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2AAF 2-Acétylaminofluorène 

2AF 2-Aminof luorène 

N-AAAF N-Acétoxy-2-ac6tylamino£luorèn,e 

N-OH-AAF N-Hydroxy-2-acétylaminofluorène 

N-OH-AF N-Vydroxy-2-aminofluorène 

INA 1-Naphtylamine 

2NA 2-Naphtylamine 

Addu& 
dAdo-N6-AQO 

6 
3- (Désoxyadenosin-N -y 1) -4-aminoquinoléine 1 -oxyde 

dGuo-C8-AQû N-(Désoxyguanosin-8-yl)-4-aminoquinoléine 1-oxyde 

 GUO-N2 -AQO 
2 

3-(Désoxyguanosin-N -yl)-4-aminoquinoléine 1-oxyde 

r .o. dGuo-C8-Ap 1 (-1 ' -désoxyriboside) -1- CG- (2, 5-diamino-4-oxopyrimidinyl)j 
-3- (4-quinoléinyl 1-oxyde) urée 

dGuo-C8-AAF N- (Désoxyguanosin-8-y 1) -2-acéty laminof luorène 

dGuo-C8-AF N- (Désoxyguanosin-8-y1) -2-aminof luorène 

Acides nudéiquea 
AllN Acide désoxyribonucléique 

G, C,T,A Guanine, Cytidine, Thymine, Adénine 

P O ~ Y  G Acide polyriboguanylique 

~ 0 1 ~  A Acide polyriboadénylique 

poly(dG-dC).poly(dG-dC) Acide poly-désoxyguanylique-désoxycytidylique . poly-désoxyguanylique-désoxycytidylique 
Techniques 

clhp Chromatographie liquide haute performance 

RMN Résonance magnétique nucléaire 

Tr Temps de rétention 

W Ultra-violet 

C Coefficient d'extinction molaire 



I N T R O D U C T I O N  
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Un des buts  de l a  recherche fondamentale en cancérogénèse 

chimfque est de cunnaître l e s  conséquences des perturbations indui tes  pa r  

les cancérogènes dans l a  v i e  ce l lu la i re .  

La grande majorité des travaux dans ce domaine est axée s u r  

l ' a c ide  désoxyribonucléique, c'est-à-dire su r  l'éviinement mutagène qui  peu t  

rendre compte des phénomènes de cancérisation. Ainsi, l a  connaissance des 

modifications chimiques e t  s t ruc tura les  de l 'ADN, l'appréhension des impacts 

biologiques & i ' in te rac t ion  du cancérogane avec l a  macromolécule, l a  prédic- 

t i o n  des e f f e t s  mutagènes de chaque lésion,  l a  local isa t ion des zones préfé-  

r e n t i e l l e s  d'attaque e t  de mutation,constituent les thèmes de recherche d'un 

grand nombre de laboratoires dispersés dans le monde ent ier .  . 
L'ensemble de ces recherches n 'a pas encore abouti  à l ' é labo-  

r a t i on  d'une théorie générale expliquant de façon c l a i r e  l ' induction d'une 

tumeur par un cancérogène chimique. Certains concepts sont cependant t o u t  à 

f a i t  admis, comme l a  métabolisation des substances cancérogènes par  l a  cel -  

l u l e  e t  l ' in te rac t ion  de fonnes activées avec l e s  macromolécules ce l l u l a i r e s ,  

particulièrement l'ADN. 

C'est dans ce contexte que s ' in tègre  l e  t r a v a i l  que nous avons 

abordé au laboratoire : l 'étude des modifications chimiques e t  s t ruc tu ra l e s  

de l ' A D N  par  un cancérogène, l e  4-nitroquinoléine 1-oxyde. 



REMARQUES PRELïMINAIRES ------------------- 

Dans notre approche de l a  cancérogénèse chimique par  l e  -0, 

nous nous intéresserons uniquement à l 'étude de l'évènement moléculaire de 

l ' i n i t i a t i o n .  Nous sommes cependant parfaitement conscients que l ' induct ion 

d'une tinneur est un phénomène pléfotrope qui f a i t  in tervenir  en p a r t i c u l i e r  l e s  

é tapes  d ' i n i t i a t i on  e t  de promotion (BERENBLUM, 1975). Actuellement on sa i t  

que l a  promotion s e  divise en plusieurs évèneuents (WEINSTEIN, 1981 ) . 

Le t r ava i l  qui  est présenté i c i  a é t é  r é a l i s é  avec Bernard 

BAILLEUL. 

Nos ob jec t i f s  é t a i en t  identiques e t  nous avons f a i t  un t r a v a i l  

d'équipe. Ceci explique que, dans l a  présentation de. notre thèse ,  ce r ta ines  
v 

p a r t i e s  soient  communes corne l e s  ~ é n é r a l i t é s ' l e t  l e  chapitre II de l a  p a r t i e  

"Résultats". 

De même, nous avons préféré  donner des conclusions e t  perspec- 

t i v e s  communes qui nous permettent de f a i r e  une synthèse de l'ensemble des 

travaux que nous avons réa l i sés  au laboratoire su r  l e  4NQO. 

Nous avons regroupé ci-après toutes  l es  publications s c i e n t i -  

f iques,  les posters e t  l e s  par t ic ipat ions  à des congrès du laboratoire  con- 

cernant ce su je t .  
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Je p r i e  mes lecteurs  de bien vouloir accepter leemploi, tout 

au long de mon manuscrit,de termes anglais que l'usage a francisé avec plus  

ou moins de bonheur. Cela est vra i  par  exemple pour le mot "adduit" e t  auss i  

pour les noms des composés chimiques u t i l i s é s  dans l a  thèise. La. traduction 

correcte semblait t r o p  lourde et ne permettait  pas une comparaison aisée 

avec l a  l i t t é r a t u r e  anglo-saxonne. 



P R E M I E R E  P A R T I E  

Les concepts de l a  cancérogénëse chimique 
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1. LES PROPRIETES BIOLOGIQUES DES CANCEROGENES CHIMIQUES 

a)  Le p u v o i r  cancérogène e t  mutagène -- Y------------------------ --- 
A l 'heure ac tue l le  il semble bien démontré que l a  plupart  des 

cancers chez 1'Honsrte sont  d 'origine chimique. 80 % des cancers humains sont  

dus a des facteurs d'environnement (MILLER, 1970 ; MILLeR, 1978) . Le terme 

"environnementA e s t  à prendre dans un sens t r è s  général e t  comprend des élé-  

ments de notre mode de v i e ,  cer ta ines  habitudes socia les  ou alimentaires. 

De  nombreuses études épidémiologiques on t  permis depuis l a  moitié de ce s i è -  

cle d ' a t t i r e r  l ' a t t en t ion  s u r  l e s  innombrables phénomènes de pcl lut ion 

(HLGGINSON, 1969 ; HIGGINSON e t  al . ,  1977). Depuis les observations par 

l ' ang la i s  POrPT en 1775 de l a  fréquence anormalement élevée des tumeurs du 

scrotum chez l e s  ramoneurs e t  par l e  docteur allemand REHN en 1895 des can- 

cers professionnels de l a  vessie dus a certaines amines aromatiques, l a  l i s t e  

des canchmgènes chez l'Homme s'est allongée. El le  ne comprenait cependant 

qu'une vingtaine de produits  en 1978 (TOMATIS e t  a l .  , 1978) . Cette liste, re- 

présentée sur  l e  tableau A, r e s t e  incomplète : un cer ta in  nombre de composés 

actuellement suspectés cancérogènes chez l'Homme pourraient y trouver place,  

Citons par  exemple l e s  dérivés de pyrolyse des protéines (SUGIMURA e t  a l , ,  

1981) e t  un cer ta in  nombre de dérivés d'amines aromatiques (KRIEK, 1979) en 

p a r t i c u l i e r  l e  2,4-diaminoanisole e t  le 2,4-diaminotoluène qui  sont  u t i l i s é s  

comme add i t i f s  dans l e s  colorants des cheveux (DYBING e t  a l . ,  19811, Il r e s t e  

cependant très d i f f i c i l e ,  voire même impossible, d 'avoir  des preuves i r r é f u -  

t ab l e s  de l ' ac t ion  cancérogène chez l'Homme d'un composé chimique (HAY, 1982) . 
De nombreux t e s t s  (PURCHASE e t  al . ,  1976) ont é t é  mis au point  pour évaluer 

l e  pouvoir cancérogène des composés suspects, l e s  plus rapides e t  l e s  plus  

s i g n i f i c a t i f s  res tan t  toujours ceux qu i  mesurent le  pouvoir mutagène des pro- 

du i t s  chimiques chez l a  Bactérie ( t e s t s  de AMES e t  de DEVORET). La grande ma- 

j o r i t é  des cancérogènes sont  en e f f e t  mutagènes. Cependant, quoique ces t e s t s  

à court  terme soient  t r è s  sensibles  e t  u t i l e s ,  ils sont diffici lement extra-  

polables à l'Homme. D'autres tests ont  é t é  proposés qu i  pourraient permettre 

d'améliorer l 'évaluation des r isques,  mais ils sont  encore longs e t  t r è s  corn- 

plexes (WEINSTEIN, 1981) . 
Les composés chimiques cancérogènes sont  principalement des 

substances organiques de synthèse, dont l e  nombre a a t t e i n t  4 mill ions depuis 

1945 (MILLER e t  al . ,  1979). D e  plus,  il exis te  des composés chimiques organi- 

ques naturels,  dont l a  quant i t é  e s t  d i f f i c i l e  3 évaluer (environ 100.000). 



Agents chimiques 

Compoaé ncx;tw& 

Aflatoxine 

Compoaéb hdw&rL& 
4-aminobiphényle 

benz êne 

benzidine 

(4,4*-diaminobiphényle) 

chlorure de vinyle 

disulfure de chloroéthyle 

éther dichlorométhylique 

2-naphtylamine 

Compobib d' o ~ g h e  médicale 
chloraamphénicol 

cyclophosphamide 

diéthylstilbestrol 

me lphalan 

N ,N-Bis ( 2-chloroéthy1)-2-naphtylamine 

oxymétholone 

phénacétine 

phénytof ne 
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Sites de formation de la tumeur 

C t a h e b  de wrnpobib 

amiante 

arsenic 

cadmium 

chrome 

nickel 

Méeange de compobé6 

fumée de cigarette 

goudrons, suie 

hui les isopropy liques 

foie 

vessie 

système hématopoXétique 

vessie 

foie 

poumons, larynx 

poumons 

vessie 

système hématopoIétique 

vessie 

utérus, vagin 

système hématopoiétique 

vessie 

foie 

rein 

tissu lymphoréticulaire (ganglions) 

poumons, plèvre, péritoine 

peau, poumons, foie 

poumons, prostate 

poumons, cavité nasale 

poumons, cavité nasale 

poumons, appareil urinaire, pancréas 

poumons, peau . 

larynx, cavité nasale 

TABLEAU A - Liste des agents chimiques chez l'Homme (TOMATIS et al., 1978). 



Dans l e  cas du 4NQO qui est un composé de synthèse, l e  pouvoir 

mutagène a é t é  mis en évidence sur les champignons par  OKABAYASHI en 1953, 

avant que ne So i t  montré son pouvoir cancérogène (voir  l a  revue : END0 e t  al . ,  

1971). C'est en 1957 que ce t t e  propriété du 4NQO a & t é  montrée chez l a  Souris 

(NAKAHARA e t  al. ,  1957). Les organes cibles sont  l e s  voies r e sp i r a to i r e s ,  

principalement l e  poumon (MORI e t  a l . ,  1961) e t  l e s  voies digest ives  : pan- 
l 
l créas,  estomac (HAYASHI e t  al . ,  1971 ; MORI, 1967). Comme dans le  cas de l a  

l plupar t  des composés chimiques,le pouvoir cancérogène du 4NQO est  l i é  à l a  

s t ruc ture  de c e t t e  molécule. Certains auteurs, après avoir  t e s t é  de nombreux 

dérivés quinoléiques, ont  a t t r ibué  l a  spéc i f i c i t é  d 'action du 4NQO à l a  pré- 

sence du groupement n i t r o  en posit ion 4 e t  de l a  fonction N-oxyde en posi t ion 

1 (NAKAEARA e t  a l . ,  1958 ; KAWAZOE e t  a l , ,  1967) . Le 4NQO a é t é  t r è s  é tud ié  

comme modele de mutaggne e t  de cancérogène. De nombreux auteurs ont  d é c r i t  

l ' induction,par ce composé,de subst i tu t ions  de paire  de bases (ISHIZAWA e t  

a l . ,  1970 e t  1971 ; PRAKASH e t  a l . ,  1974a e t  1974b ; ROSENKRANZ e t  al . ,  1979) 

e t  de mutations par  décalage du cadre de lecture  ; ces dernières sont plus  

ra res  (HARTMAN e t  a l , ,  1971 ; ROSENKBANZ e t  a l . ,  1979) . Les subs t i tu t ions  de 

pa i re  de bases sont  à 90 % des t rans i t ions  G.C. --9A.T.  Des transversions 

G.C. --+T.A. sont également observées à une fréquence dix  f o i s  plus fa ib le .  

Les mutations sur  l e s  paires  de bases A.T. sont ra res ,  cec i  correspond pro- 

bablement au f a i t  que l a  guanine e s t  l a  c ib le  "privilégiée" du 4NQO 

(IKENAGA e t  a l . ,  1975) . 

Actuellement, on a tendance à é l a r g i r  l e  terme "mutagène" à 

t ou t  ce qui provoque un changement hérédi ta i re  dans l a  séquence nucléotidique 

de l ' A D N  ou un changement dans l e  contenu génétique de l a  c e l l u l e ,  par pe r t e ,  

duplication, réarrangements de nucléotides, de gènes ou de chromosomes. Ce 

qu i  est essen t ie l ,  c ' e s t  que l ' a l t é r a t i on  a i t  l i e u  dans l e  mat6riel  génétique, 

La mutation somatique apparaît  a lo rs  connne un cas pa r t i cu l i e r  e t ,  dans ce 

cas,  le l i en  d i r e c t  en t re  l e s  cancérogènes chimiques e t  l a  modification du 

contenu génétique a pu ê t r e  prouvé. En e f f e t ,  récemment,une preuve i r r é fu t a -  

b l e  apportée par  1' équipe de BARBACID aux U.S.A, (REDDY e t  al . ,  1982) est 

venue étayer l a  théor ie  des mutations somatiques de l a  cancérogénèse. Ces au- 

t eu r s  ont montré que dans l e  cas du cancer de l a  vessie chez l 'Home, un gène 

important é t a i t  ac t ivé  par l e  seu l  f a i t  d'une mutation ponctuelle sur  ce gène. 

Ce dernier ( ras )  f a i t  pa r t i e  de l a  classe des oncogènes qu i  sont  des gènes 

dont l 'expression anormale au sein  de l a  ce l l u l e  est un évènement important 



dans l a  transformation en ce l lu le  cancéreuse (GILDEN e t  al., 1983). 

b) Le métabolisme des cancérogènes chimiques : le concept des MILLER ..................................... --------------------- 
L 1 ~ v ~ n  et &a dE&xic&n 

La notion de métabolisme des cancérogènes chimiques par les 

systèmes enzymatiques de l a  ce l lu le  est maintenant parfaitement é tab l ie .  Cet te  

hypothèse ava i t  é t é  clairement énoncée par  J.A, MILLER en 1970. M i s  à p a r t  l e s  

agents alkylants qu i  sont directement a c t i f s ,  les autres  composés ne sont  pas 

cancérogènes par eux-mêmes. Après l ' en t rée  du précancérogène dans l a  c e l l u l e ,  

celui-ci  peut étre ac t ive  en cancérogène intermédiaire puis  finalement con- 

v e r t i  en un ou plusieurs cancérogènes ultimes très réac t i f s .  La p lupar t  des 

réactions enzymatiques impliquées dans l e s  premières étapes de ce métabolisme 

sont  oxydatives e t  ont  t ou t  d'abord l i e u  dans l e  réticulum endoplasmique. Une 

métabolisation a l i e u  également dans l a  membrane nucléaire (MIUER e t  MILLER, 

1979). A cbté  des voies métaboliques d 'act ivat ion on trouve des voies de 

détoxication qui transforment l e  cancérogène en composés i nac t i f s .  Chez l ' eu -  

caryote, l e s  systèmes enzymatiques effecteurs  de ces  réactions son t  inégale- 

ment répar t i s  dans l e s  d i f fé ren ts  organes. Le fo ie  qui  e s t  un organe impliqué 

dans l e  catabolisme de nombreux composés endogènes, possède l a  plupar t  des 

systèmes d 'activation e t  de détoxication. Ces  enzymes sont  également présentes 

dans l e  re in ,  l e  poumon, l e  t r a n s i t  gast ro- intes t inal  (WEISBURGER e t  al . ,  1975) . 
Les principaux systèmes enzymatiques impliqués sont  des oxydases qu i  font in -  

t e rven i r  l e  cytochrome P450 (LûTLIKAR e t  a l . ,  1981) et auss i  des époxyde- 

hydrases , 

A l 'heure actuel le  il ex i s t e  des composés cancérogènes pour 

lesquels  l e  e tabol i sme e s t  parfaitement connu. Citons t ou t  d'abord deux chefs  

de f i l e  dans l a  famille des amines aromatiques : l e  2AAF,hépato-cancérogène 

chez l e  Rat (DE BAUN e t  a l . ,  1970 ; MILLER, 1978 ; BELAND e t  a l , ,  1980) e t  l a  

2NA responsable de cancers de l a  vess ie  en pa r t i cu l i e r  chez l'Homme (WEISBURGER 

e t  a l . ,  1973 ; BOYLAND et  al . ,  1966 ; RADOMSKI, 1979) . De nombreuses voies 

métaboliques ont é t é  iden t i f i ées  pour ces deux composés. Le schéma ci-après 

i l l u s t r e  l a  première étape de métabolisation de l a  2NA : 
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Ainsi, dans l e  cas des amines aromatiques, l a  première étape du métabolisme 

consiste en une C-hydroxylation (voie de détoxication) e t  une N-hydroxylation 

(voie d 'activation).  L'étape de N-hydroxylation peut ê t r e  su iv ie  de l a  forma- 

t i o n  de dérivés de conjugaison de l a  N-hydroxylamine avec l ' a c ide  glucuro- 

nique. On a observé l a  formation de : 

- N-glucuronides dans l e  cas des N-hydroxylamines aromatiques non acétylées  de 

l a  2NA e t  du N-4 biphényle (KADLUBAR e t  a l . ,  1977) , 

- O-glucuronides dans l e  cas des N-hydroxylamines acétylées du fluorène,  

du s t i lbène,  du phénanthrène e t  du biphényle (IRVING e t  a l , ,  1977) . 
Ces formes conjuguées sont élaborées dans l e  fo i e  e t  jouent un 

grand rô l e  dans l a  cancérogénèse extra-hépatique indui te  par ces composés, donc 

dans l e  transport  vers l e s  organes c ibles .  En e f f e t ,  ces  glucuronides, s t ab l e s  

à pH neutre, sont hydrolysés à pH faiblement basique dans l e  cas des O-glucu- 

ronides e t  dans l e  cas des N-glucuronides,à pH 5, dans l ' u r ine .  Cette dernière  

réact ion explique l ' induction de cancer de l a  vessie par  l a  2NA e t  le 4-amino- 

biphényle' (MILLER, 1978). La N-hydroxylamine e s t  l ibérée  dans l a  vessie e t  e s t  

métabolisée hl A& en r éac t i f s  ultimes. Diverses réactions en t ren t  en jeu 

pour c e t t e  famille de cancérogènes au cours de l 'é tape ultime d 'ac t iva t ion  qui  

est une e s t é r i f i ca t i on  : t r ans fe r t  de groupement acétyle (KING e t  a l . ,  1981), 

désacétylation, sulfonation. Par exemple dans le  cas du L A W ,  l a  sulfonation 

par  une sulfotransférase e s t  l a  voie majeure d 'act ivat ion dans l e  fo ie  de Rat, 

D'autres composés ont  é t é  bien étudiés e t  l eu r  métabolisme 

mieux connu ces dernières années. Citons l 'a f la toxine B, qu i  est métabolisée 



en donnant l i e u  il l a  formation d'époxydes (SWENSON e t  al . ,  1977), le s a f r o l e  

dont les voies métaboliques sont  multiples (WIÇLOMI e t  al . ,  1976 ; JANIAUD 

e t  al,, 1977). Les hydrocarbures aromatiques polycycliques ont é t é  t r è s  é tu-  

diés dans ce domaine. Leur act ivat ion consiste en l a  formation de d io l s ,  puis  

de diol-époxydes. Il a é t é  montré que les 7,8-diol-9,10 époxydes du benzo(a) 

pyr&ne é t a i en t  les formes m6taboliques impliquées h vivo  ( S I N  e t  a l , ,  

1974 ; DAUDEL e t  a l . ,  1975). De plus,  KING e t  a l .  en 1976 ont montré q u ' i l  

e x i s t a i t  une s té réospéc i f ic i t é  d 'action,  l a  forme act ive  majeure é tan t  le 

dérivé a n t i  (voir  schéma ci-dessous) : 

FORME ANTI 

REGION BAIE 

ocie 

FORME SYN 

Plus récemment VIGNY e t  a l ,  ont  montré l ' in tervent ion de diol-époxydes de l a  

région non-baie dans l e  cas dubenz (a)anthracène (VIGNY e t  a l . ,  1980). 

On peut concevoir que l a  présence du (ou des) système (s) enzy- 

ma t ique (~ )  capable(s) d ' ac t iver  un produit  cancérogène.dans un organe ou un 

organisme s o i t  r e l i é e  aux risques de cancer dans l'organe ou l'organisme en  

question. Cependant, de nombreux autres  facteurs entrent  en jeu, e t  il appa- 

r a f t  que l a  spéc i f i c i t é  d'action d'un cancérogêne chimique ne peut ê t r e  r e l i é e  

uniquement Zi un problème de métabolisation de l a  substance, En r é a l i t é ,  à 

1 'heure ac tue l le ,  on s a i t  peu de choses su r  l e s  facteurs qui  déterminent le  

pouvoir cancérogène, l a  spéc i f i c i t é  d'organe e t  d'espèce. C'est ce qu'a d é c r i t  

récemment E.K. WEISBURGER (1981) dans l e  cas des amines aromatiques. Par contre ,  

dans l e  cas des hydrocarbures aromatiques polycycliques, il semble que l a  méta- 

bo l i s a t i on  s o i t  un évènement c ruc ia l  puisque l e  facteur  déterminant pour le  



pouvoir cancérogene est l ié  à l a  s p é c i f i c i t é  de subs t ra t  du système des mono- 

oxygénases a cytochrome P450 (GELBOIN et  T5.0, 1978). C'est a i n s i  que le  

benzo(e) pyrène e t  le benz (a) anthraci-ne ne sont  pas, ou t r 5 s  faiblement, 

canc6rogines, ca r  ce sont de mauvais substratçpour ce s y s t h  enzymatique. 

Dans le cas des agents alkylants, c'est l a  vi tesse  de réparation d'une lés ion  
6 spécifique s u r  l'ADN : l e  O -alkylguanine q u i  e s t  mise en cause (GOTH e t  al . ,  

1974) . 

Dans l e  cas du 4NQO l a  conversion en N-hydroxy-métabolite sem- 

b l e  nécessaire à l 'expression du pouvoir cancérogène. La première étape d'ac- 

t i v a t i o n  du 4NQO est donc une réduction du dérivé n i t r é  en llhydroxylamine 

correspondante : l e  4HAQO. Ainsi, en 1962, OKABAYASHI e t  YOSHIMOTO montraient, 

à l ' a i de  d'expériences sur des Bactéries, que le 4NQO é t a i t  rédlAt par  voie 

enzymatique en t r o i s  composés principaux : le 4-hydroxyaminoquinoléine 1-oxyde 

(BHAQO), le 4-aminoquinoléine 1-oxyde (4AQO) e t  l e  4-aminoquinoléine (4AQ) . 
Nous avons représenté sur le schéma ci-dessous l a  formule du 4NQO e t  de ce s  

t r o i s  dérivés. 



SHIRASU (1963 ; e t  aï . ,  1963) t e s t an t  le pouvoir cancérogène 

de chacun de ces composés, montrent que s e u l  le 4HAQO est cancérogène. 11s 

émettent l'hypothèse que ce dérivé pourrait  bien B t r e  l e  cancérogène précur- 

seur,  hypothèse qu i  e s t  rapidement confirmée ; en e f f e t ,  non seulement le  

4HAQû présente, du point  de vue de l a  cancérogénèse, toutes  l e s  propr ié tés  du 

4NQ0, mais, de plus, son pouvoir cancérogène est plus important (ENDO e t  a l . ,  

1963 ; HOZüMI, 1969). La première étape de l 'ac t ivat ion é t a i t  donc bien démon- 

trée : le 4NQO e s t  rédu i t  en 4 H A p  (cancérogène intermédiaire) ; l e s  réact ions  

de réduction du précancérogène en 4AQû e t  4AQ consti tueraient l ' é tape  de déto- 

xication. Les Bactéries possèdent l e s  enzymes nécessaires à l a  transformation 

du 4NQO en 4HAQO (OIUSBAYAÇHI e t  al. , 1962) . 
Les études s u r  l a  deuxième étape d 'activation du 4NQO seront  

développées dans l e  paragraphe suivant. 

Les cancémgènu u&heb ct 1a.m pnopdéta étecthaphieen 

Comme nous l'avons déjà souligné, l ' ac t iva t ion  des cancérogènes 

chimiques conduit à des formes réactives appelées cancérogènes ultimes. Ces  

composés sont des é lectrophi les  puissants capables de former des l i a i sons  co- 

valentes avec l e s  nucléophiles ce l l u l a i r e s  e t  en pa r t i cu l i e r  l'ADN (MILLER, 

1970). Du f a i t  de l a  t r è s  grande d ivers i té  des molécules cancérogènes, il est 

impossible d'imaginer une re la t ion  entre  l eur  s t ructure  propre e t  l eur  a c t i v i t é ,  

C 'es t  l a  nature é lectrophi le  des fornies ultimes réactives qui consti tue l e  

t r a i t  cormnun à tous les cancérogènes, Les espèces réact ives  postulées son t  

t r è s  diverses ; nous en avons représenté quelques exemples dans l a  f igure  1. 

Les formes ultimes des cancérogènes chimiques contiennent des 

atomes pauvres en é lectrons  qui vont subst i tuer ,  sans intervention d'enzyme, 

des sites riches en électrons des macromolécules ce l lu la i res .  Dans l e s  acides 

nucléiques, l e s  sites des bases qu i  sont subst i tués  V ~ V O  par les cancéro- 
6 2 gènes ultimes sont l e s  atomes : N 7 ,  N3, O , C8 e t  N de l a  guanine, NI, N3, 

6 4 N7 e t  N de l'adénine, N3 de l a  cytosine, O e t  N3 de l a  thymine ( I R V I N G ,  

1973 ; SARMA e t  al . ,  1975). Dans les protéines il exis te  également des atomes 

nucléophiles. C'est d ' a i l l eu r s  su r  l e s  protéines que MILLER a v a i t  observé pour 

l a  première fo i s  l a  f ixa t ion  covalente d'un métabolite du N,N-diméthyl-4-amino 

azobenzène (jaune de beurre) (MIULER e t  a l . ,  1953) . 
Les métabolites ultimes sont d i f f i c i l e s  à i s o l e r  du f a i t  de l e u r  

t r è s  grande rEiactivité, Cependant, il e s t  important de pouvoir les i d e n t i f i e r ,  

c a r  l 'é tude de leurs  propr ié tés  chimiques aide à comprendre de quel le  manière 





l e s  cancérogènes interagissent  avec l'ADN. Ainsi l e s  études f a i t e s  dans l a  

série des agents alkylants montrent que l a  nature des produits  de &action 

de ces substances en d i f fé ren ts  s i t e s  des polynucléotiàes varie avec l a  s t ruc-  

t u r e  des groupes a lkyles  ou a ry les  (SINaR, 1976 ; O'CONNOR e t  al . ,  1979). 

Les cancérog6nes ultimes peuvent avoir p lusieurs  s i t e s  é lect rophi les .  Par  

exemple dans le cas des amines aromatiques, l 'espèce réact ive  postulée est un 

ion acylnitrénium dont la  charge e s t  délocalisée sur  le cycle aromatique 

(SCRIBNER e t  al . ,  1970 ; 1973 ; DEMEWWNM, 1984). Le schéma ci-dessous e n  

donne 1 ' i l lus t ra t ion .  

O-- Acyl 

En général l ' é tude de l a  dernière étape d 'act ivat ion d'un can- 

cérogène chimique peut être orientée  de deux façons dif férentes  : 

- une voie de recherche s 'at tache à l a  mise en  évidence des enzymes capa- 

b l e s  d' ac t iver  l e  cancérogène intermédiaire. 

- une autre  démarche consiste â t e s t e r  l a  r éac t i v i t é  avec l e s  nucléophiles 

de l ' A D N  de composés synthétiques considérés comme modèles de l a  forme 

ultime postulée. 

US deux méthodes doivent Btre couplées à l ' i den t i f i ca t i on  des composés de 

subs t i tu t ion  base-cancérogène (adduits su r  1 'ADN, dans un systeme h v . ~ o .  

Dans l e  cas  du 4NQ0, au moment où nous débutions notre  étude, 

l a  première étape de l ' ac t iva t ion  de ce cancérogène é t a i t  t r è s  bien connue, 

Le problème restait beaucoup plus complexe quant aux métabolites ultimes, Une 

première approche basée sur des études h v a 0  ava i t  é t é  réa l i sée  en 1968 par 

ENOMOTO e t  al.. Ces auteurs avaient montré que l e  dérivé diacétylé  syn thé t i sé  

à p a r t i r  du 4HAQû (diAc-4HAQO; KAWAZOE e t  al . ,  1967) réag issa i t  de façon 



covalente sur ~ ' A D N ,  1'AiNNet les protéines, sans act ivat ion enzymatique. 

Ils avaient a lo rs  é m i s  1 'hypothèse que 1' action cancérogène du ~HAQO vivo 
&pendait de son es té r i f i ca t ion .  Le diAc-4FiAQO e s t  un composé é lectrophi le .  

Reprenant l a  théorie des MILLER e t  fa i san t  l 'analogie avec le 2AAF dont les 

formes act ivées  sont  principalement des esters du N-OtF-2AAF, ENOkWm et  a l .  

proposaient a lo rs  d ' u t i l i s e r  l e  diAc-4HAQO conmie modèle de cancérogène ultime 

du 4NQû. Un cer ta in  nombre de travaux ont é t é  réa l i sés  sur ce composé diacé- 

t y l é  pour é tudier  ses propriétés chimiques (KAWAZOE e t  a l , ,  1967 ; ARAKI e t  

al . ,  1969). Plus récemment ces auteurs ont montré qu'un dérivé monoacétylé 

pouvait etre obtenu a p a r t i r  du diAc-4HAQo (KAWAZOE e t  a l . ,  1980a ; 1980b). 

Ce dérivé monoacétylé a ,  l u i  aussi ,  été proposé comme métabolite ultime du 

4NQû (BAILLEUL, 1979 ; KAWAZOE, 1981). C ' e s t  avec ces deux modèles de cancé- 

rogène ultime que nous avons abordé l 'é tude de l a  cancérogénèse chimique pa r  

l e  4NQO (voir  schéma ci-dessous) : 

Un au t re  dérivé du 4NQ0, l e  4-nitrosoquinoléine 1-oxyde,réagit 

directement su r  l 'ADN ; de plus,  il est cancérogène au site d ' in jec t ion  

(TAKAHAsHI e t  a l . ,  1978). Cependant, ce composé ne peut pas ê t r e  considéré 

Comme un cancérogène ultime du 4NQ0, les composés de subs t i tu t ion  formés .&'I 

v h  é t a n t  d i f fé ren ts  de ceux observés vivo. Ces auteurs ont proposé que 

l e  4-nitrosoquinoléine 1-oxyde s e r a i t  métabolisé en 4HAQO, ce qu i  explique- 

r a i t  son pouvoir cancérogène. 

Dans les années 70-75, 1 'équipe de TADA a recherché 1 'enzyme 

responsable de l ' ac t iva t ion  du 4HAQO dans des ce l lu les  de Levure. Les 



différentes étapes de ces travaux sont décrites dans un des chapitres d'une 

revue r6centie de T. SUGIMURA sur le 4NQO (TADA Mar., 1981). Il a été suggéré 

par ces auteurs que l'enzyme responsable de l'activation du 4HAQO &l v ivo  

serait une aminoacyl-tRNA synthétase, ATP dépendante et sérine dépendante : 

une séryl-UWA synthétase (TADA et al., 1974 ; 1975). L'étape finale de l'ac- 

tivation du 4NQû est donc une N-hydroxyestérification, comme dans le cas des 

amines aromatiques. Les TADA ont d'ailleurs postulé que certaines aminoacyl- 

tEWA synthétases pourraient participer a l'activation d'autres dérivés 
N-hydroxylés (TADA Mar. , 1981 ) . 

La figure 2 montre l'activation métabolique du 4NQO. Nous 

pouvons remarquer la similitude de structure des deux dérivés monofonctionnels 

du 4HAQO : l'Ac-4iïAQû et l'aminoacyl-4HAQû. Ceci nous permet de penser que le 

choix de l'Ac-4HAQO comme modèle d'étude hz v b  de la cancérogénèse chimique 

par le 4NQO doit être adéquat. 
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Activation métabolique du 4NQO 



II. LES USIONS SUR L'ADN ET LEURS CûNSEQUENCES 

a) La visual isa t ion des lés ions  
-----Y-------------------- 

l Les cancérogsnes ultimes sont des é lectrophi les  q u i  in teragis-  

s e n t  par l i a i son  covalente avec l'ADN. Nous décrirons dans ce paragraphe les 

d i f fé ren tes  techniques de visual isa t ion de ce t t e  interaction.  

Il fau t  dist inguer les méthodes de visual isa t ion des lés ions  

indui tes  su r  l 'ADN hl vivo de ce l l e s  produites hl v b ,  par réact ion du can- 

cérogène ultime avec l a  macromoléculeo Nous désignons i c i  par  le terme 

"in vivo" l ' ac t ion  du précancérogène dans des ce l l u l e s  en culture.  Dans ce 

cas,  la  modification covalente de l 'ADN e s t  de l ' o rdre  d'un rés idu de cancé- 
4 5 

rogène pour 10 à 10 paires  de bases e t  parfois  moins. Les méthodes de détec- 

t i o n  de ces lésions nécessitent  donc une très grande s ens ib i l i t é .  

L 'u t i l i sa t ion  d'un cancérogène marqué avec un isotope radio- 

1 a c t i f  est une technique universelle,  mais elle r e s t e  coûteuse. Dans ce r t a in s  

I cas,  ce sont l e s  propriétés spectroscopiques du cancérogène, comme l a  f luo- 

rescence, qui permettent de v i sua l i se r  l a  f ixat ion covalente du cancérogène 

hl vivo. Citons l e s  travaux de l 'équipe de Paul VIGNY s u r  l e  benzo(a)pyrène 

e t  l e  benz (a) anthracène (DAUDEL e t  a l .  , 1975 ; VIGNY e t  a l . ,  1980) . C'est  

d ' a i l l e u r s  en u t i l i s a n t  l e s  propriétés de fluorescence du 4NQ0 que nous avons 

t ou t  d'abord visual isé  l a  f ixat ion du noyau quinoléique sur l 'ADN,  hl V ~ V O  

(GALIEGUE, 1978 ; e t  a l . ,  1980). 

I Une technique t r è s  sensible  a été mise au point : e l l e  u t i l i s e  

l e s  propr ié tés  immunologiques des cancérogènes (voir  pour revue : POIRIER, 

1981). Cette méthode possède de multiples avantages : une s e n s i b i l i t é  supé- 

r i eure  à c e l l e  fournie par l a  méthode u t i l i s a n t  l e s  isotopes, une grande re- 

produc t ib i l i t é  e t  un moindre coût. Son u t i l i s a t i o n  permet également d 'obtenir  

des renseignements sur l a  local isa t ion des lésions (dans l e s  d i f f é r en t s  com- 

partiments ce l lu la i res ,  ou s u r  l e s  molécules ~ ' A D N )  quand e l l e  e s t  couplée à 

l a  microscopie électronique. Citons pour exemple l e  t r a v a i l  de De MURCIA e t  

a l .  en 1979 sur  l e  DNA de Col E modifié par l e  N-AAAF, 
1 

Récemment une méthode enzymatique de marquage au  phosphore 32 

l des adduits  obtenus après hydrolyse de l ' A D N  a é t é  décr i te .  E l le  permet de 

v i sua l i s e r  de t r è s  fa ib les  modifications de l 'ADN hl v ivoo  Il est possible de 

dé tec te r  par  ce t t e  méthode un nucléotide modifié pour 107 à 108 nucléotides 

(GUPTA et  a l , ,  1982) . 
La visual isa t ion des lés ions  sur  1 'ADN modifié hl v a 0  par  l e  



cancérogène ultime peut être f a i t e  a l ' a ide  de techniques physicochimiques. 

En e f f e t ,  dans ce  cas, il est possible de modifier 1 à 10 % des nuc'léotides. 

Certaines techniques physicochimiques permettent de v i sua l i se r  le  cancérogène 

f ixé  s u r  l 'ADN (par exemple les spectrophotométries d'absorption e t  de fluo- 

rescence), d 'autres fournissent des informations sur  l a  déformation de la  

double hé l ice  indui te  par  les lésions. Citons par exemple l a  technique de me- 

su re  des températures de fusion, l e  dichrofsme c i rcu la i re ,  l a  v i scos i té  e t  le 

dichrofsme e t  l a  biréfringence l inéaires .  Il ex i s t e  d 'autres techniques de 

caractér isa t ion des ADN modifiés hl v a  comme l a  cinétique de déroulement 

à l a  formaldéhyde e t  l ' é tude  de l'hydrolyse par  une enzyme spécifique de 

l 'ADN en simple br in .  

La vér i tab le  preuve de l a  f ixat ion covalente du cancérogène 

su r  l a  macromolécule r e s t e  cependant l'isolement des adduits après  hydrolyse 

de l 'ADN modifié. 

Prenons maintenant l'exemple du 4NQO. C ' e s t  MATSUSHIMA e t  al. 

e t  TADA e t  a l .  en 1967 qui  ont l e s  premiers m i s  en évidence l a  f ixa t ion  cova- 

l en te  du résidu de quinoléine sur  l e s  macromolécules c e l l u l a i r e s  de R a t  e t  

de Souris t r a i t é s  par l e  4NQO e t  l e  4HAQ0, en u t i l i s a n t  l e s  propr ié tés  f luo- 

rescentes de ces dérivés. Les travaux d l I K E G A M I  e t  a l .  (1969/1970) ont ensui te  

permis de préciser  que ce cancérogène s e  f ixe  v i v o  principalement su r  l e s  

bases puriques. Par l a  s u i t e  l'équipe des TADA a en e f f e t  montré l a  présence 

de quatre composés de subs t i tu t ion ,  t r o i s  sur  l a  guanine e t  un s u r  l 'adénine,  

dans l e s  hydrolysats d'ADN de dif férentes  ce l lu les  (Homme, R a t  e t  E. C o l i ) ,  

t r a i t é e s  au 4NQO t r i t i é  (TADA e t  a l . ,  1971 ; 1976). Ces auteurs ont  également 

é tudié  l a  f ixat ion covalente de l a  quinoléine sur  l e s  homopolyribonucléotides, 

en employant le 4HAQO ac t ivé  par l a  séryl-tRNA synthétase de Levure. Ils ont  

mis en évidence une réact ion notable su r  l e  poly G e t  le poly A, mais t r è s  

f a i b l e  ou inexis tante  su r  l e s  homopolyribonucléotides pyrimidiques. 

b) La formation des com~osés de subst i tu t ion base-cancérogène .................... ................................... 
L' ident i f icat ion du s i t e  de f ixat ion du cancérogène sur  les 

bases de l 'ADN apporte une aide précieuse en cancérogénèse chimique e t  en  

p a r t i c u l i e r  dans les études physicochimiques. Depuis l'énoncé du concept des 

M I U E R ,  de nombreux adduits ont é t é  iden t i f i és .  Tout récemment HEMMINKI en 

1983 a regroupé tou tes  ces  études dans une revue présentant l e s  composés de 



subs t i tu t ion  connus pour l e s  d i f fé ren tes  classes de cancérogènes chimiques. 

Les sites d'attaque principaux dans le  cas  des amines aromatiques Sont pré- 

sen tés  dans le tableau B. On constate t ou t  d'abord que ce sont les bases pu- 

r iques  qui sont modifiées, les s i t e s  principaux é t an t  le C8 de l a  guanine e t  

les azotes exocycliques de ces deux bases. Cependant l e  N-hydroxy-l-naphtyl- 

amine s e  fixe principalement s u r  l e  o6 de l a  guanine (iCAlX,WAR e t  al . ,  1978) . 
~e 4-achtyiarninostiibène r éag i r a i t  égaiement en c e t t e  posit ion.  mais pour 

donner un composé mineur, 

Dans l e  cas de l'aminofluorène, deux composés de subs t i tu t ion  

sur le  C8 ont é t é  i den t i f i é s ,  l ' un  é t an t  acétylé sur  l ' azo te  du cancérogène 

et  l ' a u t r e  pas (voir  schéma page 2 8 ) .  Chez l e  Rat l a  forme principale e s t  

toujours l a  forme désacétylée, que l e  composé administré s o i t  acétylé (LAAI?) 

ou non (2AF) (KRIEX, 1972 ; WESTRA e t  a l . ,  1976). En e f f e t ,  ik vivo l e  jeu 

des acétylases e t  des désacétylases rend compte des quanti tés respectives des  

formes ultimes qui  vont réag i r  (BELAND e t  al . ,  1980) , 

La f ixat ion du 4NQO su r  l e s  bases puriques de l ' A D N  a é t é  mon- 

t r é e  (TADA e t  a l .  , 1976) e t ,  des quatre composés i den t i f i é s ,  seu l  c e l u i  su r  

l 'adénine a f a i t  l ' ob j e t  d'études spectroscopiques (KAWAZOE e t  a l . ,  1975). C e s  

auteurs ont proposé deux s i t e s  de f ixa t ion  possibles su r  c e t t e  base : s o i t  l e  
6 

N , s o i t  l e  NI, sans trancher en t re  ces deux poss ib i l i t és .  

Le tableau B ne mentionne pas cer ta ins  composés mineurs q u ' i l  

ne f au t  cependant pas négliger. Citons par  exemple l e s  composés d'ouverture 

du cycle imidazole du dGuo-C8-AF (KRIEK e t  WESTRA, 1980 ; VISSER e t  WESTRA, 

1981) , e t  du dao-C8-NA (KADLUBAR e t  a l ,  , 1980) , a i n s i  que 1 ' adduit sur  l e  N7 

de l a  guanine postulé par TARPLEY e t  a l .  (1982) dans l e  cas de cer ta ines  amines 

aromatiques, dont l e  N-AAAF, ces composés entraînant l a  dépurination de l a  

base modifiée . 

L' ident i f icat ion e t  l a  détermination du taux r e l a t i f  de chaque 

composé de subst i tu t ion su r  l 'ADN, que ce s o i t  v i v o  ou v h h 0 ,  s e  f a i t  

essentiellement par hydrolyse de l a  macromolécule, suivie  d'une analyse chro- 

matographique. La méthode d'analyse l a  plus  u t i l i s é e  est l a  clhp couplée ou 

non a l'emploi d'isotopes radioact i fs .  Deux techniques d'hydrolyse de l 'ADN 

sont possibles : l 'hydrolyse enzymatique e t  l'hydrolyse acide. La première 

méthode about i t  à l 'obtention des nucléosides modifiés ; l a  macromolécule est 

dégradée par une endonucléase ( l a  DNase 1), des exonucléases (les phosphodi- 

es térases)  e t  une phosphatase a lca l ine ;  l a  digestion s 'ef fectue à 



a )  donnees calculées 

b) adduit mineur 

C )  adduit majeur 

COWOSE 

(N-hydroxy-)2-acetarninophdnantr&ne 

ac4tatea 
sulfatea 

(N-hy&o~-)4-ac€tylaiaimbiph6nyle 

2-AcCtylaminofluor&nr 

(h'-Ac4toxy)-4-a~4tamidostiLb~ne 

(N-hydroxy) -4-acetylamino-4'- 
f lwrobiphenyle 

2-Amino-6-m4thyl-dipyriâo- (1.2-a : 
3' ,2 ' d) iniàazole 

3-Amlno-1 mbthyl-511 ~ r M e  
/O, 3-b) indole 

N-Bentcyloxy-N-dthyl-4-air31~>- 
arob.nz&na 

N-~€thyl-4-amZnoazobe~€ne 

(N-hydroy-) 1 -naphtyldne  

(N-hydroy-) 2-naphtylamine 

TABLEAU B. Adduits des can&rogènes de l a  classe des amines 
I 

aromatiques (iEt@iINKI, 1983) . N 
A 
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une durée relativement longue. Dans l a  plupart  des cas  la  t o t a l i t é  des l és ions  

n ' e s t  pas v i swl i s ab l e ,  car  il re s t e  souvent 10 à 15 % de cancérogène f i x é  

sur des oligonucléotides que les enzymes n 'arrivent pas à dégrader. D e  p lus ,  

cer ta ins  composés de subst i tu t ion peuvent être ins tables  dans les condit ions 

de l'hydrolyse enzymatique, en pa r t i cu l i e r  lors de l ' ac t ion  de l a  phosphatase 

a lca l ine  (KRIEK e t  a l . ,  1980). Ceci entraîne une imprécision dans l e s  résu l -  

t a t s  obtenus. Récemment cer ta ins  auteurs ont comparé, dans l e  cas de l 'ADN 

modifié par  l e  N-AAAF, les valeurs des taux de f ixat ion des composés de subs- 

t i t u t i o n  obtenues par  hydrolyse enzymatique e t  hydrolyse par l ' a c ide  t r i f l u o -  

roacétique. Cette dernière méthode a semblé p lus  convenable pour doser les 

adduits  formés par le N-AAAF su r  l'ADN. En e f f e t ,  l e  pourcentage global d'ADN 

hydrolysé e s t  a lo r s  plus  important e t  les adduits  l i M r é s  ne sont  pas dégra- 

dés (TANG e t  al. ,  1983). 

La connaissance des mécanismes réactionnels impliqués dans 

l ' in te rac t ion  des cancérogènes avec l 'ADN peut aider à comprendre l a  nature 

e t  le nombre des composés de subst i tu t ion formés, La subs t i tu t ion  su r  le  C8 

de l a  guanine n 'es t  observée que dans l e  cas des amines aromatiques. L'agent 

é lect rophi le  postulé dans ce cas,  e s t  un intermédiaire de type acylnitrenium 

(MILLER, 1970 ; SCRIBNER e t  a l . ,  1970 e t  1973) qu i  préfère  comme c ib l e  le C8 

de l a  guanine. D'autre par t ,  l ' exis tence d'une délocalisation de l a  charge 

vers l e  cycle aromatique a é t é  décr i te  dans le cas des arylamines par ÇCRIBNER 

e t  a l .  ( 1975). Ceci permet de rendre compte de l 'a t taque d'un au t r e  intermé- 

d i a i r e ,  de Srpe carbénium, en d 'autres s i t e s  des bases, en pa r t i cu l i e r  les 

azotes exocycliques, Cette délocalisation électronique n ' e s t  pas l a  même d'un 

composé à un autre,  ce qui  explique l e s  di f férentes  proportions respect ives  

d ' a ry la t ion  e t  d'arylamination obtenues pour Les dif férentes  amines aromatiques 

(SCRIBNER e t  al . ,  1975) . 
Un au t re  facteur déterminant l ' o r ien ta t ion  de l a  réact ion base- 

cancerogène e s t  l a  r éac t i v i t é  des s i t e s  nucléophiles des bases, qu i  var ie  de 

manière importante avec l'environnement. Par exemple l a  r éac t i v i t é  du cancé- 

rogène ultime hl V&O sera  modifiée selon que l a  réaction aura l i e u  su r  l ' A D N  

na t i f  ou dénaturé, ou su r  l e s  nucléosides i so lés .  La s t ruc ture  globale de 

l'ADN n a t i f  (hélice B ou hélice Z ) ,  modifie également l a  r é a c t i v i t é  des s i t e s  

nucléophiles. D'autre p a r t  ces atomes sont différemment accessibles dans l a  

double hél ice  ; par exemple dans l ' h é l i ce  B l e  C8 de l a  guanine e s t  dans l e  
2 

grand s i l l o n  e t  le N dans l e  p e t i t .  



Les lés ions  s u r  l 'ADN semblent forteroent impliquées dans les 

premisres étapes de l a  cancérogén6se chimique, on l e s  appelle l és ions  "pré- 

mutagènes'' car  elles permettent d'expliquer dans cer ta ins  cas le  pouvoir mu- 

tagène des cancérogènes. Par exemple, l a  f ixat ion sur cer ta ins  atomes i m p l i -  

qués dans les l i a i sons  hydrogène des pa i res  de bases complémentaires peut en- 

t r a r n e r  une modification de l'appariement de ces bases. Lors de l a  rép l ica t ion  

une base non adéquate peut é t r e  incorporée en  face de l a  lésion. Il apparart  

a l o r s  une mutation d i rec te ,  par mauvais appariement. C ' e s t  le cas de l a  subs- 
6 t i t u t i o n  sur  l e  O de la guanine par l e s  agents alkylants (SINGER, 1975). Les 

dérivés d'ouverture du cycle purique obtenus Ei p a r t i r  des composés de subst i -  

t u t i on  sur  le C8 de l a  guanine pourraient également é t r e  responsables hl V i v o  

de mauvais appariements, comme l ' a  proposé KRIEK dans le  cas du dér ivé  d'ou- 

ver ture  du dGuo-C8-AF (KRIM, 1973) . 
Il ex i s t e  actuellement des preuves directes  de l ' e f f e t  mutagène 

des lésions sur  l ' A D N  indui tes  par  l e s  cancérogènes chimiques. FUCHS e t  a l .  

ont  modifié de l'ADN hl v h h 0  par l e  N-AAAF e t  l ' on t  ensuite in t rodui t  dans 

des Bactéries, où ils ont a lo r s  observé des mutations par  déplacement du cadre 

de lecture.  Ainsi une lés ion prémutagène peut devenir une mutation s t ab l e  e t  

héréd i ta i re  (FUCHS e t  a l , ,  1981 ) . Tout récemment MARÇHÀU e t  a l .  ( 1984) on t  

modifié hl v&0 un oncogène par  l e  cancérogène ultime du benzo(a)pyrène ; 

i l s  on t  ensuite observé, après transfection du gène modifié dans des ce l l u l e s  

eucaryotes, l a  transformation de ces cel lules .  Ce dernier r é s u l t a t  donne une 

base expérimentale à l a  théorie unicis te  de DULBECCO (1982). 

c )  Les perturbations s t ruc tura les  de l 'ADN induites par  l e s  lés ions  .............................................................. 
Les dis tors ions  dans l a  s t ructure  de l 'ADN provoquées par  l e s  

l és ions  peuvent avoir  des conséquences fonctionnelles, e t  il semble important 

de connaitre ces changements conformationnels pour comprendre l e  processus 

d ' i n i t i a t i o n  au niveau moléculaire. Nous avons déc r i t  dans l e  chapi t re  précé- 

dent l a  formation des lés ions  sur  l 'ADN.  Il est probable que pour chaque can- 

cérogène e t  chaque site subst i tué  de l'Am, il exis te  une modification spéci- 

f ique de l a  s t ruc ture  de l a  macromolécule. En e f f e t ,  l ' i n t e r ac t i on  du cancéro- 

gène avec la double hé l ice  de l 'ADN var ie  de manière importante avec l'encom- 

brement s tér ique e t  la  r épa r t i t i on  électronique du composé chimique, I l  e s t  

donc d i f f i c i l e  de comparer en t re  e l l e s  les modifications induites par  d i f fé -  

r en t s  cancérogènes. Nous a l lons  décr i re  quelques modèles connus. 



Le modUe im~etttion-déna;twtaR;ion 

Dans le  c a s  du dGuo-C8-AAF, les auteurs  o n t  proposé un modèle 

d ' insert ion-dénaturat ion (FUCHS e t  al., 1976) ou déplacement de base 

(GRUNBERGER e t  WEINSTEIN, 1976), le cancérogène f i x é  sur le C8 de l a  guanine 

é t a n t  i n s é r é  dans l a  double h é l i c e  e n t r e  les plans des bases,  la  guanine se 

t rouvant  rejetée à l ' e x t é r i e u r .  Ceci i n d u i t  une d i s t o r s i o n  importante de l a  

double hé l ice .  C ' e s t  ce que prévoyaient d 'aut res  auteurs  (NELSON e t  a l . ,  1971 ; 

LEVINE e t  al., 1974). Ce modèle a é t é  élaboré a p a r t i r  d 'études physicochimi- 

ques e t  enzymatiques de l ' A D N  modifié hl v h  par  l e  N-AAAF. Citons la  mesure 

des  températures de fusion (FUCHS e t  a l , ,  1971) , l a  c iné t ique  de déroulement 

à l a  formaldéhyde (FUCHS e t  DAUNE, 1974), les dichroZsmes l i n é a i r e  (FUCHS e t  

al., 1976) e t  c i r c u l a i r e  (LEFEVRE e t  a l . ,  1978), la  s e n s i b i l i t é  à l ' a t t a q u e  

p a r  une endonucléase spéci f ique  des  simples b r ins  (FUCHS, 1975 ; YAMASAKI e t  

al.,  1377b ;KRIEK e t  SPELT, 1979). Des techniques immunologiques on t  a u s s i  

é t é  u t i l i s é e s  (SPODHEIM-MAURIZOT e t  a l . ,  1 9 7 9 a a ~ a  p l u p a r t  de ces études o n t  

été f a i t e s  également avec des dér ivés  halogénés du f luorène,  en pos i t ion  7. 

