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RESUME DE LA THESE DE DOCTORAT
Introduction

Le paludisme est une maladie mortelle causée par le parasite Plasmodium falciparum (P.
falciparum). Les premiers stades du parasite (anneau précoce et gamétocyte mature) sont
impligués dans la résistance des parasites aux médicaments chez I'hnomme et de leur
transmission aux moustiques anopheles, respectivement. Peu de médicaments ciblent ces
deux stades. L'artémisinine (Art) est le médicament antipaludique le plus efficace, mais il est
maintenant menacé par I'émergence de la résistance croisée a I'Art et autres médicaments
en Asie du Sud-Est (1). Il y a donc un besoin urgent de nouveaux médicaments ou de
combinaisons de médicaments puissants qui pourraient cibler les anneaux et les
gamétocytes et contourner la résistance a I'Art. La Plasmodione (PD, Fig. 1a), agent
antipaludique puissant et peu toxique, est actif sur les anneaux avec une vitesse d’action
similaire a celle de I'Art. Il a un faible potentiel d’induction de la résistance chez le parasite et
présente une synergie avec plusieurs médicaments antipaludiques, dont I'Art (2, 3). La PD
tue les parasites en générant un stress oxydatif, en mimant les effets de déficiences en
glucose-phosphate déshydrogénase (G6PD) dans les globules rouges (RBC), connues pour
induire une protection naturelle contre de sévéres épisodes palustres (4). Cependant, la PD
est faiblement efficace a bloquer la transmission in vitro (3). Récemment, deux analogues
optimisés de la PD ayant une liaison plus faible aux protéines sériques (bMD30), ou des
propriétés anti-gamétocytes matures (stade V) élevées in vitro et in vivo (bMD40) ont été
identifiés, respectivement. L'objectif est maintenant de valider 'analogue supérieur de PD qui
pourrait étre utilisé a I'avenir comme médicament antipaludique et bloguant la transmission,
et de déchiffrer leur mécanisme d'action pour potentialiser I'effet de la drogue seule ou en
combinaison avec d'autres médicaments. Les dérivés de la PD sont des substrats efficaces
des glutathion réductases recombinantes humaine (hGR) et de P. falciparum (PfGR) in vitro
(5). Cependant, chez le parasite de rongeur P. berghei, la glutathion réductase n'est pas la
seule cible principale responsable de la bioactivation ou de I'activité de la PD (Goetz et al. en
préparation). En considérant le fait que d'autres oxydoréductases peuvent compenser
l'absence de GR, nous supposons qu'il existe de multiples réductases-cibles de PD
responsables de la bioactivation de la molécule et/ou de la mort des parasites. Ainsi, le but
de mon projet de doctorat a été d'identifier les cibles de la PD et de ses analogues en utilisant
une approche « fish & click » par marquage covalent des protéines-cibles en utilisant la
photochimie et la réaction click, et d'analyse protéomique a l'aide de sondes basées sur
I'activité de la PD (PD-ABP) (Fig 1b). Tout au long de ce travail, nous utilisons la définition
pour la réaction « click », la réaction décrite en 2001, par Sharpless, Finn et Kolb, un variant
de la cycloaddition azide-alcyne de Huisgen catalysée par le cuivre(l) (réaction CuAAC).
Pour cela, nous avons d'abord validé la preuve de concept des PD-ABP en caractérisant leur
photoréactivité et leur « clickabilité » a I'aide de partenaires-modéles spécifiques, et identifié
les meilleures sondes PD-ABP qui seront utilisées, dans le futur proche, chez le parasite pour
identifier les cibles de la PD par analyse protéomique. Ces informations essentielles seront
d'une grande utilité pour optimiser les propriétés de ces séries de composés, concevoir des
produits plus actifs et cibler des dérivés spécifiques.

Selon la littérature, il n'existe que 4 publications (6-9) utilisant des approches « fish & click »
pour la détection de cibles de molécules actives chez P. falciparum. Comme les propriétés
physicochimiques des sondes ABP different selon leurs structures, les conditions de
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photoréaction et de réaction click varient également dans chaque cas. Par conséquent, avant
d'appliquer la sonde PD-ABP pour identifier les cibles de I'agent par une approche « fish &
click », mon projet s'est concentré sur les cing objectifs suivants :

Evaluation de la résistance croisée, entre |'artémisinine et la PD et ses deux analogues, de

souches de P. falciparum

Il. Evaluation de l'activité antipaludique des analogues de PD, et des sondes PD-ABP

lll. Caractérisation des propriétés photoréactives des sondes PD-ABP a l'aide de partenaires-
modéeles de protéines

IV.Caractérisation des propriétés de clickabilité des sondes PD-ABP a l'aide de partenaires-
modeéles azides

V. Preuve de concept de I'approche « fish & click » par I'évaluation de I'enchainement des deux

réactions, de photoirradiation suivie de la réaction click.

Résultats

Détermination de I'activité antipaludique des analogues de la PD dans un essai
modifié de mesure des valeurs d’IC50 avec une exposition au médicament de
72 heures.

Stratégie: Etant donné que les analogues de la PD, bMD30 et bMD40, aux propriétés
pharmacocinétigues améliorées ont des propriétés anti-gamétocytes (Goetz et al en
préparation), nous avons évalué leur activité antiplasmodiale sur des stades asexués précoces
de parasites de 3 souches différentes de P. falciparum : la souche Dd2 résistante a la
chloroquine, deux isolats de patients cambodgiens atteints de paludisme sensibles (Art-S) ou
résistants a l'artémisinine (Art-R).

Méthode :

L’activité antipaludique de la PD, et de ses deux dérivés, bMD030 et bMD040 (tests d’ICso et
exposition a 72h avec les molécules) : L'activité antiplasmodiale des analogues de la PD et
des médicaments de référence a été évaluée par le test ICso modifié par une exposition de 72
heures des anneaux agés de 3 heures hautement synchrones, suivie de l'analyse de la survie
du parasite en utilisant le fluorophore-rapporteur SYBRgreen. Dans le test classique ICsg, les
anneaux de 2 cultures synchronisées au sorbitol sont traités avec la molécule a tester mais ce
protocole a été spécifiquement modifié pour obtenir des anneaux trés synchrones au stade
précoce. Pour ce faire, les anneaux envahis dans les 3 heures suivant la synchronisation par
percolation des schizontes matures et segmentés ont d'abord été fractionnés au sorbitol puis
utilisés pour le traitement des molécules.

Résultat et conclusion :

Méme si I'lCso de la bMDA40 sur les stades asexués des parasites est deux fois supérieure a
celle du bMD3O et de la PD (fig. 2a), la bMD40 a été identifiée comme un meilleur analogue
de la PD en raison de son activité trés puissante contre les stades sexués des parasites - les
gamétocytes matures (Goetz et al en préparation). Les valeurs d’'ICso de la bMD30 et de la
bMD40 ont été utilisées pour déterminer la concentration de molécule a tester pour le test de
survie de 'anneau (RSA).



Détermination de la résistance croisée des analogues de la PD avec
I'artémisinine par le test de survie des anneaux..

Stratégie: La résistance a l'artémisinine n'est mesurable que par une augmentation de la
survie des stades anneaux aux impulsions courtes d’Art a des concentrations élevées (RSA :
6h, 700 nM). Pour tester la résistance croisée entre I'Art et la PD et ses analogues, j'ai établi
le protocole de I'essai de survie des anneaux (RSA) dans le laboratoire a I'IlBMC en utilisant
des souches de parasites Art-S et Art-R cambodgiens.

Méthode : L'efficacité de la PD et de ses dérivés (bMD30 et bMD40) sur le stade précoce des
anneaux des souches Art-S et Art-R a été déterminée selon le protocole rapporté (10, 11) en
exposant des anneaux agés de ~3h a des concentrations élevées de drogue (700 nM de DHA
comme témoin, 2,5 uM et 5 uM de PD et bMD40, 1uM et 2,5 uM de MB) pendant une période
de 6 heures. Aprés I'élimination de la drogue, on a laissé les parasites se développer pendant
66 heures supplémentaires et la parasitémie a été déterminée par analyse de frottis sanguins
microscopiques aprés coloration au Giemsa.

Résultats et conclusion : Nos premiers résultats suggérent I'existence d'une résistance
croisée entre la PD ou son analogue et I'Art (fig 2c). Nous avons cependant noté une grande
variabilité entre les réplicats (a la fois au sein des expériences et entre elles), y compris pour
le contrdle bleu de méthylene (MB) et une destruction partielle des parasites Art-S aux
concentrations de médicaments choisies. L'analyse FACS est un autre moyen de confirmer la
résistance croisée en évitant I'erreur manuelle dans le comptage microscopique des frottis
(Amaratunga et al 2013). Afin de contourner la résistance croisée, l'analyse de combinaison
des benzylmenadiones avec d’autres agents partenaires a été recommandée pour la suite du
travail.
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Fig. 1. a) Bioactivation de la plasmodione selon une cascade de réactions redox impliquant la
3-benzoylmenadione comme métabolite-clef. b) Structure des outils clickables des métabolites
photoréactifs de plasmodione (PD-ABP) : le squelette des outils PD-ABP est basé sur la
structure 3-benzoylmenadione possédant intrinséquement la structure de la benzophenone
photoréactive (hV 365 nm). Les différents groupes électron-attracteurs (-CFs or -NO2) ou
conjugables (p-alcyne) en position para des PD-ABP 8, 7, 9, 10 modulent leurs propriétés
photoactivables et leur réactivité dans la chimie click. Le groupe alcyne joue le réle d’étiquette
pour révéler les adduits PD-ABP—protéine, aprés réaction click avec un azide émettant de la
fluorescence. c) approche par la chimie « fish & click » : elle fait intervenir une PD réactive
sous irradiation UV. En premier lieu, les parasites sont incubés avec les PD-ABP. Sous
irradiation UV un lien covalent se produit entre le dérivé PD-ABP et ses cibles potentielles. De
plus, une réaction click-rapportrice entre l'alcyne de la sonde et l'azide de la rhodamine
fluorescente et/ou l'azide fluorogene (stratégie 1) ou l'azide de la biotine (stratégie 2) permet
de révéler l'alkylation réussie de la sonde a la protéine par LC-MS/MS. Puis, une analyse
bioinformatique des cibles positives de la PD, a partir des bandes de protéines fluorescentes
sur gel SDS PAGE (stratégie 1) ou des protéines enrichies selon la stratégie 2. Les boites d-
f indiguent les réactifs-clés qui ont été étudiés pour la réaction click: d) montre les partenaires
azides, azide fluorescent et azides fluorogénes, €) montre les ligands : 'ATBT insoluble dans
I'eau, I'ATBT soluble dans I'eau et le bathosulfonate disodique sont les principaux catalyseurs
de la réaction click, f) montre les réducteurs : NaASc et TCEP ont été utilisés pour normaliser
les meilleures conditions click pour la détection de cibles de PD, méme a I'état de traces.



(a)
Activité antipaludique des analogues de plasmadione (PD) (b) Activité antipaludigue des analogues PD-ABP de plasmodione (PD), exprimée en valeurs d’IC5, + SD®
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Fig. 2. Activité antipaludique de a) la plasmodione (PD), des analogues bMD30, bMD40 sur les stades
asexués et sexués de P. falciparum, b) des dérivés PD-ABP, sur les stades anneaux hautement
synchronisés de la souche P. falciparum Dd2. ¢) Données préliminaires obtenues dans I'essai de survie
des anneaux (RSA) de parasites Art-S et Art-R pour mesurer la résistance croisée entre la Plasmodione
ou bMDA40 et l'artémisinine (Art). Les résultats sont obtenus par comptage microscopique d’anneaux a
partir de frottis de sang colorés au Giemsa (nombre d’expériences).
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Fig. 3. (a) La spectrométrie de désorption de champ a confirmé la formation de I'adduit 7-nMet,
produit de la réaction photochimique de la sonde 7 avec la nMet, avec le pic m/z 526,2. (b) Le
profil de fragmentation du peptide hGR par analyse Mascot a confirmé la présence de I'adduit
du peptide hGR avec la sonde 6 aprés analyse LC-MS/MS.

Evaluation des propriétés antipaludiques de la PD-ABP (test IC50 modifié,
exposition au médicament pendant 72 heures)

Stratégie : La synthése d'outils chimiques avec un composant photoréactif (hV) et un
marqueur "clickable" (alcynes) nous a permis de générer des sondes basées sur l'activite,
structurellement proches du métabolite de la PD, afin d'identifier a la fois l'interactome du
médicament et les modeles métaboliques pour des études ultérieures sur des parasites vivants
in situ. Pour cela, nous avons d'abord évalué I'activité antipaludique des PD-ABP (Fig. 2b) afin
de trouver la sonde potentielle optimisée.



Méthode : L'activité antipaludique de la PD-ABP a été analysée par I'évaluation de I'lCs sur
la souche Dd2 aprés une exposition aux molécules de 72 h sur des parasites au stade anneau
agé de 3 h.

Résultats et conclusion : Ces expériences nous ont permis de sélectionner des PD-ABP qui
conservent une bonne activité antipaludique. Elles indiquent qu'un groupe attracteur
d'électrons en position para est essentiel pour I'activité antiparasitaire. La sonde 3 (Fig. 1b) est
une benzylMD substituée en para par un groupe alcyne (au lieu de CF; dans la PD) ; son ICs
est comparable a celle de la PD. Comme les sondes benzoylMD (sondes 7, 8, 9, 10 Fig. 1b)
sont plus polaires et plus planes que les sondes benzylMD (sondes 1,3,5), elles ne sont pas
aussi facilement internalisées par les parasites que les sondes benzylMD, ce qui explique
pourquoi leur ICso est en général 100 fois supérieure a celle des sondes benzylMD. Les sondes
benzoylMD photoréactives ont ensuite été utilisées pour la preuve de concept de la chimie
« fish & click » & l'aide de partenaires-modéles. Pour les études de faisabilité, nous avons
sélectionné la sonde 11 pour l'analyse de l'interactome PD car elle est photoréactive sous
irradiation UV (a 350 nm).

Caractérisation de la photoréactivité des sondes PD-ABP en utilisant un dérivé
de methionine (nMet) et la GR comme modeles.

L'abondance des protéines exprimées dans les parasites est variable. Les protéines
majoritaires peuvent ne pas étre les cibles réelles de la PD. Par conséquent, les cibles réelles
de la PD produites en traces seraient difficiles a mettre en évidence lors de l'analyse par
spectrométrie de masse (MS). Cela peut également conduire a l'obtention de faux positifs, ceci
a déja été observé dans la littérature (6-9). Il est donc trés difficile de mettre en place
directement dans les parasites des conditions générales de photoréaction et de réaction click
avec une PD-ABP. Pour éviter le marquage non spécifique de nos sondes a des protéines non
ciblées, nous avons utilisé des systémes modéles pour standardiser les conditions de
photoréaction et de réaction click avant ['utilisation de la PD-ABP sur les parasites. La
méthionine modifiée P_TM52 (nMet, c'est-a-dire I'ester méthylique de N-acétylméthionine ou
N-Ac-Met-OMe, Fig. 3), les glutathion réductases de P. falciparum (PfGR) ou humaine (hGR)
ont été utilisées comme modéles pour standardiser la photoréaction.

Normalisation des paramétres d’irradiation UV a I'aide de nMet

Stratégie: Les résultats de la réaction modéle ont montré qu'aprés photoactivation, le nMet
peut se lier de maniére covalente avec les benzoylMD, fonctionnalisées de préférence par un
groupe électroattracteur (par exemple, NO;) en position para. Les résultats de la spectrométrie
de masse par désorption de champ ont confirmé la formation du produit alkylé (fig. 3a). Le
choix du dérivé de méthionine, i.e. I'acide aminé préféré comme partenaire de photoréaction
avec la benzophénone, est basé sur les résultats de G. Ourisson et al., 1989 (12). Nous avons
donc utilisé le nMet comme modéle pour évaluer la photoréactivité des benzoylMD spécifiques
(fig. 1b) synthétisés dans notre équipe de recherche.

Méthode : Nous avons d'abord analysé le coefficient d'extinction moléculaire au Amax de tous
les PD-ABP par spectrophotométrie d'absorption UV-Vis. Comme le maximum d'absorption
Amax est d'environ 340 nm pour les sondes 3, 7, 9, 6 et 320 nm pour les sondes 8 et 10, nous
avons donc choisi une longueur d'onde optimale de 360 nm comme source d'excitation
lumineuse pour étudier la photoréaction correspondante. La photoréaction du nMet et des
sondes a été réalisée en utilisant 2 sources de lumiére différentes : 1. un photoréacteur avec
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des lampes UV irradiant a 360 nm de 224 W d’intensité lumineuse (total) ; 2. un
monochromateur UV de 360 nm et de plus haute intensité a 1000 W. Divers facteurs tels que
la longueur d'onde de photo-irradiation, le solvant et la distance de I'échantillon par rapport a
la source d’excitation, le temps d'exposition de I'échantillon a la photo-irradiation et la présence
ou l'absence d'oxygéne ont été modifiés et leur influence a été analysée en détail. Le produit
alkylé de maniére covalente a été confirmé par CCM, spectrométrie de masse et par analyse
RMN.

Résultats : La photoréactivité des sondes dépend du groupe présent en position para. Nous
avons observé qu'un produit nMet-PD-ABP lié de maniere covalente se forme aprés 20 heures
d'irradiation du nMet et des sondes dans un photoréacteur de 224 W, alors qu'il ne fallait que
2 minutes pour que la méme réaction se produise lors de l'exposition a une lampe
monochromateur UV de 1000 W a haute intensité. Cette photoréaction se produit de
préférence avec des groupes électroattracteurs (EWG) (-NO; et -CF3) fonctionnalisés en
position para avec un rendement d'environ 20 % calculé a partir des données de RMN H.
Dans certains cas, la PD-ABP a montré une photoréactivité encore meilleure que celle de
I'agent photoréactif bien connu qu'est la benzophénone. Sur la base de ces données, nous
pouvons conclure que, aprés une fonctionnalisation appropriée, les benzoylMD sont
photoréactives en soi, et sont utiles a la mise en ceuvre de notre stratégie « fish & click ».

Les protéines comme modéle de photoréaction

Les conditions de photoréaction précédentes engageant le nMet avaient été réalisées dans les
solvants organiques a des concentrations de I'ordre du mM. Nous avons donc utilisé trois
peptides -GSH, MSH et P-52C - pour établir les conditions de photoréaction dans des
conditions physiologigues et pour caractériser le comportement des adduits dans l'analyse
HPLC-MS. Il est attendu que le rendement de la photoréaction devrait augmenter avec les
protéines comme partenaires en raison de I'affinité et de la liaison de la sonde a la protéine.
Nous avons observé le produit adduit de la sonde 6-hGR aprés réaction avec la hGR (5 uM)
et la sonde 6 (5 uM) dans un tampon phosphate, et 2% d'acétonitrile, dans des conditions sans
oxygéne et 8 minutes d'exposition a 360 nm UV (monochromateur 1000W). La figure 3b montre
le profil de fragmentation du peptide adduit le mieux identifié (le plus sdr) de la hGR a la sonde
9. Le fragment peptidique, au niveau du site de clivage de I'acide aminé alkylé (la lysine K399)
n'‘est pas digéré par la trypsine. Le méme peptide a été identifié trois fois dans deux
échantillons différents, chaque fois avec un haut degré de confiance. De nombreuses
modifications sur plusieurs sites d'interaction sonde-protéine sont un peu difficile a détecter
avec un intervalle de confiance élevé si l'interaction sonde-protéine est faible. Par conséquent,
I'étape suivante a consisté a étiqueter avec une réaction click.

Caractérisation des produits de réaction click des sondes PD-ABP a des
fluorophores azotures modeles:

Stratégie : Le développement d'une sonde a haute efficacité de marquage de protéines est
particulierement difficile car les groupes photo-réactifs et rapporteur du marquage peuvent
influencer la spécificité de liaison de la sonde a des cibles plus ou moins abondamment
exprimées. C'est pourquoi nous avons transposé ici la réaction click qui pourrait ainsi permettre
ainsi de révéler une interaction sonde-protéine méme mineure. La réaction « click » de
cycloaddition biorthogonale 1,3-dipolaire entre un alcyne et un partenaire azide conduit a la
formation d'un motif 1,2,3-triazole 1,4-disubstitué. En raison de sa biocompatibilité, la réaction
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CuAAC a eté fréquemment utilisée pour révéler et permettre lidentification de petites
molécules telles que I'ADN, I'ARN, les peptides ou les protéines en chimie médicale,
pharmacologie et pour la recherche en science des matériaux (13). Dans notre cas, les PD-
ABP (Fig. 1b) présentent des groupements fonctionnels de type alcyne. Le groupe alcyne a
été introduit dans différentes positions de la chaine benzoyle (3° ou 4’). Dans d’autres
molécules, I'alcyne a été introduit soit directement sur la benzoylménadione (8 , 7 ), soit en
utilisant un espaceur O-CH- ( 9, 10). Cette série de PD-APB s'est avérée d'une forte utilité pour
évaluer la position et la longueur de I'espaceur nécessaires pour améliorer l'efficacité de
formation du 1,2,3-triazole lors de la réaction de type CUAAC. Afin de sélectionner la meilleure
sonde PD-ABP pour identifier l'interactome de la PD, nous avons d'abord évalué l'efficacité de
la réaction CuAAc de 4 PD-ABP en utilisant différents azotures tels que I'azoture de rhodamine
(RA) fluorescent disponible commercialement et des azotures fluorogénes développés au sein
de I'équipe (LVO5N3 - azoture fluorogéne 1 (FAL1) et MK34N3 azoture fluorogéne 2 (FA2), Fig.
1d). Les azotures fluorogénes, construits autour d'un noyau flavylium bioinspiré contraint, sont
peu fluorescents sur forme azoture et devraient émettre fortement aprés réaction click (17).
Les composés LVO5N3 et MK34N3 ont été préparés a partir des dérivés aminés
correspondants (NaNO_, HNOgz, EtOH) émettant dans le rouge LVO5 (A°™ = 628 nm/®3s = 14%
a pH 7,41 et A°™ = 626 nm/d3* = 73% dans I'éthanol) and MK34 (L™ = 595 nm/®2" = 30,9%
a pH 7,41 et A*™ = 583 nm/®3*s = 50% dans I'éthanol), respectivement. Les deux azotures
fluorogénes, LVO5N3 et MK34, ont été étudiés en solution par des moyens spectroscopiques
(non présentés dans ce rapport) et préparés pour discriminer la fluorescence des réactifs
(fluorescence OFF) par rapport a celle du produit de cycloaddition (fluorescence ON,
impossible avec I'azoture de rhodamine fluorescent).

Méthode : Selon la littérature, le complexe de cuivre(l) est essentiel pour la réaction CUAAC.
Plus de 10 complexes de cuivre(l) stables ont été décrits jusqu'a présent dans la littérature, et
tous ne sont pas cependant disponibles commercialement. De ce fait, |'efficacité de la réaction
CuAAc dépendra fortement de la combinaison et des rapports entre précurseur de cuivre(ll),
chélateur et réducteur pour permettre une conversion efficace du Cu(ll) en Cu(l). Les données
de la littérature montrent qu'entre 2011 et 2015, pas moins de 4 sources de cuivre(ll), 4 ligands,
5 agents réducteurs et environ 10 combinaisons de solvants ont été testés dans des réactions
de type CUAAC (14-16). Nous avons donc standardisé notre réaction click CUAAC en utilisant
différentes combinaisons de réactifs (alcyne, azoture, la source de cuivre(ll), ligand et agent
réducteur). A cette fin, nous avons utilisé comme source de cuivre soit le sulfate de cuivre(ll)
pentahydraté, soit un complexe de Cu(l) avec la 2,9-diméthyl-1,10-phénanthroline
(Cu'(dmp)..BF.), fourni par I'équipe du Dr Jean Pierre Sauvage. En outre, trois autres ligands
tels que la tris(benzyltriazolylméthyl)amine (TBTA), la tris(3-
hydroxypropyltriazolylméthyl)amine (THPTA), ou le disulfonate de bathocuproine disodique,
ligand aussi fourni par I'équipe du Dr Jean Pierre Sauvage, ont été considérés. Enfin, 2 agents
réducteurs, l'ascorbate de sodium (NaAsc) et la tris(2-carboxyéthyl)phosphine (TCEP), ont été
testés. D'autres facteurs tels que la composition du solvant, la teneur en oxygeéne, la
température ont été examinés. Les principales combinaisons seront présentées dans la these.
Résultats : La meilleure combinaison pour la réaction CUAAC a été obtenue pour les sondes
de DP-ABP 8, 7,9, 10 et I'azoture de rhodamine (fig. 1) dans des conditions strictes d'absence
d'oxygéne avec 4 ajouts successifs de complexe de cuivre(l) (CuS0O4.5H,0 lequiv. + THPTA
1 equiv. + TCEP 1 eq.) de la maniére suivante : & TO -45 minutes de complexe Cul pré-incubé
et a T30, T60 et T90, 20 minutes de pré-incubation (Fig. 4d). Les produits de réaction CUAAC
ont été ensuite analysés par spectroscopie de fluorescence et par HPLC-MS. Nous avons pu
ainsi observer que l'ajout de doses multiples de complexes de Cu(l) dans des conditions
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anaérobiques strictes permettait d'augmenter le rendement de la réaction CUAAC et réduire le
temps de réaction de 24 heures a 2,5 heures. Selon le rendement de la réaction CUAAC, les
efficacités mesurées pour les différentes sondes PD-ABP sont les suivantes: sonde 7(47,33%)
> sonde 9 (25,33%) > sonde 10 (5,67%) > sonde 8 (3,04%).

Les sondes 7 et 9 sont également compatibles pour la réaction CUAAC avec l'azoture FAL
avec une efficacité respective de 58,25% avec la sonde 4 et de 40,02% avec la sonde 6. Méme
si la réaction CUAAC avec AF1 a conduit a des rendements de réaction CUAAC supérieurs par
rapport a ceux déterminés avec l'azoture RA, une Iégére réduction d'émission de fluorescence
du produit de réaction (RA) est observée, tandis que I'émission de fluorescence (AF1) est
significativement diminuée. D'autre part, méme la couleur de l'azoture FAL s'est atténuée apres
la réaction CUAAC témoignant d'une altération du fluorophore au cours de la réaction. Par
conséquent, FAL n'a pas été retenu dans la suite de nos expériences car il ne permettrait pas
de distinguer les protéines sur gel ou de visualiser la cible de PD-ABP in vivo. La réaction
CUuAAC avec l'azoture de rhodamine RA pourra donc étre utilisée pour apporter une preuve de
concept de notre approche.

Conclusion générale

Mon projet de recherche a contribué a identifier i) la bMD40 comme meilleur analogue de la
PD en validant sa capacité a tuer les stades asexués de différentes souches de parasites
sensibles et résistantes a I'Art; ii) Une résistance croisée existante entre la PD/MD40 et
I'artémisinine ; iii) Les 3-benzoylmenadiones 7 et 9 sont les plus efficaces des sondes PD-ABP,
avec des propriétés photoréactives et de « cliquabilité » ; iv) Comme I'ICsy de la sonde
benzylMD 7 — la prodrogue de la sonde 3-benzoylmenadione 7 - est aussi puissante que la
PD, nous sommes certains qu'elle peut étre utilisée comme un outil chimique efficace pour
l'identification de l'interactome de la PD dans 'approche « fish & click ».
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SUMMARY

The research team “Bio(IN)organic and Medicinal Chemistry” headed by Dr. Elisabeth
Davioud-Charvet has pioneered the chemistry and development of redox-cyclers as potent
antiparasitic agents, which belong to the class of 1,4-naphthoquinones derivatives. These
compounds built on the menadione backbone, display oxidant character accepting 1 or 2
electrons from redox cycling mediated by NADH/NADPH dependent oxidoreductases, such as
glutathione reductase (GR, E.C. 1.8.1.7) - a key enzyme involved in maintaining the redox
homeostasis of P. falciparum and its hosting human erythrocytes. In particular, a series of 3-
benzylmenadione derivatives with potent antiplasmodial activities, discovered and studied in
details, was designed as prodrugs of efficient redox-cyclers, such as the 3-benzylmenadiones
formed by benzylic oxidation. Such redox-cyclers act as subversive substrates of the
oxidoreductases and the demonstration was supported by enzyme kinetics with both GR of
the infected red blood cells selected as reaction models.

The early lead representative was hamed plasmodione. Its bioactivation was assumed to be
expressed through a cascade of redox reactions generating toxic metabolites for the parasite.
The cascade was demonstrated to mimic the clearance effects of a parasite living in infected
erythrocytes with established glucose-6-phosphate deficiency and increased oxidative stress.
The natural genetic mutation is known to protect G6PD deficient carriers from cerebral malaria.

Over past 20 years, the flourishing interest of the research team in the redox medicinal
chemistry has led to the development of antiparasitic agents with major achievement related
to chemical substitution pattern of 3-benzyl-menadione derivatives with potent antiparasitic
activities in vitro and in vivo against P. falciparum. The most potent derivatives possess
improved pharmacokinetic properties and tolerance even for G6PD deficient individuals. The
mode of action and novel therapeutic targets of such compounds in the parasites are studied
with an interdisciplinary approach via enzyme kinetics, metabol- and proteo-omics. For a
decade, the team work has led to synthesis and development of several reversible and
irreversible inhibitors of oxidoreductases (Biot et al., 2004; Krauth-Siegel et al., 2005; Bauer et
al., 2006), redox cyclers (Salmon-Chemin et al., 2001; Morin et al., 2008; Miiller et al., 2011),
dual drugs with Trojan horse effect, metabolites (Bielitza et al., 2015; Feng et al, 2018),
ratiometric fluorescent probes sensitive to pH and redox gradients.

The objectives of my PhD thesis were:

i) to evaluate the antimalarial properties and cross-Art resistance properties of PD analogues
and PD probes, both in the standard 72h-drug exposure assays and/or in the ring
survivalassays (RSA);

ii) to set up all conditions for the click reactions and photoirradiation of selective activity-based
PD probes with various partners;

iii) to use selected phototoreactive and clickable PD probes in P. falciparum to identify high-
score
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The first chapter of my Ph.D. thesis is a vast introduction compiling the reported effects of a
large array of antimalarial redox cyclers and ROS-inducing drugs on the metabolically less
active ring stage and late-stage gametocyte of Plasmodium parasites. These stages are
otherwise less susceptible to the currently available antimalarial drugs. Me, my supervisors —
Dr. Elisabeth Davioud Charvet and co-supervisor- Dr. Stéphanie Blandin have contributed to
writing this part, which soon will be published as a review. For this, | performed extensive
literature analysis and a summary of drugs in the table and figure that links the role of drugs to
the organelle development and biological processes, mode of action, targets among different
redox-active and redox inducing drugs.

Chapter 2 elucidates that the PD analog, bMD40, with improved pharmacokinetics properties
showed cross-resistance with asexual stages of Artemisinin resistant P. falciparum, thereby
opening an intriguing question about the PD drug combinations as a future therapeutic option.
For this, | set the cultures of various drug-susceptible and resistant P. falciparum parasites in
the laboratory, standardized the conditions for modified ICso assay on tightly synchronized 3-
hour-old ring stages of parasites, and contributed to establishing the ring survival assay using
FACS analysis. | contributed to the technology transfer to another PhD student-Brice Feufack.
In addition, | measured all antimalarial activities of the ABPP probes used in Chapter 3.

Chapter 3 covers the design, synthesis, characterization, and functionality aspects involved in
the development of ABPP probes derived from the antimalarial drug plasmodione to identify
the drug targets. First, | spent 2 months in Prof. Katja Becker’s laboratory in Giessen, Germany
to learn the purification of His-tagged GR enzyme with criteria for proteomics studies, and to
measure enzyme kinetics. Organic chemists- (Ph.D. student Maxime Donzel, master students
Alba Zugasti and Joan Guillem, together with the postdoctoral researcher Dr. Leandro Cotos)
in our research group, synthesized all probes mentioned in the study. My role was to validate
the clickability and photoreactive properties of the 3-benzoylmenadione-based probes for the
proof of concept of the fish’ and click strategy-using modified amino acids as chemical models
of peptides and protein. Standardization of the click reaction conditions was an important
contribution of my work focused on the reactions of ABPP probes and rhodamine azide in
agueous conditions. This involved standardization of HPLC-MS conditions for the click reaction
analysis in collaboration with Jean-Marc Strub and Christine Schaeffer from the Laboratoire
de Spectrométrie de Masse BioOrganique (LSMBO) at IPHC, UV-vis spectral analysis, and
fluorometric analysis of every reaction. Further, | standardized the photoreaction conditions
using modified amino acid as a model using a UV monochromator and analyzed the extinction
co-efficient of all the probes. | initiated setting up the photoreaction conditions using protein as
a model, they were further adopted and standardized by the postdoctoral researcher Dr.
Bogdan Cichocki. In parallel to my work, B. Cichocki also set up conditions for analysis of
peptide and proteins crosslinking by LCMS/MS analysis and adapted click reaction conditions
in phosphate buffer using biotin azide instead of rhodamine azide to be able to extract and
purify the probe crosslinked protein after click reaction. Additionally, the impact of the BCDA
as a ligand instead of THPTA in click reaction was exploited in this study.

To sum up, by combining the photoirradiation of the PD-derived ABPP probes and the click
reaction with different azides - probe 7 with a 4’-alkyne group and probe 9 with a 4’-nitro -
proved to be the most efficient photoreactive and clickable probes. Probe 4 with good
antimalarial activity is a promising candidate for identifying drug targets in parasites.
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Chapter 4 includes the proof of concept for using fluorogenic chemical tools with the property
of emitting bright fluorescence upon click reaction for in vivo imaging as an alternative to
commercially available traditional and expensive rhodamine azide. These newly designed
derivatives did not show distinguishable emission properties prior and after the triazole
formation in click reaction, however, the yield of probe 9-FAL triazole product of FA1 was better
than rhodamine azide. The fluorogenic flavylium azides (FA1 and FA2) were designed by
Mourad Elhabiri and synthesized by Mustapha Khelladi with the assistance of the master
student Lea Vella. My role was to validate the physicochemical properties of two azides
together with Valérie Mazan and Bogdan Cichocki. Further, | standardized the clickability
properties of FA1 and FA2 with PD ABPP alkyne partners. This involved extensive UV-Vis
spectrophotometry to understand the stability of azides, followed by HPLC-MS, and
fluorometric analysis of the click reactions with probe 7 and probe 9. This study paved the way
to develop novel, affordable, water-soluble, and photostable fluorogenic chemical tools for in
vivo imaging. Our study has shown that the substitution pattern of FAL1 is important for its
reactivity and fluorescence emission properties. FA1 is an affordable, water-soluble and
(photo)stable chemical tool, whose reactivity in cycloaddition reactions has been found to be
improved with respect to that of rhodamine azide. However, the fluorescence of the
constrained flavylium chromophore was not reinstated on reaction with alkyne-based probes
(i.e., FA1 did not act as a fluorogenic system). On the other hand, we also clearly demonstrated
that the reactivity in CuAAC-type reactions also closely depends on the physico-chemical
properties of the alkyne partner.

Overall, my multidisciplinary PhD research including chemical biology, organic chemistry and
parasitology has been extensive learning of diverse techniques and linking complex
biochemical concepts, which eventually led to setting up ground for a broader development
and improvements of chemical tools for identifying drug targets. The collaboration and
teamwork involved in this research define true research and development in cross-functional
departments.
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CHAPTER 1 : Rings and gametocyte stages of Plasmodium are sensitive
to antimalarial generating oxidative stress

The first chapter of my Ph.D. thesis is a vast introduction compiling the reported effects of a
large array of antimalarial redox cyclers and ROS-inducing drugs on the metabolically less
active ring stage and late-stage gametocyte of Plasmodium parasites. These stages are
otherwise less susceptible to the currently available antimalarial drugs Me, my supervisors —
Dr. Elisabeth Davioud Charvet and co-supervisor- Dr. Stéphanie Blandin have contributed to
writing this part, which soon will be published as a review. For this, | performed extensive
literature analysis and a summary of drugs in the table and figure that links the role of drugs to
the organelle development and biological processes, mode of action, targets among different
redox-active and redox inducing drugs.

Keywords: malaria; oxidative stress; reactive oxygen species; transmission.
Abbreviations :

artemisinin, ART ; artemisinin-based combination therapies, ACTs; chloroquine, CQ;
dihydroartemisinin, DHA; ferroquine, FQ; glucose-6-phosphate dehydrogenase, G6PD ;
glutathione, GSH ; glutathione disulfide, GSSG ; glutathione reductase, GR; hemoglobin-Fe",
Hb ; indolone-N-oxides, iINODs ; Malaria Research Agenda initiative, malERA; medicines for
malaria venture, MMV ; methemoglobin-Fe", metHb; methylene blue, MB ; mitochondrial
electron transport chain, mETC ; reduced nicotinamide adenine dinucleotide phosphate,
NADPH ; primaquine, PQ ; quinine, QN ; reactive oxygen species, ROS ; tafenoquine, TQ;
thioredoxin, Trx ; thioredoxin reductase, TrxR ; tricarboxylic acid cycle, TCA.

bMDs: benzylmenadione, FQ: ferroquine,
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Introduction

Rings and gametocyte stages of Plasmodium are sensitive to antimalarial generating
oxidative stress

With 228 million cases and 405 000 deaths in 2018, mostly in the Sub-Saharan Africa, malaria
remains one of the most severe infectious diseases that disproportionally affects both the
public health and economic welfare of the world’s poorest communities (WHO, 2019). The
causative agents of malaria belong to six species of protozoan parasites of the genus
Plasmodium. Among them, P. falciparum, is responsible for most severe forms of the disease,
including cerebral malaria and for most deaths. P. vivax also represents an important public
health challenge as it has a wide geographical distribution and can develop dormant liver
stages known as hypnozoites, causing relapses even months after the initial infection.

The life cycle of this haemosporidian apicomplexan parasite is complex and divided between
two hosts, a female Anopheles mosquito and a vertebrate host, involving both asexual division
(merogony) and sexual division (gamogony). The initiation of the asexual life cycle within
human host is initiated by the bite of Anopheles injecting sporozoite parasite forms into the
dermis. Following successful evasion from the host immune system within the dermis, these
parasite forms enter liver where they embark upon their ‘asymptomatic’ pre-erythrocytic stage.
Once the sporozoite has invaded a hepatocyte, it converts to an exo-erythrocytic form (EEF)
over the subsequent 2-10 days after invasion. These EEFs undergo massive asexual
replication during which karyokinesis precedes cytokinesis, called ‘schizogony’ culminating in
the release of up to 40,000 merozoites per hepatocyte into the bloodstream by budding and
active egress of parasite-filled vesicles called merosomes. The release of merozoites initiates
the ‘symptomatic’ intraerythrocytic life cycle of the parasite. Merozoites penetrate red blood
cells (RBCs) where they undergo rounds of asexual multiplications. Maturation of the parasite
in infected erythrocytes (iRBCs) within the next 48h, from the ring to trophozoite and then
schizont stages, is characterised by morphological, cellular, and metabolic changes,
generating 16 to 32 new merozoites per iRBC. The end of this process is marked by the
destructive release of these merozoites into the blood stream, initiated by the active egress of
parasites out of the iRBC and their rapid invasion of new RBCs. A small proportion of parasites
commit to sexual development and differentiate into male and female gametocytes. The
capacity of parasites to produce sexual stages is a complex trait determined by intrinsic genetic
and epigenetic factors as well as environmental clues such as depletion of
lysophosphatidylcholine, a common component of human serum (Josling & Llinas, 2015).
After commitment, it takes up to 10-15 days for the gametocytes to mature through 5 different
stages. Immature stages I-IV sequester and are therefore not visible in blood samples.
Maturation to stage V renders gametocytes more deformable, allowing them to return into the
blood circulation where they can be ingested by mosquitoes upon a blood meal.
Gametocytogenesis acts as an essential ‘bottleneck’ for P. falciparum transmission to its
mosquito vector and subsequently other humans. These asymptomatic sexual forms are long
lived and resistant to most antimalarial drugs and can thus persist for weeks in cured patients
after drug treatment. Thus, a successful malaria eradication strategy must involve interruption
of disease transmission by blocking gametocytogenesis or further development of the parasite
in mosquitoes. Currently the only antimalarial drug that is effective against gametocytes is
Primaquine, which treatment is unfortunately incompatible with malaria patients carrying a
glucose-6-phosphate dehydrogenase deficiency. Upon ingestion by a female Anopheles
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mosquito, the drop in temperature and additional environmental changes trigger the
differentiation of gametocytes into male and female gametes in the mosquito midgut, followed
by their fusion into a zygote that rapidly initiates meiosis without cellular division, and
transforms into a motile ookinete over a period of 24 h. The ookinete traverses the mosquito
midgut epithelium and encysts to become an oocyst where asexual sporogenic replication
occurs over a period of 10-14 days. As a result of this process thousands of sporozoites are
produced which traverse to enter into mosquito salivary gland from where they are transmitted
to mammalian host over next blood meal (Josling & Llinas, 2015).

