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Insanity: Doing the same thing over and over again and expecting different results 
- Albert Einstein 

The trouble with having an open mind, of course, is that people will insist on coming 
along and trying to put things in it 

- Terry Pratchett 



Resume 

Radiosensibilisation de l'ADN par Ie 5-bromodeoxyuridine : l'importance de la 
structure et de la sequence de l'ADN 

Par 
Marie-Eve Dextraze 

Departement de medecine nucleaire et radiobiologie 

These presentee a la Faculte de medecine et des sciences de la sante en vue de l'obtention 
du diplome de philosophiae doctor (Ph.D.) en sciences des radiations et imagerie 

biomedicale, Faculte de medecine et des sciences de la sante, Universite de Sherbrooke, 
Sherbrooke, Quebec, Canada, J1H 5N4 

Les dimeres interbrins sont des lesions de type complexe, ou les deux brins d'ADN sont 
pontes de facon covalente. Par consequent, ce type de lesion est tres toxique pour la 
cellule, car il nuit a la separation des brins d'ADN necessaire a des processus cruciaux 
pour la cellule, comme la replication et la transcription. De plus, des experiences recentes 
montrent que la reparation des dimeres interbrins passe par la formation d'un bris double 
brin, une autre lesion avec un potentiel toxique eleve. Ce n'est que tout recemment qu'on 
a montre que la radiation ionisante menait a la formation de dimeres interbrins dans 
l'ADN cellulaire. On en sait done encore tres peu sur les conditions dans lesquelles se 
produisent les dimeres et comment ils sont repares. 

Recemment, a la suite d'une exposition aux radiations ionisantes, notre groupe a mis en 
evidence la formation de dimeres interbrins dans un ADN ou une thymidine avait ete 
remplacee par le 5-bromo-2'-desoxyuridine (BrdU). Ces dimeres n'etaient formes que 
lorsque le BrdU se trouvait au centre d'une zone mesappariee. Puisque e'etait la premiere 
fois que ce type de dommage etait observe lors d'une exposition de l'ADN brome a la 
radiation ionisante, ma these a porte sur 1'exploration de la formation du dimere interbrin, 
particulierement sur les conditions qui favorisaient sa formation. Les trois articles 
presentes dans cette these montrent que la forme de l'ADN (forme A vs forme B), la 
sequence, ainsi que le type de radiation employe ont une influence importante sur le type 
et la frequence du dommage produit. 

Ces resultats montrent qu'on en sait encore tres peu sur le mecanisme reel de 
radiosensibilisation de l'ADN brome dans les cellules. Cependant, ils mettent aussi en 
evidence la reactivite distincte des regions mesappariees de l'ADN, ainsi que leur fort 
potentiel pour la formation de dimeres. Or, ces regions mesappariees ne represented 
qu'une fraction des structures secondaires et tertiaires de l'ADN presentes dans la cellule. 

MOTS-CLES : 5-bromodeoxyuridine, dommages a l'ADN, dimeres interbrins, structure 
de l'ADN, radiation ionisante. 
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Chapitre I - Introduction 

1.1 - Structure de I'ADN 

"To say that a man is made up of certain chemical elements is a satisfactory description only 
for those who intend to use him as a fertilizer " — Hermann Joseph Mueller 

1.1.1 — Composantes de I 'ADN 

De la meme facon qu'un roman ne se resume pas qu'a un melange des 26 lettres de 

Falphabet, et une symphonie a 8 notes, la vie ne se resume pas a la combinaison 

aleatoire de A, C, G, et T. Et pourtant... Ce sont des proprietes physiques et 

chimiques de l'ADN que decoulent les caracteristiques qui sont a Porigine de la 

fonction centrale de cette molecule pour la cellule. La double helice d'ADN est 

composee de deux brins antiparalleles, eux-memes formes a partir d'une repetition de 

nucleotides, qui comprend une base, un sucre (desoxyribose) et un groupement 

phosphate (figure 1-1). C'est la succession de desoxyriboses et de groupements 

phosphates qui forme le squelette de la molecule d'ADN, tandis que les bases 

correspondent a la partie variable de la molecule, celle ou est contenue 1'information. 

II y a quatre bases dites « natives » dans l'ADN; 1'adenine, la guanine, la cytosine et 

la thymine, symbolisees par les lettres A, G, C et T. Les autres bases, comme la 

methylcytosine, correspondent souvent a des modifications epigenetiques ou a des 

produits de deamination d'une des quatre bases natives. 
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Figure 1-1 : Composantes de l'ADN. Modifie a partir de Lehnert, 2007, p 31. 

On separe les quatre bases en deux categories : les purines (A et G) et les pyrimidines 

(C et T). L'adenine (A) s'apparie avec la thymine (T), et la guanine (G) avec la 

cytosine (C). Chaque base d'un brin s'apparie a sa base complementaire situee sur le 

brin oppose grace a la formation de ponts hydrogene. Ces ponts hydrogene permettent 

a l'ADN d'adopter une structure a la fois robuste et flexible, ou la proximite des deux 

brins est maintenue, tout en minimisant l'energie necessaire a leur separation. 

1.1.2 - Forme A, B et Z 

La double helice d'ADN est une molecule extremement flexible, et peut adopter un 

nombre impressionnant de configurations en reponse aux pressions de son 

environnement. La figure 1-2 montre trois des formes les mieux connues jusqu'a 
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present, sort les formes A, B, et Z. Les caracteristiques de ces formes sont presentees 

dans le tableau 1-1. 

Figure 1-2 : Formes A, B et Z de l'ADN (de gauche a droite). 

La forme B est la mieux connue, car elle est adoptee dans des conditions 

physiologiques, notamment dans les tetes intactes des spermatozoifdes (Voet et Voet, 

1995). La forme A, quant a elle, est retrouvee en presence d'un duplexe ADN/ARN, 

ou lorsque l'ADN est deshydrate, par exemple en presence de 80 % ethanol. Bien que 

l'homologie de la forme A dans ces deux conditions ait ete remise en question, 

notamment a cause des differences dans la conformation du sucre (Horton et Finzel, 

1996), la forme generate de l'ADN-A demeure la meme. La formation d'ADN-Z a 

surtout ete observee au niveau de l'ADN synthetique contenant une grande proportion 

de guanines en presence de concentrations elevees en sel, ainsi qu'en presence de 

cytosines methylees en position C5 (Behe et Felsenfeld, 1981, Thamann et ai, 1981). 
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Tableau 1-1 : Caracteristiques des formes de l'ADN. 

A B Z 

Sens du pas de l'helice 

Diametre 

Paires de bases/ tour d'helice 

Rotation de l'helice / paire de bases 

Longueur d'helice / tour 

Phage des sucres 

Droite 

-26 A 

11 

33° 

28 A 

C3'-endo 

Droite 

-20 A 

10 

36° 

34 A 

C2'-endo C2' 

C3' 

Gauche 

-18 A 

12 

60° 

45 A 

-endo (C et T) 

-endo (A et G) 

Dans la cellule, la demonstration de 1'existence de l'ADN-Z a ete plus ardue. La 

transition entre la forme B et la forme Z necessite de I'energie, qui devient disponible 

dans certaines conditions dans la cellule, comme le superenroulement negatif de 

l'ADN observe en aval de l'ARN polymerase durant la transcription (Liu et Wang, 

1987). Depuis les premieres evidences de l'existence de l'ADN-Z, sa formation lors 

de la transcription a ete correlee par plusieurs experiences (Herbert et Rich, 1999, 

Jiang et al, 1991, Lafer et al, 1983). De plus, le groupe de Rich a observe que la 

proteine ADAR1, une ARN adenosine deaminase, liait specifiquement la forme Z de 

l'ADN (Herbert et al, 1995). L'ADN-Z semble impliquee dans plusieurs processus 

fonctionnels de la cellule, notamment la regulation de l'expression, le positionnement 

des nucleosomes, le remodelage de la chromatine et la recombinaison (Li et al, 

2009). 

Ces trois conformations ne sont qu'un exemple des multiples configurations que 

l'ADN peut adopter en fonction des pressions de son environnement. Plusieurs 
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proteines presentes dans le noyau de la cellule sont aussi en mesure de modifier la 

structure de l'ADN, que ce soit pour l'empaqueter (chromatine), ou pour controler les 

differents processus cellulaires qui impliquent l'ADN (transcription, replication, 

reparation). 

1.1.3 - ADNcellulaire : un environnement dynamique 

Lorsqu'on pense a l'ADN, la premiere image qui nous vient en tete est generalement 

celle de la double helice. On oublie souvent que l'ADN est avant tout une structure 

dynamique, en constant changement. Meme la chromatine, l'agencement de proteines 

et d'ARN qui permet la compression de 4 metres d'ADN dans un noyau de 5 jam de 

diametre, represente un niveau d'organisation superieur qui affecte autant 

1'accessibility de l'ADN aux proteines du noyau que l'organisation generate de l'ADN 

en regions fonctionnelles. 

La figure 1-3 montre les niveaux successifs d'organisation de l'ADN cellulaire. La 

double helice d'ADN s'enroule autour de proteines appelees histones pour former les 

nucleosomes. Ces nucleosomes forment a leur tour des solenoides de 30 ran de 

diametre qui se compactent en filaments. Durant la mitose, ces filaments se 

condensent encore davantage pour former des chromatides, qui permettent la 

repartition d'une copie du genome a chaque cellule-fille. 



6 

Figure 1-3 : Condensation de l'ADN en chromatine. Source: (Lehnert, 2007, p 
206) 

Cependant, il existe aussi plusieurs processus dynamiques qui impliquent l'ADN dans 

la cellule. Dans les regions activement transcrites du genome, la structure meme de la 

chromatine est constamment modifiee afin de moduler 1'accessibilite de l'ADN aux 

proteines responsables de la regulation de la transcription. Les modifications post-

traductionnelles des histones comptent pour une fraction non neghgeable des 

methodes utilisees par la cellule pour reguler cette accessibilite, et constituent en 

quelque sorte un code qui identifie les regions de l'ADN qui doivent etre liberees des 

contraintes steriques de la chromatine pour faciliter la transcription, en fonction des 

besoins de la cellule. Dans d'autres cas, les histones sont aussi modifiees pour faire 

entrer en dormance certaines parties du genome (Voir Mellor, 2006, pour une revue 

de l'impact des modifications nucleosomales sur la transcription). 

D'autres phenomenes, qu'ils soient constants (transcription, reparation) ou ponctuels 

(replication) font de l'ADN cellulaire une molecule en constants changements. 
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5' Lagging strand 
with fragments 

Figure 1-4 : Replication de l'ADN. Source : (Lehnert, 2007, p 35) 

Lors de la replication, les deux brins de la double helice d'ADN sont separes afin de 

permettre la reproduction de rinformation contenue dans chaque chromosome. La 

figure 1-4 montre une representation schematisee de la replication de l'ADN. Les deux 

copies ainsi creees permettront la formation de deux cellules-filles avec la meme 

information genetique. Cependant, la figure 1-4 ne montre qu'une vision simplifiee de 

ce qui se produit dans la cellule. En realite, la replication est un processus complexe 

qui necessite la coordination de dizaines de proteines (Pollard et Earshaw, 2002), 

meme dans les systemes bacteriens, qui sont beaucoup moins complexes. Une 

helicase doit separer les deux brins d'ADN en amont de l'ADN polymerase, l'enzyme 

responsable de la polymerisation du nouveau brin, et qui comprend elle-meme 

souvent plusieurs sous-unites. D'autres proteines sont responsables de proteger les 

brins d'ADN des nucleases alors qu'ils sont sous forme simple brin. Finalement, un 

agencement complexe de proteines est charge de s'assurer que le brin d'ADN 

nouvellement synthetise ne comprend pas d'erreurs, et de reparer celles qui pourraient 

s'etreproduites. 
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La replication n'est qu'un exemple parmi tant d'autres ou la structure de l'ADN est 

modifiee par un phenomene de regulation cellulaire. Pour cette raison, il est crucial de 

prendre en compte cet aspect du metabolisme de la cellule lorsqu'on etudie les 

consequences d'un agent exterieur sur l'ADN, notamment la radiation. 

1.2 - Effet des radiations ionisantes sur l'ADN 

1.2.1 — Rayonnement ionisant et interaction avec la matiere 

L'interaction du rayonnement avec la matiere a pour consequence le transfert d'une 

partie ou de la totalite de I'energie de la particule initiale le long de sa trajectoire. La 

notion de TEL (transfert d'energie lineaire, keV/um) est utilisee pour caracteriser ce 

depot d'energie en fonction de la distance parcourue dans la matiere. Par exemple, le 

Cobalt-60 (60Co), utilise en radiotherapie, produit 2 photons avec une energie 

moyenne de 1.25 MeV dont le TEL est d'environ 0.2 keV/um. On distingue ainsi les 

sources de radiation a haut TEL (particules lourdes, rayons alpha), ou la densite des 

ionisations est elevee le long de la trajectoire, de celles a bas TEL (60Co), ou la densite 

des ionisations est plus faible. 
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(o) Excited molecules from primary excitation * 

(•) Positive ions from primary ionization 

y v / Positive ions and excited molecules from 8-electrons 

. 0 Secondary positive ions and excited electrons 

Electrons 

X 

Primary electron (100 keV) v " * ) 

e
/5%>> •' S-electron (10 keV) 

@- x^w-T' -yy^ 

©.. 
80-100 A - @ 

Figure 1-5 : Depot d'energie le long de la trajectoire de I'electron primaire. L'electron 
primaire (ici avec une energie de 100 keV) depose son energie en excitant (points 
blanc) ou en ionisant (points noirs) la matiere qu'il rencontre le long de sa trajectoire. 
Le depot de I'energie peut ensuite mener a une serie d'ionisations et d'excitations 
secondares dans un volume de 80 a 100 A autour du site de l'interaction (appelee 
grappe). La production d'electrons 5, peu probable pour le rayonnement a faible TEL, 
peut se produire lorsque les grappes se recoupent avec un rayonnement a haut TEL. 
Source : (Lehnert, 2007, p 13) 

Dans le cas de la radiation electromagnetique (p. ex. les photons), le depot de la dose 

passe par le transfert de I'energie a des electrons primaires tres energetiques. II y aura 

par la suite formation d'especes reactives le long de la trajectoire de I'electron 

primaire par des processus d'excitation et d'ionisation (figure 1-5). Ces processus 

creent aussi des electrons de basse energie (<20 eV) qui, pour la plupart, ont une 

energie qui se trouve sous le seuil d'ionisation. Malgre qu'ils soient produits en tres 

grande quantite, on a longtemps cru qu'ils avaient peu d'importance au niveau de la 

radiobiologie, puisqu'ils ne possedaient pas suffisamment d'energie pour ioniser la 

matiere. Cependant, les travaux de Leon Sanche ont montre que les electrons de basse 

energie etaient en mesure, par un phenomene d'attachement dissociatif, de causer des 

dommages dans la matiere, notamment l'ADN (Boudaiffa et ah, 2000; pour une revue 

de la litterature, voir Sanche, 2002). Cependant, la chimie des radiations classique 
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tient surtout compte des produits issus de l'ionisation de la matiere le long de la 

trajectoire incidente. 

1.2.2 - Radiolyse de I 'eau 

Dans les systemes biologiques, l'eau est une composante majeure; elle represente 

entre 70 et 80 % du contenu d'une cellule. Ainsi, la probabilite que la radiation 

interagisse avec l'eau est importante si on la compare aux autres molecules. Pour cette 

raison, beaucoup d'efforts ont ete consacres a la comprehension des reactions qui se 

produisent a la suite de cette interaction. Un schema simplifie de la decomposition de 

l'eau est presente a la figure 1-6. 

Excitation 

H20 - • H 20* 

H20* - • H" + "OH 

lonisation 

H20 - • H2CT + e-

H20"+ + H20 - • H30+ + "OH 

e- + nH20 - • e-aq 

Figure 1-6 : Radiolyse de l'eau a l'echelle de la picoseconde. 

C'est durant l'etape physique (~10~16 s) que se produisent les premieres etapes de la 

radiolyse, soit l'excitation et l'ionisation des molecules d'eau le long de la trajectoire 

incidente. Lors de l'etape physico-chimique ( ^ 0 1 2 s), il y a dissociation des 

molecules d'eau en 'OH, H' et H.T,0+ (voir figure 1-6). De plus, les electrons, qui ont 

ete attaches lors des ionisations initiales, perdent graduellement leur energie suite a 
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d'autres ionisations et excitations, et vont ainsi se thermaliser. II y aura ensuite 

reorganisation des molecules d'eau autour de I'electron pour former un electron 

hydrate. A cette etape, la diffusion n'entre pas en jeu dans les differentes reactions. 

Lors de 1'etape subsequente de chimie non homogene qui se deroule au sein des 

grappes ainsi formees autour des interactions primaires, ce sont ces diverses especes 

reactives qui vont diffuser et se combiner pour former les especes moleculaires des 

produits de la radiolyse de l'eau telles que H2 et H2O2. A 10"6 s, c'est-a-dire a la fin de 

l'expansion des grappes et au debut de l'etape de chimie homogene, les especes 

presentes de la radiolyse de l'eau sont, principalement 'OH, e"aq, H", H2O2, H2, H30+ 

et OH". Ce sont precisement ces especes qui reagiront ensuite avec le materiel 

biologique pour produire l'effet indirect des radiations. 

1.2.3 - Effet direct et indirect 

Bien qu'on puisse decrire l'effet direct/indirect des radiations sur la matiere 

biologique a differents niveaux (moleculaire, cellulaire, vasculaire), dans le cas de 

l'ADN on decrit l'effet direct des radiations comme l'interaction directe de la 

particule incidente avec l'ADN (figure 1-7). 
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Figure 1-7 : Effet direct et indirect des radiations sur l'ADN. Source : (Lehnert, 
2007, p 11) 

L'effet indirect, lui, implique un depot d'energie aux molecules adjacentes, suivi de la 

formation d'especes reactives par excitation ou ionisation. Ce sont les especes 

reactives, le plus souvent les produits issus de la radiolyse de l'eau dans le cas du 

materiel biologique irradie en solution diluee, qui vont ensuite interagir avec l'ADN. 

Lorsqu'on tient compte des couches d'hydratation de l'ADN en solution, on distingue 

alors trois types d'effets : l'effet direct, 'md'Vect et q^as"' d;reet. On qiudifie d'effei 

quasi-direct la production de radicaux dans la couche primaire interne (T < 9 

FbO/nucleotide) car ils sont immediatement transferes a l'ADN. La couche primaire 

d'hydratation se distingue de la couche secondaire par la faible mobilite des 

molecules d'eau (temps de residence superieur a la picoseconde) et la densite plus 

importante de ces molecules. La portion interne de la couche primaire comprend les 

molecules d'eau qui sont etroitement lies a la molecule d'ADN et qui demeurent 

associees a l'ADN meme a 0 % d'humidite (Feig et Pettitt, 1998). Ce n'est done pas 

surprenant que la production de radicaux hydroxyles ne soit observee que dans la 

couche primaire externe a partir de T ~ 9 F^O/nucleotide (Debije et al, 2000, La Vere 

et al, 1996). La couche secondaire d'hydratation commence a T ~ 20 
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H20/nucleotide, et il est impossible de la distinguer du reste des molecules d'eau en 

solution par la mobilite ou la densite des molecules d'eau (Mroczka et Bernhard, 

1993, Saenger, 1984, Wang et al, 1993). 