Dans l e  cas du dér ivé  f luoré ,  l ' i n s e r t i o n  du cancérogène est observée ; a u  

c o n t r a i r e ,  l e  dér ivé  iodé ne peut  pas s ' i n s é r e r  à cause de l'encombrement i m -  

p o r t a n t  de l 'atome d ' iode ,  Dans ce cas,  les auteurs proposent un modèle ex te rne  

(DAUNE e t  a l . ,  1981). 

La f i x a t i o n  de l 'aminofluorène i n d u i t  une d i s t o r s i o n  p lus  f a i b l e  

de l a  double h é l i c e  comparativement à c e l l e  d é c r i t e  dans l e  cas de l ' i n s e r t i o n -  

dénatura t ion  e t  un modèle e x t é r i e u r  a é t é  postulé,  comme c e l u i  d é c r i t  pour l e  

dé r ivé  i;odé-du N-AAAF (FUCHS e t  a l . ,  1973 e t  1976 ; EVANS e t  a l , ,  1980 ; LENG 

e t  a l . ,  1980 ; DAUNE e t  a ï . ,  1981). Dans ce modèle l e  f luorène e s t  couché 

dans l e  grand s i l l o n  de l 'ADN,  La guanine modifiée reste appariée avec la  Cy- 

t o s i n e  e t  elle est  normalement empilée e n t r e  les p a i r e s  de bases adjacentes.  

Ce modèle a é t é  é t u d i é  avec les m ê m e s  techniques que c e l l e s  que nous venons de 

déc r i r e .  Les méthodes q u i  ont  permis d'observer des d i f fé rences  de conformation 

s i g n i f i c a t i v e s  e n t r e  les deux addui ts  C8 du fluorène s o n t  les é tudes  de l a  sen- 

s i b i l i t é  à l 'endonucléase S I ,  de l a  modification de la  s t r u c t u r e  du poly (dG- 

dC) . poly (dG-dC), e t  de l a  conformation des nucléotides modifiés. Nous abor- 

derons chacun de ces po in t s  avant de déc r i r e  les a u t r e s  modèles externes ,  



Le schéma recap i tu la t i f  présenté ci-dessous montre les résul-  

tats obtenus pour l e s  deux adduits du f luoreie  formés sur l e  C8 de' la guanine. 

Conformation pré fé ren t ie l le  
de l a  ' l iaison sucre-base 

Sm a n t i  

Modèle s u r  l 'ADN insertion-dénaturation externe 

Structure  du poly (dG-dC) . 
poly(dG-dC) m d i f i é  

Sens ib i l i t é  3 l'endonucléase 

1 

forme Z forme B 

Pourcentage de l ' addui t  s u r  80 % par  action du 100 % par act ion 
l'ADN h ~ittl(l N-AAAF du N-OH-AF 

Pourcentage de l ' addui t  sur 20 % par action du 70 % par act ion 
1 'ADN h vivo 2AAF du 2AF 

ûbtention de l 'addui t  s u r  
le désoxyribonucléotide 

oui  non 



L ' m  modifié par l e  N-OH-Al? est t r è s  peu sensible  à l ' a t t aque  

pa r  l a  nucléase S , comparativement à ce lu i  modifié par  le  N-AAAF (KRIEK e t  1 
SPBLT, 1979). 

E. SAGE dans l'équipe de M. LENG, a montré que s u r  l e  poly 

(dG-dC) .poly(dG-dC) l a  f ixat ion du N-AAAî? induisa i t  au voisinage de l a  l és ion  

la  s t ructurat ion du polymère en forme Z, tandis  que l e  polymère modifié pa r  

le N-OH-AF restait en forme B (SAGE e t  a l . ,  1980). Quoiqu'obtenus s u r  un poly- 

mère àe synthèse, ces r é su l t a t s  sont  en accord avec les deux modèles décr i t s .  

Leur extrapolation à l'ADN nécessite l a  déternination de l a  conformation 

des deux nucléotides modifiés, c a r  l ' o r ien ta t ion  r e l a t i ve  des rés idus  base e t  

sucre au niveau du l i e n  N-glycosidique joue un r61e très important dans l'or- 

ganisation s t ructurale  de l 'ADN. Des données expérimentales (EVANS e t  a l . ,  

1980 ; LENG e t  a l . ,  1980) a i n s i  que des calculs  théoriques (BROYDE e t  a l . ,  

1983) indiquent que le dGuo-C8-AAF adopte préférentiellement l a  conformation 

syn, s t ructure  qui,  rappelons-le, e s t  adoptée par l e s  nucléotides puriques 

dans l ' h é l i ce  Z (WANG e t  a l . ,  1979) e t  par l e  nucléotide modifié du modèle 

insertion-dénaturation (NELSON e t  a l . ,  1971). Par contre, l e  dGuo-C8-AF adopte 

l a  conformation a n t i  qu i ,  d'après EVANS e t  a l .  (1980) e s t  s t a b i l i s é e  par  une 

l i a i son  hydrogène en t r e  l e  groupe NH de l'aminofluorène e t  l e  groupe 5'OH de 

l 'ose.  La conformation a n t i  e s t  c e l l e  adoptée par  tous les nucléotides dans 

l ' h é l i ce  B, que ce s o i t  su r  l 'ADN ou sur  l e  poly (dG-dC).poly (dG-dC). Il a 

é t é  possible de construire un modèle moléculaire de l ' A D N  contenant l a  modi- 

f ica t ion  dGuo-C8-AF, l e  noyau fluorène é tan t  loca l i sé  dans l e  grand s i l l on .  

Cette s t ructure  ne présente pas de déformation importante de l a  double hé l i ce  

(EVANS e t  a l . ,  1980). 

Un modèle s imila i re  a et6 proposé pour l ' A D N  contenant 
2 

le N-AAAF f ixé  sur  le  N de l a  guanine, Le cancérogène e s t  externe à l a  double 

hé l i ce  mais il e s t  couché dans l e  p e t i t  s i l l on ,  Ce modèle e s t  compatible avec 

l a  t r è s  fa ib le  excision de ce nucléotide par l a  nucléase S (FUCHS, 1975 ; 
1 

YAMASAKI e t  al.,1377b).Dans l e  cas du benzo(a)pyrène, il semble que l e  can- 

cérogène s o i t  également loca l i sé  dans l e  p e t i t  s i l l o n  (GEACINTOV e t  a l . ,  1978 ; 

GRUNBERGER e t  a l . ,  1978 ; PüLKRrBEK e t  a l . ,  1977) . Le s i t e  de f ixa t ion  est 
2 

égahnent  dans ce cas l e  N de l a  guanine, Plus récemment, KADLUBAR e t  a l .  ont  
6 

égaleInent proposé pour l 'addui t  majeur du 1-NA, sur l e  O de l a  guanine, un 

modèle externe : l e  cancérogène e s t  a lo r s  s i t u é  dans l e  grand s i l l o n  (KADLUBAR 

et al., 198lb). Des modèles graphiques générés par  ordinateur ont  é t é  r é a l i s é s  



l s u r  ces t r o i s  derniers adduits par  BELAND (1978). Les co~c lus ions  de cet au- 

teur sont  en accord avec ce l les  que nous venons de décrire.  

i En résumé, ces r é su l t a t s  montrent que le  changement de confor- 

mation de 1'AüN provoqué par  l a  f ixat ion du cancérogène varie à l a  f o i s  avec 

l a  nature du noyau f i xé  e t  avec le s i t e  de fixation.  Il nous semble important 

d ' i n s i s t e r  sur  le f a i t  que c'est l a  conformation autour de l a  l i a i son  sucre- 

base qui  r é g i t  l a  s t ruc ture  de l a  double hé l ice  e t  que toute perturbation à 

ce niveau s'accompagne d'une déformation de l 'hél ice .  Les deux adduits  amino- 

fluorene sur  le C8 de l a  guanine en sont un exemple : l a  présence ou l 'absence 

l du groupement acétyle s u r  l 'azote  f ixé  au C8 de l a  guanine détermine l a  con- 

formation de l a  l i a i son  sucre-base du nucléotide correspondant e t  donc de l 'ADN.  

Les études de mutagénèse effectuées dans l 'équipe du Professeur 

I M. DAUNE ont permis de montrer que l e s  deux lésions dGuo-C8-AAF e t  dGuo-C8-AF 

l induisent chez l a  Bactérie deux types de mutations. L'adduit dGuo-C8-AAF in- 

I d u i t  principalement des mutations par déplacement du cadre de lec ture ,  dans 

des séquences riches en paires  G-C (FUCHS e t  al . ,  1981), L'adduit dGuo-C8-AF 

indui t ,  par contre, des mutations par subs t i tu t ion  de base (DAUNE, communica- 

t i o n  o ra l e ) .  C e  r é s u l t a t  e s t  en accord ayec l e s  prédictions de SCRIBNER e t  a l .  

(1979a) qu i  avaient proposé une corrélation en t r e  l e  type de déformation indui te  

e t  l a  nature de l a  mutation. 

D'autres études de mutagénèse ont également pu montrer qu 'à  

chaque lés ion dGuo-C8-AAF ne correspondait pas forcément une mutation. FUCHS 

en 1984 a montré que l e  spectre de mutation d i f f é r a i t  de façon importante du 

p r o f i l  de f ixat ion du cancérogène N-AAAF sur  l 'ADN, après avoir i n t rodu i t  de 

l ' A D N  de p l a s m i d e , d i f i é  hl v b ,  dans des  Bactéries, Il en conclut que les 

mutations observées a des fréquences élevées en des points pa r t i cu l i e r s  de l a  

~ macromolécule ne sont  pas dues à une plus f o r t e  r éac t i v i t é  du cancérogène dans 

1 ces zones, mais se ra ien t  p lu tô t  l a  conséquence de l a  t r è s  grande s p é c i f i c i t é  

des mécanismes qui prennent en charge l e s  l és ions  prémutagènes (FUCHS e t  a l . ,  

1983) . 

Dans le  cas  du 4NQû, aucune étude physicochimique conformation- 

ne l l e  du type de celles que nous avons décr i tes  n ' é t a i t  réa l i sée  quand nous 

avons en t repr i s  notre t rava i l .  Les seules approches physicochimiques é t a i e n t  

des études d ' in teract ion en t re  l e  4NQO e t  l 'ADN d'une p a r t  (MALKIN e t  a l . ,  1966 ; 



NAGATA e t  al., 1966 ; OKANO e t  a l . ,  1969) e t  en t re  le 4NQû e t  les mono- e t  

dinucléotides d 'autre part ( W I N K L E  e t  al . ,  1978 e t  1979) .  i in te rait ion du 

4NQO avec l'AIX4 - qui n'a l i e u  qu'avec l 'ADN na t i f  - ( W I N  e t  al., 1966) 

est de type complexe 8 t r ans fe r t  de charge (OKANO e t  al., 1969), principa- 

lement avec l a  désoxyguanosine (PAW e t  a l . ,  1970 e t  1971). C e s  auteurs on t  

postulé une intercala t ion du plan du 4NQO dans l a  double hélice.  Cette hypo- 

thèse a été confirmée plus récemment par d 'autres  équipes qui on t  précisé  l a  

géométrie de l'empilement base-4NQO à l ' a i de  d'études en R.M.N. du e t  de 

'Ei, dans âes mini hél ices  obtenues avec des dinucléotides ampl6mentaires 

(WINKLE e t  al . ,  1978 e t  1979 ; ORNSTEIN e t  al . ,  1979). ORNSTEIN e t  REIN (1979) 

suggèrent que l ' in te rca la t ion  du 4NQO ou de ses métabolites précèderait  l a  

formation de l a  l i a i son  covalente en t r e  l e  cancérogène e t  l 'ADN hl v . ~ o .  Mais 

cec i  n'a pas é t é  vé r i f i é  expérimentalement. 

d) Les conséquences bioloqiques de l a  f ixa t ion  des cancérogènes sur  l ' A D N  --------- ------------ - ........................................... 
Les changements conformationnels de l'ADN indui t s  par l e s  lé- 

sions peuvent avoir  pour conséquence de modifier cer ta ines  fonctions biolo- 

giques de l a  macromolécule. Nous a l lons  nous in té resser  à t r o i s  d 'entre e l l e s  : 

l a  répl icat ion,  la méthylation e t  l a  réparation. 

Un des e f f e t s  des lés ions  su r  l 'ADN e s t  parfois  d ' a f f ec t e r  s a  

fonction de matrice. MOORE e t  a l .  en 1982 on t  étudié l ' e f f e t  des lés ions  in-  

dui tes  par  l'aminofluorène (dGuo-C8-AF e t  dGuo-C8-AAF) su r  l a  rép l ica t ion  

d'un ADN de phage, hl v&0. Ils ont  observé un blocage de l a  TI-ADN polymé- 

rase au niveau des lésions : l a  polymérase a r r ê t e  l a  synthèse du b r in  complé- 

mentaire un nucléotide avant l a  lés ion lorsque cel le-c i  e s t  acétylée,  a l o r s  

qu ' e l l e  incorpore un nucléotide en face de l a  base modifiée non acétylée,  

avant de s ' a r rê te r .  Récemment FUCHS e t  a l ,  (1984), ii p a r t i r  d 'autres  études, 

on t  conclu qu'hl  vivo l a  lésion non acétylée n ' a f f ec t a i t  pas l a  fonction de 

matrice de l 'ADN e t  ne bloquait donc pas l a  réplication.  Dans ces  deux types 

d'expériences, les auteurs on t  expliqur5 leurs  r é su l t a t s  par l a  conformation 

dif férente  adoptée par ces deux composés : l a  lésion acétylée,  en conforma- 

t i o n  syn, bloque l a  polymérase, a l o r s  que l a  lés ion non acétylée r e s t e  en con- 

foxmation an t i ,  ce qui rend l t appa r i emnt  encore possible. 



L'équipe de TADA a obsenré, également ht v h ,  les deux types  

d ' a r ré t  de répl icat ion c i t é s  par MOORE e t  a l .  dans le cas  des l és ions  indui tes  

par le 4NQû (YOÇHIDA e t  al . ,  1984). C e s  auteurs observent également un a r r e t  

de l a  polyoiérase un nucléotide après l a  lésion. Actuellement il n ' e s t  pas pos- 

s i b l e  de corréler  ces t r o i s  types d ' a r rê t s  de l a  rép l ica t ion  avec l e s  t r o i s  

adduits  4NQû-guanine proposés par ces a u t e u s .  

Dans le cas des méthylations indui tes  par le diméthylnitrosamine 

il semble, au contra i re ,  que l a  répl icat ion ne s o i t  pas bloquée (ABANOBI e t  a l . ,  

1980) . 

Depuis quelques années l 'é tude de l a  régulation de l 'expression 

des gènes d'eucaryotes s ' e s t  beaucoup développée e t  en p a r t i c u l i e r  une nou- 

ve l l e  composante de c e t t e  régulation : l a  méthylation enzymatique de l'ADN. 

11 a é t é  postulé que l a  méthylation post-réplicative du C5 de l a  cytosine dans 

des séquences C,G, jouerait  un rôle  dans l a  régulation de l 'expression des 

gènes e t  dans l a  di f férenciat ion ce l lu la i re  (voir  pour revue : RIGGS e t  JONES, 

1983). En général, l'hypométhylation e s t  associée à l ' a c t i v i t é  du gène ; ce- 

pendant il semble que ce  s o i t  une condition nécessaire mais non suf f i san te  

pour induire l'expression. D e  nombreux auteurs s e  sont  demandé s i  les cancéro- 

gènes chimiques n ' induira ient  pas des modifications dans c e t t e  fonction impor- 

t a n t e  qu 'es t  l a  méthylation. Dans une revue publiée en 1983 WILSON e t  JONES 

ont déc r i t  l a  méthylation bz v b  dlADNs modifiés par  d i f fé ren ts  cancérogènes : 

des agents alkylants,  l'aminofluorène e t  l e  benzo(a)pyrène. Ils consta tèrent  

que ces agents chimiques inhibaient l a  réaction de méthylation, par  des méca- 

nismes dif férents ,  De nombreux autres travaux sont en accord avec ces  r é s u l t a t s  

(BOEHM e t  a l . ,  1981a ; 1981b ; COX, 1980 ; SALAS e t  a l . ,  1978 ; PFOHL-LESZKOWICZ 

e t  al.,  1981 ; SHIVAPURKAR e t  a l . ,  1984 ; WILSON e t  a l . ,  1984 ; PFEIFER e t  a l . ,  

1984) Mais tout  récemment (1984) l e  t r a v a i l  de KRAWICZ e t  LIEBERMAN e s t  venu 

nuancer c e t  élan général : ils n'ont observé aucune var ia t ion  dans l a  méthyla- 

t i o n  de l 'ADN de ce l l u l e s  en culture t r a i t é e s  par l e s  U.V. e t  deux cancérogènes 

chimiques : l e  MNU e t  l e  N-AAAF. D'autres expériences ont  également conduit à 

des r é su l t a t s  d i f fé ren ts  : on peut observer dans cer ta ins  cas  une hyperméthy- 

l a t i o n d e l g ~ ~ ~ r n o d i f i 8  (BOEHM e t  al. ,  138333 ;PFoHL-LESZKOWIU e t  a l . ,  1983b ; 

1984) . 



En conclusion, quoiqu' i l  f a i l l e  r e s t e r  encore prudent, il 
\\ 

semble que les agents cancérogènes pourraient causer des changements hérédi- 

t a i r e 2  dans l a  méthylation de 1 'ADN, dans cer ta ines  cel lules .  On peut f ac i l e -  

ment concevoir l'importance de cer ta ins  évènements moléculaires comme par 

exemple l ' induction, par le cancérogène, d'une modification de l a  méthylation 

dans l e s  zones de régulation d'un oncogène, entrafnant de ce f a i t  son expres- 

s i on  accrue. SAULE e t  a l .  ont détecté une augmentation de l 'expression d'un 

oncogène (myc) dans des ce l lu les  de Cai l l e  t r a i t é e s  par le 3-méthylcholan- 

thrgne e t  ont  r e l i é  ce la  à l'hypométhylation observée s u r  ce gène (SAULE et 

al.,  1984). Cependant ils n'ont pas l oca l i s é  précisément l e s  zones hypométhy- 

lées. 

L'étude de l a  réparation de l 'ADN a f a i t  l ' o b j e t  de nombreux 

travaux. Ses mécanismes sont mis en jeu dans l a  ce l lu le  l o r s  de l a  d iv i s ion  

e t  l o r s  de l 'agression par l e  milieu extér ieur .  ln v& l e s  mécanismes l e s  

plus  étudiés ont é t é  ceux impliqués dans l 'excision-réparation des lés ions ,  

qu 'e l l es  soient  induites par l e s  U.V., l e s  agents alkylants ou d 'autres  can- 

cérogènes (voir pour revues : LAVAL, 1978 ; CLEAVER, 1978)- Cet te  réparation 

est t r è s  f idèle .  Elle n ' e s t  cependant pas l e  seul  mécanisme, en p a r t i c u l i e r  

il ex i s t e  un système de fonctions indui tes ,  d é c r i t  sous l e  terme de répara- 

t i o n  SOS (pour revue, voir  l e s  numéros 8 e t  9 du tome 64 de Biochimie, 1982). 

Ces fonctions SOS permettent l a  répl icat ion de l'ADN modifié, sans a r r ê t  au  

niveau de l a  lésion, e t  ont  a in s i  un e f f e t  t r è s  mutagène. Ces mécanismes on t  

é t é  démontrés chez l e  procaryote. L'existence de processus analogues chez 

l 'eucaryote n ' es t  pas encore véritablement prouvée, mais il e x i s t e  un fa isceau 

d'arguments a l l a n t  en ce sens (RADMAN, 1980), On connaît actuellement un cer-  

t a i n  nombre d 'autres mécanismes de réparation qu i  interviennent chez l 'euca- 

ryote  lorsque l 'ADN do i t  ê t r e  répliqué e t  qui  sont parfois in f idè les ,  C e s  phé- 

nomènes sont connus sous l e  nom de "réparation post-réplicative",  par exemple 

l a  réparation par recombinaison (CLEAVER, 1978). Il semble donc que l a  r é p l i -  

cat ion puisse avoir pour conséquence l ' appar i t ion  de mutations, lorsque l e s  

l és ions  n'ont pas é t é  réparées e t  pers i s ten t  s u r  l'ADN. 

D e  nombreux auteurs ont étudié hl vhvo le temps de demi-vie de 

d i f f é r en t s  composés de subst i tu t ion pour divers cancérogènes de l a  c lasse  des 

amines aromatiques. Ils ont constaté des différences dans l 'é l iminat ion de ces 



divers  adduits (GUPTA e t  a l , ,  1984). Dans le cas des composés de subst i tu-  

t i o n  du fluorène il e s t  parfaitement é t a b l i  que l e s  formes pers i s tan tes  sont  

celles qui causent une f a ib l e  déformation de la double hé l ice  ; c'est le cas 
2 du dGuo-C8-AF e t  du dGuo-N - A m ,  le composé dGuo-C8-AAF é tan t  réparé l e  plus  

rapidement (KRIEK, 1972 ; WESTRA e t  a l , ,  1976 ; HOWARD e t  a l . ,  1981). Cepen- 

dant l 'excis ion rapide du dGuo-C8-AAF n 'es t  pas complète, 30 à 50 % de ces 
l 

a d d d t s  pers i s te ra ien t  e t  seraient  ensuite éliminés de l a  &me manière que 

les lésions externes. SAGE en 1981 a émis l'hypothèse que les rés idus  rap i -  

dement excisés se ra ien t  ceux qui ont  provoqué une dis tors ion importante dans 

la double hél ice  (modèle d' insertion-dénaturation) , l e s  autres s e r a i en t  f i xé s  

dans des zones s t ructurées  en forme 2. Dans ce cas ,  le noyau fluorène se 

trouve à l ' ex té r ieur  de l ' hé l ice  e t  n ' indui t  pas de dénaturation locale. 

Dans le  cas du N-méthyl-4 aminoazobenzène, l a  l és ion  sur  le  

C8 de l a  guanine e s t  réparée plus rapidement que c e l l e  su r  l e  N~ (TAWLEY e t  
2 

a l . ,  1980). De même l ' addui t  sur  l e  N de l a  guanine dans l e  cas  du biphé- 

nyle est une lésion pers is tante  (KRIEK e t  HENGEVELD, 1978). 

L'étude de l a  réparation par excision des lésions indui tes  

pa r  le 4NQû a é t é  abordée par IKENAGA e t  a l .  en 1977, su r  des ce l l u l e s  hu- 

maines normales, Ils ont observé, comme dans le cas d'E. Coli (IKENAGA e t  a l . ,  

1975). que l 'excision des t r o i s  adduits s tab les  (deux su r  l a  guanine e t  un 

su r  l 'adénine) se  f a i s a i t  à une vi tesse  identique : environ 60 O en 24 heures. 

Par contre, l'adduit-guanine ins table  semble ê t r e  réparé plus rapidement. 

Dans une revue récente sur ce problème, IKENAGA e t  TAKEBE (1381b) proposent 

qu'un cer ta in  pourcentage de ce composé ins tab le  pourrai t  produire v - h a  

des s i t e s  apuriniques, conduisant à des cassures simple br in ,  s o i t  spontané- 

ment, s o i t  par action d'enzyme, C e s  cassures simple br in  se ra ien t  réparées 

par  un mécanisme s imi la i re  à ce lu i  impliqué dans l a  réparation des lés ions  

indui tes  par  l e s  radia t ions  ionisantes. Cela permet t ra i t  de comprendre les 

résu l ta tg  de REGAN e t  SETLOW (1974) qui  ont observé que l e s  l és ions  indui tes  

par  l e  4NQO seraient  excisées par deux mécanismes d i f fé ren ts  : 

- un mécanisme rapide, s 'effectuant par excision de 3 à 4 nucléotides, qu i  

répare principalement l a s  lésions dues aux radiat ions  ionisantes  e t  aux 

agents alkylants , 
- un mécanisme l en t ,  le  nombre de nucléotides excisés é tan t  de l ' o rdre  de 

100. C'est l e  cas de l a  réparation des dimères pyrimidiques e t  des lé- 

sions induites par l e  2AAF. 



L'équipe de SETUXI a f a i t  une au t re  approche plus  précise du 

mécanisme len t ,  en cul t ivant  des cel lules  humaines en présence des-deux can- 

cérogènes : 2AAF e t  4NQû. Ils ont montré que l'enzyme qu i  est saturée par 

une quant i té  importante de cancérogène e s t  di f férente  pour l e s  deux composés. 

Ceci suggère que les processus de réparation ne sont pas identiques dans 

chaque cas. Des différences sont également observées lorsque l ' on  f a i t  la  

comparaison avec les U.V. (AiiMEI) e t  SEZL(TW, 1981). 



III. LES TENDANaS, ACIWXWZS ENs €ANCEIaDGENESE CHIMIQUE 

C ' e s t  en appliquant la corr6la t ion cancbrogène-mutagène aux 

zones codantes de l 'ADN que l 'on a longtemps essayé d'expliquer l e s  modifi- 

cat ions  morphologiques de l a  ce l lu le  cancéreuse (théorie de l a  mutation so- 

matique). Ainsi il semblait possible d'imaginer l a  synthèse d'une ou plusieurs  

protéines anormales qui  pourraient é t r e  responsables de l a  dé s t ab i l i s a t i on  de 

l ' équ i l ib re  ce l l u l a i r e  e t  induiraient  a l o r s  les phénomènes n&oplasiques, géné- 

tiquement transmissibles. 

Aujourd'hui des évènements nouveaux ont  sensiblement modifié 

c e t t e  approche. Deux d'entre eux nous paraissent  particulièrement importants. 

Premièrement l a  mise en évidence du polymorphisme de l 'ADN, en r e l a t i on  avec 

l a  séquence nucléotidique (WANG e t  a l . ,  1979 ; GUPTA G. e t  al . ,  1980) e t  deu- 

xièmement l 'é laborat ion d'une théorie un i f ica t r ice  qui f a i t  in te rven i r  l o r s  

de l a  cancérogénèse, qu 'e l le  s o i t  v i r a l e  ou chimique, une étape commune i m -  

portante,  c e l l e  de l a  modification de l 'expression d'un "gène de cancer ou 

oncogènen (BISHOP, 1983 ; COOPER, 1982). L'accumulation de r é s u l t a t s  concer- 

nant c e t t e  étape crucia le  a permis de montrer que l a  modification auss i  bien 

qua l i t a t ive  que quant i ta t ive  de l'oncogène pouvait étre responsable de l a  

transformation (CHANG e t  a l . ,  1982 ; K L E I N  e t  a l . ,  1984). Le premier f a i t  mar- 

quant dans ce domaine f u t  l a  mise en évidence par  l 'équipe de Mariano BARBACID 

d'une re la t ion  en t re  une mutation G --+ T dans l a  séquence codante d'un onco- 

gène e t  l a  tumeur de l a  vessie chez l'Homme (REDDY e t  a l . ,  1982). Cette muta- 

t i on  modifie qualitativement l a  protéine,  au niveau du douzième acide aminé, 

qu i ,  ini t ialement glycine, devient une valine. 

Il semble t r è s  probable que l e s  cancérogènes chimiques puis- 

sen t  modifier l a  régulation de l 'expression d'un gène, e t  d i f fé ren ts  mécanismes 

peuvent e t r e  proposés, comme par exemple une mutation dans l e s  séquences de 

contrôle de ce gène, ou bien une modification de l a  s t ructure  de l ' A D N  dans 

ce t t e  même zone. Il ex i s t e  en e f f e t  des séquences dans l e  génome qui  peuvent 

ê t r e  reconnues de par l a  s t ructure  qu 'e l l es  adoptent, p lu tô t  que par l 'enchaî-  

nement de leurs bases, c e t t e  reconnaissance jouant un r6 l e  important dans l e s  

processus biologiques mettant en jeu l e  génome ce l l u l a i r e ,  Ainsi pendant long- 

temps il a é t é  d i f f i c i l e  d'  imaginer un mécanisme de reconnaissance spécifique 

de cer ta ines  séquences de l'Am par  l e s  protéines,  l e s  infornations s t ructu-  

r a l e s  fournies par le modèle d 'hélice B de WATSON e t  CRICK é t an t  t r o p  peu 

précises.  Aujourd'hui l a  s i tua t ion  a complètement changé. Il e s t  actuellement 



possible, à p a r t i r  d'6tudes aux rayons X d'oligonucléotides de synthGse, de 

mettre en évidence d'importantes f luctuations des paramGtres 

de l ' h é l i ce  rel iéès à l a  séquence des bases. En par t icu l ie r ,  l ' h é l i c e  d'en- 

roulement gauche de l 'ADN a été caractér isée  à p a r t i r  d'un oligonucléotide 

d(CpG) (WANG et a l .  , 1979) . Le polymorphisme de 1 'ADN ë t a i t  né. Cette s t ruc-  

t u r e  "2" ne peut étre adoptée que dans l e s  séquences purines-pyrimidines al- 

ternées (NEUMANN e t  a l . ,  1979 ; WZWG e t  al., 1988 ; NORDHEIM e t  RICH,1983a). De 

ce f a i t ,  puisque ces séquences adoptent préférentiellement l a  s t ruc ture  B, éner- 

gétiquement plus favorable, la conformation Z devra é t r e  s t a b i l i s é e  par  d i f -  

fé ren ts  facteurs q u i  ont é t é  étudiés sur  un polymère de synthèse, l e  poly 

(dG-dC) . poly (dGdC) . : 

- l'environnement de l a  macromolécule : le solvant (éthanol) ,  ce r ta ins  ions 
+ 2+ 

(Na , Mg ) (POHL e t  a l . ,  1972a ; ARNOTT e t  al. ,  1980, CRAWFORD e t  a l , ,  

1980) e t  les polyamines (KLEVAN e t  a l ,  , 1982), 

- l e s  modifications chimiques de cer ta ines  bases : l a  subs t i tu t ion  du C-8 

de l a  guanine (LAFER e t  a l . ,  1981), ou du C-5 de l a  cytosine par le  Brome 

ou par un groupement méthyle (BEHE e t  F'ELSENFELD, 1981). Ce  dernier  fac- 

t e u r  e s t  à r e l i e r  avec l e  rô l e  joué par  l a  méthylation enzymatique des 

séquences CG de l 'ADN dans l a  régulation de l 'expression des gènes; 

- l a  tension in f l i gée  l e  long de l a  chaîne polynucléotidique par  l e  super 

enroulement négatif  dans l 'ADN c i rcu la i re  (PECK e t  a l . ,  1982 ; SINGLETON 

e t  a l . ,  1982 ; NORDHEIM e t  a l . ,  1983b). 

La s t ab i l i s a t i on  de l a  forme Z peut se  f a i r e  aussi  par in te rac t ion  avec des 

protéines spécifiques de l a  s t ruc ture  d'enroulement gauche (NORDHEIM e t  a l . ,  

1982b) . 
L 'u t i l i s a t i on  d 'anticorps spécifiques de l a  forme Z a prouvé 

l ' ex i s tence  de fragments en  hé l i ce  gauche dans les chromosomes (MORGENEGG e t  

a l . ,  1983 ; NORDHEIM e t  a l . ,  1982b ; ROBERT-NICOUD e t  a l . ,  1984) . De plus,  

l ' é tude  de génomes de p e t i t e  t a i l l e  que sont ceux des v i rus ,  a conduit des 

auteurs à imaginer l e  rô le  c ruc i a l  probablement joué par  l a  s t ruc tura t ion  de 

l'ADN en forme 2. Ainsi dans l e  cas du "Simian virus 40" (SV 40) NORDHEIM e t  

RICH en  1983bont montré que les séquences purine-pyrimidine sont  loca l i sées  

dans des zones génétiquement t r è s  act ives ,  appelées séquences "enhancer" , Ces 

séquences sont responsables de l a  t r è s  grande capacité de t ranscr ipt ion de 

cer ta ins  gènes viraux. Les m ê m e s  auteurs ont  pu observer que ces zones son t  



s t ructurées  en hél ice  gauche lorsque le mini-chromosome du SV40 est sous forme 

de super-hélice . De plus,  l e s  mutations dans ces séquences "enhan6erm modi- 

f i a n t  l'enchainement purine-pyrimidine, inhibent de manière importante la  

survie du virus  en rdduisant l e  pouvoir de t ranscr ipt ion de son génome 

(NORDHEIM e t  RICH, 1903b ; KOLATA, 1983). 

La f ixa t ion  des cancérogènes sur 1'2iDN modifie parfois  de ma- 

niEire importante l ' équ i l ib re  forme B-forme Z,  comme cela  a é t é  déc r i t  pour 

le  N-AAW. Au laboratoire nous nous sommes intéressés  à l ' e f f e t  du 4NQO s u r  

c e t t e  t rans i t ion  B --3 Z (BAILLEUL e t  a l . ,  1984). D'après YU il e x i s t e r a i t  

une interférence entre  ces modifications de s t ruc ture  de l 'ADN e t  l ' a c t i v i t é  

de t ranscr ipt ion des gènes (YU, 1977) . 



O B J E C T I F S  ---------------- 

Le 4NQO a f a i t  l ' ob j e t  de nombreux travaux concernant ses 

proprié tés  biologiques (pouvoirs mutagène e t  cancérogène, s p é c i f i c i t é  d 'es-  

pèce et d'organe) mais l a  s t ructure  des lés ions  q u ' i l  indui t ,  l eu r  conforma- 

t i on  dans l 'ADN e t  l eur  reconnaissance par  l e s  enzymes ce l l u l a i r e s  n 'ont  pas 

é t 6  étudiées. Trois revues générales sur  ce précancérogène ex i s t en t  ac tue l le -  

ment (ENDO e t  al. ,  1971 ; NAGAO e t  a l . ,  1976 ; SUGIMURA, 1981). 

Dans l e  cadre de notre étude de l ' i n i t i a t i o n  de l a  cancéro- 

génèse chimique, notre démarche a consisté,  t o u t  d'abord, à proposer un mo- 

dèle  de cancérogène ultime du 4NQO. Nous avons étudié s a  r éac t i v i t é  avec l e s  

nucléosides e t  l 'ADN. Une comparaison "hz uiuo-hl u&" nous a ensui te  per- 

mis de v é r i f i e r  l a  va l i d i t é  de ce modèle. 

Nous avons a lors  en t repr i s  de déterminer l e s  sites de f i xa t i on  

de l a  quinoléine sur  l e s  bases nucléiques, e t  d'appréhender la conformation 

des lés ions  induites par le  cancérogène dans l a  macromolécule, 



D E U X I E M E  P A R T I E  

R E S U L T A T S  

La cancérogénèse par l e  4-nitroquinoléine 1-oxyde. Etude hl V& 

des modifications chimiques e t  s t ruc tura les  de l ' A D N  



C H A P I T R E  1 

Mise en évidence de la  réaction covalente des dérivés di- e t  mono- 

acétylés du 4HAQO sur l'ADN e t  l e s  polynucléotides de synthèse. 

Choix d'un modèle de cancéroggne ultime du 4NQO. 



Dans c e  chapi t re  nous a l lons  expliquer de quel le  manière nous 

avons mis au point  un modèle d'étude hl v a  de l ' A D N  modifié par  l e  N-oxyde 

de +a 4-nitroquinoléine. 

Nous avons t ou t  d'abord é tudié  l a  r éac t i v i t é  du dérivé diacé- 

t y l é  du 4HAQO sur l 'ADN, ce composé ayant é t é  postulé comme modèle de cancé- 

rogène ultime du 4NQû pa r  ENOMOTO e t  a l .  

Dans le cadre de c e t t e  hypothsse nous avons mis au  point un 

système d'étude hl V ~ V O  de l 'ADN modifié, en u t i l i s a n t  l e s  cancérogènes pré- 

curseurs, 4NQO e t  4HAQO e t  nous avons a lo r s  f a i t  une comparaison gross ière  

des deux types d'ADN modifiés. 

Par l a  s u i t e ,  des travaux effectués  au laboratoire  nous on t  

conduit à étudier  l a  r é a c t i v i t é  sur l 'ADN e t  l e s  polynucléotides de synthèse 

d'un deuxième modèle de cancérogène ultime : un dérivé monoacétylé du 4HAQ0, 

l'Ac-4HAQO. Ce composé s ' e s t  révélé é t r e  t r è s  adéquat, pu isqu ' i l  crée s u r  

l ' A D N  modifié Cl2 v h  les mêmes lés ions  principales que ce l l e s  obtenues dans 

un système i n  v i v o ,  oa nous avons f a i t  ag i r  l e s  cancérogènes précurseurs, l e  

4NQO e t  l e  4HAQo. 

Les r é su l t a t s  de ces travaux ont  f a i t  l ' ob j e t  des quatre publi- 

cat ions  qui f igurent  dans ce  chapitre. 



a )  Etude de l a  r éac t i v i t é  du O,O'-àiacét~l-4-hydYoxyamin0quinoléine 1-oxyde ..................................... ----- ---- ......................... 
(diAc-4HAQû) sur 1 'ACBV i n  ~m. Comparaison avec 1 'ADN modifié hl v i v o  ...................................................................... 

L'hypothèse que l e  diAc-4HAQO pouvait ê t r e  un métabolite ul-  

time du 4NQû ava i t  é t é  émise en 1968 par  ENOMOTO e t  a l .  Ces  auteurs avaient 

en e f f e t  montré l a  f ixa t ion  covalente de ce composé s u r  l 'ADN,  l'Am e t  l a  

méthionine, sans intervention d'enzyme. Ils avaient a l o r s  comparé l e s  proprié- 

t é s  de fluorescence de l'ADN modifié par ce dér ivé  diacétylé  aux spectres de 

fluorescence obtenus par  TADA e t  a l .  e t  MATSUSHIMA e t  a l ,  su r  de l 'ADN modifié 

hl V i v o  par l e  4NQO (MATSUSHIMA e t  a l . ,  1967 ; TADA e t  al . ,  1971) . Devant l a  1 
s imil i tude des deux s é r i e s  de données, ils avaient a l o r s  émis l'hypothèse du 

r ô l e  possible du diAc-4HAQO dans 1 'act ivat ion du 4NQO hl V.~VO. 

Au moment où nous commencions notre étude sur  l e  4NQO, nous 

possédions deux éléments su r  lesquels nous nous sommes t o u t  d'abord basés : 

- l 'hypothèse d1EN0MOTO e t  al . ,  

- l a  p o s s i b i l i t é  de synthét iser  chimiquement le  diAc-4HAQ0, l a  synthèse ayant 

é t é  déc r i t e  en 1967 par  KAWAZOE e t  a l .  

1) Etude hl v a  -------------- -------------- 
Nous avons synthét isé  l e  diAc-4HAQO à p a r t i r  du 4HAQ0, puis  

nous avons étudié sa  r é a c t i v i t é  s u r  l 'ADN. Ce  t r a v a i l  nous a conduit à mettre 

en évidence l a  réaction en t re  l 'ADN e t  ce dérivé diacétyl6,  e t  de montrer 

l ' in f luence  de l a  s t ruc ture  secondaire de l a  macromolécule sur  l a  r éac t i v i t é  

du cancérogène. Ceci suggérait  une f ixat ion du cycle quinoléine en des sites 

ayant une r éac t i v i t é  d i f fé ren te  dans l ' A D N  n a t i f  e t  dénaturé, 

Des études de fusion de l ' A D N  modifié ont  également é t é  r é a l i -  

sées. E l l e s  seront déc r i t e s  dans l e  chapitre III. 

C e s  travaux sont déc r i t s  dans l a  publication no l ( p .  45 ) : 

"In v i t r o  DNA reaction with a carcinogen, the 0,O'-diacetyl-4-hydroxyamino- 

quinoline 1-oxide, Changes of s t a b i l i t y  of modified DNA". 

Biochimica e t  Biophysica Acta, 1980. 

2) Etude v i v o  ------------- ------------- 
La méthode de f ixa t ion  de l a  quinoléine s u r  l ' A D N  hl v ~ % O  

é t a n t  mise au point ,  il nous a semblé important d'essayer de v é r i f i e r  l'hypo- 

thèse d'ENOMOT0 e t  a l . ,  à savoir  : l e  di~c-4HAQO peut- i l  représenter un 



métabolite ultime du 4NQO hl V ~ V U  ? Nous avons r ep r i s  l a  comparaison que ces 

auteurs avaient f a i t e  des spectres  de fluorescence de l 'ADN modifié par  l e  

diAc-4HAQO avec ceux d'un ADN modifié hl V ~ V U .  L'étude in v i v o  a é t é  r éa l i s ée  

su r  une a s c i t e ,  é t ab l i e  à p a r t i r  d'un hépatome de ZAJDELA e t  entretenue sur  

des Rats Wistar. Ce système présente l 'avantage d ' ê t re  d'une u t i l i s a t i o n  fa- 

c i l e  e t  rapide, e t  de fournir  de grandes quant i tés  d'ADN. 

Bien que l e  modèle de l ' a s c i t e  s o i t  c r i t i c a b l e ,  puisque cons- 

t i t u é  de ce l l u l e s  déjà cancéreuses, nous verrons par l a  s u i t e  q u ' i l  const i tue  

un système t o u t  à f a i t  valable, comme l e  montreront nos études de comparaison 

"hl v i v o - i n  v h " .  C'est  s u r  ce même modèle que nous avons effectué tou tes  

nos études i n  v i v o  avec le 4NQO. 

L'ADN modifié dans ce système e t  l 'ADN modifié ht V& par  Ze 

diAc-4HAQO o n t  des spectres de fluorescence identiques, Bien que ceci  consti-  

tue  un premier élément p o s i t i f ,  c e l a  ne s i g n i f i e  pas du t o u t  que le diAc- 

4HAQO puisse ê t r e  formé hl V ~ V O .  Ainsi, comme nous l e  verrons plus l o in  dans 

ce chapi t re ,  seule l a  comparaison des adduits formés dans l e s  deux cas d o i t  

permettre de conclure quant à l a  v a l i d i t é  d'un modèle de cancérogène ultime. 

Ce t r a v a i l  e s t  d é c r i t  dans l a  publication no 2 (p. 54) : 

"Reactivity of the  0,O'-diacetyl derivative of the  carcinogen 4-hydroxyamino- 

quinoline 1-oxide with DNA. Comparison with i n  vivo-reacted DNA1'. 

European Journal of Cancer, 1980. 
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The diacetyl derivative of 4-hydroxyaminoquinoline 1-oxide, t h e  proximate 
carcinogen of 4-nitroquinoline 1-oxide, was reacted in vitro with native and 
heat denatured chicken erythrocyte DNA under various conditions. The 
amount of fixed carcinogen was obtained by using the labeled diacetyl deriva- 
tive and from this result the molar extinction coefficients of bound carcinogen 
were calculated in order to allow a direct spectrophotometric determination. 

A decrease in melting temperature of DNA samples modified by 0,O'-diace- 
tyl 4-hydroxyaminoquinoline 1-oxide (di Ac-4HAQO) was measured: the melt- 
ing temperature depression value is equal to 1.4"C per 1% of modified DNA 
bases. This result was compared with the values previously obtained by Fuchs 
and coworkers (Fuchs, R. and Daune, M. (1973) FEBS Lett. 34, 295-298 and 
Fuchs, R. Lefebvre, J.F., Pouyet, J. and Daune, M. (1976) Biochemistry 15, 
3347-3351) for N-acetoxy-N-2-acetylaminofluorene-modifie DNA and by 
Lang et al. [25] for the phenanthrylation of the DNA bases of N-acetoxy-N-2- 
acetylaminophenanthrene-modified DNA. 

Introduction 

The carcinogenicity of 4-nitroquinoline 1-oxide (4NQO) was first reported 
by Nakahara et al. [ l ] .  Endo et al. [2]'and Nagao and Sugimura [3] have pub- 

* To whom correspondence should be addressed. 
Abbreviations: 4NQO. 4-nitroquinoline 1-oxide; 4HAQO. 4-hydroxy-aminoquinoline 1-oxide; di Ac- 
4HAQO. 0.0'-diacet~l 4-hydroxyaminoquinoline 1-oxide: 4N[2-3H]Q0. 4-nitr0[2-~~]quinoline 1-oxide; 
di A C - ~ H A [ ~ - ~ H I Q O .  o,o'-diacetyl 4-hydroxyamino[2-3~lquinoline 1-oxide. 



lished a monographic review of studies on this compound. Results have been 
reported on its induction of certain types of gastric carcinoma [4], pancreatic 
tumor [5,6], and lung tumor, especially in rats and mice 17-10]. 

One advantage of carrying out studies by using 4NQ0 as a carcinogen is that 
its metabolic activation systems are commonly present in microbial and mam- 
malian ceiis. Indeed, most typical carcinogens, such as acetylaminofluorene and 
many aromatic hydrocarbons, are activated metabolically only by mammaiian 
microsomal enzymes, but not by microbial enzymes [3]. 

As with most carcinogens, 4NQ0 is known to have mutagenic activity. This 
compound induces mutations in bacteria, for example in Neurospora crassa 
[ I l ] ,  Aspergillus nidulans [12] and other microorganisms [13]. Previous works 
have shown that 4-hydroxyaminoquinoline l-oxide (4HAQO), formed by 
reduction from 4NQ0 in rat tissues [14,15], is a more potent carcinogen than 
the nitro derivative [2,16]. This compound is now well known as a proximate 
carcinogen of 4NQO. 

Tada et al. [17] and Matsushima et al. [18] have shown that in rats adminis- 
tered 4HAQ0, fluorescent derivatives of 4HAQ0 are bound to the DNA and 
RNA of ascites hepatoma cells. Enomoto et al. [19] found that the diacetyl 
derivative of 4HAQO (di Ac-4HAQO) reacted non-enzymatically and cova- 
lently with DNA, RNA and methionine at neutraiity, and the fluorescent pro- 
perties of the di Ac-4HAQO-reacted DNA and RNA are similar to those 
reported by Tada et al. [17] and Matsushima et ai. [18] for the nucleic acid 
derivatives obtained after treatment in vivo by 4HAQO. Therefore it seems 
from these works that the di Ac-4HAQO could be considered as an ultimate 
carcinogen model for 4NQO. We have thus carried out a comparison (201 more 
accurate than that of Enomoto et ai. [19], between the in vivo and in vitro 
modified DNAs. In the in vivo experirnents the complexes between carcinogen 
and DNA were formed by exposure of Zajdela ascites tumor cells either to 
4HAQO or to 4NQO; the in vitro di Ac-4HAQO-reacted DNA was obtained by 
using the unmodified ascites ce11 DNA extracted from untreated cells. In both 
cases the fluorescence spectra of modified DNAs are very similar; such a result 
is in good agreement with the choice of di Ac-4HAQO as an ultimate carcino- 
gen. Moreover, this diacetyl derivative constitutes an adequate model on which 
to  carry out physicochemical studies, since it can be easily obtained by chemi- 
cal synthesis. Therefore in this present work we investigate the in vitro binding 
of quinoline ring to DNA. As a first step we have determined the amount of 
quinoline binding to DNA as a function of two parameters: (i) the secondary 
structure of DNA (making a comparison between the reactivity of native and 
heat-denatured DNA); (ii) the dynamic state of DNA (by variation of the ionic 
strength of the incubation buffer). In the second step, the thermal stability of 
native DNA has been studied as a function of the percentage of modified bases. 

. Materials and Methods 

Reagen ts 
Al1 chemicals were reagent grade. 4NQ0 was obtained from Fluka. Di Ac- 

4HAQO derivative was synthesized from 4HAQ0 [19] as previously described 
[21]. Di Ac-4HAQO was stored in a dessicator over P2O5 in the dark at -20°C. 



4N[2-jH]QO was obtained from Amersham (specific activity 941 mCi/ 
mmol); di Ac-4HA[2-jH]QO we have prepared exhibits a specific activity of 
9630 cpm/nmol. 

DNA preparation 
Native DNA was a generous gift of Professor M.P. Daune (Strasbourg). It  was 

prepared from chicken erythrocytes and had the following characteristics: 
S,,,,, 22 S; hyperchromicity at 260 nm, 41%; melting temperature (in 0.1 M 
NaCl), 87°C. 

Heat denatured DNA was obtained by heating a buffered solution of native 
DNA in a seaied viai to 100°C for 1 5  min. To avoid DNA renaturation the sam- 
ple was rapidly chilled in ice. 

Solvolysis of di Ac-4HAQO 
In order to determine the optimal conditions of reaction with DNA, the sol- 

volysis reaction of di Ac-4HAQO was studied in 2 . 10-3 M sodium citrate 
buffer (pH 7)jethanol (80 : 20, v/v) with or without 0.05 M NaCl, at 37"C, in 
darkness. 

The kinetics of the solvolysis reaction were followed by means of absorption 
spectroscopy. Diacetyl derivative exhibits two absorption bands, at about 260 
and 351 nm. Changes in the absorption spectra indicate that there occurs a 
reaction of decomposition into severai products, as seen by the formation of a 
large number of spots in thin-layer chromatography. The limit spectrum is 
defined as that obtained when there is no longer any spectral change. This limit 
spectrum depends on the concentration of sait in the incubation buffer. The 
solvolysis curves were obtained by plotting the percentage of decomposition 
observed at 351 nm vs. time. The haif-lives (t,,,) for solvolysis in citrate buffer 
are about 10 min and 8 min with and without NaCl, respectively. 

Reaction of di AC-4HAQO with DNA 
It  appears from Our solvolysis experiments at 3 7 " ~  in 2 . 10-3 M sodium 

citrate buffer (pH 7)lethanol (80 : 20, v/v) that the decomposition of di Ac- 
4HAQO depends upon the presence of sait in the buffer. In the buffer with 
NaCl the decomposition is almost complete after 1 h, and in that without NaCl 
this decomposition is obtained after 0.75 h. As a consequence of this result, the 
incubation times were chosen to be 1.25 h and 0.75 h for the buffer with and 
without NaCl, respectively. The reactions of DNA with di Ac-4HAQO were per- 
formed with native and denatured DNAs. The DNA (concentration approx. 0.5 
mg/ml) was incubated at 37°C in aqueous ethanol solution, under a nitrogen 
atmosphere, in the dark and in the presence of different amounts of di Ac- 
4HAQO. Each sample was characterized by R,  the ratio of the molar concentra- 
tion of di Ac-4HAQO to the concentration of DNA expressed as mol PiIl, in 
the initial reaction mixture. The modified DNA was purified by extensive 
diethyl ether extractions. The remaining noncovalently-bound quinoline resi- 
due was removed by precipitation by ethanol. The lack of noncovalently- 
bound quinoline was checked by counting aliquots of the supernatant ethanolic 
fractions. 

The amount of bound quinoline ring is given by the ratio [c]/[P] where [cl 



is the concentration of 'H-labelled carcinogen determined by counting aliquots 
of 100 pl of the DNA solutions (Nuclear Chicago Isocap 300 scintillator) and 
[Pl the concentration of nucleotides (expressed as mol Pi/l) as determined by 
the absorbance at 260 nm. Since the carcinogen exhibits an absorption at this 
wavelength, the absorbance has been corrected for the quinoline ring contribu- 
tion by assuming a molar extinction coefficient, e, equal to 10 000 at 260 nm, 
which corresponds approximately to the limiting value of E at this wavelength 
after solvolysis of di Ac-4HAQO. Due to the small amount of bound carcino- 
gen, its contribution to the absorbance at 260 nm is always very low. The 
results are given as the number of bound quinoline rings per 100 bases (percent- 
age of modified bases). 

Meltingpoints of native and di Ac-4HQ0 reacted DNA samples 
The melting curves of native and carcinogen-reacted DNA were measured a t  

260 nm with a Cary 118 C spectrophotometer. Temperature control of the 
cells was provided by a Lauda (Type NB-58/12) thermostat having a circulating 
pump yielding a 8 l/min flow of thermostat liquid. The ce11 temperature was 
obtained from a platinum sensor immersed in the cell. The step temperature 
program itself was connected to the spectrophotometer and the thermometer, 
and the absorbance was recorded at different temperatures with a constant 
increment which could be set at any value between 0.01 and 0.9g°C. At any 
given temperature, the measurement of the absorbance was carried out many 
times in order to decrease the noise. Once the temperature reached its new 
equilibrium level, the calculator stored a spectrum giving the variation in the 
absorbance against the temperature. The corresponding curve was smoothed 
and its derivative drawn on an XY recorder (SEFRAM). Then the melting tem- 
perature was easily obtained as the maximum of the A(A)/AT = f(T) curve. 

Since the melting temperatures are very dependent on the ionic strength of 
the solution, their determinations were always carried out using exactly the 
same buffer from a same storage for al1 samples corresponding to the same set 
of determinations. 

Results and Discussion 

Influence of the DNA secondary structure 
Di Ac-4HAQO was reacted with native and denatured DNAs in the buffer 

without NaCl. In both cases, the absorption spectra of the modified DNA sam- 
ples showed a weak absorption signal in the 300-400 nm range. The maximum 
of this band was located at about 350 and 360 nm for the native and denatured 
DNAs, respectively. Its intensity was 2- to 3-times greater for the denatured 
than for the native DNA. The reactions were performed for different values of 
R (Table 1) and the numbers of bound quinoline rings per 100 bases were 
plotted versus R as in Fig. 1. As expected from the absorption spectra, the car- 
cinogen's binding has a value which is about 2.5-times greater for the denatured 
than for the native DNA (native DNA: one quinoline ring per 100 bases, for 
R = 1 ;  denatured DNA: about 2.5 quinoline rings per 100 bases, for R = 1). In 
other words, this means that the DNA secondary structure influences the reac- 
tivity of di Ac-4HAQO. 



TABLE 1 

AMOUNT O F  CARCINOGEN BOUND TO NATIVE DNA (NDNA) AND DENATURATED DNA 
(DDNA) IN TWO BUFFERS WITH DIFFERENT IONIC STRENGTH 

Expressed as the number of modified bases per 100 bases. 

Solvent Percentage modified bases * 

2 .  10-~ M sodium citrate buffer. pH 7 

2 10-~ M sodium citrate buffer + 0.05 M NaCI. pH 7 R = 0.5 

DDNA 0.50 
NDNA 0.17; 0.20; 0.20 

DDNA 1.00 
NDNA 0.47; 0.37; 0.35 

DDNA 1.80 
NDNA 0.74; 0.75; 0.73 

DDNA 2.30 
NDNA 1.10;0.86; 1.06 

DDNA 2.60 
NDNA 0.97; 0.95 

DDNA 0.27 
NDNA 0.06; 0.05 

DDNA 0.27 
NDNA not detectable 

NDNA not detectable 

* The amount of bound carcinogen is obtained by the ratio [c]/[P] where [cl is the concentration of 
bound quinoline rings and [Pl the concentration of nucleotides (see Materials and Methods). 

