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Résumé de la thése

Ce travail de thése a été préparé au sein du CEA Grenoble, au service des ‘Structures et Pro-
priétés d’Assemblages Moléculaires’ (SPrAM) a ‘I’Institut Nanosciences et Cryogénie’ (INAC). Le
projet de thése s’inscrit dans la continuité du projet de thése de Jean-Bernard Fiche qui a soutenu
son travail en 2006. Pendant son travail au sein du groupe ‘Chimie pour la Reconnaissance et
PEtude d’Assemblages Biologiques’” (CREAB), J.-B. Fiche a congu et monté une régulation de
température pour un appareil d’imagerie par résonance de plasmons de surface (SPRi). Ce travail
a donné lieu a la possibilité d’observer la dénaturation de ’ADN en temps réel par des rampes de

température.

Dans ce travail-ci, nous allons valider et adapter cet outil par de nombreuses études du duplex
d’ADN. Nous avons une approche & la fois fondamentale et applicative, qui pouvait étre réalisée
grace a plusieurs collaborations internes et externes. Ainsi, nous allons profiter des connaissances
approfondies obtenues par des études du systéme de ’hybridation et dénaturation thermique du
duplex d’ADN sur support solide pour ensuite réaliser des applications pour la détection des mu-
tations ponctuelles de 'ADN et la réparation de PADN portant des lésions. Tout le long de ce
travail, nous profitons de la possibilité de pouvoir controler de facon précise la température pen-
dant les expériences en SPRi.

Dans un premier temps, en chapitre 2] nous allons introduire 1'objet clé de notre étude, la
molécule de D’acide désoxyribonucléique (ADN). Il est important de comprendre le concept de
I’hybridation et de la stabilité de la double hélice dans son environnement. Pour cela, le modéle du
plus proche voisin sera utilisé pour obtenir des prédictions de la thermodynamique et de la stabilité
du duplex d’ADN. Ensuite, le contexte biologique de ce projet sera posé, en introduisant la notion
de génes et du génotype pour définir les mutations ponctuelles et les enjeux pour la détection,
objet d’une grande partie de cette étude. Les mutations ponctuelles sont les changements les plus
subtils de ’ADN, ou une seule base de la séquence est changée. Mais celle-ci peut altérer toute
la fonctionnalité du géne associé. Etant donné que le mésappariement d’une base parmi un grand
nombre de bases dans une séquence n’influence que peu la stabilité de la double hélice, il est donc
trés difficile de détecter cette mutation. C’est alors pourquoi des critéres bien posés existent auquel
doivent répondre les biopuces & ADN qui constituent dans ce travail la base de la détection de
I’ADN. Le succés d’un outil de détection en format biopuce dépend notamment de sa capacité de
discriminer les séquences d’ADN différentes mais trés proches, comme les mutations ponctuelles,
ce qui définit la spécificité du capteur. Mais aussi la sensibilité de la détection va jouer un role
puisqu’elle définira les limites de détection et ainsi le nombre de molécules d’ADN minimum né-
cessaire pour une réponse positive. La spécificité et la sensibilité, ainsi que toutes les réponses du
capteur doivent étre reproductibles. Ces critéres, associés a des critéres de caractére commercial
comme le coit, la facilité de manipulation, la possibilité d’intégration et le temps nécessaire pour
obtenir I'information, seront des notions qui nécessairement accompagneront ce travail.

Le chapitre [3| expliquera les matériels et méthodes utilisés pour ce travail. Le focus de ce
travail est la détection de ’ADN par la méthode de I'imagerie par résonance de plasmons de
surface (SPRi). La SPRi est une méthode optique qui permet de suivre des changement de 'indice
de réfraction & proximité d’une surface métallique, & une distance jusqu’a environ 100 nm. Notre
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biopuce est composée d’un prisme, recouvert d’une mince couche d’or de 50 nm, qui sera ensuite
fonctionnalisée par des séquences d’ADN synthétiques, appelées les sondes. La SPRi profite d’un
couplage entre la lumiére en réflexion totale et les électrons de la couche d’or pour sonder le
milieu biologique aqueux sur la surface. Les changements de la lumiére réfléchie sont suivis par
une caméra CCD qui permet un traitement d’image pour obtenir des signaux en temps réel a des
endroits spécifiques sur la puce. Nous pouvons alors fonctionnaliser notre puce par adressage pour
obtenir jusqu’a environ 100 plots portant des séquences d’ADN bien définis. Le groupe CREAB
a mis au point une méthode d’électro-spotting par co-polymeérisation de poly-pyrrole avec des
molécules modifiées par une fonction de pyrrole. Cette fonctionnalisation est bien compatible
avec le format SPRi et montre des stabilités exceptionnelles. Néanmoins, pendant ce travail, une
deuxiéme stratégie de fonctionnalisation de surface basée sur le principe d’auto-assemblage de
molécules thiolées sur l'or a été dévelopée pour comparaison.

En plus de la SPRi et de la fonctionnalisation des puces, ce chapitre introduit aussi le principe
de la synthése d’ADN et des méthodes de détection complémentaires qui ont été utilisées pendant
ce travail, & savoir la microbalance & quartz et la microscopie par fluorescence.

La premiére partie du travail est un mélange d’approches expérimentale et théorique, a tra-
vers de petites simulations dans le cadre d’un modéle de Langmuir approfondi. Ainsi, chapitre [4]
commencera par une introduction théorique du principe de ’hybridation de PADN sur un support
solide. La connaissance des paramétres thermodynamiques, notamment de I’enthalpie AH et de
Pentropie AS a travers le modéle du plus proche voisin, nous permet de faire des prévisions sur la
cinétique de la formation du duplex d’ADN sur la surface. Nous pouvons ainsi exploiter les modéles
pour obtenir non seulement la cinétique d’association et de dissociation isotherme, mais aussi la
dépendance en température. Comme nous allons le voir, cette possibilité d’observer la dissociation
de ’ADN en fonction de la température est extrémement utile quand il faut discriminer des cibles
d’ADN qui ont une affinité comparable pour la sonde & la surface. L’hybridation d’une cible aura
lieu sur plusieurs plots différents qui sondent ’endroit de la mutation par leur séquence en ayant
des bases échangées. En appliquant une rampe de température, nous observons une dissociation
A plus basse température sur des plots formant un duplex avec un mésappariement et ce n’est
qu’a plus haute température que des plots avec le duplex parfaitement complémentaire montrent
la dissociation de la cible. Puisque chaque sonde, en fonction de la cible injectée, peut porter le
duplex parfait ou le mésappariement, nous pouvons déterminer par notre jeu de sondes 'identité
de la cible dans I’échantillon. Le cas plus complexe de la présence d’'un mélange de cibles avec une
différence d’une seule base sera étudié. Ensuite, nous présenterons des extensions du modéle de
Langmuir qui permettent de prendre en compte la salinité du tampon dans lequel ’ADN s’hybride.

Ces modéles théoriques seront ensuite vérifiés par des expériences en SPRi. Tous d’abord, une
étude par rampe de température en équilibre, en présence de la cible d’ADN, sera présentée qui
montre I’influence de la force ionique du tampon sur ’hybridation et la dénaturation thermique de
I’ADN. Des prédictions empiriques et le modéle de Langmuir avec prise en compte de la salinité
seront confrontés aux données expérimentales et les paramétres thermodynamiques résultants sont
calculés. Il s’avérera que tandis que les formules empiriques établies pour la fusion en solution sont
en accord avec la variation de la température de fusion sur puce induite par le sel, le modéle
théorique prenant en compte la courbe compléte en fonction de la température donne accés & des
paramétres intrinséques de notre systéme. Néanmoins, tandis que chaque approche fournit des
informations valides, aucune des deux n’est capable de prédire exactement le comportement réel
de 'ADN et nous en discuterons les raisons. Ces expériences ayant permis de mettre au point
la force ionique nécessaire du tampon, nous allons dans un deuxiéme temps analyser I'influence
d’agents dénaturants de PADN, notamment la formamide, sur les courbes de dissociation. Une
prédiction de la variation de la température de dissociation par pourcentage de formamide sera
obtenue et il sera montré que cette prédiction dépend peu de la présence de mésappariements et
est indépendante de la méthode de greffage employée. Ces connaissances seront utiles pour des
systémes nécessitant une adaptation de la température de dissociation pour obtenir une meilleure
discrimination.

Ensuite, nous allons présenter une méthode de détection de mutations ponctuelles avec des
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cibles oligonucléotides synthétiques. Il sera démontré que notre systéme n’est pas seulement ca-
pable de détecter la présence d’une seule cible, mais aussi la présence de deux cibles mélangées qui
s’hybrident sur un méme plot. Cette fonctionnalité est intéressante pour des applications médi-
cales ou il doit étre méme possible de détecter une séquence mutée d’ADN en faible concentration
dans une forte présence de la cible sauvage. Ici, nous trouverons une limite de détection de 5%
de mutant dans un solution & 250 nM. Nous allons discuter une méthode flexible d’amélioration
de cette limite par une hybridation assistée par variation de la température qui résultera en une
accumulation du mutant sur son plot complémentaire. La validité du concept est démontrée par
des simulations et des expériences. Pour chercher de pousser la limite de détection d’avantage vers
de plus basses concentrations, une méthode d’amplification basée sur la reconnaissance spécifique
de la biotine par la streptavidine est ensuite évaluée. Cependant, il s’avére que cette amplification,
alors qu’elle permet d’obtenir une amplification importante du signal, peut compliquer, voire faus-
ser, une détection de mélange de cibles en solution. En vu des expériences avec des échantillons
biologiques issus d’une amplification d’ADN génomique, nous avons également réalisé des expé-
riences avec des cibles oligonucléotides de 80 bases ayant des queues vers la surface ou la solution.
L’étude thermique démontera 'impact de la longueur et du positionnement, et révéle une pénali-
sation de ’hybridation par une queue en 3’. En méme temps, la présence de structures secondaires
dans la cible peut compliquer d’avantage ’hybridation & la surface en introduisant une compétition.

Nous allons profiter de cette compréhension des enjeux de I’hybridation d’ADN & la surface
pour procéder au chapitre [5| avec la détection des mutations ponctuelles des cibles longues issues
de Pamplification par ‘Polymerase Chain Reaction’ (PCR) ou par ‘Nucleic Acid Sequence-Based
Amplification’ (NASBA). Le projet sur la détection des mutations ponctuelles dans les produits
PCR est mené en collaboration avec E. Crapez du ’Centre de Recherche en Cancérologie’ & Mont-
pellier. Grace a 'optimisation des paramétres d’hybridations, nous pouvons détecter le génotype
d’un échantillon d’ADN dans le cas homozygote et hétérozygote. En méme temps, nous décou-
vrons un changement fondamental de la dénaturation sur puce entre les oligonucléotides courts
et nos produits longs de la PCR. Tandis que les courbes de dénaturation des ODN sont larges,
les courbes obtenues avec les produits PCR montrent une transition entre état hybridé et état
dissocié beaucoup plus étroite, donnant lieu & de fortes pentes. De tels systémes coopératifs de
I’ADN sont possibles quand il y a une interconnectivité entre différents brins.

L’amplification d’ARN par la NASBA est brevetée par la société bioMérieux. En collaboration
avec K. Brengel-Pesce et N. Beaufet de bioMérieux un projet sur la détection des ARN a été
mené. En profitant de 'amplification isotherme d’ARN par la NASBA, nous pouvons dans un
deuxiéme temps montrer que notre systéme de détection peut étre compatible avec un systéme
intégré ou 'amplification et la détection ont lieu dans la cuve de la SPRi pendant la détection.
Cette intégration permettrai de réduire les étapes nécessaires pour un diagnostique et constituent
ainsi un gain de temps.

Le projet présenté au chapitre [ est mené en collaboration avec D. Gasparutto, A. Favier et C.
Corne du ‘Laboratoire des Lésions des Acides Nucléiques’ (LAN) & 'INAC au CEA Grenoble. Ce
projet est une partie du projet de thése de Christelle Corne et a été débuté avec notre laboratoire
par J.-B. Fiche. Ayant précédemment focalisé notre recherche sur la stabilité du duplex d’ADN
en présence de mutations ponctuelles, nous allons maintenant étudier ’effet de la présence d’une
lésion dans la double hélice. Disposant de plusieurs enzymes de réparation faisant partie du méca-
nisme de réparation par excision de base, nous étudions les interactions entre enzymes et ’ADN
endommagé. Différentes méthodes de révélation de I'activité enzymatique seront présentées, dont
une qui est basée sur la dénaturation thermique de ’TADN coupé par les enzymes de réparation. Le
controle de la température nous permet ici de libérer les brins incisés pour ensuite faire une révé-
lation par réhybridation spécifique d’un petit oligonucléotide et la streptavidine. Le point fort de
notre méthode est ici la possibilité d’observer 'interaction d’une enzyme sur différentes lésions. Par
comparaison, nous pouvons ainsi identifier des compétiteurs avec le substrat naturel de ’enzyme
pouvant jouer un role de piége qui inhibera la réparation efficace des dommages. Cette méthode
parallélisée montre des applications trés variées et peut notamment donner lieu & un screening
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systématique de 'activité de réparation des cellules cancéreuses pour adapter des stratégies d’in-
tervention. Ainsi, nous menons ici une étude de relevance biologique sur des lésions tandem, se
trouvant au voisinage sur un méme brin d’ADN. Nous trouvons notamment un comportement
différent entre ’enzyme de réparation bactérienne FPG et son homologue humain hOGG1 par
rapport & ’excision d’une base portant la lésion 7,8-dihydro-8-oxoguanine adjacente & une base de
7,8-dihydro-8-oxoadénine. Nous observons aussi un effet annexe sur le comportement de ’enzyme
de réparation endonucléase IV, une enzyme de réparation de sites abasiques, qui s’avére capable
de cliver une fonction commercial de fonctionnalisation avec la biotine quand celle-ci se trouve en
3’ d’un brin d’ADN. Ce clivage peut-étre important pour des études utilisant des interactions par
la biotine dans des extraits cellulaires, par exemple.

Cette derniére étude des enzymes de réparation en format parallélisé sur une puce universelle
offre des multiples applications dans la recherche enzymatique. C’est pourquoi j’ai assisté & la mise
en place de deux nouveaux projets sur des lésions d’ADN. C. Bounaix du Puch et J. Breton du
LAN étudient les lésions liées a la platine, comme cis-platine ou oxali-platine, des lésions induites
par des médicaments anticancéreux. Les premiers résultats obtenus par SPRi confirment des ana-
lyses menées par méthodes classique en électrophorése sur gel dénaturant. Le deuxiéme projet est
mené par J.-F. Constant et M. Jourdan du ‘Département de Chimie Moléculaire’ de I’Université
Joseph Fourier. Cette étude est en étroite liaison avec nos études sur la FPG et les 1ésions tandem,
analysant les 1ésions multiples sur des brins d’ADN opposées. Des résultats encourageants ont déja
été obtenus sur puce.

Cette thése présente ainsi un travail qui touche & des domaines assez variés autour de PADN.
J’ai donc fait le choix d’introduire la bibliographie nécessaire & la compréhension et aux discussions
au fur et a mesure. Le lecteur trouveras ainsi trois grandes parties (de [4] a |§[), qui introduisent le
probléme en question et ’approche choisie de maniére indépendante.



Abbreviations

8-0x0A
8-0x0G

A

aa

AFM
AMV-RT

AP
APE1

BER

bp

BSA

C

C3

CA

CCD
cDNA
Cyt C
DABSYL

DMSO
DNA
dANTP
dsDNA
DTT
E.coli
EDTA
EMSA
Endo IV
EtBr
FA
FPG

FWHM

G

GFP
hOGG1
HPLC
LASER
LED

7,8-dihydro-8-oxoadenine, DNA lesion

7,8-dihydro-8-oxoguanine, DNA lesion

Adenine, DNA base

Amino acid, building blocks of proteins

Atomic Force Microscopy

Avian Myeloblastosis Virus-Reverse Transcriptase, enzyme that polymerizes
DNA in the 3’—5’ direction

Apurinic/apyrimidic, or more generally an abasic site in DNA

Human apurinic/apyrimidic endonuclease 1, also known as Ref-1, APEX1 or
HAP-1

Base excision repair

Base pair

Bovine serum albumin

Cytosine, DNA base

DNA lesion, abasic site

5’ 8-cyclo-2’-deoxyadenosine, DNA lesion

Charge coupled device

complementary DNA, obtained by reverse transcription

Cytochrome C, small protein used here as blocking agent
4-dimethylaminoazobenzene-4"- sulfonyl chloride, common FRET acceptor
molecule

Dimethylsulfoxide

DeoxyriboNucleic Acid

DeoxyriboNucleotide TriPhosphate

Double stranded deoxyribonucleic acid

Dithiothreitol (C4H1002S2), reducing agent

Escherichia coli, bacterium

Ethylenediamine tetraacetic acid, capture of divalent ions

Electrophoretic mobility shift assay

Endonuclease IV, DNA repair enzyme for AP sites in E. coli

Ethidium bromide, common dsDNA stain in gel electrophoresis

Formamide, DNA denaturing agent

Formamidopyrimidine DNA N-glycosylase, base excision repair enzyme from
E. coli

Full width at half maximum, characteristic measure to determine the sharpness
of a peak

Guanine, DNA base

Green Fluorescent Protein

Human 8-oxoguanine DNA glycosylase

High performance liquid chromatography

Light Amplification by Stimulated Emission of Radiation

Light emitting diode
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MCH
MM
MMR
mRNA
NER

NN model
NMR

NP

nt

NTD

ODN
PAGE

PBS
PCR
PEEK
PEG
PID
PM
Ppy
RNA
RT

SA

SAPE
SNP

SPR
SPRi

SSB
ssDNA

T
TCEP-HC1
THF

Tq

TE mode
T

TM mode
U

U

uv

[X]

6-Mercapto-1-hexanol (HS(CHs)gOH), blocking thiol

Mismatch, non-Watson-Crick combination of opposite bases in the double helix
Mismatch repair, DNA repair pathway correcting replication errors
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Chapter 1

(General introduction

Since the discovery of the structure of the DNA double helix in 1953 [I], our knowledge about
DNA and its importance for life has made huge progress. The understanding of the function of
genes and how a cell expresses some of them but not others gives rise to fundamental insight
in a cell’s metabolism. The information stored in our chromosomes is essential. DNA may be
understood as the ‘code of life’, as it codes for all proteins and enzymes of a cell. Although the
genetic information in human beings has been deciphered with the completion of the ‘Human
Genome Project’, there are still a huge bundle of questions that are not yet answered [2]. So,
genetic information and thus DNA is an ongoing subject in research. The last 25 years have
seen the advent of biotechnology, and simultaneously a progressive shift from fundamental DNA
thermodynamic studies to applications that provide biological understanding of cells and their
function to develop medical tools.

The ability to manipulate DNA in a controlled way and the possibility to produce DNA by
chemical synthesis has given rise to DNA chip technology [3, [4]. The concept of DNA chips is
based on the recognition of complementary DNA sequences by hybridization. One of the strands
is immobilized on a solid support. This chip can then be exposed to various biological samples
to screen for the presence of complementary target DNA in these solutions. Indeed, DNA chip
technology provides information about the presence or absence of a specific DNA sequence in the
sample. DNA microarrays are probably the most famous representatives of DNA chips. Borrowing
from microelectronic technology, it is today possible to study hundreds of thousands of DNA se-
quences on a small ~1 cm? surface. However, the actual size of the DNA chip will strongly depend
on its purpose and application. Gene expression arrays need many probe sequences to analyze
RNA produced by the cell that reflects the expressed proteins [3] [6]. Also, Single Nucleotide Poly-
morphism (SNP) genotyping experiments compare huge amounts of sequences of genes to correlate
DNA point mutations to disease susceptibilities or to screen for reasons of reduced or increased
metabolism of drugs [7]. In SNP genotyping, one has always to choose if a large number of SNPs
are screened for a few individuals or if a small number of SNPs is detected in a lot of patients. So,
the amount of data generated in on-chip experiments is a non negligible factor. Other applications
in environmental studies, food analysis or forensic sciences often look for only few but very specific
targets. One purpose might here be the detection of presence or absence of specific bacteria in the
analyte. These are only some examples of possible DNA chip applications, but they explain why
DNA biochips are a powerful tool in biotechnology.

In the last years, researchers focused on different topics concerning DNA microarray technology.
A lot of fundamental studies, experimental or theoretical, are carried out to characterize the
properties of DNA surface hybridization under various conditions [§]. Here, surface chemistry,
buffer conditions and factors like temperature, hybridization time and target concentration will
be analyzed. But huge effort is also put in the creation of protocols and setups that improve
critical factors like sensitivity and specificity of detection. A quite impressing amount of assay
designs is available that use DNA amplification strategies, specific ligand recognition, sandwich
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assays or nanoparticles to improve the technological performance of the device [0, [10]. For all
DNA hybridization experiments, it is also necessary to guarantee the specificity of the detection.
Stringent conditions have to be applied that allow distinguishing the perfectly matched duplex from
hybridization with a mismatched target. When working with DNA microarrays, one important
ingredient is also bioinformatics, as large amounts of data have to be statistically analyzed to
provide reliable results. And, of course, besides these fundamental and technological aspects,
the medical impact of DNA biochip data is of great interest. As microarrays rely on probe
DNA sequences to recognize a certain target, each chip has to be carefully designed with special,
carefully selected probes. Rigorous protocols have to be established so that the microarray analysis
is reliable and reproducible. False positives are no option in personalized medicine, where DNA
microarrays might possibly find their application.

After years of research on microarrays and with the advent of integrated systems called ‘lab-on-
a-chip’, DNA biosensors have a great potential to find applications in DNA diagnosis [11 12}, [].
However, some fundamental aspects of DNA surface hybridization are still uncertain or poorly
understood. In this work we will analyze a wide set of parameters that have an impact on the
DNA surface hybridization and the stability of the double helix. In a second time, we will profit
from this knowledge to optimize a SNP genotyping assay and combine our on-chip approach to
an in-situ detection system where target amplification and detection are carried out in a real-time
detection system.

Brief description of this thesis:

This Ph.D. thesis profits from a temperature regulated Surface Plasmon Resonance imaging
(SPRi) setup to study DNA interactions on a functionalized gold surface. The setup has been
designed and optimized during the Ph.D. of Jean-Bernard Fiche at our laboratory [I3]. This
work aims to validate the previous work where the foundation for DNA point mutation detection
is laid. Moreover, as SPRi is a real-time method that provides access to time resolve kinetics
information, it provides a good basis to gain fundamental insight in the DNA surface hybridization
process. So, the scientific results presented here will on one hand treat fundamental interactions
and systems related to DNA solid phase experiments, and, on the other hand, we will optimize
the system for applications like SNP genotyping and DNA repair studies with clinical relevance.
Consequently, the experimental results will be separately presented in three main chapters with
individual introductions and associated literature. Each of these chapters will present experimental
results of different background, but all analysis will in some way or another study DNA stability
and temperature related information.

The next chapter will start with a general overview over properties of the DNA molecule and
how its stability can be predicted by the Nearest Neighbor Model. We will then introduce the
concept of DNA mutations and how these alterations of the genetic material may arise. Then,
we will present the challenge that the detection of SNPs constitutes and finally, we will introduce
the basic concept and essential features of biosensor technology. In chapter [3] the materials and
methods used in this study will be presented.

Chapter [ introduces some theoretical concepts, notably the Langmuir adsorption isotherms
and related extensions that will then be confronted to our experimental results. This chapter aims
to provide fundamental insight in solid-phase DNA experiments. Two surface immobilization
techniques will be presented and compared. Then, we will study the influence of the buffer
composition on the stability of an immobilized DNA duplex. Here, the focus will lie on the influence
of salt ions that screen the negative charges of the DNA backbone. Also, a typical DNA denaturing
agent, formamide, will be characterized in our solid phase setup. Having determined optimal buffer
compositions, we will shift our focus to point mutation detection. Here, the possibility to regulate
the temperature will be exploited to denature surface hybridized DNA during a temperature scan,
which provides an easy way to access the stability of perfectly matched from mismatched DNA
duplex on the surface. Special attention is paid to the case when two targets with different
affinity for the same probe are present in solution. In general, such cross-hybridizing systems are
a challenge for detection, but since they have a real medical relevance, each genotyping system
must be able to treat such cases of mixed wild type and mutant sequences. At the end of this



chapter, a study with longer oligonucleotide targets is carried out that prepares some points that
will be essential for the detection of biological targets as presented in chapter |5} We discuss here
the influence of dangling ends and target secondary structure on surface hybridization.

With the knowledge gained from our fundamental studies, we can set up in chapter [5] an
optimized assay for Single Nucleotide Polymorphism (SNP) detection. The samples are now nucleic
acids of 150-200 bp that are the product of amplification either by Polymerase Chain Reaction
(PCR) or by Nucleic Acid Sequence-Based Amplification (NASBA). As these samples are produced
by enzymatic reactions, unlike synthetic oligonucleotides used in the previous chapter, they are
provided in special solutions and require either special purification protocols or adaptation of the
biosensor to these new conditions. We will present detection of these targets for both, purified
and unpurified targets. Further, the possibility to integrate NASBA in our SPRi flow cell to have
an in-situ production of RNA targets will be demonstrated.

A third project of this Ph.D. thesis reaches beyond detection of DNA hybridization. In chapter
[l we will see that the DNA chip approach may also be used in the framework of DNA repair studies.
Here, we demonstrate the possibility to study enzyme interaction with damaged DNA that is
immobilized on our sensor surface. The parallelized layout provides easy comparison of enzyme
affinity for different types of substrate. Further, we will demonstrate the possibility to reveal base
excision repair (BER) activity on our DNA chip. Our method relies on thermal denaturation
of enzymatically incised DNA followed by specific rehybridization of a reporter oligonucleotide
that reveals the enzyme’s activity. We use in this work bacterial (FPG) and human (hOGG1)
glycosylases specific for the oxidative damage 7,8-dihydro-8-oxoguanine. Further, the associated
apurinic/apyrimidic endonucleases Endo IV and APE1 are studied. To validate our DNA chip
approach, enzymatic activity on clustered DNA damages is studied and confronted to classical gel
electrophoresis analysis.

Conclusions and perspectives of this work will be presented in chapter [7] and [8]

In the appendix, the reader will find a table of all buffers employed in this study. Further,
the protocol for fluorescence microscopy DNA hybridization revelation is explicitly given. The
appendix finishes with a step-by-step description of the data treatment necessary to obtain the
DNA denaturation curves as presented in this work. At the end of this thesis, the reader will find
a small glossary with the most important definitions and some technical terms. Throughout the
manuscript, the glossary entries will be emphasized upon first appearance. Also, to facilitate the
lecture, an index of key words or protocols can be found after the glossary.






Chapter 2

Introduction to DNA and SNP
genotyping

Ce chapitre introduira les notions nécessaires de la biologie de la molécule d’ADN (acide désoxy-
ribonucléique) et de son role comme porteur de 'information génétique. La premiére section com-
portera une description physico-chimique de la molécule avec toutes les caractéristiques qui seront
exploitées au cours de cette thése. On se servira notamment du modéle du plus proche voisin intro-
duit dans la deuxiéme section comme base de prédiction pour les interactions de chaines d’ADN
courtes, les oligonucléotides. Nous allons voir, que les oligonucleotides synthétiques, trouvent des
applications notamment comme sonde locale dans des tests génétiques. Les sections suivantes
introduiront des notions biologiques par une description simplifiée de la mutagénése et du role
important du génotypage pour des applications médicales.






2.1. DEOXYRIBONUCLEIC ACID (DNA)

2.1 Deoxyribonucleic Acid (DNA)

Deoxyribonucleic acid, the heteropolymer that codes
for the genetic information in each creature, is com-
posed of only four different bases. The bases can be
divided in two groups: pyrimidines with one aromatic

Major
cycle and purines with a heterocycle formed of a pyrim- grojove
idine and an imidazole ring. The bases adenine (A) and cor on:?wﬁ
guanine (G) are purines, their complementary bases are of 106 bp
pyrimidines: thymine (T) and cytosine (C), respectively, 'gggg\:e

for DNA and uracil (U) and cytosine (C) for ribonu-
cleic acid (RNA). The bases align by forming hydrogen
bonds with their complementary parts: G and C form
a more stable duplex with three hydrogen bonds com-
pared to A and T with only two (see figure , forming
so called Watson-Crick pairs [I]. The bases are linked by
a phosphate-deoxyribose backbone and it is noteworthy  Figure 2.1: DNA double helix in the B-
that the DNA bases are isomorphous which means that form. The arrows show the size of the
the binding distance of each base to the sugar function molecule [14].

is strictly the same. This fact allows DNA to combine

in every imaginable sequence without major differences. The backbone, alternating phosphate
groups with 2-deoxyribose, bears two different chemical end groups and is thus directional. The
ends are labeled 3’(hydroxyl group) and 5’(phosphate group), according to the position of the
carbon bearing those groups.

When two complementary DNA strands hybridize, they form the well-known double helix
that can be seen in figure [2.1] The most common helical form is the B form, where the strands
are anti-parallel (the forward strand is 5°—3’, the reverse strand 3’—5’, sometimes also called
sense and anti-sense). The helix is then right-handed, and the bases are planar and oriented
perpendicular to the axis in the center of the helix. Other forms, like for example, the B’, A, and
Z form appear for specific sequences or conditions [I5]. The helix has not a perfectly cylindrical
form, but presents two grooves which play an important role for DNA binding proteins (see figure
. The bases are subject to stacking interactions inside the helix due to the dense packing of
aromatic cycles. Stacking interactions are governed by Van-der-Waals, polarity, contact surface
and dipole interactions. The strength of the stacking interactions differs in dependence of the
neighboring base pairs and contributes to the stability of the helix. Some characteristic lengths in
single stranded DNA (ssDNA) and double stranded DNA (dsDNA) can be seen in table DNA
as a polymer is subject to excluded volume interactions, preventing that two segments occupy
the same space at the same time. This leads to a reduced number of possible conformations and
increases the radius of gyration, which is inversely proportional to the diffusion coefficient. Also
electrostatic interactions are very important for DNA interactions: since the phosphate in the
DNA backbone is negatively charged, hybridization only takes place in a saline environment, with
ions ensuring the charge screening. Thus, the interaction between base pairs and consequently
the DNA stability is influenced by the ionic strength of the surrounding solution. This becomes
especially evident, when the melting temperature T,,, the temperature at which half of the DNA
strands are in the double stranded state, is observed. There are several conditions causing DNA
melting, i.e. the dissociation of the two strands, also called heliz-coil transition: DNA double
helix stability can be decreased by a variation of the pH to extreme acid or alkaline conditions (for
example, reversible deprotonation of DNA bases at pH>9 [16]), by increasing the temperature,
by decreasing salt concentration, by high dielectric constants compounds in aqueous solutions (for
example alcohol, ketone) and by increasing the content of chemical agents like amides, urea or
formamide in the solution [17].

DNA diffusion in solution has been treated by several approaches of poly-electrolyte linear
polymer theory. The scaling law for the diffusion coefficient D in dependence of the length L of
the DNA molecule is predicted as D ~ 1/Rg ~ L™" where R is the radius of gyration and

7
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Figure 2.2: The four bases of DNA and their Watson-Crick hydrogen bonds between complemen-
tary bases. a) Cytosine and guanine forming 3 bonds b) Adenine and thymine forming 2 bonds
(Figure from Wikipedia [1g]).

parameter value parameter value

diameter of dsDNA 1.9nm | length added by on base | 0.34 nm
pair to dsDNA
persistence length of ss- | 0.75 nm | persistence length of | 50 nm
DNA dsDNA[T5]
ssDNA base size ~ 0.6 nm

Table 2.1: Characteristic length scales of single stranded and double stranded DNA

v = 0.6 is the Flory exponent. This law is applicable for polymers with relevant excluded vol-
ume effects. DNA diffusion coefficients have been measured using single molecule tracking of the
Brownian motion of relaxed circular, linear and supercoiled DNA by Robertson et al. [19] using
DNA with a length of ~6 to 290kbp. A topology independent behavior can be determined with
v. = 0.589 + 0.018, vy, = 0.571 £ 0.014 and vg = 0.571 £ 0.057 for circular, linear and supercoiled
DNA, respectively.

2.2 The nearest neighbor model

The Nearest Neighbor (NN) model is one of the most commonly applied concepts to predict DNA
thermodynamic parameters and, in this way, the stability of a duplex of a given sequence. As
its name indicates, interactions are described between two neighboring base pairs and no long
range interaction is included in the model. Pioneered in the 1960s by the groups of Zimm [20]
and Tinoco [21], the nearest neighbor model has been developed mainly in the 1980s and 1990s
by several groups [22] 23], 24]. It has been wrapped to a unified set of parameters by SantaLucia
in 1998 [25]. The NN model applies accurately for short oligonucleotides up to about 20 bases,
for which a two state melting transition can be assumed. For longer DNA strands, entropy
induced bubble formation is expected [26] and the DNA has to be treated in other, more complex
models. The NN model is thus suitable for the conception of assays in molecular biology that
make use of well identified oligonucleotides. Applications can be found in the design of primers
for DNA amplification by Polymerase Chain Reaction (PCR), for the conception of allele specific
oligonucleotides (ASO), probes on DNA biosensors and microarrays, molecular beacons, etc. to
cite only some examples. A non negligible role in DNA duplex formation must be attributed to
the stacking interactions between the bases which stabilize the helix. So, it is not astonishing that
the stability of the duplex largely depends on the sequence i.e. on the neighboring bases. The NN
model calculates the entropy and enthalpy of every DNA sequence using parameters for the 10
different duplex pairs that can be formed by the 4 bases. These duplexes are: AA/TT, GG/CC,
AT/TA, TA/AT, CA/GT, GT/CA, CT/GA, GA/CT, CG/GC and GC/CG. The slash separates

8
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the two complementary strands that are given in the sense 5’—3’/3'—5’. For a given duplex,
the Gibb’s free energy change AG during duplex formation at 37°C can be calculated taking into
account corrections for terminal positions and self-symmetry of the strands:

AGY - (total) Z n; AGP (i) + AG® (initiation with terminal GC) 2.1)

+AG0 (1n1t1at10n with terminal AT) + AG® (symmetry)

where AG? (i) stands for the standard free energy of duplex i, n; is the number of occurrences of
duplex i, the second and third term are corrections for terminal A-T or G-C pairs [27] and the
last term is the correction for self-complementary of the strands and is +0.43 ’fylel if the duplex is
self-complementary and 0 if not. Further contributions must be added in the presence of dangling
ends AGY (dangling end), that are in most cases stabilizing as given in |28] or in the presence of
mutations AGY (mutation type) that normally are destabilizing depending on their position in the
duplex (reviewed in [29]). Also adjacent mismatches in the DNA helix have been evaluated and
are in most cases destabilizing for the duplex [30, 31]. Analogous to AG, equations for AS? and
AHY can be written as:

AH° (total) Z n; AH® (i) + AH° (initiation with terminal GC)
(2.2)

+AH" (initiation with terminal AT)

AS° (total) Z n;ASY (i) + AS° (initiation with terminal GC)
(2.3)

+AS (1n1tlat10n with terminal AT) 4+ AS® (symmetry)

Note that the symmetry term for AH? is zero. All parameters for AS? and AH? can be found in
Table 2 of [25]. Their knowledge permits to calculate the melting temperature of any ODN duplex
for a given strand concentration c¢;:

AH®

T = a0
ASY+ Rlne,

(2.4)

By analyzing different thermodynamic data on DNA published by different groups, SantaLucia
retrieved a set of unified thermodynamic parameters for DNA duplexes in solution at 1 M of salt
[25]. These parameters have been completed by experiences analyzing mismatches between bases
and dangling ends [32] 33| [34] B35, 36l B7]. It is noteworthy, that one mutation in a duplex
has the highest destabilizing effect when placed in the middle of the sequence. Of course, the
overall effect is stronger for shorter sequences. This is why, for point mutation detection, it is
preferably to work with oligonucleotides of about 12-25 bases. The nearest neighbor parameters
describe the thermodynamics of DNA in very particular buffer conditions (salt concentration of 1
M, neutral pH of the solvent). To take into account the actual ionic strength of the buffer, the
thermodynamic parameters need to be corrected. Since G. S. Manning showed that salt effects are
purely entropic, no correction is applied to the enthalpy change [38]. Several empirical equations
have been proposed to take into account salt effects on the DNA helix stability, as given in [39].
One solution, proposed by SantaLucia, assumes that salt corrections are sequence independent,
but depend on the length of the oligonucleotide:

AGS7-¢ (oligo, [Nat]) = AGSx (unified oligo, 1M NaCl) — 0.144 - NIn [Na™] (2.5)

AS? (oligo, [Na™]) = AS® (unified oligo, 1M NaCl) + 0.368 - %m [Na*] (2.6)

where N stands for the total number of phosphates in the duplex and [Na™] is the total concen-
tration number of monovalent cations from all sources. To include also contribution from divalent
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magnesium ions, one should replace In [Na*] by \/[Nat] + 3.3[Mg>t] in AG [40]. AH is assumed
independent of the salt concentration at least in the range 0.05 M< [Na™] <1.1M. Note that
predictions of melting temperatures from the nearest neighbor model have an error of about 2°C.
There are a lot of DNA stability prediction tools available online, but some of them are based on
older models using empirical data for G-C content of the sequence and salt concentration. Pre-
dictions based on NN model parameters are integrated in HYTHER by J. SantaLucia and IDT
scitool by R. Owczarzy [41l 42]. Hyther allows the determination of thermodynamic parameters
and T,, of any sequence with mismatches and dangling ends in various salt conditions. The more
recent IDT server is more application oriented and considers not only the DNA sequence, but also
the influence of modifications by labeling, secondary structure predictions using Mfold etc..

2.3 DNA mutations

In living organisms, the genetic information in form of DNA is normally densely packed and stored
in the cell’s nucleus. The DNA is used as template for transcription to produce specific proteins
necessary for the cell’s function. This process transcribes the DNA into RNA sequences that
are further treated and finally transported out of the nucleus the cytoplasm where ribosomes are
responsible for protein production. Cells undergo growth cycles that are separated in different
phases of growth, proliferation and division. Before cell division can take place, the genomic
material of the cell needs to be replicated. This replication is carried out by DNA polymerases
that copy the sequence information from the template DNA and synthesize the complementary
strand in the sense 5’—3’ [43]. Although DNA polymerases have a very high fidelity, errors occur
at frequencies 107%-107% per nucleotide and extension [44]. Given the size of the human genome
of 3 billion base pairs with its currently estimated 20,000-25,000 genes [45] it is evident, that error
correction in form of DNA repair mechanisms is crucial. Not only replication may introduce errors
in the genome, but also the attack from the environment in form of radiation, oxidative species or
free radicals constantly induce damage. This may lead to DNA lesions, whereby the chemistry of
bases or the backbone is altered, but also to strand breaks in the DNA. One of the most difficult
cases is a DNA double strand break, provoking the separation of the two ends. When errors
are not corrected before replication of the cell, DNA lesions can lead to sequence errors due to
insertion of a non-complementary base at the position of the lesion. Later, these misinsertions
will lead to point mutations in the DNA sequence. To avoid excessive mutagenesis, cells dispose
of various repair mechanism addressing these damages. DNA repair mechanisms usually employ
several enzymes and, often, there is not only one pathway that can lead to the replacement of the
damaged part. The Base Excision Repair (BER) mechanism makes use of a variety of enzymes
recognizing specific lesions that are then enzymatically cleaved. We will see examples of enzymes
of this repair mechanism in chapter | In more complicated cases, several DNA bases have to be
exchanged or in the case of strand breaks, the corresponding sequence must be repaired making
use of the corresponding allele on the second set of chromosomes.

When DNA mutations due to errors in replication or DNA repair occur, several cases are
possible:

e The mutation lies in an intergene region that does not correspond to a protein recognition
site for transcription. In this case, the mutation will not affect the cell function and can so
be transmitted without problems to the next generations.

e The mutation lies in a non-coding part of the gene. In fact, in human beings, genes have
so-called exon, parts of the gene that are actually coding for a protein and introns that will
be eliminated on messenger RNA. Although the mutation in an intron will not directly alter
the amino acids of the protein, it can alter transcription factors and lead to up or down
regulation of the gene’s expression, for example.

e The mutation lies in the exon. Various cases can then be imagined. Since triplets of DNA
bases code for the 20 amino acids (aa) and several triplets may lead to the same amino acid,
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we can have the case of an altered codon still leading to the same amino acid. In this case,
we speak of a silent mutation. When the associated amino acid changes, the sequence of the
encoded protein will change and alter or inhibit its functionality, depending on the locus. A
third case is the apparition of a stop codon before the actual end. The protein will then be
truncated.

When mutations affect heavily the cells functioning, the cell will enter in apoptosis and will
not transfer its altered genetic material to future generations. However, when the damage leads to
mutations that permit the cell to survive and function, the abnormality will be transferred to the
daughter cell and may give rise to tumor tissue formation or disease. However, not all mutations
give rise to disease which would be disastrous because of their high frequency. Point mutations
occur, for example, every 100 to 300 bases in the genome. More detailed information on mutations
can be found in [46] [47]

When we look at the variety of living beings in nature, we will observe that each is an individual.
Of course, we can easily classify each individual in categories of species or race, for example, but still
each will have its unique visible appearance which is referred to as its phenotype. The phenotype,
in turn, is an expression of the combination of a person’s genotype and its environment. Normally,
human beings possess two identical sets of chromosomes in a cell, i.e. they are diploid, and so each
individual gene is encoded twice in the genetic material. However, two genes encoding for the same
protein are not necessarily 100% identical from one person to another in which case we distinguish
alleles. Moreover, since each person has two copies of each gene it is possible to have two different
alleles. In the case of identical alleles inherited from both parents, the individual is homozygous
and in the case of different alleles for one gene, the person is called heterozygous. We know since
the establishment of Mendelian genetics that alleles can be dominant or recessive, determining if
a gene is expressed or not. The genotype of an individual defines the combination of alleles which
can either be homozygous dominant, heterozygous or homozygous recessive. Only in the last case,
the encoded trait of the recessive gene is expressed and is a part of the phenotype. However, our
genotype is not only expressed in our individual traits, but also comprises pathological changes in
the genome either inherited or acquired, as is the case of inheritable diseases or cancer.

2.4 SNP genotyping

We can now understand, what genotyping or gene testing, i.e. the detection of an individual’s
genotype, can be used for. On one hand, the characterization of sets of alleles can be used for
identification methods, like paternity tests or in forensic sciences. On the other hand genotyping is
useful for diagnostic purposes to screen for carriers of inheritable diseases, obtain presymptomatic
susceptibilities for the development of certain disorders or information concerning adult-onset dis-
eases with possible risk evaluation, for example. It can also be used for determination of the
malignant or benign nature of tumor tissue. It should not be forgotten, that also research on the
evolution theory of species is based on genetics and variation identification [48]. Although DNA
mutations can be of various types, for instance point mutations, deletions, inserts, translocations
etc., the most current change is the exchange of one single base of the DNA. These point mutations
are called Single Nucleotide Polymorphism (SNP) when having a significant frequency in popula-
tion (normally above 1% as is the case for SNPs collected in databases like the human HapMap
Project). Since SNP occur frequently, SNP genotyping encounters an increasing interest in re-
search and industry. It gives access to individual diagnostic tools, and may lead in the future to
so-called personalized medicine. We are however still a long way from the implementation of gene
testing stations at a doctor’s and technological as well as ethical question will have to be addressed
to find a reliable way to transform the results into adapted medical surveillance and treatment
without risking discrimination or social stigmatization. Also other fields like phamacogenomics,
i.e. the influence of the genetic material on an individual’s response to drugs, or gene therapy will
profit from further insight in genetic variation and the interplay between different mutation sites.
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2.5 DNA on-chip detection

To access the composition of DNA samples, many approaches make use of DNA biosensors or
microarrays. Biosensors consist of a surface in contact with the sample solution. On the surface,
identified biomolecules are immobilized at specific sites, for DNA detection, oligonucleotide probes
are used. Surface grafted probes have one interaction partner, the target and hybridization will
occur when the target is present in the analyte. This biomolecular recognition gives rise to a signal
that can be for example, emission of fluorescence, electrons, light absorption, the colored product
of an enzymatic reaction,... which is converted by the transducer to an electrical signal. The
signal is then amplified and processed before being displayed and analyzed to obtain the biological
information that is searched for. The principle of biosensors is schematically depicted in figure
Biosensors come in the form of real-time detection that gives access to the kinetics of the
biomolecular recognition or as an end-point detection device, where the signal is read once the
biomolecular recognition is completed. While biosensors typically detect one probe/target inter-
action at a time, DNA biochips and especially microarrays are miniaturized and permit recording
of up to several hundred thousand hybridization events in one experiment.

Multiple techniques and biosensing strategies for SNP genotyping are available today. Each
technology will present its own specifications and characteristics that describe its performance.
We will especially pay attention to the following criteria:

e Sensitivity: Each detection method will be efficient in a certain range of target concentra-
tions. The sensitivity gives hereby the slope of the signal to an increase of concentration.
Often, sensitivity is also used to refer to detection limits, the lowest target concentration or
quantity that leads to a positive signal.

e Selectivity /specificity: Selectivity is the capacity to recognize only the biological target to
be detected, which is the DNA or RNA. Specificity then gives us the capacity to detect a
specific target sequence and distinguish it from targets with similar, but smaller affinities
for the probe, as it is the case for point mutations, for instance.

e Reproducibility: A key factor of biosensor and DNA microarray production is the capacity
to obtain for identically produced sensors identical responses to target injection. This is
often a limiting factor for quantification of the DNA in the sample.

e Multiplexing capacity: the capacity to detect a multitude of targets in a sample simultane-
ously. Multiplexing is often hindered by amplification steps or limited availability of markers,
for example, fluorophores of different color.

e Cost, detection time, easy handling, automation...: For chip technology to become a wide-
spread technique cost must be low, detection fast and the set-up must be user friendly by
providing reliable, understandable results in an automated fashion.

It is evident that the first three points are essential and must respond to the samples that
are to be treated. A high fidelity of the results is a prerequisite for application of a technology
in medical diagnosis. Naturally, the last factors are of commercial interest, since often a lot of
samples have to be analyzed for multiple SNP locations and thus integrated systems will be needed
for automation, fast detection and data analysis.

Each step of sample treatment and detection must be optimized, from sample extraction,
over eventual sample amplification, purification and labeling, to the detection module that will
be composed of a biologically functionalized surface, a signal transducer and read-out system,
eventually signal amplification and finally data analysis and interpretation. Various physical and
chemical methods are available as SNP detection platforms, which will not be introduced here
in detail. When appropriate, comparisons to other technologies than the one described in this
work will be done throughout the manuscript. For a good summary of existing DNA detection
methods, the reader may be referred to the Ph. D. thesis of J.-B. Fiche who laid the foundations
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BIOSENSOR
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Figure 2.3: Principle of biosensors: The analyte is exposed to a surface functionalized with
biomolecules (probes) that specifically recognize a part of the analyte (target). The transducer
can be of any nature (light, electrons, chemical species, color, ...) and reports the recognition
event. An electronic read-out system captures and amplifies the signal. Signals are then analyzed
using bioinformatic tools.

of the work presented here by his former work at our laboratory [13]. Exhaustive reviews about
microarrays and biosensor technology as well as SNP genotyping and its applications are also

available [49} (50, 51} 12, 9, 52} 53, [5, 54} 53, (6, 56].
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Chapter 3

Experimental techniques

Ce chapitre présentera les méthodes et appareillages qui constituent la base de ce travail.
La premiére partie introduira les concepts de I'imagerie de la résonance de plasmons de surface,
méthode clé des études menées. En particulier, on y trouvera les bases physiques de la méthode, les
différentes mises en ceuvres expérimentales disponible aujourd’hui et une description détaillée de
Pinstrumentation & disposition dans le laboratoire SPrAM. On trouvera les méthodes d’acquisition
de données par la SPRi, les techniques d’analyse de données seront détaillées dans I’annexe |8 La
troisiéme partie comprendra une introduction & la microbalance & crystal de quartz, technique
utilisée pendant un séjour de 2 mois a l'université McGill & Montréal, Canada. On trouvera ensuite
une bréve introduction & la technique de marquage et acquisition des données par microscopie de
fluorescence disponible au SPrAM. Aprés cette présentation des dispositifs physiques, les étapes
chimiques de production de sondes d’ADN et les séquences d’ADN utilisées dans ce travail seront
présentées. La derniére partie analysera différentes méthodes de greffage d’ADN sur un support
solide et présentera les techniques d’immobilisation d’ADN par une fonction active de pyrrole ou
de thiol.
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3.1. SURFACE PLASMON RESONANCE IMAGING (SPRI)

This chapter will introduce the physical principles of experimental methods and setups used in
this work. In particular, we will learn about the principles of Surface Plasmon Resonance imaging
(SPRi) as well as the home-made temperature regulated setup, the principle of Quartz Crystal
Microbalance (QCM), fluorescence microscopy, DNA synthesis and DNA immobilization methods
on gold surfaces.

3.1 Surface Plasmon Resonance imaging (SPRi)

3.1.1 The dispersion relation

Surface Plasmon Resonance is an optical method which permits to follow refractive index variations
close to a dielectric/metal interface of isotropic media. It is based on the coupling of incoming
photons to plasmon polariton modes of the free electron gas in the metal.

Several conditions must be fulfilled to obtain photon coupling to the electrons. First, the light
has to be in the transverse magnetic (TM) mode, in order to have a component of the electric
field normal to the surface. Only under this condition, a surface charge density variation can be
induced and the photon can excite surface waves.

The following considerations will be restricted to non-magnetic media (u, = 1). When we
consider the TM mode, in which the magnetic component H of the electromagnetic light wave is
perpendicular to the incidence plane and thus parallel to the metal/dielectric interface, Maxwell’s
theory leads to the following condition (Reviewed by [57), 58]):

k. @

(3.1)

kz2 €2

This equation, relating the ratio between the z-components of the wave vectors in medium 1
(dielectric) and 2 (metal) to the ratio of the dielectric functions of each medium with a negative
sign suggests, that the dielectric functions of the two materials have to be of opposite sign. This
condition is, for example, fulfilled when one medium is a noble metal like silver or gold and the
other is a dielectric medium. Then, one can retrieve the dispersion relation for surface plasmons
in dependence of the dielectric functions of the two media:
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:71:.
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The dispersion relation (or energy-momentum relation) must correspond to that of the in-
coming light wave so that the energy and momentum conservation laws are respected. The x-
component of the incoming wave vector of the photon is kphoton = Kphoton sinf = %,/e;sin6.
It has to match the plasmon wave vector k., or, in other words, the dispersion relation of the
plasmon has to be cut by the light line of the incoming photon. The dielectric function of the

metal is frequency dependent and, for high frequencies, can be expressed in the following way:

w (3.2)
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w
wherein m* is the effective mass of the electrons, n is the number density and w, is the plasma
frequency. Considering the condition € = —ey following equation 3.1} we can conclude that
there is a high frequency cut-off energy w,, = \/% for the surface plasmon dispersion relation,
showing that surface plasmons are a low energy phenomenon, contrarily to volume plasmons. In
the limit of small wave vectors k, we find that the surface plasmon dispersion relation approaches
asymptotically the light line of the photon in the dielectric medium. So, there is no intersection
between the two dispersion relations in this two layer system, as can be seen in figure [3.2] To
satisfy the coupling condition ku photon = Kz surf.plasmon We have to adjust the wave vector in
order to ‘couple’ the light to the plasmon polariton modes. Two solutions to this problem have
been put forward:
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CHAPTER 3. EXPERIMENTAL TECHNIQUES

e Coupling via periodical structuring of the metal’s surface, which permits to ‘tune’ the inci-
dent wave vector by diffraction. However, the incident light crosses the dielectric medium
and may be perturbed by the inhomogeneities of the biological solution.

e Coupling by a third medium of high refractive index ns that permits to adapt the slope
of the light line by changing the speed of light v = n% This is achieved by a glass prism
where the incoming angle of incidence of the light lies in the domain of total reflection.
The surface plasmons are excited by the evanescent wave, penetrating the adjacent medium
and attaining the metal /dielectric interface. Here, the photons transfer their energy to the

electrons in the metal, provoking oscillations at the interface.

