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 Ce manuscrit a été rédigé sous la forme d’une « thèse sur article ». Il est composé de 

quatre chapitres chacun présentant un article scientifique publié ou à soumettre à l’issue 

des travaux de recherche entrepris. Les publications originales en langue anglaise ont été 

incluses avec un résumé en langue française présenté au préalable. 

Dans le premier chapitre, les stratégies actuelles d’application du molecular networking 

(technique des réseaux moléculaires) pour l’identification et l’isolement de nouveaux 

produits naturels seront abordées. Une description générale des approches de déréplication 

reposant sur cette innovation sera réalisée. En outre, les différentes étapes clés concernant 

l’utilisation de cet outil seront développées.    

Le deuxième chapitre est consacré à décrire la conception d’une base de données 

d’alcaloïdes indolomonoterpéniques (AIMs) au sein de notre laboratoire, avec les apports de 

plusieurs laboratoires de pharmacognosie : la MIADB (Monoterpene Indole Alkaloids 

DataBase). Une description générale des AIMs sera montrée, ainsi que leur origine 

biosynthétique, en introduction. 

Les deux chapitres suivants correspondent à des applications de cette méthodologie, avec 

l’étude chimique et l’isolement de nouveaux AIMs à partir d’Apocynaceae. Les espèces 

étudiées seront présentées. Les articles correspondants seront ensuite proposés. 

Le troisième chapitre, dédié à une première application de la MIADB, décrit l’exploration de 

l’espace chimique des écorces de Geissospermum laeve (Vell.) Miers.   

Finalement, un quatrième chapitre mènera à une nouvelle approche de déréplication : 

l’utilisation du molecular networking avec une annotation in silico par MetWork. 

L’application de cette méthode pour l’exploration de la diversité chimique des feuilles 

d’Alstonia balansae Guillaumin. 

Enfin, une conclusion générale est présentée, ainsi que les perspectives envisageables après 

ces travaux. 

PRÉAMBULE 
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 L’influence de l’ère du big data dans le monde a touché plusieurs aspects de nos 

vies.1 Nos manières de vivre, de communiquer, de travailler et de réfléchir ont été 

transformées par cette nouvelle vague où l’information de notre quotidien est numérisée.  

 Dans ce contexte, la façon de « faire de la science » de nos jours a aussi changé. Elle 

est même complètement différente de celle d’il y a quelques années. Les expériences sur la 

paillasse sont à présent complétées par des traitements informatiques des données. De 

cette manière, les molécules que l’on connaissait seulement sous la forme de structures 

dessinées sur un papier sont devenues aujourd’hui de l’information numérisée exploitable 

par des méthodes modernes de traitement, interfacées avec les méthodes d’analyse. 

Au cours de ces dernières années, la découverte de composés inédits dans des 

extraits issus de plantes ou d’autres organismes vivants est devenue plus facile, en raison de 

l’accès à des techniques plus sensibles d’analyse de mélanges complexes. L’image de 

« trouver une aiguille dans une botte de foin » évoquait de manière précise la difficulté 

existant dans l’art de l’isolement des produits naturels. Ainsi, l’influence du traitement de 

données massives a bouleversé le processus d’isolement des substances naturelles. C’est 

ainsi que des nouvelles techniques permettant une identification précoce des molécules à 

structure inédite dans des mélanges complexes ont été ajoutées au portfolio des méthodes 

utilisées par plusieurs équipes de recherche autour du monde.2 De plus, grâce au partage 

des connaissances au moyen des réseaux du big data, des collaborations entre laboratoires 

pour améliorer ces techniques ont été établies. 

Parallèlement, ces collaborations ont mené à la création de bases de données qui 

ont été mises à la disposition de toute la communauté scientifique.3 L’annotation des 

composés déjà décrits est donc plus efficace, permettant d’identifier précocement les 

molécules à cibler au cours de travaux d’exploration de la diversité chimique des mélanges 

complexes. 

Dans ce manuscrit, ces changements de paradigme seront illustrés, avec la 

constitution d’une base de données issue de la collaboration entre plusieurs laboratoires 

ayant un historique de recherche autour des alcaloïdes indolomonoterpéniques (AIMs) et 

l’application d’une démarche de déréplication adaptée à l’étude phytochimique 

d’Apocynaceae. Le plan suivi a été présenté en préambule. 

 

                                                      
1 S. John Walker,  Int. J. Advert., 2014, 33, 181-183. 
2 J. Hubert, J.-M. Nuzillard, et al.,  Phytochem Rev., 2017, 16, 55-95. 
3 M. Wang, J. J. Carver, et al.,  Nat. Biotechnol., 2016, 34, 828. 
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CHAPITRE I : STRATÉGIES D’APPLICATION DU MOLECULAR NETWORKING 

POUR L’ISOLEMENT DE PRODUITS NATURELS 
 

1. INTRODUCTION 
 

1.1 Approche par molecular networking : description générale 
 

Pour les chercheurs dans le domaine des produits naturels, deux outils au minimum 

s’avèrent indispensables pour la caractérisation correcte de la structure de molécules : la 

résonance magnétique nucléaire (RMN) et la spectrométrie de masse (SM). La RMN s’est 

positionnée comme l’outil le plus important pour réaliser cette tâche. D’autre part, la SM a 

longtemps servi à principalement fournir les formules brutes des composés isolés, à côté de 

l’analyse élémentaire.4 Des approches nouvelles permettent maintenant de tenter des 

déterminations structurales avec la SM seule, aux stéréochimies près.5 

Dans le cadre de l’appréhension de la complexité moléculaire des mélanges 

complexes, la SM s’est consolidée comme un outil de choix pour une annotation efficace de 

produits naturels dans un mélange. En effet, cette technique est à l’heure actuelle 

largement utilisée pour identifier de manière précoce des composés déjà connus, afin 

d’éviter l’utilisation inutile de ressources pour les isoler.2 Cette façon de procéder est 

connue sous le nom de « déréplication ». 

Depuis son implémentation en ligne, la technique du molecular networking6 (réseaux 

moléculaires) a largement facilité la visualisation et la façon de cibler des produits naturels 

dans des mélanges complexes. Cette technique fondée sur la spectrométrie de masse, 

permet une comparaison des spectres SM/SM des ions détectés provenant d’un échantillon 

suite à une séparation chromatographique. Ensuite, un score de similarité (appelé 

« cosine ») est calculé pour représenter l’analogie structurale entre chaque paire de 

composés du mélange. Ainsi, cette technique permet d’organiser et de visualiser des 

données SM/SM sous la forme d’une carte de similarité spectrale, mettant en lumière 

l’existence de groupes spectraux ainsi que leurs degrés de similarité. L’outil disponible pour 

les chercheurs – le logiciel Cytoscape et l’environnement de travail avec la base de données 

collaborative GNPS3, pour « Global Natural Product Social molecular networking » – ont été 

mis en place par l’équipe de P. Dorrestein, de l’University of California à San Diego. Un outil 

alternatif similaire est développé par l’ICSN-CNRS à Gif-sur-Yvette (disponible sur : 

https://github.com/metgem).7 

                                                      
4 N. B. Cech & K. Yu,  LC GC N. Am., 2013, 31, 938-947. 
5 D. Nikolić,  Phytochem Lett., 2017, 21, 292-296. 
6 J. Y. Yang, L. M. Sanchez, et al.,  J. Nat. Prod., 2013, 76, 1686-1699. 
7 F. Olivon, N. Elie, et al.,  Anal. Chem., 2018. 
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Depuis sa création, cette technique a été intégrée au « workflow » (flux de travail) 

quotidien de déréplication de nombreuses équipes. En effet, la comparaison des spectres 

d’un échantillon avec ceux de substances de référence permet l’annotation du réseau 

moléculaire obtenu. On peut rapidement distinguer des molécules déjà décrites et dédier 

les efforts d’isolement aux composés potentiellement nouveaux. 

1.2 Traitement des données 
 

Avant de soumettre les données de l’échantillon au site du GNPS, elles doivent être 

prétraitées. Ceci a comme but de réduire l’information qui correspond au bruit de fond, 

d’ôter les isotopes des massifs isotopiques, etc. Bien qu’il existe une large gamme de 

logiciels permettant de réaliser ce traitement, l’outil le plus utilisé à l’heure actuelle est 

MZmine 2.8, 9 Généralement, plusieurs paramètres de traitement différents doivent être 

testés avec ce logiciel avant d’obtenir une collection de spectres SM/SM correcte de 

l’échantillon analysé. Par ailleurs, d’autres outils peuvent être utilisés pour le traitement des 

données SM/SM, comme MassHunter® (Agilent)10 ou OpenMS11. 

 

1.3 Bases de données utilisées comme référence 
 

Dans l’optique de réaliser une déréplication efficace, les équipes de recherche 

autour du monde ont créé des collections de spectres SM/SM pouvant être utilisées comme 

référence. Deux types de base de données peuvent être employés : 

• Des bases de données de spectres SM/SM générées in silico. Un exemple est celle 

créée par Pierre-Marie Allard et al. en 2016,12 constituée à partir de 170602 produits 

naturels issus du Dictionnary of Natural Products fragmentés in silico avec l’outil 

CFM-ID (Competitive Fragmentation Modeling for Metabolite Identification, 

disponible sur : http://cfmid.wishartlab.com/)13. L’emploi de la fragmentation in 

silico pour la déréplication tend à se populariser14 et sera exploitée dans le dernier 

chapitre de ce manuscrit. 

• Des bases de données de spectres SM/SM expérimentaux.15, 16 Ce sont les bases de 

données les plus répandues. Une grande quantité de ce genre de collections est 

disponible sur le site du GNPS (https://gnps.ucsd.edu/ProteoSAFe/static/gnps-

splash.jsp). La base de données d’alcaloïdes indolomonoterpéniques constituée par 

notre équipe depuis 2015 fait aussi partie de ces collections (voir chapitre II). 

                                                      
8 T. Pluskal, S. Castillo, et al.,  BMC Bioinform., 2010, 11, 395. 
9 F. Olivon, G. Grelier, et al.,  Anal. Chem., 2017, 89, 7836-7840. 
10 F. Olivon, F. Roussi, et al.,  Anal. Bioanal. Chem., 2017, 409, 5767-5778. 
11 H. L. Röst, T. Sachsenberg, et al.,  Nat. Methods, 2016, 13, 741. 
12 P.-M. Allard, T. Péresse, et al.,  Anal. Chem., 2016, 88, 3317-3323. 
13 F. Allen, A. Pon, et al.,  Nucleic Acids Res., 2014, 42, W94-W99. 
14 R. R. da Silva, M. Wang, et al.,  PLOS Comput. Biol., 2018, 14, e1006089. 
15 D. Krug & R. Müller,  Nat. Prod. Rep., 2014, 31, 768-783. 
16 A. Bouslimani, L. M. Sanchez, et al.,  Nat. Prod. Rep., 2014, 31, 718-729. 
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1.4 Types de stratégie appliqués 
 

L’information originale des réseaux moléculaires peut être complétée par d’autres 

types de données. Cela peut être fait de deux manières : 

• Intégration d’une information complémentaire au réseau moléculaire dans le but de 

cibler d’une manière plus spécifique des molécules ayant une caractéristique en 

particulier, ou d’apporter un degré de compréhension supplémentaire à la 

représentation graphique de données CL-SM/SM, notamment dans le cadre de la 

comparaison d’échantillons. 

• Construction du network séparément puis association de l’information relevée à 

celle obtenue à partir de l’utilisation d’autres techniques. 

 

Dans le premier type de stratégie, des informations comme l’activité biologique des 

molécules peuvent être intégrées au réseau moléculaire. Dans ce contexte, envisageant la 

découverte de produits naturels bioactifs, les équipes de chimie des substances naturelles 

et de spectrométrie de masse de l’ICSN, avec les travaux de Florent Olivon et al., ont 

considéré l’inclusion de l’information taxonomique et de résultats de tests biologiques dans 

les réseaux moléculaires. C’est ainsi qu’ils ont entrepris l’exploration raisonnée de l’espace 

chimique de Bocquillonia nervosa et Neoguillauminia cleopatra (Euphorbiaceae).17 

 

 En ce qui concerne le deuxième type de stratégie, l’information obtenue des réseaux 

peut être associée avec l’épigénétique ou le genome mining. Cette approche est surtout 

utilisée dans des études orientées vers l’identification de clusters de gènes à l’origine 

biogénétique de métabolites analogues, dans le but de faire des prédictions structurales des 

molécules partageant le même cluster dans un réseau moléculaire. C’est ainsi que l’équipe 

de recherche de Kleigrewe a appliqué cette méthode pour explorer la diversité structurale 

de cyanobactéries marines.18  

 

1.5 Outils et stratégie visant à améliorer la pratique du molecular networking 
 

En raison de l’application maintenant courante des approches de déréplication 

basées sur la technique du molecular networking, de multiples outils et algorithmes ont été 

développés par la communauté scientifique pour améliorer la façon d’annoter. C’est ainsi 

que des outils d’annotation in silico ont été conçus pour rendre plus informatives les 

réseaux moléculaires. Parmi ces outils, nous pouvons citer Sirius (disponible sur 

https://bio.informatik.uni-jena.de/software/sirius/).19 Cet algorithme analyse les patterns 

isotopiques (ou signatures isotopiques) des molécules pour déterminer des formules brutes. 

  

                                                      
17 F. Olivon, P.-M. Allard, et al.,  ACS Chem. Biol., 2017, 12, 2644-2651. 
18 K. Kleigrewe, J. Almaliti, et al.,  J. Nat. Prod., 2015, 78, 1671-1682. 
19 S. Böcker, M. C. Letzel, et al.,  Bioinformatics, 2008, 25, 218-224. 
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De plus, les patterns de fragmentation des composés sont analysés en utilisant des 

arbres de fragmentation mis en ligne sur CSI:FingerID (disponible sur https://www.csi-

fingerid.uni-jena.de/).20 

 

Un deuxième exemple d’outil d’amélioration de l’approche classique est la 

propagation de l’annotation in silico (NAP, pour Network Annotation Propagation).14 Il 

permet la génération in silico par MetFrag de structures potentielles dans le voisinage d’un 

nœud en particulier. Ensuite, les propositions sont classées en fonction d’un score calculé 

par l’outil MetFusion.  

 

Un dernier outil récemment créé par Gregory Genta-Jouve et Yann Bauxis, appelé 

MetWork, se montre comme une méthode très puissante d’annotation in silico à partir des 

annotations expérimentales.21 Les molécules qui « matchent » sont métabolisées 

virtuellement par la plateforme en suivant des réactions sélectionnées par l’utilisateur, puis 

leurs spectres SM/SM sont générés in silico avec CFM-ID et comparés à ceux des molécules 

de l’échantillon. 

 

La description et l’emploi de tous ces outils seront développés de manière plus 

approfondie dans la seconde partie de ce chapitre, conçue comme un article de 

perspectives pour le périodique Natural Products Reports. L’évolution de l’emploi du 

molecular networking pour la recherche de petites molécules naturelles sera présentée, 

avec une focalisation sur les différences de stratégies et de paramètres des équipes 

utilisatrices. Une lettre d’intention a été transmise au comité éditorial de Nat. Prod. Rep. et 

a obtenu une réponse favorable. Ce highlight est attendu pour le mois décembre prochain. 

La version soumise différera probablement légèrement de celle présentée ici.  

  

                                                      
20 K. Dührkop, H. Shen, et al.,  Proc. Natl. Acad. Sci. USA, 2015, 112, 12580-12585. 
21 Y. Beauxis & G. Genta-Jouve,  Bioinformatics, 2018, 10.1093/bioinformatics/bty864. 
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Stratégies de ciblage de produits naturels basées sur les réseaux moléculaires :  

Des approches différentes, un même objectif 

 

Article soumis à Natural Products Reports 

 

 
Résumé : Des progrès remarquables des outils bio-informatiques ont récemment fait 
progresser le domaine de la recherche sur les produits naturels (PNs), permettant aux 
chimistes de cette discipline d’effectuer un isolement orienté et efficace de ces molécules, 
en accélérant la hiérarchisation dans le flux du travail d’isolement. Parmi ces outils, la 
technique de réseaux moléculaire fondés sur la spectrométrie de masse tandem apparaît 
aujourd’hui comme une approche prometteuse pour dérépliquer les extraits naturels, 
entraînant une véritable révolution dans « l’art de l’isolement des substances naturelles » 
en accélérant le rythme de recherche dans ce domaine. Ce highlight illustre, à travers des 
exemples choisis et emblématiques, une nouvelle conception de l’isolement de PNs en 
faisant un parallèle entre les différentes philosophies sous-jacentes à l’utilisation des 
réseaux moléculaires pour cibler des PNs. 
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natural product chemists in the enviable position of being able to perform an efficient targeting/discovery of previously 

undescribed molecules, by expediting the prioritization of the isolation workflow. Among these advances, MS/MS 

molecular networking has appeared as a promising approach to dereplicate complex natural product mixtures, leading to a 

real revolution in the “art of natural product isolation” by accelerating the pace of research of this field. This review 

illustrates through selected cornerstones studies the new thinking in natural product isolation by drawing a parallel 

between the different underlying philosophies behind the use of molecular networking in targeting natural products. 
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1 Introduction 

The large amount of knowledge derived from the 

comprehensive study of natural products (NPs) has provided 

society with a wealth of fundamental insights as well as 

applied tangible advancements.1 

Remarkably, landmark advances in bioinformatics tools and 

analytical chemistry, particularly in mass spectrometry (MS), 

have recently enhanced the field of NP research,2 putting 

today’s practicing chemists in the enviable position of being 

able to efficiently speed up the NPs discovery process.3, 4 In 

this context, molecular networking (MN) has proved to be a 

very efficient tool to rapidly identify new NPs within complex 

mixtures. This emerging computer-based approach allows to 

visualize and organize tandem MS/MS data sets and to 

automate database searches for specialized metabolite 

identification.5 Since its introduction in 2012, this dereplication 

technique has totally revolutionized the “art of NP isolation” 

enabling the transition from the traditional “grind and find” 

model to a streamlined hypothesis-driven targeting of NPs. 

Although the breadth of MN applications has recently been 

reviewed by Dorrestein et al.6, 7 and Pevzner et al.8, we wish to 

disclose herein a critical assessment of the several NPs 

targeting strategies involving MN without paying attention to a 

specific class of NPs, and clearly dedicated to NP chemists from 

a practical point of view. Therefore, this review is intended to 

illustrate through selected cornerstones studies the new 

thinking in NP isolation by drawing a parallel between the 

different underlying philosophies behind the use of MN in 

targeting NPs, as developed by an increasing number of 

research groups. As a consequence of the overwhelming 

number of these studies, this review is not comprehensive, 

therefore we apologize for omitting many contributions to the 

advance of this exciting research field. As a general guideline 

to understand the organization of this review, the first section 

will cover the different strategies that have been developed in 

order to perform efficient annotations of molecular networks. 

The second section will discuss the different studies that 

combined MN to other techniques. The last section, will give 

an overview of the latest improvements that have been  
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Fig. 1 Examples of multiple sources of data for the annotation of a molecular network. 

recently implemented to ameliorate and sharpen the practice 

of MN. 

2 Toward an efficient annotation of molecular 
networks 

From an applied standpoint, a molecular network represents a 

road-map that can be further enriched by multiple functional 

annotations including different kind of data such as biological, 

taxonomical, or spectrometric, etc (Fig. 1). In other words, an 

efficient annotation of molecular networks should not only 

shed light on unexplored region of the chemical space but also 

fire the starting gun to deploy the isolation efforts toward 

targeted NPs. Interestingly, the quest for tackling the issue of 

molecular networks annotation fuelled a number of successful 

and creative endeavors in the NP research community. Some 

of them are summarized thereafter. 

2.1 Integration of spectrometric data 

The success of a MN-based dereplication relies greatly on the 

quality and the availability of MS/MS data. Even though the 

Global Natural Product Social Molecular Networking (GNPS,9 

available at: https://gnps.ucsd.edu/ProteoSAFe/static/gnps-

splash.jsp) community has already contributed more than 

70000 annotated MS/MS spectra, the dereplication process 

annotates only a limited number of nodes. To overcome this 

issue, alternative solutions were sought. The latest studies 

related to these alternatives are reported below. 

 
2.1.1 Dereplication via in-house experimental MS/MS data 

One of our first forays in the MS/MS MN-guided isolation of 

NPs sought to explore the overlooked monoterpene indole 

alkaloids (MIAs) chemical space related to some understudied 

Apocynaceae plant. To address the key issue of limited node 

annotations due to the low occurrence of this family of NPs in 

the GNPS library, we embarked on the implementation of an 

in-house MS/MS database for these compounds. At the outset 

of our endeavors, the latter was constituted of 55 Gentianales 

alkaloids and covered more than 50% of the 42 known MIA 

skeletons. Today, this database is available under the generic 

name of Monoterpene Indole Alkaloids DataBase (MIADB) and 

contains 172 MS/MS spectra that have been deposited on the 

GNPS library and MetaboLights (study identifier: MTBLS142).10 

Geissospermum laeve, a previously studied Apocynaceae 

species native to northern South America, was the subject of a 

study employing this strategy.11 In order to prioritize the 

isolation workflow toward previously undescribed MIAs, an 

alkaloid extract of the stem bark was analyzed by HPLC-Q-TOF-

MS in positive ion mode, and then the obtained MS/MS data 

along with the MS/MS spectra of the aforementioned in-house 

database were then submitted to the GNPS online platform 

and organized as molecular networks. As a first dereplication 

step, the metabolites contained in the extract were annotated 

by the GNPS library, affording only one hit, namely yohimbine, 

which did not match the standard from the MIADB. This 

finding supported the interest of dereplicating the extract 

against our in-house database. Besides, on the whole 

molecular network of the alkaloid extract of G. leave 

annotated by the MIADB, two clusters appeared of particular 

interest, due to the presence of matches with the in-house 

database. The first cluster was characterized by the presence 

of monomers together with the already-described and 

structurally related bisindoles geissospermine12 and 

geissolosimine.13 Interestingly, these two molecules were 

linked to an unidentified compound that resulted to be an 

oxidized analogue of geissospermine, assigned as 3′,4′,5′,6′- 

https://gnps.ucsd.edu/ProteoSAFe/static/gnps-splash.jsp
https://gnps.ucsd.edu/ProteoSAFe/static/gnps-splash.jsp


Journal Name  

ARTICLE  

This journal is © The Royal Society of Chemistry 2018 J . Name., 2018, 00,  1-3 | 3 

Please do not adjust margins 

Please do not adjust margins 

Please do not adjust margins 

31 

 

Fig. 2 MS/MS guided isolation of monoterpene indole alkaloids using MIADB. 

tetradehydrogeissospermine (1) (Fig. 2). In the second cluster, 

serpentine, a MIA that has never been described in the genus 

Geissospermum, was connected to several nodes, indicating 

the likely presence of unexpected analogs. Satisfyingly, 

exploration of this cluster subsequently allowed the targeting, 

identification and isolation of two new NPs: geissolaevine (2) 

and O-methylgeissolaevine (3) (Fig. 2), which remarkably 

constituted the first examples of natural β-carboline alkaloids 

bridged to a butenolide ring. This discovery exemplifies how an 

efficient annotation of a molecular network may allow the 

targeting of unexpected chemistries from a previously 

investigated plant. Notably, in this study, the level of 

confidence of each match was assessed using Schymanski 

rules14 by comparison of HRMS data, MS2 spectra, and 

retention times (RT). As a second example of our MIAs-

discovery program using MN, we were, recently, able to target 

and characterize, theionbrunonines A and B (4 and 5) (Fig. 2), 

the first examples of monoterpene bisindole alkaloids linked 

by a thioether bridge from the stems of Mostuea brunonis 

(Gelsemiaceae).15 In this study, the MS/MS data were 

preprocessed by MZmine 216 prior to their submission to the 

GNPS platform. This crucial step will be detailed in the last 

section (4.1) of this review. Furthermore, unlike the preceding 

study, the obtained molecular network was annotated by the 

MIADB hosted by the GNPS, rather than including the MS/MS 

spectra related to the standards into the MS/MS data of the 

extract. In a similar spirit of seeking to achieve streamlined 

targeting of NPs using MN, our group was attracted by the 

chemical diversity produced by Dactylospongia 

metachromia,17, 18 a Polynesian marine sponge from the 

Thorectidae family. This species has been extensively studied 

and is known to produce several compounds of the quinone 

sesquiterpenes and sesquiterpene benzoxazoles series.19 

Among these molecules, ilimaquinone (6) (Fig. 3) is a well-

known quinone sesquiterpene, displaying a large array of 

biological properties.20, 21 Our plan was to elaborate an 

efficient approach to target new analogs of this molecule. To 

attain this, we harnessed the clusterizing power of MN in 

order to match structurally related NPs using a well-tailored 

semisynthetic phishing probe (7) (Fig. 3), prepared from 

ilimaquinone (6).22 This semisynthetic compound was a typical 

zwitterionic quinonoid, with a para-benzomonoquinoneimine 

system, displaying a blue color. It should be noted that this 

motif was notably unknown in natural substances. Ethyl 

acetate extracts of D. metachromia collected from Fakarava 

and Rangiroa archipelagos (French Polynesia) as well as the 

above mentioned semisynthetic phishing probe (7), were 

analyzed by HPLC-Q-TOF-MS in positive ion mode. The 

obtained fragmentation data were organized by MN. A rapid 

exploration of the generated network allowed the 

identification of the reference substance connected to several 

nodes, suggesting .the presence of potential natural analogs.  
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Fig. 3 Overview of the “Chemistry First” approach used for the discovery of dactylocyanines A-H (8-15). 

Indeed, the MS/MS data of the incorporated phishing probe 

acted as “seed” spectra, providing a solid anchor in the global 

molecular network. Therefore, the potential natural analogs 

were targeted for further isolation and structural elucidation. 

Ultimately, this “Chemistry first” approach in combination with 

MN allowed the streamlined isolation of eight new 

naturalcompounds (dactylocyanines A-H) (8-15) (Fig. 3) bearing 

the anticipated zwitterionic diamino-meta-quinonoid blue 

scaffold.23 This study constitutes an interesting example of 

anticipated NPs isolation. 

In a similar line of research, Gerwick et al. explored the 

chemical space of 20 crude extracts of cultured marine 

cyanobacteria using quantitative MN annotated by in-house 

MS/MS data.24 As these species are known to produce in 

majority low-polarity metabolites,25 they underwent lipid 

extraction using a 2:1 mixture of CH2Cl2/MeOH. The extracts 

were then analyzed by HPLC-IT-MS with an ESI source working 

in positive mode. Besides, 60 pure marine NPs and NP analog 

samples were likewise analyzed to act as reference substances 

for further dereplication.  

In order to map the semi-quantitative distribution of the 

compounds across the different samples on the MN, a script, 

named TOrTE (for Tandem-MS Origin Tracing Engine) was 

applied. This tool tracks MS/MS data file behind each node of 

the network to generate an extracted ion chromatogram (XIC). 

Each ion is represented as a chromatogram peak and its 

corresponding area under the trace is then calculated and 

stored in an annotation table, with one row for each node and 

a column for each MS/MS data file. This allowed determining 

the distribution of each metabolite within the studied species, 

appearing in the network as pie charts with color tags for each 

sample. Application of this approach allowed the prompt 

recognition of eight matching metabolites related to 

dolastatines, veraguamides and barabamides series. The nodes 

of these well-known molecules were connected to numerous 

potential analogs, among which 30 were identified. Notably, 

the most interesting finding in the generated network was the 

identification of the structurally intriguing antifungal and 

antitumoral lipopeptides malyngamides C (16), C acetate (17), 

(Fig. 4) H, I, and K as well as their producers, namely: a black 

Morea sp. and Okeania hirsuta. Moreover, the application of 

the TOrTE script allowed the quantification of the molecules 

produced by each of them, identifying O. hirsuta as the most 

prolific producer of malyngamide C (16). As the biosynthetic 

pathway of 16 and 17 was enigmatic, this finding allowed to 

scale-up the culture of O. hirsuta for genome sequencing. 

Recently, these efforts allowed to decipher the biosynthetic 

pathway of type A malyngamides.26 

As a comment regarding the preprocessing step of the MS/MS 

data related to the preceding studies, it should be noted that 

in the work related to the phytochemical study of G. laeve the 

MS/MS data were preclusterized and converted from the .d 

(Agilent format) to .mgf format via the Auto-MS/MS (AMS) 

algorithm implemented in the MassHunter software prior to 

the GNPS upload, therefore, the multiple collision energies 

used in the analyses were averaged. In Gerwick’s et al. work, 

the data files were converted from the .RAW format (Thermo 

standard data-format) to the .mzXML format using the 

software MS-Convert.27  

 

 

Fig. 4 Structures of malyngamide C (16) and malyngamide C acetate (17).  
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Fig. 5 ISDB-based dereplicative pipeline and structure of O-methyl-mappain (18) and SWFs K-Q (19-25). 

As it was described in the previous studies, the incorporation 

of reference substances in a molecular network offers initial 

focal points that will match or be linked to identical or similar 

compounds in the mixture. However, this matching process is 

inevitably tied to turning ON the MS-Cluster28 option, with a 

minimum cluster size of 2, when running the MN process. As 

shown in the next sections, new data-preprocessing workflows 

require turning OFF the MS-Cluster tool with a minimum 

cluster size of 1 in order to enhance MN reliability.29, 30 

Consequently, to apply these new workflows, it is 

recommended to upload the experimental MS/MS data on the 

GNPS library in order to perform an efficient annotation of the 

generated molecular networks. More details on these 

workflows will be discussed in the last section (4.1) of this 

review. 
2.1.2 Dereplication via in silico MS/MS data 

Alternative methods have been developed to surpass the 

limitations imposed by the size of available fragmentation data 

hosted by existing libraries,31 In this context, in silico 

fragmentation approaches have been used to overcome this 

issue. In response to such needs, Wolfender et al.32 

implemented an extensive in silico database (ISDB) from the 

MS/MS data of more than 220000 NPs indexed in the 

Dictionary of Natural Products (DNP, 

http://dnp.chemnetbase.com/faces/chemical/ChemicalSearch.

xhtml). The construction of this database was achieved using 

the SMILES (Simplified Molecular-Input Line-Entry System) 

input of all the non-permanently charged NPs of the DNP v. 24. 

