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De nos jours, il est de plus en plus difficile pour la recherche Pharmaceutique de
développer/mettre sur le marché de nouvelles molécules thérapeutiques. Des problémes
économiques, avec la chute dans le domaine public de brevets de nombreux « blockbuster »,
ou de l'essentiel du catalogue de certaines industries, viennent impacter les moyens financiers
mis & disposition pour la recherche et le développement de nouveaux composés. A ces
problémes, se rajoutent le durcissement du cahier des charges que doivent remplir les futurs
médicaments. Et bien s(r, il reste toujours aussi difficile d'identifier et de développer un

nouveau médicament.

En effet, identifier, une molécule comme étant active sur une cible d'intérét, n'est que
la 1% étape du développement d'un médicament, et elle est loin d'étre I'étape limitante. Ainsi
de nombreux hits sont abandonnés, condamnés a rester dans un placard malgré leurs activités
car ils ne possedent pas les caractéristiques nécessaires a la poursuite des recherches (faibles
solubilités, incapacités a franchir les membranes, effets secondaires trop importants, efficacité
moindre que les molécules concurrentes, plus-value discutable...). A ces « défauts » des
molécules, se rajoutent la difficulté d'atteindre la cible. Avec l'avancée de la recherche
fondamentale, on possede une meilleure connaissance des maladies et la liste des cibles pour
agir sur ces maladies augmente. Cependant ces cibles sont pour certaines difficiles a atteindre
de par leurs localisations intracellulaires. A ces problémes de développement s’ajoutent les
problémes aprés mise sur le marché. En effet l'apparition de mécanismes de résistance
(inactivation, pompe a efflux...) diminue d'autant la durée de vie des médicaments, et donc

rend la recherche pharmaceutique encore plus chére et difficile.

Ainsi une grande partie de la recherche appliquée publique se consacre au
développement de nouveaux systémes de vectorisation. Ces systémes regroupent a la fois de
nouvelles formulations galéniques (microémulsions, liposomes..), de nouvelles techniques
d’administration (technologie sonique pour perméabiliser la BHE), la création de nanoparticules
(nanovecteurs), mais aussi I'utilisation de peptides de pénétration cellulaire, et la découverte de

molécules de ciblage afin d’améliorer la vectorisation ciblée de composés.

Le glioblastome est un cancer touchant le cerveau, dont le traitement est rendu difficile
par sa localisation et la présence de la BHE. C'est dans |'optique d’améliorer sa prise en charge

que mes travaux de theése se sont déroulés. Les objectifs de ces travaux de these étaient
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I'utilisation de toxines animales comme vecteurs peptidiques d‘anticancéreux connus afin d’en
améliorer leur pénétration et rétention dans la cellule ou afin de cibler leur administration
précisément aux cellules cancéreuses. Pour ceux faire jai concentré mes efforts sur la
maurocalcine et ses analogues (pour la pénétration et rétention) et sur la chlorotoxine et ses

analogues (pour le ciblage).

La maurocalcine et ses analogues sont étudiés et caractérisés dans le laboratoire au
cours de ces dernieres années comme des peptides de pénétration cellulaire ayant un intérét
dans I'administration de composés variés. L'utilisation d’analogues de la maurocalcine comme
de ses substances actives permet de modifier leur pharmacocinétique, leur biodistribution et
contrer les mécanismes de résistance, et ce uniquement en améliorant leur pénétration et leur
rétention dans les cellules. La chlorotoxine est connue depuis quelques années comme ayant la
particularité de cibler les cellules cancéreuses de gliome. Des toxines présentant des analogies
de séquence et structurale ont été identifiées et utilisées au cours de mes travaux afin de
trouver un analogue de la chlorotoxine pour vectoriser un agent anticancéreux. Pour déterminer
I'intérét de ces toxines en tant que vecteurs, elles ont été couplées a des anticancéreux :
analogue du cisplatine et a la doxorubicine. Le couplage de la doxorubicine a été réalisé de
facon innovante en utilisant la chimie click. L'efficacité antitumorale, la distribution,
I'internalisation de ces composés ont été testées. Pour les analogues de la chlorotoxine, une
caractérisation de ces peptides a été réalisée au préalable avant le couplage et la création d'un

nouveau compose.

Ce manuscrit présente les résultats obtenus aux cours de ma thése sur ces différents
projets. Ces résultats seront précédés d'un rappel bibliographique pour en faciliter leur
compréhension. En annexe a la fin du manuscrit, seront regroupés I'ensemble des publications

auxquelles j'ai participé.
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Chapitre 1 : La maurocalcine

I. Les peptides de pénétration cellulaire

a. Définition et découverte.

La membrane plasmique représente pour la plupart des molécules une barriere
infranchissable. Son passage représente un enjeu clef dans la découverte et le développement
de nouvelles molécules thérapeutiques. En effet, seule une molécule sur 10 000 passera tous

les stades de développement et arrivera sur le marché (LEEM).

Pendant longtemps, il a été considéré comme impossible que des peptides ou protéines
arrivent a franchir cette barriere sans l'existence d'un récepteur membranaire spécifique.
Frankel et Pabo furent les premiers a constater que cette barriére n‘était pas si infranchissable.
En 1988, ils observerent que la protéine TAT (pour Trans-activator of transcription) du virus de
I'immunodéficience humaine (VIH-1) était capable de pénétrer dans des cellules en culture pour
s'accumuler dans le noyau, aucun récepteur spécifique n‘étant lié¢ a la pénétration de cette
protéine (Frankel and Pabo, 1988). Peu de temps aprés, en 1991, une observation semblable a
été réalisée sur antennapedia homeodomain, un facteur de transcription de Drosophilia
melanogaster (Qian et al., 1989; Joliot et al., 1991; Derossi et al., 1994; Gehring et al., 1994).
Ces découvertes successives ont conduit a I'identification des premiers peptides de pénétration
cellulaire. Depuis, plus d'une centaine de peptides capables de se transduire dans les cellules

ont été décrits (Tableau 1).

Plus de 20 ans aprés la découverte de cette nouvelle classe de peptides, il est toujours
difficile de donner une définition générale de ces peptides. On peut les retrouver mentionné
sous le nom de peptides de pénétration cellulaires (CPP pour « cell penetrating peptide » en
anglais, ou de « protein transduction domain » (PTD anglais de domaine de transduction
protéique), ou encore sous le terme de Trojan peptide en référence au cheval de Troie. Ils
regroupent de petits peptides de 5 a 30 acides aminés environ d'origine naturelle ou
synthétique (Brasseur and Divita, 2010; Bechara and Sagan, 2013; Reissmann, 2014). Ils sont
capables de franchir la membrane plasmatique par des mécanismes nécessitant ou non de
I'énergie sans lintervention d'un quelconque récepteur et en étant peu toxiques. Les CPP
suscitent un réel intérét de la part de la communauté scientifique car ils peuvent faire pénétrer
dans les cellules, les cargos (molécules, liposomes, nanoparticules...) qui leurs sont rattachés
(Foerg and Merkle, 2008; Brasseur and Divita, 2010; Milletti, 2012; Reissmann, 2014). Comme
aucun récepteur spécifique n‘est impliqué dans la pénétration, l'internalisation du peptide avec

son cargo se fait de maniére non spécifique, ce qui peut étre problématique si un ciblage est
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Peptide Origine

Séquence

Références

Les peptides cationigues

TAT VIH-1 TAT GRKKRRQRRRQ (Green et al., 1989)
. Homoproteine de (Balayssac et al.,
Penetratine Drosophilia antennapedia RQIKIWFQNRRMKWKK 2006)
Polyarginine Peptide de synthése (R)n n=6-12 (Ttnnemann et al,
2008)
MCa Toxine de scorpion GDCLPHLKLCKENKDCCSKKCKRRGTNIEKRCR  (Estéve et al., 2005b)
Amphiphiles primaires
pVEC VE- cadherine LLIILRRRIRKQAHAHSK (Elmquist et al., 2001)
NLS de Sv40 +
Pep-1 Séquence riche en KETWWETWWTEWSQPKKKRKV (Morris et al., 2001)
tryptophane
NLS de Sv40 +
MPG glycoprotéine 41 du GALFLGWLGAAGSTMGAWSQPPKKKRKV (Morris et al., 1997)
VIH

Prion protéine signal +

MPrPp (1-28) motif KKRPKP

MANLGYWLLALFVTMWTDVGLCKKRPKP

(Lundberg et al.,
2002)

Amphiphile a hélice a

Transportan Galanine + Mastoparan

MAP Peptide de synthese

GWTLNSAGYLLGKINLKALAALAKKIL

KLALKLALKALKAALKLA

(Pooga et al., 1998)

(Oehlke et al., 1998)

Amphiphile a feuillet B

VT5 Peptide de synthese

DPKGDPKGVTVTVTVTVTGKGDPKPD

(Oehlke et al., 1997)

Amphiphile riche en proline

Bac7 Cathelicidin bovine

Pyrrhocoricin Peptide antimicrobial

RRIRPRPPRLPRPRPRPLPFPRPG

VDKGSYLPRPTPPRPIYNRN

(Sadler et al., 2002)

(Otvos, et al., 2004)

(Daniels and

(PPR)N Peptide de synthese (PPR)3, (PPR)4, (PPR)5, (PPR)6 Schepartz, 2007)
Hydrophobes

Facteur de croissance de .
K-FGF Sarcofribroblaste de Kaposi AAVALLPAVLLALLAP (Lin et al., 1995)

Facteur de croissance de (Nakayama et al.,
FGF 12 fibroblaste PIEVCMYREP 2011)

l., 2007

Bip ? VPTLK (PMLKE, VPALR, VSALK, IPALK) (Gomezzgtlg)’ 007,

Tableau 1 : Exemple de CPP avec leur origine et séquence.



souhaité (Vives et al., 2008). Méme si linternalisation n’est pas spécifique, elle peut varier
selon le type cellulaire et le cargo attaché au CPP. Jusqu’a présent leurs utilisations comme
vecteurs a largement fait ses preuves /n vitro (sur des cellules en cultures) (Heitz et al., 2009).
L'existence de tests précliniques et cliniques montre le potentiel de ces composés (voir
paragraphe I. d).

b. Classification

Il existe une grande diversité dans la famille des CPP. Il n'y a pas vraiment
d’homologies de séquences méme si certains CPP présentent des caractéristiques structurales
identiques ou proches. La grande variété dans l'origine des CPP fait que I'on trouve aussi bien
des peptides avec des séquences cationiques, anioniques ou neutres, et des degrés
d’hydrophobicité et de polarité différentes. Il est possible de classer les peptides suivant deux
classifications différentes. La premiére selon leurs propriétés physico-chimiques, la seconde
selon leurs origines (Milletti, 2012; Reissmann, 2014). Ainsi dans la classification
physicochimique, les CPP sont répartis en 3 classes (Figure 1):

- Les peptides cationiques
- Les amphiphiles
- Les hydrophobes
Les peptides anioniques n’ont pas de groupe spécifique et sont répartis au cas par cas
avec les amphiphiles ou les hydrophobes. IIs sont assez rares, puisque pendant longtemps on a
pensé qu’une charge nette positive était obligatoire pour linteraction avec la membrane et la
pénétration (Martin et al., 2011).

Anionigue Cationique
O o O g4 0 Hydrophobe
o % OCD ©) O Linéaire
O oo ©O o 5 © Structuré
—_—
. —  Amphiphile
O @ (] @ Primaire
o 080% 8 O° S © Hélicga-
(o] [5) @ Feuillet
@ i o ° o @ Pro-riche
——
(] .. : .. . ®
‘ © e @ Cationique
@ () o
@ @0 o
&o @® R |

-0.2 0 02 04 0.6 0.8 1
Charge nette moyenne

Figure 1 : Distribution des CPP en fonction de leur charge nette (D’apres
Milletti, 2012 (modifi¢))
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Plus de 83% des CPP ont une charge nette positive (Milletti 2012), mais ne sont regroupés dans
les peptides cationiques que les peptides dont la pénétration repose uniquement sur la
présence de charges positives. Huit charges positives seraient nécessaires a une pénétration
efficace des CPP cationiques (Madani et al., 2011). Cela n‘'empéche pas d'autres résidus d'étre
cruciaux pour la pénétration (c’est le cas de la pénétratine W14F). Parmi les peptides
cationiques, on retrouve les deux CPP historiques, TAT et pénétratine (dérivée de
I'antennapedia homeodomain) et leurs dérivés, ainsi que les polyarginines peptides. Dans ce
sous-groupe, on retrouve aussi les séquences de localisation au noyau (NLS: nuclear
localisation sequence). Ce sont de petits peptides avec des motifs riches en arginine, lysine ou
proline qui peuvent étre transportés dans le noyau via les pores nucléaires en emmenant avec
elles les protéines qui lui sont complexées. La majorité des NLS ne sont pas de remarquables
peptides de pénétration, mais qui lorsqu'ils sont associés a une séquence hydrophobe donnent
des CPP amphiphiles tres intéressants (Morris et al., 1997, 2001; Mueller et al., 2008; Oglecka
et al., 2008; Milletti, 2012).

Les CPP amphiphiles sont sous-divisés en 4 classes :

- Les CPP amphiphiles primaires : qui sont souvent des peptides chimériques issus
de I'association d’'un NLS a une séquence hydrophobe. On retrouve aussi des
peptides dérivés de protéines naturelles (exemple : MPrPp (1-28) basés sur la
protéine prion associée au motif KKRPK) (Oglecka et al., 2008).

- Les CPP a hélices alpha amphiphiles qui comme leur nom l'indique regroupent les
CPP contenant une hélice alpha amphiphile ayant une face trés hydrophobe et
I'autre face pouvant étre chargée (positivement ou négativement) ou polaire. Une
simple mutation ponctuelle ou délétion peut entrainer une diminution de la
pénétration (Scheller et al. 1999; Soomets et al. 2000; Milletti 2012).

- Les CPP a feuillets Beta amphiphiles ; eux possedent un feuillet hydrophobe
associé a un feuillet hydrophile exposé au solvant. Une étude a montré que pour
VTS5 la présence de feuillets beta est nécessaire pour avoir une bonne pénétration
(Oehlke et al. 1997; Milletti 2012).

- Les CPP amphiphiles riches en proline ; la présence importante de proline impose
au peptide une structure secondaire bien précise : (polyproline II (PPII) hélice
prolongée gauche de 3.0 résidu par tour) (Milletti 2012).

La derniére classe est celle des CPP hydrophobes. Peu de CPP font actuellement partie
de cette classe. Un CPP est considérée comme hydrophobe s'il ne contient que des résidus
apolaires avec une faible charge nette ou s'il possede un motif hydrophobe ou des résidus
hydrophobes essentiels a la pénétration (Milletti 2012).
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La seconde méthode de classification est plus simple puisqu’elle est basée sur l'origine
des CPP. Cependant elle est de plus en plus déséquilibrée et obsoléte a cause du nombre
croissant de CPP synthétisés en laboratoire. Cette classification permet de distinguer les
peptides d'origines naturelles, des peptides chimériques et des peptides de synthése.
Rapidement, les peptides d'origines naturelles regroupent tous les CPP issus de protéines
naturelles (TAT, penetratin, maurocalcine...). Les CPP chimériques sont issus de la fusion de
deux peptides d’origines différentes comme par exemple le transportan qui est issu de la fusion
d’un neuropeptide la galanin1-13 et du peptide mastoparam issu du venin de guépe. Enfin il
reste les peptides synthétiques, dont les plus connus sont les polyarginines. Cette classe
regroupe |I'ensemble des CPP obtenus par synthése chimique aprés observation des propriétés
physico-chimiques des 1*" CPP décrits.

c. Voies d’entrées dans la cellule

Il est impossible de parler des peptides de pénétration cellulaire sans aborder les
différents mécanismes d’absorption de la cellule. Un composé a différents moyens pour
pénétrer dans une cellule, mais attention, certains d’entre eux conduisent a la dégradation du
composé dans les lysosomes. Les différentes voies d'entrée étant variées, plus ou moins
compliquées, je ne détaillerai que ceux intervenant dans la pénétration des CPP. Cependant

I'ensemble de ces mécanismes est brievement décris dans le Tableau 2.

Les voies d’entrée utilisées par les CPP pour pénétrer dans une cellule sont difficiles a
étudier. En effet la pénétration d’'un CPP peut varier en fonction du type cellulaire, du cargo lui
étant attaché, et de la concentration utilisée. De plus, il apparait clairement qu'un méme CPP
peut utiliser plusieurs voies d'entrée dans la cellule. Ainsi il n‘est actuellement accepté que deux
types d'internalisation possible pour les CPP :

- La translocation : processus énergie-indépendant (diffusion directe, modele de
la micelle inversée, le modéle de « barrel-stave », et le modéle de « Carpet »).

- L'endocytose : processus énergie-dépendant (macropinocytose, I'endocytose
clathrine-dépendante, I'endocytose dépendante des calvéoles/raft lipidiques, et I'endocytose
clathrine calvéoline indépendante)

Les principales différences entre les deux types d‘internalisations sont bien évidemment
le mode de pénétration mais surtout la libération du CPP dans le cytosol. Dans le cas des voies
d’entrée par translocation, le peptide se retrouve immédiatement dans le cytosol aprés avoir
passé la membrane plasmique ; alors que dans les cas d’endocytose, le peptide se retrouve

dans une vésicule dont il doit s'échapper pour atteindre le cytoplasme.

La diffusion directe est basée sur linteraction des groupements guanidium des
arginines du CPP avec les groupements phosphates des phospholipides de la membrane. Cette
interaction va permettre de masquer les charges du peptide, atténuer sa polarité et ainsi
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Nom Description Caractéristique Réf.
Permet I'ingestion de particules volumineuses. Elle est réalisée par des cellules spécifiques (macrophages, L . . .
. . L o, o o Spécifique a certains types cellulaires
neutrophiles et les cellules dentritiques). Procédé qui fait partie intégrante du systeme immunitaire de .
) i . ) ) o i . Formation de phagosome (Desjardins
I'organisme. Il nécessite la reconnaissance de la particule par la cellule a I'aide de récepteurs membranaires. . o . . >
] ) ] . ] Ingestion puis dégradation de grosses particules (par 2003; Tollis et
Phagocytose Il se produit alors un réarrangement du cytosquelette de la cellule conduisant a la croissance de la le bactéric) al., 2010;
exemple bactérie
membrane plasmique afin d’englober la particule et de former un phagosome. La particule et ensuite ) ) Vercauteren et
L L, ) R L . o Croissance de la membrane plasmique al., 2011)
détruite et des petits éléments de cette particule vont étre exposé a la surface de la cellule immunitaire afin , .
) ) o Consomme beaucoup d’énergie
de stimuler les autres cellules immunitaires (Lymphocytes)
- o . . o . . . (Kerr and
Responsable de l'internalisation des fluides et de macromolécules dans différents types cellulaires. Elle Présent dans tout type cellulaire Teasdale
!
M iyt implique un mouvement membranaire afin de générer une excroissance membranaire qui va ensuite se Formation de macropinosome 2009; Mercer
acropinocytose . (. 5 s oe X . . ) 5 \ .
replier sur le contenu extérieur pour former une large vésicule hétérogene : le macropinosome. Ce processus | Déformation puis mouvement de la membrane plasmique and Helenius,
permet l'internalisation de facteurs de croissance par la cellule. Endocytose de facteurs de croissance 2009; Gold et
al., 2010)

Pinocytose

Dépendante de
la clathrine

Intervient dans tout type cellulaire. Elle permet I'absorption par la cellule de composés essentiels
(cholestérol, transferrine, lipoprotéines). Elle nécessite la présence de récepteurs membranaires spécifiques
a un ligand (cholestérol, transferrine...). Elle peut étre décomposée en plusieurs étapes : (i) la fixation du
ligand sur son récepteur, (ii) la concentration de récepteurs liés a leur ligand dans une invagination de la
membrane. (iii) Recrutement de clathrine au niveau intracellulaire de I'invagination pour recouvrir la vésicule
en formation. (iv) accentuation de I'invagination de la vésicule avec I'assemblage de clathrine se terminant

par la libération d’'un endosome encapsulé de clathrine concentré en molécule d'intérét.

Présent dans tout type cellulaire

Formation d’endosome recouvert de clathrine

Nécessite la présence de récepteurs membranaires
Invagination de la membrane provoquée par I'assemblage
de clathrine

Endocytose de composé essentiel a la survie de la cellule.

(Conner and
Schmid,

2003; Sahay
et al., 2010)

La calvéole est décrite comme une invagination de la membrane en forme de flacon. Elle est constituée de
calvéoline (protéine transmembranaire) et est riche en cholestérol et sphingolipides. Le virus simien 40
(SV40) utilise cette voie pour infecter les cellules et a donc été utilisé pour I'étudier. Aprés s'étre liée a la

- Présent dans de nombreux types cellulaires (muscles lisse,

(Pelkmans et

) ) ) L ] ) ] .. .. | fibroblaste, adipocytes, cellule endothélial) al., 2001;
Dépendante de membrane via un récepteur, le compose lié au récepteur va se diffuser dans la membrane jusqu'a étre piégé o ] i Conner and
o B . o . . . . - Formation d’endosomes composés de calvéole -
la calvéoline dans une calvéole. S'en suit une cascade de signalisation qui va entrainer le recrutement d’actine qui va L B ) Schmid, 2003;
3 . , 3 - Nécessite la présence d'un récepteur Kumari et al
former des plaques autour de la calvéole. La dynamine va alors s'assembler au col de la calvéole et va o . i N g
L L. 3 R . . o - Invagination de la membrane due a la calvéole 2010)
provoquer la libération de la vésicule de calvéole. Cette derniére va ensuite perde les polyméres d’actine a sa
surface. Cette voie permet entre autre l'internalisation de I'albumine.
Clathrine et | Cette voie représente une alternative a la voie liée a la clathrine et a la calvéoline. Elle regroupe un - Encore en cours de caractérisation et sujet a débat. (Conrier'and
calvéoline ensemble d'autres voies mettant en jeu d‘autres protéines capables de former des vésicules. Comme par Schmid, 2003;
indépendante exemple les flotillines et les tétraspanines qui vont permettre une endocytose indépendante du niveau de Kumari et al.,
cholestérol membranaire. 2010)

Tableau 2 : Définition des différentes voies de pénétration dans une cellule
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permettre sa diffusion a travers la membrane. Cette diffusion est possible grace au potentiel
membranaire et nécessite la présence d'un nombre minimum d‘arginine et d'une charge nette

positive (Bechara and Sagan, 2013)

Le modéle de micelle inversée a été pour la premiére fois décrit pour expliquer la
translocation de la penetratin (Derossi et al., 1996). Dans ce modele, les résidus basiques du
CPP vont interagir avec les phospholipides de la membrane entrainant I'interaction des résidus
hydrophobes avec la membrane. Il va alors se produire une déstabilisation de la bicouche
lipidique avec invagination de la membrane. La réorganisation des lipides voisins va aboutir a la
formation d'une micelle inversée entourant le CPP. Une disruption de la membrane va alors

conduire a la libération du peptide dans le cytosol (Figure 2) (Lundberg and Langel, 2003).

- Extracelulaire
e _,SI .‘-“'h"n..

Intracellulaire

Extracelulaire

-’f Intracallulaire

Extracelulaire

H\\"\l"“-\ lrr i ™
Intraceliulaire

Figure 2 : Modéle de la micelle inversée, les peptides (en vert) interagissent avec
la membrane plasmique, entrainant la formation d’'une micelle autour des peptides, avant leurs
relargages dans le cytoplasme.
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Dans le modéle de « barrel-stave », les CPP vont dans un 1% temps se lier a la
membrane plasmique. Les molécules de CPP vont alors s‘associer pour former un pore
transitoire sous la forme d’un tonneau, laissant ainsi diffuser les autres molécules dans la cellule
(Gazit et al., 1994; Yeaman and Yount, 2003; Sanderson, 2005). Ce type d'internalisation va
nécessiter la présence d'une hélice alpha amphiphile ou hydrophobe, et/ou d'un feuillet beta
(Shai and Oren, 2001). (Figure 3)

Selon le modéle de « carpet », les peptides vont s‘accumuler a la surface de la
membrane plasmatique sur leur longueur en la recouvrant comme un tapis. Cette accumulation
de peptides va conduire a une perturbation locale de la membrane plasmique, provoquant
I'apparition de perforations dans la membrane permettant aux peptides de passer (Shai and
Oren, 2001; Yeaman and Yount, 2003; Sanderson, 2005). (Figure 3)

A. B.

Carpet Barrel - stave

Figure 3 : Illustration de la translocation selon les modéles de « barrel -
Stave » et de « carpet ». ( D’aprés Lundberg and Langel, 2003 (modifié))
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L'endocytose est un processus d'internalisation de composés et de fluides nécessitant
de I'énergie. Comme décrit dans le Tableau 2, il existe différentes voies d’endocytose.
L'endocytose des CPP peut étre décomposée en 2 étapes : I'entrée par endocytose suivie de
I'échappement de la vésicule d’endocytose. Les conditions pour cet échappement ne sont pas

encore connues.

La macropinocytose qui permet l'endocytose par la cellule de grandes quantités de
fluides a été décrite dans de nombreuses études comme la route prioritaire d’entrée des CPP
(Nakase et al., 2004; Wadia et al., 2004; Kaplan et al., 2005; Fretz et al., 2006; Khalil et al.,
2006) et notamment pour les polyarginines (Duchardt et al., 2007; Nakase et al., 2007).
L'endocytose dépendante de la clathrine a été montrée comme impliquée dans le mécanisme de
pénétration de la penetratin, de TAT, lorsque la concentration est importante et d'autre CPP
apres inhibition de son fonctionnement (Saélik et al. 2004). L'endocytose dépendante de la
calvéole est elle aussi impliquée dans la pénétration des CPP (Duchardt et al., 2007). Elle
semble étre prioritaire a faible concentration de CPP. (Figure 4)

A @ ®

Macropinocytose Endocytose Endocytose calvéoline

clathrine dépendante
% Endocylose

) dépendante Dynamine
S clathrine - calvéoline

indépendante

®

Filaments
d'actine

Modéle de
«Barrel - Stave»

o .
“ i

T
3 M,
Il L. T T
LALLM
gies “Q‘ TrITTY
441

A Modéle de la micelle A
Modéle de «Carpet: 2 - HMP
«Garpet» inversée

@ @ Diffusion directe

Figure 4 : Mécanisme d'entrée des CPP, A. Mécanismes énergie dépendant ; B.
Mécanismes énergie indépendant. ( D’aprés Durzynska et al., 2015 (Modifié))
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d. Intérét clinique des CPP.

Les CPP offrent de grandes possibilités dans le domaine thérapeutique, leurs utilisations
pouvant aller de la « simple » recherche pour comprendre le fonctionnement d’une maladie, a
I'administration d’'un éventail varié de cargos. Ainsi jusqu’a présent, les CPP ont été utilisés pour
transporter : des peptides, des enzymes, des protéines, des anticorps, des acides nucléiques et
leurs mimes, de I'ADN, des plasmides, des agents thérapeutiques, des fluorochromes, des
nanoparticules, tous pour des applications variées (imagerie, cancer, transfection...). Il serait
trop long de faire ici une liste ou de développer I'ensemble de ces applications. Une liste non
exhaustive des différents types de cargos délivrés peut étre trouvée dans le Figure 5.

Les CPP sont utilisés pour :

- améliorer la pénétration d'un composé dans les cellules (tumeurs par
exemple)

- améliorer la rétention d'un composé dans une cellule (cellule tumorale par
exemple)

- atteindre des zones difficiles d'accés (par exemple le passage de la barriere
hémato-encéphalique).
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Figure 5 : Applications des CPP comme vecteur
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Bien que leurs intéréts en clinique soient grands, il n'y a pour l'instant aucun CPP-
médicament qui ait été approuvés par la FDA, mais l'on retrouve des CPP dans des essais
précliniques et cliniques (Tableau 3) ce qui traduit bien leurs potentiels (Shi et al., 2014).
Cependant, leur développement en produits pharmaceutiques n'est pas garanti. En effet, il y a
plusieurs aspects qu'il faudrait étudier avant de voir les CPP couramment utilisés comme
vecteurs de médicaments, Le premier étant de mieux caractériser leur pénétration (mécanisme,
efficacité, cinétique...) en fonction du type cellulaire afin de pouvoir comparer l'efficacité,
I'intérét des différents CPP dans différentes conditions. En effet, bien qu’il y ait un nombre
croissant d‘applications décrites, elles concernent treés souvent les méme CPP, avec comme

peptides de références TAT et penetratin. On retrouve aussi souvent les polyarginines.

Il faut ensuite s'intéresser au potentiel effet toxique ou secondaire de I'utilisation de ces
peptides, étudier aussi une éventuelle réponse immunitaire, et la biodisponibilité d'un tel
composé. Et enfin, il faut impérativement contrGler la pénétration non sélective de ces

composés avant d’envisager une utilisation massive /in vivo.

Malgré tout cela, les CPP représentent dans la cancérologie, un intérét important, ayant
conduit récemment a I'émergence d’un groupe de CPP : les « tumor penetrating peptides », (ex
iRGD, iNGR, lyp-1, Omomyc...). Ces peptides permettent la délivrance profondément au sein de
tissu tumoral de petites molécules ou nanovecteurs (Sugahara et al., 2009; Savino et al., 2011;
Alberici et al., 2013; Yang et al., 2014).

Méme s'il reste encore du travail, je ne doute pas de voir apparaitre sur le marché des
CPP.
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Phase

Nom CPP Cargo Indication clinique Entreprise Réf.
(année)
2 arrété (Lebleu et al.,
PsorBan R8 Cyclosporine A Psoriasis CellGate
(2007) 2008)
Lysine-riche peptide
ysine-riche peptid i Revenance (Brandt et al.,
RT-001 encadré par deux Toxine botulique Cosmetique 2 (2013) .
therapeutics 2010)
peptides TAT4g.57
Prévention et
Heat shock i Capstone (Lopes et al.,
AZX-100 PTD4 i réduction des 2 (2012) .
protéine 20 o therapeutics 2009)
cicatrices
Inhibiteur de la Infarctus du (Miyaji et al.,
KAI-9803 TAT47-57 ; 2 (2011) Amgen
protéine kinase Cs myocarde 2011)
Inhibiteur de la Blessure de la (Cousins et al.,
KAI-1678 TAT47.57 L . 2 (2011) Amgen
protéine kinase C, colonne vertébrale 2013)
Maladie L,
6-aminohexanoicacid- 2 arrété (Hosseini et al.,
AVI-5126 Antisense PMO cardiovasculaire et Sarepta
spaced oligoarginine . (2009) 2012)
pontage coronarien
[(R-Ahx-R)4]
Dystrophie Lo (Goyenvalle
Préclinique .
AVI-5038 ? Antisense PMO musculaire de Sarepta and Davies,
(2012)
ducheme 2011)
Novartis et
V2- deleted Env L. (ISS P-002)
ISS P-002 TAT i Infection au VIH 1(2014) I'institut supérieur
protéines i ClinicalTrials.gov
de la santé d'Italie
i Diatos SA et Drais | (Meyer-Losic et
DTS-108 Vectocell SN38 cancer Préclinique
Pharmaceuticals al., 2008)
Kinase C-Jun-N- ) (Wang et al.,
XG-102 TATas57 Inflammation 1(2012) Xigen
terminal 2003)
p28 (inhibiteur de
Tumeur solide (Warso et al.,
p28 p28 I'ubiquitinisation de i 1(2013) CDG therapeutics
résistante 2013)
p53)
Inhibiteur de la . Auris Medical et | (Omotehara et
AM111 TATass7 Déficit auditif 2 (2013)

kinase C-Jun-N-

terminal

Xigen

al., 2011)

Tableau 3 : Complexe a base de CPP en essai clinique
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II. La maurocalcine, un CPP a part entiere.

a. Description et découverte

La maurocalcine (MCa) est un peptide de 33 acides aminés extraite du venin de
scorpion Scorpio maurus palmatus qui fut identifiée pour la 1ére fois en 2000 (Fajloun et al.,
2000). Il s'agit d'un peptide ayant un fort caractére basique avec 11 acides sur 33 chargés
positivement. Grace a une structure 3D particuliere, élucidée par 1H-RMN en 2000 (Mosbah et
al., 2000), I'ensemble de ces charges se retrouve localisé sur la méme face du peptide. On
retrouve ce phénomeéne aussi chez d'autres CPP tel que TAT, ou la pénétratine (Ram et al.,
2008). La MCa doit sa structure 3D a trois ponts disulfures (Cys*-Cys'’, Cys!®-Cys?!; Cys!®-
Cys®?), qui assure son repliement et la formation d’'un motif ICK (« inhibitor cystin knot »). On
retrouve aussi dans sa structure secondaire des motifs consensus habituellement retrouvés
dans les toxines de scorpions : 1 hélice alpha, et 3 feuillets beta) (Figure 6).

La MCa a été découverte grace a son activité pharmacologique activatrice sur le
récepteur a la ryanodine. C'est l'observation de cette activation qui a conduit a I'étude de la
MCa en tant que CPP.

A.

s

— FAY, — —

NH,- GD(FLPHLKL(F KEN KDC?SKK'I':KR RGTNIEKRCR -cooH

Figure 6 : A. Séquence peptidique de la MCa, en rouge les cystéines, en
bleu les acides aminés basiques, les fleches vertes correspondent au feuillet B et en
orange apparait I'hélice a; B. Représentation tridimensionnelle de la MCa; C.
Scorpio maurus palmatus (crédit photo : Stuart Summerfield).
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b. Effet pharmacologique

La MCa possede une homologie de séquence de 82% avec l'imperatoxine A, qui est
connue pour agir sur les récepteurs a la ryanodine. Les 1éres études sur la MCa ont porté sur
son effet pharmacologique sur le RyR.

Le RyR est un canal calcique se situant sur la membrane du réticulum endoplasmique. Il
existe plusieurs isotypes du RyR : RyR1 essentiellement retrouvé dans les cellules du muscle
squelettique, le RyR2 spécifique du muscle cardiaque et enfin RyR3 qui lui est ubiquitaire. Les
RyR sont impliqués dans la mobilisation des stocks de calcium internes du réticulum
endoplasmique permettant la contraction musculaire. Ces canaux doivent leur nom a leurs
fortes affinités pour la ryanodine un alcaloide naturel. La MCa agit sur deux isoformes, RyR1 et
RyR2 (Altafaj et al., 2007). La MCa se lie au récepteur sur sa face cytoplasmique. Elle va
stabiliser I'ouverture du canal, et augmenter I'affinité du canal pour la ryanodine. La fixation de
la MCa va induire un relargage massif de calcium par le réticulum sarcoplasmique en diminuant

le seuil d’activation du canal et en augmentant son seuil d’inhibition (Figure 7).

Extracellulaire

Intracellulaire

Réticulum endoplasmique

Figure 7 : Activation du RyR par la MCa

Cet effet de la MCa se produit immédiatement suite a son ajout dans le milieu
extracellulaire. Cela traduit la capacité de ce peptide a franchir la membrane plasmatique tres
rapidement et a donc conduit a la poursuite de son étude en tant que CPP.
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c. La MCa en tant que CPP

La premiere étude sur la capacité de la MCa a traverser la membrane cellulaire date de
2005. Estéve et collaborateur ont montré que la MCa biotinylé était capable de transloquer a
travers la membrane plasmatique et d'emmener avec elle des cargos (Estéve et al., 2005a). IlIs
ont réalisé cette étude sur différentes lignées cellulaires et ont observé la pénétration de la MCa
marquée a la Cy3, un fluorochrome dans différentes conditions : a température ambiante ou
4°C (inhibition de I'endocytose), avec ou sans inhibiteurs d’endocytose. Cette étude a montré
que la MCa pénéetre dans la cellule sans utiliser les voies d'endocytose. L'hypothése d’une
pénétration de la MCa par translocation est cohérente avec le délai de son effet sur le RyR
(aprés une minute seulement). Cette hypothése a été confirmée par Boisseau et collaborateur.
Ils ont montré que la pénétration de la toxine était dose-dépendante et dépendait du potentiel
membranaire de la cellule (Boisseau et al., 2006). Ces deux études ont donc permis de trouver
chez la MCa des caractéristiques communes aux CPP, et donc d’affirmer que la MCa en faisait
partie.

Cependant la MCa présente un inconvénient majeur par rapport aux autres CPP : elle
possede une activité pharmacologique. Or il est préférable pour un vecteur d'étre inactif. Afin
de pouvoir utiliser la MCa comme vecteur, des travaux ont été conduits pour identifier la
séquence porteuse de l'activité pharmacologique de la MCa. Il a ainsi été montré que I'Arg 24,
était nécessaire a I'activité du RyR (Mabrouk et al., 2007). La synthese d’un analogue linéaire
de la MCa a montré que la structure tridimensionnelle de la toxine est nécessaire a son activité
(Ram et al., 2008). A partir de ces résultats plusieurs stratégies ont été mises en place pour
conduire a la synthése d’analogues inactifs de la MCa gardant toujours leurs propriétés de
pénétration (Poillot et al., 2012). La MCa linéaire fut le 1*" analogue de la MCa entiérement CPP
développé. Afin de l'obtenir, les 6 cystéines présentes dans la forme native de la toxine ont été
remplacées par de I'acide aminobutyrique (Abu). Une cystéine en C-terminal a été rajoutée pour
permettre le couplage du cargo. Le plus gros des travaux de caractérisation de la MCa en tant
que CPP a été réalisé avec la MCa linéaire. Elle a notamment été couplée a des fluorochromes
via le complexe biotin-streptavidin ou via une cystéine extra numéraire. Elle a aussi été utilisée
pour la délivrance de quantum dots. Une version iodée grace a l'addition d’une tyrosine en
position N-terminale a permis d'étudier sa répartition /n vitro dans la cellule, mais aussi ses
caractéristiques /n vivo (stabilité, répartition, élimination) comparée a la toxine native iodée
(Tisseyre et al., 2014). Son utilisation en tant que vecteur de molécule active a aussi été
vérifiée par le couplage de doxorubicine au peptide. Via un crosslinker, la doxorubicine a été
couplée a la MCa linéaire. Aroui et al. ont pu montrer que ce complexe était actif mais surtout
qu'il permettait de « contourner » les mécanismes de résistance des cellules cancéreuses, et de
récupérer ainsi une sensibilité a la doxorubicine (Aroui et al., 2009a, 2009b, 2009c). C'est dans

la poursuite de ces travaux, que se situe mon travail de thése. En effet méme si on resensibilise
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les cellules résistantes, les cellules sensibles a la doxorubicine répondent moins bien au

complexe gu’a la doxorubicine seul. Il y a donc des améliorations a apporter.

Malheureusement bien que la MCa linéaire soit un bon CPP, elle ne constitue pas une
approche viable puisque sa stabilité /7 vivo est diminuée di a I'absence de structure
tridimensionnelle (Perret et al., 2015). Les travaux sur I'amélioration/ la synthese de nouveaux
CPP dérivés de la MCa ont donc été poursuivis par la synthése d'un analogue dextrogyre de la
MCa. Il s'agit de la MCa native entierement synthétisée avec des acides aminés dont le carbone
alpha est dextrogyre. On conserve ainsi les propriétés de pénétration puisque I'on garde la
méme séquence. Cependant, on perd complétement I'activité biologique, puisque la MCa ne
peut plus se fixer sur le RyR. De plus la D-MCa présente une stabilité /7 vivo plus élevée que la
MCa linéaire et native (Poillot et al., 2010). Bien que cet analogue soit trés intéressant sur le
papier, sa synthese reste contraignante et chére. Une nouvelle approche visant a améliorer la
MCa linéaire a donc été menée. Il a été identifié que les acides aminés basiques de la MCa sont
indispensables pour la translocation de la toxine dans les cellules. Ils garantissent en effet une
bonne interaction avec la membrane plasmatique (Mabrouk et al., 2007). Partant de cette
constatation, la MCa linéaire a été tronquée en plusieurs petits fragments contenant les charges
positives afin d‘obtenir de petits CPP variants de la MCa capables de pénétrer dans les cellules
(Poillot et al., 2012; Tisseyre et al., 2013). Certains de ces petits peptides ont montré qu'ils

pénétraient plus efficacement dans les cellules que la MCa linéaire.

Les précédents travaux ont montré le potentiel de la MCa comme CPP. C'est dans l'idée
de développer son utilisation pour I'administration de molécules thérapeutiques qu’une partie de

mon travail de thése s'inscrit.
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Chapitre 2 : Toxine de ciblage :

Chlorotoxine

I. Chlorotoxine

a. Découverte et présentation

La chlorotoxine (CTX) est un petit peptide de 36 acides aminés issu du venin de
scorpion Lejurus quinquestriatus. Elle a été isolée en 1991 et doit son nom a son activité
pharmacologique sur les canaux chlore des cellules épithéliales de colon de rat (DeBin and
Strichartz, 1991). Cependant, ces dernieres années, la CTX est surtout connue et étudiée pour
ses propriétés de ciblage des tumeurs cérébrales. La CTX a une structure compacte maintenue
par 4 ponts disulfures suivant le motif : C;-C4 ; C,-Cs ; C3-C; ; C5-Cg. Elle posséde trois feuillets
B antiparalléles placés a proximité d'une hélice a. (Figure 8)

A.

e = L

NH,,- M'L?MF’(?FWDHQMARKCDDQCGGKGRGK?YGPQCL(’ER -COOH

Figure 8 : A. Séquence peptidique de la CTX, avec en rouge les cystéines, en bleu les
acides aminés basique, les fleches verte représentent les feuillets B et I'onde en orange
I'hélice a ; B. Représentation tridimentionnelle de la CTX ; C. Scorpion Leiurus
quinquestriatus

Avec sa structure compacte, il a été proposé que la CTX soit capable de passer la
barriére hémato-encéphalique. Cependant il n'y a pas assez de données a ce jour pour affirmer
cette hypothése ou la réduire a un simple passage de la barriere hématoencéphalique tumorale.
Il a était toutefois montré que la CTX était capable de diffuser en profondeur dans les tumeurs
alors que d’autres agents ciblants comme les anticorps n’y arrivent pas (Mamelak and Jacoby,
2007; Veiseh et al., 2007). La composition en acide aminés de la CTX présente aussi de
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nombreux intéréts pour un chercheur. En effet, elle est facilement marquable grace a la
présence d’une tyrosine unique en position 29 et de lysines permettant son marquage via des
crosslinker. Cela a permis d'étudier sans trop de modifications, sa cible ou son récepteur, ses
propriétés pharmacologiques et d’étudier son mode d’action. Ainsi I'ajout d'iode sur Tyr*® a
permis d'identifier les sites de liaisons et d'affinité de la CTX sur des cellules de gliomes en
cultures. Il a pu étre montré ainsi que la Tyr®® n'est pas essentielle pour I'activité du peptide.
Clest grace a cette *’I-CTX que Soroceanu et al ont démontré que la toxine était capable de
marquer spécifiquement les cellules cancéreuses sur une biopsie de patient (Soroceanu et al.,
1998). IIs ont aussi montré qu’aprés injection IV de 'I-CTX chez des souris porteuses d'une
tumeur cérébrale humaine, il y avait une accumulation spécifique du composé dans la tumeur.
Ce qui a permis de démontrer que la CTX était capable d'atteindre les cellules tumorales dans le
cerveau. Quelques années plus tard une autre équipe : Lyons et al, a montré qu’en plus de
marquer les cellules de gliomes, la CTX marquait aussi spécifiquement les cellules tumorales de
la méme origine neuroectodermique, augmentant ainsi le potentiel thérapeutique de la

molécule (Lyons et al., 2002).

b. Effet biologique

En tant que composant du venin, la CTX induit une paralysie chez les insectes ayant été
piqués par le scorpion. Lorsqu'elle est injectée chez les vertébrés aucune toxicité n'est
observée. La cible liant donc la CTX a la surface des cellules chez les vertébrés n'est donc pas
liée a une fonction essentielle a la survie de la cellule. Il a été observé a de nombreuses
reprises que si la CTX n‘a pas d’effet sur un tissu sain, elle en avait en revanche sur les cellules
de gliomes. De nombreuses études ont montré un effet anti-migratoire et anti-invasif de la CTX
(Soroceanu et al., 1999; Deshane et al., 2003; Olsen et al., 2003; Sontheimer et al., 2006;
Sontheimer, 2008; Veiseh et al., 2009¢; Lui et al., 2010). A I'heure actuelle, il y a 3 cibles de la
CTX décrite : les canaux chlore (découverts en 1ler), la matrice metalloprotéase MMP-2 et
I'annexine A2. L'ensemble de ces cibles sont compatibles avec la capacité / particularité de la

CTX a marquer les cellules cancéreuses et a inhiber la migration et l'invasion de ces derniéeres.

De fagon historique la CTX a dabord été identifiée comme agissant sur les canaux
chlore (DeBin et al., 1993). La toxine serait capable de bloquer les canaux chlore de faible
conductance et a été longtemps utilisée comme outil pharmacologique pour I'étude des canaux
chlore. C'est au cours d'une de ces études que Ulrich et al 1998, ont fait la découverte d'un
courant chlore spécifique sensible a la CTX dans des coupes de gliomes humains. Aprés des
investigations plus poussées, il a été démontré que la CTX interagit avec un canaux chlore de la
famille des CIC (Sontheimer et al., 2006). Une exposition prolongée a la CTX entrainerait
I'internalisation du canal. L'hypothese de ce canal chlore comme récepteur de la CTX est tres
intéressante, car méme si les gliomes présentent une variabilité génétique importante, il semble
avoir en commun la surexpression de canaux chlore, ces derniers n'étant que faiblement voire
non exprimés dans les tissus sains (Ullrich and Sontheimer, 1997; Olsen et al., 2003; Turner
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and Sontheimer, 2014). Ce canal chlore pourrait jouer un réle dans le changement de forme de
la cellule cancéreuse, lui permettant ainsi de migrer et d’envahir le tissu sain (Rouzaire-Dubois
et al., 2000). Ainsi la CTX agirait en inhibant les échanges CI', limitant le changement de forme
de la cellule, prévenant ainsi l'invasion du tissu sain par les cellules cancéreuses, ce qui

correspond aux observations d’effets anti-migration, anti-invasion de la CTX.

Cependant I'ensemble de ces arguments en faveur d’'un canal chlore comme récepteur
sont contrebalancés par des données négatives : une inhibition du canal avec une affinité
inférieure a celle attendue (Ullrich et al., 1998), et l'identification de 2 sites de liaison avec des
affinités différentes chez des lignées cellulaires de gliome /n vitro (Soroceanu et al., 1998). Ce
dernier résultat nous laisserait penser a I'existence de plusieurs récepteurs membranaires de la
CTX. Clest pourquoi lorsque Deshane et al. ont publié en 2003 un article expliqguant que la
chlorotoxine en plus d’interagir avec le canal chlore CIC-3, interagirait avec un complexe
protéique contenant entre autre la matrix metalloprotéase MMP-2, le probleme de
I'identification de la cible de la CTX semblait résolu (Deshane et al., 2003). En effet la matrix
metalloprotéase MMP-2, est une enzyme de la famille des métalloprotéases qui est exprimée
uniquement dans les gliomes et autres types de tumeurs mais pas dans les tissus sains. Cette
enzyme a été associée avec la dégradation de la matrice extracellulaire, générant des espaces
au travers desquels les cellules anticancéreuses vont pouvoir envahir les tissus sains
environnants. Tous les types de tumeurs sur-exprimant la MMP-2 fixent la CTX. Cette
corrélation semble confirmer la présence de la MMP-2 dans le complexe protéique liant la
toxine. Cependant, on ne sait toujours pas comment un peptide de cette taille pourrait interagir
simultanément avec un complexe protéique. Mais l'idée que la CTX se lie a un récepteur qui va
par la suite entrainer I'internalisation d'un complexe contenant a la fois CIC-3 et MMP-2 est
possible et expliquerait les résultats obtenus par Veiseh et al avec leurs nanoparticules
marquées a la CTX (Veiseh et al., 2007). En réalisant une expérience de pulldown avec une
nanoparticule fonctionnalisée avec de la CTX et de la MMP-2 recombinante ils n‘ont pas réussi a

observer une liaison spécifique entre les deux composés.

Alors que I'on pensait la question de la cible de la CTX résolue une publication en 2009
est venue relancer les débats (Kesavan et al., 2009). En effet cette équipe a montré que la CTX
est capable de se fixer a I'annexin A2. 1l s'agit d’'une protéine dépendante du calcium liant les
phospholipides; elle est retrouvée a la fois dans les tissus cancéreux mais aussi dans les cellules
endothéliales. Elle interviendrait dans plusieurs fonctions cellulaires comme, l'angiogenése,

I'apoptose, la migration, la prolifération, l'invasion et la cohésion tissulaire.

Pour I'heure on a peu de données décrivant la liaison de la CTX sur ces 3 cibles (et
particulierement sur I'annexin A2) et malheureusement il semble que I'élucidation du mystere
concernant le récepteur de la toxine reste complet tant qu‘aucune étude structure-activité

fonction ne sera réalisée.

41



c. Les chlorotoxine-like peptides

Bien que I'on ait plus de données sur I'utilisation de la CTX que sur son mécanisme
d’action, il a déja été lancé des études afin de trouver d'autres peptides/ toxines de scorpion
possédant des caractéristiques identiques a celle de la CTX. Ainsi en se basant sur une
homologie de séquence et d'action, plusieurs peptides ont été identifiés comme de potentiels
analogues de la chlorotoxine (Tableau 4). Cependant seulement quatre d’entre eux, partagent

avec la CTX une activité sur les canaux chlore. Il s'agit de :

- AaCTx, extrait du venin de scorpion : Androctonus australis (Rjeibi et al., 2011).

- BmKCT, extrait du venin de scorpion : Buthus martensii Karsch (Zeng et al., 2000; Fu et
al., 2005).

- GaTxl et GaTx2, extrait du venin de scorpion : Leiurus quinquestriatus (Fuller et al.,
2007; Thompson et al., 2009).

L’AaCTx est un petit peptide de 34 acides-aminés ayant une homologie de séquence de
61% avec la CTX. Tout comme cette derniére, elle possede 8 cystéines formant des ponts
disulfures selon le méme modéle. Douze acides aminés different avec la CTX, ce qui conduit a
une charge net de I'AaCTx de +4 alors que celle de la CTX est de +3. La neurotoxicité de la
toxine a été évaluée par Rjeibi et al. Ils ont montré que l'injection intra-ventriculaire de 1 pg de
toxine chez la souris n’était pas toxique (Rjeibi et al., 2011). La dose utilisée lors de cette étude
étant élevée, il en a été conclu que I’AaCTx était non-toxique pour les mammiféres. L'effet de la
toxine sur la migration et I'invasion cellulaire de gliome a montré qu’elle était moins active que
la chlorotoxine, avec pour I'AatCTx une ICso de 125 pyM (migration) et 10 uM (invasion) alors
que pour les deux processus la CTX agit pour des concentrations proches de 600 nM
(Soroceanu et al., 1999; Rjeibi et al., 2011). Rjeibi et al n‘ont pas trouvé d'effet de la toxine sur
les protéines de la matrice extracellulaire (Fibronectine, fibrinogen, vitronectine, laminine et
collagene de type 1V), ils supposent que AaCTx agit via les canaux chlore. Pour I'heure, la

toxine n'a pas été utilisée pour I'administration ciblée de composés.

Contrairement a AaCTx, BmKCT est I'analogue de la CTX qui est le plus étudié. Il est
extrait du venin d'un scorpion chinois Buthus martenzii karsh dont il a été montré qu'il avait un
effet sur la croissance des tumeurs de glioblastomes et induirait l'apoptose des cellules
cancéreuses. Pour linstant, I'ensemble des molécules actives du venin n‘a pas été caractérisé
(Goudet et al., 2002; Wang and Ji, 2005). Il s'agit d'un peptide de 36 acide-aminés qui a une
homologie de séquence avec la chlorotoxine de 68%. En 2005, Fu et al ont déterminé la toxicité
de cette toxine: LDsy de 4,3 mg/kg chez la souris. Afin de déterminer les propriétés de BmKCT
et d'évaluer son potentiel thérapeutique, de nombreuses études ont été réalisées : toxicité
comparée cellule de gliome / astrocyte, patch -clamp analyse, et étude histologique. BmKTC
inhibe la croissance cellulaire des cellules SHG-44 de facon dose dépendante avec un ICs, de
0,28 uM alors que I'ICsq chez les astrocytes normaux est de 8 pM. 1l existe donc une spécificité
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3%

Motif des ponts

Toxine Structure primaire Taille | Identité . Espéces
disulfures
Chlorotoxin | MC:MPC, FTTDH QMARK C:DDC,Cs GGK-G RGKCeY GPQC,L Co-R-- | 36AA | 100% | C1-CyCr-Ce,Cy-Cr,Cs-Cy Le’”;;jnf;’e’?ﬁsgs’“’”s
I; MC;MPC, FTTDH QTARR C;RDC,Cs GGR-G R-KC;F G-QC,L CyGYD 36 AA 82% Cl-C4,C2-C6,C3-C7,C5-C8 Buthus eupeus
I, MC,MPC, FTTDH NMAKK C;RDC,Cs GGN-- -GKC;F GPQC,L CgNR 35 AA 82% C-C4,Cy-Ce,C5-C1,C5-Cy Buthus eupeus
Bs-8 RC,KPC, FTTDP QMSKK C,ADC,Cs GGK-G KGKCsY GPQC,L Cg 35 AA 80% | Ol CorCylsC, )CoCs Buthus sindicus
I5 MC,MPC, FTTDP NMANK C;RDC,Cs GGG-K K--CsF GPQC,L CgNR 35 AA 79% C-C4,C,-Ce,C5-C7,Cs5-Cg Buthus eupeus
Is, MC,MPC, FTTDP NMAKK C,RDC,Cs GGN-G K--C¢F GPQC;L CyNR 35 AA 79% | Ci-CiCaCailCaCs,Cs-Cs Buthus eupeus
GaTxl | -C,GPC, FTTDH QMEQK C:AEC,Cs GGI-G K--Cc¥ GPQC,L C:NR 34AA | 79% | C1-C4Cr-Ce,Cs-Cr,Cs-Cy Lel”’”sh‘i”g’r’fl‘ff”’an’s
BmKCT -C,GPC, FTTDA NMARK C3;REC,Cs GGI-G K--C¢F GPQC,L CgNRI 35 AA 76% C,-C4,Cy-Ce,C5-C4,C5-Cg Buthus martensii
Bm12-b -C,GPC, FTTDA NMARK C;REC,Cs GGN-G K--C¢F GPQC,L CgNRE 35 AA 76% C,-C4,Cy-C4,C5-C4,C5-Cq Buthus martensii
Lqh-8/6 | RC,SPC, FTTDQ QMTKK C:YDC,Cs GGK-G KGKCeY GPQC,I CoAPY | 38AA | 72% | C1-CyCr-Ce,Cs-Co,Cs-Cy Le’”’“sh‘fl;’:;‘ff’”“’”s
I, MC,MPC, FTTRP DMAQQ C;RAC,Cs KGR-G K--C;F GPQC,L CyGYD 36 AA 71% C,-C4,Cy-Ce,C5-C,Cs5-Cy Buthus eupeus
Neurotoxin P2 Androctonus
-C,GPC, FTTDP YTESK C;ATC,Cs GGR-G K--C¢V GPQC;L CgNRI 35 AA 70% C,-C4,Cy-Cg,C5-C;,C5-Cq mauretanicus
mauretanicus
Lepidopteran | RC;GPC; FTTDP QTQAK C;SEC,Cs GRK-G G-VC¢K GPQC,I CyGIQ 37 AA 63% C-C4,Cy-Ce,C5-C4,C5-Cg Buthus tamulus
AaCtx MC,IPC, FTTNP NMAAK C;NAC,Cs GSRRG S--CcR GPQC,I Cg 34 AA 61% C-C4,Cy-C4,C5-C1,C5-Cg | Androctonus australis
Bs-14 -C,GPC, FTKDP ETEKK C3ATC4C5 GGI-G R“CeF GPQC7L CgNRGY 36 AA 61% Cl-C4,C2-C6,C3-C7,C5'Cg Buthus sindicus

Tableau 4 : Alignement des séquences peptidiques de la CTX et des chlorotoxine-like peptides, les alignements ainsi que le
pourcentage d'identité ont été obtenu en utilisant @TOME v2 (Pons and Labesse, 2009), le motif des ponts disulfures si connue




d’action de cette toxine. De plus I'étude histologique chez la souris a montré que BmKTC ciblait
de facon spécifique le cerveau, le coeur et le squelette. Grace aux études de patch clamp cellule
entiere, que BmKTC était capable d'inhiber les courants chlores des cellules SGH-44(Fu et al.,
2007). Comme pour la CTX, il a été montré que la toxine peut se lier a la MMP-2 (Fu et al.,
2006, 2011). Toutes ces similitudes avec la CTX ont mené au développement d'un composé
basé sur BmKCT pour traiter, marquer les cellules cancéreuses (Fu et al., 2012a). Un brevet a
méme été déposé pour utiliser BmKCT comme un peptide de délivrance d‘anti-tumoraux (Dahe,
2007).

GaTxl et GaTx2 sont deux toxines extraites du venin du scorpion Leiurus
quinquestriatus hebracus. GaTx1 est un peptide de 34 résidus d'acide aminé ayant une
homologie de séquence de 79%. Elle est connue pour agir sur le canal « cystic fibrosis
transmembrane conductance regulator » (CFTR). C'est un récepteur de la famille des ABC, mais
qui possede aussi une activité intrinséque sur les canaux chlore. Ce récepteur est connu pour
son implication dans la fibrose kystique. GaTx1 est un inhibiteur réversible spécifique des
canaux CFTR qui se lie sur la face cytoplasmique du récepteur. Ce peptide est actuellement
utilisé comme un outil moléculaire pour comprendre le r6le fonctionnel de CFTR (Fuller et al.,
2007). GaTx2 est un peptide de 29 acides aminés qui a une faible homologie de séquence avec
CTX (38 %). Cependant, cette toxine est décrite comme agissant sur les canaux chlore CIC-2.
Ces canaux appartiennent a la méme famille que les canaux CIC-3 et sont aussi surexprimés a
la membrane des cellules cancéreuses (Ullrich et al., 1998; Thompson et al., 2009). Le role
physiologique de CIC-2 n’est pas encore défini, mais il est raisonnable de penser qu'il a un role
semblable a CIC-3 dans l'invasion cellulaire et la migration des cellules de gliome. GaTx2 inhibe
CIC-2 en ralentissant son activation et l'inhibition résultante est dépendante du voltage. De
facon intéressante, GaTx2 a été décrit plus tot en 1997 sous le nom de leiuropeptide II sans
étre plus caractérisé (Buisine et al., 1997). Il est raisonnable de penser que GaTx2 peut étre
utilisé comme outil pharmacologique pour étudier et déterminer le réle des canaux CIC-2. Mais
comme ces canaux sont surexprimés chez les cellules de gliome, il est envisageable de I'utiliser

comme toxine de ciblage des gliomes, mais cela reste a tester.

En dehors de ces quatre toxines, deux autres toxines animales valent la peine
d’étre mentionnées. D'abord, Lgh-8/6 isolé du venin du scorpion Leiurus quinquestriatus
hebraeus et Bs14 isolé du venin du scorpion Buthus sindicus. Ce sont des peptides de 38 et 36
acides aminés, respectivement, partageant une homologie de séquence de 72% et 61%
respectivement et de structure avec la CTX (8 résidus cystéine conduisant a un repliement
identique). L'ensemble de ces données suggere une action sur des canaux chlore, cependant
aucune étude n‘a encore été mené. Ce qui nous laisse espérer que ces deux peptides sont de
nouveaux analogues de la CTX.
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II. Chlorotoxine et chlorotoxine—like peptide : applications

thérapeutiques

a. Agent de marquage

La premiére option thérapeutique dans le traitement du glioblastome est I'ablation/ le
retrait de la masse tumorale. Malheureusement, les glioblastomes sont des tumeurs
extrémement invasives et non donc pas de contour clairement délimité. C'est un probléme pour
les chirurgiens lorsqu’ils veulent délimiter clairement la tumeur pour en déterminer son volume
et retirer entierement la masse tumorale. Le glioblastome est un cancer agressif, si I'ensemble
des cellules cancéreuses n'est pas retiré lors de I'opération, inexorablement une nouvelle masse
tumorale va se développer a partir des cellules restantes. C'est pour cela qu'il est trés important
d’étre capable de visualiser précisément la masse tumorale et ces bords en particulier.
L'existence de toxines comme la chlorotoxine ciblant les cellules cancéreuse de glioblastome est
source d'espoir et d’inspiration pour le développement de sondes de marquage. De plus ces
toxines étant synthétisables chimiquement et facilement modifiables, elles sont un outil
potentiel a la fois pour I'imagerie et pour la thérapie. Sur la base de ce principe, trois types de
composés ont été congus. Le premier type est composé de CTX couplée de fagon covalente a
un fluorochrome, Cy5.5. Cet outil devrait permettre a un chirurgien de directement visualiser
des cellules cancéreuses en temps réel pendant la résection de la tumeur (Veiseh et al., 2007;
Akcan et al., 2011; Stroud et al., 2011). Le deuxiéme type de composé est de la CTX couplée a
un ligand contrastant pour l'imagerie a résonance magnétique (IRM) (Hockaday et al., 2005;
Veiseh et al., 2005; Sun et al., 2008a). Finalement, le troisieme type de complexe est une
nanoparticule multifonctionnelle, avec un agent de contraste pour I'IRM ou un fluorochrome
associé a un agent thérapeutique ou non. La nanoparticule est fonctionnalisée avec de la CTX
pour le ciblage (Veiseh et al., 2005, 2009¢, 2010; Meng et al., 2007; Sun et al., 2008b). Jusqu’a
présent la CTX est le peptide de ciblage du glioblastome le plus développé pour cette approche.
De ce fait les exemples développés par la suite seront des composés a base de CTX.

L'application la plus connue de la CTX comme agent de marquage est le « Tumor pain »
(Veiseh et al., 2007). Il s'agit de CTX marquée avec un fluorochrome la Cy5,5. L'intérét de ce
composé repose dans le choix du fluorochrome, en effet, la Cy5,5 présente la particularité
d’émettre des photons qui sont peu absorbés par I'eau et I'hnémoglobine, permettant ainsi son
utilisation en bloc opératoire. Le couplage du marqueur a la toxine est effectué via une liaison
entre le NHS ester de la Cy5,5 et une amine d'une des lysines présente dans la CTX (Veiseh et
al., 2007). Le probléme avec ce protocole c’est que I'on se retrouve avec un mélange de toxine
marqué a la Cy5,5 a différentes positions. Cela rend son utilisation telle quelle en clinique
couteuse puisqu’il faudrait maintenir entre chaque lot le méme ratio des différents marquages
du peptide. Afin de remédier a ce probléme Akcan et collaborateur, ont simplement remplacé

les lysines 15 et 23 par une alanine ou une arginine ne laissant alors plus qu’une seule position
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possible pour le marquage (Akcan et al., 2011). Les lysines en positions 15 et 23 ont été
choisies puisqu’elles réagissaient peu avec la Cy5,5. La méme équipe a aussi réalisé le méme
mono-marquage sur une forme non mutée cyclique de la CTX. L'ensemble de ces composés ont
montré qu'ils gardaient leur capacité a cibler les cellules cancéreuses. Des études de toxicité et
de bio-distribution chez la souris, ont permis de mettre en évidence une élimination rénale du
produit, I'absence de toxicité majeure, ainsi qu’une distribution homogene du composé dans
I'organisme apres injection IV (Veiseh et al., 2007). A c6té de ces essais le groupe d'Olson a
étudié la stabilité de la CTX. Seulement 30% de CTX est dégradée apres incubation pendant
24h dans du sérum humain a 37°C (Akcan et al., 2011). Cela traduit une bonne résistance de la
toxine au peptidase, qui est intéressante pour le développement de produits a durée de vie

longue.

Un des examens le plus courant pour déterminer la localisation et le volume de la

masse tumorale est I'IRM. Cependant méme en utilisant un bon agent de contraste, il n‘est pas
possible de visualiser précisément les bords de la tumeur. C'est dans l'optique d’améliorer le
ciblage de ces produits de contraste que Huang et collaborateur créerent une macromolécule :
« L-Lysine dentritic macromolécule », capable de chélater le gadolinium et de fixer la CTX. Ainsi
ils ont obtenu un nouvel agent de contraste avec un temps de rétention dans la cellule tumorale
accru. L'utilisation de cette agent a aussi permis d’augmenter la force du signal enregistré au
cours d’'un IRM (Huang et al., 2011a). Les nanoparticules sont aussi utilisées comme agents de
contraste et méme si elles montrent une meilleure résolution des bords de la tumeur que le
gadolinium, elles semblent plus marquer le systéme réticulo-endothelial entourant la tumeur
que les cellules tumorales elles-mémes. Afin d’améliorer leur ciblage, des nanoparticules au
noyau de fer ont été fonctionnalisées avec de la chlorotoxine. Leurs essais /in vitro et in vivo ont
montré une amélioration du ciblage des nanoparticules. Aucune toxicité de ces nanoparticules
fonctionnalisées n‘a été observée.
Mais le point le plus intéressant concernant ces nanoparticules, c’est que toutes les molécules
de PEG ne sont pas fonctionnalisées par la CTX. Il en reste des libres. Il est donc possible
d’ajouter d'autres caractéristiques a ces nanoprobes et ainsi créer des nanoparticules
multifonctionnelles (Veiseh et al., 2005, 2009c; Meng et al., 2007). Les premiéres particules
créées sur ce modele par Veiseh et collaborateur sont des particules avec un noyau fer coater
avec des molécules de PEG. Ces molécules de PEG ont été fonctionnalisées a la fois par de la
CTX et aussi par de la Cy5,5 (Veiseh et al., 2005). L'intérét de ce double marquage réside dans
la possibilité de comparer les images IRM préopératoire avec les images intra opératoires. Le
composé ayant montré un temps de rétention par les cellules cancéreuses d’environ 5 jours, il
serait possible de faire le suivi opératoire IRM sans avoir a réinjecter de produit. Une
nanoparticule semblable a aussi été synthétisée mais présente un moindre intérét clinique
puisqu’ a la place de la Cy5,5 c'est du isothiocyanate de fluorescéine (FITC) qui a été fixé. Les
propriétés optiques du FITC ne lui permettent pas d'étre utilisé in vivo (Meng et al., 2007).

46



Evidemment I'existence de composés multifonctionnels, ne se limite pas juste a la

détection des cellules cancéreuses ; il a été envisagé/développé des composés a base de CTX

permettant a la fois le diagnostic, suivi de la tumeur et son traitement. Je reviendrais sur ce

sujet dans la section suivante. C'est a cause de l'existence de ce potentiel double effet de la

CTX que je n'ai pas encore abordé le cas de la CTX marquée a l'iode 131 : *'I-TM601. En effet

ce composé d’abord pour la radiothérapie, s'est montré efficace pour visualiser la tumeur.

Comme pour les nanoparticules multifonctionnelles, j'aborderai ce composé dans la section

suivante. Le Tableau 5 regroupe les différents composés a base CTX qui ont été développés

jusqu’a présent que ce soit a visée thérapeutique ou pour l'imagerie.