1.2.4 - Interaction des radicaux avec I 'ADN 

Suite a I'interaction de la radiation avec la matiere biologique et la generation de 

radicaux qui attaquent l'ADN, plusieurs types de dommages sont produits. Suite a des 

experiences menees avec des capteurs de radicaux, on estime que 60-70% des 

dommages subis par la cellule proviennent de I'interaction des radicaux *OH avec 

l'ADN (Chapman et al, 1973, Roots et Okada, 1972), alors que les electrons solvates, 

qui creent surtout des lesions aux bases, ont peu ou pas d'effet sur la mortalite 

cellulaire. Les radicaux *OH interagissent avec les doubles liaisons des bases et sont 

d'excellents abstracteurs d'atomes d'hydrogene sur le desoxyribose (koH = 2.3 x 109 L 

mol"1 s"1, Motohashi et Saito, 1993), ce qui mene a la formation de bases modifiees et 

a la formation de cassures. 
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Figure 1-8 : Types de dommages formes par 1'exposition de l'ADN aux 
radiations ionisantes. Source : (Lehnert, 2007, p 124) 

Parmi les dommages subis par l'ADN cellulaire a la suite d'une exposition aux 

radiations ionisantes, on compte deux grandes categories, qui sont schematisees a la 

figure 1-8 : 

- les dommages simples : 

- site abasique 

- base modifiee 

- dommage au sucre 

- bris simple brin 

- les dommages complexes 

- lesions multiples (incluant les bris double brin) 

- pontage ADN-proteine 

- pontage ADN-ADN 

La figure 1-9 montre la frequence de ces differents dommages subis par la cellule lors 

d'une exposition a 1 Gy d'une source de radiation a faible TEL (Lehnert, 2007). Bien 
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que les lesions simples soient les plus nombreuses, ce sont les lesions complexes, 

incluant les bris double brin, qui sont principalement responsables de la mort 

cellulaire. 

TABLE 6.1 

Estimation of the Number of Early Physical and 
Biochemical Changes That Occur When Mammalian 
Cells Are Irradiated with 1 Gy of Low LET Radiation 

Initial Physical Damage 
Ionization in the cell nucleus 
Ionization directly in DNA 
Excitation directly in DNA 

Selected Biochemical Damage 
Damaged bases 
Damaged sugars 
DNA single-strand breaks (SSBs) 
Alkali-labile sites 
Double-strand breaks (DSBs) 
DNA-protein cross-links (DPC) 

Selected Cellular Effects 
Lethal events 
Chromosome aberrations 
Hypoxanthine phosphoribosyltransferase 

(Hprt) aberrations 

~1000,000 
~2000 
~2000 

1000-2000 
1200 
1000 
250 
40 
150 

~0.2-0.S 
~1 
10" s 

Figure 1-9: Frequence des dommages subis par l'ADN cellulaire. Source 
(Lehnert, 2007, p 125) 

Les lesions multiples comprennent les bris double brin, et sont majoritairement 

formes par un mecanisme bi-radicalaire (Milligan et al, 1995), soit deux radicaux qui 

reagissent a proximite l'un de l'autre pour former deux lesions. Ces lesions sont 

particulierement toxiques pour la cellule, car elles compliquent le processus de 

reparation. 



16 

o 

O >v 

\ 

a 

Figure I-10 : Mecanisme de formation d'un dimere interbrin par les radiations 
ionisantes. Modifie a partir de Regulus et at, 2007. Suite a l'exposition de 
l'ADN aux radiations ionisantes, les radicaux hydroxyles issus de la radiolyse 
de l'eau font l'abstraction d'atomes d'hydrogene, ce qui entraine la formation 
d'un radical sur le desoxyribose en position C4'. Ce radical mene ensuite a la 
formation du produit 2 par un processus de (3-elimination, en plus de la 
liberation de la base et de l'extremite 3', ce qui produit une cassure tranche. 
Une cytosine situee sur le brin en face peut alors attaquer 2 pour former le 
dimere interbrin. 

Dans le cas des pontages ADN-ADN, ce n'est que recemment qu'on a etabli que ces 

dommages etaient produits par les radiations ionisantes, qui jusque-la n'avaient ete 

observes qu'a la suite d'une exposition aux rayons UVA ou a des agents 

therapeutiques comme la mitomycin C. En effet, les groupes de Cadet et Greenberg 

ont etabli en 2007 qu'il y avait formation d'un dimere interbrin par les radicaux OH 

dans l'ADN synthetique et dans les cellules (Regulus et at, 2007, Sczepanski et at, 

2009a). Ce dimere interbrin est d'autant plus interessant qu'il inclut aussi une cassure 

simple brin, et s'inscrit done dans la categorie des lesions multiples, tres 
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dommageables pour la cellule (figure I-10). De plus, le groupe de Greenberg a 

recemment montre que la reparation de ce dimere transitait par la formation d'une 

cassure double brin par le complexe UvrABC dans un systeme bacterien (Sczepanski 

etal, 2009b). 

Cependant, de facon generale, on en sait encore tres peu sur la formation et la 

reparation des dimeres interbrins causes par les radiations ionisantes, entre autres 

parce que leur identification dans la cellule est tres recente. La majeure partie de 

1'information connue a ce jour a ete recueillie a la suite d'une exposition a des agents 

therapeutiques (souvent des agents alkylants bifonctionnels) ou aux rayons 

ultraviolets (UVA). Neanmoins, ces travaux ont deja montre que la reparation des 

dimeres interbrins neoessitait la coordination de plusieurs systemes de reparation 

(Noll et al, 2006) comme la recombinaison homologue et la reparation par excision 

des nucleotides (NER). De plus, 1'analyse de la reparation des dimeres interbrins est 

compliquee par le fait qu'ils n'alterent pas la structure de l'ADN de facon identique; 

certains, comme la mitomycin C, ont peu ou pas d'effet sur la structure de la double 

helice (Rajski et Williams, 1998), tandis que les dimeres produits par le cis-

dismminedichloroplatine creeent un renflement important dans l'ADN 

(desenroulement de 79°, flechissement de 45°, Malinge et al, 1994), ce qui rend le 

dimere plus susceptible d'etre reconnu par la NER (Noll et al, 2006). Ainsi, il reste 

encore beaucoup a faire afin de mieux comprendre comment les dimeres interbrins 

sont formes par la radiation ionisante, comment ils sont repares, et quelle est leur 

importance dans l'impact global de l'exposition de la cellule aux radiations. 

1.3 - Le 5-Bromodeoxyuridine 

1.3.1 - Structures et proprietes 
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Le 5-bromo-2'-desoxyuridine (BrdU) est un analogue halogene de la thymidine qui 

peut s'incorporer dans l'ADN lors de la replication et ainsi se substituer aux 

thymidines (figure I-ll). Bien qu'il soit aujourd'hui surtout utilise pour la detection 

de la replication des cellules (Eisch et Mandyam, 2007, Leif et al., 2004, Quinones-

Hinojosa et al, 2005), le BrdU a d'abord ete developpe en tant que photo- et 

radiosensibilisateur (Dewey et Humphrey, 1965, Sano et al, 1968). L'interet pour le 

BrdU en tant que radiosensibilisateur decoule de trois principales caracteristiques. 

o V^ o o V^ ° 
d d 

Figure I - l l : Structure de la desoxythymidine et du BrdU. 

La premiere est que la taille du brome est semblable a celle du groupement -CH3 de la 

thymidine (r = 0.195 et 0.20 nm, respectivement), ce qui lui permet d'etre incorpore 

dans l'ADN cellulaire durant la replication. La seconde est que le BrdU, une fois qu'il 

est incorpore dans l'ADN cellulaire, ne presente qu'un faible effet toxique; meme 

lorsque 50% des thymidines sont remplacees par le BrdU, on ne constate qu'une 

faible diminution de la survie cellulaire (Iliakis et al, 1989, Szybalski, 1974). Enfin, 

la troisieme caracteristique du BrdU est que l'electronegativite du brome en fait un 

bon capteur d'electrons (keaq = 1.6 x 1010 dm3 mol"1 s"1 a pH 7.0, Patterson et Bansal, 

1972) et un bon groupement partant, ce qui permet la creation d'un radical uridin-5-yl 

tres reactif, notamment pour ce qui est de l'abstraction d'atomes d'hydrogene fe.prOH 

= 4.1 x 107 dm3 mol"1 s"1, Mertens et Sonntag, 1994). La figure 1-12 decrit le 

mecanisme de formation d'une cassure a l'ADN causee par l'exposition aux rayons 

UV d'un ADN brome. Le mecanisme est generalement suppose etre semblable pour 

une irradiation aux rayons ionisants, notamment en ce qui a trait a l'abstraction d'un 

atome d'hydrogene sur le sucre du nucleotide en 5'. 
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Figure 1-12 : Mecanisme de formation des cassures dans l'ADN brome expose aux 
rayons UV. A la suite de reposition aux rayons UV (313 nm), un electron est 
transfere de la base en 5' du BrdU. II y a ensuite depart de 1'anion brome et formation 
d'un radical uridine-5-yl. Ce radical fait I'abstraction d'un atome d'hydrogene sur la 
position CI' du sucre en 5' (C2' dans le cas de la radiation ionisante). II y a ensuite 
transfert d'un hydrogene et formation d'une cassure par la liberation de l'extremite 3' 
du desoxyribose. 

D'autres analogues halogenes de la thymine sont aussi de bons capteurs d'electrons, 

dans l'ordre suivant: fluorouracile < chlorouracile < bromouracile. Cependant, le 5-

fluorouracile n'est pas incorpore dans l'ADN, et le chlorouracile forme moins de 

radical uracil-yl que le bromouracile (Bansal et ah, 1972, Patterson et Bansal, 1972). 

Pour cette raison, c'est surtout le BrdU qui a fait l'objet d'etudes de 

radiosensibilisation. 

1.3.2 - Radiosensibilisateur : essais precliniques 
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II y a deja plus de 40 ans que le BrdU a ete identifie en tant que radiosensibilisateur 

(Dewey et Humphrey, 1965). En effet, l'ADN cellulaire ou une partie des thymidines 

a ete remplacee par le BrdU subit une augmentation des cassures simples et doubles 

(Limoli et Ward, 1993, Saffhill et Ockey, 1985) et des aberrations chromosomiques 

(Dewey et al., 1966) apres une exposition aux radiations ionisantes. Le mecanisme de 

radiosensibilisation de l'ADN brome passe principalement par l'attachement 

dissociatif d'un electron sur le BrdU, puis par le depart d'un anion brome et la 

formation du radical uridin-5-yl (Wang et al., 2006). Comme il a ete mentionne plus 

haut, ce radical est tres reactif, et va done faire l'abstraction d'un atome d'hydrogene 

sur le CI' ou le C2' du deoxyribose situe en 5' du BrdU pour dormer l'uridine 

(Schyman et al., 2007). Le ribose radicalaire ainsi cree mene ensuite a la formation de 

cassures. A l'origine, on croyait que seuls les electrons aqueux issus de la radiolyse de 

l'eau etaient responsables de la formation de cassures, mais des donnees recentes du 

groupe de Leon Sanche ont montre qu'il etait possible que les electrons de basse 

energie interviennent aussi dans le mecanisme de radiosensibilisation (Abdoul-Carime 

et al., 2000b, Dugal et al., 2000, Li et al., 2003). Toutefois, il est important de noter 

que la contribution des electrons aqueux a la radiosensibilisation de l'ADN brome 

dans les cellules est probablement la plus importante, puisqu'on assiste a la disparition 

de la majorite du nombre de cassures double en presence d'acetone, un capteur 

d'electrons aqueux (Webb et al, 1993). 

D'autres facteurs affectent la radiosensibilisation des cellules par le BrdU, notamment 

le pourcentage de remplacement de la thymidine (Ling et Ward, 1990), la structure de 

la chromatine (Lawrence et al., 1995), le temps de doublement de la lignee cellulaire, 

ainsi que la phase de croissance (exponentielle vs plateau) ou se produit 1'irradiation 

(Iliakis et al, 1989, Wang et al, 1994). La presence ou l'absence d'oxygene influence 

aussi grandement la production de dommages, d'abord parce que I'oxygene agit a titre 

de capteur d'electrons (keaq = 1.9 x 1010 dm3 mol"1 s"1, Buxton et al, 1988), mais aussi 

parce que I'oxygene a demontre une influence importante sur le type de dommage 

produit, notamment en fixant les dommages causes a l'ADN par I'addition d'un 

radical superoxide. Tous ces facteurs et bien d'autres ont joue un role important dans 
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Petablissement des protocoles cliniques utilisant le BrdU en tant que 

radiosensibilisateur (Coleman et Mitchell, 1999, McGinn et Kinsella, 1992). 

1.3.3 - Radiosensibilisateur : essais cliniques 

Le but premier de la radiotherapie est de cibler specifiquement les cellules 

cancereuses, tout en epargnant les cellules saines environnantes. Puisque la cible 

principale des radiations est l'ADN, beaucoup de radiosensibilisateurs ont ete 

developpes au cours des dernieres annees qui ciblent principalement l'ADN des 

cellules cancereuses. A l'origine, I'utilisation du BrdU en tant que radiosensibilisateur 

utilise dans le traitement du cancer a souleve beaucoup d'interet, car c'est l'un des 

rares a s'incorporer dans l'ADN cellulaire. Puisque le BrdU est incorpore durant la 

replication, la theorie voulait que les cellules tumorales, qui se divisent plus 

rapidement, incorporent plus de BrdU dans leur ADN et soient done plus sensibilisees 

que les cellules saines environnantes. Bien que les essais cliniques aient montre des 

resultats encourageants quant a l'efficacite des pyrimidines halogenees en tant que 

radiosensibilisateur (Kinsella et al, 1984, Levin et al, 1995, Phillips et al, 1991, 

Urtasun et al, 1996), certains problemes ont ete reveles. Entres autres, la 

photosensibilite accrue des patients a ete traitee en minimisant l'exposition au soleil et 

en prescrivant une creme protectrice topique. La dehalogenation du BrdU par le foie a 

ete minimisee en injectant directement le BrdU dans la region de la tumeur. 

Cependant, deux facteurs sont demeures problematiques au cours des differents essais 

cliniques : le peu de connaissances concernant la vitesse de replication des cellules 

saines environnantes, ainsi que l'incapacite de mesurer facilement 1'incorporation 

reelle du BrdU dans les cellules. Ce premier facteur pourrait expliquer pourquoi l'un 

des premiers essais cliniques a montre un effet positif pour la combinaison du BrdU et 

de la radiation (Sano et al, 1965), alors qu'un autre n'a montre aucun effet (Bagshaw 

et al, 1967), en plus de noter une augmentation du dommage aux tissus normaux. 

Dans ce dernier cas, le champ d'irradiation couvrait aussi la muqueuse de la cavite 
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buccale et du pharynx, qui se divise plus rapidement que les cellules tumorales. Ainsi, 

les cellules saines ont incorpore plus de BrdU que les cellules tumorales. Une autre 

etude de phase I a utilise une approche inusitee pour une tumeur entouree de cellules 

saines qui se divisaient plus rapidement (Eisbruch et al, 1999). En effet, ces cellules 

incorporent plus de BrdU et seraient done normalement plus sensibilisees aux 

radiations que les cellules tumorales. Cependant, pour la meme raison, le BrdU est 

dime plus rapidement lorsque l'infusion est stoppee, tandis que les cellules tumorales 

maintiennent encore un taux de remplacement el eve plusieurs jours apres I'arret, au 

moment ou est prevue 1'irradiation. 

Plusieurs etudes ont montre un effet positif de l'utilisation du BrdU en tant que 

radiosensibilisateur sur la survie des patients atteints de differents types de cancer. 

Cependant, une etude de phase III parue en 2004, ou le BrdU etait utilise en 

combinaison avec un agent chimiotherapeutique, n'a pas reussi a montrer une 

amelioration de la survie des patients (Prados et al, 2004). Apres la parution de cette 

etude, les travaux sur l'utilisation du BrdU en clinique ont a toute fin cesses. 

1.3.4 - Reevaluation du mecanisme de radiosensibilisation du BrdU 

Malgre I'arret des travaux cliniques sur le BrdU, l'interet pour le radiosensibilisateur 

est demeure present, entres autres parce que e'est l'un des rares agents a sensibiliser 

directement l'ADN, et aussi a cause de son faible niveau de toxicite. C'est pour cette 

raison que notre groupe a entrepris de reevaluer le mecanisme moleculaire de 

radiosensibilisation de l'ADN par le BrdU, en utilisant un modele simple constitue de 

courts oligonucleotides synthetiques. C'est ainsi qu'en 2004, notre groupe a montre 

que l'effet radiosensibilisateur du BrdU dependait de l'etat d'hybridation de l'ADN. 

En effet, apres irradiation dans des conditions hypoxiques, nous avons observe un 

plus grand rendement au niveau de la formation de cassures dans un ADN simple brin 

ou une thymidine avait ete substitue par un BrdU que dans un ADN double brin 
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(Cecchini et al, 2004). Plus etonnant encore, la presence d'un mesappariement de 5 

bases autour du site de modification favorisait la production de cassures par rapport a 

un ADN double brin, et entrainait la formation d'un nouveau type de dommage, qui 

n'avait jamais ete observe jusque la pour un ADN brome : le dimere interbrin 

(Cecchini etal, 2005). 

Ainsi, mon projet avait pour but d'approfondir nos connaissances sur la formation du 

dimere interbrin dans l'ADN brome soumis aux radiations ionisantes, avec une 

attention particuliere sur 1'importance de la structure et de la sequence de l'ADN au 

site de la substitution. Cette information permettrait non seulement de mieux 

comprendre le mecanisme de radiosensibilisation du BrdU pour un eventuel 

recommencement des essais cliniques, mais fournirait aussi de I'information sur la 

reactivite des regions mesappariees de l'ADN. Les resultats obtenus sont presenter 

dans les sections suivantes. 
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Avant-propos : 

Contribution a la redaction et a I 'experimentation : 

J'ai effectue la totalite des experiences presentees dans cet article. J'ai aussi 

redige cet article, sous la supervision de mes co-directeurs, Richard Wagner et Darel 

Hunting. 