The number of malaria cases and deaths has been halved between 2000 and 2015 thanks to
the massive use of long-lasting insecticide treated bednets and indoors residual spraying, and
of artemisinin-based combination therapies (ACTs) as a very efficient first line treatment of
non-severe cases. Still, the fast rise of insecticide resistance in mosquito populations, and the
emergence and spread of drug resistance in parasite populations, notably to Artemisinin in
South-East Asia (A M Dondorp et al.,, 2009), jeopardize global progress towards malaria
elimination, as illustrated by a plateau in the number of cases and deaths since 2015.

Efforts to develop an efficient malaria vaccine have thus far been hindered by multiple factors,
notably parasite antigenic variability, difficulty to produce and distribute specific vaccine forms.
Chemotherapy thus remains a major frontline strategy for the control and future elimination of
malaria, with the need for drugs with novel chemical entities that exploit new molecular targets
while overcoming established drug resistance mechanisms. Ideally, such drugs should quickly
kill pathogenic asexual blood stages and in addition, be effective against other relevant
developmental stages, in particular transmittable gametocytes and dormant hypnozoites.

The antimalarial drug arsenal is fairly large, with numerous drugs such as Chloroquine (CQ) ,
Artemisinin (Art), Methylene blue (MB), Primaquine (PQ), Sulfadoxine, Pyrimethamine,
Mefloquine, Tetracycline etc. The large majority of them is active against symptomatic and
metabolically active Plasmodium asexual stages, notably trophozoites and schizonts, but very
few target rings and gametocytes while these are key stages to cure and block parasite
transmission. Indeed, trophozoites and schizonts sequester in the microvasculature, causing
impaired tissue perfusion and endothelial cell activation that are responsible for the most fatal
outcomes (K. R. Hughes et al., 2010).

Thus, killing asexual parasites at the ring stage stops parasite development before the
appearance of the cyto-adherent stages and limit severe symptoms (Burrows et al., 2013;
Wilson et al.,, 2013). Moreover, blocking gametocytogenesis or the ability of long-lived
gametocytes to further develop and infect mosquitoes is essential to limit disease transmission.

Currently very few drugs are able to target rings and/or gametocytes, and most of them display
a mode of action based on the perturbation of the parasite redox homeostasis (Fig. 1.1.). This
is for instance the case for Artemisinin (Art) and methylene blue (MB) that are active on both
young ring stages and gametocytes, and for primaquine (PQ) whose metabolites are especially
efficient against gametocytes and hypnozoites. Here we review a selection of redox
antimalarial compounds, either currently used as drugs or drug leads, with antiparasitic
properties on rings and/or gametocytes. We classified them in 2 groups, the redox-active
compounds, and those whose activity is based on the generation of reactive oxygen species
(ROS) to highlight common mechanisms of action. Finally, we review some of the specificities
of the ring and gametocyte stages that may render these metabolically less-active stages
particularly vulnerable to oxidative stress.
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Figure 1.1. Summary of currently available antimalarial drug and their activity on different asexual and
sexual stages of P. falciparum parasite

Antimalarial drugs targeting parasite redox homeostasis

A functional redox system is essential for the survival of Plasmodium parasites as they have
to cope with high fluxes of reactive oxygen species (ROS) stemming from their own metabolism
but also from exogenous sources, e.g. immune reactions (Henrici, Edwards, et al., 2020;
Jortzik & Becker, 2012; Mohring et al., 2016).

The natural resistance of G6PD-deficient individuals to severe malaria symptoms further
exemplifies the particular susceptibility of intraerythrocytic parasite stages to oxidative stress
(Cappellini & Fiorelli, 2008; Luzzatto & Arese, 2018a). Recent studies further point out a
particular sensitivity of (mature) gametocytes to redox-active drugs while the antioxidative
system of gametocyte stages is only poorly investigated (Coertzen et al., 2018; Siciliano et al.,
2017).

Disturbing redox homeostasis in the parasite-host unit has thus become a broadly recognized
strategy for the development of new antimalarial drugs (Belorgey et al., 2013; Max Bielitza et
al., 2015; Davioud-Charvet & Lanfranchi, 2011; Krauth-Siegel et al., 2005; Nepveu & Turrini,
2013; Pal & Bandyopadhyay, 2012; Yadav et al., 2019).

Destabilization of the redox equilibrium can be achieved in different ways: (I) directly, by agents
or their metabolites that act as subversive substrates of parasite oxidoreductase enzymes, as
it is the case for redox-cyclers: MB, PQ, tafenoquine, Indolone-N-oxide derivatives (iNODSs)
and the 3-benzylmenadione Plasmodione (PD), and/or their metabolites, or (Il) indirectly by
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drugs that generate reactive oxygen species that may overload the parasite antioxidant
system: ferroquine, ART or its metabolite dihydroartemisinin (DHA) (Fig 1.2).
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Figure 1.2. Chemical structures of antimalarial redox-active and ROS-inducing agents.

Part 1: Redox-cyclers

Common principles of redox-cycling

The unique feature of redox-cyclers lies in their intrinsic redox potential that allows them to
participate in reversible one-electron or two-electron transfer reactions and therefore in a
continuous reduction-oxidation cycle. Redox-cyclers do not act as simple inhibitors, they are
substrates of oxidoreductase enzymes that belong to multiple intracellular redox systems in
eukaryotic cells (e.g. mitochondrial electron transport chain, glutathione and thioredoxin
systems...). After enzymatic reduction, the reduced drug/metabolite can be readily reoxidized
by molecular oxygen or alternative oxidants, thus regenerating the initial drug that can continue
its redox cycling. Under physiological conditions, the overall reaction leads to a NAD(P)H-
dependent transfer of electrons from oxidoreductases to intracellular key oxidants, for instance
the hemoglobin-associated or free heme (Felll) species that is present in large quantities in
infected erythrocytes, and is accompanied by the formation of reactive oxygen species (ROS)
(Fig. 1.3) (M Bielitza et al., 2015; Blank et al., 2012; Tobias Mdiller et al., 2011; Sidorov et al.,
2015)

Redox-cyclers are also designated as subversive substrates because they divert the
physiological antioxidant activity of oxidoreductases into a pro-oxidative activity, resulting in
depletion of the intracellular reductant NAD(P)H stock and in the generation of considerable
amounts of oxidized thiols and ROS.

Conversion from prodrug to drug
Common to all antimalarial redox-cyclers, the initial drug is considered to be a prodrug that is
intracellularly converted into an active metabolite, thereby changing its redox potential and

generating the subversive substrate. In the case of MB and bMDs, conversion of the prodrug
is considered to occur within the Plasmodium-infected erythrocyte upon interaction with a
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flavoenzyme in addition to a hemoprotein (hemoglobin, flavohemoprotein...) under a ferryl
species. Interestingly, antimalarial MB, bMDs and indolone-N-oxides (iNOD) are thought to be
first metabolized by a reductase in iIRBCs B (Buchholz et al, 2008; Ibrahim et al, 2011).
Instead, PQ needs to be converted to hydroxylated metabolites by the cytochrome P450
NADPH:oxidoreductase and cytochrome P450 CYP2D6 in the liver before it can enter into a
redox-cycle that mediates its antiparasitic activities (Fig. 1.3) (Camarda et al., 2019; Vasquez-
Vivar & Augusto, 1994)

Enzymatic catalyst

Numerous NAD(P)H-dependent oxidoreductases would be potential candidates to drive the
continuous reduction of redox-cyclers. Despite clear phenotypic differences in parasites
exposed to MB and bMDs that likely illustrate differences in their specific mode of action (K
Ehrhardt et al., 2013), some similarities have been reported. Metabolites of both compounds
are subversive substrates of various recombinantly produced NADPH-dependent
oxidoreductases in vitro, including hGR and PfGR for MB and bMDs, and PfTrxR for MB
((Blank et al., 2012; Buchholz, Schirmer, et al., 2008; Farber et al., 1998). In the case of MB,
its reduction by GR or other oxidoreductases generates a reduced colorless leucomethylene
blue form. Of note, the glutathione reductase (GR, EC 1.8.1.7) is part of the parasite
antioxidative system and is moreover highly abundant in human erythrocytes. In yeast, the
NADH dehydrogenase Ndel of the mitochondrial electron transport chain is the main target of
the lead bMD Plasmodione, with several additional oxidoreductases as minor targets
(Mounkoro et al., 2019). Taken together, these observations strongly suggest that MB and
bMDs are likely to be able to cycle with different oxidoreductases within the iRBC, possibly
depending on their concentration, localization and on parasitic stages. Importantly and in
contrast to inhibitors, the target oxidoreductases do not need to be essential enzymes and
should in contrast stay active to mediate the antiparasitic activity of redox cyclers. In the case
of PQ, redox-cycling takes place in presence of the cytochrome P450 NADPH:oxidoreductase
in the liver and bone marrow but not directly in the iRBC, with concomitant generation of large
amounts of H202.

Antiparasitic redox-cycling

Parasite death resulting from the redox cycling of the drug metabolites with oxidoreductases
occurs through different means. In the case of MB and bMDs, the reduction of the hemoglobin-
catabolites methemoglobin and hematin is catalysed by the reduced redox-cyclers, recycling
methemoglobin into oxyhemoglobin that is not digestible by parasites, thus resulting in their
developmental arrest (Atamna et al., 1996; M Bielitza et al., 2015; Blank et al., 2012; Johann,
2012; T Muller et al., 2011)

Of note, the reductant methemoglobin is only present in large quantities in infected
erythrocytes, possibly contributing to the specific activity of redox-cyclers on iRBCs.
Furthermore, cycling pumps electron from the NAD(P)H stocks, which is likely detrimental to
parasite survival. In addition, the continuous redox-cycling of MB, bMDs and iINODs also
generates high levels of ROS creating a highly oxidative / chemically reactive environment
within the parasite and its host cell and generating additional drug metabolites that may
contribute to the global overall antimalarial activities. To illustrate this in the case of the bMD
plasmodione (PD), an oxidative phenolic coupling might generate a benzoxanthone derivative
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from the reduced redox-cycling PD metabolite (reduced benzoylmenadione, PDOred), which
has been shown to interact with [0-hematin as potently as CQ in vitro, and thus suspected to
be a strong inhibitor of hemozoin formation in parasitized cells. PDOred also revealed an iron
(Il chelation site, which was antagonized by deferoxamine (DFO) in PD-DFO combinations
in PfDd2 assays (M Bielitza et al., 2015) Moreover, a set of putative PD metabolites was
synthesized and many of them were shown to inhibit the blood stages of P. falciparum infected
RBCs in vitro with IC50 values around 100 nM (Feng et al., 2018). In the case of PQ, cycling
of the hydroxylated metabolites with cytochrome P450 NADPH:oxidoreductase generates high
levels of H202 locally in organs where otherwise difficult to kill stages are localized, i.e. pre-
erythrocytic stages and hypnozoites in hepatocytes, and gametocytes that sequester in the
bone marrow. Of note, due to their potential to target multiple oxidoreductases and to their
pleitropic effects, redox-cyclers retain their full antimalarial capacity on all tested drug resistant
parasites (please also see paragraph below on resistance).

Methylene Blue — a renewed historical weapon

Methylene blue (MB, Fig. 1.1) is not only the first characterized redox-cycler but was once
the first synthetic drug used for the treatment of malaria, discovered at the end of the 19th
century by Guttmann and Ehrlich (Guttmann & Ehrlich, 1891). Because of its slow in vivo
efficacy when used alone in humans (Blank et al., 2012; Schirmer et al., 2003). MB was
replaced by more effective or rapidly acting drugs, such as chloroquine (CQ), but regained
attention with the appearance and spread of parasite resistance to those massively used
drugs, and also thanks to its transmission blocking properties. It is also cheap and usually well
tolerated with limited side effects.

MB is a blue dye that belongs to the family of phenothiazines. Owing its redox-cycling
properties in the presence of methemoglobin (Felll) (described above), MB is clinically applied
for the treatment of methemoglobinemia, which can also occur during severe forms of malaria
(Schirmer et al., 2011). It has been extensively researched for medicinal applications, e.g. in
cancer therapy, as an inhibitor of Tau protein aggregation (Schirmer et al., 2011) (Table 1).
Interestingly, MB’s activity against P. falciparum blood stages is unaffected by the parasite’s
acquired resistance to most other antimalarial drugs although no data has yet been published
on potential cross resistance with Art (Table 1). Several MB-based drug combinations are
currently in clinical trials (Coulibaly et al., 2015; Lu et al., 2018; Meissner et al., 2005, 2006;
Zoungrana et al., 2008). Of particular interest for drug application is MB activity against all
stages of gametocytes that was explored in vitro (S H Adjalley et al., 2011; Akoachere et al.,
2005; Coertzen et al., 2018; Siciliano et al., 2017) and further confirmed in field studies
(Coulibaly et al., 2009).

3-Benzylmenadiones — G6PD-deficiency copycats

The lead benzylmenadione (bMD) plasmodione (PD, Fig. 1.1) is a 2-methyl-1,4-
naphthoquinone (menadione) derivative, substituted at the C-3 of the quinone moiety by a
para-trifluoromethyl-benzyl chain. It has been identified among a whole series of 3-
benzylmenadiones with high antimalarial potencies (T Muller et al., 2011; Rodo et al., 2016).
Upon drug treatment of Plasmodium-infected erythrocytes, continuous redox-cycling ultimately
leads to over-oxidation of hemoglobin-bound iron, thus forming ferrylhemoglobin (FeV) and
leading to the denaturation of hemoglobin to hemichromes that bind to the erythrocyte
membrane (M Bielitza et al., 2015). Hemichromes are biomarkers of senescent erythrocytes
in vivo and trigger active removal of those cells from the circulation by macrophagic
phagocytosis, notably in the spleen (Ayi et al., 2004; Reeder, 2010) The rapid phagocytic
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removal of Plasmodium-infected G6PD-deficient erythrocytes is responsible for the natural
protective mechanism of those patients, based on accelerated / increased oxidative stress and
hemichrome deposition in ring-stage infected erythrocytes. Hence, for the first time, low-
molecular weight molecules were shown to mimic the effects of a genetic deficiency that
protects from severe malaria. Strikingly, hemolysis and increased deposition of hemichrome
were not observed on non-infected erythrocytes from WT and G6PD-deficient patients,
indicating that bMDs can be considered safe for application on G6PD-deficient individuals (M
Bielitza et al., 2015).

Indolone-N-oxides

Indolone-N-oxide derivatives (iNODs, Fig 1.1) contain a redox pharmacophore that enables
reversible oxidation-reduction reactions, a prerequisite for their activity as redox-cyclers
(Nepveu et al., 2010; Tahar et al., 2011). Intracellular bioactivation of INODs was proposed to
be thiol- and/or enzyme-dependent and leads to the formation of a reduced metabolite, the
dihydro-iNOD, which could be isolated from uninfected and P. falciparum-infected erythrocytes
(Ibrahim et al., 2011). The subsequent cascade of INODs redox reactions has not been fully
explored so far but the current understanding is discussed in a review (Nepveu & Turrini, 2013).
Ultimately, drug activity was shown to cause a strong destabilization of the cell membrane in
P. falciparum-infected erythrocytes, which might stem from a direct activation of redox
signalling pathways by iNODs-generated radicals (Nepveu & Turrini, 2013; Pantaleo et al.,
2012). A stable erythrocyte membrane is considered vital for parasite maturation, a hypothesis
that is supported by observations with erythrocytes that naturally present unstable membranes
or mutations in critical structural proteins (Pantaleo et al., 2012). The role of the quinone
reductase 2 has been recently discussed to account for the antimalarial properties of indolone-
type derivatives (Cassagnes et al., 2017).

Primaquine

Primaquine (PQ, Fig. 1.1) is an 8-aminoquinoline developed in the 1940’s that displays
antimalarial activity against multiple parasite stages (M. J. Delves et al., 2012; Dembele et al.,
2011; Plouffe et al., 2016). It has major clinical history against P. vivax and P. ovale relapses
as it targets hypnozoites. PQ has also an immense clinical value as a transmission-blocking
agent through its sterilizing activity against mature P. falciparum gametocytes. Currently PQ is
the only marketed drug targeting these two overlooked parasite stages. Last, PQ is also active
on Plasmodium hepatic schizonts. PQ is toxic in G6PD / met-hemoglobine reductase
(MetHbR)-deficient patients treated during fourteen days for hypnozoites radical cure (WHO
working group, 1989; Cohen et al, 1968), provoking erythrocyte-related, severe side effects in
these people due to deficiency of these erythrocyte enzymes controlling oxidative stress.
However, a growing number of evidence indicate that PQ is non-toxic under the single low
dose of PQ used for the sterilizarion of P. falciparum gametocytes (Dicko et al., 2018). Although
PQ is currently underused (Recht et al., 2018), it is under intense clinical validation for
widespread use in combination with ACTs, and it has great potential to reduce malaria
transmission and contain ART resistance (Landier et al., 2018).

Despite this unique position among antimalarial drugs, the suggested biological
mechanisms of action of the extensively metabolized PQ remained largely hypothetical in
Plasmodium until recently. This was in part due to different results obtained in in vitro and in
vivo systems, to the various Plasmodium species studied (P. falciparum, P. vivax, P.
cynomolgi, P. berghei) as well as the diverse stages examined (hepatic hypnozoites and
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schizonts, blood trophozoites and schizonts, blood gametocytes) and to the very large number
of metabolites produced upon PQ treatment in vivo.

PQ itself is moderately active in vitro (ICso = 1-25 mM) on Plasmodium sp. asexual blood
stages and gametocytes (Sophie H. Adjalley et al., 2011b; M. Delves et al., 2012; Vennerstrom
et al., 1999). In a model of mouse malaria, similar levels of prophylactic activity against blood
stage P. berghei infection were obtained in a CYP2D6 knocked-out (KO) mice strain compared
to the wild type controls (Milner et al., 2016). Regarding liver stages, PQ clinical efficacy to
cure P. vivax hypnozoites is diminished in humans exhibiting a deficiency in CYP2D6 activity
(J. W. Bennett et al., 2013). Similarly, PQ has no activity against liver stages in P. berghei-
infected CYP 2D22-KO mice (CYP2D6 ortholog) but full prophylactic activity in h-CYP2D6
knocked-in animals (Potter et al., 2015; Pybus et al., 2013). These results suggest that different
PQ metabolites are active on the different parasite stages. In vivo, PQ undergoes an important
Phase | metabolization in the liver, consisting in a combination of oxidative and deaminating
transformations mediated by P450 cytochromes and monoamine oxydases, respectively
(Marcsisin et al., 2016). Following a major metabolisation in vivo by hepatic monoamine
oxidase (85-90 % metabolisation), PQ is rapidly turned into carboxy-PQ (CPQ), which shows
poor in vitro activity (IC50 = 50-100 mM) against Plasmodium liver and blood asexual stages
and gametocytes (Bates et al., 1990; Kim et al., 2004; Peters et al., 1984). A low proportion
(10-15 %) of PQ is metabolized with ca. 30 metabolites generated principally by the host
CYP2D6 cytochrome, other CYPS such as C19 and 3A4 corresponding to minor contributors
(J. W. Bennett et al., 2013; Marcsisin et al., 2016; Milner et al., 2016). The yielded metabolites
show an impressive chemodiversity. Importantly, CYP2D6-mediated 5-hydroxylation is pivotal
as it yields presumably hyperactive metabolites (Vasquez-Vivar & Augusto, 1994).

6-demethylation is another major pathway leading to hybrid catechol-quinolamine systems
when coupled to 5-hydroxylation, with again formation of ortho-quinone upon CYP2D6 and/or
air oxidation. Some of these compounds are highly active in vitro (IC, = 50-500 nM) on

Plasmodium replicating liver stages (Bates et al., 1990) which correlates with the fact that
CYP2D6 metabolization is mandatory for PQ liver-stage activity (J. W. Bennett et al., 2013;
Pybus et al., 2013).

With respect to inhibitory mechanisms and biological targets, CYP2DG6-originating
metabolites are likely to exert both antimalarial and toxic mechanisms. Camarda et al recently
demonstrated that oxidation of hydroxylated metabolites, generates 1,4-quinone-imine forms
that are in turn reduced by cytochrome P450 reductase, thus leading to H202 accumulation.
In red blood cells, oxidation of hydroxylated metabolites is likely to occur through electron-
transfer reactions in complex with O2-bound hemoglobin species, thereby leading to the
formation of methemoglobin and reactive oxygen species (Davioud-Charvet & Lanfranchi,
2011). While this is desirable in iIRBCs, the elevation of methemoglobin levels in non-infected
erythrocytes is an undesirable side effect of this drug that causes hemolytic anemia in patients
with G6PD deficiency. Hydrogen peroxide accumulation likely leads to protein oxidation,
damage to Fe-S cluster proteins or to the generation of superoxide and hydroxyl radicals at
the sites where it is produced, including in the liver where hepatic stages and hypnozoites are
located, and in the bone marrow where gametocytes sequester, providing a clear model for
the mode of action of the potent hydroxylated PQ metabolites (Camarda et al., 2019). This
model is further corroborated by studies performed in yeast showing that yeast sensitivity to
PQ is markedly increased in strains that lack the key components of the antioxidant defense,
Sodl and Sod2, the cytoplasmic and mitochondrial superoxide dismutases respectively
(Laléve et al., 2016). Other putative mechanisms include covalent modification of target by
electrophilic quinone and quinone-imine species, disruption of iron-containing proteins (e. g.,
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Fe-S clusters, aconitase) by metal-chelating catechol or 8-aminoquinoline species (the last
mechanism being potentially at play with native PQ), as well as non-covalent, chelate-
independent inhibition of targets. These mechanisms remain partially characterized (Ganesan
etal., 2012; Magwere et al., 1997; Vasquez-Vivar & Augusto, 1994), mostly due to the difficulty
of obtaining and studying these often unstable metabolites and to account for their synergic
effects in parasitized cells. The existence of a physiologically protonated basic group in the
side-chain of various antimalarial quinolines is of paramount importance in their ability to bind
electrostatically to their parasite interactome (Bellanca et al., 2014; Reiling & Rohrbach, 2015;
Wong et al., 2017) , and is crucial for the antiplasmodial and gametocytocidal activities of these
drugs (Bates et al., 1990; Portela et al., 1999; Vale et al., 2009).

Recent progress in our understanding of PQ mode of action will be instrumental in the
rational re-design of PQ analogues towards enhanced antimalarial activity that could be
independent of the CYP2D6 status of the host and that could possibly be decoupled from its
haemotoxicity in G6PD- and metHbR-deficient patients.

Tafenoquine

Tafenoquine (TQ, Table 1) is an 8-aminoquinoline analogous to PQ, which is being co-
developed by the Walter Reed Army Institute of Research and GlaxoSmithKline and is currently
in phase Il of clinical development. Designed for the radical cure and causal prophylaxis of P.
vivax malaria, early investigations showed that TQ exhibits schizontocidal activity against
blood stage parasites in both P. vivax and P. falciparum and is also a potent transmission-
blocking agent (Obaldia et al., 1997; Ponsa et al., 2003; Ramharter et al., 2002; Vennerstrom
et al., 1999). One major improvement of TQ relatively to PQ for the radical cure of P. vivax
malaria is its long half-life and the potential for more convenient dosing, compared to the
currently recommended 14-day PQ regimen.

In vitro studies on P. falciparum field isolates and reference strains indicate a slightly greater
activity of TQ on asexual replicative stages compared to PQ (M. J. Delves et al., 2012;
Vennerstrom et al., 1999). In vivo data also indicate a higher efficacy in prophylactic activity of
TQ treatment over PQ in mice infected with P. berghei sporozoites, and it inhibits sporogonic
development in Anopheles Dirus, making it a good candidate for transmission-blocking studies
(Q. Li et al.,, 2014; Ponsa et al., 2003). Gametocytocidal activity of tafenoquine has been
reported in rodent models but has not yet been thoroughly investigated in humans. A recent
study assessed the efficacy of a TQ treatment once daily for 3 days compared to CQ plus PQ
once daily for 3 and 14 days, respectively, in P. vivax infected patients. A slower clearance rate
of parasite, gametocyte and fever was reported in the TQ cohort compared to the CQ+PQ one
(Fukuda et al., 2017). Like for most 8-aminoquinolines, the mechanism of action of TQ remains
to be fully elucidated. Akin to CQ but unlike PQ, the biological activity of TQ against the asexual
erythrocytic stages is reportedly due to its capacity to impair hemozoin formation by inhibiting
hematin polymerization (Vennerstrom et al., 1999). However, against the liver and sexual
stages of the parasite the postulated mechanisms of action are linked, as with other 8-
aminoquinolines, to the redox cycling properties of TQ’'s metabolites, and generation of
hydrogen peroxide and hydroxyl radicals through spontaneous oxidation of metabolites (Ebstie
et al., 2016).

In a study designed to assess the safety of tafenoquine use, subjects treated with TQ exhibited
higher levels of methemoglobin compared to PQ, however no signs of methemoglobinemia-
related clinical symptoms have been reported with treatment concentrations under 600mg/kg
(Fukuda et al., 2017). However, as for PQ, TQ increases hemolysis in G6PD deficient patients
at high doses (Rueangweerayut et al., 2017).
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Part 2: Pro-oxidative agents

We have seen that redox cyclers not only pump electrons from cellular reductants, but also
generate large amounts of ROS that may explain, largely, or at least in part, their antiparasitic
activity. This is in common with other drugs such as Ferroquine and Artemisinin that are not
substrates of cellular oxidoreductases, but also generate large amounts of ROS that may
ultimately lead to an overload of oxidative stress in the parasite, causing important intracellular
damage and inhibiting further development.

Artemisinin and derivatives

Qinghaosu/artemisinin-is a prodrug carrying a 15-carbon sesquiterpene lactone with an
endoperoxide group. Dihydroartemisinin, an Art metabolite is the most efficient and fast-acting
antimalarial drug since its discovery in 1971 by Youyou Tu (N. J. White, 2008) . Art kills young
ring stages circulating into the host bloodstream and prevents further parasite maturation in
replicating stages -trophozoite and schizont- which adhere to endothelial cells, blood cells, and
platelets, and sequester in blood vessels to escape the clearance of infected RBCs in the
spleen, thus leading to severe complications (White et al, 2008, 2011; Endour et al 2015). To
avoid the emergence of resistances and parasite recrudescence after Art monotherapy
(Barnes et al., 2008; Nicholas J. White, 2004) , therapies combining Art and at least one
additional antimalarial drug with a longer half-life and alternative mechanism of action are
currently the treatments of choice for uncomplicated malaria. This approach is called
Artemisinin Combination Therapy (ACT) and is usually prescribed for a maximum of 3 days
(WHO). In this case, the short time of treatment increases patient compliance and reduces
the risk of resistant parasites with limited exposure to Art during the therapy. Once Art is
eliminated from the body, the associated long-lasting partner drug can exert its activity and Kill
remaining parasites (Yang et al 2016).

SPECIES AND STAGE SPECIFICITY. Art rapidly and efficiently kills P. falciparum asexual
stages in vitro, with IC50 of ~0.6—1.1 nmol/L for the asynchronous or mixed intra-erythrocytic
stage. It is most potent against ring stages with IC50 of ~0.3 nmol/L, compared to trophozoite
and schizont stages (IC50 ~5.0 nmol/L) (S. R. Krungkrai & Yuthavong, 1987). Art also Kills
young sexual stages of parasites i.e. gametocyte stages | to lll, but is not considered active
against stage V-V gametocytes (Sophie H. Adjalley et al., 2011a). It also lacks activity on the
pre-erythrocytic stages developing in liver cells. The lack of Art activity on both late
gametocytes and liver stages is likely explained by the lack of haemoglobin at these stages
while it is required for Art bioactivation (see below). Art can contribute to reduce parasite
transmission “directly” by eliminating young gametocyte stages, and indirectly by reducing the
population of asexual parasites that are responsible for the development of gametocytes (J.
Krungkrai et al., 1999; Hay et al, 2010). However, its contribution is limited as Art treatment
per se does not reduce gametocyte burden and transmission to mosquitoes (Ouologuem et
al., 2018; Djimbe, Parasite 2016) and may even facilitate transmission of ArtR parasites
[Witmer, BioRxiv 2020]. Art can kill asexual stages of P.vivax as well. Clinical trials of ACT
treatment for P. malariae, P. ovale and P. knowlesi are limited with inadequate data however
the ACT is as efficient as chloroquine for non-falciparum malaria (Visser et al., 2014).
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MODE OF ACTION. Within 1-2 hours after Art oral or parenteral administration, the active
metabolite dihydroartemisinin (DHA) is observed at concentrations of ~10-30 pmol/L (~2.4—
4.0 mg/kg body weight). Art accumulates in the parasite membranes and cytosol and is
activated upon reduction of the endoperoxide group by Fell-heme that is released upon
hemoglobin digestion (Klonis et al., 2011; Robert et al., 2005a). This generates radical species
that react with nucleophiles in proteins, lipids and hemes, generating reactive oxygen species,
mitochondrial membrane depolarization, and leading to massive cellular damages (Cui & Su,
2009; S. R. Meshnick et al., 1996; Jigang Wang et al., 2015). In mitochondria, Art generates
ROS by activating the electron transport chain (W. Li et al., 2005; Juan Wang et al., 2010) and
by inhibiting the cytochrome C oxidase complex responsible for the transfer of mitochondrial
oxygen (J. Krungkrai et al., 1999; Murphy, 2009). In addition to this, Art further damages the
parasite proteasome function, thus leading to overall ER stress (Bridgeford et al 2018). Art also
interferes with proteins associated with the removal of toxic haem/detoxification of haem and
inhibits haem polymerization (Meunier & Robert, 2010; Robert et al., 2005b).

RESISTANCE. Due to its pleiotropic activity on multiple cellular targets, no resistance identified
in a target gene. However, prolonged clearance of parasites upon Art treatment was reported
in South East Asia in the late 2000s (E. A. Ashley et al., 2014; A M Dondorp et al., 2009; Noed|
et al., 2008) and Art resistant parasite lines were selected upon exposure to escalating Art
doses (Rocamora et al., 2018; Benoit Witkowski et al., 2010), allowing the community to
investigate the molecular and cellular bases of Art resistance. Art resistant parasites are
characterized by a prolonged ring phase, that is also the stage at which resistance is displayed,
other intraerythrocytic stages (trophozoites and schizonts) remaining sensitive to Art
(Rocamora et al., 2018; Benoit Witkowski et al., 2010). The main Art resistance mechanism
relies on a decreased hemoglobin uptake at the ring stage and is linked to mutations in genes
involved in hemoglobin endocytosis and digestion, such as AP-2u, UBP1, falcipain, coronin
and most commonly, in the Kelch protein K13 that was identified in the laboratory selected
F32-Art5 resistant strain and that remains the main resistance marker in South East Asia (Ariey
et al.,, 2014; E. A. Ashley et al., 2014; Birnbaum et al., 2020; Demas et al., 2018; Henrici,
Edwards, et al., 2020; Henrici, van Schalkwyk, et al., 2020; Henriques et al., 2013, 2014, 2015;
T. Yang et al., 2019). K13 mutations have been postulated to mediate increased parasite post-
stress defense mechanisms by improving clearance/removal of Art induced damaged proteins
by the proteasome and by delaying apoptotic/cell death pathways (Dogovski et al., 2015;
Mbengue et al., 2015). Finally, a decreased cytotoxic stress, possibly due to the upregulation
of redox proteins and of the unfolded protein response, has been detected in laboratory
selected Art-resistant lines as well as in parasite isolates from patients presenting a delayed
parasite clearance post Art treatment (Mok et al., 2015; Rocamora et al., 2018). Importantly,
this resistance mechanism appears unlinked to mutations in proteins involved in hemoglobin
uptake and digestion (including K13), and may favor the appearance - or alleviate the fithess
cost - of Art resistance mutations in the K13 gene (Rocamora et al., 2018; L. Zhu et al., 2018).

QUIESCENCE. Interestingly, both Art alone or Art with any of drugs such as quinolines
(amodiaquine, mefloquine, chloroquine, quinine) or pyrimethamine induce temporary
quiescence in all treated parasites, with a larger fraction of them becoming quiescent in Art
resistant parasites such as in the F32-ART5 (Benoit Witkowski et al., 2010) or in Cambodian
clinical isolates with Kelch 13 mutation associated with the delayed clearance (Benoit
Witkowski et al., 2010, 2013). After drug removal, the parasite “wakes up” and resumes
development (Ménard et al., 2015; Benoit Witkowski et al., 2010). Noteworthy, metabolism and
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DNA replication get arrested at ring-stage in dormant parasites, but they have an active
mitochondrial electron transport chain and are therefore sensitive to atovaquone, a compound
blocking complex Il of the mitochondrial electron transport chain (Peatey et al., 2015). Still,
atovaquone resistance is quickly acquired by parasites, which therefore hinders its use (Kessl
et al., 2007). They also retain several apicoplast functions such as fatty acid synthesis that
could be targeted to Kill quiescent parasites (Duvalsaint & Kyle, 2018). Finally, wake and Kkill
strategies relying on compounds such as epigenetic modifiers that wake dormant parasites
(Nardella et al., 2020). associated with antimalarial drugs, may also prove interesting to
circumvent resistance linked to the ability of parasites to enter dormancy to avoid drug effect.

In conclusion, it is likely that mutations affecting hemoglobin uptake and digestion will also
confer resistance to other drugs requiring hemoglobin for their bioactivation or for their mode
of action. Still, these mutations come with a fithess cost that should prevent them from leading
to full resistance at all parasite stages.

Ferroquine

Ferroquine (FQ, Table 1) is a hybrid redox-active-chloroquine derivative, which had been
designed in the 1990°‘s (Biot et al., 1997): its structure combine in the same skeleton both the
lysosomotropic properties of the 4-aminoquinoline moiety present in the widely used
antimalarial drug in the first half of 20th century chloroquine (CQ), and the ferrocene moiety.
As CQ, ferroquine acts as inhibitor of hemozoin formation (Biot et al., 2009; Dubar et al., 2011).
In addition, its unique ferrocene core allows reversible one-electron redox reactions under
oxidizing conditions such as those present in the digestive vacuole, i.e. oxidation of ferrocene
(Fe2+) to ferricinium (Fe3+). Owing to this reaction, FQ generates lethal hydroxyl radicals that
contribute considerably to its antiparasitic activity (Chavain et al., 2009). A plethora of FQ
analogues and derivatives, and many other classes of compounds have been developed since,
and studied to overcome drug resistance because of the significant loss of CQ efficacy in
resistant parasite strains worldwide ((Wani et al., 2015b, 2015a). Interestingly, certain hybrid
FQ-1,4-napthoquinones are more effective to catalyze the Fenton reaction (Chavain et al.,
2009). However, thus far, no other FQ derivative had been found superior to FQ in terms of
antimalarial activity both in vitro and in vivo. Chloroquine resistance is caused by multiple
mutations in the Plasmodium falciparum CQ resistance transporter (PfCRT) that result in
an increased efflux of CQ from the acidic digestive vacuole to the cytosol of the
parasite. Using synchrotron based X-ray imaging, direct fluorescence measurements of the
unlabelled CQ and FQ showed that resistant parasites treated by FQ were unable to extrude
FQ from the food vacuole and they accumulated a sulfur-containing compound, assigned to
be glutathione, in their digestive vacuole(Dubar et al., 2012). Although the precise biological
targets that FQ affects are not entirely known, recent studies revealed that FQ and derivatives
displayed anti-tumour activities and FQ has potential application as an adjuvant to existing
anticancer therapy through inhibition of autophagic-lysosomal function (Kondratskyi et al.,
2017; Téth et al., 2010). FQ is developed by Sanofi since 2012, currently in clinical trials, as
the drug combination 0Z439 (Artefenomel)/FQ (Ferroquine) to determine whether a single
dose combination of 0Z439 (Artefenomel)/FQ (Ferroquine) is an efficacious treatment for
uncomplicated Plasmodium falciparum malaria in adults and children.
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Part 3: Issues linked to redox active antimalarial drugs

G6PD deficiency and hemoglobino-pathies: natural protections from severe forms of
malaria

Several genetic mutations of human erythrocytes are known for protecting carriers from the
severe, life-threatening forms of malaria. Glucose-6-phosphate dehydrogenase (G6PD)
deficiency (Luzzatto & Arese, 2018b) and hemoglobinopathies, e.g. thalassemia and sickle cell
disease, are important examples of such genetic polymorphisms. The similar geographic
distribution of these genetic traits and past or present malaria infections support the so-called
malaria protection hypothesis, which claims that co-evolution of humans and P. falciparum
shaped the human genome in these regions (Cappellini & Fiorelli, 2008; Cyrklaff et al., 2011,
2012)

The most widespread genetic defect of human erythrocytes is G6PD deficiency, which also
represents the most common human enzyme defect (reviewed in Cappellini & Fiorelli, 2008)
G6PD is the first enzyme of the pentose phosphate pathway and the main producer of NADPH
(nicotinamide adenine dinucleotide phosphate) in erythrocytes. Affected individuals are
generally asymptomatic but more susceptible to oxidative insults in forms of oxidant drugs,
chemicals or food components that may induce acute hemolytic anemia. Hemoglobinopathies
result from unpaired globin chains in a- or B-thalassemia or from structurally altered (3-globin
in sickle-cell hemoglobin (HbS), hemoglobin C (HbC) or hemoglobin E (HbE) (Cyrklaff et al.,
2012; Taylor et al., 2013). Heterozygous carriers are generally asymptomatic but may suffer
from mild anemia.

The molecular mechanism(s) that protects affected individuals from the severe symptoms
of malaria are complex and still not fully understood. Interestingly, in all cases, erythrocytes
were shown to be more susceptible to oxidative stress, marked by a higher tendency of
hemoglobin to oxidize and denature, caused either by structurally unstable mutant hemoglobin
or decreased antioxidant capacity of the host cell (Ayi et al., 2004; Cyrklaff et al., 2012; Reeder,
2010). In support of this hypothesis, enhanced binding of hemichrome (i.e. denatured
hemoglobin) to the erythrocyte membrane and enhanced phagocytosis of infected cells were
observed for G6PD-deficient erythrocytes (Luzzatto & Arese, 2018b), heterozygous sickle cells
(HbAS) and heterozygous thalassaemic cells (B-thalassemia and HbH) (Ayi et al., 2004)
(Cappadoro 1998,). Furthermore, denatured and oxidized hemoglobin species were identified
as candidates for preventing host actin re-organization in P. falciparum-infected homozygous
HbCC and heterozygous HbSC erythrocytes (Cyrklaff et al., 2012). Remodeling of the host
actin cytoskeleton was shown to be important to establish the parasite’s protein trafficking
system and their inhibition might contribute to the protection against severe malaria infections
(Cyrklaff et al., 2011, 2012). These protective mechanisms against severe malaria generate
oxidative stress in iRBC and parasite developmental arrest in ring stages

Hemolytic risk in G6PD-deficient individuals treated by drugs/nutrients inducing
oxidative stress

While high doses of primaquine produce hemolytic anemia in individuals with glucose-6-
phosphate deficiency (G6PD) and thus cannot be used in classical 14 days treatments that
are required to eradicate hypnozoites, PQ retains its transmission blocking properties when
used in a single low-dose, a treatment that is well tolerated, even in G6PD-deficient patients
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(Bancone et al., 2018). This can be compared to the absence of hemolysis in G6PD-deficient
subjects after ingestion of faba beans with low concentrations of the b-glucosides vicine and
convicine whose metabolites generate irreversible oxidative stress in these subjects (Gallo et
al., 2018) Importantly, other redox cyclers such as MB and bMDs do not present any increase
of hemolysis in gépd-deficient RBCs, instead bMDs even phenocopies the protection acquired
through G6PD-deficiency leading to enhanced hemichrome deposition (Bielitza et al, 2015
and above, paragraph on bMDs). Underlying the extreme sensitivity of malaria parasites to
oxidative stress, an increase ROS production in the liver mediated by a transient high-fat diet
perturbs the establishment of the hepatic stages of the murine malaria parasite P. berghei that
is then unable to cause severe malaria (Zuzarte-Luis et al., 2017).

Potential for drug resistance to redox active compounds

Molecules with multiple drug targets or with a pleiotropic mode of action are considered to be
less prone to select for resistance (Ding et al., 2012). This is the case for redox-cyclers, such
as bMDs and the closely related MB, which interfere with a complex and tightly regulated redox
network in the host/parasite unit (Katharina Ehrhardt et al., 2016; Nepveu & Turrini, 2013;
Schirmer et al., 2003). Similarly, the lack of a specific parasite target or motif for ROS producing
compounds such as Art or FQ and redox cyclers also makes it impossible for parasites to
develop point mutations that control the susceptibility of these multiple targets to the drugs.
Still, Art-resistance has emerged and spread in South-East Asia, revealing the pivotal role of
mutations in the Kelch protein K13 in mediating resistance (Ariey et al., 2014; B Witkowski et
al., 2013). Multiple hypotheses have been proposed to explain K13 role and how mutations
may affect it, until very compelling data were published earlier this year (Birnbaum et al.,
2020). K13 is actually required for the endocytosis of hemoglobin from the host cell in ring
stages, and parasites with mutated or inactivated K13 display reduced hemoglobin
endocytosis. This is also true for other proteins located in the K13 compartment, such as UBP1
and AP2u whose mutations had previously been associated with Art-resistance. Thus, reduced
endocytosis at the ring stage that seems especially sensitive to oxidative stress, results in
reduced uptake of hemoglobin that is necessary for Art activation, and possibly reduced
endocytosis of Art or its metabolites themselves. Worryingly, this mechanism of resistance is
likely to be shared with numerous other drugs that require efficient endocytosis to be up-taken
by the parasite in large enough quantities, or that require hemoglobin to mediate their
antiparasitic activity as the models for bMDs and MB modes of action predict.