Types de liaison Cargo Application Références
(Soroceanu et al., 1998; Hockaday
et al., 2005; Shen et al., 2005;
lode .
257 131y Radiothérapie et Imagerie | Mamelak and Jacoby, 2007; Yin et
! al., 2007; Jacoby et al., 2010; Wu
et al., 2010; Huang et al., 2011a)
Fluorochromes
i (Soroceanu et al., 1998; Veiseh et
Directe Cy5.5 Imagerie et détection
al., 2007; Kesavan et al., 2009)
Oregon green
Agent thérapeutique
B (Graf et al., 2012; Nicolaides et
Platinium Thérapeutique
. . al., 2013)
Anticancéreux
Biotine Immunomarquage (Soroceanu et al., 1998)
Oxide nitrigue Adjuvant thérapeutique (Safdar et al., 2013)
Nanoparticules
Noyau de super-oxyde de fer Agent de contraste IRM (Akcan et al., 2011)
Nanoprobe multifonctionnelle +
Agent de contraste IRM et | (Veiseh et al., 2005, 2009b;
Fluorochrome (Cy5.5, FITC, Alexa
imagerie Huang et al., 2011a)
fluor)
Nanoprobe multifonctionnelle + Agent de contraste IRM et : (Veiseh et al., 2009c; Kievit et al.,
cADN ou siARN thérapeutique 2010)
Véhicule Nanoprobe multifonctionnelle + Thérapeutique et agent de

Methotrexate

PEI core +cADN +Fluorochrome

contraste IRM

Thérapeutique et imagerie

(Meng et al., 2007)

(Veiseh et al., 2009a; Huang et
al., 2011b)

Liposome Chargé en doxorubicine

Thérapeutique

(Xiang et al., 2011)

Dendigraft de polylysine avec

Gadelinium

du

Agent de contraste IRM

(Stroud et al., 2011)

Capsule vide de I'hépatite B

Vecteur thérapeutique

(Kasai et al., 2012)

Tableau 5 : Exemples de complexes CTX-cargo et leurs applications
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b. Agent thérapeutique

La prise en charge thérapeutique des gliomes passe aussi par la radiothérapie associée
ou non a de la chimiothérapie. L'utilisation de la chlorotoxine ou de chlorotoxin like peptide
dans I'administration de thérapeutique représente un potentiel important. Puisque I'objectif de
tout médicament est d‘atteindre sa cible et uniquement sa cible, les propriétés de ciblage sont
trés importantes, d’autant plus dans le traitement des cancers. Ce ciblage va ainsi permettre de

limiter les toxicités et effets indésirables du composé. (Tableau 5)

Le 1° agent thérapeutique a base de CTX développé est le *I-TM601. Il sagit du nom
commercial d'un dérivé synthétique de la CTX (=TM601) marqué a l'iode 131 sur la tyrosine 29.
Assez rapidement apres la découverte du potentiel thérapeutique de la CTX, de nombreux
brevets ont été déposés pour en contrdler son utilisation. Ainsi **'I-TM601 a fait I'objet d’un
grand nombre de publication (Hockaday et al., 2005; Shen et al., 2005; Mamelak et al., 2006;
Mamelak and Jacoby, 2007; Yin et al., 2007; Kesavan et al., 2009; Jacoby et al., 2010; Wu et
al., 2010; Zhai et al., 2011). Depuis 2002, **'I-TM601 est en essai clinique aux Etats-Unis. Les
résultats de phase 1 ont permis de déterminer l'innocuité, la biodistribution, la tolérance et la
dosimétrie du composé apres injection intra-cavitaire chez des patients adultes atteints de
gliome de haut grade (Mamelak et al., 2006). L'injection intra-cavitaire correspond a une mono-
injection de 10mCi du composé (0,25 a 1mg de CTX) dans la cavité laissée aprés la résection
chirurgicale de la tumeur. Les résultats ont montré une bonne tolérance du composé sur la
période d’observation de 180 jours. Comme espéré, le produit s'accumule au niveau des marges
de résection de la tumeur, permettant la délivrance localisée des radiations, de facon a ce que
le tissu sain ne soit pas affecté. Aucune mort ou toxicité majeure liée & *'I-TM601 ayant été
observée, la FDA a autorisé le projet a se poursuivre en phase 2-3 (Mamelak et al., 2006;
Mamelak and Jacoby, 2007; Wu et al., 2010). Cependant il est a noter que 3 des 18 patients,
ont développé des effets indésirables (fievre, faible cedéme cérébral, infection de la cavité
tumorale...) qui ont été attribués a la méthode d'injection (utilisation d'un réservoir Ommaya).
En paralléle de ces essais, le méme groupe a réalisé des tests avec une injection intra-veineuse
de !I-TM601 mais cette fois-ci pour une application en imagerie et non en thérapeutique
(Hockaday et al., 2005). Une injection de '*'I-TM601 permet de visualiser la tumeur par
scintigraphie, mais semble aussi marquer I'estomac. Jusqu’a présent TM601 est le seul composé

a base de CTX qui ait des résultats d'essai clinique chez 'homme publiés.

En plus de ces études sur I'utilisation de CTX iodé, beaucoup de travail a été fourni sur
la vectorisation ciblé d'agent thérapeutique (anti-tumoraux, cDNA, siRNA...) via des
nanoparticules (Sun et al., 2008b; Veiseh et al., 20093, 2010; Kievit et al., 2010; Huang et al.,
2011b; Fu et al., 2012b). Deux types de nanoparticules peuvent étre distingués en fonction de
leur noyau. Il peut étre soit a base de polymere (polyéthylenimine ou de poly(amidoamine)) ou
a base de super-oxyde de fer. Les nanoparticules a base de polymeére ont été utilisées avec
succes pour |'administration de cADN a des cellules cancéreuses (Veiseh et al., 2009a; Huang et
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al., 2011b). Ces composés représentent une alternative a I'utilisation de virus comme vecteur
pour la transfection de cellule /n vivo. Les nanoparticules au noyau composé de fer, présentent
un double avantage puisqu’il s'agit des nanoparticules multifonctionnelles abordées dans la
section précédente. Elles peuvent donc étre utilisées a la fois pour visualiser la tumeur par IRM
mais aussi pour la soigner, avec un avantage en plus pour les nanoparticules au cceur de fer
super-paramagnétique qui peuvent étre utilisées comme dans les thérapies hyperthermiques
contre les cellules cancéreuses. Ainsi deux nouveaux composés ont été développés, il s'agit de
nanoparticules a noyaux de fer fonctionnalisées avec de la CTX et aussi par du méthotrexate ou
un siARN (Sun et al., 2008b; Veiseh et al., 2010). Ces deux agents s’accumulent dans les
cellules de gliome et ont permis I'augmentation de la toxicité du méthotrexate pour la particule
fonctionnalisée avec I'agent anticancéreux et un effet inhibiteur correct pour celle au siARN.
Une autre équipe a utilisé ces nanoparticules pour transfecter des cellules cancéreuses avec un
plasmide codant pour une « green fluorescence protein » (GFP). Ils ont ainsi prouvé que ces
particules représentaient un vecteur de transfection viable de cellule anticancéreuse (Kievit et
al., 2010). Bien que ces résultats soient extrémement prometteurs, il faudra malheureusement
devoir attendre longtemps avant de voir un tel composé sur le marché. En effet, trés peu de
médicaments a base de nanoparticule existent et sont développés pour une mise sur le marché
en raison d’une faible connaissance des dangers de 'usage de telles particules /in vivo (devenir

de la particule une fois dans I'organisme).

Heureusement les nanoparticules ne sont pas les seuls vecteurs fonctionnalisables
disponibles. Xiang et collaborateur ont congu avec succeés un liposome chargé en doxorubicine
et fonctionnalisé avec de la CTX (Xiang et al., 2011). L'utilisation de ce vecteur a conduit a une
meilleure accumulation de doxorubicine dans les cellules cancéreuses suivie d'une augmentation

de sa toxicité.

La CTX a aussi été utilisée directement comme agent thérapeutique grace au couplage
par liaison covalente avec un agent thérapeutique (Graf et al., 2012; Safdar and Taite, 2012;
Safdar et al., 2013). Graf et collaborateur ont synthétisé un complexe composé de CTX lié¢ a du
platinium(IV). Ce composé a été créé pour étre un analogue aussi efficace que le cisplatine. En
effet bien que le cisplatine soit un anti cancéreux efficace et largement utilisé, il a de nombreux
effets secondaires. Ce nouveau complexe de platine offre une toxicité similaire a celle du
cisplatine tout en amenant des propriétés de ciblage ; ce composé est trés prometteur mais des
études supplémentaires sont nécessaires pour pouvoir caractériser complétement ce nouveau
composé. Une étude récente présente une approche originale de I'utilisation de la CTX dans la
prise en charge thérapeutique des gliomes. En effet cette fois, au lieu de coupler un agent
anticancéreux a la CTX, c’est un adjuvant le mono-oxyde d’azote qui a été utilisé (Safdar et al.,
2013). Safdar et collaborateur, ont en effet couplé l'oxyde d'azote a la CTX afin de former un
diazeniumdiolate donneur d'oxyde d‘azote (Safdar and Taite, 2012). Ce composé va alors

induire une chemo-sensibilité chez la cellule cible. Ainsi lors du traitement par du temozolomide

49



ou de la carmustine des cellules tumorales, on va observer une augmentation de leur toxicité
chez les cellules traitées avec NO-CTX. Bien que le mécanisme d’action de l'oxyde d'azote ne
soit pas encore élucidé, cet article ouvre I'esprit a de nouvelles approches thérapeutiques pour

améliorer les molécules existantes.

Deux autres approches méritent d'étre mentionnées ici sur I'utilisation de la CTX en
thérapeutique. Il s'agit des travaux de Veiseh et collaborateur ainsi que ceux de Kasai et
collaborateur. En effet pour le premier, ils ont concu une nouvelle nanoparticule a noyau de fer,
recouverte de PEG fonctionnalisé avec de la CTX et de I'Alexa fluor 680 (Veiseh et al., 2009b).
Si on s‘arréte ici dans la description du composé il est difficile de comprendre pourquoi il est
développé dans la section sur I'utilisation en thérapeutique de la CTX et pas dans la section
précédente sur l'imagerie. En fait, cette particule posséde deux caractéristiques qui font d'elle
un potentiel agent thérapeutique. La premiere est la composition de son noyauy, il s'agit d'une
nanoparticule de fer superparamagnétique qui va pouvoir étre utilisée dans les thérapeutiques
par action thermique. La deuxiéme correspond a une observation qui a été faite par I'équipe de
Veiseh lors des tests des particules. La seule présence de la CTX comme agent de ciblage a
aussi des effets anti-migratoires et invasifs sur la tumeur. Ainsi a défaut de tuer les cellules
cancéreuses, ces nanoparticules les empéchent de se déplacer et d’envahir le tissu sain.
L'équipe de Kasai, a elle crée un nouveau vecteur a base de CTX. Ils sont partis d'une capsule
vide du virus de I'hépatite B sur laquelle ils ont fixé un fragment FC d’un anticorps (Kasai et al.,
2012). C'est sur ce fragment d’anticorps que la CTX a été couplée. Ces particules vont se fixer
préférentiellement sur les cellules de gliomes et vont inhiber la migration et l'invasion de ces
dernieres. Comme il s'agit d’'une capsule vide il est possible d’envisager de la remplir d'un agent

toxique pour la cellule cancéreuse.

Il est clair que les propriétés de ciblage de la CTX représentent un potentiel énorme
pour le développement de thérapie ciblée pour le gliome. TransMolecular Incorporation
(I'entreprise possédant les brevets de TM601) est convaincu de I'intérét de I'utilisation de la CTX
dans le traitement du gliome. Il estime une augmentation de deux ans de la durée de vie des
patients avec un traitement a base de TM601. Lorsque I'on prend en compte |'agressivité de ce
type de cancer ainsi que les données de survie a 5 ans actuelle pour les patients, on ne peut

que constater |'avance considérable que cela représente dans le traitement de cette pathologie.
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Chapitre 3: Glioblastome et

anticancéreux

I. Le glioblastome

a. Description et impact

Les glioblastomes ou gliomes de grade 4, représentent 65% des gliomes (tumeurs
cérébrales primitives) (Lévy et al., 2014). Rapidement, les gliomes sont des tumeurs cérébrales
issues des cellules gliales. En temps normal, ces cellules sont des constituants essentiels du
tissu cérébral. Elles ont un role de soutien pour les cellules nerveuses, en leur fournissant
nutriments et énergie. Elles jouent aussi un role important dans le maintien de la barriere
hématoencéphalique. Il existe différents types de cellules gliales avec pour chacune différentes
fonctions (McPherson, 2013) :

- Les astrocytes : apportent les nutriments et supportent les neurones
- Les oligodendrocytes : fournissent la myéline aux neurones
- La microglie : constitue les cellules gliales qui « mangent » les neurones morts
et les pathogénes
- Les cellules de I'épendyme, qui forment les parois des ventricules et qui
produisent le liquide cérébrospinal.
Les gliomes regroupent I'ensemble des tumeurs provenant de la cancérisation de ces cellules
d’'ou la diversité de leur nom en fonction de leurs origines (astrocytome, oligodendrogliome,
glioblastome...). Malheureusement, leur traitement est difficile en raison de l'organe touché, de
leur nature infiltrant et de leur faible radiosensibilité. Le pronostic est souvent défavorable et
varie en fonction du type de tumeur, de I'age du patient et de sa localisation dans le cerveau.

Les glioblastomes sont issus des astrocytes et correspondent a la forme la plus
agressive et la plus commune des tumeurs cérébrales primitives. Elles se différencient
histologiquement des autres grades de gliomes grace a la présence de cellules nécrosées au
cceur de la tumeur, la présence de nombreux vaisseaux sanguins a sa périphérie et la
composition hétérogeéne en cellules avec des cellules de types différents (Glioblastoma (GBM) |
American Brain Tumor Association). Comme la tumeur est issue de cellule gliale, elle va trés
facilement diffuser et infiltrer le tissu sain. La croissance de la tumeur avec des projections
tentaculaires est d’autant plus rapide que les cellules la composant se divisent rapidement et
sont largement alimentées en nutriments grace a la densité élevée de vaisseaux sanguins, ce
qui rend difficile son ablation chirurgicale (Glioblastoma (GBM) | American Brain Tumor
Association; McPherson, 2013).
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On dénombre en France environ 2 000 nouveaux cas par an (Lévy et al., 2014). Et
lincidence de ces tumeurs est en augmentation (1/33 330 par an). Elles touchent
préférentiellement les adultes (70% des cas entre 45 et 70 ans) et plus les hommes que les
femmes (Orphanet: Glioblastome). Il existe deux types de glioblastomes en fonction de leur
origine : (i) les glioblastomes primaires, tumeurs de novo, c'est la forme la plus commune et la
plus agressive. Elle se développe rapidement et avec une évolution rapide (2-3 mois) ; (ii) les
glioblastomes secondaires, il s'agit de tumeurs qui ont souvent commencé par une tumeur de
grade inférieur et qui ont évolué lentement vers un grade 4 trés agressif. On les retrouve
souvent chez des personnes autour des 45 ans. Leur évolution est plus lente (Glioblastoma
(GBM) | American Brain Tumor Association). La durée médiane de survie est entre 12 et 15
mois (Lévy et al., 2014).

La symptomatologie des glioblastomes va varier en fonction de la zone du cerveau
touchée. Cependant on va retrouver quelques symptomes communs : céphalée d'apparition
récente et vomissements (dls a l'augmentation de la pression intracranienne induit par le
développement de la tumeur), associés a des troubles du comportement ou des déficits
neurologiques focaux (Orphanet: Glioblastome). On peut aussi parfois observer des crises
d’épilepsie. Le diagnostic du glioblastome et son traitement sont relativement urgents puisque
ce type de tumeur évolue trés vite. Le diagnostic repose sur une IRM afin d'évaluer
I'emplacement, la taille de la tumeur et ensuite si possible une biopsie de la masse tumorale. La
biopsie va permettre de déterminer le type (grade de la tumeur). Cette étude histologique va
étre accompagnée d’examens de biologie moléculaire : recherche de la méthylation de la O(6)-
methylguanine-DNA methyltransferase (MGMT), marqueur prédictif de sensibilité au
témozolamide (Lévy et al., 2014). En fonction du résultat de ce test, de la localisation et de la
taille de la tumeur, et de l'4ge du patient, au cours de la réunion de concertation

pluridisciplinaire, un plan thérapeutique adapté sera mis en place.

b. Prise en charge thérapeutique

L'approche thérapeutique va varier en fonction de I'dge du patient. Deux cas peuvent
étre identifiés : un patient de moins de 70 ans et un patient de plus de 70 ans.

Ainsi le traitement standard pour un patient de moins de 70 ans repose dans un
premier temps sur de la chirurgie avec l'exérese la plus large possible de la tumeur sans
entrainer de déficit cognitif majeur (Stummer et al., 2011). La qualité de I'exérése est un
facteur pronostic majeur, il existe des techniques différentes afin d’aider les chirurgiens a mieux
visualiser la tumeur (IRM fonctionnelle préopératoire, IRM en tenseur de diffusion
préopératoire, bistouri a ultra-sons, microscope opératoire, loupes binoculaires,
neuronavigation, cartographie per-opératoire, échographie  per-opératoire, examen
extemporané) (Chauffert, 2012). Une résection fluoroguidée est en cour de diffusion en France.

Elle consiste a administrer au patient un composé : 5-ALA quelque heures avant l'opération ; ce

52



composé va permettre de rendre fluorescentes les cellules tumorales, et ainsi permettre de
mieux visualiser les bords de la tumeur (Stummer et al.,, 2006; Jacquesson et al., 2013).
Suivant la localisation de la tumeur, une chirurgie éveillée avec cartographie de stimulation peut
étre utilisée afin d'éviter de créer des déficits majeurs dans les zones fonctionnelles (aire du
langage, de la mémoire...) (De Witt Hamer et al., 2012). Malheureusement parfois méme avec
I'ensemble de ces aides techniques une résection compléte de la tumeur n'est pas possible ;
dans le meilleur des cas une résection partielle de la tumeur sera réalisée et dans le pire une
simple biopsie sera effectuée. La qualité de la résection est évaluée par IRM dans les 48 hrs
suivant l'intervention.

Les glioblastomes étant des tumeurs trés infiltrantes, méme la résection la plus large
possible de la tumeur va laisser des cellules tumorales dans le tissu sain. Il est donc nécessaire,
afin  d'améliorer le pronostic, d'associer l'exérése tumorale a un protocole de
chimioradiothérapie. Le protocole standard est celui de Stupp et collaborateur : radiothérapie de
60 Gy en 30 fractions et six semaines, associée a du témozolomide a la dose de 75 mg/m2/j
pendant 42 jours consécutifs, puis six cycles de 150-200 mg/m2/j de j1—5 débutant tous les 28
jours (Stupp et al., 2005; Lévy et al., 2014). La mise en place de ce protocole a permis de faire
passer la survie a 5 ans de 1,9% (en cas de radiothérapie seule) a 9,8%. La durée médiane de
survie a elle augmentée de 2,5 mois (Stupp et al., 2009; Lévy et al., 2014). La chimiothérapie
adjuvante (six cycles de témozolomide a la dose de 150-200 mg/m2/j de j1-j5 débutant tous
les 28 jours) est souvent en pratique clinique prolongée au-dela de ces six cycles. Une étude a
montré une augmentation de la survie liée a un plus grand nombre de cycles réalisés (Roldan
Urgoiti et al., 2012). Cependant des études prospectives sont nécessaires pour déterminer quel
patient bénéficierait le plus de cette augmentation du nombre de cycles (Darlix et al., 2013).
Lorsqu’il y a eu résection totale ou quasi-totale de la masse tumorale, il est possible de mettre
en place un implant imprégné de carmustine (Gliadel) dans la cavité opératoire. Si son
utilisation seule montre un intérét et une augmentation de la survie, sans augmentation des
effets indésirables (Chauffert, 2012) et que sa combinaison avec le protocole de Stupp est
possible (Chauffert, 2012), il n'y pas d’étude randomisée qui permettre d’en évaluer son effet
sur la survie du patient. II est important aussi de noter que limplantation de Gliadel est un

critére d'exclusion pour la plupart des essais thérapeutiques testant de nouveaux composés.

L'essai du protocole de Stupp a été réalisé sur des patients de moins de 70 ans (Stupp
et al., 2005). De ce fait la prise en charge des patients plus agés différe légérement et est plus
d( a un avis d'expert qu’a des résultats d’études. De plus, chez les patients de cet age, il y a
souvent présence d'autres pathologies, d’'un état général plus altéré et d'une fragilité plus
importante. Il y a donc une grande diversité dans les plans thérapeutiques. Ainsi la chirurgie va
étre proposée mais l'existence de facteurs pronostics défavorables (indice de Karnofsky*

! 'échelle de Karnofsky court de 100 a 0, ou 100 représente la pleine santé et 0 la mort, elle
permet au médecin d’évaluer la capacité de survie d'un patient a la chimiothérapie.
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inférieur a 80%, broncho-pneumopathie chronique obstructive, déficit moteur ou cognitif,
trouble phasique, taille tumorale supérieure a 4 cm) peuvent conduire a I'abstention chirurgicale
(Chauffert, 2012; Lévy et al., 2014). Lintérét de la résection par rapport a la biopsie fait
actuellement l'objet d’'une étude randomisée (Chauffert, 2012; Lévy et al., 2014). Suivant I'état
générale et neurologique du patient, il va lui étre proposé : (i) une chimioradiothérapie selon le
protocole de Stupp standard ; (ii) une radiothérapie seule ; ou (iii) du témozolomide seul (Lévy
et al., 2014). La radiothérapie seule correspond soit a une dose de 50 Gy en 25 fractions de 2
Gy (plus efficace que les soins palliatifs) (Keime-Guibert et al., 2007; Chauffert, 2012), soit en
une dose de 40,5 Gy en 15 fractions de 2,7 Gy (mémes résultats que pour une dose de 60 Gy
en 30 fractions) (Roa et al., 2004; Chauffert, 2012). La présence de la méthylation de la MGMT
peut aider a choisir entre un protocole de radiothérapie seule ou de témozolomide seul. Des
études ont montré qu’il y avait une survie globale plus longue avec chimiothérapie lorsque la
méthylation était présente : 9,7 contre 6,8 mois. Et en absence de méthylation, c'est la
radiothérapie qui permet d’'augmenter la probabilité de survie sans progression (Malmstrém et
al., 2012; Wick et al., 2012; Lévy et al., 2014).

Les glioblastomes sont des tumeurs a forts risques de récidives. Ces récidives sont
généralement locales, proches de la zone irradiée (80 a 86% ont lieu dans le volume irradié
dans les deux ans suivant le diagnostic initial) (Lévy et al., 2014). Il n'y a pas de standard de
traitement pour les récidives, Plusieurs choix sont possibles, la décision sera prise au cas par
cas au cours de réunions de concertation pluridisciplinaire. Parmi ces options de traitement on
retrouve (Lévy et al., 2014) :

- la chirurgie qui semble allonger la médiane de survie, mais dont l'efficacité
dépend toujours de la qualité de la résection

- La ré-irradiation en conditions stéréotaxiques, qui permet d‘obtenir une durée
de survie médiane de 8 a 12,4 mois. Sa seule limitation est le risque de radio-
nécrose.

- La chimiothérapie et la thérapie ciblée, il ny a pas de protocole standard. Les
composés utilisés sont le témozolomide, le bévacizumab, I'erlotinib associé au

bévacizumab.

Cc. Les futurs traitements

Avec leurs incidences faibles (2 000/an pour le glioblastome, 53 913/an pour la prostate
et 54 062/an pour le cancer du sein), le glioblastome fait partie des maladies rares. Cependant,
beaucoup de travaux sont réalisés afin d’améliorer son dépistage et sa prise en charge. Ainsi on
compte actuellement 109 essais cliniques nationaux et 5 essais cliniques internationaux
(Orphanet: Glioblastome), 32 projets de recherche recensés et 16 projets de recherche
multicentrique traitant du glioblastome. Une recherche sur pubmed avec les termes
glioblastoma[MH] OR glioblastoma[ti] aboutit a 19 503 réponses. Détailler I'ensemble des
travaux effectués pour améliorer le dépistage et la prise en charge du glioblastome serait trop
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long et peu intéressant dans le cadre de ma thése. Je vais donc me concentrer sur les travaux

les plus porteurs d’espoir en clinique.

Un des axes principaux dans la recherche contre le glioblastome et comme dans
beaucoup de cancers est I'immunothérapie. En effet, I'immunothérapie semble détenir a elle
seule la solution « miracle » pour guérir le cancer. La majorité des essais cliniques actuels est
basée sur I'utilisation de composés issus de I'immunothérapie. Il est important de faire la
différence entre les thérapies ciblées qui vont utiliser des composés dirigés contre une cible
particuliere et I'immunothérapie, qui consiste en I'utilisation du systéme immunitaire et de ces
outils (antigéne, cellules immunitaire...) afin de « relancer » le systéme immunitaire du patient.

On peut ainsi distinguer 3 approches dimmunothérapie différentes. La premiéere
correspond a la création de vaccins contre le glioblastome. Le principe est le méme que pour un
vaccin classique contre un agent pathogene extérieur. Il va étre présenté au systéme
immunitaire un antigene spécifique du glioblastome afin d'induire une réponse du systeme
immunitaire. Dans le meilleur des cas ce dernier est activé et va pouvoir identifier et éliminer les
cellules tumorales. Le vaccin anti-glioblastome le plus avancé est un vaccin dirigé contre le
variant III du néo-antigéne tumoral EGFR (« tumor-restricted neo-antigen EGFR variant III » ;
EGFRVIII) (Okonogi et al., 2015). EGFRVIII est une forme mutante active du récepteur au
facteur de croissance épidermal (epidermal growth factor receptor ; EGFR) exprimée chez 33%
des glioblastomes et jamais dans les tissus sains. Un vaccin a base de cet antigéne est
actuellement en essai clinique de phase III (Ampie et al., 2015). L'essai clinique de phase II de
ce composé a permis de déterminer Iimmunogénéicité du composé, la survie sans progression
et la survie en général apres traitement. L'étude a été réalisée sur des patients nouvellement
diagnostiqués et ayant subi une résection chirurgicale supérieure a 95% et ne présentant aucun
signe de progression tumorale aprés traitement par chimioradiothérapie standard. Une seule
réaction allergique a été observée. A part ¢a, seule une irritation cutanée au niveau du point
d'injection a été observée parmi les patients. L'utilisation du vaccin a montré une augmentation
de la survie sans progression et de la survie en générale, respectivement, 14.2 et 26 mois
contre 6.3 et 15 mois pour les patients non traités (Ampie et al., 2015; Okonogi et al., 2015).
L'utilisation d'un tel vaccin semble trés prometteuse. Cependant il reste encore a caractériser
I'association de cette vaccination avec le traitement standard par chimioradiothérapie.

La seconde approche consiste a l'utilisation d'inhibiteurs des checkpoints immunitaires
(immune checkpoint inhibiteur) (Ampie et al., 2015; Okonogi et al., 2015). Les checkpoints
immunitaires vont permettre dans un organisme sain d'éviter les emballements immunitaires
qui pourraient induire des dommages dans les tissus sains. Lors de son développement, le
glioblastome va utiliser ce systéme pour éviter I'activation des lymphocytes T. Les cellules de
glioblastomes vont favoriser I'apparition de nouveaux checkpoints immunitaires en exposant le
systéme immunitaire de facon chronique a ses antigénes. Cela va forcer le systéme immunitaire
a tolérer la présence de la tumeur. L'utilisation d‘inhibiteurs de ces checkpoints immunitaires

spécifiques du glioblastome devrait permettre une réactivation des lymphocytes T et donc une
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disparition de la tolérance du systéme immunitaire vis-a-vis du glioblastome (Ampie et al.,
2015; Okonogi et al., 2015). Beaucoup de protéines impliquées dans ces checkpoints ont été
identifiées, pour l'instant un seul composé est en essai clinique pour comparer son efficacité a
celle de l'avastin (bevacizumab) dans la prise en charge de récidives de glioblastomes. Ce
composé, le nivolumab est un anticorps anti-PD-1. PD-1 est une protéine impliquée dans la
régulation négative de I'activité des cellules T (Ampie et al., 2015). Elle a été montrée comme
étant exprimée dans les lymphocytes Trsguiateur- SON €xpression est dépendante de I'activation du
lymphocyte. Le nivolumab a déja montré son efficacité en association avec un autre anticorps
inhibiteur de checkpoint immunitaire (ipilimumab) chez des patients atteints de mélanome
(Ampie et al., 2015).

Enfin la troisitme approche en immunothérapie peut apparaitre sous le nom
d'ingénierie des lymphocytes T. Il s'agit en fait d'un transfert adoptif de lymphocyte T qui ont
été modifié afin d’exprimer un récepteur d’antigene chimérique (CAR) (Ampie et al., 2015).
L'activation de ce récepteur chimérique ne dépend plus du complexe d’histocompatibilité, ce qui
permet de contourner les mécanismes de régulation négative du systéme immunitaire mis en
place par le glioblastome. Lintérét de I'utilisation de telles cellules vient du fait que en plus
d'étre actives directement contre les cellules tumorales, elles peuvent recruter d‘autres
composants intervenant de la réponse immunitaire. Il y a actuellement plusieurs essais cliniques
en cours pour déterminer I'efficacité et la sureté de I'utilisation de telles cellules (Ampie et al.,
2015).

L'immunothérapie semble présenter a I'heure actuelle le meilleur espoir pour le
traitement des glioblastomes. Et cela majoritairement car I'utilisation du systéme immunitaire
permet de contourner les difficultés rencontrées avec la localisation et les caractéristiques de la
tumeur. En effet le cerveau est protégé par la barriere hématoencéphalique, ce qui permet de
le protéger des agressions extérieures. Cependant en cas de maladie cette barriére devient un
obstacle quasi-infranchissable pour les agents thérapeutiques. L'utilisation du systéme
immunitaire permet de s'affranchir de cette barriere. Une autre difficulté réside dans le fait que
une fois la barriere franchie, les molécules se retrouvent dans le cerveau, un organe
particulierement fragile avec de faible capacité de régénération, ainsi tout dommage sur le tissu
sain devient rapidement problématique. L'agent anticancéreux parfait pour le glioblastome est a
la fois capable de passer la barriere hématoencéphalique mais aussi de cibler les cellules
cancéreuses. A I'heure actuelle, I'utilisation du systéeme immunitaire du patient semble étre la
seule approche qui présente ces deux avantages. Cependant il y a actuellement beaucoup
d’équipes qui travaillent sur la création de systemes de vectorisation plus ou moins complexes
qui une fois optimisés devrait permettre 'administration d’agents cancéreux classiques dans le
cadre du traitement du glioblastome. C'est dans cette optique que ces travaux de thése ont été

menés.
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II. La doxorubicine

a. Présentation, historique

La doxorubicine ou adriamycine est un antibiotique cytotoxique de la famille des
anthracyclines, obtenue a partir de la bactérie Streptomyces peucetius var. caesius avant d'étre
synthétisée chimiquement. La doxorubicine a une structure chimique particuliere commune a
tous les anthracyclines. On distingue deux parties (Figure 9) :

- Une partie aglycone : composée d’'un noyau tétracyclique hydrophobe formant
quasiment un plan. Ce noyau est fonctionnalisé par des fonctions quinones et
hydroguinones ainsi qu’une chaine latérale.

- Un sucre rattaché a I'aglycone par le C7

0 OH o
OH
Aglycone
CH,
A ’ oH O CH

H,C 3

Sucre

Figure 9 : Structure chimique de la doxorubicine

C'est cette structure particuliére qui va permettre a la doxorubicine de s'intercaler dans I'ADN
entre deux paires de bases de la double hélice.

La doxorubicine est utilisée depuis 1974 comme anticancéreux. Elle est encore tres
utilisée notamment dans la prise en charge des cancers de l'ovaire, du sein, de la vessie, de
certains lymphomes et des tumeurs solides de l'enfant. Cependant, elle posseéde une
cardiotoxicité importante, dont la prévention repose sur le nom dépassement d’'une dose
cumulée de 550 mg/m2. Un autre probléme rencontré avec I'utilisation de la doxorubicine est
I'apparition de résistances importantes en cas de rechute. De plus a cause de leur capacité a

s'intercaler dans le double brin d’ADN, la doxorubicine est un carcinogéne connu.

Un autre avantage de la doxorubicine est que la présence de ce noyau tétracyclique Iui confere

des propriétés de fluorescence.

b. Mécanisme d’action

Le mécanisme d'action de la doxorubicine n’est pas encore complétement résolu. La
doxorubicine peut effectuer son action anti-cancéreuse notamment via l'inhibition de la

topoisomérase 1II, I'intercalation dans I’ADN, et la formation de radicaux libres.
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L'intercalation dans I’ADN est le premier mécanisme de I'action anti-tumorale attribué a
la doxorubicine. Elle a été étudiée par diffraction des rayons X. La partie aglycone de la
molécule va s'intercaler entre deux paires successives de nucléotides. Le sucre ainsi que le cycle
de l'aglycone a laquelle il est rattaché dépasse dans le petit sillon de I’ADN. Cela va permettre
de stabiliser la molécule dans I'ADN (Frederick et al., 1990; Gewirtz, 1999). La doxorubicine
s'intercale préférentiellement dans un doublet GC s'il est précédé d'une adénine ou d'une
thymine (Wang and Kang, 1999). La présence de la doxorubicine dans la molécule d’ADN va
empécher les enzymes responsables de la transcription de I’ADN (Wang et al., 1987).

Les topoisomérases sont des enzymes essentiels qui contrGlent I'enroulement de la
molécule d’ADN. Elles sont les cibles de nombreux agents cytotoxiques. Il existe deux types de
topoisomérases :

- Les topoisomérases de type I, qui clivent un seul brin de la molécule d’ADN afin
de permettre la rotation du brin intact autour du brin coupé. Elles sont
impliquées dans la séparation des brins d’ADN lors de la réplication
(topoisomérase I)

- Les topoisomérases de type II clivent les deux brins de la molécule d’ADN
transitoirement. Elles sont impliquées dans la séparation de I'enchevétrement

des molécules d’ADN lors de la réplication. (topoisomérase II)

La topoisomérase II est une protéine a plusieurs sous unités. La catalyse de I'ADN par
la topoisomérase II se décompose en 6 étapes (Burden and Oshero, 1998) :
1°¢ étape : liaison a I'ADN, La topoisomérase se lie & I'ADN au niveau de
séquences préférentielles méme si cette préférence est faible. Cette étape ne requiére pas la
présence de cofacteur.
2™ étape : la coupure de I'ADN, grace a la présence d’une tyrosine dans son
site actif, la topoisomérase va former un complexe de clivage entrainant une coupure double
brin de I’ADN en générant des extrémités cohésives de 4 paires de base. Le complexe de
clivage est transitoire, pas stable dans le temps.

- 3™ étape : Liaison de deux molécules d’ATP. La topoisomérase va alors
changer de conformation pour permettre le passage d'un double brin d’ADN au travers de
I'espace créer par le complexe de clivage.

- 4™ étape : Fermeture de la molécule d’ADN, par soudage des extrémités
cohésives générées au cours de I'étape 2.

- 5™ étape : Libération de la molécule d’ADN.

- 67 étape : régénération de I'enzyme grace a I'hydrolyse de deux molécules
d'ATP.

La doxorubicine agit lors de I'étape 2. Elle va interagir avec le complexe de clivage, le stabiliser
en formant une liaison covalente entre les brins d’ADN clivé et I'enzyme. Ce qui aboutit a la

formation de coupures simples ou doubles brin de la molécule d’ADN (Burden and Oshero,
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1998). La toxicité de la doxorubicine va dépendre du nombre, de la localisation et de la
persistance des cassures créées. On remarquera aussi que l'action sur les topoisomérases est

plus toxique au cours de la phase S du cycle cellulaire de la cellule.

Le site d'action de la doxorubicine n’est pas uniquement localisé dans le noyau. En effet
la doxorubicine est capable de générer des espéces réactives d'oxygene (ROS). Deux voies sont
a l'origine de cette production de ROS (Keizer, 1990; Minotti et al., 1999, 2004) :

- La chélation d'ions métalliques (du fer par exemple)

- Via le cycle redox, avec la réduction monoélectrique enzymatique des fonctions

quinones.

La doxorubicine va conduire a la formation de diverses formes de ROS (doxorubicine radicalaire,
H,0,, 0,7, OH" ...) en quantités supérieures a la capacité de détoxification de la cellule. Cette
présence en surnombre de ROS va conduire a l'oxydation de composés cellulaires (lipides,
protéines, ADN, ARN...) perturbant ainsi leurs structures et fonctions. Cette perte de fonction et
la modification du statut oxydatif de la cellule conduira cette derniére a la mort. La production
de ROS par la doxorubicine est étudiée avec intérét puisqu'elle pourrait étre a l'origine de la
toxicité cardiaque de la molécule (Wold et al., 2005; Zhang et al., 2012). En effet les cellules
cardiaques sont beaucoup plus sensibles au ROS du fait de leur faible capacité de détoxification.

Bien que découverte il y a trés longtemps, I'ensemble des mécanismes d’actions de la
doxorubicine n'est encore que partiellement résolue. Je n’ai décrit ici que trois mécanismes sur
les différents connus. Il existe un certain nombre de revues abordant plus en détails les
différents mécanismes d’action de la doxorubicine et leurs importances quant a I'action anti-

tumorale de la molécule.

c. Les résistances a la doxorubicine

Comme pour de nombreux anti-cancéreux, leur activité est mise en péril par I'existence
de mécanismes de résistance. Ce phénomene de résistance est souvent mis en évidence lors de
rechute du cancer traité a la doxorubicine. Pour cette derniére, on peut distinguer deux types
de résistances : (i) associé a une diminution de la concentration intracellulaire de doxorubicine ;
(i) non associé a une diminution de la concentration intracellulaire de doxorubicine (Nielsen et
al., 1996).

Dans le premier cas, la diminution de la concentration intracellulaire de la doxorubicine
est due a I'expression par la cellule de pompe a reflux (Dano, 1973; Juliano and Ling, 1976). II
s'agit de protéines transmembranaires qui vont expulser hors de la cellule les molécules de
doxorubicine qui pénetrent dans la cellule. Un exemple de pompe a efflux trés connu est la
glycoprotéine membranaire P-gp (Juliano and Ling, 1976; Kartner et al., 1983). Elle fait partie
de la tres grande famille des transporteurs ABC (ATP-binding cassette). Elle est composée de
deux domaines transmembranaires, de deux sites de liaisons a I’ATP localisés sur deux boucles

intracellulaires. Les extrémités de la protéine sont intracellulaires. On la retrouve naturellement
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exprimée dans certains organes chez I'Homme : le foie, le rein, les intestins, la barriere hémato-
encéphalique, le placenta. Elle a pour cible des constituants naturels variés a la structure
hydrophobe, neutre ou cationique. Bien que trés étudié, le fonctionnement de la P-gp n'est pas
totalement résolu (Borst et al., 2000). Elle permettrait I'expulsion de la doxorubicine grace a un
phénomeéne de Flip-flop. Le substrat interagirait avec les domaines transmembranaires de la
protéine. L'hydrolyse d’'une molécule d’ATP induirait le changement de conformation de la P-gp
qui libérerait alors le substrat soit directement a I'extérieur de la cellule soit dans le feuillet
externe de la membrane. L'hydrolyse d'une deuxiéme molécule d’ATP permettrait le retour a
son état d’origine de la P-gp.

Dans le cas ou la résistance de la cellule n‘est pas liée a une diminution de la
concentration intracellulaire de la doxorubicine, on observe I'apparition de mécanismes
d’adaptation. Afin de survivre a l'exposition a la doxorubicine, la cellule va augmenter ses
mécanismes de détoxification, et la réparation de I'ADN. On peut aussi observer des
modifications de la topoisomérase II et une inhibition des processus d'apoptose.

L'augmentation des mécanismes de détoxification est obtenue par une surexpression des
enzymes de détoxification (Nielsen et al., 1996; McLellan and Wolf, 1999). Ces enzymes vont
permettre a la cellule tumorale de réparer et d’éliminer les dégats des ROS produits par la
doxorubicine. Le principal systtme de détoxification impliqué dans la résistance a la
doxorubicine est le systéme dépendant du glutathion. Le statut redox de la cellule est maintenu
par la neutralisation des ROS par la forme réduite du glutathion : GSH. En effet le GSH va réagir
spontanément ou non avec des ROS et, en s'‘oxydant, les neutraliser. On obtient alors du
glutathion sous forme oxydé (GST) qui ne représente pas de risque oxydatif pour la cellule.
L'implication des mécanismes de réparation de I’ADN ou une tolérance de la cellule vis-a-vis de
ces lésions n'est pas encore pleinement élucidée. Jusqu’a présent, les connaissances sur ce
sujet porte a croire en l'existence d’'un déficit en un systeme qui détecterait de fagon plus
efficace les complexe ADN-topoisomérase II. La cellule détectant moins ces complexes, elles ne
les perturbent plus, n’entrainant ainsi plus la formation de Iésions (coupures) sur I’ADN (Nielsen
et al., 1996; Larsen and Skladanowski, 1998).

Enfin des modifications de la topoisomérase II ont aussi été corrélées avec l'apparition d'une
résistance a la doxorubicine ou autres inhibiteurs de topoisomérase II. Ces modifications
peuvent étre soit quantitatives, avec une diminution de l'expression de la topoisomérase II
(Dingemans et al., 1998). Elles peuvent aussi étre qualitatives avec des mutations entrainant la
modification des régions de liaison a I'ATP ou du site catalytique (Dingemans et al., 1998;
Larsen and Skladanowski, 1998), ou une modification de la localisation cellulaire obtenue par
épissage alternatif. Cet épissage peut entrainer la perte de la séquence d’adressage au noyau
et donc I'obtention d'une enzyme cytoplasmique (Feldhoff et al., 1994).
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III. Le cisplatine et ses dérivés

a. Présentation, historique

Le cisplatine est un agent alkylant dont les effets furent découverts par hasard par
Barnett Rosenberg en 1965. Clest un sel de platine de nom chimique: (5P4-2)-
diamminedichloroplatinum(II) (Figure 10) (Kelland et al., 1999; Kelland, 2007; Apps et al.,
2015). Depuis sa mise sur le marché en 1978, plus de 25 dérivés ont été synthétisés. Seuls
deux (carboplatine et oxaliplatine) ont obtenu une autorisation de mise sur le marché mondial.
Trois autres (nedaplatine, lobaplatine, heptaplatin) ont obtenu une mise sur le marché dans un

seul pays uniquement, respectivement Japon, Chine et Corée (Figure 10) (Apps et al., 2015).
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Figure 10 : Structures des dérivés du platine commercialisé dans le monde. Le
ligand transporteur apparait en rouge et le ligand labile apparait en vert.

Les composés de cette famille ont une structure constituée autour d’un atome de
platine. Cet atome va étre lié¢ de facon symétrique a deux types de ligands : (i) les ligands
transporteurs, ou (ii) les ligands labiles (Figure 10). Tous les composés a base de platine sont
en fait des pro-drogues. Afin de pouvoir exercer leurs activités, il faut qu'il y ait remplacement
des ligands labiles par des molécules d’eau. Le cisplatine et ses dérivés sont des anti-cancéreux
encore tres utilisés de nos jours. Environ 50% des protocoles de chimiothérapie contiennent un
dérivé du platine d’aprés Martindale et la base de données Australienne EviQ (Apps et al.,
2015). IIs sont utilisés notamment dans les cancers des ovaires, du col de l'utérus, des
testicules, de I'cesophage, de la vessie, de l'estomac. Ils sont souvent utilisés en association
avec d‘autres molécules anticancéreuses. Bien que couramment administrés, il existe deux
inconvénients majeurs a leur utilisation. Le premier est I'existence d'effets secondaires graves :
néphrotoxicité, neurotoxicité, myelosuppression, hépatotoxicité, vomissements et diarrhées
(Kelland et al., 1999; Thomas and Chatelut, 2007). Ces effets secondaires peuvent étre
suffisamment importants pour entrainer une diminution des doses utilisées (Apps et al., 2015).
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Ceci facilite I'apparition de résistance. L'existence de ces mécanismes de résistances est le

deuxieéme inconvénient a leurs utilisations.

b. Mécanismes d‘action

Les dérivés du platine vont conduire a I'apoptose de la cellule tumorale en se liant de
fagon covalente a I'ADN et ainsi former des adduits. Cependant comme expliqué au point
précédent, les molécules administrées par voie IV ne sont que des pro-drogues. Il faut attendre
leurs pénétrations dans la cellule pour que la molécule se retrouve dans des conditions
favorables pour échanger ces ligands labiles contre des molécules d’eau (Kelland, 2007;
Thomas and Chatelut, 2007; Apps et al., 2015). Le composé ainsi formé va alors pénétrer dans
le noyau et interagir avec la molécule d’ADN. Les adduits formés vont étre reconnus par les

mécanismes de réparation a I’ADN et la cellule va entrer en apoptose (Figure 11).
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Figure 11 : Mécanismes d'action du cisplatine

Les étapes conduisant a la formation des adduits a I'apoptose ne sont pas encore élucidées. Ils
existent trois types d'adduits différents (Figure 11):
- Les adduits monovalents : le composé a base de platine va réagir avec une
seule base de I'ADN.
- Les adduits de liaisons intra-brins : un composé platine va réagir avec deux
bases de I'ADN sur un méme brin.
- Les adduits de liaison inter-brins : cette fois-ci I'atome de platine effectue deux

liaisons covalentes avec deux bases de I’ADN de brins différents.
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c. Les résistances au cisplatine

Il existe 4 mécanismes de résistances connus pour les dérivés du platine. Les deux
premiers agissent avant que les composés n‘aient pu atteindre le noyau et donc 'ADN (Kelland,
2007; Rabik and Dolan, 2007; Thomas and Chatelut, 2007). Le premier correspond a une
diminution de la concentration de molécules anti-tumorales due a une diminution de I'entrée et
aussi a une augmentation de I'efflux. Pendant longtemps, on pensait que les composés a base
de platine pénétraient dans la cellule par diffusion passive. Or récemment, il a été supposé
I'implication d’un transporteur du cuivre CTR1 comme possible voie d’entrée dans la cellule. Les
molécules a base de platine rentrent en compétition avec le cuivre pour pénétrer dans la cellule.
Quand il y a peu de cuivre, les composés a base de platine rentrent en plus grande quantité. II
a aussi été montré qu’une surexposition au cisplatine entrainait une diminution de I'expression
de ce transporteur (Holzer and Howell, 2006; Rabik and Dolan, 2007; Ishida et al., 2010). II
existe aussi une augmentation de I'expulsion hors de la cellule des molécules. Deux
transporteurs participent a ce phénomene. Le premier est impliqué dans I'homéostasie du
cuivre ; comme pour lors de l'entrée, le cisplatine va étre reconnu par cette protéine
« spécifique » du cuivre et va donc étre expulsé hors de la cellule. Le deuxiéme transporteur
est une pompe a efflux membre de la superfamille ABC ; il s'agit de MRP2. Elle est exprimée a
la membrane plasmique et va fonctionner sur le méme principe que la P-gp. Une corrélation
entre le niveau d’expression de MRP2 et la résistance a la cisplatine a été observée dans un
rapport récent (Rabik and Dolan, 2007).

Le deuxieme mécanisme correspond a la neutralisation du cisplatine via le glutathion.
En effet, le cisplatine va réagir trés facilement avec les fonctions thiols de certains composés.
C'est ainsi qu’une grande partie de la dose administrée par IV se retrouve tres rapidement fixée
aux protéines du plasma. On observe ce méme phénomeéne avec le glutathion a l'intérieur des
cellules. En absence de résistance, le stock cellulaire de glutathion n’est pas suffisant pour en
diminuer son efficacité ; juste suffisant pour perturber I'équilibre redox de la cellule. Mais la
cellule se met a surexprimer les enzymes responsables du piégeage des ROS, de facon
concomitante, le cisplatine va étre piégé par le glutathion de fagon beaucoup plus importante et
ne pourra donc pas atteindre le noyau (Rabik and Dolan, 2007; Thomas and Chatelut, 2007;
Apps et al., 2015).

Les deux autres mécanismes interviennent apres I'action toxique du cisplatine. Il s'agit
d’'une augmentation de la tolérance et/ou de la réparation de I'ADN. L'augmentation de la
tolérance de la cellule a la présence d’adduits est liée en partie a la présence d’ADN
polymérases plus permissives. En effet, elles vont détecter la présence d’adduit et au lieu de
s'arréter, elles vont rajouter des nucléotides en face de I'adduit. Il n'y aura alors pas de
signalement de lésions de I'ADN et donc pas de signal induisant I'apoptose (Rabik and Dolan,
2007; Thomas and Chatelut, 2007). La déficience des systémes identifiant et signalant les

Iésions a I’ADN est aussi responsable de la tolérance de la cellule aux adduits. Enfin, I'utilisation
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importante du cisplatine, va aussi conduire la cellule tumorale a s'adapter et a augmenter
I'efficacité des systémes de réparation de 'ADN (NER, BRCA). Ces systeémes vont détecter les
adduits, couper I’ADN avant et apres la liaison, éliminant ainsi I'adduit de la séquence d’ADN qui

sera ensuite réparée par une ADN polymérase (Rabik and Dolan, 2007).

C'est I'existence de ces mécanismes variés de résistance au cisplatine qui a poussé la
communauté scientifique a créer de nouveaux analogues et de nouvelles méthodes

d’administration.
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Chapitre 4 : La chimie click

I. La chimie click : concept
a. Genéralités

La chimie click prend exemple sur la nature pour créer de nouvelles molécules. En effet,
la nature est capable de créer un grand nombre de molécules trés diverses. Un grand nombre
d’entités chimiques peuvent étre découpées en plusieurs morceaux qui sont reliés les uns aux
autres par des liaisons carbones hétéroatomes. Cependant, ces morceaux sont constitués de
liaisons carbone-carbone que seule la nature arrive a créer facilement. La chimie click na pas
pour but /ambition I'élaboration de telles liaisons. Elle se concentre sur la création de liaisons
carbone-hétéroatome entre divers fragments (Kolb et al., 2001; Kolb and Sharpless, 2003;
Moses and Moorhouse, 2007).

Ces liaisons sont créées grace a des réactions ayant des caractéristiques précises. Elles
doivent étre modulaires, rapides et faciles a mettre en place, a trés hauts rendements, et
générer seulement des sous-produits inoffensifs pouvant étre éliminés par des méthodes non-
chromatographiques. De plus ces réactions doivent étre stéréospécifiques. Le milieu réactionnel
doit étre simple, les matiéres premiéres ainsi que les réactifs doivent étre faciles a trouver.
L'utilisation d'un solvant n'est pas obligatoire, dans tous les cas il doit étre facilement
éliminable. Les différentes réactions utilisées peuvent étre regroupées en quatre catégories
(Kolb et al., 2001; Kolb and Sharpless, 2003; Moses and Moorhouse, 2007; Hein et al., 2008) :

- des réactions de cycloadditions dont celles de la famille des Diels-Alder
transformations.
- des réactions de substitutions nucléophiles conduisant a I'ouverture d’un cycle.
- des réactions chimiques de type non aldoliques sur des fonctions carbonyl.
- des réactions sur des doubles liaisons carbone-carbone : surtout des réactions
d’oxydation.
L'ensemble de ces réactions est regroupé sous le terme de « click réaction » (Figure 12).

Les matieres premieres nécessaires a ces réactions sont fournies aux chimistes par
I'industrie pétroliere. En effet, les matieres premieres utilisées lors de synthéses ayant recourt a
la chimie click sont des oléfines et des composés acétyléniques. Ces composés possedent des
doubles liaisons carbone-carbone qui sont de trés bons réactifs. Ces molécules peuvent étre
facilement modifiées via des réactions d'oxydation et d'addition. Ces matiéres premieres
renferment de I'énergie qui va étre utilisée lors de la réaction. En résumé, les réactifs apportent
une partie de I'énergie nécessaire a la réaction (Kolb et al., 2001; Kolb and Sharpless, 2003;
Moses and Moorhouse, 2007; Hein et al., 2008) .
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Figure 12 : Classification des différentes click réaction, avec Nu = nucléophile et
EWC = « electron withdrawing group » ou groupe électro-attractif (d’apres Hein et al.,
2008a)

Le solvant, le plus couramment utilisé est l'eau. En effet I'équipe du professeur
Sharpless a constaté que de nombreuses réactions se déroulaient sans probleme pour donner
un seul produit dans I'eau chaude. La solubilité des réactifs dans I'eau n’entre pas en compte.
En effet, I'énergie libre de telles molécules est augmentée lorsqu’elles ne sont pas solubles dans
I'eau, ce qui a pour conséquence d’augmenter leurs réactivités. De plus, I'eau est un solvant
neutre, il ne va pas interférer avec les réactifs. L'eau empéche aussi les différentes fonctions
telles que les fonctions hydroxy et amides d'interférer avec les réactions clicks, ce qui va avoir
pour conséquence de supprimer toutes les étapes de protection et de déprotection de ces
fonctions. Enfin l'eau est un solvant qui présente l'avantage d‘avoir une température

d’évaporation facile a obtenir, et c’est aussi un solvant trés intéressant de par sa capacité a
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stocker de grandes quantités d’énergie (Kolb et al., 2001; Kolb and Sharpless, 2003; Moses and
Moorhouse, 2007; Hein et al., 2008).

b. Les réactions clicks

Les réactions de cycloadditions, sont les plus utilisées des réactions clicks. Ces réactions
de cycloadditions se rapportent majoritairement aux 1, 3 dipolar cycloadditions (Figure 13).
Elles regroupent aussi les hétéro Diels-Alder cycloadditions (Moses and Moorhouse, 2007;
Colombo and Peretto, 2008; Hein et al., 2008; Moorhouse and Moses, 2008). C'est cette classe
de réaction, et plus particulierement la : « Huisgen 1,3 dipolar cycloaddition (HDC) of azides
and terminal alkynes », qui est la plus utilisée (Hein et al., 2008; Gregoritza and Brandl, 2015).
En effet, la grande majorité des publications sur les applications de la chimie click font
référence a cette réaction. De plus, elle peut étre considérée comme la click réaction type : elle
remplit tous les criteres et est facile a mettre en place. Comme il s'agit de la réaction la plus

utilisée, elle va étre abordée en détail dans la sous-partie suivante.

Les autres réactions clicks sont moins utilisées que les cycloadditions. Mais ce n’est pas
pour autant qu'elles ne présentent aucun intérét. Par exemple, les réactions nucléophiles
conduisant a l'ouverture de cycles peuvent étre utilisées pour former les fonctions azides ou
alkynes sur une molécule. Ces réactions d'ouvertures de cycles regroupent notamment les
ouvertures de cycles tendus a hétéroatomes tels que les époxides, les aziridines, les cycles
sulfates... (Figure 13) (Moses and Moorhouse, 2007; Colombo and Peretto, 2008; Hein et al.,
2008; Moorhouse and Moses, 2008).

Les réactions chimiques de type non-aldolique sur des fonctions carbonyle renferment
elles des réactions telles que la formation d'oxime d'éthers, d’hydrazones et d’hétérocycles
aromatiques (Kolb et al., 2001; Kolb and Sharpless, 2003; Moses and Moorhouse, 2007;
Colombo and Peretto, 2008; Hein et al., 2008) (Figure 13).

Pour les réactions sur des doubles liaisons carbone-carbone, on retrouve surtout des
réactions d'oxydation telles que I'époxidation, la dihydroxylation... et certaines réactions
d’'addition de Michael (Figure 13) (Kolb et al., 2001; Kolb and Sharpless, 2003; Moses and
Moorhouse, 2007; Colombo and Peretto, 2008; Hein et al., 2008).
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Figure 13 : A. Réaction click énergétiquement favorable, en rouge les liaisons
nouvellement formées. B. Exemple d'une cycloaddition catalysée par le cuivre et
comparaison structurale et électronique d'une liaison peptidique et d'une
liaison 1,2,3 triazole. D'apres (Kolb and Sharpless, 2003).

Cc. Huisgen 1.3 dipolar cycloaddition

Cette réaction permet I'obtention d’hétérocycles 1, 2, 3 triazolés disubstitués. Elle peut
étre réalisée dans de nombreuses conditions expérimentales (Moses and Moorhouse, 2007;
Hein et al., 2008) :

- des températures allant de 0 a 160°C
- une large variété de solvants (dont I'eau)
- adifférentes valeurs de pH (5 a 12)

L'étape de purification ne consiste généralement qu’en une étape de filtration. De plus,
cette réaction n'est pas affectée par des problémes d’encombrements stériques. Les autres
avantages de cette réaction viennent du fait que les fonctions azides et alkynes terminales sont
2008; Tron et al., 2008). Le produit

obtenu lui aussi présente des avantages. En effet, les cycles 1, 2, 3 triazolés imitent les

faciles a obtenir (Breinbauer and Kéhn, 2003; Hein et al.,

propriétés des liaisons peptidiques (place des atomes et propriétés électroniques) mais sans
étre sensibles au clivage par hydrolyse. Cette réaction n'est utilisée qu'en présence d'un
catalyseur. En fonction de la nature de ce dernier, le produit obtenu varie (Hein et al., 2008) :
- Si le catalyseur utilisé contient du cuivre, comme dans l'exemple suivant, on
obtient alors un 1, 2, 3 triazolés disubsitué en 1,4.
- Si on utilise un complexe au ruthenium alors on obtiendra un 1, 2, 3 triazolés
disubstitué en 1, 5.
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En général, les mécanismes réactionnels des cycloadditions se font par processus
concertés. Cependant, d'aprés des études expérimentales, il a été montré que pour cette
réaction il ne s'agissait pas d'un mécanisme concerté. Le mécanisme détaillé ci-dessous est
celui de la « Cul catalysed huisgen dipolar cycloaddition ». Ce schéma a été réalisé d'aprées des
résultats expérimentaux (Hein et al., 2008).
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Figure 14 : Mécanisme réactionnel de la cycloaddition dipolaire de Huisgen, L
représente les ligands qui peuvent étre trés variable. D'apres (Bock et al., 2006; Hein et
al., 2008).

La premiere étape de cette synthése est la complexation de I'atome de cuivre par une
des liaisons pi de l'alkyne. 1l y a ensuite déprotonation de I'alkyne pour former un Cu-acetylide.
Cette déprotonation est rendue possible car la complexation de I'atome de cuivre a conduit la
diminution du pKa de I'alkyne de départ. De ce fait, cette protonation peut se réaliser dans un
solvant aqueux sans I'ajout d’'une base.

Dans |'étape suivante, le doublet libre de I'azote (N1) va réagir avec le deuxieme atome
de cuivre du Cu-acetylide. Cette étape va conduire a un réarrangement électronique au niveau
des atomes d'azotes de l'azide. Ce réarrangement va conduire a une attaque nucléophile de
I'azide sur la triple liaison de I'alkyne. Il va alors se former un métallo-cycle qui va évoluer vers
la formation d’un hétérocycle a 5 atomes.

La derniére étape de cette synthése est la protonation du cycle, conduisant a la
régénération du catalyseur et a la libération du produit. L'utilisation d’une telle réaction a permis

la création d’une librairie de molécules trés variées.
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I1. Les applications de la chimie click en biologie

a. Découvertes / synthéses de nouvelles molécules

- Synthéses de molécules leader / bibliotheques de molécules.

La création de bibliotheques de molécules avec I'aide de la chimie click peut étre divisée
en deux parties. En effet on peut distinguer les bibliotheéques obtenues a partir d'un seul produit
de départ qui va subir des modifications (chimie combinatoire), de celle appelée « convergent
click librairies » (Moorhouse and Moses, 2008).

Les bibliothéques découlant de la modification d'une molécule servant de modele sont
nombreuses et ont amené a la découverte de molécules intéressantes pour la recherche
médicale. Ainsi, Lexion Pharmaceuticals a utilisé la chimie click pour produire une librairie de
molécules contenant 200000 composés différents, chacun étant pur a plus de 85% (Kolb and
Sharpless, 2003). La synthése de ces composés a été réalisée a partir de petits blocks non
commerciaux. Des réactions telles que l'ouverture de cycle par attaque nucléophile ont été
utilisées pour la création de cette librairie. Une des molécules leader de cette librairie a conduit
a la découverte d'un agoniste des récepteurs gamma, responsable de l'activation de la
prolifération des peroxysomes (peroxisome proliferator-actived receptor y agonist) (Kolb and
Sharpless, 2003). Plus récemment, des chercheurs ont créé une librairie de molécules en
prenant comme point de départ la molécule de zanamivir dans le but de trouver de nouvelles
molécules pour le traitement de la grippe aviaire. 16 molécules ont été synthétisées ; certaines
possédaient une activité plus faible que le zanamivir et une seule était a peu prés aussi active
que la molécule de départ. Il existe plein d’autres exemples de ce type de librairie ayant
contribué a la découverte de nouvelles molécules actives (Moorhouse and Moses, 2008).

Les « convergent click librairies » ont aussi conduit a la découverte de nouveaux
composés. Dans ces bibliothéques, la synthése des produits se fait par couplage de plusieurs
petites entités complexes. Cela a pour conséquence d'augmenter la diversité des molécules

produites (Moorhouse and Moses, 2008).

- In situ chimie dick.

Cette technique correspond a la synthése guidée de fagon irréversible d'une molécule
cible. On va par exemple chercher a synthétiser un inhibiteur d’'une enzyme (Manetsch et al.,
2004; Krasinski et al., 2005; Moorhouse and Moses, 2008; Mamidyala and Finn, 2010). Pour se
faire, on va mettre dans notre milieu réactionnel une certaine concentration d’enzymes puis des
fragments de molécules se liant au site actif de I'enzyme. Ces fragments devront contenir de
fagon individuelle une fonction azide et une fonction alkyne terminale. Ces deux fonctions
devront se trouver a proximité dans le site actif. L'enzyme va alors synthétiser par elle-méme
son inhibiteur. Cette technique de synthése de molécules d'intéréts a été mise au point par le
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professeur Sharpless et ces colléegues (Manetsch et al., 2004). Pour mettre en évidence ce
phénomene, ils ont utilisé comme enzyme I'acétylcholine estérase (AChE) (Figure 15).
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Figure 15: Représentation schématique du couplage entre la tacrine et un
fragment alkyne dans le site actif de I'AChE (Moorhouse and Moses, 2008).

Cette technique est a l'origine de nombreuses publications dans le domaine de recherche de
ligands de diverses enzymes, une des récentes correspond a la recherche d’un inhibiteur d'une

enzyme bactérienne : une chitinase (Hirose et al., 2009; Mamidyala and Finn, 2010).

Bien que la découverte de nouvelles molécules d'intéréts médicales soit I'un des domaines dans
laquelle I'utilisation de la chimie click est trés répandue, les applications de cette stratégie de
synthése sont trés variées allant de la synthése d'inhibiteurs, de ligands spécifiques a un
récepteur, a la synthése d‘anticorps (Krasinski et al., 2005; Moorhouse and Moses, 2008;
Hirose et al., 2009; Mamidyala and Finn, 2010; Millward et al., 2013).

b. Bioconjugaison

La bioconjugaison consiste a la modification /7 vivo ou /n vitro de molécules biologiques
sur des cellules vivantes dans des conditions physiologiques. L'utilisation de la chimie click dans
ce domaine est due aux propriétés de la « Copper-catalysed azide-acetylene union »
(Breinbauer and Kohn, 2003). En effet, de par la grande inertie des réactifs de départ et de la
capacité de cette réaction de se dérouler sans probléme dans des conditions biologiques, cette
réaction est parfaite pour ce type d'application. Cette réaction a été utilisée pour marquer des
organismes vivants ou des protéines. Grace a I'utilisation de cette méthode, le professeur Finn
et son équipe ont réussi a étiqueter sans dommage les particules composant la capside du «
Cowpea mosaic virus » (CMPV) (Breinbauer and Kéhn, 2003; Kolb and Sharpless, 2003).

L'application de la chimie click au domaine de la bioconjugaison permet aussi le
marquage de I’ADN. Cette application peut étre utilisée pour le séquencage de fragments d’ADN
en utilisant la méthode de Sanger. Pour ce faire, il suffit de rajouter dans le milieu PCR une
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base purique modifiée (contenant une fonction azide rajouté a Iaide d’un « linker ») (Kolb and
Sharpless, 2003; Seo et al., 2003; Ami and Fujimoto, 2008).

On peut aussi utiliser cette réaction pour réaliser un ABPP (Activity-based protein
profiling) (Breinbauer and Kéhn, 2003; Moses and Moorhouse, 2007). Il s'agit d'une méthode
chimique qui utilise des sondes se liant au site actif des protéines pour marquer ces protéines et
suivre leur taux d’expression ainsi que leur fonction. La sonde utilisée porte a son extrémité une
fonction azide. Cette derniére réagira avec la fonction acétylene du révélateur, marquant ainsi
la protéine ayant fixée la sonde. Cette méthode a déja permis la détection de nombreuses
molécules. Cette technique a démontré qu'elle était aussi efficace que les méthodes
traditionnelles pour déterminer le taux d’expression de la glutathion S-transférase (GSTO 1-1)
dans les cas de cancer du sein (Kolb and Sharpless, 2003).
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Figure 16 : Application de la bioconjugaison par cycloaddition d'azide et
acetyléne. A. Virus, cellule, et marquage de protéine ; B. Profil d'activité
protéique /n vivo ; C. Séquencage de I'ADN par la méthode de Sanger. D'aprés
(Kolb and Sharpless, 2003).

Dans la Figure 16 sont résumées toutes les applications de bioconjugaison utilisant la

cycloaddition d’une fonction azide et acétylene.
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c. Sciences de polymeéres

- Les polymeéres thérapeutiques.

Les polymeres thérapeutiques regroupent tous les différents types de polyméres
pouvant étre utilisés comme vecteurs non viraux (Binder and Sachsenhofer, 2007; Hein et al.,
2008). Bien que la chimie click ait été développée pour étre un outil important dans la
recherche de nouvelles molécules d'intérét thérapeutique, I'application pour laquelle elle est le
plus utilisée est la chimie des polymeéres. En effet, la majorité des publications contenant les
mots clés « Click chemistry » a pour sujet la synthése de polyméres. Comme pour les autres
applications, la réaction la plus utilisée est la réaction de cycloaddition permettant la formation
d’'un hétérocycle 1,2,3 triazolé (Opsteen and van Hest, 2007; Billiet et al., 2009). Toutes ces
publications abordent différents points de la synthése des polymeéres allant de la synthése de
blocs de copolymeres a celle de la synthése de dendriméres. 1l serait trop long de décrire toutes
les utilisations de la chimie click dans ce type de synthése, c'est pourquoi il ne sera abordé que
les aspects généraux de certaines de ces utilisations (Binder and Sachsenhofer, 2007; Diijk,
2009; Ma et al., 2015).

L'apparition du concept de chimie click a grandement modifié la syntheése de nouveaux
blocs de copolymeéres. En effet, c’est I'un des moyens les plus efficaces pour relier deux
substances ensemble et de répéter cette étape de lier des homopolyméres pour former des
blocs de copolymeres. L'utilisation de la chimie click dans ce domaine a permis d'utiliser un plus
large panel de composés, qui ne pouvait étre employés avec les anciennes méthodes (Billiet et
al., 2009).