Resume : 

Dans cet article, nous presentons l'effet de la conformation de l'ADN sur la 

production de dommage a l'ADN brome. A I'aide d'un modele experimental ou 

l'ADN est deshydrate puis graduellement rehydrate, nous montrons que la forme B de 

l'ADN est necessaire pour la production de bris et de cassures, la forme A ne 

produisant que des lesions qui peuvent etre revelees par un traitement alcalin. Cet 

article vient appuyer notre hypothese, qui soutient que Penvironnement ou le radical 

initial est cree - et plus particulierement la structure de l'ADN dans cet article - lors 
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de I'irradiation de l'ADN a un effet important sur la letalite du dommage qui est 

produit. 
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ABBREVIATIONS A, Adenine; AB, bromodeoxyuridine-substituted 

oligonucleotide; AT, unsubstituted oligonucleotide; BrdU, 5-bromodeoxyuridine; 

CldC, 5-chlorodeoxycytidine; CldU, 5-chlorodeoxyuridine; dCMP, deoxycytidine 

monophosphate; DSBs, double strand breaks; DSc, complementary double stranded; 

DSsc, semi-complementary double stranded; dU, Deoxyuridinyl radical; e", electron; 

eaq, solvated electron; eidn, kinetic electron; EDTA, ethylenediaminetetraacetic acid; T, 

Gamma (HaO/nucleotide); ICL, Interstrand cross-link; als, alkali-labile DNA lesion; 

sb, strand break; SS, single stranded; T, thymine; TA, complementary 

oligonucleotide; UHV, ultrahigh vacuum. 
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ABSTRACT DNA structure has recently emerged as one of the key factors 

governing the ability of 5-bromodeoxyuridine (BrdU) to radiosensitize DNA. Here, 

we report the dependence of the specific damage induced by BrdU for different DNA 

conformations. Strand breaks are specific for B-form DNA, whereas A-DNA only 

undergoes formation of piperidine-sensitive DNA lesions. Interstrand cross-links are 

only found in semi-complementary B-DNA. DNA conformation was altered by 

gradually rehydrating lyophilized DNA samples, which induces an A- to B-form 

transition. These results were also validated by irradiating DNA in solution, in the 

presence or absence of 80% ethanol to induce an A- or B-form, respectively. Alkali-

labile DNA lesions were revealed using hot piperidine to transform both base and 

sugar lesions into strand breaks. We also analyzed the location of damage as a 

function of DNA structure: piperidine-sensitive lesions were observed exclusively at 

the site of BrdU substitution, whereas strand breaks were able to migrate along the 

DNA strand, with a clear preference for the adenine 5' of the BrdU. Thus, not only the 

hybridization state but also the DNA conformation affect the degree of sensitization 

by BrdU by influencing the amount and type of damage produced. Although clinical 

trials using BrdU as a radiosensitizer have been disappointing up to this point, these 

new findings point to several key features of BrdU radiosensitization that may alter 

future radiotherapeutic studies. 
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5-bromodeoxyuridine (BrdU), an analogue of thymidine, radiosensitizes cells (1-2) 

leading to single- and double strand breaks (3-4), chromosomal aberrations (5) and 

cell death. The mechanism for single strand break formation involves electron 

attachment to BrdU, followed by the departure of a bromide anion and generation of a 

uracil-5-yl radical that further reacts to create strand breaks. Although the 

radiosensitizing activity of BrdU was discovered more than forty years ago, clinical 

studies have given disappointing results (6-10), failing to show a survival advantage 

for patients with a range of tumor types. Nevertheless, the relatively low toxicity of 

BrdU as well as its rare ability to directly radiosensitize DNA suggest that further 

studies are warranted. We therefore decided to re-explore the molecular basis of BrdU 

radiosensitization in order to reach a better understanding of the conditions that favor 

BrdU-related damage, and especially the structural requirements to maximize DNA 

sensitization by BrdU. 

Changes in DNA structure with increasing levels of hydration have been thoroughly 

documented. Variations in structure (11-13), compaction, (14-15) and reactivity to 

ionizing radiation (16-21) as a function of hydration have been extensively studied in 

the last decades. At low levels of hydration (0 < T < 6, where T represents the number 

of water molecules per nucleotide), Na-DNA adopts a B-like conformation, which 

changes to an A-form at higher levels (6 < T < 20). At these lower levels of hydration, 

radiation can ionize the water of hydration, but the initial ionization holes appear to be 

transferred to DNA in what is described as the quasi-direct effect. Thus, hydroxyl 

radicals are not observed below T ~ 9 (22-23), in what corresponds to the inner 

primary hydration shell. Hydroxyl radical formation has been identified in the outer 

primary hydration shell, which contains an additional 11-12 moles of water per mole 

of nucleotide. The secondary hydration shell is formed at higher levels of hydration ( r 

> 20), and is indistinguishable from bulk water (12, 17-18, 22). 

The importance of DNA structure for sensitization by BrdU has already been 

demonstrated by our group (24-26). It was shown that hybridization decreased 
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sensitization by up to 20-fold compared to that of single stranded DNA. Moreover, a 

hybridized BrdU-substituted oligonucleotide with a 5-base mismatch produced an 

interstrand cross-link (ICL) that was dependent on the presence of a mismatch. Here, 

we examine other aspects of DNA conformation that affect BrdU sensitization. First, 

we increased the hydration level, thereby changing DNA conformation, and found 

that strand breaks for BrdU-substituted DNA are specific for B-form DNA, and are 

not found in A-form DNA. We also investigated the effect of DNA conformation in 

solution by using ethanol to dehydrate DNA and produce an A-conformation. For 

both experimental approaches, irradiation of A-DNA produced BrdU-specific alkali-

labile lesions, as revealed by treatment with hot piperidine, whereas BrdU-specific 

strand breaks were only found in B-DNA. ICL production also displayed the same 

specificity for the B-conformation. 

Description 
Non brominated 
single stranded 
ojgonuclecdde 

Non brominated 
complementary 
o.igon.icleo:ide 

Hon brominated 
semi-complementary 
oligonucleotide 

Brominated 
single stranded 
ojgonacleo:ide 

Brominated 
complementary 
ojgonjcleo;ide 

Brominated semi-
cvmplenientary 
oligonucleotide 

Sequence 

5' C-G-A-G-T-A-C-T-G-C-A-A-T-A-A-C-G-T-G-T-A-C-A-G-C 3' 

5' C-G-A-G-T-A-C-T-G-C-A-A-T-A-A-C-G-T-G-T-A-C-A-G-C 3' 
3 ' G-C-T-C-A-T-G-A-C-G-T-T-A-T-T-G-C-A-C-A-T-G-T-C-G 5' 

5' C-G-A-G-T-A-C-T-G-C-A-A-T-A-A-C-G-T-G-T-A-C-A-G-C 3' 
3 ' G-C-T-C-A-T-G-A-C-G. . . ,G-C-A-C-A-T-G-T-C-G 5' 

5' C-G-A-GkT-A-C-T-G-C-A-A-D-A-A-C-G-T-G-T-A-C-A-G-C 3' 

5' C-n-A-G-T-A-C-T-G-C-A-A-R-A-A-r-G-T-G-T-A-C-A-G-C 3' 
3 ' G-C-T-C-A-T-G-A-C-G-T-T-A-T-T-G-C-A-C-A-T-G-T-C-G 5' 

5' C-G-A-G-T-A C^T-G-C-A A B-A-A-C-G-T-G-T A C A G-C 3' 
3 ' G-C-T-C-A-T-G-A-C-G^A A/G-C-A-C-A-T-G-T-C-G 5' 

^ - A . ^ A - ^ 

Abbreviation 

SSAT* 

DSc AT*//TA 

DSscAT*//AT 

SSAB* 

DSc ABV/TA 

DSscAB*//AT 

Figure II-1 : Sequences of the brominated (B) and non-brominated (T) 
oligonucleotides. The asterisk (*) indicates the labeled strand. The hybridization state 
is indicated as follows: single-stranded (SS), double stranded, complementary (DSc), 
and semi-complementary (DSsc). 
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MATERIALS AND METHOD 

Oligonucleotides 

5-bromodeoxyuridine modified and nonmodified oligonucleotides were purchased 

from the University Core DNA Services (University of Calgary, AB, Canada). 

Sequences are shown in Figure II-1. Oligonucleotides were end-labeled with P [y-

ATP] using T4 polynucleotide kinase (Amersham Pharmacia biotech). Labeling was 

carried at an initial oligonucleotide concentration of 1 uM for 45 min at 37 °C with 10 

U of kinase. The enzyme was inactivated by heating for 10 min at 75 °C. 

Oligonucleotides were diluted to 400 nM and purified on a G50 Sephadex 

microcolumn. Hybridization was carried out at a final concentration of 100 nM of the 

labeled strand and a 2-fold excess of the unlabeled strand. Samples were heated to 82 

°C for 5 min then cooled slowly for 3 h. Hybridization controls were carried out as 

described in Cecchini et al. (25). Deionized, sterile water was used in all experimental 

protocols. 

Hydration of DNA samples 

Aliquots of the initial labeling reaction were diluted to a final concentration of 20 

nM in phosphate buffer (10 mM, pH 7.5). DNA samples were pipetted into 0.5 mL 

Eppendorf tubes and dried using a Speedvad evaporator for 45 min, and then hydrated 

by placing the tubes in scintillation vials containing various saturated solutions, in 

order to control the relative humidity. Scintillation vials contained roughly 0.5 g of 

crystals and 4 mL of the corresponding saturated solution. Samples were hydrated for 

24 h at 4 °C before irradiation. Saturated solutions yielded levels of relative humidity 

similar to those reported by Stokes (27) and were measured using a VWR 
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Hygrometer: K2C03 (~ 45%), NaCl (~ 76%), KC1 (~ 84%), H20 (~ 99%). The 

relationship between relative humidity and T, as determined by Huttermann (14, 16), 

was used in the present study. In addition, this relationship between steady-state 

hydration levels and relative humidity was confirmed by our group using plasmid 

DNA (28). Under these conditions, control samples of dried, unirradiated samples 

showed less than 1% breaks. Control samples of deoxygenated DNA solutions were 

irradiated in the presence of 50 mM EDTA (pH 8.0) in order to prevent hydroxyl 

radical degradation, leaving only BrdU-specific strand breaks, as described in 

Cecchini et al. (25). 

Ethanol experiments 

Single stranded (SS AB* and SS AT*), double stranded (DSc AB*//TA and DSc 

AT*//TA), and hybridized semi-complementary (DSsc AB*//AT and DSsc AT*//AT) 

oligonucleotides (20 nM final concentration, in 10 mM phosphate buffer at pH 7.5) 

were deoxygenated by bubbling for 1 min with N2 and irradiated in water or 80% 

ethanol. Certain experiments were conducted in the presence of 0 2 or N20 to 

scavenge solvated electrons. All samples contained EDTA (25 mM, pH 8.0) to 

scavenge hydroxyl radicals, whether ethanol was present or absent. 

Irradiation and treatment of DNA samples 

DNA was irradiated in a Gammacell 220 (60Co) with either 300 or 2400 Gy at a 

dose/rate of 3.06 Gy/min. After irradiation, hydrated samples were redissolved at their 

original concentration by adding 20 \iL of water and gently pipetting the solution to 

resuspend the DNA. Samples from ethanol experiments were dried with a Speedvac 

and resuspended in 20 uL of water. For both experiments (hydration and ethanol), 10 

ul was taken from each sample and treated with 10% hot piperidine (30 min at 90 °C) 

to reveal alkali-labile DNA lesions. 
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Gel electrophoresis and analysis 

Samples were loaded on a 20% denaturing (7 M urea) polyacrylamide gel (35 x 43 

cm). A molecular weight ladder was generated by a G+A Maxam & Gilbert 

sequencing treatment (29). Electrophoresis was carried out at 40 W for 2 h 45, with a 

30 min pre-run at 45 W. The gel was exposed overnight in a Phosphor Screen cassette 

(Molecular Dynamics, Inc.), and scanned with a fluorescence scanner (Storm, 

Molecular Dynamics Inc.). The bands were quantified using ImageQuant software 

(Molecular Dynamics) as described in Cecchini et al. (24). 
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Figure II-2 : Strand breaks and base lesions as a function of hydration. Hybridized, 
semi-complementary DNA, unsubstituted (DSsc AT*//AT) or substituted (DSsc 
AB*//AT) with BrdU was irradiated with increasing levels of hydration (from T ~ 6 to 
r ~ 31). Lanes 2, 8, 14 and 20 are unirradiated controls, whereas lanes 3, 9, 15, and 21 
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are positive controls, irradiated in solution under a nitrogen atmosphere with EDTA in 
phosphate buffer. Lanes 14 to 25 were treated with hot piperidine to reveal alkali-
labile DNA lesions. (Note: the portion of the gel between the wells and the parental 
oligonucleotide is not shown) 

RESULTS 

Hydration and BrdU sensitization 

We first examined the role of DNA structure in BrdU sensitization by gradually 

increasing the DNA hydration level from r = 6 t o r = 31. Although BrdU is a well-

known radiosensitizer in solution (30-32) and in cells (33-35), we found no BrdU-

specific strand breaks when a hybridized, semi-complementary oligonucleotide (DSsc 

AB*//AT, Figure II-1) was hydrated between T ~ 6 and T = 21 (Figure II-2, lanes 4—6 

and 10-12 and Figure II-3). Specific BrdU sensitization (strand breaks and ICLs) was 

only found when the hydration level reached r = 31 (Figure H-2, lane 7), where there 

was a 5-fold increase in damage in DNA substituted with BrdU, compared to that in 

unsubstituted DNA (Figure II-3). BrdU-specific ICLs were only found at V ~ 31 (not 

shown). Because it has been reported that dehalogenation (36-37), uracil-5-yl radical 

production (38-41), and base fragmentation (42-43) occur in dehydrated BrdU-

substituted DNA, we decided to test whether other types of BrdU specific damage 

occurred at lower hydration levels. Thus, we treated irradiated DNA with hot 

piperidine to reveal alkali-labile DNA lesions. 
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Hydration (H:0/nt) 

Figure II-3 : Damage yield as a function of DNA hydration. Strand breaks (sb; circles: 
o, • ) and strand breaks + alkali-labile DNA lesions (sb + als); squares: • , • ) were 
measured for unsubstituted DNA (DSsc AT*//AT, open symbols: o, n) and BrdU-
substituted DNA (DSsc AB*//AT, filled symbols: • , •) in phosphate buffer. 

Treatment with hot piperidine revealed DNA lesions that were created between T ~ 

6 and T = 31 only in substituted DNA (lanes 14-19 of Figure II-2 and Figure II-3). 

Although treatment with piperidine revealed low levels of DNA lesions present in 

unirradiated substituted oligonucleotides (Figure II-2, lane 14), irradiation 

substantially increased the amount of DNA damage. Both strand breaks and alkali-

labile lesions are quite specific for BrdU because irradiation of unsubstituted 

oligonucleotides induced strand breaks in fewer than 4% of the molecules under these 

conditions, compared to 16% with substituted DNA (Figure II-3). The only notable 

damage not specific to BrdU was the creation of alkali-labile DNA lesions at the 

central thymidine between T = 14 and T = 31 (Figure II-2, lanes 23-25). Although 

BrdU-specific degradation at T ~ 31 is concentrated in the mismatch region (Figure 

II-2, lane 7), leaving the double stranded portion of the oligonucleotide relatively 

unharmed, it extends farther on either side of the mismatch than in oligonucleotides 

irradiated in solution (lane 3). To further investigate this, we examined damage 

localization as a function of DNA sequence. Panel A of Figure II-4 shows a clear bias 

for strand scission on the adenine 5' of the BrdU, both in solution and in hydrated 

DNA, in accordance with previous studies (24). The second adenine 5' of the BrdU 

(i.e., AABrU) is also affected, albeit to a lesser extent. Damage migration 3' of the 
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BrdU was also observed, but occurred predominantly in hydrated DNA (Figure II-4, 

panel A). Treatment with hot piperidine revealed that alkali-labile DNA lesions arise 

virtually exclusively at the BrdU site (Figure II-4, panel B). 
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Figure II-4 : Damage as a function of DNA sequence. The relative yield of damage 
was measured for each base of the mismatch (AABrAA, see Figure II-1 for the 
complete sequence) and for two bases 5' of the mismatched, substituted 
oligonucleotide (DSsc AB*//AT). Strand breaks (panel A) and strand breaks + alkali-
labile DNA lesions (panel B) were measured for both solution and hydrated DNA ( r 
= 31, in phosphate buffer). Base lesions and sugar damage were revealed using hot 
piperidine. The background signal was removed by subtracting damage at each 
nucleotide of the unsubstituted oligonucleotide (DSsc AT*//AT). 
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The role ofDNA structure in BrdU sensitization in solution 

Single stranded (SS AB* and SS AT*, Figure II-l), double stranded (DSc AB*//TA 

and DSc AT*//TA, Figure II-l), and semi-complementary (DSsc AB*//AT and DSsc 

AT*//AT, Figure II-l) oligonucleotides were irradiated in the presence or absence of 

80% ethanol to induce an A- or B-form DNA, respectively. Single stranded 

oligonucleotides substituted with BrdU showed no evidence of conformation 

dependent strand break formation (Figure II-5, panel A). However, for hybridized, 

semi-complementary DNA, an 8-fold increase in strand breaks in the BrdU region 

was observed when BrdU-DNA was in a B-form rather than in A-form (Figure II-5, 

panel C). Similar results were obtained for double stranded DNA (not shown). 

Treatment with hot piperidine exposed a similar tendency for alkali-labile DNA 

lesions. ICLs were also specific to B-form DNA, with a 4-fold increase (Figure II-6) 

compared to A-DNA. Substitution with BrdU always produced substantially more 

damage than in unsubstituted oligonucleotides, under all conditions (Figure II-5, 

panels B and D). Irradiation in the presence of an electron scavenger (N2O ; ke = 9.1 x 

109 L mol"1 s"1 (44)) reduced the percentage of damaged molecules from 9.7 ± 0.3 to 

3.7 ± 0.1% (after correction for unirradiated DNA) following a dose of 2400 Gy. In 

the presence of ethanol, a hydroxyl radical scavenger (ke ~ 1.9 x 109 (44)), N2O 

induced a further reduction in strand break formation from 1.2 ± 0.3% to 0.4 ± 0.2%. 

When DNA was irradiated with 300 Gy in the presence of another electron scavenger, 

0 2 (ke = 1.9 x 1010 L mol"1 s'1 (44)), a similar reduction was observed from 3.5 ± 1.2% 

with N2 to 0.7 ± 0.8% with O2. Under these latter conditions, strand break levels were 

indistinguishable from unirradiated samples. At 300 Gy, addition of ethanol had no 

effect on radioinduced damage (0.4 ± 0.5% and 0.4 ± 0.7% without or with O2, 

respectively). Evidently, the presence of 25 mM EDTA in all samples efficiently 

reduced hydroxyl radical attack because total degradation of non-substituted DNA 

was less than 6% following a dose of 2400 Gy, compared to more than 60% in the 

absence of any hydroxyl radical scavenger (not shown). 
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DISCUSSION 

Hydration and BrdU sensitization 
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Figure II-5 : Damage yield in the mismatch zone as a function of DNA structure. 
Strand breaks (hatched) and strand breaks + alkali-labile DNA lesions (plain) were 
measured in the mismatch zone in the absence or presence of 80 % ethanol for single 
stranded DNA with (SS AB*, panel A) or without (SS AT*, panel B) BrdU and 
hybridized, semi-complementary DNA with (DSsc AB*//AT, panel C) or without 
(DSsc AT*//AT, panel D) BrdU. DNA lesions (base lesions and sugar damage) were 
revealed using hot piperidine. Double stranded DNA adopts an A conformation in 
80% ethanol and a B conformation in aqueous solution. 

