peptides in order to

determine if peptides were able to block DAMGO activity on p-opioid receptor (Figure 4).
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Figure 4. Stimulation of p-opioid receptor with DAMGO at EC80 +/- peptides (antagonist
activity). HEK293 cells expressing p-opioid receptor with the G protein complex Gil-Rluc8 (a)
GoA-Rluc8 (b), FLAG-B2 and Venus-y2 were stimulated with 100nM DAMGO (EC80) +/- 10uM

PnPP-8, PnPP14 and PnPP-19. Data are means +/- SD of triplicates of a representative

experiment.

PnPP-14 and PnPP-19 were able to block DAMGO activity on Gil/oA protein complex, with PnPP-14

being the most effective. Interestingly, the signal obtained with PnPP-14 is higher than the base signal.
3.2.2 Effects of peptides on other GPCRs.

To determine the selectivity of the effect seen on opoid receptors, the same experiments were

reproduced using urotensin receptor activated by Ull agonist (Figure 5).
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Figure 5. Stimulation of urotensin receptor with Ull and the synthetic peptides. HEK293 cells
expressing UT with the G protein complex Gil-Rluc8 (a) GoARluc8 (b), FLAG-B2 and Venus-y2
were stimulated with 10uM Ull, PnPP-8, PnPP14 and PnPP-19. Data are means +/- SD of

triplicates of a representative experiment.

Remarkably, the same effects were observed on UT and p-opioid receptor with PnPP-14 and

PnPP-19.
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Figure 6. Stimulation of urotensin receptor with Ull +/- peptides. HEK293 cells expressing ST-
UT with the G protein complex Gil-Rluc8 (a) GoA-Rluc8 (b), FLAG-B2 and Venus-y2 were
stimulated with 10uM Ull +/- 10uM PnPP-8, PnPP14 and PnPP-19. Data are means +/- SD of

triplicates of a representative experiment.

Given that the same effects were observed on urotensin receptor for PnPP-14 and PnPP-19 peptides,

we can conclude that these peptides do not have a specific activity on p-opioid receptor and may act

via a yet unknown mechanism.

4. Discussion

PnPP-19, a linear peptide derived from the spider toxin PnTx2-6, was recently described to produce

antinociception in rat, likely through activation of p-opioid receptors. However, we found that neither

PnPP-19 nor its truncated analogues activated the p-opiod receptor. Unexpectedly, they seem to

induce the recruitment of additional GoA/Gil proteins, therefore increasing the number of associated

complexes and the BRET values. Intrestingly, PnPP-14 is more active than PnPP-19 and PnPP-8

completely lost the activity, suggesting that the required pharmacophore is located between residues

8 and 14. Another surprising result concerns the apparent lack of selectivity of this effect. Indeed, the
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same effects were obtained using the urotensin receptor, another GPCR, clearly indicating that the
observed effect is not selective for the p-opiod receptor. Whereas it is difficult and preliminary at this
stage to propose a mechanism of action, one plausible explanation is that PnPP-14 and PnPP-19 induce
the recruitment of an increasing number of GoA/Gil proteins via modulation of another receptor,
probably an ion channels considering the literature. In order to determine if this effect is selective for
GoA/Gil proteins, further assays are currently conducted on others G protein subtypes. Another
exciting hypothesis would be that PnPP-14 and PnPP-19 are able to cross the cell membrane as cell-
penetrating peptides do, and somehow directly potentiate the association of G proteins therefore
increasing the BRET values. Indeed cell-penetrating peptides contain a high relative abundance of
positively charged amino acids such as lysine or arginine or have sequences that exhibit an alternating
pattern of polar/charged amino acids and non-polar, hydrophobic amino acids. Considering the high
content of positively charged lysine as well as hydrophobic residues (Leu, Trp, Tyr and Phe) in the PnPPs
sequences, the hypothesis that PnPPs peptides are able to cross the membrane is reasonably

conceivable and is worth investigating.
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c. Synthése de nouvelles conopressines

Les venins d’araignées étant habituellement pauvre en toxines ciblant les RCPGs, nous avons orienté
notre exploration vers les toxines de cones, dont certaines d’entre elles sont déja bien répertoriées
dans la littérature et leurs activités sur les GPCRs avérées. Une famille en particulier, les conopressines,

regroupe des analogues naturels de ’hormone vasopressine.

Contrairement aux autres toxines précédemment explicitées dans I'introduction de ce chapitre, et aux
vues de la petite taille des peptides de cones, leurs venins constituent sans aucun doute la source la
plus attractive de toxines ciblant les RCPGs. Pour cette raison nous avons interrogé nos transcriptomes
de cbnes a la recherche de nouvelles séquences de conopressines. Deux d’entre-elles ont été
identifiées dans le transcriptome de Conus miliaris et sélectionnées pour leur originalité. Cette étude
dans laquelle j'ai effectué la recherche transcriptomique, la synthése et la caractérisation par
spectrométrie de masse est présentée ci-apres sous la forme d’une publication en préparation. Seules

les études structurales (RMN) manquent encore aux parties discussion et résultats.
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1. Introduction
Cone snail venoms represent a unique source of bioactive peptides, yet it is estimated that less than
1% of all conopeptides have been pharmacologically characterized so far. Nevertheless, the
therapeutic potential is undeniable with one peptide approved by FDA for the treatment of chronic
pain [178-180] and several others that are in clinical trials. Furthermore, these natural peptides have
become indispensable tools to decipher ion channel subtypes and other membrane receptors [20,181].
Conopeptides are divided in two mains groups, based on the number of disulfide bonds, the disulfide-
poor conopeptides (0 or 1 disulfide bond) and the disulfide-rich conotoxins (2 or more disulfide bonds)
[182]. Disulfide-poor conopeptides are minor components of cone snail venom subdivided into many
subclasses such as contulakins, conantokins or conopressins that target several G protein-coupled
receptors (GPCRs) [182]. Since they are not as abundant as conotoxins targeting ion channels they have
been less studied, but recent venomics analyses of venom glands reveal that disulfide-poor

conopeptides remain an untapped resource of novel bioactives.

Almost thirty years ago, the first vasopressin-oxytocin-related contoxins Lys-conopressin-G and Arg-
conopressin-S were isolated from Conus geographus and Conus striatus venoms, respectively [167].
Intracerebral injection into mice induced similar effects compared to neurohypophysal hormone
injection, and therefore, it was hypothesized that conopressin-G/S might act as agonists of the same
class of GPCR in the brain. While only one subtype of oxytocin receptor (OTR) has been identified, three
different vasopressin receptor subtypes have been characterized that possess different
pharmacological and G protein coupling properties [183]. V2 receptors (V2Rs) are coupled to adenylyl
cyclase and their activation produces an antidiuretic effect on the kidneys. V1aR and V1bR, as well as
OTR are coupled to phospholipase C but produce different biological effects upon activation: The V1aR

regulates blood pressure and vasoconstriction, whereas the V1bR is responsible for the corticotrophin
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release from the pituitary gland. Compounds targeting the OTR are clinically used to stimulates the
contraction of uterine and mammary myocytes [184,185]. Interestingly, unlike vasopressin and
oxytocin, conopressins G and S display an additional positive charge at position 4 (Figure 1A) which is
only found in two other endogenous vasopressin analogues cephalotocin (Octopus vulgaris) and
annetocin (Eisenia foetida) [167,186]. Lys-conopressin-G was later isolated from other non-venomous
snail species and was therefore proposed as an endogenous invertebrate vasopressin analog. An
underlying question was to determine whether conopressins are endogenous or venom peptides in
cone snails, since a role in prey capture has never been demonstrated. However, given that more
conopressins have been identified in different venomous cone snail species, it clearly suggests they
are venoms peptides with a role in envenomation [187]. Among them, the unique y-conopressin-vil
purified from Conus villepinii venom, which displays a carboxyglutamate residue (Figure 1A) conferring
the capacity of the peptide to change its conformation in the presence of calcium ions [188]. Another
unique example is conopressin-T (Figure 1A) isolated from Conus tulipa, which, unlike vasopressin-
oxytocin related peptides, is a selective antagonist of V1a receptors [186]. Interestingly, position 9 was
described as an antagonist switch and replacement of glycine at this position by a valine residue turn
oxytocin and Arg-Vasopressin (AVP) from full agonists to full antagonists. The L7P-conopressin-T
mutant displays an increased affinity for the Vla receptors, whereas activity at the V1b and V2
receptors remain unchanged, suggesting a favorable V1aR selective conformational change induced

by the proline residue [186].

Docking studies on a three-dimensional model of the V1a receptor revealed that Arg-vasopressin binds
into a 15-20 A deep cleft defined by the transmembrane helices of the receptor. Residues located in
this region interacting with agonist ligands are highly conserved in all the vasopressin and oxytocin
receptors suggesting that the agonist-binding pocket is common to all the different subtypes of this
receptor family [186]. Interestingly, mutations of residues from the receptor agonist binding site do
not affect antagonist activity, suggesting a different binding mode of antagonist ligands [186]. Indeed,
the different binding sites of various antagonist ligands are formed by transmembrane helices 1, 2 and
7, whereas the agonist binding site is mainly made by the three extracellular domains of the oxytocin
receptor, as evidenced by Postina et al [189]. Based on the bovine rhodopsin structure, three-
dimensional molecular models of the V1aR and V1bR complexed with vasopressin suggested that four
receptor’s key residues E*%, D25 V41 and P>% fine tune the binding of vasopressin and related
peptide agonists to both receptor subtypes [190]. These predictions have been validated by receptor
mutants and should enable the identification of further new V1a and V1b receptor selective agonists

[190].
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In this study, we report on the synthesis, the pharmacological characterization and structure of two
new conopressin-related sequences identified in the Conus miliaris transcriptome and displaying an
unusual negatively charged amino acid in position 8. All peptides were characterized on both human
and zebrafish receptors using conopressin-G, vasotocin, oxytocin and vasopressin as controls. Together
with their NMR structures and considering their unique sequences, this study provides valuable
structure-function information that might be useful to guide the design of new vasopressin receptor
selective ligands.
2. Materials and methods

2.1 Abbreviations

Acm, acetamidomethyl; ACN, acetonitrile; Boc, tert-butoxycarbonyl; DCM, Dichloromethane; DIPEA,
diisopropylethylamine; DMF, N,N’-dimethylformamide; DTP, 2,2’-Dithiopyridine; ESI-MS, electrospray
ionization mass spectrometry; Fmoc, fluorenylmethoxycarbonyl; HATU,
1[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate;
LC/MS, liquid chromatography/mass spectrometry; MeOH, methanol; nAChR, nicotinic acetylcholine
receptor; NMR, nuclear magnetic resonance; Pbf, pentamethyl-dihydrobenzofuran-5-sulfonyl; RP-
HPLC, reversed phase high performance liquid chromatography; SPPS, solid phase peptide synthesis;
t-Bu, tert-butyl; TFA, trifluoroacetic acid; TIS, triisopropylsilane; Tris, 2-Amino-2-

(hydroxymethyl)propane-1,3-diol;Trt, trityl; UV, ultra-violet.

2.2 Chemical synthesis

DMF, DIPEA, ACN, TIS, TFA, piperidine and all others reagents were obtained from Sigma-Aldrich (Saint-
Louis, MI, USA) or Merck (Darmstadt, Germany) and were used as supplied. Fmoc (L) amino acid
derivatives and HATU were purchased from Iris Biotech (Marktredwitz, Germany). AmphiSpheres™ 20
HMP resin (0.6 mmol/g) and Amphispheres™ 40 RAM (0.4 mmol/g) were purchased from Agilent
Technologies (Les Ulis, France). The following side-chain protecting groups were used: Trt for Asn and
Cys; tBu for Ser, Tyr and Glu; Boc for Lys; and Pbf for Arg. Peptides were manually synthesized by using
the Fmoc-based solid-phase peptide synthesis technique on a VWR (Radnor, PA, USA) microplate
shaker. All Fmoc amino acids and HATU were dissolved in DMF to reach 0.5 M. For acid peptides the
first residue was anchored on 20 HMP resin using the method described by Grandas et al. [99]. The
resin was washed with DMF, DCM, MeOH, and DMF. Fmoc deprotection was carried out with
piperidine in DMF (1/2 v/v) twice for 3 min. Subsequent amino acids were coupled onto 0.1 mmol of
resin twice for 10 min using an amino acid/HATU/DIPEA ratio of 5:5:10 relative to resin loading. DMF
was used for resin washing between deprotection and coupling steps. After chain assembly was
complete, the terminal Fmoc group was removed and the resin washed with DMF and DCM. Side-chain

deprotection and cleavage from the resin was carried out by adding 10 mL of TFA/TIS/H,0 (95/2.5/2.5
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v/v/v) and stirring the mixture for 2.5 h at room temperature. After the resin was removed by filtration
and washed three times with dichloromethane. Dichloromethane and TFA are removed under vacuum
then cold diethyl ether was added to precipitate the peptide. The disulfide bridge is formed between
the free cysteine residues by dissolving the peptide at 0.2 mM in 50 mM Tris-HCl buffer adjusted to pH
8 and adding dropwise 7 equivalents of DTP at 10 mM in MeOH. When reaction was complete, the
reaction mixture was acidified to pH 3 and loaded onto preparative RP-HPLC and pure fractions were
combined. The combined pure fractions were freeze-dried and their purity were confirmed by LC/ESI-

MS.
2.3 Mass spectrometry
Solvents used for LC/MS were of HPLC grade.

Intermediate products were characterized using a LC/MS system consisting of a Waters (Milford, OH,
USA) Alliance 2695 HPLC, coupled to a Waters Micromass ZQ spectrometer (electrospray ionization in
positive mode (ESI+) fitted with a quadrupole mass analyzer). All the analyses were carried out using a
Chromolith (Fontenay sous Bois, France) HighResolution RP-18e (4.6 x 25 mm, 15 nm—-1.15 um particle
size, flow rate 3.0 mL/min) column. A flow rate of 3 mL/min and a gradient of 0-100% B over 2.5 min
for routine analyses and 0-30% B over 30 min for quality control of pure products were used. Eluent A
was water/0.1% HCO;H and eluent B consisted of acetonitrile/0.1% HCO,H. UV detection was
performed at 214 nm. Electrospray mass spectra were acquired at a solvent flow rate of 200 pL/min.
Nitrogen was used for both the nebulizing and drying gas. The data were obtained in a scan mode

ranging from 100 to 1000 m/z or 250 to 1500 m/z to in 0.7 s intervals.

Folded peptides were characterized using a Synapt G2-S high-definition MS system (Waters, Corp.,
Milford, MA, United States) equipped with an ESI source and an hybrid QTof mass analyzer
configuration. Chromatographic separation was carried out at a flow rate of 0.4 ml/min on a Acquity
H-Class ultrahigh performance liquid chromatography (UPLC) system (Waters, Corp., Milford, MA,
United States), equipped with a Kinetex C18 100A column (100 mm x 2.1 mm, 2.6 mm particle size)
from Phenomenex (France). The mobile phase consisted of water (solvent A) and ACN (solvent B) with
both phases acidified by 0.1% (v/v) formic acid. Mass spectra were acquired in the positive ionization

mode.
2.4 Preparative RP-HPLC

Preparative RP-HPLC was run on a Gilson PLC 2250 Purification system (Villiers le Bel, France)

instrument using a preparative column (Waters DeltaPak C18 Radial-Pak Cartridge, 100 A, 40 x 100
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mm, 15 um particle size, flow rate 50.0 mL/min). Buffer A was 0.1% TFA in water, and buffer B was

0.1% TFA in acetonitrile.

2.5 Cell culture method and transient expression of human and zebra fish oxytocin and arginine

vasopressin receptors

The human oxytocin receptor (hOTR), the human arginine vasopressin receptor V1a (hV1aR), the
human arginine vasopressin receptor V1b (hV1bR) and the human arginine vasopressin receptor
V2 (hV2R) complementary DNAs (cDNAs) were obtained from OriGene Technologies. The
corresponding arginine vasopressin zebra fish (ZF) receptors; arginine vasopressin receptor 1Ab
(Vial, The National Center for Biotechnology Information (NCBI) accession number
NP_001284605.1), arginine vasopressin receptor 1Aa (V1a2, NCBI accession number
NP_001288043.1), arginine vasopressin receptor 2 (V2, NCBI accession number NP_001103595.1)
and the oxytocin receptor (OTR, NCBI accession number NP_001186299.1), were synthetically
synthesized by GenScript.

COS-1 cells (American Type Culture Collection (ATCC)) grown in Dulbecco’s modified Eagle’s
medium (DMEM) and 5% fetal bovine serum (FBS) were transiently transfected with plasmid DNA
encoding the hOTR, hV1aR, hV1bR, hV2, ZF V1al, ZF V1a2, ZF V2 and ZF OTR using FUGENE HD in

a 1:3 ratio of DNA and FUGENE, following the manufacturer’s protocol.
2.6 FLIPR assay measuring intracellular Ca?** responses

24 h post-transfection, transiently transfected COS-1 cells were seeded at a density of 15,000
cells/well in black-walled imaging plates (Corning, Sigma Aldrich) and maintained for another 24
h at 37°C in a 5% humidified CO, incubator. Assay measuring ligand-induced Ca?* responses was
performed 48 h post-transfection. On the day of the assay, cells were loaded with the Calcium 4
No-wash dye (Molecular Devices) by diluting the lyophilized dye in physiological salt solution (PSS:
140 mM NaCl, 11.5 mM glucose, 5.9 mM KCl, 1.4 mM MgCl,, 1.2 mM NaH;PO4, 5 mM NaHCOs,
1.8 mM CaCl;, 10 mM HEPES, pH 7.4), and incubated for 30 min at 37°C in a 5% humidified CO;
incubator. Intracellular Ca%* responses were measured in response to ligands in a Fluorometric
Imaging Plate Reader (FLIPR) (Molecular Devices) using a cooled CCD camera with excitation at
470-495 nM and emission at 515-575 nM. Camera gain and intensity were adjusted for each plate
to yield a minimum of 1000 arbitrary fluorescence units (AFU) baseline fluorescence. Prior to
addition of control agonists or conopressins, 10 baseline fluorescence readings were taken,
followed by fluorescent readings every second for 300 s. Concentration-response curves were

established by plotting Delta F/Fo values, where Fq is the base-line level of fluorescence and Delta
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F is the change in fluorescence from the baseline level, against agonist concentration using Prism
(GraphPad Software). The conopressins were also tested for antagonist activity at the human and
ZF receptors. After addition of 10 uM conopressin peptide, cells were incubated for 10 minutes
before stimulating the receptors with an ECy concentration of agonists (oxytocin for the hOTR
(0.5 uM), vasopressin for hVla and hV1b (1 uM), vasotocin for ZF V1al, V1a2, V2 and OTR (0.1
UM)). Changes in fluorescence responses were assessed for 10 s to set the baseline, then 600 s
after addition of antagonist and for a further 300 s after addition of agonists, using the FLIPR as

previously described.

2.7 LANCE Ultra cAMP assays

Assays measuring cAMP accumulation were performed 48 hours after transfection following the
manufacturer’s instructions (LANCE Ultra cAMP kit, PerkinElmer). To test for agonist activity at
the hV2R, increasing concentrations of control agonists or conopressins (10 pM to 100 pM) were
added to 500 transfected cells in stimulation buffer in a white 384-well plate (OptiPlate,
PerkinElmer Life Sciences). When testing the conopressins for antagonist activity, conopressins
(100 uM) were added in the presence of an ECyo concentration of vasopressin (0.1 nM agonist) to
the cells as previously described. The plates were incubated for 30 min at room temperature. Cells
were then lysed by the addition of the europium (Eu) chelate-labeled cAMP tracer and the cAMP-
specific monoclonal antibodies labeled with the ULight dye, diluted in cAMP detection buffer
(LANCE Ultra cAMP kit, PerkinElmer), followed by incubation for 1 hour at room temperature. The
emission signals were measured at 615 and 665 nm after excitation at 340 nm using a Tecan

microplate reader (Tecan).

3. Results
Two new conopressin-related sequences were identified in the venomous gland transcriptome of
Conus miliaris. Both had the characteristic mature nonapeptide containing one disulfide bond forming
a cyclic sequence of 6 amino acids plus three exocyclic residues. Surprisingly, both sequences had an
aspartic acid instead of the highly conserved basic residue at position 8 (Figure 1A). Considering this
unusual substitution is present in the functionally critical exocyclic region, it was of interest to

investigate the pharmacological and structural properties of these novel conopressins.
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Figure 1. Alignment of conopressin-related sequences and RP-HPLC/ESI-MS analyses of the
synthesized conopressins (A) Alignment of conopressin-related sequences. All the sequences
display an amidated C-terminal. Conopressin-M1 and M2 with y-Conopressin-vill are the only
ones that display a negatively charged amino acid at position 8. Interestingly, Conopressin-
M1 also displays an unusual proline residue at position 3. Highly conserved glycine residue at
position 9 is replaced by a serine residue in Conopressin-M1 and M2. (B) RP-HPLC/ESI-MS
analyses of the synthesized conopressins. ACN gradient from 0 to 30% over 30 min. The ac
ending indicates an acidic C-ter and the am ending indicates a C-ter amide. For Con-M1 the
two peaks display the same mass thus, the dynamic conformational exchange leading to the
splitting of UV chromatogram peak is probably caused by the two proline residues inducing
cis-trans isomerization [191-193]. The asterisk * on ESI-MS insets indicates an ion resulting

from in source fragmentation of the proline residue [194].

3.1. Chemical synthesis

All conopressins discovered so far have an amidated C-terminal, yet the precursor of conopressin-
M1/M2 sequences do not display the usual Glys7,Lysss,Argss (Figure 2) motif which is a typical
enzymatic recognition site where the glycine residue at position 37 is enzymatically converted to

a C-terminal amide group [195]. Therefore, without MS evidence for one or the other we
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synthesized both C-terminal amide (Con-M1/M2am) and acid (Con-M1/M2ac) versions of the
peptides. Con-G was also synthesized as its yet three-dimensional structure and pharmacological
characterization are incomplete. After RP-HPLC purification of the folded peptide, their
homogeneity was assessed by analytical RP-HPLC and MS (Figure 1B). Pure peptide yields were
nearly two-fold better for the amidated peptides (around 30% compared to acid peptides around
17%), which can be attributed to the better stability of the amide vs. ester bond. Con-G yield was
up to 70%, however, it is difficult to conclude if this difference comes from a better folding yield

or a better synthesis yield since linear products have not been isolated and purified prior to

oxidation.
Signal peptide Mature peptlde

Conopressin-G_precursor 1 MTRSA GRILTLVLCLLLLLLLTT AC Fl CP 44
Conopressin-T_precursor 1 MTRSV GRILTLVLCLLLLLLLTTQACY I CL 44
Conopressin-M1_precursor 1 VTRISA GRILTLVLSLVLLLGLTAQACFPGNCP 44
Conopressin-M2_precursor 1 VIRSA GRILTLVLSLVLLLGLTAQACFLGNCP 44
Conopressin-G_precursor 45YLFIAC scsrFrc@cVGPRIccePRGCENGT A 88
Conopressin-T_precursor --- PC SCSFGQCVGPR/I CCGPGGCEMGT A 85
Conopressin-M1_precursor YCSFGQCVGPQICCG G AS PV 88
Conopressin-M2_precursor YCSFGQCVGPQICCG AS 88

PGN I GICVA
LBN 1 EcHcvA
--G ASCVA
--G ASCVA

--GICCV
--GICCV
IGICCL
IGICCL

TCTIHTGCL 128
TCAIHSSC- 124
TCAA PICL 128
TCAA clL 128

Conopressin-G_precursor 89 PCQV VG1CI L
Conopressin-T_precursor 86 PCQVLGX
Conopressin-M1_precursor 89 PCQVFGTFCTL

VFGTFCTL

Conopressin-M2_precursor 89 PC

Figure 2. Alignement of conopressin precursors. Enzyme recognition site is black boxed.
Conopressin-M1 and -M2 precursors have been identified in our transcriptome of C.

miliaris based on sequence homology.

3.2. Pharmacological characterization on human and zebrafish receptors

We performed fluorescent imaging plate reader (FLIPR) Ca%* mobilization assay and a second-
messenger cyclic adenosine monophosphate (cAMP) assay (for V2R) to determine the biological
activity of the four new conopressins and Con-G. Considering a structure-activity relationship
(SAR) study in a drug design perspective we investigated the agonist and antagonist activity of the
conopressins on human oxytocin receptor (hOTR), human vasopressin-la receptor (hV1aR),
human vasopressin-1b receptor (hV1bR) and human vasopressin2 receptor (hV2R). However,
since Conus geographus is a piscivorous cone snail feeding on fish, it was of interest to investigate
conopressin activities on zebrafish (Danio rerio) receptors e.g. zebrafish vasopressinl-al receptor
(ZF V1a1R), zebrafish vasopressinl-a2 receptor (ZF V1a2R), zebrafish vasopressin2 receptor (ZF
V2R) and zebrafish oxytocin/isotocin receptor (ZF oxy/isoR) (Figure 3 and 4). Oxytocin, vasopressin
and vasotocin were used as reference compounds. We can delimitate roughly three order of

potency: (i) reference compounds displaying ECso values in the picomolar/nanomolar range, (ii)
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Con-G exhibiting potencies in the hundred nanomolar range and miliaris conopressins that mostly
show no activity except at the ZF V2R in the micromolar range. Unfortunately, there is no activity
below the micromolar range for the miliaris conopressin peptides, suggesting the negative
influence of the conserved residue substitutions which will be further discussed. Interestingly,
Con-G is more active on zebrafish (Danio rerio) receptors than on its human counterpart
receptors, which suggest a role of Con-G in the envenomation process. Con-G acts as a partial
agonist at hOTR, ZF V1a2R and ZF oxy/isoR with respectively 28%, 69% and 62% response of
control but as a full agonist at other receptors. Con-Mlam is the only miliaris peptide showing a
weak response at hV1b and hV1a with respectively 26% and 58% response of control. Endogenous
mammalian peptides (oxytocin and vasopressin) are more active than vasotocin non mammalian
peptide at all human receptors except for the OTR. Consistent from an evolutionary point of view
vasotocin was more active than endogenous mammalian peptides at all zebrafish (Danio rerio)
receptors. The ECso values are represented in Table 1. There was no antagonist activity detected

for any of the synthesized conopressin up to 10 uM (data not shown).
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Figure 3. Representative concentration-response curves of all tested compounds against
human oxytocin-vasopressin related receptors. Each point represents the mean of

measurements from one experiment performed in triplicate. Errors bars represent S.E.M.
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Figure 4. Representative concentration-response curves of all tested compounds against
Danio rerio (zebrafish) oxytocin-vasopressin related receptors. Each point represents the
mean of measurements from one experiment performed in triplicate. Errors bars represent

S.E.M.

4. Discussion

Considering the wunusual sequence deviation of miliaris conopressins compared to
oxytocin/vasopressin related peptides i.e. proline residue at position 3 of Con-M1 instead of usual
hydrophobic residue, glycine at position 4 rather than glutamine/arginine, negatively charged aspartic
acid at position 8 in place of conserved basic residue and the lack of terminal glycine residue (Figure
1A) it was of interest to investigate their structure and pharmacological characterization. Since it has
been demonstrated that a little change in the sequence such as glycine substitution by a valine residue
at position 9 switched oxytocin and arginine-vasopressin (AVP) from agonist to antagonist [186], we
also investigated the antagonist activity of synthesized peptides unfortunately, none of them shown
antagonist activity up to 10 uM. Overall, this study provides valuable structure-activity relationship

information for the design of vasopressin receptor selective ligands.

Chemical synthesis generated peptides with good purity and in sufficient yield to perform

pharmacological and structural characterization. Interestingly, Con-M1 did not resolve as a sharp UV
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peak but instead two partially separated peaks displaying the same mass. One plausible explanation is
that the additional proline residue at position 3 of Con-M1 peptides is causing dynamic conformational
exchanges between cis-trans proline. The two confomers might have different three dimensionnal
structures conferring them different physico-chemical properties. This conformational heterogeneity
probably due to cis/trans isomerization has been described in other conotoxins, but at this stage there
is no data supporting this hypothesis [191-193]. Therefore, it is not possible to conclude whether only
one or both of the two conformations is/are responsible for the activity, or whether each conformation

has the same level of activity [196].

By taking vasotocin as a reference and comparing the ECsp successively with oxytocin, vasopressin and
Con-G, we can extract the following information (Table 1) : (i) absence of a basic residue at position 8
decreases the potency towards all tested receptors especially at the hV2R, (ii) an aromatic residue at
position 3 improves the selectivity for hV1aR and hV1bR by decreasing the potency at all other
receptors and especially ZF oxy/isoR , (iii) replacing the higly conserved glutamine residue at position
4 by a basic residue reduces the potency for all tested receptors, drastically at hV2R but also
significantly at ZF oxy/isoR and hOTR. For the sequence comparison, when considering their chemical
properties, tyrosine and arginine residues were considered chemically equivalent to phenylalanine and
lysine residues, respectively. We assumed that the ECso values differences were not due conservative
substitutions but rather significantly chemically different amino acid substitutions. Based on the X-ray
structure of bovine rhodopsin (PDB 1F88), Rodrigo et al. [190] built three-dimensional molecular
models of the complexes between AVP and the two receptor subtypes V1a and V1b. Their predictions

have been confirmed by receptor mutational studies and identified four key residues that finely tune

1.35 2.65

the binding of vasopressin and related peptide agonists to both receptor subtypes. Glu**>and Asp
(Asp112 of hV1aR and Asp95 of hV1bR, Figure 5) residues are described as key anchoring residues to
the Arg®, which is evidenced by higher ECso values of oxytocin, and similarly, the miliaris conopressins
do not display a basic residue in position 8 (Table 1). Surprisingly, vasopressin and vasotocin are almost
10000-fold more potent on hV2R than ZF V2R, which is not the case for oxytocin, suggesting a crucial
role of the basic residue in position 8 to enable a tight interaction with hV2R but not with ZF V2R (Table
1). Rodrigo et al. also identified Val*®! and Pro®>3> (Val169 and Pro196 of hV1bR, Figure 5) (as a
hydrophobic subsite specific of V1bR according to its high affinity with d[Cha*]AVP [165,190]. The latter
probably partly explains why vasopressin, which has a hydrophobic Phe residue at position 3, displays
a slightly better affinity at hV1b compared to vasotocin (Table 1). A previous study from Mouillac et al.
has shown that hydrophobic parts of the peptide hormone is accommodated by a hydrophobic pocket
lying deep in the 7-TM domain delineated between TMIIl and TMVI of V1aR [184,190], confirming the

slightly better affinity at hVla compared to vasotocin (Table 1). A tight hydrogen bond network also
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greatly contributes to crucial interactions with V1aR and V1bR. Indeed, conserved GlIn residues located
at the rim of the cavity H-bonds side chains of GIn4 and Asn5 of the peptide hormone [190]. As a result,
substitution of vasotocin glutamine residue at position 4 by arginine residue in Con-G leads to a loss of
potency at hV1aR and hV1bR (Table 1). Moreover, SAR studies show that a glycine carboxamide moiety
is required for biological activity by enabling H-bonds between AVP/OT and GIn214, GIn218 of V1aR
(GIn104 and GIn 108 of hV1aR, Figure 5) [184,197] providing another justification for the lack of activity
of miliaris conopressins where the terminal glycine residue is replaced by a serine residue (Table 1).
Therefore, the low activity on all tested receptors of Con-M1 and Con-M2 can be explained by (i) the
substitution of the GIn4 by a glycine residue, (ii) the absence of a basic residue in position 8 as well as
(iii) the missing glycine residue in position 9. Interestingly, Con-G is more active on zebrafish (Danio
rerio) receptors than on its human counterpart receptors, which suggest a role of Con-G in the
envenomation process. Consistent with the feeding behavior of C. geographus and C. miliaris,
potencies displayed by Con-G are in the hundred nanomolar range with best potency at ZF V2R (10
nM). However, C. miliaris conopressins mostly show no activity except at the ZF V2R in the micromolar
range. Indeed C. miliaris is a worm hunting cone snail and consequently, the interspecies receptor
molecular differences (worm/fish) is most likely the cause of the C. miliaris conopressins’ inactivity at
zebrafish/human receptors. We can hypothesize that C. miliaris conopressins were likely designed to

target worm key function receptors.

Table 1. Mean ECso (nM) values of all tested peptides on all receptors (3 independent
experiments). Amino acid substitutions relative to vasotocin inducing pharmacological
properties differences are highlighted. Up arrow or down arrows are relative to vasotocin
mean ECso values. Selectivity values are calculated according to the highest ECso value. N.D

means not determined because of high value > 100 uM.

Name Sequence hOTR hviaR hV1bR hV2R ZF V1aR ZF V1a2R ZF V2R ZF Selectivity
oxy/isoR
Vasotocin cy[gNcPRG*  1.62 15.92 4.26 0.00055 0.41 2.77 5.07 0.85 h2VR (x28945.5)>ZF V1alR

(x38.8)>ZF oxy
(x18.7)>hOTR(x9.8)>ZF V1a2R
(x5.7)>hV1bR (x3.7)>ZF V2R
(x3.1)>hV1aR

Oxytocin CYIQNCPG* 4.577 89.26 84.927 0.247 3.687 8.027 15.982 1.747 h2VR (x371.9)]> ZF oxy
(x51.3)>ZF V1alR
(x24.3)>hOTR(x19.5)>ZF
V1a2R (x11.1)> ZF V2R
(x5.6)>hV1bR (x1.1)> hV1aR

Vasopressin CY[ONCPRG*  8.867 333 130y 0.00058=  1.287 .24 4.97= 7.427 h2VR (x15275.9)>ZF V1a1R
=hV1bR(6.9)>hV1aR (x2.7)>ZF

V2R (x1.8)>[ZF oxy (x1.2)>ZF
V1a2R (x1.1)>hOTR|

Con-G CFI]ENCPKG* 455.661 123.782 51.922 299.27 10.61 44,06 61.057 353.732 ZF V1a1R (x42)>hV1bR
(x10.1)>ZF V1alR (x8.6)> ZF
V2R (x7.3)>hV1a2R

(x3.6)V2R (XLS]HZF ox]
[a.3bhore]

Con-M1lac CEPGNCPDS N.D N.D N.D N.D 116 950 N.D N.D N.D

Con-Mlam CFPGNCPDS* N.D N.D 38194 N.D 13614 N.D N.D N.D

Con-M2ac CFLGNCPDS N.D N.D N.D N.D N.D N.D 3656 N.D

Con-M2am CFLGNCPDS* N.D N.D N.D N.D N.D N.D 1722 N.D
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Figure 5. Primary amino acid sequences of (A) human V1A receptor and (B) human V1B

receptor. Asterisks indicate amino-acid residues that have been suggested to participate and

to be important in receptor—ligand interaction. Arrows indicate the seven putative

transmembrane domains (TM 1-7).
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Conclusions et perspectives

Des résultats intéressants ont été obtenus concernant les peptides pauvres en ponts disulfures ciblant
les RCPGs. Bien que faiblement actives sur les récepteurs testés, les conopressines de C. miliaris ont
fourni des premiers résultats de relation structure-activité sur les récepteurs de Danio rerio (zebrafish)
qui pourront étre approfondis par la suite avec des études incluant de la modélisation et du docking.
Contrairement, aux données publiées dans la bibliographie, les peptides PnPPs n‘ont pas montré
d’activité agoniste sur le récepteur p-opioide mais semble affecter de la méme maniére le récepteur a
I'urotensine, un autre RCPG utilisé en controle. Il serait intéressant d’étudier si les peptides sont
capables de traverser la membrane cellulaire et d’agir directement sur la protéine G ou alors s’ils

agissent sur un autre récepteur qui apres une cascade de signalisation influe sur la protéine G.

747

La majorité des toxines comportant plusieurs ponts disulfures, la suite de ce travail a été la mise en

place d’une stratégie permettant la formation de toxines a deux ponts disulfures.
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3. Chapitre 2 : Synthese de toxines a 2 ponts disulfures

a. Introduction

Pour poursuivre notre exploration des toxines de cones et dans I'optique d’élaborer une stratégie de
synthése régiosélective de toxines a 2 ponts disulfures, nous nous sommes intéressés aux a-
conotoxines. Ces toxines ont la particularité de bloquer les récepteurs nicotiniques a 'acétylcholine.
Les a-conotoxines sont majoritairement représentées par des séquences relativement courtes (12-20
résidus) comportant deux ponts disulfures, néanmoins leur forte sélectivité et affinité pour leur cible

en font de formidables outils pharmacologiques comme décrit dans la revue suivante [20].
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a-Conotoxins to explore the molecular, physiological and
pathophysiological functions of neuronal nicotinic acetylcholine

receptors
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Institut des Biomolécules Max Mousseron, UMR 5247, Université Montpellier - CNRS, Place Eugéne
Bataillon, 34095 Montpellier Cedex 5, France

Abstract

The vast diversity of neuronal nicotinic acetylcholine subunits expressed in the central and peripheral
nervous systems, as well as in non-neuronal tissues, constitutes a formidable challenge for researchers
and clinicians to decipher the role of particular subtypes, including complex subunit associations, in
physiological and pathophysiological functions. Many natural products target the nAChRs, but there is
no richer source of nicotinic ligands than the venom of predatory gastropods known as cone snails.
Indeed, every single species of cone snail was shown to produce at least one type of such a-conotoxins.
These tiny peptides (10-25 amino acids), constrained by disulfide bridges, proved to be unvaluable
tools to investigate the structure and function of nAChRs, some of them having also therapeutic
potential. In this review, we provide a recent update on the pharmacology and subtype specificity of

several major a-conotoxins.
1. General introduction about a-conotoxins

Cone snails belong to the large Conoidean group of venomous marine gastropods, comprising Turridae,
Terebridae and Conidae mollusks. These predatory snails display complex and specific feeding
behavior, whether they prey on worms (vermivorous), mollusks (molluscivorous) or fish (piscivorous).
They use fast-acting and often paralyzing venoms that is usually injected into their prey or predator
through a hypodermic needle-like modified radula tooth [198]. Cone snail venoms contain a mixture
of many diverse compounds, including small molecules, peptides and enzymes, yet peptidic toxins
called conotoxins largely dominate these cocktails [199]. Typically, each cone snail venom contains 50-
200 major conotoxins, which are mostly small disulfide rich peptides (between 10-40 residues and 2-4
disufilde bonds) that synergize together to induce the rapid immobilization of preys [187]. Disulfide
bridges provide exceptional structural stability, enabling a tight interaction with their molecular
targets, mainly ion channels, transporters and GPCRs [82]. Conotoxins are classified after i) the signal
sequence of their precursors, which defines the gene superfamily (A-Q, S, T, V, Y) ii) their cysteine

frameworks, which describes the cysteine pattern (I-XXVI) iii) the pharmacology, which is determined
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by the pharmacological target (a, v, 3, €, L, K, W, p, 0, T, X, w) [82]. Among all the different classes of
conotoxins, a-conotoxins are the most studied and the most pharmacologically characterized
[200,201]. a-Conotoxins target the nicotinic acetylcholine receptors (nAChRs), which are well known
targets for other potent animal toxins, such as snake neurotoxins [202]. Whereas a toxin that blocks
the muscle type nAChR is an obvious weapon to neutralize preys, there are surprisingly more a-
conotoxins that target neuronal nAChRs identified, suggesting that cone snail venoms work in a much
more subtle way than simply muscle paralysis. Most of these a-conotoxins act as competitive
antagonists of nAChRs, however there are few examples where a-conotoxins show allosteric
modulation or even agonist action in certain circumstances. Historically, the bioassays were performed
on rat or human nAChRs, although it is expected that conotoxins show a greater potency for their
prey’s membrane receptors. In this review, we will focus on recent advances on a-conotoxins targeting
neuronal nAChRs and their use as pharmacological tools to decipher the function of these receptors in

normal and pathological states.
2. Classification and primary structure of a-Conotoxins

a-conotoxins usually belong to the A superfamily and present a type | cysteine framework (CC-C-C,
=75%) or eventually a type IV (CC-C-C-C-C, =10%). However conotoxins targeting nAChRs were found
outside the A superfamily (=20%), including nine other superfamilies (B, D, J, L, M, 01, S, T, and a yet
unnamed family) with at least seven more cysteine frameworks. The rules established for naming
conotoxins are based on what suggested MclIntosh et al. Olivera et al. and Gray et al. [203-206]. The
first greek letter specify the conotoxin’s pharmacological target, a majuscule letter can be added to
indicate the superfamily. The next one or two letters stand for the species from which the toxin was
discovered. This letter is followed by a roman number that determines the cysteine framework and
finally, a capital letter designates the order of the discovery within that category [206]. However, this
nomenclature is not always respected for every conotoxins, mainly for historical reasons. In addition,
for the conotoxins discovered by sequencing techniques (e.g. cloning or RNAseq), the cysteine
framework and order of the discovery of the clone is noted by Arabic numbers separated by a dot
[207]. The classic a-conotoxin contains 12-20 residues with four cysteines connected to form the
“globular fold” (Cysi-Cyss/Cys,-Cysas). They can be further classified based on the number of amino
acids in between the cysteine residues (loops). Interestingly, in most case the size and the nature of
these cysteine loops seem to predispose the specificity of the a-conotoxin for a-homomeric (3/4),

muscle-type (3/5), or neuronal (4/4, 4/6, and 4/7) nAChR subtypes[208].
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Fig. 1. Distribution of neuronal nAChR subunits in CNS (top panel): A) subtypes identified to date
in rodent brain B) subtypes identified to date in human brain, Immune system (left panel) and PNS
(right panel). Conotoxin-targeted subunit combinations are shown in bold. Top panel A) was

adapted from Gotti et al. [209] and B) from Zoli et al. [210].
3. a-conotoxins as probes for a7 nAChRs

Homomeric a7 neuronal nAChR has been intensely studied since its original discovery [211]. In the
central nervous system, this subtype is mainly distributed in the hippocampus and the cerebral cortex,
in regions associated with learning and memory mechanisms [212] (Fig. 1). Major human pathologies
such as epilepsy, myasthenic syndromes, schizophrenia, Parkinson’s and Alzheimer’s diseases result
from a dysfunction of the a7 nAChRs [213,214]. The a-conotoxin’s binding sites are localized at the
interfaces between identical a7 subunits. Like the snake neurotoxin a-bungarotoxin, which has been
used to determine the precise location of a7 nAChRs at cellular and subcellular levels [215], the high
selectivity of some a-conotoxins for a7 nAChRs can provide unique opportunities for deciphering the
complex pharmacology of these receptors. One unusual example is the [A10L]PnlA which has been
described by Hogg et al. as acting as an antagonist on the wt-a7 but as an agonist on the a7-L247T
mutant [216]. One plausible hypothesis is that [A10L]PnlA mutant has the capacity to stabilize the
desensitized form of the receptor, which is not conducting for the wt-a7 but conducting for the a7-
L247T mutant. Since many channelopathies are due to a mutation that modifies the biophysical

properties of the channel, such a-conotoxins that can act differently on mutated neuronal nAChRs
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(agonist versus antagonist) may have potential as therapeutics[217]. Ellison et al. reported a-conotoxin
ImIl [218] to be structurally closely related to previously described a-conotoxin Iml [219] although they
both block a7 with similar affinity (respectively 571 nM and 595 nM). However, in contrary to a-
conotoxin Iml, a-conotoxin Imll does not compete with radiolabeled a-bungarotoxin (a classical
competitive inhibitor of the a7 nAChR). This suggests that the binding site of Imll in a7 is different from
that of a-bungarotoxin (at the interfaces between identical a7 subunits) and Iml. Indeed, two
mutations (Q117S and N111S) within the orthosteric ligand binding site of the a7 nAChR were shown
to strongly affect antagonism potency of a-Iml but not a-Imll [220]. Therefore, a-conotoxin Imll
represents a unique probe for targeting a novel antagonist-binding site, or microsite, on the a7 nAChR.
a-conotoxin Iml has been used as a template molecule for the design of synthetic analogues with a
significant higher binding affinity and antagonist activity at the a7 nAChR [221]. For instance, [P6/5-
(R)-Phenyl]iml exhibited a K;value of 0.19 uM at the a7/5-HTsa (vs. 1.2 uM for the wild type) and an
ICso value of 0.7 uM (vs. 2.6 uM for the wild type) at the a7. The authors demonstrated, by studying
the binding site with the AChBP, that there were additional hydrophobic interactions at proline-
modified residue in position 6. Armishaw et al. used combinatorial chemistry to generate many
synthetic variants of a-conotoxin Iml and three analogs containing the Nva9—Dmt10-His11 (Dmt: 2,6-
dimethyltyrosine), Leu9-Aph10-Abull (Abu: a-aminobutyric acid), and Nva9-Dmt10-Trpl1
combinations exhibited ~12-, 14- and 10-fold increases in a7 nAChR inhibition respectively, when
compared to wild type Iml [222]. a-conotoxin ArIB was synthesized directly from a cDNA library of
Conus arenatus and its synthetic variant [V11L,V16D]ArIB was 800- to >1000-fold more potent against
a7 than all other nAChR [223] (table 1). This synthetic mutant has been found to reduce both the
lactate dehydrogenase level in tumor cells and the inflammatory leukocyte infiltration in tumor tissue
in mice[224]. In addition, *l-a-conotoxin [V11L,V16D]ArIB was proposed and validated as an
alternative to radiolabeled o-bungarotoxin as pharmacological tool [225].}%°l-a-conotoxin
[V11L,V16D]ArIBis a highly a7-selective conotoxin confirmed by autoradiography using a7-null mutant
tissue. Because the ?°l-a-conotoxin [V11L,V16D]ArIB conotoxin has better selectivity for the a7
subtype than a-bungarotoxin (wich also interact al* and a9al10 nAChRs), there is less unspecific
binding, hence it may represent a more reliable tool for binding experiments. Surprisingly, Jin et al.
reported that conotoxin MrlC is a near full agonist at endogenous human a7 nAChRs in SH-SY5Y cells
in the presence of a positive allosteric modulator, with no activity at endogenous a332 and a3p4
nAChRs in SH-SY5Y cells [226]. However, it should be noted that this agonist activity could not be
confirmed on heterologously expressed a7 nAChRs in Xenopus oocytes. Indeed, MrIC acted as a classic
antagonist at human a7 nAChRs heterologously expressed in Xenopus oocytes, indicating that
important functional differences of yet unknown origin exist between neuronal and oocyte expressed

a7 nAChRs?%, Understanding the structure-activity and mode of nAChR activation by MrIC may lead to
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the development of novel a7 nAChR modulators with potential for the treatment of a range of

neurological disorders.

Table 1: Most selective a-conotoxins for each subtype and their selectivity against others
subtypes. Amino acid residues potentially important for the selectivity (or activity) are shown
in bold characters. #: amidated C-terminus, O: hydroxyproline residue, y: carboxyglutamic acid,

6: citrulline, Y*: 3-I-Tyr.

a-conotoxin Amino acid sequence Subtype Affinity  Selectivity against others Refs
(nM) subtypes
[V11L,V16D]ArIB DECCSNPACRLNNPHDCRRR a7 1.09 a6/a3B2B3 (x760) [225]

a3B2 (>10 000)
others subtypes (>10 000)

LvIA RGCCSHPACNVDHPEIC# a3p2 8.67 a6/a3B2P3 (x13) [228]
a6/a3p4 (x14)
a3p4 (x17)
a7 (x346)
a2B4 (x1790)
others subtypes (>10 000)
[S9A]TxID GCCSHPVCAAMSPICH a3p4 3.9 a6/a3p4 (x46) [229]
others subtypes (>10 000)
[v4E,V18N]GID IRDECCSNPACRVNNOHNC a4B2 1.85 a3B2 (>10 000) [230]
[P60,T5A]BUIA GCCSAOPCAVLYC# a6/a3pa 58.1 a3p4 (x21) [231]
a2B4 (x86)
other subtypes (>10 000)
[S4A,E11A,L15A]MII GCCANPVCHLAHSNACH a6/a3p2p3 1.2 a3p2 (x83) [232]
a3B4 (x317)
others subtypes (>10 000)
[H9A,L15A]MII GCCSNPVCALEHSNACH 2.4 a3B2 (x2020) [233]
TxIB GCCSDPPCRNKHPDLCH 28.4 others subtypes (>10 000) [234]
[A7V,S9H,V10A,N11R,E14A]PelA GCCSHPVCHARHPALCH# 2.16 a3f2 (>10 000) [235]
GVIIIB SGSTCTCFTSTNCQGSCECLSPP  a9al0 9.8 others subtypes (>10 000) [236]
GCYC
RglA4 SNNGIRQRGCSCTCPGT# 1.5 others subtypes (>10 000] [237]
GCCTDPRCS&Y*QCY

4. a-conotoxins as probes for a3f82 nAChRs

Cardiovascular functions are modulated by autonomic ganglia that contain neuronal nAChRs, including
a3 subunits (a3*). The a3* containing receptors expressed by the nociceptive cells in the dorsal root
ganglia are involved in regulation of pain awareness [238]. In the brain, the medial habenula expresses
high levels of a3* nAChRs [239] (Fig. 1). Importantly, fear, anxiety, response to stress and nicotine
addiction are all linked to the medial habenula [240,241]. Consequently, the habenula’s a3* nAChRs
are potential pharmacological targets to treat these disorders. When the cholinergic signalling
pathway in the medial habenula of mice is compromised and blocked, nicotine withdraw from B4
containing nAChRs [242]. Thus, a-conotoxins with antagonist activity towards the a3* nAChRs
delivered to medial habenula could lead to potential drugs against nicotinic addiction, whereas those
delivered to the nociceptive cells in the dorsal roots may induce an analgesic effect. However there is
some controversy concerning the molecular target responsible for the anti allodynic effect of a-

conotoxins since both a9a10 nAChRs and GABAB receptors/N-type calcium channels were proposed
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by different groups to be the correct entity [243,244]. Given that a3* nAChRs display high sequence
homology to the a6* nAChRs, it is important to test the selectivity of a-conotoxins towards this
subtype. The most convincing examples of a-conotoxins that can distinguish between a3* and a6*
subunits are the a-conotoxin LvIA and OmIA. LvIA shows a selectivity ratio of 13 and 14 (in favor of
a3PB2) for the a6/a3B2B3 and the a6/a3P4 respectively [228] (table 1). Luo et al. suggested that the
negatively charged Aspll residue in LvlA allows for the discrimination between the different
electrostatic properties between a3* and a6* subtypes [228]. Two years later, Zhu et al. used LvlA
produced by recombinant expression in Escherichia Coli to evaluate its analgesic properties in a mouse
hot-plate test model of pain [245]. They showed that rLvlA significantly increased the reaction time
(latency) to the thermal stimulus at 30, 90, 120 min after treatment. On the other hand, a-conotoxin
OmIA blocks a7 nAChRs subtype but also a382 and a6/a3B2B3 with ICs values of 27.1 nM, 11 nM and
201 nM, respectively, which corresponds to a selectivity ratio a3p2 vs. a6/a3B2B3 of 18. The molecular
interactions that favor selectivity for the a3* subunit instead of a6* remain undetermined, however,
Dutertre et al. have shown that the size of the hydrophobic side chain of the residue in position 10
contributes to the interaction at the complementary subunit (2 vs. a7 subunit)[246]. Overall, OmIA
could be used as a structural template to produce ligands with improved a3B2 nAChRs selectivity,
potentially leading to substantial therapeutic compounds. Kompella et al. used a-conotoxin RegllA and
its more potent analog [N11A, N12A] to probe the pharmacological properties of rat and human a3p2
nAChRs [247]. Interestingly, a 70-fold lower potency was observed at human a32 compared to rat
a3B2. Receptor mutagenesis and molecular dynamics studies revealed that this dramatic difference of
selectivity was due to a single amino acid change: a glutamic acid residue at position 198 on the rat a3
instead of a proline in the human subunit. a-conotoxin MlIl has also been used through alanine scan in
order to determine the important residues for the interaction with a332 nAChRs [248]. It was found
that N5A, P6A, and H12A mutations resulted in a >2700-fold, 700-fold, and ~2700-fold loss in potency
respectively. The weak potency of [P6A]MII mutant could be explained by the loss of secondary
structure initially induced by the proline residue but the two others mutants displayed a structure
identical to M, indicating that it was the nature of sidechains that was responsible for the altered
activity. In particular, histidine and asparagine at position 12 and 5, respectively, are key residues for
the interaction. Protonated Histidine and possibly Asparagine could interact with negatively charged
B2E61 and B2D169 [248] (Fig. 2). Both Napier et al. and Klimis et al. reported an anti allodynic action
of a-conotoxin MIl [249,250]. Indeed, a-conotoxin MIl, when administrated peripherally in allodynic
rats, exhibited a dose dependent increase of mechanical paw withdrawal threshold (PWT) [250].
Furthermore, intrathecal administration into neuropathic rats reduced mechanical allodynia for up to

6 hours without unwanted side effects [249]. Since a-conotoxin MIl do not interact with a9a10 nAChRs
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or GABAg receptors/N-type calcium channels, these studies indicate that a3* targeting conotoxins are

potentially valuable for the treatment of neuropathic pain [249,250].
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Fig 2. Alignment of neuronal nAChR subunit sequences (extracellular binding domain).

Residues involved in the affinity and/or selectivity of conotoxins are boxed in black.

o-conotoxin MIl was also used to highlight the involvement of a3Bf2/a6* nAChRs in the regulation of

metabolic processes and cell-cell interactions related to carcinogenesis and tumor-associated

inflammation [224]. Accordingly, Mll injections led to a significant reduction in Ehrlich tumor growth.

