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histidine 

lysine 

Fast Atom Bombardment 

résonnance magnétique nucléaire 

résonnance paramagnétique électronique 

diméthylsulfoqde hexadeuterié 

dichlorométhane 

chloroforme 



Lc cancer est une maladie du contrdle de la division cellulaire. Les nombreuses 

formes de cancers répondent iî une caractérisuque commune: la croissance 

incontrblée de cellules anormales. Mais si le phénomène cellulaire global est 

commun, son évolution est MQcnte pour chaque type de tumeur. 

La thérapie du cancer n'intervient que tardivement dans le processus de 

cancérisation. Depuis l'événement inittal d'induction de la cancérisation (que ce soit 

par un agent chimique, viral ou ionisant) jusqu'au moment oû la prolifération 

néoplasique dépasse le seuil de détection clinique (approximativement log cellules 

soit une tumeur de un centimètre de diam*tre]. toute une phase du processus de 

tumorisation - dite phase occulte par opposition à la phase clinique - s'est déjà 

déroulée et conditionne très souvent le pronostic d'oû l'importance de la prévention et 

du dépistage précoce des cancers. 

Lorsque la tumeur est implantée. celle-ci évolue dans le temps et dans l'espace. 

Généralement l'extension d'abord locorégionale se propage par voie lymphatique vers 

les gangiions. La propagation hématogène génératrice des métastases constitue le 

principal facteur de généralisation. La nature anarchique et fmprevisible de 

I'évolution tumorale impose la mise en oeuvre le plus rapidement possible d'un 

traitement radical parfois mutilant et toujours très difficile à supporter. 

La définition du meilleur traitement à proposer repose sur la connaissance du 

mécanisme et de l'évolution de cette maladie afin de permettre un traitement adapté à 

chaque STpe de cancer . 

Les quatre thérapeutiques majeures - chirurgie. radiothérapie. chimiothérapie 

et immunothérapie - peuvent étre utilisées isolément ou associées le plus souvent en 

fonction du degré de gravité. de la localisation et des données histologiques. La 

chimiothérapie a pris une place de plus en plus împortante en raison de sa fréquente 

efflcacité. Seul traitement possible des maladies apparaissant simultanément en 

plusieurs points de 1' oqpnisme ou de tumeurs déjà métastasiées. la chimiothérapie 

est également utilisée pour réduire le volume d'une tumeur avant une intervention 

chirurgicale ou pour faire disparaître les foyers métastasiques microscopiques 

apparaissant secondairement après le traitement d'une lésion primitive 

(chimiothérapie adjuvante). Cependant les cancers chimio-curables ne représentent 

que quelques pour cent du total des cancers et des leucémies. 



L'arsenal des médicaments anticancéreux se compose d'environ 35 spécialités 

regroupées en quatre classes: 

- Les antimétaboiites : Méthotrexate. Fluoro-5 Uracile ... 
- Les inhibiteurs de ia duplication et de ia hnscription de l'ADN : Cispiatine, 

Blhmycine, Adriamlycine.. . 
- Les antimitotiques : Vincristine, Vinblastine ... 
- Les hormones : Preânisone.. . 

De plus la découverte souvent fortuite (sauf rares exceptions) de ces substances, 

sans une pleine connaissance de leur mécanisme d'action, conduit à une utilisation 

non optimale de ces produits. Pour lutter le plus efficacement possible contre les 

cancers , il convient donc. parallèlement a i'étude fondamentale du processus de 

cancérisation (qui n'a pas de but thCrapeutique direct mais peut concourir à préciser et 

découvrir de nouvelles cibles moléculaires), de définir clairement le mécanisme 

d'action des substances médicamenteuses -tantes afin de : 

- permettre une uüïisation optimale des médicaments disponibles 

(pharmacocinétique. chronobiologie, associations et vectorisation. 

élargissement du spectre d'action). 

- concevoir et élaborer de nouvelles substances antitumorales plus 

efficaces, moins toxiques. 

De la conception A la réalisation dans le domaine de la pharmacochimie du 

cancer. il est nécessaire d'adopter un cheminement rigoureux. Pour élaborer une 

substance nouvelle, la connaissance de la cible principale d'interaction est 

primordiale afin d'adapter au maximum la conformation du ligand à son récepteur. 

L'ADN a été reconnu comme l'élément responsable du déclenchement des 

mécanismes moléculaires de la cancérisation. Les substances anticancéreuses conçues 

pour inhiber les mécanismes de transmission de l'information génétique tiennent 

compte de la géométrie de leur cible. l'ADN. Dflérents types de liaisons à l'ADN sont 

possibles. L'intercalation, l'alkylation et la fixation dans le petit sillon constituent 

les trois principaux procédés de fixation. Néanmoins si cette liaison a l'ADN est 

désormals reconnue comme primordiale. encore faut-il que celle-ci s'établisse en des 

sites oligonucléotidiques spécifiques au sein des oncogènes inducteurs du mécanisme 

de la prolifération cellulaire anarchique. L'activation d'un proto-oncogène en 

oncogène est le résultat d'une translocation, amplification ou mutation d'un gène. La 



création ou la dérégulation d'une séquence nucléique inédite constitue le premier 

évènement initiateur du cancer. 

Pour inhiber ce phtnoméne P sa source, il convient d'afher l'élaboration de 

modèles susceptibles de se lier B ltADN avec une forte affinité et/ou une haute 

spécificitt. 

Ces deux critères constituent le thème de ce travail. Une démarche logique est 

présentte. depuis la connaissance du mécanisme d'action de deux substances 

antitumorales d'origine naturelle - la bléomydne et la distamycine (et son analogue la 

nétropsine), toutes d e w  prises comme modèle d'un processus particulier de liaison à 

l'ADN - jusqu'à l'élaboration de Mérents modèles synthétiques. La liaison à l'ADN. 

élucidée au moyen de techniques physicochimiques et biochimiques très diverses et 

l'activité antitumorale (in vitro) de chacun de ces analogues synthétiques ont été mises 

en évidence. 

Cette étude débouche sur la conception d'un analogue chimiquement plus 

complexe dont les mécanismes de liaisons multiples à l'ADN peuvent étre mis profit 

pour aborder sur le plan moltculaire l'étude des interactions protéines-ADN qui 

régissent tout le fonctionnement cellulaire. 



CHAPITRE 1 

LES MODELES NATURELS 

NETROPSINE ET DISTAMYCINE 



1. Nétropsine et Distamycine : généralités. 

1'1 Isolement et structure, 

En 1951. Finlay isole du bouiilon de culture de Streptomyces netropsis un 

antibiotique riche en azote qu'a nomme nétropsine (FiNLAY &&, 1951). L'analyse 

chimique et la synthèse totale ont permis d'en déterminer la structure (Figure 1) (VAN 

TAMELEN et, 1956: NAKAMURA st al*. 1964: JULIA & PREAU JOSEPH. 1967: 

LOWN & KROWICKI. 1985) . 

La nétropsine (Nt) porte parfois Wérentes appellations : 

-sinanomycine : isolé de Streptomyces ambofacies (WATANABE. 

1956). 

- antibiotique T 1384 ou T 1385 (WALLER et ai.. 1957; WEISS et al.. 

1957). 

-congocidine : isolé de Streptomyces chromagens et Streptomyces 

wnbifaciens. actif sur Trypanosoma congolense (COSAR et al.. 1952). 

Des travaux ultérieurs ont montré que la congocidine diffère de la Nt 

par le remplacement du C=O par un C=NH au niveau d'un groupement 

acétamido (Figure 1) (BECKER a, 1972). 

La distarnycine A (Dst-A ou Dst-3) est le produit majeur de fermentation de la 

souche Streptomyces àistacfllus. largement plus abondant que la Dst-B et la Dst-C. Sa 

structure chimique se rapproche de celle de la Nt (Figure 1). La synthèse totale de la 

~ s t - A ,  mise au point dès 1964. a fait l'objet de fréquents remaniements IARCAMONE g& 

al.. 1964; PENCO eta1.. 1967; GROKHOVSKY etal.. 1975; BIALER etal.. 1975; GREHN & 

RAGNARSSON. 1981; LOWN & KROWCKI. 1985). La Dst-A est parfois nommée 

. stallirnycine (ARCAMONE & PENCO. 1986). 

Nt et Dst-A appartiennent à la classe des antibiotiques de type pyrrole- 

amidine, au même titre que l'anthelvencine A. la kikumycine, I'amidomycine et la 

noformycine (Figure 1). 

Du point de vue conformationnel. Nt et Dst-A présentent la méme 

caractéristique : la courbure du squelette de la molécule (Figure 2). Cette courbure 
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Figure 1 : Structure de la nétropsine (1). la congocidine (2). la distamycine (3). 

l'anthehrencine (4). la Wkumycine (5).  l'arnidomycine (6) et la noformycine (7). 



résulte de la répulsion stérique entre le groupement méthyle du pyrrole et le carbonyle 

de la liaison peptidique adjacente. Cette confoxmation particulîere s'est révélte 

indispensable la fixation de la moltcule sur l'ADN (CHANDRA 9t alL, 1971; 

MANNING & WODY, 1986). 

1 Nature de l'int- 

jd ADN natifs et uolvmères svnthétiaues, 

L'interaction Nt-ADN (ou Dst-ADN) est très stable et spécifique de l'ADN 

double-brin en conformation B (dextrogyre. les plateaux de bases sont 

perpendiculaires à l'axe de l'héïice). Emrfron 45 paires de bases sont maintenues dans 

la conformation B pour 1 résidu Nt M. La très faible fixation sur le conformère A. où 

les bases sont inclinées par rapport au plan perpendiculaire à l'axe de l'hélice. 

s'accompagne d'une réversion de la forme A vers B (LUCK & ZIMMER, 1973: 

MICHENKWA & ZIMMER, 1980: ZIMMER &&, 1982). De la même façon. on a pu 

noter la réversion de la forme Z [dextrogyre) vers B. Sur la base de calculs théoriques, 

Zimmer a émis l'hypothèse que les sites d'interactions sont virtuellement 

inaccessibles dans le petit suon d'un ADN-Z (ZIMMER etal.. 1983). 

Cette haute sélectivit6 pour la fonne B est mîse à profit pour la détection ou 

l'induction d'ADN-B ou d'hybrides ADN-ARN en conformation B. Il n'y a pas de 

fixation sur un  ADN simple-brin. ni sur les ARN [à l'exception de l'ARNt codant pour la 

phénylalanine. RUBIN & SUNDARALINGAM, 1984; ZAKRZEWSKA & PULLMAN. 

1985). 

Enfin. la fixation a toujours lieu au niveau du petit sillon d'un ADN-B (Figure 

2). Difïérents arguments ont permis d'étayer l'hypothèse de la fixation au niveau du 

petit sillon : 

1 - La présence de substituants encombrants dans le grand sillon d'un ADN 

ne modifie pas (ou peu) l'afiinité de la Nt pour cet ADN. 

2 - La méthylation du complexe ADN-Nt par le sulfate de diméthyle fait 

apparaître la présence de groupements méthyle uniquement sur les bases 

situées dans le grand sfflon. 

3 - L'utilisation d'oligonuclCotides a confirmé cette hypothèse. 



Fieure 2 : Conformation et llaison de la nétropsine dans le petit sfflon de l'ADN. 



91 Olfeonucléotides, 

L'utilisation d'oligonucléotides de synthèse ou de restriction (fragments 

nudéotidiques issus d'un ADN natif c m  par des enzymes de restriction en des sites 

prédéterminés ) a pemiis de mieux défintr le type d'interaction Nt-ADN et Dst-ADN sur 

le plan moléculaire. 

La nature moléculaire de l'interaction Nt-ADN a été étudiée par de nombreuses 

équipes . Le r6le exact des Wérents groupements chimiques dans l'interaction avec 

l'ADN a pu étre établi. 

Figure 3 : Représentation des caractéristiques de la reconnaissance moléculaire de la 

nétropsine en vis-à-vis de la séquence 3'-AAAA-5'. (--) liaisons hydrogène. (III) contacts 

. de Van der Waals. (LOWN a, 19û6b). 

inte rve nt ions de liaiso- 

Des interactions ioniques se créent entre un résidu phosphate de l'ADN et un 

groupement amidine ou guanidine de la Nt (ou Dst-A). Mais  la nétropsinine (Nt-D). 

c'est-à-dire le fragment pyrrole de la Nt dépourvu des cha'nes latéraies cationiques. est 

également capable de se lier à l'ADN avec toutefois une affinité moindre que la Nt. Les. 

chaînes latérales ne sont donc pas indispensables à la fixation, mais permettent de 

consolider celle-ci et jouent un r6le dans la spécificité de liaison. 



'interventions de liaisons hy$;egp;L1JL, 

Les liaisons hydrogène sont d'une grande importance pour la stabiiisation des 

complexes Nt-ADN et Dst-ADN (LUCK etal.. 1974: ZASEDATELEV etal.. 1978). Elles 

s'étabiissent entre les atomes d'azote des liaisons peptidiques et des fonctions 

cationiques de i'antibiotique et les hétématomes des bases (I'azote N 3  de i'adénine ou 

l'oxygène 02 de la thymine). Cependant ces liaisons hydrogènes ne semblent pas 

impiiquées directement dans la spécificitt de reconnaissance. Elles résulteraient de la 

formation première de liaisons de type Van der Waals (KOPKA u. 1985a. 1985b: 

COLL &&, 1987). 

de Van der Wa& 

Ces contacts s'engagent par l'intermédiaire des protons hétérocyciiques ou des 

résidus methylène terminaux de l'antibiotique et les protons hétérocyciiques des 

bases (le C2H de l'adénine). Ces W o n s  de faible énergie sont considérées comme les 

éléments gouvernant la spécificité de liaison de la Nt et de la Dst-A (LEE u, 1988~). 

Des interactions de type stacking (empilement) ont iieu entre les hétérocycles 

pyrrole et l'atome d'oxygène 01' du désoxyribose de l'ADN (PELTON & WEMMER 1988). 

La multiplicité et la nature des liaisons mises en jeu assurent la formation d'un 

complexe très stable. Le schéma réactionnel suivant a été proposé: 

ADN-12 H20 + Nt- 5 H20 ---> ADN-Nt + 17 Hz0 



La libération de 17 molécules d'eau pour un résidu nétropsine ikce a été 

confirmée par les mesures de changement d'entropie du systeme (MARKY &&, 1983). 

La Nt, comme k Dst-A. se fixe il l'ADN en mimant le cortêge d'eau situe dans le petit 

sillon La prewe en est que 1' on peut observer la formation d'un complexe Nt-ADN-B 

des taux d' " hydratation " inférieurs 23 % auxquels on observe habituellement le 

conform&e A. 

Du point de vue géométrique, Tinteraction Nt-ADN provoque un changement de 

conformation des deux espèces (MAKIW &&, 1978: REINEKT & THRUM, 1970). il y a 

adaptation de la conformation de l'une pour l'autre. Les deux noyaux pyrrole de la Nt 

ne sont pas coplanaires mais forment un angle de 20° entre eux ; cet angle passe à 33" 

dans le complexe Nt-dodécamère. Sur la base de résultats de diffraction de rayons X du 

complexe Nt-d(CCCCAATTCGCC)2, Kopka et Dickerson ont montre que la N t  ne 

provoque ni élongation. ni détorsion du dodécaxnère utiiisé, mais force l'ouverture du 

petit siilon (passage de 0.5 A 2 A) et impose une courbure de l'axe de l'hélice de 8" dans la 

région de fixation (KOPKA &&, 1985a. 1985b). 

Cependant l'analyse par rayons X ne tient pas compte de l'aspect dynamique de 

l'interaction; l'étude en solution de la liaison Nt-oligonucléotide révèle que la Nt ne 

provoque pas de modifications confoxmationnelles importantes au niveau de la zone 

de fixation centrale AAlT mais induit des altérations de la conformation des bases 

adjacentes au site de liaison (KOPKA et 4%. 1985a. 1985b: PATEL, 198 1; PATEL a 
&. 1983). 

Du point de vue stoechiométrique, la Nt et la Dst-A couvrent respectivement 4 

et 5 paires de bases. soit une paire de bases de plus qu'il y a de liaisons peptidiques dans 

l'antibiotique. Ceci est également vérifié pour les homologues supérieurs de la Dst-A 

(Dst-4. Dst-5. Dst-6) (ZIMMER gt al%. 1972: LUCK etal.. 1977; KRYLOV gt alL, 1979: 

YOUNGQüISï & DEKVAN, 1985). 

De par l'utilisation simultanée d'oligonucléotides et d'analogues structuraux de 

la Nt et de la Dst-A, le type d'interaction moléculaire est maintenant bien caractérisé. 

Mais en présence d'un ADN natif, on constate une certaine hétérogénéité du 

mécanisme de liaison selon la séquence nucléique visée ou selon la concentration en 

N t  ou Dst: on parle dors d'interaction à caractère multirnodal (REINERT et al., 1979: 

BURCKAFUYï &&, 1985). 



A cdtt de la spécificitt codomationnelle existe une spklildtt de bases. Nt et 

Dst-A se fixent de &on lagemtnt pttftrentielic au niveau des segments d'ADN riches 

en paires adtnine-thymine (MULLER 81 GA= 1975: ZiMMER 1979). La 

spéclfkitt dAdT n'est pas absolue, une fkation sur les rtgiosu, dG-dC est obsenrte 

forte concentration. Mais, par exemple, I'ttude de l'interaction Nt- 

d(CGCGAAnU:GCG)2 par RMN-IH &&le que la Nt se ffxe sur la séquence centrale 

Mm sans Muin de shift des protons des bases G ou C (PATEL, 1979. 1982: KLEVïïd 

&, 1986). D'une manière générale. plus la portion nucléotidique dA-dT est longue. plus 

la flxation est intense. L'affinitt maximale est obtenue avec un polym&re polytdA)- 

poly(d?) (Tableau 1). La trè8 faible fhation sur les sites GC serait due a l'encombrement 

stérique du groupement amino-2 de la guanine rendant le peut sillon inaccessible 

WAKIEIL &&, 1974: WCK u, 1974; KKYLOV a, 1979). 

Peptide DNA Ka ( M - ~ )  référence 
...................................................... 
Nt Thymus de veau 2.9 105 Luck a. 1974 

Poly(dA). (dT) 4.9 105 Wartell&&,, 1974 
Poly(dA-dT). (dT-dA) 4.0 105 Wartell et, 1974 

...................................................... 
Dst-A Thymus de veau 1.2 106 L u c k a .  1974 

La sélectivité peut être schématisée de la mani6re suIvante : 

-. - . . . - . . . . Remaraue : ces propriétés sont mises z i  profit pour la séparation de difllérents - -  - - - -  -- - 

fragments d'ADN par centrifugation en gradient de chlorure de ctsium contenant de la 

Nt. Celle-ci est ensuite éliminée par lavages à l'isopropanol (MATîHEWS a, 1980: 

T A m  a, 1978). 



Concluston 
N t  et Dst-A sont donc des marqueurs de la confoxmation d'un ADN (forme B. A 

Z] et également de la composition en bases AT d'un ADN (WARTEU u. 1974: 

REINEKT&L 1980.1981). 

De par leur trés haute Mensite de liaison sur I'ADN. il est logique que la Nt et la 

Dst-A exercent leurs f le t s  jn vivQ en interférant avec les fonctions de régulation de 

l'ADN et le mécanisme de synthbe endocellulaire de l'ADN (inactivation des systèmes 

enzymatiques ADN-polyrnérasiques) (PUSCHENDORF. 1969: CHANDRA etal.. 1972: 

ZIMMER 1975: HAHN, 1977: KUROYEDOV etal.. 1977: BRU= &&, 1987). Malgré 

leur très faible affinité pour les ARN, ces ligands sont également de bons inhibiteurs 

des systèmes ARN-polymérasiques (PUSCHENDORF. 197 1: HAHN, 1977: 

PUSCHENDORF etal.. 1974). Nt  et Dst-A ont un spectre d'acttvitt large. Ces composés 

ont essentiellement des propriétés antivirales (SCHABEL 1953: WERNER etat.. 
1965: VERINï & GHIONE. 1965: FOURNEL etal., 1965) et antibactériennes (ZYGMüNT, 

1961: HAUPT & THRUM, 1971) très marquées. La Dst-A possède également des 

propriétés antimitotiques et antitumorales (DIMARCO gt 1964). Cependant la 

toxicité de ces deux substances n'a jamais permis leur utilisation clinique: la Dst-A 

induit notamment des altérations chromosomiques (SCHMID $t alL. 1980: OCHI etal.. 
1988). 

L'activité biologique est fortement réduite ou parfois méme supprimée lorsque 

le cycle pyrrole est Wéremrnent substitué (perméthylation. disubstitution en 2.5 au 

. lieu de 2.4) (GENDLER & RAPOPORT. 198 1: BIALER et a, 1980a). Les analogues 

monopyrroliques de la Nt ou de la Dst-A sont peu actifs: par contre l'augmentation du 

nombre d'unités amino-4 N-méthylpyrrole carboxamide accroît l'activité antivirale 

(BIAXER-. 1980b). 

Les protéines qui se lient à l'ADN se fixent en g6néral sur le grand sfflon 

(OHLENDORF a. 1982: TAKEDA etal.. 1983: FREDERICK &&. 1984; ANDERSON 

A, 1985: SCHEVïI'Z etal., 1985: OLUS & WHITE. 1987) dors que les non intercalants 

comme la Dst-A et la Nt sont spécifiques du petit sfflon (MELNIKOVA et al%. 1975). 

L'inhibition des systèmes de synthèses nucléiques n'est donc pas due au masquage 

direct des sites de fixation des protëines mais aux modifications de conformation 



spatiale de l'ADN induites par la fixation du nonintercalant (élargissement du petit 

sillon. courbure de l'hélice. maintien en conformation B (NEIDLE etal.. 1987; 

CALUDINE, 1982; DICKERSON, 1983; DREW 8t TRAVERS. 1985). 

L'ADN est la plupart du temps la cible indispensable pour que l'effet 

cytotoxique de ces moltcules s'exerce. Cependant, dans quelques cas, l'activité 

biologique est totalement indépendante de la capacité de la molécule A se iier iî I'ADN. 

Par exemple la Dst-A n'est active que sur les bactéries Gram + (ia difftrence Gram + / 

Gram - repose sur des ditTérences biochimiques de la paroi bactérleme). La Dst-A. en 

se f3xant sur des récepteurs spécifiques situés en surface de la bactérie Bacillus subtil& 

(Gram +). empéche ainsi la pénétration d'autres molécules indispensables au 

métaboiisme bactérien. La Dst-A ne pénetre pas dans la bactérie et n'interagit pas avec 

l'ADN (MAZZA u. 1973; SICCARDI mal.. 1975). 

Cet exemple illustre bien la dunculté à établir des relations entre la capacité de 

liaison a l'ADN et l'activité biologique. Les pharmacomodulations entreprises ne 

tiennent compte le plus souvent que de la capacité potentielle d'un composé à interagir 

avec l'ADN alors que de nombreuses autres cibles moléculaires (membranes. 

enzymes ...) sont parfois mises en jeu. Malheureusement. une approche rationnelle 

pour la conception de nouveaux composés ne peut étre entreprise en tenant compte 

simultanément de toutes ces cibles. 



II. Les modèles synthétiques. 

L'ttude des mécanismes moléculaires du cancer a clairement montre que la 

dtrégulation de l'expression de gènes cellulaires (par exemple, le gene myc est amplifié 

30 fois dans la lignée ceiluiairc promytkytique HL 60) ou l'expression de gènes mutés 

(mutations ponctuelles, translocation) sont souvent les cléments d'induction d'une 

prolifération cellulaire anarchique. 

Par exemple, l'induction par un agent carcinogène (la Nitroso Mtthyl Urée, 

NMU) d'une mutation ponctuelle. identinée comme une transition G-->A sur le second 

nucléotide du codon 12. su£& à transformer le proto-oncogene H-ras- 1 en un oncogène 

NMU-H-rn actif. Cette mutation transforme le codon GGA codant pour la glycine en 

un codon GAA codant pour l'acide glutamique, donnant ainsi missance à une nouvelle 

protéine (p21) de 189 acides aminés possédant une activité GTPasique. La cascade 

d'évènements résultant de cette activation conduit chez le rat à la foxmation d'une 

tumeur mammake dans presque LOO% des cas (SUKUMAR & BARBACID, 1986). 

Dès lors. en masquant cette séquence par un agent exogène possédant une forte 

affinité et une spécificité pour cette séquence. on pourrait peut-être bloquer 

l'expression de cette protéine. donc arrêter la prolifération tumorale. L'élaboration de 

telles molécules cytostatiques agissant par le biais de ce mécanisme d'action constitue 

l'un des axes de la pharmacochimie du cancer auquel nous nous sommes attaché. 

En prenant comme modèle les composés naturels Nt et Dst-A, une sérle de 

mo-fications chimiques avait été entreprise de façon a concevoir des molécules non 

plus A-T mais G-C spécifiques ou capables de se fixer sélectivement sur une séquence 

oligodésaxynucléotidique préalablement déhie. 

De trés nombreuses molécules ont été synthétisées. Elles ont permis d'une part 

de rniew comprendre le mécanisme d'action des médicaments parents Nt et Dst-A et 

d'autre part de définir les relations structure-activité des agents non intercaïants du 

petit sillon (BAGULEY, 1982). 

Parmi tous les analogues synthétisés, la classe des lexitropsines ou "sequences 

reading oligopeptides" (LOWN et al.. 1986a. 1986b; KISSINGER et aïL, 1987; LEE etal,, 



1988a. 1988b. 1988c: LOWN. 1988) s'est révélée tout A fait intéressante. Les noyaux 

pyrrole de la Nt et de la Dst-A ont été substitués par des noyaux imidazole. 

Fiéure 4 : Structure et représentation des caractéristiques de la reconnaissance 

moléculaire d'un modèle de lexitropsine en vis-à-vis de la sequence 3'-AAA-5'. (I.rr) 

Uaisons hydrogène, (III) contact de Van der Waals. (LOWN etal.. 1986b). 

L'atome d'azote non substitué de l'imidazole permet. par son doublet libre 
d'électrons, I'étabbsement d'une liaison hydrogène avec le NH2 d'une guanine. Les 

résultats expérimentaux montrent pour ces composés une âiminution de la spécifidte 

AT et une flxation possible sur u n  segment GC. Mais  fl ny a pas de site de fixation 

largement préiérentiel puisque la liaison a lieu en de trés nombreux sites de séquences 

variables. 

La présence d'une liaison hydrogéne Nhétérocycle-H-NgUa~e ne semble donc 

pas etre un paramètre suiTisant à i'étabiîssement d'une spécificité GC stricte; toutefois. 

cette liaison est a priori nécessaire. 



- Sur la base des modtles synthétisés jusqul& présent. nous avons entreprfs une 

phamacomodulation en tenant compte des parametres suivants : 

1 - nécessite d'un systcime polyarornatique. 

2 - importance des chaînes latéraies caüoniques. 

3 - importance de la courbure dc la molécule. 

4 - possibilités d'étabiisscmcnt de liaisons ioniques. 

hyùrugènc et de Van der Waals. 

5 - présence d'hétéroatomes porteurs d'un doublet iibre 
susceptible d'engager une Ilalson hydrogène avec le NH2 d'une guanine. 

De nombreux autres parametres sont encore à définir pour élaborer des 

composés dont la conformation s'adapte au maximum a celle de l'ADN. 

ZO) Ftésultats et discussion, 

J Analoeues thiazoliaues de la Nétro~sine et de 1aDistamvcine-4 

Une première série de trots composés a été synthétisée. Dans ces composés le 

résidu commun (amino-4 carbaxy-2 N-méthylpyrrole) de la Nt et de la Dst-A a été 

remplacé par un résidu d'acide aminé du type aminométhyl-2 carbaxy-4 thiazole (une 

cystéine cyclisée) (Figure 5). Ces résidus possèdent deux hétéroatomes (N, S) 

susceptibles d'engager des liaisons hydrogène avec le NI32 de la guanine. Toutes les 

caractéristiques requises citées précédemment sont réunies dans les molécules 

synthétisées. 

Ce motif thiazoiique est souvent retrouvé au sein de substances naturelles 

d'origine marine telles que la dolastatine. l'uiicyclamide, I'uiithiacyclamide et les 

patellamides, substances dotées de propriétés antitumorales trés puissantes. Par 

exemple une dose de 10-7 pg/rnl de dolastatine sumt à inhiber de 50% la croissance 

d'une population de cellules leucémiques (P388). La trés forte activité de ces composés, 

au mode d'action peu ou pas connu. et l'expérience du laboratoire pour la synthèse de 

dérivés thiazoiiques (HOUSSIN et al., 1984a.1984b. 1985a. 1985b; BERNIER st  aik. 

1986a) nous ont incité à choisir ce motif. 

Un autre modèle, Thia-Nt (Figure 5). analogue direct des 3 premiers composés 

mais pour lequel le résidu amino-4 est directement au voisinage de I'hétérocycle 



Fieure 5 : Structure des analogues thiazoliques de la n&tropsine. (A) composés du type 

poly(aminom€thyl-2 carbaxy-4 thiazole) . (BI Thia-Nt. 



thiazole (sans pontage par un résidu alkyle) a également été élaboré : l'absence de ce 

chaînon confere à cette molécule une plus grande rigidité. 

Les 3 premiers camposCs élaborés n'induisent que de trés faibles variations de 

la température de fusion de l'ADN. Le ATm maxlmai observe est de 3°C. L'étude par 

dichroisrne Uneaire i5lectrique a confirmé la trés faible capacité de ces molécules à 

interagir dans le petit sinon de l'ADN. 

L'inefficacité de ces molécules tant sur le plan physicochimique que biologique 

a été attribuee leur trop grande flexibilité . La présence d'un chaînon alkyle au 

voisinage de l'hétérocycle induit une libre rotation à ce niveau et les composés ne 

peuvent plus adopter une conformation rigide en forme d'arc comme le réailse la Dst- 

A Cependant une récente étude a montré que la présence d'un résidu de p-aianine entre 

les deux hétérocycles pyrrole de la Nt réduisait l'amnité mais n'empéchait pas la 

liaison dans le petit sillon de l' ADN (DASGUVTA etal., 1987). Le chaînon méthyltne 

entre les deux thlazoles des composés 1-3 rompt la courbure de la molécule et la 

délocaiisation électronique entre les httérocycles. L'importance de la conformation 

du ligand a été confixmée pour le composé Thia-Nt plus rigide et dont la &cation à 

l'ADN a été bien caractérisée et a fait l'objet de la publication suivante : 
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DNA îs the support of the genetic information; of its chemical structure depend 

normal or anarchic ceIl growth or the ceil death. DiEerences between normal and 

tumor cells take origîn at the gene level. Beyond the ahvays inmasing frtquency of 

cancer. it seans parüdariy important to develop an effident strategy for the design 

of chemotherapeutic drugs designed as gene control agents. In this way, minor groove 

binding compounds [l], typffled by netropsin and dîstarnycin, appear to be a 

pmmfsing source of active compounds because of their abfflty to bind to large DNA 

sequences. 

Oligopeptide xenobiotics including antibiotic. antineoplastic and antiviral 

drugs interfere with the repiication and transcription by the recognition and 

preferential binding to speciac double-stranded DNA sequences. Such is the case of 

antiviral and antitumor distamycin-A (Dst) and of antibiotic netropsin [Nt) (Figure 1). 

two N-methylpyrrole drugs able to block the template function of DNA by binding to 

specific nucleotide sequences in the minor groove of double strand DNA [21. On the 

basis of X-Ray data. it was found that the adenine-thymine base-specific binding of 

both drugs is due to electrostatic bonds between ends of side chains of the iigands and 

DNA phosphates. hydrogen-bonding interactions between amide NH and adenine N(3) 

and thymine 0[2), and Van der Waals contacts between methylenes and heterocyciic 

CH of DNA bases 13.41. In order to confirm these criteria. some structural 

modifications have been carrfed out including replacement of pyrrole ring by pyridine 

I5.61 and imldazole [7.81 heterocycies and/or lengthening of the chain [9,101. 

In this atternpt to study the Lnfluence of the nature of the heterocyciic parts and 

the llnking groups on the curvature of the obtained compounds fitting weli with DNA 

geometxy, we proposed the design of thiazole containing Dst and Nt analogues [Il]. The 

choice of this heterocycle was directed by chemical considerations concerning the 

ring size and the relative position of heterocyciic N atom in the whole peptidic chain. 

Moreover the thiazole carboxylic acid, a cyclized cystein, was found to play an 

important biological role in the cytotoxic activity of cyclopeptides isolated from 

marine animals [12-151 and in the DNA binding capacity of antitumor drugs such as 

bleomycin [16]. The chemistry of starting materials leading to the synthesis of . 
thiazole-containing cyclopeptides [17.18] or bleomycin models 119.20) was extensively 

worked in Our laboratory and prompted us to propose the synthesis of a new thiazole 

Nt analogue. 

This report includes an efficient and easfly reproducible synthesis of the 2- 

aminothiazole-4-carboxylic acid which was found to be a key compound in the 

strategic pathway leading to the synthesis of the Nt-analog. Thia-Nt (Figure 1). in the 



structure of which the pyrrole rings of Nt were replaced by thiazole heterocycles and 

amidine and guanidine ends simpiified in prfmary amines. Together wîth details on 

the optimlzed synthesis. the results of a prellminary study of Thia-Nt-DNA binding 

are aiso reported. 

Figure 1 : Structure of netropsin 0 and Thia-Nt (B). 

The synthetic method for the preparation of 2-amino-4-carboethaythiazole 2 
consists of the cyclising condensation of thiourea with ethyl bromopymvate 

according to the Kuhn procedure [21]. Thiazole 2 was coupled with 4-tert- 

butyloxycarbonylaminobutyric acid [221 in the presence of dicyclohexylcarbodiimide 

(DCC) and 1H-hydraxy-1.2.3-benzotriazole (HOBt). After saponitlcation of the ester 

group of the "dipeptide" Q. the acid 4 was coupled with 2-amino-4-carboethoxythiazole 

2 in the above conditions (DCC. HOBt) to give the thiazole-containing "tripeptide" 5 
which was saponifled to give the acid 6. 

The introduction of the second side chain was achieved by a last coupling. in 

the presence of DCC and HOBt. with the mono-protected diamine [23] to give the 

protected diamine 8. The desired compound Thia-Nt (9) was obtained as  a 

dihydrobromide by cleavage of the tert-butyloxycarbony1 (Boc) groups by dry 

hydrogen bromide in acetic acid (see Figure 2). 



l (Bo c ),O 

BocNH(CH,&COOH 1 

I 1 
HOBt, DCC 1 

BocNH(CH,&CON 

I 
H 0 8 t .  DCC 1 1 

HOBt , DCC 

Thia-Nt 

Figure 2 : Synthesis of Thia-Nt. 



Binding of the synthetic ligand Thia-Nt to DNA was deduced from the 

hypochromîc dec t s  observed in the W absorption spectra of this ligand when DNA 

was added (Figure 3). A red shiR (4 nm). indicative of an incrcased delocaikation of the 

n-electmns in the ligand. was noted. These spectral modifications were found upon 
addition of coiiphage Tq DNA in which the major gmcm is occulted by bulky glucose 

residues on the 5-(hydroxymethyi)cyüdim bases 1241. The results were consistent wlth 

a binding in the minor groove as established for Nt 141. In order to ver@ this result. 

Wear electric dichroism studies have been undertaken. 

The Thia-Nt-calf thymus DNA complex reduced linear dichroism spectrum 

(Figure 4) shows a positive part (295-330 nm) reflecting the position of the bis-thiazole 

chromophore in the DNA complex. At these wavelengths, a significative contribution 

from the DNA itseif was observed which certainly minimLzes the measured linear 

dichroism values for the complex 

Nevertheless. this positive curve clearly demonstrates that the ligand is 

preferentially oriented parallel to the DNA axis, a geometry which excludes 

intercalation. Thus, replacement of the N-methylpyrrole heterocycle in Nt by a 

thiazole ring does not perturb the minor grwve binding. 

The binding afhities were calculated by means of Scatchard plots [251 (Figure 

5) and allowed us to precise the binding parameters (Table 1). The Scatchard plots were 

done at 265 nm. a wavelength at which a large DNA absorbante is observed and it was 

necessary to substract the DNA contribution by adding an equal concentration of DNA 
to the reference cell. The apparent binding constant Ka, measured with two DNAs of 

dBerent base composition. indicate that Thia-Nt binds DNA with a weaker amnity 

than Nt does (21 (Nt-calf thymus DNA. Ka = 2.9 x 105 M'l ; Nt-poly(d(AT).dO), Ka = 4 x 

105 M-1). 

The ligand was found to cover 4-5 nucleotides per bindlng site (n) with the 

synthetic polyId(A.'ï)-d(AT)] DNA This result is an argument in favor of a location of 

the ligand in the minor groove of DNA. The difference in the DNA binding aEinity of 

the studied compound toward the two Werent DNA was also apparent considering the 

ATm values (Table Il, meaning a marked preference of this drug for A-T sites as  

observed for Nt [2-41. 

The spectroscopie measurements have provided infoxmation concerning the 

mode of binding of the thiazole-contai- Nt analogue to DNA Orientation of this 

drug in the rninor groove of DNA can readily be postulated. 



Figure 3 : W absorption spectra of Thia-Nt 

at a concentration of 78 pM (-) and its complex 

with coïiphage Tq DNA at a DNA/Thh-Nt 

ratio af0.35 (a-.) and 0.7 (-4. ?he sample 

and reference ceU contahed equal 

concentrations of DNA [(-.)27 pM and (-455 m. 

Figure 4 : Reduced ïinear electric dichroism 

(AA/A) spectra of the calf thymus DNA (A) 

and of the Thia-Nt-DNA complex (a) at a 

ligand/DNA ratio of O. 1 and at 12.5 kV.cm-1. 



Figure 5 : Representative Scatchard plot for 

the evaluation of the binding parameters 

for the interaction of Thia-Nt with calf 

thymus DNA (4 and poly1dVi.T)-d&T)I( 1. 

TABLE 1 : DNA-binding parameters of Thia-Net. 

Poly [d(A.T) -d(A.T)] 3O4(0.1) g03(0.5) 12O( 1 .O) 265 6.4 104 4.8 
.................................................................... 
calf thymus DNA 0°7(0. 1) 3"(0.5) 5O7( 1 .O) 265 1.2 104 ---- 
.................................................................... 
a Elevation in thermal denaturation temperature (de$C). Drug to Phosphate DNA ratio. 
c Wavelength at which the absorbante change was measured. Apparent bindhg constant. 

Binding site size. 



Melüng point were taken on a Tottoii Biichi 510 apparatus and arc uncorrected. 

The ï r  spectra were recorded with a Perisin Elmer 297 spectrophotometer using KBr 

pellets. The IH-nmr spectra were recorded on a Brilcker W P  80 SY spectrophotometer. 

Chernicals shiRs are reported in ppm from tetramethylsilane as an interna1 standard 

and are m e n  en 6 units. EI mass spectra were recorded on a Fübermag R1O.10 

(combined with Füber 400 data system) mass spectrophotometer at 70 eV by using 

direct insertion. FAB mass spectra were determited on a Kratos MS-50 R F  mass 

spectrometer. Thin layer chromatography C1ZC) was carried out usfng silica gel 60F- 

254 Merck, in system solvent A(ch1oroform-methanol. 80/20, vw in a saturated 

ammonia atmosphere). Elemental analyses were perfonned by the "Service Central 

d'Analyses1', CNRS. Vernalson. France. 

W absorption spectra and melting temperature studies were recorded with a 

Uvfkon Kontron 810/820 spectrophotometer and reaiised in O. 1 M SSC buffer (0.15 M 

sodium chloride, 0.015 M sodium citrate. pH 7.01 as previously described [26]. Unear 

dichroism experiment were made using a well-established procedure [27]. Scatchard 

analys& and detemination of the binding parameters were r e a k d  using a described 

method [28]. 

Amino-2-ethoxycarbonyl-4-thiazole (2) 

A mixture of thiourea (5 g. 65.8 rnrnoles) and ethyl 2-bromopymvate (12.8 g, 
65.8 mmoles) was heated gradually to 70" under stirring until the mixture became 

highly viscous. On cooling, the hydrobromide cristallized and was recristallized fiom 

ethanol-petroleum ether. The recristallized hydrobromide was solubibd in water 

and the base was precipitated fiom addition of dilute ammonia. The crude product was 

filtred and recristallized from methanol to give 2 in a 57.5 % yield. mp 175-177" : 
Rfo:0.8 : ir : 16OO(NH), 1680(C=O). 3100-3400 C ~ - ~ ( N H ) ,  IH nmr(DMS0-dg) : 6 

7.4(s. lH,CH thiazole). 7.3(sP2H,NH2). 4.2(q.2H,CH2), 1.2(tV3H,CH3) ; MS-m/e (rel. 

intensity) : 172(M+.44.8), 144(9.2). 73(98.8). 

Anal Calcd. forC6HgN202S : C, 41.9 ; H. 4.7 : N. 16.3 ; 0,  18.6 : S. 18.6. 

Found: C. 41.5: H, 4.7: N. 16.1 : 0. 19.0; S, 18.6. 

Ethyl2-(4-tert-butyloxycarbonylamlnobuSrryl)-a~no-thiazole-4- 

carboxylate @ 

Cold solutions of DCC (2.64 g, 12.7 mmoles) and HOBt (1.95 g. 12.7 mmoles) in 

dichloromethane/dimethylfonnamide (1: 1. 20 mll were added to a solution of 4-tert- 

butyloxycarbonylarninobutyrlc acid [221 (2.36 g, 1 1.6 mmoles) in 15 ml of dichloro 



methane/dimethyIformamide (1:l) at O°C for 1 hour under stirring. A cold solution of 

2 (2 g. 11.6 mmoles) in dichlommethane/dimethyIfo~e (1: 1. 20 ml) was added 

and sürring was continued for 2 hours at O°C and 12 hours at m m  temperature. The 

s o h n t  was evaporated and the residue taken up with dichloromethane provided 

dicyclohexylurea (DCU) which was ftltercd. The organic solution was washtd wlth 1 N 

hydrochloric adci, water and flnaIIy with 1 M sodium bicarbonate. M e r  drying over 

anhydrous sodium sulfate, the s o h t  was remmd in vacuo. The nmaining DCU was 

discarded by predpitatlon with ethyl acetate, the resultlng material was recristallized 

h m  acetone gMng pure Q (2.6 g. 63% yield). mp 155- 157O ; Rf[A):0.95 ; ir : 1720(CO 

amide). 1680cm-l(~0 ester); IH nmr (CDC13) : 6 11.6(m.lH,NH). 7.8(s.lH.CH thiazole). 

4.9(la lH&HBoc), 4.4(q.2H,CH2). 3.2(m.2H.CH2NH), 2.6(t,2H.CH2CO), l.g(m.2H. CH2). 

1.4(m,12H.CH3); MS-m/e(rel.intensity) : 357 (M+. 1.8). 

Anal Cakd. forClÿI23NS5S : C.50.5 : H.6.5 ; N.11.8 ; 0.22.4 ; S.9.0. 

Found :C.50.5 ; H.6.6; H.11.5 ; 0.22.0; S.8.6. 

2-(4-tert-butyloxycarbonylamlnobutyry1~0)-thiau,1e-4-carboxyUc acid (4) 

A solution of 9 (2 g. 5.6 mrnoles) in methanol (1 1 ml) and sodium hydrmdde (0.9 

g in 9 ml of methanol/water. 10/ 1) was stirred at 65OC. The progress of the reaction 

was monitored by TLC and was thereby judged to be complete after 3 hours. The 

solvent was evaporated and the residue was taken up in water. Impurities were 

extracted with ethyl acetate (2x20 ml). The aqueous solution was cautiously acidtfied 

to pH 4-5 with 1 N hydrochloric acid and extracted with ethyl acetate (3x20 ml). After 

drying over anhydrous sodium sulfate and evaporation of the organic layer. 

trituration in cyclohexane and evaporation of cyclohexane yield 1.6 g of 4, (87% 

yield), mp 187-1890 ; RfW0.25 ; ir : 3000-2500 C ~ - ~ ( O H  dimer) ; IH nmr (CDC13) : 6 

12.2(m, lH,NH), 7.8 (S. lH.CH thiazole). 5.2(m, 1H.NHBoc). 3.3(m,2H. CH2NHBoc). 

2.6(t,2H.CH2CO). 2.0(m.2H.CH2). 1.4(s.9H,CH3) ; MS-FAB : W M +  + 1). 

Ethyl2-[2'(4-tert-butyloxycarbonylaminobutysro)-thiazole-4'- 

carboxamido]-thiamle-4-carboxylate @l 
The acid 4 (2 g. 6.08 mrnoles) was coupled to the amine 2 (1 .O45 g. 6.08 mmoles) 

using DCC (1.38 g, 6.66 mmoles) and HOBt (1.023 g. 6.68 mmoles) in dichloromethane/ 

dirnethylfomrnide (1: 1) as described for the preparation of 3. DCU was removed by 

precipitation with ethyl acetate and the filtrate washed with 1 N hydrochloric acid (20 

ml). water (20 ml) and 1 M sodium bicarbonate (20 ml), then dried over anhydrous 

sodium sulfate. The solvent was removed in vacuo giving 1.17 g (38%) of 5 after 



r e t i o n  fiom a mixture of ethanol-ether. mp 131-135" : Rfo:0.87; ir 1720(CO 

anide). 1680m-l(~0 ester) : IH rmu(CDC13) : 6 11.2(m.lH.NH), 7.9(s,lHVCH thfazole). 

7.8(s,lH.CH thiazde). 5.l(m. lH,NHBoc), 4.4(qs2H,CH2). 3.3(m.2H,CH2MI). 2.7 (t,2H. 

CH2COl,2.0(m2H.CH2). 1.4(m,12H,CH3) : MS-FAB : 484(M+ +1). 

Anai M. for ClgH25N5- : C,47.2 ; H.5.2 Found C.47.4 : H,5.5. 

2 - [ 2 ' - ( 4 - t e r t - b u t y l a x y c a r b o n y l a i s l n o b u t y d o ] -  

thiazole-4)-carboxylk acid [6) 

The ethyl ester (500 mg. 1.035 mmole) was totaliy converted after 3 hours to 

the c o m s p o ~  acid 6, according ta the method for preparation of 4,s was obtained 

pure after column chromatography with chlorofom-methanol, 8/2, v:v, as eluent 

(410 mg. 87%). mps2500 : l ü W O . 6  : ir : 3000-2500 c m ' l ( 0 ~  dixnerf : IH nmr(DMS0-dg) : 

6 15.5(s. 1H.OH). 7.9(s. lH.CH thiazole). 7.5(s. lH,CH thiazole). 6.8(m, lH,NHBoc). 

3.2(m,2HVCH2 NH). 2.7(m,2H.CH2CO). 1.9(m3H,CH2], 1.4(s.9H,CH3]. 

Anal. Calcd. for C17H21N~- : C,44.8 : H.4.65 : N.15.4 : 0.21.1 : S.14.1. 

Found : C.44.6 : H.4.8 : N.15.1 : 0.21.2 ; S.13.8. 

tert-bu~l[2-]2'-(4-tert-bu~loxycarbonyl~nobu~l~ho)-thi~ole-4'- 

carboxamido]-thiazole-4-carboxamido]-pro carbarnate (S) 

The acid 6 (300 mg, 0.66 mmole) was coupled to 3-tert-butyloxycarbonyl 

aminopropylamine Z [23] (1 15 mg. 0.66 mmole) using DCC (149 mg. 0.73 mmole) and 

HOBt (1 11 mg, 0.73 mmole) in a mixture of dichloromethane-dimethyuo-de (1: 1, 

18ml) according to the procedure described for 3. Purification of the crude material 

was accomplished by column chromatography with chlorofom-methanol, 8/2. v:v, 

a s  eluent. Collection and evaporation of the appropriate fractions give a with 52% 

yield. mp 58-63" ; RflA):0.95 : ir : 1680 crn ' l (~0)  ; IH nmr(CDC13) : 6 11.5(rn,lH,NH), 

8.3(m, lH,NHCO). 7.8(d,2H,CH thiazoles). 5.l(m, lH,NHBoc), 3.4(m.6H,CH2NH), 

2.7(m.2H.CH2CO). 2.0(m.4H.CH2). 1.4(s.l8H,CH3) : MS-m/e (rel.intensity) : 612 (M+. 

30.2). 

Anal. Calcd.forC25H37N*S2: (2.49.1 ; H.6.1 : N.16.0: 0.18.3: S, 10.5. 

Found : C.48.9 : H.6.0 : N.16.1 ; 0.18.1 : S.10.2. 

(2-(2'-(4-amhobutyrylamino)-thi~ole-4'-carb~ddo~-thi~ole-4- 

carboxamido)-propylamine dihydrobromide (Thia-Nt) (9) 

A solution of fi (133 mg, 0.217 mmole) in acetic (30 ml) was flushed with dry 

brornhydric acid for 10 minutes and stirring was maintained for 20 minutes. After 

evaporation of the solvent under vacuum. the residue was washed with ethanol (4x30 



ml) to remove acids, taken up with water, washed with chloroform and diethyl ether 

(15 ml). Lyophilisation of the aqueous layer yield (89.5% yield), mp : 197-202' ; 

Rf(Al:O ; IH nmr (DMSO-de ; 400MHz) : 6 12.4(s.2H,NHCO), 8.3(s,lH.CH thiazole), 

8.2(t,lH.NH CH2). 7.8(s,lH.CH thiazole). 7.75(m,6H,NH3+). 3.3(m.lH,CH2NH). 

2.8(rn14H.CH2NH3+). 2.6(m,2H.CH2CO). 1.8(1&4H.CH2). 

Anal. Calcd. for C15H23N703S7Br2 : C.31.4 : H.4.0 ; N.17.1 ; 0.8.4 : S. 1 1.2. Found : 

C.31.2 : H.4.2 iN.17.5 : 0.8.1 : S.10.9. 
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Ce composé Thia-Nt se fixe dans le petit silion de l'ADN. Une amnité plus 

importante pour les paires de base A-T par rapport aux G-C a été montrée. Cependant 

aucun site de fkation spécifique n'a é# mis en évidence. 

De façon il obtenir des produits beaucoup plus performants sur  le plan 

physicochimique et biologique, une autre stratégie a été envisagée. 

La iiaison d'une molécule intercalante et d'une molécule ligand du petit d i o n  

peut avoir lieu simultanément sur  des sites nucléiques proches malgré les 

changements de conformation de I'ADN induits par ces deux types de ligands 

[WARi'ELL u. 1975; WïUUNS, 1982; PATEL, 1981; PARDI et, 1983) . il semblait 

dès lors intéressant de iier de façon covalente ces deux types de molécules pour former 

un hybride "Intercalant-Ligand du petit siilon " qui devrait posséder une ailhité pour 

l'ADN et peut-ttre une activité biologique supérieure à celle des substances modèles. 

Des molécules associant un  pseudopeptide de type poly(N-méthyl pyrrole 

carboxamide) aux extrémités 1 et 9 du chromophore phenaxazone de l'actinomycine 

ont ainsi été crées (KRIVrSORA W. 1984). L'une d'entre elles, du type Dst- 

phénaxazone-Dst (Figure 6). peut se fixer sur un segment nucléotidique de 10 paires de 

bases. témoin de la fixation de la totalité de la molécule (DERVAN. 1986). Mais la 

fixation principale a lieu sur des sites plus courts de 4 à 6 paires de bases, témoignant 

de l'intercalation et de la fixation d'un seul résidu Dst-A sur l'ADN. Avec ce modèle, les 

importantes modifications de conformation de l'ADN induites à la fois par 

l'intercalation et par la fixation dans le petit sillon (soit respectivement un 

écartement des plateaux de paires de bases et un écartement des deux brins d'ADN) ne 

semblent pas permettre un recouvrement idéal de large segments nucléotidiques. De 

plus aucune activité antimitotique n'a été mise en évidence. 

Toutefois ce modèle semblait intéressant et ouvrait la voie à une nouvelle série 

chimique répondant au concept " Peptide à liaison spécifique-Intercalant ". 

ïi est à noter que là encore, c'est à partir de substances naturelles comme la 

triostine et I'échinomycine appartenant a cette catégorie que ce concept a été mis en 

place. 

La triostine et l'échinomycine sont deux antibiotiques antitumoraux capables 

de se lier à l'ADN à la fois par bis-intercalation de leurs chromophores quinoxaiine 

entre deux plateaux G-C et par fixation dans le petit sillon du peptide reliant les deux 



Figure 6 : Structure d'un modèle hybride Dst-phénaxazone-Dst (DERVAN. 1986). Les 

résidus d'EDTA en position N-terminale permettent de définir la séquence de fixation 

spécfflque sur l'ADN par la technique de "DNA-affinity cleaving". 



hétérocycles au niveau de segments AT. L'hexanucltotide GCATGC constitue la 

séquence sp&ciflque de liaison de ces deux antibiotiques. sp&iflcité directement 

induite par leur conformation propre en forme de pince (Figure 7)  WANG etal.. 1984: 

WARING, 1986). Une altération de la stnidure de la mol&ule comme par exemple une 

déméthylation des acides aminés impiiquCs (une valine et deux cystéines) fournit une 

molécule (nommée TANDEM (Figure 8). VISWAMITRA etal., 1981; HOSSAIN etal.. 
1982) qui se lie prcfenntiellement aux séquences riches en résidus AT et non plus sur 

des CC (LOW a. 1984a. 1984b). De la même &on. fl avait été montré au laboratoire 

(HELBECQUE et 1985; BERNIER et alL, 1981) que le remplacement des 

chromophores quinoxaline, individuellement non intercalants. par des 

chromophores acridine (Figure 81, potentiellement intercalants, conduit également B 

une altération de la spécificité de liaison. 

Figure 7 : Structure (A) et représentation moléculaire (B) de la triostine A. Schéma du 

mode d'interaction triostine A-ADN. 



Figure Q : Structure des analogues synthétiques de la triostlne A : TANDEM (A) et les 

dérives de i'acridine (B. C 1 .  



Ces exemples indiquent que. plus que la nature indivfduelle des tiactions se 

liant l'ADN, il semble trts important de considém la conformation de l'ensemble de 

la molécule elle-même. 

Tenant compte de ces observations. du concept ilxt précédemment et de 

l'exptrience du laboratoire en matitre de synthèse de dtrivés h t  ttrocycliques 

(BERNIER etal.. 1986a; HENICHART $t al., 1982a, 1982b: HOUSSIN etal.. 1984a. 

1984b, 1985a, 198%. 1986). différents composês ont étt qmth~tlsés et ttudiés. 

2 Dérivés acridiniaues de la nétro~sine et la distamvcine. 

Une série de molécules composées (I-IV) d'un chromophore anllinoamino-9 

acridine iié de façon covalente A un pseudopeptide à 1, 2 ou 3 résidus (N-méthylpyrrole 

carboxamide) analogues à la Nt ou la Dst-A a été élaborée. 

Le chromophore anilhoamino-9 acridine est intéressant à plusieurs titres : 

- l'acridine est un intercalant vrai (LERMAN, 196 1: WARING, 1976). 

- la portion aniline se loge dans le petit sillon de l'ADN (WILSON et al%, 1981). 

- de plus ce chromophore est décrit comme G-C spécifique (FEIGON && 1984). 

-il est structuralement proche de l'amsacrine. (Figure 91. médicament 

anticancéreux largement u W  dans le traitement des leucémies. 

- il est capable de pénétrer faiblement dans la cellule et de se concentrer au 

niveau nucléaire (LEMAY &&. 1983). 

F@ure 9 : Structure de l'amsacrine (A) et de l'aniiinoamfno-9 acridine (B). 



bl Liaison 8 l'ADN, 

Le mode d'interaction de ces quatre modèles synthétiques avec des ADN 

naturels ou synthétiques de différentes compositions a été étudié d'abord par 

spectroscopie d'absorption (détermination de la température de demi-transition de 

l'ADN. ATm) et indirectement par fluorescence en utilisant la fluorescence du 

complexe ADN-bromure d'éthidium. Ces résultats. ainsi que le détail de la synthèse de 

ces composés et l'étude préliminaire de leur activité antitumorale. font l'objet de 

l'article suivant : 

article n02: 

Design, synthesis. DNA-binding and biological activity of a series 

of DNA minor groove binding intercalating drugs. 

BAILLY C.. POMMERY N., HOUSSIN R . H E N I C W  J-P. 

Journal of Pharmaceutical Sciences, 1989 (sous presse). 



DESIGN, SYNTHESIS. DNA-BINDING AND BIOLOGICAL ACTIVlTY OF A SERLES OF 

DNA MINOR GROOVE BINDING XNKERCAIATING DRUGS 

Christian BAILLY,* Nicole POMMERY.** Raymond HOUSSIN.** 

Jean-Pierre HENICHAKTX 

*INSERM U. 16. Place de Verdun 59045 Lille. France. 

"Faculté de Pharmacie. rue Laguesse 59045 Lffle, France. 

A group of pseudopeptides. molecular combination of the natural and antitumor 

agents distamycin or netropsin and the anilinoacridine chromophore. related to the 

synthetic antileukemic drug m-AMSA, has been synthesized. Their DNA-binding 

properties were deterrnined and discussed in terms of their structural differences and in 

relation with their observed base-dependent binding. Binding data are consistent with a 

mode1 in which the acridine nucleus occupies an intercalation site and the netropsin or 

distamycin residue resides in the DNA minor groove. Cytostatic and cytotoxic activities 

against murine cell line are reported as well as significative differences in the inhibition 

of DNA synthesis. 



The rnajority of antitumor agents in current clinicai use are thought to exert their 

cytotoxic action by interferring with DNA metabolisml. Most of them bind to DNA by a 

non-covaïenüy binding process and act either by Inhibition of nucleic acid synthesis or 

by initiation of DNA breakage. This group of compounds is subdivided into agents which 

bind by a classicaï intercalative process2 and agents which form with DNA a non- 

covalent non-intercaïative complex3. 

Among intercalating compounds4 used, acridine derivatives stand as the 

archetypes. Amsacrine5 lm-Amsa). a synthetic antitumor drug used in the treatment of 

acute leukemia6. is the leader of this group and has attracted attention with the aim of 

developping andogs with an improved broad spectrum act ivie .  The second class is 

represented by netropsin (Nt) and distamycin (Dst-A), naturally occurring non- 

intercalative binding compounds forming highly ordered complexes with D N A ~ .  Both 

drugs were shown to lie across the minor groove of DNA and recognize specific DNA 

nucleotides sequences7. These natural compounds constitute models for the design of 

sequence-reading oligopeptides8. This approach is very attractive from a fundamental 

point of view and now pennit the synthesis of peptides which bind to predetermined 

sequence specificdly9. 

For that purpose. we decided to introduce intercalating moieties into the structure 
of groove selective binding agents. Nt and Dst-A demand binding sites consisting of 0 4  

and (Ag5  respectivelylO, while the anilinoacridine moiety intercalates between CC 

bases pairs1 l. The iinkage of peptides with strict sequence specificity to an intercalating 

ring with a different base specificity can lead to a new class of sequence-reading 

oligopeptides with enhanced antitumor activity. 

In this study, we report the design, synthesis. characterization, DNA-binding 

properties and biological waluation of a series of hybrid molecules in the structure of 

which a minor groove binding peptide (poly-aminopyrrole carbaxylic acid) is linked to a 

classical intercalating moiety. the anilinoacridine ring (Figure 1). These studies have 

been carried out in order to dwelop more effective antîcancer agents and contribute to 

the general preoccupation of pharmacologist and chemist which is to explore more 

systematically the structure-biologicaï activity relationship of sequence directed DNA 

effectors. 



Nt 

Dst. A 

Figure 1. Structure of amsacrine (m-Amsa) netropsin (Nt), 
distamycin (Dst-A), and related synthetic hybrid compounds 1, 
II, III and IV. - - - - 



CHEMISTRY 

N-methyl-2-pyrrole carboxylic acid was esterified with methyl iodide, then 

nitrated with nitrfc acid in acetic anhydride. Separation by column chrornatography 

gave the methyl N-methyl-4-nitro-2-pyrrole carboxylate (2). the 8nitm isomer and the 

dinitro derivative. The nitro ester 2 was reduced to the amine Q which was condensed 

with ditertbutyldicarbonate to give the BOC-protected ester A. However. it should be 

pointed out here that the unstable a..-sensitive amino acid Q could be easily stored as the 

stable trifluoroacetate sait in a high yield. maktng it a convenient precursor for 

synthesis of different oiigomers. Alkaline hydrolysis of 4 afforded the acid 5 after 

acidification. This acid was used for the synthesis of I (see below). Coupling of 5 with the 

amine Q was readily achieved with dicyclohexylcarbodiimide (DCC) in the presence of 

catalytic amounts of dimethylaminopyridine (DMAP). Alternatively. the amide linkage 

could be reaiised via an  HOBt-active ester but the presence of unreacted products needed 

also a chrornatographic purification. 

