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Abstract

The present thesis focuses on nucleic acid hybridizatidwden free- oating target se-
guences and complementary end-tethered oligonucleotal®ep on the surface of DNA
microarrays.

Hybridization experiments were performed on oligonudgti®tnicroarrays (DNA Chips)
which were fabricated with an automated synthesis appa(dtyeloped in the framework
of the present thesis). The working principle of the micragrsynthesizer is based on a
photochemically controlleth situ synthesis process [Fod91]. By means of the combinato-
rial approach up to 25000 different (arbitrary) probe seqes can be fabricated in parallel

— starting from nucleotide building blocks (NPPOC-phogpnadites [Has97]) — directly

on the surface of the microarray. Great exibility with redeato the choice of probe se-
quences is achieved by use of ‘virtual photomasks' [SG99{henbasis of a spatial light
modulator (Digital Micromirror Device, DMBV, Texas Instruments Inc.). A microscope
projection photolithography system is employed to prajeetvirtual masks' (i.e. the pho-
tomask images shown on the DM®) onto the surface of the microarray substrate. Spa-
tially controlled photodeprotection of photolabile NPP@®tective groups (followed by
coupling of a further nucleotide building block) enablesssigely parallel synthesis of
DNA probe sequences. In the automated synthesis processamays are routinely fabri-
cated over night. Comparabie situ synthesis systems are currently operated only at very
few institutions around the world.

We rst report the application ophosphorus dendrimesubstrates [LBO3] in thé situ
synthesis of DNA microarrays. With the phosphorus dendrifuectionalization we ob-
tained superior results in regard to sensitivity, surfacenbgeneity, signal/background-
ratio and reusability of the microarrays.

We performed microarray hybridization experiments to stigate the impact of single
base defects (deliberately introducdgle base mismatchasadsingle base bulgé®n the
binding af nity of oligonucleotide duplexes. This is partilarly interesting with regard to
genotyping microarrays which are increasingly employed a®lecular diagnostics tool
for the detection o$ingle nucleotide polymorphisniSNPSs).

In a number of experiments we investigated the large in wewithe single-defect position
[Wic06; Poz06; NaiO6b] on duplex binding af nity. The ormgiof this positional depen-
dence — which is apparently not in agreement with the (tvate¥hearest-neighbor model
— had not been identi ed so far. We discovered that the inceof the defect position is
not restricted tsingle base mismatchest can also be observed feingle base bulgde-



fects. On the basis of thdouble-ended zipper mod&ib59; Kit69] (assuming uctuating
end-domain-opening of the oligonucleotide duplex) we dagproduce the experimen-
tally observed positional in uence. Moreover, our thearalt investigations on the zipper
model indicate a signi cant positional in uence in regaml the contributions of the in-
dividual Watson-Cricknearest-neighbopairs to the Gibbs free energy of oligonucleotide
duplex formation. The present work provides for the rst &ra theoretical approach for
the positional-dependent nearest-neighbor ma@NN) of Zhanget al. [Zha03].

In thein situsynthesis process of DNA microarrays random point-mutatare introduced
into the microarray probe sequences. We have shown — expatatly and by means of a
numerical model — that synthesis-related defects signitiyaaffect microarray hybridiza-
tion characteristics.

With regard to single base mismatch discrimination, wedalieced signi cant differences
between DNA/DNA- and RNA/DNA hybridization: experimentaisults indicate an im-
proved discrimination of purine-purine mismatch basep@RNA/DNA-duplexes.

For the experimentally observed, unexpectedly high statwF Group Il single bulges
[Zhu99] we provide an explanatory approach on the basisediffper model

The selection of appropriate (speci ¢ and sensitive) prebguences is of crucial impor-
tance for successful application of DNA microarray teclwggl Our experimental results
con rm previous results [Lue03] which show that only a snfediction (in piecewise sec-
tions about 20-30%) of a long cRNA target sequence is aMailfay hybridization with
the complementary microarray probes. Reduced bindingitsds1are assumed to origi-
nate from the in uence of target secondary structure. Usiofjware tools foantisense
oligonucleotidadesign (accounting for target accessibility) we were abf@édict ef cient
microarray probes. We discovered evidence that mech&ngtable secondary structures
(e.g. double-helical sections) interfere with the micragisurface (sterical hindrance) and
thus result in reduced microarray binding af nities.



Kurzzusammenfassung

In der vorliegenden Arbeit wurde die Hybridisierung eisteéingiger RNA- und DNA-
TargetSequenzen mit den fur die einzelnen Sequenzen speznsBtigonukleotid-Probe-
Sequenzen auf der Ober ache von DNA-Microarrays untensuc

Die hierbei verwendeten Oligonukleotid-Microarrays wemdmittels eines im Rahmen
dieser Arbeit entwickelten Microarray-Synthese-Systemt der Basis eines automati-
sierten, photolithographisch kontrollierten Synthesepsses [Fod91] hergestellt: Mit Hil-
fe eines kombinatorischen Verfahrens wurden — ausgehendivemisch modi zierten
NPPOC-Phosphoramidit Basenbausteinen [Has97] — in peallVeise bis zu 25000 un-
terschiedliche (frei wahlbard)robe Sequenzern situ auf dem Microarraysubstrat syn-
thetisiert. Eine hohe Flexibilitat hinsichtlich der Auahl der Probe-Sequenzen wird durch
die Verwendung virtueller "Photomasken” [SG99] — auf dersiBaeines Mikrospiege-
larrays (DMD'M Digital Micromirror Device, Texas Intruments Inc.) — exkf. Mittels
einer Mikroskop-Projektions-Photolithographie-Konigtion wird das Bild desSpatial
Light Modulatorsauf die Substratober ache abgebildet, um die Entschigzuhotolabiler
NPPOC-Schutzgruppen — und damit die nachfolgende Ankogpheiterer Basenbaustei-
ne — raumlich kontrolliert zu steuern.

Mit den in unseren Experimenten erstmals bei einesitu Synthese verwendetdPhos-
phorus-DendrimeiSubstraten [LBO3] konnten im Vergleich mit anderen Lirgacer-
Molekulen die besten Resultate in Hinsicht auf SensétyiHomogenitat, Signal/Unter-
grund-Verhaltnis und Wiederverwendbarkeit, erzieltaesr. Mit dem Microarray-Synthe-
sizer kbnnen in einem automatisierten Prozess DNA Micayar mit Tausenden von be-
liebig wahlbaren Probe-Sequenzen praktisch Uiber Naarigeistellt werden. Vergleichbare
Systeme stehen bislang nur wenigen Forschungseinrichitung Verfigung.

Anhand von Hybridisierungsexperimenten wurde untersweietsich (gezielt eingebaute)
Einzelbasen-Defekte auf die Bindungsaf nitat von Oligdieotid-Duplexen auswirken.
Dies ist in Hinsicht auf die Anwendung von SNP-Microarragteressant, die zur Detek-
tion von Single Nucleotide Polymorphismengenetisch bedingten Variationen einzelner
Basenpaare — in zunehmenden Mal3e in der molekularen Didlgeogesetzt werden.

In einer Reihe von Experimenten lag das Augenmerk auf derkesteEin uss der De-
fektposition [Wic06; Poz06; NaiO6b] auf die Bindungsatai. Die Ursache dieser offen-
sichtlich im Widerspruch zuntwo-state nearest-neighbdfiodell stehenden Positionsab-
hangigkeit konnte bislang nicht erklart werden. Unsexpéfimente zeigen erstmals, dass
die Positionsabhangigkeit nicht nur bei Mismatch-DedelqVic06; Poz06; NaiO6b], son-
dern in vergleichbarer Starke auch seigle bulgeDefekten auftritt. Auf der Basis eines



Zipper-Models des Oligonukleotid-Duplexes, bei dem ein&tuierende partielle Dena-
turierung der Duplexenden angenommen wird (die auch zdstaoldigen Dissoziation
fuhren kann), konnte der experimentell beobachtete iBaskin uss reproduziert werden.
Darliber hinaus zeigen unsere theoretischen Untersuehu@agf der Grundlage desp-
per Modells) einen signi kanten Positionsein uss hinsicleti der Gewichtung der ein-
zelnennearest-neighbeBeitrage zur Duplexstabilitat auf. Die vorliegende Aitdliefert
damit erstmals einen theoretischen Ansatz furptzstional-dependent nearest-neighbor
Modell (PDNN) von Zhangpt al.[Zha03].

Verursacht durch Streulicht und andere Ein Usse werdevarauf derin situ Synthese
zufallige Punktmutationen in den Microarray-Probe-Samqen generiert. Experimentell
und in numerischen Modellen konnte gezeigt werden, dase ddgnthesedefekte mali-
geblich die Hybridisierungseigenschaften entsprecheMdgoarrays beein ussen.

Eine detaillierte Analyse des Ein usses der einzelnen Migrh-Basenpaare auf die Bin-
dungsaf nitat zeigt hinsichtlich der Mismatch-Diskrimierung signi kante Unterschiede
zwischen DNA/DNA- und RNA/DNA-Hybridisierung auf, die wedtheinlich auf unter-
schiedliche Duplexstrukturen zurtickzufuhren sind.

Fur die experimentell beobachtete, vergleichsweise I&thbilitat vonGroup Il single
bulge [Zhu99] Defekten konnte ein Erklarungsansatz auf der 8dsis Zipper-Modells
gefunden werden.

Fur die Durchfuhrung von Microarrayexperimenten ist éieswahl geeigneter Probe-
Sequenzen mit einer hohen Bindungsaf nitat hinsichtligr dazu komplementaren Tar-
get-Sequenzen von entscheidender Bedeutung. Wir konriteere Resultate [Lue03] be-
statigen, wonach — vermutlich durch den Ein uss der Tagktindarstruktur — nur ein
relativ kleiner Teil (abschnittsweise etwa 20 bis 30%) eimehrere hundert Nukleoti-
de langen cRNA Target-Sequenz fur die Hybridisierung reit dlicroarray-Probes zur
Verfugung steht. Auf der Grundlage eines Software Tootsdis Design von Antisense-
Oligonukleotiden (Beruicksichtigung der Targetsekusttaktur) konnten die experimen-
tell bestimmten Hybridisierungsef zienzen der Microgri@robe-Sequenzen reproduziert
werden. Dartiber hinaus entdeckten wir Hinweise dafissdaechanisch stabile Sekun-
darstrukturen (z.B. doppelhelikale Abschnitte) durchcWéelwirkung mit der Microarray-
Ober ache — aufgrund von sterischer Hinderung der Dupleixing — die Bindungsaf nitat
herabsetzen.
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Glossary

Glossary

defect pro le
this expression has been introduced in the present workéamicroarray hybridiza-
tion signal as a function of defect type and defect positwithin a defect pro le —
based on one particular probe sequence motif — defect typhelefiect position are
varied systematically

feature
element of the microarray; small area on the surface of treggairay containing
one particular species of microarray probe sequences; itr®anray comprises a
regular grid arrangement of features

gene expression
process in which the genetic information of a gene is coeddrito a gene product

hybridization
binding of two complementary single-stranded nucleic sitadorm a double-stranded
duplex; hybridization results from sequential base pgih complementary base
pairs

hybridization signal
uorescence intensity of hybridized microarray targetglom surface of the microar-
ray

immobilization
tethering of prefabricated nucleic acid probe sequencesemicroarray substrate

in situ  synthesis
synthesis of probe sequences (from nucleotide buildingkslodirectly on the sub-
strate of the microarray

nearest-neighbor model
the nearest-neighbor model of nucleic acid duplex thertahllty considers hydrogen-
bonding and base-stacking interactions; the stackingaot®ns between directly
adjacent (nearest-neighbor) base pairs comprise dispefwices, electrostatic in-
teractions and hydrophobic interactions
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Glossary

oligonucleotide
short nucleic acid strand

perfect match
duplex consisting of two completely complementary stradéect-free duplex

probe
a microarray probe is used to detect/identify one speci cleig acid target se-
guence; probes are typically oligonucleotide probes flend00nt) or several hun-
dred nt long cDNA sequences; probes are tethered in a regukrgement (array)
— within the microarray features — on the solid support

probe sequence motif

in the present work this expression is used for the perfettimmeg probe sequence
that is complementary to the oligonucleotide target seqei@mployed in a single

base defect hybridization experiment. Single base defetigs are derived from

the 'probe sequence motif' by substitution, insertion oletien of a single base.

The probe sequence motif may be shorter than the targetolaeotide used in the

experiment. Hybridization signals from the complete sedinfjle base defect probes
correspond to the ‘defect pro le'.

single base bulge
defect in a nucleic acid duplex which originates from a susplnpaired base in one
of the two strands; the surplus base can adopt a stackedvioromation or a looped-
out conformation and can result in signi cant reduction leé binding af nity

single base mismatch
defect in a nucleic acid duplex which originates from a noatdn-Crick base pair;
the reduced binding af nities is employed for detection 6ff% and point-mutations

target
free nucleic acid sequence whose identity and abundante laeedetected in the mi-
croarray assay; for detection target sequences are comabeled with uorescent
dyes or with biotin
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Chapter 1
Introduction

Almost all cells of the human body, regardless of the celktygontain the same genetic
material. However, owing to epigenetic factors (e.g. CpGhylation) the cell types differ
in their gene expression — for example, genes which areglyr@xpressetlin one cell
type, may not be expressed in others. Knowledge on gene ssipreis the key for un-
derstanding the individual gene functions and the compiteractions between the about
20,000 to 25,000 genes of the human genome.

DNA microarrays are a key technology for massively paraltellysis of gene expression.
The working principle of DNA microarrays is based on nucla@d hybridization: se-
guential Watson-Crick base pairing between the bases otbmplementary nucleic acid
strands results in the formation of a relatively stable diedrielical duplex. Nucleic acid
hybridization is highly speci c — already a single mismatch(non-Watson-Crick) base
pair can signi cantly reduce the binding af nity [Nel81; E&2].

The sequence-speci ¢ hybridization between complemgrgaaands is employed for the
purpose of molecular recognition (Fig. 1.1): surfacedetd single-stranded probes (of
known sequences) are employed as sequence-speci ¢ sagdngcomplementary target
sequences in solution. Hybridized target molecules (bdarkle surface) can be detected
by means of radioactive or uorescent dye labels.

On DNA microarrays the same detection principle is applreparallel fashion (Fig. 1.2).
Owing to the high speci city of nucleic acid hybridizatiohdusands or even millions of
different target sequences can be detected simultanedDblf microarrays comprise a
regular array ofmicroarray featuressmall areas, each of which is covered with surface-
tethered single-stranded DNA probes of a well-known seceierndividual microarray
features (and thus the corresponding probe and targetsegg)ecan be identi ed by their
position on the microarray.

Gene expression { the conversion of genetic information ird gene products { can be understood as
'‘gene activity'.
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Figure 1.1: Nucleic acid hybridization between surface-tethered prole strands and

complementary target strands in solution. Nucleic acid hylridization is based on se-

guential Watson-Crick base pairing between complementarysequences of nucleotides
and results in the formation of a relatively stable double-telical nucleic acid du-

plex. Nucleic acid hybridization is reversible (dissociaion is favored by increased

temperatures) because the individual binding interactiors (hydrogen bonding and

base stacking interactions { no covalent bonds involved) b&veen the base pairs are
relatively weak. Targets strands are labeled by covalent lhkage of a uorescent dye,

or alternatively, by biotinylation.

In a gene expression pro ling experiment the messenger RNRNA) sequences (indi-
cators of the individual genes transcriptional activitiage isolated from the biological
sample, ampli ed (if necessary, e.g. Iy vitro transcription), and labeled for detection.
Subsequently the complex mixture of target sequences toélgzed is applied (in hy-
bridization buffer solution) onto the surface of the migrag. The target strands can freely
diffuse around and interact with the surface-tethered maicay probes, until they are cap-
tured by a complementary probe and form a stable duplex.

After removal (washing-off) of unhybridized targets, thghdization signal, which pro-
vides information on the quantity of the individual targetjgsences, is commonly detected
by means of uorescent markers. Comparison of the hybrtthrnasignals with the cor-
responding hybridization signals from a reference samped{ial-color analysis on the
same chip, or by means of two single-channel microarrayafles identi cation of genes
that have been up- or downregulated. Some commercial plagfenable gene expression
pro ling on a genome-wide scale.