Dutertre et al. used an Ls-AChBP binding assay to screen Conus textile venom and isolated a-conotoxin

TxIA, which was highly potent on a32 nAChRs (ICso 3.6 nM) [166]. Co-crystallization of [A10L]TxIA with

Ac-AChBP showed a critical salt bridge between Arg5 and an acid aspartic residue from Ac-AChBP. The

highly similar sequence PnlA loses its activity on a3B2 and Ls-AChBP when this arginine in position 5 is

mutated, suggesting that the mode of interaction between AChBP and nAChR is conserved. Dutertre

et al. also used nAChR structural models based on AChBP to determine the role of the B2 subunit in

the binding of three a4/7-conotoxins, namely MII, PnlA and GID [246]. It appears that all three

conotoxins target a small binding cleft in the B2 subunit, and point mutations in this region identified

two important residues, namely B2L119 and B2V109 (Fig. 2). There is a direct hydrophobic interaction

between the conotoxin’s residue at position 10 and a conserved proline residue in the receptor’s cleft
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that locks the ligand, which is consistent with docking simulations. In addition, Everhart et al. used the
preferred selectivity of a-conotoxin PnlA for a3p2 over a2p2 subtype to delineate the molecular basis
for this selectivity [251]. Three key residues Pro182, 11e188 and Glul98 of the amino-terminal
extracellular domain of the a3 subunit have been identified by directed mutagenesis (Fig. 2). They are
located on the loop C (B strands 9 and 10) of a3, with isoleucine 188 positioned the nearest to the ACh
binding pocket. Recent co-crystallization experiments of a-conotoxin GIC with Ac-AChBP highlighted
two key conotoxin residues His5 and GIn13 [252]. His5 interacted with Tyr91, Tyr186 and Tyr193 of the
Ac-AChBP, whereas GIn13 was nested in a pocket formed by residues Arg57, Val106, Thr108, Ser112
and Met114. The importance of these two residues has been demonstrated experimentally using
analogues of GIC and their ability to interact with Ac-AChBP and a32 nAChR. It appears that the >600-
fold selectivity for a3B2 over a3fB4 is mainly due to the steric clashes between GIn13 residue and
Argl15 residue of the human B4 subunit, which is replaced with threonine in Ac-AChBP and serine in
the human P2 subunit. These studies show the importance of co-crystallization and docking
experiments with AChBPs (and nAChR models) for characterizing the interactions in order to design
a3B2 selective ligands. By using molecular docking and point mutation, Luo et al. could explain the
selectivity of a-conotoxin LtlIA for a3B2 vs. a34 nAChRs [253]. They show that LtIA use a shallow
binding site that is different from the binding site of a-conotoxin MIl mainly because LtIA lacks the
typical Ser4-Xaa-Pro6 pattern of others neuronal active a-4/7 conotoxins. This study suggests that
even conserved parts of conotoxins of the same subfamily can be altered to modulate their selectivity

or probe new binding site.
5. a-conotoxins as probes for a34 nAChRs

The a3B4* nAChRs are involved in noradrenaline release in the hippocampus [254]. The pineal gland
expresses high level of a34 nAChRs[255]. a3B4 and a3B2B4 have also been found in the cerebellum,
the retina, the interpeduncular nucleus and the medial habenula [256,257] (Fig. 1). The a3p3B4
combinaison is selectively present in the habenulo-interpeduncular pathway and can modulate the
reinforcing effect of addictive drugs and the anxiolytic effect of nicotine [257]. Furthermore, the a3p4
nAChR subtype has been linked to several pathophysiological disease conditions such as lung cancer,
nicotine addiction and drug abuse [213,258,259]. However, because very few specific probes of a3p4
nAChRs exist, it is difficult to determine their pathological and pathophysiological roles. The first
identified a3p4 selective a-conotoxin was AulB, and despite its low affinity (ICso 750 nM) it has been
widely used to probe this particular subtype [260]. Dutton et al. described that the ribbon isomer of a-
conotoxin AulB is less structured (the helical nature of native AulB is lost) but shows ten times greater
potency on dissociated neurons of the rat parasympathetic ganglia [261]. However, it appears that for

the AulB ribbon the maximum inhibition is only 50% because it is a/ stoichiometry dependent, which
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is not the case for native globular AulB [95]. The binding between AulB ribbon and low sensitivity a34
(100:1PB) is reversible by increasing the agonist concentration. On the contrary, the block of high
sensitivity a3B4 (1a:10B) by native globular AulB was insurmountable. Docking studies suggests that
AulB ribbon bind to the orthosteric binding site while the native AulB bind to both receptors (high and
low sensitivity a3p4) outside of the ACh binding pocket in a non-competitive way [95]. These two
studies show that disulfide isomers are potentially valuable tools to further determine ligand-receptor
interactions and for the design of novel conopeptides with different inhibitory mechanism of action.
Napier et al. show that intrathecal administration of a-conotoxins Mll, Vc1.1 and AulB into neuropathic
rats reduced mechanical allodynia for up to 6 hours without significant side effect [249]. Despite the
fact that AulB was the least potent among these three conotoxins, they made the hypothesis that
because of their weak activities on a9a10, GABAs receptor, N-type calcium channels, the anti-allodynic
action comes from interactions with a3* nAChRs. Grishin et al. performed an alanine scan of AulB and
mutagenesis of a334 nAChR to identify molecular determinants responsible for the interaction [262].
Two mutants lost their activities for a3f4 nAChRs, including [P6A]JAulB which showed low affinity
mainly due to a loss of secondary structure. Phenylalanine residue in position 9 seems to play a major
role in binding. Indeed, molecular dynamic and point mutation revealed that residues Trp59 and Lys61
form a hydrophobic binding pocket that interacts with phenylalanine in position 9 of AulB in the loop
D of B4 subunit (Fig. 2). For another a-conotoxin, namely RegllA, molecular dynamic simulations of
Cuny et al. suggest that the key interaction with the B subunit are different [263]. From these
simulations, B4 loop D residue Lys59 and loop E residue Argl13 appear to form hydrogen bonds with
RegllA residues in loop 2 explaining why RegllA is more a3B4 selective over a3f2, whereas the side
chains of f2-T59 and 2-S113 were not long enough to form such interactions (Fig. 2). However, Franco
et al. in 2012 found that the selectivity of RgllA is slightly in favor of a3B2 subtype [264]. Intriguingly,
a synthetic mutant of RegllA in which Asn11 and Asn12 of loop 2 were replaced by alanine exhibited a
3-fold increase in selectivity for a3f4 over a3B2 nAChR subtype [265]. Another a4/6-conotoxin, TxID,
has been recently discovered and it is much more potent (ICso 12.5 nM) at a3p4 nAChRs than a-
conotoxin AulB, but it also targets closely related a6/a3B4 nAChRs with an ICso 7.5 fold lower [266].
Taken in consideration that the first loop of TxID is also present in others conotoxins, its selectivity
likely comes from its unique second loop. It appears that Pro13 residue plays a key structural role and
that an isoleucine residue in position 14 is responsible for its higher potency compared to AulB. Very
recently, Wu et al. redesigned a-conotoxin TxID to produce the most selective ligand for a3B4 over
06/a3B4 to date [229] (table 1). Indeed [SOA]TxID mutant exhibits a 46-fold greater potency at a3p4
over a6/a3B4 with no loss of activity at a3Bf4 compared to the native TxID. Molecular dynamic
simulations revealed that serine residue in position 9 forms a hydrogen bond with 34K81 in a6B4 but

not in a3P4 (Fig. 2). Remarkably, combinatorial chemistry based on a-conotoxin BulA lead to the



Chapitre 2 : Synthese de toxines a 2 ponts disulfures

discovery of a synthetic mutant TP-2212-59 with low nanomolar inhibition constant (ICso 2.3 nM) at
a3B4 subtype but no inhibition at a7 or a32 nAChRs, although Chang et al. did not test this peptide
on a6fB4 subtype [267].

6. a-conotoxins as probes for a4f2 nAChRs

The neuronal nAChRs a4p2 subtype is the most abundant in the human brain and particularly in the
cortex, striatum, superior colliculus, lateral geniculate nucleus and cerebellum [215,256,268] (Fig. 1).
It plays a key role towards the effectiveness of synaptic connection by regulating the release of other
neurotransmitters [209,269,270]. The a4B2 nAChR also plays an important role in nicotine addiction
and cognitive performance [209,269-271] which makes it a valuable pharmacological target for
improved cognition, smoking cessation, analgesia, and possibly for a wide range of neurological
disorders such as Alzheimer’s and Parkinson’s disease, depression, and attention deficit disorders
[272-274]. Only a few conotoxins were shown to interact with a4p2 nAChR. Millard et al. used a-
conotoxin GID alanine scan to determine the important residues for interactions with the a4f2
subtype [275]. It appears that the Pro9 residue is a structural determinant for the activity on the three
subtypes a7, a3pf2, a4B2 and that the charge state provided by Arg2 and Asp3 of the unusual N-
terminal tail is also crucial. Interestingly, very few mutants retain activity for the a4p2 subtype,
suggesting that interaction with this subtype is very specific. In addition to the negative charge induced
by the carboxyglutamic acid in positon 4, the positively charged C-terminal amidation also interferes
with a4B2 binding. Furthermore, Nicke et al. suggest that Argl12 residue in loop Il is important for the
activity at a4p2 [276]. Because a3B2-F117A and a4B2-F117A mutants both increase the potency of a-
conotoxin GID, Dutertre et al. suggest that a-conotoxins Mll and GID have the same binding mode
within the binding pocket, with the B2 subunit having a major role whereas the a subunit is weakly
involved [246] (Fig. 2). Molecular dynamic simulation reveals that the binding pathway of [y4E]GID to
a4B2 differs compared to a7, with a4-R185 causing a steric clash with Arg2 of GID [277]. Based on this
information, three mutants were proposed that would theoretically improve the selectivity in favor of
a4B2 over a7 subtype. Electrostatic interaction between Arg4 of [E4R]GID and B2-196D is particularly
promising while [y4E,R12F]GID and [y4E,V13R]GID destabilizes the a4B2 subtype less than the a7
subtype (Fig. 2). Unfortunately, none of these putatively a42 selective mutants could be validated by
Banerjee et al. [230]. Other mutants, including [y4E,A10S]GID and [y4E,V13I1GID, were found more
selective for a4B2 over a332, while [y4E,V18N]GID exhibited no measurable inhibitory activity for the
a3B2 subtype, yet it retained the same inhibitory activity as wild type GID towards the a4p2 subtype
(table 1). Computational homology modeling highlighted three residues Asp3, Argl2 and Asnl4 as
crucial for the interaction with the a4B2 subtype. Interestingly, all a-conotoxins targeting the a4f32

subtype also target the a3B2 with greater potency, except for the a-conotoxin TxVC that exhibits a 3-
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fold selectivity in favor of a4B2 over a3B2 nAChRs [278]. This selectivity maybe due to the presence of
lle6 and Leul4 as hydrophobic pharmacophore. Beissner et al. showed by point mutagenesis that the
lower affinity of a-conotoxin MIl, TxIA and [A10L]TxIA for a4B2 subtype is mainly due to a4-R185 and
a4-P195 [279], residues that are replaced by lle and GIn in a3B2 (Fig. 2). Overall, more selective and

potent probes are required to study the physiological role of this subtype.
7. a-conotoxins as probes for a6* nAChRs

Until now, it was assumed that a6* nAChRs were mainly present in the catecholaminergic nuclei of the
central nervous system (Fig. 1). However, recent data indicate that the a6 subunit is widely expressed
in the visual pathways and is also present in peripheral tissues [280-282]. Although not very
widespread in the brain, the a6* subtype is abundant in midbrain dopaminergic regions which are
related to pleasure, reward and mood control [283—-286]. Yang et al. proposed that a6* nAChRs may
assume critical roles in nicotinic reward and in the regulation of mood by nicotine [287]. Quik et al.
suggested that striatal a6 nAChRs mediate dopamine release, which makes them potential valuable
target for neurodegenerative disorders linked to the nigrostriatal system such as Parkinson’s disease
[288]. As mentioned previously, the a6 subunit is structurally closely related to a3 nAChRs,
consequently conotoxins that distinguish between a6* and a3* subtypes were very seldom identified.
a-conotoxin BulA binds the extracellular rat a6B2 vs. a4B2 interface with a very significant 60 000-fold
selectivity. Kim et al. identified by mutation that the region 184-207 contains molecular determinants
responsible for this selectivity and more precisely residues a6-Lys185, a6-Thr187 and a6-lle 188 [289]
(Fig. 2). Azam et al. proposed a synthetic mutant [P60,T5A]BulA, which exhibits a 108-fold selectivity
for a6/a3p4 over a6/a3B2P3 and the authors used it to demonstrate that a6p4* nAChRs modulate
norepinephrine release in hippocampus but not dopamine release in striatum [231] (table 1). Hone et
al. also used this synthetic variant to indicate that the predominant heteromeric nAChR expressed by
human adrenal chromaffin is constituted of B4 subunit [290] and to determine that a6pf4* are among
the subtype expressed by dorsal root ganglia [291]. Unlike MIl conotoxin that discriminate poorly
between a3B2 and a6B2*, a-conotoxin PIA shows a 75-fold lower ICso for a6/a3B2B3 nAChRs and a
prolonged kofrelative to a3p2 [292]. Off-rate kinetics was dependent on the B subunit suggesting that
a-conotoxin PIA possesses binding determinants on the B subunit, since the presence of a B2 subunit
versus B4 subunit led to lower ICso. Since the first loop is identical to MlI, the reduced a3 subunit affinity
must be caused by the N-terminal tail or by differences in its second loop. a-Conotoxin MIl has been
widely engineered to develop synthetic mutant that were more selective for a6*. In 2004 Mclintosh et
al. proposed a synthetic variant [H9A,L15A]MII with 29-fold higher potency towards a634 versus a34
subtype, 590-fold higher potency towards a6/a3p2 versus a3p2 subtype and 2020-fold higher potency

towards a6/a3B2B3 versus a3B2 subtype [233] (table 1). Four years later Azam et al. also develop a
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synthetic mutant [S4A,E11A,L15A]MII with 1000-fold selectivity for a6/a3B2p3 over a332 and non a6
subunit [232] (table 1). They determined by mutagenesis that Glul52, Asp184 and Thr195 of the a6
subunit were crucial for the activity. More recently, in 2011, based on the observation that the N-
terminal tail sequence RDP of a-conotoxin PIA could be responsible for its selectivity for a6 subtypes
and that MII-E11 likely binds in the proximity of a highly negatively charged area of the a6 chain, two
variants [E11R]MIl and RDP-[E11R]MII were synthetized to produce 31-fold and 14-fold lower affinity,
and 21-fold and 3.5-fold lower potency for a3B2* over a6B2*, respectively [293]. Head to tail
cyclisation of a-conotoxin Mll has also been employed by Clark et al. to confer resistance to proteolytic
degradation without loss of activity [294]. Radiolabeled a-conotoxin Ml using **° has been widely
employed to understand the pathophysiological roles of a3/a6 nAChRs in native tissues. Thus, Ray et
al. demonstrated that the deficit in a6/a3 nAChRs observed in patient with dementia may in part be
related to the loss of dopaminergic neurons [295]. It appears that dopaminergic neurons expressed on
substantia nigra-ventral tegmental area are nAChR 33 dependent, which in turn, have a physiologically
significant role in dopaminergic neurotransmission [296]. Indeed, administration of dopaminergic
neurotoxin induced damage to the nigrostriatal system and autoradiographic analysis showed that a-
conotoxin MII %] binding sites in the basal ganglia were all (or mostly) on nigrostriatal dopaminergic
neurons [297]. By using *°l-a-conotoxin MIl Whiteaker et al. identified a novel nAChR population in
mouse brain, which was less cytisine sensitive and consequently assumed to be composed of a3*/a6*
subunit [298]. Recently described a-conotoxin TxIB display remarkable selectivity towards the
a6/a3B2B3 combination with no activity at any other nAChRs subtype [234] (table 1). Although
conotoxin TxIB is unlikely to cross the blood-brain barrier, it could be used as a lead for designing
molecule targeting a6B2* nAChRs. Hone et al. substituted specific amino acids of PelA with those of
MIl and PnlA that are known to be critical for the activity and the mutant [S9H,V10A,E14N]PelA showed
a 291-fold selectivity for a6/a3B2B3 over a6/a3p4 nAChRs subunit [281]. This property should allow
the toxin to be used across species and prove particularly useful for distinguishing a6p2* from a6p4*
in tissues in which these receptors are potentially co-expressed. This synthetic mutant is also 1300-
fold more potent at blocking a3B2 than a3B4 nAChRs and may be useful for discriminating between
these two subtypes in neurons such as those found in intracardiac ganglia [299] and superior cervical
ganglia[300,301], which mostly express a mixed population of a3-containing nAChRs. The same group
used positional scanning mutagenesis of a-conotoxin PelA in combination with mutagenesis of the a6
and a3 subunits to probe the molecular determinants for the interaction [235]. Asn11, which interacts
with the a6 and a3 subunit, when replaced with a positively charged amino acid becomes unfavorable
for interaction with the a3-Lys152 but not for the interaction with the a6-Glu152 (Fig. 2). This led to
the design of [A7V,S9H,V10A,N11R,E14A]PelA which is 15 000-fold more potent on a6/a3B2B3 than
a3B2 nAChRs subtype (table 1).
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8. «a-conotoxins as probes for a9a10 nAChRs

The a9a10 nAChR subtype is constituted of two a9 and three a10 subunits [302] and has a very limited
tissue distribution with no known CNS expression or peripheral nervous system protein expression
[303-306] (Fig. 1) but nonetheless has a critical role in the cochlea, auditory system [306-308],
immune responses [309,310], pain[243,311] and in cancer therapy [312]. The emergence of analgesic
conotoxins targeting nAChR a9 raised the question of the role of this subtype in pain [313]. The
involvement of a9 nAChRs in pain is controversial since Mohammadi et al. suggested that inhibition of
this receptor alone cannot account for the analgesic effects of conotoxin. However, a9 nAChRs may
represent a valid target to treat long-term mechanical hyperalgesia, although the precise mechanism
remains to be determined. Very recently Romero et al. confirmed the expression of a9a10 nAChRs
subtypes in immune cells which possibly explain their role in analgesia and inflammation [237]. a-
conotoxin PelA has been used to distinguish between a7 and a9a10 nAChRs subtypes from inner hair
cells and confirmed that the efferent fibers-hair cell synapse is most likely mediated by a9a10 nAChRs
[314]. However, these results should be interpreted with caution given that conotoxin PelA also has a
nanomolar affinity for the a3p2 subtype. One very a9a10 selective conotoxin is aS-conotoxin GVIIIB,
which exhibits low nanomolar potency towards a9a10 and no affinity for others nAChRs subtype [236]
(table 1). Christensen et al. determined by functional competition studies the importance of the (+)
face of the al10 rather than the (+) face of the a9 nAChR subunit as critical for the interaction [236].
Despite its remarkable selectivity as a pharmacological tool, the major disadvantage of aS-conotoxin
GVIIIB is its ten cysteine residues, which make its chemical synthesis very challenging. Recently, a
dimeric aD-conotoxin GeXXA showed an unusual mode of inhibition of 9010 nAChRs [315]. Indeed
the two C-terminal domains bind to the a9a10 interface at the top surface of the nAChR causing an
allosteric perturbation of the receptor. Later, Yang et al. investigated the influence of the N-terminal
domain and it appears that it is responsible for the inhibitory activity [316]. However the very N-
terminus of the N-terminal domain does not directly interact with nAChRs, but after optimization of
this N-terminal domain, a fully active single-chain cyclic molecule based on 4 Arg residues was found
to interact with nAChRs. This demonstrates that the N-terminal domain of aD-GeXXA acts like a lid
covering the pore, which is different from the mode of action of other allosteric ligands. The discovery
of this unusual mode of inhibition opens new perspective for the designing of drugs with original mode
of action. Another example of a conotoxin that uses a different binding site is a-conotoxin GeXIVA
[317]. Interestingly, all three isomers are active, with bead and ribbon folds being nearly equipotent,
and the globular fold being less potent. Both bead and ribbon isomers have been used to treat
mechanical hyperalgesia in the rat chronic constriction injury model of neuropathic pain [317,318]. a-

conotoxin RglA is one of the most studied a-conotoxin for its analgesic properties. First, Ellison et al.
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established that the C-terminal half of RglA was responsible for its preferential inhibition of a9a10
nAChRs [319]. However, it was later determined that Asp5, Pro6, and Arg7 in loop 1 were also critical
for the activity on a9a10 and a7 nAChRs, and that Arg9 in loop 2 was crucial for the selectivity towards
a9a10 [320]. Azam et al. showed that RglA potency for the rat isoform of the a9a10 subtype is 100-
fold greater than for the human isoform, due to a single amino acid substitution (Thr56 located in the
(-) complementary binding face instead of lle56 on human a9a10) [321] (Fig. 2). Point mutagenesis
and molecular modeling based on a9a10 extracellular domain crystal structure clearly indicated that
the (+) face is located on a10 subunit and the (-) complementary face on the a9 rather than the
contrary [322]. The analgesic properties of a-conotoxin RglA make it an attractive potential therapeutic
compound, and consequently chemists attempted to improve its in vivo stability. Halai et al. found that
head to tail cyclisation improved its proteolytic cleavage resistance and its GABAg potency[323].
Chhabra et al. have replaced disulfide bridges with dicarba bridge analogues to make them less
sensitive to in vivo reduction [324]. Interestingly [3,12]-dicarba RglA retained a9a10 inhibitory activity
but loss its activity on N-type calcium channel. It should be noticed that a similar behavior is observed
for a-conotoxin Vcl.1 in which the [2,8]-dicarba Vcl1.1 isomer retains activity at GABAg G protein-
coupled receptors, whereas the isomeric [3,16]-dicarba Vcl.1 peptide retains activity at the a9a10
nAChR subtype. Intramuscular injection of a-conotoxin RglA and Vc1.1 in rodent reduced the chronic-
constriction injury (CCl) induced mechanical hypersensitivity and the oxaliplatin-dependant
hypersensitivity to mechanical and thermal stimuli [325,326]. In L4-L5 dorsal root ganglia, RglA
prevented morphometric change and reduced the inflammatory infiltrate [326,327]. In the spinal cord
RglA prevented both CCl-induced and oxaliplatin induced activation of microglia and astrocytes
[326,327]. Buildup of macrophages and T-cells was also reduced, and these results demonstrate that
a9a10 is a critical mediator of peripheral nerve injury-induced immune cell buildup and mechanical
hypersensitivity [325]. The molecular basis for the analgesic activity of RglA is still controverted, with
Callaghan et al. assuming that RglA and Vcl1.1 modulate native N-type calcium channel by acting as
agonist on G-protein coupled GABAg receptor, potentially mediating their analgesic action [244].
However Romero et al. designed RglA4, which exhibits high potency for both ra9a10 and ha9a10 and
is at least 1000 fold more selective for a9al10 versus other subtypes including opioid and GABAs
receptors [237] (table 1). Daily dose of RglA4 prevented chemotherapy-induced neuropathic pain in
rat, which demonstrate that a9a10 are basis for the efficacy of RglA4 and that a9 are a critical target
for the prevention of chronic cancer chemotherapy-induced neuropathic pain [237,328]. Using a-
conotoxin RglA, Colomer et al. also revealed a novel functional roles for a9a10 receptors in the
stimulus-secretion coupling of the medulla [329]. They showed that a9-containing nAChRs contribute
to excitatory postsynaptic current and that they dominantly contribute to ACh-induced current in cold

stressed rat. a-conotoxin Vc1.1 has a similar mode of action compared to RglA, and positional scanning
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revealed that Asp5, Arg7, Aspll and llel5 are key residues for the interaction with a9a10 receptors.
Based on this result, Halai et al. synthesized five variants that were more potent than native Vcl.1
towards ra9a10 and ha9al0 [330]. By using computational modeling and electrophysiology
experiments, Yu et al. demonstrated that Vcl.1 binds in the a10/a9 pocket (and not a9/a10) and that
a single hydrogen bond formed with residue in position 59 of the pocket is responsible for the
specificity to rat versus human a9al10 nAChRs [331] (Fig. 2). The first evidence of in vivo analgesic
properties came with the injection of Vc1.1 in rats suppressing the vascular response to unmyelinated
sensory nerve C-fiber activation, such responses being involved in pain transmission [332]. Later
Satkunanathan et al. showed that Vcl.1 could inhibit pain response associated with peripheral
neuropathy in rats in vivo and that it could accelerate the functional recovery of injured neurons[311].
Rationally, Clark et al. attempted to apply head to tail cyclization to Vc1.1, which surprisingly led to an
orally active compound to treat neuropathic pain [333]. However, head to tail cyclization usually lead
to better potency towards GABAg receptors, which, as previously mentioned, may also be the

molecular basis of its analgesic action.
Perspectives

This review aims to give a recent update about the utilization of a-conotoxins to probe nAChRs in order
to better understand their physiological and pathophysiological roles. Indeed, nAChRs are implicated
in various diseases : a7, a4B2 and a6* are involved in Alzheimer and Parkinson diseases, but they also
play a role in more complex mechanisms such as learning, memory, epilepsy, schizophrenia,
depression, attention deficit, pleasure reward and mood control. a3* and a9a10 are both implicated
in pain awareness but remarkably a3* nAChRs are also involved in nicotine addiction, fear, anxiety and
response to stress while a9al10 play a role in immune response and cancer biology. Overall, a-
conotoxins are not only natural peptides with high affinity for nAChRs, but thanks to their unique
selectivity towards particular subunit combinations, they also hold great potential as drug candidate,
in particular for the treatment of pain and addiction to nicotine. However, the antagonist mode of
action of most a-conotoxins prevents their applications for the treatment of neurodegenerative
diseases, where agonist action is required. In the future, significant efforts should be engaged into the
discovery and design of new a-conotoxins able to probe nAChRs for which pharmacological tools are
still lacking, such as a2*, a5* and the recently described a7p2 subtype [334-340], whose functions

and localization are still poorly known.
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b. Synthese de toxines de Conus catus
i. Synthese des toxines CIA et CIB

Malgré la déconvolution de son venin récemment décrite par Himaya et al. [341] et une composition
riche en a-conotoxines, aucune toxine de Conus catus n’a encore été pharmacologiquement
caractérisée comme ligand avéré des récepteurs nicotiniques. A partir de cette constatation, nous
avons donc synthétisé deux a-conotoxines CIA et CIB choisies en raison de leur identification dans le
venin injecté de Conus catus [341], de leur composition en acides aminés et de I'arrangement des
résidus cystéines présentant une homologie avec d’autres conotoxines déja caractérisées comme

active sur les nAChRs.

Cette étude est présentée sous la forme d’une publication parue [196] dans laquelle j'ai effectué la
synthése des deux toxines CIA et CIB, la caractérisation par spectrométrie de masse et les tests

biologiques in vivo sur les poissons zeébres (Danio rerio).



Chapitre 2 : Synthéese de toxines a 2 ponts disulfures

Synthesis, Structure and Biological Activity of CIA and CIB, Two a-

Conotoxins from the Predation-Evoked Venom of Conus catus
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Abstract: Cone snails produce a fast-acting and often paralyzing venom that is usually injected into

their prey or predator through a hypodermic needle-like modified radula tooth. Many diverse

compounds are found in their venom including small molecules, peptides and enzymes. However,
peptidic toxins called conotoxins (10-40 residues and 2—4 disulfide bonds) largely dominate these
cocktails. These disulfide rich toxins are very valuable pharmacological tools for investigating the
function of ions channels, G-protein coupled receptors, transporters and enzymes. Here, we report
on the synthesis, structure determination and biological activities of two a-conotoxins, CIA and CIB,
found in the predatory venom of the piscivorous species Conus catus. CIA is a typical 3/5 a-conotoxin
that blocks the rat muscle type nAChR with an ICso of 5.7 nM. Interestingly, CIA also inhibits the
neuronal rat nAChR subtype a3B2 with an ICso of 2.06 uM. CIB is a 4/7 a-conotoxin that blocks rat
neuronal nAChR subtypes, including a3B2 (ICsp = 128.9 nM) and a7 (ICso = 1.51 uM). High resolution

NMR structures revealed typical a-conotoxin folds for both peptides. We also investigated the in vivo

effects of these toxins on fish, since both peptides were identified in the predatory venom of C. catus.

Consistent with their pharmacology, CIA was highly paralytic to zebrafish (EDso = 110 pg/kg), whereas

CIB did not affect the mobility of the fish. In conclusion, CIA likely participates in prey capture through

muscle paralysis, while the putative ecological role of CIB remains to be elucidated.

Keywords: conotoxins; Conus catus; electrophysiology; in vivo; nicotinic receptors; structure; synthesis
Key Contribution: Two new alpha-conotoxins identified in a previous study from the injected venom

of C. catus have been synthesized and structurally characterized by NMR. CIB display a typical a-4/7
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conotoxin sequence that blocks rat neuronal nAChR subtypes, including a3f2 and a7. CIA is a typical

3/5 a-conotoxin that blocks the rat muscle type nAChR and was highly paralytic to zebrafish.

1. Introduction

Cone snails are predatory marine mollusks comprising more than 800 different species [342]. They
capture prey using a venom gland that produces a fast-acting paralyzing venom injected through a
hypodermic needle-like radula tooth [198]. Conotoxins, small (10—40 residues) and highly constrained
peptides (2 to 4 disulfide bridges), are the main components of cone snail venom, which also contains
small molecules and enzymes [199]. Conotoxins are classified into various gene superfamilies based
on their conserved signal sequence. Further classification is based on their cysteine framework and
their target receptor [343]. Conotoxins often have highly specific and selective biological activity, and
many of them proved to be very valuable pharmacological tools or even drug leads [344,345]. Indeed
their high selectivity and affinity combined with their small size make these toxins good candidates for
the design of therapeutic peptides or peptide mimetics [346,347]. One particular class of conotoxins,
the a-conotoxins, acts as antagonists of the nicotinic acetylcholine receptors (nAChRs), a diverse family

of ligand-gated ion channels formed by the pentameric assembly of homologous subunits [348].

Both neuronal and muscle type nAChR associated channels open in response to binding of the
neurotransmitter acetylcholine [349], and antagonism of nAChR may be of interest for the treatment
of pain, nicotine addiction or epilepsy [350,351], whereas agonistic action is desired for treating
neurological disorders. The numerous neuronal nAChRs subtypes are involved in a wide variety of
biological mechanisms [209,254,352,353] in the central nervous system [209,254] but also in the
peripheral nervous system [352] and the immune system [353]. In the central nervous system, they
are involved in neurological disorders such as Parkinson’s disease, Alzheimer’s disease, epilepsy and
schizophrenia [213,214], but also in more complex mechanisms such as learning, memory or mood
control [212]. Whereas some neuronal subtypes are already validated targets, several combinations of
neuronal nAChR subunits remain orphan of selective ligands and therefore more efforts need to be
directed at finding or designing novel a-conotoxins with tailored pharmacological profiles.

Historically, a-conotoxins have proved to be remarkable probes for characterizing nAChRs subtypes
and establishing their physiological/pathophysiological roles [20,209]. The first a-conotoxins to be
characterized were isolated from Conus geographus venom gland extracts [354]. Their potent paralytic
action at the neuromuscular junction prompted the interpretation of their ecological role as being
essential for prey capture [205]. However, recent findings demonstrated that in the case of C.
geographus, a-conotoxins are injected massively for defense purposes, not for prey capture [198,355].

In order to determine the ecological role of a-conotoxins in other fish-hunting species, we report on
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the synthesis, structure determination and biological activities of two new a-conotoxins CIA and CIB
discovered in the venom gland transcriptome and confirmed by proteomic analysis to be present in
the injected predatory venom of the piscivorous species Conus catus [341]. Both CIA and CIB were

investigated at the functional and structural level, as well as tested for in vivo effect on fish.
4. Methods

2.1. Abbreviations

Acm, acetamidomethyl; ACN, acetonitrile; Boc, tert-butoxycarbonyle; CHCA, a-Cyano-4-
hydroxycinnamic acid; DCM, Dichloromethane; DIPEA, diisopropylethylamine; DMF, N,N'-
dimethylformamide; DTP, 2,2'-Dithiopyridine; eq, equivalent; ESI-MS, electrospray ionization mass
spectrometry; Fmoc, fluorenylmethoxycarbonyl; HATU, 1 [Bis(dimethylamino)methylene]-1H-1,2,3-
triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate; LC/MS, liquid chromatography/mass
spectrometry; MALDI, Matrix Assisted Laser Desorption/lonization; MeOH, methanol; nAChR, nicotinic
acetylcholine receptor; NMR, Nuclear Magnetic Resonance; Pbf, pentamethyl-dihydrobenzofuran-5-
sulfonyl; RP-HPLC, reversed phase high performance liquid chromatography; SPPS, solid phase peptide
synthesis; t-Bu, tert-butyl; TFA, trifluoroacetic acid; TIS, triisopropylsilane; Tris, 2-Amino-2-
(hydroxymethyl)propane-1,3-diol; Trt, trityl; UV, ultra-violet.

2.2. Chemical Synthesis

DMF, DIPEA, ACN, TIS, TFA, piperidine and all others reagents were obtained from Sigma-Aldrich (Saint-
Louis, MI, USA) or Merck (Darmstadt, Germany) and were used as supplied. Fmoc (L) amino acid
derivatives and HATU were purchased from Iris Biotech (Marktredwitz, Germany). AmphiSpheres 40
RAM resin (0.37 mmol/g 75—-150 pm) was purchased from Agilent Technologies (Les Ulis, France). The
side chain protecting groups for amino acids are t-Bu for Asp, Glu, Ser, Thr and Tyr; Trt for Cyss 15 of CIB
and Cyss 15 0f CIA, Acm for Cys;,s of CIB and Cysaoof CIA; Trt for GIn; Pbf for Arg; Boc for Lys and Trp. CIA
and CIB were manually synthesized by using the Fmoc-based solid-phase peptide synthesis technique
on a VWR (Radnor, PA, USA) microplate shaker. All Fmoc amino acids and HATU were dissolved in DMF
to reach 0.5 M. Chain elongation was performed step by step using 0.1 mmol of AmphiSpheres 40 RAM
resin. Fmoc deprotection was performed with 20% piperidine in DMF two times, each for 1 min at
room temperature, then the resin is washed three times with DMF. Each Fmoc-protected amino acid
(5 eq) was coupled in the presence of HATU (5 eq) and N,N-diisopropylethylamine (DIPEA, 10 eq) in
DMF at room temperature for two min. After completion of coupling reaction, the resin was
sequentially washed two times with DMF. Cleavage of peptide from the resin and removal of side-
chain protecting groups were carried out using 10 mL of a solution containing TFA/TIS/H,0 (95:2.5:2.5,
v/v/v) for 15 min at 60 °C. After the resin was removed by filtration and washed three times with

dichloromethane. Dichloromethane and TFA are removed under vacuum then cold diethyl ether was
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added to precipitate the peptide. Crude peptides were purified by preparative RP-HPLC, and their
purity were confirmed by LC/ESI-MS. A twostep oxidation procedure was then carried out. Trt groups
were removed during the cleavage step while the Acm protective groups are resistant to cleavage
conditions. The first disulfide bridge is formed from free cysteines with the use of DTP and the second
disulfide bridge is formed by concomitant deprotection and oxidation of the Acm groups [356,357].

2.3. Mass Spectrometry

Solvents used for LC/MS were of HPLC grade. The LC/MS system consisted of a Waters (Milford, OH,
USA) Alliance 2695 HPLC, coupled to a Waters Micromass ZQ spectrometer (electrospray ionization
mode, ESI+). All the analyses were carried out using a Chromolith (Fontenay sous Bois, France)
HighResolution RP-18e (4.6 x 25 mm, 15 nm-1.15 um particle size, flow rate 3.0 mL/min) column. A
flow rate of 3 mL/min and a gradient of 0—-100% B over 2.5 min were used. Eluent A: water/0.1%
HCO:H; eluent B: acetonitrile/0.1% HCO,H. UV detection was performed at 214 nm. Electrospray mass
spectra were acquired at a solvent flow rate of 200 uL/min. Nitrogen was used for both the nebulizing
and drying gas. The data were obtained in a scan mode ranging from 100 to 1000 m/z or 250 to 1500
m/z to in 0.7 s intervals. MALDI mass spectrometry analyses were performed on an Ultraflex IlI
instrument from Bruker Daltonics (Champs sur Marne, France). Each sample was analyzed from CHCA
matrix deposit in positive-ion mode.

2.4. Preparative RP-HPLC

Preparative RP-HPLC was run on a Gilson PLC 2250 Purification system (Villiers le Bel, France)
instrument using a preparative column (Waters DeltaPak C18 Radial-Pak Cartridge, 100 A, 40 x 100
mm, 15 um particle size, flow rate 50.0 mL/min). Buffer A was 0.1% TFA in water, and buffer B was
0.1% TFA in acetonitrile.

2.5. Electrophysiology Measurements

cDNAs of rat nAChR subunits used in this study were provided by J. Patrick (Baylor College of Medicine,
Houston, TX, USA) and subcloned into the oocyte expression vector pNKS2. cRNA was synthesized with
the SP6 mMessage mMachine Kit (Ambion, Austin, TX, USA) and adjusted to a concentration of 0.5
mg/mL. nAChR subunit RNAs were mixed in the ratios 1:1 (a3/B2), 5:1 (a4/B2), and 2:1:1:1
(a1/B1/6/y). Xenopus laevis (Nasco International, Fort Atkinson, WI, USA) oocytes were injected with
50 nl aliquots of cRNA (Nanoject automatic oocyte injector, Drummond Scientific, Broomall, PA).
Antagonist dose-response curves were measured as described previously (Dutertre et al., 2005) in
ND96 (96 mM NaCl, 2 mM KCl, 1 mM CacCl;, 1 mM MgCl,, and 5 mM HEPES at pH 7.4). In brief, current
responses to acetylcholine were measured 1-6 days after cRNA injection and recorded at -70 mV using
a Turbo Tec 05X Amplifier (NPI Electronic, Tamm, Germany) and Cell Works software. A standard

concentration of 100 uM ACh for a3B2, a4B2 nAChRs and (al),6yB muscle nAChR and a standard
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concentration of 100 uM nicotine for the a7 nAChR was used to keep the data comparable to previous
studies. A fast and reproducible solution exchange (<300 ms) was achieved with a 50-pL funnel-shaped
oocyte chamber combined with a fast vertical solution flow fed through a custom-made manifold
mounted immediately above the oocyte. Agonist pulses were applied for 2 s at 4-min intervals.
Following one minute of perfusion directly after the agonist application, peptides were applied in a
static bath for 3 min. ICso values were calculated from a nonlinear fit of the Hill equation to the data
(Prism version 4.0; GraphPad Software, Inc., San Diego, CA). Data are presented as means * S.E. from
at least three oocytes.

2.6. NMR Spectroscopy

Lyophilized synthetic peptides were resuspended to a final concentration of ~2.5 mM in
90%H,0:10%D,0. 2D 'H-'H TOCSY, 'H-'H NOESY, *H-'H DQF-COSY, 'H-*N HSQC, and 'H-*C HSQC
spectra were acquired at 290 K using a 600 MHz AVANCE Ill NMR spectrometer (Bruker, Karlsruhe,
Germany) equipped with a cryogenically cooled probe. All spectra were recorded with an interscan
delay of 1 s. NOESY spectra were acquired with mixing times of 200—250 ms, and TOCSY spectra were
acquired with isotropic mixing periods of 80 ms. Two-dimensional spectra were collected over 4096
data points in the f2 dimension and 512 increments in the f1 dimension over a spectral width of 12
ppm. Standard Bruker pulse sequences were used with an excitation sculpting scheme for solvent
suppression. Slowly exchanging amide protons were detected by acquiring a series of one-dimensional
and TOCSY spectra over a 24 h period, following dissolution of the peptides in D,0. The two-
dimensional NOESY spectra of CIA and CIB were automatically assigned and an ensemble of structures
calculated using the program CYANA [358]. Torsion-angle restraints from TALOS+ were used in the
structure calculations. Distance restraints between the beta carbons and sulfur atoms of the cysteine
residues that are disulfide bonded were included in the structure calculations. Restraints were
included between Cys I-Cys Il and Cys II-Cys IV. The final structures were visualized using Pymol.

2.7. In vivo Bioassay

Zebrafish were maintained under standardized conditions and experiments were conducted in
accordance with the European Communities council directive 2010/63. Briefly, CIA and CIB were
diluted in milli-Q water and 5 uL of incremental doses were injected intramuscularly into adult
zebrafish with a 10 puL Neuros Syringe from Hamilton (Bonaduz, Switzerland). Each dose was repeated
three times on three different fishes to determine error bars. The onset of paralysis was measured
over a maximum observation time of 10 min. Paralysis was considered total when the fish went on its
back. We performed negative control experiments according to the same protocol by injecting milli-Q

water instead of toxins.
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3. Results
3.1. Chemical Synthesis

Two a-conotoxins, CIA and CIB (Figure 1), were found to be relatively abundant in the predatory venom
of the piscivorous species Conus catus [341]. To determine the biological activity, structure and
ecological role of these conotoxins, both peptides were manually synthesized using Fmoc-based solid-
phase peptide synthesis (see experimental procedures). Assuming the canonical globular disulfide
bond connectivity for a-conotoxins (C;—Cs; C:—C4), linear peptides were folded using a regioselective
protection (Acm group) of cysteine residues C;—Cs. According to the number of residues within the
loops, CIA and CIB are 3/5 and 4/7 a-conotoxins and we expected that they would target muscle type

and neuronal type nAChRs, respectively [192,359-361].

10
CIA 1 NcBccHPACGHEEFSC 15 10
CniA 1 -clccBraccllyysc 14  cB 1 cecSNPvCcHLEBESNLC 16
Mi 1 -GRCCRPACGENYSC 14 Mil 1 GCCSNPVCHLEBPNAC 16
Gl 1 - -BccNPAaccRBlYsc 13

(a) (b)

Figure 1. Sequences of a-conotoxins. (a) Alignment of CIA a-conotoxin with other closely

related 3/5 a-conotoxins; (b) Alignment of 4/7 a-conotoxin CIB with MIl.

As part of this two-step folding strategy, the standard procedure for the formation of the first disulfide
bond from the two non-protected cysteine residues (C;—Ca) typically consists of stirring the linear
peptide in an aqueous basic buffer [356]. However, when the kinetics of disulfide bond formation are
too slow, it is common to add potassium hexacyanoferrate or glutathione and oxidized glutathione
[191] to facilitate the bridge formation [113,362]. Formation of the first disulfide bridge in an aqueous
basic buffer (without any additives) took 24 h to obtain 60% conversion (based on UV chromatogram)
and 40 h to obtain 50% conversion for CIA and CIB respectively. Alternatively, we found that DTP (2,2'-
Dithiopyridine) was very effective in greatly accelerating the disulfide bridge formation. Surprisingly,
this reagent is not widely used, despite its effectiveness being demonstrated by Maruyama et al. [357]
20 years ago. We used this method on several other conotoxins and to our experience, if used in a
diluted medium, an excess of DTP induces the quasi-total formation of the intramolecular disulfide
bridge in less than 10 min (Figure 2). The second disulfide bond is formed between C;-C; after removal

of the Acm protecting groups.
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Air oxidation
Basic buffer
24H
60-90% conversion
(sequence dependent)
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Figure 2. Comparison of disulfide bond formation between free cysteine residues by using air

oxidation or DTP. P stands for usual cysteine lateral chain protective groups.

The homogeneity of folded CIA and CIB was assessed by analytical RP-HPLC and MS (Figure 3). MALDI-
MS(+) confirmed a monoisotopic mass of 1614.63 Da (calculated 1614.64 Da for [M + H]*) for CIA and
1678.65 Da (calculated 1678.64 Da for [M + H]*) for CIB. Overall, 7.7 mg and 3.4 mg of pure CIA and

CIB were obtained, respectively.
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Figure 3. HPLC and MS analyses of synthetic CIA and CIB. (a) Synthetic folded CIA UV
chromatogram at 214 nm and mass spectrometry MALDI analysis; (b) Synthetic folded CIB UV
chromatogram at 214 nm and mass spectrometry MALDI analysis. Dashed line indicates the
acetonitrile gradient.
3.2. Electrophysiology
Next, the biological activity of CIA and CIB was investigated using a two-electrode voltage clamp
analysis on three neuronal nAChRs subtypes (a3p2, a7, a4B2) and the muscle type (al).6yp1 nAChR
from rat expressed in Xenopus laevis oocytes. As expected, the 3/5 a-conotoxin CIA potently blocks
the muscle type nAChR with an ICso of 5.7 nM (Figure 4a). Surprisingly, CIA also inhibits the neuronal
nAChR subtype a3B2, although with >350-fold lower affinity (ICso of 2.06 uM), whereas no activity was
detected on the two other subtypes at concentration up to 10 uM. In contrast, CIB is a 4/7 a-conotoxin

that blocks the neuronal nAChR a3B2 subtype with an 1Cso of 128.9 nM and a7 subtype with an ICso of
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1.51 uM (Figure 4b). No activity was detected on the muscle and a4p2 subtypes at concentrations up
to 10 uM.
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Figure 4. Concentration-response analysis of a-conotoxins CIA (a) and CIB (b) on wild type
and mutant rat nAChRs. The indicated subunit combinations were expressed in Xenopus
laevis oocytes and analyzed by 2-electrode voltage clamp. Responses to 2-s pulses of 100 uM
ACh (or nicotine in case of the a7 receptor) were recorded after a 3-min preincubation with
the indicated toxin. Each point represents the mean of measurements from at least 3

different oocytes. Error bars represent S.E.M.

3.3. NMR Spectroscopy

High resolution NMR spectroscopy allowed us to determine the three-dimensional structures of both
CIA and CIB (Figure 5). The structure statistics are given in Table 1. The NMR spectra for CIA indicate
the presence of multiple conformations based on the presence of additional cross-peaks, whereas CIB
indicates the presence of a single conformation. The structure determined for CIA was for the major
conformation, as the minor conformation displayed weak peaks. The calculated structures are well-
defined with low RMSDs for residues 5—11. However, CIB has a larger number of NOE restraints and
consequently a better defined structure. CIA has a 319 helix from residues 7-9 and CIB an a-helix from
residues 6 to 11. CIA has a similar three-dimensional structure to the closely related peptide, CnlA.
Both peptides have a 310 helix involving the Pro7-Ala8-Cys10 sequence (CIA numbering). The
ensembles of CIA and CnlA (PDB code 1B45) superimpose with an RMSD of 1.26 A (calculated using
MOLMOL). Similarly, CIB is structurally very similar to Mll, where both peptides have a central a-helical
region comprising residues 6—11 in CIB and residues 7-11 in MIl. The ensembles of CIB and MIl (PDB
code 1MI1) superimpose with an RMSD of 0.55 A (calculated using MOLMOL).

The conformational heterogeneity observed for CIA is common to most a-3/5 conotoxins. Indeed,
Favreau et al. reported similar conformational heterogeneity in solution for a-3/5 conotoxin CnlA, but
this also holds true for a-3/5 Gl and a-3/5 MI [192,363,364]. This heterogeneity could be due to cis to

trans isomerization of a peptidic bond, but at this stage there is no data to support this hypothesis
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[192]. The presence of a minor conformation has been identified by Maslennikov et al. for a-conotoxin
Gl [363]. These two conformations are interconvertible in solution and differ in the regions of the
second loop and C terminus [363]. Therefore, it is not possible to conclude whether only one or both
of the two conformations is responsible for the activity, or whether each conformation has the same

level of activity.

\LEU-10 VAL-7

(b)

Figure 5. Three-dimensional structures of CIA and CIB. The 20 lowest energy NMR structures,
superimposed over the backbone atoms for CIA (a) and CIB (b). The backbone is shown in

ribbon format and the side-chains in stick format.

Table 1. Structural statistics for CIA and CIB.

CIA CIB
Experimental restraints
Interproton distance restraints 69 98
Intraresidue 30 30
Sequential 28 47
Medium range (i-j < 5) 11 18
Long range (i-j 25) 0 3
Disulfide-bond restraints 4 4
Dihedral-angle restraints 21 22
R.m.s deviations from mean coordinate structure (A)
Backbone atoms 095+0.33 0.48+0.16
Backbone atoms (res 5-11) 0.08+0.04 0.19+0.10
All heavy atoms 1.92+046 0.95+0.22
All heavy atoms (res 5-11) 0.39+041 0.80+0.19
Ramachandran Statistics
Clashscore, all atoms 0+0 0+0
% in most favoured region 85.7+0 91+10

MolProbity score 2.13+0.14 1.68+0.45
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3.4. In vivo Bioassays

Since both CIA and CIB were detected in the predatory venom of the piscivorous C. catus, they were
injected into fish (Danio rerio) in order to infer the possible ecological role of each conotoxin in prey
capture. Intramuscular injection of a-conotoxin CIA produces a rapid flaccid paralysis of skeletal
muscles, as evidenced by a loss of equilibrium of the fish, and ultimately a complete immobilization.
Paralysis induced by conotoxin a-CIA was a dose-dependent effect, with an 1Cso of 6.88 uM (Figure 6).
Based on the calculated average weight of our adult zebrafish (0.5 g) and the volume injected (5 pL),
CIA has an EDsg of 110 pg/kg. Injection of up to 1 mM of CIB, however, does not produce any noticeable

effect on the locomotion of zebrafish, which is consistent with the absence of activity on muscle

nAChR.
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Figure 6. Paralytic effect of CIA on zebrafish. Paralysis induced by conotoxin a-CIA shows a

dose-dependent effect, with an ICso of 6.88 uM.

3. Discussion

Animal venoms are generally complex mixtures of hundreds or more biologically active compounds. It
is assumed that each of these molecules has been selected through evolution for a specific ecological
role. Whereas pharmacologically characterized conotoxins from cone snail venom duct extracts have
traditionally been associated to primary roles in prey-capture due to their paralytic action, recent
findings suggest other possible venom-ecology relationships [198]. Indeed, independently collected
predation and defense-evoked venoms unexpectedly showed that the potent paralytic conotoxins well
characterized from C. geographus were almost exclusively injected to defend against predators, not
for prey capture. This is contrary to the consensus literature published on this topic for the past 30
years. Noteworthy, piscivorous cones of the Gastridium clade such as C. geographus and C. tulipa
employ a rather unusual and unique prey capture strategy to catch fish, producing an apparent
sedative effect through passive release of venom components in the surrounding water [198]. On the
other hand, species in the largest clade of fish-hunting cones, namely the Pionoconus, use a “Taser-

like” effect to rapidly stun fish. This effect is thought to be the result of a combination of two synergic



Chapitre 2 : Synthéese de toxines a 2 ponts disulfures

conotoxin types: 6-conotoxins, which inhibit the inactivation of voltage-gated sodium channels, and k-
conotoxins, which block voltage-dependent potassium channels [365]. However, the predation-
evoked venom of C. striatus and C. consors, two of the largest species of Pionoconus, shows a
composition completely devoid of these conotoxins, composed instead of nearly exclusively unrelated
kA-conotoxins, and the occasional a- and w-conotoxins [366,367]. Similarly in the predation-evoked
venom of one of the smallest fish-hunting species, C. catus, Himaya et al. reported mainly the presence
of kA-conotoxins, but consistently also some vertebrate-active and paralytic a-, w-, and p-conotoxins

in significant amounts [341].

Based on this previous study [341], the sequences corresponding to two major a-conotoxins with the
cysteine pattern CCX3CXsC and CCX4CX7C were synthesized and their biological activity assessed using
electrophysiology and fish bioassays. The first a-conotoxin, named CIA, is a typical muscle type a-3/5
conotoxin and its sequence closely resembles those of other a-3/5 conotoxins such as Ml, Gl and CnlA.
CIA blocks the muscle type nAChR with high affinity (~5 nM), but surprisingly, it was found to also block
the a3B2 neuronal subtype of nAChR, albeit with lower potency (~2 uM). To our knowledge, CIA is the
only known nAChR muscle type a-conotoxin that can also target the neuronal a3p2 subtype with
significant affinity. Whereas the molecular basis for this neuronal nAChR activity remains to be
investigated, conserved proline and tyrosine/phenylalanine residues (corresponding to position 7 and
13 in CIA sequence, respectively) have been shown to be crucial for the strong hydrophobic interaction
between the § subunit of the muscle type nAChR and conotoxin Ml, suggesting a similar mode of action

[359,368] for CIA.

The second a-conotoxin, CIB, blocks the neuronal nAChR a3B2 subtype with an ICso of 128.9 nM and
the a7 subtype with an ICsp of 1.51 uM. The sequence of CIB is most similar to a-conotoxin Mll, sharing
14 out of 16 amino acids. However, its potency towards a3B2 is approximatively 29-fold lower
compared to MIl [369]. The two different residues that most likely account for this difference are
proline in position 13 for CIB instead of a serine for MIl and alanine in position 15 for CIB instead of
leucine for MIl. By comparing the three-dimensional structures, it appears that the proline residue in
position 13 of CIB induces a kink that prevents the alanine in position 15 from filling the hydrophobic
pocket in the same way the leucine does in Ml (Figure 7). However, Dutertre et al. [246] using an
AChBP model showed that MIl possesses an hydrophobic core (Pro-6, Val-7 and Leu 10) where Pro-6
is involved in a direct interaction with f2-Leu-119 and additional hydrophobic contacts due to
interactions of Val-7 and Leu-10 with B2-Val-109 and B2-Phe-117 respectively. Docking studies would

be very helpful to further investigate how this difference at position 15, which seems to not be directly
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involved in the binding with the receptor, can explain the significant loss of activity of CIB compared

to MIL.

Figure 7. Charge distribution of CIB (orange) and MII (blue; PDB: 1Mll), superimposed over
residues 1 to 16. Charges are represented with different shades from red (negative charge
states) to blue (positive charge states). A cavity appears in the molecular surface of CIB, which

is partially filled by L15 in MII.

Conotoxins are traditionally tested on mammalian systems, including human and rodent receptors.
However, in the case of these two a-conotoxins CIA and CIB found in the predatory venom of C. catus,
it was of interest to evaluate their activity on their natural prey (here fish for piscivorous cone snails).
Intramuscular injection of a-conotoxin CIA into fish causes flaccid paralysis of the skeletal muscles with
an effective dose EDso = 110 pg/kg, highlighting a potent biological effect compatible with a role in prey
capture. At the highest dose (1 mM) tested, the paralysis is almost instantaneous, however this dose
is unlikely to be biologically relevant. Indeed, it was demonstrated for Conus purpurascens that most
conotoxins expressed in injected venoms range up to 3.51-121.01 uM within a single sting sample
[370]. Therefore, the quasi-instantaneous tetanic paralysis provoked by Conus catus sting [371] is likely
due to the most abundant conotoxins injected, namely the kA-conotoxins [341,372]. Indeed, Kelley et
al. observed that the injection of purified kA-conotoxins is able to reproduce the biological effects of
the whole injected venom on fish prey [372]. The role of a-3/5 conotoxins in prey envenomation is
most likely secondary, and the resulting blockade of the neuromuscular junction may prevent the
escape response of a fish prey that would recover from the “Taser-effect” of kA-conotoxins.
Interestingly o-3/5 conotoxin CIA is also found in Conus achatinus and Conus consors [64,191],

belonging also to the Pionoconus clade. On the other hand, injection of a-conotoxin CIB into fish did
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not cause any significant change compared to the control. The role of conotoxins targeting neuronal
nAChRs in prey capture remains to be elucidated, but we propose that they may interfere with sensory

circuitry and the escape response of prey.

ii. Synthese d’analogues cycliques de la CIA

Compte tenu du profil pharmacologique intéressant de I'a-conotoxine CIA précédemment décrite,
nous avons effectué la cyclisation du squelette peptidique de la toxine dans le but d’améliorer ses
propriétés pharmacologiques mais aussi sa stabilité métabolique. Cela était également I'occasion
d’appliquer la méthodologie de formation des ponts disulfures mise en place précédemment, sur la

synthése de peptides cycliques non naturels.