La chimie click a aussi un role dans la synthése de dendriméres. Elle en a grandement simplifié

leurs syntheses. Elle a rendu plus facile leurs applications (Binder and Sachsenhofer, 2007).

- Synthése de nanoparticules pour la délivrance de composés.

Ces nanoparticules sont des systémes de délivrances de substances médicamenteuses
ou non. On retrouve sous ce terme : les nanoparticules dor, les liposomes, les micelles... Ces
systemes de livraisons de molécules présentent un grand intérét dans le domaine
pharmaceutique (Brennan et al., 2006; Binder and Sachsenhofer, 2007; Gole and Murphy,
2007; Hein et al., 2008). La chimie click est notamment utilisée pour la modification de la
surface des liposomes pour en améliorer leur propriété. Deux études sont parues sur ce sujet,
celle du professeur Hassane est particulierement intéressante. Le professeur Hassane et ses
collegues ont reporté une nouvelle stratégie pour la fixation de mannose sur la surface de
liposomes via la chimie click (Hassane et al., 2006; Hein et al., 2008). Le résultat de cette étude
a montré que de tels liposomes pouvaient servir de véhicules pour des substances ayant une

cible bien particuliere comme les cellules dendritiques humaines.

73



74



Travaux de these

75






Chapitre 1: Administration ciblés de

doxorubicine

I. Introduction

Les glioblastomes, comme abordés lors des rappels bibliographiques, sont des cancers
difficiles a prendre en charge. Une majorité des travaux de recherche menée pour améliorer
leurs prises en charge repose sur I'administration ciblée de médicaments. Avec la découverte de
la CTX, une alternative a I'utilisation de I'immunothérapie semble viable et prometteuse. Dés
lors, l'identification de peptides semblables a la CTX est devenue un enjeu important.
Actuellement un seul analogue de la CTX montre un intérét il s'agit de BmKCT. De trés récents
travaux ont montré un potentiel comparable pour ce peptide a celui de la CTX (Xu et al., 2016).
Au cours de mon travail de thése, jai travaillé a la caractérisation de 3 autres peptides :
Lgh8/6, Bs 14 et le lepidopteran. Ces 3 peptides sont issus de venins de scorpions comme la
CTX et partagent avec cette derniere une forte homologie de séquences (61% a 72%). Il nous
a donc semblé intéressant de les étudier afin de déterminer s'ils pouvaient étre utilisés pour
I'administration ciblée de médicaments. Le but de cette caractérisation était d’identifier parmi
ces 3 peptides, celui qui était le plus intéressant et de réaliser des essais d'administration de

doxorubicine avec ce composé.

Ce travail a été mené en paralléle avec mes autres travaux de thése basés sur une
autre toxine : la maurocalcine et avec le méme fil conducteur, a savoir l'utilisation d’'un systéeme
de couplage « cargo-vecteur » universel. C'est pour cela que nous avons a nouveau eu recourt
a la chimie click afin de coupler la doxorubicine au meilleur des trois peptides. En effet,
I'utilisation de la chimie click pour réaliser le couplage présente deux intéréts majeurs : (i) la
réaction de couplage azide/alkyne choisi est spécifique, ne génere pas de sous-produit et
permet la plupart du temps I'utilisation de solvant simple ; (ii) la synthése d'un vecteur unique
« universel » avec une fonction azide qui pourra étre couplé a tout cargo possédant la fonction
alkyne (fluorochrome, agent thérapeutique, nanoparticule, quantum dot...). Cependant un
inconvénient majeur de cette stratégie est la nécessité de modifier le cargo pour introduire la
fonction alkyne. Si l'introduction de la fonction azide sur le peptide peut se faire facilement au
cours de la synthése par lintroduction d’'un acide aminé modifié porteur de la fonction, la
modification du cargo nécessite plus de travail. Il faut en effet identifier une fonction chimique

facilement modifiable et qui n’est pas essentiel a I'activité du cargo.

Les résultats obtenus sur ce projet sont présentés sous la forme du draft d'un article

qui sera soumis des |'obtention des résultats des essais /in vivo.
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Abstract

Animal toxins isolated from venoms target cell surface receptors with high affinity and
selectivity. These receptors are generally over-expressed in cancer cells. Herein, we identified
Lqh-8/6 as a toxin homolog of chlorotoxin a useful peptide for the diagnosis and treatment of
glioma. Lqh-8/6 and two analogues were chemically synthesized for the first time and
evaluated for their ability to label, detect and prevent glioma growth in vitro and in vivo. We
demonstrate that a biotinylated version of Lgh-8/6 allows both the labeling of glioma cell
lines and detection of glioma in brain sections of glioma allograft Fisher rats. Lqh-8/6 has
intrinsic anti-invasive properties but is non-toxic to glioma cells. To enhance the anti-tumor
properties of Lqh-8/6, we chemically coupled doxorubicin to the glioma targeting peptide
using click chemistry. This required the successful chemical synthesis of Lqh-8/6-azide and
doxorubicin-alkyne without impairment of the toxic function of doxorubicin. The toxin-drug
conjugate efficiently promotes apoptosis of glioma cells in vifro and contributes to the
prevention of glioma growth in vivo. This example contributes to the concept that animal
venom peptides constitute exquisite warheads for toxin conjugates, a parallel to the popular

concept of antibody-drug conjugates for the treatment of cancer.



Introduction

Gliomas are primary brain tumors derived from glial cells [1]. Fifty five percent of these
gliomas are represented by glioblastomas (GBM) that is the most aggressive form of glioma
[2,3]. The median survival time of patients affected by GBM is 12-15 months [4]. Just in the
USA, 12,120 new cases of patients affected by GBM are diagnosed each year (estimate for
2016) [2]. GBM are derived from astrocytes [2,3]. The core of GBM tumor mass is composed
of highly undifferentiated tumor cells that end up in necrosis, whereas the boundaries of the
tumor mass are more heterogeneous in terms of dedifferentiation level. Neovascularization is
more pronounced at the boundaries of the tumor mass and significant levels of healthy tissue
infiltration are evidenced [2,3]. There is no preventive diagnosis possible and generally
patients consult owing to the appearance of a neurological disorder. The nature of the deficit
will of course depend on the exact localization of the tumor in a given brain region. Final
diagnosis is established by MRI and biopsy coupled to histopathology characterization if
possible [1-3,5].

Patient treatment will involve first the exeresis of the tumor mass by a neurosurgeon which is
complicated by two factors: (i) the localization and size of the tumor that do not always allow
the removal of the tumor mass, and (ii) the difficulty for the surgeon to identify with precision
the boundaries of the tumor mass owing to the infiltrating nature of GBM [6]. The patient
medical management will also involve a combination of chemotherapy associated to
irradiation [4,6,7]. Temolozomide is generally the golden standard for chemotherapy in
treating GBM [8,9]. Thanks to these medical efforts, the percentage of patients that pass the
five-year survival time rises from 1.9 to 9.8% [10]. In comparison, with the progress of
oncology treatment, patients affected by prostate and breast cancers have now a five-year
survival time above 50%. There is thus considerable progress to be made for the treatment of
GBM. Reasons for failure of successful GBM management involve (i) incomplete resection
during surgery, (ii) limited passage of the temolozomide through the blood brain barrier, and
(i) the weak radiosensitivity of GBM cells [4].

There is thus a clear need for the development of innovative therapies and management of
GBM patients. There are several research and clinical initiatives throughout the world that
attempt to fill the gap still existing in the management of GBM compared to other cancer
types. One initiative called “Orphanet” (www.orpha.net), that classified GBM as an orphan
disease due to its low occurrence in the general population, list the worldwide ongoing

projects. There are currently 114 clinical assays ongoing of which 5 are international, 32
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listed research projects and 16 multicentric projects in the world [11]. Most of the efforts are
concentrated on immunotherapy, which is a heavy trend in the management of several cancer
types [12,13]. The most advanced projects include anti-GBM vaccination and immune
checkpoint inhibitors [12]. While most industrial efforts focus on immunotherapy, there are
wealth of projects in academia that concentrate their efforts on tumor vectorization for the
targeted delivery of anti-tumor agents. Two trends have appeared: (i) the use of GBM
targeting peptides (GTP) and (ii) the use of Tumor Penetrating Peptides (TPP). The later are
meant to not only penetrate into tumor cells but also to possess some preferential GBM
targeting properties. Alternatively, TPP may also carry a function that annihilates a GBM
pathway that is selectively present only in GBM cells, so that the cell targeting function is not
essential [14-17].

One particular GTP has encountered a frank success: chlorotoxin. Chlorotoxin is a 36 amino
acid peptide from the venom of Israeli scorpion Leiurus quinquestriatus quinquestriatus
folded according to a o motif and connected internally by four disulfide bridges [18,19].
It was first used as a pharmacological tool, like many other toxins before, for the study and
characterization of chloride channels (CIC-3, small-conductance CI" channels) [20—24]. Soon
thereafter, with the understanding that there is a specific chloride current present in glioma
cells (GCC, Glioma-specific Chloride Channels), blocked by chlorotoxin, it was discovered
that chlorotoxin was capable to target glioma, GBM, melanoma, small cell lung carcinoma,
neuroblastoma and medulloblastoma cancer cells (all of neuroectodermal origin) [25,26]. It
should be mentioned however that the membrane receptor of chlorotoxin still needs formal
confirmation because it was also found to bind onto Matrix Metalloprotease MMP-2 and
annexin-A2 [27,28]. The compound was patented by TransMolecular Inc. in 2002 for its
GBM targeting properties. Since then, many derivatives have been produced with the aim to
cover various applications in oncology. Examples include: (i) TM-601, "*'I-chlorotoxin up to
phase III clinical trials (phase I/II completes in 2003 and authorization for phase III in 2006),
(i1) the infrared-sensitive Cy5.5-chlorotoxin to help surgeons delineate the boundaries of the
GBM tumors [29], and (iii) a variety of functionalized nanoparticles [30-34]. Chlorotoxin
was also used a toxin-drug conjugate, that mirrors the use of antibody-drug conjugates
[35,36]. It was conjugated to a chelator of platinum for the efficient delivery of platinum into
GBM cells and the induction of apoptosis. Since the acquisition of the chlorotoxin patent
license or patent itself by Morphotek Inc., a subsidiary of EISA Corp., little information is

now published on the commercial and clinical fate of chlorotoxin.
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Because chlorotoxin has become so popular for the study of GBM treatment and diagnosis,
researchers have neglected to look for the existence chlorotoxin-related toxins that would
present the same diagnostic and therapeutic potential than chlorotoxin. This would however
be advantageous to circumvent the intellectual property rights and further our understanding
of the structural determinants that make chlorotoxin so efficient. A closer look at the
taxonomy of scorpion species indicates the existence of two subspecies of Leiurus
quinquestriatus and presupposes the existence of several chlorotoxin-like toxins [37]. A
sequence homology search using chlorotoxin as entry reveals the existence of fifteen known
scorpion toxins that present at least 61% sequence identity with chlorotoxin (Table 1). All
these toxins possess between 34 and 38 amino acids. They are all connected according to a
C-C4, C5-Cs, C3.C7 and Cs-Cg disulfide bridging pattern. The amino acid regions that present
the greatest diversities are the C-terminus and the domain between Cs and C;. BmKCT, a
peptide from the venom of the scorpion Buthus martensi, with 76% sequence identity with
chlorotoxin, was recently shown to inhibit cell division and migration of GBM sells and to
possess anti-angiogenic properties [38,39], clearly indicating that the search of functional
homologs of chlorotoxin is not vain. By using the program @TOME V2 [40], we built
homology models for all these toxins (Figure 1). A clear compact structural homology is
evident from these toxin representations with the presence of a-helix combined with an
antiparallel three-stranded B-sheet (see also [41]). One of the most conserved analogues is
Lgh-8/6, a toxin isolated from the venom of a subspecies of Leiurus quinquestriatus
(hebraeus instead of quinquestriatus). It has 72% sequence identity with chlorotoxin, which is
less than the sequence identities of BmKCT, Is, Is, Is, Isx and Bs-8. However, one
distinguishing feature of Lqh-8/6 is that many substitutions are conservative (Lys'*, Lys* and
Ile** instead of Arg', Arg®, and Leu™, respectively). In addition, there is a sequence
extension at the C-terminus that lowers the sequence homology compared to other toxins.
Finally, the comparison of the modelled structures illustrates that Lqh-8/6 most closely
resembles the structure of chlorotoxin.

Herein, we chemically synthesized Lqh-8/6 for the first time by solid-phase peptide synthesis
by producing two variants, a biotinylated one and an analogue compatible with click
chemistry for the grafting of an anti-tumor agent. We demonstrate the ability of the peptide to
selectively bind to GBM rat F98 cells both in vitro and in situ from brain slices of rats
containing F98 allografts. We also show that Lqh-8/6 does not present cell toxicity and does
not affect cell migration. However, it significantly reduces cell invasion. We chemically

synthesized for the first time doxorubicin-alkyne for the click chemistry conjugation to azide-
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Lqh-8/6. The resulting conjugate produces significant GBM rat F98 cell death and human U-
87 caspase-3 dependent cell apoptosis. /n vivo, the Lqh-8/6-doxorubicin significantly delays

tumor growth from F98 allografts implanted in the striatum of Fisher rats.

Materials and Methods

Chemicals

N-a-Fmoc-L-aminoacid and Wang-Tentagel resin and reagents used for peptide synthesis
were obtained from Iris Biotech (Markterdwitz, Germany). Analytical grade quality solvents
(acetonitrile (ACN), dimethylformamide (DMF), N-methylpyrrolidone (NMP), trifluoroacetic
acid (TFA)) were from Acros Organics (Illkirch, France). For Western blotting, the antibodies
used were: anti-caspase-3 (H-277) and anti-p-actin (B-6) (Santa Cruz Biotechnology Inc.,
Heidelberg, Germany), anti-Bax (Merk Millipore, Darmstadt, Germany), anti-Bim (BD
transduction Laboratories, Erembodegem, Belgique), peroxidase-conjugated goat anti-rabbit
and anti-mouse antibodies (Jackson Immunoresearch Laboratories, West Grove, USA). z-
VAD-fmk and z-DEVD-fmk used to study apoptosis were obtained from Sigma Aldrich
(Lyon, France). Doxorubicin hydrochloride was a gift from Peptides International (Louisville,
Kentucky, USA). Hoescht 34580, concanavalin A-rhodamine, concanavalin A-alexa 647, and
Cy5- or Cy3-streptavidin (strep-C5 or strep-Cy3) were purchased from ThermoFisher
Scientific (Waltham, Massachusetts, USA). Thiazolyl Blue Tetrazolium Bromide (MTT) was
obtained from Sigma Aldrich. LIVE/DEAD® Viability/Cytotoxicity Kit for mammalian cells
was used for toxicity measurements (ThermoFisher). The CytoSelect™ 96-Well Cell
Migration and Invasion Assay Combo Kit, 8 um, was to evaluate cell migration and invasion

(Cell Biolabs Inc., San Diego, California, USA).

Molecular modelling

Using the Sybyl X 1.3 software (Tripos Inc., St. Louis, Missouri, USA) and the Protein Data
Bank (PDB) structure of chlorotoxin (code 1CHL) and @Tome2 web server (40), we
generated 3D models of Lqh8/6, Bs-14, 13, GaTx1, BmKCT, Bm12-b, Neurotoxin P2, AaCTx
and Lepidopteran. Several steps of minimization and control of the stereochemistry were
performed to obtain a model for each molecule. The parameters of the minimization were as
follows: field force: MMFF94, charge: MMFF94, method: Powell without initial

optimization, terminate point: gradient = 0.5 kcal/(mol.A).
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Peptide Syntheses

Chemical syntheses of the various peptides (Lqh-8/6, Lgh-8/6-biotin (Lqh-8/6,), Lqh-8/6-
azide, chlorotoxin, Bs-14, Bs-14-biotin (Bs-14}), leptidopteran and leptidopteran-biotin
(lepidopterany,)) were performed as previously described ([42]). Biotins were added at the N-
termini of peptide sequences. Briefly, peptides were chemically synthesized by the solid-
phase method using an automated peptide synthesizer (CEM® Liberty, Orsay, France).
Peptide chains were assembled stepwise on 0.24 mEq of Fmoc-L-Arg(Pbf)-Wang-Tentagel
resin using 0.24 mmol of N-a-fluorenylmethyloxycarbonyl (Fmoc) L-amino-acid derivatives.
The side-chain protecting groups were: trityl for Cys and Asn, tert-butyl for Ser, Thr, Glu and
Asp, Pbf for Arg and tert-butylcarbonyl for Lys. Reagents were at the following
concentrations: Fmoc-amino-acids (0.2 M Fmoc-AA-OH in DMF), activator (0.5 M 2-(1H-
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate in DMF), activator base
(2 M diisopropylethylamine in NMP) and deprotecting agent (5% piperazine/0.1 M 1-
hydroxybenzotriazole in DMF), as advised by the PepDriver software (CEM®). After peptide
chain assemblies, resins were treated 4 hrs at room temperature with a mixture of
TFA/water/triisopropylsilane (TIS)/dithiothreitol (DTT) (92.5/2.5/2.5/2.5; v/v/v/v). The
peptide mixtures were then filtered and the filtrates were precipitated by adding cold tert-
butylmethyl ether. The crude peptides were pelleted by centrifugation (10.000 x g, 15 min)
and the supernatants were discarded. The peptides were purified by Reverse-phased High
Pressure Liquid Chromatography (RP-HPLC) using a Vydac C18 column (218TP1010, 4 pum,
250 x 100 mm) using a 10-60% ACN linear gradient containing 0.1% TFA. Crude peptides
were then oxidized/folded in 0.1 M Tris.HCI buffer at pH 8.3 for 48 hrs before purification of
the folded/oxidized peptides by RP-HPLC using a Vydac C18 column (218TP104, 5 pm, 250
x 46 mm) again with a 10-60% ACN linear gradient with 0.1% TFA. Correct oxidations of
the synthesized peptides were checked by MALDI-TOF mass spectrometry.

Cell culture

Undifferentiated malignant glioma rat (F98) and differentiated malignant glioma rat (RG-2)
cell lines (from American Type Culture Collection (ATCC)) were maintained at 37°C in 5%
CO, in DMEM/F-12 nutrient medium (Invitrogen, Cergy Pontoise, France) supplemented
with 2% (v/v) fetal bovine serum (FBS, Invitrogen) and 100 pg/mL streptomycin and 100
units/mL penicillin (Invitrogen). Human glioblastoma (U-87) cell line (from ATCC) were
maintained at 37°C in 5% CO; in low-glucose (1 g/L) Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen), 100 pg/mL
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streptomycin and 100 units/mL penicillin (Invitrogen). All cell media were changed every 2
or 3 days. All experiments were carried out on cells having initial viability exceeding 95%.
After seeding (96- and 24-well plates or 8-well Labtek slides), cells were incubated overnight
to adhere at the surface and then treated with drugs at different concentrations and time

intervals.

Confocal microscope imaging of GBM cells

For analysis of the cell entry of Cy5-labeled-peptides in living F98 cells, cell cultures were
incubated with the fluorescent peptides (in DMEM/F-12 nutrient medium only) for 5 min, 30
min or 2 hrs, and then washed twice with phosphate-buffered saline (PBS) alone. Cell nuclei
were stained with 60 pg/mL Hoechst 34580 for 5 min before the cell cultures were washed
with PBS. The plasma membrane was stained with 50 pg/mL concanavalin A-rhodamine for
5 min. Cells were washed once more. Live cells were then immediately analysed by confocal
laser scanning microscopy using a Zeiss LSM operating system. Hoechst 34580 (Aex 405 nm),
rhodamine (Aex 561 nm) and Cy5 (A& 633 nm) were sequentially excited and emission
fluorescence were collected. For the 5 min incubation time with fluorescent peptides, the
staining of the cell nuclei and plasma membrane were performed simultaneously. For analysis
of the subcellular distribution of doxorubicin and doxorubicin-alkyne in living cells, cell
cultures were incubated 2 hrs with the compounds in DMEM/F-12 nutrient medium lacking
FBS, and then washed twice with PBS. Cell nuclei and plasma membrane staining were
performed as described in the previous paragraph, except that concanavalin A-alexa 647 was
used instead of concanavalin A-rhodamine. Live cells were then immediately analysed by
confocal laser scanning microscopy with doxorubicin and doxorubicin-alkyne being excited at

Aex 590 nm.

Cy5-peptide labeling of GBM F98 cells in culture

50 uL of streptavidin-Cy5 (16 uM) and 39.4 uL of biotinylated peptides (81 uM) were mixed
in 310 uL of DMEM/F-12 nutrient medium only. The mixtures were vortexed and incubated
during 1 hr at room temperature to produce the fluorescent peptides. They were used as such

for cell labeling in cell cultures.
Synthesis of doxorubicin-alkyne

To a solution of doxorubicin hydrochloride (21 mg, 36.26 pmol) in methanol (10 mL) was
added triethylamine (20 pL, 144.4 pmol, 4 eq) followed by propargyl chloroformate (10 puL,
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108.7 umol, 3 eq). The solution was stirred at room temperature for 5 min. The solvents were
then evaporated and the product solubilized in dichloromethane (DCM), washed with HCI (1
M) and a saturated solution of NaHCOs. The organic phase was dried over MgSQ,, filtered

and evaporated to give 22 mg of pure doxorubicin-alkyne (97% yield) as an orange solid.

Conjugation of doxorubicin-alkyne to Lqgh-8/6-azide

Lgh-8/6-azide (3 mg, 0.69 umol, 1 eq) was dissolved in 300 pL water/DMF (1:1) and 660 uL
of doxorubicin-alkyne (10 mM in methanol/DCM, 1/1, v/v) were added (10 eq). Then, 34.5
pL CuS04.5H,0 (100 mM in water, 5 eq) and 34.5 puL sodium ascorbate (100 mM in water, 5
eq) were added to the mixture. The solution was sonicated and bathed at 35°C for 2 days. The
solution was then purified by RP-HPLC using a Vydac C18 column (218TP104, 5 um, 250 X
46 mm). Elution of doxorubicin-Lqh-8/6 was performed with a 5-90% acetonitrile linear
gradient containing 0.1% TFA. The pure fraction was lyophilized and quantified. 3.3 mg of
doxorubicin-Lqh-8/6 was purified representing a theoretical yield of 90%. Doxorubicin-Lgh-
8/6 was characterized by MALDI-TOF mass spectrometry.

Excitation and emission spectra of doxorubicin and doxorubicin-alkyne

Solutions of doxorubicin (180 uM) and doxorubicin-alkyne (370 uM) were prepared in
water/dimethylsulfoxide (DMSO) (1/1, v/v). The absorbance spectra were obtained using a
spectrophotometer (Pherastar FS, BMG Labtech, Champigny-sur-Marne, France). Using the
wavelength of maximal absorbance of doxorubicin and doxorubicin-alkyne, the fluorescence

emissions were recorded.

Stereotaxic implantation of F98 cells in Fisher rat brain striatum

2 months-old male Fisher rats were anesthetized by inhalation of isofluorane (induction by
isoflurane 4% in air, followed by anesthesia maintenance by isoflurane 2% in air). The
cranium were then shaved before placing the rats in a stereotaxic frame. After disinfecting the
scalp, an incision followed by resection of the subcutaneous tissue was made. Trepanning of
the skull was realized 3.5 mm to the right of the median line with a needle of 25G. The
implantation of F98 cells was performed by a slow injection (0.5 pL/min) of 5 pl of solution
(10° F98 cells in PBS) using a Hamilton syringe connected to a pump. This injection was
made 5.5 mm below the external surface of the skull. After slow removal of the syringe, the
burr hole was filled with Horsley's wax and the scalp stitched with absorbable thread. Rats

were placed in an incubator until awakening and then monitored for 2 hrs before going back
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into the care facility. The tumor-growth was monitored by RMI. Animals were euthanized
when their condition was judged too painful to keep them alive. Their brains were removed
and instantaneously frozen in a bath of cold isopropane, removed and stored at -80°C before

use.

Cy3-peptide labeling of F98 GBM tumors in brain slices of allograft rats

Frozen sections (8 pum thick) were fixed in cold methanol (100%) for 8 min at -20°C, then
washed in PBS and saturated with 10% FBS (Gibco) in PBS for 60 min. The sections are
incubated overnight with Lqh-8/6,, at 4°C. The next day, the tissues are washed 3 times with
PBS, then fixed for 2 min with 4% PFA 60% acetone and 20 mM HEPES, washed with PBS
and incubated with Cy3-streptavidin (1/1000; Amersham) and with Hoechst 33258 (1/1000;
Sigma-Aldrich) for 2 hrs at room temperature. Brain sections were digitized using a DMI6000
microscope (LEICA, Nanterre, France) which was equipped with a 20x dry objective and a
EMCCD Quantem camera that was driven by the MetaMorph software (Roper Scientific,

France).

Migration and invasion assays

These assays were performed according to the manufacturer’s protocol (CytoSelect™ 96-
Well Cell Migration and Invasion Assay Combo Kit, 8 pm; Cell Biolabs Inc.). Boyden
chambers contained or not an extracellular matrix (ECM) depending on the type of
measurement required: (i) invasion (with ECM) or (ii) migration (without ECM). GBM F98
cells were seeded in Boyden chambers at a density of 0.5 x 10° cells/mL in a culture medium
without FBS. Peptides were added immediately in the upper chamber for 24 hrs at 37°C. The
lower chamber contained culture medium with FBS that acts as chemoattractant. Cells that
reached the inner part of the Boyden chamber 24 hrs later were detached. The invasive or
migratory cells, depending on the chamber type, are then lysed and quantified using CyQuant
GR fluorescent Dye. The fluorescence of the lysates were read using a plate reader at Acx 480

nm / Aem 520 nm (Pherastar FS).

MTT assays

Cells were seeded into 96-well plates at a density of 8,000 cells/well. After 24 hrs of culture,
the cells were incubated for 72 hrs at 37 °C with chlorotoxin, Lqh8/6, Bs-14, or lepidopteran
at various concentrations. Control wells containing cell culture medium with or without cells,

both without peptide addition, were included in each experiment. 0.1% saponin was used as
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toxic agent for comparison. The cells were then incubated with MTT for 30 min. Conversion
of MTT into purple-colored MTT formazan by the living cells indicates the extent of cell
metabolism. The crystals were dissolved with DMSO and the optical density was measured at
540 nm using a microplate reader (Pherastar FS) for quantification of cell viability. All assays

were run in triplicate.

GBM cell viability assays by flow cytometry

Cells were seeded into 24-well plates at a density of 10,000 cells/well. After 24 hrs of culture,
cells were incubated for 72 hrs at 37°C with chlorotoxin, Bs-14, lepidopteran, Lgh-8/6,
doxorubicin, doxorubicin-alkyne or doxorubicin-Lqh-8/6 at various concentrations. Negative
and positive controls consisted of untreated and 0.1% saponin-treated cells, respectively.
After incubation, cells were washed with PBS and detached with 500 ul trypsine/EDTA
(Thermofisher). Cells were centrifuged at 200 g for 5 min and resuspended in 500 puL of
staining mix (DMEM/F-12 nutrient medium without FBS with 31 nM calcein and 1 uM
ethidium homodimer). Cell suspensions were incubated for 15 min at room temperature and
then analyzed by flow cytometry. Flow cytometry analyses were performed using a C6 Flow
cytometer (Accuri, BD Biosciences, Pont de Claix, France). Cells were gated by forward/side
scattering from a total of 10,000 events. Data obtained were analyzed using the Accuri CFlow

software (Accuri).

Apoptosis pathway induced by Lqh-8/6, doxorubicin-alkyne and Lqh-8/6-doxorubicin in U-87
cells

Hoechst staining of cells - 1x10* cells were grown on coverslips into a 6-well plate and
incubated with Lqh-8/6 (1 uM), doxorubicin (10 pM) or Lgh-8/6-doxorubicin (10 puM).
Thereafter, cells were fixed with 4% paraformaldehyde for 30 min at room temperature and
washed twice with PBS. Chilled methanol (-20°C) was added to each well for 10 min at room
temperature followed by 2—3 washes with PBS. Cells were then stained with Hoechst 33258
(5 mg/mL) for 10 min, washed with PBS and then examined by a Zeiss fluorescent
microscope. Cells with condensed, fragmented nuclei and having brighter fluorescence were
considered as apoptotic cells. The percentage of apoptotic cells was calculated from the ratio
of apoptotic cells to total cells counted. At least 300 cells were counted for each condition.
Western immunoblotting analyses - Cells were incubated for the indicated time and
concentration of compounds and cultured in Petri dishes to about 75% confluence in serum-

free medium supplemented with 0.1% BSA. The incubated cells were washed twice with cold
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PBS and scrapped in ice-cold lysis buffer (10 mM Tris pH 7.5, 0.5 mM EDTA pH 8.0, 0.5
mM DTT, 0.5% CHAPS, 10% glycerol) supplemented with a cocktail of protease inhibitors.
After 30 min on ice, cell debris were removed by centrifugation at 10,000 g at 4°C for 20 min.
Proteins were quantified using the DC Protein Assay (Bio-Rad) according to the
manufacturer’s specifications. Twenty pug of protein lysate were incubated in loading buffer
(60 mM Tris-HCI, pH 6.8, 0.18 M B-mercaptoethanol, 2% SDS, 10% glycerol, and 0.005%
bromophenol blue), boiled and separated on a polyacrylamide gel by SDS-PAGE under
reducing conditions. The proteins were electro-transferred overnight or 2 hrs at 4°C to
polyvinylidene difluoride (PVDF) membrane (Hybond-P, Amersham Biosciences).
Membranes were blocked for at least 1 hr in Tris-buffered saline (TBS), 5% BSA and 0.5%
Tween 20 and then probed with the appropriate primary antibodies (1:1000) in 5% BSA,
0.1% Tween 20, and 0.05% sodium azide in TBS for 1 hr at room temperature or overnight at
4°C and thereafter incubated with the appropriate secondary peroxidase-labeled antibody
(1:20.000) for 1 hr at room temperature. Enhanced chemiluminescence (ECL, Amersham
Pharmacia Biotech) was used for protein detection. The ECL staining was quantified by

densitometry with ImageJ software (National Institutes of Health, USA).

Results

Lqh-8/6y efficiently labels GBM tumor cells

Based on the sequence homology of Lgh-8/6 with chlorotoxin, we expected that Lqh-8/6
should be able to bind onto a surface receptor of GBM cells. The peptide was synthesized in
its biotinylated version, Lqh-8/6,, and coupled to strep-Cy5 in vitro. Live F98 cells were
incubated 5 min, 30 min or 2 hrs with 3 uM Lqh-8/6,-strep-CyS5, their nuclei and plasma
membrane stained with Hoescht 34580 and concanavalin A-rhodamine, respectively. As
shown by confocal microscopy, Lqh-8/6,-strep-Cy5 labeled F98 cells in vitro and induced a
time-dependent internalization of the ligand / receptor complex (Figure 2A). Interestingly,
toxin labeling at 5 min reveals cell surface clustering of the receptor. No labeling of the
nucleus was evident suggesting that the fluorescence remained restricted to the
cytoplasm/endosomes. Similar experiments using Bs-14y-strep-Cy5 and lepidopteran,-strep-
Cy5 produced comparable F98 cell surface staining and time-dependent internalization of the
toxin receptors (Supplementary Figure 1). These data indicate that Lqh-8/6 (72% sequence
identity with chlorotoxin), Bs-14 (61% sequence identity) and lepidopteran (63% sequence

88



identity) all have the ability to bind to a surface receptor of F98 GBM cells in spite of limited
sequence identities. To check the specificity of this labeling, Lqh-8/6,-strep-Cy3 staining was
performed on 8 pum-thick coronal brain slices from Fisher rats that were previously injected
with F98 cells in the striatum and in which the tumor developed for 25 days. As shown, on
these coronal slices a predominant staining by Lqh-8/6,-strep-Cy3 was evident in the tumor
zone (Figure 2B). This zone was confirmed by the evidence of a high density of nuclei due to
the lack of cell extensions such as neurites. Lqh-8/6,-strep-Cy3 staining also illustrates the
presence of positive cells further outside the tumor zone. Their presence is probably explained
by the high invasiveness of this tumor cell type, especially 25 days after tumor development.
These findings illustrate the value of a fluorescent derivative of Lqh-8/6 for tumor painting

GBM cells in situ.

Lgh-8/6 lacks intrinsic cell toxicity

Next, we assessed whether Lqh-8/6 presents any intrinsic cell toxicity. Both MTT tests and
cell viability assays by FACS were performed on F98 cells in vitro after 72 hrs incubation
with the toxins. Both tests demonstrate that Lqh-8/6, like chlorotoxin, presents no intrinsic
toxicity up to 33 uM (Figure 3A). Similarly, Bs-14 and lepidopteran also are non-toxic to
F98 cells in vitro demonstrating that the F98 cell surface toxin receptors are not required for

cell survival and metabolism (Supplementary Figure 2A).

Lgh-8/6 affects invasion but spares migration

To test the effect of Lqh-8/6 on cell migration and invasion, we used Boyden chambers
without and with ECM at the bottom of the chamber. As shown, Lqh-8/6 has no effect on F98
cell migration at low (1 pM) and high (10 pM) concentrations (Figure 3B), a result
confirmed for lepidopteran and to a lower extent for Bs-14 (Supplementary Figure 2B).
Concerning invasion by F98 cells in control conditions, 0.8% of cells showed a propensity to
cross the Boyden chamber after ECM degradation. Interestingly, Lqh-8/6 was capable of
inhibiting F98 cell invasion at both concentrations tested (1 and 10 uM), indicating that the
toxin efficiently inhibits ECM degradation by F98 cells (Figure 3C). The extent of inhibition
reached 74 + 9.8% (n=3) at 10 uM Lqgh-8/6. Lepidopteran was slightly more efficient than
Lgh-8/6 at 1 uM to block cell invasion, while Bs-14 showed more limited efficacy at both
concentrations (Supplementary Figure 2C). These findings are consistent with earlier claims
that chlorotoxin acts by potentially binding on MMP-2, an important player for ECM

degradation.
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Altogether these data demonstrate that L.qh-8/6, like chlorotoxin and other toxin analogs, have
limited inherent anti-tumor efficacies (lack of cell toxicity and no inhibition of migration).
However, they have moderate to significant effects on cell invasion, combined to potent GBM
targeting properties. In the next steps, we improved the anti-tumor properties of Lqh-8/6 by
grafting onto it a potent cytotoxic agent while continuing to exploit the targeting properties of

the peptide for selective delivery to F98 GBM cells.

Chemical synthesis and characterization of a click chemistry-compatible doxorubicin
analogue

Doxorubicin is an anthracycline generally used for the treatment of solid cancers. It is a DNA
intercalating agent and inhibitor of topoisomerase type II (both nuclear targets), but also a
Reactive-Oxygen Species (ROS)-generating compound (mainly cytoplasmic target), all
promoting cell apoptosis. However it possesses significant secondary effects, and namely
produces cardiomyopathy, a condition that limits its long-term use. It would therefore benefit
from a grafting to a vectoring agent thereby limiting unwanted effects on healthy tissues.
Doxorubicin has two chemical functions that have been used in the past while keeping its
activity intact to some extent [43—48]. These include: the alcohol function of the aglycone
moiety or the amino group of the daunosamine moiety (Figure 4A). Earlier evidence seems to
suggest that doxorubicin loses more activity if the alcohol function is functionalized rather
than the amine function probably by interfering with the intercalating properties of
doxorubicin [45]. To render doxorubicin compatible for chemical grafting on Lgh-8/6 we
turned towards click chemistry for its ease of use and reproducibility. We chemically
produced doxorucin-alkyne in one step by mixing doxorubicin with propargyl chloroformate
in the presence of trimethylamine (Figure 4A). The resulting product was purified by RP-
HPLC and verified by MALDI-TOF MS (Figure 4B). Doxorubicin-alkyne has a molecular
weight (MW) of 625.4 Da (648.3 Da with a Na" adduct), compared to doxorubicin which has
a MW of 543.5 Da. "H-NMR spectrum of doxorubicin-alkyne confirms the expected structure
of the synthetic product (Figure 4C). This change in structural properties is susceptible to
alter the chemical properties of doxorubicin. We first checked whether the chemical
modification had an impact on the spectral properties of doxorubicin (Figure 4D). As shown,
the spectrum of absorbance of doxorubicin-alkyne was not significantly modified compared to
the spectrum of absorbance of doxorubicin. In contrast, the intensity of emission fluorescence

was significantly reduced by a factor of 4-fold at the peak of emission without change in the
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wavelength-dependence of the emission. This modification of the spectral emission properties
will therefore limit our capacity of detection of doxorubicin-alkyne in cells.

Next, we therefore evaluated the cell-inducing toxicity and subcellular distribution
properties of doxorubicin-alkyne compared to doxorubicin alone in various GBM cells. A 72
hrs incubation of F98, RG-2 or U-87 GBM cells with 10 uM doxorubicin or doxorubicin-
alkyne produces significant cell toxicity as assessed by the cell viability assay (Figure SA).
On rat F98 cells, the alkyne modification slightly reduced the cell toxicity of doxorubicin: 18
+ 3% survival (n=6 wells and N=6 x 5,000 cells, doxorubicin-alkyne) versus 2.4 + 0.6%
survival (n=6 wells and N=6 x 5,000 cells, doxorubicin). However, the opposite observation
was made for rat RG-2 and human U-87 cells with doxorubicin-alkyne being slightly more
potent than doxorubicin (2.9 £+ 0.3% (doxorubicin-alkyne) versus 5.1 + 0.8% (doxorubicin)
for RG-2, and 43.7 £+ 2.1% (doxorubicin-alkyne) versus 29.6 + 5.3% (doxorubicin) for U-87
in similar conditions). Of note, human U-87 GBM cells seem intrinsically more resistant to
doxorubicin treatment compared to rat cell line GBM models. These data confirm that the
toxicity of doxorubicin is largely preserved in spite of the chemical modification. Slight
differences in cell toxicity efficiencies of doxorubicin-alkyne can tentatively be explained by
alterations in the cell toxicity contribution of the different doxorubicin targets (nucleus versus
cytoplasm). In spite of the limited emission efficiency of doxorubicin-alkyne, we managed to
examine the relative nuclear / cytoplasm subcellular distribution of the alkyne-modified
doxorubicin and compared it to the distribution of parent doxorubicin (Figure 5B-E). As
shown, doxorubicin-alkyne was essentially present in the cytoplasm of F98 cells and less in
the nucleus (76.7 + 5.0%, nuclear/cytoplasm ratio = 0.31), whereas the opposite was true for
doxorubicin (40 £+ 7%, nuclear/cytoplasm ratio = 1.6). A similar trend for a more pronounced
cytoplasmic localization of doxorubicin-alkyne was observed for U-87 cells
(nuclear/cytoplasm ratio = 0.23 compared to 0.86 for unmodified doxorubicin). Reasons for
these changes may include (i) a greater size of doxorubicin-alkyne making it more difficult to
cross nuclear pores, or (i) a less pronounced DNA-intercalating efficacy. Whatever the
reasons for these changes, it is concluded that doxorubicin-alkyne remains a valid anti-tumor

agent that is now compatible for click chemistry coupling onto Lqh-8/6.

Coupling of doxorubicin-alkyne to Lqgh-8/6-azide produces an efficient peptide-drug
conjugate
To follow up on the click chemistry coupling of doxorubicin-alkyne onto Lqh-8/6, we first

modified the later by grafting an azide function. We chose to add this function onto the N-
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terminus because a N-terminal biotinylated version of Lqh-8/6 was found efficient in labeling
F98 cells (Figure 2). We therefore synthesized Lqh-8/6-azide by incorporating an additional
Gly residue at the N-terminus preceded by Aha (an Ala onto which an azide function has been
added) (Figure 6A,B). The chemical synthesis was performed using Fmoc chemistry and the
peptide was folded/oxidized similarly to Lqh-8/6 or Lqh-8/6,, (Figure 6C). MALDI-TOF MS
was used to assess that the proper mass was obtained ((M+H]" = 4348.1 Da) (Figure 6C,
inset). The Huisgen 1.3 dipolar cycloaddition was used to couple Lqh-8/6-azide to a five-fold
excess of doxorubicin-alkyne (Figure 6D). CuSO4 was used as Cu(I) donor and sodium
ascorbate as activator. The final product was purified by RP-HPLC (Figure 6E) and
characterized by MALDI-TOF MS (Figure 6E, Inset).

Next, the conjugated Lqh-8/6-doxorubicin peptide was evaluated with the cell viability
assay by FACS for its ability to induce cell death in various GBM cell lines (rat F98, rat RG-2
and human U-87). For the sake of comparison with Lgh-8/6-doxorubicin, the effects of Lqh-
8/6-azide and doxorubicin-alkyne alone were evaluated also in parallel. As shown, while Lqgh-
8/6-azide has no toxicity per se, similarly to Lqgh-8/6 alone, the conjugate displayed
significant cell toxicity on all three cell lines (Figure 7). Of interest, the concentration-
dependence of the toxic effects of the conjugate parallels the concentration-dependence of the
toxic effects of doxorubicin-alkyne, but always showed a shift towards higher concentrations.
This is expected since doxorubicin is now attached to a peptide that also needs to enter into
GBM cells. The ICsq values measured for the conjugate were 0,84 = 0,05 uM (F98), 4,14 +
0,03 uM (RG-2) and 16,6 = 0,05 uM (U-87). In comparison, values observed for doxorubicin-
alkyne alone were 0,34 + 0,02 uM (F98), 1,67 £ 0,02 uM (RG-2) and 9,3+ 0,06 uM (U-87),

thus representing decreases in efficacies of 2,47-, 2,48- and 1,8-fold, respectively.

Lgh-8/6-doxorubicin induces GBM cell death by apoptosis

We investigated whether Lqh-8/6-doxorubicin cell toxicity could be attributed to the
induction of apoptosis. As shown in Figure 8A, U-87 cells treated with 10 pM Lqh-8/6-
doxorubicin or 10 pM doxorubicin-alkyne for 24 hrs displayed similar typical morphologic
features of apoptotic cells with chromatin condensation and nuclei fragmentation as visualized
by fluorescence microscopy after DNA staining with Hoechst 33342. These morphologic
changes were not observed in the case of Lqh-8/6-azide. Coherent with these observations, it
was found that both Lgh-8/6-doxorubicin a nd doxorubicin-alkyne induce an increase in the
percentage of apoptotic cells: 26.8 + 2.0% for Lgh-8/6-doxorubicin and 27.5 £ 2.0% for

doxorubicin-alkyne alone as compared to untreated cells (3.5£1%) or cells treated with Lqh-
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8/6-azide (4.5 £ 1.3%) (Figure 8B). In order to investigate whether doxorubicin-alkyne or
Lgh-8/6-doxorubicin-induced apoptosis is mediated by caspases, we first used two caspase
inhibitors: a broad-spectrum caspase inhibitor, z-VAD-fmk, and a caspase-3/-7-specific
inhibitor, z-DEVD-fmk. Pretreatment of U-87 cells with these caspase inhibitors (100 uM)
strongly inhibited apoptosis, suggesting that doxorubicin-alkyne and Lqh-8/6-doxorubicin-
induced apoptotic cell death is largely dependent on caspase activation (Figure 8C).
Furthermore, the proteolytic activation of caspase-3 was examined. Lqh-8/6-azide did not
induce caspase-cleavage, whereas 10 uM of doxorubicin-alkyne or Lgh-8/6-doxorubicin
caused activation of caspase-3 after 24 hrs, as indicated by the detection of the cleavage
fragments (p20 and p17 fragments) (Figure 8D). The activation of caspase-3 in doxorubicin-
alkyne and Lqh-8/6-doxorubicin treated cells (10 pM) was further confirmed by the cleavage
of its known substrate PARP with the appearance of a 89 kD cleavage fragment (Figure 8D).
Moreover, we studied the impact of these compounds on the expression levels of pro-
apoptotic proteins (Bax and Bim) in U-87 cells by Western blotting. An important up-
regulation of Bax and Bim levels were observed in U-87 cells treated 24 hrs with 10 uM of
doxorubicin-alkyne or Lgh-8/6-doxorubicin (Figure 8E). Taken together, these results
demonstrate that Lqgh-8/6-doxorubicin induce apoptosis with equivalent efficiency than

doxorubicin-alkyne alone.

Discussion

Herein, a @TOMEV2 search for toxins presenting sequence homologies with
chlorotoxin, a well-studied peptide for its usefulness in characterizing, diagnosing and treating
glioma, revealed the existence of several new scorpion venom peptides that may possess
properties akin to chlorotoxin. A total of 14 sequences were identified to possess significant
homologies (> 61%). Among these sequences, two had previously been recognized as
possessing anti-migration and anti-proliferation properties: AaCtx (Rjeibi et al., 2011) and
BmKCT [49]. These two toxins ranked 7" and 13™ in terms of sequence homology with
chlorotoxin indicating that all the retrieved sequences have the potential to be potent glioma-
labeling peptides. With the exception of the N- (before C;) and C-termini (after Cg), the only
region that showed amino acid insertions or deletion within the toxin sequences is the one
located between Cs and C;. Most of the observed differences occur between Cs and Cg
suggesting that this region may not be essential for the activity of the toxins. Three new toxins

were chemically synthesized for the first time: Lqh-8/6, lepidopteran and Bs-14. These
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additional syntheses now bring to five the total number of toxins that have been chemically
produced on this list of 15 toxins (Table 1). Lgh-8/6 originated from a scorpion that is
phylogenetically very close of the scorpion from which chlorotoxin was identified.
Lepidopteran and Bs-14, together with AaCtx, were last on the list of sequence homologies
and also belong to the same scorpion than BmKCT. All toxins synthesized had the ability to
bind onto and integrate into GBM cells validating this search for analogues of chlorotoxin.
Quite surprisingly, there is no structure-activity relationship studies published for chlorotoxin
or some of its closest analogues. This may be due to the lack of a clearly identified membrane
receptor. However, it is obvious that such information would tremendously facilitate the
identification of novel toxins possessing chlorotoxin glioma-labeling properties. In the future,
chemical engineering work, aimed at functionalizing Lqh-8/6, may help performing reverse
pharmacology experiments for the identification of the GBM receptor recognizing Lqh-8/6.
The identification of the receptor for this toxin could also help the understanding of the
mechanism of GBM invasion on which this toxin is intrinsically active.

Similarly to chlorotoxin, there is no doubt that various types of functionalization may
be done on Lgh-8/6 to exploit its specific labeling of GBM cells. As such, many analogues
carrying appropriate tags can be envisioned: (i) a fluorescent tag, emitting in the near infrared
(such as Cy5.5), for tumor painting during surgery or diagnosis on biopsies, (ii) a chelating
agent for contrast agents for MRI, and (iii) a radionuclide such as '**iodine, technetium-99m
for tumor treatment. There are also chelating agents with mixed properties that can be grafted
onto Lqh-8/6. These agents are versatile in the sense that they accept either a fluorescent
lanthanide (terbium, europium) for diagnosis or a short wavelength radionuclide for
therapeutic treatment, minimizing the cost of production of Lqh-8/6 analogues. Finally, it is
worth mentioning that Lqh-8/6 may also be functionally coupled to nanoparticles for the
development of multimodal functions. Examples in the case of chlorotoxin are numerous [50—
53]. Herein, we have provided evidence that functionalization with biotin / streptavidin or
doxorubicin through click chemistry does not hinder GMB receptor recognition by Lqh-8/6
thereby indicating that the development of these future analogues should not be problematic.
In that respect, the mastering of the click chemistry for the grafting of doxorubicin onto Lgh-
8/6 serves as a good experimental basis for the grafting of other components of functions onto
Lqh-8/6 also by click chemistry without requiring the synthesis of a new peptide. In addition,
the Lqh-8/6y-strep-Cy5 or Cy3 can also be useful for the treatment of human biopsies in the
future.
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As many venom-derived toxins, Lqh-8/6 was found to possess no intrinsic cell
toxicity, at least with mammalian cell lines. By itself, it also possesses low anti-tumor
properties. Nevertheless, it showed potent inhibition of cell invasion which is an interesting
property to exploit. The most important effect of Lqh-8/6 was its capacity to specifically label
GBM cells. Like for chlorotoxin before, it will be of interest to determine whether Lqh-8/6
also labels tumor cells of the same neuroectodermal origin. This cell targeting properties was
exploited to selectively target an anti-cancer compound to GBM cells. This project required
two innovations: (i) the development of a doxorubicin analogue compatible with click
chemistry and that preserves, at least partially, its toxic mode of action, and (ii) the chemical
synthesis of an Lqh-8/6 analogue, also compatible with click chemistry, and that would
conjugate efficiently to doxorubicin-alkyne with high yield, and again without perturbing the
activity of doxorubicin. On all counts these requirements were successful. The choice of the
linker, an additional N-terminal flexible Gly residue along with Aha, turned to be sufficient to
preserve doxorubicin action without further optimization. Coupling to doxorubicin conferred
to Lgh-8/6 a GBM toxicity that was not observed with the native peptide. In that sense, the
conjugation process is a success. It was also sufficient to provide an in vivo efficacy to Lgh-
8/6-doxorubicin on GBM allografted rats. The mechanism of cell death induction clearly
involves cell apoptosis. Inasmuch as antibody-drug conjugates, these data confirm the
existence of a bright future for toxin-conjugates in the treatment of cancers. This strategy
presents the immense advantage to avoid some of the negative secondary effects that lead to a
reduction of the use of doxorubicin in the clinics. Conjugation to a targeting peptide should
significantly reduce the cardiotoxicity of doxorubicin [54-56]. This example illustrates the
benefit of the approach in providing a second potential clinical life to a known anti-tumor
agent. In addition, the strategy employed also presents the added benefit of reducing the time
of development for FDA approval if clinical assays demonstrate the viability of the approach.
While these results were positive, there is room for improvement in the future. The efficacy of
Lgh-8/6-doxorubicin on GBM cells in vitro was found to be less than doxorubicin-alkyne
alone. This reduction in efficacy is probably linked to a reduced delivery of the doxorubicin
moiety with the cytoplasm/nucleus of GBM cells. The cause of this reduced delivery is
probably the use of a non-cleavable linker between Lqh-8/6 and doxorubicin. Future
developments may imply the use of different types of linkers, such as a pH-sensitive
hydrazine bond that should more readily liberate doxorubicin in the more acidic environment
of the tumor [57—60]. An ester bond is another alternative that relies on intracellular esterases.

Finally, without further modifications, endosome disruption agents may facilitate the escape
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of a fraction of the toxin-conjugate from the endosomes. Their use is however limited in vivo.
The search for a cleavable linker may hopefully yield a toxin-conjugate that has a toxicity
profile on GBM cells identical to doxorubicin for the next generation of toxin-conjugates.
Another versatile option for improvement concerns the toxic moiety that is grafted onto Lgh-
8/6. While doxorubicin seems as a pertinent choice in the case of the GBM cell lines tested,
other toxic moieties can be envisioned as well further illustrating the versatility of this toxin-
conjugate approach, useful for personalized medicine. Along the toxic moieties of interest,
let’s cite other topoisomerase inhibitors, '*'I, alkylating agents such as platinum (themselves
conjugated), pro-apoptotic peptides, anti-microtubule agents, antimetabolites, and other
cytotoxic compounds. The choice of these compounds will be linked to the intrinsic
sensitivity of GBM cells to these unconjugated agents, to the benefit of the coupling and the
feasibility of the conjugation.

In conclusion, this study adds credit to the concept that animal venom peptides can be
used as warheads for the delivery of anti-tumor agents. They present the unusual benefit to be
extremely stable in vivo. Peptides from venoms have been shown to possess half lives in
plasma that exceed 10 hrs which is excessively long for a peptide. The reason for this stability
lies behind millions of years of evolution and the existence of a very stable disulfide-bridge
organized fold. While we developed the example of a toxin that presents sequence homology
with chlorotoxin, there is significant hope that other toxins may possess similar virtuous
targeting properties on unrelated cancers. These latter’s generally overexpress a repertoire of
ion channels and G protein coupled receptors and this is exactly what animal venom toxins

target in Nature with exquisite selectivity and affinity.
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Figure legends

Table 1: Alignment of primary amino acid sequences of chlorotoxin-like peptides.
Alignments were performed by using @TOME V2. Percentage sequence of identities is given
as compared to chlorotoxin by using @TOME V2. Disulfide bridge patterns are also

indicated.

Figure 1: Representation of the 3D structures of chlorotoxin and chlorotoxin-like
peptides. The 3D structure of chlorotoxin and ISA were obtained from their pdb files: ICHL
(chlorotoxin) and 1SIS (ISA). All other structures are models built by homology with
chlorotoxin using @TOME V2 and modeller for Lqh-8/6, Bs-14, 13, GaTx1, BmKCT, Bm12-
b, neurotoxin P2, AaCTx and lepidopteran. All toxins present an anti-parallel B-sheet

structure and most an alpha helix (with the exception of BmKCT and Bm12-b).

Figure 2: GBM F98 labelling with Lqh-8/6,. (A) Confocal microscopy images illustrating
the cell surface labelling and penetration of Lqh-8/6y-strep-Cy5 into glioma F98 cells (red
color). Incubation times were 5, 30 min and 2 hrs. Images were taken immediately after
washout of the extracellular peptide. The plasma membrane is labeled with concanavalin-A-
rhodamine (green color) and the nucleus with Hoechst 34580 (blue color). (B) Brain slices of

F98 tumors in allograft Fischer rats labeled with Lqh-8/6y-strep-Cy3.

Figure 3: Functional effects of chlorotoxin and Lqh-8/6 onto F98 cells in culture. (A)
Lack of cell toxicity of chlorotoxin and Lgh-8/6 as assessed by MTT assay and FACS. FACS
toxicity results are represented by full lines, whereas MTT results are shown with dashed
lines. (B) Effect of chlorotoxin and Lqh-8/6 on F98 cell migration. (C) Effect of chlorotoxin
and Lgh-8/6 on F98 cell invasion. *, p <0.07; **, p < 0.05.

Figure 4: Synthesis and characterization of doxorubicin alkyne. (A) Chemical synthesis
of doxorubicin-alkyne. The aglycone moiety is shown in orange, while the daunosamine
moiety is represented in blue. (B) RP-HPLC purification and mass spectra characterization of
doxorubicin-alkyne. (C) 'H-NMR characterization of doxorubicin-alkyne. (D) Spectral

properties of doxorubicin and doxorubicin-alkyne.
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Figure 5: Cell toxicity on GBM cells and subcellular distribution of doxorubicin-alkyne.
(A) Cell toxicity of 10 uM doxorubicin and doxorubicin-alkyne incubated 72 hrs with various
cell lines. (B) Cell localization of doxorubicin and doxorubicin-alkyne in F98 cells at 3 uM (2
hrs incubation time). Doxorubicin and doxorubicin-alkyne are show in green. The plasma
membrane is labeled with concanavalin-A-alexa fluor 647 (red color) and the nucleus with
Hoechst 34580 (blue color). (C) Cell localization of doxorubicin and doxorubicin-alkyne in
U-87 as in (B). (D) Quantification of the cell localization of doxorubicin and doxorubicin-
alkyne in F98 cells. (E) Quantification of cell localization of doxorubicin and doxorubicin-

alkyne in U-87 cells.

Figure 6: Synthesis of Lqh-8/6-azide and chemical coupling to doxorubicin-alkyne. (A)
Amino acid sequence and disulfide bridge arrangement of Lqh-8/6-azide. Note the additional
N-terminal Gly residue and Aha residue aimed at spacing the peptide and doxorubicin
moieties. (B) Chemical structure of Aha. (C) RP-HPLC purification and MALDI-TOF MS of
folded/oxidized Lqh-8/6-azide. (D) Huisgen cycloaddition of Lqh-8/6-azide and doxorubicin-
alkyne to produce Lgh-8/6-doxorubicin. (E) RP-HPLC purification and MALDI-TOF MS of
Lqh-8/6-doxorubicin.

Figure 7: GBM cell toxicity of Lqh-8/6-doxorubicin conjugate compared to the toxicities
of Lqh-8/6-azide and doxorubicin-alkyne. (A) Concentration-dependence of the various
compounds on F98 cell toxicity. 72 hrs chronic incubation. (B) As in (A), but on RG-2 cells.
(C) As in (A and B), but on U-87 cells.

Figure 8: Lqh-8/6-doxorubicin induces U-87 cell apoptosis. (A) Hoechst-stained U-87 cells
showing morphological changes induced in the cell nuclei. Apoptotic cells show condensed
and fragmented nuclei. (B) Percentage of apoptotic cells induced by the various treatments for
24 hrs at 10 pM. (C) Effects of a broad-spectrum caspase inhibitor, z-VAD-fmk, and a
caspase-3/-7-specific inhibitor, z-DEVD-fmk, on the percentage of apoptotic cells for the
different treatments. (D) Caspase 3 and PARP cleavage induced by doxorubicin-alkyne and
Lqh-8/6-doxorubicin. Total proteins were extracted and detected by Western blot analysis
using antibodies against C-Caspase-3 and PARP. (E) Up-regulation of Bax and Bim levels in
U-87 cells by 10 uM doxorubicin-alkyne or Lgh-8/6-doxorubicin.
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Supplementary Figure 1: GBM F98 labelling with Bs-14,, or lepidopterany. (A) Confocal
microscopy images illustrating the cell surface labeling and penetration of Bs-14-strep-Cy5
into glioma F98 cells (red color). Incubation times were 5, 30 min and 2 hrs. Images were
taken immediately after washout of the extracellular peptide. The plasma membrane is labeled
with concanavalin-A-rhodamine (green color), the nucleus is labeled with Hoechst 34580
(blue color). (B) Confocal microscopy images illustrating the penetration of lepidopteran,-

strep-Cy5 into glioma F98 cells. Same conditions as in (A).

Supplementary Figure 2: Functional effects of Bs-14 and lepidopteran onto F98 cells in
culture. (A) Lack of cell toxicity of Bs-14 and lepidopteran as assessed by MTT assay and
FACS. FACS toxicity results are represented by full lines, whereas MTT results are shown
with dashed lines. (B) Effect of Bs-14 and lepidopteran on F98 cell migration. (C) Effect of
Bs-14 and lepidopteran on F98 cell invasion. *, p < 0.07; **, p <0.05.
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Table 1: Primary sequence alignments of chlorotoxin-like peptides. Alignments were performed by using @TOME V2. Percentage sequence of identity is
given as compared to chlorotoxin by using @TOME V2. Disulfide Bridge pattern is given when known.

" . 3 Disulfide bri 3
Toxin Primary sequence Lenght | Identity itee beidge Species
g * pattern
Chlorotoxin | MC;MPC, FTTDH QMARK C;DDC,Cs GGK-G RGKC:Y GPQC,L Cg-R-- | 36AA 100% | Crlult Gttty S&ﬁ:ﬁ%ﬁﬁs&
I, MC;MPC, FTTDH QTARR C;RDC,Cs GGR-G R-KCsF G-QC,;L CgGYD 36 AA 82% C,-C4,C,-C,C5-C5,C5-Cy Buthus eupeus
I, MC;MPC, FTTDH NMAKK C3;RDC,Cs GGN-- -GKCF GPQC,;L CgNR 35 AA 82% C,-C4,C5-C4,C3-C4,Cs5-Cyg Buthus eupeus
Bs-8 RC,KPC, FTTDP QMSKK C3;ADC,Cs GGK-G KGKC;Y GPQC,L Cg 35 AA 80% C,-C,4,C5-C4,C5-C5,C5-Cy Buthus sindicus
Is MC;MPC, FTTDP NMANK C3;RDC,Cs GGG-K K--CgF GPQC,;L CgNR 35 AA 79% C,-C4,C5-C4,C3-C4,Cs5-Cy Buthus eupeus
Isa MC,MPC, FTTDP NMAKK C3;RDC,Cs GGN-G K--C¢F GPQC,L CgNR 35 AA 79% C,-C,4,C5-C4,C5-C4,Cs-Cy Buthus eupeus
GaTxl -C,;GPC, FTTDH QMEQK C,AEC,Cs GGI-G K--C¢¥ GPQC,L CeNR 34 AA T | Ee L G has:\wwwﬁwmazas
BmKCT -C,GPC,; FTTDA NMARK C;REC,Cs GGI-G K--C¢F GPQC,L CgNRI 35 AA 76% C,-C4,C5-C6,C3-C5,Cs-Cs Buthus martensii
Bm12-b -C,;GPC, FTTDA NMARK C;REC,Cs GGN-G K--C¢F QWOOQH... CgNRE 35 AA 76% O_nn?ounnoonw:Oq.OmnOm Buthus martensii
Lqh-8/6 | RC;SPC, FTTDQ QMTKK C,YDC,Cs GGK-G KGKC,Y GPQC,I CsAPY 38 AA 72% | C1-C4,C2-Cs,Cs-Cr,Cs-Cy hmssa\mﬁ“wﬁ&:mg
I, MC,;MPC, FTTRP DMAQQ C3;RAC,Cs KGR-G K--C¢F GPQC,L CyGYD 36 AA 1% C,-C4,C,-C,C5-C5,C5-Cy Buthus eupeus
Neurotoxin P2 Androctonus
-C,GPC, FTTDP YTESK C;ATC,Cs GGR-G K--C;V GPQC,L CgNRI 35 AA 70% C,-C4,C5-C,C3-C5,C5-Cy mauretanicus
mauretanicus
Lepidopteran | RC;GPC, FTTDP QTQAK C3SEC,Cs GRK-G G-VC¢K GPQC,I CyGIQ 37 AA 63% C,-C,4,C5-C4,C5-C4,Cs-Cy Buthus tamulus
AaCtx MC,IPC, FTTNP NMAAK C;NAC,Cs GSRRG S--C¢R GPQC,I Cg 34 AA 61% C,-C4,C5-C,C3-C5,Cs-Cy | Androctonus australis
Bs-14 -C,GPC, FTKDP ETEKK C;ATC,Cs GGI-G R--C¢F GPQC,L CgNRGY 36 AA 61% C;-C4,C5-Ce,C3-C7,Cs-Cs Buthus sindicus
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Figure 3 :
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Figure 4 :
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Figure 6 :
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Figure 7 :
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Figure 8 :
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Supplementary figure 2:
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II. Conclusions

Depuis la découverte de la CTX, beaucoup de travaux ont été conduits sur I'utilisation
de cette toxine dans la lutte contre le glioblastome. Concentrant ainsi I'attention, il y a encore a
ce jour peu darticles publiés sur l'existence d'autres peptides présentant les mémes
caractéristiques. Cependant la découverte d’un tel peptide représente un véritable potentiel
pour améliorer la prise en charge des glioblastomes mais aussi d’autres cancers. Avec ce projet
nous avons voulu identifier de nouveaux peptides d'origine naturelle présentant des
caractéristiques identiques. Aprés avoir sélectionné trois candidats sur la base de leur
homologie de séquences et de structure, nous avons commencé a caractériser ces peptides, a
comparer leurs propriétés a celle de la CTX. Si I'on regarde les résultats présentés concernant la
caractérisation, il apparait clairement qu'il s‘agit uniquement d’'un début. Cependant I'absence
de toxicité des peptides, I'effet anti-invasif de Lqh8/6 et du lepidopteran associé a leur capacité
a pénétrer dans la cellule et a diffuser dans le cytoplasme, représente autant de résultats
encourageants pour la suite de ce projet. Il est évident que la prochaine étape dans la
caractérisation de ces peptides est la vérification du ciblage des cellules cancéreuses sur une
des coupes histologiques humaines. En effet sans la capacité de ciblage, I'utilisation de ces
peptides dans le traitement des glioblastomes sera compromise malgré I'efficacité observée lors
de I'administration de Lgh-8/6 doxorubicine. Des essais de toxicité et de pénétration sur des
lignées astrocytaires saines doivent aussi étre réalisés afin de compléter les résultats obtenus
jusqu’a présent. De plus les résultats des essais /n vitro viendront aussi parachever les résultats
présentés dans ma these.

La Lgh-8/6 doxorubicine permet d'apporter la preuve de concept que I'utilisation d'un
systeme de couplage « universel » basé sur la chimie click est trés intéressante. En effet les
résultats de toxicité, bien que montrant un effet de la Lgh-8/6 doxorubicine, il reste moindre
que celui de la doxorubicne alkyne et de la doxorubicine. Il reste donc du travail a réaliser afin
d’optimiser ce composé sans doute en se concentrant sur le couplage. L'utilisation d'un autre
anticancéreux ayant une activité uniquement cytoplasmique est aussi une possibilité a

envisager.

Le travail réalisé sur ce projet au cours de ma thése représente le premier pas vers le
développement d’'un nouveau systéeme de délivrance de composés actifs pour le traitement des

glioblastomes et des autres tumeurs cancéreuses de la méme origine neuro-ectodermique..
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Chapitre 2: La maurocalcine comme

vecteur d’un dérivé du cisplatine.

Article : Un nouveau conjugué : Platine-maurocalcine induit I'apoptoses des

cellules de glioblastome Humain en agissant sur la voie ROS-ERK/AKT-p53.

I. Introduction

Comme nous |'avons vu dans la présentation de la maurocalcine, de nombreux travaux
ont été conduits au sein du laboratoire pour trouver le variant le plus intéressant comme
vecteur de composé. Seul trois papiers ont été publiés présentant I'intérét du couplage de la
MCa a la doxorubicine. Dans le but d’approfondir ces résultats, nous avons choisi de tester le
couplage d’un autre anticancéreux, un dérivé du cisplatine. En effet, les dérivés du cisplatine et
ce dernier font partie de l'arsenal thérapeutique pour traiter les glioblastomes. Suite a la
parution de travaux de Damian et collaborateur (Damian et al., 2010), nous avons décidé
d'utiliser leurs nouveaux dérivés du platine, le MBL-III-7. Il a I'avantage d'étre facilement
synthétisable et de pouvoir se coupler au peptide au cours de la synthése peptidique. Ce sont
deux avantages tres importants puisque pour ce projet nous avons retenu deux analogues de la
MCa comme vecteur : un variant tronqué linéaire constitué des neuf premiers acides aminés de
la MCa : la MCayr19 €t un variant taille compléte la D-MCa. Il nous fallait donc trouver une
méthode de couplage applicable pour ces deux vecteurs et qui n‘augmentait pas le colt de
production. Comme la D-MCa est un peptide de 33 acides aminés ayant une structure
secondaire maintenue par 3 ponts disulfures, |'utilisation d'une cystéine surnuméraire et un
couplage via une liaison disulfure ou maleimide était une stratégie trop couteuse. La possibilité
de coupler I'agent thérapeutique sur le vecteur au cours de la synthése peptidique présente un
véritable avantage.