Of note, PQ antiparasitic activity is mediated by the ability of its hydroxylated metabolites to
cycle with the host cytochrome P450 reductase, thus locally generating oxidative stress that
kills parasites developing in this environment. In this case, K13 mutations are expected to have
little to no effect on PQ activity, although Art-R parasites seem to also have an enhanced ability
to enter into quiescence (Paloque et al., 2016), which may protect them from external insults.
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Part 4: Why metabolically less active rings and gametocyte stages are especially
sensitive to antimalarials generating oxidative stress?

Plasmodium parasites are extremely versatile during their development, living mostly
intracellularly in the human host while they develop extracellularly in mosquitoes, and even
within one host, they are able to invade different cells and differentiate in different forms with
specific functions. This versatility is supported by major changes in their metabolism that may
in part explain why some stages are more sensitive to drugs generating oxidative stress. In
addition, Plasmodium parasites are highly adapted to cope with the oxidative stress arising
from its own metabolism of haemoglobin, generating reactive oxygen species, and releasing
of toxic heme species.

Of note, despite the fact that ring stages are metabolically less active, and that they display
underdeveloped organelles, notably mitochondria, apicoplast, digestive vacuole and
cytostome, as compared to trophozoites and schizonts, they are more sensitive to redox
cyclers and ROS inducers (Fig. 1.4). This may be explained by a less efficient antioxidant
system, at a stage where it is not strongly required as there is very limited haemoglobin
digestion. For instance, superoxide dismutases (SODs) and thioredoxin peroxidases (TPXs)
that are key enzymes to detoxify intracellular ROS, are expressed at much lower levels in rings
compared to later stages (Otto et al., 2010).

In contrast to asexual stages that carry out glutamine dependent glycolysis, gametocytes rely
on glucose-dependent tricarboxylic acid cycle (TCA) to produce energy (Zhang et al, 1992),
which can be correlated with the presence of more developed and electron dense cristae
mitochondria in gametocytes (Wu, 2002)in contrast to smaller acristae mitochondria in asexual
parasite stages where the mitochondrial electron transport chain is mostly associated with the
regeneration of ubiquinone for pyrimidine biosynthesis (Klonis et al., 2011) (Berman et al,
1997,. This is associated with a higher expression of SODs and TPXs in gametocytes. The
susceptibility of gametocytes to redox active drugs might thus have different grounds from that
of asexual stages. Of note, early gametocyte stages are metabolically active, with active
glycolysis, haemoglobin digestion and protein synthesis, while later stages shut down these
biological processes and become quiescent (Buchholz et al., 2011; Coulibaly et al., 2015).
While young gametocytes are susceptible to most drugs targeting young rings, intermediate
and mature stages become increasingly resistant to drugs, including Art, MB and bMDs
(Sophie H. Adjalley et al., 2011b; M. Delves et al., 2012; Katharina Ehrhardt et al., 2016),
probably reflecting the decreasing endocytosis/ metabolic activity of the later stages. This is
not the case for PQ in vivo, which is coherent with a host-dependent and parasite-independent
generation of ROS for this drug.

Common principles of redox-cycling

The unique feature of redox-cyclers lies in their intrinsic redox potential that allows them to
participate in reversible one-electron or two-electron transfer reactions and therefore in a
continuous reduction-oxidation cycle. Redox-cyclers do not act as simple inhibitors, they are
substrates of oxidoreductase enzymes that belong to multiple intracellular redox systems in
eukaryotic cells (e.g. mitochondrial electron transport chain, glutathione and thioredoxin
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systems). After enzymatic reduction, the reduced drug/metabolite can be readily reoxidized by
molecular oxygen or alternative oxidants, thus regenerating the initial drug that can continue
its redox cycling. Under physiological conditions, the overall reaction leads to a NAD(P)H-
dependent transfer of electrons from oxidoreductases to intracellular key oxidants, for instance
the hemoglobin-associated or free heme (Felll) species that is present in large quantities in
infected erythrocytes, and is accompanied by the formation of reactive oxygen species (ROS)
(Fig. 1.3.) (Max Bielitza et al., 2015; Blank et al., 2012; Johann, 2012; Tobias Muller et al.,
2011; Sidorov et al., 2015)

Redox-cyclers are also designated as subversive substrates because they divert the
physiological antioxidant activity of oxidoreductases into a pro-oxidative activity, resulting in
depletion of the intracellular reductant NAD(P)H stock and in the generation of considerable
amounts of oxidized thiols and ROS.

Conversion from prodrug to drug

Common to all antimalarial redox-cyclers, the initial drug is considered to be a prodrug that is
intracellularly converted into an active metabolite, thereby changing its redox potential and
generating the subversive substrate. In the case of MB and bMDs, conversion of the prodrug
is considered to occur within the Plasmodium-infected erythrocyte upon interaction with a
flavoenzyme in addition to a hemoprotein (hemoglobin, flavohemoprotein...) under a ferryl
species. Interestingly, antimalarial MB, bMDs and indolone-N-oxides (iNOD) are thought to be
first metabolized by a reductase in IRBCs ((Buchholz, Comini, et al., 2008; Buchholz, Schirmer,
et al., 2008; lbrahim et al., 2011). Instead, PQ needs to be converted to hydroxylated
metabolites by the cytochrome P450 NADPH:oxidoreductase and cytochrome P450 CYP2D6
in the liver before it can enter into a redox-cycle that mediates its antiparasitic activities (Fig.
1.3) (Camarda et al., 2019; Vasquez-Vivar & Augusto, 1994)
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Figure 1.3. Two modes of action of antimalarial prodrugs based on oxidative stress generation:
I. Redox-Cyclers, 1. ROS Inducers. In the first type, a cascade of redox reactions accounting
for the antimalarial activity was proposed to take place, first (step 1) by an oxidative
bioactivation of the agent in vivo with the formation of a key redox-active principle in its oxidized
state (RedOx.x). Then, the oxidized metabolite is reduced by a NAD(P)H-dependent
oxidoreductase (step 2) in Plasmodium parasites, generating the reduced state of the redox-
active principle (RedOxreq), Which transfers one electron to a key oxidant (protein) biomolecule
(step 3). In the trophozoites stages, key oxidant biomolecules may represent the major nutrient
of the malarial parasite, the hemoglobin-associated or free heme Fe"' species in infected
erythrocytes, that promote parasite development and hemozoin formation, respectively. The
reduction-oxidation cycle regenerates the oxidized redox-active principle that can be reduced
again in a new cycle, at the expense of NAD(P)H. The continuous redox-cycle occurring in a
compartment with oxidative conditions, e.g. the food vacuole, generates other metabolites in
situ (by Fenton, oxidative coupling reactions, ...) that might be toxic for the parasite (step 4).
The shift of the Fe'/Fe" balance is lethal for the parasite because only metHb is a substrate
for the parasitic proteases while Hb is indigestible. As observed earlier, the microscopic images
of P. falciparum 3D7 strain ring-parasitized RBCs, treated at 50 nM by distinct RedOx.x (MB,
or plasmodione) for 24 h, showed altered morphologies and pycnotic parasites. In the
presence of traces of oxygen and of the efficient redox-cycler RedOx,x, the redox cycle based
on NADPH-dependent methaemoglobin reduction leads to the continuous formation of reactive
oxygen species (ROS), ferrylhemoglobin (ferrylHb), and subsequent membrane-bound
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hemichrome elevation. This latter hemoglobin catabolite is known to be a biomarker of RBC
senescence, and enhances phagocytosis of drug-treated ring-parasitized RBCs (Bielita et al.,
2015). Structure-activity relationships evidenced that both drug metabolites and hemoglobin
catabolites contribute to potentiate drug effects and inhibition of parasite development.
Disruption of redox homeostasis by the lead redox-cyclers was specifically induced in P,
falciparum parasitized RBCs and not in non-infected cells, and visualized by changes in the
glutathione redox potential of living parasite cytosols. The lead antimalarial redox-active
prodrugs (MB, plasmodione) were shown to act by mimicking the behaviour of a falciparum
parasite developing inside a G6PD-deficient RBC giving rise to malaria protection, and exerting
specific additive effects inhibitory to parasite development, without harm for non infected
G6PD-sufficient or -deficient RBCs.

In the second type, ROS inducers are represented by two chemotypes : artemisinin and
endoperoxides, and ferroquine, which is in Phase 2b as a drug combination with a trioxolane
partner artefenomel (0Z439).
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Figure. 1.4. Summary figure depicting relation between organelle development, biological
processes and anti-oxidative response of redox cyclers (MB, 1c/PD, INOD, PQ) and ROS

inducers (Art, FQ, TQ) in different stages of asexual parasite and sexual parasite stages.
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Table 1. Characteristics of antimalarial redox active and ROS inducing compounds.

Methylene blue: tricyclic thiazine dye (Redox active compound), dibenzyl analogue of paraquat, pro-oxidant with potential for one-electron
reduction . Redox cycler dependent on NADPH for its reduction

Target parasite stages

Mode of action: Active metabolites
& molecular targets

Genetic
resistance/
Effect in G6PD-
deficient patients

Advantages

Drawbacks

¢ All asexual stages

e Very young rings are
especially sensitive
(Katharina Ehrhardt et al.,
2013)

e Gametocytocidal against
early & mature gametocytes
in vitro

[ ]

IC50 gametocyte stage V
IC50 90nM) (Katharina
Ehrhardt et al., 2016)

[ ]

0 activity on liver stages
(Bosson-Vanga et al., 2018)
[ ]

ecreases the number of
oocyst & viable mature
gametocytes  (Sophie H.
Adjalley et al., 2011b)

e Following oral administration MB is
absorbed from the gastrointestinal
tract and partly monodemethylated to
azure B. It reaches maximal plasma
concentrations within 2 hours with a
20h plasma half-life (Walter-Sack et
al., 2009).

e MB exhibits pro-oxidant properties,
possibly by inhibiting GR in both
cytoplasm and apicoplast
(Akoachere et al., 2005; Atamna et
al., 1996; Farber et al., 1998; Kehr et
al., 2010; Schirmer et al., 2003)

e In vitro, MB or metabolites can enter
a redox cycle with NADPH-
dependent GR and metHb. It is
reduced by GR, and can then reduce
metHb (Fe3*) into oxyHb (Fe?*), a
form that is not digestible by parasites
(Belorgey et al., 2013; Blank et al.,
2012; Tobias Miller et al., 2011)

e MB also inhibits hemozoin formation
by preventing polymerization of haem
(Atamna et al., 1996; Blank et al.,
2012)

No genetic
resistant mutant
identified.
Cytotoxicity
against G6PD
deficient
individuals at
high dose
(Akoachere et
al., 2005;
Ghatak et al.,
2013)

Not harmful for
G6PD-deficient
populations  at
therapeutic

doses (Tobias
Muller et al.,
2011)

Dose dependent and limited
clinical relevance for adverse
G6PD Deficient
patients. (O. Muller et al., 2013)

effects in

Cheap, pleiotropic with thus a
low potential for resistance,
good pharmakokinetics, low
toxicity (Schirmer et al 2003,
Suwanarusk et al, 2015,
Wainwright et al 2005) MB
has substantial antimalarial
activity against all types of
malaria (Lu et al, 2018)
In preclinical studies MB
acts synergistically with
artemisinin & block
transmission Can be used
in combination therapy with
artesunate-amodiaquine for
falciparum malaria in
children active on drug
resistant parasites, notably
CQR quinolonesR
(Akoachere et al., 2005)

Can prevent
methemoglobinemia

e Green/blue coloration of

urine and eye white

e MB at low concentration

is a strong inhibitor of
monoamine oxidase A
and therefore, should
not be given together
with serotonin reuptake
inhibitor(Ramsay et al.,
2007)

e Main adverse effects in

African clinical studies.
Mild urogenital
symptoms and
gastrointestinal
symptoms due to MB
bitterness (Lu et al.,
2018).

¢ High intravenous doses

were related to severe
gastrointestinal
symptoms (Schirmer et
al., 2011)
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Artemisinin- sesquiterpene lactone with an endoperoxide bridge
Active antimalarial metabolite: dihydroartemisinin, hemisynthetic form with better pharmacokinetics properties

Target parasite stages Mode of action: Active metabolites & Genetic resistance/ Advantages Drawbacks
molecular targets Effect in G6PD-deficient
patients

e Active on all asexual | e Art is a prodrug whose 1,2,4-trioxane core | ¢ No genetic resistance Fast parasite killer, fast Art has low
stages including very | including an endoperoxide bridge is | involving a target protein as parasite clearance (N. J. solubility in oil &
young rings (Bates etal., | essential for its antimalarial activity (Steven | €XPected from Art mode of White, 2008) water (Butler &
1990; Terkuile et al., R. Meshnick, 2002) acthn. Kill parasites at ring stage, Wu, 1992;
1993) e Art accumulates in parasite cytosol and Resistance and ~ delayed thus preventing formation of Klayman 1985)
clearance caused by: ’ '

e Active on immature
gametocyte stages (I-
1), with IC50 12-120 nM
(Sophie H. Adjalley et
al.,, 2011a; Buchholz et
al., 2011; Kumar &
Zheng, 1990) low
activity  on mature
gametocytes (Sophie H.
Adjalley et al., 2011a)

membranes. It is activated when the
endoperoxide bridge reacts with reduced
iron (Fell)-heme released during
hemoglobin digestion (Klonis et al., 2011).
This generates radical species that react
with nucleophiles in proteins, lipids, nucleic
acids and hemes, generating ROS,
depolarization of both mitochondrial an
cytoplasmic membranes and leading to
massive cellular damages (Jigang Wang et
al., 2015).
Heme alkylation inhibits hemozoin formation
Activated Art also reduces parasite
proteasome activity (Bridgford et al., 2018)
adding to production of active metabolites
by cleavage of peroxide bond in artemisinin
consequently increasing ROS (Rudrapal &
Chetia, 2016).
Limited activity on late stage gametocytes
(Sophie H. Adjalley et al., 2011a) and on
parasite transmission to mosquitoes at
physiological doses (M. J. Delves et al.,
2013; Ruecker et al., 2014; Vanaerschot et
al., 2017)
¢ Art treatment does not reduce gametocyte
burden and transmission to mosquitoes

reduced hemoglobin uptake
at the ring stage linked to
mutations in K13, AP-2u,
UBP1, falcipain and coronin
(E. A. Ashley et al.,, 2014;
Birnbaum et al.,, 2020;
Demas et al., 2018; Henrici,
van Schalkwyk, et al., 2020;
Henriques et al., 2013, 2014;
T. Yang et al., 2019)
decreased cytotoxic stress,
possibly through
upregulated unfolded protein
response (Mok et al., 2015),
but most likely linked to
decreased oxidative damage
in these mutants; and
induction  of  dormancy
(Benoit Witkowski et al.,
2010), a mechanism
unlinked to K13 mutations
and probably similar to
bacterial persistence
(Wellems et al., 2020).

e Causes hemolytic anemia
in G6PD-deficient patients
of parasite (Francis et al.,
2013)

adherent trophozoites that are
responsible for severe
symptoms (Teuscher et al.,
2010)

Short in vivo half-life that
reduces long exposure to
decreasing drug
concentrations and resistance
selection (Aweeka & German,
2008; Klonis et al., 2011;
Vanaerschot et al., 2017)
Active against quinolines, and
antifolates resistant parasites
(Arjen M. Dondorp et al., 2010)
Potent activity against drug
resistant parasites, notably
chloroquine & sulphadoxine—
pyrimethamine (SP) resistant
strains in vivo & in vitro (N. J.
White, 2008)

which is not the
case for several
synthetic
analogues
(Rudrapal &
Chetia, 2016)

Artemisinin
resistance with
delayed parasite
clearance in
patients in South
East Asia
(Chanaki
Amaratunga et al.,
2012; AM
Dondorp et al.,
2009)

Induces dormancy
that may favor
generation of
resistant parasites
to ACT partner
drug (Wellems et
al., 2020). Causes
hemolytic anemia
in G6PD-deficient
patients

44




(Djimde et al., 2016; Ouologuem et al.,
2018) and may facilitate transmission of
ArtR parasites [Witmer, BioRxiv 2020].

Causes hemolytic
anemia in G6PD-
deficient patients
neurotoxicity
(Brewer, 1998)

Plamodione: 2-methyl-1,4-naphthoquinone (Redox active compound) (Katharina Ehrhardt et al., 2013)

Target parasite
stages

Mode of action: Active metabolites &
molecular targets

Genetic resistance/
Effect in G6PD-deficient
patients/

Advantages

Drawbacks

e active on all asexual
stages, with higher
efficiency on young
rings

e Active on young

gametocytes
induces pycnotic dead
parasites (Katharina

Ehrhardt et al., 2013,

2016)

e Bioactivation via a cascade of redox
reactions is required to generate active
metabolites (Elhabiri et al., 2015; Feng et
al., 2018; Tobias Muller et al., 2011)

¢ Invitro, benzoylmenadione metabolite
can cycle with flavoenzymes and metHb.
In vivo, this would lead to oxidative stress

e and deplete parasites from NAD(P)H and
metHb, the digestible form of Hb, thus
leading to parasite death (Belorgey et al.,
2013; M Bielitza et al., 2015; Blank et al.,
2012; Lanfranchi et al., 2012; Tobias
Muller et al., 2011)

e PD increases hemichrome deposition on
infected RBCs,a marker for cell removal
in the spleen (M Bielitza et al., 2015)

e PD metabolites can also inhibit hemozoin
formation (Katharina Ehrhardt et al.,
2013, 2016)

¢ Respiratory growth in yeast also inhibited
by PD, most likely via redox cycling of PD
metabolites with NADH dehydrogenases

(Mounkoro et al., 2019)

¢ No stable genetic resistance
reported after exposing
parasites to high or
escalating doses of PD.
Recrudescent parasites
have a similar sensitivity to
PD as non-treated parental
strain (classical drug assay,
72h exposure) (Katharina
Ehrhardt et al., 2016).

¢ Not cytotoxic for G6PD
deficient populations at
therapeutic dose (M Bielitza
et al., 2015)

¢ Cheap to produce with a broad
chemical space for drug
optimization (Elhabiri et al.,
2015; Lanfranchi et al., 2012)

o fast parasite killer (similar to Art)
and Kill parasites at ring stage,
thus preventing formation of
adherent trophozoites that are
responsible for severe
symptoms(Katharina Ehrhardt et
al., 2016)

¢ No cross resistance with 3D7,
D6, 845, Voll, L1, PA, Bres,
FCR3, W2, K2, K14, FCM29
(Ehrhardt et al., 2016)

e Synergistic with artemisinin &
quinine (Katharina Ehrhardt et
al., 2016), and with nicotinamide
(M Bielitza et al., 2015)

e Can prevent malarial anemia
and methemoglobinemia. Not
cytotoxic for G6PD deficient
populations at therapeutic dose
(M Bielitza et al., 2015)

¢ Pleotropic effect (Sidorov et al.,
2016)

High lipophilicity,
low solubility
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Indolone-N-oxide (Redox active compound): conjugation of nitrone moiety (C=N+-O-) and phenolic group undergo oxidation-reduction reactions their
reduction leads to loss of antimalarial activity

Target parasite

Mode of action: Active metabolites &

Genetic resistance/

Advantages

Drawbacks

stages molecular targets Effect in G6PD-deficient
patients or
Clinical applications
other than malaria
e Inhibit parasite | ¢ Syk kinase and/or (potential target to e  Antifungal e IC50 48.6 nM for both CQ e 1 min half life,

development at ring
stage specifically (IC50
<100nM) (Tahar et al.,
2011)

Gets reduced and
produces stable radical
intermediates in vivo
INOD-1 treatment
facilitates  hyperactive
phosphorylation of band
3 at tyrosine, which is
correlated with blebbing
of erythrocyte
membrane &
vesiculation just as in
case of G6PD deficient
RBCs  which resist
parasite falciparum
habitation and prevent
malaria (Nepveu et al.,
2010).

Induces overall oxidative

stress in addition to
parasite invasion
mediated stress via
denaturation of

hemoglobin, decreasing
levels of reduced form of
glutathione, and
peroxidation of

activate for favoring phosphorylation of
band 3)

e Tyrosine phosphatases of band 3 of host
erythrocytes (to inhibit for favoring the
phosphorylation of band 3)

(Nepveu et al., 2010)

Antibacterial
Antileishmanial (HOOPER
et al., 1965; lbrahim et al.,
2012)

sensitive & CQ resistant strains
(similar to MB)

According to metabolic

studies within mouse liver
microsomes best
antiplasmodial activity by

intraperitoneal (ip) route of
administration.

¢ More potent than artemisinin on

chloroquine sensitive and CQ
and pyrimethamine-resistant
(K1) strains (Nepveu et al.,
2010)

so lowest activity
by the oral route
of administration
related to
extensive
degradation

of compound via
first-pass effect
(Nepveu et al.,
2010)
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membrane lipids
consequently leading to

vesiculation. &
destabilization of
membrane of ring stage
infected erythrocytes
(Ferru et al, 2011,
Pantaleo et al., 2009,

2011, 2015)

Activity independent of
polymerization/bio
crystallization of
nontoxic heme (Nepveu
et al., 2010)

Primaquine: 8-aminoquinoline, anti-hypnozoite activity due to methoxy group at position 6 & amino sidechain at 8 position of aromatic quinolone core
(Redox inducer), exoerythrocytic drug, active metabolite: quinone-imine (5 hydroxy-primaquine) with physiologically protonated basic group in their side-
chain (Bates et al., 1990; Portela et al., 1999; Vale et al., 2009)

Target parasite stages Mode of action: Active metabolites & | Genetic resistance/ Advantages Drawbacks
molecular targets Effect in G6PD-deficient
patients
tissue schizontocide » Primaquine metabolized by CYP 2D6 to o Several CYP2D6 e  Only FDA licensed o rapidly

(Baird et al 2004)
Mature gametocytes
(stage-V) (Pybus et al.,
2012)

Hypnozoites

of Plasmodium vivax
and Plasmodium ovale
(Krotoski et al., 1980;
Pybus et al., 2012)
multiple parasite stages
(M. Delves et al., 2012;
M. J. Delves et al., 2012;
Dembele et al.,, 2011;
Plouffe et al., 2016)

form oxidized or phenolic metabolites (A.
Bennett et al., 2013; Ganesan et al., 2012;
Magwere et al.,, 1997; Vasquez-Vivar &
Augusto, 1994)

PQ mode of action involves 2 steps. In the
first step, through the CPR / CYP2D6
metabolic complex, PQ gets converted
into hydroxylated metabolites (OH-PQm),
which in the second step gets oxidized to
guinonimines (O = PQm) by simultaneous
of the generation of H202. These coupling
reactions involve NADPH donating the 2
electrons to CPR/CYP2D6 while the
qguinonimines accept electrons from

polymorphisms associated
with loss of PQ activity (A.
Bennett et al., 2013; Peters
et al., 1984; Pybus et al.,
2012)

e In G6PD-deficient

patients, high doses
regimen over several
days lead to life threating
hemolysis & anemia
(Cohen et al., 1968;
Vasquez-Vivar &
Augusto, 1994)

therapy to treat relapsing
strains of malaria (Graves et
al., 2015).

As per clinical studies single
low dose (0.25 mg base/kg)
can block falciparum malaria
transmission with very low risk
of hemolytic toxicity (Mok et al.,
2015)

Primaquine together with
artemisinin-based combination
therapies lead to high cure
rates and substantially reduced
gametocyte carriage.

e Low doses of primaquine

together with a combination of

metabolized (14
highly reactive
drug metabolites)

half-life of six
hour (Klayman,
1985)

anemia,
intravascular
hemolysis with
dark urine, and
mild jaundice,
renal failure,
hemoglobinemia
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e swelling and thickening
of mitochondrial cristae
(A. Bennett et al., 2013;
Peters et al., 1984)

FAD/FAMN cofactors. However, the
reduction potential of quinonimines is low
thereby promoting formations and
accumulation of H202 at metabolite site
bone marrow and liver. Thus, the parasites
die because of increased cytotoxicity by
H202 (Camarda et al., 2019).

Can cause
methemoglobinemia,
leading

to lipid and membrane
protein oxidation events
that disrupt the integrity
of the cell (Pantaleo et
al., 2009, 2011, 2015)

artemisinin and piperaquine
eliminate all stages of
parasites from human carriers
thereby decreasing the
incidences of malaria in
western Cambodia (Song et
al., 2010).

¢ A single dose of PQ lowers the
transmission of malaria from
the asymptomatic population
(Okebe et al., 2016)

(Elizabeth A.
Ashley et al.,
2014; Clayman
etal., 1952;
Hockwald et al.,
1952)

toxic in met-
hemoglobine
reductase
(MetHbR)-
deficient patients
(Cohen et al.,
1968; Vasquez-
Vivar & Augusto,
1994)
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CHAPTER 2: Cross resistance of PD derivatives with artemisinin

This chapter elucidates that the PD analogue, bMD40, with improved pharmacokinetics
properties showed cross-resistance with asexual stages of Artemisinin resistant P. falciparum,
thereby opening an intriguing question about the PD drug combinations as a future therapeutic
option. For this, | set the cultures of various drug-susceptible and resistant P. falciparum
parasites in the laboratory, standardized the conditions for modified 1Cso assay on tightly
synchronized 3-hour-old ring stages of parasites, and contributed to establishing the ring
survival assay using FACS analysis. | contributed to the technology transfer to another PhD
student-Brice Feufack. In addition, | measured all antimalarial activities of the ABPP probes
used in Chapter 3.
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Introduction

Malaria is a fatal disease caused by the parasite Plasmodium falciparum (P. falciparum). Early
ring and mature gametocyte stages of the parasite are responsible for multiplication of the
disease in humans and its transmission to Anopheles mosquitoes. Very few drugs target these
two stages. Artemisinin (Art) is the most efficient antimalarial drug but it is now threatened by
emergence of Art resistance in South East Asia, India (A M Dondorp et al., 2009; Karbwang
& Na-Bangchang, 2020; WHO, 2019). There is therefore an urgent need for new potent drugs
or drug combinations that could target rings and gametocytes and bypass Art resistance.
Plasmodione (PD, Fig. 2.1), is a potent 3-benzylmenadione (benzylMD) drug candidate,
toxicologically safe and active on rings with killing speed similar to Art. It has low potential to
induce drug resistance and displays synergy with several antimalarial drugs including Art
(Ehrhardt et al., 2013; Ehrhardt et al., 2016). PD Kills parasites by generating oxidative stress
in parasitized red blood cells (pRBCs), mimicking the effects of glucose phosphate
dehydrogenase (G6PD) deficient RBCs, which confers to carriers natural protection from
severe malaria (M Bielitza et al., 2015). The interest of our research group is to decipher the
mechanism of action of PD and analogues. PD has been proposed to be bioactivated through
a cascade of redox reactions generating the key metabolite 3-benzoylmenadione (benzoylMD
1,), which is — under its oxidized form — an efficient substrate of both human and P. falciparum
glutathione reductases (GR) of pRBCs (T Miller et al., 2011). Under its reduced form, the
hydronaphthoquinone species transfers one electron to methemoglobin (Fe3*) (metHb), thus
entering into a continuous redox cycle. This scenario is relevant since both proteins, human
GR and metHb - a major protein of pRBC, actively contribute to hemoglobin (Hb) digestion.
However, PD was observed to be the most active against P. falciparum young rings and
gametocytes (Goetz et al in preparation)- the stages in which Hb digestion takes place at
significantly low rate. Because other oxidoreductases can theoretically provide electrons to
benzoylMD |, and notably in parasite stages distinct from trophozoites, such as rings and
gametocytes; we assume that there are multiple PD targets causing drug bioactivation and
parasite killing. PD is active on rings with a speed of action as fast as that of Art. However,
the precise targets and mechanism of action and PD drug targets are not yet known. We
addressed this question via click and fish strategy. Our lab is also interested in understanding
if PD and its analogues bMD30 and bMDA40 that present better bioavailability, could represent
novel drug leads to circumvent Art resistance. The effect of PD on lab-adapted patient isolates
with various Art resistances had been preliminary studied by Katharina Ehrhardt during her
stay at Institut Pasteur in Cambodia in 2014. Her results indicated cross resistance between
PD and artemisinin. Based on these data, in the beginning of my PhD, | contributed to establish
the Ring Survival Assay (RSA) in the laboratory to characterise the activity of PD and its
analogue bMD40 on the most Art sensitive (Art-S, IPC5188) and resistant (Art-R, IPC5202)
strains. Further steps of this project, including the development of a RSA FACS protocol to test
drug combinations that could alleviate resistance, and further characterisation of bMD activity
on gametocyte and transmission, have been taken over by another PhD researcher. Here, the
preliminary data for cross-resistance of PD and its analogue bMD40 is presented as well as
the antimalarial properties of PD and its analogues, with some additional observations | have
made while trying to optimise parasite culture conditions to obtain asexual and sexual stages.
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Figure 2. 1 (A) Summary of currently available antimalarial drug and their activity on different
asexual and sexual stages of P. falciparum parasite. (B) Properties of Plasmodione and its
analogues bMD30 and bMD40 (Structures are confidential).
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Results
Antimalarial activity (nM) of PD-analogues on sexual and asexual stages of P.

falciparum

PD-analogues bMD30 and bMD40 have improved pharmacokinetic properties compared to
PD. We evaluated their antiplasmodial activity on asexual stages of the P. falciparum
chloroquine-resistant strain Dd2 and on sexual stages of the NF54 line expressing a GFP-
Luciferase fusion under the control of a gametocyte specific gene pfs16 (S H Adjalley et al.,
2011) (Table 1). Our data show that the PD analogue, bMD30 is as efficient as Plasmodione
to kill parasites while the bMD40 concentration that kills half of the parasites is twice as high
as that of PD and bMD30. Still, bMD40 is the only benzylmenadione that is active on all
gametocyte stages with IC50s in the nM range, and a potent activity on stage V gametocytes,
with an ICs in similar to MB (Goetz et al in preparation), making it a very attractive new lead.

Table.1. Antimalarial activity (nM) of PD-analogues on sexual and asexual stages of P. falciparum

Drugs/PD/
PD-analogues

1C50 on asexual
stages of
Dd2- chloroquine

IC50 on sexual stages
(young gametocyte
stage I-ll) of
NF54 strain

IC50 on sexual stages
(mid gametocyte stage|
I-1V) of
NF54 strain

IC50 on sexual stages
(mature gametocyte
stage V) of
NF54 strain

resistant strain (Goetz et al in

preparation)*

(Goetz et al in
preparation)*

(Goetz et al in
preparation)*

Dihydroartemisinin 0.71+0.23 ND ND ND
Chloroquine 189 + 12 ND ND ND
Methylene blue 7+0.3 24 +12 59 +21 97 +18
Plasmodione 48 +3 31+29 ~ 5000 ~10 000

bMD30 42 +3 30+29 ~ 3800 ~ 8000
bMD40 92 +12 4+4 83+20 228 +58

One of my goals was also to confirm, in my hands, the results obtained by a former PhD student
of the laboratory on the gametocytocidal properties of 3-bMDs, and notably bMD40. For this, |
used the protocol described in Adjalley et al., 2011. Although | managed to obtain stage V
gametocytes, their numbers were too low to be able to perform a survival experiment
(Gametocytemia: Day 2: 1.3%, Day 4: 0.9%, Day 6: 0.6%, Day 8: 0.1%, Day 11: 0.1%). These
results are currently being repeated. Still the laboratory recently demonstrated that bMDs do
not only block transmission of murine malaria parasites to Anopheles mosquitoes, but that this
is also true for P. falciparum upon pre-incubation of stage V gametocytes with the compounds,
thus providing further evidence of the transmission blocking potential of bMDs.
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Figure 2. 2 Gametocyte induction of 3D7 strain of P. falciparum. Morphologically distinct
sexual stages of P. falciparum develop over 10-12 days. Stage | being similar in appearance
to the asexual trophozoite stage, it is indistinguishable. Stage Il onwards gametocytes begin
to elongate with microtubules and bear D shape, further elongated stage Ill have rounded
ends, and stage IV have pointed ends. The characteristic crescent shape of gametocytes is
achieved at stage V. After Giemsa staining the stage V females stain blue while male stain
pink. Males are thicker while females are more elongated and curved. Observed
gametocytemia: Day 2: 1.3%, Day 4: 0.9%, Day 6: 0.6%, Day 8: 0.1%, Day 11: 0.1% .

Growth of 3D7 is affected by the nutrient source

Parasites are usually cultured in medium complemented with human serum that is variable
from one batch to the other and may thus lead to variations in growth rate and IC50s. To test
whether we could replace the human serum with a synthetic supplement (albumax), we
measured the growth of the lab-adapted strain 3D7 (Chloroquine sensitive) in medium
supplemented with human serum and albumax. The 3D7 strain grow most efficiently (higher
multiplication rate = dynamic range in Fig 2.3) in medium complemented with human serum
compared to albumayx, irrespective of whether the culture was mixed or synchronized. Still,
3D7 parasites grow well in medium with albumax, and can be cultured in medium
supplemented by a mix of human serum and Albumax (HS/A, data not shown). Of note, the
thawing and culture of Art-R and Art-S parasites is also more efficient in medium supplemented
by HS/A in our hands (data not shown). For this reason, we now use medium supplemented
by both human serum and Albumax as our regular culture medium in the lab except for specific
applications (e.g. gametocytogenesis).
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Figure 2. 3. Evaluation of growth conditions of 3D7 chloroquine sensitive strain of parasites
after 72 hours in response to distinct nutrient sources such as 10% human serum and lipid rich
BSA i.e. 10% albumax (Gibco Cat. #11021-045) instead of serum.

PD and its analogue bMD40 show cross-resistance with Artemisinin

To confirm cross-resistance of bMDs with Art, we developed the “classical” RSA test in the
laboratory based on the protocol published by Witkowski et al., 2013, where young rings (0-
3h) are exposed for 6h to the compound and allowed to recover and resume their development
for 66h. Parasitemia and parasite status (live/dead) are then determined on a Giemsa smear.
Our first results confirmed the existence of cross-resistance of PD and bMD40 with Art (fig
2.4). Still we noticed a high variability between replicates (both within and between
experiments), including for the MB control, and, unexpectedly, a partial killing of Art-S parasites
at the chosen drug concentrations. Importantly, results are strongly dependent on multiple
technical and human factors, such as smear quality, ability to distinguish live and dead ring
stages, experience of person observing slides, number of counted fields and parasites. To
circumvent these issues and also increase the throughput of this test, we reasoned that the
FACS protocol developed by Amaratunga et al., 2014 would be a better alternative. Another
PhD student took up this challenge and adapted the published protocol to our laboratory
settings. He further analysed PD/MD40 cross-resistance and explored drug combinations to
bypass it.
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Figure 2. 4. Preliminary data of RSA to evaluate cross resistance of Plasmodione and
bMD40 with Art. Early rings of Art-R (IPC5202, n=2) and Art-S (IPC5188, n=1) parasite strains
were exposed to PD and bMD40 (2.5 uM and 5 uM), MB (1uM and 2.5 puM) and DHA (700 nM)
as a control. Results as per counting of ring stages from microscopic analysis of Giemsa
stained blood smears.

Conclusion

In conclusion, PD and its two analogues bMD30 and bMD40 display potent activity on asexual
stages as well as young gametocytes, but bMD40 only kills late stage gametocytes. In the
future, we would like to test a new analogue combining bMD30 and bMD40 modifications on
the 3-bMD scaffold to assess whether we could further improve the antimalarial properties of
this series.

Methods

Parasite strains and Culture conditions

Parasites strains used for these experiments are the following: WT 3D7 obtained from the
Malaria Research and Reagent Resource center (MR4, BEI resources, USA), chloroquine-
resistant Dd2 obtained from MR4 and Prof. Lanzer’'s laboratory (Heidelberg University,
Germany), NF54 expressing the GFP-Luciferase under the control of the Pfs16 gene obtained
from Prof. Fidock’s laboratory (Columbia University, New York, USA), and the Cambodian
artemisinin resistant IPC5202 and susceptible IPC5188 strains obtained from MRA4.

Intraerythrocytic stages of P. falciparum were cultured according to standard protocols with
slight modifications (Trager & Jensen, 1976). Parasites were maintained in a culture flask
75cm? with hematocrit 3.3-3.7 % at 37°C, humid atmosphere, 5% 02, 5% CO2 and 90% N2
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in a complete medium consisting of RPMI 1640 (Life Technologies Inc.) supplemented with 11
mM glucose, 27.5 mM, NaHCO3, 10ug/ml gentamycin, type A pure erythrocytes and 8-10%
heat-inactivated human serum for 3D7 Chloroquine sensitive and DD2 Chloroquine resistant
strains. For artemisinin-resistant (IPC5202) and artemisin-sensitive (IPC5188) strains, instead
of 10% human serum, a combination of 5% human serum and 5% Lipid rich BSA i.e. (albumax
Il, Gibco Cat. #11021-045) was used along with ca 4 of “conditioned” medium to maintain the
growth factors that help the parasite to multiply well in culture. Over the week, the parasitemia
was maintained between 1-3% by checking the cultures daily and splitting them accordingly.
Parasitemia and culture conditions were monitored by Giemsa staining of 100% methanol fixed
blood smears.

Note 1. For Art R and Art S: if P < 1%, replacing 1/2 of the CM by fresh CM was sufficient to
allow parasites to multiply to higher densities.

Note 2. Art-R and Art-S strains should not be splitted too low or maintained at too high
parasitemia. For optimal growth, parasitemia should be maintained between 0.5% - 6%. When
parasites are stressed, they start producing gametocytes or pyknotic stages. Before the
weekend, parasitemia is reduced to 0.5% and volume of medium can be increased to 25-30
ml but always with % of conditioned medium.

Note. 3. In case of planning RSA the next day, the culture medium was changed twice a day
for a culture with high parasitemia with mostly trophozoite stages.

|Cso assay of PD and its analogues bMD30, bMD40 with SYBR Green

Antimalarial activity is represented by ICso, i.e. the concentration of compound at which half of
the parasites are killed. The antimalarial activity of PD and its derivatives (bMD30 and bMD40)
was evaluated on 0-3 h old rings of the Dd2 (chloroquine-resistant) strain of P. falciparum. Our
ICso protocol is a combination of the ring survival assay (Ariey et al., 2014; B Witkowski et al.,
2013) and the ICsp assay based on SYBR green staining of parasite DNA (Beez et al., 2011;
Smilkstein et al., 2004). For this, 0-3h old rings (0.5% starting parasitemia and 3% haematocrit)
were prepared as for the RSA and exposed to 1/3 serial dilutions of PD, bMD30 and bMDA40,
methylene blue (MB) and Choloroquine (CQ) for 72h in microtiter plates. Each compound was
tested in duplicates in at least three independent biological experiments. Parasite replication
was assessed by fluorescent SYBR® green staining of parasitic DNA (Smilkstein et al., 2004)
as previously described (Beez et al., 2011). Briefly, after 72 hours of incubation with the drugs,
parasites were frozen at -80°C overnight. Parasites were then thawed and their DNA was
stained with the fluorescent SYBR green assay. Fluorescence intensity was determined on a
Promega plate reader at 591nm wavelength. In addition, untreated iRBCs at TO and T72 were
observed on a Giemsa stained blood smear analysis to follow the pattern of growth and
multiplication factor of parasites over time. ICso values were calculated using Prism 6
(GraphPad, log(inhibitor) vs. normalized response — Variable slope).
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Ring survival assay

The efficiency of PD and its derivative bMD40 for killing early ring stage of Art-S and Art-R
strains was determined according to the reported protocol (Witkowski et al., 2013). For this,
mature schizonts of highly synchronous parasite cultures were separated using 60% percoll
gradient and the mature segmented schizonts were incubated for 3 hours to allow reinvasion.
Remaining trophozoites and schizonts were then killed using 5% sorbitol. The 0-3h old rings
(0.5% parasitemia, 2% haematocrit) were exposed to high drug concentrations (700 nM DHA
as a control, 2.5 pM and 5 uM PD and bMD40, 1uM and 2.5 uM MB) for a period of 6 hours.
After 6h, the drug was removed and parasites were allowed to grow for another 66 hours.
Finally, parasitemia and parasite viability were determined at 72h on Giemsa stained blood
smears. The parasitemia and viability of untreated iRBCs at TO and T72 was also determined
to follow the pattern of growth and multiplication factor of parasites over time.