Cette étude est présentée sous la forme d’un article en cours de préparation dans lequel j'ai effectué
la synthese des analogues, la caractérisation par spectrométrie de masse, les tests de stabilité dans le

sérum et les tests biologiques sur les poissons zebres (Danio rerio).
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Abstract

Conotoxins have always been considered as promising therapeutic leads due to their small size and
exquisite potency/selectivity. However, like most peptides their therapeutic utilization is severely
limited by their low oral bioavailability. By cyclizing the previously described a-conotoxin CIA using a
range of linkers from two to four residues, we have designed peptides that preserve the activity of the
native toxin towards muscle-type nAChRs but have greatly improved resistance to proteolytic
degradation and, surprisingly, display better potency for a32 neuronal nAChR subtypes. The most
potent analogue, cCIA-3, displays up to 52-fold higher potency (ICso 1.3 nM) for a3B2 compared to the
native a-CIA. Structural conservation between the cyclic analogues and the native toxin was confirmed
by NMR structure determination. However, the cCIA-3 analogue reveals the most well-defined
structure and some structural deviations in the second loop, potentially explaining the gain of potency
for a3B2 nAChRs. Consistent with their activity on muscle-type nAChRs, all the peptides were highly
paralytic when injected into Danio rerio fish and display oral/transcutaneous activity when incubated
in Danio rerio fish larvae. Finally, the unique dual activity of the most potent cCIA-3 analogue was used
to investigate the contribution of a3p2 subtypes in TOF fade, which is usually observed in the presence
of a neuromuscular blocker. Surprisingly, cCIA-3 does not induce the expected TOF fade suggesting

that dual blockade of a3B2 and muscle-type nAChRs is able to prevent this phenomenon.

1. Introduction
Nature provides one of the richest sources of bioactive peptides, some of which are useful for treating
human diseases. Indeed, more and more peptides entering clinical development come from animals,

plants and bacteria [37,373]. Animal venom peptides are of particular interest as they have been finely
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tuned to potently and selectively target receptors involved in key physiological functions and,

consequently, can be used as highly potent pharmacological tools [42].

Nowhere is peptide diversity more apparent than within cone snail venoms. Cone snails are predatory
marine mollusks that have evolved and radiated into more than 800 different species [374]. They have
developed highly potent venoms mainly composed of small peptides called conotoxins that are
frequently highly constrained by disulfide bridges (10-40 residues and 2-4 bridges), and target a wide
range of key receptors for rapid prey immobilization and defense [199,375]. Disulfide bridges provide
highly structured conformations, enabling a tight interaction with their molecular targets, which are

mainly ion channels, but also transporters and GPCRs [20,82].

Nicotinic acetylcholine receptors (nAChRs) are ligand-gated ion channels existing as homopentamers
or heteropentamers composed of numerous homologous subunits. Subunits a2-al0 and B2-p4
assemble into the diverse group of neuronal nicotinic receptors, while the muscle-type nicotinic
receptor exist only as (al),f16e and (al):fyd subunit combinations for the adult and fetal type,
respectively [376]. nAChRs are involved in a wide range of physiological and pathophysiological
processes, for example muscle contraction, pain, nicotine addiction, and neurological disorders such

as Parkinson's and Alzheimer’s disease [20].

Cone snail venoms are composed of various subfamilies of conotoxins with different molecular targets.
Members of the a-conotoxin subfamily specifically block nAChRs and some represent unique ligands
to study the involvement of the diverse nAChRs in specific biological processes [20]. a-conotoxins can
be further classified according to the number of residues within the loops formed by two conserved
disulfide bridges. Interestingly, in most cases, the size of the loops seems to determine their specificity
for different nAChR subtypes. Thus, 3/4 a-conotoxins target a-homomeric nAChRs, 3/5 a-conotoxins
target muscle-type nAChRs and 4/4, 4/6 and 4/7 a-conotoxins target different hetoromeric and/or a-

homomeric neuronal nAChRs [20].

Despite great advances in peptide synthesis and drug development, the poor bioavailability of
conotoxins due to amide bond breakdown by digestive enzymes, as well as their high polarity and
molecular weight, limit their intestinal permeability and, consequently, their utilization as
therapeutics. Thus alternative routes of application, such as intrathecal administration have been
developed [13]. Head-to-tail cyclization, N-acetylation and C-amidation are widely employed strategies
to improve peptide stability through prevention of degradation by aminopeptidases and
carboxypeptidases [19,377]. Although N-acetylation and C-amidation are relatively easy to implement
via chemistry techniques, the more challenging head-to-tail cyclization is often preferred because of

the increased permeability through biological barriers provided to the cyclic analogues [378—381].
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Inspired by previous work describing the successful cyclization that improved the stability of several a-
conotoxins with specificity for neuronal nAChRs [294,323,333,382,383], we investigated head-to-tail
cyclization of a native muscle-type a-conotoxin CIA. To the best of our knowledge, backbone cyclization
of a muscle-type conotoxin has not been attempted before. Here we describe the first synthesis,
pharmacological characterization, and structure determination of three cyclic analogues of a-CIA and
demonstrate their increased stability and modified subtypes selectivity. In addition, we show their
potential utilization as pharmacological tools to study the weakening of the muscle during repetitive

nerve stimulation (fade of “train of four”).
2. Methods
2.1 Abbreviations

Acm, acetamidomethyl; ACN, acetonitrile; Boc, tert-butoxycarbonyl; DCM, Dichloromethane; DIPEA,
diisopropylethylamine; DMF, N,N’-dimethylformamide; DTP, 2,2’-Dithiopyridine; ESI-MS, electrospray
ionization mass spectrometry; Fmoc, fluorenylmethoxycarbonyl; HATU,
1[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate;
LC/MS, liquid chromatography/mass spectrometry; MeOH, methanol; nAChR, nicotinic acetylcholine
receptor; NMR, nuclear magnetic resonance; Pbf, pentamethyl-dihydrobenzofuran-5-sulfonyl; RP-
HPLC, reversed-phase high performance liquid chromatography; SPPS, solid-phase peptide synthesis;
t-Bu, tert-butyl;TFA, trifluoroacetic  acid; TIS, triisopropylsilane;  Tris, = 2-Amino-2-

(hydroxymethyl)propane-1,3-diol;Trt, trityl; UV, ultra-violet.
2.2 Chemical synthesis

DMF, DIPEA, ACN, TIS, TFA, piperidine and all others reagents were obtained from Sigma-Aldrich (Saint-
Louis, MI, USA) or Merck (Darmstadt, Germany) and were used as supplied. Fmoc (L) amino acid
derivatives and HATU were purchased from Iris Biotech (Marktredwitz, Germany). PS-2-Chlorotrityl
chloride resin (100-200 mesh, 1.6 mmol/g) was purchased from Iris Biotech (Marktredwitz, Germany).
The following side-chain protecting groups were used: Trt for Asn, Cys and His; tBu for Ser; Boc for Lys;
Pbf for Arg; and Acm for Cys. Peptides were manually synthesized using the Fmoc-based solid-phase
peptide synthesis technique on a VWR (Radnor, PA, USA) microplate shaker. All Fmoc amino acids and
HATU were dissolved in DMF to reach 0.5 M. The first amino acid was coupled onto the resin for 6 h in
a 1/1 (v/v) mix of DMF and DCM, with a 2.5-fold excess of amino acid and 5-fold excess of DIPEA
followed by addition of methanol and further mixing for 15 min to cap any remaining reactive
functionalities on the resin. The resin was washed with DMF, DCM, MeOH, and DMF. Fmoc
deprotection was carried out with piperidine in DMF (1/2 v/v) twice for 3 min. Subsequent amino acids

were coupled onto 0.1 mmol of prepared resin (determined loading value 0.73 mmol/g) twice for 10
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min using an amino acid/HATU/DIPEA ratio of 5:5:10 relative to resin loading. DMF was used for resin
washing between deprotection and coupling steps. After chain assembly was complete, the terminal
Fmoc group was removed and the resin washed with DMF and DCM. Cleavage of the peptide from the
resin without affecting the side-chain protecting group was carried out in a reaction vessel and treated
ten times with 10 mL of 1% TFA in DCM (v/v) for 5 min. Eluates were collected and combined into a
round-bottomed flask then DCM and TFA were removed under vacuum and cold diethyl ether added
to precipitate the peptide. The crude side-chain protected peptide was dissolved in DMF at a
concentration of 2 mM in a round-bottom flask. HATU was added to the solution to give a final
concentration of 5 mM and mixed for 30 s. DIPEA was added to a final concentration of 10 mM, and
the solution was stirred for 4 h at room temperature. DMF was removed under vacuum and residues
were uptake in ACN/H,0 (1/1 v/v) and freeze dried overnight. Side-chain (except Acm) deprotection
was carried out by adding 6.25 mL of TFA/TIS/H,0 (95/2.5/2.5 v/v/v) per 100 mg of crude peptide and
stirring the mixture for 2.5 h at room temperature. Crude peptides were purified by preparative RP-
HPLC and pure fractions were combined and freeze-dried. A two-step oxidation procedure was then
carried out. The first disulfide bridge was formed between the free cysteine residues CyslI-CysIV by
dissolving the peptide at 0.2 mM in 50 mM Tris-HCI buffer adjusted to pH 8 and adding dropwise 7
equivalents of DTP at 10 mM in MeOH. When the reaction was complete the reaction mixture was
acidified to pH 3 and loaded onto preparative RP-HPLC and pure fractions were combined. The second
disulfide bridge Cysl-Cyslll was formed by deprotection/oxidation of the Acm protecting group directly
on the combined pure fractions of the mono bridged intermediates by treatment with 20 equivalents
of 10 mM iodine in H,O/TFA/ACN (78/2/20 v/v/v). When the reaction was complete, the reaction
mixture was quenched with 20 mM ascorbic acid until total discoloration of the solution, acidified and
purified by preparative RP-HPLC. The combined pure fractions were freeze-dried and their purity were

confirmed by LC/ESI-MS.

2.3 Mass spectrometry

Solvents used for LC/MS were of HPLC grade. The LC/MS system consisted of a Waters (Milford, OH,
USA) Alliance 2695 HPLC, coupled to a Waters Micromass ZQ spectrometer (electrospray ionization in
positive mode (ESI+) fitted with a quadrupole mass analyzer). All the analyses were carried out using a
Chromolith (Fontenay sous Bois, France) HighResolution RP-18e (4.6 x 25 mm, 15 nm—1.15 pum particle
size, flow rate 3.0 mL/min) column. A flow rate of 3 mL/min and a gradient of 0—-100% B over 2.5 min
for routine analyses and 0-30% B over 30 min for quality control of pure products were used. Eluent A
was water/0.1% HCO;H and eluent B consisted of acetonitrile/0.1% HCO,H. UV detection was

performed at 214 nm. Electrospray mass spectra were acquired at a solvent flow rate of 200 pL/min.
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Nitrogen was used for both the nebulizing and drying gas. The data were obtained in a scan mode

ranging from 100 to 1000 m/z or 250 to 1500 m/z to in 0.7 s intervals.

Folded peptides were characterized using a Synapt G2-S high-definition MS system (Waters Corp.,
Milford, MA) equipped with an ESI source and an hybrid QTof mass analyzer configuration.
Chromatographic separation was carried out at a flow rate of 0.4 ml/min on an Acquity H-Class
ultrahigh performance liquid chromatography (UPLC) system (Waters Corp., Milford, MA), equipped
with a Kinetex C18 100 A column (100 x 2.1 mm, 2.6 um particle size) from Phenomenex (France). The
mobile phase consisted of water (solvent A) and ACN (solvent B) with both phases acidified by 0.1%

(v/v) formic acid. Mass spectra were acquired in the positive ionization mode.
2.4 Preparative RP-HPLC

Preparative RP-HPLC was run on a Gilson PLC 2250 Purification system (Villiers le Bel, France)
instrument using a preparative column (Waters DeltaPak C18 Radial-Pak Cartridge, 100 A, 40 x 100
mm, 15 um particle size, flow rate 50.0 mL/min). Buffer A was 0.1% TFA in water, and buffer B was

0.1% TFA in acetonitrile. A gradient of 0-50% B over 50 min was used.
2.5 Electrophysiological Recordings

cRNA was synthesized from linearized plasmids with SP6 RNA polymerase using the
mMessageMachine kit (Invitrogen, Thermo Fisher Scientific, USA). Lobes of Xenopus laevis oocytes
were kindly provided by Prof. Luis Pardo, MPI of Experimental Medicine, Gottingen, and incubated
with collagenase (1.0mg/ml; no. S1746502; Nordmark Biochemicals, Uetersen, Germany) in ND96 (96
mM-NaCl, 2 mM KCI, 1 mM CaCl;, 1 mM MgCl, and 5 mM Hepes, pH 7.4 for 1-2 h at 16 °C. Follicular
cells were removed by subsequent incubation (15-20 min) in Ca?*-free ND96, followed by several
washing steps with ND96. Defolliculated oocytes of oogenesis stages V/VI were manually selected and
injected with 50-nl aliquots of cRNA (0.5 pg/ul). Injected oocytes were kept at 16°C in filtered ND96

containing gentamicin (5 pg/ml).

Two-electrode voltage clamp recordings were performed in oocytes 1-5 days after cRNA injection at
a holding potential of -70 mV. Pipettes were pulled from borosilicate glass and filled with 3 M KCI.
Resistances were below 1 MQ. Membrane currents were recorded using a Turbo Tec 05X Amplifier
(npi electronic, Tamm, Germany) filtered at 200 Hz and digitized at 400 Hz. CellWorks software was
used for recording. The perfusion medium was automatically switched between ND96 with or without
agonist (100 uM ACh) using a custom-made magnetic valve system. A fast and reproducible solution
exchange (<300 ms) for agonist application was achieved using a 50-ul funnel-shaped oocyte chamber

combined with a fast solution flow (150 pl/s) fed through a custom-made manifold mounted
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immediately above the oocyte. ACh pulses were applied for 2 s at 4-min intervals. After each
application, the cell was superfused for 54 sec with agonist-free solution, and the flow was then
stopped for 3 min. Immediately at the beginning of this interval, peptide (prepared in filtered ND96
containing 0.1% BSA m/V) was mixed from a 10-fold stock into the static bath when responses of three
consecutive agonist applications differed by less than 10%. The use of BSA showed no change in toxin
potency but produced more stable measurements at low toxin concentrations. ACh-evoked currents

peak following peptide incubation were normalized to last ACh current peak before peptide exposure.

The analysis of the electrophysiological data was performed using GraphPad Prism version 8.0. Dose-
response curves were fit to the data using the Hill equation: % response = Bottom + (Top-
Bottom)/(1+107((LoglICso-X) *HillSlope)) and constraints of 100% and 0% for Top and Bottom,
respectively. Dissociation curves were fit to the data with the equation % response = (response (time

0) - plateau)*exp(-K * time) + plateau.

The functional analysis of competitive binding was performed as previously described (Ellison et al.,
2013). Briefly, 2s ACh pulses were applied for 1 min intervals for 5 consecutive ACh evoked peaks with
the last three not differing by more than 10%. The perfusion was then stopped for 7 min with
application of cCIA-3 after 1 min and/or Ml after 4 min in the bath with static bath method depending
on the experimental design and then continued. As a control, ND96 was applied instead of a peptide.
All peak currents were normalized to the mean of the 4 ACh evoked peak currents before the peptide

incubation.
All experiments were conducted with oocytes from at least two different frogs.
2.6 NMR spectroscopy

Lyophilized synthetic peptides (~1.5-2 mg) were resuspended in 90%H,0:10%D,0. 2D *H-H TOCSY, *H-
IH NOESY, *H-'H DQF-COSY, *H-*N HSQC, and H-13C HSQC spectra were acquired at 290 K using a 600
MHz AVANCE lll NMR spectrometer (Bruker, Karlsruhe, Germany) equipped with a cryogenically cooled
probe. All spectra were recorded with an interscan delay of 1 s. NOESY spectra were acquired with
mixing times of 200-250 ms, and TOCSY spectra were acquired with isotropic mixing periods of 80 ms.
Two-dimensional spectra were collected over 4096 data points in the f2 dimension and 512 increments
in the f1 dimension over a spectral width of 12 ppm. Standard Bruker pulse sequences were used with
an excitation sculpting scheme for solvent suppression. The two-dimensional NOESY spectra of the
cCIA analogues were automatically assigned and an ensemble of structures calculated using the
program CYANA [358]. Torsion-angle restraints from TALOS+ were used in the structure calculations.
The final structures were visualized using Pymol (The PyMOL Molecular Graphics System, Version 2.0

Schrédinger, LLC.), MOLMOL[384] and UCSF Chimera [385].
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2.7 In vivo assays zebrafish (Danio rerio)
2.7.1 Monitoring of the paralysis effect after Injection onto adult zebrafish

Zebrafish wild-type AB were maintained under standardized conditions and experiments were
conducted in accordance with the European Communities council directive 2010/63, procedures were
approved by Ethical Committee for Animal Experiment of Languedoc Roussillon n ° 36 (reference
number: 2018040911129080 #14665 v4). Toxins were diluted in milli-Q water and 5 pL of incremental
doses were injected intramuscularly into adult zebrafish with a 10 puL Neuros Syringe from Hamilton
(Bonaduz, Switzerland). Each dose was repeated three times on three different fishes to determine
error bars. The onset of paralysis was measured over a maximum observation time of 10 min. Paralysis
was considered total when the fish went on its back. Negative control experiments were performed

according to the same protocol by injecting water instead of toxins.
2.7.2 Monitoring of the paralysis effect after incubation into larvae swimming water

Experiments were conducted on 5 day-old larvae of zebrafish wild-type AB. 6 larvae per toxin were
placed in a 96-well plate and a controlled volume of swimming water was added. Small volumes of
toxin was added to reach the final desired concentration of 100 uM. Immediately after incubation, the
plate was placed in the movement tracking chamber. The movement of larvae was video captured and
qguantified using the Zebrabox infrared camera setup and tracking extension of the Zebralab software
system (Viewpoint Life Sciences, Canada). The integration period for movement data was set to 30 min.
Each time the animal speed goes above the small/large movement threshold, the large movement
counter in incremented. Negative control experiments were performed according to the same

protocol by adding water instead of toxins.
2.8 In vitro assays on isolated mouse nerve-muscle preparations
2.8.1 Animals

Adult male and female Swiss mice (Mus musculus, 2-5 months of age and 23-28 g of body weight),
were purchased from Janvier Elevage (Le Genest-Saint-Isle, France). Mice were acclimatized at the CEA
animal facility for at least 48 h before experiments. Live animals were treated according to the
European Community guidelines for laboratory animal handling and the guidelines established by the
French Council on animal care “Guide for the Care and Use of Laboratory Animals” (EEC86/609 Council
Directive — Decree 2001-131). Mice were housed four- to six-wise in cages with environmental
enrichment, in a room with constant temperature and a standard light cycle of 12-h light/12-h darkness
and had free access to water and food. All experimental procedures on mice were approved by the

Animal Ethics Committee of the CEA and by the French General Directorate for Research and
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Innovation (project APAFIS#2671-2015110915123958v4) authorized to E. Benoit). Male and female
mice were anesthetized by isoflurane (Aerrane®, Baxter S.A., Lessines, Belgium) inhalation before

being euthanized by dislocation of the cervical vertebrae.
2.8.2 Recordings on isolated nerve-muscle preparations

In vitro assays were performed on left phrenic-nerve hemidiaphragm muscle preparations quickly
removed and mounted in a silicone-lined organ bath (4 mL capacity). Preparations were bathed in a
Krebs-Ringer solution of the following composition: 150 mM NaCl, 5 mM KCl, 2 mM CacCl,, 1 mM MgCl,,
11 mM glucose, and 5 mM HEPES (pH 7.4), continuously superfused with pure O, throughout the
experiment at a constant temperature of 22 °C, unless otherwise indicated. For nerve-evoked
isometric twitch tension measurements, the phrenic nerve was usually stimulated with a suction
microelectrode (adapted to the diameter of the nerve) with supramaximal current pulses of 0.25 ms
duration, at a frequency of 0.1 Hz delivered by the isolation unit of a stimulator (S-44 Grass
Instruments, West Warwick, Rl, USA). The hemidiaphragm tendons (at the rib side) were tightly
anchored onto the silicone-coated bath with stainless pins, and the other tendon (central medial
tendon) was attached via an adjustable stainless-steel hook to a FTO3 isometric force transducer (Grass
Instruments). The resting tension was monitored for each preparation tested and adjusted with a
mobile micrometer stage allowing variations of muscle length in order to obtain maximal contraction
amplitude in response to motor nerve stimulation. Once maximal contraction was obtained, the
resting tension was fixed, and monitored during the whole duration of the experiment. Signals from
the isometric transducer were amplified, collected, and digitized with the aid of a computer equipped
with an Axon™ Digidata-1550B A/D (interface board low noise acquisition systemplus hum silencer™),
using the PClamp/Axoscope 10.7 version software (Axon Instruments, Molecular Devices Inc.,

Sunnyvale, CA, USA).

In some experiments a Train-Of-Four (TOF) stimuli was delivered to the phrenic nerve trunk at a
frequency of 2 Hz for 2 s, at a train rate of 0.033 Hz. The ratio of muscle tension developed in the
mouse hemidiaphragm by the fourth to the first stimulus was evaluated [T(4) /T(1)] at different peptide

concentrations.
2.8.3 Statistical analysis

Data are presented as means + standard deviations (S.D.) of n different experiments. Differences
between values were tested using the parametric two-tailed Student’s t-test (either paired samples
for comparison within a single population or unpaired samples for comparison between two
independent populations) or the Kolmogorov-Smirnov two-sample test. Differences were considered

significant when P < 0.05.
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2.9 Serum stability assay

Human AB serum (VWR, Fontenay-sous-Bois, France) was centrifuged at 12000 g for 10 min for the
removal of the lipid component. Supernatant was taken out and incubated for 15 min at 37 °C before
the assay. All peptides were tested at a final concentration of 30 uM after dilution in serum (water for
negative control). The incubation time points were 1, 2, 4 and 8 h at 37 °C. Controls and test peptides
were incubated in parallel at each time point. Serum proteins (30 uL) were denatured by quenching
with 40 pL of 6 M urea (10 min, 4 °C), followed by the precipitation of proteins with an addition of 40
uL of 20% trichloroacetic acid (10 min, 4 °C). These solutions were then centrifuged at 12000 g for 10
min. 100 pl of supernatant was taken out at each time point. Chromatographic separation was carried
out at a flow rate of 0.4 ml/min on an Acquity H-Class ultrahigh performance liquid chromatography
(UPLC) system (Waters, Corp., Milford, MA, United States), equipped with a Kinetex C18 100A column
(100 mm x 2.1 mm, 2.6 mm particle size) from Phenomenex (France). The mobile phase consisted of
water (solvent A) and ACN (solvent B) with both phases acidified by 0.1% (v/v) formic acid and gradient
was 0-80% B in 10 min. Mass spectra were acquired in the positive ionization mode. The elution time
for each peptide was determined by the zero-time point. The stability at each time point was calculated
as the area of the serum treated peptide peak on RP-HPLC at 214 nm as percentage of the area of the
0 h serum treated peptides. Controls were an eight-residue linear peptide incubated in serum for the
positive control and incubated in water for the negative control. Each experiment was performed in

triplicate.
3. Results

The previously described a-conotoxin CIA [196] from predation-evoked venom of Conus catus is a
highly potent blocker of muscle-type nicotinic receptors. It has a typical 3/5 a-conotoxin disulfide
framework and high sequence homology with other known muscle-type conotoxins. Remarkably, it
also shows activity on the a3B2 neuronal subtype, which has not been observed for the 3/5 a-
conotoxin family. The NMR structure of a-CIA revealed a relatively short inter-termini distance of
about 10 A that favors head-to-tail cyclization, and we investigated the effect of backbone cyclization
of this peptide with amino acid linkers of different lengths (Figure 1). The objective of this modification
was twofold: (i) to improve the stability of the native toxin and (ii) produce the first proteolysis-
resistant and highly potent blocker of both neuronal and muscle-type nicotinic receptors. Every other
characterized a-conotoxin distinguishes between neuronal and muscle-type nAChRs. As demonstrated
in this work, compounds targeting both types of nicotinic receptors represent a unique

pharmacological tool for biological questions involving both receptors.
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Figure 1: Synthesis strategy of CIA cyclic analogues and NMR structure representation of native
CIA (A) NMR structure (backbone representation) of CIA. CIA exhibits a classical a-conotoxin
fold with I-1ll and II-IV disulfide connectivity (represented in yellow). Based on the inter-termini

spacing, amino acid linkers with a length between 10 and 19 A were chosen. (B) Synthesis



Chapitre 2 : Synthéese de toxines a 2 ponts disulfures 117

strategy for the production of three cyclic a-CIA peptides and the respective RP-HPLC/ESI-MS
analysis. The orange round circle represents a chloro-(2’-chloro) trityl resin and P represents
common side chains protecting groups used in Fmoc-SPPS (Solid Phase Peptide Synthesis). (C)
RP-HPLC-UV (ACN gradient from 0 to 30% in 30 min) coupled to ESI-MS analyses revealed the

presence of dominant peaks of the expected masses.
3.1 Chemical synthesis

After anchoring of the C-terminal residue on a chloro-(2’-chloro) trityl resin, elongation of the
peptide chain was performed manually using Fmoc-based SPPS [87,386]. Mild cleavage conditions
were used to allow the separation of the peptide from the resin without affecting the side-chain
protecting groups. The crude protected peptide was cyclized under coupling conditions [387]. Side-
chain deprotection and subsequent purification produced the cyclic peptide. Next, a regioselective
folding strategy using acetamidomethyl (Acm) protecting groups (Cysl-Cyslll) was employed to
produce the disulfide bond connectivity of the native peptide [196]. After final purification, the
homogeneity of folded cCIA peptides was assessed by analytical RP-HPLC-UV coupled to ESI-MS
(Figure 1 and Figure S5).

3.2 Electrophysiology and binding assays

The biological activities of the cCIA peptides were investigated using the two-electrode voltage-
clamp method on rat a3B2 neuronal nAChRs subtypes and fetal rat muscle-type nAChR ((a1)2By6)
expressed in Xenopus laevis oocytes. All three cyclic analogues retained the low nanomolar (ICso 4-
9 nM) activity of the native toxin (ICsp 6.62 nM*) at the muscle-type nAChR. Surprisingly, cyclization
significantly improved the potency of CIA (ICso 68.2 nM) at the a3B2 subtype with an up to 52-fold
increase in potency for the most active analogue cCIA-3 (ICso 1.30 nM, Figure 2B). Thus, a-cCIA-3
is the first highly potent cyclic blocker described to display a low nanomolar ICso value on both
Ineuronal subtype a3B2 and muscle-type nAChRs. As the potency increase was accompanied by a
reduced recovery of the receptor from the block, we next measured the dissociation of the toxin
from both muscle-type and a3p2 nAChR subtypes. Despite the similar potency on the muscle-type
nAChR of cCIA analogues, they displayed significantly slower off-rates. The cCIA-3 peptide had the
smallest dissociation constant (Koff) and a wash-out time of =30 min for 80% receptor activity
recovery (Figures 2C, 2D and S1) at the muscle-type nAChRs. In contrast, complete dissociation

from neuronal a3B2 subtypes occurred within minutes and could not be determined with the

* Please note that a different ICso value was previously determined [196], the reason for this
could not be determined, but could be due to different toxin stocks or experimenters.
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established protocol. Therefore, the real-time receptor reactivation during agonist application
(Figures S2 and S3) was analyzed and compared to provide an estimate of the dissociation of the
cCIA analogues from the a3B2 receptor. Again, this revealed cCIA-3 has the slowest dissociation
rate, and supports the finding that this analogue has a structure that increases affinity for both
muscle and a3B2 nAChRs. Since the common notion is that binding pockets of muscle-type and
neuronal nAChRs are quite different and 3/5 a-conotoxins are highly muscle selective, we
considered if cCIA binds to an unorthodox binding site in the a3B2 receptor such as the oo
interface. However, functional competition binding experiments with a-conotoxin Mll, a potent
competitive antagonist at the a3B2 subtype showed that preincubation with 100 nM cCIA-3
inhibited binding of MIl and suggests competitive binding of cCIA-3 to the orthosteric .32 binding
site (Figure S4).
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Figure 2: Cyclization increases potency and affinity of CIA analogues at muscle-type and o332
nAChRs. (A) Dose-response curves of CIA and the three cyclic analogues (cCIA-2, cCIA-3, and
cCIA-4) on rat muscle-type (B) and neuronal a32 nAChRs. (C) Recovery of muscle-type nAChRs
from toxin block measured in 4 min intervals Xenopus laevis oocytes expressing the indicated

receptors were analyzed by 2-electrode voltage-clamp at -70 mV holding potential. Responses
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to 2-s pulses of 100 uM ACh were recorded after 3 min preincubation with the respective toxin.
Each point represents the mean of measurements from at least 3 different oocytes. Error bars
represent S.D. Dotted lines in (A), (B) and (C) represent the 95% confidence bands of the fits.
(D) Summary of inhibition and dissociation constants of the toxins. Numbers in brackets are

95% confidence intervals. N.D = not determined.
2.3 NMR spectroscopy

High-resolution NMR spectroscopy allowed the determination of three-dimensional structures of
the CIA cyclic analogues (Figure 3A). Two-dimensional TOCSY, NOESY, COSY and HSQC spectra
were collected for all three CIA cyclic analogues and the assignments made using standard
approaches [388] (Table S1). Additional peaks are present in the cCIA-2 and cCIA-4 spectra, most
likely representing alternative conformations, whereas cCIA-3 has primarily one set of peaks
corresponding to a single conformation. Therefore, the linker length appears to impact the
structural stability. The major conformations were assigned for the peptides and a superposition
of the structures with native a-CIA is shown in Figure 3B, highlighting the similarity between the
cyclic analogues and the native peptide. Structures were determined based on the NOE data, and
angle restraints predicted from TALOS [389]. Ensembles representing the three peptides are

shown in Figure 3A.
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Figure 3: (A) NMR-derived structures of the cyclic CIA analogues. The 20 lowest energy
structures are superimposed over the backbone atoms for residues 6-17 (cCIA-2; left), 4-18
(cCIA-3, middle) and 5-19 (cCIA-4, right). The cysteine side chains are shown in yellow. (B)
Ribbon representations of cCIA-2 (left), cCIA-3 (middle) and cCIA-4 (right) superimposed over
a-CIA backbone atoms (bb) for residues 3-17 (cClIA-2), 4-18 (cCIA-3) and 5-19 (cClIA-4). The
disulfide bonds are shown in ball and stick format. The root-mean-square deviation (RMSD)
values are given for the superposition of the lowest energy structure over bb atoms. The first
value corresponds to the best fitted residues bb atoms, the number of residues is indicated

between brackets and the second value corresponds to the 15 residues of a-CIA.
2.4 Stability assays

The stability of CIA and its cyclic analogues against enzymatic degradation was determined by
incubation with human serum AB. Peptides were incubated for 8 h at 37°C and the amount of

intact peptide remaining was determined by liquid chromatography/MS analysis of aliquots taken
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at 0, 1, 2, 4, 8 hours post-incubation. Results revealed that especially during the first three hours
the degradation kinetics of cyclic analogues were much slower in comparison to CIA (figure 4A).
cClA-4 is the most resistant cCIA analogue to proteolysis-degradation, with a serum half-life of
more than 8 hours and up to 70% intact peptide remaining after 8 hours of incubation. In
comparison, cCIA-2 and cCIA-3 have half-life values of 440 min and 320 min, respectively. Finally,
native a-CIA is degraded the quickest, with a half-life of 80 min. CIA cyclization greatly improved

the enzymatic stability and is consistent with previously published data on conotoxin cyclization.
2.5 Zebrafish (Danio rerio) in vivo assays

In order to investigate a potential oral/transcutaneous activity of CIA and its three cyclic analogues
we first performed in vivo intramuscular injections into adult zebrafish (Danio rerio) in order to
determine an easily visible effect that would allow us to monitor uptake of the peptide.
Intramuscular injection of a-conotoxin CIA and its three cyclic analogues produces a rapid flaccid
paralysis of skeletal muscle, as evidenced by a loss of an upright posture of the fish, and ultimately
complete immobilization. Paralysis induced by CIA and cCIA analogues exhibited a dose-dependent
effect, with 1Cso values for CIA, cCIA-2, cCIA-3 and cCIA-4 of 6.88 UM, 12.1 uM, 57.87 uM, and 76.22
UM, respectively (Figure 4B, 4D). This evaluation of paralysis caused by muscle nAChR blockade led
to investigation of the oral/transcutaneous toxin uptake/activity by tracking the movement of
zebrafish larvae in 100 uM toxin for one hour using the ZebraBox tracking system (Figure 4C).
Native CIA and cCIA-2 induced a strong paralysis suggesting efficient uptake of the toxins.
Consistent with data from the intramuscular injection, cCIA-3 and cCIA-4 had the weakest paralysis

activity.
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Figure 4: Paralytic effect of the CIA analogues on zebrafish (Danio rerio) and serum stability
assay. (A) Stability of CIA and cCIA analogues in human serum. Experiments were performed
in triplicate with positive and negative controls. Each point represents the mean of the
triplicate measurement value. Error bars represent the S.D. (B) Dose-response analysis of
paralysis induced by intramuscular injection of conotoxins CIA and cCIA analogues in adult
zebrafish. Experiments were performed in triplicate with a negative control. Points represent
the mean of measurement performed in triplicate. Error bars represent the S.D. (C) Large
movement count over one hour of Danio rerio larvae movement tracking after addition of the
toxins into the water at a concentration of 100 uM. Each point represents the mean of
measurements from 6 different larvae. Error bars represent the S.D (D) Recapitulative table,

95% confidence intervals are between brackets. + symbol indicates the standard deviation.
2.6 Mouse muscle contraction assays
2.6.1 a-CIA and analogues block nerve-evoked muscle contraction

When applied at nanomolar concentrations to isolated phrenic-nerve hemidiaphragm muscle
preparation, CIA and cCIA analogues produced a concentration- and time-dependent reduction of

the isometric twitch force evoked by nerve stimulation at 0.1 Hz (Figure 5A).
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Figure 5: Typical isometric single twitch recordings upon nerve stimulation and concentration-
response curves for CIA and cCIA analogues that block phrenic nerve-evoked isometric twitch
force in mouse hemidiaphragm muscles. (A) Typical twitch responses upon nerve stimulation
under control conditions (left trace) and during the action of 16 nM cCIA-3 (right trace). (B)
Concentration-response curves and ICso (nM, = SD) values for CIA, cCIA-2 (B, C), cCIA-3 and
cCIA-4 (D, E). Data points represent the mean * S.D. of twitch responses after 20-25 min toxin
exposure, relative to the respective controls. The number of nerve-muscle preparations used

is indicated in parenthesis.

The rank order of potency obtained from these experimental data was cCIA-3 > CIA > cCIA-2 > cCIA-
4 > aC-PrXA. For the most active peptide, cCIA-3 (ICso 16 nM), the time required to block 50% of
nerve evoked muscle contraction was 19.0 £+ 6.2 min (n = 4). The effect of all peptides was
reversible upon washing the preparations with an extracellular medium free of a-conotoxins. A
40% recovery was obtained in 32.6 + 1.8 min (n=3) with the cCIA-3 analogue (data not shown).
These results indicate that CIA and analogues are effective neuromuscular blockers, and are 2-3
fold more potent than the previously studied aC-PrXA, a highly specific and potent inhibitor of

muscle-type nAChR of the neuromuscular junction [390].
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It was of interest to determine if the block produced by the most potent CIA analogue, cCIA-3,
could be antagonized by an increase in nerve-evoked quantal ACh. This would determine if an
increase of evoked ACh release from nerve terminals could displace the cCIA-3 from its nAChR
binding site. For this, we chose 3,4-diaminopyridine (3,4-DAP), which greatly increases quantal ACh
by blocking voltage-gated K* channels in motor nerve terminals [391-393] and is an effective drug

used in neurology.

As shown in Figure 6A, cCIA-3 (16 nM) blocked the peak amplitude of nerve-evoked contraction by
approximately 85 %, and this effect was 80% reversed by addition of 3,4-DAP (10 uM) to the
medium (Figure 6B). Interestingly, when computing twitch tension-time integrals instead of peak
amplitudes the reversal was in the range of 96-98 %. This difference in values is due to the fact
that nerve-evoked contractions exhibit a prolonged time course in the presence of 3,4-DAP (shown
in a comparison of the control and 3,4-DAP traces in Figure 6A). Thus, it is likely that 3,4-DAP is
able to displace the cCIA-3 analogue from the muscle endplate nAChR by increasing acetylcholine
release from nerve terminals. These results strongly suggest that the peptide acts in a competitive

manner on the muscle-type nAChR, in agreement with the general notion.

c Control ¢CIA-3 (16 nM) E
Control CCIA-3 (16 nM) 3,8-DAP (10 nM)

omn| al
s 1,2 4
J \o . ° N |

B D T
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% 06 | “ e CIA
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Control «-CPrXA (23 nM) 02 1 Scciad

-
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Figure 6: 3,4-DAP reverses the neuromuscular blockade produced by cCIA-3 and TOF fade ratio

°

Control cCIA-3(16nM)  3,4-DAP (10 uM)

of the peptides. (A) Isometric twitch tension recordings evoked by nerve stimulation (0.1 Hz)
on the same phrenic-nerve hemidiaphragm preparation under control conditions, during 30
min of 16 nM cCIA-3 action, and after 27 min of 10 uM 3,4-DAP action. Note in (A) the different
time course of twitch recordings between the control and after 3,4-DAP-treatment. (B) Data
obtained in the same preparation and expressed as means *+ S.D. (C) Isometric tension
developed during TOF nerve stimuli (2 Hz) under control conditions, and in the presence of
cCIA-3 and (D) aC-PrXA. Note the TOF fade in the presence of aC-PrXA. (E) TOF ratio fade in
the presence of a-CIA, cCIA analogues and aC-PrXA. Note that the fade is relatively small and

statistically non-significant for some of the peptide concentration used.
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2.6.2 Train-of-four (TOF) fade in the presence of various conotoxins

Agents that produce a non-depolarizing neuromuscular block at the neuromuscular junction are
known to display a typical TOF fade, both in vitro and in vivo. The TOF fade corresponds to the T4/ T1
ratio, where T4 and T1 are the fourth and first twitch tensions in the same train. The inhibition of the
presynaptic a3pf2 nAChR subtype at motor nerve terminals has been suggested as an explanation for
train-of-four fade seen during a non-depolarizing neuromuscular block [394,395]. Therefore, due to
their original dual muscular/ a3B2 nAChRs antagonist property, it was of interest to determine whether

a-CIA and the cCIA analogues were able to produce TOF fade.

Under control conditions (in the absence of peptides), as shown by the typical recordings (Figure 6C),
there was no TOF fade. Interestingly, when nerve-evoked contraction was inhibited about 76 % by
cCIA-3 no significant TOF fade was observed (Figure 6C). However, a marked TOF fade was observed
for the highly muscle-selective aC-PrXA peptide, with only approximately 45 % neuromuscular block
(Figure 6D). As shown in Figure 6E, TOF fade was calculated at different conotoxin concentrations. If a
50% decrease of TOF fade was measured with aC-PrXA (23nM), no significant effect was observed for

any of the a-CIA and a-CIA analogue concentrations studied (Figure 6E).
3. Discussion

Backbone cyclization of several neuronal a-conotoxins has been previously reported to enhance
stability and in some cases to improve the permeability of the cyclic analogue through biological
membranes [294,323,333,382,383]. However, backbone cyclization of a muscle-type a-conotoxin has
never been attempted before. Considering the unusual activity of the 3/5 a-conotoxin CIA on nAChR
a3B2 subtypes, we investigated its backbone cyclization. During the cyclization process, a linker
minimizing perturbations of the three-dimensional structure of a bioactive native toxin is highly
desirable. Indeed, it has been shown that an inappropriate linker can distort the structure leading to a
loss of bioactivity [294]. Based on the inter-termini spacing, amino acid linkers with a length between
9 and 18 A were chosen. Clark et al. showed that the linker length has to be sufficiently long so as not
to introduce strain into the peptide and hence alter the structure of the conotoxin [333]. Conservation
of the structure between CIA and its cyclic analogues was confirmed by NMR spectroscopy. However,
the linker length had an impact on how well-defined the structures are (Table S1), with cCIA-3 having
the lowest RMSD and therefore the most well-defined structure, and one predominant conformation

in the NMR spectra in contrast to the other two cyclic analogues.

Consistent with the NMR data, structural conservation of the cCIA analogues compared to the native
CIA led to the conservation of the bioactivity towards muscle-type nAChRs at low nanomolar

concentrations. However, the significant decrease in Koff values suggests stronger interaction of the
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cyclic analogues within one, or both, of the two orthosteric muscle nAChR binding sites. Considering
the high sequence homology of a-CIA with a-Ml and a-Gl, a-CIA is most likely binding at the a-6
interface [368,396]. It has been demonstrated that the ACh binding pocket is mostly composed of
hydrophobic residues that interact with residues of the two conotoxin loops formed by the disulfide
bridges. Although, the linker is outside of these cysteine loops, the lower Koff cCIA-3 and cCIA-4 might
be due to additional hydrophobic interactions with the additional alanine residue in the linker
compared to cCIA-2. Interestingly, in contrast to muscle nAChRs, dissociation rates from the neuronal
a3B2 subtype were so fast that dissociation constants could not be determined with established
protocols despite a strong potency increase at these subtypes. This raised the question of how exactly
the native a-CIA and the cyclic analogues bind to the a3B2 subtype. Indeed, allosteric modulators
usually display very fast dissociation rates. However, functional competition binding experiments
suggest a competitive binding of cCIA-3 to the orthosteric a3p32 binding site and we can reasonably
extend this hypothesis to cCIA-2, -4 and native a-CIA toxin. Surprisingly, all the cyclic analogues
displayed an improved affinity towards the a332 subtypes, with cCIA-3 being the most potent with a
52-fold increase in activity compared to native a-CIA. Favorable structural changes in the second loop
and well-defined structures of cCIA-3 compared to native a-CIA (Figure 3B) might be responsible for

the enhanced activity of cCIA-3 towards a32 nAChR subtypes.

Consistent with the previous published data on a-conotoxin cyclization [294,323,333,382,383],
cyclization of a-CIA leads to an improved stability to enzymatic degradation. cCIA-4 was the most
resistant to proteolysis-degradation, exhibiting a serum half-life of more than 8 hours and up to 70%
remaining peptide, followed by cCIA-2, cCIA-3 and native CIA, which is degraded at least 4 times faster.
Note that CIA and the cCIA analogues appear to be more readily degraded in serum than cVcl.1 and
cMIl, as shown in the study by Clark et al. [294,333]. Indeed, unlike Vc1.1 and MIl conotoxins, CIA
contains one arginine residue before the first cysteine residue, and one lysine residue in the second
loop that can be cleaved by endopeptidases. Therefore, cutting the N-terminal part and replacing the
lysine residue with an unnatural lysine isostere in cClAs should further improve their serum stability,

but potentially at the expense of the affinity.

A visible paralyzing effect of the toxins, resulting from the block of muscle-type nAChR was observed
when CIA or the cCIA analogues were injected intramuscularly into zebrafish. Paralysis activity of the
conotoxins could be easily monitored by movement tracking of zebrafish (Danio rerio) larvae, after
incubation with the toxins in their swimming water. Considering the inhibition constant values
obtained by intramuscular injection, we performed the assay at a concentration of 100 uM as
insufficient starting material was available for higher doses. CIA and cClAs showed an oral paralysis

effect in comparison to the control, with CIA and cCIA-2 being the most potent. cCIA-3 and cCIA-4
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exhibited a weaker activity, which is consistent with the intramuscular injection data. Zebrafish (Danio
rerio) might not have the required metabolic means to completely digest the native CIA and make it
completely orally inactive. However, despite being less potent than native CIA when injected, cCIA-2
still displayed a better oral/transcutaneous uptake/activity, indicating that CIA might be at least

partially metabolized in contrast to cCIA-2 due to its fully cyclic nature.

Considering the unique capacity of a-CIA and the cCIA analogues to block both muscle-type and
neuronal a3B2 subtype nAChRs, these peptides represent a novel pharmacological tool to study the
activity of the a3B2 subtype in nerve stimulation when neuromuscular blockers are present. Consistent
with the electrophysiology data, CIA and the cCIA analogues block the phrenic nerve-evoked isometric
twitch force in mouse hemidiaphragm muscles in the nanomolar range, with conserved order of
potency (cCIA-3>CIA>cCIA-2>cCIA-4). Increase in quantal ACh release by 3,4-DAP displaced cCIA-3

showing a competitive binding of the toxin.

Train-of-four (TOF) fade in muscle (reduction of the twitch amplitude in a train under repetitive nerve
stimulation) was used to assess neuromuscular junction and it is well-known that non-depolarizing
neuromuscular blocking drugs induce TOF fade [394,395,397]. The role of the pre-synaptic a3p2
nicotinic receptor in the TOF fade phenomenon has been proposed previously. One of the persevering
theories is that presynaptic a3B2 nicotinic receptors would increase the release of acetylcholine via a
positive feedback mechanism to maintain the contraction at the same level following repeated nerve
stimulation at the level of the neuromuscular junction. Thus, the inhibition of these presynaptic
receptors could be one of the causes of an attenuated release of acetylcholine leading to nerve-evoked
muscle contraction fade. This hypothesis was recently challenged by using ligands with various
selectivity for pre- and post-synaptic receptors [398]. For example, in in-vivo experiments, the TOF fade
was clearly correlated with the administration of a postsynaptic muscle-type antagonist such as a-
bungarotoxin or a-conotoxin Gl, while DHBE, an a3B2 blocker, was shown to potentiate the TOF fade.
Nevertheless, DHBE is a non-selective neuronal receptors blocker, justifying more precise examination
of the role of the presynaptic a3B2 subtype. Therefore, considering their high potency and variable
selectivity on both muscle-type and neuronal a3B2 nAChRs, CIA and its cyclic analogues represent
unique pharmacological tools to address this question. Surprisingly, neither CIA nor the cyclic
analogues induce a visible TOF fade, in contrast to the muscle-specific aC-PrXA conotoxin (Figure 6).
This suggests that dual blockade of a3B2 and muscle-type nAChRs is able to prevent this phenomenon,
nevertheless, their role in neuromuscular response will have to be investigated in more detail in future

studies.
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5. Supporting information

1uM CIA 1 uM cCIA-2

100nM cCIA-3 55 1 uM cClA-4

0.2 pA
0.2 uyA

5s 5s

Figure S1: Recovery of ACh-induced a3[32 currents after inhibition by CIA analogues. 2s-pulses
of ACh (100 uM, black bar) were applied in 4 minute intervals (1 min under perfusion, 3 min in
a static bath). Once stable current responses were obtained, toxins were applied for three
minutes in the static bath (indicated by green arrows) in concentrations that produced at least

80% inhibition: (A) 1 M native CIA, (B) 100 nM cCIA-3, (C) 1 uM cCIA-2 and (D) 1 LM cCIA-4.
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Figure S2: Real-time recovery of a3p2 currents after inhibition by CIA and its cyclic derivates.

(A) Merged current responses during a 10s application of ACh (100 uM, black bar) evoked

before (control) and after 3min incubation with the indicated peptides. Note the delayed

current peak due to dissociation of the peptide during the agonist application. The steepness

of the rising phase of the current was used as a surrogate for the off rate. Isolated peak traces

are shown with red lines indicating 20% and 80% of the peak current and a linear regression

(blue line) within these borders was performed for (B) control (ND96), (C) 1 uM native CIA, (D)

1 uM cClA-2, (E) 100 nM cCIA-3 and (F) 1 uM cCIA-4. The slope of each linear regression is

written in the graph and the linear regression in the chosen borders is shown in detail with

regression coefficient (R2).
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Figure S3: Comparison of the dissociation of CIA and its cyclic derivates from a3B2 using the
slope of the rising phase of the ACh evoked current as surrogate. The slopes were determined
as shown in Figure S2 and normalized to the slope of the control peak before incubation with
the peptide (peak slope / control slope). The single values are shown with the mean as straight

bar and S.D., n > 7. Note that higher values indicate a faster dissociation.
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Figure S4: Functional competition between cCIA-3 and MII. Responses to 2s-ACh pulses were

recorded at 1-min intervals and normalized to the mean of 4 current peaks recorded prior to

peptide incubation in a static bath. Three different protocols were conducted: (A) 1 min after

ACh wash-out, cCIA-3 (10 or 100nM) was added to the static bath for 6 min before ACh

applications were continued, (B) 4 min after ACh wash-out, Mll (30 nM) was added to the

static bath for 3 min before ACh applications were continued (C) cCIA-3 (10 or 100 nM) was

added after 1 min and MIl (30nM) was added after 3 min. ACh applications were continued

after 6 min. Data are represented as MEAN + S.D. with n > 5.
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Figure S5: Synthesis strategy of the three cylic analogues of CIA. (i) Double coupling 10 min

HATU (5eq)/DIPEA (10eq) (i) 1% TFA in DCM (v/v) 10 x 5 min (iii) HATU (2,5eq)/DIPEA (5eq) 4

h (iv) TFA/TIS/H,0 (95/2.5/2.5 v/v/v) 2,5 hr (v) Tris-HCI 50 mM buffer pH 8, DTP (7eq), 10 min

(vi) I 10 mM (20eq) in H,0/TFA/ACN (78/2/20 v/v/v), 10 min. The orange round circle

represents a chloro-(2’-chloro) trityl resin and P represents common side chains protective

groups used in Fmoc-SPPS (Solid Phase Peptide Synthesis). RP-HPLC-UV (ACN gradient from O

to 30% in 30 min) coupled to ESI-MS analyses revealed the presence of dominant peaks of the

expected masses.
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Table S1: Structural statistics for the cCIA analogues.

Structural statistics for the cCIA ensembles

Experimental restraints
Interproton distance restraints
Intraresidue
Sequential
Medium range (i-j < 5)
Long range (i-j >5)
Dihedral-angle restraints

R.m.s. deviations from mean coordinate
structure (A)

Backbone atoms (with linker)

All heavy atoms (with linker)

Backbone atoms (without linker)

All heavy atoms (without linker)

Ramachandran Statistics
% in most favoured region

% in additionally allowed region

cCIA-2
136

36

51

23

26

21

0.91+0.35
1.78 +0.46
0.72 +0.26
1.73 +0.46

68.5%
31.5%

cCIA-3
179

53

75

33

18

23

0.29+0.17
0.85+0.24
0.13 +0.06
0.82 +0.22

61.10%
38.9%

cCIA-4
154

49

67

19

19

21

1.05+0.45
1.59 +0.46
0.27+0.11
1.17+0.35

76.40%
23.6%




Chapitre 2 : Synthese de toxines a 2 ponts disulfures

iii. Synthese des toxines CIC et A-CIC

Dans la continuité de la découverte des toxines CIA et CIB, ainsi que la démonstration de l'utilité de
I'analogue cyclique cCIA-3 en tant qu’outil pharmacologique, nous avons poursuivi I'étude
pharmacologique des toxines de Conus catus. Une autre conotoxine nommeée CIC identifiée a partir de
la méme étude protéo-transcriptomique du venin de Conus catus [341] a attiré notre attention par sa
singuliére extrémité N-terminale anormalement étendue pour une a-conotoxine. La toxine native CIC
et un mutant privé de sa partie N-terminale A-CIC ont été synthétisés, et caractérisés

pharmacologiquement et structurellement afin d’étudier I'influence de cette partie N-terminale.

Cette étude dans laquelle j'ai effectué la synthése et la caractérisation par spectrométrie de masse est
présentée ci-aprés sous la forme d’une publication non publiable en I'état. La discussion est basée sur
des résultats de test d’activité biologique préliminaires. Les procédures expérimentales de RMN et

d’électrophysiologie manquent également a la partie méthodes.
1. Introduction

A new a-conotoxin CIC was identified in the transcriptomic study of Conus catus and confirmed by
proteomic as a component of the predation-evoked venom [341]. Therefore, CIC has been selected for
further characterization considering its high sequence homology with PelA and MIl conotoxins, both
potent antagonists of a3B2 nAChRs subtypes displaying 1Cso values in the low nanomolar range
[314,361]. However, in addition to displaying a typical 4/7 a-conotoxin cysteine pattern, CIC exhibits
an unusual extended N-terminal tail outside of the bridging loops (Figure 1). So, far, GID was the only
described 4/7 a-conotoxin showing an N-terminal extension and it was found to be a potent blocker
of a3B2 and a7 (low nanomolar ICso) nAChRs, but it also displays a significant and noteworthy activity
towards a4f2 subtypes (ICso 152 nM), known as an a-conotoxins-resistant receptor [20,276]. Deletion
of the N-terminal sequence of GID (A-1-4) had a significant effect on the activity at the a4B2 subtype
but no effect on a3B2 and a7 subtypes, suggesting these residues were important for both selectivity
and affinity [276]. Interestingly, despite its influence on activity, the N-terminal tail of GID appeared to

be disordered in solution.

Therefore, the aim of this study was to investigate the role of the unusual N-terminal part on the three-
dimensional structure and on the pharmacological activity of this novel CIC conotoxin. To this end,
native CIC conotoxin as well as a mutant variant with no N-terminal tail (Alal-Thr6 removed) named

A-CIC were synthesized and pharmacologically and structurally characterized.
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Conotoxin_CIC ASGA.T CCSNPACQV LC -
Alpha-conotoxin_PelA - - - - - GCC Sl PACSVN F’ LC-
Alpha-conotoxin_MIl - - - - - GCCSNP VC. L S NLC -
Alpha-conotoxin LviA - - - - - GCCSHPACNYV | C-
Alpha-conotoxin_TxIB - - - - - GCCsSBPP ClN LC-
Alpha-conotoxin_BnlA - - - - - GCCSHPACSVNN P I C-
Alpha-conotoxin_Mr1.1 - - - - - GCCS PACSVNN PBIIC-
Alpha-conotoxin_CIB - - - - - GCCSNPVC F’ NAC -
Alpha-conotoxin_Lo1a - - - -BcccsNrPAC T N PlVCl
Alpha-conotoxin_LsIA ----SGCCSNPACRVNNPNI C -
Alpha-conotoxin_GID - - IRByccsNPACRVNNOHRVC -

Figure 1: Alignment of CIC conotoxin with others closely related 4/7 a-conotoxins. y symbol

indicates a carboxyglutamate residue and O capital letter indicates an hydroxyproline residue.