The dimeric compound 6 was classically saponified with an hydro-methanolic 

sodium hydroxlde solution to give the corresponding acid Z. This acid was used in the 

final synthesis of E. 
The protecting BOC group in 6 was classicaily cleaved-off with trifluoroacetic acid 

(TF'A). Due to the light decomposition obsenred during the extraction, the aqueous 

solution of the salt 8 was immediately iyophilisated. The building of the trimeric block Q 

was effected by coupiing the acid 5 with the appropriate amine using DCC-DMAP as 

condensing agent. In this case. the procedure with DMAP was found to be better than with 

HOBt (80 % vs 45 %). Compound 9 has also been synthesised starüng from the acid Z and 

the amine 3 in a lower yield. In this series, the sensivity of the coupling reaction as  well 

as the saponification and the BOC cleavage procedures are decreasing from the monomer 

to the trimer. Conventionai conversion of the methyl ester Q into its corresponding acid 

Ip preceeded the coupling with the giycylanilinoacridine moiety to give m. 
The synthesis of the formylated trimeric compound IV. rnimicking more 

preciseiy the distamycin antibiotic. presented a lot of diEiculties and needed another 

strategy. The N-terminal group of 3 could be easiiy fonnylated in a satisfactory yield 

using fonnic acid, DCC and HOBt but the so-obtained N-formyl moiety was cleaved-off 

during the saponification of the methyl ester. The degradation of the N-formyl derivative 

in alcaline saponification conditions led us to prepare the benzyl ester 11 (Cs salt of 5. 
then benzyl bromide in DMF, as describedl l). After deprotection with TFA. aqueous 

extraction gave essentiaily pure 12. The subsequent N-formylation (fonnic acid, DCC- 

HOBt) was proved to be easier than with formic anhydride12. The coupling of the acid 5 



Scheme I 
R-NH 

R R-NH '& C /? * C l? 5 b,,P C 

\ \ I 'NH 

1 OCH, 1 R' CH3 
CH3 CH3 5 

1 .  R=H 4 .  RZBOC , RIOCH, 6. R=BOC, RI OCH, 

$-J, C 4o 

5. R =  BOC, R&OH l \ 
2. R=N02 7.  R=BOC, RLOH R' 
3. R=NH, 11. R = B O C , R ~ O B ~ I  8. R=H ,R;OCH, CH3 

12. R = H  ,R'~OBZI 15. R=BOC, R~OBZI 
13. R-CHO , RLOBZI 16. R=H , R ~ O B Z I  
14 .  R X H O  , R ~ O H  

R-N H \ 

20. R=BOC , n = i  I I .  R=H , n = 2  
21 . R=BOC, n z 2  111. R =  H , 11x3 
22.  R=BOC, n=3 IV .  R =  CHO, n,3 



.......................................................... 
C O ~ -  m . ~ .  lif Ykkl IR MS 
pound (OC) ( ~ o l v e n t ) ~  % v m-l) M+ (rel. int.) 
--__--_-_-------------------------------------------------------- 
1 oil  0.93 0 90 17 10 (COOCH3) e 
2 112 0.97 0 35 3120 (CH). 1700 184 (100)~ 

0.53 (BI (COOCH3). 1480 ( N W  
3" 185 0 . 7 2 0  92 2900-3100 (m+) 155 (100)f 

1730 (COoCW 
4 109 0.95 [A) 84 3360 0. 1725 254 (581f 

0.56 BI (COOCH3). 1685 (OCO] 
5 146 O 0  93 3330 (MI). 3ocm (CH]. 240 (251f 

0.71 (C) 1725 (ma. 1620 (OC01 
6 125 0.92 0 80 3340 0 . 1 7 7 0  (COOCW). 376 (71f 

1715 (OCO). 1680 (CONHI 
7 - 100 O 0  86 1705 (COOH). 1690 (OCO). e 

0.84 (C) 1655 (CONH) 
ab 111 0.65 CA) 93 2900-3 100 (NH~+). 1730 276 (35)f 

(COOCH3). 1670 (CONH) 
9 d 0.860 96 3340 (NH), 1720 (COOCW), 498 (661f 

1695 (OCO). 1650 (CONHI 
lQ 170 0.41 CA) 72 3200 O, 1700 (00. 483 (48)g 

0.82 (C) 1650.1665 (CONH) 
.u 139 0.90 0 86 3380 O. 1720 330 ( 121f 

0.54 (B) (CoolW. 1680 (OC01 
12" d 0.78 0 87 3050-3150 (N'H3'). 230 (581f 

0.29 (B) 1720 (COOBzl) 
20s 0.83 (A) 78 1715 (CWBzl). 1655 (CHO) 258 (100)~ 

14 - 186 0 . 1 0  95 3 150 (NH), 1700 (COOH). 168 (lOOlf 
0.72 (C) 1660 (CHO) 

XI 158 0.8W 87 3340 (NH). 2980 (CH9 452 (41f 
1700 (OCO). 1660 (CONH) 

xb 187 0.8 (A) 83 3200-3600 (NH), 1720 353 (361h 
(COOBzl). 1670 (CONH) 

17 - 261 0.63 0 1720 (CWBzl), 1700 (CHO). 503 (431h 
1640.1650.1670 (CONHI 

u! 210- 0 0  1710-1700 (CHO.COOH) 413 (171h 
212 0.82(C) 1640- 1660 (CONH) 

20 - 247 0.77 (A) 2920,2850 (NH). 1700 565 (1001~ 
(OCO). 1645, 1635 (CONHI 

2 1 - 195 0.61 (A) 3340 (NH), 2920 (CHI, 1700 687 (451h 
(OCO), IWO- 1650 (CONHI 

22 - 2 m  0.75 0 3400-3000 (NH,CH) 809 (521h 
1690 (OCO), 1650 (CONHI 

LC 220- O (A) 3600-3200 (NH3+,NH), 466 (281h 
223 0.15 (C) 2900-3000 (CH) 

uc 242 O (A) 3600-3200 (NH3+,NH). 587 (631h 
0.22 (C) 1630,1640 (CONHI 

Ur= 210- O(A) 3600-3200 (NH3+.NH). 709 (421h 
213 0.18IC) 1625- 1650 (CONH) 

IF 235- O (A) 3600-3200 (NH3+.NH). 737 (61h 
239 0.18 (C) 1700 (CHO). 1650 (CONH) 

............................................................... 
aSolvent : A : CHC13-MeOH, 80/20 (v/v) in a satured NH3 atmosphere; B : CHsC12; 
C : CH2Cl2-MeOH. 20/80 (V/V).~TFA salt. CHydrochloride. d~ecompose upon heating. 
eNo molecular ion peak in the 70-eV mass spectrum. f~e termined  by Electrohic Impact (EI). 
gMuI+- 1. h ~ + +  1. determined by Fast Atom Bombardment (FAB). 



--------- 
Com- 
pound 

............................................................................................ 
1~ NMR 13c NMR 
(6, ppm/TMS) (6, ppm/TMS) 

........................................ 
3.72 (s.3.WH$. 3.84 (s.3.NCH3). 6.07. 6.82 and 
7.0 (3m,3.3CH)a 
3.78 (s.3.0CH3). 3.92 (s.3.NCH3). 7.27 and 8.17 
(2d.2,2C~.J=4.7Hz)~ 
3.55 (s.3.0CH3). 3.60 (s.3.NCH3). 6.71 and 6.89 
(2d.2.2CHIC 
1.42 (s,9,(CH3)3), 3.68 (sS.OCH3). 3.76 (s.3.NCH3). 
6.64 and 7.0 (2d.2.2CH), 8.85 ( s .~ ,NH)~  
1.41 (s.9.(CH$$, 3.76 (s,3,NCH$, 6.58 and 7.0 
(2d.2.2CH). 8.87 ( s .~ ,NH)~  
1.44 (s,9.(CH3)3), 3.67 (s.3.OCH3). 3.74 and 3.79 
(2s.6.2NCH3). 6.80, 6.81, 6.88 and 7.4 (4d.4.4CH). 
8.88 and 9.70 (2~ ,2 ,2NH)~  
1.50 (s,9,(CH3)9. 3.83 (sV6,2NCH3). 6.85. 
(m.3.3CH). 7.37 (d. 1 .CH), 8.89 and 9.68 [2~.2.2NH)~ 

3.72 (s.3.0CH3). 3.79 and 3.85 (2s.6.2NCH3). 6.88 
(m.2.2CH). 7.05 and 7.40 (2d.2.2CH,J=4.7Hz), 9.90 
(S. 1 ,NWa 
1.48 (s.9.(CH$$. 3.76 (s.3.0CH3). 3.83 (s.9.3NCH31. 
4.96 (m.1.NI-i). 6.53.6.64.6.72.6.79.7.12 and 7.38 
(6d.6.6CH). 7.79 and 8.17 ( 2 ~ ~ 2 . 2 ~ ) ~  

1.50 ( s . ~ . ( c H ~ ) ~ ) .  3.88.3.89 and 3.92 (3sO9.3NCH3), 
6.85,6.90. 7.01. 7.10 and 7.17 (5s.6.6CH). 7.62 (m.l,NH)a 

1.42 (s,g.(CH3)3). 3.83 (s.3.NCH3). 5.22 (s,2,CH2). 
6.83 and 7.11 (2s.2.2CH). 7.37 (s.5.5CH). 7.45 (m. l,NH)a 

3.87 (s,3,NCH$. 5.25 (sV2,CH2). 6.83 and 7.06 (2d,2,2CH). 
7.35 (s.5.5CH). 8.31 (m,3,NH3+)a 
3.88 (s$,NCH$, 5.24 (s.2.CH2). 6.65 and 6.75 (2dV2,2CH), 
7.32 (s.5.5CH). 7.57 (m.1.W). 8.2 ( d , l . ~ ~ ~ ) b  

.................................................... 
37.78 (NCH3). 51.25 (WH$. 110.83 (Cd, 116.71 (C3). 124.0 (Cd. 
125.52 (Cg),160.86 (colb 
37.73 (NCH3). 51.63 (OCH3). 112.42 (Ca). 122.71 (C2). 127.51 (Cg). 135.01 
(Cq). 160.35 (colb 
37.89 (NCH$. 53.0 (OCH3). 113.46 (Cd. 122.97 (Cg). 124.83 (C4). 125.19 
(Cz), 163.2 1 (CO), 1 13.05 (CF3). 163.63 (C0O')c 
28.26 (CH3,BOC). 36.54 (NCH3). 50.93 (OCH3). 80.08 (C,BOC). 108.0 (C3). 
119.81 (C5.C4), 122.12 (C2). 153.21 (CO.BOC), 161.45 ( ~ 0 0 ) ~  
28.22 (CH3,BOC). 36.50 (NCHd, 80.0 (C,BOC), 107.91 (Cd. 119.72 (Cg). 
120.17 (C4). 122.35 (Cd, 153.20 (CO.BOC). 164.81 ( ~ 0 0 ~ ~  
28.3 1 (CH3,BOC). 36.5 1.36.63 (2NCH3). 5 1 .O2 (OCH3). 79.56 (C.BOC). 
103.63, 108.26(C3.C31). 118.43. 118.73 (C5,Cg'). 120.88. 121.05(C4.Cq'). 
12 1.74. 12 1.93 (C2.C28). 153.5 1 (CO.BOC), 160.94 (CONHI. 161.47 ( ~ 0 0 ) ~  
28.32 (CH3,BOC). 36.54.36.92 (2NCH3). 80.92 (C.BOC). 103.94, 110.04 
(C3,Cs). 118.19. 122.10 (C5,Cg~). 119.26, 121.74 (Cq,Cq*). 121.96. 123.20 
(C2,C2*). 153.56 (C0,BOC). 158.90 (CONH). 164.73 ( ~ 0 0 ~ ) ~  
37.13.37.25 (2NCH3). 52.79 (WH$. 1 13.40. 113.57 (C3,C3), 123.06, 
125.92 (C5,C59. 124.83. 126.35 (C4,C4). 125.11, 125.60 (C2,Cy). 
161.13 (CONH). 163.30 (CO), 113.20 (CF3). 163.50 
28.34 (CH3,BOC). 33.87 (NCH3),36.58 (2NCH3). 50.71 (0CH3). 80.34 
(C,BOC), 103.73. 103.91, 108.39 (C3,Cg.Cgl). 115.43. 116.32. 118.53. 
119.33. 119.77, 119.97. 121.42, 121.78. 123.10(C2,C29.Cp, C4,C4',C4w. 
Cg.Cg'.Cg"). 153.64(CO.BOC). 158.01. 159.01 (2CONH). 161.53 (coolb 
26.50 (CH3,BOC). 34.35.34.39.34.47 (3NCHd. 76.54 (C.BOC). 102.18, 
103.08. 106.63 (C3.C~,Cs1), 115.19. 116.58. 118.11. 118.37. 120.60. 
120.77. 120.91, 120.98. 121.15 (C2.C21.Cp, C4,C4*,Cq". Cg.Cg',Cy). 
15 1.17 (CO.BOC). 156.85 (2CONI-I). 160.50   CO OH)^ 
28.25 (CH3,BOC). 36.58 (NCH$. 65.37 (CH2). 79.98 (C,BOC). 108.15 (C3) 
1 19.30 (C4). 12 1.52 (C5). 127.32. 128.90 (CH.amm.), 136.26 (Cd, 153.1 1 
(CO.BOC). 160.66 ( C O , B ~ ) ~  
37.58 (NCH$, 52.72 (CH2). 108.56 (C3). 120.62 (C5). 122.0 (Cd. 123.38 
(C2). 126.0 (CH,arom). 163.35 (CO). 113.15 (CF3). 163.50 
36.62 (NCH3), 65.46 (CHs), 108.15 (C3). 119.32 (C4). 12 1.52 (C5). 127.48, 
129.05 (CH,arom.). 135.95 (C2), 160.80 (CO,Bzl), 162.50 (CH0)a 



3.78 (s.3.NCH3). 5.52 (d. 1 ,NH). 6.67 and 7.24 (2d.2.2CH). 
8.1 (S. 1 .CHO), 9.87 (S. 1 .COOH)a 
1.50 (s,9,(CH3)3). 3.91 (s.6.2NCH3). 5.25 (s.2.CH2). 
6.32 and 6.50 (2d.2.2CH). 6.82 (m.2.2CH). 7.30 (s.5.5CH). 
7.55 and 7.64 ( 2 s . 2 . 2 ~ ~ ) ~  

fie 3.90 (2s.6.2NCH3). 5.28 (s.2.CH2). 6.79.6.82.6.90 and 
6.33 (4d.4.4CH). 7.35 (s.5.5CH). 7.40 (m. 1 .NH), 8.35 
(m,3.NH3+Ic 
3.89.3.9 1 and 3.92 (3s.9.3NCH3). 5.24 (s.2.CH2). 6.92. 
7.00, 7.08. 7.13.7.20 and 7.33 (6s.6.6CH). 7.4 (m.2.2Ni-ï). 
7.82 (s.5.5CH). 8.16 (s.1,CHO). 9.75 (m.l,NH)a 
3.89 (m.9.3NCH3). 6.91. 6.93 and 6.97 (3d.3.3CH). 
7.12 (m.2.2CH). 7.18 (d.l.CH). 7.55 and 7.6 (m,2,2NH). 
8.09 (m. 1 ,CHO)a 
1.45 (s,9.(CH3)3), 3.76 (s,3,NCH3), 3.95 (d.2.CH2, 
J=7.6&). 6.86 (d,l,NH). 7.10 (d.l,CH). 6.60-8.20 
(m. 14.NH. 13CH). 8.90 and 9.76 (2s.2.2NH) 
1.45 (s.9.(CH3)3). 3.8 1 and 3.82 (2s.6.2NCH3). 3.96 
(d.2,CH2J=5.7&), 6.71-7.63 (m.16.16CH). 8.28 
(m, 1 .NH). 9.08 (m. 1 .NH), 9.75. 9.86 and 9.95 (3s.3.3NH)a 
1.42 (s,9.(CH3)3). 3.70 (d.2.CH2). 3.79 (m. 12.3NCH3. 
OCH3). 6.66-8.1 1 (m.23.18CH.5NH). 9.70 (m. 1 ,NH)a 
3.80 (s.3.NCHd. 4.05 (d.2.CH2). 6.94-8.33 (m. 16. 
14CH.2NH). 8.56 (m. l.NH), 10.42 ( s , ~ . N H ~ + ) ~  
3.68 and 3.79 (2s.6.2NCH3). 4.0 (d.2.CH2J=7.7&), 6.23 
(s.l,NH), 6.37-7.95 (m.18.16CH.2NH). 9.37 (s.l,NH), 
9.79 (S. 1 .NH). 10.35 (sV3.NH3+)a 
3.70. 3.75 and 3.77 (3~.9,3NCH3). 4.10 (d.2 .CH2,J=7.7Hz). 
6.50 (m. 1.NH). 6.32-8.05 (m.2 1,18CH,3NH). 9.45 
(s,l,NH). 9.65 (s.1.Ni-i). 10.42 ( s . ~ . N H ~ + ) ~  
3.86.3.87 and 3.88 (3s,9,3NCH3). 4.10 (d.2 .CH2), 
6.40-7.88 (m.CH.ar0m.CH0)~ 

36.68 (NCH3). 107.95 (C3). 119.40 (C4). 122.35 (C5). 133.56 (C2). 162.55 
(CHO). 162.90 (COOH)a 
28.23 (CH3,BOC). 36.4 1.36.56 (2NCH3). 65.44 (CHZ), 80.15 (C.BOC). 
103.86. 108.61 (C3.C39. 118.60. 119.55 (C5,C59. 121.07. 121.53(C4.C41). 
121.81. 122.99 (C2.C2*). 127.81. 128.39 (CH,arom.). 136.27 (C.arom.), 
153.51 (CO.BOC). 158.82 (CONH), 160.71 (coolb 
37.58 (2NCH3). 52.75 (CH2). 108.47. 110.83 (C3.C3). 120.65 (C5.Cg'). 
122.17 (C4.Cq'). 123.27 (C2.C21). 125.98 (CH.arom.). 160.95 (CONH). 
113.15 (CF& 163.95 (Cm-)C 

d 

..................................................................................................... 
aSolvent : Me2SO-dg. b~olven t  : CDCl3. CSolvent : D2O. * N O ~  determined. e T F ~  salt. f~ydmchloi.lde. 



with the amine (DCC-DMAP) yielded the protected dimer fi. After r e m d  of the BOC- 

group, the creation of the Mmeric building block was effected by condensing the 

amine 16 with the appropriate acid using E X  as condensing agent12. The conversion 

of the benzyl ester into acids and 1Z was effected in a straightfomard way by catalytic 

hydrogenation (Pd on Cl in ethanol. The final incorporation of the anilinoacridine 

moiety into one, two or three pymole residues was a crucial step. The DCC-HOBt coupling 

procedure was used and gave, after chromatography. the corresponding N-protected 

compounds a. 22 and E. Finai deprotection of m. 21. and a by acM hydnilysis was 

accomplished with dry HCl in acetic acid medium. The four hybrid compounds 1. II, 
and were used as hydrochloride salts. The -al data and NMR characteristics of 

ail described compounds are reported in Tables 1 and II. 

RESULTS AND DISCUSSION . 

DNA-binding 

Dst-A and Nt bind spectficaliy to the minor groove of D N A ~ ~  whiie amsacrine 

intercalates between adjacent base pairs14. The intercalative process for amsacrine 

concerm only the acridine chromophore whereas the anilino ring lodges in the minor 

groove with a nearly orthogonal orientation in respect to the mean plane of the acridine 

ringls. Thus, the linkage of a minor groove binding residue to the anilino ring via a 

short spacer should lead to compounds which bind strongly to DNA by two well distinct 

processes, i.e. intercalation and minor groove binding. 

A s  shown in Table HI, there is apparently no significative diaerence in the ATm 

and Q values observed for the compounds 1, U and m. Al1 of the compounds produce 

positive ATm increase in nucleic acids melting temperatures. These compounds also 

atabflized GCcontaining synthetic polynucleotide against thermal denaturation even at 

high temperatures (up to 100°C). If the extent to which ligands stabike the helix coil 

thermal transition of double stranded DNA is representative of the strength and extent of 

binding. it does not presume of the mode of interaction For example. polyamines. which 

bind to DNA by bridging the minor groove and by inter or intramolecular cross- 

linking. stabilize double-helical DNA against thermal melting by neutralization of 

the phosphate: such an interaction could not be taken into account in view of 

fluorescence experiments. However, in quenching assays employing an excess of 

poly[d(AT).d(AT)]. non-intercalative binding agents can be distinguished from 

intercalating agents17. Because of the& different site size for DNA, intercalating agents 

have much smaller effects than non-intercalative binding agents (m-AMSA. Q=25 PM: 

Dst-A, Q=1.6 pM). The Q values observed for the compounds 1 - E with poly[dV\Tl.d(AT)] 

are in the range 3.3-6.7 pM. just greater than those observed for a minor groove binding. 





Moreover, the high A'îb values are not in favor of a strict intercalative pmcess. Thus. it 

seems obvîous that both binding modes are involded. One can conclude to the stronger 

binding of relaüve to its deformylated analog as considering the Q and A'îb : the Q 

value with calf thymus DNA for is more than 25-fold lower than with m. With the 

synthetic poly[d(GC).d(GC)], the difference is lower but sîgnlfkative. 

Previous studiesle have shown simiinr differences in the binding of Dst-A and its 

deformylated analog. This result demonstrates the crucial role played by hydrogen 

acceptor (or donor) sites in the binding to DNA This property was not observed for the 

potential hydrogen acceptors and donors carboxamide groups in p o l e  residues since 

no binding potency încrease was detected when going from one to three UI) 

methylpyn-ole units. The Q values and the efllects of the studied compounds on ATm of 

native or synthetic DNAs of different base composition give information on their base 

preferential binding. The corresponding results indicate that compounds 1. a and do 

not exhibit any base selectivity. On the other hand. values observed with U could be 

ascribed to its enhanced amnity for poly(A3 sequence. as  observed for Dst-A. These 

results could indicate the dominating role of the structure portion closely related to Nt. 

which exhibits an AT specificitylO, versus the anilino-9-aminoacridine ring which was 

describecl to have a GC specificityl l. However. recent results19 obtained by computation 

on the intercalative interaction energy of m-AMSA with B-DNA have releaved AT 

binding site preference. 

Biolodcal activie 

The cytotoxicity. the growth inhibition and DNA synthesis inhibition abilities of 

the four hybrid molecules were determined on L1210 murine leukemia cells (Table W. 
Increasing the length of the pseudopeptidic moiety with one, two or three N- 

methylpyrrole residues does not induce large changes in their antitumor activities. 

Among the pseudopeptlde derivatives tested for their inhibitory effects on the 

proliferation of murine L12 10, after only 24h incubation, U proved to be the most active 

(ID50=0.5 pM or 0.39 pg/mL). Surprisingïy. its fonnylated analog E was 4-fold less 

active. On the other hand their DNA synthesis inhibitory effects reflect the stronger 

binding of to DNA than for m. This would suggest that DNA is not the only target of 

and of the other drugs. The two other simpler molecules Land II are less active (ID50=3 

and 3.8 VM or 1.6 and 2.5 pg/mL respectively) but rernain in the range of the clinicaily 
used dmgs except for the highly tcudc antiieukemic agent m-AMSA (ID50=0.05 ph4 or 0.02 

pg/rnL). The compound seems to be interesting in another way. As shown in Figure 2, a 

10 PM concentration completely inhibited the proliferation of the tumor cells, without 



Table IV : Biological activities of the hybrid 

compounds and of their parent molecules. 

----------------------------- 
Leukemia Murine L 12 10 cells 

----------------------------- 
III - 0.5 9 26 

a ID50 : pM concentration to inhibit ce11 

growth by 500/b foilowing a 24h exposure. 

LD50 : pM concentration to kiii W h  

of cells foilowing a 24h exposure. 

I D N ~ ~ O  : p M  concentration to inhibit 

DNA synthesis by 50%. 

Figure 2 : Effects of m-AMSA (A) 

and the synthetic hybrid compounds 

1 (O), II (O), III (e), IV on the proMeration 

of Murine Leukemia(L 12 10) celis after 

24-h exposure. 



ktlling most than 15 % of them (LD5()=31 m. Its poor cytotoxic capacity. coupled with 

its relative cytostatic power, could make it a convenient compound for relterative 

treatments. 

Thus this series of compounds shows interesting biological actMties. However no 

correlation has emerged in atternpts to relate their pharmacological activity to the& 

nucleic acid binding abfflty. 

ExDerîmentai section 

Melüng points were detennined in capillary tubes and are uncorrected. The IR 

spectra were obtained on a Perkin-Elmer 177 spectrophotometer, in KBr pellets. 13c and 

IH-NMR spectra were recorded on a Brücker WP 80 SY or AM 400 WB spectrophotometer. 

EI mass spectra were recorded on a Ribennag RIO. 10 (combined with Riber 400 data 

system) mass spectrophotometer at 70 eV by using direct insertion. FAB mass spectra 

were determined on a Kratos MS-50 RF mass spectrometer arranged in an EBE geometry. 

The sample was bombarded using a beam of xenon with a kinetic energy of 7 keV. The 

m a s  spectrometer was operated at 8 KV acceleraüng voltage with a mass resolution of 

3000. Thin layer chromatography (TLC) was carried out using silica gel 60F-254 Merck 

(0,25mm thick) precoated UV-sensitive plates. Spots were vlsualized by inspection under 

UV light at 254nm and after exposure to vaporized 12 and/or ninhydrin. Kieselgel 60 

Merck (230-400 mesh) was used for flash chrornatogmphy according to the procedure of 

~ti l l20. 

Methvl 1 -methvl-~vrrole-2-carboxvlate (I) : 1 -methyl-pyrrole-2-carboxylic acid 

(Aldrich. 5g, 0.04 mol). sodium carbonate (2 1.2 8)  and 99% methyl iodide (10 mL) were 

refluxed in dry acetone (400 mL) for 18h. The insoluble materlal was discarded and the 

filtrate evaporated. The resulting mixture was taken in ether before being filtered to 

remove the remaining NaI. Removal of ether under vacuum afforded a yellow oil. 

DisüUation gave pure 1 : b.p. : 62"/ 1 mm. 

Methvl 1-methvl-4-nitro-~vrrole-2-carboxvlate (2) : The ester 1 (5 g, 36 mmol) was 

dissolved in acetic anhydride (30 mL). n ie  solution was cooled to -20" and cold nitric acid 

(65%. 7 mLl was added very slowly to avoid rapid elevation of temperature. Strict 

temperature control was essential to obtain a pure product in an acceptable yield. 

Slightly elevated reaction temperature increased the formation of side products and the 

total yield fell significantly. 

The mixture was stirred at -20°C for 6h. then at room temperature for 4h. Rernoval of the 

solvent from the red mixture gave a solid. The nitro derivatives were separated by 

chromatography in the system solvent : CH2Cl2/petroleum ether. 7/3,v:v). The 5-nitro 



isomer was flrst eluted : 1.4 g, 21.1% yfeld, mp : 10g°C. Rf(CH2C12) : 0.70. 

RI(CH2C12/petroleum ether,7/3.w) : 0.58. IH-NMR (cDc~~) 6 3.89 (s,3H. COOCH3). 4.31 

(S. 3H. NCH3). 6.89 (d, lH, CH, J=4.5Hz). 7.13 (d. lH, CH, J=4.5Hz). 1 3 ~ - ~ ~ ~  (CDC13) 6 

34.96 (NCW, 51.96 (Ocm. 1 1 1.80 (Cg. 1 15.47 (C3). 126.78 (Cd. 141.04 (C5). 1.39 (CO). 

MS-m/e (nl. intaisity) : 184 (1001,153 (52) . 122 (67). 107 (47),79 (84). 

Further dution wîth the same systun sohrent gave the 4.5 Wtro derivative : 150 mg, 
1.8% yield, mCH2C12) : 0.67. i?fICH2Cl2/petroleum ether. 7/3. v:v) : 0.49. MS-m/e (rel. 

intemi@) : 229 (3.3),212 (1.0). 199 (1.0). 167 (31.6). 

The final elution with CH2Cl2 gave the Pnitro I s a r  (2) : 2.3 g, MCH2C12) : 0.53. 

mCH2Cl2/petroleum ether.7/3.w) : 0.36. 

Methvl 4-amino- 1-methvl-wrrole - 2 - carboxvlâtç U : The 4-nitro derivative 2 (2 g. 0.01 

mol) in absolute ethanol(50 mL) was poured in a stainless steel bomb and allowed to be 

hydrogenated under 50 kg pressure for 12h at 50OC over Ni Raney catalyst. The catalyst 

was filtered off. the colorless filtrate containing the very unstable amino ester Lwas 

evaporated under vacuo in the dark. The resulting residue was not lsolated due to its air 

sensiüvity (Wt exposure provide a rapid decomposition into a purple mixture) and was 

immediately used for the next step. 

TFA salt : To prevent degradation. this amine was dissolved in CH2Cl2 (5 rnLl and 

trifluoroacetic acid (1 mL) was added dropwise under rapid stirring for 15 min. After 

evaporation of the solution, the residue was washed with CH2C12 (5x30 mL). precipitated 

wfth ether/petroleum ether ( 1 /4) and collected.. 

Methvl 4-IIItert-butvloxvlcarbonvllaminol-1-methvl-~vnole-2-carboxvlat~ (&) : A 

solutlon of ditertbutyldicarbonate (3.27 g. 0.015 mmol) in CH2Cl2 (150 mL) was added to Q 

( 1.54 g. 0.0 1 rnrnol) in CH2Cl2 ( 100 mL) for 12h under reflux. The solution was then 

extracted with water (3x30 mL). dried over Na2S04. evaporated. washed with cold 

petroleum ether and finally afforded the desired compound 4. Recrystallisation from 

CHpCl2/petroleum ether (1/25) gave a white microcrystalline product. Rf(CH2C12) : 0.56. 

. 4-llltert-butvloxvlcarbonvllaminol- 1 -methvl~~vx~ole-2-carboxvlic acid : A solution 

of 4 (2.54 g. 0.01 mol) in MeOH (50 m4 and 1.6 g (0.04 mol) of sodium hydircpdde in water (5 

mL) was boiled under reflux with sürring. The progress of the reaction was monitored by 

TLC and was thereby judged to be complete after 18h. The resulüng solution was 
- 

- .- 
cautiously acidified to pH 3.0 with a few drops of dilute HCl. Evaporation of the solvent, -. - . . -- . . . 

trituration in absolute ethanol. elimination of sodium chloride by filtration and 

waporation of ethanol, yielded 2.23 g of a white solid . The product was isolated by 



precipitation with a mixture of ether-petroleum ether. FülMeOH/CH2C12, 80/20. v:v) : 

0.71. 

Methvl 4 - 1114 - llftert -butvloxv)carbonv~nol - 1 - m e t h v l - m l e  - 2 - vll carbonv ll amino1 

- 1 -methvl-~pmole-2-car- [S) : 

DCC-DMAP coupijng procedure : The acid fi (0.61 g. 2.54 mmol) in 20 mL CH24212 reacted 

with the amine Q (0.4 g. 2.54 mmol). Mer evolution of the readion (2 to 4h), the solution 

was filtered oiT and polar compounds were successfvely mmovcd by extraction with 1N 

HCl, H20. 1M NaHCOs (30 W. Aftcr dxying and evaporation of the CH2C12 , the crude 

residue was p-ed by chromatography with CH2Cl2jacetone (20/ 1. as eluent. 

DCC-HOBt coupiing procedure : 5 (0.76 g. 3.16 mmol) in cold dry CH2Cl2 (50 mi,) was 

stirred with DCC (0.72 g, 3.5 mmol) and HOBt (0.54 g. 3.5 m o l )  for lh: a cold solution of 3 
(0.49 g. 3.16 mmol). plus TEA for the TFA salt. in CH2C12 (50 mL) was added. Stining was 

conünued for 2h at O°C and at least 20h at 20°C. The precipitated dicyclohexylurea (DCU) 

was filtered off and the CH2C12 solution was washed with 30 mL 1N HCl, H20. 1M 

NaHC03. After drying over Na2S04, the solvent was removed in vacuo. The remaining 

DCU was discarded by precipitation with acetone. Mturation with ether/petroleum 

ether gave a crude product containing approximately 80% of the desired dimerlc 

compound h and 20% of a side copmpound : Rf[Al : 0.92: WIMeOH/CH2Cl2.0.5/9.5, v:v) : 

0.74). LH-NMR and MS (337. M+) allowed to identify it as 1.2.3-benzotriazol-1-yl4-[[(tert- 

butyloxyl)carbonyljamino~- 1-methylpyrrole-2-carboxylate 2. This active ester of HOBt 

was obtained even with longer reaction times and had to be separated from 6 by flash 

chromatography with MeOH/CH2Cl2 (0.5/9.5. v:v) as eluent before the next step. 

Rt7MeOH/CH2C12,0.5/9.5. VY) : 0.45. 

4-1114-llftert-butvloxvlcarbonvllaminol- 1 -methvl-~vrrole-2-vil carbonvll aminol- 1 - 
methvl-~vrrole-2-carboxvlic acid 1Z) : The methyl ester 6 ( 1.2 g, 3.2 mmol) was converted 

to the corresponding acid according to the method of preparation of 5. The 

saponification was stopped afler 72h (longer reaction times did not afford higher yields). 

Evaporation of the solvent gave a white powder which was partitioned between H20 and 

CH2Cl2 to remove the remaining ester 6. Acidification of the aqueous layer to pH 3 with 

dilute HCl and extraction with ethyl acetate (3x25 mL) afforded 0.88 g of the 

chromatographically pure acid Z. WTMeOH/CHCQ, 8.0/2.0, w) : 0.84. 



Methvl 4 - - -  1114 1114 [tert -butvloxvlcarbonvllaminol - 1 - methvl-~vrro le-2-VU 

carbonvllaminol- 1 -methvl-~vrrole-2-vl~onvllaminol- 1 -methvl-~vr~ole-2- 

carboxvlateo: 
Amine component a: 30 mL of CH2C12/TFA (2/ 1. vnr) wen slow& added to 6 (0.83 g. 2.2 

mmol): the brownish solution was left at ambient temperature for l h  and then 

evaporated. The resultfng hygroscopic residue was washed several idmes with ether or 

CH2C12 (acetone or methanol were not used to avoid a rapid decomposition). The dry 

residue was then partitioned between H20 (20 mL) and CH2C12 (20 mL). After 

centrifugation, the clear aqueous layer was collected and lyophillzed. The amine 8 was 

obtained pure in a good yidd 

The trimeric compound 2 was synthesized using DCC-DMAP as coupling agents as  

described for 6. The crude produd obtained after the washing steps was direct& used for 

the next step without chromatography. However. an anlyticai sample could be obtained 

by dissolution of the crude material in a minimum volume of acetone followed by 

addition of sdc ient  cold dry ether under rapid stirxing. 

4-1114-1114-ftert-butvlo~w~carbonvllaminol- 1 -methvl-~vrrole-2-vl1 carbonvll aminol- 1 - 
methvl-~vrrole-2-vllcarbonvllaminol- 1 - m e t h v l - D O - 2 c a r b o l c  acid OJ : The 

methyl ester Q was saponified to give the acid as described for the preparation of Z. 
WïMeOH/CH2Cl2.80/20, vx) : 0.82. 

Benzyl 4-11ftert-butvloxvlcarbonvllaminol- 1-methvl-~vr~ole-2-carboxvlate I111 : This 

compound was prepared from 3 by modification of a previous procedure12 : 1 g of 5 (4.16 

mmol) in EtOH-H20 (3/ 1. vx. 50 mLl was trea'ted dropwise with a solution of Cs2C03 (0.68 

g. 2.08 mmol) in H20 (10 mL). After complete addition. the solution was evaporated to 

dryness. The resulting semi-solid residue was dissolved in absolute EtOH (3x40 mL) and 

evaporation of the solvent gave the cesium salt of 3. Benzyl bromide (0.5 mL. 4.17 mmol) 

was slowly added to the solution of the cesium salt in DMF (20 mL) and sttrring was 

maintained overnight at  40°C. The DMF was evaporated and the residue was dissolved 

with water (10 mi.). After three extractions with CH2Cl2 (3x30 mL). the combined organic 

layers were concentrated and ten-fold diluted with cold petroleum ether. The precipitated 

materhl was fiitered, rinceci with petroleum ether and dried. WCH2Cl2) : 0.54. 

Benzvl 4-(fornylaminol- 1 -methvl-~vrrole-2-carboxvlate W : 
Amine component 12: To 0.75 g (2.27 mmol) of J.A in 50 mL CH2Cl2. 10 rnL of pure 'FA 

were added. After lh  stirring. the solution was evaporated. Careful elimination of the 

TFA gave a crude residue which was dissolved in acetone (3 mL), ether (20 mL) and 

petroleum ether (100 mL). gMng a white precipitate. This product was filtered. washed 



and drled, and 12 was obtained without further purification. An anaiytically pure 

sample was obtained after two successive precipitations in CH2Cl2/petroleum ether 

( 1 / 15) in the COM. WICH2C12) : 0.29. 

Formylation : Formic add (83 pl, 2.56 mmol) in cold CH2Cl2 was s ü r ~ d  with DCC (0.53 g. 

2.56 mm011 and HOBt (0.4 g. 2.56 mmol) for lh: a cold solution d u  (0.8 & 2.32 mmol) and 

TEA (0.32 mL. 2.32 mmol) in CH2C12 was addcd: stirring was maintained for 2h at O°C 

and 15h at 20°C. The DCU was discarded by precipitation with acetone. The remaining 
powder was dissolved in ether (insoluble material discarded) and addition of petroleum 

ether led to precipitation. Pure precipitated as a microcxystalllne soiid after one day 

in the cold. 

4-Ifomvlaminol- 1 -methvl-~vrrole-2-carboxylic acia  Il4) : (0.4 g. 1.55 m o l )  

dissolved in absolute ethanol(40 mi.,) was reduced by hydrogen (atmospheric pressure) for 

12h in the presence of Pd catalyst (5% on C). The mixture was filtered and the clear 

solution concentrated to less than 4 mL. Addition of cold ether under rapid stining give 

the desired acid 19. Rf(MeOH/CH2Cl2.80/20, VY) : 0.72. 

Benzvl 4-1114-llftert-butvloxvlcarbonvllaminol- 1 -methvl-~vrrol-vllcarbonvll aminol- 1 - 
methvl-~vrrole-2-carboxvlate : The acid 3 was coupled to the amine 12 in the 

presence of DCC and DMAP according to a weii established pracedure12. fi was obtained 

pure as judged by TU= after purification by chromatography with CH2C12/acetone (201 1, 

XV) as eluent. M solvent of chromatography) : 0.33. 

Benml 4-1114-1114-Ifomvlaminol- 1 -methvl-~vrrol-2-vllcarbonvllaminol- 1 -methvl- 

P _ mle-2-carboxvlate CLZ) : 

Amine : The t-BOC protected amine 15 (0.3 g. 0.66 rnmol) was deprotected with TFA to 

give the corresponding free amine 16. Purification was accomplished according to the 

method of preparation of 8. 
A solution of 14 (57 mg. 0.34 mmol), 16 (142 mg, 0.31 :mm011 and TFA (43 pl, 0.31 mmol) 

in DMF (20 mL) was immediately treated with EDC (65 mg, 0.34 m o l ) .  The resulüng 

solution was stirred at ambient temperature overnight and then evaporated. The 

brownish residue was washed with 1M KHSOq, 1M NaHC03, H20 and absolute ethanol. 

The remaining insoluble material was dissolved in CH2CI2 (2 mL) and precipitated with 

ether and petroleum ether. The crude product was suitable for the preparation of u. An 

analytical specimen could be obtained as white crystals by recristallization from 

CH~C12/ether/petroleum ether (1 / 10/ 100). 



4-1114-1114-ffomvlaminol- 1 -methvl-~vrrol-2-vllcarbonv~nol- 1 -methvl-~vrrole-2- 

yllcarbonvllaminol- 1 -methvl-~vrrole-2-carboc acld US) : Crude (140 mg. 0.28 

mmol) ln DMF (10 mL) was totally converted into the corresponding.acid by catalytic 

hydrogenation (HZ. atmospherlc pressure. Pd on C) at room temperature for 6h. After 

ffltration of the cataïyst, the solution was evaporated, the residue was dissoïved in EtOH, 

clarlfied with decolorizing carbon and finalïy taken to dryness. Rf(MeOH/CH2CI2. 

80/20, : 0.82. 

4-(9-aciidinvlamino-N-114-ftert-butvloxvlcarbonvllamlnol- 1 -methvl-~vrrol-2- 

carbonvll-élvcylaniline (2P) : 

Amine 19 : 4-(9-acridinylamino) -N-glycylanfline hydrochloride trifiuoro acetate, 

synthesized as previously described2 was dissoived in water; dflute NaHC03 was added 

to pH 8-8.5 and the amine 19 was extracted with ethyl acetate. Dsrfng over Na2S04 and 

evaporation of the organîc layer afforded -9. 
A solution of 3 (95 mg, 0.39 mmol), DCC (89 mg. 0.43 mmol) and HOBt (66 mg, 0.43 mrnol) 

in 40 mL of CHzCI2/DMF (1/1, v:v) was added at O°C to a solution of 19 (134 mg, 0.39 

mmol) in 10 mL of DMF. After 18h stlning, the solution was evaporated. the DCU was 

discarded by precipitation with acetone and the concentrated ffltrate was precipitated 

with ether. Fiitration gave 20 suitable for the next last step. An anaiytical sample was 

obtained by chromatography with CH2CI2/MeOH, (80/20, v:v) a s  solvent. 

WICH2C12/MeOH, 80/20, VY) : 0.66. 

4-f9-acridinvlamino~-N-14-114-1Iftert-butvloxvlcarbonvllaminol- 1 -meth~l-~~rr01-2-  

yllcarbonvllaminol- 1-methvl-~vrrol-2-carbonv-lvcvlanilin (21) : 2 (105 mg. 0.29 

rnrnol) was coupled to (100 mg. 0.29 mmol) by DCC-HOBt procedure, as described for 29. 
The reaction mixture was stirred at O°C for 4h and at room temperature overnight. The 

solution was evaporated and washed with CH2Cl2 to eliminate the DMF. The crude red 

resldue was triturated wlth CH2C12 (10 mL). filtered, washed with CH2C12 (4x20 a). a 
was then purified by flash chromatography with CH2C12/MeOH (80/20. v:v) as eluent. 

lüICH2CI2/MeOH. 80/20, vnr) : 0.63. 

4- (9 -acr ld inv lamino~-N-14-1114- I l I ( t er t -o1 -  1 -methvl-~vrrol-2-vll- 

carbonvllaminol- 1 -methvl-~vrrol-2-vll-carbonvllaminol- 1 -methvl-~vrrol-2-carbonvll- 

glvcvlanilin~ &&) : 22 was obtained by coupllng the acid Ip (0.4 g, 0.83 mrnol) with the 

amine 19 (0.26 g, 0.76 mmol) using DCC-HOBt as  described for 20. The purification was 

accomplished by the sarne technique used for 21. 



acridinvlamino) - -  N 14 - amino - 1 -methvl-~vrrol - 2 - carbonv l l - ~ ~ ~ l a n i i i n e  

Hvdrochlori&(I) : The BOC-protected amine a ( 100 mg. 0.17 mmoD in a- acid (30 mL) 

was flushed with dry HCl for 10 min and stlrrfng was maintained for 50 min The acid 

solution was evaporated (below 45OC). washed wlth acetone and ether. The resulting 

residue was dlssolved in water. extracteci with CH2C12 (2x20 mL) and ethyl acetate (2x20 

mL). Final chromatography in EtOH/CHC13 (80/20. v:vl give I. Wsolvent of 

chromatography) : 0.15. 

4-~9-acridinvlaminol-N-14-Il-4-amino - 1 - methvl-~vrrol -2-vllcarbonvllamino1- 1 -methvl- 

pvrrol-2-carbonvll-elvcvlaniline Hvdrochloride : The BOC-protecting group in 21 
(160 mg, 0.24 mmol) was cleaved-off with dry HCl in acetic acid medium for l h  and then 

puritled as described for 1. 

4-(9-acridinvlaminol - -  N 14 - 111 -4-amino- 1 -methvl-~vrrol-2-vllcarbonvllaminol- 1 - 
methvl-~vrrol-2-vllcarbonvllaminol- 1 -methvl-~vrrol-2-carbonvll-elvcvl aniline 

Hvdrochloride : Cleavage of the BOC group and flnat purification were accomplished 

as descnibed for 1. 

4-(9-acridinvlamino~-N-14-Ill-4-lll4-~formvlamino~ - 1 -methvl-~vrrol-2- 

yllcarbonvllaminol- 1 -methvl--~vrrol-2-vllcarbonvllaminol- 1 -methvl-~vrrol-2- 

carbonvll-elvcvlaniline Hvdrochloride : 60 mg of the acid 18 (0.145 mmol) were 

coupled to 580 mg of the amine =(O. 145 mmol) via a DCC-HOBt (0.16 mmol) procedure as 

adopted for m. The compound obtained &er chromatography was acidified with diluted 

HCl. The acid aqueous layer was lyophilized. The lyophilized material was dissolved in 

water 150 mL). This procedure was repeated ffve t h e s  to assure a complete elhination of 

HCl in excess. 

m a - D N A  bindhg 

Poly[d(AT) .d(AT)l, poly(d(GC) .d(GC)j, calf thymus DNA and Clos tridium 

perfringens DNA were purchased from SIGMA Chemical Co. and used without 

purification. Concentrations of the DNAs were determined spectroscopicaily from their 

extinction coefffcients (in M ' ~  cm-l) ~ 2 6 0  = 6700, ~ 2 5 4  = 8400, ~ 2 6 0  = 6600. ~ 2 6 0  = 6500, 

respectively. 

Q values for quenching were detennined employing 20 pM DNA in 0.01 M ionic 

strength buffer (9.3 mM NaCl. 2 mM NaO& buffer. pH 5. plus 0.1 mM EDTAI containing 2 

pM ethidium in such a way that there was minimal ethidium displacement and 

maximum drug-induced quenching22. Al1 measurements were made in 4 mL, 10 mm 



pathlength quartz cuvettes. at 20°C on a Jobin-Yvon J-Y-3 spectrofluorometer equipped 

with an X-Y recorder (excitation at 546 nm and measurement at 595 nm). The Q value is 

defined as  the drug concentration which reduces the fluorescence of inîtially DNA-bound 

ethidiurn by 5096. 

Melüng temperature studies were made in 0.1 SSC buffer (0.15 NaCl, 0.015 M 

sodium citrate. pH 7.0) a s  previousïy described23. 

Biolonld testhg 

Cell Culturq : Murlne L 1210 leukcmia cells were maintained in logarithmic 

growth as suspension cultures in RPMI-1640 medium (GIBCOI containing 10% fetal caif 

serum. Cells were,grown in 25 cm2 tissue culture flash (Coming) in a total volume of 10 

mL in a water-saturateci atmosphen containing 5% CO2 at 37OC. 

Growth and v i a b m ( I D 5 0  and LD50 deterrninations) : The cells were 

treated, while in logarithmic growth (106 cells/mL). wlth the hybrid derivatives diluted 

in sterile water and filtered through a 0.2 pm filter immediately prior to use. Following a 

24h incubation, cells samples were removed for counting. Cell growth and viability were 

estimated by counting the cells after dilution with trypan blue solution at Oh and 24h. 

The cytotoxic effects on cellular growth were expressed as a function of drug 

concentration. For each compound, we deterrnined a) the inhibitory dose (ID501 reducing 

cell growth to 50% of control growth. b) the letal dose (LD50) producing 50% of death cells 

in the culture. 

DNA-svnthesis inhibition as- : L1210 cells in exponential growth were 

incubated for lh  at 37°C in growth medium containhg various doses of the hybrid 

compounds. The cells were incubated for 15h at 37OC in growth medium c o n t a i .  10 

pCi/mL  HI-thymidine (43 Ci/mM. CEA). The radioactive medium was removed. the cells 

washed twice in saline buffer and allowed to mell for 10 min in ice in 1 mL of hypotonie 

buffer OWE : 0.01 M Ms-HCI, pH 8.1: 0.05 M NaCI: 0.001 M EDTA). The cells were then 

disrupted by congelation-decongelation (3 times). digesteci by proteinase K (100 pg/mL, 4h 

at 37°C). The TCA precipitable was collected on fflter and counted in a liquid 

scintillation counter. For each compound, we determined the in vitro inhibitory dose 

( 1 ~ ~ ~ 5 0 )  reducing DNA synthesis by 5046. 
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Conclusion: 
Concernant le mode de liaison A l'ADN, ces résultats tendent démontrer la 

présence simultanée de deux mibcanismes de liaison : l'intercalation de I'acridine et 

l'insertion du peptide de type Dst-A dans le petit sillon. Toutefois ils ne constituent pas 

une p n w e  forme11e : aussi des techniques physicochimiques plus adaptees ont été 

mises en oeuvre pour étabiir définitivement le mode de liaison. Le composé ïï (encore 

appel€ NETGA pou. Netropsine-Giycyl-Anilinoamino-9 acridhe) de cette série a été 

choisi comme modele (Figure 10). Devant l'éventail des techniques envisagées 

(spectroscopie d'absorption W. fluorescence, polarisation de fluorescence, 

dichro'isme linéaire, foot-printing, RPE) seul ce composé a pu ttre etudié en détail. 

Cette étude a fait l'objet d'une pubiication : 

Molecular recognition between oiigopeptides and nucleic acids: 

DNA sequence specificity and binding properties of bithiamle- 

and acridine-linked netropsin hybrid ligands. 

EALLY C.. HELBECQUE N.. COLSON P.. HOUSSDER C.. RA0 KE.. SHEA RG., 

LOWN J.W.. HENICHAKI' J-P. 

Soumis pour publication à Biochemistnr 

Remaraue : Les études par dichroïsme linéaire et par foot-printing ont été réalisées en 

étroite collaboration avec respectivement le Pr. C. HOUSSIER Université de Liège 

(Belgique) et le Pr. J. W. LOWN. Université d'Edmonton (Canada). 



Figure 10 : Modélisation moléculaire de NETGA. (A) conformation minimisée, (B) 

volume moléculaire et (C) représentation des potentiels électrostatiques. 

Remamue : La modélisation moléculaire par ordinateur a été réalisée par Monsieur le 

Professeur G. VERGOTEN (Faculté de Médecine). 
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The design and synthesis is descrlbed of two mixed function ligands (NETBI 

and NETGAI in which. potential intercalating groups, bithiazole and acridine. are 

respective@ incorporated at the carboxyl terminus of the minor groove binding 

oligopeptide netropsin skeleton. Scatchard analysis of absorption data provided 

evidence of two modes of binding to DNA in each case with Ka = 6.3 x 105 M - ~  for 

NETGA at low rt values (0.003 to 0.1). and a binding site size n = 6. indicative of 

binding of both moieties. At higher rt values (> 0.1) Ka = 3 x 105 M ' ~  and n = 4 for 

NETGA indicating on@ binding of the oligopeptide moiety under these conditions; Ka 

= 1.3 x 104 M- for NETBI with n = 8 at rt (0.003 to O. 1) indicating binding of both 

moieties. Complementary strand MPE footprinüng on a pBR322 restrlction fragment 

showed NETBI recognizes 5'-AAATCT in accord with minor groove binding of both 

moieties. whereas NETGA binds to 5'-AAAT like netropsin at r = 0.78. Both ligands 

cause enhanced cleavage by MPE, particulariy at CC rich sequences, and remote from 

the preferred binding sites. Viscometry measurements provided evidence for minor 

groove binding of both portions of NETBI. Fluorescence polarization and linear 

dichroism measurements were in accord with distinct modes of interaction of the 

acridine (intercalation) and oligopeptide (minor groove binding) portions of NETGk 

Linear dichroism (LD), studies on NETBI bound to DNA are consistent with minor 

groove binding with an orientation angle relative to the DNA helix of DL = 48' (p = 52'). 

LD measurements on NEJrCA indicate that the oligopeptide moiety has an orientation 

angle of DL = 52'. i.e. typical of minor groove binders, whereas the acridine group has 

an orientation angle DL = 60°, more characteristic of intercalation for this moiety. 



The recognition of. and the preferentfal binding to. speciflc DNA sequences by 

proteins are responsible for selective gene expression in transcription and for the 

regdation of many biologicai processes (Berg and Von Hippel, 1988; Fnderick etal., 
1984; Takeda etal.. 1983). When reading spedffc sequences promoters and repressors 

utillze prhmdy the major groove of double helical DNA when individual base pairs 

expose patterns of hydrogen-bond donors and accepton. the major recognition 

elements in DNA-protein interactions. 

On the other hand. certain oligopeptide xenobiotics, including antibiotic. 

antineoplastic and antîvirai drugs, interfere with replication and transmiption by a 

specific binding to double-stranded DNA within the minor gnxrve. Such is the case for 

distamycin (Dst) and netropsin (Nt) (Figure 1) which act by blocking the template 

function of DNA by binding to specific sequences in the minor groove (Hahn, 1975). 

Detailed information provided by X-ray cristallographie studies and physicochemical 

investigations in solution (Kopka etal., 1983. 1985; Wmmer and Wahnert, 1986) 

indicated that the A-T base specific binding of both drugs is due to four kinds of 

interactions : (i) electrostatk attraction between ends of side chains of the Ugands and 

DNA phosphates which induces the initial binding; (ii) hydrogen-bonding 

interactions are then formed between amide NH and adenine N(3) and thymine O(2); 

(ilil Van der Waals contacts between methylenes and heterocyclic CH groups of DNA 

bases (iv) and, finally. s t a c h g  interactions between DNA sugar 01' atoms and the 

drug pyrrole rings (Kopka etal., 1985; Zimrner and Wahnert. 1986; Pelton and 

Wemrner. 1988). 

In order to understand the conformational and chernical basis of DNA binding. 

and to delineate the role of the heterocycle part of the base specificity, rational 

structural modifications of the parent molecules Dst and Nt have been carried out 

allowing the examination of alternative hydrogen bond accepting atoms. namely 

oxygen or sulfur atoms as  nitrogen. In particular the pyrrole ring has been replaced by 

phenyl (Dasgupta gt al', 1986). pyridine Wade and Dervan. 1987). thiophene (Jones 

and Woodridge, 1968). thiazole (Plouvier, 1988). and imidazole (Lown, 1988. Lown & 

&, 1986a. l m ,  Kissinger et, 1987). On the bas& of studies on Nt  and Dst analogs, 

in the structure of which one or more pyrrole groups have been replaced by imidazole 

rings, evidence for rational changes in base-specificity were obtained by DNase 1 

footprinting. These "lexitropsins". or information-reading oligopeptides, were 

observed to recognîze and bind to G-C rkh sites (KrowicM &&, 1987. Lown. 1988). 

In a second class of Nt analogs, modifications involving the number of pyrrole 

units Woungquist and Dervan, 1985) and other rings (Ekarnbareswara et al.. 1988) or 

the length of llnking chains between the heterocyclic rings (Dasgupta s t  al.. 1987: 



BaUy etal.. 1988) have been undertaken in order to delineate the role of the backbone 
cumture of the ligands in favoring the noncovalent interactions. From these studies 

it was deduced that the Van der Waals interactions between the methylenes at the 

carboxyl t e m u s  of lexitropsins and DNA play a crucial role in determinlng the 

reading of base sequences. These methylene groups enter into steric contact wlth the 
guanine 2-NH2 group of G-C base pair (Lown. 1988). It has been demonstrated that 

excision of one terminal methylene of oligopeptide permits the recognition of, and 

binding to, 3'44. site (Lee &&. 1- 1988b). 

In addition, chemical modifications invohring cationic site chains have been 

proposed (Lown. 1988; Zaknewska et &, 1988). For example, lexitropsins bearing 

only one positiveiy charged group at the C terminus were synthesized (Krowicld and 

Lown, 1987: Kissinger gt a. 1987). TaMng into consideration the ability of Nt 

derlvatives to concentrate in the ce11 nucleus (Bailly @ $ . ,  in press), more 

sophisticated molecules were designed including those bearing alkylating moieties 

and these prototype hybrid drugs were found to exhibit slgnlncant cytostatic activities 

against murine or human tumor ceil lines (Lown &&, 1986b: Krowicki s t  al%, 1988). 

To date. only two studies concerning the use of netropsin derivatives bearing 

intercalating moieties have been reported (De- 1986: Eliadis et al', 1988). Nature 

provides us with examples of antibiotics whose structure. containing planar rings 

attached to cyclic peptides, exhibits sequence preferences in binding to DNA. For 

example, actinomycin-D was found to display a sequence specificity of binding 

around one or more G-C base pairs (Van Dyke u. 1982a). A preference for binding 

DNAs rich in guanine and cytosine residues was also shown for the quinoxaline 

antibiotic echinomycin and its analog triostin-A (Wakelin and Waring, 1976: Lee and 

Waring. 1978a. 1978b). It has been demonstrated that the specinc binciing invoived. 

more particulariy. sites containing the dinucleotide CpG (Low etal., 1984a. 1984b: Van 

Dyke and Dervan, 1984). By contrast, the synthetic quinoxaline depsipeptide des-N- 

tetrarnethyltriostin A (TANDEM) binds preferentially to sequences containing 

adenine and thymine residues (Lee and Waring. 1978a: Fox gt al'. 1982; Low a. 
1984b). It has been proved that chemical changes in the nature of the intercalating 

chromophore (Lee and Waring. 1978a. 1978b: Fax u. 1980: Helbecque et, 1985) 

induced dramatic alterations of the base specificity or a decrease in the stabiiity of 

complex with DNA. 

To study the influence on DNA bindfng of the linkage of intercalating rings on 

the peptide portion of Nt we proposed here the design of hybrid molecules containing a 

bis-pyrrole c h a h  and planar intercalating residues. 9-anilinoacridine (NETGA) or 

bithiazole (NETBI) (Figure 1). 



nie  choice of 9-anilinoacridine was made on the basis of previous studies 

(Feuon etal,. 1984) which described th& chmophore as a GC-speciflc intercalaüng 

rîng even though men t  results (Chen et &, 1988) have revealed AT-binding site 

preference for the anilîno-9-aminoacridine dmg m-AMSA 

n ie  bithiazole ring is known to contribute to the binding to DNA of the DNA- 

cleaving antibiottc antitumor bleomycin (Blm). The mode of binding to DNA was 

clearly established [Henichart et 1985) and. morewer. studies with synthetic 

polynucleotides indicate that bleomycin interacts most strongly with guanine- 

containing nucleic acids and that alternating purine-pyrimidine sequences are 

preferred (Kasai etal.. 1978). More preclsely. the DNA sequence specific damage 

induced by bleomydn was studied (Murray and Martin. 1985) and it was found that the 

dinucleotides GT and GC were imrarlably cleand. 

Both drugs NETGA and NETSI (Figure 1) wen studied for their mode of binding 

in the minor groove of DNA by conventional techniques. including electrlc dichroism, 

and the sequence recognition was determined by foot-printing experiments. The 

contribution of the structural components of the molecular recognition processes of 

DNA binding of these novel agents ts discussed. 

FIGURE 1 : Structure of Netropsin 0. NETBI (B) and NETGA (C). 



Chemtcals 
Distamycin-A hydrochloride was purchased commercially (Boehringer) and 

was used without purification. Full details of synthesis of NETGA together with 

complete spectral and analytical characterization will be reported elsewhere (Baiily 

a, subrnitted). NETBI was obtained by coupling the bis-pyrrole moiety (described in 

the synthesis of NETGAI with the bithiamle moiety (Houssin etal.. 1984) via an 

hydroxybenzotriazole active ester. 

Methvl4-1114-11ltert-butvloxvlcarbonvllaminol - 1 - met hvl~vrrol-2-vllcarbonvllaminol- 

- h l  ~mole-2-carboxamido-2'-ethvl-bithiazole-4-carboxvlat~ : A solution of 1 met v 

145 mg (0.4 mmol) of 4-[[[4-[[(tert-bu~loxy)~arbonyl]amino]-l-methylpyrrol-2- 

yllcarbonyllaminol- 1-methyl 

pyrrole-2-carboxylic acid (Bailly et, submitted) in CH2Cl2 was treated with 

dicyclohexyl carbodiimide (91 mg. 0.44 mmol) and 1H-hydroxy-1.2.3 benzotriazole 

(68 mg, 0.44 rnmol) in CH2Cl2 for 1 h at 0°C. A cold solution of 2'-(2-aminoethy1)-4- 

methoxycarbonyl-2',4-bithiazole hydrobromide ( 140 mg, 0.4 mmol) (Houssin etal., 
1984) and triethylarnine (60 pl, 0.4 rnrnol) in CH2C12 was then added, and stirring was 

continued for 2 h at O°C then overnight at ambient temperature. m e r  r e m d  of the 

dicyclohexylurea by filtration. the solution was washed with 1N HCl, H20 and 1M 

NaHC03. The N-protected compound was obtained a s  pure crystals after 

chromatography with CH2C12/MeOH. 95/5, v x  as eluent (Rf: 0.31). white powder; 

Rf(MeOH/CHC13 20/80, vx. ammonia):0.83; mp.: 136°C; IR v max 3320-3380 (NH). 

3220(CH2), 2960(CH3), 1735(COOCH3). 1700(OCO). 1650(CONH) cm-1; 1 ~ - N M R  

(400MHz MgSO-d6) 6 1.45 (S. 9H, (CH&)). 3.28 (t, 2H. CH2, J = 7 HZ). 3.58 [m. 2H. CH2, 

J = 6.25 Hz). 3.75 (S. 3H, COOCH3). 3.79.3.86 (29. BI, 2N-CH$, 6.8 1 (S. lH, CH), 6.86 (d, 

1% CH, J = 2.2 Hz), 6.87 (S. 1H. CH). 7.17 (d, 1H. CH. J = 2.2 HZ). 8.19 (t, lH, NH-CH2. J = 

5.9 HZ), 8.26.8.55 (29, 2H. 2CH thiazoiyl), 9.06. 9.80 (2s. 2H. 2NH); MS-FAB. m/z: 614 

(M++ 1). 

Methvl 4-111/4-aminol- 1 -methvl~yrrol-2-vllcarbonvllaminol- 1 methvl ~vrrole  -2- 

çarboxamido -2'-ethvl-bithiazole-4-carboxylate (NETBI) : Cleavage of the BOC- 

protecting group was accomplished with dry HCl in acetic acid for 15 min. After 

careful neutralization of the acids, the crude product was dissolved in water and 



impurities were extracted with ethyl acetate, giving a colorless aqueous layer which 

was lyophilized. NETBI was obtained as a white foam powder. Wi(MeOH/CHCl& 20/80 

m. ammonta) : 0.60; mp. : 197OC: IH-NMR (400 MHz. Me2SO-d6)6 3.29 (t. W. CH2. J=7 

W. 3.59 (m, 2H. Cm. J=6.25 Hz), 3.80 (S. 3H. COOCH3). 3.88.3.89 (29.W. 2CH3). 6.87 (d 

1H. CH, J=1.85 Hz). 6.97 (d, lH, CH. J=2.2 W. 7.œ (d, 1H. CH. J d . 2  W. 7.20 (d, lH, CH, 

J=1.85 Hz), 8.20 (t, 1H. NH-CHZ): MS-FAB. m/z : 514 (M++l). 

Bfochemicals 
The polynucleotides poly [ d O .  d(A31. poly[d(GC). d(GC)I and DNA from calf 

thymus and coliphage Tq were h m  Sigma Chemical Co. For viscometry and electric 

dichroism studies. the calf thymus DNA was cut to short rod-like fragments with a 

French press (12600 PSIG). The DNA produced by this procedure was 300-450 base 

pairs in length as confirmed by gels calibrated against a Hae III digest of pBR 322 as 

size marker (Boehringer). 

pBR 322 and sonicated calf thymus DNAs and restriction enzymes Hind III and 

EcoRI were obtained from Pharmacia P. L. Biochemicals. Tq polynucleotide kinase. 

AMV reverse transcriptase and urea were from Bethesda Research Labs. Dithiothreitol 

and calf intestine alkaline phosphatase (CAP) were obtained from Calbiochem. 

Acrylamide. bromophenol blue and xylene cyan01 were from Serva. Ferrous 

ammonium sulfate was from BDH. ~ ~ ~ P - A T P  and a - 3 2 ~ - d ~ T P  were purchased from 

New England Nuclear. Methidiumpropyl-EDTA (MPE) was a gift from Professor 

Dervan (Cal. Tech.). 

Methods 
Foot~rintine Procedure. Hind III digested pBR 322 DNA was either 5 ' -32~-  

labeled (using y - 3 2 ~ - ~ ~ ~ .  CAP and Tq kinase) or 3'-32~-labeled (using a - 3 2 ~ - d ~ T P  

and AMV reverse transcriptase) and then digested with EcoRI. The resultlng 4332 and 

31 base pair fragments (SutclifTt 1979: Peden, 1983) were not separated prior to the 

cleavage reactions. The footprinting reactions were done in the presence of sonicated 

calf thymus DNA, labeled DNA and ligand (not added to control) in 10 mM tris, 20 mM 

NaCl buffer, pH 7.4. After equiübrating the ligand - DNA mixtures for 20 min at 37OC. 

MPE-Fe(I1) (made freshly) and DTï' were added to each reaction tube. The final 

solutions contained 100 ph4 DNA, 10 mM tris. 20 mM NaCl. 10 jüvl MPE-Fe(I1). 2.5 mM 

DTT and 8. 16 or 78 pitd of ligand. Reactions were run at m m  temperature for 15 min 

and then stopped by freezing at -70°C. The solutions were then lyophilized and 

resuspended in formamide loading buffer (Maniatis ct als. 1982) for gel 

electrophoresis. After electrophoresis (0.4 mm thick. 55 cm long, 6% polyacrylarnide. 



7M urea, 1900 V, 55°C). the gels were dried (Bio-Rad mode1 483 slab dryer) and 

autoradiographed at -70°C using Kodak X-Omat AR film. The resulting 

autoradbgrams were scanned using a LKB Ultroscan XI, laser densitometer. 

