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Résumeé

L’étude des interactions ADN-protéines et de la structure de la chromatine dans les cellules
vivantes est nécessaire a la compréhension des mécanismes de I’expression génique. La
technique LMPCR (« ligation mediated polymerase chain reaction ») permet I’étude in vivo
de ces interactions par une analyse plus réelle des événements qui se déroulent au sein
méme des cellules, comparativement aux études in vitro. Par contre, la qualité des résultats
peut-étre grandement influencée par I’ADN polymérase utilisée et nécessite donc
I’optimisation de plusieurs paramétres. De ce fait, nous avons identifié les conditions
optimales d’utilisation de I’ADN polymérase Thermococcus litoralis exo- (Vent exo-) dans
la technique LMPCR telle que la quantité de polymérase et d’ADN. Nous avons montré
que I’efficacité de Vent exo- a I’extension d’amorces et a I’amplification était similaire a
celle de Pyrococcus furiosus exo- (Pfu exo-) et supérieure & Thermus aquaticus (Taq). De
plus, nous avons observe que la thermostabilité de Vent exo- lui permettait de soutenir un
plus grand nombre de cycles d’amplification que Taq facilitant ainsi la résolution de
séquences riches en GC. D’autre part, nous avons montré que I’activité terminale
transférase de Vent exo- était inhibée dans la plupart de nos conditions expérimentales et
qu’il était donc possible de I’utiliser efficacement pour la production d’extrémités franches
lors de I’étape d’extension d’amorces. Finalement, I’ADN polymérase Vent exo- s’avere
étre une alternative efficace pour les étapes d’extension d’amorces et d’amplification PCR
dans la technologie LMPCR.

Francois Vigneault, étudiant

Dr Régen Drouin, directeur de recherche
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Chapitre 1 Introduction

1.1 La technologie LMPCR_(Ligation-Mediated Polymerase
Chain Reaction; Réaction de polymeérisation en chaine
permise par un adaptateur)

1.1.1 Historique et réle de la technologie LMPCR

LMPCR est une des rares techniques disponibles pour I’analyse in vivo de I’ADN. Il s’agit
en fait d’une technique de séquencage génomique qui permet la cartographie des cassures
monocaténaires de I’ADN au niveau de résolution des nucléotides. Elle a été développée
conjointement par Mueller & Wold et Pfeifer et coll. en 1989, pour I’étude d'empreintes
protéiques (“footprinting ") sur I'ADN dans les cellules vivantes [1, 2]. Les études in vivo
possédent I’avantage de fournir une représentation plus adéquate de la structure de la
chromatine au cceur des cellules, alors que les études in vitro peuvent perturber
significativement I’environnement intracellulaire. Depuis son développement, la
technologie LMPCR a été utilisée avec succes pour la cartographie des interactions ADN-
protéines ayant lieu dans les cellules vivantes et a ainsi participé a I’avancement de notre
compréhension des mécanismes de régulation génique [3-8]. De plus, la technologie
LMPCR a été utilisée avec succes dans les études d’analyse des patrons de méthylation des
cytosines [2, 9, 10], le positionnement des nucléosomes [3, 11, 12] ainsi que dans les études
de réparations de I’ADN [13-15]. Finalement, certaines études ont porté sur I’optimisation

de la technique via I’utilisation de différentes ADN polymérases par exemple [16-18].

1.1.2 Apercu géneral

La technologie LMPCR consiste a évaluer la réactivité locale de I’ADN de cellules
vivantes face a divers agents modifiants, comparée a celle de I’ADN purifié. Deux étapes
caractérisent cette technique soit : (1) le traitement d’ADN purifié et d’ADN cellulaire a
I’aide d’agents modifiants comme le DMS, les UVC et la DNasel et (2) la visualisation des
modifications nucléotidiques sur gel de séquencage (Figure 1). Une comparaison peut
alors étre faite entre la fréquence des cassures provenant de I’ADN cellulaire versus I’ADN

purifié. En examinant la différence entre les patrons de cassures in vivo et in vitro, on peut



ainsi déterminer la présence de facteurs protéeiques liés directement a I’ADN. |l faut noter
qgue les modifications induites doivent directement causer ou étre potentiellement

converties en cassures monocaténaires et genérer une extrémité 5’phosphorylée.
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Figure 1. Apercu général du procédé LMPCR utilisant le traitement au DMS. Le DMS
induit la méthylation des guanines qui sont alors converties en cassures monocaténaires par
un traitement & la pipéridine chaude. Les fragments d’ADN sont alors soumis aux étapes
de la technique LMPCR pour ensuite étre visualisés sur gel de séquencage. La
comparaison des patrons de méthylation entre I’ADN purifié (vitro) et I’ADN cellulaire

nous permet de déterminer la présence de facteurs liés a I’ADN.

La caractéristiqgue unique de la technologie LMPCR, ce qui lui donne sa tres grande

sensibilité et son nom, provient de la liaison d'un adaptateur, un "linker" bicaténaire



asymétrique, a I’extrémite 5’ phosphorylée de chaque fragment d'/ADN avec une extrémité
franche. L’adaptateur procure alors une séguence commune et connue. Par conséquent,
tous les fragments d'/ADN comprenant un adaptateur a leur extrémité 5° peuvent étre
amplifiés de fagon exponentielle et ainsi rendre possible la cartographie des cassures

monocaténaires et indirectement des nucléotides endommagés.

1.1.3 Etapes de la technique LMPCR

La Figure 2 illustre les différentes étapes de la technologie LMPCR. L'étape | consiste en
la conversion des dommages nucléotidiques en cassures monocaténaires. A I'étape II,
I'ADN est dénaturé par la chaleur afin d'obtenir une population de fragments
monocaténaires d'’ADN de différentes longueurs contenant un phosphate en 5'. A I'étape
I11, & l'aide d'une amorce spécifique du géne ou de la séquence a I’étude, une extension
d’amorce est effectuée avec une ADN polymérase n'ayant pas d'activité terminale
transférase, pour ainsi obtenir des extrémités franches. L'étape IV consiste & la liaison de
I’adaptateur asymétrique a I’extrémité franche des fragments. A I'étape V, aprés
dénaturation, une deuxieme amorce adjacente a la premiére est utilisée afin d’augmenter la
spécificité, pour ainsi réaliser une amplification linéaire du fragment isolé ainsi que de son
extrémité connue de I’adaptateur. Etant donné qu’il n’y a pas d’amorce s’hybridant au brin
complémentaire, ce dernier ne sera pas amplifié au cours des étapes suivantes. Par la suite,
a I'étape VI, les fragments d'ADN sont amplifiés de facon exponentielle, et ce, a l'aide de la
deuxiéme amorce et de I'amorce correspondante a la séquence du long oligonucléotide de
I’adaptateur. Les fragments d’ADN sont alors séparés selon leur longueur par
électrophorese sur gel de séquencage. Apres cette séparation, les fragments d’ADN sont
transféres sur une membrane de nylon par électrotransfert et fixés par les rayons ultraviolets
de type C (pic a 254 nm). Cette membrane est hybridée avec une sonde radioactive
préparée préalablement par PCR et spécifique a la séquence étudiée (étape VII). Ensuite, la
membrane est lavée et le signal est détecté par autoradiographie (étape VIII). Ce méme
signal peut aussi étre quantifié par exposition de la membrane a une plaque d’analyse du

phosphore radioactif et lu par un systeme d’imagerie.
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Figure 2 : Illustration des différentes étapes de la technique LMPCR.




1.1.4 ADN polymérases pour LMPCR

1.1.4.1 Caractéristiques recherchées

Au cours de la procédure LMPCR, I’utilisation d’ADN polymérases est requise pour deux
étapes soit I’extension d’amorces et I’amplification PCR. Lors de I’extension d’amorces, la
polymérase idéale serait thermostable et trés efficace, ne possederait aucune activité
terminale transférase, pourrait polymériser efficacement des fragments d’une longueur
pouvant aller jusqu’a 750 pb méme si I’ADN comporte des séquences riches en GC ou des

structures secondaires particulieres.

Pour I’étape d’amplification PCR, I’ADN polymérase idéale serait thermostable et trés
efficace et serait capable d’amplifier sans discrimination un mélange de fragments de
diverses longueurs (entre 50 et 750 pb). De plus, elle doit pouvoir résoudre des séquences
avec des contenus différents en GC (de 5% a 95%) et finalement étre capable de
polymeriser a travers des structures secondaires particuliéres de I’ADN, par exemple, les

structures en épingle a cheveux.

1.1.4.2 Sequenase et Taq

L utilisation de la Sequenase a I’extension d’amorces suivi de I’ADN polymérase Taq a
I’amplification a été originalement utilisée dans les protocoles LMPCR. Rapidement, il a
été montré que la thermostabilité de la Sequenase était limitative pour I’extension
d’amorces de séquences riches en GC [16]. De plus, il a été rapporté que cette polymérase
possede une activité terminale transférase dépendante de la séquence, qui amene ainsi la
production d’extrémités protubérantes qui inhibent toutes les liaisons subséquentes de
I’adaptateur [18].

1.1.4.3 Vent et Pfu exo-

Garrity et Wold ont montré que I’ADN polymérase Vent pouvait étre utilisé au cours de
I’extension d’amorces et de I’amplification PCR avec plus d’efficacité qu’avec la
Sequenase et la Taqg respectivement [16]. Par la suite, le développement de nouvelles
polymérases a entrainé de nouvelles études d’optimisation. De ce fait, les conditions



optimales d’utilisation de I’ADN polymérase Pfu exo- pour la techniqgue LMPCR ont été
établies. Il a été démontré que I’absence d’activité Tdt de Pfu exo- permettait une
extension d’amorces plus efficace qu’avec Sequenase, ainsi gqu’une augmentation de
I’efficacité de I’amplification par rapport & I’ADN polymérase Taq ce qui en a fait la

polymerase la plus efficace d’utilisation pour la technique LMPCR jusqu’a présent [18].

Toutes ces expériences ont montré I’importance du ratio molécules d’ADN / molécules de
polymérase ainsi que la nécessité d’établir les conditions optimales d’utilisation de la
polymérase choisie. Plusieurs laboratoires emploient I’ADN polymérase Vent exo- ou Pfu
exo-, mais aucune comparaison n’a été effectuée a ce jour pour identifier laquelle de ces
deux enzymes possédait la plus grande efficacité dans I’accomplissement des étapes

d’extension d’amorces et d’amplification PCR

1.1.5 Sélection des génes : p53, FMR1 et C-Jun

Dans cette étude, nous avons décidé d’utiliser des amorces couvrant une partie de I’exon 5
du gene p53 et la région promotrice des génes FMR1 et C-Jun, du fait que ces régions ont
été cartographiées a maintes reprises avec succes dans diverses études par la technologie
LMPCR. Les régions sélectionnées sont principalement composées de séquences trés
riches en GC, ce qui favorise la mise en évidence de I’efficacité individuelle des ADN
polymerases testées. De plus, une de nos expériences porte sur la capacité des polymérases
a résoudre des structures complexes de I’ADN. L’exon 1 du géene FMR1 est compose
d’une succession de triplets CGG dont le nombre varie de 6 a 250 chez I’homme; cette
suite de triplets peut former une structure secondaire inhibant la polymérisation [19].
L’utilisation de ces trois segments de génes nous permettra d’identifier les conditions
générales qui prévaudront par la suite lors de I’utilisation de la Vent exo- pour la majorité

des genes qui seront traité dans I’avenir.



1.2 Thermococcus litoralis exo-

1.2.1 Historique

L’ADN polymerase Vent a été isolée et clonée a partir de la bactérie Thermococcus litoralis
[20]. Cette hyperthermophile a préalablement été isolée a partir d’une cheminee thermale
des fonds sous-marins [21], communément appelé « thermal Vent » en anglais, d’ou son
appellation courante d’ADN polymérase Vent. Un mutant exonucléase déficient a ensuite
été produit (ADN polymérase Vent exo-) et les caractéristiques spécifiques de ces deux
polymérases ont alors été déterminées [22]. Depuis, I’ADN polymérase Vent a été
grandement utilisée dans des expériences de séquencage, mais aussi en LMPCR ou elle
s’est avérée plus efficace que les polymérases utilisées préalablement, soit la Sequenase et
la Taqg [16]. Par contre, aucune étude d’optimisation des conditions d’utilisation de la Vent
exo-, avec la technique LMPCR n’a été publié, et de ce fait, nous avons décidé d’examiner

les caractéristiques intrinseques de cette polymerase.