2- surface plasmon evanescent
wave is sensitive to refractive
index changes near the interface

~100nm
s
-—
S,
T
T W, P
- = o —
evanescent

evanescent wave
wave of light Ky photon of surface plasmons

1: Total intermnal reflection

Figure 3.1: Surface plasmon excitation in the Kretschmann configuration: the incoming light is
reflected at the glass/gold interface. Its evanescent wave couples to a surface polariton mode of
the free electrons at the dielectric/metal interface, given that kg photon = Kz surf.plasmon. Changes
of the refractive index in the dielectric medium are sensed up to 100-200 nm from the interface
depending on the quality of the gold coating and the wave length of the light. The lateral resolution
is ~7-10 pm.

3.1.2 Resolution of SPR in the Kretschmann configuration

In the following, we will focus on SPR coupling via a glass prism. Two different configurations
have been proposed by Otto [59] and Kretschmann [60]. In the Otto-configuration the dielectric is
placed between the glass prism and the metal leaving a very tiny layer thickness of the dielectric
medium to allow the evanescent wave to excite surface polaritons. Kretschmann chose a very thin
gold layer directly damped on the glass prism, offering an infinite volume of the dielectric above.
This is the configuration adopted for detectors in this work, enabling a functionalization of the
gold surface that is then placed into contact with the biological solution. The evanescent waves of
the surface polariton in the Kretschmann configuration is schematically depicted in figure
Some precisions have to be made on surface plasmons and the resolution of SPR. Perpendicular
to the surface, the electromagnetic wave is evanescent and decreases exponentially in both media.
In the interface, surface plasmons have a finite propagation length due to the complex part of

18



3.1. SURFACE PLASMON RESONANCE IMAGING (SPRI)

@ o=c-k o=—— .k 50
\E ion \ / AR |
40 \ / ——gold+buffer
V4 ——gold+ppy+buffer
— / ——gold+ppy+DNA+buffer
2
; 30 7 (" Plasmon curve
:‘S' L on hare gold
E 20
% h /
* bl
10 - Plasmon curves |
on poly-pyrrole spots \ /
0 i | \
34 34.5 35 35.5 36 36.5
o
a) b) Angle 6 (°)

Figure 3.2: a) Representation of the dispersion relation of surface plasmon polaritons (blue), the
light line in air (gray) and the light line after adaptation by a high-indexed glass prism (red).
b) Theoretical plasmon curves in buffer. Curves are represented for a bare gold surface (red),
an unhybridized poly-pyrrole spot (blue) and a DNA hybridized poly-pyrrole spot (green). While
poly-pyrrole, having an imaginary part of the refractive index is adsorbing and deforms the plasmon
curve, the hybridization of DNA leads to a simple shift of the plasmon curve. When measuring
at a constant angle, this shift results in a refractive index change AR. The gold surface does not
undergo any change when hybridization is specific.

ke = k. +ik, . The following expressions can be found for the penetration of the evanescent waves
in dependence of the dielectric functions of the dielectric (1) and the metal (2):
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Taking for gold the refractive index n = 0.14+13.69 and for water n = 1.3316 at A =660 nm, we
find L, ~ 7Tpm, L., ~ 100nm and L., ~ 13nm [6I]. The lateral resolution of SPR measurements
is thus limited to ~ 7pm at 660 nm and decreases further for higher incident wave lengths [62].
In contrast, when moving to a higher incident wave length in the near infrared range, contrast
and SPRi sensitivity is increased since the plasmon curve presents a smaller width. The sensing

depth for SPR measurements is limited to ~100-200 nm, depending on the medium, which should
be kept in mind when big biological object like cells are imaged.

—1

(3.5)

3.1.3 SPR methods

The excitation of oscillations of the free electron gas (surface plasmon resonance), describes in
fact an energy transfer from the light to the plasmons. Therefore, when observing the reflectivity
under the coupling angle, one observes absorption of the light in the total internal reflection angular
range. The angle of the minimum reflectivity is strongly dependent on the refractive index of the
dielectric. In our case, a change of An = 10~* — 10~° already leads to a detectable shift of the
plasmon curve. In most cases, the curve is shifted, but not deformed upon binding of a species
to the gold surface. Deformation may occur when the material is absorbing, i.e. its refractive
index has an imaginary component, as is the case for poly-pyrrole. Examples of plasmon curves
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for unmodified gold, poly-pyrrole spots (5nm) and DNA surface hybridization in buffer can be
seen in figure [3.2

The angular shift is explored for surface adsorption measurement systems and different tech-
niques can be cited:

e Angular detection: using a LASER or the collimated light of a LED at one given wave-length,
the angle of incidence is varied, permitting thus to trace the plasmon curve in proximity of
the resonance. Signal read-out is achieved by a photo diode. Biological interactions are seen
as an angular shift that can then be related to mass variation.

e Spectral detection: at a fixed incidence angle, the plasmon curve is traced in dependence of
the wave length of the incident light by a spectrometer. Accordingly, biomolecular fixation
on the surface leads to a shift of the curve.

e Surface plasmon resonance imaging: the incidence angle as well as the wave length of the
incoming light is fixed. Variations of the reflectivity are then followed by a CCD camera. It
is necessary to carefully chose the angle in order to be placed at the maximum slope of the
plasmon curve where angular shifts result in a maximum variation of reflectivity [62} [63].

o Surface plasmon diffraction: this method uses grated surfaces to diffract the light and to
enhance the surface plasmon signal. Once again the system is mounted in the Kretschmann
configuration and the analyzed signal is the reflectivity at a fixed angle of incidence [64, [65]
66].

e SPR has been used to enhance other methods by coupling for example SPR to microscopy
and a fluorescence detection [67, 68]. Also, SPR on grated surfaces has recently be coupled
to electrochemical reaction detection (ESPR) [64]. Others used SPR signals on waveguides
immersed in the analyte solution [69].

In this work, the method of surface plasmon resonance imaging has been applied to a multi-
component biochip for the detection of immobilized DNA on gold coated prisms. The results are
thus represented in terms of reflectivity changes in % that can be related to angular shifts knowing
the plasmon curve of each observed spot.

3.1.4 Description of the experimental setup

All SPRi experiments are carried out on a flexible, home-made SPRi system with integrated tem-
perature regulation. The system has been set up by Jean-Bernard Fiche and is characterized in
detail in his Ph.D. thesis [13]. Figure shows a scheme of the device. Exploiting surface plas-
mon excitation in the Kretschmann configuration, a gold coated prism is mounted in the optical
detection system. The prism holder and flow cell is mounted on a rotation stage with goniometer
and a flexible x-z-system to enable the user to change the prism’s position as well as the angle
of light source and camera with respect to the prism’s horizontal plane. The incident light wave
at 635nm is delivered by a light emitting diode (LED). The diode is placed behind a pinhole.
To get a well defined light source, transparent scotch is used to diffuse the light. A first optical
lens parallelizes the light beam which is polarized before falling on the prism under total internal
reflection conditions. The reflected light is focused by a second lens and imaged by a CCD cam-
era (PixelFly VGA, PCO.Company, Kelheim, Germany, then replaced by Dolphin F-145B, Allied
Vision Technologies (AVT), Stadtroda, Germany). For more detailed information on optimization
of the optical system, the reader may be referred to the Ph.D. thesis of E. Maillart [61]. The
prism is inserted in a holder and pressed against a temperature controlled flow cell of about 1cm
diameter and 5pm volume, where the height is fixed by an aluminum ring placed around the
o-ring. The flow cell depicted in figure is made of stainless steel, in which in- and outlet of
the flow system are screwed. On the metal, a heating resistance with maximum power of 12 W
and a negative temperature coefficient (NTC) thermo-resistance are fixed. Both are inserted in
isolating material to prevent heat loss. The whole SPRi installation is placed in a temperature
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Figure 3.3: Setup for surface plasmon resonance imaging studies. The SPRi is connected to a fluidic
device with a computer controlled syringe pump and a manual injection valve. A temperature
regulation system is mounted on the flow cell. The temperature is applied by a heating resistance
and read out by a spatially isolated NTC thermoresistance. The feedback loop is controlled by
a regulator via a LabView interface. The reflectivity is monitored by the CCD camera using a
LabView interface based on a program by GenOptics.

controlled incubator and the fluidic system is connected from the exterior to the flow cell on the
prism. The flow is regulated by a syringe pump (Cavro XLP 6000, TECAN, Cavro scientific in-
struments, Sunnyvale, CA, USA) transporting the running buffer first through a degasser (Alltech
Elite Degassing System, Deerfield, Illinois, USA), then through an injection valve before entering
the incubator. The injection valve is a 6-way valve that permits to inject samples of volumes of
about 500l to 1ml into the system, depending on the injection loop connected. For injection of
smaller volumes (~20-100pl), a three way valve is used, that is connected directly to peek tubing
accepting introduction of a Hamilton syringe. The sample can then be injected directly from the
syringe with only some microliters of dead volume.

Data acquisition and image processing is done by SPRi software from GenOptics (Spirit  V1.1.2
program for Pixelfly camera and adapted version of SPRi-ViewIt for AVT Dolphin camera). It
permits the regulation of the acquisition time, the area of interest of the image and the definition
of masks in order to obtain the reflectivity of the spots. The system automatically normalizes
the reflectivity to the luminosity observed in TE mode and subtracts background noise from a
reference image acquired while covering the light source. In this way, we obtain reflectivity curves
for each spot inside the defined mask. The acquisition frequency is normally around 0.5 Hz with
averaging over five images, so that one data point is taken every two seconds. A useful tool is the
differential image that permits to follow changes by subtracting a reference image to the currently
acquired one. In this way, local reflectivity changes can be followed and saved in image files per-
mitting a rapid visibility of local reflectivity changes on the prism.
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The integrated temperature regulation device permits rapid heating and direct measurement
of the temperature on the prism. The temperature control is performed by a PID regulation
system (ITC temperature controller, OXFORD instruments) with a stability of 0.05°C. A LabView
(National Instruments, USA) home-made program assures the temperature regulation either at
constant temperature or linear temperature scans at different rates up to 87°C given that the
proportional and integral parameters of the feedback loop are carefully set. The thermometer is
calibrated and has a very good precision. The solution entering the flow cell on the prism is heated
during its passage through narrow channels in the steel heating cell, which itself is surrounded
by the incubator’s temperature. Therefore, the temperature on the prism can depend on the
flow rate applied to the solution and, especially during controlled cooling, on the surrounding
temperature. Measurements by SPRi at different temperatures up to 80°C show an increasing
difference of the temperature sensed on the prism for a flow rate of 0 and 5ml/h (Figure 3.4). For
the highest temperature applied, the temperature on the prism may differ by about 1°C from the
measured temperature, limiting the precision of the temperature measurements. Since this effect
is flow rate dependent, and thus dependent on the conditions of each experiment, no systematic
correction of the following temperature scan experiments has been applied. The measurement
of the temperature for independent T-scans performed with defined feedback parameters have
been controlled and show a very good reproducibility over the period of this Ph.D. thesis. The
systematic error AT due to the flow rate and the temperature of the incubator is thus the same
for each experiment with identical parameters. For scan rates of 2-5°C/min and hybridization
temperatures of 25°C, the incubator is set to 20°C. Only for measurements needing fast cooling at
8 and 12°C/min, the incubator was set to 15°C or 10°C, respectively.
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Figure 3.4: a) Representation of the flow cell geometry of the metallic part with fluidic connections.
b) Systematic error of temperature measurement during flow rate changes from 5ml/h to Oml/h
at different set point temperatures measured by the SPRi reflectivity change.
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3.2 Quartz Crystal Microbalance

Quartz crystal microbalance is a surface sensing technique that is based on the piezoelectric effect
of quartz crystals. Deformation of the crystal produces an electric signal, and, the other way
round, an applied electric signal induces a mechanical response in the crystal. These properties
are exploited in resonance measuring systems where thin quartz disks are sandwiched between
two electrodes. The quartz crystal is excited at its resonance frequency by an alternative current
(AC) applied to the electrodes. Common devices use the thickness shear mode of oscillation with
AT-cut quartz crystals (cut at 35°10" of the crystal’s z-axis) that are stable at room temperature.
Most systems work in a frequency range of 5-20 MHz [70]. For biological applications, mostly gold
coated quartz crystals are employed because of the inertia to liquid systems and the variety of
surface functionalization methods available. The acoustic shear wave produced by the oscillation
of the crystal is evanescent and the exponential decay limits the penetration depth to about 250 nm
[71]. Therefore, QCM is a surface sensitive detection method, like surface plasmon resonance. In
1959, Sauerbrey established a linear dependence between the resonance frequency of the quartz
crystal and the mass bound to its surface. The Sauerbrey relation is valid for rigid films [72]:

. A\/Pqakq _ CAf3
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where A is the surface area between the electrodes, p, is the quartz crystal’s density, p, is its shear
modulus, f3 is the fundamental frequency and n is the corresponding number of the overtone n=1,
3,5,.... C =17.Tng Hz=! cm~2 for 5MHz quartz crystals [73]. Biological films are often ‘soft’
films, containing a lot of water which gives a high viscoelasticity to the bound mass. In this case,
the Sauerbrey relation breaks down and more complex models are needed. The soft films lead to
damping of the acoustic wave which can be monitored as dissipation. The quartz crystal is excited
at its resonance frequency, then the external drive is stopped and the free oscillation is recorded.
From the decay of the oscillation amplitude, the dissipation can be obtained and is defined as:

Elost

= 9% 3.8
277Estored ( )

with Fj,s, the lost energy due to dissipation and Egoreq, the total energy of the oscillator. The
technology of QCM with dissipation monitoring (QCM-D) is patented and commercialized by Q-
Sense [73]. Additional to the fundamental frequency, several overtones can be monitored. The
data can then be fitted to the Voight-Model, giving access to the viscoelastic properties of the
adsorbed layer [74]. Among the four parameters - film thickness, viscosity, elasticity and density -
one parameter needs to be estimated before the other parameters can be extracted from fits. In the
case of low dissipation, i.e., rigid films, the Voight-model yields the same result as the Sauerbrey
relation for adsorbed mass [75]. Note that QCM-D measurements have a sensing depth between
250 nm (in water) and ~1pm. The signal is sensitive to buffer changes altering the viscoelastic
response.

During a 2-month stay at the biomat’X lab of Prof. Maryam Tabrizian at the McGill University,
Montreal, Canada, I had the opportunity to use the QCM-D technique on a Q-Sense D300 by Q-
sense for surface analysis studies. The quartz crystals used are gold coated QSX3001-standard
gold with an active area of 1.4cm diameter. The system accepts one sensor covered by a volume
of 80 ul. The minimum exchange volume is 0.8 ml, but samples of 2ml volume are preferable for
optimal exchange. The QCM-D system is temperature regulated at +0.02°C and can be used at
temperatures between 18 and 45°C. Data acquisition can be done at over 15 data points per second
with a typical mass sensitivity in liquid of 3.5ng/cm? (0.2 Hz). The typical detectable dissipation
change is 0.1 x 1075 in liquid. The sensor is connected to a sample reservoir (5ml pipette tip)
and a peristaltic pump that allows injecting samples on the chip. A sampling frequency of 4 MHz
is used in the experiments. The experimental setup is represented schematically in figure [3.5]
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Figure 3.5: Schematic representation of the QCM-D device.

3.3 Fluorescence microscopy

Fluorescence microscopy is a very sensitive and commonly used method for the detection of biolog-
ical interactions. While methods like SPR and QCM are so-called label-free methods, fluorescence
microscopy relies on fluorophore labeling of the target itself or another biomolecule interacting
with the targets, antibodies, for example. The principle of fluorescence microscopy is based on the
excitation of molecules at their absorption wave length and the collection of the light emitted by
the molecules at a second, different wave length (Aczcitation < Afiuorescence). This is depicted in
figure showing a simplified Jablonski diagram and the corresponding absorption and emission
spectrum. For DNA applications, there are a variety of fluorescent markers and methods available:

1. DNA intercalating agents: fluorophores that interact with the minor or major groove of the
DNA duplex and therefore reveal specifically the formation of the double helix. Typical
applications: gel electrophoresis

2. Molecular beacons: single stranded DNA forming a hairpin with a G/C rich stem of 5-8 base
pairs and a loop with a specific, target complementary sequence of 15-30 bases. The ends of
the DNA strand are tagged by a fluorophore and a quencher, so that, when the hairpin is
closed, fluorescence is quenched due to the proximity of the quencher (7-10 nm). Fluorescence
can be detected once the beacon hybridizes to its targets, thereby opening up the hairpin
stem and emitting a fluorescence signal. Typical applications: Real-time NASBA, real-time
PCR, hairpin probe labeled microarrays,. .. (recently reviewed by [76])

3. Chemical modification of the DNA target to allow the attachment of one fluorophore. The
fluorophore can either be attached to the DNA before interaction is carried out or cou-
pled after the binding event took place. Common strategies use biotin modified DNA that
permits attachment of markers using the biotin-(strept)avidin interaction. Others attach
the fluorophore covalently to the DNA target before carrying out biological interactions.
Applications: DNA microarrays, gel pads, ...

The choice of the fluorescent dye is important and depends on the application and the exper-
imental conditions. Parameters like the quantum yield, the size of the fluorophore, its tolerance
towards photobleaching and quenching, for example will influence the essay conditions. The quan-
tum yield defines the number of photons emitted compared to the number of photons absorbed
and is often very poor for small organic compounds. Quantum dots have a very good quan-
tum yield, but those huge metallic moieties alter the diffusion of the small DNA molecule and
can therefore change interactions. Typical fluorescent proteins like the green fluorescent protein
(GFP) and R-phycoerythrin are in the size range of 10-20 nm and thus are also big compared to
ODN. Small dye molecules are available that are about 1nm in size, but their emission is often
lower. Another important factor is photobleaching, the light induced, irreversible destruction of
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Figure 3.6: The principle of fluorescence: simplified Jablonski diagram and absorption/emission
spectrum.

the fluorescent part of the fluorophore. Exposure times should be adapted to the fluorophore in
use and for long observations, the fluorescent signal detected is likely to decrease over time. Other
important factors for the choice of the fluorophores can be the temperature dependence of the light
emission [77], compatibility with buffer conditions (pH, polarity, viscosity), pressure, quenchers
[78], electrostatic potential, etc.

A standardized protocol for DNA hybridization and observation by fluorescence microscopy is
used at our laboratory. It is based on the third strategy, using biotinylated DNA targets that are
hybridized to immobilized DNA probes. After washing off unhybridized target molecules with a
rinsing buffer, incubation with a streptavidin-phycoerythrin (SAPE) molecule allows attachment
of the fluorophore to the hybridized targets. Another rinsing process eliminates the surplus of
fluorophores before observation of the fluorescence signal using a Zeiss Epi-fluorescence microscope
with a mercury arc lamp, the adequate excitation/fluorescence filter and a CCD camera. The
detailed experimental protocol can be found in appendix [§

R-Phycoerythrin has excitation peaks at 496 nm, 546 nm and 565 nm and emits in the orange-
red at 578 nm, where biological background fluorescence is low. Fluorescence microscopy of phy-
coerythrin has the advantage of a high quantum yield (~0.8) and a high absorption coefficient
(2.4 x 105M~! em™1) leading to high brilliance [79]. Phycoerythrin is thermally stable up to
~60°C. Fluorescence detection under these conditions presents a 1000 fold enhanced sensitivity
compared to SPR imaging [80]. However, the protocol employed makes the technique an end-point
detection method where no binding and dissociation event can be followed and the temperature is
not controlled. Today, a variety of fluorescence technologies are put forward that allow not only
high resolution for in-situ measurements of fluorescence in cells, but also real-time acquisition and
temperature regulated observation. As it is the case in many technologies, many optimization
steps have to be taken to adapt labeling with adequate fluorophores, photobleaching effects, im-
age acquisition rates and resolution. There are still only limited applications in multiplexing since
only a small selection of compatible fluorophores is available that absorb at approximately the
same wave length while emitting distinguishable different colors.

3.4 DNA synthesis and sequences

Today, DNA is easily accessible for research because of its well known phosphoramidite chemistry.
Since DNA sequences are easily synthesized and modified, the wide application of DNA for mi-
croarrays and biosensors is not astonishing. For this work, probes and oligonucleotides have been
produced that correspond to the sequence of the SNP A870G codon 242 exon 4 of the protein
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Cyclin D1. Cyclin D1 is a proto-oncogene that intervenes in the cell cycle and mutations in this
gene are known to be involved in tumorigenesis [81], 82 83]. DNA from patients of genotypes
A/A and G/G (homozygous) and A/G (heterozygous) is amplified in order to find the mutation
at position 147 of the 167 bases in the PCR sequence. In the probes, this mutation is placed in
the center in order to decrease the stability of the mismatched duplex to a greater extent [84].
The discrimination of the targets is done by the denaturation temperature of the duplex formed
on spots carrying probes complementary to each possible target sequence (see section . To
facilitate the discrimination of the genotype, other probes presenting the additional mutation C/T
one and two bases next to the analyzed position are designed [85]. These additional mutations
decrease the melting temperature even further as loop formation occurs [15] 85]. Complementary
oligonucleotides have two additional bases at each end (dangling ends) in order to increase their
mass and, therefore, the SPR hybridization signal. All complementary oligonucleotides were pur-
chased at Eurogentech, Angers, France. The DNA sequences used in this work are given in table

B.1

The synthesis of the poly-pyrrole modified probes is carried out in our laboratory. The device
EXPEDITE - nucleic acid synthesis systems - by ‘Applied Biosystems’ synthesizes DNA in the
3’—5’ direction. During each cycle, one phosphoramidite (DNA base with modified phosphor
function on the backbone, see figure is incorporated. The first base is fixed on a solid support
in columns that have been purchased. The bases have special protections that prevent involuntary
reactions of the amine functions of the bases. A spacer of 10 thymine bases follows the sequence
before the cytosine base carrying a pyrrole molecule is fixed. The pyrrole modified phosphoramidite
is synthesized at our lab [86]. This last synthesis cycle has an extended coupling time of 15 min
since the pyrrole coupled cytosine is more difficult to incorporate. The efficiency per cycle normally
lies at 98%, but may decrease since reactive components become less efficient within two weeks.

The last detrithylation step (deprotection from DMT, see ﬁgure is already performed by the
synthesizing device, the bases still need to be cleaved from the solid support and to be deprotected
entirely. This is done simultaneously by incubation in 1 ml of a 30% ammonia solution. After
evaporation of the liquid under vacuum (SAVANT SpeedVac Concentrator), biologically functional
sequences are obtained, still mixed with shorter sequences and all other molecules remaining from
the synthesis. The purification of the pyrrole modified oligonucleotides is carried out using High
Performance Liquid Chromatography (H.P.L.C.). The principle of selection is based on the more
or less polar character of the molecules present in the solution. The oligonucleotides pass a so-
called C-18 column filled with micro-spheres functionalized by specific molecules. The analyte
entering the column will attach with more or less affinity to the spheres. Then, the solvent that
continuously passes the column is gradually varied from being more to less polar. This is done
by a mixture of solvent A consisting of 90% triethylamine acetic acid (TEA AA) at 25 mM and
pH 7 and 5% acetonitrile and solvent B consisting of 50% TEA AA at 25mM and pH 7 and
50% acetonitrile. Depending on their interactions with the column and the solvent, the retained
molecules are eluted at a certain percentage and driven out of the column. Thereby, the most
polar molecules are the last to leave the column. They pass a detector determining the absorbance
at one wave length chosen in the UV / visible light. In our case, we observe the DNA absorption
at 260 nm, the maximum of the absorption peak. The oligonucleotides carrying the pyrrole are
the most retarded ones. Time-dependent collection at the outlet permits to get purified probes.

The desiccated oligonucleotides are later dissolved in 1ml distilled water for quantification
by UV spectroscopy (UVIKON XS, BIO-TEK instruments, or ND 1000 Spectrophotometer,
NanoDrop® technologies, Wilmington, USA). For the Uvikon CS, small quantities are diluted
and analyzed by a wavelength scan from 220 to 300 nm to obtain results in the linear range of
absorption (0.2-1.2 OD). The NanoDrop uses 1.5 ul of analyte and has an extremely wide linear
range due to measurements at two different light path lengths. In most cases, the sample does
not need dilution before quantification. Both UV spectrometers have been compared and present
no significant difference. The maximum value of the peak at ~ 260 nm is taken for calculation
of the solution’s concentration. Additionally, a small amount of the solution is double-checked
on H.P.L.C.. The spectra show one single peak, proving purity of the probes. Solutions used
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Figure 3.7: Oligonucleotide production: scheme of the DNA synthesis cycle performed for each
base incorporated. The process proceeds in the direction 3’—5’. at the 5’ end, a spacer chain of
10 thymines is added to the sequence. The last base on the 5’ end is a cytosine modified by a
pyrrole.

for measurements are thrown away in order to keep the original solution as clean and uniform as
possible.

To calculate the concentration of the sample, the law of Beer-Lambert A = «l ¢ is used, where
A is the absorption, « is the absorption coefficient in 1 ecm™! mol™', [ = 1 cm is the length of
the quartz cuvette and c is the concentration of DNA in M. For short oligonucleotides, « can
be estimated to be 10,000 per base. The prediction of the Proligo web site [87] is here adopted.
To take into account the absorption of pyrrole, an adenine instead of the modified cytosine is
used since it has one additional cycle and thus takes into account the absorption of the pyrrole
monomer. Calculations showed that the total efficiency of the synthesis and the purification lay
between 14% and 29%.

Thiol modified probes and all ODN targets are purchased from Eurogentech, France. The
quality control at Eurogentech relies on mass spectrometry. At our laboratory, oligonucleotides
from Eurogentech are controlled by H.P.L.C. and quantified by UV spectroscopy at 260 nm as
described above. The H.P.L.C. spectrum shows no or negligible pollution as the relevant DNA
peak presents always more than 92% of the total area and other eventual peaks are well separated
in time and thus due to other components than DNA. The targets and probes are stocked frozen
in distilled water until use.
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[ Name [ Sequence 5’—3’° [ Abbreviation
POLY-PYRROLE PROBES

ASO-CCND1s-A-16 pyrrole-T1o-TGT GAC CCA GTA AGT G Al6
ASO-CCND1s-A-20 pyrrole-T10-AGT GTG ACC CAG TAA GTG AG A20
ASO-CCND1s-A-24 pyrrole-T1po-CAA GTG TGA CCC AGT AAG TGA GGG | A24
ASO-CCND1s-G-16 pyrrole-T1o-TGT GAC CCG GTA AGT G G16
ASO-CCND1s-G-20 pyrrole-T10-AGT GTG ACC CAG TAA GTG AG G20
ASO-CCND1s-G-24 pyrrole-T1o-CAA GTG TGA CCC GGT AAG TGA | G24

GGG
ASO-CCND1s-TA-16 pyrrole-T10-TGT GAC CTA GTA AGT G TA16
ASO-CCND1s-TcA-16 pyrrole-T1o-TGT GAC TCA GTA AGT G TcAl6
ASO-CCND1s-TG-16 pyrrole-T10-TGT GAC CTG GTA AGT G TG16
ASO-CCND1s-TcG-16 pyrrole-T19-TGT GAC TCG GTA AGT G TcG16
3’-PCR-T10 pyrrole-T1o-ATT GGA AAT GAA CTT CAC 3°-T10
3’-PCR-T20 pyrrole-Too-ATT GGA AAT GAA CTT CAC 3°-T20
M3-15 pyrrole-T19-TGG AGC TTG TGG CGT M3
M4-15 pyrrole-T1o-TGG AGC TGA TGG CGT M4
M5-15 pyrrole-T1o-TGG AGC TGC TGG CGT M5

THIOL PROBES
ASO-CCND1-A-thiol SH(C)6-T10-TGT GAC CCA GTA AGT G Al6-thiol
ASO-CCND1-G-thiol SH(C)6-T10-TGT GAC CCG GTA AGT G G16-thiol
ASO-CCND1-TA-thiol SH(C)6-T10-TGT GAC CTA GTA AGT G TA16-thiol
ASO-CCND1-TG-thiol SH(C)-T10-TGT GAC CTG GTA AGT G TG16-thiol
Zip7-thiol SH(C)6-T10-TGC GAT CGC AGC GGT AAC CTG ACC | Zip7-thiol
Zip9-thiol SH(C)6-T10-GAC CAT CGT GCG GGT AGG TAG ACC | Zip9-thiol
TARGETS
ASO-CCND1c-Ac-20 CTC ACT TAC TGG GTC ACA CT Ac20
ASO-CCND1c-Ge-20 CTC ACT TAC CGG GTC ACA CT Gc20
ASO-CCND1c-Ac-26 Biotin-CAC CCT CAC TTA CTG GGT CAC ACT TG Ac26
ASO-CCND1c-Ge-26 Biotin-CAC CCT CAC TTA CCG GGT CAC ACT TG Gc26
M3c ACG CCA CAA GCT CCA M3c
M4c ACG CCA TCA GCT CCA Md4c
Mb5c (Biotin-)ACG CCA GCA GCT CCA Mbc or Mbce-
bio

ASO-CCND1t-Poly-T-solution | Ts¢-CCC TCA CTT ACC GGG TCA CAC TTG PolyT-sol
ASO-CCND1t-Poly-T-surface CCC TCA CTT ACC GGG TCA CAC TTG-Ts¢ PolyT-surf
ASO-CCND1t-PCR80 CCC TCA CTT ACC GGG TCA CAC TTG ATC ACT | PCR-80

CTG GAG AGG AAG CGT GTG AGG CGG TAG TAG

GAC AGG AAG TTG TTG GGG CT
ASO PCR amplified 3-CAC TTC AAG TAA AGG TTA GGC GGG AGG | PCR A/A,

TAC CAC CGT CGC CCC TCG CAC CAC CGG CGT | G/Gor A/G

CAC GTT CCG GAC TTG GAC TCC TCG GGG TTG

TTG AAG GAC AGG ATG ATG GCG GAG TGT

GCG AAG GAG AGG TCT CAC TAG TTC ACA CTG

GGC/T CA TTC ACT CCC ACT ACA GGG -biotin-5’

PCR PRIMERS AND HELPER ODN

CCND1-forP-phosphorylated phosphate-GTG AAG TTC ATT TCC AAT CCG C primer-phos
CCND1-revP-biotinylated biotin-GGG ACA TCA CCC TCA CTT AC primer-bio
Helper oligonucleotide ASO- | biotin-CGC CTC ACA CGC TTC CTC TC helper ODN
CCND1-20

Table 3.1:  Sequences of probe and target DNA used in this study. Probes are either modified
by a pyrrole moiety to enable spotting by electro-polymerization or by a thiol function allowing
self-assembling. Some targets bear a biotin at the 5’ end for amplification using streptavidin. The
PCR primers for forward and reverse strand are phosphorylated and biotinylated, respectively.
The helper oligonucleotide designed for hybridization to the PCR strand is biotinylated.

28



3.5. DNA SURFACE IMMOBILIZATION METHODS

3.5 DNA surface immobilization methods

As we have seen in the theoretical background of SPR in section [3.I] surface polaritons occur at
the interface of a metal and a dielectric when light is shone through a material of high refractive
index under the angle of total reflection. The DNA chips are hence prepared on glass prisms
that are coated by a 50 nm gold layer. To assure better adhesion of the gold to the glass, a thin
layer of 2 nm chromium is deposited between glass and gold. The prisms are purchased from
Genoptics, Orsay, France and measure typically 1.25 x 2.4 cm on the top surface and exhibit an
angle of 60°. Specifications on the thickness of the layers and their respective refractive indexes
are given in table[3.2] Hereafter, two different immobilization strategies of DNA probes on a gold
layer will be presented. The first one, electro-copolymerization of pyrrole modified DNA has been
developed and employed at the CREAB for over 10 years. The second strategy, self-assembling
of thiol modified DNA on gold layers is a common technique and has been optimized during this
work for SPRi applications with multiple probes spotted onto one sensor.

3.5.1 Electro-copolymerization of poly-pyrrole

At our laboratory, DNA is immobilized by an electrochemical copolymerization process of pyrrole
[86], 9T]. Two different buffers are currently used as basic solutions of the reactive medium. Buffer
1, called FDZ, containing NaH,PO,, NaCl, glycerol, NaOH and water, is very stable when frozen
and gives very reproducible results. Buffer 2, called GDALi, containing acetonitrile, dimethyl
sulfoxide (DMSO), glycerol, lithium perchlorid and water has been empirically adapted and yields
a better signal for DNA hybridization. However, the solution is not very stable with the acetonitrile
being very volatile and no pH buffering done. It is thus preferable to prepare the solution directly
before spotting. The spotting buffer is subject to on-going optimization, in this work the GDALi
buffer has been used with slightly varying salt concentrations (0.1 M-0.15 M). The reactive medium
is composed of buffer, pyrrole at 20mM and pyrrole-modified DNA at typically 1 to 10 uM, for
example, for oligonucleotides. So we have a ratio of DNA modified pyrrole monomers to pyrrole
monomers of 1:2000 to 1:20 000.

To allow for confined spotting zones, the surface is rendered hydrophobic by immersing the
prism for 10 min in an ethanol solution containing 2.5 mM of 1-Dodecanethiol (CH3(CHz)11SH -
Sigma-Aldrich, France). Thiols are known to form spontaneously self-assembling monolayers on
gold surfaces [92], 93] [94] [95], [96]. Dodecanethiol has a hydrophobic end group (CHjs), rendering the
surface of the prism globally hydrophobic. After formation of the (unordered) layer, surplus thiols
are eliminated by rinsing with ethanol. Note that the prisms are only thiolated when used with
the pipette tip spotter Polypotter (see hereafter) and not with X-tend needles on the automatic
spotter.

Our laboratory disposes of two different types of spotters. Polypotter (home-made, see figure
is a controlled device able to move in the three directions of space guiding a micropipette. It
places the pipette tip on the prism, aligning the spots in a user defined matrix. Usually spots are
spaced by 0.8 mm and the spotting area is chosen to fit into the fluid cell of the SPRi. Electro-

] Specifications about the prism \

material layer thickness refractive index

glass - 1.776

chromium 2 nm 3.09+1:3.34

gold 52 nm 0.14+13.7

poly-pyrrole [88] 1-12 nm 1.7-i0.3

DNA variable, 5-10nm | An/Ac = 0.14 — 0.16 cm? /g [89, [90]

Table 3.2: Specifications on the SPRi prism and the refractive index of the different layers at a
wave length of A=660 nm. Information obtained from GenOptics.
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Figure 3.9: Schematic representation of the electro-spotting setup.

chemistry is done using a two electrode system, where the reference electrode is connected to the
counter electrode. We therefore do not control the absolute potential in the cell, only the differ-
ence of the potential between working electrode and counter electrode. A platinum wire of 125 pm
diameter introduced inside the pipette tip and the gold surface on the prism serve as counter elec-
trode and working electrode, respectively. Using a potentiostat device (Potentiostat/Galvanostat
Model 263, Princeton Applied Research®, Tennessee, USA) an electrical impulsion of 2V is ap-
plied to the cell for 100 ms and leads to polymerization of the pyrrole molecules [97]. The charge is
transported by the salt in the reactive medium loaded in the pipette tip and serves as indicator of
the thickness of the deposited poly-pyrrole film. For DNA application, charges between —1.21uC
and —1.8 uC show empirically the best SPRi hybridization signal. The procedure needs an oper-
ator who manually charges the tip with the spotting solutions and controls the electrochemical
process. The spots have a diameter of about 400 pum and a thickness of ~ 5nm. The probe
density has been determined to be 10 pmol/cm? on thick pyrrole layers using 40 pM DNA [80].
We can not suppose that the grafting is directly proportional to the ratio of pyrrole monomers to
DNA since the diffusion of the two species is significantly different. However, changing the DNA
concentration leads to a variation of the grafting density. We estimate the grafting density to be
around 1-5 pmol/cm?.

Contrarily, the OmniGrid spotter by Genoptics, Orsay, France, is fully operated by a PC interface.
The electro-spotting interface Labjack was integrated at the laboratory and is controlled by a Lab-
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view interface. The robot uses a needle instead of the pipette and spotting solutions are taken up
by capillarity. Spots can be precisely placed and have - in ideal cases - a diameter of 260 pm, the
inner diameter of the Teflon covered needle. The electro-chemistry is usually set to 2V for 100 ms,
identically to Polypotter conditions. With the robot, spots of about 1 nm height are polymerized
as determined by Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM) by
E. Descamps at SPrAM.

Both deposition methods have advantages and disadvantages. In general it is preferable to de-
posit a very fine poly-pyrrole layer, since the plasmon curve is broadened when the layer increases.
This increase leads to a reduced dynamic range of the biosensor [88]. On the other hand, the
deposit of a thicker layer results in immobilization of more DNA strands that are able to hybridize
and thus yield a higher mass and refractive index change in SPRi. The deposit of DNA in a
polymer layer may introduce a probe length dispersion, since parts of the DNA strands may be
hidden by the matrix and rendered inaccessible. Thus, the spotting with the Omnigrid robot may
be a good approach once the DNA spotting conditions are optimized. However, when the pyrrole
film is too thin, clear observation by SPRi before hybridization may be difficult since the contrast
between the pyrrole layer and the bare gold surface is poor. It is absolutely necessary to distinguish
the spots clearly in order to define SPRi masks for image analysis and signal averaging of each spot.

All chips are designed to present internal controls. A positive control DNA sequence differing
from the target’s sequence is spotted: it should not react to the actual target, since the two
sequences are not complementary. When its complementary strand is injected, these spots give
a specific signal. Additionally, every prism has some spots of poly-pyrrole without DNA. They
are used as negative control since they should not respond to any DNA sequence injected. For
all experiments, every sequence is deposited in multiplets to control reproducibility (3-6 spots per
sequence).

The biochips can be used for several experiments over about 2-3 months when stocked thor-
oughly desiccated under argon atmosphere at +4°C. During storage over about 4 months, they
may loose up to 50% of their signal. The poly-pyrrole can be regenerated from the gold surface
by immersion in commercial bleach at a 10% dilution. The prism should be cleaned by a piranha
solution, 70% sulfuric acid (H2SO4) and 30% hydrogen peroxide (H2O3) and immerged in do-
decanethiol before second employment. ATTENTION: Piranha solution is highly corrosive and
should be handled with adapted, acid resistant security clothes and mask.

3.5.2 Thiol self-assembling monolayers

A second DNA grafting method characterized and used in this work is the self-assembling of
thiolated DNA on gold surfaces. Thiols have been known for some time and are today well char-
acterized. A detailed review on this topic has been published by the group of Whitesides in 2005
[92]. Especially the self-assembling of alcanethiols on gold has been studied. Thiol self-assembling
takes place spontaneously on clean gold surfaces when immersed in a solution containing the thiol
of interest. While physisorption of thiols on gold takes place in a few minutes, the monolayer
formation due to reorganisation of thiolates is a very slow process taking several hours, especially
when the layer should be stable and free of defects. The final monolayer is not covalently bound,
but thiols are chemisorbed. The concrete structure and thickness of the monolayer will depend
on the length of the chains, the interaction time, the head group, etc.. The thiol-gold interaction
is not covalent, but relies upon chemisorption of the thiol moiety SH to the clean gold surface.
The stability of the monolayer will thus depend on the experimental conditions like pH [98], tem-
perature [99] [100], electric potential [101], etc.. To immobilize thiolated DNA, I started with
the protocol of Lidija Malic [102] during a 2-month stay at McGill University, Montreal, Canada
which was adapted from Peterlinz et al. [I03] to create uniform, DNA functionalized surfaces.
This DNA immobilization method is well characterized in follow-up articles by Herne, Levicky
and Steel [99], 104] [T05], regarding grafting density, dependency on DNA probe length, stability
of the self-assembled layer versus temperature, ... and is the most widely employed DNA surface
grafting protocol using thiol-modified DNA strands.
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Figure 3.10: Comparison of two hybridizations by SPRi showing the efficiency of MCH blocking
after spotting of Zip7-thiol probes. Hybridization before MCH treatment of the surface results
in huge non-specific signal on the gold surface. After 90 min incubation with MCH, a second
injection shows almost no signal on gold and increased hybridization signal on DNA spots. Images
presented are differential images taken at the end of each injection. Regeneration si achieved by
injection of NaOH 0.1 M for 1 min.

Gold coated prisms are cleaned in piranha solution for 5-10 min. The prism is then covered
with 1M solution of thiolated DNA for 3-5h in KoHPQO4 at 1M concentration, in a humid
environment to avoid drying. After incubation, the prism is rinsed with deionized water and dried
under argon or nitrogen stream. The prism is then immersed for 90 min in a 1 mM solution of
6-mercapto-1-hexanol (MCH) which serves as blocking thiol, replacing DNA that is not adsorbed
by its thiol moiety and filling in imperfections of the layer [I04]. After washing and drying, the
chip is stored at 4°C and rapidly employed for SPRi studies. When only parts of the surface are
functionalized by DNA, MCH also serves to block the remaining gold surface thereby rendering
it insensitive to non specific DNA adsorption. In figure [3.10] we see functionalized areas of thiol
(about 2-3mm in diameter) that are hybridized to its complementary DNA. Before treating the
surface with MCH, we observe a high DNA adsorption signal on the gold surface that is only
partially recovered upon regeneration by NaOH. After treatment of the surface with MCH, the
DNA hybridization signal is specific and we observe an increase of 25% of the hybridization signal
on the spots.

In the course of this work, the described two step functionalization protocol has been adapted
to be compatible with the spotting of thiolated DNA using the OmniGrid spotter with X-tend
microarray pins (Lab Next Inc, Glenview, USA). Several parameters have been examined: Influ-
ence of DNA-thiol concentration, influence of the concentration of the KoHPO4 buffer, interaction
time, humidity and rinsing methods. Especially rinsing gets important when thiols are spotted
on a surface since upon rinsing the thiol-DNA solution gets in contact with thiol-free gold surface
and may lead to contamination in form of ‘comet tails’, as shown in figure B.I1] or in the worst
case, to cross-hybridization. This phenomenon can be overcome by letting the DN A-thiol solution
dry before rinsing as shown in figure [3.11] on the right. Prisms can be regenerated from thiols by
short immersion into piranha solution. Note that repeated application of piranha may damage
the gold layer and lead to surface irregularities and irreproducible SPRi signals.

A detailed comparison of both spotting techniques by QCM-D, SPRi and contact angle mea-
surements is presented in section [£.3]
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Dip-rinsing in MCH solution Overnight drying before MCH deposit
DNA-thiols form "comet tails" Spots are well define, but denser packed

Figure 3.11: Images acquired after DNA hybridization and revelation using fluorescence mi-
croscopy. On the left: thiol spots that have been dipped in MCH solution for rinsing before
MHC deposit show come-tails due to DNA deposit during rinsing. On the right: this effect can be
suppressed when DNA-thiol spots are dried before MCH deposit. No DNA is found outside the
original deposited spot, however, due to long incubation times, the grafting density is very high.
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Chapter 4

DNA on a solid support:
fundamental aspects of duplex
stability

Dans ce chapitre, des concepts théoriques de I’hybridation de ’ADN sur puce seront introduits
et nous les montrerons par la suite sur nos données expérimentales. Dans la premiére partie, le
modéle de Langmuir sera utilisé pour une description détaillée de ’hybridation d’ADN sur puce.
Des prédictions pour une analyse de cibles mutées par rampe de température seront faites pour le
cas homozygote et hétérozygote. Ensuite, le modéle de Langmuir sera raffiné pour inclure les effets
de la force ionique du tampon sur le duplex ’ADN & la surface. Aprés cette partie théorique, les
premiers résultats présenteront une comparaison de deux méthodes de greffage d’ADN utilisées
dans ce travail. Nous nous intéresseront notamment a la sensibilité obtenue sur des plots de poly-
pyrrole ou de thiol et & la stabilité thermique de ces méthodes d’immobilisation. Cette partie
introduira en méme temps des concepts d’hybridation d’ADN sur puce & température constante.
Toutes les parties suivantes traiteront ’analyse de dénaturation thermique de PADN hybridé & la
surface. Aprés une clarification sur les différences entre les rampes de température a 1’équilibre
(en présence d’ADN) et hors équilibre (pendant rincage de la puce), on s’intéressera d’abord a
I'influence de la force ionique du tampon sur la stabilité du duplex immobilisé. Nous confronterons
les résultats expérimentaux & la théorie introduite précédemment. La stabilité de 'ADN sera
ensuite étudiée en présence d’agents dénaturants, notamment de la formamide.

Aprés cette étude de l'influence du tampon, on s’intéressera aux cibles. Un systéme modéle
de mutations ponctuelles sera étudié. On essayera notamment de pousser les limites de détections
le plus loin pour détecter une cible minoritaire et mutée en présence d’un large excés de la cible
sauvage. Une méthode d’amplification du signal SPRi est ensuite étudiée pour évaluer si elle peut
améliorer la sensibilité de notre détection. Les études sur les oligonucléotides seront complétées
par une analyse de séquences plus longues ayant des queues d’un coté spécifique de la partie
hybridante. Elles serviront également & établir les influences des structures secondaires d’ADN sur
I’hybridation & la surface et prépareront ainsi I’étude d’échantillons biologiques présentée dans le
chapitre [5]
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4.1. INTRODUCTION

4.1 Introduction

In this chapter, we will try to elucidate main issues in DNA duplex stability using thermal de-
naturation of DNA in a solid state experiment. Thermodynamic properties of DNA are usually
analyzed in solution, as introduced in the previous chapter. DNA hybridization and melting are
then studied in an ‘ideal solution’, where DNA is sufficiently diluted to prevent interactions be-
tween different ‘neighboring’ strands. A two-state association and dissociation model can then
be assumed for duplex formation between oligonucleotides (ODN). When it comes to surface hy-
bridization, however, new considerations have to be made, since grafting DNA to a surface implies
serious changes to the hybridization environment. DNA may not only interact with the substrate
by hydrophobic or electrostatic interactions, but immobilized DNA will also interact with each
other, depending on the grafting density [8, [106]. The characterization and understanding of the
biochip environment is thus a main issue in DNA microarray design. When no care is taken,
results can be biased by non-specific signals, either from DNA in solution or other components.
Selectivity, reproducibility and thus the reliability of the results are inevitable criteria in the design
of diagnostic tools. Depending on the performance criteria, time consuming optimization steps
are often necessary before the DNA chip can be considered for use in medical applications. Funda-
mental insight in solid phase hybridization will lead to more precise predictions on the system and
therefore accelerate the validation of the microarray design. The here presented considerations
and results will help to evaluate DNA interaction on biochips.

We will see in the theoretical section how surface hybridization isotherms can be analyzed
within the Langmuir surface adsorption model [I07]. This simple model of hybridization between
one target in solution that hybridizes to the immobilized probe is discussed and then extended to
the case of a target mixture where two targets are able to hybridize to the same probe. Competition
for the hybridization site will occur and we will see that the presence of two different targets
with comparable affinities for the probe compromises the selectivity of the detection method
[108]. However, there are medical applications where it is crucial to detect the presence of targets
presenting one mutation, for example, when medical samples from a biopsy are to be analyzed.
DNA samples from biopsies will reflect the DNA in the same proportion as the extracted tumor
and healthy cells. The tumor cells often represent less than 10% of the sample, and the challenge
lies in detecting not only their presence, but also in giving quantitative data on the sample’s
composition. Some representative scenarios are modeled. The competition may still get more
complicated when the targets in solution are of relevant biological length, for example, >100 bp
for samples amplified by PCR. Furthermore, targets in solution are usually double stranded or,
after special treatment, in single stranded form and the targets may have important secondary
structures that prevent efficient surface hybridization.

Next, we will study salt effects on solid phase hybridization. Since DNA has an anionic back-
bone, surface grafting creates a negatively charged layer. The surrounding bulk solution usually
contains a certain amount of ions so that counter-ions from the bulk can be recruited to the surface
to screen out negative charges. Different surface hybridization regimes can be encountered and
are discussed here within the Langmuir model.

The first experimental results presented in section 1.3} will familiarize the reader with DNA
surface hybridization kinetics via a comparison of two different DNA immobilization methods.
In fact, chemical surface modification and grafting strategies for biological molecules are subject
to continuous research. To date, no standard grafting method is established due to problems of
adaptation to the detection systems or inert imperfections of the different chemistries, concerning
especially their reproducibility, stability and ease of implementation. Here, we present poly-pyrrole
electro-copolymerization [97] and thiol self-assembled monolayers [109, [I10] as two possible surface
modifications for gold substrates. The advantage and drawback of each method will be discussed.

In the following sections, we will focus on DNA stability on solid supports observed by thermal
denaturation of DNA. Most detection systems that are able to distinguish point mutations in the
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DNA sequence rely on stringent conditions for discrimination. Any condition that results in a
significant destabilization of the duplex with one or more mismatches, as opposed to the perfectly
complementary target, can be adapted to achieve specific hybridization and to confirm the target’s
identity. Current parameters that can be easily varied are ionic strength, temperature, addition of
denaturing agents to the buffer, pH, electric field, .... We will analyze the following factors with
respect to duplex stability thanks to time and temperature dependent signal acquisition using
SPRi:

o Ionic strength (section [4.5): since DNA has an anionic backbone, hybridization is penal-
ized in the absence of counter-ions that screen repulsive interactions between complementary
strands. We acquire equilibrium melting curves and compare the results to existing literature
and the theoretical model established in our laboratory’s theory group.

¢ Denaturing agents (section : the influence of formamide on DNA non-equilibrium
thermal denaturation is studied and compared to values from the literature obtained for
DNA melting in 3D environments. We focus here on the influence of the grafting density
and eventual interaction changes in the case of mismatched targets.

e Point mutation detection on oligonucleotides (section : the detection of mis-
matches is shown for non-equilibrium thermal denaturation experiments. Starting from the
detection of the homozygous genotype, with one DNA sequence present in the sample, we
go towards the detection of two targets in solution presenting one exchanged base pair and
thus one mismatch when hybridized to the same probe. The possibility to distinguish the
presence of mismatched targets on one spot is shown and pushed to the limit of detection for
the case of a mismatched target in low abundance in high concentration of complementary
target (case of biopsy samples). The results are once again compared to the theory.

e Signal amplification using biotin-streptavidin interactions (section [4.6.3): to in-
crease sensitivity, many detection methods rely on amplification strategies. Here we evaluate
one common method based on the strong affinity between the small molecular compound
biotin and its recognition partner streptavidin. Thermal characterization provides here a
more detailed insight in the interaction of streptavidin with biotinylated targets hybridized
on the surface.

¢ Dangling ends and secondary structure (section: the influence of long dangling
ends and their localization on synthetic targets of 80 nt length is determined. Furthermore,
the influence of competition between surface hybridization and secondary structure in the
bulk is observed.