Lors des travaux préliminaires sur ces deux composés, j'ai comparé leurs activités sur
des cellules F-98 (cellules de glioblastome de rat). Ces résultats non présentés dans l'article, ont
permis de déterminer que bien que nous ayons une activité pour le composé utilisant la D-MCa
comme vecteur, on ne retrouve pas d'effet similaire pour le composé utilisant le MCayri-o
comme vecteur. La suite des travaux, ayant pour objectif de déterminer sil y a une
augmentation de la toxicité pour le composé vectorisé par rapport au cisplatine et sur les
mécanismes de toxicité, a été réalisée en collaboration avec d'autres laboratoires. Afin de
pouvoir poursuivre mes travaux sur mes autres projets de thése, seule la synthése chimique et
les résultats préliminaires ont été réalisés au laboratoire. Ce sont les résultats de ces travaux

qui ont abouti a la publication de Iarticle suivant.
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Pathway
Sonia Aroui,™

Amel Laajimi,” Ahcéne Boumendjel,” I Abderraouf Kenani,
and Michel De Waard ™"

" Lucie Dardevet,”® Wafa Ben Amla, Madr‘yssa de Boisvilliers,® Florian Perrin,®

Jean Marc Muller,®

"Laboratoire de Biochimie, Unité de recherche UR 12ES08 “Signalisation Cellulaire et Pathologies”, Faculté de Médecine de
Monastir, Université de Monastir, 5019 Monastir, Tunisia

*LabEx Ion Channels, Science and Therapeutics, INSERM U836, Grenoble Neuroscience Institute, 38042 Grenoble Cedex 09,
France

§University Grenoble Alpes, 38000 Grenoble, France
J‘Toxicology—l\/[icrobiology and Environnemental Health Unit (UR11ES70), Faculty of Sciences, University of Sfax, Sfax 3072, Tunisia
ICNRS 5063, Département de Pharmacochimie Moléculaire, Université Joseph Fourier, 38400 Saint-Martin d’Heres, France

®Equipe émergente “Récepteurs, régulations et cellules tumorales” (2RCT), Université de Poitiers, 1 rue Georges Bonnet, TSA
51106, 86073 Poitiers Cedex 9, France

#Smartox Biotechnology, 570 Rue de la Chimie, 38400 Saint-Martin d’'Heéres, France

ABSTRACT: Glioblastoma multiforme (GBM) is a highly malignant and
aggressive primary brain tumor. In spite of an arsenal of therapeutic
interventions, the prognosis of glioblastoma remains very poor. Cisplatin-
based therapy is one of the most important chemotherapy treatments for GBM,
although its efficacy is limited by drug resistance and undesirable side effects. In
the present study, we designed a chimera molecule containing the platinum
binding moiety MBL-III-7 (1) attached N-terminal to the sequence of p- Cisplatin
maurocalcine (D-MCa), a protease-resistant and highly efficient cell-
penetrating peptide (CPP) derived from the Tunisian chactid scorpion toxin,
L-MCa. The concept behind this design is that MCa, through its cell retention
properties, should reduce cell expulsion of the platinum complex and increase
its efficiency. The anti-cancer properties of the synthesized platinum analogue
Pt-MBL-III_7-D_MCa (Pt-1-DMCa) were assessed in human glioblastoma
cells (U87) by assaying cell viability and apoptosis. The new molecule exhibited
enhanced anti-cancer efficacy compared to cisplatin, especially at low doses. By inducing intracellular oxidative stress, Pt-1-DMCa
potentiated platinum-induced DNA damage and led to enhanced pS3 phosphorylation, followed by increased activation of both
mitochondrial and death receptor pathways. Decreased phosphorylated AKT and ERK levels were associated with the apoptosis
induced by the novel synthesized cisplatin analogue. Our results suggested that a chimera between platinum and a maurocalcine-
derived CPP is a highly successful anti-cancer compound that works by targeting the intracellular redox system. Pt-1-DMCa is an
interesting candidate for a preclinical assessment of platinum-based therapy in GBM treatments and possibly other cancer types.

KEYWORDS: platinum/peptide conjugate, maurocalcine, cisplatin, apoptosis, ROS, AKT, ERK
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Bl INTRODUCTION

cell-membrane permeable and impermeable cargoes into cells,

Development of drug delivery systems has been a topic of
international efforts to improve cancer treatments.”” The
efficacies of many well-known anti-cancer drugs are usually
limited by their poor bio-availabilities, which may include their
low capacities to cross cell membranes.” Among the strategies
developed to overcome these limitations is their conjugation to
a convenient carrier that is able to improve the cell uptake of
the drug. Cell-penetrating peptides (CPPs) are now considered
as peptide-based delivery systems to transport a large variety of

-4 ACS Publications  © 2015 American Chemical Society
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ranging from small peptides and proteins to nucleic acids and
CPPs have been used successfully to boost the

bioavailability of anti-cancer drugs, enhancing their cytotoxic

. 4,5
nanoparticles.”

activity while in many cases reducing their dosage and
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secondary effects.”” One of the most efficient CPPs described
in the past decade is L-maurocalcine (L-MCa), a 33-mer
peptide that was initially isolated from the venom of a Tunisian
chactid scorpion, Scorpio maurus pulmatus.8 The peptide has a
peculiar target for a venom toxin: an intracellular calcium
channel, the ryanodine receptor (RyR). This channel is inserted
into the membrane of the endoplasmic reticulum and controls
Ca®* release from intracellular stores. The binding site for L-
MCa has been located in the cytoplasmic region of the
predicted topology of RyR, meaning that L-MCa delivery
occurs into the cytoplasm. In terms of structure, the peptide
contains an inhibitor cystine knot motif with three disulfide
bridges connected according to the model Cys*~Cys'’, Cys'’—
Cys*!, and Cys'—Cys**. L-MCa shares many structural and
functional properties with some efficient CPPs because (i) the
peptide is heavily charged (12 of the 33 residues of the peptide
are positively charged) and (ii) it interacts with critical
membrane components needed for cell penetration, such as
negatively charged lipids and proteoglycans.”'® Most impor-
tantly, L-MCa and several of its analogues were shown to act as
efficient vectors for the delivery of proteins, peptides,
nanoparticles, and drugs inside cells.'”"!

Because of its pharmacological activity which may represent a
burden for in vivo applications, several strategies have been
developed to define analogues that lack pharmacological
activity while preserving cell penetration.'”'>'? Recently, we
produced D-maurocalcine (D-MCa), a diastereoisomer of L-
MCa which has cell penetration properties similar to those of
L-MCa but without any pharmacological activity.'* Moreover,
the new peptide analogue loses the protease sensitivity of L-
MCa, making it the first folded/oxidized CPP built with p-
amino acids designed on the basis of an animal toxin amino
acid sequence.'* In the present work, to gain insight into the
efficacy of D-MCa as a vector for the efficient delivery of anti-
cancer drugs, we decided to couple it to a platinum chelator
and investigate the anti-tumor properties of the new complex.

Platinum-based therapeutic drugs, notably cisplatin and
carboplatin, have been used in chemotherapy to treat cancer
cells and a wide spectrum of solid malignancies.”'® The
prominent cytotoxic mode of action of these compounds
involves the formation of intra-strand cross-link DNA adducts
which then activates particular apoptosis signal transduction
pathways. However, these drugs lack partial efficacy mainly
because of low uptake by cancer cells and possibly also because
the drug is repelled by the multidrug resistance protein of these
cells."” Also, it should be mentioned that many cancer types are
insensitive to platinum-induced apoptosis owing to numerous
resistance mechanisms such as the overexpression of the Bcl-2
family of anti-apoptosis proteins, the inactivation of pS3 and
mitogen-activated protein kinases (MAPKs), and development
of AKT phosphorylation."®'? Consequently, patients are
treated with higher doses of cisplatin, exposing them to higher
risks of side effects such as nephrotoxicity, neurotoxicity, and
ototoxicity.”® The relative insensitivity of cancer cells to
cisplatin leads to chemo-resistance and therapeutic failure.

Thus far, the great incidence of chemo-resistance is still the
major limitation in the clinical efficacy of cisplatin as an anti-
cancer drug.21 In this context, other platinum anti-tumor agents
are still required not only in order to broaden the spectrum of
activity but also to improve clinical effectiveness and to
overcome the side effects of platinum-based chemotherapy.
Herein, our approach is to combine the properties of two
different moieties within a single compound to create a more
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effective platinum-based drug with some reduced drawbacks of
cisplatin. We covalently coupled 1, a platinum chelating agent,
to D-MCa as a CPP to improve platinum delivery into cancer
cells and force the retention of the anti-tumor agent once
delivered into the cytoplasm.

Glioblastoma multiforme (GBM) is a highly malignant and
aggressive primary brain tumor in adults. In spite of joint efforts
to improve current therapies, the prognosis of glioblastoma
remains very poor. So far, the treatment of glioblastoma still
represents one of the most challenging concerns in clinical
oncology.”” Enhancing the potency of platinum drugs in
glioblastoma could be an alternative therapeutic strategy. In the
present study, the anti-cancer properties of the synthesized Pt-
1-DMCa were assessed in human glioma cells (U87) as an in
vitro model. The platinum derivative displayed the expected
cytotoxic properties and induced apoptosis at doses lower than
those needed for cisplatin. The novel platinum analogue
induced inhibition of protein kinase B (also called AKT) and
extracellular signal-regulated kinase (ERK) phosphorylation
associated with activated apoptosis signal cascades involving
both the mitochondrial (intrinsic) and the death receptor
(extrinsic) pathways. In contrast, cisplatin activates only the
mitochondrial apoptosis pathway.

Our data also indicate that ROS accumulation in treated cells
could be a crucial factor for the strengthening effect of Pt-1-
DMCa. We conclude that the synthesized product has more
effective anti-tumor activity than cisplatin, especially at low
doses, and represents an interesting candidate molecule for
platinum-based therapy in preclinical application.

B METHODS

Chemicals. N-a-Fmoc-p-amino-acid, Wang-tentagel resin,
and reagents used for peptide synthesis were obtained from Iris
Biotech. Solvents were analytical-grade products from Acros
Organics. Cisplatin, Hoechst 33258, dihydrorhodamine 123
(DHR123), $,50,6,60-tetrachloro-1,10,3,30-tetraethylbenzimid-
azolylcarbocyanine iodide (JC-1), propidium iodide (PI), and
N-acetyl-L-cysteine (NAC) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Cell Titer 96 AQueous One Solution
Reagent (MTS) was obtained from Promega. Tetramethyl-
rhodamine ethyl ester (TMRE) solution was purchased from
Abcam. For Western blotting, the antibodies used and their
suppliers were anti-caspase-3 (H-277), anti-Hsc70 (B-6), anti-
P-actin (Santa Cruz Biotechnology, Inc.); anti-caspase-8
(Alexis), anti-caspase-9, ERK, p-ERK, and anti-cleaved poly-
[ADP-ribose]polymerase (cleaved PARP) (Cell Signaling);
Akt, p-Akt (S473), anti-Bcl-2 (Calbiochem); anti-Bcl-xL (BD
Transduction Laboratories); anti-Bax (R&D Systems); and
anti-pS3, anti-p-pS3, anti-p-His H2A.X (ser139), and anti-
GAPDH (Abcam). Peroxidase-conjugated goat anti-rabbit and
anti-mouse antibodies were from Jackson Immunoresearch
Laboratories (West Grove, PA, USA). For immuno-
fluorescence, antibodies used were monoclonal anti-DR4 and
anti-DRS (Alexis Biochemicals). The antioxidant NAC,
LY294002, and U0126 and SYBR green 1 dye were obtained
from Invitrogen, USA.

Cell Culture. Human normal astrocyte SVGp12 and glioma
U87 cells were obtained from the American Type Culture
Collection (Rockville, MD, USA) and maintained in Dulbecco’s
modified Eagle’s medium (DMEM, Lonza), containing 10%
fetal bovine serum (FBS) and 10 000 units/mL streptomycin
and penicillin. Cells were incubated at 37 °C in a humidified
atmosphere containing 5% CO,. Medium was changed every 2

DOI: 10.1021/acs.molpharmaceut.5b00531
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or 3 days. All experiments were carried out on cells having
viability more than 95%. After seeding, cells were incubated
overnight to adhere and then treated with drugs at different
concentrations and time intervals.

Synthesis of MBL-III-7 (1), the Platinum Chelator
Moiety. N-Fmoc MBL-III-7 or N-Fmoc-(3-Fmoc-amino-
propyl)glycine was produced as previously described by
Damian et al.”> We began by synthesizing tert-butyl N-(3-
aminopropyl)glycinate (2) by mixing tert-butyl bromoacetate
(3) and 1,3-diaminopropane (4) (Figure 1A). The next step
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Figure 1. Synthesis and purification of the Pt-1-DMCa conjugate. (A)
Synthesis of the MBL-III-7. (B) Amino acid sequences of D-MCa
(single letter code) and chemical structure of MBL-III-7 bound to D-
MCa. The positions of half-cystine residues are highlighted in red.
Basic amino acids are highlighted in blue. (C) HPLC spectrum of 1-
DMCa after folding with mass spectrometry analysis.

was to add protecting groups (Fmoc) to the two amine
functions in order to obtain tert-butyl N-Fmoc-(3-Fmoc-
aminopropyl)glycinate (5). The last step was to remove the
tert-butyl protecting group of the carboxylic function by adding
TFA dropwise to a cooled 0 °C solution of compound § in
DCM. This yielded compound 6, which is used in solid-phase
peptide synthesis.
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Synthesis of the MBL-IlI-7 (1)/D-MCa Chimera. D-MCa
was first chemically synthesized by the solid-phase method
using an automated peptide synthesizer (CEM Liberty).”***
The N-Fmoc-1 was then conjugated to the N-terminal
sequence of protected D-MCa similarly to a classical protected
amino acid. The resin was first swollen for 2 h in
dimethylformamide (DMF). The peptide chain and chimera
were assembled stepwise on 0.24 mequiv of Fmoc-p-Arg-Pbf-
Wang-Tentagel resin using 0.24 mmol of N-a-fluorenyl-
methyloxycarbonyl (Fmoc) p-amino-acid derivatives. The
side-chain protecting groups were trityl for Cys and Asn; fert-
butyl for Ser, Thr, Glu, and Asp; Pbf for Arg; and tert-
butylcarbonyl for Lys. Reagents were at the following
concentrations: N-Fmoc-1 (0.2 M in DMF), Fmoc-amino
acids (0.2 M Fmoc-AA-OH in DMF), activator (0.5 M HBTU
in DMF), activator base (2 M diisopropylethylamine in N-
methylpyrrolidone), and deprotection agent (5% piperazine/
0.1 M 1-hydroxybenzotriazole in DMF) as advised by
PepDriver (CEM Liberty). After coupling, resins were treated
4 h at room temperature with a mixture of trifluoroacetic acid/
water/triisopropylsilane/dithiothreitol (DTT) (92.5/2.5/2.5/
2.5). The conjugate was then filtered and the filtrate
precipitated by adding cold tert-butyl methyl ether. The crude
conjugate was pelleted by centrifugation (10000g, 15 min) and
the supernatant discarded. The conjugate was then purified by
HPLC using a Vydac C18 column (218TP1010, 250 X 4.6
mm). Elution of the peptide was performed with a 10—60%
acetonitrile linear gradient containing 0.1% trifluoroacetic acid.
The peptide was dissolved in 200 mM Tris-HCl buffer, pH 8.3,
at a final concentration of 1 mM and stirred for 72 h at room
temperature under air for oxidation and folding. Oxidized 1-
DMCa was purified by HPLC using a Vydac C18 column
(218TP1010, 250 X 4.6 mm). Elution of 1-DMCa was
performed with a 10—60% acetonitrile linear gradient
containing 0.1% trifluoroacetic acid. The purified fraction was
analyzed by analytical reversed-phase HPLC (Vydac C18
column 218TP104, 250 X 4.6 mm) and lyophilized. For
platination, a solution of K,PtCl, (10 equiv, 0.05 M) in DMF/
H,0 (9/1, v/v) was added to the peptide and shaken in the
dark for 30 h. Products were purified by HPLC to eliminate
non-conjugated K,PtCl,. The final compound produced is
named Pt-1-DMCa.

Determination of Cell Viability. Cell viability was
determined on SVGpl2 and glioma U87 cells using the 3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) Cell Proliferation Colori-
metric Assay kit from Promega.”® Cells were seeded onto a 96-
well plate at 500 cells per well and allowed to adhere overnight.
After treatment with Pt-1-DMCa or 1-DMCa without platinum
or cisplatin at various concentrations for different times, 20 uL
of the tetrazolium substrate was added to each well of the plate.
Plates were incubated at 37 °C for 2 h, after which the
absorbance at 490 nm was measured. All experiments were
done in triplicate and repeated at least three independent times.

Phosphatidylserine Externalization Assay. The apop-
totic rates of cells were determined by annexin V-FITC and PI
dual staining kit (APOAF, Sigma-Aldrich) according to the
manufacturer’s instructions. In brief, cells were treated with Pt-
1-DMCa (20 uM) or cisplatin (40 uM) for 4 h, and then the
medium was replaced with a fresh one and cultured again for a
further 48 h. Adherent and floated cells (5 X 10*/flask) were
collected, washed by cold PBS solution, and resuspended in
annexin-binding buffer containing FITC-conjugated annexin V

DOI: 10.1021/acs.molpharmaceut.5b00531
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and PI in appropriate concentrations for 15 min at room
temperature. The cells were then subjected to analysis by flow
cytometry (FACS Calibur, BD Bioscience), and 10 000 events
from each sample were acquired to ensure adequate data.

Hoechst Staining of Cells. A total of 1 X 10* cells were
grown on coverslips into a six-well plate and incubated with Pt-
1-DMCa (20 uM) or cisplatin (40 uM). Thereafter, cells were
fixed with 4% paraformaldehyde for 30 min at room
temperature and washed twice with PBS. Chilled methanol
(=20 °C) was added to each well for 10 min at room
temperature, followed by two or three washes with PBS. Cells
were then stained with Hoechst 33258 (S mg/mL) for 10 min,
washed with PBS, and then examined by a Zeiss fluorescent
microscope. Cells with condensed, fragmented nuclei and
having brighter fluorescence were considered as apoptotic cells.

Determination of DNA Fragmentation. DNA integrity
in treated cells was assessed by the DNA ladder assay. Cells
were seeded at a density of § X 10° cells/flask and incubated
with Pt-1-DMCa (20 uM) or cisplatin (40 uM), and then the
medium was replaced with a fresh one and cultured again for a
further 48 h. After incubation, cells were harvested and washed
with PBS, and DNA was isolated by Promega “DNA
Purification from Mammalian Cell Lines” kit as described by
the manufacturer’s guidelines. DNA was quantitated spectro-
photometrically, and an equal amount of DNA (1 mg) was
loaded onto 2% agarose gel containing S pg/mL of ethidium
bromide. The agarose gel was run at 1.5 V/cm in Tris-borate/
EDTA electrophoresis buffer. Approximately 1 mg of DNA was
loaded in each well, visualized under UV light, and photo-
graphed.

Single-Cell Gel Electrophoresis (Comet Assay). Single-
cell gel electrophoresis for detection of DNA damage was
performed using the comet assay reagent kit as described
previously.”® U87 cells were cultured and treated with Pt-1-
DMCa (20 uM) or cisplatin (40 uM) for 4 h, and then the
medium was replaced with a fresh one and cultured again for a
further 48 h. The cells were then dissociated 0.5 or 4 h after
irradiation for single-cell gel electrophoresis at 19 V (300 mAM,
40 min) and analyzed by neutral comet assay (Trevigen,
Gaithersburg, MD) according to the manufacturer’s instruc-
tions. SYBR green-stained DNA comets were visualized and
photographed under a Zeiss fluorescent microscope.

Western Immunoblotting Analysis. Cells were incubated
for the indicated time and concentration of compounds and
cultured in Petri dishes to about 75% confluence in serum-free
medium supplemented with 0.1% bovine serum albumin
(BSA). The incubated cells were washed twice with cold PBS
and scrapped in ice-cold lysis buffer (10 mM Tris pH 7.5, 0.5
mM EDTA pH 8.0, 0.5 mM DTT, 0.5% CHAPS, 10% glycerol)
supplemented with a cocktail of protease inhibitors. After 30
min on ice, cell debris were removed by centrifugation at
10000g at 4 °C for 20 min. Proteins were quantified using the
DC Protein Assay (Bio-Rad) according to the manufacturer’s
specifications. A total of 20 ug of protein lysate was incubated
in loading buffer (60 mM Tris-HCl, pH 6.8, 0.18 M /-
mercaptoethanol, 2% SDS, 10% glycerol, and 0.005%
bromophenol blue), boiled, and separated on a polyacrylamide
gel by SDS—PAGE under reducing conditions. The proteins
were electro-transferred overnight or 2 h at 4 °C to a
polyvinylidene difluoride (PVDF) membrane (Hybond-P,
Amersham Biosciences). Membranes were blocked for at least
1 h in Tris-buffered saline (TBS), 5% BSA, and 0.5% Tween 20
and then probed with the appropriate primary antibodies
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(1:1000) in 5% BSA, 0.1% Tween 20, and 0.05% sodium azide
in TBS for 1 h at room temperature or overnight at 4 °C and
thereafter incubated with the appropriate secondary peroxidase-
labeled antibody (1:20.000) for 1 h at room temperature.
Enhanced chemiluminescence (ECL, Amersham Pharmacia
Biotech) was used for protein detection. The ECL staining was
quantified by densitometry with Image] software (National
Institutes of Health, USA).

Assessment of Mitochondrial Membrane Potential
(Aym). The Aym was determined using two fluorescent
probes in separate assays, JC-1 and TMRE. JC-1 is a lipophilic
molecule that penetrates the cell and accumulates in
mitochondria. In non-treated cells with well-polarized mito-
chondria, JC-1 can form aggregates that are excited by a 488
nm laser (FL-2) and display orange fluorescence. When A¥m
is decreased, JC-1 present in mitochondria tends to exist as
monomers that emit green fluorescence on FL-1 after excitation
(decrease in the orange fluorescence). Thus, A¥m can be
estimated by simultaneous measurement of the fluorescence of
JC-1 aggregates and monomers on the FL2 and FL1 detection
channel of a flow cytometer, respectively.”” Briefly, treated cells
were loaded with JC-1 probe as described and then analyzed by
flow cytometry. TMRE is a cell-permeable, positively charged,
red-orange dye that readily accumulates in active mitochondria
due to their relative negative charge. Depolarized or inactive
mitochondria have decreased membrane potential and fail to
sequester TMRE. The depletion of Aym was then monitored
qualitatively with TMRE by a Zeiss fluorescent microscope.

Measurement of Intracellular Reactive Oxygen Spe-
cies (ROS). The ability of Pt-1-DMCa to generate ROS in
GBM cells was assessed by DHR123. Briefly, 2 x 10° cells were
treated by Pt-1-DMCa or cisplatin for 4 h, and then the
medium was replaced with a fresh one and cultured again for a
further 48 h. Cells were then incubated with 2.5 pg/mL
DHR123, a non-fluorescent cell-permeable dye, for 30 min in
the CO, incubator. DHR123 upon oxidation by ROS generated
in the cell is converted to rhodamine 123 (Rh123). The cells
were collected and washed with PBS, and ROS generation was
measured by the fluorescence intensity (FL-1, 530 nm) of
10000 cells using a FACS Calibur flow cytometer (BD
Biosciences). For fluorescence microscopy, DHR123 incubated
cells were then washed three times in PBS for 5 min, fixed for
30 min in 4% paraformaldehyde at room temperature, and
washed twice with PBS. Counterstaining of nuclei was
performed by incubating cells with Hoechst 33258 (S mg/
mL) for 10 min, washed with PBS, and mounted onto glass
slides using Permafluor aqueous mounting media. Rh123 and
Hoechst fluorescence were examined by a Zeiss fluorescent
microscope with fluorescein and UV filters, respectively.

Statistical Analyses. Results are expressed as mean =+
standard errors (mean = SEM). All analyses were carried out
with GraphPad Prism 6.0 for Windows (GraphPad Software,
San Diego, CA). Significant differences between the effects of
the treatments were determined by one-way ANOVA, followed
by Tukey’s post hoc test for multiple comparisons with
statistical significance of p < 0.0S.

Bl RESULTS

Synthesis of the Pt-1-DMCa Conjugate. In order to
produce the novel platinum—peptide conjugate, we first
initiated the synthesis of N-Fmoc MBL-III-7 (1) as described
in the Methods section (Figure 1A). The compound was then
coupled at the N-terminal position of the D-MCa amino acid
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Figure 2. Cell death induction by 1-DMCa, cisplatin, and Pt-1-DMCa in SVGp12 and glioma U87 cells. (A) Compounds were applied at various
concentrations on U87 cells for 48 h before performing the MTS assay, as described in the Methods section. (B) SVGp12 cells were treated with
various concentrations of Pt-1-DMCa, cisplatin, or 1-DMCa for 48 h before performing the MTS assay. (C) Cytotoxicity was assessed by S uM of all
compounds after 4 h treatment, removing the medium, and cultured again for 1, 2, 3, and 4 days. (D) 20 #M of Pt-1-DMCa or cisplatin was used to
treat the cells for 4 h, removing the medium, and cultured again for 1, 2, 3, and 4 days before performing the MTS assay. (E) 40 uM of Pt-1-DMCa
or cisplatin was used to treat the cells for 4 h, removing the medium and cultured again for 1, 2, 3, and 4 days before performing the MTS assay. Data
are representative of two independent experiments carried out in triplicate. Results are presented as mean + SD. Significant differences between
stimulated Pt-1-DMCa and cisplatin cells are indicated by a star, *(P < 0.05) (A and B). Significant differences between stimulated cells (Pt-1-DMCa
or cisplatin) and control cells are indicated by stars, *(P < 0.05) and **(P < 0.01) (B and C).

sequence using the solid-phase synthesis, and the resulting Pt-1-DMCa or cisplatin induce cell cytotoxicity in the cell line
product was termed 1-DMCa. After cleavage from the resin and in a concentration-dependent manner (Figure 2A). The cell
deprotection, the crude non-folded 1-DMCa compound was toxicity after treatment with the novel platinum-conjugate Pt-1-
folded/oxidized to yield the three disulfide bridges normally DMCa (concentration from 1 to 60 zM) ranged from 10.9 to
seen in D-MCa. A schematic representation of 1-DMCa shows 79.6%. The average ICs, value of the conjugate determined
what the primary structure of the compound looks like (Figure from three independent experiments in U87 cells was 12.7 & 2

1B). 1-DMCa was then purified to homogeneity by RP-HPLC UM, whereas the average ICs, value for cisplatin was 23.5 + 3.4
(Figure 1C) and the proper mass of the compound checked by uM. Interestingly, the Pt-1-DMCa platinum conjugate appears

MALDI TOF MS (Figure 1C, inset). The detected mass (M to possess a marked cytotoxic effect at lower concentrations
+H)" of 3972.95 Da does indeed correspond to the theoretical that is not observed with cisplatin (below or equal to 10 uM).
mass of folded/oxidized 1-DMCa, indicating that the platinum At higher concentrations, however, the cytotoxicity of Pt-1-
vector was pure and correctly assembled. Finally, we produced DMCa was similar to that of cisplatin. In addition, we examined
Pt-1-DMCa by adding a solution of K,PtCl, to purified folded/ the cytotoxic effects of both compounds on a normal non-
oxidized 1-DMCa. The resulting conjugate was then purified tumor cell line such as SVGp12. Pt-1-DMCa seems to possess a
again by HPLC to eliminate non-conjugated K,PtCl,. The final negligible cytotoxic effect on SVGp12 since it did not exceed
compound is termed Pt-1-DMCa. 13.6% at concentrations below or equal to 10 M (Figure 2B).
Pt-1-DMCa Causes Cytotoxicity in Astrocytes and in In contrast, in the case of cisplatin, cytotoxicity starts at low
Glioma U87 Cells. To investigate the cytotoxic effect of the concentrations and reaches greater levels (28.7%) than with Pt-
Pt-1-DMCa conjugate and to compare it with that of cisplatin 1-DMCa, suggesting that the latter has a more selective effect

in U87 GBM cells, MTS assays were performed after treating on cancerous cells.
the cells, or not, with several concentrations of each drug for To further study the toxicity of both drugs on U87 cells, their
variable durations (Figure 2). As shown in Figure 2A, 1-DMCa effects were analyzed at the concentration of S uM for
alone had negligible cytotoxicity against this cell line, including prolonged times (1—4 days). At this concentration Pt-1-DMCa
at high concentration (60 #M). These results are in line with exerted a significant effect that was not observed for cisplatin. In
the reported absence of toxicity of D-MCa'* and indicate that these conditions, up to 42 + 4.2% of the cells were not viable in
MBL-III-7 (1) conjugation to D-MCa does not generate by the presence of the platinum conjugate, while in the presence of
itself a toxic compound. In contrast, 48 h treatments with either cisplatin only 17 & 5% of the cells died at 4 days (Figure 2B).
4340 DOI: 10.1021/acs.molpharmaceut.5b00531
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Figure 3. DNA damage induction by cisplatin and Pt-1-DMCa in U87 cells. (A) Pt-1-DMCa and cisplatin-induced DNA damage is evidenced by
Comet assay as described in the Methods section. Appearance of a DNA tail reflects the DNA damages in cells. (B) Western blot analysis of the
expression levels of phosphorylation of pS3, histone H2A, and total p53 in U87 cells. f-Actin is used to confirm the equal protein loading in the
protein extracts. Similar results were obtained from two independent experiments.
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Figure 4. Apoptosis induction by cisplatin and Pt-1-DMCa in U87 cells. Cells were treated with cisplatin (40 #M) and Pt-1-DMCa (20 uM) for 4 h,
removing the medium, and cultured again for further 48 h. (A) Cells were stained with Annexin V/P], and then the apoptosis was determined using
flow cytometry. (B) Graph showing percentage of viable, apoptotic, and necrotic cells assessed using annexinV/PI dual staining. (C) Hoechst-stained
U87 cells showing morphological changes induced in nucleus. Apoptotic cells show condensed and fragmented nuclei. (D) DNA fragmentation
resolved on 2% agarose gel. DNA markers of 10,000—250 bp and 700—25 bp were used to assess the laddering pattern. (E) U87 cells were treated as
described before, and total proteins were extracted and detected by Western blot analysis using antibodies against C-Caspase-3 and PARP. Data are
presented as mean + SD, and significant differences from the control are indicated by stars, *(P < 0.05) and **(P < 0.01).

In addition, the effect of each drug was assessed after a short- the drugs. Treatment with 20 M Pt-1-DMCa induced from
term exposure (4 h) at higher concentration (20 and 40 uM) 32.5 + 1.6% to 48 + 2% of cell killing between 1 and 4 days
followed by 1—4 days incubation of the cells after removal of (Figure 2C). In contrast, in the same conditions, 20 uM of
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Figure S. Pt-1-DMCa and cisplatin-induced alteration in the expression level of Bcl-2 family proteins, activation of caspases, and mitochondrial
membrane depolarization. Cells were treated with cisplatin (40 M) and Pt-1-DMCa (20 uM) as described before. (A) Western blot analysis of the
expression levels of Bcl-xl, Bim, Bcl-2, and Bax in U87 cells. (B) Western blot analysis of the cleaved caspase-9 and -8 induced by cisplatin and Pt-1-
DMCa. f-Actin and Hsc-70 are used to confirm the equal protein loading in the protein extracts. (C) Treated cells were stained with the
mitochondria-selective dye TMRE and then analyzed by fluorescence microscope. (D) Treated cells were harvested and stained with the
mitochondria-selective dye JC-1 and then analyzed by flow cytometry. Percentage of cells losing A¥Ym and emitting green fluorescence is
represented in the bottom of the right region. Similar results were obtained from two independent experiments.

cisplatin produced a low toxicity (from 10.2 + 1.6% to 22 +
2%). However, rising the concentration of these drugs to 40
UM led to similar effects of both compounds on cytotoxicity
(from 23 + 2% to 41 =+ 2.1% for cisplatin and from 27 + 3.2%
to 45 + 2% for Pt-1-DMCa) (Figure 2D).

Pt-1-DMCa Causes DNA Damage in U87 Cells.
Production of DNA damage is the main known mechanism
by which platinum and its analogues induce cell apoptosis. In
this work, we examined whether Pt-1-DMCa or cisplatin could
generate DNA damage and subsequently activate proteins such
as histone H2A.X and pS53, involved in response to this
phenomenon (Figure 3). Comet assay was chosen to assess the
DNA damage induced by each compound in experimental
conditions similar to those of Figure 2C,D. The chosen
concentrations (20 yM for the conjugate and 40 uM for
cisplatin) generated similar toxic effects in GBM cells. Comet
tails reflecting DNA damage could be observed in cells treated
with cisplatin or Pt-1-DMCa, suggesting a common action of
both compounds on DNA fragmentation (Figure 3A). To
further confirm the effect caused by Pt-1-DMCa and cisplatin
on DNA, the expression levels of several DNA damage related
signaling proteins, phospho-histone H2A.X, phospho-p53, and
total pS3, were assessed by Western blot. Increased
phosphorylation levels of pS3 and histone H2AX were
observed with 20 M Pt-1-DMCa and 40 uM cisplatin (Figure
3B). Phosphorylation of these proteins is well known to occur
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in response to DNA damage.”” These data demonstrate that
both compounds act through DNA damage.

Pt-1-DMCa Induces U87 Cell Apoptosis. We next
investigated whether Pt-1-DMCa toxicity was related to the
induction of apoptosis in U87 cells. First, we performed
annexin V/PI staining to detect the apoptotic cell state in cells
treated for 4 h with drugs then washed and cultured for 48 h in
fresh medium. A significant increase of the number of apoptotic
cells was observed in cells after exposure to 20 yuM Pt-1-DMCa
(32.1 + 3.2%) and 40 uM cisplatin (33.7 + 1.7%) (Figure 4A).
A limited number of necrotic cells were observed in these
experimental conditions (Figure 4B). Hoechst staining revealed
the occurrence of cell shrinkage and rounding, chromatin
condensation, and nuclei fragmentation after treatment with 20
UM Pt-1-DMCa or 40 uM cisplatin (Figure 4C). Moreover,
treatments with Pt-1-DMCa and cisplatin in the same
conditions resulted in inter-nucleosomal DNA fragmentation,
as evidenced by the formation of a DNA ladder in agarose gel
(Figure 4D). To further confirm that the platinum compounds
induce U87 cell apoptosis, caspase-3 and PARP cleavage were
analyzed by Western blotting. In agreement, treatment of cells
by the indicated concentrations of Pt-1-DMCa and cisplatin
resulted in an increased cleavage of both caspase-3 and PARP,
indicating that these compounds are activated (Figure 4E).

Pt-1-DMCa Induces Apoptosis by Activating the
Intrinsic Mitochondrial Pathway. Apoptosis can be
triggered by two basic signaling mechanisms: the extrinsic
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pathway triggered by TNF/TRAIL family factors and the
intrinsic mitochondrial pathway.*® In order to characterize the
molecular events initiated by the platinum analogue and
cisplatin, the impact of these compounds on the expression
levels of pro-survival (Bcl-X1 and Bcl-2) and pro-apoptotic (Bax
and Bim) proteins were investigated in U87 cells by Western
blotting. Again, the 4 h treatment followed by 48 h growth in
normal conditions was adopted. Obvious decreases of Bcl-XL
and Bcl-2 expression were observed in cells treated with Pt-1-
DMCa, while only Bcl-2 expression decreased with cisplatin
treatment. In addition, the inhibition of Bcl-2 expression was
more accentuated with Pt-1-DMCa (65 + 7.5%) than with
cisplatin treatment (32.6 + 5.5%). Concerning the pro-
apoptotic proteins, an important up-regulation of Bim level
was observed in cells treated with 20 uM Pt-1-DMCa and to a
lesser extent with 40 uM cisplatin (Figure SA). To investigate
whether the drug-induced apoptosis involves initiating caspases,
we examined the proteolytic activation of caspase-8 and -9. The
results reveal that caspase-9 was cleaved and activated by 20
UM Pt-1-DMCa or 40 uM cisplatin. In the case of caspase-8
both drugs triggered a decreased level of the native form of this
protein indicating a degradation and activation of this protease
(Figure SB). These variations in expression of these different
apoptotic proteins are consistent with an activation of the
intrinsic mitochondrial pathway. Loss of mitochondrial
membrane potential (A¥m) is a crucial event in the apoptotic
process. It gives rise to the release of different apoptogenic
factors from mitochondria into the cytoplasm.*’ Thus, we
investigated the change of A¥Wm in U87 cells by both TMRE
staining assay (Figure SC) and JC-1 flow cytometry analysis
(Figure SD). The results showed that 20 4M Pt-1-DMCa or 40
UM cisplatin induced a loss of mitochondrial membrane
potential. In the TMRE assay, the signal observed by
fluorescence microscopy was strongly attenuated in Pt-1-
DMCa-treated cells and to a lesser extent in cisplatin treatment.
When analyzed by JC-1 flow cytometry, a greater effect of Pt-1-
DMCa (27.5—32.8%) was observed on the loss of mitochon-
drial potential than with cisplatin (16.9—18.3%).

Pt-1-DMCa Induces Apoptosis by Activating the
Extrinsic TNF/TRAIL Pathway. The cell surface expressions
of the TRAIL receptors DR4 and DRS were analyzed in U87
cells by flow cytometry and fluorescence immunocytochemis-
try. Increased expressions of these receptors is a crucial event
upstream the extrinsic TNF/TRAIL pathway. Expressions of
DR4 and DRS were observed at low levels in the control GBM
cells (Figure 6A,B). Furthermore, Pt-1-DMCa, but not
cisplatin, triggered a higher expression of both receptors at
the cell membrane as well as their redistribution into membrane
patches as suggested by fluorescence microscopy (Figure 6A)
and flow cytometry data (Figure 6B). These data are consistent
with an involvement of the TNF/TRAIL pathway in the effect
of Pt-1-DMCa-mediated cell apoptosis but not of the cisplatin-
induced apoptosis.

Pt-1-DMCa Increases ROS Generation in U87 Cells.
ROS accumulation is considered to be a pivotal phenomenon
related to the apoptotic mechanisms induced by DNA
damage.””*” The generation of ROS was evaluated using the
DHRI123 fluorescent probe which is rapidly absorbed by cells
and converted to Rh123 in the presence of ROS. Cells exposed
to 20 yM Pt-1-DMCa exhibited increased fluorescence
intensity in flow cytometry experiment (Figure 7A) indicating
an intracellular ROS production in the U87 cells. This response
was not observed in cells treated with 40 uM cisplatin. These
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Figure 6. Contribution of TRAIL receptors to apoptotic signaling. (A)
Immunostaining analyzed by fluorescence microscopy of DR4 and
DRS in U87 cells exposed to vehicle (control), cisplatin (40 uM), or
Pt-1-DMCa (20 uM) as described in the Methods section. Cell surface
expression of TRAIL receptors DR4 and DRS in U87 cells was
analyzed by flow cytometry. Cells were incubated with anti-DR4 (B)
or anti-DRS (C) or with mouse IgG1 followed by Alexa-488 goat anti-
mouse IgG.

results were consistent with those observed by fluorescence
microscopy (Figure 7B). To confirm whether ROS generation
is a necessary event in the induction of apoptosis by the new
platinum conjugate, several ROS scavengers, GSH, NAC, and
Trolox, were tested for cell cytotoxicity. The results reveal that
scavenging of ROS strongly reversed the effects of the
conjugate on cell viability (Figure 7C). The effect of the
ROS scavenger NAC on the expression of the activated p-53
and histone H2A.X proteins was assessed by Western blotting.
The data indicate that the NAC completely reversed the effect
of 20 uM of the conjugate on the phosphorylation of both
proteins showing the involvement of ROS production in this
response (Figure 7D).

Pt-1-DMCa Induces Apoptosis by Inhibiting AKT
Phosphorylation. Numerous protein kinases are key
regulators of cell proliferation and survival processes. One of
them, AKT, is linked to the status of pS3 pathways in different
cell types.” Inhibition of Akt signaling could contribute to the
regulation of Mdm2, producing an enhancement of pS3
expression.’” Since the activation of the p53 pathway by our
platinum conjugate could possibly be related to the
involvement of AKT in cell apoptosis, we analyzed the effect
of platinum conjugate and cisplatin on Ser*’”> AKT phosphor-
ylation level during different periods of time ranging from 0 to
24 h. Remarkably, diminution of phospho-AKT (Figure 8A,C)
level as well as of the ratio phospho-AKT/AKT (Figure 8B,D)
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Figure 7. Roles of ROS in apoptosis induced by cisplatin and Pt-1-DMCa. (A,B) U87 cells were treated with cisplatin (40 M) or Pt-1-DMCa (20
M) as described in the Methods section, and ROS generation was measured by flow cytometry or by fluorescence microscopy using DHR123. (C)
U87 cells were pretreated with S mM NAC/GSH/Trolox for 3 h and further treated with Pt-1-DMCa (20 uM) and cisplatin (40 uM) before
performing the MTS assay. (D) Cell lysates were subjected to Western blot analysis. Protein expression levels of phosphorylated histone H2AX,
phosphorylated pS3, and total pS3 were determined. Equal protein loading was confirmed by analysis of B-actin in the protein extracts.

starting from 2 h treatment was observed in cells exposed to 20
UM Pt-1-DMCa but not to 40 M cisplatin. In contrast, no
significant changes of total AKT protein were detected in
response to both drugs. These results indicate that the efficient
inhibition of AKT phosphorylation by our novel platinum-
analogue, which was not found with cisplatin, could also result
in strengthened anti-cancer effects. To confirm the importance
of the inhibition of phospho-AKT, the effect of LY294002, an
inhibitor of PI3-kinase which is an upstream regulator of
phospho-AKT, was first checked to assess the consequences of
inhibition of phospho-AKT on cell viability in the same
experimental conditions reported in Figure 2C,D. The results
showed that 20 #M LY294002 alone or in combination with 20
UM Pt-1-DMCa led to a significant cytotoxicity (Figure SE).
Also, the Western blotting assay indicates that the inhibitor
significantly reduces the phospho-AKT level in cells treated by
20 M Pt-1-DMCa and enhances this inhibition effect in cells
treated by 40 uM cisplatin after 24 h (Figure 8F). In this case,
cisplatin acts similarly to the Pt-1-DMCa. Taken together, these
results indicate that inhibition of phosphorylation of AKT
contributes to the apoptosis induced by Pt-1-DMCa but not by
cisplatin.

Pt-1-DMCa Induces Apoptosis by Inhibiting ERK
Phosphorylation. Activation of the MAPK pathways is
commonly recognized to be associated with the resistance to
cisplatin in many cancer cells, such as ERK.” ERK
phosphorylation can interfere with apoptosis at several levels.
It can prevent the activation of caspases and induce the
expression of anti-apoptotic factors such as Mcl-1 and Bcl-2. In
this study, experiments were conducted to assess the effects of
Pt-1-DMCa on the MAPK pathway in GBM cells. Decreased
levels of phosphorylated ERK and decreased phospho-ERK/
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ERK ratio were detected in cells treated with 20 uM Pt-1-
DMCa (Figure 8A,B) but not in cells exposed to 40 uM
cisplatin (Figure 8C,D) for different periods of time ranging
from 0 to 24 h. In all conditions tested, total ERK protein
remained globally stable. The phosphorylation level started to
decrease after 2 h and was strongly inhibited after 24 h.
Phospho-ERK inhibition may represent an early event in the
apoptosis process as for the inhibition of phospho-AKT. The
specific effect of the conjugate on inhibition of ERK
phosphorylation represents another functional advantage of
Pt-1-DMCa as a potential anti-cancer effect. To analyze the
importance of inhibition of ERK phosphorylation on U87 cells
apoptosis, U0126, an inhibitor of MEK, the upstream kinase of
phospho-ERK, was tested in the same experimental condition
than in Figure 1C,D. Alone or combined with 20 yM Pt-1-
DMCa or 40 uM cisplatin, an important cytotoxicity was
observed with all these treatments (Figure 8E). Furthermore,
the Western blotting assay showed that U0126 significantly
inhibits phospho-ERK level in cells treated by 20 yuM Pt-1-
DMCa and enhances this inhibition effect in cells treated by 40
UM cisplatin after 24 h (Figure 8F). In this case, cisplatin acts
similarly to Pt-1-DMCa. These results indicate that inhibition
of ERK phosphorylation plays an important role in the
apoptosis induced by Pt-1-DMCa but not by cisplatin.

B DISCUSSION

MCa is an additional member of the exponentially growing list
of reported CPPs. It is, however, one of the rare CPPs that (i)
is fully natural and (ii) presents a well-defined three-
dimensional structure, and (iii) whose cell penetration can be
straightforwardly assessed by intracellular Ca*" release. Since
the initial demonstration that MCa can serve as a vector for the
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Figure 8. Pt-1-DMCa induces apoptosis with the involvement of AKT signaling pathway. (A,C) Time-dependent effects of Pt-1-DMCa or cisplatin
on the phosphorylation and expression level of AKT. Cells were treated with or without Pt-1-DMCa (20 zM) and cisplatin (40 M) for 1—24 h,
respectively. (B,D) Comparison of total AKT and phospho-AKT levels on treated cells. Quantification of the western band intensity was performed
using the Image G software. (E,;F) Effect of LY294002 (PI3K inhibitor) on growth inhibition induced by cisplatin and Pt-1-DMCa. Cells were
pretreated with 20 #M LY294002 for 1 h and then cultured for another 4 h with Pt-1-DMCa or cisplatin, and then the medium was removed and
replaced by a fresh one for 48 h incubation. Cell viability was assessed by the MTS assay, and the cell lysates were subjected to Western blot analysis.
Equal protein loading was confirmed by analysis of GAPDH in the protein extracts. All data are expressed as means + SD of duplicates. Bars with

different characters are statistically different at P < 0.0S.

intracellular delivery of fluorescent streptavidin,'>'* accumulat-

ing data have highlighted the biotechnological value of this
CPP, including for the cell delivery of nanoparticles. Besides
being an exceptionally useful CPP for the delivery of cargoes,
MCa can also be used as a potent retention agent in cells.'”***°
This principle was used in the case of the covalent coupling to
doxorubicin, an anti-tumor agent, allowing bypassing the
chemo-resistance of breast cancer cells.””*® Several new MCa
analogues were then designed in order to bypass the native
pharmacological activity of MCa that all retained excellent cell-
penetrating properties.”’ It is in this spirit that the D-MCa
analogue was designed with the added advantage of conferring
protease resistance to the compound.23 Therefore, a platinum
conjugate of a chimera molecule 1-DMCa was herein
synthesized, and its efficacy was evaluated in glioblastoma
cells. The aim of this work was obviously to use the proven cell
retention properties of D-MCa to improve the toxicity of the
delivered platinum. Cytotoxicity of Pt-1-DMCa was compared
to the reference compound cisplatin in human U87 cells, one of
the most widely used cell line for glioblastoma studies. It is also
known for its high resistance toward cisplatin therapeutic
treatment’” making this investigation particularly relevant.
Our data demonstrated that Pt-1-DMCa alters the sensitivity
of U87 cell to platinum treatment while minimally affecting non
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tumor cells as compared to cisplatin, indicating that it may
eventually possess a better therapeutic index. We found that the
cytotoxicity of the Pt-1-DMCa conjugate in U87 GBM cells
was detectable after treatment of US87 cells at low
concentrations from S5 to 10 uM for which cisplatin had
negligible effects. Furthermore, long-term S M drug treatment
for 1—4 days of these cells confirms that the conjugate confers
greater cytotoxic effects than cisplatin. These observations
suggest that long exposures at relatively low Pt-1-DMCa
concentration may represent a viable strategy for inducing
GBM cell death. The reason for this difference of efficacy at low
concentrations is not established but we can tentatively assume
that the ability of MCa analogues to accumulate in cells against
the concentration gradient combined to the cell retention
properties of this vector may significantly contribute to the
process.’*’

To study the efficacy of platinum accumulation after short-
term exposure to the drugs, U87 cells were treated for 4 h with
20 yM Pt-1-DMCa or 40 uM cisplatin, then washed and
cultured again for 1—4 days. In these conditions, 20 uM Pt-1-
DMCa demonstrated greater cytotoxic effect than cisplatin
administered at the same concentration. However, this
difference was no longer significant at 40 uM cisplatin. These
data suggest that this strategy of conjugation of platinum with
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1-DMCa is advantageous since it could enhance platinum
delivery and retention in this GBM cell line. Possible reasons
for the enhanced efficacy of Pt-1-DMCa could be attributed to
(i) the enhanced uptake and accumulation of platinum due to
the CPP properties of DMCa, leading to a more efficient and
long lasting cytotoxicity, (ii) specific interactions of the
platinum conjugate with the plasma membrane components,
and (iii) specific modulation by Pt-1-DMCa of signaling
pathways involved in cell death. Consequently, we have chosen
the concentrations of 20 M Pt-1-DMCa and 40 uM cisplatin
that presents comparable cytotoxicity to assess the effects of the
two drugs in terms of the mechanisms related to DNA damage
and apoptosis induction.

Comet assay indicates that both drugs produce DNA damage
and fragmentation, p53 and histone H2A.X phosphorylation,
suggesting that the novel platinum conjugate retains the crucial
role of platinum on DNA breakage. Cisplatin is a strong, widely
used anti-cancer therapeutic drug that causes DNA damage and
programmed cell death and acts in a pS53-dependent path-
way.""* It is well-known that DNA fragmentation results in
P53 activation and subsequent induction of apoptosis, resulting
in the activation of caspases through the implication of the
mitochondrial (intrinsic) pathway and the death receptor
TNF/TRAIL (extrinsic) cascade.*® The first pathway implicates
an alteration of mitochondrial membrane permeability
transition and subsequent release of cytochrome ¢ from
mitochondria to the cytoplasm resulting in caspase-9 cleavage
and downstream caspases activation.” One of them, caspase-3,
mediates PARP cleavage and DNA fragmentation, leading to
cell death.*** The second pathway involves activation of death
receptors such as Fas or TRAIL-R’s DR4 and DRS. This results
in the formation of a death-signaling complex (DISC) with
recruitment of the Fas-associated death domain (FADD)
adaptors and activation of procaspase-8, leading to cleavage
of procaspase-3 without implication of the mitochondria. The
activation of both signaling pathways promotes synergistic
apoptotic effects. The present study demonstrates that Pt-1-
DMCa or cisplatin induced comparable apoptotic effects as well
in the generation of apoptotic cells as for the induction of DNA
fragmentation or the activation of caspases-3, -8, and -9.

To investigate further the molecular mechanisms triggered
by Pt-1-DMCa or cisplatin, the expression levels of anti-
apoptotic (Bcl-X1 and Bcl-2) and pro-apoptotic (Bax and Bim)
proteins were studied in U87 cells. Clinical data revealed that
members of the anti-apoptotic Bcl-2 family are associated with
cisplatin resistance and tumor reappearance.“'% Ongoing
research trials support a rationale for targeting platinum-
resistant tumors with Bcl-2 family antagonists.””*’ In our
experiments Pt-1-DMCa induced a sustained decrease of the
expression of the Bcl-2 and Bcl-X1 expression and an increase of
Bax and Bim expression. Thus, the platinum conjugate displays
pro-apoptotic effects in cells in which survival pathways are
exacerbated.

In addition to its effect on the intrinsic pathway, our data
from this study demonstrate that Pt-1-DMCa promotes
stronger responses than cisplatin on the extrinsic pathway by
greatly increasing DR4 and DRS death receptors’ expression
levels. Therefore, the novel platinum conjugate induces, in
addition to the intrinsic apoptotic pathway, a specific effect on
the TNF/TRAIL associated mechanism.

It is well documented that ROS generation by several anti-
cancer drugs can cause DNA damage, pS53 activation, and
apoptosis.” Interestingly, ROS have been shown to induce p53
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activation, presumably by causing oxidative DNA damage.*”**

Since Pt-1-DMCa or cisplatin was able to potently induce p53
activation, it may be assumed that this effect occurs through an
increase of ROS production, subsequently leading to p53
activation and apoptosis in GBM cells. Here again, a specific
effect of Pt-1-DMCa on ROS accumulation was observed in our
experiments. These data argue for a possible involvement of
ROS as upstream molecular components in the apoptotic effect
of Pt-1-DMCa in U87 GBM cells.

Different protein kinase pathways coordinate cell prolifer-
ation and survival. Among them, AKT and MAPK are main
signaling molecules correlated with the activation of the pS3
pathways in different cells and tissue types.*’ Simultaneously, a
family of serine-threonine protein kinases, MAPKs, play
significant roles in relation to the pS3 pathway in different
cancer cells.”” Generally, kinases of the MAPK family, including
c¢-JUN N-terminal kinase/stress-activated protein kinases
(JNK/SAPKs), ERK, and p38 kinase, are triggered by oxidative
stress, UV irradiation, or osmotic shock and are usually
involved in the induction of apoptosis.”> ERKs also play key
roles in cell growth and survival and are generally overexpressed
in many cancer cell types.”” The PI3K/Akt signaling pathway is
also activated or overexpressed in human ovarian cancer and is
a determinant in chemo-resistance to cisplatin.’' Different
studies have demonstrated that the anti-cancer effect of other
anti-cancer drugs like trastuzumab, tamoxifen, doxorubicin, and
paclitaxel involved an inhibition of the MAPK and PI3K/AKT
resulting in a p53-mediated apoptosis.””** In our study, Pt-1-
DMCa, but not cisplatin, decreased AKT and ERK
phosphorylation in U87 GBM cells. Introduction of the AKT
inhibitor LY294002 and the ERK inhibitor U0126 significantly
enhanced AKT and ERK phosphorylation in the case of Pt-1-
DMCa but not cisplatin. In addition, these effects were
observed in cells treated by cisplatin only in the presence of one
inhibitor or the other, which is another argument in favor of the
specific effects of the Pt-1-DMCa in these two signaling
pathways. These results are consistent with reports describing
that many stimuli induce apoptosis in human GBM cells
through ROS-mediated inhibition of PI3K/AKT/ERK signaling
pathways.”>**%> Moreover, the state of the cellular redox
system is reportedly linked to the activities of the PI3/AKT and
MAPK pathways, and to their associated downstream
effectors.””*® The Pt-1-DMCa that specifically inhibits the
AKT and/or MAPK pathways displays another real advantage
compared to cisplatin as a potential anti-cancer drug.

In conclusion, in the present study, the Pt-1-DMCa
conjugate presents a few properties that distinguish it from
cisplatin in U87 GBM cells in the experimental conditions
used: (i) it shows cytotoxic effects at lower doses than those
needed for cisplatin, (ii) it activates the extrinsic apoptosis
pathway and implicates the production of ROS which should
facilitate DNA damage in addition to the effects of platinum,
and (iii) it inhibits the activity of ERK and AKT cascades.
These additional properties, not observed with cisplatin,
indicate that the conjugate displays interesting anti-cancer
properties, including for cisplatin-resistant cancer cells. In
future prospects, it will be of interest to investigate the effects of
Pt-1-DMCa on the enzymes implicated in ROS production in
GBM cells, such as iNOS. Moreover, ROS inhibitors may be
used to assess the involvement of oxidative metabolism on the
AKT and ERK pathways. AKT and ERK pathway inhibitors
would allow demonstrating the link between inhibition of these
cascades and pS3 inhibition.
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After publication of the article, we identified errors in the article
body, concerning the reference in the text to the result of figure 2. It also
appears, that figure 9, showing the results on the study of
phosphorylation of ERK is missing since the results are referenced in the
text as in figure 8. You will find below the correction to the relevant

section and the figure 9.

= Results

Pt-1-DMCa Causes Cytotoxicity in Astrocytes and in Glioma U87 Cells.

To investigate the cytotoxic effect of the Pt-1-DMCa conjugate and to compare it with that of
cisplatin in U87 GBM cells, MTS assays were performed after treating the cells, or not, with
several concentrations of each drug for variable durations (Figure 2). As shown in Figure 2A, 1-
DMCa alone had negligible cytotoxicity against this cell line, including at high concentration (60
MM). These results are in line with the reported absence of toxicity of D-MCa14 and indicate that
MBL-II-7 (1) conjugation to D-MCa does not generate by itself a toxic compound. In contrast,
48 h treatments with either Pt-1-DMCa or cisplatin induce cell cytotoxicity in the cell line in a
concentration-dependent manner (Figure 2A). The cell toxicity after treatment with the novel
platinum-conjugate Pt-1- DMCa (concentration from 1 to 60 uM) ranged from 10.9 to 79.6%.
The average IC50 value of the conjugate determined from three independent experiments in
U87 cells was 12.7 £+ 2 uyM, whereas the average IC50 value for cisplatin was 23.5 + 3.4 uM.

Interestingly, the Pt-1-DMCa platinum conjugate appears to possess a marked cytotoxic effect
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at lower concentrations that is not observed with cisplatin (below or equal to 10 uM). At higher
concentrations, however, the cytotoxicity of Pt-1- DMCa was similar to that of cisplatin. In
addition, we examined the cytotoxic effects of both compounds on a normal non tumor cell line
such as SVGp12. Pt-1-DMCa seems to possess a negligible cytotoxic effect on SVGp12 since it
did not exceed 13.6% at concentrations below or equal to 10 yM (Figure 2B). In contrast, in the
case of cisplatin, cytotoxicity starts at low concentrations and reaches greater levels (28.7%)
than with Pt- 1-DMCa, suggesting that the latter has a more selective effect on cancerous cells.

To further study the toxicity of both drugs on U87 cells, their effects were analyzed at the
concentration of 5 yM for prolonged times (1-4 days). At this concentration Pt-1-DMCa exerted
a significant effect that was not observed for cisplatin. In these conditions, up to 42 + 4.2% of
the cells were not viable in the presence of the platinum conjugate, while in the presence of
cisplatin only 17 + 5% of the cells died at 4 days (Figure 2C). In addition, the effect of each drug
was assessed after a short term exposure (4 h) at higher concentration (20 and 40 uM) followed
by 1-4 days incubation of the cells after removal of the drugs. Treatment with 20 yM Pt-1-DMCa
induced from 32.5 + 1.6% to 48 + 2% of cell killing between 1 and 4 days (Figure 2D). In
contrast, in the same conditions, 20 uM of cisplatin produced a low toxicity (from 10.2 + 1.6% to
22 + 2%). However, rising the concentration of these drugs to 40uM led to similar effects of both
compounds on cytotoxicity (from 23 + 2% to 41 + 2.1% for cisplatin and from 27 + 3.2% to 45 +
2% for Pt-1-DMCa) (Figure 2E).

Pt-1-DMCa Causes DNA Damage in U87 Cells.

Production of DNA damage is the main known mechanism by which platinum and its
analogues induce cell apoptosis. In this work, we examined whether Pt-1-DMCa or cisplatin
could generate DNA damage and subsequently activate proteins such as histone H2A.X and
p53, involved in response to this phenomenon (Figure 3). Comet assay was chosen to assess
the DNA damage induced by each compound in experimental conditions similar to those of
Figure 2D,E. The chosen concentrations (20 uM for the conjugate and 40 uM for cisplatin)
generated similar toxic effects in GBM cells. Comet tails reflecting DNA damage could be
observed in cells treated with cisplatin or Pt-1-DMCa, suggesting a common action of both
compounds on DNA fragmentation (Figure 3A). To further confirm the effect caused by Pt-1-
DMCa and cisplatin on DNA, the expression levels of several DNA damage related signaling
proteins, phospho-histone H2A.X, phospho-p53, and total p53, were assessed by Western blot.
Increased phosphorylation levels of p53 and histone H2A.X were observed with 20 pM Pt-1-
DMCa and 40 uM cisplatin (Figure 3B). Phosphorylation of these proteins is well known to occur
in response to DNA damage.29 These data demonstrate that both compounds act through DNA

damage.
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Figure 2 : Cell death induction by 1-DMCa, cisplatin, and Pt-1-DMCa in SVGp12 and glioma
U87 cells. (A) Compounds were applied at various concentrations on U87 cells for 48 h before
performing the MTS assay, as described in the Methods section. (B) SVGp12 cells were treated
with various concentrations of Pt-1-DMCa, cisplatin, or 1-DMCa for 48 h before performing the
MTS assay. (C) Cytotoxicity was assessed by 5 uyM of all compounds after 4 h treatment,
removing the medium, and cultured again for 1, 2, 3, and 4 days. (D) 20 uM of Pt-1-DMCa or
cisplatin was used to treat the cells for 4 h, removing the medium, and cultured again for 1, 2, 3,
and 4 days before performing the MTS assay. (E) 40 yM of Pt-1-DMCa or cisplatin was used to
treat the cells for 4 h, removing the medium and cultured again for 1, 2, 3, and 4 days before
performing the MTS assay. Data are representative of two independent experiments carried out
in triplicate. Results are presented as mean + SD. Significant differences between stimulated Pt-
1-DMCa and cisplatin cells are indicated by a star, *(P < 0.05) (A,B and C). Significant
differences between stimulated cells (Pt-1-DMCa or cisplatin) and control cells are indicated by
stars, *(P < 0.05) and **(P < 0.01) (D and E).
Pt-1-DMCa Induces Apoptosis by Inhibiting ERK Phosphorylation.

Activation of the MAPK pathways is commonly recognized to be associated with the
resistance to cisplatin in many cancer cells, such as ERK.* ERK phosphorylation can interfere
with apoptosis at several levels. It can prevent the activation of caspases and induce the
expression of anti-apoptotic factors such as Mcl-1 and Bcl-2. In this study, experiments were
conducted to assess the effects of Pt-1-DMCa on the MAPK pathway in GBM cells. Decreased
levels of phosphorylated ERK and decreased phospho-ERK/ERK ratio were detected in cells
treated with 20 uM Pt-1- DMCa (Figure 9A,B) but not in cells exposed to 40 uM cisplatin (Figure
9C,D) for different periods of time ranging from 0 to 24 h. In all conditions tested, total ERK
protein remained globally stable. The phosphorylation level started to decrease after 2 h and
was strongly inhibited after 24 h. Phospho-ERK inhibition may represent an early event in the
apoptosis process as for the inhibition of phospho-AKT. The specific effect of the conjugate on

inhibition of ERK phosphorylation represents another functional advantage of Pt-1-DMCa as a
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potential anti-cancer effect. To analyze the importance of inhibition of ERK phosphorylation on
U87 cells apoptosis, U0126, an inhibitor of MEK, the upstream kinase of phospho-ERK, was
tested in the same experimental condition than in Figure 1C,D. Alone or combined with 20 yM
Pt-1- DMCa or 40 uM cisplatin, an important cytotoxicity was observed with all these treatments
(Figure 9E). Furthermore, the Western blotting assay showed that U0126 significantly inhibits
phospho-ERK level in cells treated by 20 uM Pt-1- DMCa and enhances this inhibition effect in
cells treated by 40 uM cisplatin after 24 h (Figure 9F). In this case, cisplatin acts similarly to Pt-
1-DMCa. These results indicate that inhibition of ERK phosphorylation plays an important role in

the apoptosis induced by Pt-1-DMCa but not by cisplatin.
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Figure 9 : Contribution of ERK to apoptosis induced by Pt-1-DMCa and cisplatin.
(A, B) Time dependent Effect of Pt-1-DMCa and cisplatin on the phosphorylation and
expression level of ERK for 1-24 h, respectively. (C, D) Comparison of total ERK and
phospho-ERK levels on treated cells. Quantification of the western band intensity was
performed using the Image G software. (E) Effect of U0126 (MEK inhibitor) on growth
inhibition induced by Pt-1-DMCa and cisplatin. Cells were pretreated with 5 uM U0126 for
1 h and then cultured in presence of Pt-1-DMCa for 72 h. Cell viability was determined by
the MTS assay. All data are expressed as means + SD of triplicates. Bars with different
characters are statistically different at P < 0.05 level. (F) Cell lysates were subjected to
Western blot analysis to determine the effect of U0126 on ERK and histone H2A
phosphorylation. Equal protein loading was confirmed by analysis of Hsc70 in the protein
extracts.
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II. Conclusions

Dans cette étude, nous avons montré que notre composé Pt-1-DMCa présente des

propriétés différentes de celle du cisplatine :

- Une activité cytotoxique a plus faible dose,

- L'induction de I'apoptose via la production d’espéces réactives de l'oxygéne

(ROS), augmentant les dégats a I’ADN induit par le platine,

- L'induction de I'apoptose par la voie intrinseéque et extrinseque

- L'inhibition des voies AKT et ERK.
L'ensemble de ces propriétés ayant été observé chez une lignée cellulaire connue pour
présenter une résistance au cisplatine, rend notre nouveau composé intéressant pour

I'administration d’anticancéreux a base de platine.

Bien que ces résultats soient trés positifs, il reste encore des questions en suspens
concernant le mécanisme d’action de ce composé. Il serait en effet intéressant de déterminer
plus précisément |'action de Pt-1-DMCa sur les enzymes responsables de la production de ROS,
et déterminer comment cette augmentation des ROS entraine I'inhibition de voies AKT et ERK.
De plus si I'on reprend les résultats préliminaires, il serait utile de déterminer les raisons de
I'efficacité de la D-MCa comme vecteur par rapport a la MCayri5. Méme si |'utilisation de la D-
MCa fonctionne et offre au composé en plus de son activité une résistance aux protéases ; la
synthése de la D-MCa n’en est pas moins coliteuse et plus complexe qu’un peptide linéaire. Afin
de réduire le colit de cette stratégie, il serait intéressant de pouvoir déterminer les raisons de
I'efficacité de la D-MCa pour essayer de la remplacer par un analogue de la MCa qui serait plus

facile et moins coliteux a produire.
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Chapitre 3 : La maurocalcine, vecteur de

doxorubicine

I. Introduction

Comme abordée dans le chapitre précédent, la MCa est un bon vecteur de substances
anticancéreuses. Dans l'optique de créer un vecteur « universel » de composés au sein de
cellules, jai poursuivi au cours de ma thése les travaux du laboratoire sur I'administration de
doxorubicine via la MCa. Comme de préalables travaux ont déja montré I'efficacité du couplage
de la doxorubicine via une liaison covalente (Aroui et al., 2009a; Poillot and De Waard, 2011),
nous sommes restés sur cette idée de couplage via liaison covalente, mais au lieu d'utiliser un
cross-linker, ou les réactions de couplage traditionnel (maleimide, formation de liaison
disulfure), nous avons opté pour une approche plus originale : la chimie click. Cela nous a
permis d'utiliser la méme doxorubicine modifiée que pour le couplage avec la Lgh-8/6.