Parasite’s life cycle within erythrocytes:

Time p.i:  0-5min 16-20h

merozoite
invasion

ring trophozoite schizont egress

A - Standard drug-susceptibility assay (1C50 values) = not applicable for art-resistant strains!

v

Start: synchronous > t=72h:
ring stages 72h drug incubation Read out
B — Ring-stage survival assay (RSA, art-R) = detection of art resistance!
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Start':i:;gshlljy s?’ylr:u::rI —_— - t=72h:
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Abbreviations: p.i.: post invasion, h: hours Y Reinvasion Image: Maier et al., Nat Rev Microbiol, 2009, modified

Figure 2. 5 Experimental approach to test Plamsodione cross-resistance with Artimisinin.
Distinction between standard drug-susceptibility assay (A) and Ring Survival Assay (B).
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Gametocyte induction

The gametocyte induction was done as per protocol described in Adjalley et al., 2011 based
on nutrient deprivation and high parasitemia. 3D7 parasites with 10-13.5% parasitemia of ring
stages were synchronized tightly with 5% sorbitol over 2-3 growth cycles and maintained in
10cm Petri dishes with "2.5% haematocrit. On day -3, the cultures (trophozoite stages) were
diluted four-fold. On the following day (Day -2), gametocytogenesis was induced by feeding
the ring stages in cultures with a mixture of conditioned and fresh media (1:1). The next day,
cultures were diluted four-fold and cultures were kept untouched for another day (Day: 0) when
the commitment to gametocytogeesis is expected. The next day cultures were supplemented
with N-acetyl glucosamine (NAG; Sigma-Aldrich) at a final concentration of 50mM to get rid of
mature asexual stages like schizonts upon rupturing. The NAG treatment was continued for
next 2-3 cycles to eliminate all asexual forms, and methanol fixed blood smears stained with
Giemsa were observed to follow gametocyte development and gametocytemia until day 12.

3D7_Gametocyte induction
(nutrient deprivation & high parasitemia)

Start with: 10% rings (tightly synchronized)
Day -3 (trophs) Split culture to 1/4t
Day -2_(rings) Nutrient deprivation: Old medium + New medium
Day -1_(troph—>schizonts) Splitin 2 plates@ 3%P & 2.5% H
Day 0_(rings)Commitment to gametocytogenesis
Day 1_N-acetyl glucosamine treatment (NAG, to get rid of asexual stages)
Day 2 to Day 12: Observe, change media & treat with NAG

Figure 2. 6 Flowchart explaining different stages of gametocyte induction via nutrient deprivation ad
high parasitemia as explained in ( Adjalley et al., 2011).
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CHAPTER 3: Development of selective activity-based protein profiling
probes derived from the antimalarial drug Plasmodione

This chapter covers the design, synthesis, characterization, and functionality aspects involved
in the development of ABPP probes derived from the antimalarial drug plasmodione to identify
the drug targets. First, | spent 2 months in Prof. Katja Becker’s laboratory in Giessen, Germany
to learn the purification of His-tagged GR enzyme with criteria for proteomics studies, and to
measure enzyme kinetics. Organic chemists- (Ph.D. student Maxime Donzel, master students
Alba Zugasti and Joan Guillem, together with the postdoctoral researcher Dr. Leandro Cotos)
in our research group synthesized all probes mentioned in the study. My role was to validate
the clickability and photoreactive properties of the 3-benzoylmenadione-based probes for the
proof of concept of the ‘fish’ and click strategy using modified amino acids as chemical models
of peptides and protein. Standardization of the click reaction conditions was an important
contribution of my work focused on the reactions of ABPP probes and rhodamine azide in
agueous conditions. This involved standardization of HPLC-MS conditions for the click reaction
analysis in collaboration with Jean-Marc Strub and Christine Schaeffer from the Laboratoire
de Spectrométrie de Masse BioOrganique (LSMBO) at IPHC, UV-vis spectral analysis, and
fluorometric analysis of every reaction. Further, | standardized the photoreaction conditions
using modified amino acid as a model using a UV monochromator and analyzed the extinction
co-efficient of all the probes. | initiated setting up the photoreaction conditions using protein as
a model; they were further adopted and standardized by the postdoctoral researcher Dr.
Bogdan Cichocki. In parallel to my work, B. Cichocki also set up conditions for analysis of
peptide and proteins crosslinking by LCMS/MS analysis and adapted click reaction conditions
in phosphate buffer using biotin azide instead of rhodamine azide to be able to extract and
purify the probe crosslinked protein after click reaction. Additionally, the impact of the BCDA
as a ligand instead of THPTA in click reaction was exploited in this study.

To sum up, by combining the photoirradiation of the PD-derived ABPP probes and the click
reaction with different azides - probe 7 with a 4’-alkyne group and probe 9 with a 4’-nitro -
proved to be the most efficient photoreactive and clickable probes. Probe 4 with good
antimalarial activity is a promising candidate for identifying drug targets in parasites.
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Abstract:

Malaria is a fatal disease caused by the parasite Plasmodium falciparum. Artemisinin (Art) is
the most effective antimalarial drug, but it is threatened by the emergence of resistance to Art
in Southeast Asia. There is therefore an urgent need for new agents or artemisinin
combinations that can target rings and gametocytes, which are parasitic stages involved in Art
resistance and malaria transmission to mosquitoes, respectively. Plasmaodione (PD) is active
on rings with a speed of action as fast as that of Art. However, the precise targets of the PD
are not yet known. Therefore, the design of chemical tools, designed as PD-activity-based
protein profiling (PD-ABPP) probes, is essential to identify the PD interactome and to elucidate
the mode of action involved in the antimalarial action of PD. This research is oriented towards
a 'fish & click' strategy with photoreactive and clickable probes to identify potential targets of
PD derivatives in parasites. To this end, we deeply characterized the functionality of PD-ABPP
probes for photoreactivity, clickability and antimalarial activities as criteria to recognize the best
PD-ABPP probes to be used in parasites. The electron-withdrawing group of the PD derivatives
proved to be an important factor for the photoreactivity of PD-ABPPs as compared to the
benzophenone. Probe 7 with an alkyne group or probe 9 with —NO; in para position of the
benzoyl chain were the most efficient photoreactive and clickable probes. Finally, the
antimalarial activity of probe 11, which is the parent 3-benzylmenadione prodrug of one of the
two most efficient PD-ABPP probe 7, displayed antimalarial effects as potent as those shown
by PD. In the future, this work will allow the detailed study of the interactome of this new early
lead antimalarial drug called plasmodione with an innovative mode of action.

Keywords: antimalarial — benzophenone — 3-benzyl(o)menadione — click - photoaffinity labeling
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Introduction

Besides numerous genetic approaches to decipher drug modes of action (MoA),
chemical strategies for functional proteomics have been developed in the recent years with
the activity-based protein profiling (ABPP) being one of the most specific (Galmozzi et al.,
2014). This indirect, unbiased and alternative methodology for identifying drug / drug
metabolites interactors in diverse organisms has successfully detected protein partners of
miscellaneous biomolecules such as lipids, nucleic acids, amino acids, glycoproteins, or
polysaccharides and even post translational modification (see the pioneer work from Cravatt
BF et al. with the first reports about HDAC inhibitors from Salisbury CM et al., 2007 and 2008;
Whitby LR et al., 2017). ABPP allows monitoring and dissecting a drug interactome from
complex proteomes in their native forms. This is achieved by the design and synthesis of
small drug-activity based probes that can react with the protein targets. The selective
separation of the drug-protein adducts from the whole proteome is made possible by the
Cu(l)-catalyzed alkyne-azide click reaction (CUAAC), also known as the seminal Huisgen
reaction adapted for biological chemistry and proteomics purposes (Rostovtsev et al., 2002;
Lewis, L. G. et al.,2002). The ABPP probe consists of three general functional chemical
elements: (1) a recognition group — drug/metabolite that has affinity to specific proteins
defined as interactome; (2) a reactive group — either electrophilic or photoreactive that favors
crosslinking or covalent binding of the probe to the target; (3) a reporter group/tag (like alkynes
or azides) enabling to react with a partner in the click reaction (like azides or alkynes)
functionalized by either a fluorophore for visualization of the drug-protein adducts or a
chromatography affinity tag for enrichment and identification of the adduct (Parker & Pratt,
2020). An important advantage in ABPP field is the enlargement of the pool of chemical
probes that trap representatives of various enzyme classes with complex catalytic activities
that covers the proteome as broadly as possible. In the case of the flavin-dependent
oxidoreductase family, the design of clickable ABPP probes was limited to the cytochrome
P450 (Wright A. T. et al., 2009), 2-oxoglutarate oxygenases (Rotili D et al., 2011), amine
oxidases (Krysiak JM et al., 2012; Burke AA et al., 2018).

Since several years, we have an interest in NAD(P)H-dependent flavoenzymes from
the malarial parasites that have been proposed as one of the possible targets of an
antimalarial early lead agent, the 3-[4-(trifluoromethyl)benzyl]-menadione, called
plasmodione (PD, Fig. 3.1). The initial studies have focused on the chemical reactivity of this
1,4-naphthoquinone, and of its key putative metabolites, the 3-benzoylmenadiones, which
were shown to act as effective subversive substrates of recombinant glutathione reductases
(GR) from human and P. falciparum in vitro. Human GR is a homodimeric NADPH-dependent
FAD-containing enzyme (GR; EC 1.8.1.7) that belongs to the family of NADPH-dependent
oxidoreductases possibly involved in PD bioactivation in parasitized red blood cells (pRBCs)
(Muller et al. 2011). The homodimeric flavoenzyme catalyses the reduction of glutathione
disulfide (GSSG): NADPH + H* + GSSG == NADP* + 2GSH (eq. 1). Human GR, in concert
with the glucose-6-phosphate dehydrogenase (G6PD) in the pentose phosphate pathway
(PPP) protects red blood cells (RBCs) from oxidative stress by constantly generating a flow
of reductants. According to the previous GR inactivation studies, the suicide-substrates such
as the fluoromethylmenadione derivative, namely fluoroMs not only inhibits the GR activity but
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also itself gets reduced by the enzyme at the NADPH-reduced flavin, which is present in trace
amount (less than 2%), but is in equilibrium with the major two-electron reduced species EH»
in the catalytic cycle (Bauer et al., 2006). The major form EH2 that has a reoxidized flavin and
an active dithiol in the active site is responsible for GSSG reduction.

Despite structural similarities, plasmodione is not a drug analogue of the antimalarial
drug atovaquone, which targets the bcl complex of the mitochondrial electron transfer chain.
Transgenic parasites rendered resistant to atovaguone by expressing the yeast
dihydroorotate dehydrogenase displayed non-changed sensitivity towards PD (Ehrhardt et
al., 2013). Furthermore, recent studies in yeast identified Nde2, a NADPH-dehydrogenase
type Il of the mitochondrial respiratory chain, as a main target of PD, with GR and two other
oxidoreductases (Mcrl and Lpdl1) being minor targets (Mounkoro et al., 2019). Two major
proteins present in pRBCs, GR and methemaoglobin, could account for the PD bioactivation
pathway in the asexual stages, i.e. the trophozoites, where hemoglobin digestion takes place.
However, because other oxidoreductases can compensate for the low level of GR activity in
parasite stages distinct from trophozoites, such as rings and gametocytes; we assume that
there are multiple flavoenzyme targets that can cause PD bioactivation and parasite killing.
These models support that PD activates via redox cycling, PD targets are flavoenzymes and
PD is a pleotropic agent, but there are still some limitations because 1. the comparing:
between extracellular studies of yeast-can not mimic intracellular parasite metabolism and
targets. 2. homology between P. falciparum & P. berghei is 70%, so this difference between
two species suggest different metabolic targets. 3. It is not possible to make PD resistant
parasites since the parasite starts regrowing upon removal of drug pressure (Ehrhardt et al
2016) 4. Knockout of GR for it being essential gene in P. falciparum is not possible (Goetz et
al unpublished data). Therefore, we need an unbiased approach to identify PD targets in the
parasites for which in my PhD, we used Click and Fish approach.

According to the literature, several studies have been conducted using “fish and click”
approaches with drug-ABPP probes for the detection of drug targets in P. falciparum
(Penarete-Vargas et al., 2014; Wright et al., 2014; Wang & Li, 2016; Ismail et al., 2016; Lubin
et al., 2018). Three of them (Wang et al., 2015; Ismail et al., 2016; Jourdan J. et al., 2019)
exploited a non-photochemical reaction to generate the drug-protein adducts. The
endoperoxide-based drugs were bioactivated by ferrous iron (Fe?*) to form the carbon-
centered radicals effective to alkylate interacting parasitic proteins. Such a proteomics
approach with chemically reactive probes that alkylated nucleophilic proteins non-specifically
within cells open possibilities of false positives in which alkylation events not directly linked to
parasite killing (of the relevant stages) should be considered (Wang & Li, 2016). Indeed,
detection of false positive targets were reported by previous researchers (Ismalil et al., 2016;
Lubin et al., 2018; Penarete-Vargas et al., 2014; Wright et al., 2014; Jourdan J. et al., 2019).

Additionally, we anticipate that abundance of proteins expressed in parasites during
drug treatment is variable and depends on different stages of parasitaemia. While
trophozoites stages can be enriched by using magnetic beads, it is not the case of rings and
gametocytes, which require highly synchronized cultures albeit with quite high dilution with
non pRBCs. In practice, asexual and sexual stages of malarial parasites in pRBCs are
cultivated in vitro with 2-10% parasitaemia usually. Thus, during any ABPP study, actual drug
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targets expressed in traces would be difficult to distinguish from unspecific labelled but

abundantly expressed proteins recovered in the HPLC MS/MS analysis. Indeed, linking drug

effects from complex reactions to killing processes/targets in parasites is one of the hardest

steps when studying the MoA of any antimalarial agent.

For this reason, we considered it is essential to study in depth new chemical probe models and
define standardized conditions for their use, before target validation in parasites. Therefore,
the focus of the present study was the design of relevant and specific PD-ABPP probes to
establish a proof-of-concept with an isolated protein model before approaching the
identification of the parasite targets of the antimalarial drug PD and its analogues in the
parasites. In this chapter, we describe the synthesis of five new specific PD-ABPPs along with
inhibition, photolabeling experiments, click reactions, and antimalarial activitiy studies.
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a) Bioactivation of Plasmodione: upon internalization in the parasite, plasmodione (1) is proposed to generate the drug metabolite (2) by
benzylic oxidation (step (1), the 3-benzoylmenadione (benzoylMD), which, under its oxidized form, possesses a photoreactive benzophenone-
like moiety (indicated in red). This metabolite is further reduced (step (2)) and, under its reduced form (3) takes part in oxidoreductase-mediated
redox-cycling (step (3)) leading to ROS inducing parasite death. In addition, the generation of a third metabolite, namely the benzo[c]xanthen-7-
one (benzoxanthone) derivative 4, has been envisioned as one possible metabolite generated through an oxidative phenolic coupling reaction
from the le-reduced benzoylMD 3 radical (step (4)). Since glutathione reductase is one of the oxidoreductase involved in the redox cycling, in P.
falciparum we used it as a protein model to analyse both photoreactivity and clickability of the Plasmodione-activity based probe (PD-ABPP). b)
Plasmodione-activity based probes (PD-ABPP): The scaffold of the PD-ABPP probes 7-11 is a photoreactive 3-benzoylmenadione,
functionalized by different electron-withdrawing groups in para position (-CFs; or -NO; or -alkyne) affecting their photoreactivity. 3-
Benzylmenadiones (such as plasmodione, 5, 11) are not photoreactive per se while the probes 6-11 in the the benzoylMD series are photoreactive.
The reporter group of PD-ABPP probes is a terminal alkyne group, which can react with an azide upon click reaction. c) The fish & click
chemistry-based approach is aimed at identifying drug activity-based protein profiling. First, parasites are incubated with a PD-ABPP probe.
Upon UV irradiation covalent crosslinking of PD-ABP to its potential targets is expected to occur. Further, a reporter click reaction between the
probe-derived alkyne and the fluorescent rhodamine azide (strategy 1) or biotin azide (strategy 2) reveals successful crosslinking of probe to
proteins, which can be analyzed by SDS PAGE and/or LC-MS/MS followed by bioinformatics. d) Ligands used in this study: water insoluble-
TBTA, water soluble-THPTA and disodium bathocuproine sulfonate (BCDA) stabilize Cu(l) catalyst in the click reaction. e€) Reductants, NaASc or
TCEP, were used in the click reaction for standardizing the detection of PD targets expressed even in traces. f) Azide partners used in this study:
the fluorescent rhodamine azide and the biotin-PEGs-azide.
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Results and discussion

Design of 3-benzoylmenadiones as photoreactive probes

Our unigue strategy for designing the PD-ABPP is leveraged from the postulated MoA
of PD (T Muller et al., 2011). PD is a 3-benzylmenadione that is anticipated to act as a prodrug
generating in situ a key metabolite, the 3-benzoylmenadione 2, upon PD bioactivation (i.e.,
benzylic oxidation, Fig 3.1a). This metabolite 2 enters a NADPH-dependent oxidoreductase-
promoted redox cycling producing a continuous flux of oxidative stress and toxic metabolites,
including the reduced 3-benzoylmenadione 3 (i.e., via 1 or 2-electrons transfer) and the toxic
benzoxanthone 4, and along with haemoglobin catabolites identified as membrane-enriched
hemichromes. The latter are known to act as biomarkers of RBC aging that trigger early
phagocytosis by macrophage. Therefore, the 3-benzoylmenadione-mediated bioactivation
pathway results in the specific removal and clearance of the parasitized RBCs (Bielitza et al.,
2015). Interestingly, the PD-derived metabolite 2 possess in its structure the 2-benzoyl-1,4-
naphthaledione group that could behave as a 2-benzonaphthone precursor (Oelgemoller et
al., 2002). Therefore, we assumed that the PD-derived benzoylmenadione might have the
potential intrinsic photoreactive benzophenone-like structure per se and thus permit the
spontaneous covalent capture of targets upon photoirradiation. We designed photoreactive
probes mimicking the translation of a chemically inert prodrug (PD) to its active metabolite — a
3-benzoylmenadione species generated through metabolism in the pRBC - interacting to its
biological site/target before it is photoirradiated into alkylating species. Such probes might
show high spatiotemporal control of targeted enzyme recognition/alkylation and drastically
lower non-specific binding. Noteworthy, no additional bulky photoreactive group was
introduced into the PD metabolite structure. Furthermore, the newly designed ABPP probes 7-
11 were functionalized in the benz(o)yl chain, by a reporter alkyne group known to bring
minimal structural perturbation.

First, by comparing the inhibition and the kinetic parameters shown by five menadione
derivatives tested as GR inhibitors and subversive substrates (Table 1), the 3-
benzoylmenadiones displayed the most efficient inhibition capabilities of both GR-catalyzed
GSSG reduction and redox-cycling activities with the parasitic GR, respectively. As previously
reported, this agrees with the higher oxidant character of 3-benzoylmenadiones versus 3-
benzylmenadiones or menadione (Elhabiri et al, 2015; Sidorov et al., 2016).
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Scheme 1A. Menadione and its hexanoic acid derivative Ms, the 3-benzylmenadione 5 substituted by a
4’-nitro group (5, P_TM37, 1g from Miller et al. 2011), and the 3-benzoylmenadiones substituted either
by a 4’-nitro (6, P_TM40) or a 4’-carboxylic group (12, P_TM22 from Mdiller et al., 2011) .

s Kwm Keat keat [ Km
Compound 1Cso (WM) (1M) (sY) (mM1ts?)
PfGR hGR in PfGR assay

menadione 42.0 27.5 0.082 0.16 1.95

Ms° 4.5 3.2 0.109 0.103 0.95

5 (P_TM37)d nd nd nd nd nd

6 (P_TM40)*° 0.8 0.4 0.018 0.14 7.78

12 (P_TM22)%d 1.1 0.7 1.325 1.86 1.40

2in the presence of 100 pM NADPH and 1 mM GSSG; ° Values from ref. Biot et al., 2004;

¢ Compounds 5, 6 and 12 were previously reported under product codes 1g, 3g, 3f,
respectively, in ref. Miiller et al, 2011; ¢ Values from ref. Miiller et al, 2011. Re-precipitation
of the compound5 (P_TM37=BJ323) in the cuvette above 10 uM prevented ICso and kinetic
parameters determination.

Table 1. Glutathione reductase inhibition parameters expressed as ICsp values and
Plasmodium falciparum glutathione reductase-catalyzed naphthoquinone reduction for
menadione derivatives as compared to menadione.

Benzophenone is a widely used as a photoaffinity labeling reagent in biochemistry and
cell imaging (Dorman & Prestwich, 1994; Dorman et al., 2016). The substitution pattern of
benzophenone is known to affect the photoreactivity significantly. Upon photo-irradiation at
350 nm (i.e., absorption of benzophenone) that promotes the formation of the n1* triplet state,
a ketyl diradical is generated (Scheme 1). This ketyl diradical is indeed key in the progress of
several procedures as coupling, disproportionation, and hydrogen transfer reactions (Dorman
et al., 2016). Once formed, this diradicaloid triplet state displaying an electrophilic electron-
deficient oxygen n-orbital is prone to interact with weak C-H 1 bonds, promoting a
hydrogen(H)-abstraction to complete its half-filled n-orbital (Scheme 1). It should be noted that
benzophenones with electron withdrawing groups promote more efficiently this process owing
to their low-lying ntr* triplet states that allow fast H-abstraction. This push-pull effect (termed
captodative effect) leads to an increased stability of the radicals — solvent-dependent — when
each aromatic ring on either side of the carbonyl group of the benzophenone scaffold is
substituted by very strong polarizable donor and acceptor substituents (Viehe et al., 1985;
Peterson and Winter, 2019). By contrast, electron-donating groups and/or electron
delocalization within aromatic or conjugated systems cause a partial shift of the electron
transition from n1r* to TrIT* making the latter triplet state much less reactive with respect to H-
abstraction. This was exemplified with the p-cyano-substituted benzophenone versus p-
unsubstituted benzophenone in photocleavage of DNA (Nakatani, K. et al., 1998). The n1r*
state is related to an overlap between the n C=0 and the C-H [J orbitals. With respect to the
TITT* state, the electrons of the 1 and 1* orbitals are delocalized over the carbonyl and the
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aromatic rings making a rapid attack by C=0 on the C-H unlikely. Consequently, electron-
withdrawing groups in para of the benzophenone might increase the efficiency of H-
abstraction.

Hdonor R alkyl radical R
23 2HN NS
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Scheme 1. Reactions of benzophenone upon irradiation.

To validate the hypothesis of the intrinsic photoreactivity properties attributed to the
benzophenone-like structure, we studied five menadione derivatives in P. falciparum GR
inhibition studies, and photochemical reactions (Scheme 1A.) — menadione and its hexanoic
acid derivative Ms from Biot et al., 2004, the 3-benzylmenadione 5 substituted by a 4’-nitro
group (5, P_TM37, 1g from Miuller et al. 2011), and the 3-benzoylmenadiones substituted
either by a 4’-nitro (6, P_TM40) or a 4’-carboxylic group (12, P_TM22 from Mdller et al., 2011)
— tested as both human and P. falciparum GR inhibitors and subversive substrates of P.
falciparum GR. We first compared the photoreactivity of the 3-benz(o)ylmenadione 5-6 pair
(P_TM37 and P_TM40) (Fig. 3.2) in comparison with benzophenone (Fig. S3.2) to evaluate
whether the keto group of the benzoyl chain is essential for photoreaction. This was evaluated
using N-acetyl-methionine methyl ester (N-Ac-Met-OMe = P_TM52, shortened as nMet) as a
model of protein partner using the following conditions: 4 °C, overnight (17h), UV irradiation
with a Rayonet photochemical reactor containing 16 lamps, total 224W of intensity at 350 nm.
The regioselectivity of the formation of the insertion product was not studied here because
previous studies demonstrated that methionine, the most photoreactive amino acid among the
20 amino acids found in proteins, and its N-Ac-Met-OMe derivative are predominantly alkylated
at the side-chain in a-position to the sulphur, i.e. at the CHs group as well as at the CH; group
(Deseke et al., 1998; Wittelsberger et al., 2006). The products of photoreaction were analyzed
by field desorption-mass spectrometry (FD-MS). As observed in Fig. 3.2, the insertion product
of the 3-benzoylmenadione derivative 6 (P_TM40) and nMet displayed a mass peak at m/z
526.14. Under the same photoirradiation conditions, the photoreactive benzophenone
generated the insertion product with nMet upon photoirradiation as attested by the presence
of mass peaks at m/z = 387.2 (M*), and 369.2 (M*-H;0) (Fig. S3.1). No insertion product was
observed for the 3-benzylmenadione derivative 5 (P-TM37) (Fig.S3.1) demonstrating that the
3-benzoyl chain is essential for the photoreactivity of the benzoylmenadione derivative
P_TMA40. Interestingly, because probe 6 (P_TM40) is photochemically reactive per se, a pre-
reduction step in the presence of the NADPH/GR is not essential to form the insertion product
through the prior generation of the 3-benzoyl-dihydronaphthoquinone, likely because the latter
was generated by photoreduction upon photoirradiation (Oelgemoller et al., 2002, Mitchell et
al., 2013). It is the first time that the photoreactivity of 3-benzoylmenadiones is demonstrated
in ABPP applications.
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Figure 3. 2 Mass spectrometric analysis of photochemical reaction mixtures

Field-desorption mass spectrometry analyses of the photochemical reaction mixtures of (panel
A) the 3-benzoylmenadione 6 (P_TM40) or (panel B) the 3-benzylmenadione 5 (P_TM37)
derivatives, in the presence of the diprotected methionine nMet (P_TM52).

As far as the 3-benzoylmenadione is concerned, we were unable to observe by FD-MS under
the same experimental conditions the insertion product of 12 (P_TM22) with the carboxylic
acid function in para- to the benzoyl ring (Fig. S3.1), in contrast to the reaction with the p-nitro-
benzoyl derivative 6 (P_TM40). This result might be explained by the fact that, under agueous
solution, the carboxylate is not an electron-withdrawing group (EWG) but rather donor or even
neutral (Hansch C. et al., 1991); some photochemical decarboxylations were also reported
(Cosa G., 2004). Thus, the promising kinetic and photochemical properties of probe 6
(P_TMA40) convinced us to design the new PD-ABPP probes 7-11 (Fig. 3.1b) functionalized by
different EWGs in para position of the benz(o)yl chain and by an additional reporter group, i.e.
an alkyne function, which is prone to be reactive with fluorescent or biotin azides in the click
reaction. Noteworthy is that the p-alkyne group can be considered both as the reporter group
for the CuAAC reaction, but also an EWG to favor the formation of an insertion product upon
photoirradiation (Bizier NP et al., 2013; Chen et al., 2010).
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Synthesis of clickable 3-benz(o)ylmenadiones as PD-ABPP probes

Each of the 3-benzoylmenadiones alkyne derivatives 7, 8, 9, and 10 was synthetized
using as a key step, the Friedel & Crafts acylation, recently described by our team (Cotos et
al., 2020).

. . . i
Starting materials: menadione ; 1,4-dimethoxy-3-methylnaphthalene
65%
CF3 CF3 CF3
ii) iiii)
HO ———— HO —— HO
NO, quant. NHz 749 I
[¢] [¢] o
3-nitro-4-(trifluoromethyl) 3-amino-4-(trifluoromethyl) 3-iodo-4-(trifluoromethyl)
benzoic acid benzoic acid benzoic acid
A.
OMe OMe OMe o]
1 1 1
OOV —— OO O, —=— O o, == 00 o0
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- 1.1 R2 = 12— 2 _ : ,
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= = 9 = - =
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- OO 00 - OO O - o
7 s - >
F 0 N o
OMe OMe O OMe O o O
1,4-dimethoxy-
3-methylnaphthalene 9b, R = NO,, 82% 9c¢, R =NO, 65% 9,R=NO, 65%
10b, R = CF3 67% 10c, R = CF3 75% 10, R = CF3 75%
C.
(0] (0] OMe (0] P
Q) - - OO -
= - - - >
81% 56% 72%
(e} [¢] OMe o
menadione 11a v) 90% (,1"" R=1 1
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Reaction conditions:

i) 1. SnCl,, cc HCI, EtOH, rt, 2 h, 2. Me,SO,, acetone, KOH, MeOH, 60°C, 4h ; ii) 10% Pd/C, EtOH, rt, overnight ; iii) 1. NaNO, HCI,
0°C, 1h, 2. Kl, I, rt, 1h and then refux, overnight ; iv) A. 4-iodobenzoic acid, 3-iodo-4-(trifluoromethyl)benzoic acid B. 4-nitro-3-
fluorobenzoic acid, 3-fluoro-4-(trifluoromethyl)benzoic acid, TFTOH/TFAA ; v) Cul, Pd(PPh3),Cl, NEt; rt, 16h, HC=C-TMS; vi) TBAF,
THF, ret, 1.5 h ; vii) CAN, H,O/MeCN ; viii) K,CO3 DMF, propargylic alcohol ; ix) 4-iodophenylacetic acid, AQNO3 NayS,0g,
MeCN/H,0, reflux, 4h.

Scheme 2. Synthesis of the 3-benzoylmenadiones 7, 8, 9, and 10 (paths A. & B.) through the
Friedel-Crafts reaction variant (Cotos et al, 2020) and of the 3-benzylmenadione 11 (path C.)
through the Kochi-Anderson reaction (Kochi and Anderson, 1965).

Using the electron-rich 1,4-dimethoxy-2-methylnaphthalene (i.e., as aromatic nucleophile)
and readily synthetic available benzoic acids (i.e., as acylating agent) as starting materials,
this reaction variant allowed us to prepare the corresponding 2-benzoyl-1,4-
dimethoxynaphthalenes intermediates (7b-10b) in mild conditions, as key intermediates, to
achieve in a few additional steps the desired chemicals probes, described in paths A and B
(Scheme 2). The four benzoyl-1,4-dimethoxy-2-methylnaphthalenes 7b-10b were obtained
with 47%, 66%, 82% and 67% yield, respectively. Noteworthy is to mention that without the
Friedel-Craft reaction variant the 3-benzoylmenadiones functionalized by an alkyne group
could not have been produced easily (i.e., see the different synthetic pathways discussed in
Cotos et al., 2020). A Sonogashira pallado-catalyzed coupling allowed the trimethylsilane
(TMS)-protected alkyne insertion, starting from the iodinated aromatic compounds 7b-8b, to
obtain efficiently intermediates 7c-8c. These were successively deprotected in 7d-8d, first with
TBAF, and then by CAN to afford both desired alkynated 3-benzoylmenadiones 7-8 upon
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oxidative demethylation. For the synthesis of alkynes 9c and 10c, propargyl alcohol was first
submitted to a nucleophilic aromatic substitution reaction on the electron-poor fluorinated
aromatic intermediates 9b and 10b, leading to the targeted quinones 9 and 10 after oxidative
deprotection with CAN.

3-Benzylmenadione 11 was synthesized from menadione through the Kochi-Anderson
reaction (Kochi and Anderson, 1965) according to path C in a 5-step route (Scheme 2). 3-
Benzylmenadione 11a (80%) was produced by benzyl radical addition from 4-iodophenylacetic
acid and menadione. Benzyl radical was generated from 4-iodophenylacetic acid, by radical
decarboxylative process in the presence of silver salts catalysis and stoichiometric amounts of
the oxidant Na>S>0g. Owing to the incompatibility of the methyl group of 11a in basic medium,
it was not possible to introduce the alkyne moiety directly on the quinone by palladium cross
coupling reaction (Sonogashira reaction). Consequently, the benzylmenadione 1la was first
reduced with SnCl, in acid medium to the corresponding 2-(4-iodobenzyl)-3-
methylnaphthalene-1,4-diol intermediate, which without further purification, was quickly
protected to the 2-(4-iodobenzyl)-1,4-dimethoxy-3-methylnaphthalene intermediate 11b (56%)
by methylation using dimethylsulfate. Then, this iodo derivative 11b was submitted to the
pallado-cross coupling reaction, using ethynyl(trimethyl)silane in excess. This reaction
successfully promoted the formation of the TMS-protected alkyne 11c in excellent yield (90%).
The TMS group was removed from 11c by TBAF to obtain the free terminal alkyne 11d (97%),
and the 1,4-quinone moiety was recovered by oxidative demethylation following addition of
cerium ammonium nitrate in acetonitrile/ water mixture to obtain in good yields (66%) the
targeted 3-benzyl-[4’-alkynyl]-menadione 11.

Characterization of the ABPP properties of PD-based probes

Standardization of UV crosslinking parameters using PD-ABPP and nMet as
protein model

Photoreactivity of the PD-ABPP probes was evaluated under the same photoreaction
conditions used for the model reaction between nMet and probe 6 (P_TM40) discussed above.
By contrast with the former reaction, PD-ABPP and nMet were irradiated for 2 minutes in a
high-intensity 1000W UV monochromator. We observed that among the five PD-ABPP the
photoreaction preferably occurred with probes 6, 7 and 9 bearing strong EWG (-NO; and
alkyne) in para-position in accordance with yields for starting probe consumption and photo-
generated product calculated from the 'H NMR spectra (Table 2, Fig S3.2 to Fig. S3.4). For
probes 8, 10, and benzophenone, the 'H NMR data did not allow to calculate the yields of
probe consumption or of formed products because signals were either too small or mixed with
other signals. Additionally, we determined the spectrophotometric characteristics (emax and
Amax) Of all the PD-ABPP probes, probe 6 (P-TM40) and benzophenone (Fig. S3.5). Based on
these data, we can conclude that, upon judicious functionalization, benzoylmenadione probes
can be photoreactive per se and be used to covalently trap probes-bound targets in an ABPP
approach.
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Table 2. Photoirradiation of N-acetyl methionine acid methyl ester (nMet) and probes 6, 7, or
9 in acetonitrile®.

& (ppm) / signal shape for each Residual probe (%) Formed products
ProbeP probe and photogenerated product
from 'H NMR spectra

6 8.07 (dd) / 8.04 (dd) 69 31
7 7.60 (dd) / 7.38 (dd) 75 25
9 7.51 (dd) / 7.40 (dd) 61 39

@ Reactant concentrations: 20 mM of probe (1, 32.1 mg, 0.1 mmol), and 100 mM of nMet (5 equiv.,
102.6 mg, 0.5 mmol), were dissolved in 100% acetonitrile (Reaction vol. 200 pl) under strict
deoxygenated conditions using argon vacuum cycles. The mixture was exposed to 1000W hv
monochromator from Alexander Specht’s laboratory at lllkirch, Strasbourg for 2 mins, at room
temperature. Calculated yields of residual probe and coupling products formed based on 1H-NMR
spectra of crude reaction mixtures. ? Structures of the probes are given in Figure 1 of this chapter.

Characterization of clickability property of PD probes using azide models

To further demonstrate the feasibility of PD probes for protein target identification we validated
the click reaction properties of PD-ABPPs. The click reaction is crucial for the analysis of
complex proteomes as it allows to attach a pulldown-tag to the adducts. Subsequent adduct
enrichment through the pulldown-tag affinity enhances correct peptide identification during MS
analysis.

In this study, the PD-ABPPs (Fig. 3.1b) display different groups such as -alkyne, -CF3, or -NO..
The alkyne group was functionalized at different positions of the benz(o)yl ring. In addition, the
alkyne group was either directly inserted to the phenyl ring of the benz(o)yl chain or via an O-
CHz; linker. This series of PD-ABPP was of crucial importance to assess the position and length
of the linker necessary to lead to improved reactivity and efficiency for 1,2,3-triazole formation.
To select the best probe for identifying the PD interactome, we first evaluated the clickability of
different PD-ABPPs using distinct azides. The commercially available fluorescent rhodamine
azide (RA) was used to develop reaction conditions with high yield of the product while the
biotin-PEG3-azide (BA) was employed to enrich proteins by streptavidin-biotin affinity through
a prior ligation of the probe with biotin by the click reaction.

Standardization of click reaction using rhodamine azide

First, we revisited the conditions of this click reaction and assessed the importance of each of
the partners in this reaction. The stability of Cu(l) complex was first investigated in the presence
of two different reductants, sodium ascorbate (NaASc) and tris(2-carboxyethyl)phosphine
(TCEP), with or without the water-soluble ligand, tris-hydroxypropyltriazolylmethylamine
(THPTA). We observed that TCEP induces significantly higher yields of Cu(l)-ligand complex
formation than NaASc in the presence of THPTA (Fig. S3.7). The formation of the Cu(l)
complex is optimal for a 1:1:1 stoichiometric mixture of CuSO4: THPTA:TCEP while the use of
excess of TCEP results in a precipitation reaction that increases over time (Fig. S3.7). On the
other hand, it has been previously reported that NaASc-based click reaction produced high
yield of the click product in excess of NaASc (H. Li et al., 2013; S. Li et al., 2017, MigueI-AviIa
et al.,, 2018). However, we observed that NaASc-dependent click reactions were always
associated with the precipitation even at 100 uM concentration of the reductant in the presence
of either TBTA or THPTA ligand (data not shown). We thus decided to perform the click
reactions with TCEP as a reductant rather with NaASc.
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Considering the high sensibility of the cuprous complex to oxidation, we used strict oxygen-
free conditions for the click reactions. Further, the yield of the reaction was optimized by using
several sequential additions of the pre-formed Cu(l) complex (i.e., pre-incubation reaction) at
different time intervals, i.e. by dispensing successive doses of the pre-formed Cu(l) complex
(i.e., from CuSO4: THPTA: TCEP in 1:1:1 ratio). The Cu(l) complex pre-formation allowed us
to avoid side reactions resulting from pre-incubation between the substrates and products with
reductant, i.e. we observed that the commonly reported Staudinger reaction (Saxon & Bertozzi,
2000) occurs within less than a minute between rhodamine azide and TCEP at above 100 uM
TCEP. Especially at 500 uM and 1 mM TCEP, the side reactions could be prominently observed
by recording absorption spectra as well as HPLC-MS analysis (Fig. S3.10).

Next, we added 8.33% of DMF to the Cu(l)-ligand forming reaction, considering that organic
solvent might influence the rate of triazole formation as previously reported (Stanislav I.
Presolski et al., 2010). Surprisingly, we found that omitting DMF in the pre-incubation reaction
and adding it to the reaction instead led to sharp decrease (4x) in reaction efficiency (Fig. 3.5A).
The positive effect on the click reaction efficiency of DMF when preincubated with
Cu(ID/reductant/ligand mixtures can be explained by the coordination properties of organic
solvents for copper ions that can compete to some extent with the ligands. Solvent might lead
to dissociation of the cuprous ligand species and/or Cu,O formation (Presolski et al., 2010).
This would give a boost in product formation in the beginning of the reaction when the
preincubated Cu(l) complex is added to the reaction. Unless specified otherwise the final
concentration of organic solvent in reaction varied from 6.8 % to 7.2 % DMF.

We observed with probes 7 or 9, that only one addition of the pre-formed Cu(l) complex did
not lead to more than 5% yield when the reaction was carried out overnight under aerobic or
anaerobic conditions (Fig. 3.3a). When the CUAAC reaction was carried out overnight, the four
sequential additions of the pre-formed Cu(l) complex led to eight fold-higher yield than the
reaction with only one addition (Fig. 3.3b). This demonstrates that several additions of the pre-
formed Cu(l) complex significantly increase the yield of CUAAC reaction over time in aqueous
conditions. However, the RA consumption does not increase proportionately over time,
because RA was found to be unstable in the CUAAC reaction and thus some part of it or the
product is precipitated. In contrast, RA alone or mixed with only alkyne is stable overnight (Fig.
S3.11).

b .
, : Effect of Cul doses on overnight CuAAC
a. Effect of oxygen on CuAAC yield for . 5
. . . reaction in oxygen free (deoxygenated)
reaction with 1x times Cul doses ..
20,00 s 100,00 conditions
£ 15,00 %
@ : 50,00
2 10,00 g ’
c v
o 5,00 a
g 7 -—\ 0,00 —_—
0,00 1x Cul dose (n=1) 4x Cul doses (n=3)

% yield w.r.t. control % consumption of RA

BOxygenated [ Deoxygenated W% yield w.r.t. control @ % RA consumption

Figure 3. 3 Comparison of the percentage yield of CUAAC reaction in oxygen and oxygen-free
(deoxygenated) conditions.Comparison of the percentage yield of CUAAC reaction in oxygen
and oxygen-free (deoxygenated) conditions in an overnight reaction of probe 7 and RA with
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an addition of one Cul dose of CuS04.5H,0 2.5 equiv. + THPTA 2.5 equiv. + 2.5 equiv. TCEP
(n=1). (b) Percentage yield after overnight reaction between probe 7 and RA with addition of
one dose or 4 doses of 20 min.-pre-incubated Cu(l) complex. % Yield of reaction was
determined using HPLC-MS analysis as described in Fig. S.3.16.

According to the yield of the optimized click reaction (overnight, sequential addition of the pre-
incubated cuprous complex, Fig. 3.4a), the sequence of probe efficiency was determined as:
Probe 7 with —p-alkyne (47.3% yield) > probe 9 with —p-NO: (25.3% yield) > probe 10 with —p-
CF; (5.7% yield) > probe 8 with —p-CF3 (3.0% yield). This suggest that several factors influence
the click reaction such as the solubility of the probes and the reagents as well as the length of
the spacer between the benzoyl moiety and the terminal alkyne. To investigate in depth, the
structural parameters, we compared the click reaction efficiency of probes 8 and 10. It appears
that the directly functionalized alkyne on the aryl ring either influences the solubility of the
probe, offers a limited solvent-exposed accessibility or induces a steric hindrance to react. For
instance, solubility of probe 8 is very low, and consequently led to lower levels of both soluble
click products and RA (total fluorescence of rhodamine after reaction is reduced) because RA
precipitated with probe 8 in the reaction mixture (Fig. S3.12). Noteworthy is that, for all the PD-
ABPPs the vyield of click product and RA consumption increased after an overnight reaction
(Fig. 3.4b) suggesting a slow reaction kinetics. Finally, this reaction time was applied to all
subsequent CuAAC unless mentioned otherwise. Especially, these PD-ABPP and RA
reactions were used as standards for determining the yields of the CUAAC reactions by HPLC-
MS analysis (Fig. S3.16 to S3.25) and for setting up the click reaction conditions with biotin
azide or RA (Fig. S3.29).

b.
% yield of PD-ABP and RA click reaction % RA consumption
— 80 ~
E:’ 70 1 I Probe 7 £ 100 4
c 4
% % 1 : w0
4 N aQ
g 10 4 Probe 8 g 60 -
- v
2 30 A H
TS T Probe 9 g 40+
%5 20 T < I
T 10 - ! I € 20 4 I :
;l_:' 0 — . Probe 10
. 0 -
2h Overnight 2h Overnight

Figure 3. 4 Standardization of click reaction using rhodamine azide in aqueous conditions for
click chemistry.