The original densitometric data were corrccted for the background absorbance 

of the cxposed film (0.4-0.5 OD). In order to compensate for possible variations in 
extent of reaction, al1 band intensities within a given lane were noxmaiized to a 

particular band within that lane which did not exhibit intensfty dependence on input 

ligand concentration. At r > 10, the intensity of al1 bands was diminished and 

nommkation was not possible. The extent of protection from cleavage for each base 

was determined by. 
percent protection = i l  - (ODligand-DNA/0D~NA)1 x 100 

where ODligand-DN~ is the optical density of a band obtained from cleavage in the 

presence of added ligand and ODDNA is the optical density of the same band produced 

in the absence of ligand. Negative values for protection correspond to enhancement of 

cleavage in the presence of the ligand. 

Anahsis of bindine data. The binding parameters, the intrinsic binding 

constant &, and the binding stoichiometry rb (number of ligand molecules bound per 

nucleotide base). were determined from the Scatchard equation on the basis of the 
assumption of an independent noncooperaüve type of binding (Scatchard. 1949): r/cf 

= &(q, - r) where r = q,/cp.q, and cp are the concentrations of the bound ligand and the 

polynucleotide respectively (in mononucleotide residues molar concentration), and cf 

is the concentration of free ligand. A plot of r/cf against r gives a straight line with the 

intercept q, on the r axis and slope -&. The experimental points were fitted by the 

linear least squares method. 
For the determination of cb. the concentration of the bound ligand. a small 

aliquot (between 4 and 10 pL of a 1 0 - ~  stock solution) of the ligand was added to the 

sample cell containing a fixed concentration of the polynucleotide (200-250 pM). The 

reference cell also containeci the same concentration of the polynucleotide to take care 

of any possible contribution to absorbance from the polynucleotide at the monitoring 

wavelength. However, the latter was so chosen that at this wavelength there was 

maximum change in absorbance of the ligand due to its binding to the polynucleotide 

and there was no (or very Iittle) contribution from the absorbance by the 

polynucleotide. The concentration of the bound ligand, cb, corresponding to each 

point of the titration was calculated from the relation: cb = [&-Ab) /(cf-eb) were Af = 

absorbance of the free ligand. Ab = absorbance of the same concentration of the ligand 

in the presence of the polynucleotide, ef = molar extinction coefïicient for the free 

ligand. and eb = molar extinction coeEicient for the bound ligand (determined from 



the extinction coeflicient of the ligand in the presence of a 100-fold excess of 

polynucleotide). 

"mçlttng" curves were measured on a Uvikon 

Kontron 810/820 spectrophotorneter coupled to a U*n Recorder 21 and a Uvikon 

Thermopxlnter 48. Samples were placcd in a thermostatically controlled cell-holder 

(10 mm pathlength). The celï was heated by circulaüng water from a Haakc unit. The 

temperatun inside the ce11 was monitored by using a thermocouple in contact with the 

solutioa The absorbance at 260 nm was measured ovcr the range 20-95°C at an 

heating rate of 1°C/min. The "melting" temperature Tm was taken to be the mid-point 

of the hyperchromic transition, as the melüng pmffle is monophasic. 

measuremenk were made by using a Ubbelohde semi- 

micro dilution viscometer. The temperature was maintened at 28 +- O.Ol°C in a 

thennostaticaJiy controlled water bath. Flow times were electronicaily measured to 

an accuracy ofO.l s (Schott ABS/G type detector). Experiments were done in 0.01 SHE 

buffer. (9.4 mM NaC1/2 mM HEPES (N-(2-hydroxyethy1)piperazine-N'-2-ethane 

sulfonic acid)/lO pM EDTA (ethylenediamine tetraacetic acid) buffer. pH 7.0) as  

described by Wakelin and Waring (1976). Solutions were filtered through 0.45 PM 

MiIlipore fflters before measurements. 

Fluorescence and fluorescence ~olarfiatioq. Fluorescence experiments were 

made employing 20 pM calf thymus DNA in a 0.01M ionic strength buffer (9.3 mM 

NaCl. 2 mM NaOAc, 0.1 mM EDTA, pH 5) containing 2 pM ethidium bromide in such a 

way that there was minimal ethidium displacement and high drug-induced quenching 

(Baguley W. 1981). The DNA-ethidium complex was excited at 525 nm and the 

fluorescence measured at 595 nm using a Jobin-Yvon J-Y-3 spectro-fluorometer 

equipped with an X-Y recorder and a SLM 4048 polarkation spectro-fluorometer. The 

anisotropy parameter. p. was calculated using the relation: p=(I// -1, )/O// +21, ), where 

I l /  and 1, are the emission intensities for emission polarization directions parallel 

and perpendicular to the plane of polarfiation of the exdüng light respectively. 

Linear dichroism. The electric dichroism measurements were perfonned with 

computerized instrumentation using the procedures previously ou thed  (Fredericq 

and Houssier, 1973. Houssier aud O'Konski, 1981). The optical set-up of a high 

sensitivity T-jump instrumentation equipped with a Glan polarfier was used under 

the following conditions: bandwidth 3 nrn: sensitivity limit 0.001 in AA/A; response 

tirne 3 W. The rectangular electric pulses applied to the vertical platinum electrodes 



(1.5 mm separation) were delhrered by a Cober 606 P generator (0-2, 500 V. 12.5 A; 

Cober Electronics. Stamford, Conn 06902). The field strength range cwered is fiom 1 

to 14 kV/cm: the pulse duration was carefully adjusted to reach the steady state 

orientation of the molecule (50-100 ps. depending on the electric field strength). The 

dichroIsm results arc expressed in terms of the reduced dichroîsm AA/A = [A// -A_)/A 

(AA is obtatned fkom the measurements of AA// = A// -A using the reiation AA = 1.5 (A// 

-Al where A is the absorbante in the absence of field. measured under the same 

pathlength (10 mm) with a Perktn-Elmer Lambda 5 spectrophotometer. The reduced 

dichroism values (M/Al for the DNA and for the ligand at low binding ratio D/P 

(molar drug concentration over molar mononucleotide concentration) are related to 

the orientation of the DNA and the ligand by the relations: 

where a and are the local angles between the transition moments (of the bases and 

the dye chromophore. respectively) and the electric field direction. $ is the fractional 

orientation (O'Konskl a. 1959). which is equal to the ratio (AA/Al / (AA/A)~/E->o of 

the measured dichroism to the dichroism at perfect orientation, achieved in the limit 

of infinite field. 

The angle 8 between the chromophore and the helix axis was detennined 

according to a previously described procedure (Haussier, 198l),based on a comparison 

of the reduced dichroism at a given field for the bases and for the ligand in their 

respective absorption bands and using the ratios of the two reduced dichroisms: 

This irnplies that the degree of orientation in the electric field and the 

macromolecular structure are not aected by the bfnding (a reasonable assumption at 

low amounts of binding). 8 was detennined ushg either aL = 90' (the Watson-Crick 

structure) or as 72' (the experimental angle) giving BL and 8 respectively. 

This method is more adequate than the one proposed by Hogan et al. (1978) 

consisting in an extrapolation of AA/A to infinite field. In Our case AA/A decreases 

exponentially with increasing 1/E ratio, leading the determination of the 

extrapolated dichroism hazardous. 



omtion s~ec t ra  of ligands and their com~lexes with caif thvmus DNA. 

Binding of the synthetic ligands NETGA and NETBI to DNA are evident from the 

changes in the UV absorption spectra (Figure 2) of the ligands when calf thymus DNA 

was added. The two ligands undergo red shiRs of their absorption maxima due to 

complex formation with DNA. The red shiftis indicative of an  increased 

delocalhation of the n-electrons in the ligands as a consequence of their binding to 

DNA. The absence of a clear isosbestic point in these W spectra suggests that dinerent 

types of bindîng sites are involved. 

Bindina constants for liaand-calf thvmus DNA interactions. The binding 

aiTinitles were calculated by means of Scatchard plots (Scatchard, 1949) as  shown in 

Figure 3. The binding parameters are surnmarlzed în Table 1. The d e t e m t i o n  of cb 

for the construction of the Scatchard plot was done at 266 nm for NETGA and 288 nm 

for NETBI, wavelengths at which there are contributions in absorbante from DNA. 

This was taken into account by adding an equai concentration of DNA to the reference 

cell. 

With both dmgs. the biphasic plots indicate the presence of at least two Srpes of 

binding on the calf thymus DNA. For NETGA, at low r ratios (ranging from 0.003 to 

0.1). the apparent binding constant Ka is 6.3 x 105 M-l, Le., simiiar to the one 

observed for the binding of Nt to calf thymus DNA, Ka = 2.9 x 105 M-1 (Luck etal., 
1977). The number of available binding sites per nucleotide (rb) is 0.17, which is 

equivalent to 6 nucleotides/site (n). This suggests that at such low r ratios both the 

netrosin-like moiety (which covers 4 base pairs) and the anilino aminoacridine 

moiety (2 base pairs are required for intercalation) are bound to DNA. 

At higher r values (up to O. 1). the apparent binding constant (Ka = 3 x 105 M'l) 

and the binding site size (n=4) strongly suggests that under these conditions only the 

bis-pyrrole moiety is involved in the binding without any contribution from the 

acridine chromophore. NETEBI binds to DNA with a very weak amnity (Ka=l x 103 M- 

l). This is cont'irmed by the footprfnting results (see below). 

Base ~referential binding. Figure 4 shows the effects of binding of the two 

bifunctional ilgands on the ATm of two DNAs of Merent base composition. implying 

a marked preference of these compounds for A.T sites as observed for Dst-A. In 

addition, the greater effect of NETGA on the quenching of the ethidium; 

poly[d(ATi.d(ATll complex than on the ethidium-calf thymus DNA complex (Figure 5) 



DGURE 2 : W absorption spectra of the ligands NETBI W and NETGA (B) and their 

complexes with calf thymus DNA. Solid Unes represent the spectra of 

the free iigands (at a concentration of 5 pM); broken Unes represent the 

spectra of their complexes at a ligand/DNA ratio of 0.05 (---) and 0.025 

(...). The sample and reference cells contained equal concentrations of 

DNA 1100 jM (---); 200 (...Il. 

FtGURES : Representative Scatchard plots (r/cf against r) for the evaluation of 

apparent binding constants for the interaction of NETGA (A) and 

NETBI (B) with calf thymus DNA 





FICIRE 4 : Variation in thermal denaturation ( ATm) of poly[d[AT).d(AT)] (open 
symbols) and calf thymus DNA (fiiied symbols) induced by the binding 

of Dst-A (O,*), NETBI (44 and NETGA (o.@. @/P = drug/phosphate DNA 

ratio). 

NETGA 

FIGURE 5 : Reduction of fluorescence intensity of ethidium-DNA complexes by 

addition of NETCA. (a) poïy[d(AT).dlATjl ; (ml calf thymus DNA. [20 pM 

DNA, 2 pM ethidium. 0.01 M ionic strength b d e r  (9.3 mM NaCl, 2 mM 

NaOAc. O. 1 mM EDTA. pH. 5)].  



conflrms this AT preferential binding. Mon detailed infonnation on actual prefemed 

sequences is obtained from the footprinüng expexîments. 

PNA Seauence Preferential B i n u  from F o o t ~ m .  Autoradiograms of 

the MPE-Fe(U) footprtnting gels are shown in Figure 6. Arcas of decreased intensity in 

&and containing ïanes compared to no ligand containing (control) lane are due to 

cleavage inhibition due to iigands bound to DNA Densltometric analysis of the 

patterns of each lane persnits estimation of the location, sizc and relative strength of 

binding sites on bases 63 to 142 of pBR 322 DNA Binding site location and sizes for the 

new compounds have been detennined on the basis of an eariier mode1 proposed by 

Dervan (Harshman and De- 1985). 

The MPE-Fe (II) footprintlng revealed cleavage inhibition and enhancement 

sites for the two mixed function ligands as weU as netropsin on the Hind III. EcoFü 

restriction fkagment of pBR 322 and are shown in the form of histograms in Figure 7. 

The new ligands give a smaller number and weaker footprinting than netropsin at a 

given r values. At low r values (<O. 16) no footprinüng are obsexved for either NETBI or 

NETGk At r = 0.78 the footprints due to Nt over the analyzed portton of the DNA are at 

positions (al1 5'-3'). 64-67 (CTAA): 84-98 (GTATGAAATCTAAW: 107-1 10 (ATCG). 

Complementary strand analysis of the MPE-footprinting gels shows the typical 

asymmetric shift of the footprints towards 3'-end (Van Dyke and Dervan. 1982b) 

indicating the minor groove is the probable site of interaction for these ligands (vide 

infra). Such complementary strand analysis of MPE-Fe (II) footprinting for a variety 

of ligands has indicated that the apparent binding sites on each strand are shifted 1 or 

2 base pairs to the 3' site and are underprotected by 1 base pair on the 5' side 

(Harshman and Dervan, 1985: Youngquist and Dervan. 1985). It is reasonable to 

assume that a similar asymmetry is obtained in the complementary strand data 

presented here. based on extensive experience with other classes of lexitropsins. 

Therefore the proposed binding sites for Nt (at r=0.78) on this DNA sequence. when 

allowance is made for overlapping of four base binding sites, are (aU 5'->3'): CTAA, 

GTAT. AAAT. MCA. 

NETGA under comparable conditions. and by the same principles. shows an 

actual binding site of AAAT Le.. a four base site like netropsin, in accord with the 

results of the Scatchard analysis at comparable r values. The bithiazole bearing 

ligand NETBI under similar conditions shows protection from cleavage at 90-94 

(AATCïl on the 5' labeled strand, 87-95 ~AClTTAGA13 on the 3' labeled strand. The 

complementary strand analysis suggests an actual binding site of AAATCT, i.e. a sk 

base pair site for this ligand. This region of protection cannot be attributed to two 





FIGURE 6 : A portion of footprinttng autoradiogram from MPE-Fe(II1 digestion of 

3'-32~ end labeled 4332 base pair DNA fragment. Lane 1 contains intact 

DNA, lane 2 b control MPE-Fe@) cleavage (no ligand present), lanes 

9.1 1 and 15 contaln ligands at 0.78 ratio. lanes 10. 12 and 16 contain 

ligands at 0.16 ratio. Lane 17 1s Maxam-Giîbert sequencing 'G' reaction. 

NETBI is present in lanes 9 and 10, NETGA b present tn lanes 1 1 and 12 

and netropsin îs present in lanes 15 and 16. Disregard all other lanes. 

a) 
120 .................................... 60 Ilb 

1*) 100. 
TTGCTAACGCAGTCAGOCACCdTOTA ACAATGCGCTCATCGTCATCCTCGGCACCGTCACCCTGGATGCTGTAGGC 
AACGATTGCGTCAGTCCGTGGCACAT TGTTACGCGAGTAGCAGTAGGAGCCGTGGCAGTGGGACCTACGACATCCG .................... 

e) 00 ...... h ............mm.... ln1 
14a 

T G C G C T C A T C G T C A T C C T C G G C A C C Q T C A C C C T G C T G T A G G C  

a... ............m... ACGCGAGTAGCAGTAGGAQCCGTGGCAOTGGGACCTACGACATCCG -. 
FIGURE 7 : Footprinüng and cleavage enhancement of al NETBI. b) NETGA and c) 

netropsin on bases 63- 142 of Hind EI/EcoR 1 cut 4332 base pair 

restriction fragment of pBR 322 DNA. Histogram height is proportional 

to the protection from the cleavage due to binding of iigands to DNA 

(r=0.78) at each base pair relative to unprotected DNA (in absence of 

ligand). Upper and lower footprhts are from 5'- and 3'- end labeled DNA 

respective ly:... Indicate enhanced cleavage. Boxes indicate proposed 

binding sites. 



overlapping four base sites since in that case one would expect two maxima on the 

histogram. 

Enhancement in the MPE-Fe(I1) cleavage rate occurred at the following 

positions on the S-labeled strand 85. 102,104- 106. 109. 1 1 1- 142 when NETBI is bound, 

and on the 3'-labeled strand at 108,109, 1 10, and 1 14- 130. Comparable enhancement 

of MPE-Fe@) cleavage rate is seen especially at GC rich regions remote from the actual 

binding sites of NETCA and Nt except that. in the case of Nt, enhanced cleavage is also 

observed adjacent to the binding sites. The criterion used for acceptance of changes in 

the density of the bands from the Maxam-Gflbert sequencing as  evldence for a 

footprint or enhanced cleavage was the same in either case. i.e. a change of > +- 15% in 

the normalized densitometric trace. 

to DNA via v. Figure 8 shows that addition of coiiphage Tq 

DNA to a solution of NETGA or NETBI induced changes in the* respective UV spectra. 

Thus the blockage of the major groove by bulky glucose residues (on the 5' 

(hydraxymethyllcytidine residues) in the Tq DNA (Erickson and Szybalski, 1964) did 

not inhibit their binding. Elevation in thermal denaturation temperatures ( ATrn) was 

obtained with NETGA and NETBI upon interaction with Tq DNA. NETGA and NETBI 

gave. at a D/P ratio of 1. the following A W s  respectively: 10 and 1 deg. The very srnall 

ATm value measured with NETBI is probably due to its weak affinity of binding to 

DNA Nevertheless the observed binding is consistent with the results of the 

complementary strand footprinting analysis given above and with attachment in the 

rninor groove as established for netropsin (Kopka et al.. 1985; Zimrner ~ : t  al.. 1979). 

G a .  As 

shown in Figures 5 and 9, NETGA, when bound to double stranded DNA, caused both a 

decrease in the observed fluorescence intensity and an încrease in the fluorescence 

polarization (anisotropy parameter) of ethidium-DNA complexes. Simflar results 

have been previously reported with amsacrine (Baguley and Le Bret, 1984). As shown 

in Figure 9. at a DNA/ethidium ratio P/D=lO the fluorescence anisotropy values are 

low b=O. 12-0.14). This result could be attributed to energy transfers between molecules 

of ethidium (Genest and Wahl. 1972; Genest et al.. 1974). Addition of NE.rCA to the 

ethidium/DNA complex induces a moving of the ethidium molecules from their 

intercalation sites as judged by the quenching of fluorescence (Figure 5) and the energy 

migration between the ethidium dyes is srnaller. 

Increase in the fluorescence anfsotropy (Cr) values uppon addition of NETGA to 

the ethidium/DNA complex could be ascribed to intercalation of NEITGA. In such 



FIGURE 8 : W absorption spectra of the ligands NETBI W and NETGA (BI and 

their complexes with Coiiphage Tq DNA. Solid Unes represmt the 

spectra of the free Ugands (at a concentration of 10 CLM); broken Unes 

represent the spstra of their complexes at a îigand/DNA ratio of (A) 

(--.) 0.3 and (-1 0.04 and [BI (es- ) 1 and 6-1 3. 

FIGURE 9 : Fluorescence anisotmpy (B) measurements of ethidium-DNA 

complexes in the presence of various concentration of N m &  (CI) 

polyld[AT).dOl: (8) calf thymus DNA (20 DNA. 2 pM ethidium. 

0.01M ionic strength bunù. 19.3 mM NaCl. 2 mM NaOAc. 0.1 mM 

EDTA, pH. 51). 



assays employing an excess of DNA (ethidium-DNA ratio of 2/20), only high doses of 

NE3731 (50 @VI) were able to induce quenching of DNA-bound ethidium. 

Viscornetrv measurements. NETBI induces a consistent length decrease (Figure 

10) on adding to low molecular weight DNA. M e r  reaching a total D/P ratio (drug to 

phosphate DNA ratio) of 0.05. the length is stabilized. In contrast NETGA shows an 

initial viscosity enhancement until a D/P valued = 0.03 is reached followed by a 

significant decrease and then a rapid increase beyond D/P = 0.15. The c m  obtained 

with NETBI, where no increase in the length of DNA occurs, is similar to those 

previously reported by Luck u.. (1977) with two distamycin-analogues containing 

four (Dst-4) or five (Dst-5) N-methylpyrrole carboxamide units. This result is 

consistent with rninor groove binding of the two parts of NETBI (Le.. the bis-pyrrole 

moiety and the bithiazole moiety) which could be analogous to Dst-4 in its binding 

properties. In contrast, the curve obtained with NETGA is in agreement with those 

obtained with the deformylated-distamycin analogue (Luck 1977). Such a curve 

probably reflects a complex mechanism of interaction in which the two binding mode 

processes (intercalation and minor groove binding) are involved. After an initial 

increase at D/P<0.03. the cunre drops in a manner which is typical of a local-bending 

mechanism (Reinert, 1981): afterwards a significant increase of DNA length is 

obsenred. corresponding to a binding region characterized by a lower association 

constant and reported to reflect a minor groove DNA bindfng mode. Such a length 

increase has already been shown to exist in the case of minor groove binders, both 

theoretically and experimentally (Reinert. 1972). It was reported as reflecting a 

broadening of the rninor groove probably due to side-to-side binding of NETGA 

molecules inside the small groove of DNA. In order to verjfy this hypothesis, linear 

electric dichroism studies have been undertaken 

Electric dichroism measurementg. Reduced linear dichroism (LD) ( AA/A) 

spectra are shown in Figure 11 for both drugs. The NETGA-DNA complex LD spectrum 

shows a negative region (380-460 nm) reflecting the position of the acridine 

chromophore in the DNA complex in an absorption range where there is no 

contribution of the bis-pyrrole moiety. The positive dichroism in the 300-370 nm 

region is attributed to the bis-pyrrole moiety. Thus for NETGA, two cleary-distinct 

wavelengths (3 10 nm and 440 nm) allowed a distinction of the binding configurations 

adopted by the two parts of the molecule. Le.. the bis-pyrrole moiety (potentially 

minor groove binding) and the anilinoacridine chromophore (potentially 

intercalating). 



FIGURE 1Q : Changes in caif thymus DNA length induced by the binding of NETBI 

( A) and NETGA ( m ). nie length L of the dmg-DNA cornplex was 

measured as a function of D/P ( h g  to phosphate DNA ratio). 
Lengths were normallzed to DNA length in the absence of h g .  

FIGURE 11 : Reduced hear  dichroism ( AA/A) spectra of NETBI-DNA (A) (D/P = 

0.14) and NETCA-DNA (B) (D/P = 0.10) complexes at 12.5 k~.cm- l .  



In contrast. the NETBI-DNA complex absorption and LD spectra did not allow a 

distinction between the bis-pyrrole moiety and the bithiazole moiety since both 

chromophores absorb in the same region of the spectnun. 

The variation of the reduced dichroiSm wlth the blnding ratio (D/P) for NETGA 

(Figure 12a and b), NEiBI (Figure 124 and for the giycy-ridine (Ffgure 

12b) and the bithiazole (Figure 12d) derivatives shows stmrinr behaviors. At low D/P 

ratios, the slightiy lower dichroism values measured for both ligands arc due to the 

higher DNA concentration rcquired to rcach D/P values of 0.01-0.02, nameiy 3 to 15 

times longer than the DNA concentration used for the measurements in the 260 nm 

band. In each case. the decrease of LD above D/P ratio up to 0.1 or 0.2 1s due to the 

appearance (at thls ratio) of free ligand molecules in the solution. These obsenmttons 
are in agreement wiür the measured Ka values and confinn the moderate afkity of 

these molecules for DNA. The modes of binding of NETGA and NETBI to DNA have 

been analyzed oniy on the basb of the highest LD values. obtained when the ligands 

are fully bound to DNA (D/P = 0.05 to O. 1 sometlmes 0.2). 

Orfentatlon The LD for NforI absorption is 
positive demonstrating that NETBI is oriented closely parallel to the DNA groove 

inclination. a geometry which excludes intercalation. In contrast. the bithiazole part 

of Blm. studied alone (Figure 12d), shows a negatlvc spedrum. thus excluding minor 

groove binding. The positive LD value measured at 320 nm for NETBI (Figure 12c) 

reflects the contribution of both bis-pyrrole and bithiazole parts but. on the basis of 

t h b  positive LD value and of the viscometry data (Figure 10) which do not indicate any 

increasing intrinsic viscosity of DNA (a characteristic of intercalation). we can 

conclude that if the bithiazole ring alone wedges in between the base pairs of DNA 

(HCnichart etal.. 1985). such a process does not occur for NETBI. Both parts of NETBI 

seem to be located at the periphery of DNA. certainly in the minor growe as described 

for Nt and Dst-A (Hahn. 1975: Zirnrner et a. 1986). However the field strength 

dependence of the electric dichroisrn for DNA and its complexes with Dst-A or NETBI 

(Figure 13A.B) indicated that NETBI does not adopt the same orientation as Dst-A does 
when bound to DNA. The orientation angle B relative to the DNA helix is 8~=47O 

@=52"). Le. close to those observed for other non-intercalating compounds such as  
Hoechst 33258 8~=44O 18=47OI. dibutylproflavlne B~=52.5' @ = 5 3 O )  or the stilbene 

derivative OHSA B~=j3=54O (Haussier. 198 1). 
- - - -. - - - - - - - - - . - - - - - - - - - - - - 

It should be pointed out that the negative dichroism of the bithiamle alone is 

much lower than the amplitude observed for the 260 n m  band of the DNA heterocycïic 

bases (Figure 13). This conflrms our finding (Hentchart &&, 1985) that the bithiazole 



FIGURE:: Dependence of the reduced dkhmism at 12.5 kV. un-l on drug to 

phosphate DNA blndfng ratio @/Pl f a  (a3 N E W  at 310 nm (il and 

(bl440 nm (0) compared to the g lycyl -a .0-9-  amino-acrfdine at 

440 m O and for (cl NETaI at 320 nm (4 compand to (dl the 

bithiamle moiety at 310 nm (a). 

FI- : Field strength dependence of the electric dichroiSm for : 

W the DNA complexes with NETBI at 320 nm (A ), the bithiamle at 

310 nm (a) ,  Dst-A at 318 nrn (0  1, NETGA at 310 nm (i) and l w n ~ ~  at 

440 nm (0) at D/P = 0.07. 

(B)' DNA at 260 nm (O) and its complexes wlth NEXGA at 440 nm (O), 

glycyl-anilino-9-amino-acrfdine at 440 nm (0). 



is not a classical intercalating agent as previously described by Povlrk çI_â1. (1979) 

who nevertheless found the same orientation angles (-68" . 8=58"-61"). but a pseudo- 

intercalative moiety as  shown on the basis of EPR measurements. The LD spectrum 

exhibiteci by METGA (Figure 11B) indicates that two binding processes are invoived in 

the binding of NETGA to DNA The bis-pyrrole moiety exhibits a weak positive 
dichroism at 310 nm which corresponds to an orientation angle of about 54" @~=52*) 

close to the observed angle for NETBI (Table IB. It seems reasonable to conclude that 

the non-intercalating parts of these molecules have the same orientation. 

At 440 nm. the measurements of LD displayed the orientation of the acridine 

chromophore and more particularly the orientation of the transition moment 

oriented dong the short axls of the acridine. The glycyianiünoaminoacridine moiety 

of NETGA studied alone exhibits a negative LD close to that of the DNA bases (Figure 

12b) favoring a binding mode in which the acridine is stacked parallel to the bases. 

corresponding to a classical intercalation. But when this intercalating moiety is 

linked to the non-intercaiating bis-pyrrole. the intensity of the LD values at 440 nm 

falls significantly. indicating that the parailelhm between the acridine and the base 

is disrupted. Under these conditions, complete overlap of the base pairs is not 

obtained and a partial intercalation is inferred. Thus it has been shown that the two 
parts of NETGA bind to DNA and determination of the orientation angles U3L310=520, 

show that the respective observed transition moment directions are 

aiigned at apprdmately 8 degrees. 

The measured orientation angle must be considered only as an average angle 

and not as reflecüng the exact position of the transition moment relative to the DNA 

W. It has to be noted that relatively weak dichroism values for DNA [(M/A)=-0.495) 

compared to the usuai values [(M/A)=-1.0 to -1.21 (Hogan etal.. 1978) were observed in 

this study. This may be due to the degree of orientation which is not high enough. 

Therefore the presence of a bending in NMY;A can only be taken as indicative caution. 

The LD technique directly yields infonnation about the binding geometry of 

the DNA-assodated ligand; but it should be pointed out that this technique does not 

take into account the possibiiity of a local DNA-bending induced by the binding. If 

such an effect occurs, the result might still be compatible with a classical 

intercalation of the acridine ring of NETCA (for example). This necessitates extreme 

caution in the interpretation of results and. in particular. of the validity of the 

orientation angles which rnay not reflect the exact position. 



TmLE II : Linear dichrolsm parameters for ligand-calf thymus DNA interactions. 

Ligand D/P Â AA/A fi BL 

.............................................................. 
NETGA 0.02 440 -0.060 56 ô0 4 . 2 3  

0.08 440 -0.050 56 59 4 . 2 0  

0.02 310 4.037 54 52 -0.14 

. . 0.08 310 4.045 54 5 1 -0.18 

NETBI 

Glycyl-anilino 0.03 440 -0.218 

-9-amino 0.09 440 -0.296 

acridine 0.12 440 -0.284 

Bithiazole 0.01 310 -0.111 

0.08 310 -0.097 

.............................................................. 
DNA ----- 260 -0.256 72( a) 90( aq) ----- 

a- Dmg to phosphate DNA ratio. b- Monitoring wavelength (nm). c- LD values 

at 12.5 kV. cm-1. d- Orientation angle (deg) between the transition moment of 

the ligand and the DNA helix axis. B and B' are detennined from equation (3) 

using respectively a=72" and a~=90" .  a and aL denote respectively the 

measured and theoretical angles between the transition moment of the bases 

and the DNA helix axis. e- Ratio of the LD values at 12.5 kV. cm-l. 



The results from several ditrerent complementary techniques have provided 

detalied information concerning the mechanisms of binding of the two hybrid ligands 

NETBI and NETGA to DNA. The two compounds, which both incorporate a potenW 

minor groove binding moiety and a potenttal intercalating moiety. evidently bind to 

DNA by quite different processes. In both cases, minor groove binding of the 

oligopeptide portion does not seem to be atl'ected by the proximity of planar 

hete~cyclic moieties and appears to dominate the bhdiqg. 

The relatlvely low mty of NEï'BI for calf thymus DNA may be, in part, due 

to the presence of the intervening flexlble spacer between the N-methylpyrrole unit 

and the bithiazole unit. Previous studies (Dasgupta etal.. 1987) have shown that the 

presence of two such methylene units between N-methylpymole rings does not prevent 

minor groove binding but substanüaliy reduces the DNA binding mty. 

The measured binding site size for NETBl from the Scatchard analysis at low r 

values (0.003 to O. 1) is n=8. Owing to the low DNA afbity of this drug. measurable 

footprints were only obtained at higher r values (0.78) and the binding site size 

estimate was n=6. These complementary results suggest that each binding unit of 

NETSI covers 4 base pairs (if we consider Nt covers 4 base pairs) at least at low r values. 

The results favor location of NETE31 within the minor groove of DNA without 

intercalation of the bithiazole. This minor groove binding is substantiated by the 

complementary strand analysis of the footprinting and by the A T m  measurements 

with Tq DNA The estimate of binding site slze for NETBI at vexy low r values (ranging 

from 0.008 to 0.013) cannot be considered to reflect a particular binding process. A 

likely explanation for the unusually large binding site size (n) of NETBl on calf 

thymus DNA at such r ratios rnay be a destabillzlng effect of this @and on the double 

heiical structure of the nucleic acid leading to a decrease in the number of potential 

binding sites. seen as an increase in apparent binding site size calculated from 

Scatchard plots. Such unusual properties were noted with the acridine orange-poly 

(dA).[dT) complex (n= 19.3; Kapuscinsld and Daxzynkiewia, 1987) and with the Blm- 

calf thymus DNA complex (n=22-29. Huang et alA, 1980). The difference in the DNA- 

binding afTinity of the two compounds was also apparent considering the ATm values. 

Evidence in support of this destabflizing influence on the DNA by binding of NETBI 

may come from the footprinting where regions of enhanced cleavage, particularly in 

CC rich sequences are observed adjacent to, and even rernote from. the achiral binding 

site. This phenomenon which has been observed by others (Fox and Waring. 1984) rnay 

be significant for the biological properties of these agents. On the other hand an 



aïternative explanation has ncenüy b e n  de red  for enhanced cleavage in tenns of a 

redistribution of the cleavlng agent as a result of dxug bindhg Ward &&. 1988). 

The complementary strand footprinting experiments wlth NETBI provide 

mon direct eviderlce for binding location and binding site sfie which, as we have seen. 

is AAATCT, Le. six base pairs. The AAAT section, which is held in common with 

NETGA and Nt, is assigncd to the olfgopeptide moiety d NETBI. This implies that the 

bithiamle moiety recognizes the CT section of the binding site which is in accord with 

the (G,CYT recognition and preferred cleavage site of bleomycin (Murray and Martin, 

1985). 

It may also be concluded that a pseudo-intercaiattve process of the bithiamle 

as described for Blm (Henichart etal.. 1985) does not occur. On the basis of the 

measured site size. and of viscometry and LD data. it can be postulated that the 

bithiazole part of NETBI is the minor grwve. Such an orientation is highly probable 

taking into account the crescent shape of the two syn-orientated thfazole rings and the 

abflity of the heterocyclic nitrogens to form hydrogen bonds with the amine 

hydrogens of bases. 

NETGA shows a strict preference for AAAT dominated by the oligopeptide 

moiety at r=0.78 but rweals evidence for the intercalation of the acridine moiety at  

lower r values. The first property is in accord with results on oligopeptides analogous 

to netropsin and distamycin bearing acridine at the amino terminus (Eliadis etal., 
1988). Such compounds also exhibit a strict AT preference but no evidence was 

obtained in these cases for intercalation of the acridine under any conditions. 

The intercalation of the acridine nucleus of NEX% is less perturbed by the 

netropsin moiety. LD measurements rwealed an insertion of the acridine into the 

DNA but no coplanarity exîsts between the base pairs and the acridine chromophore. 

An inclination of apprcudmately 20" relative to the base planes has been previously 

reported (Hogan gt alL. 1979: Wirth et al.. 1988). In the present case. the acridine 

chromophore is more tilted @~=60O, a=90°), refiecting the influence of the netropsin 

moiety on the binding of the acridine to DNA. The short spacer glycyl. in spite of its 

relative infiexibility. is apparently not an obstacle to the binding. This glycine tether. 

as  judged from distance and steric considerations from mode1 building studies, has 

been used (Dervan, 1986) to connect the distamycin tripeptide directly to the 

phenaxazone chromophore of actinomycin but, in that case. the local distortion on 

both sides of the intercalation site perturbs the binding of the distamycin moiety. 

Taking into account this obsenration for the design of a new drug. whose 

binding is consistent with the groove binder-intercalation mode, we connected the 

netropsin moiety to the acridine nucleus via a glycyl-anilino spacer. As reported for 



the antitumor drug amsacrine (Denny &&, 1983). the interdation of the acridine is 

accompanied by a minor grwve binding of the netropsin moiety. 

The incorporation of these mvel design features in the development of longer 

ligands capable of targeting sequences of direct biological interest WU be reported in 

due coume. 
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Çonclusion : 

La mise en oeuvre de multiples techniques physicochimlques a permis de 

caractériser parfaitement le mode d'interaction de ce type de composé avec l'ADN. Les 

résultats acquis avec le composé II (NETCA). c'est-à-dire l'intercalation de l'acrldine et 

la liaison dans le petit sillon de la fraction bis-pyrrole. sont en parfait accord avec 

l'hypoth&sc initiale. Il semble trés probable que les composés 1, III et IV pubsent se 

comporter de façon similme. 

L'étude préhinaire menée par spectroscopie W et quenching de fluorescence 

avait révélé une kation préférentielle de ces composés 1 ii IV sur  des ADN riches en 

paires de bases AT (article n02). La présence d'un motif de type Dst-A au sein de ces 

dérivés est certainement à l'origine de ces résultats. Une étude plus précise menée sur le 

composé II (NETGA) par la technique de foot-printing a permis de dégager un  site de 

fixation plus spécifique : M A T  (article n03). 

9) Activité bioloéiaue, 

1 Pénétration cellulaire, 

Les composés hybrides 1 à TV pénètrent trés facilement dans la cellule. La 

grande aptitude de ces composés à pénétrer dans la cellule s'explique logiquement si 

l'on considère la faciiité des molécules modèles (Nt et amsacrine) a se concentrer au 

niveau du noyau. En effet une étude menée par RPE a permis aussi bien pour 

l'aminoacridine (LEMAY et al,, 19831 que pour la nétropsine de caractériser cette 

pénétration cellulaire. Ce dernier point a fait l'objet d'une publication : 

article n04: 

Subcellular distribution of a nitroxyde spin-labeled netropsin in living K .  cells : EPR 

and sequence specificity studies. 

BAILLY C., CAlTEAU J-P., H E N I C m  J-P.. 

KRûWICKI K. LOWN J.W. 

Biochemichal Pharmacology. 1989. sous presse. 
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SUBCELLULAR DISTRIBUTION OF A NITROXIDE SPIN- 
LABELED NETROPSIN IN LIVING KB CELLS 

ELECïRON PARAMAGNETIC RESONANCE AND SEQUENCE 
SPECIFICITY STUDIES 

CHRISTIAN BAILLY; JEAN-PIERRE CATTEAU,~ JEAN-PIERRE HÉNICHART: KRZYSZTOF 
RESU(A,$ REGAN G. SHEA,$ K R Z Y S ~ F  KROWICKI$ and J. WILLIAM LOWNS~ 

INSERM, U 16.59045. Lille Cedex. France; $ Department of Chemistry. University of Alberta, 
Edmonton, Alberta, Canada T6G 2G2; and t Laboratoire de Chimie Organique Physique, USIZ, 

59655 Villeneuve d'Asq, France 

Absbrt-A oitroxide spin-labelcd netropsin was studied by EPR spcctroscopy with respect to its uptake 
and lacaiiitim in living KB ceh.  Whereas tbc dmg was taken up readily. then was relatively little 
dmg in the cytoplaJm, but a significant concentration of the dmg in the ceU nudeus. The EPR signal in 
the latter site awrr~ponded to a relatively freely rotating radical. The dmg exhibitcd good intracellular 
stability up to 15 hr. While a AT, of 24' betwecn the spin-labelcd netropsin and calf thymus DNA 
c o n h e d  strong binding, the absence of any DNA elongation by viscometry was consistent with non- 
intedative extenor bindiig which was c o n h e d  to be minor groove specinc by binding of the agent 
to T4 DNA with a AT, of 17.5'. The sequence specificity of the DNA binding of the spin-labelcd dmg 
was wnfirmed by methidiumpropyl-EDTA (MPE) f00~rinting on a fragment of pBR322 DNA to be 
very similar to that of the parent netropin, i.e. sclective for AT-rich sites, with minor ciifferences of 
protection afforded by introduction of the nitroxide label. 

There is considerable interest currently in the devel- 
opment of sequence specific DNA binding agents for 
application as anti-sense cell regulatory agents in 
diagnosis and therapy [l-51. Promising results have 
been obtained with anti-sense probes based on /il- 
oligodeoxyribonucleotides [l, 2,4] o r  modifications 
thereof [6] and, more recently, with the unnatural 
cu-oligodeoxyribonudeotides [7]. m i l e  these 
oligonucleotide-based agents meet some of the cri- 
teria for viable anti-sense probes, i.e. high binding 
specificity, and resistance to intracellular nucleases 
in the case of @ligomer methylphosphonates [5] 
and a-oligorners (71. they suffer the  senous dis- 
advantage of difficulty of penetration of the cellular 
membrane [4]. The methyl phosphonate h l i -  
gomen,  prepared in response to  this problem, 
present additional difficulties in that a sequence con- 
taining n phosphate rcsidues represents 2" dias- 
tereomers [a]. In an alternative approach we are 
developing lexitropins. o r  information-reading oli- 
gopeptides, for the sequence specific delivery of 
D N A  effecton [9-12). We report an examination of 
the uptake of a nitroxide spin-labeled netropsin (Fig. 
1) into living KB cells and their preferential con- 
centration in the cell nucleus by EPR spectroscopy. 
Additional expenments with purified DNAs pro- 
vided detailed information on the sequence speci- 
ficity and mode of binding of the spin-labeled agent. 

5 To whom correspondence should be addressed. 
' Abbreviations: SL-net. spin-labeled netropsin; net. 

netropsin; MPE, methidiumpropyl-EDTA; bp, base pain; 
and ct DNA, calf thymus DNA. 

Fig. 1. Structural forrnulae of netropsin and spin-labeled 
netropin. 

MATERIALS AND METHODS 

Chemicalr 
IR spectra were recorded on a Nicolet 7199 FT 

spectrophotometer and only the principal sharply 
defined peaks are  given. FAB mass spectra were 
determined on an Associated Electrical Industries 
(AEI) MS-9 mass spectrometer. Melting points were 
determined on a Fisher-Johns apparatus and are 
uncorrected. 

1 - Methyl- 4 - (4 - guanidineacetylamino - 1 - methyl- 
pyrrole - 2 - carboxamido)pyrrole - 2 - carboxamido- 
N - (2.2,6,6- tetramefhylpiperidinyl- N - oxide)propio- 
namidine hydrochloride (SL-net*). 

1 - Methyl - 4 - (4 - guanidineacetylamino - 1 - 
methylpyrrole - 2 - carboxamido)pyrrole - 2 - carbo- 
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xamidopropionitrile (131 (140 mg, 0.3 mmol) was dis- 
solved in 5 ml of dry ethanol and the solution was 
saturated with dry HCI gas with cooling, After 1.5 hr 
the solvent was removed in uacuo and the residue 
was washed with dry ether. The residual solid was 
redissolved in dry ethanol and the solution con- 
centrated to dryness and washed with dry ether. The 
residual soiid was dissolved in 5 ml of dry ethanol, 
and 4-aminc+2,2,6,6-tetramethylpiperidinyl-N-oxide 
(104 mg, 0.6mmol) was added. After 2 hr the mix- 
ture was mncentrated to dryness in oacuo and the 
excess of the free radical reagent was extracted with 
acetone. nie residue was dissolved in a small volume 
of methand and precipitated by addition of acetone. 
This operation was repeated twice to afford 137 mg 
(69% yield) of SL-net of no distinct m.p. (softens at 
195' with ckc.); IR v,, (Nujol) 1375, 1405, 1460, 
1530, 1580, 1645, 3120, 3260cm-'; MS-FAB, m/z  
585(M-Ha-CI)+; Anal. Calcd. for CI7HUCI2N1,O4: 
C, 49.3; H, 6.7; CI, 10.8; N, 23.4. Found: C, 49.6; 
H, 7.0; CI, 11.0; N, 23.8. 

Biochemicah 
T4 viral DNA was from Miles Laboratones, Inc. 

(Elkhart, IN). Restriction enzymes Hind III and Eco 
RI; pBR322 DNA and sonicated calf thymus DNA 
(ct DNA) were from Pharmacia Inc. Dithiothreitol 
( D m )  was from Calbiochem. Netropsin, acry- 
lamide, bromophenol blue, and xylene cyan01 were 
from Serva. Ultra pure urea was from Bethesda 
Research Laboratories. MPE was a gift from Pro- 
fessor P. B. Dervan. Ferrous ammonium sulfate was 
from BDH Chemicals. Ltd. [y'?P]ATP was from 
New England Nuclear. 

Methods for ceIl studies 
Cell cultwes. KB cells were grown as suspension 

cultures in Joklik modified Eagle's medium (Ser- 
omed, Munich, F.R.G.) suppiemented with 5% 
heat-inactivated Colt serum at 4 x 105cells/ml. 

Spin-labeling. Nitroxide-labeled netro in (SL- P net) was added to ceIl cultures at 3.5 x 10- M (initial 
concentration) for various incubation periods. 

Ce11 fracrionation: Nuclear and cyto lasmic frac- 
tions. Spin-tabeled cells (i.e. 40 x 1 & cells) were 
collected by low-speed centrifugation, washed once 
in saline, and allowed to swell for 10 min in ice in 
1 ml of hypotonic buffer (0.01 M Tris-HCI, pH 8.1. 
0.05M NaCi 0.001 M EDTA) [14,15]. The cells 
were then dismpted by ten strokes of a tight-fitting 
Dounce homogenizer. The nuclei were pelleted at 
600g for 10 min and stored at -80" in 400pi of 
hypotonic buffer; the resulting supernatant, referred 
to as the cytoplasmic fraction, was kept at -800. 

EPR spectro. Prior to EPR examination the cellu- 
lar fractions were defrosted and sonicated (two 5-sec 
bursts with the microtip probe of a Bransen sonicator 
(Danbury, Cî. maximum power). Each sample was 
treated with H202 and sodium phosphotungstate (161 
to reoxidize al1 the reduced forms of the nitroxide 
prior to EPR examination. EPR measurements were 
recorded on a Varian E 109 X-band spectrometer 
equipped with an E 238 cavity operating in the TMllo 
mode. A 100 kHz high frequency modulation was 
used with a 20 mW microwave power. The sarr jle 

T T .  1 
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Fig. 2. Time coune showing sekctive uptake of the nitro- 
xi& spin-labcled netropsin preferentially into the nucleus 
of titing KB human tumor nasopharcngal cells. Key: 
(-A- A-) nuclear fraction; and (-0-0) cytoplasmic frac- 

tion. 

solutions were examined in a fiat quartz cell. - 
Methodi for studies with purijïed DNAs 

Footprinting. Hind III digested pBR322 DNA was 
5'-"P-labeled and then digested with Eco RI. The 
resulting fragments (31 and 4332 bp) were not s e p  
arated prior to footprinting. Solutions for foot- 
printing experiments were prepared by mixing calf 
thymus DNA, radiolabeled DNA (approximately 
l0,000dpm/sample) and ligand (omitted in the con- 
trol) in Tris buffer, pH 7.4. The stock ligand con- 
centration was determined by weight; ligand 
quantities are reported as r, (ratio of ligand to DNA 
base pain). After equilibration of the ligand-DNA 
mixtures for 30min at 37, MPE-Fe(I1) [from a 
freshfy prepared mixture of Fe(NH4)2(S04)2 plus 
MPE] was added to each, followed by DIT. The 
final reaction mixtures contained 100 PM DNA base 
pain, 7.5 mM Tns-HCI, 15 mM NaCi, 2 FM EDTA, 
10pM MPE-Fe(l1). and 2.5 mM DïT. Reactions 
were run for 5 min at room temperature and were 
then stopped by freezing at -78'. The mixtures were 
lyophilized, resuspended in formamide loading 
buffer [17], heated at 900 for 1 min. chilled on ice, 
and Ioaded ont0 a polyacrylarnide sequencing gel 
(0.4 mm thick, 55 cm long, 6% acrylamide, 7 M urea) 
which was run at 2500 V, 55'. on an LKB Macraphor 
Elearophoresis unit. After the gel was dried (Bio- 
Rad model 483 slab dryer) ont0 filter paper, auto- 
radiography was conducted using Kodak X-Omat 
AR film at -70' without an intensifying screen. 
The resulting autoradiographs were scanned using an 
LKB Uitroscan XL laser densitometer. 

EPR studies of DNA binding of spin-labeled 
netrupsin. For the EPR measurements, sonicated ct 
DNA was dissoived in 0.1 x SSC buffer (15 mM 
NaCl, 1.5 mM sodium citrate), pH 7.0, to a final 
concentration of 553pM in base pairs. The actual 
DNA base pair concentrations was estimated meas- 
uring absorbance at 260nm of the relevant DNA 
solution and using the relationship: OD(260) = 1 
corresponds to a base pair concentration of 150 FM. 
The effea of a salt concentration on the dmg binding 
was evaluated from measurements in the presence 
of 150 mM, 15 mM and 6 mM NaCl in the buffer 
solutions. 
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Fig. 3. Typical EPR speara after 25 hr of incubation of nitroxide-labelcd netropsin with KB e l b .  Key: 
(a) nuclear fraction; and (b) cytoplasmic frac~ion. 

Measurements of binding of SL-net to ct DNA 
were performed using a Bruker ER-400 EPR 
spectrometer operating at 9.5 GHz with 100 kHz 
field modulation. Samples of a total volume 0.5 to 
0,6ml were introduced into the quartz flat EPR 
cuvette and experiments were performed at room 
temperature. Spectra were recorded at the following 
instrumental settings: microwave power, 20 mW; 
modulation amplitude, 1.0 G; time constant, 0.5 sec; 
scan rate, 1000 sec; and the appropriate gain level. 
To determine the fraction of free (F) and DNA- 
bound (B) drug (SL-net) and to construct the Scat- 
chard plot, the procedure described earlier by 
Bernier et al. [18] was adopted. 

DNA thermal denaturation determinations. "Melt- 
ing" curves were measured by using a Uvikon Kon- 
tron 810/820 spectrophotometer coupled to a Uvikon 
Recorder 21 and a Uvikon Thermoprinter 48. 
Samples were placed in a thermostatically controlled 
cell-holder (10mm path length). The cuvette was 
heated by circulating water from a Haake unit set. 
The temperature inside the cuvette was monitored 
by using a thermocouple in contact with the solution. 
The absorbance at 260 nm was measured over the 
range 20-95" with a heating rate of 1°/min. The 
"melting" temperature (Tm) was taken to be the mid- 
point of the hyperchromic transition. 

DNA vircometriç determinations. Helical length- 
ening measurements were made by using an 
Ubbelohde semimicro dilution viscometer. Tem- 
pcrature was maintained at 20 2 0.01" in a ther- 
mostatically controlled water bath. Flow times were 
electronically measured to an accuracy of 0.1 sec 
(Schott ABS/G type detector). Calf thymus DNA 
was sonicated as described by Wakelin and Waring 
[19]. Solutions were filtered through 0.45 p Mil- 
lipore filten before measurements. The viscometer 
contained 2.0 ml of a 150pM solution of DNA. 
Drugs were added in increments of 5-10pl from a 
stock solution (concn = 150pM). Flow times were 
measured with an accuracy of 0.1 sec. 

Penetration of spin-labeled netropsin into living KB 
celk 

KB cells were incubated with the nitroxide-labeled 

lexitropsin (Fig. 2) at aconcentration of 3.5 x M 
for various times (45 min, 5 hr, 7.5 hr. 25 hr). Pen- 
etration of the druginto the cells proved to be smooth 
and progressive since a significant EPR signal was 
observed in the nuclear fraction after 45 min. Sub- 
sequently, EPR signais were detected in h t h  the 
nuclear and cytoplasmic fractions up to 25 hr (Fig. 
2). The EPR technique has proven to be an extremely 
sensitive and direct tool to study s ~ h  small mol- 
ecute-macromolecule interactions [14,15,18,20]. 

Localization and environment 

At low concentration of the dnig (3.5 x M) 
and after 45 min of incubation no detectable EPR 
signal resulted in either the cytoplasmic fraction or 
the cell membrane, whereas a significant signal was 
observed in the nuclear fraction. This indicated a 
fairly rapid passage through the ceIl membrane and 
cytoplasm and relatively high affinity of the dnig 
for the nucleus. Subsequently, some binding wa$ 
observed in the cytoplasm but the preferential bind- 
ing in the nucleus expressed by the ratio [SL- 
net),,&: [SL-net],, = 3.0 was maintained up to 25 hr. 
A somewhat broadened triplet EPR signal charac- 
teristic of a slightly restricted but essentially freely 
rotating nitroxide label [14,15] was observed in both 
nuclear and cytoplasmic fractions (Fig. 3). 

To determine if any reduction of the nitroxide- 
labeled portion of the drug had ocçurred in the 
cytoplasm, treatment with H202 and sodium 
phosphotungstate was performed. No additional 
EPR signais resulted. The rotational correlation time 
of the nucleus bound label, caluilated as described 
by Ortner et ai. (211, was determined to be r = 0.15 
to 0.17 nsec. Under comparable conditions a control 
expriment with a spin-label alone, i.e. the 
ATEMPO probe, was found in equai concentrations 
either in the cytoplasm or in the nucleus, exhibiting 
a sharp triplet [14]. n ie  results suggest a passive 
diffusion of the spin-label in the whole ce11 but, in 
contrast. ready uptake of the spin-labeled netropsin 
nith preferential binding in the nuclear receptor. In 
addition, the survival of the nuclear-bound drug for 
25 hr suggests substantial resistance to intracellular 
degradation. 
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TAACGCAGTCAGGCACCGTGTATGAAATCTAACAATGCGCTCATCGTCATC 
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CTCGGCACCGTCACCCTGGATGCTGTAGGCATAOOCTTGGTTATGCCGGT 

I 
Fig. 4. Summary histogram of the results of MPE footpnnting expcnmenu showing inhibition of DNA 

cleavage. Key: uppcr trace, SL-netropsin; and lower trace, netropsin. 

Fig. 5. EPR speetra from samples in 0.1 x SSC buffer. 
pH 7, containing (a) SL-net (9.8pM); (b) SL-net (9.8 pM) 
and a DNA, DNA/dmg = 119; (c) SL-net (37 pM) and ct 
DNA, DNA/drug = 32; (d) SL-net (65 PM) and ct DNA. 
DNA/dmg = 18. Instrumental gainconditions: (a), (b) and 

(c), 3.2 x 10); (d) 1.6 x 10). 

Interaction of spin-labeled netropsin with purified 
DNAs 

MPE footprinting. The protection afforded the 
DNA by SL-net compared with the parent netropsin 
was determined by MPE footprinting. The results 
are summarized in Fig. 4. Analysis of bases 65-165 
revealed that both the degree and the location of 
cleavage protection by the SL-net were nearly ident- 
ical to those of netropsin (Fig. 4). Both compounds 
yielded strong footprints (r, 0.2) at positions 85-100 

and 158-160. These bases are within the four highest 
affinity netropsin binding locations present in the 
100 bp region studied (221. 

Thermcrl denaturation. Thermal denaturation 
expenments of the spin-labeled agent with calf thy- 
mus DNA showed a AT,,, = 16.S0, indicative of a 
strong interaction with double helical DNA. Netrop- 
sin under comparable conditions showed a AT, = 
20.0". However, viscometric studies revealed no 
signifiant elongation of calf thymus DNA with the 
drug. This resuit rules out intercalative binding. 
niermal denaturation of T4 DNA (in which the 
major groove is occluded with glucosyl moieties [23]) 
in the presence of the drug showed a AT, = 17.5". 
This result confirms that the minor groove specificity 
of the parent netropsin (which under comparable 
conditions gives AT,,, = 20.5") is maintained in the 
spin-labeled derivative. 

Determination of binding constants of spin-labeled 
netropsin. EPR measurements with ct DNA were 
performed for DNA bp/drug ratios ranging from 5.6 
to 122. Recorded EPR spedra consisted of a sharp 
triplet, a,,, a 16 G, onginating from free SL-net in 
solution, supenmposed on a broad spectrum from 
DNA-bound drug molecules. Figure 5 shows 
examples of such spectra recorded at some selected 
DNA bp/drug ratios (a-O; b-119; c-32; d-18). 
The spectra are similar to those obtained from sys- 
tems containing DNA and spin-labeled acndines 
[18,24.25]. Fractions of DNA-bound (B) and free 
(F) drug were estimated from EPR spectra recorded 
at various DNA base pair/dmg ratios. Binding con- 
stant K, and number of base pairs per binding site 
n, were obtained from the non-linear least square 
best fit of the expenmental data to Equatiod 1 
(Mffihee and von Hippel [26)); 

where ris the number of moles of compound bound 
per mole of DNA base pain. The relevant Scatchard 
plot is shown in Fig. 6. The best fit gave K = 
3.6 x IO4 M-' and n = 5. These values may be com- 
pared with those reported earlier for netropsin [27] 
K=2.9x l eM- landn=3 .  

The effects of salt concentration on the SL-net 
binding to ct DNA were also studied. Table 1 shows 
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Fig. 6. Scatchard plot for binding of SL-net to sonicated ct 
DNA in 0.1 x SSC buffer, pH7. Points shown are from 
titrations and the curve is the non-linear best fit line accord- 
ing to Equation 1. r is the number of moles of compound 
bound per mole of DNA base pair; Fis the molarity of free 

compound. 

Table 1. Efkct of salt concentrations on the binding of 
nitroxide-labeled netropsin to calf thymus DNA - 

[NaCl]. mM [Bl /[ f l  

B = bound drug; F = free dmg. [SL-net] = 19 PM; DNA 
bp/dmg = 23. 

the results obtained from the EPR measurements at 
the DNA bp/drug ratio of 23 ([SL-net] = 19.0 PM) 
and at three concentrations of NaCI. It is apparent 
that the fraction of the DNA-bound SL-net increases 
as the salt concentration decreases. A similar influ- 
ence of changes in ionic strength on the binding of 
netropsin to various DNAs was reported earlier by 
Luck et al. [27] and Wartell et al. [28]. 

DISCUSSION 

The results of this study with a nitroxide spin- 
labeled netropsin suggest that the dmg has relatively 
free access into living KB cells. Concentration occurs 
in the cell nucleus, relative to the cytoplasm. In 
contrast, a control nitroxide, which does not bear a 
DNA interactive group, diffuses to al1 parts of the 
cell equally [14]. It is reasonable to expect a higher 
initial concentration of SL-net in the cytoplasm than 
in the nucleus at some point in the uptake process. 
However, this was not proven because of the dif- 
ficulty in obtaining early time points. The results 
suggest a fairly rapid passage through the cell mem- 
brane and cytoplasm. There is no evidence that the 

drug binds to other cellular macromolecules, e.g. a 
carrier protein. The results also show that the drug, 
whether in the cell nucleus or the cytoplasm, is 
relatively long-lived (i.e. up to 25 hr) and, therefore, 
apparently not subject to rapid intracellular degra- 
dation. 

The thermal denaturation and viscosity expen- 
ments with the dmg and purified calf thymus DNA 
confirmed strong binding. which is non-intercalative 
in nature, to double helical DNA. The comp 
lementary thermal denaturation experiments with 
T4 DNA and the labeled kxitropsin confirmed minor 
groove specificity as in the case of the parent anti- 
biotic netropsin. The influence of selective groove 
binding to the cellular DNA was corroborated by 
the EPR linewidths, which were characteristic of a 
relatively freely-rotating, i.e. non-intercalative, 
interaction. It may be noted that the broad spectral 
cornponents seen when the SL-net binds to purified 
DNA were not evident when the d~g'accumulated 
in the nucleus. This may be due to binding of the dmg 
to other components besides DNA in the nucleus 
or, because of the presence of DNA proteins of 
chromatin, the minor groove of DNA is less access- 
ible so that no anisotropic effect can be observed. 
The results of the footprinting studies confirmed that - 
introduction of the bulky tetrarriethylpiperidinyloxy 
moiety does not alter significantly the DNA sequence 
specificity of SL-net compared with the parent anti- 
biotic. This is in keeping with the view that the 
AAAT sequence specificity is determined principally 
by a combination of electrostatic interactions, bifur- 
cated amide hydrogen bonds to the DNA bases, and 
van der Waals contacts with the floor of the minor 
groove, none of which was apparently affected by 
introduction of the spin-label. Similarly, the inde- 
pendent binding studies of SL-net to DNA, together 
with the salt effects, were in accord with non-inter- 
calative binding with a significant electrostatic com- 
ponent. Binding of SL-net to DNA was analyzed in 
terms of the site exclusion method of McGhee and 
von Hippel[26]. The EPR study did not provide any 
information as to the existence of another ciass of 
binding sites, with very high binding constant 
(K - 108 M-') as suggested earlier (27.291. It should 
be noted, however, that the strong, specific binding 
of netropsin to DNA occurs only at very low total 
dmg/nucieotide ratios and could not be measured 
using the EPR technique employed in this study. 

These results represent the fint direct evidence, 
of which we are aware, of preferential minor groove 
binding of such oligopeptide antitumor antibiotics to 
the nucleus of living tumor cells. The results also 
dernonstrate that lexitropsins meet many of the cri- 
teria for viable anti-sense ce11 regulatory probes, i.e. 
relative ease of access into the cell, preferential 
binding in the cell nucleus and acceptable intra- 
cellular stability in contrast to oligonucleotide-based 
probes. The implications of these results for the 
development of sequence specific gene probes will 
be reported in due course. 
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Compte tenu de la faciiité de I'acridine. d'une part. et de la nétropsine. d'autre 

part. A pénétrer dans la cellule et à se concentrer dans le compartiment nucléaire. fl 

semblait dts lors tout à fait intéressant de poursuivre une étude semblable avec les 

hybrides. Là encore, ie composé II (NETCA] a éte pris en référence. 

Aan de suivre le cheminement de ce composé dans la cellule, un marqueur de 

spin a été grelfe sur  l'extrémité amino-texminaie de NETGA. Le composé synthétisé 

(SL-NETGA. SL pour "Spin Laber') constitue u n  traceur stable (sauf en présence d'un 

réducteur). 

A partir d'une culture de cellules KB3 en suspension, incubées en présence du 

composé SL-NETCA (concentration finale 100 PM). des prélèvements réguliers sont 

effectués. Les cellules sont soumises a u n  fractionnement noyau-cytoplasme 

(protocole détaillé dans l'article n04). L'intensité du signal de RPE retrouvé sur chacune 

des deux fractions est comparée à celle du signal initial (au temps "zéro"). Les spectres 

obtenus sont représentés Figure 11. Pour chacun de ces spectres, deux paramètres sont 

a considérer : 

1. la surface des pics. proportionnelle à la quantité de produits. Cette 

analyse nous renseigne sur l'abondance relative en SLNETGA sur I'une ou 

l'autre des fractions (Figure 11). 

2. l'allure du spectre, témoin des contraintes subies par le nitroxyde dans 

son environnement immédiat donc de la position du marqueur. 



Fipure 1 1  : Spectres de RPE du composé SL-NorCA. Cinétique d'incorporation 

nucléaire et cytoplasmique. 



Lorsque la iibre rotation du n i t r m e  n'est pas perturbée. le spectre obtenu a 

l'allure d'un triplet constitué de raies fines d'intensitt égale avec une constante de 

couplage de 16 Gauss (spectre isotrope). Au contraire lorsque le nitroxyde est enchâssé 

dans une structure moléculaire O N .  membrane. protéine...). la vitesse de rotation du 

groupement portant le nitroxyde diminue, ceci se traduit par un spectre d'allure 

anisotrope. La mesure du temps de corrélation rotationnelle (T) permet d'apprécier le 

degré de iiberté (ou d'encombrement) du nitraxyde. 

Sur chacun des spectres de la Figure 11 le facteur T a été mesuré selon deux 

méthodes : 

. . 

r2= 6.5 l0-l' dnolIho/hti) I l2  - 11 (sec) (OHTNER 1981) 

h- 1 .ho et h+ 1 (en unité arbitraire) correspondent a l'intensité relative de chacun des 

pics du spectre de RPE. Wo et AH0 (en Gauss) correspondent respectivement à la largeur 

du pic médian à mi-hauteur et à la séparation pic-à-pic du pic central (constante de 

couplage). 

Les mesures sont regroupées dans le tableau II. 

Remaraue : Ces deux modes d'évaluation du paramètre T sont des simplifications d'une 

équation complexe faisant intervenir des termes linéaires et quadratiques (STONE a 
al.. 1965). 

Ces dlfllérents résultats amènent aux conclusions suivantes : 

1- Le composé NETGA possède un tropisme nucléaire trés marqué. Après 3 heures 

d'incubation. 35Oh du signal de départ est retrouvé dans la fraction nucléaire alors 

que le cytoplasme ne renferme que 8% du signal initial. (Remaraue : ces 

proportions ne sont absolument pas extrapolables en terme de concentration). La 

pénétration cellulaire est trés rapide. L'allure de la courbe obtenue diffère de celle 

observée pour les deux substances modèles Nt et acridine (Figure 12). 

SI l'accumulation nucléaire de l'acridine semblait répondre à un phénomène 

atteignant trés rapidement un maximum. celle de NETGA semble moins rapide. En 



SGNETGA : Temps de Con-élation (r nsec.) 