The resulting collection of 221771 entries was then 

fragmented in silico using the machine learning-based tool 

CFM-ID v. 1.1033 (available at: 

http://sourceforge.net/projects/cfm-id/). The generated 

MS/MS spectra obtained at low, medium, and high collision 

energies were merged and converted into .mgf files. However, 

as DNP is a commercial product, the generated ISDB could not 

be publicly shared. Therefore, the authors used the freely 

accessible Universal Natural Products Database (UNPD)34, 35 

(available at: https://github.com/clzani/DEREP-NP) to generate 

another CFM-ID-based MS/MS in silico database with a total of 

170602 compounds after filtration of duplicates and 

permanently charged substances.36 This database was named  

UNPD-ISDB (available at: http://oolonek.github.io/ISDB/). One 

advantage of this approach is that the user can customize the 

in silico database in respect to a specific class of compounds. 

http://dnp.chemnetbase.com/faces/chemical/ChemicalSearch.xhtml
http://dnp.chemnetbase.com/faces/chemical/ChemicalSearch.xhtml
http://sourceforge.net/projects/cfm-id/
http://oolonek.github.io/ISDB/
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The first step of the ISDB workflow is to generate a molecular 

network using the classic process. After the online treatment, 

the data can be dereplicated against the in silico reference 

library using the open-source tool Tremolo37 (freely available 

at: http://proteomics.ucsd.edu/Software/Tremolo/) which 

allows comparison between the MS/MS spectra. Then, a 

“similarity score” threshold has to be defined to assess the 

comparison made between experimental and in silico MS/MS 

data. This value must not be too high, since generated in silico 

spectra only approximate experimental ones. Thus, for this 

library search, a similarity score threshold of 0.2 is usually 

used. When using the Tremolo tool, dereplication against the 

ISDB can be executed in two modes: (i) a “strict parent mass 

(PM) filter” mode, where the PM tolerance is set to 0.005 (a 

very stringent one, allowing to compare parent ion nodes in 

the network with the reference library; (ii) and a “variable 

dereplication mode”, where a value of 200 Da is advised to 

allow spectral matching with analogs having different parent 

ion mass but sharing MS/MS spectral similarities.  

The first dereplication mode (strict PM filter mode) was 

applied to the exploration of the chemical space of 

Euphorbiaceae of the Macaranga genus, aiming at the 

identification of new schweinfurthins (SWFs), prenylated 

stilbenes endowed with potent antitumoral activities.38 Crude 

extracts of 21 species of this genus were analyzed by UHPLC-

HESI-Q-Orbitrap, then dereplicated against the DNP-ISDB. In 

this case, a subset of the ISDB restricted to only Euphorbiaceae 

entries was used in order to obtain more refined dereplication 

results. This workflow allowed to rapidly identify a cluster 

containing 12 already-described members of the SWF family 

(SWFs A-J, mappain, and vedelianin) and a potentially novel 

metabolite. The latter was purified from the fruits of M. 

tanarius, and identified as an O-methylated mappain 

derivative (18) (Fig. 5). As a continuation of these endeavors, 

Litaudon et al.39 were further able to target and isolate seven 

new SWFs (SWF K−Q (19-25)) (Fig. 5) from the same plant, 

using the Tremolo tool in variable dereplication mode. 

Since its publication, this in silico dereplicative pipeline (i.e., 

ISDB) has been used by different research teams to dereplicate 

samples from various sources. Klein-Júnior et al. applied this 

approach to the alkaloid extract of the leaves of Palicourea 

sessilis (Rubiaceae).40 UHPLC-ESI-Q-Orbitrap MS/MS data were 

acquired and organized as a network, which was annotated 

against the DNP-ISDB, enabling the rapid identification of a 

MIAs-containing cluster. The MS/MS spectra derived from the 

alkaloid extract were annotated against the molecules 

reported in the Rubiaceae and/or Loganiaceae families; using 

both the “strict PM filter” and the “variable dereplication” 

modes. This allowed the recognition of compounds bearing a 

strictosidine backbone within the identified MIAs cluster, 

making a total of 14 dereplicated molecules in this group. 

Within this cluster, some ions were targeted for isolation, 

based on the possibility that they were strictosidine-type 

compounds. This hypothesis was further confirmed by 

structural elucidation (26-29) (Fig. 6). 

 

Fig. 6 Structures of targeted strictosidine like compounds (26-29). 

Recently, the GNPS web platform introduced an online 

molecular network analysis tool called Network Annotation 

Propagation (NAP41), in which the in silico fragmentation 

algorithm MetFrag42 is combined with a network topological 

consensus and reranking of in silico annotations. This way of 

expanding the annotation of molecular networks has been 

recently applied by Dorrestein and Kang et al.43 for the 

phytochemical investigation of the twigs of Sageratia theezans 

(Rhamnaceae). This study allowed the dereplication of several 

triterpenes known in the species and the streamlined isolation 

of 3-dicoumaroyl lignans (30-32) and 6-dicoumaroyl neolignans 

(33-38) (Fig. 7). 

Beyond the apparent efficiency of these in silico fragmentation 

algorithms in the annotation of molecular networks, these 

tools still need to be improved. As such, machine learning-

based methods such as CFM-ID can be trained using diverse 

and large training sets, leading to improve its accuracy.44 

2.2 Harnessing mass shift differences 

Another way to unearth valuable information from a molecular 

network is to exploit m/z differences between related 

molecules. This strategy, coined meta-mass shift chemical 

(MeMSChem) profiling, has been recently proposed by 

Hartmann et al.45 It identifies and annotates known chemical 

groups such as H2, CH2, COCH2, etc. that could be linked to 

specific biochemical transformations. Hartmann et al. applied 

MeMSChem profiling to a dataset derived from an LC-MS/MS 

analysis of seven coral reef holobiont types collected in the 

Line Islands. After the generation of a molecular network, 

redundant mass differences were subsequently mined and 

annotated to known chemical groups when possible. Then, the 

MS/MS-based molecular features associated with these 

redundant mass shifts were quantified from the MS scan of the 

parent molecule using Optimus software (accessible at: 

https://github.com/MolecularCartography/Optimus). An 

examination of the acquired molecular features revealed that 

distinct mass shifts patterns could be ascribed to specific 

holobiont. Interestingly, by focusing on the differences in mass 

shifts profiles between related molecules, MeMSChem offered 

an efficient way to expand MN annotation beyond the  

http://proteomics.ucsd.edu/Software/Tremolo/
https://github.com/MolecularCartography/Optimus
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Fig. 7 NAP-based annotation of molecular network and structures of targeted compounds (30-38). 

systematic spectral matching against reference libraries. Even 

though, this study did not result in the targeting of any NPs, 

one can easily imagine how MeMSChem profiling might be 

integrated in the NP isolation process. 

2.3 Integration of functional annotations 

Whereas the previous section dealt with the integration of 

spectrometric data to further illuminate molecular networks, 

this section will discuss recent articles where functional data 

were integrated in the networks such as biological and/or 

taxonomical data, culture conditions, extraction methods, and 

even geographical patterns, in order to target specific NPs.  

 
2.3.1 Layering of biological data 

For decades the discovery process of NPs has relied mainly on 

a bioactivity-based workflow, generally driven via iterative 

“extract-test-fractionate-test-purify-elucidate-test” cycles. This 

methodology has long been the gold standard in NPs research 

and has resulted in the discovery of important drugs, including 

camptothecin, paclitaxel, artemisinin, and vinblastine.46 

Despite these historical successes, the bio-guided process 

faces a number of challenges that affect the relevance of NP 

research in modern biomedical science.47 Among these, the 

most glaring of concession steps: rediscovery of known 

compounds. In this regard, new methods capable of focusing 

the isolation process on novel bioactive scaffolds are needed. 

In this context, new MN approaches have been developed in 

order to identify these substances efficiently in complex 

natural mixtures. Recently, Gerwick et al., explored the 

chemical space of marine cyanobacterium from the Symploca 

genus (Phormidiaceae) 48 which had been extensively studied 

before, yielding multiple bioactive molecules, such as 

dolastatin 10; largazole, a cyclic depsipeptide, and 

santacruzamate A, a SAHA analog (both of them HDACis); 

symplocin A, a linear peptide (a potent cathepsin E inhibitor); 

symplocamide A, a cyclic depsipeptide (a chymotrypsin 

inhibitor). The CH2Cl2/MeOH extracts from 10 samples of 

Symploca spp. from different geographical origins (American 

Samoa, Saipan, Panama, and France) were analyzed using a 

HPLC-ESI-Q-TOF. The resulting data were then used to 

conceive a molecular network, whose annotation by the GNPS 

library allowed the identification of multiple families of 

molecules, such as chlorophyll derivatives and analogs of the 

bastimolides (a class of macrolides), dolastatins, and  
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Fig. 8 Layering of biological data over molecular networks. A: targeted isolation of samoamide A (39) from Symploca spp. B: targeted isolation of diterpenoids (40-43) from 

Euphorbia dendroides. 

viequeamides (a family of cyclic depsipeptides). In order to 

complement the information drawn from the resulting 

network, all the Symploca spp. crude extracts and their 

fractions were subjected to in vitro cytotoxicity testing in 

cancer cell lines. These biological data were integrated in the 

molecular network to target the most active fractions. These 

data were then combined to the results arising from the 

topology of the molecular network. In other words, the nodes 

that showed a potent cytotoxicity but were presents in 

samples that contained dereplicated nodes were excluded 

from further study. Applying these criteria allowed the 

identification of a cluster of two nodes with a compound of 

interest from an American Samoan sample. Its MS/MS 

spectrum was unrelated to any compound present in the GNPS 

library. Further query of DNP and MarinLit 

(http://pubs.rsc.org/marinlit) databases for its exact mass 

yielded unlikely candidate molecules. Thus, this likely new 

metabolite corresponded to a novel cyclic octapeptide that 

was named samoamide A (39) (Fig. 8-A). As a comment on this 

study, although biological data have been integrated to the 

molecular network to target bioactive compounds, this 

approach still required the so-called “fractionate-test” iterative 

cycles. 

In another recent article, the concept of “Bioactivity-based 

molecular networking” (freely available at: 

https://github.com/DorresteinLaboratory/Bioactive_Molecular

_Networks) was introduced by Dorrestein et al.49 and 

consisted of three-steps: 

(i) Acquisition and processing of the LC-MS/MS data using 

popular LC-MS feature detection software such as OpenMS,50 

or MZmine 216 toolbox, to detect and relatively quantify the 

ions present in the MS/MS spectra (ii) Calculation of a 

bioactivity score using the Pearson correlation (a measure of 

the linear correlation between two variables X and Y), taking 

into account the ion intensity in the samples (X) and the 

bioactivity level of each sample (Y) (iii) Generation of a 

molecular network from the MS/MS data using the GNPS 

platform, in order to annotate detected molecules using the 

GNPS spectral library and taking into account the predicted 

bioactivity scores. The aim is the identification of clusters with  

https://github.com/DorresteinLaboratory/Bioactive_Molecular_Networks
https://github.com/DorresteinLaboratory/Bioactive_Molecular_Networks
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Fig. 9 Layering of multi-informational data over molecular networks and structures of targeted compounds (44-51). 

a high frequency of bioactive candidates, which could evidence 

the presence of a common pharmacophore. This bioactivity-

based dereplication pipeline was applied to reinvestigate a 

latex extract of Euphorbia dendroides (Euphorbiaceae). In a 

previous study, this plant demonstrated potent antiviral 

activity against Chikungunya virus (CHIKV) replication.51 

However, none of the isolated compounds showed a selective 

antiviral activity against CHIKV. In this context, 18 fractions 

from the extract were analyzed by HPLC-IT-Orbitrap. In 

parallel, these samples were subjected to anti-CHIKV assays, in 

order to be able to include the bioactivity information in the 

resulting MN. These two types of data were then processed 

using the “Bioactivity-based molecular networking” workflow. 

In the resulting network, each node showed three different 

types of information: the bioactivity score prediction (reflected 

in the size of the node); the spectral annotation (symbolized by 

the node shape); and the relative quantification (represented 

by the node content, in the form of a pie chart, outlining the 

abundance of the molecule across the fractions. This feature 

was used as an indicator of the selectivity of the antiviral 

activity and allowed the annotation of the clusters that 

contained molecules with the best bioactivity scores, 

constituting a total of 8.4% of the molecular network. A 

cursory examination of the network led to target four 

compounds owing to their significant bioactivity score and lack 

of spectral annotation matching against the GNPS library (40-

43) (Fig. 8-B). The examination of their MS/MS fragmentation 

pattern pointed at deoxyphorbol esters. Ultimately, 

compounds 41 and 42 were found to be the most potent and 

selective CHIKV replication inhibitors with effective 

concentration (EC50) values of 0.40 μM and 0.60 μM, 

respectively. 

 
2.3.2 Layering of multi-informational data for large 

collections 

In addition to the preceding examples of biological data 

integration, Litaudon et al.52 proposed a new approach that 

combines the layering of taxonomical and biological data to 
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molecular network obtained from large plants collection in 

order to prioritize bioactive NPs identification and isolation. 

The potency of this workflow was applied to explore the 

chemical diversity of 292 extracts from leaves, bark, twigs, 

whole plants and fruits of 107 New Caledonian Euphobiaceae 

species. These samples were subjected to LC-MS2 analyses 

using an UHPLC-HESI-Q-Orbitrap. In parallel the extracts were 

submitted to two biological evaluations: (i) CHIKV cell-based 

assay and (ii) oncogenic Wnt53 signaling pathway assay. The 

obtained LC-MS2 data were organized as a global molecular 

network constituted by 88687 nodes that were grouped in 

7840 clusters. The resulting network was then annotated 

against a subset of the DNP-ISDB restricted to Euphorbiaceae 

entries,32 as described in the section 2.1.2. In this study, the 

ISDB workflow was executed following the two modes: “strict 

PM filter” mode and “variable dereplication” mode.  

The integration of the bioactivity information in the resulting 

molecular network was based on a comparison between 

bioactive and inactive extracts. For this, the extracts were first 

classified according to their level of activity (reported as IC50 or 

EC50), applying color tags to each level of bioactivity for each 

biological tests. This differs from the Gerwick et al.48 study, 

where extracts were divided only in two categories (active = 

cytotoxicity > 75%; inactive = cytotoxicity < 75% at 1 µg/mL), 

resulting in a more informative molecular network. This color 

mapping allowed a simple visualization of the clusters 

composed exclusively by ions coming from bioactive extracts, 

thus showing a common bioactive scaffold. As this network 

was very complex, a first filter allowed to explore it more 

efficiently. For this, a subnetwork was created for each of the 

determined biological activities where only nodes with at least 

two occurrences within the analyzed samples (thus, with at 

least two scans), and identified in very active extracts (IC50 < 50 

μg/mL in Wnt assay and EC50 < 10 μg/mL in CHIKV assay). 

Finally, nodes within the network not having at least four 

neighbors at a distance of 4 were excluded. Applying these 

filters resulted in a molecular network that was easier to 

explore, as the number of nodes was reduced from 7840 to 

192 and to 380, for the Wnt and CHIKV subnetworks, 

respectively. Envisaging a better mapping of the nodes within 

the generated subnetworks, taxonomical data were 

considered. For this, the injected samples were grouped 

according to their genus or species, as well as the part of the 

plant. This mapping highlighted 21 clusters of potential Wnt 

pathway inhibitors. Among them, 4 clusters related to the 

leaves of Bocquillonia nervosa, were selected. In parallel, to 

get more insights into the nodes contained in these four 

clusters, MS/MS spectra from previously isolated 

Euphorbiaceae diterpenoids were co-injected in the Wnt 

subnetwork. This allowed predicting the presence of a 12-

deoxyphorbol scaffold within the selected compounds. 

Subsequent MS-guided purification yielded two new 12-

deoxyphorbol esters (44-45) (Fig. 9), as well as two known 

ones. In order to validate the applied approach, the isolated 

compounds were evaluated for their capacity to inhibit the 

Wnt signaling pathway in HTB-19 cells. Three of the four 

isolated compounds proved to be highly potent inhibitors (IC50 

values ranging from 0.0336 to 1.18 μM). Finally, to prove that 

molecules from non-targeted clusters were truly inactive, two 

were isolated and were, indeed, found inactive (IC50 > 225 

μM). The subnetwork corresponding to the CHIKV cell-based 

assay was likewise explored after applying the taxonomical 

mapping, leading to the selection of less than 5% of the 

original molecular network. Among this selection, the 

aforementioned four clusters associated to B. nervosa extract 

that were highlighted in the Wnt subnetwork were also 

present, thus the four purified substances were also tested 

against CHIKV, showing extremely potent activity (EC50 values 

ranging from 130 to 20 nM). As the four isolated molecules 

belonged to the deoxyphorbol series, the authors envisaged 

the identification of potential original CHIKV inhibitors with 

different skeleton. Thus, a cluster that showed a strong anti-

CHIKV activity associated to the bark of Neoguillauminia 

cleopatra, a species with no previous phytochemical study, 

was selected for further chemical investigation. In order to 

obtain structural information about this cluster, it was 

annotated against the Euphorbiaceae subset of the DNP-ISDB, 

executing Tremolo in variable dereplication mode, thus 

allowing the identification of analogs within the database. This 

annotation step indicated the presence of highly oxygenated 

diterpenoids bearing a polyunsaturated side chain. Further 

analysis conducted to the isolation of a novel daphnane 

diterpene orthoester that was named neoguillauminin A (46) 

(Fig. 9). However, this compound showed a low EC50 value 

(17.7 μM), probably because there were other potent 

molecules in the extract that could not be identified, nor 

isolated. In this regard, in order to increase the chances of 

finding the real source of the bioactivity, the authors advised 

to carry out the isolation of multiple molecules belonging to a 

presumable bioactive cluster. 

In another study, Litaudon and Desrat et al.54 further explored 

the same set of 292 New Caledonian Euphorbiaceae extracts 

using the same multi-informative prioritization strategy. 

Remarkably, this time the MS/MS data were pre-processed via 

the MZmine 216 software affording a molecular network 

constituted of 17387 nodes grouped into 1231 clusters (88687 

nodes grouped into 7840 clusters without preprocessing). This 

study led to the isolation of unprecedented chlorinated 

monoterpenyl quinolones (47-51) (Fig. 9).  

As a comment on these two studies of multi-informative 

annotation of molecular networks of large data sets, the 

importance of the taxonomic mapping in highlighting unique 

chemistries related to spectral dissimilarity within a 

taxonomically homogenous set of samples can be emphasized. 

This concept was likewise applied by Jensen, Dorrestein, and 

Koyama et al.55 for the exploration of a culture collections of 

1000 marine microorganisms in a self-referential manner. 

Notably, the authors pursued the hypothesis that if a molecule 

was found infrequently, there would be a lesser probability 

that it has been previously described. To achieve this, 3000 

MS/MS datasets were considered to conceive a molecular 

network. The exploration of this massive network was 

performed using a color tag in order to classify the molecules 

by the occurrence of their MS/MS spectra among the strains. 
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This allowed the identification of a molecular family of more 

than two dozen nodes belonging to a single strain (CNP-993). 

Comparison with reference databases, suggested that this was 

a unique molecular family in the data set, possibly 

representative of a novel chemical class. Within this cluster, 

two nodes were targeted for further structural elucidation. 

These new NPs were named maridric acids A and B (52-53) 

(Fig. 10). These results showed that, this approach, provides an 

effective tool for the untargeted prioritization of 

microorganisms in varied growth or extraction conditions, in 

order to optimize the utilization of large culture collections. In 

a similar study, Dorrestein, Moore et al. used this type of 

prioritization strategy to explore a collection of 146 marine 

Salinispora and Streptomyces strains (603 samples) by 

integrating culture conditions (solid versus liquid media, time), 

extraction protocols (solvent polarities), and strain locations 

annotations in order to quickly identify patterns in metabolite 

production.56 Among 5526 nodes, 15 molecular families were 

identified based on MS/MS spectra annotations derived from 

the GNPS library. 

 

Fig. 10 Structures of maridric acids A and B (52-53). 

Other research teams used MN to map large collection of 

diverse natural sources to uncover unexpected chemistries by 

integrating other kind of functional annotations. Taking 

advantage of the access to an exceptional in-house collections 

of marine cyanobacteria and algae, Luzzatto-Knaan Gerwick, 

and Dorrestein et al. applied an untargeted MS analysis, in 

order to identify novel NPs.57 For this study, approximately 

2600 fractions originating from 317 marine collections, were 

analysed by reversed phase ultra-performance liquid 

chromatography (RP-UPLC) coupled with high resolution 

quadrupole time-of-flight mass spectrometry (HR-qTOF-MS). 

For each LC-MS/MS run, nearly 6000 spectra were collected, 

making a total of 15.6 million spectra that were submitted to 

the GNPS platform to conceive a massive MN.  

 

Fig. 11 Structure of yuvalamide A (54). 

Interestingly, the percentage of compounds from this library 

that matched with the GNPS library was about 0.04%, 

indicating that the chemical space of these marine 

cyanobacteria and algae communities is significantly 

unexplored, rendering very high the probability of finding new 

interesting compounds. In this regard, to delve more deeply 

into the generated molecular network, a geographical pattern 

related to the provenance of each sample was considered and 

overlaid over the network. The metabolites contained in the 

samples originating from four distinct areas were 

differentiated. This allowed the recognition of a potentially 

novel molecule in a Panama-Portobelo cluster. Subsequent 

MS-guided isolation led to the identification of a new 

compound, named, yuvalamide A (54) (Fig. 11). The 

identification of 54 allowed the deduction of putative 

structural analogs that were present in the same cluster.  

3 Combination of molecular networking with other 
techniques 

3.1 Biochemometrics 

As discussed in the previous section, the search for bioactive 

molecules within complex mixtures has made MN evolves 

towards the inclusion of bioactivity data of the studied 

samples, as a prediction of the biological activities of the 

compounds included in the network. In the first study52 

discussed in the previous section (2.2.2), the bioactivity data 

were obtained through the testing of the samples against 

particular targets, in order to search for potential drug leads. In 

the second one, Dorrestein et al.49 proposed to calculate a 

bioactivity score taking into account the ion intensity in the 

samples and the bioactivity level of each sample. Further 

creative approaches may appear in the future. 
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To understand the meaning of biochemometrics, we should 

refer, at first, to chemometrics, which is the science that 

applies optimal mathematical and statistical methods to 

process chemical data.58 This discipline, however, has evolved 

since its creation, resulting in the invention of 

biochemometrics. This term was proposed initially by Martens 

et al. in 2006 referring to the use of chemometrics in modern 

biochemistry, biotechnology, and molecular biology.59 In other 

words, it is the application of statistical methods to correlate 

chemical profile to bioactivity.60 In this vein, Cech et al. 

developed a new workflow to prioritize the isolation of 

bioactive molecules within natural extracts making use of 

biochemometrics associated to the MN technique.61 In this 

study, MS, MS/MS data, and biological data were gathered. 

Thus, to demonstrate the capability of this approach, it was 

applied to the exploration of the chemical composition of the 

roots of Angelica keiskei (Apiaceae) in order to identify the 

components responsible for its antimicrobial activity. At first, 

the MeOH root extract was submitted to bioactivity screening, 

demonstrating a complete inhibition of methicillin-resistant 

Staphylococcus aureus (MRSA). Then, the extract was 

iteratively fractionated and the fractions were tested against 

MRSA. The most active ones were then analysed using an 

UPLC-LTQ-Orbitrap XL mass spectrometer in both positive and 

negative modes. The acquired LC-MS data were treated 

separately using MZmine 216 to form the final data set for 

biochemometrics analysis. In order to predict the features 

responsible for the observed anti-MRSA activity in the 

fractions, biochemometrics analyses were completed using 

Sirius62 version 10.0 statistical software (Pattern Recognition 

Systems). This software contains statistical algorithms that 

were used to compute selectivity ratio plot for the bioactive 

molecules. With this, scores were attributed to the features 

present in the active samples, resulting in a list with the top 

contributors to the anti-MRSA activity. However, as this tool 

could not provide any structural insights, MN was used to have 

access to this information. Comparison of the resulting 

molecular network against the molecules selected by the 

biochemometrics selectivity scores allowed the annotation of 

already-described active molecules within the network: 4-

hydroxyderricin and xanthoangelol, two chalcones that are the 

only known anti-MRSA agents in A. keiskei. This integration of 

biochemometrics with MN allowed also the annotation of 

fifteen molecules that matched accurate masses of known 

chalcones not endowed with antimicrobial activity. Among 

them, five were included within the group of potential 

contributors to the observed bioactivity by biochemometrics, 

with the one at m/z 491.202 being the top contributor. 

Bioactive fractions submitted to purification resulted in the 

isolation of 4-hydroxyderricin and xanthoangelol, as well as 

two other chalcones, one of them being inactive according to 

biochemometrics information. Biological evaluation of the 

isolated compounds confirmed this prediction. Other 

compounds were also part of the top contributors list but 

could not be isolated due to scarce amounts in the extract. 

This is one of the limitations inherent to the biochemometrics 

approach for identifying minor bioactive, as their structures 

and activities cannot be confirmed without isolation. In 

contrast, as an advantage, biochemometric selectivity ratio 

analysis allows the identification of low-abundance 

constituents contributing to activity without being confounded 

by the abundance of other compounds. 

3.2 Mass spectrometry imaging 

In order to explore specific and particular NPs chemical spaces, 

MN has also been coupled to mass spectrometry imaging 

(MSI). This technique allows to combine molecular mass 

analysis and spatial information, providing the visualization of 

molecules on complex surfaces.58 Within these specific 

chemical spaces, the interaction between two organisms can 

be harnessed. As this relation can be positive (commensalism, 

mutualism, symbiosis, etc.) or negative (predation, parasitism, 

antibiosis, etc.), the molecular dialogue between two 

organisms will be different for each kind of relation, 

highlighting the potential richness of these chemical spaces. In 

this vein, the interaction between a fungus (Paraconiothyrium 

variabile - Montagnulaceae) and a bacteria (Bacillus subtilis - 

Bacillaceae), both endophytes of Cepahlotaxus harrigtonia 

(Cephalotaxaceae) was explored by Prado, Brunelle et al. to 

identify the features that are present in this interspecific 

communication.63 Starting from the observation that, when 

isolated, these two species showed a strong and unique 

antagonism that was not observed between other partners of 

the plant microbiota, the competition zone was explored by 

the MN technique in comparison against the metabolites 

produced by each microorganism independently. MS/MS data 

of the crude ethyl acetate extracts of B. subtilis and C. 

harringtonia, as well as the competition zone and the culture 

media were submitted to the GNPS in order to generate a 

molecular network. A first dereplication against the GNPS 

library allowed the annotation of a cluster containing surfactin-

like molecules,64 including, surfactins C-13, C-14, and C-15 as 

well as their hydrolyzed derivatives. Surprisingly, all of them 

were only detected in the bacterium and competition extracts. 

As these molecules are known to inhibit other fungus growth, 

it was hypothesized that P. variabile had developed a 

resistance mechanism that conducted to the hydrolysis of 

these features. To confirm this, an MSI of the microbial 

competition between these two species was carried out with 

MALDI-TOF and TOF-SIMS. Both of them allowed the detection 

of hydrolyzed surfactins in the course of the interspecific 

endophytic microbial competition. 

3.3 Genome mining and metabologenomics 

Nowadays, the search for novel NPs can be done in two 

different ways: “upstream,” at the genome level, or 

“downstream,” at the metabolite level.65 MN has been coupled 

to genome-mining with the purpose to delve more into the 

biosynthetic gene clusters responsible for the production of a 

metabolite. The information provided by this correlation can 

be exploited to enhance the discovery, the isolation, as well as 

the structural prediction of new NPs produced by an organism. 

Using this association between genomics and metabolomics 

data, Kleigrewe et al. performed the exploration of the 
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chemical diversity of marine cyanobacteria.66 For this study, 

three cultured strains, Moorea producens 3L, M. producens 

JHB, and M. bouillonii PNG were chosen because they are 

known to produce many structurally diverse and biologically 

active NPs.67 Firstly, these species were subjected to genome 

sequencing and analysis for their recognizable biosynthetic 

pathways, envisaging the identification of similar or nearly 

identical biosynthetic genes in the three strains. As a result, a 

regulatory serine histidine kinase gene was identified, in the 

two M. producens strains, as being located near a hybrid 

biosynthetic pathway responsible of the production of the 

aforementioned active compounds. Considering that this 

regulatory kinase was highly homologous between these two 

strains (96.1% of similarity), the existence of a gene encoding 

this regulatory enzyme within the M. bouillonii PNG genome 

sequence might identify new NP biosynthetic gene clusters. A 

highly homologous sequence was found in the M. bouillonii 

PNG genome and the gene neighbourhood for this kinase was 

explored, finding out a new and undescribed biosynthetic gene 

cluster with several unique features. The potential expression 

of metabolites by this gene cluster was evaluated by the 

analysis of the metabolic profile of each strain using MN. In the 

resulting network, clusters containing the above-mentioned 

molecules were rapidly identified. In addition, two molecular 

families produced by M. bouillonii PNG drew the attention of 

the authors because the isotopic pattern of the parent masses 

indicated the presence of di- and trichlorinated species. Thus, 

three new NPs, columbamides A, B, and C (54-57) (Fig. 12), 

were discovered. 

 

 

Fig. 12 Structures of columbamides A-C (55-57). 

Another application of the association of these two techniques 

was reported by Maansson, Vynne, and Klitgaard et al. with 

the study of 13 genetic variants of the marine bacteria 

Pseudoalteromonas luteoviolacea for their genomic potential 

and ability to produce secondary metabolites.68 Contrarily to 

the previous described study, the metabolomics analysis was 

performed prior to the genome sequencing. At first, extracts 

from all the strains were analysed by an untargeted 

metabolomics experiment using LC-HRMS. To facilitate 

comparison to genomic data, all these compounds were 

represented as pan- and core- plots, revealing that only 2% of 

the molecular features were shared by all the strains, and that 

30% were exclusively produced by single strains. Pan- and 

core-genomic analyses were then both applied to make a 

direct comparison with the metabolomics data of all strains. 

The core genome was found to constitute 65% for each strain, 

and 23% of the total genes were identified in a single strain. 

On average, 8.6% of the total genes were found to be allocated 

to secondary metabolism, which is a very high amount 

compared to other strains of Pseudoalteromonas. In addition, 

two strains were identified as hot spots for biosynthetic 

diversity due to the presence of singular operational 

biosynthetic units. As the next step, MN was used to prioritize 

novel chemical motifs isolation within the complete 

metabolome. In the resulting network, some molecular 

families, thus biosynthetic pathways, were rapidly identified, 

like the vio genes pathway, found in all the strains. Other 

already-described molecules were also found, like violacein 

and three of its analogs. However, the most interesting finding 

within the network was the presence of 313 compounds 

produced only by the two strains, nominated as hot spots. 