** R is concentration of the carcinogen/concentration in DNA. in the initial reaction mixture. 

Fig. 1. Variation of the percentage of modified baser as a hinction of R. ratio of the molar concentration 
of di Ac-rlHAQOlthe ccncentration of DNA expressed q moi PiIl in the initial reaction mixture for 
native and denatured (A) DNA. 



In both cases it can also be noticed (Fig. 1) that for R > 1 the addition of 
the carcinogen remains constant and is independent of R. This phenomenon 
probably does not correspond to a saturation of the DNA's reactive sites, but i t  
could be explained with regard to the high instability of di Ac-4HAQO in aque- 
ous medium. That is, when the concentration increases, competition occurs 
between the reaction of di Ac-4HAQO with short molecules (di Ac-4HAQO 
itself, H20, etc.) and with the macromolecules (DNA). 

By plotting either A350/A260 (for native DNA) or A360/A260 (for denatured 
DNA) vs. the percentage of modified bases, for different DNA samples, one ob- 
tains linear representations (Fig. 2) which give a direct spectrophotometric 
determination of the amount of quinoline binding to  DNA. From these data, 
and knowing the value of [Cl by counting, the specific molar extinction coeffi- 
cients are calculated: one finds e35o = 5500 + 400 and €360 = 6200 I 200 mol-' 
cm-' for the carcinogen's binding to native and to denatured DNA, respec- 
tively. This result (i.e., the difference obtained between the two values of e)  is 
not unexpected, since it is possible to  consider that the bound carcinogen could 
be influenced by the internal field of the DNA double helix as previously ob- 
served by Fuchs and Daune [22 1 for N-acetoxyacetylaminofluorene-modified 
DN A. 

Influence of ionic strength 
Since the arnount of bound carcinogen depends markedly on the DNA sec- 

ondary structure, we tried to investigate whether the stabilization effect of the 

PERCENTAGE OF MODlFlED BASES 

Fig. 2. Variation of the ratios of absorbantes at either 350 nm (AJSO) or 360 nm (A360) over absor 
bances at 260 nm (A2 60). as a function of the percentage of modified bases. A3 50/A2 60 corresponds to 
the native ( 0 )  and A j 6 0 / A 2 6 0  to the denatured (A) DNA. 



DNA double-helical structure further inhibits the addition reaction. Therefore, 
by adding sait, we prewnted the dynamic structure of DNA (Le. the existence 
of transient open regions in the otherwise double helical structure). Incubations 
were performed in 2 M sodium citrate buffer, pH 7, in the presence of 
0.05 M NaCi. Unfortunately, from the results (Table 1) i t  is impossible to deter- 
mine the influence of the dynamic state of DNA on the amount of bound quin- 
oline because inhibition of the reaction is observed for native as well as for 
denatured DNA in the citrate buffer to which sait was added: this means that 
the chemical reaction itself is inhibited by the ionic strength. 

Thermal destabilization of di Ac-4HAQO-modified DNA samples 
Two series of di Ac-4HAQO-modified DNA samples obtained after incuba- 

tion in the 2 - M citrate buffer, pH 7, were melted and the differences 
between the melting temperature (Tm) of a given carcinogen-reacted DNA and 
unmodified DNA (ATm) were recorded. 

The melting temperature of DNA samples reacted with increasing concentra- 
tions of di Ac-4HAQO decreases as the amount of modification increases 
(AT, < O), as observed Table II. As seen in Fig. 3, it appears that the relation 
between ATm and the percentage of bound carcinogen is linear and the slope of 
the straightline is of -1.4"C per 1% of modified bases. It  is interesting to com- 
pare this result with those obtained with N-acetoxy-N-2-acetylaminofluorene- 
modified DNA [23,24] : the authors found a melting temperature depression 
value equal to '1.15"C per percent of modified bases, very close to  the ATm we 
observed. But in a more recent work, Lang et ai. [25], studying acetylamino- 
phenanthrene-modified DNA, were able to attribute the destabilization of the 
DNA double helix either to the phenanthrylation (AT, = 1.23"C per 1%) or to  
the acetylation (AT, = 537°C per 1%). In the case of the di Ac-4HAQO-modi- 
fied DNA, some preliminary results ailow us to think that an acetylation reac- 
tion occurs, but to date its extent has not been determined. Therefore, we can 
observe only that the temperature depression value we obtained is very close to  
the ATm corresponding to the phenanthrylation. 

TABLE II 

MELTING TEMPERATURE VALUES OF DIFFERENT NATIVE MODIFIED DNA SAMPLES 

Solvent Percentage modified bases * Tm (OC) ATm (OC) 

2 10-~ M sodium citrate buffer. pH 7 Series 1 * *  O 50.20 
0.20 (R = 0.1) 58.05 
0.35 (R = 0.2) 57.55 
0.73 ( R  = 0.5) 56.95 
1.06 (R = 1) 56.55 
0.95 (R = 2) 56.50 

* The modified DNAs we have studied are characterized in the Table 1. 
* *  Two series of melting temperature determinations were carried out. corresponding to two different 

preparations of the 2 - 10-~ M citrate buffer (pH 7). 



Fig. 3. Destabization AT (OC) as a function of the percentage of modified bases. Confidence limits: for 'a Tm. +0.l0c; for AT,,,. t0.2 C; for the percentage of modified bases. t0.02; 

Conclusion 

Since the reactivity of di Ac-4HAQO with DNA depends upon the secondary 
structure of the macromolecule, it is possible to think that the carcinogen reac- 
tion takes place, at  least partly, on atoms which are buried in the double helix. 
And this is in good agreement with the decrease in the melting temperature of 
the modified DNA. Indeed, the covalent binding of the carcinogen on such 
interna1 atoms could involve the appearance of partial denatured regions along 
the macromolecular chain. 

A more precise interpretation of these results in terms of exposure of DNA 
reactive sites to the carcinogen is not yet possible, since the atoms involved in 
the interaction of metabolites of 4NQ0 with DNA are unknown to date. Some 
work has been performed in different laboratories in order to  identify the 
adducts between these metabolites and DNA [26-291, but no precise deter- 
mination has been published concerning their structures. Only one piece of 
information was given, by Kawazoe et al. [30], about the site of carcinogen's 
binding in the case of an adenine-adduct: it would be either the 6-NH, or the 
N-1 of adenine. But nothing is known conceming the adducts with guanine. 

Studies are in progress in Our laboratory to  gain some information about the 
structure of these adducts. 
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Abstract-.-ln ester oJ' 4-hydro~~v-vnminoqüinoline-1-oxide (4-HAQO), the 0,O'- 
diaceQI deriontive (di.4~-4-HAQO), uqas p#evioüsly considered as a fiossible ultittinfe 
metabolite of the carcinogen 4-nitroquinoline-1-oxide (4-JVQO). I n  order to ver@ such 
a hyPothesis we have carried out a jluorescent comparative study between the in vitro 
dirlc-4-HAQO reacted DNA and the in vivo 4-HAQO and 4-NQO mod8ed DNA. 
Our results show that diAc-4-HAQO could be used as a mode1 of ultimate carcinogen 
of ~-JYQO. 

INTRODUCTION acid formed in vivo by exposure of ascite cells 

THE POTEST carcinogenic action of 4- 
nitroquinoline- 1 -oxide (4-NQO ) is well known 
since it was first demonstrated by Nakahara et 
al. [l]. Later, it was proposed that 4- 
hydroxyaminoquinoline-1 -oxide (4-HAQO), 
which is a metabolite of 4-NQO, might be the 
proximate carcinogen [2] and that the re- 
ductive pathway which yields 4-HAQO see- 
med to be essential for the carcinogenic me- 
chanisin of 4-NQ0 [3, 41. More recently, 
Tada aiid Tada [5] have sliown tliat an 
unique enzyniatic system could be respoilsible 
for the activation of 4-HAQO. 

By analogy with other carcinoçcns, such as ' 

acetyl-aminofluorene [6], it bras considcrcd 
that esters of 4-HAQO could appcar as ul- 
timate inetabolites ii i  the carcinogeiiic ac- 
tivity. Indeed, Enomoto et al. [7] reported 
that the 0,O'-diacetyl derivative of 4-HAQO 
(di.Ac-4-HAQO) reacted covalently and non- 
enzymatically with DKA at neutrality. The 
diAc-4-HAQO-reacted DNA exhibits parti- 
cular fluorescent properties and preliminary 
work was carried out by Enomoto et al. [7] in 
order to compare these fluorescent properties 
with those reported by Tada et al. [8] and 
Matsushima et al. [9] for the reacted nucleic 

to 4-HAQO. The work i f  Enomoto et al. [7] 
is the only publication to date whicli concerns 
the in vitro binding of the diacetyl derivative 
with DNA and unfortunately, no spectra are 
shown in this work. I t  is therefore impossible 
to appreciate the degree of accuracy of such a 
comparison. 

In tliis paper we carry out a comparative 
iluorcsccncc study betweeii the in vivo- and in 
vilru-reacted DNA, with either 4-NQO and 4- 
HAQO or diAc-4-HAQO respectively. In the 
in vivo experiments the complexes between car- 
ciiiogeii and DNA were formed by exposurc 
of Zajdela ascite tumor cells to 4-HAQO and 
4-NQO. The in vitro diAc-4-HAQO reacted 
DNA was obtained by using the ascite ce11 
DNA. 

In the two cases, the determiiiatioii of 
quiiioline biiiding DNA was carried out by 
using ~ - H A [ ~ - ~ H ] Q o  and diAc-4-HA[2- 
3H]Q0. 

MATERIALS AND METHODS 

Chem icals 

4-NQ0 was kindly provided by Professors 
Sato aiid Kawazoe. 

4-HAQO was obtaiiied froin 4-NQO by the 
Acceptcd 3 llarcli 1980. 
*This work was supported by the Délégation Géiiéralc a method of Eilornoto el al. [7]. 

la Recherche Scientifique et Technique" (Grant No. DiAc-4-HAQO was prepared from 4-HAQO 
78.7.2628). according to the method of Kawazoe and 

t T o  wliom correspoiidence should be addressed. Araki [IO]. 
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4 - ~ [ 2 - ~ H ] Q 0  was obtained from Amersliam 
Ltd. (specific radioactivity 941 mCi/mmole). 

~ - H A [ ~ - ~ H ] Q O  obtained as previously 
described [7] presented a specific radioactivity 
of 18.42 mCi/mmole. 

D~Ac-~-HA[~-~H]Qo obtained from the 
method of Kawazoe and Araki [IO] exhibits a 
specific radioactivity of 9630 counts/min/nmole. 

Preparation of in vivo-reacted DNA 

The method of preparation was previously 
described by Ikegami et al. [Il].  
Approximately 106 ascite tumor cells (H.Z. 
line) were injected i.p. into 3-month-old male 
Wistar rats of about 300g. Seven days after 
transplantation, either 4 -NQ0 or 4-HAQO 
was i.p. injected. 

For 4-NQO, a 0.018M solution was used. 
I t  was obtained from 4-NQO dissolved in a 
small amount of dimethylsulfoxide followed by 
appropriate dilution with physiological saline 
solution. For 4-HAQO the 0.03 M solution 
was obtained by direct dissolution of the 
carcinogeii in pliysiological saline solution. In 
the two cases 0.5 ml/rat of the carcinogen 
solution \vas iiijected. The rats were killed by 
decapitation eitlier 1 or 2 hr latcr. The ascitic 
fluid was draiiied and the cells were Iiarvestcd 
by centrifugation (5 min at 1500 revlmiii). 
Cells kverc washcd in a 0.25 A4/0.88 M sucrose 
gradient coiitaiiiing 1O0, PBS in order to 
rcinove coiitamiiiating rcd blood cclls. Thcii 
DSA \\.as cxtracted using tlic Marmur's iue- 
tliod [ 121. 

Pre~~arntion of in vitro-reacted Dd\:A 

Tlic DSA was obtained from ascite cells of 
untreatcd rats using the metliod of extraction 
of Marinur [12j. DSA in a 2 x 1 0 - ~  h l  so- 
diiiin citrate I~uff'cr pH 7 was reacted with 
diAc-4-H.-\QO clis~olvccl in Et O H  in orclci- to 
obtain a final buffer/EtOH ratio: 80120 by 
\rolume. The initial reaction mixture is char- 
acterized by R, the ratio of molar conceii- 
tratioii of dir\c-4-H~2QO/coiiccnti.atioii of' 
DNA expresscd in mole P/l.  Many samples of 
modified DNA's were prepared corresponding 
to different values of R. The reaction is 
carried out at 37OC, in the' darkness, for 
45 min. After reaction, the modified DIVA was 
purified by extensive dietliyl ether extractions. 
The  remaining non-covalently bound qui- 
noline residues were removed by extensive 
precipitations and washing with ethanol. The 
lack of non-covalently bound quinoline was 
cliecked by countiiig aliquots of 2 0 0 ~ 1  of tlic 
supernatant ethanolic fractions. 

Fig. 1 .  Fll~orescena spectra of  D.\;I isolaied ,/,.ont (d)  4- 
.h-QO and (B) 4-HA@-exj)osed ascite turnor rell.~, in 2 
x 10-3.2.1 citrate b@r, pH 7 .  The concentraiion of D.\>1 

was  l ing/ml and the excitation uewleng!h 350 mm. The  
i r e  shoulc t h  corrected readings at dzffereni 
r\po.\arr ri111cs. C;t::<nle I : t = 2  tir; rrin!e 2 :  1 = 1 Iir: eurrr 7:  no 
cnrcitrogrn exfisure (rrJerence D,tr.4). The bntrd ai 400iirn is 

corresponding IO a Raman vibraiioti of  icaler. 
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Cornparison with in vivo-Reucîed DNA 
l 
l 

Fluorescence studies 

The fluorescence spectra were recorded 
with a differential spectrofluorimeter (mode1 
FICA 55 000). The apparatus is totally cor- 
rected, that is, in excitation (the fluctuations 
and the ageing of the lamp are automatically 
compensated) and in emission. The spectra 
were recorded using the unreacted DNA as 
reference. Fluorescence spectra were measured 
in 2 x 1 0 - ~  M citrate buffer pH 7. 
Concentration of DNA was 1 mg/ml for the in 
vivo reacted DNA. 

The fluorescence curves were recorded in 
arbitrary units; therefore the quantitative de- 
terminations were impossible; more especially 
tlie quantum yield of the bound carcinogen 
could not be calculated. Nevertheless, a com- 
parison between the intensities of different 
fluorescence spectra could be carried out 
when these spectra were recorded with exactly 
the same experimental conditions and with 
identical settings on the spectrofluorimeter. 

RESULTS 
Fluorescence sttldies 

Iii vivo-wncted D,V'rl. DSA isolated froin 4- 
S Q O -  and 4-HAQO-exposed cells is fluores- 
cent. The spectra obtained witli an excitation 
wavelength at 35Onm (Fig. 1 )  exhibit a 
fluorescence emission band with a main ma- 
ximum at 465iim either for 4-NQO- or 4- 
HAQO-modified DNA. In the case of 4- 
HAQO-modified DNA, the spectrum is sli- 
ghtly structured and three secondary maxima 
at 475, 487 and 495nm are observed. It 
appears that the fluorescence intensity and 
consequently the amount of bound fluorescent 
compouiid depciids oii tlic tinic of carcinogcii 
exposure, esseritially in the case of 4-NQO. As 
observed in Fiç. 1, the spectruin is more 
iiiteiise after 2 lir tlian aftcr 1 hr of exposure. 
For 4-HAQO-modificd DSA, the difference 

Fig.2. Fluorescence spectra of the diAc-4-HAQO-reacted 
D.hrA. The DJVA ulas kolated from untreated ascite tumor cells. 
The spectra were recorded with 0.3  mg/inl DJVA solutions in 2 
x 10- M cilrait bufier, pH 7.  The excitation wavelength ulas 
350 nm. The Jigure shows the corrected instrument readings for 
dzxerent values of R, ratio of molar concentration of diAc-4- 
H:1QO/concentration of DArA expressed in mole P/I, in the 
initinl rfariion mirhrf .  Czlrve 1 :h'=o. j ;  cu1i.r 2: h> = 0 . 2 ;  
curzr 3: R = O  [rejierrnrc D.K.1). The band a /  400 i i i i i  has 

lhe satne meaning as that in Fig. 1 .  

observed between the two spectra obtained 
after 1 or 2 hr of exposure of cells is not 
significant. 

In vitro-reacted DNA. The fluorescence spe- 
ctra obtained with an excitation at 35Onm 
are shown in Fig. 2. Two spectra correspond- 
ing to two different values of R (R=O.5; R 
=0.2) are showri. These spectra are slightly 
structured and exliibit a principal maximuin 
at 465nm and three secondary niaxiina at 
473,483 and 495 nm. 

Tahie  1. l ~ ~ t e r t n i t ~ n t i o t ~  of the qrriitolir~~ hitidin'g to D.\:.1 in iii vivo experiments using 4-H.412- 
3H] QO. Half a in1 01' Ihr solirtiritr ~J'rnrrittogvti itl pl!,riologirnl salitrv solir~ion {cas  ii,jerttd ;.P. lu 
rats huaritig a <ajdi>ln asriir tutr~or. T h c  e.v/)o.cir~.e tiltle uws 1 and 2 Iir and iulo rais ütere iisvd ]or 

earh experirnent 

Quinolinc binding to 
Tinic alicr carcino- D S A  specific activity DNA, cxprcssed as niolc- 

gcn iiijcction couits/min/mg cule of carcinogcn pcr 
DNA nuclcotide 
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Determination of quinoline lrinding to DNA 

In vivo-reacted DNA. The extent of binding 
of isotope to DNA at 1 aiid 2 hr after injection 
of ~ - H A [ ~ - ~ H ] Q O  is given iii Table 1. 
Moreover, we show that by using different 
amounts of 4 HAQO (30 mM and 6 mM), the 
percentage of quinoline binding to DNA is 
proportional to the injected quantity of carci- 
nogen. As observed in Table 1, the specific 
activity of DNA obtained with the more 
concentrated solution of 4-HAQO-either for 
1 or 2 hr of exposure-corresponds to appro- 
ximately 1 molecule of quinoline derivative 
per 20,000 nucleotides of DNA. This result is 
in good agreement with those previously ob- 
tained by Ikegami et al. [I l]  and Tada and 
Tada [13]. 

In vitro-reacted DNA. Many samples corres- 
ponding to different extents of carcinogen 
binding to DNA were characterized (from 0.2 
to 1 .O quinoline ring per 100 nucleotides). The 
details concerning these determinations will be 
given elsewhere. 

DISCUSSION 

Since the fluorescent properties of reacted 
DSA were essentially due to the quinoline 
ring one can claim that the quinoline moiety 
is covalently bound to DNA either in uilro 

with diAc-4-HAQO or in vivo from 4-NQ0 
and 4-HAQO. As expected, the percentage of 
bound rings is higher in the in vitro than in 
the in vivo reactions. 

For both in vivo and in vitro reacted DNA 
the fluorescence spectra exhibit a principal 
maximum at the same wavelength Le., 
465 nm and, in the two cases, three additional 
maxima at 475, about 485 and 495nm are 
obsewed. Such characteristically similar 
fluorescence spectra support the proposa1 that 
diAc-4-HAQO constitutes a valid mode1 for 
the ultimate carcinogen in investigating 
chemical carcinogenesis by 4-NQO. 

This result, however, does not allow us to 
state that the reaction was exactly the same in 
the two cases, i.e., that the adducts are identi- 
cal. Further work is in progress in Our labo- 
ratory to characterize these adducts. 
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b) Etude de l a  réact ivi té  du 4-acétoxyamin~inoléine 1-oxyde (Ac-4HAQû) sur .................................. ----- ................................ 
~ ' A D N  hl V&O 

Au cours d'une discussion à propos de notre t r ava i l  sur l e  

dérivé diacétylé du 4HAQO (publication no l ) ,  nous émettions l'hypothèse que 

l a  réaction covalente du diAc-4HAQO sur  l ' A D N  pouvait peut-étre conduire 

une acétylation de l a  macromolécule, sans l 'avoir  cependant dosée. A ce 

moment, des travaux effectués au laboratoire par Bernard BAILLEUL, sur l 'étude 

de l a  réaction d'hydrolyse du dérivé diacétylé, mirent en évidence ce t t e  réac- 

t ion d'acétylation qui avai t  l i eu  au cours de l a  conversion du diAc-4HAQO en 

un dérivé monofonctionnel : l e  4-acétoxyaminoquinoléine 1-oxyde (Ac-4HAQO). 

Ce composé a a lors  é té  choisi connne deuxième modèle de cancérogène ultime du 

4NQO. En e f f e t ,  c ' e s t  un électrophile puissant e t  il e s t  t r è s  réact i f .  D e  plus, 

de par sa  s t ructure  monofonctionnelle, ce composé s e  rapproche de l'hypothèse 

des TADA qui avaient proposé que l 'ac t ivat ion du 4HAQO conduisait à l a  forma- 

t ion d'un aminoacyl-4HAQû, l u i  aussi  monofonctionnel (TADA e t  a l . ,  1975). Le 

schéma ci-dessous, ex t r a i t  de l a  publication no 5 (p.106) déc r i t  l a  formation 

de l'Ac-4HAQû a ins i  que l e  mécanisme réactionnel que nous avions proposé pour 

ce composé. 

carbéniun 



Des travaux de chimie effectués  dans l 'équipe du Pr. Jean LHOMME ont parfa i -  

tement confirmé ce mécanisme réactionnel (DEMEUNYNCK, 1984). 

NOUS avons montré que ~ ' A c - ~ H A Q ~  e s t  environ 2,5 fo i s  plus  

r éac t i f  sur  l 'ADN que l e  diAc-4HW. C e  r é s u l t a t  confirme, d'une par t ,  les 

travaux effectués s u r  l e s  nucléosides i s o l é s  (guanosine e t  adénosine) q u i  

sont  déc r i t s  dans l a  publication no 5, e t  d 'autre  p a r t ,  l ' exis tence,  au  cours 

de réaction d'hydrolyse du diAc-4HAQ0, d 'autres  mécanismes que ceux conduisant 

a l a  formation de l'Ac-4HAQO. Il a é t é  en e f f e t  montré, au laboratoire ,  que 

l e  diAc-4- peut ê t r e  également converti en un au t re  composé,ne possédant 

pas de fonction N-oxyde : l'Ac-4HAQ (BAILLEUL e t  al . ,  1983) ; cec i  explique 

l e  plus fa ib le  taux de f ixat ion obtenu lorsque l 'on f a i t  réag i r  l e  diAc-4HAQO 

su r  l a  macromolécule, 

Un au t re  r é s u l t a t  important e s t  l a  mise en évidence de l ' i n -  

fluence de l a  s t ruc ture  secondaire de l ' A D J  s u r  l a  r éac t i v i t é  du cancérogène, 

comme nous l'avons précédemment observé dans l e  cas du dérivé diacétylé  (pu- 

b l i ca t i on  no 1). Ainsi, comme ce la  a déjà é t é  constaté pour d 'autres  cancéro- 

gènes t e l s  1'AAF e t  l e  benzo(a)pyrène, (KRIEK e t  HENGEWLD, 1978 ; FUCHS, 1978 ; 

PULKRABEK e t  a l . ,  1979), l a  s t ruc ture  de l a  macromolécule module l a  r é a c t i v i t é  

de l 'espèce réact ive  en d i f fé ren ts  s i t e s .  

Nous avons également pu démontrer que l'Ac-4HAQO conduit à 

l a  formation de composés de subs t i tu t ion  des bases analogues à ceux obtenus 

quand on modifie l 'ADN par  l e  diAc-4HAQû. Ceci confirme bien l 'hypothèse ins- 

c r i t e  dans l e  schéma donné à l a  p.59 . En p a r t i c u l i e r ,  nous avons retrouvé 

dans l e s  deux cas l ' addu i t  su r  le C8 de l a  guanine (dGIII) qui a v a i t  é t é  syn- 

t h é t i s é  e t  caractér isé  au laboratoire  (BAILLEUL e t  a l . ,  1981 : publication 

no 5 ) .  La formation de c e t  adduit dépend de l a  s t ruc ture  secondaire de l ' A D N  : 

il e s t  obtenu en plus  grande quant i té  su r  l ' A D N  dénaturé. 

L'isolement par chromatographie cihp de plusieurs composés 

de subs t i tu t ion  base-quinoléine,après hydrolyse enzymatique de l ' A D N  modifié, 

consti tue une preuve formelle de l a  l i a i son  covalente du cancérogène s u r  l a  

macromolécule d'ADN. 

Ce t r a v a i l  e s t  d é c r i t  dans la publication no 3 (p. 6 2 )  : 

"In v i t r o  DNA reaction with an ultimate carcinogen mode1 of 4-nitroquinoline- 

1-oxide : t he  4-acetoxyaminoquinoline 1-oxide.Enzymatic degradation of t he  

modified DNA1' . 
Carcinogenesis, 1983. 



En conclusion, nous avons u t i l i s é  un mod&le de cancérogène 

ultime du 4NQO qui nous semble très  adéquat. Cependant, une dernière étape 

reste à franchir : savoir s i  l'Ac-4HAQû induit in v h  des lésions identi- 

ques à ce l l e s  produites hl vhAY par les précancérogènes. Nous avons donc 

entrepris l a  comparaison "h vkv0-& v&" ; e l l e  est décrite dans le  pa- 

ragraphe C de ce chapitre. 
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In vitro DNA reaction with an ultimate carcinogen model of 4-nitro- 
quino fine-1-oxide: the 4-acetoxyaminoquinoline-1-oxide. Enzymatic 
degradation of the modified DNA 

S.Caiiègue-Zouitina, B.Bailleul and been shown to constitute a good mode1 of ultimate carcino- 
M.H.Loucheux-Lefebvd gen of 4 NQO (12). 
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each chernical carcinonen the nature of aU the adducts formed 
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Abstract 
23H-Labelled 4-acetoxyaminoquinoline-1-oxide (Ao4 HA- 
QO), the ultimate carcinogen model of 4-nitroquinoiine-l- 
oxide, was reacted in vitro with native and denaturd DNA. 
We found that Ac-4 HAQO is 2- to 3-fold more reactive than 
W C - 4  HAQO, another ultimate carcinogen model of 4 NQO 
which was previously studied [Galiigue et al. (1980) Biochim. 
Biophys. A cru, 609,383-3911. Ac-4 HAQO-modified DNA is 
thermally destabilized: when 1% of the bases of DNA were 
modified by Ac-4 HAQO, its melting temperature decreased 
1.2OC. Enzymatic degradation of Ac-4 HAQO-modified 
native and denatured DNA's to nudeosides was performed. 
The hydrolysates were analyzed, first with a simple 
chromatographie system, and then by h.p.1.c. The com- 
pounds recovered from the modified polymers were charac- 
terized by h.p.1.c. and a variation in their respective amounts 
as a function of the secondary structure of DNA was obsew- 
ed. Especiallj , the N<deoxyguanosin-(C~yI)-4-aminoquino- 
line-l-oxide, the so called dG IU adduct, was recovered from 
DNA, and its amount was evaluated to be -3.5-fold greater 
in the case of denatured DNA than in the case of native 
DNA. 

Introduction 
With the exception of some alkylating agents, most 

chemical carcinogens require metabolic activation to reactive 
intermediates pnor to binding to cellular macromolecules (1). 
It is now clear that DNA constitutes a crucial target in the 
tumorigenesis processes. In Our laboratory, we are studying 
some structural and chemical DNA modifications after 
covalent binding of the ultimate metabolite of Ltnitroquino- 
line-1-oxide (4 NQO)*. This compound is a potent carcinogen 
(2), and some of its biological and chemical properties, as well 
as preliminary findings on its mode of action, have been 
reported (for reviews, see 3 - 5). Previously we used (6,7) the 
0 , O  ' -diacetyl-4-hydroxyaminoquinoline-1 -oxide (di4c-4 
HAQO) (8,9) as a ultimate carcinogen model of 4 NQO: we 
showed its covalent binding to DNA in vitro (6,7), the ther- 

' mal destabilization of the modified DNA (6) and its sensitivi- 
ty to the SI endonuclease (10). More recently, the monoacetyl 
derivative of 4-hydroxyaminoquinoline-1-oxide (4 HAQO), 

, 4-acetoxyaminoquinoline- 1 -oxide (Ac-4 HAQO) (1 1) has 

T o  whom reprint requests should be addressed. 

*Abbreviations: A c 4  HAQO, 4-acetoxyaminoquinoline-1-oxide; diAc-4 
HAQO, 0,O'-diace~l-4-hydroxyaminoquinoline-1-oxie 4 NQO, Qnitro- 
quinoline-1-oside; 4 HAQO, 4-hydroxyaminoquinoline-1-oxide; N-AAAF, 
N-acetoxy-N-ace~l-2-aminofluorene; AAF acetylaminofluorene. 

O IRL Press Ltd., Oxford, England. 

with DNA and to evaiuate the respective amounts of each of 
them (see for example, Essigrnann et al. (13) and Croy et al. 
(14) in the case of aflatoxin; Pulkrabek et al. (15) in the case 
of benzo[a]pyrene; Kadlubar et al. for  N-OH-I- 
naphthylarnine (16) and for N-OH-2-naphthylamine (17)). In 
the case of 4 NQO, some authors pointed out tha t  in vivo 
binding of the carcinogen mainly occurs on  the purine 
bases of DNA (18). However, the precise nature of this 
binding to DNA, Le., the identification and enumeration 
of al1 the adducts which are forrned with the DNA 
rnacromolecule have not yet been seriously explored. 
Moreover, to date nothing is known about the stability of  
the NQO-adducts of DNA. Indeed, it is known that some 
adducts can be unstable and for example Kriek and Westra 
showed that under particular conditions the guanyl-C-8 
AF-adduct can be decomposed (19). Thus, it seems also 
important to date to think in terms of degradation pro- 
ducts of the adducts. 

Ikegami et al. (18) and after them, Tada and Tada (20,21) 
have only mentioned the obtention of some adducts after en- 
zymatic and chemical degradation of in vivo 4 NQO- 
rnodified DNA. Since these studies used descending chro- 
matography for the separation of their adduas, a reinvestiga- 
tion of these compounds with more sensitive separation 
techniques was desirable. Therefore it seemed very useful to 
visualize ail of the quinoiine-adducts on DNA and their even- 
tua1 degradation compounds. 

We report in vitro reaction of Ac-4 HAQO with DNA and 
we compare Our results with those obtained with diAc-4 HA- 
QO, which is considered as another ultimate carcinogen (6,7). 
Initially, we studied the reactivity of the monoacetyl 
derivative with DNA as a function of its secondary structure, 
and we emphasized the thermal destabilization of the 
modified DNA. Then, the enzymatic degradation of the 
modified DNA allowed us to visualize the adducts and their 
eventual degradation products. In particular we focused Our 
attention on N-(deoxyguanosin-Cky1)-4-aminoquinoline-1- 
oxide, the so-called dG III, the structure of which was recent- 
ly elucidated in Our laboratory (12). Moreover, we showed 
that the extent of the different adducts formed depends on 
the conformation of the starting DNA. 

Materials and Methods 
ReagenO 

The carcinogen 4 NQO was obtained from Fluka AG (Switzerland). A c 4  
HAQO was prepared from diAc4 HAQO (12). DiAc4 HAQO was syn- 
thesized from 4 HAQO (9). as previously described (8). The4 N[2-)H lQO was 
obtained from Amersham (sp. act.: 941 mCiimmol). Ac4  HAI2-W]QO and 
diAc-4 HA[2-'HQO were prepared as described for the unlabelled com- 
pounds; they had the same specific activity: 18.41 mCi/mmol. 
AU of the enzymes (bovine pancreatic DNase 1, stiake venom phosphodi- 

esterase, calf spleen phosphodiesterase, endonuclease from Neurospora 
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crassc, alkaline phosphatase from EÎcherichio cdi  and alkaline phosphatase 
from calf intestine) were plrchased from Boehnnger-Mannheim (FRG). Their 
conditions of u t i l i i o n  are describxi below. 

Native DNA was obtained from chicken erythrocytes. It had the following 
characteristics: q, ZS; hyperchromicity at 260 nm, 41%; melting 
temperature (in 0.1 M NaCI), 81°C. Denatured DNA was prepared just 
before each expriment by heatiag for 10 min in a boiling water bath, then 
chilling in an iœ bath. 

I)~~trumenfafion 
The absorption spectra and the melting temperature studies were wried 

out using a Cary 118 C specuophotometer. The melting curves of unmodified 
and modified DNA's wae  measured at 260 nm with the Cary 118 C spectro- 
photometer which was fitted out for melting temperature deteminations. The 
apparatus was previously described (6). 

H.p.1.c. separations were carnd out on a Waters systm( consisting of a 
U6K injecter, two 6000 A pumps. a model 660 solvent programmer. and a 
model 440 dual-wavelength detector (254 nm and 365 nm). Radioactivity of 
the peaks was determined with a SL MO lntertechnic scintillator counter. 

Preporotion of a Ac-4 HA[2-3~QO-mod@d DNA somplec 
Ac4 HA[2-3HlQO-modified DNA was prepared according to the same 

method as for diAc4 HAQû-modified DNA (6). The reactions were per- 
formed with native and denatured DNA's, in a 2 mM sodium citrate buffer, 
pH 7. Appraximately 1 mg of DNA (concentration -0.5 mg/ml) was in- 
cubated at 37"C, for 0.25 h, under a nitrogen atmosphere, in the dark and in 
the presence of different amounts of Ac4 HA[2-W]QO solubilized in di- 
methylsulfoxide. The incubation time was reduced (0.25 h instead of 0.75 h in 
the case of d i i c 4  HAQû) because of the very high reactivity of Ac-4 HAQO 
(12). Each sample was characterized by the ratio R of the mdar concentration 
of DNA. ex~ressed as mol Piil. in the initial reaction mixture. The modified 
DNA w& p;rified by one (or twi) diethylcther extraction(s). The purification 
was achieved as ~reviously described (6.7) by extensive ethanol-~recimtations 
(0.1 volume of N ~ C I  5  and 2 vol&eskfprmled ethanol Were added to 
each DNA solution; the DNA precipitated after shaking). The amount of 
bound quinoline ring isgiven by the ratio [Cy[P] where [Cl is the concentra- 
tion of 'H-labelled carcinogen, determined by counting aliquots of 100 pl of 
the DNA solutions (SL 300 lntertechnic scintillator), and Pl the concentra- 
tion of nucleotides (expressed as mol Pi/l) as detennined by the absorbance at 
260 nm. The same correction for the A, is always made, as prwiously 
described (6). The results are given as the number of bound quinoline 
rings/100 bases (percentage of modified bases). 

Three series of amples were prepared: (i) a first series of native and 
denatured modified DNA's was prepared for the study of the reactivity of 
Ac4  HAQO as a function of the secondary stmcture of DNA; (ii) a second 
senes of native-modified DNA samples was prepared for the melting point 
measurements. In this case, since the melting temperatures are very dependent 
on the ionic strength of the solution, al1 DNA samples were solubilized in the 
same buffer from a stock solution; (iii) the third series was constituted of two 
native-modified DNA's and one denatured-modified DNA samples, for the 
ewmat ic  hydrolysis to nucleosides. In this case, after the last ethanol- 
precipitation, the DNA was solubilized in the appropriate buffer. at aconcen- 
uation of -2 mg/ml. The samples were then dialysed against this buffer 
(1 lirer for each sample) for 4 h, with 2 buffer changes. 
Repurotion of diAc4 HA[2-3H]QGmodified-nafive DNA 

ûniy one sample was prepared as prwiously described (6) for the compari- 
son with Ac4 HA [Z-WIQO-modified DNA, after enzymatic hydrolysis. This 
preparation of diAc4 HAQO-modified DNA contained 0.9% of modified 
bases and its specific activity was 415 d.p.m./y. 
En:ymatic hydrolysiî of rhe modfied DNA IO nuclmides 

The incubation buffer was: Tris-HCI 5 mM. MgCl, 2 mM, CaCI, 2 mM, 
pH 7.4. The DNA was always solubilized at a concentration of 2 mg/ml. 

T\vo different methods were used for the hydrolysis: (i) in the case of the 
cornparison between the two samples of d'Ac4 HAQû-modified DNA and 
Ac4 HAQO-modified DNA, the hydrolysis were carried out according to the 
method previously described (12): the modified DNA ( -  1 mg) was incubated 
at 37°C for 24 h with 30 r of bovine mncreatic DNase 1 (grade II. su. act.: 
1000 units/mg) and 30 y of snake -venom phosphocliesterase (si. act.: 
1.5 units/mg). The pH was adjusted to 9.0 and dephosphorylation of the 
hydrolysis producu-was perfoAed for 24 h by adding 20; of alkaline 
phosphatase of E. col; (20 u~ts/mg). Thus, the total incubation time was 
48 h; (i3 in the case of the samples prepared for h.p.1.c. analysis, the cond- 
tions of hydrolysis were slightly modified in order to limit the eventual 
degradation of the products formed during the hydrolysis. Indeed, the 
amounts of the enzymes were increased. the incubation time was shonened, 
and the sequence of the enzymes was slightly modified. For the native Ac-4 
HAQO-modified DNA, 0.8 mg of DNA was solubilized in the buffer men- 

tioned above and incubated at 37-C for 2 h with 45 y of the DNase 1; then, 
45 y of the venom snake phosphodiesterase and 90 y of calf spleen phospho- 
diesterase (0.25 unidmg) were added for an additional incubation of 17 h at 
37°C. The pH was adjusted to 8.0.35 y of alkaline phosphatase from calf in- 
testine (grade I,W unitslmg) were added and the dephosphorylation of the 
hydrdysis products was performed for 7 h. mus ,  the total incubation time 
was 26 h. The denatured-Ac4 HAQO modified-DNA (0.75 mg) was 
hydrolysed according to the same method as for native-modified DNA, but 
DNase 1 was replaced by 40 y of endonuclease of N. crarra (24 units/mg) 
which is specific for the singlestranded DNA. 

CoIumn drromafogrophy of fhe DNA hydrolymtes 
Chromatography on Biogel P 2 (minus 400 mesh) was performed using a 

column (0.6 x 60 cm) equilibrated with 2 mM sodium citrate buffer (pH 7). 
The flow rate was4 ml/h, fractionsof I ml werecollected and the radioactivi- 
ty measured. The column was calibrated with deoxyadenosine-5'-monophos- 
phate, deoxyguanosine-5'-monophosphate, deoxyadenosine, deoxyguanosine 
and adenosine-triphosphate. 

After P 2 d u m n  chromatography each tritiated fraction was collected, 
concenuated, and the analysis was carried out by means of h.p.1.c. A C18-p 
Bondapak column was used, with a methano1:water linear gradient (during 
20 min) from water to 95% methanol-water. The flow rate was 2 ml/min. 

Results 
Reactivity of Ac-4 HA[2JH]QO with DNA 

Influence of the DNA secondary structure. Ac-4 HAQO 
was reacted with native and denatured DNA's in 2 x M 
citrate buffer, pH 7. In both cases (and in the same manner) 
as with diAc-4 HAQO (6). the quinoline binding to DNA can 
be observed when recording the absorption spectra in the 
300 - 500 nm range. The maxima of the bands are located at 
360 nm and 365 nrn for native and denatured-modified 
DNA's, respectively. The amounts of bound carcinogen as a 
function of R (see Matenals and Methods) are set in Table 1. 
Fust we observe that, as for diic-4 HAQO (6), the secondary 
structure of DNA influences the reactivity of Ac-4 HAQO. 
Indeed the reactivity of denatured DNA (6 quinoline 
rings/100 bases for R = 1) is 2-fold greater than in the case of 
native DNA (2.7 quinoline rings/100 bases, for R = 1). The 
second phenomenon which is interesting to note is that, 
whatever the secondary structure of DNA is, the extent of 
binding of Ac-4 HAQO to the DNA is 2- to 3-fold greater 
than in the case of diAc-4 HAQO (6): 1 quinoline rings/100 
bases, for native DNA, and 2.5 quinoline rings/100 bases, for 
denatured DNA. Therefore, it seems attractive to use Ac4  
HAQO for studying in vitro DNA modification. 

Thermal destabilization of Ac-4 HAQO-modifed DNA 
samples. A series of Ac-4 HAQO-modified DNA samples 
were melted and the differences between the melting 
temperature (Tm) of a given carcinogen-modified DNA and 
unmodified DNA (ATm) were calculated. The melting 
temperatures of DNA samples decrease as their extent of 
modification inaeases (ATm <O), as observed in Table II. 
We calculated the value of ATm per 1 % of modified bases (in 
the same manner), as for diAc-4 HAQO-modified DNA (6). 
We found ATm = 1.2"C per 1% of modified bases, which is 
a very similar result as those we obtained in the case of diAc-4 
HAQO-modified DNA (6). 

Etqymatic degradation of Ac-4 HA P-3H]QO-mod~fled DNA 
to nuclemides. Chrornatographic analysis of the hydrolysates 

Rough analysis by chromatography on Biogel P 2. Conl- 
parison of Ac4 HAQO-modified DNA with a diAc-4 
HAN-modified DNA. Two samples of Ac-4 HA[2-3H]Q0 
and diic-4 HA[2-W]QO modified-native DNA's were in- 
cubated with the enzymes, at 37OC, for 48 h (see Materials 
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Table 1. Amounts of wcinogen bound to native DNA (NDNA) and 
denatured DNA (DDNA) as a function of R. 

Ra Perœntage of modified basesb 

NDNA 0.12 
DDNA 0.25 

NDNA 0.5; 0.6 
DDNA 1.1 

NDNA 0.8; 1 .O 
DDNA 1.7 

NDNA 1.2; 1.5 
DDNA 3.0 

NDNA 2.1; 2.2 
DDNA 5.0 

NDNA 2.9; 3.0; 2.7 
DDNA 6.0; 6.4 

aRepresents the concentration of the carcimgen/the concentration in DNA, 
in the initial reaaion mixture. "The amount of bound carcimgen is obtained 
by the ratio [C]/[P] where [Cl k the concentration of bound quindine rings 
and [Pl the concentration of nucleotides (see Materiais and Melhods). The 
contïdenœ limitc are: [C]/[P] I 0.1%. 

Table II. Melting temperature values of native modified-DNA samples. 

Solvent Percentage of Tm ATm ( O C )  
modified basesa 

-- 

2 x IO-'M sodium ciuate O 58.05 O 
buffer, pH 7 0.5 (R = 0.05) 57.60 - 0.45 

2.7 (R = 1) 54.65 - 3.40 

T h e  modified DNA's audied are characterized in Table 1. h'he confidence 
liiits are: Tm, 0.1 O C ;  LTm, a 0.2"C. 

and Methods). The hydrolysates were then analyzed on a 
Biogel PZ minus 400 mesh column. We used U.V. detection at 
254 nrn, to see the deoxyribonucleosides, and the 3H radi* 
activity of 100 pi aliquots of each fraction was counted to 
detect the presence of the quinoline moiety. In both cases we 
found a U.V. chrornatographic profile characteristic of the 
four deoxyribonucleosides (Figure 1, part 1): this means that 
hydrolysis takes place effectively, at least at the unsubstituted 
regions of the DNA. Some minor other peaks were also 
detected. The chrornatographic radioactive patterns are 
shown in Figure 1, parts II and III: for the two modified 
DNA's, Ive obtained the sarne radioactive profiles, Le., five 
distinct tritiated fractions we called A, B, C, D, E. The 
presence of many radioactive peaks suggests that the 
hydrolysis was also efficient in the substituted regions of 
the DNA. 

H.p.1.c. analysis of the P2 column fractions. This analysis 
was performed by using Ac-4 HAQO as ultimate carcinogen. 
Two Ac-4 HA[2-NIQO-modified polymers were prepared: a 
native-modified DNA (2.2% of modified bases; sp. act.: 
1620 d.p.m./y) .and a denatured-modified DNA (6.4% of 
rnodified bases; sp. act.: 4715 d.p.m./y) in order to study the 
influence of the DNA secondary structure on the respective 
arnounts of the different adducts. 

After enzymatic hydrolysis (see Materials and Methods), 
the same five P2 tntiated fractions were obtained for the 
native and denatured DNAYs, but we pointed out a variation 

t hours 

nurnber 

Rg. 1. Elution profiles from PZ minus 400 mesh column after enzymatic 
hydrolysis of Ac-4 HAQO-modified DNA (1: U.V. detection; II: radioactivity 
deteaion) and diAc4 HAQO-modified DNA (Ill: radioactivity detection). 
Ac4 HAQO modified DNA has 2.3% of modified bases and its specific ac- 
tivity is: 1320 d.p.m./y; MO y were applied to the column. DiAc-4 HAQO 
modifiid DNA ha 0.9% of modified bases and its specific activity is: 
415 d.p.m./y; 100 y were applied to the column. The conditions used for the 
enzymatic hydrolysis are described in Malerials and Methods. 
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in their respective amounts. For example, E is greater and D 
is weaker in the case of denatured DNA than in the case of 
native DNA. In the two cases, each P2 fraction was collected, 
concentrated and submitted to h.p.1.c. analysis. We used ab- 
sorbance detection at two wavelengths: at 254 nrn, charac- 
teristic wavelength for both nucleosides and quinoline ring, 
and at 365 nrn, characteristic wavelength of the quinoline 
moiety. Moreover, quinoline is also detected by W radio- 
activity measurements of 500 pl aliquots. Therefore this 
method allowed us to discriminate between (i) an unrnodified 
nucleoside and (ii) an adduct or a quinoline derivative, which 
could be released from eventually unstable adduct(s). The 
Table 111 gives the composition of each P2 fraction and the 
percentage of each h.p.1.c. isolated compound. These percen- 
tages were evaluated from the ratio: W of the isolated 

' 
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peak/% of the total DNA radioactivity. The two first frac- 
tions A and B appear in h.p.1.c. as complex mixtures of dif- 
ferent compounds and their origin will be discussed below 
(see Diussion). At the opposite, fractions C, D and E are 

Table 1U. H.p.1.c. analysisof the P2 fractionsa for native and denatured Ac4 
HAP-Wmmodificd DNA's. 

PZ fraction H.p.1.c. isdated peaksb Native DNAC Denatured DNAc 

A Compiex diagram: 21 % 16% 
many peaks 

B Cornplex diagram: 16% 18% 
many peaks 

T h e  hydrolysates \ m e  first chromatographed on the P2 minus400 mah col- 
umn. the PZ tritiated fractions A, B. C, D, E were collected, concentrated and 
each of them was anallzed by h.p.1.c. (see Materials and Methods). ?he 
peaks represented here are the tritiated peaks recovered by h.p.1.c. analysis; 
the! give an absorbance signal at 254 nm and 365 nm on the h.p.1.c. 
chrornatograms. T o r  each isolated h.p.1.c. peak, the percentage is given by 
the ratio: 'H radioactivity of the isolated peak/'H total radioactivity of the 
nari\e modified DNA or the denatured modified DNA. 

coristituted either by a pure compound (E), or by two or three 
compounds (C, D). Several hydrolysis were carried out and 
the results were always reproducible. 

The tntiated h.p.1.c. patterns of fractions C, D, E are 
shown in Figure 2, for the native modified DNA. Each 
tritiated peak, which gives an absorbance at 254 nm and 
365 nm (U.V. profile not shown) is characterized by its reten- 
tion time Rt in Our conditions of chromatography, and by the 
ratio A = DOz, ,,,,/DO3, nm (Figure 2). Fraction E was 
identified as dG III, the adduct we have characterized pre- 
viously (12). Indeed fraction E and this synthetic compound 
comigrated in P2 chromatography and in h.p.l.c., with a 
retention time of 12 min and a A value of 1.8 at neutral pH. 
This adduct corresponds to the fixation of quinoline on the 
C-8 of guanine. Its extent was more important for denatured 
DNA (49%) than for native DNA (13%) (see Table III). 
Fraction D, which is quantitatively important in the case of 
the native DNA (43.5%) is composed of two major products: 
D1and D2 which represent 22.5% and 21% of the total radio- 
activity, respectively. In contrast, these two compounds were 
present in weaker amounts in the case of denatured DNA. 
Moreover, in this last case another product was detected, 
Dlz (h.p.1.c. data not shown). The retention times are: 
RI = 9.1 min for D,and Rt = 10.5 min for D,. The A values 
are: A = 2.2 for Dl and A = 1.5 for D,. The fraction C 
represents the weakest fraction and appears as pure in radio- 
activity for the native polymer (retention time Rt = 1 1.8 min; 
A = 2.1). For denatured DNA, C was recovered with 1.2% 
of radioactivity and a mixture of three or four other minor 
compounds which account for 3% of radioactivity is also 
observed (Table III). 

Time (min) Time (min) 

Tlmc (min) 

Fig. 2. H.p.1.c. chromatographie profiles of the P2 fractions C, D, E obtained after enzymatic hydrolysis of Ac-4 HA[2-'HQO-native rnodified DNA (2.2U!o of 
rnodified bases: sp. act.: 1620 d.p.m./y). Chromatographies with linear gradient (during 20 min) from water to 95% methanol-water were made by collection of 
aliquots (500 FI) and % radioactivity measurements. 1: fraction C, 11: fraction D, 111: fraction E; IV: retention tirna (R,) and ratios A: optical density at 
254 nm/optical density at 365 nni, for the different h.p.1.c. isolated peaks. 
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In virro DNA rrnetion with Qnitroquinoline-1-oxih 

In this paper we showed that the monoacetyl derivative of 
4 HAQO is an attractive mode1 for studying in vitro DNA 
modification by 4 NQO. Indeed this compound was found to 
be -3-fold more reactive with DNA than the diacetyl deriva- 
tive previously used (6). Moreover the covalent binding of 
both derivatives with DNA induces the same structural per- 
turbation. Concerning the formation of adducts, after en- 
zymatic degradation of two DNA samples modified either by 
di-Ac 4 HAQO or by Ac-4 HAQO, we observe the sarne 
chromatographie P2 column and h.p.1.c. patterns (the 
h.p.1.c. data in the case of diic-4 HAQO are not shown). 
This means that the two derivatives induced the same adducts 
on the DNA, and this is in agreement with Our previous fin- 
dings about the reaction of Ac-4 HAQO and diAc-4 HAQO 
with purine nucleosides (12). Thus Our present results provide 
a strong support for the hypothesis of the mechanism of in- 
teraction with DNA we have proposed, involving the two 
acetylated derivatives (12): Ac-4 HAQO is obtained from 
diAc-4 HAQO and constitutes a very reactive electrophilic 
intermediate which rapidly interacts either with DNA or with 
isolated nucleosides, with a better yield than diacetyl deriva- 
tive. 

The existence of a thermal destabilization of modified 
DNA is clearly in agreement with the results we have pre- 
viously obtained, which demonstrated the sensitivity of Ac-4 
HAQO or diAc-4 HAQO modified DNA's to the single- 
stranded specific endonuclease SI (10). This means that the 
binding of the ultimate carcinogen to the DNA induces par- 
tially denatured regions on the macromolecule. 

In this work we also studied the influence of the DNA 
secondary structure on the extent of the different adducts 
formed. Except for P2 fractions we called A and B (see 
Results, Figure l), which are observed by h.p.1.c. as a com- 
plex mixture of unidentified peaks, we can affirm that Our 
results indicate that the secondary structure of DNA influen- 
ces the extent of the adducts. For example, the compounds 
called D, and D, account for -20% of the total radioactivity 
in native-modified DNA, whjle they constitute minor pro- 
ducts ( ~ 8 %  of the total radioactivity) in the case of 
denatured modified DNA. In contrat, the adduct dG III 
represents only 13% of the total radioactivity of the native 
DNA while it is recovered as 49% in the denatured DNA. 
Our results compare with those obtained by Pulkrabek et al. 
(15) concerning themodification of DNA by two enantiomers 
of a di01 epoxide of benzo[a]pyrene (BPDE 1): they showed 
that there exists a similar phenomenon, i.e., one minor 
deoxyguanosine adduct was present in greater amounts in 
denatured DNA than in native DNA. The case of AAF is 
another example. The interaction of N-AAAF with DNA in 
vitro results in the production of C-8 and N-2 adducts of 
deoxyguanosine, which are formed if the substrate is double- 
stranded DNA (22). On the other hand, in vitro modification 
of single-stranded DNA or RNA leads only to the binding of 
AAF to the C-8 position of guanine residua (23). 

Concerning the dG III adduct, it corresponds to the C-8 
arylamination of deoxyguanosine, the carcinogen being at- 
tached by the nitrogen in position 4 of the quinoline ring (12). 
This adduct has aiso been recovered in the hydrolysate of in 
vivo modified DNA (12), and this result is strengthening its 
interest. However, it does not oonstitute a major adduct, ex- 
cept for denatured DNA. We obtained very recenlty a series 
of arguments which allow us to think that the amounts of dG 

III recovered in this present study are minimized, due to the 
instability of this adduct during the enzymatic DNA hydro- 
lysis. Indeed we showed that under certain experimental con- 
ditions, and in particular under our enzymatic hydrolysis con- 
ditions (see Materials and Methods), dG II1 is unstable and 
gives rise to some degradation products. For example, by in- 
creasing the duration of the hydrolysis to 70 h, the amount of 
dG III recovered after P2 analysis decreased: it was only 2% 
in the case of native modified DNA, and 15% in the case of 
denatured modified DNA, instead of 13% and 49%, respec- 
tively. The hydrolysis conditions were slightly modified as a 
consequence of these observations. Therefore, we are now 
trying in our laboratory to test another method for the titra- 
tion of the dG III adduct on the DNA, which wiil use the 
spectrophotometnc properties of this compound. 