(CuAAC) was performed between clickable activity-based PD probes 8, 7, 9, 10 and rhodamine
azide under strict oxygen-free conditions with 4 doses of pre-formed Cu(l) complex, prepared
from CuS04.5H,0 1 equiv. + THPTA 1 equiv. + TCEP 1 equiv. in the following manner - at
TO to T45 minutes pre-incubated Cu(l) complex was added and at T30, T60 and T90 was 20
minutes pre-incubated. Reaction time 2 h. All reactions were performed in 6.8% DMF in
aqueous conditions. By the end of reaction time i.e. at 2h or overnight reaction, the CuAAC
product was analyzed by fluorimetry and HPLC-MS. For 2 h reaction n=3 for each probe. For
24 h reaction n= 3x for probe 7, 2x for probe 8, 2x for probe 9, 3x for probe 10.
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Standardization of click reaction using rhodamine azide in phosphate buffer

After establishing the initial experimental conditions and working concentrations of reagents in
the click reaction, we sought to translate them to conditions used in probe photoactivation. This
would allow us to perform the click reaction subsequently to photo-crosslinking. We chose
probe 7 that showed the highest reaction yields in agueous conditions (Fig.3.4), for further
reaction optimization. Surprisingly, the replacement of water by PBS buffer (45 mM) completely
guenched the triazole adduct formation of probe 7 with RA (Fig.3.5B). Phosphate and Cu(l)
ions are known to form insoluble Cu(l) phosphate salts which could lead to catalyst depletion
in the reaction medium. To counteract the copper sequestering effects by PBS, Presolski et al.
suggested to increase the THPTA levels (up to 5x equivalent of CuSQO,) up to 100 mM PBS
solutions (Hong et al., 2009; Presolski et al., 2011). However, we found that increasing the
ligand concentration alone (from one equivalant to two equivalants of CuSO4:TCEP) slightly
improve the reaction yields in PBS buffer (Fig. 3.5C). By contrast, this had a negative impact
on the CuAAC reaction efficiency in aqueous conditions (Fig. 3.5C). Consequently, lowering
PBS concentration in reaction did increase click reaction yields but diminished the positive
effect of THPTA on reaction (Fig. 3.5C).

We anticipated that the formed Cu(l) species can be protected from phosphate by
increasing the amount of Cu(ll). Cu(ll) ions similarly like Cu(l) also form insoluble salts with
phosphate ions and thus might, when in excess, sacrifice themselves instead of Cu(l) to
interact with the PBS ions. However, as Cu(ll) ions are also known to interact with ligands like
THPTA, we hypothesized that with increase of CuSO., amounts we had to increase
simultaneously ligand concentrations to not deplete it by Cu(ll) species (Elliott, 2014; Z. Zhu
et al., 2017). Indeed, increase to 5:5:1 equiv. of CuSO,4: THPTA: TCEP led to increase of the
overnight reaction yields from 0% to 9.9 % (Fig. 3.5C). In addition to this experimental
improvement, the dilution by four times of the PBS concentration (from 47 mM to 12 mM) led
to an additional four times increase in yield (42.7 % yield) of the CUAAC product. Surprisingly,
the same conditions applied to an unbuffered aqueous reaction resulted in a more three times
decrease in efficiency of the triazole formation (14 % yield). These contradicting results
obtained between buffered (PBS) and unbuffered (water) conditions are most likely the result
of formation of less reactive Cu(l)-THPTA complexes (Neumann et al., 2020; Presolski et al.,
2010). Increase of THPTA amount can indeed help to overcome the negative effect of PBS
buffer by protecting the Cu(l) species from phosphate ions. However, we suspect that this in
parallel leads to formation of the stalling complexes. Thus, in pure water, of the two factors
only the stalling effect can take place and the reaction is inhibited. This assumption is
supported by the observation that when PBS concentrations were lowered the positive effect
of THPTA in the reaction diminished (Fig. 3.5C).

Of note, the reaction performed with 5:5:1 equiv. of CuSO.: THPTA: TCEP (Fig. 3.5C)
does not require anymore the four times addition of Cu(l) pre-mixture to reach a maximum
efficiency (42.7 % yield) as the was performed with TCEP in stock in water:DMF 75:25 instead
of the PBS:DMF 75:25 which inhibits Cu(l) forming the reaction (Fig. 3.5A) . Similarly, just
removal of phosphate ions from the TCEP stock solution allowed to reach comparable yields
of reaction in aqueous conditions with or without sequential addition of the preformed Cu(l)
complex (Fig. 3.3b with 4 times addition of 1:1:1 CuSO4: THPTA: TCEP in PBS:DMF versus
3.5a with 5:5:1 CuSO.: THPTA: TCEP in water:DMF). Thus, it clearly appears that even minor
amounts of phosphate ions can have negative impact on the CuAAC reaction if not properly
balanced.
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Figure 3. 5 Solvent concentration in Cu(l) complex pre-mix and phosphate buffer affect the
click reaction efficiency.

A) Rhodamine azide was reacted overnight with probe 7. Pre-incubation of pre-formed Cu(l)-
ligand complex containing either 8.33% DMF or no organic solvent was added once to the click
reaction mixture after 40 min incubation. The pre-formed Cu(l)-ligand complex solution
contained 132 uM TCEP and 132 puM of both CuSO4 and THPTA. B) Two hours cycloaddition
reaction of RA with probe 7 in H,O or in PBS buffer. Pre incubated copper-ligand-reductant
mix (33 uM CuSO, + 33 uM THPTA + 33 uM TCEP) was added four times to reaction: first
after 40 minutes incubation and 3x after 20 minutes incubation. Increase in THPTA ratio alone
does not significantly enhance probe 7 cycloaddition in phosphate buffer but reduction in
phosphate concentration does. (C and D) 24 uM RA was click reacted with 24 uM probe 7 in
oxygen free conditions in H,O (C and D) or 47 mM, 24 mM and 12 mM phosphate buffer (D).
Cu(l)-ligand preincubation mix was added once after 40 min incubation. Copper-ligand-
reductnat preincubation mix — 132 yM CuSO., with either 1x, 2x, 3x or 4x ratio THPTA and
132 uM TCEP. After 2h or overnight (ON) the reaction was subjected to HPLC-MS analysis.
Total area of rhodamine absorption at 507 nm of peaks corresponding to the product mass
was measured and normalised to 24 yM RA unreacted control. In A) B) C) and D) reactions
were analyzed by HPLC-MS. Total area of rhodamine absorption at 507nm (as in C) of peaks
corresponding to the product mass was measured and normalized to 24 pM RA unreacted
control. N=3 independent experiments Error bars represent + SD.

Surprisingly, we found that although the effect of phosphate on the click reaction is noted in
literature not much attention has been given to the differences in CuUAAC reaction between
phosphate buffered and unbuffered solutions and the resulting influence on reagent
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stoichiometry (Miguel-Avila et al., 2018; Presolski et al., 2011). This can be partially explained
by the generally used high amounts of reductant (mM concentration) in reported CuAAC
reactions, which could compensate for Cu(l) loss by constant generation of catalyst (Christen
etal., 2012; Y. Yang et al., 2013; Z. Zhu et al., 2017). We thus conclude that phosphate ions
can inhibit the CuAAC reaction and that this problem can be overcome by lowering the
phosphate buffer concentration and increasing copper/ligand ratio with respect to TCEP.
Under these newly designed experimental conditions, we demonstrate that probe 7 can be
clicked with an efficiency as high as in water without increasing concentrations of the reductant.

Standardization of click reaction with water-soluble ligand-bathocuproine
disulfonic acid (BCDA)

Since increasing THPTA concentrations in a CUAAC reaction in PBS did not extend its
reaction efficiency, we decided to test another ligand with a high affinity for Cu(l) that is closely
related to the commercially available sulfonated bathophenanthroline analogue, namely the
bathocuproin disulfonic acid (BCDA) (Fig. 3.1.). BCDA is a bidentate chelator displaying two
nitrogen coordinating atoms. To fulfill the stereochemical preferences of Cu(l) (tetrahedral
geometry), one or two BCDA can firmly bind Cu(l) leading to successive formation
monocuprous mono- and bischelate. In contrast to ligands used in biorthogonal reactions,
BCDA thus constitutes a powerful chelator of Cu(l) and is anticipated to offer a protecting shell
for the metal catalyst from interfering surrounding molecules (Christen et al., 2012; Hong et al.,
2008; Lewis et al., 2004; Suzuki et al., 2010). We first checked that NaAsc is not an efficient
reductant with the Cu(ll)-BCDA complex similarly to what was observed with the THPTA ligand,
and we thus decided to work with TCEP (Fig. 3.6). In aqueous conditions, addition of BCDA to
the reaction decreased the reaction yields slightly when compared to THPTA with worst result
observed upon 2x excess of BCDA over reductant (Fig 3.6). This can be explained by the high
stability of the Cu(l) bischelate that prevents access of Cu(l), which catalyzes the CuAAC
reaction. Interestingly, when the reaction was carried out in phosphate buffer with the already
tailored conditions (method section), addition of 0.5 and 1 equivalent of BCDA with respect to
TCEP increased significantly the reaction yields with respect to those measured with THPTA
(up to 52% compared to 17% for THPTA) (Fig.3.6). This indicates that the phosphate ions, by
competing with the BCDA ligand, destabilize the Cu(l) complex to such an extent that this
copper complex, although still sufficiently stable, is able to function efficiently in the click
reaction (Berg & Straub, 2013; Christen et al., 2012; Smith et al., 1985; Suzuki et al., 2010).
BCDA thus displays opposing effects in CuAAC reactions conducted in agueous and
phosphate buffer similarly to what was observed for THPTA (Fig. 3.6). With BCDA and contrary
to what was observed with THPTA, the overall yields of the CUAAC reaction are however much
higher in PBS buffer, confirming that in the absence of phosphate ions, the stability of the Cu(l)
complex (predominantly Cu(l) bischelate) is such that it prevents the click reaction. However,
in the presence of such competing phosphate ions and/or by stabilsation of a more basic pH
than in pure water, the formation of Cu(l) monochelate is then favored, thus significantly
increasing the yields of the CUAAC reaction (Lewis et al., 2004; Presolski et al., 2010).

Interestingly, when in PBS the BCDA to TCEP ratios were increased five (or ten) times
(proportionally with five times increase of the CuSOs concentrations), they inhibited the
reaction nearly completely (Fig 3.6). These lower yields of reaction observed when using
excess of BCDA to reductant again suggest that BCDA easily forms very stable complexes
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with Cu(l). Interestingly, it stands in contrast to the behavior of THPTA which only inhibited the
reaction when in excess to copper and thus underlines that BCDA exhibits a different
relationship to Cu(ll) and Cu(l) than THPTA does, probably due to higher affinity of BCDA to
Cu(l) than to Cu(ll).
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BCDA is compatible in H,0 and PBS buffer both
Yield (PBS) > Yield (H,0)

Best conditions 5:1:1 CuSO,: THPTA: TCEP
BCDA is better than THPTA

Figure 3. 6 Efficacy of BCDA as a ligand for click reaction: BCDA is a more efficient ligand for
click reaction in phosphate buffer than THPTA. Rhodamine azide was reacted overnight (ON)
with probe 7. Copper-ligand preincubation mix, containing either THPTA or BCDA in the
indicated copper:ligand ratios, was added once after 40 min incubation. One equivalant
corresponds to 132 yM TCEP. Reactions were analysed by HPLC-MS. Yield was determined
by measuring the aborbtion of rhodamine at 507nm for product and substrate. Total area of
rhodamine absorption at 507nm of peaks corresponding to the product mass was measured
and normalized to 24 pM RA unreacted control. Figure represents priliminary results. Error
bars represent + SD.

We conclude that BCDA is fully compatible with our click reaction conditions in PBS buffer and
water. The yield of reaction is better in buffer with the best conditions are 5:1:1 of CuSO.
:BCDA:TCEP in PBS buffer. Excess ligand at 5:10:1 of CuSO4:BCDA:TCEP, the reaction is
inhibited in buffer (Fig. 3.6). Furthermore, it supports the observation that BCDA is preferred
over THPTA in oxygen-free conditions (Hong et al., 2008). We found that the fast formation
of Cu(l) by a strong reductant combined with protection by a powerful ligand allows to perform
efficient CUAAC reactions, with the benefit of scaling down the amount of reductant used and
accordingly the amount of obtained unspecific reduction side products. We would also like to
underline that although many factors important for the optimization of the CUAAC have been
found since its initial discovery in 2003, the interplay between these factors (e.g., solvent, salts,
counteranions, Cu(l) ligands, reagent ratios, pH) remained more elusive albeit it is essential
for reaction success as demonstrated by our findings (Scheme S1).
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Using Peptide as a model for photoreaction

Based on nMet-PD-ABPP crosslinking data, we choose probes 7 and 9 to further explore
the crosslinking ability of the ABPPs towards a peptide model. Additionally, this allowed us to
determine the peptide adduct behavior during HPLC-MS analysis, which is necessary for
proteomic analysis. GSH was chosen as a model peptide due to its commercial availability,
simple structure, and high solubility in water. To assess the photo-activation of ABPPs in more
physiological conditions, crosslinking with GSH was performed in a water.organic solvent
mixture (H20:ACN, 1:1, v/v). These conditions were different from those used for the
crosslinking conditions with nMet where pure ACN solvent was used. However, we observed
that the probe solubility is significantly limited in agueous ACN solutions (Fig. S3.26). The
observed solubility properties of the probes followed the order of magnitude: probe 10 < probe
8 = probe 7 < probe 9. Since probe 9 was the most water-soluble ABPP probe, we thus used
it as a binding partner for GSH. We found that although reagent concentrations were lowered
(from mM to uM), we were still able to identify a significant fraction of GSH/GSSG-probe
adducts after photoirradiation (Fig. 3.7A and B).

The structures of the C-H insertions products formed between probe 9 and GSH, through
the experted pathway of photoalkylation by benzophenone (Scheme 1), are shown in Scheme
3 (pathway 1). All regioisomers displayed the same m/z: 683.16 Da. Noteworthy is the fact that
a S-H insertion could be formed in principle, but it should be reversible. According to the studies
with benzophenone and amino acids (Deseke at al., 1998), the C-H insertion product at the
glycine of GSH by probe 9 upon photoirradiation might be the major adduct in this reaction.

Furthermore, the positive ESI-MS spectrum of the GSH adducts with probe 9 also displayed
peaks of insertion products with m/z: 681.16 Da, suggesting loss of atoms following molecular
rearrangement of the adducts (pathway 2). Positive ESI-MS and subsequent MS/MS analyses
of the most prominent product (681.16 Da, RT = 33.5 min) revealed that this adduct is
apparently monodeprotonated according to the initially expected photo-alkylation of the
peptide (Scheme 4, pathway 1). However, fragmentation of this adduct revealed no further
abbreviation from predicted peptide fragmentation patterns (Fig. 3.7C).
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Figure 3. 7 Probe 9 forms photoadducts with GSH in aqueous ACN conditions. A) The
absorption spectra at 280 nm after HPLC analysis of reaction mixture containing GSH (3mM)
without ABPP upon 8 min UV irradiation. Glutathione disulfide (GSSG, RT =4 min) is formed
in the reaction by oxidation of GSH (RT = 4.25). B) The absorption spectra at 280 nm after
HPLC analysis of reaction mixture of Probe 9 (600 uM) and 3 mM GSH upon UV irradiation for
8 min (n=4). Multiple peaks corresponding to different GSH and GSSG adducts (different
crosslinking site, GSH and GSSG fragments, double crosslinking) are visible in the 280 nm
light absorption spectra. Peak corresponding to mass of photo-crosslinked adduct of full GSH
and probe 9 is highlighted in red box (RT = 33.5 min). C) Fragmentation pattern of the selected
peak in (B) spectrum showing adduct m/z at 681.16 Da. In red box deprotonated probe 9
fragment of adduct.
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Scheme 3. Formation of expected C-H (and S-H) insertion products with calculated m/z = 683.17
[M+H]* formed between probe 9 and glutathione upon photoirradiation, according to the expected
pathway 1.
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A more rational explanation for the apparent deprotonation of the observed probe 9-GSH
adduct could stem from the second pathway (Scheme 4) upon photoirradiation of probe 9 in
the presence of GSH. After photoreduction, an intramolecular process, much faster because
entropically favoured, leads to the benzoxanthone formation. Several studies have indeed
shown the photoreduction of quinones and subsequent intramolecular cyclization of a phenoxy
radical (Marquardt et al., 1992; Belin et al., 2001; Porhun & Rakhimov, 2011; Ando & Suzuki,
2018) which effectively occurred in the presence of an H-donor. In these experiments, it is
important to note that GSH can act both as a reductant and a H-donor. Radical phenolate in
position C-2 of the diradicaloid reduced intermediate promotes the oxidative phenolic coupling.
The methyl group in ortho to the free phenolate radical of the resulting benzoxanthone
possesses a very labile —H, which releases owing the favoured energetically structure
benzoxanthone-derived enone. Noteworthy is to highlight that the initial photoirradiation of
probe 6 (P_TM40) with nMet did show an additional mass peak (m/z = 524.1, upper spectrum),
albeit with lower intensity, in the FD-MS spectrum (Fig. 3.2), attesting the expression of two
pathways occurring in the photochemical reaction.

No2 ho ! NO, pathway 2
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partner R-H
probe 9 n,m* state (H-donor):
protein, peptide diradicaloid reduced intermediate
m/z=375.07 increases the conjugation
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Scheme 4: Chemical analysis of the insertion products upon photoirradiation of the ABPP
probe 9 (MDO043) with glutathione (GSH) by mass spectrometry. Two pathways of
photoreactivity of the benzoylmenadione and insertion products with nucleophilic partners were
observed.
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With this, we demonstrated that probe 9 can efficiently crosslink to a peptide and the
corresponding peptide-ABPP adducts can be detected in standard MS/MS analysis, which is
employed during proteomics. Importantly, peptide crosslinking was not possible to be achieved
in lower concentrations of GSH and probe (lower than hundreds of uM), which are used during
the inhibition assays, confirming that the probe does not display strong affinity towards amino
acids which could enforce later unspecific binding to proteins. Additionally, MS analysis of the
adducts led to the observation that the probe is able to crosslink to all three amino acids
(Q,C,G) of GSH proving that the probe alkylates other amino acids than methionine similarly
like benzophenone (Deseke at al., 1998; Wittelsberger et al., 2006). Some of the adduct
isomers co-elute on HPLC as visible on the MS/MS spectra (Fig. 3.7B and C).

Therefore, two labelling pathways could occur in the photoirradiation experiments
involving probe 9 and GSH, as depicted in the scheme 4. In agreement, the detected mass of
the probe from the fragmentation of the GSH adduct was found to be 2 Da less than the
observed mass of the initial reagent, indicating the transformation of the ABPP probe to a
benz[c]-xanthen-7-one (benzoxanthone) (Fig. 3.7C).

Using Glutathione Reductase as a model for photoreaction

After confirming the photo crosslinking ability of PD-ABPPs with nMet and peptides, we
sought to test the ability of probes to interact with protein targets. We first used hGR as protein
model with the probe 6 analogue (i.e., probe 9 (MD043)) because our protein-centric approach
of enzymatic assay proved that probe 6 (P_TM40) with NO: electron-withdrawing group in
para-position to the benzoyl moiety possesses high inhibitory potency and substrate efficiency
towards GR (Table 1). Therefore, we used hGR to standardize ABPP conditions and prove
that the most effective ABPP probe can crosslink to the protein.

To understand the exact site in GR structure where the probe interacts and to evaluate
the interest of the probe for ABPP, we studied the crosslinking pattern of PD-ABPP with human
GR upon photoactivation. We tested the crosslinking reaction in similar physiological
conditions in which the key PD metabolite, the 3-benzoylmenadione 2, is known to inhibit the
enzymes function. GR activity assays with PD and analogues are typically performed in pM
concentrations of protein and uM concentrations of probe (according to methods described in
section 3.5) As lowering the concentration will weaken the interactions between crosslinking
reagents and so the efficiency of the crosslinking process, we have tested if hGR retained its
affinity to probe 9 at concentrations used in GR assays. As shown probe 9 still inhibited 8 mU
GR at a concentration of 5 uM. After using this probe concentration in a crosslinking reaction
with hGR (5 pM) in PBS buffer at final 2% ACN concentration, we were able to confirm the
probe 9—hGR adduct formation by MS/MS analysis. Identification by fragmentation pattern of
the crosslinked peptide to probe 9 adducts revealed one peptide to be identified with high
confidence (2893.23 Da = Y393-K416 + M - 19 Da; dehydration is common for benzophenone
adducts) (Fig. 3.8A). This protein fragment has been identified as an adduct several times
during our MS/MS analysis confirming that the analogue 9 can be used as a photoreactive
ABPP probe to bind to target proteins. However, the crosslinking position (K399) does not
reside in known binding pockets of hGR (Fig. 3.8B). In contrast, it is localized in the interface
domain, known to mediate the dimerization of the protein. This domain is crucial for the activity
of GR as the enzyme is not active in monomer state. With this respect, 41 amino acids of both
subunits participate to line the GSSG binding site in human GR (Salmon-Chemin et al., 2001).
Additionally, in the interface domain, at the 2-fold symmetry axis of the homodimeric protein, a
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cavity is present, which was reported to bind numerous GR inhibitors, such as of 2-methyl-1,4-
NQ (menadione) (Karplus et al.,, 1989), 3,7-diamino-2,8-dimethyl-5-phenylphenazinium
chloride (safranin) (Karplus et al., 1989) , 6-hydroxy-3-oxo-3H-xanthene9-propionic acid
(Savvides et al., 1996), a series of 10-arylisoalloxazines, (Schénleben-Janas et al., 1996) and
S-(2,4-dinitrophenyl)glutathione (Krauth-Siegel et al., 1998). This cavity does not have any
direct connection with the NADPH or FAD binding sites. It is rather linked to the external
surface of the protein and to the GSSG binding site, respectively, by two pairs of short channels
(Salmon-Chemin et al., 2001). The channel pair openings, which are located in the catalytic
center, emerge at the bottom of the V-shaped catalytic crevices in close proximity to the redox-
active disulfide bridges (Salmon-Chemin et al., 2001). Noteworthy, in total 41 amino acids of
both subunits participate to line the GSSG binding site in human GR (Salmon-Chemin et al.,
2001). It was suggested that compounds docked in the cavity could either led to structural
changes disturbing the dimer stability leading to decrease of enzyme activity or interfere with
the redox potential of the flavin.
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Figure 3. 8 Probe 9 crosslinks to hGR at position K399 and K258 or 257 A) MS/MS
fragmentation pattern for the peptide identified with the highest confidence by MASCOT
analysis of the photoreaction of hGR (5uM) with probe 9 (5uM) for 8 min at 365 nm UV (1000W
monochromator). The reaction mixture was separated on a SDS-Page gel, the protein band
cut out, trypsin digested and analysed by HPLC-MS/MS. Search parameters: Peptide Tol: 20
ppm, MS/MS Tol. 7 ppm, 3 miscleavage sites allowed. Red circle indicates identified
crosslinking sight. B) Position of K399 (blue) and FAD (yellow) has been marked on the
previously reported hGR dimer structure crosslinked to menadione analogue (red). The
substrate binding cleft leading to the catalytic disulfide bridge is visible between K399 and
menadione core (red). Pink colour indicate position of K258 or 257.

Interestingly, the amino acids of the channel opening (405-FTPMYH-412) are present in
the identified peptide where K399 was alkylated by the ABPP probe 9, however separated by
a distance of 19 A from the identified crosslink site or from the active Cys in the GSSG binding
site. Lys residues with their intrinsically nucleophilic e-amine are important amino acids in
proteins. Beyond cysteines, lysines represent a source for covalent probe development, and
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several studies have started to identify the Lys ligandability map of the human proteome
(Hacker et al., 2017).

This could suggest that K399 plays a crucial role in ABPP probe 9 binding to human GR.
Another alternative is that the found probe-hGR interaction site does not represent the initial
probe binding site but a secondary drug interaction site following mobility through the channels
or from the active GSSG binding site to the cavity at the 2-fold symmetry axis of the
homodimeric protein. This last hypothesis could be supported by the fact that the suicide-
substrate fluoroM5 was found to be bound to the most exposed Cys of the active site in the
human GR crystal structure (Bauer et al., 2006). Furthermore, one cannot rule out the
possibility that only one of the many crosslink sites on the peptide was identified. The
regioselectivity of the ABPP crosslinking to bind to multiple possible positions on a peptide can
lead to formation of multiple adducts. If the adducts co-elute during HPLC (as demonstrated
for GSH adducts in 2.4.) it could diminish the correct identification of the relevant crosslink site
on the peptide during MS analysis.

In the 1%t hypothesis (i.e., K399 play a crucial role in ABPP probe 9 binding in human GR), we
cannot rule out the fact that the photoirradiation of 1,4-naphthoquinones can promote many
other reactions, such as reduction-oxidation as recently reported (Ando & Suzuki, 2018). With
the 3-benzoylmenadiones we previously reported that their le-reduction can generate the
benzoxanthone 4 upon oxidative phenolic coupling (Bielitza et al., 2015). This phenol, upon
deprotonation and oxidation, might generate the electrophilic enone species. We can
hypothesize that, upon photoirradiation, a sequence of reduction-oxidation of the ABPP probe
would generate the highly electrophilic benzoxanthone-derived enone, which could be attacked
by the intrinsically nucleophilic lysine e-amine (K399) (Scheme 4). The generation of the
benzoxanthone 4 was recently evidenced in electrochemical measurements upon several
cycles of le-reduction (Cotos et al., 2020). In this context, the reactivity of a diverse set of
lysine-directed electrophilic fragments has been the focus of ABPP strategies (Hacker et al.,
2017). It is well documented that lysines are found at many functional sites, including enzyme
active sites, at protein—protein interaction sites, and sites for post-translational regulation of
protein structure and function through epigenetic events.

o
©) X
0 O /\\ with hGR trypsin-digested peptide:
ABPP probe 9 (MD043) -YGIENVK(399)TYSTSFTPMYHAVTK-
m/z=375.07 observed m/z=2893.23 Da (M)
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Scheme 5: Chemical analysis of the trypsin digest product upon photoirradiation of the ABPP
probe 9 (MD043) with human glutathione reductase by mass spectrometry.
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Using the Click reaction with biotin-azide

In order to test if the click reaction conditions with our ABPPs are suitable and efficient
for tagging proteins after crosslinking and subsequent enrichment, we thus performed click
reactions in the presence of protein and denaturing agent. The CuUAAC reaction of probe 7 (6
MM) with RA (6 uM) was performed with addition of hGR, urea and SDS in phosphate buffer.
The reaction was scaled down to concentrations similar to the ones applied during crosslinking
of ABPPs. Free thiol groups of cysteines like the one in the hGR catalytic centers are known
to bind Cu(l) potentially inhibiting the reaction (Hong et al., 2009; S. Li et al., 2017). However,
presence of hGR did not change the click reaction yields indicating that the Cu(l) species are
properly protected by the ligand. Similarly, addition of chaotropic agent as well as lowering the
concentration of reagents did not lead to significant loss of reaction efficiency (Fig. S3.29).
Next, we analyzed the click reaction of probe 7 with biotin-azide (BA), which is used to enrich
tagged adducts by interaction with streptavidin. Compared to RA, BA is water-soluble and
allowed us to lower the concentration of organic solvent in the reaction medium from 7.2% to
4.4 % and substitute DMF to ACN, which is the co-solvent of ABPPs during photo-irradiation
(Fig. S3.29). Of note, BA is a poor UV and visible chromophore thus allowing a selective
photoexcitation and quantification of the probe. The reaction efficiencies of BA were quantified
thanks to the probe absorbance values at 280 nm (i.e., a relative quantification was done due
to the unknown values of the emax Of the reaction products). Despite differences in solvent
composition, the Cu(l) cycloaddition of BA had a similar pattern in triazole formation efficiency
as RA (Fig. S3.29). Thus, we conclude that our optimized click conditions allow for efficient
labelling of alkynes with the biotin tag.

The plasmodione-derived benzoxanthone is a strong electrophile with relevant

meaning for the antimalarial plasmodione

The benzoxanthone has already been proposed to be a key metabolite of plasmodione
(Bielitza et al., 2015; Feng et al., 2018). It might be generated through the redox-cycling,
including the 1,4-naphthoquinone reduction, benzylic oxidation, 1,4-naphthoquinone reduction
and oxidative phenolic coupling. In the photo-irradiation experiments, the benzoxanthone is
proposed to be likely generated in the presence of a H-donor, like GSH or the hGR used as
the protein model.

In agreement with our reported study on binding titrations of benzoxanthone and Fe(lll),
and CID-MS experiments based on a reported methodology (Mufioz-Durango et al., 2012), we
clearly showed that the benzoxanthone strongly interacted with hematin (Bielitza et al., 2015).
In particular, two intense benzoxanthone 4/heme adducts at m/z = 960.2 ([heme+4]*) and m/z
= 975.3 (formally [Heme+4-H+O]*) were clearly detected (Fig. 3.9). The first 4/heme adduct at
m/z = 960.2 corresponds to a n-t complex. This feature is assessed by the weak dissociation
voltage DVso (150 V) and the absence of a residual complex at high fragmentor voltage. In
addition, the =-stacking in the 4/hematin complex might be strengthened by additional
interactions such as hydrogen bonding between the propionate of the heme side chain(Xu
Kelly et al., 2001) and the phenol in 4 and Fe'' axial coordination of the benzoxanthone
carbonyl unit (Fig. 3.9, species A). It is noteworthy that benzoxanthone 4 can be oxidized (Epa
= -50 mV and -208 mV) through its phenolic moiety and might undergo an exchange of
electron(s) with the tightly bound Fe"' heme. The intramolecular 4—Fe" heme le- transfer is
favored by hydrogen bonding (Xu Kelly et al.,2001) and generates a carbon radical at the

86



benzoxanthone core (Fig. 3.9, species B). The Fe'' heme concomitantly formed from species
B binds O, and the resulting species C (Fig. 3.9) might be attacked by the nucleophilic [-keto
carbon radical (Bunte et al., 2004) of the tightly bound benzoxanthone, ultimately leading to
hematin meso-alkylation by the benzoxanthone 4, as suggested by the ESI-MS experiments
(second adduct at m/z 975.3) (Meunier et al., 2004). Interestingly, the DVs, value of this second
4/heme adduct is markedly increased (+32 V), and a significant amount of the complex is
observed at high fragmentor voltage therefore indicative of a very stable heme adduct (~5%
for 4 and ~7 % for the antimalarial drug amodiquine (AQ) used as reference). The structural
signature of this alkylated hematin product is tentatively proposed in species D (Fig. 3.9),
following reaction of the quinone methide radical at the meso-position of the tetrapyrrole and
release of a water molecule, as already demonstrated for artemisinin(Robert et al., 2005a).
This suggested heme alkylation product has to be regarded in this experiment, as the
expression of the formation of a key carbon radical generated from a redox-active agent in
redox-driven bioactivation processes, and a relevant reaction occurring in the parasite in vivo.
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Figure 3. 9 (A) ESI mass spectrum (120 V) of a 1:1 mixture of 50 uM heme and 50 uM
benzoxanthone 4 in H.O/CH3CN (5/95)-1% formic acid. (B) Stability responses of the 4sheme
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(at m/z = 960.2 and at 975.3), AQ+heme (at m/z = 971.3) and CQ*heme (at m/z = 935.4)
adducts obtained by CID-MS experiments. ESI-MS*; 120 V < fragmentor < 400 V with 20 V
increments. (C) Proposed molecular structure of alkylated iron"-hematin by the
benzoxanthone and comparison between simulated and observed mass signatures of species
A and D.

Such contribution needs more detailed investigations to understand the mechanisms of
action of the redox-active lead antimalarial plasmodione. These data obtained with the
benzoxanthone 4 clearly demonstrate that this species should be considered as an
electroactive metabolite generated in the efficient redox cascade of bioactivation of
plasmodione. Interestingly, the formation of xanthones had previously been hypothesized to
explain the potentiation of antimalarial activities of polyhydroxylated benzophenone derivatives
tested in the presence of Fenton catalysts upon catalysis of redox-active metals such as Fe'
(Winter et al., 1996; Winter et al.,, 1997). In the present study, upon oxidation, the
benzoxanthone 4 is a powerful electrophile that can be attacked by the nucleophilic species
present in the reaction, GSH or the terminal e-amine group of K399 in hGR. As controls, we
analyzed the heme interaction products under the same conditions with both antimalarial
drugs, chloroquine (CQ) and amodiaquine (AQ), by CID-MS experiments. As previously
reported, CQ did not show heme alkylation products, while AQ led to ca. 7% heme alkylation
products in accordance with the possible Michael addition to the generated quinone methide
after deamination of the side chain diethylamine group. The benzoxanthone-derived alkylation
product (m/z = 975.3) was estimated to represent 6% of the bound heme species.

Evaluation of the antimalarial properties of PD-ABPP (modified ICso assay, 72h

drug exposure)

To validate the applicability of ABPPs in parasites, we evaluated the antimalarial activity
of the four 3-benzoylmenadione-based ABPP probes (Table 3). As previously observed
observed and despite being the likely key metabolites of 3-benzylmenadiones, the 3-
benzoylmenadiones do not display a high antimalarial activity, with an 1Cso of ca. 10-50 fold
higher than the corresponding 3-benzylmenadiones (Mdller et al., 2011; Feng et al., 2018). This
can be explained by the very high absorption of 3-benz(o)ylmenadiones to serum proteins or
by the very poor internalization of 3-benzoylmenadione metabolites in pRBCs when given
externally. Indeed, since the 3-benzoylmenadiones (metabolite 2, probes 6-10, Fig. 3.1) are
more polar and planar than the 3-benzylmenadiones (plasmodione 1, probes 5 and 11), it is
likely that they are not as easily internalized in parasites as the 3-benzylmenadione probes. To
act as the key active principle of the prodrug plasmodione, the metabolite must thus be
generated in situ in the parasite to cycle with NAD(P)H-dependent reductases. On the basis of
the ABPP properties studied in the click reaction and under photoirradiation we observed that
probes 7 and 9 are the most efficient probes to be used in photolabeling of plasmodione targets.

This result has motivated the synthesis of a first PD-ABPP, probe 11, in the 3-benzylmenadione
series. Probe 11 (Fig. 3.1) displayed an ICso value comparable to that of PD regardless of
substitution of the CF3 function at the para-position by an alkyne group. Thus, the work reported
herein allowed us to select an optimized potential probe, probe 11, in the 3-benzylmenadione
series to be used for the ABPP approach in Plasmodium parasites.
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Table 3. Averaged ICso values for 3-benz(o)ylmenadione derivatives determined from growth
inhibition assays with Plasmodium falciparum strain Dd2.

ICso0 (NM)

Series Copmpound P. falciparum Dd22P | hMRC-5

6 513 + 287 24,000

7 1806 + 302 20,500
3-Benzoylmenadiones 8 2993 + 750 25,800

9 417 £ 222 42,200

10 > 5000 29,400
3-benzylmenadiones 11 - 49+ 15 > 64,000

Plasmodione 20+5 > 32,000¢

a: 3 independent experiments with the SYBR green assay; b: The P. falciparum Dd2 strain is
sensitive to DHA (ICso DHA = 0.7 + 0.2), to methylene blue (ICso MB = 7 + 0.3), and resistant to
chloroquine (ICso CQ = 189 + 12). c¢: value from Miiller et al., 2011.

Based on our studies on the photoreactivity and clickability of 3-benzoylmenadione-
based probes, probe 11 was selected for future PD interactome analysis as it is expected to
become the most photoreactive upon bioactivation, the most active in killing parasites with an
ICso value in the same range as the value of PD.

Conclusions

Here in this work, we report the design and the synthesis of specific PD-ABPP based
on the postulated MoA of PD. The photoreactive compounds in the 3-benzoylmenadione
series, functionalized by an alkyne group, were produced by a recently reported innovative
Friedel-Craft reaction variant (Cotos et al., 2020), without which the compounds would not
have been produced easily. We also studied the influence of different electron withdrawing
groups (EWG) on the photoreaction effectiveness of the newly synthesized PD-ABPP. 3-
Benzoylmenadiones-ABPP probes 7 and 9 were found to be the most effective in terms of
combined photoreactivity and "clickability" properties. Finally, by correlating the efficiency of
PD-ABPP with the antimalarial activity, we concluded that PD-ABPP probe 11 is the most
effective one to be used in parasite cultures to identify PD interactome by proteomics
analysis. Identifying PD targets will be essential to further optimize the properties of this
compound series, and to design more active and target specific derivatives.
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METHODS

General

Solvents and reagents: Commercially available starting materials were purchased from Sigma-
Aldrich, ABCR GmbH & Co. KG, Alfa Aesar, and Apollo Scientific and were used without further
purification. Solvents were obtained from Sigma-Aldrich and LPCR. All reactions were
performed in standard glassware. Thin Layer Chromatography (TLC) were used to monitor
reactions (vide infra). Crude mixtures were purified by flash column chromatography. The latter
were performed using silica gel 60 (230-400 mesh, 0.040-0.063 mm) purchased from E. Merck.
Automatic flash chromatographies were carried out in a Biotage Puriflash apparatus with UV-
Vis detection at 254 nm (unless otherwise specified). Monitoring and primary characterization
of products were achieved by Thin Layer Chromatography on aluminum sheets coated with
silica gel 60 F254 purchased from E. Merck. Eluted TLC's were revealed under UV (325 nm
and 254 nm) and with chemicals. Analytical TLC was carried out on pre-coated Sil G-25 UV2s4
plates from Macherey Nagel. Flash chromatography was performed using silica gel G60 (230—
400 mesh) from E. Merck.

Nuclear Magnetic Resonance (NMR): The Nuclear Magnetic Resonance (NMR) spectra were
recorded by a Bruker avance 400 apparatus (*H NMR 400 MHz, **C NMR 100 MHz, °*F NMR
376 MHz) and Bruker avance 500 apparatus (*H NMR 500 MHz, *3C NMR 126 MHz, **F NMR
376 MHz) at the ECPM. All chemical shifts (6) are quoted in parts per million (ppm). The
chemical shifts are referred to the used partial deuterated NMR solvent (for CDCls: *H NMR,
7.26 ppm and *C NMR, 77.00 ppm and for DMSO: 'H NMR, 2.50 ppm and *C NMR 39.52
ppm. The coupling constants (J) and the non-equivalence (Av) are given in Hertz (Hz).
Resonance patterns are reported with the following notations: br (broad), s (singlet), d
(doublet), t (triplet), q (quartet), m (multiplet), dd (doublet of doublets), AB (AB system), (ABX)
(AB system of an ABX) and A:B; (A:B; aromatic system). In addition, the following acronyms
will be used: C=0 carbonyl group; Cq: quaternary carbon; CH: secondary carbon; CHs: methyl

group.

Microanalyses: Microanalyses were obtained at “Service de Microanalyses” at the Institut de
Chimie de Strasbourg.

Mass spectrometry: Mass spectra (ESI-MS) were obtained on a microTOF LC spectrometer
(Bruker Daltonics, Bremen). High Resolution Mass (HRMS) spectra were measured and fitted
with calculated data.

Melting point: Melting points were determined on a Bichi melting point apparatus and were
not corrected.

The synthesis of the 3-benzylmenadione 5 (P_TM37) and 3-benzoylmenadione 6 (P_TM40)
(Fig. 1b) was described in Miller et al, 2011. Detailed experimental procedures and spectral
data for starting materials, 1H and 13C NMR spectra of all new compounds are given in the
Supporting Information.

Synthesis of PD-ABPP

General procedure of reduction and protection of Menadione and 3-benzyl-menadione
derivatives®: All the experiments were carried out under argon atmosphere. Menadione or 3-
benzyl-menadione derivatives (1 equiv., 7.47 mmol) was suspended in ethanol (29.1 mL).
Then, stannous chloride (3 equiv.) was dissolved in HCI (8 equiv.), added dropwise to the
previous solution at room temperature and the mixture was stirred for 2 h, during the reduction
process a white solid is observed. The solvent was removed in vacuum and the solid was

1T. Meller, L. Johann, B. Jannack, M. Bruckner,D.A.Lanfranchi,H.Bauer, C. Sanchez, V. Yardley,C.Deregnaucourt,
J. Schrevel, M. Lanzer,R.H. Schirmer,E.Davioud-Charvet, J. Am. Chem. Soc. 2011, 133,11557 -11571.
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washed with distilled water and filtrated, quickly to avoid the re-oxidation upon the O
atmosphere. Subsequently, the resulting crude product was dissolved in acetone (36.4 mL),
generating Ar atmosphere. At that point, Dimethyl-sulphate (3 equiv.) was added, the system
was heated up to 60°C. KOH (5 equiv.) dissolved in methanol (16.6 mL) was added dropwise
to the previous solution at the same temperature for 4h. Once the time described for the
reaction finished, was added KOH (7.94 equiv.) in 30 mL H.O to quench the reaction. The
crude of the reaction was obtained, after several extractions with DCM (5x35 mL), dried over
MgSO, and finally concentrated. The pure compound was isolated after a purification by
chromatography (DCM/ Cyclohexane, 1:1 to 7:3).