1.2.2 Thermostabilité

L’avénement des polymérases résistantes a la chaleur, comme I’ADN polymérase Tag, a
été une étape clé dans le développement de la réaction de polymérisation en chaine [23].
La technologie LMPCR utilise la réaction de polymérisation en chaine pour amplifier les
fragments d’ADN. Lorsqu’il y a présence des séquences tres riches en GC, Iamplification
PCR de ces fragments doit inclure une trés haute température de dénaturation pendant de
nombreux cycles. Une polymérase trés thermostable résiste a ce genre de température
durant de longues périodes, permettant ainsi de cartographier des séquences riches en GC.
La Vent exo- ainsi que la Vent se caractérisent par une demi-vie similaire de 2 heures a
100°C, ou Taq ne montre plus aucune activité aprés ce temps d’incubation. A 95°C, la
demi-vie de la Taq est de 1.6 h, comparativement a 8 h pour Vent exo- et la Vent [22].
L’ADN polymérase Vent exo- montre donc un meilleur potentiel & résister aux hautes
températures requises pour I’amplification PCR de séquences riches en GC, ce qui a

d’ailleurs été démontré au préalable pour la Vent [16].



1.2.3 Activité exonucléase

L’ADN polymérase Vent possede une activité exonucléase 3’-5 qui augmente la fidélité de
la réplication de I’ADN par cette enzyme [24]. L’introduction d’une double mutation
causant la substitution de 2 acides aminés dans le domaine exonucléase a aboli cette
activité, sans toutefois modifier les parametres cinétiques de polymérisation et produisant
ainsi la polymérase Vent exo- [22]. Lors de la procédure LMPCR, I’utilisation d’une
polymérase possédant une activité exonucléase lors de I’extension d’amorces pourrait nuire
a la formation d’extrémités franches et ainsi inhiber toute liaison subséquente de
I’adaptateur. L’utilisation de la Pfu exo- pour I’extension d’amorces s’est avérée trés
efficace dans la formation d’extrémités franches [18], et de ce fait, nous avons émis
I’hypothese qu’il en serait de méme pour I’ADN polymérase Vent exo-. Garrity et Wold
ont montré que Vent était plus efficace que Sequenase pour I’extension d’amorces [16],
mais la comparaison entre Vent et Vent exo- n’avait pas été faite a ce jour.

1.2.4 Activité terminale transférase

La formation d’extrémités franches lors de I’extension d’amorce peut aussi étre influencée
par la présence d’activité terminale désoxynucléotidyle transférase (Tdt). Cette activité se
caracterise par I’addition d’un nucléotide en 3° au-dela du patron du brin répliqué, comme
il a été observé pour I’ADN polymérase Taq (Figure 3) [25, 26].
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Figure 3 : Activité terminale désoxynucléotidyle transférase de I’ADN polymérase Tag.

La création d’extrémités protubérantes par Taq inhiberait donc toute liaison de I’adaptateur
asymeétrique utilisé lors de la technique LMPCR, et c’est pourquoi cette polymérase n’est
pas utilisée a I’étape d’extension d’amorces. Les études sur Vent ont démontré que 90%
des fragments polymeérises par Vent possedent des extremités franches [22], ce qui explique
les excellents résultats de liaison d’adaptateur obtenus avec LMPCR par Garrity et Wold
[16]. Dans le cas de Vent exo-, il a été rapporté que 30 % des fragments étaient caractérisés
par I’addition d’un nucléotide en 3’ et que cela inhiberait la liaison efficace d’adaptateurs a
extrémités franches [22]. Donc selon ces résultats, Vent exo- ne serait pas un bon choix
pour LMPCR, car 30% des fragments seraient perdus au cours de la procédure LMPCR.
Par contre, I’absence d’activité exonucléase étant un facteur critique pour I’étape
d’extension d’amorce, tel que démontré par les études sur la Pfu exo- [18], nous avons cru
bon d’évaluer le potentiel de la Vent exo- lorsque soumise au conditions rigoureuses de la
technique LMPCR.

De plus, si une polymérase possede une activité Tdt, les fragments amplifiés par cette

enzyme devraient subir un retard de migration sur le gel de séquencage lorsque comparés a



des fragments n’ayant pas subi I’addition d’un nucléotide supplémentaire en 3’. Dans le
cas de fragments amplifiés avec Taq, toutes les bandes seront retardées, mais dans le cas de
Vent exo-, on devrait s’attendre a ce que 30 % des bandes soit retardées. Ce retard de
migration de 30% des molécules devrait se traduire par la présence de doubles bandes.

1.2.5 Activité de déplacement de brin et de glissement de réplication

La présence de structures secondaires particuliéeres de I’ADN, comme les épingles a
cheveux, peut nuire a la réplication efficace pour la majorité des ADN polymérases. Les
polymérases incapables de résoudre ce genre de structure sont victimes de glissements de
réplication (« Replication Slippage »). Ce phénomene se caractérise par I’arrét de la
polymerisation lorsque I’épingle a cheveux est rencontrée, suivi d’une dissociation de la
polymérase. Il s’ensuit un réappariement du brin copié avec la répétition finale de I’épingle
a cheveux induisant ainsi un glissement entre les brins d’ADN, puis une réassociation de la
polymerase qui reprend alors la polymérisation (Figure 4). Le tout résulte en une délétion
de la structure secondaire particuliere de I’ADN, et du méme coup, d’une portion du
fragment a amplifier [27]. Les ADN polymérases Taq, Pyra exo-, Pfu et Vent sont des
exemples de polymérases qui peuvent subir le glissement de réplication [28].

Iy < >

Pause _ Dissociationet Réassociation et poursuite
glissement de réplication de la polymérisation

Figure 4 : lllustration du mécanisme de glissement de réplication.
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Une polymeérase sera par contre capable de résoudre ce genre de structure de I’ADN si elle
est dotée d’une activité de déplacement de brin (« strand-displacement activity »). Dans ce
cas, lorsque la polymérase rencontre une épingle a cheveux, elle posséde le potentiel de
déplacer les brins hybridés formant cette structure et ainsi répliquer entiérement le brin

complémentaire. C’est le cas des ADN polymérases Bst, Vent et Vent exo- (Figure 5)[28].

>

Pause Déplacement de brin Polymérisation a travers
I'épingle

Figure 5 : lllustration du mécanisme de déplacement de brin.

En fait, dans le cas de Vent I’activité de déplacement de brin dépend de la température,
absente a 50°C, mais activée a 65°C et toujours présente peu importe la température dans le
cas de Vent exo-. De plus, la concentration en ions magnésium influence cette activité pour
les deux polymeérases; des concentrations supérieures a 4 mM en MgSOy, inhibent I’activité
de déplacement de brin et induisent le glissement de réplication pour Vent et Vent exo- [28].
L’utilisation de I’ADN polymérase Vent exo- a haute température et a basse concentration
en MgSQO, serait donc préférable a celle de Pfu exo- pour la cartographie par LMPCR des

séquences pouvant comporter des structures secondaires particulieres de I’ADN.

1.2.6 Incapacité d’incorporation des dUTP

Un autre facteur notable pouvant affecter I’amplification efficace des fragments d’ADN
dans le procédé LMPCR, est I’incapacité de certaines polymérases a incorporer les dUTP.
Il a été montré qu’au fil des cycles d’amplification, il y avait une accumulation de dUTP

provenant de la désamination des dCTP, principalement causée par les hautes températures
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des cycles PCR [29]. La présence d’uraciles dans I’ADN inhibe la capacité de polymériser
des ADN polymérases archaeal comme Pfu et Vent ainsi que leurs dérivés [30]. Ces
polymérases reconnaissent les résidus d’uraciles présents dans le brin a répliquer, causant
par la suite un arrét de la polymérisation pour ainsi éviter I’incorporation inadéquate
d’adénines [31]. 1l a été montré qu’en ajoutant des dUTPase au mélange réactionnel
d’amplification, I’accumulation de dUTP était inhibée, ce qui favorise grandement
I’utilisation d’ADN polymérases archaeal pour ainsi obtenir une plus grande efficacité
d’amplification [29]. Finalement, lorsque I’on effectue la techniqgue LMPCR sur des
séquences riches en GC, on s’attend donc a favoriser I’accumulation des dUTP au cours de
I’étape d’amplification, ce qui pourrait nuire au rendement lorsque Vent exo- et Pfu exo-

sont utilisées.

1.3 Les objectifs spéecifiques de I’étude

Le développement de la technologie LMPCR passe inévitablement par I’optimisation des
nombreuses étapes qui la compose. Comme nous I’avons mentionné plus tot, I’'un des
critéres qui influence le plus ce procédé est I’ADN polymérase utilisé au cours des étapes
d’extension d’amorces et d’amplification par PCR. La gamme d’ADN polymérases
disponible ne cesse de croitre et I’identification de celle qui sera la plus efficace pour la

techniqgue LMPCR demeure une nécessité.

Dans les pages précédentes, nous avons fait mention des caractéristiques que devrait
posséder la polymérase idéale. Néanmoins, méme avec une idée précongue des criteres que
nous recherchons, il n’existe qu’une facon pour déterminer si une polymérase est adéquate;
la soumettre au processus expérimental de la technigue LMPCR. Pour ce faire, il faut
d’abord identifier les conditions optimales d’utilisation de la polymérase choisie, pour ainsi
comparer son efficacité avec celle des autres polymerases présentement utilisées. Dans
cette étude, nous nous sommes engagés a Vérifier I’efficacité de I’ADN polymérase Vent

exo- aux étapes d’extension d’amorces et d’amplification PCR.

Le premier objectif consistait a déterminer la concentration optimale de Vent exo- a utiliser
au cours de I’étape d’extension d’amorces, ainsi que la relation entre la quantité initiale

d’ADN et la quantité de polymérase. Nous voulions veérifier du méme coup I’étendue de
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I’activité Tdt de I’ADN polymérase Vent exo-, ainsi que I’influence de cette activité sur la
production d’extrémités franches, nécessaires a I’étape subséquente de liaison de
I’adaptateur. Etant donné que les conditions optimales d’utilisation de Pfu exo- ont
préalablement été déterminées et que son efficacité semblait étre supérieure a toutes les
autres polymérases testées a ce jour [18], il allait de soi que I’efficacité de Vent exo- devait
étre comparée avec celle de Pfu exo-. Dans un méme temps, nous voulions Vvérifier
I’efficacité de Vent exo- a résoudre différentes séquences et c’est pourquoi nos
expérimentations ont été effectuées sur trois genes possédant des caractéristiques

particulieres, soit les génes p53, FMR1 et C-Jun.

Notre second objectif portait principalement sur I’efficacité de Vent exo- lors de I’étape
d’amplification PCR. Nous voulions déterminer la concentration optimale d’utilisation de
Vent exo- a une quantité d’ADN donnée. Par la suite, nous avons identifié I’influence de la
quantité d’ADN, sur I’efficacité de Vent exo- a amplifier de maniere uniforme et efficace
les fragments d’ADN preésents. De plus, nous avons investigué quelle était la concentration
idéale en MgSO,, pour I’obtention d’une amplification efficace tout en demeurant a
I’intérieur des concentrations nécessaires au bon fonctionnement de [I’activité de
déplacement de brin de Vent exo-. Finalement, nous avons étudié I’effet du nombre de
cycle a I’amplification PCR sur la thermostabilité des ADN polymérases Vent exo-, Pfu

exo- et Taq.

Notre troisieme objectif était de vérifier, au niveau des étapes d’extension d’amorces et
d’amplification, I’effet des cations, plus précisément le sodium et le potassium présents
dans les tampons de réaction sur I’efficacité de polymérisation des ADN polymérases Pfu
exo-, Vent exo- et Taq. Dans un méme ordre d’idées, nous avons évalué I’efficacité de
différentes polymerases combinées a I’extension et a I’amplification, dans la résolution de
la structure particuliere du géne FMR1, formée par une répétition de triplets CGG,
représentant du méme coup une séquence constituee a 100% de GC. Dans le but de
favoriser la résolution de cette sequence, I’effet de I’ajout de 7-déaza-dGTP ainsi que de

DMSO dans les tampons de réaction a été évalué pour les différentes polymérases testées.