When a hybridized, semi-complementary oligonucleotide is irradiated at increasing 

levels of hydration, the frequency of strand breakage in BrdU-substituted DNA is 

indistinguishable from non-substituted DNA between V ~ 6 and r ~ 21. Specific 

BrdU sensitization (strand breaks + ICL) is only found at F ~ 31. In contrast, when 
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irradiated DNA is treated with hot piperidine, alkali-labile DNA lesions that are 

specific for BrdU-substituted DNA are revealed over the entire hydration range 

(Figure II-2, lanes 16-19, and Figure II-3). Such evidence of DNA lesions under low 

hydration conditions is in agreement with previous results obtained under Ultra High 

Vacuum (UHV) (42-43). However, in these previous studies, no evidence of strand 

breaks was detected, most probably because irradiation under UHV precluded any 

hydration of DNA. Our experimental system indicates that a striking change in 

reactivity occurs between T = 21 and T ~ 31, leading to strand breaks as well as 

alkali-labile DNA lesions when DNA is in a higher hydration state. 
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Figure II-6 : Interstrand cross-link yield as a function of DNA structure. Interstrand 
cross-links (ICLs) were measured in the absence (B-DNA) or presence (A-DNA) of 
80% ethanol for mismatched DNA, brominated semi-complementary DNA (DSsc 
AB*//AT), or non-brominated semi-complementary DNA (DSsc AT*//AT), 
respectively. 

DNA adopts an A-form between 45 ( r = 6) and 90% ( r = 20) of relative humidity, 

which shifts to a B-form when hydration is increased (11-14). Because BrdU 

sensitization has been shown to be extremely dependent on the hybridization state and 

on the presence of a mismatched region, we propose that the change in reactivity 

observed between r = 21 and F = 31 occurs because of a conversion from A-form to 

B-form DNA. However, it should be noted that at T = 21, the conversion to B-form is 

already relatively complete and thus one would expect to observe strand breaks at this 

level of hydration, according to the hypothesis stated above. However, the hydration 
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levels reported here were not measured by us, but were assumed on the basis of the 

measurement of relative humidity and the hydration levels published for these values. 

The use of synthetic oligonucleotides rather than plasmid DNA may produce slightly 

different levels of hydration. Plasmid or cellular DNA, even when every care is taken 

to purify it, often contains contaminants (e.g., proteins and Tris buffer) originating 

from the extraction protocol or the storage conditions. The presence of other 

molecules could affect the measurement of the hydration levels of plasmid DNA. 

Therefore, it is possible that the reason no strand breaks are observed at T ~ 21 is 

because the hydration level is slightly lower than T ~ 20, where DNA would mostly 

still be in A-form. For this reason, we proceeded to validate our hypothesis by 

inducing an A-form DNA in solution using ethanol, to verify the effect of 

conformation on DNA radiosensitization by BrdU. 

Damage localization and DNA structure 

It is well known that strand breaks occur predominantly at the nucleotide 5' to the 

BrdU. This is because the pathway leading to strand breaks involves hydrogen 

abstraction from the 2'-deoxyribose moiety of the base 5' to BrdU (45). When we 

examined strand break location as a function of DNA structure, we observed a similar 

tendency for both dissolved and hydrated DNA ( r = 31, Figure II-4, panel A), 

although damage spread farther in the hydrated sample (Figure II-2, lane 7) than in 

solution (lane 2). In the former case, the limited availability of water molecules 

probably allows radicals to migrate farther along the DNA strand before being trapped 

by H2O. Remarkably, piperidine-sensitive DNA lesions occurred exclusively at the 

site of BrdU substitution (Figure II-4, panel B). Several factors other than 

conformation may explain this observation; a higher hydration level may favor 

protonation of the uracil-5-yl radical and creation of a radical cation, thus allowing 

migration of the damage. However, no preference for the G's near the initial damage 

site was observed, as would be expected if this were the case. In addition, the greater 

mobility and wobbling afforded by a higher hydration level of DNA may facilitate 



42 

charge transfer of radicals to distant bases (46). This could also explain why a 

Gaussian distribution of DNA damage is observed (Figure II-4, panel B) when all 

types of damage (strand breaks + alkali-labile DNA lesions) are taken into account. 

The increase in mobility generated by the formation of a mismatch zone (24) has 

already been proposed by our group to be responsible for the increase in strand breaks 

and the production of interstrand cross-links observed in mismatched DNA. Indeed, 

the mobility of the DNA bases is likely to affect the ability of any radical created in 

DNA to react and migrate, and higher levels of hydration greatly increase the mobility 

of DNA compared to that of solid-state DNA. However, hydration also induces a 

change in conformation that affects the number of potential donors and acceptors near 

the radical created at the BrdU site. Therefore, it becomes extremely difficult to 

distinguish between the two factors. Because several factors can indeed affect the 

chemistry of solid-state DNA and for the reasons cited in the previous section, we 

proceeded to examine the effect of conformation on the radiosensitization of BrdU-

substituted DNA in solution. 

The role of DNA structure for BrdU sensitization in solution 

It is well established that ethanol will cause a conformational change in DNA from 

the canonical B-DNA to A-DNA (47). In light of our results with hydrated DNA, we 

examined the effect of conformation for BrdU-substituted DNA in solution. In this 

system, 25 mM EDTA (£OH = 4.0 x 108 L mol"1 s"1 (48)) was added to each sample to 

scavenge hydroxyl radicals and thus to reduce both random breakage of our DNA as 

well as site-specific strand breakage resulting from hydroxyl radical attack on BrdU. 

Therefore, the majority of strand breaks produced by irradiation of these samples were 

assumed to be due to the interaction of solvated electrons with BrdU. With this 

experimental system, we saw no effect of ethanol on the sensitization of single 

stranded DNA by BrdU (Figure II-5, panels A and B), whereas mismatched DNA 

displayed a conformation dependency similar to what was observed with the 

hydration experiment, regardless of whether strand breaks (Figure II-5, panels C and 
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D) or ICLs (Figure II-6) were considered. It is possible that the interaction of ethanol 

with the uracil-5-yl radical could prevent the attack of the latter on the sugar and the 

subsequent creation of a strand break. However, our observation that ethanol does not 

influence break formation in single stranded DNA argues against this hypothesis 

(Figure II-5A). A slight reduction of alkali-labile DNA lesions was observed upon 

addition of ethanol and could be attributed to a low level of remaining hydroxyl 

radicals that are scavenged by ethanol. Although solvated electrons are thought to be 

the primary reactive species to interact with BrdU, hydroxyl radicals can also attack 

BrdU, leading to debromination and creation of a strand break (37). Because further 

scavenging of these hydroxyl radicals by ethanol could explain part of the reduction in 

strand breaks, we performed another experiment where DNA was again irradiated in 

the presence or absence of ethanol, but also in the presence of dinitrous oxide (N2O), 

an efficient electron scavenger. Although we observed a diminution in strand breaks 

in both A-form and B-form DNA in the presence of N2O, we were unable to eliminate 

all strand breaks produced at 2400 Gy. Because it is possible that a substantial amount 

of N2O is consumed at this high dose, we lowered the dose to 300 Gy and used 

oxygen, another well-known electron scavenger. Strand breaks produced in B-form 

DNA were completely suppressed by irradiation in the presence of oxygen. However, 

the number of strand breaks produced in A-form DNA at 300 Gy was too low to 

observe an effect of the presence of oxygen. These results clearly indicate that, 

although hydroxyl radicals may be responsible for a small portion of strand breaks 

generated in B-form DNA at 2400 Gy, the majority of damage to BrdU-substituted 

DNA indeed occurs through a reductive pathway, and that the reduction in strand 

break formation observed upon addition of ethanol originates from a change in DNA 

conformation. Thus, the results obtained with ethanol support those from our 

hydration experiments: the type of DNA damage resulting from BrdU sensitization is 

dependent on DNA conformation. Irradiation of A-DNA will induce alkali-labile 

DNA lesions, whereas B-DNA will lead primarily to frank strand breaks and lower 

levels of alkali-labile DNA lesions. 
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DNA structure has an important influence on the production of strand breaks. Both 

simulations (49) and experimental results (50) suggest that hydroxyl radical attack is 

dependent on DNA structure, both on the DNA form (A, B or Z) and on the 

hybridization state (single or double stranded). Several papers also report that 

chromatin structure per se affects the extent of DNA damage by ionizing radiation 

(51-55). As for brominated DNA, recent evidence by Kimura et al. pointed to 

enhanced reactivity in Z-DNA compared to that in B-DNA in 8-bromo-2'-

deoxyguanosine substituted oligonucleotides (56). Cecchini et al. (25) also presented 

evidence that hybridization lowered the total yield of single strand breaks induced by 

y-rays in BrdU-substituted DNA by up to 20-fold, and that substituted double stranded 

oligonucleotides containing a mismatch produced ICLs. Previous reports have already 

shown that DNA structure strongly influences the preference for hydrogen abstraction 

on CI' or C2' by a uracil-5-yl radical generated by photoirradiation of BrdU-

substituted DNA (57-58; for a review, see 59). Thus, it is likely that DNA 

conformation also affects the type of damage resulting from uracil-5-yl radical 

production. In our case, the A-form that exists between T ~ 6-21 probably prevents 

both the H-atom abstraction from the 2'-deoxyribose moiety and the migration of 

damage along the DNA strand, precluding the formation of frank strand breaks. Thus, 

the uracil-5-yl radical remains localized at the BrdU site, possibly allowing slower, 

competing pathways to create other types of lesions that can be revealed by piperidine 

treatment and are located exclusively at the site of BrdU substitution. However, the 

structural conditions necessary for the generation of strand breaks exist in B-form 

DNA at r ~ 31 and in solution. Although the nature of the alkali-labile lesions was 

not determined in these experiments, it is entirely possible that they coincide with the 

damage leading to the production of the base fragments observed under UHV (42-43). 

Electron attachment to BrdU leads to the formation of the same uracil-5-yl radical, 

whether the electron is solvated or not (38-41), although it is also possible that the 

dissociative electron attachment mechanism that was proposed by Sanche's group 

(60) could also yield products different from those observed in solution. Because of 

the high dependence of BrdU sensitization on DNA structure, the experimental 

system presented here may be a sensitive probe for DNA conformation. 



45 

~ . - . < : — 

Interstrand 

/ C " ^ B-DNA < 
^ "-> Strand breaks 

Double stranded - - ^BrdU + e" - - •>• Br" + dU '<" > 

••-'" %*_ * A-DNA ^ Alkali-labile 
Single stranded \ _ - > - - £ | e s i o n s 

Figure II-7 : Major degradation pathway for BrdU-substituted DNA for single 
stranded, double stranded, and mismatched DNA for A- and B-DNA. (Note: Only the 
most important lesions are indicated. Minor levels of alkali-labile lesions are 
generated in B-DNA.) 

Figure II-7 summarizes our conclusions. We propose that, during irradiation, 

electron attachment to DNA occurs in all oligonucleotides, independent of the 

hybridization state and structure. However, dehalogenation and creation of the uracil-

5-yl, which are dependent on the probability of electron localization on BrdU, are 

strongly influenced by DNA structure (25). Furthermore, once the uracil-5-yl radical 

is formed, the type of damage will also depend on DNA conformation. We propose 

that in A-DNA, the uracil-5-yl radical is unable to abstract a hydrogen atom from the 

adjacent 2'-deoxyribose, thus localizing the radical at the site of substitution. Further 

reactions with adjoining donors will lead to the creation of alkali-labile lesions that 

possibly include the fragmented base that was observed by Sanche's group (42-43). In 

B-DNA, the structural requirements for hydrogen abstraction exist, and strand breaks 

will occur, although a certain amount of transient, unfavorable structure must also 

exist because a fraction of the uracil-5-yl radical population will generate alkali-labile 

DNA lesions and ICLs. B-DNA also allows the migration of the original radical to 

distant bases, thereby permitting delocalized induction of strand breaks. Therefore, A-

DNA will produce piperidine-sensitive DNA lesions localized on BrdU, whereas B-

DNA will also produce strand breaks that can spread on either side of the original 

radical. ICL production will be limited to mismatched DNA in B-form. Single 

stranded DNA will not be affected because of its less ordered configuration in 
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solution. It is interesting to note that the reactivity of the mismatched nucleotides in 

semi-complementary DNA is affected by DNA conformation. This observation 

appears to favor the zipper-like structure for mismatches (61-63) rather than the open 

bubble model (24), which would possibly not be affected by DNA conformation. 

BrdU and DNA structure: biological implications 

In light of the results presented in this article, we propose that the fate of BrdU upon 

irradiation is highly dependent on the regional conformation of DNA. BrdU-

substituted DNA in A-form will only produce base lesions, as was observed in 

experiments studying dehydrated DNA. Strand breaks will occur at BrdU sites when 

DNA adopts a B-form, because the DNA conformation is now favorable to the steps 

leading to sugar-phosphate backbone cleavage. How this hypothesis would translate 

into a cellular environment is still unknown: in cells, DNA is mostly in B-form, but is 

wrapped tightly around nucleosomes to form chromatin. DNA packing and chromatin 

structure was shown to have an effect on radiation sensitivity (64), and some evidence 

points to a similar influence on BrdU sensitization (34, 65). 

Although clinical studies using BrdU as a radiosensitizer have been disappointing 

up to this point, a new class of halogenated pyrimi dines has been emerging as a potent 

radiosensitizer (66-67). Sensitization by chlorodeoxycytidine (CldC) relies on the 

elevated levels of deoxycytidine kinase and dCMP deaminase in human tumors 

compared to normal tissues. CldC is incorporated in DNA as chlorodeoxyuridine 

(CldU). Because electron attachment to CldU will yield the same uracil-5-yl radical 

that is responsible for BrdU sensitization, it is extremely likely that similar 

sensitization mechanisms will also apply to CldC, including the production of ICLs. 

Therefore, it is crucial to pursue the study of the chemical processes leading to BrdU-

and CldC-induced damage in order to develop and exploit tumor radiosensitizers. 
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Avant-propos : 

Contribution a la redaction et a I 'experimentation : 

Sonia Girouard a fait les experiences d'irradiation des differentes sequences 

d'ADN, sous la supervision de Sylvain Cecchini, alors etudiant au Ph.D. L'irradiation 

d'ADN simple brin et l'analyse par HPLC a ete faite par Kathleen Turcotte (stagiaire) 

sous ma supervision. J'ai analyse les donnees brutes et j 'ai redige la totalite de cet 

article, sous la supervision de mes co-directeurs, Richard Wagner et Darel Hunting. 

Resume : 

Dans cet article, nous presentons l'effet de la sequence sur la production de dommage 

a l'ADN brome. Douze sequences ont ete etudiees, comprenant trois variations du 

brin brome et quatre variations du brin semi-complementaire. A I'aide de ce modele 

experimental, nous montrons que la sequence d'ADN entourant le BrdU influence 
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enormement la production de dommage a I'ADN brome. En effet, autant que le 

rendement des dommages (production de cassures et de dimeres interbrins) que la 

localisation du dommage est affectee par la sequence. Plus precisement, cet article 

montre qu'a partir d'un radical initial, plusieurs structures de dimere interbrins 

peuvent etre formees, ce qui signale une chimie complexe ou la migration de radical 

pourrait etre impliquee. Cet article vient appuyer notre hypothese, qui soutient que 

l'environnement ou le radical initial est cree - et plus particulierement la sequence de 

I'ADN dans cet article - lors de 1'irradiation de I'ADN a un effet important sur la 

letalite du dommage qui est produit. 
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ABBREVIATIONS A, Adenine; BrdU, 5-bromo-2'-deoxyuridine; BrU, 5-

bromo-2'-deoxyuridine-substituted oligonucleotide; C, cytosine; eaq, solvated electron; 

EDTA, ethylenediammetetraacetic acid; FapyGua, 2,6-diamino-4-hydroxy-5-

formamidopyrimidine; HPLC, High Performance Liquid Chromatography; G, 

guanine; ICL, interstrand cross-link; 2-PrOH, 2-propanol; T, thymine; TEAA, 

triethyl ammonium acetate. 
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ABSTRACT Interstrand cross-links impede critical cellular processes such as 

transcription and replication and are thus considered to be one of the most toxic types 

of DNA damage. Although several studies now point to the existence of y-radiation-

induced cross-links in cellular DNA, little is known about the characteristics required 

for their creation. Recently, we reported the formation of interstrand cross-links that 

were specific for mismatched nucleotides within 5-bromo-2'-deoxyuridine-substituted 

DNA. Given the structural specificity for interstrand cross-link formation, it is likely 

that open or mismatched regions of DNA in cells may be particularly favorable for 

cross-link production. Herein, we investigated the effect of the local DNA sequence 

on the formation of interstrand cross-links, using 5-bromo-2'-deoxyuridine to generate 

radicals in a mismatched region of DNA. We investigated a total of 12 variations of 

bases in the mismatched region. The oligonucleotides were irradiated with y-rays, and 

interstrand cross-link formation was analyzed by denaturing gel electrophoresis. We 

found that the efficiency of cross-link formation was highly dependent on the nature 

of mismatched bases and, on the basis of electrophoretic mobility, observed several 

distinctive cross-link structures with specific DNA sequences. This study provides 

new insights into the reactivity of mismatched DNA and the mechanisms leading to 

interstrand cross-link formation. The potential application of 5-bromo-2'-

deoxyuridine-induced interstrand cross-links to the field of DNA repair is discussed. 
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Among the plethora of DNA lesions produced by ionizing radiation, double-strand 

breaks are generally considered to be the most toxic (1-3). However, evidence of the 

formation of another potentially more toxic type of lesion is now emerging. 

Interstrand cross-links (ICLs) prevent the separation of the DNA strands, thus 

blocking several key cellular processes (4, 5). Traditionally, ionizing radiation has not 

been regarded as a cross-linking agent; however, several instances of intrastrand 

cross-link formation have been reported (6-12), and recent data from Greenberg and 

co-workers point to the existence of interstrand cross-links induced by hydroxyl 

radicals in synthetic DNA (13, 14). 