2-(4-iodobenzyl)-1,4-dimethoxy-3-methylnaphthalene (11b) (EDC-AZ.1.17.): Starting with
11a Yield 56 %; 'H NMR (CDCI3, 400 MHz): & 8.12-8.06 (m, 2H), 7.54 (d, J=8.3 Hz, 2H),
7.52—-7.47 (m, 2H), 6.87 (d, J=8.5 Hz, 2H), 4.21 (s, 2H), 3.86 (s, 3H), 3.83 (s, 3H), 2.24 (s, 3H)
ppm.2C NMR (CDCl3s, 100 MHz): 150.57, 150.44, 140.22, 137.39, 130.20, 128.42, 128.05,
127.16, 126.81, 125.87, 125.53, 122.46, 122.24, 90.89, 62.31, 61.41, 32.30, 12.65. HRMS
(ESI): 418.041278 m/z (cal. C2oH19021 418.042429); Done but not good analysis.

General procedure for the Friedel-Craft acylation based on TfOH-TFAA mixture of
reagent? 1,4-Dimethoxy-2-methylnaphthalene (1.5 mmol) and benzoic acid (1 mmol) were
dissolved in dichloromethane (0.2 m). At 0 °C, TFAA (2 mmol) was added. After stirring for 10
min, TfOH (0.5 mmol) was added cautiously and the reaction mixture was allowed to warm up
slowly to room temperature and stirred for 16 h. Then, the reaction was quenched with an
aqueous saturated NaHCO3 solution and the aqueous phase was extracted three times with
dichloromethane. The combined organic phases were dried over MgSO4 and the solvent was
removed under reduced pressure. The reaction crude was purified by silica gel
chromatography by using a mixture of cyclohexane and toluene as eluent to afford analytically
pure Friedel-Crafts products.

(1,4-dimethoxy-3-methylnaphthalen-2-yl)(4-iodophenyl)methanone (7b) (LCM.1.303) : 47
% Yield, white solid. m.p : 133 °C. 'H NMR (400 MHz, Chloroform-d) & : 8.14 (d, J = 8.24 Hz,
1H), 8.07 (d, J = 7.92 Hz, 1H), 7.82 (d, J = 8.5 Hz, 2H), 7.61 — 7.52 (m, 4H), 3.91 (s, 3H), 3.80
(s, 3H), 2.22 (s, 3H).1*C NMR (100 MHz, Chloroform-d) & : 196.75, 150.49, 149.26, 138.09
(2C), 136.59, 130.83 (2C), 130.34, 129.43, 127.21, 127.09, 126.09, 123.45, 122.60, 122.43,
102.18, 63.59, 61.54, 12.74. HRMS (ESI) calcd. for CzHislOs: 433.029519. Found:
433.027541 (MH").

(1,4-dimethoxy-3-methylnaphthalen-2-yl)(3-iodo-4-(trifluoromethyl)phenyl)methanone
(8b) (MD401): 66% Yield, *H NMR (400 MHz, Chloroform-d) & 8.54 (s, 1H), 8.17-8.15 (m,
1H), 8.08-8.06 (m, 1H), 7.80 — 7.77 (m, 1H), 7.70 (d, J = 8.16 Hz, 1H), 7.64-7.60 (m, 1H), 7.58-
7.54 (m, 1H), 3.93 (s, 3H), 3.80 (s, 3H), 2.23 (s, 3H).°F NMR (376 MHz, Chloroform-d) & -
63.22. *C NMR (100 MHz, Chloroform-d) & 195.19, 150.72, 149.65, 142.05, 140.52, 137.5
(g, J = 31.0 Hz), 129.75, 129.47, 129.09, 127.99 (g, J = 6.0 Hz), 127.55, 127.04, 126.29,
123.30, 122.65, 122.53,122.36 (q, J = 272 Hz), 91.37(q, J = 1.81 Hz), 63.69, 61.60, 12.79. No
HRMS are relationated with this compound.

(1,4-dimethoxy-3-methylnaphthalen-2-yl)(3-fluoro-4-nitrophenyl)methanone (9b)

(MD121): Yield 82%, orange solid. m.p : 120 °C. 'H NMR (400 MHz, Chloroform-d) & : 8.15-
8.17 (m, 1H), 8.05 — 8.10 (m, 2H), 7.78 (dd, J = 10.84, 1.68 Hz, 1H), 7.70-7.72 (m, 1H), 7.61-
7.65 (m, 1H), 7.55-7.59 (m, 1H), 3.93 (s, 3H), 3.80 (s, 3H), 2.24 (s, 3H).:*C NMR (100 MHz,
Chloroform-d) & : 194.76 (d, J = 1.06 Hz), 155.44 (d, J = 264.9 Hz), 150.84, 149.82, 142.84
(d, J=6.2 Hz), 140.08 (d, J = 8.4 Hz), 129.87, 128.95, 127.74, 126.95, 126.55(d, J = 2.6 Hz),

2 L. Cotos, M. Donzel, M. Elhabiri, E. Davioud-Charvet, Chem. - A Eur.J. (2020), 26(15), 3314-3325.
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126.42, 125.20 (d, J = 4.3 Hz), 123.20, 122.57(d, J = 0.9 Hz), 119.00, 18.79, 63.69, 61.60,
12.72.°F NMR (376 MHz, Chloroform-d) & : -116.05 (dd, J = 10.9, 6.9 Hz). HRMS (ESI)
calcd. for C,oH;,FNO;s : 370.1085. Found: 370.1072 (MH*). Elemental analysis calcd. :
3.79%N. 65.04%C. 4.37%H. Found : 3.79%N. 65.54%C. 4.57%H.

(1,4-dimethoxy-3-methylnaphthalen-2-yl)(3-fluoro-4-(trifluoromethyl)phenyl)methanone
(10b) (MD501) : Yield 67%, *H NMR (500 MHz, Chloroform-d) & 8.16 (d, J = 8.3 Hz, 1H), 8.07
—8.06 (m, 1H), 7.71-7.65 (m, 3H), 7.64-7.61 (m, 1H), 7.58-7.54 (m, 1H), 3.93 (s, 3H), 3.81 (s,
3H), 2.23 (s, 3H).°F NMR (376 MHz, Chloroform-d) d -61.85 (d, J = 12.7 Hz), -112.51 — -
112.74 (m). 3C NMR (126 MHz, Chloroform-d) & 195.29 (d, J = 1.3 Hz), 160.04 (dg, J =
259.11, 2.0 Hz), 150.74, 149.63 , 142.37 (d, J = 6.4 Hz), 129.74 , 129.52 , 127.87 (9, J = 4.4
Hz), 127.60, 127.06 , 126.36 , 125.03 (d, J = 3.6 Hz), 123.31, 122.79 (dq, J = 12.8, 33.2 Hz),
122.60 (d, J = 7.2 Hz), 122.11 (q, J = 273.5 Hz), 117.34 , 117.17 , 63.73 , 61.64 , 12.77. No
HRMS are relationated with this compound.

General procedure to achieve the Sonogashiracross coupling reaction: The experiments
were performed under Argon and dry conditions. Triethylamine (14 mL) was added to
benzoyldimethoxy-iodine derivative (1 equiv., 1 mmol) at room temperature. Subsequently,
were added in the following order Dichlorobis(triphenylphosphine)palladium(ii) (0.06 eq, 0.06
mmol), Copper iodide (0.01 eq, 0.01 mmol) and Ethynyl(trimethyl)silane (3 equiv., 3.0 mmaol).
The solution darkens to brown, stirring at room temperature overnight. The reaction was
guenched with a 1:1 brine: H,O mixture and the crude of the reaction was extracted three times
with Et20. The combined organic extracts were dried over Na SO, filtered through celite, and
concentrated in vacuo to obtain the pure product by flash chromatography using as a mixture
of eluents, Cyclohexane: EtOAC.

(1,4-dimethoxy-3-methylnaphthalen-2-yl)(4-((trimethylsilyl)ethynyl)phenyl) methanone
trimethyl-silane (7¢) (AZ.1.36): Yield: 100% H NMR (400 MHz, CDCl3) & 8.14 (d, 1H, J =
8.17 Hz), 8.07 (d, 1H, J = 8.3 Hz), 7.78 (d, 2H, J = 8.50 Hz), 7.61-7.57 (m, 1H), 7.55-7.50 (m,
3H ), 7.510 (d, 2H, J = 8.55 Hz), 3.91 (s, 3H), 3.80 (s, 3H), 2.20 (s, 3H), 0.250 (s, 9H). *C
NMR (100 MHz, CDCl3s): & 195.67, 149.42, 148.25, 135.59, 131.21, 129.67, 128.40, 128.32,
127.59, 126.14 (CH+C), 125.03, 122.53, 121.64, 121.41, 103.08, 97.56, 62.54, 60.53, 11.75
(CHs), -1.21. HRMS (ESI) calcd. For CsH2703Si: 403.172398. Found: 403.171498 (MH").

(1,4-dimethoxy-3-methylnaphthalen-2-yl)(4-(trifluoromethyl)-3
((trimethylsilyl)ethynyl)phenyl) methanone (8c) (MD406) : 85% yield.*H NMR (400 MHz,
Chloroform-d) 6 8.17 (d, J = 8.2 Hz, 1H), 8.08 (d, J = 8.2 Hz, 1H), 8.05 (s, 1H), 7.81 (d, J =
8.2 Hz, 1H), 7.71 (d, J = 8.2 Hz, 1H), 7.64-7.60 (m, 1H), 7.58-7.54 (m, 1H), 3.93 (s, 3H), 3.80
(s, 3H), 2.23 (s, 3H), 0.24 (s, 9H).*°F NMR (376 MHz, Chloroform-d) 5 -62.88. *3C NMR (100
MHz, Chloroform-d) & 195.91, 150.65, 149.60, 139.57, 136.00 (q, J = 30.6 Hz), 134.49,
129.83, 129.67, 128.79, 127.45, 127.09, 126.47 (q, J = 5.1 Hz), 126.23, 123.41, 122.91 (q, J
=272.2 Hz), 122.67, 122.51, 122.37 (q, J = 1.9 Hz), 102.72, 99.46, 63.61, 61.58, 12.77, -0.55.
No HRMS Spectrum found in the report and from another source.

((4-((2,4-dimethoxy-3-methylnaphthalen-2-yl)methyl)phenyl)ethynyl)trimethylsilane
(11c) (JG31.PUR) Yield 90%; *H NMR (CDCls, 400 MHz): & 8.13-8.08 (m, 2H), 7.54-7.49
(m, 2H), 7.35 (d, J=8.3 Hz, 2H), 7.05 (d, J=8.1 Hz, 2H), 4.27 (s, 2H), 3.86 (s, 3H), 3.82 (s, 3H),
2.22 (s, 3H), 0.24 (s, 9H) ppm.**C NMR (CDCl3, 100 MHz): 8150.58, 150.40, 141.23, 132.03,
128.58, 128.02, 128.00, 127.16, 126.94, 125.82, 125.49, 122.46, 122.22, 120.52, 105.15,
93.55, 62.30, 61.37, 32.33, 13.02, -0.03. No HRMS Spectrum found in the report and from
another source.

General procedure of alkyne Trimethylsilyl (TMS) deprotection: The TMS-protected
alkyne derivate (1 equiv., 1.0 mmol) was dissolved in THF (6mL). Then a solution of TBAF (2.3
equiv, 2.3 mmol) in THF (3 mL) was added drop by drop to the original solution, and the
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reaction was stirred during 1.5h at room temperature. The reaction was quenched with NH4Cl
(20mL) and extracted with ether (3 x 10 mL). The organic layers were combined, dried on
MgSO, and concentrated in vacuum without heating. Flash-chromatography on silica gel
(Cyclohexane: AcOEt).

(1,4-dimethoxy-3-methylnaphthalen-2-yl)(4-ethynylphenyl)methanone (7d) (AZ.1.45):
Yield: 100% *H NMR (400 MHz, CDCls) & 8.14 (d, J = 8.28 Hz, 1H), 8.07 (d, J = 8.18 Hz, 1H),
7.81 (d, J = 8.36 Hz, 2H), 7.61-7.52 (m, 4H), 3.91 (s, 3H), 3.81 (s, 3H), 3.25 (s, 1H), 2.22 (s,
3H). *C NMR (100 MHz, CDCl3) & 196.66, 150.47, 149.26, 136.99, 132.45, 130.58, 129.43,
129.36, 127.54, 127.18, 127.12, 126.07, 123.50, 122.62, 122.43, 82.83, 80.64, 63.58, 61.54,
12.75. HRMS (ESI) calcd. For Cx2Hi1gNaOs: 353.114005. Found: 1 353.114815 (MNa).

(1,4-dimethoxy-3-methylnaphthalen-2-yl)(3-ethynyl-4-
(trifluoromethyl)phenyl)methanone (8d) (MD434) (88% vyield). *H NMR (400 MHz,
Chloroform-d) & 8.15-8.17 (m, 1H), 8. 09 (s, 1H), 8.08 —8.06 (m, 1H), 7.87 (dd, J = 8.2, 0.9
Hz, 1H), 7.75 (d, J = 8.2 Hz, 1H), 7.64-7.60 (m, 1H), 7.58-7.54 (m, 1H), 3.93 (s, 3H), 3.80 (s,
3H), 3.39 (s, 1H), 2.23 (s, 3H). *F NMR (377 MHz, Chloroform-d) & -62.71. *3C NMR (100
MHz, Chloroform-d) & 195.73, 150.70, 149.62, 139.68, 136.00 (q, J = 31.1 Hz), 135.26,
129.71, 129.67, 129.26, 127.50, 127.06, 126.56 (q, J = 4.9 Hz), 126.27, 123.35, 122.82 (q, J
= 272.0 Hz), 122.65, 122.53, 121.32 (q, J = 2.1 Hz), 84.21, 78.56, 63.65, 61.59, 12.76. No
HRMS are relationated with this compound.

2-(4-ethynylbenzyl)-1,4-dimethoxy-3-methylnaphthalene (11d): brown liquid. JG0038
(JM0038) (Yield 97%); 'H NMR (CDCls, 400 MHz): 57.82-7.94 (m, 2H), 7.23-7.32 (m, 2H),
7.13 (d, J=8.1 Hz, 4H), 6.84 (d, J=8.1 Hz, 2H), 4.03 (s, 2H), 3.62(s, 3H), 3.58 (s, 3H), 2.78 (s,
1H), 2.00 (s, 3H) ppm;**C NMR (CDCls;, 400 MHz): & No good NMR were found (*H and
13C). Have to be Checked in Hard disk.

General procedure to achieve the Propargylic alcohol Nucleophilic aromatic
substitution3:

All the experiments were carried out under Argon atmosphere. 1,4-Dimethoxy2-
methylnaphtalene-Benzoyl alkyne derivate (1 equiv., 1.00 mmol) was dissolved in DMF (5
mL). Propargyl alcohol (4 equiv., 4 mmol) and K>COs (6 equiv., 6 mmol) were added, in the
described order. The system was heat up to 60°C and the stirred for 24 hours at the same
temperature. Once the time described for the reaction finished, the system was cold down at
room temperature (without external agent). Then Et,O was added and the organic phase was
washed with water. Aqueous phase was extracted 3 times with Et,O. The organic layers were
combined, washed with brine, dried over MgSO. and the solvent was removed under vacuum.
Purification was performed by silica gel chromatography CHX/AcOEt 5% up to 20%.

(1,4-dimethoxy-3-methylnaphthalen-2-yl)(4-nitro-3-(prop-2-yn-1-

yloxy)phenyl)methanone (9c) (MD396) :( 65% yield). *H NMR (400 MHz, Chloroform-d) &
8.16 — 8.15 (m, 1H), 8.07-8.05 (m, 1H), , 7.83 (d, J = 1.60 Hz, 1H), 7.81 (d, J = 8.3 Hz, 1H),
7.63-7.60 (m, 1H), 7.58-7.53 (m, 1H), 7.44 (dd, J = 8.3, 1.6 Hz, 1H), 4.84 (d, J = 2.4 Hz, 2H),
3.92 (s, 3H), 3.81 (s, 3H), 2.49 (t, J = 2.4 Hz, 1H) 2.24 (s, 3H). *C NMR (100 MHz,
Chloroform-d) & 195.61, 150.67, 150.61, 149.65, 143.25, 141.11, 129.71, 129.63, 129.02,
128.21,127.54,127.07,126.31, 125.76, 123.28, 122.77,122.58, 122.54, 115.54, 77.54, 76.47,
63.70, 61.59, 57.43, 12.78. Note: Toluene signals: 137.83, 129.09 (2C), 128.28(2C), 125.38,
21.41. CICDs. In the HNMR of this compound is observed toluene. This compound
incorporates 23 Carbons, by the structure should bring 23 signals of Carbon in the *C-NMR.

3S. Raeppel, F. Raeppel, J. Suffert, Synlett (1998), (7), 794-796.
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25 signals of C were noted from the 13CNMR. The signals 129.02 and 128.21 belongs to
Toluene. No HRMS are relationated with this compound.

(1,4-dimethoxy-3-methylnaphthalen-2-y1)(3-(prop-2-yn-1-yloxy)-4
(trifluoromethyl)phenyl)methanone (10c) (MD533): (75% yield)."H NMR (400 MHz,
Chloroform-d) & 8.16-8.14 (m, 1H), 8.08 — 8.05 (m, 1H), 7.76 (s, 1H), 7.66 (d, J= 7.68 Hz,
1H), 7.61-7.53 (m, 2H), 7.39 (d, J = 7.9 Hz, 1H), 7.39 (d, J = 8.0 Hz, 1H), 4.81 (d, J = 2.4 Hz,
2H), 3.92 (s, 3H), 3.82 (s, 3H), 2.47 (t, J = 2.4 Hz, 1H), 2.24 (s, 3H).2F NMR (376 MHz,
Chloroform-d) & -62.73. *3C NMR (100 MHz, Chloroform-d) & 196.29, 155.78 (g, J = 1.5 Hz),
150.56, 149.49, 141.36, 130.15, 129.58, 127.84 (9, J = 5.1 Hz), 127.36, 127.10, 126.19, 123.96
(g, J = 48.23 Hz), 123.38, 122.76 (q, J = 251.06 Hz), 122.60, 122.58, 122.50, 113.21, 77.07,
63.66, 61.57, 56.66, 12.77. Signhal due to one carbon obscured or overlapping. Note: 24
Carbons integrate this structure. Due the lack of any element of symmetry, 24 signals
are expected. Only 23 signals are noted. All the aromatic Cq4 (9) noted (without taking
account CFz and C=0), from 7 CH, 7CH signals are noted, there is a carbon signal of the
alkyne is overlapped in the CDCI3 peaks. No HRMS are relationated with this
compound.

Synthesis of 2-(4-iodobenzyl)-3-methylnaphthalene-1,4-dione (11a) (JG08) through
Kochi-Anderson Reaction* Menadione (1 equiv., 5.81 mmol) and 4-lodophenylacetic acid
(2 equiv., 12.2 mmol) were dissolved in a mixture 3:1 acetonitrile (173 mL) and water (58 mL).
The mixture was heated to 85°C and silver nitrate (0.35 equiv., 2.03 mmol) was added. Then,
ammonium persulfate (1.3 equiv., 7.55 mmol) was dissolved in a mixture MeCN: water (3:1)
and added dropwise. The reaction was stirred for 4.5h at 85°C. MeCN was removed by
reduced pressure, Ethyl acetate was added, and the organic phase was washed with water
several times. The organic phase was dried over Mg>SO, and the solid was discard by filtration.
The excess of the liquid was removed by reduced pressure, and the crude of the reaction was
purified by flash chromatography (eluent: toluene). Yellow crystals were obtained and
recrystallized in pure n-hexane to obtain the pure product (bright yellow crystals).Yield 81 %;
m.p. (n-hexane) = 130-131 °C; *H NMR (CDCls, 400 MHz): & 8.11-8.06 (m, 2H), 7.73-7.68
(m, 2H), 7.58 (d, J=78.36 Hz, 2H), 6.98 (d, J=8.44 Hz, 2H), 3.97 (s, 2H), 2.23 (s, 3H) ppm; 3C
NMR (CDCls, 100 MHz): 6185.2, 184.53, 144.7, 144.59, 137.75, 137.68, 133.58, 132.07,
131.92, 130.62, 126.49, 126.34, 91.65, 32.01, 13.3 ppm; IR (neat, cm™): 1659.5 (s, C=0),
1616.9 (s, C=0), 1590.1(s, C=C), 487.0 (s, C-I); HRMS (ESI): 426.9577 m/z (cal. C1gH13IKO>
426.9592 m/z); Elemental analysis: C 55.54%, H 3.38% (cal. C 55.69%,H 3.38%).

General procedure of deprotection and oxidation of 3-benzyl-menadione derivatives:
the 1,4-dimethoxy-2-methylnaphthaleneBenzoyl/Benzyl derivative (1 equiv., 1 mmol) was
dissolved in acetonitrile (24 mL) water (8 mL), cerium ammonium nitrate (2.5 equiv., 2.5 mmol)
was added portion wise at room temperature to give a yellow-orange solution. The reaction
mixture was stirred for 3h. Acetonitrile was removed under reduced pressure and the residue
was extracted with DCM (2x), the organic layers were washed with brine (1x) and dried over
Na,SO.. A flash chromatography was performed (cyclohexane: EtOAc 99.8:0.2 to 90:10).

2-(4-ethynylbenzoyl)-3-methylnaphthalene-1,4-dione (7) (AZ.1.39): Yield: 66%. *H NMR
(400 MHz, CDCls) 6 8.18-8.16 (m, 1H), 8.08-8.06 (m, 1H), 7.87 (d, J = 8.64 Hz, 2H), 7.82-7.75
(m, 2H), 7.60 (d, J = 8.68 Hz, 2H), 3.29 (s, 1H), 2.06 (s, 3H). **C NMR (100 MHz, CDCl3) &
192.91, 184.68, 183.34, 144.23, 143.99, 135.29, 134.26, 134.17, 132.73, 131.87, 131.50,
128.97, 128.40, 126.76, 126.44, 82.54, 81.33, 8.85. HRMS (ESI) calcd. for CxHi12NaOs
323.067865. Found : 323.067180.

4 3.M. Anderson andJ.K. Kochi, 3. Am.Chem.Soc.,92,1651(1970).(I don’t find from 1965 as is remarked in synthetic
scheme 2)
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2-(3-ethynyl-4-(trifluoromethyl)benzoyl)-3-methylnaphthalene-1,4-dione (8) (MD65):
(96% vyield), pale yellow solid.*H NMR (400 MHz, Chloroform-d) & 8.20 — 8.18 (m, 1H), 8.09
(s, 1H), 8.08 — 8.06 (m, 1H), 7.95 (d, J = 8.18 Hz, 1H), 7.84 — 7.77 (m, 3H), 3.44 (s, 1H), 2.09
(s, 3H). ®F NMR (376 MHz, Chloroform-d) & -62.86.2*C NMR (100 MHz, Chloroform-d) &
192.26, 184.39, 183.29, 144.99, 143.17, 138.06, 136.71 (g, J= 31.27 Hz), 134.87, 134.48,
134.32, 131.84, 131.36, 128.65, 126.90 (q, J = 4.8 Hz), 126.90, 126.48, 122.63 (q, J = 273.1
Hz), 121.79 (q, J=2.12 Hz) 84.77, 78.23, 13.62. No HRMS are relationated with this
compound.

2-methyl-3-(4-nitro-3-(prop-2-yn-1-yloxy)benzoyl)naphthalene-1,4-dione

(9) (MD43):yellow crystals (65% vyield).'H NMR (400 MHz, Chloroform-d) & 8.20 — 8.18 (m,
1H), 8.08 — 8.06 (m, 1H), 7.89 (d, J = 1.6 Hz, 1H), 7.86 (d, J = 8.3 Hz, 1H), 7.85 — 7.78 (m,
2H), 7.51 (dd, J = 8.32, 1.6 Hz, 1H) 4.91 (d, J = 2.4 Hz, 2H), 2.57 (t, J = 2.4 Hz, 1H), 2.10 (s,
3H). *C NMR (100 MHz, Chloroform-d) & 192.12, 184.34, 183.24, 150.84, 144.97, 143.68,
143.17, 139.23, 134.53, 134.36, 131.81, 131.35, 126.94, 126.44, 126.04, 122.32, 115.03,
77.89, 76.39, 57.51, 13.66. HRMS (ESI) calcd. for CHi1aNOs: 376.081564. Found:
376.082321 (MH"). Elemental analysis C 67.01%, H 3.62%, N 3.75 %. (cal. C 67.20%, H
3.73%, N 3.73%).

2-methyl-3-(3-(prop-2-yn-1-yloxy)-4-(trifluoromethyl)benzoyl)naphthalene-1,4-dione (10)
(MD134) : Yield 64%. *H NMR (400 MHz, Chloroform-d) & 8.20 — 8.17 (m, 1H), 8.08 — 8.06
(m, 1H), 7.84 —7.77 (m, 3H), 7.69 (d, J = 8.08, 1H), 7.47 (d, J = 8.00, 1H) 4.87 (d, J = 2.4 Hz,
2H), 2.53 (t, J = 2.4 Hz, 2H), 2.09 (s, 3H). 3C NMR (100 MHz, Chloroform-d) & 192.72,
184.50, 183.28, 156.05 (q, J 1.49 Hz), 144.61, 143.57, 139.56, 134.41, 134.28, 131.84,
131.43, 128.15 (q, J = 5.1 Hz), 126.87, 126.43, 124.62 ( q, J= 31.67 Hz), 122.65(q, J=271.4
Hz), 122.10, 112.70, 77.05, 56.74, 13.63. Not NMR data description was done before about
this product. In Enovalys from Maxime, experiments describing this compound as a product
are MD134 and MD126. No **Fare done. No HRMS. NMR was done very diluited and is difficult
to make the assignation of the two quartets between 124 and 122 ppm. One signal of the
alkyne is overlapped in the CICD3 peaks.

2-(4-ethynylbenzyl)-3-methylnaphthalene-1,4-dione (11)(JG-43) Yield 72 % m.p. (n-
hexane) = 146°C -147°C; *H NMR (CDCI3, 400 MHz): d 8.10-8.07 (m, 2H), 7.73-7.69 (m,
2H), 7.39 (d, J=8.16 Hz, 2H), 7.18 (d, J=8.24 Hz, 2H), 4.03 (s, 2H), 3.03 (s, 1H), 2.23 (s, 3H)
ppm; 3C NMR (CDCls, 100 MHz): & 185.21, 184.53, 144.74, 144.65, 138.96, 133.55, 132.39,
132.07, 131.93, 128.56, 126.49, 126.32, 120.22, 83.40, 77.05, 32.35, 13.30. IR (neat, cm-1):
3278.4 (s, Csp-H), 2105.7 (s, C=C), 1659.5 (s, C=0), 1616.9 (s, C=0), 1590.1 (s, C=C).
HRMS: 325.0618 m/z (cal. CxH14KO2 = 325.0625 m/z); Elemental analysis: C 83.86%, H
4.92% (cal. C 83.90%, H 4.93%).

Irradiation experiments for model photoreaction:

The photochemical reaction of P_TM52 with Benzophenone and Enone derivatives was
carried out in a pyrex tube (filter for hv < 300 nm) at a final concentration of 0.1 M acetonitrile.
The reaction was irradiated to 350nm 8 RPR-3500A lamps of 200W Rayonet photochemical
reactor at a distance of 7cm from the light source at 5°C for 24 hours. Finally, the reaction was
analysed by field-desorption mass spectrometry (FD-MS).

Standardization of UV crosslinking parameters using nMet:

We first analysed the extinction coefficient emax and Amax of all the PD-ABPP by UV-Vis
absorption spectrophotometry (Fig. supplementary information). Since the maximum of
absorption Amax is about 340 nm for probes 3, 4, 6, 7 and 320 nm for probe 2 and 8, and 350
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nm for benzophenone; we selected a closest optimal wavelength of 365 nm as the light
excitation source for studying the corresponding photoreaction as it is likely in the proximity of
max of the probe and doesn’t damage the protein as the light excitation source for studying the
corresponding photoreaction. The photoreaction of nMet and probes was performed using 2
different light sources: 1. photoreactors with 350 nm UV lamp of Rayonet photochemical reactor
with 224W of intensity; 2. a UV monochromator with 350 nm and 1000W high intensity. Various
factors such as photoirradiation wavelength, solvent, and t distance of sample from light source,
the exposure time to photoirradiation of the sample and the presence or the absence of oxygen
were varied and analysed. The covalently crosslinked product was confirmed by TLC and NMR
analysis. Following are the reaction conditions: 1 equiv. of PD-ABPP + 5 equiv. of P_TM52 i.e.
(200p! of 20mM PD-ABPP in ACN)+ (100ul of 1000mM PD-ABPP in ACN), total 200ul in oxygen
free condition. (JG43 and P_TM40 takes more time to solubilize, vortex and ultrasonication
helps)

Inhibition potency of naphthoquinones towards human GR and Plasmodium

falciparum GR

The inhibition assays for hGR and PfGR by naphthoquinones was a standard GR assay (T
Mdiller et al., 2011) with 100 uM NADPH and 1mM GSSG in in GR buffer (100 mM potassium
phosphate buffer, 200 mM KCI, 1 mM EDTA, pH 6.9) at 25 °C in a 1 ml-cuvette using the
inhibitor concentrations within range of 0 to 100 uM. The final concertation of DMSO in assay
was 1%. Initial rates of NADPH oxidation by hGR (8 mU or 0.85 pmol) or PIGR (6.5 mU or 0.97
pmol) was monitored at 340 nm with a Cary 50 spectrophotometer.

Glutathione reductase-catalyzed naphthoquinone reductase activity

In comparison to the standard GR assay (T Miller et al., 2011) where GSSG is used as a
substrate for the glutathione disulfide reductase thel,4-Naphthoquinone was used as a
substrate instead of GSSG albeit with a 1000-fold increased enzyme concentration. The 1, 4-
naphthoquinone reductase activity was evaluated by recording the initial velocities of NADPH
oxidation in the presence of increasing naphthoquinone concentrations (0 — 300 puM) in GR
buffer (100 mM potassium phosphate buffer pH 6.9, 200 mM KCI, 1 mM EDTA) with 100 pM
NADPH and 0.5 uM PfGR (3.9 U) with final 1 % DMSO concentration in a total volume of 1 ml.
For the determination of Km and Vmax values, the steady-state rates were fitted by using
nonlinear regression analysis software (Kaleidagraph) to the Michaelis-Menten equation. From
these values, the turnover number kcat and the catalytic efficiency kcat/KM were calculated.

Photoreaction of peptides and proteins

Peptides and protein were photoirradiated for with 365 nm light with a UV monochromator of
1000 W high intensity. For peptide crosslinking a stock solution of GSH was prepared in 20
mM PBS pH=6.9 and probe 6 in 100% ACN. Next, 3 mM GSH was added to 600 uM probe 6
in a mixture of 1:1 ACN and 10 mM PBS in 200 ul volume. The reaction was deoxidized with
a vacuum-argon cycler with longer argon cycles (7x15s) than vacuum cycles (7x <6s) in-
between to avoid ACN evaporation. The mixture was photoirradiated for 10 min and the next
day the solution was analysed by HPLC-MS.

Protein photoirradiation for crosslinking adduct formation study was performed with a mixture
of 6 uM hGR (or BSA - used as negative control) with 6 uM probe 6 in 200 pyl 10 mM PBS
buffer pH=6.9 with 2% ACN. For reactions in which hGR redox cycled the probe 52.5 uyM of
NADPH was added additionally to induce redoxcycling. The reaction was deoxidized with a
vacuum-argon cycler with 7x argon and vacuum cycles (10s each). Subsequently, the mixture
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was photoirradiated for 8 min and afterwards 100 ul of 3x Laemmli buffer was added. The next
day the samples were separated on 10% SDS-Page gels, stained with Coomassie solution
and de-stained according to published protocol (Simpson, 2007). Protein bands were cut out
and subjected to trypsin digestion and HPLC-MS analysis.

Biotin pulldown

Biotin-protein adducts we pulled down by binding to Streptavidin agarose beads (Pierece).
Prior to use the beads were washed 5x with 1.5 ml washing buffer (47 mM sodium based PBS,
pH=6.9) (5000 g, 1 min, RT). Unspecific sites on the Streptavidin agarose beads were blocked
by incubating the beads for 1.5 hour at 4°C with 0.05% Tween20. Overnight click reactions
were diluted with 47 mM PBS to 1 ml volume and incubated for 2h with beads at RT. The
suspension was washed 3x with washing buffer, 1x with washing buffer + 0.05% Tween20 and
1x washing buffer + 0.25 % SDS (4500 g, 1 min, RT). Bound proteins were eluted at 96°C for
10 min with 40 pl Laemmli buffer. Subsequently, eluted proteins were separated on 10% SDS-
PAGE gel, cut and subjected to HPLC-MS analysis.

HPLC-MS and nanolLC-MS/MS analysis

Protein preparation for in gel digestion

The gel pieces were successively washed with 50 yL of 25 mM NH4HCO3 and 50 uL of
acetonitrile (three times), and dehydrated with 100 pL of acetonitrile before reduction in the
presence of 10 mM DTT in 25 mM NH4HCO3 (1h at 57°C) and alkylation in the presence of
55 mM iodoacetamide in 25 mM NH4HCO3. For tryptic digestion, the gel pieces were
resuspended in 2 volumes of trypsin (12.5 ng/uL; Promega V5111) freshly diluted in 25 mM
NH4HCO3 and incubated overnight at 37°C. The digested peptides were then extracted from
the gel in a buffer containing 34.9% H20, 65% acetonitrile, and 0.1% HCOOH, the acetonitrile
was removed by evaporation and peptides analyzed by nanoLC-MS/MS.

NanoLC-MS/MS analysis.Peptide digests analysis was performed on a nanoACQUITY Ultra-
Performance-LC (Waters, Milford, MA, USA) coupled to a TripleTOF 5600+ mass
spectrometer (Sciex, Framingham, USA).

The samples were trapped on a 20 x 0.18 mm, 5 ym Symmetry C18 precolumn (Waters
Corp.), and the peptides were separated on a nanoEase M/Z Peptide BEH C18 Column,
130A, 1.7 um, 75 pm X 150 mm. The solvent system consisted of 0.1% formic acid in water
(solvent A) and 0.1% formic acid in acetonitrile (solvent B). Trapping was performed during 3
min at 5 pL/min with 99% of solvent A and 1% of solvent B. Elution was performed at a flow
rate of 300 nL/min, using 1-40% gradient (solvent B) over 35 min at 60°C followed by 65%
(solvent B) over 5 min.

The mass spectrometer was operated in positive mode, with the following settings: ion spray
voltage floating (ISVF) 2300 V, curtain gas (CUR) 25 psi, interface heater temperature (IHT)
75°C, ion source gas 1 (GS1) 2 psi, declustering potential (DP) 100 V. Information-dependent
acquisition (IDA) mode was used with top 5 MS/MS scans. The MS scan had an accumulation
time of 250 ms on m/z [400-1250] range and the MS/MS scans 100 ms m/z [150-1600] range
in high sensitivity mode. Switching criteria were set to ions with charge state of 2-4 and an
abundance threshold of more than 150 counts, exclusion time was set at 12 s. IDA rolling
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collision energy script was used for automatically adapting the CE. Mass calibration of the
analyser was achieved using peptides from digested BSA. The complete system was fully
controlled by AnalystTF 1.6 (AB Sciex).

Proteins identification

Mass data collected during nanoLC-MS/MS were searched using a local Mascot server (Matrix
Science, London, UK) against an in-house-generated protein database composed of protein
sequences of hGR and BSA using an in-house database generation toolbox
(https://Imsda.unistra.fr). Searches were performed with selected modification (On each 20
encoded proteinogenic aminoacids either +375.07 Da, +374.07 Da, +357.07 Da, 356.07 Da or
358.07 Da), trypsin was selected as the enzyme, carbamidomethylation of cysteine (+57 Da)
and oxidation of methionine (+16 Da) were set as variable modifications, three miscleavages
were tolerated and mass tolerances on precursor and fragment ions of 20 ppm and 0.07Da
were used, respectively. Modified peptides were manually validated.

LC-MS analysis

LC/MS analyses were performed using an Agilent 1100 series LC coupled to a MicrOTOF-Q
(Bruker Daltonics, Bremen, Germany) or to a maXis Il Q-TOF mass spectrometer (Bruker)

The mass spectrometer was operated in positive mode with a capillary voltage of 4,500 V.
Acquisitions were performed on the mass range 200-1850 m/z. Calibration was performed
using the singly charged ions produced by a solution of Tune mix (G1969-85000, Agilent,
U.S.A)). Data analysis was performed by using Compass DataAnalysis 4.3 (Bruker Daltonics).

GSH and probe6 crosslinking reaction was directly injected onto a HPLC connected to Micro-
QTOF (Bruker). Compounds were separated on a XBridge Peptide BEH C18 Column (3004,
3.5 um, 2.1 mm X 250 mm) column. The gradient was generated at a flow rate of 250 puL/min
using 0.1% trifluoroacetic acid (TFA) in water for mobile phase A and acetonitrile containing
0.08% TFA for mobile phase B at 60°C. B was raised from 5 to 85% in 45 min.

Click reaction products were analysed by Micro-QTOF or maXis Il QTOF mass spectrometer
(Bruker Daltonics, Bremen, Germany) coupled to HPLC. Samples were injected on a XBridge
Peptide BEH C18 Column, 300 A, 3.5 pm, 2.1 mm X 250 mm column. The gradient was
generated at a flow rate of 250 puL/min using 0.1% trifluoroacetic acid (TFA) in water for mobile
phase A and acetonitrile containing 0.08% TFA for mobile phase B at 60°C. B was raised from
20 to 80% in 45 min. UV and MS chromatograms were analysed by Hystar Bruker Data
Compass program.

Characterization of clickability property of PD probes using azide models

Characterization of clickability property of PD probes using rhodamine azide in
agueous conditions:

The click reaction between probes and rhodamine azide was performed in a specialized dark
guartz cuvette under strict inert conditions. First, in a separate glass tube, Cul complex was
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formed by preincubating 36uM of each CuSO,4, THPTA and TCEP reductant (TCEP stock of
1500 uM prepared in 75%:25% H,O: DMF solution) followed by argon and vacuum cycles and
incubation for 35-45 minutes. In a special black quartz cuvette, alkyne and azide were
premixed in H2O followed by argon vacuum cycles. Finally, the click reaction was initiated by
addition of Cul complex to the premix of alkyne and azide followed by argon vacuum cycles to
maintain strict oxygen free conditions. At To the absorbance spectra of the reaction was
recorded on UV-vis spectrophotometer Cary 50. Further at Tso, Teo and Tgo 0ne dose of 20
minutes preincubated Cu(l) complex was administered in the cuvette using syringe, followed
by quick argon vaccum cycles and recording of the absorbance spectra. At T12 the fluorometric
analysis of the 20 times diluted reaction was recorded and the HPLC-MS analysis was
performed on C18 column of MicroTof-Q. The sapmles were run for 60 minutes cycle in a
gradient of ACN/TFA 0.08% and H,O with 0.250 mL/min flow rate and at 60°C in such a way
that it was 20% ACN upto 5 minutes, further increasing the concentration of ACN up to 60%
until 40 minutes and 85% until 50 minutes followed by storage of sample at 45°C as indicated
in (fig S3.16). The mass of probes and click products are in (Fig. S3.17 to S3.25)

Following table represents exact details of the click reaction conditions: * CuSO4, THPTA and
ligand were made freshly just before the reaction. Avoid freezing and thawing of Alkyne and
Azide stocks.

vol. of stock | final conc. in
. . stock conc. . . .
Click reaction in reaction reaction
. s Solvent
in aqueous conditions C1 (uM) V1 (pL) C2 (uM)
Probe 7, 8,9, 10 1200 30 36 DMF
Rhodamine azide 1200 30 36 DMF
THPTA 1500 60 or 4x15 90 H.0
Copper sulphate 1500 60 or 4x15 90 H,0
75:25
TCEP 1500 60 or 4x15 90 (GR buffer: DMF)
H20 NA 880 NA H.0

Characterization of clickability property of PD probes using azide models in
PBS buffer conditions.