Notre quatrieme objectif consistait a évaluer quelle combinaison de polymérases était la

plus efficace a I’extension d’amorces et a I’amplification. Du méme coup, nous avons
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verifié la présence d’activité Tdt des polymérases Pfu exo-, Vent exo-, Vent et Taq; (1) soit
dans I’efficacité a produire des extrémités franches a I’étape d’extension d’amorces, (2) soit
par la présence d’un retard de migration sur gel provenant de I’utilisation de ces
polymérases lors de I’étape d’amplification PCR.

14



Chapitre 2 Optimal conditions and specific
characteristics of Vent exo- DNA polymerase in
ligation-mediated polymerase chain reaction
protocols.

Francois VIGNEAULT" and Régen DROUIN**"

'Unité de Recherche en Génétique Humaine et Moléculaire, Research
Center, Hopital St-Francois d'Assise, Centre Hospitalier Universitaire
de Québec, 10 de I'Espinay street, Québec, Québec, Canada.

*Present address: Department of Pediatrics, CHUS, 3001, 12 Ave North, Sherbrooke,
Quebec, Canada, J1IH 5N4

Key words:  Vent exo- DNA polymerase; Pfu exo- DNA polymerase; DNA sequence
context; Ligation-Mediated Polymerase Chain Reaction; PCR reaction buffer

* To whom correspondence should be addressed:

Régen Drouin,

Department of Pediatrics

Centre Hospitalier Universitaire de Sherbrooke
Hopital Fleurimont,

3001, 12 Avenue North

Sherbrooke (Québec) J1H 5N4, Canada

Tel.: (819) 820-6827

Fax: (819) 564-5217

Email: Regen.Drouin@USherbrooke.ca



2.1 Résumé

Nous avons développé une procédure optimisee pour la technologie LMPCR (“ligation
mediated polymerase chain reaction”) en utilisant ’ADN polymérase Thermococcus
litoralis exo- (Vent exo-). Le dosage optimal de Vent exo- aux étapes d’extension
d’amorces et d’amplification PCR, ainsi que la quantité optimale d’ADN a utiliser ont été
établis. Nous montrons que Vent exo- peut étre efficacement utilisée dans la création
d’extrémités franches requises pour I’étape subséquente de liaison de I’adaptateur. Vent
exo- s’avere étre plus efficace que Pyrococcus furiosus exo- (Pfu exo-) dans cette tache
lorsque utilisée avec des quantités d’ADN supérieures a 1,25 pg. Nous montrons que Vent
exo- résout les séquences tres riches en GC substantiellement mieux que I’ADN
polymeérase Thermus aquaticus (Taq) et de facon similaire & Pfu exo-. Nous démontrons
que le ratio molécule d’ADN / ADN polymérase est significativement plus haut pour Vent
exo- que pour Pfu exo-, ce qui est reflété dans la sensibilité de Vent exo- a efficacement
amplifier de I’ADN geénomique. De plus, I’étendue de I’efficacité de Vent exo- souligne
I’importance de conduire des tests évaluatifs pour identifier le dosage optimal de
polymeérase a utiliser pour réussir avec succes des amplifications PCR. Nous avons aussi
déterminé la concentration optimale de MgSQ, a utiliser avec Vent exo- ainsi que I’effet du
nombre de cycles PCR sur sa thermostabilité. Nos résultats montrent que I’ADN
polymeérase Vent exo- produit des bandes d’intensité uniforme et peut étre utilisée

efficacement dans I’analyse in vivo de I’ADN par LMPCR.

2.2 Abstract

An optimized procedure for the ligation-mediated polymerase chain reaction (LMPCR)
technique using Thermococcus litoralis exo- DNA polymerase (Vent exo-) was developed.
The optimal dosage of Vent exo- at the primer extension and PCR amplification steps as
well as the optimal DNA quantity to use were established. We showed that Vent exo- can
efficiently create the blunt-ended termini required for subsequent linker ligation. Vent exo-
proves to be more efficient than Pyrococcus furiosus exo- (Pfu exo-) for this task. Vent
exo- resolves highly GC-rich sequence substantially better than Thermus aquaticus DNA

polymerase (Taq) and with a similar efficiency as Pfu exo-. The DNA / DNA polymerase
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activity ratio is significantly higher for Vent exo- than Pfu exo-, which is reflected by the
sensibility of Vent exo- in efficiently amplifying genomic DNA. Furthermore, the range of
efficiency of Vent exo- demonstrates the importance of conducting evaluative testing to
identify the optimal dosage of use of this polymerase to obtain successful PCR
amplification. Optimal MgSO, concentrations to use with Vent exo- were established. Our
results show that Vent exo- DNA polymerase produces bands of uniform and strong

intensity and can efficiently be used for the analysis of DNA in living cells by LMPCR.

2.3 Introduction

Since its development in 1989 [1, 2], LMPCR (ligation-mediated polymerase chain
reaction) has slowly gained recognition throughout the scientific community. Together with
its derivative, TDPCR (terminal transferase-dependent PCR) [32, 33], LMPCR is one of the
rare techniques available for in vivo DNA analysis. Compared to in vitro experiments that
are very disruptive of the cellular environment, in vivo studies have the advantage of
providing a representative picture of the chromatin structure in living cells. LMPCR has
been used to map DNA-protein interactions in living cells that has furthered our
understanding of gene regulation [3-8]. It has also proven to be useful in studying DNA
repair rates [13-15], chromosomal methylation analysis [2, 9, 10] and nucleosome
positioning [3, 11, 12]. LMPCR is the most sensitive technique available to map single-
stranded DNA breaks at the nucleotide level of resolution using genomic DNA. The
principle driving in vivo DNA analysis by LMPCR s to assess the local reactivity of DNA
towards modifying agents like dimethylsulfate (DMS), ultraviolet light (UV) and DNase |
inside living cells, compared to that of purified DNA [34, 35]. However, LMPCR is a
complex technique that requires optimization of a multitude of variables, the most obvious
being the combination of DNA polymerases for the different steps of the protocol. Previous
studies have developed improved protocols in order to obtain efficient and reliable results
[16, 18, 36]. The discovery and development of new DNA polymerases over the years has
made it necessary to test their efficiency in LMPCR protocols.

The LMPCR procedure can be summarized in ten steps (Fig. 1): (I) conversion of modified

bases to single-stranded DNA breaks characterized by a 5’-phosphate termini; (1) heat
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denaturation of genomic DNA; (lllI) hybridization and extension of gene-specific
oligonucleotide (primer 1) for the bottom or upper DNA strand to produce DNA molecules
with an unknown double-stranded blunt-end; (IV) ligation of an asymmetrical double-
stranded DNA linker to the blunt-ended DNA fragments providing a common sequence on
the 5" end of all molecules; (V-VI) linear and exponential PCR amplifications of the DNA
fragments using a gene-specific nested oligonucleotide (primer 2) and the linker-specific
oligonucleotide (linker primer). Because there is no primer annealing to the complementary
strand during the linear amplification, this strand will not be submitted to the subsequent
PCR amplification; (VII) size-fractionation of the PCR products on a sequencing
polyacrylamide gel followed by transfer of the DNA to a nylon membrane by
electroblotting and UV crosslinking of the DNA to the membrane; (VIII) hybridization
with a gene-specific labeled probe generated using primer 2 with a PCR product
corresponding to the sequence to be analysed; and finally washing of the membrane and
revealing of the sequence ladder by autoradiography. LMPCR preserves the quantitative
representation of each fragment in the original population of cleaved molecules, allowing

quantification on a phosphorimager.

Primer extension of DNA fragments and PCR amplification are the two major steps where
the use of DNA polymerases needs to be optimized. For the primer extension step, the best
DNA polymerase would be one that is thermostable, has no terminal transferase activity
and efficiently produces blunt-ended fragments. Furthermore, it has to be able to
polymerize through highly GC-rich sequences and DNA secondary structures. Similarly,
for the amplification step, the ideal polymerase needs to be thermostable, very efficient,
able to amplify indiscriminately a mixture of DNA fragments of different lengths (between
50 and 750 bp) and of varying GC-richness (from 5% to 95 %), as well as being able to
efficiently resolve DNA secondary structures [17].

T7-modified DNA polymerase (Sequenase) and Thermus aquaticus DNA polymerase
(TAQ) were initially used in LMPCR protocols [1, 2], but quickly Thermococcus litoralis
DNA polymerase (Vent) was proved to be more efficient in primer extension and PCR
amplification [16]. Our group has recently established the optimal conditions to use

Pyrococcus furiosis exo- (Pfu exo-) [18], which was shown to be also more efficient than
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Sequenase and Tag DNA polymerase. Meanwhile, these experiments have shown that each
single polymerase possesses some peculiarities for their use. For example, optimal DNA-
unit ratio needs to be identified to obtain highly efficient PCR results. Presently, some
groups are using Pfu exo- in LMPCR protocols while others prefer to use Vent DNA
polymerase; however, no comparison has been performed to determine which one of these

two polymerases is the most efficient for LMPCR experiments.

Because of its 3’-5’ exonuclease activity, we believed that Vent DNA polymerase would be
less efficient than Pfu exo- in producing blunt-ended fragments at the primer extension
step. Blunt-ends are necessary for efficient linker ligation preceding the PCR amplification
step. Thus, we decided to compare Pfu exo- to Vent exo- DNA polymerase. Vent exo- has
been genetically engineered to eliminate the 3’-5’ proofreading exonuclease activity
associated with Vent DNA polymerase [22]. In order to rigorously compare those two
polymerases, we needed to establish the optimal conditions to use Vent exo- DNA
polymerase in LMPCR protocols. Our first objective was to determine the ideal DNA to
polymerase activity ratio during primer extension and PCR amplification steps. Because
KCI stabilizes complex secondary DNA structures in vitro more efficiently than NaCl [37],
we then tested if the substitution of KCI for NaCl in the DNA polymerase buffers would
affect the efficiency of the polymerase. Thermostable DNA polymerases are prone to
replication slippage when encountering DNA templates carrying hairpin structures, but
Vent exo- demonstrated strand displacement capability, affected in part by temperature and
magnesium concentration [28]. Therefore, we had to determine the optimal concentration
of MgSOq to be used in LMPCR protocols with Vent exo-. Once those optimal conditions
were established, our second objective was to compare the efficiency of Vent exo- to Pfu
exo- when used with highly GC-rich sequences, with or without the addition of DMSO
(dimethylsulfoxide) and 7-deaza-dGTP. The effect of the number of cycles in PCR
amplification was evaluated as well as the identification of the optimal combination of

polymerases to use in the primer extension and amplification steps.
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2.4 Materials and methods

2.4.1 Chemicals, enzymes and equipment

Vent exo- and Vent DNA polymerase were purchased from New England BiolLabs
(Pickering, Canada). Pfu exo- and Herculase DNA polymerase were ordered from
Stratagene (LaJolla, CA). Taq DNA polymerase and T4 DNA ligase were purchased from
Roche Molecular Biochemicals (Laval, Canada). Dimethylsulfate (DMS), piperidine,
K,PdCl, and hydrazine were purchased from Sigma-Aldrich Canada (Guelph, Canada).
The desalted oligonucleotide primers were synthesized by Invitrogene (Burlington,
Canada). All primer extensions and PCR amplifications were carried out on T gradient
thermocycler from Biometra (Kirkland, Canada). Band intensities on autoradiograms were
quantified using Fuji BAS 1000 phosphorimager from Fuji Medical Systems (Stamford,
CT) and analyzed using software Image Gauge v3.0.

2.4.2 Synthetic Oligonucleotide Primers for LMPCR Analysis
The DNA sequence and T, of the different primers used are shown in table 1.

2.4.3 Cell culture and DNA preparation

DNA was purified from peripheral blood lymphocytes of normal human males as described
previously [17]. DNA concentration was determined using a spectrophotometer at 260 nm.
Purified DNA was treated with DMS for guanine methylation or hydrazine with or without
salt for pyrimidines in a standard Maxam-Gilbert cleavage reaction [38] or with K,PdCl, to
reveal the adenine residues [39]. Hot piperidine (1 M, 82°C for 30 min) was then used to
chemically convert the methylated guanines and damaged bases to single-strand DNA
breaks. The single-strand break frequency was estimated using alkaline gel electrophoresis
[40].