Temps 51 hl P 4 2  

............................................ 
Ttmotn - 0.20 - 0.15 - 

........................................ 
Cytoplasme 5mln 0.39 0.19 0 3  0.15 

20 mln 0.44 0.24 039 024 

1 h. 0.47 027 035 020 . 

2 h. 0.49 029 0.40 025 

3 h. 0.42 02s 034 0.19 

............................................ 
Noyaux 5 min. 1.38 1.18 1.06 0.91 

20 min. 126 1.0s 1.04 0.89 

1 h. 1.17 0.97 0.90 0.75 

2 h., 1.67 1.47 1.36 121 

3 h. 229 2.09 1.67 1.52 



l ime (hr) 

O 
O 20 40 60 80 100 120 140 160 180 200 

Temps [mu) 

Figure - 12 : Cinétique d'incorporation de la nétropsine (A). de NETGA (B) et de 

l'aminoacridine (Cl. (BI noyaux. (01 cytoplasmes. 



fait. le mode de pénétration semble obéir à une cinetique intermédiaire entre celle de 

l'amlno-9 acrîdine et le processus lentement évolutif obsexvé avec la Nt (Figure 12). 

2- Sans ttre catégorique, on peut toutefois avancer l'hypothese d'une k t i o n  du 

comp& SLNETCA sur l'ADN [en culture). En effet au fur et à mesure de la 

cinttique. le spectre de la fraction nucleaire apparaît de plus en plus "bloqué" 
(anisotrope) comme l'indiquent les temps de corrélation .ri et ~2 (ou A.r1 et A.r2). La 

libre rotation du nitroxyde dans le noyau est séverernent ralentie : la fixation sur 

l'ADN en est trés probablement la cause. 

Le coefficient s mesuré au niveau cytoplasmique est légerement plus important 

que celui du témoin Une adsorption membranaire de NETGA n'est donc pas à exclure 

(la fraction cytoplasmique renferme le systCme membranaire réticule-endothéliai). 

Cette étude préliminaire fournit des renseignements très intéressants. en 

parfait accord avec les propriétés d'inhibition de synthèse d'ADN et d'inhibition de la 

prolifération cellulaire obsemée avec le composé II(NETGA) (article n02). 

Néanmoins. ce premier essai demande à étre réexaminé d'une façon légèrement 

différente : 

- en augmentant les temps d'incubation de façon B observer la saturation du 

transport cellulaire de NETCk 

- en ajoutant avant chaque mesure par RPE un mélange oxydant (H202- 

tungstate de sodium) afin de tenir compte de la fraction de marqueur ayant pu 

étre réduite dans le miiieu intracellulaire. 

- en isolant l'ADN pour vérifier qu'il constitue bien la cible du composé. 

Comme il a été décrit dans l'article n"2, les quatre composés hybrides 

présentent une activité antitumorale "in vitr~" non négligeable puisque voisine de 

celle observée pour le témoin amsacrine, médicament antileucémique de référence. 

Des doses de 0.5 à 8 pM de ces composés sufilsent B inhiber la missance de 50% des 

cellules leucémiques en culture (souche L 1210) aprCs 24 heures d'incubation 

seulement. Ce test rapide. bien que révélateur de l'emcacité des produits, ne peut 

toutefois constituer à lui seul la preuve d'une activité anticancéreuse. 

Une etude cellulaire plus précise a été réaiisée sur le composé NETCA . 



2 Mesure de l'activité inhibitrice de la ~rolgération des cellules 

reuses MCF7, 

Les cellules MCF 7 sont des effusions pleurales (mttastases) de tumeur 

mammaire. L'incubation de ces cellules en présence de doses varfables de NETGA 

(Fïgurc 13) permet de codhmer le pouvoir cytostatique de ce composé. 

Il est intéressant de noter qu'aux doses de 2 0  pM et surtout 4 0  pM, les cellules 

traitées présentent une hyperplasie tm5s marquée. signe d'une soufnance cellulaire. La 

taille des cellules traitées (50 B 55 pm) est deux fois suptrieure à celle des cellules 

témoin (25 A 30 pm) (Figure 14). Certaines de ces cellules sont bi- voir tri-nucléées. 

L'apparition de telles cellules géantes peut étre due B la fusion de deux cellules d'une 

part. ou plus certainement. d'autre part. à des endomitoses c'est-à-dire à une 

multiplication cellulaire sans division de la membrane externe (l'étude cinématique 

de ce phénomène devrait nous permettre de mettre en évidence l'un ou l'autre des deux 

processus). Un tel phénomène a également été observt5 avec les composés 1, III et IV 

aussi bien sur des cellules MCF 7 que sur des cellules leucémiques L 12 10. 

courbe de survie 

La Figure 15 résume les résultats obtenus avec le dérivé NETCA (composé ïï) et 

son homologue : le composé 1 qui ne comporte qu'un seul cycle pyrrole au lieu de deux 

dans N E R X  Pour le composé 1 la LD50 est de 10 pM. légèrement supérieure à celle de 

l'amsacrine (LD50 = 3-4 pM) qui sert de référence. Par contre pour NETGA. le premier 

essai effectué est très positif puisque la LD50 est de 5 pM. donc comparable B celle de 

l'amsacrine. De plus l'activité antitumorale de NETCA se révèle très importante à des 

concentrations de i'ordre de 10 à 20 pM où le pourcentage de clonage des cellules MCF 7 

est-réduit à moins de 1 %. NE- semble donc doué de propriétés cytotoxiques très 

marquées. Ce premier test positif nécessite toutefois une cmûmation (en cours) mais 

d'ores et déjà l'étude de l'activité antitumorale de ce composé sur un modèle animal (la 

souris) a débuté en collaboration avec Monsieur le Docteur B. HECQUET (Centre 

Anticancéreux Oscar Lambret. Lille). 

Remaraue : La mesure de cette activité pharmacologique in v i t r ~  a été réaiisée par 

Madame le Docteur M. Collyn-d'Hooghe. INSERM Unité 124. Lille. 
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Figure 13 : Courbes d'inhibition de croissance des cellules MCF 7 en présence de 

concentrations variables de NlXGA (0) témoin. (a) W. (Ml I W ,  (A) 2 W .  (Ir) 4ûpïvL 

Concentration (PM) 

Fleure 15 : Courbes dose-survie des cellules MCF 7 traitées par des concentrations 

variables d'arnsacri~ie (O), du compo& 1 (Ai et de NETGA (il. (--- essai effectué une seule 

fois. à confirmer). 



Fieure 14 : Cellules MCF 7 saines (A) et traitées par 20 @A de NETGA (B). Hyperplasie 

cellulaire (4 cellules binuclêées. 



3") Dérivé bithiazoliaue de la nétroosine, 

Sur le méme principe que précédemment, un autre type de systeme 

hétérocyclique intercalant a été considért : le noyau bithiazolique. Ce chromophore 

constitue le point d'ancrage sur I'ADN d'une autre substance anticancéreuse, la 

bléomycine (chapitre II). Une étude réalisée au laboratoire (HEMCHAKT u, 1985b) 

a montrt que le bithiamle n'est pas un intercalant vrai comme l'acridine. 

Dflerents crit&res physicochimiques ont permis de conclure à une insertion 

d'un des cycles -le entre les paires de bases de l'ADN sans un recouvrement total 

de ces bases par ce chromophon Figure 16). 

Fieure 18 : Mode de recouvrement d'une paire de base de l'ADN par la fraction 

bithiazolique de la bléomycine. 

Ce mode particulier d'insertion du bithiazole dans un kink (une cassure) de 

l'ADN nous a incité à concevoir un autre modèle (NETBI pour Netropsine-Bithiazole, 

Figure 17) hybride répondant au concept ''Ligand du petit sillon-Intercalant" fixé 

initialement. La synthèse et l'étude complète du mode de liaison de ce composé à l'ADN 

ont fait l'objet d'une publication précédemment citée (article n03). 



Les diErentes couleurs de la surface moléculaire représentent les potentiels 

électrostatiques W en kcal/mol) en un point de I'espace. Le code des couleurs est le 

suivant (WEïN'ER etal.. 1982) : 

Blanc V < -24.90 Vert 0.00 < V < 3.32 

Pourpre -24.90 < V < -9.96 Jaune 3.32 < V < 9.96 

Bleu ciel -9.96 < V < -3.32 o=we 9.96 < V < 24.90 

Bleu marine -3.32 < V < 0.00 Rouge 24.90 < V 

Finure 17 : (A) conformation et (B) représentation du volume moléculaire et des 

potentiels électrostatiques de NETBI. 



Ce &and se k e  dans le petit sillon de l'ADN par sa fraction Nt et sa fraction 

bithîamlîque sans aucune intercalation. Le mode de liaison de NETBI à l'ADN semble 

identique à celui de la Nt: d'ailleurs NETBI induit, comme la Nt. une *ersion du 

conformère Z vers la fonne B lors de sa fixation à l'ADN (poly(dGC)-(dGCI). Ce résultat 

ressort d'une étude par dichroïsme circulaire actuellement en cours. La mise en 

évidence d'un site de fixation de taille relativement Importante (6-8 bases) d'une part, 

et spécifique d'autre part (séquence AAATCI), ouvre la voie vers la conception d'une 

nouvelle série chimique de composés analogues à NETBI (étude en cours en 

collaboration avec le Professeur J-L. Imbach. Universitt de Montpellier). A ce stade, 

l'approche rationnelle entreprise pour la conception de molécules capables de se lier 

sélectivement à l'ADN est positive. 

Toutefois si ce compost s'est révélé tout a fait intéressant sur le plan 

physîcochimique. aucune acwté antitumorale n'a pu étre mise en évidence d'où la 

nécessité d'élaborer de nouveaux composés plus actifs. 

L'inactivité de ce dérivé s'explique en terme d'inaptitude à pénétrer dans la 

cellule et plus particulièrement à atteindre sa cible. l'ADN. En effet l'étude en RPE de la 

distribution cellulaire du composé SL-NETBI c'est-à-dire l'analogue marqué par un 

nitroxyde du composé NETBI (Figure 18a). indique qu'après 3 heures d'incubation 

cellulaire seulement 3 a 4% du signal initial sont retrouvés dans le cytoplasme et 2% 

dans les noyaux (Figure 18b). De plus les signaux observés sont du type isotrope 

laissant suggérer une trés faible ffxation sur l'ADN (Figure 1&). 

Des modifications chimiques permettant à ce produit d'atteindre plus 

rapidement et plus facilement l'ADN sont certainement à envisager. 



Fieure la : Structure du composé SL-NETBI (Al, spectre de RPE de SL-NETBI (BI : 

fraction nucléaire aprés 3 heures d'incubation. cinétique d'incorporation de SL-NETBI 

dans les ceiiuies Ki3 (C), (O) noyaux, (O) cytoplasmes. 



Conclusion 

L'élabration de composés antitumoraux telle qu'elle a étt entreprise en visant 

une flxation puissante et spCciflque sur l'ADN s'est avérée intéressante et prometteuse. 

Concernant l'ADN. le but recherché est parfois atteint (B l'exception des dtrfvés 

aminoalkylthiazoliques de la Nt). Le concept "Peptide B liaison spécifique- 

Intercalantn a &té clairement défini et peut déboucher sur des composês actifs. Le 

composé ïï ( N E W  en est un exemple attrayant. De l'étude physlcochimique et 

pharmacologique de ce composé. deux résultats essentiels émergent : 

-la fraction nétropsine impose l'ensemble de la molécule sa  fixation primaire 

dans le petit sillon de l'ADN. 

-la fraction acridine pennet une meilleure entrée dans la cellule et une 

concentration du produit au niveau nucléaire. 

Les deux fractions de ce modèle sont donc parfaitement complémentaires. 

La stratégie "Ligand à liaison spécinque-Intercalant" fait l'objet de nombreux 

travaux Outre ces ligands et les composés naturels du iype actinomycine ou triostine- 

échinomycine. une large classe de composés synthétiques, les oligonucléotides liés à 

un intercalant. entre dans ce concept. Beaucoup plus affines pour I'ARN 

principalement ou l'ADN (il y a alors formation d'une triple hélice), du fait m&me de 

leur nature pseudo-oligo(désoxy)nucléotidique que les dérivés cités. ces composés, 

stériquement trés encombrants, pénètrent mal dans la cellule. De nombreuses 

pharmacomodulations ont été envisagées pour améliorer leur stabilité. leur 

pénétration et leur distribution cellulaires (HELENE & THUONG, 1986). 

Il est intéressant de constater que plusieurs stratégies sont mises en oeuvre 

dans un méme but. La diversité chimique des moyens utilisés devrait permettre dans 

un  proche avenir d'aboutir à des substances antimitotiques, antivirales ou 

antiparasitaires. 

Cependant de telles molécules hautement sélectives n'ont pas de potentialités 

"ADN-toxiques" ; leur liaison à l'ADN est. bien que puissante. réversible. donc 

susceptible d'étre détruite in v iv~ .  Aussi s'oriente t-on vers la conception de substances 

susceptibles de dégrader physiquement l'ADN suite à une liaison spécifique. ià encore 

plusieurs stratégies sont employées dans Wérents groupes. Les modifications de la 

structure primaire de l'ADN peuvent étre apportées par différents systèmes : aikylant, 



un groupement photoactivable ou encore par un système de production de radicaux 

libres axygênés. généralement un système chélateur de métaux 

Nous nous sommes plus particulierement intéressés aux systèmes chtslateurs. 

Dans cette catégorie. ditrérents agents sont disponibles : I'EDTA, la phénanthroiine ou 

des dérivés porphyrMques par exemple. Partant toujours d'un modele naturel. notre 

attention s'est focalisée sur la bleomycine. médicament antitumoral largement u W  

en clinique. 



CHAPITRE 11. 

LE MODELE NATUREL BLEOMYCINE. 



1. Bléomycine : généralités. 

La bléornycine (Bim) est un antibiotique anticancéreux isolé de Streptomyces 

uertdcillus. Près d'une dizaine de composés de structure très voisine (ditlérents selon la 

nature d'une chaîne latérale) (Figure 19) sont en fait regroupés sous l'appellation 

bléomycine. Si tous possèdent la propriété de complexer les métaux. leur activité et 
leur toxicité varient. La bléomycine A2 représente la fome la plus active, mais c'est un 

mélange reconstitué et bien d m  (60 à 70% de BhmA2.25 à 30 % de Bhn-B2 et 5 à 10 

% des autres bléomycines Ag, Bq, Bg dont la toxicité rénale est plus forte mais 

permettant d'obtenir une synergie d'action) qui est uüiisé couramment en clinique en 

Europe et aux Etats Unis (~lénaxaneq. En Union Soviétique et en Chine, le mélange 

utiiisé contient majoritairement la Bh-A5 ( SEBn â LAZO, 1988). 

Ï.a structure de la bléomycfne peut être décomposée en quatre fragments : 

- un fragment ~seudo~eotidiauq : responsable de la complexation d'ions 

métaliiques. Les ions Fe(I1 et III). Co(Iï et III) et Cu(1 et II) donnent les complexes les plus 

actifs biologiquement. La complexatfon d'autres métaux de transition (Mn(I1). Ni(II), 

Zn(I1)) ou émetteurs de rayons Y ( l 9 3 ~ g .  203~b,  9 9 ~ c ,  5 7 ~ 0 )  utilisés pour le 

radiodiagnostic des tumeurs est également possible (RASKER a. 1975). 

- u  n f rament disaccharidiaue : ((O-carbamoyl-3-a-D-mannopyrannosy1)-0-2- 
L-gulopyrannose). Son implication dans la stabilisation du complexe et l'activation 

de l'axygene moléculaire a fait l'objet d'une étude tres poussée au laboratoire (KENANI 

a. 1988a. 1988b): ces résultats seront considérés ultérieurement. 

- un novau bithiazoliaue : assure l'ancrage de l'antibiotique à l'ADN. La 

fixation à l'ADN de la Blm par l'intermédiaire de ce bithiazole a fait l'objet de 

nombreux travaux qui seront discutés plus loin. 

- une amine terminale : de nature variable selon les différentes Blm. Les 
différences concernant l'intensité de liaison à l'ADN, la toxicité, l'activité 

antitumorale et la pharmacocinétique des diverses Blm reposent uniquement sur la 

structure de cette fraction terminale. 



AH MOH 
OH O A NH, 

R Blm 

OH acide bleomycinique 

Fipure 19 : Structure de la bléomycine. 



son à l'ADN. 

L'interaction Blm-ADN a initialement étt anaïysée par différentes techniques 

incluant la RMN et le quenching de fluorescence (CHIEN gt alL, 1977). la dialyse à 

l'tquilibre WWRK && 1979) et le dtchrofsme circulaire (KRUEGER &al%. 1973). De 

ces travaux, il est ressorti que le bithiazole et Samine terminaïe étaient directement 

impiiquts dans cette liaison. D'ailleurs le tripeptide S. fragment d'hydrolyse 

contenant la structure bithiazolique. se fixe à l'ADN dans les conditions et avec une 

affinltt identiques ii celles obsewées lors de l'interaction Blm-ADN (CHIEN gt alL, 

1977; TAKESmA a, 1978: LïN Br GROLLMAN, 1981). 

Structure du tripeptide S 

Dès lors, la mise en cause de tout autre fragment : pseudopeptide ou glycanne a 

été exclue. Cependant l'intenrention de la partie complexante, en particulier le résidu 

8-aminoalanine. dans la liaison à l'ADN avait été avancée en 1984 (ALBEKITNI & 

GARNIER-SUELEROT. 1984). De plus une étude récente tend B prouver que le centre 

métallique du complexe Blm-Cu(I1) joue un r61e direct dans la détermination de la 

nature de l'interaction Blm-ADN (LEVY & HECHT, 1988). 

a) Mode de liaison. 

L'établissement d'une liaison électrostatique entre le groupement cationique 

terminal de la Blm et les groupements phosphate de l'ADN est nécessaire à la 

formation rapide du complexe et à sa stabilisation (KASAI et al.. 1978). Malgré 



l'inactivité de l'acide bléomycinique (R=OH), la capacité de la bléomycine Bi1 (R=NH2) 

(Figure 19) à dégrader l'ADN prouve que cette liaison saline n'est pas absolument 

indispensable $i la liaison. La structure de cette amine terminale (plus que sa charge 

électrique) conditionne aussi bien la vitesse et la nature des coupures de l'ADN 

obsemées (HUANG etal., 19811 que l'intensité de l'activité antitumorale de la Blm ou 

même sa toxicité en particulier l'"indice de fibrose pulmonaire" (RAISFELD. 1981) 

L'étude du mécanisme de liaison de l'enchaînement bithiazolique à l'ADN a fait 

l'objet de nombreux travaux parfois contradictoires. Divers mécanismes ont été 

proposés : 

- L'lntercalatioq du bithiazole entre deux plateaux de paires de bases fut 

initialement proposée compte tenu de la coplanéité du système (KOYAMA et al,. 

1968). Ultérieurement des calculs théoriques (MURAKAMI et al., 1976) et des 

expériences physicochimiques (TAKESHITA et al., 1978) ont supporté cette 

hypothèse. Cependant certains critères physicochirniques requis pour conclure à 

l'intercalation n'étaient pas observés. Par exemple si la Blm est capable de relâcher 

les superhélices d'un ADN superenroulé, à forte concentration u n  

superenroulernent dans le sens opposé n'est pas observé. De la meme façon. l'étude 

par RMN de l'interaction Blm-poly(dA-dT)2 est en défaveur de l'intercalation 

(CHEN &&. 1980; GLICKSON &&. 198 1). 

Enfin. l'emploi d'analogues synthétiques de la partie bithiazolique a montré 

que le recouvrement des deux bases appariées n'a lieu qu'avec un analogue 

trithiazolique (SAKAI t a 1982) ou un  dérivé de structure 

triazolothiazolylthiazole (PETT. HOUSSIN et al., 1986) pour lequel le nuage 

d'électrons x du bithiazole est étendu permettant ainsi un meffleur recouvrement 

des paires de bases. 

Structure du composé PEXT 



L'intercalation ne semble donc pas correspondre au mécanisme exact 

d'interaction. 

- La flxation du bithiazole dans le ~ e t i t  sillqn de l'ADN comme pour la netropsine 
fut ensuite proposée par KROSS && (1982). Là encore l'hypothtse fiit contestée. 

notamment du fa t  de la faible aptitude de la Bhn B stabiliser un duplex d'ADN (la 

Blm et la Nt donnent respedivement un A l l n  de 4OC et de 15°C avec l'ADN de thymus 

de veau). 

- En 1983, une in tercalation ~artielle d'un seul thiamle fut avancée (BOOTH @&, 

1983 : SAKAI etai.. 1983). Ce problème fut réexaminé au laboratoire en utilisant 

des analogues du bithiazole (HOUSSIN et &. 1984a. 1984b). Un mode de liaison à 

l'ADN original fut proposé : l'insertion d'un seul thiazole dans u n  kink (un 

plissement, une pliure) de l'ADN. Seul ce mécanisme permet d'expliquer le 

raccourcissement de batomets d'ADN obsemé par viscosimétrie en présence de 

Blm (HENICHAETT etal., 1985b). Un tel phénomène est également observé avec des 

peptides contenant des hétérocycles (GABBAY a. 1976a. 197%). Dernièrement le 

mécanisme d'intercalation classique du bithiazole a été néanmoins avancé de 

nouveau (FISHER &&. 1985; MILLER a. 1985). 

Seule l'étude par dimaction de rayons X du complexe Blm-ADN permettra de 

lever l'ambigüité quant au mode de liaison. Des cristaux de ce complexe uülisables 

en radiocristallographie n'ont jusqu'à présent jamais été obtenus. L'aptitude de la 

Blm a dégrader l'ADN est sans doute la cause de cet échec. 

bl Cou~ure d'ADN, 

La présence au sein d'une même molécule d'un fragment apte B se flxer a l'ADN 

et d'un fragment capable de chélater des métaux et produire des radicaux libres 

oxygénés permet d'expliquer la capacité de la Blm à induire des coupures d'ADN. Du 

fait de l'ancrage de la Blrn à l'ADN par le bithiazole et l'amine terminale. les espèces 

réactives (02- et OH-) générées par le complexe métailique (SUGIURA Br KIKUCHI. 

19781 se trouvent à proximité du désaxyribose. 



Le complexe ferreux est de loin le plus actif. Le complexe ferrique peut. 

également apres reduction enzymatique a WQ, dégrader I'ADN (MAHMUTOGLU 

a, 1987: STREKOWSKI et 1988b).LRs complexes cuivrique et cufvreuk considérés 

comme les formes de transport sanguin et de résistance aux enzymes proteolytiques 

(SUGWFW &j&, 1979), sont peu a W  (EHRENFELD etal.. 1985, 1987), voire inactltk 

( S m  SU,, 1985). 

Le mécanisme de coupure oxydative de l'ADN par le complexe ferreux fait 

Meivenir I'oxygene (SAUSVILLE etal.. 1978a. 1978b). Le complexe ternaire 02-Fe(IIl- 

Blm. encore appelé Blm-activk (BURGER etaL. 198 1,1982: KURAMOCHI etal.. 198 1). 

dégrade totalement l'ADN en un mélange de bases iibres. de bases-propénal et 

d'oligonucléotides possédant une extrémité phosphate glycoifque en 3' [WU et a, 1983. 

WU & KOZARICH. 1985). Le mécanisme moléculaire et les produits de dégradation ont 

fait l'objet de nombreux travaux (HAIDLE, 197 1; GILONI a. 198 1: BURGER çt al', 

1982;WU gt al.. 1983: AJMERA çt al., 1986: BURGER gt al., 1986; STUBBE & 

KOZARICH. 1987: SUGIYAMA et al.. 1986). Les produits de dégradation du 

désaxyribose porteur du groupe propénai sont utiiisés pour la détection et le dosage par 

colorimétrie de la dégradation de l'ADN, spécifique de la Blm (BURGER gt al', 1980; 

SAUSVILLE &&. 1978b). 

Les bases-propénal libérées in vivo sont hautement toxiques et laissent 

supposer qu'elles sont les éléments responsables des propriétés cytotoxiques de la Blm 

(GROLLMAN fial.. 1985). 

La photooxydation du complexe cobaltique de la Blm en absence d'oxygène 

induit égaiement des coupures d'ADN avec libération d'oligonucléotides possédant une 

extrémité phosphoglycolate-3' mais sans formation de "bases propénal" (CHANG & 

MEARES, 1982. 1984). Le complexe manganique peut également dégrader l'ADN 

(BURGER W. 1984). 

Il est a noter que le désaxyribose est une cible spécifique de la Blm. En effet en 

présence d'un hybride ADN-ARN. seul le brin d'ADN est clivé. laissant intact le brin 

d'ARN (HAIDLE & BEARDEN. 1975). La nature duplex du polymère est également 

indispensable puisque les ARN ou les ADN monocaténaires ne sont pas dégradés (KU0 

a. 1977). 



La dégradation est tgalement base-spécifique. Les coupures sont toujours 

obsemées au niveau des résidus désoxyguanosine (en 39. Les séquences GpT et GpC sont 

clivées plus fkéquemment que les sites GpA alors que les sites GpG le sont rarement 

(D'ANDREA & HASELTINE, 1978: FOX &&. 1987: T e H l l X  etal., 1978: SUGIURA 

â SUZUKI, 1982; -Y & MAKIIN, 1985; MüRFWY a. 1988). 

La topologie de l'ADN et son degré de méthylation déterminent la spécitlcitt et 

l'intensité de la dégradation par la Bim (MIRABELLI a, 1983: HE#CZBERG etal.. 
19851. 

Remamu~ : le complexe Bim-vanadium(lV) coupe égaiement l'ADN en présence d'eau 

oxygénée (KUWAHARA u. 1985). 

La nécessité d'un métal aussi bien pour la biosynthèse que pour l'activité 

biologique de la Blm a définitivement été établie. L'étude de la coordination des 

métaux de transition par la Blm a fait l'objet de très nombreux travaux (revues : 

DABROWIAK etal., 1979a. 1979b: DABROWWC 198ûb: ALBEKIWI, 1984). 

Il semble désormais admis que les complexes Blm-Cu et Blm-Fe aient une 

structure pyramidale a base carrée. Les cinq ligands impiiqués sont d'une part l'azote 
N i  de l'imidazole. l'azote N i  de la pyrimidine. l'azote de l'amine secondaire et l'azote 

peptidique déprotoné du résidu histidyle en tant que ligands dans le plan carré et 

d'autre part l'azote de l'amtne prfmaire du résidu de j3-aminodanine comme ligand 

axial. L'azote ou l'oxygène de la fonction carbamate portée par le mannose ont 

également été proposés comme sixième ligand en position axiale aussi bien avec le 

cuivre (UMEZAWA 1974a: DABROWIAK ~t al,, 1978a. 1978b: BEREMAN & WINKLER 

1980 ) qu'avec le fer DABROWIAK etal,, 1979b) ou le zinc (AKKERMAN etal., 1988). 



Cependant I'impïication du carbamate comme sixième ïigand permettant la 

formation d'une double pyramide n'est pas en accord avec les résultats de 

radiocristallographie du complexe Cu-P3A (un intennCdiaire biosynthétique de la 

B l d  (IlTAKA etal.. 1978). 

Structure du complexe Blm-A2-Cu(ïï) 

Une étude menée au laboratoire a définitivement écarté l'hypothèse de 

l'intervention du carbamate : 

-Un analogue synthétique de la partie complexante de la Blm a été conçu 

(HENICHART et alL. 1982a). L'étude par RPE n'a pas montre de différences de 

complexation entre cet analogue non giycosylé et la Blm (HENICHART etal.. 1985a). 

Cet analogue nommé AMPHIS possède les 4 atomes d'azote précédemment cités et 

complexe le Cu de la méme façon que la Blm. 

-La comparaison des complexes cuivrique et ferrique de la Blm et de la 

déglycobléomycine (déglycosylation par l'acide fluorhydrique, KENAM m, 1988b) 

n'a pas montré de différences quant à la structure des complexes. Toutefois, la partie 

glycannique joue un rôle important dans la stabiïisation du complexe Bim-Fe-02 et 

la production de radicaux libres axygénés (KENANI. 1988: KENANI et alL. 1988a). 

Remaraue : le complexe rnanganique de la Blm, d'après les travaux de SHERIDAN, 

serait differemment coordiné et impliquerait les atomes d'azote des deux cycles 

thiazoles et de l'amine terminale. (SHERIDAN & GUPTA 1981). 



La Blm en présence de Fe(I1) forme un complexe Blm-Fe(I1) stable et visible en 
UV. Par contre, le complexe ternaire Blm-Fe(I1)-02 a une durée de vie très brève 

( B W E R U  1979, 1981). 

L'oxydation du complexe Blm-Fe(I1) par l'oxygtne mol~culaire génère des 
radicaux superoxyde 02- relativement inoffensffi (SAWYER & VALENTINE, 1981) et 

inaptes CL dégrader l'ADN directement. Mais la &mutation des radicaux superoxyde 

par le complexe Blm-Fe(II) en présence de penixyde d'hydrogène produit des radicaux 

hydroxyle beaucoup plus réactifs (Réaction d'Haber-Weiss) (OBERLEY & BUEXTNER 

1979). 

L'eau oxygénée en présence de Fe(iI) est également en mesure de produire des 

radicaux OH0 et donc de dbgrader l'ADN (Réaction de Fenton). De plus la présence 

d'ADN accroît l'intensité de la production des radicaux OH* par le Fe(I1) et l'eau 

oxygénée (FLOYD. 198 1). 

L'eau oxygénée est formée en présence d'un réducteur (ascorbate de sodium, 

P-mercaptoéthanol. dithiothréitol) selon le schéma réactionnel suivant (CHIOU, 1983) 

Ascorbate de sodium + 2Fe(IIï) > Déhydroascorbate de sodium + 2Fe(ïI) + 2H+ 

2e- + w++% '3% 
En présence d'un réducteur, le système peut donc fonctionner de façon cyclique : 

Ascorbate de sodium + 2Fe(m) > Déhydroascorbate de sodium + 2Fe(II) + 2H+ 

Ra2 + (22- > 02 + Ofi-+ OH' (réaction d'Haber-Weiss) 

(HABER & WEISS, 1934) 

H2OZ + Fe@) > F e 0  + OH- + OH* kéackn de Fenton) 

(FENTON. 1894) 



Le &anisme d'axydo-réduction du système Bhn-Fe-02 s'apparente a celui des 

hémoprotéines (peroxydases) jn vivo (KANOFSKY. 1986) et à celui des enzymes à 

cytochrome P450 WMTE â COON, 1980). 

La production de radicaux libres par la Blm est donc le résultat d'un processus 

d'oxydo-réduction : oxydation du Fe(iI) et réduction de I'axygène. 

Mais les espèces radicalaires générées. en particuiîer les radicaux hydroxyle, sont- 

elles les éléments responsables de la dégradation de l'ADN? 

De nombreux travaux tendent à corroborer cette hypothèse WWN & SIM, 1977; 

SAUSVILLE et ai.. 1 9 7 8 ~  LOWN, 1985 ) 

D'autres travaux sont en désaccord avec cette théorie. Dans cette cascade 

d'oxydo-réductions. les radicaux 02- sont formés par l'oxydation du complexe Blm- 

Fe(I1). Or en comparant les potentiels redox des complexes 02/02- (AEO= -0.35V; 

WOOD. 1974) et Blm-Fe(I1) /Blm-Fe(II1) (AEO= +O. 129% MELNYK et al., 198 1). les 

radicaux 02- apparaissent comme des réducteurs potentiels du complexe Blm-Fe(II1). 

L'intervention des radicaux libres oxygénés comme agents responsables de la 

dégradation de l'ADN par la Blm n'est donc pas définitivement adoptée. 

La Blm-activée (c'est en fait le nom de la forme observée en RPE du complexe 

Blm-Fe(II)-02) (BURGER etal.. 198 1. 1985) a donc la capacité de dégrader l'ADN. Mais 

si ce dernier est absent du milieu. le complexe Blm-Fe(I1) s'autoinactive. La forme 

inactivée de la Blm peut complexer le Cu(I1) et peut former un 'complexe ternaire Blm 

inactivée-Fe(I1)-02 mais ne peut plus dégrader l'ADN si celui-ci est alors ajouté. 

L'inactivation semble correspondre A une altération de la structure du bithiazole 

(NAKAMURA & PEISACH, 1988). 



Si la nature exacte de f espèce réactive responsable de la dégradation de l'ADN 

par la Bim-activée reste 4 déterminer. il est acquis que la coupure requiert la présence 

slmuitanée d'oxygène. de fer ferreux (ou fer ferrique et d'un réducteur) et de Blm. 

Les autres complexes de la Blm capables d'induire des coupures (Blm-Co + 
iilumination: Bim-Vn + H2O2: Bim-Mn + H202) ne sont que très peu représentes In 
m. 

4'1 Les autres cibles de la bléomvcine, 

Pénétration cellulaire de la Blm, 

Iniüaiement u W e  en chique sous forme de complexe cuivrique (forme sous 

laquelie elle est isolée), la Blm est maintenant toujours administrée sous forme libre 

non complexée (UMEZAWA. 1979). Le devenir in vivo de la Blm est relativement mal 

connu. Du fait de son extréae hydrophilie. une très faible fraction seulement de la 

dose administrée pénètre dans les cellules (0.1%) (ROY & HOFWlTZ* 1984: MIYOKA fi 
A. 1975). La Blm complexerait le Cu(I1) dans le flux sanguin (KANAO u. 1973) et 

c'est sous cette forme qu'elle pénètrerait dans la cellule avant d'étre réduite en Blm- 

Cu(1) (UMEZAWA 1979; FREEDMAN etal., 1982a). 

L'existence d'un site spécifique de transport du complexe Blrn-métal a été 

proposée (BARRANCO &&, 1980: UEHARA &&, 1982). L'ion cuivreux résultant de la 

réduction est ensuite chélate par des composés à thiol libre (TAKAHASHI etal.. 1987) 

ou par une protéine (TAKAHASHI gt al', 1977). La Blm libre ainsi libérée est 

susceptible d'étre dégradée par l'action de la bléomycine hydrolase. De plus, en 

l'absence d'ADN. la Blm s'autoinactive (NAKAMURA & PEISACH. 1988): il est donc 

indispensable qu'elle puisse atteindre rapidement le noyau des cellules cibles. 

Les cellules disposent d'un "pool" de fer nécessaire à leur métabolisme, stocké 

sous foxme Fe(II1) par une protéine : la ferritine. @ Blm peut piéger le fer ferrique des 

ferritines (NORSKOV-LAURITSEN &&, 1987) pour former le complexe Blm-Fe(II1) 

stable ( K ~ ~ ~ =  10~5) .  Après réduction du complexe ferrique b v i v ~  (MAHMUTOGLU et 

al.. 1987). le complexe ferreux excerce son activité létale en dégradant les 

chromosomes en nucléosomes avant la coupure totale de l'ADN (MOORE, 1988). Le 

passage du cytoplasme au noyau n'est pas déhi. 



Si la dégradation de l'ADN nucléaire et mitochondrial (LIM & NEIMS. 1987) 

apparaît comme l'élément responsable de l'activité de la Blm, une relation étroite 

entre ces deux phénomènes n'est pas toujours ob-e (BERRY &&, 1985; LYMAN d 
jàL, 1986: SMITH, 1987). De plus la relative cytosélectivité de la Blm pour les cellules 

cancéreuses (CHEN u, 1977) ne peut s'expliquer en tenant compte uniquement de la 

cible ADN. 

cible membrane, 

Avant d'atteindre sa cible privilégiée (l'ADN). la Blm doit traverser les 

membranes cellulaires (plasmatique et nucléaire). La Blm se flxe sur la membrane 

plasmique (FUJIMOTO. 1974) et affecte certaines fonctions cellulaires de cette 

membrane (SUN & CRANE, 1985). L'effet majeur de la Blm au niveau membranaire 

concerne la peroxydation des lipides par les radicaux libres générés par le complexe 

Blm-Fe(I1)-02. (EKIMOTO etal., 1985; KAPPUS etal.. 1982). Parallélement à cette 

production de radicaux, le complexe Blm-Fer induit des modifications transitoires 

mais importantes de la fluidité de la membrane cytoplasmique des cellules. Cette 

constatation ressort d'une étude menée au laboratoire et qui fait l'objet de la 

publication suivante : 

article n05, 

Plasma membrane perturbations induced by 

the bleomycin-iron complex. 

BAaLY C.. BEAUVILIAIN J-C., BERNIER J-L.. HENICHAKT J-P. 

Accepté il Cancer Research, 



PLASMA MEMBRANE PEKïüRBATIONS INDUCED BY 

BLEOMYCIN-IRON COMPLEX 

C. BAILLY, J-C. BEAUVILLAIN. J-L. BERNIER J-P. HENICHAKT. 

INSERM U 16 [C. B.. J-L. B., J-P. H.]. INSERM U 156 IJ-C. B.], 

Place de Verdun. 59045 Lille C é d a  France. 

The effect of the anticancer drug bleomycin on acyl chain order of KB cell 

membranes was examined by EPR and fluorescence polarization spectroscopies using 

respectively the 5-doxyl stearlc acid spin probe and the 1.6-diphenyl- 1.3.5-hexatriene 

(DPH) fluorescent probe. Measurements of the order parameter, S. by the two 

techniques showed a transient perturbation of the plasma membrane fluidity during 

the 10 first minutes of incubation with Blm-Fe whfle no effect was observed with Blm 

or Fe alone. A kinetic study of the location of the fluorescent probe into the ceU was 

followed by fluorescence microscopy. Lipid perddation measurements were also 

performed using intact cells or' isolated plasma membranes whose pu* was checked 

by electronic microscopy. These membrane perturbation effects were correlated with 

the abjiity of the complex to generate highiy reactive oxygen species. 



It has been demonstratecl that membranes serve as a target site for a lot of d r u s  

including antineoplastic drugs (1) and it was reported that doxorubicin could be 

cytotoxîc without entering the celi (2). Nwertheless, it is not classicd to think that 

celi membrane may be the main target for cytotoxic anticancu drugs which were 

shown to exert their effects in nucleus. interferhg with DNA synthesis or directly 

damaging DNA. Such is the case for Bleornycin (Blm), the generfc name for a group of 

glycopeptide antibiotics currently used in the treatrnent of human neoplastic diseases. 

particularly squamous celi carcinomas and lymphomas (3.4). This antitumor agent 

(Bim) is assumed to act mainly by modification of the DNA structure and functions 

through a pseudo-intercalative bindîng process (5). 
. 

However cell membrane cannot be considered a s  a main target for Blm. It is 

reasonable to suppose that the relative selective cytotoxicity for tumor cells can be 

explained in terms of clmerences in the structure and biochemistry between normal 

and neoplastic cell membranes. These elements might play a vital role in the control 

of the drug flux across the plasma membrane. 

Evidence for a membrane action of an anticancer agent can be established on 

the basis of biochemicai tests which prove that the drug alters aspects of membrane 

functions or on the basis of physicochemical experiments which prove the direct 

action of the drug with membrane components. The mechanism of transport of Blm 

through the cell membrane has not been established. The involvement of trypsin- 

sensitive components of the cell membrane in the toxicity of Blrn has been reported 

by Barranco et al. (6) suggesting the possible presence of a transport carrier. It has been 

suggested (7) that Blm penetrates through the membrane as a metai chelate form and it 

has been postulated that the presence of a carrier mediated transport system may be 

one of the physical bases for why very low bleomycin doses are effective in vitro (8) 

and in vivo (9). 

The fluidity of the lipid bflayer component of biological membranes can be 

defined by a variety of techniques (10. 1 1). In the present study. we have used electron 

paramagnetic resonance (EPN spectroscopy and spin-labeled stearic acid probe as  

well as fluorescence polarization (FP) measurements. using 1.6-diphenyl- 1.3.5- 

hexatriene (DPH) as a reporter molecule. to examine the modifications of structural 

order of the lipid domains of plasma membranes of KB3 cells (nasopharingal cells) 

treated with Blrn. These two techniques afford a lot of information on the lipid 

structure of biological membranes. The results of the experimentation have been 

anaiysed in term of "membrane fluidity" (12) which expresses the relative motional 

freedom of the lipid molecules. 



Accumulated evidence indicates the invokement of oxygen-derived free 

raüicals as  well as transition metals, in particular Fe, in Bim toxlcity (13). This, 

together with the high aikiîy of Blm for transition metal ions (14). the ubiquitous 

presence of adventitious metals in vivo and the first proposed clinical use of Blm 

(Blm-Cu) (15) prompted us  to compare the nature and kinetics of interaction of Blm 

and metai-Bim complex with spin-labeled or fluorescent-iabeled ceils. Moreover, to 

demonstrate that the observed phenornenon is confineci to the external membrane of 

the cell and that endogenous membranes are not involved, we present a DPH- 

microphotography study showing that we sole& labeled the plasma membranes. Lipid 

pemxidation cataiysed by Blm-+ Fe@) was also studied using intact culture cells and 

their comsponding plasma membranes as substrate. 

RIALS AND METHODS 

Chernicala : Blm was obtained from Roger Bellon Laboratories : it contains 
approxirnately 60 % Bh-As. 30 % Blm-B2, and 10 % other Bleomycins. Fe (NHq) 

(SO4)2. 12 H20 and CuS04 were obtained fiom Merck (Darmstadt). n i e  spin label, 2-(3- 

carboxy-propyl)-4,4-dimethyl-2-tridecyl-3-~olidinyl oxyl. referred to commonly 

as  5-daxylstearic acid. was obtained from Syva Ba10 Alto, CA) and stored in the dark 

under refrigeration. Stock solutions of 5 mg/ml in ethanol were prepared. The 

fluorescent probe. 1 .&diphenyl- 1.3.5-hexatriene. DPH, was obtained from Molecular 

Probes Inc. (Oregonl and used without further purthcation. A 1mM stock solution was 

prepared in tetrahydrofuran and storei in the dark at -20°C. 

Ce11 cultureg : KB cells were grown as suspension cultures in Jokiik modified Eagle's 

medium (Seromed, Munich, FRG) supplernented with 5 % heat-inactiveci Colt serum at 

a 4 x 105 cells/ml concentration. 

Plasma membrane ~ re~ara t ioq  : Cytoplasmic membranes were isolated according to a 

previously described method (16). The purity of the preparation was assessed by 

appropriate marker enzyme activities and by morphological examination at the 

electron mlcroscopic level. The plasma membrane preparation was tested for the 

speciflc 5'-nucleotidase (17). glucose-6-phosphatase (17) and catalase (18) activities 

(respectively markers for the plasma membrane. endoplasmic reticulum and 

peroxisomes-lysosomes). 

For electron microscopy studies. the membrane pellets have been fixed in 

glutaraldehyde (1.5 % in 0.1 M phosphate b a e r  pH 7.4) for 2 h and post fixed in 



osmium tetramde (1 % in the same phosphate buffcr) for 1 h. M e r  dehydration, the 

embedding was perfomed in Araldite. The ultrathin sections were counterstained 

with uranyl acetate and lead citrate before observation. Specimens were examined 

with an electron microscope Zeiss 902. 

L i ~ i d  ~eroxidation analvsig : pemxfdation of unsaturated lipids was measured by 

thiobarbituric acid (TBA) assay using the procedure of Ohkawa et al. (19) in which 

malondialdehyde and other by-products of pemxfde decomposition react with TBA to 
produce adducts fluoromeMcally detectable (h : 515 nm. : 553 nm). A kinetic 

study was perfomed using 10 ph4 Blm +- Fe and culture ceils (5.10~ cells/ml) or the 

plasma membrane preparation (0.0 1 mg protein/ml). 

EPR Measurernent : 50 ml of celi suspension were centrifuged, and the celi pellet was 

washed Mce with 30 ml of NaCl (9 g/l). The cells were collected by centrifugation and 

resuspended in 20 ml of the same isotonic b a e r  containing 20 pg/ml 5-doxylstearic 

acid. This spin label partitions into cellular membranes and is oriented with the 

carboxyl group adjacent to the phospholipid head group and the acyl c h a h  oriented 

perpendicular to the bilayer (20). The motion of the 5-doxylsteark acid probe reports 

on fluidity near the interior of the bilayer (Fig. 1). M e r  8 min incubation at 20°C. the 

cells were collected, washed 3 times to avoid contamination by free spin label then 

resuspended in 10 ml buffer NaCl (9 g/l). Under these conditions. the signal of free 5- 

doxyistearic acid was negiigible compared to that of 5-doxylstearic acid bound to ceils 

and did not interfere with the spectral measurements. Exclusion of Srpan blue was 

obse~ved in more than 90 % of the cells. The appropriate arnount of b d e r  or Bïm or 

Blm-Fe complex was added to adjust the concentration at 10 ph4. the drug- containing 

cell suspension was drawn into a flat quartz cell (still at ambient temperature). Total 

tirne of exposure of the cells to Blm or Blm-Fe complex did not exceed 30 min. The 

quartz cell was then placed in the cavity of a Varlan E 109 X-band spectrometer with a 

E 238 caviiy operating in the TM mode . Measurements were made at a 1.0 G 

modulation amplitude. 0.30 s tirne constant, 1 min time scan, 10 mW rnicrowave 

power on a scan range of 100 C. The order parameter S was calculateci according to (2 1): 

The inner and outer hyperfine splittings, 2a and 2a// were measured directly 

form the EPR spectrum (Fig. 1B) and the principal components of the hyperfine tensor 



Fie.l : A- Molecular arrangements of the spin-probe (5-doxylstearic acid, a) 

and the fluorescent probe (DPH, b) in lipid layer. 

B- Representative EPR spectra of free (a) and membrane-bound (b) 

spin label 5-doxylstearic acid. The appropriate outer and inner extrema 

used to determine the order parameter (S) are indicated. 

C- Typical fluorescence emission spectrum of DPH-labeled KB cells 

after 30 min incubation at 37°C. The scatter of unlabeled KB cells under 

identical conditions (---) is shown for cornparison. Fluorescence 

intensity is given in arbitrary uni t .  



(axx, ayy, a ~ z ,  measured from a spin label oriented in a crystalline lattice) are 

mqedhdy  : 6.3, 5.8, and 33.6 (22). 

The EPR spectra obtained were indicative of anisotropic motion resulting from 

rotational and segmental movements within the bilayer. The data arc presented as  

order parameters which are related to the time-averaged angle that the nitnudde axis 

of the probe makes wlth the bilayer surface and are thus a measure of the flexibility of 

the probe. The order parameter is assigned a value of O to 1. with higher values 

representing more ordered or less flexible environments. Any factors which alter 

probe motion will result in a change in the order parameter for the receptor molecule. 

DPH Fluoreance Micro~hot~gra~hy : This technique was applied to demonstrate the 

spedcity of DPH as a plasma membrane marker in intact cells and to investigate the 

labeiing evolution with K .  cells. In EPR and FP experiments. the cell suspension was 

incubated with 1 pM DPH at 37OC but for microphotography a higher probe 

concentration (5 @VI) was necessaq to overcome the rapid bleaching of the probe due to 

photofsomerization of the DPH under strong W illumination (23). The fluorescence of 

DPH-labeled Ki3 cells was studied with a Leitz Orthoplan microscope using an 

excitation fflter at 340-380 nm. 

Fluorescence studieg : 10 mi of ce11 suspension were washed at least 3 tirnes and 

resuspended in buffer (9 g/l NaCl, pH7). An aiiquot (3@) of stock solution of DPH was 

added to 3 ml of this suspension whfle gently vortexing and introduced into 1 cm 

quartz fluorescence ceB. The final concentration of the DPH in the cell suspension 

was 1 PM. The kinetics of the DPH binciing to whole KB cells was assessed by the 

measurement of the fluorescence ernission intensity at 418 nm (excitation at 355 nm. 

10 nm excitation and emission band pass) (Fig. 1C) on a Job@-Yvon J-Y-3  

spectrophotofluorometer equipped with an  X-Y recorder. The viabiïity of the cell 

preparation was always >93 % as estirnated by trypan blue exclusion. The cell 

concentration was detennined accurately by turbidity measurements : 0.10 +- 0.01 

absorbame unit at 355 nrn comesponded to (1.8 +- 0.05). 105 ceB/mi. 

Steadv-state fluorescence ~olarization analvsis : Lipid fluidity was assessed by 

steady-state fluorescence polarization of DPH according to the method described by 

Shinitzky and Barenholz (24). The degree of fluorescence polarization of the DPH- 

labeled KI3 ce11 population was detennined at 37OC. after 20 min of a labeling period. 

the required tirne for ahnost complete incorporation of the probe at 37°C (Fig. 1). with 

a SLM 4048 spectrofluopolarirneter. The samples were excited at 355 nm and the 

fluorescence Iight was detected in two dependent cross-polarized channels, equiped 



with polarfiers. after passing a cut-ofT filter for wavelengths below 408 nm to reduce 

the contribution nom scattered light. 

Fluorescence measurements were obtained by simultaneous determination of the two 
channels. where I//. and 1, are the fluorescence intensities polarfied parallel and 

perpendicular to the direction of polarization of the excitation beam, respectively. 

These values relate to the degree of fluorescence poïarization, P. by the following 

equation : 

where high P values represent low lipid fluidity. whereas low P values represent high 

lipid fluidity. Measurements were made in quadruplicate . The reproducibility of the 

measurements was +- 0.005 P units. Strict control of temperature (37OC) was ' 

monitored with circulating water from a Haake unit set. The steady-state fluorescence 
anisotropy (rs) was calculated from the relation rs=2P/(3-Pl. The limiting 

fluorescence anisotropy (r) and the lipid structural order parameter (SDPH) were 

calculated according to Van Blitterswijk (25) : 

r=4/3rs-0.10 (where 0.13~ rsc0.28) 

SDPH = (r /ro) ll2 (where ro = 0.362) (24) 

S is the same orientational order parameter as measured by EPR 

Membrane ~re~ara t fon .  The isolation of cytoplasmic membranes from KI3 cells was 

canied out after disruption of the cells by homogeneization and differential 

centrifugation. The so obtained membrane fraction was not contamined by nuclei or 

mitochondria as  assessed by electron rnicroscopy (Fig. 2). This preparation was 

morphologicaily homogeneous and consisted mainly of large and small membranous 

structures, but was not completely devoid of contamination with endoplasmic 

membranes, free ribosomes and rare lysosomes. Nevertheless these elements were 

found present in a very weak proportion. Glucose 6-phosphatase assay (Table 1) 

moreover confirmed the weak contamination with endoplasmic membranes. 

L i ~ i d  Deroxidation. The effects of Blm-metal free or Blm-Fe complex on lipid 

peroxidation were examined using intacts cells and isolated plasma membranes. As 



l L i E u l .  Marker enzyme specific activities 

(pmol/min/mg protein) 

plasma membrane homogena te  

-- 
5'-nucleotidase 25.3+-2.1 267+-9.6 

glucose-6-phosphatase 41.6+-3.6 6.8+-2.0 

catalase 0.6+-O. 1 6.6+- 1.4 

Table _1 : Marker enzyme specific activities in homogenate and membrane 

fractions. Plasma membranes were isolated as described in "Materials 

and Methods". Enzyme specific activity is shown as the mean +- S. E. of 

values from four separate preparations. 



F i  : A- Electron micrograph showing that majority of  elements are plasma 

membranes. Ribosomes are sometimes visible indicating that 

ergastoplasmic membranes are present. Occasionally some lysosomes 

are observable. 

B- Higher magnification of an other pan of pellet showing 

cytoplasmic membranes. 



shown in Fu. 3, the presence of Fe markedly enhanced the lipid peroxldation. Results 

obtained with plasma membranes arc nearly stmilar to those reported by Ektmoto et 

al. using arachidonic acid (26). A rapid increase of peroxidation occurred during the 

first min.. foilowed by a stabflization to a high level of peroxidation. The 

phenornenon was not observeci in intact cells. The rate of malondiaidehyde formation 

in intact cells was biphasic and characterized by an Initial rapid phase (as observed 

with membranes or lipids) ltmited to about 30 sec. decreasing thereafter to 55-60 % of 

the maximum value during the following 5 min and reaching a plateau level for the 

further incubation period. 

Spin-Label EPR Measurementg. The &ect of increastng incubation times from O to 30 

min at 20°C of 10 pM Blm and Blm-Fe(1I) complex on the order parameter (S) 

detemiined from spin-labeled KB cells, is shown in Fig. 4B. The data were obtained 

from three independent experiments performed on a e r e n t  days and correspond to S 

values obtained by others (27.28) for cultured ceiis at 20°C using 5-doxyistearic acid as 

the spin label probe. No signiflcant rate dmerence in the order parameter occurred 

between untreated and Blm-metal free treated cells. Over the same range of incubation 

times, the Blm-Fe(I1) complex briefly induced a consistent decrease of the S value for 

the incorporated fatty acid spin probe (Fig. 4). thus indicating an increase in bilayer 

fluidity. In these experiments the accuracy of the reported order parameter is about +- 
0.01 unit. 

Fluorescence Microgra~u. Representative micrographs of DPH staining KB cells at 

various incubation times are shown in Fig. 5. In spite of a strong photobleaching of 

DPH. the following features have been observed on the pictures : the probe appeared to 

be located in the peripheral region of the cells from O to approximately 40 min. Over 

40 min the evolution of the statnLng is well shown. the labeled border line is rnarkedly 

enlarged and at upper time the staining is extended to the whole cell except the 

nucleus. After a labeling period of 20 min we studied the interaction of Blm +- Fe wlth 

the cell for a period that did not exceed 30 min. The change in membrane fluidity 

occuts during the b t  15 min, i.e. &er 35 min of DPH labeling. As the DPH probe is 

essentially located in the periphery of the cell durtng the first 30 minutes. the 

fluorescence polarization data give reliable informations about lipid fluidity of the 

plasma membranes essentially. without any significative contribution of the other 

intemal membrane structures. 

The kinetics of the penetration of the DPH was also monitored by fluorescence 

spectroscopy (Fig. 6). The DPH fluorescence at 418 nm only appears when it was 

incorporated into organized stmcture, no signals corne from the free probe. The 
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Fig, 3 Kinetic study of the effect of 10 pM Blm ( A , O )  and 10 pM Blm-Fe(I1) 

complex ( A ,e) on lipid peroxidation. Peroxidation was assessed by 

fluorescence detection of malondialdehyde adducts (exc : 515 nm, em : 

553 nm) in whole KB cells ( e,  O )  or isolated plasma membranes (A$). 

Fluorescence intensity is given in arbitrary units. Mean values of four 

separate determinations are shown. 

O 10 20 
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Fig.4 : Kinetic study of the effect of 10 p M  Blm (O)  and 10 pM Blm-Fe(I1) 

complex ( ) on the order parameter (S) measured by (A) PF with the 

DPH probe at 37OC and (B) EPR with the 5-doxylstearic acid spin-probe 

at 20°C. The S values are the mean of determinations on four 

separate experiments. S was measured as described in "Materials and 

Methods". 
-" 



Fie.S : Fluorescence microphotographies of DPH-labeled KB cells after 20 min 

(A), 30 min (B), 40 min (C), and 50 min (D) incubation. The original 

magnification was 40 x. In A, B, the fluorescence is observable at the 

periphery of the cells. In C, the great majority is still outside and in D a 

great part of the fluorescence is visible in the cytoplasm. 



Fie.6 : Kinetics of incorporation of DPH (1  PM) in KB cells at 37OC. monitored 

by fluorescence intensity (Xexc : 355 nm). Fluorescence intensity is 

given in arbitrary units. Values are the mean of three experiments. 



measurement of the fluorescence gives account of the penetration of the probe into the 

cell without giving information on the exqct locaïization of the probe in the dlfferent 

compartments of the cell. m e r  20 min of labeiing, more than 70 % of the DPH is 

located in the periphery of the ceii-membrane giving precise and intense 

informations about the interaction of the Bh-Fe cornplex with membrane. 

nce Polarization Measuremm. Fig. 4 .  shows the results of kinetic studies 

of the dect of B h  and BLm-Fe(m complex on the KB cell membrane fluidity measured 

with DPH. Blm-Fe(I1) complex induced a transient fluidization of the membrane. This 

dect reached a maximum wit.hin 10 min incubation and return to the initial value 

after 15 min. A simiiar tfme dependent decrease in poiarization was obtained for each 

set of experiments. No change in fluorescence polarization occurred in KB cells 

incubated in the same conditions but treated with metal-free Blm, or with Fe alone. 

Thus, the two spectroscopic techniques (FP and EPRI reported the same results but 

with Werent intensities. S values obtained by FP experiments performed at 37OC are 

lower than S values measured by EPR at ambient temperature where no strict control 

temperature could be made. These results are in good agreement since the order 

parameter S is know as increasing significanüy with decreasing temperature (25). 

DISCUSSION 

The "fluidity". characteristic of the various parts of the membrane at the 

molecular or submolecular level is usually determined by several spectroscopic 

techniques. In evaluating such studies, it is helpful to remember that these techniques 

may measure primarily either average orientational order or average rate of motion 

and that the definition of fluidity at the molecular level must include both of these 

concepts. Although orientational order (usually expressed as  the order parameter, S) 

and rate of motion (usually expressed a s  a relaxation or correlation time) are 

normaliy inversely related. a simple inverse relationship between two parameters 

may not always exist. For example, changes in the temperature. fatty acid 

composition and cholesterol content of biological membranes generally affect order 

aqd motion in opposite ways (29). 

In this work. the factors cited above which are of great importance have not to 

be taken into consideration since conclusions have been given only by comparison of 

the membrane fluidity in the absence or in the presence of Blm. 

However when critically evaluating EPR and FP spectroscopies for 

measurements of lipid fluidity in biological membranes. the question arises whether 

intrinsic probes (Fig. 1A). nitrcudde fatty acid in the case of EPR and DPH in the case of 



FP spectroscopy, can seriouly perturb the local organization of membrane or not. The 

disadvantage of the EPR and FP techniques lies in the fact that a probe molecule must 

be added to the membrane system, thereafter necessitaüng to be exbremely cautious in 

the interpretation of results. 

It is unlikciy that the effects of Bhn on the mobiUty of the spin label werc the 

result of direct Blm-probe interactions involving the hydrogen bonding 

establishment between the oxy radical and hydrogen donor groups of Blm for 

example. Since such interactions are not possible with diphenylhexatriene used in 

fluorescence polarization studies, the results of EPR and FP experhnents can be taken 

as surely reflecüng a change in membrane fluidity without any reference to some 

lipid-drug interaction. Hence. thls fluidity refers only to the local environment of 

each probe and does not directly indicate the motional properties of native membrane 

constituents. Moreover. these motional parameters do not provide us with lateral 

difiusion coefficients for endogenous lipids or proteins. 

However, knowledge of the location of the probes is necessary for conclusions 

of viscosity to be meaningful. With DPH, for example. a distribution of sites within the 

membranes was described (24.30.31). When experiments are carried out with intact 

cells. an estimation of the distribution pattern of the probe molecules between the 

various cellular membranes is essential for proper interpretation of the fluorescence 

polarization data. DPH. like most other hydrophobie solutes, can passively migrate. 

from one outer membrane to endomembrane and lipid material inside intact cells by 

either partitioning through the aqueous media or by direct contact (32,331. 

High resolution fluorescence microscopy provides a reliable tool for 

estimation of the fluorescence generated from the interior of the cell. Unfortunately 

DPH-labeled cells tend to bleach rapidly (2 1) and up to date photographic recordings of 

the fluorescing cells have only partially been successful(31.34). In our hands, with a 

high concentration in DPH (5 pM) microphotographie pictures (Fig. 5) appeared clear 

enough to follow the distribution of the fluorescent probe and to assure that DPH was 

well located in the cell membrane al over the expertments. 

For the initiation of a lipid oxidation ch-, the appearance of a free radical in 

the membrane lipid phase is essential (35). The main candidate for lipid oxidation 

initiation in the living ce11 is. undoubtedîy, hydroxyl radical which is formed from 

hydrogen peroxide (361. It is well known that in the presence of the system Blm-Fe(I1)- 

02. the superoxide radical generation and consequently the hydroxyl radical 

production take place (37.39) leading to the degradation of DNA (40) and also to lipid 

peroxidation when they are produced in the vicinity of unsaturated fat-& acids (Fig. 3). 

If the respective levels of lipid peroxidation observed with intact cells or isolated 

plasma membrane cannot be directly compared. the kinetics of production are 



difterent, th& king logically arplained. It is likciy that the decrease of production of 

lipid peraxfdes observed with intact cells in one minute incubation is due to the 

stimulation of metabolic processes which could not occur with isolated membranes 

because a complut system involving activators (iron-reducfng system : NADH. 

ascorbate ...) and inhibitors (such as supemdde dismutase-catalase. dutathion 

reductase-thiols ...) regulates lipiâ peroxldation intensity in living cells (35). In 

unïiving systems, such as membranes, no control occurs and the pemxidation process 

increases up to inactivation of the oxid&Qg source or up to complete ellmination of 

poïyumaturated fatty acid residues leading to saturated fatty acids unable to undergo 

peroxldation. 

This lipid peroxidation process modifies numerous physicochemical 

properties of membrane components including phospholipids. The microviscosity of 

the bflayer is enhanced : so, the mobiiity of fatty acid chahs decreases as shown in 

various cases by FP (41.42) or EPR (43.45) in parücular at the level of C10-C12 carbon 

atoms (44). The increase in the viscosity of lipid bilayer can easily be explained by the 

elimination of poiyunsaturated fatty acid residues and the enrichment of the lipid 

phase with satured fatty caids unable to undergo peraxidation. 

Other changes in membrane elements are connected with oxidation of protein 

thiol groups with the formation of disulfide bridges and sulfonic groups and 

consequently protein aggregation. In Our tesüng. it appears that the earliest changes 

in membrane properties are in favor of an increase in the molecular mobiiity of 

lipids. Such a phenomenon was previously observed by Rosen et al. (40) who studied 

human erythrocyte membrane fluidity by EPR spectroscopy. They clearly indicate 

that treatment of spin-labeled ghosts with superaxide anions was followed by an 

increase in membrane fluidity. Howmr. after ucposure of these membranes to anions 

superoxide. the nitraxide spectrum returned to a S value indicaüng a reduction of 

membrane fluidity. It was undoubtedly demonstrated that this decrease was due to the 

presence of hydroxyl radicals inducing a lipid peraxidation. a polymerization of the 

lipid components leading to decreased fluidity and protein mobility. 

Our own results (Fig. 4) are in perfect agreement with these hdings. In a first 

time. superadde anions produced by Bim-Fe complex (37-40) induced a reduction of 

membrane fluidity as shown by both EPR and FP studies. The tendancy was rwersed 

after 8 minutes corresponding to the formation of hydroxyl radicals responsible for 

the perolddation of lipids. 
- - -  Similar results were obtained by Deliconstantinos et al. (46) with the 

anüneoplastic agent doxorubicin which was found to be able to increase the bilayer 

fluidity of dog brain synaptosomal plasma membranes labeled with DPH and also to 

induce lipid peroxidation These authors concluded that the increase in lipid fluidfty 



was "an early key event in brain cytotoxidty induced by doxorubicin" without making 
any relation to superoxide production although oxygenated free radicals were 

consldered as responsable for the toxîcity of the dmg (47). 

In conclusion, the results of the present work obtained by two different 

methods usîng extrhsic probes clearly indicate that interaction of Blm with KB celï 

membranes finds expression in an increase fluidity as a primary event followed in a 

few minutes by a reverse phenornenon. Anion superoxitdes and hydroxyl radicals 

would be responsible for the two steps respectively. Thus. these toxîc oxygenated 

species able to cleave DNA (40) and responsible for the cytotoxic properties of Blm 

(3.4.14) are also able to have a perturbing action at the membrane level. The 

significance of this effect with regard to its therapeutic action remains unclear. 