2. Methods
2.1 Abbreviations

Acm, acetamidomethyl; ACN, acetonitrile; Boc, tert-butoxycarbonyl; DCM, Dichloromethane; DIPEA,
diisopropylethylamine; DMF, N,N’-dimethylformamide; DTP, 2,2’-Dithiopyridine; ESI-MS, electrospray
ionization mass spectrometry; Fmoc, fluorenylmethoxycarbonyl; HATU,
1[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate;
LC/MS, liquid chromatography/mass spectrometry; MeOH, methanol; nAChR, nicotinic acetylcholine
receptor; NMR, nuclear magnetic resonance; Pbf, pentamethyl-dihydrobenzofuran-5-sulfonyl; RP-
HPLC, reversed phase high performance liquid chromatography; SPPS, solid phase peptide synthesis;
t-Bu,  tert-butyl;TFA, trifluoroacetic  acid; TIS, triisopropylsilane;  Tris, = 2-Amino-2-

(hydroxymethyl)propane-1,3-diol;Trt, trityl; UV, ultra-violet.
2.2 Chemical synthesis

DMF, DIPEA, ACN, TIS, TFA, piperidine and all others reagents were obtained from Sigma-Aldrich (Saint-
Louis, MI, USA) or Merck (Darmstadt, Germany) and were used as supplied. Fmoc (L) amino acid
derivatives and HATU were purchased from Iris Biotech (Marktredwitz, Germany). PS-2-Chlorotrityl
chloride resin (100-200 mesh, 1.6 mmol/g) was purchased from Iris Biotech (Marktredwitz, Germany).
The following side-chain protecting groups were used: Trt for Asn, 1I-IV Cys, His and GlIn; tBu for Ser,
Thr and Asp; and Acm for I-lll Cys. Peptides were manually synthesized using the Fmoc-based solid-
phase peptide synthesis technique on a VWR (Radnor, PA, USA) microplate shaker. All Fmoc amino
acids and HATU were dissolved in DMF to reach 0.5 M. The first amino acid was coupled onto the resin
for 6 hin a 1/1 (v/v) mix of DMF and DCM, with a 2.5-fold excess of amino acid and 5-fold excess of
DIPEA followed by addition of methanol and further mixing for 15 min to cap any remaining reactive
functionalities on the resin. The resin was washed with DMF, DCM, MeOH, and DMF. Fmoc

deprotection was carried out with piperidine in DMF (1/2 v/v) twice for 3 min. Subsequent amino acids
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were coupled onto 0.1 mmol of prepared resin (determined loading value 0.73 mmol/g) twice for 10
min using an amino acid/HATU/DIPEA ratio of 5:5:10 relative to resin loading. DMF was used for resin
washing between deprotection and coupling steps. After chain assembly was complete, the terminal
Fmoc group was removed and the resin washed with DMF and DCM. Side-chain (except acm)
deprotection and cleavage from the resin was carried out by adding 10 mL of TFA/TIS/H,0 (95/2.5/2.5
v/v/v) and stirring the mixture for 2.5 h at room temperature. Crude peptides were purified by
preparative RP-HPLC and pure fractions were combined and freeze-dried. A twostep oxidation
procedure was then carried out. The first disulfide bridge was formed between the free cysteine
residues Cysll-CyslV by dissolving the peptide at 0.2 mM in 50 mM Tris-HCl buffer adjusted to pH 8 and
adding dropwise 7 equivalents of DTP at 10 mM in MeOH. When reaction was complete, the reaction
mixture was acidified to pH 3 and loaded onto preparative RP-HPLC and pure fractions were combined.
The second disulfide bride Cysl-Cyslll was formed by deprotection/oxidation of the Acm protecting
group directly on the combined pure fractions of the mono bridged intermediates by treatment with
20 equivalents of 10 mM iodine in H,0/TFA/ACN (78/2/20 v/v/v). When the reaction was complete,
the reaction mixture was quenched with 20 mM ascorbic acid until total discoloration of the solution,
acidified and purified by preparative RP-HPLC. The combined pure fractions were freeze-dried and

their purity were confirmed by LC/ESI-MS.
2.3 Mass spectrometry
Solvents used for LC/MS were of HPLC grade.

Intermediate peptides were characterized using a LC/MS system consisting of a Waters (Milford, OH,
USA) Alliance 2695 HPLC, coupled to a Waters Micromass ZQ spectrometer (electrospray ionization in
positive mode (ESI+) fitted with a quadrupole mass analyzer). All the analyses were carried out using a
Chromolith (Fontenay sous Bois, France) HighResolution RP-18e (4.6 x 25 mm, 15 nm—-1.15 pum particle
size, flow rate 3.0 mL/min) column. A flow rate of 3 mL/min and a gradient of 0—-100% B over 2.5 min
for routine analyses and 0-30% B over 30 min for quality control of pure products were used. Eluent A
was water/0.1% HCO;H and eluent B consisted of acetonitrile/0.1% HCO;H. UV detection was
performed at 214 nm. Electrospray mass spectra were acquired at a solvent flow rate of 200 pL/min.
Nitrogen was used for both the nebulizing and drying gas. The data were obtained in a scan mode

ranging from 100 to 1000 m/z or 250 to 1500 m/z to in 0.7 s intervals.

Folded peptides were characterized using a Synapt G2-S high-definition MS system (Waters, Corp.,
Milford, MA, United States) equipped with an ESI source and an hybrid QTof mass analyzer
configuration. Chromatographic separation was carried out at a flow rate of 0.4 ml/min on a Acquity

H-Class ultrahigh performance liquid chromatography (UPLC) system (Waters, Corp., Milford, MA,
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United States), equipped with a Kinetex C18 100A column (100 mm x 2.1 mm, 2.6 mm particle size)
from Phenomenex (France). The mobile phase consisted of water (solvent A) and ACN (solvent B) with
both phases acidified by 0.1% (v/v) formic acid. Mass spectra were acquired in the positive ionization

mode.

2.4 Preparative RP-HPLC

Preparative RP-HPLC was run on a Gilson PLC 2250 Purification system (Villiers le Bel, France)
instrument using a preparative column (Waters DeltaPak C18 Radial-Pak Cartridge, 100 A, 40 x 100
mm, 15 um particle size, flow rate 50.0 mL/min). Buffer A was 0.1% TFA in water, and buffer B was

0.1% TFA in acetonitrile.

3. Results
3.1 Chemical synthesis

CIC and A-CIC were synthesized manually using Fmoc-SPPS after anchoring of the first C-terminal
residue on a chloro-(2’-chloro) trityl resin. Considering its high sequence homology with others 4/7 a-
conotoxins (Figure 1) which all display the canonical globular disulfide bond connectivity Cysl-CyslI|,
Cysll-CyslV, linear peptides were folded using a regioselective folding strategy. Briefly, the first
disulfide bridge Cysll-CyslIV is formed by oxidation of the free cysteine residues in an aqueous basic
buffer assisted by DTP (2,2’-Dithiopyridine) and the second disulfide bond Cysl-Cyslll is formed by
deprotection/oxidation of the Acm protecting groups. The homogeneity of folded toxins was assessed
by analytical RP-HPLC coupled to ESI-MS (Figure 2). ESI-MS(+) confirmed a monoisotopic mass of
1602.90 g/mol (calculated 1602.59 g/mol) for A-CIC and 2106.27 g/mol (calculated 2106.29 g/mol) for
CIC. Overall, 7.7 mg (yield 3.1% from resin loading) and 9.9 mg (yield 3.2% from resin loading) of pure

A-CIC and CIC were obtained, respectively.
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3.2 Electrophysiology

Since closely related PelA, MIl conotoxins are active on a3B2 nAChRs subtypes and N-terminally
extended GID conotoxin are active on a3p2, a7 and a4p2, the biological activity of CIC and A-CIC was
investigated using a two-electrode voltage clamp analysis on a3p2, a7 and a4f2 rat nAChRs subtypes.
Unfortunately, according to the preliminary results, toxins only display a micromolar range ICsoon a332

and a4p2 nAChRs which is 1000-fold less potent than the expected range of potency of conotoxins

ligands.

3.3 NMR spectroscopy

In order to determine if the extended N-terminal tail had any influence on the three-dimensional

structures we also performed high-resolution NMR spectroscopy (Figure 3).
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Figure 3: Three-dimensional structures of A-CIC and CIC. The 20 lowest energy NMR structures,
superimposed over the backbone atoms for (A) A-CIC and (B) CIC. The backbone is shown in
line format and all the side-chains are hidden except the disulfide bonds, which are

represented in yellow.

CIC structure is well defined, with low structures variation between the different states (Figure 3B).
Interestingly the N-terminal tail seems to be pretty ordered. On the other hand, A-CIC exhibits much
more structural variations suggesting structural stabilizing role of the extended N-terminal tail (Figure

3A).
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4. Discussion

Given that, extended N-terminal tail of CIC could always explain the lack of activity compared to Mll

and PelA conotoxins, the discussion will be based on the A-CIC sequence (Table 1).

Table 1: Sequence alignment and corresponding biological activities of A-CIC, PelA and Ml

conotoxins. # indicates an amidated C-ter residue.

Name Sequence Activity Refs

A-CIC -CCSNPACQVQHSDLC a3p2, adP2

(micromolar)

PelA GCCSHPACSVNHPELC#  o3B2=a6/a3p2p3>a9a10>03B4 [235,314,399]
(nanomolar)

Ml GCCSNPVCHLEHSNLC#  a6/a3B2B3=03B2=a7*a6B2*>a4B2 [233,246,361]

(nanomolar)

Hone et al. [235] by positional scanning identified Asn11 of PelA as a critical residue interacting with
a6 and a3 subunits, which is replaced with isosteric glutamine residue in A-CIC sequence. Everhart et
al. performed ala-scan of MIl conotoxin and showed that Asn5, Pro6 and His12 played critical role for
conotoxin activity probably via Asn5 and His12 electrostatic interactions with B2E61 and BD169 as
suggested by molecular modeling. Despite displaying all the sequence features required for the activity
and high sequence homology with MIl and PelA, A-CIC conotoxin might not fit the receptor binding-
pocket. Indeed, according to the structural determination, A-CIC displays high structural variations
compared to native CIC, which might explain its lack of potency. Alternatively, it cannot be excluded
that loss of activity is due lack of amidated C-terminal residue or conserved glycine at position 1.
Interestingly, the N-terminal tail structure of CIC appears to be much conserved between the different
states suggesting a structural stabilizing role although, a-GID N-terminal tail is very disordered in
solution [276]. Overall, role of the extended N-terminal tail on biological activity could not be
determined because of the lack of activity of the native toxin on tested receptors but we clearly see a
role in stabilization of the three-dimensional structure. Since, CIC has been identified in predation-
evoked venom of Conus catus it has to play a role in the evenomation process and displays a biological

activity, additional bioassays will be conducted in the hope to find the appropriate target.
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c. Synthése de toxines de Conus textile
i. Synthese des toxines TxVc et TxVD

Dans leur grande majorité, les a-conotoxines se présentent sous leur forme globulaire native, avec une
connectivité des 4 cystéines 1-3, 2-4 (Figure 9). Contrairement aux toxines de Conus catus décrites
dans les chapitres précedents, plusieurs a-conotoxines de Conus textile sont déja largement utilisées
comme outils pharmacologiques pour I'étude de certains sous types de nAChRs. Citons par exemple
les a-conotoxines : TxIA qui bloque préférentiellement les sous-types a3B2 et a7 [166], TxIB qui est
sélective du sous type a6/a3B2B3 [400] ou encore TxID qui bloque a3B4 [266]. De facon inattendue
chez cette espéce, une autre famille de conotoxines ciblant les nAChRs a été mise en évidence, et
celles-ci sont repliées différemment. En effet, cette famille, appelée « superfamille T » produit des
toxines matures courtes contenant 4 cysteines repliées par paire dans la configuration « ruban », soit
1-4, 2-3. Nous avons donc poursuivi I'étude de cesconotoxines T aux propriétés pharmacologiques
connues et identifiées chez Conus textile par la synthése de leur isomere ruban. Cela représentait
également I'opportunité de tester I'applicabilité de la stratégie de synthése regioselective mise en

place pour les toxines globulaires a deux ponts.

Dans un premier temps nous nous sommes intéressés a la conotoxine TxVC en raison de son activité
et sélectivité unique décrite pour le sous type a4p2 des récepteurs nicotiniques, ainsi qu’a un nouveau

variant TxVD identifié dans nos transcriptomes.

Cette étude est mise en forme comme un article, non publiable en I'état, dans lequel j’ai effectué la
synthése des toxines TcVC/D en version ruban et globulaire ainsi que la caractérisation par
spectrométrie de masse. La discussion est basée sur des résultats de test d’activité biologique
préliminaire par conséquent les procédures expérimentales d’électrophysiologie manquent a la partie

méthodes.
1. Introduction

T-superfamily conotoxins display mostly two different cysteine patterns CC-CC- and CC-C-C, with the
disulfide connectivity I-lll, 1I-1V and I-VI, lI-1ll respectively. To date over 300 T-superfamily conotoxins
have been evidenced both at nucleic acid level and protein level [82,401]. Very few are
pharmacologically important, they usually target sodium channels, presynaptic calcium channels and
GPCRs [402,403]. For example, e-TxIX reduces neurotransmitters release by decreasing the presynaptic
influx of calcium [402,404] and Lt5d inhibit tetrodotoxin (TTX)-sensitive currents in adult rat dorsal root
ganglion (DRG) neurons [405]. However, Wang et al. [278] isolated and sequenced [406] conotoxin
TxVC which surprisingly inhibits a4f2 (1Cso343 nM) and a3B2 (ICso 1047 nM) nAChRs without significant
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effects on DRG Na*, K* or Ca%* channels. Importantly this is the first reported conotoxin showing a
positive selectivity profile for a4pf2 nAChRs. To further investigate the mode of action and selectivity
profile of T-superfamily related conotoxins, we report here on the synthesis and the pharmacological

characterization of TxVD and a newly identified TxVD variant.

2. Methods
2.1 Abbreviations

Acm, acetamidomethyl; ACN, acetonitrile; Boc, tert-butoxycarbonyl; DCM, Dichloromethane; DIPEA,
diisopropylethylamine; DMF, N,N’-dimethylformamide; DTP, 2,2’-Dithiopyridine; ESI-MS, electrospray
ionization mass spectrometry; Fmoc, fluorenylmethoxycarbonyl; HATU,
1[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate;
LC/MS, liquid chromatography/mass spectrometry; MeOH, methanol; nAChR, nicotinic acetylcholine
receptor; NMR, nuclear magnetic resonance; Pbf, pentamethyl-dihydrobenzofuran-5-sulfonyl; RP-
HPLC, reversed phase high performance liquid chromatography; SPPS, solid phase peptide synthesis;
tBu, tert-butyl;TFA,  trifluoroacetic  acid; TIS, triisopropylsilane;  Tris, 2-Amino-2-

(hydroxymethyl)propane-1,3-diol;Trt, trityl; UV, ultra-violet.
2.2 Chemical synthesis

DMF, DIPEA, ACN, TIS, TFA, piperidine and all others reagents were obtained from Sigma-Aldrich (Saint-
Louis, MI, USA) or Merck (Darmstadt, Germany) and were used as supplied. Fmoc (L) amino acid
derivatives and HATU were purchased from lIris Biotech (Marktredwitz, Germany). AmphiSpheres 40
RAM resin (0.37 mmol/g 75—150 pm) was purchased from Agilent Technologies (Les Ulis, France). The
following side-chain protecting groups were used: Trt for Asn, II-IV Cys and His; tBu for Ser and Asp;
Boc for Lys; and Acm for I-lll Cys. Peptides were manually synthesized using the Fmoc-based solid-
phase peptide synthesis technique on a VWR (Radnor, PA, USA) microplate shaker. All Fmoc amino
acids and HATU were dissolved in DMF to reach 0.5 M. Fmoc deprotection was carried out with
piperidine in DMF (1/2 v/v) twice for 1 min. Subsequent amino acids were coupled onto 0.1 mmol of
resin twice for 1 min using an amino acid/HATU/DIPEA ratio of 5:5:10 relative to resin loading. DMF
was used for resin washing between deprotection and coupling steps. After chain assembly was
complete, the terminal Fmoc group was removed and the resin washed with DMF and DCM. Side-chain
(except acm) deprotection and cleavage from the resin was carried out by adding 10 mL of TFA/TIS/H,0
(95/2.5/2.5 v/v/v) and stirring the mixture for 2.5 h at room temperature. After the resin was removed
by filtration and washed three times with dichloromethane. Dichloromethane and TFA are removed
under vacuum then cold diethyl ether was added to precipitate the peptide. Crude peptides were

purified by preparative RP-HPLC and pure fractions were combined and freeze-dried. A twostep
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oxidation procedure was then carried out. The first disulfide bridge is formed between the free
cysteine residues by dissolving the peptide at 0.2 mM in 50 mM Tris-HCI buffer adjusted to pH 8 and
adding dropwise 7 equivalents of DTP at 10 mM in MeOH. When reaction was complete, the reaction
mixture was acidified to pH 3 and loaded onto preparative RP-HPLC and pure fraction were combined.
The second disulfide bridge was formed by deprotection/oxidation of the acm protecting group
directly on the combined pure fractions of the mono bridged intermediates by treatment with 20
equivalents of 10 mM iodine in H,O/TFA/ACN (78/2/20 v/v/v). When the reaction is complete, the
reaction mixture is quenched with 20 mM ascorbic acid until total discoloration of the solution,
acidified and purified by preparative RP-HPLC. The combined pure fractions were freeze-dried and

their purity were confirmed by LC/ESI-MS.
2.3 Mass spectrometry

Solvents used for LC/MS were of HPLC grade. The LC/MS system consisted of a Waters (Milford, OH,
USA) Alliance 2695 HPLC, coupled to a Waters Micromass ZQ spectrometer (electrospray ionization in
positive mode (ESI+) fitted with a quadrupole mass analyzer). All the analyses were carried out using a
Chromolith (Fontenay sous Bois, France) HighResolution RP-18e (4.6 x 25 mm, 15 nm—-1.15 um particle
size, flow rate 3.0 mL/min) column. A flow rate of 3 mL/min and a gradient of 0-100% B over 2.5 min
for routine analyses and 0-30% B over 30 min for quality control of pure products were used. Eluent A
was water/0.1% HCO,H and eluent B consisted of acetonitrile/0.1% HCO,H. UV detection was
performed at 214 nm. Electrospray mass spectra were acquired at a solvent flow rate of 200 uL/min.
Nitrogen was used for both the nebulizing and drying gas. The data were obtained in a scan mode

ranging from 100 to 1000 m/z or 250 to 1500 m/z to in 0.7 s intervals.

2.4 Preparative RP-HPLC

Preparative RP-HPLC was run on a Gilson PLC 2250 Purification system (Villiers le Bel, France)
instrument using a preparative column (Waters DeltaPak C18 Radial-Pak Cartridge, 100 A, 40 x 100
mm, 15 um particle size, flow rate 50.0 mL/min). Buffer A was 0.1% TFA in water, and buffer B was

0.1% TFA in acetonitrile.

3. Results

Given that cone snail superfamily signal sequences are highly conserved [82], we search for TxVC
sequence in our transcriptome of Conus textile (data not shown) based on T superfamily conotoxin
signal sequence. We recovered a precursor sequence that contained a predicted mature conotoxin
corresponding to the published TxVC, which is expected to have a C-terminal amidation [278] (Figure

1). Interestingly, we also recovered a second precursor sequence almost identical to TxVC, but with a
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single N>S substitution at position 57 (or 9th position of the mature toxin). We named this variant

TxVD.
Signal sequence Pro- peptlde Mature Sequence
Amldailun
TxVe_precursor M CLPVFV\ LLLLIASTPSI I I MPLASFN Lal LS PCCS| NSCCGLG
TxVd_precursor MRCLPVFVILLLLIASTPSIBA MF’LASFN ILQILS PCCS| SSCCGLG
T-superfamily_consensus_signal_sequence MRCLPVFXILLLLIXSAPSVEIA- - - - = = = = - - - = s s e o e e e e e e e e e i o m e e s mm e

Figure 1: Alignment of TxVC/D precursors with T-superfamily consensus signal sequence. Higly
conserved signal sequence and pro-peptide region greatly facilitated mature sequence and C-
terminal amidation identification. Please note that TxVD is identical to TxVC except at position
57 where the Asn57 is substituted by Ser57 in TxVD sequence. X represents a non-conserved

amino acid.
3.1 Chemical synthesis

TcVC and TxVD were synthesized manually using Fmoc-SPPS on rink amide resin. Considering the two
most predominant disulfide connectivity from the T-superfamily i.e. globular Cysl-Cyslll, Cysll-CysIV
and globular Cysl-CyslV, CyslI-Cyslll, we synthesized both isomer of each peptides. Linear peptides
were folded using a regioselective folding strategy. Briefly, the first disulfide bridge is formed by
oxidation of the free cysteine residues in an aqueous basic buffer assisted by DTP (2,2’-Dithiopyridine)
and the second disulfide bond is formed by deprotection/oxidation of the Acm protecting groups. The
homogeneity of folded toxins was assessed by analytical RP-HPLC coupled to ESI-MS (Figure 2). ESI-
MS(+) confirmed an average mass of 1473.9 g/mol (calculated 1473.583 g/mol) for TxVC and 1447.2
g/mol (calculated 1447.709 g/mol) for TxVD. Overall, 16.1 mg and 14.05 mg (10.9% and 9.5% vyield
from resin loading respectively) of TxVC ribbon and globular were obtained respectively; 13.6 mg and
18.3 mg (9.4% and 12.7% yield from resin loading respectively) of TxVD ribbon and globular were

obtained respectively.
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Figure 2: RP-HPLC/ESI-MS analyses of synthetic TxVC and TxVD. (A) Synthetic folded TxVC
ribbon and (B) globular UV chromatogram at 214 nm and ESI-MS analysis; (C) Synthetic folded
TxVD ribbon and (D) globular UV chromatogram at 214 nm and ESI-MS analysis. ACN gradient

was from 0 to 30% over 10 min.
3.2 Electrophysiology

Since TxVD is almost identical to TxVC sequence at the exception of N57S substitution, their biological
activities were investigated in parallel using a two-electrode voltage clamp analysis on a332, a7 and
a4B2 rat nAChRs subtypes. Unfortunately, and contrary to what was originally described, none of the

toxins showed activity up to 10 uM (Table 1). To further confirm this surprising lack of activity, a second
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batch of TxVC synthesized by Australian colleagues (Pr. Alewood & Lewis, The University of

Queensland) was tested using the same conditions, but again no activity was detected.

Table 1: Summary of the results obtained by electrophysiology. N.D = not detected.

Toxin Concentration a7 nAChRs a4B2 nAChRs a3B2 nAChRs
TxVC ribbon 10 uM N.D N.D N.D
TxVD ribbon 10 uM N.D N.D N.D

TxVC globular 10 uM N.D N.D N.D
TxVD globular 10 uM N.D N.D N.D

4. Discussion

The neuronal nAChRs a4B2 subtype is the most abundant in the human brain, playing a key role
towards the effectiveness of synaptic connection by regulating the release of other neurotransmitters
[209,269,270]. The a4B2 nAChR also plays an important role in nicotine addiction and cognitive
performance [209,269-271], which makes it a valuable pharmacological target for improved cognition,
smoking cessation, analgesia, and possibly for a wide range of neurological disorders such as
Alzheimer’s and Parkinson’s disease, depression, and attention deficit disorders [272—274]. To date,
the only described conotoxins targeting the a4p2 are a-GID [276], a-GIC [407] and a-Mll [361], which
all belong to the superfamily A and are structurally significantly different from TxVC/TxVD (superfamily
T). Moreover, based on the original publication, TxVC was the first conotoxin showing a positive 0432
selective profile with a a42 vs. a3B2 ratio of approximatively 3-fold, whereas GID, GIC and Ml exhibit
an inverted a3B2 vs. a4B2 ratio of approximatively 50-, 300- and 1000-fold, respectively. Such
conotoxin would represent a unique and promising tool to investigate the a4p2 subtype and a good

candidate for further SAR studies.

Unfortunately, our results suggest that most likely, the original study of Wang et al. had flaws and
wrongly attributed nAChR activity to TxVC. Indeed, our attempts to reproduce their results failed.
Although the synthesis of TxVC does not present any particular challenge and is rather straightforward,
we obtained another batch of TxVC synthesized by a highly reputable and experienced group (Alewood
PF, UQ, Australia) in order to exclude any potential issue on our side. Both peptides were found
identical by LC-MS analysis (same molecular masses and retention times), and both were inactive at
all nAChRs tested. Further biological tests on nAChRs were carried out by Australian colleagues using
different methods (FLIPR, binding assays), without success. We hypothesized that Wang et al. may

have investigated the ribbon isomer instead of the globular isomer, or possibly that traces of the ribbon
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isomer had contaminated the original study and were producing the apparent activity. Thus, we have
synthesized the ribbon forms of both TxVC and TxVD, but both were totally inactive. Different nAChR
isoforms could also explain the discrepancy of the results, but since Wang et al. [278] also used rat
nAChRs in their study and that we synthesized both ribbon and globular isomers, the observed lack of
potency of TxVC/D could not be rationally explained. As a last point, it appears highly suspicious that
all analogues (single alanine substitution) synthesized by Wang et al. show a complete loss of activity
compared to the native TxVC. Indeed, the vast majority of such alanine-walk studies usually show some
patterns of unaffected activity, reduced activity and rarely complete loss of activity for these
analogues. Therefore, we suggest that the molecular target of TxVCis not the nAChRs and still remains
to be identified. Thus, additional bioassays on other receptors (ion channels and other membrane

receptors) will be carried out to elucidate the appropriate target.

ii. Synthese de I'isomére ruban de I’a-conotoxine TxIA

De fagon originale, la synthése d’isomere ruban de toxine de Conus textile a été poursuivie dans le
cadre de la caractérisation de produit obtenu par expression recombinante de I’ a.-conotoxine TxIA. En
effet, celle-ci menait a I'obtention d’un produit moins actif que I'isomeére natif initiallement caractérisé,
et il était soupgonné que cela était di a la formation d’un fold non natif dans la machinerie cellulaire.
La synthese chimique stéréo-dirigée de lI'isomere ruban a servi de référence pour comparer les
structures RMN et les activités biologiques afin de confirmer la production majoritaire de I'isomere
ruban par expression recombinante. Cela était également I'occasion de confirmer par la structure RMN

la validité de la méthodologie pour la synthése d’isomeéres rubans non natifs.

Cette étude est présentée sous forme d’une publication parue [408] dans laquelle j'ai effectué la

synthése de I'isomeére ruban de la conotoxine TxIA, et sa caractérisation par spectrométrie de masse.
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Abstract

Peptides derived from animal venoms provide important research tools for biochemical and
pharmacological characterization of receptors, ion channels, and transporters. Some venom peptides
have been developed into drugs (such as the synthetic w-conotoxin MVIIA, ziconotide) and several are
currently undergoing clinical trials for various clinical indications. Challenges in the development of
peptides include their usually limited supply from natural sources, cost-intensive chemical synthesis,
and potentially complicated regioselective disulfide-bond formation in the case of disulfide-rich
peptides. In particular, if extended structure—function analysis is performed or incorporation of stable
isotopes for NMR studies is required, the comparatively low yields and high costs of synthesized
peptides might constitute a limiting factor. Here we investigated the expression of the 4/7 a-conotoxin
TxIA, a potent blocker at a732 and a7 nicotinic acetylcholine receptors (nAChRs), and three analogs in
the form of maltose binding protein fusion proteins in Escherichia coli. Upon purification via nickel
affinity chromatography and release of the toxins by protease cleavage, HPLC analysis revealed one
major peak with the correct mass for all peptides. The final yield was 1-2 mg of recombinant peptide
per liter of bacterial culture. Two-electrode voltage clamp analysis on oocyte-expressed nAChR
subtypes demonstrated the functionality of these peptides but also revealed a 30 to 100-fold potency
decrease of expressed TxIA compared to chemically synthesized TxIA. NMR spectroscopy analysis of
TxIA and two of its analogs confirmed that the decreased activity was due to an alternative disulfide
linkage rather than the missing C-terminal amidation, a post-translational modification that is common
in a-conotoxins. All peptides preferentially formed in the ribbon conformation rather than the native
globular conformation. Interestingly, in the case of the a7 nAChR, but not the a3a2 subtype, the loss

of potency could be rescued by an R5D substitution. In conclusion, we demonstrate efficient
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expression of functional but alternatively folded. Ribbon TxIA variants in E. coli and provide the first
structure—function analysis for a ribbon 4/7-a-conotoxin at a7 and a3a2 nAChRs. Computational
analysis based on these data provide evidence for a ribbon a-conotoxin binding mode that might be

exploited to design ligands with optimized selectivity.

1. Introduction

Nicotinic acetylcholine receptors (nAChRs) are members of the Cys-loop superfamily of pentameric
ligand-gated ion channels. Whereas the muscle-type receptors consist of four different subunits
(a1,B1, y/g,6), the assembly and stoichiometry of the 11 cloned neuronal subunits (a2—a7, a9, al0,
and a2—-a4) into nAChR subtypes is considerably more diverse and not welldefined. These neuronal
nAChRs represent important drug targets such as for the treatment of pain, Alzheimer’s disease, and
nicotine addiction [20,409—-412]. Deciphering their specific compositions and location in nervous
system tissues as well as their respective physiological roles requires highly selective ligands. Venoms
from animals contain complex mixtures of small proteins and peptides that are often structurally
constrained by disulfide bridges. Some of these peptides show high potency and specificity for certain
ion channel subtypes. Cone snails are predatory marine animals that have evolved numerous peptide
families that target various ligand- and voltage-gated ion channels [82]. The best-studied conotoxin
family from a pharmacological perspective is the a-conotoxins, members of which are competitive
antagonists of nAChRs [166]. Some of these peptides have analgesic activity in vivo and thus are
important lead structures for drug development [82,313]. The majority of a-conotoxins are composed
of 12-19 amino acid residues including four cysteine residues that form two disulfide bonds. The
cysteines are arranged in a CC—C—C pattern that defines the conotoxin Cysteine Framework | [413].
This framework is characterized by vicinal Cys1 and Cys2 residues and two loops formed by Cys1-Cys3
and Cys2—Cys4 disulfide bridges (referred to as the “globular” conformation). Based on the number of
amino acid residues within the two loops, the currently characterized a-conotoxins are further
classified into 3/4, 4/4, 3/5, 4/6, and 4/7 a-conotoxin subfamilies. These subfamilies show some
common specificity for certain nAChR subtypes, with for example, the 3/5 a-conotoxins targeting the
muscle-type nAChR and most identified 4/7 a-conotoxins preferentially targeting a7 and/or a3p2*
neuronal nAChRs (* indicates the potential presence of further subunits) [166]. Understanding the
structure-activity relationships of conotoxins might aid in the development of optimized peptides with
tailored selectivity. Usually, such studies employ chemical synthesis for the production of modified
versions of the toxins. However, the production of multiple analogs or large quantities for automated
application systems or preclinical treatment studies is costly, as is the production of large quantities of

isotopically enriched samples for high resolution NMR spectroscopy studies or metabolic flux analysis
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[414]. Chemical synthesis is also tedious if done manually and requires special equipment and
experience that is not typically found in molecular biology laboratories. More generally, in the case of
larger peptides (>40 aa), the yield from chemical synthesis is typically low. Finally, certain native
peptides are inherently difficult to produce synthetically. Venom-peptide production in heterologous
expression systems might provide an efficient and economical alternative to chemical synthesis for
molecular biology laboratories [415]. It might also be suitable for large scale commercial toxin
production. In the current study, we adapted an Escherichia coli periplasmic expression system [415]
for the production of 4/7 a-conotoxin TxIA and three analogs. Unexpectedly, the functional and
structural characterization of the expressed analogs indicated that they adopt a fold different from the
native peptide (i.e., a 1-4, 2-3 “ribbon” rather than a 1-3, 2—4 “globular” disulfide conformation).
These data demonstrate the need for careful structural analysis and confirm earlier findings that non-
native folds could still be active. As an explanation for this activity and a basis for future structural
studies, we provide the first NMR solution structure of a 4/7 a-conotoxin ribbon isomer and propose
a binding mode for this peptide at the a7 nAChR. This information might be useful for the design of

new lead structures based on the ribbon a-conotoxin scaffold.

2. Materials and methods

2.1 Preparation of plasmids

A nucleotide sequence encoding a tobacco etch virus (TEV) protease recognition site (ENLYFQG)
followed by [R5N,I9H] TxIA and including Kpnl and Sacl restrictions sites at the 50 and 30 ends,
respectively, was optimized for expression in E. coli and assembled from synthetic oligonucleotides
(Life Technologies). This construct was cloned in-frame to an 5’ Hise-maltose binding protein (MBP)
sequence into the pLICC_D168 vector [416] using Kpnl and Sacl cloning sites. The conserved N-terminal
glycine residue of the conotoxin sequence forms the last amino acid of the TEV protease recognition
site and thus, upon cleavage, produces a native N-terminus in the conotoxin. Plasmids for production
of TxIA as well as single mutated R5D and R5N analogs were obtained from this construct by site-

directed mutagenesis. The sequences of all plasmids were confirmed by Sanger sequencing.

2.2 Recombinant expression of TxIA analogs in E. coli

a-Conotoxin expression in E. coli was performed using a previously described method [415,416]. BL21
strains of E. coli were transformed with the respective plasmids using a standard heat shock protocol.
Five colonies were selected to inoculate 5 ml culture medium (Luria-Bertani plus ampicillin) and grown
at 37°C until the optical density (ODsoo) reached 1.0. To determine optimal conditions for toxin

expression, 4 x 1 ml samples of each culture were then diluted and grown again in 5 ml cultures until
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an OD of 0.6-0.8 was reached. Then heterologous protein expression was induced with IPTG. In doing
so, culturing at 16°C and 37°C and induction with 0.5 and 1.0 mM IPTG were performed and protein
expression in induced and non-induced cultures was compared after 4 or 12h by SDS-PAGE analysis of
a cell pellet from 500 pl of culture medium. The clone with the highest protein expression was selected
and used to start 1-2 | cultures (from 50-100 ml precultures), which were then grown at 37°C with
shaking at ~220 rpm. After reaching an OD of 0.6—0.8, toxin expression was induced with 1 mM IPTG
and cultures were grown overnight at 16° C. Cultures were then centrifuged (15 min at 10,500 g) and

bacterial pellets frozen at —80°C.

2.3 SDS-PAGE analysis

500 pl of culture was centrifuged (5 min, 3,381 g (6,000 rpm) in a desktop centrifuge) and cell pellets
were supplemented with 30 ul SDS running buffer and 30 pl 3x loading buffer. After heating (10 min
at 95-100°C), 30 ul of the solubilized cells were separated on a 10% SDS-PAGE gel under reducing
conditions (5% B-mercaptoethanol in the sample). To control the purification and cleavage process,
equivalent volumes (30-200 pl) of lysate, flow-through, eluate, and cleaved sample were
supplemented with SDS running buffer to obtain 200 pl. After addition of 200 pl 3x SDS running buffer,
50 ul of each sample were separated using SDS-PAGE.

2.4 Recombinant peptide purification and cleavage

Cell pellets were resuspended in 50 ml equilibration buffer (TN: 25 mM TrisHCI, 300 mM NaCl, pH 7.0)
and lysed in a constant-pressure cell disrupter (27 kpsi, TS Series Cell Disrupter, ConstantSystems Ltd.,
Daventry, UK). After centrifugation (4°C, 30 min, 44,267 g), the supernatant was diluted with an equal
volume of modified TN buffer (40 mM TrisHCI, 400 mM NaCl, pH 8.0), supplemented with DNAse (1
ug/ml lysate) and incubated for 30 min with 5 ml Ni-NTA Superflow resin (Qiagen Pty Ltd., Chadstone,
VIC, Australia) in a gravity-fed column. The column was washed with 50 ml TN buffer containing 15
mM imidazole and then the Hisg-MBP-TxIA fusion protein was eluted with 3 x 10 ml (each time 30 min)
TN buffer containing 400 mM imidazole. The flow-through was concentrated to 5 ml (Amicon Ultra
30K filter) and diluted with 5 ml TN buffer. TxIA peptide was liberated from the fusion protein by
cleavage overnight at room temperature using ~100 pg TEV protease. In order to maintain TEV

protease activity, reduced/oxidized glutathione were added in a ratio of 1:5 w/w.
2.5 Recombinant peptide purification by HPLC

The protease-cleaved samples were acidified with trifluoracetic acid (TFA), centrifuged (10 min at
6,762 g) and filtered (Milipore ultrafree MC 0.2 um) to remove protein precipitates. Then 50%

acetonitrile (ACN) was added to a final concentration of 5% ACN and the peptides were separated on
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a C18 semi-preparative reversed-phase (RP) HPLC column (Vydac protein/peptide C18 column Cat#
218TP1010) on a Shimadzu Prominence HPLC system (Shimadzu, Rydalmere, NSW, Australia). The
following linear gradients of solvent B (90% ACN, 0.043 % TFA in water) in solvent A (0.5% TFA in water)
were used at a flow rate of 3 ml/min: 5% B for 10 min, then 5—-35% B for 30 min followed by 35-80%
B over 5 min and 80% B for another 7 min. Absorbance was determined at 214 nm and 280 nm and
collected fractions were lyophilized and stored at —20°C. The fractions containing the correct peptide
masses as determined by matrix-assisted laser desorption/ionization mass spectrometry (MALDI MS)
were then subjected to another HPLC fractionation using a hydrophilic interaction liquid
chromatography (HILIC) column. Samples were dissolved in 95% solvent B and injected into a VisionHT
HILIC column (5 um particle size, 150 x 4.6 mm; Grace, Columbia, MD, USA) at a flow rate of 1 ml/min.
The same solvents as during the RP-HPLC fractionation were used with the following linear gradients:
95% solvent B for the first 3 min, then 95%—75% B over 20 min. Absorbance was determined at 214

nm and 280 nm and the molecular masses of the peptides determined using MALDI MS.

2.6 Analysis Analysis by liquid chromatography/mass spectrometry

Solvents used for LC/MS were of HPLC-grade. Recombinant peptide masses were determined by
MALDI time-of-flight (TOF) MS using a 4700 Proteomics Bioanalyzer model (Applied Biosystems,
Carlsbad, CA). Peptides were dissolved in water and mixed 1:1 (v/v) with a-cyano-4-hydroxycinnamic
acid matrix (7 mg/mlin 50% ACN, 5% formic acid) and mass spectra acquired in positive reflector mode.

All reported masses are for the monoisotopic [M+H*] ions.

For analysis of the synthetic TxIA ribbon analogue, the LC/MS system consisted of an Waters Alliance
2695 HPLC (Milford, OH, USA) coupled to a Micromass ZQ mass spectrometer (electrospray ionization
mode, ESI+). All analyses were carried out using a Chromolith (Fontenay sous Bois, France)
HighResolution RP-18e column (4.6 x 25 mm, 15 nm-1.15 um particle size). A flow rate of 3 ml/min
and a gradient of 0—-100% solvent B over 2.5 min were used. Eluent A was water/0.1% formic acid while
eluent B was ACN/0.1% formic acid. UV detection was performed at 214 nm. ESI mass spectra were
acquired using a solvent flow rate of 200 pl/min. Nitrogen was used for both the nebulizing and drying
gas. Data were obtained in a scan mode over the m/z range 100—1000 or 250-1500 in 0.7 s intervals.
Fully folded synthetic TxIA ribbon was characterized using a Synapt G2-S high-definition MS system
(Waters Corp., Milford, MA) equipped with an ESI source. Chromatographic separation was carried out
at a flow rate of 0.4 ml/min on a Acquity H-Class ultrahigh performance liquid chromatography (UPLC)
system (Waters Corp., Milford, MA), equipped with a Kinetex C18 100A column (100 x 2.1 mm, 2.6 pm
particle size) from Phenomenex (France). The mobile phase consisted of water (solvent A) and ACN
(solvent B) with both phases acidified by 0.1% (v/v) formic acid. Mass spectra were acquired in the

positive ionization mode.
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2.7 Two-electrode voltage clamp (TEVC) electrophysiology

cDNAs encoding rat nAChR subunits were provided by J. Patrick (Baylor College of Medicine, Houston,
TX, USA) and subcloned into the oocyte expression vector pNKS2 [417]. cRNA was synthesized with the
SP6 mMessage mMachine Kit (Ambion, Austin, TX, USA) and adjusted to a concentration of 0.5 ug/pl.
nAChR subunit RNAs were mixed in the ratios 1:1 (a3/B2) or 5:1 (a4/B2). Xenopus laevis (Nasco
International, Fort Atkinson, WI, USA) oocytes were injected with 50 nl aliquots of cRNA (Nanoject
automatic oocyte injector, Drummond Scientific, Broomall, PA). Antagonist concentration-response
curves were measured as described previously [246,279] in ND96 (96 mM NaCl, 2 mM KCl, 1 mM CaCl,
1 mM MgCl,, and 5 mM HEPES at pH 7.4). In brief, current responses to acetylcholine were measured
at room temperature 1-6 days after cRNA injection and recorded at -70 mV using a Turbo Tec 05X
Amplifier (NPI Electronic, Tamm, Germany) and Cell Works software. A standard concentration of 100
UM ACh or nicotine was used to activate the a3 combinations and the a7 nAChR, respectively. A fast
and reproducible solution exchange (<300 ms) was achieved with a 50-ul funnel-shaped oocyte
chamber combined with a fast vertical solution flow fed through a custom-made manifold mounted
immediately above the oocyte. Agonist pulses were applied for 2 s at 4-min intervals. Following 1 min
of perfusion directly after the agonist application, peptides were applied in a static bath for 3 min. ICso
values were calculated from a nonlinear fit of the Hill equation to the data (Prism version 6.0; GraphPad

Software, Inc., San Diego, CA). Data are presented as means * S.E.M. from at least three oocytes.

2.8 Chemical synthesis of ribbon and native a-TxIA

ACN, TFA, dimethylformamide (DMF), N,N-diisopropylethylamine (DIPEA), triisopropylsilane (TIS),
dichloromethane (DCM), piperidine and other reagents were obtained from Sigma-Aldrich (Saint-
Louis, MI, USA) or Merck (Darmstadt, Germany) and used as supplied. Fmoc L-amino acid derivatives
and 1[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate
(HATU) were purchased from Iris Biotech (Marktredwitz, Germany). AmphiSpheres 20 HMP resin (0.6
mmol/g) was purchased from Agilent Technologies (Les Ulis, France). The side chain protecting groups
for amino acids are tBu for Asp and Ser; Acm for Cys,s; Trt for Cyssi1sand Asn; Pbf for Arg. Ribbon a-
TxIA was manually synthesized using the Fmoc-based solid-phase peptide synthesis technique on a
VWR (Radnor, PA, USA) microplate shaker. All Fmoc amino acids and HATU were dissolved in DMF to
reach 0.5 M. Chain elongation was performed step by step using 0.2 mmol of AmphiSpheres 20 HMP
resin. Fmoc deprotection was performed with 20% piperidine in DMF two times, each for 1 min at
room temperature, then the resin was washed three times with DMF. Each Fmoc-protected amino acid
(5 eq.) was coupled twice in the presence of HATU (5 eq) and DIPEA (10 eq) in DMF at room
temperature for 2 min. After completion of the coupling reaction, the resin was sequentially washed

twice with DMF. Cleavage of peptide from the resin and removal of side-chain protecting groups were
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carried out using 20 ml of a solution containing TFA/TIS/H,0 (95:2.5:2.5, v/v/v) for 3 h at room
temperature. After the resin was removed by filtration and washed with DCM, the DCM and TFA were
removed under vacuum and cold diethyl ether was added to precipitate the peptide. Crude peptide
was purified by preparative RP-HPLC, and its purity determined using LC/ESI-MS. Trt groups were
removed during the cleavage step while the Acm protective groups are resistant to cleavage
conditions. A two-step oxidation procedure was then carried out. Briefly, the first disulfide bridge was
formed from free cysteines with the use of 2,2’-dithiopyridine (DTP) [196,357] and then the second
disulfide bridge was formed by concomitant deprotection and oxidation of the Acm groups with the
use of iodine [356]. The fully folded peptide was purified by analytical RP-HPLC and purity confirmed
by high-resolution mass spectrometry. During the purification process, the ribbon form of a-TxIA
appears as a broad peak on analytical RP-HPLC (containing unseparable major and a minor peaks),

which is possibly due to slow cis-trans interconversion of the proline residues.
Globular TxIA was synthesized as described (Dutertre et al., 2007).
2.9 Synthetic peptide purification

Preparative RP-HPLC was run on a Gilson PLC 2250 HPLC system (Villiers le Bel, France) using a
preparative column (Waters DeltaPak C18 Radial-Pak Cartridge, 100 A, 40 x 100 mm, 15 pm particle
size, flow rate 50.0 mL/min). Buffer A was 0.1% TFA in water, and buffer B was 0.1% TFA in ACN. Fully
folded synthetic TxIA ribbon was purified on a UltiMate 3000 UHPLC system (ThermoFischer scientific)
using an Kinetex C18 100 A column (100x2.1 mm, 2.6 um particle size) from Phenomenex (France).

Buffer A was 0.1% HCOOH in water, and buffer B was 0.1% HCOOH in acetonitrile.
2.10 NMR spectroscopy analysis
2.10.1 Secondary shifts of recombinant peptides

Peptides were dissolved in 90% H,0/10% D,0 (Cambridge Isotope Laboratories) at a concentration of
1 mg/ml and pH ~3.6. Spectra were recorded on a Bruker Avance 600 MHz spectrometer at 7°C and
referenced to 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) at 0 ppm. Standard Bruker pulse
programs were used for all two-dimensional spectra. Excitation sculpting with gradients was used to
achieve water suppression for TOCSY and NOESY experiments [418]. NMR experiments included TOCSY
[419] using a MLEV-17 spin lock sequence with a 80 ms mixing time, NOESY [420] with a 200 ms mixing
time, 'H- 3C HSQC [421] and H-*N HSQC [421]. Spectra were recorded with 4096 data points in the
F2 dimension and 512 increments in the F1 dimension for TOCSY, and NOESY experiments, 2048 x 240
for 'H-3C HSQC and 2048 x 128 for *H->N HSQC data points in the F2 dimension and increments in the

F1 dimension, respectively. The t1 dimension was zero-filled to 1024 real data points, and the F1 and
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F2 dimensions were multiplied by a sine-squared function prior to Fourier transformation. All spectra
were processed using TopSpin 2.1 (Bruker) and assigned with CcpNmr Analysis [422] using the
sequential assignment protocol [388]. Secondary shifts were calculated using the random coil values

reported by Wishart et al. [423].
2.10.1 Structure of synthesized ribbon TxIA

A 2D NOESY spectrum was acquired with a mixing time of 200 ms at 7°C and interproton distance
constraints were calculated from the relative intensities of NOE cross-peaks. Predictions of ¢ and ¢
backbone angles were performed with TALOS-N [424]. Distance restraints for the disulfide bonds
defined by the regioselective synthesis were used in the structure calculations. The ANNEAL function
in CYANA was used to perform 10,000 steps of torsion angle dynamics to generate an initial ensemble
of 100 structures from which the 20 structures with the lowest penalty function values were chosen
for analysis. Several rounds of structure calculations were performed to resolve distance and angle
constraint violations. Using protocols from the RECOORD database [425], an ensemble of 100
structures was subsequently calculated with CNS [426] using the force field distributed with Haddock
2.0 [427] and further refined in a water shell [428]. A set of 20 structures with the lowest energy and
no NOE violations greater than 0.2 A or dihedral-angle violations greater than 3° was selected for
MolProbity analysis [429]. The structures were visualized and figures generated using MOLMOL [384]

and figures were generated using MOLMOL and PyMOL.
2.11 Molecular modeling

Molecular models of the complexes between the ligand-binding domain of a7 nAChR and conotoxins
were prepared by homology modeling and then refined using either molecular dynamics (MD)
simulations or the ToxDock method [430]. Homology models were constructed using Modeller 9v18
[431] using three templates: (i) the NMR solution structure of ribbon TxIA (this study); (ii) the a4/a04
interface of the cryo-electron microscopy structure of the human a4p2 nAChR (PDB 6CNK) [432]; and
(iii) the crystal structure of the complex between globular conotoxin [A10L]TxIA and the Aplysia
californica acetylcholine binding protein (AChBP, PDB 2UZ6) [166]. A hundred models were generated

for each system and the model with the lowest DOPE score [433] was selected for further refinement.
2.11.1 Refinement with MD simulations

Homology models of the interaction of ribbon deamidated TxIA, [R5D] ribbon TxIA, and [R5N] ribbon
TxIA with rat a7 nAChR were obtained by homology modelling as described above. These initial models
were then minimized and subjected to MD simulations in Gromacs 2018 using the Ambr99SB-ILDN

forcefield [434]. The systems were embedded in a cubic box of 11. x 11 x 9 nm? and solvated with
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~32,000 water molecules and several sodium ions to neutralize the systems. The system was then
energy minimized using 10,000 steps of steepest gradient and submitted to an equilibration protocol
during which position restraints on the receptor and toxin were progressively released; the constraints
on the toxin atoms were released first over 6 ns, and the constraints on the receptor then over 2.4 ns.
The systems were then simulated unrestrained for 50 ns. Long-range electrostatic interactions were
computed using particle mesh Ewald with default parameters in Gromacs. All bonds involving
hydrogens were constrained with the LINCS algorithm, and the time step of the simulation was set to
2 fs. The V-rescale thermostat [435] was used to maintain the temperature at 27°C and the pressure
was maintained at one atmosphere using the Berendsen isotropic pressure coupling. The short range
electrostatic and Van der Waals cutoffs were both set at 1 nm. The binding free energy of each system
was then computed using the MMPB/SA method [436] as implemented in Amber18 by analyzing 10

frames extracted every ns from the last 10 ns of the unrestrained simulation.
2.11.2 ToxDock refinement

The ToxDock [430] refinement and energy computations were carried out using the online server Rosie
[437]. Briefly, the Rosetta fast relax protocol [438] was used to generate 200 alternative models
representing small structural fluctuation of the complex. The 50 models with lowest Rosetta total score
were submitted for a FlexPepDock refinement [439], generating 500 alternative binding modes of the
peptide bound to the receptor and computing the reweighted docking Rosetta score. The average of
the 25 lowest reweighted score was taken as the relevant to the binding score of the complex, as
previously described [430]. The Talaris2013 energy function was used for all Rosetta computations

[440].
3. Results

3.1 Efficient production of recombinant TxIA analogues

Like most characterized 4/7 a-conotoxins, TxIA preferentially targets a7 and a3B2 nAChRs with
nanomolar potency but has no detectable activity at the ad[32 subtype [166]. Whereas some o.3[32-
selective conotoxins such as Mll [441] also have high potency at the closely related o632 receptor, no
conotoxin that selectively targets the a4f2 nAChR has been yet identified, and only a few 4/7 a-
conotoxins, such as Ml [361], GID [276], and GIC [407] have been shown to block this receptor, albeit
at high nanomolar or micromolar concentrations. Therefore, one aim of this study was to identify
amino acid side chains that could prevent conotoxin binding to 042 receptors by investigating if TxIA
could be modified to obtain a conotoxin with at least weak activity at a4[32. To this end, we compared

the amino acid sequence of TxIA with those of MIl, and GID and selected two positions, 5 and 9, in
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which we substituted the amino acid side chains (Fig 1A). Position 5 was previously shown to be

important for Mll binding to 332 nAChRs [248].

The DNA sequences corresponding to TxIA and analogues were optimized for expression in E. coli and
fused N-terminally via a TEV protease cleavage site to MBP (Fig. 1B). Although the consensus TEV
protease cleavage site is ENLYFQ/S, the protease also efficiently cleaves at ENLYFQ/G [442], which has
the advantage that the N-terminal glycine residue that is present in most a-conotoxins can be used
and remains after cleavage. Expression of the TxIA analogues in form of a Hiss-MBP fusion protein was
done to target the construct to the E. coli periplasmic space where the disulfide bond folding
machinery of the bacterium (i.e., the Dsb proteins) is located and the oxidative environment is
favorable for conotoxin folding and disulfide bond formation. Upon transformation of E. coli with these
constructs and induction with IPTG, the respective fusion proteins represented the dominant proteins
produced and they could be successfully purified and cleaved as indicated by the size shift of the MBP
fusion construct (Fig. 1C, S1A). Further purification by RP-HPLC revealed one dominant peak for each
of the TxIA analogues (Fig 2A, S1B). The corresponding fractions contained the calculated mass of the
fully oxidized peptides (compare insets in Fig. 2C) and turned out to represent the sole functional
fractions when tested by TEVC electrophysiological analysis on a332 nAChRs expressed in Xenopus
laevis oocytes (Fig. 2B, S1C). The obtained yields were 1-2 mg of conotoxin per liter of culture. An
additional HILIC-HPLC purification step was employed to obtain pure recombinant peptides as
determined using MALDI-MS (Fig. 2C, S2). These purified peptides were then used for preparation of

concentration response curves (see below). The double mutant [R5N,I9H] was not further analyzed.
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Figure 1: Recombinant production of TxIA. (A) Amino acid sequence alignment of native and
mutant analogues of TxIA with a-conotoxins that show some affinity to a432 nAChRs, and
their respective ICso values (for references see (Dutertre et al., 2017)). Conserved cysteine
residues are shown in boxes. The number of residues between the cysteines defines the 4/7
a-conotoxin subfamily. Residues in Mll, GID, GIC, PelA that differ from TxIA are shown in bold
red. Mutated TxIA residues in position 5 and 9 are also highlighted in red. ICso values refer to
studies using Xenopus laevis oocytes. (B) Schematic representation showing the design of the
pLic-MBP plasmid used for periplasmic expression of disulfide-rich peptides in E. coli. The
construct encodes a Hisg tag for affinity purification, followed by a MBP fusion tag for solubility
and a TEV protease recognition site between the MBP and the TxIA sequences. (C) Coomassie
Blue stained SDS-PAGE gels showing samples of the fusion construct obtained during different
steps of recombinant peptide production and purification. The difference in molecular mass
between the concentrated eluate before (second last lane) and after (last lane) TEV protease

cleavage indicates cleavage of TxIA from the Hiss-MBP.
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Figure 2: Purification of TxIA and mutant (R5D, R5N) analogues. (A) RP-HPLC chromatograms
showing first step RP-HPLC fractionation with the peaks highlighted in red containing the
correct molecular mass as determined by MALDI MS. (B) Antagonistic activity of the purified
toxin peak (i.e. the red peak from fig. 2A) at a332 nAChRs. Oocytes were clamped at —70 mV
and 100 mM ACh were used to activate o332 nAChRs. (C) MALDI MS traces after second step
HILIC fractionation of the purified TxIA and analogues. (red coloured fractions in Fig. S2)
indicate the monoisotopic molecular masses of the purified toxins. All reported masses are for

[M + H]" ions.