Genotyping analysis is a further important microarray egapion: Single nucleotide poly-
morphisms (SNPs) — sequence variations in which singleeotides differ between the
members of a speci&gor even between the two alleles in diploid cells) — have angtr
in uence on the phenotype. SNPs are responsible for the nibajof genetic variations

The human genome contains about 3 million SNPs. Thus, about pe in a thousand base pairs is
subject to this type of inheritable genetic variation.
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Figure 1.2: Nucleic acid hybridization on the microarray. Three di ere nt surface-
tethered probe speciesa, b and ¢ are located separate from each other within the
correspondingmicroarray features A, B and C. A complex mixture of di erent target
sequences is applied to the microarray surface. Driven by dision (or active mix-
ing) targets move around and interact with the di erent prob es. If a target meets
a complementary probe, a stable duplex can arise. Thus, thearget gets captured
by the complementary probe. After the hybridization the unbound targets can be
removed by washing-o. The remaining hybridization signal (uorescent signal) of
the hybridized probes provides information on the quantities of the individual target
sequences. In this example we observe hybridization sigrelonly at features A and
B. We conclude that the sample mixture contains targets segences that are comple-
mentary to the probes a and b. The sample does not contain targets complementary
to probe c.

within a single species. They are also associated with agpesition to a variety of dis-
eases. Moreover, SNPs are associated to individuals' nsgp pathogens, chemicals,
drugs, vaccines, and other agents. SNP microarrays makefuke speci city of rel-
atively short 12 to 30mer oligonucleotide probes to detewile mismatched base pairs
originating from SNPs [Con83]. Genotyping arrays are a ale tool in genomics re-
search, pharmaceutical research (with a focus on the ohaavresponse to pharmaceutical
agents) and now increasingly in medical diagnostics.

Further applications of DNA microarrays include reseqimsmassay$and the identi ca-
tion of pathogens.

Lab-scale fabrication of DNA microarrays on the basis ohdtad techniques requires
considerable technical and nancial effoftJo provide a exible and affordable basis for
DNA microarray hybridization experiments we developeld A microarray synthesizer

Resequencing arrays are used for the search for mutations thi respect to a well-known reference
sequence. An important application is the identi cation of (possibly new) virus strains.

These include, for example, the acquisition of a microarrayspotting robot (to be operated in a clean
room environment) and considerable running expenses for psynthesized microarray probes.

3
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based on the work of Singh-Gassetral. [SG99]. Based on a photochemically controlled
in situ synthesis process, the DNA probe sequences are synthésimeducleotide build-
ing blocks, directly on the surface of the microarray. The o§ expensive chromium
photomasks (and associated mask alignment) is circunyédayteneans of a spatial light
modulator (DMDOM) obtained from a commercial video projector. Comparabkitu syn-
thesis systems are currently operated only at a few institsitaround the world.

Even though DNA microarrays have become a well-establigdathology, the underlying
physicochemical principles of DNA microarray hybridizatiare not yet fully understood
[Lev05; Poz06]. For example, an unresolved problem in th@iegion of DNA microar-
rays is the lack of predictability of the hybridization efescy of DNA microarray probes.
Thermal stability of oligonucleotide duplexes (in solutiphase) is well described by the
nearest-neighbor mod¢Cro64; Tin73; Bre86; Fre86], which is accounting for hygen
bonding and also for base-stacking interactions betwegteawt base pairs. Thermody-
namic parameters farearest-neighbodoublets of base pairs were derived from solution-
phase hybridization experiments [San98]. Tiearest-neighbor mod& widely employed
for the prediction of duplex melting characteristics (nmgJttemperatures, Gibbs free ener-
gies of duplex formation) — for example, for the design of R@Rners and for the design
of DNA microarray probe sequences. The latter applicatmmyever, is questionable: on
DNA microarrays, due to various surface-effects and faltion-related effects, there are
signi cant differences with respect to solution-phase ttigization [Hel03; Lev05; Bin06;
Poz06]. Moreover, the secondary structure of long targgiieseces results in a restricted
target accessibility. Thus, the binding af nity of indivadl microarray probes is also gov-
erned by the complex target secondary structure [LueO®FRat

In contrast to solution-phase hybridization studies, méo@croarray studies [Wic06; Poz06;
NaiO6b] report a large in uence of the position sihgle base mismatakefects on the hy-
bridization signal. A position dependent in uence of sieflase defects is not considered
by the (two-statehearest-neighbomodeP and hasn't been explained so far. According to
Pozhitkovet al. [Poz06] there is little evidence that microarray hybridi@a ef ciencies
can be accurately predicted with software tools on the hHsiearest-neighbothermo-
dynamic parameters derived from solution-phase expetsnen

In the experimental part of the present thesis particukar@st is on the in uence of point
defects ¢ingle base mismatchasndsingle base bulggn microarray binding af nities.
We systematically investigate the in uence of defect typel aefect position on probe-
target binding af nities. In the same context we investadifferences between RNA/DNA

The nearest-neighbor modelon the basis of mismatch base pairnearest-neighborparameters [All97],
is also employed for mismatched duplexes [All97; San04]. hmodel does not consider a position
dependent in uence, except for the outermost base positios.

4



Introduction

and DNA/DNA hybridization. Our theoretical investigation the in uence of point de-
fects on duplex binding af nities is based orzipper mode]Gib59; Kit69] of the oligonu-
cleotide duplex.

Further experiments address a variety of poorly understoadnces on DNA microarray
hybridization. These include:

random defects in the microarray probes (generated byntsgu synthesis process)
affect the hybridization characteristics [Job02; GarOgl(d3]

the complex secondary structure of long target sequenddslfvbelieved to be a main
factor in uencing the ef ciency of hybridization [Lue03])

nonspeci c cross-hybridization

diffusion limitation — local depletion of the hybridizingriget molecules can result in

inhomogeneous hybridization signal intensities and stbdewn hybridization kinet-
ics [Pap06; Dan07]



Introduction




Chapter 2

Fundamentals

2.1 Nucleic Acids

For its outstanding role in molecular biology DNA (deoxyihucleic acid) is often re-
ferred to as the "molecule of life”. Like a blueprint genond®A contains the hereditary
information, instructions to grow and sustain all formsit.|

In the higher eucaryotic organisms the genomic DNA is dgngatked on chromosomes
inside the cell nucleus. Each chromosome comprises a singlde-helical DNA molecule.
The length of the human chromosomes is varying betweenl8and 250 1C¢° base
pairs (corresponding to lengths between 1.7 and 8.5 cm).raDystretched end-to-end,
the DNA helix contained in a single human diploid cell is abBuneters long. The infor-
mation density in the densely packaged nucleus is aboitiditicm® * (for comparison:
the information storage density on a DVD disc is about Hiffcn?).

The biological function of DNA is the safe storage of genétformation. Genomic DNA
is basically a read-only memory and in this way comparablgéoCD-ROM drive of a
computer. Parts of the genome (the genes) are read in trsetiiiion process to produce
RNA transcripts of the DNA sequence. RNA is a rather volatifermation carrier in the
ongoing processing of genetic sequence information. lrabwye analogy it is therefore
comparable with the working memory (RAM) of a computer. Hoere RNA is more ver-
satile: its not just an information carrier but rather (imifoof functional RNA) a crucial
part of the translational machinery and involved in reguiaprocesses.

The estimate is based on a cell volume of 8m® and a genome size of 30° base pairs - which is
about the size of the human genome.
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2.1.1 The Double-Helix Structure of Nucleic Acids

The structure of deoxyribonucleic acid (DNA) was discoddng James Watson and Fran-
cis Crick in 1953. A few month earlier, Linus Pauling repari triple-helix model of
the DNA-structure, which assumed that the phosphate grargarranged in the interior
of the helix. The model was based on high resolution eleatn@rographs showing the
DNA as cylindric brils with a diameter of 1.5 nm. The wrongsasnption of a triple helix
originated from the incorrect measurement of a too high agitig density.

Watson and Crick showed that under physiological condstibiNA has indeed a double-
helical structure (Fig. 2.1). The hydrophobic bases arat&atin the center, whereas the
hydrophilic phosphate groups are located at the outsideedfi¢lix. The discovery of Wat-
son and Crick relies on the work of Rosalind Franklin, whosRa§ structural analysis of
DNA bres proved that DNA has indeed a helical structure.

Figure 2.1:  Watson-Crick model of the DNA double-helix. Canonical (Watson-
Crick) base pairs comprise either adenine (red) and thymingblue), or guanine (green)
and cytosine (yellow) bases. The sugar-phosphate-backbes of the two strands
(shown in green and cyan) form a right-handed double helix. The ideal B-DNA
structure was generated with the make.na web-server which is based on the NAB
(Nucleic Acid Builder) by Tom Macke [Mac98]. Image visualization was performed
with the UCSF Chimera molecular modeling system [Pet04]. A hree-dimensional
stereo view of the DNA structure is shown in the appendix, in Fg. B.19.
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Another important hint was provided by Erwin Chargaff. Aadiag to Chargaff's rule
the nucleobases A and T, just as the nucleobases C and G alw@ayswith the ratio of
about 1:1, independent of the biological origin of the DNA.

2.1.2 Nucleic Acid Duplex Structure - Stabilizing Interac-
tions

The DNA double-helix shown in Fig. 2.1 is composed of two ctenpentary single-
stranded DNA molecules. It's well-known that the duplexodity originates from inter-
strand hydrogen bonding between complementary base pdiramd CG (see Fig. 2.2).
However, it is less well-known that a similar degree of dtahiion originates from -
interaction between closely-stacked aromatic basesdcking) [KooO1].

H H
( . H—N N N e ,
= = \\
;er\/Z_\N_H ””””” V \> N( / Nehen \>
— /\/—N * N= N
N—H - o] % 7 277
%
Guanine Cytosine Adenine Thymine

Figure 2.2: Canonical (Watson-Crick) base pairs AT and C G, comprise a bi-
cyclic purine base (adenine or guanine) and a monocyclic pymidine base (thymine
or cytosine). AT is stabilized by two, C G by three hydrogen bonds.

A DNA molecule is basically a exible polymer-chainmade up of nucleotide monomers
(as shown in Fig. 2.3).

A nucleotide consists of a heterocyclic base (i.e. aderoysine, guanine or thymine
- in RNA the thymine is replaced by uracil) and a pentose sugar(2-deoxyribose in
DNA and ribose in RNA), which in conjunction with a phosphgt®up constitutes the
sugar-phosphate-backbone of the DNA molecule. Apart fleemtcleobases listed above,
further nucleobases occur naturally in RNA (e.g. pseudinegiin transfer-RNA).

Fig. 2.3 shows that subsequent nucleotides are linked Vieogghodiester bond (i.e. over
the phosphate group) between the 3'- and 5'-carbons of tb&yitdose sugars. Because

Here one needs to distinguish between the highly exible sigle stranded molecule (persistence length
values provided in the literature range from |, * 0.5 nm to 1.3 nm [Koh06]) and the signi cantly
more rigid double-stranded DNA duplex (I, *  45-50 nm [Hag88]).
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the single bonds of the phosphodiester-linkage enabladteéon of the nucleotides, sin-
gle stranded nucleic acids have a highly exible conformati

5'-end
3'-end
Figure 2.3: Chemical structure of the DNA/DNA duplex. The duplex is stab ilized
by hydrogen bonding between complementary base pairs and lfough not obvious

from this drawing) by base stacking interactions between aghcent base pairs. The
two complementary strands have opposite orientations.

The sugar-phosphate-backbone also determines the aioentd a DNA strand. Accord-
ing to convention nucleic acid sequences are commonlyemrith 51 3' direction (e.g.
5'-ACGGAGGAG-3'). The two strands of double helix are oried in opposite directions.
Due to the negative charge of the phosphate groups, DNA i®agtlectrolyte and thus
dissolves well in aqueous solution.

The bases are linked to the 1'-carbon atoms of the deoxyeibi@ssingle-bonds, thus pro-
viding a high degree of conformational freedom. The hydodpt bases arrange tightly
stacked in the center of the helix whereas the hydrophilasphate groups of the backbone
form the outside of the helix.

10
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Watson-Crick base pairing

DNA duplexes consist of the complementary base paiis a&d CG (Fig. 2.2). These
so-called Watson-Crick (or canonical) base pairs comgrisieyclic purine base (A or G)
and a monocyclic pyrimidine base (C or T).TAbase pairs are stabilized by two,&base
pairs by three hydrogen bonds. Since canonical base pajesdti@ost the same size they
can form a homogenous double-helical structure, indeperad¢he base sequence.

In functional RNA structures (e.g. in ribosomal RNA or treersRNA) non-Watson-Crick
base pairs are frequently observed. Accommodation of nats®-Crick base pairs may
result in structural distortion (with respect to the A-foonB-form helix structure). De-
pending on the nature of the particular mismatch pair, hyeindoonding may be prevented
and/or steric hindrance may occur. As a result, mismatclase pairs (MM base pairs)
can signi cantly reduce the binding af nity of nucleic ac@tlplexes.

Base stacking interactions

Stacking interactions between the at aromatic rings ofaadjpt base paits(nearest-
neighborbase pairs) are of similar importance for duplex stabilitg hydrogen bonding
[Koo01]. The base stacking interaction-¢tacking) comprises:

Hydrophobic interaction. Tight stacking of the bases igaty due to the hydrophobic
effect. The plane faces of the aromatic bases are hydrophdigreas the small edges
are hydrophilic. Water molecules, forming a highly ordectathrate-like cage around
the hydrophobic nucleobases, are released when basesugtackeach other. The
entropy increase from the release of water molecules (ipyaroic effect) is one of the
main driving forces for the formation of a compact doubldéida structure.

The van-der-Waals interactions (dipole-dipole intexatsi between induced dipoles)
between the closely spaced (stacked), overlapping aromags of the nucleobases
stabilize the NN pairs.

Electrostatic interactions of partial charges can eitla@eta stabilizing or destabilizing
effect on a NN pair.

The compact arrangement of the bases in the center of thexdaplelds the hydrogen
bonds from competing water molecules. This entails a furskebilization of the double
helix.

The entropy increase of water molecules released from #tkrete cage around the bases
is one of the main driving forces for nucleic acid duplex fatian. However, base stack-

Base stacking is not restricted to duplexes, but has also beeobserved in single stranded nucleic
acids.

11
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ing results in a decrease of the DNA molecules conformatiem@opy, since in the duplex
conformational degrees of freedom are reduced. At low teatpees binding enthalpy and
the entropy increase from released water molecules camdslhe decrease of duplex
conformational entropy, thus duplex formation is favoeablVith increasing temperature
the delicate balance between enthalpy and entrogg & H T S)) is shifting to-
wards a positive G , thus duplex formation nally becomes unfavorable.

A

®

?

B
4 %
7 %

C S

Figure 2.4:  Origin of the helix twist. In principle the base pairs (drawn as blocks)
could arrange as a linear ladder (A). However, stacking inteactions favor a closely
stacked arrangement of the aromatic rings. Fixed bond lengts between consecutive
nucleotides (distance ca. 6A) can be accommodated in a skewed ladder structure as
shown in (B). Further structural constraints, however, don't allow this skewed ladder,
but rather enforce a twisted ladder structure, similar to a spiral-staircase. The twist
angle between consecutive base pairs is on average 3@n B-form DNA duplexes).

The double-helical structure of nucleic acid duplexesiogtgs from compact base stack-
ing. A linear conformation of the nucleotides (as shown ig.R2.4A) with a base sepa-
ration of 0.6 nm due to the hydrophobic effect is less favieraiban the compact B-form
conformation with a base separation of 0.34 nm. The lendtardnce is compensated by
twisting of the nucleotides relative to each other (see BigC). A twist of 36 per base
pair results in the helical structure of B-DNA with about 1&sk pairs per turn and a pitch
of 3.4 nm.

B-DNA (Fig. 2.5 left) is the prevailing helical structure DNA under physiological con-
ditions. The diameter of the B-DNA helix is about 2 nm.

RNA/RNA duplexes and hybrid duplexes (RNA/DNA duplexesya}s adopt an A-form
helix structure (Fig. 2.5 right). Due to a smaller twist an@l-RNA has about 11 base
pairs per turn and a diameter of 2.6 nm. DNA/DNA duplexes dan adopt an A-form

12
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Figure 2.5: Comparison of B-DNA (left) and A-RNA (right) duplex structu res.
Sequences of both duplexes are identical (except for the sabitution of thymine by
uracil in RNA). Ideal B-DNA and A-RNA structures were generated with the make.na
web-server which is based on the NAB (Nucleic Acid Builder) ty Tom Macke [Mac98].
Image visualization was performed with the UCSF Chimera moécular modeling sys-
tem [Pet04]. More detailed views and stereo-views of nucleiacid structures are
included in section B.13.
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helix. The A-form of DNA is observed under partially dehyié conditions (e.g. in an
ethanol solution or under dry conditions).