Among these molecules, whole series of already-known 

substances were identified as thiomarinol and pseudomonic 

acid analogs. Besides these chemical features, two novel 

analogs were found. Based on their molecular formulas, these 

molecules constituted a new type of thiomarinol. 

Jensen, Moore, and Dorrestein et al.69 reported the 

exploration of 35 strains belonging to the marine actinomycete 

genus Salinispora in order to visualize the molecular 

composition of their organic extracts by combination of  

genetics data and MN exploration. The extracts obtained from 

the cultures of the 35 strains were analysed by LC-HRMS/MS. 

This resulted in the generation of over 200000 MS1 HRMS 

spectra ranging from m/z 304.175 to 2485.4. These data were 

processed by MN, resulting in a network with 1137 parent ions 

that was screened against reference substances, in order to 

identify families of already-described compounds. This step 

allowed the dereplication of cyclomarin and arenicolide, both 

connected to putative structural analogs. The information 

retrieved from the molecular network was coupled with the 

genome sequence data of these species, in a correlative 

analysis that was named “pattern-based genome mining”. 

Through it, the identification of a compound within a 

molecular family proves the expression of the associated 

biosynthetic gene cluster (BGC). This correlation was observed 
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for molecular features like the arenicolides and cyclomarins, 

which were identified in the three strains that possessed the 

associated BGC. However, in some cases, the link was less 

reproducible, like for desferrioxamines, which were only 

detected in 1 of 21 strains that owned the corresponding BGC. 

In total, this relation between molecules and BGCs was 

observed in only 34 out of 140 cases. This result suggested that 

many of the BGCs were not expressed, perhaps because of the 

culture conditions or that the corresponding products were 

not extracted or went undetected in the LC-MS analyses. 

Application of pattern-based genome mining allowed the 

identification of the pathway NRPS40 as unique to strain CNT-

005. In this context, the molecular network was explored in 

order to search for substances produced exclusively by this 

strain, leading to the recognition of a molecular family of 

quinomycin-like compounds, a group of antitumor antibiotic 

dimeric depsipeptides. Within this cluster, an ion was targeted 

for isolation, conducting to the purification of a novel non-

ribosomal peptide that was named retimycin A (58) (Fig. 13). 

 

 

Fig. 13 Structure of retimycin A (58). 

While the discovery of new BGC family suggests new NPs, a 

confirmation is still required. Without advanced knowledge of 

structures or bioactivities, detection of novel NPs is very 

tedious. To address this issue, Metcalf et al. introduced a new 

concept called metabologenomics,70 an automated untargeted 

method for identifying NPs based on binary correlation 

between a BGC and a molecule identified by LC-HRMS. 

Metabologenomics has already allowed the identification of 

several novel NPs, including tambromycin71 and the 

rimosamides72. Recently, this strategy has been coupled with 

MN and resulted in the discovery of a new family of 

nonribosomal peptides featuring an unusual 

trimethylammonium tyrosine residue, that was named the 

tyrobetaines (59-60) (Fig. 14).73 Briefly, LC-MS/MS analyses 

were conducted on a Q-Extractive mass spectrometer using 

high-energy collisional dissociation (HCD). Notably, the authors 

did not name the software used for the processing and the 

extraction of the resulting MS/MS data prior to their 

submission to the GNPS. Then, the generated molecular 

network was manually explored for masses of interest (i.e. 

masses that scored highly in the metabologenomics method), 

leading to the discovery of tyrobetaine family cluster. 

 

 

 

Fig. 14 Structures of tyrobetaines (59-60). 

3.4 Chemical epigenetics 

Recently, new aspercryptins were isolated from Aspergillus 

nidulans by Kelleher et al., using MN-based dereplication in 

conjunction with chemical epigenetics.74 The genome of this 

mold species is known to contain more than 50 gene clusters 

involved in the biosynthesis of NPs. However, only the 

products of 20 of them have already been described. Several 

strategies have been proposed to address this problem, such 

as the use of epigenetic regulators, including inhibitors of DNA 

methyltransferase (DNMT) and histone deacetylase (HDACi).75 

In this context, the metabolomes of wildtype A. nidulans, and 

of a HDAC-deficient strain were mapped by MN. Notably, the 

processing of the MS/MS data of this study was carried out in 

the same manner as the previous metabologenomics study.73 

In the resulting network, several molecular families were 

identified to be produced by only one biological state of the 

species. Rapidly, a family of already-described molecules, the 

aspercryptins (lipopeptide) was located within the metabolites 

produced, in majority, by the mutant strain. Aspercryptins A1 

and A2 were present in this cluster and had their structure 

elucidated based completely on the MS information. Two 

other aspercryptins were also detected: aspercryptins B1 and 

B3. As these four molecules were linked to several nodes, their 

MS/MS fragmentation patterns were used as anchor points to 

propose the structure of 13 additional aspercryptins analogs.  

3.5 Stable isotope labeling 

Deciphering biosynthetic pathways using radioactive labeled 

substrates has historically relied on sensitive radiation 

detectors. Recent, advances in LC-MS instrumentation has 

enabled the use of stable isotope labeled, avoiding the risks 

inherent to the handling of radioactive material. Many studies 

showed that cultivation of bacteria in the presence of labeled 

amino acids could be used for the characterization of linear 

non ribosomal peptides by MS/MS analysis.76 In this regard, 

Nielsen et al. combined stable isotope labeling and MN to 

detect several known and unknown compounds that were 

labeled, leading to the study of the biosynthesis of nidulanin A 

and related products produced by Aspergillus nidulans.77 

Accordingly, samples were taken from fungi cultivated both 

with and without labeled amino acids and analyzed by LC-

MS/MS (positive mode). The acquired data allowed the 

generation of a molecular network. Using the information from 
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the labeling experiment led to highlight the nodes that differed 

in m/z according to the predicted mass shifts obtained from 

the incorporation of the stable isotope labeled amino acids.  

4 Latest improvements and tools implemented in the 
molecular networking practice 

4.1 Data pre-processing 

Although MN allows to efficiently identifying new NPs, some 

limitations were addressed by several research groups with 

various strategies, allowing the generation of more informative 

and reliable molecular networks. The MS-Cluster tool, included 

in the GNPS architecture, has been reported to be source of 

some pitfalls, because it cannot distinguish between isomers, 

as retention times are not considered during data processing. 

To solve this issue, Touboul et al.29 proposed to introduce a 

preprocessing workflow including the data treatment by 

MZmine 216 prior to its upload on the GNPS platform. Applying 

this treatment to the MS/MS data enables the separation of 

isobaric isomers, the annotation of the molecular features with 

calculated chemical formulas, and precursor ion abundances. 

To perform this workflow, the authors built a homemade 

Python script (available at: https://github.com/Florent-

Olivon/MZM2-MN). Interestingly, a GNPS export option that 

encompasses all the features cited above has been added as a 

built-in option since MZmine 2.25 

(http://mzmine.github.io/changelog.html). 

4.2 Data organization 

Olivon, Touboul et al. developed MetGem78, an innovative 

software for the generation of molecular networks without 

uploading the MS/MS data on the GNPS platform (available at: 

https://metgem.github.io). Furthermore, this software allows 

the parallel investigation of two complementary 

representations of the raw dataset, one based on a classic 

GNPS-style MN and another one based on the t-SNE 

(stochastic neighbour embedding) algorithm, a well-known 

technique used for high-dimensional data visualization.79 

Additionally, almost all parameters (cosine score value and 

maximum neighbour number (topK)), can be tuned in real time 

and new networks can be generated within few seconds for 

small datasets. The t-SNE graph preserves the interactions 

between related groups of spectra while the MN output allows 

an unambiguous separation of clusters. With this software, the 

authors wanted to address weaknesses inherent to the MN 

visualization architecture leading to non-clusterized 

compounds over the molecular network, even when they 

share similar scaffolds and comparable MS2 spectra.  

4.3 New reporting standards for MS data 

Ultimately, the integration of MN in the NP discovery process 

brought the need for new reporting standards for LC-MS/MS 

data sets as well as NPs spectral properties. Consequently, one 

can witness today the addition of the so-called MSV and 

CCMSLIB codes to the traditional spectral properties related to 

the description of a NP. The above-mentioned codes are 

respectively generated upon the deposition of any full MS data 

sets and NP MS/MS spectrum on MassIVE, (Mass Spectrometry 

Interactive Virtual Environment, available at: 

https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp). 

With growing awareness of the NP community for the 

expansion of crowdsourced spectral libraries, we should likely 

assist to an increasing integration of the aforementioned codes 

in NP isolation reports. 

Universal identifier. As matters transpired, the proliferation of 

MS spectral databases resulted ineluctably in the 

multiplication of accession numbers, often referring to the 

same mass spectrum. To address this issue, Fiehn, Schymanski, 

and Wohlgemuth et al. designed a spectral identifier, called 

SPLASH (SPectraL hASH), that improves the exchange and 

searchability of mass spectra and avoids their duplication.80 

Noteworthy, SPLASH has already been implemented in 

MassBank81, MoNA (http://mona.fiehnlab.ucdavis.edu/), 

GNPS9, HMDB82, MetaboLights10, and mzCloud 

(https://www.mzcloud.org/), as well as software tools such as 

MZmine16, MS-DIAL83, RMassBank84, BinBase85, Bioclipse86, and 

the Mass Spectrometry Development Kit (MSDK; 

https://msdk.github.io/). 

4.4 Advanced molecular networking annotation tools 

As outlined above, the issue of annotation of molecular 

networks captured the attention of many research teams in 

the past three years and still remains an algorithmic 

bottleneck.87 To overcome this issue, several strategies based 

on computational processing have been proposed, including 

the aforementioned ISDB32 and NAP41, as well as, MS2LDA88, 89, 

Sirius90, 91, Dereplicator+92, Insilico Peptidic Natural Product 

Dereplicator93, VarQuest94, Peptidogenomics for Ribosomally 

Synthesized Post-translationally Modified Peptides (RiPPs) – 

RiPPquest,95 and MetWork.96 Except Sirius, MetWork, and 

MS2LDA, all these tools are embarked on the GNPS platform. 

Interested readers are referred to the documentation available 

at: https://gnps.ucsd.edu/ProteoSAFe/static/gnps-

theoretical.jsp. Hence, in this subsection, we wish to disclose a 

brief description of the three remaining tools. 

Sirius is a freely available ressource (https://bio.informatik.uni-

jena.de/software/sirius/) that allows the analysis of isotopic97 

and fragmentation90 patterns in HRMS and MS/MS spectra,

https://msdk.github.io/
https://gnps.ucsd.edu/ProteoSAFe/static/gnps-theoretical.jsp
https://gnps.ucsd.edu/ProteoSAFe/static/gnps-theoretical.jsp
https://bio.informatik.uni-jena.de/software/sirius/
https://bio.informatik.uni-jena.de/software/sirius/
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respectively. Moreover, it uses CSI:FingerID91 (Compound 

Structure Identification), which combines fragmentation tree 

computation and machine learning to search in molecular 

structure databases such as PubChem.98 Sirius requires pre-

processed MS/MS peak lists as inputs. This task can be 

performed by popular LC-MS feature detection software such 

as OpenMS50, MZmine16, or XCMS99. Recently, a Sirius 

identification module has been implemented in MZmine 2.34 

(http://mzmine.github.io/changelog.html) allowing the direct 

exportation of calculated molecular formulas and FingerID-

identified structures in a .csv file that could annotate 

molecular networks.  

MS2LDA is an unsupervised method, inspired by a text-mining 

technique called latent Dirichlet allocation (LDA),100 that 

extracts common patterns of mass fragments and neutral 

losses from acquired MS/MS datasets.89 This strategy can 

group molecules that share substructures (Mass2Motif) 

without high similarity across their entire MS/MS spectra. 

Interestingly, this approach enables the annotation of 

molecular networks at the scaffold level. MS2LDA expects 

information-rich MS/MS spectra (generated by ramped or 

stepped collision energy) as an input as well as pre-processed 

MS/MS peak lists. Recently, Van der Hooft and Rogers et al., 

developed a web application, accesible at https://ms2lda.org, 

that allows users to upload their MS/MS datasets and run 

MS2LDA analyses and explore the results through interactive 

visualizations.88 

MetWork is a recent webserver platform developed by Genta-

Jouve et al.96 that allows to expand the annotation of 

molecular networks in a different manner that the above-

mentioned strategies. Indeed, this tool encompasses 

functionalities allowing the anticipation of new NPs. It is based 

on MS/MS data, organized in a molecular network, a 

collaborative library of (bio)chemical transformations and a 

MS/MS spectra prediction module based on CFM-ID.33 Starting 

from one annotated node in the molecular network, the server 

generates putative structures. A similarity comparison with 

their in silico MS/MS spectra is then performed in order to 

annotate the nodes of a molecular network through the 

exportation of .csv file. 

Hopefully, one can easily envision the upcoming integration of 

the above-mentioned annotations tools on a common web 

platform. Meanwhile, we propose to depict these multiple LC-

MS/MS data processing tools interfaced with MN in a state-of-

the-art dereplication pipeline in Figure 15.  

 

http://mzmine.github.io/changelog.html
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Fig. 15 A schematic workflow for a comprehensive state of the art LC-MS/MS-based dereplication pipeline. 
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5 Conclusions 

MN constitutes an accessible and adaptable means to visualize 

and target NPs, enabling biological research and 

biotechnological applications in a wide range of fields.101 

Molecular networks are nowadays widely accepted by the NP 

research community as a solid and pivotal support that 

provides a metabolite level view of the data. Over these seven 

past years a number of innovative strategies along with 

landmark improvements arose from both the NP chemists and 

bio-informatics communities. In this context, it is worth noting 

that NPs have a long-lasting history in challenging state-of-the-

art analytical techniques.102 These improvements have vastly 

accelerated the pace of research, from understanding 

biosynthetic pathways and efficient NP targeting, to the 

development of enhanced algorithm to sharpen the tool.  

Despite the power of the above-mentioned in silico annotation 

strategies, there is still a need for a human brain to assess and 

rank the confidence of the large amount of the generated 

data. Perhaps not for long, as we will shortly assist in the 

emergence of artificial intelligence-assisted decisional tools 

that will filter those propositions (Fig. 15). 

Definitely, the stage is now set for NP chemists to aim for 

“anticipation” in NPs isolation workflows. Indeed, the 

emergence of the annotation tools enable, today, to search for 

in silico-generated structures in NPs databases, which is a huge 

step forward compared to the traditional dereplication process 

based on molecular formulas and/or exact masses, or NMR 

chemical shifts searches. In this regard, the continued growth 

and enrichment of crowdsourced spectral libraries103 will 

enhance machine learning-based algorithms, paving the way 

for more efficient structural predictions. 

The ever-expanding repertoire of applications firmly positions 

MN at the cutting edge of NPs targeting, and holds the 

promise of even more exciting discoveries and inventions to 

come. 
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1. INTRODUCTION 
 

1.1 Description générale 
 
Les alcaloïdes 

indolomonoterpéniques (AIMs) 

constituent une vaste classe de 

produits naturels. Avec plus de 3000 

représentants décrits à ce jour, ces 

molécules ont été largement 

recherchées et étudiées au long de 

l’histoire de la phytochimie, en raison 

de leur large gamme de propriétés 

pharmacologiques et de leur potentiel 

thérapeutique.22, 23 En effet, plusieurs 

AIMs ont été ou sont encore utilisés 

comme des agents anticancéreux, dans le traitement du paludisme, de l’hypertension, des 

arythmies cardiaques, dans certains troubles psychiatriques, etc.24  

 

En ce qui concerne leur distribution dans la nature, ces alcaloïdes sont quasi-

exclusivement produits par des espèces de l’ordre des Gentianales (Asteridées, Lamiidées), 

plus précisément par celles appartenant aux familles suivantes : Apocynaceae, Loganiaceae, 

Rubiaceae et Gelsemiaceae (i.e. l’ensemble de cet ordre à l’exception des Gentianaceae ; 

Figure 1).24, 25, 26, 27, 28, 29, 30, 31 La production de AIMs n’est pas constante dans ces familles. 

 

 

 

                                                      
22 L. F. Szabó,  Molecules, 2008, 13, 1875-1896. 
23 P. M. Dewick, 3rd edn., 2009. 
24 M. Lahlou,  Pharmacol Pharm., 2013, 4, 17-31. 
25 https://www.flickr.com/photos/tony_rodd/2205187291/, (accessed 22-09-2018, 2018). 
26 
https://keys.lucidcentral.org/keys/v3/eafrinet/weeds/key/weeds/Media/Html/Catharanthus_roseus_(Madaga
scar_Periwinkle).htm, (accessed 22-09-2018, 2018). 
27 https://mavcure.com/sarpagandha/, (accessed 22-09-2018, 2018). 
28 https://micromedix.me/2017/06/27/microdosis-de-akuamma-nueva-medicina-alternativa-para-tratar-la-
esquizofrenia-y-otros-trastornos-mentales/akuamma/, (accessed 22-09-2018, 2018). 
29 J. Stöckigt, L. Barleben, et al.,  Plant Physiol Biochem., 2008, 46, 340-355. 
30 J. Le Men & W. I. Taylor,  Experientia, 1965, 21, 508-510. 
31 M. W. Chase, M. Christenhusz, et al.,  Bot. J. Linn. Soc., 2016, 181, 1-20. 

CHAPITRE II : CONCEPTION D’UNE BASE DE DONNÉES D’ALCALOÏDES 

INDOLOMONOTERPÉNIQUES : LA MIADB 

 Figure 1. Quelques Gentianales et un exemple d’alcaloïde 
indolomonoterpénique 
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On rencontre exceptionnellement ces molécules chez des Asterids basales : 

Icacinaceae (ordre des Icacinales, APG IV), Nyssaceae (avec le genre Camptotheca ; ordre 

des Cornales), Cornaceae (incluant les Alangiaceae depuis l’APG II ; ordre des Cornales). 

Enfin, des AIMs ont également été décrits chez des Caprifoliaceae (anc.-Dipsacaceae) des 

genres Pterocephalus32 et Triosteum33 (Dipsacales, chez les Asterids du groupe de 

Campanulids). 

 

1.2 Biogenèse et classification 
 

Tous les alcaloïdes indolomonoterpéniques ont comme point de départ commun la 

strictosidine (3), molécule hétérosidique qui est biosynthétisée à partir d’une molécule de 

tryptamine (1 ; produit de décarboxylation du tryptophane) et du sécologanoside (un 

glucoside de monoterpène de la classe des séco-iridoïdes, 2) (Figure 2).22, 29 La biosynthèse 

de 3 est possible grâce à la strictosidine-synthase, une enzyme qui catalyse une 

condensation de Pictet-Spengler stéréosélective entre les deux substrats.29 C’est à partir de 

ce précurseur 3 que les plus de 3000 AIMs décrits dans la nature sont synthétisés (à 

l’exception potentielle de ceux de Dipsacales), par des réactions en cascade 

enzymocatalysées, généralement après action d’une glucosidase libérant une génine 

réactive porteuse d’une fonction aldéhyde et d’une fonction énol. De nombreuses enzymes 

impliquées dans la biosynthèse des AIMs ont pu être identifiées, avec notamment des 

réductases pouvant être impliquées dans la formation d’entités iminium comme pivots 

entre différents squelettes. Des peroxydases, des hydroxylases, des méthyl-transférases, 

des acétyl-transférases ont également été caractérisées.23 De nombreuses enzymes 

impliquées dans les réarrangements, les polymérisations et les décorations des AIMs restent 

inconnues. 

 

Ces produits naturels possèdent une diversité structurale importante et une variété 

de squelettes d’appréhension complexe, ce qui a conduit les spécialistes du domaine à 

proposer plusieurs modalités de classement. C’est ainsi que ces molécules ont été 

ordonnées selon l’organisation de l’enchainement carboné dans la partie monoterpénique 

caractéristique des AIMs (types Ia, Ib, II, III - Figure 3)23, 30, ou par leur biogenèse de manière 

plus fine (11 types).22 Leur squelette permet également d’établir une classification (environ 

45 squelettes décrits à ce jour, présentés en annexe de l’article figurant dans ce chapitre).34 

Enfin, des polymérisations très diverses sont observées (homo ou hétéro-dimères, parfois 

trimères35 et tétramères36), via des mono- ou des di-pontages de type C-C (aryl-aryl, aryl-

aliphatique, exométhylène37), éther, N-C38, mais aussi thio-éther39.  

                                                      
32 D. Gülcemal, M. Masullo, et al.,  Magn. Reson. Chem., 2010, 48, 239-243. 
33 X. Huang, Y. Li, et al.,  Phytochem Lett., 2014, 7, 30-34. 
34 J. Buckingham, K. H. Baggaley, et al.,  CRC press, 2010. 
35 Z.-W. Liu, J. Zhang, et al.,  J. Org. Chem., 2018, 83, 10613-10618. 
36 Y. Hirasawa, S. Miyama, et al.,  Org. Lett., 2009, 11, 5718-5721. 
37 E. O. N’Nang Obiang, G. Genta-Jouve, et al.,  Org. Lett., 2017, 19, 6180-6183. 
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D’autre part, des MIAs « chimériques » comportant des carbones issus d’autres voies 

biosynthétiques, généralement « décoratifs », sont également décrits.  

 

Ainsi, les différentes modalités de classement (types, squelettes) excluent quelques 

exemplaires de ces métabolites, notamment avec l’isolement de nouveaux AIMs à motifs 

chimiques originaux,40 sans pour autant entraîner le réexamen des grands groupes 

usuellement proposés. 

 
 

 
 
 
 
 
 
 
 
 

                                                                                                                                                                     
38 A. E. Nugroho, Y. Hirasawa, et al.,  J. Nat. Prod., 2009, 72, 1502-1506. 
39 E. Otogo N’Nang, G. Bernadat, et al.,  Org. Lett., 2018, 20, 6596-6600. 
40 A. E. Fox Ramos, C. Alcover, et al.,  J. Nat. Prod., 2017, 80, 1007-1014. 

 Figure 2. Biosynthèse des alcaloïdes indolomonoterpéniques à partir de la strictosidine 
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1.3 Biogenèse 
 

Ces dernières années plusieurs travaux ont été entrepris pour mieux comprendre la 

biosynthèse des alcaloïdes indolomonoterpéniques. La tendance actuelle pour les réaliser 

exploite, en raison de son efficacité, la transposition des voies de biosynthèses générales 

dans des micro-organismes. Dans ce contexte, les équipes de V. Courdavault et S. E. 

O’Connor ont entrepris récemment la recherche des enzymes manquantes dans la 

biosynthèse de la vinblastine par Catharanthus roseus (L.) G.Don. Pour réussir cette tâche, 

des gènes impliqués dans la biosynthèse de la vincristine et de la vinblastine ont été 

transfectés dans une souche de Escherichia coli. Les gènes ont ainsi été exprimés, puis les 

hypothèses de biosynthèses testées avec plusieurs substrats de ces voies. Après de 

multiples expériences, deux nouvelles enzymes ont été découvertes : la PAS 

(précondylocarpine acétate synthase) et la DPAS (dihydroprécondylocarpine synthase). La 

PAS catalyse la transformation de l’acétate de stemmadenine en acétate de 

précondylocarpine, en tant que la DPAS, le passage de cette dernière molécule à l’acétate 

de dihydroprécondylocarpine. De plus, les fonctions catalytiques de deux enzymes, la CS 

(catharanthine synthase) et la TS (tabersonine synthase) ont été décrites pour la première 

fois.41 

                                                      
41 L. Caputi, J. Franke, et al.,  Science, 2018, 360, 1235-1239. 

Figure 3. Classification des alcaloïdes indolomonoterpéniques d’après Le Men et Taylor (1965) 
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Dans ce contexte, nous proposons une mise en relation des principaux squelettes 

des AIMs avec les voies de filiations biogénétiques proposées dans la littérature : un schéma 

montrant les différents types de squelettes, reliés par rapport à leur interconnections 

biosynthétiques a été conçu (Figure 4). La classification qui a été prise en compte est celle 

proposée par le Dictionary of Alkaloids34. 

 

Ce schéma illustre en particulier les éléments-clés suivants, qui ne demandent qu’à 

être éprouvés par des approches déréplicatives : 

• Les squelettes du type I trouveraient principalement leur origine dans les squelettes 

« akuammicine », « corynanthéane » et « strictosidine ». 

• Les squelettes « sécodine » et « akuammicine », tous les deux du type I, seront à 

l’origine de tous les squelettes du type II, sans exception. 

• Les AIMs de type III ont tous comme précurseur commun le squelette 

« aspidospermane », également du type III. Celui-ci aurait son origine dans les 

squelettes « akuammicine » ou « secodine », tous les trois du type I. 

 

Une mise en relation des dimères indolomonoterpéniques n’a pas été incluse mais 

mériterait d’être conçue. Un filtre taxonomique serait intéressant à appliquer. 
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42 V. Salim & V. De Luca,  Elsevier, 2013. pp. 1-37. (Référence 1 sur le schéma) 
43 Y. Qu, R. Simonescu, et al.,  J. Nat. Prod., 2016, 79, 3143-3147. (Référence 2 sur le schéma) 
44 H. J. Knölker,  Elsevier Science, 2016. (Référence 3 sur le schéma) 
23 P. M. Dewick, 3rd edn., 2009. (Référence 4 sur le schéma) 
22 L. F. Szabó,  Molecules, 2008, 13, 1875-1896. (Référence 5 sur le schéma) 
45 S. E. O'Connor & J. J. Maresh,  Nat. Prod. Rep., 2006, 23, 532-547. (Référence 6 sur le schéma) 
46 M. Kitajima, N. Kogure, et al.,  Org. Lett., 2003, 5, 2075-2078. (Référence 7 sur le schéma) 
47 Y. Yang, Y. Bai, et al.,  Org. Lett., 2014, 16, 6216-6219. (Référence 8 sur le schéma) 
34 J. Buckingham, K. H. Baggaley, et al.,  CRC press, 2010. (Référence 9 sur le schéma) 
48 C. H. Heathcock, M. H. Norman, et al.,  J. Org. Chem., 1990, 55, 798-811. (Référence 10 sur le schéma) 
49 R. T. Brown, D. M. Duckworth, et al.,  Tetrahedron Lett., 1991, 32, 1987-1990. (Référence 11 sur le schéma) 
50 S. Benayad, K. Ahamada, et al.,  Eur. J. Org. Chem., 2016, 2016, 1494-1499. (Référence 12 sur le schéma) 

Les numéros sur les flèches représentent 
la référence bibliographique décrivant chaque connexion. Les valences des azotes n’ont pas été prises en 
compte. La désignation des squelettes du Dictionary of Alkaloids32 a été prise en considération pour la 
réalisation de ce schéma. Les noms entre parenthèses correspondent à ceux attribués par Szabo20 aux 
squelettes concernés. Les atomes d’oxygène impliqués dans des fermetures de cycles, bien que non considérés 
dans la classification du Dictionary of Alkaloids, ont été représentés dans quelques cas pour éviter des 
ambiguïtés. 

Figure 4. Schéma de filiation biogénétique des AIMs monomériques. 

β 
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1.4  MIADB (Monoterpene Indole Alkaloids DataBase) : du concept à l’application 
 

Au sein de notre équipe, sous l’impulsion des Dr Mehdi Beniddir et Laurent Evanno 

en particulier, nous nous intéressons tout particulièrement à la découverte d’alcaloïdes 

indolomonoterpéniques à motifs chimiques ou à squelettes originaux et à leurs relations de 

filiation.  

 

Au fil des années, la tâche de l’isolement d’analogues nouveaux en série AIM est 

devenue de plus en plus compliquée car les métabolites majoritaires, donc les plus 

susceptibles d’être obtenus, ont déjà été décrits depuis longtemps dans un grand nombre 

de Gentianales. Pour cette raison, il est malheureusement fréquent que de longues étapes 

de purification aboutissent à l’isolement de molécules connues. Cependant, la littérature 

des années 60 et 70 recèle des mentions d’analogues identifiés, parfois isolés, mais de 

structures non élucidées. Dans ce contexte, nous nous sommes demandé comment cibler 

efficacement de nouveaux membres des AIMs. L’évolution constante et rapide des 

techniques analytiques déréplicatives, assistées par l’analyse comparative de données 

spectrales constituent un atout dans une approche de ciblage de composés nouveaux. Nous 

nous sommes intéressés à la technique du « molecular networking »6. Cet outil, basé sur la 

spectrométrie de masse tandem haute résolution, permet de cartographier les composés 

d’un échantillon en calculant des scores de 

similarité entre eux, comme cela a été décrit 

dans le chapitre précédent. Il a été mis à profit 

par le Dr Elvis Otogo N’Nang Obiang, qui a pu 

grâce à cette approche obtenir des MIAs aux 

structures insoupçonnées37, 39, 51  en parallèle 

des travaux présentés ici. Nous avons appliqué 

cette approche analytique à un extrait 

alcaloïdique d’écorces de Geissospermum 

laeve. Cependant, malgré l’obtention d’un 

réseau moléculaire correct, l’information que 

nous pouvions en tirer n’était pas suffisante 

pour une exploration efficace de la diversité 

chimique de l’échantillon. 

 

La recherche bibliographique des composés déjà décrits dans cette espèce a été faite 

en parallèle. De ce fait, nous avons pu relever leurs masses précises pour pouvoir chercher 

les m/z des ions [M+H]+ ou [M]+ correspondant dans le réseau moléculaire obtenu. Bien que 

nous les y retrouvions, l’identité de ces molécules ne pouvait pas être confirmée en se 

basant uniquement sur cette observation. 

 

                                                      
51 E. Otogo n'nang, Paris Saclay, 2018. 

Figure 5. Bisindoles majoritaires de G. laeve 
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C’est à ce moment que nous avons pensé à tirer profit de l’historique de recherche 

du laboratoire sur les AIMs. En effet, depuis les années 1970s, de nombreux composés de 

cette famille y ont été isolés. De plus, G. laeve étant une espèce déjà étudiée par notre 

équipe, quelques bisindoles isolés de cette plante étaient à notre disposition. Nous avons 

donc analysé par CLHP-SM/SM la geissolosimine (13) et la geissospermine (14) (Figure 5).52 

Les données spectrales obtenues ont ainsi été soumises au GNPS (voir Chapitre I) 

séparément pour expérimenter la création de réseaux à partir de composés purs. 