L'utilisation de la doxorubicine dans cette preuve de concept présente 2 intéréts : (i) la
doxorubicine étant fluorescente par elle-méme, il est donc possible d’évaluer sa pénétration et
localisation dans la cellule ; (ii) elle a déja été utilisée dans le laboratoire couplé a la MCa, ce
qui nous offre un point de comparaison. Ainsi dans le cadre de ce projet nous avons décidé
d’évaluer l'intérét de cette stratégie, en caractérisant les nouveaux composés formés puis en
évaluant leurs toxicités sur différentes lignées cellulaires. Afin de ne pas me répéter, je ne
reviendrai pas sur la synthese de la doxorubicine alkyne et sur ses caractéristiques optiques.
Ces points ayant été abordés dans le chapitre 1. Afin de compléter les travaux effectués et
décrits dans le chapitre précédent, nous sommes partis des deux méme vecteurs : D-MCa et
MCaur1,o-

L'intérét de la vectorisation de la doxorubicine via un variant de la MCa est d'en
améliorer sa pénétration dans les cellules cancéreuses et les tissus difficiles d’acces (cerveau
protégé par la BHE..), mais aussi de traiter de facon efficace des tumeurs complexes
composées de cellules sensibles a la doxorubicine et des cellules résistances a la doxorubicine.
C'est avec ces deux objectifs en téte que nous avons choisi de réaliser les tests /n vitro sur des
cellules F-98 (présentée plus tot) et sur deux lignées cellulaires de cancer du sein : les MDA-
MB-435s (sensibles a la doxorubicine) et les MDA-MB-231 (résistantes a la doxorubicine).
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II.Matériels et méthodes

a. Modélisation moléculaire

En utilisant le logiciel Sybyl X 1.3 (Tripos Inc., St. Louis, MO, USA), et les structures
PDB de la D-MCa (code 2KQL) et de la L-MCa (code 1C6W) et de la doxorubicine (code 1DA9),
une représentation 3D des nouveaux composés a été réalisée. En utilisant la fonction mutation
build de sybyl, les séquences de la D-MCa et de la L-MCa ont été modifiées pour correspondre
au vecteur utilisé. En utilisant la fonction draw, les vecteurs et la doxorubicine ont pu étre

fusionné en créant un cycle triazolé entre les deux structures.

b. Synthéese peptidique

La synthése des toxines a été réalisée par synthése peptidique en phase solide comme
décrit précédemment (Poillot et al., 2010). N-a-Fmoc-L-acide-aminé, Wang-Tentagel résine et
autres réactifs utilisés ont été obtenus chez Iris Biotech. Les solvants utilisés étaient de grade
analytique et produit par Acros Organics. Brievement, les peptides ont été chimiquement
synthétisés en utilisant un synthétiseur de peptide automatisé (CEM © liberty). La chaine
peptidique a été assemblée un acide aminé a la fois a partir de 0.24 mEq de Fmoc-L-Arg (Pbf) -
wang-tentagel résine pour la MCaUF1-9 en utilisant 0.24 mmol des dérivées N-o-
fluorenylmethyloxycarbonyl (Fmoc) L-amino-acid. Pour la D-MCa la résine utilisée fut de la
Fmoc-D-Arg-Pbf-Wang-Tentagel résine (0.24 mEq) wusing 0.24 mmol of N-a-
fluorenylmethyloxycarbonyl (Fmoc) D-amino-acide. Les groupes de protection des chaines
latérales utilisés sont : trityl pour Cys et Asn, tert-butyle pour Ser, Thr, Glu et Asp, Pbf
(2,2,4,6,7-pentamethyl-dihydrobenzofuran-5-sulfonyl) pour Arg et tert-butylcarbonyl pour Lys.
Les réactifs étaient aux concentrations suivantes: Fmoc-amino-acide [0.2 M Fmoc-AA-OH dans
dimethylformamide (DMF)], I'activateur (0.5 M 2-(1H-benzotriazole-1-yl)-hexafluorophosphate
1,1,3,3-tetramethyluronium dans DMF), I'activateur base [2 M diisopropylethylamine dans N-
methylpyrrolidone (NMP)] et l'agent de déprotection (5 % piperazine/0.1 le M de 1-
hydroxybenzotriazole dans DMF), comme conseillé par PepDriver (CEM ©). Une fois la chaine
peptide synthétisée, les résines ont été traitées 4 heures a température ambiante avec un
mélange  d'acide trifluoroacetique/I'eau/triisopropylsilane  (TSI)/dithiothreitol (DTT)
I'ajout de tert-butylmethyl éther. Les peptides bruts sont récupérés par centrifugation (10.000 x
G, 15 minute) et le surnageant est éliminé. Les peptides synthétisés sont ensuite purifiés par
HPLC, utilisation d'une colonne Vydac C18 (218TP1010, 25 x 10 cm). L'élution des peptides a
été exécutée avec un gradient de 10-60 % acetonitrile contenant 0.1 % d‘acide
trifluoroacétique (TFA). Les fractions purifiées ont été analysées par RP-HPLC analytique (Vydac
C18 la colonne 218TP104, 25 x 4.6 cm). Tous les peptides ont été caractérisés par
spectrométrie de masse MALDI-TOF.
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c. Couplage de la doxorubicine-alkyne avec les vecteurs

Afin de réaliser le couplage par chimie click le vecteur MCa —azide (1 eq) a été dissous
dans du DMF et la doxorubicine-alkyne en solution dans du méthanol/DCM (1/1) a été ajouté
(10 eq). Ensuite une solution aqueuse de CuSO45 H20 (5 eq) et une solution aqueuse
d’ascorbate de Sodium (5 eq) ont été ajoutées. Le mélange a ensuite été soniqué a 35°C
pendant 2 jours. La solution a ensuite été purifiée par HPLC en utilisant une colonne Vydac C18
(218TP1010, 25x10 cm). L'élution de la doxorubicine-MCa a été réalisée en utilisant un
gradient de 5-90% d'acétonitrile et 0,1% TFA. Le complexe a été identifié grace a I'absorbance
simultanée du complexe a 214 nm (liaison peptidique) et 495 nm (doxorubicine). La fraction
d'intérét est ensuite purifiée et quantifiée (rendement théorique de 90%). Une analyse par
spectrométrie de masse (MALDY-TOF) a permis de caractériser le produit.

d. Culture cellulaire

Afin d'évaluer la toxicité des composés développés, des cellules indifférenciées de
gliome de rat (F-98), deux lignées de cellule humaine de cancer du sein (MDA-MB-435s et MDA-
B-231). Les cellules F-98 ont été maintenues en culture a 37°C, 5% CO, dans du milieu
DMEM/F-12 supplémenté avec 2% (v/v) de sérum de veau fetal et 100 pg/mL de streptomycine
et 100 unités/mL de pénicilline (invitrogen). Les lignées de cancer de sein ont été maintenues
en culture a 37°C, 5% CO, dans du milieu DMEM avec une forte concentration de glucose (5
g/l) supplémenté avec 10% (v/v) de sérum de veau foétal, 100 mM de MEN et 100 pg/mL de
streptomycine et 100 unités/mL de pénicilline (Invitrogen). Le milieu de culture est changé tous
les deux jours. Toutes les expériences ont été réalisées sur des cellules ayant une viabilité de
95%. Apres ensemencement, les cellules sont incubées a 37°C et 5% de CO, sur la nuit avant

d’étre utilisées pour les différentes expérimentations.

e. Ftude de microscopies

Afin d'étudier la pénétration et la répartition des composés synthétisés, de Ila
doxorubicine, doxorubicine-alkyne, j'ai réalisé une série d’expériences d'imagerie confocale. Les
cellules ont été ensemencées dans des labteks a une densité de 1000 cellules/puits. Apres les
avoir laissé sur la nuit a I'incubateur, les cellules ont été incubées pendant deux heures avec 10
MM de doxorubicine, doxorubicine-alkyne, doxorubicine-DMCa ou de doxorubicine-MCayri,0 dans
du milieu de culture sans FBS. Aprés les deux heures d'incubation, les cellules sont rincées 2
fois avec du PBS. Les cellules ont été marquées dans du PBS avec 60 pg/mL Hoechst 34580
(Molecular Probes Invitrogen, Cergy Pontoise, France) pendant 5 min afin de visualiser les
noyaux des cellules. Les cellules ont ensuite été lavées avec du PBS avant d'étre marquées dans
du PBS contenant 50 pg/mL concanavalin A-Alexa 647 (Molecular Probes Invitrogen, Cergy
Pontoise, France) pendant 5 min afin d'observer la membrane plasmique des cellules. On a de
nouveau rincé les cellules avec du PBS. Avant de les ré-incuber dans du milieu de culture sans

FBS et phénol red. Les cellules ont été immeédiatement analysées en microscopie confocale en
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utilisant un systétme Zeiss LSM. Hoechst 34580 (405 nm), Alexa 647 (668 nm) et la
doxorubicine (590 nm) ont été excités et leur émission enregistré séquentiellement. Le réglage
du laser permettant la détection de la doxorubicine a été réalisé en utilisant des cellules
contrdles non incubées avec un composé contenant de la doxorubicine. Les paramétres ont été
réglés au niveau le plus haut n’entrainant pas I'apparition d’une fluorescence chez ces cellules.
Une fois le réglage effectué, le temps de la manipulation n‘a plus été modifié. Apres la prise
d’images d'au minimum 50 cellules, les images ont été analysées en utilisant image J, et le
rapport fluorescence dans le cytoplasme sur celles dans le noyau a permis de déterminer la

localisation préférentielle des composés.

f. Evaluation de la pénétration des composés

Les différentes lignées cellulaires ont été ensemencées dans des plaques 24 puits a une
densité de 50 000 cellules/puits. Aprés 24 hrs de culture, les cellules ont été incubées avec des
concentrations diverses des différents composés (doxorubicine, doxorubicine-alkyne,
doxorubicine-DMCa, doxorubicine-MCaye1,o dans du milieu de culture sans sérum a 37°C pour 2
hrs). Les cellules ont été alors lavées avec du PBS pour enlever l'excés extracellulaire de
composé et ont été traitées avec 500 pL de trypsine (Invitrogen) pendant 3 min a 37°C pour
détacher les cellules de la surface et centrifugées a 500 g dans du milieu de culture avec sérum
avant resuspension dans du PBS. Les cellules ont été immédiatement analysées par cytométrie
en flux utilisant un BD Accuri C6 cytometre (BD Biosciences, Pont de Claix, la France). Les
données ont été obtenues et analysées utilisant le logiciel CFlow (BD Biosciences). Les cellules
vivantes ont été consignées par forward/side scattering et un total de 10,000 événements ont

été enregistrés.

g. Essai de toxicite et cytométrie en flux

Afin d'évaluer la toxicité des composés par cytométrie en flux, le kit LIVE/DEAD®
Viability/Cytotoxicity, for mammalian cells (life technologies) a été utilisé. Les cellules ont été
ensemencées dans des plaques 24 puits a une densité de 7500 cellules/puits. Apres 24 heures
de culture les cellules ont été incubées pour 24, 48, 72 hs a 37°C avec la doxorubicine, la
doxorubicine-alkyne et la doxorubicine-DMCa. Une condition contrdle correspondant aux cellules
incubées avec le véhicule a été ajoutée a chaque expérience. Aprés incubation, le milieu de
culture contenant les composés est éliminé et les cellules sont rincées avec du PBS. 500 pL de
Trypsine/EDTA (InVitrogen) a été utilisé pour détacher les cellules. Les cellules ainsi détachées
furent centrifugées dans du milieu de culture contenant du FBS, a 500 g pendant 5 min. Le
surnageant est éliminé et les cellules sont resuspendues dans du milieu de culture sans phénol
red et FBS contenant 31 nM calcéine et 1 uM d’homodimer d’éthidium. La calcéine permet de
marquer les cellules vivantes et I'homodimer d'éthidium marque les cellules mortes. La
suspension cellulaire est incubée dans ce milieu pour 15 min a température ambiante et a I'abri
de la lumiére avant d’étre analysée en cytométrie de flux (C6 Flow cytometer (Accuri)). Les
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cellules ont été identifiées en utilisant forward/side scattering et un total de 10,000
événements ont été enregistrés. Les données obtenues ont été analysées en utilisant le logiciel

Accuri CFlow (Accuri).

h. Test MTT.

Les cellules des différentes lignées cellulaires ont été ensemencées dans une plaque 96
puits & une densité de 8.10* cellules/puits. Aprés un jour de culture, les cellules ont été
incubées pour 72 hrs a 37°C avec de la doxorubicine, doxorubicine-alkyne, doxorubicine-DMCa
ou doxorubicine-MCayr1o @ des concentrations différentes. Pour chaque expérience des
conditions contrbles ont été ajoutées, 6 puits ne contenant que du milieu de culture (blanc), 6
puits contenant des cellules traitées uniquement avec le véhicule (controle positif) et 6 puits
contenant des cellules traitées avec 0,1% de saponine (controle négatif). Les cellules ont été
alors incubées avec du MTT pendant 30 min. La conversion du MTT en MTT formazan par les
cellules vivantes indique la mesure de viabilité cellulaire, I'état de leur métabolisme. Les cristaux
ont été dissous avec du DMSO et la densité optique a été mesurée a 540 nm en utilisant un
lecteur de microplaque (PHERAstar fsx; GMG Labtech.). Tous les essais ont été réalisés en
triplicat.

III. Résultats

a. Conception et synthése des nouveaux composées

Afin de rendre, nos deux vecteurs peptidiques chimie-click compatibles, nous leur avons rajouté
lors de la synthese peptidique a leur extrémité N-terminal deux acides aminés. Comme pour la
synthése de la Lgh-8/6 azide, une glycine extra-numéraire a été rajoutée entre le premier acide
aminé de la séquence peptidique et I'acide aminé modifié porteur de la fonction azide (Figure
17A.). La présence de cette glycine supplémentaire va permettre d’apporter a la fois de la
flexibilité au complexe et de diminuer la géne stérique des vecteurs peptidiques sur la
doxorubicine. L'acide aminé modifié porteur de la fonction azide utilisée est le méme que celui
utilisé pour la Lgh-8/6 azide. Une fois la D-MCa azide et la MCayr; ¢ azide synthétisé le couplage
a la doxorubicine alkyne a été réalisé selon la méme réaction chimique qu’avec Lgh-8/6 azide
(Figure 17B). Apres purification par RP-HPLC et caractérisation par analyse de masse, nous
avons obtenu nos deux nouveaux composés anticancéreux (Figure 17C, D) :

- La doxorubicine D-MCa

- La doxorubicine MCayi,9
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Figure 17 : Synthese de la MCaUF1,9 et de la D-MCa et couplage avec la
doxorubicine-alkyne ; A. Séquence peptidique de la MCay; o et de la D-MCa, avec la
structure de I'acide aminé porteur de la fonction azide en encart ; B. Réaction chimique de
couplage de la doxorubicine alkyne aux deux vecteurs ; C. Modélisation moléculaire
de la doxorubicine MCayey,6, €n bleu la MCaye; o, €n vert la glycine surnuméraire et le cycle
triazolé couplant la doxorubicine au vecteur, en rouge la doxorubicine ; D. Modélisation
moléculaire de la doxorubicine D-MCa, en bleu la D-MCa, en vert la glycine surnuméraire
et le cycle triazolé couplant la doxorubicine au vecteur, en rouge la doxorubicine.

b. Evaluation de [l’efficacité in vitro des nouveaux composées

synthétisés

Afin d'évaluer les composés nouvellement synthétisés, j'ai observé leur toxicité sur les
trois lignées cellulaires a des concentrations et temps d'incubation différents. Dans un premier
temps la toxicité des composés a été évaluée par FACS via le kit d'Invitrogen. Pour des fins de
comparaison, la toxicité de la doxorubicine et la doxorubicine alkyne ont été évaluées en
paralléle. L'absence de toxicité des variants de la maurocalcine ayant déja été démontrée dans

le laboratoire, je n‘ai pas reproduit la manipulation avec les vecteurs seuls.

Aprés 72 hrs d'incubation, chez les cellules F-98 et MDA-MB-435s, on observe pour

I'ensemble des composés que la concentration-dépendance de la toxicité présente le méme
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profil mais avec une plus grande toxicité de la doxorubicine (Figure 18A et B). Ainsi sur chez
les cellules F-98, les ICsq sont de 0,39 £ 0,02 pM doxorubicine, 0,84 £ 0,05 uM doxorubicine
alkyne, 2,36 + 0,03 pM doxorubicine D-MCa, et 1,92 &+ 0,02 pM doxorubicine MCaye;,s. Chez les
MDA-MB435s, les ICsy sont de 11,7 £ 0,03 pM doxorubicine, 21,19 + 0,04 uM doxorubicine
alkyne, 19,66 + 0,02 pM doxorubicine D-MCa, et = 33uM doxorubicine MCayr;,5. On constate
que les F-98 sont plus sensibles a la doxorubicine sous toutes ces formes que les cellules MDA-
MB-435s. Par contre le shift de toxicité observé entre la doxorubicine et la doxorubicine alkyne
est trés probablement lié a la modification chimique réalisée sur cette derniére pour la rendre
chimie click compatible. Les différences de toxicité entre la doxorubicine alkyne et la
doxorubicine couplé au vecteur peut étre imputable a plusieurs phénomenes : (i) la géne
stérique provoquée par la présence du vecteur, (ii) l'efficacité de pénétration du nouveau

complexe.

Par contre de fagon trés intéressante le couplage de la doxorubicine aux deux vecteurs
entraine une récupération de la sensibilité a la doxorubicine des cellules MDA-MB-231 (Figure
18C). On retrouve des ICsy supérieur a 33 UM pour la doxorubicine et la doxorubicine alkyne et
de 6,34 £ 0,03 pM et 28,01 £ 0,02 pM, respectivement pour la doxorubicine D-MCa et
doxorubicine MCaye; 9. La D-MCa semble étre un vecteur plus performant que la MCayr o, cela
pourrait s'expliquer par une moins bonne compensation de I'hydrophobicité de la doxorubicine

par le petit variant de la MCa.

Afin de confirmer ces résultats, j'ai par la suite évalué la toxicité de ces composés par
MTT. De fagon surprenante, les résultats obtenus semblent montrer une plus grande toxicité
des composés en général quelque-soit la lignée cellulaire (Figure 18D, E et F). De plus, il
semble que les cellules MDA-MB-231 ne soient que légérement moins sensibles a la
doxorubicine que les MDA-MB-435s, et on n‘observe plus une re-sensibilisation des MDA-MB-
231 a la doxorubicine lorsqu’elle est couplée a un vecteur (Figure 18F). Ces différences de
toxicité peuvent s’expliquer par la différence entre les deux tests réalisés. L'analyse par FACS se
base sur la perméabilisation membranaire pour détecter les cellules mortes, alors que le MTT se
base sur l'activité métabolique de la cellule. De ce fait on peut se demander si les résultats
obtenus par MTT, ne montrent pas a la fois un effet Iétal des composés ainsi qu’un effet sur le

métabolisme de la part de ces composés.

L'obtention de ces résultats contradictoires, montre I'importance de déterminer le
mécanisme de toxicité de ces molécules, d'étudier les voies d'apoptose impliquées...

Malheureusement par manque de temps, je n‘ai pas eu le temps de réaliser ces études.
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Figure 18 : Toxicité de la doxorubicine, doxorubicine alkyne, doxorubicine D-
MCa et doxorubicine MCayro. A. Concentration-dépendance de la toxicité des
composés sur des cellules F-98 apres 72 hrs d'incubation par FACS; B. Concentration-
dépendance de la toxicité des composés sur des cellules MDA-MB-435s apres 72 hrs
d’incubation par FACS ; C. Concentration dépendance de la toxicité des composés sur des
cellules MDA-MB-231 aprés 72 hrs d'incubation par FACS ; D. Concentration dépendance
de la toxicité des composés sur des cellules F-98 aprés 72 hrs d'incubation par MTT ; E.
Concentration-dépendance de la toxicité des composés sur des cellules MDA-MB-435s
aprés 72 hrs dincubation par MTT ; F. Concentration-dépendance de la toxicité des
composés sur des cellules MDA-MB-231 aprés 72 hrs d'incubation par MTT.
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c. Caractérisation des nouveaux composés a base de

doxorubicine

Afin de mieux caractériser les effets des nouveaux composés, et d'expliquer la
différence d'efficacité de ces derniers, j'ai dans un premier temps regardé s'il y avait une
modification de la répartition cellulaire. Chez les F-98, on observe une nette différence de
répartition, la doxorubicine est le seul composé qui s'accumule préférentiellement dans le noyau
(Figure 19). La doxorubicine alkyne, doxorubicine D-MCa et doxorubicine MCaye g
s’accumulent majoritairement dans le cytoplasme. Cette différence de localisation peut-étre a

I'origine de la plus faible toxicité de ces trois composés par rapport a la doxorubicine.
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Figure 19: Localisation cellulaire de la doxorubicine, doxorubicine alkyne,
doxorubicine D-MCa et doxorubicine MCay,,9 chez des cellules F-98 ; A. Quantification
de la répartition cellulaire de la doxorubicine, doxorubicine alkyne, doxorubicine D-MCa et
doxorubicine MCayr1,0 chez des cellules F-98 ; B. Localisation cellulaire de la doxorubicine, la
doxorubicine alkyne, doxorubicine D-MCa et doxorubicine MCayr1,9 dans les cellules F-98 a 3 pM
(2 heures d'incubation). Doxorubicine, la doxorubicine alkyne, doxorubicine D-MCa et
doxorubicine MCaye;,0 sont représentés en vert . La membrane plasmique est marquée avec de
la concanavaline -A- alexa Fluor 647 (couleur rouge) et le noyau avec Hoechst 34580 (couleur
bleu).

On observe ce méme déplacement de I'accumulation vers le cytoplasme pour les deux
lignées du cancer du sein (Figure 20, Figure 21). Cependant ce phénoméne est moins
marqué dans ces deux lignées. Pour les cellules MDA-MB-231 seuls des résultats partiels sont
présentés (absence de données pour la MCayrs) dus a un probleme technique qui m'a
empéché d'acquérir les images avant la fin de ma thése (Figure 21). Cependant je pense que
I'on peut sattendre a un méme déplacement de I'accumulation du composé dans le cytoplasme.
En effet la taille du composé et les données dans les autres lignées cellulaires tendent vers un

mauvais passage de la membrane nucléaire pour atteindre le noyau.
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Figure 20: Localisation cellulaire de la doxorubicine, doxorubicine alkyne,
doxorubicine D-MCa et doxorubicine MCayf,o chez des cellules MDA-MB-435s ; A.
Quantification de la répartition cellulaire de la doxorubicine, doxorubicine alkyne, doxorubicine
D-MCa et doxorubicine MCaye;,9 chez des cellules MDA-MB-435s ; B. Localisation cellulaire de la
doxorubicine, la doxorubicine alkyne, doxorubicine D-MCa et doxorubicine MCayr1,9 dans les
cellules MDA-MB-435s @ 3 UM (2 heures d'incubation). Doxorubicine, la doxorubicine alkyne,
doxorubicine D-MCa et doxorubicine MCayr;,9 sont représentés en vert. La membrane plasmique
est marquée avec de la concanavaline -A- alexa Fluor 647 (couleur rouge) et le noyau avec
Hoechst 34580 (couleur bleu).

Figure 21: Localisation cellulaire de la doxorubicine, doxorubicine alkyne, et
doxorubicine D-MCa chez des cellules MDA-MB-231 ; A. Quantification de la répartition
cellulaire de la doxorubicine, doxorubicine alkyne, et doxorubicine D-MCa chez des cellules
MDA-MB-231 ; B.Localisation cellulaire de la doxorubicine, la doxorubicine alkyne, et
doxorubicine D-MCa dans les cellules MDA-MB-231a 3 uM (2 heures d'incubation).
Doxorubicine, la doxorubicine alkyne, et doxorubicine D-MCa sont représentés en vert. La
membrane plasmique est marquée avec de la concanavaline -A- alexa Fluor 647 (couleur rouge)
et le noyau avec Hoechst 34580 (couleur bleu).
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Apres avoir vérifié la répartition cellulaire des composés, j'ai étudié la pénétration des
composeés dans les cellules des différentes lignées (Figure 22)
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Figure 22 : Pénétration de la doxorubicine, doxorubicine alkyne, doxorubicine D-MCa et
doxorubicine MCaye;,9 chez des cellules F-98 (A.), MDA-B-435s (B.) et MDA-MB-231 (C.),
apres deux heures d'incubations.

Lorsque l'on regarde rapidement ces données on constate rapidement que la pénétration des
différentes molécules varie grandement en fonction de la lignée cellulaire. Par ordre de
pénétration décroissante, on retrouve chez les cellules F-98 : la doxorubicine, doxorubicine D-

MCa, doxorubicine MCayri,0 et enfin la doxorubicine alkyne. Chez les cellules MDA-MB-435s,
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I'ordre est légerement différent avec: la doxorubicine, doxorubicine D-MCa et la doxorubicine
alkyne avec une pénétration comparable, et en derniere position doxorubicine MCaye;o. Enfin,
chez les cellules MDA-MB-231, on a un classement bien différent avec en premiére position
doxorubicine D-MCa, suivis de la doxorubicine puis de la doxorubicine alkyne et en derniere
position doxorubicine MCayr; 9. Si 'On compare ces résultats avec les résultats de toxicité de la
Figure 18, on ne retrouve pas forcément le méme ordre dans les composés. Méme si le
composé qui pénetre le mieux semble étre toujours le plus actif. La différence d’activité des

composés ne peut donc pas étre simplement expliquée par une différence de pénétration.

IV. Conclusions

Les travaux décris dans ce chapitre sont incomplets et vont nécessiter du travail
complémentaire avant de pouvoir étre publiés. En effet méme si nous avons avec succes
produit de nouveaux composés anticancéreux, et montrés que la chimie click est une méthode
de couplage viable dans la recherche biomédicale, il reste encore de la place pour
I'amélioration. De facon identique a ce qui a été dit pour la Igh-8/6 dans le chapitre 1, mes
travaux de thése ne sont qu'une preuve de concept, qu'une vague idée du potentiel que
représente I'utilisation des toxines animales et de leurs variants en médecine. Si l'on associe les
résultats obtenus avec ceux obtenus avec la Lgh-8/6, il apparait clairement que I'utilisation d’un
systeme de couplage universel et trés spécifique est possible et pourrait représenter un atout
dans le développement de nouvelles molécules et dans la re-valorisation d’anciennes molécules

comme la doxorubicine.

Cependant, bien qu‘encourageant ces résultats doivent étre complétés par des études
des mécanismes d‘action ainsi que par des essais /n vivo, avant de pouvoir étre publié. De plus
une fois ce travail effectué, il serait trés intéressant d’utiliser un autre anticancéreux ou une
autre molécule active pour démontrer la pluri-potence de I'utilisation de CPP comme vecteur
d’agent thérapeutique.

Une autre approche qui peut aussi étre envisagée c'est une amélioration des variants
de la MCa utilisés comme vecteur. Jusqua présent dans le laboratoire, on ne s’est concentré
qu'autour de I'idée de trouver le variant complet ou non de la MCa qui présente le plus d'intérét
comme vecteur sans en modifier sa séquence. Et méme s'il est vrai que l'utilisation du vecteur
le plus petit et le plus simple possible (pas de ponts disulfures...) soit trés intéressante d’'un
point de vue financier, les variants longs, voir complet de la MCa présente l'avantage d'étre
modifiable afin d'intégrer par exemple facilement des séquences d’adressage au noyau. Il est
aussi facile d'imaginer la possibilité de fusion la MCa et la séquence responsable du ciblage des
glioblastome de la CTX, et d'étudier I'efficacité de ce nouveau vecteur a la fois ciblant et
pénétrant.
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Au cours de cette thése, j'ai étudié le potentiel thérapeutique de différentes toxines
animales issues de venins de scorpion. Depuis longtemps la nature a fourni a I'Homme des
composés servants de base a de nombreux médicaments. Jusqu’a présent les toxines animales
sont majoritairement utilisées comme agent pharmacologique (Zhang et al., 2007; Soman et
al., 2009). La découverte de la MCa et de la CTX a entrouvert la porte pour |'usage de toxines

comme vecteurs de substances thérapeutiques d'intérét.

La MCa est une toxine de scorpion qui est depuis longtemps étudiée dans le laboratoire.
Au départ, les travaux portaient uniquement sur I'utilisation de la MCa pour I'étude du récepteur
a la ryanodine. C'est au cours de ces travaux que les propriétés de la MCa ont été découvertes.
Des lors plusieurs travaux de thése ont été menés pour caractériser et découvrir le potentiel de
la MCa et de ses analogues comme vecteur. Les travaux que j'ai conduits au cours de ma thése
sont la suite logique de ces précédents efforts de faire des variants de la MCa des vecteurs de
substances d'intérét. Ainsi deux variants de la MCa : la D-MCa et la MCayr; o ont été choisis pour
ma thése. Comme montré dans des travaux précédents, ces deux variants possedent chacun
des propriétés, des caractéristiques pouvant représenter un avantage lors de leur utilisation. La
D-MCa possede une structure plus importante de par sa taille mais aussi une plus grande
stabilité /n vivo grace a la présence des ponts disulfures (Poillot et al., 2010). La MCayr,9 est
quant a elle de petite taille mais a une plus faible stabilité in vivo, cependant ce CPP présente
une pénétration cellulaire augmentée en milieu acide (Poillot et al., 2012; Tisseyre et al., 2013),
ce qui présente un avantage puisque le milieu extracellulaire tumoral posséde un pH plus faible

que celui du tissu sain.

L'un de mes deux projets de thése portant sur l'utilisation d'analogues de la MCa
comme vecteurs de substances actives correspond a une étape essentielle pour la poursuite du
développement de ces composés. Afin d'évaluer pleinement leurs potentiels nous avons retenu
deux anticancéreux : le cisplatine et la doxorubicine pour étre couplés aux peptides. Pour ces
molécules, nous avons dii avoir recours a des méthodes de couplage non conventionnelles.
Contrairement a ce qui est réalisé dans la majorité des cas nous n‘avons pas utilisé d'agents de
couplage vendus dans le commerce.

Pour les composés a base de platine nous avons reproduit les travaux de Damian et al,

en utilisant nos deux vecteurs a base de MCa. Une fois nos nouveaux vecteurs synthétisés,
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nous avons testé leurs efficacités anticancéreuses sur des lignées de glioblastomes animales
puis humaines. De fagon intéressante seul le composé a base de D-MCa a montré une efficacité
comparable a celle du cisplatine. Et les résultats obtenus sur les voies d’apoptose entrainant
I'effet toxique du composé, ont mis en évidence un mode d‘action différent du cisplatine. I
serait intéressant de poursuivre ces travaux pour comprendre pourquoi le petit variant de la
MCa couplé au dérivé de la platine n'est pas actif, et ainsi croiser ces résultats avec ceux

obtenus avec les composés a base de doxorubicine et de MCa.

En effet, I'autre versant de ce projet de thése sur la MCa, portait sur le couplage des
deux méme variants la D-MCa et la MCayr1 0 @ de la doxorubicine via de la chimie click. Cette
fois-ci aussi, la méthode de couplage utilisée est innovante. Aprés avoir modifié chimiquement
la doxorubicine et ajouté une fonction alkyne aux vecteurs, nous avons pu réaliser le couplage.
Il m’a alors été possible d’évaluer la toxicité de ces composés sur différentes lignées cellulaires.
Sur des cellules trés sensibles (F-98) a sensibles (MDA-MB 435s) je n‘ai pas observé une plus
grande efficacité des nouveaux composés synthétisés. J'ai néanmoins observé de facon similaire
a ce que Aroui et al avait trouvé, une re-sensibilisation de cellules résistantes a la doxorubicine
(MDA-MB-231) (Aroui et al., 2009a, 2009c). Ces résultats sont a nuancer puisque lorsque que
I'on change de test incluant non seulement la mort mais aussi le ralentissement / blocage du
métabolisme, on ne conserve pas cette re-sensibilisation. Ces travaux sur la vectorisation de la
doxorubicine par la MCa sont a poursuivre en étudiant de facon précise les mécanismes d‘action
des nouveaux composés et en les comparant a ceux de la doxorubicine. Les données sur la
pénétration cellulaire des composés ainsi que sur leurs répartitions cellulaires, indiquent que
I'on a bien des composés qui pénetrent dans la cellule et qui s'accumulent préférentiellement
dans le cytoplasme. Déterminer I'implication de I'inhibition des topoisomérases et des ROS dans
la toxicité de ces composés permettrait de savoir si ce changement de répartition se traduit
bien par une modification des mécanismes d’action. Il reste encore beaucoup de travail a
effectuer /in vitro et /n vivo avant de pouvoir pleinement conclure sur la viabilité de telles

molécules. Cependant les résultats que j'ai obtenus jusqu'a présent sont encourageants.

La MCa n’est pas la seule toxine qui a fait I'objet de mon attention pendant cette these.
Mon second projet de these portait sur I'administration ciblée d'anticancéreux en utilisant une
toxine. La CTX est la premiére toxine qui a montré des propriétés de ciblage des cellules
cancéreuses, la rendant extrémement intéressante comme agent thérapeutique pour le
traitement des cancers. Aprés avoir identifié plusieurs toxines présentant une homologie de
séquence avec la CTX, nous en avons sélectionné trois : la Lgh-8/6, Bs-14 et le lepidopteran sur
lesquelles jai concentré mes efforts. Outre cette homologie de séquence, ces toxines ont
montré des propriétés identiques a celles de la CTX. Lors des tests j'ai montré I'innocuité de ces
trois toxines, leurs capacités a pénétrer et diffuser dans le cytoplasme de cellules, ainsi que
I'effet anti-invasif de la Lgh-8/6 et du lepidopteran. Ces résultats sont un premier pas dans la

caractérisation de ces peptides mais aussi dans la compréhension des propriétés de ciblages de
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la CTX et de la Lgh-8/6. Au cours de ces travaux seules les capacités de ciblage de la Lgh-8/6
ont été testées sur des coupes de cerveaux de rats Fisher ayant développés un glioblastome
apres implantation de cellule F-98. Il serait intéressant de réaliser cette méme expérience avec
les deux autres toxines et la CTX sur des coupes humaines et de comparer leurs propriétés de
ciblage.

Parce que la Lgh-8/6 est I|'équivalent de la CTX trouvé chez un scorpion
phylogénétiquement le plus proche (Smertenko et al., 2001) et qu’elle présente un effet anti-
invasif comparable a la CTX, nous I'avons choisi pour la suite du projet. Aprés avoir synthétisé
une nouvelle Lgh-8/6 azide, j'ai pu, en utilisant la chimie click, lui coupler la doxorubicine
alkyne. Les résultats de la toxicité de la Lgh-8/6 doxorubicine sont trés encourageants. II
montre un effet toxique du composé qui est certes moindre que celui de la doxorubicine alkyne
et de la doxorubicine mais qui est présent. Pour un composé non optimisé, c’est un trés bon

point de départ.

La Lgh-8/6 doxorubicine et les MCa doxorubicine sont des preuves de concept de
I'intérét de I'utilisation d’'un systéme de couplage « universel» basé sur la chimie click. Les
résultats que jai obtenus au cours de ma thése ne sont que les bases d'un tel systeme.
Beaucoup de possibilités sont a présent envisageables a partir de ce systéeme. En effet, en
modifiant le cargo couplé a ces toxines, il est possible de passer d’une application thérapeutique
a une application plus centrée sur l'imagerie, simplement en remplacant la doxorubicine par un
marqueur fluorescent par exemple. De méme, au cours de mes travaux de thése j'ai travaillé
avec la doxorubicine parce gu'elle présente I'avantage d’étre fluorescente, ce qui permet de la
suivre en microscopie ou au FACS. Mais c’est aussi un anticancéreux qui est souvent utilisé dans
la recherche pour tester de nouveaux moyens de vectorisation, ce qui permet d’avoir une base
de données importante sur les fonctions chimiques modifiables pour I'adapter a la chimie click.
Au vue des données obtenues avec la doxorubicine, concernant la localisation des peptides, il
est assez facilement envisageable de remplacer la doxorubicine par un autre anticancéreux
ayant un mécanisme d’action principal se situant dans le cytoplasme.

De méme, il est aussi possible de poursuivre les travaux menés au cours de ma thése
en optimisant les vecteurs. Une des difficultés dans la prise en charge thérapeutique des
cancers et particulierement pour les glioblastomes est d'arriver a délivrer I'agent anticancéreux
aux cellules cancéreuses en touchant le moins possible les tissus sains. L'utilisation de la CTX ou
de la Lgh-8/6 permet de réduire impact du traitement sur les tissus sains en ciblant les cellules
cancéreuses. L'intérét de I'utilisation d'un CPP comme les analogues de la MCa pour la
vectorisation d‘anticancéreux repose sur la trés bonne rétention cellulaire et tissulaire de ces
peptides, ce qui permettrait, associé a une méthode d'administration ciblée, de traiter
I'ensemble d'une tumeur en provoquant un minimum de dégats au tissu sain entourant la
tumeur. Maintenant en modifiant ces peptides, en les faisant fusionner pour associer leurs
points forts on pourrait alors obtenir un vecteur idéal. De plus, il existe aussi la possibilité

d’'ajouter a ces vecteurs une séquence d'adressage au noyau afin de passer outre
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I'accumulation dans le cytoplasme observé avec la doxorubicine. On n‘aurait alors aucune

limitation dans le choix de I'anticancéreux a coupler au vecteur.

Les travaux menés au cours de cette these confirment le potentiel des toxines animales
et montrent I'intérét des vecteurs peptidiques dans la recherche biomédicale. L'utilisation de ces
toxines comme vecteurs de substances d'intérét permettrait de redonner une seconde vie a des
molécules délaissées actuellement car ne correspondant plus aux criteres de sécurité des
différentes agences du médicament (FDA, EMA, ANSM ...). Mais elle serait aussi un atout pour
le développement de nouvelles molécules puisqu’on ne demanderait plus a une seule molécule
de posséder de facon intrinséque toutes les caractéristiques nécessaires a son utilisation chez
I'Homme. Il est donc nécessaire de continuer de travailler sur ces projets afin de prendre

pleinement conscience du potentiel de ces toxines.
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Abstract: Maurocalcine is a highly potent cell-penetrating peptide isolated from the
Tunisian scorpion Maurus palmatus. Many cell-penetrating peptide analogues have been
derived from the full-length maurocalcine by internal cysteine substitutions and sequence
truncation. Herein we have further characterized the cell-penetrating properties of one such
peptide, MCayri.9, whose sequence matches that of the hydrophobic face of maurocalcine.
This peptide shows very favorable cell-penetration efficacy compared to Tat, penetratin or
polyarginine. The peptide appears so specialized in cell penetration that it seems hard to
improve by site directed mutagenesis. A comparative analysis of the efficacies of similar
peptides isolated from other toxin members of the same family leads to the identification of
hadrucalcin’s hydrophobic face as an even better CPP. Protonation of the histidine residue
at position 6 renders the cell penetration of MCauyri9 pH-sensitive. Greater cell penetration
at acidic pH suggests that MCayr9 can be used to specifically target cancer cells in vivo
where tumor masses grow in more acidic environments.
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1. Introduction

Maurocalcine (MCa) is a 33 amino acid residue peptide that was isolated in 2000 from the venom
of the Tunisian chactid scorpion Scorpio maurus palmatus [1]. It folds according to an ‘Inhibitor
Cystine Knot’ (ICK) motif [2] and contains three disulfide bridges connected by the following pattern:
Ci-C4, Cy-Cs and C;3-Ce [3]. Based on high amino acid sequence and pharmacological target
similarities, MCa belongs to a larger family of scorpion toxins that also includes imperatoxin A (from
Pandinus imperator) [4], opicalcine 1 and opicalcine 2 (from Opistophthalmus carinatus) [5],
hemicalcin [6] and hadrucalcin [7]. All these peptides act on ryanodine receptors resulting in
pharmacological activation. These receptors are calcium channels located in the membrane of the
endoplasmic reticulum. They control Ca®" release from internal stores and therefore a large number of
cell functions [7-10]. Binding of MCa on the ryanodine receptor type 1 occurs on protein cytoplasmic
domains. Because MCa acts within seconds, once applied to the extracellular medium, it was soon
obvious that it had to cross the plasma membrane very efficiently in order to activate the ryanodine
receptor [11]. An additional curiosity of MCa lies into the fact that there is an intriguing sequence
homology with a domain of the L-type voltage-gated calcium channel from the skeletal muscle
(domain A). This channel lies in the plasma membrane, while domain A is found underneath the
membrane in the cytoplasm within a loop that has been recognized as extremely important for the
process of excitation-contraction coupling [12,13]. While the role of domain A in excitation-contraction
coupling is still unclear, it is however surprising and stimulating to observe that peptides containing
domain A sequence act with quite a lot of similarities to MCa on the ryanodine receptor type 1 [14,15].
According to the "H-NMR solution structure, MCa is rigidly structured by the three disulfide bridges
and contains three B-strands, comprising the following stretches of amino acid residues: 9-11 (strand 1),
20-23 (strand 2), and 30-33 (strand 3). MCa has an incredibly stable structure since it cannot be
denatured, even at high temperatures up to 100 °C or extreme pH values [16]. Interestingly, the peptide
is highly enriched in basic amino acid residues, more than a third of the amino acids being either lysine
(seven out of 33) or arginine residues (four out of 33). The histidine residue at position 6 is susceptible,
depending of the environmental pH, to introduce an additional positive charge to the peptide by
protonation. Interestingly, stretches of positively charged residues seem to confound with the three
MCa B-strands. The 3D structure of MCa also strikingly highlights the asymmetrical distribution of the
positive charges at its surface: one face is highly basic, while the opposite face is rather hydrophobic.
If, in addition, one depicts the amino acid residues important for the ryanodine receptor activation [17],
then it appears that the peptide can be schematically represented with three domains: one hydrophobic
head that tops the peptide, a larger second face, mainly basic, and a third side domain that contains the
pharmacophore (Figure 1A).

Besides its Ca*" channel activity, MCa is also used as a cell-penetrating peptide (CPP). Its
properties have been investigated in detail. It was soon discovered that MCa could act as vector for the
cell penetration of a variety of cargoes, including proteins [11], peptides [18], small dyes [16,19],
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drugs [20-23] or nanoparticles [24,25]. The mechanism of cell penetration most likely includes a
combination of membrane translocation (direct passage to the cytoplasm) and endocytosis, mostly
macropinocytosis (indirect access to the cytoplasm through leakage from late endosomes) [16,19,26,27].

Figure 1. The hydrophobic domain of MCa is an efficient CPP. (A) Schematic
representation of MCa 3D structure. The hydrophobic domain (from amino acid residue 1
to 9) is shown on top. Residues are in yellow. Shown also are the basic face (basic amino
acid residues are in blue or in pink) and the pharmacophore (residues identified as
interacting with the ryanodine receptor are in red or in pink). Pink residues belong both to
the pharmacophore and the basic face. (B) Confocal microscopy images illustrating the
penetration of four different peptides labeled with Cy5 at various concentrations into
glioma F98 cells (blue color). Incubation times were 2 h for each peptide/concentration.
Images were taken immediately after washout of the extracellular peptide. The plasma
membrane is labeled with concanavalin-A-rhodamine (red color). (C) Dose-dependent
penetration of each peptide-cargo complex in F98 cells as assessed by flow cytometry. A
control Cys-Cy?5 is also provided. (D) Absence of cell penetration of 33 uM Cys-Cy5 (a
single Cys residue linked to Cy5—abbreviated C-Cy5) evaluated by confocal microscopy.
(E) Lack of cell penetration of 3 pM ChTxyr;.12-C-Cy5 as determined by confocal
microscopy (right panel). Quantitative analysis of F98 ChTxyr;.12-C-Cy5 fluorescence as
determined by flow cytometry. Internalization of the ChTxyr;.12-C-Cy5 peptide is lower
than TAT-C-CyS5 but not negligible.
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Even if the mechanism(s) of penetration of CPP are subject to debate [28,29], because of the
rapidity of action of MCa on the ryanodine receptor, it appears clearly that one way of penetration of
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MCa can be membrane translocation. Furthermore, MCa has the ability to bind onto glycosaminoglycans,
including heparin and heparan sulfates, with micromolar affinity. However, cell penetration still occurs
according to both mechanisms of penetration in cells devoid of glycosaminoglycans, suggesting that
glycosaminoglycans do not preferentially direct MCa’s cell penetration towards endocytosis [26]. In
contrast, these cell surface receptors appear to be helpful as peptide sinks for increased peptide
delivery into cells. More relevant to cell penetration is the fact that MCa binds to a number of
membrane lipids, mostly negatively charged ones [26,27], as observed for other CPP [28]. Binding
seems to occur with higher affinity (100 nM) in close agreement with the concentration of MCa
required for cell penetration. In addition, MCa analogues that penetrate better than wild-type MCa also
exhibit a greater affinity for membrane lipids and vice versa. Endocytosis becomes predominant with
some large cargoes. Conversely, small cargoes seem to have less interference with a translocation
mode of entry of CPP. These observations tend to indicate that endocytosis may become the
preferential mode of cell entry of MCa if coupled to bulky cargoes that are expected to increase the
duration of residency at the plasma membrane. However, although MCa is an extremely efficient
vector for cell penetration of impermeable cargoes, it is of limited usefulness in its native
conformation. Indeed, complex disulfide bridging may hamper the attachment of some cargoes. The
size of the CPP is greater than those used in the literature. Finally, the native pharmacological activity
is generally undesirable for most applications, so like other CPPs before, modification of the native
MCa was made in order to ease its use in vivo as a new delivery system [30]. Canceling MCa’s
pharmacological activity turned out to be quite simple due to the fact that structural requirements
involved in binding onto the ryanodine receptor are more stringent than for cell penetration. Several
chemical strategies turned out to be successful including point mutations [17], blocking MCa’s folding
by preventing disulfide bridge formation [18], and producing a D-diastereomer MCa [16]. The second
strategy had the advantage to produce a MCa analogue that was simpler to produce since the
oxidation/folding step was no longer necessary. However, the resulting peptide turned out to be
slightly less efficient in cell penetration than the folded/oxidized MCa, indicating that the correct
positioning in space of the various structural determinants of MCa is important to optimize cell
penetration. In addition, the unfolded MCa CPP was still thirty three amino acid residues in length.
Quite recently, in an attempt to further delimitate the cell penetrating properties of MCa to smaller
sequences, a number of unfolded truncated MCa-derived peptides were synthesized and assessed for
cell penetration properties [19]. Surprisingly, all truncated peptides turned out to be more efficient than
the unfolded full-length MCa for cell penetration, suggesting that each structured domain within the
folded/oxidized MCa may provide a specific contribution to the cell penetration of the wild-type
peptide. The shortest peptides were nine residues in length and included both the N-terminal and the
C-terminal sequences. One of the peptides, MCayri.9, stood out as atypical since the net charge of the
peptide was 0 and its cell penetration properties differed to some extent from the significantly more
basic other MCa-derived truncated peptides. Penetration of this peptide occurred at polarized ends of
CHO cells. The peptide also showed greater residency times within the plasma membrane. Its
penetration did not rely at all on macropinocytosis for cell entry (at least when coupled to a dye as
cargo). Finally, penetration of this peptide occurs at lower extracellular concentrations than the more
basic peptides derived from MCa [19]. Altogether the properties of MCayri.9 seemed interesting
enough to warrant a more in-depth investigation of its cell penetration properties. We therefore
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compare herein the properties of this peptide to well-reputed CPP (Tat, penetratin and
poly-R) or analogous peptides derived from other toxins of the calcin family. We investigated the
properties of a number of point mutated MCaur;9 analogues, and more specifically the pH-sensitivity
of its penetration in order to design pH-sensitive CPP. The data point to new very powerful CPP with
unprecedented efficacies and demonstrate the pH-sensitivities of several of our analogues for
cell penetration.

2. Results and Discussion
2.1. A Peptide Derived from the Hydrophobic Face of MCa Behaves as a Highly Competitive CPP

A schematic representation of MCa illustrates that the amino acid sequence 1 to 9 tops the rest of
the peptide (yellow residues) and defines an independent more hydrophobic face (Figure 1A). The
opposite side of the peptide is highly basic (blue and pink residues) and defines therefore a basic face.
Some of the residues involved in binding onto the ryanodine receptor have been defined in the
past [17]. They include important residues such as Arg> and Arg** and define the pharmacophore side
(residues in red and in pink). Therefore the pharmacophore and basic regions overlap to some degree.

We compared the efficacy of MCayri9 for cell penetration within the glioma rat cell line F98 to
other very popular peptides, comprising TAT, penetratin (Pen) and poly-Arg (poly-R). All peptides
included an additional C-terminal Cys residue that was labeled with the Cy5 fluorochrome which
served the purpose of cargo in this study. Of note, the extra Cys residue in MCayg;o-C-CyS5 is at its
natural position as in the folded/oxidized MCa (Cys'®) where it is linked to Cys*' by a disulfide bridge.
In contrast, Cys® of MCayg.9 was replaced by an isosteric 2-aminobutyric acid (Abu) residue to avoid
mislabeling by Cy5 in the middle of the sequence. A series of confocal microscopy images were taken
immediately after a 2 h incubation of F98 cells with various concentrations of the four peptides tested
(MCayr19-C-Cy5, TAT-C-Cy5, Pen-C-Cy5 and poly-R-C-Cy5). As shown, cell penetration of
MCayr;.9-C-CyS5 is perceptible at concentrations as low as 100 nM, whereas none of the other peptides
showed penetration at this concentration (Figure 1B). Penetration was then dose-dependent for all peptides.
It was more marked at 333 nM for MCayr;9-C-Cy5 and started to show up for Poly-R-C-Cy5, while
still absent for TAT-C-Cy5 and Pen-C-CyS5. At 1 uM all peptides showed some degree of penetration,
the least efficient peptide being TAT-C-CyS5. At 5 uM, F98 cells incubated with TAT-C-Cy5 showed
levels of fluorescence that were more or less comparable to those obtained with MCayg;.9-C-Cy5 at
333 nM. These data qualitatively indicated that MCayr;o-C-Cy5 behaved better than those three
popular CPP as far as F98 cells are concerned. Similar results were obtained with CHO cells indicating
that these differences in performances between the four peptides do not depend on the cell type studied
(data not shown). With regard to cell distribution of the peptides, we did not notice any obvious
differences in distribution suggesting that the peptides may all borrow the same mechanisms of cell
penetration. However, a more complete investigation on this issue is needed before one comes to a
firm conclusion. To more quantitatively compare the CPP, we investigated fluorescence levels by flow
cytometry (Figure 1C). The data confirmed the confocal microscopy analyses showing that MCayg;.9-
C-Cy5 behaves more potently than other CPP. The following order of penetration efficiency was
observed: MCayrj.9-C-Cy5 >> Poly-R-C-Cy5 = Pen-C-Cy5 > TAT-C-Cy5. At 10 uM, MCayg;5-C-Cy5
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penetrates 5.5-fold better than TAT-C-CyS5, 3.6-fold better than Pen-C-Cy5, and 3.5-fold better than
Poly-R-C-Cys.

2.2. Randomly Defined Control Peptides Delimit the Threshold Level of an Acceptable Cell Penetration

Our data also illustrate that the control linker-cargo, a single Cys residue linked to Cy5 (C-Cy5),
does not penetrate at all into F98 cells (at concentrations up to 33 uM), demonstrating the peptide
specificity of cell entry (Figure 1C and D). Another control was also tested, based on a fragment of
charybdotoxin (ChTx), a voltage-gated potassium channel blocker, not known previously for cell
penetration aptitude. The peptide encompasses the 12 first amino acids of ChTx. Internal Cys residues
were replaced by Abu, an additional Cys residue was added at the C-terminus and the resulting peptide
labeled with Cy5 as well to yield ChTxyr;.12-C-Cy5. Confocal microscopy images do not show any
evidence of cell penetration if F98 cells are incubated 2 h with 3 uM ChTxyr1.12-C-CyS5 (Figure 1E).
However, if a more sensitive and quantitative approach is taken to examine the levels of fluorescence,
it becomes obvious that F98 cells take up a defined amount of ChTxyr;.12-C-Cy5. This is unlikely to
represent the level of binding of this peptide to some cell-surface potassium channels as this fragment
is not known to bind potassium channels. In contrast, it may indicate the propensity of some cell types
to internalize peptides that present even low affinity for the plasma membrane. A comparison with our
least-performing peptide TAT-C-CyS5 indicates that ChTxyr;.12-C-Cy5 is less efficient than TAT-C-CyS5,
although significant. At 10 uM, the cell entry of this non-conventional CPP is 1.57-fold less than TAT.
These findings may question the relevance of some studies reporting the discovery of “new” CPP or
alternatively may suggest that ChTxyri-12 can also be considered as a poorly performing CPP.

2.3. Pharmacological Blockade of Endocytosis in F98 Cells Affects Poorly MCayr;.9 Cell Entry

Punctiform distribution of MCayg;9-C-Cy5 may be interpreted as a cell entry that is mainly based
on a form of endocytosis. This point was assessed by FACS analyses using various drugs at the 2 h
cell entry timepoint of 1 uM MCayg;.9-C-Cy5 in F98 cells. We tested amiloride, a macropinocytosis
inhibitor, methyl-B-cyclodextrin to deplete membrane cholesterol and inhibit lipid raft-dependent
pathways, nocodazole to prevent microtubule formation, and cytochalasin D to stop F-actin elongation,
required for macropinocytosis and clathrin-dependent endocytosis [31]. Amiloride only affected
MCayri.9-C-CyS5 cell entry in F98 cells very mildly, with an average inhibition of 27% indicating an
entry partly based on macropinocytosis (Figure 2).

The 18.5% inhibition observed by cytochalasin D, while being non-significant, was in agreement
with the contribution of macropinocytosis to the cell entry of the peptide. Quite surprisingly, both
methyl-B-cyclodextrin and nocodazole produced 24.7 and 48.9% increases in the cell entry of
MCayr;.9-C-Cy5. The lack of inhibition by methyl-B-cyclodextrin indicates that caveolae-mediated
endocytosis is not involved in the entry of this peptide. The observed increase in cell penetration may
indicate on the contrary that one preferential route of cell entry by translocation may be in lipid rafts.
Preventing the loss of lipid rafts by blocking endocytosis at this level would increase the surface area
devoted to lipid rafts and hence peptide entry.

164



Pharmaceuticals 2013, 6 326

Figure 2. Effect of endocytosis inhibitors on MCayr.9 peptide penetration in F98 cells. (A)
Representative FACS data showing the effect of amiloride (red curve), cytochalasine D
(yellow curve), methyl-fB-cyclodextrine (blue curve) and nocodazole (green curve) on 1 uM
MCayr;9-C-Cy5 cell entry (black curve). (B) Average fluorescence intensities for the cell
entry of 1 uM MCayr;9-C-Cy5 in F98 cells without and with endocytosis inhibitors.
*p<0.1.
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Similarly, it is possible that microtubules hinder cell penetration explaining why blocking their
formation may help peptide entry to this large extent. These observations demonstrate that while the
intracellular distribution of MCayr;9-C-Cy5 in F98 cells looks punctiform, this is not necessarily the
consequence of a cell entry by endocytosis.
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2.4. Point Mutation of MCayr;.9 Fails to Optimize The Cell Penetrating Properties of This Peptide

Next, we attempted to design a number of MCayr;.9 peptide analogues in order to get some hints on
what structural determinants may be important for the efficacy of this peptide in cell penetration. At
the N-terminal side of Cys® (replaced by Abu) of MCaygy.o, there are two residues that appear of minor
importance (Gly' and Asp?). Removing these two residues yields MCauygs.o. As shown, MCaygs.o-C-Cy5
still accumulates very well in F98 cells (Figure 3A,B).

Figure 3. Structural determinants of MCayg;9 peptide penetration. (A) Confocal images
illustrating the penetration of 3 UM MCauyr;9-C-Cy5, MCayri-9w3)-C-Cy5, MCauyri.9¢q3)-C-
Cy5 or MCayriga3)-C-Cy5 into F98 cells. 2 h incubation time before washout and
imaging. (B) Effect of N-terminal peptide truncation on cell penetration efficacy of
MCayri9-C-CyS5 as assessed by flow cytometry. (C) Effect of point mutation at position 3
on the cell penetration efficacy of MCayr;9-C-CyS5. (D) Confocal images illustrating the
penetration of 3 uM single or double point mutated MCayg;.o-C-Cy5 peptide into F98
cells. (E) Effect of single point mutations on the cell penetration efficacy of MCayp;.9-C-
CyS5 as assessed by flow cytometry.
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that these two residues were most likely not essential for cell penetration. This deletion brings the size
of this efficient CPP down to seven amino acid residues which is remarkably short. At position 3 of the
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wild-type MCa there is normally a Cys residue that engages itself into a disulfide bridge. The lateral
chain of this residue is therefore not exposed towards the outside face of the molecule and is unlikely
to play a role in cell penetration. MCaygi.9 contains an Abu residue instead of a Cys residue and the
peptide is quite efficient for cell penetration. We nevertheless probed this position by replacing the
Abu residue by Trp, Gln or Ala. As shown, none of these replacements at position 3 within MCayp;.9-
C-Cy5 hindered the cell penetration of these analogues (Figure 3A). At 3 uM, MCauri.9w3)-C-Cy5
penetrated 1.36-fold better than MCayg;.9-C-CyS5, while MCayri.9a3)-C-Cy5 penetrated 1.08-fold less
well, indicating little variations (Figure 3C). In contrast, when Gln was put at position 3 in the
sequence, the resulting MCauri9q3)-C-Cy5 peptide behaved similarly to TAT but 2.94-fold less well
than MCayr;.9-C-Cy5 suggesting that a Gln may hinder the cell penetration process. Next, we made a
series of single (seven peptide) or double (two peptide) point mutated analogues to probe the
functional importance of these MCa residues. As shown, all mutated MCayr;9-C-Cy5 analogues
produced evident cell penetration at 3 pM, indicating that none of the substitutions were powerful
enough to fully prevent cell penetration (Figure 3D). However, according to flow cytometry analyses,
none of the mutated peptides performed better than MCayr;9-C-Cy5 (Figure 3E). Taking TAT-C-Cy5
as a standard, MCauri.9a2)-C-Cy5, MCauri-ows)-C-Cy5 and MCauyri.9ms)-C-CyS behaved slightly less
well. In contrast, MCayri.9r7)-C-Cy5 and MCayrioame)-C-CyS5 still behaved better than TAT-C-CyS5.
Double mutants (MCauri-9w2ns)-C-Cy5 and MCauri9rsis)-C-CyS were also closely similar to TAT-C-
Cy5 (not shown). Overall, these data indicate that MCayr;9 peptide has been optimized for cell
penetration with many amino acid residues playing an important role for cell entry. At this stage it
would be difficult to point to one single residue as being more important than another one within
the sequence.

2.5. Analogous Hydrophobic Domains of Other Toxin Members of the Calcin Family Are Also
Excellent CPP

The inability to produce MCayr;9 peptides with greater cell penetration efficacies tends to indicate
that sequence variation of this hydrophobic domain needs to be considered more cautiously to design
optimized peptides. Interestingly, MCa belongs to a larger family of peptides that have, most of them,
never been assessed for cell penetration. Results have been presented indicating that imperatoxin A
also behaves as a CPP [32]. All these peptides are structured similarly to MCa, with a similar
hydrophobic face topping a more basic face (Figure 4A). All peptides that have been tested are also
active on the ryanodine receptor [6,7,33], indicating the presence of a similar pharmacophore. A close
examination of the amino acid sequence of the hydrophobic domain reveals only minor sequence
diversity among these peptides (Figure 4B). The nine first residues of hemicalcin are identical to MCa.
Imperatoxin A, opicalcin 1 and opicalcin 2 differ from MCa only by residue 9 (an arginine instead of a
leucine residue).

The most differing peptide sequence is the one derived from hadrucalcin with two extra N-terminal
residues. Interestingly, the sequence SerGluLys replaces the Gly' residue of MCa, but Asp” of MCa is
conserved. Also, four internal substitutions are noticeable. Leu®, Pro’, Lys8 and Leu’ of MCa are
substituted by Iso, Lys, Gln and Arg, respectively. Finally, Haduri.;; has an additional basic amino
acid compared to MCayrio. We next evaluated the ability of these peptides to accumulate into F98
cells. At 1 uM, it was obvious, according to confocal imaging, that Impyr;o-C-Cy5 (equivalent to
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Opilyr19-C-Cy5 or Opi2uri9-C-Cy5) is less efficient for cell penetration than MCayr;9-C-Cy5 and
Hadyri.11-C-Cy5 (Figure 4D). Interestingly, a similar deletion of the two first amino terminal residues
of Hadyp;.9-C-Cy5 yielded a peptide, MCaygs.11-C-Cy5 with excellent penetration capabilities.
Evaluation of dose-dependent penetration by flow cytometry demonstrated that Impuyr;o-C-Cy5
penetrates quantitatively in a similar way than TAT-C-Cy5. For the first time, we also show that

Haduygi.1:1-C-Cy5 and Hadygs.11-C-Cy5 both penetrate better than MCayg.9-C-Cy5 (Figure 4C).
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Figure 4. Cell penetration properties of the hydrophobic domains of toxins from the calcin
family. (A) Real or modeled 3D structures of MCa (PDB access code 1C6W), imperatoxin
A (access code 11E6), hemicalcin (model), opicalcin 1 (model), opicalcin 2 (model) and
hadrucalcin (model). Residues in blue describe the hydrophobic domain investigated in this
study. Red residues are all amino acids that differ from MCa’s amino acid sequence.
Residues in green are cystine residues. (B) Amino acid sequences of the hydrophobic
domains of each member of the calcin family. The third Cys residue is systematically
replaced by Abu in our synthetic peptides and is represented in grey color. Residues in blue
are those that differ from MCaygr;.9 amino acid sequence. This sequence alignment defines
three groups of peptides with similar N-terminal sequences. (C) Comparative cell penetration
efficacies of the peptides derived from members of the calcin family as assessed by
dose-response curves from flow cytometry data. TAT-C-Cy5 data are indicated by a blue
dashed line for comparison. (D) Confocal images illustrating the cell penetration of each
peptide of the calcin family after incubation of 1 pM of the peptides with F98 cells during
2 h. A significantly lower cell penetration is observed for Impyr;9-C-Cy5 compared to the
two hadrucalcin-derived peptides (Hadyg;.11-C-Cy5 and Hadygs.11-C-Cy5).

Maurocalcine
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This indicates that a series of very selective set of amino acid substitutions are required to improve
MCagyri cell penetration properties. They also demonstrate that the calcin family can accommodate
some variation in cell penetration efficacy for the activation of the ryanodine receptor. Nevertheless, it
remains to be investigated whether the additional basic face and pharmacophore region are necessary
to improve the characteristics of cell penetration of imperatoxin A, opicalcin 1 or opicalcin 2. In any
case, it is obvious that Hadyr;.11 is a remarkable cell penetration peptide by the extent of its efficacy
compared to the popular peptides challenged in Figure 1.

2.6. Cell Penetration of MCauyr,.9 is pH-sensitive Owing to the Presence of an His Residue in its
Amino Acid Sequence

Close examination of the amino acid sequence of MCa reveals that it contains a histidine residue at
position 6. This residue is therefore also present in MCayr;.9. According to Figure 2 data, this histidine
residue contributes to some extent to the cell penetration efficacy of MCayg;.o-C-Cy5. The imidazole
sidechain of histidine has a pKa of approximately 6.0, while overall the pKa of the amino acid is 6.5.
However, this value is susceptible to be influenced by the direct amino acid environment of this
residue. In any case, it can be considered that at physiological conditions, relatively small changes in
pH value is susceptible to alter the average charge of MCayrio. At a pH value lower than 6, the
imidazole ring is essentially protonated. Protonation of the His residue at position 6 may affect the cell
penetration efficacy of MCaygi.9-C-Cy5. To test this idea, the extracellular pH value was varied
between 5.0 and 8.0 during the 2 h incubation of F98 cells with MCayr;9-C-Cy5 and the total
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accumulated fluorescence level evaluated by FACS. The data were normalized to the value at pH 5.0.
As shown, decreasing pH values results in higher fluorescence values and therefore greater accumulation
of the peptide in F98 cells (Figure 5A).

A fit of the data with a decreasing exponential suggests that the peptide enters into F98 cells with a
2.8-fold lower efficacy than at acidic pH values. Half of this decrease in efficacy occurs for a variation
in pH from 5.0 to 5.7 indicating that the pKa value of this histidine residue within MCayg;9-C-Cy5
may be close to 5.7. The involvement of His® in this pH-dependence of the cell penetration of the
peptide is demonstrated by the lack of pH-dependence in cell penetration of the mutant peptide
MCayri9we)-C-Cy5S in which His® is replaced by Trp® (Figure 5B). Overall, these data indicate that
protonation of His®, provided by acidic environments, results in improved MCayr;.o-C-Cy5 cell
delivery. In that respect, it is important to note that F98 cells are from rat glioma and that the
extracellular pH within the glioma tumors masses in the brain has been predicted to be acidic [34]. Our
finding therefore suggests that the MCayr;9 peptide may be useful to more specifically deliver
anti-tumor drugs within glioma.

2.7. Long-Lasting Cell Retention of MCayr;.9

One property of CPP is that they enter quite rapidly into cells. However, the persistence of their
intracellular accumulation is seldom looked after. We investigated this question with three peptides.
We used MCayg1.o-C-Cy5, a non or poorly charged peptide depending on the protonation level of His®,
MCayr11-33-C-CyS5, a highly charged peptide mainly encompassing the two C-terminal thirds of MCa,
and Hadyrs.;1-C-Cy5 which is less hydrophobic than MCayg;9-C-Cy5. One could expect that
hydrophobic peptides may more readily escape from the cell interior than charged peptides. To test this
idea, F98 cells were loaded 2 h with 1 uM of each of these peptides, extensively washed, maintained in
culture for a variable duration (between O and 34 h, washout time), treated with trypsin and the
fluorescence level remaining in the cells estimated by FACS (Figure 5C).

As shown and quite remarkably, the fluorescence levels of the accumulated peptides fade away only
slowly with time indicating that the cell entry of the peptides are faster than their cell exit
(Figure 5C,D). Time constant of half exit were estimated to be 5 h for MCayr;9-C-Cy5, 8 h and 20
min for MCagypgi;1.33-C-Cy5 and 16 h and 40 min for Hadygs.11-C-CyS5. After 34 h, cells still contained
27, 21 and 23% of MCayr;.9-C-Cy5, MCayri1-33-C-Cy5 and Hadygs.11-C-Cy5 fluorescence, respectively.
These values are suspected to be higher in fact since 34 h is enough to register at least one cell division
cycle. This property of persistence indicates that MCayg;.9, but also MCayg1.33 and Hadurs.11, can be
used both as CPP and retention agents for drugs that may freely enter into cells but would also freely
escape from them. We have previously used such a property to fight against chemo-resistance of the
breast tumor cell line MDA-MB-231 by coupling doxorubicin to a non-folded version of MCa
[20,22,23]. Confocal microscopy images of the cell distribution of both peptides tested indicate that
the distribution of the peptides does not evolve with washout time (Figure 5D). The distribution
remains mostly punctiform (with an evolution towards what may seem smaller dots), internal and
hardly invades the nucleus.
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Figure 5. pH-dependence and persistence of the cell penetration of MCayg;.9-C-Cy5. (A)
Effect of extracellular pH variation on the cell penetration efficacy of 1 uM MCayg;.9-C-Cy5
in F98 cells (2 h incubation). Mean of n = 3 experiments + S.D. Mean FACS results were
normalized before averaging. Data were fitted by a decreasing exponential of the type
y = vyo + a.e ™ where yo = 0.36 £ 0.05, a = 0.64 + 0.09 and b = 1.76 + 0.61. (B) Effect of
extracellular pH variation on the cell penetration of 1 pM MCayr9(W6)-C-Cy5 in F98
cells (2 h incubation). The pH-insensitive Trp°® replaces the pH-sensitive His® in this
mutant peptide. (C) Persistence of the fluorescence signal in F98 cells preincubated 2 h
with 1 pM MCayg9-C-Cy5 (net charge 0 if His® is unprotonated, black symbol), the
positively charged MCaygi;1-33-C-Cy5 (net charge +7, red symbol) or the mildly charged
Hadygs.11-C-Cy5 peptide (net charge +2 if His® is unprotonated, white symbol). FACS
results were normalized to 1 at t=0 min at the start of the washout of the CPP. Data were
fitted with a decreasing exponential function with 1/t = 0.20 = 0.01 h™' (MCayg9-C-Cy5),
0.12 + 0.03 h™' (MCaygi133-C-Cy5) et 0.06 + 0.02 h™' (Hadygs.;;-C-Cy5), where 7 is the
time constant of the decrease in the mean cell fluorescence level. The non-decreasing fraction
of fluorescence was equal to 0.27 + 0.14 (MCayg;.9-C-Cy5), 0.21 £ 0.07 (MCayg;;-33-C-Cy5)
and 0.23 £+ 0.13 (Hadyrs.11-C-CyS5). (D) Corresponding confocal images illustrating that the
intracellular distribution of the peptides did not change with time. The 2.5-fold image
enhancement also shows a close to complete lack of nucleus invasion by the peptides. The
images also show that the two peptides do not differ in the type of intracellular distribution
3.5 h after washout of the extracellular peptides.
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2.8. Discussion

While all MCa truncations and/or disruptions of disulfide bridges produce a loss of the 3D
structure, MCayr; 9 is more susceptible than other truncated peptides to preserve some of the structural
characteristics that it may possess within the full-length MCa as it encloses by itself the entire
hydrophobic face of MCa. At this stage, one may only speculate as to why MCa presents one
hydrophobic face diametrically opposite to a highly charged basic face. It may present a strong
advantage for the peptide if it has to deal with both a hydrophilic environment (extracellular space and
cytoplasm) and a hydrophobic one (membrane lipids). Besides it may be essential to the mechanism of
cell translocation if the peptide needs to cope with the amphiphilic nature of membrane lipids. The
strong dipole moment of the peptide, resulting from the existence of these two different faces,
probably orients the peptide in its interaction with the plasma membrane. The highly basic nature of
MCa should also speed up the peptide entry through electrochemical attraction if one considers that it
diffuses freely through the plasma membrane, in a similar way that Na* or Ca®" ions would do when
permeating through adequate ion channels while attracted by the inside negative membrane potential.
Such a mechanism, if proven, would result in peptide accumulation against the concentration gradient.
What the effect of a physical separation between these two peptide entities (hydrophobic face and
basic face) might be on the cell penetration mechanism remains however unclear. One may notice at
this point that MCayr;9-C-Cy5 and MCagyr;133-C-Cy5 produce quite similar intracellular punctiform
distributions in F98 cells arguing that they share nonetheless similar mechanisms of cell penetration.
This was also the case for the other CPP investigated in this study (poly-R-C-Cy5, Tat-C-Cy5 and
Pen-C-Cy5). It is of interest to note however that the cell distribution of fluorescent D-MCa, a full-length
and well-structured analogue of MCa, is mostly diffuse [16] suggesting that combining the hydrophobic
and basic faces of the molecule to shorten the residency time in the plasma membrane may represent a
significant advantage in cell penetration.