Copper prereduction for a reaction in PBS buffer was achieved by mixing first 132 yM to 660
MM CuSO4 with 132 yM to 1.32 mM ligand (THPTA or BCDA) in H20. TCEP stock solution is
prepared in 75%:25% H,O:DMF solution. After addition of TCEP to a final concentration of 132
uM the mixture is deoxidized for 10 min with vacuum-argon cycling and incubated additionally
for 30 min (40 min in total). For probe 2 and rhodamine or biotin azide click reaction in buffer
6 to 24 uM alkyne and azide have been mixed in 11.25 to 47 mM PBS with final 6.6% DMF
(for RA) or 3.3 % ACN (for BA) concentration. The substrates were deoxidized by vacuum-
argon cycling and started by addition of 40 min incubated Cu (I) complex Final organic solvent
concentration in reaction was 7.2 % for DMF or 4.4 % for ACN. Reaction was held for 2h or
ON in 26°C and subjected to HPLC-MS analysis.
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. . vol. of .
Click reaction . final conc.
. stock conc. stock in . .
conditions . in reaction
in aqueous/phosphate reaction Solvent
buffer conditions C1 (uM) V1 (ut) C2 (uM)
Probe 7 720-180 3.3 24 -6 DMF
Rhodamine/Biotin azide 720-180 3.3 24 -6 DMF
THPTA/BCDA 16500 - 330 8 1320 - 66 H,0
Copper sulphate 8250-1650 8 660 - 132 H,0
75:25
TCEP 1650 8 132 (H20: DMEF)
PBS or H,0 NA 89.4 NA H,O

Antimalarial activity

Antimalarial activity is represented by ICso the concertation of biomolecule at which the half of
the parasites survive. The antimalarial activity of PD-ABPP on asexual stages of parasites was
evaluated on Dd2 a chloroquine-resistant strain of P. falciparum by ICso analysis of 72 h PD-
ABPP treated 3 h old ring stage of parasite. The ICs, protocol was a combination of ring
survival assay (Ariey et al., 2014; B Witkowski et al., 2013) and fluorescent staining based ICsg
assay that stains parasite DNA as reported earlier (Beez et al., 2011; Smilkstein et al., 2004).
For this, the mature schizont stage of parasites of highly synchronous parasite cultures was
separated using 60% percoll gradient and the mature segmented schizonts were incubated for
3 hours for reinvasion. The ring stage parasites produced during these 3 hours were then
synchronized with 5% sorbitol to kill mature stages. These 3h old rings were exposed to the
PD-ABPPs for 72h drug with 1/3rd decreasing concentrations in microtiter plates (0.5%
parasitemia, 1.5% haematocrit for SYBR green assay). Each inhibitor was analysed in a three-
fold serial dilution in duplicates in three independent experiments. Parasite replication was
assessed by fluorescent SYBR® green staining of parasitic DNA (Smilkstein et al., 2004) as
previously described (Beez et al.,, 2011). PD was used as a control. After 72 hours, the
parasites were frozen at -80°C overnight, followed by thawing and the fluorescent SYBR green
assay for determining the percentage survival of parasites via fluorescence analysis on
Promega plate reader at 591nm wavelength. The parasitemia at TO and T72 was determined
by microscopic blood smear analysis after Giemsa staining to follow the pattern of growth and
multiplication factor of parasites over time and ICso values were calculated using Prism
(GraphPad, log(inhibitor) vs. normalized response — Variable slope).
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Supplementary information:
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Figure S.3. 1. FD-MS analyses of the reaction mixtures of benzopheneone in the presence of the
diprotected methionine P_TM52 (panel A) in the absence of UV-irradiation, (panel B) upon
photoirradiation.

EDC-VK1-irrMD83-1851.1.fid 2400
EDC-VK1-irrMD83-1851

L2300
2200
0o 2100
2000
L400 ~1900
[-1800
200 L1700

1600
0

1500

11400
smsusmsmemsm&: 0 768
f1 (ppm) | 8.04 1300

Ad) 1200
8.07

L1100
1000
1900

800

F700

600

500

400

300

200

| L o

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5 0.0 -0.5
f1 (oom)

Figure S.3. 2. NMR spectras, Photoreaction between probe 6 and nMet
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Figure S.3. 4. NMR spectra for photoreaction between nMet and probe 9
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Figure S.3. 5. US-Vis spectrometry indicating emax and Amax of probe 6 (a), probe 7 (b) and probe 8
(c) in 20% ACN
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Figure S.3. 6. US-Vis spectrometry indicating emax and Amax of probe 9 (a), probe 10 (b) and probe 11
(c)in 20% ACN
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Figure S.3. 7. Cul complex formation with NaASc (a) and TCEP (b) as per UV-vis spectrometry. (c)
Comparision between Cu(l) species at 380nm and Cu (Il) species at ~350nm. (d) Precipitation of Cul
complex takes place above especially with excess TCEP (~250uM)
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a Probe 7: Effect of TCEP on overnight b Probe 9: Effect of TCEP on overnight

click reaction in oxygen conditions click reaction in oxygen conditions
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Figure S.3. 8. Reduction of azide takes place in excess TCEP.

a) The yield of overnight CuUAAC reaction in oxygen conditions between 1 equiv. of probe 4 (AZ47) with
1 equiv. of rhodamine azide, with either 1 dose of CuSO4.5H20 2.5 equiv. + THPTA 2.5 equiv. or with
CuS04.5H20 2.5 equiv. + THPTA 12.5 equiv. Above CUAAC reaction is between 1 equiv. of probe 4 and
probe 6 individually with 1 equiv. of rhodamine azide, with either 1 dose of CuSO4.5H20 2.5 equiv. +
THPTA 2.5 equiv. + TCEP 2.5 equiv. overnight or CuSO4.5H20 2.5 equiv. + THPTA 2.5 equiv. + TCEP 12.5
equiv. Increase in TCEP did not significantly increase the yield of reaction but lead to a side reaction
that can be seen with the drop in RA consumption overnight. The consumption of rhodamine azide in
presence of 2.5 equiv. of TCEP is 44% while for 12.5 equiv. of TCEP is 32%. The extra consumption of
rhodamine azide in excess TCEP can be explained by the fact that TCEP brings about a side reaction of
reducing the azide via Staudinger ligation (Saxon & Bertozzi, 2000).
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Figure S.3. 9. HPLC-MS data indicating mass of 575.24 for rhodamine azide
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Figure S.3. 10. HPLC-MS data indicating mass of 548.23 for reduced rhodamine azide.

The extra consumption of rhodamine azide in excess TCEP can be explained by the fact that TCEP brings about a side reaction of reducing the azide via
Staudinger ligation (Saxon & Bertozzi, 2000). Previously it’s also reported that even though TCEP is a reductant, phosphine of TCEP inhibits click reaction by
competing for binding to Cu and reducing the azide (Wang et al., 2003). Therefore, for standardizing the click reaction further in our case we did not use more
than 2.5 equiv. of TCEP for the click reaction.
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Figure S.3. 11. Overnight stability of Rhodamine azide. 24 uM of RA in PBS with 7.2% DMF was analyzed
by HPLC freshly or after overnight incubation in room temperature. Total RA peak absorbance in the

507 nm chromatogram was counted.
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Figure S.3. 12. Probe 7 + RA click reaction UV-vis spectrometry over time and fluorometry post 2h
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Figure S.3. 13. Probe 8 + RA click reaction UV-vis spectrometry over time and fluorometry post 2h
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Fluorometry
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Figure S.3. 14. Probe 9 + RA click reaction UV-vis spectrometry over time and fluorometry post 2h
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Fluorometry
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Figure S.3. 15. Probe 10 + RA click reaction UV-vis spectrometry over time and fluorometry post 2h
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Figure S.3. 16. HPLC-MS analysis
conditions for evaluation of click
reaction: For all the click reaction
the vyield of the product was
calculated based on the HPLC-MS
analysis. The rhodamine azide (RA)
was detected at 500nm wavelength
and probe was detected at 280nm
wavelength. Depending on the
hydrophobicity and molecule the
retention time (RT) was shifted
while separation in HPLC. The azide
being hydrophilic retention time
13.1 and 15 min, the click product
was observed at 27.6 and 29.1min
probe is the most hydrophobic with
retention time closer to 40 minutes.
%yield = (Area of product at RT 27.6
min +29.1min )/(Area of control
azide at RT 13.6 min+ RT 15.4 min)
and % RA consumption = 100-(area
of leftover RA from reaction at
13.1min + 15.0 min/area of control
RA at 13.6 min + 15.4 min)
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Figure S.3. 17. HPLC-MS analysis of rhodamine azide in probe 7-RA click reactions
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Figure S.3. 18. HPLC-MS analysis of probe 7-RA click product. For probe 7 click reaction, calculated mass of click product is 874.30 and we observed it’s
hydrated form with mass 875.311 and m/z= 1/2 with mass 438.162 at Rt 27.6 and 29.1 minutes for 2 isomers. RA with 575.22 was observed at Rt.27.6 and
29.1 for two isomers.
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200 2?0 3(?0 3?0 490 4?0 590 55‘0 Wavelength [nr‘n]I
Intens. | +MS, 31.4-33.5min #1884-2007, Background Subtracted
1000
NH:"
o
0
4 o +
g [M+2H]2
600 -|
400 g %
© Q Chemical Formula: CggHyFaNgOyg
© &} Exact Mass: 942,28363
200 4 Molecular Weight: 942,50521
0 hdbbe gk bt b b W L PR T P B PP TR TR TP TY PRI Shbad TP RPN NPT L
T T f t ! 1 T J T T y f ¥ f
200 400 600 800 1000 1200 1400 1600 1800 m/z

Figure S.3. 19. HPLC-MS analysis of probe 8-RA click reactions.

For probe 8 click reaction, calculated mass of click product is 948.283 and we observed it’s hydrated form with mass 943.299 and m/z= 1/2 with mass
472.158 at retention time (Rt) 31.8 minutes. RA with 575.22 was observed at Rt.12.2 and 14.2 for two isomers.

121



T20281MS | probe 9 (MD43) rhodamine azide click product

Intens.
(mAU] ] 12.1 mn Rhodamine azide . .
25 Probe 9-rhodamine azide
click product
20 ] 14.2 min
15 ]
30.2 min
10 0 min
5]
0 b :r‘." e “mm..nl i ST S et L L My et At omiibinoni o “’%
0 ' ' 1w 20 30 40 50 ' " Time [min]
— d- romatogram nm
T20281MS.d- UV Ch 500
|m9”54- T20281MS.d: +MS, 11.8-15.4min #704-920
x 107 4
3.04
o w
o~
o~
0 N
2 3
B w
254 1C)
[|V|+H]+ \\}j o)
i NH;
204 > 1O Q o O
] \\\ s
E HN O
15 o O
i NH;
1.04 rhodamine azide
1 Exact Mass: 574,21760
Molecular Weight: 574,59400
05
(a) 200 400 600 800 1000 1200 1400 1600 1800 miz

122



T20281MS | probe 9 (MD43) rhodamine azide click product
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Figure S.3. 20. HPLC-MS analysis of probe 9-RA click reactions.

For probe 9 click reaction, calculated mass of click product 949.29 and we observed 950.30 and m/z=1/2 with mass 475.66 at Rt 30.2 and 31.0 minutes for 2
isomers. RA with 575.22 was observed at Rt. 12.1 and 14.2 for two isomers.
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T20259MS | probe 10 (MD134) rhodamine azide click product
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Figure S.3. 21. HPLC-MS analysis of probe 10-RA click reactions

For probe 10 click reaction, calculated mass of click product 972.29 and we observed 973.28 and m/z=[M+H]?* with mass 487.155 at Rt 30.2 and 31.0
minutes for 2 isomers. RA with 575.22 was observed at Rt. 12.1 and 14.1 for two isomers.
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Figure S.3. 22. HPLC-MS analysis of probe 7
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Figure S.3. 23. HPLC-MS analysis of probe 8
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Figure S.3. 24.HPLC-MS analysis of probe 9
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Figure S.3. 25. HPLC-MS analysis of probe 10
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Figure S.3. 26. Solubility concentrations of ABPs in 2% ACN.

Probe solubility has been determined by spectroscopic measurement of ABP absorbance kinetics
during 30 minutes after addition to solvent (H,O with 2% ACN) (Left panel). Changes have been
monitored at 290 nm -characteristic absorbance for ABPS; and 790 nm absorbance — to determine
increase of absorbance of precipitant (Right panel). A) Probe 8 B) Probe 7 C) Probe 10 D) Probe 9 E)
Probe 11. For probe 8 and 11 at the maximum measurable concentration the absorbance at 290nm
was still dropping indicating that the real solubility concentration value is lower than tested.
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Figure S.3. 29. Click reaction efficencies have a similar pattern for biotin azide like for rhodamine
azide.
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Solvent
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Reductant A/@)v

(TCEP, NaAsc)

Scheme S1. Hypothetical interplay of factors in Cu(l) catalyst formation. Many of the factors involved
in Cu(l) formation can have a direct (black) on indirect (blue) effect on the availability of the catalyst.
(1) Inhibitory effect of anions is prevented by salt formation with Cu(ll) cations. (2) Coordinating ligands
like THPTA interact with Cu(l) as well as Cu(ll). (3) Ligand prevents Copper anions interaction. PBS
bufferisation increases the effectiveness of ligands (BCDA, THPTA). (4) Copper salts and (5) Ligand-
Copper complexes have a higher dissociation constant in organic solvent than aqueous solution.
Organic solvent is competitive for copper ions. (6) Some ligands like BCDA are suspectible to oxidation
in air condition (7) Oxygen and reductant have an has adverse effects on Cu(l) generation. Oxygen
presence with reductant leads to generation of reactive oxygen species, damage of reductant and
potentially unspecific product formation.
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CHAPTER 4: Click Chemistry of bioinspied/fluorogenic flavylium azide

This chapter includes the proof of concept for using fluorogenic chemical tools with the property
of emitting bright fluorescence upon click reaction for in vivo imaging as an alternative to
commercially available traditional and expensive rhodamine azide. These newly designed
derivatives did not show distinguishable emission properties prior and after the triazole
formation in click reaction, however the yield of probe 9-FA1 triazole product of FA1 was better
than rhodamine azide. The fluorogenic flavylium azides (FA1 and FA2) were designed by
Mourad Elhabiri and synthesized by Mustapha Khelladi with the assistance of the master
student Lea Vella. My role was to validate the physicochemical properties of two azides
together with Valérie Mazan and Bogdan Cichocki. Further, | standardized the clickability
properties of FA1 and FA2 with PD ABPP alkyne partners. This involved extensive UV-Vis
spectrophotometry to understand the stability of azides, followed by HPLC-MS, and
fluorometric analysis of the click reactions with probe 7 and probe 9. This study paved the way
to develop novel, affordable, water-soluble, and photostable fluorogenic chemical tools for in
vivo imaging. Our study has shown that the substitution pattern of FAL is important for its
reactivity and fluorescence emission properties. FA1l is an affordable, water-soluble and
(photo)stable chemical tool, whose reactivity in cycloaddition reactions has been found to be
improved with respect to that of rhodamine azide. However, the fluorescence of the
constrained flavylium chromophore was not reinstated on reaction with alkyne-based probes
(i.e., FA1 did not act as a fluorogenic system). On the other hand, we also clearly demonstrated
that the reactivity in CuAAC-type reactions also closely depends on the physico-chemical
properties of the alkyne partner."
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Introduction and Results

During its intra-erythrocytic development in humans, the parasite ensures its need of
nutrients through the digestion of hemoglobin in its acidic food vacuole (FV) (pH ~ 5). The
hemoglobin is converted into methemoglobin by a redox reaction (Gitta, B. et al., 2020). This
methemoglobin digestion in the parasite's FV generates peptides, reduced superoxide anion
(O2*) and oxidized free heme (Egan, T. J., 2008). O, rapidly disproportionates under acidic
conditions to O, and H,O3, and free heme catalyses Fenton reactions with H,O;, which results
in the formation of deleterious hydroxyl radicals (HO*). To overcome the free heme toxicity, the
parasite detoxifies it in its FV in the form of a dark biocrystal called hemozoin. On the other
hand, a cytosolic redox network composed of thiols and NADPH-dependent disulfide
reductases (glutathione reductases — GR — of the parasite and the host) generates high flux of
glutathione, responsible for heme(Fe'") reduction and, in concert with hydrogen peroxide, for
destruction of the remaining released toxic heme by Fenton reaction. Because of the
complexity of these interrelated processes, information on the overall redox status and pH of
a healthy, parasitized or drug-induced cell could help in the diagnosis of disease and guide the
therapeutic research (Krauth-Siegel, R. L. et al., 2005).

One of my host research projects thus focuses on the development of red/near-infrared
(NIR) ratiometric fluorescent probes for non-invasive real-time measurements in parasitized
red blood cells (pRBC) to monitor and quantify local pH and redox alterations. Red/NIR
fluorescent dyes are particularly suitable for in vivo imaging (i.e., hemoglobin is the main
chromophore in pRBCs) because they minimize photo-damage to the cells and avoid cell auto-
fluorescence. On the other hand, ratiometric fluorophores ensure minimized interferences with
external (excitation intensity, detector sensitivity, cell size) and environmental factors (photo-
bleaching, inhomogeneous cellular distribution or local probe concentration). Ideal Red/NIR
ratiometric  fluorescent dyes
have to comply with several
criteria: (i) solubility in biological
media without forming
o aggregates; (ii) (photo)stability;

(iii) biocompatibility, (iv) reduced
nodamine coon " cytotoxicity, (v) cell permeability,

Rhodamine B
Rhodamine 6G

Eosin . .
Rhdamine 12 aean (Vi)  appropriate  subcellular
Rhodamine 110 Carboxyfluorescein
Texas Red Fluorescein isothiocyanate (FITC) . . " [ .
C:;:xyl:elramelhylrhodamine(TAMRA) Fluorescein amidite (FAM) IOcallzatlon, (VII) emission in the
Tetramethylrhodamine (TMR) Merbromin . N
lisothi derivative (TRITC) Erythrosi H R :
eiocynae derative (IR nreen  biological “open-window” (650-

900 nm) (Ren, T. etal., 2017). All
these requirements are not fully reached with most of the commercial/reported dyes that still
emit light in the visible region, in which absorption by biomolecules is high. In addition, most of
the reported intracellular pH (Han, J et al., 2010) (BCECF, SNARF, Lysosensor, Oregon green,
(carboxy)fluorescein...) or redox (Amandeep, K. et al., 2016; Méndez-Ardoy, A et al., 2020)
fluorescent indicators suffer from other drawbacks (e.g., scarce ratiometric responsive dyes,
low quantum yield, high costs, tedious synthesis/functionalization, A*™ < 600 nm, not suited for
pRBCs staining, not applicable in acidic/oxidative environments, poor (photo)stability, no easy
pKa/redox fine-tuning, no vectorization to the FV) (Han, J et al., 2010).

In my host team, the chosen strategy was to develop functional molecular tools bioinspired
from a family of ubiquitous natural pigments called anthocyanins. Anthocyanins are pigments
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based on a flavylium skeleton (i.e., 2-aryl-substituted benzopyrylium, Figure 4.1) that are of
biological importance. They are responsible for most of the wide variety of yellow to blue
colours in the flowers, fruits and leaves of many plants. The diversity and complexity of
substitution of these photo-stable anthocyanic pigments allows for a wide spectrum of colours.
However, no example of naturally occurring brightly fluorescent anthocyanin has been
described so far (Duval, R. et al., 2017) due to its instability in weakly acidic to neutral aqueous
media (nucleophilic reaction on the 2 or 4-position of ring C, Figure 1) and poor quantum yield.
Free rotation through the single bond between rings B and C indeed dissipates away the
excitation energy (Figure 4.1). A water molecule can indeed readily react at position 2 of the
flavylium core leading to the formation of a reservoir of colourless forms (hemiacetal and
chalcones) according to a reversible process called the hydration reaction. In vivo, these
pigments can be linked to metal ions (metal complexes), interact with other flavonoids (non-
covalent T-stacking complexes) or polysaccharide macromolecular carriers so that the
corresponding anthocyanins are stabilized. For example, cyanin chloride has a hydration
constant pKy of 2.07 + 0.02 (i.e., overall hydration equilibrium connecting the flavylium ion to
the mixture of colorless forms, hemiacetal and chalcone forms; the flavylium ion is stable up
to pH 1-2) and a deprotonation constant pK,= 4.03 £ 0.02 (proton-transfer equilibrium between
the flavylium ion and the coloured quinonoidal base). Interestingly, introduction of a structural
constraint in B ring by modifications at position 3 and 2’ (i.e., bridging prevents free rotation)
resulted in stable and brightly emissive flavyliums with good aqueous solubility and
(photo)stability. The nucleophilic attack of a water molecule at the C2 atom of pyrylium ion
causes a change in its hybridization from sp2 to sp3. The rigidity and coplanarity induced by
(CH>).-bridging significantly modify this change in hybridization, make the formation of the
constrained 2-hydroxylflavene more difficult, and consequently increases the dye stability in
aqueous solutions (Figure 4.1). On the other hand, the free rotation through the single bond
between rings B and C dissipates away the excitation energy by a Twisted Intramolecular
Charge Transfer (TICT) state. Bridging by an ethylene group prevents this TICT process and
thus leads to fluorescent dyes.

Several water-soluble flavylium-based pigments for pH detection (1% generation) with a

constrained structure (Figure 4.1).

Constrained Flavylium Cations with Improved Fluorescent have been accordinglv synthesized
Nucleophilic Properties . . gy sy

reaction W|th gOOd y|EIdS (50'70%,

unpublished data). The measured

=L pKa values of these flavylium ions

range from 4.3 to 7 and fall in the

7”73 Fluorescent
TICT State

45+ - High absorptivities

Nucleophiic / - table overa broad pH range range of interest for the study of
reaction - Moderate-high fluorescence in saline pRBCS This series of constrained
CHi P . . aqueous solutions . . .

o 2bsopt s I e . egion - Photostable flavylium ions allows detection over
- Non fluorescent -A™2% ~ 500-650 nm/® from 1% to 95% a W|de Spectral range (510_640

- Efficient TPA Chromophores )
nm) with good to excellent

quantum vyields. The covalent
bridging prevents nucleophilic
attack of H>O in position 2 or 4 and
induces a significant aqueous
stabilization from acidic pH to pH 9-
10. Once functionalized with an
ionizable site, many compounds
demonstrated an emission and excitation ratiometric pH-response. Preliminary imaging
experiments with pRBCs showed that MM1-031 (nhon-pH-sensitive probe) and MM1-063 (pH-
sensitive probe) were effective in staining the cytosol of pRBCs (Figure 4.2). MM1-063 and

Figure 4. 1. Chemical structure of constrained flavylium
ions studied by my host team (unpublished data).
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MM1-031 give an easily detectable signal at 5 uM in the red spectral domain and stain
parasites exclusively without affecting healthy erythrocytes. All fluorophores stain parasites
exclusively without labelling healthy erythrocytes. The different parasite stages were equally
stained and the bright field transmission images confirmed cell-permeability and viability of
cells after exposure to the dyes.

Figure 4. 2. pRBCs imaging with MM1-031 and MM1-063 at 5 pM.Ex 561 nm. Em 570-780 nm.
The images have been colorized in green.

Auxochromic effects are known to influence the absorption of these dyes but the effects on
emission are hardly predictable. In an exploratory approach, my host team used a
combinatorial approach (i.e., acidic condensation between tetralones/indanones and
substituted salicylaldehydes) to generate about 250 probes, which were then screened in an
absorption/emission microplate-reader (Thermofischer Varioskan Flash). A series of potent
pH-sensitive fluorescent probes (2" generation) were accordingly selected, synthesized and
investigated with respect to their bright emission. The pKa values of the ionisable site(s) can
be further fine-tuned from 3.3 to 7.3. Several probe candidates display ratiometric responses
in two (Figure 4.3) or even three channels (unpublished results) with bright emission.
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Figure 4. 3. Physico-chemical data obtained for MM1-171. Solvent: water; [ = 0.1 M (NaCl); T
= 25.0°C.

From this 2" generation of dyes, a compound allowed determining the vacuole pH of BY2
tobacco plants by confocal fluorescence microscopy (unpublished data) and demonstrated the
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proof of concept of this approach. Interestingly, depending on the nature of the probe, specific
cell compartments were specifically stained (membrane, mitochondria, vacuole, cytosol,
Figure 4.4).

5uM 2

Figure 4. 4. In vivo imaging via fluorescent dyes: Specific staining of (A) the membranes and
mitochondria, (B) the vacuole, nucleus and cytosol and (C) the membranes of BY2 tobacco cells
by confocal microscopy with three related fluorescent dyes.

Synthesis and physico-chemical investig Continued cytoadherence of Plasmodium
falciparum infected red blood cells after antimalarial treatmentations of azide
constrained flavylium-based fluorophores

Finally, other functional fluorescent probes have been also engineered for biological
purposes. Azide-derived constrained flavyliums have been prepared (designated LVO5N3 or
"fluorogenic" azide 1 FAl1 and MK34N3 or FA2,Schemel). Flavylium LV05 was first
synthesized by condensation in an acidic medium with gaseous hydrochloric acid in ethyl
acetate for 24 hours. The product precipitated in the reaction medium and was obtained with
a yield of 60% (after purification on silica gel). LV0O5 was measured to be a bright red-emitting
compound (Aem = 628 Nnm/®2>s = 14% at pH 7.41 and Aem = 626 NM/®2*s = 73% in ethanol). The
azide LVO5N3 was then synthesized by a Sandmeyer reaction (NaNO-, NaNs) in ethanol for 3
hours. The resulting product was not pure enough because sodium azide was added in excess
to ensure that all of the starting material reacted. The residue was purified by silica gel
chromatography (CH2Clz/ethanol = 90:10, v/v) to afford LVO5N3 with a yield of 55%.

NH32 NaNO,, NaN;
Et,N OH Gaseous HCI 0°C, 3h
AcOEt, 24h

— Et,N
2° 39

NH,

LVO5N3

Scheme 1. Synthetic route to the azide derived constrained flavylium LVO5N3.

Interestingly, the fluorescence emission of LV0O5 was almost completely vanished upon
conversion of the amino into the azide function. This likely originates from the azide lone pair
electrons that participate in fluorescence quenching either through internal charge transfer
(ICT) or by photoinduced electron transfer (PET) processes. Furthermore, the absorption
spectrophotometric properties of LVO5 were found to be markedly altered upon this amino-to-
azide conversion (Figure 4.5 in ethanol and at pH 7.41). Therefore, it was expected that the
fluorescence emission seen for the amino derivative LVO5 could be recovered upon the
formation of a triazole ring (“Huisgen-clik” conditions) as already observed in some reported
systems (Noda, H. et al., 2019; Shieh, P. et al., 2015; Decuypére, E. et al., 2018). This azide
dye would therefore act as a "fluorogenic" system that turns on brightly fluorescent upon
functionalization with an alkyne function. If successful, this functional tool could be of great use
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with the potent antimalarial plasmodione (click&fish” approach for identification of the
plasmodione biological targets).

No excitation A, 365nm

Non fluorescent

Absorbance
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Figure 4. 5. Physiochemical parameters of the LVO5N3: (A) Absorption and emission
spectrophotometric data recorded for LV0O5 and LVO5N3 (FA1) in ethanol demonstrating the quenching
process that occurs for the azido derivative. (B) Absorption spectrophotometric data recorded for LVO5
and LVO5N3 (FA1) in aqueous buffered solution (pH 7.41 with 0.1 M NaCl).

Scheme 2 depicts the synthetic approach use to prepare MK34N3 (FA2) that displays an ionizable
site. 2,4-dihdroxy-5-methoxybenzaldehyde was first synthesized by performing a selective
deprotection using AlCls in dichloromethane for 23 hours (Cananzi, S. et al., 2011). The product was
obtained pure with a yield of 40% (after recrystallization). This reaction required 8 equivalents of AICl3
to ensure the deprotection of the two methoxy into the corresponding hydroxy groups. MK34 was
then prepared by acidic condensation (gaseous HCl in ethyl acetate) between 2,4-dihdroxy-5-
methoxybenzaldehyde with 6-amino-tetralone (isolated after precipitation in ethyl acetate, yield 48%).

NH,
NaNO,, NaNj, cr

Gaseous HCI +
AcOEt 24h EtOH HO 03
-0 AICI3 13h \ 20 \ Z

NH2
Scheme 2. Synthetic route to the azide derived constrained flavylium MK34N3 (FA2).

The physico-chemical investigation on MK34 provided interesting results. MK34 is associated to
protonation equilibrium with a pK, value of 4.89(3) thus indicating that the quinonoidal base (Figure
4.6) will be the predominant species under physiological conditions (pH 7.4). This is in contrast with
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LVO5 which does not display any ionizable site and remains the predominant species over a broad
range of pH. The flavylium species is characterized by an intense emission centred at 574 nm (®* =
22%; A°™ = 583 nm, 3 = 50 % in ethanol) while its related quinonoidal analogue was found to display
a bathochromically shifted emission (A®™ = 595 nm, ®° = 31 %). MK34 was then converted into its
azide analogue by using the same experimental conditions than those used for LVO5N3. MK34N3 was
purified by using semi-preparative silica chromatography.

1.4+ 100 4

1.2] .
g ]
..; 0.8 %"- 60
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Z 5] 20
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Figure 4. 6. Physico-chemical data obtained for MK34. Solvent: water; / = 0.1 M (NaCl); T=25.0°C.

Clickability properties

To select the best probe for identifying the PD interactome, we first evaluated the clickability
of different PD-ABPs using characteristically distinct azides such as the commercially available
fluorescent rhodamine azide (RA) and the two "fluorogenic" azides (LVO5N3 - "fluorogenic"
azide 1 - FAL - and MK34N3 "fluorogenic" azide 2 - FA2,Figure 4.7). The "fluorogenic" azides
are not fluorescent as such on their azide form and are anticipated to brightly emit fluorescence
emission after their conversion into their triazole form following a click reaction (Shieh et al.,
2015; X. Zhu et al., 2016).

LVO5N3 (FA1) MK34N3 (FA2)

Figure 4. 7. Chemical structures of LVO5N3 (FA1) and MK34N3 (FA2)

As stated previously, FA1 and FA2 were built on a constrained bioinspired flavylium core
and were specifically synthesized to discriminate the fluorescence of the reactants (azide form:
fluorescence OFF) with respect to that of the click product (triazole form: fluorescence ON) that
was not possible with the commercially available fluorescent rhodamine azide (RA). Probe 7
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and 9 being abundantly available and found to be the better soluble PD-ABPP probes, we then
used these two compounds to set the flavylium azide click reaction conditions.

The stability and reactivity of the two major partners of the “Huisgen-click” reaction (alkyne
and azide) are important factors to control since they contribute to the successful formation of
triazole product. Since triazole formation is mediated by the copper(l) catalyst in the click
reaction, we first tried to define the optimal conditions and combination of copper(ll) source,
ligand and reductant. Prior using LVO5N3 (FA1) for the click reactions, we first studied its
stability with respect to the reductants classically used in the “Huisgen-clik” reaction such as
sodium ascorbate (NaASc) and tris(2-carboxyethyl)phosphine (TCEP,Figure 4.8).
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Figure 4. 8. Chemical structures of TBTA/THPTA (the red colour indicates the Cu(l) binding units) and
of TCEP (pK, values are given in blue).

As compared to free FALl, excess of tris((1-benzyl-4-triazolyl)methyl)amine ligand
(TBTA,Figure 4.8) and sodium ascorbate (NaASc) reductant (> 1 mM) leads to precipitation
as well as the degradation of the FAL1 as seen by the apparent fading in its violet colour.
Precipitation was noticeably evident by increasing NaASc and TBTA (Figure 4.9) A). It has
been reported that the degradation of anthocyanins in the presence of ascorbic acid can result
from a condensation of ascorbic acid on the C4 position of the pyrylium moiety (Figure 4.7)
leading to bleaching of the dye (De Rosso, V. V. et al., 2007). It has also been proposed that
this bleaching process results from oxidative cleavage of the pyrylium ring. In this radical
mechanism (lacobucci, G.A. et al., 1983), ascorbic acid acts as a molecular oxygen activator
thereby producing free radicals that markedly alter the dye chromophore. This therefore
prompted us to opt for the water-soluble tris(3-hydroxypropyltriazolylmethyl)amine ligand
(THPTA, Figure 4.8) and the reductant TCEP for optimizing the click reaction conditions at
physiological pH (pH 7.2) (Stanislas, I., et al. 2011; Hong, V., et al. 2009) However, the
phosphine-based TCEP reagent has to be used in controlled conditions. TCEP potentially
binds copper ions (carboxylate based chelator) and induces inhibitory effects on the click
reaction (Krezel, A. et al., 2003). TCEP can also contribute to consumption of azide
compounds in Staudinger reactions (Staudinger, H. et al., 1919; Gololobov, Y. G.; et al.; 1981)
leading to the corresponding amines and tris(2-carboxyethyl)phosphine oxide as byproducts
(Chen, Y. et al., 2011; Sletten, E. M. et al., 2009).

As shown in Figure 4.9B, FAl also showed susceptibility to reduction by TCEP. Using
absorption spectrophotometry and TCEP as the reductant, it was found that the main
absorption band centred at 550 nm for FAl underwent significant bathochromic and
hyperchromic shifts. These spectral properties were found to be similar to those of LVO5 (i.e.,
amino-derived analogue of LVO5N3, see above). This behaviour contrasts with the feature
observed with the NaASc reductant with which a significant bleaching of the flavylium-based
dye and its subsequent precipitation was observed (see above).
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With NaASc at 1 mM, reduction (and subsequent degradation) of the flavylium backbone
can thus be proposed to rationalize the corresponding observations (see above). In the
presence of TCEP, the increase in fluorescence observed at the end of reaction is thus
proposed to be related to the reduction of the azide function of FAL into the amine one rather
than the click product (Figure 4.9c). This azide reduction is related to the Staudinger reaction
(very mild azide reduction discussed above, Figure 4.9D) (Leffler, J. E. et al., 1967; Gololobov,
Y. G. et al., 1992). We indeed do not observe any additional absorption bands that could
account for the formation of the triazole moiety. In addition, even though the fluorescence
emission was reinstated upon reaction with TCEP, this latter was similar to that of LVO05.

AN:~1AS(:Tprecipitation TBTA precipitation
- ‘:'“f"'”a‘:i‘ = | ammTBTA
mM NaASc mM TBTA
. ) e || 2=\ | -
Probe7 ~ + Precipitation and degradation of g g et =N | 2
LVO5N3 4 - + LVO5N3 by excess NaASc and TBTA 10 ‘ X ~ AR
Cuso4 = : N — \\
TBTA - + - Substrates 2 3 b E;V: N |
NaASc - + + Azide: LVOSN3 ~ 100pM  100puM gm \ ¥, \
Alkyne: Probe 7 20uM  20uM - EE—— = /\
1 2 3 ’ N N =
Ligand: TBTA  2000uM - % = | o ——
4 CuS04.5H20 - 1000uM »
Reductant: NaASc 1000pM  1000uM i e e o o mo e s w0 | m o k0 ke e G Ho w0 e e T T W

(A) (B)
FA1 (LVO5N3)
Reduced FA1 (LVO5NH2)
oo Fluorescence-2h Absorbance-2h
039
- 4 038
520,00
033

480,00

44000 e

400,00 027

350,00
5 32000
& 280,00

40,00

200,00 ~10x

160,00

120,00

80,00

40.00

o e S B
000 T °
580 600 620 640 660 680 700 720 740 760 780 800 420 450 480 510 540 570 600 630 680 690 720 750 780
Wavelengh Wavelengt (C)

reaction

. A
=
. Clicked product
Click Emission ON ?
o o

N\

Alkyne (probe 7) TEEP
+
N;  Staudinger
reaction
LVO5N3 (FA1) LVO05
Emission OFF Emission ON (D)

Figure 4. 9. Feasibility of ligand TBTA and reductant NaASc for flavilium azide click reaction. (A) Effect
of ligand TBTA and NaASc reductant used in excess on FA1 in aqueous conditions with ~ 3% DMF. 1.
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FA1 alone (100 uM), 2. Excess of NaASc, 3. Excess of TBTA. (B) Effect of increased concentrations of
NaASc (left) and TBTA (right) on FA1 absorption properties. (C) Influence of the reductants NaASc and
TCEP on the click reaction. Conditions: Probe 7 (1 equiv.) + FA1 (5 equiv.) + CuSO, (50 equiv.) +THPTA
(100 equiv.) + NaASc (100 equiv.) or TCEP (100 equiv.). FA1 (LVO5N3) and its reduced form (LVO5) were
used as controls to monitor the absorbance and fluorescence variations. (D) Schematic representation
of the click reaction and Staudinger reaction.

Following these first results, we tried to define appropriate experimental conditions that
could help to avoid the reduction of FA1 by TCEP. We indeed decided to rule out the use of
NaASc since this reductant was shown to lead to the degradation of the flavylium backbone.
As indicated above, the introduction of a structural constrain (i.e, bridging with an ethyl group
between position 3 and 2") significantly increased the aqueous stability of LV05 and LVO5N3
(FA1). However, under basic conditions, FA1 can undergo a reversible and slow attack of a
hydroxyl anion on the electro-deficient positions of the pyrylium moiety (C2, Figure 4.7) and
subsequently lead to ring opening to provide the neutral or ionized chalcones (Figure 4.7)
(Pességo, M. et al., 2017). Decreasing the pH value reinstates the pyrylium ion. The formation
of the chalcones is characterized by the appearance of a new absorption band at 435 nm
(associated to a yellowish to orange colour,Figure 4.10). This ring opening and isomerization
to chalcones most likely increase the hydrophobicity of the compound and lead to the slow
precipitation over time under basic to neutral conditions.

pH 7.41 (0.1 M NaCl)

0.61[FA1] =2.52x 10° M 1 " " pH o O
8 0.5 0, o +HO > 0. ‘
— 0 min Semt ==
_CE 0.4 — 60 min O / %0 O / "o Z
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+H*
L0
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300 400 500 600 700 lonized trans-Chalcone trans-Chalcone
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Figure 4. 10. Slow conversion of the flavylium LVO5N3 into its corresponding chalcone as evidenced by
the absorbance increase at 435 nm.

Reduction of FA1 by TCEP was closely related to the acidity of the medium (Figure 4.11).
Under acidic conditions, the azide reduction of FA1 is indeed significantly prevented. It is worth
mentioning that TCEP is characterized by four protonation constants (pKa of TCEP: 2.9, 3.6,
4.3 and 7.6) (Krezel, A. et al., 2003). The highest pKa value (pKa = 7.6) is associated to the
protonation of the phosphine function thus explaining the inability of TCEP to significantly
contribute to the azide reduction (Staudinger reaction) when decreasing the acidity of the
medium. As a consequence, no reduction of FA1 could be observed at pH 4.8 and 3.0 (Figure
4.11B and C).
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Figure 4. 11. Absorption spectrophotometric spectra of LVO5N3 (FA1) in the presence of TCEP at
different pH values. (A) pH 7.2; (B) pH 4.8; (C) pH 3.0. Azide reduction by TCEP can be observed by the
bathochromic and hyperchromic shifts of the main absorption band at 550 nm.

However, lowering the pH value would most likely prevent Cu(ll) reduction as TCEP was
used for this purpose. Indeed, the phosphine unit is the central element to enable this redox
reaction. We thus examined the order of addition of the different partners in the click reaction.
It is indeed anticipated that the reduction of FA1 by TCEP could be minimized if this addition
sequence is well controlled. As demonstrated in Figure 4.12A the order of the addition of the
different partners (pre-reduction of the Cu(ll) complex) is extremely important in click reaction
with FA1 and PD-ABPP. Reacting the alkyne and the azide with pre-incubated copper(ll),
THPTA ligand and TCEP reductant led to formation of cuprous catalyst and pre-oxidation of
TCEP. This allowed protecting FA1 from undesired Staudinger reaction and, thus participation
of the azide with the alkyne in the triazole formation. In spite of FA1 being water-soluble, the
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percentage of acetonitrile solvent was further increased up to 50% to protect from the
precipitation over the click reaction with PD-ABPP( Figure 4.12). This likely arose from the
simultaneous precipitation of probe and of the click product in aqueous conditions. With the
objective of using the "fluorogenic" azides FA1 or FA2 for in vivo imaging, we continued to use
below 10% of solvent concentration for the reaction unless mentioned otherwise.
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Figure 4. 12. Absorption spectra indicating the order of addition of the reactants as well as percentage
of the acetonitrile ACN solvent used in the click reaction with either probe 7 (AZ47) or probe 9
(MDA43).Sequence of addition: 1. CuSO4+THPTA: weak absorption band at about 260 nm. 2. TCEP
(reductant): bathochromic shift of the absorption band (~ 360 nm) indicative of Cu(ll) to Cu(l)
reduction. 3. Alkyne (Probe 7/AZ47 for A and B or probe 9 for C) absorption corresponding to the sum
of the cuprous complex and the alkyne. 4. Azide (FA1) to initiate the click reaction. ACN solvent %: (A)
2% for FA1-probe 7 click reaction (B) 50% for FA1l-probe 7 click reaction and (C) 50% for FAl-probe 9
click reaction.

Based on these initial results and the modified conditions set with rhodamine azide (RA) for
which addition of stepwise doses of pre-incubated Cu(l) complex was carried out, we
performed the click reactions of FA1 with probes 7 and 9. As shown in (Figure 4.14). A, the
yield of the click reaction of probe 7 with FA1 carried over 2 hours or overnight was
approximately 20% while about 80% of the FA1 dye was consumed in both situations,
indicating that no more than 80% of FA1 was consumed in 2 hours to produce the triazole-
based product (Figure 4.14A and B). On the other hand, after the addition of Cu(l) complex,
the colour of the FA1 solution was slightly altered and faded away completely after the click
reaction proceeded regardless of the probe involved in this process. This was clearly evident
with the significant decrease of the absorbance of the main absorption band over time (Figure
4.140C).