We conclude this chapter with a summary in section [£.7] of the results obtained by the tem-
perature scan method on SPRi measurements and a small discussion of the impact of our results.
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4.2 The Langmuir model applied to DNA surface hybridiza-
tion

4.2.1 The Langmuir model in the case of one or two targets

Hybridization and denaturation of DNA can, in the
simplest case, be treated in a two state model, in . .
which the strands are either hybridized or separated

kon .
(target+probe = double helix). When the probe .

koss
DNA is attached to a surface, this can be mod- .

eled by the so-called Langmuir model. The DNA
hybridization is assumed to follow first order ki-
netics. In our application with DNA on separate

spots, it is useful to consider the surface coverage

_ number of hybridized probes
0 = total number of accessible probes of each SpOt‘ We

then have to solve the following differential equa-  pigyre 4.1: Sketch of the Langmuir Adsorp-
tion: do tion. Species can adsorb to free sites on the
— =konct (1 —0) —kosp6 (4.1) surface. The surface coverage 6 is defined as

dt the fraction of occupied sites.

where k,,, [ﬁ} and kor s [%] are the reaction con-

stants and ¢; is the concentration of targets in solution that will be considered constant during
hybridization. Considering a spot initially not hybridized, i.e. 8 = 0, the following solution is
obtained for isothermal duplex formation:

k Cy
Oon (1) = __omt (]_ _ 7(konct+koff)t)
( ) konct + k‘off ¢

KCt _t _t
N R
KCt+1( ¢ ed ¢

where 6., = Ke;/(1 + Key) is the equilibrium surface coverage, K = kon/koss is the equilibrium
binding constant and 7 = (konct + ko f)_l is the characteristic time scale of the reaction. Accord-
ingly, we find the out-of-equilibrium denaturation isotherm (¢; = 0) when we consider the initial
condition 5 ¢(t = 0) = B4 at the beginning of the rinsing step:

(4.2)

Ooss (1) = Oeqe™ 11" (4.3)

We are thus able to determine the equilibrium constant K by observing the hybridization and the
denaturation process at a constant temperature.
It has to be mentioned that the Langmuir isotherm 6., = HLKC‘Q is only valid when the following
conditions are fulfilled [IT1]:

e All probes on a spot should be of identical size and sequence

e Each probe hybridizes exclusively to one target. Note that this condition is not fulfilled when
introducing two or more targets simultaneously that differ in one or two bases (mutations)

e Likewise, all targets hybridize only to one single probe. Dangling ends are thus not allowed
to hybridize to neighboring sites

e There is no competitive hybridization in the bulk. The target can neither self-hybridize nor
hybridize with another target in solution

e The grafting density should be diluted enough to inhibit all effects of interactions (excluded
volume interactions or electrostatic interactions) between probes. Therefore, the distance
between two sites should be larger than two times the Flory radius of a polymer chain
R = N3a with a = 6A the characteristic size of a base and N the number of bases. To
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Figure 4.2: Simulation of non-equilibrium thermal denaturation curves for point mutation detec-
tion on the CCND1 SNP A870G. a) NTD curves after injection of 250 nM Gc20 target. b) Result
on the same probes for 250 nM Ac20 target. Perfectly matched duplexes are well distinguished
from mismatches.

avoid electrostatic interactions, the salinity of the buffer should have an ionic force that
assures the Debye length to be smaller than the distance between two probe sites. The steric
hindrance between hybridized probe sites modeled as rigid cylinders of 2 nm diameter should
be negligible

The knowledge of the equilibrium constant permits further to access the thermodynamic param-
eters of the hybridized DNA using the equation

AG
K (T) =exp ( RT) (4.4)
where R is the gas constant 8.31J/(mol - K), T the temperature in Kelvin and AG = AH —TAS
is obtained from the nearest neighbor model described in section This relation also permits
to calculate the melting temperature T,,, determined by the thermodynamic enthalpy AH and the
entropy AS of the DNA duplex formation. Knowing that T,, is defined as the temperature at which
half of the available hybridization sites are in the double helical form i.e. % = K(Ty) et = 1,
we find again equation for the melting temperature. By observing melting temperatures for
different target concentrations, we have access to AH and AS of the system:

AH 1 AS
R T, R

In¢, =

(4.5)

When we plot In¢, (%), we can calculate entropy and enthalpy from the slope and the axis

intercept of the linear regression.

Furthermore, knowing the thermodynamic parameters of the DNA sequence either from ex-
periments or from the NN model, we are able to simulate the melting curves of those sequences in
thermodynamic equilibrium using the Langmuir model and calculating at each temperature the
equilibrium surface coverage 0.,. The thermodynamic parameters AH and AS are again consid-
ered constant and only AG varies with the temperature according to AG = AH — TAS. It is
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Figure 4.3: a) Association of target mix 90% Gc20 and 10% Ac20 of 250 nM total DNA concentra-
tion. At 25°C targets hybridize in the same way to PM and MM spots. The final surface coverage
is composed of the percentages of matched and mismatched target on one spot and reflects the
sample composition. b) During non-equilibrium thermal denaturation, the presence of a target
mixture is revealed by a plateau which occurs in dependency of the T, differences between PM
and MM duplex on one spot. While it is clearly visible on A16, no clear stagnation appears on
G16.

however more interesting for the experimental work hereafter to consider non-equilibrium thermal
denaturation curves (NTD curves). The differential equation for the surface coverage must
then be solved numerically as the dissociation rate depends on the temperature which is varied
over time. For a given temperature profile and by fixing the dissociation rate via the relation
Kot t=kon/K(T), equation [.1] can be solved using a Mathematica routine. In figure we can
see NTD curves demonstrating the destabilizing effect of mutations on the DNA double helix.
Probe sequences of 16 bp from the Cyclin D1 gene are presented after hybridization of G¢20 and
Ac20 in figure and b, respectively (see table for sequence information). Each curve in
one graph corresponds to a different probe being either perfectly complementary or having one
or two mismatches toward the target. The melting temperature of the mismatched duplex is de-
creased by several degrees Celsius compared to the perfectly matched probe and mutations can
so be discriminated. On one sensor surface with allele specific probes, we can determine, if the
denaturation shows the signature of the wild type or the mutated target. The order of the curves
on a chip with allele specific oligonucleotide (ASO) probes is changed when the probes hybridize
to a mutated target instead of their perfectly complementary one as shown in the two subfigures.
Our simple simulation will later be confronted to experimentally obtained NTD curves for these
targets. These simulations do not consider any variation of the thermodynamic parameters AS
and AH with the temperature. The correction due to the heat capacity change AC), as determined
by Zuker do not significantly alter our results [I12]. For a detailed discussion of the influences of
heat capacity changes on DNA melting, see for example [113]

As mentioned before, it may be interesting for clinical applications to observe mixed targets,
i.e. the heterozygous case. When we consider a spot bearing one single probe and a target
solution composed of target 1, the complementary strand, and target 2, the strand presenting a
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Figure 4.4: Simulation of non-equilibrium thermal denaturation curves for a heterozygous sample
of genotype A/G of the CCND1 SNP A870G and their derivatives.

point mutation, we have to analyze the following equations [114]:

00
8—; = konc1 (1 =01 — 02) — kog1(T(t))01 (4.6)
00
8—5 = konc2 (1 — 01 — 02) — kosr2(T'(t))02 (4.7)

We consider, that the k,,, of the complementary duplex and the mutated duplex are the same.
This assumption has been shown to be consistent with experimental results [I112], [108]. This can
be explained by considering the DNA hybridization process as a zipper that closes up completely
once a nucleus of about four base pairs has been formed. According to Wetmur and Davison [115],
this rate limiting step depends on the complexity of the sequence. For two duplexes differing by
one point mutation the sequence is very similar and thus also k,,. To predict the proportions
of perfect and mutated duplexes on the spot, we have to solve the system of coupled differential
equations numerically to find 6;(T(t)) and 05(T(t)). We therefore apply a typical temperature
profile with 10 min hybridization at constant temperature of 25°C. Then, unhybridized targets are
washed off for 5min before the temperature scan at 2°C/min is applied.

The hybridization process must be sufficiently short in order to avoid rearrangement of the
targets on the spots caused by the higher affinity of perfect matches. At 25°C, however, target
dissociation is almost absent so that the original hybridization proportions of matched and mis-
matched targets on one spot reflect the sample’s composition. The association kinetics of a sample
mixture containing 90% Gc20 and 10% Ac20 is shown in figure [f.3h. Since k,, is identical and
both targets are stable at 25°C, the association of one target to a probe as perfect matched (PM)
or mismatched (MM) duplex shows the same kinetics. Dissociation is absent under the conditions
considered (400 mM NaCl, 25°C) and the surface coverage reflects the injected proportions. When
solving the differential equations during the T-scan, we obtain the dissociation characteristics for
6 on each spot from the sum 6 = 6; + 6. Figure [4.3b shows the NTD curves for a 2°C/min
T-scan obtained after hybridization shown in subfigure a. Due to the difference of the dissoci-
ation temperature between complementary and mutated duplexes on the probe, we observe at
low temperatures the denaturation of the mutated target. Then, the signal stagnates until the
temperature is high enough to denature the complementary target. The stagnation occurs at the
percentage of the surface coverage that equals the proportion of complementary targets on the
spot. For genotyping, we can detect in this way heterozygous samples with equal proportions of
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mutation and wild type target in the sample as shown in figure [£.4] In the derivative plot on the
right, we find two minima per spot indicating the presence of two targets of different affinities for
the probe in question. The NTD simulations are encouraging, since we seem to be able to detect
not only if the sample contains the wild type or the mutated target, but also the presence of both
at the same time.

4.2.2 Extensions: Taking into account experimental specifications

The Langmuir model is the simplest approach to evaluate DNA hybridization on a surface. How-
ever, as we have seen, the Langmuir adsorption isotherm is restricted to very limited conditions.
In some cases, it may be useful to modify the Langmuir adsorption isotherm to take into account
effects of the DNA’s environment or the actual experimental protocol of DNA surface hybridiza-
tion.

Probe length dispersion

We will first focus on the case, when the probe length is not unique but shows a certain distri-
bution. In our experimental setup, a distribution of probe lengths possibly occurs because of the
immobilization of the DNA in a pyrrole polymer film of about 5-10nm thickness. Even in the
presence of a spacer chain of 10 thymines, there can be probes that are partially entrapped in the
polymer and thus not fully accessible for target hybridization. This may lead to a distribution
P(n) of the probe length n < Ny,q, where N4, designates the originally synthesized probe length.
The equilibrium surface coverage can then be expressed in the following way:

Niaa

Ocg (Tice) = Y P(n)Oegn (T, ct) (4.8)

’IL:Nmin

Here, N,;, describes the minimum length necessary for hybridization under chosen experimental
conditions. When we assume, that the main fraction of 60% of the probes has the length N,
and that there is an uniform distribution of chain lengths N0 — 7 < 1 < Nppag, we find that the
resulting melting curve for a spot shows a broadened transition compared to curves obtained from
the Langmuir model with one determined chain length N, ... This is due to the different dissoci-
ation constants of DNA duplexes of different lengths. The association constant k,,, meanwhile, is
not affected by this probe length dispersion, as hybridization occurs spontaneously once a nucleus
of N,,in =4 bases has been formed. This phenomenon has been analyzed by J.-B. Fiche in more
detail in [I12]. Other models are available like second order Langmuir models or the Sips model
that describes the presence of heterogeneous binding energies and may be used to fit hybridization
isotherms [89).

Salt effects

Another non-negligible factor, when working with denaturation curves of DNA, is the influence
of the buffer’s ionic strength on the melting temperature. The electrostatic interactions give rise
to further corrections of the Langmuir model. Several groups have worked on this issue and have
proposed empirical corrections. As most studies are led in 1M sodium chloride (NaCl), this con-
centration is often used as the reference concentration for calculation of the melting temperature.
Until today, there remain some uncertainties about the exact equation. Corrections of the thermo-
dynamic parameter AS, convenient for a wide range of DNA probe lengths, DNA concentrations
and salt concentrations have been put forward by Owczarzy et al. [39]. This article gives a good
overview over existing corrections from various research groups and compares the different salt
correction to data over a wide set of oligonucleotides. It concludes that the melting temperature
can not simply be related to In [Na"’] as proposed previously, but has also a quadratic term. Also,
the authors find a salt dependency that is based on the percentage of G-C base pairs and not on
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the sequence as the NN model. In the following, we will adopt the salt corrections by Santal.ucia
as stated in section and the theoretical approach presented hereafter based on an extended
Langmuir model to describe salt effects on a surface.

Henceforth, factors corresponding to probes will be indexed p, targets and duplexes between
probes and targets are indexed t and pt, respectively. Hybridization of targets from the bulk to
probe DNA grafted on a surface will be analyzed. Since probes usually have a spacer chain, we
will treat the case where probes and targets are of different length N, and Ny, respectively. We
will consider a uniformly functionalized surface of grafting density d, = n/A, with n the number
of probes grafted on the surface A. We can also define a unit area per probes site . Knowing
the length of probe and target, we can now determine o, the number of charges per unit area.
Inevitably, o depends on the surface coverage 6 since each hybridizing target adds N; charges:

N, N,

= = |14+ — .

7= < + N, 9) (4.9)
~—

go

where oy denotes the density of charges on the unhybridized surface. The total charge density on
the surface is thus o4, = —0o e.

A theoretical discussion of the influence of the electrostatic free energy per unit area 7 is
presented by Halperin et al. [I07]. There, a general form of the adsorption isotherm is derived for
probes and targets of equal size, which can be easily adapted to probes and targets of different
sizes using o as defined before. We then obtain a hybridization isotherm that takes into account
surface charges:

0 o AGO Nt a’yel
a(1=0) exp <_RT > - exp <_I<JT % ) (4.10)
—_—

K

with K the equilibrium constant and AG? the Gibb’s free energy in the reference state. Note
that the reference state in this model is not equivalent to the previously defined AGY;.. of the
NN model (1M monovalent cations at 37°C). In fact, it corresponds to the energy of surface
hybridization of uncharged chains. Equation [£.10]is generic since it is independent of the form of
the electrostatic free energy ;.

To determine the electrostatic free energy, we have to characterize the relevant electrostatic
length scales of our system. Since the polyelectrolyte DNA is immersed in buffer, its charges will
attract cations that reduce the electrostatic potential. The screening length is given by the Debye

length
eo€r kT
AD =\ 7 4.11
b NA62I’ ( )

where €y is the vacuum permittivity, €, is the relative static permittivity of the medium, N4 is
the Avogadro constant, e the elementary charge and I is the ionic strength of the electrolyte. It is
also useful to introduce the Bjerrum length

62

= 4.12
ekT ( )

lp

in order to rewrite the Debye length as in the Gauss system, where c, is the salt

1
V87 Nalp 103 ¢,
concentration in M. The Bjerrum length fielg(?rlﬁ)(lag the distance at which Coulomb interactions
equal the thermal energy kT. A third relevant length scale is the Gouy-Chapman length A =
1/(2m lgo) describing the diffuse layer of counter-ions attracted by the uniformly charged DNA
surface.

One approach to obtain 7,; in the framework of the Langmuir model is based on the box model,
where the charge of the DNA probes is modeled as a diffuse charged layer of height H over the
surface. The model is valid for high grafting densities assuming the formation of a polyelectrolyte

brush. The charged layer affects the ion distribution of the surrounding solution within A > H,
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Figure 4.5: Phase diagram of DNA surface hybridization regimes. We distinguish the salt screening
and the counterion screening, separated by a solid line. Each regime can then be separated in
mushroom and brush region with diluted and high grafting densities of probe DNA, respectively.
In the upper left corner, the Poisson-Boltzmann regime for point like charges can be found.

the neutralization length. For lower grafting densities, where probe-probe distances are higher
than the average chain length, we find the mushroom regime. Here, probes can be modeled as
penetrable charged spheres. For very diluted grafting densities, electrostatic interactions between
probe sites become negligible and we can model the probes as point like charges or a uniformly
charged surface.

Hereafter, we will analyze the following two regimes:

e The brush regime for salt screening where A > %’ and \p < H

e The brush regime for counterion screening where A\p < (AH)Y/? and A < H

Those and other regimes are depicted in a phase diagram in figure [f.5] The box model breaks
down at lower grafting densities where charges are diluted. One approach to calculate salt effects
for penetrable charges spheres has been presented by Pettitt et al. using the linearized Poisson-
Boltzmann equation for a mean field approach [116]. However, we concentrate in the following
on high grafting densities, i.e. the brush regime as described in [I07]. Note that another regime
may be found in the brush regime for very low salt contents at A/H < (Ap/H)" in the case of
a metal substrate screening the DNA charges by electrons in the metal. In this case, we obtain
Yoo = 2nkTlgo?H, independent of the salt concentration. The screening is then very poor since
the electrons can not penetrate the charged layer. However, since these low salt conditions are not
relevant to our experiments it will not be discussed further.

In the salt screening regime, 7.; can be expressed in the following way:

)\2
Yo = AmkTo Iy 22 (4.13)

which then yields the hybridization isotherm by insertion of v, in equation

0 A2 N,
- =K — 87 Nyoolg =2 [ 1+ =226 4.14
N—————
Tss
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Accordingly, at low salt concentrations and thus in the counterion screening regime, we can deter-
mine the electrostatic free energy per unit area and the corrected isotherm from the box model:

)\2
Yer = kToln <8ngf?> (4.15)
0 A2 N,
m = Kexp| —N;In (8770&3}?) — Ny —N;In (1 + N;@) (4.16)
FCS

The isotherms for salt and couterion screening at various salt concentrations are shown in
figure and b, respectively. We can see, that in the high salt regime, the melting curves have a
narrow transition from 6 = 1 to § = 0. The melting temperature is shifted to higher temperatures
with increasing salt concentration. For comparison, the Langmuir isotherm of the studied duplex
of target Gc20 on probe G16 is plotted. In the limit of ¢, — oo, we do not recover the Langmuir
isotherm, revealing that the electrostatic penalty in the high salt regime is overestimated. In the
low salt regime, one finds a flattened profile and a strong dependence on the salt concentration.
At very low salt concentrations, spot saturation is no longer possible at room temperature and for
10mM Nat no surface hybridization should be possible at all. For comparison, the simulation is
shown up to 157mM Na™, although we should expect the salt concentration at the limit between
counterion screening and salt screening to be ~0.06 M, depending on the grafting density and H.
Note that the box model is an approximation and a more rigorous analysis should be based on
the exact solution of the Poisson-Boltzmann equation.

Two parameters in the simulations are only approximately known in our application: the
parameter H, giving the height of the charged layer, and oy, the charge of the spots which is not
very well known for poly-pyrrole based DNA grafting. Poly-pyrrole is a conducting polymer which
may have a positive charge after the usual spotting process. This yields a compensation of a part
of the charge of DNA. This effect is absent in the case of thiol grafted DNA. In general, it has
been observed that the nature of the substrate may not only influence hybridization kinetics of
DNA, but also lead to conformational changes, which are not taken into account here ([116] and
references therein).
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Figure 4.6: Simulation of the melting curves in the high (a) and the low (b) salt regime for
high grafting densities for duplex Gc20/G16. Curves are shifted to higher temperatures with
increasing salt concentration. The limit between salt screening and counterion screening, defined
by A = A% /H, is experimentally at ¢, ~0.06 M Na™.
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4.3 Influence of the immobilization chemistry on DNA sur-
face hybridization

In DNA biochip fabrication, the surface chemistry employed for DNA immobilization has an
important role. The functionalized surface plays the role of a transmitter between the sample and
the physical detection system. Its quality will consequently influence the detection and finally the
data analysis. Hence, the surface chemistry must be well controlled to yield reproducible signals
of high sensitivity and with a good specificity toward the target. For surface functionalization
with DNA, two main strategies can be cited:

1. In-situ DNA synthesis on a substrate
2. Grafting of ex-situ synthesized DNA

The first technique profits from technologies borrowed from microelectronics, especially pho-
tolithography, or from robot or ink-jet deposition technologies. DNA synthesis is carried out
on the substrate in a site specific manner. The synthesis is based on phosphoramidite chemistry
as introduced in section [3.4] The spots obtained by in-situ synthesis will show a certain probe
length distribution since the efficiency of the base incorporation is ~99% and some probes will
thus be capped before reaching the full size. This strategy is suitable for middle to high density
microarrays with thousands to hundreds of thousands of spots. We will not focus here on this
technology and the interested reader may see the recent review of Gao et al., for example [117].

The second strategy, which is used in this work, uses presynthesized and purified DNA strands
of uniform length. For fabrication of the biochip, the DNA must then be brought into contact
with the corresponding surface grafting site (addressing) and be attached to the surface by stable
interactions, preferably covalent. Addressing is often carried out with the help of robots and
sequences are ‘printed’ at the desired localization. The quality of the spots can be characterized
by parameters like the spot footprint (like area or diameter), the circularity (absence of comet-
tails), the spot uniformity (inter and intra-spots), the signal to noise ratio and the coefficient
of variation (CV=standard deviation/mean). Reproducibility is hereby a main issue in biochip
production.

Various immobilization strategies are known and will depend on the type of substrate that
is employed. Covalent grafting to glass slides can be achieved using silanization protocols, for
example, surface chemistries using amino groups on the substrate or other anchoring groups like
poly-L-lysine (PLL) [118, [I19], for a review, see [I20]. On gold surfaces, thiol self-assembling is
often the foundation of subsequent attachment using mostly standard chemistries on 5’ modified
DNA. For SPRIi applications, several surface modifications have been brought forward. Especially
the group of Corn proposed a series of surface modification strategies for DNA grafting applied
to surface plasmon resonance measurements [121), 122, [123] [124]. In their work, self-assembling
of thiols is arrayed using structured gold surfaces or UV lithography. From the protocol of Pe-
terlinz [I03], Bietsch et al. adapted a technique to perform ink-jet deposit of thiols [125]. Also,
microcontact printing of thiols on gold is a current method to obtain a localized surface func-
tionalization [126]. Another approach of addressing gold surfaces with DNA has been developed
at our laboratory [97]. The technique is based on the electro-copolymerization of pyrrole modi-
fied DNA with pyrrole monomers and allows spotting of about 100 spots in the classical format
adapted to SPRi and up to 10000 spots in a cantilever based format suitable for fluorescence mi-
croscopy [127]. The most current strategies for DNA functionalization adapted to SPRi, however,
have been developed on Biacore platforms and are in most cases adapted to biosensors with a
uniformly modified surface. A comparison of the functionalization of Biacore’s dextran matrix
which immobilizes streptavidin that subsequently captures the biotinylated DNA probe and the
direct immobilization of DNA via thiols on gold has been published by Wang et al. [I10]. Yang
et al. compared the surface hybridization of DNA on 2D and 3D streptavidin surfaces, based on
immobilization of streptavidin in a dextran matrix or directly on a thiol monolayer [128]. The
multitude of surface chemistries available reflects the need of optimization in this area. Most
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Figure 4.7: a) Hybridization of Gc20 on ppy probes of 16 bp length forming PM duplex (blue),
1 MM duplexes (red, light blue) and 2 MM duplexes. The corresponding SPRi image and dif-
ferential image are shown. The injection is specific, since no signal is detected on control spots.
b) Hybridization kinetics for G¢20 on G16 for various target concentrations on another ppy chip.

chemical methods are suitable for certain applications and have drawbacks on others. Main is-
sues to be solved are the stability of the grafting, the reproducibility of the technique, the cost,
production time, signal specificity and sensitivity, low background and a high signal-to-noise ra-
tio, which is especially important for protein applications where non-fouling properties are needed.

Traditionally, our laboratory uses poly-pyrrole (ppy) functionalization for SPRi studies which
is well adapted to a large variety of biological probes [97), [129] 130} I3T]. As explained in the
experimental section [3.5] poly-pyrrole immobilization is available in two flexible spotting strategies
allowing precise addressing of probes on the chip. The probe grafting density can be varied by
mixing different amounts of pyrrole conjugated DNA (usually in the range of 1-10 pM in 20 mM
pyrrole monomers during spotting). The preparation is rapid and DNA chips are reusable over a
period of about 3 months when the chip is regenerated after hybridization using sodium hydroxide
(NaOH) at 0.1 M and stocked desiccated at 4°C.

In figure .7k, an exemplary injection of target G¢20 on probes of 16 bases length is presented.
We can see that all spots hybridize globally at the same time, independent of their position on
the prism. The injection signal is specific, which means here that the control spots, ppy, M4
and gold, show no adsorption signal during the injection. This can be seen from the kinetics
curves and also in the differential image. We see that no significant difference in the hybridization
signal is found for perfect matched and mismatched duplexes. The buffer condition being not very
stringent with 350 mM NaCl, there is no significant difference in the affinity of the target to one
probe or another. The kinetics also show the stable signal upon rinsing, no exponential decay can
be seen and ko is thus very small. In figure [.7p, we see how the kinetics and the surface coverage
are influenced by the target concentration. As predicted the Langmuir model, the characteristic
time scale 7 increases with decreasing concentration and surface hybridization gets slower. The
equilibrium surface coverage decreases with decreasing target concentration. The detection limit
on poly-pyrrole modified DNA chips is ~10nM. For thermal denaturation studies, poly-pyrrole
grafting presents the advantage to be thermally stable up to high temperatures of minimum 90°C.

However, for DNA applications, poly-pyrrole seems to have some disadvantages, since the DNA
is deposited inside a polymer matrix and may lead to artifacts like a probe length distribution
on the spots. This has been observed by J.-B. Fiche during his Ph.D.. In parallel to poly-
pyrrole, another common grafting method has thus been adapted to SPRi imaging studies: the
self-assembling of thiol modified DNA, which is a well studied system for DNA biosensors [109].
This work has been initiated with the help of L. Malic at the Biolab’X of the McGill University in
Montreal, Canada where Prof. M. Tabrizian generously welcomed me for two months. The thiol
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Figure 4.8: QCM signal upon DNA hybridization. a) Exemplary DNA hybridization kinetics
observed for injection of Zip7c at 250 nM on thiol grafting chemistry. b) Comparison of calibration
curves for injections of 2-250nM on ppy or thiol grafted DNA.

functionalization protocol is now also used in our laboratory for certain applications.

Since our subsequent work will be based on temperature dependent analysis of DNA duplex
stability, the crucial question is if DNA immobilized via a thiol group will be stable up to sufficiently
high temperatures to allow thermal denaturation studies. Initial experiments were done on uniform
DNA surfaces. Characterization of the thiol films and its hybridization properties is first carried
out using a quartz crystal microbalance with dissipation monitoring. Zip7-thiol probes are brought
into contact with the chip for 3h in 1M Ky;HPO, (pH 9.25), leading to a frequency change of
—35.5 Hz and a dissipation change of 0.95 x 10%. Upon incubation with MCH in water for 90 min,
an additional frequency change of —13.2 Hz and a dissipation change of 2.65 x 106 is measured.
Although MCH adds little mass upon binding, it changes the viscoelasticity of the layer, bringing
DNA chains upright, as shown by the dissipation change during MCH injection as compared to
the DNA-thiol injection. This effect has also been observed by Boozer et al. using oligo(ethylene
glycol)-terminated thiols (OEG) as diluent [132]. However, the overall dissipation change is low and
proves the rigidness of the thiol monolayer. Similar functionalization protocols on a 9 MHz quartz
have been used by Mannelli et al. [I33]. Contact angle measurements show the hydrophilicity
of both surfaces. With a contact angle of 26.24+2.7°, DNA-thiol functionalization shows better
wetting capabilities as opposed to DNA-poly-pyrrole surfaces with 60.3+3.1°.

In figure [{-8h, hybridization kinetics observed for a Zip7c target injection on a thiol modified
QCM chip is shown. Once again, the dissipation shift during injection is small, the hybridized
layer has a rigid behavior. This is also the case on poly-pyrrole modified chips. In figure [:8p,
the hybridization signals of poly-pyrrole modified QCM-chips and thiol modified QCM-chips are
shown for different target concentrations. We see that thiols yield a ~2.5 times higher signal.
The detection limit is 10nM on ppy surfaces and 2nM on thiol-DNA. It has to be noted, that
the poly-pyrrole layer has here a thickness of several tenths of micrometers due to the altered
electrospotting process on the large surface of the QCM sensor and in a big volume of 1ml, as
opposed to the thiol DNA monolayer of ~1 nm optical thickness.

Thiol functionalized surfaces show generally an about two times higher hybridization signal as
well in QCM-D measurements, as in SPRi experiments. This is due to two factors: the denser
DNA packing leading to a higher grafting density and the higher sensitivity of surface plasmons
on thiol functionalized prisms. Indeed, the absorbing nature of ppy reduces the SPR sensitivity
by broadening the plasmon curves as can be seen in figure Using the two-step protocol for
DNA-thiol functionalization by Peterlinz et al. [I03], the grafting density can be controlled by
the incubation time of the DNA-thiol. Longer incubation leads to higher grafting densities which
should ideally be in the order of 10*! — 102 pmol cm~2 [134} [104]. For uniform surfaces, optimum
incubation times lie between 3-5h, as determined by L. Malic (personal communication). First
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Figure 4.9: On the left: Experimental plasmon curves on one prism spotted with poly-pyrrole
and thiol modified DNA. Poly-pyrrole changes the shape of the plasmon curves because of its
imaginary refractive index part, contrarily to thiol monolayers. The SPRi sensitivity, related to
the slope, is about 1.5 times higher on thiol spots. On the right: SPRi image of the prism. We see
the high contrast of poly-pyrrole at the working angle as opposed to thiol spots that are barely
visible.

temperature dependent experiments on DN A-thiols by SPRi showed a temperature stability of the
hybridization signal of up to ~75°C, when temperature scans of 2°C/min are applied and the end-
temperature is maintained for 5 min. This thermal instability is in agreement with findings by R.
Meunier-Prest and collaborators [I35]. However, upon the first heating >50°C, every chip showed
a signal loss of 5-10% of the initial hybridization signal, as indicated in figure [.10R. Incubation at
50°C during formation of the thiol-SAMs does not prevent this initial signal loss. When T-scans
are limited to 70°C, no important signal variation is detected over at least 18 heating cycles at
2°C/min, as shown in figure . This proves the possibility to employ thiol functionalized gold
surfaces for SPRi studies using thermal denaturation detection.

In a second step, the DNA-thiol immobilization method is adapted to the automated spotting
system OmniGrid. The thiol solutions are deposited by X-tend microarray pins in a matrix and
different sequences can thus be spotted. Since piranha cleaned gold is hydrophilic and the deposited
droplets are thus very small, different thiol concentrations are tested to obtain an optimal grafting
density with thiol functionalized DNA spots. As can be seen in figure different regimes can
be obtained in this way. While for a 1 pnM concentration of DNA-thiol, a small hybridization signal
is observed, indicating low probes density, 10 1M yield a high and stable signal. For 100 utM, we
observe a lower hybridization signal on mismatched duplexes and a high k,;; during rinsing. It
should be noted that both, G16 thiol and A16 thiol at 100 uM grafting density show this high
dissociation when Ac26 is used as target. The lower signal and higher dissociation upon rinsing
is an indicator for too high grafting densities, leading to steric hindrance and multiple, repulsive
interactions between probes and targets and different targets on the spot. This is also evident
on the thermal denaturation scan. We observe a shift of the dissociation temperature to lower
temperatures by about 15°C for high density spots due to higher stringency. This phenomenon has
also been observed in the group of U. Krull for covalently grafted DNA on glass fibers [136]. When
we observe closely, we can see in figure .11k, that there is a bimodal distribution of temperature
dependent affinities on the spot and thus a small population dissociates at the same maximum
temperature as observed on 1 pM and 10 pM spots. Further refinement between 10 and 100 pM of
DNA-thiols showed a maximum around 40 pM for 3h deposit at 85% humidity. However, these
high concentrations caused parasite deposit of thiols on the surrounding gold during rinsing as we
have seen in figure [3.11] previously. This has also been observed on other grafting methods that do
not involve thiols for high product concentrations [I18]. To avoid this problem, incubation times
were shortened to 90 min at 85% humidity followed by overnight drying under the aspiration
hood before rinsing off the DNA solution. The comet tails then disappear. For this protocol,
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Figure 4.10: a) DNA hybridization signal on a DNA-thiol surface after heating to different tem-
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of hybridization signals achieved upon injection of Ac20 at 250 nM. Full lines represent first hy-
bridization after initial heating, dashed lines correspond to injection performed after 18 heating
cycles to 70°C and 4 days storage.

the optimal thiol-DNA packing is reached at DNA functionalization concentrations of 10 pM. It
should be mentioned that the long drying period permits functionalization of medium to high
density chips, for low grafting densities, the drying should be done more rapidly, under vacuum,
for example.

It has to be mentioned that thiols in solution tend to form dimers which have reduced reac-
tion kinetics as opposed to thiols [96]. This leads to reduced grafting efficiency over time for the
same protocol even when small aliquots of thiol-DNA are stocked frozen until use. To restore the
thiol groups, the disulfides may be reduced using Tris(2-Carboxyethyl) phosphine Hydrochloride
(TCEP-HCl), an odorless and water-soluble reducing agent which has the advantage to present
no thiol group itself, like for example the common reducing agent Dithiothreitol (DTT). This has
been tested in our laboratory by R. Bombera.

In summary, QCM-D and SPRi experiments show that about two times higher hybridization
signals can be obtained on thiol surfaces as compared to poly-pyrrole spotting. The spot repro-
ducibility of thiol grafted DNA is generally much better than DNA immobilized by poly-pyrrole
electro-copolymerization. Both techniques have a fair reproducibility when comparing indepen-
dently prepared biochips with a coefficient of variation of about 15%. While chip preparation
takes about 2-3 h for poly-pyrrole modified surfaces, thiol self-assembling with the presented two-
step protocol takes about 24 h preparation time. Poly-pyrrole chips will loose about 50% signal
in 3-4 months, depending on their manipulation and the regularity of employment, while thiol
chips degrade about twice as fast, losing about 1% of the initial hybridization signal per day over
the first two months (data measured every 2 weeks over this period). But the main reason to
choose one technique or the other will depend on the intended grafting density and the necessary
temperature stability. Dense surface packing may be unsuitable for long DNA targets where steric
hindrance plays a crucial role. Thiol-SAMs should never be heated to high temperatures over 70°C
for long periods, a fact that will also limit the length of the DNA probe for thermal denaturation
protocols. The melting temperature should lie well below 70°C or be adapted accordingly by the
use of DNA denaturing agents (see section for more details). For poly-pyrrole immobilized
DNA, no degradation has been observed for temperatures up to ~90°C.
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Figure 4.11: 3 different DNA-thiol grafting densities are investigated: deposit of 1M, 10 pM and
100pM DNA thiols of sequence ASO-G and ASO-TG for 3h before rinsing and deposit of 1 mM
MCH. Signals correspond to injection of G¢26 at 250nM in PBS 400 mM NaCl buffer. a) While
1uM spots yield a low hybridization signal and thus a low grafting density, 10 and 100 pM spots
show a very high signal. For 100 pM, the grafting density is so high that an important off-rate can
be observed as soon as rinsing starts. b) While denaturation transitions are large for low density
spots, 10 M spots show a narrow transition at the expected denaturation temperature. Spots
with high grafting density are shifted to lower temperatures as indicated by the arrows and show
a two-phase behavior (¢) with a small population having the same stability as DNA hybridized on
spots with lower grafting density.

4.4 Differences between equilibrium and non-equilibrium de-
naturation studies

As we have seen in the previous section, the observation of DNA hybridization by SPRi gives access
to hybridization kinetics. When probes are sufficiently long and hybridization takes place under
soft conditions, i.e. at low temperatures and high salt concentration, it is difficult to distinguish
differences from mismatches or other defects like DNA from DNA hybridization analysis. To get
access to more detailed information on DNA surface stability, one has to apply stringent conditions
that affect the duplex stability. One way to do so, is by changing the temperature and thus by
denaturing the surface hybridized DNA. We will see in this section that temperature scans give
access to interesting information on the DNA and permits to characterize its affinity in different
environments. Two regimes have to be well distinguished in the following:

e Equilibrium melting
¢ Non-equilibrium thermal denaturation (NTD)

The first item refers to experiments in which the temperature scan is performed in the presence
of DNA. The term ‘equilibrium’ describes the fact that we consider the DNA concentration in
solution constant at all times. This is a valid approximation when the concentration is high and
thus not significantly affected by the surface hybridized fraction. This condition is fulfilled for
target concentrations bigger than ~10nM, giving way to a more than 100 fold excess of free DNA
compared to available sites on the surface. We have to be careful with the term ‘equilibrium’ since
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the fact that the temperature scan is performed in presence of free target DNA does not automat-
ically imply that the surface hybridization and denaturation is in thermodynamic equilibrium. As
we will see in section [£:4] and following, experimental factors like the rate of the temperature scan
and mass transport to the surface will determine if thermodynamic equilibrium is established. One
way to verify if thermodynamic equilibrium is established is to perform heating and cooling cycles
and check that both overlap. We consider the temperature scan in thermodynamic equilibrium,
when no hysteresis is detected and the initial hybridization signal is regained after the cycle. It is
important to mention that only equilibrium melting curves in thermodynamic equilibrium permit
to access the enthalpy and entropy change associated with the DNA duplex formation on the
surface. Under these conditions, generalizations and predictions can be established that take into
account the special environment of solid phase hybridization experiments.

From an experimental point of view, the non-equilibrium thermal denaturation method is
more easily implemented on solid phase DNA detection. Here, the temperature scan is performed
once hybridization is completed and excess DNA in solution is washed off. Since no DNA is
present in solution, the composition on the DNA spot is only changed by DNA parting from the
surface upon heating. No simultaneous annealing of targets from the solution to the now available
probe intervenes. Although non-equilibrium kinetics are generally more difficult to access by
thermodynamic models, the NTD condition can simplify data interpretation in some cases. In
NTD experiments, we suppress any dynamic exchange of targets that might occur in the presence
of a complex target mixture with different affinities for the probe. NTD conserves the initial
hybridization proportions of the targets which, at low temperatures, is reigned by the concentration
of the competing targets in solution. Hence, we are able to access the composition of the sample,
which is a crucial step to quantitative analysis.

To obtain a better understanding of the differences between data obtained from equilibrium and
from non equilibrium thermal denaturation studies, the influence of one experimental parameter,
the temperature scan rate, will shortly be discussed.

Experiments under NTD conditions usually have the following protocol:

1. Hybridization of target DNA over a certain time period either under static conditions or in
the presence of a steady flow.

2. Washing the chip with rinsing buffer to eliminate excess target DNA.

3. Under continuous flow of washing buffer, a temperature scan is started, from the hybridiza-
tion temperature to a maximum temperature adapted to the stability of the DNA duplexes
on the surface. At the maximum temperature, all targets are dissociated and the surface
coverage equals zero.

4. For SPRi experiments, a second temperature scan with the same scan rate and temperature
range is performed to acquire the background signal due to the temperature change and the
corresponding change of the refractive index (see appendix |8 for details).

The hybridization signal determines the initial condition of the following analysis. For oligonu-
cleotide experiments, DNA is injected at 250 nM, our standard concentration that is sufficient to
saturate the surface grafted DNA in about 810 min under normal buffer conditions. Therefore we
consider hereafter an initial surface coverage of 6y = 1.
To analyze DNA melting curves in out-of equilibrium conditions, we have to solve the following
equation:
do
dt
To obtain the temperature dependence of the dissociation rate we consider the temperature
dependence of the equilibrium constant for a given DNA probe-target pair:

K(T) = 2 —exp (- 30 ) = (-5 20) (4.18)

= —kogl — dIn = —kygdt (4.17)

RT
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Figure 4.12: Comparison between equilibrium and non-equilibrium thermal denaturation curves.
a) Numerical calculation of denaturation curves for different speeds of the T-scan and ¢; = 0. For
comparison, the equilibrium value at every temperature is plotted in red. b) Experimental results
for different T-scan rates v; for Ac20 on its complementary spot A. c) Prediction of the influence
of the temperature scan rate on DNA equilibrium melting curves at constant DNA concentration.
While for infinitesimally slow T-scans equilibrium is reached, the perfect matched duplex of Ac20
on A16 shows increasing hysteresis with increasing scan rate.

We then find kog(T) = kon exp(2EZLAS). By substituting dt = (4)dT = 1

the temperature scan rate in K/min, we obtain:
k
o ) dT

[

The temperature dependent surface coverage is numerically solved by Mathematica 5 [137].
For time dependent equilibrium melting analysis, we parameterize equation for the surface
coverage as a function of time, determined by the time dependent temperature profile.

dT, with v being

lnﬁz

90

AH —-TAS

T (4.19)

do(T(#))

2 = konea (1= 0T (1)) = bogs (T()(T (1))

(4.20)
The association constant k,, and the target concentration c; are considered constant at all times.

In thermodynamic equilibrium, the result matches again the Langmuir isotherm with 6 = 7 fl‘?Ct.

In figure[£.12] we see a comparison of simulated and experimental NTD curves. We find that the
temperature at which the target dissociates is shifted to higher values with increasing temperature
scan rate. This demonstrates, that the dissociation temperatures for a given target-probe duplex
will always depend on the experimental conditions. For comparison, the equilibrium melting curve
for the same DNA duplex is plotted in figure [£.12h. We see that the equilibrium melting curve is
broadened compared to NTD curves. However, while simulated NTD curves show a fast transition,
the experimental curves, although reflecting the shift toward higher temperatures, are broadened.
Note that for clarity of presentation, two different temperature scales have been chosen for figure
a and b. The large transition on experimental NTD and melting curves is frequently found on
biochip experiments and can here partly be attributed to probe length dispersion on poly-pyrrole
grafted DNA chips [13, 138, 139, 116].

The effect of the temperature scan rate on equilibrium melting is considerably different. Figure
presents the surface coverage theoretically observed during one heating and cooling cycle
of Ac20 on A16. Fast temperature scan rates provoke hysteresis of the curves. Annealing then
takes place at lower temperatures than dissociation. The slower we perform the temperature
scan, the closer we are to thermodynamic equilibrium at all points in time. Only for infinitely
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slow temperature scan rates, thermodynamic equilibrium is reached and we find in this case the
Langmuir isotherm. It should however be noted, that the Langmuir model reflects a simplified case,
not taking into account any mass transport toward the surface other than diffusion of free, small
molecules. An increase of the association rate, for example, due to higher target concentrations
or improved mass transport towards the surface reduces hysteresis at a given temperature as
controlled by simulations with varying k.

4.5 Equilibrium melting studies on solid supports

4.5.1 General considerations on equilibrium melting curves

Fundamental studies on DNA duplex stability and thermodynamics are traditionally carried
out with free DNA in solution in thermodynamic equilibrium. DNA is then studied by UV-
measurements based on the absorbance of the nucleotides at 260 nm, by nuclear magnetic res-
onance (NMR) or by calorimetric methods (see for examples publications from the group of J.
SantaLucia [32, 35, [36] [34] B3, B7, 25] or R. Owczarzy [140}, 14T} 142] and [143]). More recently,
fluorescence assays in thermocycler PCR amplification systems have been used to study the helix-
coil transition of amplified DNA [144], [145] 146]. Systematic melting analysis of a huge number of
oligonucleotides permitted to establish the nearest neighbor parameters for all possible combina-
tion of base pairs in the double helix including mismatches and dangling ends. The thermodynamic
data is collected in databases and is at the basis of steadily improved predictions for melting tem-
peratures, secondary structures etc. for any possible DNA sequence [147]. It should be mentioned
that not only temperature induced DNA melting may be used for DNA stability studies, but some
groups also put forward other methods, e.g. based on chemical gradients or force induced DNA
melting by pulling on a DNA helix fixed between a surface and a cantilever or a bead in an optical
trap [148, [149]. Since different groups studied DNA melting with different methods and analysis
protocols, there are some discrepancies in the literature concerning the definition of the melting
temperature [150]. We adopt here the definition of the melting temperature at the midpoint of
the melting transition, with half of the DNA in the hybridized state, which finds its counterpart
in solid-state experiments, where surface hybridized DNA is considered.

The determination of DNA melting curves still presents a powerful method for various appli-
cations, especially the detection of DNA mutations. So, today, multiplexed commercial systems
are available using fluorescent analysis to determine real-time DNA melting curves, like the Light-
Cycler 480 by Roche Diagnostics, for example, but also on-chip techniques are now emerging
[151], 152} [153] [154].

Melting curve analysis is, however, not restricted to DNA in solution and today several inte-
grated heating or denaturing systems are available that permit to obtain melting profiles on DNA
microarrays. To date, most experiments studying melting curves on microarrays use fluorescence
analysis on gel pad microarrays. Polyacrylamide gel pads are used to immobilize DNA in the
3D matrix and fluorescent labeling is then used as signal transducer. Several studies hereon are
published by the group of P. Noble, like for example, Urakawa et al. analyzing the influence of
formamide on melting curves obtained on a set of oligonucleotides bearing mismatches at position
1 to 5 from the 5’ end during rinsing in a stringent buffer with low salt concentration [I39]. A
similar microchip technique is used in the group of A.D. Mirzabekov, and so Fotin et al. provided
corrections of the thermodynamic parameters enthalpy H, entropy S and Gibb’s free energy G for
on-chip experiments [I55]. These corrections are integrated in the prediction tool HYTHER [41].
Canadian researchers at the laboratory of U. Krull used DNA grafted covalently to an optical fiber
in combination with fluorescent labeling to study solid-phase melting curves. The system is first
characterized by Piunno using A-T duplexes of 20 bases and Watterson et al. then compare bulk
and surface hybridization for different grafting densities and retrieve the van’t Hoff’s enthalpy
from melting temperatures at different salinities [156], [136]. It is important to mention that those
techniques working with fluorescent labeling at elevated temperatures need to take into account
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the fluorescent yield of the fluorophore at each temperature [77]. Since many fluorophores are less
efficient at elevated temperatures, the signal needs to be corrected. Moreover, it has been shown
that fluorescent labeling, depending on the dyes and spacer chains employed may alter the free
energy associated to DNA duplex formation [I57], so that investigation of DNA thermodynamics
for on-chip experiments should also use label-free techniques in order to study exclusively ther-
modynamic changes due to interactions between the DNA and its support. As a rare exceptions,
Biswal et al. proposed a label-free melting curve detection system based on the deflection of mi-
crocantilevers [I58], and Peterlinz et al. obtained melting curves by washing the biosensor surface
with heated buffers using Surface Plasmon Resonance (SPR) detection [I03]. With the increas-
ing interest in nanoparticles and their application in biology, melting transitions have also been
measured for DNA, immobilized on the surface of gold nanoparticles, for example [I59]. While
most systems have a time dependent temperature profile, some experiments on spatial gradients
have been published. Zhu et al. used temperature gradient gel electrophoresis to determine point
mutations in RNA [I60]. Using microfluidic devices, several other temperature or chemical gradi-
ent mediated DNA melting analysis have been reported [161, 162] [163]. Erickson et al. provided
a theoretical study of the formation of melting curves in a microfluidic device with stable spatial
temperature gradient [164]. Interesting for integrated and miniaturized systems is also the flow
rate dependent analysis of DNA melting transitions in microchannels as studied by Nagata et al.
[165].

Melting analysis of surface bound DNA is an important tool for the understanding of DNA
surface interactions. While DNA thermodynamics in bulk experiments are rather well understood,
surface hybridization can be very different and thermodynamic parameters are altered due to
molecular interactions. This issue has been critically noted by R. Levicky who solicited further
experiments on solid phase hybridization to gain insight and control for microarray applications
[8]. We have already seen in section that immobilization method and especially the grafting
density influence the DNA duplex stability. Well chosen immobilization chemistry must be able to
avoid interactions between nucleotides and the substrate, and diluted grafting densities will avoid
probe-probe interactions, excluded volume interactions and electrostatic attraction or repulsion
that affect hybridization. However, some effects can not be avoided by changing the immobilization
strategy. This is especially true for the accumulation of negative charges on the surface due to the
polyanionic DNA molecule. We have already seen in the theoretical introduction of the Langmuir
model, that surface bound DNA will always attract cations from the salt in the buffer to screen
out the repulsive electrostatic interactions. The exact regime then depends on the probe density
and the buffer’s salinity.

4.5.2 Salt effects on poly-pyrrole grafted DNA chips

For this study, we used the temperature regulated SPRi system to acquire equilibrium melting
temperatures on poly-pyrrole grafted DNA. Before discussing the actual results, we will make some
general remarks explaining the experimental difficulty of this exercise. We want to obtain DNA
denaturation and annealing curves in dependence of the buffer’s salinity. We therefore need to
place ourselves in conditions that allow thermodynamic equilibrium of surface hybridization at all
times. To check this condition, we perform heating and cooling cycles at controlled temperature
scan rate and check DNA curves for superposition. To regenerate the DNA chip completely in
presence of target DNA in solution, we need to go to higher temperatures as compared to NTD
curves (compare figure . So, using the ASO-CCND1 probes with 16 bases the chip is heated
to 75°C repeatedly and stays at elevated temperatures for long periods. But long periods at high
temperatures increase the risk of air bubble formation which disturbs the data acquisition. All
buffers, including the one prepared for DNA injection, have thus been carefully degassed.

First experiments were carried out using static conditions, i.e. no flow is applied during the
temperature scan. Under these conditions, we do not reach thermodynamic equilibrium. During
cooling, the initial hybridization level is not regained and we observe a hysteresis. As it turned
out, the annealing process is penalized mainly by insufficient mass transport. So, to improve
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Figure 4.13: a) Hybridization of 250 nM DNA to complementary spot G16 in various concentra-
tions of monovalent cations [Nat]. b) Melting curves obtained in different salinities. For 157 mM
[Na™], signal reproducibility is shown.

the situation without decreasing further the scan rate of 2°C/min, agitation of the solution was
applied during temperature scans. The automated syringe pump pushes the liquid back and forth
without any net flow. In this way, we were able to establish thermodynamic equilibrium over most
of the temperature range considered. This can be seen in figure [{I3p. Only one region, near
the onset of annealing at high temperatures is perturbed and shows a slight opening. It must
however be noted, that this region is possibly affected by temperature hysteresis due to the fast
change of the set point at T=75°C and thus the change in power supply to assure temperature
automation by the PI-temperature controller. Since heating and cooling do not take place by the
same heat exchange pathways, we suggest that these high temperature perturbations can be the
result of higher uncertainties in the temperature measurement (see considerations in figure )
We suppose the DNA to be in thermodynamic equilibrium for all salt concentrations studied. The
curves show also a good reproducibility as can be seen from the two different temperature scans
at 157mM [Na*] in figure [£.13] The curves have been set to their hybridization fraction at the
onset of the temperature scan with normalization applied to the whole heating and cooling cycle
simultaneously, so that any differences in heating and cooling would be conserved. The initial
hybridization fraction of 220 nM has been corrected for melting curve analysis by ~12%, since a
systematic error occurred upon hybridization increasing the apparent hybridization signal.

To evaluate the salt effects on DNA stability, we have easily accessible parameters: the equi-
librium hybridization surface coverage and the melting temperature. In figure [£.13] we see that
hybridization efficiency decreases with decreasing salt concentration of the buffer. In absence of
ions, for example in deionised water, no hybridization signal can be detected upon DNA injec-
tion. The salt concentration influences the affinity of the target for the probe and with increasing
importance of electrostatic repulsion between the two partners, duplex formation is penalized.
However, salt effects have a logarithmic behavior and thus provoke strong variations only in low
salt regimes and become insignificant for hybridization and melting at elevated salt concentrations
of > 400 mM NaCl. For our grafting density and the hybridization temperature of 25°C, 400 mM
salt is the ideal concentration to suppress electrostatic interactions without unnecessarily decreas-
ing the specificity of probe-target interactions. In figure [{:I3p, we observe that the stability of
the probe/target duplex is shifted toward higher temperatures with increasing salinity. This shift
is characterized by the melting temperature which gives access to the thermodynamics of the sys-
tem. Figure shows the melting temperatures in dependence of the salt concentration. The
salt concentration affects the entropy change upon target hybridization, but does not affect the
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Figure 4.14: a) Melting temperatures obtained on all probes at different salt concentrations.
b) Plot of 1/T,, versus Ln(Na™). From the linear variation, enthalpy and entropy can be calcu-
lated. The results for probe A hybridized to G¢20 are compared to predictions for DNA in solution,
Fotin’s biochip corrections [I55] and SantaLucia’s biochip correction implemented in Hyther [41].

enthalpy change. We have already seen the empirical salt correction established by SantaLucia in
equation When we insert this equation in the expression for the melting temperature [2.4] and
take the inverse, we obtain:

TL AlH <ASO (unified oligo, 1M NaCl) + R1n (cr) + ’yN In ([Naﬂ)) (4.21)

N represents the total number of phosphates in the hybridized duplex. In the case of our target
Gc20 that is centered on the 16 bases long probes with one terminal mismatch at the 3’ end and
a 5’ dangling end, we determine N=35. By plotting 1/T,, versus In[Na™|, we thus obtain a linear
dependency. Two conditions will alter the thermodynamic parameters so that they do no longer
correspond to the standard AH andAS of the NN model. One is the entropy salt correction as
mentioned above; the other is a biochip correction of the thermodynamic parameters. When we
consider the thermodynamic parameters of each sequence to be the same as for DNA in solution,
we can obtain a ‘biochip’ salt correction v as analog to the value of 0.368 for DNA in solution.
When calculating « for the different PM or MM duplexes, we obtain values between 0.73 and
0.44 with the highest value for the most stable, perfectly matched duplex. No universal, sequence
independent parameter can be found and with the values determined, salt effects on biochips
would have a similar, but slightly higher correction of entropy change than established for DNA
in solution. In figure f.14p, we compare our experimental data of target Gc20 on probe A16 to
predictions from the literature using SantaLucia’s salt correction. It gets clear that, while the
slopes due to the variation of salinity are comparable, the absolute melting temperatures observed
on our poly-pyrrole modified surface are considerably lower than those for DNA in solution. So,
the second approach which includes a biochip correction of both, AH and AS, will be considered.
For simplicity, we suppose the salt correction parameter v =0.368 as in solution. We then can
extract thermodynamic parameters for our sequences in the solid-phase experiment as shown in
table Figure also represents inverse melting temperatures predicted for our sequences
after application of the biochip correction based on the data of Fotin and their recalculated values
by J. SantaLucia [I55]. The represented duplex seems to match Fotin’s correction, but doing
the same comparison with the other sequences reveal this finding to be random. Since Fotin’s
experiments are carried out in polyacrylamide gel pads used for DNA immobilization, we can not
expect the 3D matrix to be equivalent to our planar microarray. Differences can be seen from
the thermodynamic parameters, which do not undergo in our case a simple additive correction
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as applied by Fotin et al.. No fit was done on the 3 parameters AH, AS and  simultaneously,
since we only have two equations from slope and intersection and results would be rather prone
to errors.