 

Nous avons alors obtenu un nœud individuel par composé (« self-loop »). Ce résultat 

nous a donc indiqué que l’information de ces molécules pures pouvait être incorporée au 

réseau complet de la plante. De ce fait, nous avons traité l’information SM/SM de l’extrait et 

celle des deux molécules témoins ensemble pour créer un seul réseau moléculaire. Nous 

avons ainsi observé pour la toute première fois un « match ». En effet, l’algorithme du GNPS 

avait bien reconnu la geissolosimine (13) et la geissospermine (14) employées comme 

témoins comme étant présentes dans l’extrait alcaloïdique. Nous avions donc réussi à 

dérépliquer nos deux premiers alcaloïdes indolomonoterpéniques dans un mélange 

complexe. 

 

Malgré cette réussite, l’information tirée du réseau n’était pas encore suffisante. 

Nous avons alors pensé que, si deux substances de référence pouvaient être intégrées au 

réseau, il y avait toujours la possibilité d’en ajouter d’autres. Cette réflexion nous a conduits 

à réunir le reste des alcaloïdes indolomonoterpéniques de notre laboratoire (40 composés), 

et ceux de l’ICSN-CNRS à Gif-sur-Yvette. Nous avons donc analysé les 53 composés 

récupérés et leurs données spectrales SM/SM ont été obtenues. Avec une telle quantité 

d’informations, nous avons rapidement perçu leur utilité pour la déréplication d’autres 

extraits issus de taxons d’intérêt. C’est ainsi que l’idée de créer une base de données d’AIMs 

est née. 

 

Bien que l’appellation « base de données d’alcaloïdes indolomonoterpèniques » ait 

eu du succès, nous avons opté pour la version anglophone pour pouvoir donner un 

acronyme au nom. Le choix était donc fait, « Monoterpene Indole Alkaloids DataBase », 

abrégé en MIADB serait le nom de cette base de données spectrales. 

 

De cette manière, nous avons utilisé cette première version de la MIADB pour 

explorer l’espace chimique de G. laeve. La totalité de l’information concernant ce projet 

peut être retrouvée dans le troisième chapitre de ce manuscrit. La réussite de ces travaux 

nous a encouragés à continuer de nourrir cette base de données avec de nouvelles 

molécules. C’est ainsi que nous avons commencé à y rajouter les composés que nous avions 

isolés, à l’issue de sa propre utilisation. 

                                                      
52 http://www.beljanskiblog.com/pao-pereira-commerce-equitable-et-durable/, (accessed 15-09-2018, 2018). 
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Nous nous sommes ensuite demandé s’il était possible d’élargir encore plus cette 

base de données. Cela avait comme but d’englober plus de squelettes d’alcaloïdes 

indolomonoterpéniques, menant à une déréplication encore plus efficace. Nous avons donc 

pensé à établir des collaborations avec des laboratoires travaillant avec ces composés. De 

cette manière, des laboratoires en Espagne, en Belgique et en Malaisie, ainsi que d’autres 

équipes en France ont collaboré au projet afin d’enrichir cette base de données (Tableau 1). 

Grâce à leur contribution, les spectres SM/SM de 117 alcaloïdes indolomonoterpéniques ont 

y été rajoutés, portant ainsi à 172 le nombre de molécules incluses dans la MIADB. 

 

Du fait que cette base de données était le résultat d’une collaboration scientifique, 

nous avons décidé de la rendre publique aux chercheurs de la planète entière. C’est ainsi 

que tous les spectres composant la MIADB ont été mis en ligne sur le site du GNPS 

(https://gnps.ucsd.edu/ProteoSAFe/gnpslibrary.jsp?library=MIADB). De cette façon, nous 

avons réussi à mettre en place un outil au service de la communauté scientifique 

internationale. 

 

L’accessibilité de la MIADB sur le site du GNPS a changé aussi la façon de dérépliquer 

les extraits de plantes. Au départ, la collection de spectres SM/SM de notre échantillon était 

traitée sur le GNPS en même temps que les données des substances de référence. Les 

témoins de la MIADB avaient donc une influence sur la topologie des réseaux. A présent, 

l’information SM/SM de la MIADB étant disponible sur le GNPS, seules les données de 

l’échantillon sont à envoyer sur la plateforme. Les données de la MIADB n’ont plus qu’un 

rôle d’annotation et permettent d’obtenir des réseaux plus « naturels ». 

 

On notera que les analyses CL-SM/SM des extraits d’intérêt et des AIMs témoins 

sont réalisées dans des conditions standardisées (voir ci-dessous). Nous disposons ainsi 

d’une information complémentaire : les temps de rétention des produits. Ceux-ci 

constituent également un élément important pour l’attribution d’un degré de confiance 

pouvant être apporté à un match. 
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Tableau 1. Liste de laboratoires qui ont contribué à la constitution de la MIADB 

Laboratoire contributeur Directeur Pays Origine des produits 

Équipe “Pharmacognosie-Chimie 

des Substances Naturelles” BioCIS, 

Univ. Paris-Sud, CNRS, Université 

Paris-Saclay 

Dr. Bruno 

Figadère 
France 

Commercial, 

extraction et 

hémisynthèse 

Centre for Natural Products and 

Drug Discovery, University of 

Malaya 

Prof. Dr. Mohd 

Rais Bin 

Mustafa 

Malaisie Extraction 

EA921, SONAS, SFR QUASAV, UBL, 

Université d’Angers 

Prof. Pascal 

Richomme-

Peniguel / Dr. 

Marie-Agnès 

Jacques 

France Extraction 

Institute of Chemical Research of 

Catalonia (ICIQ), Barcelona 

Institute of Science and Technology 

Prof. Miquel A. 

Pericàs 
Espagne Synthèse totale 

Departament de Química Organica 

i Analítica, Universitat Rovira i 

Virgili, C 

Prof. Michel 

Frédérich 
Espagne Synthèse totale 

Laboratory of Pharmacognosy, 

CIRM, University of Liège 

Prof. Michel 

Frederich 
Belgique Extraction 

Laboratoire de Pharmacognosie, 

UMR/CNRS 8638 COMETE, Faculté 

de Pharmacie de Paris, Université 

Paris Descartes 

Prof. Sylvie 

Michel 
France Extraction 

Laboratoire Ecologie et Biologie des 

Interactions, Équipe Microbiologie 

de l’Eau, UMR CNRS 7267, 

Université de Poitiers 

Prof. Jean Marc 

Berjeaud 
France Extraction 

Institut de Chimie des Substances 

Naturelles, Équipe de Substances 

Naturelles, CNRS-ICSN, UPR 2301, 

Université Paris-Saclay 

Dr. Angela 

Marinetti / Dr. 

Fanny Roussi / 

Dr. Marc 

Litaudon 

France Extraction 

EA1069 Laboratoire de Chimie des 

Substances Naturelles, Faculté de 

Pharmacie, Université de Limoges 

Prof. Vincent 

Sol 
France Extraction 
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Nos conditions de travail sont les suivantes :  

• Concentration des extraits et des témoins : 1,0 mg/mL dans le MeOH ; 

• Volume d’injection : 5 µL ;  

• Phase stationnaire : colonnes analytiques octadécylsilylées (C18) Sunfire® C18 Waters (150 

× 2,1 mm ; 3,5 μm) ou XBridge® C18 Waters (150 × 2,1 mm ; 3,5 μm) et précolonnes 

correspondantes (10 mm) ;  

• Phase mobile : gradient d’élution MeOH/H2O + 0,1% HCOOH (5/95  100/0 en 30 min) ; 

• Débit : 0,25 mL/min ;  

• Colonne non thermostatée. 

 

Le matériel employé et les conditions d’analyse spectrométrique (dont les énergies 

de collision employées) sont décrits dans les parties expérimentales des chapitres suivants. 

 

La mise au point des conditions analytiques et le traitement des données pour les 

témoins AIMs ont également impliqué d’autres membres du laboratoire : 

• Charlotte Alcover, 

• Elvis Otogo N’Nang Obiang, 

• Gaëla Cauchie, 

• Hazrina Hazni, 

• Mehdi Beniddir. 

 

L’évolution des techniques de déréplication et d’annotation des composés dans des 

mélanges complexes reste importante. Nous avons été témoins du développement de 

plusieurs outils pour améliorer la façon de cibler des molécules. Parmi ces techniques, nous 

avons décidé de tester la version 0.2.2 de MetWork (développé par le Dr Grégory Genta-

Jouve, disponible sur https://metwork.pharmacie.parisdescartes.fr/), un algorithme qui 

permet une propagation de l’annotation in silico.21 Pour ce faire, il faut comme point de 

départ un « match » avec une base de données de référence. MetWork assure l’anticipation 

des structures de dérivés de composés connus, via des réactions métaboliques 

sélectionnées, puis génère des spectres SM/SM simulés avec l’outil CFM-ID® (Competitive 

fragmentation modeling for metabolite identification; 

http://cfmid.wishartlab.com/predict)13, pour ensuite les confronter avec les données 

SM/SM expérimentales, assurant une annotation virtuelle des nœuds. C’est ainsi que le 

projet d’exploration de l’espace chimique d’Alstonia balansae en utilisant cette technique 

avec la MIADB comme référence a été pensé. Les détails concernant ce sujet peuvent être 

retrouvés dans le quatrième chapitre de ce manuscrit. 
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Le chemin parcouru par notre équipe pour constituer la MIADB comme base de 

données internationale a été long, et a comporté quelques obstacles que nous avons réussi 

à surmonter. C’est ainsi qu’à l’heure actuelle, l’information SM/SM de 172 alcaloïdes 

indolomonoterpéniques peut être utilisée par n’importe quelle équipe de recherche sur la 

planète. Nous espérons que la MIADB pourra encore être nourrie avec de nouvelles 

molécules ciblées et isolées grâce à son utilisation (Figure 6). 

 

Cette base de données a fait l’objet d’un dépôt sur la plateforme Metabolights 

(https://www.ebi.ac.uk/metabolights/MTBLS142) ainsi que sur le GNPS 

(https://gnps.ucsd.edu/ProteoSAFe/gnpslibrary.jsp?library=MIADB), et d’un article, soumis 

en octobre 2018 au journal Scientific Data, qui figure ci-après et qui constitue le corps de ce 

chapitre. 

https://www.ebi.ac.uk/metabolights/MTBLS142
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 Figure 6. Évolution de la MIADB au cours du temps 
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MIADB : Base de données spectrale SM/SM d’alcaloïdes indolomonoterpéniques 

 

Article publié dans Scientific Data, 2019 

 

 
Résumé : Cet article décrit la constitution et la construction d’une base de données 
d’alcaloïdes indolomonoterpéniques (MIADB), constituée d’une collection cumulée de 172 
spectres de spectrométrie de masse en tandem (SM/SM) issus de plusieurs projets de 
recherche menés dans huit laboratoires de chimie de produits naturels depuis les années 
1960. Toutes les données ont été annotées et organisées pour promouvoir leur 
réutilisation par la communauté scientifique. Étant une collection unique de ces produits 
naturels complexes, ces données peuvent être utilisées pour guider la déréplication et le 
ciblage de nouveaux alcaloïdes indolomonoterpéniques dans des mélanges complexes 
lors de l'application d'approches informatiques, telles que la technique du « molecular 
networking ». Chaque spectre a son propre numéro d’accès, du CCMSLIB00004679916 au 
CCMSLIB00004680087 sur le GNPS. La MIADB est disponible en téléchargement direct à 
partir de MetaboLights sous l’identifiant : MTBLS142 
(https://www.ebi.ac.uk/metabolights/MTBLS142). 
 
Cet article décrit également une validation, constituée de la confrontation de la MIADB 
avec : 

• un extrait de feuilles de pervenche de Madagascar (Catharanthus roseus, 
Apocynaceae), réalisée par le Dr. Pierre Le Pogam. La plante a été choisie en raison de 
l’excellente caractérisation de ses AIMs. 

• les AIMs déjà présents sur la plateforme GNPS. 
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Abstract: This Data Descriptor announces the submission to public repositories of the 
monoterpene indole alkaloid database (MIADB), a cumulative collection of 172 tandem 
mass spectrometry (MS/MS) spectra from multiple research projects conducted in eight 
natural product chemistry laboratories since the 1960s. All data have been annotated and 
organized to promote reuse by the community. Being a unique collection of these 
complex natural products, these data can be used to guide the dereplication and targeting 
of new related monoterpene indole alkaloids within complex mixtures when applying 
computer-based approaches, such as molecular networking. Each spectrum has its own 
accession number from CCMSLIB00004679916 to CCMSLIB00004680087 on the GNPS. 
The MIADB is available for download from MetaboLights under the identifier: MTBLS142 
(https://www.ebi.ac.uk/metabolights/MTBLS142). 
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Abstract 
This Data Descriptor announces the submission to public repositories of the monoterpene 
indole alkaloid database (MIADB), a cumulative collection of 172 tandem mass spectrometry 
(MS/MS) spectra from multiple research projects conducted in eight natural product 
chemistry laboratories since the 1960s. All data have been annotated and organized to 
promote reuse by the community. Being a unique collection of these complex natural 
products, these data can be used to guide the dereplication and targeting of new related 
monoterpene indole alkaloids within complex mixtures when applying computer-based 
approaches, such as molecular networking. Each spectrum has its own accession number 
from CCMSLIB00004679916 to CCMSLIB00004680087 on the GNPS. The MIADB is available 
for download from MetaboLights under the identifier: MTBLS142 
(https://www.ebi.ac.uk/metabolights/MTBLS142).  
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Background & Summary 
Monoterpene indole alkaloids (MIAs) constitute a broad class of nitrogen-containing plant-
derived natural products composed of more than 3000 members.1 This natural product class 
is found in hundreds of plant species from the Apocynaceae, Loganiaceae, Rubiaceae, 
Icacinaceae, Nyssaceae, and Gelsemiaceae plant families. Throughout the six past decades, 
the structural intricacies and biological activities of these molecules have captured the 
interest of many researchers all over the world.2 Examples of MIAs are the antimalarial drug 
of choice till the mid of the last century, quinine; the antihypertensive reserpine, and 
vincristine and vinblastine, which are used directly or as derivatives for the treatment of 
several cancer types. Recently, much effort was directed toward understanding and 
manipulating the underlying biosynthetic pathways of MIAs in order to engineer them in 
microorganisms to allow industrial production of medicinally relevant compounds.3-5 
Although a large amount of knowledge has been accumulated concerning the early steps6-8 
and the assembly of key intermediates, many questions are still unanswered, and the 
discovery of new members of this family may illuminate unexpected enzymes involved in the 
biosynthesis of this intriguing group of natural products. 
As part of our continuing interest in MIA chemistry,9-12 we developed a streamlined 
molecular networking13 dereplication pipeline based on the implementation of an in-house 
MS/MS database, constituted of a cumulative collection of MIAs.14 In order to enrich this 
database, seven prominent practitioners from the global natural products research 
community shared their historical collections, leading to the construction of the largest 
MS/MS dataset of MIAs to date, that we named: Monoterpene Indole Alkaloids DataBase 
(MIADB) (Fig. 1). The MIADB contains MS/MS data of 172 standard compounds, comprising 
128 monoindoles and 44 bisindoles (these compounds are presented in Supplementary 
Table 1) and covers more than 70% of the known (30/42) MIA skeletons. The information 
that can be drawn from this dataset is valuable for the scientific community that envisages 
the isolation of new MIAs.  
The purpose of this Data Descriptor is to announce the deposition of the MIADB on the 
Global Natural Product Social Molecular Networking (GNPS15) and MetaboLights.16 Each 
spectrum of the MIADB has its own accession number from CCMSLIB00004679916 to 
CCMSLIB00004680087 on GNPS (accessed via: 
https://gnps.ucsd.edu/ProteoSAFe/static/gnps-splash.jsp). The spectral collection is also is 
available for download from MetaboLights under the identifier: MTBLS142.17 
 

 
Figure 1. Construction of the MIADB (red arrows) and application in a molecular networking-
based dereplication workflow (blue arrows) 
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Methods 
 
Sample preparation 
Each of the collected MIA was diluted to a concentration of 1 mg/mL using HPLC-grade (High 
Performance Liquid Chromatography) with MeOH (Methanol) as solvent. The solution was 
then transferred in 1.5 mL HPLC vials and analyzed by LC-MS/MS (Liquid Chromatography-
tandem Mass Spectrometry). Chemicals and solvents were purchased from Sigma-Aldrich. 
 
Data acquisition 
Samples were analyzed using an Agilent LC-MS (Liquid Chromatography Mass Spectrometry) 
system composed of an Agilent 1260 Infinity HPLC coupled to an Agilent 6530 ESI-Q-TOF-MS 
(ElectroSpray Ionization Quadrupole Time of Flight Mass Spectrometry) operating in positive 
mode. A Sunfire® analytical C18 column (150 × 2.1 mm; i.d. 3.5 μm, Waters) was used, with a 
flow rate of 250 μL/min and a linear gradient from 5% B (A: H2O + 0.1% formic acid, B: 
MeOH) to 100% B over 30 min. The column temperature was maintained at 25 °C. ESI 
conditions were set with the capillary temperature at 320 °C, source voltage at 3.5 kV, and a 
sheath gas flow rate of 10 L/min. Injection volume was set at 5 µL. The mass spectrometer 
was operated in Extended Dynamic Range mode (2 GHz). The divert valve was set to waste 
for the first 3 min. There were four scan events: positive MS, window from m/z 100−1200, 
then three data-dependent MS/MS scans of the first, second, and third most intense ions 
from the first scan event.  
MS/MS settings were: three fixed collision energies (30, 50, and 70 eV), default charge of 1, 
minimum intensity of 5000 counts, and isolation width of m/z 1.3. Purine C5H4N4 [M + H]+ ion 
(m/z 121.050873) and hexakis(1H,1H,3H-tetrafluoropropoxy)-phosphazene C18H18F24N3O6P3 
[M + H]+ ion (m/z 922.009798) were used as internal lock masses. Full scans were acquired at 
a resolution of 11 000 (at m/z 922) and 4000 at (m/z 121). A permanent MS/MS exclusion list 
criterion was set to prevent oversampling of the internal calibrant. 
 
Database constitution 
The analysis of each of these substances resulted in 172 files with the standard .d format 
(Agilent standard data-format). A list of individual compounds for each sample was 
generated from an Auto MS/MS data mining process implemented in MassHunter® software 
on every single file. Averaged as well as monocollisional energy MS/MS spectra were 
generated from the three retained collision energies (30, 50, and 70 eV). Within this list, the 
molecular formula (as well as the exact mass) of the expected compound (in its charged 
state) was identified. Then, depuration of the other features was carried out. Finally, each 
spectrum was converted into the .mgf (Mascot Generic Format) using the export tool of the 
MassHunter® software.  
 
Code availability 
The LC-MS feature detection software (MassHunter®) used in this work is commercially 
available from Agilent®. 
 

Data Records 
 
All data described in this article have been uploaded to GNPS and MetaboLights. Each 
spectrum of the 172 compounds of the MIADB has its own accession number from 
CCMSLIB00004679916 to CCMSLIB00004680087 on the Global Natural Product Social 
Molecular Networking (GNPS) (accessed via: https://gnps.ucsd.edu/ProteoSAFe/static/gnps-
splash.jsp). The spectral collection in its two versions (i.e. averaged and separate collision 
energy MS/MS spectra at 30, 50, and 70 eV) is available for download from MetaboLights 
under the identifier: MTBLS142.17 
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Metadata 
The MS/MS spectra of the MIADB library are recorded with a variety of details including: LC-
MS/MS acquisition parameters, instrument details, organism, organism part, smiles and Inchi 
codes, CAS numbers, CHEBI IDs, retention times, and chemical formula. These metadata are 
available on the GNPS and MetaboLights websites.  
 

Technical Validation 
Spectroscopic validation of MIADB compounds 
The structural identity of the alkaloids being implemented in the MIADB reference 
metabolite index was established through extensive spectroscopic analyses, including, NMR 
(Nuclear Magnetic Resonance) and HRMS (High-Resolution Mass Spectrometry). The 
analyses were carried out by the various collaborators having contributed to the 
establishment of the database. The obtained mass spectra were individually inspected to 
verify the occurrence of either the protonated molecular or molecular ion as the precursor 
mass. 
 
Selected strategies for the validation of the MIADB 
The validation of the MIADB was achieved following two strategies: (i) dereplication of the 
profiled compounds from a methanol extract of the leaves of Catharanthus roseus (L.) G. 
Don. (Apocynaceae) (see supplementary Tables 2 and 3), and (ii) the dereplication of the 
MIADB against the MIAs previously available on the GNPS library before the upload of the 
MIADB.  
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Molecular networking-based dereplication of Catharanthus roseus methanol extract 
Molecular networking-based dereplication using MIADB-uploaded GNPS libraries was 
attempted on the methanol extract of Catharanthus roseus, the MIAs content of which was 
thoroughly studied. Accordingly, more than 130 different compounds were reported from 
the different tissues of the plant.18 In the displayed network, the experimental data of C. 
roseus methanol extract are depicted as green rectangles and nodes representing a 
consensus of experimental data and database records (i.e., MIADB-uploaded in the GNPS 
libraries) are displayed as red rectangles (Fig. 2). As expected, molecular networking of the C. 
roseus leaves methanol extract allowed dereplication of previously known metabolites 
within this plant including: tabersonine, catharanthine, vindolinine, perivine, geissoschizine, 
pericyclivine, serpentine, raubasine, and akuammigine (Table 1). All the dereplicated 
compounds were assigned a level of confidence 1 according to Schymanski et al.19 based on 
HMRS, MS/MS and retention time matching, except for geissoschizine, serpentine; and 
alloyohimbine. The latter were attributed a level of confidence of 2, due to a delta of 
retention time (RT) superior to 1.5 min. The molecular networking-based dereplication 
provided a comprehensive coverage of C. roseus alkaloids by regards to the available 
standards, despite the noticeable lack of a vinblastine hit. This missing observation is likely 
due to the vinblastine concentration that is known to be very low in the plant (ranging from 
0.0003% to 0.001% w/w dry weight).20 Conversely, some unexpected matches could also be 
evidenced throughout the obtained dereplication: burnamine and vobasine. Although none 
of these were previously described in C. roseus, both these structural assignments can be 
deemed reasonable based on biosynthetic considerations. Being an akuammiline-derived 
MIA, such as akuammine21 and the monomer precursors of the bisindoles vingramine and 
methylvingramine22 that have been reported to occur in C. roseus, the detection of 
burnamine is not unexpected. Likewise, the co-dereplication in the depicted molecular 
network of the formerly described vobasane-type perivine supports the identification of 
vobasine within this plant. Such examples emphasize the dereplicative interest of MIADB 
especially on such a deeply dug plant model. Prior to its GNPS upload, i.e., as an in-house 
database, the ability of the MIADB to pinpoint tentatively new MIAs was demonstrated 
through the streamlined isolation of geissolaevine along with its O-methylether derivative 
and 3’,4’,5’,6’-tetrahydrogeissospermine from the formerly vastly studied Geissospermum 
leave (Vell.) Miers (Apocynaceae).14 Altogether, the currently garnered results support the 
valuable contribution of MIADB either for the straightforward identification of monoterpene 
indole alkaloids or to highlight putative structural novelty among this privileged structural 
class. The topology of the obtained network also reveals that a further extent of information 
could yet be accessed from C. roseus extracts. Indeed, most dereplicated MIAs are tightly 
associated within cluster A. Since clusterization depends on structural similarity, a single 
match to the MIADB-implemented GNPS allows for the propagation of the structure 
throughout an entire molecular family, indicating that most if not all the nodes of this cluster 
refer to MIAs. The seminal contribution of the MIADB to the tandem mass spectrometric 
databanks of MIA is expected to pave the way for the upload of such data by the numerous 
teams involved in MIA research all over the world, thereby contributing to making this tool 
more and more efficient to reach a quick and sharp insight into the MIAs content of any 
producing organism.  
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Figure 2. Full molecular network of the profiled compounds from a methanol extract of C. 
roseus leaves annotated by the MIADB. The cosine similarity score cutoff for the molecular 
network was set at 0.6, the parent ion mass tolerance at 0.02, the fragment ion mass 
tolerance at 0.02, the score library threshold at 0.6 and the minimum matched peaks at 6. 
The cosine similarity score are depicted on the edges. 
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Table 1. Matches between the profiled compounds from a methanol extract of C. roseus 
and MIADB 

Compound Match score Comment ΔRT (min) Confidence level 

akuammigine 0.69 Described in C. roseus 0.63 1 

alloyohimbine 0.76 Not described in C. roseus 1.95 2 

burnamine 0.62 Not described in C. roseus 1.07 1 

catharanthine 0.67 Described in C. roseus 0.67 1 

geissoschizine 0.71 Described in C. roseus 1.52 2 

pericyclivine 0.79 Described in C. roseus 0.00 1 

perivine 0.73 Described in C. roseus 0.01 1 

raubasine 0.64 Described in C. roseus 0.26 1 

serpentine 0.66 Described in C. roseus 6.65 2 

tabersonine 0.80 Described in C. roseus 1.48 1 

vindolinine 0.77 Described in C. roseus 1.44 1 

vobasine 0.65 Not described in C. roseus 0.16 1 

 
Dereplication of the MIADB against the MIAs previously available on the GNPS library 
As a second validation assay, the MIADB was dereplicated against the GNPS library. For this 
purpose, the 172 .mgf files were submitted to the GNPS online platform and all the hits 
between the MIADB and the GNPS were annotated. 19 of the total MIAs were identified as 
hits by the GNPS platform (Table 2). 
These results indicate that the compounds from the 19 matches were correctly identified 
within the GNPS library, except in the case of epimers or isomers. Indeed, it should be noted 
that the matching process does not take into account the stereochemistry of the compounds 
(Table 2). 
 
Table 2. MIADB matches with the GNPS library 

Compounds (GNPS) Match score Compounds (MIADB) Comments 

brucine 0.78 brucine  

reserpiline 0.86 reserpiline  

tabernaemontanine 0.74 tabernaemontanine  

voachalotine 0.93 voachalotine  

ajmaline 0.75 ajmaline  

vincamine 0.78 vincamine  

methyl reserpate 0.83 methyl reserpate  

camptothecin 0.73 camptothecin  

reserpine 0.86 reserpine  

strychnine 0.80 strychnine  

akuammigine 0.86 raubasine epimer 

raubasine 0.88 akuammigine epimer 

corynanthine 0.90 yohimbine epimer 

yohimbine 0.92 corynanthine epimer 

vincosamide 0.93 strictosamide epimer 

strictosamide 0.93 vincosamide epimer 

yohimbine 0.90 pseudoyohimbine epimer 

elegantissine 0.73 carapanaubine isomer 

yohimbine 0.89 alloyohimbine epimer 
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Supplementary information: 
 
Table S1. Monoterpene indole alkaloids included in the MIADB 
 

Substance Measured m/z Source 
Retention 
time (min) 

Structure 

10-Hydroxygeissoschizol 313.1903 Natural 11.65 

 

10-Hydroxyusambarine 467.2822 Natural 13.60 

 

11-Hydroxyusambarine 467.2794 Natural 13.33 

 

11-Methoxyyohimbine 385.2125 Natural 14.08 

 

14,15-Dehydrovincamine 353.1859 Natural 12.98 
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18,19-Dihydrousambarine 453.3021 Natural 14.74 

 

18-Hydroxyisosungucine 651.3325 Natural 15.35 

 

19,20-Didehydroervatamine 353.1860 Natural 14.26 

 

19,20-Dihydrousambarensine 435.2554 Natural 14.53 

 

19,20-Epoxynovacine 441.2012 Natural 10.05 
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2,7-Dihydroxyapogeissoschizine 369.1818 Natural 16.49 

 

3,4,5,6-
Tetradehydrogeissoschizol 

293.1645 Natural 16.74 

 

3',4',5',6'-
Tetradehydrolongicaudatine Y 

567.3127 Natural 15.20 

 

3′,4′,5′,6′-
Tetradehydrogeissospermine 

629.3499 Natural 15.81 

 

3-Epimeloscine 293.1655 Natural 11.70 
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3'-Oxotabernaelegantine B 721.3944 Natural 22.61 

 

3-R,S-
Hydroxytabernaelegantine A 

705.4009 
[M+H-H2O]+ 

Natural 15.07 

 

6,7-Dihydroflavopereirine 249.1378 Natural 16.28 

 

Acetyl-splendoline 413.2077 Natural 14.36 

 

Ajmaline 327.2096 Natural 12.55 

 

Akagerine 325.1930 Natural 15.89 

 

Akuammicine 323.1770 Natural 16.07 
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Akuammidine 353.1864 Natural 11.11 

 

Akuammigine 353.1843 Natural 18.14 

 

Akuammiline 395.1969  Natural 13.52 

 

Akuammine 383.1962 Natural 12.57 

 

Alloyohimbine 355.2034 Natural 14.30 

 

Alpha-colubrine 365.1861 Natural 13.80 

 

Alpha-methylyohimbine 369.2181 Natural 16.76 
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Angustine 314.1281 Natural 28.84 

 

Antirhine 297.1958 Natural 18.29 

 

Apparicine 265.1687 Natural 18.50 

 

Aspidofractinine 281.2012 Natural 9.26 

 

Bipleiophylline 795.3385 Semisynthesis 19.49 

 

Brucine 395.1967 Natural 12.95 

 

Burnamine 369.1791 Natural 14.62 
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Cadambine 545.2161 Natural 16.74 

 

Camptothecine 349.1174 
Commercial 
(Alfa Aesar, 

2016) 
27.21 

 

Carapanaubine 429.2067 Natural 15.75 

 

Catharanthine 337.1914 Natural 16.11 

 

Ceridimine 497.2898 Natural 12.62 

 

C-fluorocurarine 307.1808 Natural 11.29 

 

Cinchonamine 297.1951 Natural 16.68 

 

C-mavacurine 309.1965 Natural 14.82 
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Condylocarpine N-oxide 339.1719 Natural 15.35 

 

Conopharyngine 399.2292 Natural 16.30 

 

Coronaridine 339.2056  Natural 16.85 

 

Corynantheidal 297.1950 Natural 14.43 

 

Corynantheidine 369.2183 Natural 16.78 

 

Corynantheidol 299.2120 Natural 14.05 

 

Corynantheine 367.2006 Natural 16.70 

 

Corynantheol 297.1963 Natural 13.66 
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Corynanthine 355.2011 Natural 14.25 

 

Criophylline 647.3569 Natural 15.99 

 

Cymoside 547.2286 Natural 10.35 

 

Desacetyl-isosplendine 327.2073 Natural 15.95 

 

Desoxycabufiline 735.4127 Natural 16.90 

 

Dregamine 355.2012 Natural 11.90 
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Echitamidine 341.1868 Natural 10.85 

 