2.4.4 Ligation-mediated polymerase chain reaction (LMPCR)
The LMPCR protocol has been previously described in detail [17, 18]. Various regions of
approximately 200 bp of the P53, FMR1 and C-JUN genes were analyzed using the primer

sets presented in table 1. Briefly, a gene specific primer was annealed to genomic fragments
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of variable sizes and then extended using different DNA polymerases to produce double-
stranded blunt-ends. Primer extension was performed through a thermal cycle of 5 min at
98°C, 4 min at the T, of the primer minus 1°C, and 20 min at 75°C. The samples were
immediately put on ice. An asymmetric double-stranded linker was then ligated to the
phosphate terminal end of each fragment, providing a common sequence on the 5’-end of
all fragments. With a selected DNA polymerase, a second nested gene specific primer was
used for a single round of linear amplification, followed by PCR amplification using the
second gene specific primer in conjunction with the linker primer. When using Vent exo-,
PCR amplification was performed for 27 cycles of 2 min at 98°C, 2 min at annealing
temperature, and 3 min at 75°C, with these modifications: (i) first-round of denaturation
was 4 min at 98 °C; (ii) last-round extension was of 15 min at 75°C; (iii) annealing
temperature started at T, minus 1°C, and decreased with each cycle by 1°C until T, -5°C
was reached. T, —5°C was maintained for 19 cycles and raised by 1°C per cycle until
completion of the amplification; (iv) when required, modifications in cycle numbers were
made at the T, -5°C annealing temperature; (v) Amplification using Taq DNA polymerase
or Pfu exo- was performed as previously described [17, 18]. The resulting products were
subjected to electrophoresis on 8% polyacrylamide gels alongside a Maxam and Gilbert
sequencing ladder, followed by electrotransfer to nylon membranes, hybridization to a 32P-
labeled gene specific probe, and visualization by autoradiography. Each experimental
condition was assayed in duplicate and then run on a screening sequencing gel using a
portion of the DNA to ensure that there was no significant variation between samples. The

duplicates were then pooled on a combined gel which served for analysis.

2.4.5 Phosphorimager quantification

Phosphorimager analyses were performed to measure precisely the intensity of individual
bands as described previously [18, 41]. Quantification of band intensities was used to
determine relative intensity and signal background ratio. LMPCR protocols were repeated
twice. For each protocol, a total of ten sets of bands were selected for each experimental
condition of both autoradiograms. A set is defined as the bands representing DNA
fragments of the same length for each experimental condition. Using the phosphorimager
software package provided by the manufacturer (Image Gauge V3.0), a rectangle was
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drawn around each selected band on the LMPCR autoradiogram. The band intensity value
corresponding directly to the amount of radioactive material was read within each rectangle
as counts per band surface. In each set, an area corresponding to the experimental condition
that did not generate a band (either experimental condition without DNA polymerase or
without DNA) was delimited and defined as “control value”. This control value was
subtracted from all the measured bands of a set. The relative intensity value of each band
within a set was than determined by dividing the intensity value of each band (minus the
control value) over the cumulated intensity value of all bands composing that same set.
From the ten sets of bands selected for both autoradiograms, the mean relative intensity
values were calculated for each experimental condition and plotted against amounts of

DNA, DNA polymerase, or MgSQO, concentration

The signal to background ratio was determined as follow: An area between two sets of
bands for each experimental condition, determined as the highest background noise found
throughout the autoradiogram, was quantified using the phosphorimager software. The
mean relative intensities of each experimental condition, calculated earlier, were than
divided by the intensity value of this highest background noise found for each experimental
condition. The ratio obtained, representing band intensity over background noise for each
experimental condition, was plotted against amounts of DNA, DNA polymerase, or MgSO,

concentration

2.5 Results

2.5.1 Primer extension step

The efficiency of Vent exo- for the primer extension step was compared with the optimal
condition of Pfu exo- established previously by our group [18]. Three different activities of
Vent exo- DNA polymerase (0.5 U, 1.0 U and 1.5 U) were tested for primer extension using
purified genomic DNA treated with DMS to produce a global SSB frequency of 1 break per
400 bases and were compared to 1.5 U of Pfu exo-. DNA sequences of approximately 200
bp with relatively high GC content (varying from 60% to 80% of GC) located in exon 5 of
P53 gene, and the promoter region of FMR1 and C-Jun genes were mapped by LMPCR

using 3 U of Taq DNA polymerase at the amplification step. The results, shown in figure
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2A, represent the selected area for each of those three genes. Globally, the intensity of the
bands increases as the DNA quantity rises from 0.4 pg to 2.4 pg. The samples processed
with Vent exo- showed a greater increase in signal intensity with rising DNA quantity than
samples processed with Pfu exo-. Compared to Pfu exo-, we observed that the band
intensity was less uniform with Vent exo-. In fact, some specific bands were absent at the

0.4 ug DNA dose and only appeared at higher DNA quantities.

When using low amounts of DNA (0.4 and 0.8 pg), 0.5 unit of Vent exo- DNA polymerase
was the most efficient amount of enzyme for the autosomal (2 copies per genome) P53 and
C-Jun gene DNA sequences, whereas 1.0 unit was optimal for the gonosomal (1 copie per
genome) FMR1 gene sequences (Fig. 2A). When using higher amounts of DNA (1.6 and
2.4 ug), 1.0 unit of Vent exo- DNA polymerase was the most efficient amount of enzyme
for all three genes tested (Fig. 2A). These results underline the importance of the ratio of
DNA molecules per unit of DNA polymerase during primer extension. Compared to
samples processed with Pfu exo-, the samples processed with Vent exo- produced bands

with similar or greater intensity only when using 2.4 ug of DNA.

Quantification of band intensity with the phosphorimager allowed us to analyze the relative
band intensity produced by each polymerase at specific concentrations for each amount of
DNA (Fig. 2B). This indicates if the efficiency of a DNA polymerase varies with the
amount of DNA. Globally, the relative band intensity increased with the amount of DNA. It
should be noted that the increase was less important for samples processed by Pfu exo-,
mainly for the FMR1 gene sequences. By careful measurement of the signal to background
ratio, it was shown that the increase in the band intensity with the amount of DNA was the
result of a higher efficiency of primer extension, rather than an increase in the background
noise (data not shown). At higher amounts of DNA (1.6 and 2.4 ug), the samples processed
by Pfu exo- showed a high background noise causing a decrease in the signal to
background ratio (data not shown). This decrease in the signal to background ratio was not

observed for Vent exo-.

In conclusion, for primer extension, when using 1.0 pg of DNA (commonly used in
LMPCR protocols), 1.5 U of Pfu exo- shows the best relative intensity and signal to

background ratio and therefore would be the best choice. On the other hand, when using
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more than 1.25 pg of DNA, 1.0 U of Vent exo- shows a similar intensity and signal to
background ratio as 1.5 U of Pfu exo- and therefore would be a very good alternative to Pfu

€X0-.

2.5.2 PCR Amplification step

Using Pfu exo- at the primer extension step, the efficiency of Vent exo- at the PCR
amplification step was studied as a function of two parameters, i.e., varying the number of
units of DNA polymerase (Fig. 3) or the amount of DNA (Fig. 4). For these two
parameters, we used the same primer sets as in primer extension step. For each primer set,
the experiment was repeated twice for a total of 6 autoradiograms (for FMR1 gene, only
primer set X was used). Purified DNA was treated with DMS and piperidine to produce a
global SSB frequency of 1 break per 400 bases. Phosphorimager quantification was used to
determined relative intensity and signal to background ratio as explained in the materials
and methods section. By varying the number of units of Vent exo- used to amplify 1 pg of
DNA (Fig. 3), a characteristic normal curve of the DNA molecules per unit of DNA
polymerase ratio was observed, with the optimal quantity of enzyme being around 0.5 to
2.0U.

Concerning the P53 gene (Fig. 3A), as little as 0.13 U of Vent exo- was sufficient to
produce bands of fairly good and uniform intensity. From this low amount of enzyme, the
intensity of the bands increased to a maximum reached at around 1 U (the optimum dose
varying between 0.5 to 2.0 U). At higher doses of Vent exo-, the intensity of the bands
decreased to almost nothing at around 8 U. The quantification performed using the
phosphorimager confirmed that the maximum intensity of the bands was reached at 1 U of
Vent exo- (Fig. 3B). The signal to background ratio showed an increase from 0.13 to 6 U
(Fig. 3C), suggesting that the increase in band intensity was evidence of an improved
amplification and not only an increase in the background noise. For the FMR1 gene, the
range of units giving very efficient amplification of DNA fragments was smaller than the
one observed with the P53 gene (Fig. 3A). Bands were seen when using 0.25 U, and their
intensity increased to a maximum at around 1 U. There was a high background and the

intensity of the bands decreased to no signal at around 6 U. The graph illustrating the
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relative intensity (Fig. 3B) clearly showed the maximum intensity at 1 U, but this was not
caused by a high background noise, as confirmed by signal to background ratio (Fig. 3C).
Concerning the C-Jun gene, bands started to be seen when using 0.13 U of Vent exo- and
were observable at up to 6 U. The maximum intensity of the bands was reached at 2.0 U
(the optimum dose varying between 0.5 to 3.0 U) (Fig. 3A). The maximum intensity was
found at 2 U of Vent exo- according to the calculation of the relative intensity (Fig. 3B).
The signal to background ratio (Fig. 3C) was lower than for the other two genes. In fact, the
intensity of the bands did not increase much for dose over 0.5 U compared to P53 and
FMR1 genes.

Similarly, we tested the efficiency of Vent exo- on various amounts of DNA (Fig. 4). We
used Pfu exo- for primer extension followed by amplification using 2.5 U of Vent exo-. The
amount of DMS treated DNA to produce a global SSB frequency of 1 break per 400 bases
varied from 0 to 5 pg. The same three sets of primers as above were tested and

quantification of bands intensity was conducted in the same way as described before.

For all three primer sets, Vent exo- was efficient with very low amounts of DNA (Fig. 4A).
At very low amounts of DNA, such as 0.1ug, the intensity of the bands was sufficient to be
analyzed, and there was uniform intensity between bands (Fig. 4A, lane 2). Concerning the
P53 primer set, the relative intensity of the bands increased quickly to reach a maximum at
2 pug of DNA, then the intensity quickly decreased at a lower level than for the FMR1 and
C-Jun primer sets (Fig. 4B). In the case of FMRL1, the intensity increased more slowly
compared to other genes, but the maximum intensity was also reached at 2 pg of DNA.
When using 5 pug of DNA, the intensity of the bands was still sufficient to be analyzed in
LMPCR experiments. Concerning C-Jun, the intensity of the bands rose quickly with the
amount of DNA, but reached a lower maximum intensity than for P53 or FMR1, but the
maximum was at around 2 pg. The decrease occurring with higher amounts of DNA was
similar to the one observed with FMR1, but happened more slowly compared to P53.
Finally, the signal to background ratio of P53 and FMR1 was very similar throughout the
range of DNA doses (Fig. 4C). In the case of C-Jun, we observed a very strong signal with
low background noise giving us a very high ratio. The high relative intensity in the case of
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P53 noted above (Fig. 4B) was associated with a low signal to background ratio; this was

not the case for C-Jun.

2.5.3 Optimal MgSO, concentration and effect of salt on PCR efficiency

The MgSO, concentration can greatly affect the efficiency of PCR amplification performed
with Vent exo- [28]. Therefore, it was important to identify the optimal MgSQO,
concentration for the most efficient Vent exo- DNA amplification. For the primer extension
step, 1.5 U of Pfu exo- and 1 pg of DNA were used, then followed by the amplification step
using 1.5 U of Vent exo- to map a 200 bp sequence of the exon 5 of the P53 gene. Vent
polymerase ThermoPol reaction buffer was made without MgSQO,, which was subsequently
added to the amplification mix at various concentrations. Relative intensity was determined

by phosphorimager quantification.

Between 0 and 0.5 mM of MgSO,, no amplification can be seen, but at 1 mM MgSO,
bands can be observed. The intensity of the bands increased to a maximum at around 3
mM, and then decreased slowly to a minimum at around 25 mM (Fig. 5A). The relative
intensity, calculated from phosphorimager quantification data, showed the same pattern of
increasing and decreasing efficiency modulated by MgSQO, concentrations (Fig. 5B). The
analysis of signal to background ratio between 1 to 6 mM of MgSO. showed that the
increase in relative intensity was modulated by a small increase in background noise (Fig.
5C). Finally, the overall variation in signal to background ratio was quite small throughout

the concentrations of MgSQO, tested.