It gets clear from this first analysis, that the knowledge of the melting temperature is insufficient
to retrieve valid predictions of the on-chip melting behavior. A better approach should take into
account the melting curves containing relevant information on the surface hybridization process.
Surface hybridization models must be used, and we will try to evaluate the data by applying the
Langmuir salt corrections introduced in section

Since the model distinguishes several regimes, we have to determine which one corresponds to
our experimental conditions. Let us make some considerations on the relevant length scales in our
setup.

e Thickness of the surface grafted DNA layer: to access the layer height, we determine
the average length of the surface grafted DNA. In its single stranded form, the DNA chain is
very flexible and we use the Flory radius to determine its average end-to-end length I = aN3/5
with ¢ = 0.6 — 0.7nm, the average size per base. We obtain an average length of ~5nm.
When DNA is in the single stranded helical form, we get a length of about 0.37 nm per base
and thus find an average probe length of 10nm. In the hybridized state, 16 bases will be
in double helical form while the rest stays single stranded. As we have already seen, in the
double helix we have 0.34 nm per base, thus in total we obtain a length of 8-10 nm depending
on the random coil or single stranded helical form of the spacer chain. For the ss and ds
helical state we have to consider further that the chain is not necessarily upright, but able to
rotate in the semi-space due to flexible anchoring. The average height is thus the previously
determined length divided by 2. We so obtain an average layer thickness of ~5nm for all
configurations which is consistent with 4.8 nm determined by neutron reflectivity studies on
ODN monolayers of 25 bases [104] and other methods [I35]. Note that we consider the
height as constant, although the layer of DNA chains might ’swell’ in environments of low
ionic strength [I66]. Also the persistence length of dsDNA and thus its effective length is a
function of cation concentration (see [167] and references therein).

e Surface grafting density: the poly-pyrrole spots are prepared at the grafting density d,
corresponding to electrospotting of 10 pM pyrrole modified DNA in 20 mM pyrrole monomers.
Our probes consist of IV, = 1 + 10 + 16 bases with anchoring base, spacer and probe se-
quence, respectively. Considering a grafting density d,, of 5 pmol/cm?, we find an interchain
spacing of d=4nm. This size is comparable to the average length of probes and we thus
are located at the border between brush and mushroom regime as defined in section
From the grafting density, we can access the number surface charge of the unhybridized layer
09 = N,/d> = N, - Ny -d, = 8 x 10" m~2, with N4 the Avogadro constant and N, the
total number of charges in the probe. When the surface is partially hybridized, we find the
surface charge number o = oo(1 + ]J\\,’—;Q) with 0 < # < 1. Note that these considerations
neglect any phenomenon of counterion condensation or osmosis on DNA which would reduce
the effective charge seen by free ions in solution [38] [168], [169].

e Electrostatic length scales: Debye screening length and Gouy-Chapman length.
The Debye screening length defines the distance over which the electrostatic potential decays.
It is defined as rp = 1/ (\/87r I cs) with cs the salt concentration and g = €2/ (4me, k T)
the Bjerrum length. €. ~ 80 is the dielectric constant of water, e the electron charge, k
the Boltzmann constant and T the temperature. At room temperature, the Bjerrum length
evaluates to 0.7nm in water. The Debye screening length depends on the buffer’s ionic
strength and lies between 0.34 nm at 1 M NaCl and up to ~10nm in low salt concentrations.
For a uniformly charged surface the diffuse layer of counter-ions formed to screen the charges
is characterized by the Gouy-Chapman length A = 1/(2wlg0), which depends on the surface
charge number as defined earlier and thus on the chip preparation. In our case, A =0.2 nm.

To evaluate our equilibrium melting curves in the extended Langmuir model, we have to place
our experiment in the correct regime. Considering the probe density and the estimated height
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For target Gc20 1/T,, vs. In[Na™] plot DNA in solution | High salt regime
Probes | # MM AH AS AH AS AH AS
G16 PM —77.7+£104 | —203.0£30.5 | —128.4 | —346.5 | —21.0 —32.7
TG16 | 1 MM | —97.3+13.8 | —270.5+41.9 | —116.7 | —319.2 | —25.4 | —47.9
Al6 1MM | —92.1+16.7 | —256.5+50.8 | —107.3 | —296.4 | —30.3 —64.1
TA16 2MM | -876+£11.8 | —246.1 £36.5 | —108.6 | —309.6 | —37.4 | —118.6

Table 4.1: Thermodynamic parameters extracted from salinity melting studies: enthalpy AH in
kcal/mol and entropy AS in cal/(mol - K) from linear fits based on plots or predictions as indicated.

H of the charged layer, we find A/H = 0.04 = 1/(87). Our results fall on the border between
mushroom and brush regime as estimated from the interchain distance before. We further have
to control if we are in the salt screening regime and thus if A/H > (rp/H)?, which is the case
even for the lowest salt concentration of 157mM [Na™]. We now consider our results in the salt
screened brush region where the charges of the polyelectrolyte are screened mainly by salt ions
penetrating into the polymer brush from solution. We use the previously obtained equation for
the surface coverage in the high salt regime:

0

PN Kexp (T (1+ad))

where o = N, /N, takes into account the unequal length of target and probe. We take the logarithm
of the equation and rewrite it in the following way:

0 ¢ B AH AS
In ((1_9)) + Nt; (1 + 049) =In Ct — R (422)

s RT + R
where ¢, = 0¢/(N4 H) represents the probe base concentration of the unhybridized DNA layer,
c; is the target concentration and c, is the salt concentration in M. In the limit of ¢, = 0, the
model reduces again to the Langmuir model. When we consider surface grafting densities from
1-10 pmol/cm? and DNA charged layer thicknesses of 5-8nm, ¢, lies in the range of 0.034 and
0.54 M. When we plot the left hand side of the equation versus the inverse of the temperature at
each salt concentration, the curves yield a linear dependency. All curves should collapse for one
distinct value of c, that is characteristic for our experimental chip conditions. Then, we are able
to obtain the corresponding thermodynamic parameters AH and AS by linear regression.

To obtain the best value for ¢, the left hand side of the equation is calculated for the normalized
reflectivity data that reflects 6 at each temperature. Only the regions with § = 0 had to be
excluded since no logarithm can be reasonably taken. For all other points, the standard deviation
is calculated at each individual temperature and for every salinity in dependence of c,. Then, all
standard deviations are averaged yielding a function of ¢, that can be analyzed. The function is
minimized numerically to determine cgp”m“m, the parameter that causes the curves to collapse.
The error is determined by calculating the differences between cgp”m“m and the two ¢, values that
yield two times the function value found at c]‘;p”m“m. Thus a sharp minimum gives rise to small
errors while a broad curvature would yield larger errors. With the knowledge of cff’”m“m, we can
plot the curves to reveal the quality of the collapse and determine the validity of the salt regime
chosen for our analysis. All calculations are carried out by a program developed in Mathematica.

The optimal parameter ¢, determined by this method is cgp”m“m =13£1mM. As expected,
we find no sequence dependence of this parameter which should only depend on the surface prepa-
ration, that is, the grafting density and the height of the charged layer. The optimum c, causes
all results of the four DNA probe sequences to collapse. In figure [{.15h, we see the experimental
curves collapsed using this optimum parameter. The collapse confirms the validity of the model
we applied. When we go back from the optimum c, value to the number surface charge og, we
find that there is a factor 20 between calculation and fitted parameter. This is astonishing, since
the back calculation of the surface grafting leads to a 20 times diluted grafting density, which
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Figure 4.15: Superposition of the melting curves with one adjustable parameter c,. a) Collapse of
curves for Ge20 on TG with ¢,=13mM. b) Fit of collapsed melting curves for all analyzed probes
hybridized to Gc20.

would place us closer to the mushroom regime. However, we should remember that the model
we applied is not an exact determination, which would be derived from the Poisson-Boltzmann
relation, but is an approximation. Also, there could be an effect of our electro-chemical grafting
method, which can give rise to residual positive charges in the poly-pyrrole layer that reduce our
effective 0g. Repetition of the salinity experiment with heating to 70°C on thiol grafted probes at
10uM and 50 M yielded a c, value of 39 mM and 0.53 mM, respectively. These parameters are
obtained only from salinities >420 mM, since lower salinities displayed hysteresis and thermody-
namic equilibrium is thus not reached. The three curves can however be considered as relevant
since the melting temperature increases still significantly when passing from 520 mM to 620 mM
Na't. The c, values are consistent with higher charge densities on thiol modified DNA surfaces
and in the same order as found on poly-pyrrole modified DNA chips. A possible verification of the
probe base concentration c, could be done by hybridizing one probe to targets of different lengths.
Since oy is related only to the probes, the curves should collapse for the same c,,.

In figure the average values of each salt concentration and each duplex is used for lin-
ear regression permitting extraction of the entropy and enthalpy change associated with duplex
formation in our model. The thermodynamic parameters are given in table Although these
parameters reflect the different duplex stabilities for complementary and mismatched duplexes, we
immediately note that the thermodynamic parameters neither are of the same order than unified
NN parameters, neither do they have the same evolution with duplex stability, i.e. in the NN
model, AH and AS decrease with decreasing stability, while we obtain an increase in the frame-
work of the modified Langmuir analysis. As mentioned in section our parameters do not
have the same reference state as the NN model. To combine the parameters, we would need to
know the thermodynamic parameters for uncharged chains. Hence, we can not directly compare
the thermodynamic parameters to other models, although we would expect the tendencies to be
conserved.

The whole analysis of the data reveals that although various models address the subject of
salt effect on DNA surface hybridization, no satisfying predictions can be determined from their
application. Biosensor surfaces are much more complicated than the assumptions in existing
models. Further work will be necessary and it is quite impossible to imagine an integral theory
that would apply to all kinds of substrates, grafting chemistries and experimental conditions.

4.5.3 Discussion of salt effects on the stability of DNA

The previously presented results might seem to give no concrete information, so that I will profit
here to make a small resume of what we learned from these experiments. First, we have seen that
mass transport to and from the surface plays a crucial role for establishing favorable conditions
for hybridization. This is not only true in the case of equilibrium melting curves of short ODN,
but can be generalized for microarray hybridization experiments which need a constant flow of
targets to the surface to achieve optimum hybridization kinetics. To this purpose, a lot of work is
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carried out in the field of microfluidics and chaotic mixing of solution by various groups [170, 17T].
This is especially important in the case of bigger targets with comparatively slower diffusion as
discussed later on in section Second, we have learned in this section that DNA stability is
influenced by the presence of the surface as compared to bulk experiments. We have especially
seen that in the case of our setup, the melting temperature is lowered by several degrees compared
to predictions from the NN model. So, thermodynamic predictions can not be applied directly
to surface grafted DNA. Moreover, not only the grafting chemistry but especially the grafting
density will influence this shift as suggested also by data presented earlier in section Further,
we argue that existing biochip correction by Fotin et al. on gel pads represent only a special case
and should not be applied to different biochip environments without control of validity. Third, our
data shows the influence of the buffer’s salt content on hybridization and melting on DNA chips.
We show that for concentrations below 400 mM NaCl, the hybridization kinetics is slowed down
and it is preferable to work in higher salt concentration to diminish any hybridization penalization.
However, one should be aware that too high salt concentrations are prone to decrease the target
specificity. We show on the melting curves that the salt correction empirically found for DNA in
solution can be, approximately, applied to the prediction of the salt induced shift of the melting
temperature on chips. Current models, however, do not allow us to establish universal correction
parameters. This would also need a much bigger diversity of probe/target duplexes than available
for this study.

Traditionally, DNA stability and the salt dependency have been studied in bulk experiments
and a collection of the various sequence dependent or sequence independent salt corrections can be
found in [39] and references therein. Several theoretical investigations and experimental approaches
have been undertaken to elucidate the behavior of charged DNA layers (poly-electrolyte brushes),
the influence of the substrate and the DNA stability on a solid support [172, 173, 166, 135, 103, 136]
156]. Our findings on salt induced stability changes for surface grafted DNA can so be compared
qualitatively to data from the literature. Globally, all experimental data on surface tethered
DNA suggest that the salt variation observed is in good agreement with the findings in bulk
experiments. There is, however, diverging information of whether surface tethered DNA is more
stable or less stable than in solution. Vainrub and Pettitt developed a model for neutral or charged
dielectric or metal substrates in different salt concentrations [I73]. On metal surfaces, they find
a distance dependent stabilization of the DNA duplex, presented as a shift of T,,, toward higher
temperatures. Using an electrochemical approach to obtain melting curves, Meunier-Prest also
observes stabilization of the duplex when immobilized on a gold electrode as compared to melting
in solution [135]. This could be produced by the charging of the metal surface. Contrarily, Peterlinz
et al. report a decrease of about 5°C of the melting temperature for surface anchored DNA. Also
Watterson and al. report this trend with a sensibly decreased melting temperature especially at
high grafting density. Also DNA immobilized in gel pads show a decreased affinity as already
shown for the data of Fotin. Recently, Gong and Levicky studied the effects of salt concentration
and probe density on the hybridization content at a fixed temperature using an electrochemical
detection [I74]. They established an empirical map of different hybridization regimes encountered
at different salt concentrations and different probe densities on biochips. Although this study
spans only one order of magnitude in probe grafting density so that probes are always close
enough to possibly interact, three different hybridization regimes have been found regarding the
salt concentration. They introduce one way to compare buffer salinity and probe density using the
fraction II = ¢, /(1.61 ¢,), with ¢, the probe base density and c, the buffer cation concentration.
II is assumed to be in the order of one at the onset of hybridization and hybridization occurs at
values below this threshold. Further, in the extended Langmuir model, II is proportional to the
quantity r%/HA. The corresponding probe base density obtained here by scaling of our data to ¢,
in the high salt regime can be used to evaluate II. It follows that the onset of hybridization should
be found for salt concentrations of 8 mM which is clearly underestimated for our data. Onset of
hybridization has not been experimentally determined but should lie at salt concentrations below
100mM. The c, determined here is thus about one order of magnitude below experimentally
reasonable values. Further investigations of salt effects on biochips are clearly needed.

For completion, it should be mentioned that, although most experiments use monovalent
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cations from NaCl or KCI for charge screening divalent cations are also relevant in DNA studies.
Divalent cations shield the DNA backbone more efficiently than monovalent cations and already
a small concentration of some mM MgCl, as commonly used for enzyme reactions sufficiently
stabilizes DNA to allow surface hybridization [175], [176].

4.6 Non-equilibrium thermal DN A denaturation on solid sup-
ports

As we learned from the previous sections, DNA equilibrium melting curves, though necessary
for thermodynamic analysis, present several experimental inconveniences. Long assay times and
high temperatures may be inconvenient for surface chemistries and set-ups because of air bubble
formation at high temperature, for example. Also, the thermal denaturation transition gets even
larger than the already broadened N'TD curves on solid supports. The small slope is a hindrance
for point mutation detection, making the differences smaller and less easy to distinguish. A recent
review on the virtues and traps of real-time DNA microarrays has been published by Chagovetz
[55]. The authors present a clear comparison of available tools and their applicability to specific,
multiplex target hybridization and SNP detection. We will now concentrate on non-equilibrium
thermal denaturation to evaluate relevant parameters for DNA detection on solid supports. Here,
we still work with synthetic oligonucleotides, but we will see later on that our findings will help
to optimize DNA point mutation detection with long DNA or RNA targets.

Point mutation detection implies that the experimental device is able to make the difference
between the perfectly matched target sequence and sequences with one, two or more exchanged
bases that still have a high affinity for the surface grafted probe. In the case of SNP detection, the
alleles and thus the mutation that may occur is normally well identified. Hence, it is not necessary
to be able to detect the exact nucleotide that substitutes the original base, but it is sufficient
to detect its presence in the target. Today, DNA sequencing methods, originally developed by
Sanger and co-workers in the seventies [I77] have become powerful and fast and have outrun
DNA microarrays for sequence identification. We will focus here on the identification of the SNP
G8T70A codon 242 exon 4 of the protein Cyclin D1, as the bases for detection of PCR amplified
DNA provided by E. Crapez from the ‘Centre de Recherche en Cancérologie’ in Montpellier (see
the following chapter [5.2)). Experiments are carried out using allele specific oligonucleotide (ASO)
probes with the SNP placed in their center as shown previously in table [3.1]

We have seen in section [£.3] that under ‘normal’ injection conditions, i.e. at low temperature
and sufficient salinity, oligonucleotide probes with mismatches hybridize as efficiently to the probes
as the perfectly matched duplex. To achieve good discrimination during hybridization, stringent
condition of some type will be needed that suppress affinity of the mismatched targets while keeping
a good affinity for the perfectly matched duplex. One first precondition has been fulfilled by
choosing short probe sequences for which the mismatch yields a substantial reduction of stability.
We can now choose two strategies to achieve mismatch discrimination with our real-time SPRi
data acquisition:

1. Isothermal detection using stringent hybridization and washing protocols

2. Isothermal hybridization allowing good target hybridization followed by thermal denatura-
tion of the duplexes

While the first approach needs relatively few instrumentation and good optimization of the buffer
components, the second approach promises relatively few optimization steps for the buffer, but
needs well controlled instrumentation for the heating device. Since SPRIi is very sensitive to tem-
perature variations, work from other groups adopts the first strategy for SNP detection. Stringent
conditions are achieved during hybridization or rinsing or both using low salt concentrations, dena-
turing agents, pH variations, repulsive electrical fields or similar denaturing environments. In this
case, to reproduce the result, all experimental conditions must be rigorously respected since the
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result is based on the analysis of isothermal hybridization during injection and DNA dissociation
during rinsing. The mutation is thereby distinguished either from the calculated affinity or by
suppression of hybridization of the mutant to the wild type’s probe. In this work, we adopted the
second approach, based on non-equilibrium thermal dissociation of DNA as already introduced.
Acquisition of thermal denaturation curves should not need optimization to obtain specific hy-
bridization signals. On the contrary, all buffers will be chosen to allow hybridization of all targets
that have a sufficiently high affinity for the probe, such as targets with one or two mutations. The
term ‘specificity’ in our case includes mutations in the target, while injection of unrelated DNA
sequences should yield no detectable signal. Sequence identification will be exclusively based on
non-equilibrium thermal denaturation curves and the differences in the dissociation temperatures
introduced by mutations. The probe design must thus be well adapted and each prism includes
several duplicates of spots complementary to the wild type and the mutant sequence. Additionally,
positive controls of non-complementary DNA and poly-pyrrole spots as negative controls serve to
control specificity of the hybridization. Additional probes with supplementary mutation loci may
be used for reasons explained later on.

A typical NTD scan experiment will have the following protocol:

e Equilibration of the SPRi system in running buffer at neutral pH of high salt content (typi-
cally >400 mM NaCl, see the buffer table [1|in appendix A). The typical flow rate is 5ml/h
(87 ul/min).

e Initial temperature scan at 5°C/min to the maximum temperature (T,,,.) to clean the
surface at the beginning of the experiment. T,,,, corresponds to the temperature at which
the surface will be fully regenerated. It will thus depend on probe length and buffer and is
typically 70°C < T2 < 87°C.

e Injection of 1ml target solution at 25°C for about 10 min to allow hybridization.
e Washing for 5 min with running buffer.
e Start of the temperature scan at typically 2°C/min up to T, under continuous flow.

e After cooling down to 25°C and signal stabilization, start of a reference T-scan needed for
background subtraction of global refractive index changes. The reference can be valid for
several target injections in the course of one SPRi acquisition, but needs to be done under
the exactly same experimental conditions as the detection scan.

Data acquisition for one point mutation detection experiment on ODN targets thus takes
about 1h 30-2h. To extract the NTD curves, data analysis is needed in form of subtraction of
the reference temperature scan. A reference spot may also be subtracted to account for global
refractive index changes and so to correct the base line.

As before, the main questions of this section will be: How do we efficiently control DNA
hybridization to the solid support? How can we manipulate the DNA stability with the help of
buffer components and the temperature? How can we optimize point mutation detection with
regards to the sensitivity of our assay?

4.6.1 DNA denaturing agents

This first subsection will be closely linked to what we have learned about salt effects. Modulation
of the buffer’s salt concentration revealed a logarithmic dependence of the melting temperature on
the salt concentration. We will now see that there is an easier way to modify the DNA dissociation
temperature, the equivalent to the melting temperature but for NTD conditions. By addition of
DNA denaturing agents to the buffer, the melting temperature of DNA is generally altered in a
linear way. In molecular biology, numerous solvents are known to act as denaturing agents on DNA.
Typical examples are formamide, glycerol, dimethyl sulfoxide (DMSO), urea and guanidinium
thiocyanate, amongst others [178, 179, 180, 148]. Although some denaturing components may
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Figure 4.16: On the left: Chemical structure of formamide. In the middle: Hybridization kinetics
compared for different injections of M5 on probe N (1MM). While the association accelerates in
the presence of formamide (1), the total hybridized fraction on the spot diminishes (2). On the
right: SPRi image and differential image for injection of G¢20 and M5c on a poly-pyrrole chip
with ASO16 sequences and the M series (M5, M4 and N).

interact with DNA bases by hydrophobic interactions [I81], [182], most denaturing agents interact
with DNA by competing for hydrogen bonds (H-bonds) of the double helix. Formamide is the
most common and probably strongest DNA denaturing agent. It is known for its ability to form
hydrogen bonds and competes very effectively with the Watson Crick bonds [I83]. The chemical
structure of formamide is shown in figure [.16] on the left. Amide functions in general have been
reported to be likely to provoke DNA denaturation [I53]. It has been shown that formamide
lowers the melting temperature of free DNA in solution by 0.6°C [184] or 0.72°C [185] per percent
formamide (volume to volume). We want to find out if formamide has the same denaturation
power when DNA is grafted on a solid support and if the linear dependence is conserved. This
project was initiated during the stay of Daniela Dell’Atti from the University of Florence, Italy, at
our laboratory. To obtain generalizable results, we later used here both grafting methods available,
i.e. thiol spotted SAMs and ppy electro-spotting.

For these experiments, the running buffer is PBS at 450 mM NaCl, 0.05% Tween20 and 1 mM
EDTA and volume fractions of formamide from 0 to 20% in steps of 5%. Hybridization is carried
out using targets at 250nM suspended in running buffer for 10min at 25°C with a flow rate
of 83ul/min. After 3min washing, a temperature scan is done at 2°C/min up to 70°C. Since
formamide destabilizes the DNA duplex, the hybridization efficiency decreases with increasing
percentage of formamide in the buffer [I39]. This effect is strongest on spots forming duplexes
with two mismatches (MM) where less Watson-Crick base pairs are formed. At 20% formamide
some probe/target duplexes with 2 MM have a signal to noise ratio below 10 and have been
excluded from the thermal denaturation analysis. As we can see in figure [f.16] we observe an
increased association rate k,, with increasing percentage of formamide on probes of the M-series.
The association rate corresponds roughly to the slope at the onset of hybridization. Figure
superposes averaged data from probes N for different injections of M5c. While k,, increases,
the total hybridization signal decreases. The denaturing agent seems to have two effects: while a
fraction of probes is no longer able to hybridize to the target, probably because of a hybridizing part
that does not correspond to the full length of 15 or 16 bases, the accessibility for hybridization
is increased. Formamide may be able to suppress formation of secondary structures either in
probes or in targets. If there are interchain interactions between targets in the bulk, they would
be reduced. Similar observations are reported by Peterson et al. reporting better hybridization
of mismatched targets after mild heating to 37°C which is attributed to facilitation of nucleation
or conformational changes before hybridization [89]. Thus, competition between DNA structures
in solution and surface hybridization is reduced and the kinetics of hybridization to the surface is
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Figure 4.17: a) Comparison of non-equilibrium thermal denaturation curves observed on poly-
pyrrole or thiol grafted DNA chips. While the absolute dissociation temperature varies, the desta-
bilization with increasing volume fraction is equivalent on both grafting chemistries. b) Denatu-
ration curves in 10% formamide observed on the ppy chip as presented in figure We clearly
distinguish each sequence from the other since mismatches decrease the denaturation temperature.

favored by addition of formamide. At the same time, formamide suppresses partial hybridization
rendering the hybridized fraction more homogeneous.

To analyze the influence of formamide on the DNA helix stability, we use the dissociation
temperature T4 defined as the temperature with 50% of the initial hybridization signal on the
spots [139], [186]. SPRi dissociation curves are normalized to 1 and averaged over identical spots.
The normalization is justified since we look at out-of-equilibrium data and no longer on equilibrium
hybridization fractions. Figure compares dissociation curves obtained for the PM duplex
of Gc20 on G16 on poly-pyrrole and thiol chips. We observe higher dissociation temperatures on
thiol chips compared to pyrrole grafting. This difference in Ty must be attributed to interactions
between probes, targets and the substrate as a result of the immobilization method, but can not
clearly be associated to one phenomenon. In spite of the differing hybridization environment, the
T4 decrease due to formamide on DNA duplex stability is comparable for both grafting methods.
A more precise study of the stability of mismatched DNA in the presence of formamide is also
carried out. Figure|4.17b shows the dissociation curves of duplexes with 0 to 2 mismatches in 10%
FA buffer. For the K-ras (dashed lines) and the CCND1 (full lines) probes, perfectly matched
duplexes (PM) can be clearly distinguished from duplexes forming one (1 MM) or two (2 MM)
mismatches with their targets Mbc or Gc20, respectively. The addition of formamide to the
buffer increases the slope of the DNA denaturation transition and thus assists the detection of
mutated targets. Figure £.18]shows measured dissociation temperatures and the standard errors
on thiol and poly-pyrrole functionalized surfaces for target Gc20. Since thiol spots have a better
spot reproducibility compared to poly-pyrrole spots, they lead to smaller experimental errors. Ty
decreases linearly with increasing volume fraction of formamide as formerly observed for DNA
in solution and in polyacrylamide gel pads by Urakawa [139]. The slope is calculated for each
DNA duplex by linear regression yielding a determination coefficient of R > 0.98. The calculated
slopes representing the decrease of the dissociation temperature by addition of formamide are
recapitulated in table

Our results show that formamide has no significant sequence dependent destabilizing effect
on the dissociation temperature and we obtain slopes from —0.49°C/% FA to —0.65°C/% FA.
Urakawa et al. reported a higher T, decrease for sequences where the mutation replaces a G/C
base pair (-0.58°C/%FA) than for mutations replacing an A/T base pair (-0.52°C/%FA). It is,
however, more accurate to evaluate the effect with respect to the intact hydrogen bonds in the
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Poly-pyrrole grafting Thiol grafting
Sequence \ H-bonds \ ATy per % FA | Sequence \ H-bonds \ ATy per % FA
Target Gc20

G16 (PM) 41 —0.59 £ 0.05 G16 (PM) 41 —0.62 £0.02

TG16 (1MM) 38 —0.61£0.04 | TG16 (1MM) 38 —0.65 £ 0.02

A16 (1IMM) 38 —0.54 £ 0.02 A16 (1IMM) 38 —0.62 + 0.02

TA16 (2MM) 35 —0.49 £ 0.02 TA16 (2MM) 35 —0.57 £ 0.02

Target Mb5c Target Ac20

M5 (PM) 40 —0.63 £0.04 A16 (PM) 40 —0.64 £0.01

N (1MM) 37 —0.59£0.04 G16 (1MM) 38 —0.55 £ 0.02

M2 (2MM) 34 —0.5240.02 | TA16 (1MM) 37 —0.52+0.01
TG16 (2MM) 35 —0.57+0.01

Mean: —0.57 £ 0.05°C per % FA Mean: —0.59 4+ 0.05°C per % FA

Table 4.2: Slopes determined from linear regression to evaluate the decrease of the dissociation
temperature with increasing formamide volume fraction in the buffer. Both grafting densities
undergo the same change of —0.58°C/% FA.
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Figure 4.18: Representative fit to the dissociation temperatures observed in different volume
fractions of formamide to obtain the slope as given in the legend. Data presented is obtained on
ppy (a) and thiol (b) modified surfaces.

duplex since only those can be in competition with formamide. From the data of Urakawa et
al. one can find a tendency of increasing destabilization by formamide with increasing numbers
of H-bonds in the duplex, but the position of the terminal mismatches plays a crucial role and
also large experimental errors are biasing the appearing order. Their slopes are in the range of
-0.46°C/% FA to -0.63°C/% FA. In our study, no systematic dependency on the mutation type,
the number of H-bonds in the duplex or the duplex sequence can be determined. Sequences with
two mutations show a slightly lower response to the increase of formamide than the PM or 1 MM
duplexes. This is probably related to their decreased number of H-bonds in the duplex. We find
an average slope of -0.574+0.05 °C/% FA for poly-pyrrole surfaces and of -0.594+0.05 °C/% FA for
thiol surfaces. There is thus no significant difference between the two surface chemistries. From
Urakawa’s data, one can calculate an average formamide shift of -0.56°C/% FA extending our result
to another on-chip method. These values are lower than previously reported for DNA in solution
since the results are obtained on immobilized oligonucleotides and for non-equilibrium thermal
denaturation contrarily to equilibrium melting of long DNA chains (>800bp) in solution. Thus,
our results reflect the formamide destabilization of oligonucleotides in solid phase experiments.
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Figure 4.19: a) NTD scan as response to an injection of Gc20 at 250nM. b) NTD response to
Ac20 at 250 nM on the same prism. Mutations can be clearly distinguished by a shift toward lower
dissociation temperatures.

We have learned here that formamide can help to suppress secondary structure in probes and
targets and improve hybridization rates. To which extent formamide lowers the dissociation tem-
peratures depends little on the DNA sequence, and can be fairly well approximated by an average
decrease of -0.5840.05 °C/% FA of the dissociation temperature on microarrays. Furthermore, the
influence of formamide on oligonucleotides seems practically independent of the grafting method.
For this reason the variation of the dissociation temperature found here can be applied to vari-
ous biosensor and microarray platforms. The utility of formamide gets evident, since it may not
only favor surface hybridization by decreasing other non-specific affinities or secondary structure
thereby rendering the target available for hybridization, but it also increases the specificity of the
surface reaction, lowering effects of probe length dispersion and providing an easy tool to shift the
affinity to the optimal value. Since formamide induces a linear variation, it is easy to shift the
denaturation temperature to adapted values, for example to allow the use of longer DNA probes
on thiol modified targets without exceeding the heating limit of 70°C. It should be noted that
the formamide effect may not be the same when samples are composed of RNA and DNA since
RNA/DNA hybrids will be favored over DNA /DNA duplexes [I87]. Finally, it is to be mentioned
that not only denaturing agents may be employed for microarray experiments to increase the speci-
ficity of the assay, but also chaotropic agents like tetramethylammonium chloride and betain salts
are available that equalize the difference of stabilities between A-T and G-C pairs [155], [188] [189].
In this way, the hybridization temperatures and stringency protocols are more easily adapted to
a wide range of probes and targets. The only condition is that all probes are of equal length.

4.6.2 Point mutation detection

Physicochemical characterizations of the DNA biochip surface are an important step toward op-
timization for clinical applications. Although we already encountered mutations in the previous
section, we will see here what challenges one has to confront in order to unambiguously identify
the injected target or eventual target mixtures.

We can see in figure NTD curves obtained after injections of 250nM of either target
Gc20 ([.19%) or target Ac20 (£.19b) on the same prism with probes of 16 bases length. Probes
are complementary to wild type (G) and mutation (A) targets and may contain a supplementary
mutation site at the first or second position 5’ of the SNP site. For each specific target, the
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complementary spots show the highest thermal stability. Going to lower dissociation temperatures,
we then find duplexes with one internal mismatch. Duplexes with two mutations show the lowest
affinity and dissociate at the lowest temperatures. We can see here that the method is even
sensitive to the type of mismatch formed on the spot. The T-G mismatch formed on probes TG16
and TcG16 upon injection of target Gc20 is more stable than the A-C mismatch on probe A16.
Contrarily, after injection of target Ac20, the T-G mismatch on probes TA16 and TcA16 are less
stable than the G-T mismatch on probe G16, showing that the mutation’s influence depends on
the sequence context. This is in accordance with T,, predictions for the probe/target duplexes
based on the nearest neighbor model as seen in section £.2.1} It is, however, somewhat astonishing
that we do not obtain a significant difference between the two targets having two mutations
either at neighboring sites or with one base in between. We would expect the base flanked by two
mismatched sites to be incapable of hybridization. The duplex would thus have a three base interior
loop, yet we find its stability similar to duplexes with two neighboring mismatches. This is the
case as well for TG16 and TcG16 hybridized to Ac20 as for TA16 and TcA16 hybridized to Gc20.
Possibly, interior rearrangements take place where base stacking interactions or non-Watson-Crick
hydrogen bonds may account for the stabilization. Targets with additional mutations such as TA16
and TG16 provide essentially the same information as the wild type and mutant complementary
probes, but at lower temperatures which may be of advantage for experimental designs imposing
moderate temperatures. The TcA16 and TcG16 probes do not provide additional information and
are thus not useful in our SNP genotyping approach.

When comparing the experimental results to simulations obtained in the Langmuir model, we
observe a broadening of the curves. The denaturation transition takes place over a wide range of
temperature which decreases the mismatch resolution and the differences in T, for PM or MM
targets. When we compare part a and b of figure we see that the dissociation temperature
on one probe sequence changes with the hybridized target. For instance, while the PM duplex
Gc20/G16 has a dissociation temperature of 52°C, it is reduced by 4.5°C to a Ty of 47.5°C when
hybridized with the mutant Ac20. Differences between probes with additional mismatches like
TA16 and TG16, were expected to increase their temperature difference to a greater extend. We
here observe similar mismatch resolution, but on curves with higher slopes. So, from one single
spot type, we are able to tell the target’s genotype which would be G/G for injection of Gc20 and
A /A for injection of Ac20. The double notation stands for the two possible alleles of one individual.
So, when only one target type is present, we are in the homozygous case. Since for real biological
samples, buffers and concentration may be less well defined as they are here for purified ODN,
it is preferable to take into account the ‘order’ of duplex stability on the probes to identify the
genotype and not only the dissociation temperature of one spot. Other criteria may use the signal
at each temperature and thus take into account the s-shaped form of the curves. For example, a
discrimination index defined in Li et al. reveals optimum discrimination at temperatures 5-10°C
higher than the T4 of the PM duplex where the mutated target is almost completely washed off.
Still, the observed order will define the genotype of the sample.

Being able to identify homogeneous samples, it will be interesting to look at target mixtures.
One example of a 50%-50% target mixture of wild type and mutant is the heterozygous case with
genotype A/G. In figure , NTD curves obtained after target injection of 50% Gc¢20 and 50%
Ac20 at a total amount of 250 nM ODN are presented. We now observe two phase dissociation on
each spot. The first dissociation corresponds to the denaturation of the less stable duplex formed
on one spot (1 MM for Ge20/A16 and Ac20/G16, 2 MM for the rest, accordingly). Then the
signal stagnates at 6 ~ 0.5 before a second dissociation phase reveals the departure of the more
stable target (PM for Ac20/A16 and Gc¢20/G16, 1 T-G MM accordingly on TA16, TG16, TcA16
and TcG16). The plateau indicates the proportions of the two targets since hybridization takes
place fast with quasi identical association constants for both targets. Reorganization is essentially
based on the difference of the dissociation constant k,sr and would take infinitely long at the
chosen hybridization temperature due to high affinities of both targets towards all probes. We are
thus not only able to detect the presence of a mutated target in solution, but also to quantify its
proportional abundance in the sample. These results show that our SPRi based temperature scan
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Figure 4.20: a) Detection of 50% of wild type and mutant corresponding to the heterozygous case.
b) Detection of a target mixture of 250 nM total DNA, with 5% Gc-26bio and 95% Ac-26bio. It
is possible to find the plateau due to the small fraction of complementary targets on spot G20.

method is a valid tool for SNP genotyping. For ODN samples, the genotypes can be categorized
unambiguously. Furthermore, the method seems universal and simple to apply to other SNPs.
The results presented here have already been presented by J.-B. Fiche on an SNP from the K-ras
gene [112] [13]. That the method can be applied to several SNPs at one time can be seen in figure
[A17in the previous subsection on formamide experiments. The main advantage of the approach
is the absence of any sequence specific optimization. Although each probe sequences, of course,
is optimized for mismatch discrimination while being sufficiently stable, there is no need for a
uniform dissociation temperature for all PM targets. The hybridization temperature could even
be lowered for shorter probes and the temperature scan must just be sufficiently high to denature
every duplex formed on the chip. This is true in the case of ODN targets and will be later on
evaluated for hybridization of long DNA targets (see chapter [5).

Since we are able to detect mutated targets in a target mixture, it will be interesting to know
the detection limit of % mutated target in the overall sample. If we can detect and, better even,
quantify very low percentages of mutated targets, the temperature scan method could prove useful
for the analysis of biopsy samples. Biopsies are samples of tissues extracted from specific sites.
The purpose is thereby often the classification of tumor tissue in benign or malignant. Since
biopsies are often carried out at places in the body that are difficult to access, for example the
stomach or the lung, the total extracted cell sample will contain a varying proportion of healthy
cells and tumor cells. Sometimes, proportions of tumor cells are as low as one 1% of the sample.
The extracted and amplified DNA will reflect the initial ratio and detection methods must thus
be able to find low abundant amounts of mutated DNA in a large background.

Preliminary experiments by J.-B. Fiche showed a detection limit of 15-25% mutated target in
the whole pool depending on the sequence to be detected. These limits could be further pushed to
a detection limit of 5% mutated target in samples containing a total concentration of 250 nM. This
is depicted in figure , where we can see the plateau corresponding to 5% of Gc¢26 target on
its complementary probe. The theoretically predicted initial decrease caused by 5% Gc26 on A20
can not be observed since the curves always show a steady signal drop in the expected tempera-
ture region. Accordingly, in figure 4.21pb, another experimental result with this time 5% of target
Ac26 is represented by the blue curve. The only conditions for the detection of the plateau are a
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Figure 4.21: Detection of target mixtures on spot A16 with 250 nM total DNA. a) Simulations for
direct NTD after hybridization (NTD) or performance of heating at 5°C/min to 70°C followed by
return to 25°C at 1°C/min before NTD at 2°C/min (Heat). Full lines: 95% Gc26 and 5% Ac26.
Dashed lines: 99% Gc26 and 1% Ac26. After only on heating cycle, both concentrations of Ac20
become detectable on the complementary spot. b) Experimental data corresponding to 95% Gc26
and 5% Ac26 detected on thiol probe A16 grafted at high density with (Heat) our without (NTD)
heating of target solution before rinsing and NTD.

sufficiently big difference in the dissociation temperature of PM and MM target and sufficiently
high hybridization signals.

While a detection limit of 5% mutated target is a low level, it is still insufficient for clinical
applications. It is therefore necessary to think of more sophisticated detection protocols that will
allow at the same time (at least rough) quantification of the sample composition and unambiguous
detection of the presence or absence of very low percentages of mutated DNA. A two step approach
to detection may hereby be suitable. Since the detection limit of 5% mutated DNA in the sample
can be sufficient for quantification, a first NTD scan as the previous one would allow to tell either
the proportions of the sample or classify the mutant as <5% or absent in target solution. The
second step must be able to exclude or confirm the presence of mutated DNA in the sample. We
propose here a strategy based on temperature cycles that will permit to accumulate the mutated
DNA on its corresponding probe and thus shift the plateau in the detectable range.

To be able to predict the dynamic exchanges of targets on specific probes, a Mathematica
routine is used that numerically solves the time dependent differential equation [4.7] for two targets
with different affinity for one spot. A time dependent temperature profile can be chosen. To predict
the affinity, thermodynamic parameters based on the NN model are used. We have seen that
predictions from solution lead to higher temperatures than the actual dissociation on the biochip.
This is why predictions can only be made on general dependencies and trends. Experimental
protocols and temperatures can be adapted on the basis of two NTD scan with chosen buffer and
either wild type or mutant target.

A first approach to minor mutant quantity detection could be the following protocol:

1. Hybridization of half of the sample to the chip followed by rinsing and NTD scan to T4z
determining the percentage to be lower or greater than our detection limit.

2. Injection of second half of the sample at T,,4, and cooling slowly to 25°C under agitation
of solution. For each individual probe sequence, first the hybridization of complementary
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target will take place before coming into the range of hybridization of the mismatched target.
In this way, the mutant in low abundance finds free hybridization sites on its PM probe that
the competitor target can not occupy at Ty(PM)>T>T;(MM).

3. Washing and NTD scan on the second sample hybridization.

This protocol has the advantage of easy implementation to our system and assay time is opti-
mized. In the beginning, we considered to have only one injection and perform a fast equilibrium
detection scan to determine the composition of the target. It turned out experimentally that this
approach is actually biased by the flattened denaturation profiles shifted to higher temperatures
that do not allow a clear identification of the plateau at low percentages of mutant target. Further,
simulations show that in the presence of targets, dynamic exchange will take place leading to con-
tinuous hybridization of mutant DNA to free sites on its complementary spot before reaching the
T,, of this PM duplex. Quantification can thus not be achieved. Simulations of the proposed NTD
assay protocol with cooling rates of 1°C/min are shown in figure . Two cases are depicted:
NTD curves obtained for first and second hybridization for a sample containing 5% Ac20 in 95%
Gc20 and 250nM total DNA (full lines, red and blue, respectively) and a target mixture of 1%
Ac20 and 99% Gc20 (dashed lines, orange and light blue, respectively). We observe that in the case
of 5% mutant, the second NTD scan shows the plateau at 6 ~ 0.4. For 1% mutant the percentage
of complementary target on probe A can be increased to 10%. A cooling temperature of 1°C/min
seems thus sufficient to shift even percentages of 1% in the detectable range. In figure 4.21p, an
experimental result obtained on high density thiol DNA spots is shown for target solution with 5%
Ac20. While the plateau is detected at 5% for the first NTD scan, after performance of the cooling
scan of 1°C/min under agitation of the sample, we obtain a second NTD scan showing a percentage
of about 55% Ac20 on probe A spots with a very good spot reproducibility. The experimental
increase is hence even higher than expected from simulations. This fact is in clear relation with
the high grafting density on the thiol chip. On hybridization curves for target Gc20, we obtain a
visible dissociation on probe A16 during chip washing which is not the case for hybridization of
Ac20 on the same spots. The high surface grafting thus increases the discrimination of PM and
MM duplexes and leads to improved detection of minor target concentrations.

This result is encouraging and the second question was, if we could be able to accumulate even
higher percentages of mutant on its complementary spot in a faster way. Several hypothetical
temperature profiles with repeated heating and cooling cycles at various speed are analyzed for
an overall ‘target accumulation’ time of 1h which corresponds to the time needed of 1°C/min
cooling from 85°C to 25°C. The analyzed mixture is composed of 1% Ac and 99% Gc on probe
A16. Important factors are the cycle’s maximum temperature T, and the number of cycles related
to the scan speed with heating and cooling being possibly different. We find that the efficiency
is strongly dependent on T.. It is clear that T, must be sufficiently high to destabilize the MM
duplex on the spot while being sufficiently low so that the PM duplex remains intact. It gets
immediately clear that the optimum temperature will depend on the duplexes to be analyzed. As
for the number of temperature scans, for symmetric temperature profiles it seems preferable to
have more cycles at faster scan rates. Then, more time is overall passed in the temperature range
where target exchange takes place. The best option is, however, an asymmetric temperature profile
with fast heating rates and slower cooling rates since most rearrangement occurs during cooling. If
it is experimentally feasible, it would be preferable to do scans around the dissociation temperature
of the mismatched duplex, since at low temperatures (below ~40°C), the displacement of Gc by
the PM target Ac is inefficient.

Experiments with two heating and cooling cycles at 3°C/min are presented in figure |4.224
for the detection of 10% Gc26 and 90% Ac26 with 250 nM total DNA. Full lines represent the
NTD curves obtained directly after hybridization at 25°C, dashed curves show NTD curves after
two heating cycles in the presence of the sample. The figure reflects the different results one can
expect for a chosen T, with respect to duplex stabilities. While the two cycles to 47°C show
visible, yet minor accumulation of G¢26 on probe G, a significantly higher increase is found on
probe TG, sensing the same allele but at lower temperatures due to the additional mismatch.
Figure [£:22b represents the derivatives of the NTD curves and reflects well the shift of proportions
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Figure 4.22: On the left: detection of a target mixture of 250nM total DNA, with 10% Gc26-bio
and 90% Ac26-bio. Full lines: NTD T-scan directly after hybridization and washing. Dashed lines:
Under agitation of the solution, two consecutive heating cycles up to 47°C are performed before
washing and NTD T-scan. The change of complementary target is indicated by arrows. On the
right: The corresponding derivatives reveal the changed proportions.

of the minima corresponding to each target duplex. Arrows indicate the differences due to loss
(A16) or addition (G16, TG16) of Gc26 on the spot. We see that our ‘secondary reporter probes’
with lower target affinities boost the detection of mutants at low concentrations and render the
results more reliable.

To complete this presentation of the detection of target mixtures with one allele in low abun-
dance, it has to be said that simple isothermal hybridization at an optimum temperature of
Tqa(MM)<T,,s <T4(PM) will provide the most time efficient accumulation of mutant target on
its complementary probe. However, this approach is not flexible enough to be applicable to com-
plex target mixtures sensing different SNP site, unless substantial effort is done for optimization of
probe length and sequences. So, our temperature cycle approach with secondary reporter probes
has the advantage to be more universal and less dependent on the nature of SNPs to be detected.

4.6.3 Signal amplification by DNA labeling

The previous considerations about detection of mutations and mixed targets reveal the need for
sensitive detection methods allowing unambiguous target identification, and preferably also target
quantification. One way to render SPRi more sensitive is by signal amplification using target
labeling, the use of alternative strategies based on DNA binding ligands or enzymes or secondary
detection using often a ‘sandwich’ type method, where the target is revealed after binding by
a second recognition partner. Although SPRi generally is promoted as a label-free detection
method, one should not hesitate to use labels in order to increase the sensitivity of the method
when required. Although labeling increases the cost of the detection assay, one can see that today
a lot of targets from DNA or RNA amplification protocols are routinely labeled.

SPRi measurements are generally 1000 fold less sensitive than fluorescence measurements, for
example. However, some authors report very low detection limits on nucleic acids by SPR using
target amplification by ligand binding, biological interactions as biotin-streptavidin recognition
or coupling of gold nanoparticles [9, 190, 191] 121], 192, 193]. The purpose of this subsection
is to evaluate amplification protocols based on biotin-streptavidin coupling with respect to their
compatibility with subsequent heat denaturation detection. The main question is, if we can achieve
high hybridization signals while keeping or improving our good discrimination of sequence specific
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Figure 4.23: Amplification of biotinylated DNA. On the left: Hybridization of M5c on M4 probes
(1 MM) at 250nM on a poly-pyrrole chip. Red: streptavidin amplification (10nM), blue: strep-
tavidinated gold nanoparticles at 0.01 OD and light blue: no amplification. On the right: Denat-
uration curves of M5c and probe M4 (1 MM) on a poly-pyrrole chip observed after hybridization
without amplification (red), with streptavidin-biotin amplification (blue) and amplification by
streptavidin coupled Au nanoparticles (light blue). There is a shift of ~15°C toward higher de-
naturation temperatures for amplified targets.

denaturation of mismatched targets using T-scans.

The biotin-(strept)avidin interaction is known a by

as the most stable biological interaction and is there- m

fore a welcome couple in molecular biology binding i ‘
assays. The dissociation constant of ~107°M ex-

plains why the biotin-streptavidin complex is very

stable and can not be destroyed under ‘normal’

conditions [194]. Streptavidin is reported to ex-

hibit less non-specific binding than avidin and is

therefore the partner of choice for on chip experi-
ments. Its molecular mass is 52800 Da and its iso-
electric point is close to neutral conditions. Strep-
tavidin is a tetrameric protein of 46-93-104 A. One
strept(avidin) protein has four subunits with iden-
tical recognition sites for biotin.

Figure 4.24: a) simplified model of strepta-
vidin binding to a biotinylated DNA surface.
b) more realistic model of binding events.
One streptavidin protein can capture up to

four biotin molecules in its binding sites.
Two amplification systems based on this specific &

interaction are available at our laboratory. The biotinylated target DNA is first hybridized to the
probes and then ‘revealed’ by an injection of either 10 nM streptavidin or 0.01-0.05 OD of strepta-
vidin functionalized gold nanoparticles. While the amplification of the SPRi signal by streptavidin
is purely related to the additional mass, the gold nanoparticles (Au-NP) can couple to surface plas-
mon excitation and then exhibit signal amplification beyond simple mass addition. Figure
shows the superposition of injections of biotinylated Mbc target on M4-ppy probe followed by
no amplification (light blue), amplification by streptavidin (red) or a double injection of strep-
tavidin functionalized Au-NPs. With a hybridization signal of 1% reflectivity, we obtain 5-fold
amplification upon 10 min injection of streptavidin, displaying a very fast binding. For Au-NPs,
we observe a much slower signal which after 20 min injection reaches a ~ 4-fold amplification.
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Figure 4.25: On the left: Hybridization of Ac at 250 nM on probe A-thiol followed by an amplifi-
cation step. Red: streptavidin amplification (10nM), blue: mixture of streptavidin (10nM) and
biotin with stoichiometry of 1:3 and light blue: no amplification. On the right: Temperature scan
for ASO-Ac on probe A (PM) in 30% formamide on a thiol chip: without amplification (red),
streptavidin amplification (blue), amplification with a streptavidin - biotin mixture of stoichiom-
etry 1:3 (light blue). The inset shows the corresponding derivatives. While there is a simple shift
as observed on M4 for streptavidin amplified targets, mixing of streptavidin with biotin reveals
several complexes with various T,;. The temperature shift is cause by the coupling of several
targets to one streptavidin protein.

The association of gold NPs to the surface is clearly limited due to insufficient mass transport
towards the surface and can be seen from the delayed response curve at 16-24 min as compared to
streptavidin. S. Laurent found at our laboratory that gold NPs also have a tendency to aggregate
which he revealed by consecutive injections that never reached a clear signal saturation.

Since streptavidin has been reported to be thermostable up to 75°C in a free state and up
to 112°C when coupled to four biotin molecules [195], we can perform temperature scans on
our amplification system. From the NTD curves obtained by subsequent T-scans, we observe
a surprising phenomenon: amplification using biotin-streptavidin interactions lead to significant
stabilization of the surface bound state of the target DNA. We see in figure [£.23p that there is
a 15°C shift to higher temperatures for both amplification strategies. We speculated that this
important stabilization is the signature of multiple targets binding to one streptavidin molecule
as depicted in figure and thereby couples different hybridized targets. The complex will only
part once all 1-4 streptavidin bound targets dissociate from their probe. However, temperature
dependent phenomena are statistic and so targets that dissociate will stay close to the surface
instead of being carried away directly. Targets may thus eventually find a new binding partner
before other targets on the same streptavidin start to dissociate.