Echitamine 385.2123 Natural 13.40 

 

Ervafoline 645.3433 Natural 25.80 

 

Ervatamine 355.2023 Natural 14.99 

 

Ervitsine 293.1648 Natural 14.24 

 

Geissolaevine 367.1298 Natural 23.22 

 

Geissolosimine 573.3609 Natural 13.83 
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Geissoschizine 353.1869 Natural 18.31 

 

Geissoschizoline 299.2114 Natural 10.36 

 

Geissospermine 633.3801 Natural 14.42 

 

Gelsemicine 359.1964 Natural 16.28 

 

Gelsemine 323.1769 Natural 9.75 

 

Goniomedine A 649.3741 Natural 12.49 
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Goniomedine B 633.3790 Natural 14.66 

 

Goniomedinone 663.3532 Natural 13.83 

 

Goniomedine A N-oxide 665.3705 Natural 13.40 

 

Goniomitine 299.2104 Natural 17.49 

 

Grandilodine B 455.1821 Total synthesis 25.06 

 

Grandilodine C 381.1448 Total synthesis 24.09 
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Holstiine 383.1976 Natural 12.06 

 

Holstiline 397.2141 Natural 16.00 

 

Ibogaine 311.2118 Natural 13.57 

 

Ibogamine 281.1998 Natural 15.34 

 

Iboxygaine 327.2077 Natural 14.90 

 

Icajine 365.1866 Natural 13.64 

 

Isomalindine 304.1802 Natural 10.88 

 

Isoretuline 339.2057 Natural 12.55 
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Isostrychnine 335.1741 Natural 12.14 

 

Isostrychnopentamine A 550.3544 Natural 13.16 

 

Isosungucine 635.3363 Natural 16.03 

 

Lanciferine 545.2268 Natural 29.88 

 

Leuconolam 327.1702 Natural 18.12 
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Leucoridine A 557.3640 Semisynthesis 16.27 

 

Lundurine A 367.1652 Total synthesis 28.08 

 

Malindine 304.1819 Natural 10.20 

 

Melosuavine E 703.3472 Natural 16.70 

 

Methuenine 295.1804 Natural 14.35 

 

Methyle reserpate 415.2234 Natural 16.12 

 

Mitrinermine 385.2141 Natural 16.43 
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N4-methylantirhine 311.2123 Natural 14.23 

 

Naucleidinal 337.1543 Natural 27.33 

 

Naulafine 312.1124 Natural 22.14 

 

Nb-methylusambarensine 447.2546 Natural 15.48 

 

Novacine 425.2065 Natural 13.05 

 

Ochrolifuanine A 439.2850 Natural 16.62 

 

Ochropamine 367.2021 Natural 16.30 
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Ochropposinine 359.2310 Natural 16.60 

 

Olivacine 247.1228 Natural 21.48 

 

O-methylgeissolaevine 381.1446 Natural 26.97 

 

O-trimethoxy-3,4,5-benzoyl-
OH-vincamajine 

577.255 Natural 15.76 

 

O-3,4,5-trimethoxycinnamate-
OH-vincamajine 

603.2701 Natural 21.00 

 

Panarine 323.1754 Natural 15.64 
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Pandine 353.1843 Natural 14.82 

 

Pericyclivine 323.1749 Natural 16.17 

 

Perivine 339.1694 Natural 13.40 

 

Picraline 411.1914 Natural 17.32 

 

Pleiocarpamine 323.1742 Natural 17.46 

 

Pleiocarpine 397.2122 Natural 26.94 

 

Pleiocarpinilam 367.2032 Natural 15.06 
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Pleiocarpinine 353.2217 Natural 17.23 

 

Pleiocarpoline 413.2088 Natural 17.16 

 

Pleiokomenine A 717.4375 Natural 19.52 

 

Pleiokomenine B 689.4051 Natural 17.96 

 

Pleiomutine 631.4026 Natural 18.73 

 

Pleiomutinine 615.3667 Natural 15.01 
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Polyneuridine 353.1874 Natural 12.95 

 

Protostrychnine 353.1865 Natural 10.05 

 

Pseudostrychnine 351.1686 Natural 13.27 

 

Pseudoyohimbine 355.2030 Natural 13.63 

 

Quebrachamine 283.2185 Natural 15.05 

 

Quebrachidine 353.1861 Natural 14.91 

 

Quinidine 325.1907 Natural 13.69 

 

Raubasine 353.1849 Natural 17.54 
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Rauvomitine 503.2531 Natural 22.61 

 

Reserpiline 413.2077 Natural 17.02 

 

Reserpine 609.2817 Natural 21.85 

 

Retuline 339.2063 Natural 9.59 

 

Serpentine 349.1557 Natural 13.15 

 

20'-episerpentinine 685.3381 Natural 18.20 
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Splendoline 371.1973 Natural 11.85 

 

Strictosamide 499.2071 Natural 26.66 

 

Strictosidine 531.2330 Natural 16.96 

 

Strychnine 335.1760 Natural 11.00 

 

Strychnofoline 483.2757 Natural 11.94 

 

Strychnogucine A 651.3347 Natural 15.55 
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Strychnogucine C 651.3361 Natural 16.33 

 

Strychnohexamine 869.4934 Natural 17.81 

 

Strychnopentamine 550.3547 Natural 12.58 

 

Strychnophylline 566.3494 Natural 8.71 

 

Sungucine 635.3390 Natural 15.32 
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Tabernaemontanine 355.2008 Natural 14.73 

 

Tabernamine 617.3835 Natural 15.28 

 

Tabernanthine 311.2109 Natural 18.63 

 

Tabersonine 337.1928 Natural 18.23 

 

Trimethoxy-3,4,5-cinnamate-
vincamajine 

587.2748 Natural 17.77 

 

Tubotaiwine 325.1897 Natural 13.70 
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10-hydroxyusambarensine 449.2337 Natural 16.64 

 

Usambarine 451.2857 Natural 14.80 

 

Vellosimine 293.1651 Natural 14.71 

 

Villalstonine 661.3737 Natural 17.38 

 

Vinblastine 811.4268 Natural 18.62 
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Vincamajine 367.2013 Natural 12.01 

 

Vincamine 355.2019 Natural 19.99 

 

Vincosamide 499.2101 Natural 26.86 

 

Vindolinine 337.1916 Natural 13.46 

 

Voacalgine A 475.1853 Natural 19.64 

 

Voacamine 705.3984 Natural 17.52 

 

Voacangine 369.2179 Natural 16.76 

 

Voachalotine 367.2033 Natural 14.25 
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Vobasine 353.1854 Natural 15.32 

 

Vobtusine 719.3819 Natural 23.26 

 

Vomicine 381.1809 Natural 13.39 

 

Wieland-Gumlich aldehyde 311.1758 Natural 9.62 

 

Yohimbine 355.2014 Natural 15.20 

 

 
First validation assay 
 

The plant material was a commercial batch of the leaves of Catharanthus roseus (L.) 
G.Don. used for teaching purposes (Univ. Paris-Sud), bearing no voucher number.  
It was extracted as follows:  
 
For LC-MS/MS analysis, 1 g of dry and powdered leaves of C. roseus were extracted with 
MeOH (20 mL). The MeOH crude extract was filtered under vacuum and concentrated by 
rotatory evaporation to yield 10 mg of residue. This residue was analyzed in identical 
conditions to that used for data acquisition of individual compounds. 
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Table S2. Molecular Networking parameters for the first validation essay 

 

Parameter Value 

Minimum pairs cosine 0.6 

Parent mass ion tolerance 0.02 

Fragment ion mass tolerance 0.02 

Minimum matched peaks 6 

Top K 10 

Minimum cluster size 2 

Maximum connected component size 100 

Run MScluster on 

Library search score threshold 0.6 

Library search minimum matched peaks 6 

 

A molecular network was created using the online workflow at GNPS. The data was then 
clustered with MS-Cluster with a parent mass tolerance of 0.02 Da and a MS/MS fragment 
ion tolerance of 0.02 Da to create consensus spectra. Further, consensus spectra that 
contained less than 2 spectra were discarded. A network was then created where edges 
were filtered to have a cosine score above 0.6 and more than 6 matched peaks. Further 
edges between two nodes were kept in the network if and only if each of the nodes 
appeared in each other's respective top 10 most similar nodes. The spectra in the network 
were then searched against GNPS' spectral libraries. All matches kept between network 
spectra and library spectra were required to have a score above 0.6 and at least 6 matched 
peaks. 
 
Second validation assay 

Table S3. Molecular Networking parameters for the second validation essay 
 

Parameter Value 

Minimum pairs cosine 0.6 

Parent mass ion tolerance 0.02 

Fragment ion mass tolerance 0.02 

Minimum matched peaks 6 

Top K 10 

Minimum cluster size 1 

Maximum connected component size 100 

Run MScluster off 

Library search score threshold 0.7 

Library search minimum matched peaks 6 
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A molecular network was created using the online workflow at GNPS. The data was filtered 
by removing all MS/MS peaks within +/- 17 Da of the precursor m/z. MS/MS spectra were 
window filtered by choosing only the top 6 peaks in the +/- 50Da window throughout the 
spectrum. A network was then created where edges were filtered to have a cosine score 
above 0.6 and more than 6 matched peaks. Further edges between two nodes were kept in 
the network if and only if each of the nodes appeared in each other's respective top 10 most 
similar nodes. The spectra in the network were then searched against GNPS' spectral 
libraries. The library spectra were filtered in the same manner as the input data. All matches 
kept between network spectra and library spectra were required to have a score above 0.7 
and at least 6 matched peaks.  



  

Université Paris-Saclay           
Espace Technologique / Immeuble Discovery  
Route de l’Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 

110 

 
 

  



 
 

Université Paris-Saclay           
Espace Technologique / Immeuble Discovery  
Route de l’Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France  

111 

 

  

CHAPITRE III : 

PREMIÈRE APPLICATION DE LA MIADB - 

ÉTUDE PHYTOCHIMIQUE DE 

GEISSOSPERMUM LAEVE MIERS. 
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1. INTRODUCTION 
 

1.1 Phylogénie et description botanique 
 

Le genre Geissospermum Allemão appartient à la famille des Apocynaceae31, sous-

famille des Rauvolfioidae Kostel., tribu des Aspidospermatae Miers.53 Ce genre regroupe six 

espèces : G. argenteum Woodson, G. fuscum Markgr., G. laeve (Vell.) Miers, G. reticulatum 

A.H.Gentry, G. sericeum Miers et G. urceolatum A.H.Gentry. On retrouve des synonymies 

avec les genres Aspidosperma et Tabernaemontana pour certaines. 

 

De manière générale, les plantes du genre Geissospermum se présentent toutes sous 

forme de grands arbres, à écorce très épaisse. Elles se caractérisent par la présence des 

feuilles alternes et d’inflorescences extra-axillaires. Les corolles, tubulaires, ont une forme 

de plateau avec des segments à légère convolution dextre, caractéristiques des 

Apocynaceae, et des anthères cordées. Leur formule florale est également caractéristique 

des Apocynaceae (5 sépales, 5 pétales, 5 étamines, 2 carpelles, fusionnés ici). Les fruits sont 

des baies en forme de poire (Figure 7).54, 55, 56, 57 

 
 
 
 
 
 
 
 

 
 
 

    
 

                                                      
53 M. E. Endress, S. Liede-Schumann, et al.,  Phytotaxa, 2014, 159, 175-194. 
54 J. Miers,  Taylor and Francis, 1878. pp. 1-5. 
55 https://www.amigosjb.org.br/galeria/agostosetembro-2015/#jp-carousel-7431, (accessed 08-09-2018, 
2018). 
56 http://static1.kew.org/science/tropamerica/imagedatabase/large73/cat_single73-2.htm, (accessed 08-09-
2018, 2018). 
57 
http://andesandamazonfieldschool.com/Andes_and_Amazon_Field_School/Geissospermum_reticulatum_Apo
cynaceae.html, (accessed 08-09-2018, 2018). 

CHAPITRE III : PREMIÈRE APPLICATION DE LA MIADB – EXPLORATION DE 

L’ESPACE CHIMIQUE DE GEISSOSPERMUM LAEVE (VELL.) MIERS. 

 

G. laeve – Fleurs. G. urceolatum – Feuilles G. reticulatum - Fruits 

Figure 7. Espèces du genre Geissospermum 
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1.2 Répartition géographique 

 

Les espèces du genre 

Geissospermum sont originaires de 

l’Amérique du Sud, et plus 

exactement des pays suivants : 

Brésil, Pérou, Bolivie, Guyana, 

Surinam et Guyane française, où il 

y a un climat subtropical (Figure 

8).58, 59 

Elles poussent dans la Terra firme 

de la forêt amazonienne (ou zone qui n'est pas inondée par la crue en période de hautes 

eaux), dans la forêt semi-décidue (forêt caractérisée par la présence d'une majorité d'arbres 

dont les feuilles caduques, tombent au rythme des saisons) et dans la forêt tropicale.60 

 

1.3 Geissospermum laeve (Vell.) Miers 
 

Geissospermum laeve (Vell.) Miers. (Figure 9,61 

connu aussi sous les noms de G. vellosii Allemão, G. 

martianum Miers et Tabernaemontana laevis Vell.) est 

l’espèce la plus étudiée du genre. Elle est utilisée en 

médecine traditionnelle comme antipaludique, sous la 

forme de décocté des écorces.62 L’emploi sous forme de 

macérations alcooliques est également notable.63  G. 

laeve est utilisé aussi pour traiter la constipation, les 

troubles hépatiques et comme stimulant sexuel.64  

 

En raison de ces propriétés médicinales et de 

l’importance de ses emplois traditionnels, les écorces ont 

fait l’objet d’une demande d’inscription à la 

pharmacopée française, par l’association pour l’étude et 

le développement des plantes aromatiques et 

médicinales en Guyane (GADEPAM). 

  

                                                      
58 J. C. P. Steele, N. C. Veitch, et al.,  J. Nat. Prod., 2002, 65, 85-88. 
59 https://doi.org/10.15468/39omei, (accessed 18-09-2018). 
60 I. R. Koch, A.; Simões, A.O.; Kinoshita, L.S.; Spina, A.P.; Castello, A.C.D., 
http://reflora.jbrj.gov.br/jabot/floradobrasil/FB4605, (accessed 18-09-2018). 
61 http://specimens.kew.org/herbarium/K000965595, (accessed 18-09-2018). 
62 S. Bertani, G. Bourdy, et al.,  J. Ethnopharmacol., 2005, 98, 45-54. 
63 P. Grenand, C. Moretti, et al.,  ORSTOM, 1987. p. 126. 
64 F. Mbeunkui, M. H. Grace, et al.,  J. Chromatogr. B, 2012, 885, 83-89. 

Figure 8. Répartition géographique des espèces du genre 
Geissospermum 

Figure 9. G. laeve dans l’herbier du Royal 
Botanical Gardens 
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Après examen de la bibliographie par un comité ad hoc de l’ANSM (Agence Nationale de 

Sécurité des Médicaments) en 2014, la « présence d’alcaloïdes toxiques et les risques de 

confusions avec d’autres plantes »65, ont mené à son inscription sur la liste B des plantes 

médicinales de la Pharmacopée française (plantes utilisées traditionnellement dont le 

rapport bénéfice / risques est défavorable). On notera que la plante est également célèbre 

pour avoir été proposée, de manière très controversée, comme anti-VIH par le Pr. 

Beljansky.63 

 

Plusieurs études phytochimiques ont été entreprises sur G. laeve en utilisant des 

procédés traditionnels d’identification et d’isolement des produits naturels. Ces travaux ont 

abouti à la description de 13 alcaloïdes indolomonoterpéniques (Tableau 2 et Figure 10).66 , 

67 , 68 , 69 , 70 , 71 , 72 , 73, 74 

 
Tableau 2. Alcaloïdes indolomonoterpéniques décrits dans G. laeve 

Nom de la molécule Décrite par Type de squelette Source 

5,6-dihydroflavopereirine (15) V. Muñoz et al.71 Camptothecine Écorces 

apogeissoschizine (16) H. Rapoport et al.68 Strychnidine Écorces 

flavopereirine (17) N.A. Hughes et al.66 Camptothecine Écorces 

geissolosimine (13) H. Rapoport et al.69 
Corynanthe-

strychnos 
Écorces 

geissoschizine (18) H. Rapoport et al.67 Corynanthean Écorces 

geissoschizone (19) F. Mbeunkui et al.74 Strychnidine Écorces 

geissoschizoline (20) H. Rapoport et al.67 Akuammicine Écorces 

geissospermine (14) H. Rapoport et al.67 
Corynanthe-

strychnos 
Écorces 

geissovelline (21) R.E. Moore et al.70 Condylocarpan Écorces 

pausperadine A (22) H. Ishiyama et al.72 Ulean Écorces 

vellosimine (23) H. Rapoport et al.69 Sarpagine Écorces 

vellosiminol (24) H. Rapoport et al.69 Sarpagine Écorces 

vellosine (25) H. Rapoport et al.67 Aspidofractine Écorces 

                                                      
65 
https://ansm.sante.fr/var/ansm_site/storage/original/application/c0085a65bb75c11555a6aa91ccc4c750.pdf, 
(accessed 10-09-2018, 2018). 
66 N. A. Hughes & H. Rapoport,  J. Am. Chem. Soc., 1958, 80, 1604-1609. 
67 H. Rapoport, T. P. Onak, et al.,  J. Am. Chem. Soc., 1958, 80, 1601-1604. 
68 H. Rapoport, R. J. Windgassen Jr, et al.,  J. Am. Chem. Soc., 1960, 82, 4404-4414. 
69 H. Rapoport & R. E. Moore,  J. Org. Chem., 1962, 27, 2981-2985. 
70 R. E. Moore & H. Rapoport,  J. Org. Chem., 1973, 38, 215-230. 
71 V. Muñoz, M. Sauvain, et al.,  J. Ethnopharmacol., 2000, 69, 127-137. 
72 H. Ishiyama, M. Matsumoto, et al.,  Heterocycles, 2005, 66, 651-658. 
73 J. A. Lima, R. S. Costa, et al.,  Pharmacol. Biochem. Behav., 2009, 92, 508-513. 
74 F. Mbeunkui, M. H. Grace, et al.,  J. Ethnopharmacol., 2012, 139, 471-477. 
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Tirant parti de l’évolution des techniques d’identification et d’isolement des produits 

naturels, notre équipe a décidé d’entreprendre l’exploration de l’espace chimique de cette 

espèce déjà étudiée en utilisant ces nouvelles techniques, en aspirant à découvrir des 

molécules à motifs chimiques inédits. 

 
Figure 10. Alcaloïdes indolomonoterpéniques décrits dans G. laeve 

Dans ce cadre, nous avons tiré profit de la première version de la MIADB, constituée 

de 55 molécules à ce moment-là, pour servir de référence à cette étude. C’est ainsi qu’un 

extrait alcaloïdique des écorces de G. laeve a été préparé et, par la suite, dérépliqué contre 

cette base de données en appliquant la technique du « molecular networking ». 

L’importance de ce travail réside dans le fait que c’était le premier pas de notre laboratoire 

vers une phytochimie utilisant des outils informatiques d’exploitation de données de CL-

SM/SM, au service d’une exploration plus efficace de l’espace chimique des plantes déjà 

étudiées au cours de l’histoire. Ce travail a fait l’objet d’une publication en 2017 

dans la revue Journal of Natural Products.  
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Réinvestigation des plantes déjà explorées : une étude de Geissospermum laeve basée sur 
les réseaux moléculaires 

 

Article publié dans Journal of Natural Products, 2017 

 

 
Résumé : Trois nouveaux AIMs (26–28) ont été isolés de l'écorce de Geissospermum laeve, 
ainsi que des alcaloïdes connus (−)-leuconolam (29), géissolosimine (13) et 
géissospermine (14). Les structures de 26–28 ont été élucidées par l'analyse de leurs 
données spectroscopiques SMHR et RMN. Parmi ces trois composés, 26 et 27 ont un 
squelette jamais décrit auparavant, constitué d’une partie γ-lactone α,β-insaturé. La 
configuration absolue de la geissolaevine (26) a été déduite de la comparaison des 
spectres DCE expérimental et calculé. La méthode d'isolement était guidée par une 
stratégie de déréplication basée sur la technique des réseaux moléculaires en utilisant 
une base de données interne d'AIMs. En outre, cinq composés connus, non décrits 
précédemment dans le genre Geissospermum, ont été dérépliqués du réseau de l’extrait 
alcaloïdique de G. laeve ; différents niveaux d’identification ont pu être attribués pour ces 
molécules. Les activités antiparasitaires contre Plasmodium falciparum et Leishmania 
donovani ainsi que l'activité cytotoxique contre la souche cellulaire MRC-5 ont été 
déterminées pour les composés 13 et 26–29. 
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2. PUBLICATION ASSOCIÉE 
 
 

 
 
 

2017 

 
 

Revisiting Previously Investigated Plants: A Molecular Networking-Based Study of 
Geissospermum laeve 

Alexander E. Fox Ramos, Charlotte Alcover, Laurent Evanno, Alexandre Maciuk,  
Marc Litaudon, Christophe Duplais, Guillaume Bernadat, Jean-François Gallard,  

Jean-Christophe Jullian, Elisabeth Mouray, Philippe Grellier, Philippe M. Loiseau,  
Sébastien Pomel, Erwan Poupon, Pierre Champy*, and Mehdi A. Beniddir* 

 
 
 
 

 
Abstract: Three new 
monoterpene indole alkaloids 
(1–3) have been isolated from 
the bark of Geissospermum 
laeve, together with the known 
alkaloids (−)-leuconolam (4), 
geissolosimine (5), and 
geissospermine (6). The 
structures of 1–3 were 
elucidated by analysis of their HRMS and NMR spectroscopic data. The absolute 
configuration of geissolaevine (1) was deduced from the comparison of experimental and 
theoretically calculated ECD spectra. The isolation workflow was guided by a molecular 
networking-based dereplication strategy using an in-house database of monoterpene 
indole alkaloids. In addition, five known compounds previously undescribed in the 
Geissospermum genus were dereplicated from the G. laeve alkaloid extract network and 
were assigned with various levels of identification confidence. The antiparasitic activities 
against Plasmodium falciparum and Leishmania donovani as well as the cytotoxic activity 
against the MRC-5 cell line were determined for compounds 1–5. 
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Supplementary information: 
 
Figure S1. Generation and composition of the in-house database 

Generation of the in-house monoterpene indole alkaloid database. This database 
was generated from the acquisition of MS/MS spectra of 55 monoterpene indole alkaloids 
[(47 monomers (4, 9-54), 8 bisindoles (5, 6, 55-60)], which were previously isolated in the 
laboratory from various plants in the order Gentianales, or obtained as commercial 
standards. These reference compounds were characterized by analysis of their NMR, UV-vis 
and HRMS data. For each compound, an average MS/MS spectrum of three collision 
energies (30, 50 and 70 eV) was obtained, in the positive mode, using mono-charged 
molecular or pseudomolecular ions. These three values were chosen after several tests. 
Indeed, we noticed that bisindoles and monoindoles gave different MS/MS fragmentation 
pattern depending on the value of the collision energy. Thus, to address this issue we 
decided to use three collision energies to afford averaged MS/MS spectra. The acquisition of 
the spectra was done using an Agilent 1260 Infinity Q-TOF 6530 accurate mass spectrometer 
with a SunFire® analytical C18 column (150 × 2.1 mm; i.d. 3.5 µm, Waters) using a gradient 
of MeOH/H2O with 0.2% formic acid (5:95-100:0 in 30 min) at 0.25 mL/min. All the reference 
substances were dissolved in MeOH to obtain 2.53 mM solutions. The injection volume of 
the samples was set at 5 µL. 
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Monoindoles 

 

Figure S1. continued 
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Figure S1. continued 
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Figure S1. Chemical structures of the monoterpene indole (mono-indoles) alkaloids of the 

in-house database. Red: Type I; Blue: Type II; Orange: Type III. 
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Bisindoles 

 

Figure S1. Chemical structures of the monoterpene indole alkaloids (bisindoles) of the in-
house alkaloid database.  
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Figure S2. Monoterpene indole alkaloids skeletons according to the dictionary of alkaloids1 
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Figure S2. Monoterpene indole alkaloids skeletons. In red, the skeletons included in the in-
house database 
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Figure S3. Molecular network: Cluster A 
 

 
Figure S3. Cluster A of the full molecular network of the alkaloid extract from the bark of 
Geissospermum laeve, and the reference compounds from the in-house alkaloid 
database. 
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Figure S4. Molecular network: Clusters B and C 

 

 
Figure S4. Cluster B, C, and D of the full molecular network of the alkaloid extract from the 
bark of Geissospermum laeve, and the reference compounds from the in-house alkaloid 
database. 
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Figure S5. Comparison of MS/MS spectra from the references substances of the in-house 
database and the matches in the extract 
 

It must be pointed out that all matches between network spectra and library spectra 
were required to have a score above 0.6 and at least 6 matched peaks. 
 

Leuconolam (4) – m/zexp = 327.1703 

 

 
 
Ibogamine (48) – m/zexp = 281.2012 
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Geissoschizoline (18) – m/zexp = 299.2106 

 

 
 

Quebrachamine (54) – m/zexp = 283.2163 
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Serpentine (14) – m/zexp = 349.1531 

 

 
 

Raubasine (10) – m/zexp = 353.1842 
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Akuammigine (11) – m/zexp = 353.1835 

 
 

Figure S5. The MS/MS spectra of the reference substances that matched in the Molecular 
Network of the alkaloid extract and the in-house database were compared. All of the 
matches had similar MS/MS spectra and retention time (RT) in both the reference sample 
and the extract. To ensure that the compound at RT = 14.051 and m/z = 353.1842 was truly 
raubasine (10) at not one of its epimers, such as akuammigine (11), we compared the RT of 
each reference substance with the one present in the extract. The RT of raubasine (10) is 
closer than that of akuammigine (11) in regard to the peak of interest. 
 

The other substances that matched also have epimers that have been described in 
nature, a list of which can be found below. 
 

• Leuconolam (4): no epimers. 

• Serpentine (14): Alstonine (20-epimer); epi-alstonine (19,20-diepimer); 19-
episerpentine (19-epimer). 

• Raubasine (10): Isoajmalicine (3-epimer); mayumbine (19-epimer); 
tetrahydroalstonine (20-epimer); 19-epi-3-isoajmalicine (3,19-diepimer); rauniticine 
(19,20-diepimer); 3-isorauniticine (3,19,20-triepimer). 

• Geissoschizoline (18): no epimers. 

• Ibogamine (48): no epimers. 

• Quebrachamine (54): two enantiomers. 
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Alkaloid extract 
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Table S6. HRMS-based dereplication – Selected compounds 
 
Table S6: Dereplication of the selected compounds against DNP and Reaxys® databases 
 

compounds species 
experimental 

m/z 
calculated 

m/z 
hits 

molecular 
formula 

1 [M+H]+ 367.1281 367.1288 
12 hits - Not described in 

G. laeve 
C20H18N2O5 

2 [M+H]+ 381.1438 381.1445 
11 hits - Not described in 

G. laeve 
C21H20N2O5 

3 [M+] 629.3476 629.3486 
1 hit = macrospegatrine - 
Not described in G. laeve 

C40H45N4O3
+ 

4 [M+H]+ 327.1699 327.1703 23 hits C19H22N2O3 

5 [M+H]+ 573.3588 573.3588 4 hits C38H44N4O 

6 [M+H]+ 633.3795 633.3799 7 hits C40H48N4O3 

 

Figure S7. Generation of O-methylgeissolaevine (2) from geissolaevine (1) 
 
 
 
 
 

 

 

 

 

 
 
 
 
 
 

Figure S7. TIC-ESI-(+) chromatogram of compound 1 after one night in MeOH and extracted 
MS spectra of compounds 1 and 2. 
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Figure S8. Comparison between the principal NOESY correlations of 3′,4′,5′,6′- 
tetradehydrogeissospermine (3) and geissospermine (6) 
 

 
Figure S8. Principal NOESY correlations of 3',4',5',6'-tetradehydrogeissospermine (3) and 
geissospermine (6). 
 
Figure S9. Comparison between the experimental ECD spectra of 3',4',5',6'-
tetradehydrogeissospermine (3) and geissospermine (6) 

 
Figure S9. Comparison between the experimental ECD spectra of compounds 3 (green) and 
6 (red). 
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Table S10 and Figure S11. Computational methods 
 
Table S10. Conformations and corresponding relative free energies, populations and 
cumulated populations used for the simulation of circular dichroism spectrum for 
compound 1. 
 