To assess these properties, LC-MS measurements were performed on the 7/FA1 and 9/FA1
reaction mixtures. For 7/FA1, using absorption detection at 540 nm, the LC chromatograms
clearly showed the presence of three distinct and major peaks with retention time of 27.2, 31.9
and 42.9 minutes, respectively (Figure 4.14E). Interestingly, the peaks at retention times of
27.2 and 31.9 minutes were already present for solutions containing only FA1 (Figure 4.14E).
FA1 was easily assigned to the retention peak measured at 31.9 minutes as evidenced by the
experimental m/z of 345.178 (Figure 4.14E) that perfectly matches the theoretical
pseudomolecular peak expected for FAL ([FAL1]* m/z = 345.171 for C21H21N4O™). The retention
peak at 27.2 minutes was associated to a species with a m/z value of 523.334 that could not
be characterized (Figure 4.14E). To get a better understanding, the UV-visible absorption
spectrum of the FA1 species related to the retention peak at 31.7 minutes (Figure 4.15D) was
recorded using a diode array detector (DAD, A™* = 552 nm) and perfectly matched that
measured in aqueous solution (Figure 4.5, A™* = 552 nm), while that measured for the
retention peak at 27.1 minutes showed a significant bathochromic shift of the absorption lying
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at high energies (DAD, A™ = 586 nm) in agreement with LVO5 and QP4 taken as references
(Figure 4.13).
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Figure 4. 13. Electronic absorption spectra of fluorophores LVO5 and QP4 closely related to LVO5N3
and the expected absorption of the click products.

The addition of Cu(l) catalyst (Figure 4.14F) does not significantly alter the LC profile
observed for FA1 alone. The two retention peaks at 27.2 and 31.9 minutes were still observed
and corresponded to the same m/z values described in the absence of Cu(l).

Importantly, the click product derived from the reaction of FAL1 with probe 7 was clearly
evidenced with the retention peak at 42.9 minutes (Figure 4.14F). The theoretical
pseudomolecular peak expected for the 7/FA1 click product ([7-FA1]*, m/z = 645.2501 for
Cu1H3asN4O4*) perfectly matches that determined experimentally (m/z = 645.254). This
substantiated the ability of FA1 to efficiently participate to CUAAC reaction with PD-ABPs such
as probe 7.
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Figure 4. 14. Click reaction of FA1 with probe 7 (AZ47) and probe 9 (MD43)in aqueous conditions with
6.8% DMF under strict oxygen-free conditions with 4 stepwise additions of doses of pre-formed Cu(l)
complex freshly prepared from CuS0..5H,0 (1 equiv.) + THPTA (1 equiv.) + TCEP (1 equiv.) in the
following manner: at Tp a pre-incubated Cu(l) complex during 45 minutes was added, while at T3, Teo
and Ty a pre-incubated Cu(l) complex during 20 minutes was added. Reaction time: 2h. By the end of
reaction (i.e., at 2h or overnight reaction), the CUAAC products with probe 7 (C) or probe 9 (D) was
analysed by absorption spectrophotometry and ESI-MS (E, F and G for probe 7, Figure 4.14. for probe
9). For 2h and 24h reaction N=3 for probe 7 (A) and probe 9 (B).

Using the same analytical tools, we then investigated the click reaction between FAl and
probe 9 (Figure 4.15A). As seen previously, FA1 was related to a retention peak at about 31.9
minutes. MS analysis of this retention peak (Figure 4.15B) confirmed the presence of the
flavylium azide as shown by the experimental m/z at 345.178 that agrees with the theoretical
pseudomolecular peak expected for FAL ([FA1]" m/z = 345.171 for C21H21N4O"). The LC profile
of FAL alone or in the presence of Cu(l) also showed the presence of a retention peak of weak
intensity at 27.2 minutes. As seen previously, this retention peak is mainly associated to a
species with a m/z value of 523.334 that could not be characterized (Figure 4.15C) . As
observed with probe 7, addition of Cu(l) catalyst (Figure 4.14A) does not influence the LC
profile measured for FAL1 alone. The two retention peaks at 27.2 and 31.9 minutes were still
observed and corresponded to the same m/z values described in the absence of Cu(l).
Interestingly, addition of probe 7 to FAL1/Cu(l) resulted in the formation of an intense retention
peak at about 42.6 minutes (Figure 4.15D). Detailed analysis of the MS spectrum associated
to this retention peak clearly revealed the presence of the click product between FAL and probe
7 as evidenced by the experimental m/z value at 720.248. This experimental value perfectly
matches that calculated for the theoretical pseudomolecular mass ([9-FAL]*, m/z = 720.2458
for Cs2HasNsO7"). The data obtained for FA1 with the PD-ABPs 7 and 9 thus demonstrate
unambiguously the ability of azido-flavylium to participate effectively in CUAAC cycloaddition
reactions.
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Figure 4. 15. Click reaction of FA1 with probe 9 (MD43) (A) in aqueous conditions with 6.8% DMF under
strict oxygen-free conditions with 4 stepwise addition of doses of pre-formed Cu(l) complex, freshly
prepared from CuSO4.5H,0 (1 equiv.) + THPTA (1 equiv.) + TCEP (1 equiv.) in the following manner — at
To a pre-incubated Cu(l) complex during 45 minutes was added, while at Tsg, Teo and Tso @ pre-incubated
Cu(l) complex during 20 minutes was added. Reaction time: 2h. By the end of reaction (i.e., at 2h or
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overnight reaction), the CUAAC product with probe 9 was analysed by ESI-MS (B, C and D). Absorption
spectra recorded with DAD for the retention peaks at 27.2 and 31.9 minutes (E and F)

We then compared FA1 with another flavylium-based azide FA2 (MK34N3) (Figure 7). It is
worth mentioning that FA2 displays an ionizable site on cycle A so deprotonation occurs at
physiological pH affording the neutral quinonoidal base (Figure 4.16). Even though the
protonation constant was not determined for FA2, the physico-chemical data obtained on its
precursor MK34 (Figure 4.6) allowed estimating a pKa value at about 5-6.

MK34N3 (FA2)

Flavylium Quinonoidal base

Figure 4. 16. Protonation equilibrium for the flavylium azide FA2 leading the predominant quinonoidal
base under physiological conditions.

It is interesting to note that of the two flavylium azides examined in this work, FA2 was found
to be more stable than FAL in solution at pH 7.2, as well as with respect to reduction by TCEP
(Staudinger azide reduction). FA1 was reduced even at 50 uM of TCEP while FA2 gets reduced
at 500 uM of TCEP (Figure 4.17C). Upon its quinonoidal state (neutral species, no electrophilic
positions), FA2 is thus seemingly more stable with respect to reduction with TCEP. However,
this also has a consequence on the reactivity of the FA2 with regard to the CuAAC reaction
since no cycloaddition product could be detected with probe 7. The same experimental
conditions than those employed for probe 7 and FA1 were applied with FA2. The LC profile of
the FA2 showed two retention peaks at 13.0 (major peak) and 20.4 (minor peak), respectively.
Regardless of the conditions used, no additional retention peak could be observed when probe
7 was combined with FA2, suggesting little or no reactivity of this azide and lack of efficacy in
a CuAAC reaction. Nevertheless, the experimental conditions still need to be optimized with
this new azide compound in order to confirm these preliminary results (i.e., only one experiment
has been conducted with FA2).
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Figure 4. 17. Click reaction of FA2 with probe 7 (AZ47) (A) in aqueous conditions with 6.8% DMF under
strict oxygen-free conditions with 4 stepwise addition of doses of pre-formed Cu(l) complex, freshly
prepared from CuSO4.5H,0 (1 equiv.) + THPTA (1 equiv.) + TCEP (1 equiv.) in the following manner — at
To a pre-incubated Cu(l) complex during 45 minutes was added, while at T3, Teo and Too a pre-incubated
Cu(l) complex during 20 minutes was added. Reaction time: overnight. By the end of reaction, the
CuAAC product with probe 7 was analysed by absorption spectrophotometry (A), fluorimetry (B), HPLC-
ESI-MS (D, E and F). n=1 for probe 7. (C) Reduction of FA2 by TCEP.

After demonstrating that FA1 was able to achieve cycloaddition reactions in the presence
of a pre-catalyst (THPTA + Cu(ll)) in combination with a reducing agent (TCEP), we wanted to
evaluate the efficacy of this new azide derivative compared to a commercial compound,
rhodamine azide (RA). Indeed, we sought to verify whether flavylium azide could be an
alternative to rhodamine azide although the latter does not operate as a fluorogenic probe (i.e.,
fluorescence ON for the cycloaddition product and fluorescence OFF for FAL). The easiness
of synthesis and the low cost of FAL are indeed interesting features for FAL. We therefore
compared the yield of the cycloaddition reactions of FA1 and RA with probes 7 and 9 under
strictly identical experimental conditions.

We observed that after 2 hours of reaction (Figure 4.18), FAL has a slightly better reactivity
than rhodamine azide. Indeed, the cycloaddition reaction yield determined by LC-MS for RA
and probe 7 led to a 17% yield while a yield of 20% was reached with FA1 with the same probe
under identical experimental conditions. However, after overnight reaction, the efficiency
increases to almost 60% with RA while for FA1 the yield was only doubled to nearly 40%. After
overnight reaction, FA1 and RA were found to be fully consumed as evidenced by the absence
of retention peaks at 31.8 minutes for FA1 and at 12.3 and 14.3 minutes for RA, respectively.
When compared to the CuAAC yields, this indicates that, in addition to the cycloaddition
reaction, FA1 undergoes degradation, conversion or precipitation reactions (probe 7 has a
solubility limit of 4 uM and the cycloaddition product is likely poorly soluble and can precipitate
under the experimental conditions used).
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Comparison of probe 7 click reaction with FA1 and RA
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Figure 4. 18. Comparison of the overnight click reaction yields of RA and FA1 with probe 7. Yields (A)
and LC chromatograms (B).

With respect to probe 9, FAL1 has demonstrated better efficiency than RA (Figure 4.19).
Indeed, after 2 hours of reaction, a yield of 9% was determined with RA while it was found to
be 15% for FAL. FAL thus showed a better reactivity whatever the probe used after a reaction
time of 2h. After one night of reaction, the reaction yield was only 15% with RA while it
increased up to 23% for FALl. This indicates that, although essential to promote coupling
reactions by photoirradiation, the presence of a nitro group displays several drawbacks for the
CUAAC reaction (electronic or steric effect). Note that MD43 has a better solubility (solubility
of 14.4 uM). These results showed that the efficacy of the CuAAC reaction does not depend
only on the azide partner, but also on the physico-chemical properties of the alkyne one. Based
on these data, we can conclude that FA1 is comparable or even slightly more reactive than AR
in cycloaddition reactions.
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Comparison of probe 9 click reaction with FA1 and RA
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Figure 4. 19. Comparison of the overnight click reaction yields of RA and FA1 with probe 9. Yields (A)
and LC chromatograms (B).

Conclusion

In this study, we considered two bioinspired bright fluorophores LVO5 and MK34
synthesized within my host team. These compounds are based on a constrained flavylium
structure and have very interesting emission properties (high brightness, red emission, water
solubility and straightforward synthesis). For the “click and fish" approach investigated in this
PhD thesis, it appeared interesting to have fluorogenic compounds capable of emitting light
after a cycloaddition reaction on an alkyne derivative of the plasmodione type. Indeed, RA is a
fluorophore of choice but which is emissive whatever its state (in free form or as a cyclo-
adduct). In their azide form (LVO5N3 or FA1 and MK34N3 or FA2), fluorescence quenching
was observed. It was therefore expected that after a CUAAC cycloaddition, this emission would
be restored to allow easy identification of the labelled biological targets. However, after reaction
with several probes (7 and 9), no fluorescence exhalation could be observed, which limit the
interest for these derivatives. However, the chosen strategy is worth pursuing, as FAL in
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particular has demonstrated strong reactivity in cycloaddition reactions. With probe 9, FAl is
more reactive than RA after 2 hours or after an overnight reaction. With Probe 7, FA1 is more
reactive than RA after 2 hours of reaction but slightly less effective after an overnight reaction.
Therefore, our approach has several advantages: (i) FAL is easily synthesized with a much
lower synthesis cost than RA; (ii) this ease of synthesis allows easily introducing structural
diversity that will allow us to meet our initial objectives; (iii) FA1 is water soluble and
photostable; (iv) FAL is reactive in cycloaddition reactions; (iv) the study of FA1 and FA2 has
led to a better understanding of the reactivity of these compounds; and (v) this work constitutes
the first proof of concept of this type of compound in CUAAC-type cycloaddition reactions.

159



Experimental section/Methods

LC-MS analysis

LC/MS analyses were performed using an Agilent 1100 series LC coupled to a MicrOTOF-Q
(Bruker Daltonics, Bremen, Germany) or to a maXis Il Q-TOF mass spectrometer (Bruker).
The mass spectrometer was operated in positive mode with a capillary voltage of 4,500 V.
Acquisitions were performed on the mass range 200-1850 m/z. Calibration was performed
using the singly charged ions produced by a solution of Tune mix (G1969-85000, Agilent,
U.S.A.). Data analysis was performed by using Compass DataAnalysis 4.3 (Bruker Daltonics).

Click reaction products were analysed by Micro-QTOF or maXis Il QTOF mass spectrometer
(Bruker Daltonics, Bremen, Germany) coupled to HPLC. Samples were injected on a XBridge
Peptide BEH C18 Column, 300 A, 3.5 pm, 2.1 mm X 250 mm column. The gradient was
generated at a flow rate of 250 uL/min using 0.1% trifluoroacetic acid (TFA) in water for mobile
phase A and acetonitrile containing 0.08% TFA for mobile phase B at 60°C. B was raised from
20 to 80% in 45 min. UV and MS chromatograms were analysed by Hystar Bruker Data
Compass program.

Physico-Chemistry

Starting Materials and Solvents. Distilled water was purified by passing it through a mixed
bed of ion-exchanger (BioBLock Scientific R3-83002, M3-83006) and activated carbon
(BioBLock Scientific ORC-83005) and was de-oxygenated by CO,- and O,-free argon (SIGMA
Oxiclear cartridge) just before use. Spectroscopic grade methanol (E. Merck Uvasol, for
spectroscopy) was used to prepare the stock solutions of the fluorescent dyes. The stock
solutions were prepared by weighing solids using an AG 245 METTLER TOLEDO analytical
balance (accuracy 0.01 mg). The ionic strength was maintained at 0.1 M with sodium chloride
(NaCl, CARLO-ERBA-SDS PHAR. EUR. 99-100.5%), and all measurements were carried out
at 25.0(2) °C.

Spectrophotometric Titrations vs. pH. The spectrophotometric titrations of MM1-171 will not
be detailed in this chapter, while LVO5 does not display any ionisable site. Therefore, only the
spectrophotometric titration of MK34 was carried out to investigate its protonation and
photophysical properties. An aliquot of 40 mL of solutions containing MK34 (8.80 x 10° M)
was introduced in a jacketed cell (METROHM) maintained at 25.0(2) °C (LAUDA E200). The free
hydrogen ion concentration was measured with a combined glass electrode (METROHM
6.0234.500, Long Life) and an automatic titrator system 794 Basic Titrino (METROHM). The
Ag/AgCl reference glass electrode was filled with NaCl (0.1 M, CARLO-ERBA-SDS PHAR. EUR.
99-100.5%) and was calibrated as a hydrogen concentration probe by titrating known amounts
of hydrochloric acid (~0.1 M from HCI, SIGMA-ALDRICH, puriss pa, >37 %) with CO.-free sodium
hydroxide solution (~ 0.1 M from NaOH, BDH, AnalaR, 98%) (Gans, P. et al., 2000). The HCI
and NaOH solutions were freshly prepared just before use and titrated with sodium tetraborate
decahydrate (BsNaO7.10H.O, FLUKA, puriss, p.a., > 99.5%) and potassium hydrogen
phthalate (CsHsKOs, FLUKA, puriss, p.a., > 99.5%), respectively, with methyl orange (RAL) and
phenolphthalein (PROLABO, purum) used as colorimetric indicators. The temperature of the
titration cell was maintained at 25.0 £ 0.2 °C with the help of a LAUDA E200 thermostat. The
GLEE program was applied for the glass electrode calibration (standard electrode potential
Eo/mV and slope of the electrode/mV pH?) and to check carbonate levels of the NaOH
solutions used (< 5 %). The initial pH was adjusted to ~ 2.5 with HCI (SIGMA-ALDRICH, puriss
pa, >37%) and the titration of MK34 (2.48 < pH < 11.04) was then carried out by automatic
addition of known volumes of NaOH solutions (BDH, AnalaR). After each addition (i.e., volume
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of base/pH automatically adjusted according to the potentiometric signal drift of the solution
with the Dynamic Potential Titration - DET - of the Tiamo program with a measuring point
density of 3; duration between two additions of 210 s), an absorption spectrum was recorded
using a Varian CARY 50 spectrophotometer fitted with Hellma optical fibres (Hellma, 041.002-
UV) and an immersion probe made of quartz suprasil (Hellma, 661.500-QX) and interfaced
(Cetrib) with the automatic titrator system 794 Basic Titrino.

Analysis and Processing of the Spectroscopic Data. The spectrophotometric data were
analysed with SPECFIT (Gampp, H. et al., 1985; Gampp, H. et al., 1985; Gans, P., 1992)
program which adjusts the absorptivities and the stability constants of the species formed at
equilibrium. SPECFIT uses factor analysis to reduce the absorbance matrix and to extract the
eigenvalues prior to the multiwavelength fit of the reduced data set according to the Marquardt
algorithm (Marquardt, D.W., 1963; Maeder, M. et al., 1990).

Spectroscopic and photophysical properties.

The fluorescence quantum vyield of a molecule reflects the effectiveness of the radiative
fluorescence deactivation with respect to the other non-radiative deactivation processes. The
absorption spectrophotometric spectra of the fluorophores (250 nm to 750 nm) have been first
recorded on a UV-Vis-PIR Cary 5000 absorption spectrophotometer (Agilent Technologies) in
several media (NIST buffered solutions at pH 1.68 and 7.41 and in EtOH with 2uL of TFA).
The pH values were selected on the basis of the pK, values (when applicable) to correspond
to the almost quantitative formation of a protonated species. In a suprasil quartz optical cell
(Hellma), an aliquot of the pigment stock solution was added to 2 ml of a buffered solution with
0.1 M NacCl or to 2 ml ethanol with 2 pl TFA. The dilution factor in the optical cell was calculated
to ensure that the absorbance at the maximum of absorption was close to 1. For the solutions
used for the spectrofluorimetric determinations, the solutions were further diluted by 10 to
obtain absorption values below 0.1 at wavelength > Aex in order to avoid any errors due to the
inner filter effect. Emission and excitation spectra were then recorded on a Jobin Yvon Horiba
Fluoromax 4 fluorimeter. The fluorescence quantum yields were determined relative to two
references depending on the spectroscopic properties of the dye, the fluorescent standards
cresyl violet (510-635 nm) or rhodamine (470-555 nm), with the possibility of correcting for
differences between the refractive index of the reference n,, and the sample solutions ns (ns?°
= 1.36 for ethanol, ns?®® = 1.33 for the aqueous buffered solutions) using the following
expression:

IIS A) x Arxnf
Q(9) = Q) DX Akl
flr(k) x Agx N,

The indices s and r denote sample and reference, respectively. The integrals over | represent
areas of the corrected emission spectra (calculated with Origin 7.0 software), and A is the
optical density at the excitation wavelength. The quantum efficiency measurements are
performed several times per sample, by varying the values of excitation wavelength and the
excitation and/or emission bandwidths.
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Synthesis of LVO5N3 (FA1) and MK34N3 (FA2).

5-methoxy-2,4-dihydroxybenzaldehyde. To a suspension of AICI; (4 equiv., 6.8 g, 50.97

HO. 4 3 2 _OH mmol) in dry dichloromethane (51 mL), a solution of 24,5-
trimethoxybenzaldehyde (1 equiv.,, 25 g, 1274 mmol) in dry
NP {20 dichloromethane (13 mL) was added dropwise. After 2 hours of mixing at

o
6 room temperature, another portion of AlCls (4 equiv., 6.8 g, 50.97 mmol)

was added. The reaction mixture was vigorously stirred for 13 h. The reaction suspension was
then poured in 160 g of ice in which 5 mL of concentrated hydrochloric acid was previously
added. The organic phase was separated and the aqueous phase was further extracted with
dichloromethane (3 x 30 mL). The organic phases were collected, filtered over silica, dried with
Na SO, and evaporated under vacuum. Cold crystallization in dichloromethane and ethyl
acetate was performed to afford 5-methoxy-2,4-dihydroxybenzaldehyde (457 mg; 21 %). 'H
RMN (CDsOD, 300 MHz) & (ppm): 3.84 (s, 3H, OCHjs), 6.33 (s, 1H, Hs), 7.11 (s, 1H, He), 9.72
ppm (s, 1H, CHO). *C NMR (101 MHz, CD3;OD) & (ppm): 194.74, 160.37, 157.42, 143.41,
114.73, 114.60, 104.02, 56.87.

3-amino-10-(diethylamino)-5,6-dihydrobenzo[c]xanthen-12-ium chloride (LVO05). 6-
Amino-3,4-dihydro- 1(2H) naphthalenone (1 equiv., 435 mg, 2.7 mmol) and 4-amino-2-
NH; hydroxybenzaldehyde (1 equiv., 521 mg, 2.7 mmol) were
dissolved in ethyl acetate (22 mL). Gaseous hydrochloric
acid HCI was then bubbled for 20 minutes in the solution.
The reaction mixture was then stirred at room temperature
for 48 hours. The solution was filtered and the solid was
copiously washed with cold ethyl acetate. The residue was then purified on silica gel
chromatography (CHzCl./ethanol = 90:10, v/v) to afford LVO5 with a yield of 61% (582 mg). 'H
RMN (CD3OD-d4, 400 MHz) & (ppm): 1.30 (t, 6H, J=7.1 Hz, NCH2CHs), 2.97 (m, 4H, Hs et Hs),
3.64 (q, 4H, J=7.2 Hz, NCH2CHs3), 6.58 (d, 1H, J=2.2 Hz, H.), 6.72 (dd, 1H, J=8.8 Hz and J=2.2
Hz, Ho), 7.02 (d, 1H, J=2.0 Hz, H11), 7.17 (dd, 1H, J=2.5 Hz and J=9.2 Hz, H>), 7.69 (d, 1H,
J=9.2 Hz, H;), 8.03 (d, 1H, J=8.8 Hz, Hg), 8.15 (s, 1H, H;). 3C NMR (CD3;0OD-d4, 101 MHz) &
(ppm): 167.07, 158.87, 158.62, 155.41, 148.48, 145.90, 131.94, 131.12, 121.75, 116.55,
116.28, 115.41, 114.90, 113.74, 96.98, 46.44, 28.58, 26.82, 12.72.

3-azido-10-(diethylamino)-5,6-dihydrobenzo[c]xanthen-12-ium chloride (LVO5N3/FA1).
HCI (4.8 mL) and LV05 (1 equiv., 125 mg, 0.35 mmol) were dissolved in EtOH (12 mL). After
N; the solution was cooled to 0 °C, sodium nitrite NaNO, (3
equiv., 73.32 mg, 1.06 mmol) was added and the mixture was
stirred for 30 min at 0 °C. Sodium azide NaNs (3 equiv., 69.09
mg, 0.037 mL, 1.06 mmol) was added slowly and the mixture
was stirred for 2 hours at room temperature. The suspension
was then extracted with CH.Cl, (3 x 40 mL) and the combined organic layers were dried by
MgSO.. After drying, the organic layers were concentrated under reduced pressure. The
residue was purified by silica gel chromatography (CH:Cl./ethanol = 90:10, v/v) to afford
LVO5N3/FA1 (73 mg, yield 55%). *H RMN (CDs;OD-d4, 400 MHz) & (ppm): 1.36 (t, 6H, J=7.1
Hz, NCH2CHa), 3.12 (br s, 4H, Hset Hs), 3.76 (q, 4H, J=7.2 Hz, NCH>CH3), 7.15 (d, 1H, J=2.1
Hz, Hi), 7.20 (dd, 1H, J=8.5 Hz and J=2.2 Hz, Hy), 7.23 (d, 1H, J=2.1 Hz, Hu), 7.46 (dd, 1H,
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J=2.3 Hz and J=9.5 Hz, H,), 7.90 (d, 1H, J=9.5 Hz, H1), 8.26 (d, 1H, J=8.5 Hz, Hs), 8.53 (s, 1H,
H-). 13C NMR (CDsOD-d4, 101 MHz) § (ppm): 163.78, 160.36, 157.66, 149.55, 147.99, 145.71,
133.28, 128.89, 124.36, 122.45, 120.66, 120.28, 119.93, 119.52, 96.84, 47.17, 27.88, 26.03,
12.76.

3-amino-9-methoxy-10-hydroxy-5,6-dihydrobenzo[c]xanthen-12-ium chloride (MK34). 6-
Amino-3,4-dihydro- 1(2H) naphthalenone (1 equiv., 288 mg, 1.79 mmol) and 5-methoxy-2,4-
NH, dihydroxybenzaldehyde (1 equiv., 300 mg, 1.79 mmol) were
dissolved in ethyl acetate (30 mL). Gaseous HCI gas was
then bubbled for 20 minutes in the solution. The reaction
mixture was then stirred for 48 hours at room temperature.
The solution was filtered and the solid was copiously washed
with cold ethyl acetate. The residue was purified on silica gel chromatography (CH2Cl,/ethanol
= 90:10, v/v) to afford MK34 with a yield of 48% (280 mg). *H RMN (CDsOD-d4, 300 MHz) &
(ppm): 2.92 (m, 4H, Hset He), 4.00 (s, 3H, OCH3), 6.51 (br s, 1H, Hs), 6.65 (d, 1H, J=9.2 Hz,
H>), 7.09 (d, 1H, Heg), 7.20 (s, 1H, Ha1), 7.92 (d, 1H, J=8.5 Hz, H1), 8.18 (s, 1H, Hv).

3-azido-9-methoxy-10-hydroxy-5,6-dihydrobenzo[c]xanthen-12-ium chloride
(MK34N3/FA2). HCI (3 5 mL) and MK34 (1 equiv., 70 mg, 0.21 mmol) were dissolved in EtOH
N; (20 mL). After the solution was cooled to 0°C, sodium nitrite
NaNO: (6 equiv., 87.34 mg, 1.27 mmol) was added and the
mixture was stirred for 30 min. Sodium azide NaNs (6 equiv.,
82.29 mg, 0.044 mL, 1.27 mmol) was added slowly and the
mixture was stirred for 2 hours at room temperature. The
suspension was then extracted with CH.Cl, (3 x 40 mL) and
the combined organic layers were dried by MgSQO.. After drying, the organic layers were
concentrated under reduced pressure. The residue was purified by silica gel chromatography
(CHzCly/ethanol = 90:10, v/v) to afford MK34N3/FA2 (12 mg, yield 16%). *H RMN (CD3;OD-d4,
300 MHz) 6 (ppm): 2.95 (m, 4H, Hs et Hg), 3.87 (s, 3H, OCHs), 6.60 (s, 1H, Hi1), 6.89 (d, 1H,
Hg), 7.32 (d, 1H, J= 10 Hz, H,), 7.39 (dd, 1H, J=9.2 Hz and J=1.8 Hz, H»), 7.89 (d, 1H, J=1.5
Hz, Ha), 7.96 (s, 1H, H;). ¥*C NMR (CDsOD-d4, 101 MHz) & (ppm): 177.42, 159.42, 156.70,
156.43, 142.03, 140.68, 133.11, 129.58, 128.67, 128.19, 124.63, 122.53, 119.26, 105.13,
103.63, 56.48, 27.94, 26.01.
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GENERAL CONCLUSION OF THE THESIS

Fundamentals of drug discovery are vast. Despite high throughput molecule screening
methodology and vast investment of money by pharmaceutical industries, the life span of a
drug from its discovery, comprising of the pre-clinical experiments to clinical trials, i.e. for
bringing the molecule from lab to launching it in the market takes between 12-15 years (J. P.
Hughes et al., 2011; Munos, 2009)(J. P. Hughes et al., 2011). Revisiting old drugs, drug target-
or phenotypic-based approaches are most commonly used for drug discovery at present
(Swinney & Anthony, 2011). The new drug is acceptable only if it could fulfill the medical unmet
need for a particular disease in the given time. Among a few thousands of antimalarial
compounds that passed through such critical hurdles MB, CQ, PQ and Art have been
sustainable drugs in the era with the urgent need of combatting the parasitic disease first, and
then drug resistance thereby bringing in the ACT for chemotherapeutic approach (“Advances
in Parasitology, Volume 36,” 2013; Yadav et al., 2019). In my Ph.D. research, | observed and
reported that bMD40 displayed cross-resistance with Art. However, it's improved
pharmacokinetic properties makes this PD analog superior and efficient in killing both the early
ring stages and late gametocyte stages that are crucial for causing the drug resistance and
parasite transmission from human to mosquito(Goetz et al in preparation). Since, PD was
proven to be as fast as and synergistic with the most efficient antimalarial agent
artemisinin(Katharina Ehrhardt et al., 2016) and it is anticipated that further improvement of
PD or bMD40 derivatives seems to be promising. In the future, we would like to test a new
analogue combining bMD30 and bMD40 modifications on the 3-bMD scaffold to assess
whether we could further improve the antimalarial properties of this series. To be one-step
ahead in the list of all other lead antimalarial compounds it will be essential to identify strategic
drug combinations of an improved PD or bMD40 derivative to bypass the cross-resistance with
Art. Therefore, it would strengthen its chances of landing at a good position for translational
medicine in the malaria box. The literature review summarizing the activity of redox-cyclers
and ROS-inducers on critical and fittest parasite stages. The latter involve various biological
processes giving a broader perspective about understanding the drug metabolism, mode of
action, and potential targets and reason for the possible failure of drug activity, and strategies
for novel drug combinations.

Diverse genomic and proteomic approaches are commonly used for deciphering the drug
targets. Ignoring the validation of probes before applying to the parasites in activity-based
protein profiling approaches for drug target identification has earlier led to acquiring unspecific
protein targets in parasite models but also in bacterial models (Duckworth et al., 2012; Ismail
et al., 2016; Lubin et al., 2018; Penarete-Vargas et al., 2014; Sun et al., 2016; Wright et al.,
2014). Therefore, we extensively screened and validated the functionality of the ABPP probes
derived from the antimalarial drug PD before applying them to parasites, in order to hunt for
specific drug targets, rule out the unspecific targets and be able to catch even the less
abundantly expressed protein targets. By the end of strategical inspection of every aspect of
photoreaction and click reaction using chemical models, we identified probes 7 and 9 as both
clickable and photoreactive probes. The EWG -4’-alkyne group for probe 7 and 4’-NO. for
probe 9 contribute to the reactivity of the probes for triazole formation in CUAAC reaction. In
contrast to published protocols, we are likely the first ones to use the strict oxygen-free
conditions and intermittent doses of Cul complex for successful click reaction by maintaining
the stability and availability of the catalyst Cul complex in aqueous conditions. We clearly
demonstrated that the click reaction is a biorthogonal reaction highly sensitive to the
compatibility of alkyne and azide partners and various factors such as oxygen, solvent, ligand,
copper source, reductant, and pH, which means a lot of troubleshooting. Click reaction is solely
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dependent on the formation of Cul complex; it is noteworthy that TCEP is a preferred reductant,
while THPTA is a preferred ligand for Cul complex formation from CuS0O,4.5H,0 under oxygen-
free conditions. Four doses of 1 equiv: 1 equiv: 1 equiv of CuSO4.5H,O: THPTA:TCEP with a
span of 30 minutes, are required enough to achieve highest yield in aqueous conditions, while
it takes just one dose of 5:5:1 conditions in phosphate buffer. It is very important to stick with
the ratio of reactant to avoid the side reactions such as the Staudinger reaction between the
azide and TCEP-reductant. Relying only on colour change to understand if the click reaction
is successful or not is like finding a needle in the hays stack. The BCDA ligand is compatible
for click reaction in phosphate buffer and can preferentially be used over THPTA. We prefer to
use biotin azide with pull down tag instead of rhodamine azide for enrichment of crosslinked
protein after the click reaction. Biotin azide seemed to have similar reactivity to rhodamine
azide. Powerful, accurate, and sensitive tools such as HPLC-MS analysis give proof by mass
to support the UV-vis and fluorimeter analysis. This analysis data was highly important in our
case especially because click product of ABPP and rhodamine azide did not change the
emission pattern after the click reaction.

We have found that the 3-benzoylmenadione-derived ABPP probes are photoreactive and can
form covalent adducts with the GSH peptide as well as with the drug-protein interactor — hGR
upon photoirradiation. Two pathways might co-exist and two adducts were revealed and
analysed. In the presence of peptide and protein models, the nature of the crosslinking implies
i) the photoreduction of the naphthoquinone core, ii) an oxidative phenolic coupling reaction
releasing a benzoxanthone, and iii) the formation of adducts between the benzoxanthone-
derived enone and the H-donor partner (GSH, or protein) through a nucleophilic attack. Future
work will clarify which conditions promote one binding pathway (benzophenone adduct) over
the other (benzoxanthone adduct). Both mechanisms of crosslinking could potentially be of
use in the parasite for in vivo ABPP, especially if the benzoxanthone represents the next
metabolite in PDs MoA cascade. Additionally, learning the behavior of the probe will allow us
to study in-depth the relation of metabolites to different identified binding sites on PDs targets
— like in case of hGR.

Conclusively, the clickability and photoreactivity of the probes have been validated individually
using chemical models and the proof of concept of both photoreaction followed by click reaction
will be continued by B. Cichocki — the postdoctoral researcher. The best optimal conditions
would be used for identifying the drug targets in the future with the antimalarial activity of probe
4 (benzylMD) a prodrug of probe 7 (benzoylMD). The chemogenomics approach and
bioinformatics approach would help in unravelling the targets and understanding structure-
activity based relationships between drug and targets. Even though our putative model
evidences the metabolite 1 formation, it would be essential to confirm PD drug metabolism in
parasites by using *C-enriched PD (Feng et al., 2018). There are diverse chemogenomics,
genomic, proteomic, and metabolomics strategies for drug target identifications. One very well
developed techniques to identify the drug targets such as CETSA technique (Jerzy M. Dziekan
et al., 2019; Jerzy Michal Dziekan et al., 2020) which depends on the melting temperature of
the proteins, or still maturing technique Proteolysis-targeting chimeras (PROTACS), which
focus on inducing targeted protein degradation by the ubiquitin-proteasome system (Schapira
et al., 2019). Nevertheless, every approach has its share of specific demands and
troubleshooting that needs well-established cross-functional expertise in medicinal, analytical
chemistry, parasitology, mass spectrometry, and proteomics. Having considered continuing
with the PD-ABPP approach to identify PD targets has enriched my knowledge and
understanding of this highly specific reaction known in the medicinal chemistry for the past >20
years.

In addition to this, | explored the proof of concept for using fluorogenic chemical tools with the
property of emitting bright fluorescence upon click reaction for in vivo imaging as an alternative
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to commercially available traditional and expensive rhodamine azide. These newly designed
derivatives LVO5N3 (or FAL1) and MK34N3 (or FA2) did not show distinguishable emission
properties prior and after the triazole formation in click reaction, however, FA1 showed better
reactivity than RA for the CuAAC reaction with probe 9 within 2 hours and the overnight
reaction. For probe 7 as well the yield of reaction with FA1 was better than RA within 2 hours
and slightly less in overnight reaction. Therefore, in the future, the development with the
substitution pattern of these bioinspired bright fluorophores would be of utmost interest to find
a cheaper alternative to rhodamine azide as a chemical tool for in vivo imaging.

My multidisciplinary Ph.D. research in biological and therapeutical chemical sciences involved
thorough study, problem-solving and troubleshooting for the click reaction, photoreaction for
developing chemical tools derived from 20 years rich platform of PD- the antimalarial drug and
its derivatives with enzyme kinetics and parasitology approaches. The diverse techniques and
linking complex biochemical concepts have eventually contributed to setting up the ground for
broader development and improvements of chemical tools for identifying drug targets.
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e Développement d’outils chimiques et
de sondes sélectives basées sur  Qara Frap
cnrs I'activité de la plasmodione pour

identifier les cibles de ce nouvel
agent antipaludique

Résumé Le paludisme cérébral est une maladie parasitaire fatale causée par Plasmodium falciparum. Les jeunes
anneaux et les gamétocytes matures sont responsables de la multiplication chez I'homme et de sa transmission aux
moustiques anopheles. Seuls quelques médicaments ciblent ces stades. L'artémisinine (Art) est le médicament
antipaludique le plus efficace, mais il est menacé par I'émergence d'une résistance a I'Art en Asie du Sud-Est. lly a
donc un besoin urgent de nouveaux agents ou de combinaisons qui peuvent cibler les anneaux et les gamétocytes et
contourner la résistance a I'Art. La Plasmodione (PD) est actif sur les anneaux avec une vitesse d'action aussi rapide
gue celle de I'Art. Elle a un faible potentiel d'induction de résistance et présente une synergie avec d'autres
médicaments, dont I'Art. Des analogues optimisés de la DP ont également montré des propriétés anti-transmission.
Cependant, les cibles précises de la PD chez les parasites ne sont pas encore connues. Par conséquent, la conception
d'outils chimiques (PD-ABPP) pour identifier les cibles de la PD est essentielle pour identifier son interactome et pour
élucider le mode d'action impliqgué dans l'action toxique de la PD contre les parasites. Mon projet de thése était axé
sur une stratégie "click & fish" et visait a analyser les produits d'addition covalents générés par des sondes ABPP
photoréactives et ‘clickables’ dérivées de la PD. Tout d'abord, mes études dans le chapitre de parasitologie ont
confirmé que l'analogue supérieur de la PD, bMD40, a montré une résistance croisée avec I'Art dans les stades
asexués des souches de P. falciparum résistantes a |'Art, ouvrant ainsi de nouvelles études pour trouver des
partenaires de combinaisons de PD dans I'équipe de I''BMC. Ensuite, mes données d'analyse ont démontré que le
groupe attracteur d'électrons en para de la chaine benzoyle des métabolites de la PD, les 3-benzoylmenadiones, est
un facteur clé dans les photoréactions avec un partenaire donneur d'H. La standardisation des conditions de réaction
click a été une contribution importante de mon travail axé sur les réactions des sondes ABPP et de la rhodamine
azide. Enfin, en combinant la photo-irradiation des sondes ABPP dérivées de la PD et la réaction click avec différents
azides - la sonde 7 avec un groupe alcyne 4' et la sonde 9 avec un 4' -nitro - se sont révélées étre les sondes
photoréactives et ‘clickables’ les plus efficaces. Troisiemement, j'ai exploré les propriétés physico-chimiques de deux
nouveaux azides fluorogénes de flavylium (FA1 et FA2), concgus/synthétisés pour générer une émission de
fluorescence, apres la réaction clik avec les sondes ABPP dérivées de la PD. Cette étude a ouvert la voie a la mise
au point de nouveaux outils chimiques fluorogénes, abordables, hydrosolubles et photostables pour I'imagerie in vivo.

Résumé en anglais: Cerebral malaria is a fatal disease caused by the parasite Plasmodium falciparum. Young rings
and mature gametocytes are responsible for the multiplication of the infection in humans and its transmission to
Anopheles mosquitoes. Only few drugs target these stages. Artemisinin (Art) is the most effective antimalarial drug,
but it is threatened by the emergence of resistance to Art in Southeast Asia. There is therefore an urgent need for new
agents or combinations that can target the rings and gametocytes and bypass Art resistance. Plasmodione (PD) is
active on rings with a speed of action as fast as that of Art. It has a low potential to induce resistance and displayed
synergy with other drugs including Art. Optimized analogues of PD also showed transmission-blocking properties.
However, the precise PD targets in the parasites are not yet known. Therefore, the design of chemical tools (PD-ABPP)
for identifying the PD targets is essential to identify the PD interactome and to elucidate the mode of action involved in
the toxic action of PD against parasites. My thesis project was focused on a ‘click & fish' strategy and aimed at the
analysis of the covalent adducts generated from photoreactive and clickable PD-derived ABPP probes. First, my
studies in the parasitology chapter confirmed that the superior PD-analogue, bMD40, showed cross-resistance with
Art in asexual stages of Art-resistant P. falciparum strains, opening new studies to find partners for PD combinations
in the IBMC team. Then, my analysis data demonstrated that the electron-withdrawing group in para of the benzoyl
chain of PD metabolites, the 3-benzoylmenadiones, is a key factor in photoreactions with a H-donor partner.
Standardization of the click reaction conditions was an important contribution of my work focused on the reactions of
ABPP probes and rhodamine azide. Finally, by combining the photoirradiation of the PD-derived ABPP probes and the
click reaction with different azides - probe 7 with a 4’-alkyne group and probe 9 with a 4’-nitro - proved to be the most
efficient photoreactive and clickable probes. Third, | explored the physicochemical properties of two new fluorogenic
flavylium azides (FA1l and FA2), designed/synthetized to generate brightly fluorescence emission, after the click
reaction with PD-derived ABPP probes. This study paved the way to develop novel, affordable, water-soluble and
photostable fluorogenic chemical tools for in vivo imaging.