It has been shown that K+ cations promote the stabilization of unusual secondary structures
in the DNA in vitro (ex: tetrahelix) better than Na+ cations [37]. Because most commercial
polymerase buffers are composed of KCI, we decided to test the efficiency of Vent exo-
compared to Pfu exo- polymerase under NaCl conditions. We did not observe any
significant difference in amplification efficiency when using KCI or NaCl, either at primer
extension or amplification for any particular combination of polymerase in any of the three

genes tested (data not shown).
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2.5.4 Number of cycles in the PCR amplification step

Because DNA fragments are exponentially amplified in PCR, the intensity of the signal is
directly affected by the number of cycles. Therefore, we compared Vent exo- with Pfu exo-
and Tag DNA polymerase in their ability to efficiently amplify DNA fragments when
submitted to various numbers of cycles in LMPCR amplification step. Primer extension of
1 pug of genomic DNA was performed using Pfu exo- for all samples and amplified with
either 1.5 U of Vent exo-, 3.5 U of Pfu exo- or 3 U of Taq DNA polymerase, to successfully
mapped a 200 bp stretch of the P53 gene (Fig. 6).

For Pfu exo- and Vent exo-, 12 and 17 cycles (22 for the Tag DNA polymerase) were
insufficient to produce any visible bands for the exposure time used (Fig. 6, lanes 1-2, 7-8
and 13-15). Faint bands appeared after 22 cycles (27 for the Taq DNA polymerase) (Fig. 6,
lanes 3, 9 and 16) and increased quickly at 27, 32 and 37 cycles (Fig. 6, lanes 4-6, 10-12
and 17-18). As the number of cycles increases, the background noise increases, mostly
caused by overexposure of the autoradiogram. Compared to Vent exo-, when amplification
was performed using Pfu exo- (lanes 7-12), the variation in band intensity between 32 and
37 cycles was greater (Fig. 6, compare lanes 11 and 12 vs. 5 and 6). With samples
amplified using Tag DNA polymerase, the intensity of the bands was weaker than the ones

produced using the other polymerases independently of the number of amplification cycles.

2.5.5 Highly GC-rich sequences

GC-rich sequences often impair PCR amplification, especially in LMPCR protocols. We
tested the efficiency of Vent exo- in resolving particular DNA structures created in highly
GC-rich sequences like in exon 1 of the FMR1 gene, known to contain a polymorphism for
the CGG repeats that ranges from a few to several hundred repeats [5, 19]. We compared
the efficiency of Vent exo- with Pfu exo- at the extension step with a combination of
various polymerases at amplification, such as Pfu exo-, Vent exo-, Taq and Herculase. This
experiment was conducted with and without the addition of 7-deaza-dGTP and/or DMSO
to determine if these products would improve Vent exo- efficiency compared to the
standard LMPCR protocol.
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With the standard LMPCR protocol, Tag was very inefficient in amplifying DNA
fragments regardless of the polymerase used at the primer extension step (Fig. 7A, lanes 5,
6, 13 and 14). Amplification using Pfu exo- allowed us to sequence 19 and 20 CGG repeats
when extended with Pfu exo- (Fig. 7A, lanes 1 and 2) and Vent exo- (Fig. 7A, lanes 9 and
10) respectively. Amplification using Vent exo- allowed us to sequence 21 repeats (Fig. 7A,
lanes 3, 4, 11 and 12), but artifacts derived from amplified fragments consisting of one
extra nucleotide, that we refer to as shadow bands, were observed throughout the C ladders
and at the beginning of the G ladders before the beginning of the repeats. These shadows
bands created the impression of double CC overlapping one of the two G in the CGG
repeats. This was noted independently of the polymerase used at the extension step.
Herculase amplified DNA showed a short but intense G ladder (Fig. 7A, lane 7) but no C
ladder (lane 8) when combined with Pfu exo- at primer extension. When the extension step
was performed using Vent exo-, Herculase amplified samples showed the most intense G

and C repeated sequences (Fig. 7A, lanes 15 and 16).

When using 7-deaza-dGTP, we observed that just a few repeats were added to the ones
already mapped by standard protocols (Fig. 7B). The C ladder extended with Pfu exo- was
this time successfully amplified with Herculase (Fig. 7B, lane 8). When Vent exo- was used
at primer extension, the C ladder amplified with Pfu exo- was missing (Fig. 7B, lane 10),
and a total of 24 repeats were successfully mapped with Vent exo- at amplification (Fig.
7B, lanes 11 and 12). Taq amplified samples were still unsuccessfully mapped with this
protocol (Fig. 7B, lanes 5, 6, 13 and 14).

By adding 7-deaza-dGTP and DMSO (Fig. 7C), we noted that up to 33 repeats on the G
ladder were mapped when using Herculase coupled with Pfu exo- at the primer extension
step (Fig. 7C, lane 7), but for all our samples the C ladders were missing. When the
extension step was carried out using Vent exo-, only samples amplified with Herculase
were visible. Thus, we decided to test our protocol with DMSO in absence of 7-deaza-
dGTP (Fig. 7D). When Pfu exo- was used at extension with Vent exo- at amplification, we
successfully mapped up to 33 repeats including a strong C ladders containing shadow bands

(Fig. 7D, lanes 9 and 10). Finally, we found that a very intense and clear 33 repeats were
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also mapped using a combination of Vent exo- at primer extension and Herculase at the

amplification step (Fig. 7D, lanes 5 and 6).

2.5.6 Polymerases efficiency at primer extension and amplification steps

Specific characteristics of a DNA polymerase, such as processivity and terminal transferase
activity, greatly influence LMPCR results. By comparing various combinations of
polymerases at the primer extension and amplification steps, we can evaluate the relative
efficiency of a series of polymerases. Therefore, we tested the efficiency of Pfu exo-, Vent
exo- and Vent DNA polymerase at the primer extension step for their ability to produce
blunt-ended DNA fragments required for efficient linker ligation. We than subjected these
samples to amplification with different polymerases such as Pfu exo-, Vent exo-, Vent and

Taq DNA polymerase to successfully map a region of the P53 gene (Fig. 8).

Using Pfu exo- at the primer extension step (Fig. 8, lanes 1-4), weak bands were observed
for samples amplified with Taq (lane 4) compared to the ones obtained when using Pfu
exo-, Vent exo- and Vent polymerase (Fig. 8, lanes 1, 2 and 3). In fact, these three
polymerases yield very similar results, but slightly less background noise with Vent exo-
for relatively similar band intensity. Surprisingly, this was not the case when using Vent
exo- for primer extension (Fig. 8, lanes 5-8). We observed an increase in band intensity for
all polymerases except for Vent exo- amplified samples (Fig. 8, lane 6), where the decrease
in band intensity was quite significant. Interestingly, increasing the number of units of Vent
exo- from 1.5 to 3 U at amplification greatly improved the signal (Fig. 8, compare lanes 6
vs. 14).

Finally, we observed a very weak signal when using Vent DNA polymerase at the primer
extension step for all four polymerases (Fig. 8, lanes 9-12). This was accompanied by the
appearance of many shadow bands visible when combined with Pfu exo- at the
amplification step (Fig. 8, lane 9). These shadow bands were much less pronounced for the
other amplified samples (Fig. 8, lanes 10, 11 and 12). Finally, the characteristic migration
shift of all samples amplified with Tag DNA polymerase due to its terminal transferase

activity was observed (Fig. 8, lanes 4, 8 and 13).
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2.6 Discussion

2.6.1 Primer extension step

The efficiency of DNA polymerases for the extension of genomic fragments is clearly
affected by the amount of DNA. Our results showed compelling evidence of the importance
of the DNA / polymerase ratio. Band intensities for Vent exo- samples were faint for low
amounts of DNA compared to the ones with Pfu exo-, but they increased with DNA levels
suggesting that the DNA / polymerase ratio of Vent exo- is higher than for Pfu exo-.
Therefore, with low amounts of DNA, Vent exo- might not be the best choice for primer

extension, but with higher amount of DNA, it becomes very efficient.

Since each guanine residue of a DNA sequence has the same probability of being
methylated in vitro by DMS, all band intensities should be equal on the autoradiogram.
Variable band intensity in the P53 samples extended with Vent exo- could not have resulted
from premature polymerization arrest or annealing problems, since bands corresponding to
longer DNA molecules were much more intense than bands corresponding to smaller DNA
molecules. Inefficient ligation and PCR amplification were not determining factors because
these steps were identical in both Vent exo- and Pfu exo- LMPCR protocols. We suggest
that Vent exo- was unable to produce ligatable blunt extremities with the same efficiency
for all cleaved DNA molecules. This seems to only happen on G stretches and this was
more obvious with P53, but still happened with FMR1 and C-JUN. We could not find any
sequence specificity but we should mention that this was not observed at optimal

polymerase quantity.

One of the key characteristics we are looking for when selecting a polymerase for LMPCR
studies, is its ability to create blunt-ended fragments at the primer extension step.
Suppression of ligatable ends by DNA polymerases results on either from their inability to
extend to the end of the template or their terminal transferase activity. In LMPCR, the
addition of an extra non-templated nucleotide at the extremity of blunt double-stranded
DNA molecules prevents ligation of the asymmetric linker, and subsequently inhibits the
amplification of these molecules, thereby modifying the quantitative representation of the

corresponding bands on the autoradiogram. Therefore, it becomes obvious that a
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polymerase possessing a terminal transferase activity, like Tag DNA polymerase, is of no
use at the primer extension step, since most of the DNA fragments extended with Taq will
possess a non-templated 3’ extra nucleotide [25, 26]. It was reported that Vent exo-
polymerase produces an additional base corresponding to extension beyond the template by
one nucleotide in approximately 30% of the total extension products and would not be
expected to efficiently create blunt-ended termini [22]. This might explain why under sub-
optimal conditions, we obtained non-uniform signals when using Vent exo- at primer
extension. One would expect that if there was a sequence-dependent terminal transferase
activity, certain bands would be missing, and if there were not such a sequence
dependency, all the samples would have the same probability of being over extended.
Therefore, all bands should appear 30% weaker when extended with Vent exo- compared to
samples extended with Pfu exo- which is known to produce close to 100% blunt ended
DNA molecules.

Nevertheless, linker ligation can also be inhibited if the polymerase possesses a 3’-5’
exonuclease activity, because a fully extended DNA fragment could become 5’ protuberant.
Because Vent exo- is exonuclease deficient, we suggest that suppression of ligatable ends
by this polymerase is most probably caused by non-extended products, due to its low level
of processivity and its distributive behavior [22]. Because dissociation and reinitiation is a
frequent event for a distributive enzyme, it is believed that Vent exo- would leave DNA
fragments non-fully extended before switching to another template. Under optimal
conditions, the remaining unfinished template would be extended by reinitiation events of
other polymerases. Some templates could therefore remained incompletely extended when
sub-optimal polymerase quantities are used. Furthermore, too much polymerase could
compete to occupy DNA templates and therefore pause at specific sites until switching

occurs.

Finally, we suggest that Vent exo- is more efficient with high amounts of DNA, but can be
used in primer extension by reducing to a minimum its quantity. Because of the variability
of the results for the three genes tested, we suggest that for 1 pg of DNA, one would use
0.75 U of Vent exo-. Taken altogether, this demonstrates the importance of conducting

evaluative testing on more than one gene to obtain the complete picture.
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2.6.2 PCR amplification step

During amplification, the efficiency of a polymerase can be directly related to band
intensity in LMPCR experiments. One could question if it is better to obtain maximum
band intensity or simply to overexpose faint bands. The answer to this question is given by
the relative background noise. It is of no use to reach maximum band intensity if there is a
significant increase in background noise. Therefore, we should identify conditions which
result in appropriate signal intensity, uniformity in band intensity and finally, in a high

signal to background ratio.

Our results showed that under our conditions, the effective range of amplification
efficiency using Vent exo- varies between 0.25 to 5 units of polymerase with an optimal
quantity around 1.5 U, considering the relative intensity and signal to background ratio for
three different genes. This becomes interesting when comparing these results to the ones
previously published on Pfu exo- and Taq DNA polymerase [18]. Pfu exo- optimal quantity
was established at 3.5 U in an effective range varying between 2 and 25 U, tested under
similar experimental conditions. Taq optimal quantity was established at 3 U varying from
0.13 to 15 U. The range of Vent exo- amplification efficiency is therefore quite small
compared to Pfu exo- and Taq DNA polymerase. With successful amplification of DNA
fragments with only 0.13 U of Vent exo- (Fig. 3A, P53, lane 2), our results showed the very
high DNA / polymerase ratio for this enzyme compared to Pfu exo-. This ratio being
critical, it also explains that at more than 6 U, there is a decrease in band intensity whereas

the low DNA / polymerases ratio of Pfu exo- permits successful amplification up to 25 U.