Let us now consider the so-called A and B P2 fractions. 
Our experimental h.p.1.c. data show complex tritiated pro- 
files, which as yet cannot be completely explained. Concern- 
ing the fraction A one observa (Figure 1) that it is located 
near to the void volume. This may indicate that the DNA- 
hydrolysates are containing oligonucleotides and/or (di- or) 
tnnucleotides bearing some quinoline molecules. In other 
words, it is possible that the binding of the carcinogen to the 
DNA hinders the total DNA hydrolysis. Therefore, we tried 
to improve the yield of the hydrolysis by adding greater 
amounts of the different enzymes: whatever the conditions, l 

we always found at least 20% of the total radioactivity in the 
fraction A. Thus, this hypothesis does not seem sufficient to 

l 
l 
l 

explain the origin of A. Another explanation for A could be 
discussed in the light of an experimental result we very recent- 
ly obtained: the decomposition of dG III (as we previously 
mentioned) gives nse to some products which comigrate with 
A on P2 chromatography. We are now studying the nature of 
these degradation products of dG III and their stabiiity. 

Dealing with the fraction B, more than five tritiated peaks 
are detected in h.p.1.c. This fraction also contains great quan- 
tities of the unlabelled nucleosides deoxythymidine, deoxy- 
cytidine and deoxyadenosine. Studies are being carried out in 
Our laboratory to determine whether or not the tritiated peaks 
are minor adducts. 

In conclusion, we pointed out the two following facts: 
(i) the adducts may be unstable. This phenomenon was 
evidenced by the degradation which occurs for the dG III ad- 
duct, preventing its precise quantitative determination. It is 
possible that other adducts may also exhibit similar proper- 
ties, and therefore (ii) it is evident that the enzymatic 
hydrolysis does not allow a quantitative evaluation but con- 
stitutes only a qualitative analysis. 

Studies are now devoted to  the identificati~n of the 
purified h.p.1.c. peaks in order to compare the results obtain- 
ed with in vitro and in vivo modified DNA. A first series of 
experiments have already shown that the dG III compound is 
present in both cases (12). 
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stimulating discussicms. We thank M.C.Denis for excellent technical 
assistance. Thii work w supported by an INSERM grant: ATP no. 79.109. 
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c )  Coqaraison gar  c lhe  des hydrolysats d'ADN modifiés V ~ V O  e t  h'L V ~ O ,  --- -------- ------ ------ ---- ....................................... 
B&lan-bes-erinciea~-adGuits, -base~u4noiC&n% 

Afin de t e s t e r  l a  v a l i d i t é  du modèle de cancérogène ultime 

du 4NQO que nous avons proposé, nous avons en t repr i s  une comparaison de deux 

types d'ADN modifiés : 

- l ' un  modifié h vhva par  l e s  cancérogènes précurseurs, 

- l ' a u t r e  modifié& v b p a r  l e  mdèle  de cancérogène ultime Ac-4HAQO. 

Nous avons effectué 1 'hydrolyse enzymatique des deux échan- 

t i l l o n s  d'ADN e t  nous avons comparé l e s  deux hydrolysats. D'autre part ,  nous 

avons analysé dans l ' A D N  modifié hl v a 0  l a  nature e t  l e  nombre d 'adduits  

principaux formés, grâce à des comparaisons avec l e  poly(dG-dC).poly(dG-dC) 

e t  le poly (dA-dT) .poly (dA-dT) modifiés par  L'Ac-4HAQO. 

Nous avons a i n s i  pu montrer que les t r o i s  adduits  majeurs in- 

du i t s  par  l e  4HAQO & V ~ V O  ( 2  s u r  l a  guanine e t  un sur  l 'adénine) sont éga- 

lement obtenus h v ~ L J  s u r  l ' A D N  modifié par l'Ac-4HAQO. En d'autres termes, 

l'acétoxyaminoquinoléine 1-oxyde représente un modèle V&O t r è s  adéquat. 

Le t r a v a i l  que nous venons de résumer e s t  déc r i t  dans l a  pu- 

b l ica t ion  no 4 : 

" ~ d d u c t s  from i n  vivo action of the  carcinogen 4-hydroxyaminoquinoline 1-oxide 

and £rom i n  v i t r o  reaction of 4-acetoxyaminoqùinoline 1-oxide with INA and 

polynucléotides " . 
Cancer Research, sous presse. 

Bien que c e t  a r t i c l e  ne comporte pas d'études s t ruc tura les  sur  

l e s  adduits ,  l a  conclusion indique l a  s t ruc ture  des pr incipales  lésions base- 

quinoléine actuellement connues. Ces informations nous avaient é t é  demandées 

par les i'Referees". Les travaux qu i  ont  conduit a l a  détermination de ces  

s t ruc tures  feront l ' o b j e t  du chapitre II. 

A l a  s u i t e  de l a  publication no 4 nous reviendrons sur ce r ta ins  

points  qui ,  pour des raisons de place,  n'avaient pu ê t r e  d é t a i l l é s  dans l ' a r -  

t i c l e ,  mais qui  apportent cependant des informations complémentaires. 
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ABSTRACT 

3 In vivo 2-[ Hl-labeled 4-hydroxyaminoquinoline 1-oxide 

3 3 (4-HA[2- H1QO)inodified DNA and in vitka 2-[ Hl-labeled 

3 4-acetoxyaminoquinoline-1-oxide (Ac-4 HA[2- H1QO)-modified 

DNA were enzymatically hydrolysed and the hydrolysates were 

analysed by high performance liquid chromatography (HPLC). 

The two patterns were compared and we showed that al1 of 

the HPLC peaks which were recovered from in vivo-modified 

DNA were present in the hydrolysate of in vitka-modified 

3 DNA. Therefore we used the in vitka Ac-4 HAIS- HIQO-modi- 

fied DNA to investigate the quinoline-purine adducts which 

are characteristics of the mode of action of the carcinogen 

4-nitroquinoline 1-oxide (4-NQO). By comparison with the 

3 enzymatic hydrolysates of Ac-4 HA12- HJQO-nodified poly 

(dA-dT) . poly (dA-dT) and poly (dG-dC) . poly (dG-dC) three NQO- 
adducts were enumerated on the modified DNA : one out of 

them was previously characterized as a c8-panyl adduct. 

We proved that the two other are a guanine -and an adenine- 

adduct respectively. A quinoline derivative was identified 

in the hydrolysates of the in vivo and in vitno modified 

DNA's : the 4-aminoquinolinc 1-oxide, the origin of which 

was postulated to be a degradation compound of one (or more) 

adduct(s). Moreover the presence of two degradation compounds 

8 of the C -guanyl adduct was shown, in mild alkaline conditions. 

We suspected an imidazole ring-opened form. 
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INTRODUCTION 

It is generally thought that the covalent reaction 

between DNA and ultimate carcinogens may constitute an 

important event in the carcinogenic process (14). In the 

case of ~ - N Q O ~  (for reviews, see 15, 17) 4-HAQO has been 

considered as the proximate carcinogen and Ac-4-HAQO was 

proved to be an attractive mode1 to study i n  v i t h o  the 

carcinogenesis by this compound (1, 6) : 

H O-C-CH, 
\ / II 

do I 

Concerning the NQO-adducts, Ikegami e t  aC. (10) and 

after them Tada and Tada (19, 20) showed the presence of 

guanine-adducts and adenine-adducts after enzymatic or 

chemical degradation of i n  v i v o  4-NQO-modified DNA. It is 

now possible with more sensitive separation and detection 

techniques (for example, HPLC) to reinvestigate the NQO- 

adducts in order to do their complete chemical characteri- 

zation. Indeed, we recently studied the i n  v i t h o  DNA modi- 

fication (6) ; after enzymatic hydrolysis of the modified 

DNA we enumerated some different products the structure of 

- 

2 ~ h e  abbreviations used a r e  : 4-NQO, 4-ni t roquino l ine  1-oxide ; 4-HAQO, 

Ac-4-HAQO, 4-acetoxyaminoqui n o l i n e  1-oxide ; ~ ~ A C - ~ - H A Q O ,  0,01-diacety 1 
3 3 

d e r i v a t i v e  of  4-hydroxyaminoquinoline 1-oxide ; 4-HA[2- HIQO, 12- H l  
3 3 

Labeled 4-hydroxyaminoquinoline 1-oxide ; Ac-4-HA[2- HIQO, [ 2 -  H l  labe led  

4-acetoxyaminoquinoline 1-oxide ; HPLC, high performance l i q u i d  chromato- 
8 graphy ; dGuo-C8-AQO, N-(deoxyguanosin-C -yl)-4-aminoquinoline 1-oxide ; 

4-AQO, 4-aminoquinoline 1-oxide. 



8 one of them being totally elucidated (1). It is a C - 
guanyl adduct we cal1 dGuo-C8-AQO. It accounts for about 

30 % of the total modification of the native DNA (7) . 
This paper at first is devoted to the comparison bet- 

ween the HPLC profiles of enzymatic hydrolysates of the 

i n  v i v o  and i n  v i t k o  modified DNA's. Two modified DNAts 

3 were considered : the in v i v o  4-HA[2- HIQO-modified DNA 

from ascite cells (H.Z. line) and the i n  v i t k o  Ac-4-HA 

3 [2 -  HIQO-modified DNA. Al1 the peaks obtained from the 

i n  v i v o  modified DNA were recovered from the i n  v i t h o  

modified DNA. The second part of this paper gives some 

informations on the main HPLC compounds using a comparison 

between the enzymatic hydrolysates of three samples 

modified i n  u i t k o  by AC-~-HA[~-~H]QO : native DNA, poly 

(dA-dT) . poly (dA-dT) and poly (dG-dC) . poly (dG-dC) . The 
dGuo-C8-AQO we characterized previously (1) was recovered 

and we observed its degradation towards two products in 

mild alkaline conditions. The existence of another cjuanine- 

adduct -we called dGuo-2-AQO- and of an adenine-adduct was 

established. Finally, another compound was characterized 

as a quinoline derivative, the 4-aminoquinoline 1-oxide, 

4-AQO, which probably arised from the degradation of one 

(or more) adduct(s). 



MATERIALS AND METHODS 

CHEM 1 CALS 

3 4-N[2- H]QO was obtained from Amersham (specific 

3 activity, 941 mCi/rnmol). 4-HA[2- H]QO was prepared as 

previously described (4) and exhibited a specific activity 

3 of 18.43 mCi/mmol. Ac-4-HA12- H]QO was prepared from 

3 0,01-diacetyl derivative of 4-HA[2- HlQO (5, 1). 4-amino- 

quinoline 1-oxide (4-AQO) was synthesized (as a reference 

standard compound) as previously described (16) by cata- 

lytic hydrogenation of 4-NQO with palladium-charcoal in 

alcohol. The compound exhibited the same characteristics 

(melting point, UV spectrum) as described in the litera- 

ture by Sugimura ex al. (18) and Hoshino et al. (9) . dGuo- 
~8 [2-'HIAQO was prepared as previously described (1 ) by 

reaction between deoxyguanosine and Ac-4-HA[ 2-3~1 Q0. 

Native DNA was obtained from chicken erythrocytes. It 

had the following characteristics : S020,w, 22s ; hyper- 

chromicity at 260 nm, 41 %. The polynucleotides poly(dG-dC). 

poly (dG-dC) and poly (dA-dT) .poly (dA-dT) were purchased £rom 

P.L. Biochemicals : al1 the enzymes (bovine pancreatic 

DNAse 1, snake venom phosphodiesterase, cal£ spleen phos- 

phodiesterase, alkaline phosphatase of calf intestine) were 

purchased from Boehringer-Mannheim (FRG). 

PREPARATION OF I N  VITRO AC-4- HA[^-3~]~~-~~~~ F I  ED DNA AND 
POLYNUCLEOTIDES 

Native DNA and polynucleotides were modified by the 

ultimate carcinogen AC-4-HA[ 2 - 3 ~ ] ~ ~  in the following manner : 



t h e  r e a c t i o n s  were performed i n  a 2mM sodium c i t ra te  

b u f f e r ,  a t  pH 7  ; approximately 1 mg o f  polymer (concen- 

t r a t i o n  - 0.5 mg/ml) was incubated a t  37O, f o r  0.25 h r ,  

under a n i t r o g e n  atmosphere, i n  t h e  dark and i n  t h e  

presence of  t h e  equ iva l en t  amount o f  AC-4- HA[^-'HIQO, 

s o l u b i l i z e d  i n  dimethylsulfoxide.  The modified DNA w a s  

p u r i f i e d  by d i e t h y l - e t h e r  e x t r a c t i o n s  and e x t e n s i v e  

e t h a n o l - p r e c i p i t a t i o n s  (0.1 volume of  NaCl 5 M  and 2 

volumes of p recooled  e thano l  were added t o  each DNA 

s o l u t i o n .  The DNA p r e c i p i t a t e d  a f t e r  shak ing ) .  The amount 

of bound q u i n o l i n e  r i n g  w a s  c a l c u l a t e d  a s  p rev ious ly  

descr ibed  (6) : it w a s  2.5 %, 3.3 % and 2  % of  modif ied 

bases  f o r  t h e  modified DNA, poly(dG-dC).poly(dG-dC) and 

poly (dA-dT) .poly  (dA-dT) , r e spec t ive ly .  

PREPARATION OF I k  V I V O  ~ - H A [ ~ - ~ H ] ~ O - M O D I F I E D  DNA 

The i n  v i v o  modified DNA was prepared a s  fo l lows  : 

approximately- lo6 a s c i t e  tumor c e l l s  (H. 2 .  l i n e )  w e r e  i n -  

j ec t ed  i . p .  i n t o  3-month-old male Wistar  rats  of  about 

300 g. Seven days a f t e r  t r a n s p l a n t a t i o n ,  a c i d i c  0.9 % NaCl 

3  s o l u t i o n  of 0.034 M 4-HA[2- H]QO i n  HC1  was i n j e c t e d  i . p .  

(0.5 m l / r a t ) .  The r a t s  were k i l l e d  by d e c a p i t a t i o n  1 or 2  h r  

l a t e r .  The a s c i t i c  f l u i d  was d ra ined  and t h e  cells w e r e  

harves ted  by c e n t r i f u g a t i o n  ( 5  min a t  1500 rev/min).  C e l l s  

were washed i n  a 0.25 M/0.88 M sucrose  g r a d i e n t  c o n t a i n i n g  

10 % PBS i n  o r d e r  t o  remove contaminat ing r e d  blood cells.  

Then DNA was e x t r a c t e d  us ing  t h e  Marmur's method ( 1 3 ) .  

W e  obta ined a modified DNA sample wi th  0 . 0 4  % of  modif ied 



base pairs (2 molecules of carcinogen for 10.000 nucleotides). 

ENZYMATIC HYDROLYSIS OF THE MODIFIE0 DNA TO NUCLEOSIDES 

AND CHROMATOGRAPHIC ANALYSIS OF THE HYDROLYSATE 

3 In v i t m  Ac-4-HA[2- HJQO- and in v i v o  ~-HA[~-~H]QO- 

modified DNA's were hydrolyzed in the following conditions : 

1 mg of modified DNA was solubilized (concentration : 

2 mg/ml) in a buffer Tris-HC1 5mM, MgC12 2mM. CaC12 2mM, 

pH 7.4 and incubated at 37' for 2 hr with 45 pg of DNAse 1 ; 

then 45 pg of each phosphodiesterase were added for an 

additional incubation of 17 hr at 37O. The pH was adjusted 

to 8.0, 35 pg of alkaline phosphatase were added and the 

dephosphorylation of the hydrolysis products was performed 

during 7 hr. Thus, the total incubation time was 26 hr. 

Chromatography on Biogel P2 (minus 400 mesh) was 

performed using a column (0.6 x 60 cm) equilibrated with 

2mM sodium citrate buffer (pH 7) . The flow rate was 4 ml/hr. 
Fractions of 1 ml were collected and the radioactivity 

measured. Each P2 titriated fraction was collected, concen- 

trated and its analysis was carried out by HPLC. A Cl8  bon- 

dapak column was used, with a methanol/water linear gradient 

(during 20 min) from water to 95 % methanol/water. The flow 

rate was 2 ml/min. Conditions in which the water was acidi- 

fied with H3P04 (pH 2.8) were also used. 

INSTRUMENTATION 

HPLC separations were carried out on a Waters system 

consisting in a U6K injector, two 6 000 A pumps, a Mode1 



660 solvent programmer and a Mode1 440 dual-wavelength 

detector (254 and 365 nm). Radioactivity of the peaks 

was determined using a Beckman LS 2800 scintillator counter. 

RESULTS 

1 - CWMTIVE CHRWTOGRAPHIC ANALYSIS OF THE ENZYMATIC HYDROLYSATES 
OF II  VIVO ~-M[~-~H]QO- PM) IN VITRO AC-~-W\[~-~HIQO-MODIFIED DM'S 

The sanples of i n  v i v o  4-HA[ 2-3~l~~-modif ied DNA and 

3 i n  v i t l ~ o  Ac-4-HA12- HIQO-modified native DNA were incuba- 

ted with the enzymes, at 3 7 O ,  for 26 hr. The hydrolysates 

were analysed on a Biogel P2 minus 400 mesh column. The UV 

detection at 254 nm (not shown) exhibited four peaks corres- 

ponding ta the four deoxyribonucleosides as expected after 

the hydrolysis. The chrornatographic radioactive patterns 

are shown in Chart 1. In both cases similar profiles were 

obtained. There were five distinct tritiated fractions we 

called A ,  B, C, D and E. They were corresponding to the 

same elution volumes for i n  v i v o  and i n  v i t 4 0  modified DNA. 

Moreover, the percentage of each fraction was almost the 

same in both cases. The compound corresponding to the peak 

E was previously proved by HPLC to be the dGuo-C8-AQO (5). 

For in v i t k o  and i n  v i v o  modified DNA's each other P2 

fraction was collected, concentrated and submitted to HPLC 

analysis. We used an absorbance detection at two wavelengths : 

254 nm, characteristic wavelength of both nucleosides and 

quinoline ring and 365 nm, characteristic wavelength of the 

quinoline moiety. Moreover the quinoline was also detected 

by tritiated radio-activity measurements of 500 u1 aliquots. 



The fractions B and C which were the quantitatively less 

important were firstly studied. The study of the P2 

fraction B was difficult because its UV characterization 

at 254 nm was completely hindered by the three deoxyribo- 

nucleosides (dA, dT and dC) which were present in this 

fraction. Some tentatively separations of the unlabeled 

nucleosides on a Sephadex LH-20 column were hopeless. 

However we observed that the two HPLC radioactive profiles 

(not shown) exhibited two peaks which were recovered 

whatever the origin - i n  v i v o  or i n  v i t k o -  of the modifi- 

cation of DNA. The P2 fraction C of the i n  v i v o  and  if^ v i t n o  

modified DNAts contained only one compound which was the 

same in both cases (HPLC profiles not shown). Its percen- 

tage was very weak : about 6 % and 8 % of the total radio- 

activity of i n  v i v o  and i n  v i t h o  modified DNA respectively. 

The Chart 2 shows the HPLC tritiated profiles of the 

quantitatively more important P2 fractions A and D for 

i n  v i v o  (parts a and c) and i n  vitae (parts b and d) 

modified DNAts. In the case of the P2 fraction A. two iden- 

tical compounds were recovered £rom the i n  v i v o  and i n  v i t k a  

modified DNAtst we called Al and A2.  Another peak, A3, was 

only detected in the hydrolysate of the i n  v i X k a  modified 

DNA. The P2 fraction D was composed in both cases of four 

major compounds called Dl, D2, Dj and D4 which were well 

individualised on the UV profiles at 365 and 254 nm. On the 

tritiated profile, the two peaks corresponding to D3 and D4 

were not so well separated, due to the very similar retention 



time of the three compounds D2, Dj and D4. We also 

detected in this fraction two minor radioactive peaks 

with retention time at about 15 min. So we can claim that 

al1 the HPLC radioactive peaks obtained from the hydroly- 

sates of the in v i v o  modified DNA were also recovered from 

the in v i t k a  modified DNA, with the same chromatographic 

characteristics (identical retention times on Biogel P2 

and HPLC ; identical ratios A of the abçorbances at 254 

and 365 nm in neutral and acidic conditions in HPLC). 

We will now focuse Our attention on the HPLC profiles 

obtained from the i n  v i t h o  modified DNA and we will consi- 

der the more quantitatively important P2 fractions, that is 

A and D. In the case of fraction D, the corresponding sub- 

fractions will be studied by comparison with the HPLC pro- 

files obtained with modified polynucleotides. 

II - HPLC ANALYSIS OF THE HYDROLYSATES OF DNA AND POLYNUCLEOTIDES 

MODIFIED I N  VITRO BY AC-4- HA[^-'HIQO. (A AND D P2 FRACTIONS). 

The two compounds Al and A2 (see Chart 2) (which are 

accounting for about 15 % of the total radioactivity of DNA) 

were identified as two degradation products of the dGuo-CS- 

AQO. Indeed, when incubated at 37O during 48 hr in the 

conditions of the enzymatic hydrolysis the ~GUO-C~-A[~-~H]QO 

gave a P2 chromatographic tritiated pattern which exhibited 

two major peaks : the non-hydrolyzed dGuo-C8-AQO and a 

A fraction which contained Al and A2. HPLC analysis showed 

that whatever the conditions in which the HPLC profiles 

were recorded (neutral and acidic media)' the two hydrolysis 



compounds were recovered at the same retention times than 

Al and A2 when obtained from the DNA hydrolysate. 

Three samples, native DNA, poly(d~-dT).poly(dA-dT), 

poly (dG-dC) . poly (dG-dC) were modif ied in v i t k o  with Ac- 

~-HA[~-'H JQO, enzymatically hydrolysed and submitted to 

the chromatographic analysis. The HPLC profiles (absorbance 

at 365 nm : detection of the quinoline moiety).of the three 

P2 fractions D are shown in Chart 3. The part a, which is 

corresponding to the modified DNA,exhibits four peaks as 

rnentioned previously, Dl, D2, D3, D4 and another compound 

(Dg). By using the Dische's method (3) we showed that the 

two compounds Dl and D3 which contained the quinoline 

moiety also contained a deoxyribosyl residue, indicating 

that they are adducts. The D5 component arised £rom the 

degradation of the adduct Dl ; indeed the stability of 

this isolated adduct was checked by HPLC and allowed to 

follow the appearance of this product with a retention 

time of about 15 min. D2 was identified as a quinoline com- 

pound, the 4-aminoquinoline 1-oxide (4-AQO). Indeed, D2 

comigraded with the reference standard (Rt = 10.5 min) 

with an identical ratio A, which is 1.5 and 8.8 in near neu- 

tral and acidic media, respectively. The possible origin 

of 4-AQO in the DNA hydrolysates will be discussed below. 

We can only observe here that it was not recovered £rom 

modified poly (dA-dT) .poly (dA-dT) . Any information was 
obtained about the D4 compound (Rt = 11.8 min ; A = 2.3). 

The observation of the HPLC profile of the modified 



poly (dG-dC) .poly (dG-dC) (see Chart 3b) indicated that 

the compounds Dl, D2, D4 and D5 were recovered £rom this 

modified polymer. Their retention times and their ratios 

A were identical to those of the equivalent compounds 

obtained from the DNA hydrolysate. Chart 3c indicated 

that the P2 fraction D obtained after hydrolysis of the 

modified poly (dA-dT) .poly (dA) dT) contained only one com- 

ponent which was the D3 compound we recovered from the 

modified DNA. Indeed, the retention time and A values 

were exactly the same and the two isolated D3 compounds 

(either from modified poly (dA-dT) .poly (dA-dT) or from 

modified DNA) comigrated in HPLC. 

As we previously mentioned, Dl and D3 are quinoline- 

adducts. We previously ckecked the reactivity of the four 

deoxyribonucleosides with Ac-4HAQO and we showed that any 

reaction was obtained with deoxycytidine and deoxythymidine 

when positive reaction was obtained with deoxyguanosine 

and deoxyadenosine (1). Moreover in their previous works 

about the NQO-adducts, Ikegami et al. (10) and Tada and 

Tada (19, 20) indicated that 4-NQO reacted preferentially 

with guanine and adenine in nucleic acids in v i v o .  Sot we 

can claim that Dl is a guanyl.adduct, we call dGuo-2-AQO 

and that D3 is an adenyl adduct we call dAdo-AQO. 



DISCUSSION 

In this study an important observation was done : 

the main NQO-adducts (the dGuo-CS-AQO, the dGuo-2-AQO and 

the dAdo-AQO) which are formed on i n  vivo 4-HAQO-modified 

DNA are recovered from the i n  vitho Ac-4-HAQO-modified DNA. 

The i n  vivo system we used (ascite cells) is open to 

criticism. Nevertheless, in terms of metabolisation of 4NQ0, 

the fact that the same three main adducts were recovered 

from this i n  vivo system and from the i n  vitao material 

is strengthening the choice of Ac-4-HAQOas a ultimate 

carcinogen mode1 in Our studies of chemical carcinogenesis 

by 4-NQO. 

Another important feature is the identification of 

the two hydrolysis products arising from the decomposition 

of the dGuo-C8-AQO during enzymatic hydrolysis. With regard 

to the total radioactivity of the modified DNA, these two 

compounds were recovered as about 16 % ( i n  vitho) and 

20 % ( i n  vivo). This finding explains the fact that the 

percentage of dGuo-C8-AQO (13 % )  was under-evaluated when 

determined from an enzymatic hydrolysis, as compared to 

the determination we recently made from a spectrophoto- 

8 metric titration of the C -guanyl adduct on a non-hydro- 

lysed modified DNA (6). Using this spectrophotometric 

determination we found that a modified native DNA and a 

modified single-stranded DNA contained respectively 3 0  % 

and 70 % of dGuo-C8-AQO. Takina in account the degradation 

of this adduct in its titration after enzymatic hydrolysis, 



- 132 - 

we obtain the same values of 30 % and 70 8 .  The nature 

of the hydrolysis products of dGuo-C8-AQO may be discussed 

at the light of the results previously obtained by Kriek 

8 and Westra (12) with the C -guanyl adduct of amino- 

fluorene (AF). They observed its hydrolysis through the 

guanine 7-8 bound at basic pH, in the presence of cationic 

ions such as M ~ + +  and ~n++. The presence of alkaline phos- 

phastase in the medium increased the hydrolysis. Due to 

8 the chernical similarity between the C -guanyl. adducts of 

4-W.and AF, an identical reaction may be hypothesize 

with dGuo-C8-AQO during its hydrolysis since it is per- 

++ 
formed in the same conditions (basic pH, Mg and alkaline 

phosphatase). Studies were carried out very recently in 

Our laboratory about this problem, and effectively we 

identified an imidazole rinq-opened form we called : 

r. o. dGuo-C8-AQO (2) . 
Let us now discuss about the origin of 4-AQO in the 

DNA hydrolysates. The presence of a quinoline derivative 

could be explained by different hypothesis. First it may 

be possible that before hydrolysis physical interaction 

between some material and DNA occurs (intercalated, in 

grooves etc ...) because of incomplete purification of DNA. 

We tested this hypothesis by makinq a phenol extraction 

of the in v i t k o  Ac-4-HAQO modified DNA after the extensive 

ethanol precipitations (see MATERIALS AND METHODS). 

No release of 4-AQO was observed in the phenolic fraction. 

This result excluded the hypothesis of an incomplete 



purification of DNA but was reminiscent of a decomposi- 

tion of the guanine adducts during and after the enzy- 

matic hydrolysis with breaking of the quinoline-base bond. 

In their investigations on the NQO-adducts Tada and Tada 

(19, 20) showed that there were three guanine adducts, 

ope of them being very quickly decomposed during the che- 

mical hydrolysis of their modified DNA, leading to a 

release of 4-AQO. Though Our hydrolysis conditions were 

milder than these ones of Tada and Tada, it is possible 

that this phenomenon occured . It is also possible that 
more than one guanine adduct were decomposed to release 

4-AQO, during and after the enzymatic hydrolysis. For 

example, we think that after the enzymatic hydrolyses and 

during the chrornatographic P2 separation, some interactions 

with the Biogel P2 could lead to the emergence of degrada- 

tion compounds (4-AQO and others) which were then recovered 

in the different P2 fractions. We rapidly tested this 

hypothesis by making a direct HPLC analysis of the total 

enzymatic hydrolysate of an i n  vitto Ac-4-HAQO modified DNA. 

The 4-aminoquinoline 1-oxide was still detected but in 

a smaller amount, indicating a possible bad effect of the 

P2 column chromatography. 

By cornparison between the amounts of the three adducts 

(evaluated by the intensities of the three HPLC peaks at 

365 nm) we observed that the dGuo-2-AQO seemed to be the 

major adduct formed on the Ac-4-Hm-modified DNA. The same 

direct HPLC analysis of an in vitka modified poly(dG-dC). 



poly(dG-dC) indicated the presence on this polymer of 

the two main guanine-adducts : the d~uo-C8-4AQO and the 

 GUO-2-AQO. 

In conclusion we pointed out that Ac-4-HA00 is a 

very adequate mode1 to study the i n  v i t h o  carcinogenesis 

by 4-NQO. The decomposition of different adducts was 

8 elucidated [the C -guanyl adduct led to r.0. dGuo-C8-AQO ; 

one (or more) guanine. adduct (s) led to 4-AQO]. Moreover we 

established the existence of a second guanine adduct, 

dGuo-2-AQO, which seemed to be a major one for in v i t h o  

modified DNA. The yield of the dGuo-2-AQO formation is 

secondary structure DNA dependent, like the dGuo-C8-AQO 

( 7 )  but at the opposite a greater extent of this guanine- 

adduct was observed on the native DNA (6). In other words, 

the double helix facilitates its formation. The identifi- 

cation of the structure of the dGuo-2-AQO was just achieved 

in Our laboratory and al1 the data we obtained about this 

adduct strongly support its characterization as 3-(deoxy- 

guanosin-~~-~l)-4-aminoquinoline 1-oxide : dGuo-N2-AQO (8). 

We also investigated the structure of the dAdo-AQO. We 

showed that it is the same compound than the adenine adduct 

QA II previously isolated by Kawazoe et ai!. (11) but while 
1 

these authors proposed either the N or the N~ of adenine 

Our data strongly support the structure of dAdo-AQO as the 

3-(deoxyadenosin-~6-yl)-4-aminoquinoline 1-oxide : dAdo-N6- 

AQO (8). Chart 4 illustrates Our actual knowledge about 

the DNA-NQO adducts. 
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Chart 1. P2 minus 4 0 0  m e s h t r i t i a t e d  e l u t i o n  p r o f i l e s  o f  

t h e  DNA h y d r o l y s a t e s ,  i n  a 2 mM sodium c i t r a t e  b u f f e r ,  

pH 7.  The f l o w  r a t e  was 4  m l / h r ,  f r a c t i o n s  of  1 m l  were  

c o l l e c t e d  and t h e  r a d i o a c t i v i t y  was measured.  a,  i n  V i v o  

4 - ~ ~ [ 2 - ~ H ] Q 0 - m o d i f i e d  D N A ,  w i t h  0 . 0 2  % o f  m o d i f i e d  b a s e s  ; 

1 m l  o f  a  6 0  mM s o l u t i o n  was a p p l i e d  t o  t h e  column. b, i n  
V i t h 0  A c - 4 - ~ ~ [ 2 - ~ ~ ] ~ 0 - m o d i f i e d  D N A ,  w i t h  2 . 5  % o f  m o d i f i e d  

b a s e s .  1 m l  o f  a  3  mM s o l u t i o n  was a p p l i e d  t o  t h e  column. 

number 

number 



Chart 2. HPLC t r i t i a t e d  e l u t i o n  p r o f i l e s  o f  t h e  P2 

f r a c t i o n s  A and D o f  t h e  DNA h y d r o l y s a t e s .  C h r o m a t o g r a p h i e s  

were  c a r r i e d  o u t  w i t h  l i n e a r  g r a d i e n t  ( d u r i n g  2 0  min) f rom 

w a t e r  t o  95 % methano l -wa te r ,  c o l l e c t i o n  o f  a l i q u o t s  o f  

0 . 5  m l  was made and  t h e  r a d i o a c t i v i t y  was measured .  Each 

t r i t i a t e d  p e a k  gave  a b ç o r b a n c e  s i g n a l s  a t  254 and  365 nm 

and was c h a r a c t e r i z e d  by i t s  r a t i o  A o f  t h e  a b ç o r b a n c e  a t  

t h e s e  two w a v e l e n g t h s .  a and  C, P2 f r a c t i o n s  A and D o f  

i n  V i v o  4 - ~ ~ [ 2 - ~ ~ ] ~ 0 - m o d i f i e d  DNA ; b and  d,  P2 f r a c t i o n s  A 

and o of  i n  v i $ k o  ~ ~ - 4 - H A [ 2 - ~ ~ ] ~ 0 - m o d i f i e d  DNA. 



(----) Methanoi ( %  ) 

(- - - -) Met hanol ( O 4  ) 



Chart 3. HPLC e l u t i o n  p r o f i l e s  of  t h e  Ps f r a c t i o n s  D 

of  h y d r o l y s a t e s  of  v i X h 0  modified-DNA and p o l y n u c l e o t i d e s  : 

abso rbance  d e t e c t i o n  a t  365 nm. Chromatographies  were c a r r i e d  

o u t  w i t h  l i n e a r  g r a d i e n t  ( d u r i n g  2 0  min) from w a t e r  t o  95 % 

methano l -wa te r .  Each peak  was c h a r a c t e r i z e d  by i t s  r e t e n -  

t i o n  t ime R t  and i t s  r a t i o  A .  a ,  DNA w i t h  2 . 5  8 of  modi- 

f i e d  b a s e s  ; b, p o l y  (dG-dc) . p o l y  ( d ~ - d C )  w i t h  3.3 % o f  modi- 

f i e d  b a s e s  ; c ,  p o l y ( d ~ - d ~ )  . p o l y ( d ~ - d ~ )  w i t h  2 % o f  m o d i f i e d  

b a s e s .  





Chart 4. Chemical structures of the main actually known 

DNA-NQO adducts. a : dGuo-CE-AQO ( l ) ,  b : r.0. dGuo-C8- 

AQO (2) , C :  GUO-N2-AQO (8) , d : dAdo-N6-AQO (8, i l  ) . 



Analyse d i rec te  en clhp des hydrolysats d'ADN, de poly(dGdC).poly(dG-dC) e t  

de poly (dA-dT) ,poly (dA-dT) modifiés par  1 'Ac-4HAQO. 

La figure 3 montre les p r o f i l s  de clhp analytique obtenus a 
365 nm, dans l e  cas  de l 'ADN n a t i f  (A) e t  dénatur6 (B) modifié par l e  can- 

cérogène ultime. Ils ont é t é  obtenus par in jec t ion  d i rec te  en clhp des hy- 

drolysats totaux, sans préséparation par  l e  biogel P (voir  l a  discussion 
2 

de l a  publication no 4) .  Ces p r o f i l s  donnent a i n s i  une i l l u s t r a t i o n  du b i lan  

global des adduits  retrouvés dans l 'hydrolysat  d'ADN. 

Dans l e  cas de l ' A D N  n a t i f ,  nous retrouvons bien l e s  t r o i s  

adduits principaux : dGuo-2-AQû qui  est majeur, dAdo-AQO e t  dGuo-C8-AQO, 

a i n s i  que l e  4AQO. Les composés de dégradation des deux adduits  sur l a  gua- 

nine (A e t  A pour dGuo-C8-AQO e t  D5 pour dGuo-2-AQO) sont également obser- 1 2 
vés, en f a ib l e  quanti té.  Le composé D , présent dans l 'hydrolysat  de poly(dG-dC) 

4 
.poly(dG-dC) modifié e s t  retrouvé. Dans le cas de l 'ADN dénaturé, l e  p i c  ma- 

jeur correspond à l ' addui t  dGuo-C8-AQO et l 'on  peut observer, en t ê t e  du pro- 

f i l  d 'é lut ion (tr * 7 rnn) un p i c  dédoublé qu i  correspond à A e t  A2. L'adduit 
1 

sur  l 'adénine e s t  présent,  l e  dGuo-2-AQû également, mais en très fa ib l e  quan- 

t i t é .  

Ainsi, ces deux p r o f i l s  chromatographiques confirment b ien  

que l a  formation des deux adduits s u r  l a  guanine, le dGuo-2-AQO e t  l e  

dGuo-C8-AQO dépend de l a  s t ruc ture  secondaire de llADN,qui o r i en t e  l a  réac- 

t ion.  Remarquons que pour ces deux adduits  l e s  espèces réact ives  sont d i f f é -  

rentes  : un arylnitrénium pour l ' addui t  en C8 e t  un carbénium pour l e  composé 
2 de subs t i tu t ion  du N . 

La f igure  4 montre l e  r é s u l t a t  obtenu dans l e  cas du poly 

(dG-dC) .poly (dG-dC) (pa r t i e  B) e t  du poly (dA-dT) .poly (dA-dT) (par t ie  A) modi- 

f i é s  par l'Ac-4HAQO. On constate que dans l e  cas du poly(dG-dC).poly(dG-dC) , 
on retrouve bien l e s  deux adduits majeurs formés sur  l a  guanine : dGuo-2-AQO 

e t  dGuo-C8-AQO. On retrouve également leurs  produits de dégradation (Dg,  Al 

e t  A ) a i n s i  que le 4AC)O. Le composé D , qui  est présent sur l 'ADN,  e s t  éga- 
2 4 

lement retrouvé ; nous ne possédons aucune information sur l u i .  

Dans l e  cas du poly (dA-dT) .poly (dA-dT) , on retrouve deux com- 

posés, dont l ' addui t  dAdo-Am. L 'autre  produit ,  que nous appelons x , est 

ins tab le ,  Nous avons observé que, dans cer ta ines  conditions, il se  transforme 



en &do-AQO, en par t icu l ie r  lorsqu ' i l  e s t  incubé à 37OC dans l e s  conditions 

de l'hydrolyse enzymatique. D e  plus, s i  on la i sse  l a  solution d'hydrolysat 

de poly(dA-dT).poly(dA-dT) quelque temps à température ambiante, l e  p r o f i l  

clhp a lo r s  obtenu indique une diminution du p ic  x en faveur du pic  de l 'ad- 

du i t  adénine connu. Il semble qu'un pic  mineur, observé à t r  * 8 mn dans l e s  

hydrolysats d'ADN pourIrait correspondre à ce composé x. 

On observe aussi  à p a r t i r  de ces p r o f i l s  chromatographiques 

que l e  4AQO n 'es t  retrouvé que dans les hydrolysats d'ADN e t  de poly(dG-dC). 

poly(dG-dC). Ce résu l ta t  e s t  à rapprocher de celui  précédemment publié par 

l e s  auteurs Japonais (TADA et al . ,  1971 ; 1976) qui mentionnent l 'existence 

de t r o i s  adduits s u r  l a  guanine, l ' un  é tan t  instable e t  s e  dégradant avec 

formation de 4AQO. 



Figure 3 

P r o f i l s  c?e clhp analytique des hydro- 

l y s a t s  d'ADN n a t i f  (A) e t  dénature (B) 

L' ADN (na t i f  ou dénaturé) a é t é  modifié 

par  l'Ac-4IiAQ0, puis p u r i f i é  e t  sounis 

a l 'hydrolyse enzymatique. 200 l.11 (A) 

e t  40 l.11 (B) de l 'hydrolysat  t o t a l  sont 

i n j e c t é s  a l a  colonne. La chromatographie 

e s t  ef fectuée  avec un gradient l i n é a i r e  

eau-méthanol, pendant 20 mn, de O 3 de 

méthanol jusque 95 % m6thanol-eau. 

Temps de rétention (mn) 



Figure 4 

P r o f i l s  de clhp analytique des hydrolysats de. poly(dn-dT) .poly(dA-d'l') (A) 

e t  de poly (dG-dC) .poly (dG-dC) (B) modifiés par  1 'Ac-4IlAQO. 

Les polymères modifiés on t  é t é  soumis à l 'hydrolyse enzymatique e t  40 u \  de 

l 'hydrolysat  t o t a l  sont i n j ec t é s  à l a  colonne. La chromatographie e s t  e f fec-  

tuée de l a  mêne manière que pour 1 'hydrolysat d'ADN ( f igure  3)  . 



d) Conclusion ---------- 
L'étude des modèles acétylés du 4- a été abordée au labora- 

toire par des approches différentes. Un objectif était de prouver que les  

lésions sur l 'ADN produites .& vit/ro par l'Ac-4HAQO étaient identiques a 
celles observables h vivo après action du 4PQo ou de son métabolite intermé- 

diaire, l e  4HRQû. Cet objectif a été atteint. Nous avons également pu proposer 

un mécanisme réactionnel, permettant d'expliquer la  fonnation des adduits. Ce 

mécanisme f a i t  intervenir l a  fonction acétoxy en position 4 ; l a  fonction 

N-oxyde en position 1 joue également un r61e primordial dans l a  formation de 

l'agent réactif. 

L'identification structurale des composés de substitution des 

bases par l a  quinoléine e t  les études conformattonnellts tïe l'ADN modifié peuvent 

donc Btre entreprises A l'aide du modèle acétyle du 4HAQO. 

Le chapitre suivant décrit les travaux qui ont permis de déter- 

miner l a  structure des principaux adduits formés su r  l 'ADN. 



CHAPITRE II - IDENTIFICATION STRUCTURALE DES COMPOSES DE 

SUBSTITUTION DE L'ADN par l'Ac-4HAQO 



Nous al lons  décr i re  dans ce chapitre l e s  r é s u l t a t s  concernant 

l a  s t ruc ture  des principaux adduits  obtenus sur  l ' A D N  avec l'Ac-4HAQ0, C e s  

s t ruc tures  on t  é t é  déterminées principalement à l ' a i de  des techniques de l a  

résonance magnétique nucléaire du proton e t  de l a  spectrométrie de masse. 

1) Le ~Guo-C~-A@ 
==r=======e=,- 

L'étude de l a  r éac t i v i t é  de l'Ac-4HAQO avec l a  désoxyguanosine 

a permis de f a i r e  l a  synthèse de l ' addui t  dGuo-C8-AQO (dGIII) . Nous avons pu 

déterminer s a  s t ruc ture  ; ce composé correspond à l a  f ixat ion de l a  quinoléine 

sur l e  C8 de l a  guanine. 

Les autres  adduits  (dGI, dGII, dAI e t  dAII) déc r i t s  lo rs  de 

l ' a c t i on  de l'Ac-4HAQO sur  l e s  nucléosides puriques sont obtenus avec des ren- 

dements t r è s  f a ib l e s  (environ 0,s %) e t  il n 'a  pas é t é  possible de poursuivre 

1' iden t i f i ca t ion  de ces adduits  . 
Ce t r a v a i l  a f a i t  l ' o b j e t  d'une publication (voir  publication 

no 5, page 191) : 

Adducts from the  reaction of 0,O'-diacetyl o r  O-acetyl der ivat ives  of t h e  

carcinogen 4-hydroxyaminoquinoline 1-oxide with purine nucleosides. 

Cancer Research, 1981. 

Le composé dGuo-C8-AQO est également obtenu sur l 'ADN modifié 

par  l'Ac-4HAQO ou l e  diAc-IHAQO, Cependant, l o r s  de l 'hydrolyse enzymatique 

e t  en p a r t i c u l i e r  l o r s  de l ' a c t i on  de l a  phosphatase a lca l ine  (pH 8 ) ,  ce com-  

posé e s t  ins tab le  e t  il s'hydrolyse (vo i r  publication no 3 ) .  Nous 

avons abordé l a  s t ruc ture  de ce composé, 

2) Le r.0. dGuo-C8-AE ----------------- ------------------ 
L ' in s t ab i l i t é  du cycle imidazole, en milieu basique, ava i t  é t é  

décr i te  pour un cer ta in  nombre d ' adduits  su r  l e  CS de l a  guanine (SPODHEIM- 

MAURIZOT e t  a l . ,  1979a; KRIEK e t  a l . ,  1980 ; KADLUBAR e t  a l , ,  1980) , mais 

également su r  le N7 de c e t t e  même base (HERTZOG e t  al . ,  1982). Ces composés 



semblent avoir  une importance dans l a  cancérogénèse. Deux types de composés 

d'ouverture du cycle imidazole (r.0.) ont é t é  observés, s o i t  par  rupture de 

l a  l i a i son  C8-N7, s o i t  par  rupture de l a  l i a i son  C8-N9. Nous avons donc abordé 

l 'é tude de l a  s t ruc ture  du composé obtenu à p a r t i r  de l ' incubation du 

dGuo-C8-AQû en milieu basique. Ces r é su l t a t s  sont  actuellement soumis à l a  

revue Carcinogenesis (voir  publication no 6, p. 10S) : 

" ~ t r u c t u r a l  iden t i f i ca t ion  of the  purine ring-opened form of N-(deoxyguanosin- 

8-yl) -4-aminoquinoline 1 -oxide . " 

3) Le dGuo-N2-Ag0 ------------ -------------- 
L'hydrolyse enzymatique de l ' A D N  modifié h2 v d k 0  par l'Ac-4HAQO 

a montré l a  présence d'un deuxième adduit  formé sur  l a  guanine : dGuo-N2-AQO 

(publication no 4 ) .  En hydrolysant de grandes quant i tés  d'ADN modifié, nous 

avons pu préparer une quant i té  suf f i san te  de c e t  adduit pour en déterminer l a  

s t ructure .  Ce composé correspond à l ' a t taque du carbénium sur le  N2 de l a  

guanine. 

4)  Le dAdo-N6-Ag ----------- -------------- 
Cet adduit a é t é  préparé de l a  même manière que l e  ~GUO-N2-AQO, 

par  hydrolyse de grandes quant i tés  d'ADN modifié, Sa s t ruc ture  correspond à 

l ' a t t aque  du carbénium sur  l e  N6 de l'adénine. Ce conposé e s t  retrouvé à un 

f a i b l e  taux dans l 'ADN hl v a 0  e t  hl v i v o ;  il e s t  l e  même que ce lu i  proposé 

en 1975 par KAWAZOE e t  a l .  

Le t r a v a i l  effectué su r  ces deux adduits  e s t  actuellement sou- 

mis pour publication à l a  revue Cancer Research (publication no 7, p.120) : 

II 2 6 N -guanyl and N -adenyl aryla t ion of DNA by t he  ult imate carcinogen of 4-nitro- 

quinoline 1 -oxide . " 
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ABSTRACT 

The diacetyl derivative of 4-hydroxyaminoquinoline lsx ide 
(4-HAQO), the proximate carcinogen of 4-nitroquinoline I s x -  
ide, was reacted in vitro with purine nucleosides to give five 
adducts (three with guanosine and two with adenosine). The 
same nucleoside modifications were also obtained with a mon- 
oacetyl derivative of 4-HA00 which is probably 4acetoxy- 
aminoquinoline 1 sxide. 

The structure of the major adduct (the so-called dG III) was 
identified as N-(deoxyguanosin-Ca-YI)-4-aminoquinoline 1 s x -  
ide. The isolation of this adduct from the 4-HAQO-modified 
DNA in vivo provides strong support for the hypothesis that the 
acetyl derivatives of 4-HAQO constitute a good model for the 
ultimate carcinogen. 

INTRODUCTION - 
The potent carcinogenic action of 4-NQ04 was first demon- 

strated by Nakahara et al. (12). A metabolite of 4-NQO, 4- 
HAOO, has been considered as the proximate carcinogen by 
Shirasu (14). Indeed. the reductive pathway which yields 4- 
HA00 seemed to be essential for the carcinogenic mechanism 
of 4-NO0 (1 5, 16). Therefore. it is tempting to compare 4- 
HAQO and acetylaminofluorene. a carcinogenic arylamine 
which is activated to DNA-binding species by sequential N- 
hydroxylation and O-esterification (9). Enomoto et al. (1) re- 
ported that diAc-4-HAQO reacted covalently and nonenzymat- 
ically with DNA at neutrality. The synthesis and the chemical 
structure of diAc-4-HAQO were described by Kawazoe and 
Araki (5). Unfortunately, no additional work concerning this 
approach was published. More especially, no adduct obtained 
from the in vitro reaction with this model of ultimate carcinogen 
was ever isolated. 

More recently, Tada and Tada (18) showed that an enzymatic 
system could be responsible of the activation of 4-HAQO. This 
enzyme was identified as a seryl-tRNA synthetase (19, 20). 
The authors postulate that 4-HA00 may be acylated by this 

enzyme to give a seryl-4-HAQO. 
Tada and Tada (21 ) made a comparison between the adducts 

obtained after hydrolysis of 2 DNA's modified in different ways 
by exposure to 4-HAQO. First, DNA was modified using the 
enzymatic system that they described and containing the seryl- 
tRNA synthetase; another modified DNA was isolated from 
Escherichia coli and mammalian cells. The adducts, identified 
by chromatographic analysis, are identical; this result is in fair 
agreement with the hypothesis of Tada and Tada concerning 
the role of the seryl-tRNA synthetase. Among the adducts that 
they obtained. 3 were identified, the so-called quinoline-ade- 
nine adduct II, quinoline-guanine adduct 1, and quinoline-gua- 
nine adduct II. The chemical structure of only one of them was 
described by Kawazoe et al. (6) as either 3-(Ncadenyl)-4- 
aminoquinoline 1 sxide or 3-(N1-adenyl)-4-aminoquinoline 1 - 
oxide. 

From another point of view. an important feature in the 
identification of the 4-NQO ultimate carcinogen was observed 
by Araki. who obtained a monoacetyl derivative of 4-HAQO, 
namely. Ac-4-HAQO, from the reaction between DTT and diAC- 
4-HAQO in DMSO as a solvent. Since then. a few details 
concerning the identification of the monoacetyl derivative have 
b e n  published by Kawazoe et al. (7). This compound was not 
isolated, but the reaction mixture (in which it is obtained) 
reacted nonenzymatically to give a covalently bound adduct 
with polyadenylate (Araki. cited in Ref. i 1. p. 154). The confir- 
mation of these results would mean that there exists an ultimate 
carcinogen which is a monoester of 4-HAQO. 

Previously, DNA's modified by the diacetyl derivative have 
been studied. It was demonstrated that covalent binding be- 
tween this diacetyl derivative and DNA takes place. It alters the 
local structure of the DNA as evidenced by melting curve 
analysis (3). Moreover, we carried out a comparative fluores- 
cence study between the in vitro diAc-4-HAQO-treated DNA 
and the in vivo 4-HAQO- and 4-NQO-modified DNA. For all 3 
DNA's, the fluorescence spectra exhibit similar features. That 
supports the proposal that diAc-4-HAQO constitutes a valid 
model for the ultimate carcinogen (2). 

In this paper. we have studied both diAc-4-HAQO and 

' This work was SuDported in part by the üéiégation Gdnérale a la Recherche 
monoAc-4-HAQO. More especially, (a) we first controlled the 

Scientifigue et Technique (Grant 78.7.2628) and by the Institut National de la existence the mOnOacetyl derivative; tb) then* we studied the 
Sante et de la Recherche MBdicaR (Action Thdmatique "Cancdrogdnèse Chi- reactivity of the monoacetyl and diacetyl derivatives with purine 
mique" Grant 79-109). 

Recipient of a feliowship from the Ligue Nationale Française contre le 
nucleosides which are the preferential modified sites of 4-NQO- 

Cancer reacted DNA (4); (c) weobserved by HPLC an exact correlation -- -- 
a To whom requesta for reprints should be addreased. between the adducts obtained with the diacetyl and monoacetyl 

The abbreviationa used are: 4-NQO. Cnitroquinoline loxide; 4-HAQO. 4- derivativesi and (d) we carried out the identification and the hydroxyaminoquinoline loxide; diAc4-HAOO. 0,O'diacetyl derivative of 4- 
hydroxyaminoquinoline loxide: AC-4 HAQO. 4-a~etoxyamln~quino~ine loxide: characterization of the major adduct obtained by the reaction 
Dm. dithiothreitol; DMSO. dimethg luifoxide; HPLC. hiih-performance Uquid between the monoacetyl derivative and deoxyguanosine, the 
chromatography; dG 1. II. and MI. adducts of deoxyguanosine; NMR. nuclear 
rnagnetic resonance: 4-MeHAQO. 4-methyUlydroxyaminoquinoline loxide. dG l'I. 
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vivo-modified DNA. The enzymatic degradation of the in vivo Enzymatic Hydrdysis of in Vivo-modified DNA to Nucleosides. 
4-HAQO-modifiecl DNA and chromatoara~hic analysis of the Three mg of the 4-HAOOniodified DNA (1 1.800 cpm/mg) were dis- - .  
hydrolysate allowed the identification of one peak as the adduct solved (12 mg/ml) in 5 mM Tris-HC1; 5 mrn MgC12:2 mM CaCI, buffer. 

dG III. pH 7.4. The sample was incubated with 150 pg of bovine pancreatic 
DNase I (Boehringer-Mannheim, specific activity. 1 O00 units/mg) and 

MATERIALS AND MEtWOOS 
150 pg of snake venom phosphodiesterase (Boehringer-Mannheim; 
specific activity, 1.5 units/mg). and hydrolysis was performed at 37OC 

Chemicals. 4-NQ0 was obtained from Fluka AG (CH-9470; Buchs, 
Switzerland). DiAc-4-HA00 was synthesized from 4-HAQO (1) as 
described previously (5) and stored in a desiccator over Pz05 in the 
dark at -20'. 

4<N-2-3H]HAQ0 (speciiii activity. 941 mCi/mmol) was obtained 
from Amersham (France); 4-HA[2-3HlQ0 (specific activity. 18.43 mCi/ 
mmol) was prepared in Our laboratory. 

[U-"C]Guanosine, [U-"C]adenosine. and [U-"C]deoxyguanosine 
were obtained from Amersham. Deoxyguanosine, guanosine, adeno- 
sine. and DTT were obtained from Sigma Chemical Co. (SI. Louis, 
MO.). 

N,O-Bis(trimethylsilyl)trifluoroacetamide was purchased from Pierce 
Chemical Co. (Rockford. III.). 

Instrumentation. E1ec.n mass spectra were recorded with a Riber 
Mag 10-1 0. UV absorption measurements were carried out using a 
Cary 1 18 C spectrophotometer. Proton NMR spectra were recorded at 
90 MHz on a Perkin-Elmer R-32 spectrometer associated with a Nicolet 
Nic-298 computer. HPLC separations were carried out on a Waters 
systern consisting of a U6K injector. two 6000 A pumps, a Mode1660 

. solvent programmer, and a Mode1440 dual-wavelength detector (254 
and 365 nm). Radioactivity of the peaks was determined with a Nuclear 
Chicago 300 scintillator counter. 