3.2 Electrophysiological analysis of recombinant TxIA analogues reveals strongly reduced potency

We compared the potencies of the repurified expressed peptides TxIA, [R5D]TxIA, and [R5N]TxIA with
synthetic TxIA at oocyte-expressed a3B2, a4p2, and a7 nAChRs. Unlike the E. coli-expressed a-
conotoxins, but like native TxIA, the recombinant TxIA was C-terminally amidated. Not only were none
of the analogues active at the a4[32 nAChR but all recombinant peptides showed a marked drop in
potency compared to synthetic TxIA (Fig. 3A). Preparation of full concentration-response curves
revealed that in comparison to synthetic globular TxIA, which yielded ICso values of ~5 nM and 2 uM at

a3pB2 and a7 nAChRs, respectively, the recombinant TxIA was about 100- and 50-fold less active at
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o3pB2 and a7 nAChRs (Fig. 3B, Table 1). Interestingly, the potency decrease at the a7 receptor was

almost completely reversed when the arginine residue in position 5 was substituted by an aspartic acid

residue, but not when an asparagine residue was introduced in this position. Consequently, whatever

caused the decrease in activity of the recombinant TxIA, lack of amidation, proline isomerization,

and/or misfolding of the peptide, could be compensated by changes in the primary structure.
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Figure 3: Potency comparison of synthesized amidated and expressed non-amidated TxIA on

nAChR subtypes. (A) Reduction of control responses activated by 100 uM ACh or nicotine (in

case of a7 nAChR) by 1 uM synthetic (syn) or recombinant TxIA (rec=wildtype; R5D and R5N

amino acid substitutions) at the indicated nAChR subtypes expressed in Xenopus oocytes and

measured using TEVC electrophysiology. (B) Concentration-response curves for synthetic and

recombinant TxIA at .32 (left) and a7 (right) nAChRs. Error bars represent the S.E.M. from at

least three recordings (except for high (>10 uM) concentrations of synthetic peptides, where

not enough material was available). Oocytes were clamped at =70 mV. 100 uM ACh or 100 uM

nicotine were used to activate a32 and a7 receptors, respectively.
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Table 1: 1Cso values and Hill coefficients (ny) for synthetic TxIA and recombinant TxIA,
[R5D]TxIA, and [R5N]TxIA at rat a32 and a7 nAChRs. Numbers in brackets are 95% confidence

intervals. ND means not determined. Italic numbers are estimates.

a3p2 o7
ICs0 (nM) NH ICs0 (nM) NH
Synthetic 4.6 -0.93 1812 -1,23
TxIA (3.6-5.8) (-1.15--0.71) (1555-2111) -1,52--0,99
Synthetic 928 -1.14
=~ 200.000 ND
rTxIA (810-1064) (-1.3—-0.98)
Recombinant 470 -1.54
=~ 200.000 ND
TxIA (432-512) (-1.73--1.35)
Recombinant 3543 -1.38 2915 -1.24

[R5D]TxIA (3166-3965) (-1.58--1.17) (2406-3532) (-1.53--0.96)

Recombinant 1834 -1.36
ND ND
[RSN]TXIA (1704-1974) (-1.49--1.24)

3.3 Structural analysis of recombinant TxIA analogues confirms the preferential formation of ribbon

isomers

Because all of the recombinant peptides showed at least some potency at a3f2 nAChRs and peptides
in the other fractions turned out to be inactive or less active, we assumed that the dominant peaks
corresponded to the native (i.e., globular) conformation of the peptides. However, because of the
strong potency decrease that is clearly higher than the 2-fold or 5-fold potency reduction of non-
amidated AnlIB analogues at a3B2 and a7 nAChRs, respectively [443] we considered the possibility of
non-native disulfide linkage in the E. coli-expressed TxIA analogues. To test this hypothesis, NMR
structural analysis was performed. The three expressed TxIA analogues yielded well dispersed *H NMR
resonances, implying that they adopt ordered structures in solution. These peptides were further
analyzed using two-dimensional NMR so that the data could be compared to published data for Pn1.2,
which has a related sequence and where NMR data for each of the disulfide isomers is available [444].
To assign the spectra, He-NHii.1 connectivities obtained from NOESY spectra were used in the sequential
assignment of individual spin systems determined from the TOCSY spectra. For all of the TxIA
analogues, sequential He-NHi:1: connectivities were observed for the entire peptide chain, except at the
Pro residues that lack backbone amide protons. Analysis of the NOE data and the C6 chemical shifts of

Pro7 indicated that this proline is in the cis confirmation [445]. Analysis of secondary shift data can
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supply information on secondary structural elements of peptides [446], and is useful for comparing
structural frameworks in disulfide-rich peptides. Fig. 4B shows the Ha secondary shifts for TxIA and
compares these values with previously published secondary shifts for the three possible disulfide
isomers of Pnl.2. The Ha secondary shifts for the TxIA most closely resemble those of the ribbon
isomer of Pnl.2, especially in the N-terminal region, which suggests that the expressed TxIA is in the
ribbon form. Furthermore, a comparison of the secondary shifts for each expressed TxIA analogue (Fig
4A) and synthetic ribbon TxIA (see below and Fig. S3C) reveals that they are almost identical and all
four peptides form the same disulfide isomer. Most of the secondary shifts for the TxIA analogues vary
within the £0.1 ppm range that is consistent with a random coil structure, however residues 9-11 have
secondary shift values more negative than —0.1 ppm, suggesting this region has some helical character.
Our structural and functional characterization of the TxIA analogues is in agreement with data from
Wu et al. 2014 [447], where an 80-fold potency reduction (ICsp of 5.4 nM to 430 nM) of synthesized
ribbon TxIA was observed at a3f2 nAChRs, which corresponds well to the 100-fold reduction found in
our study. Importantly, this analysis further confirmed the purity of the expressed toxins as similar

retention times for globular and ribbon TxIA have been described [447].
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Figure 4: Structural analysis of the ribbon disulfide isomers of TxIA and analogues. (A) Ha
secondary shift values for recombinant TxIA (open circles), [R5D]TxIA (squares), [R5N]TxIA
(triangles), and synthetic ribbon TxIA (closed circles) at 7°C. Please note that due to the identity
of the peptides, the secondary shifts overlap and most data points (filled circles) are hardly

visible (B) A comparison of the Ha secondary shifts for ribbon TxIA (black) with the Ha
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secondary shifts of ribbon (red), globular (green) and beads (blue) isomers of Pn1.2. The values
for ribbon TxIA most closely match those of ribbon Pn1.2, especially in the N-terminal region.
(C) Left panel: ensemble of the 20 lowest energy structures for ribbon TxIA. The peptide
backbone is in blue and the disulfides are in gold. Right panel: The mean structure of ribbon
TxIA calculated from the ensemble. The structure is shown in ribbon format with disulfide
bonds in ball and stick. The N- and C-termini are indicated and the cysteines are labelled. (D)
Electrostatic surface of ribbon TxIA highlighting the negatively charged regions (red)
corresponding to the C-terminal acid and Asp14, and the positively charged regions (blue)

corresponding to the N-terminus and the side chain of Arg5.
3.4 Solution structure and potential bindind mode of the ribbon isomer of TxIA

a-Conotoxins are generally considered to be weakly active or inactive if they are folded in non-native
conformations such as "ribbon" or "bead" disulfide isomers. However, in case of the 4/6 conotoxin
AulB, the ribbon isomer turned out to be more potent at .34 nAChRs than the globular form and
seemed to bind to the orthosteric binding site [95]. Likewise, the ribbon form of the 4/3 a-conotoxin
Imll was found to compete with binding of its natively folded isomer at o7 nAChRs and also bound to
an additional binding site at Torpedo nAChRs [448]. For AulB, a binding mode has recently been defined
in detail [449]. However, no ribbon 4/7 a-conotoxin structure has been determined to date [401].
Inspired by the fact that ribbon isomers of some conotoxins can competitively block ACh binding and
that TxIA potency at the a7 nAChR could be improved by the substitution R5D, we set out to determine
the structure of the ribbon conformer of TxIA and its binding mode at a7 nAChR. To this end, a non-
amidated ribbon isomer of TxIA was synthesized (Fig. S3) by a two-step oxidation method and its NMR
structure calculated using CYANA 3.0 [358] and refined in CNS [426] using TALOS-N [389] derived

dihedral angle restraints, and hydrogen bond restraints derived from D,0 exchange experiments.

The structural statistics for the ensemble of the 20 lowest energy structures for each isomer are shown
in Table 2, and the structural ensemble of the 20 representative structures are shown in Fig. 4C (left).
The mean structure of the ribbon isomer of TxIA (Fig. 4C, right), although well defined (backbone RMSD
=0.58+0.3A), possesses no defined secondary structure elements. However, several of the structures
in the ensemble have a 3i-helical segment spanning residues Cys8 to Asnll, which is generally
consistent with the Ha secondary shift data. Furthermore, loop 1 of ribbon TxIA (Cys2— Cys8) is well
defined (backbone RMSD = 0.21 + 0.07 A) and resembles loop 1 of globular TxIA, but loop 2 (Cys8—
Cys16) is less well defined (backbone RMSD = 0.48 + 0.29 A) and adopts a conformation that is distinct
from loop 2 of globular TxIA. Analysis of the electrostatic surface features in MOLMOL reveals

negatively charged regions on opposite faces, corresponding to the C-terminal acid and the sidechain
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of Aspl4, and a positively charged region due to the sidechain of Arg5 and N-terminus (Fig. 4D). This
structure was subsequently used to probe the binding mode in a MD-refined model and a model based

on the recently defined ToxDoc application.

Table 2: Structural statistics for the final ensemble of 20 structures for the ribbon isomer of

TxIA with the highest overall MolProbity score.

Energies (kcal/mol)

Overall -4753+3.1
Bonds 6.51 £ 0.67
Angles 20.11+2.48
Improper 9.21+2.26
Van der Waals -36.82 +3.04
NOE 0.02£0.01
cDih 0.98 +0.67
Dihedral 65.78 + 0.89
Electrostatic 541 + 6.3
MolProbity Statistics
Clashes (>0.4 A / 1000 atoms) 14.3 +4.66
Poor rotamers 0.05+0.22
Ramachandran Outliers (%) 0.0+0.0
Ramachandran Favoured (%) 85.5+6.19
MolProbity score 2.29+0.31
Residues with bad bonds 0.00 + 0.00
Residues with bad angles 0.00 + 0.00
Atomic RMSD (A)
Mean global backbone 0.58 £ 0.26 (residues 1-16)
Mean global heavy 1.19 + 0.37 (residues 1-16)
Distance Restraints
Intraresidue (Ji-j| = 0) 35
Sequential (Ji-j| = 1) 44
. . 16
Medium range (1 < |i-j| < 5) 8
Long range (Ji-j| > 5) 3
Hydrogen bonds 106
Total
Dihedral angle restraints
) 11
v 0
Xl
Total 28
Violations from experimental restraints
Total NOE violations exceeding 0.3 A 0

Total Dihedral violations exceeding 3.0° 0
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3.5 Molecular modelling
3.5.1 Binding modes in the ToxDock- and MD-refined models

The binding modes of ribbon TxIA at the a7 nAChR generated by MD simulations and by ToxDock are
globally similar in terms of the orientation of the toxin in the binding site, with some molecular
interactions shared between the two models but also a range of interactions that are different (Fig.
5A, B). Pro6 in Loop 1 of wild-type or variant ribbon TxIA occupies a similar position in the models as
P6 of the globular TxIA in the TxIA/AChBP experimental structure. P6 is an important determinant of
the interaction of a-conotoxins as it is embedded in the aromatic box, which is at the bottom of the
orthosteric binding site and is recognized by acetylcholine. Another important conserved feature of
the interaction of globular a-conotoxin with AChBP is the stacking between the vicinal disulfide bridge
of the C-loop with the first disulfide bond of the a-conotoxin. The MD-refined model displays this
interaction but not the ToxDock-refined model in which the side chain of D14 stacks between the two
disulfide bonds. This is interesting because the conformation of toxin in the two models is globally
preserved (the backbone RMSD of the toxins in the two models is only 1.5 A). The binding mode in the
ToxDock model is slightly tilted compared to the MD model, and this leads to a change in reorientation
of the N-terminus (from G1 to S4) and of Loop 2 in general. The conformation of the wild-type and
variants in the context of the binding site was highly stable, with a backbone RMSD < 1.5 A and on
average 1 A from the initial homology model. The binding modes of the toxins were also similarly
stable, with Loop 1 being highly rigid and Loop 2 undergoing larger, albeit small, conformational
fluctuation. The binding mode of the ToxDock model was not sampled during the MD refinement, and
they should therefore be considered as two hypothetical binding modes. The location and interaction
of position 5 in the models of the wild-type TxIA are similar, and the interactions of this position in TxIA
and variants will now be described using the MD-refined models (Fig. 5C—E). Figure S4 in

Supplementary Material describes the interaction as suggested in the ToxDock-refined models.
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Figure 5: Molecular models of the binding modes of ribbon TxIA at the a7 nAChR: (A) MD-refined
molecular model, (B) ToxDock refined molecular model, and interaction of position 5 in the MD-
refined model of (C) ribbon TxIA, (D) ribbon [R5N]TxIA or (E) ribbon [R5D]TxIA. The last frame of
the 50 ns MD simulation is shown in panel A. The model with the lowest re-weighted Rosetta score
is shown in panel B. The backbone of the receptor and peptides are shown using cartoon
representation (blue and wheat color for the principal (+) and complementary (-) subunits,
respectively), the side chains of the toxins are shown as sticks (orange) and the side chain of
receptor residues located at less than 5 A from the toxin are shown in stick representation.

Hydrogen bonds are indicated by dashed black lines.
3.5.2 Molecular interactions of position 5

TxIA R5 is located in Loop 1 and establishes a salt-bridge with a7 D196 in the wild-type model, similar
to the interaction of globular TxIA R5 with AChBP D197 in the TxIA/AChBP crystal structure. The model
also suggests the proximity of two principal subunit basic residues, a7 R185 and K144, which could

create an unfavorable electrostatic environment for Arg 5. In contrast, the model of ribbon [R5D]TxIA
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shows that D5 establishes a salt bridge with a7 R185. In the ToxDock model of [R5D]TxIA, D5 also forms
a salt-bridge but with a7 K144. Position 5 therefore seems to be better suited for a negatively charged
residue than a basic residue. Asn and Asp are isosteric, but Asn is neutral whereas Asp is negatively
charged. In contrast to [R5D]TxIA, the mutant displaying an Asn at position 5, i.e. [RSN]TxIA, has similar
activity to the parent peptide, strongly suggesting that the charge of the side chain at position 5 drives
the increase in activity at the a7 nAChR (Fig. 5D, E). This observation also suggests that the charge
interactions of TxIA R5 with the complementary subunit balanced out and do not contribute to affinity.
Interestingly, this analysis suggests that an R5D substitution of the globular TxIA would increase affinity

for the a7 nAChR.
3.5.3 Mutational energy predictions

The interaction energies predicted by ToxDock were similar for the three complexes, with the
interaction energy of wild-type ribbon TxIA in Rosetta units (RU) being —592 for TxIA, —594 for
[R5D]TxIA and =595 for [R5N] TxIA. The mutational energies predicted by MMPB/SA suggest that the
[R5N] mutant should have increased affinity by —4 kcal/mol compared to the parent peptide, while the
[R5D] substitution was predicted to decrease affinity by 13 kcal/mol. None of the energy predictions
therefore correlated with the experimental ICso values, possibly because the main determinants of the
affinity change involve evaluating the interaction of salt bridges in a partially solvated environment in
the vicinity of several oppositely charged residues, which is challenging. Current force fields still have
difficulty in reproducing the strength of solvated salt bridges [450]. In addition, the estimation of
binding energy is highly dependent on the accuracy of the three-dimensional structures of the
complex. The incomplete consensus between the ToxDock- and MD-refined models suggest that these
binding modes of ribbon a-conotoxins are not accurate enough for predicting the impact of mutations
using score or energy computations. The determination of an experimental structure of a ribbon
conotoxin bound to either AChBP or a nAChR should dramatically increase our ability to predict the

interaction of ribbon conotoxins and the impact of mutations.
4. Discussion

Here we describe for the first time the production of a recombinant a-conotoxin (4/7 a.-conotoxin TxIA
and three analogues) by expression in the periplasm of E. coli. We characterized the structure of three
of these recombinant toxins and determined that, contrary to expectation, they adopt a ribbon
conformation, which is not the dominant disulfide connectivity obtained during random oxidation of
synthetically produced a-conotoxins. Ribbon TxIA experienced a significant decrease in activity at the

a3B2 and a7 nAChRs, and we discovered that the mutant [R5D]TxIA could rescue the activity at the
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a7 nAChR at a similar level to that of globular TxIA, possibly because the location of position 5 in the

a.7 binding site is more electropositive.

4.1 Expression of a-conotoxins in bacteria

So far, three a-conotoxins, the 4/7 a-conotoxins Vcl.1, LvIA, and TxIB, have been recombinantly
expressed [245,451,452]. Vcl.1 was expressed in the non-pathogenic Salmonella enterica serovar
Typhimurium strain LT2. It was fused via a TEV protease cleavage site to a flagellar secretion substrate
FlgM, enabling export of recombinant nonflagellar peptides through the flagellum and into the
surrounding medium [451]. No functional or structural data of Salmonella-expressed Vcl.1 were

provided in that study.

LvIA was expressed in tandem repeats of various lengths in E. coli and purified from inclusion bodies
which are generated during conventional recombinant protein expression in E. coli [245]. To allow
chemical cleavage with cyanogen bromide, the individual peptide sequences were linked by
methionine residues, which resulted in the N-terminal addition of a methionine residue to the cleaved
peptides. Using this procedure and folding by air oxidation, a 18-fold decrease in activity from 9 to 160
nM was observed for the recombinant peptide compared to synthetic LvIA [228,245]. This decrease in
activity was suggested to be due to the additional N-terminal methionine and/or the missing C-
terminal amidation. The latter would be in agreement with the 2- and 5-fold potency reduction of non-
amidated AnIB analogues at a3p2 and a7 subtypes respectively [443]. However, the disulfide
connectivity of the E. coli-expressed LvIA was not determined and our study of recombinant TxIA

suggests that alternative disulfide connectivity could also explain the activity change.

In a more recent study from the same group [452], monomeric TxIB was expressed in E. coli as a
ketosteroid isomerase (KSI)—TxIB(M)—Hiss—fusion protein. KSI was used to help stabilize the peptide in
inclusion bodies and the insoluble KSI could be easily separated upon cleavage from the peptide. A C-
terminal methionine residue (M) had to be added to allow subsequent release of the peptide from KSI
and the Hise-tag by cleavage with cyanogen bromide. Interestingly, the recombinant TxIB retained
selectivity for a6P2 receptors and showed only a moderate 2-fold decrease in potency. Based on these
properties, a globular fold was inferred because ribbon and bead isomers of TxIB were reported to be

inactive.

Encouraged by reports on bacterial expression of other toxins and in an attempt to bypass the problem
of aggregation in inclusion bodies, we exploited a system that allows expression of venom peptides in
the form of periplasmic MBP fusion proteins. The idea of using periplasmic expression is to hijack the
disulfide-bonding machinery in E. coli for producing natively folded heterologous peptides [415]. Here,

intramolecular disulfide bonds should form as the polypeptide chain exits the reductive environment
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of the bacterial cytoplasm and enters the oxidizing periplasmic environment. With a success rate of
75% based on the expression of 31 venom peptides (ranging from 17 to 76 residues in length with 2—
6 disulfide bonds) from spiders, scorpions, sea anemone, and cone snails, this method mostly produces
correctly folded peptides [415]. However, the 25% of peptides that failed to express using this method
indicate that the folding machinery in E. coli is not always a good surrogate for the mechanisms found
in the venomous organisms from which the respective peptides were sourced. In the case of venom
peptides from cone snails, the only other peptide that was tried (and failed) in this expression system
was MVIA [415]. In regard to TxIA, we could also not produce any native (globular) isomer, as all of the
recombinant TxIA formed the ribbon isomer. In summary, for the only two Conus venom peptides that
have been investigated so far, periplasmic expression in E. coli failed to produce the native disulfide-
bond isomer. However, additional data with other Conus peptides is required to make a conclusion

about the general suitability of this system for producing natively-folded cone snail venom peptides.

4.2 Does the primary structure affect the folding?

One surprising finding was that all expressed variants eluted in one dominant peak. In contrast to the
present results and in agreement with data on other a-conotoxins, chemically synthesized and
randomly oxidized a-conotoxin TxIA folds in all three possible conformations, globular, ribbon, and
beads [447]. This suggests the presence of factors that aid the formation of ribbon isomers in the
periplasm of E. coli in contrast to the venom gland of the cone snail, in which the globular isomer is
formed. In that case, misfolding could be a general problem for E. coli expression of a-conotoxins.
Alternatively, TxIA could have features in its amino acid sequence that favor formation of the ribbon
fold, such as non-covalent interactions that stabilize the respective cysteine positioning. For example,
a study by Kang et al. [453] found that C-terminal amidation can cause a preferential (but not absolute)
formation of the globular form of the 4/3-a-conotoxin Iml, supposedly by different hydrogen bonding
interactions of the C-terminus. In this context, the potential effect of a Pro-Pro motif present in the
first loop of TxIA instead of the more common Pro-Ala motif might also be important due to the
structural constraints induced by proline residues. However, TxIB, which appeared to fold
preferentially in the globular fold, [452] has a first loop with amino acid sequence identical to
[R5D]TxIA, which favored the ribbon conformation in our study. Thus, factors in loop 2 of 4/7 a-

conotoxins would be more likely to affect the disulfide formation.

The inability to create posttranslational modifications of a-conotoxins in E. coli (besides disulfide
bonds) is potentially a problem as some of these modifications are important for activity in some
conotoxins. Nevertheless, certain modifications such as tyrosine sulfation, glutamate carboxylation or

C-terminal amidation had relatively minor effects in previous studies and might be dispensable for
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some toxins [276,443]. In vitro modifications such as C-terminal amidation, might also be feasible on

purified recombinantly expressed toxins [454,455].

4.3 Structural comparison of 4/7 a-conotoxin ribbon and globular isomers

The solution structures of four ribbon a-conotoxins have been determined and are publicly available;
these include the 3/5 a-conotoxin GI (PDB 1XGB) [97], the 4/4 a-conotoxin BulA (PDB 2NS3) [456], the
4/6 a-conotoxin AulB (PDB 1MXP) [261], and the 4/6 a-conotoxin Pul.2 [457]. The structures of ribbon
conotoxins are typically less well-defined than that of the corresponding globular isomers, with Loop
1 being relatively rigid whereas Loop 2 adopts multiple conformations, presumably indicating a greater
flexibility (Fig. 6). The four ribbon conotoxins with four residues in Loop 1, i.e. BulA, rAulB, Pul.2, and
TxIA, have a very similar conformation of Loop 1. Their Loop 2 conformations are different, reflecting

the larger structural variability of Loop 2 in globular conotoxins [82].

The ribbon isomers of a-conotoxins have naturally occurring structural analogues, the cysteine
Framework X, with which they share two disulfide bridges in a ribbon isomer connectivity, a similar
size, and four cysteine residues in similar pattern along the amino acid sequence (i.e. CC-C-C) [458].
Loop 2 of cysteine framework X conotoxins contains only two amino acids, with the second residue of
this loop being a hydroxyproline. The Loop 1 of framework X toxins has four residues, similar to the
cysteine Framework | a-conotoxins, but it does not contain the Pro residue that is conserved in the a.-
conotoxins, and which occupies the orthosteric binding site of nAChRs as suggested by the crystal
structures of complexes between a-conotoxins and AChBP [252]. Framework X conotoxins are not
active at nAChRs but rather target the neuronal noradrenaline transporter, and hence they are
classified in the x pharmacological family [163]. Interestingly, the ribbon isomer of an ai-conotoxin was
even identified in a cone snail venom, indicating that for some a-conotoxins the ribbon isomer is also

native [459].
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® Ribbon TxIA
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» Globular TxIA
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Figure 6: Comparison of the NMR solution structure of ribbon TxIA with (A) globular TxIA and
(B) other ribbon contoxin structures. The first model from the NMR ensemble was used in this
figure, with the caveat that the 20 models of ribbon AulB display a high conformational
variability of Loop 2. The peptides are shown in cartoon representations and the disulfide
bonds are indicated as yellow sticks. The N- and C-termini are indicated in panel A, and the
hemi-cystine residues are numbered using Roman numerals. The PDB identifier of the

experimentally determined three-dimensional structures is indicated where available.

4.4 Comparison of proposed binding mode of ribbon and globular a-conotoxins

A binding mode was recently proposed for the ribbon a-conotoxin AulB at the a3pf4 nAChR [449], and
this binding mode is similar to the MD-refined binding mode of ribbon TxIA, as illustrated in Fig. 7. It
was demonstrated that the sole binding site of ribbon AulB is at the a3(+)a3(-) interface based on its
subunit stoichiometry-dependent activity at a334 nAChR [95]. Ribbon AulB was recently suggested to
adopt a similar binding mode to that of the globular a-conotoxin on the basis of an Ala scan which
revealed that most of the residues that are important for the activity of the globular isomer are also
important for the ribbon isomer [449]. Crystal structures of a-conotoxin/AChBP complexes showed
that the first loops of the globular a-conotoxins overlap well, whereas the second loops adopt different
conformations and interactions [166]. Like the structures of globular a-conotoxins belonging to
different loop-length subgroups bound to the AChBPs, the conformations of the Loop 1 of ribbon 4/7
TxIA and 4/6 AulB overlay well in the binding sites but their second loop adopts different
conformations. We have previously been able to explain the impact of more than 30 mutants of the
complex between globular a-conotoxin Iml and the rat a7 nAChR, suggesting that our method can
generate a reasonably accurate model of the receptor [460,461]. The differences of binding modes
observed after the two refinement methods seem therefore to originate from modelling the flexibility
and interaction of the peptide. Interestingly, ribbon [P7A]AulB has a structure similar to globular AulB,

but despite this change of conformation this mutation is innocuous [449], suggesting that ribbon AulB
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would adopt a helical conformation by conformational selection. Similarly, ribbon TxIA also becomes
more helical in both the MD- and ToxDock-refined models, suggesting that a helical conformation is
optimal for interaction. The orientations of the loop 2 of ribbon TxIA and AulB are different in the
binding site, although position 9 (19 of ribbon TxIA and Y9 of ribbon AulB) was suggested to be buried
at the interface with the complementary subunit for both peptides. Position 9 has been identified as a
key determinant that modulates the activity of ribbon AulB and it could also be involved in modulation

of the activity of ribbon TxIA.

A

4 /
4/7 Ribbon TxIA " 4/6 Ribbon AulB (
“ “ / <~ /
G CC SRPP C IANNPDL C G CC SYPP C FATNPD C (nh2)

Figure 7: Comparison of the binding mode of ribbon TxIA (A) and ribbon AulB (B) at the
interface between two a7 or a3 subunits, respectively. The toxins are in orange, with their
backbone in cartoon representation and their side chains in stick representation. The binding
site principal (+) and complementary (=) subunits are shown in blue and wheat color,
respectively. The vicinal disulfide bond of the C-loop is shown in stick representation. The two
binding sites have been oriented similarly for convenient comparison. The sequence of the two

toxins is shown at the bottom of the figure.

Because of their exceptional selectivity for certain ion channel or receptor subtypes, many
conopeptides are used as tools in neuroscience and pharmacological research. Some of them have
even been developed for clinical applications such as a-conotoxin MVIIA (ziconitide), which is an FDA-
approved analgesic for the treatment of intractable pain [200,462]. In the case of a-conotoxins, the
4/7 a-conotoxins Vcl.1 and M, the 4/3 a-conotoxin RglA, and the 4/6 a-conotoxin AulB, were found

to have potent analgesic properties. Although there still exists some controversy regarding their
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physiological target (for a recent review see [202] these conotoxins are important lead structures. New
methods for large-scale production of these conotoxins and development of a deeper understanding
of their structure-activity relationships will accelerate their development into optimized tools and,

hopefully, novel drugs.

5. Supporting information
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Figure S1: Expression, purification, and analysis of antagonistic potency at a332 nAChR of the

[R5N,I9H]TxIA double mutant.
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Fig. S2
Expressed TxIA Analogues
__3000 100 3000 100
£ TxIA 5 [R5D]TXIA
€ 2500 2500 B
. 0y £ A 80 ¢
& 2000 S = 2000 ‘ \ g
>3 60 o = 60 &
£ 1500 2 81500 ' 2
40 @ L
-§ 10001 = 5 1000 “03
= o <
3 soof | 20 2 500 | 20
< < | £
0 0 ol { "
0 15 20 0 5 10 15 20
100
23000 [RSNJTXIA
By 0,
-3
60 3
2
40 ®
S
20

)

0 5 10 15 20
Retention time (min)

Synthesized TxIA Analogues

T 2000 RibbonTxIA e
: | .
< 1500 o 1658.69
b H
© 60 ©
8 1000 E
3 402
5 500 ‘ &
] 20 ‘
< 0 A !
0 1660 1680 1700
0 5 10 15 20 Mass (Da)

= 700 GlobularTxia 100
= 50 40 1657.59
= 500 2 |
$ 400 60 5 |
S 300 2

| lap @ |
£ 200 403 v
o = Il ]
§ 10 6 )
2 0 A

-100 0 1655 1660 1665
5 10 15 20 miz

Figure S2: Second step HILIC fractionation of purified expressed TxIA analogues and synthetic
globular and ribbon TxIA isomers. Fractions containing the correct molecular mass are
highlighted in colour. The red coloured fractions were generally used for all further
experiments, orange coloured fractions contained additional salt ions. The dashed line
indicates the gradient of solvent B (90% ACN/0.043% TFA). MALDI MS traces indicate the
monoisotopic molecular masses of the synthesized toxins. All reported masses are for [M + H]+
ions. Note that the synthetic globular TxIA was C-terminally amidated, explaining the

difference in molecular mass to the synthetic ribbon and recombinant TxIA (Fig 2C).
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Figure S3: Characterization of chemically synthesized ribbon TxIA. (A) UV absorbance
chromatogram at 214 nm of synthetic TxIA ribbon. The minor peak is probably due to
conformational exchange since the merging of the two peaks is ovserved at 55°C. ACN gradient
from 0 to 100% in 2.5min. (B) ESI-MS of synthethic TxIA ribbon. (C) Overlay of the amide region
of the TOCSY spectra for recombinantly expressed TxIA (red) and synthetic ribbon TxIA (blue).
Small differences in chemical shift for the HN protons are observed for Cys3 and Cysl16

between samples presumably due to a slight variation in pH between samples.
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Figure S4: Comparison of the interactions between the position 5 of ribbon TxIA and variants

at the a7 nAChR obtained from the ToxDock-refined molecular model.
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d. Synthése d’un peptide endogéne humain ciblant le récepteur a la ghréline

Ce chapitre s’inscrit dans le cadre d’un projet collaboratif avec plusieurs équipes de I'lBMM (F9 et F13)
hors synthése de toxine, mais toujours dans le cadre de la synthése de produits naturels comportant
des ponts disulfures. La synthese du peptide humain antimicrobien exprimé par le foie (LEAP-2)
comportant 40 acides aminés et deux ponts disulfures m’a ainsi permis de tester I'applicabilité de la

stratégie mise en place pour la synthése de peptides longs.

Cette étude est présentée ci-aprés sous la forme d’une publication parue [463] dans laquelle j'ai

effectué la synthése du peptide total et la synthése de la partie structurée.
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N-Terminal Liver-Expressed Antimicrobial Peptide 2 (LEAP2) Region

Exhibits Inverse Agonist Activity toward the Ghrelin Receptor
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Abstract

The ghrelin receptor or growth hormone secretagogue receptor (GHSR) is a G-protein-coupled
receptor that controls growth hormone and insulin secretion, food intake, and reward-seeking
behaviors. Liver-expressed antimicrobial peptide 2 (LEAP2) was recently described as an endogenous
antagonist of GHSR. Here, we present a study aimed at delineating the structural determinants
required for LEAP2 activity toward GHSR. We demonstrate that the entire sequence of LEAP2 is not
necessary for its actions. Indeed, the N-terminal part alone confers receptor binding and activity to
LEAP2. We found that both LEAP2 and its N-terminal part behave as inverse agonists of GHSR and as
competitive antagonists of ghrelin-induced inositol phosphate production and calcium mobilization.
Accordingly, the N-terminal region of LEAP2 is able to inhibit ghrelin-induced food intake in mice. These
data demonstrate an unexpected pharmacological activity for LEAP2 that is likely to have an important

role in the control of ghrelin response under normal and pathological conditions.
1. Introduction

Ghrelin [464] is a stomach-derived 28-amino acid peptide that plays a major role in the regulation of
body energy homeostasis. It controls, among others, growth hormone secretion, blood glucose
homeostasis, gastrointestinal tract motility, and reward-related behaviors [465]. Notably, ghrelin is the
only known orexigenic peptide hormone and its administration to humans or rodents potently
increases food intake [465]. The biological effects of ghrelin are due to its interaction with a
prototypical class A G-protein-coupled receptor (GPCR), named the ghrelin receptor or growth
hormone secretagogue receptor (GHSR) [466]. GHSR is a peculiar receptor as it displays a strikingly
high constitutive activity [467,468]. Observations in animal models as well as in a family with a naturally

occurring mutation of GHSR that selectively abolishes constitutive activity without altering ghrelin-
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evoked activity suggest that constitutive GHSR activity plays a role in vivo, independent of ghrelin

action [469-471].

Liver-expressed antimicrobial peptide 2 (LEAP2) [472] is a bicyclic, cationic peptide predominantly
expressed in the liver and small intestine. This peptide is initially produced as a 77- residue precursor
and subsequently processed, through different steps, into a mature 40-residue peptide. NMR-based
structural analysis indicates that the mature peptide is composed of a disordered, hydrophobic N-
terminal region and a compact central part with two disulfide bridges connected in a I-lll, II-IV pattern.
This peptide was originally reported to display antimicrobial activities with inhibitory concentrations
in the hundreds of uM range [473]. However, such effective antimicrobial concentrations are much
higher than the physiological levels of LEAP2 [473]. It has also been suggested that LEAP2 modulates
fibroblast growth factor signals [474]. Very recently, LEAP2 was reported to also have noncompetitive
allosteric antagonistic activity toward GHSR [475]. This antagonist activity was directly related to the
inhibition of ghrelin effects in vivo. Notably, at physiological levels, LEAP2 is able to bind to GHSR and
impair the action of ghrelin. Thus, it is now recognized that endogenous LEAP2 plays a major role as

an antagonist of ghrelin action.

To illuminate the mechanisms responsible for the biological actions of LEAP2 on ghrelin signaling, we
carried out a detailed analysis of the pharmacological properties of this peptide and of its different
structural domains, namely, the unstructured N-terminal part and the compact central core. For this,
we evaluated different peptide fragments in a panel of model systems ranging from purified GHSR in
lipid nanodiscs to GHSR-expressing HEK293T cells, ex vivo and in in vivo rodent models. By doing so,
we found that LEAP2 is a competitive antagonist of ghrelin at GHSR and an inverse agonist toward
GHSR constitutive activity. Moreover, we demonstrated that the activities of LEAP2 are localized to its

N-terminal region.

2. Methods

2.1 Abbreviations

GHSR, growth hormone secretagogue receptor; DIPEA, N,N diisopropylethylamine; DMEM, Dulbecco’s
modified Eagle’s medium; HEPES, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid; HTRF,

homogeneous time-resolved fluorescence

2.2 Materials and methods

Ghrelin (1-28) was purchased from PolyPeptide Laboratories. [D-Arg-D-Phe®,D-Trp”?,Leut!]substance

P (SPA) was from Bachem and K-(D-1Nal)-FwLL-NH; was synthesized at Institut des Biomolecules Max
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Mousseron as described previously. IP-One HTRF kit, benzyl guanine-Tbh3*-cryptate and Insulin Ultra
Sensitive kit were provided by CisBio. Cell line: HEK293T stable cell line expressing a SNAP-Tag-GHSR
(SNAP-GHSR) was a generous gift of Eric Trinquet (Cisbio Bioassays, Codolet, France). BODIPY® FL
GTPyS was from Invitrogen.

Chemical reagents used for buffer preparation, collagenase V, bovine serum albumin (BSA), phosphate

buffered saline (PBS) with MgCl, and CacCl,, were obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.3 Peptide synthesis and characterization

Peptides were synthesized by solid-phase peptide synthesis using Fmoc chemistry, a 1
[bis(dimethylamino)-methylene]-1H-1,2,3-triazolo[4,5-b]-pyridinium 3-oxide hexafluorophosphate
/diisopropylethylamine system for coupling, and piperidine/DMF for deprotection. A double coupling
with 5 equivalents of reagents was used for each step, and the final deprotection was performed with
a trifluoroacetic acid/triisopropylsilane/H20 (95:2.5:2.5) mixture for 2-3 h. After purification by
preparative RP-HPLC, the identity of all peptides was evaluated by LC-MS, MALDI-MS, and MS-MS

analyses and UV purity was assessed to be >95% (see in the Supporting Information).

2.4 Cell Culture

HEK293T cells were maintained in DMEM Glutamax (Invitrogen) supplemented with 1 mg/ ml
Geneticin (Gibco) and containing 50 pug/ml penicillin, 50 pg/ml streptomycin, , 2mM HEPES, 1% non-

essential amino acids and 10% heat-inactivated fetal calf serum.

2.5 Ligand Binding Assay

Ki values were determined from binding competition experiments performed on intact HEK293T cell
line expressing the SNAP-GHSR using a Homogenous Time Resolved Fluorescence (HTRF) assay
previously described [476]. HTRF signal was collected in a PHERAstar microplate reader (BMG
LABTECH). K; values were obtained from binding curves using GraphPad Prism 5.0 software (GraphPad

Software, Inc., San Diego).

2.6 Inositol Phosphate Assay

Inositol phosphate accumulation assay was carried out on adherent HEK293T cell line expressing the
SNAP-GHSR in a 96-well plate format at a density of 50,000 cells/well. IP1 production was measured
using the IP-One HTRF kit (Cisbio Bioassays Ref. 621PAPEC) as described previously [476]. Briefly, cells
were stimulated for 30 min at 37 °C with the ligand to be tested in 70 ul of IP1 stimulation buffer. An
anti-IP1 antibody labeled with Lumi4-Tb (15 pl) and an IP1-d2 derivative (15 pl) were added to the
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cells. The medium was incubated for 1 h at room temperature. Signals at 665 and 620 nm were
detected using a PHERAstar (BMG LABTECH) fluorescence reader. ECso values from dose response

curves were obtained using GraphPad Prism 5.0 Software.

2.7 Intracellular Ca?* measurement

HEKTSA cells stably expressing GHSRwere seeded at 100 pl/well of fresh media with 10° cells into 96
wells black-wall/clear-bottom plate (Corning 3603) precoated with poly-D-lysine. 24 h later, cells were
washed and incubated with 100 pL/well of assay buffer containing Hanks' balanced salt solution, 0.5%
BSA, 20 mm HEPES, 1mwm MgSQs;, 3.3 mm Na,COs, 1.3 mm CaCl;, 2.5 mm probenecid, pH 7.4
supplemented with 1 um fluo 4-AM (Interchim). Cells were incubated at 37°C, 5% CO, with fluo 4-AM
for 60 min followed by a 15 min incubation with LEAP2 peptides or control buffer. Then, cells were
washed with 2 x 100 pl of assay buffer containing LEAP2 peptides and 50 pl/well of assay buffer was
added. The plate containing the cells was placed into the FlexStation (benchtop scanning fluorometer,
Molecular Devices, Sunnyvale, CA, U.S.A.) and the reading started by automatic addition of
50 pl/well of assay buffer containing ligands. Fluorescence output (Exc 495 nm/ Em 520 nm) was
measured for 1 min. Data were expressed as relative fluorescence units (RFU) corresponding to the
signal obtained by subtracting the baseline to the max calcium signal. ECso values were obtained from

dose-response curves using GraphPad Prism (version 5.0).

2.8 Receptor preparation and labeling

For GTPyS binding assays, the monomeric wild type GHSR in lipid nanodiscs was prepared as described
[477]. For FRET measurements, the ghrelin receptor with a TAG amber codon at the position encoding
F’! and a single reactive cysteine at position 255, was produced in lipid nanodiscs and subsequently
labeled with Click-IT Alexa Fluor 488 DIBO Alkyne (LifeTechnologies) and Alexa Fluor 350 maleimide,
as described [478].

2.8.1 G protein preparation

Gaus was purchased from Kerafast. Hise-tagged Gag was expressed in Sf9 cells and purified using Ni-
nitrilioacetic acid (Ni-NTA) affinity chromatography [479]. GB: was expressed with the Hiss-Tagged Gy
in Sf9 cells and the GPy dimer purified using Ni-NTA chromatography combined to ion exchange

chromatography [479].
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2.8.2 GTPyS binding

GTPyS binding experiments were carried out using the fluorescent Bodipy-FL GTPyS analog [480].
Association of Bodipy-FL GTPyS to the G protein was monitored using a fluorescence
spectrophotometer (Cary Eclipse, Varian) with the excitation wavelength set at 500 nm and the
emission wavelength at 511 nm. Reaction conditions were 100 nM Ga, or Gais, 500 nM GB1y2, 100 nM
Bodipy-FL GTPyS, and 20 nM receptor in lipid discs. The receptor, the ligands (10 puM final
concentration) and the G protein were first incubated for 30 minutes at room temperature and

fluorescence was measured after addition of Bodipy-FL GTPyS and 10 minutes incubation at 15°C.

2.9 FRET measurements

For FRET measurements, the receptor, the ligand and Ga,B1y; protein were incubated for 30 minutes
at room temperature. GHSR and ligand concentrations were in the 0.5 uM and 10 uM range,
respectively, with a 1:5 receptor-to-G protein molar ratio. Fluorescence emission spectra were
recorded between 360 and 700 nm on a Cary Eclipse spectrofluorimeter (Varian) with an excitation at
346 nm. Buffer contributions were systematically subtracted. The proximity ratio was calculated from

the emission spectra as described [481].

2.10 Animals

In vivo testing of LEAP2-related peptides was performed using 3-4 month old C57BL/6J male mice,
which were single-housed in a 12-h light/dark cycle with regular chow and water available ad libitum.
Studies were carried out in strict accordance with the recommendations in the Guide for the Care and
Use of Laboratory Animals of the National Research Council, USA and received approval from the

IACUC committee of the IMBICE (ID:10-0112).

2.11 Insulin secretion experiments in isolated rat pancreatic islets

All animal care and experiments adhered to the Directive 2010/63/EU of the European Parliament and
of the Council. Male Wistar rats (Charles River, France) were housed in a temperature and humidity-
controlled room under a 12 h light/dark cycle and had food and water ad libitum. Rats were weighing
280-320 g at the time of the experiments. Rats were anesthetized with isoflurane and killed by
decapitation. The common bile duct was cannulated and the pancreas was filled by injection of
collagenase V solution (10 mL, 1 mg/mL), excised and digested at 37°C for 10 min. After three
successive sedimentations using PBS plus 5 mM glucose, islets of Langerhans were hand-picked under
a microscope. Then, islets were stabilized for 1 h (5% CO,, 37°C) in buffer A (120 mM NaCl, 4.7 mM KCl,
1.2 mM KH3POs, 1.2 mM MgSQ4, 2.5 mM CaCl,, 24 mM NaHCOs, 0.1% (w/v) BSA, pH 7.4) containing
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2.8 mM glucose. Batches of 5 islets were incubated for 1 h at 37°C, in 1 mL of buffer A with 0.1% (w/v)
BSA containing 2.8 mM or 8.3 mM glucose in the absence or presence of the tested ligands. At the end
of the incubation period, supernatants were collected and stored at -20°C until insulin assay.
Experiences were performed in quintuplicate. Insulin was quantified using the CisBio Insulin Ultra

Sensitive kit according to the manufacturer’s instructions.

2.12 Food intake in mice

The ability of LEAP2-related peptides to affect ghrelin-induced food intake was tested using peripheral
of the GHSR ligands. Mice were subcutaneously injected with saline alone or containing 600 pmoles/g
of BW of LEAP2, LEAP2 (1-12-NH;) or LEAP2 (15-40-OH) and ten minutes later subcutaneously injected
with saline alone or containing 60 pmoles/g of BW of ghrelin (n=5-9 per group). The dose of ghrelin
and LEAP2-related peptides was chosen based on previous studies showing that this ghrelin dose
reliably increases food intake and that a 1:10 ghrelin:LEAP2-related peptides ratio would be enough to
unmask the effect of LEAP2 [466,481]. In all cases, food intake was assessed at 10:00 a.m. in ad libitum
fed mice, which were subjected to the different treatments and exposed to a single pre-weighed chow
pellet in the floor of the home cages. Mice remained undisturbed for 2-hour, when chow pellets were
collected and weighed. Weighing was performed in calibrated scales that had a precision of 1 mg. Two-
hour food intake was calculated subtracting the remaining weight of the pellet to the initial weight,

and expressed in mg.

3. Results and discussion

In all synthesized peptides (Figure 1), the N-terminal methionine residue was replaced by its norleucine
isostere to avoid oxidation of the methionine residue. In a first set of experiments, due to the presence
of a glycyl residue at position 14, we decided to synthesize three peptides: (1) full-length LEAP2, (2) an
N-terminal LEAP2 fragment (1-14-OH), hereafter named LEAP2 (1-14-OH), and (3) a C-terminal LEAP2
structured fragment (15-40-OH) with the two disulfide bonds, hereafter named LEAP2 (15-40-OH). In
a second set of experiments, we downsized the sequence of the N-terminal part of LEAP2. Peptides
were assembled on a solid support using Fmoc chemistry and starting from 2-chlorotrityl resin or an
Agilent Amphisphere 40 RAM resin for acid peptides or amide peptides, respectively. All peptides were
purified by reversed-phase high-performance liquid chromatography (RP-HPLC) and characterized by
liguid chromatography- mass spectrometry (LC-MS) and matrix-assisted laser desorption ionization-

mass spectrometry (MALDI-MS)/MS with a purity >95% (see the Supporting Information).
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LEAP2: Nle'l‘PF\\'RGVSI.RPI('»AK%"RDDSF(TW[ ("RKRR(LSI SVAQE-OH
LEAP2 (1-14-OH): NIeTPFWRGVSLRPIG-OH

LEAP2 (1540-OH): .‘\S(TRl)DSF.(H’TRl.(“RKRR(]“SI.S\-?\QEJ 'H

LEAP2 (1-14-NH, ): Nle TPFWRGVSLRPIG-NH,

LEAP2 (1-12-NH,): NIeTPFWRGVSLRP -NH,

LEAP2 (1-10-NH,): NleTPFWRGVSL-NH,

LEAP2 (1-8-NH, : Nle TPFWRGV-NH,

LEAP2 (1-6-NH, ): NIe TPFWR-NH,

Figure 1: Sequences of the synthesized peptides.

3.1 Binding and activity of LEAP2-related peptides
3.1.1 Binding

We first analyzed whether the different LEAP2 variants directly bind to the ghrelin receptor (GHSR)
expressed in HEK293T cells. Ki values were thus determined from binding competition experiments
using the homogenous time-resolved fluorescence (HTRF) assay previously described [482]. As a
reference, we included the peptide K-(D-1- Nal)-FwLL-NH;, which is described as an inverse agonist
[483]. As shown in Figure 2 and Table 1, LEAP2 displaced labeled ghrelin from its binding site with a Ki
value in the nanomolar range (1.26 + 0.05 nM). Interestingly, LEAP2 (1-14-OH) also displayed high
affinity for GHSR (Ki 3.66 + 0.64 nM), whereas LEAP2 (15-40-OH) was unable to compete with ghrelin

up to a 10~ M concentration.
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Figure 2: Competition binding curves obtained with LEAP2-related peptides, ghrelin, and the
K-(D-1-Nal)-FwFwLL-NH; inverse agonist. Data are representative of two to three independent
experiments, each performed in triplicate. Error bars correspond to standard deviation from

the mean of triplicates. Ki values are collected in Table 1.

3.1.2 Intrinsic activity
As LEAP2 and some of its structural domains appeared to compete with ghrelin for binding to GHSR,
we subsequently investigated their possible impact on ghrelin-independent GHSR signaling. To this
end, we first tested the ability of LEAP2 variants to affect the basal level of inositol phosphate 1 (IP1)
production in HEK293T cells expressing GHSR (Figure 3 and Table 1) [468,484]. As seen in Figure 3, the
high basal level of IP1 production in GHSR-expressing cells, representing 60-70% of the maximal IP1
production promoted by ghrelin, resulted from the constitutive activity of GHSR as previously shown
[467,484]. LEAP2 decreased the basal level of IP1 production by 50% (Emax: 52.3 + 6.6%) promoted by
GHSR with an ECso in the 20 nM range (22.8 + 7.8 nM). This indicates that LEAP2 displays an inverse
agonist activity toward basal IP1 production promoted by GHSR. Interestingly, the maximal inverse
agonist effect of LEAP2 was very similar to that of the reference inverse agonist compound K- (D-1-
Nal)-FwLL-NH, [483] (Emax: 48.7 * 1.2%). Similarly, LEAP2 (1-14-OH) reduced GHSR-promoted basal
IP1 production with an ECsg of 76.4 + 6.3 nM and a maximal effect of 50.8 + 6.7%. In contrast, LEAP2
(15-40-0H) did not modify the basal level of IP1 production, indicating that this fragment had no
activity of its own, in agreement with the absence of binding of this peptide to GHSR. These data

indicate that LEAP2 behaves as an inverse agonist toward GHSR signaling at least on the GHSR-
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promoted IP1 pathway and that its linear N-terminal part is both necessary and sufficient for its binding
and its activity.

To our knowledge, current data are the first indication that LEAP2 acts as an inverse agonist of GHSR.
Strikingly, the study by Ge and colleagues [475] found that LEAP2 did not affect GHSR-mediated -
arrestin recruitment and concluded that LEAP2 had no inverse agonist activity. Unfortunately, the
referred study did not report the use of known inverse agonists of GHSR as positive controls to confirm
that the sensitivity of the B-arrestin recruitment assay was sufficient to unmask the inverse agonist
activity of LEAP2 [475]. Such controls are important because B-arrestin recruitment at GHSR is low
under basal conditions [468,484]. In contrast, our conclusions are based on the data derived from the
IP1 assay, which is recognized as a very sensitive assay for measuring the constitutive activity of GPCRs

and studying the inverse agonist activity of compounds [473,485].

Table 1: Binding and activity of LEAP2-related peptides. Values reported in the table were
obtained from experiments performed in HEK293T cells stably expressing GHSR. Ki values were
determined from HTRF competition binding assays. ECsp and Emax values were obtained from
dose-response curves of inositol phosphate (IP1) production in HEK293T cells expressing
GHSR. Values are mean % S.E. of two and three independent experiments for binding and

activity, respectively, each experiment being performed in triplicate.

ligand binding K (nM) inositol phosphate 1 ECg, (nM) inositol phosphate 1 E, . (% basal inhibition)
LEAP2 (1-14-OH) 3.66 + 0.64 764 + 6.3 50.8 + 6.7
LEAP2 (15—40-OH) not detected not detected 0
LEAP2 1.26 + 0.05 228 + 7.8 523 + 6.6
ghrelin 1.28 + 0.36 1.51 + 0.85

K-(D-1-Nal)-FwLL-NH, 3.7 £ 0.05 55 +£26 487 + 12
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Figure 3: Dose-response curves of ligands at promoting IP1 production. Data are expressed as
the percentage of maximal effect of ghrelin on HEK293T cells expressing GHSR. In this
experiment, basal IP1 production of GHSR-expressing cells represents 64.5 + 1.5% of the
maximal effect triggered by ghrelin. K-(D-1-Nal)-FWLLNH, described in the literature as an
inverse agonist is given as reference. Data are representative of two experiments, each

performed in triplicate.
3.2 Antagonist effect of LEAP2 peptides on Ghrelin-induced activation of GHSR
3.2.1 IP1 Production

We first tested the antagonist effect of LEAP2-related peptides on ghrelin-induced IP1 production. To
evaluate whether the interaction between LEAP2 and ghrelin is competitive or noncompetitive, we
constructed dose-response curves of ghrelin in the absence or presence of increasing concentrations
of LEAP2 or LEAP2 (1-14-OH). As shown in Figure 4, increasing the concentration of LEAP2 increased
the ECso value of ghrelin from 0.36 + 0.01 to 16.6 £ 5.5 nM in the absence or the presence of 1 uM
LEAP2, respectively (Figure 4A). Similarly, increasing the concentration of LEAP2 (1-14- OH) up to 1 uM
increased the ECso value of ghrelin from 0.40 + 0.05 to 2.5 + 0.3 nM (Figure 4B). pA2 values of 8.83 +
0.22 and 7.46 + 0.21 were obtained for LEAP2 and LEAP2 (1-14- OH), respectively. In contrast, neither
LEAP2 nor LEAP2 (1-14-OH) changed the maximal effect elicited by ghrelin (Figure 4). These data
strongly suggest that LEAP2 and its N-terminal (1-14) domain are competitive antagonists for ghrelin

with regard to IP1 production.
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Figure 4: Antagonist effect of LEAP2 peptides on ghrelin-induced IP1 production in HEK293T
cells expressing GHSR. Dose-response curves of ghrelin-induced IP1 production in the
presence of increasing concentrations of LEAP2 (A) and LEAP2 (1-14-OH) (B). Data are
expressed as the percentage of maximal ghrelin response in HEK293T cells stably expressing
GHSR, where zero represents basal IP1 production of mock-transfected HEK293T cells. Data

are representative of two experiments, each performed in triplicate.

3.2.2 Calcium release

We then tested whether the antagonist competitive character of LEAP2-related peptides existed also
on calcium release following activation of GHSR by ghrelin. As for the IP1 assay, we constructed
dose-response curves of ghrelin-induced calcium release in the presence of increasing concentrations
of LEAP2-related peptides in the same GHSRexpressing cell system. As shown in Figure 5A, the ECso
value of ghrelin increased in parallel with the increase of LEAP2 concentration from 0.41 £ 0.13 to 27.7
+ 13 nM. Similarly, increasing concentrations of LEAP2 (1-14-OH) up to 1 uM increased the ECso value
of ghrelin from 0.34 + 0.12 to 18 + 4 nM (Figure 5B). pA2 values of 7.99 + 0.15 and 7.05 + 0.05 were
calculated for LEAP2 and LEAP2 (1-14-OH), respectively. Moreover, as it was for IP1 production, LEAP2
and LEAP2 (1-14-OH) did not affect the maximal effect elicited by ghrelin (Figure 5). It has to be
mentioned that, in contrast to IP1 production, no reduction of the basal signal was observed for
calcium levels. This is not inconsistent with the fact that LEAP2-related peptides are inverse agonists.
Indeed, it is well established that the inverse agonist activity of compounds cannot be detected with
this calcium assay because of both the inability of this assay to produce an elevated basal signal and

the nonequilibrium experimental conditions of the assay [486].
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Overall, these data indicate that both LEAP2 and LEAP2 (1-14-OH) are competitive antagonists of
ghrelin at GHSR, as increasing concentrations of LEAP2 and its N-terminal domain resulted in an
increase of ECso values of ghrelin with no change in its maximal effect for both IP1 production and
calcium mobilization. The reason for the difference between our data and those previously reported
on the competitive behavior of LEAP [475] is not clear so far, and the exact nature of this behavior is

still an open question at the present stage of the analysis.
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Figure 5: Antagonist effect of LEAP2-related peptides on ghrelininduced calcium release in
HEK293T cells expressing GHSR. Dose-response curves of ghrelin-induced GHSR activation at
promoting intracellular calcium release in the presence of increasing concentrations of LEAP2
(A) and LEAP2 (1-14-OH) (B). Data are expressed as the percentage of maximal ghrelin
response in HEK293T cells expressing GHSR, where zero represents the basal IP1 production
of mock-transfected HEK293T cells. Data are representative of two experiments, each

performed in triplicate.
3.3 Binding and biological activity of N-terminal truncated fragments

Our data above indicate that LEAP2 (1-14-OH) contains the structural determinants for recognition
and activation of GHSR. To assess the minimal active sequence within LEAP2, we prepared different
Nterminal truncated LEAP2-related variants. These were synthesized as their terminal amide
analogues to mask the carboxylic charge that is not present in LEAP2. We then evaluated their binding
properties and their ability to modulate the GHSR activity on IP1 production (Table 2). LEAP2 (1- 14-
OH) and LEAP2 (1-14-NH;) exhibited almost the same affinity, and their inverse agonist potency and
efficacy were similar. All LEAP2 N-terminal fragments displayed Ki values in the same range. Only LEAP2
(1-6-NH,) displayed a 20-fold increased Ki value compared to that of LEAP2 (1-14-NH,). In terms of

IP1 production, truncation of LEAP2 did not affect the ability of the peptides to act as inverse agonists
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of GHSR; however, their potency decreased with the reduction in their size. Indeed, a significant
increase of ECsp was observed for LEAP2 (1-10-NH) and LEAP2 (1-8-NH,), whereas their efficacy
remained unchanged, as compared to those for both LEAP2 (1-14-OH) and LEAP2 (1-14-NH;) as well
as to those for the reference inverse agonists substance P analogue (SPA) [467] and K-(D-1-Nal)-FwLL-
NH,. Downsizing of only the N-terminal fragment of LEAP2 to six residues dramatically decreased both
its potency and efficacy (ECso: 6344 + 2155 nM, Emax: 26 £ 7%), whereas its binding affinity was much
less affected. These data suggest that the binding determinants of LEAP2 are contained within the
(1-8) N-terminal part of LEAP2, whereas a longer N-terminal sequence encompassing at least the 1-12

region is required for maximal potency and efficacy.