The most interesting information that we could gather from our mutagenesis program of
MCayr;9-C-Cy5 was that the two first amino acid residues were the most dispensable for its
penetration properties. This truncation approach led to the design of a 7-mer CPP that has greater
potency than most popular CPPs on the market. Investigating the cell penetrating properties of
peptides derived from the hydrophobic face of other peptides members of the calcin family turned out
as a more interesting approach than mutagenesis. Most of these peptides differ by only a few amino
acid residues, with the notable exception of hadrucalcin. Coherent with the mono-substitution we
performed at amino acid 9 of MCayro-C-Cy5, the cell penetration properties of Impyr;.9-C-CyS5,
Opilyr1o-C-Cy5 and Opi2uro-C-Cy5, all presenting Arg’ instead of Leu’, were reduced to some
extent compared to MCayr;.9-C-Cy5. Remarkably, multiple amino acid substitution as demonstrated
within Hadyg;.11-C-Cy5 resulted in an important and unexpected improvement of cell penetration.
Similarly to MCayg;.9-C-Cy5, removing the two first N-terminal amino acid residues of Hadyg;.1;-C-Cy5
produced a peptide with quite significant levels of cell penetration. The core of the sequence, the one
we assume to be important for cell penetration (after Abu® in MCayri), contains no less than 4
substitutions (Leu* by Ile, Pro’ by Lys, Lys® by Gln, and Leu’ by Arg). This indicates that quite
elaborate alterations need to be done to MCayri9 sequence to further improve it cell penetrating
properties. In any case, these findings (i) define a novel CPP with unprecedented efficacy, and (ii)
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open the door for the design of hadrucalcin/MCa chimeras 1 uM MCayg.9-C-Cy5 fluorescence at any
given concentration and never in terms of starting concentration at which cell entry was observed.
These observations suggest that the affinity of these peptides for plasma membrane components
remains unaltered.

Since we are interested in developing a number of applications in oncology for MCa analogues, we
also investigated the role of His® in cell entry into the glioma F98 cells. Of great interest for future
applications, we found that protonation of His®, occurring at more acidic pH, but in a range compatible
with pH values observed in glioma, produced a three-fold more potent peptide for cell penetration. We
assume that protonated His® may form a salt bridge with Asp® in the non-structured MCaygo. It is
likely that, without this salt bridge, the negative charge carried by Asp> may disfavor cell penetration
of MCauyri9. This observation on the importance of protonation in peptide cell penetration will be
useful for the future design of new MCa analogues in which important basic amino acid residues may
be substituted by His residues in order to further improve the tumor-selectivity of these potent CPP.
Interesting positions will include Lys'®, Lys*, Lys** and Arg** all shown to contribute to the cell
penetration efficacy of the full length MCa [17].

3. Experimental
3.1. Reagents

N-a-Fmoc-L-aminoacids, Wang-Tentagel resin and reagents used for peptide syntheses were
obtained from Iris Biotech (Marktredwitz, Germany). Solvents were analytical grade products from
Acros Organics (Geel, Belgium). Cy5 maleimide mono-reactive dye was purchased from GE
Healthcare (Saclay, France).

3.2. Peptide Syntheses

Chemical syntheses of truncated toxin peptides were performed as previously described [16].
Briefly, peptides were chemically synthesized by the solid-phase method [35] using an automated
peptide synthesizer (CEM® Liberty 12, Matthews, NC, USA). Peptide chains were assembled
stepwise on 0.24 meq of Fmoc-D-Arg-Pbf-Wang-Tentagel resin using 0.24 mmol of N-o-
fluorenylmethyloxycarbonyl (Fmoc) L-amino-acid derivatives. The side-chain protecting groups were:
trityl for Cys and Asn, tert-butyl for Ser, Thr, Glu and Asp, Pbf for Arg and tert-butylcarbonyl for Lys.
Reagents were at the following concentrations: Fmoc-amino-acids [0.2 M Fmoc-AA-OH in
dimethylformamide (DMF)], activator (0.5 M 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate in DMF), activator base [2 M diisopropylethylamine in N-methylpyrrolidone
(NMP)] and deprotecting agent (5% piperazine/0.1 M 1-hydroxybenzotriazole in DMF), as advised by
PepDriver (CEM®). After peptide chain assembly, resins were treated 4 h at room temperature with a
mixture of trifluoroacetic acid/water/triisopropylsilane (TIS)/dithiothreitol (DTT) (92.5/2.5/2.5/2.5).
The peptide mixtures were then filtered and the filtrates were precipitated by adding cold tert-
butylmethyl ether. The crude peptides were pelleted by centrifugation (10,000 % g, 15 min) and the
supernatants were discarded. Truncated toxin analogues were purified by HPLC using a Vydac C18
column (218TP1010, 25 x 10 cm). Elutions of the peptides were performed with a 10-60% acetonitrile
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linear gradient containing 0.1% trifluoroacetic acid. The purified fractions were analyzed by analytical
RP-HPLC (Vydac C18 column 218TP104, 25 x 4.6 cm). All analogues were characterized by
MALDI-TOF mass spectrometry.

3.3. Peptide Labeling With Cy5

Each peptide was labeled with Cy5 according to the manufacturer’s protocol (GE Healthcare).
Peptides were dissolved at 200 pg/mL in 1 M NaHCOj; buffer, pH 9.3. 500 pL of solubilized peptides
were added to CyS-maleimide containing tubes. The mixtures were incubated during 2 h at room
temperature and then purified by HPLC using an analytical Vydac C18 column. Elution of the
Cy5-labeled peptides was performed with a 5-90% acetonitrile linear gradient containing 0.1%
trifluoroacetic acid. The pure peak fractions were lyophilized and peptides quantified by UV
spectrophotometer at 650 nm.

3.4. Cell Culture

Undifferentiated malignant glioma rat (F98) cell line (from ATCC) was maintained at 37 °C in 5%
CO; in DMEM/F-12 nutrient medium (Invitrogen, Cergy Pontoise, France) supplemented with 2%
(v/v) heat-inactivated fetal bovine serum (Invitrogen) and 100 pg/mL streptomycine and 100 units/mL
penicillin (Invitrogen).

3.5. Confocal Microscopy

For analysis of the cell entry of Cy5-labeled-truncated toxin peptides in living cells, cell cultures
were incubated with the fluorescent peptides (in DMEM/F-12 nutrient medium only) for 2 h, and then
washed twice with phosphate-buffered saline (PBS) alone. The plasma membrane was stained with
50 pg/mL rhodamine-conjugated concanavalin A (Invitrogen, Cergy Pontoise, France) for 5 min. Cells
were washed once more. Live cells were then immediately analyzed by confocal laser scanning
microscopy using a Zeiss LSM operating system. Rhodamine (561 nm) and Cy5 (633 nm) were
sequentially excited and emission fluorescence were collected.

3.6. Fluorescence Activated Cell Sorting Analyses

F98 cells were incubated with various concentrations of Cy5-labeled peptides in DMEM/F-12
culture medium without serum at 37 °C for 2 h. The cells were then washed with PBS to remove
excess extracellular peptide and treated with 0.48 mM versene (Invitrogen) for 5 min at 37 °C to
detach cells from the surface, and centrifuged at 200 g in DMEM/F-12 culture medium before
suspension in PBS. For experiments concerning endocytosis inhibitors, F98 cells were initially
preincubated in DMEM/F-12 culture medium without serum for 30 min at 37 °C with different
inhibitors of endocytosis: (i) 100 uM amiloride, (i) 5 pg/mL cytochalasin D (10 uM), (iii) 20 uM
nocodazole, or (iv) 5 mM methyl-B-cyclodextrin (all from Sigma, Lyon, France). The cells were then
incubated for 2 h at 37 °C with 1 uM MCayr;9-C-Cy5 in the presence of each drug. Flow cytometry
analyses were performed with live cells using an Accuri C6 flow cytometer (BD Biosciences, Le Pont
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de Claix, France). Data were obtained and analyzed using CFlow Sampler (BD Biosciences). Live
cells were gated by forward/side scattering from a total of 10,000 events.

3.7. Molecular Modeling

Using Sybyl X 1.3 (Tripos Inc., St. Louis, MO, USA) and PDB structure of MCa (code 1C6W) and
imperatoxin A (code 11E6), we generated 3D models of opicalcin 1 and 2, hemicalcin and hadrucalcin.
There is a sequence homology (76% up to 91%) between these proteins. Based on previous
reports [6,7], we replaced some amino acid of MCa sequence to obtain the corresponding ones for the
four different proteins. Several steps of minimization and control of the stereochemistry were
performed to obtain a model for each molecule.

4. Conclusions

In this manuscript, we have demonstrated that MCayr;o-C-Cy5 starts to show detectable
penetration in glioma F98 cells at concentrations as low as 33 nM (5-fold increase over control) as
detected by FACS. The process is visible at 100 nM by confocal microscopy and a comparative
analysis reveals that it is highly competitive compared to TAT, penetratin or Poly-R CPP. One
analogue turns out to be extremely competitive, MCayrs.9, owing to its performance, length and ease
of synthesis. Nevertheless, we also demonstrate that engineered optimization of its cell penetrating
properties is hard to achieve but that Mother Nature has provided an elegant solution to this problem
by selecting itself the best amino acid substitutions under the form of new calcin analogues. In that
respect, the hydrophobic domain of hadrucalcin outperforms that of MCa. We evidence for the first
time the possibility to modulate peptide cell penetration by external pH provided that His residues are
strategically incorporated within the amino acid sequence. This finding enlarges the potential
application of these peptides to the treatment of glioma. Additionally, the observation that the
residency time of these peptides in glioma F98 cells is quite long suggest that these peptides may be
best used when injected once inside a solid tumor rather than by intravenous route.
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a sensitive and quantitative method to follow the cell accumulation of a molecule of interest. An L-MCa analog
containing an additional N-terminal tyrosine residue (Tyr-L-MCa) was synthesized, shown to fold and oxidize
properly, and successfully radioiodinated to '?’I-Tyr-L-MCa. Using various microscopy techniques, the average
volume of the rat line F98 glioma cells was evaluated at 8.9 to 18.9 x 107 pl. '?°-Tyr-L-MCa accumulates within

Keywords:

Maurocalcine cells with a dose-dependency similar to the one previously published using 5,6-carboxyfluorescein-L-MCa. Ac-
Cell penetrating peptide cording to subcellular fractionation of F98 cells, plasma membranes keep less than 3% of the peptide, regardless
Radioiodination of the extracellular concentration, while the nucleus accumulates over 75% and the cytosol around 20% of the ra-
Quantitative evaluation dioactive material. Taking into account both nuclear and cytosolic fractions, cells accumulate intracellular con-
Drug delivery centrations of the peptide that are equal to the extracellular concentrations. Estimation of '2°I-Tyr-L-MCa cell
entry kinetics indicate a first rapid phase with a 5 min time constant for the plasma membrane followed by
slower processes for the cytoplasm and the nucleus. Once inside cells, the labeled material no longer escapes
from the intracellular environment since 90% of the radioactivity remains 24 h after washout. Dead cells were
found to have a lower uptake than live ones. The quantitative information gained herein will be useful for better
framing the use of L-MCa in biotechnological applications. This article is part of a Special Issue entitled: Calcium
Signaling in Health and Disease. Guest Editors: Geert Bultynck, Jacques Haiech, Claus W. Heizmann, Joachim
Krebs, and Marc Moreau.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

ryanodine receptor has been identified as cytoplasmic [5], suggesting that
cytoplasmic application is required for its pharmacological effect. The fast
kinetics (few seconds) at which extracellular application of .-MCa
triggers internal Ca® " release indicates that the peptide should be
able to easily translocate through the plasma membrane [6]. According
to "H NMR analysis, the peptide presents three disulfide bridges (Cys>-

Crossing cellular membranes represents a major hurdle in current drug
development. Cell-penetrating peptides (CPP) are molecular vectors that
enter cells and allow the intracellular delivery of a number of bioactive mol-
ecules such as drugs, peptides, proteins, oligonucleotides/cDNA/RNA, and
nanoparticles [1-3]. Originally isolated from the venom of the scorpion Cys'7, Cys'°-Cys?! and Cys'®~Cys*2) and folds along an inhibitor cyste-
Scorpio maurus palmatus [4], 1-maurocalcine (1-MCa) is a highly basic, pos-  jne knot pattern [4,7]. It contains three p-strands from amino acid resi-
itively charged, 33-mer peptide that efficiently binds to the ryanodine re- dues 9-11 (strand 1), 20-23 (strand 2), and 30-33 (strand 3) with
ceptor in skeletal muscles and promotes channel opening and calcium  gtrands 2 and 3 forming an antiparallel 3-sheet (Fig. 1A). Several lines
release from the sarcoplasmic reticulum. The binding site of .-MCa on the of experimental evidence indicate that .-MCa is a member of the expo-

nentially growing family of CPPs [6,8-13]. The peptide is highly efficient

#* This article is part of a Special Issue entitled: Calcium Signaling in Health and Disease. in entering a variety of cell types compared to other popular CPP such as

Guest Editors: Geert Bultynck, Jacques Haiech, Claus W. Heizmann, Joachim Krebs, and TAT or penetratin. It presents a low toxicity profile (absence of

Mf"CMorea”' dine author at: INSERM. U836, Grenoble N ence Institute. Site Santé toxicity at concentrations above 10 pM) [8], penetrates at lower
orresponding author at: N , Grenoble Neuroscience Institute, Site Sante . . .

de la Tronche, Batiment Edmond J. Safra, 38042 Grenoble Cedex 09, France. Tel.: +33 con.cent.ratlons' [14], and.efﬁaently accumulates mto. the cytoplz{sm

456 520 563: fax: +33 456 520 637. which is a highly desirable feature for many biotechnological

E-mail address: michel.dewaard@ujf-grenoble.fr (M. De Waard). applications that require the use of CPP. Therefore, a quantitative
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assessment of the cell penetration properties of .L-MCa is of great impor-
tance considering its potential as a vector for the improved delivery of
therapeutic compounds. Radiolabeling represents the most sensitive
and quantitative method to follow the quantitative entry of a cell pen-
etrating peptide of interest. Radioiodination is a widely used method
for radiolabeling of chemical compounds since the presence of iodine
would poorly affects the structural properties of the molecule of inter-
est. Specifically, %I radiolabeling is commonly performed for in vitro
radioligand interaction and in vivo biodistribution studies [15,16].
For the purpose of radiolabeling of L-MCa, we synthesized an analog
with an extra amino-terminal tyrosine residue, termed Tyr-L-MCa,
that still possesses the pharmacological properties of wild-type L-
MCa. Next, we quantitatively investigated the cell penetration prop-
erties of the radioiodinated Tyr-L.-MCa using the rat F98 glioma cell

A .
=

line and a precise evaluation of cell volume by Digital Holographic
Microscopy (DHM) or by confocal microscopy (CM). The results of the
present study will be useful for future in vivo biodistribution studies of
MCa.

2. Material and methods
2.1. Materials

N-a-Fmoc-L-amino acid, Wang-Tentagel resin and reagents used
for peptide synthesis were obtained from Iris Biotech. Solvents were
analytical grade products from Acros Organics. Acetonitrile was High
Performance Liquid Chromatography (HPLC) gradient grade from
Fischer Scientific and trifluoroacetic acid (purum >98%) from Fluka
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Fig. 1. Properties of the Tyr-1-MCa analog. (A) Primary structure of 1-MCa. The disulfide bridge connectivity is shown by lines connecting the six semi-cystine residues. The positions of the three
{3-strands are indicated by arrows. Blue residues denote basic amino acids. (B) Stimulation of [*H]-ryanodine binding onto SR vesicles. Experimentally, binding was performed at pCa = 5 which
explains why 1-MCa stimulation of binding is limited. No significant differences were observed between the efficacies of L-MCa and Tyr-L-MCa. (C) RP-HPLC profile of '>°I-Tyr-L-MCa after
radiolabeling. Note the homogeneous labeling of the peptide by '?°I. (D) Cell viability assay by flow cytometry for control F98 cells. The ethidium-D1 fluorescence level measures cell death
level. (E) Cell viability assay by flow cytometry for F98 cells after 2 h incubation with 33 uM Tyr-L-MCa. (F) Cell viability assay by flow cytometry for F98 cells after 5 min incubation with
0.1% saponin. Note the extensive cell death produced by saponin. (G) Proportion of live F98 cells for control, saponin and Tyr-L-MCa conditions.
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and lactoperoxidase of bovine milk (80 IU/mg) were from Sigma-
Aldrich, hydrogen peroxide 30% in water (w/w) from Carlo Erba and
Na'?’I (3.7 GBq/ml) from Perkin Elmer. DMEM F-12 medium with or
without phenol red, fetal bovine serum, Trypsin-EDTA, rhodamine-
conjugated concanavalin A and live/dead viability/cytotoxicity kit
were obtained from Invitrogen. Protease inhibitors (cOmplete Min,
EDTA-free) were from Roche diagnostics.

2.2. Synthesis of Tyr-L.-MCa by solid-phase

Tyr-.-MCa with an extra N-terminal tyrosyl residue was synthetized
to allow L-MCa radioiodination. Chemical synthesis of Tyr-L.-MCa
was performed as previously described [17] with the following mod-
ifications. Briefly, Tyr-.-MCa was chemically synthesized by the
solid-phase peptide synthesis (SPPS) method [18] using an automated
peptide synthesizer (CEM®© Liberty). The peptide chain was assembled
stepwise on 0.24 mEq of Fmoc-L-Arg(Pbf)-Wang-Tentagel resin using
0.24 mmol of N-a-fluorenylmethyloxycarbonyl (Fmoc) L-amino-acid
derivatives. The side-chain protecting groups were Trityl for Cys
and Asn, tert-butyl for Ser and Tyr, Thr, Glu and Asp, Pbf for Arg,
and tert-butylcarbonyl for Lys. Reagents were at the following
concentrations: 0.2 M Fmoc-amino-acids (Fmoc-AA-OH in dimeth-
ylformamide (DMF)), 0.5 M activator (2-(1H-benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate in DMF), 2 M acti-
vator base (diisopropylethylamine in N-methyl-pyrrolidone) and
deprotecting agent (5% piperazine/0.1 M 1-hydroxybenzotriazole
in DMF), as advised by PepDriver (CEM®). After peptide chain as-
sembly, the resin was treated with a mixture of trifluoroacetic acid/
water/triisopropylsilane/1,4-dithiothreitol (92.5/2.5/2.5/2.5) for 4
h at room temperature. The peptide mixture was then filtered to
eliminate the resin and the filtrate was precipitated by adding cold
t-butylmethyl ether. The crude peptide was pelleted by centrifuga-
tion (10,000 xg, 15 min) and the supernatant was discarded. The
crude and reduced Tyr-L.-MCa was submitted to oxidation for disul-
fide bridge formation in 0.1 M Tris/HCl buffer at pH 8.2 during
3 days at room temperature. Oxidized/folded Tyr-.-MCa was then puri-
fied by HPLC using a Vydac C18 column (218TP1010, 250 x 10 mm).
Elution of the peptide was performed with a 10-60% acetonitrile linear
gradient containing 0.1% trifluoroacetic acid (TFA) over 40 min. The
purity of the collected fraction was analyzed by reversed phase
(RP)-HPLC using analytical C18 column (Vydac, 218TP104, 10 um,
250 x 4.6 mm). Tyr-L.-MCa was characterized by MALDI-TOF mass spec-
trometry. Samples were mixed 1:1 (v/v) with 10 mg/ml o-cyano-4-
hydroxycinnamic acid (HCCA) before spotted onto a MALDI target
plate. Mass spectrometry analyses were performed on a 4800 MALDI-
TOF/TOF instrument (ABSciex). MS spectra were acquired in positive
ion reflector mode over a mass range of 800-6000 m/z.

2.3. Radiolabeling of Tyr-L.-MCa using lactoperoxidase

125]_Tyr-L-MCa was prepared using a direct iodination procedure
with lactoperoxidase/H,0, system as oxidant. Briefly, 37 MBq of 12°]
were added to 10 pg of Tyr-MCa in phosphate buffer (50 mM,
pH 7.4). The reaction was allowed to proceed for 30 min at room
temperature after addition of lactoperoxidase and H,0, at a final
concentration of 0.5 pM and 25 pM respectively. Radioiodinated
Tyr-L.-MCa was analyzed by HPLC immediately and radiochemical
purity higher than 95% was achieved, thereby obviating the need
for a purification step. A single peak of radioiodinated '?I-Tyr-L-
MCa was observed. The compound was stable for over 48 h. A simi-
lar labeling was performed with Na'?’I according to the same pro-
cedure. In these conditions, the compound was shown to be
monoiodinated (not shown). The resulting compounds, '2°I-Tyr-L-
MCa and '?’I-Tyr-L-MCa, were mixed in order to obtain a specific ac-
tivity of 0.4 MBg/nmol of Tyr-.-MCa (activimeter Capintec).

Hereafter, we shall speak about '2°[-Tyr-L-MCa although it reflects
a mixture of ?°-Tyr-.-MCa and '?’I-Tyr-L-MCa.

24. F98 glioma cell culture

All experiments were performed using the F98 glioblastoma cancer
cell line (undifferentiated malignant glioma rat cell line from ATCC)
maintained at 37 °C in 5% CO, in DMEM F-12 medium supplemented
with 2% (v/v) heat-inactivated fetal bovine serum and 10,000 units/ml
streptomycin and penicillin. Cells were platted on 24 well plates
(Falcon; 700,000 cells/well) and grown 24 h until they reach 90%
confluence.

2.5. Cell counting

To get a precise estimate of the cell number present in each well
at the time where cell penetration experiments are performed with
1251_Tyr-L-MCa, F98 cells were counted by flow cytometry analyses
with live cells using a Becton Dickinson Accuri C6 flow cytometer
(BD Biosciences). Data were obtained and analyzed using BD Accuri
C6 software. Live cells were gated by forward/side scattering.

2.6. Evaluation of F98 cell death

Cells were incubated with or without various concentrations of
Tyr-1-MCa during 2 h. Cells were washed with PBS and washes
were conserved. They were then treated with 0.05% trypsin-EDTA
for 5 min at 37 °C to detach them from the support. Cells were col-
lected and resuspended in DMEM-F12 with 2% fetal bovine serum
along with the initial washes. For one series of control cells, 0.1% sa-
ponin was added just before centrifugation to induce cell death. All
cell conditions (control, Tyr-L.-MCa and saponin) were centrifuged
at 800 xg during 5 min. The pellets were resuspended in 200 pl of stain-
ing mix according to Invitrogen recommendations. Cells were left in
the dark for 15 min at room temperature before analyses by flow cy-
tometry using the LIVE/DEAD® Viability/Cytotoxicity Kit of
Invitrogen. This kit quickly discriminates live from dead cells by si-
multaneously staining with green-fluorescent calcein-AM to indicate
intracellular esterase activity and red-fluorescent ethidium
homodimer-1 to indicate loss of plasma membrane integrity. Similar re-
sults were obtained with '?°I-Tyr-L-MCa.

2.7. Estimation of F98 cell volume by Digital Holographic Microscopy or
confocal microscopy

Digital Holographic Microscopy (DHM) is an interferometric tech-
nique that makes possible the imaging and measurement of the phase
retardation through transparent biological specimen [19]. Because it is
based on the interference of coherent light (lambda 658 nm) a high
precision (nm order) can be obtained in optical thickness measure-
ments. Under the hypothesis of invariance of the refractive index within
the cytosol, it may be admitted that the measured optical thickness is a
good estimate of the quantity of matter traversed by light [20]. There-
fore, the average F98 cell volume was estimated by integrating the
optical thickness over the projected area of each cell.

To evaluate the F98 cell volume by confocal microscopy, cell plasma
membranes were stained with 50 pg/ml concanavalin A-rhodamine for
5 min. Next, cells were washed with phosphate buffered saline (PBS)
and incubated in DMEM without phenol red. Live cells were then imme-
diately analyzed by confocal laser scanning microscopy using a Zeiss
LSM operating system. Rhodamine was sequentially excited (at
561 nm) and emission fluorescence (at 590 nm) was collected. Stacks
of 17 to 22 confocal images were taken by steps of 1 um on the z-axis
to cover the entire depth of the cells. Globally, F98 cells were quite
thick but some images of the stacks may not contain any information.
Next, a dedicated Image ] macro was developed to reconstruct the 3-D
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F98 cell image to calculate the global volume using the stained plasma
membrane boundaries.

2.8. Quantitative evaluation of the cell penetration of "I-Tyr-L-MCa

F98 cells were incubated with various concentrations of radio-
iodinated '*’I-Tyr-L-MCa (33 nM to 10 uM) in DMEM F-12 culture
medium (200 to 400 pl per well) without serum or antibiotics at 37 °C
for 2 h to allow cell penetration. For the estimation of the kinetics of
cell entry of the compound, the time of incubation could be shortened
as indicated. Each concentration contained 2.5% of '?°I-radiolabeled
peptide and 97.5% of '?’I-labeled peptide to diminish the quantity of ra-
dioactive peptide to handle. After incubation, the cells were washed
twice with PBS to remove excess extracellular peptide. They were
then treated with 0.05% trypsin-EDTA for 5 min at 37 °C to (i) degrade
any remaining extracellular '?°I-Tyr-L-MCa and (ii) detach F98 cells
from the surface. Cells were collected and resuspended in DMEM-F12
with 2% fetal bovine serum. Cells were centrifuged at 800 xg during
5 min. The pellet was resuspended in PBS and cells were then centri-
fuged a second time in the same conditions. Of note, for each one of
the centrifugation and washing steps, resuspended cells were trans-
ferred to new tubes to eliminate any extracellular radioiodinated '2°I-
Tyr-L-MCa or trypsin-induced fragment that may be potentially present
by sticking to the plastic. Cells were resuspended in 1 ml of lysis buffer
(in mM: Tris 20, NaCl 150, DTT 1, sucrose 250, pH 8.0 along with prote-
ase inhibitors) and incubated on ice for 5 min. Next, cells were mechan-
ically disrupted using a potter. Subcellular fractionation was performed
as follows. First, the cell lysates were centrifuged at 900 xg for 20 min and
the pellet containing the cell nuclei (F98-N) was collected. Next, the
supernatant was collected and centrifuged at 50.000 xg for 60 min. The
pellet containing the plasma membrane was kept (F98-PM) along with
the supernatant that represents the cytoplasm (F98-C). Both pellets
were resuspended in 500 pl distilled water for counting. This subcellular
fractionation method separates membrane-bound (F98-PM) from intra-
cellular '?’[-Tyr-.-MCa (F98-N + F98-C) providing an estimate of cell
penetration of the peptide into the cytoplasm. Counting of radioactivity
was carried out by gamma-well counter.

2.9. Determination of the intracellular concentration of "*’I-Tyr-.-MCa

Knowing the precise cell number per well, the average cell volume
and the specific activity of '?°I-Tyr-L-MCa, we were able to convert counts
per min to intracellular peptide concentration. The concentration of
radioiodinated Tyr-L-MCa is provided in uM and was calculated according
to the equation fy = (((cpm/cell number)/a)/b)/cell volume. The value a
is a constant value of the gamma-well counter (a = 35515679 to convert
cpm values in MBq). The value b is the specific activity of Tyr-L-MCa that
has been used for the preparation of dilutions. Only the added values of
F98-N and F98-C radioactivity were taken into account to quantify cell
penetration. F98-PM values were discarded.

2.10. Kinetic of cellular leakage of '?°I-Tyr-1-MCa

F98 cells were incubated with 1 uM of '?°I-Tyr-.-MCa in DMEM F-12
culture medium without serum or antibiotics at 37 °C for 2 h. The cells
were then washed three times with PBS to remove excess extracellular
peptide, and then completed with DMEM F-12 medium. At different
times (0, 1, 2, 3,4, 5, 6 and 24 h), a sample of 100 pl of medium was
taken for radioactivity counting and replaced by 100 pl of fresh complete
medium. The value obtained was corrected by a factor of 4 (100 pl taken
out of 400 pl of medium). A control was performed without cells to dem-
onstrate that the plastic of the wells did not release any radioactivity. The
quantity of radioactivity released by the cells was evaluated as a ratio of
total cell radioactivity as determined previously.
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2.11. [*H]-ryanodine binding on ryanodine receptors from skeletal muscle
heavy SR vesicles

Heavy sarcoplasmic reticulum (SR) vesicles were prepared as de-
scribed [11]. Protein concentration was measured by the Biuret method.
Heavy SR vesicles (1 mg/ml) were incubated at 37 °C for 2 h in an
assay buffer composed of 10 nM [>H]-ryanodine, 150 mM KCl, 2 mM
EGTA, 2 mM CaCl, (pCa = 5), and 20 mM MOPS, pH 7.4. 200 nM -MCa
or Tyr-1.-MCa was added prior to the addition of heavy SR vesicles.
[>H]-ryanodine bound to heavy SR vesicles was measured by filtration
through Whatman GF/B glass filters followed by three washes with
5 ml of ice-cold washing buffer composed of 150 mM NaCl, 20 mM
HEPES, pH 7.4. [>H]-ryanodine retained on the filters was measured
by liquid scintillation. Nonspecific binding was measured in the
presence of 80 uM unlabeled ryanodine. The data are presented as
mean + S.E. Each experiment was performed in triplicate.

3. Results
3.1. Tyr-1-MCa: a functional MCa analog for iodination

L-MCa itself lacks a tyrosine residue for radio-iodination of the
peptide. To this end, we produced a new analog of .-MCa with an
extra amino-terminal tyrosine residue. Earlier observations had
demonstrated that N-terminal-modified analogs of L.-MCa could be
easily produced since the addition of an extra-biotinylated lysine
residue is without impact on the proper folding/oxidation of the peptide
[9]. MS analyses (MALDI-TOF technique) of crude and folded/oxidized
Tyr-.-MCa provide experimental molecular masses (M + H)* of
4026.9 and 4020.8 Da, respectively. The shift in experimental molecular
mass of 6.1 Da upon folding/oxidation is in agreement with the en-
gagement of all six cysteine residues in the formation of three disul-
fide bridges. Since the activity of L-MCa is strictly dependent on the
proper/folding of the peptide [21] and that this activity is not altered
by N-terminal modification [6,9], it is expected that Tyr-L-MCa should
have preserved its pharmacological effect. Fig. 1B illustrates that this is
indeed the case. As shown, Tyr-.-MCa turned as potent as L-MCa itself
in stimulating the binding of [°H]-ryanodine onto skeletal muscle
ryanodine receptors from SR vesicles. Next, since Tyr-L.-MCa remained
functional, the peptide was enzymatically iodinated using the
lactoperoxidase/H,0, system. Under the experimental conditions
described radiochemical purity higher than 95% was achieved. This
was further illustrated in the HPLC profile of the compound (Fig. 1C).
125]_Tyr-1-MCa remained stable for over 24 h. I iodination was also
used to prepare '?’I-Tyr-L-MCa instead of '?°I-Tyr-L-MCa to lower the
specific activity and the quantity of radioactivity to handle. Modeling
experiments illustrates the relative position of the extra iodinated
tyrosine residue onto L.-MCa (Fig. 2).

3.2. Tyr-1-MCa lacks cell toxicity and is partially degraded by trypsin
treatment

We first assessed that Tyr-L-MCa does not induce cell death that may
alter the evaluation of cell penetration. For that purpose, we used rat
glioma F98 cells because we plan to use 1.-MCa as a vector for the delivery
of chemo-active drugs in later studies. As shown by flow cytometry, incu-
bating F98 cells 2 h with 33 uM Tyr-1-MCa does not induce any specific cell
death compared to the control condition (Fig. 1D, E). The control
condition contained about 3.3% of dead cells compared to the 2.6% of
the Tyr-L-MCa condition. In contrast, 5 min incubation with 0.1% saponin
has a drastic effect on cell survival since the proportion of dead cells
reached 93.4% (Fig. 1F). Similar results were obtained for a set of
Tyr-L.-MCa concentration that all indicate that this vector is non-toxic
for F98 cells (Fig. 1G). Similar observations were made with F98 cells in-
cubated with '?°I-Tyr-.-MCa indicating that gamma radiation did not
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Fig. 2. Modeled 3D structure of '?°I-Tyr-L-MCa. The structure was modeled starting with .-MCa as a structural basis (1C6W from the Protein Database). The extra tyrosine residue is in
yellow and the iodine on the tryrosine ring in red. The positively charged amino acid residues of .-MCa are also highlighted.

add a layer of cell toxicity in the frame of our experiments (data not
shown).

3.3. Cell penetration properties of '?’I-Tyr--MCa

Production of the '?’-Tyr-L-MCa compound with high radiochemical
purity is an opportunity to quantify the cell penetration of .-MCa into
cells. Earlier labeling of .-MCa with a fluorescence indicator provided
only semi-quantitative information [11]. We first designed a subcellular
fractionation protocol that was aimed at minimizing the contribution of
any external membrane-attached 2>I-Tyr-1-MCa radioactivity associated
to F98 cells. This protocol includes trypsin treatment, many cell washes,
and a systematic transfer of the biological material to new plastic tubes in
order to avoid possible attachment of any external '2°I-Tyr-L.-MCa to
plastic surfaces. Trypsin treatment was kept to the minimum because
its first aim is to detach cells from the surface. Longer exposure would
result in better external '2°-Tyr-L-MCa degradation but also in cell dam-
aging which is not desirable. Fig. 3 illustrates that indeed a 5 min trypsin
digestion after F98 cell incubation with '?°I-Tyr-L-MCa results in only
limited peptide degradation. The appearance on the HPLC elution profile
of a new leftward-shifted peak, which is superimposed to the remnant
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Fig. 3. RP-HPLC profile of '?°I-Tyr-L-MCa following 5 min of incubation with trypsin. The
major peak is the intact '>°I-Tyr-L-MCa, while the peaks denoted by the arrows reflect de-
graded products.

peak of the original '?°I-Tyr-.-MCa compound, indicates that the
trypsin-mediated degradation is only partial. To further minimize the
potential quantitative contribution of any cell membrane-bound 2°I-
Tyr-1-MCa, the plasma membrane was quantified as a separate entity
and the radioactivity associated to this subcellular fraction was exclud-
ed from our calculations of L.-MCa cell entry and accumulation. Howev-
er, as we shall see later, the radioactivity associated with the plasma
membrane was extremely low indicating little accumulation of the pep-
tide in membrane fractions which further strengthens the reliance on
the protocol used to quantify cell entry.

The entire study was performed on the rat glioblastoma cancer cell
line F98 maintained in culture. To assess the cell concentration achieved
by the '?*-Tyr-1.-MCa, we first determined two important parameters:
i) the cell number in each well and ii) the average volume of F98 cells.
The cell number in each culture well was established by FACS counting.
The average cell number was 403,754 + 23,434 per well (n = 4 wells).
This includes 96.7% of live cells and 3.3% of dead cells as defined in
Fig. 1D. Next, we evaluated the average cell volume using two different
techniques: DHM and cell volume reconstruction through the acquisi-
tion of stacks of confocal images. Fig. 4A illustrates the optical thickness
image produced by DHM with gray levels coding for the optical thick-
ness. The surface reconstruction of the optical thicknesses is shown in
Fig. 4B. The volume of F98 cells can be obtained by integration of the op-
tical thickness inside the cell areas. A histogram illustrating individual
cell volume was constructed (Fig. 4C). Fitting the data provides an aver-
age cell volume of 8.9 x 1077 4 0.2 x 107 pl (n = 130 cells). We also
used z-stacks of CM images to reconstruct cell volumes, again by focusing
on individual cells. The boundaries of cells were provided by
concanavalin-A rhodamine staining of the plasma membranes. Using
this CM method instead of DHM, we come up with an average F98 cell
volume of 18.9 x 107 ul (n = 95 cells). There is thus a 2.12-fold differ-
ence in volume estimation using these two methods. DHM is likely a
more precise technique for volume estimation and we will rely on
the average DHM value to calculate the intracellular concentration
of 1?°[-Tyr-1-MCa. However, when applicable, the concentration values
will also be provided using the CM cell volume evaluation method in
parentheses.

First, we investigated how dead cells may affect the uptake of
1251 _Tyr-1-MCa. The peptide being extremely basic it is possible that
dead cells, by exposing their DNA or their protein content, may overly
contribute to the measured signal. We therefore purposely compared
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Fig. 4. Estimation of the average volume of F98 glioblastoma cells by DHM. (A) Optical thickness image produced by DHM, the gray levels are coding for the optical thickness. (B) Surface
reconstruction of the optical thicknesses. (C) Histogram showing the distribution of individual cell volumes, obtained by integrating the optical thickness inside the cell areas. Only individual
cells were used to evaluate cell volumes since touching cells could lead to overestimation. Cell fragments were also avoided for this analysis.

the amount of accumulated radioactivity in live cells incubated 2 h with
33 uM '?°I-Tyr-L-MCa with the amount found in dead cells, the cell
death being promoted by 0.1% saponin. As shown in Fig. 5A, dead cells
accumulate a surprisingly high level of radioactivity in each of the sub-
cellular fractions. In each case however, the level of activity was lower
than in live cells, indicating that cell death should not affect the mea-
surements on live cells significantly. Fig. 5A also illustrates that the plas-
ma membrane is the subcellular fraction that accumulates the least
radioactivity compared to the cytoplasm and the nucleus. At this exter-
nal concentration, the plasma membrane represents 9.4% of the accu-
mulated radioactivity. In contrast, the cytoplasm and the nucleus of live
cells accumulate each 25.6% and 64.7%, respectively. These proportions
were however altered in dead cells with respective accumulations of
15.7% (plasma membrane), 45.1% (cytoplasm) and 32.2% (nucleus). The
comparatively good accumulation of '?°I-Tyr-.-MCa in the
cytoplasmic fraction of dead cells is probably linked to the effect of
saponin on the plasma membrane. Since saponin should not affect the
membrane of the nucleus, we still observe a quantitative difference in
the accumulation of '2°I-Tyr-1-MCa radioactivity in dead cells compared
to live ones. The result also indicates that the intracellular concentration
of '25[-Tyr-1-MCa should not exceed by far the extracellular concentra-
tion of the compound since passive accumulation within permeabilized
cells resembles the accumulation within live cells.

We examined the concentration-dependent uptake of '2°-Tyr-1.-MCa
by live F98 cells using extracellular concentrations ranging from 3.3 nM
to 10 pM for a 2 hour-incubation time. We then assessed the cumulated
radioactivity within each subcellular fraction. As shown in Fig. 5B, evident
accumulation of '?°I-Tyr-L-MCa occurs essentially within the cytoplasm
and the nucleus at a concentration as low as 300 nM. Increasing
extracellular concentrations of the '?°I-Tyr-L-MCa also produce
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increasing elevations of the radioactivity within each fraction with
similar dose-dependent profiles. In the result shown here, there was
almost no accumulation within the plasma membrane fraction. There
is no sign of saturation in full agreement with earlier observations
using L-MCa tagged with fluorescent dyes [10,11]. The cell count, the
average DHM-assessed F98 cell volume and the specific activity of
1251-Tyr-1-MCa have been used to convert the experimental cpm data
into average cell concentrations of '?’I-Tyr-L.-MCa. Only cumulated cpm
values from the cytoplasm and the nucleus were taken into account
since the radioactivity associated to the plasma membrane fraction
could bear some '?°I-Tyr-1-MCa from the outer leaflet of the membrane
that would not be digested by the trypsin treatment as shown earlier.
Obviously, this may lead to underestimation of the total accumulated
125 _Tyr-L-MCa in F98 cells but this was preferable to a slightly
overestimated concentration, the plasma membrane accounting for
only a small fraction of the total radioactivity (<10% at all concentra-
tions tested and for each experiment we performed). According to
the method, we show a close correspondence in the intracellular
concentration of '2°[-Tyr-L.-MCa compared to the extracellular con-
centration (Fig. 5C). For instance at 1 uM external '>°I-Tyr-L-MCa,
F98 cells accumulated 2.41 uM of the peptide according to DHM vol-
ume estimation (1.14 uM according to CM-based volume estima-
tion). Examining the internal concentration of '2°[-Tyr-L.-MCa as a
function of the external concentration indicates that the concentra-
tion ratio (internal/external) is higher at lower external concentra-
tions than at high external concentrations. This was marked at 10 nM
where penetration is barely detected with this cell penetrating peptide.
Fitting the experimental data with a decreasing exponential curve yields
a concentration ratio of 2.45 according to DHM data (or 1.15 according
to CM data) (Fig. 5C, inset).



2362 C. Tisseyre et al. / Biochimica et Biophysica Acta 1843 (2014) 2356-2364

25000 — EER Live cells
[0 Dead cells
g 20000 ~
£ 15000
=
£ 10000 -
o

" mm 'ﬁ []

+  LTyrL-MCa

Plasma membrane Cytoplasm Nucleus

=

let+5
—&— Membrane fraction
Se+4 —O— Cytoplasmic fraction
2 —@— Nuclear fraction
2 ]
>
2 ]
Q
2e+4 A
0o A
10 100 1000 10000
Extracellular concentration (nM)
% 14
20 4 12
g £
S 8
[
2 15 Eos
25 : ;
° = R
2g8w0{ S °
= g 10 100 1000 10000
g 8 Extracellular concentration (nM)
S 54
=]
B
0 T ———4 T T

5
0.1 1 10 100 1000 10000

Extracellular concentration (nM)

Fig. 5. Estimation of the accumulation properties of '?°I-Tyr-L-MCa in F98 cells. (A) Total
radioactivity accumulated in subcellular fractions of live and dead cells (plasma membrane,
cytoplasm, and nucleus). Radioactivity was also measured for control live cells in the absence
of '?I-Tyr-1-MCa. No significant counts could be measured. Extracellular concentration of
125 Tyr-1-MCa used: 33 M. 2 h incubation. (B) Concentration dependent accumulation of
1251Tyr-1-MCa in subcellular fractions of live cells. 2 h of incubation with the radiochemical
compound. (C) Evaluation of the internal concentration of '?°I-Tyr-1-MCa reached after 2 h
incubation of live F98 cells as a function of the external concentration of '2°I-Tyr-L-MCa.
Inset: ratio of concentration as a function of the external '?°I-Tyr-L.-MCa. The data were fitted
with the following equationy = y, + a.e =" where yo = 245 + 0.31,a = 27.1 + 8.6 and
b = 0.098 4 0.031.

3.4. Kinetics of entry and exit of '>°I-Tyr-1-MCa into and from F98 cells

For a '?°I-Tyr-.-MCa accumulation in the nucleus, the peptide needs
first to cross the plasma membrane, then to accumulate within the
cytoplasm, and should afterwards travel to the nucleus of F98 cells.
This sequence of events requires that the kinetics of accumulation within
each subcellular fraction should follow a logic time gradient. This point
was investigated by incubating F98 cells with 1 uM ?5I-Tyr-1-MCa for var-
ious durations, fractionating the cells and counting the radioactivity asso-
ciated to each fraction (Fig. 6). As shown, the time constant for
radioactivity accumulation in the plasma membrane is T = 5 min
(Fig. 6A). This value rises to T = 10 min for the cytoplasm (Fig. 6B),
which remains quite rapid, and to T = 20 min for the accumulation in
the nuclear fraction of F98 cells (Fig. 6C).
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Fig. 6. Kinetics of '2°I-Tyr-L-MCa accumulation within the different subcellular compartments
of F98 cells. (A) Kinetics of '2°I-Tyr-.-MCa accumulation within the plasma membrane
fraction of F98 cells. The data were fitted with the equation y = a x (1 — e~"¥)
where a = 99.8 + 19.7 and b = 0.20 + 0.12 min~ . (B) Kinetics of '?°I-Tyr-.-MCa ac-
cumulation within the cytoplasmic fraction of F98 cells. Parameters after fitting were:
a=942+ 81andb=0.10 + 0.02 min~". (C) Kinetics of '>[-Tyr-.-MCa accumulation
within the nuclear fraction of F98 cells. Parameters after fitting were: a = 127.6 4 23.5
and b = 0.025 + 0.007 min~". For all these experiments we used 1 uM of '?*[-Tyr-L-MCa.

1251Tyr-1-MCa is heavily charged (net positive charge = +8) indi-
cating that it may be attracted to the internal face of the plasma mem-
brane because of the existence of the negative membrane potential. It
can be envisioned that while the cell entry of the peptide is facilitated
because of this membrane potential, the same negative charges residing
in the cell may prevent the cell escape of the peptide. We investigated
this issue by examining the gradual release of radioactivity within the
external medium. As shown, F98 cells are extremely reluctant to release
the radioactivity once accumulation has occurred (Fig. 7). It is only after
24 h of washout time that about 8.9% of the radioactivity is released by
the cells.
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Fig. 7. Kinetics of cell exit rate of '?°I-Tyr-L-MCa from F98 cells. Time-dependent exit of
1251.Tyr-1-MCa from F98 cells expressed as a percentage of total intracellular labeled
peptide.

4. Discussion

L-MCa is the first example of a folded and oxidized animal peptide
toxin acting as a CPP [6,8-12,14,21-24]. Since CPPs hold great promises
in the field of drug delivery, it was therefore of great importance to de-
termine the precise cell entry characteristics of L.-MCa. Radiolabeling
represents the most sensitive and quantitative method to quantify the
cell entry of a molecule of interest. To this aim we produced Tyr-.-MCa
that, as expected from earlier evidence, preserved proper folding and
oxidation, as well as the original pharmacological properties of .-MCa
and the resistance to proteolytic cleavage. The position of the extra
tyrosine residue ensured that iodination occurred in a convenient
way, without accessibility problems and without introducing structural
disturbances within the native sequence. Compared to other reporting
methods, the addition of an iodinated Tyr residue at the N-terminus of
L-MCa keeps structural alterations of the peptide to a minimum.

For the first time, compared to all our earlier investigations using
fluorochromes as reporters [10,11,14,21], we were able to extract
valuable quantitative information on the cell penetration properties
of '?’[-Tyr-L-MCa. For that purpose, we used the rat glioblastoma F98
cell line and several critical parameters to assess the penetration prop-
erties. First, we precisely defined the specific activity of '?°[-Tyr-.-MCa
that allowed us to establish a precise correlation between measured
cpm values and peptide quantities. Then, we used DHM to evaluate
the cell volume and transform peptide quantities into intracellular con-
centrations. Finally, an adequate biochemical protocol combined to cell
sub-fractionation helped defined cell compartments and informed on
the relative cell distribution of '2*I-Tyr-L-MCa. It was striking to observe
that very little radioactivity is associated to the plasma membrane frac-
tion. This is coherent with earlier observations using MCa analogs
coupled to fluorescent dyes. These vector/cargo couples were in most
cases not observed at the plasma membrane level on images gathered
by confocal microscopy, except on some occasions [10]. It was however
possible that the lipophilic environment of the membrane could quench
the fluorescence of these dyes. Our data using iodinated Tyr-L.-MCa
demonstrates that the plasma membrane is not a compartment of pep-
tide accumulation on or in the cells. This indicates that the residency
time of '2°I-Tyr-.-MCa within the plasma membrane is very low, a finding
that is consistent with the fast kinetics of cell accumulation within the
membrane. While the plasma membrane is an obligatory route of cell
entry for '?°I-Tyr-L-M, the peptide must use unstable modes of interaction
with the plasma membrane components. The transient nature of these
interactions argues for a rapid crossing followed by a dilution process
within the cytoplasm. The kinetics of accumulation within the cytoplasm
is itself quite rapid (time constant of 10 min) but the degree of accumu-
lation is significantly greater than in the plasma membrane. An interest-
ing observation is the accumulation of the peptide within the nucleus, to
a great proportion, indicating that the peptide that is transferred from the
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cytoplasm to the nucleus had to be freely moving in the cytoplasm and
could not be trapped within endosomes. This wouldn't have occurred if
the majority of the peptide had been captured in F98 cells by a form of
endocytosis such as macropinocytosis. We were not able to assess the rel-
ative volumes occupied by the cytoplasm and the nucleus. These values
would however be meaningless to some extent as both compartments
are themselves sub-compartmentalized. However, the values of cpm
accumulation within these two compartments were closely related sug-
gesting that most likely passive equilibrium was reached in the concen-
trations of the labeled peptide. In any case, the finding that the peptide
is present in the nucleus contradicts other observations using dyes or pro-
teins as cargoes, as in all cases MCa analogs were mostly confined to the
cytoplasmic region presumably because of cargo-oriented trapping into
endosomes [8-12,14]. In other cases, however, we found evidence for
nuclear accumulation of doxorubicin as cargo [22,25-27], indicating
that the matter of nuclear accumulation is cargo dependent. The reason
for the accumulation of '2°I-Tyr-L-MCa in the nucleus has not been inves-
tigated. However, it may be argued that the peptide freely crosses nuclear
pores and passively invades the nucleus. Because of its basic nature, it
may then be stabilized there by ionic interactions with DNA. This matter
may be studied later by using some of the small cell penetrating peptide
variants derived from L-MCa that lack the basic nature of the full-length
peptide [10,14].

The kinetics of accumulation within the plasma membrane and the
cytoplasm deserve another comment. The time constant of a few
minutes for the cell penetration of '>°I-Tyr-L-MCa is in apparent contrast
with the second time scale required for L-MCa to trigger Ca®* release
after external application [6]. This difference is unlikely to be due to
the extra-tyrosine residue or its labeling with iodine. The ryanodine
receptor activation requires less than 10 nM internal concentration.
However because of the peculiar location of the binding site of L-MCa
on the ryanodine receptor [5], at the interface of the cytoplasm and the
plasma membrane, it is possible that local .-MCa elevations may suffice
to activate the ryanodine receptor. This would further be exaggerated
by the presence of up to four binding sites of .-MCa on the ryanodine re-
ceptor, with a single occupancy being sufficient for activation. In addi-
tion, significant Ca® " signals are expected with the activation of very
few ryanodine receptors. Finally, considering the lipophilic environment
of the 1-MCa binding site, the reversibility of interaction between L-MCa
and the ryanodine receptor is not evident. For all these reasons, we
therefore believe that the kinetics of cell entry and Ca™ release activation
cannot be easily compared.

Regarding peptide concentrations reached within the cell, we found
values indicating near passive distribution between the outside and
the inside of the cell. Precise estimation of cell concentration of
1251_Tyr-1-MCa is also linked to the precise estimation of cell volume.
We purposely used two techniques of cell volume investigation and
found closely related values. The close to 2-fold difference suggests
that our concentration values can be corrected by a factor of 2 as well.
In the worst-case scenario, the global concentration of the peptide in-
side cells would match the outside concentration of '?°I-Tyr-L-MCa.
The estimated cell volume is of course the total cell volume and does
not take into account the volume loss that should be introduced by
the volume of many organelles such as mitochondria, endoplasmic
reticulum and the Golgi apparatus for instance, if the peptide does not
accumulate into these organelles. If we take this assumption as correct,
then we may assume that part of the peptide accumulation may occur
against the concentration gradient. Voltage-driven accumulation may
well represent one mechanism explaining how cells may cumulate
higher peptide concentrations than the outside. Cells are negatively po-
larized. The net positively charged 1-MCa should be attracted by the
negative charges located underneath the plasma membrane. A second
potential mechanism may be local increases of the peptide concentra-
tion at the external side of the plasma membrane. .-MCa interacts
with negatively charged glycosaminoglycans [24] or negatively charged
lipids [8] and the positive charges of L-MCa may contribute to greater
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interactions, thereby locally increasing the peptide concentration. In
any case, the finding that the labeled peptide can barely escape the in-
tracellular environment is also evidence for the existence of an accumu-
lation process that is not only linked to passive redistribution of the
peptide into the cells. It indicates the existence of a strong asymmetry
in the fluxes of Tyr-L.-MCa through the membrane. This may be linked
to the asymmetric lipid composition or the existence again of a voltage
gradient across the plasma membrane.
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Abstract: Chlorotoxin is a small 36 amino-acid peptide identified from the venom of the
scorpion Leiurus quinquestriatus. Initially, chlorotoxin was used as a pharmacological tool
to characterize chloride channels. While studying glioma-specific chloride currents, it was
soon discovered that chlorotoxin possesses targeting properties towards cancer cells
including glioma, melanoma, small cell lung carcinoma, neuroblastoma and medulloblastoma.
The investigation of the mechanism of action of chlorotoxin has been challenging because
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its cell surface receptor target remains under questioning since two other receptors have been
claimed besides chloride channels. Efforts on chlorotoxin-based applications focused on
producing analogues helpful for glioma diagnosis, imaging and treatment. These efforts are
welcome since gliomas are very aggressive brain cancers, close to impossible to cure with
the current therapeutic arsenal. Among all the chlorotoxin-based strategies, the most
promising one to enhance patient mean survival time appears to be the use of chlorotoxin as
a targeting agent for the delivery of anti-tumor agents. Finally, the discovery of chlorotoxin
has led to the screening of other scorpion venoms to identify chlorotoxin-like peptides.
So far several new candidates have been identified. Only detailed research and clinical
investigations will tell us if they share the same anti-tumor potential as chlorotoxin.

Keywords: chlorotoxin; glioma; cancer; targeting; diagnosis; treatment; therapy; chloride
channel; Annexin A2; metalloprotease

1. Glioma, a Difficult to Cure Human Brain Cancer

Amongst primary brain tumors, gliomas can be considered as the most lethal malignant tumors.
This is a family of central nervous system (CNS) tumors derived from differentiated glial cells or
glioblastoma stem-like cells [1,2]. It is composed of glioblastoma multiforme (GBM), anaplastic
astrocytoma, astrocytoma and oligodendroglioma. The two first gliomas occur at an incidence of 78%
of all the primary brain tumors. Gliomas represent very aggressive brain cancers characterized with a
fast cell proliferation rate and a strong tendency to invade healthy brain tissue (French Foundation for
medical research). Even low-grade gliomas infiltrate the entire brain. The molecular mechanisms of
brain tumor invasion are complex. They involve (i) modification of receptor-mediated adhesive
properties of tumors cells; (ii) degradation and remodeling of the extracellular matrix by
tumor-secreted metalloproteinases; and (iii) creation of an intercellular space for tumor cell invasion
(See Box 1). Standard treatment involves surgery whenever the tumor mass is accessible, followed by
chemoradiation and adjuvant chemotherapy with temozolomide. In spite of this therapeutic arsenal,
the survival rate of patients rarely exceeds sixteen months [3]. At best, 3% of the patients may benefit
of a five-year survival time. This fatal outcome points to other major issues with gliomas, which is their
resistance to radiation and chemotherapy, and the difficulty to accurately localize them within the tissue.
Although it is possible to roughly visualize the tumor with current imaging techniques, it is very tedious
to determine the exact boundaries of tumor invasion. In addition, diagnosis of this cancer still requires
tissue biopsy and histopathological analyses. Histological features of interest comprise vascular
proliferation and focal necrosis.
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Box 1. Mechanism of glioma cell invasion.

Cell invasion is a natural mechanism that plays an important role in embryonic development, wound healing,
immune response and tissue repair. In this situation, the cell migrates on the influence of chemical signals,
physical cues and physicochemical processes. Unfortunately, when this complex mechanism is affected by
deleterious mutations, an uncontrolled cell invasion leads to the development of several pathologies
(e.g., arthritis, atherosclerosis, aneurism, chronic obstructive pulmonary disease, etc.). In the case of cancer,
it leads to metastasis or an infiltrative tumor [4]. One of the major characteristics of glioma cells is their
propensity to invade healthy brain tissue. The principal mode of invasion of a glioma cell is a single cell
invasion, which can be decomposed into five steps: (i) change in glioma cell morphology (formation of
membrane protrusions); (ii) interaction between membrane protrusions and extracellular matrix (ECM) to
obtain traction; (iii) degradation of ECM by matrix metalloprotease (MMP)-proteins among others; (iv) change
of shape (contraction) for the cell to cross the “ECM hole”; (v) detachment of the rear end connection (the cell
moves forward). The key abilities for glioma cells to invade healthy brain tissue are modification of cell
adhesion property, degradation of ECM, and change of shape. The invading tumor cells do not spread anarchically
in the brain, the degradation of ECM occurs at the border between the tumor and the healthy tissue [5]. The
invading cells spread following existing anatomical structures such as nerves and blood vessels [6]. During the
first steps of invasion, glioma cells will interact with ECM and its environment thanks to adhesion proteins,
especially integrins, giving the cell traction points to displace. Then, using proteolytic enzymes, such as the
MMP proteins, the cells begin to degrade the ECM, to create a space in which through which they can pass.
In order to move through the newly created space, glioma cells need a change in shape and volume. At this
point, glioma cells use ionic channels (C1” and K* channel) to shrink, and so fit the space to pursue the invasion.
Because of adhesion molecules and specific cell surface receptors, cancer cells move forward in the invasive
direction [4,6,7]. When the invasive cells reach a certain distance from the primary tumor mass, they re-enter
the cell cycle and form a new tumor mass [8].

In this context, therefore, the identification of marker molecules, specifically binding to tumor cells,
would represent a tremendous asset to researchers and clinicians aiming at precisely localizing the tumor
mass. If, in addition, such a marker molecule could selectively deliver therapeutic agents to these cancer
cells, this would enlarge the arsenal of chemical entities used in therapeutics to treat gliomas.
Tumor-specific targeted therapies are increasingly used strategies that have demonstrated their potential
through the emergence and development of antibodies, antibody-like ligands, proteins, peptides or
chemical drugs to identify, localize or treat cancers [9]. The principle of targeted therapies is based on
the identification of a suitable molecular target expressed at the surface of a given cell type. Most of the
time, it is a membrane receptor that is over-expressed or preferentially expressed in cancer cells.
Targeting the cancer cells ensures that the normal brain tissue is not affected by a cytotoxic drug that
would be conjugated to the ligand that binds to the specific cell target. All of the targeting agents should
have tolerable cell toxicities, fit mass production criteria, and have a high specificity or selectivity of
binding to tumors cell or other tumor-related targets (vascular cells). For gliomas, in addition to these
characteristics, the ability of the targeting agent to naturally cross the blood brain barrier (BBB) would
be a desirable property. Alternatively, this targeting agent should at least cross the blood-brain tumor
barrier (BBTB). This would prevent the need for a loco-regional injection to deliver the targeting agent
to the tumor site within the brain. In spite of these evident advantages, investigators were unable to
unequivocally identify glioma-specific markers so far. Reasons for this problematic deficit come from
the great genetic and antigenic variability of gliomas. This further explains why the diagnosis of this
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cancer type still requires tissue biopsy and histopathological analyses. This situation has recently
changed with the identification of chlorotoxin (CTX) for glioma detection.

2. Animal Toxins, Wonderful Potent Natural Peptides for Therapy and Diagnosis

Peptides are increasingly considered as good drug candidates for therapeutic applications. In 2009,
438 peptides were considered by the pharmaceutical industry in their development programs. Of these
candidates, 72 were in Phase III clinical trials. Forty-eight peptides are now on the market. In 2007,
four of them reached global sales over 500 million dollars each: copaxane ($3.33 billions), lupron
($1.88 billions), byetta ($967 millions) and forteo ($709 millions). The majority of these peptides target
G protein coupled receptors, although other targets are increasingly common, such as ion channels.

A complete report on the development of peptides as therapeutic drugs can be requested from
http://www.peptidetherapeutics.org. Obviously, it may seem odd at first glance to consider animal toxins
as potential drugs. However, animal venoms are enriched sources of biologically active peptides of about
100 to a 1000 different components. In addition, peptides issued from venoms are tailored by Nature to
be extremely stable in vivo. Different from synthetic chemical libraries, all toxins present in venoms are
active, often at nanomolar affinities. In addition, while venoms can be toxic, the toxicity is mainly due
to a few peptide members or to the synergistic effect of a combination of peptides. As a matter of fact,
the vast majority of venom components possesses interesting therapeutic potential that can be usefully
exploited. Hence, several toxins are actually in various clinical phases for the treatment of pain, epilepsy,
cancer, atherosclerosis and cardiac failure. It might be of interest that many of these natural peptides
target ion channels, ionotropic receptors, transporters and G protein coupled receptors. They also have
been found to target enzymes, all constituting major pharmacological classes for the treatment of
pathological conditions. Other unusual cell targets have been reported. Disintegrins, a group of snake
venom toxins, have the potential to block cancer cell migration and invasion via an RGD-dependent
sequence that interacts with integrins, a class of membrane proteins required for cell immobilization
through interaction with the extracellular matrix [10,11].

3. Chlorotoxin, a Natural Peptide Acting as a Potent Glioma Marker

CTX is a small neurotoxin of 36 amino acids, isolated in 1993 from the venom of the Israeli scorpion
Leiurus quinquestriatus [12]. It holds great promise for the treatment of glioma and other solid tumors.
CTX has a compact structure, which is maintained by four disulfide bonds that connect the eight cysteine
residues present in the sequence. The amino acid sequence of this natural peptide is detailed in
Figure 1A. The cysteine pattern adopted is of the type Ci1—Ca, C2—Cs, C3—C7 and Cs—Cs. Three small
antiparallel B-sheets are packed against an a-helix [12] (Figure 1B). With its compact structure, CTX
was proposed to cross the BBB (TransMolecular, Inc., Cambridge, MA, USA; unpublished data).
However, the data were not sufficiently substantiated to firmly demonstrate that CTX crosses the BBB
rather than the BBTB. Nevertheless, it was clear that CTX diffused deeply into the tumors while other
targeting agents such as antibodies could not [9,13]. Another report showed that in transgenic mice that
spontaneously develop brain medulloblastoma cancers, a fluorescently-tagged Cy5.5-CTX labeled
cancer cells while no disruption of the BBB was observed (exclusion of blue Evans labeling of brain
structures) [14]. Since this is the only study that investigates the issue of the BBB crossing by CTX and



Toxins 2015, 7 1083

that BBB disturbance by tumors may depend on the tumor type and the stage of progression, it remains
cautious to state that CTX crosses at least the BBTB. As a component of the scorpion venom, CTX
induces paralysis in small insects or other invertebrates that may be stung by the scorpion. When injected
in vertebrates, however, no apparent signs of toxicity have been observed. This indicates that the binding
of CTX on its cell surface receptor has no cell toxic or unwanted physiological consequences, as
observed for many other animal toxins.

A

MC:MPC:FTTDHQMARKC:DDC:C:GGKGRGKC:YGPQC/LC:R

Figure 1. Amino acid sequence and 3D representation of CTX: (A) Amino acid sequence of
CTX with the eight cysteine residues and the four disulfide bridge in orange; (B) 3D structure
of CTX, obtain from 1CHL PDB file; a-helix in red, p sheet in blue and disulfide bridge
in orange.

As developed in Section 4, none of the proposed receptors of CTX present important properties for
cell survival, although they can be considered as pro-factors for glioma development.

The amino acid sequence of CTX presents several interesting features for its labeling by a number
of compounds. Following chemical modification, CTX can then be used to (i) identify its receptor;
(i1) characterize its pharmacological properties; and (iii) investigate its mode of action. Several types of
chemical modifications have been performed. CTX contains a single tyrosine residue at position 29 that
can be used successfully for iodination. '>’I-CTX has been used to determine the number of receptor
binding sites and the affinity of CTX for these sites from cultured glioma cell lines [15]. *'I-CTX was
used instead of '»I-CTX for in vivo approaches to obtain gamma-ray scintigram scans because of its
higher y emission properties. Intact activity after iodination of Tyr** demonstrates that this amino acid
is not critical for CTX activity. Lysine residues can also be used to easily perform conjugation of active
substances thanks to a wide range of cross-linking reagents. Finally, Oregon green-labeled CTX and a
complex of biotin-CTX/avidin-rhodamine have been used for immunohistochemical detection of glioma
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cells in culture, human glioma xenografts in SCID mice or in patients biopsies [15]. For the biopsies,
the intensity of the labeling was found to increase with the malignancy grade of the tumors.

Table 1. Summary of various human tissues stained with CTX.