To put this model to the test, a comparison of streptavidin and streptavidin previously mixed
at 1:3 ratio with free biotin is carried out this time on a thiol functionalized prism. From the
hybridization signal in figure [4.25a we see that the premixed streptavidin leads to a higher ampli-
fication signal that can not be explained solely by the additional mass of biotin which corresponds
approximately to the mass of one DNA base. So, the first observation is that more streptavidin
is bound to the spots when some active sites of the protein are blocked before injection. When
we observe the respective NTD curves in figure f:25b, we observe that on thiol surfaces the shift
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due to streptavidin coupling is conserved. Then, we notice that new properties appear on the
curves corresponding to the streptavidin-biotin mix. There is not one clearly defined dissociation
temperature as before, but a stepwise dissociation profile with two plateaus as revealed by the
derivative shown in the inset. Tracing the parallel to the previous subsection on mixed targets, we
can conclude that we have three species of different stability on the same spot. The most likely
composition being here streptavidin proteins with one to three fixed DNA targets. By the way,
one plateau could already be distinguished on the AU-NP NTD curve in figure indicating
that a varying number of biotin binding sites is already occupied by the functionalization on the
nanoparticle. We can now also understand why more streptavidin is bound to the spot in the case
of biotin premixed samples. While normally surface bound streptavidin captures a maximum of
three or four target, yielding one single, stable dissociation temperature, more streptavidin will
find now a free binding partner on the surface and thus increase the mass.

Let us come back to the original motivation of this work on signal amplification. The aim is
to obtain higher signals especially to be able to find low abundant mutated targets in a complex
sample. The fact that streptavidin connects neighboring targets on one spot is thus incompatible
with detection of the specific target stability. When we find a plateau, we would not know if it
corresponds to the fact that some streptavidin have less partners (cf. Au-NPs) or if it corresponds
to intrinsic differences of the target’s stability. Moreover, we should expect a broadened transition
instead of a discernible plateau for target mixtures since among the streptavidin binding partners
we will find a varying ratio of mutated and complementary targets. We can conclude that the Ty
shift introduced by streptavidin coupling complicates target detection based on the prognosis of
duplex stabilities. The streptavidin-biotin amplification scheme seems thus an invalid approach
for thermal denaturation detection.

One solution of this problem could be provided by engineered streptavidin with only one bind-
ing site. A recent review on engineered streptavidin has been published by Laitinen and co-workers
[196]. Although there exist dimeric streptavidin or even monomeric streptavidin fractions, they
loose the prerequisite of the exceptionally stable binding to biotin and show binding affinities of
Ky ~10~"M [196] 197, [198]. Other amplification strategies must be found that are compatible
with target stability detection using T-scans, when higher signal is needed.

4.6.4 Target length and secondary structure

Before discussing the point mutation detection on PCR amplified targets in the next chapter, we
should discuss some preparative results concerning the differences encountered when passing from
short oligonucleotides to longer targets. New effects are expected to arise, since longer targets
are more likely to have stronger interactions on the chip due to stronger electrostatic interactions
and steric hindrance. Long DNA or RNA sequences are also prone to self-hybridization in form of
secondary structures, tertiary structures and hybridization between targets and background DNA
in solution (so-called ‘hitch-hiking’ [I99]) leading to reduced mobility and decreased availability for
surface hybridization. Biological DNA and RNA targets as provided by current amplification pro-
tocols are usually longer than 100 nt and can have up to about 2000 nucleotides. Therefore, longer
targets on oligonucleotide chips have dangling ends, in contrast to short ODN targets. Dangling
ends that are either placed at the distal end of the probe or proximal to the surface are potential
interaction partners for background DNA. As shown by Stedtfeld et al., already short homologies
between the distal dangling end and background DNA can lead to substantial hybridization of
background DNA to surface hybridized targets [199]. This effect is smaller for surface proximal
tails, supposedly due to reduced availability and substrate influences. This is especially relevant
when the target’s complementary strand is present in the sample [200]. In the presence of dan-
gling ends, hybridization depends strongly on the spacing between the probe sequence and the
substrate [201], [202] 203] [157]. This is taken into account by incorporation of a chemical spacer
between the hybridizing part of the probe and the substrate and is generally in the order of 45-90
atoms corresponding to ~10 nucleotides [203]. Furthermore, the physicochemical properties of the
spacers also have an influence on the hybridization yield and it is generally preferable to present
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low negative charge density and to be hydrophilic to some extent. Probes without spacers are
subject to increased stringency and show not only reduced melting temperatures as compared
to more distant probe sites, but also exclusive two-state dissociation. Distant probes may yield
multi-state dissociation curves due to partial hybridization and secondary structures in the target
[202]. In this study, probes with a 10 thymine spacer are used, providing the required distance,
but not necessarily optimal reduction of undesirable non-specific interactions.

Long DNA sequences containing all four nucleotides are very likely to form secondary struc-
tures. Those can be in form of hairpins, loops or pseudoknots. The influence of secondary structure
in targets or probes in hybridization kinetics has been studied as well for bulk experiments as for
surface hybridization [204] 205, 206, 207, 107, 208]. Although Bonnet et al. report an improved
mismatched discrimination on melting curves for molecular beacons [205], in most applications
secondary structures are an annoying effect since hybridization rates can be limited already in
the presence of three paired bases in the single strand [206]. In general, target and probe design
are aimed at avoiding secondary structures in the binding site. However, in applications like SNP
genotyping, this may not always be possible since the locus of the target on the gene is deter-
mined by the SNP. Computational prediction of secondary structure is available in programs like
MFOLD and Koehler and Peyret provide guidelines to optimize computational analysis based on
secondary structure prediction for annealing of short ODN on long targets and the corresponding
equilibrium kinetics [209], 40].

Effects of RNA structures on surface hybridization have been thoroughly examined by Mir and
Southern [2I0]. Their study reveals that the exact type of secondary structure determines the
hybridization yield. Surface hybridization takes mainly place when the hybridizing part contains
some bases that are not Watson-Crick base paired in the target and a second part that spans one
whole stem region. The unpaired bases can be free or stacked to neighboring helices and serve
as nucleation site for surface hybridization. Stacking in hairpin adjacent sites plays potentially a
favorable role for surface hybridization since the orientation of the bases facilitates the opening of
the adjacent stem. The hybridization to the stem region is also favorable since little reorganiza-
tion is needed to form the surface tethered heteroduplex. Partial hybridization of a stem region
to the probe is generally suppressed, suggesting the reformation of the initial RNA secondary
structure. Displacement by one or two bases of well-hybridizing regions may already result in a
drastic signal decrease, since stabilizing stacking interactions may be lost [211] or a second stem
region would be attained. The nucleation site can have as low as 3nt and is not necessarily at
one end of the surface tethered probe. The authors find similar hybridization patterns on re-
versely synthesized probe chips (3°—5’), showing that also surface proximal parts are accessible
to nucleation. However, there might be a difference between normal (5’—3’) or reversed probes
depending on the orientation of the RNA target when hybridization initiates at the target’s 3’ end.

The following work is carried out on synthetic DNA of 80 nucleotides. The advantage of
synthetic material for optimization is its availability in sufficient quantity and purity. All targets
dispose of 24 bases perfectly complementary to probe sequence G24. Three targets are available:
PolyT-sol has a poly-thymine dangling end of 56 nt on the distal 5’ end of the hybridizing sequence,
thus oriented towards the solution after hybridization. PolyT-surf has a poly-thymine end of 56 nt
on the 3’ end as surface proximal tail. PCRS&0 is similar to PolyT-surf but instead of 56 thymines,
its dangling end is identical to the sequence of the PCR amplicon used later for detection of
biological samples (chapter |5). This target is able to form a stable secondary structure with
AG=-13.86 kcal /mol. The hairpin shown in figure is conserved for all 3 predicted secondary
structures obtained using mfold. With these sequences, given in table [3.I on page 28] we can thus
study the effect of dangling ends with orientation towards the bulk or the surface and the influence
of target secondary structures on surface hybridization and thermal dissociation.

First, hybridization kinetics for the 80mers are compared to a standard oligonucleotide hy-
bridization. Therefore, injections of 250 nM target in PBS 400nM NaCl at a flow rate of 5ml/h
are performed on a poly-pyrrole chip with immobilized A and G sequences of length 16-24 nt for
grafting densities obtained with 2 and 10 pM DNA. Under identical injection protocols, the hy-
bridization kinetics observed on the DNA chips depends on the target type. As shown in figure
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Figure 4.26: a) Secondary structure of PCR80 predicted by mfold. At 25°C and 450 mM NaCl,
AG?°°©=13.86 kcal /mol. b) Simulation for melting curves in presence of variable target concentra-
tion that corresponds to secondary structure stability. Heating and cooling process are assumed
at 2°C/min after 20 min hybridization of PCR80 on probe A16 and G16 (see explanation on page

R0).

[4:27h, the fastest association is obtained for the oligonucleotide, followed by PolyT-sol. The lower
signal of G¢26 is due to the difference in mass. For PolyT-surf, we find a further reduced associ-
ation rate. PCR80 associates even slower and tends to a lower equilibrium surface coverage than
PolyT-sol. For the 10uM grafting shown in the figure, spot signal is not saturated during the
injection time for all 80mer targets. However, on 2puM spots, saturation is fairly well reached.
There, we find a 20% signal increase of PolyT-surf as compared to PolyT-sol although associa-
tion takes place slower. This can be explained by the exponentially decreasing sensitivity of the
SPRi signal perpendicular to the surface. An analysis of plasmon curves assuming a DNA layer
extended over 8 or 16 nm on the poly-pyrrole spot assuming refractive indices of ngpy, = 1.37 or
Ni6nm = 1.35 yields a similar reflectivity increase for the thinner layer with higher refractive index,
which corresponds to the target hybridized closer to the surface. PCR80 targets show only 60% of
the PolyT-sol signal in these spots, leading to the conclusion that the equilibrium surface coverage
for targets with secondary structure is lowered. During the dissociation phase, no apparent off
rate is observed indicating that all duplexes are stable at 25°C.

To overcome the limited hybridization rate due to the secondary structure, hybridization of
PCRS8O0 at 250 nM is carried out at different temperatures from 25°C to 60°C in steps of 5°C. Figure
compares the kinetics obtained in average on probe G24 for the different injections. The
association rate increases with increasing hybridization temperature. An optimum is reached for
temperatures between 45°C and 50°C. However, the dissociation rate increases, too, and due to
decreased affinity for the probe, the equilibrium surface coverage starts to decrease. The presence
of secondary structure in the target hinders hybridization at low temperatures. Hybridization at
higher temperatures increases the probability that the hybridizing part is in single stranded form
and thus available for surface hybridization. It is clear that the competition between secondary
structure and surface hybridization induces new constraints on the probe design. For example,
probe G16 shows a strongly reduced hybridization signal when hybridization is carried out at 45°C
and we do not obtain any signal at all on spot A16 with one mutation. Longer probe sequences
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Figure 4.27: a) Hybridization kinetics of targets varying in length, position of the hybridizing part
and secondary structure at 25°C on probe G24. While no off rate can be detected for all targets,
on-rate varies by type. The slowest on rate is observed for target PCR 80mer forming secondary
structure and having a surface proximate tail. b) PCR-80 target on probe G24 hybridized at dif-
ferent temperatures. On-rate increases with temperature and for T>45°C the equilibrium surface
coverage decreases. An optimum is achieved around 45°C.

are needed that lead to T,,(PT)>T,,(T*), with T* the melting temperature of the secondary
structure. In our case, only the probes with 20 and 24 bases can be used.

To obtain further information on the interactions between long targets on ODN probes, NTD
curves are acquired for all 80mer targets. Two details can be noted in figure .28h. While PolyT-
sol results in a NTD curve identical to G¢26, PolyT-surf shows a reduced stability and dissociates
at lower temperatures. Astonishingly, this decreased stability is not observed for PCR&0, instead,
a part of the targets seems to be hold back and dissociates only in a second step at temperatures
where the other targets are already completely dissociated from the spot. Both effects are present
as well on PM and MM spots. While the decreased stability for PolyT-surf might be explained by
higher stringency in the proximity of the surface, the behavior of PCR80 has not been observed
before for samples with one unique target. To obtain more information, equilibrium scans in
presence of 250 nM target DNA with protocols as in section [I.5] are measured. In figure we
see that curves obtained with Gc26 and PolyT-sol are in thermodynamic equilibrium while the
target with the surface proximal tail still dissociates at lower temperatures and shows a hysteresis
effect. This finding is consistent with the NTD observations and reveals the penalized hybridization
for targets with surface proximal tails. The equilibrium melting curve for target PCR80 is shown in
figure [4.28c. Here, two probe types are shown, the mismatch forming probe A16 and the perfectly
complementary probe G16. Targets are hybridized at 25°C and we then apply under agitation
two successive temperature scans to 85°C at 2°C/min for heating and cooling. Reflectivity at the
beginning of each scan is normalized to 1 to obtain easily comparable curves. From the first T-
scan, we observe on both probes a plateau, indicating the presence of species of different stability
on the spot. However, there is only one single target present in solution, so we can not explain this
effect by different targets. We also observe that the percentage of duplexes with higher stability is
not the same on PM and MM spots. While about 75% of targets on spot G16 dissociate at higher
temperatures, this is the case for only ~45% of targets on the mismatched spot. The plateau on
G16 is also more pronounced. During the cooling process, no such distribution is observed, the
curves regain smoothly the initial signal and in the case of G16, about 20% more mass is fixed

79



CHAPTER 4. DNA ON A SOLID SUPPORT: FUNDAMENTAL ASPECTS OF DUPLEX
STABILITY

(@} : (bl .

]
=

—a—Gc26 — Gc26 —A16-scan1
1 —=—PolyT-sol 15 — PolyT-sol | 1.2 —G16-scan1
= ——PolyT-surf|] 2> — PolyT-suf ()} || & | ™~ |7
= ——PCR80 = e N = SRR E St NI TR St
E” 08 ,%, 0.8 PolyT-surf (2) | g 1.
® T Probe A16 T 08l
< 0.6 - 0.6 B T
N 8 & 06
© © ©
g 0.4 E 0.4 4 g 04
(=] (=] o
< 0.2 Z 0.2 1% 02
0 4 0 b . o £ 2, W o N 0l . " R o
30 40 50 60 70 80 30 40 50 60 70 80 30 40 50 60
Temperature (°C) Temperature (°C) Temperature (°C)

Figure 4.28: a) NTD scans obtained after injection of 250 nM target of either G¢26, PolyT-sol,
PolyT-surf of PCR80. We observe a T, decrease on target PolyT-surf and a level-off at the end
of the PCR80 scan, here represented for probe A16 and G16, but present on probes of 20nt and
241t too. b) Heating (symbols) and cooling (full lines) in presence of target DNA under agitation.
PolyT-surf is penalized and presents a hysteresis. ¢) Double heating and cooling cycle at 250 nM
PCRS80 observed on A16 and G16 (first scan — full lines, second scan — dashed lines). We find a
plateau during heating, but not cooling. On G16, the plateau is completely absent for the second
T-scan cycle, while it is still observable on A16 (1 MM). All curves presented are averages over
identical spots.

on the spot. The second temperature scan is different from the first. While we still can observe
the plateau on probe A16, it is smeared out on the PM spot. Both spots do not regain the initial
hybridization signal. Although not shown here, spot A20 shows a distinguishable plateau during
the first and second scan. No information is obtained on longer A or G probes since the spots are
not totally dissociated at 85°C and normalization is thus difficult. Another experiment showed
that the detection of the plateau on all spots is reproducible with ~ 15% variation on the absolute
position of the plateau.

To find an explanation for the observed stability difference of PCR80 target on the spots,
we first thought about effects of the secondary structure. Since probes are injected without any
preheating, we must assume that targets form secondary structures. Two scenarios could then be
found. First, at low temperature, only some targets are available for hybridization and we thus
obtain an effective free target concentration [T] lower than the total target concentration cr. In
the absence of duplex formation, secondary structures in solution start to melt during T-scans
and [T] increases until it reaches cp. This concentration change leads to a shift of the equilibrium
surface coverage and shifts the melting temperature to higher values. The reaction scheme can be
expressed in the following way:

P+T=PT (4.23)

T*
T—=T" Kr.= [[T]] = exp (—AGr+/RT) (4.24)
where P is the probe, T is the random coil target, PT is the hybridized duplex and T* is the sta-
ble secondary structures as predicted by mfold with the Gibb’s free energy AG22.°—=—13.86 kcal /mol.
K+ is the equilibrium constant of secondary structure formation and [X] indicates the concentra-
tion of X. Mass conservation equations for the target can be written as:

cr = [T] + [T7] + [PT) (4.25)

with cr the total concentration of the target. When targets are in large excess to available probe
sites on the surface, we can consider [PT]|~0. Surface hybridization is treated in the Langmuir
model and the secondary structure in equilibrium gives rise to a concentration [T = ¢p/(1+ Kr+)
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that varies with temperature in the limits 0 < [T] < ¢y. With the thermodynamic parameters AH
and AS for T*, we can determine the equilibrium constant and so obtain the target concentration
in the random coil state. Numerical analysis of the Langmuir surface coverage are carried out
for a variable target concentration [T]=50+200/(14+Kr~), where only 20% of the targets are
available for surface hybridization at low temperature and the rest forms equilibrium secondary
structures with T,,, = 51°C. The equilibrium of the secondary structure is supposed valid under the
experimental conditions where G¢26 and PolyT-sol are in equilibrium with surface reactions. The
somewhat arbitrary 50 nM open target fraction takes into account the existence of other secondary
structures with low affinities that do not implicate the hybridizing part on the target. In absence,
no hybridization would occur which is experimentally falsified. Analysis for T-scans at 2°C/min
show the possibility to observe a plateau during melting and annealing on A16, as shown in figure
4.26b. Experimentally, we do not observe any stagnation in the annealing signal. However, since
the secondary structures predicted for target PCR80 are all of about equal stability (predicted
T,, ~ 47— 51°C), this phenomenon only occurs in a distinct temperature range corresponding to
hybridization to A16 (predicted T,, = 50°C). This is why already on probe G16, no particular
influence is predicted since secondary structures are not stable at temperatures where PCR80 on
G16 melts. So this model is not a satisfactory explanation of the signal stagnation on probes.

A second explanation of this two-state melting could be partial hybridization of the targets
to the probes. To observe the plateau, two distinct conformations would be necessary, since
multi-state dissociation would lead to a smeared out distribution. It would be possible to observe
a distinct distribution when there is a competition between a part of the probe and a possible
hairpin conformation of the secondary structure at one distinct point in the hybridizing part.
Partial hybridization to the probe would lower the melting temperature of targets with shorter
hybridization length. We can however conclude from comparison with oligonucleotide targets
that we do not observe a destabilization, but, on the contrary, a stabilization of parts of the
probes on the surface, except for PolyT-surf. So, partial hybridization, too, seems to be an invalid
explanation for the plateau in PCR80. Once again it is astonishing that also on the melting curves,
overall stability of PCR80 corresponds more to PolyT-sol and G26 than to PolyT-surf.

When we look closely at equilibrium melting curves obtained on the PolyT targets, we can also
find a kind of plateau, but less pronounced as for PCR80 and at lower percentages. We must thus
assume that the phenomenon should be at least partly assigned to the presence of dangling ends
on the targets. The stabilization extends to a higher fraction of targets when dangling ends are
composed of complex sequences and not only thymines. One could speculate that entanglements
between dangling ends or even hybridization between parts of the dangling ends would lead to
stabilization of the targets on the spot. It is even possible that hybridization between dangling
ends of different targets takes place in the bulk before surface hybridization occurs. This scenario
is similar to the observation discussed earlier for streptavidin. There we have seen that coupling
of different probes increases the dissociation temperature.

Unfortunately, we can only speculate on the origin of the observed phenomenon since SPRi
techniques are constrained to the observation of averaged phenomena and we can not gain further
insight in the underlying microscopic phenomena. Other interactions than between dangling ends
might intervene and could be dependent on the hybridization chemistry, the hybridization buffer,
etc..

However, we can learn from these experiments that dangling ends and secondary structures
of the target do not only penalize hybridization kinetics, but can also influence thermal denat-
uration characteristics. Since it has been shown in solution experiments that the dangling ends
of different length do not alter the melting temperature [I57], we must assign destabilization of
surface proximal tails to the presence of the substrate and thereby to increased stringency. In the
presence of secondary structures it is advantageous to use longer probes than for oligonucleotide
observations since they are better competitors. Still, it is convenient to optimize the hybridiza-
tion temperature to obtain fast surface hybridization. To overcome the plateau observed on NTD
curves and melting curves, it could be helpful to adopt the strategy to inject targets at elevated
temperatures and hybridize during cooling, as discussed for target mixtures before. In this way,
surface hybridization occurs before formation of secondary structures. The results of the second
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heating and cooling cycles performed on PCR80 suggests that such a strategy could smooth out
the plateau.

4.7 Summary: real-time characterization of ODN chips

This chapter provided a global introduction to parameters that influence DNA duplex stability
on a surface. We chose to work with synthetic oligonucleotides because of their stability, high
purity and availability in large quantities. Target concentrations and buffer conditions can be
freely chosen and there is no background signal due to the presence of complex components or
proteins in the buffer. Although the last section on longer ODN targets indicates that we might
be confronted to new problems with targets of biologically relevant length, the general tendencies
and concepts that are presented apply also to longer targets.

We have presented here two different surface grafting chemistries, poly-pyrrole and thiol self-
assembling, but a lot of other methods can be used and may be more suitable in other applications.
Furthermore, not only DNA probes can be used, but also peptide nucleic acids (PNA) are now
employed, since they have the advantage of an amide based, uncharged backbone which, of course,
lowers the hybridization barrier in low salt environments [212] 213], 2T4] 215]. PNA is also capable
of hybridization as well to normal, right-handed DNA as to its L-enantiomer, L-DNA that forms a
left-handed helix upon hybridization to complementary L-DNA. Other methods use locked nucleic
acids (LNA) which is in fact composed of modified RNA that is locked in a specific conformation
dominant in A-form DNA and RNA and which enhances base stacking and phosphate backbone
pre-organization, thus improving duplex stability. LNA has been reported to improve sensitivity
and specificity for various detection strategies [216] (217, [2I8]. Here, we have chosen to study the
stability of DNA-DNA duplexes which are commercially available and easy to implement. Conse-
quently, it is important to characterize the duplex stability depending on the salt concentration.
As we have seen, empirical salt corrections from bulk experiments apply rather well to the salt
dependence found on biochips, while the prediction of the duplex melting temperature for surface
tethered probes does not reflect values from solution. In general, as well melting temperatures
as dissociation temperatures on biochips are lower than expected from prediction by the nearest
neighbor model. We showed that our on-chip melting curves fit predictions from the Langmuir
model taking into account salt effects. Although the model describes the salt dependence well as
proved by the collapse of all curves for one single parameter, the fitting parameter is about 20
times lower than expected from estimations from the experimental conditions. Thus, all avail-
able models are currently only able to provide good predictions for the salt induced shift of the
melting curves without giving us the possibility to model experimental melting curves beforehand.
From salt experiments, we determined an optimal salt concentration of >400 mM NaCl for our
experimental conditions. This salinity allows spot saturation of complementary and mismatched
probes in 10 min for ODN concentrations of 250 nM. Contrarily to end-point detection methods,
our setup requires hybridization of targets to all probes, regardless of mismatches formed on the
spots. So, point mutations can not be detected during the hybridization process, but only from the
subsequence temperature scan. The set of allele specific probes allows determining the genotype
of the injected target from the order of stability obtained on thermal denaturation curves. We
have analyzed the influence of denaturing agents on hybridization and non-equilibrium thermal
denaturation. Every percent of formamide added to the buffer decreases the dissociation tem-
perature by 0.58°C. Formamide can be used in any experiment to lower the temperature range
that needs to be scanned. This can be especially useful for thiol grafted chips that do not support
temperatures over 70°C. Formamide also affects hybridization of the targets and may favor surface
hybridization over hybridization in solution, as for instance, secondary structures. It is possible
to use different buffers for hybridization and chip washing during the temperature scan, but in
practice, this type of protocol is not very suitable for SPRi experiments. Addition of solvents
like formamide induces big changes of the buffer’s refractive index and leads to high reflectivity
changes in the signal. To obtain interpretable SPRi data, it is preferable to avoid these huge
changes, unless sufficient time can be spent to wait for signal stabilization after buffer changes.
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Otherwise, signals are likely to present drifts. Other stringent conditions like negative potentials
applied to the sensor surface have not been treated here, but could also be used to modulate the
DNA surface stability [214]. As soon as the buffer responds to the criteria of efficient target hy-
bridization and adapted temperature range to perform T-scans, our ASO probes are able to detect
the genotype of a target with assay times of about 90 min. While in end-point detection on mi-
croarrays it is difficult to define criteria for heterozygous samples, out NTD scans provide a simple
classification system which can, for example, be based on derivatives of the target’s dissociation
curve and the order of dissociation from higher temperature to lowest temperature. Furthermore,
when hybridization is carried out at low temperature and for short hybridization periods, the
real-time detection method provides access to complex sample compositions in the case of target
mixtures. We find a detection limit of 5% mutated target in a sample with 95% wild type DNA
for 250nM total DNA. Using a strategy of heating and cooling cycles, even lower percentages
will be accessible. The method provides a semi-quantitative approach to sample characterization
that can prove useful for medical analysis of samples from tissues extracted during biopsy. To
lower the detection limits of our method, an amplification strategy using the specific recognition
between biotin and streptavidin is studied. It turned out, that biotin-streptavidin amplification
is unsuitable for our thermal dissociation approach since several targets can be coupled to one
streptavidin molecule. Temperature profiles obtained after amplification are then not only shifted
to higher temperatures by about 15°C, but may also present stepwise dissociation profile due to
different numbers of targets coupled to streptavidin. These steps could bias our detection method
for target mixtures and is thus not further applied for point mutation detection. Other ampli-
fication schemes based on DNA recognizing molecules or intercalators may be more convenient,
but have not been treated in this work. Finally, this chapter finishes with a characterization of
influences of dangling ends and secondary structures on target hybridization and dissociation. We
show that it is preferable to have dangling ends that extend into the solution rather than towards
the surface. Surface proximal tails are destabilizing to the duplex and lead not only to slower
hybridization kinetics; they also lower dissociation and melting temperatures. However, at low
grafting densities, SPRi shows a higher signal for these targets since most of the mass is accumu-
lated in proximity to the surface, where the sensitivity of the SPR evanescent wave is higher. We
further find a curious behavior of targets with strong secondary structures and surface proximal
tails. The melting curves reveal the presence of two distinct stabilities on the spots that partly
disappears when targets are hybridized during slow cooling of the solution instead of isothermal
hybridization. The phenomenon can not fully be explained but is assigned here to interactions
due to dangling ends that may cross-hybridize with neighboring targets or probes. Effects due to
variable concentration or partial hybridization to the probes may appear but comparison of theory
and experimental findings seems to rule out this explanation. Secondary structures in targets may
be suppressed by the use of altered, structure free DNA as reported by Lahoud et al. [219] 220].

The phenomena studied in this chapter cover a wide range of interactions that take place
on biochips. However, other types of interactions may occur when different substrates, surface
chemistries, probes types, detection methods or strategies are employed. Separate characterization
studies may be needed in these cases.
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Chapter 5

Detection of biological samples on
DNA chips

Ce chapitre utilisera les connaissances acquises par les études d’oligonucléotides sur puces pré-
sentées ci-avant pour adapter notre systéme de détection de mutations par rampe de température
aux échantillons issu d’une amplification du matériel génétique d’un patient. Deux types d’échan-
tillons seront traités :

— Les échantillons amplifiés par un protocole de la ‘Polymerase Chain Reaction’ (PCR). Cette
méthode de la biologie moléculaire permet d’amplifier des régions précises sur un géne de
maniére exponentielle. L’amplification nécessite la présence d’une seule enzyme et fonctionne
par des cycles de température. Les échantillons ainsi produits sont en forme d’ADN double
brin.

— Des échantillons issue d’une amplification par ‘Nucleic Acid Sequence-Based Amplification’
(NASBA), un protocole d’amplification breveté par la société bioMérieux. La NASBA est une
amplification linéaire et isotherme, faisant intervenir trois enzymes différentes. L’échantillon
obtenu par cette méthode est en forme d’ARN simple brin. La méthode en produit environ
10'2 — 10" exemplaires.

Nous allons discuter d’abord la détection de mutations dans des échantillons issue de la PCR.
Des méthodes de traitement et purification d’échantillon seront introduites. Les précautions expé-
rimentales & prendre lors d’une hybridation d’échantillons biologiques sur puce seront discutées.
Enfin, des résultats du génotypage par la méthode des rampes en température seront présentés.

La méthode d’amplification par NASBA sera étudiée ensuite pour montrer la possibilité de
détection d’échantillons ARN sur puce. La méthode étant isotherme, s’appréte également & une
utilisation in situ pour une amplification sur puce dans la cuve SPRi. La possibilité d’une ampli-
fication et détection intégrée sera démontrée et couplée a la méthode de détection par rampe de
température. La méthode montre la capacité d’un systéme intégré pour la détection des mutations
ponctuelles.
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5.1. INTRODUCTION TO DNA DETECTION AND GENOTYPING OF COMPLEX
SAMPLES

5.1 Introduction to DNA detection and genotyping of com-
plex samples

A huge effort has been put in the optimization of DNA microarrays during the last decades. In
the preceding chapter, we have seen the basics of DNA surface hybridization and the stability of
the duplex: the impact of the surface chemistry, of various buffer components and amplification
protocols for signal optimization. We also studied the impact of mutations and target mixtures
on hybridization and thermal denaturation for solid phase experiments.

We will now shift our focus to on-chip detection of amplified DNA and RNA targets to be used
in microarray experiments. For medical and environmental applications, DNA and RNA samples
from bacteria, viruses or cells from specific tissues of plants, animals or human beings may be
analyzed. For expression profiling, one will analyze the RNA in the samples to get to know the
genes that the cells is currently expressing and thus the associated proteins necessary for the cell’s
function [2211 222] 223]. In other applications, as for example SNP genotyping, the target will
lie in a certain region of the genome [224, 225]. For identification of cell lines or virus types, the
conserved and variable parts of the genomic material are analyzed. Since targets from such sources
are often available in low abundance, with concentrations in the attomolar range, for instance
in bacterial detection, detection methods need very low sensitivity or adapted target or signal
amplification. Most applications use a combination of target and signal amplification schemes to
achieve the necessary sensitivity [9]. Signal amplification for SPRi experiments has been discussed
earlier in section We will thus focus here on the detection of amplified targets. The first and
today probably most current DNA amplification method in molecular biology is the Polymerase
Chain Reaction (PCR) [226]. This technique makes use of DNA extension by DNA polymerase in
the presence of a small oligonucleotide hybridized to a longer DNA fragment. DNA samples can
be amplified exponentially during repeated heating cycles. The final target represents a specific
sequence of unique length and is in double stranded form. Other thermocycling methods and
derivatives of PCR amplification like Ligase Chain Reaction, Long-distance Single Molecule PCR,
random primer PCR (rPCR), Real-Time Quantitative PCR and Multiplex Ligation-Dependent
Probe Amplification (MLPA) have been reported [227,[10]. Another possible amplification strategy
is based on Rolling Circle Amplification (RCA). This is an isothermal method making use of
circular DNA that serves as ligation template. The produced strand presents multiple repetitions
of the amplified sequence. Other isothermal approaches like Klenow fragment-based amplification,
strand displacement amplification and ¢29 DNA polymerase-based amplification are available [10].
Also, Nucleic Acids Sequence-Based Amplification (NASBA) presents an isothermal amplification
scheme that produces single stranded RNA form either DNA or RNA samples. The amplification
is linear and yields up to 10'? — 10'* targets in solution. Some of the most current nucleic acid
amplification and detection schemes are reviewed in [228], 229] [10].

In this work we will focus on two amplification protocols, PCR for DNA targets and NASBA
for RNA targets. The first project on the detection of biological samples based on PCR amplified
DNA is led in collaboration with E. Crapez from the Center of Cancer Research at Montpellier,
France. The PCR samples are amplified at Montpellier from genomic DNA of cancer patients
with homozygous or heterozygous DNA towards the SNP G870A on codon 242 exon 4 of the
Cyclin D1 gene. The second project on RNA detection amplified by NASBA is carried out in
collaboration with K. Brengel-Pesce and N. Beaufet from the Grenoble research and production
site of bioMérieux. In fact, the NASBA amplification scheme is patented and commercialized
by bioMérieux. This is why the reader may sometimes find limited information about specific
DNA sequences and buffer components which are treated as confidential or have not been in our
knowledge during the project.

Although each amplification protocol has individual requirements, all will have important pa-
rameters in common that create the need of adaptation of laboratory facilities and detection
systems. Most amplification protocols are very sensitive and amplification initiates in some cases
in the presence of only one single template DNA strand. The risk of contamination is important
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and false positive results may arise. Special equipment regarding micro-pipettes and sterile envi-
ronments are necessary. Usually, amplification and detection zones are well separated, so that an
amplified DNA sample tube is never opened near the area where amplifications are prepared. In
our case, PCR amplifications are carried out in external facilities by our collaborators and only
NASBA amplification has been processed occasionally at the CREAB.

Since the samples are obtained from molecular biology protocols, they come in a distinct
buffer containing special enzymes used for amplification and purification. Also, contrarily to
oligonucleotides, only a limited volume at a certain target concentration will be available for
detection. The microarray strategy must thus be adapted to complex sample conditions and low
sample volumes in order to conserve a high signal to noise ratio with low background signal and
specific target signal. Probe design and blocking strategies are now important factors and worth
a detailed discussion.

5.1.1 Probe design for genotyping experiments

Probe design is a crucial step in microarray fabrication. On one specific gene several regions may
be targeted by the probe, but the choice can heavily impact surface hybridization kinetics [230].
This is especially true when multiple targets are to be analyzed on one single array. Then, one must
be sure to detect the correct target on each spot without the possibility of cross-hybridization and
thus false-positives. For end-point based detection methods, probe length and composition have
to be adapted so that all probes show high specificity for identical experimental conditions, i.e.
temperature and buffer stringency. This implies that all perfect matched probe/target duplexes
have about the same melting temperatures. Generally, the presence of secondary structures like
hairpins in the probes is avoided. Some applications choose however to voluntarily introduce
hairpins into the probe to increase specificity by competition arising between probe secondary
structures and targets. For long targets with dangling ends, also the length of the linker or spacer
chain will influence the hybridization efficiency as discussed earlier in section £.6.4

Not only the uniformity of probes in terms of duplex stability is important, but also the length
of the hybridizing part of the probes [231]. For genotyping, it is important to discriminate between
the perfectly matched duplex and a duplex with a single nucleotide polymorphism (SNP). The
general rule that with increasing length of the duplex the specificity of the recognition is reduced
has to be kept in mind. Nearest Neighbor predictions are here useful to simulate the impact
of the mismatch on the melting temperature. The more Watson-Crick base pairs are formed in
a probe/target duplex, the less likely a mismatch can be discriminated. Some applications like
complementary DNA (cDNA) arrays, where probe DNA from reverse transcription of messenger
RNA (mRNA) is immobilized, have intrinsically long probes. These arrays show a high sensitivity,
but often a poor specificity. Likewise, commercial DNA microarrays, for example by Agilent or
Affymetrix work with long DNA probes of 60nt [221], 222].

Since our method is based on temperature scans for SNP genotyping, the probe length must
be sufficiently short to yield a detectable temperature shift in the presence of a mismatched
target hybridized to the probe. Three different probe lengths are designed for detection of SNP
G8T70A of the Cyclin D1 gene with 16, 20 and 24 nt complementary to the target. In the case
of RNA detection for target amplification by NASBA, probes have either 20 or 22nt. Of course,
the highest temperature differences between PM and MM duplexes are obtained on the shortest
probes. However, we have already seen that a too short probe length may be incommensurate
with in the presence of secondary structures in the target that prevent surface hybridization. In
this case, probes need to be sufficiently long to effectively compete for the hybridization sites on
the target and the melting temperature of the surface attached duplex should in any case exceed
the melting temperature of the secondary structure.

In summary, critical probe design factors include the affinity for the target and thus the probe
length, the affinity for non-target DNA in solution which should be as low as possible, the position
of the SNP in the probe, the number of self-binding nucleotides in the probe giving rise to reduced
sensitivity, and finally the linker length and its physicochemical properties. Empirical studies for
different systems and probe lengths can be found in the literature [232] [233].
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5.1.2 Importance of adapted blocking strategies

When working with biological samples, the target solutions always contain enzymes and proteins
of some types and very specific reaction buffers. For on-chip hybridization, this is a rather disturb-
ing fact; while DNA arrays are designed to show no adsorption of DNA on the surface, the same
surface modification often does not withstand non-specific protein adsorption. Proteins are more
complex than DNA. Their three dimensional structure is composed of a certain sequence of amino
acids and may have various subunits and residues that present all kinds of physicochemical inter-
actions, e.g. electrostatic, hydrophobic, hydrophilic, polar, etc. It is thus a big challenge to find
a DNA functionalized surface that is inert to protein adsorption while showing a good sensitivity
and specificity toward the target. Recent research is focused on the development of non-fouling
surfaces that do not allow any protein interaction. Approaches based on poly(ethylene glycol)
(PEG) modified surfaces, amongst others, show rather good results [234] 235] 236, 237]. PEG is
also used in drug production to modify the physicochemical interactions of the active components
within our body. However, many barriers still have to be overcome before a universal strategy
might be found. In our poly-pyrrole or thiol based approach, another difficulty arises: while it
is relatively easy to modify the bare gold regions with a PEG having a thiol anchoring group,
this does not prevent protein adsorption on the DNA spots, where signal will finally be measured.
Other strategies are thus needed that allow efficient blocking of the whole surface.

Common blocking strategies include bovine serum albumin (BSA) based blocking protocols.
BSA is a big protein of 69.3kDa. BSA is commonly used because of its availability, low cost,
stability and its compatibility with most enzymes and proteins. BSA adheres to the sensor surface
where it can find interaction possibilities. In this way, all possible interaction sites for proteins in
the DNA sample are occupied before the sample is brought into contact with the array. As long as
the components of the sample solution have no affinity for BSA, this approach works quite well. In
this work, the blocking protocol developed by E. Mercey at our laboratory is adopted [238]. Three
consecutive injections of 1% (= 1g/100ml) BSA solutions in the running buffer (1 ml, 10 min) are
carried out followed by an injection of 1.5 M NaCl in water for 1 min. The salt injection serves to
screen eventual electrostatic interactions and weakly adsorbed BSA is thereby washed off. Other
blocking components, like cytochrome C or succinic anhydride (SA), may be used [239] 118]. The
choice will depend on the employed surface chemistry and the sample solutions to be injected.
One indication if the blocking protein is well adapted is given by the isoelectric point (pI). At pH
below their isoelectric point, proteins are positively charged and for pH>pl a net negative charges
is found. The isoelectric point of the blocking protein should be similar to those of enzymes in
the sample, so that all are at all times either positively or negatively charged and thus repellent
in any pH of the hybridization buffer. The isoelectric point of BSA, for example is 4.7 in water at
25°C. Online calculation tools exist that help to find the isoelectric point of proteins and enzymes
[240].

5.1.3 Enzyme deactivation

In most applications it is preferable to deactivate all enzymes used during certain amplification or
purification steps before proceeding with the following sample treatment step or target detection.
The deactivation protocol will depend on the enzyme and is usually provided by the manufacturer.
Most enzymes can be heat deactivated. However, this is not the case for DNA polymerases
employed in PCR amplification protocols which are thermostable. In this case, it is necessary to
suppress the enzyme activity by suppressing the availability of its cofactor Mg?*. This can be
done by addition of ethylenediamine tetraacetic acid (EDTA), a molecule that captures divalent
ions.
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5.1.4 Low volume handling and mixing of sample solutions

Another concern of the detection of biological samples is their availability in small quantities.
Often, molecular biology protocols are carried out in low volumes <100 pl and are difficult to scale
up to larger volumes. It is thus not astonishing that DNA microarrays or recent developments
of integrated components called ‘Lab-on-a-chip’ are miniaturized systems. Sample handling is a
critical point, since low volumes have to be delivered to the hybridization area without loss or
significant dilution [I7I]. Today, a lot of system use microfluidic approaches to deliver target
solutions to the hybridization cell.

Our SPRi setup does not permit this approach since samples are injected outside the incubator
and then delivered via PEEK tubing of about 100 pl volume to the chip surface. Normally, a 6-way
injection valve is used for samples of >200pul. For sample volumes below 100 nl, sample injections
via a septum or a three-way valve have been tried. It turned out that the 3-way valve system is
preferable since the septum is prone to leakage and leads to injection of air bubbles that hinder
target detection in SPRi. The 3-way valve system works well with a Hamilton syringe that is
inserted in a buffer filled PEEK tubing part that matches the size of the needle. During injections
of samples with volumes down to 15pl, the flow is stopped. The syringe is inserted in the PEEK
tubing which is then connected towards the SPRi before injection of the sample in the system.
The valve is close before retraction of the syringe and a user defined flow rate of usually 1ml/h is
applied to deliver the samples to the heating cell. Of course, when available, more sophisticated
injection systems may be used. 6-way injection valves with very low dead volumes of 1 pl exist for
example for H.P.L.C. applications, but they are rather cost intensive. Abrantes et al. reported a
SPRi injection system for as low as 2l samples using aspiration of sample sandwiched between
air bubbles for Bioacore systems [241]. This is however not suitable in our case where air bubbles
would hinder our T-scan detection. In microarray applications that do not have a closed fluidic
system, also evaporation is an issue. Due to long hybridization times at sometimes elevated tem-
peratures, evaporation must be avoided to avoid that the sample dries during the hybridization
process.

Another important issue in the case of long DNA or RNA target is sample mixing. Since
long targets have a larger radius of gyration, they will also diffuse more slowly than ODN targets.
Especially in the case of low concentration, mass transport towards the chip surface may be limiting
for hybridization. Up to date, several mixing systems have been brought forward that allow faster
surface hybridization. A commercially available system for microarrays on glass slides is the
MAUT hybridization system (BioMicro Systems, Salt Lake City, USA) [I70]. The system relies on
alternative forth and back movement of the sample volume of 10-65 pl by alternative pressurizing or
depressurizing air chambers located at opposite edges. A more complex system based on chaotic
advection is provided in the system TrayMix'™2S by BioTray (Lyon, France), formerly called
RosaMix. The system has been demonstrated to be compatible with efficient SNP detection,
but uses rather large volumes [23T]. Raynal et al. studied similar setups numerically [242]. In
microfluidics, mixing may be achieved by structuring of the channels resulting in so-called chaotic
mixers [I71]. Mixing of target solution at low concentration significantly improves hybridization
rates and thus decreases overall detection times. Some effort is undertaken to characterize the
interplay of diffusion, convection and the parallel surface reaction for small detection systems.
Squires et al. review the physical understanding of mass transport limits and reactions limits on
biosensors and provide useful guidelines for the development of microfluidic devices [243]. While
these authors assume a simple Langmuir model, a more complex DNA hybridization model is
simulated by Erickson et al. with respect to mass transport in a channel with a steady spatial
temperature gradient for mismatch detection [164].

At the moment, our fluidic system allows forth and back movements, providing only limited
mixing capacities. Also, the hybridization chamber is not isolated from in- and outlet, so that
diffusion occurs at the interface between samples and running buffer. This is why the injected
volume should be large compared to the 5 pl hybridization cell and well placed. Wherever possible,
experiments are carried out at relatively high concentrations compared to surface hybridization
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sites in order to get a reaction limited system rather than a diffusion limited system. Technological
developments concerning sample mixing are, however, beyond the scope of this Ph.D. thesis.

5.2 Detection of samples from Polymerase Chain Reaction

5.2.1 Genotyping of PCR samples

DNA amplification has an important role in the analysis of genomic DNA from blood or tissue
samples. Only few articles report direct detection of genomic DNA using real-time measurement
methods [244]. Genotyping using DNA or RNA targets has been successfully demonstrated on
biosensors and microarrays with all kinds of detection system, including fluorescence, as on mi-
croarrays, real-time PCR, or molecular beacon based methods, electrochemistry, QCM, nanopar-
ticle aggregates, SPR, cantilever based methods, minisequencing or other kinds of enzymatic base
extension assays. Some current DNA detection techniques and applications are reviewed in the
following articles [245] 1], 224] 246] 247, 53, 248, 4. [52] 227]. Here, we will try to summarize
methods and protocols used in PCR surface hybridization and the strategies adopted to achieve
mismatch discrimination with special focus on SPRi applications or methods using temperature
gradients.

The first step for detection is a good hybridization signal. Typical PCR targets analyzed on
solid supports are between 80 and 250 bp long. A first literature research shows that for PCR
surface hybridization, research groups report very different hybridization times. While some use
hybridization times between some minutes and 1h [249, 250} 251, 252] [253] [254], others let targets
hybridize overnight, often for more than 12h [255] [256]. Possible denaturation strategies before
PCR hybridization are based on heat denaturation, alkaline denaturation, formamide addition
or the prehybridization of helper oligonucleotides, which can be, for example, the primers from
the PCR reaction [257, 258, 259]. Heat denaturation often shows no efficient strand separation,
unless it is used in low salt concentrations [260]. In general, it is advisable to perform either
asymmetric PCR or a post-treatment to generate single stranded targets that are more readily
available for surface hybridization [257]. Some SPR detection systems, instead of using immobilized
ODN probes, fix the PCR targets on the surface and use ODN or short PNA probes as reporter
sequence [261], 213 [253]. With this setup, PCR amplicons are rendered single stranded after
surface capture by denaturation with 1mM HCI or 50mM NaOH. PNA probes in general can
be helpful in PCR detection but buffer salt conditions must be specially adapted to optimize
hybridization [262]. With SPRi systems, both, unpurified and purified PCR samples have been
used. However, hybridization signals can only be followed in purified samples when no buffer
change occurs. Secondary structures in the sample are of course an issue and targeted regions
should be preferably free of any double helical regions.

For genotyping, most approaches rely on application of stringent washing protocols [106), [252]
263]. Thiel et al. used heating within SPRi to apply stringent conditions for genotyping in an end
point detection approach [255]. Real-time analysis offers additional data since kinetics of hybridiza-
tion can provide supplementary information to simple end point signal differences [213] 26T, [55].
Hybridization time can so be shortened, since analysis can be stopped when sufficient discrimina-
tion between wild-type and mutant signal is obtained [260]. While wild type and mutant can most
of the time be distinguished and classed using calibration curves or discrimination indexes, special
signal characteristics often need to be defined for heterozygous samples. When different biosensor
surfaces need to be used, this gets soon dependent on the reproducibility of the surface grafting.
For SPRi applications, detection limits are usually in the range of 10-100nM [263] 264], unless
signal amplification or special strategies are applied [265]. An elegant genotyping method for SPRi
is reported by Hayashi et al. [266]. The authors use a L-DNA tag which is introduced during
PCR amplification to specifically detect the target’s genotype on L-DNA biosensors. Since the
tag constitutes a free end, surface capture can be achieved in 10 min and determines the genotype
without further PCR treatment. A similar capture strategy has formerly been reported by Kai
et al. [267]. Petersen et al. report the benefits of multi-thermal washer adapted to microarrays
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Figure 5.1: Polymerase Chain Reaction: After an initial denaturation step at 94°C (1.), primers
are annealed at 60°C (2.) and then extended by Taq DNA polymerase at 72°C (3.). 20-35 cycles
of 1.4+2.43. are carried out, leading to exponential amplification of the target sequence.

so that temperature or the rinsing buffer is controlled and SNPs can be identified [268]. Other
thermal gradient based methods can be found in the literature [269, 146, 135, 138, 161].

5.2.2 DNA amplification by PCR

The advent of PCR technology has been a crucial break-through for environmental, microbial,
forensic and disease studies, to give only a non-exhaustive list. It permitted the incredibly fast
development of DNA based tests and promoted the development of DNA hybridization based
technologies such as microarrays.

Polymerase chain reaction is a routine method in molecular biology. It permits amplification
of any part of a genomic DNA sequence (template) obtained from cell samples or bacteria, for
example, provided that adjacent regions are known so that primers can be found. Primers are
the starting point of the amplified sequence. They are normally 20-25nt long. Each primer
matches perfectly the 3’ end on either the sense or the anti-sense strand of the amplified region
in the template. This is depicted in figure in the annealing step. Since primers determine
the specificity of the reaction, the primer length, sequence (generally with ~50% G-C content)
and concentration must be optimized to exclude any alignments to other parts of the sense or
anti-sense strand of the template. Both primers should have the same melting temperature which
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Figure 5.2: a) Quality control of PCR, amplification of three different genotypes. All products
present the correct length of 167 bp. C- is the negative control in absence of template DNA and
SM stands for size markers. b) Genotyping using restriction enzyme Ncil cleaving specifically
sequences with G at the SNP site. N specifies also fragments from genotype G/G that are not
treated with Neil. Results obtained in the group of E. Crapez.

will also determine the annealing temperature, normally about 5°C lower than T,,. Commonly,
the method uses the thermostable Taq DNA polymerase that recognizes the double strand formed
with the annealed primers and proceeds with its extension in the 5’—3’ direction by copying the
information from the template DNA. Before the first primer annealing can take place, a prolonged
strand dissociation step is required to denature the template completely. Double strand separation,
primer annealing and elongation are repeated about 20-35 times during the amplification process
leading to an exponential amplification of the DNA sequence (2", with n, the number of cycles
performed). The PCR process is schematically presented in figure

All PCR amplifications are carried out at the ‘Centre de Recherche en Cancérologie’ at Mont-
pellier. PCR and primer sequences are as specified in table [3.I] The 50 pl reaction mix contains
1X PCR buffer (Invitrogen), 1.5mM MgCls, 0.2 mM dNTPs, 2.5 U Taq polymerase (Invitrogen),
0.4 pM of forward and reverse primer, 150 ng template DNA and MilliQ water. After an initial
denaturation step of 1 min at 94°C, 35 cycles of denaturation at 94°C, primer annealing at 60°C
and primer extension at 72°C are performed. The reaction is stopped after additional extension
for 7min at 72°C by cooling the solution to 4°C. The PCR reaction produces double stranded
DNA of 167 bp length.

A quality control is carried out to check the presence of only one sequence of the correct length.
This is controlled by electrophoresis on agarose gel. Only one DNA band can be found as shown
in figure [5.2h. Further, to exclude contaminations, the presence of the correct genotype is checked
using the restriction enzyme Neil with its recognition site CC' |SGG/CCS| GG, where S stands for
either G or C. Since this sequence only appears for base G on position 870, the enzyme specifically
cleaves the wild-type allele G as reported in [270]. The correct genotyping is demonstrated in
figure [5.2b by the presence of a cleaved product migrating faster due to its reduced size. The
heterozygous genotype A/G thereby presents both, cleaved and uncleaved strands with base G
and A at the SNP site, respectively. The line N represents the genotype G/G that has not been
treated with the restriction enzyme.

5.2.3 DNA purification and extraction

PCR amplicons are in double stranded form, a configuration that is extremely unfavorable for
surface hybridization. The amplicons are therefore enzymatically purified to obtain single stranded
DNA targets. First, Exonuclease I (New England Biolabs, Ipswich, MA, USA) is used to digest all
primers that have not been used in the reaction. Exonuclease degrades any single stranded DNA
specifically. Per 24 ul PCR product, 1ul Exonuclease I is added for a final activity of 10 U/ul. The
solution is incubated at 37°C for 30 min. The enzyme is then heat inactivated at 80°C for 20 min.
After digestion of the primers, the 5’ phosphorylated strand is digested using A -exonuclease to
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Figure 5.3: On the right: the PCR hybridization site and the length of the dangling ends is shown.
The 5 end is labeled by a biotin. On the left: complex solutions lead to unspecific adsorptions
on the surface and can give rise to enzymatic action on DNA like double strand synthesis starting
from the probes during heating.

generate the single strand [271][272]. Therefore, 1 pul A -exonuclease (New England Biolabs, Ipswich,
MA, USA), 3pl of 10X reaction buffer provided by manufacturer and 1 ul DNAse/RNAse free water
are added for each 25l PCR sample. The enzyme should at least have a final concentration of
5U/ul and has in our case 20 U/ul. The solution is incubated at 45°C for 45 min and then heat
deactivated at 80°C for 15min. The enzymatic purification protocols can be up-scaled to 100 nl
sample solution. Alternative protocols for single strand generation from PCR products have been
reported in the literature [273] 274]. Also, asymmetric PCR amplification may be considered to
obtain an excess of one single stranded target.