Beyond simple linear duplexes nucleic acids can form higbiyplex structures like ribo-
somal RNA (see below). Rothemund [Rot06] recently dematesti ‘bottom- up fabrica-
tion' of complex DNA nanostructures: Arbitrary two-dimeosal shapes can be created
by hybridization-based self-assembly of a set of tailorenaligonucleotide sequences.

2.1.3 Dierences between DNA and RNA

As shown in Fig. 2.6 ribonucleic acid RNA looks very similar@NA, however, there are
signi cant differences in the molecular structure, cheahistability and biological func-
tion.

In RNA a hydroxyl-group is attached to the 2'-carbon of thgauring, whereas DNA
(deoxyribonucleic acid) has a hydrogen-moiety insteadsfesvn in Fig. 2.6B). Owing
to the 2'-hydroxyl-group the conformational freedom of tR&IA-duplex is reduced (in
comparison with DNA). Therefore, different from DNA, RNAsglexes can only adopt an
A-form duplex structure (see Fig. 2.5). In A-form duplexdse to a larger lateral offset
between stacked bases, the dispersive interaction betivedrases is more favorable than
in B-form duplexes where the offset between stacked basesa#ier. A-form helices, ow-
ing to slightly stronger base-stacking interactions aegrtfodynamically more stable than
B-form helices. The 2'-OH group strongly affects of the cheghstability of RNA. Under
alkaline conditions deprotonation of the OH-group can ac@he remaining oxygen can
react with the adjacent phosphor atom of the sugar-phosgiatkbone. The subsequent
decay of the emerging cyclic phosphate leads to strand &geakAn important biotech-
nological application is the speci ¢ degradation of RNA:dem alkaline conditions RNA
strands are degraded, whereas DNA strands remain unaffecte

Another important difference between RNA and DNA is the sitioson of the DNA-
typical base thymine by uracil: basically uracil is favdelsince organisms can produce
uracil with less effort than thymine. The use of the base tingrm DNA is related to DNA
repair mechanisms, meant to protect the genetic mateoia futations. A common mu-
tation caused by chemical action is the desamination of éise bytosine which is thereby
converted to uracil. Since DNA repair enzymes can diffeseatbetween DNA-typical
thymine and uracil such mutations can be reliably deteateldrepaired.

The following section discusses the very different biotagifunctions of DNA and RNA.
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Figure 2.6:  Structural formulas of DNA (A) and RNA (B) nucleic acid stran ds.
The arrangement of the ribose rings determines the orientébn of the strand (here
3-C at the bottom, 5'-C at the top). Sequences ar commonly witten from 5'-end
to 3'-end (here: 5-ACGT-3"). The phosphodiester bonds betveen nucleotides enable
free rotation. (B) RNA has a hydroxy-group at the 2'-C of the ribose ring. In RNA
the thymine base is substituted by the similar base uracil.

2.2 Biological Functions of Nucleic Acids

2.2.1 The Central Dogma of Molecular Biology

TheCentral Dogma of Molecular Biolog{ri70] describes the ow of biological sequence
information (Fig. 2.7). In the transcription process thaeje information (encoded in
DNA sequence) is gene-wise transcribed into messenger RNENA). The genetic infor-
mation (carried by the mRNA sequence) is translated via émetic code into a polypep-
tide sequence which nally folds into a protein.

The reverse ow of biological information, from the proteliack to the genome, is not
observed. However, retroviruses can transcribe their Ridged genetic information into
the DNA-based genome of other organisms.
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DNA replication

» PROTEIN
\ /‘ translation

~ —
RNA replication

Figure 2.7. Francis Cricks Central Dogma of Molecular Biology. There are general
transfers of biological sequence information (solid arrow) and specialized transfers
(dashed arrows). A general transfer of sequence informatiois from DNA via the
transcription process to messenger RNA. mRNA is translatednto a polypeptide chain
which folds into a protein. Another general transfer is the replication of DNA during
cell division. Specialized transfers are related to virus eproduction (e.g. reverse
transcription) or have be performed in vitro (e.g. direct tr anslation of DNA sequences
into proteins).

2.2.2 Genomic DNA

The genomic DNA contains the hereditary information of agamism. Large parts of the
genome are arranged as genes, organizational units thahaseribed into one or several
gene products. The function of other noncoding parts of #eme, previously termed
"jlunk DNA" is less well understood.

In the simple procaryotic organisms (e.g. bacteria) the D&lpackaged in ring-shaped
chromosomes and plasmids, which are residing in the cydoplan the more complex
eucaryotic organisms the DNA is contained in the nucleudi-separated from the cyto-
plasm (see Fig. 2.8). Chromosomes contain the DNA in a highigpact, though ordered
and accessible form. The double-helical DNA lament con&al on a single chromosome
can be several centimeters long. Enlarged to a diameter oh2ha DNA lament would
extend over a length of about 30 km.

In conjunction with a complex of histone proteins, actingpsol around which the DNA
double-strand is wound up (roughly two superhelical turhabmut 80 base pairs around
the cylindrical histone octamer), the DNA forms a nucleosorountless nucleosomes
condense into an ordered superstructure, forming a chiontae with a diameter of
about 30 nm. The chromatin bre (which via certain domainsagsnected to the nuclear
matrix proteins) forms innumerable loops which composesthecture of the chromosome.
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The degree of chromatin condensation is largely determiyeithe cell-cycle. The chro-
matin structure, since it determines the accessibilityraadability of genes, has a strong
in uence on gene activity. Transcriptional active regiausrelate with an open chromatin
structure (euchromatin).

2.2.3 Genes

A gene can be understood as a functional unit of the genetierrah which contains the
blue print for a gene product. A gene product can be one oralepmteins (or subunits
of proteins) or a functional RNA, e.g. microRNA (miRNA), dbomal RNA (rRNA), or
transfer RNA (tRNA)!

2.2.4 Gene Expression

Gene expression can be understood as gene activity. ltildestrow much of a gene prod-
uct is produced from each particular gene. The gene actwitybe regulated at different
stages, e.g. at the transcription initiation, or postgcaiptional, at the mRNA level.

The various cell types of a higher organism all contain tmeesgenetic information. How-
ever, the gene activities are different, depending on thairements of the particular cell
function.

Transcription

Transcription requires opening of double helix structurst. It is assumed that the re-
duced duplex stability within the Pribnow-box (comprisitiig sequence motif TATAAT)
supports the opening of the transcription bubble. The tr@pison bubble extends over
about 18 base pairs.

Transcription initiation is followed by the elongation pess, in which an RNA-copy of the
sense-strand (only the sense-strand encodes the sequfemo®ition for the gene product)
is transcribed until a terminator sequence at the end ofehe ¢ reached.

During elongation, the holoenzyme slides along the operom 5' to 3' direction (with
respect to sense strand - see Fig. 2.8). The correct nwdsoibr the assembly of the
MRNA strand are recognized by complementary base pairitigtie coding strand. RNA
polymerase joins these nucleotides with the growing RNArstr A proofreading mecha-
nism replaces incorrectly added nucleotides.

These don't serve as templates for the synthesis of polypejate strands but rather constitute a
crucial part of the cells molecular machinery or, like miRNA, are involved in the regulation of the
expression of other genes.
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Figure 2.8: Transcription (A) and translation (B). RNA polymerase open s a tran-
scription bubble and produces a RNA copy of the sense strand kile sliding in 5' to 3'
direction (with respect to the sense strand) until transcription termination is encoun-
tered. After poly-adenylation (not shown) the mRNA is released from the nucleus
through the nuclear pores. Translation of the mMRNA sequencento a polypeptide
sequence (B) is performed in the cytoplasm. Ribosomes movdamg the mRNA in
5' to 3' direction, thereby translating the genetic code into a polypeptide sequence.
Proteins emerge from folding of the polypeptide chains.

Polypeptide strand

5' (folding)

The transcription ends whentarminator sequences encountered. Then the transcrip-
tion complex comes apart, the transcription bubble coda@nd the mRNA strand is re-
leased. Still in the nucleus the (eucaryotic) mMRNA undesgoay-adenylation (addition
of a poly-A-tail at the 3'-end). By binding thgoly(A)-binding proteir{PABP) the poly-A-
tail protects the mRNA from degradation and increases testation of the mRNA. The
poly-A sequence is technically employed for the speci cragtion of mMRNA sequences
with poly-T functionalized magnetic beads.

Translation

Messenger RNA (mRNA) is used as a template for the synthdspgateins. Single
stranded RNAs similar like polypeptide chains can fold aaslenthe capability to form
complex tertiary structures, similar as proteins. RibogsbRNA (rRNA), the most abun-
dant RNA in cells, is not a simple information carrier like BNout rather folds itself into
a complex "nanomachine” which is crucial for the synthes$igalypeptide chains.

Like tiny robots ribosomes slide along the mRNA strands (astneam from the 5'- to
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the 3'-end) and translate the nucleic acid sequences vigahetic code into polypeptide
sequences (Fig. 2.8). The molecular recognition of the Bedbase triplets encoding for
amino acids) is performed with transfer RNA (tRNA), anothanctional RNA structure
(Fig. 2.10). The anticodon, an exposed base triplet at tkheoérthe anticodon arm of
the tRNA, can speci cally bind via base pairihtp a complementary codon sequence on
the mRNA strand. Upon binding the corresponding amino adietlwwas carried by the
tRNA to the site of polypeptide synthesis is attached to tteeving polypeptide chain.
Subsequently the ribosome moves on to the next codon andtameausly releases the
discharged tRNA.

Translation of an mMRNA strand is performed by many ribososiresiitaneously. While the
translation process is going on the mRNA strand is degragedibleases in the 5' 3' di-
rection.

2.2.5 Expression Regulation

The functions of a cell (e.g. expression of structural argiileory proteins, differentia-
tion, control of the life cycle, adaption to environmentaliences) are largely controlled
by gene regulatory networks. Transcription factor pratéina speci ¢ protein-DNA bind-
ing) can activate, amplify or inhibit the translation of tla@geted gene(s) and thus control
the corresponding gene activity.

Post-transcriptional regulatory mechanisms includeradiive splicing, RNA silencing,
antisense suppression, and the regulation of mMRNA stabilit

DNA microarrays enable simultaneous investigation of ttigvdy of many genes, on a
genome-wide scaleGene expression pro leGvhich are encoding the complex interac-
tions between genes) are an important tool for the invesiggene regulatory pathways
(! functional genomics). Expression pro ling has also emdrge a promising diagnostic
tool for identi cation of cancer types or subtypes, thusldgivag a well-directed therapeutic
response.

Expression regulation at the transcription level

The most prominent regulation mechanism is transcriptitiation. In procaryotes es-
sentially only the holoenzyme RNA-polymerase (composeskuéral subunits) is directly
involved in the transcription process. In eucaryotes aelangchinery of proteins (includ-
ing several holoenzymes) needs to form an initiation compéfore the transcription can
commence.

Frequently anticodons contain the relatively unspeci cally binding nucleotides inosine or pseudouri-
dine. Unspeci c binding accounts for the degeneracy of the gnetic code.
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In the simple procaryotic organisms (e.g. bacteria) thiaitidon of transcription is regu-
lated byactivatorsand repressorsThis shall be explained in the following on the example
of the regulation of the lactose genes of the bacteur@oli, which has been investigated
by Jacob and Monod [Jac61].

E. Coli can digest both food sources - glucose and lactose. To a@sesources the lac-
tose metabolism is only activated if only lactose and no @deds available. In case both
sugars are availabe. Coli gives preference to glucose since it is the more ef cientseu
of energy. Only if the glucose is depleted and lactose igskent in the mediunt. Coli
begins to express the gene for the proteigalactosidase, an enzyme which is required for
the digestion of lactose.

The gene for -galactosidaséacZ is combined with two further geneslacY andlacA
(auxiliary genes, also required for lactose digestion) ifuractional unit calledoperon
(Fig. 2.9A). The operon is typical for procaryotic organgsnfApart from the coding se-
guences for the protein(s) the operon contains the prorsetprence. This is recognized
by RNA-polymerase and enables binding of the RNA-polymetasthe double-stranded
DNA. The promoter contains the Pribnow-box with the seqeemotif TATAAT (typical
for procaryotes), and the so-called operator. Inlitzeoperon the operator is a binding site
for a repressor protein. The repressor protein, when bowirlkdet operator site, prevents
RNA polymerase from binding to the promoter site (Fig. 2.9D)

Another sequence motif, adjacent to the promotor, servepas ¢ binding site for the
activator protein CAP, which supports the binding of RNAymoerase to the promoter site
(Fig. 2.9C).

The function of the regulatory proteins (activator and esgor) is controlled by the abun-
dance of glucose and lactose, respectively. The activad® @ receptor for cyclic AMP)
can only bind to CAP binding site (protein-DNA interactiamjon binding to cyclic AMP,
which is abundant in the absence of glucose. [aogepressor protein can only bind to the
operator site if lactose is not available, since the bindifhwgjty of the repressor protein to
DNA is signi cantly decreased by a conformational changguced from the presence of
allolactose.

Glucose and lactose available: In the presence glucosectivatar cannot bind to
the CAP site. Since the repressor can neither bind, the ssiprecan occur at a low
basal level (Fig. 2.9B).

Lactose available/glucose unavailable: The activatorRL@an only bind near the
promoter site if glucose is not available (Fig. 2.9C). In phhesence of lactose only,
the activator increases tl@cZ expression by a factor of about 40 compared to the
basal level [Pta02].
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Transcription
A | lacZ lacY lacA
I~ L |
CAP operator
site
1
promoter
B &
glucose R iataiebt il »> basal expression
S
& A lacZ
lactose
available ‘ ‘ ‘\ “ V
CAP operator
site
promoter
C » expression activated
glucose NA
unavailable rase lacZ
lactose
. CAP
available site operator
1
promoter
expression inhibited
D lactose © lacz
unavailable ‘ ‘ h |
CAP operator
site
1
promoter

Figure 2.9: The lac operon (A) and the lac expression (B-D). The lac operon
comprises the CAP activator site, the promoter and the genedacZ, lacY and lacA.
The latter are transcribed as a single mRNA. The expressiondvel of thelac genes
is controlled by the abundance of glucose and lactose, respiévely. Activator and
repressor proteins which can bind to speci ¢ binding sites protein-DNA interaction),

control the binding RNA polymerase. See text for details. Fgures were adapted from
[Pta02].
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Lactose unavailable: THac repressor can only bind to the operator site if lactose is
not available. In this case the repressor is bound to theatqresite preventing the
binding of the RNA-polymerase, no matter if the activatobagind to the CAP site
(Fig. 2.9D). The expression of thac genes is inhibited.

2.2.6 Biological Functions of RNA

Figure 2.10: Structure of phenylalanine transfer RNA (visualization of 4TNA.pdb

[Hin78] with UCSF Chimera). Transfer-RNA is employed in the translation process
as a sequence speci ¢ vehicle for amino-acids. The anticodearm (near the lower
edge of the image) contains a unit of 3 nucleotides correspaimg to a codon on the
MRNA strand. The amino-acid (not shown here) is attached to the acceptor stem
(upper right end) with the characteristic CCA 3'-terminal g roup.

The biological function of RNA is more versatile than that of DNA:

In the process of gene expression messenger RNA (MRNA) itogepas a template
for polypeptide synthesis. RNA, unlike DNA, is a volatil§éarmation carrier with a
rather limited lifetime.

Micro-RNAs (miRNA) have regulatory functions. Via the RNAterference (RNAI)
mechanism they can speci cally inhibit the expression o ttorresponding target
genes.

Antisense-RNAs (aRNA) have regulatory functions. An aRN&sence is produced if
the noncoding (antisense)-strand of a gene sequence isafsptranscribed. Thus the
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aRNA is complementary to the mRNA of the particular gene. Byeipairing between
the complementary RNA strands the translation of the cpmeding polypeptide-

sequence is inhibited. In the transgeRiavr SaviM tomato antisense RNA is em-
ployed to suppress the expression of an enzyme involvediieste production. The

signi cant reduction of ethylene delays the ripening andikpg of the tomato.

RNA sequences, similar as polypeptide chains, can folddotaplex secondary and
tertiary structures. Ribosomal RNA and transfer RNAs (tRM#e essential parts of
the translation machinery (see section 2.2.4).