Table 2: Binding affinities and Inverse agonist activities of truncated N-terminal peptides of
LEAP2. Ki values were determined by the HTRF competition binding assay on HEK293T cells
expressing GHSR. For activity, ECso and Emax values were obtained from dose-response curves
of inositol phosphate (IP1) production in HEK293T cells expressing GHSR. Values are mean *
S.E. of two and three independent experiments for binding and activity, respectively, each

performed in triplicate.

ligand binding K; (nM) inositol phosphate 1 ECy; (nM) inositol phosphate 1 E,,, (% basal inhibition)

LEAP2 126 + 0.05 228+ 78 5.3+ 66
LEAP2 (1-14-0H) 3.66 + 0.64 764 + 63 50.8 + 6.7
LEAP2 (1-14-NH,) 3.05 + 015 48.0 £ 54 50.3 £ 1.5
LEAP2 (1-12-NH,) 27+ 0.1 46 + 18 49.3 + 1.5
LEAP2 (1-10-NH,) 34 + 001 134 + 48 50315
LEAP2 (1-8-NH,) 645 + 0.25 368 + 63 453+ 15
LEAP2 (1—6-NH,) 55+ 4 6633 + 2212 26 £72
K-(D-1-Nal)-FwLL-NH, 3.7 + 0.05 55+ 26 487 12
rPKPFQwFwLL-NH, (SPA) 76.7 + 12.6 98.7 + 200 5113
ghrelin 128 + 0.36 151 + 0.85

3.4 LEAP2 activity on the purified ghrelin receptor

We then used the purified ghrelin receptor assembled into lipid nanodiscs to evaluate whether the
impact of LEAP2 on GHSR signaling observed in HEK293T cells was associated with a direct effect of
this peptide on the receptor. To this end, the ability of LEAP2 and its N-terminal fragments to affect
GHSR activation was assessed by the ability of the purified receptor to activate purified G proteins in
a GTPyS binding assay. The purified apo GHSR in lipid nanodiscs displayed a significant constitutive
activity at both G4 and Gis (Figure 6). Ghrelin further enhanced these G-protein-activation properties,
whereas the K-(D-1-Nal)-FwLL-NH; inverse agonist decreased GTPyS binding for Gq and Gi3 [487].
Finally, the neutral antagonist JMV 3011 [484] did not change basal GTPyS binding for both G proteins.
As shown in Figure 6, the full-length LEAP2 decreased the constitutive activity of GHSR for both G, and

Gi3 in the absence and in the presence of ghrelin. The degree of decrease in the basal activity with
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LEAP2 was similar to the one detected with K-(D-1-Nal)-FwLL-NH,. This indicates that LEAP2 by itself
exerts an inverse agonist activity on GHSR-dependent basal activation of G and Gis. Importantly, this
inverse agonist activity was preserved with all of the N-terminal truncated fragments of LEAP2,
although it was slightly diminished with LEAP2 (1-6-NH) (Figure 6). Thus, these data suggest that the
inverse agonist activity of LEAP2 observed in HEK293T cells is directly related to its interaction with the

ghrelin receptor independent of the cellular context.
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Figure 6: Effect of LEAP2 peptides on GHSR-catalyzed G protein activation. BODIPY-FL GTPyS
binding to Gqand Gz proteins induced by GHSR in lipid disks in the absence of ligand; in the
presence of ghrelin, JMV 3011, and K-(D-1-Nal)-FwLL-NH, (all ligands at 10-6 M); and in the
presence of LEAP2, its N-terminal amide peptides, and C-terminal LEAP2 (15-40-OH) (107> M).
Data are presented as the percentage of maximum BODIPY-FL fluorescence change measured

in the presence of ghrelin and represent the mean £ S.E. from three independent experiments.

3.5 Impact of LEAP2 on GHSR conformation

We previously reported that the pharmacological properties of GHSR ligands are intricately related to
their ability to stabilize specific receptor conformations [488]. To assess whether the inverse agonist
activity of LEAP2 is indeed associated with its ability to stabilize an inactive conformation similar to
that observed in the presence of K-(D-1-Nal)-FwLL-NH,, we analyzed the conformational features of

GHSR using a fluorescence resonance energy transfer (FRET)-based approach (Figure 7) [489]. To this
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end, the purified monomeric receptor in nanodiscs was labeled with a fluorescence donor (AF350) and
an acceptor (AF488) in the cytoplasmic ends of TM1 and TM6. As shown in Figure 7, addition of ghrelin
or K- (D-1-Nal)-FwLL-NH, at saturating concentrations induced a significant change in the FRET-
monitored proximity ratio, indicative of a change in the distance between the two fluorescent probes.
These variations were not due to changes in the mobility or orientation of the fluorophores, as the
anisotropy of fluorophores attached to the receptor was not altered by treatment with ligands.
Specifically, the full agonist ghrelin triggered a decrease in the proximity ratio, whereas the neutral
antagonist JMV 3011 did not change this ratio and the inverse agonists triggered an increase in this
ratio. As shown in Figure 7, all LEAP2-related peptides also triggered an increase in the proximity ratio
very similar to that observed with K-(D- 1-Nal)-FwLL-NH,, suggesting that these compounds stabilize
similar GHSR conformations. As in the case of the GTPyS binding assays, the proximity ratio was
essentially unaffected by the deletion of the central domain of LEAP2, indicating that the interaction
with the N-terminal region of LEAP2 is sufficient to stabilize the conformation of GHSR associated with
its reduced basal activity. Altogether, these data indicate that the N-terminal domain of LEAP2 exerts
an intrinsic inverse agonist activity on GHSR-catalyzed G protein activation through the stabilization of

a specific, inactive receptor conformation.
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Figure 7: Effect of LEAP2 on GHSR conformation. Proximity ratio changes induced by ghrelin,
JMV 3011, K-(D-1-Nal)-FwLL-NH,, LEAP2, its N-terminal amide peptides, and C-terminal LEAP2
(15- 40-0OH). These changes were calculated from the FRET signal between the fluorophores
in TM1 and TM6 of the purified ghrelin receptor in lipid disks (see the Materials and Methods
section). The data are representative of two experiments performed in duplicate, and the error

bar represents the S.E.

3.6 Effect of LEAP2 (1-12 NH,) on “ex vivo” endogenously expressed GHSR

Next, we aimed at determining whether the N-terminal domain of LEAP2 was also active on
endogenously expressed GHSR. To do so, we tested rat pancreatic islets that express GHSR [487,490]
Indeed, ghrelin is known to inhibit glucose-induced insulin secretion in pancreatic islets [491].
Therefore, insulin release was quantified after incubating isolated rat pancreatic islets with a
stimulating (8.3 mM) glucose concentration in the presence or absence of ghrelin and LEAP2 (1-12-
NH,). LEAP2 (1-12-NH,) was chosen because its inverse agonist potency and efficacy were equivalent
to those of LEAP2 (1-14-NH,) (Figure S1 in the Supporting Information). As expected, ghrelin
attenuated glucose-stimulated insulin secretion (Figure S2 in the Supporting Information). Importantly,
co-treatment of pancreatic islets with ghrelin and LEAP2 (1-12-NH>) abolished the insulinostatic action
of ghrelin. These data indicated that LEAP2 (1-12-NH,) binds to endogenous GHSR and blocks its

activation by ghrelin.
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3.7 In vivo evaluation of LEAP2-related peptides

Finally, we tested the ability of LEAP2, LEAP2 (1-12-NH;), and LEAP2 (15-40-OH) to affect the
orexigenic effects of ghrelin in mice. We performed this experiment using similar experimental
conditions as those used by Ge and colleagues [475] to compare the outcomes of the studies. Thus,
we tested a ghrelin to LEAP2-related peptides ratio of 1:10 and assessed cumulative food intake 2 h
after treatment, as the entire orexigenic response to the hormone occurs within this time window
[492]. In particular, mice were initially subcutaneously (s.c.) injected with the vehicle alone or
containing the different LEAP2 variants (0.6 nmol/g BW) and injected with ghrelin (0.06 nmol/g BW,
Figure 8) 10 min later. Food intake was assessed 2 h after treatment. As compared to that in vehicle
treatment, ghrelin increased food intake, whereas LEAP2, LEAP2 (1-12-NH>), and LEAP2 (15-40-OH)
alone did not affect food intake. LEAP2 fully inhibited ghrelin-induced food intake as previously
described. More interestingly, LEAP2 (1- 12-NH,) also inhibited ghrelin-induced food intake in a similar
fashion as seen for LEAP2, whereas LEAP2 (15-40-OH) did not affect ghrelin-induced food intake, as
expected based on our in vitro data. These in vivo data confirmed that the N-terminal part of LEAP2

preserves the biological effects of the whole peptide on food intake.
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Figure 8: Food intake monitored at 2 h after acute subcutaneous administration of LEAP2-
related peptides in the presence or absence of ghrelin. ***p < 0.001; **p < 0.01 versus vehicle
+ ghrelin group. ?p < 0.05 versus the same initial treatment (either vehicle, LEAP2, LEAP2 (1-12-

NH,), or LEAP2 (15-40-OH)) + vehicle. n = 5-9 per group.
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4. Conclusions

We delineated here the active part of LEAP2 and showed that the activity of this peptide toward the
ghrelin receptor is restricted to its N-terminal region. Moreover, our data provide evidence that both
LEAP2 and its N-terminal part act as inverse agonists of GHSR by stabilizing an inactive conformation
of the receptor. LEAP2 and its 1-14 N-terminal region also appeared to be competitive antagonists of
ghrelin at promoting IP1 production and calcium mobilization in HEK293T cells expressing GHSR.
Accordingly, LEAP2 (1- 12-NH;) blocks ghrelin-induced insulin level reduction in rat pancreatic islets,
indicating that LEAP2 antagonizes ghrelin action ex vivo at endogenous GHSR. Moreover, s.c.
administration of LEAP2 and LEAP2 (1-12-NH,) in mice was associated with a decrease of ghrelin-
induced food intake. One can hypothesize from our in vitro pharmacological data that LEAP2 and/or
its N-terminal part may behave as endogenous inverse agonists of GHSR. Indeed, GHSR displays very
high constitutive activity and it may be possible that LEAP2 regulates physiologically the tonic activity
of GHSR, a hypothesis that certainly deserves to be tested in future studies. Interestingly, besides our
LEAP2 inverse agonist of the GHSR, another endogenous inverse agonist, the agouti-related protein,
has been reported for the melanocortin receptor [493]. In this line, LEAP2-related peptides developed
in the present study should be useful tools to further investigate the physiological role of these
potential endogenous inverse agonists of GHSR and to design new potential antiobesity drugs.
Altogether, our observations shed light on the control of ghrelin-mediated regulation of food intake

and certainly pave the way for future studies.
5. Supporting information
5.1 Preparative RP-HPLC

Preparative RP-HPLC was run on a Gilson PLC 2250 Purification system (Villiers le Bel, France)
instrument using a preparative column (Waters DeltaPak C18 Radial-Pak Cartridge, 100 A, 40-100 mm,
15 um particle size, flow rate 50.0 mL/min). Buffer A was 0.1% TFA in water, and buffer B was 0.1%

TFA in acetonitrile.
5.2 LC/MS analyses

The LC/MS system consisted of a HPLC-micromassZQ (Waters) or UPLC Acquity H-Class (Waters)
coupled to a Synapt G2-S (Waters) equipped with an ESI source. Analyses were carried out using a
Phenomenex Kinetex column (C18, 1004, 100 x 2.1 mm, 2.6 pum). A flow rate of 0.5 mL/min and a
gradient of 0-100% B in 5 min were used: eluent A, water/0.1% HCO;H; eluent B, ACN/0.1% HCO,H.
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Positive-ion electrospray (ESI*) mass spectra were acquired from 100 to 1500 m/z with a scan time of

0.2 s. Nitrogen was used for both the nebulizing and drying gas. Retention time (RT) is given in minutes.
5.3 MALDI MS and MS/MS Analyses

MALDI mass spectrometry experiments: Analyses were operated on the Rapiflex instrument from
Bruker Daltonics®. Each sample was analysed from CHCA or SA matrix deposits, in positive ion mode.
A pulsed Nd:YAG laser at a wavelength of 355 nm was operated with a laser focus of 29 %. Data were
acquired with the Flex Control software (version 4.1, Bruker Daltonics®). Spectra were integrated with
the Flex Analysis software (version 4.0, BrukerDaltonics®), the centroid algorithm was used to assign

peaks.

An acceleration voltage of 20.0 kV (IS1), 2.45 kV (PIE) and a lense voltage of 11.6 kV was applied. The
reflectron mode was used for the ToF analyser (voltages of 20.8 kV and 8.6 kV). The delayed extraction
time was 170 ns. MS data were processed with the Flex Analysis software (version 4.0, Bruker
Daltonics®). External calibration was performed with commercial peptide mixture (Calibration peptide

standard Il, Calibration protein |, Bruker Daltonics, Wissembourg, France).

Fragmentation experiments were performed under laser induced dissociation (LID) conditions with the
LIFT cell voltage parameters set at 14.0 kV (LIFT 1) and 18.7 kV (LIFT 2) for a final acceleration of 29.5
kV (reflector voltage) and a pressure in the LIFT cell around 5 x 107 mbar. The precursor ion selector
was set manually to the first monoisotopic peak of the molecular ion pattern for all analyses. MS/MS
data were processed with the Flex Analysis software (version 4.0, Bruker Daltonics®). Mass lists were

generated according to the following parameters: SNAP as peak detection algorithm, S/N threshold 3.
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LEAP2 (1-6-NH:), H-Nle-Thr-Pro-Phe-Trp-Arg-NH,
Mol. Formula: C41H59N1107 LC/MS data
MW= 817.9 g.mol? RT: 1.09 min

UV Purity: 95% ESI(+): Mcalculated 817.4 Da; observed m/z 409.7 Th [M+2H]?*, m/z 818.4 Th
[M+H]*
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LEAP2 (1-8-NH,), H-Nle-Thr-Pro-Phe-Trp-Arg-Gly-Val-NH,

Mol. Formula: C43H71N1309 LC/MS data
MW= 974.2 g.mol? RT: 1.13 min
UV Purity: 99% ESI(+): Mcalculated 973.5 Da; observed m/z 487.9 Th [M+2H]?*, m/z 974.6 Th
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LEAP2 (1-10-NH3), H-Nle-Thr-Pro-Phe-Trp-Arg-Gly-Val-Ser-Leu-NH;

Mol. Formula: C57H37N15012 LC/MS data
MW= 1174.4 g.mol? RT: 1.19 min
UV Purity: 99% ESI(+): Mcalculated 1173.7 Da; observed m/z 587.9 Th [M+2H]?*, m/z 1174.8 Th
[M+H]*
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LEAP2 (1-12-NH3), H-Nle-Thr-Pro-Phe-Trp-Arg-Gly-Val-Ser-Leu-Arg-Pro-NH;

Mol. Formula: CggH105N20014
MW= 1427.7 g.mol?
UV Purity: 95%

LC/MS data
RT: 1.12 min

ESI(+): Mcalc 1426.8 Da; obs m/z 476.7 Th [M+3H]3*, m/z 714.3 Th [M+2H]?*
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LEAP2 (1-14-NH3), H-Nle-Thr-Pro-Phe-Trp-Arg-Gly-Val-Ser-Leu-Arg-Pro-lle-Gly-NH;

Mol. Formula: C76H120N22016
MW= 1597.9 g.mol?
UV Purity: 98%
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LEAP2 (1-14-OH), H-Nle-Thr-Pro-Phe-Trp-Arg-Gly-Val-Ser-Leu-Arg-Pro-lle-Gly-OH

Mol. Formula: C76H120N21017 LC/MS data
MW= 1598.9 g.mol RT: 1.18 min
UV Purity: 93% ESI(+): Mcalc 1597.9 Da; obs m/z 800.0 Th [M+3H]3*, m/z 533.4 Th [M+2H]?*
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LEAP2 (15-40-OH), H-AS(CRDDSE(CITRLCJRKRRC)SLSVAQE-OH)

Mol. Formula: C115H202N43041 54 LC/MS data

MW= 2982.5 g.mol? RT: 0.71 min

UV Purity: 95% MALDI(+) (CHCA, reflectron mode): Mcalc 2980.4 Da; obs m/z 2981.5 Th
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LEAP2(1-40-OH),

H-NIeTPFWRGVSLRPIGAS(CRDDSE(CITRLC)RKRRC)SLSVAQE-OH)

Mol. Formula: C192H319NgsOs7 Sa
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205

[M+7HI™ [M+6H]e* [MH+H]*
< e
> 0.90
‘B
c
§ | |
£ ‘ -
\% [V [MSHE
e W L b
L A T L I}
02 0k o5 b0 ks ik i TE e o= s
RT / min m.z1/Th m.z1/Th
H-LTPFWRGVSLRPIGAS(CRDDSE(CITRLC)RKRRC)SLSVAQE-OH
2080.257 [M+ .I]+

7MWWWW\L,M«mm»‘ﬂ!wmr}lnmmwrwwwmmm«hw\‘p WW\MW'\

| I
‘4\mMMMM'uJ‘WMWMM}NWW&Wt’ﬂlwwaw”wuwﬂw'zﬂrmmbmﬂdwmmwuwMWMM 1 ‘1}\ "

|




Chapitre 2 : Synthese de toxines a 2 ponts disulfures

1201

—
(]
(=]

j020]
]

(o))
(]

&

7
%,

IP1 accumulation (% max Ghrelin)
—H—

Figure S1. Activity of LEAP2 peptides on ghrelin-independent and ghrelin-dependent stimulation
of IP1 production in HEK293T cells expressing GHSR. IP1 production was measured by IPone-
HTRF in HEK293T cells expressing GHS-R1a stimulated with LEAP2 peptides 10°M, Ghrelin 10*M
or Ghrelin 10®M + LEAP2 peptides 10°M. The data are mean + SD from one experiment
performed in triplicate. Statistical significance between basal and LEAP2-stimulated cells or
between ghrelin and ghrelin + LEAP2 peptides was assessed using one-way ANOVA followed by

Dunnett's post hoc test (****, p < 0.0001, ***, p <0.001).
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Figure S2: Effect of LEAP2 (1-12-NH3) on ghrelin-induced inhibition of insulin secretion in rat
pancreatic islets. Rat pancreatic islets were incubated under basal (2.8 mM glucose) or 8.3 mM
glucose-stimulated conditions in the presence or absence of ghrelin (10 nM) and LEAP2 (1-12-NH,)
(1 uM). After 1h of incubation, the extracellular medium was collected and insulin concentration
was quantified. The histogram depicts the mean + SEM of insulin secretion expressed as the
percentage of response obtained under basal condition. Two-way ANOVA, performed with 8.3 mM
glucose data points, showed no effect of LEAP2 (1-12-NH,) but showed an effect of ghrelin [P =
0.001] as well as an interaction between both factors [P <0.001] . **** p<0.0001, ** p<0.01, Holm-

Sidak multiple comparison test, n = 5.
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Conclusions et perspectives

La cyclisation de la séquence CIA a conduit a I'obtention de peptides avec de fortes affinités pour le
récepteur a l'acétylcholine nicotinique neuronal a3B2 et musculaire, permettant ainsi I'étude de
diminution du TOF. Il serait intéressant de poursuivre ce travail avec des études de docking afin de
déterminer quels changements dans les interactions avec le récepteur sont responsables du gain
d’affinité, de plus de 50 fois sur le sous-type neuronal a3p2. Cela pourrait également permettre de
donner des pistes pour la conception de ligands cycliques sélectifs de I'un ou de I'autre des récepteurs
étudiés. L'influence de I'extrémité N-ter sur la séquence CIC apparait évidente pour la stabilisation de
la structure d’aprés les données RMN, contre-intuitivement c’est le mutant ne possédant pas
I'extrémité N-terminale qui apparait le plus désordonné en solution. De maniere générale, le pro-
peptide précedant la toxine mature est suspecté de jouer en role dans I'étape de repliement du
peptide. Ainsi, étant donné que cette extrémité N-terminale semble impliquée dans la stabilisation de
la structure, il serait intéressant de déterminer si elle joue aussi un rble de catalyseur dans le
repliement du peptide. Les résultats des tests d’électrophysiologie permettront de déterminer si cette
extrémité a également une influence sur I'activité. La mise en évidence du réle essentiel de la partie
N-terminale du peptide LEAP 2 pour I’activité sur le récepteur a la ghréline a permis deux autres études
[494,495] dans lesquelles la partie N-terminale, moins contraignante a synthétiser, est utilisée comme

un analogue du peptide LEAP-2.

Il est important de noter que malgré une formation des ponts disulfures quasiment totale en se basant
sur les chromatogrammes LC-ESI/MS, les rendements totaux sont rarement supérieurs a 10%, cela est
probablement dii a des pertes par adsorption sur la colonne lors des purifications. En effet il est
préférable pour des quantités de produits de I'ordre de la dizaine de milligramme d’utiliser des
colonnes de types semi-préparative avec des diametres internes (3-5 mm) plus petit que la colonne
préparative majoritairement utilisée dans notre laboratoire (40 mm). Récemment, Brik et al. [496] ont
décrit la déprotection/oxydation concomitante des groupements Acm en présence de PdCl, et
diethyldithiocarbamate, il serait intéressant de comparer si cette méthode donne des meilleurs

rendements que la déprotection a I'iode.

Une grande partie des toxines comportant 3 ponts disulfures, la suite de ce travail a été I'élaboration

de stratégies de synthése pour la production de toxines a 3 ponts disulfures.
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La stratégie de synthese des peptides a deux ponts disulfures ayant été validée sur des peptides de
différentes tailles, sur différents folds et méme sur des peptides modifiés cycliques, la suite logique
était de l'adapter a la synthése de toxines comportant trois ponts disulfures. Celles-ci sont
typiquement composées de 30 a 50 résidus et ciblent prioritairement les canaux ioniques. Leurs
synthéses ont été réalisées par ligation chimique native et lefoldinga été réalisé par
voie oxydante non dirigée quand les conditions le permettaient et par voie dirigée dans le cas

contraire.

a. Introduction

Le procédé de synthése peptidique en phase solide et le couplage de fragments peptidiques protégés
[497,498] ont considérablement allongé la taille des polypeptides accessibles par synthése chimique.
Cependant, la nécessité de surmonter les difficultés de manipulation des peptides protégés, qui sont
notoirement difficiles a solubiliser dans des solvants organiques, ainsi que la recherche d'une
complexité toujours croissante des protéines pouvant faire I'objet d'une synthese chimique ont
conduit a I'émergence de nouvelles stratégies de synthése basées sur une chimie effectuée dans I'eau
avec des segments peptidiques non protégés. Parmis ces techniques dites de ligation, la ligation
chimique native (NCL) est une technique de choix pour la synthése de produits naturels difficilement
faisable en utilisant une stratégie linéaire classique de synthése peptidique. Introduite par Kent et ses
collaborateurs en 1994 [498], cette réaction implique une réaction de transthioesterification entre
thioester peptidique C-terminal et un peptide cystéinyle N-terminal. Le thioester transitoire généré se
réarrange spontanément par transfert intramoléculaire de S, N-acyle pour générer une liaison
peptidique au site de ligation (Schéma 6). Il existe de nombreuses méthodes de synthése de peptide

thioester, ici seules les stratégies utilisées dans les travaux de ce manuscrit seront détaillées.

Schéma 6 : Principe de la ligation chimique native (NCL).
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Dans leurs récents travaux, Fang et al. [499] ont constaté que les peptides hydrazides constituaient de
bons précurseurs stables de thioester pour la NCL (Schéma 7). Grace a une simple opération
d’activation au nitrite de sodium et de thiolyse généralement via I'acide 4-mercaptophénylacétique
(MPAA) [500], introduit sous forme de thiol externe a une concentration d’environ 100 mM, un peptide
hydrazide peut étre rapidement et proprement converti en un thioester peptidique sans épimérisation
et ensuite étre engagé dans une autre réaction de ligation sans purification. De plus, les peptides
hydrazides ne réagissent pas dans la réaction de NCL a moins d’étre activés par le nitrite de sodium. lls
peuvent donc étre utilisés comme thioesters « masqués » dans la synthése convergente de protéines.
Dans ces études, la stratégie de synthése implique généralement deux étapes clés : premiérement, la
Fmoc-SPPS du peptide hydrazide en utilisant la résine 2-Cl-(Trt)-NHNH,; deuxiemement, la NCL des

peptides hydrazides par I'activation au nitrite de sodium et la thiolyse in situ.

Schéma 7 : Méhode de NCL avec les peptides hydrazides décrite par Fang et al. [499]. (i) 5% NH,-
NH,/DMF. (ii) Fmoc-SPPS. (iii) Clivage. (iv) NaNO; (10 éq), pH 3, -15°C (v) Peptide2 (1 éq), MPAA
100 éq, pH 6.8-7.
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Récemment une autre méthode mettant en jeu les peptides hydrazides et revisitant la synthese de
Knorr des pyrazoles a été développée (Schéma 8). Cette méthode d'activation élégante est plus simple
a mettre en place que la méthode d’activation des peptides hydrazides au nitrite de sodium explicitée
précédemment. Flood et al. [501] ont montré que les peptides hydrazides peuvent étre convertis
efficacement en peptides thioesters par la formation intermédiaire de N-acyle pyrazoles qui sont des
précurseurs activés de peptides thioester. Ces derniers sont produits in situ par une réaction de
condensation mettant en jeu la fonction hydrazide et I'acétylacétone (acac) a pH acide, puis déplacés

par I'additif thiol pour générer le thioester. Le criblage de divers thiols a donné les meilleurs résultats
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pour la MPAA. Ce mode d'activation du peptide hydrazide differe des autres approches existantes et
fournit un processus chimiosélectif et doux pour générer des thioesters en I'absence de réactifs

acylants ou oxydants.

Schéma 8 : NCL utisant les N-acyles pyrazoles décrite par Flood et al. [501]. (i) 5% NH,-NH,/DMF.
(i) Fmoc-SPPS. (iii) Clivage. (iv) 10% acac/H,0 (2.5 éq), MPAA (25 éq), pH 3 (v) Peptide2 (1 éq), pH
7-7.4.
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b. Synthese de la toxine U-Asilidin1-Marla

Dans le but de tester I'applicabilité de la méthode aux peptides hydrazides activés par le nitrite de
sodium pour la synthese de toxine a 3 ponts, nous nous sommes tout d’abord intéressé a la synthése
de la U-Asilidin1-Mar1la, un nouveau peptide isolé a partir du transcriptome des glandes salivaires d’un
insecte prédateur. En effet celle-ci constituait un bon modele car elle présente un motif de type
« inhibitor cystine knot » (ICK) rencontré également dans de nombreuses autres toxines a 3 ponts

disulfures.

Cette étude est présentée ci apres sous forme d’une publication parue [502] dans laquelle j'ai effectué
la synthese par ligation chimique native (NCL) de la toxine U-Asilidin1-Marla et sa caractérisation par

spectrométrie de masse.
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Abstract: Predatory robber flies (Diptera, Asilidae) have been suspected to be venomous due to their
ability to overpower well-defended prey. However, details of their venom composition and toxin
arsenal remained unknown. Here, we provide a detailed characterization of the venom system of
robber flies through the application of comparative transcriptomics, proteomics and functional
morphology. Our results reveal asilid venoms to be dominated by peptides and non-enzymatic
proteins, and that the majority of components in the crude venom is represented by just ten toxin
families, which we have named Asilidin1-10. Contrary to what might be expected for a liquid-feeding
predator, the venoms of robber flies appear to be rich in novel peptides, rather than enzymes with a
putative pre-digestive role. The novelty of these peptides suggests that the robber fly venom system
evolved independently from hematophagous dipterans and other pancrustaceans. Indeed, six Asilidins
match no other venom proteins, while three represent known examples of peptide scaffolds
convergently recruited to a toxic function. Of these, members of Asilidinl closely resemble cysteine
inhibitor knot peptides (ICK), of which neurotoxic variants occur in cone snails, assassin bugs, scorpions

and spiders. Synthesis of one of these putative ICKs, U-Asilidin1-Marla, followed by toxicity assays

against an ecologically relevant prey model revealed that one of these likely plays a role as a neurotoxin
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involved in the immobilization of prey. Our results are fundamental to address these insights further

and to understand processes that drive venom evolution in dipterans as well as other arthropods.

Keywords: Asilidae; neurotoxins; cysteine inhibitor knot peptide; arthropod venom evolution;

functional morphology; synchrotron micro computed tomography; Asilidin

Key Contribution: This study provides the first comprehensive description of the venom system of two
robber flies (Asilidae). We reveal a complex venom apparatus and an unusual, enzyme depleted venom
with unique proteins, including also a new, neurotoxic ICK peptide.

1. Introduction

Venoms are key adaptations that have evolved on numerous occasions in animal lineages to serve a
range of ecological roles including defense, predation, communication and competition [503-505].
Venoms constitute complex cocktails of proteins, peptides, salts and different organic molecules,
collectively referred to as toxins [503,506]. These toxins are expressed in venom glands and delivered
via venom ducts to structures that finally inject the composed venom from the venom delivery system
via a wound into the prey. Proteins and peptides usually comprise the main venom components, and
these have evolved from ancestral molecules with basic physiological “every-day” functions into highly
potent and chemically stable toxins [504,507]. However, the processes that drive this functional
transition are understood only fragmentary [508-510]. Moreover, the majority of all known toxins
from animal venoms can be classified into a limited number of structural classes [511]. This extreme
level of convergence of venoms implies that toxins can provide insights into fundamental processes of

protein functional evolution and biochemical adaptations.

Understanding convergent evolution requires a broad taxonomic sampling to accurately identify
adaptive traits through comparative evolutionary studies [512]. However, only a few venomous
lineages have so far been studied in-depth. Although a number of animal lineages previously
considered potentially venomous have been described in recent years [505,513-516], the taxonomic
sampling remains fragmented, particularly among venomous insect lineages. One of these venomous
insect groups are robber or assassin flies (Asilidae), which are a species-rich family within one of the
largest and most diverse insect groups, the flies (Diptera) [517,518]. Assassin flies have a worldwide

distribution (except Antarctica) and comprise more than 500 genera including over 7000 species [519].

In contrast to most other dipterans, asilids are also predatory in their adult life stage [519], and have
been known since the 19th century [520,521] as major predators of other arthropods including flies,

beetles, grasshoppers, dragonflies, hymenopterans, and even spiders [522—-525]. Their ecological and
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economic impact as predators is illustrated by their ability to significantly affect grasshopper
populations, while other species that feed on wasps and bees are known to take out entire beehives
[526,527]. Asilids are adapted to a predatory lifestyle on the wing with their slender but robust body
in combination with a heavily sclerotized proboscis and a needle-like hypopharynx, large eyes and good
flight capabilities [528,529]. The predation on larger or defensive prey, which is almost instantly
paralyzed, led to early suspicions that robber flies utilize some kind of venom to overpower venomous

or larger prey [520,521,530].

Early experiments by Whitfield showed that grasshoppers attacked by robber flies indeed died
dramatically faster compared to grasshoppers stabbed in a similar way with needles [530]. In the same
study, Whitfield also described two separate gland systems consisting of a pair of smaller labial glands
and a pair of thoracic glands for the asilid Machimus atricapillus. Kahan (1964) tested for the
proteolytic activity of extracts from the thoracic and labial glands and compared these to the activity
of the stomach content of Promachus griseiventris and the stomach only of Philonicus dorsiger by
injection experiments. These experiments concluded that neurotoxic activity was present in gland
extracts due their paralyzing effects on the legs of locusts and mice. However, although these early
experiments demonstrated toxic effects of asilid venoms, the general composition of the venom and

the mechanisms by which it is secreted has remained unknown [520,531].

In the present study, we apply a combined transcriptomic and proteomic approach to provide detailed
insight into the composition of the venom of two common European asilid species (Eutolmus rufibarbis
and Machimus arthriticus) (Figure S1 (Supplementary File 1)). We also use high-resolution synchrotron
micro computed tomography (SRUCT) to provide a characterization of the morphology of the venom
system of asilids. Our results reveal that asilid venoms are not the protease-dominated venoms
expected from liquid-feeding lineages, but that they are instead peptide-rich cocktails originating in
the thoracic glands and expelled through an elaborate high-speed venom delivery system.
Furthermore, we show that at least one of these peptides indeed plays a neurotoxic role. This peptide
toxin likely assumes a fold common to spider and cone snail neurotoxins, illustrating the value of
virtually unknown venomous lineages in identifying molecular adaptations through evolution-based
structure-function relationships. Our results thus provide the foundation for understanding venom
evolution in not only flies but also other venomous groups of insects through comparative studies. The
high novelty of the putative toxins in robber fly venoms also highlights their potential as sources of

new therapeutic and agrochemical approaches [532,533].
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2. Materials and Methods
2.1. Specimen Collection and Determination

In total 40 individuals of common robber fly species Eutolmus rufibarbis (25 specimens) and Machimus
arthriticus (15 specimens) were collected in 2014 near Altenrath, Germany, (Figure S1 (Supplementary
File 1)). Species were morphologically determined using the identification key by Fritz Geller-Grimm
[534]. For each species one voucher sample was stored in 96% Ethanol. Additionally, barcodes of the
mitochondrial cytochrome c oxidase subunit | (COl) were sequenced for all specimens except for two
in Bouin solution sampled individuals (Supplementary Figure S9). DNA was extracted following
standard procedure with the NucleoSpin® Tissue Kit (MACHERY-NAGEL, Diiren, Germany). PCR was
performed with the primers LCO1490F and HCO2198R [57]. PCR products were cleaned with the
NucleoSpin® Gel and PCR Clean-up Kit (MACHERY-NAGEL, Diiren, Germany). Sequencing was
performed at GATC Biotech AG (Konstanz, Germany). Barcode sequences are accessible in GeneBank
(NCBI) with accession numbers KY485001-KY485038.

2.2. Specimen Dissection and Sample Preservation

For transcriptome sequencing thoracic glands of 6 Machimus arthriticus and 10 Eutolmus rufibarbis
specimens were immediately dissected on ice in RNAse free TBE buffer and water. From three of those
individuals, for each species body tissue samples (muscle tissue) were preserved to analyze
complementary paralog or ancestral variants of venom proteins from body tissue. All samples were
stored in RNAlater at -4 °C. To preserve crude venom for proteomics analyses 8 glands from Machimus
arthriticus and 12 glands of Eutolmus rufibarbis were dissected on ice and squeezed out in sterile
proteinase inhibitor buffer. The proteinase inhibitor buffer was prepared following the manufacturer
protocol (Complete Ultra, ROCHE, Mannheim, Germany). The venom extracts were then lyophilized
and stored at -20 °C until proteomic analysis. Remaining parts of all dissected specimens were
preserved as vouchers in 96% ethanol. Two specimens of the more frequent Eutolmus rufibarbis were
stored in Bouin solution and critical point dried for later synchrotron-based micro-computer
tomography (SRUCT) reconstruction.

2.3. RNA Extraction, Transcriptome Sequencing and Assembly

RNA-Extraction (Trizol method), construction of cDNA libraries (lllumina TruSeq kit, San Diego, CA, USA
and sequencing was performed at the BGI Sequencing facility (Beijing, China), using the lllumina® HiSeq
2000 platform with 100 bp paired end. Gland tissue samples were sequenced on one-third, body tissue
samples on one-fourth lllumina lane. All data of venom gland and body tissue transcriptomes are
accessible in GeneBank under the BioProject PRINA361480, SRA accession numbers: SRR5185499,
SRR5185498, SRR5185497, SRR5185496 and TSA entries: GFGA00000000, GFFZ00000000,
GFZR00000000, GFZQ00000000.
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Raw reads were pre-processed and quality checked before assembly. First, all raw reads were visually
inspected to check for overall quality and for overexpressed sequences using FastQC v0.11.2 [535].
Afterwards, Trimmomatic v0.33 [536] was applied to exclude low quality reads below a phred value of
32 (sliding window size 4, HEADCROP 10, minimum length 50 bp). A modified and extended template
file with known adapter and vector sequences was used to screen and to remove adapter and vector
contaminations. Reads were assembled using Trinity v2.0.2 [537] applying standard settings, except
for a transcript minimum length of 101.

2.4. Assessing Coding Regions and Expression Levels for Transcripts

Coding regions within the assembled transcripts were identified with TransDecoder v3.0.1 [538]. To
include shorter putative toxins such as neurotoxins, the minimal open reading frame length was set to
40 amino acids. BlastP v.2.4 search against the UniProt database [539] and HMMscan v.3.1 [540]
against the Pfam database [541] were performed to provide additional information for the
identification of potential protein coding regions. In the case that several open reading frames per
transcript are equally likely, TransDecoder retains all open reading frames with the same likelihood for
this transcript.

To assess the expression level or abundance of the identified coding regions and transcripts, two
slightly different approaches were chosen, first the read mapper Segemehl v.0.2.0 [542], and second
the RNASeq quantification tool Kallisto v.0.43.1 [543]. Both approaches result in a normalized
expression value for all transcripts. Segemehl was used to map the reads back to the coding region
predicted with TransDecoder. In contrast to other read mappers, segemehl reports multiple hits for a
read if several alignments are equally likely and fulfill the set alignment parameters. This strategy in
combination with the restriction to map reads only for identified coding regions gives the most
accurate approximation of expression levels for putative toxins. Segemehl was applied with 95 percent
accuracy and the default setting for all other options.

After mapping, the number of mapped reads was normalized to account for the length of the coding
region and for the number of overall mapped reads. All coding regions with a TPM smaller than 1 were
excluded for subsequent analyses, similar to [544,545]. As an alternative approach to calculate the
abundance of transcripts, the RNA-seq quantification program Kallisto was used (Table 1). As an input,
the processed paired end libraries were provided. Kallisto calculates the normalized expression value
TPM, which takes the library size and the effective length of a transcript into account. Is it important
to note, that Kallisto uses an approximation of effective length of every transcript for the calculation
of the TPM, while in the Segemehl approach the complete length of the coding region is used for length

normalization. To minimize the false positive aligned reads, the bootstrap value was set to 100.
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2.5. Identification of Venom Protein Classes and Putative Toxins via Transcriptomics

To search unspecific for protein families of putative toxins and noticeable high expressed proteins in
the toracic glandsystem, BlastP searches (e-value 10-4) against the Toxprot Database [546] were
carried out with the protein sequences of the coding regions. Additionally, hmmer 3 [540] was used to
perform hmm searches with an own, customized and hand curated alignment database of over 40
known venom proteins (Supplementary Files 2-5). The alignments to train hmm models were compiled
with sequences from the UniProt database, covering non-venomous and venomous species, following
[505,515]. As a cut-off value a bit score of 20 was chosen, potential homologs with a lower bit score
were excluded. Finally, the TPM values were linked to all identified coding regions that match venom
protein classes or putative toxins for body tissue and putative venom gland tissue (Supplementary Files
2-5). Identified sequences were extracted by a customized python script and manually optimized and
curated in Geneious R9. Finally, sequences were annotated with the InterProScan v.1.1.0 Plug-in
Genieous R9 [547]. For all transcript sequences the presence of a signal peptide was tested using
SignalP 4.1 [548]. This search strategy was performed for both venom gland and body tissue
transcriptomes. Identical but also venom gland unique transcripts in body and venom gland tissue
were identified using the CD-HIT-2D tool (sequence identity 0.99) of the CD-HIT software package v.4.6
[549] and additionally by visual inspection of alignments in Geneious R9 (Figure 9 and Supplementary

File 7).

2.6. Sample and Data Processing for Proteome Analyses

Lyophilized venom in protease inhibitor was dissolved in water to a concentration of 1 mg/mL by
repeated pipetting, before 20 ug protein was precipitated by addition of 5:1 volume ratio of -20 °C
acetone, incubation for 1 h at -20 °C, and centrifugation at 20,000 rcf for 20 min at 0 °C. The acetone
was then removed, the pellet washed (ice cold absolute ethanol), centrifuged, and the ethanol
removed (pipetting and air drying). Protein was then dissolved to a concentration of 5 mg/mL in 4 M
urea, 15% acetonitrile (ACN), 100 mM ammonium bicarbonate, before cystines were reduced by
incubation with 5 mM dithiothreitol at 60 °C for 5 min and then alkylated with 10 mM iodoacetamide
at 37 °C for 60 min. The reduced and alkylated sample was then digested by incubating with 20 ng/uL
trypsin overnight at 37 °Cin 2 M urea 10% ACN 100 mM ammonium bicarbonate. The digested sample
was desalted using a C18 ZipTip (Thermo Fisher, Waltham, MA, USA) and dried prior to LC-MS/MS
analysis using a vacuum centrifuge.

The digested protein was dissolved in 0.5% formic acid (FA) and 2 pg analyzed on an AB Sciex 5600
TripleTOF equipped with a Turbo-V source heated to 550 °C. Venom was fractionated on a Shimadzu
(Kyoto, Japan) Nexera UHPLC with an Agilent Zorbax stable-bond C18 column (2.1 x 100 mm, 1.8 um

particle size, 300 A pore size), using a flow rate of 180 uL/min and a gradient of 1-40% solvent B (90%
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ACN 0.1% FA) in 0.1% FA over 60 min. MS1 survey scans were acquired at 300-1800 m/z over 250 ms,
and the 20 most intense ions with a charge of +2 to +5 and an intensity of at least 120 counts/s were
selected for MS2. The unit mass precursor ion inclusion window mas + 0.7 Da, and isotopes within 2
Da were excluded from MS2, which scans were acquired at 80-1400 m/z over 100 ms and optimized
for high resolution.

For protein identification, MS/MS spectra were searched against the translated combined venom
gland and body transcriptomes using ProteinPilot v5.0 (AB Sciex, Framingham, MA, USA). Searches
were run as thorough identification searches, specifying urea denaturation, tryptic digestion and
cysteine alkylation by iodoacetamide. Amino acid substitutions and biological modifications were
allowed in order to identify potential post translational modifications and to account for chemical
modifications due to experimental artefacts. Decoy-based false discovery rates (FDR) was estimated
by ProteinPilot v5.0, and only protein identifications with a corresponding local FDR of <0.5% were

considered significant. Spectra were also examined manually to further eliminate any false positives.
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Figure 9. Workflow that was developed and applied in this study.

2.7. Chemical Synthesis of U-Asilidin;- Marla

All solvents used were of HPLC grade. DMF, DIPEA, ACN, TIS, TFA, piperidine and all other reagents
were obtained from Sigma-Aldrich or Merck and were used without further purification. Fmoc amino
acid derivatives, HATU and 2-Chorotrityl chloride resin (100-200 Mesh, 1.44 mmol Cl/g resin) were
purchased from Iris Biotech (Marktredwitz, Germany). AmphiSpheres 20 HMP resin (0.6 mmol/g 75—

150 um) was purchased from Agilent Technologies (Les Ulis, France). Peptides were manually
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synthesized using Fmoc-based solid-phase peptide synthesis (SPPS). All Fmoc amino acids and HATU
were dissolved in N,N-dimethylformamide (DMF) to reach 0.5 M. Fmoc deprotection was performed
with 20% piperidine in DMF twice (1 min at room temperature), then the resin was washed three times
with DMF. Each Fmoc-protected amino acid (5 eq) was coupled twice in the presence of HATU (5 eq)
and DIPEA (10 eq) in DMF at room temperature for two min. After completion of the coupling reaction,
the resin was sequentially washed twice with DMF. Cleavage of peptide from the resin and removal of
side-chain protecting groups were carried out using 10 mL of a solution containing
TFA/triisopropylsilane/H,0 (95:2.5:2.5, v/v/v) for 2 h 30 min at room temperature. Then, the resin was
removed by filtration and washed three times with DCM. DCM and TFA were removed under vacuum
and cold diethyl ether was added to precipitate the peptide, followed by two steps of centrifugation
and removal of the supernatant. Crude peptide was purified by preparative RP-HPLC, and their purity
were confirmed by LC/ESI-MS. Monoisotopic mass of folded Marla was confirmed by MALDI-HRMS
analysis.

2-Cl-(Trt)-NHNH, was prepared from 2-Chorotrityl chloride resin (100-200 Mesh, 1.44 mmol Cl/g resin)
[550]. Segment 1 of the Marla peptide was synthetized on 250 mg of 2-Cl-(Trt)-NHNH; resin, whereas
segment 2 of the Marla peptide was synthetized on 250 mg of HMPA-Pro-Fmoc resin. After cleavage
from the resin and treatments, peptides were purified by preparative RP-HPLC. Elution fractions of the
targeted peaks were pooled and lyophilized. The homogeneity of purified peptides was assessed by
analytical RP-HPLC and ESI-MS confirmed the correct mass with an observed m/z of 819.5 Da for [M +
2H]?* (calculated m/z 819.33 Da) for segment 1 and an observed m/z of 745.8 Da for [M + 2H]*
(calculated m/z 745.77 Da), see Figure 1 activity. Overall, 24.4 mg of a white solid were obtained for
the first segment (yield of 7.46%) and 12 mg for the second (yield = 5.37%) (Figure S10 (Supplementary
File 1)).

Native Chemical Ligation between segment 1 and segment 2 was carried out with 9.83 mg (6 umol) of
segment 1 and 8.97 mg (6 umol) of segment 2 [550]. After formation of a single major product, the
peptide was purified by preparative RP-HPLC. Eluted fractions of the targeted mass were pooled and
lyophilized. The homogeneity of purified peptide was assessed by analytical RP-HPLC and ESI-MS
confirmed the correct mass with an observed m/z of 1033.6 Da for [M + 3H]** (calculated m/z 1033.12
Da). 4 mg (yield = 21.53%) of a white solid were obtained (Figure S11 (Supplementary File 1)).

Folding of linear Marla peptide (3 mg, 0.97 umol, 1 eq) was carried out by stirring in the presence of
GSH (5.96 mg, 19.39 umol, 20 eq) and GSSG (1.19 mg, 1.94 umol, 2 eq) into a solution of 0.1 M Tris-
HCI (pH 8.0, 19.41 mL) at room temperature for 16 h. After formation of a single major product, the
peptide was purified by preparative RP-HPLC. Elution fraction of the targeted peak was pooled and
lyophilized. The homogeneity of purified peptide was assessed by analytical RP-HPLC. ESI-MS:
observed m/z 1031 for [M + 3H]3** (calcd m/z 1031.12). 1.58 mg (yield = 52.67%) of a white solid were
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obtained. MALDI-HRMS: observed m/z 3089.12 (monoisotopic mass) for [M + H]* (calcd m/z 3089.14)

(Figure S12 (Supplementary File 1)).

2.8. HPLC Purification and Activity Tests of U-Asilidin;- Marla 1a with Bioassay

Preparative RP-HPLC was run on a Gilson PLC 2250 Purification system (Villiers le bel, France)
instrument using a preparative column (Waters DeltaPak C18 Radial-Pak Cartridge, 100 A, 40 x 100
mm, 15 um particle size, flow rate 50.0 mL/min). Buffer A was 0.1% TFA in water, and buffer B was
0.1% TFA in acetonitrile. Analytical analyses were carried out using a Chromolith (Fontenay sous Bois,
France) Flash 25 x 4.6 mm C18 reversed-phase column. A flow rate of 3 mL/min and a gradient of 0—
100% B over 2.5 min were used. Eluent A: water/0.1% HCO,H; eluent B: acetonitrile/0.1% FA. UV
detection was performed at 214 nm.

Domestic honeybees (Apis mellifera) were caught at the hive entrance and placed at 4 °C prior to
injection. 30 UM Marla, 100 uM w-atracotoxin (positive control) or MilliQ water (negative control)
were injected into the median ocellus. To perform the injection, the lens of the median ocellus was
perforated with a pulled borosilicate-glass capillary. Using a second capillary, 1 pL of toxin or control
solution was aspirated and 200 nL were injected per bee (5 individual per experiment). Following the
injection, bees were placed in a petri dish containing a small cup filled with water + honey solution.
Behavioral observations were recorded for 60 min and typical toxin effects included slow movements,
disorientation and paralysis. The results were analyzed with Prism (GraphPad, San Diego, CA, USA)

using a one-way analysis of variance (ANOVA) (Figure 6, Supplementary File 6).

2.9. Morphological Work and Data Processing

The anatomy of specimens was investigated using synchrotron micro-Computer Tomography (SRUCT)
[546]. Prior to scanning, samples were critical point dried (Samdri-PVT-3D) and mounted on beamline-
specific specimen holders. Generally, X-ray imaging has a high penetrating power and allows
visualization of large specimens without the need for sectioning. SRUCT offers a true 3D spatial
resolution of up to 1 um with moderate resolving power of tissues and tissue interfaces. Specimens
were scanned at the Swiss Light Source electron synchrotron accelerator (SLS, Villigen, Switzerland;
Stampanoni et al., 2010). The SLS X-ray sources were optimized for high-density and spatial resolution
(1-10 um) imaging with monochromatic X-rays. The raw data are available upon request from the
corresponding author.

Segmentation and rendering of single structures was carried out using ITK-snap v3.6.0 [551] and
Blender v2.78 [552]. Both software packages are distributed under the General Public License. The

terminology for asilid musculature and other described structures is based on Owsley (1946).
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3. Results
3.1. Assembled Transcripts and Numbers of Assigned Coding Regions

In order to identify both putative toxins and their ancestral “house-keeping” variants, transcriptomes
of body and venom gland tissue were sequenced on Illumina HiSeq 2000 platforms for both species,
with gland tissue on 1/3 and body tissue on 1/4 Illumina channel. The resulting libraries showed almost
equal magnitudes of raw and processed read numbers between the two different tissue types (Table
1). The contig numbers of cleaned assemblies vary slightly between species but show a larger number

of contig sequences for the thoracic gland of Machimus arthriticus compared to Eutolmus rufibarbis.

The expression levels of transcripts based on coding regions identified with Transdecoder were
assessed with two different methods, the read mapper Segemehl [542] and the RNA quantification
tool Kallisto [543]. To prevent over-interpretation of our data, only coding regions that show a TPM
(transcripts per million kilobase) value larger or equal 1 were included in our subsequent analyses.
Both methods found overall similar results, which shows the robustness of our analyses considering
that both methods use different approaches (Supplementary File 2-5). However, for our data
interpretation we rely on Segemehl as an established and precise read mapper [553] (Material and

Methods).
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Table 1. Library size (numbers raw and processed reads), assembled contig sequences and
numbers of identified coding regions for the analyzed species Eutolmus rufibarbis and
Machimus arthriticus. Library size (processed reads) refers to the read numbers that
survive the processing (trimming, adapter removing and filtering of quality scores) before
they were assembled with Trinity [537]. The final contig numbers are given (contigs of
cleaned assembly) for each transcriptome assembly after screening and trimming the
contigs versus remaining adaptor and contaminating sequences (VecScreen), see also

material and methods (Figure 9).

Contigs Coding Coding
Library Size Extracted
Library Size (Raw of Regions Regions
Species Tissue (Processed Coding
Reads) Cleaned (TPM 21, (TPM21,
Reads) Regions
Assembly Kallisto) Segemehl)
Thoracic
Eutolmus 108,632,880 87,187,856 56,640 33,218 16,049 15,523
gland
rufibarbis
Body tissue 64,751,420 50,968,759 70,281 42,919 32,920 28,827
Thoracic
Machimus 106,668,752 83,421,201 69,849 41,816 17,798 15,346
gland

arthriticus
Body tissue 64,651,716 44,208,096 67,504 42,784 34,478 30,629

3.2. Transcriptomic and Proteomic Profiles Differ in Thoracic Glands

Our proteomic results revealed a major discrepancy between predicted venom components based on
homology to other known toxins and relative expression levels of transcripts (transcriptomes)
compared to the observed secreted proteins (proteomes) in the thoracic glands. For both species, the
total numbers clearly differ between identified highly expressed or venom gland unique transcripts (16
for E. rufibarbis and 17 for M. arthriticus) and the number of finally secreted proteins in the crude
venom cocktail. Surprisingly, the crude venoms of the two species also differed with regards to the
proteomically detected putative toxin families. Only eight groups of secreted proteins were detected
in the crude venom of E. rufibarbis, compared to 13 for M. arthriticus (Figures 1-3, Figure S2

(Supplementary File 1)).
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Figure 1. Comparative bar charts of 30 putative toxin protein classes from body and
thoracic gland tissue from Eutolmus rufibarbis. Results from transcriptomics and
proteomics (P) are summarized. The lower chart shows on the Y-axis the number of coding
regions per protein class that passed the expression threshold. The relative expression
level of each protein class in transcripts per million (TPM) in the putative venom gland
(red) and in the body tissue (blue), is shown on the Y-axis in the upper part of the chart.
The presence of the protein family in the proteome of the gland is marked with a white P
in the green circle. Proteins that are present in transcriptomes and proteomes of both

species are printed in bold, the two species unique protein classes are colored in brown.
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Figure 2. Comparative bar charts of 30 putative toxin protein classes from body and
thoracic gland tissue from Machimus arthriticus. Results from transcriptomics and
proteomics (P) are summarized. The lower chart shows on the Y-axis the number of coding
regions per protein class that passed the expression threshold. The relative expression
level of each protein class in transcripts per million (TPM) in the putative venom gland
(red) and in the body tissue (blue), is shown on the Y-axis in the upper part of the chart.
The presence of the protein family in the proteome of the gland is marked with a white P
in the red circle. Proteins that are present in transcriptomes and proteomes of both

species are printed in bold, the two species unique protein classes are colored in brown.
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Figure 3. Bubble charts depicting the protein families secreted in the thoracic glands of

Eutolmus rufibarbis and Machimus arthriticus and their expression levels. The number of
assigned coding regions for each protein class is plotted in squares while related TPM
values are plotted in circles. The size of the circle relates to the sum of all TPM values of

all coding regions assigned to this protein class.