However. since transformed cells in general have altered membrane fluidity (48) 

modulation of this parameter may be expected to contribute to the action of 

antineoplastic drugs including Blm. The membrane-related properties of Blm could 

explain the side effects of the drug on pulmonary tissue (49.50) and may also 

contribute to the entering and cytotoxicity of coadministered agents leading to a 

potentialization of the antitumor effects (5 1). 
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Les modifications de la structure et/ou de la fonction de la membrane 

plasmique des cellules ne constituent certainement pas la cause principale de 

l'activitç antitumorale de la Blm. Par contre ces effets sont probablement 

responsables de certains d e t s  toxiques de la Blm, en particulier de sa toxicitt 

pulmonaire. 

La Blm perturbe l'action de dîv- protéines enzymatiques comme : 

- les iigases. DNA polymérases et DNases (MULLER & ZAHN, 1977; YAMAKI 

1971). 

- ia tyrosinase (BERND etal.. 1986). 

- la prolyl hydroxylase (TAKEDA m. 1979). 

- les enzymes activité antioxydante : glutathion peroxydase, glutathion 

réductase, catalase. supemxyde dismutase (GiRi a. 1983). 

- l'ATPase (NA+-K+ dependante) (VYSKOCIL a ,  1983) 

- la collagénase (HIRAIWA a, 1983). 

La Blm modiffe également le taux de collagène (GIRI et, 19831 et la synthèse 

prottique. A forte concentration, par action sur l'ARNt (HAIDLE & STEPHEN. 1980). 

Ainsi la bléomycine afllecte en plus de l'ADN un grand nombre de composés 

ceilulaires. Tous ces effets influent à des degrés divers sur les propriétés biologiques de 

la Bhn. 

SO)Activité biologiaue de la Blm, 

La Blrn est un puissant inhibiteur de la multiplication des bactéries (ONISHI & 

A. 1973; SUZUKI &&. 1968). des virus (TAKESHiîA gt ai,, 1974). des champignons 
-- (IQBAL etal., 1976) et surtout des cellules en culture (SUZUKI et, -1968. SAIT0 & 

ANDOH. 1973: RA0 9t al', 1980: MNAMOTO & TERAS- 1986). Les cellules en 

mitose. notamment en phase G2. sont plus sensibles a la Bhn (TWENWMAN. 1984). - - - - - - -  
- -  . 



La Bkn inhibe plus spécifiquement la croissance des cellules cancéreuses que 

celle des cellules saines (CHEN a, 1977). Cette cyt&lectivite serait due à la teneur 

plus faible des cellules tumorales en Blm hydrolase (UMEZAWA, 1974b1, une enzyme 

capable de degrader la Blm (NISHIMURA etaL. 1987: SEBn & LAZO. 1987). Cette 

hypothtse reste néanmoins à verifîcr. 

Les carcinomes cutanés, testiculafns et de la sphère bucco-pharyngée ainsi que 

les lymphomes de Hodgkin sont les cancers où les dgressions les plus nettes sont 

obtenues avec la Bhn (BLUM &&. 1973). Les &ets secondaires sont faibles (alopécie. 

anorexie, nausées. vomissements, fièvre) de sorte que son utilisation est généralisée à 

presque tous les cancers (hormis les tumeurs pulmonaires). 

L'absence de toxicité sanguine. immunosuppressive ou mutagtne vaut à la Blm 

d'etre associée à de tres nombreux protocoles de polychimiothérapie ( SIKIC etal., 
19851. Par exemple : 

- Pour le traitement de la maladie de Hodgkin (caractérisée cliniquement par la 

tuméfaction des ganglions en de nombreux points de l'organisme). l'association 

Doxorubicine-Bléomycine-VinblaStine-Dtca (ABVD) est emcace dans 

92% des cas (taux de rémission complete à 5 ans : 84%) ( BONADONNA & 

SANTORO, 1982). 

- Pour le traitement de lymphomes diaus, la Bim ajoutée à la combinaison 
Cyclophosphamide-Doxorubicine-Vincristine-Prednisone (CHOP) donne de très 

bons résultats (NEWCOMER et al.. 1982). 

La Blm peut complémenter de nombreux médicaments anticancéreux sans 

résistance croisée. Par exemple une culture de cellules tumorales résistantes à la 

vinblastine et la doxorubicine est généralement sensible à la Blm. 

Cependant la Blm n'est pas dénuée de toute toxicité. Dix à qulnze pour cent des 

patients traités par la Bim développent des pneumonies intersticieles. Heureusement 

. celles-ci n'évoluent que rarement (1% des cas) en fibroses interstitielles M u s e s  

fatales (C WPER & HONG, 198 1; MUCGlA &&, 1983: COOPER m. 1986). 

Remamue : cette propriété est utilisée pour l'induction de fibroses expérimentales chez 

l'animal. 

Deux êléments à l'origine de cette toxicité pulmonaire sont avancés : 

1- La forte concentration en oxygène du poumon qui potentiabe les effets 

taxlques de la Blrn WLEDO etal.. 1982: HAY a. 1987) 



2- La faible teneur en Blm hydrolase du tissu pulmonaire (LAZO & 

HUMP-, 1983). 

Enfin la Blm est couramment utilisée en dermatologie pour le traitement du 

psorlasls ou des VuTues bage erctenit). 



II Les modèles synthétiques 

L'utiiisation clinique de la Blm à une très large échelle est essentîe11ement due 

à son eflkacité. son absence de toxicité sanguine (facteur limitant dans l'utilisation 

des autres médicaments anticancéreux) et sa cytosélectivitC pour les cellules 

cancéreuses. Cependant d e  est toujours aàministrée à faible dose du fait de sa tardcité 

pulmonaire. A ce titre, la conception de composés structuralement analogues à la Blm 

s'avère intéressante. Le but serait bien sûr d'élaborer une substance "Blm-iike" non 

toxique sur le plan pulmonaire, tout en conservant I'extreme aptitude de la Blm à 

dégrader l'ADN. 

Si ce principe est séduisant, il n'en reste pas moins complexe à appliquer du fait 

de la structure méme de la Blm. La synthtse de dérivés de poids moléculaire 

"éleve(1000 à 1500) est dimcile. inapplicable à grande échelle et non rentable 

économiquement. si bien que très peu d'équipes se sont engagées sur cette voie. 

SUGIURA etal., ont conçu en 1982 un modèle (PYML-1) mimant la partie 

complexante de la Blm (Figure 20) (SUGIURA et alt, 1982). Des améliorations 

successives de ce modtle ont abouti à l'élaboration d'un "homologue supérieur" (PYML 

6, Figure 20) également apte à complexer les métaux mais aussi à dégrader l'ADN grace 

aux radicaux oxygénés produits in situ (SUGIURA et al.. 1983; UMEZAWA etal., 1984; 

SUGANO et al., 1986; OTSUKA et al., 1986a. 1986b). Dans cette série, les 

pharmacomodulations concernent exclusivement la partie complexante de la Blm. et 

ont permis de "décortiquer" cette fraction sur le plan moléculaire ai311 d'établir tres 

précisément le r6le de chacun des atomes dans la coordination des complexes 

métalliques. 

Parallèlement, au laboratoire. une modélisation de la partie complexante de la 

Blm avait été engagée. Un analogue nommé AMPHIS (Figure 20,HENICHART etal.. 
1982a) a été synthétisé; son aptitude à complexer le cuivre et à produire des radicaux 

libres a été vérifiée (HENICHAKT et alt, 1985a). Mais rapidement la conception 

d'"analogues complets" de la Blm a été envisagée. 



. OM. 

Figure 20 : Structure de la fraction cornplexante de la bléomycine (A) et de ses 

anaiogues synthétiques PYML 1 (B), PYML6 (C) et AMPHIS (D). 

Figure : Stucture de AMBI A2. 



AMPHIS ne dégrade pas l'ADN car les radicaux oxygénes produits par le 

complexe ferreux ne sont pas génCrés directement au contact du desaxyribose. il fut 

donc envisage de lier de manière covalente cette fraction complexante AMPHIS au 

noyau bithiamiique par un bras espaceur de mtme longueur que celui de la Blm. Le 

modèle nommé AMBI-A2 (Figure 2 1) ainsi conçu s'averait apte à dégrader l'ADN mais 

à des concentrations nettement supérieures à celles de la Blm dans les memes 

conditions (KENAM etal.. 1987). ïî apparaissait dès lors indispensable de regrouper 

sur une même molécule non seulement la partie complexante et la partie liant l'ADN, 

mais aussi une fraction glycannique. 

En effet. le disaccharide de la Blm, s'il n'est pas absolument indispensable à la 

complexation du cuivre ou du fer et A la production de radicaux oxygtn6s. intexvient 
dans la stabilisation du complexe ternaire Blm-Fe(19-02. 

Ce disaccharide gulose-mannose permettrait la fomtion d'une poche sous le 

complexe dans laquelle l'oxygène serait protégé et stabilisé. Ces constatations 

ressortent d'une étude comparative de la Blm et de la déglyco-Bh pour leur aptitude à 

complexer les métaux et a produire des radicaux libres (KENANI &&. 19884. 

Tenant compte de cette hypothèse, le modèle AMBI-A2 a été perfectionné par 

l'adjonction d'une fraction monoçaccharidique. Un résidu de glucosamine a été greffé 

par sa fonction amine libre à l'extrémité y-acide d'un résidu glutarnyle. Le modèle 

synthétique appelé AMBIGLU a été élaboré. La synthèse, l'étude de la complexation, de 

la liaison à l'ADN et de la dégradation de l'ADN ont fait l'objet de la publication 

suivante : 

Metal-complexing, DNA-binding and DNA-cleaving properties 

of a synthetic molecule AMBIGLU, a simpllfied mode1 

for the stuciy of bleomycin. 

KENANI A.. BAiLL,Y C., HELBECQUE N.. HOUSSIN R. 

BERNIER J-L.. HENICHAHT J-P. 

Euro~ean Journal of Medicinal Chemistrv 1989 (sous presse). 



Metal-complexîng. DNA-binding and DNA-cleavlng propertics of a synthetic molecule 

AMBIGLU. a sîmpIlfled mode1 for the study of bleomycin. 

ABDEFWUDUF KENANI~ . CH RI^ W Y ~  . NICOLE HEL BEC QUE^ . RAYMOND 
HO US SIN^ , JEAN-LUC BERNIERI and JEAN-PIERRE HENICHAKT~. 

~INSERM U16. 21nstitut de Chimie Pharmaceutique. Universitt de Lüle II. 59045 

L U .  France. 

On the basis of the previous studies on simple synthetic molecules structurally 

related to the anti-tumor drug bleomycin-A2 (BLM-A2). the roles of the main parts of 

the parent compound. a metal-chelating peptide, a DNA-binding heterocycle and a 

protecting activating sugar residue, were delineated. A new synthetic compound. 

AMBIGLU was designed taidng into account these results. The synthesis, the copper- 

chelating properties. the radicals production, the DNA-binding and DNA-cleaving 

ability are described here and compared to those of BLM-A2. 

Bleomycin-like antitumor drug - Synthesis - Metal-chelating properties - Radical 
- .- 

production - DNA-binding - DNA-cleaving ability. -. - - - - - - - --- - 

. - - . - - - - . . - . . - - . . . . -. -. -. . . - - - . . . - . . . - . . . . . . - . . - - . . - 



Recent advances in cancer ce11 biology and in molecular biology aiiow the 

identification of new appropriate targets for chemotherapeutics in the treatrnent of 

cancer. On the other hand, the discovery of natural taxins with a very high 

cytotoxicity may m e a l  campounds with biological cffects pertinent to severe human 

diseases such as cancer. Thus, the rational design of new synthetic dmgs with precise 

action on specific targets can find inspiration from natural products. If the 

mechanhm of action of the parent natural drug is known, by adequate chemical 

modifications of the initial structure. it is possible to optimlze the desired effect and 

to minlmize adverse dects. This approach has been used here starüng from the anti- 

tumor drug bleomycin. 

Bleomycin (fig. 1) is an anti-tumor antibiotic drug isolated from Stre~tomvceg 

Verticillus and employed for the treatment of ïymphomas, squamous celï carcinomas 

and testicular carcinomas (1-3). In fact it is the generic name of closely related natural 

glycopeptides with a common structure. bleomycinic acid. and which differ only in 

the substituent on their heterocyciic unît, bithiazole. 

The biological activity of bleomycin involves two well defined parts of the 

molecule. A metal ion-chelating fraction is able to form a copper(I1) complex which 

has two biological roles : the resistance to the inactivation enzyme and the protection 

against manifestation of the biological activity (4). The same part is able to form with 

iron(I1) and molecular oxygen an active complex which generates free radicals 

responsible for the cleavage of DNA (5.6). On the other hand. a bithiazole contai* 

moiety contributes to the binding of bleomycin to DNA (7). DNA-binding and DNA- 

cleaving are beiieved to be the two essential steps of the cytotoxîc process. 

By the design of synthetic mode1 molecules (8.9). we have delineated the exact 

role of the heterocyciic bithiazole ring of bleomycin in the binding to DNA (10). The 

complexing properties of the pseudopeptide chain have also been studied using a 

synthetic simplified molecule. AMPHIS (1 1) (a. 1). This cornpound was found to fom 

a copper(I1) complex exhibiting ESR parameters substantiaiiy simiïar to those of the 

copper(11)-bleomycin complex and to produce OH' radicals in the presence of iron(I1) 

and oxygen in the sarne conditions as  bleomycin does (12). Simiïar results were 
obtained with a simple synthetic molecule named AMBI-A2, related to BLM-A2 and 

possessing in its structure both simplified complexing and binding parts of BLM-A2 

(13) (fig. 1). This compound has been shown to mimic the chelating and binding 

properties of the parent drug BLM-A2 but to cleave DNA at higher concentration. At 

least, to explain the role of the carbohydrate part of bleomycin we have compared the 



properties of deglycobleomycin (14) and of bleomycin. It can be stated that the gulose- 

mannose part undoubtedly plays a role both în the stabtuzation of iron(I1)-oxygen- 

bleomydn complex and in its activation to produce axygenated free radicals (151. 

On the basis of these results. a mode1 was designed. Taking into account the 

previous observations, th& molecule named AMBIGLU was built by connecting the 

simpiîfied chelating part AMPHIS, the DNA-binding part bithiazole and a 

glucosamine residue to a short spacer, glutamic acid (fig. 1). We report here the 

synthesis. the metal-complexing and DNA-binding properties of the synthetic 

molecule together with the DNA-cleavlng ability compared to those of the parent drug 

bleomycin. 

CHEMISTRY 

AMBIGLU was synthesized by a multi-step strategy (scheme 11. The simplified 

complexing part of BLM (AMPHIS. S) (1 1) was here lînked to the bithiazole ring 11 (9) 

via a glycopeptidic spacer : N-glutamidoglucosamine. This linker part was prepared 

starting from glucosamine hydrochloride W. N-protection of the amine function with 

di-tertio-butyldicarbonate led to the terbutyloxycarbonyl derivative 0. acetylation of 

hydroxyl groups with acetic anhydride gave the fully protected sugar & Cleavage of the 

BOC group with dry hydrogen chlorlde in acetic acid gave the desired compound Lwith 

a 86 % yield. Coupling of the primary amine 4 with the a-protected glutamic acid 

derivative 5. in the presence of dicyclohexylcarbodiimide (DCC) and 1H- 

hydroxybenzotriazole (HOBt). afforded the amine 5 after colurnn chromatography. 

After cleavage of the BOC-protecting group in trifluoroacetic medium. the amino- 

glucidic unit Z was coupled to compound using the mixed anhydride method. The 

resulting benzyl ester Q was converted into the acid by saponification. This 

reaction conducted in MeOH and aqueous sodium hydroxyde during two days 

furnished the deacetylated acid Ip in a 53 % yield. This free acid was coupled to the 

bithiamle moiety U using a classical DCC-HOBt procedure. Pure 12 was isolated by 

careful flash-chromatography. 

The last step consisted in removal of the protecting groups by hydrobromic 

acid in acetic acid medium. The final compound was dissolved in water. After 

extraction with ethyl acetate. the aqueous layer was lyophilized to give AMBIGLU as a 

white powder. 
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$&me 1 : Synthesis of AMBIGLU. 
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Cuml Com~lexes : The ESR spectrum of AMBIGLU-Cu0 looks like the one exhibited 

by BLM-A~-CU(II). Parameters values (9//:2.20, g,:2.05. A//: 177G) are quite similar to 

those of BLM-A2-Cu0 and AMPHIS-Cu(1I). 

-: The air axldation of AMBIGLU-Fe(II) @es rise to the formation of an 

OH. radical addud with PBN spin-trap, well characterized by the comesponding ESR 

spectnun : triplet of doublet with a g factor of 2.006 and aN =15.3 G. These values are 

identical to those found by Harbour u ( 2 2 ) .  

Fme radical production in the presence of (il BLM-Fe@)-02 (5.23). (ii) AMPHIS- 

Fe(I1)-02 (12) and (iii) AMBI-A2 -Fe(II)-02 (13) has been obsexved in similar conditions. 

The present results indicate that the spin density is signiflcantly higher for radicals 

produced in the presence of AMBIGLU compared to the order analogues. Nevertheless, 

it is lower than those produced by BLM-A2 (flg.2). 

DNA unwindina : The efllect of AMBIGLU on the superheiicity of a modified pBR 322 

plasmid has been followed by vfscometry experiments. It yields the characteristic 

rise-and-fail response. reflecting removal and reversal of the supercoiling. However. 

reversal of the supercoiling produced by AMBIGLU is not so pronounced as  in the case 

of ethidium bromide. This can be due to the fact that AMBIGLU binds DNA by Werent 

mechanisms including intercalation. Measurement of the length increase of the DNA 

h e h  can help in elucidating these mechanisms. At the maximum of the cuve (flg. 3). 

when the DNA was completely relaxed. which is hydrodynamically equivalent to 

nicked circular DNA, the reduced viscosity indicates an apparent unwinding angle of 

12.7'. This value is quite sfmtlar to those obtained for BLM-A2 and AMBI-A2 (13) and 

can be thought to rdect a similar DNA binding mode. 

Helfx: The change in contour length (from Lo to L) has been related to the 

change in intrinsic vfscositles (from [qo] to [q]) of the free and complexed DNA (24). 

The data are directly transforrned from flow times to values for the relative contour 

length using the expression L / b  = (tc-to/tD-to) l I3 where L is the contour length in the 

presence of dmg. is the contour length of free DNA, is the flow time for the 

complex, t~ is the flow time for pure DNA. and to is the flow time for buffer at a given 

total volume. 

On the opposite to BLM-A2 and AMBI-As, which decrease the DNA contour 

length (10, 13). AMBIGLU induces a linear increase in DNA length (0.82 A). 



Fieure 2 : ESR spin-trapping by phenyl-N-t-butyl-nitrone in the presence of BLM- 
A~-Fe(iï)-@ (A), AMBIGLU-Fe(U)-02 (B) and AMBI-A2-Fe(U)-@ (C) 

complexes at 10 rnM concentration. ESR spectra consist of triplet of 
doublet with a g factor of 2.006 and aN : 15.3 G. 

Fieure 3 : DNA unwinding produced by AMBIGLU (4, compared to the one 

observed for ethidium bromide (4. (DNA : 150 ph4.0.01 SHE bder). 



DNA c l e a v a :  The extent of mono- and double-strand degradation of pBR 322. 

induced by BLM-A2, AMBI-A2 and AMBIGLU was visualized by agarose gel 

electrophoresis. As fflustrated in fig.4a. incubation with BLM-A2 produces much 

more double-strand degradation of the plasmid than AMBIGLU does. 

The DNA break produdion (forms II and III) was analysed by densltomeûy of 

the gel electrophoretk pattern shown in Fig.4a and of fîw other expulments (Fig. 4b). 

The densitometric scanning result shows that with 0.1 pM Blm-Fe(II), about 85 % of 

the covalentiy closed supercoiled (form I) pBR 322 DNA was converted to form II. Then, 

with increasing concentration of Blm-FeN 1 to 5 @A, linear double strand DNA (form 

III) became the major form, leading to a complete degradation of the DNA with 5 pM 

(fig. 4a. lane C). In contrast, both synthetic models AMBI-A2 and AMBIGLU caused 

DNA degradation basicaily by single-strand breakage (fig. 4a, lane E-F). As shown in 

fig. 4b, gradua1 shift appeared in the production of fom U to reach a maximum near 2 

W. The higher DNA cleaving capacity of AMBIGLU compared to AMBI-A2 was clearly 

demonstrated when we compared the production of form m. At 10 pl. only 10 % form 

111 DNA was obtained with AMBI-A2-Fe@), in contrast to AMBIGLU-Fe(II) for which 

10 pM produced about 45 % fom III DNA. 

On the bas& of ESR data. the synthetic mode1 AMBIGLU was found to chelate 

cupric ions in the same conditions as bleomycin does. The ESR parameters similar to 

those exhibited by the spectra of AMPHIS-Cu(II), AMBI-A2-Cu(I1) and BLM-Cu(I1) 

complexes are in favour of a square-pyramidal coordination geometry (fîg. 51. 

The copper lgands are undoubtedly the EF and Na of the histidyl residue. the 

heterocycîic N atom of the pyridine ring. the N atom of the secondary amine. these 

four atoms forming a square plane, and the primary amine N of the side chain as an 

apical ligand. 

The major structural difference between AMBIGLU and AMBI-A2 fs the 

presence of a glucosamine residue in the structure of the former. It was reasonable to 

expect slight differences In the ESR parameters between AMBIGLU-CuQI) and AMBI- 

A2-Cu(II1-complexes spectra as  observed between ESR parameters of BLM-A2 and 

deglyco-BLM-A2 (15). In the case of the parent drug and its aglycon. these differences 

were analyzed in terms of a Jahn-Teller effect : in the absence of the sugar part. a 

modification of the Cu(1I) complex structure occurs with a displacement of the Cu(I1) 

center out of the plane towards the fifth &and. Such a modifîcation of the geometry of 

copper complex was not observed by cornparison between AMBIGLU and AMBI-A2. It 



Ffeure 4 : al Agarose (1%) gel electrophoretk patterns of ethidium brornide-stained 

pBR 322 DNA &er treatment with AMBI-A2-Fe(I1) complex (lanes D-E) . 
AMBIGLU-Fe(I1) complex (lane F-H) and control (lanes A-Cl. DNA 

migrated from top to bottom in order of decreasing distance of form 1. 

form III and form II DNAs. Lane A : untreated DNA. Lanes B,C : 0.1. 5 pM 

Bh-Fe(ii). Lanes D,E : 10, 1 pl4 AMBI-A~-Fe(ii). Lanes F,G,H : 1. 5, 10 pM 

AMBIGLU-Fe(I1). 

b) Percentage distribution of DNA confornational isomers 

&er treatrnent with increasing concentrations of B h  P..) AMBI-A2 ( 0 . W )  

and AMBIGLU O. Open and iUed symbols represent respecüvely the 

fonns II and III DNAs. Control experiments with Fe@) only have been 

made and are not reported hem. 



Ffmue 8 : ESR spectrum and structure of AMBIGLU-Cu(I1) cornplex. 

Fiéure 6 : A proposa1 for AMBIGLU-DNA interaction. 



can be envisaged that in the parent drug the sugar part gulose-mannose plays a role 

much more important due to the bulky character of the disaccharide. 

Howevcr, the glucosaminyl group has been demonstrated to be a key element in 

the stabilization of the te- complex AMBIGLU-FeUD-02 and consequently in the 

activation of the molecular axygen. The glucosaminyl residue could form a protectbg 

pocket in the surrounding of the -en molecule. The presence on the sugar structure 

of several hydnucyl groups could explain the establishment of hydrogen bondings 

with m e n  and its activation. The enhanced production of fret radicals by AMBIGLU 
compared to the* formation in the presence of AMBI-A2 is demonstrative on this 

point. 

Moreover. the DNA strands breakage induced by AMBIGLU was found more 

effective than by AMBI-A2. This result confixms the role that the glucosamine residue 

plays in the stabilîzation of the complex and in the activation of molecular oxygen. 

Concerning the mode of binding of AMBIGLU, a partial intercalation of the 

bithiazole moiety between the base pairs of DNA can be advanced on the basis of 

viscometry data (fig. 6). 

These results demonstrate the importance of the tenninal amine in the BLM- 
DNA binding and confirm previous studies indicating that the interaction of BLM-A2, 

and probably of AMBI-A2, with DNA involved primarily the cationic terminus of the 

drug. AMBIGLU. which lacks the tenninal amine cannot establish ionic bonds with 

the phosphate backbone of the nucleic acid. 

Thus, AMBIGLU which possesses in its structure the main parts necessary to a 

BLM-like activity. i.e. a pseudopeptide chelating part and a heterocycIic DNA-binding 

part, appears to be an acceptable mode1 for the design of further medicinal drugs. This 

study c o n h s  previous results (13) leading to the conclusion that to have a DNA- 

cleavage actMty comparable to that of BLM. both binding and complexing parts are 

required on the same molecule. In addition. the presence of a glucosamine residue in 

AMBIGLU enhances its DNA breakage abiiity relative to other models which do not 

contain an osidic part. Therefore the role of the sugar part in the activation of oxygen 

and production of free radicals can be proposed confirming the hypotheses previously 

advanced by the comparative study of BLM and de-BLM (15). 



- General : The IR spectra were obtained on a Perkfn-Elmcr 177 spectro 

photometer, using KBr peilets. 1~-NMR spectra were recorded on a Brucker WP 80 SY 

or on a Brucker AM 400 WB spectrophotometers. Chernical sh- are reported in ppm 

from tetramethyisilane as  an interna1 standard and are aven in 8 units. EI mass 

spectra were recorded on a Ribennag R1O.10 (combined with Riber 400 data system) 

mass spectrophotometer at  70 eV by using direct insertion. FAB mass spectra were 

determined on a Kratos MS-50 RF mass spectrometer arranged in an EBE geometry. 

The sarnple was bombarded using a beam of xenon with a kinetic energy of 7 keV. The 

mass spectrometer was operated at 8 KV acceleraüng voltage with a mass resolution of 

3000. Thin layer chromatography W) was t.xmled out using silica gel 60F-254 Merck 

(0.25 mm thiW precoated UV-sensitive plates, generally in soivent system A (CHC13- 

MeOH. 80 : 20 (v/v) in a satured NH3 atmosphere). Spots were visualized by inspection 

under U.V. light at 254 nm and after exposure to vaporized 12 and/or ninhydrin. 

Kieselgel60 (230-400 mesh) of Merck was used for chromatography. 

2-deaxy-2[[( 1.1-dimethylethoxy)carbonyl]aminol-D-glucopo (2) 

A solution of glucosamine hydrochloride _b (6 g. 27.8 mmol. Aldrich) in 1.4 

diaxane-Hz0 (2/ 1, vx. 200 ml). adjusted to pH 9 with dilute NaOH. was treated with di- 

tert-butyldicarbonate (5.73 g, 27.8 mmol) for 4 h. After removal of dioxane and 

acidification to pH 3 with dflute HCl. the N-protected sugar 2 precipitated as a white 

powder with a 87 % yield. mp: 186°C. litt. 191°C (16) ; Rf(pyridine/ethyl acetate/acetic 

acid/H~O. 5/5/1/3, m x v )  : 0.82 ; IRv 1690 (BOC) cm-l ; ~ H - N M R ~ O  MHz(M~S0-ci6 ) S 

1.45 (s, 9H, (CH&), 3.15-3.45 (m. H2, Hq, Hg, Hd. 4.30 (m. H3). 4.95 (d, 1H. H 1). 6.0 (m. 

1H. NHI ; [alD18 : +20.3O(c 0.1. C-OH), litt. [ a l ~ ~ O  : +65.5 (c 1. CH30Hl (16) ; MS-m/e 

279 (M+) ; Anal. Calcd for Cl4 H21 N 07 : C, 47.3 ; H, 7.5 ; N 5.0 ; Found : C, 46.5 ; H, 7.5 ; 

N. 4.5. 

1.3.4.6-tetra-O-acetyl-2-deoxy-2[[(l. 1-dimethylethoxy)carbonyl]amino]-D- 

glucopyranose 

50 ml of acetic anhydride were slowly added to a solution of 2 (6.8 g, 24 mmol) 

in dry pyridine (50 ml). After stirring for 18 h at room temperature. the solution was 

evaporated in vacuo, the slurry residue was then dissolved in ethyl acetate and the 

starting material was extracted with water. The organlc layer was dried, and 

evaporated. Compound Q was obtained as a white powder with a 97 % yield. mp : 59°C ; 



Rf [A) : 0.87 ; IRv 2990 O. 1760 (CO), 1700 (O-CO). 1240 (m CH$ cm-l; IH-NMR 80 

m e 2 -  6 1.36 (S. 9H, (CH&), 1.93, 1.98.2.02.2.14 (As, 12H* 4CO-CH3)* 3.95 (m. 

2H, HZ-Hg), 4.05 (m. 2HSIg). 5.05 (m. W. H3-Hq), 5.98 (4 1H, Hl, J : 5.45 Hz). 6.95 (d, 1H. 

~ 1 9 . 1  HzJ; [a]~17.5: +18.1°(c0.1. (XQOIi):MSm/e447(M+):Ad. CalcdforCigH29 

N0~~:C.51.0;H,6.5:N,3.1;Found:C.51.0;H.6.6:N,2.9. 

2-amino-2-deoxy- 1,3.4,6-tetra-O-acetyla-D-gluco~ose-hydrochlorlde -0 
A solution of 3 in 1.4 dimane was flushed with dry HCl. After 30 min stining, 

remwai of the solvent l& the crude amine 4. This compound was recrystallized from 

ethanol to givc a white powder ; mp : 17WC ; 86% yield ; Rf (A) : 0.66 ; IR v 2800-3000 

(broad, NH3+). 1740- 1770 (CO). 1240 (acetyl CH3) cm-l ; IH-NMR 80 MHz(Me2SO-ci6) 6 

1.94, 1.97.2.04.2.19 (49, 12H. 4420-CH& 3.77 (m, 2H. H2-Hg), 4.08 (m, 2H, Hd, 5.19 (m. 

2H. H3-Hq), 6.29 (d, lH, Hl, J : 5.45 Hz). 8.94 (m. 3H. NH3+) ; [alD17a5 : +lO.1° (c O. 1, 

CH30H). litt. [alD2 : 29.7" (water) (17) ; MSm/e 347 (M+) ; Anal. Calcd for C 14 H22 NO9 

Cl:C,43.8;H,5.7;H,3.6;Faund:C,44.l;H.5.7;H.3. 

1.3.4.6-tetra-O-acetyl-2-deoxy-2[(N-te@ a-benzylesterl- 

D-glucopyranose (6) 

A solution of a-benzyl tert-butyloxycarbonylglutamate a (2.72 g. 8.06 mmol. 

Serva) in anhydrous CH2 Cl2 (100 ml) was cooled to O°C and dicyclohexy1carbodiLmtde 

(1.82 g. 8.87 mmol) and 1H-hydroxy-1. 2. 3-benzotriazole hemihydrate (1.35 g. 8.87 

mrnol) in 10 ml of CH2Cl2 were added. After 1 h 30, a cooled (0°C) solution of 4 (3.09 g. 

8.06 mmol) in 30 ml of CH2Cl2 containing triethylarnine (1.12 ml, 8.06 mmol) was 

added. The mixture was stirred at O°C for 2 h and ailowed to rise to m m  temperature ; 

stirring was conünued for 10 h. The precipitated dicyclohexylurea was collected and 

the CH2Cl2 solution was washed successfvely with 30 ml of 1N HCl. H20 and 1M 

NaHC03. After drying over Na2S04, the solvent was removed in vacuo. The remaining 

dicyclohexylurea was discarded by precipitation with acetone. The residue obtained 

after evaporation of the solvent was thoroughly triturated with diethylether. The 

yield of crude. chromatographically pure product obtained as a white powder was 3.65 

g (68 % yield). mp : 184OC ; Rf (A] : 0.91 ; IR v 2980 (NH), 1740 (CO). 1690 (OCO), 1670 

(CONH). 1220 (acetyl CH$ cm-l ; IH-NMR 400MHz(Me2SO-dg) 6 1.38 (S. 9H. (CH3)3), 

1.91. 1.97.2.01.2.15 (4s. 12H. 4CO-CH3). 3.95 (m. 2H, H5-HZ). 4.16 (m. 2H. Hd, 4.25 (m. 

lH, aCH). 4.98 (m. 1H. H3). 5.12 (m. 2H. CH2Bzl). 5.15 (m. 1H. Hq). 5.93 (d. 1H. Hl). 7.25 

(1H. NH-CO). 7.34 (S. 5H. aromatic). 7.98 (m. lH, NHCO). [a]D17-8 : +4.4 (c 0.1, CHC13) ; 

Anal. CalcdforC31 H42 N2 014: C. 55.8; H. 6.3 ; N. 4.2 ; Found: C. 55.0; H. 6.5 ; H. 4.5. 



1,3,4,6-tetra-O-acetyl-2-dearrry-2(glutamamido a-benzyl ester)-D-gluco pyranose (Z) 

The t-BOC protected amine fi (1 g. 1.5 mmol) was deprotected with pure TFA (10 

ml) to gfve the corresponding frec amine Lin a good yield (> 85 96). After 1 h sttrring. 

the ~ c e s s  of TFA was evaporated and the residue was diluted with absolute ethanol(30 

ml1 befon evaporation of the soivent. This procedure was repeated three m e s  and 

resulted in the complete elimination of TFA After thorough drying is necessary to 

elhinate the retained ethanol - the resulüng (hygroscopic powder. 0.95 g, 92 %) is 

quite suitable for the next reaction mp : 53OC : i?fW : 0.82 ; IR v 3200-3600 (broad, NH), 
1750 (CO). 1660 (CONH). 1220 (CH3) cm-l : FAB-MS : 567 (M++ 1) : Anal. Calcd for C28 

H35N2014F3: C, 49.4: H. 5.2: N, 4.1 ; Found: C,482;H,5.4;H,4.1. 

2-[N-[2-[tert-buty1'oxycarbonylamino) -ethyl] -N-(benzyloxycarbony1)-aminomethy1)- 

pyridine-6-carboxyl-N-~-(benzyloxycarbonyl)-histidyl-y-[(tetra-O-acetyl)- 

glucosamlnyl]-glutamic acid a-benzyl ester (9) 

To 0.44 g (0.55 mmol) of 8 (N-BOC. N-2. N-AMPHIS see ref. 1 1) dissolved in 10 

ml of dimethyifonnamide at -15OC were added 73 ml of isobutylchloroformate (0.55 

mM) and 61 pi of N-methylmorphoiine (0.55 mM). The solution was vigorously stirred 

for 30 min at - 15OC before adding 374 mg (0.55 mM) of Z and 61 pl of N- 

methylmorpholine (0.55 mM) in 10 ml of dimethyifomarnide. The solution was 

stirred for 15 min at - 15OC and overnight at room temperature. Solvent was then 

evaporated in vacuo (below 50°C). The residue was dissolved in CH2C12(100 ml) and the 

solution washed successlvely with 1N HCl. H2O. 1M NaHC03 and saturated aqueous 

NaCl and drled over Na2S04. The solvent was then evaporated to dryness and the 

desired product obtained as a grey powder. 67 % yield, WTA] : 0.95 ; IR v 2980 (NH), 1760 

(CO). 1680 (OCO), 1220- 1250 (CH3 acetyll cm-l ; FAB-MS : 1 108 (M+-2). 

2-[N-[-2(tert-butyloxycarbonylaminol-ethyl]-N-(benzyloxycarbonyl)-aminomethyl)- 

pyrldine-6-carboxyl-N-x-(benzyloxycarbonyl)-histidyl-y-[(tetra-O-acetyl)- 

glucosaminyl] -glutamic acid I10) 

The benzyl ester 3 (0.2 g. 0.16 rnmol) was saponifîed in the presence of aqueous 

sodium hydroxide in methanol for 48 h at room temperature. After acidification, 

evaporation of the solvent. trituration in hot absolute ethanol. elimination of sodium 

chloride by filtration and evaporation of the solvent. the resulting residue was 

identiffed as the deacetylated acid n: 53 % yield, Rf W : O ; 1~-NMR (MgSO-dg) 6 1.4 

(CH3). 2.9-4.1 (m. CH2). 4.25-5.3 (m. aCH. CH-carbohydrate), 6.5 (m. CH2-histidyl). 7.2 



(m. NH), 7.35 (S. CH-benyl), 7.5-8.4 (m. CH-pyridyl, CH-imidazol, NH); FAB-MS : 991 

(M++ 1, Fm+), 989 (M+- 1. FAB-). 

Methyl 2'-[2-[N-[2-(tert-buty1axy~arbonylamino)-e~yll-N-~~l~-c~bonyl)- 

arninomethyl] -pyrfdine-6-carboxyl-N-z-(benzyloxycarbonyl) -hlstidyl- 

(glucosaminyl)-glutamyl-(2-aminoethyl)l-2,4'-bithiazole-4-carboxylate U2) 

The acid Ur (50 mg. 0.05 mm011 was coupled to methyl 2'-aminoethyl-2-4'- 

bithiamle-4-carboxylate U (18 mg, 0.05 mmol, set ref 9) using DCC and HOBt as  

describeci for 6. The protected compound was purlned by flash-chromatography in 

the system solvent CH2C12/methanol. 95:5 (v/v). White powder. 46 % yield. Rfo : 
0.71; Fm-MS : 1242 (M++ 1). 

Methyl [ 2 ' - I 2 - ( 2 - a m i n o e t h y l ) - a m i n o m e t h y l l - p y r i d  

(glucosaminyl)-glutamyl-2-(aminoethyl)]-2.4'-bithiazole-4-carbo~late 

trihydrobromide (AMBIGLU) 

A solution of 12 (30 mg, 0.024 mmol) in acetic acid (5 ml) saturated by 

bromhydric acid was stirred for 15 min and waporated to dryness. The cmde residue 

is dissoked several times in ethanol and evaporated to assume complete elimination 

of the HBr. The finai product was then dissolved in water. extracted twice with ethyl 

acetate and CH2Cl2. Final lyophilisation of the aqueous layer afforded AMBIGLU as a 

white powder. 73 % yield. Rfo : O; IH-NMR (MgSO-dg) 6 2.85-4.1 (m. CH2). 4.24-5.5 

(m. aCH, CH-carbohydrate), 6.5 (m. CHp-histidyl), 7.2-8.8 (m. CH-pyridyl. CH- 

imidazol, NH) ; FAB-MS : (M++l). 

ESR measurementg 

ESR measurements were recorded on a Varian E- 109 X-band spectrometer with 

a dual cavity operating in the TE 104 mode. A 100 kHz high frequency modulation 

with a maximum amplitude of 8 gauss was used with a 10 mW microwave power and g 

values were detennhed from a-a'-diphenyl-p- piqihydrazyl (g = 2.0036). For the spin 

trapping experiments. we used a cavity operating in the TM 110 mode with a 
maximum modulation amplitude of one gauss. 

- Cu(Il) complexes 

Bleomycin-A2-Cu(I1) and AMBIGLU-Cu(I1) complexes were prepared by adding 

cupric perchlorate 10-3 M to a pH 6.9 phosphate buffer containing the drugs in a 1: 1 

ratio, or by adding NaOH to aqueous solutions of the drugs and the cupric ion. The 



samples were disposed into a 3 millimeters diameter cylindrtcal quartz tube. ESR 

ana&scs were conducted at 77K on glycerol glasses. 

-Spin-trapping technique 

The technique of spin-trapping makes use of diamagnetic spin traps which 

read with free radlcais giving rise to relatfvely more stable ESR-observable fret 

radicals. Phenyl N-t-butyl-nitrone (PBN) (181 was used to detect the production of OH. 

radicals. The reaction mixture for spin-trapping experirnents consisted of 1:l 

bleomycin-A2-Fe(II), or 1: 1 AMBIGLU-Fe(IB complexes (10 mM in aqueous solutfonl 

and PBN (80 mM ethanolie solution) in bdered solution at pH 6.9 Oxygen was bubbled 

through the mixture : an aiiquot for the sample solution was rapidly tmnsferred to the 

quartz flat ce11 and the spectnim recorded. 

Control experlrnents were made to be sure that ESR spectra neither resulted 

from nitrone spin trap alone. nor from the separate addition of Fe(I1) or drugs. 

-Unwinding studies using closed-circular DNA (plasmid pBR 322 containing 

fragments of adenovirus) were performed essentially as previously described (19.20) 

using a Ubbelohde semi micro dilution viscometer. Temperature was maintained at 

25+-O.Ol°C in a thermostatically controlled water bath. Flow times were 

electronically measured to an accuracy of 0.1 s (Schott ABS/G type detector). The 

viscorneter contained 2.0 ml of a 150 pM solution of DNA AMBIGLU was added in 

increments of 5-10 pl from a stock solution (c = 150 pMl. Ethidium bromide was used as 

reference, inducing an unwinding angle of 26' (2 1). 

- For the helical lengthening measurements, caif thymus DNA was reduced to rod-like 

species with a French press and experirnents were done in 0.01 SHE buffer (9.4 mM 

NaC1/2mM HEPES/ lOmM EDTA buffer. pH 7.0). Solutions were fiitered through 0.45 

pm MiIlipore filters before measurements. The viscometer contained 2.0 ml of a 500 

pM solution of DNA. AMBIGLU was added in increments of 5-10 pl from a stock 

solution (c : 3m.M). 

DNA deeradation 

Single-strand and/or double-strand DNA breaks were v i s u a h d  by the use of 

supercoiled DNA (form 1). The appearence of relaxed circular DNA (fom II) and open 



linear DNA (fonn III). with either BLM-A2. AMBI-A2 or AMBIGLU was observed on a 1 

% agarose gel, containing 0.5 pg/ml of ethidium bromide. 

Plasmid pBR 322 was incubated in 50 mM Ms-HCl, pH 8.0 b d e r  containing 10 

mM 2-mercaptoethanol. Fe(NH4)2(S04)2. 6H20 was added in the same final 

concentration as the product. m e r  20 mln at room temperature, the reaction was 

temiinated with the addition of EDTA 2.5 mM ; 5 pl of 0.01 % bromophenol blue were 

added to the reaction mixture (50 pi). Agarose eledrophoresis was performed in TBE 

b d e r  at 5V/m for 6 hours and examined under a 254 nm W light. The negative ntms 
of gels were used for densitometric scannings. 

The authors are indebted to the Fédération Nationale des Centres de Lutte 

contre le Cancer and the Insitut National de la Santé et de la Recherche Médicale for 

financial support. 
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Avec ce modèle AMBIGLU. le but physicochimique que nous nous étions fixé. à 

savoir mimer le mode d'action de la Blm, était atteint. Mais l'activité 

pharmacologique est restée discrète. Une statégle nouvelle firt alors envîsagee. 

2 O )  Les modèles hybrides : bléomycine-aniiinoamino-9 acridine, 

En 1975. Bearden et Haidle démontraient que la dégradation de l'ADN induite 

par la Blm était potentiaiisée par la présence d'intercalants comme le bromure 

d'ethidium, l'actinomycine ou un  dérivé de l'acridine : la proflavine. il fut par la suite 

mis en évidence que les changements de conformation de l'ADN induits par 

l'intercalation permettent une meilleure liaison de la Blm sa cible. (AGOSTINO et alL. 

1984). 

L'amplification est observée avec des composés cationiques polyaromatiques 

intercalants (GRIGG et alL. 1984) mais également avec des non intercalants. 

Strekowski et al.. ont montré qu'il existait une relation étroite entre l'aptitude de ces 

composés à modifier la structure tertiaire de l'ADN et leur capacité à potentiaïiser la 

coupure d'ADN induite par la Blm. En générai, plus la structure de l'ADN est perturbée. 

plus l'amplification est importante (SiREK0WSK.ï etai.. 1986, 1987, 1988a). 

L'association covalente Blm-intercalant, se révélait ainsi parfaitement 

justifiée. En ce qui concerne l'intercalant. le chromophore anflinoacridine a été 

logiquement choisi compte tenu d'une part de la bonne connaissance de son 

mécanisme de liaison à l'ADN (HEMCHART gt alL, 1982b) et d'autre part d'une étude 

menée également au laboratoire démontrant le r&le catalytique exercé par la Blm sur 

l'oxydation de l'arnsacrine (le dérivé actif de l'anilinoamino-9 acridine)(BERNIER 

A. 1986b). 

La fraction complexante AMPHIS n'a pas été changée car elle répondait 

parfaitement aux hypothèses posées initialement. d'autant plus que ce modèle 

synthétique avait été repris avec succès par l'équipe de S. Hecht aux Etats-Unis 

(KILKUSKIE u. 1985). 



AMPHIS a tté greffé au fragment intercalant anilhoamino-9 acridine. Dans 

un premier temps, des bras espaceurs linéaires du type yamino-butyrylglycyle (ou 

Gaba-Gly) ou ramifies du type (N-morpholino-3 propy1amino)-y glutamylglycyle ont 

semi de lien entre les deux fragments complexant et intercalant. 

Les deux composés AGGA (pour Amphis-Gaba-Gly-Aniiinoaminoacrldine) et 

AGAMGA (pour Amphis-Glu(Aminopropyl-Morpho~e)-Gly-Anilinoaminoacridine) 

ont éti5 étudiés. Ce travail a ett publie : 

article n07 : 

Design of.two metal-chelating, DNA-binding models : molecular combinations of 

bleomycin and amsacrine antitumour drugs. 
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Design of two metal-chelating, QNA-binding 
models: molecular combinations of bleomycin and 
amsacrine anti-tumour drugs 

C. Bailly1, J.L. Bernier', R. Houssin2, N. Helbecquel & J.P. Hénichart' 
'INSERM U16, Département & Biochimie, place de Verdun, 59045 LiUe, and 21nstitut de Chimie 
Pharmaceutique, Faculté de PhannaEu, rue Laguesse, 59085 LiUe, France 

Summuy In the course of studies on bleomycin, we recently showed that the bithiimle 
ring is a poor intercaiator into DNA. Therdore we have designed new models, rcplacing this 
heterocydic moiety by an aniiinoacridine ring in orcier to increase the affinity for DNA. This 
work presents results obtained for two model compounds showing (i) that the anüllioacrid- 
ine nucleus leads to a good stabilization of the DNA helix, and (ii) that the presence of a 
bulky group near the complexing part of blcomycin is essential to the activation of molecular 
oxygen- 

The bleomycins are a group of glycopeptide 
anti-tumour dmgs used in the treatment of 
Hodglun's lymphoma, carcinomas of the 
skin, head, ne&, and tumours of the testis 
(Carter, 1978, 1985; Cmoke, 1978). Many 
studies have been devoted to the mode of 
action of bleomycin. A pseudo-peptidic part 
of the molecule is able to combine with 
iron(II) and molecular oxygen to form an 
active complex responsible for the deavage 
of DNA (Sausville et al., 1978; Oppenheimer 
et al., 1979; Burger et al., 1981; Giloni et al., 
1981). A bithiazole-containing moiety con- 
tributes to the binding of bleomycin to 
DNA (Chien et al., 1977; Povirk et al., 1979; 
Chen et al., 1980). 

On account of the coplanarity of the 
bithiazole rings, model studies (Miller et al., 
1985) and spectroscopie measurements 
(Chien et al., 1977; Lin & Grohan,  1981) 
are in favour of an intedative binding 
process. We have recently proposed a 
binding model involving a partial insertion 
of one thiazole ring which wedges in 
between DNA base pairs. This non- 
intercalative binding mode has been establ- 
ished on the basis of thermal denaturation 

--- 

Correspondence: J.P. Hénichart 
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data and viscometry experiments (Hénichart 
et al., 1985). 

Moreover, in order to improve the full 
stacking interaction with the bases, we have 
replaced the bithiazole ring with a con- 
densed heterocycle, namely, a tri- 
azolothiazolylthiazole, with the intention of 
inducing a more extended electronic n- 
cioud. The binding of this compound to 
DNA is characterized by helix extension 
and DNA unwinding in accordance with 
the properties of a classical intercalator 
(Houssin et al., 1986). 

We report here the design, synthesis, 
DNA binding and chelating properties 
of new model compounds inciurfing a 
simplified complexing part of bleomycin 
named AMPHiS (methyl 2-(2-aminoethy1)- 
aminomethyl - pyridine - 6 - carboxylhistidin - 
ate, Hénichart et al., 1982a) and a more 
potent intercalative moiety involving the 9- 
anilinoacridine ring linked by a peptide 
chah structurally related to the aliphatic 
d a i n  of bleomycin. The f h t  pmduct 
synthesized in this series possesses a GABA 
(y-aminobutyric aad)-Gly aliphatic drain 
and will be abbreviated as AGGA, i.e. 
[[(amino - 2 - ethyl) - 2 - aminomethyl] - 2 - pyri- 
dine - 6 - carboxylhistidyl - amino - 4 - butysrl - 
glycylamino] -4 - phenyl- 1 - amino - 9- acridine 

@ The Macmillan Press Ltd, 1987 
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(Figure 1). The other derivative whiCh 
will be reported here, AGAMGA (Figure 
2), has a hydmphilic (N-mo'phoiino-3-pro- 
py1ami.o)- y -@utamylglycyl linking Chain. 
The choice of 9-anilinoaaidine in replace- 
ment of the bithiazole ring of bleomy- 
cin is due to the fact that anilinoaaidines 
have been reported to exhibit a high ex- 
perimental anti-tumour activity (Cain & 
Atwell, 1974) and one of the derivatives of 

the series, m-AMSA (amsaaine), has been 
found to be an active anti-leukaemia drug 
(Arlin et ai., 1980; Baguley, 1984). Anilino- 
aaidine binds to DNA by intercalation of 
the acridine moiety (Waring, 1976) and 
location of the anilino group in the minor 
groaw of the DNA double helix (Wilson et 
al., 1981). Attempting to take advantage of 
the proven specifiaty of peptides for DNA, 
we have incorporated oligopeptides into the 

1 
CONHFHCONHCH2CH2CH2CONHCH2CONH 

AGGA 

Figure 1 Synthesis of AGGA. BOC = t-butyloxycarbonyl; Z = benzyloxycarbonyl 



BLEOMYCIN AND AMSACRJNE DNA-BINDING MODELS 

H2NCH2CHflHCH2~N~CONHIHCONH4:HCONHCH2CONH 

CH. CH2 

Figure 2 Synthesis of AGAMGA. BOC = t-butyloxycarbonyl; Z = benzyloxycarbonyl 

side chain of 9-anilinoaaidine with the 
intention of enhancing affinity for DNA 
(Hénichart et al., 1982b). 

Although intercalation of m-AMÇA was 
found to be one of the primary steps of the 
biological activity, it has been daimed that 
the anti-neoplastic activity of the dmg 
involves an oxidative pathway: m-AMSA is 
oxidized in the presence of Cu(Il) ions and 
molecular oxygen with sirnultanecius prod- 
uction of superoxide iors inducing DNA 

strand scission (Wong et al., 1984a, b). The 
presence of a methoxy group at the meta 
position on the phenyl ring of m-AMSA 
seems to be auaa l  in this mechanism. 
Indeed, 4'-(9-a~dinylamll\o)methanesd- 
phon-ortho-aniside (O-AMSA), on which the 
methoxy group is located at the ortho 
position, intercalates into DNA leading to 
the same unwinding angle as m-AMSA 
(Waring, 1976) but is ineffective in inducing 
DNA strand breaks (Wong et al., 1984a, b) 



and protein-associated DNA breakage 
(Zwelling et al., 1981). Furthermore, O- 

AMSA does not interact with Cu@) ions in 
a redox reaction (Wong et al., 1984a, b) and 
is essentialiy inactive in killing LU10 
leukaemia cells. Thus it is conceivable that 
the anti-tumour activity of m-AMSA may be 
dependent on its ability to form coordinate 
complexes with a transition metal ion 
involving the oxygen atom of the meta- 
methoxy group. The DNA breakage, or the 
protein-associated DNA breakage, can be 
induced by the redox reaction of a metal 
close to a site where damage to DNA may 
readily occur and by the formation of a 
quinonimine (Shoemaker et al., 19û4) react- 
ing as an electrophile able to bind 
covalently on the nucleic bases or on the 
assoaated proteins. Such a mechanism has 
been postulateci for other anti-tumour dmgs 
such as adriamycin (Someya & Tanaka, 
1979) or mitomyan C (Iyengar et al., 1986). 
These observations prompted us to in- 
vestigate the association of the .simplified 
complexing part of bleomyan with the 
anilinoacridine part of rn-AMSA on the 
same molecule. This model appears in- 
teresting on two accounts. On the one hand, 
the former part brings a metallic ion into the 
proximity of the intercalative aminoacridine 
moiety. Thus, unwinding and cutting of the 
double helix can be induced either by a 
redox mechanism or by a covalent binding 
to nucleic bases or their associated proteins. 
On the other hand, such a model can be 
considered as a bleomycin-like molecule 
with enhanced intercalative properties. 

Materiais and methods 

Synthesis of AGGA 

The simplified model of the complexing part 
of bleomycin, AMPHIS, was prepared 
according to a previously published proce- 
dure (Hénichart et al., 1982a), purified using 
flash chromatography (Still et al., 1978) on 
silica gel eluted with 9 : 1 dichloromethane- 
methanol and then analyzed by mass 
spectrometry (laser desorption: 347 (M + H), 
260, 219, 201, 183; SIMS-ionization: 368 

(M - H + Na), 239, 218, 125, 91). After 
saponification of protected AMPHiS at m m  
temperature in the presmce of NaOH, the 
corresponding free acid was submitted to a 
coupling reaction with ethyl y-amino- 
butyrate, in the presence of dicydohexyi- 
carbodiimide @Ca) and hydroxybenzo- 
triazole in dichioromethane at O°C for 2 h, 
then at m m  temperature for l2  h. After 
filtration of dicydohexylurea, purification 
by successive washings with 1 N hydro- 
chloric aad, 1 M sodium bicarbonate and 
water, and drymg over sodium sulphate, the 
solvent was evaporated under reduced 
pressure and the residue aystallized in 
diethyl ether. Free acid was obtained by 
saponification at room temperature. 

The above acid was coupled with 
4-(9-acridiny1amino)-N-glycylaniiine (Héni- 
chart et al., 1982b) in the presence of 
isobutyl chloroformate and N-methyl- 
morpholine at -20°C to give protected 
AGGA after dassical purifications. Protect- 
ing t-butyloxycarbonyl- (BOC) and benzyl- 
oxycarbonyl- (Z) groups were both removed 
by hydrobromic acid in acetic acid medium 
and AGGA was purified by flash chromato- 
graphy (n.m.r., 6[(CD3),S0] 9.10, 8.40, 8.15, 
7.17, 7.0 (s, NH); 8.10-7.40 (m, aromatic and 
heterocydic protons); 4.70-3.65 (m, CHJ). 

Synthesis of AGAMGA 

The strategy for the synthesis of AGAMGA 
is similar to that used for AGGA. n i e  
3-morpholinopropylamino-y-glutamyl resi- 
due was introduced in the synthetic sequen- 
ce in place of GABA, in sirnilar conditions. 
This amide was prepared by coupling 
3-morpholinopropylamine with a-benzyl 
N-a-BOC-glutamate in the presence of 
DCCI and hydroxybenzotriazole. Partial 
deprotection by cleaving of the BOC 
substituent in trifluoroacetic aad  medium 
ailowed coupling with AMPHIS. After 
subsequent saponification of the benzyl 
ester, coupling with 4-(9-acridiny1amino)- 
N-glycylaniline was carried out in the above 
conditions. Protecting BOC- and Z-groups 
were removed by hydrobromic acid in 
acetic aad and pure AGAMGA was 
obtained after flash chromatography (n.m.r., 
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6[(CD3)2ç0] 8.20, 7.45, 7.27, 7.17, 7.0 (s, E.s.r. measurements 
NH); 8.05-7.40 (ml ammatic and hetero- E.s.r. weR recorded on a cyac  protons); 4.0. 3.60 (tl morphohe Bniker EçP300 X-bind spemmeter CHJ; 3.15-2.90 (m, CHJ). a TE 102 cavity. A 100 kHz frequency 

modulation was used with a 50 mw micro- 
wave power and g values were determined 

Melting temperature studies from a.,&'-diphenyl-/?-picrylhydrazyl (g = 
2.0036). The simple solutions were disposed Wf thymus DNA (type 1. highly po l~ma-  into a ized, sodium sait, Sigma Chemical Co.) was 

dissolved in 0.1 SSC buffer (0.15 M NaCl, 
0.015 M sodium atrate, pH 7.0). The con- 
centration expresseci in terms of the 
nucleotide as a unit of DNA was deter- 
mined spectrophotometricaliy at 260 nrn by 
using a molar absorption coeffiaent of 
6600 M cm-'. Melting curves were measured 
using a Uvikon Kontron 810/820 spectro- 
photometer coupled to a Uvikon Recorder 
21 and a Uvikon Thermoprinter 48. Samples 
were placed in a thermostaticaiiy controlled 
cell-holder (IO-mm pathlength). The cuvette 
was heated by circulating water from a 
Haake unit set. The temperature inside the 
cuvette was monitored using a thermo- 
couple in contact with the solution. The 
absorbance at 260nm was measured over 
the range 20-95°C with a heating rate of 
1°C/min. The 'melting' temperature (TA 
was taken to be the mid-point of the 
hyperduuimic transition. 

Unwinding studies using dosed-armlar 
DNA (plasmid pBR322 containing fragments 
of adenovims) were performed essentiaiiy 
as prwiously described (Saucier et al., 1971; 
Rwet et al., 1971) using a Ubbelohde 
semimicro dilution viscometer. Temperature 
was maintained at 25 f O.Ol°C in a thermo- 
statically controiied water bath. Flow times 
were electronically measured to an accuracy 
of 0.1 s (Schott ABSIG type detector). The 
viscometer contained 2.0 ml of a 150-FM 
solution of DNA. h g s  were added in 
increments of 5-10 pl h m  a stock solution 
(c = 150 pu). Flow times were measured 
with an accuracy of 0.1 S. Ethidium bromide 
was used as reference, inducing an unwind- 
ing angle of 26" (Wang, 1974). 

Cu(I1) complexes 

Bleomycin-A2-Cu@), AGGA-Cu(I1) and 
AGAMGA-Cu(II) complexes were prepared 
by adding cupric perchlorate M to a pH 
6.9 phosphate buffer containing the dmgs in 
a 1 : 1 ratio, or by adding NaOH to aqueous 
solutions of the drugs and the cupric ion. 
E.s.r. analyses were conducted at 77K on 
glycerol glasses. 

Spin -trapping technique 

Bleomycin-A*-Fe(II), AGGA-Fe(I1) and 
AGAMGA-Fe(II) complexes were prepared 
by the addition of stoichiometric amounts 
of ammonium Fe(II) sulphate hexahydrate 
to the drugs. Complexes are air-sensitive 
and readily oxidized to Fe@) complexes 
with the production of radicals. 

The technique of spin-trapping makes use 
of diamagnetic spin traps which react with 
free radicals giving rise to relatively more 
stable e.s.r.-observable free radicals. Phenyl 
N-t-butyl-nitrone (PBN) (Janzen & Black- 
burn, 1968) was used to detect the 
production of OH' radicals. The reaction 
mixture for spin-trapping experiments con- 
sisted of 1 : 1 bleomycin-A,-Fe(II), 1 : 1 
AGGA-Fe@) and 1 : 1 AGAMGA-Fe@) 
complexes (10 mM in aqueous solution) and 
PBN ( 8 0 m  ethanolic solution) in bdered 
solution at pH 6.9. Oxygen was bubbied 
through the mixture; an aliquot of the 
sample solution was rapidiy transferred to 
the quartz fiat cell and the spectnim 
recorded. 

Control experiments were made to be 
sure that e.s.r. spectra neither resulted from 
nitrone spin trap alone, nor from the 
separate addition of Fe@) or drugs. 
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Cu(ZZ) complexes 

Bleomycin, AGGA and AGAMGA provide, 
in the presence of Cu@) ions, stable 
complexes well characterized by e.s.r. 
(Figure 3). E.s.r. constants have been easily 
measured from corresponding spectra: g,, = 
2.204, g, = 2.050, A, = 177.5 G. These values 
d o w  the determination of the nature of the 
C u 0  ligands. The N, and the deprotonated 
N, of histidine, the heterocyclic N of the 
pyridine ring and the secondary amino 
group occupy the square basal positions of a 
square-pyramidal structure where the pri- 
mary amino group represents the fifth 
ligand. 

Spin - trapping 

The radicals generated by AGGA and 
AGAMGA in the presence af Fe@) ions and 
oxygen give rise to the formation of OH' 
radical adducts with PBN as spin trap, 
characterized by the corresponding e.s.r. 
spectrum: triplet of doublet with g = 2.006 
and AN = 15.3 G. These values are identical 
to those found by Harbour et al. (1974) who 
could detect a PBN addud from an 
Fe@)-H202 system and assigned unam- 

biguously this adduct to PBN-OH produced 
by OH' radical trapping. Control experi- 
ments were made on PBN, ammonium Fe(Q 
sulphate and dmgs used sepmtely, and are 
essential if one is to draw meaningful 
conclusions based on the spin-trapping of 
OH' radicals, which did not produce the 
same e.s.r. signals. 

Figure 4 clearly shows that the spin 
density of radicals produced by AGGA- 
Fe(II)-O2 and AGAMGA-Fe@)-O2 are sig- 
ni6cantly different. 

Melting temperature studies 

The Tm of calf thymus DNA was 68.7i 
O.Z°C. T,values obtained after interaction of 
bleomycin, AGGA and AGAMGA are 
reported in Table 1. 

The AT, value found for AGGA is of the 
same order of magnitude as those obtained 
for 9-aminoacridine or 9-anilinoacridine, 
whereas AGAMGA does not produce the 
same stabiiization; the AT, value found for 
this compound is of the same order of 
magnitude as that for bleomycin. 

Unwinding 

The change in the superhelicity of ci& 
DNA, a necessary consequence of intercala- 

Figure 3 Eiectron spin resonance spectra of AGGA-Cu@) (A) and AGAMGA-Cu@) (B) 
complexes at pH 9 
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Figure 4 Electron spin resonance spin-trapping by phenyl N-t-butyl-nitrone in the 
presence of AGGA-Fe@)-O2 (A) and AGAMGA-Fe@)-O2 (B) complexes 

Table 1. Wect of bleomycin, amsacrine (m- 
AMSA), AGGA and AGAMGA on the Tm of the 
helix-coi1 transition of calf thymus DNA (IO-' M) 
in 0.1 SSC buffer, pH 7.0. The AT, values are the 
expression of four measuremenb made for each 
dng 

Bieomycin A, m-AMSA AGGA AGAMGA 

AT, +2.5 +7 +8 +1.5 

tion, was foiiowed by viscosity of the 
complexes AGGA-DNA and AGAMGA- 
DNA as increasing amounts of dye were 
added. The degree of angular unwinding 
measured by the reversal of negative 
supercoiling in a covalently dosed-cimilar 
double-stranded DNA, is conventiondy 
caicuiated relative to the 26" value for 
ethidium (Wang, 1974). By addition of 
AGGA, the right-handed superhelical turns 
were removed until the DNA was com- 
pletely relaxed. No such effect was observed 

for AGAMGA. If more AGGA was added, a 
necessary reversal of the supercoiling, 
indicative of intercalation, occurred with the 
formation of a left-handed superheiical 
structure. If AGAMGA did not produce any 
effect on supercoiling, AGGA caused an 
unwinding angle of Pl a value which is 
simiiar to the total amount of unwinding 
observed with classical intercalators such as 
daunomycin gain et al., 1977) or some 
derivatives of 9-aminoacridine (Braithwaite 
& Baguley, 1980). 