Preparation of Ac4-HAQO. DiAc-4 HAQO (30 mg) and DTT (1 8 mg) 
were dissolved in 300 pl of DMSO-de; immediately afterward, a first 
NMR spectrum of this solution was recorded at 35'. Then. the reaction 
was studied by further NMR examinations as a function of time. 

Reactivity of DiAc4HAQO and Ac4-HAQO with Nucleosides. 
Nucleoside solutions (guanosine. 2.8 mCi/mol; adenosine. 2.8 mCi/ 
mol; deoxyguanosine. 2.8 mCi/mol) were made in 2 mM sodium citrate 
buffer (pH 7) with a molar concentration of 0.35 pmol/ml. Reaction 
was obtained in the case of diAc-4-HA00 by addition of 1.8 mg of 
diAc-4-HAQO dissolved in 200 pl of ethanol to 1 ml of nucleoside 
solutions. Incubation was carried out at 37' in the dark for 45 min. For 
determination of the covalent binding of Ac-4-HA00 Io purine nucleo- 
sides. incubation was obtained by addition of 1.5 mg of Ac-4-HA00 in 
18 ,pl of DMSO to 1 ml of nucleoside solutions. 

Analysis of the reaction products of diAc-4-HAQO and mono-Ac-4- 
HAQO with the ribonucleoside and the deoxyribonucleoside were 
carried out by means of HPLC. A Cf,-pBondapqk column was used 
with a rnethano1:water gradient (see "Results"). The flow rate was 2 
rnl/min. 

Isolation and Characterization of dG III. Sephadex LH-20 analysis 
of the Ac-4-HAQO-deoxyguanosine reaction allowed the isolation of 
dG III. The flow rate of this column (2 x 28 cm) was about 1 ml of 
water per min. 

For preparation of silyl derivatives of the dG III adduct. 10 to 50 ~g 
were dissolved in 100 pl of anhydrous pyridine:bis(trimethylsilyl)tri- 
fluoroacetamide containing 1 % trimethylchlorosilane (1 :l) and heated 
at 75' for 30 min. 

Preparation of in  Vivemodified DNA. 4-HAQO-modified DNA was 
prepared as described previously following the method of lkegami et 
al. (4). Approximately 10e ascites tumor cells (HZ line) were injected 
i.p. into 3-month-old male Wistar rats weighing about 300 g. Seven 
days after transplantation. acidic 0.9% NaCl solution of 0.034 M 4- 
HA[2-3H]Q0 in HCI was injected i.p. The rats were decapitated 2 hr 
later. The ascitic fluid was drained. and the cells were harvested by 
centrifugation (5 min at 1500 rpm). Cells were washed in a 0.25 M: 

0.88 M sucrose gradient containing 10% phosphate-buffered saline in 
order to rernove contaminating PBC. Then DNA was extracted (2). 

during 24 hr. The dephosphorylation of the products of hydrolysis was 
then performed with alkaline phosphatase from E. coli (Boehringer- 
Mannheim; specific activity. 20 units/mg); the pH of the incubation 
mixture was adjusted to 8. and 100 pg of the enzyme were added. The 
mixture was then kept at 37O for 17 hr. 

Column Chromatography of the 4-HAQO-modified Nucleosides. 
Bio-Gel P2 (minus 400 mesh) column chromatography was performed 
using a column (0.6 x 60 cm) equilibrated with 2 mM sodium citrate 
buffer. pH 7.0. Flow rate was 5 ml/hr. Fractions of 1 ml were collected. 
and radioactivity was measured. 

RESULTS 

Identification of Ac4HAQO 

The existence of Ac-4-HAQO was verified by using proton 
NMR spectroscopy (Chart 1). The NMR spectrum of the mixture 
of diAc-4-HAQO and OTT in DMSO at t = O corresponds to the 
superposition of the spectra of the diacetyl derivative (2 acetyl 
peaks at 2.16 and 2.38 ppm and the quinoline proton reso- 
nances) (5) and of DTT. 

With time, the NMR spectrum exhibits some evolution as 
shown in Chart 1. This is characteristic of the transformation of 
the diAc-4-HAQO in an unique compound containing one of 

Chcmlcal Shift in Ppm 

Chart 1. Proton NMR spectra of Ac4-HA00 formation. DiAc-4-HAQO (30 
mg) and DTT (21 mg) (HS-CH1-CHOH-CHOH-CHZ-SH) were dissolved in 0.3 
ml of DMSO-d.. Chemical shiits are relative to tetramethylsilane. interna1 stand- 
ard. 
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the 2 acetyl functions of the diAc-4-HAQO, and it is evidenced 
by the following observations. At t = O. protons 2 and 3 of the 
quinoline ring constitute an AB system. and the doublet located 
at 6.12 ppm is corresponding to proton 3 of diAc4-HAQO. 
Moreover, proton 8 is characteflzed by a doublet at 7.3 ppm. 
After 15 min, the H-3 douMet is always observed with the same 
integrated value but with a small high-fiekl shift at 6.03 ppm. 
and the H-8 doublet shifts downfield at 7.6 ppm. These results 
were assumed by Kawazoe et al. (7>as corresponding to the 
formation of Ac-4-HAQO. Concerning the CH3 resonances. 2 
acetoxy functions are observed at t = O: at 2.38 ppm; and, in 
a high-field complex, absorption bands at about 2.15 ppm, 
respectively. 

Indeed, these high-field resonances correspond to one ace- 
toxy function at 2.1 6 ppm superimposed with the DTT sulfhy- 
dry1 resonances at 2.10 ppm. The integrated value of the 
sulfhydryl peak at 2.10 ppm decreases with time, and a new 
band appears at 2.29 ppm due to the initiation of a thioacetyl 
function (8). Moreover. for t = 15 min, the 2.38-ppm acetyl 
peak completely disappears. and the resonance of the other 
acetyl remains at the same value (2.1 6 ppm). Furthemore, the 
integration value of the 6 aromatic protons is not modified 
during the reaction. 

The very high reactivity of the monoacetyl derivative claimed 
by Araki was evidenced by an experimental feature. The 2.16- 
ppm resonance disappears when D20 is added to the reaction 
mixture to give a new peak located at 1.9 ppm and correspond- 
ing to an acetic acid resonance. 

From these observations, we claim that a monoacetyl deriv- 
ative was formed by transfer of one acetyl group from the 
quinoline ring to the sulfur atom of OTT. It corresponds to the 
comeound: 

which is the Ac-4-HAQO. These results (Ref. 7; this work) allow 
the assignments of the 2 acetyl NMR peaks of diAc-4-HAQO: 

, 
O-CO-CH, (2.38 ppm) 

Unfortunately, it was impossible to do an extraction of the 
monoacetyl derivative from the reaction mixture. Further works 
are in progress in order to synthesize this compound. 

Reactivity of DiAc-4-HA00 with Purine Nucleosides 

Although the purine bases were demonstrated by lkegami et 
al. (4) to be the privileged sites of attack of 4-NQO, we also 
have studied the reaction with the pyrimidine bases by using 
the diAc-4-HAQO model. However. in this case, Our methods 

did not permit us to detect any adduct in the limits of accuracy 
of the experiments. 

Analysis by HPLC of the reaction products of diAc4-HAQO 
with [U-"Cfguanosine revealed 3 new 14C-labeled peaks be- 
sides the guanosine. the so-called G l, G II, and G III. These 
products together accounted for about 1 % of the [14C]guano- 
sine in the reaction with a diAc-4-HAQ0:guanosine rnolar ratio 
of 2 (Chart 2A) and were not present in control preparations in 
which ['4C)guanosine was treated only with solvent. These 3 
compounds are considered to be 3 quinoline-guanosine ad- 
ducts. 

HPLC analysis of the reaction with adenosine revealed 2 
products that accounted for 0.6% of the adenosine incubated 
with a diAc4HAQO:adenosine molar ratio of 2 (Chart 2C). 
These 2 quinoline-adenosine adducts are called A I and A II. 

The quantitative result that we obtain with the nucleosides is 
in fair agreement with the results previously obtained with DNA. 
The extent of binding is 1 and 2.60% for the native and the 
denaturated DNA. respectively (3). 

Reactivity of Ac4HAQO with Purine Nucleosides 

HPLC analysis of the reaction mixture is shown in Chart 2. In 
the 2 cases [adenosine (Chart 20)  and guanosine (Chart 
2 BI], the same chromatographic patterns as that obtained with 
the diAc-4-HAQO can be observed. This means that in both 
cases, with diAc-4-HAQO as with Ac-4-HAQO, the same ad- 
ducts were formed. However, most significantly in the case of 
Ac-4-HAQO, the fixation percentage is very much higher than 
with the diacetyl derivative. This difference is essentially due to 
the very high yield obtained for the G III adduct. It is about 15 
times greater than in the case of the diacetyl derivative. 

Preparation and Isolation of the Major Deoxyguanosine Ad- 
duct 

Chromatography of the reaction mixture of Ac-4-HAQO, and 
[U-'4C]deoxyguanosine was carried out on Sephadex LH 20. 
Two new 14C-containing peaks were observed (Chart 3) be- 
sides that of the unmodified ["C]deoxyguanosine. The first 
Peak was due to the minor adducts. the so-called dG 1 and 
dG II. The peak which was eluted just after the deoxyguanosine 
peak was identified by HPLC. after concentration of the solu- 
tion, as being essentially the adduct dG III. Then, hydrolysis 
products from Ac-4-HAQO were eluted. UV spectrometry at 
254 nm allows determination of the unmodified deoxyguano- 
sine. the adducts, and the hydrolysis products. We have used 
this chromatographic separation to prepare the major adduct 
in large quantities, as described below. 

Unlabeled deoxyguanosine (40 PM, 1 1 mg) in 5 ml of 2 mM 
citrate buifer. pH 7. was incubated with Ac-4-HAQO (73 PM. 
16 mg) in 260 pl of DMSO for 40 min at 37' under nitrogen 
and chromatographed on Sephadex LH 20. The eluants con- 
taining dG III (elution volume. 150 to 180 ml) were pooled and 
concentrated to one-half their volume at room temperature 
under vacuum. dG 111 separated as a yellow flocculent precipi- 
tate; after centrifugation, it was washed 3 times with water and 
dried in a vacuum; 1.5 mg (3.5 p ~ )  of dG III were obtained. 
HPLC analysis of this compound gave an unique peak with a 
retention time of 11.6 min (chromatographic conditions as in 
Chart 2). 
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Tlme (Min) Time (Min] 

Chari 2. Reactions of diAc-4-HAQO and Ac-4-HAQO with guanosine and adenosine. Chromatographies with linear gradient (during 20 min) from water to 95% 
methano1:water were made by collection of aliquots (500 pl) and "C radioactivity measurements. A. guanosine plus diAc-4-HAQO: 6, guanosine plus Ac-4-HAOO: 
C. adenosine plus diAc-4-HAQO; 0. adenosine plus Ac-4-HAQO. G 111 1. G II .  and G 111. guanosine derivatives; A 1, A I I .  adenosine derivatives. 

with virtually no radioactivity. On the other hand, the 2 other 
guanine adducts obtained from this reaction, G 1 and G II. had 
lost practically none of their label. This result suggests that, for 
these 2 adducts, the C8 carbon of the guanine was not impli- 

000- cated in the binding with the carcinogen. 
ADDUCT ~GIII Confirmation of this hypothesis concerning dG III was pro- 

s vided by the following experiments. 
The molecular weight of dG III was obtained by mass spec- 

3 troscopy of the trimethylsilylation products of the nucleoside 
2 adduct. Silylation gave a product with molecular ions at m/e  

= 785 and 71 3 which are the expected values for the penta- 
and tetra(trimethylsi1yl)deoxyguanosyl-aminoquinoline 1 -oxide 
adducts. respectively. 

The absorption spectra of dG III in aqueous solution at dif- 
ELUTION VOLUME (ml) ferent OH'S (Chart 4) were recorded. The spectra at pH 7 (in 

Chari 3. Elution profile from a Sephadex LH 20 column of the reaction Ac4- 
HAQO-IU-"C~eoxyguanosine. The fraction which is eluted afier deoxyguano- 
sine was identified as dG Ili. This fraction contained 9 to 10% of the "C applied 
!O the Sephadex column. 

Identification of the Major Adduct dG III as N-(Deoxyguano- 
sin- CCy1)-4-aminoquinoline 1-Oxide 

Concerning the structure of this adduct, a preliminary sug- 
gestion was made by Tada and Tada (1 7 )  in 1971; they 
suspected C-8 of guanine to be a possible site of fixation of the 
carcinogen in the case of one of the quinoline-guanine adducts. 
Therefore. in Our laboratory, some initial investigations were 
carried out to verify this hypothesis. Indeed, treatment of [8- 
3H]~uanosine with diAc-4-HAQO resulted in a product, G III. 

sodium citrate) and pH 13 (in 1 N NaOH) exhibit maxima at 
365 and 440 nm. respectively. The latter is identical to those 
of 4-HA00 and 4-Me-HA00 at pH 13 (7). A logical interpre- 
tation of this result is that in these 3 compounds the electron 
delocalization of the quinoline ring is the same. In the case of 
the 2 reference compounds (4-HAQO, 4-Me-HAQO), this elec- 
tron delocalization is due to the electron donor efpct of the 
anion of the quinoline hydroxy group at high pH (N4-O-). This 
observation (i.e.. the similarity of the UV spectra) suggests that 
for dG III the substitution of the guanine may occur on N4 of 
the quinoline ring; indeed, the ionization of the N1-0' guanine 
bond in alkali may induce, on the quinoline ring, such a delo- 
calization effect by charge transfer. 

The partition coefficients of dG III were determined according 
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absorption bands at 10.6 and 6.3 ppm, respectively. These 
protons are exchangeable and are not observed in DMS0:DCI 
solutions. The Cs proton expected at about 8 ppm is not 
observed, in agreement with a substitution on this atom. 

Qulnoline Protons. In DMSO:DCI, the resonance of each 
ring proton can be obtained; their assignments are shown in 
Table 1. In DMSO. due to the existence of the 2 tautomeric 
forms. the absorption bands are broad. The integration in this 
region corresponds to the correct number of ring protons for 
an unsubstituted quinoline ring. The N4-H is never observed 
whatever the solvent. In DMSO:DCI, this proton is exchanged; 
in DMSO. its resonance band is too broad (because it is a 
proton bound to a nitrogen atom and is due to the existence of 
2 tautomeric forms). 

Since al1 of Our results are in good agreement with a Ca 
substitution of the guanine base through the N4 of the quinoline 
ring. the following formula can be proposed for the dG III 
edduct: 

PIRT 1 

Hydrolysis of 4-HAOO-modified Nucleic Acid to Nucleosides 
and dG III Recovery 

1- 

0.5- 

W .  

2 0- 

A ".&- H' 

O' 

. . - .  
~g r i .  Part 2. UV spectra ot 4-Me-HA00 given by KawGoe et a;. (7). The 3 digest on a Bio-Gel P2 revealed a serie; of separated t;itiated 
f o r r ~ l a e  correspond to the basic forms of 4-HAQO. dG III. and 4-Me-HAQO. 

derivatives. Among these different compounds, the last eluted 

1 

; I i 
400 Sm 

a 

05- 
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O - ,  '.. 
300 do 1 

XQ 
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300 

to the method of Moore and Koreeda (10). They were calcu- 
lated for partition between aqueous buffers and n-butyl alcohol: 
ethyl ether at pH 1 and 11. Our results (2 pKa's were detected 
corresponding to acidic and alkaline conditions) are in fair 
agreement with the lack of substitution on either the N1 or the 
0'- atoms of guanine residues. 

A comparative analysis of the 90-MHz proton NMR spectra 
of dG III, diAc-4-HAQO. and deoxyguanosine was carried out. 
The spectrum of dG III was recorded in DMSO-de without and 
with DCI. Indeed. in DMSO. the quinoline-ring protons ap- 
peared as broad resonances which became sharper when DCI 
was added. Such a phenomenon can probably be explained 
by the presence of 2 tautomeric forms for the quinoline ring 14- 
HAQO ( a )  and 1 -hydroxy-4-hydroxyimino-1 ,Gdihydroquino- 
line ( b )  as described in the case of 4-HA00 (7)], which both 
with DCI give the same delocalized cation. Moreover. we 
checked the stability of the compound since it is well known 
that such C'-guanine adducts are generally acid labile. We 
found that, during the recording of the spectrum. dG III was 
stable under Our conditions. 

Guanine Protons. The N1 and N2 protons appeared as broad 

Ct-art 4. Par? 1 .  UV spectra of 4-HA00 ( A )  and dG 111 adduct (8) in near 

compound was identified as dG III. Indeed. the dG III that we 
prepared in vitro (ses before). the last eluted cornpound on P2, 
and the mixture of these 2 products have the same retention 
times on the P2 chromatogram and in HPLC analysis. More- 
over, the A2Y:A365 ratio obtained by the double UV detection 
that we used in HPLC analysis had the same value in the 3 
cases. Le., 1.8. 

The percentage of dG III in the DNA can be estimated at 
about 20 f 5% (S.D.). since the radioactivity which corre- 
sponds to this fraction is one-fifth of the total radioactivity 
recovered after P2 chromatography. Such an intermediate 
value for dG III recovery from the DNA seems to indicate that 
this compound does not constitute a major adduct in the global 
DNA modification induced by the 4-NQO. 

In vivo 4-HA[2-3H]QO-modified DNA (1 1,800 cpm/mg) was 

DISCUSSION 

neutral(- - - -. 2 mu sodium citrate, 7)and alkaline(-, , ,, N ~ o H ) ~ ~ ~ ~ ~ .  submitted t0 eniymatic hydrolysis (see "Materials and ~ e t h -  
The concentratcons of 4-HA00 and dG III adduct are. resoectivelv. 20 and 50 o~s"). and the chromatoara~hic analvsis of the enzvmatic 

In this work devoted to the reactions of 2 esters of 4-HAQO, 
diAc4-HAQO and Ac-4-HAQO, with purine nucleosides, simi- 
lar adducts were identified in both cases. The results first 
suggest that the 2-O-ester functions of the diAc-4-HAQO were 
lost during adduct formation. as evidenced by dG III which 
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Table 1 
Ninety-MHr proton NMR data of do II/ 

SPecîra were recordeci either in D M W e  w in 0MSû-d~ pius OC). Concentrations were 1.5 mg dGlll in 
0.3 mi soivent. Shiits are Qlven In m m  taking tetramethylsilam as interna1 reference. The corresponding 
potms and the muitiicity of resonancer, are indicated in parentheses. Quinolinering protons are not - 
rBPlOhlBd h DMSO lo a probabîe prototropic tautomerism of quinoJine. 

In DMSO-<I. in DMSWe + DCI 

-80- 
DM- Resonanoes 

Assignment Aasignment 

10.6 (1.8)' NH Hdeoxyguanosine.) 9.35 (1, d) H-2 (quinolinel 
8.4 (3) H (quinoline) 9.2 (1. m) H-5 (quinoline) 
7.8 (3) H (quinotine) 8.6 (1. d) H-3 (guindine) 
6.5 (1. m) Kt' (deoxyguanosine) 8.5 (1. m) H-8 (quinoiine) 
6.3 (2. S) NHa (deoxyguanosine) 8.25 (1. m) H-7 (quinoline) 

5.5-2.0 OH-3'. OH-5'. H-3' 8.05 (1. m) H-6 (quinoline) 
H-2'. H-5'. H-4' (deoxyguano- 6.0 (1. m) H-1' (deoxyguanosine) 

sinel 

c I 
DNA 

N- ideoxyguanosin-~8-yl) 
4-aminwuinoline-1-oxide 

D 
I 

I I  
DNA 

3 - ( a d e n y l - ~ ~  or NI-) 
4-aminoquinoline-1-oxide 

Chart 5. Reaction of diAc-4-HA00 and Ac-4-HAQO with DNA. Hypothetical 
mechanisms. C and D represent one of possible adduct formations from 1 and II. 

does not contain any acetyl or acetoxy group, whatever the 
ester used for its preparation. 

Furthermore, we showed that one O-ester function of di-Ac- 
4-HAQO (N' of the quinoline ring) is able to give an acetylation 
by nucleophilic displacement, e.g., with DTT. The products of 
this reaction are the acetylated nucleophile and Ac-4-HAQO 
(Chart 5 A  1. 

It is tempting to establish an analogy between Ac4-HAQO ACKNOWLEDGMENTS 

and the uttirnate carcinogens of the arylamide series. For we w w i d  like to thank Professor G. Biserte for stimulating discussions and 
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example, in the well-known case of acetoxyacetylaminoflu- 
orene, the covalent binding of the fluorene ring to DNA is 
obtained by displacement of the unique O-ester function (9). In 
the same rnanner, Ac4-HAQO, by loss of its acetate group. 
would give an aryl nitrenium ion which would react with DNA 
(Chart 5. B, and C). The assumption of the existence of a 4- 
quinolinium ion is in agreement with the dG III adduct formation 
(Chart 5C). Moreover, the existence of 3-quinoline carbocation 
as a contributing resonance form can be considered in the light 
of results previously obtained by Kawazoe et al. (6), who 
demonstrated the binding of the carcinogen with adenine 
through G 3  of the quinoline ring (Chart 5 0 ) .  This result was 
obtained (6) from a reaction mixture of polyadenylate and 4- 
HAQO to which an enzymatic activation system isolated by 
Tada and Tada (1 7.20) was added. It is interesting to point out 
that in this case the ultimate carcinogen is postulated to be a 
seryl-4-HAQO. Therefore. an analogy between this seryl-4- 
HAQO and Ac-4-HAQO, which are both monofunctional forms 
of 4-HAQO, is quite possible. Thus, the hypothesis that a 
monoester of 4-HAQO is a probable ultimate carcinogen of 4- 
NQO is strongly strengthened. Yet the reaction sequence, 
proposed for the adduct formation, does not represent the 
unique way of diAc-4-HAQO decomposition. 

Thus, 2 ultimate carcinogens exist. It is noteworthy that 
Regan and Setlow (13) have shown that there are 2 repair 
mechanisms for lesions induced by 4-NQO. At present. how- 
ever. there is no evidence to suggest a correlation between 
these 2 facts. 

Finally. it is interesting to note that the recovery of the adduct 
dG III from the in vivo-modified DNA is a significant result. 
Nevertheless. fixation of the quinoline ring ont0 C8 of the 
guanine does not seem to constitute a major pathway. since 
we found that it represented 20%. This is a minimum figurec 
since we are able to show that dG III decomposes partially 
during the enzymatic degradation of the modified DNA's. This 
degradation is the subject of further study. It would be inter-c 
esting to study the lifetime of the adducts in the intact DNA in 
vivo. We have to be able to undertake these investigations with 
the helpof HPLC and tritium and 14C labeling of the compounds. 
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Abstract 

Alkaline pH treatment of N-(deoxyguanosin-8-y1)-4-aminoquinoline 1-oxide 

forms two quinoline derivatives. The two compounds were analyzed together by 
1 

mass and 500 MHz H-n.m.r. spectroscopies and were identified as two 7,8-gua- 

nine ring-opened rotamers : 1- (1 '-deoxyriboside) -1- r6- (2,s-diamino-4-0x0- 

pyrimidinyl)~ -3- (4-quinolinyl 1-oxide) urea. 

Abbreviations : Ac-4-HAQO, 4-acetoxyaminoquinoline 1-oxide ; 4-NQO, 4-nitro- 

quinoline 1-oxide ; h.p.l,c., high performance liquid chromatography ; n.m.r., 

nuclear magnetic reçonance ; r.0. dGuo-C8-AQO, 1- (1 '-deoxyriboside) -1 -[6- (2,5- 

diamino-4-oxo-pyrimidinyl)~-3-(4-quinolinyl 1-oxide) urea ; dGuo-C8-AQO, 

N-(deoxyguanosin-8-y1)-4-aminoquinoline 1-oxide. 



Previous s tud ies  i n  our laboratory s h m d  t h a t  t he  carcinogen 

4-nitroquinoline 1-oxide (4NQO) binds covalently t o  I N A  i n  vivo and t h a t  the 

4-acetoxyaminoquinoline 1-oxide (Ac-4'HAQO) const i tu tes  a qood -del f o r  the  

ult imate carcinogen of 4NQû (1,2). The 4-hydroxyaminoquinoline 1-oxide (4-HAQO) 

was considered as the  proximate carcinogen by Shirasu (3).  Concerning t h e  NQO 

adducts, one s t ructure  was proposed fo r  an adenine adduct (4) and we pre- 

viously described a guanine adduct as the N-(deoxyguanosin-8-y1)-4-aminoqui- 

noline 1-oxide (dGuo-CB-AQO) (5) . The l a t t e r  product was recovered a f t e r  enzy- 

matic hydrolysis of i n  v i t r o  Ac-4-HAQO-modified DNA and i n  vivo 4-HAQO-modi- 

f i e d  DNA (5). The amount of dGuo-C8-AQO, spectroscopically determined on non 

hydrolyzed ENA (6) represents 30 % of the t o t a l  bound carcinogen i n  the  case 

of i n  v i t r o  native modified DNA. Its i n s t a b i l i t y  in terfered with i ts  quanti- 

t a t i v e  determination i n  DNA (2,7) because decomposition occurs during enzy- 

matic hydrolysis and a lkal ine  phosphatase treatment a t  pH 8 (2).  

The i n s t a b i l i t y  of N-(deoxyguanosin-8-y1)-2-aminofluorene was 

a l s o  described during enzymatic hyàrolysis and alkaline phosphatase treatment 

a t  pH 9 (8) and i n  aqueous solut ion a t  a lkal ine  p H  (9 ) .  Kriek and Westra showed 

t h a t  t he  2-aminofluorene nadified nucleoside was hydrolyzed i n  a l k a l i ,  with 

formation of a 7,8-guanine ring-opened derivative (10). This imidazole r ing- 

opened compound represented ?, 10 % of the  C8 guanyl adduct i n  l i v e r  DNA of 

r a t s  t r ea t ed  with N-hydroxy-2-aminofluorene ( i l ,  12). A pyrimidine der ivat ive  

was a l s o  described with C8-adduct of N-hydroxy-2-naphthylami'ne. In t h i s  case 

t he  hydrolysis occured through the 9,8-guanine bond and i n  neutra l  conditions 

(13). 

In t h i s  paper, the  a lkal ine  hydrolysis study of dGuo-C8-AQO 

was car r ied  out. The s t ruc tu ra l  iden t i f i ca t ion  of the ring-opened guanine 

compound is presented. 

For this study dGuo-C8-AQO and Guo-C8-AQO were prepared as 

already described (5).  Ultra-violet  absorption spectra were recorded on a 

Cary 219 spectrophotometer. H.p.1.c. separations were carr ied ou t  on a Waters 

system consist ing of a U6K in jec tor ,  two 6000A pumps, a Model 660 solvent 

programmer and a Model 440 Dual-wavelëngth detector  (254 and 365 nm) . A Cl8 

11-Bondapak colunm was used, with a nethanol/water l inear  gradient (during 

20 mn) from water to 95 % methanol/water. Electron impact mass spectra were 

recorded w i t h  a THOMSON THN 208, double focalisation : sample deposited on a 

filament with f a s t  heating (0.5 s, llO°C) and introduced i n  ionization chamber. 



1 
H n.m.r. spectra were recorded i n  DMSO-di a t  60 + l0 using a Bruker WM500 - 

spectrometer i n  the  Fourier transform mode, Chemical s h i f t s  were given i n  

ppm uçing the solvant s ignal  (DMSO-d = 2.5 ppm) a s  a reference. Infrared 
5 

absorption spectra i n  KBr discs  were recorded with a I R  TF 7199 Nicolet spec- 

trometer. 

The k ine t i c  UV study of a lkal ine  treatment (pH 12) of dGuo-C8- 

AQO is shown i n  Figure 1. The absorption spectrum is time-dependent, A t  t = O 

it exhibits  a maximum a t  440 nm the in tens i ty  of which decreases with t i m e  

and pa ra l l e l s  the a r i s i ng  of a band located a t  365 nm. Tho i sosbes t i c  points  

a re  observed a t  395 nm and 320 nm. 

This spec t ra l  change observed during the ring-opening process 

was expected. Indeed t h e  spectra  a t  pH 7 and a t  pH 12 of dGuo-C8-AQO exhib i t  

t h e i r  maxima a t  365 nm and 440 nm respectively. The l a t t e r  is  due t o  the  ioni-  
6 zation of the Ni-O guanine bond which induces on the  quinoline r ing  such a 

delocalization e f f e c t  by charge t ransfe r ,  v i a  the imidazole r ing  ( 5 ) .  In  t h e  

,ring-opened derivative, t h i s  cannot be done ; then the  spectrum of this com- 

pound exhibits  maxima a t  365 nm, t o  both pH 7 and 12. The ha l f - l i f e  values of 

dGuo-CO-AQO a t  d i f fe ren t  a lkal ine  pH solutions were calculated and a re  pre- 

sented i n  table  1, The optimum pH fo r  the hydrolysis is near pH 10. We think 

t h a t  the  higher value of ha l f - l i f e  obsemed i n  NaOH 0.1M than i n  pH 10 is due 

t o  t h i s  charge t ransfe r  and i n  this case the  imidazole ring-opening should 

occur i n  the unionized form. AS described by Kriek and Westra w t t h  NAydroxy-2- 

aminofluorene ( 10) , the  reaction is catalyzed by a lkal ine  phosphatase and 

Mn2+ ions. We obtain a s imi la r  r e s u l t  (Table 1) .  This explains t he  f a c t  t h a t  

the  percentage of dGuo-C8-AQO was underevaluated when determined from an en- 

zymatically hydrolyzed DNA (2) . 
The h.p.1.c. chromatographic prof i le  of dGuo-C8-AQO a f t e r  alka- 

l i n e  treatment shows the  presence of two compounds (Fig, 2) which exh ib i t  

very similar h.p-1.c. charac te r i s t i cs  (retention time, r a t i o  A of the  op t i ca l  

densi t ies  a t  254 and 365 nm). The s t ruc tu ra l  iden t i f i ca t ion  was done w i t h  t he  

two products together ; w e  ca l led  t h i s  products r ing  opened dGuo-CE-AQO (r.0. 

dGuo-Cû-ZQO) . By simil i tude we ca l led  r .o. Guo-C8-AQO the s imi la r  hydrolysis 

adduct with guanosine. 

Because of some d i f f i c u l t i e s  we met w i t h  r.0. dGuo-C8-AQO, the 

mass spectrometry study was carried ou t  w i t h  r. o. GUO-CE-AQO. s i l y l a t i o n  gave 

a product w i t h  molecular ion a t  m/e = 963 and 891 which w e r e  consis tent  with 

a r.0. Guo-C8-AQO w i t h  7 and 6 sites available f o r  s i l y l a t i o n  respectively.  



Guo-C8-AQO showed one less sites f o r  s i l y l a t i on  and a molecular weight less 

18 ( 5 ) .  These data suggested a purine ring-opened derivative obtained by 

water hydrolysis giving a new potent ia l  site of  s i ly la t ion .  The i.r. spec t ra  

of dGuo-CB-AQO and r.0. dGuo-C8-AQO were compared. The r ing  opened der ivat ive  

shared one additionna1 band a t  1770 cm-'. This wavenumber seems high f o r  a 

carbonyl band, hwever any other in terpreta t ion cannot be proposed. 

The proton n.m.r. spectra of r.0. dGuo-C8-AQO was recorded i n  

DMSO-d6 and DMSO-d6 + DC1 (Fig. 3). The quinoline protons appear a s  a complex 

absorption band a t  d = 7.5-8.5 i n  DMSO-d6, the  assignments of which a re  e a s i l y  

done in -0-d6 + DC 1. 
The assignrnent a s  H-1' proton resonance of two d i s t i n c t  quar- 

t e t s  around 6.35 and 5.65 ppm was obvious since the  coupling constants w e r e  

calculated t o  be J (1 ' -2 ' )  = 5.6 Hz and J(1'-2") = 8.7 Hz i n  the  two cases (see 

f ig .  3).  These r e su l t s  strengthen the hypothesis of t he  presence of two d i f -  

fe ren t  formç of r.0. d~uo-CO-AP (see h,p .l.C,) Kri'ek and Westra. observed 

a l so  two chemical s h i f t s  of H-1' i n  the  two probable steroisomers of pyrimidine 

der ivat ive  of N- (deoxyguanosin-8-yl) -2-aminofluorene ( 10) , Recent data  ind i -  

cated t h a t  the ring-opened 7-methylguanine ex i s t s  as isomers with r e s t r i c t e d  

ro ta t ion  about the amide bond (14). W e  think t h a t  the  existence of rotamers 

about the  secondary amide bond may induce by the carbonyl group o r  quinoline 

r i ng  an important chemical s h i f t  of deoxyribosyl protons i n  the  two r.0. dGuo- 

C8-AQO f o m .  The exchangeable protons of the deoxyribose (OH-3 ' and OH-5 ' )  

appears a lso  a s  four resonance bands between 4.3 and 4.8 gpn. 

The protons below 7 ppm who disappear a f t e r  exchange i n  D O 
2 

were a t t r ibu ted  t o  the NH (7.8 and 8.0 ppm) and NH2 (7.3 ppm) groups. The NH2 

absorption band corresponds probably t o  overlapping of both 2-NH2 and 5-NH2 

of pyrimidine ring. Indeed the  n.m.r. spectrum of r.0. dGuo-C8-AQO recorded 

a t  lower temperature (2S0- showed an upfield s h i f t  of the  two NH2 absorption - 
band which 2ppears then c lear ly  a s  two broad absorption bands (see i n s e r t  

Fig. 3).  

Since a l 1  of Our r e su l t s  were i n  good agreement with an imida- 

zole ring-opening through the  7,8-guanine bond, the following formula can be 

proposed fo r  the  r.0. dGuo-CB-AQO. 



1 - ( 1 ' -deoxyriboside) - l- [6- (2,5-diamino-4-oxo-pyrimidinyl)] -3- ( 4-quinolinyl 

1 -oxide ) urea. 

The biological  importance of t h i s  purine ring-opened deriva- 

t i ve s  o f  aromatic amines has not y e t  been studied. Moreover i n  the  case of 

a lkylat ing agents and aflatoxin B the  persistence of these adducts i n  vivo 1 ' 
may play a c r i t i c a l  ro le  i n  the carcinogenesis ( 14, 15) . 
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Reaction conditions PH 

0.05 M sodium bicarbonate 8.8 1.5 

+ 0.16 mM Mn2+ maleate complex 8.8 O. 9 

0.05 M sodium bicarbonate 9.4 0.8 

+ alkaline phosphatase 9.4 0-6 

0.05 M sodium bicarbonate 10.5 0.6 

0.1 M sodium hydroxide 12.5 2.7 

Table 1 : Half-life values of  the alkaline hydrolysis o f  N- (deoxyguanosin-8-yl) 

-4-aminoquinoline 1-oxide. 



Figure 1.  Evolution of ultraviolet absorption spectra of dGuo-C8-AQû during 

alkaline treatment at 37' in NaOH 0.1 M. 



Time (min) 

Figure 2. h.p.1.c. chromatographic profile o f  C8-deoxyguanosyl adduct after 

treatment a t  3 7 O  i n  NaOH 0.1 M during 4 hours. Two derivatives 

are present in  the peak w i t h  a retention time of about 5.2 minùtes. 



Figure 3. Proton-n.m.r. spectra o f  r.0. ~Guo-CB-AQO a t  60°. A. i n  DMSO-$. B.  

in DMÇO-d6 + DC1. Insert : the spectra were recorded ai! 25O i n  

DMSO-d6. In the ~pectrimi o f  r.0, dGuo-CB-AQO (A) the signals i 

disappear after  exchange in  DZO, and i n  the small insert the si- 

gnals of the two H-1' . 
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ABSTRACT 

High quantities of chicken erythrocyte DNA were modified in - 
vitro by the  ult imate carcinogen of 4-nitroquinoline 1-oxide, t he  4- - 
acetoxyaminoquinoline 1 -oxide. Af te r  enzymatic hydrolysis of t h e  modif ied 

DNA, the  three main adducts were separated and isolated by semi- 

preparative HPLC : dCuo-2-AQO, dAdo-AQO, dGuo-C8-AQO (S. Caliègue- 

Zouitina - et al, Cancer Res., in press). W e  previously identified dCuo-C8-AQO 

as N-(deoxyguanosin-8-YI)-4-aminoquinoline 1-oxide (B. Bailleul - et a1,Cancer 

Research (1981) 41:4559-4565). In this paper t he  s t ructures  of dGuo-2-AQO - 
and dAdo-AQO were identified as the  3-(deo~~~uanosin-~~-~l)-4- 

aminoquinoline-1-oxide and the  3-(deoxyadenosin-~~-yl)-4-aminoquinoline 1- 

oxide, respectively. 



INTRODUCTION 

I t  is c lear  t h a t  during t he  tumorigenesis process induced by 

chemicals, DNA consti tutes a cr i t ical  t a rge t  (23) and t he  knowledge of t h e  

adducts  s t ructures  seems t o  be  helpfull in t he  understanding of t h e  

mechanisms involved. The heterocyclic a romat ic  amine 4-nitroquinoline 1- 

oxide ( ~ - N Q o ) ~  is a potent  carcinogen (26) t h e  action of which is mediated by 

covalent binding of its ul t imate  metabolite to DNA (25,351. We proved in Our 

laboratory t h a t  t he  4-acetoxyaminoquinoline 1-oxide (AC-~-HAQO) 

const i tu tes  a very adequate  mode1 for t h e  s tudy of t h e  carcinogenesis by 4- 

NQO (6, 1, 8). The conversion of Ac-4-HAQO t o  a quinoline-nitrenium ion 

and/or a quinoline-carbocation during its react ion with DNA was postulated 

by us (1) and by Kawazoe (13) and strong support for this mechanism was 

given by chemical studies (4). W e  very recently made t h e  evaluation of t h e  

main lesions induced on DNA in vivo and in vitro by this  carcinogen as t w o  

guanine-adducts and a n  adenine-adduct (8). 

l The abbreviations used a r e  : 4-NQO, 4-nitroquinoline 1-oxide ; 4-AQO, 4- 

aminoquinoline 1-oxide ; Ac-4-HAQO , 4-acetoxyaminoquino~line 1-oxide ; d i  

Ac-4-HAQO, O,OU-diacetyl - 4 -hydroxyaminoquinoline 1-oxide ; HPLC, high 

performance liquid chromatography ; dGuo - C8-AQO, N-(deoxyguanosin - 8- 

y1)-4-aminoquinoline 1-oxide ; dGuo-NZ-AQO, 3 - ( d e o ~ ~ g u a n o s i n - ~ ~ - ~ l ) -  4- 

aminoquinoline 1-oxide ; dAdo-N6-AQO, 3-(deo~~adenosin-~6-~1)-4- 

aminoquinoline 1-oxide ; Ado, adenosine ; Ac-4-HA[ 2 - 3 ~  QO, @-3I-@labeled 

4-acetoxyaminoquinoline 1-oxide. AAF, a c e t y l a m i n o f l u o r e n e  ; BP, 

benzo(a)pyrene. 



One of t h e  guanine-adducts was previously identified in Our laboratory 

as N-(deoxyguanosin-8-y1)-4-aminoquinoline 1-oxide (dGuo-C&AQO) 

and was postulated t o  be formed through the  nitrenium ion (1). This 

adduct is DNA-structure-dependent : i t  accounts for 30 % and 70 % of 

the  total  DNA modification for native and denaturated DNA, 

respectively (7). 

This paper is devoted t o  the  identification of t h e  chemical 

structures of the  other guanine-adduct, dCuo-2-AQO, and of t h e  

adenine-adduct, dAdo-AQO, which were isolated a f te r  enzymatic hy- 

drolysis of great  quantities of Ac-4-HAQO-modified DNA. These two 

adducts were shown in other works from Our laboratory t o  depend on 

t h e  DNA structure ; indeed dcuo  - 2 - AQO is the  major adduct on 

native DNA (8) and is practically inexistant on denatured DNA (6) ; at 

the  contrary, the  single-stranded DNA structure favours t he  formation 

of the  adenine-adduct (6). Kawazoe - et a l  proposed in 1975 the  

s t ructure of a NQO-adenyl adduct they called (QAII) as being the 3- 

(adenin-(NI or N ~ ) - ~ I  -4-aminoquinoline 1-oxide (1 5). W e  show here thaf 1 
QAII and dAdo-AQO a r e  corresponding t o  t h e  same adduct and we 

precise t he  binding of the quinoline ring on the  ~6 of adenine rnoiety. 



MATERIALS AND METHODS 

CHEMICALS 

The carcinogen 4-NQO was obtained f rom Fluka AG ( ~ u c h s ,  

Switzerland). Ac-4-HAQO was prepared as previously described (1) f rom 

diAC-4-HAQO (14). The Ac-4-HA 1 2 - 3 ~ 1 ~ 0  was t h e  same as previously 

used (8). I ~ H  1 labelled Ac-4-HAQO was used to prepare t h e  t r i t ia ted 

adducts  in order t o  perform the  partitionning experiments. 

The DNA from chicken erythrocytes was t h e  same as already 

used (8) and was a gif t  of PrMichel DAUNE. Al1 t h e  enzymes (bovine 

pancreat ic  DNAse 1, snake venom phosphodiesterase, calf spleen phos- 

phodiesterase, alkaline phosphatase from calf intestine) were  purchas- 

sed f rom Boehringer-Mannheim (F.R.G.). 

Preparation of t h e  dGuo-2-AQO and dAdo-AQO adducts  f rom in vitro 

Ac-4-HAQO-modified DNA. 

420 mg of chicken erythrocytes  DNA (a solution of 0.75 mg/ml in a 2 

rnM sodium c i t r a t e  buffer, pH 7) were modified by t he  ul t imate  

carcinogen Ac-4-HAQO ( 4 % of modified bases) and enzymatically 

hydrolysed t o  nucleosides as previously described (8). The hydrolysate 

( to ta l  volume : 280 ml; 1,5 mg of hydrolysed mater ia l  per ml) was 

directly applied t o  a semi-preparative HPLC colurnn ( u Bondapack C18) 

with successive chromatographies of 2 ml hydrolysate. The HPLC 



chromatographic conditions were a n  unlinear gradient methanol-phos- 

p h a t e / E ~ T A  buffer (1.5 mM NaH2P04, 0.4 mM EDTA, ~ ~ 6 1 ,  from 15 % 

during 12 min. t o  30 % methanol. W e  used a detection in absorbance at 

254 nm and 365 nm ; this la t ter  wavelength is characteristic of t he  

quinoline ring . For each chromatography the two adducts were 

collected and the  solvent was immediatly evaporated under vacuum. 

The purity of t h e  two compounds was checked by analytical HPLC 

chromatography on auBondapak C l 8  column, in t he  

methanol-water conditions previously used (6,8). The buffer salt  was 

then eliminated from the  to ta l  preparation by a single semi-preparative 

chromatography in the  same conditions. Determination of t h e  amount 

of each adduct was performed by measurement of the  absorbance at 

365 nm of each compound dissolved in water. ( ~ h e  €365 nm values were 

about 7500 and 8000 for dCuo-2-AQO and dAdo-AQO, respectively). W e  

prepared about 550 of dCuo-2-AQO and about 250 of dAdo-AQO. 

Weak quantities of 1 3 ~  1 labeled dGuo-2-AQO and dAdo-AQO 

were prepared using the  same procedure, in order t o  perform the 

partitionning experiments which were carried out  according t o  the 

method of Moore and Koreeda (24). 

INSTRUMENTATION 

HPLC separations were carried out on a Waters system consisting of a 

U6K injector, two 6000 A pumps, a Model 660 solvent programmer and 

a Model 440 dual-wavelength detector  (254 nm and 365 nm). The 



determinations of radioactivity for t h e  partitionning experiments were 

made using a Beckman LS 2800 scintillator counter. The absorption 

spectra  (normal and differential) were carried out using a Cary 219 

recording spectrophotometer, in t he  500 - 220 nm range. 1 ~ - N M R  

spectra  were resolved in DMSO-d6 at 60 - + l0 and at 20 - + 1' , using 

a Bruker WM 500 spectrophotometer, in t he  Fourier Transform mode. In 

t h e  case of dGuo-2-AQO resolution enhancement was further achieved 

by multiplication of the  original FID'S by an  unshifted sine-bel1 window. 

Spectra were calculated in t he  absolute value mode. Chemical shif ts  

a r e  given in ppm using the  solvant signal (DMS0d6 = 2.5 ppm) as 

reference. 
The 252-Cf Plasma Desorption Mass Spectrometry (PDMS) was 

previously used in t he  field of nucleic acids (19) and of their  molecular 

modifications by physical or chemical agents (39). The 252-Cf PDMS 

apparatus we used has been described in a previous publication (19). The 

geometrical arrangement has been slightly modified and t h e  californium 

source is now located behind the thin mylar t a rge t  film on which t h e  

molecules a r e  deposited. Fission fragments from the  source pass 

through the  film and produce ions as i t  front surface. The positive (or 

negative) ions a r e  accelerated by a 7 t o  10 Kv accelerator voltage and 

t ravel  down a flight tube t o  the  microchannel electron multiplier 

detector.  The length of t he  flight tube is adjustable from 23  t o  100 

centimeters. The t imes of flight spectra a r e  measured by means of 

standard nuclear electronics which include two timing discriminators, a 

one-start-multistop module (5), coupled with a multichannel analyser 

and t o  an IBM computer so t ha t  t he  spectra  can be stored on  disk for  

subsequent analysis. 



Mass calibration is achieved by using peaks of H+, Na+, K+ 

present in t he  lower part  of the  mass spectra, and according t o  t he  

expression : t ime = a&+ b. Mass spectra presented here correspond t o  

a %60 min. acculumation t ime recording, without background 

substraction, and with a 93 c m  flight tube length. In one case, a 53 c m  

length allowed dimer of molecular ion t o  be observed. 

5 t o  10 pg of t he  purified samples were dissolved in lOOu 1 of 

methanol and the  solution was evaporated on a thin aluminized mylar 

foil. 

The major ionisation mode in this technique appears t o  be a 

proton transfer and an ion-dipole at tachment  t ha t  give respectively 

(M+H)+ and ( M+X ) +, where X is an alkali ion. As the  most naturally 

abundant is sodium, ions such as ( M+Na )+, ( M+2Na-H )+ a re  of ten 

observed and characteristic of these spectra ( 21,20 1. 



RESULTS 

1) Isolation and preparation of t he  two DNA-NQO adducts, dGuo-2-AQO 

and dAdo-AQO. 

After enzymatic hydrolysis t o  nucleosides of the Ac-4-HAQO - 
modified DNA, fractions of 2 ml of t he  to ta l  hydrolysate were 

submitted t o  the  semi-preparative HPLC column. The char t  1 shows t h e  

elution profile obtained at 365 nm. The three major well separated 

peaks were corresponding t o  the three main adducts. Comparative 

HPLC analytical chromatographies of the  three compounds in t he  

conditions where the  three main adducts were already characterized (8) 

allowed us t o  assigne the  first major peak as the dGuo-2-AQO, the  

second major one a s  t he  dAdo-AQO and the  third a s  t he  dGuo-C&AQO. 

W e  also recovered on this chromatographic profile the 4-aminoquinoline 

1-oxide, 4-AQO, which was recovered in Our precedent work (8). 

Another peak, we called I.H.M. (Incompletely Hydrolysed Material) was 

assumed t o  be a mixture of di-or/and tri-nucleotides and/or 

oligonucleotides containing the  carcinogen (6) .  The peak at RT = 21'30 

was attribued t o  a compound which was recovered from modified DNA 

and poly(dG-dc).poly(dG-d~) ; nothing is known about this compound 

(8). 

In regard t o  the respective amounts of the  three main adducts 

the elution profile indicated tha t  the  dGuo-2-AQO was the  major 

adduct, a s  already observed (8). Due t o  the  instability of t he  guanine- 

adduct during the  enzymatic hydrolysis, part  of i t  was degraded during 



i t s  isolation. Indeed, we studied by analytical HPLC the  stability of t h e  

isolated dCuo-2-AQO in the  conditions of enzymatic hydrolysis : i t  

appeared tha t  a f te r  20 hours of incubation, part  of t h e  adduct was 

decomposed. 

After being controlled in purity by analytical HPLC (see 

Materials and ~ e t h o d s )  the  two adducts were dried under vacuum and 

submitted t o  chemical and spectroscopic analysis. 

II Identification of dCuo-2-AQO as 3-(deo~~~uanosin-~~~l)-4- 

aminoquinoline 1-oxide (dCuo-N2-AQO). 

A first  rapid investigation on this adduct was performed by 

absorption spectroscopy, in the  quinoline ring band. Chart  2 shows the  

recording of the  absorption spectra  of the  compound in acidic (HCI 

O.IN, pH 1.5), neutral (2mM sodium c i t r a t e  buffer, p ~ 7 )  and basic 

( N ~ O H  O.lN, pH 12.6) conditions, in the 500-300 nm range. These 

spectra  were character istic of the  bound 4-aminoquinoline 1 -oxide (4- 

AQo). Indeed the  maximum of t he  band which was centered at 360 nm 

in neutral and basic conditions was totally shifted at 330 nm, with a 

shoulder at 350 nm. This is characteristic of the  4-AQO form and was 

previously described by Sugimura et al (36) and Hoshino et al (9). - - 
The solvent partitionning between aqueous buffers and butanol- 

1, at different pH's (from 1 t o  11) was carried out and Our results (Chart 

3) indicate t ha t  there were two pKats corresponding t o  acidic and 

alkaline conditions, in fair agreement with t h e  lack of substitution on  

either the  N1 or the  0 6  atoms of guanine residue. By differential 

absorption experiments we observed tha t  for acidic pH's t he  ionizable 

species was corresponding t o  t he  alone ionization of t he  4-amino group 

of t he  quinoline moiety. 



The mass spectrum of dCuo-2-AQO (cha r t  4, a) was carried out  

using 252-Cf Plasma Desorption Mass Spectrometry. The Table 1 gives 

t he  assignments of the  peaks. Despite the  extremely low stability of t h e  

adduct, molecular weight is reflected in t h e  positive ion mass spectrum 

through the  formation of ions of m/z+= 426 , 448, 470 and m/z-= 424 in 

t he  negative ionization mode (the negative spectrum is not shown). The 

major fragment ions a r e  provided by the breakage of the  N-glycosidic 

bond, and loss of deoxyribose (m/z+ = 332 , 354 , 376 ) . 
Close t o  each of these ions , one can observe peaks tha t  a r e  16 uma 

below : such is t he  case of peaks m/z+ = 294 , 316 and 338 in the  

positive mode and m/z-= 292 in the  negative mode. They correspond t o  

the  loss of the oxygen atom of 4-AQO , a phenomenon which has been 

also observed in t he  252-Cf PDMS spectrum of another adduct , dGuo- 

C8-AQO. The guanine moiety is also observed ( m/z+= 174 , 196 , 218 ) . 
Three fragments ions ( m/z+ = 137 , 159 , 181 ) could be assigned t o  the  

deaminated guanine moiety. Such a breakage which has been already 

observed in the case of other ~ ~ - ~ u a n ~ l  adducts ( 30,40 ) , though 

obtained with a different desorption technique , may indicate that  

guanine was substituted on the exocyclic amino group ~2 . It  has t o  be 

noticed tha t  such a deamination is not observed in t he  PDMS spectrum 

of f r e e  guanosine . The fact tha t  t he  presence of complementary ions 

such as ( 4-AQO + NH + 2H )+ or 4-AQO alone is not observed is 

probably due t o  rearrangements or  ultimate degradation. 



Complete  s t ructura l  character izat ion was obtained from t h e  

IH-NMR study. ( c h a r t  5, p a r t  a). Assignments were  based o n  

cornparisons with NMR spec t ra  of 4-AQO (16) and dGuo (30) in DMSO- 

d6.Firstly, one observes t h e  loss of two  signals : i) t h e  N2 amino group 

protons of deoxyguanosine (expected at 6.37 ppm) and ii) t h e  C-3 proton 

Q of quinoline which is normally coupled in 4-AQO with t h e  C-2 proton. 

The NMR spectrum contains t h e  resonances of al1 t h e  protons of t h e  

molecule and the i r  assignments a r e  given Table II. The 3'OH and 5IOH 

protons were  observed on t h e  spec t ra  recorded at 2U0, at 5.0 and 5.3 

ppm. (data  no t  shown). 

These results  and t h e  comments  added in Table II strongly 

support  t h e  character izat ion of dGuo-2-AQO as 3-(deoxyguanosin - N*- 

yl)-4-aminoquinoline 1-oxide. 

III Identification of dAdo-AQO as 3-(deoxyadenosin-~6-~1)-4- 

arninoquinoline 1-oxide ( ~ A ~ O - N ~ - A Q O ) .  

In t h e  s a m e  manner as for  dGuo-N2-AQO, t h e  recording of t h e  

absorption spec t ra  of t h e  adenine-adduct, in t h e  500-300 nm range in 

acidic, neutra l  and basic conditions allowed us t o  observe t h e  4-AQO 

form bound t o  t h e  adenosine moiety (spectra  not  shown). 

Frorn t h e  solvent partitionning of dAdo-AQO at di f ferent  pH's 

(from 1 t o  11) t h e  lack of a n  ionizable species at alkaline pH was 

observed (Char t  3), with t h e  presence of a n  ionizable function at acidic  

PH. 

The recording of t h e  differential  absorption s p e c t r a  as a 

function of pH (from 0.3 t o  7) fo rdAd9-AQO and dAdo-AQO allowed us  

t o  distinguish t h e  ionization of t h e  4-amino group of t h e  quinoline 



moiety and the  protonation of t h e  N7 of adenine (spectra not shown). 