Conformation G0
rel (kcal/mol) P (%) Pc (%) 

1 0.00 40.0 40.0 

2 0.11 33.1 73.1 

3 0.98 7.7 80.8 

4 1.13 6.0 86.7 

5 1.14 5.9 92.6 

 
Model coordinates 
 
Compound 1 (E(B3LYP): −1258.63423932 Ha, 17.2363 cm−1) 
 

Figure S11. Geometry of the most stable conformation of 
compound 1 found at the B3LYP/6-31G* level (The orange 
dashed line represents an intramolecular hydrogen bond). 
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Coordinates, energies and lowest frequency of the most stable conformer found for 
compound 1: 
Sum of electronic and thermal Free Energies: −1258.334998 Ha 
1 O 2.06157 2.29927 1.46314  
2 C 1.37090 1.60503 0.48968  
3 C 1.99504 0.22598 0.33225  
4 C 2.05217 -0.72512 1.49013  
5 C 1.31890 -2.03952 1.25528  
6 O 1.41865 -2.83196 2.33238  
7 C 0.75817 -4.10964 2.23763  
8 O 0.72610 -2.35760 0.24146  
9 C 2.52041 0.10391 -0.89447  
10 C 3.31489 -0.99573 -1.53083  
11 C 4.80114 -0.62439 -1.69677  
12 C 2.23911 1.36672 -1.64165  
13 O 1.56173 2.22081 -0.82202  
14 O 2.53082 1.63527 -2.78195  
15 C -0.13915 1.68704 0.76989  
16 N -0.47001 2.69002 1.58569  
17 C -1.75970 2.97511 1.83258  
18 C -2.81561 2.26665 1.27030  
19 C -2.50404 1.19348 0.43202  
20 C -1.13363 0.89664 0.18072  
21 N -1.05849 -0.19372 -0.66730  
22 C -2.34453 -0.64169 -0.93213  
23 C -2.75558 -1.73677 -1.69842  
24 C -4.12337 -1.95623 -1.82339  
25 C -5.06611 -1.11056 -1.20594  
26 C -4.65301 -0.02700 -0.44031  
27 C -3.27967 0.21240 -0.29258  
28 H 1.39680 2.92639 1.83683  
29 H 1.64619 -0.25668 2.39335  
30 H 3.09189 -0.97594 1.73731  
31 H -0.31200 -3.97263 2.06517  
32 H 1.18246 -4.69759 1.42005  
33 H 0.93552 -4.59765 3.19569  
34 H 2.88979 -1.19500 -2.52260  
35 H 3.21344 -1.91785 -0.94991  
36 H 4.90429 0.27204 -2.31458  
37 H 5.34496 -1.44135 -2.18318  
38 H 5.27297 -0.42999 -0.72707  
39 H -1.94242 3.80987 2.50410  
40 H -3.84304 2.53917 1.49185  
41 H -0.23765 -0.78460 -0.75751  
42 H -2.03227 -2.38904 -2.17840  
43 H -4.47237 -2.79862 -2.41444  
44 H -6.12613 -1.31064 -1.33165  
45 H -5.38191 0.62179 0.03808 
 
  



 
 

Université Paris-Saclay           
Espace Technologique / Immeuble Discovery  
Route de l’Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France  

147 

Experimental method S12. Biological assays  
Antiplasmodial evaluation. The chloroquine-resistant strain FcB1/Colombia of Plasmodium 
falciparum was obtained from the National Museum Natural History collection, Paris, France 
(n°MNHN-CEU-224-PfFCB1). Parasites were maintained in vitro in human erythrocytes in 
RPMI 1640 medium supplemented by 8% (v/v) heat-inactivated human serum at 37 °C 
under an atmosphere of 3% CO2, 6% O2, and 91% N2. Human red blood cells and serum were 
provided by the Etablissement Français du Sang Ile de France under the C-CPSL-UNT 
approval n°13/EFS/126. In vitro drug susceptibility was measured by [3H]-hypoxanthine 
incorporation as described previously.2 Stock solutions of drugs were prepared in DMSO. 
Compounds were serially diluted two-fold with 100 μL culture medium in 96-well plates. 
Asynchronous parasite cultures (100 μL, 1% parasitemia and 1% final hematocrit) were then 
added to each well and incubated for 24 h at 37 °C prior to the addition of 0.5 μCi of [3H]-
hypoxanthine (GE Healthcare; 1 to 5 Ci.mmol/mL) per well. After a further incubation of 24 
h, plates were frozen and thawed. Cell lysates were then collected onto glass-fiber filters 
and counted in a liquid scintillation spectrometer. The growth inhibition for each drug 
concentration was determined by comparison of the radioactivity incorporated in the 
treated culture with that in the control culture maintained on the same plate. The 
concentration causing 50% growth inhibition (IC50) was obtained from the drug 
concentration-response curve and the results were expressed as mean values ± standard 
deviations as determined from three independent experiments. Chloroquine diphosphate, 
used as a positive control, was purchased from Sigma (purity>99%). 
 
Antileishmanial evaluation. The in vitro evaluation was performed on the L. donovani 
(MHOM/ET/67/HU3) line, called LV9, kindly supplied by Prof. S. Croft, London School of 
Hygiene and Tropical Medicine, UK. The evaluation on axenic amastigotes was adapted from 
Cheikh-Ali et al.3 Axenic amastigotes were induced by incubating a five-day late log-phase 
promastigote culture in M199 supplemented with 100 μM adenosine, 0.5 mg/L hemin, 40 
mM HEPES, and 10% heat inactivated fetal bovine serum at pH 5.5 at 37 °C with 5% CO2 for 
24 h. Two-fold serial dilutions of the test extract and compounds were then performed in 
100 μL of the same medium in 96-well microplates. Axenic amastigotes were then added to 
each well at 106/ml in 200 μL final volume. After 72 h of incubation at 37 °C with 5% CO2, 20 
μL of 450 μM resazurin was added to each well and further incubated in the dark for 24 h at 
37°C with 5% CO2. In living cells, resazurin is reduced to resofurin. This conversion was 
monitored by measuring the absorbance at specific wavelengths of resofurin (570 nm) and 
resazurin (600 nm) using a microplate reader (Lab systems Multiskan MS). Final activities 
were expressed as IC50 values. Miltefosine was used as the reference compound.  
 

Evaluation using intramacrophage amastigotes was adapted from the method of 
Cheikh-Ali et al.3 The cell line was RAW 264.7 macrophage (from ATCC), a mouse monocyte 
macrophage. Briefly, RAW 264.7 macrophages were plated in 96-well microplates at 2 × 104 
cells per well and incubated for 24 h at 37°C with 5% CO2. Axenic amastigotes were induced 
as described above, centrifuged at 2000 g for 10 min, resuspended in DMEM complete 
medium, and added to each well at 3.2 × 105 parasites per well to reach a parasite to 
macrophage ratio 16 :1. 
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After 24 h of infection at 37 °C with 5% CO2, extracellular parasites were removed 

and 100 μL of DMEM complete medium containing two-fold serial dilutions of each test 
material was added to each well. After 48 h of treatment, the medium was removed and 
replaced by 100 μL of DirectPCR Lysis Reagent (Euromedex, Souffelweyersheim, France) 
before three freeze-thaw cycles at room temperature, addition of 50 μg/mL proteinase K, 
and a final incubation at 55 °C for 4 h to allow cell lysis. Then 10 μL of each cell extract were 
then added to 40 μL of DirectPCR Lysis reagent containing 0.05% Sybr Green I (Invitrogen, 
Saint-Aubin, France). DNA fluorescence was monitored using Mastercycler® realplex 
(Eppendorf, Montesson, France). The activity of the test materials was expressed as IC50 
values. Miltefosine was used as the reference compound. 
 
Cell culture and proliferation assay. The MRC-5 cell line was obtained from the American 
Type Culture Collection (Rockville, MD, USA) and cultured according to the supplier’s 
instructions. Human MRC-5 cells were grown in DMEM supplemented with 10% fetal calf 
serum (FCS) and 1% glutamine. The cell line was maintained at 37 °C in a humidified 
atmosphere containing 5% CO2. Cell growth inhibition was determined by an MTS assay 
according to the manufacturer’s instructions (Promega, Madison, WI, USA). Briefly, the cells 
were seeded in 96-well plates (2.5 × 103 cells/well) containing 200 μL of growth medium. 
After 24 h of culture, the cells were treated with the test compounds at different final 
concentrations. After 72 h of incubation, 40 μL of resazurin was added for 2 h before 
recording absorbance at 490 nm with a spectrophotometric plate reader. The IC50 value 
corresponded to the concentration of compound inducing a decrease of 50% in absorbance 
of drug-treated cells compared with untreated cells. Experiments were performed in 
triplicate. Paclitaxel was used as the reference compound. 
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Figure S13. 1H NMR spectrum (400 MHz, DMSO-d6) of geissolaevine (1) 
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Figure S14. 13C NMR spectrum (100 MHz, DMSO-d6) of geissolaevine (1) 
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Figure S15. 13C J-MOD NMR spectrum (100 MHz, DMSO-d6) of geissolaevine (1) 
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Figure S16. COSY spectrum (400 MHz, DMSO-d6) of geissolaevine (1) 
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Figure S17. HSQC spectrum (400 MHz, DMSO-d6) of geissolaevine (1) 
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Figure S18. HMBC spectrum (400 MHz, DMSO-d6) of geissolaevine (1) 
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Figure S19. NOESY spectrum (400 MHz, DMSO-d6) of geissolaevine (1) 
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Figure S20. 1H NMR spectrum (600 MHz, DMSO-d6) of O-methylgeissolaevine (2) 
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Figure S21. 13C NMR spectrum (100 MHz, DMSO-d6) of O-methylgeissolaevine (2) 
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Figure S22. COSY spectrum (400 MHz, DMSO-d6) of O-methylgeissolaevine (2) 
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Figure S23. HSQC spectrum (400 MHz, DMSO-d6) of O-methylgeissolaevine (2) 
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Figure S24. HMBC spectrum (400 MHz, DMSO-d6) of O-methylgeissolaevine (2) 
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Figure S25. NOESY spectrum (400 MHz, DMSO-d6) of O-methylgeissolaevine (2) 
 

  



  

Université Paris-Saclay           
Espace Technologique / Immeuble Discovery  
Route de l’Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 

162 

Figure S26. 1H NMR spectrum (400 MHz, DMSO-d6) of 3′,4′,5′,6′-tetradehydrogeissospermine (3) 
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Figure S27. 13C NMR spectrum (100 MHz, DMSO-d6) of 3′,4′,5′,6′-tetradehydrogeissospermine (3) 
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Figure S28. COSY spectrum (400 MHz, DMSO-d6) of 3′,4′,5′,6′-tetradehydrogeissospermine (3) 
 

  



 
 

Université Paris-Saclay           
Espace Technologique / Immeuble Discovery  
Route de l’Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France  

165 

Figure S29. HSQC spectrum (400 MHz, DMSO-d6) of 3′,4′,5′,6′-tetradehydrogeissospermine (3) 
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Figure S30. HMBC spectrum (400 MHz, DMSO-d6) of 3′,4′,5′,6′-tetradehydrogeissospermine (3) 
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Figure S31. NOESY spectrum (400 MHz, DMSO-d6) of 3′,4′,5′,6′-tetradehydrogeissospermine (3) 
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Figure S32. 1H NMR spectrum (400 MHz, DMSO-d6) of geissospermine (6) 
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Figure S33. NOESY spectrum (400 MHz, DMSO-d6) of geissospermine (6) 
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Figure 11. Position de la région D dans le réseau moléculaire total 

3. RÉSULTATS OBTENUS APRÈS PUBLICATION 
 

L’exploration d’une dernière région du réseau moléculaire total a été entreprise par 

notre équipe, du fait de l’absence de match avec la MIADB (Région D - Figure 11). 

 

 

Parmi les nœuds appartenant à cette région, seulement deux composés étaient 

présents en quantité suffisante pour être isolés et caractérisés structuralement. Les 

formules brutes des nœuds correspondant, à m/z mesurés 491,2444 et 595,2914 ont été 

générées en utilisant le logiciel MassHunter® puis recherchées sur des bases de données de 

produits naturels (DNP et Reaxys®). Nous avons donc obtenu les résultats suivants : 

 

• m/z 491.2444 (m/zthéorique : 491.2442, erreur : 0.41 ppm) – [M+H]+ pour C31H30N4O2 : 

Cette formule brute ne correspondait à aucun composé déjà décrit dans la 

littérature. 
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• m/z 595.2914 (m/zthéorique : 595.2915, erreur : 0.17 ppm) – [M+H]+ pour C35H38N4O5 : 

Une seule proposition a été retrouvée dans le DNP : le bactériophaerophorbide-e, un 

produit du métabolisme de la chlorophylle de Chlorobiaceae (bactéries sulfureuses 

vertes).75 Pour des raisons chimiotaxonomiques, cette proposition ne semblait pas 

correcte. 

 

Par conséquent, ces composés ont été ciblés pour suivre le processus d’isolement. 

Malheureusement, ces molécules se sont avérées très instables à l’issu de chaque essai de 

purification. C’est ainsi que leur élucidation structurale n’a pas pu être réalisée.  

  

                                                      
75 R. Baltenweck-Guyot & R. Ocampo,  Org. Geochem., 2007, 38, 1580-1584. 
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CHAPITRE IV : 

DEUXIÈME APPLICATION DE LA MIADB - 

ÉTUDE PHYTOCHIMIQUE D’ALSTONIA 

BALANSAE GUILLAUMIN 
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1. INTRODUCTION 
 

1.1 Phylogénie et description botanique 
 

Le genre Alstonia R.Br. appartient aussi à la famille des Apocynaceae31, sous-famille 

des Rauvolfioidae Kostel., tribu des Alstonieae G.Don.53 Ce genre a été décrit pour la 

première fois par Robert Brown dans les années 1810, et a reçu ce nom en hommage au 

professeur Charles Alston de l’Université d’Écosse.76 À l’époque seulement quatre espèces 

étaient décrites dans le genre. À l’heure actuelle, il regroupe un total de 43 espèces 

acceptées, avec 104 synonymes décrits dans la littérature.77 Les espèces du genre Alstonia 

sont, pour la plupart, des arbres avec une taille pouvant atteindre 60 m et un diamètre 

maximal de 200 cm. D’autre part, ils existent aussi sous la forme d’arbustes. Le genre 

produit du latex, comme la majorité des représentants de la famille. Les feuilles des Alstonia 

spp. ont des dispositions, des formes et des tailles très variées. Les fleurs du genre sont 

petites et fines pouvant atteindre une taille maximale de 40 mm dans le bourgeon mature, 

et un diamètre maximal de 2,5 mm. Le tube formant la corolle est court, pubescent sous les 

étamines, glabres au-dessus. Les fleurs sont réparties en cymes thyrsoïdes. Elles sont 

parfumées et ouvertes pendant la journée (Figure 12).78, 79, 80, 81 L’ovaire est généralement 

formé de deux loges séparées. Les fruits sont des follicules appariés, sauf chez A. rostrata 

C.E.C.Fisch. où ils sont unis et apparaissent donc comme un seul follicule.81 Les graines sont 

oblongues. Une clé de détermination a notamment été proposée par Monachino en 1949.76 

 

 

                                                      
76 J. Monachino,  Pac. Sci., 1949, 3, 133-182. 
77 http://www.theplantlist.org/tpl1.1/search?q=alstonia, (accessed 19-09-2018, 2018). 
78 http://endemia.nc/flore/fiche1665, (accessed 18-09-2018). 
79 http://endemia.nc/flore/fiche3284, (accessed 20-09-2018). 
80 http://endemia.nc/flore/fiche696, (accessed 20-09-2018). 
81 K. Sidiyasa,  Blumea, Suppl., 1998, 11, 1-230. 

CHAPITRE IV : DEUXIÈME APPLICATION DE LA MIADB – EXPLORATION DE 

L’ESPACE CHIMIQUE D’ALSTONIA BALANSAE  

A. vieillardii A.  balansae A. quaternata 

Figure 12. Quelques espèces du genre Alstonia 
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1.2 Répartition géographique 
 
Les représentants du genre 

Alstonia sont répartis dans les régions 

tropicales et subtropicales de 

l’Afrique, de l’Asie, de l’Amérique du 

Sud et Centrale mais surtout de la 

Polynésie et de l’Australie (Figure 13). 

82 

 

Parmi les espèces du genre, 

quelques-unes sont endémiques de certains pays. En effet, des plantes comme A. 

quaternata Van Heurck & Müll.Arg., A. lanceolifera S.Moore ou A. coriacea Pancher ex 

S.Moore ne peuvent être retrouvées qu’en Nouvelle-Calédonie ; A. venenata R. Br. n’a été 

décrite qu’en Inde, par exemple.83 Les espèces de ce genre sont utilisées en médicine 

traditionnelle, plus spécifiquement dans le traitement du paludisme et des troubles gastro-

intestinaux. Elles sont aussi utilisées en tant que toniques généraux, aphrodisiaques, 

anticholériques et antipyrétiques.84 Cela a conduit à plusieurs études phytochimiques de ces 

plantes.85, 86  

 

1.3 Alstonia balansae Guillaumin 

 

Alstonia balansae Guillaumin (synonyme A. 

undulata Guillaumin) est une plante endémique de 

Nouvelle-Calédonie (Figure 14),87 synonyme A. undulata 

Guillaumin) caractérisée par la présence d’alcaloïdes 

indolomonoterpéniques (AIMs) d’après quelques 

auteurs ( 

Tableau 3 et Figure 15).79, 88, 89 

 

 

 

 

                                                      
82 https://doi.org/10.15468/39omei, (accessed 19-09-2018). 
83 http://endemia.nc/flore/fiche256, (accessed 20-09-2018). 
84 M. S. Khyade, D. M. Kasote, et al.,  Journal of ethnopharmacology, 2014, 153, 1-18. 
85 A. P. G. Macabeo, K. Krohn, et al.,  Phytochemistry, 2005, 66, 1158-1162. 
86 N. Keawpradub, E. Eno-Amooquaye, et al.,  Planta Med., 1999, 65, 311-315. 
87 http://specimens.kew.org/herbarium/K000857281, (accessed 18-09-2018). 
88 T.-M. Pinchon, J.-M. Nuzillard, et al.,  Phytochemistry, 1990, 29, 3341-3344. 
89 D. Guillaume, A. Morfaux, et al.,  Phytochemistry, 1984, 23, 2407-2408. 

Figure 13. Répartition géographique des espèces du genre Alstonia 

Figure 14. A. balansae dans l’herbier du 
Royal Botanical Gardens 
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Tableau 3. Alcaloïdes indolomonoterpéniques décrits dans A. balansae 

Nom de la molécule Décrite par Type de squelette Source 

10-hydroxypéricyclivine (30)  T.-M. Pinchon et al.88 Sarpagine Feuilles 

10-méthoxypéricyclivine (31) T.-M. Pinchon et al.88 Sarpagine Feuilles 

11-méthoxyakuammicine (32) D. Guillaume et al.89 Akuammicine Écorces 

11-méthoxyakuammicine N-

oxyde (33) 
D. Guillaume et al.89 Akuammicine Écorces 

alstonidine (34) D. Guillaume et al.89 Strictosidine Écorces 

cabucraline (35) D. Guillaume et al.89 Akuammiline 
Écorces, 

feuilles 

cabucraline N-oxyde (36) D. Guillaume et al.89 Ajmaline Écorces 

cathafoline (37) D. Guillaume et al.89 Akuammiline Feuilles 

deplancheine (38) D. Guillaume et al.89 Corynanthe Écorces 

désoxycabufiline (39) D. Guillaume et al.89 
Akuammiline-

akuammiline 
Écorces 

fluorocarpamine (40) D. Guillaume et al.89 Pleiocarpamane Écorces 

gentiacraline (41) D. Guillaume et al.89 Akuammiline Écorces 

N-méthyl-10-

hydroxypéricyclivine (42) 
T.-M. Pinchon et al.88 Sarpagine Feuilles 

N-méthyl-10-

méthoxypéricyclivine (43)  
T.-M. Pinchon et al.88 Sarpagine Feuilles 

N-méthyl-16-epipéricyclivine 

(44) 
T.-M. Pinchon et al.88 Sarpagine Feuilles 

péricyclivine (45) D. Guillaume et al.89 Sarpagine Feuilles 

pleiocarpamine (46) D. Guillaume et al.89 Pleiocarpamane Écorces 

plumocraline (47) D. Guillaume et al.89 Akuammiline Écorces 

tétrahydroalstonine (48) D. Guillaume et al.89 Ajmalicine 
Écorces, 

feuilles 

vincamedine (49) D. Guillaume et al.89 Ajmaline Écorces 

vincorine (50) D. Guillaume et al.89 Akuammiline Feuilles 

voachalotinal (51) T.-M. Pinchon et al.88 Sarpagine Feuilles 
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1.4 Travaux entrepris sur Alstonia spp. 

 

Suite à nos travaux de déréplication sur G. laeve, le Dr Marc Litaudon (ICSN-CNRS) 

nous a fourni les feuilles et les écorces de trois espèces du genre Alstonia endémiques de 

Nouvelle Calédonie : 

• Alstonia balansae Guillaumin, 

• Alstonia vielliardii Van Heurck & Müll.Arg., 

• Alstonia quaternata Van Heurck & Müll.Arg. 

 

Comme point de départ, les extraits alcaloïdiques des feuilles et des écorces de trois 

espèces ont suivi une déréplication par molecular networking en utilisant comme référence 

la MIADB (résultats non présentés dans ce manuscrit). Une première exploration du réseau 

moléculaire obtenu nous a permis de différencier deux types de clusters : 

• Clusters formés par des molécules provenant de plusieurs espèces (donc, des 

molécules communes aux espèces du genre).  

• Clusters formés exclusivement par des molécules provenant d’une seule 

espèce (donc, de molécules potentiellement plus intéressantes). 

 

 

 

 

Figure 15. Alcaloïdes indolomonoterpéniques décrits dans A. balansae 
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Compte tenu de notre intérêt pour la recherche de molécules à motif chimique 

innovant, le deuxième type de cluster a attiré notre attention. Certains de ces clusters 

étaient formés exclusivement par des substances produites par une partie spécifique d’une 

des trois espèces. C’est ainsi que nous avons décidé d’explorer l’espace chimique de l’extrait 

alcaloïdique des feuilles d’Alstonia balansae en utilisant la technique du molecular 

networking dans une stratégie de déréplication, comme cela a été fait pour réaliser l’étude 

de G. laeve.40 

 

Cependant, cette fois-ci nous avons décidé d’associer cette stratégie à MetWork.21 À 

partir des « matchs » obtenus avec la MIADB, nous avons employé cet outil pour prédire les 

structures des composés dérivés. C’est ainsi que nous avons identifié, pour des nœuds dont 

les masses n’étaient pas décrites dans la littérature, cinq structures prédites par Metwork. 

Nous avons donc ciblé ces composés pour confirmer ces structures anticipées. Les résultats 

obtenus ont été mis en forme pour soumission d’une publication à Angewandte Chemie.
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CANPA : Anticipation de produits naturels assistée par ordinateur  
 

Article soumis à Angewandte Chemie 

 

 

Résumé : Dans notre quête visant à découvrir des nouveaux alcaloïdes 
indolomonoterpéniques (AIMs), cinq alcaloïdes N-oxydés de type sarpagine, non décrits 
précédemment, ont été isolés des feuilles d’Alstonia balansae. L'élucidation structurale a 
été réalisée en analysant leurs données spectroscopiques SMHR et RMN. La configuration 
absolue de tous les composés isolés a été déduite de la comparaison entre les spectres 
ECD expérimentaux mesurés et ceux décrits dans la littérature pour les composés de type 
sarpagine. Le workflow d’isolement était guidé par une stratégie de déréplication basée 
sur la technique des réseaux moléculaires assistée par l’outil MetWork. En outre, six 
composés déjà connus, non décrits dans le genre Alstonia, ont été dérépliqués dans le 
réseau moléculaire de l’extrait alcaloïdique des feuilles d’A. balansae et ont pu se voir 
attribuer différents niveaux de confiance d’identification. Cette étude constitue le premier 
exemple de workflow d’isolement de produits naturels où les structures ciblées ont été 
initialement générées et anticipées par ordinateur avant leur isolement. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

Université Paris-Saclay           
Espace Technologique / Immeuble Discovery  
Route de l’Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 

182 

 

 



 
 

Université Paris-Saclay           
Espace Technologique / Immeuble Discovery  
Route de l’Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France  

183 

2. PUBLICATION ASSOCIÉE 
 
 

 
 

 
article soumis, 2019 

 
 

CANPA: Computer-Assisted Natural Products Anticipation  
Alexander E. Fox Ramos, Coralie Pavesi, Marc Litaudon, Vincent Dumontet, Erwan Poupon, 

Pierre Champy, Grégory Genta-Jouve*, and Mehdi A. Beniddir* 
 
 
 
 

 
Abstract: In our quest to discover new monoterpene 
indole alkaloids, five previously undescribed sarpagine-
like N-oxide alkaloids have been targeted and isolated 
from the leaves of Alstonia balansae, using a molecular 
networking-based dereplication strategy fueled by 
computer-generated annotations. This study constitutes 
the first example of a natural product discovery 
workflow in which the targeted structures were initially 
generated and therefore anticipated by a computer prior 
to their isolation. 
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CANPA: Computer-Assisted Natural Products Anticipation  

Alexander E. Fox Ramos,[a] Coralie Pavesi,[a] Marc Litaudon,[b] Vincent Dumontet,[b] Erwan Poupon,[a] 
Pierre Champy,[a] Grégory Genta-Jouve,[c, d],* and Mehdi A. Beniddir,[a],* 

Dedicated to Michel Rohmer on the occasion of his 70th birthday

Abstract: In our quest to discover new monoterpene indole alkaloids, 

five previously undescribed sarpagine-like N-oxide alkaloids have 

been targeted and isolated from the leaves of Alstonia balansae, 

using a molecular networking-based dereplication strategy fueled by 

computer-generated annotations. This study constitutes the first 

example of a natural product discovery workflow in which the 

targeted structures were initially generated and therefore anticipated 

by a computer prior to their isolation. 

Extending knowledge and principles of structural chemical 

diversity is one fundamental outcome derived from the natural 

product (NP) discovery process. From an applied standpoint, 

this process often consists of an extraction step followed by a 

spate of finely tuned scenarios, each making use of different 

targeting strategies (i.e., bioactivity-based[1] and/or structure-

based[2]), leading to the identification of NP structures. 

Remarkably, discovery-based workflows systematically need a 

crucial NPs database search that identifies and filters out any 

known compounds that are present in the extract.[3] Usually, this 

dereplication step relies mainly on spectrometric data queries 

such as exact masses (chemical formulas), tandem mass 

spectra (MS/MS), and NMR chemical shifts. Interestingly 

however, despite significant efforts made in the field, searching 

for structures early in the discovery pipeline still remain a long-

standing challenge. Exploiting MS/MS data to generate 

reasonable molecular structures of fully unknown metabolites 

has emerged as a particularly appealing strategy.[4] The use of 

CSI:FingerID[5] and MS2LDA[6], just to name a few, have allowed 

the generation of molecular fingerprints and substructures, 

respectively. 

Since Laskin’s, Bandeira’s, and Dorrestein’s seminal article, 

published seven years ago,[7] the field of MS/MS-based targeting 

of NPs has experienced a dramatic increase, resulting in the 

development of a number of successful and creative endeavors 

by several groups,[8] including ours.[2a, 9] The success of a 

molecular networking (MN)-based dereplication relies greatly on 

the quality and the availability of MS/MS data. Although the 

Global Natural Products Social Molecular Networking (GNPS) 

library[10] provides more than 70000 MS/MS spectra to 

accomplish the high-throughput dereplication of the submitted 

data, only a limited number of nodes can be annotated. As such, 

the field recently culminated by the development of several 

strategies to annotate molecular networks.[5, 11] From the data-

information-knowledge-wisdom (DIKW) perspective,[12] these 

approaches are able to convert DATA into INFORMATION, 

however, only few of them encompass all the functionalities 

required for the generation of KNOWLEDGE, i.e. the 

identification of the relationship between two or more 

compounds and the creation of meaning. Thereby, accepting the 

idea that similar compounds share similar properties, the ability 

to foresee appears as a necessity to harness new natural 

products in complex matrices. Recently, we have introduced a 

web server named MetWork[13] based on MS/MS data 

(organized as molecular network), a collaborative library of 

(bio)chemical transformations and a MS/MS spectra prediction 

module based on CFM-ID.[14] It represents a full implementation 

of the metabolome consistency concept,[15] which was then 

reworded as the “virtuous cycle of metabolites identification” two 

years ago.[16] This approach (detailed on figure 1) consists in 

three linked components: structural database expansion, 

spectral prediction, and data annotation. Indeed, having one 

node identified in the molecular network, the server generates 

structures (plausible and known structures of natural products) 

and, a similarity comparison between theoretical and 

experimental MS/MS spectra is then performed in order to 

annotate the nodes.  

Pursuing our interest in exploring the chemistry of monoterpene 

indole alkaloids (MIAs) derived from previously investigated 

plants,[2a, 9a, 17] the phytochemical investigation of the leaves of 

Alstonia balansae Guillaumin (Apocynaceae) was carried out, 

using a MN-based dereplication strategy fueled by computer-

generated metabolites using the MetWork web server. An 

alkaloid extract of the leaves of A. balansae was analyzed by 

LC-HRMS/MS (positive-ion mode). The fragmentation data were 

preprocessed via the MZmine 2 software[18] and then organized 

by MN and annotated by the MIADB[19] (hosted by the GNPS), 

allowing the identification of some already-described compounds 

in the genus Alstonia like, akuammicine (1), antirhine (2), 

pericyclivine (3), pleiocarpamine (4), tabersonine (5) and 

tubotaiwine (6).  
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Figure 1. Overview of the CANPA workflow and structures of the targeted compounds (13-17) (See Figures S1, S2, and S3 in SI for full annotated molecular and 

metabolization networks). 

Additionally, six known compounds that have never been 

described in Alstonia spp. were also dereplicated: 

condylocarpine N-oxide (7), corynantheidal (8), corynantheidol 

(9), geissoschizine (10), splendoline (11), and voachalotine (12). 

The confidence levels of compound annotations, attributed to 

the dereplicated MIAs according to Fiehn et al. [20] are 

summarized in Table S1 - SI.  

In addition to these experimental annotations, the molecular 

network was further enriched by computer-generated 

metabolites obtained with MetWork. These in silico-generated 

compounds were obtained through four reaction steps, 

consistent with the MIA biochemistry, including, N-, and O-

methylation, N-oxidation, and para-indole hydroxylation. In the 

resulting molecular network, metabolites from the alkaloid 

extract from the leaves of A. balansae are represented by green 

circles; and nodes that have been annotated by the GNPS and 

MetWork are shown as red rhombus and as yellow squares, 

respectively (Figure 1, Figure S1 and S2 - SI). 

Starting from the GNPS annotations, putative structures were 

generated through the MetWork server and compared to 

experimental data, leading to the annotation of additional nodes 

(yellow squares) in the neighboring of the aforementioned 

identified ones (Figure S1 and S2 - SI). The result of the 

database search of the 99 computer-generated structures (45 

unique structures) against the Dictionary of Natural Products 

(DNP),[21] is summarized in Table S2 - SI. Interestingly, this 

search revealed that 39 were unknown, whereas six of them 

were described in other species of the Apocynaceae family 

(Table S2 - SI). Remarkably, some masses were related to a 

certain number of previously undescribed structures (for e.g., 

m/z [M+H]+ 339.1703 – 5 unknown structures; m/z [M+H]+ 

353.1860 – 3 unknown structures; m/z [M+H]+ 355.1658 – 4 
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unknown structures; m/z [M+H]+ 369.1809 – 10 unknown 

structures; m/z  [M+H]+ 383.1965 – 7 unknown structures, Table 

S3 - SI). Furthermore, most of those masses belong to the same 

metabolization cluster (A, Figure S3 – SI), and their 

corresponding structures derived from the in silico 

metabolization of pericyclivine (3) (Figure 1). At this stage, these 

masses were of interest for isolation in regard to their putative 

novelty. In addition, LC-DAD-ELSD-MS analysis of A. balansae 

chromatographic fractions indicated that some compounds 

related to the above-mentioned MetWork annotated nodes could 

be isolated in amounts suitable for full structure elucidation. 