Discussion 

AGGA and AGAMGA exhibit a common 
structurai feature which constitutes the 
minimum structural requirement necessary 
for metai binding. This feature permits one 
to determine unambiguously the nature of 
the ligands for Cu@) or Fe@) in the metal 
complexes of bleomycin. The secondary 
amine N, the N atoms of the heterocyclic 
nudei pyrimidine and imidazole and the hi, 
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of histidine fonn a square plane centred on 
the metal ion. The N atom of the terminal 
primary amine group constitutes the apical 
ligand of the metal ion. It is therefore 
demonstrated that the bithiazole ring, 
which may be a metai ligand (Sheridan & 
Gupta, 1981), and the carbohydrate moiety, 
are not involved in the metal complexation 
(Hénichart et al., 1982a). 

Both models are able to produce oxygen- 
ated free radicais in the presence of Fe@) 
and molecular oxygen but AGGA and 
AGAMGA do not activate molecular oxygen 
at the same lwel. The spin density was 
found to be signincantly lower for radicals 
produced by AGGA than for radicals 
produced by AGAMGA. This couid be 
explained in terms of stabilization of the 
AGAMGA-Fe@)-O, complex by the mor- 
phoiinopropyl chain of AGAMGA. The 
bulky morpholine group couid form a 
binding site pocket around the molecular 
oxygen potentiaiiy stabilized by hydrogen 
bondings with the peptidic moiety. A 
simiiar stabilization has been observed for 
the haemoglobin-Fe@)-0, complex in 
which histidine and adjacent peptide bonds 
are able to estabiish hydrogen bondings 
with oxygen (Shaanan, 1982). The detection 
of free radicais using spin traps in aerobic 
Fe@)-AGGA or Fe@)-AGAMGA solutions 
has been carried out with a view to 
demonstrating that both synthetic models 
were able to produce hydroxyl radical5 in a 
manner similar to mixtures containing 
bleomyan-Fe(II) and spin-trapping re- 
agents (Sugiura & Kikuchi, 1978; Oberley 
& Buettner, 1979). Nevertheless, it is clear 
that production of diffusible OH' radicals is 
low compared to dmg concentrations. This 
feature was observed for bleomycin and it 
has been established that the DNA-nicking 
reaction involves an activated bleomycin 
complex containing iron-bound oxygen 
(Burger et al., 1981). 

This activated bleomycin, responsible for 
hydrogen atom abstraction from the C-4' 
position and subsequent rupture of the 
(C-3')-(C-4') bond of deoxyribose (Giloni et 
al., 1981) was found to display an e.s.r. 
spectrum typical of a low-spin femc species 
(Burger et al., 1981). Under our conditions, 

such a spectrum was not observed and this 
could be explained by the presence of an 
aniiinoacridine group in the vicinity of the 
complexing part of the molecules. The 
anilinoacridine ring is oxidized to a 
quinonimine (Bernier et al., 1986) and 
consequently the oxidative forms of iron 
complexes are not stable. 

The results of thennai denaturation and 
unwinding studies indicate that meanwhile 
AGGA is able to stabiiize the DNA helix by 
the same mechanism as m-AMSA or 
aniiinoacridine derivatives; AGAMGA does 
not intercaiate its aminoacridine residue 
between DNA base pairs. The introduction 
of a morpholinopropyl side dain useful for 
stabiiization of the Fe(U)-O2 complex, as 
shown above, induces a steric constraint for 
the accessibiiity of the anilinoacridine 
group to the intercalative site. in addition, 
the basicity of the morpholino group 
facilitates the establishment of electrostatic 
bonds with a phosphate group of the DNA 
helix. When these bonds are established, 
the bulky morphoiinopropyl group prevents 
the aromatic residue h m  intercalating in 
DNA. 

in condusion, the resuits provide evi- 
dence that the anilinoacridine nucleus is a 
good candidate for DNA binding, inducing 
a better stabiiization of the helix than the 
bithiazole ring which was found to be a 
poor intercalator (Hénichart et al., 1985). The 
second important result of the present work 
is that a buiky group in the surrounding of 
the complexing part is necessary to facilitate 
the activation of molecular oxygen. The 
presence of proton donors on this moiety is 
favourable but strong basic groups must be 
avoided. The disaccharide moiety of bleo- 
mycin seems to meet these requirements 
apart h m  its putative capaaty to recognize 
some part of the ceIl membrane. The design 
and synthesis of simplified adequate mole- 
cules taking into account these considera- 
tions are in progress in our iaboratory. 

nie  authors are grateful to Michèle Lohez for 
help with the experimental work. 
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Conclusion: 
Le compod AGAMGA émet donc proportionneIIement plus de radicaux iibres 

que son homologue AG= i'intenrention du bras morphoïino-propyle ne peut en &re 
que la cause. Ceci conforte l'hypothése d'une stabiïisation du complexe Blm-Fe(II1-02. 

Cependant ce dérivé ne se k e  pas à i'ADN par intcrcaiation, ne dégrade pas l'ADN 

comme AGGA du reste et est de plus biologiquement inactif. 

Par contre AGGA, sans etre idéal, est plus performant sur le plan biologique. Sa 

capacité A inhiber la synthèse d'ADN in vitro et A inhiber la prolif&-ation de cellules 

cancéreuses est notable comme en réfère la pubïicatlon suivante : 

DNA-synthesis and tumor growth inhibitions by AGGA, 

a bleomycin-amsacrine hybrid derivative. 

BAILLY C., POMMERY N., HENICHAKT J-P. 

Cancer Lette- 1988.38.32 1-328. 
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AGGA, ~(amin02ethyl~2-aminomethyl~Zpyridin~boxy1histidy1-amin0- 
4butyrylglycylamino).4-phenyl-l-amin0-Bacridine is a synthetic model gather- 
ing the simpiified metai-cheiating part of bleomycin and the intercalating 
moiety of amsacrine. This moleeule was found to possess the metai-complexing 
and interdative properties of both antitumor parent drugs. On the basis of 
results obtained on LI210 and HeLa S, celis growth inhibition studies and 
labeled thymidine assay, AGGA clearly indicates a cytostatic activity. On the 
other hand, the oxygenated free r a d i d  produced in the presence of Ùon and 
oxygen do not seem to be able to cleave DNA as BLM does. This lack of cytotox- 
icity is analyzed in terms of fundamentai differences between BLM and AGGA- 
DNA complexes. 

INTRODUCTION 

Bleomycin (BLM) is the generic name of a group of antitumor drugs used in 
the treatment of squamous cell carcinomas and malignant lymphomas [l$]. The 
mode of action of BLM, able to inhibit the growth of tranformed cells in vitro 
and in vivo, involves two defined parts of the molecule: a DNA-binding part and 
a metal-chelating-DNAcleaving part. On the basis of spectroscopic results 
obtained with a synthetic simpiified model (AMPHISI of the complexing part of 
BLM [al, we have delineated the exact metal-ligands of BLM and the 
mechanism of production of free r a d i d  [4]. But we have demonstrated that 
this complexing part was not able to cleave DNA deoxyriboses in the absence 
of the DNA-binding part [5]. This part, consisting of a bithiazole ring which 
binds to DNA bases by a stacking process when linked to the complexing part, 
is able to get it into position for selective cleavage near the deoxyriboses. 

We have proposed a binding mode involving a partial insertion of a thiazole 
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ring which wedges in between the bases a t  a bending point of DNA [6]. This 
position is due in part to the geometry of the bithiazole ring exhibiting a smaii 
aromatic surface which does not allow a full overlap with a base pair. 

Consequently, we deeided the design of a new mode1 including the simplified 
complexing part of BLM, AMPHIS, linked by a dipeptide chain to a 9- 

CH3S02NH 

AMSXCRINE 

AI,tPH 1 S 

Fig. 1. Structures of bleomyein A,. amsacrine and AGGA. 



aniiinoacridine ring. This heterocycle has been choiced in replacement of the 
bithiazole ring of BLM because some anilinoacridines exhibit a high 
experimental antitumor activity [71 and one of the derivatives of the serierr, 
amsacrine, has been found to have a major activity in acute leukemia [8J. 
Moreover, we have shown that a peptidic derivative of aniïinoacridine was able 
to bind to DNA by intercalation with a higher affinity than amsacrine [9] and to 
possess an interesting antitumor activity against L1210 and EMTG ceb with an 
accumulation of ceils in the S phase followed by a cycle amest in the G, phase, 
characteristic of intercalating drugs [IO& 

The synthesis [Il] and the metal-chelating properties [12] of the new model, 
AGGA (Fig. 11, were previously reported and the purpose of the present paper 
is to define (il the DNA-deavage, (ii) the inhibition of incorporation of labeled 
thymidine into KB ceiis DNA in culture. correlated with üü) the growth 
inhibition and decrease viabiiity of two different cancer ceiis culture: LI210 
mouse leukemia and HeLa S, (derived from solid tumor), when AGGA is 
directed against them. The possible mechanism of action of this potential anti- 
cancer agent is discussed (Table 1). 

MATERULS AND METHODS 

Preparatbn of AGGA and amecrcrine 
Fuli detaiis of the synthesis of AGGA together 4 t h  complete spectral and 

analflicai characterization were previously given [Il]. 
Amsacrine was obtained by a modification of the initial procedure of Cain et 

al. [3,7]. Bleomycin was a generous gift of Roger Bellon Laboratories: it contains 
approximately 60% Blm-A,, 30% BLM-B, and 10% other BLMs. 

CeU culture8 
KB celis were grown as a suspension culture in a Joklik modiiied Eagle's 

Medium (Seromed, Munich, F.Ft.G.1 supplemented with 5% heat inactivated 
colt seriim at a 4 x 10' cellslml concentration. 

Human transformed ceiis (HeLa S,) in monolayer culture in SMEM medium 
(GIBCO BRL, France) supplemented by foetal calf serum (5%) GIBCO were 
used for the tests. Suspensions of these ceiis were performed in the same 
medium added to 16 mM Hepes and BTP buffers (N-2-hydroxyethylpiperazine 
Nt-Lethanesulfonic acid and 1.3-bis-ftris(hy droxymethylhnethylamino~ropane). 
Final concentration varied from 5 x 10 ta 10 cellshnl[13J. 

L1210 mouse leukemia ceils were grown in RPMI 1640 medium (GIBCO) 
containing foetal caif serum (10%) and the assays were performed in the same 
medium. 

Cultures utiüzed to assess drug effects were in exponential growth phase 
with a doubling time of 13- 15 h. 

Growth and viubiüty weays 
Ce11 suspensions containing either 6 x IO6 HeLa S, cellslml or lO"l210 



celishi were incubated with AGGA at various concentrations: IOd, IOd, IO4, 
IOJ M for 24 h. 

CeIl p w t h  and viabiiity were estimated by counting the ceb after dilution 
by tropan blue solution a t  O h and after 24 h. Results were expressed as a 
perœntage of control growth and viability. 

Meamrementa of DNA syntherir 
KB ceb in exponential growth were incubated for 1 h at 37% in p w t h  

medium containing various doses of AGGA (1-100 a). The cells were 
ineubated for 15 h a t  37% in p w t h  medium containing 10 Kitml 
mhymidine (43 CihnM, CEA). The radioactive medium was removed, the celis 
washed twice in saiine buffer and aliowed to swell for 10 min in ice in 1 ml of 
hypotonie buffer (TNE: 0.01 M Tris-HC1 (pH 8.1); 0.05 M NaCl; 0.001 M EDTA). 
The c e b  werg then dhmpted by congelationdecongelation (3 times), digested 
by proteinase K (100 pglml, 4 h at 37%). The TCA precipitable radioactivity 
was collected on filters and counted in a liquid scintillation counter. 

Single stmnd and double stranà DNA breakage 
This can be visualized by the use of supercoiled DNA (form 1). The products 

of plasmid reaction (form Ik relaxed cîrcular DNA, form ïIk open linear DNA) 
with either BLM-4, AMPHIS or AGGA were separated on a 1.2% agarose gel, 
containing 0.5 pglml of ethidium bromide. 

Piasmid pVM 216 was incubated with BLM, M H I S  or AGGA in 50 mM 
Tris-HC1, (pH 8.0) buffer containing 10 mM 2-mercaptoethanol. Fe(NH,), 
(SO,),, 6&0 was added in the same final concentration as the product. 

After 30 min at room temperature, the reaction was terminated with the 
addition of EDTA 2.5 mM. Five microliters of 0.01% bromophenol blue were 
added to the reaction mixture (50 4). Agarose electrophoresis was performed in 
TBE buffer a t  3 Vlcm for 20 h and examined under a 254 nm W light. 

Fig. 2. Supercoi1 DNA elesvrge by bleamyQn analogues. R e d o n  mixtures contain 4.5 lyl pVM 216 
in 50 mM Tris-HC1 (pH 8.0) (hne 1): plus Fm)-BLM-4, .  l(r M ûane 2): 2 x IO-' M Uiine 3): 
FdIAGGA. IO-' M; FdiIbAMPiiis.  1p M Uiine 5). Elactrophoreab is at 60 V for 20 h on a 1.2% 
rgwre pl. 



DNA ckauuga. Though both antheoplastic drugs BLM [5] and amsaaine (14) 
have been shown to induce cleavage of DNA, the very sensitive method using 
plasmid indicates that the synthetic hybrid mode1 AGGA does not produce 
DNA degradation in spite of its abiiity to induce formation of free radicals (Fig. 
2). 

CeU growth inhibitkm The effects on growth of LI210 and HeLa Sa cells 
grown with IO4, IO4, 10d and 104 M AGGA are shown in Fig. 3. Only the 1 mM 
concentration has a small effect on cell viability. AGGA is a poor cytotoxic 
agent and shows a good cytostatic activity. A 5-pM concentration permits to 
inhibit HeLa ce11 growth by 50% (IC, HeLa Sa = 5 pM). For LI210 leukemia 
eell, a greater concentration QC, LI210 = 45 pM) is needed to observe this 
50% growth inhibition. 

Effect on DNA synthesio: Amsacrine inhibits incorporation of labeled 
thymidine into DNA of L1210 cells in vivo or in culture (15) 

Incorporation of [methyd%)thymidine into cells during a 16-h assay period 
is inhibited by AGGA (Fig. 4) in a rnanner reflecting its antiproliferative 
potential. A cell count with trypan blue at the end of the 16-h period of 
treatment with the IC, concentration shows that the number of non-viable cells 
present is always less than 3% of the total cell population. This observation 

AGGA ( M l  
Fig. 3. Effects of inaeasing AGGA dose on the growth of L1210 (CI) and HeL. S, (A) ceiis. The 
m u l b  are e x p d  as a percentage of eontrol growth. Vertiui bus indiute S.E.M. 



AGGA (Ml 
Fig. 4. Effeets of inueuiing AGGA dose on the rate of DNA synthesis in KB cells. The rate of DNA 
synthesis is expressed as a percentage of untreated control ce&. Eaeh point represents the mean of 
6 experiments. 

would suggest that loss of viable cells, unrelated to DNA synthesis inhibition, is 
nota major cause for the antineoplastic activity of AGGA. 

Results from these experiments therefore indicate that impairment of DNA 
template function might well represent an essential feature in the mechanism 
of action of the investigated hybrid mode1 AGGA. 

DISCUSSION 

On the basis of the results obtained on growth of LI210 and HeLa S, cells, 
AGGA is found as a cytostatic agent. Moreover, it seems to be more active 

TABLE i 

EFFECTS OF INCREASING AGGA DOSE ON THE VIABILITY OF Li210 AND HeLa S, 
CELLS 
The nsults are expressed ui a percentage of control cek. Each reported value represents the mean 
of tripliate meuurements. 

104 M 104 M IO-' M 10J M 
LI210 92 91 87 70 

HeLa S. 97 92 94 63 



against cancer ce11 derived from solid tumor ( H e k  S,, IC, = 5 pM) than 
against leukemia ce11 &1210, IC, = 45 fl). The cytostatic effect was 
confirmed by the incorporation of labeled thymidine assay which clearly 
indieated the inhibition of DNA syntheais by AGGA. 

The lacis of cgtotoxicity is more unexpected. AGGA was found to be a good 
metalehelating agent 1121 and to produce oxygenated free radicals in the same 
conditions as BLM does 111). On the other band, the intercalative power of the 
aeridine part of AGGA [Il] induces to thip model a higher affinity to DNA than 
bithiazole derivatives. Thus it was reasonable to think that AGGA could be a 
good candidate for efficient DNAcleavage. The experiments made on 
supercoiled DNA undoubtedly prove the opposite. The differences between 
BLM and AGGA behaviors could be explained by structural considerations. In 
the case of BLM, the bithiazole moiety is located in a kink of DNA 161 and free 
radicals are produced in the vicinity of the deoxyribose moiety. being 
responsible for strand breakage of the double helir. 

In the case of AGGA. strong binding and complexing parts are borne by the 
same structure but it is reasonable to think that after intercalation of the 
acridine moiety, the chelating part is not readily positioned at a short distance 
of the desoxyribose target. Then hydroxyl radicals are produced not 
immediately in the vicinity of the cleaving site. For this reason, no strand break 
could be detected with AGGA. The geometry of anilinoacridine derivatives in 
interaction with DNA is well known 1161. The acridine moiety binds to DNA by 
intercalation and the anilino group is located in the minor groove of the DNA 
helix in a perpendicular plane. In these conditions, the complexing part 
AMPHIS linked to the aniline part in para position is pushed backfar from the 
deoxyriboses. Moreover, when the anilinoacridine moiety is intercalated, the 
double helix is submitted to  an unwinding and to a lengthening but no folding 
occurs, whereas DNA adopts a bended conformation when BLM is attached to 
it. For these reasons, the move of the chelating part responsible for OH' 
production closer to the cleaving site would not be favored in the AGGA-DNA 
complex. 

Nevertheless, the high reactive species produced in the DNA environment 
could alter some nuclear components such as DNA-binding proteins which are 
necessary for the DNA replication. Especially, the topoisomerase could be one 
of these potential targets becaue this enzyme is implied in the mode of action of 
amsacrine [16& 

In conclusion, the results provide evidence that AGGA is undoubtedly a 
cytostatic compound without any cytotoxic effect. The mode of action of this 
drug remains unclear but the association on the same molecule of the chelating 
part of BLM and of the intercaiathg part of amsacrine constitutes an 
interesthg model for the design of acridine derivatives usefd for the 
treatment of solid tumors. Such an association had been previously proposed on 
the basis of studies on molecular interaction between BLM and amsacrine 
leading to a potentialisation of the effects of both drugs [IV. 





Sur le plan physicochîmique, l'ttude plus approfondie de la complexation du 

cuivre par ce dérive hybride, par les techniques de RPE et dichroïsme circulaire, nous a 

amené B constater que la géométrie du complexe était largement perturbée par le reste 

acridinyle : 
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A mode1 incorporating the metai chelating moi* of bleomycin ami an aniiinoacridiae ring able to 
interdate in DNA has been synthesized. The mpper0 complex of that molecule has been studied using 
ci& dichroism and electron spin resonance by cornparison with bleomycin. The introduction of the 
aniiinoacridine ring involves a modification in the geometry of the complex. A distonion of the square- 
pyramidal fonn (type il cornplex) gives rise to a type 1 cornplex in which the netallic a m  is cirami out of 
the plane of the four square-pl- ligands and displaced slightly towards the fifur ligand. 

INTRODUCTION 

Bltomycin (BLM) is an aatinunor antibiotic used clinically in the atamient of 
squamous cell carcinoma, malignant lymphoma, and testicular tumeurs [l]. BLM 
givts an in situ complex with cupric ions, Cu(Ii)-BLM (Figure lA), the activation of 
which involves initial conversion to CuO-BLM [2]. This latter complex is 
subsequently converted to an Fe@) cornplex [l], Fe@)-BLM, which is able to b i  
molecular oxygen, producing an active complex responsible for DNA breaks [3-51. 
On the other hand, a synthetic intexdathg drug, amsacriw, or m-AMSA ((4'49- 
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FIGURE 1. of BLM-ArcUo (A). AMPHIS (B), AMPHIS-GABA (0, rad 
AOGA (D). 
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acridiny1amino)-methansulfon-m-anisidide)), was shown to possess a good anti- 
leukemic activity [6]. It has been proposed [T that first a temary complex involving 
DNA, m-AMSA and, CU(I1) is formed. A redox reaction subsequentiy occurs, 
leadiig to the new complex DNA-m-AQDI-Cu(1) (m-AQDI: N-methylsulfony1-N'- 
(9-a~dinyl)-3-methoxy-2,5cyclohexadiene-l~diimide), which is able to reduce 
molecular oxygen and to generate radicals responsible for the DNA breaks. It has 
recentiy been demonstrated that the rate of oxidation is greatly increased by qldition of 
BLM [8]. 
Thus, in the course of studies on simplified models of bleomycin, it seemed 

interesting to us to associate in the same molecule the aniiino-acridine ring able to 
strongly bind to DNA [9] with the complexing part of BLM (or. more precisely, 
AMPHIS . (methyl 2-(2-aminoethy1)-aminomethyl-pyridine-) . 
(Figure lB), a peptide mimicking the metalchelating moiety of BLM [IO]). This 
hybrid .drug, AGGA ([[(amino-2cthyl)-2-aminomethyl]2-pyridine-6-carboxylhistidy- 
lamino-4-butyrylglycylamino)4-phenyl- 1 -amino-9-acridine) (Figure 1 D), a bleomy- 
cinlike molecule with enhanced intercalative properties, has the advantage of bringing 
a cupric ion (chelatccl by AMPHIS) into the proximity of the anilinoacndine moiety, 
thus inducing a redox process responsible for the DNA cleaving activity. 

We report here the results of CD and ESR studies in order to identify the ligands 
involved in the Cu@)-AGGA complex. 

Materials 

AMPHIS was prepared according to a previously published procedure [IO]. 
AMPHIS-GABA (Figure 1C) was obtained by coupling the free acid of N-protected 
AMPHIS [IO] with ethyl y-aminobutyrate in the presence of DCCI and hydroxybenzo- 
viazole in dichloromethane at O°C for 2 h, and then at room temperature for 12 h. 
After classic purifications, the free acid was obtained by saponification at room 
temperature. Cleavage of N-protecting groups by hydrobromic acid in acetic acid and 
purification using flash chromatopphy on siiica gel (elution with 9:l dichiorome- 
thane-methanol) yield AMPHIS-GABA. 

AGGA was obtained by coupling N-protected AMPMS-GABA with 4-(9- 
acridiny1arnino)-N-glycylaniline 19) in the presence of isobutyl chloroformate and N- 
methyimorpholine at - 20°C. After classic purifications and deprotection by 
hydrobrornic acid in acetic acid, AGGA was purified by flash chromatography 
(n.m.r., c~[(CD~)~SO] 9.10, 8.40, 8.15, 7.17, 7.00 (s, NH); 8.10-7.40 (m, aromatic 
and heterocyclic protons); 4.70-3.65 (m, CH2)). 

Absorption s p e m  were recorded on a Cary 118 spectrophotometer. The circular 
dichroism spectra were recorded with a Jobin-Yvon dichrograph R-J Mark III in 
quartz celis of appropriate pathlengths in order to achieve an absorbante of less than 
1 .S. The eilipticity was expressed in degrees/cm2/dmole- ' . AMPHIS-GABA and 
AGGA were dissolved in water containing less than 1 % methanol. The pH was 
adjusted by adding either HC1 or NaOH. 

ESR measurements were recorded on a Varian E 109 X-band ESR spectrometer, 



with a dual cavity operating in the TE 104 mode. A 100 kHz high frequency 
modulation with a maximum amplitude of 8 gauss was used with 10 mW microwave 
power. 

The sample solutions were prepared in quartz tubes by mixing a M solution of 
CU(CIO,)~ with a small excess of a 10-* M solution of the complexing molecule. 
NaOH and glycerol were then added at 77'K to obtain a good glass. 

The g-factor measurements were canied out by reference to the VARIAN "strong 
pitch" . 

RESULTS 

CD Data 

Since the geomeuy of the AMPHiS-Cu@) complex has aiready been determined by 
ESR [IO], we decided to successively study the complexation of cupnc ions, either by 
AMPHiS-GABA or by AGGA using circular dichroism. 

Whereas AMPHIS-GABA does not exhibit any dichroism by itself, its Cu@) 
complex at pH 5.25 (Fig. 2) is chamc~rized by a positive band at 282 nm (n -. r* 
pyridine) and a negative one at 252 nm (charge transfer for Cu@)); the Cu@) 
transitions give a negative band at 625 nm and a small positive one at 545 nm. This 
spectrum is very similar to the one obtained for bleomycin-Cu0 at pH 2.6, and 
reflects the existence of a square-planar complex involving the pyndine nitrogen, the 
peptide bond NH, and presumably the imidazole nitrogen and one NH of the 2- 
aminoethyl moiety. The very smail values of eilipticies favor an unccmstrained 
complex. The same complex was expected to occur at basic pH, but no conclusion can 
be drawn from the CD spectrum since it is dominated in the W region by the charge 
transfer Cu@) -. dx2-yt band. 

FIGURE 2. CD spectra of AMPHïS-GABA-Cu(iI) [1:1 complex] at pH 5.U. 
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A thorough study of the complex formed between AGGA and Cu(II) as a function of 
pH was undertaken in order to investigate the role played by the acridine nucleus in the 
complex. At acidic or neutrd pH, AGGA alone exhibits only a broad negative band 
centered near 250 nm ([O] = - 700 degrce~/cm~/dmoIe-~), whenas at pH 8.2 two 
positive bands can be seen, one iocated at 272 nm ([O] = + 800 d e p s / c m 2 /  
dmole-', n + A* pyridine), and the other at 237 nm ([O] = +450 degmslcm21 
dmole-'; u + n* imidazole) (Fig. 3). Adding copper induces a small dichroic effect 
in the acridine absorption region, whatever the pH (broad band between 370 and 440 
nm; = - 300 &gree~lcm~/dmole-~ at pH 2.9; [eluio = - 370 degrees/cm21 
dmole-' at pH 5.9 and 8.0) and a higher one in the Cu@) region (Table 1 and Fig. 4)). 
Important changes can simultaneously be detected in the W region. At pH 5.95, two 
well-resolved positive bands can be seen (A = 280 nm: n + r* pyridine; A = 235 
nm: charge transfer for Cu@)), and a small negative one is seen at 310 nm (amide + 

Cu(Ii) transfer). At pH 8.0, this latter band becomes more intense and a broadening of 
the positive bands is observed (Fig . 4). 

The addition of Cu(I1) to AGGA induces changes in the dichroic spectnim which are 
located at the same wavelengths as for AMPHIS-GABA-Cu(I1) except for the d, + 

d,z-,,t transition at neuual pH or for the d,, d, + dx2-,2 transition at basic pH. 
Moreover the ellipticities are higher in the case of AGGA except for the d, -. d,z-,. 
transition (625-655 nm region) where they are of the same order of magnitude. 

F3GUR.E 3. CD spectra of AGGA at pHs 3.22 (-), 5.30 (-1, and 8-20 (. . . . -1 .  
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TABLE 1. Circular Dichroism Specua Characteristics for Cu(m Complexes of PYML-1, 
PEML. P-3A, BLM, AMPHIS-GABA. and AGGA 

Complex X, CDexmma 

PY ML- 1 CU(II)' 597 545 ( + 2.900) 655 (- 330) 
PEML-Cu(I1)' 588 No CD si@ 
P-3AÇu(II)' 625 580 ( + 1,850) 700 ( + 690) 
BLM-Cu(U)' 595 555 (+ 3,990) 665 (- 1.980) 

AMPHIS-GABA-CU(II) 
pH 5.25 646 252 ( - 420); 282 ( + 1,050); 545 ( + 55); 625 ( - 75) 
pH 11.70 612 252-275 (broad band, + 1,100); 570 ( + 30); 655 (- 40) 

AGGA-CU(II) 
pH 2.90 615 235 ( + 840); 250 (- 1.200); 260 ( - 1,100); 285 (+ 1,750) 

390 (- 300); 530 (+  225); 640 (- 115) 
pH 5.95 600 235 (+ 1,050); 280(+ 1.960); 400 (-370); 540 (+505); 650 (-85) 
pH 8.00 5% 235 ( + 1,480); 275 ( + 2,UKl); 400 ( - 370); 540 ( + 440); 655 ( - 80) 

* From [18]; pH. 7.20. 

Noteworthy also is the induction of a dichroism around 400 nm, indicative of the fact 
that acridine lies in a asymmetric environment. In the light of these obsenrations, it can 
be concluded that there are no changes in the planar ligands involved in the Cu(I1) 
complexes of AGGA, AMPHIS-GABA and BLM as the wavelengths corresponding 
to the different transitions are closely related (Table 1). However discrepancies in the 
intensity of the ellipticities of AGGA-Cu@), if compared to those of AMPHIS- 
GABA-Cu(II), can be considered as a reflection of steric constraints inducing an 
asymmetry in the geometry of this complex since circular dichroism is known to be 
very sensitive to such effects. 

The contribution of acridine to the asymmetry is substantiated by the appearance of 
a dichroic-effect in the wavelength range associated with this group. Thus, while 
BLM-Cu(I1) as well as AMPHIS-GABA-Cum) exhibit CD spectra representative of 
a classical square-pyramidal structure, referred to as type II complexes, one rnight 
reasonably assume that the AGGA-Cu(II) complex is distorted about the cupric ion. 

ESR Results 

At basic pH, the ESR specuum of AMPHIS-GABA-Cu(II) is very similar to the 
AMPHIS-Cu@) already described [IO] (ïable 2). In the same conditions the ESR 
spectrum of AGGA-Cu@) is more complicated. A carefd analysis exhibits four 
characteristic additional peaks in the spectrum, which are show in Figure 5. Other 
small peaks in the g, region rnay be attributed to [Cu(OH).,I2-, as s h o w  by 
comparison with the ESR spectrum of a basic solution of c ~ ( C i 0 ~ ) ~ .  

The existence of the four additional bands favors the formation of a C u 0  type 1 
complex, as previously described [ I l ,  121. According to Peisach and Blumberg [Il], 
those Cu(I1) type 1 complexes have gl values between 2.20 and 2.30 and A in the range 
4-9 mK (1 mK = cm-'). A, an important quantitative parameter representative 
of the interaction energy, is expressed in millikaisers [Il] and is directly related to the 
nuclear splitting AH, expressed in gauss by the relationship A = 0.046686 gAH. The 
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TABLE 2. ESR Plupmeters for AMPHB-CuO, 
AMPii&GABA-Cu@), Pnd AGGA- 
Cu@) 

Cornph AI (-1 81 

AMPHLFûi@) 177.5 2.2040 
--CU@) 178.5 2.2036 
ACIGA-Cu@) 180 hW? 

8S 2.2172 

ESR spectrum of AGGA-Cuo is at least constituted of a superposition of two 
complexes, one of type II similar to the AMPHIS-CU(II) complex and a new one of 
type 1. Similar cases have alrcady been demibed 1131. 

The presentiy acceped view of the uuusuai magoatic properties of the type 1 Cu@) 
complex is primarily relate. to the symmetry of the site. The geomeay of the C u 0  
site has been computed on the basis of crystal field thewy in a number of stuclies [ l e  
161. The srnall Al] values are consistent with a nearly teaahexirai coordination for 
c u o .  

The tctrahcdrai distorîion of the C u 0  site leading to a type 1 cornplex may be 
aîtributcd to the presence of the acridinyl suttstinient and to the extension of the 
moiecular chah which involves stcric conmaints on the ligand environment [lq. 

ûpticai aad parmagnetic spccîroscopies are in accordancc with the suggestion that the 
introduction of an aaidine ring gives nse to some differences in the obstrved spcctra. 
A distonion in the coodb&on geomctry is apparent from the CD, while two isomers 
appear h g h  ESR, comsponding to type 1 and type II complexes. Both 
spmmcopies yield little information about the apical ligand (which is at a greater 

FIGURE 5. ESR spaxra of AM- 
PHIS-Cu(IQ (A), AMPiiiS-GABA- 
C u 0  (BI, aod AGGA-CuO (O 
complexes at pH 9.0. 



distance tban the four inplane ligands), but the x-ray stnicnire determination of the 
BLM-Cu0 fragment, P-3A (showing cupric ion in a square-pyramidal coordination 
with an axial terminai amine [19]), can be taken imo account in our discussion. Thus, 
it can be assessed that complexes witb BLM and AMPHIS-GABA have the same 
square-pymmhi geometry, rcferred to as a type II complex, while a t ~ ~ e  1 &mplex is 
suggestcd for AGGA, comspoadiag to a dbr&ion of the ge- which the 
cupric ion is out of plane with regard to the four coplanar ligands. 

"l'bat the metal is forced out of plane and displaced siightly towards the fiftfi ligand 
can be explaincd in terms of stcric hindrance or elec~onic effects of the acridine 
nucleus on the apical ligand, or by the introduction of the basic niwgcn of the acridine 
as a new ligand. 

CONCLUSION 

The introduction of an acridine ring in place of the bithiamle moiety in AGGA 
involves changes in the coordination geomaq of the cupric complex. This 

' 

modification has miceable implication on the opticai and magnetic properties of the 
molecule, and may play a dramatic role in its biologicai propcrties. 

This work wos supported by grants f m  the Institut National de la Sonté et de la 
Recherche MWide and the FM&ration ds Centm de Lutte contn le Cancer. The authors 
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Çonclusiw : 

il est à noter que le complexe de type 1 relaté dans l'article ci-dessus n'est 

obsemé qu'en l'absence d'ADN. En RPE, le complexe classique AGGA-Cu en présence 

d'ADN donne u n  signai correspondant à un complexe de structure pyramidale à base 

carrée dont le métal occupe le centre du plan. La fraction acridinique de AGGA 

s'intercale normalement et ne peut donc plus perturber la géométrie du complexe. 

Les résultats obtenus avec les deux modeles AGGA et AGAMGA se résument de 

la façon suivante : 

- La liaison a l'ADN par intercalation de l'acrfdine ne devrait pas étre perturbée par 

le voisinage du complexe métallique mais est rendue impossible par la proximité de 

résidus fortement basiques. 

- La complexation s'accompagne d'une production de radicaux libres. production 

d'autant plus intense que l'oxygène moléculaire est stabiiisé et activé. 

- Des coupures mono- ou double-brin de l'ADN n'ont pas lieu ; il faut accroître la 
production de radicaux iibres oxygénés produits (en particulier les radicaux OH-). 

Prenant en compte ces informations et les résultats obtenus avec les analogues 

de la Blm, AMBI-A2 et AMBIGLU. il apparaissait dès lors très probable que le 

remplacement du bras protecteur de type morpholinopropyle par le chaînon glutamyl- 

glucosamine conduirait a un dérivé trés performant . Encore fallait-fl vérifier cette 

hypothèse : la publication suivante la vérifie. 

DNA-binding and DNA-cleaving properties of a synthetic mode1 

AGAGLU related to the antitumor drugs AMSA and Bleomycin. 

BAILLY C.. KENANI A. HELBECQUE N., BERNIER J-L.. 

HOUSSIN R, HENICHAKI' J-P. 

Biochemical and Bio~hvsical Research Communications 1988, 152.695-702. 
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We have previously described two synthetic model s gatheri  ng a simpl i f i e d  
model o f  the complexfng par t  o f  Bleomycin (Plm) and the in te rca la t ing  moiety of 
m-AMSA. These molecules, namely AGGA and AGAMGA, do pot seem able t o  cleave DNA 
as B l m  does. The present work i s  devoted t o  the study of a new derivat ive, 
AGAGLU, which includes i n  i t s  structure a judic iously chosen connector between 
the two parts o f  the molecule. This compound, the chelat ing and DNP-binding 
properties o f  which are described here, has been shown t o  induce single-strand 
breakage of duplex DNA i n  a high level  . s 1988 Acaüemac prlss. rnc. 

m-AMSA, 4'-(9-acridiny1amino)-methanesulfon-m-anisidide i s  act ive against 

a wide spectrum o f  transplantable tumors (1-3) including L1210 and P388 leuke- 

mia, 816 melanoma, Lewis lung carcinoma, C3H mamnary adenocarcinoma and mamnary 

tumor i n  CD8Fl mice and i s  current ly  i n  c l i n i c a l  use. The antineoplast ic 

a c t i v i t y  o f  the drug i s  believed t o  be due t o  DNA strand scissions involving an 

oxidat ive process (4,s) and/or a modif icat ion of DNA topoisomerases II function 

(6,7). It has been d m n s t r a t e d  tha t  the primary step of the mode of act ion i s  

a recognit ion o f  the DNA target  by intercalat ion of the acr id ine r i n g  (8). A 

l o t  o f  chemical modifications o f  t h i s  key structure have been reported by 

dif ferent laboratories i n  order t o  improve the a f f i n i t y  of the molecule t o  the 

binding si tes. I n  par t icu lar ,  we have introduced a t  the 4-position o f  the 

phenyl r i n g  a dipeptide Lys-Gly and the ohtained compound ALGA was found t o  

bind DNP. w i th  a high a f f i n i t y ,  t o  show a high cytotoxic a c t i v i t y  and a ce11 

cycle ef fect  (9.10). Another important modif icat ion consisted i n  replacing the 

d i  peptide chain by a more sophi s t icated peptide including the simpl i f i e d  
complexing par t  o f  Bleomycin (Blm), an antitumor drug used i n  the treatment o f  

squamous ce1 1 carcinomas and mal ignant lymphomas (11.12). The DNA-binding, the 

metal-chelating and cytotoxic properties of t h i s  in terest ing molecule AGGA were 

0006-291W88 $1.50 
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Fig. 1- Structure of the AGAGLU-Fe(I1)-O2 conplex. 

established (13.14). In addition, , it was postulated that the DNA-cleaving 

properties of the molecule could be improved by the introduction of a bulky 

hydrophilic group in the surrounding of the complexing part to facilitate the 

activation of molecul ar oxygen in the iron(I1)-drug-O2 complex. This hypothesis 

was c o n f i m d  by the comparative studies on Blm and deglycoBlm (15,16) and 

their synthetic models (17,18), which clearly demnstrated that both binding 

and complexing parts are required in the same molecule in order to obtain 

strand scission by hydroxyl radicals produced in the imnediate vicinity of the 

deoxyribose. Moreover, it can be stated that the disaccharide part of Blm plays 

a role in the stabilization of the iron-oxygen complex and in the activation of 

molecul ar oxygen to generate free radical S. 

On the basis of these observations, a new synthetic mode1 AGAGLU is here 

proposed (Fig. 1). Taking into account previous studies, AGAGLU was buil t by 

connecting the simplified chelating part of Blm, namely AMPHIS, to the 

anilinoacridine rina via a short peptidic spacer Glu-Gly on which a glucosamine 
residue was linked. The glucosamine can play the role of a protecting pocket as 

the gul ose-mannose carbohydrate part of Bl eomyci n-i ron-O2 compl ex and the Glu- 
(gl cNH2)-Gly glycopeptide could faci 1 i tate the location of the peptide part of 

AGAGLU in the minor groove by the establishment of hydrogen bonds with DNA 

bases. 

MATERIALS AND METHODS 

Materi al s 
Blm A hydrochloride was suppl ied by the Nippon Kayaku Company. 
A G A G L ~  was pre ared by coup1 ing 4-(9-acridiny1amino)-N-glycylanil ine (9) wi th 

[[(amino-2-ethyl y-2-aminmthyl 1-2-pyridine-6-carboxyl histidinyl-6-(2-ami no-2- 
deoxy-D-gl ucosyl )-gl utamic acid (16) in the presence of isobutyl chlorofonnate 
and N-mthylmorpholine at -20°C to give protected AGA6LU which was purified by 
flash chromatography (19) in the system solvent : ethylacetate-acetone (1/1, 
v/v), (Rf : 0.51). The protecting roups were removed by hydrobromic acid in 
acetic medium to give pure AGAGLU ( ~[(amino-2-ethyl)-2-aminomethyl~-2-pyridine- 
6-carboxyl histidyl-6-(21amino-2-deoxy-D-glucosyl )glutamyl gl ycylamino]-4-phenyl- 
1-aminoacridine) : NMR- H, DMSO-d ,6 ppm : 8.10-7.20 (m,aromatic and hetero- 
cycl ic protons)+5.25-4.05 (m,car$hydrate CH and a-CH) , 3.70-2.90 m ,  CH2) ; 
MS-FAB : 947 (M +1). 
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Methods 
*Jpectroscopic Measurements 

Absorption spectra were recorded on a Cary 118 spectrophotoineter. The 
c i r cu la r  dichroism (C.D.) spectra were recorded wi th a Jobin-Yvon dichrograph 
R-J Mark III i n  quartz ce l l s  o f  appropriate pathlengths i n  order t o  achieve an 

2 
absorbfnce o f  less than 1.5. The e l1  i p t i c i t y  was expressed i n  degrees .a . 
dmole . A6AGLU was dissolved i n  water and the pH was adjusted by adding e i t he r  
HC1 o r  NaOH. 

Fluorescence spectra were recorded a t  20°C on a Jobin-Yvon J-Y-3 spectro- 
fluorometer equipped wi th an X-Y recorder. Al1 measurements were made i n  a 4 
ml,  10 m pathlength quartz cuvettes. AGAGLU and c a l f  thymus DNA were dissolved 
i n  0.1 SSC buf fe r  (pH 7.0). The exc i ta t ion  wavelength was set a t  400 m. Uncor- 
rected fluorescence spectra were reported. 

E.s.r. measurements were recorded on a BrÜker ESP 300 X-band spectrometer wi th 
a TE 102 cavity. A 100 kHz frequency modulation was used wi th a 50 mw microwave 
power and g values were detennined from a,a8-diphenyl-B-picrylhydrazyl 
(g=2.0036). The sample solutions m r e  disposed i n t o  a f l a t  ouartz ce l l .  

Spin-trapping technique and melt ing temperature studies were made as pre- 
viously descri bed (13, 20). 
* Viscometry 

Viscometric measurements were made by using a Ubbelohde semi-micro d i l u -  
t i o n  viscometer. Temperature was maintained a t  25 2 O.Ol°C i n  a thermostati- 
c a l l y  contro l led water bath. Flow times were e lec t ron ica l ly  measured t o  an 
accuracy o f  0.1 s (Schott AES/G type detector). Experiments were done i n  0.01 
SHE buf fe r  [9.4mM NaC1/2mM HEPES(N-(2-hydroxyethyl )piperazine-N ' -2 ethane- 
sul fonic acid)/lO PM EDTA (ethylenediaminetetraacetic acid) buffer, pH 7.01. 
Low (sonicated) and high molecular weight DNA are from c a l f  thymus. Solutions 
were f i 1  tered through 0.45 Vm M i l  1 ipore f i  1 te rs  before measurements. 

Unwinding studies using closed c i r c u l a r  DNA (plasmid p I I  1A) were 
performed essent ia l ly  as described by Saucier (21) and Revet (22) on the 
apparatus described above. The viscometer contained 2.0 m l  o f  a 150 MM solut ion 
o f  DNA. Drugs were added i n  increments o f  5-10 Ci1 from a stock solut ion (c = 
150 PM). Flow times were measured wi th an accuracy of 0.1 S. Ethidium bromide 
was used as reference inducing an unwinding angle o f  26", according t o  Wang 
(23). 
* Single strand and double strand DKA breakage 

This can be visual i zed by the use o f  supercoiled DNA ( form 1). The pro- 
ducts o f  plasmid react ion (fonn II : relaxed c i r cu la r  DNA, form III : open 
l inear  DNA) wi th e i ther  Blm-A or  AGAGLU were separated on a 0.8 % agarose gel, 
containing 0.5 Vglml o f  ethld?um bromide. 

Plasmid pBR 322 was incubated wi th Blm or  AGAGLU i n  50 mM Tris-HC1, pH 8.0 
buf fer  containing 10 mM 2-mercaptoetkanol. Fe(NH ) (SO ) ,6H O was added i n  the 
same f i n a l  concentration as the product. A f te r  8l %in4a? r o k  temperature, the 
react ion was terminated wi th the addit ion o f  EDTA 2.5 mM, 5V1 o f  0.01 % bro- 
mophenol blue were added t o  the react ion mixture (50 Ml). Agarose electropho- 
res is was performed i n  TEE buf fe r  a t  8V/cm for  3 hours and examined under a 254 
nm UV l i g h t .  The negative f i lms o f  gels were used f o r  densitometric scannings. 

RESULTS 

Complexation studies : I n  order t o  study the a b i l i t y  o f  AGAGLU t o  complex Cu 

( I I )  i n  the same way as AGGA and Elm-A2, c i r c u l a r  dichroism experiments were 

conducted a t  d i f f e ren t  pHs. (Fig. 2). Complexation o f  Cu(I1) by AGAGLU i s  

accompanied by a change i n  the conformation o f  the local  si te, which should i n  

turn lead t o  a change i n  the contr ibut ion o f  tha t  s i t e  t o  the overal l  AGAGLU 

C.D. spectrum. Whatever the pH, AGAGLU alone (F ig  2a) exhib i ts  a pos i t i ve  band 

a t  278 nm (n  x pyridine) whi le the a - a imidazole t rans i t i on  i s  
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Fia. 2 4 a )  CD spectra of AGAGLU a t  pHs 11.4 (- ), 10.7 (a--.-) and 5.5, 4 .2 ,  
2.05, 1.5 (---). (b,c) CD spectra of AGAGLU-Cu(I1) [1:1 cmplexl at pHs 11.2 
(-), 6.5 (---) and 4.4, 3.3, 2.5 ( - a - - ) .  

characterized by a band located a t  265 nm, e i ther  posi t ive a t  basic pH ([el=+ 
2 2 200 degrees.cm .dmole-l), o r  negative a t  ac id ic  pH ([el=-180 degrees.n . dm- 

le-'). I t  has t o  be noted tha t  the ani l inoacr id ine moiety o f  the m lecu le  does 

not exh ib i t  any dichroism, such as m-AMSA i t s e l f .  By adding Cu(I1) (Fig. 2b), a 

change i n  the 240-260 nm region imnediately occurs characterir ing t ransi t ions 

at t r ibutable t o  n - n imidarole, and N -Cu charge transfer. Two bands can 

be seen i n  the Cu(I1) absorption region, one posi t ive a t  530 nm and a small 

negative one near 680 mn, whi le no dichroism was generated i n  the 400-450 nm 
region (acridine) .The major differences observed i n  the spectra when adding 

Cu(I1) are those charac ter is t i ca l l y  observed f o r  a complexation process. The 

spectrum obtained f o r  AGAGLU-Cu(I1) i s  reminiscent o f  the one exhibited by 

AMPHIS-GABA-Cu(I1) a t  s imi la r  pH (24). 

Moreover, i t  has t o  be noted tha t  small values of e l l i p t i c i  t y  were obsewed, 

but t h i s  fact  was not surprising since C.D. i s  known t o  be very sensit ive t o  

s t e r i c  constrainsts. This resu l ts  are i n  favour o f  a chelating process which 

requires the same ligands f o r  Cu(1I) (and Fe(I1)) i n  the square planar 

complexes o f  AGAGLU and AWPHIS-GABA . 
DNA interact ion : An interact ion with DNA has been d m n s t r a t e d  on the basis o f  

resul t s  obtained by fluorescense quenching, me1 t i n g  temperature studies and 

viscometry measurements. 

The fluorescence spectra of A6AGLU i n  the presence of increasing amounts o f  

c a l f  thymus DNA are shown i n  Fig. 3. A bathochromic s h i f t  o f  8 nm and a 

decrease of approximately 50 % of the maximum o f  fluorescence were observed. 

The ATm value found f o r  AGAGLU i s  g°C, i n  the same order o f  magnitude as those 
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3- Fluorescence quenching o f  AGAGLU by c a l f  thymus DNA ; wfth 250 VFI * AG LU i n  0.01 M SSC buffer pH 8.0 ; concentrations o f  DNA are : 50, 100, 150, 
200 and 250 PM. Fluorescence spectra were recorded a f t e r  5 min. of incubation 
a t  r o m  temperature. 

obtained f o r  9-ani 1 inoacridine derivatives (m-AMSA,7"C(lO) ;AGGP ,8OC(13) ; 

ALGA,lO°C(lO)). The s l i g h t l y  higher ATn! observed f o r  AGAGLU than f o r  m-AMSA 

could be a t t r ibu ted t o  supplementary hydrogen bondings between the hydroxyl 

residues o f  the GlcNH2 moiety and heteroatoms o f  DNA. 

The e f f e c t  of AGAGLU, under standard conditions, on the variat ior!  o f  the super- 

co i l i ng  of p I I  1A DNA was studied by viscometry. It y ie lds  the character is t ic  

rise-and-fa11 response re f lec t ing  removal and reversa1 o f  the supercoi 1 ina, 

a t t r ibu tab le  to  drug-induced unwinding o f  the DNA h e l i x  usual ly observed i n  the 

case o f  in te rca la t ive  drugs. The reduced v iscos i ty  a t  the maximum o f  the curve 

indfcates an unwinding angle o f  go, a value which i s  s imi la r  t o  the to ta l  

amount of unwinding observed wi th classical in tercalators such as daunomycin o r  

some der i  vat  ives o f  9-aminoacridine. 

Surprfsingly a decrease i n  v iscosi ty  was observed when adding AGAGLU e i ther  t o  

high o r  t o  low molecular weight DNA. Such a resu l t  was previously obtained when 
studying the in te rac t ion  of small peptides having an a r m t i c  side chain wi th 

DNA(25) and i n  the case of BLM-DNA complexes (26) and re f l ec t s  a decrease i n  

DNA length (distance between tno base pairs : 2.99A for DNA-AGAGLU, 3 . . 6  f o r  

DNA) . 
Free radicals production : I n  addition, the spin trapping experiment o f  the 

AGAGLU-Fe( 11)-O2 gave the E.s.r. absorptions ( t r i p l e t  of doublet, g = 2.0057, 

and aN = 15.3 6) due t o  the hydroxyl spin adduct of a-phenyl N-t-butyl-nitrone 

(spectrum not reported) . 
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4 (a) Agarose (0.8 I )  gel electrophoretic patterns of ethidiuni brmide- k i  pBRJ22 DNA a f t e r  treatment wi th AMGLU-Fr(I1) cmplex (Ianes E-1) and 
control s (lanes A-D) . DNA migrated fnnn top t o  bottom i n  the order o f  decrea- 
sing distance o f  fonn 1, fonn III and fonn II DNAs. Lane A : untreated ONA. 
Lane B,C : 1.50 MM Blm-Fe(I1). Lane C : 30M m-AMSA-Cu(I1). Lanes E-1 : 
100,50,10,5,1 PM AGAGLU-~e(I1). Reaction mixtures were i n  50 mJ4 Tris-HC1, pH 
8.0, incubated a t  rom temperature f o r  20 min. (b! Percentage d i s t r i bu t i on  of 
DNA confonnational isaimrs a f te r  treatnient wfth AGA6LU and Fe(I1). Data were 
obtained fm the gel pat tern shown i n  (a), lanes A and E-1 and three others. 
DNA was treated wi th increasing concentrations o f  AGAGLU and Fe ( I I ) .  Key : (A) 
fonn 1 DNA ; (e) fonn II ONA and (*) fonn III DNA. 

DNA-cleavaqe : When the react ion mixture containing 0.5 Mg DNA, 50 mM Tris-HC1 

bu f fe r  (pH 8.0), and AGAGLU-Fe(I1) complex was incubated a t  3 7 O C  f o r  20 min., 

the typ ica l  agarose (0.8%) gel e lect rophoret ic  pat tern of the covalent ly closed 

supercoiled (form 1) pBR 322 DNA c lea r l y  demonstrated t ha t  t h i s  ferrous complex 

s i g n i f i c a n t l y  induced single-strand breaks o f  DNA t o  form nicked (form II) DNAs 

(see Fig. 4a). There was an apparent gradua1 s h i f t  i n  the production of form II 

(s ing le  strand breaks). I ron(11) o r  AGAGLU (100 MM), when used alone, produced 

only a small amount o f  single-strand breakaae. 

The DNA break production was analysed by d e n s i t m t r y  and revealed tha t  the 

untreated pBR 322 DNA contained approximately 95 % form 1 DNA and 5 1 form II 

DNA. Fig. 4b shows the densitometric scanning resu l ts  o f  lanes A and E-1 o f  

Fig. 4a. I n  the presence o f  Fe( I I ) ,  DNA breakage increased rap id l y  w i th  AGAGLU 

concentration ( 1  t o  10 IJM). A t  10 MM, the t o t a l  amount o f  form 1 DNA was 

converted t o  form II. This r e s u l t  c l e a r l y  indicates t h a t  AGAGLU caused DNA 

degradation bas ica l l y  by s ing le  strand breakage. At 50-100 IJM, only 10 t o  15 % 

f o m  III DNA was obtained, c o n t r a r i l y  t o  Rlm f o r  which 1IJM Blm produced 

approximately 50 X form III DNA. (Fig. 4a, lane B). 

DISCUSSION 

The f i r s t  purpose o f  t h i s  work was t o  design a new compound w i th  a simple 

structure, able t o  chelate metals, t o  produce free radica ls  and t o  induce 

ONA-strand breakage as Blm does and i n  addi t ion t a  have a hiçher a f f i n i t y  f o r  
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the target. The resu l t  o f  fluorescence quenching and thermal denaturation 

indicate tha t  A6AGi.U i s  able t o  bind DNA wi th  a high a f f i n i t y .  Though the 

resul ts  o f  unwinding studies are i n  f a v w r  o f  an in te rca la t ive  process o f  

binding, the observed decrease i n  length leads us t o  propose a binding process 

s imi la r  t o  the one found f o r  Phe-containing oligopeptide amides (25) o r  for  Blm 

(26). This consists !n a p a r t i a l  inser t ion  o f  ani l inoacr id ine between base 

pairs of DNA accmpanied by a bending o f  the double hel ix .  AGAGLU which 

possesses the minimum s t ruc tura l  requirements f o r  m t a l  chelat ing (17) was 

found t o  complex copper and i r o n  i n  the same conditions as Blm or  AGGA. 

Moreover, a s igni f icant  advance o f  t h i s  report i s  the demnstrat ion o f  the 

r o l e  o f  the sugar part. The bulky glucosaminyl group i n  the surrounding o f  the 

complexing par t  seems t o  play a key r o l e  i n  the ac t iva t ion  o f  the molecular 

oxygen. The s tab i l  i za t i on  of the ternary complex AGAGLU-Fe(I1)-O2 and i t s  

ac t iva t ion  were visual ized by the increased production o f  free radical  S. This 

bulky group could form a binding s i t e  pocket around the molecular oxygen 

potent ia l  l y  s tab i l  ized by hydrogen bonding w i th  the pept id ic  moiety. P simi lar  

stabi 1 i za t i on  has beei, observed f o r  the haemoglobin-Fe(I1)-O2 complex i n  which 

h i s t i d ine  and adjacent peptide bonds are able to  establ ish hydrogen bondings 

wi th oxygen. The disaccharide moiety o f  Blm seems t o  m e t  these requirements 

apart from i t s  putat ive capacity t o  recognize s m  par t  o f  the ce11 membrane. 

The glucosaminyl moiety which stabi l izes the ternary complex i s  l inked t o  a 

short spacer ( the glutaminyl residue) which gets the chelat ing par t  i n t o  ideal 

posi t ion a t  a short distance from the deoxyribose target. If hydroxyl radicals 

are regarded as responsible f o r  the degradation o f  DNA as previously reported 

(28-30). they are produced i n  the i m d i a t e  v i c i n i t y  o f  the deoxyribose. 

The other aim o f  t h i s  work cornes w i th in  the scope o f  the establishment o f  
coherent s t ructure-act iv i ty  relat ionships i n  view t o  design new synthetic 

cytotoxic anti-cancer drugs. The conception o f  drugs able t o  cleave DNA reaui- 

res on the same molecule a strong DNA-bindino part  and a f ree  radicals produ- 

cing part. But previous works and the present report c l ea r l y  demonstrate that  

t h i s  condit ion i s  necessary but not suf f ic ient .  Another important consideration 

i s  the r e l a t i v e  posi t ion o f  the cleaving s i t e  wi th respect t o  the binding part  

and consequently the choice o f  the connector i s  o f  a c ruc ia l  importance. The 

nature o f  the l i nk ing  chain and the presence o f  hydrophi l ic groups may play a 

r o l e  i n  the pharinacological ac t i v i t y .  

Nevertheless , such ra t i ona l  1y developped ru les are not  always so precise 

enough t o  design h ighly ac t ive  compounds. Adequate chemical modifications, even 

if they could lead t o  the design o f  very act ive compounds i n  v i t ro ,  must take 

i n t o  account c r i t i c a l  factors : ( i )  the suscept ib i l i t y  o f  these compounds t o  

inact ivat ion by enzymatic o r  non-enzymatic metabolisms ( i i )  the possible 

interact ion w i  t h  transport systems or  membrane components which might affect 
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r a t e s  of penetration into d i f ferent  types of cells. These factors  a re  t o  be 

considered for t he  design of more ef f ic ien t  medicinal drugs. 
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C_oncluslon: 

Le dérivé AGAGLU répond donc parfaitement il nos prévisions en ce qui 

concerne la complexation et la dégradation de l'ADN et démontre ainsi la cohérence 

des relations structure-acüvitt fondées initialement. 

La série chimique AMPHIS. -1-A2, AMBIGLU, AGGA, AGAMGA et AGAGLU 

nous a apporté des résultats précis et directement extrapolables pour une meilleure 

compréhension du mécanisme d'action de la Blm. l'enseignement principal étant 

d'avoir montré le rdle de la fraction giycannique de la Blm non seulement par une 

étude directe sur la substance naturelle (KENAM, 1988: KENAM 1988b) mais 

également par modélisation. La phamacomodulation entreprise est incontestable 

ment concluante. 

Tenter de reproduire un mécanisme d'action aussi complexe que celui de la Blm 

a représenté un travail très lourd particulierement sur le plan de la chimie de 

synthèse. Le but principal n'était pas de rechercher une activité pharmacologique 

supérieure à celle de la Blm mais d'en démontrer le mode d'action. Néanmoins la 

conception de substances nouvelles au cours de cette étude aurait pu nous amener à 

l'élaboration de molécules structuralement simples et biologiquement actives. 

A ce sujet, les deux composés les plus performants sur le plan de la fixation a la 

cible. AMBIGLU et AGAGLU, se sont révélés inactifs. Par contre, AGGA, sans dégrader 

l'ADN s'imposait comme un composé relativement actif. 

La conception de tels composés n'est donc pas dénuée d'espérance thérapeutique 

à long terme. D'ailleurs cet avis est. au vue de la richesse bibliographique sur ce sujet, 

partagé par d'autres équipes qui ont elles-aussi retenu le concept " Peptide Chélateur- 

Intercalant " par une approche chimique différente. 



3") Le concm Pe~tide Chélateur-Intercalant : les anal-es fonctionn& 

skha& 

â) Introduction, 

La Blm se ccrmpose très schematiquement de deux fragments : une fraction 

complexante et une fraction se liant à l'ADN. 

il est à noter que. si parmi les substances naturelles rependant à ce concept, la 

Blm apparaît comme l'archétype, de nombrewt autres composés anticanctreux isolés 

d'organismes bactériens ou fongiques sont à inclure dans cette categorie. C'est le cas 

notamment de : 

-La daunomycine et l'adriamycine 

-La chromomycine. l'oiivomycine et la mithramycine 

-La streptomycine 

-La néocarzinostatine 

-La mitomycine 

Le mode d'action de ces composés est toujours métal-dépendant (le fer est très 

souvent impiiqué) et DNA-dépendant (l'intercalation n'est pas toujours observée) 

(DABROWIAK J.C., 198ûâ). 

Tenant compte de cette seule définition. de nombreuses approches chimiques 

ont été envisagées pour répondre a ce concept. 

Panni les analogues synthétiques, on peut citer entre autres : 

Domaine "metal-binding" Domaine "DNA-binding" 

(intercalants uniquement) 

Porphyrine acridine [ L o W N U a l . .  1982, 1986~) 

acodazole Il 11 11 

dipyridoimidazole (HASHIMOTO et 1986) 

méthidium (HEEITZBERG & DERVAN. 1982.1984) 

Pour notre part, le modèle complexant choisi est le tripeptide Gly-His-Lys 



@ Les modèles Ch-His-Lvs-Intercaiant 

Gly-His-Lys est un peptide isolé du plasma sanguîn sous forme de complexe 

cuivrîque B la concentration importante de 200 ng/ml (PICKAKT Br THALER 1973). Ce 

peptide constitue un facteur de croissance pour WCrcntes cellules : hépatoqtes, 

lymphocytes, fibroblastes et certaines cellules tumorales (KB. HeLa) (PIC- & 

LOVEJOY. 1987). Il est donc biologiquement stable sous forme complexée. 

La Ilaison d'un tel peptide B une fraction intercalante présente divers avantages : 

1- Faciliter la pénétration cellulaire de l'intercalant. 

2- Amener à proximité de l'ADN un système chélateur et producteur 

de radicaux ïibres. 

3- Intensifier la liaison à l'ADN par l'intermédiaire du résidu lysyle 

susceptible d'engager une liaison saiine avec un groupement phosphate de 

l'ADN (KARUP a. 1988). 

4- Potentialiser l'action antitumorale de l'intercalant. 

Ce dernier point est basé sur les travaux de Kimoto et alL montrant que le 

tripeptide Gly-Cly-His (la fraction complexante de la sérum albumine humaine. LAU 

gt a I ,  1974) amplifie l'activité antitumorale de l'ascorbate (KIMOTO gt al', 1983). 

L'analogie avec le tripeptide Gly-His-Lys est possible, compte tenu de la similitude des 

complexes : tous deux ont une structure plane tétracoordinée (CAMERMAN et al,, 1976; 

LAUSSAC etal.. 1983; FREEDMAN &&, 1982b) . 

Les peptides Gly-His-Lys et Gly-His complexent le cuivre de la méme façon. Le 

résidu lysyle n'est pas impliqué dans la complexation mais est essentiel B l'activité 

biologique de Gly-His-Lys-Cu(Iï) (PICKART a. 1979; PICKART & THALER 1979). La 

lysine serait impliquée dans la reconnaissance d'un récepteur membranaire. 

Ce peptide a été W é  sur deux intercalants : 

a- l'anilinoamino-9 acridine : fraction purement intercalante de I'arnsacrine 

(composé 1). Un résidu glycyle sert de pontage entre l'acridine et le tripeptide: 

deux raisons nous ont conduit à ce choix : 



1. Faciiiter la synthèse de l'intercalant ( H E N I C H .  etal.. 1982b). 

2. Obtenir le produit Gly-His-Lys-GW-moamino-9 acridine. au sein 

duquel on retrouve l'enchaînement Lys-Gly-anilinoamino-9 acridine (ou 

ALGA) pourvu de propriétts antitumorales importantes (COLLYN- 

d'HOOGHE a, 1987). 

b- le bithiazole : &action pseudo-intercalante de la Blm (compost 2). 

L'étude de la liaison a l'ADN et de I'actMtC biologique de ces deux modtles du 

type "Complexant-intercalant" est présentée dans l'article suivant : 

Synthesis. biological activity and DNA interaction of anilinoacridine 

and bithiazole peptide derivatives related to 

AMSA and bleomycin antitumor dmg. 

MORIER-TEISSIER E., BAILLY C., BERNIER J-L.. HOUSSIN R. 

HELBECQUE N.. CA?TEAU J-P.. COLSON P.. 

HOUSSIER C.. HENICHAKI' J-P. 

Accepté pour publication dans Anti-Cancer Drue Desim, 



Synthesfs, biological activity and DNA interaction of anilinoacridine and bithiamle 

peptide derivatives related to AMSA and bleomycin antitumor dmg. 