For SPRi detection optimization, it is convenient to further purify the solution in order to
remove all enzymes and change the buffer. A common protocol based on phenol/chloroform
extraction to remove proteins followed by an ethanol precipitation of DNA is used. The desiccated
targets may then be taken up in deionized water and quantified by UV spectroscopy using the
NanoDrop system. All DNA samples are stocked frozen at -20°C before use.

5.2.4 SPRi detection and genotyping
Optimization of the hybridization protocol

The first step to SNP genotyping and probably the main difficulty is the hybridization of the long
PCR amplified DNA strand on the SPRi sensor surface. From ODN based experiments presented
before, we know the crucial parameters that will influence the hybridization conditions. Target
concentration is, of course a main issue since too diluted solutions will be limited by mass transport
to the surface and also equilibrium surface coverage will be low. For oligonucleotides of 20 bases
we found a detection limit at 10 nM. It is however preferable to work with high concentrations, in
the limits of availability.

The target configuration is the next point: in figure [5.3] on the left, the hybridization configu-
ration is shown for probes of 16 nt length. The hybridizing part of the PCR sequence is located
near the 5’ end of the target, thus leaving a surface proximal tail more than two times longer
than in PolyT-surf and PCR&0 studied in section We must expect to find decreased surface
hybridization due to steric hindrance and it might be useful to vary the grafting density to obtain
higher spacing between the probes. Further, the target exhibits a strong secondary structure of
AGas.c=—32.52kcal/mol as shown in figure for allele G. For the mutated target A, less stable
secondary structures are predicted by the Mfold program [209]. We can see that the hybridizing
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Figure 5.4: One possible secondary structure predicted for PCR amplicon genotype G/G using
Mfold [209]. The color code describes the probability of bases to be in secondary structure, where
red describes always unbound bases and black always bound ones. Violet represents a ~75%
probability and green ~35% probability to be in bound state. The probe hybridization site, the
SNP site and the helper alignment are indicated.

part, here shown for 16mer probes, is in the region of a stable hairpin. The melting temperature of
the folding is predicted with T,,=58.4°C. Color code shows the probability of nucleotides to take
part in secondary structure formation as indicated in the figure legend. In a first time, it will be
useful to work with genotype G/G for optimization since it might be more difficult to hybridize.
Secondary structures must be opened to reduce competition with surface hybridization. Longer
probes are expected to be better competitors than short 16mer probes. Due to the presence
of secondary structures, we know from work on PCR&80 that the hybridization temperature will
have a crucial influence on target association and dissociation as well as the final surface coverage
obtained. When concentration and hybridization temperature are adapted to the hybridization
configuration, surface hybridization might still be slow. So the last unknown parameter will be the
hybridization time necessary to obtain detectable SPRi signals. Due to ~8-fold increased mass of
the target compared to Gc20, we expect a higher SPRi signal for lower surface coverage. In this
work, no mass transport system is developed for low target volumes and these phenomena will
thus not be further discussed, although they clearly are part of the set of parameters influencing
on-chip detection.

First injections to SPRi sensor surfaces did not yield any detectable signal so that for first
characterization and optimization studies of target surface hybridization fluorescence microscopy
is used. Fluorescence microscopy is more sensitive so that small signals can be detected that
could not be observed by SPRi. The protocol for fluorescence microscopy is given in appendix
B on page [148 Figure [5.5] shows three independent experiments on the same sensor surface
that is regenerated by NaOH after each assay. Absence of fluorescent signal after regeneration
is controlled. Hybridization of genotype G/G and Mbc simultaneously at 42°C during 30 min to
16mer CCND1 probes and M5 is shown as blue line. We find that best hybridization signal is
obtained on M5, corresponding to spot saturation. Only one fifth of this signal is observed on
complementary spots G16 and even lower signals for TG16 and A16 with one mutation. Almost
no signal can be detected on 2 MM spot TA16. Three poly-pyrrole spots in the lower left corner
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Figure 5.5: On the left: Line plot of fluorescence images over a series of spots. Three different
experiments use targets 1. PCR G/G and ODN M5c (blue), 2. PCR G/G prehybridized to helper
ODN and M5c (red), 3. and M5c and helper ODN alone (grey) at 42°C for 30 min. The control
spot M5 (on the right) serves as reference signal for maximum detectable fluorescence. When
PCR products are heated to 95°C and subsequently hybridized with their helper ODN at 60°C,
the hybridization signal on poly-pyrrole spots reaches the same magnitude as M5c. The control
experiment in absence of PCR targets shows no hybridization on CCND1 probes. On the right:
Fluorescence image corresponding to hybridization 1. The plotted line is indicated.

of the matrix as shown in the figure on the right do not show any signal.

To decrease secondary structure formation at the hybridization site and thereby increase surface
hybridization kinetics, a helper oligonucleotide of 20nt length is designed that hybridizes to the
side of the hairpin that is complementary to our hybridization site as indicated in figure [5.4]
Its sequence is given in table |3.1] Helper oligonucleotides have been reported to increase solid
state hybridization for double stranded DNA or single stranded PCR amplicons [259] 275] and
to improve RNA accessibility in regions of strong secondary structure for fluorescence in situ
hybridization experiments (FISH) [258] 276]. Here, the helper itself has some resemblance with
the actual target and should thus not be used at low temperatures where excess helper ODN might
compete with the target for surface hybridization sites. To effectively anneal the helper to the
target, the target solution is heated in presence of 10% excess of helper ODN for 3 min to 95°C
before annealing of the helper for 1 min at 60°C. The annealing temperature is slightly lower than
the predicted melting temperature of the helper, analogue to primer annealing in PCR. In figure
[£.5 the blue line demonstrates the increase of hybridization obtained for the same hybridization
condition with PCR G/G and Mbc as before. We see that this time, complementary spots and
spots with 1 MM show hybridization signals equivalent to ODN spot saturation of M5c on M5.
We now obtain also a signal on spots with two mutations that elevates to about one half of the
maximum signal obtained in PM spots. The helper oligonucleotide thus increases significantly the
hybridization rate and favors surface hybridization. A control experiment with only helper ODN
and M5c under equal conditions shows not signal on CCND1 probes confirming the previous signal
to be due to hybridization of PCR amplicons and not the biotinylated helper ODN.

Different injection protocols are also studied by SPRi using the synthetic PCR80 sequences
to confirm results from fluorescence microscopy. Upon hybridization of PCR80 annealed to the
helper ODN in PBS 450 mM NaCl, 1 mM EDTA, 0.05% Tween20 at 25°C, we find an increased
association rate, es expected. This is shown in figure [5.6h. Although injection is not performed
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Figure 5.6: a) Hybridization kinetics of different Gc PCR 80mer injections at 250 nM with various
pretreatments. Best association is obtained in the presence of helper ODN. b) SPRi signal averaged
over spot types for an injection of purified PCR amplified sample mix A/G at 1pM for 1h. A
hybridization signal of ~0.5% is obtained at the beginning of the T-scan for 0.3% background
signal. Corresponding NTD curves are shown in figure [5.9

long enough to reach equilibrium, it gets clear that hybridization in the presence of the helper ODN
tends to a higher equilibrium surface coverage. To determine if the increase in signal is simply due
to the additional mass of the helper, a subsequence injection of the helper after hybridization of
PCRA&0 is shown. The helper increases the signal, but not to the extend we observe for association
of helper annealed targets. We also examine another common denaturation method which is based
upon heat denaturation for 3 min at 95°C and then rapid cooling for 1 min on ice. The sample is
then injected at room temperature into the SPRi system, but no signal difference to hybridization
of untreated PCR80 targets can be found. Fast reannealing after heat denaturation has also been
reported for PCR hybridization which could be overcome using alkaline denaturing conditions
[257]. Only the helper oligonucleotide seems capable of effectively reducing secondary structures
that involve the hybridization site in our target.

The study of the synthetic analog PCR80 as presented here and previously in section
alongside fluorescence microscopy experiments finally succeeded to provide optimal conditions
for hybridization of the purified DNA target on poly-pyrrole grafted biochips. First results are
obtained for 1M purified G/G target concentration in the presence of the helper ODN in a
total volume of 40l in PBS 400 mM NaCl and 1 mM EDTA. Hybridization is allowed to take
place for 3h at 45°C with no-flow conditions. The hybridization is carried out on a poly-pyrrole
chip having grafting densities that correspond to 2puM and 10 pM DNA in 20 mM pyrrole. Signal
intensities vary between 0.55 and 1.1% reflectivity. No hybridization signal is found on probe
A16 due to the elevated hybridization temperature. In general, hybridization signals are higher
on 10pM spots than on 2uM spots. An exception is G16, where both reach about the same
signal. Furthermore, hybridization signals are generally better the longer the probe, consistent
with their higher stability. Since the hybridization signal seemed to indicate only minor increase
after 1h hybridization, the hybridization time is shortened accordingly. Subsequence SPRi prisms
are based only on chips with probes of 20 and 24 bases length, since 16 bases are not efficient at
the hybridization temperature chosen.

In figure 5.6p, the SPRi signal obtained for a 1h hybridization of a sample mix mimicking
genotype A/G is shown. Due to refractive index changes during target injection, and signal
drifts during the hybridization period, the hybridization signal can only be detected at the end of
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Figure 5.7: a) NTD curve of PCR G/G amplified DNA at 1uM. b) NTD curves for ODN Gc¢26
at 250nM obtained on the same chip. While the ODN curves are large, PCR products show a
pronounced, sharp transition.

injection after rinsing. The refractive index change is due to sample preparation from 5X buffer,
targets at ~1pM, helper in 10% excess to target and deionized water, as well as the subsequent
annealing of the helper ODN. A specific hybridization signal is found on CCND1 spots with an
average signal of 0.5% reflectivity. Note that the quantity of injected target corresponded here to
one PCR of 50 l. Also, some non-specific signal is found at the end of hybridization. It has been
found useful to inject during 1 min a 1.5M NaCl solution to wash away eventually species on the
chip that is weakly bound. This procedure avoids desorption of any such component during the
subsequence temperature scan where it would induce additional noise. Hybridization and rinsing
is then followed by a temperature scan to identify the hybridized target genotype.

We successfully hybridize targets corresponding to all three genotypes: homozygous wild-type
G/G, heterozygous A/G and homozygous mutant A/A. However, contrarily to our expectations,
we do not obtain an 8-fold signal increase due to the increased mass of the PCR amplicon as
compared to ODN targets. For 1h hybridization on 10 pM poly-pyrrole chips, we obtain signals
that are in the same order as found for Gc¢26. Longer hybridization times might increase the
surface capture, however, it is unlikely that the same target density as obtained for ODN targets
can be reached. Already the 80mer synthetic targets did not show the same surface coverage as
short ODN targets.

Mutation detection using temperature scans

Due to the very complicated configuration and the unfortunately strong secondary structure, the
biggest problem of genotyping using our SPRi system is the surface hybridization. Once this is
achieved with a minimum reflectivity signal, T-scans can be used to detect the genotype of the
target. When acquiring NTD curves for PCR amplified targets, we observe another interesting
feature of DNA thermal denaturation. The dissociation curves obtained on PCR samples are not
flat as curves found with ODN targets, but show a rather narrow transition over a temperature
range of about 10°C. A comparison of averaged NTD curves obtained on the same sensor surface
for (a) PCR G/G and (b) Gc26 is presented in figure The signals are not normalized so
that hybridization signals at the onset of the temperature scan can be compared. Due to long
hybridization times, signal background is slightly increased for PCR targets. As already mentioned,
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Figure 5.8: Thermal denaturation curves of PCR amplified, purified targets genotype G-G (left)
and A-A (right). Mutations towards the probe can be clearly distinguished from the dissociation
temperature or the peaks of the derivative (insets).

the fact that we find an equal hybridization signal indicates a lower surface coverage obtained with
PCR targets. A comparison of the curve shape clearly shows that the physicochemical environment
of the PCR sample is distinguishably different from ODN targets. The sharp transition displays
strong interactions that are absent in ODN dissociation curves. This cooperativity is a welcome
effect since the sharp transition increases the selectivity of our assay. Dissociation curves between
matched and mismatched duplex are also more readily distinguished. The hybridizing length on
the surface is identical for both, ODN and PCR targets, so the reason may not be found in duplex
interactions but other types of physicochemical interactions.

In general, for probes of 24 bases, we find more noise at temperatures smaller than T, before
target dissociation. This might be attributed to the dissociation of helper oligonucleotides from
the surface proximal dangling end. The helper ODN has 20 nt which represent about 10% of the
total mass per hybridized target site. Since it has a theoretical melting temperature of 66°C,
it should be sufficiently stable at 45°C but dissociate earlier during the temperature scan from
the target than the target from probes of 24nt length. So, on longer DNA probes, we expect a
signal loss due to helper denaturation. While curves of 20 bases are very reproducible, the helper
dissociation appears on long probes as noise and depends on the spot. The conclusion that the
helper is present on some targets during dissociation and absent for others leads to the conclusion
that the helper ODN has no influence on the observed cooperativity. DNA cooperativity has
been known for some time now for long dsDNA in solution. Several theoretical models have been
put forward and bubble formation and DNA melting has been successfully predicted for several
DNA sequences [277, 278, 279, 280]. In biotechnology applications, sharp melting curves have
been observed on DNA-modified gold nanoparticles hybridized to ODN microarrays [281], 282].
There, Taton et al. report a full width half maximum (FWHM) of the curve’s derivative of
3°C revealing even sharper curves since we find here a FWHM of ~6.5-8°C. For comparison, for
AU-NP or streptavidin coupled dissociation, we detect here a FWHM of 10-16°C which is much
higher. Taton et al. show also that dissociation of fluorescently labeled targets from the same
array is much larger, similar to our findings on ODN. Also comb polymer-DNA hybrids can show
cooperative melting. Possible explanations are based on the formation of aggregates or networks
that interconnect DNA and thus stabilize the conformation until T,,, is reached. Another model
explained cooperativity of melting by ion clouds shared between neighboring strands and confined
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Figure 5.9: Thermal denaturation curves of a mixture of PCR amplified, purified targets PCR-Ac
and PCR-Gc (left). A plateau indicates the presence of mutated targets. In the derivative we find
two distinct peaks (right).

zones that stabilize the hybrids. DNA cooperative melting on comb polymer-DNA has recently
been more deeply analyzed by Gibbs-Davis et al. and Park et al. [283] 284]. Their experimental
concept and the obtained data is compatible with the neighboring duplex cooperative model
based on ion clouds. However, cooperativity is exclusively found when hybridization takes place
in between structures that link DNA. Then, the dissociation of an individual, free DNA strand is
found coupled to the dissociation of surrounding DNA | leading to a switch-like dissociation. Here,
hybridized targets are not physically linked to other targets. We can however not exclude that
the proximity does not lead to entanglement and partial hybridization between dangling ends of
neighboring targets. In this case, an interacting network might occur that, similar to the polymer
combs exhibits cooperative melting. With the present data, we can however not conclude on the
exact interpretation of our observations. We can only state that the phenomenon seems to be
independent of the presence of the helper ODN and shows not a big dependence on the amount
of surface hybridized targets, since we will find the same steepness for ~ 50% lower hybridization
signals after injection of unpurified targets later on.

Figure shows the NTD curves obtained for homozygous targets G/G and A/A. The nor-
malized curve of G/G corresponds to figure . Here, the result of each individual spot on the
sensor is shown and demonstrates very good signal reproducibility amongst different spots. From
the order of dissociation, the genotype is readily determined, as well from probes with 20nt as
from the longest probes used here with 24nt. In each case, the perfectly matched spot shows
higher dissociation temperatures, i. e. G20 and G24 dissociate at higher temperatures for injec-
tion of G/G than probes A20 and A24 and, in analogy, for A/A, probes A20 and A24 are more
stable than probes G20 and G24 specific for the wild type allele. Differences between PM and
MM are more pronounced on shorter probes, as expected. The inset in each figure shows the
derivative of the curves. Since they essentially display the same information, they might be used
for automated genotyping. Therefore, the minimum of each curve is extracted and the correspond-
ing temperature compared to determine which spot is perfectly matched to the target and which
forms one mismatch. Alternatively, temperature ranges can be defined to classify the genotypes,
provided that dissociation temperatures are reproducible. The first method, based on the order
rather than absolute temperatures is, however, more flexible with respect to alternative buffer
conditions, T-scan speeds and other factors influencing the dissociation temperature.

The next challenge is the detection of the heterozygous genotype A/G. Figure shows dis-
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Figure 5.10: PCR detection using unpurified single stranded samples. a) Comparison of NTD
curves obtained on spots A24 upon hybridization of genotype G/G, A/A and A/G. b) NTD
curves for the same injections obtained on spot G24.

sociation curves for a target mixture of equal proportions of PCR G/G and PCR A/A (in absence
of a ‘real’ PCR sample of type A/G at the end of the Ph.D.). Also in the cased of mixed targets,
dissociation is cooperative. As in the case of the oligonucleotides, we observe the subsequent dis-
sociation of, at low temperatures, the target with one mismatch with respect to the probe, then,
at higher temperatures, the perfectly complementary target is denatured and washed away. We
so find once more the characteristic plateau in the melting curve. Contrarily to observations on
ODN curves, the plateau is here not found at exactly the same proportion for each probe type.
A20, which forms the less stable duplexes, shows an increased proportion of matched targets when
compared to, for example, probe A24. This indicates that dissociation at the hybridization tem-
perature is not negligible on this spot and some reorganization takes place. Mismatched targets
are replaced by matched targets to some extend. Although it might be difficult to clearly find a
plateau in the dissociation curve of probe G24, the derivatives shown in figure [5.9)reveal its pres-
ence. As predicted from the Langmuir based model in section[d:2.1] we find two minima indicating
the presence of targets of different stability on the spot. We are thus able to correctly identify the
genotype of the injected target. For correct identification, only two spots, complementary to each
allele would be necessary in this approach.

Up to here, all results reported are obtained on purified targets, in the absence of enzymes
or proteins of any types and with well controlled buffer conditions. We will now try to suppress
the DNA extraction step, while still performing the enzymatic purification and generation of the
ssDNA. Although we would like to have as little manipulation steps as possible, it is necessary
to make one change to the buffer. A sufficient concentration of EDTA should be added in order
to prohibit any activity of Taq DNA polymerase on the chip. An accidental ‘result’ during this
work is the elongation of surface grafted 16mer probes during heating of the chip in presence of
Taq polymerase and PCR targets. The probes are extended by the remaining 13 bases towards
the 5” end of the target as indicated in figure [5.3] This renders the chip unusable for further SNP
detection studies and should thus be suppressed by capture of free Mg?* ions by EDTA.

Before unpurified PCR solutions are passed over the SPRi chip, a second blocking step, addi-
tional to BSA injection is done. A mixture of 36 ul solution of PCR control (absence of template
DNA) and 4ul EDTA at 100 mM is passed at a flow rate of 0.2ml/h over the chip to block any

101



CHAPTER 5. DETECTION OF BIOLOGICAL SAMPLES ON DNA CHIPS

non-specific sites to which enzymes might attach. 31l PCR solution is adapted to contain 1 mM
EDTA and 1pM helper ODN in 40 pl final volume. The solution is denatured at 95°C for 3 min
before annealing to the helper at 60°C for 1 min. Hybridization on the chip is carried out for 1h
at 45°C and yields a maximum signal of 0.35% reflectivity. Figure |5.10| shows a superposition of
denaturation curves obtained after 1h hybridization of genotype G/G (blue), A/A (red) and A/G
(green). On the left, results on spot A24 sensing the mutant target are shown. We find a disso-
ciation temperature of 76.5°C for hybridization of A/A, and a T, of 69°C for injection of G/G.
The heterozygous sample shows dissociation between these two temperatures. Here, we can not
detect a clear plateau in the signal since hybridization signals are small. The findings on spot G24
are equivalent, the heterozygous genotype being detectable by its mid-position between the two
dissociation curves. Although curves for each genotype can be clearly distinguished, a criterion
based on the curve’s derivative would fail here to detect genotype A /G. Probes of 20 bases are not
shown since they lead to even smaller hybridization signals and on spot A20 hybridization is quasi
absent for injection of G/G. The curves are also subject to a lot more noise than curves obtained
with purified targets.

Although we show here that genotyping is possible even on complex samples containing sev-
eral enzymes and proteins (Taq Polymerase, Exonuclease I, A-exonuclease, BSA) and with low
hybridization signals, it is quite evident that further optimization will be needed to improve hy-
bridization signals. Since the buffer here is not the same as in previous experiments on purified
samples, the hybridization temperature of 45°C might not be optimal. Also, while for purified
samples, the total of one PCR amplification of 50 ul is concentrated in 40 nl at ~1 pM, here, only
31 pl of PCR sample is used in a final volume of 40 pl, leading to a more diluted concentration of
~620nM. Hybridization kinetics can therefore be slower.

The results with unpurified PCR targets are preliminary and represented here to show that
our detection system can be applicable to more complex samples. It is clear that for an unambigu-
ous and automated detection of PCR amplified detection a series of optimization and validation
experiments will still be needed. Also, only few steps have been taken until today to validate the
detection of mutated targets at low percentages in a large DNA background as previously intro-
duced in section[4.6.2|for oligonucleotides. Preliminary experiments show that the main limitation
is the slow hybridization, even when hybridization takes place during a steady cooling process at
1°C/min. Protocols that worked well for ODN targets can thus not be applied in a 1:1 fashion
to PCR amplified targets. For complicated protocols with heating and cooling cycles over long
durations, we expect problems due to signal drift in the SPRi, especially in the presence of proteins
that may change properties during heating and lead to high background signal. For optimization
of protocols searching for low proportions of mutated targets, purified DNA samples should thus
be used. The oligonucleotide based detection limit of 5% that we found earlier is encouraging,
since other PCR based methods report detection limits that are higher or equal to ~5% minority
allele in the sample [213] 285]. So, with the help of temperature assisted dynamic hybridization,
we might be able to push these limits to lower percentages.

In the summary, we demonstrated here that point mutation detection using a temperature scan
based SPRi detection method can be applied to biological samples of high complexity. Problems
related to secondary structures, hybridization with surface proximal tails, low sample volumes
and low sample availability have been overcome. This work reveals, however, that even our
temperature scan based method needs optimization of the hybridization protocol. SPRi has a low
sensitivity, compared to fluorescence detection where PCR targets could be detected even with not
optimized, standard hybridization protocols. Once hybridization exceeds a signal-to-noise ratio of
10, genotyping of the targets is possible. Our NTD curves obtained on long targets show a sharp,
reproducible dissociation profile as opposed to ODN samples with a large transition. This renders
the discrimination between different curves easier and thus favors point mutation detection. The
reason for this cooperative behavior is not completely clear, but might be attributed to interactions
of dangling ends with their environment or dangling ends of proximal targets.
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5.3 Detection of samples from Nucleic Acid Sequence-Based
Amplification (NASBA)

In this section, we will learn about a second DNA amplification strategy as an alternative to
PCR. The project on Nucleic Acid Sequence-Based Amplification (NASBA) is led in collaboration
wit K. Brengel-Pesce and N. Beaufet from bioMérieux. The NASBA amplification strategy is
patented and commercialized by bioMérieux. Due to the industrial background of this study, some
experimental information, such as DNA probe and target sequences or exact buffer components
have not been known during the work and are thus not stated here.

This project has been started during the Master 2 project of Carole Lecossois. The motivation
of this project is to study a second biological target type with our temperature scan based detection
method, which is this time RNA from NASBA amplification. The RNA targets are between 100
and 200 bases long and considerations as previously made for PCR samples do also apply here.
We have to take into account that our samples have dangling ends, may form secondary structures
and, especially, that they are provided in complex sample solutions that need careful preparation
and blocking of the biochip to reduce non-specific interactions. Since NASBA is an isothermal
method, it is seductive to use NASBA directly ‘in situ’ in our SPRi heated cell, so that we
would obtain a real-time amplification and detection method. The results presented here will only
reach the ‘proof-of-concept’ state since our laboratory is not equipped to work in contamination
free environments which would be necessary to optimize and validate the detection method for
screening applications.

5.3.1 NASBA detection and applications

Like PCR and other DNA amplification methods, NASBA is a in vitro amplification system suit-
able for nucleic acid detection. The NASBA reaction as developed by Compton in 1991 produces
antisense RNA from RNA templates [286]. In some cases also DNA templates can be used, even-
tually with a slightly altered experimental protocol [287]. One advantage of NASBA is the RNA
amplification in a huge DNA background making it suitable for mRNA detection. Moreover,
NASBA is an attractive amplification method in the field of microbial detection since no inter-
mediate cDNA is needed. A huge variety of viruses, bacteria and fungi have been detected using
NASBA for applications in disease detection [288] 289] 290, 291, 292, 293] 294, 295] 296, 297, 298],
food screening [299, B00, B0I] and water control [302]. NASBA recently finds an increasing in-
terest and several studies undertake comparisons to classical detection methods like (real-time)
RT-PCR or ELISA [293, 294, 295, 296]. Results however diverge and although NASBA is re-
ported as a very simple and sensitive method, it is not always the method of choice. Especially,
primer design is a critical factor, as in all primer based methods, since here the process is isother-
mal and no specific annealing at the primer’s temperature takes place. So, it can happen that
multiplex NASBA sometimes fails to yield positive results where other methods do [290]. The
addition of internal controls may here be favorable in order to increase the assay precision and
detect amplification failure [2911 [303]. Also secondary structures in RNA templates may lead to
failure of amplification due to suppressed primer annealing when only few templates are available
[300]. Nakahara et al. reported an increased efficiency of NASBA amplification upon addition
of inosine 5’-triphosphate to the reaction medium for targets with strong secondary structures
[304]. A detailed review on NASBA amplification and detection has been published by Deiman
et al. which delivers general rules for probe and primer design [287]. A more specific review for
food and environmental screening is published by Cook et al. [301]. Classical NASBA amplifi-
cation is detected by electro-chemiluminescence, but methods based on enzyme-linked gel assay,
NASBA-linked oligonucleotide capture or a RNA biosensor in a membrane base format with lipo-
some reporter probes have be reported, too [301] 302, [298]. However, since this time, a real-time
NASBA assay based on fluorescence detection using specific molecular beacons has been devel-
oped and is now widely applied because of its availability in the NucliSens technology developed
by bioMérieux [305] 297, 291], 290]. Further, a quantitative mathematical model for molecular
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Figure 5.11: Reaction scheme of isothermal RNA amplification using Nucleic Acid Sequence-Based
Amplification (NASBA).

beacon based NASBA detection has been presented by Weusten et al., making real-time NASBA
a fast and attractive detection system [306]. The real-time NASBA system has also been proved
to be compatible with point mutation detection due to the good specificity of molecular beacons
[307, B205).

5.3.2 Amplification of RNA by NASBA

Nucleic Acid Sequence-Based Amplification is an isothermal, enzymatic reaction that produces
single stranded RNA targets of determined sequence and length. As PCR, the method makes
use of primers to select the correct region in the template that can either be DNA or RNA. The
amplification works at 41°C and needs three different enzymes. Contrarily to exponential PCR
target amplification, NASBA gives rise to linear amplification with 10'2-10'* copies at the end of
amplification.

The amplification strategy is depicted in figure In the scheme, RNA is distinguished
by wave lines from DNA represented by solid lines. Sense RNA is here chosen as template. We
distinguish a linear and a cyclic phase of the amplification but both take place simultaneously.
Before the amplification can start, the template is denatured for 3min at 65°C. Only when the
reaction mix is cooled down to 41°C, the enzymes are added and the amplification begins. First,
primer 1 needs to anneal to its position on the template. The primer has a 5’ dangling end
composed of the T7 RNA polymerase promoter sequence (5-TAA-TAC-GAC-TCA-CTA-TAG-
GG-3’). The primer is then extended in the 5’—3’ direction by reverse transcriptase (RT), using
AMV-RT, an enzyme from avian myeloblastosis virus. In this way a DNA strand complementary
to the template is produced. This DNA/RNA duplex can now be recognized by RNase H, an
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enzyme that specifically hydrolyzes RNA that is bound to DNA. Now, the new DNA strand is
accessible for annealing of primer 2 at its 3’ end and can be once again extended by RT. Note
that during this extension, also the T7 promoter sequence is copied that is not part of the original
sequences of the template. This linear phase generates thus continuously double stranded DNA
that corresponds to the template sequence in between the primers plus a functional T7 promoter
site. The T7 promoter is important for the cyclic phase, since it is recognized by the T7 RNA
polymerase which produces hundreds of antisense RNA copies. The reaction product will thus
be complementary to the original template strand. Although this RNA is the final target, it
also contributes to the amplification by production of more dsDNA strands with T7 promoter.
Therefore, primer 2 anneals to the RNA target and is extended by RT as before. After RNA
digestion by RNase H, primer 1 can hybridize to the remaining DNA strand and once again be
extended by RT. Actually, both 3’ ends of the double stranded portion are extended since also the
T7 promoter is copied. In this way, a new dsDNA strand is produced for RNA transcription by
T7 RNA polymerase. The reaction is allowed to proceed for 1-2h.

It is clear that the reaction scheme involving three different enzymes needs careful buffer op-
timization to ensure a good activity of each individual enzyme. Also triphosphates (ANTP and
NTP) for DNA and RNA strand production must be available in sufficient quantity. The NASBA
amplification is commonly used with real-time detection based on molecular beacons that bind to
a specific target site on the ssRNA product. By fluorescence measurements, the apparition of flu-
orescence is detected once sufficient amounts of targets are produced. The amplification protocol
can be multiplexed in order to amplify several targets at one time. Of course, as any multiplexing
approach, this needs a lot of optimization to allow specific and efficient amplification of several
targets. Also the detection system must then be chosen to present different fluorophores that can
be distinguished during detection by their emission wave length.

In this study, we use the NucliSens basic kit® by bioMérieux for NASBA reactions. Enzymes,
reagents and buffers are provided with a detailed experimental protocol. The reaction takes place
in a volume of 20pul. As only parameter, the amount of template DNA can be chosen and is
here 500-10% copies. Amplification is carried out in absence of any molecular beacon probe so
that amplified targets are free for surface hybridization. The reaction needs a precisely controlled
temperature of 41.04+0.5°C, so we used a thermocycler platform (DNA thermal Cycler 480, Perkin
Elmer/Cetus, Waltham, MA, USA) and DNAse-RNAse free Eppendorfs of 500 nl for amplification
at 41°C for 90 min.

A control of our NASBA reaction is done by electrophoresis on a 2% agarose gel stained by
ethidium bromide (EtBr) (figure[5.12). We find amplified products in lane 1 to 7. The first three
lanes correspond to samples after RNA purification using phenol/chloroform extraction followed by
ethanol precipitation. Lane 4 is a sample that was amplified at bioMérieux and stocked frozen until
use. Lanes 5-7 represent amplifications from 10* copies of template carried out at our laboratory.
In amplification No. 6, no template was added, but due to contamination, we find also here the
same amount of target RNA. The NASBA reaction is very sensitive and works with solutions
containing only very few templates. Only sample 8 does not show amplification, since no enzymes
were added to the solution. This proves that the detected lines are produced by amplification and
that the lines do not represent our templates. From the size markers and the DNA band, we can
conclude that the detected RNA product is about 200 nt long.

5.3.3 Detection of DNA /RNA on-chip hybridization

To study surface hybridization of NASBA products by Surface Plasmon Resonance imaging, we
need to prepare a chip with the corresponding probes. bioMérieux provided probe sequences of
20-22nt length with 28-33% G-C content that correspond to specific detection regions in targets
A, B and IC that are about 100-200nt long. A and B represent sequences corresponding to two
types of influenza viruses and IC is the internal control used for molecular beacon based NASBA
quantification. In the molecular beacon based assay, the probe sequence would correspond to the
loop of the beacon. All probes have here a 10-thymine spacer on the 5’ end. Probes are modified by
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Figure 5.12: Fluorescence image of NASBA product A migrated on 2% agarose gel stained with
ethidium bromide. The smear shows ssSRNA products, while the band is the dsDNA with T7
promoter sequence: M=size marker, ladder of 50 bp. 1-3) Purified samples, 4) Sample amplified
at bioMérieux, 5-7) Amplification at SPrAM. In No. 6, no transcripts had been deposited, but
unsterile working conditions led to contamination and amplification. 8) NASBA control without
enzymes.

an amine function (NHsy) on the 5’ end and by a DABSYL molecule (4-dimethylaminoazobenzene-
4”- sulfonyl chloride) on the 3’ end, that serves here to prevent probe extension in the presence
of a reverse transcriptase enzyme in the sample. C. Lecossois coupled the probes to N-hydroxy-
succinimide ester modified pyrrole (Py-C11-NHS) monomers using sodium bicarbonate (NaHCO3)
as coupling agent with a equivalent of 80 pyrrole monmers per ODN. Probes are then purified
on C-18 columns by H.P.L.C. to purify the proportion of probes coupled to a pyrrole moiety as
described earlier for probes synthesized at our laboratory (section . Complementary ODN
targets obtained from bioMérieux served to control the spotting by SPRi. Probe A and IC show
good, specific hybridization signals as response to ODN injection at 250 nM in PBS 450 mM NaCl.
Coupling of probe B to pyrrole had a low efficiency and probe B signals will therefore not be
analyzed in this work. As positive control, M5 is spotted on each chip and ppy spots are used as
negative control.

For hybridization of the targets, we first analyzed purified NASBA products. The extracted
RNA is concentrated in water and approximately quantified using the NanoDrop UV Spectrometer
using an estimated absorption coefficient. Targets are stocked frozen and only diluted to working
concentrations in our standard hybridization buffer PBS at 450 mM NaCl and pH 7.4 before
injection in the SPRi. Typically, sample volumes are 20-100ul and we thus use the Hamilton
syringe and 3-way valve injection system for target injection. Initially, we did heat denaturation
and quenching on ice before injection of the targets at 25°C at ~250nM-1pM. However, this
precaution turned out to be unnecessary since these RNA targets hybridize rather well even
without this treatment. Figure shows a typical prism prepared for detection of RNA targets.
The kinetic curves show a hybridization event of RNA target A on its complementary spot. Due
to a slight buffer change, a global base line shift occurs during hybridization, but the obtained
signal can be found during rinsing. Each curve represents the average of 5 spots bearing the same
probe. We can see on the kinetic curves as well as on the differential image that the hybridization
signal is specific. The 100 ul sample is here passed at a continuous flow rate of 0.5 ml/min, allowing
for ~13 min hybridization. In this short hybridization time, we obtain a detectable hybridization
signal.

The ease of signal detection with RNA targets is in the beginning surprising, after having
worked on our difficult PCR targets. Two explanations can however be brought forward. On one
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Figure 5.13: On the left: Current SPRi image and differential image of the ppy functionalized
prism after hybridization. Hybridization of RNA target A is specific. On the right: Corresponding
kinetic curves of hybridization demonstrating the fast association. A slight buffer change occurs
during injection and signal readout is done at t> 485 min in rinsing buffer.

hand, the system from bioMérieux is already used with a molecular beacon detection system and
must thus be optimized with regards to secondary structure formation in the amplicon at least at
41°C. Here, the hybridizing part of our target seems not implicated in strong secondary structures
since it is readily available to surface hybridization at low temperatures. This is especially true
since RNA is commonly known to form stable secondary structures more easily than DNA. On
the other hand, RNA is also known to form a more stable duplex with DNA than a corresponding
DNA sequence on the same DNA probes. This may also contribute to the good affinity we find
here for our immobilized probe.

5.3.4 In situ amplification and detection of RN A targets

Since RNA detection is possible on our DNA chip, we would like to go towards an integrated
system that combines in-situ amplification using NASBA with our temperature scans for sequences
identification. If we successfully amplify and hybridize RNA targets in the SPRi, we can then
detect point mutations in the target during a subsequence non-equilibrium thermal dissociation
experiment. Although the probe/target system provided by bioMérieux does not contain any point
mutations, it can still be used as a proof of concept for an integrated amplification and detection
system.

As hybridization of purified RNA could be readily performed, the next logical step is to work
with solutions from the NASBA amplification without further treatment. Therefore, we use again
the BSA based blocking strategy reported on page [89]to avoid non-specific adsorption of enzymes
to the sensor surface. Moreover, we have to take into account eventual activity of enzymes on
our sensor. To avoid any activity of reverse transcriptase on our probes, all probes furnished by
bioMérieux are blocked on the 3’ end by a DABSYL molecule. This is not the case on our positive
control M5. Further, we must consider eventual target digestion by RNase H. When targets are
hybridized to our DNA probes, they provide a substrate for RNase H hydrolysis and we might
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Figure 5.14: On the left: SPRi signal for NASBA RNA A injection and temperature scan detection.
Signals are baseline subtracted and averaged over different spot families on the chip for better
visibility. On the right: Corresponding dissociation curves as obtained after subtraction of a
reference temperature scan. Only RNA A has been hybridized and can be detected with an
average T, of 63°C in PBS 450 mM Na(Cl.

loose hybridized targets in this way. Two facts are however encouraging. First, molecular beacon
based detection also uses DNA probes and only slight signal decrease may be found at the end
of the amplification. Thus, although some targets might be hydrolyzed, the overall amount is
sufficient to provide good signals. Second, work in the group of R. M. Corn uses RNase H in
SPRi experiments and shows that RNase H has a about 10-fold decreased activity on surface
hybridization as opposed to solution experiment [265], [308], [123]. We can thus hope that digestion
of targets plays a minor role and will not prohibit successful integration of NASBA in our SPRi
heating cell. Finally, before trying to do in-situ NASBA reactions, we calibrated the heating cell
with respect to the PCR thermo-cycler in which NASBA reaction is successfully performed.

For hybridization of non-purified NASBA products, targets from one amplification are diluted
in a total volume of 100l PBS 450 mM NaCl, 1mM EDTA and 0.05% Tween20 buffer. The
sample is injected at 25°C at a flow rate of 0.5ml/h resulting in 13min hybridization. During
the injection a very high buffer change of 6.5-8% reflectivity occurs so that association can not
be followed in real-time and we only find the hybridization signal during rinsing. Although non-
specific signal in the order of 0.4% of reflectivity is detected, we find a hybridization signal of 1.5%
above this background noise with very good specificity for probe A. Similar hybridization signals
are obtained for injections of 20l undiluted NASBA product with hybridization for 10 min at
41°C in absence of any net flow and with comparably low background signal. In figure [5.1dh,
one injection of 20pul sample of amplified target A is shown. Due to the high refractive index
change, hybridization is detected only after rinsing. At the end of the 5 min rinsing period at
5ml/h a temperature scan to 80°C is applied. We distinguish already from the untreated signal
where the DNA is dissociating. In figure[5.14b, the respective NTD curves are shown. We see that
the background signal of ~0.3% reflectivity does not affect the NTD curves that show a smooth
dissociation. The target can be easily detected.

So, the next step is to perform NASBA reaction in-situ by maintaining the heated cell at 41°C.
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Figure 5.15: a) Comparison of dissociation curves of NASBA target A for in-situ amplified targets
(markers) and ex-situ amplified RNA targets. For in-situ NASBA, we observe a smaller signal
and higher background, as can be seen also in the differential image b). The image shows spe-
cific hybridization on A, but also strong signal on control M5 due to probe extension by reverse
transcriptase. Probe A, B and IC are blocked by a DABSYL moiety at the 3’ end.

First experiments did not succeed, due to inappropriate running buffer conditions. For small
injection volumes (40 pl) of NASBA reaction mix in running PBS buffer, we detect a seriously
changing reflectivity over the 90min reaction time, indicating buffer exchange. Concentration
gradients will appear that will induce net species flow. Especially salt ions are fast diffusing
molecules with diffusion coefficients in the order of 1-2 x 105 cm? /s [309]. In the strong gradient
applied, they will be drifting inside the reaction cell where they inhibit enzyme activity. At the
same time, the reaction medium will be diluted and since NASBA reaction buffer is optimized for
three enzymes simultaneously, surely at least one enzyme might fail in diluted buffer conditions
with changing pH and salt concentration. So, we adapted a NASBA buffer from data from the
literature to ensure that at all times the basic buffer components are maintained the closest
possible to their original concentration [300, 289]. The NASBA buffer is based on 40 mM Tris-HCl
at pH 8.5, 15% DMSO, 80 mM KCl, 12mM MgCly, 5 mM freshly added Dithiotreitol (DTT) and
0.375M sorbitol. As DMSO is denaturizing for DNA it adapts the melting temperature of each
duplex formed in solution. KCl provides the necessary salt, while MgCl, is necessary for enzyme
activity. Sorbitol is present since it is used for lyophilization of enzymes and is thus part of the
buffer after enzyme dilution. The DTT is necessary for good functionality of T7 RNA Polymerase
as indicated on the enzyme’s data sheet by New Englands Biolabs, but is not always reported
as ingredient in NASBA reaction buffers. In this reaction buffer, we succeeded to obtain a low
hybridization signal after performing the NASBA reaction for 90 min at 41°C for 100l volume
with 10% copies of template RNA. However, the SPRi base line change during injection is still huge
so that real-time observation is suppressed. We adjust the sorbitol content to 0.5 M, but it is not
possible to perfectly match the original reaction mix. However, this final buffer gave reproducible
results that clearly showed the possibility to do NASBA in-situ amplification combined to NTD
scans for detection.

Figure [5.15] shows a comparison of NTD curves from the same NASBA amplification prepara-
tion, one obtained in-situ with 100 pl injected (symbols), and the other for the injection of 20 ul
sample amplified in the classical Eppendorf format (plain lines). First, we see that noise is more
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elevated for in-situ amplification and at the same time, we obtain a lower hybridization signal.
So, for in-situ experiments we find here a signal-to-noise ratio of 2.3 while ex-situ amplification
gives 6.7. The signal-to-noise ratio during T-scans could be raised to 10 by injections of 1.5 M
NaCl during the rinsing period and before the T-scan. Thereby, proteins that adhere electro-
statically with low affinity are detached, as observed for PCR solutions, too. There clearly is a
need for better blocking strategies to lower the background. Various signals found after in-situ
NASBA reaction can be distinguished in figure [5.15b, where a differential image is shown. We
see the elevated background signal, hybridization signal on probes A and an even higher signal
specific to M5. Since M5 is the only unblocked probe with a free 3’ end, it has been subject to
elongation which is revealed by the impossibility to regenerate the signal during the T-scan. This
phenomenon is not systematically observed on all prepared prisms and occurred only during the
second in-situ NASBA preparation on the same chip. Indeed, the extension should not take place
at all since M5 shows no particular hybridization with target A. It has also been found that prisms
undergo degradation when reused with in-situ amplification and signal loss is more elevated than
for simple target hybridization and detection. About one third of the original hybridization sig-
nal is lost during each in-situ amplification process. Four independent in-situ amplifications and
detections are carried out successfully at our laboratory with 500-10 000 templates for target A in
the reaction mix.

In summary, this study shows the feasibility of a NASBA based integrated system combining
in-situ amplification and detection. There are still some points to be addressed to optimize the
system. First, a better background suppression would be needed. Second, the degradation of
biochips during amplification is strong and prevents reusability. Then, the injected samples of
100l should be reduced to save enzyme and reactant cost. Also, the issue of contamination in
the heating cell has not yet been addressed. To avoid false positive results, the SPRi system must
be sterilized before the next amplification, which could, for example be done by injection of strong
alkali solutions that upon heating degrade any RNA remaining in the system. Multiplex NASBA
with A and IC was tried, too, but resulted in no detectable amplification for IC neither from
in-situ nor ex-situ samples. Possibly, degradation of templates or competition between primers
which are identical for target A and IC may be the cause. But also surface hybridization may be
much slower so that we are just incapable of detecting IC with the same conditions as A. All these
issues could not be addressed in this work and may be part of future validation studies in case of
further application of the SPRi system for NASBA based point mutation detection.

5.4 Conclusions on detection of long targets on DNA chips

This chapter demonstrated the detection of two specific detection systems that use long DNA
or RNA as target. While confronted to a very complicated system with strongly limited surface
hybridization characteristics for the PCR target, we get easy and fast hybridization detection
with the NASBA amplified target that is optimized for availability of the hybridization site. The
importance of well chosen hybridization sites for on-chip experiments is evident and must be con-
sidered during probe and target design. Still, hybridization parameters like buffer, temperature
and concentration are important for our SPRi setup to succeed in target detection. Main issues
for detection of unpurified samples are also blocking strategies for background suppression and a
running buffer that limits diffusion phenomena and permits at least partial control of the hybridiza-
tion signal. Finally, any activity of enzymes on the immobilized probes needs to be prohibited.
The last points are especially difficult to control and will need optimization for each new sample
containing different enzymes and buffer. One point that has not been confronted experimentally is
also target mixing to optimize mass transport towards the surface. Mixing systems or closed-loop
circulation systems for small sample volumes below 100 1l will be useful. For in situ amplification,
the injection system should optimally be separated from the running buffer to avoid dilution of
carefully optimized reaction solutions.

Besides these ‘optimization’ issues, we also found a surprising cooperativity when studying
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DNA non-equilibrium thermal denaturation with PCR targets. By comparison with the NASBA
NTD curves, it gets clear that this is not a characteristic of all systems hybridizing long targets
to a surface. It might instead be related to the possibility of interactions with neighboring DNA
strands, which is surely favored in the case of our G-C rich PCR amplicon. Since we have no
knowledge of the exact sequences of the NASBA amplicon, no direct comparison is possible. The
favorable surface hybridization might however indicate the absence of strong secondary structure
and indicate a sequence with rather low G-C content. The cooperative dissociation is welcome since
it enhances point mutation discrimination. We successfully detect homozygous and heterozygous
cases with wild type and mutant in PCR amplicons.
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Chapter 6

DNA repair: enzyme interaction
with damaged DNA

Ce chapitre présente du travail réalisé en étroite collaboration avec le ‘Laboratoire des Lésions
des Acides Nucléiques’ (LAN) du CEA Grenoble et représente une partie du projet de thése de
Christelle Corne sous la direction de D. Gasparutto et A. Favier. Les expériences SPRi réalisées
ont débutées avec J.-B. Fiche et ont été continuées tout le long de ma thése.

Dans cette derniére partie présentant des résultats expérimentaux, nous allons étudier dif-
férentes enzymes impliquées dans la réparation des lésions de ’ADN. L’étude est focalisée sur le
mécanisme de réparation appelé ‘réparation par excision de base’ (BER). Ce mécanisme inter-
vient notamment dans la réparation des lésions d’ADN suite & une désamination spontané, des
dommages oxydatives ou par méthylation de ’ADN. Ce mécanisme de réparation par excision
de base fait intervenir des enzymes qui ont une reconnaissance spécifique pour une certaine lé-
sion, leur ‘substrat’. Cette spécificité rend une analyse par SPRi de l'interaction enzymatique
avec ’ADN endommagé attractive. Ici, nous allons observer notamment des enzymes impliquées
dans la réparation de la lésion 7,8-dihydro-8-oxoguanine, une lésion oxydative de la guanine. La
formamidopyrimide-DNA-glycosylase (FPG) d’E. coli et son équivalent humain la 8-oxoguanine
DNA glycosylase (hOGG1) seront étudiées. Nous analyseront Iinteraction de ces enzymes avec
différentes lésions d’ADN naturelles ou synthétiques ainsi que leur activité d’excision de base.
Pour cela, nous profiterons a nouveau de la possibilité de réguler la température. En un deuxiéme
temps, nous étudierons également des endonucléase, Endo IV de E. coli et APE 1, son équivalent
humain. Tandis que les glycosylases FPG et hOGG1 sont bivalentes, c’est-a-dire, elles excisent
la base et coupent ensuite le squelette de ’ADN, les endonucléases n’interviennent qu’une fois la
base endommageée est excisée. On étudiera ainsi leur activité sur des sites abasiques pour obtenir
des informations fondamentales sur les processus de reconnaissance de la lésion et I'activité enzy-
matique liée. Une étude d’intérét biologique est menée pour déterminer l’activité enzymatique sur
des lésions multiples qui peuvent apparaitre lors d’une irradiation par UV, par exemple.

Cette étude sur la réparation ’ADN montre 1'utilité d’une approche ‘biopuce & ADN’ pour
I’étude des enzymes. Bien qu’il soit difficile de quantifier I'activité enzymatique, les cinétiques
offrent de nombreuses informations sur l'interaction de ’enzyme avec son substrat. Grace a une
construction de puce dite ‘universelle’, nous pouvons comparer différentes lésions en paralléle
et ainsi conclure sur leurs effets inhibitoires ou bénéfiques & la réparation enzymatique. Une
telle étude servira notamment & développer de nouvelles stratégies pour la lutte contre le cancer.
L’identification des inhibiteurs de la réparation d’ADN permettra d’améliorer des traitements
de cancer par irradiation ou médicaments anticancéreuses, qui visent & endommager 'ADN de
la tumeur pour tuer la cellule. Egalement, la possibilité de détecter rapidement activité de
réparation cellulaire d’un patient pourrait étre la base d’un traitement de cancer personnalisé.
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6.1. INTRODUCTION

6.1 Introduction

While in previous chapters, our main interest lay in the detection of point mutations in DNA, we
will now take one step back and study the origin of variation in the genetic information. Contrarily
to what we might guess, DNA is intrinsically instable and may be degenerated spontaneously in
the cell [310]. In our natural environment, the DNA of each cell is constantly exposed to damaging
effects. Those can have their origin in normal metabolic processes or be of external nature like,
for example, the sun’s UV light. Each of our cell suffers about 10000 DNA lesions per day
[311]. Hence, it is not astonishing that evolution early developed specific procedures to recognize
and repair damage in the genetic information. DNA repair is crucial for gene expression since
transcription of a gene is often interrupted at a damaged site. Thus, no messenger RNA (mRNA)
is produced nor is the corresponding protein which is necessary in cell functioning. So, the DNA
has to be constantly repaired to ensure a correct metabolism of the cell. But even more important
is the ‘sanity’ of the genetic material for DNA replication, just before the cell divides. Any damage
that has not been repaired or occurs at this state may lead to permanent change of the genetic
information. Unprocessed or badly processed DNA damage is the origin of base substitutions,
deletions or insertions, that may lead to defects, disease or cancer formation. By the way, also
the aging process has been linked to alteration of the genetic information. It must however be
said, that the cell has an intrinsic control mechanism that can give rise to programmed cell death,
i.e. apoptosis, if the genes encounter too much damage. One cell is sacrificed for the good of the
whole organism.

6.1.1 DNA repair pathways and their importance in cell survival

Cells are in systematic surveillance of eventual DNA damage. DNA repair can use one of the
four main DNA repair pathways that are known today. The nucleotide excision repair (NER)
pathway applies for a large number of lesions. NER is based on the recognition of the lesion
followed by local unwinding of the DNA in order to excise a region of about 30 nt in the damaged
strand. Then, the gap is filled by copying from the remaining strand and ligation of the DNA
backbone. Another DNA repair mechanism is the base excision repair pathway (BER). It usually
applies for lesions generated by spontaneous deamination of a base, oxidative damage due to
irradiation or free radicals and DNA methylation. Here, only the damaged base is recognized
and excised so that a DNA polymerase can then fill in the gap. Repair is completed by ligation
of the remaining ends. A third repair pathway is specialized in DNA mismatch repair (MMR).
MMR intervenes after replication and corrects mismatches or insertion/deletion loops that may
occur when polymerases ‘slip” on the strand to be copied. As already mentioned in section [2.3]
DNA polymerases have a high, but limited fidelity and errors occur every 10000-1 000000 bases
[43]. Last, the recombinational repair pathway exists for the serious damage of double strand
breaks. In the case of double strand breaks, two ends of the helix have to be correctly combined
to restore the original information. Non-homologous repair joins the two strands and repairs by
ligation while homologous repair makes use of the fact that each chromosome exists twice so that
the duplicate can provide the necessary information for repair. In some cases, also single strand
annealing may serve for alignment before homologous repair. All these pathways are detailed in
[311] and references therein.