Tissues origin Tissues types Cases  Results

Glioblastoma multiforme WHO Grade IV 31 31 positive
Anaplastic astrocytoma WHO Grade III 7 7 positive
Low-grade astrocytoma WHO Grade 11 4 4 positive
Pilocytic astrocytoma WHO Grade I 14 13 positive, 1 negative
Primary brain tumors Other ungraded gliomas 5 4 positive, 1 negative
(glioma) Oligodendroglioma 8 8 positive
Gliosarcoma 2 2 positive
Ganglioglioma 5 S positive
Meningioma 25 20 positive, 5 negative
Ependymona 3 3 positive
Alzheimer’s brain 8 8 negative
Other normal or diseased Parkinson’s/schizophrenic brain 4 4 negative (2 each)
brain tissue Normal brain or uninvolved tissue of brain cancer patients 29 21 negative, 8 positive *
Epilepsy/gliosis/stroke brain 6 6 negative
Medulloblastoma 4 4 positive
Neuroblastoma 9 8 positive 1 negative
Ganglioneuroma 4 4 positive
Melanoma (metastatic) 11 11 positive
Neuroectodermal tumors Melanoma (primary) > 3P os?tﬁve -
Pheochromocytoma 6 5 positive, 1 negative
Ewing’s sarcoma 2 2 positive
Primitive neuroectodermal tumors 2 2 negative
Small cell lung carcinoma 6 S positive, 1 negative
Schwannoma 4 4 positive
Epidermoid cysts 5 1 positive, 4 negative
. Brain tumors of unknown pathology 9 9 positive
Other brain tumors Pituitary gland of glioblastoma multiforme pt. 2 2 positive
Metastatic tumors to brain 17 15 positive, 2 negative
Breast cancer 14 13 positive, 1 negative
Breast cancer metastases 11 11 positive

Kidney cancer 3 3 positive
Liver cancer 3 3 positive
Other tumors Lung cancer 3 3 positive
Lymphoma 2 2 positive
Ovarian cancer 3 3 positive
Pancreatic cancer 3 3 positive
Prostate cancer 9 8 positive, 1 negative
Breast 2 1 negative, 1 positive
Colon 2 2 negative
Endometrium/myometrium 3 3 negative
Eyeball (cross-section) 1 1 negative
Heart 2 2 negative
Kidney 3 3 negative 1
Adrenal gland 3 3 negative
Liver 2 2 negative
Lung 3 3 negative
Normal human tissues LymPh node 3 1 positiye, 2 negative
Meninges 3 3 negative
Muscle (skeletal) 2 2 negative
Thyroid 1 1 negative
Pancreas 3 1 positive, 2 negative
Prostate 3 1 positive, 2 negative
Spleen 2 2 negative
Stomach 2 2 negative
Ovary 2 2 negative
Skin 6 6 negative
Testes 2 2 negative

*: samples from normal brains or from area of a glioblastoma multiforme patient’s brain diagnosed not to be involved in
glioblastoma multiforme; ¥: Areas of glial cell reactivity show a few cells binding bCITx; ¥: Metastatic tumors of unknown
tissue origin; 1: a few positive cells were observed.
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Soroceanu et al. demonstrated that '?’I-labelled CTX has both high and low affinity binding sites on
glioma cells and is able to label cancer cells on biopsies of human patients affected with glioma [15].
They also showed that injection of '*'I-CTX by IV route in SCID mice bearing human glioma tumor
lead to specific peptide accumulation within the tumor. This study proves that CTX is able to label cancer
cells in situ in the brain. A few years later, Lyons ef al. showed that CTX binds to glioma cells as
previously described but also to other tumors of the same neuroectodermal origin [16]. These additional
studies, performed on over 200 tissue biopsies, include melanoma, small cell lung carcinoma,
neuroblastoma, medulloblastoma, Ewing’s sarcoma and pheochromocytoma. These findings further
extend the range of applications in which CTX may be used (Table 1). All these properties highlight the
fact that CTX is a very attractive peptide for targeted cancer therapy or imaging. As a matter of fact,
these properties were exploited by TransMolecular Incorporation that launched CTX for clinical trials
under its trade name TM-601. After completion of clinical Phase II, the intellectual property rights on
the molecule were acquired by Morphotek Incorporation, a US-based subsidiary of Eisa Corporation.
In order to facilitate phenotyping and histological staining, a full line of CTX-labeled derivatives has
been produced by TransMolecular Incorporation under the terms TM602, TM604, etc. We will give
more details on the interest of TM-601 later in the review. So far, TM-601 is the only derivative of CTX
for which human clinical studies are partially published.

This review article provides an overview of the research progress that has been made on CTX,
namely on its mechanism of action and the development of CTX-derived compounds for the detection
and treatment of glioma. A small part of our analysis will also be devoted to the discovery of
chlorotoxin-like peptides of therapeutic potential.

4. Mode of Action of CTX: Looking for a Glioma-Specific Receptor

Chloride channels—Originally, CTX holds its name from its pharmacological effect on rat colonic
epithelial cell chloride channels as described by Debin ef al. in 1993 [12]. Small conductance CI”
channels were shown to be potently blocked by CTX when the latter was applied towards the
intracellular face of the channel [12,17]. After this initial characterization, CTX has been used as a
general pharmacological tool to investigate the function of chloride channels. It is through this procedure
that Ullrich et al. discovered the existence of specific CTX-sensitive glioma chloride currents in acute
slices of human gliomas [18]. To further identify this receptor/ion channel, '>’I-CTX binding to various
malignant glioma cell lines (D54-MG, SK-1-MG, U87-MG, U105-MG, U251-MG and U373-MG) was
investigated [15]. Using radioreceptor assays, the authors identified a 72 kDa band as the receptor of
I25[.CTX. This molecular weight is in agreement with the molecular weight of CLC, a family of chloride
channels [19]. Prolonged exposure to CTX results in cell internalization of this channel type [20].
What may seem as the most promising result is the fact that although gliomas come with an amazing
degree of antigenic variability, they all seem to over-express this CTX-sensitive chloride current [21,22].
These channels are absent or in low abundance in healthy tissues or in tumors of non-glial origin [23].
Interestingly, expression of this channel type appears to be correlated with the histopathological tumor
grade. High-grade tumors express more chloride channels than low tumor grades. The role of this
channel type in glioma is still obscure but one suggestion is that it may facilitate the modifications in
cell volume and shape that accompany glioma cell migration and healthy brain tissue invasion [24].
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Indeed, CI™ ions movement across the plasma membrane controls the cell volume changes. In turn, the
change in glioma cell shape is required for cell invasion within the novel extracellular spaces created
between healthy cells. This CLC chloride channel is therefore of potential importance for glioma
malignancy. In this context, CTX would act by inhibiting Cl™ flux and limiting the extent of glioma cell
shape alteration, thereby hampering the glioma tissue invasion potency. Other chloride channel
inhibitors have been tested and also shown to inhibit glioma migration [8]. This model fits well with the
reported anti-invasive effects of CTX on glioma cells and the inhibition of metastasis [5,8,20,21,25,26].
More information about the role of ion channels in glioma invasion can be found in several excellent
review articles [8,25,26]. From the literature, it can be inferred that chloride channels constitute a marker
of interest for the diagnosis of glioma and, because of their role in tumor growth, they can be used as a
potential target for therapeutic approaches. In any case, the data point to the fact that the chloride channel
may constitute a marker of interest for the diagnosis of glioma, and, because of its function in tumor
growth, a potential target for therapeutic approaches. Nevertheless, the arguments in favor of a chloride
channel as the actual target of CTX need to be balanced with more negative findings: (i) patch-clamp
reports showing that, in spite of CTX-mediated chloride current block, the functional inhibition of the
channel occurs with a lower affinity than expected from binding experiments (600 nM) [18]; and
(i) CTX has no effect on the proliferative rate of C6 glioma cells in vitro [24]. In fact, in their binding
studies, Soroceanu et al. found two binding sites for '*’I-CTX in glioma cell lines in vitro: a high affinity
binding site with a K4 value of 4-9 nM and a low affinity one with a Kd in the 0.5-1 uM range.
These findings may argue for the existence of more than one type of membrane receptors for CTX.
Matrix metalloprotease MMP-2—Wohile searching for the molecular identity of the cell surface
receptor of CTX, a 6His-tagged CTX analogue was designed and used to prepare an affinity column for
mass spectrometry-mediated identification of CTX receptor from a solubilized human D54-MG glioma
cell line. Surprisingly, the authors found that besides interacting with the C1C-3 chloride channel, CTX
also brought along a complex of proteins that comprises membrane type 1 matrix metalloprotease
MT1-MMP, matrix metalloprotease MMP-2 and tissue inhibitor of matrix metalloproteinase-2 TIMP-2 [5].
The matrix metalloprotease MMP-2 is expressed in glioma and other tumors but is not present in normal
brain tissues. It is part of the larger family of metalloproteases that have been associated with the
enzymatic degradation of the extracellular matrix (ECM). Excess matrix metalloprotease MMP-2
expression is therefore related to the easiness of the tissue invasion capability of glioma cells. All types
of tumors reported to bind CTX were found to over-express the matrix metalloprotease MMP-2. This
correlation between the expression level of MMP-2 and CTX binding supports the concept that the
matrix metalloprotease MMP-2 may be part of the receptor complex of CTX. Within the protein complex
interacting with CTX, the authors also identified the presence of avp3 integrin [20]. How integrins,
matrix metalloproteases and chloride channels come together to interact with CTX remains a difficult
issue to solve. Obviously, more research has to be done in terms of biochemistry and cell biology to
define with which protein exactly CTX may interact to pull-down such a large protein complex.
Considering the size of the peptide, it may appear unlikely that CTX can interact with all these protein
partners simultaneously. It is, however, not uncommon that an animal toxin lacks selectivity and is
capable of binding to several types of membrane receptors. Of course, the matrix metalloprotease
MMP-2 also appears to be an interesting target for explaining the effects of CTX. The matrix
metalloprotease MMP-2 is involved in ECM degradation, and the local enzymatic activity of this protein



Toxins 2015, 7 1087

in the tumor environment should logically favor glioma cell division and migration. Interestingly, CTX
has been observed to inhibit the enzymatic activity of the matrix metalloprotease MMP-2 and to promote
endocytosis of this metalloprotease in glioma [5]. These two factors combined should reduce the extent
of ECM degradation that can be sustained by the remaining matrix metalloprotease MMP-2 thereby
providing another explanation of CTX-mediated inhibition of cell invasion. In any case, a compound
that would prevent both ECM degradation and chloride channel-mediated cell shape alterations would
be ideal. Conceptually, it is preferable to envision that CI” channels are associated with a complex of
proteins formed by MMP-2, avf3 integrin, MT1-MMP and TIMP-2. CTX would not bind to individual
receptors, but instead to this complex of proteins, and this binding would produce internalization of the
entire protein complex, thereby leading to reduction of the activity of both the chloride channel and the
MMP-2 [20]. This CTX-mediated internalization process would occur in caveolar rafts. In agreement
with this concept, it was found that the effect of CTX on CI™ current took over 15 min, a time lapse more
compatible with receptor internalization than with ion channel blockade. Interestingly, the observation
that CTX is also co-internalized during this process explains why the iodinated analogue of CTX is still
visualized within tumors eight days after administration in clinical trials [27]. Arguably, the existence
of such a protein complex that comprises both metalloproteinases and chloride channels makes sense for
cancer cells because of the imperious need to degrade ECM and concomitantly alter cell morphology to
facilitate the infiltration of tiny intercellular spaces. A study further reports that CTX, coupled to iron
nanoparticles, inhibits the invasive nature of glioma cells in vitro, deactivates membrane-bound
metalloproteinase 2, produces receptor-mediated endocytosis and inhibits cell volume changes [13].

Annexin A2—As if things were not complex enough, another research group now claims that the
CTX receptor is annexin A2. This study was prompted by a contradictory report about MMP-2 as CTX
receptor [14]. The observation was made that CTX also bound to a non-tumor cell type (proliferating
human vascular endothelial cells) which also makes CTX a potent anti-angiogenic agent [28]. Based on
this observation, TransMolecular Inc. reinvestigated the identity of the endothelial/glioma CTX receptor
using affinity columns, cross-linking reagents and mass spectrometry. Annexin A2 was identified as the
common receptor component that binds TM602, the biotinylated derivative of CTX, in all cell lines [29].
Annexin A2 is a calcium-dependent phospholipid binding protein present on the extracellular side of the
plasma membrane of various tumor cells and endothelial cell types. It has many roles in cellular
functions such as angiogenesis, apoptosis, cell migration, proliferation, invasion and cohesion. siRNA
knockout of annexin A2 results in reduced binding of a technetium-99m-labelled-TM601 in cell lines
expressing annexin A2. Interestingly, the same siRNA-mediated knockout decreases the in vitro
migration of glioma cells [30]. In any case, these studies promote the idea that annexin A2 is an
interesting therapeutic target in angiogenesis and tumor progression [31], although they dramatically
complicate the landscape with regard to the identity of the real CTX receptor. In addition, while annexin
A2 is involved in cell proliferation, migration and invasion, not much is known about how CTX binding
to annexin A2 may hamper glioma invasion in the brain.

All these potential CTX receptors appear to be over-expressed in other tumors. This is the case of
MMP-2 in breast, colon, skin, lung, prostate and ovary cancers, but also for annexin A2 in colorectal,
pancreatic prostate and lung cancers, and hepatocellular and squamous cell carcinomas. This may
explain why CTX also targets other cancer types [5,9,14,15,18,21,32] (Table 1). The multiplicity of
claimed “true” receptors of CTX may seem disturbing at once unless one considers that they are all part
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of the same receptor complex. While MMP-2 and annexin-2 are all possible receptors at this stage, it is
worth mentioning, however, that most animal toxins target ion channels. It may therefore come as a
surprise that CTX may target (a) receptor(s) of a different nature than ion channels. Regardless of the
nature of the true CTX receptor, the mechanism of CTX action on glioma needs refinement; most likely
by a complete structure-function analysis that sorts out the structural determinants of CTX involved in
binding on each one of these multiple potential receptors.

5. Targeted Imaging of Glioma by CTX

The first step in glioma treatment is surgical removal of the tumor mass if possible. Because of its
great tendency to invade the normal brain tissue, it is very difficult for a surgeon to remove the entire
tumor without leaving some cancerous cells located outside of the main tumor mass. Cancer cells that
could not be removed by the surgeon will unavoidably cause the formation of new tumor mass(es)
provoking the relapse of the patient. This is the reason why molecular tools for glioma detection and
imaging are needed to provide efficient help to the surgeon and to evaluate the benefit of a different
treatment than surgery. CTX is a small neurotoxin peptide that selectively binds to glioma cells. As it
can be chemically synthesized and easily modified with appropriate imaging or therapeutic functions,
several reports demonstrate that it can be used as a tool for glioma detection and imaging [14,27,33-41].

On the basis of this principle, three types of compounds have been designed. The first type is composed
of CTX covalently coupled to a fluorescent indicator, Cy5.5. This tool should allow a surgeon to directly
visualize cancer cells in real-time during tumor resection [14,33,34]. The second type of compound is
composed of a Magnetic Resonance Imaging (MRI) contrast agent coupled to CTX as targeting
ligand [27,35,36]. Finally, the third type of complex is composed of multifunctional nanoparticles, generally
MRI contrast agents associated with optical imaging or therapeutic agents, together with CTX [37—41].

“Tumor paint” is a complex of CTX (as targeting agent) and Cy5.5, a near-infrared fluorescent
(NIRF) molecule, first described by Veiseh ef al. [14]. While CTX is able to specifically bind to glioma
and related tumor cells, it cannot be detected in the absence of a convenient marker. Cy5.5 is an
interesting marker because it emits photons in the near-IR spectrum. These types of photons have the
particularity to be poorly absorbed by water and hemoglobin, making them compatible with intraoperative
imaging. Bioconjugation of CTX to Cy5.5 was performed via NHS ester crosslinking. Cy5.5 NHS ester
will react with CTX primary amines to form CTX-Cy5.5. The trouble with this approach is that there
are four primary amines on CTX (three lysine residues (Lys'®, Lys? and Lys?”) and the N-terminal amine
group) that are all able to react with NHS ester CyS5.5, thus potentially yielding a mixture of mono-,
di-, and tri-labeled peptides. Although it can be envisioned to use a mixture of labeled peptides to detect
pathological tumor masses, it is technically challenging and costly to reproducibly preserve the exact
ratio between these different labeled compounds [33]. A solution to this problem has been proposed by
Akcan et al. [34]. In their report, they substituted the lysine residues at position 15 and 23 by alanine or
arginine. These two lysine residues were targeted because they react minimally with Cy5.5 NHS esters.
The conditions of labeling with Cy5.5 were chosen in such a way that the N-terminal primary amine was not
labeled. According to this procedure, they obtained monolabeled CTX with Cy5.5 grafted onto Lys?’ only.
Cy5.5 labeling of a non-mutated, but cyclized CTX surprisingly also yielded a monolabeled peptide [34].
All these generated compounds (the original tumor paint CTX-Cy5.5 multi-labeled compound, the
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mono-labeled mutated CTX, and the cyclic labeled CTX) have kept their ability to target tumor cells.
More studies have been conducted with the tumor paint CTX-CyS5.5 compound on both toxicity and
biodistribution [14]. The bioconjugate is homogeneously distributed in mice upon IV injection. Renal
accumulation could be observed, but not to abnormal levels since CTX itself is eliminated in the urine.
No toxic effect was observed two weeks after exposure to CTX-CyS5.5 in mice. This compound will progress
towards use in human clinical trials. It should ease the definition of glioma boundaries upon surgery and
hopefully increase the mean survival time of the operated patients that may benefit of this technology.

MRI contrast agents are needed to visualize the precise glioma localization within the brain and
determine the exact size of the tumors. Gadolinium ions (Gd(III)) are widely used MRI contrast agents
when chelated in appropriate molecular cages (e.g., Gd(III)-diethylenetriaminepentaacetic acid (Gd-DTPA)
from Magnevist and Gd(III)-N,NO,N00,NO0O-tetracarboxymethyl-1,4,7,10-tetraazacyclododecane
(Gd-DOTA) [36]. They are stable and have low molecular weights. However, they are rapidly eliminated
and do not possess intrinsic targeting abilities. In order to enhance the retention time of these Gd-based
contrast agents in mice and add a targeting function to the contrast agent, Huang et al. created a
dendrigraft poly-L-lysine (DGL) compound [36]. DGL is a L-lysine dendritic macromolecule that carries
both Gd chelates and CTX. This compound allows a better uptake of the contrast agent by tumor cells
and provides a targeting cancer cell property to the macromolecule. The retention time in the tumor was
enhanced as expected and greater signal intensity was recorded. This compound shows no apparent
toxicity, making it a good candidate as MRI contrast agent for glioma detection in the future.

Finally, nanoprobes have been used as MRI contrast agents as well. Contrary to Gd chelates,
nanoprobes provide a better resolution of the edge of the tumor thanks to an improved cellular uptake
and a slower clearance at the tumor site [35]. Nevertheless, they similarly do not possess any intrinsic
tumor-targeting ability so that they seem to preferentially label the reticulo-endothelial system
surrounding the tumor site. In order to overcome this problem, a new nanoprobe composed of an iron
superoxide particle, coated with polyethylene glycol (PEG), and conjugated with CTX was designed [35].
The efficiency of this nanoprobe was evaluated in vifro and in vivo in mice. It shows a real
improvement in tumor targeting efficiency compared to nanoprobes lacking CTX conjugation. These
CTX-functionalized nanoprobes have no detectable toxic effects. The most interesting thing about these
nanoprobes is that not all the PEG molecules are used to fix CTX. These nanoprobes can therefore be
used as a conjugation platform not only to target and identify cancer cells, but also to fight cancer cells.
It is with this view in mind that the same research group has designed improved nanoprobes [37,38].
This enhanced version of the nanoprobes [37] has better characteristics: (i) the probes pass the BBB or
the BBTB and present reduced opsonisation properties; (ii) they are composed of biocompatible material
and (iii) contain CyS5.5, an additional diagnostic component. This new nanoprobe offers combined MRI
detectability and near-IR fluorescent detection. Because this compound has a demonstrated residency
time exceeding five days in cancer cells, it would allow preoperative diagnostics, followed by intra-operating
imaging during tumor resection and post-operative control. Moreover, with such a nanoprobe platform,
there is additional room for further chemical functionalization in order to have other specific applications.
Cy5.5 is not the only dye that has been used to create multifunctional superparamagnetic iron oxide
nanoparticles. Fluorescein isothiocyanate (FITC) has also been successfully added to this type of
nanoparticule [39]. Regarding the emission spectra of FITC, this nanoprobe can only be used in vitro.
A good discrimination between glioma cells and healthy tissue has been described for this compound.
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Table 2. Summary of various compound made with CTX.

Types of link Cargos Application References
lod. Radioth d
e Adiotherapy and 13 g 1528 32,35,40,42,43]
1,71 Imaging

Fluorescent dyes
Cy5.5 Imaging and detection [14,15,29]
Covalently Oregon green

link to Drugs

Platinium Therapeutic [44,45]
Anticancer drugs
Biotine Immunostaining detection [15]
Nitric oxide Therapeutic adjuvant [46]
Nanoparticle
Iron superoxides core MRI contrast agent [34]
Multifunctional nanoprobes + MRI contrast agent and [13.36.37]
Fluorescent dyes (Cy5.5, FITC, Alexa fluor) imaging agent T
Covalently Mul.tifunctional nanoprobes + cDNA MRI contrast agent and 38.47]
link to a or siRNA therapeutlc
vehicle ~ Multifunctional nanoprobes + Methotrexate Therapeutic and MRI [39]
contrast agent
PEI core + cDNA+ Fluorescent dyes Therapeutic and imaging [48,49]
Liposome Doxorubicine loaded Therapeutic [50]
Dendrigraft poly Lysine With Gadelinium MRI contrast agent [33]
Empty capsule of hepatitis B Future therapeutic vector [51]

Besides imaging tumors, multifunctional nanoparticles have also been designed for cancer treatment
(Table 2). Instead of a dye or other markers, drugs or siRNA, DNA is being used. Since the main interest
of this type of compound is the therapeutic area, more details will be given in the next section.
Developing dual imaging/therapeutic molecules based on CTX is of course not exclusively limited to
multifunctional nanoprobes since '*'I-TM601, a radiolabeled CTX, designed at first for radiotherapy of
glioma, has shown an evident efficacy to visualize brain tumors by SPECT [27]. More details on this
compound will be provided in the following subsection.

6. Chlorotoxin as Therapeutic Targeting Peptides

After glioma surgery has been performed, the next step to treat glioma is radiotherapy with or without
chemotherapy. In this area, CTX is also used as a targeting peptide to precisely deliver a therapeutic
agent or radionuclides (Table 2).

The first CTX compound developed was *'I-TM601. It entered clinical trial in 2002 in the USA.
This compound is made of a synthetic version of CTX named TM-601 on which iodination was
performed on Tyr?. 1*1I-TM601 is the subject of several publications [3,9,27-29,32,42,43,52], and many
patents have been filled in to protect its use as a therapeutic drug. The Phase I study was conducted to
determine the safety, biodistribution, tolerability and dosimetry of intracavitary injection of *'I-TM601
in adult patients affected with high grade glioma [42]. A single dose of intracavitary administration of
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10 mCi of 3'I-TM601 (0.25 to 1 mg of product) seems to be well tolerated. This result demonstrated the
safety and the good tolerance of the patients to the product over the 180-day period observation.
However, three of the eighteen patients developed adverse effects that were imputed to the mode of
administration (through an Ommaya reservoir) rather than to '*'I-TM601 itself. These adverse symptoms
include high fever, chills, mild cerebral edema on computed tomography (CT), and infection of the
tumor resection cavity. None of these secondary effects have impaired the continuation of the study.
As expected, *'I-TM-601 accumulated in the tumor cavity margin. As such, radiation doses to normal
tissue organs were insignificant. As no major toxicity and no death due to '*'I-TM-601 have been
reported, the FDA allowed the trial to go to Phase 111 [9,42,43]. An FDA approval has also been obtained
to investigate the effect of TM601 on newly occurring glioma. According to TransMolecular
Incorporation, TM601 is extremely stable, presents no immunogenicity and lacks toxicity in humans.
This stability issue has been probed by the group of Olson that demonstrates that 70% of CTX remained
intact after 24 h incubation in human serum at 37 °C, indicating the relative resistance of the peptide to
peptidases [34]. The excretion route appears to be through the urinary tract. The benefit of the treatment
with TM601 would be a two-fold increase in the patient’s lifespan, which is by itself a considerable
advance considering the devastating rapid progression of the disease when diagnosed. Parallel to this
trial, the same team has worked on an intravenous injection protocol of this product but this time with
an imaging application in perspective (described earlier in our review) [27]. Interestingly, intracranial
injection of *'[-CTX detects brain tumors by gamma-ray scintigram scans in vivo, but also labels the
stomach, indicating that the molecular target of CTX is also expressed in this organ. So far, TM-601 is
the only derivative of CTX for which human clinical studies are partially published.

Besides the clinical trial of '3*'I-TM-601, many other CTX applications have been described that may
be potentially useful to treat glioma. A large proportion of them rely on the administration of therapeutic
agents, cDNA or siRNA to block oncogene expression, thanks to the use of nanoparticles [40,41,47-49,53].
The use of two types of nanoparticles has been reported: (i) with a polymer core or (ii) an iron superoxide
core (multifunctional nanoparticles). Polymers such as polyethylenimine (PEI) or poly(amidoamine)
(PAMAM) have been used to administer cDNA to cancer cells [48,49]. These vectors have shown some
success for internalization and transfection of cancer cells, providing researchers with a viable alternative
to viral infection. Many differences underlie nanoparticles formed with polymer or iron cores, such as
size, surface charge and surface composition, but the most interesting one resides in the fact that the iron
core particle can also be used for MRI. In addition also, superparamagnetic iron oxide nanoparticles can
be used for hyperthermia therapy of cancer cells. Thus, Veiseh and collaborators have designed two new
nanoprobes based on the same platform (coated iron superoxide particles conjugated to CTX) that can
be used as MRI contrast agent and deliver therapeutic agents (such as methotrexate and siRNA) to
glioma cells [40,41]. Both compounds accumulate in glioma cells with a concomitant increase in
methotrexate toxicity for nanoparticles coated with this anti-tumor agent and a better knock-down for
the siRNA nanoprobe. Another team has worked on targeted gene therapy thanks to this multifunctional
nanoparticle and successfully showed cell transfection with a plasmid coding for Green Fluorescent
Protein. They prove that the use of this vector induces an improved selective uptake by cancer cells and
thereby a better gene expression [47]. With these nanoprobes, the effect of the glioma treatment can be
followed by MRI by inspecting nanoprobe accumulation in tumor cells. Other nanovectors have been
described that contain CTX [13,51]. In these studies, while CTX is used for its vectoring properties,
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the complexes developed do not contain any cytotoxic agent. One first type of nanoparticle described
has a rather classic composition since the iron nanoparticle is coated with PEG on which CTX and
alexafluor 680 have been grafted [13]. A second type of study reports a particle with an original
composition since it contains an empty capsule of hepatitis B virus on which a Fc antibody fragment
was adsorbed [51]. It is on this antibody fragment that CTX has been conjugated. These types of particles
show preferential binding onto glioma cells and the mere presence of CTX is sufficient to inhibit the
invasion of these cancer cells. Further development of these compounds is needed to lead to new
therapeutic vectors with CTX as targeting agent.

Nanoparticles are not the sole vectors useful to administer therapeutic agents to glioma. Xiang et al.,
describes the administration of doxorubicin to cancer cells using liposomes labeled with CTX as a
vehicle [50]. This vector leads to a better accumulation of doxorubicin in cancer cells and increases the
toxic effect. Key results presented in this manuscript are of obvious interest since they circumvent the
use of nanoparticles that have unknown effects in the human body following long-term administration.

Nanoparticle-based therapies are as a matter of fact less likely to enter clinical phase trials than more
classical compounds. In other reports, making more direct use of the glioma targeting properties of CTX,
the peptide has been covalently linked to active anti-tumor agents [45,46]. Graf ef al. [45] describe the
synthesis of a platinum (IV)-CTX conjugate. This compound was designed in order to create an equally
effective analog of cisplatin. Cisplatin is one of the most widely used anticancer drugs that,
unfortunately, has major negative side effects. This led researchers to find related analogues without
the major drawbacks associated to cisplatin. Thus, in this report from Graf and collaborators,
platinum (IV)-CTX conjugate has a cell toxicity closely related to the one of cisplatin with the add-on
benefit of glioma targeting. Although the results look promising, additional studies have to be conducted
to fully characterize this compound. Another recent report describes an innovative use of CTX [46]. This
time, CTX is covalently bound to nitric oxide (NO) to form a diazeniumdiolate NO donor (the NO first
reacts with free amines of CTX to form radicals which then react with another NO molecule to form the
diazeniumdiolate compound) [54]. This compound is not meant to act as an anticancer drug but to induce
chemo-sensitivity to the targeted cell. Thus, a subsequent administration of temozolomide or carmustine,
two anti-tumor drugs, will improve the toxicity of these drugs towards glioma cells and, in any case,
exceed the one observed in the absence of CTX-nitric oxide treatment. This compound is designed to
locally enhance the toxic effect of known anticancer drugs. This article opens a new field of possibilities
to treat cancer although the mechanism of action of NO has yet to be elucidated.

7. Chlorotoxin-Like Toxins

Although many studies have attempted to analyze the mechanisms of action of CTX,
structure-activity relationship studies are still curiously lacking. As CTX seems a promising lead
compound to fight solid cancer, researchers have looked for the existence of other venomous toxins that
may have the same potential as CTX. While quite a few peptides were identified, based on sequence
homology and/or mode of action [55-58] (Table 3), only four of them share the CTX-reported activity
on chloride channels. This is the case for AaCtx from the venom of Androctonus australis scorpion [59],
BmKCTa from the venom of Buthus martenzii scorpion [60,61] and GaTx1 and GaTx2 both originating
from the venom of Leiurus quinquestriatus scorpion [62,63] (Figure 2).
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AaCtx Chlorotoxin

Figure 2. 3D Representation of CTX and the other chlorotoxin like peptide. 3D structure
were obtain from pdb files for Chlorotoxin (1CHL), from model of SWISS-MODEL
Repository [65—69] for BmKCta, GaTX1 and GaTx2, and from model build by homology
with CTX using @TOME V2 [64] and modeller for AaCtx.

AaCTx is a small peptide composed of 34 amino acid residues. It is present in a low concentration
(0.05%) in the venom of Androctonus australis. It also contains eight cysteine residues, all engaged in
disulfide bridges with a pairing pattern that is identical to the one observed in CTX. This toxin has 61%
identity (75% sequence homology) with CTX. Overall, the amino acid sequence of AaCtx differs from
that of CTX by 12 amino acids, which induce a change in the net charge of the peptide of +4 for AaCtx
vs. +3 for CTX. Rjeibi et al., characterized this peptide more precisely [59]. They investigated a potential
neurotoxic effect in mice. Intra-cerebroventricular injection of 1 pg AaCtx produces no toxic symptoms.
With regard of the high dose used in this study, these authors considered AaCtx as non-toxic for
mammals. They also considered the effect of AaCtx on glioma cell migration and tissue invasion.
They found a dose-dependent inhibition of migration and invasion with an ICso of 125 uM and 10 uM,
respectively. CTX acts on both processes at a lower concentration (600 nM) [8], indicating that AaCtx
has a lower efficiency than CTX. A rapid screening for a mechanism of action of the peptide on migration
and invasion of glioma cells did not reveal any evident effect on the extracellular matrix proteins
(fibronectin, fibrinogen, vitronectin, laminin and collagen type IV). The authors made the assumption
that AaCTx blocking effect on invasion and migration was due to a blockage of chloride channels.
They linked the difference in net charges with CTX and also the substitution of acidic amino acid by
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neutral ones to the lower activity of AaCtx. Obviously, and again, only complete structure-activity
relationship studies will be able to confirm the relevance of chloride channels as therapeutic target of
these scorpion toxins.

BmKCTa is a component of the Chinese scorpion Buthus martenzii karsh. The venom of this scorpion
was shown to induce glioma cell apoptosis and inhibit glioma tumor growth in vivo. Many bioactive
compounds have been identified in this venom and there are still more to come [70,71]. The first
description of BmKCTa dates back to the characterization of the cDNA sequence encoding it [60]. This
peptide is composed of 36 amino acids and shares a high 68% sequence identity with CTX. It was first
expressed in a bacterial system, and acute toxicity assays in mice were performed in 2005. An LDso
value of 4.3 mg/kg was determined in mice [61]. BmKCTa is, without any doubt, the most investigated
CTX-like peptide. Comparative toxicity studies on glioma cells and astrocytes, patch-clamp experiments,
and histological analyzes were conducted to further define the properties of this peptide and assess its
potential as a therapeutic agent against human gliomas. BmKCTa inhibits SHG-44 glioma cell growth
in a dose-dependent manner with an ICso of 0.28 pM while the ICso for normal astrocytes is 8 uM. This
result indicates the extent of cell specificity in the toxicity of BmKCTa for glioma cells. In parallel,
whole-cell patch-clamp recording shows the inhibiting effect of BmKCTa on chloride currents in
SHG-44 cells. The histological analysis of BmKCTa in mice demonstrates that brain, skeletal and
cardiac muscles are all target organs [72]. Similarly to CTX, BmKCTa is of potential interest as
therapeutic agent against glioma and has also been found to bind to MMP-2 [73,74]. Both of these
similitudes have led to the development of a compound based on BmKCTa to treat and image
glioma [75]. An international patent has been filled in to use BmKCTa as an anti-tumor translocation
peptide [76].

GaTx1 and GaTx2 are two toxins extracted from the venom of the Leiurus quinquestriatus hebraeus
scorpion. GaTx1 is a peptide of 34 amino acid residues (79% homology sequence with CTX), which
acts on cystic fibrosis transmembrane conductance regulator (CFTR). This receptor is a member of the
ABC family but also possesses intrinsic CI” channel activity. It is known for its implication in cystic
fibrosis. GaTx1 is a specific inhibitor of the CFTR channel that acts through reversible binding on a
receptor site localized on the cytoplasmic side. It provides researchers with an interesting molecular tool
for quantitatively dissecting the functional role of CFTR [62]. GaTx2 is a peptide of 29 amino acids that
has poor sequence homology with CTX (38%). It is, however, also described to act on another CI”
channel (CIC-2) than CTX (CIC-3) [63]. This channel is a member of the same family of chloride
channels as CIC-3, and is also up-regulated on the glioma cell surface. Its physiological role, however,
remains undefined although it can reasonably be assumed to play a similar role as CIC-3 in glioma cell
invasion and migration [26]. GaTx2 inhibits CIC-2 by slowing its activation, and the resulting inhibition
is voltage-dependent. Interestingly, the GaTx2 sequence was described earlier in 1997 under the name
of leiuropeptide II without undergoing extensive characterization [77]. Nevertheless, GaTx2 can be used
as a pharmacological tool to help determine the role and localization of CIC-2 channel in cells. It may
serve as a scaffold/vector to design drugs that target CIC-2 channels. It is worth mentioning that because
CIC-2 channels are also highly expressed in glioma cells [18] indicating that this toxin should also
possess glioma-targeting properties. This remains to be tested of course.

Apart from these four toxins, two other animal toxins are worth mentioning here. First, Lqh-8/6
isolated from the venom of Leiurus quinquestriatus hebraeus scorpion, and Bs14 isolated from the
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venom of Buthus sindicus scorpion. Both are small peptides of 38 and 36 amino acids, respectively.
They both share a high sequence and structure similarity with CTX (72% and 61% sequence identity,
respectively). Each of them has eight cysteine residues in its sequence leading to the same compact
folded structure and disulfide pairing pattern found in CTX. All of this evidence suggests that chloride
channels should be their natural targets. However, at the current time, only the structures of these toxins
have been studied, leaving us with the hope that new CTX toxin analogues, also possessing glioma
targeting properties, will soon be discovered.

8. Conclusions

Since its discovery, CTX has been established as a promising tool to foster research on glioma.
Although its mechanism of action is far from being fully elucidated, many applications have emerged to
use its cancer-targeting properties. So far CTX has been linked to nanoparticles, radioisotopes and
fluorescent molecules. In addition, it has been used to enhance the efficacy of already existing anti-tumor
molecules and conjugated to active drugs to create new, more effective ones. One compound
(*'1-TM601) is already in Phase III of clinical trial. Other positive clinical perspectives for CTX or
CTX-like toxins, include diagnosis by tumor paint using the reputed Cy5.5 dye or still more infrared-friendly
dyes, tumor treatment with '*'T and possibly the grafting onto CTX of other cytotoxic agents regularly
used in clinics for cancer treatment such as cisplatin-like compounds, anthracyclines, or reactive oxygen
species. All of this effervescence demonstrates the keen interest surrounding this toxin. CTX is one of
the first target compounds that is not an antibody or an antibody fragment. Natural selection has made
CTX very adapted to insects and other invertebrates but with only a small link to humans. This has led
to a small, compact, highly diffusible peptide that can cross the BBB or the BBTB with so far no evident
signs of toxicity for normal human cells. The issue of how well CTX crosses the BBB or the BBTB
remains to be seriously investigated, as both proper cancer cell labeling and treatment will also require
the targeting of cancer cells at the invasion front or at secondary tumor sites where the BBB may be well
preserved. Obviously, CTX is not perfect. While it can inhibit tumor invasion, CTX cannot kill cancer
cells on its own, obliging scientists to perform a complicated and costly work in designing and chemical
grafting of compounds that provide this desired toxic property to the new molecules. Another point that
needs to be addressed in the future is the absence of detailed structure activity relationship studies between
CTX and its numerous potential targets. The absence of relevant information complicates the definitive
identification of the real cell surface marker of glioma cells and will limit for some time the unambiguous
identification of CTX-like toxins and their resulting characterization in the frame of glioma detection,
diagnosis, imaging and treatment. Regarding the promising results obtained so far with CTX, there is no
doubt, however, that more studies will be initiated in a few years to finalize the identification of the CTX
target. Another source of hope consists of chlorotoxin-like toxins. It looks as if they are a promising
reservoir of biologically active peptides with characteristics similar to or resembling those of CTX.
In addition, since the vast majority of scorpion venoms remain to be characterized, there are still many
more new compounds that will soon emerge with the same therapeutic promises, possibly targeting other
ion channels of interest, such as Ca**-activated small conductance K* channels. Animal toxins may soon
become an interesting source of promising therapeutic substances like plants have been before. CTX is
on its way to definitively establish itself as a proof of concept of this emerging theory.
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Monitoring intracellular pH has drawn much attention due to its undeniably important function in cells. The
widespread development of fluorescent imaging techniques makes pH sensitive fluorescent dyes valuable
tools, especially red-emitting dyes which help to avoid the overcrowded green end of the spectral band.
Herein, we present H-Rubies, a family of pH sensors based on a phenol moiety and a X-rhodamine
fluorophore that display a bright red fluorescence upon acidification with pK, values spanning from 4 to
9. Slight structural modifications led to dramatic changes in their physicochemical properties and a
relationship between their structures, their ability to form H-aggregates, and their apparent pK, was
established. While molecular form H-Rubies can be used to monitor mitochondrial acidification of
glioma cells, their functionalised forms were linked via click chemistry to dextrans or microbeads
containing a near infrared Cy5 (Alexa-647) in order to provide ratiometric systems that were used to
measure respectively the phagosomal and endosomal pH in macrophages (RAW 264.7 cells) using flow
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Introduction

Intracellular pH plays many different and important roles in
cellular activity and is especially involved in ion transport,*
apoptosis,>® multidrug resistance* and muscle contraction.>*
Moreover, abnormal intracellular pH values are also associated
with diseases such as Alzheimer's” and cancer.*® Monitoring
variations of intracellular pH in living cells is therefore of the
utmost importance and is an essential parameter for studying
phagocytosis,’® endocytosis and consequently cellular
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internalisation pathways. Fluorescence spectroscopy and fluo-
rescence imaging techniques have many advantages including
high sensitivity, high spatial and temporal resolution and are
not destructive to the cells. As such, molecular fluorescent pH
indicators have become indispensable tools for observing pH
changes in cells. Although many fluorescent indicators have
already been developed (for an extensive review see: Han and
Burgess),"? several factors have to be taken into account in order
to achieve efficient use within cells, including solubility in
biological media, hydrophobicity, photostability and bright-
ness. Our recent efforts to develop functionalisable red emitting
fluorescent sensors**™** were driven by the increasing use of cells
transfected with green or yellow fluorescent proteins (FPs), thus
allowing multicolour imaging. Whilst recent progresses have
been reported in the development of red emitting genetically
encoded pH sensors,'® there is still a demand for efficient
molecular red fluorescent indicators. Among red-shifted fluo-
rescent pH sensors, cyanines suffer from a weak photo-stability.
Benzoxanthene dyes like SNARF, act as ratiometric probes but
generally suffer from weak quantum yields. In contrast, red-
emitting BODIPYs have recently attracted special attention due
to their photostability and high brightness.'”*® Having said this
they tend to suffer from high lipophilicity making them ineffi-
cient for cellular experiments as their apparent pK, shifts in
lipophilic environment.*

In his review, Han et al.*> pointed out that despite their
advantageous spectral properties, pH probes based on rhoda-
mine were not extensively developed.” Rhodamine-based pH

This journal is © The Royal Society of Chemistry 2015
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probes mostly rely on the spirolactam ring opening principle,
generally yielding pH sensors with high dynamic ranges but low
pK, values as well as high hydrophobicity due to their neutrally
charged OFF state.*'¢

A key criteria for a pH sensor is its pK, value, which should
be in the physiological range. While the cytosol and some other
cellular compartments, such as the nucleus and endoplasmic
reticulum maintain their pH at ~7.2, endosomes, lysosomes
and secretory vesicles on the other hand are acidic environ-
ments with the pH ranging from 4.5 to 6.7. Conversely, alkaline
pH can be found in mitochondria (~8),”” phagosomes of
dendritic cells**?® and neutrophils.*® As such, a collection of pH
probes with a large range of pK, values is required in order to
extend the scope of their application and thus a straightforward
method of tuning their pK, values without tedious chemical
modifications would be a necessity. Finally, the large majority of
fluorescent pH sensors do not offer an orthogonal and specific
site of attachment required for functionalisation. Many
common pH probes are too lipophilic and tend to compart-
mentalise in hydrophobic domains of the cell, however, to date
no alternative methods of functionalisation have been
proposed. In this report we present the development of a new
family of red-emitting pH probes based on X-rhodamines and a
phenol moiety as the pH reporter (see abstract scheme). In
addition to their pK, values ranging from ~4 to ~9, these ON-
OFF type pH sensors, based on the PET (photoinduced electron
transfer) quenching phenomena, exhibit high brightness in
their acidic phenol form and can display very high turn ON of
their fluorescence thanks to the formation of dark soluble H-
aggregates in their OFF state. Among this new family, a number
of H-Rubies were designed to bear a linker allowing the func-
tionalisation of dextran and microbeads in order to measure the
PH in living cells.

Results and discussion
Synthesis of phenolic X-rhodamines

ON-OFF pH probes generally require a pH-sensitive moiety
whereby protonation/deprotonation modifies the quantum
yield of a linked fluorophore either through PET (Photoinduced
Electron Transfer) quenching phenomena or ICT (Internal
Charge Transfer). Among these pH-sensitive moieties, phenol is
the most popular as illustrated by the wide use of fluorescein
and its derivatives: FITC, BCECF, etc. Moreover, the pK, of
phenols can be easily lowered and tuned to a biologically rele-
vant range by introducing proper electron-withdrawing groups
on the phenyl ring. Boens' group successfully converted an
ortho-chlorophenol to obtain a pH-sensitive BODIPY with a pK,
of 7.6.* Only few examples of phenolic rhodamines are given
in the literature®* and none of those were exploited as pH
probes, leading us to investigate the potential efficiency of
these entities as fluorescent pH sensors. The red-emitting
fluorophore X-rhodamine was chosen for its highly desirable
spectral properties including a high molar absorption, high
quantum yield and good photo-stability as well as its reduced
hydrophobicity compared to BODIPY. Thus, an initial set of 9
X-rhodamines was synthesised from hydroxybenzaldehydes

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Structures of the synthesised X-rhodamines and the first set of
H-Rubies.

and hydroxynaphthaldehydes (for synthesis see ESIT). The
use of phenyl-imidazol and (N-alkylated)-phenyl-pipera-
zine**?** as alternative pH-sensitive indicators was also
explored giving rise to X-rhodamines: Imidazole, Pip-H and
Pip-Alkyne (Fig. 1).

The spectral properties and pK, values obtained for this first
set of synthesised fluorophores are given in Table 1. Although
X-rhodamine Imidazole did not behave as a fluorescent pH
sensor (no significant variation of fluorescence intensity upon
protonation), phenyl-piperazine and phenol-based X-rhoda-
mines displayed clear pH sensitivity. Despite its physiologically
relevant pK, value and the capacity to be functionalised, Pip-
Alkyne was not developed further as its dynamic range (3-fold)
was found to be much lower than those obtained with phenol-
based X-rhodamines.

Structure/properties relationship of H-Rubies

Absorption spectra of H-Rubies at different pH values provided
us with information regarding their aggregation states (Fig. 2)
since rhodamines can form different patterns of aggregations
including H- and J-aggregates.*>*® The observed broadening of
absorption spectra for HR-pOH clearly indicated the formation
of non-defined aggregates at high pH values. This could be
explained by the equilibrium between the zwitterionic pheno-
late form and the neutral, hydrophobic and planar quinone
form (Fig. 2C). With regard to its isomers HR-mOH and HR-
0O0H, the neutral quinone forms cannot be formed due to the
impossible delocalization of the electrons in the HR-mOH form
and a twisted structure imposed by hindered sterical effect in
HR-00H; therefore, their absorption spectra only display slight
changes upon deprotonation with no sign of aggregation
(Fig. 2A and B). Interestingly, absorption spectra of HR-Br at pH
values above its pK, exhibited a second band indicating
formation of soluble H-aggregates (Fig. 2D). Basic forms of HR-
Cl and HR-Br both form H-aggregates, the stabilisation of which
could be attributed to intermolecular halogen bonding®"**
between the electron-rich oxygen of the phenolate and the
halogen atom forming typical head to head H-aggregate dimers.
It is also noted that H-Rubies that forms H-aggregates in their
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Table 1 Spectral and physico-chemical properties of the first set of synthesised X-rhodamines (5 uM in MOPS 30 mM, 100 mM KCl)*

AabSmax hem? Log ¢ (AabSmax) Dynamic Dynamic
Compound (nm) (nm) M tem™) ) Don/ Porr range® range @ pH =+ 1 pKy pKa
HR-pOH ON’ 576 587 4.78 0.55 9 34 30 8.97
OFF° 579 598 4.53 0.06 +0.05
HR-mOH ON’ 578 602 4.70 0.30 3 132 75 9.33
OFF¢ 577 603 4,63 0.11 +0.13
HR-00H ON’? 581 603 4.89 0.75 3 866 460 9.68
OFF° 579 603 4.69 0.27 +0.17
HR-Me ON’ 574 597 4.71 0.09 High 955 833 8.75
OFF* N/A® 598 N/A# N/A" , +0.16
HR-OMe ON’” 577 598 4,72 0.22 8 302 N/A! N/A!
OFF° 576 600 4.74 0.03
HR-C1 ON’” 579 601 4.68 0.47 High 753 512 6.17
OFF° 544 599 4.52 N/A" +0.10
Hr-Br ON? 581 601 4.39 0.55 High 384 291 6.51
OFF° 544 600 4.40 N/A" +0.10
p-Nph ON’ 581 600 4.79 0.28 6 23 9.7 8.51
OFF° 579 602 4.34 0.05 +0.17
0-Nph ON’ 584 604 4.43 0.77 8 337 166 8.73
OFF¢ 576 604 4.46 0.10 +0.17
Pip-H ON’ 578 600 4.88 0.16 4 6 3.9 8.67
OFF¢ 579 601 4.84 0.04 +0.07
Pip-Alkyne ON’ 577 600 4.98 0.34 2 3 1.9 4.95
OFF° 579 602 4.45 0.15 ‘ , , +0.09
Imidazole ON’? 583 609 4.80 0.40 N/A N/A N/A N/A
OFF° 584 608 N/A N/N

“ ¢ = molar extinction coefficient, 2 = wavelength, ® = quantum yield. * Protonated form: pH 4. ¢ Deprotonated form: pH 10. ¢ Excitation at 535 nm.

¢ [(Imax —
" Non-fluorescent. ' pK, value was too high./ No pH sensitivity.

basic forms have significantly enhanced acidity. For example,
HR-Br is 1000-times more acidic than HR-pOH. This difference
in acidity cannot be exclusively attributed to the electronic
withdrawing effect of the bromine atom. These results tend to
suggest that H-aggregation stabilises the basic forms of H-
Rubies and hence, enhances their acidity. In this line of
thought, since aggregation is concentration dependent, absor-
bance spectra and titration curves of HR-Br were measured at
different concentrations of dye ranging from 500 nM to 5 uM
(see Fig. S3 and S4t). The results showed that aggregation of
basic form occurred at concentration above 500 nM and
impacted the pK, which varied from 6.5 at 5 pM to 7.3 at 500
nM. Moreover at a concentration of 500 nM where no aggre-
gation of the basic form occurs the fluorescence enhancement
was diminished as the OFF state was only due to the PET
quenching phenomenon. H-aggregates are virtually non-fluo-
rescent and thus, for the H-Rubies that are able to undergo
this type of aggregation, this property can confer impressive
levels of fluorescence enhancement (dynamic range) between
their basic and acidic forms making them promising pH
sensor for bio-imaging purposes. By controlling the H-
aggregation of fluorophores one can achieve highly sensitive
fluorogenic systems with a pronounced turning ON of fluo-
rescence upon de-aggregation. This principle has been
successfully used for bioimaging of ligand-receptor interac-
tions** and was also applied in monitoring intracellular pH
with fluorogenic polymers.*
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Imin)/Imin] With I = fluorescence intensity.f Fluorescence enhancement between +1 pH unit around the pK, value. ¢ Broad absorbance.

Synthesis of functionalised H-Rubies

Despite the first phenol-based X-rhodamines yielding excellent
results as fluorescent pH probes, the importance of the ability to
functionalise such fluorescent sensors must be emphasised and
thus, the basic principle was pushed further in order to develop
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Fig. 2 Absorption spectra of (A) HR-oOH, (B) HR-mOH, (C) HR-pOH
and (D) HR-Br at 5 pM in MOPS 30 mM, 100 mM KCl at different pH and
their basic form (blue) and acidic form (red) structures.
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Fig. 3 Synthesis and structures of the functionalisable H-Rubies: (a)
NHS, DCC, THF; (b) amine, DIEA, DMSO; (c) 8-hydroxyjulolidine, PTSA,
propionic acid then p-chloranil, DCM/MeOH (1:1); (d) 8-hydrox-
yjulolidine, TfOH, DCM, then p-chloranil.

functionalisable H-Rubies. For this purpose, a linker was added
at the ortho position of the phenol via an amide bond: a mild
electron-withdrawing group that would ensure the conservation
of a biologically relevant pK,. For this new set of functionalis-
able H-Rubies, 5-formylsalicylic acid 1 was converted into its
activated ester 2 onto which were condensed primary and

View Article Online

Chemical Science

secondary amines bearing one or two orthogonal functions.
Once the desirable aldehydes were obtained, they were trans-
formed into their corresponding X-rhodamines with a custom
optimized methodology allowing us to obtain the H-Rubies with
yields of up to 93% (see ESIT). This new set of sensors can be
categorised as follows: alkynes and azides, allowing linkage via
bio-orthogonal Huisgen cycloaddition “click chemistry”; acids
that can be coupled with amines and bifunctional H-Rubies,
bearing two different functional groups (Fig. 3). Among the
bifunctional H-Rubies that were developed is an Fmoc-pro-
tected Lysine H-Ruby (HR-LysF), which can be incorporated into
a peptide sequence.

Structure/properties relationship of functionalisable H-
Rubies

Once again, it was noticed that slight modifications of the base
structure led to dramatic changes in the photophysical prop-
erties of H-Rubies such as epsilon, quantum yields and pK,
values which ranged from 4 to 8 (Table 2). The most notable
differences were observed between secondary and tertiary
amides whereby secondary amides appeared much more acidic
than tertiary amides. To emphasise this phenomena, we syn-
thesised HR-PN; and its methylated tertiary amide equivalent
HR-MPN; and showed that the latter was 60-times less acidic.
Moreover, absorption spectra of these functionalisable H-
Rubies clearly showed different behaviours of their basic forms
in water. While deprotonated tertiary amide H-Rubies showed

Table 2 Spectral and physicochemical properties of the functionalisable H-Rubies (5 uM in MOPS 30 mM, 100 mM KCl)

Aabsax Aem® Log ¢ (Aabsmax) Dynamic Dynamic
Compound (nm) (nm) M tem™) @ Don/Porr range? range @ pH + 1 pK,° pK,
HR-A ON“ 574 600 4.26 0.09 6 6 4.2 5.33
OFF” 534 598 4.58 0.02 +0.13
HR-PA ON“ 580 602 4.87 0.46 1150 31 22 6.89
OFF® 573 596 4.86 4x107* +0.04
HR-PiA ON® 580 601 4.55 0.80 35 98 29 7.64
OFF” 574 600 4.32 0.02 +0.10
HR-PiAC ON® 580 601 4.86 0.64 40 86 45 7.68
OFF? 575 602 4.69 0.02 40.09
HR-N, ON“ 580 600 4.43 0.25 28 88 74 3.96
OFF” 523 596 4.43 0.01 40.03
HR-PN, ON* 578 603 4.72 0.41 21 21 19 6.20
OFF” 573 597 4.74 0.02 +0.03
HR-MPN, ON* 578 605 5.20 0.65 65 78 66 8.00
OFF” 573 603 5.20 0.01 +0.03
HR-Ala ON* 577 601 4.81 0.15 8 9 8.3 7.85
OFF” 573 597 5.03 0.019 +0.03
HR-BAla ON“ 577 602 5.10 0.20 11 11 N/A N/
OFF” 572 598 5.30 0.018
HR-LysF ON“ 583 607 4.73 0.11 37 45 33 4.84
OFF” 580 600 4.66 0.003 +0.10
HR-CysA ON* 577 602 4.69 0.09 N/A N/A N/ N/A
OFF? 572 597 5.08 0.014
HR-LysA ON“ 577 602 4.75 0.25 13 13 11 7.51
OFF” 572 596 4.96 0.02 40.04

“ Protonated form: pH 4. ” Deprotonated form: pH 10. ¢ Excitation at 535

nm. ¢ [(Imax — Imin)/Imin] With I = fluorescence intensity. ¢ Fluorescence

enhancement between +1 pH unit around the pK, value.” Complex titration curve.

This journal is © The Royal Society of Chemistry 2015
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slight hypsochromic shifts of their maximum absorption
wavelengths (1-5 nm), absorption spectra of secondary amide
H-Rubies displayed a second absorption band (530 nm) indi-
cating typical formation of soluble H-aggregates.

These differences can be explained by the formation of a H-
bond between the phenolate and the proton of the secondary
amide whereby the former is stabilised and hence, the pK, is
lowered (Fig. 4). Moreover, the six membered ring formed via H-
bonding leads to a constrained conformation which aids the
formation of planar, head-to-head H-aggregates. As seen in our
initial observations, the acidity of H-Rubies is enhanced by their
ability to form H-aggregates in their OFF state (Fig. 4).

Imaging of acidic domains in living cells with molecular H-
Rubies

The impressive physical and optical properties of H-Rubies lead
us to investigate their ability to image acidic domains in living
cells. After establishing their insensitivity towards biologically
significant metals (Zn**, Mg®>*, Ca**, Fe*', Mn*") and their
nontoxicity (see ESI Fig. S5t for LDH cytotoxicity assay), HR-N3,
HR-Me, HR-Cl and HR-Br were involved in cellular experiments
(Fig. 5A). These probes were specifically chosen for their
respective pK, values: HR-Me served as a positive control since
its pK, is more than two units above maximum physiological
pH, HR-N; was expected to be a negative control since it has a
pK, of 4, whereas HR-Cl and HR-Br were expected to sense
variations of pH within the cell (Fig. 5B). Firstly, Fischer's rat
glioblastoma F98 cells (primary tumor) were incubated with the
four dyes (1 uM) for only 20 min and visualised by confocal laser
scanning microscopy. The obtained images indicated that these
H-Rubies are cell-permeant and stain the mitochondria; this
was confirmed by colocalisation experiments with mitotracker-
green (see Fig. S61). In a second time, flow cytometry assays with
these cells showed a clear correlation between the observed
fluorescence intensity of the cells and the measured pK, of the
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probes (Fig. 5B and C plain lines). Finally, we checked the pH
sensitivity of these H-Rubies upon cytosolic acidification. The
intracellular pH was decreased to pH 6 and flow cytometry
assays were performed (Fig. 5C dashed lines). The results
showed that albeit HR-N3; and HR-CI displayed non-significant
fluorescence enhancement (blue and green lines), HR-Br
(orange line) displayed an impressive in cellulo response to this
acidification (ApH = 1.4, fluorescence enhancement: up to 13-
fold). HR-Me also showed an interesting fluorescence
enhancement (~5-fold) but behaved in an inconsistent manner
when the intracellular pH was alkalinised (Fig. S71). Despite
HR-Br cannot be used to determine absolute pH values in cellulo
because of the effect of its concentration on its pK,, its cell
permeability combined with its high fluorescence enhancement
in the physiological pH range make it an attractive tool for
tracking mitochondrial acidification which is a important field
in cell biology as it is involved in mitophagy that is associated to
various pathologies including neurodegenerative and cardio-
vascular diseases.*"*?

Measurements of intraorganellar pH using functionalisable
H-Rubies

To demonstrate the different biological applications of H-
Rubies we developed two systems to measure sub-organellar pH
in living cells. Our first approach aimed at the calibration of
phagosomal pH in living cells using flow cytometry. As pH
reporter, HR-PIAC was chosen for its useful properties in
cellular experiments such as its high brightness, its high
dynamic range (~80-fold) and its pK, value of 7.68 (Fig. 6A and
B). 3 um latex beads containing amino groups were combined
with the bifunctional linker azido-PEG,-NHS ester followed by
double functionalisation using click chemistry with HR-PiAC
and a pH-insensitive near infrared emitting dye, Alexa Fluor
647, to allow ratiometric measurements (Fig. 6C). It was noticed
that the covalent binding of two dyes on the surface of the beads

This journal is © The Royal Society of Chemistry 2015



Open Access Article. Published on 14 July 2015. Downloaded on 07/11/2015 14:19:55.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(c)

Edge Article

HR-Br

) 100
2, =
o %
20.8 g 80
8
B o6 5 6
29 250
©
£0.4 >
@
z 3
gD.Z & 20
2 w
wo0.0 ot - / Nl ANNM N,
4 6 8 10 12 102 10° 10¢ 10° 108 107
pH Fluorescence intensity, (a.u.)

Fig. 5 (A) Structures and pK, values of the H-Rubies used for cellular
experiments. (B) pH titration curves (Hill equation fit) of HR-N3 (blue),
HR-Cl (green), HR-Br (red) and HR-Me (brown) at 5 uM in MOPS (30
mM) KCl (100 mM), cytosolic and cellular acidic pH ranges are
delimited with coloured areas. (C) Comparison of fluorescence
intensity of FO8 cells incubated for 20 min with 1 uM of HR-N3 (blue),
HR-Cl (green), HR-Br (red) and HR-Me (brown) at pH 7.4 (plain lines)
and pH 6 (dashed lines) assessed by flow cytometry. Each curve is an
average of 3 independent measurements. The control corresponds to
the intrinsic fluorescence of cells (black line). Bottom: laser scanning
confocal microscopy images of F98 cells incubated for 20 min with 1
uM of (D) HR-Nz, (E) HR-CL, (F) HR-Br, (G) HR-Me. The H-Rubies were
visualized in red, the nuclei were stained with Hoechst (blue) and the
membrane with Alexa 647-conjugated concanavalin A (green).
Pictures show the three merged channels. Scale bars are 10 um.

influences the physicochemical properties of HR-PiAC, namely
its dynamic range and its pK,. This effect has already been
noticed in our previous work involving a molecular fluorescent
Ca”* sensor linked to a quantum dot* and can be attributed to
the proximity of the dye to the hydrophobic environment of the
polystyrene bead that enhances the basal fluorescence of the
sensor. Compared to the titration curve of the free dye, the
fluorescence ratio of the two dyes obtained by flow cytometry
shows an almost linear dependence when the pH is varied from
5 to 9. As a result, although these beads have a decreased
sensitivity in the pH of physiological domain, it provides a
ratiometric system which displays a pH sensitivity over a wider
range when compared to a free HR-PiAC (Fig. 6D).

The dyes-modified beads were then added to a suspension of
RAW 264.7 macrophages and incubated for 30 min at 37 °C to
complete the process of phagocytosis. After several washes the
cells were fixed and visualized by confocal microscopy to assess
the efficiency of bead internalisation. Orthogonal view analysis
of confocal sections shows partial internalisation of the beads
by macrophages. As shown in Fig. 7, in addition to fully
internalised beads, some beads are attached to the outer cell
membrane. On average only 30% of beads were fully internal-
ised by the cells. This could interfere with flow cytometric
measurements of phagosomal pH because the laser-based
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~80-fold. Scheme of bead-based pH sensor, containing pH-sensitive
dye HR-PIAC and pH-insensitive Alexa Fluor 647 (C); titration curve of
the pH beads measured by flow cytometry (D).

technique in this case will identify all fluorescent objects, i.e.
cells with internal and/or external beads. We, therefore, per-
formed an additional modification of the beads by coating them
with a biotinylated ovalbumin (OVA), via passive absorption.
The coated beads, firstly, have a reduced non-specific binding to
the cell surface and favour phagocytosis through the interaction
between the mannosylated structure present on the surface of
OVA* and the mannose receptors of macrophages.*> Secondly,
accessible biotin groups of OVA can be tagged by FITC-
streptavidin.

For phagosomal pH measurement by flow cytometry,
adherent RAW 264.7 macrophages were incubated for 30 min at
37 °C with the OVA-modified beads and let rest for 3 more hours
for phagosomal maturation. Afterwards the cells were harvested
and incubated with streptavidin-FITC that only binds to the
non-internalised beads containing OVA-biotin. Two pop-
ulations of phagocytic and non-phagocytic cells can be differ-
entiated by the fluorescence intensity of Alexa Fluor 647 of the
beads. A cell population with beads attached to the cell surface

Fig. 7 Confocal microscopy images of fixed RAW 264.7 cells after
bead phagocytosis. DAPI nuclear staining, concanavalin-Alexa 488
membrane staining and pH beads are in blue, green and red respec-
tively. (A) illustrates the orthogonal views of the cell that allow differ-
entiation of the internalized beads (B) and the beads attached to the
cell surface (C). Scale bars are 10 pm.
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data represent the mean of 3 independent experiments + SD.

can be separated by the higher fluorescence intensity of FITC at
extracellular pH (Fig. 8A). Further detailed analysis of the
phagocytic population shows the presence of subpopulations
according to the fluorescence intensities of Alexa Fluor 647 and
H-Ruby: cells that have internalised one bead per cell exhibit a
lower fluorescence intensity (Fig. 8B). For precise analysis of
phagosomal pH the cells were gated on one bead population
and a ratiometric calibration curve of phagosomal pH was
obtained changing the external pH over the 5 to 8 range using a
citric acid/HEPES buffer and imposing the same pH intracel-
lularly using nigericin, a K'/H" ionophore (Fig. 8C). Finally, to
determine the phagosomal pH, the ratio of the mean fluores-
cence intensities of HRuby vs. Alexa Fluor 647 obtained from the
intact cells was interpolated to the calibration curve yielding a
phagolysosomal pH of 5.3 + 0.2. This result is in a good
agreement with a previously published study where authors
showed a phagosomal pH value of 5.22 £ 0.03 in RAW cells
using FITC-sRBC particles.* Addition of the weak base NH,'/
NH; caused fast alkalinisation, and demonstrated the intra-
cellular localisation of the beads (Fig. 8D).

Another application of these newly synthesized H-Rubies is
the calibration of endosomal pH by flow cytometry and to
achieve this we used a polysaccharide dextran that is known to
target the endolysosomal pathway.”” 40 kDa dextran was con-
verted to an alkyne containing dextran and was subsequently
clicked to HR-PN; (Fig. 9A). In comparison to its parent
molecular form HR-PNj, the fluorescent pH-sensitive dextran
displayed a slightly shifted apparent pK, value (respectively 6.20
+ 0.03 and 6.77 + 0.02; Fig. 9B) with a virtually non-fluorescent
OFF state (see ESIf). Functionalisation did not significantly
affect the fluorescence enhancement between pH 10 and 4
(respectively 21- and 19-fold) making this water-soluble polymer
a valuable tool for monitoring endosomal pH. To demonstrate
this, adherent RAW 264.7 cells were incubated for 30 min with
HR-PN; dextran conjugate and let rest for 3 more hours. As
shown in Fig. 9C, vesicles of different shapes and sizes could be
observed inside the cells due to the movement and segregation
of the dextran molecules between the endocytic organelles.*®
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Fig. 9 (A) Synthesis of HR-PN3z dextran conjugate via CUAAC Click
Chemistry. (B) Emission spectra of HR-PN3z dextran conjugate (MOPS
30 mM, 100 mM KCl) at different pH (excitation wavelength = 535 nm),
inset is the titration curve fitted to the Hill equation yielding a pK, of
6.77 £ 0.02 and an enhancement of fluorescence of ~18-fold and 13
fold between +1 pH unit around the pK,. (C—E) Confocal images of
RAW 264.7 cells after incubation with 1 mg mL™* HR-PN3z dextran
conjugate (C), co-stained by Lysotracker Green (D) and a merged
image of two channels (E). HR-PN3 dextran conjugate labels lyso-
somes (in red) that colocalises with Lysotracker, and endosomes that
are shown in insets and do not colocalise with Lysotracker. Scale bars
are 10 um. (F) Typical calibration curve of H-Ruby/Alexa Fluor 647 ratio
of the cells clamped at different pHs with the ionophore nigericin. (G)
Endosomal pH (6.3 + 0.05, in red) in RAW 264.7 cells measured after 3
hours of incubation with HR-PNz dextran. NH,Cl addition shows
alkalinisation of endosomal organelles (7.0 + 0.06, in blue). The data
represent the mean of 3 independent experiments + SD.
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Addition of Lysotracker Green led to its partial colocalisation
with HR-PN; dextran conjugate (Fig. 9C-E) suggesting that HR-
PN; dextran accumulates both in the more acidic lysosomes and
in the mildly acidic vesicles of the endocytic pathway as well.
This observation is consistent with the flow cytometry experi-
ments where, applying the same strategy as described above,
the pH value of 6.3 + 0.04 was obtained (Fig. 9F-G).

Methods and materials
LDH-cytotoxicity assay

CHO-K1 cells (20 000 per well) were seeded in 96 multiple well
plates 24 h before the experiment. Cells (40 000 per well) were
incubated with the fluorescent compounds in 100 uL. DMEM for
2 hours at 37 °C. The incubation milieu was then replaced by
100 pL fresh DMEM containing 10% of cell-counting solution
(Dojindo Laboratories) and incubated for a further 2 h at 37 °C.
The absorbance measured at 450 nm had a direct relationship
to the number of viable cells. Experiments were conducted in
triplicate and repeated twice.

Cell culture

Undifferentiated malignant glioma rat (F98) and Chinese
Hamster Ovary (CHO) cell lines (from ATCC) were maintained at
37 °C in 5% CO, in DMEM/F-12 nutrient medium (Invitrogen,
Cergy Pontoise, France) supplemented with 2% (v/v) heat-inac-
tivated fetal bovine serum (Invitrogen) and 100 pg mL ™" strep-
tomycin and 100 units per mL penicillin (Invitrogen). RAW
264.7 macrophages cell line was maintained at 37 °C in 5% CO,
in DMEM nutrient medium (Gibco, Invitrogen) supplemented
with 10% fetal calf serum (Eurobio, France).

Confocal microscopy

Cell cultures were incubated with the pH probes (in DMEM/F-12
nutrient medium only) for 20 min, and then washed twice with
phosphate-buffered saline (PBS) alone. After 4 hours, the
nucleus were stained with 60 png mL™" Hoechst 34580 for 15
min, the cell cultures were then washed with PBS and the
plasma membrane was stained with 30 ug mL™' Alexa 647-
conjugated concanavalin A and the mitochondria stained with
50 nM mitotracker green for 5 min (stainings were purchased at
Invitrogen, Cergy Pontoise, France). Cells were washed once
more. Live cells were then immediately analysed by confocal
laser scanning microscopy using a Zeiss LSM operating system.
Alexa 647 (633 nm), Hoechst 34580 (405 nm), pH probes (561
nm) and mitotracker green (488 nm) were sequentially excited
and emission fluorescence was collected.