2.3 Nucleic Acid Hybridization

Two complementary (or partially complementary) nucleidatrandsS, andS, can bind
via base pairing and form a stable nucleic acid duplex D. Thébtk-helical duplex struc-
ture is stabilized by hydrogen bonding and base stackimgantions.

hybridizatiory,

S +S5) (2.1)

dissociation

The formation of nucleic acid duplexes is commonly calgbridizationsince usually nu-
cleic acid strands from different sources (e.g. DNA probesRNA targets) are involved.
Owing to the non-covalent character of the stabilizingriatéons nucleic acid hybridiza-
tion is reversible: In thermodynamic equilibrium the dupfermation is balanced by du-
plex dissociation (also called duplex denaturation or img)t Lower temperatures and
increased ionic strengths (up to 1 M [Nixfavor duplex formation. With increasing tem-
perature or reduced ionic strength of the hybridizatiorfdsu$olution the duplexes are
increasingly destabilized. Depending on the particulgrlelisequence, nucleic acid du-
plexes can have a very distinct melting transition. Owinghi® cooperative character of
the duplex binding, the fraction of melted duplexes can gedmom close to 0% to 100%
within a temperature range of a few Kelvifs.

Only a small fraction of the duplexes is in a partially dematlintermediate state. There-
fore, the hybridization/melting transition is frequentlgscribed as a two-state transition.
An important characteristic of the nucleic acid hybridiaatis its outstanding sequence
speci city. Already a single mismatched base within an ohgcleotide duplex can result
in a signi cantly reduced binding af nity. Molecular recogtion by nucleic acid hybridiza-
tion is employed by nature (e.g. in RNA interference) and agious molecular biology
applications:

For oligonucleotide duplexes the width of the melting transtion is decreasing with increasing Gibbs
free energy of the duplex, thus with increasing duplex lengh.
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DNA microarrays

Fluorescenin situhybridization (FISH): sequence speci c labeling of mMRNAjsences
within cells.

Primer sequences are used as starting points for nuclelagglication (e.g. in PCR
or dideoxy sequencing). For this purpose the primers areidigbd to the template
strands.

Molecular beacon probes: this type of hairpin-shaped mueled probe containing a
uorophore-quencher-pair becomes uorescent upon hyibation with a complemen-
tary target sequence.

Antisense RNA sequences (sequence-speci ¢ silencing dflARanscripts)

RNA interference (sequence-speci ¢ silencing of mRNA garipts)

2.3.1 Kinetics of Nucleic Acid Hybridization

The widely usedwo-state modebf nucleic acid hybridization assumes that the single
stranded speci€s; andS; are in equilibrium with the duplexds.

S, +S, )klf D 2.2)

Equation 2.2 doesn't describe elementary base pairingegsas and is therefore valid only
if there are no signi cantly populated intermediate stafHse two-state model is a reason-
able approximation, for example, for short linear duplexé&se zipper model of DNA
duplex melting transition, which considers individual &gsiring and base pair dissocia-
tion events, is described in section 2.3.3.
In the following, for simplicity's sake, we assume that angpbkbxes are not self-com-
plementary and that folding of single stranded speciesa@triand base pairing) can be
neglected.
Duplex formation is a second order reaction, whereas thatdeation is a rst order reac-
tion.

Il k D1+ KIS 23)
In equilibrium (withd[D]=dt = 0) we obtain the equilibrium constaKt (as described by

the law of mass action).

k. _ [P] _ D]
kK~ BIS] (S D) (S D)
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The Gibbs free energy of duplex formatiorG, ( is referring to standard conditions) is
related to the equilibrium constakit by

Gp,= RTINK: (2.5)

If the complete temperature dependence of the binding §f he.g. from experimentally
determined plots of T}, versus In Ct/4) - is known, the Gibbs free energyG, can be
determined via the van't Hoff equation:

L
Tm HD 4 H D

(2.6)

Tn, is the melting temperature of the duplex - the temperaturehath per de nition (in

thermodynamic equilibrium) 50% of the duplexes are dissted.C+ is the total concen-

tration of nucleic acid strands.

From the total enthalpy Hy and entropy changesS, the Gibbs free energy change
Gp, of the melting transition can be obtained with

Go= Hp T Sy 2.7)

Alternatively Hp and S, can be predicted from sequence-dependeatest-neighbor
thermodynamic parameters (see section 2.3.2).

Fraction of hybridized duplexes

The fraction of hybridized oligonucleotiddsb [Koe05] (fraction bound) is a quantity
which is directly accessible from experiments (e.g. viahyleridization signal intensity in
microarray assays or via the hypochromicity in UV-absamtbased measurement§)b
can be derived from thermodynamic quantities (e.g. via thalibrium constani ).

_ [D]
min ([S1]o; [S2]o0)

(2.8)

[S1]o and[S;]o are the initial concentrations of single-stranded speSBieand S,. How
Tm, Gp andFbare related and in uenced by experimental parameters éuehgth,
sequence composition, defects, salt concentration, icuende& concentration and temper-
ature) is well discussed in [Koe05].

If the fraction boundFb is compared to microarray hybridization signals one needs t
consider that microarray hybridization is affected by mpayameters, which are not ac-
counted for in the simple model described above.
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The duplex melting temperature Tm

The melting temperature is de ned as the temperaliyeat the midpoint of the melting

transition (in thermodynamic equilibrium) at which 50% bé&tcomplementary molecules
are either hybridized or dissociated.

For practical applications (e.g. PCR primers and micrgapr@bes) the duplex melting
temperature is the most important thermodynamic parameter

Double- 2™ gingle-
Aogo stranded hyperchromic stranded
e
A
14
12— - - —
L |
I >
Tm Temperature

Figure 2.11: Melting transition. Duplex melting (denaturation) result s in an in-
crease (between 20-40%) of the UV absorbancexfy (hyperchromicity). Vice versa,
duplex annealing (renaturation) is accompanied by a decrese of the absorbance
(hypochromicity). The melting temperature T ., is de ned by the midpoint of the
melting transition.

The standard method for investigation of the nucleic acidtingetransition is the mea-
surement of the UV absorbance [App65]. Nucleic acid dugekee to increased base
stacking (with respect to single strands) have a reduced bh$drbance (hypochromicity)
at a wavelength of about 260 nm. The melting transition caoldserved as an increase in
UV absorbance Ao by about 20-40%. One should have in mind that the UV absosnc
related to the fraction of unstacked bases, and not nedgdsahe fraction of dissociated
duplexes. However, under the assumption of a two-statangehansition (no signi cant
population of partially denatured duplex states), thetiomcof melted base pairs is equiv-
alent to the fraction of melted duplexes [Owc05].
A reasonable working approximation for the melting tempew®aT,,, (applicable for short
oligonucleotide duplexes with a length between 5 and 20 bpjrovided by théwal-
lace rule

Tm =2 (na+ n7)+4(ng+ nc) (2.9)

Wallace established the above equation (which provides#igng temperaturé,, in C)
for short { < 18 bp) membrane-bound oligonucleotide duplexes at 0.9 M [N@ncen-
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tration [Wal79]. n; are the numbers of the corresponding bases contained inigee o
sequence.

A more accurate empirical formula for the melting tempeamtf longer duplexes*I50 bp)
has been established by Wetnetial. [Wet91]: Like equation 2.9 this equation (2.10-2.12)
is based on the GC-content. However, it also considers themw®entration, the length

of the oligonucleotides and the increased stability of DRINA and RNA/RNA duplexes.

Tn = 81:5+16:6log ([Na'])+0:41(%GC) 500s. DNA=DNA (2.10)
T, = 78+16:6log ([Na])+0:7(%GC) 500-L RNA=RNA (2.11)
T, = 67+16:6log ([Na])+0:8(%GC) 500-L DNA=RNA (2.12)

Tm: melting temperature inC

L: length of the complementary region in bp
[Na*]: sodium ion concentration in mol/I
%GC: percentage of GC base pairs

The melting temperature, as will be shown in section 2.3a2 also be calculated in a
thermodynamics approach on the basis ofrtearest-neighbor model

2.3.2 The Nearest-Neighbor Model

Nucleic acid duplexes are stabilized by hydrogen bondirdy@anbase stacking interac-
tions between adjacent base pairs (Fig. 2.12). Therefadeie acid duplex stability is
not just determined by the base composition (as might bereddrom a stabilization by
hydrogen bonds alone), but, considering the stackingantems, also by from the base
sequence [Cro64; Tin73; Bre86; Fre86]. "The stability af IbNA duplex appears to de-
pend primarily on the identity of the nearest-neighbor bafgre86].

Literature describes two different (though equivalenthpatational formats for the near-
est neighbor model [Owc97]: In thenglet formatfocusing on individual base pairs (with
nearest-neighbor corrections), hydrogen bonding and &tas&ing interactions are con-
sidered separately. In tldwublet forma{Got81] ("doublet” refers to base pair doublets as
shown in Fig. 2.12) hydrogen bonding and stacking inteoastare combined into a single
NN free energy parameter.

In the following we will refer to the doublet format which hasen employed throughout
this work.

The free energy changeGg,(total) for duplex formation (at a temperature of &} is
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AC/TG CAIGT AT/TA TC/AG CC/IGG CA/GT AC/TG CT/GA TGIAC

Figure 2.12: The nearest neighbor model includes hydrogen bonding (intestrand,

blue arrows) and base stacking interactions (intra-strand red arrows). AT base pairs
are stabilized by two hydrogen bonds, CG base pairs by threeThe base stacking in-
teraction between adjacent base pairs depends on the idemyi of the nearest neighbor
pair (doublet), e.g. AC/TG (5'-AC-3' paired with 3-TG-5) . DNA duplex struc-

tures thermodynamically can be considered to be the sum of thir nearest-neighbor
pairwise interactions [Bre86].

calculated with eqn. 2.13:

X
Gg/(total) = G g7jp + G amnt G s7gymt G s7aTtem (2.13)

Helix initiation is considered by the helix initiation fremergy Gj;;,;. The formation

of subsequent base pairs is accounted by summation of thepnepagation free energy
parameters (NN free energy parameter§);, . (See Tab. 2.3.2). For eachRterminal
base pair the term G;; o1 1S @dded. Only in case of self-complementary sequences
the symmetry correction ter@;; o, is added.

For the duplex shown in Fig. 2.12 equation 2.13 provides

G, (total) =
= Ggrint * Ggrac=te ¥ Gazrcaer + 111+t Ggrrg=ac ' Gsrarierm
keal
= (1:96 144 145 088 130 184 145 144 128 1:45+o:05)mi;‘I
keal
= 1052-X&
mol

In an analogous way the enthalpyH (total) and entropy changeS (total) for duplex
formation can be calculated from uni ed NN parameters inl&gh3.2. The Gibbs free
energy G attemperature T can be determined from tabulated vallittsand S with

G= H T S: (2.14)

Internal single base mismatches can be accounted for by M nearest neighbor pa-
rameters established by Allawt al. [All97] (see section 2.4.1).
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Table 2.1: Uni ed nearest neighbor thermodynamic paramete rs for DNA
Watson-Crick pairs in 1 M NaCl (adapted from [San04]). The 'uni ed NN pa-
rameter set"has been reported by SantalLucia [San98]: Santaicia found a remarkable
agreement between several previous studies on NN thermodgmics of DNA polymers
and oligomers. The notation for the NN-pair (base pair doubkt) GT/CA (taken as
an example) refers to the dinucleotide sequence 5'-GT-3' wikh is paired with the
complementary dimer sequence 3'-CA-5'. The initiation term accounts for the duplex
initiation free energy. The symmetry correction has to be casidered in case of self-
complementary duplexes. For each AT-terminal base pair a pealty term has to be
added. Gibbs free energy parameters Gy, are provided for a temperature of 37C.

NN-pair H kcal/mol S cal/(K mol) G5, kecal/mol
AA/TT -7.6 -21.3 -1.00
AT/TA -7.2 -20.4 -0.88
TA/AT -7.2 -21.3 -0.58
CAIGT -8.5 -22.7 -1.45
GTI/CA -8.4 -22.4 -1.44
CT/IGA -7.8 -21.0 -1.28
GAICT -8.2 -22.2 -1.30
CG/GC -10.6 -27.2 -2.17
GCICG -9.8 -24.4 -2.24
GG/CC -8.0 -19.9 -1.84
Initiation +0.2 -5.7 +1.96
Terminal AT penalty +2.2 +6.9 +0.05
Symmetry correction 0.0 -14 +0.43
Melting temperature prediction with the two-state nearest neighbor model

With H (total) and S (total) we can determine the two-state melting temperatiyye
according to SantalLuciat al. [San04] (melting temperatur€,, in C; ideal gas con-

stant R=1.9872 cal/(knhol); H in kcal/mol; S in entropical units (e.u.); total DNA
concentratiorCt in mol):

Tn= H 1006 S +R In(C;=4)) 27315 (2.15)

The above equation for the melting temperature (deriveth fuan't Hoffs equation) is
valid for a sodium concentration [N&of 1 mol/l and only in the case that the concentra-
tions of complementary strands are equal. Smaller coratiois of [N& ] ions result in
reduced screening of the negatively charged phosphat@grdinis leads to an increased
repulsion of the polyanionic strands and hence results edaaed duplex stability. An
increase of the [N'g concentration above 1 mol/l doesn't result in a signi camtrease
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of the duplex stability since the electrostatic screeniag ot be enhanced signi cantly
at higher salt concentrations. Various (empirically dediysalt corrections for the melting
temperatures of DNA duplexes like the Schildkraut-Lifsquation (equation 2.16: the
uncorrected melting temperatufg ; at the sodium concentratigNa™ ], is related to the
corrected melting temperatullg,, at the sodium concentratigqhla™],) are discussed by
Owczarzyet al. [Owc04].

Tm2([Na*J2) = Tma([Na"]1) + 16:6 log([Na" ],5{Na" ],) (2.16)

According to [San04] the melting temperature predictiothwine two-state nearest neigh-
bor model is highly reliable: for a set of 264 sequences (Vgtigths ranging from 4 to
16 bp) the standard deviation between experimental andgbeedmelting temperatures
was found to be 2.Z.

Several web-servers for melting temperature calculagan the DINAMelt server [Mar05])
employ the two-state NN-model or more advanced multi-stawelels for calculation of
duplex melting temperatures and further thermodynamiarmaters.

Positional-dependent nearest neighbor model (PDNN)

Zhanget al. [Zha03; Zha07] proposed a positional-dependent nearegtimar model. In
the PDNN model the binding free energyG of the (h+1)mer oligonucleotide duplex is
expressed as the weighted sum ofrafiearest neighbor interactioh@y; by+1 ).

X
G= ! K "(bk; bk+1) (2.17)

k=1
The tted weight-parameters, (determined from tting microarray hybridization signal
data to the expected hybridization signal, which is deriveth the model equation 2.17)
indicate that the duplex ends contribute less to duplexlgtaimhan the center of the duplex,
possibly owing to partial unzipping of the duplex endad fraying.

2.3.3 Zipper-Model of the Oligonucleotide Duplex

According to Wetmur and Davidson [Wet68] duplex formatign.] involves the joining
of short, homologous sites on the two strands followed bysg faversible zippering reac-
tion [...]". Duplex formation comprises the rate limitingicieation step (formation of an
intermediate duplex, two to three base pairs in length - tiedeation rate depends on the
concentrations of the two complementary species) andeifwio strands are complemen-
tary, fast helix growthlfelix propagation by sequential formation of base pairs [Cra71]
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(see Fig. 2.13). The zippering is reversible, so that théedugan denature by sequential
unzipping of the individual base pairs. However the proliigtior complete strand sepa-
ration is reduced with increasing duplex length.

A B
}‘fﬁ e;reer)gh jk-Nucleation

o
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Figure 2.13: Nucleic acid duplex formation comprises nucleation and raf helix
propagation. (A) Zipping of the duplex by sequential base par formation. The
Zipping is reversible, however under hybridization conditons base pairing is favorable
over base pair dissociation. (B) Duplex free energy versusuplex length (the sketch
is only for demonstration of the principle, and does not directly refer to experimental
or theoretical data). The nucleation of the rst two base pairs is thermodynamically
not favorable (positive free energy) since stacking interations are stabilizing the base
pairs only towards one side (with only one half NN interaction per base pair). Beyond
the second base pair every additional (Watson-Crick) base a@ir increases the duplex
stability by adding one full NN-interaction and also due to t he cooperative character
of the interactions. Provided the strands are complementay the nucleation is followed
by rapid helix propagation (zippering). The sketch in (B) was adapted from [Por77].