The mass spectrum in t he  positive mode of dAdo-AQO is shown 

in Char t  4,b and assignments listed in Table 1. They provide evidence of 

t h e  presence of this adduct. Molecular weight is clearly observed 

through t h e  formation of ( M + Na )+ ion in t h e  positive mode ( m/z+= 

432). As in t he  case of dCuo-N2-AQO, t he  major f ragment  ions come 

from t h e  breakage of t h e  N-glycosidic bond ( m/z+ = 292, 316 and 338 ). 

The loss of t he  oxygen a tom of 4-AQO is observed on these  f ragment  

ions, in t h e  positive ( m/z+ = 278 , 300 , 322 and 344 ) and in t he  

negative ionization mode ( m/z- = 276 1. Adenosine and adenine 

moieties a r e  not  seen. Three peaks ( m/z+ = 121 , 165 , 187 ) could be 

assigned t o  deaminated base ions , but this is t o  be  considered with 

caution. This could indicate a substitution of t h e  adenine moiety on i ts  

exocyclic amino group ~ 6 .  

Structural  identification was achieved from t h e  proton N M R 

study (chart  5, par t  b). Assignments were  based on comparisons with 

NMR spectra  of 4-AQO (161, Ado (37) and QAII (for the  quinoline 

protons only) which was a n  (NI  o r  ~ 6 )  adenine-adduct previously 

character ized by Kawazoe et a l  (151, in DMSO- dg. Firstly, one 

observes t he  loss of t w o  signals : i) t h e   am ami no group protons of 

deoxyadenosine (expected at 7.28 ppm) and ii) t h e  C-3 proton of 

quinoline with t h e  loss of t h e  couplage with t h e  Q C-2 proton. The NMR 

spectrum contained t h e  resonances of al1 t he  protons of the  molecule 

and their  assignments a r e  given Table III. 

Taken together,  Our da t a  and t he  comments  added in Table III 

strongly support t h e  characterization of dAdo-AQO as 3- 

(deoxyadenosin-~6-yl)-4-aminoquinoline 1-oxide. 



DISCUSSION 

This paper gave t h e  s t ructura l  identification of two  main 

adducts  of t h e  carcinogen 4-NQO, t h e  N2-guanyl adduct  ( d G u o - ~ 2 -  

AQO) and t h e  ~ 6 - a d e n ~ l  adduct  ( ~ A ~ o - N ~ - A Q o ) .  These  two  compounds 

were  focmed by fixation of t h e  nucleoside moiety o n  t h e  C3 of t h e  

quinoline ring and  th is  is in good agreement  with t h e  hypothesis of t h e  
a 

formation of rC3-quinoline carbocation as a reac t ive  in termediate  

during t h e  react ion of Ac-4-HAQO with DNA (1 , 4 , 1 3  ). Another 

adduct  (dGuo-c&AQo) was previously shown t o  be  formed through a 

nitrenium ion (1). As we showed very recently,  these  t h r e e  main adducts  

were  also recovered from in vivo-modified DNA (8). 

The format ion of ~ 6 - a d e n y l  adduct  in DNA was evidenced f o r  

d i f ferent  a romat ic  amines, ( 3 3  , 34 , 1 2  , 38 ) and  some polycyclic 

hydrocarbons (29). As been previously proposed fo r  t h e  ~ 6 - a d e n i n e  

h 
adducts  of 2-naphtylamine (12) and N-methyl-4-amino-azobenzene (38), 

t h e  formation of th is  lesion could const i tu te  a promutagenic even t  d u e  

t o  t h e  possible tautomeric  equilibrium between t h e  ~ 6 - a m i n o  and ~ 6 -  

imino structures.  In t h e  Nb- imino form, t h e  modif ied deoxyadenosine 

could mispair with deoxycytidine, resulting in a transition mutation 

(A.T +G.C). 4-NQO is a potent  mutagen,and even if t h e  mutat ions  

induced by th is  carcinogen have been shown t o  a f f e c t  rarely t h e  A.T 

sites (101, due t o  t h e  weak percentage of adenine-adducts (about 10 %) 

i t  is not  impossible t h a t  such mispairing may account  for  t h e  

mutagenicity of 4-NQO. 

In t h e  l a s t  few years, t h e  exocyclic nitrogen a t o m  ~2 of 

guanine has  been shown t o  be  a major site of substitution in DNA by 

u l t imate  carcinogenic derivatives of polycyclic hydrocarbons (22, 41) 



and for one aromatic amine, t he  N-OH-4-acetylamin0-4~-fluorobiphenyl 

(17,181. Due t o  their persistence in ta rge t  tissues (18, 38, 40) ~ Z - ~ u a n ~ l  

adducts have been suggested t o  play a central role in t he  initiation of 

neoplasia. But although NZ-gyanyl subtitutisn by polyaromatic 

carcinogens might sterically interfere with normal base pairing i t  is not  

readily apparent how such adducts would cause direct mispairing and 

result in a mutation. Kadlubar hypothesised tha t  ~ Z - ~ u a n ~ l  substitution 

induces a conformational change of t he  modified nucleoside from l1antil1 

t o  I1syn1l, which would permit mispairing with an  opposite guanine during 

DNA replication and would explain the carcinogen-induced 

transversions. (11). Since this mode1 was proposed in the  case of the  ~ 2 -  

guanyl-AAF and ~ z - ~ u a n ~ l - ~ ~  adducts, i t  is not obviously universal. In 

t he  case of 4-NQO the  mutations have been shown to  be  largely G.C.+ 

A.T. transitions with also a few transversion-mutations (28, 31). 

Scribner - et a l  predicted the blockage of t he  polymerase by ~ 2 - a d d u c t  s 

during the  replication of modified DNA (32). Very recently Yoshida - et 

a l  (42) showed tha t  the  NQO-guanine adducts blocked the  E.Coli DNA - 
polymerase elongation in vitro, by three dif f erent  manners (one 

nucleotide before the  lesion, at position opposite and at one base 

beyond guanine). But any correlation with the s t ructure of the  guanine 

lesions was not described by these authors. 

In conclusion we showed that  t he  main lesion induced by 4-NQO 

in vivo and in vitro is a ~ Z - ~ u a n ~ l  adduct (50 %), the  othewbeing a C8- 

guanyl adduct (Q30  - %), a ~ 6 - a d e n ~ l  adduct ( - Q10 %) and some minor 

compounds (10 %). Physicochemical investigations a r e  actually initiated 

in Our laboratory t o  determine the  modification of DNA induced by 

each of the adducts. For example, we very recently proved t h a t  the  N2- 

guanyl adduct irnpaired the induction of the Z form, on a modified 

poly(d~-dC).poly(d~-dc) (2). 
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Chart 1 : Smi-preparative HPLC elution profile of 3 rrg of 

hydrolyzed-modified iX4 - Absorbante detection at 365 rm. 

Chrcmatographies Hnere carried out with an unlinear gradient 

during 12 min fran a phosphate/EDïA buffer (1.5 rd4 NaH2 Q, 

0.4 rrM EDïA, pH61 to 30 %methano1 in the buffer, during 20 

min.The two car~ounds dQo-2-PCP and dAdo-PCp Hnere collected 

for each chrmtography and dried under vacuun. We obtained 

about 550 cig of dGuo-2-lQ3 and about 250 cig of &do-m. 



Chart 2 : UV spectra of dGuo-N2-lQ3 adduct in a-rM sodiun 

citrate buffer (pH 7.3 ; -1 or 0.1 N H Cl (pH 1.5 ; ,.,.) or 

0.1 N iU3-i ( p ~  12.3 ; ---). 

The concentration was : 5.6~1gIml. The extinction coefficients 

are : at pi-i 7.3, E 360 = 8000 ; at p~ 1.5 , E  336 = 6830 ; at p~ 

12.3, €360 = 5300. 



?!O in aqueous phase 

Chart 3 : Partition of tritiated Guo-2-P43 (1 ) and tritiated 

dAdo-Kp ( ) betwen aqueous buffers, pH 1-14 (24) and n- 

butanol. The percentage of each adduct in aqueous phase was 

determined by counting LOO u 1 aliquots of the tritiated 

solutions. 

- -- - . - - - 



COUNTS 

Chart 4 : 252-Cf tim of flight mars spectra in the positive 

ionization m d e  of (a) dtuo-2-Prp, (b) &do--. In the upper 

part of this spectrun, the scale is 6 tims higher. The 

presence of each adduct is evidenced by observation of 

mlecular ions and characteristic fragrrnt ions (see Table 1) .  



Table 1 - 252-Cf-Plasma Desorption Mass Spectrometry data  for  dGuo-2-AQO 
and d Ado-AQO. 

Quasi-molecular ions 
T M - H I -  

Loss of deoxyribose : dRib. 
M -dRib. 1- 

( M - dRib. - 16 )- 
( M - dKib. - 16 + 2H )+ 
( M - dRib. - 16 + H + Na )+ 
( M - dRib. - 16 + 2Na )+ 
( M - dRib. - 16 + 3Na-H )+ 

rase moiety : B 
B + 2H + Na )+ 

Dearninated base 
{ B - N H + ~ H ) +  

424 
426 
448 
47 O 
917 (a) 

408 
4 10 
432 
454 
885 (a) 
901 (a) 

(a) These peaks were observed with a 53 cm flight tube lenght. 

(b) These assignments need t o  be confirmed by another mass spectrometry da t a  set. 



Chart 5 : 500 Miz NVFt spectra of dCuo-2-PLP (part a) and dMo- 

P<p (part b) in iMSO - dg. Concentrations were 550u g in 0.3 

ml solvent for dGuo-Z-KP, and 100 u g in 0.3 ml for dAdo-p@ . 
The chenical shifts w r e  rneasured in ppn downfield fran the 

lXlZrO (resonance at 2.5 ppn) . In the case of dGuo-2-W, a 

resolution enhancarrent calculation was used (see hkterials and 

Methods). Assigmnts were given in Table I I  for ciGuo-2-rn 

and Table I I I  for dAcio-m. 
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Table II. NMR study of dCuo-N2-AQO. 

Assignments 
Chemical shif ts (Q means quinoline) 

( P P ~ )  (G means guanine) 
Multiplicity (f) 

(a) non-exchangeable proton. It  is expected at 8.12 ppm in 4-AQO (16) but 
i t  is shifted downfield t o  8.83 ppm because of the presence of t h e  guanyl 
substituant.  The signal is bi-oad due t o  the  quadrupolar e f fec t  of N2. 

(b) The chemical sh i f t  of this quinoline proton is very near t o  this one  
observed in 4-AQO (16). 

(c) The intensity of this band is about two fold that  this  expected for one  
pro ton '  (see for example the  Q-C8H resonance at 8.49 ppm). This signal is in 
f a c t  an  overlapping of t h e  resonances of two protons, and we observed t h a t  
one of them was exchangeable. W e  think i t  is the guanyl N~ proton since 
t h e  cycl ic  NI-H peak, expected near 10-11 ppm (30) is generally broader 
than the  resonance observed here. This assignment, in addition t o  t h e  
absence of the 2-NH2 signal of  guanine give undoubtly the  s i te  of substi- 
tut ion as t h e  exocyclic aminogroup. 

(dl exchangeable protons. 

(e) The s a m e  chemical shift  is observed for  t he  dGuo-C8 proton (30). 

(f) s, singlet ; rn ; multiplet. 
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Table III. NMR study of dAdo-N6-AQO 

Assignments 
Chemical shifts (A means adenine) Multiplicity (e) 
( P P ~ )  (Q means quinolinel 

(a) This proton is expected at 8.12 ppm in 4-AQO (16) but i t  is shifted downfield t o  
8.59 ppm due t o  the  presence of t h e  adenyl substituant.  Exactly the  sarne shif t  was 
observed for  QAII (15). 

(b) The chemical shift  of this quinoline proton is very near t o  those of 4-AQO (16) and 
exact ly t h e  same as in QAII (15). 

(c) The same  chemical shift  is observed for  t h e  dAdo C8 proton (37). 

(d) These assignments indicate t ha t  t he  substitution occurs at ~6 of adenine. We 
compared the  chemical shif t  of t he  C2H proton (8.25 ppm) with t h e  values obtained 
for  this  proton in the  case of 1-methyl deoxyadenosine : 8.7 ppm, 3-methyladenine : 
7.9 ppm and ~ 6 - m e t h  ladenosine : 8.2 ppm, as i t  was made by Phillips et a l  (27) for  l t h e  study of another N adenyl adduct. Moreover NI or  N3 substituted adenine should 
lead t o  a n  imino group on the  C6 of adenine ( tautomeric forms) and t h e  chemical 
shif ts  of such group a r e  know t o  be found near 9.5 t o  11 ppm. These two comparisons 
led us t o  assigne t h e  signal at 8.32 ppm t o  a N ~ H .  

(e) s, singlet ; m, multiplet ; u, unresolved. 



b)  Le dosage des adduits  su r  l 'ADN .............................. 
Pour poursuivre l e  t r a v a i l  e t  en pa r t i cu l i e r  pour l e s  études 

physicochimiques, il e s t  important de connaftre les quant i tés  r e l a t i ve s  de 

chaque adduit s u r  1 'ADN modifié hl v h 0  par  1 'Ac-4HAQO. Une méthode globale 

de dosage des adduits  a été proposée au laboratoire ,  u t i l i s a n t  l a  spectro- 

photométrie d'absorption (vo i r  publication no l).Nous avons m i s  au point  

une méthode permettant de doser par spectrophotométrie l e  dGuo-C8-AQO. 

Chacun des adduits  dGuo-C8-AQO, dGuo-N2-AQO e t  dAdo-N6-AQO a é t é  dosé p a r  

clhp après hydrolyse enzymatique de l ' A D N  modifié. 

1) Dosagelar  s e e c t r ~ h o t o m é t r i e  d'absorption de l ' addui t  s u r  l e  C 8  de l a  
====-=--===--====--==p=--=3r========------------------------------------- 

~uan_ae ------ 
En u t i l i s a n t  une propr ié té  spectroscopique du composé 

dGuo-C8-AQO, nous avons pu mettre au po in t  une méthode de dosage de ce com- 

posé sur  l 'ADN. 

Le maximum de l a  bande d'absorption de c e t  adduit  est s i t u é  à 

365 nm à p H  neutre e t  à 440 nm à pH basique (Figure 5 ,  A ) .  Cette propr ié té  

peut ê t r e  observée su r  l e s  polymères modifiés par  l'Ac-4HAQ0, comme l e  montre 

l a  f igure  5. A l ' a i de  de ces spectres,  il a é t é  possible de calculer  l e  taux 

de f ixa t ion  de l a  quinoléine sur  l a  C8 de l a  guanine, dans l 'ADN modifié. La 

méthode de ca lcu l  est décr i te  dans l a  publication no 8 (p. 156) : 

8 "~uanyl-c  -arylamination of DNA by the ult imate carcinogen of 4-nitroquinoline 

1-oxide. A spectrophotometric t i t r a t i ~ n , ~  

Analytical Biochemistry, 1984. 

Nous trouvons a i n s i  que l e  dGuo-C8-AQO représente environ 30 % e t  70 % de l a  

modification t o t a l e  de l ' A D N ,  n a t i f  e t  dénaturé. Comme nous l e  décrivons, 

c e t t e  technique e s t  rapide e t  ne possède pas l e s  inconvénients de l 'analyse  

quant i t a t ive  des adduits après hydrolyse enzymatique ; cependant, s a  sensi-  

b i l i t é  ne permet pas de l ' u t i l i s e r  sur  de l ' A D N  qui  a é t é  modifié h vkvo. 

2) Analyse quant i t a t ive  en cl& des t r o i s ~ r i n c ~ a u x  adduits après h~~~~~ 
.......................................................................... 

Q s e  enzymatique de l 'ADN ......................... 

L'hydrolyse enzymatique de l 'ADN modifié, u t i l i s é e  pour f a i r e  



l 'analyse quant i t a t ive  des adduits ,  a é t é  employée de deux façons dif férentes .  

Une première approche a consis té  à u t i l i s e r  l e s  dérivés qui- 

noléiques marqués au tritium s u r  l e  carbone 2 du cycle, Cette technique ne 

nous a pas paru acceptable : en e f f e t ,  après l e s  étapes de pur i f i -  

cat ion de l 'ADN modifié, d'hydrolyse enzymatique e t  d'analyse en clhp, le 

p r o f i l  chromatographique obtenu en tritium f a i s a i t  apparartre un b r u i t  de 

fond correspondant à plus de 20 % de l a  rad ioac t iv i té  t o t a l e  appliquée à l a  

colonne de clhp, Devant l ' imprécision de t e l l e s  données, nous avons abandonné 

c e t t e  technique. 

Nous avons a lo r s  u t i l i s é  l e s  propr ié tés  spectroscopiques des 

dérivés quinoléiques pour doser l e s  adduits. Nous avons déterminé l e u r  coef- 

f i c i e n t  d 'extinction molaire ( C )  à 365 nm. Pour ce la  nous avons hydrolysé 

de l 'ADN modifié par l'Ac-4HAQO t r i t i é  e t  avons pu r i f i é  chaque adduit pa r  

clhp semi-préparative. On obt ient  : 
'365 

(d~uo-OU-AQC)) = 8200 + - 500 mole-'. 
- 1 -1 -1 

cm .1 ; E365 (d~uo-~2-AQO) = 7500 + - 500 mole .cm .l ; L ~ ~ ~ ( ~ A ~ O - N ~ - A Q O ]  = 
-1 -1 

8000 + 500 mole .cm .1. Dans l e  cas de dGuo-C8-AQO, une valeur de C in- - 365 
fé r ieure  ava i t  é t é  obtenue précédemment (voir  publication no 8).  Ce r é s u l t a t  

n ' e s t  pas surprenant : l e s  deux méthodes de calculs  sont  di f férentes  e t  lors-  

qu'on u t i l i s e  un produit  t r i t i é ,  l'échange isotopique in t rodui t  une e r reur  

dans l 'est imation des valeurs de C. On peut néanmoins affirmer que l e s  C des 

t r o i s  adduits sont peu d i f fé ren ts ,  

Les nombreuses chromatographies (clhp semi-préparative) que 

nous avons é t é  amenés à f a i r e  au cours de l a  préparation des adduits  

dGuo-N2-AQO e t  dAdo-N6-AQO, nous ont  permis de mettre en évidence, e t  ce de 

façon reproductible, que l ' addui t  dGuo-N2-AQO é t a i t  majeur pour l ' A D N  n a t i f .  

Un de ces p r o f i l s  e s t  représenté sur  l a  f igure  6 .  

Pour déterminer l e s  proportions respectives des t r o i s  addui ts ,  

nous avons f a i t  une intégrat ion des p i c s  clhp (par découpage e t  pesée du pa- 

p i e r ) ,  Ces r é su l t a t s ,  comparés à ceux obtenus en u t i l i s a n t  l a  mesure de l a  DO 

e t  l e  C a 365 nm de chaque f ract ion col lectée ,  ont  conduit aux estimations 

suivantes (+ 5 %) : - 
- dGuo-N2-AQO : environ 50 % 

- dGuo-C8-AQO : environ 25 % 

- dAdo-N6-AQO : environ 10 % 

Le p i c  s i t u é  au temps de ré tent ion de 18 mn représente une 

f ract ion dloligonucléotides modifiés non hydrolysés e t  contient  également 



du 4AQO ; l'hydrolyse n 'es t  donc pas to ta le .  Cette fraction non digérée ad- 

ditionnée du 4AQ0 représente environ 15 % de l'absorption totale .  

L'évaluation quantitative à L'aide des surfaces des p ics  ap- 

pliquée à un ADN modifié i n  v ivo  a donné l e  résul ta t  suivant : les  t r o i s  ad- 

dui ts  (dGuo-N2-AQO, dGuo-C8-AQO, dAdo-N6-AQû) sont obtenus avec des propor- 

tions 3/2/1 respectivement. La figure 7 montre l e  p ro f i l  clhp de cet hydro- 

lysat  d'ADN, Les proportions relat ives des principaux adduits quinoléine-base 

sont donc peu différentes,  V& e t  i n  vLv0, du moins dans l e  système 

d 'asci te  que nous employons. 

Lorsque l a  réaction de l'Ac-4HAQO avec l ' A D N  na t i f  e s t  f a i t e  

v a 0  dans d'autres conditions de pH ou de température, l e s  t r o i s  adduits 

sont obtenus suivant des rapports sensiblement différents. Par exemple à pH 

9,7  e t  à 4OC, l a  réaction se  f a i t  préférentiellement sur  l e  N~ de l a  guanine 

(80 %) .  



Figure 5 - Spectres d'absorption de dGuo-C8-AQO (A) et des AlBa natif (B) 

et dénaturé (C) modifiés par l'Ac-4HAQ0, dans la zone d'absorption du can- 

cérogène. 

- -3 
Spectre en tampon citrate 2.10 M, pH 7,O 

---- Spectre dans NaOH 0,s M, pH 12,6. 
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Figure 6 - P r o 5 1  de clhp seni-préparative d 'un hydrolysat d'ADN modifie par 

l'Ac-4HAp. Après réaction avec l'Ac-4HAQ0, l'A1X3 e s t  pu r i f i é  par des préci-  

p i ta t ions  successives à l16thanol,  il e s t  ensui te  semis à l ' ac t ion  de l a  

DNase e t  des phosphodiestérases, puis de l a  phosphatase a lcal ine (vair  pu- 

b l ica t ions  no 3 e t  no 4 ) .  L'hydrolysat e s t  analysé par  clhp, l a  détection 

e s t  f a i t e  à 365 nn. Les composés sont élués avec lin gradient non l i néa i r e ,  

t ou t  d'abord en tampon (1,5 mM NaH PO4, 0,4 mM EIYrA, pH 6) pendant 12 ninu- 2 
t e s ,  puis dans l e  même tampon contenant 30 9 de méthanol. 



Figure 7 - P r o f i l  de c lhp  seni-préparat ive d'un hydrolysat  d'AD11 e x t r a i t  d'une 
a s c i t e  (hépatome de ZAJIIELA) t r a i t é e  au 41IA90. 10' c e l l u l e s  sont  lavées  p u i s  - 
m i s e s  en su rv ie  dans une bor te  NONCLON 150 cm2 contenant 100 n l  de mi l ieu  199E 
(Eurobio) addit ionné de 20 % de s é r m  de Veau f o e t a l .  Une heure ap res  l 'ensenen- 
cement, l e  4HAW est a j o u t é  dans l a  c u l t u r e  d une concentrat ion 3x10-4 M. Deux 
heures après  le  t r a i t ement ,  l e s  c e l l u l e s  son t  cent r i fugées ,  l ' A D N  e s t  a l o r s  ex- 
t r a i t  pa r  l a  méthode de Mamur. Après p ~ i r i f i c a t i o n ,  c e t  ADN e s t  soumis à l 'hydro- 
l y s e  enzymatique. L 'hydrolysat  obtenu e s t  analysé p a r  d6tec t ion  de l ' absorp t ion  
à 365 "mi l a  chromatographie é t a n t  e f fec tuée  dans l e s  nênes condit ions que pour 
l ' A D N  nod i f i é  i n  v i t r o  ( f i g .  6 ) . 
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Native and denatured DNAs and polynucleotides were modified by 4-acetoxyaminoquinoline- 
I-oxide, the ultimate carcinogen of 4-nitroquinoline-1-oxide (4 NQO). The N-(deoxyguanosin- 
C8-ylM-aminoquinoline-1-oxide adduct, the so-called "dG III," was quantified on the DNA and 
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variation of the absorption s w t r u m  as a function of the pH. Using the "freedG 111" absorption 
reference spectra, a simple graphic determination of the percentage of dG III was established by 
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fied DNA. 
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It is well known that interaction of the ul- 
timate metabolite of a chemical carcinogen 
with DNA constitutes a cntical event and 
could be responsible for the carcinogenesis by 
these substances (1). In the case of 4-nitro- 
quinoline- 1-oxide (4 NQ0)2 (see for reviews 
(2,3)), we proved that the monoacetyl denv- 
ative of 4-hydroxyaminoquinoline-1-oxide, 
which is obtained from O,O1-diacetyl-4-hy- 
droxyaminoquinoline- 1 -oxide (4-7), consti- 
tutes a very attractive mode1 for the in vitro 
study of carcinogenesis by this compound 
(8,9). Concerning the NQO adducts, one 
structure was proposed for an adenine adduct 
(IO), and we recently descnbed the synthesis 
of a g~an~l-~~-ary laminat ion  product after a 
direct reaction between 4-acetoxyaminoqui- 
noline- 1-oxide and deoxyguanosine (1 1). This 
adduct. which we called dG III, was recovered 

' To whom correspondence should be addressed. 
Abbreviation used: 4 NQO, 4-nitroquinoline- 1-oxide. 

from DNA after enzymatic hydrolysis of in 
vitro 4-acetoxyaminoquinoline- 1 -oxide-mod- 
ified DNA (8) and in vivo 4 NQO-modified 
DNA ( 1 1 ). These results are strengthening the 
interest in dG III. Therefore, it seemed im- 
portant to evaluate the exact amount of C8- 
arylamination on the modified DNA. This was 
done by making use of a spectrophotometric 
property of the adduct dG III: at neutral pH, 
this compound exhibits an absorbance band 
centered at 365 nm, which shifts to 440 nm 
at basic pH ( 1 1 ). Indeed at basic pH a depro- 
tonation of the guanine occurs, which leads 
to an electronic delocalization on the quin- 
oline ring. This is accompanied by a bath- 
ochrome effect in the dG II1 spectrum. 

We propose here a rapid method for eval- 
uating the amount of dG III on native and 
denatured DNA and on polynucleotides. First 
we verified that this adduct alone was re- 
sponsible for the absorption spectrum using 
modified poly(dA-dT) and modified poly A 
as references. Our results are compared with 

0003-2697/84 53.00 
C0p~righi C 1984 by Academic P m .  Inc. 
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those previously obtained after enzymatic hy- quinoline-1-oxide-modified native and de- 
drolysis of the modified DNA. natured DNAs and of modified poly(dG-dC) 

in media near neutrality and in alkaline media. 
MATERIALS AND METHODS These spectra were compared with those of 

Reagents. 4 NQO was obtained from Fiuka 
AG (Switzerland). 4-Acetoxyaminoquinoline- 
1-oxide was prepared as previously dexribed 
(1 1). The DNA from chicken erythrocytes was 
the same as previously used (6,9). The poly- 
nucleotides poly(dG-dC) and poly(dA-dT) 
were purchased from P-L Biochemicals. Poly 
A was obtained from Miles. 

Instrumentation. The absorption spectra 
were recorded in the range 550-300 nm using 
a Cary 1 18 C spectrophotometer. 

Preparation of dG III adduct. dG III was 
prepared as previousl y descnbed ( 1 1 ). 

Preparat ion of 4-acetoxyarninoquinoline-l- 
oxide-modified DNA and polynucleotides. 
4-Acetoxyaminoquinoline- 1 -oxide-modified 
DNA was prepared as previously described 
(8,9). The samples of native modified DNA 
have about 3% of modified bases and the sam- 
ples of denatured DNA have 3 and 6% of 
modified bases. 

Modified poly(dG-dC) (6% of modified 
bases), modified poly(dA-dT) (2% of modified 
bases), and modified poly A (3% of modified 
bases) were obtained in the same manner as 
for DNA, using the unlabeled 4-acetoxy- 
aminoquinoline-1-oxide for the absorption 
spectroscopy study. For the determination of 
the molar extinction coefficients at 365 nm, 
three samples were also prepared in the same 
manner but with 3H-labeled 4-acetoxyamino- 
quinoline-1-oxide (8,9). The e365 values were 

. determined as previously descnbed for the 
modified DNA (6). 

RESULTS AND DISCUSSION 

the nucleoside dG III adduct obtained in the 
same conditions from 550 to 300 nm (1 1). 
The c values of the nucleoside dG III adduct 
were calculated at 365 nm at neutral pH and 
440 nm at basic pH. We obtained 6220 liters 
mol-' cm-' and 9830 liters mol-' cm-', re- 
spectively. 

The spectra (not shown) of the modified 
native DNA, modified denatured DNA, and 
modified poly(dGdC) exhibit the same char- 
acteristics indicating the presence of dG III  
on the macromolecules. in the case of the 
native modified DNA and modified poly(dG- 
dC) in alkaline medium there is a shoulder 
only at 440 nm. Table 1 gives, for al1 the mod- 
ified polymers studied, the values of the ratios 
of absorbance at 440 and 365 nm in alkaline 
and neutral media, respectively. From the val- 
ues given in Table 1 we can conclude that 
adducts other than dG III-and especially the 
adenine adducts-do not absorb at 440 nm 
in alkaline media. That means that under this 
condition only dG III is responsible for this 
absorption band. 

II. Evaluation of the Percentage of dG III 
Adduct on the 4-Acetoxyarninoquinoline- 
1-oxide-ModiJied Polymers 

For al1 the modified polymers, the absor- 
bance at 440 nm at alkaline pH, A;>', refers 
only to the dG III adduct, whereas the ab- 
sorbance at 365 nm at neutral pH, A:~~, refers 
to dG III adduct and others. Therefore we can 
wnte APS = 365. c 

f~ T ' I  
A440 = 440 

p c,,&-j '1, ' [b-dG III]. 1 
I. Deteclion of the dG III Adduct on 

in which cp5 and t& III  (expressed in liters 4-Acetoxyarninoquinoline-1 -oxide- 
Modified DNA and Poly(dG-dC) mol-' cm-') represent, respectively, the av- 

erage t value at 365 nm for al1 the adducts at 
The presence of the dG III adduct on the neutrality and at 440 nm for the dG III adduct 

modified polymers was shown by recording at alkaline pH, CT is the total concentration 
the absorption spectra of 4-acetoxyamino- of bound carcinogen (expressed in mol li- 
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TABLE 1 

SPECTROPHOTOMETRIC DATA OF THE 4-ACETOXYAMINOQUINOUNE-1-OXIDE-MODIFIED POLYMERS 

Average Percentage of 
Modiîied polymers AY/AP~" (mol-l cm 1-') bound dG Illd 

Native DNA 0.48 5500 2 200 (6) 26.9 
0.53 Total adducts 29.7 

Denatured DNA 

Poly A 

1.12 6200 i 200 (6) 
1 .O7 Total adducts 

0.45 6400 +: 200 29.4 
0.47 Guanine adducts 30.7 

O 6000 + 200 
Adenine adducts 

O 5800 c 200 
Adenine adducts 

Nucleoside-dG III adduct 1.6 6220 i IOOC 1 O0 

'Ratios of absorbantes at 440 and 365 nm of the different modihed polymers in alkaline and neutral media, 
respectively. 

Molar extinction coefficient values at 365 nm at neutral pH of different polymen. 
The ex' value of the nucleoside-dG III adduct. 

dTitration of the dG Ill-adduct.. 

ters-'), and 1 is the path length of the ce11 
(expressed in cm). Combining the two equa- 
tions one obtains 

ES ]',[b-dG III] 
fP5 ' cT 

440 
Cb-de III =- X % b-dG III. 

$5 

This equation makes possible the determi- 
nation of the percentage of the dG III adduct 
bound to DNA (b-dG III). Indeed, A P O  and 
A?' are given by the experimental spectra re- 
corded at pH 12 and pH 7, respectively (Table 
1 ) .  t;65 at neutral pH was previously deter- 
mined (6). It is 5500 + 200 and 6200 +1 200 
liters mol-' cm-' for the native modified and 
denatured modified DNA, respectively, and 
6400 -+ 200 liters mol-' cm-' for the modified 
poly(dG-dC) (Table 1). t" at pH 12 was 
assumed to be similar to the extinction coef- 
ficient of the nucleoside-dG III adduct, that 
is, 9830 liters mol-' cm-'. This hypothesis is 
likely at 440 nm because we showed that it 

is acceptable at 365 nm at neutral pH. Indeed 
we have calculated the average value of the 
molar extinction coefficients c p 5  for the ad- 
enine adducts (formed on poly A and poly(dA- 
dT) poly(dAdT)) and for the guanine adducts 
(formed on poly(dG-dC) . poly(dG-dC)). One 
observes (Table 1) that these values are almost 
the same as those of the total adducts on native 
and denatured DNA and of the nucleoside- 
dG III adduct. Therefore in al1 cases (native 
DNA, denatured DNA, poly(dG-dC)) we used 
the same value of 9830 for cZoG ,,, at pH 12. 
Moreover, we showed that after 5 min heating 
at 100°C of a native modified DNA (which 
leads to the denaturation of the double helix), 
the absorption spectrum obtained at basic pH 
exhibited a band at 440 nm with the same 
intensity as before denaturation. This means 
that the 6% value is the same whether the 
structure of the polymer is single or double 
stranded. 

Thus we found that there is 70% of dG III 
on the denatured modified DNA, 28% on the 
native modified DNA, and 30% on the mod- 
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ified poly(dGdC) (Table 1). These results have 
to be compared with those we have previously 
obtained after enzymatic hydrolysis of the 
4-acetoxyaminoquinoline- 1 -oxide- modified 
DNA (8). In the case of native DNA, only 
13% of dG III was recovered in the hydro- 
lysate, and in the case of denatured DNA, we 
found only 49% of dG III. These values were 
lower than those we obtained with the spec- 
troscopic determination and this is in agree- 
ment with our previous observations con- 
cerning the instability and the degradation of 
the dG III adduct during the enzymatic hy- 
drolysis (8). Obtaining a greater percentage 
of dG III in the case of the denatured DNA 
indicates that the secondaty structure of 
DNA influences the formation of the adduct. 
Our results can be compared with those previ- 
ously obtained by Fuchs (12) in the case 
of N-acetoxy-N-2-acetylaminofluorene-mod- 
ified DNA, which also showed the influence 
of secondary structure of DNA on the for- 
mation of one adduct. In this case, the C-8 
guanyl adduct is a major adduct, and ils extent 
is 100% on denatured DNA. In the same man- 
ner, in the case of acetoxyaminoquinoline-1- 
oxide-modified DNA the single-stranded DNA 
structure favors the reaction of the carcinogen 
on the C-8 of guanine (70%), which is a chem- 
ically more reactive position. 
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c) Conclusion ---------- 
Les s t ruc tures  des t r o i s  principaux adduits i s o l é s  sur  l 'ADN 

modifié sont parfaitement en accord avec le  mécanisme réactionnel du composé 

monoacétylë du 4HAQO. L'agent r é a c t i f ,  l 'arylnitrénium, e s t  en équi l ib re  

avec l e  carbénium en a (carbone 3 de l a  quinoléine). Le n i t réniun a t taque l e  
2 C8 de l a  guanine, l e  carbéniun l e  N de l a  guanine ou l e  N~ de l 'adénine. 

L'agent r éac t i f  s e  f ixe  principalement su r  l e  C8 de l a  guanine lorsque cel le-c i  

n ' e s t  pas appariée (guanosine ou ADN dénaturé). Au contra i re ,  l a  fonne car- 

bénium r é a g i t  de façon plus  importante s u r  l 'ADN n a t i f  : le dGuo-N2-AQO e t  

le dAdo-N6-AQO représentent,  à eux deux, environ 60 % de l a  réaction sur 

1 ' ADN double brin. 

Trois adduits  avaient également été obtenus par  d 'autres au- 

t eurs ,  après hydrolyse acide d'ADN modifié par  l e  4HAQO, en présence de 

l'aminoacyl-tRNA synthétase (IKEGAMI e t  a l , ,  1970 ; TADA e t  a l . ,  1971 ; 1976). 

A ces t r o i s  composés s ' a jou te  l e  4AQ0, que ces  auteurs ont postulé provenir 

de l a  décomposition d'un au t re  adduit  ins table ,  formé avec l a  guanine. Il e s t  

en e f f e t  possible que le 4AQû que nous obtenons dans nos hydrolysats d'AIN 

provienne d'un au t r e  adduit-guanine, mais nous n'en avons pas l a  preuve for-  

melle. 

L'équipe de TADA a récemment publié un dosage des quatre ad- 

d u i t s  (YOSHIDA e t  a l . ,  1984) e t  v ien t  également de montrer que l e  composé 

q u ' i l s  nomment QG1 correspond à l ' addui t  dGuo-C8-AQO que nous avions i s o l é  

(TADA e t  a l . ,  sous presse) ,  Ils n'ont pas, à l 'heure  ac tue l le ,  proposé d'au- 

tres s t ructures  d'adduits. Le tableau ci-dessous permet de f a i r e  une compa- 

raison en t re  l eurs  r é s u l t a t s  de dosage e t  l e s  nôtres.  

Résultats  de 
1 'équipe de TADA 

Pourcentages 
ab tenus 

Nos r é s u l t a t s  

Pourcentages 
obtenus 

FI 

16.4 

dGuo-C8-AQO 

25 

QGI I 

47,3 

dGuo-N2-Ac0 

5 0 

Q G I I I  
( 4 ~ ~ 0 )  

13.7 

Autres 
(4AQO) 

15 

QAI I 

22.6 

d2àd0-N6-AQO 

10 



Actuellement aucun argument ne permet de d i r e  que QG11 repré- 
2 sente  l 'addui t  su r  l e  N de l a  guanine, S i  ce la  é t a i t  prouvé, nous pourrions 

d i r e  que l'Ac-4HAQO indui t  sur l 'ADN des lés ions  identiques à ce l les  obtenues 

après act ivat ion du 4HAQû par  l a  s é ry l -~RNA synthétase. 

Tout récemment IiEDDY (M.v,) e t  a l .  , ( 1984) ont v i sua l i sé ,  à 

l ' a i d e  d'une méthode t r è s  sensible  de marquage au phosphore 32, 8 addui ts  

s u r  l ' A D N  e x t r a i t  de ce l lu les  de peau de Souris t r a i t é e  au 4NQO. Trois de 

ces adduits  sont obtenus en t r è s  f a ib l e  quant i té  (environ 5 %).  Parmi les 8 

composés détectés  par ces auteurs,  nous pensons que cinq d 'entre  eux pour- 

r a i e n t  correspondre à : dGuo-C8-AQû, dGuo-N2-AQO, dAdo-N6-AQO e t  aux deux 

composés d'ouverture du cycle imidazole. Dans ce laboratoire  ils on t  en 

e f f e t  v isual isé  par ce t t e  technique l e s  deux isomères du produit d'ouverture 

du cycle purique obtenus dans l e  cas  de l'aminofluorène (GUPTA e t  a l . ,  1984) . 
Les 3 autres  composés pourraient etre l e  (ou l e s )  adduit  (s) dont l a  décompo- 

s i t i o n  conduit au 4AQO que nous avons visual isé .  Ce peut ê t r e  auss i  d 'autres  

adduits  mineurs, ou des produits  de dégradation d'un ou de plusieurs  adduits. 

Le rô le  des composés de subst i tu t ion indui t s  par  l e  4NQO dans 

l a  cancérogénèse par  ce composé n ' a  pas é t é  étudié. Un cer ta in  nombre de 

remarques nous semblent cependant in téressantes  à formuler à ce niveau. 

Ilans l a  pa r t i e  "Généralités" nous avons montré l e  r61e joué 

par l a  fonction acétyle du fluorène dans l a  conformation de l ' A D N ,  après 

f ixa t ion  du 2AAE' ou du 2M'sur l e  C8 de l a  guanine. Dans l e  cas du 4NQO l e  

composé de subst i tu t ion de ce s i t e  ne peut ê t r e  acétylé. Il ne fau t  cepen- 

dant pas penser que l e s  propr ié tés  du dGuo-C8-AQO so ien t  analogues à c e l l e s  

du composé dGuo-C8-AF. En e f  f e t  , l e s  dérivés du 4NQ0 d i f f è r en t  beaucoup de 

ceux du fluorène, par  l e  nombre de cycles e t  sur tout  par  l a  présence de l a  

fonction N-oxyde . 
L'adduit dGuo-C8-AQO pourrai t  peut-être jouer un rô le  hl V ~ V U ,  

par l a  formation du composé d'ouverture du cycle imidazole. Nous n'avons ac- 

tuellement aucune preuve de l 'exis tence hl V ~ V O  du r , o ,  dGuo-C8-AQO. De nom- 

breuses études permettent cependant d'émettre ce t te  hypothèse. Le dérivé d'ou- 

ver tu re  en 8-9 de l ' addui t  de l ' a f la tox ine  Bi pe r s i s t e  dans l ' A D N  hépatique 

e t  jouerai t  un rô l e  important dans sa  cancérogénèse (CROY e t  a l , ,  1981). De 

manière s imi la i re ,  le dérivé de subs t i tu t ion  du C8 de l a  guanine par l a  

2-naphtylamine, qu i  s'hydrolyse spontanément en dérivé de 8,9 ouverture du 



cycle, e s t  présent i n  vivo dans l e  t i s s u  c ib le ,  Il e s t  également présent 

dans l e  fo ie  qui  n ' e s t  pas un organe c ib l e ,  mais en quant i té  4 à 8 f o i s  in- 

fér ieure ,  De p lus ,  c ' e s t  dans le t i s s u  c ib l e  que ce dérivé pe r s i s t e  l e  p lus  

longtemps (KADLUBAR e t  a l . ,  1981a). Enfin, l ' exis tence Ln vivo du composé 

d'ouverture du cycle de l 'addui t  dGuo-C8-AF a é t é  montrée de deux manières 

d i f fé ren tes  : par  hydrolyse acide e t  analyse clhp (VISSER e t  a l , ,  1981) e t  

par  radio-imnunologie (RIO e t  a l . ,  1982). 

Les adduits  sur le  N~ de l a  guanine sont souvent retrouvés 

dans le cas des amines aromatiques (KEMMINKI, 1983), e t  des hydrocarbures 

aromatiques polycycliques (MEEHAN e t  a l . ,  1977). Dans le  cas de l a  première 

c lasse  de composés, ces adduits sont  rarement majeurs, sauf pour l e  4-amino- 

biphényle (KRIEK e t  HENGEVELD, 1978). Ces composés de subs t i tu t ion  ont peut- 

ê t r e  une importance biologique car  i ls  correspondent à une région d'apparie- 

ment des bases e t ,  de plus,  ils sont  souvent pers i s tan ts  i n  v ivo  (KRIEK e t  

HENGEVELD, 1978 ; TUUIS e t  a l . ,  1981 ; WESTRA e t  a l . ,  1976). 11 n ' e s t  ce- 

pendant pas évident de comprendre de quel le  manière i l s  pourraient const i tuer  

des lés ions  prémutagènes. KADLUBAR a proposé un modèle pour expliquer l ' i n -  

duction de mutations par transversion par 1'AAF e t  l e  benzo(a)pyrène au n i -  
2 

veau des adduits s u r  l e  N de l a  guanine, Cet auteur suggère que l e  passage 

en conformation syn de ces adduits  en t r a rne ra i t  un mauvais appariement de l a  

guanine modifiée avec une autre  guanine (KADLUBAR, 1980). Ce modèle, s ' i l  

peut être v é r i f i é  expérimentalement, n ' e s t  cependant pas universel. 
6 Les composés de subst i tu t ion du N de l 'adénine sont plus  ra- 

rement formés. Citons pour l e s  amines aromatiques l e s  exemples du phénanthrène 

(SCRIBNER e t  NAIMY, 1975), du s t i lbène  (SCRIBNER e t  a l . ,  1979) e t  de l a  

2-naphtylamine (KADLuBAR e t  a l . ,  1980). Plusieurs auteurs ont postulé que ces 

adduits  pourraient avoir  un rô le  dans l a  mutagénèse en induisant de mauvais 

appariements de l a  base modifiée (KADLUBAR e t  a l . ,  1980 ; TULLIS e t  a l . ,  1981 ; 

PHILLIPS e t  a l . ,  1981). 

Le chapitre III e s t  consacré aux études physicochimiques e f -  

fectuées su r  l 'ADN modifié. 



CHAPITRE: III - LES ALTERATIONS STRUCTURALES DE l'ADN 

MODIFIE IN VITRU, ETUDES PHYSICOCHIMIQUES ET REXONNAIS- 

SANCE ENZYMATIQUE DES LESIONS. 



Nous al lons  t ou t  d'abord décr i re ,  dans ce chapitre,  deux 

études physicochimiques effectuées su r  l ' A D N  modifié v h  par  l e  

diAc-4WQO ou l'Ac-4HAQO : 

- des mesures de température de fusion (Tf) qu i  donnent un renseignement sur  

l a  perturbation s t ruc tura le  de l 'ADN modifié ; 

- des études d 'anisotropie optique : dichroïsme e t  biréfringence l i néa i r e s  

électriques.  C e s  dernières expériences ont é t é  réa l i sées  à Liège, chez l e  

Dr .  C. HOUSSIER. Ces mesures fournissent des informations su r  l a  perturba- 

t i on  globale de l a  s t ruc ture  de l 'ADN modifié e t  sur  l ' o r ien ta t ion  du com- 

posé f ixé  dans l a  double hé l ice ,  E l l e s  peuvent const i tuer  une première ap- 

proche d'étude de l a  géométrie de l a  lés ion,  mais l e s  r é su l t a t s  obtenus doi- 

vent ê t r e  confrontés à ceux obtenus par d ' au t res  techniques. Ces études fe- 

ront l ' o b j e t  d'une publication. 

Nous avons également étucüé l a  reconnaissance enzymatique des 

lés ions  de l ' A D N  modifié hl v h k 0  en u t i l i s a n t  di f férentes  enzymes ou f rac-  

t i ons  enzymatiques : 

- l'endonucléase S d8Abpekgd%A okqzae, qu i  e s t  une enzyme spécifique des 
1 

simples b r ins  de l 'ADN. Ce t r a v a i l  a é t é  effectué dans l e  but  d 'obtenir  

des informations su r  l a  dis tors ion de l 'ADN int rodui te  au niveau des lé- 

sions. Les r é su l t a t s  de ce t t e  investigation sont déc r i t s  dans l a  publica- 

t ion no 9. 

- une a c t i v i t é  enzymatique de type ADN-glycosylase, présente dans l e s  ex- 

t r a i t s  c e l l u l a i r e s  de ~~CJLOCOCCUA &&UA. Cette enzyme conduit à l a  for-  

mation de s i t e s  apuriniques, par excision de certaines bases modifiées. 

Les r é s u l t a t s  de c e t t e  approche sont également donnés dans l a  publication 

no 9, qui  a é t é  r éa l i s ée  en collaboration avec Jacques LAVAL. 

- une méthyltransférase e x t r a i t e  de cerveau de Veau. En e f f e t ,  de nombreux 

auteurs ont montré que l e s  cancérogènes chimiques interagissent  avec l a  

méthylation de llADN,qui joue un rô le  dans l a  régulation de l 'expression 

des gènes chez l 'eucaryote,  Ces expériences ont é t é  f a i t e s  en collabora- 

t i on  avec Annie PFOHL-LESZKWICZ, dans l e  laboratoire  du Professeur 

G. DIRHEIMER, à Strasbourg. L'isolement e t  l a  pur i f icat ion de l'enzyme ont 

é t é  effectués  par Mme LESZKOWICZ. Ce t r a v a i l  e s t  d é c r i t  dans l a  publication 

no 10. 



La plupart  de ces études on t  été réa l i sées  dans l e s  années 

1979-1981, excepté l e s  études de méthylation de l 'ADN. A ce moment nous 

u t i l i s i o n s  encore l e s  deux modèles de cancérogène ultime, diAc-4HAQO e t  

Ac-4HAQo pour modifier l 'ADN,  C'est pourquoi nous rencontrerons dans c e s  

travaux des études s u r  l e s  deux types d'ADN modifiés, l e s  modifications 

s t ruc tura les  de l a  macromolécule Btant semblables dans l e s  deux cas. 

a) Mesure des temera tures  de fusion de 1 'ADN modifié &l v h k l  e a r  l e  -------------- ........................................ ----- 

En général l a  f ixat ion covalente du cancérogène ultime s ' ac -  

compagne d'une modification de l a  température de fusion (Tf) de l ' A D N  modifié, 

Dans l e  cas des composés aromatiques encombrants comme l e s  amines aromatiques 

e t  l e s  hydrocarbures polycycliques, on observe assez souvent une diminution 

de l a  Tf. Ceci correspond à l ' in t roduct ion de groupements électro-négatifs  

dans l a  double hé l i ce  qu i  dés tab i l i sen t  l ' A D N  en interagissant  avec l e s  grou- 

pements phosphates de lSenchaTnement phosphodiester. 

Nous avons donc mesuré l e s  températures de fusion de plusieurs  

échant i l lons  d'ADN modifié par l e  diAc-4HAQû e t  l'Ac-4HAQû. L e s  r é s u l t a t s  de 

ces mesures f igurent  dans l e s  publications no 1 e t  no 2. 

L'appareillage que nous avons u t i l i s é  a é t é  mis au point au  

laboratoire  en 1978, par  Gérard LECOCQ. Il e s t  déc r i t  en d é t a i l  dans l a  pu- 

b l ica t ion  no 1. 

Nous avons rappelé sur  l e  tableau C l e s  valeurs de Tf que 

nous avons obtenues pour l e s  d i f fé ren ts  échanti l lons d'ADN modifiés, a i n s i  

qu'un graphique donnant l ' i l l u s t r a t i o n  du phénomène observé. Nous constatons 

a i n s i  une diminution l i néa i r e  de l a  température de fusion, l e  phénomène s 'ac-  

centuant quand l e  pourcentage de bases modifiées de l ' A D N  augmente. La valeur 

de l a  dés tab i l i sa t ion  pour 1 % de bases modifiées (AT£) e s t  d'environ - 1.3OC. 

Des valeurs de AT£ proches ont été trouvées 'pour d 'autres  amines aromatiques, 

t e l l e s  l'AAF, 1'AF e t  l'acétylaminophénanthrène (FUCHS et a l . ,  1971 ; SPODHEIML 

MAURIZCVr e t  al . ,  1979c; LANG e t  a l . ,  1977). 

Nous avons d 'autre p a r t  constaté qu'après fusion de l 'ADN 

modifié, l a  renaturation des molécules n 'avai t  pas l i e u  : l a  quinoléine n ' in-  

d u i t  donc pas de pontages in te rbr in  dans l a  double hélice.  De t e l s  pontages 

on t  é t é  observés dans l 'ADN modifié pa r  l.'AA,F (FUCHS e t  DAUNE, 1972) . 



Tableau C - Valeurs des températures de fusion des échantillons d'ADN 

modifié. 



Des dés tab i l i sa t ions  de l 'ADN identiques ont par fo i s  é t é  cons- 

t a t é e s  par  d 'autres  auteurs pour des cancérogènes induisant des lésions 

ayant des géométries di f férentes .  I l  e s t  donc impossible d 'associer l a  seule  

valeur du AT£ mesuré, pour une lésion donnée (ou un cancérogène donné), à l a  

géométrie de l a  lésion. Deux exceptions peuvent ê t r e  c i t ées ,  dans l e  cas de 

l a  f ixat ion su r  l e  C8 de l a  guanine de 1'W e t  de ses deux dérivés f Luoré I 
e t  iodé, 1'AAFF e t  1'AAIF. Les ATf obtenus sont  respectivement de - 1.2OC 

pour les deux premiers e t  de - 0.4OC pour l e  dernier,  l e s  deux premiers é t a n t  

à l ' i n t é r i e u r  de l a  double hé l ice  e t  l e  dernier  à l ' ex té r ieur  (FUCHS e t  a l . ,  
2 1976 ; DAUNE, 1981 ) . Dans l e  cas du benzo (a) pyrGne f i xé  sur le N de l a  gua- 

nine, où l 'on s a i t  que le cancérogène e s t  couché dans l e  p e t i t  s i l l o n  à l ' ex-  

t é r i e u r  de 1 'hél ice ,  l e  ATf est de - 0 ,7S0C (PULKRABEK et  a l . ,  1977) . 
Cependant, pour l e s  deux lés ions  "externes", l e  dGuo-C8-AF e t  

6 le dGuo-O -N$ pour lesquelles l e s  cancérogènes sont s i t u é s  dans l e  grand 

s i l l o n  e t  induisent une t r è s  f a ib l e  dis tors ion de l 'ADN (KRIEK e t  SPELT, 1979 ; 

KADLUBAR e t  a l . ,  19811, l e s  valeurs du ATf sont  respectivement de - 1.4OC 
C 

pour dGuo-C8-AF (SPODHEIM-MAURIZOT e t  a l . ,  1979) e t  de - 1.2OC pour l a  lés ion 
6 

s u r  le O de l a  guanine (KADLUBAR e t  a l . ,  1981). Un modèle externe a égale- 

ment é t é  proposé pour l ' addui t  formé par l'acétylaminophénanthrène sur  l e  N 
6 

de l 'adénine e t  l a  valeur du ATf obtenue e s t  de - 1.2OC (LANG e t  a l . ,  1977). 

Dans l e  cas du 4NQ0, nous ferons simplement l a  remarque sui- 

vante : l a  f ixat ion du cycle quinoléine dans l a  double hél ice  d'ADN in t rodu i t  

en son sein  un moment dipolai re  important, correspondant à l a  fonction N-oxyde 

e t  qu i  do i t  dé s t ab i l i s e r  l a  s t ruc ture  de l a  macromolécule. Plus précisément, 
+ 

l ' i n t e r ac t i on  éventuelle de l'oxygène (O-) de ce t t e  fonction (-N -O-) avec 

l e s  phosphates de l'enchaînement phosphodiester devra i t  entra îner  une répul- 

s ion  des deux groupements, ce qui expl iquerai t  l a  dés tab i l i sa t ion  que nous 

observons. 

6 6 
i dGuo-O -NA : composé de subs t i tu t ion  du O de l a  guanine par l a  l-naphty- 

lamine. 



b) Etude électro-optique s u r  l 'ADN e t  l e  eoly(dG-dC) .ply(dG-dC) modifiés --------------- ------- - ---- ---------- ----- ----- - -------------- ----- 
par le diAc-~HA& e t  l'Ac-4HAQO - --------------- -------------- 

Nous avons u t i l i s é  l e s  techniques de dichrofsme e t  de biré-  

fringence l inéa i res  é lec t r iques  pour obtenir  des renseignements sur  l e s  chan- 

gements dans l a  conformation globale de 1 'ADN, sur  l a  longueur de l a  macro- 

molécule e t  s u r  l 'o r ienta t ion  de l a  quinoléine par rapport à l ' axe  de l a  

double hélice. 