Although 5-bromo-2'-deoxyuridine (BrdU), a thymidine analogue that can be 

incorporated into DNA, is widely used as a marker of replicating cells (15-17), it was 

first reported as a photo- and radiosensitizing agent (18, 19). When exposed to 

ionizing radiation, BrdU produces single- and double-strand breaks (20, 21), as well 

as chromosomal aberrations (22) that are generally believed to be responsible for its 

sensitizing properties. Recently, we reported the formation of a new type of BrdU-

sensitized damage in synthetic DNA: ICLs that were specific for mismatched 

nucleotides within BrdU-substituted DNA (23). These ICLs were later found to be 

highly dependent on the presence of B-form DNA, supporting the evidence that the 

regional structure of DNA is a prerequisite for their formation (24) and that these 

ICLs may only be produced in open or mismatched regions of cellular DNA. 

Although open regions of DNA transiently exist during transcription and replication 

and mismatched regions are found in centromeres (25-27), there are surprisingly few 

studies asking how these regions are affected by ionizing radiation (28, 29). Given the 

structural prerequisites for ICL formation observed in our studies, it is possible that 

open regions of DNA may be particularly favorable for ICL production. 

Here, we used BrdU, together with ionizing radiation, as a tool to generate radicals 

in open regions of DNA and to examine how these regions react. To study the 

reactivity of radicals with different DNA bases in an open region of DNA, we 
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modified the nucleotide sequence surrounding the site of BrdU substitution in both the 

brominated and the opposite semi-complementary strands. We investigated a total of 

12 mismatched oligonucleotides, using three variations of the brominated strand and 

four variations of the semi-complementary strand. The yield of both ICLs and strand 

breaks was found to be highly dependent on the identity of the neighboring bases. 

Furthermore, we observed several distinctive ICL structures that were specific for 

given sequences. This study provides new insights into the reactivity of mismatched 

DNA and the mechanisms leading to interstrand cross-link formation. Finally, we 

propose that, given the sequence specificity of BrdU-induced ICLs, this model system 

may provide a method of producing single ICL structures for use in DNA repair 

studies. 

Oligonucleotide design 

5' C-G-A-G-T-A-C-T-G-C-N-N-B-N-N-C-G-T-G-T-A-C-A-G-C 3' 
3' G-C-T-C-A-T-G-A-C-G-N-N-N-N-N-G-C-A-C-A-T-G-T-C-G 5' 

. .. Mismatch „ l 
| Constant region || region || Constant region | 

Mismatch sequences 

Single stranded 

ABrU 
— AABrUAA — 

GBrll 
—GGBrUGG — 

TBrU 
— ATBrUTA — 

Figure III-1 : Oligonucleotide design. Each 25-mer sequence consisted of a variable 
central 5 bp region, surrounded by two constant regions. Three variations of the 
central region of the BrdU-substituted (B) strand were synthesized (AABrUAA, 
GGBrUGG and ATBrUTA) and were either irradiated in single-stranded form or 

Complementary S 

AATAA 

— AABrUAA — - ^ V 
— TT A TT — " X > -

—GGBrUGG— ^ 5 ^ = 
— CCACC — ^ ^ 

— ATBrUTA — - ^ 7 ^ -
— TA A AT — " V i / " 

jiTH-complementary 

CCCCC GGGGG ATTTA 



62 

hybridized with their complementary or one of the four semicomplementary strands to 
form double-stranded of mismatched oligonucleotides, respectively. The mismatch 
size is indicated for each combination. 

MATERIALS AND METHODS 

Oligonucleotide Design 

5-Bromo-2'-deoxyuridine-modified and nonmodified oligonucleotides were 

purchased from the University Core DNA Services (University of Calgary, Calgary, 

AB). Oligonucleotides were designed on the basis of previous sequences used by our 

group (23, 24). Each sequence included two constant regions, with a variable central 5 

bp region described in Figure III-l. Three variations of the brominated sequence were 

used (AABrUAA, GGBrUGG, and ATBrUTA) and were hybridized either with their 

complementary sequence or with one of the semicomplementary sequences (AATAA, 

CCCCC, GGGGG, ATTTA). The choice of hybridized sequences determined the 

regional conformation of the DNA (double-stranded or mismatched). 

Sequence-dependent inter strand cross-link and strand break formation 

Control experiments were performed using single- and double-stranded DNA to 

verify the hybridization specificity previously observed with AABrUAA (30). For 

mismatched DNA, each combination of brominated and semicomplementary strands 

was irradiated and analyzed on the same gel. Also, for each permutation, the 

production of damage on each DNA strand was investigated by alternatively labeling 

either the brominated or the semicomplementary strand. A comparison of interstrand 

cross-link structures was performed using the following guidelines. (1) 

Oligonucleotides were labeled and irradiated concomitantly and were analyzed 

together on the same gel by denaturing polyacrylamide gel electrophoresis. (2) For 

each sequence, an equal amount of radioactivity was loaded on the gel. (3) The 
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structures presented in Figure III-4 were taken from a single gel in which the original 

alignment was conserved. 

—fc SK 

13 

a> 
J£ 
CO 

£ 
a 
•a 
c 

co 

4b -i 

40 • 
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30 • 

2b • 

?0 -

15 -

10 -

5 

0 -

AABrtJAA GGBrUGG ATBrUTA 

Brominated strand sequence 

Figure III-2 : Contribution of double strandedness to strand breaks as a function of 
sequence. The three variations of the brominated strand were irradiated as single-
stranded (white) or double stranded DNA (black). The yield of strand breaks in the 
brominated region was measured by denaturing gel electrophoresis. 

Experimental Procedures 

In each experiment, the 5' end of one strand was end-labeled with P using T4 

polynucleotide kinase (Amersham Pharmacia Biotech). Hybridization was carried out 

by adding a 2-fold concentration of complementary oligonucleotide, heating to 90 °C, 

and slowly cooling to room temperature for 2.5 h. The hybridization state was 

confirmed by nondenaturing gel electrophoresis. Prior to irradiation, DNA was 

bubbled for 1 min with N2 to remove excess oxygen and then irradiated with 750 Gy 

in a Gammacell-220 irradiator (60Co, Nordion Canada, dose rate of 5.08 Gy/min) at a 

final concentration of 0.3 uM in phosphate buffer (10 mM, pH 7.0), using 25 mM 

EDTA as a hydroxyl radical scavenger, as described by Cecchini et al. (23, 30). 

Strand breaks and interstrand cross-links were assessed by denaturing gel 

electrophoresis, followed by quantification of damage by the ImageQuant software, as 

described by Cecchini et al. (23). 
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Conversion ofBrdU to Uracil 

Conversion of BrdU to uracil in single-stranded DNA was assessed by high 

performance liquid chromatography (HPLC). The three BrdU-substituted sequences 

(AABrUAA, GGBrUGG and ATBrUTA) were irradiated with 750 Gy as single-

stranded oligonucleotides in 10 mM phosphate buffer (pH 7.0) and 25 mM EDTA 

(pH 8.0). These conditions were similar to those used in the gel electrophoresis 

experiments, except that the DNA concentration was 25 uM rather than 0.3 uM. After 

irradiation, DNA was digested using 3 units each of snake venom phosphodiesterase 

(phosphodiesterase I, USB) and nuclease PI (Sigma) and incubated at 37 °C for 120 

min. Alkaline phosphatase (3 units, Roche) was then added, and digestion was 

continued for 120 min at 37 °C to generate nucleosides. Chloroform extraction was 

performed to remove proteins prior to injection onto the HPLC system. HPLC 

analysis was performed using an Alliance system (Waters 2795 or 2690) connected to 

dual-wavelength UV detectors (Waters 2487) and a Millenium workstation (Waters 

version 4). The analysis of 2'-deoxyuridine formation was carried out as follows: 150 

pmol of digested DNA was separated using a reversed phase column (5um ODS-A. 

250 mm x 6.0 mm; YMC). The gradient was as follows: 95% solvent Al and 5% 

solvent B for 5 min, changing to 85% solvent Al and 15% solvent B over 45 min 

(0.25%/min). Solvent Al was composed of 25 mM triethylammonium acetate 

(TEAA; pH 7.0). Solvent B was composed of 95% acetonitrile and 5% H2O. The flow 

rate was 1 mL/min, and the column was maintained at a temperature of 20 °C. 
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^rn 
AABrUAA GGBrUGG ATBrUTA 

Brominated strand sequence 

AABrUAA GGBrUGG ATBrUTA 

Brominated strand sequence 

Figure III-3 : Damage yield as a function of sequence in mismatched DNA. 
Interstrand cross-links and total cross-link plus frank strand break damage (panels A 
and B, respectively) were measured following irradiation of the 12 combinations. 
Each variation of the brominated strand was hybridized with each of the four 
variations of the semicomplementary strand (AATAA, white; CCCCC, light gray; 
GGGGG, dark gray; and ATTTA, black). Total frank damage corresponds to the sum 
of interstrand cross-links and strand breaks located on both the brominated and 
seTisoniipIsrnentary strand. 
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Brominated strand 

AABrUAA GGBrUGG ATBrUTA 
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Figure III-4 : Interstrand cross-link structures and strand breaks location as a function 
of sequence. For each of the mismatched sequences, the cross-link patterns and the 
location of strand breaks were reported (only cross-link structures are shown on the 
left). The size of the asterisk indicates the relative yield of strand break for a particular 
nucleotide, while dashed lines specify the existence of possible canonical Watson-
Crick bonds. 

RESULTS 

Contribution of Secondary Structure to Strand Break Formation as a Function of 

Sequence 

We first investigated the effect of adjacent bases on BrdU-related damage in single-

and double-stranded complementary DNA. In agreement with previous results, Figure 

III-2 shows an increase in the number of strand breaks in single-stranded compared to 

double-stranded DNA containing BrdU (30). The yield of strand breaks on the 

brominated strand, for both single- and double-stranded DNA, was similar for both 
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AABrUAA and GGBrUGG, whereas there was more damage in ATBrUTA in both 

hybridization states. However, conversion of BrdU to 2'-deoxyuridine by irradiation 

of single-stranded DNA was not significantly affected by the surrounding nucleotides 

(AABrUAA, 25.3 ± 7.0%; GGBrUGG, 24.9 ± 5.9%; ATBrUTA 28.0 ± 7.8%). 

Interstrand cross-links were not found in either hybridization state, regardless of the 

sequence (not shown). 

Sequence-Dependent Formation of Interstrand Cross-Links and Strand Breaks in 

Mismatched DNA 

Interstrand cross-links specific for BrdU-substituted mismatched DNA were first 

reported by our group in 2005 (25), using the AABrUAA//CCCCC mismatched 

oligonucleotide. Using AABrUAA//AATAA, we also showed that B-form DNA was 

necessary for the production of ICLs (24). Here, we investigated the effect of several 

sequences on the production of ICLs and strand breaks, to understand the role of DNA 

sequence in ICL formation. Figure III-3 shows the variation in the yields of ICL and 

the formation of total frank damage as a function of sequence (panels A and B, 

respectively). In general, pyrimidines, either the brominated or the 

semicomplementary strand, tend to produce more ICLs and strand breaks, while 

guanine typically does not promote cross-linking. For the three combinations that 

produced a mismatched region smaller than 5 bp or where internal Watson-Crick 

bonds could occur; namely, AABlUAA//ATTTA, GGBrUGG//CCCCC, and 

ATBrUTA//AATAA, production of ICLs and strands breaks was the lowest, with the 

exception of AABrUAA//GGGGG. Table 1 shows the strand location of breaks as a 

function of DNA sequence. Typically, there was no significant difference between 

strand breaks produced on each strand (i.e., brominated vs. nonbrominated) of a given 

combination. However, five permutations diverged from this pattern: 

GGBrUGG//GGGGG and ATBrUTA//ATTTA produced more breaks on the 

brominated strand, whereas the generation of breaks was more important in the non 

brominated semicomplementary strands of GGBrUGG//AATAA, GGBrUGG//ATTTA 

and AABlUAA//GGGGG. Labeling either the brominated or the semicomplementary 
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strand did not affect the yield of ICLs (not shown). Figure III-4 shows the detailed 

location and frequency of these strand breaks for each strand, as well as the 

corresponding ICL structures. Several distinct, sequence-dependent structures are 

observed, with only two permutations producing no cross-links at all: 

AABrUAA//GGGGG and GGBrUGG//CCCCC. 

Tableau III-l : Localization of Strand Breaks 
Semicomplementary Strands 

on the Brominated and 

sequence 

AABrUAA 

AABrUAA//AATAA 

AABrUAA//CCCCC 

AABrUAA//GGGGG 

AABrUAA//ATTTA 

GGBrUGG 

GGBrUGG//AATAA 

GGBrUGG//CCCCC 

GGBrUGG//GGGGG 

GGBrUGG//ATTTA 

ATBrUTA 

ATBrUTA//AATAA 

ATBrUTA//CCCCC 

ATBrUTA//GGGGG 

ATBrUTA//ATTTA 

strand breaks (%) 

brominated 
strand 

15.90 ±3.66 

5.60 ±0.78 

6.28 ± 2.85 

1.30 ±0.30 

8.05 ± 5.87 

17.85 ±3.89 

2.90 ±1.13 

2.25 ± 0.49 

8.90 ±0.71 

3.47 ±1.86 

33.30 ±6.66 

4.85 ±1.48 

13.18 ±4.56 

6.35 ±2.87 

21.14 ±5.46 

semicomplementary 
strand 

5.77 ±3.39 

9.42 ± 3.64 

4.53 ± 0.98 

4.45 ± 0.97 

6.55 ± 0.08 

2.92 ± 0.80 

4.97 ±1.02 

12.91 ±2.52 

4.14 ±1.89 

11.48 ±1.64 

5.51 ±1.02 

8.01 ± 4.20 

statistical 
significance 

0.9137 

0.2186 

0.0004 

0.3395 

0.0450 

0.3770 

0.0189 

0.0064 

0.6891 

0.5725 

0.6550 

0.0063 

preferred strand 
(in bold) 

AABrUAA//GGGGG 

GGBrUGG//AATAA 

GGBrUGG//GGGGG 

GGBrUGG//ATTTA 

ATBrUTA//ATTTA 

a/> determined by a paired Student's t test 
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DISCUSSION 

Contribution of secondary structure to strand break formation as a function of 

sequence 

The interaction of ionizing radiation with DNA produces radicals through direct and 

indirect processes that eventually lead to base lesions and strand breaks (3). However, 

with the exception of charge transfer along the double helix, there is little evidence 

that the nature of the bases surrounding the initial radical influences the type of lesion 

produced (31-34). Even in tandem lesions such as intra- and interstrand cross-links, 

only the bases immediately adjacent to the initial radical are involved (3, 8, 35-39). 

This study provides the first evidence that the identity of the bases adjacent to the 

initial radical affects both the type (i.e., strand break vs cross-links) and location of 

lesions produced. Furthermore, we show that, even in single-stranded DNA, the 

nature of the bases surrounding the BrdU substitution determines the extent of strand 

breakage following irradiation. We previously reported the formation of strand breaks 

that were specific for single-stranded oligonucleotides in BrdU-substituted DNA (30). 

As expected, we observed that the same single-strand specificity first described for 

strand break generation in AABrUAA also extended to GGBrUGG and ATBrUTA 

(Figure III-2). More intriguing was the observation that the identity of neighboring 

bases affects the production of strand breaks. Replacement of the DNA bases next to 

BrdU (replacement of A with T) in AABrUAA increases the degree of formation of 

strand breaks in single-stranded ATBrUTA 2-fold. Conversely, replacement of A with 

G, which have oxidation potentials of 1.56 and 1.29 V at pH 7.0, respectively (3), did 

not affect the production of strand breaks in single- or double-stranded DNA. Thus, 

the degree of formation of single strand breaks is increased by the presence of a base 

with a relatively high electron affinity (T) but is not affected by a base with a low 

oxidation potential. Given the fact that T is a preferential site of electron addition in 
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normal DNA (40, 41), it is possible that T acts as an additional "electron antenna" to 

capture electrons and subsequently transfer them onto BrdU. However, the level of 

conversion of BrdU to 2'-deoxyuridine is only slightly (but not significantly) higher 

for ATBrUTA than for AABrUAA and GGBrUGG, indicating that this step is not 

limiting the production of strand breaks, and that generation of other products in 

AABrUAA and GGBrUGG may explain the reduction observed in strand break yields. 

Incidentally, formation of intrastrand cross-links between BrdU and adjacent purines 

has been observed after UV irradiation (38). Although the mechanism for UV 

sensitization of BrdU-substituted DNA involves the production of two adjacent 

radicals, only one radical is produced in the case of ionizing radiation. However, it is 

possible that the same products may be produced by alternative pathways, depending 

on the radiation source. These results eloquently illustrate that not only the secondary 

structure but also the surrounding sequence affects the ability of BrdU to damage 

DNA during irradiation, influencing the type and yield of lesions produced. 

Sequence-Dependent Formation of Interstrand Cross-Links and Strand Breaks in 

Mismatched DNA 

ICL and Strand Break Yields 

Figure III-3 A shows that the efficiency of cross-link formation is highly dependent 

on the nature of the mismatched bases in the brominated as well as the opposite 

semicomplementary strand. These cross-links are produced with the same yield, 

whether the brominated or semi-complementary strand is labeled, which indicates that 

they represent interstrand cross-links, rather than interhelix cross-links. Cross-link 

preferences increased in the following order: T > A ~ G and C > T > A > G i n the 

brominated and semicomplementary strands, respectively. Our observation that 

pyrimidines, regardless of the strand where they were located, produced more total 

frank damage (Figure III-3B) supports the hypothesis that solvated electrons may be 

attracted to sites containing a large number of electron affinic pyrimidines. 
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Interestingly, cytosine is present on the opposite strand of the two combinations that 

produced high yields of ICLs, which points to the 5,6-double bond of cytosine as a 

preferred site of attack for cross-linking (6, 42). The size of the mismatch also 

influences the production of ICLs and strand breaks; the three combinations that 

either produced a mismatched region smaller than 5 bp or where internal Watson-

Crick bonds are possible (AABrUAA//ATTTA, GGBrUGG//CCCCC and 

ATBrUTA//AATAA) resulted in less damage than the other sequences. Interestingly, 

AABrUAA//GGGGG also produced the least damage of any sequence, possibly 

because of a particular secondary structure, as discussed below. Incidentally, the yield 

of strand breaks produced in GGBrUGG//CCCCC is similar to that produced in the 

complementary double-stranded counterpart, with no detectable ICL produced. This 

indicates that a single mismatch in a run of GC base pairs closely resembles 

complementary DNA. In contrast, the A-T rich sequences, AABrUAA//ATTTA and 

ATBrUTA//AATAA, in which the Watson-Crick bonds are surrounded by mismatched 

base pairs, probably produce a structure close to a typical 5 bp mismatched DNA. 

More intriguing, however, is the fact that AABrUAA//GGGGG, the only other 

sequence to produce no detectable cross-links and only trace levels of strand breaks, 

cannot form canonical DNA base pairs. Over the years, several reports have been 

published indicating that stretches of mismatched GA can form sheared base pairs, 

provided that certain requirements are satisfied regarding the surrounding nucleobases 

(26, 43, 44). However, these sheared base pairs were only reported for alternating 

GA//AG sequences, with no indication that an AA//GG mismatch can produce such a 

structure. Another possibility is that wobble G-A bonds are responsible for this 

behavior. Certainly, the data presented here provide further evidence that BrdU may 

serve as an internal sensor for probing DNA structure (24, 45). Moreover, our results 

indicate that the reactivity of open or mismatched regions of cellular DNA to radicals, 

as well as the type of damage that is produced, is probably highly dependent on the 

nature of bases surrounding the initial radical. 