Accordingly, the isolation workflow was directed toward 

compounds 13 (m/z 369.1809), 14 (m/z 339.1703), 15 (m/z 

383.1965), 16 (m/z 353.1860), and 17 (m/z 355.1658). The 

extract was investigated and as anticipated, the MN-guided 

isolation of the targeted molecules led to the identification of five 

previously undescribed sarpagine N-oxide alkaloids (13-17). The 

structures of compounds 13-17 were elucidated by NMR 

spectroscopic data analysis and their absolute configurations 

were assigned by comparison of experimental ECDs spectra 

(see SI for full structure elucidation and absolute configuration 

assignment). 

MetWork: What we thought, what we have got 

As it has been outlined above, the utilization of MetWork allowed 

the early detection of potentially novel molecules in the extract. 

After the structural elucidation of the isolated compounds, a fair 

evaluation of this strategy prompted us to evoke the following 

observations: 

• All the isolated compounds were annotated and anticipated by 

MetWork. However, only 14, 16, and 17 had their correct 

structures among the first-ranked ones (Table S2 - SI). 

• Despite the correct computer-generation of the structures of 

13 and 15, their misannotations highlight the limitation of the 

MS/MS spectra prediction module embarked by MetWork. In 

this context, further efforts are needed to sharpen the 

accuracy of MS/MS spectra prediction algorithms. 

• Submitting the structures generated by MetWork to a NP 

database search provided an efficient way to shortlist the 

proposed structures, allowing to guide the isolation workflow 

towards new compounds. 

• The epimerization at C-16 of compounds 15 and 16 was not 

expected and pointed out the limitation of MS/MS-based 

prediction approaches, such as MetWork, to correctly identify 

tridimensional structures. 

 

In summary, we applied an unprecedented natural product 

discovery pipeline and demonstrated its utility by isolating five 

new sarpagine N-oxide alkaloids. To the best of our knowledge, 

this study constitutes the first example of a natural product 

chemistry workflow in which the targeted structures were initially 

generated by a computer prior to their isolation. As we celebrate 

the 150th anniversary of the periodic table of elements proposed 

by Dmitri Mendeleev, it is important to take a step back on the 

way natural products chemistry has been realized in the last 

decades. Convinced that the essence is a function of the 

relationship[22], the anticipation of new natural products has to be 

considered as a paradigm shift in the NP field and modern 

analysts have to chase for well-defined structures.  
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Guided by molecular networking-

based dereplication strategy fueled 

by MetWork annotations, five new 

sarpagine N-oxide monoterpene 

indole alkaloids were anticipated 

and isolated from the leaves of the 

New Caledonian plant Alstonia 

balansae. This strategy constitutes 

the first computer-assisted 

anticipation applied to the isolation 

of natural products. 
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Supplementary information: 

 

Figure S1. Full molecular network of the alkaloid extract of the leaves of Alstonia balansae 

Figure S1. Full molecular network of the alkaloid extract of the leaves of Alstonia balansae 
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Figure S2. Molecular network: targeted nodes 
 

 
Figure S2. Targeted nodes for isolation in the obtained molecular network from the alkaloid 
extract of the leaves of Alstonia balansae. 
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Table S1. Confidence levels attributed to the dereplicated MIAs against the MIADB. 
 
Table S1. Confidence levels attributed to the annotated substances in the alkaloid extract by 
the MIADB, according to Blaženović et al.1 ΔRT: retention time difference between the 
compound in the extract and the analogue from the MIADB. 
 

Compound Confidence level ΔRT (min) Cosine Matching data 

Akuammicine (1) 1 0.58 0.79 MS/MS spectra and RT 

Antirhine (2) 2 2.49 0.85 MS/MS spectra and RT 

Pericyclivine (3) 2 2.66 0.75 MS/MS spectra 

Pleiocarpamine (4) 1 1.19 0.75 MS/MS spectra 

Tabersonine (5) 1 0.23 0.61 MS/MS spectra and RT 

Tubotaiwine (6) 2 3.80 0.80 MS/MS spectra 

Condylocarpine N-oxide (7) 

2 2.16 0.71 MS/MS spectra 

2 3.50 0.69 MS/MS spectra 

2 4.75 0.64 MS/MS spectra 

Corynantheidal (8) 
1 0.61 0.80 MS/MS spectra and RT 

2 3.40 0.70 MS/MS spectra 

Corynantheidol (9) 
1 0.02 0.76 MS/MS spectra and RT 

2 2.91 0.63 MS/MS spectra 

Geissoschizine (10) 
1 1.49 0.65 MS/MS spectra and RT 

2 2.79 0.65 MS/MS spectra 

Splendoline (11) 2 2.89 0.69 MS/MS spectra 

Voachalotine (12) 2 1.58 0.64 MS/MS spectra 
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Figure S3. MetWork metabolization network 
 

 
 
Figure S3. Overview In-silico annotations by MetWork of the isolated compounds 
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Table S2. Results of the search of the structures proposed by MetWork against the DNP 
 
Table S2. Annotated molecules by MetWork in the full molecular network. It should be 
noted that, for the most part of them, multiple annotations were proposed. 99 structures 
were generated by MetWork corresponding to 45 different in-silico generated structures. 
Noteworthy, the stereochemistry of the MetWork-generated metabolites arises from that 
of the GNPS hits (i.e., as they were entered in the GNPS library). 
 

Exact mass Cosine Structure 
Number of 
hits (DNP) 

Comment 

336.1838 

0.432 

 

2 

17-carboxylic acid, N1-
methyl, methylester 

tombozine; 16-epimer, 17-
carboxylic acid, N1-methyl, 
methylester tombozine – 

Not described in the genus 

0.426 

 

0 - 

352.1787 

0.432 

 

0 - 

0.430 

 

0 Structure of compound 16 

0.426 

 

0 - 

0.425 

 

0 - 
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0.424 

 

1 

16-epimer, 17-carboxylic 
acid, N1-methyl, methylester 
sarpagine – Not described in 

the genus 

0.418 

 

0 - 

0.412 

 

0 - 

0.376 

 

0 - 

366.1943 

0.360 

 

1 

16-epimer, 17-carboxylic 
acid, methylether, N1-
methyl, methylester 

sarpagine – Not described in 
the genus 

0.351 

 

2 

3-epimer, methylether 
geissoschizine; methylether 

geissoschizine – Not 
described in the genus 

0.317 

 

0 - 
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352.1787 

0.447 

 

0 Structure of compound 16 

0.445 

 

0 - 

0.444 

 

0 - 

0.444 

 

0 - 

0.442 

 

0 - 

0.382 

 

1 

16-epimer, 17-carboxylic 
acid, N1-methyl, methylester 
sarpagine – Not described in 

the genus 

0.380 

 

0 - 

0.351 

 

0 - 
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366.1943 0.227 

 

1 

16-epimer, 17-carboxylic 
acid, methylether, N1-
methyl, methylester 

sarpagine – Not described in 
the genus 

354.1580 

0.292 

 

0 Structure of compound 17 

0.283 

 

0 - 

0.281 

 

0 - 

0.257 

 

0 - 

312.1838 

0.287 

 

0 - 

0.287 

 

0 - 
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0.274 

 

1 
10-hydroxyantirhine – Not 

described in the genus 

0.258 

 

0 - 

340.1787 0.292 

 

0 - 

338.1630 

0.235 

 

0 Structure of compound 14 

0.210 

 

0 - 

0.208 

 

0 - 

0.206 

 

0 - 

382.1893 0.238 

 

0 - 
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0.237 

 

0 - 

0.230 

 

0 - 

340.1787 0.361 

 

0 - 

312.1838 

0.231 

 

0 - 

0.206 

 

1 
10-hydroxyantirhine – Not 

described in the genus 

0.201 

 

0 - 

340.1787 0.292 

 

0 - 
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368.1736 

0.291 

 

0 - 

0.255 

 

0 - 

0.249 

 

0 Structure of compound 13 

0.245 

 

0 - 

0.240 

 

0 - 

0.226 

 

0 - 

0.225 

 

0 - 

0.223 

 

0 - 
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0.218 

 

0  

0.214 

 

0 - 

340.1787 0.354 

 

0 - 

382.1893 

0.293 

 

0 - 

0.258 

 

0 - 

0.249 

 

0 - 

312.1838 

0.298 

 

1 
10-hydroxyantirhine – Not 

described in the genus 

0.275 

 

0 - 
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0.260 

 

1 
10-hydroxyantirhine – Not 

described in the genus 

0.226 

 

0 - 

340.1787 0.354 

 

0 - 

352.1787 

0.363 

 

0 - 

0.353 

 

0 - 

0.342 

 

0 Structure of compound 16 

0.342 

 

0 - 
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0.342 

 

0 - 

0.341 

 

1 

16-epimer, 17-carboxylic 
acid, N1-methyl, methylester 
sarpagine – Not described in 

the genus 

0.327 

 

0 - 

0.307 

 

0 - 

352.1787 

0.253 

 

0 - 

0.223 

 

0 - 

0.223 

 

1 

16-epimer, 17-carboxylic 
acid, N1-methyl, methylester 
sarpagine – Not described in 

the genus 

0.209 

 

0 Structure of compound 16 
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354.1580 

0.571 

 

0 - 

0.568 

 

0 Structure of compound 17 

0.559 

 

0 - 

0.549 

 

0 - 

382.1893 

0.327 

 

0 - 

0.317 

 

0 - 

0.286 

 

0 - 

0.282 

 

0 - 
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0.236 

 

0 Structure of compound 15 

0.220 

 

0 - 

0.211 

 

0 - 

352.1787 

0.262 

 

0 - 

0.240 

 

0 Structure of compound 16 

0.238 

 

0 - 

0.235 

 

0 - 

0.226 

 

1 

16-epimer, 17-carboxylic 
acid, N1-methyl, methylester 
sarpagine – Not described in 

the genus 
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0.217 

 

0 - 

0.210 

 

1 

16-epimer, 17-carboxylic 
acid, N1-methyl, methylester 
sarpagine – Not described in 

the genus 

338.1630 0.235 

 

0 Structure of compound 14 

338.1630 

0.350 

 

0 Structure of compound 14 

0.349 

 

0 - 

0.341 

 

0 - 

0.338 

 

0 - 

0.331 

 

0 - 



  

Université Paris-Saclay           
Espace Technologique / Immeuble Discovery  
Route de l’Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 

208 

0.329 

 

1 
16-epimer, 17-carboxylic 

acid, methylester sarpagine 
– Not described in the genus 

 
Table S3. Results of the search of the structures proposed by MetWork against the DNP – 
Number of already-described and unknown structures 

Table S3. Number of already-described and unknown structures proposed by MetWork in 
the full molecular network. 

Exact mass m/z [M+H]+ Number of already-described 
structures in DNP 

Number of unknown 
structures in DNP 

Comments 

368.1736 369.1809 0 10 Compound 13 

352.1787 353.1820 1 7   

352.1787 353.1833 1 7   

352.1787 353.1820 1 7   

382.1893 383.1965 0 7 Compound 15 

352.1787 353.1842 2 5   

338.1630 339.1703 1 5 Compound 14 

354.1580 355.1658 0 4 Compound 17 

338.1630 339.1702 0 4   

354.1580 355.1709 0 4   

312.1838 313.1909 1 3   

382.1893 383.1905 0 3   

382.1893 383.1910 0 3   

352.1787 353.1860 1 3 Compound 16 

312.1838 313.1901 1 2   

312.1838 313.1869 2 2   

336.1838 337.1847 2 1   

366.1943 367.1951 3 1   

340.1787 341.1824 0 1   

340.1787 341.1846 0 1   

340.1787 341.1813 0 1   

340.1787 341.1814 0 1   

340.1787 341.1814 0 1   

338.1630 339.1675 0 1   

366.1943 367.1956 1 0   
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Structural elucidation 
 
Compounds 13–17 are structurally closely related, as can be evidenced by several shared 
spectral features. The UV spectra show absorption bands at 221, 275 and 294 nm, 
consistent with a tetrahydro-β-carboline chromophore2, and the produced IR spectra exhibit 
absorption bands arising from amine groups (3400 cm-1) and ester groups (1720 cm-1). 
 
Compound 13 was obtained as a brown, amorphous solid, [α]29

D -80 (c 0.05, MeOH). The 
HRESIMS data indicated a [M+H]+ ion peak at m/z = 369.1809, which corresponds to the 
molecular formula C21H24N2O4, requiring eleven degrees of unsaturation. The 13C NMR data 
of 13 (Table S4) indicated the presence of 21 carbon signals, comprising three methyl 
groups, three sp3 methylenes, four sp3 methines, four sp2 methines, two sp2 oxygenated 
carbons and five sp2 quaternary carbons. Analysis of the 1H NMR data (Table S4) showed 
three aromatic protons at δH 6.94 (1H, d, J = 2.2 Hz, H-9), 6.77 (1H, dd, J = 8.8, 2.2 Hz, H-11) 
and 7.22 (1H, d, J = 8.8 Hz, H-12), corresponding to a monosubstituted indole moiety, two 
methoxy groups δH 3.11 (3H, s, H3-22) and 3.81 (3H, s, H3-23), two aminomethines δH 4.67 
(1H, d, J = 10.3 Hz, H-3) and 4.08 (1H, d, J = 15.6 Hz, H-5), an aminomethylene δH 4.49 (1H, d, 
J = 15.2 Hz, H-21a) and 4.13 (1H, d, J = 2.3 Hz, H-21b), one double-bonded methine δH 5.41 
(1H, q, J = 6.6 Hz, H-19) and one methyl from an ethylidene side chain δH 1.67 (3H, d, J = 6.6 
Hz, H-18). As both aminomethines and the aminomethylene had deshielded proton 
chemical shifts when compared to those linked to a non-oxidized nitrogen atom2, N-
oxidation was suspected. The position of each of the two methoxy groups in the molecule 
was deduced by the observed HMBC correlations arising from both H3-22 and C-17, and H3-
23 and C-10. The O-CH3 (C-22) at δC 52.1 was deduced to be part of a carbomethoxy group, 
while the one at δC 56.3 (C-23) was identified to be linked to the indole. A monosubstituted 
tryptoline moiety, counting for seven double-bonds equivalents (DBE), was constructed 
from this indole with the HMBC correlations between H-9 and C-7, H2-6 and C-7, and H-3 
and C-2. COSY correlations between H-3 and H-14b, and H-14a and H-15 allowed to anchor 
this chain to the tetrahydro-β-carboline moiety. Thereafter, the aminomethylene at δC 71.7 
(C-21) was connected to the ethylidene at δC 132.7 (C-20) based on the HMBC correlation 
between H-19 and C-21. This part of the molecule was defined as an additional heterocycle 
linked to the already-defined tryptoline moiety, forming a four-cycle structure. HMBC 
correlation between H-15 and C-17 allowed the anchor of the carbomethoxy group to the C-
16 (Figure S4). Finally, as the DBE total for the constructed molecule was 10, the presence of 
an additional cycle was suspected. Indeed, COSY and HMBC correlations indicated that 
carbons C-5, C-15, and C-16 were linked together to form a supplementary cycle. The 
structure was further confirmed by comparison against the NMR data of the non N-oxide 
version of this molecule2 and therefore named 10-methoxypericyclivine N-oxide (13). 
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Figure S4. Key HMBC correlations for compound 13 
 

 
 
The determination of the relative configuration of 13 was carried out using the NOESY data. 
The NOESY correlations from H-5 to H-6a, H-16, and H-21b indicated the cofacial orientation 
of these protons (Figure S5, red arrows). On the other hand, the NOESY correlation from H-
18 to H-15 (Figure S5, blue arrow) was used to place them on the opposite face, suggesting 
that the geometry of the C-19 – C-20 double bond was E. Finally, the configuration of C-16 
was assigned as S* by the characteristic shielded chemical shift (δH = 3.11) of the methoxy 
group, due to the anisotropic effect of the indole ring. The relative configuration of 13 was 
assigned as 3S*, 4S*, 5S*, 15R*, 16S*. 
 
Figure S5. Selected NOESY correlations for compounds 13, 14, and 17. 
 

 
 

Compound 14 was obtained as a brown, amorphous solid, [α]28
D -120 (c 0.05, MeOH). Its 

molecular formula was determined to be C20H22N2O3, based on its HRESIMS data ([M+H]+ 
m/z 339.1703), corresponding to eleven degrees of unsaturation, like compound 13. The 1H 
NMR spectrum showed aromatic signals for an unsubstituted indole moiety, and a signal for 
a methoxy group. HMBC correlations were observed from H-19 to C-21 and from H-15 to C-
17 (Table S4). As 1H NMR data of 14 were similar to those of 13, and taking into account the 
information from the molecular network, compound 14 was suspected to be an analogue of 
13. This was confirmed by the 2D NMR spectroscopic data (COSY and HMBC). Indeed, the 
noticeable difference between both molecules was the replacement of the methoxy signal 
by an additional aromatic proton at C-10 in 14. All of these data led to assign the structure 
of pericyclivine N-oxide to compound 14. 
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An examination of the NOESY data of 14 permitted the observation of similar correlations to 
those of compound 13 leading to conclude that both compounds have the same relative 
configuration. 
 
Compound 15 was obtained as a brown, amorphous solid, [α]29

D -100 (c 0.05, MeOH). The 
HRESIMS data exhibits a [M+H]+ ion peak at m/z = 383.1965, which corresponded to the 
molecular formula C22H26N2O4, one methylene less in regard to 13. Analysis of the 1H NMR 
data of 15 showed signals for a monosubstituted indole moiety, and signals for two methoxy 
groups and one N-Me group (Table S5). The HMBC correlation observed between the 
protons N-Me group and C-2 confirmed its location. Consequently, 15 was identified as N-
methyl-10-methoxy-16-epi-pericyclivine N-oxide. 
 
Compound 16 was obtained as a brown, amorphous solid, [α]29

D -100 (c 0.05, MeOH). Its 
molecular formula, C21H24N2O3, was established from its HRESIMS data ([M+H]+ m/z 
353.1860). The 1H NMR data (Table S5) exhibited signals for four aromatic protons, 
suggesting the presence of an unsubstituted indole moiety, a signal for only one methoxy 
group (instead of two in compound 15) and another one for the N-Me group. Analysis of 
COSY and HMBC spectra strongly suggested that 16 corresponds to a demethoxy version of 
15. Thus, 16 was assigned as N-methyl-16-epi-pericyclivine N-oxide. 
 
The relative configurations of 15 and 16 were determined together, as they showed 
common spectral traits. Indeed, as indicated in Figure S6, both compounds shared the 
following NOESY correlations: 1-N-Me and H-14a, H-3 and H-21a, H-5 and H-21b, H-6b and 
H-9, H-14b and H-16, H-15 and H-18, and H-19 and H-21a. Consequently, the relative 
configuration of 15 and 16 was assigned as 3S*, 4S*, 5S*, 15R*, 16R*. 
 
Compound 17 was obtained as a brown, amorphous solid, [α]28

D -280 (c 0.025, MeOH). The 
HRESIMS data ([M+H]+ m/z 355.1658) of 17 established the molecular formula as 
C20H22N2O4, 14 mass units less than 13. The 1H NMR data (Table S4) showed three aromatic 
signals, characteristic of a monosubstituted indole moiety and a signal of one methoxy 
group. The only difference between 13 and 17 was the absence of a second methoxy group 
in 17, suggesting the presence of another substituent linked to C-10. These data established 
the nature of the substituent as an hydroxy group, leading to assign the structure of 10-
hydroxypericyclivine N-oxide to 17. 
 
The relative configuration of 17 was determined to be identical with that of 1 on the basis of 
their similar NOESY correlations (Figure S5). 
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Figure S6. Selected NOESY correlations for 15 and 16. 
 

 
 

Absolute configurations of compounds 13–17 determination 
 
The absolute configurations of compounds 13–17 were determined using electronic circular 
dichroism spectroscopy (ECD) (Figure S37). Indeed, previous studies correlated a typical 
positive Cotton effect observed at 250-280 nm region to the (3S) configuration in sarpagine 
structures.3 Thus, compounds 13, 14, and 17 were assigned the absolute configuration 3S, 
4S, 5S, 15R, 16S. Whereas compounds 15 and 16 were assigned the absolute configuration 
3S, 4S, 5S, 15R, 16R. 
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Table S4. 1H and 13C NMR data for 10-methoxypericyclivine N-oxide (13), pericyclivine N-
oxide (14) and 10-hydroxypericyclivine N-oxide (17). 
 

No. 
1a 2a 5a 

δC δH, (J in Hz) δC δH, (J in Hz) δC δH, (J in Hz) 

2 134.2  133.9  134.4  

3 67.6 4.67, d (10.3) 67.8 4.67, d (8.3) 67.7 4.61, d (10.3) 

5 69.1 4.08, d (15.6) 69.1 4.10, m 69.1 4.07, m 

6a 20.9 3.48, dd (16.2, 3.7) 20.9 3.52, dd (16.2, 2.9) 20.9 3.46, dd (15.7, 3.3) 

6b  3.39, d (16.0)  3.42, d (16.0)  3.32, m 

7 103.6  103.8  103.2  

8 127.7  127.4  128.1  

9 101.2 6.94, d (2.2) 118.9 7.44, d (7.4) 103.3 6.81, d (1.1) 

10 155.5  120.3 7.02, t (7.4) 151.8  

11 112.8 6.77, dd (8.8, 2.2) 122.8 7.10, t (7.4) 112.8 6.66, dd (8.3, 1.1) 

12 113.1 7.22, d (8.8) 112.3 7.33, d (7.4) 112.7 7.15, d (8.3) 

13 133.9  138.8  133.3  

14a 30.3 2.89, dd (13.1, 4.3) 30.3 2.90, dd (13.1, 4.1) 30.3 2.88, dd (13.1, 3.9) 

14b  2.34, t (11.2)  2.37, t (10.8)  2.35, td (11.5, 0.8) 

15 27.5 3.10, m 27.6 3.11, m 27.6 3.10, m 

16 45.3 3.23, d (10.7) 45.3 3.25, d (11.3) 45.3 3.23, dd (11.1, 2.8) 

17 171.4  171.5  171.5  

18 12.6 1.67, d (6.6) 12.6 1.68, d (6.4) 12.6 1.68, d (6.2) 

19 119.4 5.41, q (6.6) 119.1 5.44, q (6.4) 119.2 5.43, q (6.2) 

20 132.7  133.2  133.0  

21a 71.7 4.49, d (15.2) 72.1 4.51, d (15.0) 71.9 4.49, d (15.0) 

21b  4.13, d (2.3)  4.07, m  4.07, m 

22-OCH3 52.1 3.11, s 52.0 3.07, s 52.1 3.12, s 

23-OCH3 56.3 3.81, s     
a Measured in CD3OD at 400 and 100 MHz for 1H and 13C NMR, respectively 
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Table S5. 1H and 13C NMR data for 10-methoxypericyclivine N-oxide (15), pericyclivine N-
oxide (2) and 10-hydroxypericyclivine N-oxide (16). 
 

No. 
3a 4a 

δC δH, (J in Hz) δC δH, (J in Hz) 

2 135.8 - 134.9 - 

3 66.0 4.74, d (10.3) 65.6 4.82, d (10.6) 

5 67.7 4.11, dd (5.4, 6.6) 67.6 4.16, dd (7.1, 5.2) 

6a 24.8 3.54, dd (16.0, 4.9) 24.7 3.54, dd (16.1, 4.9) 

6b  2.78, d (16.0)  2.82, dd (16.0, 0.7) 

7 101.8  102.1  

8 128.1  127.7  

9 101.5 6.99, d (2.1) 119.3 7.48, d (7.4) 

10 155.8 - 120.7 7.08, t (7.4) 

11 112.9 6.84, dd (8.9, 2.1) 123.1 7.19, t (7.4) 

12 111.1 7.28, d (8.9) 110.4 7.36, d (7.4) 

13 134.7  139.4  

14a 33.3 2.54, t (11.8) 33.1 2.55, ddd (11.3, 12.2, 1.0) 

14b  2.06, dd (12.8, 3.1)  2.05, ddd (13.1, 4.1, 1.4) 

15 28.7 3.38, s 28.6 3.37, t (2.0) 

16 48.5 2.94, d (7.6) 48.4 2.93, dd (7.7, 1.3) 

17 172.5  172.3  

18 12.9 1.62, d (6.5) 12.9 1.62, d (6.7) 

19 121.1 5.41, brs 121.4 5.40, q (6.1) 

20 130.9  130.5  

21a 71.7 4.39, d (15.3) 71.4 4.41, dt (15.5, 2.6) 

21b  4.02, d (15.4)  4.05, dt (15.4, 0.9) 

22-OCH3 53.0 3.72, s 53.0 3.71, s 

23-OCH3 56.3 3.81, s   

1-N-Me 30.0 3.63, s 29.8 3.63, s 
a Measured in CD3OD at 400 and 100 MHz for 1H and 13C NMR, respectively  
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Experimental Section 
 
General experimental procedures 
Optical rotations were measured at 25 °C on a Polar 32 polarimeter. UV spectra were 
recorded on a Lightwave II+ WPA 7126 V. 1.6.1 spectrophotometer. ECD spectra were 
measured at 25 °C on a JASCO J-810 spectropolarimeter. IR spectra were recorded with a 
PerkinElmer type 257 spectrometer. The NMR spectra were recorded on a Bruker AM-400 
(400 MHz) NMR spectrometer using CD3OD as solvent. The solvent signals were used as 
references. A Sunfire® analytical C18 column (150 × 4. mm, i.d. 5 μm; Waters) was used to 
determine the HPLC conditions for the purification of the isolated compounds. Sunfire® 
preparative C18 columns (150 × 19 mm, i.d. 5 μm and 150 × 30 mm, i.d. 5 μm; Waters) were 
used for preparative HPLC separations using a Waters Delta Prep equipped with a binary 
pump (Waters 2525) and a UV−visible diode array detector (190−600 nm, Waters 2996). A 
silica 120 g Grace™ cartridge was used for flash chromatography using an Armen Instrument 
spot liquid chromatography flash apparatus. Chemicals and solvents were purchased from 
Sigma-Aldrich. 
 
Plant material 
The stem bark and leaves of A. balansae were collected in June 2003 from the Koniambo 
massif, New Caledonia, and were identified by Vincent Dumontet. A voucher specimen (No. 
DUM-0311) has been deposited at the Herbarium of IRD Nouméa (NOU), New Caledonia. 
 
Extraction and isolation 
An alkaloid extract of the air-dried and powdered leaves of A. balansae (757 g) was 
prepared adding a 6 M NH4OH solution to the plant sample. The mixture was extracted 
three times with CH2Cl2 (3 × 1.5 L, stirring, 3 h each, 20 °C, atmospheric pressure) and then 
the CH2Cl2 crude extract was concentrated under vacuum at 38 °C and redissolved in CH2Cl2 

(50 mL). This solution was subjected to extraction using a solution of hydrochloric acid 0.1 M 
(1 L). 
 
The mixture was alkalinized to pH 10 with NH4OH, counter-extracted with CH2Cl2 and the 
extract was concentrated under vacuum at 38 °C to yield 12.85 g of an alkaloid extract 
(1.65% m/m). A part of this residue (F1, 7 g) was subjected to flash chromatography using a 
silica 120 g Grace cartridge with a gradient of CH2Cl2−MeOH (100:0 to 0:100) at 80 mL/min 
to afford ten fractions, F1.1−F1.10, according to their TLC profiles. Fraction F1.5 (137.7 mg) 
underwent a preparative HPLC separation using a gradient of MeOH−H2O with 0.2% formic 
acid (FA) (30:70 to 60:40 in 20 min) to afford 10-methoxypericyclivine N-oxide (13, 2.6 mg, 
yield 0.0003%), pericyclivine N-oxide (14, 3.0 mg, yield 0.0004%), N-methyl-10-methoxy-16-
epi-pericyclivine N-oxide (14, 2.7 mg, yield 0.0004%) and N-methyl-16-epi-pericyclivine N-
oxide (16, 6.6 mg, yield 0.0009%). Fraction F1.6 (89.3 mg) was subjected to a preparative 
HPLC preparative separation using a gradient of MeOH−H2O with 0.2% FA (15:85 to 50:50 in 
20 min) to give 10-hydroxypericyclivine N-oxide (17, 1.1 mg, yield 0.0001%). 
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Mass Spectrometry Analysis 
Samples were analyzed using an Agilent LC-MS system composed of an Agilent 1260 Infinity 
HPLC coupled to an Agilent 6530 ESI-Q-TOF-MS operating in positive mode. A Sunfire® 
analytical C18 column (150 × 2.1 mm; i.d. 3.5 μm, Waters) was used, with a flow rate of 250 
μL/min and a linear gradient from 5% B (A: H2O + 0.1% formic acid, B: MeOH) to 100% B 
over 30 min. ESI conditions were set with the capillary temperature at 320 °C, source 
voltage at 3.5 kV, and a sheath gas flow rate of 10 L/min. The divert valve was set to waste 
for the first 3 min. There were four scan events: positive MS, window from m/z 100−1200, 
then three data-dependent MS/MS scans of the first, second, and third most intense ions 
from the first scan event. MS/MS settings were: three fixed collision energies (30, 50, and 70 
eV), default charge of 1, minimum intensity of 5000 counts, and isolation width of m/z 2. 
Purine C5H4N4 [M + H]+ ion (m/z 121.050873) and hexakis(1H,1H,3H-tetrafluoropropoxy)-
phosphazene C18H18F24N3O6P3 [M + H]+ ion (m/z 922.009 798) were used as internal lock 
masses. Full scans were acquired at a resolution of 11 000 (at m/z 922). A permanent 
MS/MS exclusion list criterion was set to prevent oversampling of the internal calibrant. 
 
MZmine 2 Data-Preprocessing Parameters 
The MS2 data files were converted from the .d (Agilent) standard data-format to .mzXML 
format using the MSConvert software, part of the ProteoWizard package4. All .mzXML were 
then processed using MZmine 2 v325. The mass detection was realized keeping the noise 
level at 1.0 E4. The ADAP chromatogram builder was used using a minimum group size of 
scans of 4, a group intensity threshold of 10000, a minimum highest intensity of 10000 and 
m/z tolerance of 0.02 Da (or 15 ppm)6. The ADAP wavelets deconvolution algorithm was 
used with the following standard settings: S/N threshold = 70, minimum feature height = 
3000, coefficient/area threshold = 5, peak duration range 0.02 - 2 min, RT wavelet range 
0.02 – 0.2. MS2 scans were paired using a m/z tolerance range of 0.03 Da and RT tolerance 
range of 1.0 min. Isotopologues were grouped using the isotopic peaks grouper algorithm 
with a m/z tolerance of 0.02 Da (or 15 ppm) and a RT tolerance of 0.3 min. Peak alignment 
was performed using the join aligner module (m/z tolerance = 0.02 Da (or 15 ppm), weight 
for m/z = 2, weight for RT = 2.0, absolute RT tolerance 0.3 min). The peak list was gap-filled 
with the same RT and m/z range gap filler module (m/z tolerance of 0.02 Da (or 15 ppm)). 
Eventually, the .mgf preclustered spectral data file and its corresponding .csv metadata file 
(for RT, areas and formulas integration) were exported using the dedicated “Export for 
GNPS” and “Export to CSV file” built-in options. See further documentation at 
https://bixlab.ucsd.edu/display/Public/GNPS+data+analysis+workflow+2.0. 
 