E. MORIER-TEISSIEP, C. BAILLY+. J-L. BERNIER". R HOUSSIN*. N. HELBECQUE+. 

J-P. CATIEAU*. P. COLSON**, C. HO US SI^* and J-P. HENICHART+ 

+INSERM U.16. Place de Verdun 59045 Lille. France, ++Institut de Chimie 

Pharmaceutique. Facultt de PhannaCie. Rue Laguesse 59045 m e .  France, 

*Laboratoire de Chimie Organique Physique . USTL. 59655 Villeneuve d'Ascq. France, 
II Laboratoire de Chimie Macromolëculaire et Chimie Physique, Université de Liège. 

Sart-Tilman. 4000 Liëge, Belgique. 

Summarv : The synthesis of two depsipeptides including a peptide metal chelating 

moiety (Gly-His-Lys) and a moiety with DNA affinity namely either glycyl-anilino-9- 

aminoacridine 1 or 2'-(2aminoethyl)-4-methoxy~arbony1-2'-4'le 2. has been 

carried out. The goal was to introduce separately on the same molecule the two factors 

contributing to the biological activity of most of antitumoral drugs. The interaction of 

both drugs with DNA has been studied and the acridine ring of A was found to 

intercalate in the double helix. The production of free radicals has been evidenced by 

spin-trapping for 1 although both compounds reirealed to be good copper chelating 

agents. Jn v i t r ~  cytostatic activity and inhibition of [SHI -thymidine incorporation 

was obtained for 1 while 2 exhibited no actMty in both tests. In vtew of these results. 

it can be pointed out that the antitumor properties of such drugs were relied (4 on their 

ability to reach and to bind DNA and (i.i) on redox mechanisms involving 

interactions between the drugs, metals and molecular axygen. The latter phenomenon 

leads to the formation of active radical species, able to degrade the DNA 



Intercaiating drugs have been shown to possess high antitumor actMty and 

have proved thelr usefulness in clinîcai medldne (Nddle and Warias, 1983). Although 

intercaïation of these agents in the double h e h  of DNA was found to be the primary 

step in the& activity. it has been established that other processes an involved. 

parüdarly redox reactions leading to DNA damages (Favaudon, 1982). Such is the 

case for blcomycin, a giycopeptide antibiotic (Umezawa u.. 1966). widely used in the 

trcatment of malignant tumors ( Umezawa, 1979). The mechanism of action of this 

dnig has been weil studied and involves two WU-dcfîned parts of the molecule : a 

metal ion-chelating moiety responsible for the cleavage of DNA (Burger u., 1981) 

assodated with a bithiazole containhg moiety which contributes to the binding of the 

drug to DNA (Povirk u.. 1979 : Htnichart u., 1985a). Another intercalaüng drug 

with antileukaemic activity. m-AMSA N- [4-(9-acridinylamino) -3 -methoxyphenyll 

methanesulfonamide was shown to be bioactivated by &dation in the presence of 

cupric ions to a quinonimine form. m-AQDI ~~-(9-acridin~l)-~~-(methanesulfon~l)- 

2-methoxy-2.5-cyclohexadien- 1.4-diimine (Jurlina d A., 1987). 

In the course of a program aimed at prwiding new antineoplastic drugs. we 

have designed synthetic models of bleomycin in order to define the role of the 

dHerent parts of the drug (H€nichart u.. 1982a. 1984, 1985a and b ; Houssin &&. 
1984a and b : Kenani et, 1987. and have investigated the 9-aniiinoacridines series 

(Htnichart u.. 1982b ; Lemay a.. 1983 : Helbecque W.. 1985). Since. in our 

opinion. the bithiazole part of bleomycin was not proved to be a classical 

intercalating agent (Hénichart u.. 1985a) we thought to imprwe the antitumor 

acüvity by synthesizing a hybrid mode1 incorporaüng the metal chelaüng moiety of 

bleomycin (AMPHIS) and a 9-aniiinoacridine moiety able to intercalate in DNA. The 

design of such models (Bailly u.. 1987a and b) leads to the concept of metal- 

chelating-intercalating drug. The present paper reports the use of a simpler peptidic 

metal-chelating part in association with either a bithiazole moiety or an anilino- 

acridine ring. in place of the bleomycin-type chelating moiety (AMPHIS). The choice 

of the tripeptide glycyl-L-histidyl-L-lysine was dictated by its ability to complex 

copper and iron, such as illustrated by its CO-isolation with albumin and a-globulin 

fractions from human plasma (Pickart and Thaler. 1973). It has been proposeci that 

the peptide acts synergtstically with these transition metals to alter the growth and 

the metabolism of cultured hepatoma cells and hepatocytes. Furthemore. the results 

also showed that the tripeptide was able to compete with albumin for Cu(I1) at 



physiological pH and to facilitate copper uptakc into cells. The introduction of such a 

peptide on a molecule with anti-tumor properties, presented some potential 

advantages : it confers to the molecule (i) metal chelating properties. (Li) a spedficity 

towards some tumor cells since this tripeptide has been found to be a growth factor for 

human K .  and Hela cells (Pickart and Lovejoy. 1987) and (i,ti,) it facflitates 

penetration into the cell and access of the drug to the nucleus. Thus, the syntheses of 

two depsipeptides including this peptide and a moiety with DNA aflRnity have been 

canled out : peptide chelator-glycy1-anilino-9-aminoacridine and peptide chelator- 

bithiazole. The synthesis of the latter molecule was planned in order to evaluate the 

importance of the intercalation and redox mechanisms in the biological activity. 

since contrarlly to the 9-aminoacridine rlng. the bithiazole is not a classical 

intercalating agent (Htnichart etal., 1985a) and is not involved in redox reactions. 

Materials and methods : 
NH, 

The purity of al1 compounds has been assessed by TLC. H NMR and FAB mass 
spectroscopy . 

Meltim  oints were determined in capillary tubes and arc uncorrected. The 113 
spectra were obtained on a Perkin-Elmer 177 spectrophotometer in KBr pellets. 1- 
NMR spectra were recorded on a Brucker WP 80 SY or on a Brucker AM 400 WB 

spectrophotometers. Chemical shifts are reported in ppm from tetramethylsflane as 

an intemal standart and are given in 6 units. EI mass spectra were recorded on a 

Rtberrnag RIO. 10 mas spectrometer (combined with Riber 400 data system) at 70 eV by 

using direct insertion. FAB masg spectra were determined on a Kratos MS-50 RF mass 

spectrometer arranged in an EBE geometv. The sample was bombarded using a beam 



of xenon with a kinetic energy of 7 keV. The mass spectrometer was operated at 8 KV 

accelerating voltage with a mass resolution of 3.000. m i n  laver chromatoera~hy 

(TLC) was carrled out using s i k a  gel 60F-254 Merck (0.25 mm thickl precoated W- 

sensitive plates. generally in solvent system A (CHCb-MeOH, 80:20 (vlv) in a 

saturated NH3 atmosphere). Spots were visualized by inspection under U.V. light at  

254 nm and after exposure to vaporized 12 andlor ninhydrln. Kieselgel 60 (230-400 

mesh) of Merck was used for flash-chromat~gra~hy according to the procedure of Süîl 

(Sm etaL. 1978). 

*Abbreviations : BOC = t-butylaxycarbonyl, Z = benzylaxycarbonyl. AAA = anilho-9- 

aminoacridine, Gly-AAA = glycyl-AAA. 

BOC-L-histidvl-N E-2-Ghrsine benzvl ester (31 

To a solution of BOC-Ghistidine (1.4 g. 5.5 mmole), N-hydroxybenzotriazole 

(HOBt) (0.92 g. 6 mmole) and N-N' dicyclohexylcarbodifmide (DCC) (1.24 g, 6 mmole) in 

30 ml of dry dirnethylformamide @MF) stirred at O°C for 1 h, was added a solution of 

NE-Z-Llysine benzyi ester hydrochloride (2.23 g. 5.5 mmole) and triethylamine (0.8 

ml. 5.5 mmole) in DMF (20 ml). The reaction mixture was stirred at O°C for 1 h and 

then at room temperature overnight. N-N' dicyclohexylurea (DCU) was removed by 

filtration and the solvent evaporated to dryness in vacuo. The crude product was 

separated from the remaining DCU by dissolution in acetone, then dissolved in 

methylene chloride : this solution was washed successively with 1 M HCl. water and 1 

M NaHC03 and then dried over anhydrous Na2S04. The organic solvent was 

evaporated to mess to give a white powder (2 g : 60 % yield): mp 186- 194 OC : Rf = 0.76 

: IR : v = 1750 (CO ester) : 1700 (CO wthane) ; 1665 cm-l (CO amide). IH-NMR (M-SO- 

dg) : 6 = 1.30 (S. 9H. CH3 BOC), 1.30- 1.70 (m. 6H. p,y, 6 CH2 Lys), 2.80 (m,2H, p CH2 Hts). 

2.90 (m. 2H. CH2 Lys). 4.20 (m. lH, aCH Lys), 4.25 (m. lH, aCH His), 5.00 (s, 2H, CH2 

benzyU. 5.05 (S. 2H. CH2 benzyll. 6.75 (s,lH, C ~ H  His), 7.10 (d, 1H. NH BOC) .7.40 (2 S. 2 x 

5H, aromatk protons). 7.50 (S. 1H. C ~ H  His). 7.50 (m. IhH, NH Lyd, 8.10 (d. lH, MI Lys). 

L-Histidvl-N-EZ-L-lvsine benzvl ester I41 

The BOC protecting group of W (2 g. 3.3 mrnole) was removed by treatment with 

15 ml of trifluoroacetic acid (TFA) at room temperature for 1 h. The trifluoroacetic 

solution was evaporated in vacuo to give an oil; ethanol was added to the ofl and 

evaporated. The dipeptide trifluoroacetate was dfssolved in water. washed with ethyl 

acetate (AcOEt) : addition of 1M NaHC03 and extraction by ethyl acetate gave. after 

evaporation of the organic phase. 1.40 g (90 % field) of white powder: mp = 116-126OC 



Rf = 0.45 : IR : disparition of the CO urethane band at 1700 cm' l. IH-NMR (Me2Sû-dg) : 

6 = 1.4 ppm (m. 8H. CHZ), other peaks as above. 

Na-BOC--1-L-histidvl - Ne - -  Z L-lysine benzyl este r /51 
To a solution of Na-BOC-glycine (1.4 g, 3 mmole), HOBt (0.5 g, 3.3 mmole) and 

DCC ( 0.7 g, 3.3 mmole) in dry DMF (25 mil sUrred at OOC for 1 h was added a solution of 

[4) (1.4 g, 3 mmole) in 50 ml of methylene chloride. The tripeptide was treated and 

purffied as described above. White powder (1.7 g. 85 % yield); mp 160- 168°C; Rf = 0.68: 

IR : v = 1760 (CO ester) ; 1700 (CO urethane) ; 1630-1680 cm 'l (CO amide). IH-NMR 

(MgSO-a  : 6 = 1.30 (S. 9H. BOC CH3). 1.40- 1.70 (m. 6H, $. y. 6 CH2 Lys), 2.80 (m. 2H. $ 

CH2 Hls), 2.90 (m. CH2 Lys), 3.50 (d. 2H. CH2 Glyl, 4.20 (m. 1H. a CH Lys). 4.50 (m. lH, a 

CH His). 5.0 and 5.10 (2s,4H. 2CH2 benzyl), 6.75 (S. lH, C ~ H  His). 7.20 (m. 1H. NH BOC), 

7.40 (S. 10H. aromatic protons). 7.40 (m. lH, NH Lys), 7.50 (S. 1H. C ~ H  Hls), 8.0 (d, lH, 

NH His). 8.20 (d. 1H. NH Lys). 

Na-BOC-glvcvl-L-histidvl-Ne-2-L-lvsine (61 

1.7 g (2.5 mmole) of &) in 100 ml MeOH and 0.4 g (10 m o l e )  NaOH in 10 ml 

water were l& at room temperature for 2 days. After TLC control. the solution was 

acidified to pH = 3-4 by addition of HC1 M and evaporated to m e s s .  The residue was 

dissolved in MeOH to separate the insoluble NaCl, dried and used without further 

purification. Hygrascopic white powder (1.5 g); mp = 135-139°C; Rf = O; IR : no more 

band at 1750 cm-1 (CO ester). IH-NMR : disparition of the peaks corresponding to 

OCH2 at 5.2 ppm and of 5 aromatic hydrogens, other peaks as above. 

Purification of 4-(9-acridinvlaminol-N-~lvcvlaniline IZ) 

The corresponding trifiuoroacetate (Hénichart et al.. 1982b) is dissolved in 

water and washed with AcOEt to eiiminate the fluorescent side-product acridinone. 

The aqueous layer is made alkaline by 1M NaHC03 and the pure free base extracted 

with AcOEt. A side-product is left in the aqueous layer. The AcOEt layer is dried over 

Na2S04 and evaporated to dryness to give a brick-red powder homogeneous in TLC. Rf 

= 0.60 (addinone : 0.88. side-product in NaHC03 : 0.41). 

4-/9-acridinvlamfno~-N-INa-BOC-nlvcvl-L-histidvl-Ne-ZLlvsvl-g1~~~llaniline (S) 

To a solution of 16) (600mg. 1 mmole) HOBt (168 mg. 1.1 m o l e )  and DCC (227 

mg. 1.1 mmole) in dry DMF (50 ml) stirred at WC for 1 h was added 342 mg (1 mmole) of 

0. The reaction mixture was treated and purified as described previously for the di- 

and tripeptide. The yellow compound is then submitted to a flash chromatography on 

silica gel with CH2C12MeOH (80:20. v/v) as eluent. Yellow powder (200 mg, 22 % yield); 



IH-NMR (Me2SO-dg) : apparition of peaks in the aromatic region (7-8 ppm) 

corresponding to the anillno-9-acrfdinylamino moiety. FAB : M++1 = 899; Rf = 0.45 

(chloroform/methanol~ 9: 1 v/v). 

- G h i s w 1 1 -  hydrobromide W 
A solution of [S) (100 mg. O. 1 1 mmole) in 5 ml of AcOH saturated in HBr was 

sttrrcd for 15 min and evaporated to dryness. The residue is dfssolved several times in 

ethanol and evaporated to dryness. then dlssolved in water (10 ml), washed with 

AcOEt (2 x 10 ml) and lyophillzed. Yellow powder (50 mg. 50 % field); R€ = O; W : h a x  
= 255,410 and 438 nm. FAB : M++1=6ô5; IH-NMR (MgSO-dd : S = 1.40-1.70 (m. 6H. j3. 

y. 6 CH2 Lys). 2.80 (m, 2H. j3 CH2 His). 2.90 (m. 2H, CH2Lys). 3.60 (m. 2H, CH2 Gly), 4.0 

(m. 1H.CHa Lys), 4.20 (m. 2H, CH2 N-terminai GM, 4.80 (m. 1H. CHa His). 7.20-8.20 (m. 

ammatic protons. NH Gly, e-NH3+ Lys), 8.60, 9.00 (2d. NH Lys. NH His). 10.20 (S. NH2 

antllne). 1 1.40 (S. NH aniiine). 14.00 (m. NH+ acridinium). 

BOC-elvcvl-L-histidvl-N-~Z-L-Z-lvsvl-I4"-methoxvcarbonvl-2"-4-bithiazole- 

2'-vl~ethvlamine 

A solution of 135 mg of DCC (0.66 mmole) and a suspension of 101 mg of HOBt 

(0.66 mmole) in dichloromethane (30 ml) at O°C were added to a solution of 400 mg (0.6 

rnmole) of @ in CH2C12 (15 ml). The mixture was stirred at O°C for 1 h. A solution of 

methyl-2'(2"-aminoethyl)-2.4'-bithiazole-4-carbaxylate. hydrobromide (Houssin 

&. 1984b) (210 mg. 0.6 mrnole) and triethylamine (83 pl. 0.6 mmole) in 

dichloromethane (10 ml) was added. The procedure was strictly identical to that 

described for 1. The crude product (395 mg. 80 % yield) was chromatographed on silica 

gel with a mixture of chlorofonn-methanol(9: 1, v/v) as eluent . White powder. (336mg. 

6û% yield). RîW : 0.91; WICHCb/MeOH. 9: 1, v/v) : 0.52; IRv : 1735 (COOCHd. 1720 

Cbenzyl), 1700 (BOCI. 1680, 1650 (CONH) cm- l. FAB : M++1 = 826. IH-NMR (CDC13) : 8= 

1.30 (S. 9H, BOC CHd, 1.50 (m. 2H. y CH2 Lys). 1.65 (m. 2H. $ CH2 Lys). 1.85 (m. 2H. 6 

CH2 Lys), 3.0 (m. 2H, CH2 Lys). 3.15 (m. 2H, $ CH2 His). 3.20 (m. 2H. 2'-CH2 (thiazole)), 

3.60 (m. 4H. CH2-NH (thiazole). and CH2 Gly). 3.95 (s, 3H, OCHQ), 4.20.4.40 (2m. 2H. 

CHa. His. Lys), 5.0 (S. 2H, CH2 benzyl). 7.0 (d, 1H. NH BOC), 7.20 (d, lH, NH urethane). 

7.30 C ~ H  (s. 5H. aromatic CH). 7.30 (S. lH, C ~ H  His), 7.90 (S. lH, C ~ H  Hts). 7.90.8.10 (2s. 

2H. CH thiazoles). 7.90.8.10 (2d. 2H. NH His. Lys). 

N-I~h.cvl-L-histidvl-L-lvsvll-2-f4"-methoxvcarbonvl-2".4'-bithiazol-2'-vl~ 

çthvlamlne I2) 

The N-protected depsipeptide Ig) (200 mg, 0.24 mmole) was treated by dry HBr in 

AcOH (20 ml) and stirred for 45 min at room temperature. After evaporation to 



dryncss in vacuo and washing with absolute ethanol (4 x 30 ml), the residue was 

dissolved in a minimum of acetone (2 ml) and precipitated with diethyl ether gMng 
155 mg (77 % yield) of a white crlstd. RfW : O: Rf(AcOH-CH2C12-H20. 30:20:6:24) : 

0.M; FAB : M++1= 591; IH NMR (mO) : 6 = 1.50-1.90 (a. B. 6CH2 Lys). 2.85 (m. W, B CH2 

Hts). 3.0 (m. W. CH2 Lys). 3.10 (m. 2H. 2'-CH2 thiamle). 3.20 (S. 2H. CH2 Gly). 3.65 (m. 

2H. C~thiaz~Ie),3.90(s,3H, OCH3). 4.15.4.60(2m.2H.aCHHls,Lys), 7.15(s, 1H. C ~ H  

EUS). 7.30 (S. 1H. C ~ H  His), 8.m. 8.50 (29.2H. 2CH thiazole). 

DNA solutions 

Caif thymus DNA (type 1, highly polymerfied MW : 400.000 ; Sigma Chernical 

Co.) was used throughout the experiments. U.V. and fluorescence measurements were 

conducted in phosphate buffer. (0.05 M. pH 6.9). whereas vfscometq experiments were 

done in 0.01 SHE buffer. (9.4 mM NaC1/2 mM HEPES [N-(2-h-ethyllpiperazine- 

N'-2-ethanesulfonic acid) / 10 mM EDTA (ethylenediaminetetraacetic acid) buffer. pH 

7.0) as described by Wakeiin and Waring (1976). 

For EPR determhations, DNA (20 mg) was dissohred in 100 ml of O. 1 SSC b d e r  

(0.15 M NaC1/0.015M sodium citrate. pH 7.0). 

The molar concentration expressed in terms of mononocleotide residues of 

DNA was determined spectrophotometrically at 260 nm. using a molar extinction 

c d c i e n t  of 6600 M- .crn-l (Malher a, 1964); 

Absomtion coefncients and "meltins' cunreg were measured by using a Uvikon 

Kontron 810/820 spectrophotometer coupled to a Uvikon Recorder 21 and a Uvikon 

~hemio~r in ter  48. Sarnples were placed in a thermostatically controlled cell-holder 

(10 mm pathlength). The cuvette was heated by circulaüng water from a Haake unit 

set. The temperature inside the cuvette was monitored by using a thennocouple in 

contact with the solution. The absorbance at 260 nm was measured over the range 20- 

95°C with a heating rate of 1°C/min. The 'inelting" temperature Tm was taken to be the 

mid-point of the hyperchromic transition. 

Fluorescence s ~ e c t q  were recorded at 20°C on a Jobin-Yvon J-Y-3 spectrophoto 

fluormeter equipped with an X-Y recorder. AU measurements were made in a 1 cm 

lightpath cuvette in a 0.1 SSC buffer. pH 7.0. 

J-ielical lengthenine measurements were made by using a Ubbelohde semi- 

micro dflutionviscometer. Temperature was maintened at 28 +- O.OlOc in a 

thermostatically controlled water bath. Flow m e s  were electronically measured to 

an accuracy of 0.1 s (Schott ABS/G type detector). Calf thymus DNA was sonicated as 



described by Wakelin and Waring (1976). Solutions were fiitered through 0.45 pm 

Millipon fflters before measurements. 

v t s  were rtcorded on a Varian E- 109 X-band spectrometer with 
an E-238 cavity operaüng In the TM1 10 mode. A 100 KHz high-frequency modulation 

was used with a 20 mW microwave power. The sample solution wen dispensed into a 

flat quartz ce11 in the presence of spin-trapper (PBN : phenyl N-tert-butylnitrone) to 

evidence the formation of free radicals. The cupric complexes were studied by 

preparating sample solutions in quartz tubes by mfxing a 10-3 M solution of 
Cu(C with a srnall excess of 10-3 M solution of the cornplexhg molecule. Clycerol 

was then added to obtain a good glass at 77OK. The g-factor measurements were canied 

out by reference to the Varian 'strong pitch. 

Linear dichroism 

The electric dichroism measurements were performed with a computerized 

instrumentation described elsewhere (Houssier and O'Konski. 1981) using the 

procedures previously outiined (Houssier and O'Konski, 198 1 : Fredericq and Houssier. 

1973). The optical set-up of a high sensiüvity T-jump instrumentation equipped with 

a Clan polarizer was used under following conditions : bandwidth : 3 nrn : sensitivity 

iimit 0.001 in M/A : response tirne 3 rns. The rectangular electric pulses applied to the 

vertical platinum electrodes (1.5 mm separation) were delivered by a Cober 606 P 

generator (0-2.500 V, 12.5 A; Cober Electronics, Stamford. Conn. 06902). The field 

strength range covered is fmm 1 to 14 kV/crn: the pulse duration was around 50 to 100 

M. decreasing with field increase and adjusted to reach the steady-state of the signals. 
The dichroism results wiîl be expressed in terms of the reduced dichroismAA/A = (A//- 

A - )/A(AA is obtained from the measurements of AA/ / = A//-A using the relation AA = 

1.5 (A//-A) where A is the absorbance in the absence of field. measured under the same 

pathlength (10 mm) wlth a Perkin-Helmer Lambda 5 specîrophotometer. 

Ce11 cultureg 

Ki3 cells were grown as a suspension culture in a Joklik modified Eagle's 

Medium (Seromed. Munich. GFR) supplemented with 5 % heat inactivited Colt serum 

at a 4 x 105 cells/ml concentration. 

LI210 mouse leukaexnia cells were grown in RPMI 1640 medium (Gibco) 

containing foetal calf serum (10 %) and the assays were performed in the same 

medium. 

Cultures utilized to assess drug effects were in exponential grawth phase with 

a doubiing time of 13- 15 hours. 



Growth and vfabilitv as- 

Ceii suspensions containing 1o6 L12 10 cells/ml wen incubated with 1 or 2 at 

various concentrations : 10-6, 10-5.10-4, 10-3 M for 24 h. 

Ce11 growth and viability were estimated by counting the cells after dilution by 

trypan blue solution at O h and after 24 h. Results were expressed as a percentrage of 

controi growth and viabfflty. 

pfeasurements of DNA svnthetdg 

L1210 cells in exponenüai growth were incubated for 1 h at 37OC in growth 

medium contai- various doses of Land 2 (0.1-100 piW. Cells were incubated for 15 

h at 37°C in growth medium containing 10 pCi/ml 1 3 ~ ]  thymidine (43 Ci/mM, CEA). 

The radioactive medium was removed, the cells washed twice in saline buffer and 

allowed to swell for 10 min in ice in 1 ml of hypotonie b&er ('l'NE : 0.01 M Ms-HCl, 

pH 8.1 ; 0.05 M NaCl : 0.001 M EDTA). The cells were then disrupted by congelation- 

decongelation (3 times), digested by proteinase K (100 pg/ml, 4 h at 37OC). The TCA 

precipitable radioactiw was collected on filter and counted in a liquid scintillation 

conter. 

Results and discussion ; 

Chemistry 

Previous preparations of Gly-His-Lys were reported either by solid-phase 

synthesis (Pickart et aL. 1973) or in solution (Freedman j$ al.. 1982). in the latter 

technique, histidine was totally protected and a mixed anhydride procedure was used. 

We employed a simplified procedure, coupling Na-BOC-L-histidine with N-~(2)-L- 

lysine-benzylester using dicyclohexylcarbodiimide (DCC) and N-hydroxybenzo 

trfazole (HOBt). N-deprotection with trifluoroacetic acid produced the dipeptide which 

was then coupled by the same method with BOC-giycine. Saponification of the fully 

protected tripeptide by NaOH-MeOH yielded the free acid. 

The 4-(9-acridiny1amino)-N-glycylanfflne was obtained by neutrallzation of 

the corresponding trffluoroacetate (Hénichart et 1982b3 wlth NaHC03 and then 

coupled with the tripeptide acid with DCC and HOBt. The protected cornpound was 

purified by liquid chromatography and treated with HBr-acetic acid (ACOH) to give 

compound 1. 
The bithiazole moiety, 2'-(2-arninoethyl)-4-methoxy~arbonyl-2,4'-bithiazole 

hydrobromide was prepared as previously described (Houssin alL, 1984b) and 



coupled with the tripeptide BOC-Gly-His-Lys(Z)-OH to givc, after complete 

deprotection. compound 2. - 
The intercalative binding to DNA of compounds 1 and 2 was studied by four 

experimental techniques : 

( 1) fluorescence quenching in the presence of DNA. 

(2) thermal denaturation of DNA. 

(3) iinear electric dichroism. 

(4) viscometry. 

Interaction of 1 and 2 with DNA could not be studied by W spectroscopy since 2 
absorbeci in the same region as DNA with a major peak at 288 nm (e = 10.000 ~ ' 1  .cm1 

1. On the other hand. 1 presented an absorption in the visible region wlth a major peak 

at 431.6 nm but. due to a relatively low extinction c o e i e n t  (3.700 M - ~  .cm-1 at 431 

nm). high concentrations of 1 (0.25 x 1 0 - ~  M, D.O. < 0.1) had to be emplayed. In these 

conditions of concentration. in O. 1 SSC buffer (pH 7). 1 caused precipitation of DNA in 

yellow fflaments which irnpeded any absorption measurement. 

Fluorescence studies 

The fluorescence spectra of 1 and 2 in the presence of calf thymus DNA at 

Merent concentrations have been recorded. For 1 at pH 7.0. excitation and emission 

maxima lie at 380 and 410 nm respectively. whfle for 2. they were found at 280 and 375 

nm. For both drugs, no noticeable quenching was obsenred in the presence of various 

concentrations of DNA 

The effect of the dmgs on ethidium-DNA fluorescence has been studied : it is 

noteworthy that the fluorescence of ethidium is markedly enhanced when bound to 

DNA For example. with poly[d(A-T).d(A-Tl] and ethidium. employing an excitation 

wavelength of 525 nm and monotoring emission at 595 nm, there is a 50-fold increase 

of fluorescence. Addition of a second DNA binding ligand with comparable or higher 

affinity to such DNA-ethidium complexes provides a reduction of fluorescence caused 

by displacement of ethidium from DNA The Cumes obtained by using DNA (20 ph4 in 

nucleotides) in the presence of ethidium bromide (2 ph4) with various concentrations 

of 1 and 2are presented in figure 1. 

The percentage of fluorescence decrease seen with added drugs and an initial 

ethidium binding ratio D/P (molar dye concentration over molar mononucleotide 

concentration) of O. 1 are designed as quenching values Q. Q 50 % were obtained from 



GMire 1 : Reduction of the iluorescence intensity of ethidium-DNA cbmplexes by 

addition of different aniiino-9-amfnoacridine O. The calf thymus 

DNA and ethidium were at concentrations of 20 mM (in base pairs) and 

2 mM mpecüveïy. in O. 1 SSC buffer. (0) 1, (0) a, (4 m-AM% @ anillno- 

9-aminoacridine : AAA. (4 glycyl-AAA. 

: Effects of on the Dtrn of the helk cou transition of calf thymus DNA 

( aprrssed in base pairs) (4 and powdlA-Tl.d(A-n] L O - ~ M  (4). in 
phosphate buffer 0.01 M ionic strength (pH 6.9). 



the c-es and compared with Oder 9-aniiino-acridines such as m-AMSA Compound 

2 gave a sltght quenching of fiuorescence. A neat decrease was observed for 1 with a Q 

50 % obtained for a 10 pM concentration, higher than the one of the antitumor dmg 
m-AMSA (25 pM) and lower than the one of the parent molecules [AAA and Gly-AAA. 

figure 1). These results led to the conclusion that 1 and other 9-anilinoacridines 

competed with ethidium bmmide and could be considered as  intercalating ligands, 

whfle 2 apparenüy had no particular affinity for the binding sites of ethidium 

bromlde. 

Thermal denaturation 

The Atm technique may provide alsO information about the interaction of the 

drugs with the double helix. It has been shown that a typical effect of DNA- 

intercalating drugs was to stabilize double-helical DNA against heat denaturation. 

Thus. thermal denaturation of calf thymus DNA and poly[d-(A-T).d(A-Ti] has been 

evaluated in the absence (67.5OC and 46°C respectively) and in the presence of 4 and 2. 
Whiie 2 gave even for high concentrations (DNA/drug ratio = 1) slight Atm of 4°C 

identical to those observed for bleomycin and related compounds (Hénichart ct al', 

1985a). 1 caused ciramatic Atm (figure 2) with a maximum of 24°C for calf thymus DNA 

and 32°C for poly[d(A-13.(A-T)]. These high values for 1 are representative of a strong 

interaction involving an intercalative process. likely strengthened by the 

estabiishement of electrostatlc bonds between the basic peptide and the phosphates of 

the double helix. 

Viscometry 

Viscometry is a classical technique to appreciate helical lengthening and DNA 

unwinding and therefore to study the intercalatfve properties of drugs. Experhnents 

designed to measure the helix extension produced by binding of compounds 1 and 2 
were performed essentially by the method of Cohen and Eisenberg (Cohen and 

Eisenberg. 1966. 1969). The data were transformed directly from flow tirnes to values 

for the relative contour length using the expression : L / Q  = [(tC-~)/(tD-to)l where L 

is the contour length in the presence of drug. Lg is the contour length of free DNA. t c  is 

the flow time for the cornplex, t~ is the flow time for pure DNA. and t0 is the flow time 

for the same volume of buffer solution. This expression derives directly from the 

theory of Cohen and Eisenberg with the added assumption that the intrinsic viscosity 

approxlmates to the reduced viscosity of the complexes. Results obtained with 1 and 2 
showed a small length decrease on adding each of these drugs to sonicated DNA at pH 

7.0 (figure 3 and 4). After reaching a total concentration ratio (drug/DNA).of 0.1, length 

is stabilized for compound 2 while an increase of length corresponding to a 



Flpure 3 : Alteration of DNA viscosity upon addition of 1. Low molecular weight 

DNA frcnn calf thymus (C = 7 x 12 mM) fs used in this experiment. fs 

added in 5 ml increments fmm a stock solution (C = 3 mM). 

Ffgure 4 : Alteration of DNA viscosity upon addition of 2. Low molecular weight 

DNA fmm caif thymus (C = 592 mM) is used in this experiment. 2 is 

added in 5 ml increments from a stock solution (C = 3 rnM). 



monointercalative process is observed for compound 1. These curves probabiy refiect 

a complex mechanism of interaction with DNA due to 

-for 1 : the ability to interact electrostatically for the basic peptide and to 

intercalate for the acridine moiety. 

-for 2 : the electrostatk interaction of the basic peptide and perhaps a partial 

intercalation of one thiazole as for bleomycin compounds (Fienichart etal.. 1985b). 

In order to ver@ the intercalation of 1 in DNA. linear electrlc dichroism 

studles have been undertaken 

Linear electrlc dichroism 

The interaction of calf thymus DNA (MW = 400,000) with two anilino-9- 

aminoacridine derivatives in which peptide chains of variable lengths (Gly-AAA : one 

amino-add. 1 : four amino-acids) are attached to the amfno group of the heterocyclic 

moiety, has been investigated by electric dichroism in the long-wavelength visible 

absorption band of the dye (440 nm). For the two compounds, a negative dichroism of 

amplitude close to that of the purine and pyrimidine base was observed (figure 5). Such 

results indicate that the dye transition moment is parallel to the base planes. To 

confirm this. the ratios of the reduced dichroism values at a given field (12.4 KV/cm) 

for the basess and for 1 or Gly-AAA at E = 12.3 KV/cm in their respecüve absorption 

bands were calculated. They are respectively of 1.0 U, D/P = 0.166) and 1.2 (Gly-AAA, 

D/P = 0.133). Such values, ranging from 0.9 to 1.1, are of the same order of magniture 

a s  those observed for some well-know intercalators such as  proflavine (1.09) or 

acridine orange (1 .O91 (Houssier et al.. 1977 ; Houssier. 198 1). Considered together, 

these results can be seen as a strong argument in favour of intercalation and support 

evidence that the peptide side chains do not play a major role in the interaction with 

DNA. On the other hand. a study of the variation of the reduced dichroism with the 

total concentration ratios D/P has been made to fully characterize the binding 

At low D/P ratios, the slightly lower dichroism values measured for both 

ligands are due to the higher DNA concentration required to reach D/P values of 0.02 

to 0.1. namely 3 to 15 times larger than the DNA concentration used for the 

measurements in the 260 nm band. whereas at high D/P ratios the dichroism decrease 

is probably due to the presence of free dye and extemally bound dye molecules which 

do not conîribute to the measured dichroism. 

The curves shown in figure 6 are reminiscent of the ones obtained for 

intercalating dyes bound to DNA (Houssier, 1981). Another fact to be noted is a more 

pronounced decrease in the reduced dichroism with increasing D/P ratios in the case 



Fiéure 5 : Field strength dependence of the reduced electric dichroism for DNA 

alone (Al = 260 nm) and Giy-AAA (O), 1 (a)-DNA complexes at 440 nm 

respective P/D of 7.5 and P/D = 6 in 1 mM Ms-HCl bufkr. 

Firrure 6 : Dependence of the reduced electric dichroism on the binding ratio, for 
Gly-AAA (O) and 1 (*)-DM complexes. E = 12.3 kV/cm. 1 mM Ms-HCl 

buffer : 1= 440 nm. 



of hwhen compared to Gly-AAA This suggests a higher amnity of Gly-AAA for DNA 

or a non-zero contribution of the extemally-hound dye molecules. for Gly-AAA. 

The structure of the Gly-His-Lys-copper(I1) complex has been well studied in 

solution and in the soiid state (F'reedrnan etal.. 1982 ; Laussac etal.. 1983 : Pickart 

&, 1980). E.P.R parameters and X-ray analysis fit well with the contention that Cu(I1) 

is ligated to Gly-His-Lys throught one oxygen atom and three nitrogen atoms in a 

square-planar contiguration. Thus E.P.R studies of the Cu(I1) complexes of 1 or 2 have 

been performed in order to ver@ whether they were Uerent  from those of the parent 

peptide. 

As shown in table 1, E.P.R parameters of the Cu(I1) complexes of 1 and 2 were 

almost identical to those of the Gly-His-Lys-Cu(I1) complexes. Although 

superhyperfine structure of the g l  position was poorly resolved at pH 7.0. seven 

superhyperfine lines with an approximately 15 G splitting can be observed. 

Furthennore, g// values around 2.20 with an interaction energy A// of 20 mK suggested 

a square planar complex with N 3 0  equatorial ligation (Peisach and Blumerg. 1974) as 

previously describecl for the tripeptide Gly-His-Lys. Thus it can be concluded that the 

mode of complexation of l o r  2with copper was identical with the one of the Gly-I-Iis- 

Lys tripeptide. 

Table 1 : EPR parameters for copper(II) complexes in solution. 

.......................................................... 
Cornplex PH g// H// A// Hfi-4 



The production of free radicals by the complex 1 has been evaluated by E.P.R 

us- phenyl N-tert-butylnitrone as spin-trap. Cuprk complex of 1 unambiguously 

-end up the formation of radicals in the presence of molecular a m e n  dissolved in 
the solution. Reaction'of the spin-trap with the activated oxygen produced a 

characteristic spin-trapped adduct consisüng of a mplet of doublets. Integration of 

the six peaks allowed direct relative measurements of the production of radicals. A 

regular production of radicals was observed in the h t  twenîy minutes, followed by a 

gradua1 decrease and a levelling-off after three hours (Qure 71. - 
m-AMSA has been shown to be oxidlzed to a quinone imine fom. rn-AQDI, in 

the presence of copper (Wong &&. 1984a and b). This addation was found to be 

responsible for DNA strand breaks and seemed to be correlated with the biologacal 

activity. The axidation rate can be evaluated by absorption spectroscopy : m-AMSA 

exhibits a visible absorption spectrum below 600 nm. with a major peak at  435 nm 

and a shoulder around 420 nm. The addition of Cu(1D ions in borate b d e r  (0.05 M pH 

9.0) resulted in a decrease in the absorption above 400 nm ans a simult&eous increase 

below 400 nm. An isosbestic point at  approximatively 395 nm was observed and two 

new absorption peaks were found at 356 and 377 nrn. As shown in figure 8.1 in the 

presence of copper evolves slowly, with a decrease of the major peak at 415.5 nm and a 

simuitaneous increase at 357 nm. The rate of axidation is low when compared with 

the one of m-AMSA (Wong et alL. 1984a and b) and points out the importance of the 

methoxy gmup in meta position on the aniline in the redax properties of the drug. 

In vitro cvtostatic activlty 

Inhibition of growth of cultured L1210 and Ki3 cells has been tested for the two 

depsipeptides 1 and 2. Compound 1 was found to be active (ID50 = 5 x 10 - 6 ~  in both 

systems) whereas 2 was about 30-fold less potent. The effects of these compounds on 

[3~]-thymidine incorporation in L1210 and KB cells were also perfonned and gave the 

same results. No sigificant DNA synthesis inhibition was obtained with 2, while 1 , at 

12 x 1 0 - 6 ~ ,  induced 50 % inhibition of DNA synthesis. 

Conclusion ; 

The concept of an antitumor drug consisting of an intercalative moiety 

associated with a metal chelating peptide deserves attention since it brings some 



min 

Ftéure 7 : Evolution with tlme of the production of radicals estimateci by the 

formation of spin-trapped adducts of PBN (in 0.09 M ethanolic 

solution). Integration of the arae of the six peaks obsemd in e.s.r. 

allowes relative measurement. (4 PBN = 200 ml, NaOH N = 50 ml, Cu(I1) 

10-3 M = 200 ml, water = 200 ml. (A) PBN = 200 ml. NaOH N = 50 ml, Cu@) 

10-3 M = 200 ml, 1 10-3 M = 200 ml. 

Fiéure 8 : Efïects of Cu(I1) on the absorption spectrum of 1.1 (50 ml, 10-3 M) was 

incubated at 25OC with Cu(II1 (50 ml. 10 '3 M) in borate buffer 0.05 M 

(2.90 ml. pH 9.0). Absorption spectra were recorded at intervals of 15 min. 



information on the mechanhm of actMty and points out some Meresting structure- 

a m  relationshlps. Compound Xexhibited a poor DNA amnity and was not able to 

. induce a redox system with the cupric ion since the bithiazole molety cannot be 

oxidized. Consequently. no cytoto~dc activity was found on tumor cells in vitro. 

Compound 1 was shown to interact üghtly with DNA likely by a complex process 

invoMng on one hand the intercalation of the 9-aniUnoacridine ring, as evidcnce by 

linear dichroism and the quenching of ethidium fluorescence , and on the other hand, 

by electrostatic interadion of the peptide poiety. 

The latter assumption lies on the high values of AT' observed and the 

observation in those experiments of a higher atTinity for the poly[d(A-T).d(A-T). 

Indeed. whiïe 9-anillnoacridines are luiow .to have a greater specificity towards G-C 

nucleotide sequences. A-T nucleotide sequence specificity is more characteristic of 

minor gmove binders such as netropsin or distamycin (Van Dykc and Dervan, 1983). 

Thus. it can be speculated that, besides intercalation of the acridine ring, the basic 

peptide may bind in the minor groove. Results obtained by viscometry and the 

observation that, in the presence of high concentrations of 1. the dissolved calf 

thymus DNA precipitated, were also in favor of electrostatic interactions leading to an 

aggregation of DNA as  obsenred for histone-DNA interaction. Therefore, although 

affinity for DNA has been enhanced by the introduction of a basic peptide, the 

biological activity of 1 remains discrete when compared wlth m-AMSA. Despite its 

proven efficacy, the molecule can still be irnproved : the hydrophilic character of the 

peptide is perhaps not favorable to membrane transport, m-AMSA ia a more 

lipophllic molecule: furthemore by comparison with m-AMSA the oxidation rate of 

the 9-anilinoacridine mioety has been found to be small and the formation of 

electrophflic and/or radical species was weak. which lowered DNA damages. This 

emphasizes the role of redox reactions in the bioactivation of most of intercalating 

drum. 
In conclusion, the results of this investigation are sumciently encouraging to 

warrant further studies In this family of compounds with a view towards 

optimization of the ce11 penetration by (il introducing hydrophobic residues in the 

chelating peptide sequence and (11) irnproving the redox properties by replacement of 

the 9-anilinoacridine moiety by an activated aromatic system exhibiting stronger 

redax properties. 
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Çonclusioq : 

L'inactivité du composé 2 est due à sa faible -té pour l'ADN et à l'abscence 

de propriétés redox comme le démontre la publication précédente mais également, 

selon toute vraisemblance, à sa faible aptitude à pénétrer dans les ceilules. Ceci avait 

été constaté en RPE avec des analogues bithiazoliques greffés à un marqueur de spin, 

par exemple SGNETBI ou même le dérivé suivant ( HENICHAKT &&. 1984): 

Pour le dérivé 2 tout au moins. il est probable que Gly-His-Lys ne facilite pas le 

transport membranaire. 

Le composé 1 répond mieux à nos espérances. Concernant la fixation du 

tétrapeptide Gly-His-Lys-Gly dans le petit sillon, 11 faut souligner qu'en plus des 

arguments physicochimiques évoqués dans l'article. l'intercalation de I'acridine 

impose le positionnement de l'aniline également dans le petit sillon (DENNY et al%, 

1983). facilitant ainsi la méme orientation du peptide. L'intercalation du chromo 

phore et l'insertion du tétrapeptide dans le petit sillon s'apparentent au mode de 

liaison à I'ADN de l'actinomycine : antibiotique antitumoral composé d'un 

chromophore aromatique phénoxazone. capable de s'intercaler entre deux plateaux G- 

C, couplé a deux pentapeptides cycliques (forme lactone) identiques qui s'insèrent dans 

le petit sillon de part et d'autre du site d'intercalation (GALE M. 1981). 

Ce dérivé se lie à I'ADN par un processus intercalatif rigoureusement défini par 

dichmisme linéaire et, de plus. produit des radicaux libres oxygénés. Mais aucune 

coupure d'ADN n'a été décelée quelles que soient les conditions utilisées (avec ou sans 

réducteur. avec ou sans eau oxygénée. pH neutre ou alcalin. temps d'incubation 

variable). Ce résultat est à première vue contradictoire avec ceux rapportés pour le 

tripeptide analogue Gly-Gly-His apte à cliver l'ADN (CHIOU. 1983: MACK et alL. 1988). 

Mais une étude beaucoup plus détaillée de la coupure d'ADN par ce type de dérivé a 

pennis d'élucider ce problème (voir chapitre III). 



Les propriétés antitumoraies du composé A sont satisfaisantes (ID50= 5 ph4 sur 

cellules LI2 10 et XB3) et semblent correspondre à la capacité de ce dérivé B inhiber la 

synthèse d'ADN fn v i t r ~ .  Les relations Liaison B l'ADN - Activite Biologique sont dans 

ce cas parfaitement cohérentes : le composé 1 se lie fortement B I'ADN et est acüf tg 

m. le composé 2 se lie mal B l'ADN et est inactif. 

La premitre approche du concept 'Feptide Chélateur-Intercalant" abordée par 

le tripeptide Gly-His-Lys est positive. Des pharmacomodulations autour du composé _L 

sont envisagées pour potentlallser son action Notamment le maintien du groupement 

méthaxy en méta sur l'aniiine est prévu dans un premier temps. Ce substituant permet 

de rétabb les propriétés axydaüves de l'amsacrine (BERNIER u. 1986b). La coupure 

de I'ADN en est faciUtée(W0NG etal., 1984). De plus. le groupe méthaxy joue un rdle 

déterminant dans le transport de I'arnsacrine in vivo DARKIN & RALPH. 1985). 

Les substances naturelles nétropsine et distamycine. dune part, et bléorx$cine. 

d'autre part. nous ont conduit respectivement a w  concepts de "Peptide B liaison 

spécifique-Intercalant" et "Peptide Chélateur-Intercalant". Dans les deux cas. la 

stratégie mise en oeuvre pour la conception de modèles synthétiques s'est avérée 

concluante. 

Chacune des fractions moléculaires que ce soit le complexant, le peptide a 
bison  spécifique ou l'intercalant semble potentialiser l'action du fragment voisin. 

Aussi pour mener à terme cette étude et aller encore plus loin dans le raisonnement 

chimique mis en place. nous avons regroupé au sein d'un méme modèle chacune de ces 

trois fractions. 



CHAPITRE III 

LE CONCEPT PEPTIDE CHELATEUR - PEPTIDE 

A LIAISON SPECIFIQUE - INTERCALANT 



Dans la premiere série de pharmacomodulations effectutes autour de la 

nétropsine et de la distamycine. le modele NETGA qui regroupe un  fragment bis- 

pyrrolique et le fragment anilinoamino-9 acrldine s'est révélt ttre extremement 

performant. Sa structure a donc et€ préservte. Mais les informations acquises avec les 

modeles analogues de la bléomycine ont également tté prises en compte. La partie 

cornplexante Gly-Hfs-Lys a étt retenue. 

Un  composé nomme Gly-His-Lys-NEïGA a eti! élaboré. 

"i 

Figure 22 : Structure de Gly-His-Lys-NETGA 

Les buts recherchés par l'intermédiaire de ce composé sont multiples : 

1 - Se flxer à l'ADN avec une forte afIlnité et si possible avec une haute 

spécificité de liaison 

2 - Couper l'ADN au niveau du site de fixation 

3 - Elaborer un composé possédant une forte activité anticancéreuse. 

Suite à la synthèse de ce dérivé. sa capacité à se f i e r  et à dégrader l'ADN et son 

activité antitumorale ont été étudiées. 



a) Liaison ii l'ADN 

1-Intensité de la liaison 

Dans un premier temps l'existence d'une interaction avec l'ADN a été vérifiée. 

Le spectre d'absorption UV-Visible de Gly-His-Lys-- est modifié de façon 

importante en présence d'ADN (Figure 23). Un effet hypochrome ii 440 nm (zone 

d'absorption de l'acrfdine) et ii 265 nm (zone d'absorption de l'aniline) est obsewé. De 

plus un shift de 8 nm vers le rouge apparait dans la zone de l'acridine (1- = 432 nm - 
1- = 440 nm); ceci traduit une délocaiisation des électrons x du chromophore en 

p r b n c e  d'ADN. L'intercalation de l'acxidine est donc envisageable. 

Une analyse de type Scatchard (Figure 24) a été &ectuée pour quantifier cette 

interaction La pente de la droite obtenue indique que Gly-His-Lys-NETGA se fixe à 

l'ADN avec une constante apparente daKinité de 6x10~ M'~ (Ka) soit avec une intensité 

dix fois plus forte que celle mesurée pour le composé NETGA ( Ka = 6 . 3 ~ 1 0 ~  M - ~ )  dans 

les memes conditions. 

L'accroissement de l'intensité de la liaison à l'ADN est due a la présence de la 

partie cornplexante peptidique Gly-His-Lys. seule fraction différenciant les deux 

modèles NETGA et Gly-His-Lys-- Le tripeptide stabUse donc la liaison à l'ADN; 

l'intervention de liaisons salines entre les résidus phosphate de l'ADN et les 
groupements amine terminaux du peptide (aNH2 de Gly et E N H ~  de Lys) est 

certainement à considérer comme elle l'avait été lors de l'étude de l'interaction Gly- 

His-Lys-anilinoarnino-9 acridine-ADN ( article no 1 1). 

Analyse de type Scatchard (r/cf en foncîion de r) pour l'évaluation de la 

constante apparente d'&té (Ka) de Gly-His-Lys-NETGA pour l'ADN de thymus de 

veau (tampon Tris-HC1 1 mM. pH 7.0). 



Figure 23 : Spectre d'absorption UV-Visible de Gly-His-Lys-NE- (10 pM) (-) et du 

complexe Gly-His-Lys-NEIGA-ADN aux rapports ligand/ADN de 0.5 [.-) et 0.2 (-). Les 

cellules de mesure et de référence contiennent la méme concentration en ADN de 

thymus de veau. respectivement 20 pM (-4 et 50 ph4 (a-.) dans un tampon Ms-HCl 1 mM 

pH 7.0. 

300 
J 
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Fieure 25 : Spectre de dichroïsme héaire électrique du complexe Gly-His-Lys-NETGA- 

ADN (ligand/ADN = 0.1. A = 2 mS. tampon Tris-HCl 1 rnM, pH 7.0). 



2 - Mode de liaison 

Le mode de llaison ii l'ADN a été étudié par la technique de dfchroïsme linéaire 

électrique, parücuïièrement bien adaptée pour ces dérives. Les rbultats obtenus sont 

représentés Figure 25. L'interaction G~~-H&-L~s-NE~GA-ADN (fragment de 400 paires 

de bases environ] se traduit en dichroïsme électrique par : 

-un dichroïsme négatif intense dans la zone 340460 nm avec un 

minimum A 44û nm, ce qui traduit l'intercalation de l'acridine 

-un d.ichrochroisme positif dans la région 300-340 nm avec un maximum à 3 10 nm 

correspondant A la position de la fraction bis-pymolique en périphérie de 

l'ADN 

Remaraut : le dichmisme naatif enregistré en dessous de 300 nm est dû ~'ADN dont 

la concentration est 10 fois supérieure à ceile du Itgand. 

Au vu de ces résultats. l'intervention de deux mécanismes de liaison distincts, à 

savoir l'intercalation de l'acridine et la fixation du chaînon bis-pyrrole dans le petit 

sfflon, peut être logiquement postulée. Le mode de liaison à l'ADN est schématisé sur la 

îigure 26. 

Figure 26 : Complexe Gly-His-Lys-NERX-ADN (structure proposée). 



La complexation des mt t aw (en particuiier Cu et Fe) est indispensable la 

production de radicaux libres et à la coupure d'ADN qui en résulte. L'aptitude de Gly- 

His-Lys-NEn;A complexer le cuivre a été v-e par RPE. Le spectre de RPE de Gly- 

His-Lys-NEn'lA-Cu(I1) est comparable à celui de Gly-His-Lys-Cu(ID; la gtométrie des 

complexes serait donc identique et hnpiiquerait qua& atomes (trois atomes d'azote et 

un atome d'oxygène) comme en témoiqne la présence de 9 pics correspondant à des 

couplages superhyperfins. 

Spectre de RPE des complexes Gly-His-Lys-NETGA-Cu(ii) (A) et Gly-His-Lys-Cu(I0 (B). 

( -) coupiage superhyperfh 

cl Dthxradation de l'ADN 

La méthode choisie est celle qui utilise comme cible l'ADN plasmidique 

superenroulé (pBR 322). L'examen du gel d'agarose à 254 nrn montre que Gly-His-Lys- 

NETGA ou le tripeptide Gly-His-Lys pris séparément. en présence de cuivre (ou de fer) 

ou d'eau oxygénée ou en présence d'un réducteur. sont totalement inaptes à dégrader 

l'ADN. 



Fieure 2 7  : Gel d'agarose (0.8%) du plasmide pBR 322 révélé au bromure d'tthidium et 

traite par Gly-His-Lys-NEn;A ou Gly-His-Lys. 

1 : plasmide pBR 322. 

2-3 : plasmide + Cu(I1) - Giy-His-Lys-NETGA (1/ 1. 10 pM-5 pM). 

4-5 : plasmide + Cu@) (10 pM-5 CiM) + H202 + ascorbate de sodium (10 @Il. 
6-7 : plasmide + Cu(I1) - Gly-His-Lys-NETGA (1 / 1, 10 pM-5 @A)+ H202 + ascorbate de 

sodium (10 pM). 

û-9 : plasmide + c''(II) - Gly-His-Lys (1/1. 10 pM-5 CrM). 

10- 1 1 : plasmide + Cu(m - Gly-His-Lys (1 / 1, 10 pM-5 CiM)(l/ 1.10 pM-5 CrM)+ Hz02  + 
ascorbate de sodium (10 CiM). 

12 : plasmide pBR 322. 



De mme.  la présence simultanée du modele complexant. de cuivre, d'eau 

oxygénk et d'un réducteur comme le $-mercaptoéthanol est aussi inefficace. Les 

coupures n'ont été observées qu'en présence d'ascorbate de sodium comme agent 

réducteur. Ceci confirme les travaux de Chbu avec le tripeptide Gly-Gly-His (CHIOU. 

1983). 

Le compost Gly-His-Lys-NETGA potentialise l'action du systëme 

H202/Cu(iI)/ascorbate. Mais cette amplification est. d'une part. faible comparée au 

systCme bléomycine/Fe(II)/O2 et. d'autre part. trës dlfncile à observer; plusieurs 

raîsons à cela : 

-. le système H2@/CuO/ascorbate. à des concentrations supérieures ou égaies 

à 50 &LM dégrade totalement l'ADN. Aucune ampliilcation ne peut donc étre observée à 

ces concentrations. La plus forte concentration en H2@/Cu(II) uüiisable sans induire 

de coupure est de 10 pM dans nos conditions. 

- le complexe Gly-His-Lys-NETGA-Cu(II)-ADN précipite des concentrations 

supérieures ou égales à 50 PM. Ce phénomëne avait été observé également avec le 

composé Gly-His-Lys-Gly-anilinoamino-9 acridine (article no 11). 

L'effet recherché doit donc nécessiter de trës faibles concentrations en produit 

testé. C'est à la concentration de 10 pM que des différences significatives d'intensité de 
coupure de I'ADN entre le système Cu(iI)/H2@/ascorbate Qe témoin) et le système Gly- 

His-Lys-NETGA/Cu(II)/H202/ascorbate ont été notées. A des concentrations infi 

rieures les coupures sont trop faibles pour éîre considérées (Fgure 27). 

L'activité amplificatrice de la coupure d'ADN par Gly-His-Lys-NETGA est 

légèrement supérieure à celle du tripeptide Gly-His-Lys (Cell Growth Factor. Serva). 

La technique utiiisée confirme que le dérivé étudié accroît la coupure de 

1'ADN.Toutefois il nous reste à savoir si la coupure est base-spécifique ou non. La 

technique employée s'apparente directement à celle du foot-prfnting (voir article n03). 

Cette étude. en cours de réalisation en collaboration avec le Pr J.W. LOWN. nous 

indiquera les sites préférentiels de liaisons. De plus cette technique permet de 

s'affranchir des faibles concentrations en Cu. H202 et ascorbate. De fortes 

concentrations en H202-ascorbate (1 mM) peuvent étre utilisées. car dans ces 

conditions la destruction de l'ADN par l'eau oxygénée est non spécifique et ne perturbe 

donc pas l'analyse des sites de coupure spécifiques (MACK W. 1988). 



concernant la liaison sptcifique à l'ADN. les premiers éltments 

d'Information, récoltés par l'étude en dtnaturatlon thermique d'ADN de dlü€rcntes 

compositions semblent révéler une fixation plus importante de Gly-His-Lys-NEn;A 

sur les ADN riches en paires de bases AT. Le ATm (variation de la temphature de demi- 

transition de l'ADN) est de 22°C avec le pomd(ATj.d(ATi] contre 15OC avec l'ADN de 

thymus de veau (48 % de CC) pour un m b  rapport Ifgand/ADN de 1/ 1. il est probable 

que Gly-His-Lys-NETGA présente la mQle spéclflclté de liaison à l'ADN de type M A T  

que son homologue NETGA (article no 3). 

. . 

Le modéle Gly-His-Lys-NETGA inhibe la prolîftration de cellules leucémiques 

L1210 avec une efflcacitt Itghment lnférleurc iî celle de son homologue NETGA. Le 

pouvoir cytostatique reste toutefois important. Le phénomène d'hyperplasie cellulaire 

est obsenrt aux concentrations de 10 pM et 50 PM. Par contre ce dtrlvé n'est pas 

cytotoxique (à 100 pM, le pourcentage de viabffltt celldah est de 59 %). 



Cette actMté a été mesurée avec le produit seul. D'autres essais seront dectués 

en associant ce produit avec du cuivre et de ï'ascorbate de sodium. Le couple cuivre- 

ascorbate est & lui seul doué de propriétés antitumorales (BRAM &&, 1980). 

L'addition d'un peptide complexant du cuivre au système Cu(I1)-ascorbate accroît de 

façon significative les potentialités anticancéreuses de ce système (KIMOTO etal,. 
1983) alors que le peptide seul est inad. 

Ainsi le modele Giy-His-Lys-NETGA déjQ actif sous forme libre non complexée 

devrait s'avérer encore plus d c a c e  en présence de cuivre et d'ascorbate. Cependant si 

cette hypothèse est encourageante, l'addition de cuivre à une culture cellulaire est 

toujours délicate du fait de la toxicité du cuivre libre non complexé. 

Le mécanisme d'action de ce modèle s'apparente & celui des endonucléases. Au 

sein de ces enzymes, deux domaines sont souvent juxtaposés : un site de 

reconnaissance de l'ADN et un site catalytique. Gly-His-Lys-NETGA peut être 

considéré comme l'union d'un site catalytique (Gly-His-Lys) et d'une unité de 

reconnaissance de l'ADN (NETGA). 

En perfectionnant ce modèle,on peut espérer aboutir à la conception d'enzymes 

artificiels. La conversion de systtme reconnaissant spécifiquement l'ADN en système 

dégradant l'ADN a déjà été réalisé avec des protéines notamment : 

- le répresseur du gène du Trp auquel la phénanthroline qui coupe l'ADN, a été 

fixée (CHEN & SIGMAN. 1987). 

- un fragment de 52 acides amlnés de la recombinase Hin. Ce fragment 

peptidique responsable de la reconnaissance de l'ADN par la protéine Hfn a été 

couplé à 1'EDTA (SLUKA etal.. 1987) ou au tripeptide Gly-His-Lys (MACK et aïL. 

1988) afin d'obtenir un système capable de dégrader l'ADN. 

Si ces deux modèles protéiques sont de bons outils pour la biologie 

moléculaire. ils sont toutefois dépourvus d'activité biologique du fait de leur 

sensibiiité aux protéases. 

Pour notre part. suite aux résultats encourageants obtenus avec le modèle Gly- 

His-Lys-NETGA, un programme pour la conception de composés analogues a. été 

élaboré en collaboration avec Monsieur le Docteur J -P  BEHR (CNRS UA 422, 



Strasbourg). Un premier comp& qui associe un résidu de type Dst-A se iiant B I'ADN. 

un complexant du cobalt capable d'hydroiyser les liaisons phosphodiester de I'ADN 

(CHIN Br ZOU, 1988) et un intercalant. est en cours de synthèse. 

De tels dérivés. résistant aux protéases. devraient nous permettre dans un 

proche avenir d'élaborer des composés antitumoraux stmcturalement simples. 

La conception d'enzymes artificiels telles qu'elle est envisagée devrait 

déboucher sur des composés anticancéreux, antibactériens. antiviraux ... 



CONCLUSION 

A partir de la connaissance du mécanisme d'action de substances naturelles, 

divas concepts ont 6té avancés puis appliqués par la synthèse de nombreux modéles. 

L'élaboration de chaque modèle repose sur l'existence de relations Structure- 

Activité €lucid€es de proche en proche. Cette démarche logique qui fait appel aussi 

bien Zt la chimie et a la physicochimie qu'à la biochimie et à la biologie, a débouché sur 

des composés actifs. 

Cette étude montre entre autres qu'il est désormais possible de concevoir des 

composés susceptibles de se lier à l'ADN par un mécanisme choisi à l'avance. 

Il est probable que dans un très proche avenir il sera également possible de 

prédéterminer le site préférentiel de liaison d'une substance sur l'ADN. 

Le but d'un grand nombre d'équipes est de créer des modèles capables d'inhiber 

zklectivement l'expression de certains oncogènes. Beaucoup d'éléments sont encore à 

découvrir pour maîtriser l'expression des gènes du cancer. Notre étude s'inscrit dans ce 

programme et contribuera peut-être à sa réaibation. 

Un autre point. également abordé dans ce travail concerne l'étude des 

interactions substances anticancéreuses-membranes. Il apparait de plus en plus 

distinctement que les transits cellulaires et membranaires sont des paramètres A 

considérer au meme titre que la liaison à l'ADN pour la conception de substances 

antitumorales. 

Si jusqu'à présent très peu de médicaments anticancéreux, à part le Fluoro-5 

Uracile et l'arnsacrine. ont été conçus à partir d'une approche chimique rationnelle, la 

rigueur de cette démarche devrait aboutir à la crtation de composés utilisables en 

clinique. 



APPENDICE TECHNIQUE 



SYNTHESE CHIMIQUE 

Les synthèses ont nécessité l'optimisation d'un grand nombre d'étapes dont il 

serait fastidieux de détatller point par point les conditions opératoires. Bon nombre 

d'entrc-elles ont eté iargement explicitées dans nos pubilcations incluses dans le texte. 

Ces synthtses seront donc decrites brièvement et les caractérisations des produits de 

réaction ou de leurs intermédiaires seront souvent proposées sous forme de données 

spectrales. 

ese des analogues thiazoliaues de la nétro~sine et de la 
distamvcine 

Ces synthèses peuvent être schématiquement scindées en 3 étapes : 

1- conception d'un motif commun : le (t-butylaxyaminométhy1)-2 thiazole-4 

carboqlate d'éthyle. 

2- di- et trfmérisation de ce motif par des réactions de couplage peptidique en  

présence de dicyclohexylcarbodiimide @CC) et d'hydmxybenzotriamle (HOBt). 

3- synthèse de la chaîne latérale aminopropionamidine et fixation à 

l'extrémité C-terminale du pseudopeptide. 

Cette synthèse a fait l'objet de la publication suivante : 

article no 12 : 

DEPSIPEPTIDE ANALOCS OF THE ANTlTUMOR DRUG DISTAMYCIN CONTAIMNG 

THIAZOLE AMINO ACIDS RESIDUES. 

EAILLY C., HOUSSIN R. BERNIER J-L.. HENICHAKT J-P. 

Tetrahedron 1988.44.5833-5843. 



Trnaheémn Vol. 44. NO. 18. pp. 5833 10 5843. 1988 
Rintcd in Great Briuin. 