We also noticed that the supplier recommended using 4 U / 100 pl reaction volume of Vent
exo- when performing PCR amplification, which is obviously more than the optimal
quantity as determined in our experimental conditions. In fact, with this very small range of
efficiency, it becomes critical to use the appropriate amount of Vent exo- when carrying out
PCR experiments.

Interestingly, low amounts of DNA, such as 0.1 pg were sufficient to obtain successful
amplifications using Vent exo-. It was reported that the K., of Vent exo- for DNA (0.09)

was one of the lowest found in the literature, and that it should give the polymerase an
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enhanced ability to efficiently replicate extremely low amounts of DNA [22]. This is not an
intrinsic property of thermostable polymerases since Tag and Pfu DNA polymerase have
higher Ky‘s (1.4) [22, 42]. Our results showed compelling evidence of the sensibility of
Vent exo- to low amounts of DNA, particularly when comparing it to previous published
results on Pfu exo- and Tag DNA polymerase, which did not present this kind of sensibility
[18].

Furthermore, with increasing amounts of DNA, we still obtained an excellent amplification
of DNA fragments. When using specific primers for FMR1 and C-JUN genes, we
successfully amplified 5.0 pg of DNA with excellent intensity, suggesting that we could
have succeeded at higher quantities if tested. With P53 gene, relative intensity calculation
clearly showed that higher (> 5.0 pg) amount of DNA, no further amplification was
efficient. This indicates once again the importance of conducting optimization experiments
using several genes because of intrinsic variations, potentially caused by secondary

structures and/or primer characteristics.

2.6.3 Salt conditions

In addition to its thermal stability, what makes Vent exo- DNA polymerase an interesting
candidate for LMPCR is its ability to progress through special secondary DNA structures,
via its strand displacement activity [22]. Pfu exo- does not possess strand displacement
activity and therefore undergoes replication slippage, which generates hairpin deletions
during PCR amplification. Vent exo- is also able to slip; however, slippage can be inhibited
when its strand-displacement activity is induced [28]. It was also demonstrated that high
magnesium concentration (over 4 mM) could stabilize secondary structures and restrict the
ability of Vent exo- to enter and polymerize through the hairpin structure, which would
result in strand slippage. Deletion of a DNA segment could result in missing bands and

therefore would interfere with proper LMPCR analysis.

Because most known DNA polymerases require magnesium ions to polymerize, it is critical
to identify the optimal MgSQO, concentration for the most efficient Vent exo- activity. Our
results showed that little variation in the amplification efficiency occurs between 1.5 to

12.5 mM of MgSQO,. Taking into account the relative intensity and background noise, we
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determined that 3.0 mM should be used for efficient and optimal PCR amplification. In the
same time, this concentration should allow efficient strand displacement activity and permit

polymerization through particular secondary DNA structures.

2.6.4 Thermostability of Vent exo-

It is expected from any enzyme isolated from hyperthermophile to be thermostable. It was
reported that Vent exo- half-life at 100°C is of 1.8 hours and of 6.7 hours at 95 °C. Taq
DNA polymerase does not retain any activity after this 1.8-hour incubation time [22]. This
potential stability over a wide range of extreme temperatures becomes a necessity for PCR
amplification in LMPCR protocols. Frequently, highly GC-rich sequences need to be
analyzed, which require very high denaturation and annealing temperature. This is the
reason why we compared the capability of Vent exo-, Pfu exo- and Tag DNA polymerase to

sustain numerous PCR cycles of high denaturing temperature at the amplification step.

Our results demonstrated the higher efficiency of Pfu exo- and Vent exo- compared to Taq
DNA polymerase in successfully amplifying DNA fragments at high cycling temperatures.
We believe that this is a result of thermal stability because Taq extension rates and the K,
for dNTPs are similar to those of Vent exo-, and the Taq K, for DNA is similar to that of
Pfu [22, 42]. Our standard protocol is based on 27 cycles, but we increased it up to 37 to
test if a plateau in DNA amplification would be reached. We observed that at 37 cycles, the
signal of samples amplified with Pfu exo- still increased, whereas the intensity of Vent exo-
treated samples seems to top off. This particularity cannot result in reaching the PCR
plateau phase faster in one sample compared to the other, which would still be in the
exponential amplification phase, because we carefully made sure that all constituent (DNA,
dNTPs, primers and buffers), except the polymerase, were from the same source and at the
same concentration. To explain these results, we suggest that the thermal stability of Pfu
exo- is superior to the one of Vent exo- and therefore can sustain many more cycles before

the enzyme looses its polymerization capability.
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2.6.5 Highly GC-rich sequence

The FMRL1 gene is characterized by a particular and complex DNA secondary structure
composed of a succession of CGG triplet repeats varying between 6 and 250 [19]. This
kind of structure, composed of highly GC-rich sequence, can often impair PCR analysis
because of the difficulty of the DNA polymerase in resolving them. This particular
sequence of the FMR1 gene has previously been mapped with a modified LMPCR protocol
using DMSO and 7-deaza-dGTP [18].

It was demonstrated that intramolecular base pairing between guanine and cytosine residues
could cause anomalies in the migration behavior of certain DNA fragments in the
polyacrylamide gel, and therefore results in band compression and difficulty in analyzing
sequencing reaction [43]. The addition of 7-deaza-dGTP to the polymerization mixture was
shown to resolve this particular problem by preventing base compressions, caused by
stacking of the sequenced fragments, which lead to abnormal migration patterns during gel
electrophoresis [44]. Our hypothesis was that the 7-deaza-dGTP could not only act on gel
migration of the amplified DNA fragments but also in helping the polymerase resolving the
complex structure associated with the CGG repeats found in the exon 1 of FMR1 gene. The
7-deaza dGTP precludes Hoogsteen bond formation by virtue of replacement of the N-7 of
the guanine ring with a methane moiety [45]. Furthermore, many studies have reported the
use of additives like betaine, DMSO and formamide to enhance PCR amplification yield
and specificity of GC-rich sequences [46, 47]. More specifically, DMSO has been used to
rescue a failed PCR catalyzed by Vent DNA polymerase [48]. In our experiments, we
wanted to compare the efficiency of Vent exo- with Pfu exo- in resolving this particular
sequence when combined to various polymerases, without adding any DMSO or 7-deaza-
dGTP. We also wanted to examine the individual and combined effects of these substances

on these same polymerase combinations.

Ours results demonstrated the inefficacity of Tag DNA polymerase to efficiently resolve
this particular CGG repeat. We believe that the high denaturing and annealing temperatures
required for amplification of a 100% GC-rich sequence are beyond the thermal stability of
this polymerase. This might also explain why no further improvements were obtained with
the addition of 7-deaza-dGTP and/or DMSO.
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Similar results were obtained using Pfu exo- and Vent exo- at the primer extension step
with and without 7-deaza-dGTP. The only striking difference is the missing C ladder of the
sample amplified with Herculase when primer extension was performed with Pfu exo-. The
strand displacement activity of Vent exo- at the primer extension step might be involved in
easing the secondary structure of this region, which then becomes more easily accessible by
the polymerase used at the amplification step. No reports have appear concerning the
efficiency of Herculase in resolving secondary structures, but it consists predominantly of
Pfu DNA polymerase combined with Tag 2000 [49, 50], we believe it would react as these
two polymerases do separately. Therefore Herculase could cause replication slippage when

encountering particular DNA secondary structures.

Another explanation for the increased intensity of the signal using Herculase consists in the
presence of the ArchaeMaxx polymerase-enhancing factor who would react with some Vent
exo- DNA polymerase leftover from the primer extension step. The ArchaeMaxx factor
functions as a dUTPase to overcome dUTP poisoning, which is caused by dUTP
accumulation during PCR through dCTP deamination [29, 49, 50]. It was reported that
archaeal DNA polymerases, such as Pfu and Vent DNA polymerase, were inhibited by dU-
containing DNA [29, 30]. Therefore, some Vent exo- could be combined with the
Herculase mix and improved the amplification efficiency of this region due to its strand
displacement activity and in return the ArchaeMaxx factor would favor efficient

polymerization with Vent exo- by inhibiting dUTP poisoning.

When amplification was performed with Vent exo- DNA polymerase, we noted the
presence of intense shadow bands in the C ladder. These artifacts were always positioned
one nucleotide above the expected ones and therefore, were interpreted as to be the results
of the addition of an extra base to a high proportion of the DNA fragments amplified by
Vent exo- polymerase. Nevertheless, this was surprizing because all other amplification
experiments carried out in this project involving the use of Vent exo- DNA polymerase did
not show any of this activity and always gave us clear and precise bands. There might be a
relation with the particular structure and sequence of the FMR1 gene, or maybe an
undetected sequence dependency of the Vent exo- terminal transferase activity.
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Clearly, the addition of 7-deaza-dGTP did not significantly improve the amplification
efficiency for any of the polymerases tested. It actually reduced the efficiency when
combine to DMSO. As for the addition of DMSO, it seems to either radically improve or
inhibit the amplification in the various conditions examined. Therefore, further testing will
be required to identify the optimal concentration of DMSO to use and the effect it has on

polymerase efficiency.

2.6.6 Combining polymerases at primer extension and amplification steps
Previous research has demonstrated the efficiency of Pfu exo- at the primer extension in
producing blunt-ended fragments [18]. Our results showed an evident increased in band
intensity when substituting Pfu exo- for Vent exo- DNA polymerase at the primer extension
step, except when the amplification was conducted with 1.5 U of Vent exo-, where we
observed a significant decrease in band intensity. This was resolved by adjusting the
amount of Vent exo- to 3 units at the amplification. Our results clearly showed that Vent
exo- could efficiently create blunt-ended fragments in our experimental conditions, which
is contradictory to what was published originally [22]. We therefore suggest that terminal

transferase activity of Vent exo- is dependent of specific conditions yet to be identified.

Garrity and Wold have previously developed an LMPCR procedure using Vent DNA
polymerase and confirmed its efficiency at the primer extension step when compared with
Sequenase and Taq DNA polymerase [16]. It was also reported that 90 % of all extended
products of Vent DNA polymerase were blunt ended [22]. Our results demonstrated that
Vent DNA polymerase could effectively be used for primer extension but with far less
efficiency than Pfu exo- or Vent exo-. Interestingly, many shadow bands were observed
when Pfu exo- was used to amplify Vent extended samples. We suggest that the
exonuclease activity of the polymerase might play a role in our experimental conditions,
producing DNA fragments of variable lengths, but somehow there must be a link with the
used of Pfu exo- because this was not observed when combined to other polymerase.

The efficiency of a specific polymerase can also be examined at the amplification step. The
signal intensity can be correlated to the efficiency of a polymerase to amplify particular

DNA fragments. Thus, using one polymerase at the primer extension, we can then compare
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the efficiency of various polymerases at the amplification step. From there, we can assume
that a polymerase characterized by a high terminal transferase activity will cause an upward
migration shift in all fragments, like observed when using Taq DNA polymerase at the
amplification. In the case of polymerase with exonuclease property, a migration shift could
also be observed but will result in the appearance of artifactual bands located under the
expected ones. We can presumed that if this exonuclease activity is high, more shifted
bands will be observed, but if it is mild, those nonspecific bands will be faint compared to

the specific ones.

Our results showed compelling evidence of the lack of terminal transferase activity of Vent
exo- DNA polymerase in this experiments (Fig. 8) when combined with various
polymerases. No shadow bands or artifacts can be seen in any Vent exo- amplified samples,
except with FMR1 GCC repeats, when compared to the migration shifted observed with
Taq amplified samples. Vent exo- seems very efficient at the amplification step compared
to the other polymerases, except when primer extension was performed with this same
polymerase. As mentioned earlier, the signal intensity was brought back to optimal
efficiency by raising the amount of Vent exo- to 3 U. Taking all these combinations of
polymerase into account, this suggests that there is a link between the polymerase used at
the primer extension with the polymerase chosen for amplification. Further evidence is
shown by the appearance of shadow bands in the Pfu exo- amplified samples previously
submitted to extension by Vent DNA polymerase. If it was related to the specific properties
of the Vent DNA polymerase during primer extension, it should have reacted in a similar
way with all the other polymerases used for the amplification. In the same way, this effect
was not observed with other amplifications performed with Pfu exo-. Therefore, something

must have remained from the extension product that affected the following amplification.