72 

Strand Break Location and ICL Structures 

For BrdU-substituted DNA, the mechanism of single-strand break formation 

involves attachment of an electron to BrdU, followed by departure of bromide anion, 

leading to the generation of uracil-5-yl radicals. In turn, these radicals react with DNA 

bases and sugar moieties to produce ICLs and strand breaks. Our results show that 

strand breaks are produced on the 5' side of BrdU and at several positions on the 

opposite semicomplementary strand, indicating that in mismatched DNA, uracil-5-yl 

radicals are able to attack multiple sites (Figure III-4). It is unclear whether these 

strand breaks arise from the direct reaction of uracil-5-yl radicals with sugar moieties 

within the open duplex structure (as far as several bases away) and/or from a 

multistep reaction involving the formation of base radicals in the proximity of the 

initial uracil-5-yl radical, followed by transfer to the site of damage. The presence of a 

relatively long mismatched region in our experimental system is likely to alter the 

distance of reactive sites normally found in double-stranded DNA, which may permit 

a diffusion of damage in the proximity of nascent uracil-5-yl radicals. 

Although strong evidence exists that mismatched nucleotides disrupt the normal 

behavior of DNA, such as charge transfer along the double helix (40, 46), little is 

known about how consecutive mismatches react following treatment with ionizing 

radiation. Thus, it is possible that the inherent flexibility of these DNA regions allows 

reactions that are not typically seen in complementary DNA. Also, given the fact that 

uracil-5-yl radicals are good hydrogen atom abstractors (k2-piOH = 4.1 x 10 dm mol" 

s'1, (47)), mismatched regions of DNA may be particularly favorable for radical 

transfer to distant bases, followed by strand breakage. Our observation that fewer 

strand breaks occur on the brominated strand when BrdU is surrounded by guanines 

(Table 1, GGBrUGG//AATAA and GGBrUGG//ATTTA) suggests that adjacent bases, 

particularly guanine, interfere with the pathway leading to frank strand breaks. This 

hypothesis is supported by the decreased yield of strand breaks that is observed when 

purines are flanking the site of BrdU substitution, and which may be attributable to 

competitive reactions such as the formation of intrastrand cross-links. Whether this 
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interference involves the intermediate formation of guanine radical cations has not 

been established. Most often, these radicals do not directly lead to frank strand breaks 

but give 8-oxo-7,8-dihydroguanine, which is a relatively stable lesion, and other 

compounds, including 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyGua) 

and 2,2,4-triamino-(5//)-oxazolone, which are alkali labile lesions (48) Previous 

observations by Graslund et al. (49) indicated an increase in the level of guanine 

cation radicals in BrdU-substituted oriented fibers, compared to unsubstituted fibers. 

However, this experiment was conducted in solid state hydrated DNA in the absence 

of radical scavengers. Thus, these radicals could also arise from either the direct 

interaction of radiation or hydroxyl radical attack on BrdU. 

If we set aside the hypothesis of radical transfer, then the distributions of strand 

breaks shown in Figure III-4 must arise from the physical contact of the uracil-5-yl 

radical with the damaged sugar moiety. Strikingly, in the case of AABrUAA//CCCCC 

and ATBrUTA//CCCCC, bases at the 5' extremities of the mismatch are those with the 

higher yield of strand breaks, with strand breaks even being produced outside the 

mismatch in the case of GGBrUGG//AATAA. If these strand breaks truly reflect the 

proximity of BrdU, this suggests that the structure of mismatched DNA regions is 

highly dependent on the sequence. In double-stranded complementary DNA, no 

strand breaks are observed on the strand opposite the BrdU. Undoubtedly, the 

presence of a mismatch in our experimental system affects the number and location of 

nucleotides susceptible to react, especially if mismatched regions of DNA adopt a 

zipper-like structure rather than a "bubble" configuration (23, 24, 27, 50-52). In 

zipper-like DNA structures, the bases interlace with their counterpart on the opposite 

strand, promoting close base-base contacts that may favor the transfer of a radical to 

the other strand. One of the best indications in favor of this model is the creation of 

ICLs, where a radical on one strand attacks a nucleotide on the opposite strand to 

generate a covalent bond. 
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Without a doubt, the most striking feature of the results presented in this study is the 

diversity of ICL structures that are obtained when the bases surrounding the BrdU are 

modified (Figure III-4). Overall, 10-12 distinct bands are observed, with several of 

them present in multiple DNA sequences. Of these, the three-band pattern observed in 

AABrUAA//CCCCC, ATBrUTA//CCCCC, and ATBrUTA//ATTTA is perhaps the most 

intriguing. First, it is present in pyrimidines rich sequences. Second, at least one of 

these bands is observed with a combination of other bands in four other sequences 

(AABrUAA//ATTTA, ATBrUTA//AATAA, ATBrUTA//GGGGG and 

GGBrUGG//GGGGG), which indicates that they must represent structures with a 

higher likelihood of formation. This is supported by the higher ICL yield found in 

sequences that produce this three-band pattern. Unfortunately, the chemical structure 

of these cross-links cannot be inferred from their electrophoretic mobility. 

Nevertheless, valuable information can be extracted from these data, especially 

concerning the large number of sites that are involved in ICL formation. If, as 

discussed above, we dismiss radical transfer, then ICLs can only occur when the 

radical located at the site of BrdU substitution reacts with one of the five bases on the 

opposite strand. Because denaturing gel electrophoresis cannot resolve symmetrical 

structures with the same molecular weight, this predicts that only three different bands 

should be observed on denaturing gels. Since a greater number of bands are observed, 

this supports our hypothesis that transfer of a radical to adjacent nucleotides does 

occur, on both the brominated and the opposite strand, which would greatly increase 

the number of sites susceptible to being part of an ICL and consequently the number 

of bands found on the gel. Although radical transfer has not traditionally been 

considered to be part of the sensitization mechanism, the data presented here certainly 

raise the question of whether transfer to distant bases is an important part of BrdU 

sensitization in mismatched DNA. Undoubtedly, the identity of the surrounding bases 

influences the location of strand breaks, as well as the ICL structures that are 

produced in open or mismatched regions of DNA. Given the specificity we reported 

for ICL formation, it is entirely possible that ICL "hot spots" exist in regions of 

cellular DNA that possess the appropriate sequence and structural characteristics. 
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5-Bromodeoxyuridine: a Tool for the Study of ICL Repair? 

In this study, we found that BrdU-substituted DNA, when exposed to ionizing 

radiation, produces highly sequence-dependent ICLs. These ICLs are so dependent on 

the nucleotide sequence that 10-12 structures result from a single initial radical. More 

importantly, we were able to produce a single major ICL structure with 

GGBrUGG//AATAA. This is of particular interest to the field of ICL repair, which 

requires the production of single structures to study how these lesions are processed 

by DNA repair and replication machinery. Furthermore, because most ICL-inducing 

agents studied to date produce bulky lesions as well as mono-adducts, which can 

influence repair mechanisms, it would be advantageous to investigate how cells deal 

with non-bulky DNA cross-link lesions (53, 54). However, several of the agents 

developed over the years to form these types of cross-links cannot be incorporated 

into cellular DNA (55-57), and thus they may not adequately represent repair 

mechanisms in cells. Finally, as indirect evidence of the existence of BrdU-specific 

ICLs was recently found in cells (58, 59), information regarding its repair in cancer 

cells would be of high interest in view of future preclinical and clinical studies (60). 
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Avant-propos 

Contribution a la redaction et a I 'experimentation : 

J'ai effectue la totalite des experiences presentees dans cet article. J'ai aussi 

redige cet article, sous la supervision de mes co-directeurs, Richard Wagner et Darel 

Hunting. 

Resume : 

Cet article presente une methode visant a identifier l'emplacement des dimeres 

interbrins formes lorsque l'ADN brome est soumis aux radiations. En effet, nos 

experiences precedentes ont montre que pres d'une douzaine de bandes differentes 

etaient observees lorsque l'ADN brome irradie etait analyse par electrophorese, ce qui 

represente au moins une douzaine de structures distinctes potentielles. Grace a cette 

methode, les dimeres sont transformes en cassures, ce qui permet de determiner leur 

emplacement dans l'ADN. Ainsi, nous avons etabli que les dimeres formes etaient 

hautement dependants de la sequence entourant le BrdU et la source de radiation 
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utilisee pour produire les dimeres. Les resultats montrent clairement que le transfert 

de radicaux est possible dans un ADN mesapparie. Les resultats de cette etude 

suggerent aussi, pour la premiere fois, que le radical cation forme lors de I'irradiation 

de l'ADN brome avec des rayons UV est implique dans la formation du dimere. 
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ABSTRACT Recently, we reported the formation of interstrand cross-links 

that were specific for mismatched nucleotides within bromodeoxyuridine-substituted 

DNA that had been exposed to ionizing and UV radiation. Given that several bands 

were observed when the cross-links were analyzed by denaturing gel electrophoresis, 

we proposed that these bands represented distinct structures formed by a single initial 

radical. To further study the formation of interstrand cross-links in mismatched DNA, 

we submitted the purified cross-links to formic acid and piperidine treatment, thus 

transforming the cross-linked bases into strand breaks, so that their location could 

then be mapped using denaturing gel electrophoresis. Using this method, we observed 

that bases adjacent to the site of the initial radical were involved in the cross-links, 

which supports the hypothesis that radical transfer occurs in mismatched DNA, and is 

highly dependent on sequence. 



86 

Double-strand breaks are generally considered to be one of the most toxic types of 

DNA lesions produced by ionizing radiation (1-3). However, evidence of the 

formation of another potentially more toxic type of lesion, interstrand cross-links, is 

now emerging. Interstrand cross-links (ICLs), where the two DNA strands are 

covalently linked, prevent the separation of the DNA strands, thus blocking several 

key cellular processes (4-6). Traditionally, ionizing radiation has not been regarded as 

a cross-linking agent; however, several instances of intrastrand cross-link formation 

have been reported and recent data points to the existence of interstrand cross-links 

induced by hydroxyl radicals in synthetic DNA and in cells (7, 8). Nevertheless, there 

is yet very little information regarding ICL formation and repair in cells that have 

been subjected to ionizing radiation. 

5-bromo-2'-deoxyuridine (BrdU) is a thymidine analogue that can be incorporated 

into cellular DNA. Although it is now widely used as a marker of replicating cells (9, 

10), it was first reported as a photo- and radiosensitizing agent (11, 12). When 

exposed to ionizing radiation, BrdU produces single- and double-strand breaks, as 

well as chromosomal aberrations that are generally believed to be responsible for its 

sensitizing properties (13-15). The mechanism for single strand break formation 

involves electron attachment to BrdU, followed by the departure of a bromide anion 

and generation of an uridin-yl radical that further reacts to create strand breaks (16). 

Recently, we reported the formation of a new type of BrdU-sensitized damage in 

synthetic DNA: ICLs that were specific for mismatched nucleotides within BrdU-

substituted DNA (17). These ICLs were later found to be highly dependent on the 

presence regional DNA structure and sequence (18, 19), supporting the evidence that 

a precise regional environment was a prerequisite for their formation and that these 

ICLs may only be produced in open or mismatched regions of cellular DNA. 

Furthermore, when the effect of the surrounding sequence was studied, several bands 

with distinct electrophoretic mobility were observed in the region corresponding to 

the ICL, outlining the possibility that several ICL structures were formed by a single 

initial radical. 
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In the present study, we modified a method developed by Millard et al. (20) to 

determine the location of ICLs in BrdU-substituted DNA exposed to ionizing 

radiation. The ICLs were purified by preparative denaturing gel electrophoresis, and 

then were treated with cold formic acid and hot piperidine, thus transforming the 

cross-linked sites into strand breaks. This protocol allows us to map the precise 

location of the ICLs. To validate the protocol, we applied it to Mitomycin-induced 

cross-links already described in the study by Millard, and confirmed that the observed 

location of the cross-link with our method was the same as originally reported. 

Moreover, the sequence preference was in good agreement with the literature. Finally, 

we applied this method to 3 of the 12 BrdU-substituted sequences originally studied. 

Furthermore, we compared the ICLs produced under gamma and UV radiation as a 

function of sequence. We found that the sites involved in the cross-linking process are 

highly dependent on the surrounding sequence, as well as the type of radiation used. 

Furthermore, our results substantiate the hypothesis that radical transfer does occur in 

consecutive mismatches, further supporting our proposition that mismatched or open 

regions of cellular DNA are hotspots for ICL formation. 
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MATERIALS AND METHODS 

Oligonucleotide design 

5' C G A G T A C T G C N u N12 Bj3 N14 N^ C G T G T A C A G C 3' 
3' G-C T-C-A-T-G-A-C-G-N^-N^-N^-N^-Nn-G-C-A-C-A T-G-T-C-G 5' 

| Constant region | Mismatch region | Constant region | 

Mismatch sequences Cross-link structures 

AABAA // AATAA 

AABAA//CCCCC 

GGBGG//AATAA 

AABUAA AASUAA GGB'UGG 
AATAA CCCCC AATAA 

^^yL 

Figure IV-1: Oligonucleotide design. Each 25-mer sequence consisted of a variable 
central 5 bp region, surrounded by two constant regions. The ICLs formed following 
irradiation of three mismatch sequences were investigated, with the ICL bands 
observed by denaturing gel electrophoresis shown right. 

Oligonucleotides 5-Bromodeoxyuridine modified and nonmodified 

oligonucleotides were purchased from the University Core DNA Services (University 

of Calgary, AB, Canada). Oligonucleotides were designed on the basis of previous 

sequences used by our group. Each sequence included two constant regions, with a 

variable central 5 bp region described in Figure IV-1. DNA was end-labeled either 

with P [y-ATP] using T4 polynucleotide kinase (Amersham Pharmacia Biotech) for 

5' labeling, or P [a-ATP] using terminal transferase (Roche) for 3' labeling. 

Labeling was carried at an initial oligonucleotide concentration of 2 \xM. for 45min at 

37 °C with 10 U of enzyme. The enzyme was inactivated by heating for 10 min at 75 

°C. Oligonucleotides were then purified on a G50 Sephadex microcolumn and the 
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labeling efficiency was assessed by counting lul of the labeling reaction with a 

RackBeta 1219 liquid scintillation counter (LKB Wallac). Hybridization was carried 

out at a final concentration of 1.4 uM of the labeled strand and a 2-fold excess of the 

unlabeled strand in a volume of 56ul. Samples were heated to 82 °C for 5 min, then 

cooled slowly for 2.5h. Deionized, sterile water was used in all experimental 

protocols. 

Preparation of mitomycin C-cross-linked DNA Cross-links were prepared as 

described in details by Millard et al (20). Briefly, 100 pmol of DNA was radiolabeled, 

as described above. Afterwards, 16 pmol of labeled DNA was hybridized with 76 

pmol of complementary DNA and hybridized by heating to 82 °C for 5 min, then 

cooled slowly for 2.5h and lyophilized. The double stranded DNA was then 

resuspended in 100 uL of 15 mM Tris (pH 7.5) and 10 JJ,L of mitomycin C (20 mM in 

33% aqueous methanol) and incubated for 1 h at 37 °C. The samples were then placed 

in a septa covered tube and deoxygenated by bubbling through with nitrogen for 15 

min, before being put on ice. Activation of mitomycin C was carried out by 3 

additions of 6 uL of fresh sodium hydrosulfite at 15 minutes intervals. The sodium 

hydrosulfite solution was prepared by flushing 0.0087 g of sodium hydrosulfite 

(Sigma) in a septa-covered tube with nitrogen, then by adding 1.5 mL of 

deoxygenated water (bubbled for 25 min with argon) with a syringe through the 

septum, for a final concentration of 33 mM. The sodium hydrosulfite solution was 

rapidly vortexed and used within 1 min. Fifteen minutes after the last addition, 3ul of 

glycerol was added and the cross-linked DNA was loaded onto the preparative gel. 

Irradiation For gamma-irradiation, 50ul of 5' labeled, hybridized DNA, 3ul of 

EDTA 0.5M (used as a hydroxyl radical scavenger) and 3ul of 100 mM phosphate 

buffer, pH 7.5, was bubbled for 2 min with N2 to remove excess oxygen. 

Oligonucleotides were given 2400 Gy, either with a Gammacell 220 (60Co, Nordion 

Canada, 2.6 Gy/min) or with a Gammacell 3000 Elan (lj7Cs, Best Theratronics, 12.1 

Gy/min). For UV irradiation, 50ul of hybridized DNA and 3ul of 100 mM phosphate 
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buffer (pH 7.5) was irradiated with 10 J/cm for 90 min using a 1000 W Hg-Xe arc 

lamp (Oriel Corp.) fitted with an infrared filter and monochromator set at 313 ±2 nm 

(Spectral Energy). The results for each experiment were confirmed by performing the 

experiment with the 3' ends labeled. 

Cross-link purification by preparative gel electrophoresis Interstrand cross-links and 

undamaged DNA were separated by preparative denaturing gel electrophoresis. 

Briefly, irradiated or mitomycin-treated samples were loaded onto a 19.5 cm x 20.5 

cm denaturing gel (IX TBE buffer, 20% acrylamide and 7M urea), where a reversed 

comb had been used to create a single well. Migration was carried out at 20 W for 

~lhl5, or until bromophenol blue migrated to 10cm of the bottom of the gel. The gel 

was then exposed for at least 2h in a Phosphor Screen cassette (Molecular Dynamics, 

Inc.), and was scanned with a fluorescence scanner (Storm, Molecular Dynamics, 

Inc.) The bands corresponding to the ICLs and parental strand were excised and 

recuperated in 1.5 mL tubes. The gel plugs were then flash-frozen in liquid nitrogen 

and crushed with a pestle. Sterile water (1 mL) was added to each tube, and samples 

were vortexed twice (4 hours and overnight, respectively) in order to extract the DNA. 

Each time, the mixture of eluted DNA and acrylamide was centrifuged for 5 min 

before the DNA supernatant was recuperated. Samples were desalted using either two 

consecutive homemade Sephadex G-50 columns or a single Illustra NAP-25 column 

(GE Healthcare), and then dried using a Speedvac evaporator. 

Mild hydrolysis treatment and gel analysis The purified DNA was 

resuspended in lOOul sterile water and the recuperation efficiency was assessed by 

counting lul with a LKB scintillation counter. Unirradiated single stranded DNA, 

purified ICLs, as well as the irradiated parental strand was submitted to the treatment. 