OEPSIPEPT IDE ANALOGS OF THE ANTINWR DRU6 DISTAMYCIN 

CONTAINING TH1 AZOLE MINO ACIDS RESIDUES 

Chr is t ian  BAILLY', Raymond HOUSSIN++. Jean-Luc BERNIER' 

and Jean-Pierre HENICHART'. 

'INSERM U.16 Place de Verdun 59045 L i l l e ,  France 
++ 

I n s t i t u t  de Chimie Phannaceutique, FacultC de Pharmacie, 

Rue Laguesse 59045 L i l l e ,  France 

ABSTRACT 

Three canpounds st ructura l  1 y related t o  the natural a n t i v i r a l  an t i  tumor drugs 
netropsin and d i  stamycin have been synthetized. They have been designed s t a r t i  ng 
fm 2-((aminoncthy1)-thiazole-4 carboxylic acid, g l y  (Thz), a key element l n  
the s t ructure o f  h igh ly  cytotox ic  natural peptides. I n  the structure of the 
t h n e  ncw cnipounds, t h i s  u n i t  replaces N-methyl pyrro le  carboxyl ic ac id which 
sems t o  p l a y  a cruc ia l  r o l e  i n  DNA base sequence recogni t ion by the parent 
natural agents. 

Distamycin-A (Dst) (Fig. 1). a conpound possessing an t ibac te r ia l  , a n t i v i r a l  and anfituinor 

a c t i v i t i e s ,  has a t t rac ted  considerable at tent ion o f  many research grcrups ( f o r  a r e v i m  sec ref. 1) 
2 3 since i t s  iso lat ion and i t s  t o t a l  synthesis . Physico-chmical studies indicates t h a t  Dst, l i k e  

the other pyrrole amidine a n t i b i o t i c  netropsin (Nt) (Fig. 1). i s  ab le t o  block the tmip late func- 
1 

t i o n  o f  DNA by binding t o  speci f ic  nucleot ide sequences i n  the minor groove of double strand ONA . 
The molecular recognit ion s i t e  was found to be a AT r i c h  s m n t  as revealed by foo t -p r in t ing  o r  

DM-af f i n i  t y  clcaving 4-6 techniques. I n  order to undetstand the confonnational and chemical basi s 

o f  DN4 binding and t o  delineate the r o l e  o f  the haterocycl ic m i e t y  i n  the base ~ ~ c i f i c i t y ,  

s t ruc tu ra l  modifications o f  the parent molecules Ost and Nt, have been r a t i o n a l l y  carr ied out. 

-- - 
Peptide analogs o f  Dst and Nt synthesised h i ther to  can be regrouped i n  three classes. F i rs t ,  those 

9 -- -- 

. - -  
on which the pyrrole r i n g  i s  replaced by pheny17, pyridine8*9, thiophene , imidarole groups. 

I n  the  second class, t h e  pyrrole carboxamide u n i t  and the side chains (fonnyl and amidine) m r e  

present but  the nuinber o f  pyrrole u n i t s  i s  d i f ferent12 o r  the l i n k i n g  chains between the hetero- 

c y c l i c  r ings i s  more extended13. I n  the l a s t  class, the  modif icat ions are centered on the side 
14 

chain without modi f icat ion o f  the two (Nt) o r  t h m  (Ost) pyrrole n i t s  . 
5833 
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DSt 

F i  ure . b t ruç tu rc  of the ol igopeptide ant ib tot ics ,  Distaniycin A (Dst).  Netropsin (N t )  and 
synthet ic  compound fonnyl-gly(Thz)-aminopropionamidine ( 1). fonnyl- 

-gl  y(Thz)*-ami nopropionamidine ( 2 ) ,  fonnyl-gly(Thz)3-aminopropf onamidi ne (3). 

Taking i n t o  account these previous works, ra t iona l  confonnational structure-DNA binding 

r e l  ationships have been developed. I n  order t o  design non-intercalat ive DNA-binding compounds wi t h  

a modified DNA s p e c i f i c i t y  and enhanced b io log ica l  a c t i v i t i e s  compared t o  Dst, m repor t  here the 

synthesis o f  three new compounds re la ted t o  the Dst a n t i b i o t i c  (Fig. 1). The d i s t i n c t i v e  features 

o f  these three compounds i s  the in t roduct ion of 2-(aminomethyl ) thiazole-4-carboxyl i c  ac id u n i t  i n  
place o f  the N-methyl-pyrrole u n i t  o f  Dst (Fig. 1). The peptides, reported i n  t h i s  paper, contain 

the comnon synthon 2-aminomethylthiazole carboxylic acid. This r i n g  has several advantages : 

i )  F i r s t  the heterocycl i c  N atom i s  a hydrogen accepting s i t e  for  the NH2 o f  guanine as i t  has been 
10.11 demnstrated i n  s i m i l a r  cases . 

i i )  The addit ional methylene group undoubtedly d isrupts  the extensive n-electron delocal izat ion 

which occurs i n  the parent drug s t ructure and which has been regarded as responsible for  the 

s t a b i l  i z a t i o n  of the drug-DNA compl ex13. However, since the base sequcnce information can be read 

out by Van der Waals contacts~'. the r u p p l r n t a r y  CHî group i s  able t o  induce a moâified binding 

speci f  i c i  t y  t o  DNA sequence. 
i i i )  Are also present i n  the s t ructure of the new m d e i s  the fonnyl and amidine groups able t o  form 

e lec t ros ta t i c  bonds w i th  DNA phosphates and the amide bonds necessary f o r  a r e l a t i v e  r i g i d  confor- 

mation and the establishment o f  hydrogen bonds w i th  a heteroatm o f  purines and pyrimidines as 

found f o r  Dst. 
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i v )  The 2-(aminoalky1)-thiazole-4 carboxyl ic acid seems t o  be important for the b io log ics l  a c t i v i t y  

o f  h igh ly  cytotox ic  cyclopeptides i so la ted  from marine animals (do lastat in  16, ulicyclamide, 

u l  i thiacyclamide l7 and pate l la i ides 18-21 fm tunicates) and the th iazole r i n g  seems to  play a 

c ruc ia l  r o l e  i n  the ac t ion  o f  other na tu ra l l y  occurr ing peptides of pharmacological i n te res t  such 

as th iost repton 26 22'23, botror,ycin 24, dysidenin 25 o r  isodysidenin . 

Synthet ic strategy 
27 The three new compounds fonnyl-gly(Thz)-aminopropi onamidine 1, formyl g l y ( T h ~ ) ~ -  

aminopropionamidine 2 and fonnyl-gly(Th~)~-aminopropionamidine 3 have been synthesized according t o  

schemes 1 and III. 
Reaction o f  ami noacetoni t r i l e  hydrochloride wi t h  di- t-butyldicarbonate anhydride ((B0C)20) i n  

the presence o f  t r ie thy lamine afforded the BOC protected aminoacetonitr i le 4 i n  h igh y ie ld .  Thio- 

nat ion o f  the n i t r i l e  4 was accomplished wi th  H2S under pressure. Ethyl BOC-aminomethylthiazole 

carboxylate was then prepared from the thioamide 5 and ethy l  bromopyruvate by an improvement o f  the 

c lass ica l  Hantzsch condensation using a procedure which has previously been explo i ted by our group 

28*29. The resul t i n g  unstable a i r  sensi t ive ester 6 was imnediately converted i n t o  the stable amine 

7 : cleavage o f  the BOC group wi th  d ry  hydrogen bromide, i n  acet ic acid. gave the desired synthon 7 - 
i n  95 X y ie ld .  N-formylation o f  1 was carr ied out w i t n  formic acid by a c lass ica l  procedure using 

dicyclohexylcarbodiimide (DCC) and 1H-hydroxy-1,2,3-benzotriazole as coupling agent. This procedure 

provided the N-fomyl product 8 i n  63 % y ie ld .  This approach was preferred t o  tha t  which uses other 

reagents l i k e  formic anhYdr ih3O o r  formamide and e thy l  formate 31. Such fonnyl der ivat ives 8. 
and 20 were more hydroph i l i c  than t h e i r  corresponding BOC protected amines and extreme precautions 

must be taken wi th  a l 1  the washing procedures w i th  aqueous media. For t h i s  reason. we decided f o r  

the Thz-Dst der i va t i ve  3 t o  introduce the formyl s ide chain i n  the l a s t  step o f  the synthet ic 

strategy, jus t  before the amidine moiety. 

A lka l ine hydro lys is  o f  8 afforded the fonnyl-gly(Thz) carboxylic ac id 9, a f t e r  ac id i f icat ion,  

i n  a 98 X yield. Coupling o f  the primary amine 1 w i t h  9 i n  the presence of DCC-HOBt, gave the amide 

12 i n  excel lent y i e l d  and saponif icat ion o f  12 wi th  sodium hydroxide afforded the desired ac id 2. - 
With the formyl-gly(Thz) carboxylic ac id and the f o r m y l - g l y ( T h ~ ) ~  carboxyl ic ac id 2, we now 

turned t o  the attachrnent o f  the aminopropionamidine end group. The l i t e r a t ~ r e ~ ~  method o f  coupling, 

f i r s t  w i t h  aminopropionitr i le followed by addit ion o f  amnonia t o  the n i t r i l e  group v i a  an i n t e r -  

mediate iminoester, was i n  t h i s  case unsatisfactory because o f  the very low y i e l d  caused by the 

degradation o f  the th iazole system. Therefore an a l  ternat ive procedure was exami ned. The d i rec t  

coupl ing o f  P-amfnopropionamidine dihydrobromideJ3 (scheme II) wi th  succinimidyl esters of 9 and $ 
suggested an a l t e r n a t i v e  m e t h ~ d ~ ~ .  Best resul ts  were obtained by using one equivalent of the 

succinimidyl esters, o. 2 ( iso lated as pure compound by rec rys ta l l  i s a t i o n  from 2-propanol ) , 1.2 

equiv. o f  and 1.2 equiv of NaHC03. The two compounds 1 and 2 were f i n a l l y  

obtained as pure whi te  needles by two successive rec rys ta l l i sa t ions  from 2-propanol. The method o f  

p u r i f i c a t i o n  used here avoided chromatography which i s  not su i tab le for  such polar products because 

o f  contamination o f  the  f i n a l  compounds w i th  inorganic sa l t s  eluted from the adsorbent. 

The synthesis o f  2 was carr ied out as depicted i n  scheme III. This thiazole-containing Dst 

analogue was prepared using tne BOC-protected aminoacid 2 as s t a r t i n g  material .  Two d i f ferent  ways 

could be envisaged i n  the synthesis o f  g. F i r s t  saponif icat ion of the eas i l y  obtained synthon 6 
wi th  sodium hydroxide seemed t o  be the more appropriate procedure. However by t h i s  inethod, the 

y i e l d  o f  pu r i f i ed  d i d  not exceed 10 % and t h i s  experiment was not  eas i l y  reproducible. I n  an 

a l te rna t i ve  method, the acid was obtained i n  a h igh y i e l d  by d i r e c t  condensation o f  thioamide 5 
w i  t h  brompyruvic a ~ i d ~ ~ .  This react ion, conducted i n  ethy l  acetate. needed one equi val ent of 

t r ie thy lamine to  neu t ra l i ze  HBr fonned i n  s i t u  which could cleave the BOC group. Careful exami- 

nat ion o f  the crude react ion mixture revealed the presence o f  unreacted 5 ( 2 1 X), and pure 
35 compound was obtained by f lash chromatography . 
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H J I ~ ( N H 2  l l d  
NH .2HBr 

Schrme 1 la Reaction conditions : l a )  HC1 i n  dry Eton. ( b )  dry Nil3 i n  CTOH, ( c )  phenor. HI and 
acet ic  acid. 

Scheme III 
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The condensation of 15 wi th  am!ne using DCC-HOBt furnished the protected dimer i n  a rea- 
sonable y ie ld .  Af ter  a l  ka l ine  hydrolysis of the es te r  group, t h i s  procedure was repeated t o  give 

protected t r imer  2. The BOC protect ing group i n  2 was conveniently removed, according to  a 

standard procedure, w i t h  t r i f l u o r o a c e t i c  ac id a t  r o m  temperature. The N-fonnylated compound g was 

obtained from the amine 2, using the method o f  formylat ion described above f o r  the conversion o f  1 
t o  g. 

The f i n a l  incorporat ion of the amidine side chain i n  the molecule const i tuted a c ruc ia l  step 

i n  the synthesis of 3. When the succinimidyl act ive es te r  of g (prepared as descrfbed for  i0) was 

isolated, the y i e l d  was very poor and degradation of t h i s  ac t i ve  ester  occurred readi ly .  When DCC 

was used without N-hydroxysuccinimide as coupling agent, only minor amounts o f  3 were produced and 

i t  was severely contaminated w i t h  several other substances. This obstacle was f i n a l l y  o v e r c m  by 

using N-hydroxysuccinimide i n  presence of DCC without i s o l a t i o n  of the intennediate a c t i v e  ester. 

Thus, the y i e l d  i n  the l a s t  step was unsat is factory  and was due t o  the d i f f i c u l t y  i n  e l imi -  

nat ing the unreacted amidine without chromatographic methods unsuitable for such polar  cm- 

pounds. General l y  two o r  three successive r e c r y s t a l l  i sa t ions  are necessary t o  obta in h igh ly  pure 

f i n a l  products 1, 2. and 3. 

Experimental sect ion 

General 

- Mel t ing points  were detennined i n  c a p i l l a r y  tubes and are uncorrected. The IR spectra were 

obtained on a Perkin-Elmer 177 spectrophotometer, using KBr pel le ts .  'H-NMR spectra were recorded 

on a Brucker WP 80 SY o r  on a Brucker AM 40C WB spectrophometers. Chemical s h i f t s  are reported i n  

ppm from tetramethylsi lane as an interna1 standard and are given i n  6 units. EI mass spectra were 

recorded on a Ribermag R1O.10 (combined w i th  Riber 400 data system) mass spectrophotometer a t  70 eV 

by using d i r e c t  inser t ion.  FAB mass spectra were determined on a Kratos MS-50 RF mass spectrometer 

arranged i n  an EBE geometry. The sample was bombarded using a beam o f  xenon wi th  a k i n e t i c  energy 

of 7 keV. The mass spectrometer was operated a t  8 KV accelerat ing voltage wi th  a mass resolut ion o f  

3000. Thin layor  chroriatography (TLC) was carr ied out  using s i l i c a  gel 60F-254 Merck (3,25 mn 

t h i c k )  precoated UV-sensitive plates, generally i n  solvent system A (CHC13-MeOH, 80 : 20 (v/v) i n  a 

satured NH3 atmosphere). Spots were visual ized by inspect ion under U.V. i i g h t  a t  254 nm and a f te r  

exposure t o  vaporized I2 and/or ninhydrin. Kieselgel 60 (230-400 mesh) o f  Merck was used f o r  flash- 
35 chromatography according t o  the procedure o f  S t i l l  . 

t-Butoxyaminoacetoni t r i l e  !$j. To a so lut ion o f  9.25 g (0.1 mol ) o f  2-aminoacetonitri le hydro- 

ch lor ide (Aldr ich)  i n  CH2C12 (300 mL). TEA (27.7 ml, 0.2 mol) and di- t-butyldicarbonate (21.82 g, 

0.1 mol) i n  CH2C12 (100 mL) were added. The s t i r r e d  mixture was ref luxed f o r  12 hours. Triethy- 

lamine s a l t  was extracted twice by 30 mL o f  water, and the organic phase was evaporated i n  vacuo t o  

y i e l d  14.3 g (92 % y i e l d )  of an o i l  which s o l i d i f i e d  by t r i t u r a t i o n  i n  petroleum ether. mp<35OC ; 

Rf(A) : 0.8 ; I R  3380 (NH), 2220 (C N). 1700 (O-CO) cm-' ; 'H-IO. (CDC13) 6 1.5 (s,9H, (CH3)3). 4.1 

(d. 2H. J=6Hz, CH2), 6.1 (m. IH, NH). Anal. Calcd for  C7H12N202 : C.53.83 ; H, 7.69 ; N. 17.94. 

Found : C, 53.61 ; H, 7.65 ; N. 17.80. 

t-Butoxyaminothioacetamide (5). A solut ion of k (14 g, 89.7 mnol) i n  dimethylformamide (50 mL) and 

diethylamine (20 ml) was poured i n  a stainless s tee l  bomb and allowed t o  react with. hydrogen 

su l f ide under 2 amspheres  pressure for  12 hours a t  20°C. The solvent was evaporated and the 

residual s o l i d  r e c r y s t a l l i z e d  twice from water, g i v ing  14.45 g (85 % y i e l d )  o f  white crysta ls  : 

mp:12S°C ; Rf(A):0.8 ; I R  3420 (NH2 thioamide). 3300 (NH-BOC) 1685 (O-CO), 1610 (C-S) ; 'H-NMR 

(Me2S0.d6) 6 1.4 (s, 9H, (CH3)3), 3.8 (d, 2H, J = 0.55Hz, CH2), 6.9 (m, I H ,  NH), 8.9 (m, I H ,  

NH2-C=S), 9.6 (m. 1H. NH2-C=S) ; MS, m/e ( r e l  in tens i t ) :  190 (17. M'). Anal. Calcd f o r  C7H14N202S : 

C, 44.21 ; H, 7.36 ; N, 14.73. Found : C, 44.08 ; H, 7.47 ; N, 14.57. 
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Ethyl 2-(t-butoxyaminwthy1)-thiazole-4-carboxylate ( 5 ) .  A mixture o f  5 g (26.3 mnol) of 5 and 

3.29 mL (26.3 m l )  o f  ethyl b m p y r u v a t e  (Aldr ich)  i n  250 nb of dry  ether was s t i r r e d  a t  room 

temperature f o r  2 h. F i l  t r a t f o n  of the p rec ip i ta te  af forded 6.96 g (92.5 % y i e l d )  o f  white unstable 

c r y s t a l l i n e  5 i nned ia te ly  used for  preparation o f  and g. ~ p : 1 3 3 ~ C  ; Rf(A):0.68 ; I R  1760 

( 6 0 0 ~ ~ ~ ) .  1705 (OC01 a!!-' ; 'H-NMR ()le2sO-d6) 6 1.3 ( t ,  3H. CH3-CH2), 1.4 (s,9H, (CH3)3), 4.3 (q. 

2H, CH CH 1, 4.4 (d, 2H, CH2-NH), 6.0 (in, 1H.NH-CH2) 8.35 (s, lH, CH), MS, m/e ( r e l  i n tens i t y )  286 2- 
(24. M 1. 

Ethyl 2-(aminonthyl ) th iazole -4-carboxylate hydrobromide (1). A so lu t ion  o f  6.8 g (23.8 m l )  o f  

6 i n  200 mL of g l a c i a l  acet ic ac id was treated w i t h  d r y  HBr gas. A l t e r  saturation, the react ion - 
mixture was set aside a t  rom temperature f o r  2 h a f t e r  which time a s o l i d  precipi tated. The white 

s o l i d  (5.97 g, 94 X y i e l d )  was col lected, washed w i t h  large quant i t ies o f  d ie thy l  e ther  and dr ied 

under reduced pressun. An authentic specitnen was rec rys ta l l i sed  from absolute ethanol : mp:190°C, 
Rf(A):O.40 ; I R  3000 (NH3), 1740 ( C m 2 )  ; ' H - R  (Me2SO-d6) 6 1.3 (t, 3H, J=6.4Hr, CH3-CH2), 

4.3 (p. 2H,J=6.4Hz,CH2-CHJ)+, 4.5 (m. 2H. CH2-C), 7.35 (m. lH, NH3-CH2), 8.6 (S. 1H. CH). MS, n l e  

( r e l  i n tens i t y )  186 (12, M 1, 158 (9.9). 112 (461, 82 (100). Anal. Calcd for  C7H11 N202SBr : C, 

31.46 ; H, 4.12 ; N, 10.48. Found : C, 31.39 ; H, 4.20 ; N, 10.32. 

Ethyl 2-(fonnamidomethy1)thiazole-4-carboxylate (8). Fonnic acid (0.36 mL, 9.36 m l )  i n  co ld dry 

CH2C12 was s t i r r e d  w i th  dicyclohexylcarbodiimide (2.12 g, 10.3 m l )  and 1H-hydroxy- 

1.2.3-benzotriazole (1.58 g, 10.3 -1) for 1 h ; a co ld  so lut ion o f  7 (2.5 g, 9.36 m l )  and TEA 

(1.3 nil, 9.36 m o l )  i n  CH2c12 (30 mL) was added. S t i r r i n g  was continued f o r  2 h a t  O°C and 15 h a t  

20 OC. The dicyclohexylurea was discarded by p r e c i p i t a t i o n  with acetone and the CH2C12 so lu t ion  was 

concentrated and washed wi th  a minimum volume (5 ml) o f  1N HCl and 1M NaHC03. After dry ing over 

Na2S04, the solvent was removed i n  vacuo and compound 8 was obtained i n  1.26 g (63 % y i e l d )  as a 

white pure powder as dscertained by TLC. mp:84-86OCS Rf(A):0.68 ; IR 1735 (COOEt), 1685 (CHO) cm'' 

; 'H-NMR (Me2SO-d6) 6 1.3 ( t ,  3H. CH3-CH2), 4.3 (p. 211. CH2-CH3), 4.6 (d, 2H, CH NH). 8.15 (S. lH, 3- 
CHO). 8.35 (S. lH, CH), 8.83 (m, lH, NH) ; MS,m/e ( r e l  in tens i ty)  211 (71.3, M ),. 185 (18.31, 168 

(27.8). 139 (61.0). 112 (100). Anal. Calcd. f o r  C8H10N203S : C, 44.86 ; H, 4.67 ; N. 13.08 ; Found. 

C,44.55; H,4.77; N, 12.85. 

2-(Fonnamidomethyl) thiazole-4-carboxyl ic acid (9). A so lut ion o f  1.2 g (5.6 mnol) o f  8 i n  MeOH and 

0.9 g (22.4 mnol) o f  sodium hydroxide i n  water (2 inl) was s t i r r e d  a t  room temperature. The progress 

o f  the react ion was monitored by TLC and was thereby judged t o  be complete a f t e r  20 h . The re- 

su1 t i n g  solut ion was cautiously a c i d i f i e d  t o  pH 3.0 w i t h  a feu drops o f  d i l u t e  HC1. Evaporation o f  

the solvent, t r i t u r a t i o n  i n  absolute ethanol. e l im ina t ion  o f  sodium chlor ide by f i l t r a t i o n ,  and 

evaporation o f  ethanol, y ielded 1.02 g o f  a white s o l i d  su i tab le f o r  fu r the r  synthesis (98% y ie ld ) .  

An ana ly t i ca l  pure sample was obtained by r e c r y s t a l l i s a t i o n  from 95 X ethanol. mp:246OC, Rf(A):O ; 

I R  1730 (COOH), 1710 (CHO) cm-' ; 'H-NMR (Me2SO-do) 6 4.0 (m, lH, COOH) ; 4.65 (d, 2H. CH ), 8.2 S 
(s, 1H. CHO), 8.35 (s, lH, CH), 8.7 (m,lH, NH) ; MS, m/e ( r e l  i n t e n s i t y )  186 (30.2, M ), 168 

(77.7). 157 (24.8). 139 (100). Anal. Calcd f o r  C6H6N203S : C, 38.71 ; H, 3.22 ; N, 15.05 ; Found : 

C, 38.69 ; H, 3.28 ; N, 15.16. 

Succinimidyl 2-(fonnamidomethyl) thiazole-4-carboxylate (g). A mixture o f  9 
(0.5 g, 2.69 m o l )  and N-hydroxysuccinimide (0.34 g, 2.95 m l )  dissolved i n  dry M F  (20 ml), was 

cooled i n  an ice bath. To t h i s  we l l - s t i r red  so lut ion was added s o l i d  dicyclohexylcarbodiiride (0.61 

g, 2.95 m l )  and s t i r r i n g  was continued f o r  an addit ' i inal I h  a t  O°C and then a t  20°C overnight. 

After evaporation. t h e  dicyclohexyl urea formed was co l  lected and washed w i th  small portiorls of co ld 

acetone. The combined yel lowish f i l t r a t e  and washings were evaporated t o  dryness under reduced 

pressure (temperature below 40°C). This semi-solid residue was p u r i f i c d  by d isso lu t ion  i n  a small 

quant i ty  o f  acetone, and p rec ip i ta t ion  w i th  cold ether. This material, obtained as a white powder, 

was f i n a l l y  r e c r y s t a l l  ized from 2-propanol t o  g ive a white microcrysta l l ine sol id. (0.29 g, 38 1 

y i e l d )  ; 1np:lU-l46~C ; Rf(A):O.56 ; I R  1800; 1745 (COON). 1680 (CHO) cm-' ; 'H-NMR (Me2SO-d6) 6 
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3.15 (m. 4H, 2CH2CO), 4.7 (d. 2H. CH2NH), 8.2 (S. 1H, CHO), 8.7 (m. lH, NH). 8.8 (s, lH, CH). Anal. 
Calcd for  C10H9N305S : C, 42.40 ; H, 3.18 ; N, 14.84 ; Found : C, 42.45; H, 3.27 ; N, 14.71. 

3-Aminopropionamidine dihydrobromide (fi). The t i t l e  compound was prepared as 'previously described 

by Hi lgetag e t  Only the physico-cheriiical character is t ics  of i n temed ia te  and f i n a l  products 
are reported here. 

3-(p-Toluenesulfony1amino)-propionitrile (G). nip>250°C ; Rf(A) : 0.68 ; I R  2240 (C NI, 1340 (S02) 

cm-' ; 'H-MR (k$O-d6) 6 2.4 (S. 3H. CH3), 2.6 (m. ZH, CH2-NH) ,, 3.0 ( t .  2H. CH2-C NI, 6.8 (m, 

1H. NHS02), 7.5 (m. 4H. CH) ; MS, m/e ( r e l  in tens i ty)  224 (8.2 M'), 184 (20.5), 155 (42.0), 91 

( 100). 

Ethy l  3-(p-toluenesulfonylamino)-propionimidate hydrochloride (g) . mp: 126OC ; R f  (A) :0.93 ; I R  

a 1340 (S02), 1730 (CNHOEt) 6' ; 'H-NMR (k2SO-d6) 6 1.15 (t, 3H, CH3-CH2). 2.4 (s, 3H. CH3-C), 3.0 

(m. 4H. CH2-CH2), 4.0 (q, 2H, CH -CH 1, 6.7 (m. lH, NH-S02), 7.6 (m. 4H, CH), 7.95 (m. 1H. HN = C,) 
3 

; MS, m/e ( r e l  i n tens i t y )  271 (0.2 M ), 226 (11.8). 184 (35.6), 155 (89.5). 116 (94.4). 91 (100). 

3-(p-Toluenesulfonylamino)-propionamidine (s) . Rf (A) :O, R f  (H20/MeOH /HCOOH, 9/3/0.1, v:v) :0.57 ; 

I R  1680 (amidine). 1335 (S02) 6' ; 'H-NMR (Me2SO-d6) 6 2.4 (s.3H,CH3). 3.0 (m. 2H. CH2), 3.4 (m. 

2H, CH2), 6.5 (m. 1H. NHS02), 6.6 (m. NH), 7.5 (m. 4H. CH). No molecular i o n  peak was present i n  

the 70-eV mass spectrum ; same fragmentation as observed f o r  S. 

3-Aminopropionamidine dihydrobromide (g) . mp: 15g°C ; R f  (A) :O. R f  (H20/MeOH/ HCOOH, 9/3/O. 1, 

v:v):O.72 ; I R  3340 (WH2-C). 1690 (amidine) an-' ; 'H-NMR (Me2SO-d6) 6 2.9 (m. 2H, CH2), 3.2 (m. 

2H, CH*), 8.5 (m. NH) ; no molecular i o n  peak was present i n  the 70-eV mass spectrum (parent peak, 

m/e 80ï. Anal. Calcd f o r  C3H11N3Br2 : C s  14.45 ; H 4.41 ; N, 16.86. Found : C, 14.39 ; H. 4.48 ; K, 

16.64. 

[Z-Formamidomethyl ) th iazol  e-4carboxamido]propionamidine hydrobromide ( I )  . To a wel l  s t i  r red  solu- 

t i o n  of P-aminopropionamidine (210 mg, 0.84 m l )  and NaHC03 (70.6 mg, 0.84 m l )  i n  dioxane - 
water 1 : 2 (v:v, 15 ml) was added a fresh so lut ion of g (200 mg, 0.7 m l )  i n  dioxane (Sml). The 

so lu t ion  was s t i r r e d  f o r  48 h a t  room temperature and then evaporated ; af te r  f i l t r a t i o n  o f  the 

so lu t ion  obtained by d isso lu t ion  i n  water ( 4  ml), the l yoph i l i za ted  mater ia l  was dissolved i n  hot 

absolute ethanol t o  remove NaBr and the s t a r t i n g  amidine g. The a lcohol ic  f i l t r a t e  was evaporated 

t o  dryness and the residual powder rec rys ta l l i sed  twice i n  1-butanol g i v ing  53 mg (15 X y i e l d )  o f  

hygroscopic compound 1 pure as ind icated by usual analy t ica l  c r i t e r i a .  Rf(A):O, 

R f  (H20/MeOH/HCOOH, 9/3/0.1, v:v) :0.62 ; 'H-NMR (Me2SO-d6) 6 2.85 (m, 2H, CH2), 3.8 (m,2H, CH2) .4.8 

(d, 2H, CH2 - NH), 8.25 (S. lH, CHO), 8.35 (s, 1H. CH), 8.7 (m, lH, NH). Non analysable by MS ( E I ) .  

Anal. Calcd. f o r  CgH14N5 02S8r : C, 32.14 ; H, 4.17 ; N, 20.83. Found : C, 32.26 ; H, 4.19 ; N, 

20.74 

Ethy12-[2'-(formamidomethyl)thiazole - 4'-carboxamidomethyl]thiazole-4-carboxylate (12). A so lut ion 

o f  compound 2 (1.5 g, 8.06 mnol) i n  anhydrous CH2C12 (100 ml) was cooled t o  O°C and dicyclohexyl- 

carbodiimide (1.82 g, 8.87 m l )  and 1H-hydroxy-1.2.3-benzotriazole hydrate (1.35 g, 8.87 m l )  i n  

10 mL o f  CH2C12 were added. A f t e r  1 h 30, a so lut ion . lf  7 (2.15 g, 8.06 m l )  i n  30 mL CH2C12 and 

TEA (1.12 ml, 8.06 mnol) cooled t o  O°C was added. The mixture was s t i r r e d  a t  O°C f o r  2 h and 

allowed t o  r i s e  t o  ambient temperature. s t i r r i n g  was continued for 10 h. The prec ip i ta ted dicyclo- 

hexylurea was co l lected and the CH2C12 so lu t ion  was washed successively w i t h  30 mL o f  1N HCl, , H20 

and 1M NaHC03. After drying over Na2S04 the solvent was removed i n  vacuo. The remaining dicyclo- 

hexylurea was discarded by c lass ica l l y  p rec ip i ta t ion  w i th  acetone. The resul  t i n g  residue obtained 

a f t e r  evaporation o f  the solvent was thoroughly t r i t u r a t e d  wi t h  d ie thy lether .  The y i e l d  o f  crude. 

chromatographically pure product obtained as a white powder was 3.24 g (68 % y ie ld) .  mp:134-13S°C, 

Rf(A):0.78, I R  1720 (COOEt). 1665 (CHO), 1135 ( c o N H ) ~ ~ " ,  'H-NMR (Me2SO-d6) 6 1.3 ( t ,  3H. CH3CH2), 
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4.3 (q, 2H, CH2CH3), 4.6 (d, 2H, CH2), 4.8 (d, 2H, CH2). 8.2 (s, lH, CHO), 8.35 (2s, 2H, 2CH), 8.7 

(m, 1H. NH,). 9.05 (m. lH, NH). US-FAB 355 (75, U++l). Anal. Calcd for C13H14 N404S2 : C, 44.07 ; 

H. 3.95; N, 15.82 ; Found: C, 44.35; H, 4.08; N, 15.74. 

2-[2'-(Formamidmthyl )thiazole-4'-carboxamidomethyl ]thiazole-4-carboxyl ic acid (2). This compound 

was prepared using the same conditions as described for 9. Recrystallisation from absolute ethanol 
provided 1.64 g of 13 (94 % yield). 1np:128~C, Rf(A):O, IR 1730 (COOH), 1710 (CHO), 1640 (CONH) ; 
'H-NMR (Me2SO-d6) 6 4.7 (d, PH. CH2), 4.8 (6, 2H. CH2), 8.2 (S. 1H. CH), 8.3 (S. lH, CH), 8.35 (S. 

1H. CHO), 8.8 (m. lH, NH), 9.0 (m, lH, NH). MS, m/e (rcl intensity) 326 (0.3, M+), 320 (1.1). 305 
(5.4) 223 (10.2). 141 (21.6). 113 (39.9), 98 (100). Anal. Calcd. for Cl1HlON4O4S2 : C, 40.49 ; H, 

3.07 ; N, 17.18 ; Found : C,40.41 ; H, 3.15 ; N, 16.97. 

Succinimidyl 2-[2'-fomamidomethyl ) thiazole-4'-carboxamidomethyl Ithiazole-4-carboxylate (14). This 
succinimidyl ester was prepared according to the previously establ ished procedure for 2. 0.26 g of 

needles from isopropanol. (40 X yield) ; Rf(A) : 0.45 ; IR 1745 (CWN), 1680 (CHO). 1660 (CONH) ; 

'H-NMR (Me2SO-d6) 6 3.20 (m. 4H. 2CH2CO). 4.75 (d, 2H. CH2), 4.8 (d, 2H, CH2), 8.2 (S. 1H. CH), 8.3 

(S. lH, CH), 8.35 (S. lH, CHO), 8.8 (m. lH, NH), 9.1 (m. lH, CH). Anal. Calcd. for Cl5Hl3N5O6S2 : 

C, 42.55 ; H, 3.07 ; N.16.55. Found : C, 42.66; H, 3.02 ; N, 16.40. 

52 [2 '-(Formamidmthyl ) thiazol e-4'-carboxamidomethyl Ithiazole-4-carboxamido]propionamidine hydro- 

bromide (2). 38 mg (17% yield) of amidine 2 were obtained according to the procedure described 1. 
np:76OC ; Rf(A) :O, Rf (H20/MeOH/HCOOH, 9/3/0.1, v:v) :O.58 ; 'H-NHR (Me2S0-d6) 6 2.5 (m. 2H. CH2-CH2) 

; 3.6 (m, 2H, CH2_CH2) ; 4.7 (d, 2H, CH2NH), 4.85 (d, 2H, CH2-NH), 8.1 (s, 1H, CHO), 8.2 (S. lH, 

CH), 8.25 (s, 1H. CH). 8.9 (m, lH, NH), 9.1 (m, 1H, NH). FAB-US 396 (~++1). Anal. Calcd. for 

C14H18N703S2Br : C, 35.29 ; H, 3.78 ; N, 20.59. Found C, 35.03; H, 3.71 ; N, 20.46. 

2-(t-Butoxyaminomethyl )thiazole-4-carboxylic acid (15). (a) saponification of ester 5. 5 (1 g, 3.5 
ml) was dissolved ii! 50 mi. of MeOH and a sodium hydroxide solution (0.15 g, 3.85 mol in a 

minimum of water) was added. The mixture was stirred at room temperature for 30 min and then 

evaporated. The resulting residue was rapidly acidified with 30 mL of 1N HCl ; trituration of the 

gumny product gave 80 mg of the desired acid 15 in a poor yield (less than 10 X )  but as a white 
powder essentially pure by TLC. 

(b) Cyclisation using bromopyruvic acid. In an alternative procedure, 2.64 g of bromopyruvic acid 

(15.8 mol, Aldrich) was added to a solution of 3 g of 5 (15.8 ml) and 2.4 mL of TEA (17.36 mnol) 

in 100 mi. of ethyl acetate. The mixture was stirred for 2 h at ambient temperature, the precipitate 

was collected and the solvent evaporated in vacuo. Trituration of a gumny product with ether gave a 

crude yellow crystolline substance which was collected : 2.89 g (71 % yield). Remaining traces 

amounts o f  5 could be remved by flash chromatography (ethyl acetate : acetone (1 : 1 by volume) as 
eluent, followed by MeOH) to collect E. An analytical sample could be obtained by dissolution of 
the chrmatographed material in a minimum volume of acetone followed by addition of sufficient cold 

dry ether under rapid stirring. The precipi tated white powder was then collected and dried. 

mp:lU°C ; Rf(A):O.l ; IR 1780 (COOH), 1710 (OCONH) cm-' ; 'H-NMR (Me2SO-d6) 6 1.45 (S. 9H, 

(CH ) ), 4.4 (m. 2H. CH2), 7.1 (m, lH, COOH), 8.35 (S. 1H, CH). US, m/e (rel intensity) 258 (3.3, 
+ 3 3  
M ), 241 (2.6). 226 (1.8), 214 (1.9). 202 (14.5). 198 (1.5), 185 (9.4). 158 (20.4) 100 (100). Anal. 

Calcd. forC H N O  5 : C, 46.51 ; H, 5.42 ; N, 10.85. Found : C, 46.62 ; H, 5.55 ; N, 10.79. 10 14 2 4 

Ethyl 2-[2'-(t-butoxyaminomethy1)thiazole-4'- carboxamidomethyl]thiazole-4-carboxylate (2). Fresh, 
thoroughly dried acid (2.6 g, 11.2 mnol) was coupled to the amine 1 (3 g, 11.2 mol) using 

dicyclohexylcarbodiimide (2.5 g. 12.4 mnol), 1H-hydroxy-1.2.3-benzotriazole (1.9 g, 12.4 mol) and 

TEA (1.55 nb, 11.2 m o l )  in a mixture of CH2C12/WI(F (9/1, v:v) according to the procedure described 

for 2. White powder, 3.24 g ; 68 % yield ; mp:118OC ; Rf(A):.0.85 ; I R  1720 (COOEt), 1685 (OCONH), 
1660 (CONH) a1 ; 'H-NMR (Me2SO-d6) 6 1.25 ( t ,  3H. CH3-CH2), 1.4 (S. 9H, (Cg)3), 4.25 (q, 2H. 



CH2-CH3), 4.45 (d, 2H, CH2), 4.75 (d, 2H, CH2), 7.7 (r, IH, NH-BOC), 8.2 (s, 1H. CH), 8.35 (s, IH, 

CH), 9.15 (m. IH, NH-CO). Anal. Calcd f o r  C17H22N405S2 : C, 4 7 3 8  ; H, 5.16 ; N, 13.14. iound : C, 

48.01 ; H, 5.07; N, 13.02. 

2-[2'(t-lutoxyamf nomethyl) thiazole-4'-  carboxamidomethyl]thiazole-4-carboxyl i c  ac id  (z). The 

crude e thy l  ester  2 (3 g, 7.04 mnol) was t o t a l l y  converted a f t e r  35 h t o  the corresponding acid 

17, according t o  the ntethod o f  preparat ion f o r  9. The material  used for  the fur ther  react ion was - 
conveniently recovered a f t e r  the fol lowing p u r i f i c a t i o n  i n t o  a s i n t e r  glass charged w i th  s i l i c a  

gel. The deposited mixture was f f r s t  e lu ted w i th  CHC13 t o  r m v e  impuri t ies, then w i t h  MeOH which 

afforded the neat 17 (2. 13 gr 76 X y i e l d ) .  1np:173-175~C, Rf(A) :O ; I R  1780 (COOH), 1680 (OCONH) , 
1665 ( C O N H ) ~ - '  ; 5-NMR (i4e2S0-d6) 6 1.4 (S. 9H, (CH3)3), 4.45 (d, 2H. CH2), 4.75 (d, 2H, CH2), 

7.68 (m, IH, NH-BOC), 8.2 (s, lH, CH), 8.3 (s, 1H. CH), 9.4 (m, IH, NH-CO). Anal. Calcd for  C15 H18 

N4 O5 S2 : C, 45.22 ; H, 4.52 : N, 14.07. Found : C, 45.34 ; H, 4.55 ; N, 13.93. 

Ethyl 2-~2'-[[2"-(t-butoxyaminmethyl)thiazole]-4'carboxamidomethyl]thiazole-4'-carboxamidomethyl]- 

thiazole-4-carboxylate (-1. The procedure adopted f o r  the preparat ion o f  the tri sth iazole g i s  

s t r i c t l y  iden t i ca l  t o  t h a t  described fo r  11. 64 % y ie ld ,  1np:123~C, Rf(A):0.85 ; I R  1720 (COOEt), 

1690 (O-CO), 1665 (CONH) Ci-' ; 'H-NNR (Me2s0-d6) L 1.4 (S. 9H, (EH3)3). 4.45 (d, 2H, CH ), 4.7 (d, 3 
2H, CH2), 8.25 (s, 1H. CH), 8.3 (S. IH, CH), 9.15 (m, 2H, 2NH) ; MS-FAB 567 (55, M +1). Anal. 

Calcd. fo r  C22H26N606S3 : C, 46.64 ; H, 4.59 ; K, 14.84 ; Found : C, 46.50 ; H.4.71 ; N, 14.69. 

Ethyl 2- [2'-[[2"-( aminomethyl )thiatole]-4*carboxamidomethyl]thiazole-4'-carbo xamidomethyl I th iazole-  

-4-carboxyla& (g). The t-BOC protected amine 2 ( 1  q, 1.77 mnol) was deprotected w i th  pure TFA 

(IOmL) t o  give the corresponding f ree  amine 2 i n  a good y i e l d  (>85X). A f te r  1 h s t i r r i n g ,  the 

excess of TFA was evaporated and the residue was d i lu ted  w i th  absolute ethanol (30 mL) before 

evaporation of the solvent. This procedure was repeated three times and resulted i n  the complete 

e l im ina t ion  of TFA. A thorough dry ing i s  necessary t o  el iminate the retained ethanol and the 

resul  t i n g  i s  qu i te  su i tab le f o r  the next reaction. Hygroscopic powder ; 0.95 g ; 93 X y i e j d  ; no 

d i s t i n c t  m l t i n g  p o i n t  ; Rf(A):0.6 ; I R  1720 (NH; T F A - ) ~ - ~  ; 'H-NMR (Me2SO-d6) 6 1.2 ( t ,  3H, 

CH3-CH2), 4.25 (q, ZH, CH2-CH3), 4.8 (m, 6H. 3CH2), 8.15 (s, I H ,  CH), 8.3 (5, lH, CH), 8.4 (s, I H ,  

CH), 9 (m, 3H. N H ~ +  TFA-). MS - FAB 467 (80, nt+l). 

Ethyl 2-[2 '-[[2H-(formamidomethyl )thiazole]-4"carboxamidomethyl]thiazole~ 

carboxamidomethyl]thiazole-4-carboxylate (z). The formamido der i va t i ve  i s  prepared according t o  

the procedure adopted f o r  compound 8. Extreme care should be obsewed during the washing procedure 

due t o  the extreme s o l u b i l i t y  o f  20 i n  the aqueous media. The crude residue was p u r i f i e d  by flash 

chromatography (acetone : CHC13 (7 : 3)). 54 X y ie ld ,  Rf(A):0.64 ; I R  1720 (COOEt), 1670 (CHO). 

1660 (CONH) cm-', 'H-NMR (CDC13) 1.35 ( t ,  3H, CH3-CH2), 4.35 (q, 211, CH2-CH3), 4.8 (m. 611, 3CH2), 

7.5 (m. IH, NH),8.0 (s, 1H. CH) ; 8.05 (S. 1H. CH), 8.1 (s, IH, CH), 8.3 (s, lH, CHO), 8.4 (m. 2H. 

2NH) ; MS-FAB 495 (15, M++l). Anal. Calcd f o r  C18H1805hoS3 : C, 4 3.72 ; H, 3.64 ; N.17.00. Found : 

C s  43.57 ; H, 3.63 ; N. 16.81. 

2-[2'-[[2~-(Formamid0methyl)thiazole]-4*carboxamidomethyl]thiazole-4'-carboxamidomethyl]thiazole- 
-4-carboxylic ac id (21). The crude e thy l  ester 20 was t o t a l l y  converted t o  the corresponding acid 

w i t h i n  30 h, according t o  the method o f  preparation o f  2. 69 X y i e l d  ; Rf(A) :O ; I R  1780 (COOH), 

1680 (CHO), 1660 (CONH) cm-' ; 'H-NMR (CDC13) 6 4.8 In, 61, 3CH2), 7.5 (m, 1H NH), 8.0. 8.05, 8.10 

(3s, 3H, 3CH), 8.3 (S. IH, CHO), 8.4 (m. 2H, 2NH) ; MS-FAB 467 (45. M++I). Anal. Calcd. f o r  

C16H1405N6S3 : C, 41.20 ; H. 3.00 N, 18.03 ; Found : C, 41.16 ; H, 2.87 ; N, 17.91. 

J2-[2'-[[2"-(F0rmamidomethyl)thiaz0le]-4"carb0xamid0methyl]thiazole-4'-carboxamidomethyl]thiazole-4 

carboxamido]propionamidine hydrobr- (3). The amidine 3 was obtained by i n i t i a l  i n  s i t u  prepa- 

r a t i o n  o f  the corresponding succinimidyl ester and then condensation w i t h  the amino der ivat ive z. 
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The procedures re fe r red  respect ive ly  t o  the prenarat ion o f  s t ruc tures and 1. The f i n a l  prciduct 

i s  r e c r y s t a l l i z e d  from absolute ethanol . 15 mg ; 11 %y ie ld .  mp:188°C, R f  (A):O, Rf(H20/MeOH/HCOOH, 

9/3/0.1, v:v):0.4 ; 4-NMR (400MHz) (D20) 6 3.5 (m,  2H, CH2-C 1, 3.6 (m, 2H. IHCH2), 4.9 (m. 6H. 

CH -NH), 8.09 is ,  lH, CH), 8.15 (S. lH, CH). 8.155 (s, IH, CH), 8.12 (s, IH, CHO). FAB-MS 536 (73, 
+ ? 

M - Br )  Anal. Calcd f o r  ClgH22Ng04S3 B r  : C, 37.01 ; H. 3.57 ; N. 20.45 ; Found : C, 37.19 ; H, 

3.60 ; N, 20.36. 
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bl Le modele Thia-Net 

Cette synthtse est détajïlée dans l'article nO1. 

se des modèles hvbrides - n tro~sine-intercalant, - 

La stratégie a consisté à élaborer séparément l'intercalant et le motif 

polytamfno-4 méthyl-1 pyrrole-2 carboxylate) puis de les coupler lors de l'étape 

ultime. Le motif intercalant (glycyl-aniiinoamino-9 acridine) a été réalisé selon u n  

procédé mis au point au laboratoire (HENICHART et âL. 1982b). Le motif de type 

nétropsine ou distamydne a été conçu selon une stratégie détaillée dans l'article n02. 

Dans cette série. le cornposé NETGA (ou ii) a été pris comme référence pour les 

expérimentations physicochimiques et pharmacologiques. Pour cette raison. sa 

synthèse sera prise comme exemple. Celle-ci est présentée sur les planches suivantes 

ainsi que les spectres de RMN- IH et les spectres de masse. 

-L'acide N-méthyl pyrrole-2 carboxylique est estérifié par l'iodure de méthyle 

dans un  milieu acétone/carbonate de sodium. Une estérffication par HCl sec 

/méthanol est impossible car dans ces conditions le pyrrole est complètement 

dégradé. 

La nitration du N-méthyl pyrrole-2 carboxylate de méthyle s'effectue en milieu 

acide nitrique 65 %/anhydride acétique et conduit aux deux isomères nitro4 et nitro- 

5 ainsi qu'au dérivé dinitro-4.5 (3-4 %). Après une séparation chromatographique de 

ces produits, chacun des deux isamères est caractérisé en R M N - 1 ~  : 

. nitro-4 méthyl-1 pyrrole-2 carboxylate de méthyle : les protons du pyrrole 

apparaissent sous forme de doublet (J = 4.5 Hz). La faible constante de couplage 

traduit le couplage !.a' des deux protons. Ces deux protons subissent de la même 

façon l'influence du groupement Nm. 



1 0 9 8 7 6 5 4 3 2 1 0  8 7 6 5 4 3 2 1 0 '  
6 ppm 6 PPm 

Synthèse de NETGA : spectres de RMN-IH ( 80 MHz) 



Synthèse de NETCA : spectres de RMN-IH ( 80 MHz) 



Synthèse de NETGA : spectres de R M N - 1 ~  ( 80 MHz) 



. nitro-5 méthyl-1 pyrrole-2 carbaxylate de méthyle : la constante de couplage 

des protons du m e  est plus grande (J= 4.7 Hz) du tait du couplage 1. 1' . Le proton en 

$ ' subit directement l'influence du NO2 voisin et apparaît donc plus debïindé que le 

proton en ?. 

-L'isomère niiro-4 est -te réduit (HZ, Ni Raney* W C ,  50 kg. 12 h). Le passage 

du N@ (attracteur d'ëiectrons) au (donneur d'électrons) se traduit pour les protons 

du pyrrole par un glissement vers les hauts champs mais sans modification de l'ordre 

de résmame de ces protons. 

-Après N-protection par un  groupement t-butyloxycarbonyle (BOC) 

[groupement tertiobutyle ii 1.45 ppm) puis saponification (disparition du pic ester). 

l'acide (tertiobutyloxycarbony1amino)-4 méthyl- 1 pyrrole-2 carboxylique est couplé 

avec Samino-4 méthyl-1 pyrrole-2 carboxylate de méthyle en présence de DCC/HOBt. 

En RMN- IH, la liaison peptidique créée se traduit par la pI.esence d'un pic NH 9.7 

PPm. 

-La saponification du dimère (disparition du pic ester) puis le couplage de 

l'acide avec le (glycyiamho-4 phény1)-1 amino-9 acrldine conduit au composé finai N- 

protégé (BOC-NETGA). 

-Dans une dernière étape NETGA est purifié après élimination en milieu acide 

du groupement protecteur. Le spectre de R M N - 1 ~  de ce produit se décompose de la façon 

suivante : 

1- deux pics N-méthyle ii 3.8 et 3.9 ppm. 

2- un doublet à 4.0 ppm ( J= 7.7 Hz) correspondant au CH2 glycyle. Ce doublet 

devient singulet après addition de D2O. 

3- un massif de 6.8 à 8.5 ppm comprenant 18 protons dont 16 CH et 12 NH. 

4- deux pics NH à 10.0 et 10.4 ppm correspondant respectivement à un NH 

mobile (rapide échange avec l'eau lourde) et à un NH peptidique 

5- un massif très étalé (10-1 1 pprn), peu visible correspondant au NH3+ 

terminal (échange total avec Seau lourde). 

Remaraue : les valeurs des glissements chimiques indiquées ici sont parfois 

légèrement différentes de celles rkpertoriées dans l'article n02 (pour un même solvant : 

le DMSO). La présence d'eau résiduelie dans des proportions variables selon les essais 

est certainement à l'origine de ces variations. 



Synthèse de NETGA : spectres de masse FAB (rnatrlce = thiogïycérol ; soivant = DMSO) 



Les spectres de masse du produit final protégt (M = 687) ou non IM = 587) sont 

témoins de l'identité de ces produits. 

En ce quî concerne les autres composés du type nétropsine(ou distamycine)- 

acridine. la stratégie chimique adoptée est identique : synthèse de la fraction poly(N- 

mtthylpyrrole carboxamide) avant couplage f'inai avec I'acridine. 

Néanmoins pour le composé N (distamycine-acridine). une approche 

légtrement difftrente a dQ etre adoptée en raison de la fragiiitt du groupement fomyle 

N-texminai en miïieu alcalln (déformylation au cours des saponifications de l'ester 

méthylique). Le passage par un  ester benzylique (hydmgtno-labile) a tté r é W .  Les 

spectres de RMN l 3 ~  des esters benzyliques du mono- et bispyrrole sont présentés 

ainsi que ceux des deux isomtres de position du dérivé nitropymole. 

M r e  RMN l 3 ~  des nitro4 et nitro-5 wrroleg 

Les carbones Cl(N-CH3). Cg(C01 et C7(0CH3) ont des g k m e n t s  identiques 

pour les deux isomères. respectivement 35, 160 et 52 ppm. Les carbones C2 (porteur de 

la fonction ester) et CQ (en a du C2) subissent faiblement l'intluence du groupement 

nitro en position 4 ou 5. Dans les deux cas l'ordre des gïissements est identique : C2 

vers 125-130 p p  et C3vers 110-115 ppm. 

Par contre les modifications concernent logiquement les Cq et Cg. Le carbone 

porteur du groupement nitro (le Cq pour l'isomère nitro-4 et le Cg pour l'isomère nitro- 

5) subit l'&et attracteur du NO2 (déblindage) et résonne donc a bas champ (135-140 

ppm). Le carbone a du groupement nitro sort à plus haut champ (1 10-1 15 ppm). 

b) s~ectre RMN l 3 ~  des esters benzviiaueg 

1. "Monopyrrole" (t-butyloxycarbonylamino-4 méthyl- 1 pyrrole)- 

2 carbaxylate de benzyle. Le spectre présenté est un spectre non découplé (utilisé pour 

mesurer les constantes de couplage Le glissement chimique de chaque carbone 

est @uré sur le spectre. 

2. "Bis-pyrrole" (((t-butyloxycarbonylamino-4 méthyl- 1 pyrroly1)- 

2 carboxamido)-4 méthyl-1 pyrrolel-2 carbaxylate de benzyle. Le spectre présenté ne 

permet pas de dlfférencler les carbones de chacun des deux hétérocycles pyrrole. 
Cependant les glissements chimiques des couples C2-C2*. C3-Ca1. Cq-Cq' et C5-Cgt ont 

été attribues sur le spectre. 





BI Le dérivé n6tro~sine-bithiazole INETB4 

Chacune des composantes de ce modèle a dtjà t té répertorite : fraction 

nétropsine (voir précédemrnentl. fiaction bithiazolique (HOUSSIN &&, 1984b). 

Le couplage de ces deux unités amène aux composés N-prottgt (BOC-NETBI), 

puis, final dont les spectres de masse et de RMN-1~  sont prbentés B la page suivante. 

Le spectre 2D des protons pyrroliques de NETBI pexmet de dinérencier chacun d'entre 

eux: 

- les protons se -nt en 2 couples de singulets (6.5-6.9 et 6.7-7.0 ppml 

correspondant à chacun des 2 het6rocycles. 

- le couple 6.7-7.0 correspond aux protons de l'héterocycle terminal (Al porteur 

du NH2 libre. 

- le couple 6.5-6.9 correspond aux protons de l'hétérocycle B disubstitué en 2 et 4 

par des liaisons peptidiques. 

thèse des analoaues de la Blm 

ail Modèle AMBIGLU 

Schématiquement. trois fractions sont regroupées dans ce modèle. 

. la fraction cornplexante (AMPHIS) dont la synthèse a été mise au point 

précédemment (HENICHAKT a. 1982al 

. la fraction intercalante bithfazolique (HOUSSIN et al'. 1984b) 

. la fraction glucosaminylglutaminyle dont la synthèse est 

complètement décrite dans l'article n06. 

b) Modèle hvbrides comiilexant-acridine : AGGA. AGAMGA et AGAGLU 

La synthèse de ces modèles fait appel uniquement à des synthèses dei3 décrites 

comme celles de : 

. la fraction intercalante glycylaniiinoamino-9 acridine (HENICHART 

Ut 1982b). 

. la fraction g luco~yig lu taminyle  (cf article no 6). 



Synthèse de NETBI : spectres de masse FAB (matrice = thiogiycérol ; solvant = DMSO) 
spectre de RMN- IH ( 400 MHz) 



DMSO 

Synthèse de NETBI : spectres de masse FAB (matrice = thioglycérol ; solvant = DMSO) 

spectre de RMN-IH ( 400 MHz) et spectre de RMN-1H 2D (Cosy. 

protons pyrroliques) . 



. la fraction cornplexante : 

- de type BLM (AMPHIS) (HENICHART &&, 1982a). 

- de type Gly-Hls-Lys : la synthese de ce tripeptide est décrite dans 

l'arück no 1 1 et correspond il une synthèse peptidique classique 

sans dlflacult&s majeures. 

4OI Sv&&c du modèle G k - H i s - L v s - r n  

La stratégie adoptée pour cette synthèse a consiste il élaborer séparément le 

tripeptide Gly-His-Lys (article nO1 1). la portion bis-pyrrolique de type nétropsine 

(article n02) et la fraction glycylanjiino amino-9 acridine (HENICHAKT et ai%. 1982b). 

Le couplage de ces différentes unités est suM par les spectres'de masse des Wérents 

composés intermédiaires de synthèse de ce composé Gly-His-Lys-- (pages 

suivantes). 



so ' 90 ' PO ' ilo' i30' iso' i701 i p o '  .iiol ' ijol . & '  '170' ' Zb' 'd18' '430' 
I I I  I I I  I I I 1  1 1 I I  

57 66 78 95 109 123 139 154 167 181 178 223 240 2% 

Synthèse de Ciy-His-Lys-NETGA : spectres de masse (IE) 



Synthèse de Giy-His-Lys-NETGA : spectres de masse IFAB) 

(matrice = thioglycéroi ; solvant = DMSO) 



Au cours de ce travail, les techniques mises en oeuvre ont eté les subantes : 

- spectroscopie U.V. 

. analyse de type "Scatchard" 

. denaturation thermique 

- fluorescence 

- poiarisaüon de fluorescence 

- résonance paramagnétique electronique (RPE) 

. complexation du cuivre 

. production de radicaux libres 

- dichroïsme circulaire 

- dichroïsme linéaire électrique 

- vfscosimétrie 

. elongation de l'ADN 

. détorsion de l'ADN 

- coupure d'ADN (mono-brin et double-brin) 

- résonance magnetique nucléaire (RMN) 

- spectroméme de masse 

. impact electronique 

. FAB 

- foot-printing 

Les appareils ainsi que les protocoles expérfmentaux utilisés pour la mise en 

oeuvre de ces techniques sont bien détaiilés dans les diverses publications présentées. 



METHODES BIOLOGIQUES 

re de la svnth se endocellulaire d'ADN 

Les cellules en cultun sont exposées la thymidine tritiee (43 Ci/mM. CEA) 

pendant la durée d'un cycle cellulaire au mînîmum. en présence ou non du produit a 
tester. Après la période de marquage. l'incorporation du précurseur dans l'ADN est 

mesurée par comptage radioactif. 

Compte tenu de sa spéciacitC pour l'ADN, la thymidine constitue un précurseur 

idéal. La thymidine exogène doit etre phosphorylée en thymidine triphosphate (îTP) 

et entrer dans le pool de TI'P qui est essentiellement dérivé de la synthbe de no-. La 

concentration en thymidine dans le milieu est fixée ii 3 pM de façon à constituer un 

pool endogène de T V  suffisant et permettre une mesure satisfaisante dC la synthèse 

d'ADN. 

La concentration endogène en thymidine ne doit pas excéder 10 mM car des 

concentrations supérieures inhibent toute synthèse d'ADN par rétroinhibition de la 

ribonucléotide réductase (CLEAVER 19671. 

Le protocole expérimental utiiisé est détaillé dans les articles nos 2 et 8. 

2") Mesure de l'activité antitumorale 

id Sur cellules L 12 1Q 

Les cellules leucémiques L 12 10 sont maintenues en phase exponentielle 

de croissance dans un miiieu RPMI- 1640 (GIBCO) additionné de 10 % de sérum de veau 

foetal. Les cellules sont incubées par fraction de 10 ml a 37OC en présence de 

concentration variable de produit à tester. 

Après une période d'incubation de 24 h (la durée d'au moins un cycle cellulaire), 

les cellules sont colorées au bleu trypan pour diaérencier les cellules vivantes 

(perméables au colorant) des cellules mortes (imperméables au colorant), puis 

numérées. Deux paramètres sont mesurés: 



- le taux de croissance par rapport au témoin 

- le taux de viabffltt cellulaire 

DI Sur cellules MCF7 

1- Courbe de croissana 

2 ml de suspension cellulaire (5 104 cellules / ml] dans un milieu DULBECCO 

(MEM) additionnt de 10 % de strum de veau foetal. sont incubés en présence de 

concentrations variables du produit ii tester. Tous les jours. pendant 8 jours. les 

cellules sont décollées ii la trypsine, puis numértes à l'aide d'un compteur 

électronique. Avant la numératton cellulaire. le milieu de culture est enlevé et le tapis 

cellulaire lavé de façon à éliminer les cellules mortes non adhérentes au support. 

Seules les cellules vivantes sont donc numérées. 

2- Courbe de sumie 

Les cellules sont ensemencées dans un milieu DULBECCO (plus 10 % de sérum 

de veau foetal) pendant 48 h à 37OC. Les cellules, en phase exponentielle de croissance. 

sont décollées du support par la trypsine (SEROMED, 1 g/l). numérées (au moyen d'une 

nageotte) puis ensemencées dans des boites FALCON de 25 cm2 à diverses 

concentrations en cellules (de 2000 à 100 000 cellules/boîte) et en produit à tester (de 
0.5 à 20 pM). Ces cellules sont maintenues à 370C (+ 10 % C02) pendant au minimum 15 

jours sans les déplacer. Le temps d'incubation est variable (15-20 jours) et correspond 

au temps nécessaire pour qu'une cellule donne naissance à au moins 50 cellules filles 

soit un clone. Les clones sont colorés au violet cristal (2 g dans 100 ml de formol à 30 % 

et 900 ml de méthanol à 80 %) et numérés. 

Les résultats sont exprimés en terme d'efïicacité de clonage (%) par rapport au 

témoin. L'indice de clonage du témoin (platting aciency) est d'environ 3-4 % pour les 

cellules MCF7. Les résultats sont pondérés par rapport à cet indice témoin et reportés 

sur un graphique en coordonntes serni logarithmiques de manière à obtenir la courbe 
de survie. La dose létale à 50 % (LD50). détenninée sur la courbe de survie, correspond à 

la concentration en produit testé nécessaire pour tuer 50 % de la population cellulaire. 

Ce critère pennet de comparer l'efïicacité des différents produits testés les uns 

par rapport aux autres. 
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La dîstamydne et la bléomycine sont deux anbiotiques antitumoraux capables 

de se lier à l'ADN respectivement par flxation dans le petit sillon et par intercalation. 

Des modC1es synthetiques andagues de ces deux substances naturelles ont étt 

conçus afin d'ttudier en détaii leur mode de liaison à l'ADN. D'autres composes 

hybrides entre, d'une part la bléomycine ou la distamycine. et d'autre part, 

ranilinoamino acridinc ont ttt élabores dans le but d'obtenir des substances capables 

de se lier à l'ADN avec une grande -te et une spécificitt de Ilaison pour des sites 

nucléiques dé-. Ces composés répondent aux concepts Peptide Chélateur- 

Intercalant et Peptide à liaison Spécifique-Intercalant. Le mode de liaison A l'ADN de 

ces dtrivés a étt clairement défini par la convergence de nombreuses techniques 

physicochimiques (spectroscopie d'absorption W: fluorescence et polarisation de 

fluorescence: dichroïsme circulaire et linéaire: RMN, FWE) et biochimiques (foot- 

printing). L'activité biologique (coupure d'ADN) et l'activitt pharmacologique 

(propriétés antitumorales in vitro) ont été également étudiées. 

Depuis la conception jusqu'à la réalisation de composés synthétiques 

potentiellement anticancéreux. une démarche logique de pharrnacomodulation est 

présentée. Cette étude débouche sur la réalisation d'un modèle complexe du type 

Peptide Chélateur - Peptide à liaison Spécifique - Intercalant. point de départ pour 

l'élaboration de composés capables d'exciser des séquences nucléiques définies au sein 

d'oncogènes inducteurs du mécanisme d'initiation du cancer (conception d'enzymes 

artificielles). 
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