Because all single steps of the LMPCR protocol were conducted exactly the same with the
same constituents for all samples, the only difference being the polymerase used, we
suggest that some active units of polymerase remained throughout ligation and DNA
precipitation prior to the amplification phase. These remaining units of polymerase could
then cooperate or compete with the other selected polymerase during PCR amplification.

Because optimal ratio of Vent exo- DNA polymerase, amount of DNA and MgSQO, were all
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determined using Pfu exo- at the extension phase, we believe that this optimal ratio would
not have been the same if primer extension was conducted with another polymerase. This
might explain why 3 U of Vent exo- was necessary to obtain efficient amplification when
extension was performed with Vent exo-. Further testing will be required to identify if any

polymerase do remain actively present, and how they interfere with added polymerases.

If the efficiency at the amplification is influenced by the presence of active remaining DNA
polymerase from the primer extension step, it does not represent a defect of LMPCR
procedure in itself. This is explained by the fact that all cells analyzed by LMPCR
protocols would endure the same influence in amplification efficiency, permitting intrinsic
results comparison. Therefore, understanding the effect of polymerase combination is not a
premise for efficiently applying the procedure but does remain an appealing challenge at

the technical level.

2.7 Conclusion

Throughout this project, we have demonstrated that Vent exo- can be an excellent DNA
polymerase for LMPCR. In all conditions assayed, Vent exo- DNA polymerase was able to
achieve efficient results comparable to the ones obtained with Pfu exo-. Vent exo- was
shown to be superior to Taq DNA polymerase in all conditions examined. Its efficiency at
creating blunt-ended fragments, required for linker ligation, was demonstrated. GC-rich
sequences of P53, FMR1 and C-JUN genes were easily resolved by Vent exo-, except for

the particular CGG repeated sequence of FMR1.

We believe that Vent exo- is an appropriate choice for LMPCR experiments due to its
potential strand displacement activity in resolving particular secondary DNA structure.
Furthermore, this polymerase was shown to be less affected by variation in DNA quantities
compared to Pfu exo-. Finally, because comparable results can be achieved with Pfu exo-
and Vent exo-, and for reason of cost efficiency, we strongly recommend the use of Vent

exo- DNA polymerase when conducting LMPCR analysis.

Using the PCR programs presented therein, and the supplied commercial amplification

buffers, we recommend conducting primer extension using 1.5 U of Pfu exo- followed by
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amplification using 1.5 U of Vent exo- DNA polymerase. According to our results, we also
recommend adding 1 mM of MgSO, to the amplification mixture to reach a total
concentration of 3 mM (the Vent amplification buffer already contain 2 mM of MgSQO,). If
optimal results are not achieved this way, the combination Pfu exo- / Pfu exo- at the primer
extension and amplification step is not likely to improved in any way the experiments.
Therefore, as an alternative, we suggest using 0.75 U of Vent exo- at the primer extension
step, followed by 2.5 U of Herculase at the PCR amplification. Addition of DMSO should
also be considered.
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2.9 Legend of figures
Figure 1. Overview of the different steps in the LMPCR protocol.

Figure 2. Comparison of the efficiency of Vent exo- and Pfu exo- with different amounts
of DNA at the primer extension step of LMPCR. (A) Representative autoradiograms of the
p53 exon 5 sequence, and FMR1 and C-Jun gene promoter sequences were analyzed using
primer set 5.1 and 5.2, primer set X1 and X2 and primer set JD1 and JD2 respectively. All
PCR amplifications were done using 3 U of Tag DAN polymerase. LMPCR was
performed on increasing quantities of purified genomic DNA treated with standard Maxam-
Gilbert guanine cleavage reaction to produce a global SSB frequency of 1 break per 400
bases; 0.4, 0.8, 1.6 and 2.4 pug of DNA were used (lanes 1-4, 5-8, 9-12 and 13-16,
respectively). Lanes 1, 5, 9 and 13 show LMPCR protocols carried out using 1.5 U of Pfu
exo- at the primer extension step; lanes 2-4, 6-8, 10-12 and 14-16 show LMPCR protocols
performed using 0.5 (lanes 2, 6, 10 and 14), 1.0 (lanes 3, 7, 11 and 15), 1.5 U (lanes 4, 8, 12
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and 16) of Vent exo- at the primer extension step. Corresponding sequence ladder of the
area mapped consists of a standard Maxam-Gilbert for the G, T+C and C lanes, and
modified K,PdCl, reaction for the A lane, with primer extension performed with 1.5 U of
Pfu exo- (lanes 17-20). (B) Graphical representation of the relative intensity of specific
units of either Vent exo- or Pfu exo- at the primer extension step as the DNA dose
increases. Each point represents the intensity for one DNA polymerase at a specific unit for
a selected DNA amount relatively to the summation of the intensity of this same
polymerase at the same specific unit for all DNA amounts, calculated from phosphorimager
quantification. p53, FMR1 and C-Jun genes results are shown for 1.5 U of Pfu exo- (open
circles), 0.5 U of Vent exo- (filled circles), 1 U of Vent exo- (filled triangles) and 1.5 U of

Vent exo- (filled squares).

Figure 3. Comparison of PCR amplification efficiency using different amounts of Vent
exo- at the PCR amplification step. (A) Each primer extension step was performed using
1.5 U of Pfu exo- and 1 pug of purified genomic DNA treated with standard Maxam-Gilbert
guanine cleavage reaction to produce a global SSB frequency of 1 break per 400 bases.
Each of the three protocols was repeated twice. Representative autoradiogram of the p53,
FMR1 and C-Jun gene sequence was analyzed using primer set 5.1 and 5.2, primer set X1
and X2 and primer set JD1 and JD2 respectively. The amount of Vent exo- used during the
amplification step varied from 0 - 20 U (lanes 1-15). (B) Graphical representation of the
relative intensity of using various units of Vent exo- at the PCR amplification step. Each
point represents the intensity of one condition relatively to the summation of the intensity
of all the conditions calculated from phosphorimager quantification. p53 (filled circles),
FMR1 (open squares) and C-Jun primer set results (filled triangles) are shown. Global
scale representation is also shown in the upper right corner. (C) Graphical representation
of the signal to background ratio of using various units of Vent exo- at the PCR
amplification step. Each point represents the signal intensity of one condition relatively to
the background intensity of this same condition calculated from phosphorimager
quantification. p53 (filled circles), FMR1 (open squares) and C-Jun gene results (filled

triangles) are shown.
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Figure 4. Comparison of PCR amplification efficiency of 2.5 U of Vent exo- using
different amounts of purified genomic DNA. (A) Each primer extension step was
performed using 1.5 U of Pfu exo- and 0 to 5 pg (lanes 1-15) of purified genomic DNA
treated with standard Maxam-Gilbert guanine cleavage reaction to produce a global SSB
frequency of 1 break per 400 bases. Each of the three protocols was repeated twice.
Representative autoradiogram of the p53, FMR1 and C-Jun gene sequence were analyzed
using primer set 5.1 and 5.2, primer set X1 and X2 and primer set JD1 and JD2
respectively. (B) Graphical representation of the relative intensity of using various
amounts of purified genomic DNA amplified with Vent exo-. Each point represents the
intensity of one condition relatively to the summation of the intensity of all the conditions
calculated from phosphorimager quantification. p53 (filled circles), FMR1 (open squares)
and C-Jun gene results (filled triangles) are shown. (C) Graphical representation of the
signal to background ratio of variable amounts of purified genomic DNA amplified with
Vent exo-. Each point represents the signal intensity of one condition relatively to the
background intensity of this same condition calculated from phosphorimager
quantification. p53 (filled circles), FMR1 (open squares) and C-Jun gene results (filled

triangles) are shown.

Figure 5. Comparison of PCR amplification efficiency of Vent exo- using different
concentrations of MgSQO,. (A) For each primer extension step, 1.5 U of Pfu exo- and 1 ug
of purified genomic DNA treated with standard Maxam-Gilbert guanine cleavage reaction
to produce a global SSB frequency of 1 break per 400 bases were used. The concentration
of MgSO, at the amplification step varied from 0 to 25 mM (lanes 1-20). For all of the
PCR amplifications, 1.5 U of Vent exo- was used. Representative autoradiograms of the
exon 5 of the p53 gene was analyzed using primer set 5.1 and 5.2. (B) Graphical
representation of the relative intensity of samples amplified with Vent exo- at different
concentrations in MgSO,. Each point represents the intensity of one condition relatively to
the summation of the intensity of all conditions calculated from phosphorimager
quantification. p53 gene results (filled circles) are shown. (C) Graphical representation of
the signal to background ratio of samples amplified with Vent exo- in different

concentrations of MgSO,4. Each point represents the signal intensity of one condition
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relatively to the background intensity of this same condition calculated from

phosphorimager quantification. p53 gene results (filled circles) are shown.

Figure 6. Comparison of the effects of various numbers of cycles during PCR
amplification. For each primer extension step, 1.5 U of Pfu exo- and 1 pg of purified
genomic DNA treated with standard Maxam-Gilbert guanine cleavage reaction to produce
a global SSB frequency of 1 break per 400 bases were used. Representative autoradiogram
of the exon 5 of the p53 gene was analyzed using primer set 5.1 and 5.2. The PCR
amplification was carried out using 1.5 U of Vent exo- (lanes 1-6), 3.5 U of Pfu exo- (lanes
7-12) or 3 U of Taq (lanes 13-18). The number of cycles of the PCR amplification varied
from 12 to 37 cycles (lanes 1-6, 7-12 and 13-18 respectively).

Figure 7. Comparison of the efficiency of various polymerases in resolving extremely GC-
rich DNA in LMPCR. (A) LMPCR of purified genomic DNA with a high global SSB
frequency (1 break per 400 bp) was performed on the CGG triplet repeat of the FMR1 gene.
The sequence shown was analyzed using primer set U1 and U2 selected from the FMR1
gene. Primer extensions were performed using 1 pg of purified genomic DNA from a
normal male who has a FMR1 gene with a haplotype of 33 CGG triplet repeats (~100%
GC-rich) was treated with standard Maxam-Gilbert guanine or cytosine cleavage reaction
(G and C respectively). Primer extensions were carried out using 1.5 U of Pfu exo- (lanes
1-8) or 0.75 U of Vent exo- (lanes 9-16). Subsequent PCR amplifications were carried out
using 3.5 U of Pfu exo- (lanes 1-2, 9-10), 1.5 U of Vent exo- (lanes 3-4, 11-12), 3 U of Taq
(lanes 5-6, 13-14) or 2.5 U of Herculase (lanes 7-8, 15-16). (B) LMPCR was performed as
described in “A”, but in the presence of 7-deaza-dGTP in the primer extension and PCR
amplification buffers. (C) LMPCR was performed as described in “A”, but in the presence
of 7-deaza-dGTP in the primer extension and PCR amplification buffers, with the addition
of 10% dimethylsulfoxide (DMSO) at the PCR amplification step. (D) LMPCR was
performed as described in “A”, but in the presence 10% DMSO at the PCR amplification
step.