To assess the efficiency of bead internalisation, the cells,
after completing the process of phagocytosis (as described in
“Organellar pH measurement by flow cytometry”), were plated
on coverslips (d = 12 mm) coated with 10 pg mL ™" fibronectin
and incubated at 37 °C in 5% CO,: the cell membrane was
stained with 25 ug mL~" Alexa Fluor 488 - conjugated conca-
navalin (Invitrogen, USA) at 4 °C for 5 min and 4% para-
formaldehyde was added for 20 min to fix the cells. The
coverslips with the cells were then mounted on microscope
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slides using a mounting medium DAPI-Fluoromount G
(Southern Biotech, USA) and left at room temperature over-
night. Imaging was performed on a spinning disk microscope.
The pH-sensitive beads were excited with 561 nm laser line and
detected with ET630/75 nm filter, DAPI was excited with 405 nm
laser line and detected with ET460/50 nm band-pass filter and
Concanavalin A-Alexa Fluor 488 was excited with 488 nm laser
line and detected with D505/40 nm band-pass filter. Images
were collected using microscope software Software: MetaMorph
7.8.2.0. The subsequent analysis of the images was conducted
on an open source image processing program Image].

Fluorescence activated cell sorting analyses - effect of the pHi
on the fluorescence intensity of the H-Rubies

For the dose-response curve, F98 cells were incubated with
various concentrations of the H-Rubies in DMEM/F-12 culture
medium without serum at 37 °C for 2 h. The cells were then
washed with PBS to remove excess extracellular H-Ruby and
were then treated with 0.05% Trypsin—-EDTA for 2 min at 37 °C
to detach cells from the surface, and centrifuged at 200 g in
DMEM/F-12 culture medium before suspension in PBS. Flow
cytometry analyses were performed with live cells using an
Accuri C6 flow cytometer (BD Biosciences, Le Pont de Claix,
France). For acquisition a 488 nm wavelength laser was used for
H-Rubies excitation, the fluorescence emissions were recorded
in a 584 + 20 nm spectral detection channel. Data were
obtained and analyzed using CFlow Sampler (BD Biosciences).
Live cells were gated by forward/side scattering for a total of
10 000 events.

The pHi of F-98 cells was modified using the pseudo-null
calibration method describe by Chow et al.** F98 cells were
incubated with 1 uM of H-Rubies in DMEM/F-12 culture
medium without serum at 37 °C for 20 min. The cells were then
washed with PBS to remove excess extracellular probe and were
then treated with 0.05% Trypsin-EDTA for 2 min at 37 °C to
detach the cells from the surface, and centrifuged at 200 g in
DMEM/F 12 culture medium before suspension in culture
medium. Just before the analysis the pseudo null solution were
added (ratio of culture medium: pseudo-null solution 1 : 1) and
the data were acquired immediately (within 30 s). Pseudo-null
solutions were made according to the method of Chow et al. Six
times concentrated standard solution was made by adding 1 M
ammonium hydroxide and 1 M acetic acid to the basal solution
(culture medium). This provided a set of pseudo-null solution
as shown in Table S1 (see ESIt). Flow cytometry analyses were
performed with live cells using an Accuri C6 flow cytometer (BD
Biosciences, Le Pont de Claix, France). Data were obtained and
analyzed using CFlow Sampler (BD Biosciences). Live cells were
gated by forward/side scattering for a total of 10 000 events.

Functionalisation of the beads by H-Ruby

Polybead® Amino Microspheres 3.00 um (Polysciences) were
used. First the beads were washed with dH,O. In order to
convert the NH, groups on the beads surface to N; groups for
further click chemistry reactions, 100 nmol of the bifunctional
linker N3;-PEG,-NHS was added to 100 pL of the beads
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containing ~20 nmol of NH, groups and incubated at room
temperature for 2 h. The alkyne-modified H-Ruby HR-PiAC and
alkyne-containing Alexa Fluor 647 (Molecular Probes®) were
then mixed with the bead solution in a ratio 1 nmol of NH,
group: 10 nmol of H-Ruby: 2.5 nmol of Alexa Fluor 647. 5 uL of
25 mM CuSO,-5H,0 and 5 pL of 25 mM sodium ascorbate were
added to initiate a click-reaction. The mixture was incubated
overnight at room temperature. The dyes modified beads were
successively washed with 0.1 M EDTA, 10% ethanol and PBS to
remove non-reacted dyes.

Organellar pH measurement by flow cytometry

Measurement of phagosomal or endosomal pH was performed
using macrophages cell line RAW 264. The cells were plated on a
Petri dish and at 80% confluence pH beads in a 4 : 1 ratio or 0.7
mg mL ™" 40 kDa HR-PN; dextran conjugate and 0.3 mg mL ™' 40
kDa Alexa Fluor 647 dextran conjugate were added and incu-
bated 30 min at 37 °C to complete internalisation. Afterwards
the non-internalised beads/dextran were washed out, fresh
medium was added and the cells were let rest at 37 °C, 5% CO,
for 3 more hours. For FACS analysis the cells were harvested and
resuspended in CO,-independent medium (GIBCO, Invitrogen).
For NH,'/NH; tests, 20 mM NH,CI was added to the extracel-
lular medium and let to incubate for 3 min.

The calibration of phagosomal and endosomal pH was per-
formed using the K'/H" ionophore nigericin that, together with
a high concentration of potassium in the buffer, equalises the
intracellular and extracellular pH.** The cells containing
internalised pH beads or dextran were resuspended in buffers
containing 143 mM KCl, 1.17 mM MgCl,, 1.3 mM CaCl,, 5 mM
glucose and 10 puM nigericin with defined pH buffers ranging
from pH 5.0 to pH 8.0 with 0.5 increments. 20 mM citric acid
was used for a buffer range of pH 5.0-6.5 and 20 mM (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) - for
buffers in the pH range 7.0-8.0. 0.05 uM DAPI was added to
exclude the dead cells. After incubation for 5 min at RT the
samples were analyzed by a flow cytometer (BD LSR Fortessa,
BD Biosciences). For acquisition, a 532 nm wavelength laser was
used for H-Rubies excitation, and its emission fluorescence was
recorded in a 610 =+ 20 nm spectral detection channel. For Alexa
Fluor 647 a 640 nm wavelength laser was used for excitation and
a 670 £ 30 nm spectral detection channel to record its emission
fluorescence. Each time 10 000 events were acquired. For
analysis, a population of live cells was gated by forward/side
scatter, and within this population only the cells which have
phagocyted one pH bead were selected for precise pH
determination.

Conclusion

We have developed a new set of efficient red-emitting fluores-
cent pH sensors based on PET quenching phenomena. H-
Rubies exhibit specific pK, values and a structure/properties
relationship based on their ability to form non-emissive dark H-
aggregates was established. Four non-functionalisable H-
Rubies were chosen for cellular experiments and were shown to
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cross the plasma membrane to compartmentalise in mito-
chondria. Among them, HR-Br displays a strong fluorescence
enhancement upon acidification of mitochondria in live cells.
Functionalisable H-Rubies were linked to a dextran polymer or
to microbeads that were also decorated with a pH-insensitive
dye leading to ratiometric pH probe systems. These systems
were successfully used to measure phagosomal and endocytic
pHs in live cells. The authors believe that this new family of
fluorescent indicators, with their large choice of pK, values and
spectral properties specifically adapted to cellular imaging,
represents a valuable toolkit for imaging pH variations in living
cells. Moreover, their diverse functionalisable side arms allows
them to be attached to particles, polymers and biomolecules
such as peptides or antibodies for accurate pH readout of
subcellular micro-domains.
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The venom peptide maurocalcin (MCa) is atypical among toxins
because of its ability to rapidly translocate into cells and potently
activate the intracellular calcium channel type 1 ryanodine recep-
tor (RyR1). Therefore, MCa is potentially subjected to posttransla-
tional modifications within recipient cells. Here, we report that
MCa Thr?® belongs to a consensus PKA phosphorylation site and
can be phosphorylated by PKA both in vitro and after cell pene-
tration in cellulo. Unexpectedly, phosphorylation converts MCa
from positive to negative RyR1 allosteric modulator. Thr?® phos-
phorylation leads to charge neutralization of Arg®*, a residue
crucial for MCa agonist activity. The functional effect of Thr?®
phosphorylation is partially mimicked by aspartyl mutation. This
represents the first case, to our knowledge, of both ex situ post-
translational modification and pharmacological reprogramming of
a small natural cystine-rich peptide by target cells. So far, phos-
phorylated MCa is the first specific negative allosteric modulator
of RyR1, to our knowledge, and represents a lead compound for
further development of phosphatase-resistant analogs.

maurocalcin | phosphorylation | pharmacology | toxin | ryanodine receptor

nimal venoms represent biolibraries that are natural sources

for the discovery of a growing number of peptides with im-
portant pharmacological properties. These peptides have been in-
strumental in discriminating different subtypes of ion channels and
membrane receptors (1-3). Several of them are now approved by
the US Food and Administration for the treatment of various hu-
man pathological conditions (4). Maurocalcin (MCa) is a 33-amino
acid peptide that belongs to the family of the calcin toxins charac-
terized by their folding forming an inhibitor cystine knot motif
(5, 6). After its initial purification from the venom of the scorpion
Scorpio maurus palmatus, MCa was obtained as a synthetic peptide
that exhibits structural and pharmacological properties identical to
those of the natural peptide (7). Extensive characterization of MCa
identified it as one of the most potent effectors of ryanodine re-
ceptor type 1 (RyR1) (8, 9). RyR1 is one of the three isoforms that
make up the RyR intracellular calcium channels family. It was first
identified in skeletal muscles (10) but is also broadly expressed in
many other tissues such as pre- and postsynaptic sites within neu-
rons of the brain (11). RyR calcium channels regulate Ca®* release
from intracellular stores, and therefore represent crucial players of
a number of physiological and toxicological processes, from muscle
contraction to gene expression (12). As a consequence, silencing of
the gene encoding RyR1 is lethal at birth (13). Despite extensive
studies of the RyR biophysical properties, only a few molecules
specifically acting on these calcium channels have been identified.
The only specific inhibitors of RyR1 known so far are ryanodine at
high concentration (14), although this compound also exhibits ag-
onist properties at low doses (15, 16), and dantrolene. Ruthenium
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red lacks selectivity and cell permeability. On the agonist side, MCa
is a very informative pharmacologic tool to investigate RyR prop-
erties because of its nanomolar potency and novel ability to sta-
bilize long-lived subconductances of the channel. Accordingly,
MCa increases specific binding of [°’H]-ryanodine to RyR1 with an
apparent affinity in the range of 10 to 50 nM (9). This effect results
from the ability of MCa to convert RyR1 low-affinity ryanodine
binding sites into high-affinity sites, increase RyR1 sensitivity to
activating low Ca®* concentrations (uM), and decrease RyR1
sensitivity to inhibiting high Ca** concentrations (mM), with the
two latest effects probably requiring an allosteric mechanism.
MCa binding onto RyR1 also induces Ca* release from sarco-
plasmic reticulum vesicles (8). These effects correlate with the
induction by MCa of long-lasting subconductance open transi-
tions of purified RyR1 channels reconstituted in artificial lipid
bilayers (7, 17, 18). This positive allosteric activity of MCa is the
consequence of its interaction with a cytoplasmic RyR1 domain
that directly controls the gating of this calcium channel (19).
Production of MCa analogs after alanine scanning helped iden-
tifying critical residues involved in the positive allosteric activity
of the peptide (9, 20). The pharmacophore of MCa was re-
stricted to a few basic amino acid residues, among which Arg®*
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was the most important for activity (9). Despite these extensive
studies, none of the mutations converted MCa into RyR1 antago-
nist peptide, but mostly lowered affinity or inhibited agonist effect.

It is highly unusual that a venom peptide targets an intracel-
lular receptor. Several reports indicate that MCa binds cell
surface glycosaminoglycans (21) and membrane lipids (20), and
that it rapidly translocates into cells using mechanisms akin to
cell-penetrating peptides (CPPs) (22). As a matter of fact, MCa
and CPPs share interesting structural features, such as the pres-
ence of a strong dipole moment characterized by a heavily basic
face opposing a far less charged one (23-25), with the latter being
also quite hydrophobic. Similar to a CPP, MCa proved to be ef-
ficient in the transport of several types of cargoes ranging from
drugs to peptides, proteins, and nanoparticles (22, 26-32). MCa is

BN

the first natural CPP, to our knowledge, emerging from venom
sources and whose cytoplasm delivery and activity could be straight-
forwardly examined through the activation of RyR channels (33). It
is therefore conceivable that MCa may undergo posttranslational
modifications by target cell enzymes on delivery into the cytoplasm.

In this report, we show that MCa is a substrate of PKA in vitro,
leading to the phosphorylation of Thr?®, We also demonstrate
that MCa phosphorylation happens in cellulo after translocation.
Phosphorylation of MCa leads to a fine peptide structural modi-
fication responsible for its complete pharmacological reprogram-
ming, thereby converting MCa into a RyR1 antagonist. We thus
establish for the first time, to our knowledge, that the pharmaco-
logical properties of a small cell-penetrating toxin peptide can be
dramatically modified by posttranslational modification, opening
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MCa is phosphorylated by PKA. (A) Identification of a consensus phosphorylation site in MCa primary structure. (B) In vitro phosphorylation of MCay

by the catalytic subunit of PKA. Shift in the HPLC profile of MCa, induced by phosphorylation by PKA. (Inset) Mass spectrometry profile illustrating
the appearance of the phosphorylated MCay, variant. Representative of n = 3. (C) In cellulo phosphorylation of MCap,. HEK293 cells were incubated with
[32P]-orthophosphoric acid in the presence or absence of MCa,,. (Left) Autoradiogram showing the appearance of [*2P]-MCay,. (Right) Labeling of

MCay, with streptavidin-peroxidase. Representative of n = 2.
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innovative approaches to develop negative allosteric modulators of
the RyR1 channel, with MCa P-Thr”® as a promising lead.

Results

MCa Is Phosphorylated by Protein Kinase A. Analysis of MCa se-
quence reveals a consensus R-R-X-T site of phosphm;y]ation by
PKA at position R®PR*G*T?, indicating that Thr*® may get
phosphorylated (Fig. 14). This phosphorylation site is conserved
throughout the members of the calcin toxin family that include
imperatoxin A (34), hemicalcin (35), opicalcin 1 (6), and hadru-
calcin (36), indicating that phosphorylation may be a common
feature of these toxins acting as RyR1 agonists. Opicalcin 2 is the
only toxin of this family that lacks this consensus sequence (6).
According to the 3D structure of MCa (23) and earlier alanine scan
studies (9, 18, 20), the domain encompassing R®R**G*T% lays in
the pharmacophore region of the peptide, making this site both
accessible to PKA phosphorylation (23) and of potential functional
importance (SI Appendix, Fig. S14). We first investigated in vitro
MCa phosphorylation by the catalytic subunit of PKA. Phosphor-
ylation was assessed by analytical HPLC and mass spectrometry
(MS) (81 Appendix, Fig. S1B). As shown, phosphorylation induces a
leftward shift in the HPLC profile of MCa,, (N-terminal bio-
tinylated version of MCa) indicative of reduced peptide hydro-
phobicity. MS spectra recording by MALDI-TOF of the resulting
product shows the appearance of an experimental molecular mass
of (M+H")* 4,164.19 Da (Fig. 1B, inset) corresponding to the
expected theoretical molecular mass of phosphorylated MCa,
(MCa,, P-Thr®® at 4,164.20 Da), in addition to the mass of the
unphosphorylated one [(M+H*)* at 4,084.70 Da]. To confirm that
phosg)horylation takes place at Thr*® residue, the mutated MCa,,
Thr®®Glu analog was used as negative control in the phosphoryla-
tion experiment. Both HPLC and MS analyses failed to detect the
appearance of phosphorylated MCa,, Thr®*Glu (SI Appendix, Fig.
S1B). These data indicate that Ser'®, the only other residue that
could experimentally undergo phosphorylation in MCa sequence, is
not targeted by PKA. Examination of MALDI-TOF spectra of
crude Maurus palmatus venom, from which MCa was originally
discovered, failed to uncover a mass corresponding to phosphory-
lated MCa. Thus, we investigated whether MCa could be phos-
phorylated after cell penetration into the cytoplasm of target cells.
After 3 h of incubation of HEK293 cells with MCay, in the presence
of [**P]-orthophosphoric acid, cytoplasmic MCay, was isolated and
phosphorylation witnessed by autoradiography. As shown, a *2P-
labeled band appeared in cells incubated with MCay, but not in the
absence of MCa,;, (Fig. 1C). The identification of this band was
confirmed by streptavidin-peroxidase labeling. These data therefore
constitute evidence that MCa phosphorylation can occur ex situ and
in cellulo after cell penetration into recipient cells.

Interaction of MCa with RyR1 Is Preserved After Phosphorylation. To
produce a fully phosphorylated MCay, the chemical synthesis of
MCa, P-Thr*® was performed [SI Appendix, Fig. S2 (37)].
Binding of purified RyR1 on variable concentrations of MCa, or
P-MCa;, Thr*® was measured using streptavidin-covered beads.
Bound RyR1 was then measured by immune staining, using an-
tibody directed against RyR1 (38). As shown, the amount of
bound RyR1 increases with the concentration of MCay, or P-MCay,
Thr?, reaching plateau at 100 nM for MCa, and 300 nM for
P-MCay, Thr?® (Fig. 24). Apparent affinities of RyR1 are 58.2 nM
for MCay, and 149.6 nM for P-MCa,, Thr*® (Fig. 2B). Binding of
RyR1 on MCa, P-Thr®® is strongly inhibited by an excess of
nonbiotinylated MCa (Fig. 2C), indicating that MCa precludes
phosphorylated MCa binding on RyR1.

MCa Pharmacological Reprogramming by Phosphorylation. MCa is a
strong positive allosteric modulator of RyR1, and channel open-

ings have been associated with a pronounced enhancement of
[’H]-ryanodine binding (7-9, 18, 20, 39). In sharp contrast to
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Fig. 2. Direct interaction of MCay, P-Thr?® with purified RyR1. (A) Western
blot analyses of RyR1 on interaction with variable concentrations of MCay, or
MCay, P-Thr?® immobilized on streptavidin-covered beads. (B) Concentration
dependence of RyR1 pull-down by MCay, or MCa,, P-Thr?®. Data were fitted
by Hill-type sigmoid functions of the type y = (@.x°)(c® + x°), where a = 4.6 x
107 +0.2 x 10” a.u. (MCap) and 4.4 x 107 + 0.1 x 107 a.u. (MCap, P-Thr*®), b=4.0 +
0.6 (MCay) and 3.1 + 0.3 (MCay, P-Thr?®), and ¢ = 58.2 + 2.6 nM (MCay,) and
149.7 + 5.8 nM (MCay, P-Thr?%). a.u. = arbitrary unit. (C) Western blot of RyR1
showing extent of pull-down by 170 nM MCa, P-Thr*®streptavidin-coated
beads in the absence and presence of an excess nonbiotinylated 1 M MCa.
Representative of n = 2.

the reported effects of MCa, 5-10 uM MCay, P-Thr*® was found to
inhibit the binding of [’H]-ryanodine onto RyR1, provided we used
1 nM [*H]-ryanodine and assessed binding for 30 min (Fig. 34).
Use of higher concentrations of [’H]-ryanodine and longer incu-
bation times led to the loss of this inhibition (n = 4). These data
indicate that MCa phosphorylation onto Thr*® precludes the ago-
nist effect and favors inhibition.

Next, the effect of MCa,, P-Thr*® was investigated on Ca®*
release from Ca?*-loaded sarcoplasmic reticulum (SR) vesicles.
As expected from earlier reports (8, 9), 50 nM MCa,, induces a
strong Ca®* release from Ca”**-loaded SR vesicles despite the
maintained activity of the SR ATPase Ca** pump (Fig. 3B). In
contrast, a 20-fold higher concentration of MCay, P-Thr? (1 pM)
is unable to promote net Ca** release from SR vesicles, whereas
a subsequent addition of 100 nM MCa,, still induces a strong
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not induce Ca?* release from SR vesicles. (1) Control experiments showing SR vesicle Ca®* loading by three successive additions of 20 nmol Ca?* (arrows). (2) Ca**
release induced by 50 nM MCa after SR loading with three identical additions of Ca?*. (3) Addition of MCayp, P-Thr?® (1 uM) to Ca®*-loaded SR vesicles does not induce
Ca’* release. Subsequent addition of 100 nM MCa efficiently releases Ca**. (C) Inhibition of Ca®*-induced Ca®* release by 1 uM MCay, P-Thr?®. The presence of MCay,
P-Thr?® doubles the number of Ca?* additions required for CICR. (D) Number of Ca®* injections required to trigger CICR in the presence of 1 uM MCay, P-Thr?® (n = 8
experiments). (E) MCay, P-Thr?® (2 pM) causes a time-dependent inhibition of RyR1 channel activity (traces 2-4) that can be reactivated by MCa. Sequential additions
of ligands into the cis solution were denoted with downward arrows on the left side of each representative current trace. Open probability (P,), mean open- and
closed-dwelling time constants obtained for each recording condition were denoted above each representative trace. “O” and “C” in the figure indicate the full and
zero conductance states when the channel fully opened and closed, respectively. Total n = 7 independent bilayer measurements under similar conditions produced
consistent responses. (F) RyR1 gating parameters (Po, t,, and t) in the absence and presence of MCa, P-Thr?® (at 10 min after application) as percentage of control
condition. Data are presented by mean + SD; control group (vehicle), n = 3; group with MCayp, P-Thr?®, n = 4. **P < 0.005; ***P < 0.001.

release of Ca®*, indicating the functionality of the SR vesicles producing a partial depletion from SR vesicles. Indeed, the slope
(Fig. 3B). MCa, P-Thr*® does not act as a weak agonist by of Ca®" release from SR vesicles after loading was negative, on
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average, in the presence of 1 uM MCay, P-Thr®® (SI Appendix,
Fig. S34), and the total Ca** content in SR vesicles remained
identical to the nontreated SR vesicles, as assessed by Ca** re-
lease, triggered by the application of 1 uM of the A23187 Ca®*
ionophore (SI Appendix, Fig. S3 B and C). These results indicate
that MCa should have the ability to displace MCa,, P-Thr*® from
its binding site on RyR1. Similarly, the agonists caffeine (2 mM)
and ryanodine (20 pM) were also found to keep their Ca**
release-activating effects in the presence of 2 uM MCay, P-Thr?®
(81 Appendix, Fig. S4 A and B). A more physiological process of
RyR1 activation is the process of calcium-induced calcium re-
lease (CICR), whereby cytoplasmic Ca** triggers RyR1 open-
ing and Ca** release from SR (40). Sensitivity of SR vesicles to
CICR can be measured by sequential addition of Ca®* to the SR
vesicle medium that will lead to CICR (41). Under control con-
ditions, SR vesicle loading by seven additions of Ca** (280 nmol) is
required to trigger CICR, whereas induction of CICR requires up
to 13 additions of Ca** (520 nmol) in the presence of 1 uM MCay,
P-Thr*® (Fig. 3 C and D). This result indicates that MCaj, P-Thr*
attenuates the response of RyR1 to cytoplasmic activating Ca**,

To more directly explore the inhibitory effect of MCay, P-Thr?,
we measured single-channel gating activity of RyR1 reconstituted
in bilayer lipid membranes. In the presence of optimal cytosolic
(cis) Ca* concentration (50 pM), typical RyR1 channels exhibit a
high open probability (P,) of 0.78 with characteristic, very short-
lived transitions to the full open state (Fig. 3E). The addition of
2 uM MCay, P-Thr?® into the cis chamber produced a very strong
channel gating inhibition in a time-dependent manner (Fig. 3E).
This time-dependent reduction in P, was invariably observed
(n = 7 channels) and suggests that multiple sites on RyR1 may
need to be occupied to see full inhibition. Kinetic analysis of RyR1
gating indicates a ~fourfold decrease in mean open dwell time and
a ~13-fold increase in mean closed dwell time, resulting in an
eightfold decrease in P, 10 min after addition of MCa;,, P-Thr*®
(Fig. 3F). Subsequent addition of 50 nM MCa into the cis chamber
resulted in reactivation of RyR1, as witnessed by the appearance
of the MCa-induced characteristic (7-9, 17, 18) long-lasting sub-
conductance states (Fig. 3E). Moreover, MCa-modified RyR1
channel remains responsive to 2 pM ryanodine, as witnessed by
the appearance of a different long-lasting subconductance state
(Fig. 3E). In addition to MCa and ryanodine, RyR1 channels
inhibited by 3 ptM MCay, P-Thr?® could also be reactivated by the
addition of 2 mM caffeine to the cis chamber. In turn, these caf-
feine-reactivated channels remained responsive to 50 nM MCa
(SI Appendix, Fig. S5A4). Altogether, evidence of reactivation of
channel activity by the RyR1 agonists MCa, ryanodine, and caf-
feine further illustrate the fact that MCa, as well as ryanodine or
caffeine, overcome the effect of MCa, P-Thr*® on RyRl,
explaining why the inhibition of [*H]-ryanodine binding by MCay,
P-Thr? is difficult to observe. This overriding effect of caffeine on
P, suppression by MCa;, Thr*® probably occurs through an allo-
steric mechanism, considering that caffeine and calcins bind onto
distinct sites. Finally, we also determined that application of 2 pM
MCay, P-Thr*® lowers the channel P, without promoting the sub-
conductance state of RyR1, indicating again that this analog is not
a weak activator (SI Appendix, Fig. S5B). Altogether, these results
lead to the hypothesis that MCa,, P-Thr*® decreases RyR1 sensi-
tivity to activating Ca** concentrations; hence the term negative
allosteric modulator for MCay, P-Thr?.

Thr*® Phosphorylation Leads to Neutralization of the Guanidinium
Group of Arg®. Preserving the 3D structure of MCa is manda-
tory for its pharmacological activity (42). Although a pharma-
cophore has been mapped that is responsible for the agonist
activity of MCa (9, 20, 24), none of the analogs previously pro-
duced exhibit inhibitory activity. The consequences of Thr*
phosphorylation on MCa structure were thus expected to be
subtle, and were therefore fully inspected using circular dichroism,
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'"H-NMR, molecular modeling, and '"H-2D-NMR. Nuclear Over-
hauser effects in the amide region of MCa and MCa P-Thr*® are
identical in intensity, showing that the backbone conformation was
not altered by the phosphorylation. Both circular dichroism
spectra of MCay, and MCay, P-Thr?® were identical, indicating the
preservation of the p-strands (Fig. 44). However, the chemical
shifts of several NH protons from backbone and side chains were
altered in the region of the pharmacophore (Fig. 4B; SI Appendix,
Fig. S64). These chemical shift variations can be explained by
alterations in the chemical environment of the atomic nuclei lo-
cated in the immediate vicinity of the phosphate group now pre-
sent onto the hydroxyl moiety of Thr*® (43). Protons of amino acid
residues 20-23 and 30-33 of MCay, P-Thr*®, close to the phos-
phoryl group, are indeed expected to shift orientation relative to
the peptide backbone (23). A total of 25 3D projections of MCay,
P-Thr”® were modeled, using the 25 deposited structures of MCa
(Protein Data Bank ID code 1C6W). Twelve of the modeled 3D
structures were found to be in agreement with the "TH-NMR data
acquired on MCay,, P-Thr*® and predicted a reorientation of the
lateral chain of Arg®* and an electrostatic interaction with the
lateral chain of the phosphorylated Thr?. Three of 25 modeled
structures indicated a possible hydrogen bond interaction of the
phosphate group of Thr?® with the amine group of Asn®’, but were
not compatible with the NMR data. To visualize the structural
modifications, the average 3D structure of MCay, P-Thr®® (on the
basis of the 12 NMR-coherent structures) is superimposed to the
corresponding average MCa structure (SI Appendix, Fig. S6B). As
illustrated, the predicted structural changes are observed for amino
acid residues 22-33. Nevertheless, the main observation is that the
phosphate group on Thr*® induces a strong downfield chemical shift
variation of the NHe proton of the Arg>* side chain (Fig. 4 B and C).
This chemical shift is far more pronounced than the one observed
for the NHS proton of Asn?’, indicating that the side chain of Arg**
was more likely to move than the one of Asn®’ in response to Thr?®
phosphorylation. To confirm the modeling data, the proximity of the
guanidinium group of Arg®* with the phosphoryl group of Thr*® was
experimentally measured by "H-2D-NMR (SI Appendix, Fig. S7).
We compared the frequency resonance of Arg? guanidinium NHe
proton in MCa, P-Thr*® and compared it with MCa. A clear
chemical shift variation of this guanidinium group was observed,
indicating the vicinity with the phosphoryl group of Thr?. Such an
influence of the phosphoryl group was demonstrated earlier (44
Furthermore, results from these experiments show that the Asn
side chain is negligibly affected by the modification of Thr®®, fur-
ther ruling out its contribution to the pharmacological reprog-
ramming of MCa, P-Thr®*. The modeled structure of MCay,
P-Thr*® illustrating the arginine-phosphate electrostatic inter-
action is shown in Fig. 4D. This type of interaction has been de-
scribed to present “covalent-like” stability (45), although geometry
and distance should affect the stability of this interaction. The
resulting structure is in agreement with the reported critical role of
Arg®* in MCa activity (9). A functional role of Asn®’ in the
pharmacological activity of MCay, P-Thr?, through the formation
of a hydrogen bond between the phosphate group of Thr*® and the
amine group of Asn®’ (n = 3 of 25 modeled structures) (SI Ap-
pendix, Fig. S84), was further ruled out by chemically synthesiz-
ing and testing two new analogs, MCa, Asn®*’Ala and MCay,
P-Thr?® Asn?’Ala. MCa, Asn?’Ala fully preserves the stimulating
activity of MCa on [*H]-ryanodine binding, indicating that Asn*’ is a
priori not a residue of the g)harmacophore (SI Appendix, Fig. S8B).
In addition, MCay,, P-Thr*® Asn*’Ala was found to delay, but not
inhibit, caffeine-induced Ca?" release from SR vesicles (ST Appen-
dix, Fig. S8C). On the basis of these data, we propose that the
electrostatic interaction of Thr?® phosphate with Arg?* guanidinium
represents the structural modification of MCa that is involved in its
pharmacological reprogramming.
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Thr?® Substitution by the Negatively Charged Aspartyl Best Mimics
Phosphorylation. To test the importance of this intramolecular
electrostatic interaction between phosphorylated Thr?® and Arg®*
residues, we chemically synthesized and tested on RyR1 channel
activity two closely resembling MCay, analogs: MCay, Thr*®Glu and
MCay, Thr*®Asp. Molecular modeling indicates that the negatively
charged carboxylic function of glutamyl is unable to establish an
electrostatic interaction with the positively charged guanidinium
group of Arg?* because of the structural constraints imposed by
the rigid backbone of MCa and the superior side-chain length
(81 Appendix, Fig. S9A4). The opposite was found to be true for the
aspartyl substitution (Fig. 54). This is confirmed by 'H-2D-NMR
experiments that indicate a clear chemical shift variation of the
Arg®* guanidinium NHe proton of MCay, Thr**Asp compared with
MCa, which was not observed for MCa,, Thr*®Glu (SI Appendix,
Fig. S7). These data confirm the importance of peptide backbone
geometry for the establishment of salt bridges (46). As shown,
2 uM MCa, Thr*®Asp added into the cis chamber produced a
time-dependent channel gating inhibition (Fig. 5B). However, this
inhibition was less pronounced than the one observed with MCay,
P-Thr?®. A kinetic analysis of the MCa,, Thr*°Asp-modified RyR1
channel indicates a decrease in mean open dwell time (1.9-fold)
and an increase in mean closed dwell time (1.6-fold), resulting in a
2.1-fold decrease in P, 10 min after addition of MCa;, Thr*°Asp
(Fig. 5C). As observed with MCa,, P-Thr*®, the MCa,, Thr*®Asp-
modified RyR1 channel activity remains responsive to the se-
quential addition of 50 nM MCa and of 2 pM ryanodine (Fig. 5B).
In contrast, 2 pM MCa,, Thr**Glu increases P, of RyR1 chan-
nels without stabilizing subconductances characteristic of MCa
(81 Appendix, Fig. S9B), and recordings lasting several minutes fail
to promote subsequent channel inhibition observed with either
MCay, P-Thr*® or MCa,, Thr*®Asp. Finally, with regard to Ca®*
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release from SR, MCa,, Thr’®Asp also does not trigger Ca®* re-
lease but remains sensitive to 2 mM caffeine or 20 pM ryanodine,
akin to MCay, P-Thr?® (SI Appendix, Fig. $10). Collectively, these
data indicate that Thr* is critical for conferring nanomolar affinity
and stabilizing channel subconductance behavior characteristic of
MCa. Pharmacological reprogramming of MCa is highly dependent
on both the precise electrostatic interaction between MCay, P-Thr*®
or its phosphomimic MCay, Thr*°Asp and Arg** and the distance of
the negative charge on the Thr* side chain from the ridged MCa
backbone (e.g., MCay, Thr*®Asp vs. MCay,, Thr**Glu).

Discussion

Posttranslational modifications such as phosphorylation control
the function of a large number of proteins by modifying their ability
to interact with their partners and/or by altering their activity (47).
Often phosphorylation sites have been found to be located on
binding interfaces and to modulate strength of interaction and
function (48). Concerning toxins, a number of posttranslational
modifications have been reported, all occurring in situ at the site of
production within venom glands, and include proteolytic process-
ing, disulphide bridge formation, carboxylation of glutamic acid,
bromination of tryptophan, epimerization of some amino acids,
cyclization of N-terminal glutamine, and O-glycosylation, to name
a few (49). It is of interest that peptides from Conus venoms are
among the most highly posttranslationally modified gene products
(49). In this study, we investigated whether the venom peptide
MCa could be phosphorylated ex situ within target cells and ex-
amined the consequences of this phosphorylation on its pharma-
cological properties. MCa presents an interesting combination of
features, rarely encountered for peptide toxins, to cross the plasma
membrane and to act on an intracellular ion channel target (i.e.,
RyR1). We report that MCa is a substrate of PKA in vitro and is
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also phosphorylated in cellulo after cell penetration. To our
knowledge, this is the first reported case of an exogenous bioactive
peptide that gets phosphorylated within host cells. Probably the
most significant discovery is that phosphorylation of MCa pro-
vokes its complete pharmacological reprogramming, converting
MCa toward an inhibitor of RyR1 activity. Earlier reports about
cell phosphorylation of exogenous material concerned clostridial
neurotoxins (botulinum neurotoxins A, B, and E and tetanus
neurotoxin) (50), but these are very large proteins compared with
MCa, and phosphorylation does not negate the activity of these
toxins. We provide a clue on how phosphorylation may induce
such a drastic change in pharmacological properties of MCa. It is
shown here that the negative charge or charges introduced by the
phosphate group contribute to both loss of positive allosteric
modulation and neutralization of the guanidinium group of Arg®,
leading to the conversion toward negative allosteric modulation.
The channel bilayer and Ca”* release experiments indicate that
MCay, P-Thr*® and MCa, Thr*®Asp reduce channel activity and
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delay CICR without producing stable subconductances, which is a
hallmark of nonphosphorylated MCa, and without fully blocking
the channel even at high concentrations. Importantly, the ob-
served MCay, P-Thr?® and MCay, ThrZ(’Asp effect is the result of
forcing the channel to adopt a more “normal” activity, similar to
that observed in low cytoplasmic Ca®*, with classical characteristic
rapid gating full transitions of RyR1 openings and closings. We
thus propose that MCay, P-Thr?® and MCa,, Thr**Asp modify the
agonist effect of Ca®* on RyR1; hence the term negative allosteric
modulators for these peptides. MCa itself remains a positive al-
losteric modulator for favoring the activating role of cytoplasmic
Ca®* (9). With regard to [*H]-ryanodine binding, we observed a
mild inhibition by MCay, P-Thr®® only when performing binding in
the presence of low concentrations of [°H]-ryanodine and for a
short incubation time. Higher ryanodine concentrations (50 nM)
and longer incubation times completely prevented the MCa,,
P-Thr*® effect. This might be explained by both possible de-
phosphorylation of MCay, P-Thr*® during the time course of the
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experiment with dephosphorylated MCa overriding the effect of
MCa;, P-Thr?, and/or ryanodine itself precluding MCay, P-Thr*®
effect, as supported by results obtained in bilayer experiments
showing the persistence of ryanodine effect on the MCay, P-Thr?-
modified RyR1.

The fact that MCa prevents MCay, P-Thr*® binding on RyR1
suggests their binding occurs on the same site between the
clamp and handle domain of RyR1 (51, 52). Although the
presence of distinct sites allosterically influencing each other
remains possible, it seems, however, unlikely because of the
structural similarities between the two ligands being very high
and the notion that toxins interact with their receptors
through multiple points. However, two binding sites have
previously been identified for MCa (19) on RyR1, and
therefore the ability of MCay, P-Thr? to bind to these sites, as
well as their respective roles in the effect of MCa;, P-Thr®® on
RyR1 modulation, remains to be established. In addition, the
existence of an allosteric behavior between the MCa and/or
MCay, P-Thr?® binding sites within the RyR1 tetramer is also a
strong possibility. This could possibly explain the slow onset of
action of MCay,, P-Thr?°, as well as the rapid overriding effect
of MCa on MCa, P-Thr?®. Alternatively, it remains possible
that phosphorylation of MCa alters the K of binding on
RyR1 sites, explaining why MCa so easily overrides MCay
P-Thr?®. Interestingly, the reported binding site for imperatoxin
A, a close homolog of MCa, is located near the proposed CaM
binding site. Knowing that CaM can also act as activator or an
inhibitor, depending on Ca** concentration, there is an in-
teresting parallel to be made on the opposing effects of MCay,
P-Thr?® and MCa on RyR1 behavior. These evidences high-
light the crucial role of this RyR1 region in the control of
channel gating properties. MCay, P-Thr?® will therefore re-
present an interesting tool to study the structural constraints
that take place within the RyR1 MCa/MCa,, P-Thr*® binding
site and that control RyR1 channel gating. A particular im-
portant question will be to understand how Thr?® of MCa
interacts with RyR1 and what structural change is induced in
RyR1 by the addition of a phosphate group or, more gener-
ally, a well-positioned negative charge on the lateral chain of
the substituted residue at position 26 of MCa. Obviously, the
recent resolution of the 3D structure of RyR1 (53-55) pre-
sents exciting perspectives on the understanding of the posi-
tive and negative allosteric modulation of this physiologically
important ion channel. The data also need to be considered in
the frame of an intriguing sequence homology between MCa
and a cytoplasmic domain of the skeletal muscle voltage-gated
calcium channel, the dihydropyridine receptor (DHPR) (9).
Several studies have led to the proposal that MCa could mimic
the action of this DHPR domain on RyR1 (56). Interestingly,
this DHPR domain carries a Ser residue, Ser687, corre-
sponding to Thr?® of MCa, that has been previously shown to
be phosphorylated in vitro by PKA (57, 58). In their study,
the authors showed that a peptide corresponding to this se-
quence of DHPR completely loses its ability to activate RyR1
under phosphorylation of the Ser®®” residue. Although DHPR
II-IIT loop residues 681-690 do not seem essential for en-
gaging physiological EC coupling in intact skeletal myotubes
(59), our results suggest that MCa, and possibly the other
calcin toxins with the inhibitor cystine knot motif, have
evolved to mimic some aspect or aspects of interactions be-
tween the DHPR and RyR1, whose structures have been
optimized for high affinity and efficacy toward functional
modification of RyR1.

Both MCa P-Thr?® and MCa Thr*°Asp can now be considered
interesting lead inhibitors of RyR1 channel activity. Both of these
compounds freely cross the plasma membrane and can therefore
be readily used to silence RyR1 channel activity in vitro. In vivo
use can also be programmed because of the extreme protease
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resistance of MCa and important half-life in mice (24). Although
MCa, Thr*’Asp recapitulates some of the properties of MCa
P-Thr?, it does so only partially. Still better inhibitors may be
designed that will not possess a phosphate group on the lateral
chain. This is desirable if one wants to avoid dephosphorylation to
occur in cellulo. Reasons why the aspartyl substitution only par-
tially mimics the phosphate group on Thr*® may include an im-
perfect charge neutralization of Arg?, the absence of a second
negative charge that the phosphate group may carry depending on
pH, and a less perfect interaction with RyR1 site. Obviously,
several more analogs need to be designed to sort these issues out,
but the basic observations are there that will help us design better
inhibitors that are also phosphatase-resistant. The present com-
pounds will nevertheless be useful to silence RyR1, and probably
other RyR isoforms, in a number of pathological conditions in
which abnormal RyR1 channel activity is involved. These include
skeletal and cardiac myopathies (60), neurodegenerative disorders
(61, 62), and environmentally triggered disorders (12). Our results
suggest that MCa P-Thr?® is capable of normalizing two important
dysfunctional properties of RyR1: by decreasing the sensitivity of
RyR1 to cytoplasmic Ca*, allowing a decrease of spontaneous
CICR (Fig. 3 A-D), and by normalizing RyR1 channel activity in
the presence of high (50 uM) cytoplasmic Ca®* (Fig. 3 E and F),
restoring P, to near those measured at [Ca®*Jes (~120 nM).
Coordinated reduction of abnormal RyR1opening mediated Ca**
leak and normalization of RyR1 channel hyperactivity may have
translational significance toward the development of new thera-
peutic strategies in treating the growing number of complex dis-
orders that converge on RyR dysregulation.

In conclusion, these results represent the first demonstration,
to our knowledge, that a small bioactive peptide toxin may un-
dergo phosphorylation in cellulo at its site of delivery but also
that such a modification has the ability to fully reprogram its
pharmacological properties. Taking into account the growing list
of active peptides isolated from venoms and the large spectra of
posttranslational modifications, a systematic investigation of the
effect of such toxin modification could lead to the character-
ization of new functionalities of these peptides. It is noteworthy
that phosphorylated versions of bioactive peptides have also
been detected in snake venoms (63), indicating that our obser-
vation may represent the first example, to our knowledge, of a
larger list of peptides whose pharmacological activity is modu-
lated by posttranslational modifications. Obviously, homologous
peptides from the calcin family, which also bear the consensus
phosphorylation site, are the next candidates for investigation of
the effect of phosphorylation on pharmacology.

Materials and Methods

Detailed methods can be found in S/ Appendix, Materials and Methods.
Peptide syntheses were performed as previously described (7). The in cellulo
phosphorylation was performed in HEK293 cells, using the PKA activator
8-bromoadenosine 3’,5'-cyclic monophosphate. NMR recordings were per-
formed at a peptide concentration of 1 mM, using a Bruker DRX500 Avance
Il equipped with a QX1 probe. Junctional SR was from skeletal muscle of
New Zealand White rabbits. [1H]-ryanodine binding and Ca?* release ex-
periments were performed at 0.1 mg/mL SR vesicles concentration. The in-
teraction of MCay, and MCay, P-Thr?® with RyR1 was performed with purified
RyR1. All planar bilayer experiments were performed using junctional SR
membrane vesicles on a bilayer clamp BC 525C apparatus.
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SI Materials and Methods

Materials. N-a-Fmoc-L-aminoacid, Wang-Tentagel resin and reagents used for peptide synthesis
were obtained from Iris Biotech. Solvents were analytical grade products from Acros Organics.
Acetonitrile was High Performance Liquid Chromatography (HPLC) gradient grade from Fischer

Scientific and trifluoroacetic acid (purity > 98%) from Fluka.

Solid-phase peptide synthesis. Chemical syntheses of MCa,, MCa, P-Thr*, MCa, Thr**Asp, MCa,
Thr**Glu, MCa, Asn’’Ala and MCa, P-Thr*® Asn’’Ala were performed as previously described (1)
with the following modifications. Briefly, these peptides were chemically synthesized by the solid-
phase peptide synthesis (SPPS) method using an automated peptide synthesizer (CEM®© Liberty). The
peptide chains were assembled stepwise on 0.24 mEq of Fmoc-L-Arg(Pbf)-Wang-Tentagel resin using
0.24 mmol of N-a-fluorenylmethyloxycarbonyl (Fmoc) L-amino-acid derivatives. The side-chain
protecting groups were Trityl for Cys and Asn, tert-butyl for Ser and Tyr, Thr, Glu and Asp, Pbf for
Arg, and tert-butylcarbonyl for Lys. Reagents were at the following concentrations: 0.2 M Fmoc-
amino-acids (Fmoc-AA-OH in dimethylformamide (DMF)), 0.5 M activator (2-(1H-benzotriazole-1-
yl)-1,1,3,3-tetramethyluronium  hexafluorophosphate in DMF), 2 M activator base
(diisopropylethylamine in N-methyl-pyrrolidone) and deprotecting agent (5% piperazine / 0.1 M 1-
hydroxybenzotriazole in DMF), as advised by PepDriver (CEMO). After peptide chain assemblies, the
resins were treated for 4 hours at room temperature with a mixture of trifluoroacetic
acid/water/triisopropylsilane/1,4-dithiothreitol (92.5/2.5/2.5/2.5). The peptide mixture was then
filtered to eliminate the resin and the filtrate precipitated by adding cold z-butylmethyl ether. The
crude peptides were pelleted by centrifugation (10,000 x g, 15 min) and the supernatants were
discarded. The reduced peptides were submitted to oxidation for disulfide bridge formation in 0.1 M

Tris / HCI buffer at pH 8.2 during 3 days at room temperature. Oxidized / folded peptides were then



purified by HPLC using a Vydac C18 column (218TP1010, 250 x 10 mm). Elution of the peptides
were performed with a 10-60% acetonitrile linear gradient containing 0.1% trifluoroacetic acid (TFA)
over 40 min. The purity of the collected fractions was analyzed by reversed phase (RP) - HPLC using
analytical C18 column (Vydac, 218TP104, 10 um, 250 x 4.6 mm). All peptides were characterized by
MALDI-TOF mass spectrometry. Samples were mixed 1:1 (v/v) with 10 mg/mL a-cyano-4-
hydroxycinnamic acid (HCCA) before spotted onto a MALDI target plate. Mass spectrometry
analyses were performed on a 4800 MALDI-TOF/TOF instrument (ABSciex). MS spectra were

acquired in positive ion reflector mode over a mass range of 800-6000 m/z.

In cellulo phosphorylation. HEK293 cells were incubated in the presence of MCa,, PKA activator
(8-bromoadenosine 3°,5’-cyclic monophosphate salt) and 0.5-1.0 mCi/ml [**P] orthophosphoric acid
for 3 hr at 37°C in phosphate free media. Next, cells were washed twice to remove extracellular MCay,
and solubilized in the presence of phosphatase inhibitors (phosSTOP Roche) in buffer containing (in
mM): Tris 15, KCI 60, NaCl 15, MgCl, 1.5, pH 7.0, Triton X-100 0.5%. MCa, was collected using
streptavidin-coated magnetic beads and [**P]-labeled MCa, visualized by autoradiography and
streptavidin-peroxidase labeling after separation by 16.5% Tris-glycine gels (Bio-Rad) and transfer on

nitrocellulose membrane (Bio-Rad). Control was performed in the absence of MCa,,.

NMR recordings and structure modeling. MCa, MCa, P-Thr**, MCa,, Thr**Asp and MCa;,, Thr**Glu
were solubilized in 500 pl of a mixture of H,O and D,O (9:1, v/v) at a final concentration of 1 mM.
All 'H-2D-NMR NOESY spectra (mixing time 80 ms) were recorded using the states-time-
proportional phase increment method to achieve F1 quadrature detection. The spectrometer was a
Bruker DRX500 Avance III equipped with a QX1 probe with z axis gradients. The temperature was
set to 300 K, and the spectra were recorded with 2048 complex points in the directly acquired
dimension and 400 points in the indirectly detected dimension. Solvent suppression was achieved
using excitations sculpting with gradients. The obtained spectra were Fourier transformed (4096 x
1024 points) and analyzed with Topspin Bruker software.

The 3D structure of MCa P-Thr*® was also modelled using the 25 conformations of MCa of the Protein
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Database Bank structure (access code 1C6W). Using Sybyl X1.3, the energy of each conformation
was minimized before introducing any modification into the structure. The parameter of the
minimization were as follows: field force: MMFF94, charge: MMFF94, method: Powell without initial
optimization, terminate point: gradient = 0.5 kcal/(mol.A). Next, a phosphate group was added to Thr*®
for each of the 25 conformations using the phosphorylate tool of Sybyl X1.3. The energy was again
minimized for each conformer using the same parameters as before, and each phosphorylated
conformation compared to its unphosphorylated one. Twelve conformations were coherent with the
NMR results on MCa, P-Thr*® and a mean structure of these conformations was represented and
superimposed with the mean structure of the corresponding MCa conformations. The other 13
conformations show either no structural alterations or a modification of the orientation of the lateral
chain of Asn®’ without (n=3) or with (n=3) an interaction with the phosphate group of Thr*. For the
twelve NMR-coherent conformations, there is an interaction between the phosphate group of Thr*® and
the guanidinium group of the lateral chain of Arg* with a distance between 1.53 and 2 A that is fully
compatible with an electrostatic interaction.

For MCa Thr**Asp and MCa Thr**Glu, the mutate tool from Sybyl X1.3 was used to replace the Thr*®
by the adequate amino acid on the 25 conformation. Then the energy was minimized using the same
parameters as described for MCa P-Thr”®. Each MCa Thr**Asp and MCa Thr**Glu conformations were
compared to their respective MCa and MCa P-Thr*® counterparts. Concerning MCa Thr*®Asp, six
conformations on 25 indicate an interaction between the lateral chains of Asp®® and Arg* (distance
varying between 1.93 and 2 A), while 19 others provided no particular tendency. In contrast, none of
the 25 conformations of MCa Thr**Glu showed an interaction between the lateral chains of Glu*® and

Arg*,

Preparation of junctional SR from rabbit skeletal muscle and purified RyR1. Junctional SR
membrane vesicles enriched in RyR1 were prepared from skeletal muscle of New Zealand White
rabbits according to the method of Saito ef al. (2) with modifications described by Pessah and Zimanyi

in 1991 (3). The preparations were stored in 10% sucrose, 10 mm HEPES, pH 7.4, at -80°C until



needed. Purified RyR1 was prepared from solubilized SR vesicles by separation on sucrose gradient

according to Lay et al. (4).

[*H]-ryanodine binding on SR vesicles from skeletal muscle. SR vesicles (0.1 mg/mL) were
incubated at 37°C for 30 min in a buffer composed of 100 mM KCI, 2 mM EGTA, 2 mM CacCl, (pCa
5), 20 mM MOPS, pH 7.4, 1 nM [*H]-ryanodine. [*H]-ryanodine bound to heavy SR vesicles was
measured by filtration through Whatman GF/B glass filters followed by three washes with 5 ml of ice-
cold washing buffer composed of 100 mM KCI, 20 mM MOPS, pH 7.4. Bound [*H]-ryanodine
retained on the filters was measured by liquid scintillation. Nonspecific binding was measured in the
presence of 80 uM unlabeled ryanodine. The data are presented as mean + S.E. Each experiment was

performed in triplicate.

MCa, and MCa, P-Thr’® interaction with RyR1. Purified RyR1 was transferred in a buffer
containing KC1 100 mM, 2 mM EGTA, CaCl, 1.84 mM (pCa 6), MOPS 20 mM pH 7.4 (buffer A)
using Sephadex G-25 column. Constant amount of purified RyR1 was incubated for 2 hrs at room
temperature in 200 pl of buffer A in presence of various concentration of MCa, or MCa, P-Thr*
immobilized on streptavidin-covered beads. Total volume of beads was kept constant for each
concentrations of MCa, or MCa, P-Thr*® by adding naked beads. Beads were then collected and
washed three times with 1 ml PBS-0.1% tween. Bound RyR1 was measured by immunolabelling after

separation on SDS page gel and transfer onto nitrocellulose.

Ca’ release measurements. Ca”" release from SR vesicles (0.1 mg/mL) was measured through the
absorbance at 650 nm of the Ca**-sensitive indicator Arsenazo III (250 uM) in a buffer containing 100
mM KCl, 6 mM NasP,0;, 20 mM MOPS pH 7.4 and 1 mM ATP-Mg. On some occasions,
antipyrylazo III (AP III, 250 uM, 710 nm) was used instead of Arsenazo III because it is less sensitive
to the presence of Mg”" (specified in the legends of the figures). A slightly different buffer was used:
92 mM KCIl, 20 mM K-MOPS (pH 7.0), 7.5 mM Na-pyrophosphate, and a coupled enzyme system
consisting of 1 mM MgATP, 20 pg/mL creatine phosphokinase, and 5 mM phosphocreatine. Ca*"

4



loading was achieved by successive additions of 40-45 nmoles of CaCl, (20-30 puM final
concentration). Ca®* signal was calibrated under the same conditions in the presence of Ca*" ionophore

A23187 (4 uM).

Recording and analysis of single RyR1 channels in bilayer lipid membrane (BLM). Junctional SR
membrane vesicles (approximately 0.1 mg/ml) were used to induce fusion with the planar BLM. BLM
was formed by 30 mg/ml phosphatidylethanolamine: phosphatidylserine: phosphatidylcholine in
decane (5:3:2 by weight purchased from Avanti Polar Lipids, Inc., Alabaster, AL). A 10-fold Cs"
concentration gradient (500 to 50 mM) was built from cis to trans compartment. The recording baths
were buffered to pH 7.4 by 20 mM HEPES. The holding potential was held at =40 mV by bilayer
clamp BC 525C (Warner Instruments, Hampden, CT) on the trans side, where cis was virtually
grounded. The cis chamber was where membrane protein and indicated Ca** concentrations were
added to ensure the sidedness of cytosolic face of the incorporated channels. The luminal (¢#rans) side
of the channel was always maintained at 100 pM Ca”". Immediately after a fusion of SR, the cis
chamber was perfused with an identical buffer except no JSR protein to prevent additional channel
incorporation. The current signals were filtered at 1 kHz (low pass Bessel Filter 8 Pole; Warner
Instruments), digitized and acquired at a sampling rate of 10 kHz (Digidata 1440A, Molecular Devices
(Sunnyvale, CA)). All current recordings were made with Axoscope 10 software (Molecular Devices)
for at least 1 min under each defined experimental condition. The channel open probability (P,), mean
open and closed dwell times (7, and t.) and current amplitude histograms were calculated and obtained

using pClamp software version 10.0 (Molecular Devices).

Results

Single channel activity Supplementary Figure Sb

Basal channel activity at optimal cis Ca®" demonstrates a high frequency of transitions to the fully
open state (02; first histogram). Addition of MCa P-Thr*® (3 uM) decreases probability of the fully
open state (O2) measured at 2, 5 and 10 min post addition (2nd, 3rd and 4th histograms, respectively).

Importantly, the dwell times for events to the open substate O1 (the characteristic MCa substate) does
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not change despite the fact that channel P, drops precipitously, i.e., there is no evidence that channel
inhibition coincides with increased dwell time at the classic O1 MCa substate (the open dwell time of
Ol transitions is no different than the unmodified channel during the baseline period). Moreover,
when MCa is subsequently added to the cis chamber after 10 min the frequency of the MCa substate
O1 increases (left panel-histograms 5 and 6, and right panel-summary P, and mean dwell time at O1).
MCa but not MCa P-Thr*® elicits an increase in dwell time at O1 demonstrating that (/) MCa competes
with MCa P-Thr*® and (i) MCa increases the dwell time of the channel at O1, as expected for MCa
alone. Addition of ryanodine locks the channel in the classic ryanodine-modified substate that is
distinct from the MCa substate as demonstrated by the current histogram 7 in the Left Panel, and
reduces the mean dwell time at O1 (the MCa state) and decreases the P, of the fully open state O2 to

zero. Representative analyses are from N=4 channels.
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SI Supplementary Figures

Supplementary Fig. 1. (a) Consensus PKA phosphorylation site on MCa. Critical residues for
recognition by PKA are highlighted in color by stick representation (blue/red). The potential residue
undergoing phosphorylation (Thr*®) is in red. Surface representation of MCa (Fast Connolly)

according to NMR structure (PDB 1C6W accession number). The consensus phosphorylation site is



located in the pharmacophore region of MCa. (b) MCa, Thr**Glu is not a PKA substrate. Lack of
phosphorylation by PKA of MCa, Thr**Glu is evidenced by the absence of shift in HPLC profile. The
mass spectra leads only to detection of the original non-phosphorylated synthetic analogue MCa,

Thr**Glu (experimental (M+H")" = 4116.82 Da (inset) in agreement with its theoretical mass.

Supplementary Fig. 2. Chemical synthesis of MCa, P-Thr®. Analytical C18 RP-HPLC profiles of
crude reduced (a), crude folded/oxidized (b), and purified (¢) MCa, P-Thr*® peptide. The
phosphorylated Thr*® substitutes the regular Thr* residue in the MCa sequence. Inset: MALDI-TOF
mass spectrometry profile illustrating the correct mass of the folded/oxidized phosphorylated

analogue.

Supplementary Fig. 3. MCa,, P-Thr*® does not induce Ca®* leak from SR vesicles. (a) SR vesicles
were actively loaded with Ca®" in the presence of 1 uM MCa, P-Thr*® by sequential addition of 40
nmoles of Ca*". After the last injection, extra vesicular Ca®" concentration was monitored for over 9
min. No significant change of the extra vesicular Ca*" concentration level was observed as indicated
by the linear fit of the slope (which turned out to be negative on average, n=9). (b) SR vesicles were
actively loaded with five injection of Ca®" in the absence (left panel) or presence (right panel) of 1 pM
MCa, P-Thr*. SR Ca”" content was then measured by the addition of the ionophore A23187 that fully

empties the SR vesicles. (¢) Average SR Ca®" content measured as in (b) (n=5 experiments).

Supplementary Fig. 4. The agonist effects of caffeine and ryanodine are preserved in the presence of
MCa, P-Thr*®. (a) Macroscopic Ca®" currents measured with the AP III dye showing that 2 mM
caffeine still triggers Ca®" release from SR vesicles in spite of the presence of 2 uM MCa, P-Thr*
(bottom trace). The top trace shows that 50 nM MCa is highly potent in triggering Ca** release from
SR vesicles in conditions where MCa, P-Thr*® has no agonist activity (two challenges at 20- and 40-
fold higher concentrations) (n=7 experiments). (b) Similar experiment as in (a) also using AP III as a
dye to measure Ca®" except using 100 nM MCa in top panel and 20 uM ryanodine after the two

applications of MCa,, P-Thr*® (n=2 experiments).



Supplementary Fig. 5. Properties of MCa;, P-Thr*® RyR 1 inhibition in lipid bilayers. (a) MCa P-Thr*®
(3 uM) inhibits single channel gating frequency and open probability (P,) in the presence of optimal
Ca”" in the cytoplasmic (cis; 50 pM) and luminal (frans; 100 puM) chambers (trace 1 versus trace 2).
Subsequent addition of caffeine (cis; 2 mM) overrides the suppression of P, (3rd trace), restoring
baseline P,. Addition of MCa demonstrates that the channel remains responses to the classic Calcin
state, further indicating reversibility through competition with MCa P-Thr®. (b) Analysis of substate
frequencies (left panel), channel mean open dwell times at the MCa substate (O1), and their
relationship to P, at the full-open conductance (O2) before (grey, control period) and after sequential
additions of MCa P-Thr*® (2 uM; blue), MCa (50 nM; black) and ryanodine (black, 2 pM). The

cis/trans Ca*" conditions are as in (a). The results shown are representative of n=2 experiments.

Supplementary Fig. 6. Structural modifications induced by MCa phosphorylation. (a) Parts of a
noesy spectrum of MCay (in blue) and MCay, P-Thr*® (in red). Variations in chemical shifts are boxed
and amino acid positions identified by numbers. Major shifts go from residues 23 to 31 and encompass
the pharmacophore region. Correlations with the side chain amide proton of residues Arg** and Asn®’
are labelled with a star. The spectra were recorded on a Bruker DRXS500 as previously described (36).
(b) Superimposition of average MCa and modelled MCa,, P-Thr”® structures. Stick representations of
MCa (background plane) and MCa P-Thr*® (front plane). Average MCa structure was recovered from
the PDB and modelled structure of MCa P-Thr*® was produced according to ONLINE METHODS.
Carbon atoms of MCa residues in yellow are those that differ in positioning from MCa P-Thr*’. Green
colour indicates identical position of carbon atoms. Representation of structures was performed using

Sybyl-X1.3.

Supplementary Fig. 7. Structural evidence for the reorientation of the lateral chain of Arg**. Zoom of
overlaid 'H-2D NMR Noesy spectra of MCa, (in blue) and MCa, P-Thr*® (in red) in the region of
CHd/NHe correlations of Arg®. The spectra for MCa, Thr**Glu (in black) and MCa, Thr**Asp (in

green) are shown for comparison. The spectra for Asn" are shown as negative control.
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Supplementary Fig. 8. Asn” mutation does not affect MCa or MCa, P-Thr*® pharmacology. (a)
Zoom on the hydrogen bond that was predicted to occur in n=3 out of 25 modelled structures between
the side chains of Thr*® and Asn*’ of MCa P-Thr*. (b) Effect of MCa, Asn’’Ala analogue on [*H]-
ryanodine binding onto SR vesicles. Experimentally, binding was performed at pCa = 5. No
significant differences were observed between the efficacies of MCa, and MCa, Asn”’Ala indicating
that the Asn to Ala substitution at position 27 is non-disruptive of MCa pharmacology. (¢) SR Ca**
release illustrating the kinetics of Ca*" release by 2 mM caffeine in the absence and presence of the
double mutant MCa,, P-Thr*® Asn*’Ala. The trace overlay (right panel) illustrates the delay introduced
in caffeine-mediated Ca> release by MCa, P-Thr*® Asn’’Ala (n=7 experiments). AP III dye used in

this set of experiments.

Supplementary Fig. 9. The MCa, Thr**Glu analogue does not mimic the antagonist effect of MCa,
P-Thr?. (a) 3D structure of MCa Thr**Glu (left panel) with a zoom in (right panel) illustrating the lack
of ionic interaction between the side chains of Glu*® and Arg** residues of MCa Thr**Glu. (b) MCa,
Thr*Glu (200 nM and 2 pM) causes a small time-dependent activation of RyR1 channel activity
(traces 2-6). Sequential additions of ligands into the cis solution were denoted with downward arrows
on the left side of each representative current traces. Mean open- and closed-dwelling time constants
(7, and t.), obtained for each recording conditions, were denoted above each representative trace. “O”
and “C” in the figure indicate the full and zero conductance states when the channel fully opened and
closed, respectively. Total n=6 independent bilayer measurements under similar conditions produced
consistent responses. The lower panel recapitulates the evolution of Po following the addition of MCa,

Thr®*Glu in the cis chamber.

Supplementary Fig. 10. Caffeine and ryanodine override the effect of MCa, Thr**Asp. (a) 1 and 2
uM MCa,, Thr*®Asp has no effect on Ca®" release from SR vesicles (trace 2) in conditions in which 50

nM MCa is active (trace 1). 2 mM caffeine reactivates the Ca®" release in spite of the continuous



presence of MCa, Thr*®Asp. Representative example of n=5 using the AP III dye. (b) Similar as in (a)

but using 20 uM ryanodine instead of 2 mM caffeine to show reactivation of Ca*" release (n=2).
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Ca*

MCa 50 nM

MCa Thr®Asp 1 uM

MCa Thr#*Asp 2 uM
Caffeine 2 mM

MCa 100 nM

Ca*

"MCa Thr#*Asp 1 uM
MCa Thr*Asp 2 uM
Ryanodine 20 uM
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Résumeé

Les glioblastomes sont des tumeurs cérébrales qui sont extrémement agressives, et qui, en dépit de
I'arsenal thérapeutique (chirurgie, radiothérapie ou chimiothérapie), ne laissent pas plus de 16 mois d'espérance
de vie aux patients. Dans le cadre de cette thése, nous proposons d'utiliser certaines toxines en tant que vecteurs
pour I'administration de médicaments anticancéreux, et notamment pour le traitement du gliome. Les travaux
présentés ici se concentrent sur I'utilisation de variants de la maurocalcine (MCa) et des analogues de la
chlorotoxine (CTX). La MCa est une toxine issue du venin du scorpion Scorpio Maurus palmatus, qui est capable
de pénétrer dans les cellules facilement et rapidement. Il a été prouvé que la MCa peut entrer dans la cellule avec
une cargaison. C'est en exploitant cette capacité présente chez deux de ces variants, que nous avons synthétisé
avec succes deux nouveaux composés a base de cette toxine avec de la doxorubicine et un dérivé du platine. Les
études de toxicité et de caractérisation de ces composés, qui ont été réalisé, on permit de mettre en évidence
I'intérét et le potentiel de la MCa. La seconde partie de ces travaux de thése portée sur la CTX et des peptides
semblables, également extrait de venin de scorpion. Ils ont la particularité de fixer / d'interagir uniquement avec
les cellules cancéreuses d'origine gliale. Aprés une rapide caractérisation de ces analogues de la CTX, I'un d'eux la
Lgh-8/6 a été utilisé avec succés pour I'administration ciblée de doxorubicine. L'ensemble des travaux menés
durant cette thése constitue une base de départ solide pour une amélioration des systémes de vectorisation,
surtout en cancérologie de molécules actives. De plus ces résultats mettent aussi en avant I'avantage de
I'utilisation d’un systéme de couplage « universel » basé sur la chimie click.

Mots Clés : Maurocalcine, Chlorotoxine, Chimie click, Doxorubicine, Platine, Glioblastome

Abstract

Glioblastoma are cerebral tumors that are extremely aggressive, and that, in spite of a battery of
therapeutic interventions (surgery, radiotherapy or chemotherapy), leave no more than 16 months life
expectancy to the patients. As part of this thesis, we propose to use some selected toxins as vectors for the
delivery of anticancer drugs, and namely for the treatment of glioma. The works presented here concentrate on
the use of variants of maurocalcine (MCa) and the analogues of chlorotoxine (CTX). MCa is a toxin from of the
scorpion Maurus palmatus that has cell penetrating propriety. It has been proved that MCa can enter the cell
with cargoes. While exploiting this present capacity to two of these variants, we synthesized successfully two new
compounds with this toxin with the doxorubicine and a by-product of the platinum. Toxicity studies and
characterization of these compounds that have been made, have permitted to highlight the interest and potential
of the MCa. The second part of this thesis work focused on the CTX and similar peptides, also extracted from
scorpion venom. They have the particularity to fix/ interact only with cancer cell from neuroectodermal origin.
After a fast characterization of these analogues of CTX, one of them (Lgh-8/6) was successfully used for the
targeted administration of doxorubicin. All work conducted during this thesis constitutes a solid starting point for
an improvement of the systems of vectorization of active molecules, especially in cancer research Moreover,
these results also emphasize the advantage of the use of a system of "universal" coupling based on the click
chemistry.

Keywords: Maurocalcine, Chlorotoxin, Click chemistry, Doxorubicin, Platin, Glioblastoma