3.3. Similar Transcript Diversity but Different Expression Levels in Thoracic Gland and Body Tissue

Transcriptomes

In total, we identified 31 putative venom protein classes that were expressed in the transcriptomes of
the thoracic glands. 10 of these putative toxin families are novel, henceforth named Asilidins 1-10

(Table 2), according to the rational nomenclature of centipede toxins [514,554]. Of these, 29 of the 31
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proteins were expressed by both robber fly species. Both species expressed only one protein class that
was uniquely expressed in the gland transcriptome but that was not identified in the other species:
Double cysteine inhibitor knots (dICKs) were identified only in E. rufibarbis (but not in the venom
proteome), while Asilidin7 was exclusive to M. arthriticus. However, both unique proteins are
expressed at low levels, the dICKs with one transcript with 2.45 (TPM), the U;-Asilidin by two
transcripts with 484.4 (TPM) (Figures 1 and 2).

The relationship between the numbers of identified coding regions and their expression levels is very
similar for both species and the thoracic gland and body tissue transcriptomes, respectively. The
numbers of coding regions are generally higher for the body tissue transcriptomes. Exceptions for
which the numbers of thoracic gland transcripts were higher are the hyaluronidase and the MBF2-
domain-like proteins for both species and the venom acid phosphatase, Asilidin5, AsilidinG, Asilidin7
and serpin in M. arthriticus. For almost all identified putative venom proteins similar variants were also
complementary recovered in the body tissue. Only one protein class without matching variants in the
body tissue could be found in the glands of E. rufibarbis (Asilidiné, one transcript, TPM 484.4) while

two protein classes were unique to the glands of M. arthriticus (Asilidiné and Asilidin7).
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Table 2. Novel proteins and peptides identified in the proteomic analyses of the thoracic
glands o E. rufibarbis and M. arthriticus. Proteomic hits specify the number of transcripts
matching the fragments from mass spectrometry for each peptide and protein. P-
Distance-based networks are provided in Figures S3—-S8 (Supplementary File 1) for

proteins with more than two sequences.

Molecular Proteome Proteome

Protein Structural Number of
Scaffold Weight Hits E. Hits M.
Family Fold Residues
(Average) rufibarbis arthriticus
Asilidinl ICK Cx3-6CX5-9CCx3-10CX4.6C 51-65 6.2 kDa 1 3
Asilidin2 unknown Cx35Cx5-13CX36-39C 267-339 33.7 kDa 5 8
11.36
Asilidin3 unknown Cx7-8Cx22Cx14C 88-104 1 2
kDa
18.47
Asilidind  unknown no cysteine scaffold 86 1 1
kDa
Asilidin5  unknown no cysteine scaffold 273 30.2 kDa 1 0
no cysteine scaffold, two P 13.12
Asilidin6 unknown 115 0 2
rich domains kDa
15.43
Asilidin7  unknown no cysteine scaffold 139 0 1
kDa
SVWC- 11.29
Asilidin8 Cx16Cx4Cx10Cx7Cx14CCxsC 101 1 1
domain kDa
SVWC-
Asilidin9 CX22Cx4Cx10CxsCx12CCx4C 118-119 13.5kDa 1 1
domain
Natterin- no cysteine scaffold, P rich 20.38
Asilidin10 146-226 0 2
like domain kDa

The expression levels (TPM values) showed profound differences compared to the numbers of
identified coding regions of putative toxins (Figures 1 and 2). In contrast to the body tissue, 16 up-
regulated protein classes for E. rufibarbis, and 17 higher expressed coding regions in M. arthriticus
were identified for the thoracic gland (including Peptidase S1 which was slightly lower expressed
compared to the body tissue from M. arthriticus). Major differences between gland transcripts of both
species is the sequence of the three most highly expressed proteins (Figures 1 and 2). Asilidin2 was the
most highly expressed gland protein in both species with 234,658.76 (TPM) in E. rufibarbis and
288,479.05 (TPM) in M. arthriticus. Asilidin3 was the second most up-regulated protein in M.

arthriticus, while it ranked third in E. rufibarbis. Peptidase S1, however, was the second highly up-
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regulated protein in E. rufibarbis while it was not present in M. arthriticus, (Figure 3). Except for
peptidase S1 in E. rufibarbis all other proteins were also present in the crude venom of both species
and supported by our proteomic data.

3.4. Anatomy of the Venom Delivery System

The thoracic gland system (magenta colored, Figure 4) is composed of a pair of elongated sac-like
glands located in the dorsal parts of the first and second thoracic segments. Each gland opens into a
separate duct (Figure 4C), which fuse ventrally of the food channel just before entering the head
capsule. The single duct continues ventral of the food channel into a salivary pump composed of a non-
return valve-like mechanism and two associated muscles (M5+6, Figure 4B) responsible for opening
the valve. This salivary pump is attached to the base of the hypopharynx and consists of two plates,
one for M6 attachment and another one to which muscle M5 attaches. The single duct continues
further after the salivary pump and opens into the hypopharynx near the apex of the proboscis. The
hypopharynx is indirectly moved by the strong paired expansor muscle M4 which is attached to lateral
apophyses of the basipharynx on both sides. The pharyngeal pump is operated by a strong ring or
sphincter muscle engulfing the pharynx and a dorsal expansor which attaches to the roof of the

pharynx. The volume of the cibarium is controlled by the muscle group M7 (Figure 4).

Our results support descriptions by Whitfield (1925) that the labial glands (Figure 4) open into the
lumen between the theca and the labium near the apex of the proboscis. They are therefore
structurally separated from the hypopharynx at the tip of the proboscis where the duct of the thoracic
glands opens into the lumen of the hypopharynx. Since the hypopharynx is the only structure entering
the prey (Whitfield 1925) and an elaborate pumping apparatus is missing, we conclude that these labial
glands are not part of the venom production system. Additionally, the structure of the labial glands
and their location are variable within asilids [528]. It was suggested that they secret a lubricant that
facilitates the mechanical sting process and their opening between the theca and the labium supports

this idea.
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Figure 4. 3D reconstruction of the gland and head morphology in E. rufibarbis. Reconstruction
based on synchrotron micro-computed tomography data. (A) frontal view (B) lateral view (C)
dorsal view. (D) and (E) Images of the original scan data showing the digestive tract with the
ring musculature to close the pharyngeal tract (D) and the musculature attaching at the
salivary pump system (E). Note the “closed” position of the valve at the center of the white

frame.

3.5. Both Species Exhibit Similar Venom Proteomes

The venoms of both E. rufibarbis and M. arthriticus are dominated by a few highly expressed, novel
proteins with unknown function. In M. arthriticus these are Asilidin2—4 and Asilidin6-10, while
Asilidin2 and Asilidin3 show a similar pattern in E. rufibarbis. Asilidin2-5, Asilidin8 and Asilidin9 were
also detected in the venom of E. rufibarbis, however showed lower relative expression than in M.

arthriticus (Figures 1 and 2). For both species two forms of cysteine-rich single von Willebrand factory
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type C (SVWFC) domain-containing peptides are expressed within the group without known function

(Asilidin8 and Asilidin9).

A lower expressed integrant comprises proteins with enzymatic function. For M. arthriticus this
fraction was composed of peptidase S1, phospholipase A2, venom acid phosphatase-like proteins and
a low expressed, putative natterin-like protease known from a toadfish [555-557]. Despite its high
expression level (third rank) peptidase S1 is not detected in the proteome of E. rufibarbis. The only

detected enzymatic component in its gland system was a low expressed metalloprotease M13.

Putative neurotoxic peptides with a cysteine inhibitor knot (ICK)-like structure (Asilidin1) [558]
constitute another integral venom part. These peptides were identified in both gland proteomes of M.
arthriticus and E. rufibarbis, and exhibit a cysteine scaffold typical of ICK peptides, which constitutes

the bulk of the molecular diversity and ion channel modulating in spider venoms (Figure 5).
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Figure 5. Sequence alignment of the mature Asilidinl sequences identified in the proteome
and transcriptome of the glands from M. arthriticus and E. rufibarbis. Mature peptide
sequences of known and activity-tested ICK’s were included from venom of the cone snails
Conus textile and Conus magus, the assassin bugs Isyndus obscurus and Agriosphodrus
dohrni, the funnel web spiders Hadronyche infensa and Atrax robustus and the scorpions
Scorpio palmatus and Pandinus imperator. The cysteine residue backbone shared by all
sequences is highlighted in yellow. The red circle with a white A marks the activity tested,

synthesized ICK sequence.

3.6. Neurotoxic Activity of U-Asilidin;- Marla

In order to test the functional convergence between venom ICKs present in asilid and other venomes,
the peptide corresponding to the mature peptide encoded by the highest expressed Asilidinl
transcript, U-Asilidin;-Marla (henceforth Marla) (Figure 6 and Figure S3 (Supplementary File 1)) was
synthesized and injected into Apis mellifera. This revealed a clear neurotoxic effect on honeybees,
including slow movements, disorientation and paralysis, similar to that of the positive control group
treated with the potent insectidal spider toxin w-atracotoxin from Hadronyche versuta [559,560]

(Supplementary File 6).
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Figure 6. Neurotoxicity of Marla. Injection of 30 uM of Marla produced significant neurotoxic
effects in bees (60% of injected bees were affected, see Supplementary File 6), compared to
the negative control (MilliQ water, Supplementary File 6), including slow movements,
disorientation and paralysis. The overall effect observed with Marla was comparable to our
positive control, the potent insectidal spider toxin w-atracotoxin (100 uM, >80% of bees were
affected, Supplementary File 6). This bar graph represents the average of 5 experiments (5
bees per experiment), error bars represent S.E.M. and *** indicates the results were

significantly different from control (p < 0.001).

4. Discussion

This study shows that robber flies (Asilidae) feature a complex venom delivery system and secrete
venom from their thoracic venom glands. Like most venoms, asilid venoms consist of non-disulfide-
rich peptides, disulfide-rich peptides novel proteins of unknown function, and enzymes. Contrary to
our expectations for liquid-feeding predators, however, asilid venoms appear to be largely devoid of
enzymatic proteins and instead consist of a large fraction of novel peptides and proteins. Moreover,
we show that one of these peptides, Marla, produces neurotoxicity effects in the ecologically relevant

prey species, the honey bee.

4.1. Highly Expressed Novel Proteins

Novel peptides and proteins with unknown function are by far most abundantly recovered by
transcriptomics and proteomics in both species (Figure 3). This group comprises over 97% (E.
rufibarbis) and 87% (M. arthriticus) of the TPM values assigned to all secreted putative toxins. Novel
putative toxins are not unusual in proteomic/transcriptomic studies of poorly characterized venoms,
such as in remipede crustaceans, where five unknown proteins accounted for ~15% of all FPKM values
[561,562]. However, asilids seem to contain an unusually high percentage of unknown venom proteins.
This is unexpected given that some dipterans such as Drosophila and Aedes are well studied model

organisms of which several genomes have been sequenced and annotated. Without potential
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homologues outside the E. rufibarbis and M. arthriticus no speculation about the origin or putative

function of these proteins seems feasible (Table 2 and Figure S4-S8 (Supplementary File 1)).

4.2. Asilid Venoms Contain Putative ICK Neurotoxins

While previous studies have observed neurotoxic activity of crude gland extracts [520,531,563], we
here show that asilid venoms do indeed contain neurotoxic peptide toxins. This protein family,
Asilidin, is characterized by a cysteine pattern that is strongly suggestive of a cystine inhibitor knot
(ICK) structural motif, which is defined by an antiparallel B sheet stabilized by a cystine knot. The
cystine knot consists of a ring formed by two disulfide bonds and their intervening sections of the
peptide backbone that is pierced by a disulfide bond that generally stabilizes the C-terminal region of
the peptide. The ICK is probably the most widely recruited peptide fold in animal venoms, and ICK-like
toxins are known from the venom of cone snails, scorpions, spiders and assassin bugs [564]. The
neighbor network of Asilidin1 splits in to three distinct clades (Figure S3 (Supplementary File 1)). One
clade includes U-Asilidin;-Mar2a, which is a unique sequence exclusively present in the thoracic glands
with no matches in the body tissue. The other two clades also comprise identical body tissue
sequences, although the expression values between gland sequence and body tissue sequence differ
substantially. The most highly expressed peptides U-Asilidin;-Marla and U-Asilidin;-Erula are around
3000 times higher expressed in the thoracic glands compared to their respective body tissues. Activity
test of a manually synthesized Marla protein showed motor effects in honey bees, which suggests

Asilidinl represents a family of neurotoxic ICK toxins (Figure 5 and Supplementary File 6).

4.3. Missing “Usual Suspect” Enzymes in Putative Asilid Venom?

Enzymes are known as important venom components in a vast number of venomous predators such
as snakes, cephalopods, centipedes, assassin bugs, stinging insects and remipede crustaceans. Several
classes of enzymatic proteins are often abundant in venoms, such as chitinases or serine proteinases,
particularly in liquid-feeding arthropods where they likely play an important role in pre-digestion of
prey [514-516,562]. Interestingly, the venom of M. arthriticus and E. rufibarbis differs from other
liguid-feeding venomous insect predators by being largely devoid of enzymes. Although the
transcriptome data of both species show high expression levels of M13 and S1 proteases as well as
PLA2 and acid phosphatase (see Figures 1-3), our proteomic analyses indicate that these enzymes
constitute only minor components in the crude venom. This is in contrast to previous studies, which
assumed that asilids secrete venom composed of proteolytic and neurotoxic activity [520,531,563].
Dipterans are generally known to digest orally by refluxing digestive enzymes from their gut to achieve
extra oral digestion, a strategy applied in different variants also in other predatory arthropods

[565,566]. Earlier studies showed that the stomach of the tested asilids shows higher proteolytic
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activity but also a larger range of pH-values in which enzymatic activity is observed [520]. Our
proteomic results are in accordance with these findings.

4.4. Scenario for Envenomation of Prey by Asilids

Based on our proteomic and activity test result, and in combination with morphological data derived
from SRUCT, we are now able to draw a more precise and partly new picture of the envenomation
process in asilids. Envenomation begins with the transport of the secreted venom including the
neurotoxic Marla into the lumen of the hypopharynx (Figure 7). This is on the one hand achieved by
the salivary pump muscles but might be supported through an increase of the cibarial and pharyngeal
lumen. Since the musculature directly inserting at the different parts of the gland system is minimal
and only serves to control the non-return valve of the salivary pump, the larger volume changes of the
cibarial pump are needed to effectively transport a larger fraction of venom into the prey with the first
sting. Once the venom is loaded into the lumen of the hypopharynyx, it can be injected in a second step
against the hemolymph pressure of the prey through contraction of the ring musculature of the
pharyngeal and cibarial pump. At the same time, the ring musculature of the salivary duct and the
alimentary canal is contracted in order to prevent unwanted backflow. Literature data on the prey
capture process indicates that prey is paralyzed within seconds and this could not be achieved with a
passive inflow of saliva into the prey [520,530]. The prey’s inner compartments are then liquefied in a
third step presumably by pumping stomach liquids through the proboscis into the lumen of the prey.
The fourth and last step is the uptake of food. The liquefied body tissue is sucked up by contraction of
M3 and M7 muscles which again increases the lumen of the cibarial and pharyngeal pump and thereby

creates a negative pressure with respect to the lumen of the prey (Figures 4 and 7).
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Figure 7. Envenomation and feeding process in asilids. Summary of the hypothesized feeding
process for robber flies. (A) Closed valve of the digestive tract, open valve of the thoracic
glands, increase of the pharyngeal pump volume leads to transport of the venom from the
thoracic glands to the hypopharynx; (B) Closed valve of digestive tract, closed valve of the
thoracic glands, decrease of the pharyngeal pump volume leads to powerful injection of the
venom via the hypopharynx; (C) Open valve of the digestive tract, increase of the pharyngeal
pump volume, transport of enzymes from the digestive tract to the hypopharynx and
injection in the paralyzed prey; (D) Open valve of the digestive tract, increase of the

pharyngeal pump volume, feeding on the liquefied prey contents.

4.5. Implications in the Context of Fly and Insect Venom Evolution

Many dipteran groups have convergently evolved a hematophagous life style and are thus per
definition also venomous. Due to their role as disease vectors and their impact on humans or live-
stock, mosquitoes and tabanid species have received increased attention [567-573] (Figure 8).
Surprisingly, however, even for these comparably well-studied groups, only a few species have been
covered by recent —omics approaches or detailed morphological studies using modern technology
(Figure 8) [506]. This situation hinders detailed comparative analyses of the evolution of venoms and
the morphological dynamics of venom delivery systems within flies. Our study comprehensively
describes the venom system of asilids, which, unlike most other dipterans, are a truly predatory
lineage. Venom is not restricted to blood feeding females, as is the case in hematophagous dipterans,

but occurs in both genders. Blood feeding evolved early in dipterans, long before the rapid radiation
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in the more basal groups of Brachycera to which asilids belong (Figure 8). The results from the present
study support an independent evolution of asilid venom in which a separate suite of proteins and
peptides compared to those of hematophagous lineages were functionally recruited as toxins.
Reflecting this independent evolution of a predatory venom, the asilid the venom delivery system
appears highly adapted to high-speed predation and envenomation that is facilitated by a derived

muscle system.
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Figure 8. Current picture of venomics studies and phylogenetic implications for dipteran and
insect venom evolution. The number of species that are covered by studies applying modern
transcriptomic, proteomic and morphologic analyses are shown in the colored squares. Blue:
Proteomics; Green: Transcriptomics; Brown: Reconstructions of the venom delivery system.

Dominant venom fractions are roughly summarized with E: Enzymes; N: Neurotoxins; U:
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Unknown proteins. The plus sign indicates overexpressed fractions in the venom. Yellow
circles indicate venomous predatory lineages, red circles hematophagous groups. Only
studies based on Illumina transcriptome data and proteomic profiles of complete venom
gland were included. See also a general overview on available salivary/venom gland
transcriptomes of arthropods until 2014 in von Reumont et al., 2014 (Toxins)[506]. The tree
is based on Wiegmann et al., 2011 and Misof et al., 2014 [518,574]. The branches do not
reflect precise distances. Oval circles in beige indicate disputed branching events, blue dots

represent major clades in Diptera.

Diptera is one of the three groups within insects besides hymenopterans and heteropterans that is
known to feature venomous species, however, their venoms remain largely uncharacterized. Yet, in
the quest to better understand venom evolution in insects in a larger framework, dipterans play an
eminent role as the youngest insect group, having evolved in the ending Jurassic period around 150
million years ago [574]. Moreover, the venoms studied here indicate asilid venoms differ substantially
from other venomous liquid feeding insect lineages. Future studies on a taxonomically wider sample
may therefore provide insight into the key processes that govern toxin evolution [575].

5. Conclusions

This study provides a detailed description of the venom system of robber flies (Asilidae). Their venom
is produced in the thoracic glands, and injected through a complex venom delivery system that agrees
well with their agile, predatory lifestyle. Surprisingly, their venoms appear to be largely devoid of
enzymatic proteins and instead consist of a large fraction of novel peptides and proteins. This high
degree of molecular novelty suggests dipteran-specific groups of proteins and peptides were recruited
as toxins into asilid venom. Moreover, we show that one of these peptides, Marla, produces
neurotoxicity effects in honey bees, suggesting the other, novel peptide families may also harbor
neurotoxic activities. Due to the attractiveness of peptides as easily synthesized compounds with a
high degree of pharmacological potency and selectivity, asilid venoms therefore appear to be a good
source of molecular tools and potential lead molecules for development into therapeutic and
agrochemical products [532]. Our results thus provide the foundation for future studies to not just
help understand mechanisms of toxin recruitment and evolution within and outside dipteran

arthropods, but also mine this source of novel, bioactive tools and potential lead molecules.

6. Supporting information
All the supporting information are not included in the manuscript but are available online at
www.mdpi.com/2072-6651/10/1/29/s1, Supplementary File 1: Summary and description of the

identified enzymatic components, with a short discussion of the putative functions in the robber fly
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venom. Figure S1: Pictures of the analyzed species and the habitat, where specimens were captured,
Figure S2: SDS-PAGE gel of crude venom of Machimus arthriticus and Eutolmus rufibarbis, Figure S3:
Neighbor Networks for the Asilidinl, Figure S4: Neighbor Networks for the Asilidin2, Figure S5:
Neighbor Networks for the Asilidin3, Figure S6: Neighbor Networks for the Asiliding8, Figure S7:
Neighbor Networks for the Asilidin9, Figure S8: Neighbor Networks for the Asilidin10, Figure S9: CO1
barcode alignment, Figure S10: Overall strategy for synthesis of U-Asilidin1-Marla, Figure S11: UV
chromatogram of linear U-Asilidin1-Mar1a, Figure S12: UV chromatogram of folded U-Asilidin1-Marla,
Supplementary File 2: Summarizing table of the identified classes of putative toxins for the thoracic
gland system transcriptome of Eutolmus rufibarbis. The TPM values for each identified coding region
are shown, the presence of a signal peptide and presence of proteomic data is marked, Supplementary
File 3: Summarizing table of the identified classes of putative toxins for the body tissue transcriptome
of Eutolmus rufibarbis. The TPM values for each identified coding region are shown, the presence of a
signal peptide is marked, Supplementary File 4: Summarizing table of the identified classes of putative
toxins for the thoracic gland system transcriptome of Machimus arthriticus. The TPM values for each
identified coding region are shown, the presence of a signal peptide and presence of proteomic data
is marked, Supplementary File 5: Summarizing table of the identified classes of putative toxins for the
body tissue transcriptome of Machimus arthriticus. The TPM values for every identified coding region
are shown, the presence of signal peptides is marked, Supplementary File 6: Video of observed effects
of U-Asilidin1-Marla, w-atracotoxin and negative control on honey bees based on the bioassay of the
synthesized U-Asilidin1-Mar1la, Supplementary File 7: Protein alignments of all identified classes of
putative toxins. For each class the coding regions identified in the thoracic gland system and the body
tissue of both robber flies are aligned together with toxins known from other species. For some classes
the alignments were cut to align only the domains, in these cases the name of the pruned alignment

is marked with “cut”.
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c. Synthése de la toxine PmuTx1

Encouragés par le folding supposé de type ICK réussi de la toxine U-asilidin1-Marla, nous nous sommes
intéressés a la synthese d’une nouvelle toxine qui bloque les canaux Cav3.2, appelée PmuTx1 et isolée
du venin de la mygale Pterinochilus murinus. Cela était également I'occasion de vérifier si les conditions

de folding pouvaient également s’appliquer a cette séquence.

Cette étude dans laquelle j'ai effectué la synthese et la caractérisation par spectrométrie de masse est

présentée ci-apres sous forme de publication, non publiable en I'état.

1. Introduction

Essential physiological functions, including muscle contraction, hormone secretion, neurotransmitter
release and nociceptive transmission are controlled by calcium (Ca?*) currents in mammalian excitable
cells. Voltage-gated calcium channels (Ca,) are composed of various subunits assuming different
functions such as pore-forming/voltage-sensing a; subunit and several regulatory a,6, B, y subunit
isoforms [576]. To date, 10 pore forming (aia-a1 and ais) and several splice variants have been
identified and characterized. Ca,3.2 are T-type calcium channel subtypes which are localized in various
subpopulations of primary afferent neurons [577,578], altogether suggesting a role of these channels
in pain processing. As exemplified by analgesic effect induced by systemic or intrathecal delivery of T-

type calcium channel blockers such as ethosuximide and mibefradil in rodents [579,580].

Most venomous animals have evolved through millions years of evolution to efficiently neutralize their
prey with finely tuned venoms. Accordingly, their toxins target a large range of ion channels expressed
in the neuronal and neuromuscular systems of prey and predators. As a result, many of the most
selective ion channel blockers originate from venoms [42]. Although spider venoms have provided
many Ca.-inhibitor toxins selective for various isoforms [581], spider toxins active at Ca,3.2 have not
yet been reported. Indeed, the majority of these peptides displays activity at Ca,1, Ca,2.1, Ca,2.2 and
Ca,2.3 [582-596]. The other Ca, channels subtypes, especially Ca,2.1 and Ca,2.3 also mediate
significant neurotransmitter release at neuronal synapses [597,598] therefore, the non-selective block
of these Ca, isoforms induce severe side effects due to inhibition of neurotransmitter release in non-
nociceptive neurons. Since there is yet no selective blocker of Ca,3.2 T-type calcium channels, its role
in the nociceptive pathway is still poorly understood. Thus, selective blocker of Ca,3.2 would be highly
valuable to delineate their role in nociceptive pathway and would represent potential therapeutic lead

for neuropathic pain treatment.
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Here we report on the discovery of a new toxin targeting Ca,3.2, PmuTx1 from Pterinochilus murinus

tarantula and subsequent attempts of regioselective synthesis strategy.

2. Methods

2.1 Abbreviations

Acm, acetamidomethyl; ACN, acetonitrile; Boc, tert-butoxycarbonyl; DCM, Dichloromethane; DIPEA,
diisopropylethylamine; DMF, N,N’-dimethylformamide; DMSO, Dimethyl sulfoxide; DTP, 2,2'-
Dithiopyridine; ESI-MS, electrospray ionization mass spectrometry; Fmoc, fluorenylmethoxycarbonyl;
HATU, 1[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid
hexafluorophosphate; IPA, isopropanol; LC/MS, liquid chromatography/mass spectrometry; MeOH,
methanol; nAChR, nicotinic acetylcholine receptor; NMR, nuclear magnetic resonance; Pbf,
pentamethyl-dihydrobenzofuran-5-sulfonyl; RP-HPLC, reversed phase high performance liquid
chromatography; SPPS, solid phase peptide synthesis; tBu, tert-butyl;TFA, trifluoroacetic acid; TIS,

triisopropylsilane; Tris, 2-Amino-2-(hydroxymethyl)propane-1,3-diol;Trt, trityl; UV, ultra-violet.

2.2 Chemical synthesis

DMF, DIPEA, ACN, TIS, TFA, piperidine and all others reagents were obtained from Sigma-Aldrich (Saint-
Louis, MI, USA) or Merck (Darmstadt, Germany) and were used as supplied. Fmoc (L) amino acid
derivatives and HATU were purchased from Iris Biotech (Marktredwitz, Germany). AmphiSpheres® (0.6
mmol/g) was purchased from Iris Biotech (Marktredwitz, Germany). The following side-chain
protecting groups were used: Trt for Asn, Cys, and His; Acm for Cys; tBu for Thr, Tyr, Cys, Asp and Glu;
Pbf for Arg; Boc for Lys and Trp; and StBu for Cys. Peptides were manually synthesized by using the
Fmoc-based solid-phase peptide synthesis technique on a VWR (Radnor, PA, USA) microplate shaker.
All Fmoc amino acids and HATU were dissolved in DMF to reach 0.5 M. the first residue was anchored
on 20 HMP resin using the method described by Grandas et al. [99]. The resin was washed with DMF,
DCM, MeOH, and DMF. Fmoc deprotection was carried out with piperidine in DMF (1/2 v/v) twice for
3 min. Subsequent amino acids were coupled onto 0.1 mmol of prepared resin (determined loading
value 0.44 mmol/g) twice for 25 min using an amino acid/HATU/DIPEA ratio of 5:5:10 relative to resin
loading. DMF was used for resin washing between deprotection and coupling steps. After chain
assembly was complete, the terminal Fmoc group was removed and the resin washed with DMF and
DCM. Side-chains (except acm) deprotection and cleavage from the resin was carried out by adding 10
mL of TFA/TIS/H,0 (95/2.5/2.5 v/v/v) and stirring the mixture for 2.5 h at room temperature except
for the regioselective 2 where the cleavage was carried out using TFA/DMB/H,0 (95/2.5/2.5 w/w/w)

[599]. Crude peptides were purified by preparative RP-HPLC and pure fractions were combined and
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freeze-dried their purity were confirmed by LC/ESI-MS (isolated yields = 2%).

2.2.1 Regioselective strategy 1

Linear peptide was dissolved in isopropanol/water (1/2 v/v) adjusted to pH 8.5, to reach 0.05 mM

concentration and stirred at room temperature until completion of the reaction.

2.2.2 Regioselective strategy 2

Linear peptide was dissolved in ACN/DMSO/water (60/25/15 v/v/v) to reach 3.4 mM concentration
and 30 eq of PBus are added. The reaction mixture was stirred at room temperature for two hours
leading to 86% removal of StBu protecting group based on UV chromatogram. The reaction mixture
was acidified to pH 3 and loaded onto preparative RP-HPLC and pure fraction were combined and
freeze-dried (isolated yield = 70%). The first disulfide bridge is formed between the free cysteine
residues by dissolving the peptide at 0.2 mM in 50 mM Tris-HCl buffer adjusted to pH 8 and adding
dropwise 7 equivalents of DTP at 10 mM in MeOH. The reaction mixture was stirred at room

temperature until completion of the reaction.

2.2.3 Regioselective strategy 3

Linear peptide was dissolved in CH;COOH/water (1/1 v/v) to reach 0.2 mM concentration and 1.1 eq
of I at 2 mM in MeOH was added dropwise. The reaction mixture was stirred at room temperature for
20 min leading to total formation of the first disulfide bridge based on UV chromatogram. The reaction
mixture was loaded onto preparative RP-HPLC and pure fraction were combined and freeze-dried
(isolated yield = 80%). The mono-bridged peptide is dissolved in CH;COOH/ACN/ water (2/1/1 v/v/v)
to reach 0.2 mM concentration and 3 eq (1.5 eq/Acm) of 0.1 M HCl are added. The second disulfide
bridge was formed by treatment with 10 eq (5 eg/Acm) of 50 MM I, in MeOH. After 30 min the reaction
was complete (based on UV chromatogram) and quenched with 20 mM ascorbic acid until total
discoloration of the solution, then purified by preparative RP-HPLC. The combined pure fractions were
freeze-dried (isolated yield = 50%) and dissolved in TFA/DMSO (95/5 v/v) to reach 0.1 mg/mL

concentration. The reaction mixture was stirred at room temperature for 1 hour.

2.3 Mass spectrometry
Solvents used for LC/MS were of HPLC grade.

Intermediate peptides were characterized using a LC/MS system consisting of a Waters (Milford, OH,
USA) Alliance 2695 HPLC, coupled to a Waters Micromass ZQ (electrospray ionization in positive mode

(ESI+) fitted with a quadrupole mass analyzer). All the analyses were carried out using a Chromolith
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(Fontenay sous Bois, France) HighResolution RP-18e (4.6 x 25 mm, 15 nm-1.15 um particle size, flow
rate 3.0 mL/min) column. A flow rate of 3 mL/min and a gradient of 0—-100% B over 2.5 min for routine
analyses and 0-30% B over 30 min for quality control of pure products were used. Eluent A was
water/0.1% HCO,H and eluent B consisted of acetonitrile/0.1% HCO,H. UV detection was performed
at 214 nm. Electrospray mass spectra were acquired at a solvent flow rate of 200 uL/min. Nitrogen was
used for both the nebulizing and drying gas. The data were obtained in a scan mode ranging from 100

to 1000 m/z or 250 to 1500 m/z to in 0.7 s intervals.
2.4 Preparative RP-HPLC

Preparative RP-HPLC was run on a Gilson PLC 2250 Purification system (Villiers le Bel, France)
instrument using a preparative column (Waters DeltaPak C18 Radial-Pak Cartridge, 100 A, 40 x 100
mm, 15 um particle size, flow rate 50.0 mL/min). Buffer A was 0.1% TFA in water, and buffer B was

0.1% TFA in acetonitrile.
3. Results and discussion

PmuTx1 have been identified by screening of Pterinochilus murinus tarantula venom over Ca,3.2
channel subtypes and subsequently sequenced by Edman degradation revealing a 36 residues-long
sequence comprising six cysteines. PmuTx1 displays high structural homology with several U4-
theraphotoxins identified by proteo-transcriptomic analysis of P. Formosa [600], which exhibits a
putative inhibitor cysteine knot motif (ICK). Moreover, two others toxins, namely w-grammotoxin SIA
and pn3a, were structurally characterized as ICK and are also very closely related to PmuTx1 sequence

(Figure 1) [601,602]. However, none of these toxins have been pharmacologically characterized.

Llc
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LGC

LGC
l | J '

ICL GTFT
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P NICL GTFT
AP -QYCAWBGTYV -
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PmuTx1
omega-Grammotoxin-SIA
U4-theraphotoxin-Pra
U4-theraphotoxin-Pr5
U4-theraphotoxin-Pf4
pn3a

Figure 1: Alignment of newly identified PmuTx1 and other related toxins. Disulfide bonds are
indicated in black lines. w-grammotoxin SIA and pn3a structures have been elucidated by NMR
spectroscopy and confirmed to display an ICK fold. U4-theraphotoxins have been identified by
proteo-transcritptomic analysis of P. Formosa venom and classified as ICK toxins based on

sequence homology.



Chapitre 3 : Synthese de toxines a 3 ponts disulfures

3.1 Chemical synthesis
Linear peptides have been synthesized by Fmoc-SPPS chemistry and subsequent attempts of oxidative
folding (see methods) led to the formation of several isomers not individually isolable. Therefore, we

opted for a regioselective folding strategy assuming an ICK fold as represented in Figure 1.

Regioselective folding strategy of ICK toxins has been successfully applied to MfVIA [603] and gurmarin
[604] synthesis in Boc-chemistry. Both groups used the same disulfide bond formation order: first, the
CysllI-CysVI then the Cysll-CysV and finally the Cysl-CyslV. Although the rationale for this is not

detailed, it might influence the folding yield.
3.1.1 Regioselective strategy 1

The first regioselective strategy used a combination of tBu and Acm protected cysteines however, the
formation of the first disulfide bridge between the free cysteine residues in aqueous basic conditions
led to the formation of an oxidation byproduct (Figure 2A). This side reaction is increasing over time
and starts before the formation of the first disulfide bridge is complete. Considering that, tryptophan
residues are known to be oxidation-sensitive; the +16 and +32 peaks observed on the mass analysis is

most likely due to hydroxy-tryptophan formation [605-607].
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Figure 2: Schematic representation of regioselective folding strategies 1 and 2.
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3.1.2 Regioselective strategy 2

With the objective of developping a regioselective folding strategy that would be theoretically suitable
for the synthesis of four disulfide bridges-containing peptides, we used the combination of Trt/StBu
and Acm protecting groups described by Mochizuki et al. for the p-conotoxin SIIIA synthesis [599].
Briefly, this method is based on the use of 1,3-dimethoxybenzene (DMB), which is a less effective Trt
cation scavenger than the Cys sulfhydryl group due to steric hindrance allowing the cysteine residues

to re-capture the Trt groups after cleavage.

Unlike the strategy 1, we used DTP (2,2’-Dithiopyridine) to induce the formation of the first disulfide
bridge [196,357]. This method has been widely employed by our group and others and always showed
good results for the regioselective synthesis of peptides containing two disulfides bridges. We hoped
that the formation of the bridge would be fast enough to prevent the oxidation of the tryptophan
residues. However, the oxidation reaction was incomplete (50% based on the UV chromatogram) after
10 min: adding more DTP led to the partial deprotection of Acm protecting group [608] and allowing
the reaction to continue, leading eventually to the oxidation of tryptophan residues in the same way
that strategy 1 does. Although in the previously described syntheses DTP induced total bridge
formation in 10 min, the incomplete formation of the first bridge after 10 min suggest that it might be

limited to the predisposition of the sequence to favor the formation of the bridge.
3.1.3 Regioselective strategy 3

We hypothesized that oxidation of tryptophan residue was due to long exposure to alkaline conditions.
Consequently, we attempted the formation of the first disulfide bridge in acidic conditions (Figure 3).
To prevent an additional purification step, we switched back to the tBu/Acm system (regioselective

strategy 1).

pLy
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Figure 3: Regioselective strategy 3.

The formation of the first disulfide bridge in acidic condition does not yield to oxidation products
(Figure 3) suggesting that it was due to alkaline condition of strategy 1 and 2. lodine deprotective
oxidation of the Acm protecting groups proceeds with good efficiency based on the UV chromatogram.
Although the deprotection/oxidation step using TFA/DMSO was used with success for the synthesis of
a a-Sl dimer [117], in our case it led to the complete degradation of the product with several

unidentified peaks suggesting that it might be sequence-dependent.

An alternative strategy would be to do the random oxidation of the first two disulfide bridges that
should lead to three (or less) isomers easily separable by RP-HPLC and to perform the third disulfide

bridge formation by Acm deprotection/oxidation in the presence of iodine.
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d. Synthése de la toxine ShK et de ses analogues

Comme nous pouvons le constater sur I'exemple de la synthése de la PmuTx1, les rendements sur la
synthése de peptide peuvent étre tres faibles. Dans 'optique de tester la ligation chimique native
comme technique alternative pour la synthése du peptide linéaire, nous nous sommes intéressés a la
synthése de la toxine ShK et a des analogues identifiés par transcriptomique des glandes a venin du

gastéropode Cumia reticulata.

Cette étude dans laquelle j'ai effectué la synthese et la caractérisation par spectrométrie de masse est

présenté ci-apres sous forme de publication, non publiable en I'état.
1. Introduction

Membrane potential and calcium signaling in diverse cell types, including those involved in both innate
and adaptive immune response, are regulated by potassium channels. A potent potassium channel
blocker named ShK toxin and comprising 35 amino acid residues and six cysteines was originally
isolated from the venom of the Caribbean sea anemone Stichodactyla helianthus [609] and chemically
synthesized for further pharmacological characterization [610]. Thanks to its synthesis, K,1.3 have
been identified as the primary target of ShK toxin with a remarkable high potency of 133 pM and its
three dimensional structure has been elucidated revealing the three disulfide bonds with connectivity
Cysl-CysVI, Cysll-CyslV and Cyslll-CysV [611,612]. K,1.3 are functionally dominant channels in
terminally differentiated effector memory T-cells, which are involved in multiple autoimmune
pathologies. Therefore, K,1.3 inhibition is a promising therapeutic strategy for the treatment of T cell-
mediated autoimmune diseases such as multiple sclerosis, type 1 diabetes mellitus and rheumatoid
arthritis. However, ShK toxin also displays subnanomolar affinity for K,1.1 and K,1.6 subtypes, which
play a major role in brain and cardiac tissues. To increase its therapeutic window, approximatively 380
ShK analogs have been synthesized over the last decade leading to ShK-186 and ShK-192 analogs [613—
615] as promising therapeutic candidates for autoimmune diseases, with ShK-186 in phase | clinical
trials for multiple sclerosis treatment and other autoimmune diseases [616-619]. Thus, the
identification of new ShK-like peptides with better selectivity profile would represent new molecular

scaffold for the future development of potential therapeutic peptides.

Here we report on the synthesis of the ShK toxin using a recently described native chemical ligation
(NCL) method never applied to the synthesis of ShK toxins and that could be applied to the synthesis

of other ShK toxin analogs with better selectivity profile.
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2. Methods

2.1 Abbreviations

Acac, acetylacetone; Acm, acetamidomethyl; ACN, acetonitrile; Boc, tert-butoxycarbonyl; DCM,
Dichloromethane; DIPEA, diisopropylethylamine; DMF, N,N’-dimethylformamide; DTP, 2,2’-
Dithiopyridine; ESI-MS, electrospray ionization mass spectrometry; Fmoc, fluorenylmethoxycarbonyl;
GndCl, guanidinium chloride HATU, 1[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-
b]pyridinium 3-oxid hexafluorophosphate; LC/MS, liquid chromatography/mass spectrometry; MeOH,
methanol; MPAA, mercaptophenylacetic acid; nAChR, nicotinic acetylcholine receptor; NMR, nuclear
magnetic resonance; Pbf, pentamethyl-dihydrobenzofuran-5-sulfonyl; RP-HPLC, reversed phase high
performance liquid chromatography; SPPS, solid phase peptide synthesis; tBu, tert-butyl;TFA,
trifluoroacetic acid; TIS, triisopropylsilane; Tris, 2-Amino-2-(hydroxymethyl)propane-1,3-diol;Trt, trityl;

UV, ultra-violet.
2.2 Chemical synthesis
2.2.1 Synthesis of linear peptides

DMF, DIPEA, ACN, TIS, TFA, piperidine and all others reagents were obtained from Sigma-Aldrich (Saint-
Louis, MI, USA) or Merck (Darmstadt, Germany) and were used as supplied. Fmoc (L) amino acid
derivatives and HATU were purchased from lIris Biotech (Marktredwitz, Germany). PS-2-Chlorotrityl
chloride resin (100-200 mesh, 1.6 mmol/g) was purchased from Iris Biotech (Marktredwitz, Germany).
The following side-chain protecting groups were used: Trt for Cys, GIn and His; tBu for Thr, Ser, and
Asp; Boc for Lys and Trp; and Pbf for Arg. Peptides were manually synthesized using the Fmoc-based
solid-phase peptide synthesis technique on a VWR (Radnor, PA, USA) microplate shaker. All Fmoc
amino acids and HATU were dissolved in DMF to reach 0.5 M. For acid peptides the first amino acid
was coupled onto the resin for 6 h in a 1/1 (v/v) mix of DMF and DCM, with a 2.5-fold excess of amino
acid and 5-fold excess of DIPEA followed by addition of methanol and further mixing for 15 min to cap
any remaining reactive functionalities on the resin. For hydrazide peptides the PS-2-Cl-(Trt)-NHNH,
resin was prepared by adding 3 times (1 mL/mmol resin) of 10% hydrazine solution in DMF. The resin
was washed with DMF, DCM, MeOH, and DMF. Fmoc deprotection was carried out with piperidine in
DMF (1/2 v/v) twice for 3 min. Subsequent amino acids were coupled onto 0.1 mmol of prepared resin
(determined loading value 0.73 mmol/g) twice for 10 min using an amino acid/HATU/DIPEA ratio of
5:5:10 relative to resin loading. DMF was used for resin washing between deprotection and coupling
steps. After chain assembly was complete, the terminal Fmoc group was removed and the resin

washed with DMF and DCM. Side-chains deprotection and cleavage from the resin was carried out by
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adding 10 mL of TFA/TIS/H,0 (95/2.5/2.5 v/v/v) and stirring the mixture for 2.5 h at room temperature.
Crude peptides were purified by preparative RP-HPLC and pure fractions were combined and freeze-

dried.
2.2.2 Thioester preparation

Hydrazide peptide were dissolved in 6M GndCl containing 200 mM MPAA to reach 8 mM
concentration. Thioester was formed by treatment with 2.5 eq of 10% acac solution in water. The

reaction was stirred at room temperature for 2-4 h until completion of the reaction.
2.2.3 Native chemical ligation

An equimolar amount of the Cys-fragment peptide (the C-terminal fragment of the ligated product)
was dissolved in 6 M Gnd HCI with 200 mM Na;HPO, and 50 mM TCEP (pH 8.5) to a volume equal to
that which the thioesterification reaction occured. These two solutions were mixed together upon
which the resultant pH was around 5-7 and the MPAA emulsion dissolves. The solution should be clear
or slightly yellow. The pH of the combined solution was then adjusted to pH 7-7.4 by the addition of 1
M NaOH. The ligation reaction was left to stir for 18 hours. The reaction mixture was acidified to pH 3

and purified by RP-HPLC, pure fractions were combined and freeze-dried.
2.2.4 Oxidative folding

The linear ShK is dissolved in 50 mM ammonium acetate buffer adjusted to pH 8 to reach 0.1 mM
concentration and left at room temperature without agitation for 42 hours. The reaction mixture was

acidified to pH 3 and purified by RP-HPLC, pure fractions were combined and freeze-dried.
2.3 Mass spectrometry
Solvents used for LC/MS were of HPLC grade.

Intermediate peptides were characterized using a LC/MS system consisting of a Waters (Milford, OH,
USA) Alliance 2695 HPLC, coupled to a Waters Micromass ZQ spectrometer (electrospray ionization in
positive mode (ESI+) fitted with a quadrupole mass analyzer). All the analyses were carried out using a
Chromolith (Fontenay sous Bois, France) HighResolution RP-18e (4.6 x 25 mm, 15 nm—1.15 pum particle
size, flow rate 3.0 mL/min) column. A flow rate of 3 mL/min and a gradient of 0—-100% B over 2.5 min
for routine analyses and 0-30% B over 30 min for quality control of pure products were used. Eluent A
was water/0.1% HCO;H and eluent B consisted of acetonitrile/0.1% HCO,H. UV detection was
performed at 214 nm. Electrospray mass spectra were acquired at a solvent flow rate of 200 pL/min.
Nitrogen was used for both the nebulizing and drying gas. The data were obtained in a scan mode

ranging from 100 to 1000 m/z or 250 to 1500 m/z to in 0.7 s intervals.
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Folded peptide was characterized using a Synapt G2-S high-definition MS system (Waters, Corp.,
Milford, MA, United States) equipped with an ESI source and an hybrid QTof mass analyzer
configuration. Chromatographic separation was carried out at a flow rate of 0.4 ml/min on a Acquity
H-Class ultrahigh performance liquid chromatography (UPLC) system (Waters, Corp., Milford, MA,
United States), equipped with a Kinetex C18 100A column (100 mm x 2.1 mm, 2.6 mm particle size)
from Phenomenex (France). The mobile phase consisted of water (solvent A) and ACN (solvent B) with
both phases acidified by 0.1% (v/v) formic acid. Mass spectra were acquired in the positive ionization

mode.

2.4 Preparative RP-HPLC

Preparative RP-HPLC of linear peptides was run on a Gilson PLC 2250 Purification system (Villiers le Bel,
France) instrument using a preparative column (Waters DeltaPak C18 Radial-Pak Cartridge, 100 A, 40
x 100 mm, 15 pum particle size, flow rate 50.0 mL/min). Buffer A was 0.1% TFA in water, and buffer B
was 0.1% TFA in acetonitrile.

Folded ShK was purified on an UltiMate 3000 UHPLC system (ThermoFischer scientific) using a Kinetex
C18 100 A column (100x2.1 mm, 2.6 pm particle size, flow rate 0.4 mL/min) from Phenomenex

(France). Buffer A was 0.1% HCOOH in water, and buffer B was 0.1% HCOOH in acetonitrile.
3. Results

Recently, seven distinct CAP-ShK proteins specifically expressed in the salivary gland tissue of Cumia
reticulata have been identified by transcriptomic analysis with an in silico assessment of their
correctness by Gerdol et al. [620]. They comprise a single CAP (Cysteine-rich secretory proteins,
Antigen 5, and Pathogenesis-related 1) and several additional domains categorized into ShK toxin-like,
EGF-like and cysteine rich domains. Interestingly the identified CreCAP ShK3 protein contain three ShK-

like domains with structural homology to ShK native toxin (Figure 1).
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Figure 1: (A) Schematic representation of CreCAP ShK3 protein identified by Gerdol et al.
[620] (B) Alignment of the three ShK-like domains from the CreCAP ShK3 protein with the

native ShK toxin. The cysteine pattern is conserved between ShK and the ShK-like domains.

3.1 Chemical synthesis

Although, ShK toxin has been successfully synthesized by Pennington et al. [610] using stepwise Fmoc-
SPPS chemistry our successive attempts were unsuccessful (difficulty in isolating the desired peptide
from the purification of the cleavage solution, due to large amount of deletion peptides and a small
quantity of desired product). Therefore, we envisaged its chemical synthesis using the native chemical

ligation method described by Flood et al. [501] (Figure 2A).
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Figure 2: (A) Synthesis strategy of ShK peptide. (i) 5% NH;-NH>/DMF. (ii) Fmoc-SPPS. (iii)

Cleavage. (iv) 10% acac/H,0 2.5 eq, MPAA 25 eq, pH 3 (v) Peptide 1 eq, pH 7-7.4. (vi) NHsOAc

50 mM, pH 8. Overall yield is calculated from isolated linear ShK toxin. MPAA means

mercaptophenylacetic acid and acac means acetyl acetone. (B) UV chromatograms of

intermediate compounds and UV/ESI-MS of the final product. Asterisk indicates the supposed

correctly folded isomer based on Dang et al. UV chromatogram profile [621].

Thioester formation is fully complete in 2 hours based on UV chromatogram showing the high

efficiency of hydrazide peptide activation using acetyl acetone. Crude ligation mixture is very clean

after 18 hours showing limited amounts of remaining reactants. However, the isolated yield is only

50% probably due to loss during the purification process. Folding yield was less than folding yield

calculated by Dang et al. however, it is based on UV chromatogram and not the amount of isolated

folded peptide. Overall, this strategy is giving crude reaction mixtures at least as well as the previously
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described ShK synthesis by native chemical ligation [621,622] and is less dangerous and easier to set

up.

The synthesis of the ShK analogue peptides is still in progress but we should be able to use the same
strategy for the synthesis of the linear peptides, on the other hand, the folding is unpredictable
considering that these are new sequences. Considering the significant losses during purification

processes, we might better use C8 or C4 preperative columns.
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Conclusions et perspectives

La mise en place d’'une méthodologie de synthése des peptides a 3 ponts disulfures s’est révélée
beaucoup plus délicate. En effet I'ordre de formation des ponts s’est avéré important, ce qui requiert
au préalable de tester les différents ordres possibles, limitant ainsi fortement l'intérét de I'utilisation
d’une stratégie régiosélective en premiére intention. Néanmoins, aucune régle générale ne peut étre
dégagée pour le repliement oxydatif, certaines conditions peuvent s’avérer efficace pour une
séquence et non pour une autre, comme nous avons pu le constater pour le repliement de la séquence
U-asilidin-Mar1la efficace et rapide comparé a celui de la PmuTx1 ou aucun isomére majoritaire n’a pu
étre isolé. Une alternative potentielle est de combiner repliement oxydatif sous controle
thermodynamique et repliement régiosélectif, par exemple pour la toxine PmuTx1, seules les cystéines
Il et V pourraient étre protégées par un groupement Acm et les ponts |-V et llI-VI pourraient étre
formés par repliement oxydatif sous controle thermodynamique. Cette méthode devrait conduire
dans un premier temps a l'obtention de 3 isomeéres, dans le pire des cas séparables par

chromatographie, et au peptide final par formation du dernier pont.
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5. Chapitre 4 : Analyse protéo-transcriptomique de venin

Dans 'optique de finaliser ma formation sur la découverte de nouvelle séquences bioactives dans les
venins, une formation dans le laboratoire de spectrométrie de masse a I'université de Liege encadré
par le Pr. Loic Quinton et Dr. Fernanda Gobbi Amorim m’a permis d’appréhender les aspects pratiques
de I'analyse protéomique et I'utilisation du logiciel PEAKS Studio. Dans le cadre de cette formation,
I’étude protéomique du venin de Vipera aspis aspis (vipére aspic, serpent le plus redouté de France) a
été effectuée a I'aide du logiciel PEAKS studio, ce qui a permis de confimer un grand nombre de
séquences transcriptomiques. Le fonctionnement du logiciel PEAKS Studio étant essentiel a une

interprétation éclairée des résultats, son fonctionnement est détaillé ci-apres.

a. Introduction

L'identification des peptides utilisant la spectrométrie de masse en tandem [623] est une tache
essentielle de la protéomique. L'exactitude et la sensibilité de cette tache ont une incidence directe
sur les performances de l'identification des protéines a partir des résultats obtenus avec les peptides,
ainsi que sur d'autres analyses en aval. De nombreux logiciels ont été développés pour l'identification
des peptides et ces outils peuvent étre divisés en deux catégories: (i) le séquencage de novo et (ii) la
recherche dans les bases de données. Le séquencgage de novo déduit la séquence peptidique
directement du spectre MS/MS, alors qu'une recherche dans les bases de données va déterminer le
meilleur peptide qui va correspondre aux pics du spectre MS/MS. La recherche dans les bases de
données est généralement considérée comme une approche plus simple car les bases de données de
séquences de protéines offrent un espace limité au logiciel pour la recherche. Par conséquent,
lorsqu'une base de données de séquences de protéines est disponible, une recherche dans cette base
est la méthode la plus courante d'identification de peptides. Cependant, les outils existants
rencontrent encore des problemes de faibles taux d’identification (sensibilité faible) et de taux de
fausse découverte (FDR) élevés (faible précision) [624,625]. Contrairement a la méthode classique de
recherche dans les bases de données, le logiciel PEAKS DB s’appuie fortement sur les résultats de
séquencage de novo pour améliorer la filtration et la fonction de « scoring ». Cette combinaison
entraine une sensibilité et une précision nettement améliorées par rapport aux logiciels de recherche
dans les base de données existants. Outre les deux objectifs (précision et sensibilité), la génération a
haut débit de données protéomiques nécessite la validation automatique des résultats de recherche
dans les bases de données. Actuellement, cette validation est généralement réalisée par la méthode
du « target decoy » [626,627]. Cette méthode introduit les protéines leurres a rechercher par le méme
moteur de recherche et utilise les résultats du moteur sur les protéines leurres pour estimer le nombre

de faux positifs. Le but de PEAKS DB est d’identifier des peptides dans une base de données a partir
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des données MS/MS. En tant que tel, PEAKS DB appartient a la catégorie de recherche dans les bases
de données. Cependant, PEAKS DB utilise le séquengage de novo comme sous-programme et exploite
les résultats de ce séquencgage pour améliorer a la fois la rapidité et la précision de la recherche dans
la base de données. Les principales étapes algorithmiques du logiciel PEAKS DB sont les suivantes : 1)
Séquengage de novo de chaque spectre MS/MS en utilisant I’algorithme PEAKS [623]. 2) Les séquences
de novo sont utilisées pour trouver des correspondances approximatives avec les protéines de la base
de données générant une liste restreinte de protéines. 3) Tous les peptides dérivés de la liste restreinte
de protéines sont comparés avec les spectres MS/MS. 4) un score est attribué a chaque peptide
identifié, en fonction de sa correspondance avec les candidats de novo. 5) Une approche « target
decoy » modifiée est utilisée pour déterminer le nombre de peptide identifié correspondant a la valeur
de FDR requise. 6) Les peptides identifiés avec une grande confiance par les étapes ci-dessus sont

utilisés pour déduire les protéines présentes dans I’échantillon.

Pour bien comprendre le fonctionnement du logiciel chacune des 6 étapes précédemment décrites va

étre détaillées.

e Etape 1:séquencage de novo

L'algorithme PEAKS est utilisé pour effectuer le séquengage de novo pour chaque spectre MS/MS.
Les mémes parameétres (tolérance d'erreur de masse et PTM) spécifiés par |'utilisateur pour la
recherche dans la base de données sont également utilisés pour le séquengage de novo. Pour
chaque spectre, seul les 5 premiers peptides issus du séquengage de novo décrit par PEAKS sont
utilisés. L'algorithme PEAKS calcule également un score de confiance en % pour chaque acide
aminé dans la séquence de novo (Figure 14). PEAKS convertie cela en « sequence tag» en
remplagant les acides aminés de faible confiance par leurs valeurs de masse. Plus spécifiquement,
chaque segment de résidus d’acides aminés adjacents avec une confiance <30% est remplacé par

un « segment de masse » qui est égal a la masse totale des résidus (Figure 15).