The mild hydrolysis treatment was as follow: for each reaction, 20 000 cpm was 

diluted in a final volume of 20ul. Afterwards, 50ul of formic acid (J.T. Baker, 88%) 

was added to the chilled tubes, with a 5 min incubation period on ice. Sample were 

then lyophilized with a Speedvac evaporator and washed once with 30ul distilled 
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water to remove the remaining formic acid. Subsequently, 20ul of 10% piperidine was 

added and the DNA was incubated for 30min at 90°C. Samples were then lyophilized 

and three water chases were performed by adding sequentially 30ul, 30ul and 20 ul 

distilled water and evaporating to dryness. Control experiments using only the cold 

formic acid and hot piperidine treatments were also loaded on the same gel. Following 

the hydrolysis treatment, the analysis was performed by classical denaturing gel 

electrophoresis (IX TBE buffer, 20% acrylamide, 7M urea, 35 x 43 cm) using a DNA 

ladder generated by chemical sequencing (G + A reaction). 

RESULTS 

Method validation: Mitomycin C 

The increased reactivity found in an open region of DNA following irradiation was 

first reported by our group in 2009, where we showed that a single radical created in a 

5-base mismatched region created up to twelve distinct bands when ICLs production 

was examined by denaturing gel electrophoresis (19). We studied twelve sequence 

combinations, and found that in a given sequence, the initial radical produced several 

bands, some of which were also observed in other sequences. At that time, we 

proposed that these bands represented different structures, and that this was evidence 

that radical migration occurred between the site of the initial radical and surrounding 

nucleotides, which then lead to ICL production. However, it was impossible to 

confirm this by gel electrophoresis. Given the large number of possible structures, we 

decided to characterize the cross-links by gel electrophoresis using their sensitivity to 

mild acidic and basic conditions as criteria for locating their position in 

oligonucleotides. To this end, the analysis of cross-links induced by BrdU was 

accomplished using a method first developed by Hopkins in 1991. 
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5'AACCTATAA [TTCG^ATATTGjyCGniCT] ATAATTA3' 
3'GAT ATT [ AAGC^TATAAC^GC^GAl TATTAATTAA5' 

B 

Upper sequence 

Lower sequence 

Figure IV-2: Method validation. The use of the mild hydrolysis protocol to locate the 
cross-linked sites was validated with cross-link with a well-known structure. Three 
cross-linking sites were present at G13, G19, and G21 (panel A, on the upper strand). 
When the mild hydrolysis protocol was applied, these sites were further processes as 
strand breaks, and appeared as shorter fragments on a denaturing gel electrophoresis. 
The relative yield is shown for both on the upper strand and lower strand (panel B, 
upper and lower panel, respectively). 

To validate the method proposed in this paper, we applied it to an ICL with a 

chemistry and sequence preference that was well-known and confirmed by both gel 

electrophoresis and mass spectrometry. Mitomycin C is a chemotherapeutic agent that 

reacts with two adjacent guanines upon reductive activation (21-23), and is one of the 

cross-linking agents initially investigated by Millard et al. Thus, we applied our mild 

hydrolysis protocol to cross-links that had been induced by mitomycin C within one 

of the sequences that had been used originally. 
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Figure IV-2 (panel A) shows the sequence used to validate our method using 

mitomycin C-induced cross-links. Three 5'-CpG-3' sites are included (at positions 13, 

19 and 21 on the upper strand, respectively), which represent three separate possible 

interstrand cross-linking sites. Panel B shows the bases that were revealed by the mild 

hydrolysis treatment, which reflect the bases that are involved in the ICLs. As 

expected, the three potential cross-linking sites show increased reactivity, independent 

of the strand that is labeled, although the reactivity of the G21 site was closer to the 

background level when the upper strand was investigated. Furthermore, in good 

agreement with the results presented by Hopkins, we obtained ratios of 1.3:1 and 

2.6:1 for the reactivity between the 5'-GCGC and the 5'-TCGA sites (for the upper 

and lower strands, respectively), compared to 2:1 in the literature (24). Thus, the 

mitomycin-induced ICL responds to the mild hydrolysis treatment, revealing the sites 

of the cross-linked guanines, as well as the existence of a preferred cross-linking 

sequence. 

Ionizing irradiation 

To study the reactions involved in the cross-linking process, three of the twelve 

sequences we had previously studied were chosen, each with a distinctive band 

pattern. AABrUAA//AATAA was chosen because of the distinctive pattern of bands 

on gel, as well as the fact that these bands were for the most part unique to this 

sequence. AABrUAA//CCCCC was chosen because of the three-band ICL pattern, 

whose bands were most commonly found among the other sequences and which 

possibly represented structures with a high probability of formation. 

GGBrUGG//AATAA was chosen because of its single major band, since it would be a 

likely target for future structure determination. Furthermore, these sequences allowed 

us to examine the effect of variations in the brominated and opposite strand on the 

chemistry of ICL formation. • 
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Figure IV-3: Cross-linked sites as a function of sequence (ionizing radiation). The 
mild hydrolysis protocol was applied to purified ICLs formed after exposition of the 
three mismatched sequences (left, AABrUAA//AATAA; center, AABrUAA//CCCCC; 
right, GGBrUGG//AATAA) to ionizing irradiation. The degradation profile is shown 
for the brominated strand (upper line) and the opposite strand (lower line) for 5' 
labeled oligos. 

Figure IV-3 shows the location of cross-linking sites in each of the three chosen 

sequences when ionizing radiation was used. While several sites on the brominated 

strand are involved in the cross-linking process in the case of AABrUAA//AATAA, 

only one major site is observed for AABrUAA//CCCCC. As for GGBrUGG//AATAA, 

while two notable sites are observed on the brominated strand, in both cases the base 

react with the 3' (AH) adenine on the opposite strand. This allows the identification of 

the major band observed on gel as a cross-link between B13-A14 and the minor band as 

G12-A14. Furthermore, the G12-A14 ICL was found to lose one of its four arms, thus 

converting it from a X to a Y type structure (see supporting information). 

When the reactivity of the different ICLs to the hydrolysis treatment was investigated, 

two different profiles were observed. For all but one of the sequence, no damage 

modification was observed on gels when DNA was treated with formic acid only, i.e. 
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no additional cross-link unhooking or phosphodiester bond cleavage was found (in the 

form of parental strand or strand break increase, respectively). Only in the case of 

AABrUAA//AATAA treated with y-rays did formic acid lead to an increase in the 

proportion of the parental strand (figure IV-4). Formic acid led to the unhooking of 

the ICLs, which then created further strand breaks when the piperidine treatment was 

applied. However, when this sequence was irradiated with UV rays, the behavior was 

similar to the other sequences, with no discernable reaction to formic acid. 
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Figure IV-4: Overall treatment profile for AABrUAAZ/AATAA and 
GGBrUGG//AATAA. The relative yield of each form of DNA (ICL, parental strand, 
DNA fragments) is shown after each step of the mild hydrolysis treatment was applied 

Br, to purified ICLs. Only in the case of AA UAA//AATAA does the ICLs react to the 
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formic acid treatment, which appears as additional parental strand. Neither 
AABrUAA//CCCCC nor GGBrUGG//AATAA showed any increase in damage upon 
exposure to formic acid (only GGBrUGG//AATAA is shown). 

UV irradiation 
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Figure IV-5: Cross-linked sites as a function of sequence (UV radiation). The mild 
hydrolysis protocol was applied to purified ICLs formed after exposition of the three 
mismatched sequences (left, AABrUAA//AATAA; center, AABrUAA//CCCCC; right, 
GGBrUGG//AATAA) to UV rays. The degradation profile is shown for the 
brominated strand (upper row) and the opposite strand (lower row) for 5' labeled 
oligos. 

Although UV radiation also induces strand breaks and ICLs in BrdU-substituted 

DNA, the reaction mechanism is different from that of ionizing radiation. For 

example, in the case of ionizing radiation, fewer strand breaks are found in perfectly 

complementary double stranded DNA compared to single stranded DNA, whereas the 

opposite is found with UV rays. Thus, we proceeded to examine how the type of 

radiation changed the ICL chemistry. Figure IV-5 shows the location of cross-linking 
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sites in each of the three chosen sequence when UV radiation was used. Both in the 

case of AABrUAA//AATAA and AABrUAA//CCCCC, the site of the BrdU 

substitution was the major site of cross-linking on the brominated strand. Although 

the cross-linking sites on the opposite strand varied, in both cases the guanine at the 5' 

extremity of the bubble (Gio) was extremely reactive. On the other hand, when 4 

guanines were present on the brominated strand in GGBrUGG//AATAA, the Gio site 

disappeared and reactivity was increased in the brominated strand, with a primary site 

at A14 on the opposite strand, similar to what was observed for y-rays. 

DISCUSSION 

Method validation: Mitomycin C 

In order to analyze products formed by radiation or other types of damaging agents, 

the typical procedure is to identify the damage by mass spectrometry, and in the case 

of unknown damage, subsequently confirm the structure with larger amounts of 

damage by nuclear magnetic resonance (NMR) (25). However, this approach may be 

difficult because of the number and low yield of potential products in model systems 

such as oligonucleotides containing BrdU. In addition, it is necessary to digest 

modified oligonucleotides to single components in order to efficiently separate and 

detect them by mass spectrometry, and thus, the position of the damage in the 

oligonucleotide is sacrificed during analysis. In 1991, Millard et al. first reported a 

method to identify the sites of cross-linking in mitomycin C-induced ICLs. The 

heterogeneous mixture of cross-links was studied by first purifying ICLs on a 

preparative gel and then submitting each one to random cleavage by hydroxyl 

radicals. Thus, the sites where a decrease in strand breakage was observed 

corresponded to the cross-linked sites. However, this method only allowed for indirect 

identification of the cross-linking sites, and could not be applied if several sites were 
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in close proximity. For example, the cross-links in the two nearby guanines of the 5'-

GCGC site could not be easily resolved. Thus, we modified this method to reveal only 

the bases on each strand that had been damaged in the cross-linking process. 

As expected, figure IV-2 shows that the three cross-link sites respond to the mild 

hydrolysis treatment, revealing cross-links at each guanine on the upper and lower 

strands. In this case, the two cross-links of the 5'-GCGC region become easily 

distinguishable, indicating that this method is suitable even when the potential cross-

linking sites are in close proximity. However, it is important to note that the mild 

hydrolysis protocol may not be applicable to every type of ICL. For example, 

treatment of an ICL formed when DNA is exposed to high doses of ionizing radiation 

may reveal damage that was not initially exposed, such as base lesions. Furthermore, 

given that the mild hydrolysis response of the G21 site on the upper strand was 

relatively close to the background level, it was crucial to validate these results by 

labeling either the opposite strand or by labeling the 3' end as well as the 5' end. 

Nevertheless, we believe that the method proposed in this paper has the potential to 

serve as a powerful probe to determine the site of cross-links and give initial 

information about their acid and base lability. 

Ionizing radiation 

When our group first observed that an impressive number of bands were produced 

from a single initial radical in a mismatched DNA, we proposed that these bands 

corresponded to distinct structures, and that they were evidence that radical migration 

occurred between the site of the BrdU substitution and the surrounding nucleotides. 

Strikingly, AABrUAA//CCCCC represents what was expected if no radical transfer 

occurred between the bases; a major cross-linking site at the site of the initial radical 

creation on the brominated strand, which reacts with each of the bases on the opposite 

strand (figure IV-3). The fact that bases on the 5' side of the mismatch are favored 
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probably reflects close structural proximity to the BrdU site, as the strand break 

pattern is similar (19). 

In the case of AABrUAA//AATAA and GGBrUGG//AATAA, however, BrdU is not 

the only cross-linking site on the brominated strand. The 5' guanine of 

GGBrUGG//AATAA is strongly involved in the cross-linking process, as are several 

nucleotides in AABrUAA//AATAA. As the mild hydrolysis protocol reveals only the 

bases that were modified by the cross-linking process, this provides clear evidence 

that the initial radical is able to migrate to surrounding nucleotides before it reacts 

with the other strand to create an ICL. It is important at this point to clarify that the 

cross-linking sites discussed here do not represent intrastrand cross-links, as the 

purification step separated them from the ICLs using denaturing gel electrophoresis. 

However, when the hydrolysis protocol was applied to the parental strand, (i.e. DNA 

that had the same molecular weight as the undamaged DNA) a strong response was 

always found for the BrdU site and the 5' base (not shown). Whether these represent 

intrastrand cross-links or damage that had not completely gone through the strand 

breakage process remains unclear. Although intrastrand cross-links were already 

reported by Wang in BrdU-DNA irradiated with UV (26), it has yet to be established 

clearly if it the case for ionizing radiation. However, our observation that radical 

transfer occurs between the bases on the brominated strand certainly substantiates this 

possibility. 

In addition to revealing the nucleotides involved in the cross-links, the mild 

hydrolysis protocol presented here reveals additional information concerning the ICLs 

that were formed for each sequence. For example, the G12-A14 ICL in 

GGBrUGG//AATAA transforms from a four-armed "X" structure to a three armed 

"Y" structure, where a strand break is created but the two strands remain covalently 

linked. In contrast, the major ICL of GGBrUGG//AATAA, the BI3-Ai4 ICL, results in 

the degradation of the cross-link and the disconnection of the two strands. This 

implies that two drastically different ICL structures are formed, and that the ICL 
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formed between Gn and A H in GG rUGG//AATAA is different from the ones formed 

in AABrUAA//AATAA. This may result from either a reactivity specific to guanine 

rather than purines, or a difference in the structural environment. Incidentally, the 

mild hydrolysis protocol also revealed that the ICLs formed in AABrUAA//AATAA 

also possessed distinct characteristics, as they were the only ones observed to react 

upon treatment with formic acid (figure IV-4). Whether this indicates that the ICLs 

are reverting under acid conditions or that base release occurs will have to be 

investigated. Certainly, the information obtained by this experiment sheds light not 

only on the location, but also on the chemical nature of the cross-links, which will aid 

in their identification. 

UV irradiation 

The major difference between irradiation of BrdU-substituted DNA by ionizing or UV 

radiation is the source of the electron that reacts with BrdU to create the uracil-5-yl 

radical. Whereas with gamma rays the electron is a product of water radiolysis, in the 

case of UV radiation, it is the base 5' to the BrdU that provides the electron (16, 27). 

This means that, in addition to the uracil-5-yl radical, a radical cation is created. This 

difference is responsible for the drastic change in reactivity between the two types of 

radiation for BrdU-substituted DNA that we already reported (17, 28, 29). This 

evidence is also highlighted here by the contrasts in the results presented in figures 

IV-3 and IV-5. 

Strikingly, both in AABrUAA//AATAA and AABrUAA//CCCCC, the guanine just 

outside the bubble at the 5' extremity (Gio) was extremely reactive. Given the fact that 

guanine has a low oxidation potential, it is entirely possible that the radical cation 

created on A12 transfers to the Gio guanine on the other strand. Whether the preference 

for the 5' guanine reflects a preferred transfer route or close structural proximity 
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remains unclear. However, the hypothesis that radical cation transfer to guanine 

occurs is reinforced by the results obtained from irradiation of GGBrUGG//AATAA, 

where guanine sinks are present on the brominated strand. In this case, the reactivity 

on the Gio base disappears; instead, the guanines surrounding the BrdU become 

highly reactive. This implies not only that the radical cation produced by irradiation of 

BrdU-substituted DNA is able to transfer to distant bases within a mismatch, but also 

that this transfer is involved in the cross-linking process. Given that, in a similar 

experimental setup, only intrastrand cross-links were found when complementary 

BrdU-substituted DNA was studied (26), this represents further evidence that 

mismatched regions of DNA display increased reactivity (30). 

Conclusion 

In this study, we mapped the bases involved in ICL formation of BrdU-substituted 

DNA exposed to ionizing radiation. We observed that the identity of the nucleotides 

surrounding the initial radical had a dramatic effect on the end products. The mild 

hydrolysis ICL mapping treatment allowed us to probe further into the cross-linking 

mechanism observed in BrdU-substituted DNA, and provides clear evidence of 

radical transfer in a mismatched DNA for the first time. In addition, it also helped 

identify prospective targets among a number of structures for a subsequent structure 

study. This protocol, which requires only minute amounts of purified material ( <10 

ng), can be used to probe the structure of a mixture of ICLs that are located in close 

proximity, or to examine sequence preference. We believe that this method will be a 

useful tool to gather further knowledge regarding the formation of interstrand cross­

links. 
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Supporting information: 

Identification of the ICL degrading into a Y-cross-link upon hydrolysis treatment 

5' labeling 3' labeling 
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Figure IV-S 1: Formation of Y cross-links following mild hydrolysis treatment. The 
damaged species that appeared following treatment of purified ICLs migrated 
between the ICLs (upper region on gel) and the parental strand (lower region). These 
bands where present when the ICL was labeled at the 5' end, as well as when the 
opposite strand was labeled on the 3' end, but not when the brominated strand was 
labeled at the 3' end, and was identified as a Y cross-link. 

When the purified ICLs produced from irradiation of GG UGG//AATAA were 

treated and analyzed by gel electrophoresis, formation of an additional band was 

observed between the ICLs and the parental strand. This band was present when the 

ICL was labeled at the 5' end, as well as when the opposite strand was labeled on the 

3' end, but not when the brominated strand was labeled at the 3' end (figure IV-S1). 

Because of this, the band was identified as a Y cross-link, with the 5' arm of the 
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brominated strand still linked to the opposite strand, while the 3' arm had been 

severed by the treatment. 

This implied that the site of the break could be identified by the length of the 3' 

fragment. The strand break profiles following treatment of the purified ICL labeled at 

the 5' (left) and at the 3' (right) end is shown in figure IV-S2, panel A. 
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Figure IV-S2: Identification of Y cross-link. The strand break profile is shown in 
panel A for the 5' (left) and 3' (right) labeled brominated (upper row) or opposite 
strand (lower row). The normalized profile is shown in panel B for the brominated 
strand labeled at the 5' (left) and 3' end (right). 

Given the shape of the Y cross-link observed following treatment, we deduced that 

the additional fragment is only observed when the 3' arm of the brominated strand is 

analyzed (upper right quadrant of figure IV-S2, panel A), with the results from the 5' 

labeled DNA showing only the degradation profile. In order to facilitate the 

comparison between the 5' and the 3' labeled DNA, we normalized the profiles using 

the yield observed at the BrdU substitution (shown in figure IV-S2B). From this, we 

see that the guanine 5' of the BrdU is the most likely candidate as the site of breakage 

leading to the formation of the Y cross-link. 
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Avant-propos : 

Contribution a la redaction et a I 'experimentation : 

J'ai redige 95 % de cet article sous la supervision de mon directeur de 

recherche. Tsvetan Gantchev a redige une partie de la section 1.2 qui porte sur la 

reparation des dimeres interbrins, en plus de la section 4.2, qui decrit ses travaux de 

recherche. J'ai aussi ete responsable de la preparation des figures et de la mise en 

page, en plus d'avoir revise l'article en fonction des commentaires des arbitres. 