Les phénomènes duanisotropie optique, l e s  équations mathéma- 

t iques l e s  régissant  e t  l a  m i s e  au point  d'un apparei l  de mesure informatisé 

e t  appliqué a w  macromolécules biologiques ont  é t é  déc r i t s  dans l'ouvrage de 

E. FREDERICQ e t  C. HOUSSIER en 1973 e t  par C. HOUSSIER (1977, 1981a ; e t  al .  

1981b*) . 

Les résu l t a t s  de c e t t e  étude n'ayant pas encore f a i t  l ' o b j e t  

d'une publication, nous sommes obligés de revenir su r  cer ta ins  aspects théo- 

riques de ces techniques nécessaires à l a  compréhension du lecteur.  Le résul-  

tat essent ie l  obtenu dans c e t t e  étude e s t  que l e  plan du cycle quinoléine est 

or ienté  à environ 685 à 7S0 par  rapport à l 'axe de l ' hé l i ce ,  cec i  représentant 

un angle moyen pour l e s  t r o i s  adduits. 

Quand on oriente l ' A D N  modifié dans un champ électr ique,  l e s  

chromophores f ixés  sur  l a  macromolécule présentent, corne les  bases, un di- 

chroïsme. Pour toutes les longueurs d'onde où l e  ligand absorbe,le dichroisme 

rédui t  e s t  déf in i  par : 

où AN e t  AA sont l e s  absorptions mesurées avec une lumière polarisée paral- 

lèlement e t  perpendiculairement au champ électr ique E appliqué, e t  A l 'ab- 
-+ 

sorption en absence de champ. Le terme f (E) représente l e  degré d'orienta- 

t i o n  de l a  macromolécule ; s a  valeur e s t  comprise en t re  0 e t  l. 

correspond au "dichroïsme à saturat ion",  quand 1 'orientat ion des 

est t o t a l e  ., En général l a  valeur du pour l ' A D N  e s t  de l 'o rdre  de : - 0.5, 
A 

pour une valeur de E de 12 à 13 k~/cm (HOUSSIER, 1981a). - 

La biréfringence réduite  se d é f i n i t  de l a  même 

manière : 

* HOUSSIER, C. & O'KONSKI, C.T. (1981b) Electro-optical instrumentation sys- 

tems w i t h  t h e i r  data acquisi t ion and treatment, Molecular electrooptics .  

Plenum Publishing Corporation, New-York 10 013, p. 309-339. 



où. n,, 
e t  nL représentent l e s  indices de réfract ion mesurés avec une lu-  

mière polarisée parallèlement e t  perpendiculairement au champ électr ique.  

Enfin le temps de relaxation (T) du dichrofsme (ou de l a  bi-  

réfringence l inéa i re  électr ique e s t  déf i n i  par  1 'équation : 

A A  représentant l e  dichroïsme à l ' é t a t  s ta t ionnai re  e t  t, l e  temps. on me- 
O 

sure en f a i t  un temps de relaxation moyen , l e  milieu é tant  polydisperse : 

r est proportionnel au cube de l a  longueur de l a  molécule orientée ; la mesure 

du 7 donne donc des informations s u r  l e s  modifications de longueur des macro- 

molécules. 

Le dichrofsrne dû à un moment de t r ans i t ion  pa r t i cu l i e r  s'ex- 

prime a ins i  : 

où O e s t  l ' angle  ent re  l e  moment de t r ans i t ion  e t  l ' axe  d 'orientat ion,  a s s i -  

m i l é  à 1 ' axe de l a  double hélice. Ainsi, pour un cancérogène f ixé  su r  1 'ADN, 

s i  l 'on considère que l e  degré d 'orientat ion de l a  macromolécule n ' e s t  pas 

modifié par  l a  f ixa t ion ,  on é c r i t  : 

( 'A'') cancérogène = 3 cos2 O - 1 - 
2 

( 'A'') bases 
3 cos a - 1 

où a représente 1 'angle que f a i t  l e  plan des bases de l 'ADN avec l ' axe  de 

l 'hé l ice .  Dans l ' h é l i c e  B ,  l a  valeur de a est de 90'. Une autre valeur de a 

(73') e s t  actuellement admise dans l a  l i t t é r a t u r e  (HOGAN e t  al . ,  1978 ; 

LEVITT, 1978) . Nous u t i l i se rons  l a  valeur de 90° pour a. La re la t ion  (5) per- 

met donc, par le ca lcul  de l 'angle O ,  de déterminer l 'o r ienta t ion  du cancé- 

rogène dans l a  macromolécule. 

En r é a l i t é ,  l a  connaissance de l 'angle O est l i é e  à c e l l e  de 

l 'o r ienta t ion  des moments de t r ans i t ion  dans l a  molécule de cancérogène étudiée. 



Nous avons donc cherché à connaître quel le  é t a i t  l ' o r ien ta t ion  des moments 

de t rans i t ion  correspondant aux bandes d'absorption de l a  quinoléine. Nous 

ne disposions, au debut de ce t t e  étude, que de données théoriques (OKANO 

e t  a l . ,  1972) indiquant que dans l a  molécule de 4AQ0, l a  bande d'absorption 
* s i t uée  à 256 nm correspondait à une t r ans i t i on  n --+n di r igée  suivant l e  

grand axe x du plan du cycle quinoléine e t  que l a  bande à 356 nm corres- 
1 pondait aux contributions de deux t r ans i t i ons  dégénérées ( La et  '~b), dont 

l 'une s e r a i t  d i r igée suivant l e  p e t i t  axe y du plan du cycle e t  l ' a u t r e  

suivant le grand axe x (voir  le schéma ci-dessous) : 

(OKANO e t  a l .  , 1972) 

Nous nous sommes intéressés  uniquement à l a  bande à 356 nm puisque c e l l e  à 

256 nm e s t  masquée par l a  bande des bases de l 'ADN.  Nous avons voulu t e s t e r  

ces hypothèses en déterminant expérimentalement l e s  di rect ions  r e l a t i ve s  des 

moments de t r ans i t i on  dans l a  région de 300 à 400 nm. Nous avons, pour ce la ,  

mesuré l a  polar isa t ion de fluorescence r en fonction de l a  longueur d'onde, 

pour une solut ion de 4- dans l a  glycérine,  r é t a n t  déf ini  comme : 

r = 
Ibq - IA , où I,, e t  IL représentent l e s  i n t ens i t é s  lumineuses dans 

=// - 211 
l e s  di rect ions  pa ra l l è l e  e t  perpendiculaire à ce l l e  de l a  lumière incidente. 

Pour une bande d'absorption donnée, s ' i l  y a  un s eu l  moment de t r ans i t i on ,  ou 

plusieurs  moments de t r ans i t i on  possédant des or ientat ions  pa ra l l è l e s ,  l a  

polar isa t ion de fluorescence r du cancérogène i s o l é  d o i t  ê t r e  indépendante 



de l a  longueur d'onde (HOUSSIER, 1977). S i  par contre, on observe des varia-  

t ions ,  r gardant cependant l e  même signe, c ' e s t  que c e t t e  région spectra le  

correspond au moins à deux t r ans i t i ons  f a i s an t  en t re  e l l e s  un angle compris 

en t r e  55O e t  90° (HOUSSIER, 1977) . 
La figure 8 montre l a  valeur de r obtenue en fonction de l a  

longueur d'onde a i n s i  que le spectre  d'absorption du 4HAQû. On constate que 

dans l a  région spectra le  de 400 à 300 nm, l a  polar isa t ion de fluorescence 

var ie ,  indiquant que l a  bande d'absorption centrée à 365 nm contient  deux 

t r ans i t i ons  différemment polarisées.  L'une s e r a i t  d i r igée  selon l e  p e t i t  axe 
1 

( La) du plan du cycle e t  l ' a u t r e  s o i t  selon l e  grand axe, s o i t  selon une 

direct ion fa i san t  avec le p e t i t  axe un angle compris en t re  55' e t  90°. Ces 

deux direct ions  de moments de t r ans i t i on  déf inissent  un plan que nous a s s i -  

milons au plan du noyau quinoléine. C 'es t  l ' o r ien ta t ion  de ce plan que nous 

déterminerons. 

Nous avons donc é tudié  par  ces techniques deux échant i l lons  

d'ADN soniqué modifié par  l e  diAc-4HAQO e t  un échanti l lon d'ADN soniqué mo- 

d i f i é  par l'Ac-4HAQ0, l e s  pourcentages de f ixat ion var iant  de 0.2 % à 0.9 % 

de bases modifiées. De t e l l e s  expériences doivent en e f f e t  ê t r e  réa l i sées  sur  

des échanti l lons faiblement modifiés par l e  cancérogène (FUCHS, 1976 ; 

HOUSSIER, 1981a ;GEACINTOV e t  a l . ,  1978). Pour chaque échanti l lon,  nous avons 

mesuré l a  var ia t ion du AA en fonction de l a  longueur d'onde, dans l a  bande 

d'absorption de l a  quinoléine (de 300 à 400 nm) , l a  var ia t ion du AA dans l a  

bande d'absorption de l ' A D J  (à 260 nm) e t  l a  var ia t ion de An, à 550 nm, en 

fonction de l ' i n t e n s i t é  E du champ électr ique appliqué. Nous avons également 

effectué des mesures de temps de relaxation de l a  biréfringence. Toutes ces 

mesures on t  é t é  réa l i sées  su r  des solutions ne présentant pas une densité op- 

t ique  supérieure à 1,s.  

2) Résultats concernant l a  modification s t ruc tura le  de l ' A D N  modifié ................................................................. ................................................................. 

La pa r t i e  A de l a  f igure  9 montre l a  var ia t ion du dichroxsme 

rédui t  à 260 nm en fonction du champ é lec t r ique ,  pour l e s  t r o i s  échanti l lons 

d'ADN modifié comparés à ~ ' A D N  témoin. On constate une fa ib le  diminution du 

AA/A, en valeur absolue. On obt ien t  en e f f e t ,  pour l e s  i n t ens i t é s  de champ 

élevées,  des valeurs de - 0,47 pour l ' A D N  témoin e t  de - 0.45 pour l 'ADN mo- 

d i f i é  à 0.9 %, Ceci indique une t r è s  légère désorganisation de l a  macromolécule 



Figure 8. 

A - Spectre de polarisation de l a  fluorescence d'une solution de 4HAQO dans 
un mélange glycérine-eau à 95 % (v-v), mesurée sur un spectrofluorimètre 
Baird Atomic SF 100 EE, avec polariseurs à 1 'excitation et  à l'émission. 
Les résultats sont pr6sent6s sous forme de l'anisotropie d'émission ; r ,  
corrigée pour l e  facteur de transmittivité du monochromateur d'émission. 

B - Spectre d'absorption de l a  solution de 4HAQO étudiée partie A. 
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l ' in te rac t ion  d'empilement moyenne des bases n 'é tant  que faiblement perturbée 

é t an t  donné le  fa ib le  taux de f ixat ion du cancérogène. 

La var ia t ion de l a  biréfringence rédui te  mesurée à 550 nm en 

fonction de l ' i n t e n s i t é  du champ é lec t r ique  e s t  également représentée s u r  l a  

f igure  9 ,  p a r t i e  B. On observe une diminution notable du An des ADN d i -  - 
I A 

f i é s  par rapport à l 'ADN témoin. Ceci n ' e s t  pas incompatible avec l a  f a i b l e  

var ia t ion du AA que nous observons, puisque l a  mesure du An dans l e  v i s i -  - 
A 

b l e  rend compte de l a  contribution de tou tes  l e s  bandes U.V. de l 'ADN. De  

plus,  il s ' y  ajoute une contribution de forme qui e s t  posi t ive  et  diminue 

l a  valeur absolue du An (HOUSSIER, 1977 ; 1981b) . 
Nous avons également mesuré les temps de re laxat ion de l a  b i -  

réfringence des quatre échanti l lons e t  l a  p a r t i e  C de la figure 9 montre l a  

var ia t ion de en fonction du pourcentage de bases modifiées, pour différen- 

t e s  valeurs du champ E. On constate une t r è s  légère extension de l a  chafne 

aux f a ib l e s  taux de modification de l 'ADN e t  une léggre désorganisation de 

l a  s t ruc ture  globale de l a  double hél ice  aux taux les plus  élevés,  qui est 

r e f l é t ée  par l a  légère diminution du que nous observons. 

En conclusion, ces t r o i s  mesures ont montré que l a  chafne 

d'ADN é t a i t  globalement peu affectée  par l a  f ixat ion du cancérogène. Ceci est 

important pour pouvoir calculer  l e s  valeurs de l 'angle  8, ce que nous abordons 

maintenant. 

3)  Détermination de l ' o r i en t a t i on  du cycle quinoléine dans l 'ADN modifié 
=============--==============s=--=--==-============================ 

S i  l ' on  considère, en première approximation, comme négligeable 

l a  perturbation de l a  s t ruc ture  de l 'ADN subs t i tué  par  l a  quinoléine, il est 

possible de calculer l e s  angles 6 e t  O 2  du plan déf in i  par l e s  deux t r ans i -  
1 

t ions ,  par  rapport à l ' axe de l ' h é l i ce  par  l a  re la t ion  (5) : 

2 
3 COS 8-1 

- - avec a = 90' 
2 

bases 3 cos a-1 

Les valeurs du AA du cancérogène en fonction de l a  longueur - 
A 

d'onde, dans l a  région de 300 à 400 nm, sont  données sur l a  f igure  10. On 

constate que l e  dichrofsme rédui t  varie,  ce qui indique bien que l e s  direc- 

t ions  des deux t r ans i t i ons  dégénérées contenues dans c e t t e  région spec t ra le  



Figure 10. 

Variation du dichroXsme réduit de trois échantillons d'ADN modifiés en fonc- 

tion de la longueur d'onde, dans la bande d'absorption de la quinoléine. 

Les mesures ont été effectuées avec une intensité de champ électrique de 

12,5 kV/cm. 



fon t  avec l ' axe  de l ' h é l i ce  des angles d i f fé ren ts  0 e t  e2 (vo i r  l a  r e l a t i on  4) .  1 
L'orientation du noyau quinoléine dans l'Am se ra  donc déterminée par l a  me- 

sure  de e l ,  à 350 nm e t  de es, à 390 nm. 

Etant donné que l e s  mesures de dichrofsme sur  les ADNs modi- 

f i é s ,  dans l a  région 300-400 nm sont r éa l i s ée s  à une concentration 8 f o i s  

supérieure à c e l l e  u t i l i s é e  pour l e s  mesures su r  l 'ADN témoin a 260 nm, il 

e s t  nécessaire de corriger pour c e t t e  différence de concentration. D e s  mesures 

sur l 'ADN modifié e t  su r  l 'ADN témoin en fonction de l a  concentration, à 

260 nm e t  à 290-300 nm (de manière à pouvoir a t t e indre  des concentrations 

plus élevées),  ont  permis d'estimer à - 0.13 l a  correction à apporter au 

mesuré. 
A 

On obt ient  a i n s i  l e s  valeurs suivantes (mesurées à 12,5 kV/cm) : 

D'autre pa r t ,  l a  valeur du dichroïsme r édu i t ,  à 260 nm pour l 'ADN e s t  de : 

(%) bases = - 0,45 

L e s  valeurs de dichrofsme rédui t  dans l a  bande de l a  quinoléine sont donc 

négatives e t  in fé r ieures  en valeur absolue l a  valeur de AA des bases, ce - 
A 

qui  veut d i r e  que l e  plan de l a  quinoléine a une inclinaison moyenne comprise 

en t r e  55O e t  90° par rapport à l ' axe de l ' h é l i c e  (HOUSSIER, 1977). Les deux 

cas suivants sont donc à exclure : 

- le plan du cycle perpendiculaire à l ' axe (8 e t  8 = 90°C) 1 2 

- l e  plan du cycle pa ra l l è l e  à l ' axe ( O 1  e t  e 2  = O ) ,  l e  cancérogène é t a n t  à 

1 'extér ieur  de 1 'hélice. 

Nous avons calculé l e s  valeurs de 8 e t  8 à 350 e t  390 nn, en u t i l i s a n t  l ' é -  1 2 
quation (5), On obt ien t  : 

- à 350 nm, = 68O 

- à 390 nm, = 74O 



Ainsi, l ' o r ien ta t ion  moyenne du noyau quinoléine dans l a  double hé l ice  cor- 

respondrait à une inclinaison d'une vingtaine de degrés par rapport au plan 

des bases, 

4) ~~gla=&~~e=~G~teriIn_~tLen_~Ce~i:er:&en_t_~ti~n_~G~~~h,a~un~C~~!~~~~~~CI~t~- 
guanine dans 1 'ADN, à 1 'aide du ~ o y  (dG-dC) e 2  (dG-dC) m o d i f i é ~ a r  .................................................................. 
l'Ac-4HAQO 
=XI==--=-= 

Il nous a é t é  possible de déterminer l e  dichroïsme rédui t  de 

l 'addui t  dGuo-C8-AQO dans l a  bande d'absorption de l a  quinoléine, sur un 

échanti l lon de poly(dG-dC).poly(dG-dC) modifié ; en e f f e t ,  au laboratoire  

nous préparons du polymère modifié contenant à 80 % l a  lésion dGuo-C8-AQO, 

en f a i s an t  l a  réaction à 95OC (BAILLEUL e t  a l , ,  1984). Le polymère e s t  a i n s i  

en simple br in  e t  l a  réaction est a lo r s  or ientée  su r  l e  C8 de l a  guanine. La * 

renaturation de l a  macromolécule e s t  ensui te  possible,  grâce à l'enchafnement 

des pa i res  de bases GC. 

Nous avons a i n s i  étudié t r o i s  échanti l lons : 1 polymère témoin 

chauffé à 95OC e t  deux polymères comportant 0.65 % de bases modifiées ; l ' un  

modifié à 37OC cont ient  l e s  deux adduits  majeurs (30 %de dGuo-C8-AQO et 60 % 

d'autres  adduits dont l e  dGuo-N2-AQO, qu i  e s t  majeur) e t  l ' au t r e ,  modifié à 

95OC, comporte à 80 % l e  dGuo-C8-AQO (BAILLEUL e t  a l . ,  1984). 

Le dichrofsme rédui t  de l 'échant i l lon de poly(dG-dC).poly(dG-dC) 

modifié à 37OC e s t  constant dans l a  région spectra le  de 300 à 400 nm. Ceci 

s i g n i f i e  que dans l e  polymère synthétique, l e s  deux t rans i t ions  dégénérées 

correspondant au plan du cycle quinoléine, auraient l a  même direct ion par  

rapport à l ' axe de l ' h é l i ce .  La valeur de AA à 365 nm (au maximum de l 'ab- - 
A 

sorbance) s u f f i r a  donc pour déterminer l ' o r ien ta t ion  du plan quinoléique, l e s  

deux angles 9 e t  O 2  é t an t  identiques dans ce cas (au l i e u  de 8 = 68O e t  
1 1 

e2 = 74O, pour l ' A D N ) .  

La f igure  11 montre l e s  signaux de dichroïsme obtenus à 365 nm 

e t  à 300 e t  290 nm, pour l e s  t r o i s  échanti l lons.  

Connaissant l a  valeur de pour 1 ' adduit dGuo-C8-AQO, (%) NQO,365 

il e s t  possible de déduire c e l l e  de l ' addui t  dGuo-N2-AQO, sur  le polymère mo- 

d i f i é  à 37OC. La base de l 'analyse  des valeurs de dichroXsme e s t  l a  r e l a t i on  

suivante qui  suppose une addi t iv i té  simple des dichroïsmes des deux adduits  : 



Figure 11 - Signaux de dichrofsme l i néa i r e  é lect r ique,  mesuré dans l a  direc- 

t i on  para l lè le  au  champ, de trois échanti l lons de poly (dG-dC) .poly (dG-dC) . 
A : polymère témoin, chauffé à 95OC ; B : polymère modifié à 95OC, compor- 

t a n t  à 80 % l ' addui t  dGuo-C8-AQO ; C : polymère modifié à 37OC, contenant 

les deux adduits ,  dGuo-N2-AQO e t  dGuo-C8-AQO. L e s  signaux enregis- 

trés à 365 nm correspondent au cancérogëne e t  ceux enreg is t rés  à 290 e t  300 

nm, aux bases du polymère, 

L'impulsion é lectr ique e s t  représentée au-dessus de chaque s é r i e  de signaux. 

Sa durée e s t  d'environ 30 à 40 11s. Les mesures on t  é t é  effectuées avec une 

i n t ens i t é  de champ électr ique de 6 k~/cm,  1 





A A 
mes 

2 
0i.i 1 e t  2 s e  rapportent aux adduits en C8 et N respectivement, Le poly(dG-dC) 

.poly(d~-dC) modifié à 80 % en C8 donne pour AA/A, une valeur de - 0,016 à 

365 nm. Connne c e t  échanti l lon porté à 95OC montre un dichrofsme à 290 e t  

300 nm abaissé d'un facteur 2 1,4 à 1,6 par  rapport à l ' échant i l lon por té  à 

37OC, l a  valeur corrigée de AA /A vaut - 0,024 à 365 nm, en supposant que 
1 1  

seu l  1' adduit en C8 contribue à l 'absorption. 

Pour l e  poly(dG-dC) .poly(dG-dC) qu i  cont ient  les deux adduits  

en N~ e t  CO. il e s t  possible de déduire du AA l a  valeur de AA /A pour 
2 mes 2 2 

l ' addui t  N à p a r t i r  de l a  re la t ion  : 

(yl = proportion d'adduit 1) 

(T2 = proportion d u  adduit 2) 

en supposant que l e s  coef f ic ien ts  d 'extinction des adduits  1 e t  2 so ien t  l e s  

&mes à 365 nm. Nous avons montré dans l e  chapitre II que ces valeurs sont  

t r è s  proches. Pour une absorbance to ta leA 90.047, l e s  contributions de 
365 

1 (30 %)  e t  2 (60 %) à l 'absorbance s e r a i en t  d'environ 0,016 (avec = 0,33) * 

e t  0,031 (avec (QÎ = 0.66) de so r t e  que 1 'on obt ient  : 
'41 

A A 
mes AA2 .. = - 0.042 = - 0,024 x 0,33 + 7 x 0,66 n 
mes 

ce qu i  donne pour l ' addui t  N* : 

AA2 - = - 0.051 
A2 

2 
Le dichroïsme rédui t  de 1' adduit en N s e r a i t  donc environ deux f o i s  plus  

élevé (en valeur absolue) que ce lu i  de l ' addu i t  en C8, 



L'extrapolation d'un te l  ca lcu l  à l'ADN peut se f a i r e  s i  l 'on 

admet que l e s  adduits  dGuo-C8-AQO e t  dGuo-N2-AQ0 ont  l a  même orientat ion dans 

l 'ADN e t  dans le  poly(dG-dC),poly(dG-dC). Le raisonnement appliqué aux don- 

nées obtenues su r  l1mN1 en supposant un rapport  2 en t r e  les dichroïsmes 

rédui t s  des adduits 1 e t  2, fourn i t  l e s  r é su l t a t s  suivants. 

A 365 nm où l e s  coeff ic ients  d 'extinction sont  considérés 

comme équivalents : 

- 0127 représente l a  valeur de (AA/A) 
365 qui e s t  donnée à l a  p.176 . 

On obt ient  : AA2 - =  - 0,33 
A2 

On peut donc é c r i r e  : 

L L - - = 0,74 
bases - 0,45 

- 0,45 é t a n t  l a  valeur mesurée à 260 nm. 

En appliquant l a  r e l a t i on  (5) : 

L 

bases 3 cos cl-1 

on ob t ien t  : 
2 - pour l 'addui t  N , 8 = 72O 

- pour l ' addui t  C8, 8 = 62O 



La valeur d'un facteur deux en t r e  l e s  dichroxsmes rédui ts  des adduits en N 2 

e t  en Ca, ne se  t r adu i t  que par  un décalage de l ' o rdre  de 10°dans l ' i n c l i -  

naison moyenne du plan de l a  molécule par rapport à l ' axe de l a  double hél ice .  

En conclusion, quoique le ca lcu l  que nous venons de proposer 

s o i t  approximatif, nous pouvons penser que l e s  deux adduits majeurs possedent 

tous deux des contraintes de posit ionnemnt dans l 'ADN t e l l e s  que l ' i nc l i na i -  

son du plan du cancérogène par  rapport à l ' axe de l ' h é l i ce  so i t vo i s ine  pour 

les deux adduits ,  l e  dGuo-N2-AQO é t an t  moins inc l iné  par rapport au p lan  des 

bases, 

5) Bilan ----- ----- 
Avant de donner l e s  conclusions concernant c e t t e  étude, nous 

voudrions revenir  s u  l e s  d i f f i cu l t é s  expérimentales l i é e s  à ces  déterrnina- 

t ions.  En e f f e t  : 

- dans l a  région spec t ra le  de 300 à 400 nm, l a  mesure du AA est d i f f i c i l e  à 

cause de l a  fa ib le  valeur de l a  densité optique(de l 'ordre  de quelques cen- 

tièmes d 'uni té) .  

- l e s  deux t rans i t ions  électroniques de l a  bande d'absorption étudiée se re- 

couvrent. 

- deux adduits sur  l a  guanine sont présents en quant i té  notable sur  l 'ADN,  ce 

qui  conduit à déterminer une or ientat ion moyenne, 

Tous ces facteurs  nous ont rendu l a  tâche d i f f i c i l e  e t ,  de ce f a i t ,  le résul-  

t a t  r e s t e  imprécis. Nous pensons cependant q u ' i l  const i tue  une approche qu i  

peut être intéressante.  

Une première amélioration des r é s u l t a t s  pourrai t  ê t r e  fournie  

par des mesures de dichroIsme rédui t  sur  un ADN contenant à 80 % l ' addui t  

dGuo-N2-AQO. Nous sommes capables de fabriquer un t e l  échanti l lon,  l a  méthode 

de préparation a é t é  mise au point  tou t  récemment. 

Les mesures que nous avons réa l i sées  avec le D r ,  C. HOUSSIER 

nous pernet tent  cependant de proposer deux hypothèses, quant à l a  géométrie 

de l ' i n t e r ac t i on  hé l ice  B-quinoléine : 

- s o i t  une f ixat ion externe, en pa r t i cu l i e r  dans l e  cas de l ' addui t  s u r  l e  C8 

de l a  guanine. En e£fet ,  dans le  cas du dérivé iodé de 1'AAF f ixé  s u r  l e  Cf3 

de l a  guanine, à l ' ex t é r i eu r  de l ' h é l i ce ,  les auteurs ont trouvé des valeurs 

d'environ 60° pour 1 'angle que nous appelons 8. (FUCHS e t  a l . ,  1976) . 
- s o i t  une inser t ion du cancérogène, avec ou sans interact ion d'empilement 



ent re  l e  cycle quinoléine e t  l e s  bases. Cette hypothèse est à rapprocher 

de l a  l i t t é r a t u r e  concernant l e s  agents in te rca lan ts ,  pour lesquels les 

valeurs de 0 sont  comprises en t re  62O e t  90° (HOGAN, 1979 ; HOUSSIER, 1981a) 

N o s  valeurs de 0 (comprises en t re  65' et 75O) ne semblent donc pas incom- 

pa t ib les  avec l ' i n se r t i on  du cancérogène dans l 'ADN en hé l ice  B. 

D'autres techniques devraient ê t r e  abordées pour essayer de 

préc i se r  l a  géométrie des lés ions ,  par  exemple des mesures de RMN du proton 

e t  du carbone 13, effectuées sur des oligonucléotides ou des dinucléotides 
2 

modifiés, s o i t  à 80 % s u r  l e  C 8  de l a  guanine, s o i t  à 80 % s u r  l e  N . Ceci 

permet t ra i t  peut-être d'évaluer l a  force de l ' i n t e r ac t i on  d'empilement éven- 

t u e l l e  en t r e  l e  cycle quinoléine e t  l e  plan des bases. En e f f e t ,  W I M C L E  e t  

a l .  (1978 ; 1979) ont montré, par ces techniques de RMN, q u ' i l  e x i s t a i t  une 

in te rac t ion  for te  en t r e  l e  plan du 4NQO e t  ce lu i  des bases de l ' A D N ,  le can- 

cérogène é t a n t  in tercalé .  Nous ne savons pas s i  une t e l l e  in teract ion peu t  

e x i s t e r  quand l e  cancérogène e s t  f ixé  de façon covalente, l a  l i b e r t é  de mou- 

vement du cycle quinoléine é t an t  a lo r s  l imitée ,  Il s e r a i t  in téressant  de pou- 

vo i r  l ' é tud ie r .  

Une aide précieuse nous s e r a i t  également apportée par l a  con- 

fect ion de modèles moléculaires e t  macromoléculaires qui  permettraient de 

connaftre l e s  contraintes s tér iques  imposées par l ' h é l i ce  B e t  par  l a  quino- 

l é ine  elle-même. 

Nous a l lons  aborder maintenant une s é r i e  d'études concernant 

l a  reconnaissance enzymatique des lés ions  sur  l 'ADN modifié. 



c)  Etude de l a  reconnaissance enzpa t ique  & V& des lés ions  créées su r  .............................. ...................................... 
l 'ADN ga r  l'Ac-4HAp ou l e  diAc-4HAOO ------ --------ii- ----------------P- 

g i & h  anyzae --- ----------- 
Dans l e s  deux paragraphes précédents, nous avons constaté que 

l 'ADN modifié par l e s  dérivés de l a  quinoléine é t a i t  dés tab i l i sé ,  que s a  

s t ruc ture  é t a i t  faiblement a l t é r ée ,  le stacking des bases é t a n t  légèrement 

modifié. Nous avons évalué approximativement l ' o r i en t a t i on  du noyau quino- 

l é ine  comme é t a n t  inc l iné  de 65O à 75O par rapport à l ' axe  de l ' hé l ice ,  Ces 

valeurs d'angles é t an t  compatibles avec auss i  bien une inser t ion  qu'une f i -  

xation externe,  une question r e s t e  a lo r s  posée : l a  f ixa t ion  du cancérogène, 
2 

principalement sur  l e  N e t  l e  C8 de l a  guanine, indui t -e l le  une dis tors ion 

importante de l a  charne, avec l a  présence éventuelle de zones dénaturées ? 

Pour essayer de répondre à c e t t e  question, nous avons e f fec tué  

l e  t e s t  classique de l'hydrolyse par  l'endonucléase S d ' hpWzgaub  a/tyzae. 1 
Cette enzyme e s t  spécifique des zones simples br ins  dans l 'ADN e t  son u t i l i -  

sa t ion  est d'usage courant dans l e s  études conformationnelles des ADNs modi- 

f i é s  par l e s  cancérogènes. En e f f e t ,  de nombreux auteurs ont associé l a  plus 

ou moins grande s e n s i b i l i t é  de l ' A D N  modifié à l ' a t t aque  par c e t t e  enzyme 

avec l a  dis tors ion plus  ou moins importante in t rodui te  dans l a  macromolécule. 

FUCHS e t  a l .  e t  YAMASAKI e t  a l .  ont montré que l ' A D N  modifié 

par  1'AAF est t r è s  notablement sensible  à l a  S1 e t  que ce t t e  endonucléase 

exc i sa i t  préférentiellement l e s  nucléotides modifiés, l ' addu i t  sur  le C8 de 

l a  guanine é t a n t  spécifiquement l i bé ré  dans le milieu (FUCHS, 1975 ; YAMASAKI 

e t  a l , ,  1977a e t  b) . KRIEK e t  SPELT (1979) on t  constaté que dans des condi- 

t ions  expérimentales identiques,  l'Am modifié par 1'AF é t a i t  beaucoup moins 

sensible  à l'endonucléase S que l'ADN-= ; ils en ont conclu que 1'AF in- 1 
du i sa i t  su r  l ' A D N  des dis tors ions  beaucoup plus  fa ib les  que son homologue 

acétylé,  Ces r é s u l t a t s  sont en accord avec les deux modèles proposés pour ces 

deux lés ions  : l 'une interne (Am) e t  l ' a u t r e  externe (AF) . 
PULKRABEK e t  a l .  (1977) ont é tudié  l a  reconnaissance pa r  c e t t e  

enzyme de l ' A D N  modifié par l e  diolépoxyde du benzo (a)pyrène, Ils ont noté 

une f a ib l e  at taque de l ' A D N  modifié par l'enzyme : pour 1.5 % de bases modi- 

f i é e s ,  l a  cinétique d'hydrolyse de l ' A D N  modifié e s t  confondue avec c e l l e  de 

l ' A D N  témoin, e t  pour 2 % de bases modifiées, une légère hydrolyse e s t  obser- 

vée. D'autres auteurs ont comparé l a  s e n s i b i l i t é  à l ' a t t aque  par  l a  SI dlADNx 



modifiés par d i f fé ren ts  hydrocarbures aromatiques polycycliques (dont les 

deux diolépoxydes du benzo(a)pyrène), par 1'AAF e t  par  l e s  U.V. (HEFLICH e t  

a l . ,  1977). 11s ont  observé que ces ADNs é t a i e n t  hydrolysés dans des propor- 

t i ons  t r è s  di f férentes ,  les moins hydrolysés é t a n t  ceux qui é t a i en t  modifiés 

par  l e s  diolépoxydes du benzo(a)pyrène. Leurs r é s u l t a t s  sont donc en accord 

avec ceux de PULKRABm e t  a l .  e t  avec l e  modèle externe proposé pour le 

benzo(a)pyrène,qui implique une f a ib l e  dis tors ion dans l ' A D N  au niveau des 

lés ions  (GRUNBERGER e t  WEINSTEIN, 1978). 

Nous avons t e s t é  l 'hydrolyse par  l'endonucléase S de trois 
1 

échanti l lons d'ADN modifiés : l ' un  par le diAc-4HAQ0, l ' a u t r e  par  l'Ac-4HAQO 

e t  l e  troisième par 1'AAF (cet  échanti l lon a é t é  fourni par Robert FUCHS). C e s  

t r o i s  échanti l lons d'ADN modifiés, étudiés exactement dans l e s  mêmes condi- 

t i ons  expérimentales, sont  notablement sensibles  à l a  S ; en e f f e t ,  les c i -  
l 

nétiques d'hydrolyse montrent un pourcentage de l ibéra t ion  des nucléotides 

qu i  e s t  intermédiaire en t re  ceux obtenus pour l ' A D N  n a t i f  e t  l ' A D N  dénaturé. 

Ceci indique l a  présence su r  ces macromolécules de zones de dis tors ion,  qui  

sont  assimilables en première analyse à des zones dénaturées. 

Nous avons également observé que l'endonucléase S ne recon- 
1 

n a î t  pas l e s  lés ions  créées par le  4NQO de manière identique à ce l l e s  créées 

par  l'AAF, Ceci n ' a  r i en  de surprenant, l e s  adduits n ' é tan t  pas l e s  mêmes 

dans l e s  deux cas. De  plus,  l e s  deux molécules de cancérogènes sont très d i f -  

férentes ,  d'une p a r t  par l eur  t a i l l e  e t ,  d 'autre  pa r t ,  par l a  présence de l a  

fonction N-oxyde dans l a  molécule de 4NQ0, 

L'ADN modifié par l e  4NQ0 e s t  beaucoup plus sensible  à l a  S 
1 

que l e s  ADN modifiés par  1'AF e t  le benzo(a)pyr@jie, caractér isés  par le f a i t  

que l e s  cancérogènes sont  s i t u é s  à l ' ex t é r i eu r  de l ' h é l i ce .  Ceci nous 
2 

amène à penser que, en p a r t i c u l i e r  pour l ' addui t  en N qui  e s t  majeur, le  

cancérogène s e r a i t  peut-être inséré  dans l a  double hélice.  Il en r é s u l t e r a i t  

l ' exis tence d'un moment dipolai re  élevé au se in  de l a  macromolécule, i n t ro -  

duisant une perturbation suffisamment importante dans La charne pour être 

facilement reconnue par l a  S L'adduit en C8 pour ra i t  avoir  un rôle  s i m i -  
1 ' 

l a i r e  puisque, comme nous l 'avons calculé à p a r t i r  du poly(dG-dC).poly(dG-dC) 

modi f ié I les  contraintes d 'or ienta t ion du cancérogène dans 1 ' m N  sont voisines 

pour l e s  deux adduits. 



Dans une étude de s e n s i b i l i t é  à l a  nucléase Si il e s t  impor- 

t a n t  de s ' a ssurer  que les ADN modifiés ne possèdent pas,& l 'avance, de cas- 

sure de chaînes qui pourrai t  fausser les résu l ta t s .  C ' e s t  dans ce bu t  que 

t r o i s  échant i l lons  d'ADN ont  é t é  é tudiés  en gradient de sucrose a l ca l i n ,  

donc dénaturant. Les r é s u l t a t s  nous ont indiqué que les ADN modifiés p a r  

llkc-4E3AQO e t  l e  diAc-4HAQO sont t r è s  proches de l ' A D N  témoin. S i  l e s  f a i -  

bles var ia t ions  observées avaient cependant une s ign i f ica t ion ,  e l l e s  pour- 

ra ien t  ê t r e  a t t r ibuées  à l a  présence de quelques sites apuriniques s u r  l'Am, 

dans l a  solut ion à pH neutre,  qu i  s e  se ra ien t  transfomies en cassures simple 

b r in  dans le milieu t r è s  a l ca l i n  du gradient. Cette hypothèse est à rappro- 

cher de l 'observation des chercheurs d'une équipe japonaise q u i  suggèrent 

l 'exis tence h2 u ~ u 0  de s i t e s  apuriniques (IKENAGA e t  a l . ,  1981a ; 1981b ; 

ANDOH e t  IDE, 1972). Il semblerait,  d'après l e s  travaux de KRIEK e t  SPELT 

(1979) que les s i t e s  apuriniques eux-mêmes pourraient s t r e  reconnus pa r  l a  S 
1' 

comme dans l e  cas  de l ' A D N  modifié par  l'Al?. 

Nous pouvons a i n s i  conclure que c ' e s t  principalement la  f i -  

xation de l a  quinoléine sur  l a  macromolécule qu i  crée ce t t e  importante dis- 

tors ion dans l 'Ai>N,  probablement assimilable 2 une zone dénaturée, reconnue 

e t  excisée par l a  S 
1 ' 

C e  t r a v a i l  a f a i t  l ' o b j e t  d'une publication (publication no 9) qui  s e r a  in- 

sérée  dans ce chapitre,  p. 188. 

"In v i t r o  enzymatic recognition of DNA modified by 0,O'-diacetyl o r  O-acetyl 

derivatives of the  carcinogen 4-hydroxyaminoquinoline 1-oxide". 

Carc.inogenesis , 1 982. 

2) La reconnaissance enzyma t ique~a r  des e x t r a i t s  c e l l u l a i r e s  de ~~&YLo- =============--======-====-==--==================================== 

Cette étude préliminaire effectuée en collaboration avec 

J. LAVAL a é t é  entrepr ise  pour essayer de comprendre les r é s u l t a t s  des tra- 

vaux de REGAN e t  SETLOW, sur  l a  réparation. Ils ont  montré que l e s  l és ions  

indui tes  par l e  4NQO é t a i e n t  réparées selon deux mécanismes d 'excision, dont 

ce lu i  impliqué dans l a  réparation des lés ions  indui tes  par  l e s  agents alky- 

l a n t s  e t  l e s  rayons X (REGAN e t  SETLOW, 1974) . 
Les  mécanismes d'excision des lés ions  indui tes  par  l es  agents 

a lkylants  ont été t r è s  bien étudiés pa r  plusieurs  équipes dont c e l l e  de 



Jacques LAVAL, C e s  auteurs ont  pu montrer que ces lés ions  é t a i e n t  réparées 

par un mécanisme impliquant t ou t  d'abord l ' exc i s ion  de l a  base modifiée (et 

non c e l l e  du nucléotide modifié comme dans l e  cas des U.V.). Deux enzymes 

effectuent  c e t t e  étape : une ADN-glycosylase, qu i  coupe l a  base modifiée, 

entra înant  l a  formation de sites apuriniques ; puis une endonucléase spéci- 

f ique des sites apuriniques (AP-endonucléase) qu i  inc i se  l a  charne d'ADN 

au niveau de ce s i t e  apurinique (LAVAI;, 1978 ; PIERRE & LAVAL, 1980a e t  b) .  

C ' e s t  Jacques LAVAL qui  a ,  l e  premier, i s o l é  e t  pu r i f i é  du Microcoque l e s  

deux types d'enzymes (LAVAL, 1977). Au moment où nous avons f a i t  c e t t e  étude 

e t  encore actuellement, ces mécanismes n 'avaient pas é t é  m i s  en évidence 

dans l e  cas des cancérogènes chimiques polyaromatiques, qu i  sont  en général  

réparés par  un mécanisme analogue à ce lu i  impliqué dans le cas  des U.V. 

(REGAN e t  SETLOW, 1974). Puisque dans l e  cas du 4NQ0, il e x i s t e  un mécanisme 

assimilable à ce lu i  impliqué dans l e  cas des a lkylants ,  une question se pose : 

une f ract ion des adduits-NQO sera ien t - i l s  réparés par  excision de base ? 

U n  ensemble d 'autres f a i t s  peut ê t r e  rapproché de l'observa- 

t i on  de REGAN e t  SETLOW,en pa r t i cu l i e r  l ' éventuel le  existence d'un addui t  s u r  

l a  guanine, ins tab le ,  s e  dégradant spontanément pour conduire h'l vLv0 à des 

sites apuriniques (IKENAGA e t  a l . ,  1981a). La présence de ces  s i t e s  apurini-  

ques indiquerai t  donc q u ' i l  y a eu excision de bases modifiées. Nous avons 

évoqué ce phénomène dans l e  paragraphe précédent. S ' i l  e s t  possible,  comme 

nous en avons émis l'hypothèse, que quelques s i t e s  apuriniques a ien t  é t é  

créés spontanément su r  l ' A D N  modifié & v&0, il d o i t  e x i s t e r  une f rac t ion  

d 'adduits  qui peut ê t r e  reconnue par  une enzyme capable d 'effectuer  ce pro- 

cessus d'excision de base. 

L'action d 'une ADN-glycosylase su r  un tel  ADN d o i t  donc pou- 

vo i r  ê t r e  mise en évidence. C'est dans ce but  que nous avons incubé l 'ADN 

modifié par  l'Ac-4HAQO avec l ' e x t r a i t  c e l l u l a i r e  de Microcoque , dans l e s  

conditions optimales d 'act ion de l 'ADN glycosylase. Nous avons en e f f e t  mis 

en évidence une excision qu i  pourrai t  ê t r e  une excision de base, mais maïheu- 

reusement l 'analyse f ine  des produits  n ' a  pu ê t r e  effectuée,  

Plusieurs auteurs ont observé des dépurinations de l a  guanine 

modifiée dans l e  cas d'amines aromatiques comme 1'AAF' e t  le 4-aminoazobenzène 



(TARPLEY e t  a l . ,  1982) e t  dans l e  cas du benzo(a)pyrène (* KING e t  a l . ,  1979) * 
e t  de l ' a f l a tox ine  B ( WANG e t  CERUTTI, 1980). Dans tous ces cas, le can- 1 
cérogène s e  t rouva i t  f i xé  su r  l e  N7 de l a  guanine. 

S i  ces observations préliminaires que nous avons f a i t e s  avec 

Jacques LAVAL venaient à ê t r e  confirmées à l ' aven i r ,  ceci  pourrai t  s i g n i f i e r  

que l e  4NQO i ndu i r a i t ,  l u i  auss i ,  une lésion mineure su r  l e  N7 de l a  guanine, 
6 

ou s u r  l e  O ou sur un au t re  atome de ce t t e  base. Cette lésion correspondrait 

à l ' un  des p i c s  mineurs que nous n'avons pu i d e n t i f i e r  dans les hydrolysats 

d'ADN e t  pour ra i t  aussi  expliquer, comme l e  proposent les Japonais, l a  for- 

mation du 4AQ0 e t  l e s  r é s u l t a t s  de REGAN e t  SETLOW. 

C e t t e  étude préliminaire e s t  décr i te  dans l a  publication no  9, 

que nous avons reproduite ci-après. 

+ KïNG,  H.W.S., OSBORNE, M.R. & BROOKES, P. (1979) The i n  v i t r o  and i n  vivo 
7 

reaction a t  t he  N -position of guanine of the  ult imate carcinogen derived 

from benzo(a)pyrene. Chem. Biol. Interact . ,  24 : 345-353. 

+ WANG, T.V. & CERUTTI, P. (1980) Spontaneous reactions of af la toxin B modi- 
1 

f i ed  deoxyribonucleic acid i n  v i t ro .  Biochemistry, 13 : 1692-1698, 
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Purified DNA was modified in vifro by 3H-labelled O-acetyl 
or 0,O'-diacetyl-4-hydroxyaminoquinoline-1-oxide (Ac- 
4HAQO or diAc-4HAQO). It was then subjected to the ac- 
tion of the single-stranded DNA specific nuclease Sl and the 
digested fractions were analysed. For both types of modified 
DNA, the release of non-modified nucleotides was faster than 
the release of modified nucleotides. This result is at variance 
with that obtained with acetoxy-acetylaminofluorene- 
modified DNA: in the latter case, the modified nucleotides 
were preferentially released. The results suggest that the SI en- 
donuclease can recognize different conformational changes in 
DNA, which depend on the carcinogen used. The enzymatic 
activity (or activities) present in Micrococcus luteus cell ex- 
tracts released ethanol-soluble products from Ac-4HAQO 
modified DNA. 

Introduction 
Most chemical carcinogens and/or their metabolites are 

highly reactive electrophiles, which bind covalently to the 
cellular DNA and other macromolecules (1). 4-Nitroquino- 
line-1-oxide (4NQO)* is a potent carcinogen, and some of its 
biological properties, as well as preliminary findings on its 
mode of action, have been reported (for reviews see 2,3). It 
has been shown that the O,O1-diacetyl-4- 
hydroxyaminoquinoline-1-oxide (diAc4HAQO) binds co- 
valently to DNA, RNA and proteins in vitro (4). We have 
shown that DNA modified in vivo by the proximate car- 
cinogen 4-hydroxyaminoquinoline-1-oxide (4HAQO) (5) and 
purified DNA treated in vitro by diAc-4HAQO have the 
same emission fluorescence spectrum (6). This finding sug- 
gests that diAc-4HAQO may be found in vivo and, if so, 
could be one of the ultimate metabolites of 
4NQO. An analysis of the modified nucleotides has shown 
that five adducts were formed, one of them being the 
N(deoxy-guanosine-Ce-yl)-4-aminoquinoline-I-oxide (dG III) 
(7). This adduct was also found in DNA extracted from cells 
treated with 4HAQO (7). We have, on the other hand, shown 
that a monoacetyl derivative of 4HAQ0, the O-acetyl-4- 

'To \r.hom al1 correspondence should be addretted at 1.A 147 CNRS niid 
C.140 INSERM. Institut Gustave Roussy, 16 bis, Avenue Paul-Vaillant- 
Couturier, 94800 Villejuif, France. 

'Abbreviaiions: 4NQ0, 4-nitroquinoline-1-oxide; diAcdHAQ0, 0.0'- 
diacetyl4hydrosyaminoquinoline-I-oxide; 4HAQO. 4-hydrosyaniino- 
quinoline-1-ouide; Ac-~HAQO, O-acetyl-4-hydroxyaniinoquinoline-l- 
oside; AAAF. N-aceiosy-N-2-aceiylaminofluorene. 

hydroxyaminoquinoline-1-oxide (Ac-4HAQO) interacts with 
nucleosides, giving rise to the same adducts as diAc-4HAQO 
(7). It interacts also with purified DNA in vitro, with a much 
better efficiency than the diacetyl derivative (unpublished 
results). 

In both cases, diAc-4HAQO and Ac-4HAQP, the covalent 
binding of the quinoline moiety to DNA induced a 
destabilization of the double helix, as indicated by the melting 
temperatures of the modified DNA (8). One of the aims of 
this work has, therefore, been the recognition of 4 N Q 0  ad- 
ducts by the single-stranded DNA specific endonuclease SI. It 
has previously been shown, using DNA modified by another 
chemical carcinogen N-acetoxy-N-2-acetyl-aminofluorene 
(AAAF) that local denaturation can be recognized by SI  en- 
donuclease (9,lO). 

A second enzymatic recognition of 4 N Q 0  adducts could be 
provided by enzymes involved in DNA repair. It has been 
shown that the removal of such NQO adducts could be per- 
formed by nucleotide excision since bacterial mutants with a 
defective U.V. repair system as well as xeroderma pigmen- 
tosum cells, were also defective in 4 N Q 0  repair (1 1,12). 
Regan and Setlow (13) have shown that 4NQ0 is repaired by 
two mechanisms, a "long patch repair" mechanism 
characteristic of U.V. lesions and a "short patch repair" 
mechanism which occurs after X-ray irradiation and treat- 
ment with drugs such as alkylating agents. The latter case in- 
volves excision of the modified bases by a DNA glycosylase 
(14,lS). 

Since the modifications of DNA by 4HAQO derivatives 
seem to be essentially the same in vivo and in vitro, we have 
studied in vitro the recognition of 4 N Q 0  adducts in DNA by 
Sl endonuclease and by Micrococcus luteus extracts. 

We find that the two enzymatic systems are able to 
recognize the lesions and liberate part of the 4 N Q 0  adducts 
from double-stranded DNA. 

Materials and Methods 

Al1 chemicals were reagent grade. The carcinogen 4NQ0 was obtained 
from Fluka. Its derivative diAc-4HAQO was synthesized from 4HAQO (4) as 
previously described (16). Ac-4HAQO was prepared from diAc-4HAQO (7). 
The 4N[2-'HIQO was obtained from Amersham (specific activity 941 
mCi/nmol). D~AC-~MA[~-~HIQO and AC-4HA12-3H]Q0 were prepared as 
described for the unlabelled compounds; they had the same specific activity: 
18.41 mCi&mol. S, endonuclease was prepared according to Vogt (17) and 
was a gift from Dr.M.Guerineau. The M. luleur extracts were prepared as 
described by Laval, et al  (18). 

DNA prepamtion 
Native DNA was obtained from chicken erythrocytes. It had the following 

characteristics: S020,r, 22 S; hyperchromicity at 260 nm. 41%; melting 
temperature (in 0.1 M NaCI), 87°C. It was a gift from Pr. M.P.Daune. 

Denatured DNA was prepared just before each expriment by heating for 
10 min in a boiling water bath. then chilling in an ice bath. 

Preparalion of 1~1odified DNAs 
The reaction of ~ ~ A C - ~ H A [ ~ - ~ H ] Q O  with DNA was carried out as 

previously described (6,8). The diAc4HAQO-modified DNA contained 
0.75070 of modified bases and its.specific activity was 115 d.p.m./nmol. 

Ac-4HAQO-modified DNA was prepared as described for the diAc-4- 
HAQO derivative, but AC-~HA[Z-'H]QO was dissolved in dimethylsulphox- 
ide and incubated with DNA for 15 min. The preparation of Ac-4HAQO 

Z IRL Press Lid., Oxford, England. 0143-3334/82/0304-0435 $2.00/0 
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TA, 4 mM magnesium chloride and 5 mM dithiothreitol (final pH 7.5). The 
mivture was incubated at 37°C for 20 min, chilled to O°C and the DNA was 
precipitated as descnbed for the Si enzyme assay. The ethanol in the super- 
natants was removed by evaporation under a Stream of nitrogen and the 
residual supernatants were analyzed by Biogel P2 chromatography. 

modified DNA contained 2.2% of modified bases and its specific aaivity was 
840 d.p.m./nmol. 10 

The AAAF-modified DNA was a gift from Dr.R.P.P.Fuchs. II contained 
1.43% modified bases and its specific activity was 5456 d.p.m./nmol. 90 

Kittetics of SI hydrolyssis 
Sl enzymatic hydrolysis was performed as described by Vogt (17). The stan- - 80.1 dard incubation motture (1.91 ml) contained the various DNA (75.6 nmol of 

monoacetyl-modified DNA, or 67.6 nmol of diacetyl modified DNA. or 78.1 2 70  
nmol of untreated native DNA, or 78.1 nmol of untreated denatured DNA) O 
and the enzyme (0.9 unit of Si nuclease) in 0.03 M sodium acetate. 0.05 M W .  

sodium chloride, 0.001 M zinc acetate, 5% glycerol, final pH 4.7. The * 60- 
hydrolysis was performed at 37'C; 180j1l aliquots were removed after increas- 

Q: 
W 

ing lengths of time and poured over 2004 of a chilled solution containing 0.2 -> 
w 50. 

mg/ml of calf thymus DNA (Choay, Paris) and 2 mgiml of bovine serum tx 

Cltro»raiography on Biogel PZ column of the erhanokolrible products 
liberaced by M. I~itets e.vfracfs 

Chromatography on Biogel PZ (minus 400 mesh) was performed using a 
column (0.6 x 58 cm) equilibratcd with 0.002 M sodium citrate (pH 7.0). The 
flou rate was 5 ml/h, fractions of 1.0 ml were collected and the radioactivity 
measured. The column was calibrated with deoxyadenosine 5' 
monophosphate, deosyguanosine 5' monophosphate, deoxyadenosine and 
deoxyguanosine. 

' ,/A-& A- 

[ 
~1~~~ tm-m-=2 
, .O 

0 ,  
w 

j '  
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Results and Discussion 

albumin (Boehringer, FRG). The mixtures were kept at O°C for 5 min, then 
800 pl of precooled (- 20°C) ethanol were added. After an additional 5 min at 
0°C. the precipitates were removed by centrifuging at 12 500g for 10 min at 
0°C. The optical density of the supernatants at 260 nm were measured, and 
the radioactivity aas  evaluated on aliquots of the fractions. The percentage of 
DNA digestion uas calculated from the AI,, released in the supernatants. 
assuming that a 70010 hyperchromicity was associated with hydrolysis (10). 

Preparation and a m y  of M. lureus extracts 
The cells were grown and the extracts prepared as previously described (1 8). 