In this work, we will focus on enzymes that are part of the BER pathway. Enzymes involved
in this repair process are often very specific for one type of DNA lesion, i.e. their substrate,
which makes them an attractive target for SPRi studies. Here, we will only study the two first
states in the BER pathway which are the base excision by the activity of a glycosylase and the
incision of the DNA backbone as preparation for subsequent gap filling. We will not study the
DNA synthesis and ligation process where two submechanisms are available, which are either
short or long-patch BER with replacement of one or several nucleotides, respectively. Instead, we
will study the activity of bifunctional glycosylase-lyase enzymes that excise the damaged base to
create an abasic (apurinic, apyrimidic: AP) site. Then, in a second step, a single strand break
(SSB) in the DNA backbone is created. This step is either carried out by bifunctional repair
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enzymes or specific endonucleases that recognize the abasic site. In human beings, for each case
the backbone will we cut at different places; the bifunctional glycosylases creating a 5’ phosphate
and a 3’ blocking group containing the sugar that will recruit an endonuclease for further treat-
ment, while an endonuclease directly cleaves at the 3’ end of the AP site creating a 3° OH function
and a 5’-deoxyribose-5-phosphate that needs no further treatment before polymerization [312}, 313].

Here, we will present principally results for DNA repair enzymes from Escherichia coli. In
particular, we will study formamidopyrimidine DNA N-glycosylase (FPG) specific for 7,8-dihydro-
8-oxoguanine (8-0xoG), a current oxidative DNA damage [314]. As corresponding E. coli AP
endonuclease, we will also study Endo IV. For comparison, some preliminary results obtained
with the equivalent human enzyme hOGG1, a DNA glycosylase/(-lyase, and Apel, the most
current human AP endonuclease will be presented. For the study of these enzymes we dispose
of several natural or artificial DNA lesions inserted in oligonucleotides at well defined positions.
The combination of a system of lesions and repair enzymes with an on-chip approach provides
interesting features. If we are able to detect specific enzyme activity on a whole set of DNA
damages, we would be able to screen the repair capacities of an individual organism. This may
find applications in the personalized therapy of patients that show pharmacoresistance for certain
types of DNA damage inducing cancer treatments. Further, the identification of possible cytotoxic
lesions that hamper a cell’s repair machinery will be helpful in the development of agents that
reduce resistance to cancer treatment and render medical interventions by photo-sensibilization,
irradiation or chemotherapy more successful. A very recent publication explains, for example, that
the resistance to platinum based anti-cancer drugs may be related to efficient repair of oxidative
lesions such as 8-oxoG [315]. To develop better cancer treatments and avoid pharmacoresistance,
a thorough understanding of the repair mechanisms and its reaction to different types of DNA
damage must be gained.

In the following section, we will first summarize data from the literature that characterizes
the enzymes we are going to study in our on-chip approach. Then, the experimental concepts for
enzyme interaction studies will be introduced. The different DNA sequences as well as the DNA
lesions to be studied will be shown. In particular, the virtues of a universally addressable DNA
chip are presented and the temperature depending strategy for enzyme activity detection will be
explained. Our experimental results will be reported in sections [6.3] where we will first discuss
interaction between various enzymes and damaged DNA on the chip, before analyzing enzymatic
activity. We will then focus on results obtained on double stranded DNA that contains two lesions
in one of the strands. Indeed, such tandem lesions that are strongly localized occur in nature, e.g.
as a result of oxidative damage. Radioactivity, for example, can create several DNA damages in a
small volume where the energy of the incoming particle is deposited. But also oxidizing agents can
be responsible for multiple lesions [314]. Such neighboring lesions will however affect the repair
mechanism since DNA is additionally bended or deformed. Finally, in section we will discuss
the results from our enzyme interaction study and see how this format offers a flexible layout that
can be adapted to various kinds of DNA repair studies.

6.1.2 Enzymes involved in oxidative damage repair of 8-0xoG or AP
sites

In this work, we mainly focus on enzyme activity to repair the ubiquitous endogenous oxidative
damage 7,8-dihydro-8-oxoguanine. 8-0xoG is probably one of the most abundant lesions created
in response to oxidative stress and is often used as a marker in cell studies. In fact, is has been
reported that during DNA attack by oxidizing agents, charge transfer along the DNA helix occurs
and damage may so be inflicted at some distance from the original event. Guanine seems to have
the role of a sink, i.e. an acceptor, leading to preferred chemical modification of this DNA base
[314]. Adenine is less often affected by this process, but 7,8-deoxy-8-oxoadenine (8-0x0A) also
occurs in nature. Also, guanine is reported to be the only target for attack by singlet oxygen
[314]. The great mutagenic potential of 8-0xoG is generally admitted. While 8-0xoG pairs with
cytosine in Watson-Crick style, it can also form hydrogen bonds in the Hoogsteen mode with
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adenine [316]. So, misincorporation of adenine opposite 8-0xoG during replication and successive
reparation of the 8-0xoG lesion or a second replication will lead to G-C—T-A transversion. Cells
dispose of another repair mechanism that cleaves adenine paired with 8-0xoG in order to allow
DNA polymerases another attempt to insert cytosine opposite the lesion. Still, this type of somatic
mutations is commonly found in human cancers.

8-0x0G is repaired by the BER pathway and E. coli disposes of the FPG enzyme that is specific
for the 8-0x0G lesion. FPG is a well studied enzyme that exists in several types of bacteria. E. coli
FPG has a molecular weight of 30.2kDa with an isoelectric point at 8.5 and is stable up to 65°C
[317, 318 [319]. Its crystallographic structure has been resolved in presence or absence of a DNA
substrate or for FPG/DNA assemblies that are stabilized by reduction of a naturally occurring
Schiff base during enzymatic activity [320], 321} 322 323]. FPG makes contact with about 9-10
DNA base pairs. For base excision, the lesion is flipped out of the helix and inserted in the active
site, while the enzyme also senses the opposite DNA base. So, 8-0x0G is cleaved preferably when
opposite a cytosine with a fast catalytic process starting ~50 ms after initial contact [324]. At the
same time FPG is much less specific for 8-0xoG opposite A preventing mutagenesis and leaving time
for excision of A to restore the natural G-C pair [325],824]. FPG kinetic and thermodynamic studies
have been carried out using stepwise increase in ligand complexity (method involving competitors),
electrophoretic mobility shift assay or stopped-flow fluorescence analysis [326], 327, [328]. It has
been reported, that FPG exhibits a greater affinity for abasic sites or equivalents than for its
natural substrate 8-oxoG [319][329]. This may be explained by a larger pocket for accommodation
of AP lesions than 8-0xoG lesions. At the same time, the smaller size of the recognition pocket
for 8-0xoG allows better substrate recognition and a more favorable positioning for base excision.
FPG nicks DNA by a 3/0 elimination process creating 3’ and 5’ phosphates [318]. FPG, like
other repair enzymes of the BER pathway, recognizes the DNA helix initially via electrostatic
interactions. This explains why FPG activity is generally higher in low salt containing buffer
of <100mM NaCl or KCI [330], B31]. Kinetic constants have been derived using the Michaelis-
Menten reaction for excision of 8-0x0G and subsequent AP lyase activity of FPG yielding a k.q¢ of
1.65 min~—! [330] although other authors suggested that due to several intermediate configurations,
a more complex kinetic model than the Michaelis-Menten reaction should be used [326, [324]. An
increasing turnover with increasing temperature has been reported [330].

In general, the affinity of FPG for dsDNA is about two orders of magnitudes higher than
for corresponding ssDNA strands. The same difference can be found in affinity between non-
substrate and substrate dsDNA. But the specificity for substrate DNA is 10%-107 fold higher
than for non-substrate DNA. When FPG makes contact with the DNA helix and proceeds at
low salt concentrations with processive search on the strand by one dimensional sliding [332]; the
interaction forces with the DNA in its positively charged cleft are week. At high salt concentration,
the enzyme switches to a distributive mechanism. FPG scans in the average 275bp per binding
event while processing several 8-0xoG-C lesions [332],[333]. Only when FPG recognizes its substrate,
a certain number of hydrogen bonds are formed with the backbone of each strand and the base
opposite the lesion in order to kink the DNA strand and flip out the damaged base for catalysis.
For more detailed information on structural and conformational interaction of FPG with DNA,
the interested reader may be referred to the review by Zharkov et al. [334]. Finally, it should be
noted, that although we will focus here on the 8-0xoG lesion, other substrates of FPG are known,
such as formamidopyrimidine derivatives of A and G and dihydrothymine, for example [333] 336].
FPG has also been studied in the presence of multiple DNA damage on opposite DNA strands
[335]. Clustered DNA damage can lead to substantial reduction of the enzymatic activity or even
render the lesion inaccessible and presents thus an increased cytotozicity.

Although FPG has a very high affinity for AP sites and chemically stable mimics, such as
tetrahydrofuran (THF), it is not always capable of performing its AP lyase activity [337]. So,
here we studied also the bacterial AP endonuclease Endo IV. As AP sites come with different
chemical structures [338], several AP endonucleases exist in E. coli with varying functionality
[337]. Endo IV has been shown to be more efficient in case of C1’ or 4’ oxidation of the abasic site
and is associated to a cleaving mechanism that differs from other known F. coli endonucleases or
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glycosylase/lyases [337]. This makes it an interesting enzyme to study in combination with FPG.
Endo 1V is an enzyme of 31kDa that is involved in reparation of free-radical induced AP sites,
but may also act on various 3’ terminals of a DNA duplex [339][336]. The second activity is useful
to render incised strands with 3’ blocking groups available for subsequent strand reparation by
leaving an 3’OH end [339]. Endo IV works preferably on dsDNA substrates. The crystallographic
structure of Endo IV bound to DNA has been resolved by Hosfield et al. [340] and reveals a double
nucleotide flipping process with intervention of three zinc ions for the catalysis of an abasic sites.
Further insight gained by mutation studies revealed that during Endo IV processing, product
release may be the rate-limiting step [341]. Like FPG, Endo IV preferentially works at low salinity
of <100mM salt [342]. No cofactors are needed for activity. Endo IV can be inactivated by
EDTA with a half-life of 10 min in 1mM EDTA at 37°C in the absence of DNA. In vivo, Endo IV
may act as counterpart of endonuclease III, since both have similar substrates, but differ in their
specific DNA interaction [343]. Some exonuclease activity has been reported for Endo IV, with
various efficiency depending on buffer conditions and the presence of 3’ ends that are substrate
for the enzyme [344].

As a complement, we will present here a comparison of the procaryotic FPG/Endo IV ensemble
to the human equivalents hOGG1 and APE1. The human 8-oxoguanine-DNA glycosylase hOGG1
is becoming a well studied enzyme of the BER, pathway specific for 8-oxoG and the formamidopy-
rimidine derivatives of G [345]. The enzyme of 39kDa and 345 amino acids has been cloned by
Radicella et al. in 1997 [346]. The enzyme’s structure has been resolved by Bruner et al. [316]
and reveals a catalytic process in which 8-oxoG is flipped out of the helix while other residues
of the enzyme make contact with the opposite base by plugging [345]. The functionality is thus
very similar to what has been found for FPG, although the overall structure of the two enzymes
is quite different. hOGG1 has been shown to find its substrate by slipping on the DNA helix
with a very high diffusion constant of 4.8 x 10%bp?/s [347]. This diffusion constant arises from
very specific contact between the enzyme and the DNA strands. So, while the average contact
time with DNA is decreased with increasing salinity up to 100 mM, the diffusion constant remains
unchanged [347]. It remains unclear how exactly hOGG1 recognized 8-0xoG in the helix since this
lesion does not lead to discernible structural change and also gives rise to only small destabiliza-
tion. The fast screening process and redundant passes may be combined with kinetically favorable
insertion of 8-0xoG into the active pocket. Several studies are also devoted to hOGG1 enzymatic
activity. hOGG1 is a bifunctional enzyme with glycosylase activity to excise the damaged base
and a 3’ lyase activity that incises the DNA backbone for further repair. Conformational analy-
sis and associated kinetic rate constants have been derived from stopped-flow experiments [345],
explaining how hOGG1 can efficiently distinguish the opposite base pair and why it operates best
for 8-0x0G-C pairs. Indeed, although hOGG1 shows glycosylase activity also when C, T or A are
opposite the 8-0xoG lesion, the enzyme does not proceed with G-elimination after base excision
[348]. Another kinetic study by Vidal and co-workers derives the time the enzymes typically needs
for each catalytic step using an electrophoretic mobility shift assay (EMSA) [349]. Their work
reveals that hOGG1 needs more than 20 min in average to perform the base excision. Once the
AP site is formed, the enzyme dissociates readily, leaving time for an AP endonuclease to process
the AP site. If hOGG1 binds again to the AP site, it needs on the average over two hours to
cleave the backbone. So, AP sites act as intrinsic inhibitor for glycosylase activity. The authors
showed that it is most likely that in vivo, APE1 takes over once hOGG1 has created an AP site.
Evidence for team working of hOGG1 with other enzymes has been found by Vidal, but also by
Hill et al. and Saitoh et al. [350} B51].

The human apurinic/apyrimidic endonuclease 1 (APE1) can be seen as a homologue of E.
coli endonuclease ITI. APE1 hydrolyzes the DNA backbone 5’ of the AP site, generating a 3> OH
function. Structural data of the 35kDa enzyme has been resolved by Mol et al [352]. A very good
introduction to how precisely APE1 scans the DNA strand for AP sites is demonstrated by Mol
et al. and compared to the mechanism resolved for Endo IV [353]. This review provides relevant
insight for the two 5’ AP endonucleases that we will study here. Besides repair of AP sites, APE1
seems to have multiple functions in recruiting or stimulating other DNA binding enzymes and has
been recently reported to present endoribonuclease activity [354] B53].
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Figure 6.1: DNA lesions used in this study. a) Normal guanine base. b) 7,8-dihydro-8-oxoguanine,
substrate for FPG and hOGG1 ¢) 5,8-cyclodeoxyadenosine, a rare oxidative lesion repaired by
NER. d) Tetrahydrofuran (THF), a stable abasic site mimic and substrate of Endo IV. e) C3
spacer, a linker mimicking an abasic site, substrate of Endo IV.

For a detailed chemical understanding of BER enzyme repair mechanisms the reader may be
referred to the review by P. J. Berti [353].

6.2 Experimental approach

To detect the previously introduced enzymes by SPRi, we use a universal, addressable DNA
chip that provides a flexible, reusable support for DNA lesion attachment. The setup has been
optimized in previous work by C. Corne and J.-B. Fiche [239]. This study will extend the format
to new lesions that are studied primarily with FPG, but also with endonuclease IV (Endo IV),
human 8-oxoguanine DNA glycosylase (hOGG1) and human apurinic/apyrimidic endonuclease 1
(APE1).

6.2.1 Universal addressable DNA chip

To obtain a flexible DNA biochip that is addressable by double stranded targets injected to the
SPRi, we use the universal chip approach as reported by Gerry et al. [356]. The authors describe
a construction mode that generates so-called Zip sequences, which have the useful feature to be
a shuffle of building blocks used to construct sequences with similar stability, i. e. T,,. The
sequences are constructed to have no cross-talk in spite of similar G-C contents. Several Zip
sequences are available at our laboratory with the usual 10-thymine spacer and the 5’ pyrrole
moiety for poly-pyrrole electro-polymerization. Here, we use four Zip sequences: Zip2, Zip6, Zip7
and Zip9 as given in table[6.1] Since surface grafting has already been optimized in previous work
[13], we use here the 1:2000 ratio between DNA-pyrrole and pyrrole monomers with 10pM DNA
and standard spotting conditions as introduced in section Spots are grafted in quintuplets
and CP14 is usually used as positive control for hybridization.

The four available Zip sequences constitute addressable sites to which we can hybridize DNA
with well identified DNA sequences and damage. Therefore, a Zip-complementary sequence is
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Figure 6.2: Principle of hybridization of the universal addressable chip. Each Zip complementary
sequence is annealed ex situ to a 22mer with specific DNA damage (in 10% excess) by heat
denaturation at 95°C for 3 min and slow cooling to room temperature. Each duplex is separately
injected to control specificity by SPRi as shown.

available that has 24 bases corresponding to one of the Zips at its 3’ end and additional 22 bases
towards its 5’ end with one certain sequence preserved for all Zips (see table . In this way,
we can attach to each different Zip sequence an extremity pointing towards the solution with
22 identical bases. The exact hybridization strategy is depicted in figure First, 250 nM
Zip complementary sequences are mixed with one specific 22mer at 275nM containing a DNA
damage. The two strands are annealed by heating to 95°C for 3 min followed by slow cooling to
room temperature. Each duplex is then injected separately to hybridize to its probe counterpart as
shown in the figure. With the SPRi kinetics, we can control the specificity of the hybridization. In
fact, while originally hybridization was carried out at 40°C, the addition of Zip7 to our ensemble
of Zip sequences gave rise to cross-hybridization with Zip2. The hybridization temperature is
consequently adapted to 45°C where Zip7c does no longer form a stable duplex with Zip2 probes.
During Zip2c injection, we observe a small signal in Zip7 probes, as shown in figure [6.2] that
disappears upon rinsing before Zip7c is hybridized.

The preserved region of 22 bases can be hybridized freely to any available Zip complementary
sequence. The ODN-22mers are modified to bear one or several DNA damages. We use here
the 8" position from the 5’ end of the 22mer as specific DNA damage site. In the natural DNA
sequence, this base pair is a G-C pair, where the guanine will be substituted by the following DNA
lesions:

e 7,8-dihydro-8-oxoguanine (8-0xoG), an oxidative lesion and FPG/hOGG1 substrate
e 5’ ,8-cyclo-2-deoxyadenosine (CA), a naturally occurring oxidative lesion at low abundance

e Tetrahydrofuran (THF), a synthetic lesion mimicking an AP site with the advantage to be
chemically stable

e (3 spacer, the probably simplest ‘AP’ site, where the deoxyribose is substituted by a three
carbon linker
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Name Sequence 5°—3’
Poly-pyrrole probes

Zip2 pyrrole-T19o-CAG CAC CTG ACC ATC GAT CGC AGC

Zip6 pyrrole-T1o-GAC CGG TAT GCG ACC TGG TAT GCG

Zip7 pyrrole-T1o-TGC GAT CGC AGC GGT AAC CTG ACC

Zip9 pyrrole-T19o-GAC CAT CGT GCG GGT AGG TAG ACC

CP14 pyrrole-T1o-GCC TTG ACG ATA CA

A24 pyrrole-T19o-CAA GTG TGA CCC AGT AAG TGA GGG

Zip complementary targets 3’—5’ (part complementary to studied sequence in bold)

Zip2c GTC GTG GAC TGG TAG CTA GCG TCG GTG AAG CCT AGC ACT GAC
TAG A

Zip6c CTG GCC ATA CGC TGG ACC ATA CGC GTG AAG CCT AGC ACT GAC
TAG A

ZipTc ACG CTA GCG TCG CCA TTG GAC TGG GTG AAG CCT AGC ACT GAC
TAG A

Zip9c CTG GTA GCA CGC CCA TCC ATC TGG GTG AAG CCT AGC ACT GAC
TAG A

CP14c TCT CAC GGA ACT GCT ATG TCG ATT AAG TCT TAG TAA AAC A

Studied sequence with/without lesion 5°—3’

ODN-G CAC TTC GGA TCG TGA CTG ATC T

ODN-G-bio CAC TTC GGA TCG TGA CTG ATC T -biotin

ODN-80x0G CAC TTC G8-0xoGA TCG TGA CTG ATC T

ODN-80x0G-bio CAC TTC G8-0x0GA TCG TGA CTG ATC T -biotin

ODN-Cyclo-A CAC TTC GCAA TCG TGA CTG ATC T

ODN-THF CAC TTC GTHFA TCG TGA CTG ATC T

ODN-C3 CAC TTC GC3A TCG TGA CTG ATC T

Sequence with tandem lesions 5’—3’

ODN-8G/8A-1st CAC TTC G8-0x0G 8-oxoA TCG TGA CTG ATC T

ODN-8G/8A-Tth CAC TTC G8-0x0GA TCG TG 8-ox0A CTG ATC T

ODN-THF/8A-1st | CAC TTC GTHF 8-oxoA TCG TGA CTG ATC T

ODN-THF/8A-7th | CAC TTC GTHFA TCG TG8-ox0A CTG ATC T

Table 6.1: Sequences of ZipX probes, ZipX complementary targets and studied sequence. The
positive control is CP14 or A24.

The chemical structure of the lesions are shown in figure The detailed sequences are
available in table In addition to this subset of single lesions, we will study four ODN-22mers
in which we modify either the 15 or 7*" position 3’ of the principal damage site. These tandem
lesions permit to analyze how enzymes react when encountering clustered DNA damage. Since
DNA repair enzymes make contact with several base pairs during their enzymatic activity, any
additional region that alters the DNA stability or conformation might be disturbing the repair
process. However, in nature, such clustered damages are expected to arise frequently and are thus
of relevance for biological studies.

6.2.2 Experimentation with enzymes on a solid support

We have already experienced in the previous chapters that each sample will need its specific ex-
perimental conditions to yield exploitable SPRi signals. Here, we will work with different enzymes
on a DNA array environment which will impose certain constraints.

The first condition for successful experiments is the correct choice of the enzyme reaction
buffer. The SPRi running buffer should be adapted to both, DNA hybridization and enzyme
reaction conditions. Here, we use one standard buffer for all experiments that is composed of
30 mM Tris HCI at pH 8, 3mM MgCls, 100 mM KCI, 1.3 mM EDTA Nas and 0.2 mM dithiotreitol
(DTT) which is added at the beginning of the experiment. This buffer has been selected during
previous studies [239]. It yields good activity with FPG and shows good DNA hybridization
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signals for Zip sequences [13]. With Mg?*, the necessary co-factor is provided. It should be noted,
that within this study, no buffer optimization has been attempted for various enzymes and so it
might not necessarily represent ideal conditions for all enzymes. Factors as salt content, pH, and
presence of co-factors as well as absence of inhibitors may be individually adapted.

The next concern is the enzyme injection system. In fact, proteins in general are very sensitive
to their environment and might readily undergo irreversible denaturation when coming into contact
with solutions and surfaces that are not compatible. This is why for enzyme activity studies, we use
a 500 1M injection loop made of PEEK, a biocompatible material [13]. Also, it might be useful to
use Eppendorf tubes with low adsorption in order to reduce enzyme loss and denaturation during
preparation.

Further, enzymes are normally stocked in a high percentage of glycerol (30-50%) in order to keep
them at -20°C without freezing the buffer. All the same, repeated freeze-thaw cycles are usually
unfavorable and enzymes are thus aliquoted into quantities suitable for one SPRi experiment.
Enzyme concentrations are either available in mass/volume from which the concentration can be
determined of in units/volume, where units (U) is a manufacturer defined activity of the enzyme.
So, in our study, for each enzyme, the actual proportion of enzymes that show some catalytic
activity is not known. Here, we use the obtained SPRi signal as indicator of enzyme activity, as
in absence of non-specific adsorption; a certain concentration of active enzymes will give rise to
a specific reflectivity change. So, the signal may serve for comparison between different enzyme
solutions. When commercial enzymes are used, it should be made sure that their storage buffer
does not contain any BSA which is sometimes used to stabilize the enzyme and avoid loss by
adsorption. In SPRi, BSA provokes a high background signal and prevents observation of enzyme
interactions.

Of course, the blocking strategy is of great concern. Here, we do not only want to suppress
background signal that may arise from enzyme adsorption to the surface. Adsorption of the
enzyme to the surface would deplete the solution and alter the injected concentration. Fewer
enzymes will be available for DNA repair. Since the isoelectric point of FPG is ~8.6 [317], BSA is
not adapted as a blocking protein, since FPG and BSA would have opposite charges at buffer pH
8 and thus give rise to attractive interactions. It turns out that the 15kDa protein Cytochrome
C (Cyt C), extracted from horse hearts, is better adapted [I3]. Each prism is blocked by at least
three injections of Cyt C at 1uM before enzymes are injected. As Cyt C is considerably smaller
than BSA, it also has the advantage to only slightly increase SPRi reflectivity with signals around
1% reflectivity so that optimal SPRi regulations are easily maintained.

When finally all precautions are taken that the enzyme arrives functionally on the chip in
presence of suitable buffer, we still have to ensure that the enzyme has access to the DNA damage.
Therefore, grafting density will be important and will depend on the size of the enzyme that needs
to penetrate the surface DNA layer. Since all enzymes used in this study are rather small, we can
use standard grafting densities as in our DNA /DNA interaction studies. When larger entities like
antibodies are to be detected, the surface grafting density should be reduced.

6.3 Enzyme interaction studies by SPRi

In this section, we will use different observation strategies to characterize and compare interac-
tions of repair enzymes on surface grafted DNA with damages. Since SPRi is a real-time method,
interaction kinetics can be studied. However, as we will see in the following, the time dependence
we will measure will depend on various factors and several specific and non-specific interactions
that all occur simultaneously. We can divide the influences in those that will depend on the exper-
imental protocol and those that are linked to the observation of ligand binding to a biopolymer.
Experimental factors that influence our experiments are for example:

e The flow rate, which will alter the probability that the enzyme encounters a surface grafted
DNA. It will also determine the interaction frequency. At low flow rates, the enzyme has
the possibility to make contact with several DNA strands on identical or different spots. At
high flow rates, the frequency of reassociation will be lower, as the enzyme will be washed
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away quickly. To access ‘real’ dissociation constants, the flow should be sufficiently high
to suppress this kind of dissociation and reassociation phenomena where enzymes undergo
down-stream ‘hopping’ from one spot to the next. A review of influences due to flow-cell
design has been published by Ward et al. [357].

e Temporary or permanent interactions of the enzyme with the surface. Permanent interac-
tions remain after enzyme elimination as base line increase and should possibly be suppressed.
The Control spots, like CP14 in ssDNA form and ppy without any DNA, reveal temporary
surface interactions but also global refractive index changes due to buffer changes during
injection.

SPRi signals of interactions between enzymes or other ligands and surface grafted DNA will also
depend on:

e Kinetics of FPG association on dsDNA and subsequent scanning for lesions [333]. This inter-
action type will have a lower affinity than enzyme/lesion recognition but provides multiple
interaction sites per DNA strand [358]. Hence, at high concentration it is possible to have
several enzyme interactions of this kind on one single DNA strand of total length of 46 bp.
Here, we always have one control spot without DNA damage that serves to analyze dsDNA
recognition.

e Kinetics of enzymatic activity. The affinity of interaction is high and very specific. Only one
lesion per strand is available. However, the enzymatic activity is twofold, first presenting the
glycosylase activity, then the lyase of the backbone. The enzyme might dissociate between
these steps. AP sites also have a limited lifetime at pH 8.

Since global refractive index changes, temporary and permanent non-specific interactions all
occur at the same time as dsDNA recognition and specific DNA damage catalysis, it is impossible
to dissociate all these contributions to obtain intrinsic results. SPRi delivers only a signal average
of everything near the surface and not microscopic details. So, we will analyze our results in
the following in a qualitative or semi-quantitative way. The reader should however note, that
in more simple cases, models can be developed that combine Langmuir adsorption kinetics with
Michaelis-Menten enzymatic activity and so give access to reaction kinetics [359]. However, the
model supposes that once the substrate is treated and the product is formed, no further recognition
takes place, a prerequisite that is clearly not fulfilled in our case. A substantial review on the topic
of protein/DNA interaction has been recently published by W. Bujalowski and provides also more
complex models [360].

Still, we will see in the following that we can get quite interesting information on enzyme sub-
strate specificity and also its activity by comparing one enzyme that interacts with multiple DNA
lesions on our chip. Our experiments will be completed by more classical gel-based approaches
where reactions are carried out in solution.

6.3.1 Former results from our laboratory

The foundations of this project are lain by J.-B. Fiche and C. Corne in from of a collaboration
between the CREAB and the LAN, two laboratories located at the INAC at CEA Grenoble. Also
E. Suraniti contributed to the initial work. The project is followed by D. Gasparutto and A. Favier
from the LAN and T. Livache, R. Calemczuk and A. Buhot from the CREAB. The concept of the
universal chip approach and the later on presented temperature related activity revelation have
been published in 2008 [239]. We will shortly summarize the main results before explaining how
this study has been extended here to new DNA lesions and repair enzymes.

The original work is carried out with the FPG enzyme, using three different Zip sequences
(Zip2, Zip6, and Zip9) to study 8-oxoG, as a substrate for base excision repair, cycloadenine
(CA) as a non-cleavable DNA lesions and the undamaged DNA strand with guanine. Interactions
between FPG and these lesions have been studied and revealed that FPG recognizes all double
stranded DNA on the chip with a preference for 8-0xoG and an even stronger affinity for CA.
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Revelation by heat denaturation and rehybridization of ODN-22mer
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Figure 6.3: Enzymatic activity revelation using heating and rehybridization. Top: Schematic
representation of experimental steps. Bottom: Corresponding SPRi signals for FPG activity on
8-0x0G. From left to right: FPG injection, regeneration and heating. Zoom on signal before and
after heating. ODN-22mer injection and specific hybridization.

This is a surprising finding since CA is no substrate for FPG and so the detected slow dissociation
reveals an inhibitory action of CA on FPG repair activity. Since FPG upon encounter with CA
is bound with high affinity, it is not available for further repair processes, which would have bad
consequences on DNA repair if similar binding affinities are found in vivo.

To characterize the activity of the FPG enzyme on our DNA chip, two approaches are presented.
The first consists of a double injection of FPG protein on one DNA chip without any regeneration
and reconstitution of the chip. As during the first injection 8-0xoG is processed by FPG and cut
out of the double helix, a reduced interaction signal can be found on 8-oxoG sequences during
the second injection. A repetition of this experiment is shown in figure (see later on). While
FPG has slow association kinetics on CA, fast dissociation is found on G and 8-0xoG. During
the second injection of FPG, the signals reach the same amplitude on CA and G spots, while
FPG interaction on 8-0xoG DNA is now decreased. This simple experiment demonstrates that
most 8-0x0G lesions are excised in the time course of the first injection /rinsing step with a total
duration of 20min. The chip can be regenerated from enzymes by injection of NaCl at 1.5 M.
The high salt concentration screens out any electrostatic interaction between DNA and enzymes.
Since recognition is partly based on the positive charges in the enzyme’s cleft for DNA, the salt
provokes dissociation from the strands. In fact, on advantage of the NaCl regeneration is the
increased stability of the DNA duplex at high salinity, as previously presented in section [£.5] In
this way, the DNA chip may be reused for several interaction studies, provided that there is no
enzymatic interaction that cleaves the studied damage.
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Figure 6.4: a) Consecutive FPG injections at various concentrations and 25°C. The prism is
regenerated by 1.5M NaCl between each FPG injection. 1) 6.25nM. 2) 12.5nM. 3) 25nM.
4) 50nM. 5) 100nM. b) Normalized FPG injection on the same lesions. ¢) Long term dissociation
observation for CA, THF and C3.

A second protocol for revelation of FPG activity on 8-0xoG has been developed by Fiche
and Corne. The method makes use of the flexible temperature regulation. Briefly, after chip
hybridization is completed, FPG is injected, followed by buffer rinsing and NaCl regeneration.
To reveal the enzymatic activity, the chip is then heated moderately and cooled down again to
25°C. During the heating process, only those strands that have been subject to enzymatically
catalyzed single strand breaks will dissociate. After base excision, two strands of 7 and 14 nt
remain of the former ODN-22mer. These sequences are unstable at 45-50°C, while all other
sequences with 22 (ODN) and 24 (Zip) bases remain hybridized. So, the heating process renders
the Zip-complementary sequence accessible for a new ODN-22mer. An injection of single stranded
ODN-22mer then leads to specific rehybridization on spots that formerly bore 8-0xoG lesions. This
strategy is schematically depicted in figure [6.3]

6.3.2 FPG damage recognition and repair

In this work, a fourth Zip sequence is added to the ensemble of addressable positions to allow
the comparison of three or four different DNA lesions simultaneously. As we will see, due to
problems of cross-hybridization between Zip2 and Zip7 sequences, we will hybridize at 45°C to
ensure specificity. Two new lesions, tetrahydrofuran (THF) and a C3 spacer are inserted into the
ODN-22mer to mimic an abasic site at the position of 8-0xoG. Indeed, since FPG creates an abasic
site as its intermediate, we expect these lesions to be a good substrate for FPG. Due to chemical
modification, neither THF not C3 will be subject to lyase by FPG. Natural abasic sites with a
hydroxyl function at the C1’ positions of the deoxyribose are not sufficiently stable at the pH of
our running buffer (pH 8) to serve as substrate in this study.

Characterization of the FPG enzyme on various lesions

In figure [6.4h, several injections of FPG enzyme at increasing concentrations are shown. The chip
has been hybridized with Zip2-G, Zip6-CA, Zip7-THF and Zip9-C3. Each injection is carried out
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for 10 min at 50 pl/min followed by 5min buffer rinsing and 1 min NaCl. For FPG concentrations
of 25nM and higher, we obtain a discernible interaction signal. While at 25nM and 50nM the
dissociation phase shows fast dissociation from Zip2-G, the signal on the DNA lesions is rather
stable. So, all injected FPG enzymes on the surface interact with a DNA lesion. This is no longer
the case for 100nM, where FPG is found in excess on the DNA strands. Already before the start
of the rinsing process, FPG shows strong dissociation from Zip6, 7 and 9. Only in a second time,
dissociation slows down to lower dissociation rates as found at lower enzyme concentrations. The
remaining signal can so be associated to the fraction of enzymes that recognized a DNA lesion.
This supposition is strengthened by the observation that non-lesion specific DNA interaction on
Zip2-G is almost completely washed off at the end of the rinsing period. This concentration range
permits to fix optimal injection conditions which are found at 50 nM where only little excess FPG
is bound. The determination of the optimal concentration must be repeated for each new batch
of enzymes that may contain varying fractions of active versus inactive material. It has to be
noted that unlike for DNA injections, enzyme injections show a surface position dependent signal.
Spots downstream of the sample inlet will react later than spot in immediate vicinity to the inlet.
Enzyme concentration is in the beginning depleted by capture on the first range of spots. This
effect can be appreciated from the different on-rates for one spot type in the normalized signal
plot in figure [6-4p.

Although not all lesions used in this interaction experiment are substrate for FPG repair, we
find that they all have the ability to strongly bind the enzyme. The affinity of FPG is even higher
for THF and C3 than previously found for CA as can be seen in the normalized signal plot in
figure [6.4p. In another FPG experiment on the same lesions, the rinsing step is extended over
one night. On a time scale of over 2h as shown in figure [6.4k, it gets evident that FPG has the
most stable interaction with THF, followed by the C3 spacer. During this period, FPG almost
completely dissociates from CA, while C3 has about 30% signal loss and THF still shows 90% of
initially bound FPG. After one night rinsing, there remains a notable signal of FPG on C3 and
THF as revealed from the specific signal decrease obtained after NaCl injection. All other spots
show no base line difference before and after salt injection.

These results emphasize the toxicity of such damages for FPG mediated base excision repair.
Strong binding of the enzyme renders the site inaccessible to other repair agents and, at the same
time, FPG is not available for 8-0xoG repair. Lesions of this type could be used in cancer treat-
ment as inhibitors of the natural repair systems. As they strongly bind the repair enzymes, they
hinder cancer cells to counteract DNA damaging treatments.

In the next step, we will show that dissociation rates represent only relative stabilities. When
doing SPRi experiments, we must always keep in mind that the reflectivity change observed is
an average over all mass changes that occur in the proximity of the surface. We are not able to
distinguish, for example, the dissociation of an enzyme from one DNA duplex and its reassociation
to another free site on the same spot. This reassociation hinders in fact the observation of real
dissociation constants. To avoid multiple dissociation and reassociation effects, the flow rate can be
increased. Similarly, we can alter the dissociation rate by the presence of competitors in solution.
For FPG, competitors must be in form of double stranded DNA and the presence of a DNA
lesion additionally increases the affinity. After FPG injection of 50 nM for 8 min, we inject during
rinsing 100 nM of double stranded DNA with or without lesion to capture any FPG enzyme that
dissociates from surface grafted DNA. Reassociation to the spot is so prevented.

Figure [6.5] shows five repeated injections of FPG 50 nM followed by 10 min rinsing in presence
of different competitors. Between each injection the chip is regenerated from the enzyme by
injection of NaCl 1.5 M. The chip presents the sequences G, CA, THF and C3, so that FPG has
no specific activity and DNA strands remain intact after contact with the enzyme. In the first
cycle, rinsing is carried out in buffer only, without any competitor. Dissociation is as before, slow
on THF and C3, faster on CA and almost all signal disappears on G before the end of the rinsing
period. The second injection is followed by rinsing with double stranded DNA without damage.
We observe that dissociation is accelerated, showing that FPG is efficiently captured and carried
away by free dsDNA in solution. From injection 3 and 4 with THF or CA rinsing, we observe that
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Figure 6.5: Consecutive FPG injections at 50nM and 25°C followed by rinsing in presence of
different dsDNA competitors at 100nM. The prism is regenerated by NaCl 1.5 M NaCl between
each FPG injection. 1) No competitor. 2) No lesion (G). 3) THF. 4) CA. 5) 8-oxoG.

not only fast capture of non-lesion specific bound FPG occurs, but also dissociation from surface
bound DNA with lesions is slightly increased. FPG has a strong affinity for the competitors; hence
they can accelerate dissociation of the enzyme from the surface. 8-0xoG seems to be slightly less
efficient than CA and THF. This experiment can only show tendencies since exact comparison
is hampered by a irreproducibility of the FPG concentration during injections. This variation
is due to experimental errors in pipetting, since the concentrated stock of the enzyme required
measurement of 0.6 ul volumes of enzyme for dilution in 1 ml to obtain 50 pl. However, the enzyme
is stocked in 50% of glycerol. The viscosity of the solvent biases exact quantity measurements
and leads to concentration variations as observed here on our signals. For example, the third
injection of FPG show a lot higher percentage of non-lesion specific bound FPG on the spot which
quickly dissociated upon rinsing with THF modified dsDNA. We can however show with this
experiment that dissociation rates as observed during buffer rinsing do not represent necessarily
only dissociation of FPG from DNA, but can be a mixture of dissociation and reassociation
processes. The injection of competitors can serve to suppress secondary association of FPG on
spots, especially when FPG has a high affinity for the injected competitor. In that way, unbiased
dissociation rates can be observed.

Detection of base excision repair by FPG

This general interaction studies gave us a first insight of how FPG binds to our DNA and then
dissociation from the spots. While single stranded DNA is only feebly recognized, FPG recognizes
double stranded DNA and in particular certain DNA lesions. Its affinity is highest for THF,
followed closely by C3, the two abasic sites. On CA, we observe a higher residence time of
the enzymes, compared to DNA without lesion of 8-0x0G, too. In the next sections, we will
concentrate on the revelation of enzymatic activity on different types of DNA damage. Therefore,
we first present different strategies to detect enzymatic activity on our DNA chip by SPRi. Then,
the simple case of one single lesion per DNA duplex is extended to the case, where a second lesion
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Figure 6.6: Comparison of interactions with normal FPG and mutated FPG that has lost any
enzymatic activity. a) Injection of normal FPG at 50 nM. The inset shows the signal obtained
for ODN-G revelation. The signal is specific to the 8-0xoG lesion. b) Injection of 500 nM mutant
FPG. Interaction with 8-oxoG lesions is stable even after salt regeneration.

is present on the same strand in different distances to the initial damage site. Results are analyzed
by comparison between different lesion types.

Temperature based revelation of enzyme activity: One first strategy to reveal enzymatic
activity in base excision repair is based on thermal dissociation of cleaved DNA fragments that
are then replaced by a new single stranded ODN that will hybridize specifically to sites rendered
accessible during heating. Experiments of this type have the following experimental protocol:

e Hybridization of the DNA chip with dsDNA containing an identified damage as shown in
figure

e Injection of repair enzymes at a flow rate of 50 pl/min for 8 min.
e Chip rinsing (typically 10-20 min), determining the overall enzyme interaction time.
e Enzyme elimination by injection of 1.5 M NaCl for 1 min.

e Heating to 45-50°C at 2°C/min and 3min at this temperature before cooling down to the
initial temperature.

e Revelation of free hybridization sites by hybridization of ssODN-G (22mer), eventual bi-
otinylated to use subsequent streptavidin amplification.

e Chip regeneration by 0.1 M NaOH.

For all experiments, the flow rate is set to 3ml/h and hybridization temperature is 45°C. Enzymes
are injected at 25°C (E. coli) or 37°C (human). The described strategy is depicted in figure
on page [124

In figure [6.6h, an injection of 50nM FPG on a 8-0xoG containing DNA chip is shown. We see
that the most stable interaction is formed with THF and then CA while 8-oxoG shows a good
association signal followed by fast dissociation. After 10 min rinsing, the enzyme is eliminated by
Na(Cl and heating to 50°C follows. We find during the subsequent injection of ODN-G a specific
signal on Zip6, the spots that carry 8-oxoG lesions. No significant signal is detected on other
spots, showing that the heat denaturation is without effect for sequences of 22 bp hybridization
length. FPG has no repair activity on CA or THF, nor on healthy DNA, so those spots will stay
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Figure 6.7: Reaction scheme of FPG on 8-0x0G in the presence of NaBH,. The intermediate Schiff
base is reduced by NaBH, and the enzyme gets covalently attached to the DNA.

intact. When observing closely the base line change before and after heating (figure , we can
distinguish the signal loss on Zip6 8-oxoG spots that already indicated the dissociation that is
later revealed by rehybridization. This shows that the heating is necessary to render the strands
accessible for revelation.

This experiment with normal FPG can be compared to the interaction observed for FPG that
has been mutated. The mutated FPG produced by B. Castaing conserves its specific recognition for
8-0x0G without any enzymatic activity on this lesion. Figure [6.6] shows that contrarily to normal
FPG, all mutants that find a 8-0xoG lesion stay stably attached and do not even dissociate after
salt injection. As the basic interaction mode is changed, also the contribution of electrostatic
interactions between mutant FPG and DNA is influenced. The analysis of mutated enzymes can
help to understand structural interplay, contact zones and mechanisms, but serves here only as
control in our enzyme activity experiments.

Direct revelation of FPG activity by covalent capture: A direct revelation method of
enzyme activity makes use of the chemical reduction of an intermediate Schiff base to covalently
graft FPG or hOGG1 to its substrate. NaBH, reduction has been used in gel shift assays to
reveal enzymatic activity. As the Schiff base between the enzyme and its substrate is only formed
in the course of base excision as shown in the reaction scheme the reduction mechanism
and formation of a covalent adduct is a direct revelation of the activity. Although this method
provides fast information on presence or absence of enzymatic activity, it does not give way to
further information, since, once the covalent bond is formed, no further enzyme properties can be
observed. So, this revelation protocol is only of minor biological relevance, but has been used here
as a complementary proof of enzymatic activity on DNA chips.

This covalent grafting can be revealed by SPRi in the following way. The DNA chip is hy-
bridized with Zip2-G, Zip6-8-0xoG, Zip7-THF and Zip9-CA in our usual FPG buffer. After hy-
bridization, the buffer is changed: the usual amount of 100 mM KCI is replaced by the same
concentration of NaBH,. Since the addition of NaBH, to water provokes a reaction with release
of hydrogen, the buffer must be prepared well in advance and is stirred for several hours under the
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Figure 6.8: a) Covalent trapping of FPG at 50 nM on its substrate 8-oxoG in 100 mM NaBH,
buffer. While FPG is regenerated by NaCl injection on all other DNA strands, it stays coupled
to 8-0x0G. b) Same experiment with another FPG sample that shows much less activity. Two
consecutive injections lead to accumulation of FPG on the 8-0xoG spots (signal averaged for 5
spots).

extraction hood and carefully degazed before use in SPRi. After buffer change to NaBH,, FPG
is injected in presence of this modified buffer on the chip. In figure FPG covalent trapping in
presence of NaBH, is presented. While FPG injection signals show the usual level of association
on the spots, the rinsing period reveals that only a small part of FPG enzymes present on 8-oxoG
spots are able to dissociate. The rest of the enzymes stay fixed, as revealed by the horizontal signal
during rinsing and the identical reflectivity before and after enzyme elimination. The enzyme is
covalently bound to its substrate. As a control, we can check that FPG has the usual affinity for
THF, CA and G. Only regeneration of the DNA by 0.1 M NaOH regenerates the chip completely.
In subfigure b, another experiment with two consecutive FPG injections in presence of NaBH,
reveals that the signal is additive, and FPG can be added during the second step to available
8-0x0G lesions.

The same experiment has been carried out twice with hOGG1 and, astonishingly, we found no
interaction at all between hOGG1 and the hybridized DNA on the spots. Either the presence of
NaBH, in the buffer prohibits any interaction of the enzyme with DNA, or it denatures hOGG1
so that there is no recognition structure left. Other groups report trapping experiments with
hOGG1 in NaBH,, where the enzyme is allowed to interact with 8-oxoG for ~15min before
stopping the reaction [361]. The successful covalent trapping is then detected by gel shift assays.
In two independent experiments with two different batches of hOGG1, no interaction of hOGG1
on immobilized DNA could be found in our SPRi setup. One alternative that has not been tested
yet would be to proceed with hOGG1 injection in the normal buffer and flow only after some time
NaBH, over the chip to trap any enzyme in the correct configuration.

Revelation of activity by two consecutive enzyme injections: Another approach to reveal
enzymatic activity, as already mentioned (see , is by consecutive injections of enzymes. In
figure [6.9] we compare this approach for the revelation of enzymatic activity of FPG and hOGG1
on the 8-0xoG lesion. In subfigure a we observe a smaller signal on 8-oxoG spots during the
second injection of FPG, demonstrating that part of its substrate has been treated by enzymes
during the first injection so that the 8-oxoG spots are now modified. This is underlined by the
signal reproducibility for the two injections obtained on spots with other DNA lesions. However,
as shown in subfigure b, we do not obtain the same properties with hOGG1. The same DNA
chip has been hybridized as before. The first injection of hOGG1 reveals a 3.6-fold higher SPRi
signal obtained with 50 nM hOGG1 on 8-0xoG than with 50 nM FPG. This mass increase can not
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Figure 6.9: a) Two consecutive injections of FPG at 50nM at 25°C. Signal loss on 8-0xoG indicates
base excision. b) Identical experiment with hOGG1 at 50nM and 25°C. No activity is detected at
this temperature and time scale.

only be explained by the 30% increased mass of hOGG1 so that we conclude that also a much
higher fraction of enzyme is bound to the dsDNA. The 12 min rinsing period, reveals further, that
unlike FPG, no high affinity of hOGG1 for CA can be detected. The stability compares rather to
dsDNA without lesion. However, hOGG1 shows a more stable interaction with 8-0xoG than FPG.
The substrate recognition process of the two enzymes is hence based on different interactions
and proceeds on different time scales. The second injection of hOGG1 does not present any
basic difference compared to the first, so that here, we can not observe 8-0xoG repair by signal
comparison. The slow dissociation process, however, indicates that the enzymatic repair process
takes place on a longer time scale than our experiment. Vidal et al. report an average base excision
time of 20 min for hOGG1. Then, the enzyme dissociates to leave space for AP endonucleases to
finish the work or stays on to process also the (-elimination. As this second step takes in average
more than two hours, it gets clear why our consecutive injections carried out in overally 40 min
assay time do no reveal huge differences. The first injection and rinsing cycle left about enough
time to create AP sites, that then, during the second injection are still recognized as substrate.

6.3.3 Base excision repair by human 8-oxoguanine DNA glycosylase
0GG1

The previous section introduced already some differences between hOGG1 and FPG, notably for
the recognition of CA and the necessary time for base excision repair. The main difference is
probably its enzymatic activity. FPG proceeds much faster with 8-oxoG excision, while hOGG1
is very slow and often relies on partners like APE1 to proceed with the lyase activity to remove
the AP site [353, [349]. In figure , a 50nM injection of hOGG1 is shown that is followed by
heat revelation. The injection is represented for two distinguished lines of spots on the DNA chip
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as indicated in subfigure c. While the first line is rapidly in contact with enzymes and shows fast
association, we find for downstream spots, as for line 3 represented here, a clearly diffusion limited
behavior. While the global refractive index change indicates that the injected solution arrives quasi
simultaneously on all spots on the surface, the hOGG1/DNA recognition on line 3 shows signs of a
slower, diffusion limited association. With proceeding injection, the association rate grows, due to
increasing enzyme concentration near the surface. This initial depletion phenomenon is in contrast
to signals found in line 1 where association is fastest in the beginning and then decreasing with
increasing saturation of the spots with enzymes. Also the dissociation phase shows big differences
depending on the spot’s position on the chip. The highest affinity is found for THF, followed by 8-
0x0G. The fraction of enzymes on lesions dissociates slowly from these spots. For equivalent spots
in line 3 we even observe signal increase in the beginning of the rinsing step, which demonstrates
the fact that hOGG1 can dissociate from one spot and bind further downstream to another one.
This downstream hopping prevents the detection of the intrinsic dissociation rate for our enzyme.
hOGG1, as shown, can be fully regenerated by NaCl injection. To reveal enzyme activity, the
heat revelation protocol is used. Figure [6.10p compares ODN-22mer revelation signals observed
after FPG interaction on the hybridized chip to signals obtained after incubation with hOGGI.
We find that hOGG1 injection results in about 50% less excised bases than a FPG injection
with identical experimental conditions. The enzyme is thus significantly less active or needs more
time to complete the BER. For OGG1, we observe also a very small but specific signal on CA
that is not observed with FPG. This result has been reproduced in an independent experiment on
another prism. Although the signal is almost invisible, it might indicate a small activity of hOGG1
on cycloadenine lesions. However, as the signal is barely over noise and no such information is
available in the literature, it rests to be confirmed by other methods if hOGG1 can excise also the
CA lesion.

6.3.4 Repair of abasic sites by Endonuclease TV

As we have seen, THF and C3 are lesions that can be toxic to the BER pathway if they are
not repaired. As well FPG as hOGG1 form a stable complex with THF; FPG with even higher
affinity than hOGG1. When these artificial lesions are injected into a cell, crucial enzymes may
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Figure 6.11: Revelation of Endo IV activity. a) Injection of Endo IV at 4U/ml on a DNA chip
with 8-0xoG, C3 and THF. b) Revelation of activity on THF and C3 by rehybridization of ODN-
G-biotin and amplification by streptavidin.

be fixed and will no longer be available for repair of their natural substrate. So, the identification
of enzymes that repair these toxic lesions will decide on eventual applications in cancer treatment.
Consequently, it is interesting to characterize the activity and recognition potential of natural AP
repair enzymes on these lesions. Endo IV, as introduced before, is a powerful 5’ AP-endonuclease
and 3’ diesterase. Its activity is the excision of abasic sites in the helix by incision of the backbone
and subsequent removal of the remaining 3’ blocking groups. The resulting 3°OH groups are then
compatible with ligation to complete DNA repair.

Here, we study two artificial mimics of abasic sites: THF and C3. Using the heat revelation
protocol, we are able to determine enzyme activity. In figure [6.11h, the enzyme interaction with
surface grafted DNA is represented. Although injections are carried out at 4 U/ml corresponding
to a high concentration of ~130nM, the SPRi interaction signal remains low. Endo IV has a
molecular weight comparable to FPG. With this information we can conclude that interactions of
FPG and Endo IV with dsDNA are not comparable. The average residence time of Endo IV on
dsDNA without lesions has either a very low half-life or a very low interaction frequency. Only
on DNA strands with THF and C3 lesions, a small signal due to enzyme binding can be found.
Regeneration by NaCl does not show any effect on the enzyme’s dissociation, revealing that the
nature of interaction of Endo IV with abasic sites is not dominated by electrostatic interactions.
Indeed, Endo IV is an enzyme that interacts mainly with the DNA’s minor groove and it makes
use of some residues inserted in the AP site to kink the DNA. Electrostatic interactions seem
to have a contribution during scanning of DNA strands but are less important during enzyme
activity. Although our injection signal stays very low, heating and injection of ODN-G reveal a
specific hybridization signal on C3 and THF spots. Figure [6.11] shows the hybridization signal
of ODN-G-biotin followed by revelation with streptavidin. The hybridization signal of ODN-G is
interesting, as mass is first increased and then lost again as the signal regains almost its initial
base line. As the streptavidin injection reveals the presence of the newly injected ODN, only one
other explanation for this signal decrease can be found. The enzyme stays on the DNA during
heating and is only displaced by rehybridization of ODN-G. We can, however, not determine
where exactly the enzyme is fixed. Since the incised small DNA fragments seem released as the
Zip-complementary strand is available for hybridization, it would be possible that Endo IV fixes
the artificial strand break between the surface grafted probe and the small ODN containing the
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Figure 6.12: a) Hybridization of Zip complementary sequences with various lesions as indicated
in legend at 400 nM. For optimization, a first Zip2 G injection is without the biotinylated ODN-
22mer, the second is with biotin, so that the fraction on Zip2 and Zip7 of this second injection
can be revealed by streptavidin (SA). b) Temperature scan at 2°C/min on the THF tandem lesion
system after hybridization as in (a). ¢) Equivalent T-scan on the 8-0xoG tandem lesion system.

lesion. This typical increasing/decreasing signal during ODN-G injection is observed repeatedly
for Endo IV, so we may exclude artifacts due to small signal variations. The revelation of enzyme
activity shows a higher signal on THF spots compared to C3 spots, indicating a more efficient
repair on the former lesion.