The double-ended zipper model

The statistical mechanics of a simple double-ended zippeletof the nucleic acid duplex
has been rst investigated by Gibbs and DiMarzio [Gib59] 869. Their model (which

has originally been developed to describe the (polypepélgda-helix to random coil tran-
sition), like the Zimm-Bragg model, is basically a lineaintg model and is thus not able
to describe a true rst order phase transition. However,sharpness of the transition is
increasing with the length of the duplex (number of basespand with the number of
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conformations an open link can adopt [Gib59].

In C. Kittels double-ended zipper model [Kit69] the zippgicbnsisting of N bonds (cor-
responding to the base pairs) that can only be opened froentiie The partition function
is determined by summation over the statistical weightsllgbartially unzipped duplex
states. With the partition function the statistical mecgbamf the duplex, e.g. the aver-
age number of open bonds (corresponding to the degree ddlpduplex denaturation) is
accessible. Kittel showed that the assumed degeneracytadllyaunzipped duplex states
(arising from rotational freedom of unpaired nucleotides) DNA this degeneracy may
be on the order of 10- gives rise to a melting transition in the quasi-one-diniema
system’ No phase transition can occur in the non-degenerate casn(thle number of
rotational degrees of freedom equals 1).

Zocchiet al. [Zoc03] reported that a zipper-model based on end-domagniag describes
well the temperature dependence of the average number ipfpgizbase pairs determined
in UV absorption experiments. However, they also report thair analysis of transition
parameters indicates that, apart from end-domain opebuiiple formation is also impor-
tant for the denaturation process.

Deutschet al. [Deu04] employed the double-ended zipper model for a sizdismechan-
ics based description of microarray hybridization signals

End-unzipping of the duplex has also been assumed by Amégon and Metzler [AmbO05]
for a model to investigate the blinking dynamics of molecti@acons ( uorophore-quen-
cher pair included in a fraying duplex section).

Base pairs at the duplex ends are stabilized by stackingaitien with only one neigh-
boring base pair, whereas base pairs in the interior of tipbestiare stacked between two
neighboring base pairs. The stabilizing stacking intéoastfrom both sides prevent in-
ternal denaturation. Therefore unzipping is (largely}trieted to the duplex endsd
fraying) as shown in Fig. 2.14A. Structural constraints arisingrftthe double helix struc-
ture may impose further restrictions to internal bubblenfation. The in uence of the
helical structure on duplex stability is, however, not weiblerstood.

Denaturation bubbles

The above statements, however, do not apply to the denatuiitlong duplexes. These
denature via the formation of denaturation bubbles in ttexior of the duplex (see Fig. 2.14B
and C). This is due to several reasons:

due to an exponential decrease of the base pair dissociatidrability towards the

Cuesta and Sanchez [Cue04] discuss why Van Hove's theoremnfply interpreted: "No phase transi-
tions occur in 1D particle systems with short-range pair interactions") doesn't apply to the melting
transition of nucleic acid duplexes.
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center of the duplex, end-domain opening is restricted fgekdends) thus, long
duplexes can only denature via the formation of denaturdtidbles.

occurrence of relatively weakly bound (AT-rich) subseqremin a long duplex

increased melting temperatures of long dupléxethe increased entropy contribution
( T S)results in destabilization of the nearest neighbor itigsas Gy

A

Figure 2.14: Denaturation of short duplexes (A) occurs mainly via end-danain
opening. In long duplexes (B) end-domain opening does't exdnd into the middle of
the duplex. Rather, denaturation bubbles, forming at weakly bound sections in the
interior of the duplexes, propagate and (C) merge with the ogn end-regions. At
increased temperatures denaturation bubble formation leds to dissociation of long
duplexes.

The relevance of internal denaturation bubble formatiopedels on duplex length and,
in particular, on the individual sequences (i.e. on therithstion of more/less stable
NN pairs). To provide a coarse estimate: for duplexes WithL5 base pairs end-fraying
is expected to be the prevailing mode of nucleic acid dea#itur, vice versa, for long
and intermediate size duplexes with 100 base pairs bubble formation is expected to
be relevant or more important than end-domain opening [Bl8Mowever, Zocchet al.
[Zoc03] reported that denaturation bubbles may be relealantin the denaturation process
of short duplexes.

Blosseyet al. [Blo03]: "On rather short DNA sequences (100 bp's) the loop entropy contribution
is not very important as loops are rare and short and the DNA denatures mainly through unbind-
ing from the edges. A description based on the 1D Ising model ith appropriate experimentally
determined energy parameters is therefore su cient [...]"
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2.3.4 Further Models of the DNA Melting Transition

Further well-established models for the DNA melting tréiosi are the Poland-Scheraga
(PS) model [Pol66] and the Peyrard-Bishop-Dauxois (PBD)efDau93].

The Poland-Scheraga model describes the helix-coil tianshn long polynucleotide du-
plexes. The duplex comprises alternating double-helieghents and denaturation bub-
bles. The PS model is essentially a one-dimensional Isiagen Consideration of the
various bubble con gurations gives rise to an entropic teffimis results in an effective
long range interaction, so that in the PS model a phase ti@msnay occur [Blo03].

The PBD model represents a Hamiltonian approach. In the PBBehtooperativity ef-
fects - arising from anharmonic nearest neighbor stackiteyactions - result in a distinct
melting transition.

An overview on theoretical models of the nucleic acid meltiransition is provided with
reference [ZhoO06].

Further reading on the DNA melting transition:

thermal denaturation of DNA [War85] and DNA oligomers [Z8¢0
DNA breathing dynamics [AmbO06]

zipper models [Kit69; lva04]

end-denaturation [Amb05]

mismatches and bubbles [Zen06]

thermodynamic properties of DNA sequences [Koe05]

further related publications [VEO6; Eve07]

2.4 Destabilization of Oligonucleotide Duplexes by
Point Defects

A high discrimination capability between similar sequenisamportant in genotyping ap-
plications, where single nucleotide polymorphisms(SN®adiations of single bases, are
the subject of interest. SNPs largely determine genetiwithaality, but also disposition to
genetically caused diseases or response to medicamethis;eatherefore of great interest
not only for genetic research but also for medical diagesstnd therapy. SNPs can be
detected (using DNA microarrays) by hybridization with draigonucleotide probes. Al-
ready a single mismatching (MM) base pair (owing to the SN#P) result in a signi cant
decrease of duplex stability [Nel81; Pat82; Con83]. Thedonimf a MM base pair on
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duplex binding af nity is is determined by the length of thepdex [Koe05], the type of
mismatch base pair [All97], the in uence of neighboring ea$All97] and by the position
of the defect (with respect to the duplex ends) [Wic06; Po2G8606Db].

In this study we also investigate single base bulges, anotpe of point defect, originat-
ing from single base insertions and deletions. The ingexioa surplus (unpaired) base
into one of the duplex strands results in a small bulge inégellar duplex structure. Sim-
ilarly a single base deletion creates a bulged base in thesijgpstrand. Like single base
mismatches base bulges can signi cantly reduce duplexithgnalf nity.

2.4.1 Single Base Mismatches

Figure 2.15: Structure of T G mismatches in a B-DNA duplex (X-ray di raction
data 113D.pdb [Hun87]). Green arrows indicate the TG mismatches.

Structural investigations (NMR and X-ray studies) havevghthat single mismatch base
pairs (see Fig. 2.15) mismatches introduce little ovetalictural distortion on the double
helical duplex structure [Hol91; Cog91; Ske93].

Consideration of single base mismatches in the nearest neig hbor model

The nearest neighbor model has been extended beyond Watsdkbase pairs to include
single base mismatch (MM) defects [AlI97; San04]. From UMting experiments Allawi
et al. [All97] have established a complete database of MM singkelddM thermody-
namic parameters for DNA/DNA duplexes. The (mostly) defitabg MM propagation
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parameters (a complete table is provided in [San04]) are ieseluplex free energy calcu-
lations just like the Watson-Crick propagation parametilsst destabilizing MM nearest-
neighbor pairs are AC/TC (G3,=1.33 kcal/mol), TC/AA ( G;,=1.33 kcal/mol), TC/AC

( G3,=1.05 kcal/mol) and GT/CC (G3,=0.98 kcal/mol). Least destabilizing are GG/CG
( Gz;=-1.11 kcal/mol) and GT/CG (G3,=-0.59 kcal/mol). An order of DNA/DNA base
pair stabilities (based on [AllI97]) is provided in [San04]:

GC>AT>GG>GT GA>T T AA>T C AC CC

The study of Allawiet al. [AlI97] also reveals a strong impact of closing base paing (t
base pairs enclosing the MM base pair) - closinG ®ase pairs are more stabilizing than
A T base pairs.

The two-state nearest neighbor model doesn't account MMM position within the
duplex sequence. According to SantaLucia [San04] "[..thwhe exception of the terminal
and penultimate positions, the thermodynamics of a givesmratch in a given context is
independent of its position in a duplex, contrary to commpinmi@on”. This, however, is not
in agreement with recent observations of a strong in uenicdedect position on duplex
binding af nity [Kie99; Dor03; Wic06; Poz06; NaiO6b].

2.4.2 Single Base Bulges

Defects originating from insertion or deletion of a baseilieis bulged duplexeas shown
in Fig. 2.16. Base bulges are a frequent structural motifNWRtructures e.g. in tRNA and
rRNA. It is assumed that bulges may play a role in nucleic-pcatein binding [Wu87].
Single bulged bases can adopt looped out (Fig. 2.16) orelically stacked conforma-
tions [YooO1; Bar06]. According to Woodson and Crothers §88] "[...] evidence from
several laboratories suggests that extrahelical purireegenerally stacked into the helix,
while extrahelical pyrimidines are in equilibrium betwestacked and unstacked states
[...]" (in this context "extrahelical base” has the meanibglged base”).

The thermodynamics of bulged duplex was rst investigatg@ink and Crothers [Fin72].
They reported a destabilizing free energy @pof 2.8 kcal/mol for a single base bulge.
Wartell and coworkers [Ke93; Ke95; Zhu99] investigated tihermodynamics of single
base bulges on a larger number of DNA and RNA sequence madtifs. relative stabil-
ity of bulged RNA duplexes was investigated in temperatusalignt gel electrophoresis
(TGGE) experiments. For RNA bulges they report an unfaverfitbe energy (with respect
to the bulge-free reference duplex) G5, between 2.85 and 4.8 kcal/mol.

Wartell and coworkers observed, that the stability of bdlgeplexes is increased if the
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Figure 2.16: Single base bulge (looped out cytosine base, shown in yellpvin a
rRNA helix structure (X-ray diraction data 1DQF.pdb [Sun0 0]).

bulged base has at least one identical neighboring basg.cabegorized bulged duplexes -
depending on the identity of the bulged base and the duptgesee - in two groups:

Group I: the bulged base has no identical neighboring bases

Group II: the bulged base has at least one identical neigidpbase

According to [Zhu99] the local average free energy contrdymuof a DNA base bulge can
be expressed as:

G37;(XNZ ) (X (0] ZO) = 2 72 kcaI:mOI + 048 G 37;(xz) (x Ozo) + g (218)
For the free energy of RNA single bulges a similar relatiors warived [Zhu99]:
G37;(XNZ ) (X (0] ZO) = 3 11 kcaI:mOI + 040 G 37;(xz) (x Ozo) + g (219)

Notation: The unpaired base N is enclosed by the base pai'saxd Z Z'.
Garxz) (x ozo IS the stacking energy of the base pair doufet ) (X Z9).
The stabilizing contribution for degenerate Group Il bslggeis -0.4 kcal/mol
for DNA and -0.3 kcal/mol for RNA (in both caseg=0 kcal/mol for Group |

bulges).
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A

AGGCGTACG?A GTTTCCAG
TCCGCATGCAT CAAAGGTCT

oup | base bulge

AGGCGTACG%A GTTTCCAGAG
TCCGCATGCAT CAAAGGTCTGroup Il base bulge

degenerate conformation

AGGCGTACéT AGTTTCCAGAG
TCCGCATGCA TCAAAGGTCTC

Figure 2.17: Positional degeneracy of base bulges. (A) Group | bulge. Th&on-

degenerate bulged base (C, shown in grey) has no identical ighbor bases. (B)
Group Il bulge. The bulged base A has an identical neighbor, tying rise to positional

degeneracy [Ke95] of the bulge conformation. The increasatlmber of possible bulge
conformations (here two rather than only one in A) represent an increase in entropy,
resulting in a stabilization of the degenerate Goup Il bulgewith respect to the non-

degenerate Group | bulge.

The experimentally observed free energy difference bet@reup | and degenerate Group
Il bulges of -0.4 and -0.3 kcal/mol (for DNA and RNA, respgety) is in good agreement
with the simpli ed entropic estimate for a two-position agtgracy of -RTn(2)=-0.43
kcal/mol (at 37C) [Zhu99].

Znoskoet al. [Zno02] report an increased stability of pyrimidine singiéges with respect
to purine single bulges (0.4 kcal/mol on average). This\sthdsed optical melting exper-
iments (UV absorption) on RNA duplexes, provided differequations (written here in
the notation of [Zhu99]) for the bulge free energies of pydimes (egn. 2.20) and purines
(eqn. 2.21).

G37;(XNZ ) (XO ZO) = 3 9 kca|:m0| + 010 G 37;()(2) (XOZO) + g (220)

G37;(XNZ ) (xO ZO) = 33 kcalzm0| 03 G 37;()(2) (XOZO) + g (221)

Here, gis 0 and -0.8 kcal/mol for Group | and Group Il bulges, resipety. The reported
stabilization of Group Il bulgesgy =-0.8 kcal/mol is signi cantly larger than the previously
reported stabilization from [Zhu99]g =-0.3 to -0.4 kcal/mol), thus raises questions about
the mechanisms underlying Group Il bulge stabilization.

Turner [Tur92] suggested that the stability of a bulged dymlould depend on the prox-
imity of the bulge with respect to the helix end. Znogk@l. [Zno02] didn't nd evidence

for an in uence of bulge position on duplex stability.
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2.4.3 Inuence of the Defect Position

Kierzeket al. [Kie99] investigated the effect of the position of a singlesmatch within
short RNA duplexes (optical melting experiments). Theyerted that ”[...] moving the
position of the mismatch toward the end of the helix enhaticesstability for UU and
A A mismatches by 0.5 kcal/mol per each position closer to the helix end [.Fr A A
mismatches the observed trend is less obvious than fdmismatches, & mismatches
were found to be insensitive to the position within the heBince the study was performed
with heptamer duplexes (enabling the comparison of threepdBitions) the data base for
the observed MM positional in uence is rather limited.

Dorris et al. [Dor03] observed a similar positional in uence for 2-basela&3-base mis-
match probes (with respect to cRNA targets) on Codel¥nBD gel arrays. They also re-
port a strong correlation (including the positional in w=) between solution-phase melt-
ing temperatures and microarray hybridization signalf©ief¥M duplexes.

Recent microarray studies [Wic06; Poz06; NaiO6b; NaiO&ahg extensive sets of probe
sequences have shown a very distinct in uence of mismatditipa and bulge position
[NaiO6a], respectively. The discrimination between MM & is signi cantly more dis-
tinct for defects near the center of the duplex than for defeear the duplex ends.
Interestingly, from solution phase hybridization studiagart from [Kie99] and [Dor03])
an in uence of defect position is not been reported. In tharast neighbor model only
terminal and penultimate MM positions are considered toelss Hestabilizing than MMs
in the interior of the duplex [Pey99; San04]. It is not cledrather the positional in uence
has been overlooked in previous solution-based studidgfsdiiferent experimental condi-
tions are the reason, why a distinct positional in uence tialy been described recently,
typically for microarray-based experiments.

Typical characteristics of studies not reporting an in uen ce of defect po-
sition [Ke95; All97; Pey99; Sug00]:

mostly solution-phase hybridization

presynthesized oligonucleotide probes (thus containimggdigible fraction of synthe-
sis defects)

small probe setsq{ 100probes) investigated

the defect is typically restricted to one or few positionsnenonly in the center of the
duplex), no systematical variation of the defect position

in most studies rather short duplexes10 bp (little margin for variation of defect
position) were employed
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experimental method: measurement of the melting curves Wyahsorbance spec-
troscopy (for an assumed two-state melting transition teasuared fraction of dissoci-
ated base pairs is equal to the fraction of dissociated dap)e

duplex free energies are derived from melting curve anglysi

According to [Pey99] binding af nity contributions of misabches more than three base
pairs from the end are independent of the positiofifey99]: "Consequently, it can be
concluded that the nearest-neighbor model is a good appatian for both Watson-Crick
pairs and all single mismatches.”