 
 
 
 
 
 
 
 
 
 
 

https://bixlab.ucsd.edu/display/Public/GNPS+data+analysis+workflow+2.0
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Molecular Networking 
A molecular network was created using the online workflow at GNPS (http://gnps.ucsd.edu) 
with a parent mass tolerance of 0.02 Da and an MS/MS fragment ion tolerance of 0.02 Da, 
minimum cluster size of 1, run MScluster and filter precursor window tools were turned off. 
A network was then created where edges were filtered to have a cosine score above 0.6 and 
more than 6 matched peaks. Further edges between two nodes were kept in the network if 
and only if each of the nodes appeared in each other's respective top 10 most similar nodes. 
The spectra in the network were then searched against GNPS spectral libraries. All matches 
kept between network spectra and library spectra were required to have a score above 0.6 
and at least 6 matched peaks. The resulting analysis and parameters for the network can be 
accessed via the link 
https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=43c725a0274442b58058a04fc042524b. 
The molecular networking data were analyzed and visualized using Cytoscape (ver. 3.5.1)7. 
 
MetWork Annotation Parameters 
MetWork annotation was achieved using the online tool available at 
https://metwork.pharmacie.parisdescartes.fr. In silico generated compounds were 
metabolized 4 times at most in a row (depth limit of 4) following selected reactions schemes 
according to the metabolites family (i.e., MIAs), namely “indole hydroxylation (para)”: 
Reaction_ID=71, “methylation”: Reaction_ID=55, and “N-oxydation”: Reaction_ID=68. A 
metabolization network was then created using a m/z tolerance of 0.02, where edges were 
filtered to have a cosine score above 0.2 and more than 4 matched peaks. 
 
Spectroscopic data 
10-methoxypericyclivine N-oxide (13): Brown, amorphous solid; [α]29

D -80 (c 0.05, MeOH); 
UV (MeOH) λmax (log ε) 221 (3.87) nm, 275 (3.34) nm, 294 (3.32) nm; IR (dry film) νmax 3580 
(amine), 3350, 1715 (ester), 1710, 1615, 1580 cm-1; 1H and 13C NMR data, see Table S4; 
HRESIMS m/z 369.1809 [M + H]+ (calcd for C21H24N2O4 + H, 369.1804).MS/MS spectrum was 
deposited in the GNPS spectral library. 
 
Pericyclivine N-oxide (14): Brown, amorphous solid; [α]28

D -120 (c 0.05, MeOH); UV (MeOH) 
λmax (log ε) 221 (3.84) nm, 281 (3.27) nm, 289 (3.22) nm; IR (dry film) νmax 3400 (amine), 
1720 (ester carbonyl) cm-1; 1H and 13C NMR data, see Table S4; HRESIMS m/z 339.1703 [M + 
H]+ (calcd for C20H22N2O3 + H, 339.1693). MS/MS spectrum was deposited in the GNPS 
spectral library. 
 
N-methyl-10-methoxy-16-epi-pericyclivine N-oxide (15): Brown, amorphous solid; [α]29

D -100 
(c 0.05, MeOH); UV (MeOH) λmax (log ε) 225 (4.02) nm, 280 (3.49) nm, 297 (3.37) nm; IR (dry 
film) νmax 3500 (amine), 1715 (ester carbonyl) cm-1; 1H and 13C NMR data, see Table S5; 
HRESIMS m/z 383.1965 [M + H]+ (calcd for C22H26N2O4 + H, 383.1956). MS/MS spectrum was 
deposited in the GNPS spectral library. 
 
N-methyl-16-epi-pericyclivine N-oxide (16): Brown, amorphous solid; [α]29

D -100 (c 0.05, 
MeOH); UV (MeOH) λmax (log ε) 225 (4.06) nm, 283 (3.38) nm, 292 (3.06) nm; IR (dry film) 
νmax 3460 (amine), 1740 (ester carbonyl) cm-1; 1H and 13C NMR data, see Table S5; HRESIMS 
m/z 353.1860 [M + H]+ (calcd for C21H24N2O3 + H, 353.1848). MS/MS spectrum was 
deposited in the GNPS spectral library. 

http://gnps.ucsd.edu/
https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=43c725a0274442b58058a04fc042524b
https://metwork.pharmacie.parisdescartes.fr/
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10-hydroxypericyclivine N-oxide (17): Brown, amorphous solid; [α]28
D -280 (c 0.025, MeOH); 

UV (MeOH) λmax (log ε) 225 (4.02) nm, 283 (3.23) nm, 292 (3.06) nm; IR (dry film) νmax 3520 
(amine), 1740 (ester carbonyl) cm-1; 1H and 13C NMR data, see Table S4; HRESIMS m/z 
355.1658 [M + H]+ (calcd for C20H22N2O4 + H, 355.1666). MS/MS spectrum was deposited in 
the GNPS spectral library. 
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Figure S7. 1H NMR Spectrum (400 MHz, CD3OD) of 10-methoxypericyclivine N-oxide (13) 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

Université Paris-Saclay           
Espace Technologique / Immeuble Discovery  
Route de l’Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 

220 

Figure S8. 13C NMR Spectrum (100 MHz, CD3OD) of 10-methoxypericyclivine N-oxide (13) 
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Figure S9. COSY spectrum (400 MHz, CD3OD) of 10-methoxypericyclivine N-oxide (13) 
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Figure S10. HSQC spectrum (400 MHz, CD3OD) of 10-methoxypericyclivine N-oxide (13) 
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Figure S11. HMBC spectrum (400 MHz, CD3OD) of 10-methoxypericyclivine N-oxide (13) 
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Figure S12. NOESY spectrum (400 MHz, CD3OD) of 10-methoxypericyclivine N-oxide (13) 
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Figure S13. 1H NMR Spectrum (400 MHz, CD3OD) of pericyclivine N-oxide (14) 
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Figure S14. 13C NMR Spectrum (100 MHz, CD3OD) of pericyclivine N-oxide (14) 
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Figure S15. COSY spectrum (400 MHz, CD3OD) of pericyclivine N-oxide (14) 
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Figure S16. HSQC spectrum (400 MHz, CD3OD) of pericyclivine N-oxide (14) 
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Figure S17. HMBC spectrum (400 MHz, CD3OD) of pericyclivine N-oxide (14) 
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Figure S18. NOESY spectrum (400 MHz, CD3OD) of pericyclivine N-oxide (14) 
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Figure S19. 1H NMR Spectrum (400 MHz, CD3OD) of N-methyl-10-methoxy-16-epi-pericyclivine N-oxide (15) 
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Figure S20. 13C NMR Spectrum (100 MHz, CD3OD) of N-methyl-10-methoxy-16-epi-pericyclivine N-oxide (15) 
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Figure S21. COSY spectrum (400 MHz, CD3OD) of N-methyl-10-methoxy-16-epi-pericyclivine N-oxide (15) 
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Figure S22. HSQC spectrum (400 MHz, CD3OD) of N-methyl-10-methoxy-16-epi-pericyclivine N-oxide (15) 
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Figure S23. HMBC spectrum (400 MHz, CD3OD) of N-methyl-10-methoxy-16-epi-pericyclivine N-oxide (15) 
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Figure S24. NOESY spectrum (400 MHz, CD3OD) of N-methyl-10-methoxy-16-epi-pericyclivine N-oxide (15) 
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Figure S25. 1H NMR Spectrum (400 MHz, CD3OD) of N-methyl-16-epi-pericyclivine N-oxide (16) 
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Figure S26. 13C NMR Spectrum (100 MHz, CD3OD) of N-methyl-16-epi-pericyclivine N-oxide (16) 
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Figure S27. COSY spectrum (400 MHz, CD3OD) of N-methyl-16-epi-pericyclivine N-oxide (16) 
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Figure S28. HSQC spectrum (400 MHz, CD3OD) of N-methyl-16-epi-pericyclivine N-oxide (16) 
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Figure S29. HMBC spectrum (400 MHz, CD3OD) of N-methyl-16-epi-pericyclivine N-oxide (16) 
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Figure S30. NOESY spectrum (400 MHz, CD3OD) of N-methyl-16-epi-pericyclivine N-oxide (16) 
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Figure S31. 1H NMR Spectrum (400 MHz, CD3OD) of 10-hydroxypericyclivine N-oxide (17) 
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Figure S32. 13C NMR Spectrum (100 MHz, CD3OD) of 10-hydroxypericyclivine N-oxide (17) 
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Figure S33. COSY spectrum (400 MHz, CD3OD) of 10-hydroxypericyclivine N-oxide (17) 
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Figure S34. HSQC spectrum (400 MHz, CD3OD) of 10-hydroxypericyclivine N-oxide (17) 
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Figure S35. HMBC spectrum (400 MHz, CD3OD) of 10-hydroxypericyclivine N-oxide (17) 
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Figure S36. NOESY spectrum (400 MHz, CD3OD) of 10-hydroxypericyclivine N-oxide (17) 
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Figure S37. ECD spectra from compounds 13–17 in MeOH 
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3. RÉSULTATS BIOLOGIQUES OBTENUS 
 

Les cinq nouveaux composés isolés ont été testés pour déterminer leurs activités 

antiparasitaires contre une souche de Plasmodium falciparum FcB1 résistante à la 

chloroquine, et contre les formes axénique et intramacrophagique (RAW 264.7) des 

amastigotes de Leishmania donovani (LV9). De plus, leurs cytotoxicités contre la lignée 

cellulaire MRC-5 (fibroblastes embryonnaires humains) ont été évaluées (Tableau 4). Les 

composés 1−5 n’ont pas présenté d’activité antiparasitaire ni de cytotoxicité.  

 
Tableau 4. Valeurs de CI50 (μM) des activités antipaludiques et antileishmaniennes et cytotoxiques des composés 1−5a 

sample 
P. falciparum 
strain FCB1 

L. donovani LV9 
axenic amastigotes 

L. donovani LV9 
intramacrophagic 

amastigotes 
MRC-5 

1 >50 > 100 > 100 > 20 

2 >50 > 100 > 100 > 20 

3 >50 > 100 > 100 > 20 

4 >50 > 100 > 100 > 20 

5 >50 > 100 > 100 > 20 

référenceb 0.06 ± 0.02 0.42 ± 0.07 2.04 ± 0.54 0.55 x 10-3 ± 0.03 x 10-3 
aLes valeurs montrées dans le tableau sont les moyennes ± écart type des trois expériences indépendantes. bchloroquine 
(FcB1); miltefosine (LV9); paclitaxel (MRC-5). 

 
L’évaluation biologique des composés a été réalisée en suivant les méthodologies 

décrites par la suite : 

 

• Determination de l’activité antipaludique 

La determination de l’activité antipaludique a été faite par Elizabeth Mouray 

sous la direction de Phillipe Grellier au Múseum Nationale d’Histoire Naturelle (61 

rue Buffon (CP52), 75005 Paris, France). 

 

La souche résistante à la chloroquine FcB1/Colombie de Plasmodium 

falciparum a été obtenue de la collection du Muséum Nationale d’Histoire Naturelle 

à Paris, France (n°MNHN-CEU-224-PfFCB1). Les parasites ont été maintenus in vitro 

dans des érythrocytes humaines, dans un milieu de culture RPMI 1640 additionné de 

sérum humain 8% (v/v) inactivé par la chaleur à 37 °C sous une atmosphère de 3% de 

CO2, 6% de O2 et 91% de N2. 
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Les globules rouges humaines et le sérum ont été fournis par l’Établissement 

Français du Sang d’Île de France sous l’agrément n°13/EFS/126 de la C-CPSLUNT. La 

sensibilité au médicament in vitro a été mesurée par l’incorporation de [3H]-

hypoxanthine comme a été décrit précedemment.90 Des solutions mères de 

médicaments ont été préparées dans du DMSO. Les composés ont été dilués en série 

deux fois avec 100 µL de milieu de culture dans des plaques à 96 puits. Des cultures 

parasitaires asynchrones (100 µL, 1% de parasitémie et 1% d’hématocrite final) ont 

ensuite été ajoutées à chaque puit puis incubées pendant 24 h à 37 °C avant l’ajout 

de 0,5 µCi de [3H]-hypoxanthine (GE Healthcare; 1 à 5 Ci.mmol/mL) par puit. Après 

une incubation supplémentaire de 24 h, les plaques ont été congelées et 

décongelées. Les lysats cellulaires ont été ensuite recueillies sur des filtres en fibre 

de verre et comptées dans un spectromètre à scintillation liquide. L'inhibition de la 

croissance pour chaque concentration de produit a été déterminée par la 

comparaison de la radioactivité incorporée dans le milieu de culture traitée à celle 

du milieu de culture témoin maintenue sur la même plaque. La concentration 

entraînant une inhibition de 50% de la croissance (CI50) a été obtenue à partir de la 

courbe dose-réponse et les résultats ont été exprimés en tant que valeurs moyennes 

± écarts-types déterminés à partir de trois expériences indépendantes. Le 

diphosphate de chloroquine, utilisé comme contrôle positif, a été acheté chez Sigma 

(pureté> 99%). 

 

• Determination de l’activité antileishmanienne 

L’activité antileishmanienne des composés isolés a été determinée par 

Sébastien Pomel sous la direction de Phillipe M. Loiseau à la faculté de pharmacie de 

l’université Paris-Sud – Paris-Saclay (5 Rue Jean-Baptiste Clément, 92290 Châtenay-

Malabry, France). 

 

L’évaluation in vitro a été réalisée sur la lignée cellulaire de L. donovani 

(MHOM/ET/67/HU3), souche LV9, fournie par le professeur S. Croft, de la London 

School of Hygiene and Tropical Medicine, au Royaume-Uni. L’évaluation sur les 

amastigotes axéniques a été adaptée de la méthode utilisée par Cheikh-Ali et al.91 

Dans les cellules vivantes, la résazurine est réduite en résofurine. Cette conversion a 

été contrôlée en mesurant l'absorbance à des longueurs d'ondes spécifiques de la 

résofurine (570 nm) et de la résazurine (600 nm), en utilisant un lecteur de 

microplaques (Lab systems Multiskan MS). Les activités finales ont été exprimées 

sous forme de valeurs  de CI50. La miltefosine a été utilisée comme composé de 

référence. 

 

 

                                                      
90 J. Guillon, P. Grellier, et al.,  J. Med. Chem., 2004, 47, 1997-2009. 
91 Z. Cheikh‐Ali, J. Caron, et al.,  ChemMedChem, 2015, 10, 411-418. 
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L'évaluation en utilisant d'amastigotes intramacrophagiques a également été 

adaptée à partir de la méthode de Cheikh-Ali.91 La fluorescence de l'ADN de ces 

cellules a été contrôlée par un realplex Mastercycler® (Eppendorf, Montesson, 

France). L'activité des matériaux testés a été exprimée en valeurs de CI50. La 

miltefosine a été utilisée comme composé de référence. 

 

• Determination de la cytotoxicité 
La determination de la cytotoxicité a été réalisée par Jerome Bignon à ICSN - 

CNRS (1, avenue de la Terrasse, 91198 Gif-sur-Yvette, France). 

 
La lignée cellulaire MRC-5 a été obtenue auprès de l’American Type Culture 

Collection (Rockville, Maryland, États-Unis) et a été cultivée conformément aux 

instructions du fournisseur. Les cellules MRC-5 ont été cultivées dans du DMEM 

additionné de sérum de veau fœtal (SVF) (10%) et de glutamine (1%). La lignée 

cellulaire a été maintenue à 37 °C dans une atmosphère humidifiée contenant 5 % de 

CO2. L’inhibition de la croissance cellulaire a été déterminée par un test MTS ((3-(4,5-

diméthylthiazol-2-yl)-5-(3-carboxyméthoxyphényl)-2-(4-sulfophenyl)-2H-tétrazolium) 

conformément aux instructions du fabricant (Promega, Madison, WI, USA). La valeur 

de la CI50 correspond à la concentration de composé induisant une diminution de 

50% de l'absorbance des cellules traitées par le médicament par rapport aux cellules 

non traitées. Les expériences ont été effectuées en triplicats. Le paclitaxel a été 

utilisé comme composé de référence. 
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Au cours de ce travail, l’approche de déréplication basée sur la technique du 

molecular networking a été présentée, ainsi que l’évolution de cette approche (Chapitre I). 

Les différents modes pour le ciblage des produits naturels originaux qui ont été appliqués 

ces dernières années ont été développés. C’est ainsi que la tendance à une amélioration de 

cette technique par la communauté scientifique internationale est observée. Avec le 

développement des nouveaux outils d’annotation expérimentale et in silico, la déréplication 

des substances naturelles devient de plus en plus efficace. 

 

Dans le but d’une annotation orientée vers la nouveauté structurale chez les 

alcaloïdes indolomonoterpéniques, une base de données spectrale, la MIADB a été créée 

(Chapitre II). Les spectres SM/SM de 172 alcaloïdes qui la composent sont maintenant 

disponibles sur le site du GNPS pour l’annotation des mélanges complexes. La MIADB a été 

ensuite testée pour dérépliquer un extrait alcaloïdique des feuilles de C. roseus, à titre de 

validation de cette base de données.  

 

Ensuite, l’exploration de l’espace chimique d’un extrait alcaloïdique des écorces de 

Geissospermum laeve (Apocynaceae) a été décrite (Chapitre III). L’application d’une 

approche de déréplication basée sur molecular networking en utilisant comme référence 

une première version de la MIADB, inclue dans le réseau et influençant sa topologie, a 

permis l’isolement de trois nouveaux alcaloïdes indolomonoterpéniques. Parmi ces 

molécules, deux ont un motif chimique nouveau dans la série avec une γ-lactone α,β-

insaturée. Cette première exploration de l’espace chimique d’une Apocynaceae déjà étudiée 

par molecular networking démontre l’intérêt de la réinvestigation d’espèces. Bien que trois 

nouvelles molécules aient pu être isolées, d’autres composés d’intérêt ont également été 

ciblés mais leur purification s’est avérée impossible.  

 

Avec comme but l’amélioration de l’approche de déréplication décrite auparavant, 

l’étude phytochimique de l’extrait alcaloïdique des feuilles de Alstonia balansae 

(Apocynaceae) a été entreprise (Chapitre IV). L’annotation expérimentale (via MIADB inclue 

dans GNPS), combinée avec l’annotation in silico grâce à MetWork, un outil récemment créé 

de métabolisation et de modélisation de spectres SM/SM in silico, a permis l’identification 

de cinq nouveaux alcaloïdes indolomonoterpéniques du type N-oxyde sarpagine. L’évolution 

de l’approche déréplicative entre ces deux derniers chapitres montre l’intérêt d’une 

annotation in silico avec comme point de départ des données expérimentales. Il s’agit ici du 

premier exemple d’isolement de substances naturelles dont la structure a été initialement 

prédite par ordinateur. 

 

 

 

CONCLUSION GÉNÉRALE 
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Dans ce manuscrit, la description des travaux entrepris nous montre une évolution 

vers une déréplication plus efficace qui s’appuie sur des outils de génération in silico des 

données des molécules, elles à leurs tours numérisées précédemment. L’évolution vers ce 

genre d’approches est donc la tendance actuelle dans l’art de l’isolement des produits 

naturels.  
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PERSPECTIVES 
 

L’exploration de l’extrait alcaloïdique des feuilles de G. laeve (Chapitre III) et d’A. 

balansae, ainsi que des autres Alstonia disponibles (Chapitre IV) montre qu’un ciblage 

efficace des molécules potentiellement nouvelles n’assure pas leur isolement. En effet, des 

tentatives de purification non décrites ici se sont avérées infructueuses : soit les composés 

étaient instables, soit les quantités présentes étaient trop faibles. L’emploi d’autres 

techniques pour purifier certains de ces composés sont potentiellement envisageables. 

L’utilisation de la chromatographie de partage centrifuge semblerait une solution 

potentielle dans certains cas, évitant notamment le passage sur une phase stationnaire 

solide acide comme la silice. Cette approche a d’ailleurs déjà été appliquée au laboratoire 

pour des séries alcaloïdiques comparables.92 La quantité du produit contenu dans 

l’échantillon est, quant à elle, un paramètre à prendre en compte précocement pour savoir 

si la purification est envisageable pour une caractérisation structurale ultérieure. Si elle peut 

être appréhendée « manuellement » par l’examen des chromatogrammes UV et SM 

comparé aux masses disponibles d’échantillons, l’inclusion au traitement des données de la 

notion de quantification relative peut être intéressante. Cette notion a déjà été abordée par 

Olivon et al.10 en proposant une approche semi-quantitative basée sur l’aire des pics 

chromatographiques et sa représentation dans les réseaux. On conclura cette partie 

« isolement / élucidation structurale » en soulignant que de nombreuses molécules restent 

encore à obtenir dans les plantes que nous avons étudiées. Beaucoup n’ont en effet pas pu 

être dérépliquées ou s’inscrivent de manière intéressante dans les réseaux   

 

Comme indiqué précédemment (Chapitre II) les alcaloïdes indolomonoterpéniques 

sont liés par de multiples voies des biogenèses organisées autour d’intermédiaires-clés. 

Nous avons pu constater qu’il n’existait pas de relation entre la biogenèse de ces substances 

et leurs liaisons par molecular networking, ce qui était anticipable. En comparant les 

relations biosynthétiques ou l’appartenance à une même classe de MIA avec les associations 

en réseau, nous avons aussi pu relever que quelques molécules ayant des squelettes sans 

rapport biogénétique direct se montraient fortement liées. 

 

Une rationalisation de la « clusterisation » (néologisme employé au laboratoire pour 

« appariement ») de ces composés par molecular networking a été envisagée. C’est ainsi 

que les 172 composés de la MIADB ont été soumis à une analyse de ressemblance par le 

GNPS, pour la genèse de réseaux moléculaires avec une variation des paramètres de 

traitement. Les multiples réseaux obtenus ont été comparés, puis le plus informatif a été 

choisi. Nous avons pu constater que quelques molécules ayant des structures assez 

différentes se montraient liées dans le réseau. Ces composés ont été choisis comme 

« molécules diagnostiques ». 

                                                      
92 M. Girardot, A. Gadea, et al.,  Eur. J. Org. Chem., 2012, 2012, 2816-2823. 
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Les spectres SM/SM de paires biogénétiquement aberrantes de molécules seront donc 

étudiés pour déterminer quels ions fragments sont à l’origine de ces liaisons dans le réseau. 

Des « règles de clusterisation » pourraient donc être établies en utilisant cette information 

comme base. Si des petits ions diagnostiques sont déjà identifiables d’après la littérature, la 

rationalisation des réseaux reste à établir au laboratoire. 

 

Comme évoqué auparavant, il existe une tendance vers l’annotation in silico dans les 

approches déréplicatives utilisés à l’heure actuelle. L’utilisation de MetWork (Chapitre IV) 

l’illustre. Par ailleurs, malgré la pertinence de l’information obtenu à partir d’un réseau 

annoté avec de l’information in silico, il existe quelques limites à cette approche. En effet, 

les spectres SM/SM générés de cette manière représentent seulement une approximation 

des spectres SM/SM expérimentaux. Dans quelques cas, cette approximation engendre une 

qualité des résultats encore insuffisante, compte tenu de la complexité des voies de 

fragmentation suivies par les molécules. C’est ainsi que, comme observé au cours de 

l’exploration de l’espace chimique de A. balansae (Chapitre IV), les spectres in silico générés 

n’arrivent pas à être correctement « matchés » à un spectre expérimental dans quelques 

cas. Par conséquent, MetWork propose une liste de molécules probables par match entre 

les composés générés (et fragmentés) in silico et les composés de l’échantillon, avec des 

scores de similarité différents. Bien que la structure proposée avec le score de similarité le 

plus élevée puisse s’avérer correcte, ce n’est pas le cas pour toutes les molécules. Ceci 

relève une des limites de la génération de spectres SM/SM in silico. Pour surmonter cet 

obstacle, le « machine learning » se montre comme une solution envisageable. 

L’apprentissage automatique avec de spectres SM/SM expérimentaux pourrait être donc 

une manière d’améliorer la qualité de l’approximation in silico faite par ces outils, notre 

base de données constituant un beau jeu de données pour cet apprentissage. Ces spectres 

expérimentaux pourraient être obtenus en profitant, également, des bases de données 

spectrales en libre accès, avec d’autres AIMs déposés sur le GNPS, notamment (voir la 

validation analytique n°2 du Chapitre II). 

 

Par ailleurs, le module de MetWork dédié à la métabolisation des matchs reste à 

améliorer également. En effet, plusieurs réactions impliquées dans les voies de biosynthèses 

classiques des produits naturels n’ont pas encore été incluses parmi les 60 déjà proposées à 

ce jour par cet outil. L’intégration de ces réactions pourrait donc mener à une meilleure 

annotation in silico du réseau. Il s’agit d’ailleurs d’un intéressant défi en termes de 

rationalisation des associations de monomères pour former des bis-indoles, voire des 

analogues de plus haute masse. Le module des réactions de métabolisation de Metwork 

peut être nourri directement sur le site internet de l’outil avec des nouvelles réactions, qui 

peuvent être importées depuis un fichier du type .mrv. Ceci sera envisagé en particulier 

avec le début de travaux sur des Strychnos (Loganiaceae) qui doit débuter en 2019 au 

laboratoire, en collaboration avec le laboratoire de pharmacognosie de Liège (Pr. M. 

Frédérich), contributeur de la MIADB. 
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Les perspectives offertes par l’approche des réseaux moléculaires sont nombreuses 

et offrent un regard neuf sur la diversité chimique et la répartition botanique des AIMs. 

Outre la poursuite de la recherche d’analogues à forte originalité structurale, notamment à 

partir de nos collections de plantes, des pistes relatives aux filiations biosynthétiques ou à 

des relations chimiotaxonomiques seront poursuivies dans un avenir proche. 
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Résumé : Les alcaloïdes indolo-monoterpéniques (AIMs) 

constituent une classe de molécules naturelles très étudiée 

en raison d’un fort potentiel pharmacologique et 

thérapeutique et d’une grande diversité structurale. D’autre 

part, les techniques de déréplication par chromatographie 

liquide couplée à la spectrométrie de masse tandem ont 

évolué récemment, avec l’émergence de l’approche par 

réseaux moléculaires (molecular networking). Dans ce 

contexte, nous avons créé une base de données de spectres 

de masse tandem moyennés de 172 AIMs témoins, en 

collaboration avec plusieurs équipes de pharmacognosie 

dans le monde. Cette base de données, nommée MIADB 

(Monoterpene Indole Alkaloids DataBase), rendue 

publique, peut être utilisée comme référence dans des 

stratégies de déréplication fondées sur l’utilisation des 

réseaux moléculaires. Nous avons ensuite exploité la 

MIADB pour l’étude phytochimique de deux 

Apocynaceae : Geissospermum laeve (Vell.) Miers et 

Alstonia balansae Guillaumin.  

Dans un premier temps, l’annotation par la MIADB d’un 

extrait alcaloïdique des écorces de G. laeve a permis 

l’isolement et l’élucidation structurale de 3 nouveaux 

AIMs, dont deux à motif butyrolactone. Par la suite, notre 

approche a été améliorée par l’emploi du nouvel outil 

d’annotation in silico MetWork, fondé sur une prédiction 

métabolique et la modélisation de spectres de masse 

tandem. C’est ainsi que l’exploration de l’espace 

chimique d’un extrait alcaloïdique des feuilles d’A. 

balansae a permis l’identification, puis l’isolement, de 5 

nouveaux AIMs du type N-oxyde-sarpagane. La 

stéréochimie des nouveaux composés a pu être 

déterminée par l’exploitation de spectres prédits et 

expérimentaux de dichroïsme circulaire éléctronique. 

Ce manuscrit décrit, après une introduction consacrée 

notamment aux emplois du molecular networking pour le 

ciblage et la découverte de petites molécules naturelles 

puis aux interconnections biosynthétiques en série AIM, 

la création puis l’évolution de la MIADB, puis son 

utilisation dans un workflow de déréplication efficace et 

de ciblage de nouveaux composés dans des mélanges 

complexes issus d’Apocynaceae. 
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Abstract: Monoterpene indole alkaloids (MIAs) constitute 

a class of natural products that has been extensively 

studied due to its important pharmacological and 

therapeutic potentials, and to its large structural diversity. 

Dereplication techniques based on liquid chromatography 

coupled to tandem mass spectrometry have recently 

evolved, with the implementation of molecular 

networking-based approaches.  

In this context, we have created a spectral database that 

encompasses the averaged tandem mass spectra of 172 

reference MIAs, in collaboration with several 

pharmacognosy research teams around the world. This 

database, named MIADB (standing for Monoterpene 

Indole Alkaloids DataBase), was made publicly available 

and can be used as a reference in the application of 

molecular networking as a dereplication strategy. 

Thereafter, we used the MIADB to carry out the 

phytochemical investigation of two Apocynaceae species: 

Geissospermum laeve (Vell.) Miers and Alstonia balansae 

Guillaumin.  

As a first application, the MIADB-based annotation of an 

alkaloid extract of the barks of G. laeve led to the isolation 

and the structural elucidation of three new MIAs, two 

having a butyrolactone moiety. Afterwards, this approach 

was improved by the application of a new tool for in silico 

annotation called MetWork, which is based on metabolic 

prediction and on the generation of predicted tandem mass 

spectra. Following this approach, the exploration of the 

chemical space of an alkaloid extract of the leaves of A. 

balansae allowed the anticipation and further isolation of 

five novel MIAs of the N-oxide-sarpagine type. The 

stereochemistry of all the new molecules could be 

determined on the basis of experimental and predicted 

electronic circular dichroism spectra. 

In the introduction of this manuscript the multiple uses of 

molecular networking for the identification of small natural 

molecules are described, as well as the biosynthetic 

interconnections in the MIAs group. The creation and 

evolution of the MIADB are then presented, followed by 

its utilization in efficient dereplication workflows for the 

targeting of new natural products within complex mixtures 

from Apocynaceae species. 
 

 

 