Resume : 

Cet article est une revue de litterature presentant les resultats des derniers travaux de 

recherche dans notre laboratoire, incluant les resultats obtenus durant ma these. De 

plus, nous presentons une revue de litterature concernant ce qui est connu sur la 

formation de dimeres interbrins par les radiations ionisantes dans l'ADN cellulaire. 

Nous presentons aussi notre hypothese selon laquelle la structure secondaire et 
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tertiaire de l'ADN cellulaire est susceptible d'induire des dommages inattendus, dont 

les dimeres interbrins. Cette hypothese est reprise plus en detail dans les sections 

discussion et conclusion de ma these. 
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Abstract 

The induction of DNA interstrand cross-links by ionizing radiation has been largely 

ignored in favour of studies on double-strand break formation and repair. At least part 

of the problem is technical; it is difficult to detect and quantify interstrand cross-links 

when the same agent forms both cross-links and single strand breaks because the 

detection of interstrand cross-links generally involves a denaturation step. Our group 

has studied the induction of interstrand cross-links following irradiation of DNA 

containing bromouracil at specific sites. We found that the formation of interstrand 

cross-links requires the presence of a few (3-5) mismatched bases, comprising the 

bromouracil. In the absence of mismatched bases, no radiation-induced cross-linking 

was observed; however, even in the absence of bromouracil, cross-linking still 

occurred, albeit at a lower efficiency. Our molecular modelling studies demonstrate 

that the mobility of the bases in the mismatched region is essential for the cross-

linking process. Thus, our hypothesis is that ionizing radiation induces DNA 

interstrand cross-links in non-hybridized regions of DNA. Some obvious examples of 

such DNA regions are replication forks, transcription bubbles and the D-loop of 

telomeres. However, an abundance of studies have made it clear that there must be 

many single stranded regions in the genome, such as hairpins and cruciforms. For 

example, alpha satellite DNA, in centromere regions of human chromosomes, forms 

hairpins. Thus, a variety of non-B DNA structures (hairpins, slipped DNA and 

tetrahelical structures) exist in the genome and should be susceptible to the formation 

of radiation induced interstrand cross-links. Although interstrand cross-links have thus 

far been virtually ignored in radiation biology, it will be worthwhile to develop 

methods to detect their presence following exposure of cells to biologically relevant 

levels of ionizing radiation, since, on a per lesions basis, they are probably more toxic 

than double strand breaks. 
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I l l 

1. Interstrand cross-links vs. double strand breaks 

1.1 Double strand breaks induced by ionizing radiation 

Among the numerous types of DNA lesions presently attributed to ionizing radiation, 

complex lesions, including double strand breaks (DSBs1), are generally considered to 

be the most toxic [1-3]. Double strand breaks arise either from a single radical leading 

to the formation of lesions on both strands or, more probably, from two separate 

strand breaks in close proximity [4]. Although the yield of double strand breaks in 

cells that are submitted to low LET radiation is much lower than single strand breaks 

and base lesions (40/Gy vs. 2000/Gy, respectively, [5], most of the toxicity of 

ionizing radiation is currently attributed to DSBs. The repair of double strand breaks 

require a complex repair mechanism that is not yet fully understood, despite 

continuous effort and decades of experiments [5,6]. Moreover, defective or 

incomplete repair of DSBs leads to deletions, insertions, as well as chromosome 

rearrangements, which can trigger cell death, or lead to oncogenesis [7]. Thus, it is not 

so surprising that DSBs are usually the focal point of DNA damage studies. However, 

strong evidence for the formation of another potentially more toxic type of lesion by 

ionizing radiation is now emerging. 

1.2 Interstrand cross-links induced by ionizing radiation 

Agents that induce interstrand cross-links (ICLs), where the two DNA strand are 

covalently linked, have been used to treat cancer for many years. Indeed, 60 % of the 

most potent genotoxic anticancer agents are bifunctional alkylating agents that are 

capable of forming ICLs [8]. One of the first ICLs to be identified was formed by 

mustard gas (l,5-dichloro-3-thiapentane), which was developed prior to the First 

Abbreviations: BrdU, 5-Bromo-2'-deoxyuridine; CldC, 5-Chlorodeoxycytidine; 
CldU, 5-Chlorodeoxyuridine; DSBs, Double strands breaks; ET, Electron transfer; 
Gy, Gray; HMG, High mobility group proteins; ICLs, Interstrand cross-links; PCV, 
Procarbazine, lomustine and vincristine; UVB, Ultraviolet B. 
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World War. Another example of an ICL-inducing agent used in clinic is mitomycin C, 

which is extracted from Streptomyces caespitosis, and is used to treat solid tumors 

containing hypoxic regions [8,9]. Because interstrand cross-links prevent DNA strand 

separation, their presence impedes DNA replication and transcription [10]. 

Furthermore, there is growing evidence that ICL repair involves the generation of a 

DSB during the unhooking process [11,12]. These lesions are therefore extremely 

cytotoxic and mutagenic. In addition, over the past decade there is a growing 

appreciation that ICLs induced by chemical or oxidative agents present a challenge to 

the cellular DNA repair systems. Most of the information regarding cross-link repair 

was gathered using psoralens and UVA radiation. Although the majority of ICLs 

appear to be substrates for the nucleotide excision repair (NER) pathway [13], which 

specializes in the removal of bulky lesions in locally distorted DNA, often the repair 

is blocked or of low efficiency [14-16]. The different ICL repair efficiencies have 

been found to depend on various factors [8,17,18], including the individual ICL 

chemical structure (e.g. the spacer length in (bis)cis-Pt and nitrogen mustard) [19], 

DNA sequence [20] and DNA local dynamic structure and flexibility [21]..There is 

very little information about repair of gamma-radiation induced ICL per se, since the 

only relevant studies concern a tandem lesion comprised of a single strand break and a 

DNA cross-link, but it is not yet clear if the cross-link is mostly intra- or interstrand 

[22]. A recent study from the group of Greenberg showed that this same ICL can be 

transformed into a DSB by UvrABC, but no detailed information exists regarding 

repair in eukaryotes [12]. 

Many of the studies on repair of interstrand cross-links used cells from Fanconi 

anemia patients. Fanconi anemia is a rare, autosomal, recessive human disease that is 

characterized by a hypersensitivity to ICL-inducing agents such as mitomycin C 

[11,23-25]. Several genes have been identified that are involved in the initial 

unhooking step, including XPF-ERCCl [26], however a global picture of the repair of 

ICLs remains elusive, perhaps due to the number of ICLs structures that are studied. 

Several approaches have been devised to study ICLs, one of which is the use of 

chemically synthesized ICLs for use in repair studies [17,27]. Traditionally, ionizing 
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radiation has not been regarded as a cross-linking agent; however, several instances of 

intrastrand cross-link formation have now been reported [22,28-33], and recent data 

from various groups points to the existence of interstrand cross-links induced by 

hydroxyl radicals in synthetic DNA [34,35]. This is most intriguing, considering that 

Fanconi anemia patients sometimes suffer from ionizing radiation hypersensitivity 

[36,37]. 

1.3 Technical difficulties 

There are several technical hurdles associated with the study of ICL formation by an 

agent that also produce high yields of strand breaks, as is the case of ionizing 

radiation. Typical methods used in ICL detection, such as the alkaline comet assay 

and alkaline elution [38,39], are not sensitive when the same agent produces both 

cross-links and strand breaks. These methods most often rely on the inability of the 

DNA strands to separate under alkaline conditions due to the presence of the cross­

links, resulting in a decrease of electrophoretic mobility, for example. However, the 

strand breaks that are concomitantly produced by the radiation also decrease the 

length of the DNA fragments, thus increasing their electrophoretic mobility and 

masking the effect of the ICLs. Moreover, the conditions used to separate the strands 

also expose alkali-labile lesions, which are transformed into strand breaks, further 

increasing this effect. Other techniques, such as high performance liquid 

chromatography and mass spectrometry, have proven most useful in the identification 

of several types of lesions [40-42], including ICLs formed by ionizing radiation 

[22,35]. These methods are highly sensitive, and can be used to study extracts of 

cellular DNA that has been exposed to ionizing radiation. However, two technical 

difficulties are associated with these techniques. First, the extraction protocol may 

modify the irradiation products, leading to the uncoupling of the cross-linked 

nucleotides, which will then appear as two modified bases. This issue, which is now 

well known in the case of other radiation products such as 8-oxoguanine, can certainly 

be minimized by careful control of the extraction and digestion conditions [43]. The 

other difficulty is that is it somewhat complex to confirm, after a potential lesion has 
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been found, whether the lesion observed is in fact an interstrand cross-link rather than 

simply an intrastrand cross-link [22]. 

For these reasons, our current knowledge of the biological significance of radiation-

induced cross-links as well as the underlying mechanisms is very limited in 

comparison to the panoply of mechanisms actually occurring in cells that are 

submitted to radiation injury. Thus, the need is pressing to better understand how this 

type of lesion is produced and repaired in normal and tumor cells, and how this 

knowledge can be used to gain an advantage in radiotherapy. For this, new methods 

will have to be developed in order to study ICLs that are formed concomitantly with 

other types of lesions, such as strand breaks and alkali-labile lesions. 

2. BrdU: a good idea which failed 

5-bromo-2'-deoxyuridine (BrdU) is a thymidine analog that can be incorporated into 

DNA by cells. It is now widely used as a marker of replicating cells [44-46], although 

it was first reported as a photo- and radiosensitizing agent [47,48]. When exposed to 

ionizing radiation, BrdU produces DNA single and double strand breaks [49,50], as 

well as chromosomal aberrations [51] that are generally believed to be responsible for 

its sensitizing properties. The mechanism for single strand break formation involves 

electron attachment to BrdU, followed by the departure of a bromide anion and 

generation of an uridin-yl radical that further reacts to create strand breaks [52]. 

Originally, the appealing aspect of BrdU sensitization was that the thymidine analog 

was incorporated during DNA replication, and incorporation into DNA was a 

prerequisite for sensitization [53]. Thus, theoretically, rapidly cycling tumor cells 

would incorporate more BrdU and be more sensitized than the surrounding, mostly 

quiescent, normal cells. However, clinical studies have given disappointing results, 

failing to show a survival advantage for patients with a range of tumor types [54-57]. 

More precisely, a phase III study conducted in 2004 on patients diagnosed with 
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anaplastic astrocytoma using BrdU in conjunction with procarbazine, lomustine and 

vincristine (PCV) showed that addition of BrdU showed no survival advantage [58]. 

Thus, clinical studies using BrdU as a radiosensitizer are not currently a high priority. 

BrdU has become, as Szybalski presciently described it in 1974 [59]: "a good idea 

which failed". Nevertheless, the relatively low toxicity of BrdU as well as its rare 

ability to directly radiosensitize DNA makes it worthy of further studies. 

Furthermore, a new class of halogenated pyrimidines, 5-chlorodeoxycytidine (CldC) 

has been found to be a potent radiosensitizer but an understanding of the sensitization 

mechanisms remains critical to the success of any radiosensitizer in the clinic. 

Radiosensitization by CldC relies on the elevated levels of deoxycytidine kinase and 

dCMP deaminase found in tumor cells rather than simply on increased incorporation 

in rapidly cycling cells [60,61], thus circumventing problems associated with the 

possible incorporation of BrdU in rapidly cycling normal cells surrounding the tumor, 

which results in loss of specificity. However, CldC is incorporated into DNA as 5-

chlorodeoxyuridine (CldU), and will almost certainly yield the same uridin-yl radical 

responsible for DNA damage in BrdU. 

3. Generating inter strand cross-links with BrdU and y-rays 

Thus, it is not so surprising that a number of groups have maintained interest in BrdU 

as a radiosensitizer. Recent studies have shown that our understanding of BrdU 

sensitization at the time of the clinical trials was incomplete. For example, in the case 

of BrdU-substituted DNA that had been irradiated with UV-rays, the formation of 

intrastrand cross-links was observed in synthetic DNA and in cells [62,63], and 

generation of interstrand cross-links was inferred from the increase in sister chromatid 

exchanges in cells where BrdU partially replaced thymidine [64,65]. In the case of 

ionizing radiation, when the effect of DNA strandedness on BrdU radiosensitization 

was examined, it was observed that in synthetic DNA, the presence of a double 
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stranded DNA greatly decreased strand breaks compared to a DNA where a 5-base 

mismatch region had been introduced [66]. 

More importantly, the formation of a new type of BrdU-sensitized damage was 

observed: ICLs that were specific for mismatched nucleotides within BrdU-

substituted DNA [67]. These ICLs were later found to be highly dependent on the 

regional DNA structure and sequence [68,69], supporting the evidence that a precise 

regional environment of DNA was necessary for their formation, such as open or 

mismatched regions of cellular DNA. 

These results, while they are not yet all confirmed in cells, certainly underline the fact 

that our knowledge of the radiosensitizing properties of BrdU is yet imperfect. More 

importantly, they offer a potential explanation as to the failure of the phase III clinical 

trial, given that the PCV treatment already includes a cross-linking agent, which may 

explain why no survival advantage was observed with the addition of BrdU. This 

illustrates the importance of comprehensive fundamental testing of the sensitizing 

mechanisms prior to the introduction of new therapeutic agents. 

Another intriguing observation was that, when BrdU was present in a mismatched 

region of DNA, there was a marked increase in both reactivity and ICL formation. 

Furthermore, an impressive dependence on sequence was found when the mismatch 

sequence surrounding the BrdU site was modified, which was not observed in 

perfectly double-stranded DNA [68]. Finally, evidence of radical transfer from the 

initial site of radical formation to distant bases on both strands was observed, a feature 

that is generally believed to be hindered by the presence of a mismatch [70-72]. 

Taken together, these results indicate that mismatched (and presumably open) regions 

of synthetic DNA exhibit a distinct chemical reactivity, which may be maintained in 

the cellular environment. Although open regions of DNA transiently exist during 

transcription and replication and mismatched regions are found in centromeres [73-

75], there are surprisingly few studies asking how these regions are affected by 
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ionizing radiation. Given the structural prerequisites for ICL formation observed in 

our studies, it is possible that these regions of DNA may be particularly favorable for 

ICL production. 

4. Reaching for the other side: a case for flexibility? 

Substituted Unsubstituted 

Q O B O Q Q Q T O Q 

4rTt^ i **T** 

9QQOO H OQQO** 

Figure V-l : Comparison of interstrand cross-links (ICLs) formed in BrdU-substituted 
and unsubstituted DNA. Three DNA sequences containing a 5-base mismatch where 
the central thymidine was substituted with BrdU (left) or unsubstituted (right) were 
irradiated with 6uCo. The irradiated DNA was analyzed by denaturing gel 
electrophoresis. Only the ICL region is shown here. The experimental conditions were 
as described in [68]. All the band patterns shown here were observed on the same gel. 

4.1 ICL formation in BrdU-substituted and unsubstituted DNA 

It would be easy to dismiss the reactivity found in mismatched DNA that is 

substituted with BrdU as the exception rather than the rule; the uracil-5-yl radical that 

is generated abstracts hydrogen atoms from surrounding radicals at an efficient rate 

(k2.pK)H = 4.1 x 107 dm3 mof1 s'\ [76]). However, of the 12 BrdU-substituted 
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mismatch combinations that were examined in the sequence study, ICLs were 

observed upon irradiation of three of these same sequences in the absence of BrdU 

substitution (Figure V-l). In contrast, no ICL was observed when these sequences 

were irradiated within perfectly complementary double stranded DNA. Thus, ICL 

formation by ionizing radiation in mismatched DNA is not confined uniquely to 

BrdU-substituted DNA, but is also possible in unsubstituted DNA that possesses the 

appropriate sequence and structure. Interestingly, the same is true for mismatched 

DNA that is irradiated with UVB rays [77], although both the chemical pathways 

leading to DNA damage as well as the end products are substantially different. 

At the time of the first observations of ICL formation in mismatched DNA, it was 

proposed that the added flexibility introduced by the presence of the 5-base mismatch 

was responsible for the increased reactivity, conferring single stranded properties to 

the bases within the mismatch (66]. 

4.2 Mismatches facilitate electron addition to BrdU and charge transfer along the 

DNA 

In the context of the efficiency of BrdU mediated DNA damage, two primary 

electron-transfer (ET) processes are of outmost importance: i) primary capture of the 

hydrated electron by DNA, which depends on the base electron affinity and 

susceptibility for hydrated electrons and; ii) the intrahelical DNA excess electron 

density transfer. The accommodation of mismatches within DNA locally perturbs the 

double helix dynamic structure. The wobble conformations (non-Watson-Crick base 

pairing) are dynamically unstable and are characterized by transient flipping out of the 

unpaired bases. It has been long speculated that ET efficiency along DNA could be 

sensitive to such structural perturbations. Indeed, recently a more effective ET has 

been reported for mismatched duplexes than for complementary DNA [78]. 

Mechanistic substantiation of the favorable effect of mismatches on ET efficiency was 

obtained by our molecular dynamics simulations with DNA duplexes containing 

single pyrimidine-pyrimidine (dT*dT or BrdU'dT) mismatches [79]. This study 
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revealed that apart from the mismatched bases flipping, the penultimate base pairs are 

also affected and, depending on the neighboring sequence, can form a network of 

relatively stable cross-strand contacts, i.e. an alternative to the Watson-Crick H-

bonding pattern (Figure V-2A). The later is deemed to present a specific path for a 

more effective electron injection or hopping beyond the mismatched site and also to 

facilitate secondary oxido-reductive processes. In addition, the close proximity of the 

nucleotides on opposite strands provides favorable geometric and dynamic conditions 

for interstrand interactions of damaged bases, eventually resulting in the formation of 

cross-links or strand breaks on the opposite strand (Figure V-2B) [68]. In another 

series of molecular dynamics simulations, we probed the interactions of the hydrated 

electrons with complementary and mismatched BrdU-substitited DNA duplexes 

[80,81]. Rather unexpectedly, it was found that the hydrated electron tends to localize 

longer or to visit more frequently the BrdU site of the mismatched duplex, than that of 

the complementary one, i.e. BrdU when incorporated in mismatched DNA is more 

accessible for a direct reduction by solvated electrons. Altogether, the above 

structure-mechanistic studies emphasize the favorable effect of mismatches on the 

BrdU-dependent DNA damage and subsequent ICL formation. 

4.3 Single mismatches and y-radiation 

The reaction of mismatched DNA to radiation injury has mainly been studied as 

single mismatches, with two non-pairing bases on the opposite sides of the helix, as 

well as single bulges, where a base is usually flipped out of the helix. These 

mismatches may occur in a number of circumstances, such as deamination or slipping 

of the DNA polymerase during replication [82,83]. These disruptions of the helix 

structure are known to hinder charge transfer along the DNA strand [70-72,84], and 

are recognized by the nucleotide excision repair, homologous recombination and 

translesion replication pathways [8]. However, very little is known about how 

consecutive mismatches react to ionizing radiation. There are several examples of 

consecutive mismatches in cells [74,85]. For example, DNA hairpins are believed to 

be involved in the regulation of transcription. Proteins such as the high mobility group 