Typical characteristics of studies reporting an in uence o f defect position
[Ura02; Dor03; Wic06; Poz06; NaiO6b]:

mostly microarrays studies

microarrays in [Wic06; Poz06; NaiO6b] are fabricatedgitu synthesis - probes can
therefore contain a considerable amount of synthesis tdefec

duplex length between 16 and 25 bp

experimental method (typically): measurement of micraarmybridization signals
(mostly uorescence intensity)

measurement of binding af nity variations depending onet¢ftype, defect position
and closing base pairs. The PM/MM hybridization signalaradia direct measure for
the MM discrimination.

microarray studies are favorable for large scale systenmatestigations of MM dis-
crimination (improved statistics - many different seques)c’direct comparison” of
binding af nities obtained in the same experiment)

The positional in uence appears to be most pronounced itQ&i Poz06; NaiO6b]. How-
ever, this may be owing to the fact that the experimentalghest these particular studies
enables a more systematic and extensive investigatioreqidkition dependence than the
other studies.

Experimental results in [Kie99] and [Dor03] indicate thai@sitional in uence is not lim-
ited to microarray studies but can be observed in solutiwasp hybridization studies as
well.

9 This particular study was performed with a relative small set of 51 relatively short 9-12mer duplexes.
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Modeling of the positional in uence

Pozhitkov [P0z02] considered mismatch positional in uemmpirically in an algorithm
for nding speci c oligonucleotide probes for species idecation.

Binder [Bin06] tries to explain the positional in uence Wit zipper model in which the
mismatch affects the base pairing of Watson-Crick base pathe duplex section between
the MM and the duplex end. Therefore, the impact of a mismatcduplex stability is
getting smaller as its position is closer to the duplex end.

However, the assumed base pair opening probability (as rshioviFig. 10 in [Bin06])
doesn't account for the fact thahd frayingunder hybridization conditions is largely con-
ned to the two [And06] or three [Lei92] outermost base pairs

Like Binder we use a zipper based model in our analysis, hewwe account for the fact
that theend frayingis largely restricted to the outermost base pairs and tleabdse pair
opening probability is exponentially decreasing towarus ¢enter of the duplex. Partial
denaturation of inner base pairs is considered as a rareasttic event.

2.5 Solid-Phase Synthesis of Nucleic Acids

In molecular biosciences synthetic nucleic acid sequeaesmployed in many of appli-
cations. For example, as primers for the ampli cation of DNé&quences by polymerase
chain reaction (PCR), as target-speci ¢ probe moleculeBNA microarrays (or inuo-
rescent in situ hybridizatiowithin biological specimens), or as double-stranded RNJXs f
gene silencing ilRNA interferenceapplications.

Synthetic nucleic acid sequences are commonly producedsalidphase synthesap-
proach.

2.5.1 Principles of Solid-Phase Chemical Synthesis

Solid-phase synthesis has rst been employed for the fatidn of polypeptide sequencés
[Mer63]. In solid-phase synthesis the polymer-chains tey#hesized are end-tethered
to a solid substrate. This enables ef cient separation afoupled building blocks (in
solution) from the surface-tethered synthesis produfits, a synthesis step has been com-
pleted.

Coupling of monomer building blocks (see Fig. 2.18) is parfed via reactive terminal
groups. A removable chemicplotection groupprevents uncontrolled polymerization of

10 For the development of the solid-phase polypeptide synthds R.B. Merri eld received the Nobel
Prize in chemistry in 1984.
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Figure 2.18: Solid phase synthesis. (A) The rst monomer (orange) is couped
to the substrate via a suitable substrate functionalization. The protection group
(red) prevents further coupling reactions (B) until the a controlled deprotection reac-
tion detaches the protection group (C). In the subsequent capling reaction another
monomer (blue) can bind to the end of growing polymer strand D). The newly in-
troduced protection group prevents further, uncontrolled, coupling reactions (E).

building blocks. For controlled coupling the protectivegps are be removed by a chem-
ical (or photochemicaljleprotectiorstep - prior to addition of the building block.

In a combinatorial chemistnapproach various types of building blocks are coupled se-
guentially in an optional order. The combinatorial apptoanables a large number of
possible products (e.g. DNA or polypeptide sequences)ekample, with the four DNA
building blocks4?> ' 1:1 10 different 25mer DNA sequences can be synthesized.

2.5.2 Nucleic Acid Synthesis by the Phosphoramidite Method

Nucleic acid sequences are usually synthesized by the pbompidite method which has
been developed by Caruthers and coworkers [Bea81] in the ¥280s. Nowadays com-
monly -cyanoethyl phosphoramidites [Sin84] are in use.
A nucleoside phosphoramidite (as shown in Fig. 2.19) costaidiisopropylamino group
on its 3'-phosphate, making it susceptible to nucleophalitack. It can react with the
nucleophilic hydroxyl-group at the 5'-carbon of the (2-dgjribose ring. Since phospho-
ramidites react with water the coupling has to be carrieduoder anhydrous conditions.
To prevent uncontrolled coupling of phosphoramidite hadgblocks a cleavablprotec-
tion groupsubstitutes the 5'-hydroxyl moiety. Under appropriate rdégction conditions
this protection group can be removed exposing the 5'-hygraxhich can then couple
with the 3'-phosphate of another phophoramidite builditark.
For oligonucleotide synthesis commonly dimethoxytritPMT) is used as an acid-labile
protection group (Fig. 2.19A). Thaeprotectiorstep is conducted under mildly acidic con-
ditions in 3% trichloroacetic acid.
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Figure 2.19:  Phosphoramidite reagents. A chemical protection group subtitutes
the 5-OH moiety of the deoxy-ribose to prevent uncontrolled coupling of the build-
ing blocks. (A) The acid-labile dimethoxytrityl-protecti on group of the widely used
DMT phosphoramidites is commonly removed with trichloroacetic acid. It can also
be removed for example with an electrochemically generateécid [Mau06] or with
photo-generated acid [Gao01]. (B) The photolabile nitroprenyl-propyloxycarbonyl
protection group (NPPOC) [Has97] is removed by UV irradiation ( ' 350 380
nm).

Spatial control can be achieved by light-directed deptaiacof photolabile deprotec-
tion groups. In thdight-directed in situ synthesiprocess [Fod91], under UV irradi-
ation (at = 365 nm) photoreactive protection groups, e.g. MeNPOG{jethyl-2-
nitropiperonyl)-oxy]carbonyl) or NPPOC (2-(2-nitroph@npropoxycarbonyl) (see Figs.
2.19B and 4.1), are cleaved to expose the nucleophilic 8rmwyl coupling-group.
Further chemical protection groups (typically benzoyl &ubutyryl) prevent the primary
amines of the nucleobases from being damaged during thbesiatprocess. These base
protection groups, as well as thecyanoethyl protection group (at the 3'-phosphate), are
removed in thenal deprotectionstep, under mildly alkaline conditions.
Oligonucleotide synthesis is performed in solid-phasegallg on a functionalized glass
surface. Commonly controlled pore glass (CPG) beads am asesubstrate material,
since their large surface provides a higher yield than a lasg surface. Substrate func-
tionalization [Bei99; Ben02; LB03] comprises an organikir/spacer molecule which is
covalently bound to the silanized glass surface. Hydramgleties are required for phos-
phoramidite coupling.
Steps of the oligonucleotide synthesis cycle (Fig. 2.2Q@died in solid phase oligonu-
cleotide synthesis (phosphoramidite method): the syrdis¢srts with the coupling of the
rst nucleotide on the hydroxy-functionalized substraliéthe 4-step-cycle is repeated for
the addition of each monomer.

Deprotection (detritylation). Removal of the 5-DMT grotpexpose the nucleophilic
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5'-hydroxyl is performed under acidic conditions.

Coupling of the next phosphoramidite building block undengdrous conditions. Ac-
tivation of the coupling reaction by the weak acid tetrazole

Capping of unreacted hydroxyl groups by acetylation. Theyvents the synthesis of
strands with single base deletions, since the acetyl grémgk$® coupling of further

monomers. In the nal puri cation (e.g. by HPLC) the signiamt fraction of truncated
strands can be separated easily.

Oxidation of the phosphite triester linkage with iodine beemically stabilize the phos-
phate linkage.

DMT DMTO Base 2
HO o Base 1 0
nt /\N
( i
DMTO Base 1 o cH N—N
o 0—CPG \ S
PLN )\
07 "N” “cH,
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Figure 2.20: The phosphoramidite method: oligonucleotide synthesis ortontrolled-
pore glass (CGP) - synthesis cycle. 1. Removal of the acid lale DMT protection
group (detritylation) exposes the 5'-hydroxy group. 2. Activation of the 3'-phosphate
group with tetrazole enables coupling of the new phosphoratidite building block
at the deprotected 5-OH group of the CPG-bound strand. 3. The synthesis of
oligonucleotide strands with still unreacted 5'-OH (owing to an incomplete coupling
reaction) is blocked by reaction with acetic anhydride. 4. idation of unstable
phosphite linkages with iodine results in a more stable phgshate linkage. Washing
with pure solvent is required between the steps.

A nal deprotection step (using concentrated ammonium bydte) is required to remove
remaining protection groups (base and phosphate) anddweectee oligonucleotides from
the solid support.

Puri cation with polyacrylamide gel electrophoresis (PBR¥or high pressure liquid chro-
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matography (HPLC) yields the full length oligonucleotideBhe coupling ef ciency is
typically > 98% The yield of full-length oligonucleotides reduces witle thower of the
length n (number of bases) of the oligonucleotide sequettuas, the yield from a 100mer
synthesis (with a coupling ef ciency of 98 %) is 0.98=13%. The maximum sequence
length for economically reasonable synthesis is about H3@$ Longer sequences (e.g.
for the synthesis of complete genes) can only be producedaiidn of shorter strands.
The cost for oligonucleotide synthesis 00:85 mol scale is currently on the order of 20
cents per base addition. Possible modi cations of synthatigonucleotides include, for
example, uorescent dye labels, biotin labels, uoresagaenchers, spacers and various
linker chemistries.

2.6 DNA Microarrays

DNA microarrays are hybridization-based sensors for neasiparallel analysis of the
composition of complex nucleic acid mixtures (Fig. 2.21).

DNA Microarray
containing probe sequences
which are complementary to

the target sequences

to be detected

yOoO

O00o
Biological sample» Leog » Biological information
(mixture of S55. (hybridization signal)
labeled target nucleic Fooo, abundance/quantity of individual
acid sequences) - target species

Figure 2.21: Microarray principle. A biological sample containing a mixture of

nucleic acid sequences to be analyzed is applied - dissolvieda bu er solution - on the

microarray surface. The labeledtarget strands hybridize to the complementary probe
sequences to which they have a highly specic binding a nity. The hybridization

signal (typically the uorescence intensity of the labeled targets), which is related
to the abundance of hybridized targets, is acquired by CCD orconfocal microarray
scanners. The microarray analysis is performed with many pobe-target species in
parallel. Arranged in a regular array of microarray features, probes can be identi ed

by their position on the microarray. The hybridization sign al of a microarray feature
provides a semi-quantitative measure for the abundance oftte correspondingtarget
species.

The well-knownprobe sequences - which are arranged in a regular array structane -
end-tethered on the planar microarray surface (Fig. 2.2Bgtarget mixture to be ana-
lyzed (identi cation or quanti cation of individuatarget species) is applied in solution
onto the microarray surface. Targets can freely diffuséehtybridization buffer solution
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Figure 2.22: Microarray hybridization assay. (A) Microarray with surfa ce tethered
probe sequences (lower images). The individuaprobe sequences can be identi ed
by the position of the corresponding feature on the regular ntroarray grid. (B)
Application of the hybridization solution. (C) Labeled targets can freely di use over
the microarray surface until they hybridize with a complementary probe. (D) In the
washing step after the hybridization unbound targets are washed away. Microarray
analysis (E) - quanti cation of the surface bound targets is performed by measurement
of the uorescence intensity. By the position of a feature the probe sequence can be
identi ed. The hybridization signal of a microarray featur e depends on thetarget
abundance, but also on the particular probe-target binding a nity.

until they are captured by a complementprgbesequence.

After the hybridization, which, owing to the slow diffusigmocess, typically requires sev-
eral hours, unbounthrgetscan be washed off easily, whereas hybriditagdetsremain
bound on the the microarray surface. A molecular markergllysa uorescent dye label,
or an antibody-speci ¢ molecule like biotin) is used for idiecation and quanti cation of
the hybridizedargetmolecules.

The particulamprobesequence species are restricted to small areas commoldy ted-
tures or spots. The arrangement of these features as arrggdié'array”) enables identi-
cation of the features. By the feature position the hyteation signal can be assigned to
the correspondingrobesequence.

In principle DNA microarrays could be used for measureménndividual target con-
centrations. However, owing to many factors affecting treasurements (e.g. poor pre-
dictability of individual probe-targetaf nities, cross hybridization) microarrays are only
semi-quantitative. This, however, is mainly limiting theneparability between different
probe-targetpairs. For individuaprobesthe hybridization signal difference measured for
two different nucleic acid target samples corresponds éoctiange irtarget concentra-
tions. In gene expression analysis (see below) this sedatfdld-changedescribes how
many times the expression signal for a given transcriptaseiased or decreased with re-
spect to the control.
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2.6.1 Microarray Applications

Gene expression proling.  The experimental design of gene expression assays is usu-
ally based on the comparison of the gene expression levalbiological sample of
interest with that of a reference sample (see Fig. 2.23).

Example: From a batch of yeast cells grown under control@diitions, one sub-

sample is exposed to a heat shock - the condition to be igetet, while another

sub-sample is employed as a reference sample. The compafitbe expression

pro les from both samples highlights the differences in gexpression, and thus
enables identi cation of genes involved in stress response

Practical applications: functional genomics - invesiigiabf gene functions, pathol-
ogy (e.g. for identi cation of cancer-types), pharmacogercs (investigation of the

individual drug response), toxicity tests

Genotyping assays. Single nucleotide polymorphisms (SNPs - see Fig. 2.24) — se-
guence variations in which single nucleotides differ betwthe members of a species
(or even between the two alleles in diploid cells) — havea@ngjiin uence on the phe-
notype. SNPs are responsible for the majority of geneti@atians within a single
species. SNPs are associated with a predisposition to etyanf diseases. Other
SNPs are associated to individuals' response to pathogéesjicals, drugs, vac-
cines, and other agents. SNP microarrays employ probe segsispeci ¢ to known
SNP sites. SNP arrays make use of the speci city of relagigblort 12 to 30mer
oligonucleotide probes to detect single mismatched baseqéginating from SNPs
[Con83]. Genotyping arrays are a valuable tool in genomasgarch, pharmaceuti-
cal research (with a focus on the individual response torpheeutical agents) and
increasingly in medical diagnostics.

Resequencing. Resequencing assays enable identi cation of genetic reiffees with
respect to a well-known reference genome. This enablegx@ample, discrimina-
tion between closely related virus or bacteria strains dedti cation of previously
unknown strains [Won04].

Pathogen detection/identi cation. Microarrays comprising pathogen-speci c probe
sequences enable fast detection and identi cation of eswd bacteria (see above).
Microarrays can be employed for large scale pathogen saigémedical diagnos-
tics, food safety, biodefense applications).
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Figure 2.23: Dual color microarray experiment. In this example the expression
pro le of cancer cells is compared to a reference sample of nmal cells. Complex
mixtures of messenger RNAs (MRNASs) are isolated from each saple and uores-
cently labeled via reverse transcription labeling. The tamgets from the cancer cell
are labeled with a green uorescent dye, whereas the targetsrom the reference
sample are labeled with a red uorescent dye. The targets arecombined and hy-
bridized on the same microarray. Analysis and comparison othe two color-channels
enables identi cation of up- and down-regulated genes. (Adpted from Wikipedia:
http://en.wikipedia.org/wiki’/DNA  _microarray)

Figure 2.24: Single Nucleotide Polymorphisms (SNPs) are genetic variabns
of single base pairs between members of the same species, orere between
the two copies of a chromosome pair. The DNA strand in 1 diers from
the DNA strand in 2 by a single base pair. Genotyping assays eable high-
throughput screening for single nucleotide polymorphisms (Source: Wikipedia,
http://en.wikipedia.org/wiki/Single _nucleotide_polymorphism)
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2.6.2 The Development of DNA Microarray Technologies

An early method (1975) for the analysis of complex nucleid acixtures is theSouthern
blot [Sou75]. Thereby the mixture of unidenti ed DNA fragmentargetg is separated
by gel electrophoresis, transferred and immobilized onyabke nylon membrane. For
identi cation of thetargetsradioactively or chemically labelegprobes(with well-known
sequences) are incubated with the membrane, thus enalylorglization with the com-
plementarytargetsequences.