1 spectre MS/MS 5 candidats de novo Un score de confiance pour chaque résidu

/ / /

8641 LHSWVEC(+57.02
15135
18489
6388
8970

Bpeptide sequences Ml
1

Tag Length ALC (%) Length ppm  Mode 4

Sequence=LVNDEC(+57.02)NLNEHR , Tag Length=12, ALC=65%, ppm=0.3 | Al candidates

Figure 14 : Etape du séquencage de novo. Un spectre MS/MS géneére 5 candidats de novo notés par

rapport a la somme de leur score de confiance pour chaque résidu.
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Séquence de novo VSFGEYALK
: 100%
Score de confiancelocal maaiiil—=I— 50%

“sequence tag” 1es.1 EF'Gpre21ALK

Figure 15 : Une séquence de novo calculée avec PEAKS a un indice de confiance local pour chaque

acide aminé, représenté par les hauteurs des barres verticales. En utilisant un seuil de 30%, les acides
aminés consécutifs au-dessous du seuil de confiance sont remplacés par leur masse totale de résidus

[74].

e Etape 2 : génération de la liste restreinte de protéines

Dans cette étape, l'algorithme utilise les « de novo sequence tag » pour sélectionner une liste
restreinte de protéines dans la base de données. Les prochaines étapes du processus ne seront
effectuées que sur cette courte liste restreinte afin de réduire le temps de calcul total. La qualité de la
correspondance entre une « de novo sequence tag » et un peptide de la base de données est mesurée
par le nombre d'acides aminés communs (score CAA). La Figure 16 illustre le calcul du score CAA. Les

protéines sont classées selon le score CAA le plus élevé obtenu par les peptides de chaque protéine.

“De novo tag” [FG]liI[zsz.1]2i11|.Il(
Séquence de labase de données  [GF]M[YE]ALK

Figure 16 : Une « de novo sequence tag » est comparée a un peptide de la base de données.
L'alignement garantit que la masse de chaque bloc aligné (entre crochets) est égale pour les deux
séquences. Le score CAA est le nombre d’acides aminés communs dans |'alignement, qui est de 4 dans

cet exemple [74].

e Etape 3 :génération de la liste restreinte de peptides
Toutes les séquences peptidiques digérées in silico (en prenant en compte I'enzyme spécifiée) a partir
de la liste restreinte de protéines sont comparées aux spectres MS/MS pour trouver les « peptide
spectrum matching » (PSM). Chaque séquence peptidique peut produire de multiples peptides
modifiés en prenant en compte toutes les combinaisons possibles des PTM variables spécifiées par
|'utilisateur. Pour chaque séquence peptidique (modifiée ou non), la masse est calculée et les spectres
MS/MS avec la masse de précurseur correspondante sont comparés a la séquence. Un « quick scorer
» est utilisé pour calculer le score du PSM. Le « quick scorer » est dérivé de la méme fonction de

notation de séquencage que celle utilisée dans le séquencage de novo PEAKS [623].
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e Etape 4 : Attribution de scores aux peptides

Les 9 parametres suivants sont pris en compte dans le calcul du score : 1) le nombre d’acide aminés
correspondant au « de novo sequence tag » (score CAA). 2) Le « protein feature » : chaque protéine
obtient un score en ajoutant ces trois plus haut score CAA, et le « protein feature » d’un peptide est le
score maximal des protéines contenant ce peptide. 3) la longueur du peptide. 4) La longueur moyenne
de séquence par clivage raté dans le peptide. 5) La longueur moyenne de séquence par PTM dans le
peptide. 6) L'erreur de masse sur I'ion précurseur. 7) L’état de charge. 8) La longueur maximale d’ions
fragments identifiés de maniére consécutive. 9) Le nombre d’extrémités enfreignant les régles de la
digestion enzymatique. Ces 9 caractéristiques sont combinées avec le « ion match score » normalisé
de maniére pondérée (« weighted sum score »). Le poids de chaque parametre a été déterminé pour
chaque instrument par un processus itératif sur un grand nombre de données LC-MS/MS de fagon a
maximiser le nombre de PSM respectant le FDR fixé. Le « weighted sum score » est converti en une
valeur p pour une interprétation plus facile. Pour un score donné la valeur p correspondante est définie
comme la probabilité qu’une identification fausse obtienne un score supérieur ou égal. La valeur p
permet d’estimer la probabilité d’un faux positif (ce qui est différent du FDR). Le score d’un peptide

identifié par PEAKS est affiché comme -10Ig(p).

e Validation des résultats

Une approche de « target decoy » modifiée, appelée « decoy fusion », est utilisée pour estimer le FDR
a un seuil de score donné. L'approche « target decoy » plus conventionnelle nécessite la génération
d'une séquence protéique leurre pour chaque séquence protéique cible dans la base de données [628].
Les bases de données cible et leurre sont ensuite recherchées séparément ou ensemble par le logiciel,
et le FDR est calculé par le rapport entre le nombre de correspondances du leurre et de la cible.
Cependant, dans PEAKS DB, les séquences cibles et leurres ne sont pas traitées comme des entrées
distinctes dans la base de données. En effet, ils sont concaténés ensemble pour chaque protéine. Ainsi,
la base de données nouvellement générée contient le méme nombre d’entrées de protéines, mais la
longueur de chaque protéine est doublée. Le logiciel recherche cette base de données nouvellement
générée. Apres la recherche, les identifications cibles et leurres sont séparées en vérifiant si elles
proviennent de la premiére ou de la seconde moitié de chaque séquence concaténée. Pour chaque
seuil de score spécifié par |'utilisateur, le FDR est calculé comme le rapport entre le nombre de résultats

sur la partie leurre et le nombre de résultats sur la partie cible, au-dessus du seuil de score.
e Identification et regroupement des protéines

Les protéines sont regroupées selon leurs peptides en commun. Le score final de chaque protéine est

calculé a partir de ses peptides identifiés comme il suit : premierement, les peptides redondants sont
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éliminés ; si le méme peptide est identifié plusieurs fois a partir de spectres différents, seul le peptide
dont le score est le plus élevé est retenu. Deux peptides sont considérés comme identiques s'ils sont
identiques ou ne different que par I'emplacement d’'une PTM, mais considérés comme différents si la
séquence d'acides aminés ou les PTM sont différentes. Deuxiemement, tous les scores non redondants
des peptides sont triés comme suit : s1 > s2 >...> sk. Enfin, le score de la protéine est égal a s1 + (1/2)s2

+...+ (1/k)sk.

Pour conclure le logiciel PEAKS Studio est un outil bioinformatique permettant d’identifier les
séquences présentes dans une base de données par interprétation automatisée des spectres MS/MS,
tout en corrigeant ses séquences a l'aide de son interprétation de novo des spectres MS/MS ce qui
permet l'identification des PTMs, mutations (délétions, substitutions, insertion etc.) qui sont
fréquentes dans les venins d’animaux. De plus, la possibilité de pouvoir utiliser sa propre base de
données i.e. les transcriptomes pour I'étude venomique, font de PEAKS un outil de choix pour I'analyse

protéo-transcriptomique de venins.

b. Protéo-transcriptomique du venin de Vipera aspis aspis

Les objectifs de I'analyse du venin de Vipera aspis aspis étaient triple : dans un premier temps
appréhender I'utilisation du logiciel PEAKS Studio pour I'intégration de donnée transcriptomique dans
I"analyse protéomique, la découverte de nouvelles séquences et enfin caractériser le venin de cette

espece potentiellement mortelle en France.

Cette étude est présentée ci-apres sous forme d’une publication en preparation dans laquelle j'ai
analysé les données protéo-transcriptomique, cependant les procédures de la récolte du venin et de

la partie transcriptomique manquent encore a la partie méthodes.
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Abstract

The asp viper Vipera aspis aspis is a common venomous snake found in France and is responsible for
several hundred bites each year. Despite its medical importance and potential neurotoxic venom, the
complete toxin repertoire produced by the venom gland is unknown. In this study, we used an
integrated venomics approach to decipher the complex composition of its venom. Transcriptomic
analysis revealed 80 venom-annotated sequences grouped into 16 families. Among the most
represented venom proteins were snake venom metalloproteases (23%), phospholipases A2 (15%),
serine proteases (13%), snake venom metalloprotease inhibitors (13%) and C-type lectins (12%). Other
components identified in the transcriptome include Kunitz-type proteins, disintegrins, vascular
endothelial growth factors, nerve growth factors, L-amino acid oxidases, cysteine rich secretary
proteins, 5’-nucleotidases, renin-like aspartic proteases, phospholipases B, hyaluronidases and
phosphodiesterases. Proteomic analysis of the crude venom validated 57 of these transcriptomic
sequences (>70%), including at least one sequence for each of the 16 families, but also identified 7
additional sequences not initially annotated as venom proteins in our curated transcriptome. These
include a serine protease, a disintegrin, a glutaminyl-peptide cyclotransferase, a proactivator
polypeptide-like and 3 aminopeptidases. Thus, in total, 87 sequences were retrieved from Vipera aspis
aspis transcriptome and proteome, constituting a valuable resource that may help in the design of

more efficient anti-venom and for the mining of useful pharmacological compounds.
Keywords: Proteomics; transcriptomics; venom; toxin; snake; Vipera
1. Introduction

Several venomous snakes occur in France, including a rear-fanged snake (Lamprophiidae, Malpolon
monspessulanus) and four species of vipers (Viperidae). Among the latter, Vipera berus berus (Vbb)

and Vipera aspis aspis (Vasp) are the most common and are responsible for the majority of reported
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envenomations. In particular, the asp viper Vipera aspis aspis is of medical importance in France, with
100-1000 recorded bites each year, resulting in one death per year on average [629]. Symptoms
following envenomation include local signs such as pain, cedema, phlyctenosis combined in severe
cases with extensive swelling and/or systemic signs such as gastrointestinal disorders and hypotension
[630]. A French grading system for viper envenomation has been established according to several
clinical report descriptions [631]. Most cases stabilize at grade 1 (minor), with only 15 to 20%
progressing to grade 2 (moderate), whereas grade 3 (severe) is defined as grade 2 symptoms that
continue to progress further [631]. Consistent with these symptoms, the venom of these vipers is
known to contain some procoagulant compounds, kinin-releasing factors, hypotensive factors,

proteases and hyaluronidases [631-635].

From the 1990s, the Marseille Poison Center repeatedly witnessed unusual cases of envenomation
after Vasp bites that included neurological signs such as ptosis, drowsiness, diplopia and
ophtalmoplegia [636]. Given these neurotoxic symptoms, De Haro et al. made the hypothesis that the
toxins causing neurological damages in Vasp bites might be similar to the PLA,-I found in Vipera aspis
zinnikeri and/or ammodytoxin [636]. The phospholipase PLA>- is also highly homologous to the vipoxin
of the Vipera ammodytes meridionalis, and these toxins are indeed known to block the neuromuscular
junction at the presynaptic or postsynaptic level [637]. Accordingly, the same group later identified
two neurotoxins in the venom of Vasp, namely ammodytoxin B (monomeric PLA; originally found in
the venom of Vipera ammodytes ammodytes, Vasp) and a novel non-covalent PLA, heterodimer
named vaspin, which is analogous to vipoxin and PLA,-I [638]. Ferquel et al. screened for venom PLA;
at the genome and transcriptome levels and identified three different subpopulations of Vasp, based
on their neurotoxic venom PLA; content [639]. The first group is defined by the presence of genes
encoding AmI1 (Ammodytoxin B Isoform 1) and AmI2, the second group by gene encoding Amli1, Aml2,
vasA (Vaspin A), vasB and the third group by gene encoding Aml1 and vaspin. Overall, it was concluded
that the genome of Vipera aspis aspis comprises a repertoire of PLA; neurotoxins ready to be expressed

under stimuli that remain to be identified.

Importantly, the venom variability within the different Vasp populations has significant implications
for the design of antivenom. Indeed, intraspecific variations in venom composition is well known to
cause major issues in the preparation of effective antivenoms [640]. Viperfav has been approved for
marketing and is the only antivenom currently available in France. It contains F(ab’)2 fragments
produced by horses against Vipera berus, Vipera aspis and Vipera ammodytes venoms [631,641].
However, the efficiency of Viperfav regarding the neutralization of the neurotoxic effects was found

variable [642]. Furthermore, the apparent intra-species variation might be also be due to hybridization
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phenomenon, which could be an important mechanism of the evolution of the composition of snake

venoms [639].

In this study, we report the investigation of the Vasp venom composition through a venomics approach
that combines transcriptomic and proteomic analyses [643]. The powerful technology of next
generation sequencing allows for the rapid identification of transcripts produced in the venom gland,
facilitating the matching of MS/MS spectra to protein/toxin sequences [644]. This work will help
provide the medical and research communities with a better understanding of the asp viper venom

toxicity and evolution, and could lead to the design of more effective antivenom [46,58]. Moreover
2. Methods
2.1 Bioinformatic analysis

PEAKS Studio 8.5 (Bioinformatics solutions, Waterloo, ON, Canada) a De novo assisted database
software [74,623] was chosen to analyze MS/MS data from Vasp venom. Indeed, by using the PEAKS
studio software we were able to match MS/MS spectra obtained from proteomic analysis of Vasp
venom to our own database resulting from the venom gland transcriptome of the same specimen.
Briefly PEAKS studio start sequencing from MS/MS spectra with no database at all obtaining the most
theoretically plausible peptides for each MS/MS spectra. The confidence score of peptides obtained
by this process is given by an ALC (Average Local Confidence) score. These de novo sequences are then
corrected by the database to provide additional information about PTM’s, mutations, homologous
peptides and novel peptides. Raw data were loaded in PEAKS 8.5 software. Carbamidomethylation was
set as fixed modification, while oxidation (M) was set as variable modifications, with maximum missed
cleavages at 3 for trypsin digestion. Parent mass and fragment mass error tolerance were set at 5 ppm
and 0.015 Da, respectively. A -10IgP (where P represents the probability of a false positive result) score
is attributed to peptides matching with the database search. Most of proteomics studies using PEAKS
Studio software are made by setting FDR at 1% [645,646]. The PEAKS protein -10IgP score is calculated
as the weighted sum of the -10IgP scores of the protein's supporting peptides. To limit the impact of
low score identified peptides and after manual reviewing of the lowest protein identified score with
1% FDR, we decided that proteins identified with a -10IgP > 120 were identified by enough reliable
peptides MS/MS spectra. In order to identified more relevant sequences Spider algorithm [647] from
PEAKS Studio software was used to find mutations or to correct the sequences. This algorithm correct
the sequences stored in transcriptomic database with de novo sequences based on MS/MS spectra,
which allowed us to identify PTM’s and mutations. For Spider search, -10IgP peptide score was set
according to 1% FDR and -10IgP proteins scores was set > 120. A minimum number of 2 unique peptides

was set to identify a protein. Minimum ion intensity for mutation and PTM’s was set to 5%, and ALC
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score 2 90 for de novo sequences leading to low precursor mass error in order to identify reliable PTM’s

and potential mutations.
2.2 Bottom-up mass spectrometry

2,5 L of crude Vipera aspis aspis venom at 20,5 mg/mL in milli-Q water were diluted 20 times in 100
mM ammonium bicarbonate buffer then reduced and alkylated by 5 uL of DTT (Dithiothreitol) 500 mM
in milli-Q water (1 h at 56°C) and 10 pL of IAA (lodoacetamide) 500 mM in milli-Q water (1 h at room
temperature, in darkness), respectively. Then, the venom sample was submitted to trypsin digestion
by adding 5 pL of trypsin Pierce™ mass spectrometry grade (Thermo Scientific, Waltham, MA, USA) at
0.1 mg/mL in 100 mM ammonium bicarbonate buffer (4 h at 37°C). Reaction was stopped by adding 6
pL of TFA 10% in milli-Q water to the reaction mixture. 0,5 ug of the digested material was analysed in
the Acquity UPLC® M-Class (Waters, Milford, MA, USA) coupled to the Q-Exactive™ Plus Hybrid
Quadrupole-Orbitrap™ Mass Spectrometer (Thermo Scientific, Bremen, Germany). The
chromatographic system is equipped with a monolithic PepSwift Capillary column 100 um x 25 cm
(Thermo Scientific, Waltham, MA, USA). Peptides were eluted using a gradient of 3-50% of solution B
in 100 min and 50-80% of solution B in 30 min (A: water/0.1% formic acid; B: acetonitrile), at a flow
rate of 0.6 mL/min, and data were acquired in the positive-ion mode. Concerning mass spectrometry,
all the analyses were performed in data dependent analysis (DDA) mode that automatically triggers
the MS/MS experiments. The automatic gain control (AGC) target values were 3.10%for MS spectra and
2.10°for MS/MS spectra. The maximum injection times were set at 200 ms for the MS step and 1000
ms for MS/MS events. The seven most intense peaks of each MS scan were fragmented by high-energy

dissociation (HCD) and their corresponding MS/MS spectra were acquired in the Orbitrap analyzer.

Relative abundance of proteins families were calculated according to method described by Zybailov et
al. [648]. Briefly, the method is based on the principle that most abundant proteins will give more
tryptic peptides and consequently more MS/MS spectras. Therefore, spectral count of each proteins
families can be related to its relative abundance. However, it is also needed to take in account that big
proteins will give more proteotryptic peptides, which is why Zybailov et al. normalized the spectral
count, by the protein masses. This method has been used to estimate protein abundance in many
label-free shotgun proteomic [649-651]. However, results have to be taken carefully because it
assumes that linearity of response is the same for every protein and it does not take into account the

theoretical number of observable peptide per proteins.
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2.3 Liquid chromatography coupled mass spectrometry

RP-UPLC was operated on an Acquity H-Class ultrahigh performance liquid chromatography (UPLC)
system (Waters, Corp., Milford,MA, United States) fitted with a UV detector (PDA detector) under the
control of Waters MassLynx software (version 4.1). Separation of the crude Vasp venom was achieved
using a Kinitex C18 100 A column (2.1 x 150 mm, 3 pm) fitted with a pre-column. Elution was carried
out using a gradient of 0-80% B (0.1% formic acid in ACN) in 80 min. Samples eluting from the UPLC
were introduced into the mass spectrometer at a flow rate of 50 pl/min. Acquisitions were carried out
over the range 50 Da to 1800 Da m/z every second on a Synapt-G2-S high-definition MS system
(Waters, Corp., Milford, MA, United States). To obtain the molecular masses of the venom components
eluting between 0 and 70 min, each peak from the total ion current (TIC) chromatogram was analysed

with Waters Mass Lynx software (version 4.1).
3. Results and discussion
3.1 Toxins identification from transcriptomic analysis

Analysis of the assembled transcriptome revealed that 1172 contigs were annotated as unidentified
sequences (63.42%), 596 contigs were non-toxin elements (32.25%) and 80 contigs were toxins (4.33%)
(Figure 1). However, in terms of expression levels, toxin-type contigs represented 53.83% of the whole
venom gland transcriptome mRNA, non-toxin contigs (including housekeeping proteins) 24.51% and

unidentified contigs 21.65% (figure 1).

Non-toxins
24.51%

Toxins (596 contigs)
53.83% Unidentified

(80 contigs) 21565%;
(1172 contigs)

Figure 1: Representation of Vasp venom gland transcriptome total transcripts distribution and
expression levels. Despite a relatively low number of contigs, the toxins abundance represents

more than 50% of the total venom gland expressed mRNA.

3.1.1 Toxins perturbing hemostasis

Snake venom metalloproteases (SVMPs) are largely responsible for the impaired hemostasis in

envenomed victims [652]. SVMPs are classified into 3 different subclasses; P-lll which is constituted of
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a protease domain, a disintegrin and a cysteine rich domain, whereas P-Il lost the cysteine rich domain
and P-1 lost the disintegrin and the cysteine rich domains [653]. The loss of non-protease domains led
to a decrease of the hemorrhagic potency of these toxins, and consequently, SYVMP-PIIl are more
hemorrhagic than P-1 and P-Il forms [654,655]. These metalloproteases degrade the basal membrane
components and the extracellular matrix such as type collagen 1V, fibronectin, nidogen as well as
plasma proteins involved in blood coagulation, including fibrinogen, prothrombin and FX leading to
hemorrhage [652]. From the 17 different SVMP expressed in the transcriptome of Vasp representing
23.34% of toxin expression levels (Figure 2), 11 belongs to the P-lll class, 2 to the P-Il class and 4 to
unknown class, which is consistent with the hemorrhagic effect of vipera aspis bites [631]. Indeed
Sajevic et al. showed that most of the hemorrhagic activity of Vipera ammodytes ammodytes (Vaa)

venom is due to a P-llic metalloprotease [656].

Snake venom serine proteases (SVSPs), by influencing blood coagulation, fibrinolysis, platelet
aggregation and vasoconstriction, also cause an imbalance of the hemostatic system in mammalian
cells [657,658]. SVSPs are expressed at lower levels than SVMPs in Vasp transcriptome, consistent with
the demonstration that fibrinogenolytic activity of the Vbb and Vasp venoms is mainly caused by
SVMPs [657]. From the 14 different serine proteases expressed in the transcriptome of Vasp
representing 13.31% of toxin expression levels (Figure 2), none has been described as fibrinogenolytic,

in agreement with Vbb and Vasp venom activities.

Snake venom C-type lectin like proteins (CTLs), also known as SNACLEC, are built around a lectin
scaffold, although venom CTLs diverged significantly through evolution and lost their ability to bind
carbohydrates [655,659]. SNACLEC are non-enzymatic proteins that can affect cell adhesion,
thrombosis, hemostasis, endocytosis, or pathogen neutralization [660—-662]. From the 19 different
snaclec expressed in the transcriptome of Vasp representing 12.28% of toxin expression levels (Figure
2), the most expressed ones are related to hemostasis impairing toxins influencing platelet
aggregation. Although no agonist of platelet aggregation has been reported in Vasp and Vbb venoms,

the SNACLECs of Vasp might play a role in inducing the reported thrombocytopenia [657].

Disintegrins are mono or dimeric proteins present in the venoms of various vipers that selectively block
the function of integrin receptors [657,663]. They can be divided into five different groups according
to their length and their number of disulfide bonds [663,664]. Integrins are involved in cell-cell and
cell-extracellular matrix interactions, serving as the final common pathway leading to aggregation. In
snake venoms, these small cysteine-rich disintegrins strongly inhibit platelet aggregation and thereby
prevent blood coagulation in bite victims [61,665]. From the 2 different disintegrins expressed in the

transcriptome of Vasp representing 4.97% of toxin expression levels (Figure 2), both are closely related



Chapitre 4 : Analyse protéo-transcriptomique de venin

to disintegrin labein isolated from Macrovipera lebetina and belongs to class Il disintegrin comprising

about 70 amino-acids with 6 disulfide bridges.

Several other toxins were found at lower levels of expression in the Vasp transcriptome, including L-
amino acid oxidases (LAAOs) described as enzyme that inhibits ADP- and collagen-induced platelet
aggregation [666], CRISPs, which are 20 to 30 kDa proteins containing sixteen highly conserved
cysteine residues hypothesized to participate in envenoming by disrupting homeostasis [667,668] and
a phosphodiesterase similar to venom phosphodiesterase 1 from Crotalus adamanteus, which inhibits

platelet aggregation.

,- PLB PDE RLAP N
0.03% 0.19%

Figure 2: Representation of toxins families in Vasp venom gland transcriptome according to
their relative expression levels. 5’-NUC, 5'-nucleotidase; CRISP, cysteine rich secretary protein;
CTL, C-type lectin; Dis, disintegrin; HYAL, hyaluronidase; LAAO, L-amino acid oxidase; NGF,
nerve growth factor; PDE, phosphodiesterase; PLA2, phospholipase A2; PL-B, phospholipase B;
RLAP, renin-like aspartic protease; SVMP, snake venom metalloprotease; SVMPi, snake venom
metalloprotease inhibitor; SVSP, snake venom serine protease; VEGF, vascular endothelial

growth factor.
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3.1.2 Enzyme inhibitor toxins

Kunitz peptides have been found in diverse animal venoms such as snake, cone snails, sea anemone
and spiders [669—673]. The original function described for kunitz-type peptides was the inhibition of
diverse serine proteases, however through natural evolution, they began to develop toxic activities
such as ion channel block [673]. Kunitz-type peptides display a conserved scaffold of about 60 amino
acids stabilized by three disulfide bridges [657,673]. All the 6 different kunitz type peptides expressed
in the transcriptome of Vasp representing 9.87% of toxins expression levels (Figure 2) are structurally
close to serine protease inhibitor, which suggests that the kunitz-type peptides of Vasp are not
employed as toxic weapon. From the other 4 different snake venom metalloprotease inhibitors
expressed in the transcriptome of Vasp representing 13.20% of toxin expression levels (Figure 2), one
of them is related to an endogenous tripeptide snake venom metalloprotease inhibitor and-could-be

an-teresting-candidateto-alleviate Vasp-envenomation-[674]—described from a number of other
Viperinae snake species [674,675].

3.1.3 Neurotoxic toxins

Phospholipases A2 primarily assure digestive functions but also a toxic function, which can manifest in
many different ways such as neurotoxicity, myotoxicity, cardiotoxicity and anticoagulant activity
[657,676]. Indeed the neurotoxicity of Vasp venom is attributed to the presence of three basic
monomeric PLA-2, namely ammodytoxins A,B and C, which are able to block the neuromuscular
junction at the presynaptic level [677,678]. From the 7 different PLA-2 contigs (including 3 complete
sequences, see Figure 3) retrieved from the transcriptome of Vasp representing 15.45% of toxin
expression levels (Figure 2), it is interesting to note that the most expressed one is closely related to
ammodytoxin B, which may explain the neurotoxicity of some Vasp bites (Figure 3). From the two other
complete sequences, one is 100% identical to ammodytin 12 from Vasp, whereas the other shows
99.28% sequence identity with ammodytin 11 from Vasp (only one conservative substitution of I>L).
The others uncomplete PLA-2 sequences are similar to ammodytin 11, ammodytin L(2) and ammodytin

L1, which are not expected to be neurotoxic considering their similarity with ammodytin 12 [679].
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B Vaa 1 WIVAVCLIGVGSLL raun. PLISYSFYGCYCGV e cyciLeficse] IGAIVCGRGTSC 97
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1 MBTLWIVAVCLIGANGHLS LISYTFYGCYCGV! CYGNLPHCSP GAIVCGRGTSC 97

IYWYP 138
‘ I 138
IYW'YP L 138
orm Vasp WIVAVCLI SQrGiMI GIFGX*SYIYYGCYCGV P} Cl SYSE' IVC 96
1  ILWIVAVCLI SQF' GIFGLMSYIYYGCYCGW! C! L\m S’I'YSYB 96
L Ci IVC

TYSYSFON 44
M 138
f 138
I 86
I2(A) isoform Vaa 1 WIVAVCLI YQFGIMT SYSHYGCYCGH Cl CYGRvE SIYSYS! havel pc 97
WIVAVCLI YQFGNMT SYSNYGCYCGW( C CY( SIYSYS! TVC c 97
AATCFY Pssl c 137
AAICF PSS c 137

in L(1'') variant Vaa 11‘1'Lw1vavc1.x SAT 1 PLESYSFYGCHCGL cwﬂsccyalz.slcsPMIY-GA:vccsuP 96
-------- VCLI GI| ITSYSFYGCYCGW! T -=== 50

97 cRRgrcliclaaazc rRcRovsiific 138
L(2) variant Vb 1,:wav1wcu SVI s;; {PITSYSLYGCYCGLG! crvlisceyaBuslicseRmivRvilliNGavecssTscRBar 101
1 ILWIVAVCLI SV PITSYSLYGCYCGLGSEGRPRIATIIN - = = = = = = = = = o o e e e o e e
1 AL chliax 14
102 vlicBBaaa1c sikc 138
15 vllcBRaaazc rLcRREsERC 52

Figure 3: Sequence alignments of PLA2. From the 7 PLA2 related sequence retrieved, 3 are

complete and 4 are truncated.
3.1.4 Toxins with other functions

Some other minor components with many roles have been identified in the transcriptome of Vasp such
as vascular endothelial growth factors (VEGFs) that promote proliferation of vascular endothelial cells
and hypotension [680], a renin-like aspartic protease (RLAP) similar to Echis ocellatus RLAP, which is
highly similar to human and mouse renin, and possibly facilitates the spread of the venom by inducing
local hypertension [657]. One hyaluronidase sequence was identified in Vasp transcriptome, and this
enzyme family is found in wide range of animal venoms where it facilitates the diffusion of other toxins
present in the venom by hydrolysis of the hyaluronic acid [681]. Finally, one nerve growth factor (NGF)

and one nucleotidase were also found but their putative role in venoms remains to be elucidated.
3.2 Toxins identification from venom proteome analysis
3.2.1 Comparative LC-MS of Vasp venom

The venom of one specimen of Vasp was collected sequentially using different methods and analyzed
by LC-MS. Overall, the venoms collected after a defensive bite (letting the snake bite), classic (forcing
the snake bite) and forced milking (same as classic milking but by stimulating the venom glands) show

a very similar total ion chromatogram trace (Figure 4). The profile of each sample can be separated
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into 3 major groups, based on the retention time and molecular masse range. The first group (< 20
minutes elution) contains mostly small molecular masses (< 2 kDa), whereas the second group (~20-
33 min) contains a majority of masses in the 2-4 kDa range. Yet, about half of the TIC is constituted of
masses > 10 kDa, including 3 distinct subgroups. Eluting between 33 and 40 minutes, molecular masses
around 13-14 kDa likely correspond to the PLA2 enzymes and CTL. The remaining subgroups (30-60
kDa and 13-30 kDa) may include SVMP (50-60 kDa), PLB (64 kDa), LAAO (57 kDa), RLAP (43 kDa), QC
(42 kDa), SP (28-30 kDa), NGF (27 kDa) and CRISP (25 kDa).

Vipera aspis aspis

1.0x103-
30-60 kDa
13-14 kDa
8.0x107 13-30 kDa
800-4000 Da
2 6.0x107
)
2 a
(7] o
2 8 S
= 4.0x10'{ o —
= B3 8
\Y <
[
2.0x1074 — Defensive bite
— Forced milking
M — Unforced milking
0 T T T
0 20 40 60

Time (min)

Figure 4: Total lon Chromatogram profiles of Vasp venom.

3.2.2 Bottom up analysis of Vasp venom
To reduce the bias due to intraspecific variations and to allow for a direct correlation between
transcriptomic and proteomic data, the crude venom was also milked from the same specimen prior
to RNA extraction. The MS/MS spectra obtained after reduction, alkylation and digestion of the crude
venom were analyzed by PEAKS studio software using the full assembled transcriptome translated into
the six reading frames. Overall, each toxin family identified in our transcriptomic analysis was validated
by proteomics (with a minimum of one sequence per family). A total of 64 peptides/proteins were
identified in the venom using our assembled transcriptome as reference database (Table 1). Overall, a

good correlation is observed between expression levels in transcriptome and venom composition,
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although variable half-lives of distinct mRNA and differential regulation of the post transcription
machinery can affect this ratio [682]. For instance, PLA2 expression levels are significantly different in
the venom gland transcriptome 15% (Figure 2) compared to the proteome =30% (Figure 5).
Surprisingly, the most expressed PLA2 are similar to ammodytin |11, which is probably not neurotoxic
considering its similarity with ammodytin 12 [679]. The reported neurotoxicity of Vasp bites could
rather be explained by the low level of ammodytoxin B-related toxin, which was the most highly
expressed PLA2 sequence in the transcriptome [677,678]. C-type lectins assume diverse functions,
hence the many isoforms detected in the transcriptome (24% of the toxin transcriptome according to
contig numbers, data not shown), but expression level in the proteome is much lower =12% (Figure

5A).

Snake venom serine protease and disintegrin expression levels in both transcriptome and proteome
are relatively conserved, respectively representing around 12% and 5% of the expression levels
(Figures 2 and 5A). Snake venom metalloproteases are moderately expressed in the venom,
representing around 11% (Figure 5A), whereas transcriptome expression levels were about 22%
(Figure 2) of all toxins. Interestingly, the toxin families represented by only one transcriptomic
sequence were all validated by proteomics, including 5’-nucleotidase, hyaluronidase, L-amino-acid
oxidase, NGF, phosphodiesterase, PLB and renin-like aspartic protease, despite some low

transcriptomic expression levels.

Interestingly, out of the 64 identified sequences, 7 were not initially annotated as venom proteins in

our curated transcriptome.
3.3 Comparison with vipera berus berus venom

Vasp and Vbb are the two vipers most commonly encountered in France, in this section we will discuss
the difference between the venom of these two species potentially explaining the differences in

symptoms following envenomation.
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Vipera aspis aspis Vipera berus berus

RLAP/ \PDE 015%
0.07% 0.15% 0.07%  0.20%

Figure 5: Representation of toxins families in (A) Vasp venom and comparison to (B) Vbb
venom [683] according to their relative expression level in proteome. 5’-NUC, 5'-nucleotidase;
CRISP, cysteine rich secretary protein; CTL, C-type lectin; Dis, disintegrin; HYAL, hyaluronidase;
LAOO, L-amino acid oxidase; NGF, nerve growth factor; PDE, phosphodiesterase; PLA2,
phospholipase A2; PL-B, phospholipase B; RLAP, renin-like aspartic protease; SVMP, snake
venom metalloprotease; SVMPi, snake venom metalloprotease inhibitor; SVSP, snake venom

serine protease; VEGF, vascular endothelial growth factor.

Vipera berus berus is the most widely distributed viper in Europe causing more bites than any of its
congeners [684,685]. The principal local effect of Vbb bites are hemorrhage, edema, myonecrosis,
bruising and pain [684,686,687], hypotension being the most important sign of systemic envenomation
[632,688—-690]. However, neurotoxic effects, systemic hemorrhage and coagulopathy caused by Vbb
envenomation are rare [684,690]. The two most striking differences between compositions of the two
venoms are smaller level of snaclec and PLA2. Latinovi¢ et al. showed that there is no ammodytoxin-

like PLA2 in Vbb venom [657] unlike Vasp venom, which exhibits significant level of ammodytoxin B in
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both venom proteome and transcriptome explaining the recently observed neurotoxicity of Vasp bites
[636,638]. Snaclec are the major inducers of thrombocytopenia, which is clinically manifested as
excessive platelet aggregation/agglutination [657], despite low level of C-type lectin in Vbb venom
compared to Vasp venom thrombocytopenia is relatively frequently in patients poisoned by Vbb [689].
Thus, CTL from Vasp venom along with others perturbing hemostasis toxins actively contribute to

hemorrhage and coagulopathy observed in Vasp envenomation [631,636,638].

Overall, proteo-transcriptomic Vasp venom analysis allowed the identification of 64 proteins.
Moreover, the venom composition is consistent to Vasp bite effects with hemorrhagic effect probably
induced by class Il SVMPs, SNACLECs related to hemostasis impairing toxins presumably playing a role
in reported thrombocytopenia and an Ammodytoxin B-related PLA2 potentially explaining the

neurotoxic effect.
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Table 1: Proteins identified in the Vasp venom by PEAKS studio software using assembled
transcriptome as database. d indicate a deamidation, b a biotinylation and sequence homology
is the result of highest score protein matching the uniprot database. Underline indicates

sequences that were not initially annotated as venom proteins

Accession -10lgP  Coverage #Unique #Spec PTM Avg. Sequence homology (% identity)
peptide Mass
T0941_R_2.5479_L_552_(- 384.53 68% 26 1056 Q20d 20230 Ammodytin 11 isoform 1_ Vipera aspis
2) N86d (99.3%)
N115d
N117d
T0029_R_1.5154_L_2477_(- 357.34 43% 30 392 A324R 90848 Metalloproteinase of class P-Il MPII-
3) Q409d 1_ Vipera ammodytes ammodytes
N413d (88.3%)
Q414d
N433d
N460d
TO018_R_0.5786_L_2733_(- 353.79 44% 70 419 101771 L-amino-acid oxidase_Daboia russelii
2) (92.9%)
T0204_R_0.0162_L_1300_(- 343.79 54% 30 231 V176R 48596 Metalloproteinase_Echis coloratus
3) (76.6%)
T0026_R_0.5265_L_2497_(- 336.41 42% 31 292 Q198d 92452 H3 metalloproteinase 1_Vipera
3) Q205d ammodytes ammodytes (96.3%)
N479d
N549d
T0463_R_0.3263_L_853_(- 315.94 39% 23 509 V128A 30384 Neutral phospholipase A2 ammodytin
2) H129Q 12_Vipera ammodytes ammodytes
F178L (100%)
L182V

N183S
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T0228_R_1.0199_L_1232_(- 311.11 42% 30 536 Q114d 45425 Group Il snake venom
3) Ql4od metalloproteinase_Echis ocellatus
N256d (79.3%)
TO049_R_0.1477_L_2242_(- 308.81 35% 19 143 Q322b 83429 Zinc metalloproteinase-disintegrin-
3) like VLAIP-B_Macrovipera lebetina
(94.9%)
T0004 R 0.1265 L 3240 (- 301.33 32% 35 181 D386N 119908 Xaa-Pro aminopeptidase 2_Boiga
3) Q556d irregularis (88.3%)
T0221_R_1.2515_L_1238_(- 297.93 40% 18 209 G246A 45222 Metalloproteinase H4-A_Vipera
3) ammodytes ammodytes (82.4%)
T0280_R_2.4064_L_1122_(- 294.85 25% 7 392 Q152d 40586 Basic phospholipase A2 ammodytoxin
3) T170S B_ Vipera ammodytes ammodytes
N201d (92.8%)
T0024_R_0.5406_L_2574_(- 29163 17% 14 324 N97d 95126 Serine protease VLSP-1_Macrovipera
1) N99d lebetina (92.7%)
H132R
Q294d
T0178_R_0.3396_L_1392_(- 281.89 40% 19 121 176V 49084 Cysteine-rich venom protein_Vipera
2) L78V berus (92.1%)
T0594_R_0.2911_L_741_(- 279.72  57% 29 195 T130M 27321 Snaclec A5_Macrovipera lebetina
3) Q193E (75.2%)
N194D
TO012_R_0.4819_L_2844_(- 279.28 14% 16 330 N77d 103148  Chymotrypsin-like protease
2) N79d VLCTLP_Macrovipera lebetina (88.7%)
D214N
T1846_R_2.2645_L_300_(- 271.20 72% 2 216 N18d 11411 Basic phospholipase A2 ammodytoxin
1) R73M C_Vipera ammodytes ammodytes
D77N (98.9%)
178V
T0023_R_0.5727_L_2575_(- 270.77 32% 15 137 Q481d 96232 Metalloproteinase F1_Vipera
3) ammodytes ammodytes (92.3%)
T0751_R_1.7657_L_642_(- 269.91 38% 15 378 N64d 23048 Disintegrin Dis-1_Vipera ammodytes
2) N93d ammodytes (98.4%)
T0025_R_0.136_L_2508_(- 268.43 32% 22 94 91858 Ecto-5'"-nucleotidase_Crotalus
2) horridus (91.8%)
T0102_R_1.2094_L_1743_(- 265.08 37% 16 483 K163R 62896 Serine proteinase SP-3_Vipera
3) R178S ammodytes ammodytes
T0257_R_1.0899_L_1162_(- 263.84 56% 21 108 E327R 44038 Metalloproteinase of class P-1Il MPIII-
2) 1_Vipera ammodytes ammodytes
(96.7%)
T0174_R_0.6632_L_1397_(- 260.06 15% 2 568 N113d 52230 Acidic phospholipase A2 ammodytin
3) N115d 11_Vipera ammodytes ammodytes
(100%)
T0898_R_1.0141_L_571_(- 251.83 52% 17 126 N125d 21225 Snaclec B3/B5_Macrovipera lebetina
2) (87.2%)
T1651_R_0.4837_L_368_(- 250.22 46% 9 91 A48W 13886 C-type lectin-like protein
2) 3B_Macrovipera lebetina (95.9%)
T0140_R_0.6417_L_1526_(- 249.83 33% 21 227 N290d 57136 Metalloprotease P-lla
2) N313d 1_Protobothrops flavoviridis (82.9%)
T0203_R_0.3692_L_1300_(- 24154 25% 4 239 G165N 45896 C-type lectin-like protein
1) 3A_Macrovipera lebetina (95.6%)
T1491_R_0.6941_L_400_(- 238.65 57% 25 294 115T 14388 Endogenous tripeptide
2) metalloproteinase inhibitor_Vipera

ammodytes ammodytes (75%)

T0824_R_1.0948_L_600_(- 238.19 43% 6 71 22444 C-type lectin-like protein

2) 3B_Macrovipera lebetina (94.6%)
T0578_R_1.4236_L_750_(- 23490 57% 6 496 Ql174d 27511 Snake venom serine protease

3) nikobin_Vipera nikolskii (93.5%)
T0905_R_0.3701_L_568_(- 231.15 43% 7 84 Q55d 21354 C-type lectin-like protein

2) 3A_Macrovipera lebetina (89.6%)
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TO0O51_R_2.2812_L_2212_(- 230.66 15% 11 233 1329M 81522 Enzymatically inactive serine
1) proteinase-like protein SPH-1_Vipera
ammodytes ammodytes (99.5%)
T0076_R_0.9025_L_1950_(- 229.87 14% 16 114 70907 Venom nerve growth
3) factor_Macrovipera lebetina (97.5%)
T0313_R_0.9123_L_1038_(- 225.03 20% 19 190 N109d 37625 Disintegrin Dis-1_Vipera ammodytes
1) ammodytes (83.6%)
T0335_R_0.9979_L_999_(- 224.19 31% 4 139 F221v 37275 Metalloproteinase of class P-1l MPII-
1) Q319d 3_Vipera ammodytes ammodytes
N323d (88.8%)
Q324d
T1850_R_1.405_L_300_(-2) 223.73 52% 2 438 A9G 10647 Endogenous tripeptide
E17Q metalloproteinase inhibitor_Vipera
N71d ammodytes ammodytes (79.1%)
T0027 R 0.6434 L 2486 (- 21861 7% 7 95 A359Q 93106 Serine protease_Ovophis okinavensis
3) N364d (74.8%)
N375d
T0224_R_1.6894_L_1236_(- 218.42 24% 18 391 44311 Vammin-1_Vipera ammodytes
3) ammodytes (99.3%)
T0255_R_0.9174_L_1166_(- 215.37 43% 4 64 S344R 43565 Metalloproteinase H4-A_Vipera
2) ammodytes ammodytes (87.1%)
TO059_R_0.226_L_2112_(- 211.65 19% 9 172 N311d 75766  Serine proteinase SP-4_Vipera
2) ammodytes ammodytes (87.7%)
TO007_R_0.1209_L_3041_(- 210.15 16% 6 56 113498  Coagulation factor X-activating
3) enzyme heavy chain_Macrovipera
lebetina (87.1%)
T0158_R_0.1249_L_1459_(- 202.04 17% 4 133 N798d 52883 Serine proteinase SP-2_Vipera
3) N81d ammodytes ammodytes (94%)
Q381d
T0020_R_0.0183_L_2635_(- 191.94 23% 15 53 99205 Phosphodiesterase_Macrovipera
2) lebetina (98.6%)
T0609_R_0.1686_L_730_(- 182.88 22% 5 65 N168d 27788 Snaclec coagulation factor X-
2) Al171E activating enzyme light chain
2_Macrovipera lebetina (85.4%)
T0096_R_0.0534_L_1790_(- 181.16 23% 10 37 68579 Phospholipase B-like_Echis coloratus
1) (94.2%)
T0416_R_0.8706_L_900_(- 17595 18% 15 80 L1508 31328 Kunitz-type serine protease inhibitor
2) K169D ki-VN_Vipera nikolskii (91.5%)
K169N
T0580_R_0.3735_L_748_(- 173.51 38% 9 30 K75R 27710 C-type lectin snaclec-1_Vipera
3) Q93d ammodytes ammodytes (76.9%)
T0458_R_0.5124_L_862_(- 172.94 13% 7 38 30869 Metalloproteinase_Echis coloratus
2) (75%)
T1116_R_0.2236_L_498_(- 169.59 25% 5 39 19150 Snaclec coagulation factor X-
3) activating enzyme light chain
2_Macrovipera lebetina (84.1%)
T0741_R_0.0859_L_648_(- 168.22 31% 3 31 22332 Cysteine-rich secretory protein CRISP-
2) 1_Vipera ammodytes ammodytes
(90%)
T0619_R_0.0656_L_720_(- 163.86 21% 7 20 27357 C-type lectin 1_Bitis gabonica (76.1%)

1)

277




Chapitre 4 : Analyse protéo-transcriptomique de venin

T0463_R_0.3263_L_853_(- 162.80 12% 3 38 K269R 28564 Serine proteinase SP-5_Vipera

3) ammodytes ammodytes (65%)

T0131 R 0.0309 L 1584 (- 15893 23% 11 51 59208 Glutaminyl-peptide

1) cyclotransferases_Daboia russelii
(97.8%)

T0441_R_0.0974_L_880_(- 157.17 15% 4 59 31359 Metalloproteinase F1_Vipera

1) ammodytes ammodytes (89.5%)

T0917_R_0.5443_L_564_(- 155.53 36% 6 29 Q152y 21395 C-type lectin snaclec-4_Vipera

2) ammodytes ammodytes (95.9%)

T0119 R 0.0149 L 1657 (- 151.01 17% 7 22 62789 Aminopeptidase_Bitis rhinoceros

2) (95.8%)

T0642_R_0.1723_L_700_(- 14336 15% 5 16 26095 C-type lectin-like protein

3) 4B_Macrovipera lebetina (96%)

T0729 R_0.0128 L 651 (- 143.04 37% 4 28 25126 Aminopeptidase_Bitis rhinoceros

2) (94.9%)

TO189_R_0.1352_L_1346_(- 142.16 13% 2 22 47419 Snaclec coagulation factor X-

2) activating enzyme light chain
1_Macrovipera lebetin (85.9%)

T0019 R 0.0185 L 2728 (- 136.75 5% 2 19 N786d 97936 Disintegrin lebein-2-

1) alpha_Macrovipera lebetina (90.9%)

TO082_R_0.0305_L_1896_(- 132.53 9% 5 10 72376 Hyaluronidase-1_Cerastes cerastes

1) (95.5%)

TO189_R_0.1352_L_1346_(- 130.83 5% 5 31 49074 C-type lectin-like protein

1) 3B_Macrovipera lebetina (96.5%)

T0407_R_0.1158_L_911_(- 12898 9% 9 54 N65D 31357 Kunitz-type serine protease inhibitor

3) 1_Vipera ammodytes ammodytes
(83.3%)

T0037_R_0.1006_L_2374_(- 127.76 7% 5 21 87986 Renin-like aspartic protease_Echis

3) ocellatus (87.7%)

T0232 R 0.0124 L 1228 (- 125.56 11% 5 9 46038 Proactivator polypeptide-

2)

like_Crotalus adamanteus (92.2%)
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Figure S1: Alignments of the 80 toxin-related sequences retrieved from the Vipera aspis aspis
venom gland transcriptome.

5’-nucleotidase
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Conclusions et perspectives

L'étude protéo-transcriptomique du venin de Vipera aspis aspsis a mis en évidence plus d’'une
cinquantaine de nouvelles séquences. Aucune activité de ces séquences n’a encore été démontrée
expérimentalement, cependant celle-ci peut étre estimé par homologie avec les séquences existantes
et ainsi permettre la conception rationnelle de nouveau composés bioactifs, a I'image du captopril, un
inhibiteur de I'enzyme de conversion, qui a été développé a partir de peptides potentialisant la

bradykinine isolée du venin de Bothrops jarararaca.
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6. Conclusions et perspectives

D’un point de vue général, la synthése et la purification d’'une dizaine de peptides variant de 9 a 40
résidus et de 0 a 3 ponts disulfures ont pu étre effectués. La plupart des toxines synthétisées se sont
révélées bioactives ce qui souligne le fort potentiel des peptides de venins comme outils
pharmacologiques et a permis la publication de 5 articles scientifiques ainsi qu’a minima 3 autres en

préparation.

Le coeur de ce travail de thése a été la mise en place d’une stratégie de synthése pour les toxines a 2
ponts disulfures, celles-ci étant majoritairement représentées par la famille des a-conotoxines qui sont
des précieux outils pharmacologiques pour I'étude des récepteurs a I'acétylcholine nicotiniques
neuronaux. Ces derniéres sont classiquement synthétisées en formant le premier pont disulfure par
oxydation a I'air des deux résidus cystéines libres, sur des temps relativement longs allant jusqu’a 24
heures ; les deux autres cystéines étant protégées par des groupements protecteurs acm qui sont
déprotégés et oxydés a I'iode pour former le deuxiéme pont disulfure. La méthodologie mise en place
est largement inspirée de la littérature exceptée que le premier pont disulfure (entre les cystéines
libres) est formé en des temps trés courts (5 min) grace a |'utilisation du DTP. Ce réactif bien que décrit
pour la premiére fois en 1999 comme activateur des groupements thiols pour la formation de ponts
disulfures en des temps tres courts (5 min), n’avais jusqu’a présent pas été employé pour la formation
de multiples ponts disulfures de maniéere séquentielle. Enfin un gain de temps supplémentaire a été
permis par la suppression de I'étape de lyophilisation intermédiaire. L’évolution de la méthodologie
de synthése est décrite dans la Figure 17. Cette méthodologie a pu étre appliquée aussi bien a des
peptides de taille moyenne (= 15 résidus) qu’a des peptides de plus grande taille (40 résidus) et des
peptides modifiés cycliques du N-ter au C-ter. Elle est rapide et efficace et serait donc particulierement
pertinente dans le cadre de la production d’un grand nombre d’analogues par chimie combinatoire en

vue d’un screening sur un récepteur en particulier ou sur une large gamme de récepteurs.
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Figure 17: Evolution de la méthodologie de synthése de peptides a deux ponts disulfures au
cours du temps. Les essais infructueux de repliement oxydatif sous controle
thermodynamique, notamment sur la séquence CIA, nous a conduit a l'utilisation de
méthodologie de formation régiosélective. Les temps de synthése ont pu étre grandement
améliorés grace a I'utilisation du DTP qui permet une formation rapide du premier pont

disulfure et la suppression de I'étape de lyophilisation intermédiaire.

La mise en place d’une stratégie de synthese a 3 ponts s’est révélée plus délicate et a mis en évidence
une premiéere limitation du DTP. En effet celui-ci ne semble pas efficace pour la formation de ponts
difficiles a former pour des raisons de contraintes stériques. En effet il s’est avéré que I'ordre de
formation des ponts est essentiel et cela questionne sérieusement l'intérét de l'utilisation d’une
stratégie régiosélective pour la synthése de peptides contenant plus de 2 ponts disulfures. En effet en
plus de nécessiter de connaitre au préalable I'appariement des ponts disulfures, il est nécessaire de
tester plusieurs ordres de formations, de ce point de vue le folding oxydatif sous contréle

thermodynamique apparait étre une meilleure alternative.

Les toxines bioactives malgré leur résistance accrue a la dégradation enzymatique grace a leurs
multiples ponts disulfures sont tout de méme sujettes aux problemes de perméabilité membranaire
caractéristique des peptides. Malgré les progrés effectués en chimie médicinale, il n’existe a I'heure
actuelle aucune recette magique pour rendre un peptide disponible par voie orale. Il ne fait nul doute

gue les futures recherches en chimie médicinale seront dirigés en ce sens.
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Résumé/Abstract

Résumé/Abstract
Titre : Synthése de peptides bioactifs inspirés des venins

Les venins animaux ont évolué pour la défense et pour faciliter la prédation. Ainsi, les toxines qui les
composent ont souvent pour but d’incapaciter la proie ou le prédateur, notamment en ciblant des
fonctions physiologiques clés telles que 1’hémostase, la jonction neuromusculaire ou la perception de la
douleur et sont généralement de nature peptidique. Ces peptides riches en ponts disulfures provenant
des venins présentent une structure tridimensionnelle contrainte et une stabilité plasmatique accrue
comparé aux peptides linéaires. La conservation et la ressemblance des récepteurs de la proie/du
prédateur avec les récepteurs humains expliquent que ces peptides de venins soit une source unique de
composés originaux pour le design d’outils pharmacologiques et de molécules thérapeutiques. Bien que
la plupart des toxines typiques modulent les canaux ioniques assurant la transmission de 1’information
nerveuse, nous avons d’abord commencé par étudier le potentiel des toxines linéaires et a 1 pont sur des
cibles plus rarement explorées tels que les récepteurs couplés aux protéines G (chapitre 1). Cependant,
la majorité des toxines étant composeées de 2 ou 3 ponts disulfures, nous avons ensuite opté pour la mise
en place d’une stratégie robuste de synthése de peptides a deux ponts. Ainsi, la synthése de plusieurs o-
conotoxines (chapitre 2) a permis leur caractérisation structurale par RMN et pharmacologique sur les
récepteurs nicotiniques. Une extension de ce travail sur une séquence prometteuse ayant une activité
duale sur les récepteurs musculaire et neuronaux a été effectuée par cyclisation N-C. Enfin, ce travail a
été étendu a la synthése de toxines plus longue ciblant d’autres canaux ioniques et comportant 3 ponts
disulfures (chapitre 3). Pour finir, la synthése de nouvelles toxines découvertes dans des banques de
données issues de divers transcriptomes de glandes a venin a été initiée, et nous avons réalisé ’analyse
protéo-transcriptomique d’un venin de serpent pour I’identification de nouvelles toxines (chapitre 4).

Mots-clés : Venins, Toxines, Ponts disulfures, Synthese, Caractérisation structurale, Caractérisation
pharmacologique, Outils pharmacologiques

Title: Synthesis of bioactive peptides from venoms

Animal venoms have evolved for defence and to facilitate predation. The toxins they contain are often
intended to incapacitate the prey or predator, by targeting key physiological functions such as
hemostasis, neuromuscular junction or pain perception and are generally peptides. These disulfide-rich
venom peptides have a constrained three-dimensional structure and increased plasma stability compared
to linear peptides. The conservation and similarity of prey/predator receptors to human receptors makes
venom peptides a unique source of lead compounds for the design of pharmacological tools and
therapeutic compounds. Although most typical toxins modulate ion channels that transmit nerve
information, we first studied the potential of linear and 1-bridge toxins on more rarely explored targets
such as G-protein coupled receptors (Chapter 1). However, since most toxins are composed of 2 or 3
disulfide bridges, we then opted to set up a robust strategy for synthesis of toxins with two disulfide
bridges. Thus, the synthesis of several a-conotoxins (chapter 2) allowed their structural characterization
by NMR and pharmacological characterizaton on nicotinic receptors. An extension of this work on a
promising sequence with dual activity on muscle and neural receptors was performed by N-C
cyclization. This work was extended to the synthesis of longer toxins targeting other ion channels and
containing 3 disulfide bridges (chapter 3). Finally, the synthesis of new toxins discovered in databases
from various venom gland transcriptomes was initiated, and we performed proteo-transcriptomic
analysis of snake venom for the identification of new toxins (Chapter 4).

Keywords: Venoms, Toxins, Disulfide bridges, Synthesis, Structural characterization, Pharmacological
characterization, Pharmacological tools