6.3.5 Enzyme activity on tandem lesion

After characterization of FPG, hOGG1 and Endo IV on simple DNA lesions, we will now work
with a small system of clustered DNA damage. Clustered DNA damage describes the appearance
of two or more DNA lesions in proximity either on the same or on the opposite strand. These
lesions can be induced during local energy deposit by ionizing radiation as shown by Sutherland et
al. [336], but may also originate from anti-cancer drugs. Clustered DNA lesions are supposed to
be a challenge for DNA repair mechanisms and may have increased mutagenic or lethal potential
[362]. It is thus of biological relevance to understand to which extend cells are able to repair
neighboring DNA damage. As each damage changes the properties of the double helix by inducing
bends or altering the chain’s flexibility, DNA repair enzymes may have trouble to treat certain
configurations. Several studies on this topic are available, but due to the large variety of DNA
lesions that may occur during an oxidizing event, it is difficult to analyze all possibilities. David-
Cordonuier et al., for example, studied 8-0x0G repair by yeast OGG1 (yOGG1) in the presence of
various lesions at position 1, 3 and 5 on the opposite strand 3’ and 5 of the 8-oxoG damage site
[363]. They report a strong inhibitory effect for abasic sites or single strand breaks (SSB) that is
not found when the second damage is a lesion like uracil or a second 8-oxoG damage. In the case of
a second lesion, one can find inhibition or activation of the enzyme’s catalytic activity. The strong
inhibition by AP sites and SSB is attributed to the high risk of formation of double strand breaks
during 8-0x0G repair, which would call for one of the most error prone repair mechanisms in the
cell’s DNA repair. Similar results have been found for FPG and hOGG1 [335],[364]. In the case of
a second lesion, the highest inhibition is often detected when the lesion is next to the initial lesion,
but on the complementary strand. When two lesions appear in the same strand, it may depend on
the order of repair if the system hampers or not normal repair mechanisms. So, Budworth et al.
studied 8-0x0G/8-0x0G or 8-0x0G/ U tandem lesions separated by two bases on the same strand
that are repaired by hOGG1 and APE1 [365]. They find that 8-0xoG excision is mainly inhibited
when located near the 3’ terminus of an AP site formed during repair of the first lesion. Cunniffe et
al. studied tandem lesions in the same strand for 8-0xoG /AP lesions and showed that the presence
of 8-0x0G reduces efficient AP site incision by FPG and Endo IIT [366]. Lomax et al. also studied
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Figure 6.13: FPG base excision repair on tandem lesions a) Injection of FPG at 200 nM and 25°C
on 8-0xoG tandem lesions. b) Revelation of FPG activity by ODN-G and SA after heating to 45°C
for 3min c) Injection of FPG 200nM on THF and 8-oxoG tandem lesions at 25°C. d) Revelation
of FPG activity by ODN-G and SA after heating to 45°C for 3 min. Both experiments are carried
out on the same chip with similar hybridization signals for injections at 250 nM.

tandem lesions with AP sites located in vicinity of a 7,8-dihydro-8-oxoadenine (8-oxoA) lesion
[367]. They determined that the presence of 8-0x0A next to an AP site strongly inhibits repair by
FPG. 8-0x0A is not a substrate for FPG and hOGG1 provided that the opposite base is a thymine
[3611 [367]. According to the system of Lomax et al. we studied 8-oxoG BER in the presence of
an 8-ox0A lesion on the same strand. Two positions are here compared: a neighboring position
where 8-0x0A is the first base 3’ of the 8-0xoG lesion and another position where 8-ox0A is in
the 7th position 3’ of 8-0xoG. The proximal tandem lesions is analog to the AP /8-0x0A position
denoted +1 in the system of Lomax et al. [367]. From their study, we expect this position to have
a 20-fold inhibition compared to enzymatic activity on a single lesion. The distal position at the
7th neighboring base should not show any particular influence on base excision repair. Analog to
the 8-0x0G/8-0x0A tandems, we also dispose of THF /8-0x0A tandems for repair by endonuclease
activity and trapping assays. The sequences are given in table [6.1}

To characterize the tandem lesions and the enzyme’s repair activity, we will once again make
use of the heat revelation using rehybridization. Our tandem lesion sequences are biotinylated,
so that also an indirect detection is possible by the loss of biotin on the spot. A first experiment
showed, that without heating, none of the cleaved 14mer strands part at 25°C, justifying the heat-
ing before ODN revelation. Further, the presence of biotin on the strands imposes the necessity
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of a first SA injection before revelation with ODN-G. In this way, we obtain ‘differential’ infor-
mation. First, we observe everything that has not been cleaved during the SA injection. Then,
we reveal free hybridization sites with the ODN and then the ODN with a second SA injection.
Of course, a simpler and also efficient way would be simple rehybridization with a biotinylated
oligonucleotide on spots that do not present any biotin in the beginning, as for example in figure
As our sequences present now two lesions in one 22mer strand, we first control the validity
of the temperature based revelation. Therefore, a classical temperature scan is applied to our
DNA chip after hybridization with the tandem lesion system. In figure [6.12h, the injection signal
is shown for an optimization experiment. As mentioned previously, there is a specificity problem
between Zip2 and Zip7. In the plot, we see that Zip7 reacts to both injections of Zip2c, but as the
stability is poor at 45°C, the signal decreases and when streptavidin is injected, almost no signal is
found on Zip7. However, as shown by the subsequent injections of Zip2, at 250 nM the Zip2 spots
are not saturated within one injection. This may leave space for Zip7 cross hybridization on this
spots, which can create parasite signals. To avoid this problem, we increased the hybridization
concentration to 500nM Zip complementary sequence. As the ODN 22mer is hybridized in 10%
excess, we only have one type of lesion per spot as all Zip complementary targets are saturated
before injection of the duplex. This is controlled by the injection of a ODN-22mer at the end
of the injection step, to demonstrate that no dissociation occurs at 45°C. The thermal stability
is further controlled in a T-scan experiment for tandem lesions as shown in figure [.12b+c. All
hybridized DNA is found to be stable up to temperatures of >55"C. We choose here a revelation
protocol with heating to 45°C maintained for 3min to dissociate incised DNA strands. By the
way, on some sequences, we observe the stability difference between the 22mer with lesions and
the perfect match on Zip sequences of 24 bp, revealed by a plateau, analog to our mutation studies
in the previous chapter for the case of spots with perfectly matched and mismatched targets (see
for example the plateau in Zip7 8G/8A-1st).

First, we evaluate the tandem lesion system with our E. coli enzyme FPG. In the beginning, we
worked with a commercial enzyme purchased from Sigma-Aldrich. However, it turned out that due
to impurity of the solution (presence of other proteins), we were unable to follow FPG recognition
on lesions and half of our signal stayed on as non-specific signal. From these experiments, we could
only evaluate the enzyme activity by revelation during ODN-G hybridization. These experiments
showed that FPG has better base excision efficiency on distal tandem lesions than on the proximal
tandem lesions. For injections of 50nM during 8 min followed by 10 min rinsing, we find only
~40% ODN signal on 8G/8A-1st compared to the signal obtained on the distal tandem lesions.

We obtained the gracious gift of a purified batch of FPG from Bertrand Castaing that allowed
us to have more detailed information on interactions of FPG with tandem lesions. In figure [6.13h,
we show the FPG interaction on 8-oxoG tandem lesions. For this batch of enzymes, we used
injections of 200 nM to obtain good interaction signals. We can see that FPG interacts well with
all dsDNA strands on the chip. The high signal on duplex without lesions correlates to higher
hybridization signals for Zip2 on this prism. Dissociation of FPG is slower on the proximal tandem
lesion than on 8-0xoG alone and also the distal tandem. During revelation with the ODN-G (figure
6.13b), we find the highest signal on 8G/8A-7th and a similar efficiency on 8-0xoG and 8G/8A-1st
neighbor that represents about 70-80% of the signal obtained on 8 G/8A-7th neighbor. A parasite
signal is observed on Zip2 due to cross hybridization with Zip7c for these hybridizations at 250 nM,
as explained here above. A similar experiment is shown, where A24 is hybridized with Ac26 to
provide a reference of healthy dsDNA, so that all Zip sequences are available to accommodate all
tandem lesions. In figure [.13f, we see that once again the highest signal is obtained on Zip2. We
further observe that FPG does not show the exceptional stability on THF lesions found when THF
is the only defect. Although THF tandem lesions lead once again to slower dissociation of FPG
than 8A/8G-Tth, for example, the differences are small. FPG injection signals on 8-0xoG tandem
lesions are reproducible and so are the ODN revelation signals shown in [6.13[d. Base excision
repair is found to be less efficient when another lesion is next to the 8-oxoG damage. However,
in contrast to results reported by Lomax et al. [367], we do not observe a 20-fold decreased effi-
ciency for strand incision. However, relative values surely depend on enzyme concentration and
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Figure 6.14: a) Electrophoresis DNA migration of 5’-P32 labeled 22mers. Each ODN 22mer is
aligned with Zip7 in 10% excess before treatment with FPG of Endo IV. b) Same gel shift assay
on tandem lesions with incubation with hOGG1 and hAPEL.

interaction time as well as accessibility of the lesion and so a direct comparison to results from
solution is difficult. Still, FPG activity is reduced for the proximal lesion. An astonishing finding
is that we systematically find a higher rehybridization signal on distal tandem lesions than on
strands with only 8-0xoG. The reasons are not clear, but one may speculate that the presence of
a second lesion near the 3’ end close to the bulk can have the role of a recruiter and lead to more
efficient damage recognition. The efficient cleaving of our tandem lesions by FPG has further been
confirmed by electrophoresis in a denaturizing polyacrylamide gel for 5’P32 labeled ODN-22mer.
The gel in figure shows strand cleavage for 8-0xoG, 8G/8A-1st and 8G/8A-7th, confirming
the capacity of FPG to excise the 8-0xoG lesion in presence of 8-oxoA. The presence of products
of different length is due to different 3’ end functions. Some enzymes may proceed with 3 but not
d-elimination and it is also possible that other molecules like DTT attach to the processed end.
At the analyzed conditions with high FPG concentration, all initial substrate is processed, so that
no difference due to the position of 8-oxoA can be found. Futur experiments will be done using a
concentration range of FPG to access kinetic information.

We further analyzed the efficiency of Endo IV activity on THF tandem lesions. Figure [6.15
shows two enzyme activity revelation experiments for the excision of the artificial AP site. As
already shown in figure [6.11} Endo IV has hardly any binding signal, so the enzyme injection is
not represented here. In subfigure a, we observe ODN hybridization on all three spots containing
THF lesions. The highest signal is obtained on the distal tandem lesions, analog to the observation
with FPG. However, as before, we observe first association of ODN-G and, at the same time,
dissociation so that Zip6-THF drops back to the initial base line. In subfigure b, an analog ODN-
G-biotin injection is shown with a subsequent SA injection. It should be noted that tandem
lesions already dispose of 3’ biotin ends, like the ODN G on Zip2. Ouly the single THF lesion
does not bear initially a biotin moiety. So, we expected to find approximately the same SA signal
on Zip2, Zip7 and Zip9 since each duplex on these spots is biotinylated. Only THF represents
the proportion of rehybridized 22mers with biotin. We find a similar SA signal on all spots with
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Figure 6.15: Revelation of Endo IV activity on tandem lesions with THF. a) Revelation of Endo
IV activity for 4 U/ml and total interaction time of 30 min. b) Same experiment but revelation
with ODN-G-biotin at 250 nM followed by streptavidin amplification.

lesions, indicating that also the Zip6-THF spots bears a similar amount of biotin moieties ODN-
G-biotin hybridization. The big surprise is the small signal on Zip2. Since no repair takes place on
these spots, as indicated by the absence of ODN-G hybridization, we would expect a SA response
identical to the other spots. The only possible explanation for the small signal is a loss of biotin on
these spots. This assumption is controlled in two different experiments. First, in figure |6.14] each
tandem lesion with 3’ biotin and ODN-G-biotin are labeled 5’ by P32 and then hybridized to 10%
excess of Zip7c. The duplex is then incubated with Endo IV in our reaction buffer. After migration
on a denaturing polyacrylamide gel, we find that the Endo IV incubation leads to a slightly shorter
product than the original 22mer. The size of this loss corresponds to the 570 Da of the biotin-TEG
label. Attempts have been done to characterize this cleavage by mass spectrometry to identify
the remaining 3’ end function, but the high salinity of the reaction buffer prohibited resolution of
our product. However, a SPRi experiment is carried out to access further information on Endo
IV activity on biotin-TEG functions.

The experiment shown in figure |6.16| aimed to determine eventual Endo IV activity on various
biotin labels under different conditions. The experiment is carried out at 37°C to maintain the
conditions from our Endo IV activity revelation. First, Zip2 is hybridized with ODN-G-biotin. A
short heating to 45°C is used to regenerate the cross-hybridized part on Zip7. We inject 10 nM
streptavidin to protect the biotin labels on the Zip2 spots. We then hybridize subsequently Ac26-
bio, which has two bases as dangling ends and 5’ biotin-TEG, Zip6 G-biotin as equivalent to what
is hybridized on Zip2 and Zip9c-biotin with 5’ biotin-TEG. Then, Endo IV is injected for 8 min
at 130nM. At this stage, we observe no signal loss on Zip2 that would indicate streptavidin loss.
Next, Zip7c-biotin is hybridized as a control and finally, streptavidin at 10 nM is injected to reveal
biotin labels on the chip. The SA injection shows normal signals on all spots except Zip6, where
the 3’ biotin-TEG has been cleaved by Endo IV. This experiment shows that Endo IV only treats
3’ biotin-TEG labels and has no function on 5’ labels either directly at the end of the duplex or free
on 5’ dangling ends. Also, the first injection of SA on the Zip2 spot seems to protect the biotin
label from enzymatic activity. This is important since this shows that functionalizations using
streptavidin-biotin recognition ¢n vivo would probably not be destroyed by endonuclease activity.
On the other hand, the catalytic activity of Endo IV on 3’ biotin-TEG labels as commercialized
by Eurogentech needs to be taken into account in the experimental design. It also provides a
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Figure 6.16: Experiment to control conditions under which Endo IV cleaves biotin. All oligonu-
cleotides are injected at 500nM and 37°C. Streptavidin injections use 10nM and Endo IV cor-
responds to 4 U/ml. Only 3’biotin-TEG (from Eurogentech) is found to be cleaved by Endo IV
when not blocked by streptavidin.

possibility to voluntarily cleave the label of oligonucleotides. In fact, the activity of Endo IV on
DNA 3’ ends is well known [339] and the structure of the biotin-TEG linker with its phosphate
group is apparently compatible with the active site of the enzyme when used on the DNA 3’ end.
The structure as given by Eurogentech of 5’ biotin-TEG is shown in figure An experiment
analog to the one described here has been carried out using APE1. While APEL1 is able to incise
THF just as Endo IV, no distinctive activity on the biotin label can be found. This is also the
outcome of the gel electrophoresis after incubation of 8-0xoG tandem lesion with APE1. As shown
in figure [6.14p, no modification of the 22mer is detected. From the APE1 experiment, we can
estimate the efficiency of Endo IV biotin cleaving to be about 67% for the applied interaction time
and concentration.

The results presented in the following are preliminary and have yet to be repeated. As clustered
DNA repair is of biological relevance, we take also hOGG1 to study these lesions. One first
experiment with hOGG1 at 12U/ml and a total interaction time of about 50 min before NaCl
regeneration indicated that hOGG1 preferably cleaves 8-0xoG when neighboring a 8-oxoA lesion.
As the limiting step in BER by hOGG1 has been reported to be the §-elimination, a combined
protocol with DNA glycosylase and endonuclease activity is tested. We first tried the model using
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Figure 6.17: Enhanced 8-0xoG repair using first a DNA glycosylase (FPG, hOGG1) then an
endonuclease (Endo IV, APE1). a) Injection of FPG followed by Endo IV at 37°C. b) Revelation
of FPG activity by injection of ODN G followed by SA amplification. c) Injection of hOGG1
(Trevigen) followed by APEL injection at 37°C. d) Revelation of hOGG1 activity by ODN-G and
SA. Both experiments are carried out on the same chip with similar hybridization signals.

FPG and Endo IV, although no constructive interaction of these enzymes has yet been reported
for in wivo studies, contrarily to hOGG1 and APE1. The double injection of the two enzymes
is presented in figure After FPG injection, Endo IV is injected, but as before no enzyme
interaction is distinguishable and the signal basically represents a global refractive index change
and FPG dissociation from the lesions. However, during revelation, we find that all tandem
lesions are cleaved to about the same extend. From the exceptional high signal during the second
SA injection as compared to the first that yields <0.15% reflectivity, we can conclude that SSB
efficiency is 85% and higher. So, the injection of Endo IV assists FPG and the combination of
FPG and Endo IV leads to fast and efficient base excision. The experiment is repeated for hOGG1
and APE1 as presented in figure [6.17c+d. Both enzyme injections are accompanied by a large
global refractive index change the hides eventually interaction signals. During hOGG1 and APE1
injection, a specific signal is found on Zip7 carrying the proximal tandem lesions. Revelation by
ODN-G-biotin confirms the higher activity of OGG1 on this type of tandem lesions. While activity
is very small on 8-0xoG alone and also the distal lesions, the proximal tandem lesions shows a 3-
fold increased for APE1 assisted repair than for hOGG1 alone. The cooperation between hOGG1
and APEL1 in cells that undergo oxidative stress has been studied and an enhancement of hOGG1
activity by a factor 1.8 in the presence of APE1 has been observed by Sidorenko et al. [368] 369].
Other groups have also investigated the coordination between APE1 and hOGG1 and found a
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2.5 and 5-fold increase of activity, respectively [351], B50]. The observation in the hOGG1/APE1
experiment confirms our first observation that hOGG1 has a preference for 8G/8A-1st. Compared
to FPG, hOGG1 cleaves about 55% of the 8G/8A-1st lesions excised by FPG in the same time.
On 8-0x0G alone, only 15% of FPG performance is recorded and 8G/8A-7th achieves about 25%.
These reults may indicate more effective base excision for hOGG1 in the presence of multiple
lesions in one strand. Denaturing gel migration as presented in figure shows that hOGG1 is
able to treat all tandem lesions. This gel migration experiment shows a double band that is absent
for the FPG experiment in subfigure a, which probably indicates formation of secondary structures
of some kind. The denaturing conditions provided by formamide and urea are not strong enough.
Although this makes the experiment difficult to interpret, there might be a tendency of higher
product formation on the proximal tandem lesion substrate. However, to truly confirm our SPRi
results, the experiments will need to be repeated with a hOGG1 concentration range to obtain
also kinetic information.

6.4 DNA repair studies: conclusions and perspectives

The results presented in this chapter are probably the closest to biological conditions amongst
all studies within this work. So, it is not astonishing that a multitude of applications for the
experimental design may be found. We provide here a universal chip design that can be upscaled
to accommodate a large number of DNA lesions or clustered DNA damage, as started here with
the tandem lesions. This provides a fast screening method that gives qualitative data on enzyme
interaction and activity. In the first part, we show that interaction studies are an easy tool to
compare the affinity of enzymes for specific kinds of DNA damage. We identified in this way
THF and C3 as potential inhibitors for the base excision repair pathway. Both, hOGG1 and FPG
show a longer half-life time on THF or C3 bearing DNA than on their natural substrates. As
they further are not able to catalyze and repair this damage, the lesions may become a trap,
fishing functional enzymes and keeping them away from their repair mission on the ubiquitous
8-0x0G lesion. 8-0x0G lesions are highly mutagenic when not repaired, as they induce a G-C to
T-A transversion. Repair by FPG or OGG1 is highly specific for the opposite base of the lesion,
ensuring that BER does not provoke or amplify wrong information. When these enzymes are no
longer available, the cell is in danger of mutations that may even be lethal to its function. So,
voluntary inhibition of hOGG1 may assist cancer treatment by reducing the efficiency of BER
[315]. In cancer treatment, DNA damage is voluntarily increased in order to hinder a tumor to
grow and, in the best case, the tumor will disappear. To achieve this, the cells must be forced in
apoptosis by exogenous induction of DNA damage. This may be done in form of irradiation or
chemotherapy, for example. Clustered DNA damage can be provoked by ionizing radiation already
at low doses [336]. As we have seen here and elsewhere, clustered DNA damage may modulate the
enzyme activity, by inhibition or activation [366]. So, a correct understanding of DNA repair can
provide useful tools to find ways to destroy cancer cells. But our chip may also find applications
in personalized treatment of patients insomuch as the repair mechanisms of each individual varies
and screening of the repair activity on multiple lesions may allow for adapted cancer treatment.

While the clinical applications are still in the far future, a more immediate use for our design is
found. During the last year of my Ph.D. two projects were started. The first collaboration with J.
Breton and C. Bounaix du Puch from the ‘Laboratoire des Lésions des Acides Nucléiques’ (LAN)
at the CEA Grenoble INAC/SCIB is aimed to study platinum induced DNA lesions as provoked
by certain anti-cancer drugs. The lesions are studied in the same chip format as presented here
with various enzymes that recognize the damage, but do not have any enzymatic activity. First
results obtained on the SPRi system confirm affinities as obtained from other methods. The
second project is led in collaboration with J.-F. Constant and M. Jourdan from the ‘Département
de Chimie Moleculaire’ at the Université Joseph-Fourier Grenoble 1. This project is in close
connection to our studies and extends the available lesions to a natural AP site produced during
base excision of uracil in DNA strands by Uracil DNA glycosylase (UDG). Subsequent AP site
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excision with FPG and our heating and hybridization revelation protocol showed that these AP
sites are readily cleaved by FPG when inserted in a healthy DNA strand. However, this activity of
FPG is strongly altered in clustered DNA damage, this time studied for AP sites on the opposite
strand of 8-0xoG. First experiments using our SPRi concept permitted to follow real-time DNA
strand breaks provoked during AP site repair and subsequent base excision and backbone incision
on 8-0x0G by FPG. The SPRi experiments provide useful complementary kinetics information that
can only indirectly be accessed in gel shift assays. Since our system is well adapted to any kind
of specific DNA /ligand interaction, it could also be used for the systematic search for new DNA
interacting proteins. When the surface is functionalized with one specific lesion, for example, and
then exposed to nuclear extracts, the lesions can go ‘fishing’ for new proteins. SPRi preselected
proteins may in a next step by analyzed by mass spectrometry. SPRi setups that are coupled to
mass spectrometry are described in the literature and constitute a useful tool for such identification
studies [370].

142



Chapter 7

Conclusions: DNA interaction
studies with temperature regulation

With the work presented in this Ph.D. thesis we have demonstrated the manifoldness of our
temperature regulated SPRi detection system. The aim of this project is to gain a fundamental
understanding of DNA interactions on a solid support by the means of linear temperature scans
that give rise to DNA denaturation curves. Our approach is as well theoretical with simulations
within the framework of the Langmuir model as experimental using surface plasmon resonance
imaging.

We have successfully conducted systematic studies to gain further insight in the surface hy-
bridization process. Parameters like the buffer salinity and denaturing power are important for
optimization of the assay specificity and we provide here the biochip dependency of non-equilibrium
thermal denaturation of the denaturing agent formamide. Then, we successfully demonstrated the
possibility of point mutation detection with our system with a very good sensitivity for target mix-
tures. The linear temperature scans are an important point in the detection process. As we can
conclude on the genotype just from data obtained during the scan, we can use the most favorable
conditions for surface hybridization. So, we chose to work in non-stringent salt concentrations of
350-450 mM NaCl and we use formamide to adapt the dissociation temperature to the accessible
temperature range of the grafting method, i.e. thiols or ppy. Thanks to the temperature regu-
lation, we can also increase or ramp the hybridization temperature to meet the requirements of
the sample, as in the case of secondary structures in long targets. During heating, we can open
up parts of the secondary structure in order to decrease competition between self-hybridization
in solution and surface hybridization. Dynamic temperature regulated hybridization constitutes a
flexible tool that allows to accumulate specifically the perfectly matched target to its corresponding
probe.

All these fundamental studies allowed then the determination of hybridization parameters
necessary to hybridize our PCR product that has an extremely unfavorable conformation for
surface hybridization. We show here how the use of helper oligonucleotides can efficiently assist the
accessibility of the hybridizing part of our target. After successful hybridization, we demonstrate
that it is possible with our system to detect single nucleotide polymorphisms and to attribute
the correct genotype also to heterozygous samples. For PCR denaturation curves, we find a
very distinct curve shape with a sharp transition at the dissociation temperature. We attribute
this phenomenon to interactions between targets on neighboring sites that lead to an interlaced
network with cooperative features. However, this cooperativity seems to be related to the high G-C
content of the target and possible cross-hybridization since we do not observe such an effect for
the subsequent analysis of our RNA target from NASBA amplification. The NASBA system has
been shown here to be a good approach to the development of integrated RNA or DNA detection
systems that need low-cost screening, for example in food or environmental studies. As the SPRi
approach does not need molecular beacons, we can profit here from the possibility to use our DNA
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biochip for multiple experiments. The integrated system is also compatible with point mutation
detection.

Finally, the study of enzymes from base excision repair (BER) provided a multivalent layout
for a huge variety of applications in research of medical diagnosis. Here we analyze interactions
between the bivalent glycosylases FPG and hOGG1 and their substrate 8-oxoG, but also other
DNA damages of interest for the BER pathway. Our SPRi characterization can go beyond the
simple characterization of recognition; indeed, we demonstrate a multi-step method that reveals
the enzymatic activity of various enzymes that act by chemical generation of single strand breaks.
To validate our strategy, we study a system of clustered DNA damages, as typically may arise from
ionizing radiation. Our qualitative results are confirmed by other methods like polyacrylamide gel
electrophoresis. Still, this project shows a lot of studies that might be interesting for future research
and some new projects based on our universal addressable chip layout have already started during
the last year.

Since the scope of this Ph.D. thesis is rather large, each individual project profits from the
understanding gained in our earlier, more fundamental studies. The optimization using oligonu-
cleotides allowed so the point mutation detection in long biological targets. Likewise, the knowl-
edge of complex sample handling that involved blocking strategies and adapted regeneration meth-
ods is beneficial for optimization of our enzyme interaction studies. Maybe this wide range of
research leads sometimes to a lack of time to develop further understanding of phenomena like
the appearing plateau for targets with secondary structures, but in general the broad spectrum is
favorable to develop rapidly conceptual approaches to new systems. So, in conclusion, the virtue
of this work is the creative exploitation of a multivalent detection system.
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Chapter 8

Perspectives

DNA chip technology is widely used in today’s biomolecular research with many applications and
much more that will arise. It is thus astonishing that DNA microarrays have not yet really found
their way into clinical applications. The fact that DNA chip technology is rather costly, either the
chip itself or the machinery needed for its production or read-out, plays certainly a role. Another
reason is probably to be found in the technology itself and most of all in the reproducibility and
reliability of results as discussed by Draghici et al. [37I]. We have seen in this thesis that surface
hybridization is far from being a simple and well understood concept. Although a lot of work has
been devoted to the optimization of different parameters, the final performance is an interplay of
a lot of connected interactions that are very specific for the detection method, but also for the
sample to which it will be applied. The choice of the detection method should be guided by two
main interests: the sensitivity must be sufficient for the sample in question and the signal that
can be obtained should reflect all information that is needed for reliable data analysis. Real-time
detection methods have surely the advantage to provide a multitude of data points and sample
dependent information on the process of hybridization. With end point dependent detection
methods, we obtain one data point, without any knowledge of the process. So, when hybridization
times are long and rearrangements on the chip take place, the end point that will be measured
may not reflect at all what we expect to be the sample’s composition [55]. With this reflection,
a real-time approach seems to be a good choice. The drawback is the huge amount of data that
has to be treated which in fact limits the size of arrays to be analyzed. As optimization of DNA
hybridization-based chip assays gets more and more complicated with the number of targets to
be analyzed, it may make sense to limit the probes of analyzed sequences and rather apply the
tool to screening of a large number of patients. Standard real-time detection methods like SPR
and QCM are often used as biosensors without any possibility of parallelized measurements. For
DNA, this is a rather impractical solution, since control surfaces would be needed separately and
especially for SNP detection we have seen that it is useful to have at least both, the wild type
complementary and the mutant complementary sequence to determine the correct genotype of the
target. So, parallelized measurements are unavoidable and the choice of the method must take
into account the capacity of sequences to be analyzed, in the right-sized ‘package’ to answer one
or more specific questions.

This work shows that SPRi provides a tool that is easily adapted for up to 100 spots, which
would already make a sufficient set for a sensor that would, for example, try to determine a pa-
tient’s metabolism vis-a-vis a certain drug. We have shown here that SPRi can be used for DNA
detection provided that the concentration is sufficiently high, more than 10 nM for oligonucleotides
and 100-fold higher for longer targets with secondary structures. However, the SPRi technique
is not sufficiently sensitive to screen for mRNA or even genetic material without amplification.
Most of the more sensitive detection methods rely on labeling of the targets, like for example
fluorescence. Indeed, fluorescence microscopy is today one of the most current techniques in DNA
detection, which is facilitated by the ease of labeling of DNA. When PCR sample amplification is
used, for example, the primers can already have the necessary label, like biotin, that can then be
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used to attach the fluorophore. So, it may be a good choice to integrate fluorescence microscopy
and real-time detection to obtain conclusive information on a very sensitive detection system.
Another advantage of fluorescent labeling is also the insensitivity to buffer changes and buffer
components that may interact with the surface. For optimal assay layout, the system should have
an integrated temperature control which, as shown throughout this work gives way to elaborated
detection protocols that help to adapt the method to complex samples and allows the detection
of target mixtures even when one partner is present in low abundance. Some developments in
this direction are proposed in form of integrated fluorescence-based and temperature regulated
microarray readout systems equipped with a CCD camera. We can cite, for example, genewave, 4-
MAT by innogenetics and nanogen as commercialized platforms for DNA detection [I51] 153, [152].

For DNA experiments, due to the really well developed labeling methods and the good sensi-
tivity provided, fluorescence analysis may be a good alternative to SPRi. However, when it comes
to proteins or enzymes, it is much more difficult to use a labeling technique. Enzymes may loose
their activity upon labeling, or alter their dynamics when, for example, labeled by the expression
of the green fluorescent protein. When labeling is done by chemical linking after fabrication of the
enzyme, it is often quite impossible to control and know the exact number of labels per protein.
This may also bias the data analysis and complicates the signal interpretation. So, in this case,
surface sensitive methods like SPRi are a very good opportunity. As these molecules are also of
sufficient mass, they provide good SPRi signals. Also here, as we have seen, the temperature
regulation presents an advantage: enzymes coming from different organisms have optimal working
temperatures that can differ a lot. So, the activity will depend on the temperature of the system.
This has been important here to make work the NASBA protocol in our SPRi setup. But also our
heat revelation system constitutes a good example of such a temperature regulation application.
In the near future, we can surely expect an increasing range of data obtained from temperature
regulated, SPRi based protein or enzyme detection platforms.
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Appendix A: Table of buffers

|

SPRi buffers ‘

Experiment Specification | Composition
DNA running buffer PBS 450mM | Phosphate buffered saline: 0.01M phosphate buffer,
NaCl 0.0027 M potassium chloride, 0.137 M sodium chloride; pH

7.4 at 25°C. 3.66g NaCl are added per 200 ml to adjust
salinity to 450 mM NaCl

DNA regeneration | NaOH Sodium hydroxide at 0.1 M for ppy chips(0.2g per 50 ml)

buffer or 0.01 M for thiol-DNA chips

DNA hybridization | PBS 450mM | DNA in water diluted in the running buffer. Since DNA

buffer with DNA stocks are available at 100 pM, the buffer is not signifi-
cantly diluted. For hybridization of purified PCR products,
EDTA is added at 1 mM

BSA blocking buffer BSA Solution of 1% bovine serum albumine in the running buffer

Protein/enzyme regen- | NaCl Na(Cl dissolved at 1.5M in water

eration buffer

NASBA running buffer NASBA 40mM Tris-HC1 at pH 8.5, 15% DMSO, 80mM KCI,

12mM MgCly, 5mM freshly added Dithiotreitol (DTT)
and 0.5 M sorbitol

FPG running buffer

BER enzymes

30mM Tris-HCIpH 8, 3mM MgCly, 100 mM KCI, 1.3 mM
EDTA Naz, 0.2mM DTT (DTT added at the last moment)

|

Buffers for fluorescence essays ‘

Rinsing buffer

PBS 0.01 M, NaCl 0.537M, KCI1 2.7 mM, Tween20 0.05%

Hybridization buffer 2X PBS 0.02M, NaCl 1.047M, KC1 5.4mM, Tween20 0.1%,
Salmon DNA, Denhardt’s® solution
] Spotting buffers ‘
Piranha solution Piranha 70% sulfuric acid (H2SO4) and 30% hydrogen peroxide
(H202). Wear protection gloves, mask and clothes. Be
carefull, solution gets hot!
Ppy electrospotting GDALi In MilliQ water add 30% acetonitril, 20% DMSO, 0.5%

glycerol and 0.1-0.15 M LiClOy4

Table 1: Recapitulation of the buffer solutions used in this work.
All buffers are prepared with deionized water at a resistance of
18.2 M€ and SPRi buffers are filtered successively by 0.8 ym and
0.2 pm filters.
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Appendix B: Experimental protocol for flu-
orescence microscopy

This appendix gives the detailed experimental protocol that is used at our laboratory for
fluorescence microscopy revelation of DNA hybridization. The experiments may use gold covered
glass slides or gold covered prisms that are functionalized by probe DNA.

Use the rinsing buffer (tampon de ringage) and the hybridization buffer (tampon d’hybridation
2X) at 2X concentration as given in the previous chapter on page m

Cover the area of interest of the chip with deionized water for 5 min.
Shake off the water and incubate with rinsing buffer for 5 min.

Prepare 50-100 nl of hybridization solution with the appropriate DNA concentration in 1X
final hybridization buffer. For oligonucleotides, 100nM are sufficient. For PCR, product,
250 nM or higher concentrations are advised.

Remove rinsing buffer and incubate at the appropriate hybridization temperature for the
appropriate hybridization time. For oligonucleotides of 20 bp or more, 15 min hybridization
at 40-50°C is well adapted, the temperature will determine the specificity of hybridization
for mutated targets. For PCR products, hybridization is here carried out at 42-45°C for
1h-3h.

Rinse abundantly with 3-5ml of rinsing buffer using the micro-pipette.
Prepare 50-100 pl dilution of 5-10% SAPE in rinsing buffer

Incubate for 5min at room temperature with the SAPE solution in a dark environment
(aluminum covered Petri dish, etc).

Rinse with 1-2ml rinsing buffer avoiding exposure to strong light sources

Cover the wet chip with a cover slip avoiding air bubble formation and place the chip on a
microscope slide.

Proceed with microscopy fluorescence image acquisition using the adapted filter (WIG).
Minimize exposure times by using the ‘freeze image’ option and closing the shutter before
image acquisition. Adapt magnification (x1.25, x4, x10, x20), gain (=4) and exposure time
to the fluorescence signal and the area of interest observed.

After image acquisition, lift the cover slip off the chip carefully and regenerate by washing
with 1-2ml of NaOH at 0.1 M

Rinse the chip abundantly with deionized water, dry and stock it at 4°C.
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Appendix C: Details on SPRi data analysis
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Figure 1: Data analysis - Base line subtraction: 1) Reflectivity as recorded by SPRi. 2) Base line
subtraction before the start of the injection.

This appendix will present a step by step demonstration of how SPRi signals are analyzed in
order to obtain the DNA denaturation or melting curves that are presented in this thesis. Here,
an example of non-equilibrium thermal denaturation curves is taken corresponding to the 5%
formamide experiment on a poly-pyrrole chip as presented in section [£.6.1] For better visibility,
only 15 of the 42 spots on the chip are represented here. But of course, all spots undergo the
same treatment, as the data analysis uses some Mathematica routines that automatically detect
the number of spots and treat each spot in the same way.

Figure [}1 shows the SPRi signal exactly the way it is acquired during the experiment. Each
spot has its individual level of reflectivity as poly-pyrrole spots are not 100% reproducible. ‘Good’
prisms show a distribution over a 10% reflectivity range. Here, reflectivity differences of about 8%
are found. The minimum of the plasmon curves of the gold layer on this prism is found at about
30.5% reflectivity, for poly-pyrrole spots this value lies around 33-35% reflectivity. TE saturation
occurs at about 70% reflectivity in this experiment. Later, the new program by GenOptics shows
TE saturation at ~63% of reflectivity. As the curves are all between 40 and 50% reflectivity, they
all lie inside the dynamic range and sufficiently high so that temperature scans stay in the linear
range of the SPRi sensitivity. This can be seen from the signals as during the temperature scan,
no spot approaches the minimum of the plasmon curve critically. The exact shape of the plasmon
curve depends on the spot homogeneity. Ideally, for linear heating we should obtain linear reflec-
tivity changes, but sometimes inhomogeneities in the spot may lead to slight curvatures, as found
here on one poly-pyrrole control spot, for example.

The first step in data analysis is the subtraction of the base line. Therefore, a period of 1-2 min
before an injection is chosen. In this period, the signal is averaged for each individual spot. Then,
on each individual curve, this average value is subtracted from all data points. In this way, we
set the base line before injection to zero as can be seen in figure [I}2. Although not shown here,
the same step of baseline subtraction is also done for the reference temperature scan. We use the
reference T-scan acquired in absence of DNA to extract the small signal due to DNA dissociation
from the large signal due to global refractive index changes of the buffer during T-scans.

The second step of data analysis is the synchronization of reflectivity data and temperature
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Figure 2: Data analysis- Synchronization with temperature: 3) Base line subtracted T-scan and
simultaneously recorded temperature. 4) Synchronized T-scan.

data, as indicated in figure During this synchronization, the number of data points are also
reduced to one point ever 0.5°C. To do so, linear fits to the data are applied around the temperature
to analyze and the reflectivity of this local data interpolation is taken for chosen temperatures.
This local interpolation results also in soft data smoothing, thereby reducing noise on our data set.
This reduced data set at discrete temperatures is also obtained for the reference T-scan. During
the second year of my Ph.D. a new SPRi camera and program has been installed. As the new
LabView program was available as open code, I could integrate the temperature data into the
file saving the reflectivity, so that synchronization of temperature and SPRi data was no longer
necessary.
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Figure 3: Data analysis - Subtraction of reference scan: 4) Synchronized T-scan with DNA. 5)
Synchronized T-scan without DNA.

To obtain DNA denaturation curves, the reference scan has to be subtracted of data acquired
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during DNA denaturation. In figure [3] the two sets of curves to be subtracted are represented.
Close comparison reveals the subtle changes during the T-scan that are introduced by DNA dis-
sociation. In figure [} the result of the subtraction is given. We can now clearly see the DNA
denaturation signal. However, small variations can occur that change the behavior of the spots
in a global way. If this is the case, the global changes will be revealed on our control spots. It is
always necessary to look if all controls represent the same tendency or if each spot has an indi-
vidually shaped curve. When all spots show a common phenomenon, this may be attributed to a
global event and base line correction can be done. Therefore, one control spot that represents the
environment of surface grafted DNA without undergoing any DNA related event, i.e. a positive
control spot like CP14, may be subtracted point by point from all other spots. However, it may
happen that some spots show different signals, for example when an air bubble is formed and
perturbs its neighboring spots, or when the prism has been exposed to proteins that may adhere
in a non-uniform way on the surface. In these cases, it is delicate to do base line correction using
the subtraction of a reference spot, signals should better be kept individual and the experiment
must be repeated.

In our example, we can observe from figure 46 that all spots are subject to a small uniform
base line drift. The exact ‘size’ of the perturbation is spot dependent, as each spot has a slightly
differing SPRi sensitivity. In figure 7, the result of such a base line subtraction is shown. We
see that curves are only slightly altered and that we obtain a more proper base line. It has to
be noted that due to better reproducibility of thiol spots leading to more uniform sensitivity, the
base line correction for thiol spots gives way to very homogeneous results.

@ Subtraction of Subtraction of
reference scan reference spot

0.6 0.6
O
o 0.4 S 0.4
o c
[4] 3]
~— Loy
[ O
Z 0.2 Z 0.2
= =
+ -
s 9
[ [
[0
20 L
-0.2 -0.2 . : . ‘
30 40 50 60 70
Time (min) Time (min)

Figure 4: Data analysis - Subtraction of a reference spot: 6) DNA dissociation curves as obtained
after subtraction of the reference temperature scan. 7) The same curves after subtraction of one
positive control spot to correct the base line.

After base line correction, various spots have still different DNA hybridization signals due to
varying grafting density and hybridization efficiency. However, for NTD-curves of individual DNA
strands, these parameters should not influence our non-equilibrium analysis and each spot of one
family is expected to show the same dissociation temperature. To better observe this, curves can
be normalized. We therefore set the lowest signal x,,;, to zero and the highest signal z,,,,, to 1 by
the simple relation y = ( — Zmin)/(Tmaz — Tmin). This normalization is shown in figure 8. of
course, normalization of control spots makes no sense, so they are no longer shown in this graph.
These final DNA thermal denaturation curves can now be analyzed. For example, the derivative
of the curves is calculated using a sliding local linear fit so that each data point has an attributed
slope. The frame of data points used for the calculation of the linear fit will of course influence
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the level of noise and the actual values. Typically, a frame of 3-8 point is used at each side of the
data point. Smooth curves as shown in figure [5}9 are the result of larger frames.
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Figure 5: Data analysis - Normalization and derivatives: 7) DNA denaturation curves are normal-
ized with the highest point at ‘1’ and the lowest point at ‘0’. 8) Derivatives are calculated using
a local linear fit, so that the slop can be attributed to each data point.

Finally, the normalized curves are used to extract the dissociation temperature at 50% of the
initial signal. A Mathematica program therefore applies a soft smoothing using a moving average
of size 3 which has been determined to be the smallest intervention as it does not, provoke a shift
of the curves towards lower temperatures. Then, the data is interpolated and the temperature
corresponding to 0.5 is extracted for each DNA spot. Dissociation temperatures of spots from one
family can be averaged and the standard deviation is calculated.

The data analysis for enzyme injections is less extensive as the extraction of DNA thermal
denaturation information. Typically, for DNA injections or enzyme interactions the first step
is the base line subtraction as in figure [1] to put all curves to 0. Then, a reference spot can be
subtracted to take into account global refractive index changes. This can only be done in the limits
of control spots that show no interaction with the injected species. Typically, for DNA | the positive
control spot is used. As enzymes also interact with single stranded DNA and to some extend with
poly-pyrrole spots, no reference spot has been subtracted for enzyme injections. Subtraction of
reference spots works very well for thiol grafting as spots show homogeneous sensitivity. It is more
delicate on poly-pyrrole spots where some remaining signal can be found on spots that have a
significantly higher or lower sensitivity than the subtracted positive control. One example for this
effect can be seen in figure [6.16| on page for poly-pyrrole spots during the heating process to
45°C. In fact, as the first poly-pyrrole spot is spotted with longer pulse duration, it always has a
reduced sensitivity, but due to its high SPRi signal serves to identify the spots matrix. So, it is
not astonishing here that ppy differs from other spots.
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Glossary

Addressing
Allele specific
cleotide

Anion
Apoptosis
Bimodal Distribution
Biopsy

Cation
Chemisorption

oligonu-

Cytotoxicity
DNA sequence

Debye length

Detection limit

Endogenous
Equilibrium melting

FISH
Helix-coil transition
Heterozygous case

Homozygous case

In vitro
Isoelectric Point
L-DNA

Melting temperature
Molecular beacon

Mutagenesis
Negative control

Non-equilibrium thermal
denaturation

Bringing a molecule to a specific localization

ODN sequence that is complementary to part of a specific allele of a gene
containing the mutation site

Negatively charged ion

Programmed cell death

Distribution with two distinct maxima

Extraction of cell samples from cancer tissue for analysis purposes

Positively charged ion

Chemical specific adsorption involving forces comparable to interactions of
chemical compounds. Activation energies are higher than in the physisorbed
state and lower than covalent binding

Substance or condition that is toxic for living cells and may lead to cell death
Order of nucleotides in a DNA chain. The length of a DNA molecule is typically
given in base pairs (bp)

Characteristic length scale for charge screening in salty solutions

Lowest target concentration leading to signal that lies significantly over the
background noise. Signal-to-noise ratios of 3-10 are often defined as lower limit
of detection

Caused by factors within the body, as opposed to exogenous

Used here as a synonym for thermal denaturation in the presence of a constant
concentration of target DNA. This does not automatically imply that melting
takes place reversibly in thermodynamic equilibrium, i.e. without a hysteresis
effect

Fluorescence in situ hybridization, a method that studies intracellular binding
of fluorescently labeled oligonucleotides to target RNA

Passage of DNA from the double stranded helical form into a state of two
separate DNA strands

Contrary of homozygous case: the genes on the chromosomes (alleles) differ so
that the gene has not exactly the same DNA sequence

When a cell is diploid, meaning that it has two times the same chromosomes,
genes are called homozygous, when the DNA sequence on both chromosomes
is identical

Preparation of samples outside their natural environment, as opposed to in
vivo, in laboratory assays

Refers to the pH at which certain molecules do not present any net charges.
It is important for proteins and enzymes to know their net charges in the
experimental buffer

Left-handed mirror DNA that only hybridizes to PNA or other L-DNA targets
Temperature at which statistically 50% of DNA is in the double helical state
Hairpin shaped ODN with specific recognition sequence in the loop. When the
stem is closed, a fluorescent label at one end is quenched by a quencher on the
other. Upon hybridization to a target, the stem opens up and fluorescence can
be detected.

Process or condition that leads to mutations in the genetic information

A surface area of the biosensor that should not lead to a detectable signal when
exposed to relevant biological samples

DNA dissociation upon heating in absence of target DNA (¢ = 0). Normally, a
constant buffer flow is applied. The dissociation temperature, corresponding to
the temperature at which half of the initially hybridized strands are dissociated,
depends on the heating rate (see section
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Oligonucleotide (ODN)
Oncogene
Physisorption

Positive control

Point mutation
Probe

Proto-oncogene
RNase H

Sample

Sensitivity

Specificity

Static conditions

Target

Template DNA

Thiolate

Synthetic DNA with a sequence length of ~ 10 to ~ 80 bases. Longer DNA is
normally produced by polymerase chain reaction

Gene that contributes to formation of cancerous cells when mutated or over-
expressed.

Adsorption promoted by intermolecular forces like Van-der-Waals forces, which
do not significantly change the electronic orbitals of the interacting partners.
Region of biosensor surface that is functionalized with a biological probe analog
to the analyzed probe but without affinity for the target in question. When
the sample contains, however, the corresponding specific target, the positive
control gives a detectable signal

Exchange, addition or deletion of one single base at a given point in a DNA
strand. Leads to mismatches in the double helix

DNA strand immobilized on a surface to explore the surrounding medium for
targets

A normal gene that becomes an oncogene in the presence of mutations
Ribonuclease H is an endoribonulcease that hydrolyzes RNA hybridized to
DNA starting from the 3’ end. This process generates ssDNA from the
RNA/DNA duplex. Single and double stranded DNA is not digested by the
enzyme

Biological mixture, often extracted from cells or product of a molecular biology
amplification protocol, which is to be tested for the presence or absence of the
biological target

Sensitivity refers to the slope of a detector at the onset of detection and is given
as signal per target concentration. The higher the sensitivity of the system,
the better the signal transduction

The specificity of a biosensor refers to its capacity to produce a relevant signal
only in the presence of its biological target. Specificity generally has to be
controlled using the background signal produced on reference surfaces, like
positive and negative controls

The flow rate replacing the liquid in the cuvette is stopped so that no exchange
can take place

Here: DNA in solution that has the complementary sequence to probes enabling
specific recognition between the probe-target pair. More general, target refers
to the molecule in solution to be recognized by the sensor leading to a detection
signal

DNA sequence to be copied into complementary DNA during polymerase ac-
tivity. The template defines the sequence of the newly synthesized DNA strand
R-S™: Deprotonated form of a thiol group (R-SH), reactive form interacting
for example with metal surfaces via valence bonds
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Physicochemical study of DNA biochips:
DNA duplex stability, point mutation detection and beyond

This Ph.D. thesis studies phenomena concerning DNA duplex stability. Exploiting a real-time
detection system based on Surface Plasmon Resonance imaging (SPRi), we use a temperature scan
method to analyze DNA interactions on functionalized biochips. First, a detailed study about a
comparison of two DNA immobilization methods and the influence of different buffer components
on surface hybridized DNA duplexes is presented. Especially the influence of salt and denatur-
ing agents in the buffer are discussed. Second, we apply the temperature scan methods to point
mutation detection, as well for oligonucleotides as for longer DNA or RNA targets produced by
Polymerase Chain Reaction (PCR) or Nucleic Acid Sequence Based Amplification (NASBA) am-
plification protocols, respectively. Competition between targets containing point mutations and
surface hybridization is addressed. Also secondary structures in solution may alter target capture
on probes. For the isothermal NASBA amplification, we show that it is possible to make an
integrated system with amplification and detection on the SPRi chip. Finally, a study of DNA
lesions and repair enzymes is presented in collaboration with the ‘Laboratory of Nucleic Acids Le-
sions’ (LAN) at the CEA Grenoble profiting once again from the flexible temperature regulation
to characterize enzyme activity on surface grafted DNA.

Keywords: Surface Plasmon Resonance imaging (SPRi), temperature scans, point mutation,
poly-pyrrole, thiol self-assembling, PCR, NASBA, DNA lesions, Base Excision Repair (BER).

Etude physico-chimique des puces a ADN :
Stabilité du duplex d’ADN, détection des mutations ponctuelles et
au-dela.

Le travail de cette thése est axé autour de 1’observation de la stabilité du duplexe de ’ADN.
Exploitant un systéme de détection en temps réel basé sur le principe de I'imagerie par la réso-
nance des plasmons de surface, nous utilisons des rampes de température pour mettre en évidence
les interactions d’ADN sur une biopuce fonctionnalisée. Un premier travail porte ainsi sur une
comparaison de chimies de greffages et I'influence du tampon sur la stabilité du duplexe d’ADN.
Notamment, la salinité du milieu et I'influence d’un dénaturant de ’ADN sont étudiés. Dans un
deuxiéme temps, la méthode des rampes de température est appliquée a la détection des mutations
ponctuelles sur des cibles I’ADN et ARN longues, issus de la polymerase chain reaction (PCR)
ou la nucleic acid sequence based amplification (NASBA), respectivement. L’effet de compétition
entre cibles mutées et I’hybridation & la surface est abordé. De plus, les structures secondaires en
solutions peuvent changer la capture des cibles sur les sondes. La possibilité d’intégrer ’amplifica-
tion dans un systéme de détection sur puce est démontrée pour la NASBA. Enfin, en collaboration
avec le laboratoire des lésions d’acides nucléiques (LAN) au CEA Grenoble, une étude des inter-
actions et de D'activité de protéines réparatrices sur P’ADN endommagé est présentée, profitant,
de nouveau du choix flexible de la température.

Mots clés : Imagerie par résonance de plasmons de surface (SPRi), rampes de températures, mu-
tation ponctuelle, poly-pyrrole, auto-assemblage de thiol, PCR, NASBA, lésions d’ADN, réparation
par excision de base.
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