The so-calleddot blot is a similar technique, in which the (unseparatedyetsample is
directly applied onto the membrane as "dots”. After xatithre identi cation of thetarget
sequences is performed by hybridization with a labglexbe sequence (or a mixture of
labeledprobesy.

Miniaturization and parallelization have evolved tHet blot into the high throughput
macroarraytechnique. With the help of automated methods several gralmillimeter-
sized nucleic acigpotscan be immobilized on a nylon membrane (typically 10 to 20 cm
in size). Here, different from the blotting techniques d#sex above, the knowprobese-
qguences (e.g. cDNA or synthetic oligonucleotpebeg are immobilized on the solid sub-
strate, whereas thargetsare applied in hybridization solution. Autoradiographmabysis
and the large quantity gfrobe material provide a high sensitivity. However, radioactive
labeling with3?P or 3P (requiring precautious handling) and the need for largetjties

of probeandtarget material are serious disadvantages ofrttecroarraytechnique.

By using rigid substrates rather than exible nylon memlasa signi cant miniaturiza-
tion was achieved, giving rise DNA microarraytechnology. Microarrays are commonly
produced on chemically functionalized glass substratesyuently a microscope slide for-
mat is employed. The use of glass substrates, which, unjfil@mrmembranes, have low
auto- uorescence, enables highly sensitive detectionuairescently labelethrgets
Different types of DNA microarrays have been developedwess independent approaches:

In 1995 Schenat al. [Sch95] reported the rst gene expression assay on a printed
microarray. They employed @ontact printing techniquéor deposition of tiny spots
(about 0.1-0.2 mm in diam.) of nucleic acigsobes(cDNA probeg on a chemi-
cally functionalized glass substrate. This now widelyelugechnique is also known
asspotting The spotting solution with the prefabricated nucleic geidbesis de-
posited on the surface by a pin. A capillary gap at the tip efpgin releases a small
(and reproducible) amount of the spotting solution whengimeis touching the sub-
strate surface. Chemical functionalization of the sulst(e.g. with amino-, epoxy-

or aldehyde-groups) and tipgobemolecules (e.g. by attachment of an amino group)
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enable xation (immobilization) of thgprobes cDNA microarrays are mainly used in
gene expression assays. Apart from cDNA and PCR produesypthesized oligonu-
cleotide probes can be immobilized on microarrays gligonucleotide microarray
Microarray robotsdrrayers are commonly employed for a fully automated fabrication
process.

Already several years earlier Fodetral. [Fod91] developed a photolithographically
controlled combinatorial chemistry approach for the fedtion ofhigh-density oligonu-
cleotide microarrayd!. Owing to the similarity of the photolithographic fabrigat
process with semiconductor fabrication techniques, tin@seoarrays are commonly
calledDNA chips Unlike the spotting approach the light-direciadsitu synthesis ap-
proach doesn't require prefabricatebesfor deposition. Thggrobemolecules (DNA
oligonucleotides) are fabricated situ, i.e. nucleotide by nucleotide, on the microar-
ray substrate. The massively parallel synthesis of up tdleomdifferent sequences on
the same chip is directed by UV light exposure. In the contoima synthesis process
chrome masks provide a sequence speci ¢ exposure scheaté(sprestricted to the
particular microarray features) to control the sequencgriofeotide couplings for each
probesequence individually.

Ink-jet techniques (based on piezoelectric depositioa)used folin situ synthesis of
microarrays [Bla96] (by deposition of phosphoramidites) also forspottingof pre-
synthesized DNA [Sch98].

A rather novel technique is the electrochemicesitu synthesis of DNA microarrays
[Mau06]. Thereby nucleic acid coupling is controlled bycageneration on a CMOS
addressable electrode array.

Depending on the type of probes employed DNA microarrays$ {mde confused with
other types of microarrays, e.g. protein microarrays) aandiegorized into two groups:

cDNA microarrays
This type of microarray comprises immobilized cDNA probePGR products. Ow-
ing to the availability of cDNA and PCR products from biologi sources, cDNA
arrays (nicroarraysand macroarray$ are frequently prepared by biological labs.
Since the longprobesequences (typically one hundred to several hundred nj long
are not suitable for discrimination between similar segesr{e.g. for the identi ca-
tion of single base MMs) the application of cDNA microarragsestricted to gene
expression pro ling.

1 '"High density" refers to a high density of microarray features (up to one million per cm 2)
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Oligonucleotide microarrays
Oligonucleotide microarrays comprise synthetically fedtedprobesequences which
are typically between 15 and 100 bases long. Unlike cDNA o@imays, oligonu-
cleotide microarrays enable discrimination of very simg@&nes belonging to the
same gene family. Short oligonucleotides 30 nt) owing to their high discrimina-
tion capability are used for genotyping and resequenciptiaions. Long oligonu-
cleotide probes (60 nt) have the advantage of providing a high sensitivitytifer
detection of low abundance transcripts. Oligonucleotideroarrays are fabricated
by immobilization potting of presynthesized oligonucleotides, or inysitu syn-
thesis.

A detailed overview of microarray types and fabrication lneels is provided in [Gao04].

2.6.3 Characteristics of Microarray Hybridization

Literature reports a large discrepancy between hybridinatharacteristics in bulk solu-
tion and on the microarray surface [Hel03; Bin06; Poz0O6]nc8iNN thermodynamic
parameters were determined in solution-phase experimamtsler "ideal hybridization
conditions”, the nearest-neighbor model doesn't necéggaerform satisfactory for the
prediction microarray binding af nities.

According to Bhanott al. [Bha03], the loss of translational energy and entropy ofrazic
array-bound probes (with respect to hybridization of freargds in bulk solution), and the
constraint that targets can approach the probes only froenhaif-space, is independent
of the sequence. Thus, with respect to bulk-solution, hiybation equilibrium constants,
equilibrium constants for microarray hybridization areltiplied by the same sequence-
independent factor. The difference between solution-plaasl surface-phase hybridiza-
tion is of little consequence for speci city and sensitwivhen equilibrium is achieved.
However, hybridization kinetics (which is different forréace- and solution-phase hy-
bridization) has a pronounced effect on speci city and #esity [Bha03].

Levicky and Horgan [Lev05] reviewed physicochemical asp@t DNA microarray hy-
bridization. In particular they discussed differenceshwi¢spect to solution-phase hy-
bridization.

On DNA microarrays (with respect to solution hybridizafiomelting temperatures [Hel03]
are signi cantly reduced. Additionally, signi cantly bemlened hybridization isotherms
(deviating from Langmuir-type characteristics) [BinO8¢ abserved. Moreover, on DNA
microarrays a strong in uence of the position of single biids on duplex binding af ni-
ties [Wic06; Poz06; NaiO6b] is observed.
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An ‘ideal microarray” (in terms of specicity and target qua ntization)
would require the following characteristics:

target-speci ¢ hybridization: i.eprobeshybridize only with the complementatgrget
species

there is no intra-strand base pairing leading to formatioprobeor target secondary
structures.

all probe-targetpairs have approximately the same binding af nity

there is a simple (e.g. linear) relation between the hybaiiibn signal and the concen-
tration of the correspondin@grgetsequence

Real microarrays deviate from the 'ideal microarray" (abov e) in several
aspects:

complextargetmixtures give rise to competitive hybridization procegsts06] (un-
speci c target/targetandprobe/targetcross hybridization)

the use of long relatively lontargetsequences (typically between 100 and several hun-
dred nt long) results itargetsecondary structure formation and increased potential for
cross hybridizationBoth processes compete with the spe@mbe-targethybridiza-
tion. Targetsecondary structure can prevenbbe-targethybridization, thus leading to
false negatives. Unspeci ¢ cross-hybridization can resulalse positives.

surface effects (e.g. electrostatic effects and sterizalrince) can (in conjunction
with the varying length/secondary structure of individtabetg affect the quantita-
tiveness of the measurement (binding af nity is a functidth@ amount of hybridized
targets targetlength andargetstructure)

probesare con ned to a small area on the microarray (iffusion-limitation effects)
synthesis defects (originating froim situ synthesis) affect binding af nities

labeling of thetarget sequences (e.g. with large uorescent dye molecules lik8 Cy
attached at random positions) may affect binding af nities

Microarray hybridization - a di usion driven process

Microarrays are often fabricated on microscope slides ditmensions of about 75 mm
25 mm. The hybridization solution (ten to several hundrédis inserted into the gap
between the microarray and a cover glass, thus forming althiwith a thickness of 20-
100 m. This is better illustrated by the following comparisorwihich the microarray is
assumed to be enlarged to the size of a football eld. On tbédes the liquid Im corre-
sponds to a puddle between 2 and 10 cm deep. The size of a mégrd@atures may be
visualized by a soccer ball.

Hybridization in such a con guration is a slow process siddéusion is the dominating
transport mechanism for the targets. The hybridization t#rget with the correspond-
ing probeis usually limited by the slow diffusion process [Pap06]. tiihe Einstein-
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Schmoluchowki relation we nd that the average distancagetamolecule (with a molec-
ular diffusion coef cient of 101! m?/s [Pap06])) is traveling in an overnight hybridization
is approximately 1 mm. In microarray assays, by diffusiamsport alone, the equilibrium
can't be reached on a reasonable time scale.

Novel chaotic micromixing techniques, e.g. based on sard@oustic waves (SAW) [Toe03],
can very ef ciently generate microagitation in the capygap und thus overcome the dif-
fusion limitation.

By scaling down the dimensions of the microarrqy (ncreased ratio between the diffu-
sion coef cient and the microarray surface) the hybridiaatequilibrium can be reached
on a realistic time scale [Dan07].

2.6.4 Further Reading on the Technical and Physical Prin-
ciples of DNA Microarrays

Sensitivity, speci city, cross hybridization ( detection of false positives) [Bha03;
Bin06]

Point defects (mismatches [Dod77; Wal79; Nel81; All97]sddulges [Ke95; Zhu99;
Zno02]), in uence of defect position [Dor03; Wic06; PozQ6]scrimination capability
[Ura03; Lee04]

Secondary structure girobesandtargets(! detection of false negatives) [Lue03;
San04]

Microarray fabrication (immobilizationpn situ synthesis) [Sch99; Sch02; Gao04]
Quiality of theprobesequences - synthesis defects [Gar02; Job02; Ric04; Bin(gdt-
erogeneity of binding af nities

Target preparation [SchO2igfgetlength, uorescent labeling, composition of thea-
getmixture, type of nucleic acitarget- DNA or RNA)

Competitive effects [BIin06]

Surface density of thprobes[Pet02; Wat00; Lev05] (steric hindrance [Hal05], elec-
trostatic repulsion [Vai02; Bin06])

Attachment of th@robeqSch02], linker/spacer [Bei99], linear and dendrimennkgrs
[CamO06]

various hybridization parameters [Sch02] (e.g. ionicrggth, temperature, pH, block-
ing reagents) [Koe05]

Washing characteristics [P0z07]

Microarray size [Dan07], diffusion-limitetharget transport [Pap06], mixing [Gut05;
ToeO03]
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2.7 DNA Chip Fabrication by Light-Directed In
Situ Synthesis

Light-directedin situ synthesis of DNA microarrays was developed around 1990 bipFo
and coworkers [Fod91]. Short (typically 25mer) oligonucleotid@robe sequences are
synthesized nucleotide by nucleotide on the surface of ticeoarray. Spatially address-
able photo-deprotection enables a massive parallel syistbé arbitrary DNAprobe se-
guences on a single microarray.

Light-directedin situ synthesis is basically a solid-phase synthesis processsgseion
2.5.1), requiring phosphoramidite reagents with photoléaprotection groups. Spatially
controlled photo-deprotection is achieved with a phadtolggraphic process and the use of
phosphoramidite reagents with photolabile protectiomgsoProbesequence information
and microarray geometry is encoded in the photomasks.

Today, commercial high density oligonucleotide microgsréfabricated with high resolu-
tion photomasks) have up to 6.5 millipnobeswith a feature size of 5m). Light-directed
in situ synthesis can also be employed for the synthesis of poligeepéquences [Fod91]
(! protein microarrays) or other combinatorial chemistries.

2.7.1 Photolithographic Control of the Combinatorial Syn-
thesis Process

For parallel synthesis of differeprobesequences spatial control of the phosphoramidite
coupling reaction is required. This is achieved by a sggteaintrolled photo-deprotection
of the photolabile 5'-protection group (chemical struetshown in Fig. 2.19). The photo-
cleavage generates a hydroxy-group at the 5'-ends of thesexjpsequences and thus de-
termines where on the microarray (i.e. at which microarestdres/probe sequences - see
Fig. 2.25 h and k) the next phosphoramidite building blodloymled in the subsequent
coupling step) will elongate the sequence.

The fabrication of a microarray comprising arbitrary N-nsequences requires 4N de-
protection/coupling steps. It is necessary to provide allpting alternatives (X=A, C,

G and T) in each "nucleotide layer”. Thus, the light-direci@ombinatorial synthesis
comprises a series of N photo-deprotectioDy, and associated nucleotide coupling
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stepCx;:

1: DA1:CA1 | DclzCCl | D61:C61 ! DT1:CT1
2: DA2:CA2 | DC2:CC2 | D(_:,ZZC(_:,2 ! DTZZCT2

)
N: DAN:C"‘\N ! DCN:CCN ! DGN:CGN ! DTN=CTN

Spatially controlled photo-deprotection is shown in moegad in Fig. 2.25 where each
probestrand symbolizes an individually addressable microdeature (whereas in reality
each feature comprises millions of identigabbeg. Assuming a stepwise coupling ef -
ciencyf the yieldY= f .\ of probeswhich are free of synthesis defects is decreasing with
the power of thgrobelength N.Probescontaining defects cannot be repaired or removed
as in common solid-phase synthesis (capping, truncatiBhGeparation). Synthesis de-
fects (i.e. single base mismatches, insertions and defgtwill therefore affect microarray
hybridization [Job02].

The length of the microarragrobesis determined by the application. Shorter 15-25mer
probes provide a high discrimination capability between &M MM and are therefore
suitable for SNP detection and resequencing assays. Lpngaesare less discriminative
but rather more sensitive (increased binding af nity), ame therefore favorable for detec-
tion of low abundance mRNAs in expression pro ling applioas. Typicallyprobeson
high density oligonucleotide microarrays have a length a25 nt, however, the fabrica-
tion/application of arrays with longer 40-60 pobeshas also been reported.

The synthesis cycle

For light-directedn situsynthesis photolabile phosphoramidite reagemsiethyl-6-nitro-
piperonyloxycarbonyl (MeNPOC) [Pea94; McG97] or [2-(2raphenyl)-propyloxycar-
bonyl]-2'-deoxynucleoside (NPPOC) phosphoramidites§®1g are used.

The MeNPOC-chemistry (employed in the fabrication of Affgtnix GeneChip§ ) has a
stepwise yield of 92 to 94% [McG97]. Signi cantly better qaing yields have been re-
ported for NPPOC phosphoramidites [Bei99]. Nuwagsial. [Nuw02] reported stepwise
chemical yields between 96 and 98%.

Use of NPPOC phosphoramidite reagents (chemical strushown in Fig. 4.1) has been
reported in [Has97; Bei99; Nuw02; Bau03; Wol04; Woe06]. NREDC phosphoramidites
reagents were used in [Pea94; McG97; SG99; Lue02].

12 Stepwise synthesis yields of NPPOC phosphoramidites accding to [Nuw02]: NPPOC-A(tac) 96%,
NPPOC-C(ibu) 99%, NPPOC-G(ipac) 97%, NPPOC-T 98%
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Figure 2.25: Light-directed in situ synthesis of DNA microarrays [Fod91]. The
spatially controlled combinatorial chemistry approach emables parallel synthesis of
arbitrary probe sequences. In the (non-optimized) coupling scheme shown tee the
probe sequences are synthesized "layer by layer". to cover all cqling-alternatives,
in each '"nucleotide layer" phosphoramidite-couplings areperformed in the order A,
C, G, T. In the above series of images eachrobe strand symbolizes an individually
addressable microarray feature (whereas in reality each &ure contains millions of
probeg. Synthesis of the rst nucleotide layer (a-f). (a) The substrate is initially
functionalized with photo-labile protection groups (depicted as blue balls). Spatially
controlled UV exposure (use of photomasks) is restricted tdhose feature areas where
phosphoramidite building blocks are to be attached in the sibbsequent coupling step.
(b) Photo-cleavage of the protection groups created hydroyl-moieties, which are the
binding sites for the subsequent adenosine-phosphoramigi coupling step (c). In the
coupling step only one building block can attach to each depotected strand. Fur-
ther couplings are prevented by new protection groups (impaed with the building
blocks). (d) Photo-deprotection of those probes which reque cytosine at the rst
base position. (e) Coupling of cytosine-phosphoramidite.The rst nucleotide layer
is completed after deprotection and coupling of G nucleotigs (not shown) and T
nucleotides (f). The second layer is synthesized upon the st layer (g-l). The de-
protection/coupling scheme is continued until the nal len gth of the oligonucleotide
probes is reached (m).
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Owing to the the 5'-attachment of the NPPOC protection gsothgin situ synthesis is
performed in 3 5' direction. Therefore the probes are typically 3'-tetheiat at the mi-
croarray surface. However, 5'-tetherptbbescan be synthesized (in!5'3' direction)
with modi ed phosphoramidite reagents (carrying 3'-NPP@®©tection groups) [Alb03].
5'-tethered microarray probes are, unlike 3'-tetheredops) available for enzymatic mod-
I cation.