The enzymatic activites of the M. luteusextracts were evaluated by measuring 
the release of ethanol-soluble products from Ac-4HAI2-%]QO modified 
DNA. The assay mixture (100 pl) conta~ned 41.7 nmol of DNA, 5 ,II of M. 
luteus extract at 28 mg/ml in 20 mM potassium phosphate buffer, 2 mM ED- TlME [ m i n )  

Kinerics of hydrolysis of Ac-4HA[2-'H]QO and DiAc-4- 
HA[2-)H]QO niodvied DNA by SI endonuclease 

The kinetics of hydrolysis of Ac-4HA[2-'H]QO modified 
native DNA by S,  nuclease is represented in Figure 1. The 
release of total ethanol-soluble rnaterial increased with the 
time of incubation and was intermediate between those ob- 
tained with unmodified double-stranded and single-stranded 
DNAs. The liberation of the total ethanol-soluble products 
from modified DNA reached - 50% of the total DNA after 
180 min. The liberation of ethanol-soluble tritiated products 
(NQO-rnodified nucleotides) increased less rapidly with tirne 
and reached only 30% of the total radioactivity in 180 min. 

Under our experimental conditions, 2% of the nucleotides 
were modified by the radioactive carcinogen. Therefore the 
contribution of radioactive-rnodified nucleotides was, at the 
most, 2% of the total ethanol-soluble material as rneasured 
by optical density. Figure 1 also shows that the release of 
ethanol-soluble radioactivity was not due to  spontaneous 
liberation during incubation, since incubation at 37°C 
without enzyme did not liberate any detectable radioactivity. 
The results obtained with the sarne rnodified DNA but after 
heat denaturation are shown in the insert of Figure 1.  Under 
these conditions, the total nucleotides were released with the 
same kinetics as observed in the case of unrnodified DNA. 
However, it should be ernphasized that, if the initial release of 
radioactive ethanol-soluble material followed the sarne 
kinetics as that of the total nucleotides, it levelled off after 

Fig. 1. Kietics of hydrolysis of native, A C - ~ H A [ ~ - ~ H ] Q O  modified DNA 
by Si endonudeases. Ac-4HAI2-1HlQO modified DNA (2.2% modified 
bases) was incubated with S, nuclease for the indicated periods of time. Ttie 
released ethanol-soluble nucleotides (A,,,,) and [2-3H]NQû derivatives were 
measured as described in Materials and Melhods. As control, the aaivity of Si 
nuclease was optically measured on native and denatured unmodified DNA. 
a, A,, released by Si nuclease from A C - ~ H A [ ~ - ~ H ] Q O  modified DNA; ., 13H]NQ0 derivatives released from the same DNA; +, spontaneous 
release of ['HJNQO derivatives after incubation without Sl nuclease; G, 
A,, material released from native unmodified DNA; A, A- material 
released from the same DNA heat-denatured before incubation with Si  
nuclease. Inserr: Kinetics of hydrolysis of heat-denatured, A C - ~ H A [ ~ - ~ H ] Q O  
modified DNA by Si nuclease. The DNAs (modified or not) used in the above 
experiment were heat-denatured before their hydrolysis by S, nuclease. @, 

A,,,, material released by Si nuclease from heat-denatured, Ac-4HAI2- 
3H]QO-modified DNA; , radioactive derivatives released under the same 
conditions: A, A,,, material released from heat-denatured, unmodified 
DNA. 

60% of the total radioactivity was released. 
A sirnilar digestion profile was obtained in the case of 

diA~-4HA[2-~H]QO-rnodified native DNA, as shown in 
Figure 2. In both cases (Le., for Ac-4HAQO or for diAc-4- 
HAQO-rnodified DNAs) the change in sensitivity of the 
rnodified DNAs to SI nuclease means that the NQO 
nucleotide adducts (or part of them) induced a local 
denaturation of the double-stranded DNA helix. In the case 
of the mono- or diacetyl derivatives, the release of total 
nucleotides (as rnonitored by optical density) was faster than 
the release of rnodified nucleotides (as followed by radioac- 
tivity). In both cases the kinetics were sirnilar, and this is in 
good agreement with the previous findings that both at the 
nucleoside and DNA levels, the identified adducts were the 
same (7, and unpublished results). Frorn the data obtained 
with denatured modified DNA (Figure 1 insert) it is clear that 
the enzyme selectively and rapidly excised sorne adduct(s) 
which account for -60% of the total rnodified bases. The re- 
maining rnodified bases becarne ethanol-soliible at - 1% of 
the initial rates. Here again the kinetics are similar with AC- 
and diAc-4HAQO-rnodified DNAs. 

Under our conditions, the length of oligonucleotides re- 
rnaining ethanol-precipitable is estirnated to be at  least 10 
nucleotides long (20). The eventual presence of modified 
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180 
TlME (min) 

Fig. 2. Kinetics of hydrolysis of native. diAc-4HA[2-W]QO-modified DNA 
by S, endonuclease. Dic-4HA[2-'H)Qû modified DNA (0.75% modified 
DNA bases) was incubated with S, nuclease as described in Figure 1. The sym- 
bols are the same as in Figure 1 except 8 which represents in this figure the 
radioactivity released from diAc-4HA[Z3H1w-modified DNA. Inwrr: 
Kinetics of hydrolysis of denatured, diAc-4HA[2-%]QO modified DNA by 
SI nuclease. The conditions and symbols are the same as in Figure 1. 

TlME (min) 

Fig. 3. Kinetics of hydrolysis of native, AAAF-modified DNA by S, 
nuclease. AAAF-rnodified DNA (1.43% modified bases; 8800 c.p.m./pg) was 
rreared with S, endonuclease as described in Matenalsand Meihods for NQO- 
modified DNA. 0 ,  O.D.m,,,; A, radioacrivity. 

mononucleotides in the supernatant fractions was checked by 
chromatographic analysis. An aliquot of the solutions of Ac- 
or diAc-4HAQO-rnodified DNA was hydrolysed for 180 min 
(Figures 1 and 2) and analysed on Biogel P2. This 
chromatographic system separates nucleotides, nucleosides, . 
pyrimidines, and purine bases (18.19). The radioactivity pro- 
files were essentially the same, whether the samples were or 
Lvere not treated with batterial alkaline phosphatase (data not 
shown). 

Using AAAF-modified DNA, Fuchs (9) and Yamasaki, et 
al. (10) found that, when S, nuclease was challenged with 
DNA-AAAF, the carcinogen-modified nucleotides were ex- 
cised somewhat more rapidly (9) than the nonmodified 
nucleotides. Since in his experiments, Fuchs used a DNA con- 
taining 5% modified bases, carried out the enzymatic 
hydrolysis at 45°C and rneasured the acid precipitable oligo- 
nucleotides, it seemed important to  repeat this experiment 
under our experimental conditions. We used an AAAF-DNA 
containing 1.43% modified bases. Our results (Figure 3) are 
in agreement with those of Fuchs: they show a small preferen- 
tial release of rnodified nucleotides. Therefore the difference 
in activity of S, endonuclease on Ac-, diAc-4HAQ0, and 
AAAF-rnodified DNAs is not due to the different number of 

Fraction number 

Fi. 4. Chromatographii analysis by Biogel PZ of the ethanol-soluble 
material released from A~-4HA(2-~HlQO-rncdified DNA by a M. lufeus ex- 
tract. For details see Materials and Methods. 

modified bases, nor to the incubation temperature, nor to the 
mode of precipitation of the oligonucleotides. This result 
rather suggests that the behavior of the SI endonuclease 
depends on the modifications imposed by the different bulky 
carcinogens. In the case of 4NQ0, the fact that non-modified 
nucleotides are Re( removed preferentially could be explained 
by a specific configuration of the DNA macromolecules due 
to a particular structure of the rnodified nucleotides. It should 
be recalled that the melting temperature depression value for 
1% modified bases is of 1.4OC for diAc-4-HAQO-modified 
DNA (8) and 1.15"C for AAAF-modified DNA (21,22). The 
possibility also exists that nucleotides bearing certain types of 
adducts exhibit low affinity for the enzyme. Our results imply 
that the enzyme recognizes less efficiently regions bearing cer- 
tain types of modified nucleotides than non modified regions. 
This could be explained by a steric hindrance due to some 
types of lesions, or to the presence of clusters of adducts if the 
covalent binding of the carcinogen is a cooperative 
phenomenon. 
Enzymatic release of ethanol-soluble products from Ac- 
4HA[2-3HlQ0 modified DNA by exfracts of M. luteus 

As shown in Figure 4, crude extracts of M. luteus liberated 
ethanol-soluble products from Ac-4HAQO-modified DNA. 
When the extract was omitted, no radioactivity was released 
(Figure 1 and data not shown). The first and major peaks 
comigrated with dAMP and represented nucleotides and/or 
oligonucleotides (19). It was not possible to identify the four 
other peaks, since the structure of al1 the adducts is, as yet, 
not known. The elution volume of the peaks suggests that 
they represent modified bases (18,19). However, it cannot be 
excluded, though it seems unlikely, that the bulky substituted 
base modified the elution volume compared to the un- 
modified base. 

In conclusion, we have shown that the DNA lesions due to 
4NQO may be recognized in vitro by two enzymatic systerns. 
It suggests that lesions created by bulky carcinogens may be 
recognized by speci fic enzymatic systerns (23,24). 



S.Cdiue, el al. ., - - 191 - 
Acknowledgemenîs Relation IO deoxyribonucleic acid structure and conformation and effects on 

transfectional activity. Biochemislry (Wesh.), 18, 5128-5134. 
We wish Io thank Pr.G.Biserte for heln and valuable discussions. This work 
was supported bygrants from INSERM No.79.5.172.3A and ATP 77.79.109. 

Referenees 
1. Mi1ler.J.A. (1970). Carcinogenesis by chemicals: An overview, 
G.H.A.Clowa Manorial Lecture, Cancer Res.. JO, 559-576. 
2. End0.H.. 0no.T.. and Sugimura,T. (1971). Chemistry and biological ac- 
tions of 4-nitroquinoline 1-oxide, Recenr Resulls Cancer Res., 34, 1-99. 
3. Naga0.M.. and Sugimura,T. (1976). Molecular biology of the car- 
cinogen, 4-nitroquinoline 1-oxide, Adv. Cancer Res., 23. 132-169. 
4. Enomoto.M., Sato,K., Mil1er.E.C.. and Mil1er.J.A. (196% Reactivity of 
the diacetyl derivative of the carcinogen 4-hydroxyaminoquinoline-1-oxide 
with DNA, RNA and other nucleophiles, Life Sci., 17, 1025-1032. part II .  
5. Sugimura,T., 0kabe.K.. and Nagao,M. (1%6), 111. An enzyme catalyz- 
ing the conversion of 4-nitroquinoline-1-oxide IO 4-hydroxyaminoquinoline-l- 
oxide in rat liver and hepatomas, Cancer Res.. 26, 1717-1721. 
6. Ga1iégue.S.. Bailleu1.B.. and Loucheux-Lefebvre,M.H. (1980). Reactivity 
of the 0.0'-diacetyl derivative of the carcinogen 4-hydroxyaminoquinoline-I- 
oxide with DNA. Comparison with in vivo reacted DNA, Eur. J. Cancer, 16, 
1283-1287. 
7. Bailleul,B., Ga1iègue.S.. and Loucheux-Lefebvre,M.H. (1981). Adducts 
from the reaction of 0.0'-diacetyl or O-acetyl derivatives of the carcinogen 
Chydroxyaminoquinoline-1-oxide with purine nwlmside, Cmcer Ra. ,  41, 
4559-4565. 
8. Ga1iégue.S.. Lecocq,G., and Loucheux-Lefebvre.M.H. (1980). In vitro 
DNA reaction with a carcinogen. the 0,O'-diacetyl-4-hydroxyaminoquino- 
line-1-oxide. Changes of stability of inodified DNA, BiocltUn. Biophys. Acla, 
609, 383-391. 
9. Fuchs,R.P.P. (1975). In vitro recognition of carcinogen-induced local 
denaturation sites in native DNA by S, endonuclease from Aspergillus oryzoe, 
.Varure. 257. 151-152. 
10. Yamasaki.H., Pu1krabek.P.. Grundberger.0.. and Weinstein.1.B. 
(1977). Differential excision from DNA of the C-8 and N2 guanosine adducts 
of N-acetyl-2-aminofluorene by single strand-specific endonucleases, Cancer 
Res., 37563760. 
11. 1kenaga.M.. Ichikawa-Ryo.H.. and K0ndo.S. (1975). The major cause 
of inactivation and mutation by Cnitroquinoline 1-oxide in Escherichia coli: 
excisable 4 NQO-purine adducts. J.  Mol. Biol., 92. 341-354. 
12. Ikenaga,M., Takebe.H., and 1shii.Y. (1977). Excision repair of DNA 
base damage in human cells treated with the chemical carcinogen 4-nitro- 
quinoline-1-oxide, Muiar. Res., 43. 415-427. 
13. Regan.J.D.. and Set1ow.R.B. (1974). Two forms of repair in the DNA 
of human cells damaged by chemical carcinogens and mutageiis, Cancer Res., 
34, 3318-3325. 
11. Lava1.J. (1977). Tuo  enzymes are required for strand incision in repair 
of alkylated DNA, Nature (Lond.), 269, 829-832. 
15. Lava1.J.. and Laval,F. (1980). Enzymology of DNA repair, in 
Slontesano,R., Bansch.H. and T0rnatis.L. (4s.). Moleculor and Cellular 
.4specrs of Screeriing Tests. IARC. Lyon. France, 27, pp. 55-73. 
16. Kawazoe,Y., and Araki.M. (1%7), Studies on chemical carcinogens. V. 
0,O'-diacetyl-4-hydroxyaminoquinoline-1-oxide, Gann, 58, 485-487. 
17. Vogt,V.M. (1973). Purification and further properties of single-strand 
specific nuclease from Aspergillus oryzae, Eur. J. Bioche~ri., 33, 192-200. 
18. Lava1.J.. Pierre.J., and Lava1.F. (1981). Release of 7 methyl-guanine 
residues from alkylated DNA by extracts of Microcomis lu~eris and 
Escherichia coli, Proc. Narl. Arad. Sri. USA, 78, 852-855. 
19. Khym,J.X. (1974). Group separation of ribonucleotides, ribonucleo- 
sides, and purine and pyrimidine bases on polyacrylamide gel columns, Anal. 
Biochem., 58, 638-641. 
20. Cleaver,J.E., and Boyer,H.W. (1972). Solubility and dialysis limits of 
DNA oligonucleotides, Biochim. Biophys. Acta, 262. 116124. 
21. Fuchs,R.P.P., and Daune,M.P. (1973). Physical bases of chemical car- 
cinogenesis by N-2-fluorenylacetamide derivatives and analogs. FEBS Lerc.. 
34, 295-298. 
22. Fuchs,R.P.P., Lelevre,J.P., Pouyet,J., and Daune.M.P. (1976). Com- 
parative orientation of the fluorene residue in native DNA modified by 
Y-acetoxy-N-2-acetylaminofluorene and two 7-halogeno derivatives. 
Biochemis~ry (Wash.). 15, 3347-3351. 
23. Heflich,R.H., Dorney,D.J.. Maher,V.M., and McCormick,J.J. (1977). 
Reactive derivatives of benzo[a]pyrene and 7,12dimethylbenz[a]anthracene 
cause S, nuclease sensitive sites in DNA and "UV-like" repair, Biochern. 
Biophys. Res. Commun., 77,634641. 
24. Pulkrabek,P.. Leffler,S., Grunberger,D.. and Weinstein.1 .B. ( 1979). 
.\lodification of deoxyribonucleic acid by a diol epoxide of benzo[a]pyrene. 



d) Etude h2 v h h Y  de l a  méthylation enzymatique de l 'ADN modifié pu ......................... ---------- --- .................... -- 

Il ex i s t e  une r e l a t i on  en t r e  l a  méthylation de l 'ADN en  des 

sites spécifiques e t  l a  régulation des gènes chez l 'eucaryote. 

C e t t e  méthylation a l i e u  jus te  après l a  répl icat ion de l 'ADN. 

E l l e  e s t  effectuée par des néthyltransférases qui méthylent le C5 de l a  cyto- 

s i ne ,  principalement dans des séquences 5 ' -C -G-3 ' (voir  pour revue RIGGS 
P 

e t  JONES, 1983). 

Une école particulièrement b r i l l a n t e  dans ce domaine est c e l l e  

de Walter DOERFLER qu i  a sur tout  t r a v a i l l é  s u r  l e s  génomes de petite t a i l l e  

que sont ceux des vi rus ,  en pa r t i cu l i e r  l e s  adénovirus. Ses travaux on t  per- 

mis de montrer que l'hypométhylation d'un gène e t  plus  précisément dans ses  

régions de contrôle peut conduire à son expression (VARDIMON e t  a l . ,  1982 ; 

KRUCZEK e t  DOERFLER, 1983 ; LANGNER et a l . ,  1984). La dernière revue publiée 

par  c e t t e  équipe en 1984 est particulièrement bien documentée (DOERFLER e t  

a l . ,  1984). 

L'influence des cancérogènes chimiques sur  la réaction de 

méthylation de l ' A D N  a é t é  très étudiée (voir  pour revues, WILSON e t  JONES, 

1983 ; BOEHM e t  DRAHOVSKY, 1988 . Dans l a  majorité des cas, on observe une 

hypométhylation des Ws modifiés par  l e s  cancérogènes. 
* f i 

Les  agents a lkylants  comme le MNU , l e  DMS e t  l e  MNNG inhi-  

bent l a  réaction de méthylation, en modifiant s o i t  l'enzyme, s o i t  l e  subs t r a t  

d'ADN (BOEHM e t  a l . ,  1981a e t  b ; COX, 1980 ; PFOHL-LEZKOWICZ e t  a l . ,  1983a). 

Par exemple, le MNNG vient  s e  f i x e r  su r  le si te a c t i f  de l'enzyme. 

Des canc6rogènes organiques p lus  encombrants, comme l e  benzo(a) 

pyrène e t  l'AAF, auraient ,  en s e  f ixan t  sur l 'ADN,  une action de blocage de 

1 'enzyme (WILSON e t  JONES, 1 983) . Le cas de 1 ' AAF a é t é  é tudié  par 1 'équipe 

du Professeur DIRHEIMER, à Strasbourg. Ces auteurs on t  examiné l ' inf luence 

des lés ions  indui tes  par  1 'AAF s u r  l a  réact ion de méthylation de l 'ADN modifié 

I MNU : méthylnitrosourée 

DMS : diméthylsulfate 

MNNG : N-méthyl-Na-nitro-N-nitrosoguanidine 



.in v b  (SATaS e t  a l . ,  1978 ; PFOHL-LES-ICZ e t  a l . ,  1981 ) . Ils on t  ob- 

servé une hypométhylation, associée à une augmentation de l ' a f f i n i t é  de 

l'enzyme pour l e  subs t r a t  d'ADN modifié ; ils ont  proposé pour l eurs  résul-  

tats l ' expl icat ion suivante : l a  f ixa t ion  de l a  méthyltransférase s u r  le  

subs t r a t  d'ADN s e r a i t  i r r&vers ib le ,  l'enzyme s e  trouvant bloquée au niveau 

des lés ions ,  e t  ne pouvant plus  s e  détacher de son subs t r a t  (PFOHL-LESWCOWICZ 

e t  a l . ,  1981). 

Nous avons voulu savoir  quel le  é t a i t  l ' inf luence des lés ions  

du 4NQO s u r  l a  méthylation de l ' A D N  h 2  V ~ O .  Pour cela,  nous avons en t r ep r i s ,  

en collaboration avec Mme Annie LESZKOWICZ de l 'équipe du Pr.  DIRHEIMER, 

l ' é tude de l a  méthylation d 'échantillons d'ADN modifié par  1 'Ac-4HAQO. Nous 

avons u t i l i s é  une (cytosine-5-) méthyltransférase de cerveau de Veau e x t r a i t e  

e t  pu r i f i ée  par  Mme LESZKOWICZ (PFOHL-LESZKOWICZ et al . ,  1981). Les r é s u l t a t s  

obtenus ont é t é  l e s  suivants : l a  v i tesse  i n i t i a l e  de l a  réaction e t  le  pour- 

centage de méthylation de l 'ADN modifié sont  augmentés par  rapport à 1 'ADN 

témoin, tandis  que l ' a f f i n i t é  de l 'ADN modifié pour l'enzyme décrozt en fonc- 

t i on  du pourcentage de modification de l a  macromolécule. 

L'hyperméthylation observée s e r a i t  due à une augmentation de 

l a  v i t e s se  maximale de méthylation qu i  e s t  a lo r s  plus rapide que l a  diminu- 

t i o n  d' a f f i n i t é  du subs t r a t  d'ADN pour 1 'enzyme. La méthyltransférase méthy- 

l e r a i t  plus v i t e  son subs t ra t ,  en s 'a t tachant  moins fortement à l 'ADN. I l  a 

été suggéré une "marche" de l'enzyme l e  long de l a  chafne d'ADN, rendue pas- 

sible grâce à l ' induct ion,  par l a  quinoléine, d'une s t ruc ture  t e r t i a i r e  par- 

t i cu l i è r e .  

C e s  r é s u l t a t s  sont  totalement opposés à ceux obtenus p a r  c e t t e  

même équipe dans l e  cas, de l'ADN modifié par 1'AAF'. Ceci n 'a r i en  de t r o p  

surprenant, puisque l e s  deux cancérogènes son t  reconnus de façon d i f fé ren te  

par  l'endonucléase S (publication no 9) e t  induisent des modifications s t ruc-  
1 

t u r a l e s  d i f fé ren tes ,  en p a r t i c u l i e r  au niveau de l a  t r ans i t i on  B --a Z 

(BAILLEUL e t  a l , ,  1984). L'équipe du Professeur DIRHEIMER a cependant obtenu 

un r é s u l t a t  s imi la i re  à ce lu i  du 4NQO dans l e  cas de l ' A D N  modifié par l'AI?. 

Une comparaison intéressante  a a l o r s  pu é t r e  f a i t e  avec l'ADN-AAF (PFOHL- 

LESZKOWICZ e t  al., 1984) . 

En conclusion, les r é s u l t a t s  assez originaux qu i  ont é t é  ob- 

tenus dans le cas du 4NQO semblent const i tuer  une première approche d'un 

phénomène peut-étre important. Cette hyperméthylation de l 'ADN modifié devra i t  



être testée hl v i v o ,  le 4NQO semblant un modèle intéressant pour faire cette 

étude, 

Ce travail est décrit dans la publication no 10 : 

"Enzymatic methylaeion of DNA and poly(dG-dC) .poly(dG-dC) modified by 

4-acetoxyaminoquinoline 1-oxide, the ultimate carcinogen of 4-nitroquinoline 

1-oxide " . 
FEBS Letters, 1983. 
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Both the initial velocity and the overall methylation of Ac-4HAQO modified DNA by a calf brain DNA 
(cytosine-5-)-methyltransferase are increased as compared to native DNA. The affinity of the modified 
DNA for the enzyme decreases as a function of the extent of the modification. Heat-denatured, single- 
stranded DNA shows exactly the opposite results: the more it is modified, the less it is methylated. The 
poly(dG-dC).poly(dG-dC) modified by 4NQ0 is as well methylated as the non-modified one. The 
carcinogen may induce a tertiary structure favouring the 'walking' of the enzyme along the DNA. The 
hypermethylation caused by this carcinogen could have a significance in gene activity and cellular 

differentiation. 

DNAmethyIation 4-Nitroquinoline-1-oxide DNA(cytosine-5-)-methyltransferase Brain 
Poly(dG-dC) . poly(dC-dC) Chemical carcinogen 

1. INTRODUCTION ultirnate carcinogen for the in vitro study of car- 
cinogenesis by 4 N Q 0  [5]. The  reaction between the 

4-Nitroquinoline-1-oxide (4NQO) is a potent purine nucleosides and Ac-4HAQO yields 5 ad- 
carcinogen (reviews [1,2]). The o,o'-diacetyl-4- ducts, of which only one is well characterized: N- 
hydroxyaminoquinoline-I-oxide (diAc-4HAQO) (deoxyguanosine- c8- yl) 4- arninoquinoline- 1 - ox- 
reacts covalently with DNA [3,4]. The  rnonoacetyl ide [6]. This adduct is recovered frorn the sub- 
derivative, 4-acetoxyarninoquinoline-1-oxide (Ac- stituted DNA in vivo [6] and  in vitro 151. The  
4HAQO), constitutes a very attractive rnodel of covalent binding of the quinoline rnoiety to  D N A  

induces a destabilization of the double helix [4,5]. 

Abbreviations: 4NQ0, 4-nitroquinoline-1-oxide; 
4HAQO. 4-hydroxyaminoquinoline-1-oxide; SAM, S- 
adenosyl-L-methionine; AC-4HAQO. 4-acetoxyamino- 
quinoline- 1 -oxide; diAc-4HAQO; O, O' -diacetyl-4- 
hydroxyaminoquinoline-1-oxide; AAF, 2-acetylamino- 
fluorene; AAAF, N-acetoxyacetylaminofluorene; 
DNA-AAF, DNA modified bv AAAF: DNA-NOO. 

A destabilization is also observed for AAAF- 
rnodified DNA [ I l .  We found that the enzyrnatic 
rnethylation of this DNA-AAF was decreased [8] 
as cornpared to  native unmodified DNA. The sarne 
is true for D N A  alkylated by rnethylnitrosourea 
[9-111. Therefore, it was interesting t o  determine 
whether the modification o f  DNA by Ac-4HAQO 

DNA modified by AC-~HAQO; p o ~ y ( d ~ - d ~ ) - ~ ~ ~ I  has an influence on its enzyrnatic rnethylation. 
poly(dG-dC). poly(dG-dC) modi fied by Ac-4HAQO Thus, we rnodified DNA and  poly(dG-dC) . po- 

Published by Elsevier Science Publishers B. V. 
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ly(dG-dC) by Ac-4HAQO and utilized these 
modified products as substrates for enzymatic 
methylation by a calf brain DNA(cytosine-5-) 
methyltransferase. 

2. MATERIALS AND METHODS 

Chicken erythrocyte DNA was a gift from Pro- 
fessor Daune and prepared as in [12]. Po- 
ly(dG-dC) . poly(dG-dC) was purchased from PL 
Biochemicals. Heat-denatured DNA was prepared 
by incubation in a boiling water bath for 3 min 
followed by rapid chilling in ice. S-Adenosyl-L- 
[methyl-3~]methionine (SAM) (spec. act. 20 
Ci/mmol) was from the Commissariat A 1'Energie 
Atomique (CEA, Saclay); non-radioactive SAM 
was from Boehringer (Mannheim); 4NQ0 was ob- 
tained from Fluka (Buchs); Ac-4HAQO was 
prepared as in [6]. Ali other reagents were of 
analytical grade. 

The reaction of native and denatured DNA with 
Ac-4HAQO and subsequent purification of 
modified DNA were described in [5]; 0.3-2% of 
modified bases were present. The reaction of poly- 
(dG-dC) . poly(dG-dC) with Ac-4HAQO was 
done in the same way as for DNA. The two 
samples prepared correspond to 2.7% and 3.7% of 
modified bases. 

2.1. Methylation of chicken erythrocyte DNA by 
calf brain DNA(cytosine-5-)-methyltrans- 
ferase 

The standard assay mixture contained in 80pl50 
mM Tris-HC1 (pH 7.6) and 0.5 mM DTE, 16 pg 
DNA, 1.75 pg pancreatic RNase, 50 pg enzyme 
preparation, 1 pCi [ 3 ~ ] ~ ~ ~  and 0.5 nmol SAM. 
The mixture was incubated at 37°C for various 
times after which 2 0 4  proteinase K (1 mg/ml) in 
a buffer containing: Tris-HC1 10 mM, NaCl 10 
mM, SDS 0.5% and EDTA 10 mM (pH 8) were 
added and the tubes were incubated for 10 min at 
60°C. The DNA was collected as in [13]. This 
method permits a quantitative recovery of the 
methylated DNA [13]. Calf brain DNA methylase 
was obtained from nuclei as in [8]. 

3. RESULTS 

3.1. Kinetics of enzymatic methylation of double- 
stranded DNA-NQO 

Fig.1. shows the kinetics of enzymatic methyla- 

Time in minutes 

Fig. 1. Kinetics of enzymatic methylation of 
DNA-NQO: (u) native DNA; (n) 0.5% of 

modified bases; (H) 2% of modified bases. 

tion of DNA. The reaction reaches a plateau after 
about 6 h (not shown). For DNA-NQO both the 
initial velocity of methylation and the overall 
methylation plateau are increased. 

We calculated the pmol CH3 incorporated into 1 
mg DNA for 30 min. Fig.2 shows a linear variation 
between the degree of modification and the initial 
velocity of the methylation. 

3.2. Lineweaver-Burk plot 
The initial methylation reaction velocities of 

variable amounts of modified DNA were 
measured. Plotting l/v vs 1/S gave the following 
Km expressed in phosphate residues: 150 pM, 400 
pM, 770 pM, 1430 pM and 2500 pM, respectively 
for O%, 0.3%, 0.5'70, 1.5070 and 2% of modified 
bases. Thus, the affinity of the enzyme for the 
nfodified DNA decreases with the extent of 
modification. This decrease is linear. 

3.3. Enzymatic methylation of heat-denatured 
DNA-NQO 

We had shown that denatured, unmodified 
DNA was less methylated than the native form and 
that its Km for the enzyme was increased [8]. When 
heat-denatured DNA-NQO was used as a 
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Percentage af modified bases 

Fig.2. Initial velocity of the enzymatic methylation of 
DNA-NQO as a function of modified bases. 

substrate for the enzyme, this methylation further 
decreased as a function of the level of substitution 
(table 1). Thus, we obtained the inverse result of 
that with double-stranded DNA-NQO. On the 
other hand, the Km is the same for unmodified and 
modified, denatured DNA (400 PM). 

3.4. Enzymatic methylation of poiy(dG-dC) 
-NQO 

Finally, we tested the methylation of modified 
poly(dG-dC) poly(dG-dC). Table 2 shows that 
its modification does not affect the enzymatic 
methylation. 

4. DISCUSSION 

Table 2 

Enzymatic methylation of 4NQ0 modified po- 
ly(dG-dC) . p~ly(dC-dC) 

Time (h) Percentages of modified bases 

O 2.7 3.7 

1 3730. 3970 3740 
2 7590 7250 - 
3 13650 13150 13365 

'Values are expressed in cpm 

methylation of DNA and poly(dG-dC) . po- 
ly(dG-dC) modified by the ultimate carcinogen of 
4-nitroquinoline-1-oxide. 

We have observed a hypermethylation of 
DNA-NQO which contrasts with the hypomethy- 
lation observed with the DNA-AAF [8] and DNA 
alkylated with methylnitrosourea [9,10]. For 
double-stranded DNA the initial velocity of methy- 
lation is a linear function of the extent of modifica- 
tion (fig.2). However, the affinity of the DNA- 
NQO is decreased, the Km increasing with the level 
of modification. The hypermethylation is in fact 
due to an increase in the maximal velocity of the 
enzymatic methylation, which is more rapid than 
the decrease in affinity of the modified DNA for 
the DNA methylase. 

No difference was found between the methyla- 
tion of poly(dG-dC). poly(dG-dC) treated or not 
with Ac-4HAQO. One could assume that the 
substitution modifies the tertiary structure in a way 
favouring the 'walking' of the methylase along the 
DNA strands [14]. Against this hypothesis is the 
result obtained with poly(dG-dC) poly(dG-dC). 
However, as the structure of this synthetic 
polynucleotide is very tight, the substitution of on- 

Here, we have anal~zed the in enz~matic ly 3.7% of the bases, which is the highest modifica- 

Table 1 
Enzymatic methylation of heat- denatured DNA 

modified by 4NQ0 after 1 h of incubation 

Non-modified Percentage of  modified 
control bases 

- -  

0.55 1.5 2.0 
f 

CPm 1845 1420 1300 1OOO 
% Methylation 100 77 70 54 

tion performed, might have a lowir effect on it 
than on DNA. Concerning the methylation, the 
results obtained with DNA-NQO are just the op- 
posite of those obtained with DNA-AAF (81. 
Since it could be expected that a relationship exists 
between the type of structural modification 
observed on the substituted DNA by these two car- 
cinogens and their methylation, let us establish a 
comparison between DNA-NQO and DNA-AAF 
from a conformational viewpoint. For both 
modified DNA, a thermal destabilization was 
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observed and the melting temperature depression 
had about the same value for the two samples: 
- 1.2"C [5] and - 1.13"C [7] per 1 Vo of modified 
bases for DNA-NQO and DNA-AAF, respective- 
ly. As expected these two modified DNA are sen- 
sitive t o  digestion by SI endonuclease which is 
specific of single-stranded DNA, but the enzyme 
differently recognizes the lesions by NQO and 
AAF [15]. In addition it was established that po- 
ly(dG-dC)-AAF is almost completely resistant to 
SI  endonuclease digestion [17] and this result pro- 
vides evidence for the lack of denatured regions 
and for a particular restructuring (2-form) of the 
modified polymer (161 essentially due t o  the guanyl 
C-8 arylarnination of poly(dG-dC). Poly(dG-dC) 
which in this case represents 80% of the total 
modification. On the contrary, poly(dG-dC)- 
NQO is sensitive to the SI endonuclease and this 
result has to  be related to the circular dichroism 
study which shows that poly(dG-dC)-NQO does 
not exhibit an induction of the Z-form [18]. Since 
in this case the C-8 guanine adduct represents only 
about 30% of the total polymer modification 1191 
we can think that the role played by the adducts 
other than the C-8 guanine adduct in conforma- 
tional modification is more important in the case 
of 4NQO. The characterization of the other NQO 
adducts is in progress in Our laboratory as well as 
their influence on the conformation of DNA- 
NQO. Finally, with single-stranded DNA, the sub- 
stitution with 4NQO inhibits methylation as was 
already found with AAF 181. The result showing 
that the Km of the enzyme is the same for single 
stranded DNA, modified or not, must confirm the 
conclusion that the enzyme is essentially sensitive 
to  the type of the double helix. 

Methylation of cytosine is the only replicational 
modification detected so far in DNA of higher 
eucaryotes. The degree of methylation of cytosine 
has been shown to be important in the control of 
gene activity, hypomethylation being associated 
with gene expression (reviews [20-241). If the 
hypermethylation we observed in vitro also occurs 
in vivo, this could play an inhibitory role in gene 
expression. 
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e) Discussion ---------- 
Nous avons présenté dans ce chapitre une s é r i e  d'études pré- 

l iminaires,  qui  a v a i t  pour but  d'appréhender les md i f i ca t i ons  s t ruc tu ra l e s  

de l 'ADN modifié par  l'Ac-4HAQû e t  d'essayer de les r e l i e r  à l a  géométrie 

des lésions,  Les r é s u l t a t s  que nous avons obtenus fournissent quelques élé- 

ments de réponse au problème posé, mais ces études r e s t en t  malgré tou t  in- 

complètes e t  imprécises, ceci  pour plusieurs  raisons. 

Tout d'abord, au moment où nous avons débuté ce t r a v a i l  de 

physicochimie e t  de reconnaissance enzymatique des lés ions ,  l a  nature e t  l a  

s t ruc ture  des principaux adduits n ' é t a i t  pas connue, mis à p a r t  l e  dGuo-C8-Am, 

qu i  ne représente d ' a i l l eu r s  que 30 % de l a  modification t o t a l e  de l 'ADN. 

Devant l ' impossibi l i té  d'approfondir l e s  études physicochimiques, nous nous 

sommes or ien tés  vers  l a  détermination des autres  adduits  e t  de leurs  propor- 

t ions  r e l a t i ve s  s u r  l 'ADN. 

Les s t ruc tures  de deux au t res  lés ions  ont donc é t é  iden t i f i ées ,  

e t  cec i  t r è s  récemment (voir  publication no 7) .  3e plus ,  c ' e s t  également t ou t  

récemment que nous avons pu or ien te r  l a  réact ion en faveur d'une des lés ions ,  

s o i t  le dGuo-C8-AQO, s o i t  l e  dGuo-N2-AQO, obtenus à 80 %, s o i t  su r  l e  poly 

(dG-dC) .poly(dG-dC), s o i t  s u r  l'ADN. Il e s t  en e f f e t  important de pouvoir 

é tud ie r  spécifiquement l a  géométrie de chaque lésion,  s i  l 'on veut effectuer  

une étude physicochimique approfondie de l 'ADN modifié. 

Il semble cependant q u ' i l  e x i s t e  une cer ta ine  cohésion en t r e  

nos r é su l t a t s ,  qu i  ont é t é  obtenus par des approches dif férentes .  Nous a l lons  

essayer d'en f a i r e  une synthèse rapide. 

Tout d'abord, comme nous l'avons déjà souligné, l ' associa t ion 

de deux r é s u l t a t s  importants t e l s  que l a  détermination de l ' o r i en t a t i on  moyenne 

du plan de l a  quinoléine par rapport à 1 'axe de l ' h é l i c e  (6S0 à 75O) e t  l ' a t -  

taque notable de l 'ADN modifié pa r  1 'endonucléase S permettent d'émettre 1 
( t ou t  en r e s t an t  prudent) 1 'hypothèse de 1 ' inser t ion du cancérogène dans 1 'ADN. 

Cette inser t ion de l a  quinoléine dans l a  double hé l ice  pour ra i t  

avoir  l i e u  s o i t  pour l e s  deux adduits  s u r  l a  guanine, s o i t  uniquement pour l e  

dGuo-N2-AQO, l ' addui t  dGuo-C8-AQO se trouvant dans l e  grand s i l l o n ,  à l ' ex t é -  

r i e u r  de l ' h é l i ce ,  En e f f e t ,  l a  f ixa t ion  s u r  l e  C8 de l a  guanine, site proche 

de l a  grande gorge dans l 'ADN n a t i f  e t  l a  valeur de 6S0 à 7S0 obtenue pour 

l ' ang le  8 sont  compatibles avec c e t t e  posi t ion externe. Par contre,  l a  f ixa-  
2 t i on  s u r  l e  N de l a  guanine ne semble pas compatible dans le cas du 4NQO avec 



l a  présence du cancérogène dans le p e t i t  s i l l o n ,  proche de c e t  atome dans 

l ' h é l i c e  Bo C;EACLNTOV e t  a l .  ont  en e f f e t  obtenu une valeur de 8 de 30° dans 
2 l e  cas  du benzo(a)pyrène f i xé  su r  le N de la  guanine (GEACINTOV e t  a l . ,  1978 ; 

GRUNBERGER e t  WEINSTEXN, 1978) 

La s e n s i b i l i t é  notable de l 'ADN à l'endonucléase S suggérant 1 ' 
l ' exis tence d'une f o r t e  dis tors ion locale  de l a  c h d n e ,  n ' e s t  pas en contra- 

d ic t ion  avec l a  f a ib l e  var ia t ion du dichroXsme rédui t  (AA ) des bases dans - 
A 

1 'ADN modifié (voir  f igure  9 ,  p. 173 ) . En e f f e t ,  l a  mesure du AA r e f l è t e  l a  - 
A 

perturbation globale de l a  macromolécule e t  correspond a in s i  à l a  moyenne des 

interact ions  d'empilement des bases ( m d i f i é e s  e t  non modifiées) dans l ' A D N ,  

a l o r s  que l e  test à l a  S donne des informations s u r  l a  déformation loca le  1 
de l a  chaîne, au niveau des lésions. 

La nature de la dis tors ion locale  indui te  par les lés ions  peut 

é t r e  assimilée en première analyse à une zone dénaturée, l a  S é t an t  spéci- 
1 

f ique des simples br ins .  Cependant, d'après notre  étude de l a  méthylation de 

1'ZliX-J modifié, l a  macromolécule semble être également un bon subs t r a t  pour l a  

méthyltransférase, qui préfère  1 'ADN double brin.  Afin de pouvoir trancher 

c e t t e  question, il faudra i t  déterminer si les bases son t  encore appariées ou 

non au voisinage des lésions. Notons que dans l e  cas du 4NQO l a  f ixa t ion  de 
2 la quinoléine su r  l e  N de l a  guanine, su iv ie  de son inser t ion dans l 'ADN,  

devra i t  in t roduire  l e  moment dipolai re  de la  fonction N-oxyde profondément 

dans l ' h é l i ce ,  ceci  entra înant  une dis tors ion de l a  charne t e l l e  que l a  S 
1 

puisse l a  reconnaitre, sans q u ' i l  y a i t  réellement dénaturation. 

I l  s e r a i t  t r è s  in té ressan t  d'essayer de savoir  s i  l 'undes  deux 
2 

adduits  (en C8 ou en N ) e s t  préférentiellement reconnu e t  excisé par l'endo- 

nucléase S YAMASAKI e t  a l .  (1977) on t  en e f f e t  montré que dans l e  cas de 1 
llAAAF, l a  lésion dGuo-C8-AAF é t a i t  excisée pr6férentiellement par  l a  S e t  1 ' 
ont  associé c e t t e  reconnaissance spécifique à l a  dis tors ion locale  importante 

indui te  par c e t t e  lésion dans l 'ADN. 

L' insert ion du cancérogSne dans l ' h é l i ce  B dlACN pour ra i t  ê t r e  

s t a b i l i s é e  par une f o r t e  in teract ion d'empilement du plan de l a  quinoléine 

avec le plan des bases, ceci  é t a n t  à rapprocher des travaux de WLNKLE e t  a l ,  

(1 978 ; 1979) et dlORNSTEIN e t  REIN ( 1979) . Nous avons indiqué dans l e  b i l an  

des études électro-optiques, p.182 , une maniisre possible d'aborder ce pro- 

blème, 



D e  plus,  il p a r a î t  important de pouvoir connaftre les Bven- 

t u e l l e s  contraintes des composés de subst i tut ion base-cancérogène au niveau 

de l a  l i a i son  glycosidique. En d'autres termes, l a  conformation syn ou a n t i  

est-elle préférentiellement adoptée ou pas par l e s  adduits ? 

L'hypothèse que nous proposons i c i  n ' e s t  qu ' intui t ive  e t  

demande à ê t r e  étayée (ou rejetée) par d 'autres  r é su l t a t s  expérimentaux. 

Le débat reste a i n s i  ouvert. 

Au laboratoire,  le t r a v a i l  d'équipe réalisé en collaboration 

avec Bernard BAILLEUL a permis d'aborder d 'autres études physicochimiques, 

concernant l a  t rans i t ion  B --+ Z étudiée s u r  l e  poly (dG-dC) .poly (dG-dC) mo- 

d i f i é  par l'Ac-4HAQO. Une synthèse de tous l e s  r é su l t a t s  obtenus au labora- 

t o i r e  s e ra  f a i t e  dans l e s  "CûNCLUSIONS ET PERSPECTIVES . 



CONCLUSIONS ET PERSPECTIVES ............................. 



L e s  études que nous avons effectuées avec les dérivés acéty- 

l é s  du 4HAQû nous on t  permis de montrer l a  f ixat ion covalente du cycle qui- 

noléine su r  l ' A D N  e t  s u r  les nucléosides. Un mécanisme de formation des ad- 

du i t s  a pu ê t r e  proposé, il a ensuite é t é  parfaitement démontré par  des 

travaux de chimie (DEMEUNYNCK,1984) : l ' agent  r éac t i f  est un dérivé n i t r é -  

nium ; il est obtenu à p a r t i r  de l'Ac-4HAQ0, par départ  de l a  fonction acé- 

toxy en posit ion 4. Sa formation est f a c i l i t é e  par l a  présence de l a  fonc- 

t i on  N-oxyde en posi t ion 1 qu i  l e  s t a b i l i s e .  L'existence d'un composé mono- 

acétylé  non r é a c t i f  (Ac-~HAQ), ne comportant pas de fonction N-oxyde est 

également une preuve du rô l e  joué par  l a  fonction N-oxyde dans l e  pouvoir 

cancérogène du 4NQO. 

Grâce à l a  connaissance du mécanisme réactionnel,  nous avons 

pu affirmer que l e  dérivé Ac-4HAQO e s t  un modèle de cancérogène ultime t r è s  

adéquat. En e f f e t ,  l a  s t ruc ture  de ce composé r e f l è t e  parfaitement c e l l e  de 

l a  forme act ive  postulée par  l e s  TADA : l e  séryl-4HAQO. De plus,  les pr inci-  

paux composés de subs t i tu t ion  base-quinoléine sont identiques, que ce s o i t  

su r  l ' A D N  modifié & V ~ V O  par action des cancérogènes précurseurs, ou s u r  

l 'ADN modifié i..R v&o par  l'Ac-4HAQO. On peut a i n s i  penser qu ' in  vkv0 l ' a -  

gent r é a c t i f  p r inc ipa l  est également l e  nitrénium. 

Le modèle de cancérogène ultime du 4NQû nous a permis de vé- 

r i f i e r  que l ' ac t ion  de ce composé é t a i t  régie  par l e  concept des MILLER : l a  

métabolisation des cancérogènes. 

Nous avons i d e n t i f i é  l a  s t ruc ture  des principaux adduits base- 

quinoléine sur ~ ' A D N .  Un composé e s t  formé pa r  l a  subs t i tu t ion  du proton en 

posi t ion 8 de l a  guanine par le nitrénium. Les  deux autres  correspondent à 
2 6 

l ' a t t aque  du carbénium sur l e  N de l a  guanine e t  l e  N de l 'adénine. 

La détermination de ces s t ruc tures  a é t é  un t r a v a i l  d é l i c a t ,  

c a r  nous ne disposions que de f a ib l e s  quant i tés  de produit.  Les techniques 

spectroscopiques employées dans ces étudesdeviaientdonc ê t r e  très précises  

e t  t r è s  sensibles.  L'aboutissement de ce t r a v a i l ,  c'est-à-dire l a  connais- 

sance des principaux s i t e s  d'attaque du cancérogène sur l e s  bases de l 'ADN,  

est un r é su l t a t  primordial en cancérogénèse chimique. 

Nous a l lons  maintenant f a i r e  une synthèse de l'ensemble des 

r é s u l t a t s  obtenus au laboratoire  concernant l e s  perturbations indui tes  dans 

l ' A D N  pa r  l e  cancérogène e t  que nous r a ~ e l o n s  ci-après. 



- La première mise en évidence de l a  perturbation s t ruc tura le  

de l 'ADN modifié par le  cancérogène ultime a é t é  f a i t e  par  des mesures de 

températures de fusion. 

- Le t e s t  de l 'hydrolyse par  l'endonucléase SI effectué s u r  

l 'ADN modifié a montré que la f ixat ion de l a  quinoléine crée une importante 

digtors ion dans l 'ADN, probablement assimilable à une zone dénaturée. Il en 

est de même lorsque l a  séquence du polymère est exclusivement une alternance 

guanine-cytosine . 
- Les adduits guanine-quinoléine inhibent l a  s t ruc tura t ion  du 

poly(dG-dC).poly(dG-dC) en forme 2, indui te  par  l 'é thanol  e t  également par 

NaCl. 

- L'orientation du cancérogène dans l a  macromolécule correspond 

à une incl inaison d'une vingtaine de degrés par rapport  au plan des bases,  

cec i  pour chacun des deux adduits-guanine. 

L'ensemble de ces r é su l t a t s  nous amène à penser que l ' i n se r -  

t i on  de l a  quinoléine en t r e  l e s  pa i res  de bases est plausible.  Pour é tayer  

c e t t e  hypothèse nous nous sommes demandés quels pourraient ê t r e  l e s  facteurs  

s t a b i l i s a n t  ce t t e  géométrie. 

C ' e s t  dans ce sens que des études de RMN ont été f a i t e s  sur 

l ' addui t  dGuo-C8-AC>O ; nous avons constaté que ce nucléoside modifié n'adopte 

préférentiellement n i  la conformation syn, n i  l a  conformation an t i .  11 semble 

donc que dans le cas du 4NQO l a  géométrie des lés ions  ne s o i t  pas l a  consé- 

quence de contraintes au niveau de l a  l i a i son  N-glycosidique. 

Ce qui  s e r a i t  p lu tô t  déterninant dans l a  géométrie du cancé- 

rogène f i x é  pourrai t  ê t r e  l a  présence de l a  fonction N-oxyde. Par son moment 

d ipo la i re  important e l l e  pour ra i t  i n t e r ag i r  avec un s i t e  de l ' A D N ,  i n f l i gean t  

a i n s i  des contraintes géométriques au cycle quinoléine, S i  c e t t e  in teract ion 

a l i e u  à l ' i n t é r i e u r  de l a  macromolécule, l a  quinoléine se trouve a l o r s  in-  

sérée. Cette inser t ion  pourrai t  ê t r e  s t a b i l i s é e  par une interact ion d'empi- 

lement du cancérogène avec l e  plan des bases. 

Pour essayer de confirmer 1 'hypothèse de 1 ' inser t ion cer ta ines  

études peuvent ê t r e  envisagées. 

Ch peut penser que des études de RMN e t  de DC sur  des dinu- 

c léot ides  complémentaires permettraient d'évaluer l a  force de l ' i n t e r ac t i on  



d'empilement éventuelle en t r e  le cycle quinoléine et le  plan des bases. 

Il devra i t  ê t r e  possible par  des études spectroscopiques de 

mettre en évidence une in te rac t ion  de l a  fonction N-oxyde avec un s i t e  de 

1'AIXJ. Nous pensons par  exemple à l a  spectroscopie Raman de résonance. 

Il s e r a i t  in té ressan t  de savoir  s i  l a  dis tors ion indui te  dans 

l 'ADN entra îne des ruptures des l i a i sons  hydrogène des paires  de bases a u  

niveau des lésions.  L 'u t i l i sa t ion  d'anticorps anti-cytosine e t  anti-guanine 

permet t ra i t  de connaStre l ' a c c e s s i b i l i t é  de ces bases aux alentours de l a  

lésion.  

La mise en évidence du déroulement de l 'ADN supertorsadé pa r  

l e  cancérogène est un argument en faveur d'un modèle de type "insert ionw. 

Cette étude est également h envisager dans l e  cas du 4NQO. 

L'acquis le plus  important du laboratoire  a é t é  l ' i d e n t i f i -  

cation des s i t e s  de f ixat ion du 4NQû sur  les bases de l'ADN. Ceci do i t  a ide r  

à mieux comprendre 1 ' impact biologique de 1 ' in teract ion du cancérogène avec 

l 'ADN, en pa r t i cu l i e r  au niveau de l a  réparation,  de l a  répl icat ion e t  de l a  

méthylation . 
Il s e r a i t  in téressant  de connaftre l a  durée de v i e  de chaque 

lés ion i n  v i v o .  La technique de visual isa t ion des lés ions  proposée par REDDY 

e t  a l .  (1984) e t  u t i l i s a n t  le marquage au Phosphore 32 des adduits  pour ra i t  

permettre d'aborder ce problème, quel que s o i t  l e  système v i v o  choisi .  Il 

s e r a i t  a i n s i  possible de connaitre l e  (ou l e s )  adduit (s ) pers i s tan t  ( s )  . 
Les t r o i s  types de blocage de l a  répl icat ion,  au niveau des 

guanines modifiées, observés hl viJh0 par YOSHIDA e t  a l .  (1984) devraient 

pouvoir être corrélés  aux d i f fé ren tes  lés ions  su r  l a  guanine indui tes  par le 

4NQû. D'autres questions s e r a i en t  à résoudre t e l l e s  que : 

- des t r o i s  lés ions  que nous avons iden t i f i ées ,  y en a - t - i l  une q u i  s o i t  p lu s  

spdcifiquement sensible  à 1 'attaque par 1 ' endonucléase S ? 
1 

- l'hyperméthylation que nous avons observée i n  v&a s u r  l ' A D N  modifié e s t -  

e l l e  due à un adduit pa r t i cu l i e r ,  e t  si oui ,  lequel ? 

Ces études pourraient être abordées en u t i l i s a n t  des polymères 

modifiés ne comportant pratiquement qu'un s eu l  type de lésion.  Actuellement 

nous sommes capables d 'o r ien te r  l a  f ixat ion du cancérogène s o i t  s u r  l e  CS 
2 s o i t  s u r  l e  N de l a  guanine. D'autre p a r t ,  il s e r a i t  très important de sa- 

voir  de quel le  manière l a  répl icat ion e t  l a  méthylation sont réellement af-  

fectées  par le 4NQ0 Ah v i v o .  



Le spectre  de mutagénèse du 4NQ0 comporte de nombreuses subs- 1 
t i t u t i o n s  de pa i res  de bases G-C. Ceci e s t  en accord avec le f a i t  que 90 % 

de l a  modification t o t a l e  de l 'ADN est retrouvée sur la  guanine. Rappelons 

que l e  4NQO induit à 90 % des t r ans i t i ons  G-C --3 A-T, quelques transversions 

G-C --> T-A et également des mutations par déplacement du cadre de lecture .  

C e s  types de mutations peuvent-ils é t r e  associés aux d i f fé ren tes  lés ions  que 

nous connaissons actuellement (dGuo-N2-AQO, dGuo-C8-AQO, r.0. dGuo-C8-AQO, 

dido-N6-AQO) ? Bien qu'aucune réponse c l a i r e  ne puisse être f a i t e  à c e t t e  

question actuellement, il est néanmoins possible de penser que l a  lésion 
2 

majeure su r  le  N de l a  guanine joue probablement un r61e dans l ' induction 

de l a  mutation majeure obser6e .  Les transversions G-C --P T-A pourraient 

peut-être s 'expliquer par l a  présence de l ' addui t  r.0. dGuo-C8-AQO su r  l 'ADN,  

le cycle purique é t a n t  transformé dans ce t  adduit en cycle pyrimidique. 

En ce qu i  concerne l a  lés ion dAdo-N6-AQO, l a  f ixat ion de l a  

quinoléine sur  l 'azote  exocyclique de l 'adénine pour ra i t  e t r e  responsable de 

1' induction de mutations par  mauvais appariement, l o r s  de l a  répl icat ion,  

Cependant l e s  mutations indui tes  par l e  4NQ0 af fec ten t  rarement l e s  pa i res  de 

bases A-T. 

Les connaissances que nous avons acquises, permettent de con- 

s idé re r  l 'é tude du 4NQ0 comme une nouvelle voie pour progresser dans l a  com- 

préhension du phénomène de cancérisation par une substance chimique. 
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Le 4-nitroquinoléine 1-oxyde (4NQO) est un composé canc4rogéne qui, après 
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