Figure 8. Comparison of the efficiency of Pfu exo-, Vent exo- and Vent at the primer
extension step combined to Pfu exo-, Vent exo-, Vent and Taq at the PCR amplification

step. Each primer extension step was performed using 1 pg of purified genomic DNA
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treated with standard Maxam-Gilbert guanine cleavage reaction to produce a global SSB
frequency of 1 break per 400 bases. Representative autoradiogram of the exon 5 of the p53
gene was analyzed using primer set 5.1 and 5.2. Primer extensions were carried out using
1.5 U of Pfu exo- (lanes 1-4 and 13), 0.75 U of Vent exo- (lanes 5-8 and 14) or 0.75 U of
Vent (lanes 9-12 and 15). Subsequent PCR amplifications were carried out using 3.5 U of
Pfu exo- (lanes 1, 5, 9), 1.5 U of Vent exo- (lanes 2, 6, 10), 1.5 U of Vent (lanes 3, 7, 11), 3
U of Taq (lanes 4, 8, 12) or 3 U of Vent exo- (lanes 13-15).
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2.10 Figures 1 a 8 et tables 1 de I’article

Gene | primer | Strand Sequence (5’-3") (O-I(-:”)‘A

053 5.1 upper CACTTGTGCCCTGACTTTCAAC 54
5.2 TGCCCTGACTTTCAACTCTGTCTCC 60
C-JUN JD1 lower CCGCGCACCTCCACTC 53
JD2 ACCTCCACTCCCGCCTCGCTGC 67

X1 upper AAGTGAAACCGAAACGGAGC 57.7

EMR1 X2 GAGCTGAGCGCCTGACTGAGGCCG 70.5

Ul upper AAGTACCTTGTAGAAAGCGC 55.7

U2 CACTTCCACCACCAGCTCCTCCAT 66.9

A. T, determined by the Gene Jockey software program

Table 1 : Oligonucléotides sélectionnés pour I’étude

Figure 1: IHllustration des différentes étapes de la techniqgue LMPCR (voir Figure 2 de

I’introduction, page 4)
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Conclusion

Au cours de cette étude, nous avons tenté d’établir les conditions optimales d’utilisation de
I’ADN polymérase Vent exo- dans la technologie LMPCR. Notre premier objectif
consistait a déterminer la quantité optimale de Vent exo- a utiliser au cours de I’étape
d’extension d’amorces, ainsi que la relation entre la quantité initiale d’ADN et la quantité
de polymérase. Compte tenu de la variation d’efficacité obtenue dans I’étude des génes
p53, FMR1 et C-Jun, nous avons évalué que 0,75 U de Vent exo- devrait étre utilisé a
I’étape d’extension d’amorces. Avec cette quantité, on s’assure d’obtenir des résultats
adéquats et représentatifs de tous les fragments d’ADN présents dans I’échantillon de
départ. L’absence de certaines bandes lors de I’utilisation de faibles quantités d’ADN,
montre que Vent exo- se caractérise par un rapport molécules d’ADN / molécules de
polymérase élevé, comparé au rapport de Pfu exo-. De ce fait, nos résultats indiquent que
pour des quantités de I’ordre de 1 pug d’ADN et moins, I’utilisation de Pfu exo- serait
préconisée a celle de Vent exo- pour I’étape d’extension d’amorces. Malgré la faible
variation observée entre les deux polymérases, I’utilisation de Vent exo-, avec exposition
adéquate de I’autoradiogramme, nous donnera des intensités satisfaisantes pour effectuer

I’évaluation de résultats dans les protocoles LMPCR.

Kong et Coll. ont rapporté que 30 % des fragments polymérisés a I’aide de Vent exo-
montraient la présence d’un nucléotide surnuméraire ajouté en 3’, définissant ainsi la
présence d’une activité Tdt pour cette polymérase [22]. Si I’on suppose que I’activité Tdt
de Vent exo- affecte de fagon uniforme et aléatoire tous les fragments présents, on
s’attendra a observer une diminution globale de I’intensité des bandes de tous les fragments
correspondants. Par contre, si I’on suppose que cette activité dépende de la séquence, on
s’attendra alors & la disparition de certaines bandes correspondants a certains fragments
spéecifiques. Cette deuxieme hypothese pourrait, entre autres, expliquer la disparition de
certaines bandes lorsque I’enzyme est utilisé avec de faibles quantités d’ADN. On notera
gu’en conditions optimales d’utilisation, ce phénoméne n’a pas été observé, et
qu’étonnamment Vent exo- peut étre utilisée efficacement pour la production d’extrémités

franches, nécessaires a la liaison de I’adaptateur.



Notre second objectif portait principalement sur I’efficacité de Vent exo- lors de I’étape
d’amplification PCR. Nos études de quantités en Vent exo- effectuées sur les genes p53,
FMR1 et C-Jun, ont montré que 1,5 U était la quantité optimale de Vent exo- a utiliser pour
I’étape d’amplification PCR, lorsque Pfu exo- était utilisée préalablement pour I’extension
d’amorces. La perte d’efficacité qui survient a une quantité supérieure a 6 U de Vent exo-,
dénote une fois de plus, le haut rapport molécules d’ADN / molécules de polymérase
caractérisant Vent exo-, comparativement a Pfu exo- qui a été rapporté comme étant
fonctionnel jusqu’a 25 U [18]. De plus, Vent exo- démontre une plus grande sensibilité que
Pfu exo- en raison de la présence de bandes a aussi peu que 0.13 U comparativement a 2 U
pour Pfu exo-. Les limites étroites de la quantité efficace d’utilisation de Vent exo-
montrent I’importance de bien identifier la quantité optimale de polymérase a utiliser. Par
contre, méme si le haut rapport molécules d’ADN / molécules de polymérase de Vent exo-
implique des limites étroites dans la quantité de polymérase a utiliser, il n’en va pas de
méme pour la quantité en ADN. Nos résultats montrent bien ce fait, ou I’on observe que
Vent exo- est trés sensible a de faibles quantités d’ADN (0,1 pg), mais reste tout aussi

efficace a de plus hautes quantités (5,0 pug).

Nous avons mentionné plus tot que Vent exo- possédait une activité de déplacement de brin
qui varie en fonction de la concentration de MgSO4. Plus précisément, il a été suggéré que
les ions magnésium stabilisaient les structures secondaires particulieres de I’ADN et qu’a
des concentrations supérieures a 4 mM de MgSQ,, Vent exo- ne pouvait plus pénétrer a
I’intérieur des épingles causant ainsi le glissement de réplication provoquant la délétion
d’une partie du fragment d’ADN a amplifier [27, 28]. Par contre, les ions magnésium étant
essentiels au processus de polymeérisation, on ne peut envisager d’éliminer leur présence.
De ce fait, nous avons déterminé la concentration optimale en MgSO, a utiliser lors de
I’étape d’amplification PCR avec Vent exo-. Nos résultats montrent qu’entre 1,5 et 10,0
mM de MgSQ,, une amplification efficace des fragments d’ADN a été obtenue. Nous
avons donc déterminé que 3,0 mM était la concentration optimale de MgSO4 a utiliser, ce
qui favorise en méme temps I’activité de déplacement de brin de I’ADN polymérase Vent

€X0-.
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Finalement, nous avons étudié I’effet du nombre de cycles a I’amplification PCR sur la
thermostabilité des ADN polymérases Vent exo-, Pfu exo- et Tag. Nos résultats ont
clairement montré que Pfu exo- et Vent exo- étaient plus thermostables que I’ADN
polymérase Taq, favorisant ainsi en une plus grande efficacité d’amplification. De plus,
Pfu exo- s’est avéré étre un peu plus résistante a la chaleur que Vent exo-, d’ou la saturation

du signal apreés 37 cycles PCR pour Vent exo-.

Aprés avoir déterminé les conditions optimales d’utilisation de Vent exo-, nous avons pu
comparer I’efficacité de cette derniere avec différentes polymérases, dans différentes
conditions expérimentales. Notre troisieme objectif était donc de vérifier, au niveau des
étapes d’extension d’amorces et d’amplification, I’effet des cations, plus précisement le
sodium et le potassium, présents dans les tampons de réaction sur I’efficacité de
polymérisation des ADN polymérases Pfu exo-, Vent exo- et Tag. L’objectif de cette
expérience reposait principalement sur I’hypothése que le KCI stabilise les structures
particuliéres de I’ADN plus efficacement que le NaCl [37]. Etant donné que la plupart des
tampons réactionnels commerciaux sont composés de KCI, nous voulions aussi examiner si
la substitution par du NaCl affecterait I’efficacité de la polymérase Vent exo- au cours des
diverses étapes ou elle est requise. Nos résultats n’ont montré aucune différence notable
quant a la substitution de KCI par du NaCl ni a I’extension d’amorces, pas plus qu’a I’étape
d’amplification. De plus, le retard de migration des échantillons amplifiés a I’aide de la
Taq, dénotant I’activité Tdt de cette polymérase, nous permet de conclure que Pfu exo- et
Vent exo- ne possédent pas d’activité Tdt. En effet, si 30 % des fragments amplifiés par
Vent exo- était soumis a I’activité Tdt de I’enzyme, on s’attendrait a voir cette méme
proportion de fragments subir un décalage total, comme dans le cas de Taq ou partiel, par la
présence d’artéfacts de bande. Ces artéfacts de bandes, communément appelés « doubles
bandes », reflétent la présence simultané sur le gel d’un méme fragments a deux postions
différentes, principalement causé par une différence dans la longueur de ces deux
fragments, influencant ainsi leur migration. C’est ce qui se produit lors de I’ajout d’un

nucléotide par une polymérase sur une proportion d’un méme fragment.

Dans un méme ordre d’idée, nous avons évalué I’efficacité de différentes polymérases

combinees lors de I’extension et lors de I’amplification, dans la résolution de la structure
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particuliére du géne FMR1. L’exon 1 de ce gene est caractérise par la présence d’une
succession de répétitions de triplets CGG dont le nombre varie entre 6 et 250 triplets [19].
Ce type de structure est composé d’une séquence 100 % riche en GC et s’avere étre
limitative pour I’activité de certaines polymérases. Nous voulions donc examiner si I’ADN
polymeérase Vent exo- était capable de résoudre ce genre de structure comparativement a ce
qui avait déja été obtenu avec Pfu exo- [18]. Nos résultats nous ont indiqué que Vent exo-
montrait une efficacité similaire a celle de Pfu exo-. Par contre, beaucoup d’artéfacts de
bande ont été observés lors de I’utilisation de Vent exo-. Comme mentionné plus tét, nous
suggérons qu’il s’agisse de I’addition d’un nucléotide en 3’ des fragments amplifiés, causée
par I’activité Tdt de la polymérase. En tenant compte des résultats obtenus plus tét, il s’agit
en fait du seul cas ou ce genre de bandes a été observé avec Vent exo- en conditions
optimales. De ce fait nous suggérons que I’activité Tdt de Vent exo-, rapportée par Kong et
coll., est dépendante de certaines conditions particuliéres d’utilisation ou dépendante de la
séquence a polymeriser. 1l se peut en effet, que la structure méme du géne conduise a
I’activation de I’activité Tdt de Vent exo-, ou bien que la proportion élevée en GC favorise
I’accumulation de dUTP. Comme mentionné dans I’introduction, les hautes températures
de PCR favorisent la désamination des dCTP en dUTP ce qui inhibe I’activité de
polymerisation de Vent exo- [29, 30]. L’efficacité des enzymes testées et les résultats
obtenues a I’aide de I’Herculase peuvent d’ailleurs étre expliqués par la présence de
dUTPase dans le mélange réactionnel, sous forme du facteur ArchaeMaxx [49, 50]. Pour
ce qui est de I'ajout de 7-deaza-dGTP ou de DMSO dans les mélanges réactionnels, on
constate que seul le DMSO semble améliorer I’efficacité des polymérases testées. Par
contre, des expériences de concentration devront étre effectuées afin d’approfondir le sujet

davantage.

Finalement, notre dernier objectif consistait a évaluer quelle combinaison de polymérases
était le plus efficace lors de I’extension d’amorces et lors de I’amplification. Les résultats
obtenus montrent une fois de plus I’activité Tdt de Taq causant le retard de migration des
fragments d’ADN amplifié & I’aide de cette polymérase. L’utilisation de Vent exo- a
I’extension d’amorces semble étre plus efficace que Pfu exo-, de part I’intensité des
amplifications conduites a I’aide de Pfu exo-, Vent et Tag. Par contre, la chute d’intensité

des fragments polymérisés par Vent exo- montre qu’il existe un lien direct entre la
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polymeérase utilisée a I’extension d’amorces et a I’amplification PCR. La présence
d’artéfacts de bandes dans I’échantillon combinant Vent et Pfu exo- vient aussi supporter

cette hypothese.

Sachant que les conditions d’utilisation de Vent exo- a I’amplification ont été déterminées a
partir de fragments polymériseés a I’aide de Pfu exo-, et sachant que [I’efficacité
d’amplification de Vent exo- est influencée par la polymérase utilisée a I’extension
d’amorces, nous aurons comme perspectives futures d’identifier la cause de cette variation.
D’ici 14, nous recommandons I’utilisation de Pfu exo- & I’extension d’amorces suivit de
I’amplification & I’aide de Vent exo-. Ceci s’avérera une décision judicieuse,
particulierement en raison des codts associés a I’ADN polymérase Vent exo- qui ne
représentent qu’une fraction de ceux de la Pfu exo-. Finalement, nos résultats laissent
entrevoir que Vent exo- ne posséde pas d’activité Tdt constitutive, mais nous permet
d’envisager la possibilité¢ d’activation de cette activité dans certaines conditions

particuliéres. D’autres expériences seront requises pour mieux approfondir ce sujet.
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