In the following we refer to the 5'-NPPOC phosphoramiditechstry (Fig. 4.1) which
has been employed in this work.

The synthesis cycle in the light-directed synthesis pro¢Egy. 4.2) is very similar to the
scheme employed for oligonucleotide synthesis on CPGeatgpshown in Fig. 2.20).
Exposure with UV light (=350-380 nm) induces photo-deprotection and enables cou-
pling of the next phosphoramidite building block. A cappstgp (as shown in Fig. 2.20),
resulting in truncated strands rather than in strands cuntasingle base MMs, is of a
rather limited value in microarray synthesis (truncatedrels cannot be removed) and is
therefore omitted. Coupling and oxidation steps are peréarin the same way as in the
oligonucleotide synthesis on CPG-supports.

Photo-deprotection of NPPOC results in short-lived intediate states. According to
[Wal01] anaci-nitro intermediate is in acid-base equilibrium with its@m The unstable
anion can fragment, thus resulting in the desired depriotectaction (complete removal
of the NPPOC group). However, via a competing reaction paghwheaci-nitro inter-
mediate can also form a nitroso product, which is not remdred the phosphoramidite
residue, thus preventing photo-deprotection.

To promote the desired reaction pathway the photo-degroteceeds to be performed in a
solvent providing suf cient proton acceptors. Therefdne basicity of solvent acetonitrile
Is increased by addition of a mild base (e.g. piperidine 8L

2.7.2 Combination of "Maskless" Digital Photolithography
and Combinatorial Chemistry

Light-directedin situ synthesis of DNA microarrays with high resolution photoksakas
been developed and is employed on an industrial scale byv#tgix Inc.. High costs for
chromium masks, considerable technical effort for the maglment, and the lack of
exibility (a new set of photomasks is required for each nevemoarray design) have so
far prevented lab-scale application of the photomaskdb&sd&ication technique.

The use of computer-controlled spatial light modulatordvasual photomasks” can cir-
cumvent the limitations related to the use chromium photksand thus provide great
exibility for custom microarray fabrication.
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Cerrina and coworkers (University of Wisconsin) developéthaskless” fabrication tech-
nique based on pattern projection with a digital micromrioay [SG99]. In their setup
a digital micromirror device(DMD™, Texas Instruments, see Appendix B.1), a spatial
light modulator as commonly used in video projectors, is leygd for "virtual pho-
tomask” projection. Unlike LCD spatial light modulatorsMDs, owing to robust micro-
electromechanically controlled mirrors, are suitabletfer projection of UV light. About
one million individually controlled tiltable micromirrer(corresponding to the pixels on
conventional display devices) can either re ect incomight towards the projection plane,
or in a different direction into a light trag ( Digital Light Processing, DLP*, Texas In-
struments).

The virtual masks are generated by a personal computer spigéd as "black and white”
images on the DMD (basically in the same way as on a computeesy: Projection of
the DMD onto the microarray glass substrate is performetl wite ective Offner relay
1:1 imaging system. Mask alignment during th&00 exposures with different mask pat-
terns is inherent to the system. However, considerableerd&{ due to thermal expansion
of optical components has been reported to occur duringaveral hours lasting synthesis
process [Ric04]. The use of an image-locking system to @suntage-drifting consider-
ably improved the quality of the DNA probes synthesized (Ric

Image contrast

Image contrast is crucial for the quality of the DNA sequensgnthesized with light-
directedin situ synthesis: Garlandt al. [Gar02] point out that an assumed contrast ratio
of 400:1 (for spatial light modulator based synthesis psefegives rise to a considerable
amount of synthesis defects (65% of the products of a 20mahsegis due to random
insertions are actually 21mers or longer).

The photo-deprotection reaction needs to be driven closertpleteness to prevent single
base deletions. However, the ratio between exposure andigfht (background) intensity
has to be maximized to prevent unwanted deprotection by Bgtat, which can produce
random base insertions.

Unlike for example photoresist, the photo-deprotecticaction has a linear response to
UV intensity. Even worse, the deprotection of an exposetiifeas only asymptotically
increasing towards completion (Fig. 2.26), whereas samglbusly in unexposed features,
induced by stray light, the fraction of erroneously depct#d groups increases almost
linearly. Furthermore, in the combinatorial synthesiscess, owing to the alternative
deprotection and coupling steps, the exposure to strayiightimes longer than the actual
photo-deprotection step.
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Figure 2.26: Time course of the photo-deprotection in a microarray featue under
exposure (solid line) in comparison to another microarray €ature which is exposed to
stray light (originating, for example, from a neighboring feature under exposure) only
(dashed-line). Under stray light intensity - in this example we assumed a contrast
ratio 1:100 - the deprotection rate is reduced by the correspnding factor. Owing
to the almost linear increase of the fraction of erroneouslydeprotected groups the
fraction of synthesis errors (random insertions) is distirctly larger than the contrast
ratio (Istray =lexposure) Might suggest: after an exposure of t=800 a.u. the fraction
of deprotected groups has reached about 97%. In the same timapprox. 4% of the
protection groups of the unexposed features have been degasted by stray slight.

In the photolithographically controlled fabrication pess stray light originating from a
feature under UV exposure will affect mainly neighboringti@es that are currently not
under exposure. The local contrast [Kim04] between neighbdeatures in particular
matters: It is determined by the microarray design (featwiee and feature spacing),
diffraction of the light at the edges of the features andagbtiare (caused by re ections
within the UV optical system).

Considering the large fraction of probes containing sifmsee defects (MMs, insertions
and deletions) it is almost surprising that DNA microarrpysduced by am situsynthesis
process perform well.

Implementations of DMD-based maskless in situ synthesis systems

The maskless array synthesizer (MAS) developed by the Wsoagroup has been com-
mercialized by NimbleGen Systems Inc., which is now using MAS technology for
fabrication of customized microarrays.

The similar DMD-based "Digital Optical Chemistry Systenh’Ue02; Lue03] has been de-
veloped by the Garner Lab (University of Texas Southwestedical Center).
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Another system developed by Xeotron Corp. uses photo-gatkiacid for the depro-
tection of standard acid-labile phosphoramidites [GaoQf]the individual cells of the
microreactor acid is generated by UV exposure which is odiett by a digital light pro-
cessing system.

The Genionf® system (Febit biotech GmbH, Heidelberg) is marketed astagiated sys-
tem for customized DNA microarray synthesis and analysau[B]. Light-directedh situ
synthesis and microarray analysis are performed in snadliave micro uidics channels.
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Chapter 3

Development of the DNA
Microarray Synthesizer

3.1 Motivation and Overview

Compared with the immobilization of presynthesized prabes'maskless” light-directed
in situ synthesis of DNA microarrays is a highly advanced and exitdchnique. Since
probe sequences don't need to be synthesized one-by-oiegthlg parallelin situ syn-
thesis technique is signi cantly less labor intensive arat@cost-ef cient than traditional
microarray fabrication methods. Short turnaround timesnfimicroarray design to ap-
plication enable a fast evolution of experiments. So fag tturelatively large technical
requirements (and also for intellectual property reastigh}-directedin situ synthesis
has not become a standard technique for lab-scale falomcatiDNA microarrays.
Commercial microarrays usually appear to the user as aKlilax technology”. The rela-
tively high costs still limit the widespread applicationrafcroarray technologies.

Aside from Affymetrix Inc. which uses a chrome-mask basetiméque for industrial-scale
fabrication of DNA Chips, NimbleGen Systems Inc. and Femtdch GmbH employ the
light-directed synthesis process. NimbleGen uses a DM&&thgmaskless) technique for
fabrication of customized chip designs. Febits DMD-basedi@i system is an inte-
grated platform for customized microarray fabrication andlysis.

Academic research on light directedsitu synthesis is performed in the groups of F. Cer-
rina (University of Wisconsin, Madison) and H.R. Garner§Bovestern Medical Center,
University of Texas, Dallas).

Our demand for customized (though still affordable) DNA roarrays required the devel-
opment of a DMD-basedicroarray synthesizesystem, similar as described by Singh-
Gassoret al. [SG99].
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The synthesis apparatus (Fig. 3.1) was constructed frorfollog/ing components:

DLP™ video projector A+K AstroBeam 540 (Anders+Kern), SXGA resion
(1024 768 pixels)

Inverted microscope Axiovert 135 (Zeiss)
DNA Synthesizer ABI 381A (Applied Biosystems)
Personal Computer (Pentium lll, 1.4 GHz, 512 MB RAM, dua&thgraphics card)

Dep.
Act. SIn. Ar
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|
|
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Figure 3.1: Schematic of the DNA Chip synthesizer system. (1) The masklss
microscope projection lithography system comprises the DP video projector (2)

with the Digital Micromirror Device (DMD) (3). It also inclu des the microscope
optics (4) for UV pattern projection onto the substrate surface inside the synthesis
cell (5). Mask projection is controlled by the synthesis cotrol software running on a

personal computer (6). The software simultaneously contrts the uidics system via

the solenoid valve driver (7). The valve block (8) of an ABI 38L DNA synthesizer is

employed for reagent delivery.

UV (370nm)__

The video projector and the microscope have been integnatedhe "Maskless Micro-

projection Photolithography System” [NaiO6b]. The valledk of the DNA synthesizer
constitutes the main component of the uidics system. A peat computer (running
the Java-based DNA synthesizer control softwaMASyn- see section B.7) is used for
synchronized uidics control and "virtual photomask” peation, thus enabling a fully
automated synthesis.
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3.2 The Maskless Microprojection Photolithogra-
phy System (MPLS)

The basic idea of MPLS is to use a spatial light modulator fepldying computer gener-
ated "virtual photomasks” in the focal plane of a microscoper that purpose we make
use of a DMD spatial light modulator and its driver electasiboth obtained from a sec-
ondhand commercial video projector (Anders+Kern AstraBé&0 - which is similar in
construction with the DAVIS DL X10). The optics of a Zeiss Axert 135 inverted micro-
scope is employed in a reverse optical path for image piojgctUsing a 5 (0.25 NA)
Fluar microscope objective (Zeiss), the image of the DMD talhs located in the inter-
mediate image plane - is scaled down to 3.5 n2Zr6 mm. As a light source for visible and
near UV wavelengths we employ a 250 W Ultra High Pressure (UH&cury arc lamp
also from a video projector (Optoma EP758). The hardwarerdes] in the following
sections is illustrated in Fig. 3.2. Components shortafesrito annotations on Fig. 3.2(b).

3.2.1 The UV Light Source

Ultra High Pressure (UHP) mercury arc lamps [Der05] arerojaied for use in video pro-
jection systems.

In our lithography setup the use of a UHP lamp has severaldagas over a conventional
mercury arc lamp. Compared to the latter, the UHP lamp hasalemand brighter arc
region (with an arc gap of typically 1-1.5 mm), resulting imiacreased light throughput.
A short arc length is very important for loatendué projection systems with a small dis-
play size (like the DMD) [Der05]. Only a fraction of the lightnitted from the lamp can
be transmitted through the optical system. For a high eficiethe luminancegd=m?) of
the arc should be as high as possible.

Further advantages of the UHP lamp are a high arc stabildysarery long life time of up
to several thousand hours.

The operation pressure of up to 300 bar causes considemablerbadening - resulting in
an almost continuous spectrum. This is advantageous feowlisplay applications, but
has to be considered (e.g. in the band with of interferentes| chromatic abberation) in
photolithographic applications.

Initially we used the 120 W UHP lamp of the AstroBeam projecim increase the light
intensity (in order to reduce exposure times) we replacedl#@mp by a more powerful

The etendue- also calledoptical invariant - describes the capability of an optical system to conduct
light.
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Figure 3.2: (a) Photograph of the maskless microscope projection pholidhography
system (top view). Along the optical path (dotted white line ): UHP lamp housing, UV
cold mirrors, shutter, band pass Iters (green and UV), DMD and driver electronics,
tube lens, microscope (Zeiss Axiovert 135) and the reactiorcell, which is mounted
onto the sample holder.

(b) Drawing of the lithography system: Ultra High Pressure lamp (UHP) powered by
video projector (VP2), plano-concave silica lens (L1), plano-convex lens (L2), UV cold
mirror F1, light trap (LT), plano-convex lens (L3), UV cold m irror (F2), shutter (S),
bandpass lters for UV (F3) and green (F4) illumination, pla no-convex lens (L4), fold
mirrors (M1 and M2), DMD and driver electronics of the AstroB eam projector (VP1),
tube lens (L5), in nity corrected microscope (ICM), mirror /beamsplitter-assembly
(M3), 5 (0.25 NA) Fluar microscope objective (FO), substrate to be patterned (PS).
Technical details are provided in Appendix B.3.
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250 W UHP lamp of another video projector (Optoma EP 758)c&IoHP lamps require
specialized power supplies (integrated in the video ptojgthe Optoma projector is now
employed as a lamp power supply.

Due to the requirement for high UV transmission we coulds& the highly optimized op-
tics? of the video projector. For the photolithography systemw b illumination optics
had to be designed: the lamp module for the Optoma EP758gboojeas built into an
air cooled housing and connected via an extension cablestiathp driver of the Optoma
projector (VP2). The arc of the 250 W UHP lamp is located atitimer focal point of
the elliptical lamp re ector. To ef ciently collimate thetsongly divergent beam, a plano-
concave diffraction lens (L1) (f=50 mm, 25.4 mm diam., fusddta) is placed between
the lamp window and the outer focal point of the re ector.

Ef cient Itering of the near UV wavelength band requiredrféthe photo-deprotection
reaction proved to be dif cult owing to the high thermal loaHliltering is therefore per-
formed in several steps: A dichroic Iter from the Optoma lammodule (F1) (originally
designed as a UV protection lter) is employed as a UV coldrorito cut down the vis-
ible light intensity to about 10 percent. UV light below 40thns ef ciently re ected?3
Infrared radiation is Itered using another UV cold mirra@(el) (F2). Finally a band
pass interference lIter (F3) (bk-370-35-B, Interferentkiktlektronik GmbH) is used for
selecting the wavelength band in the mercury i-line regior (365 nm) required for the
photo-deprotection reaction. Taking into account thatrttecury i-line is considerably
broadened due the high operation pressure of the lamp, wéohask a relatively wide
band pass lIter (peak transmissiond = 60% at 370 nm, FWHM: 33 nm) to achieve
a suf ciently high UV transmission. Use of a broadband li@olor glass UG-5, Schoitt,
transmission between 230 and 430 nm and above 650 pg,T90% at 350 nm ) would
result in severe chromatic aberration.

3.2.2 Digital Mask Projection Using a Digital Micromirror
Device

The DMD is a spatial light modulator commonly used for imageeyation in DLP video
projection systems (for technical details on DMD technglsge section B.1). In our setup
we use a DMD with XGA resolution containing 102468=786432 square mirrors (16n

in size with a pitch of 17 m) that can be tilted by an angle o1& or -10 relative to the

Optimized for high light throughput and uniformity of illum ination.

The transmission spectrum of the dichroic Iter shows a distinct cuto at 415 nm - from 420 to
700 nm the transmission is 90%. The re ectivity in the i-line range couldn't be measured with
the spectrophotometer available. However, a simple expement with a 100 mW UV-LED (Nichia
NCCUO033) shows that the UV re ectivity is (coarsely estimat ed) between 60 and 80%.
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normal axis of the chip. The two positions are referred torasamd off-state: Mirrors in
the on-state re ect the incident light perpendicular to DD surface into the projection
optical system, whereas mirrors in the off-state re echtigt an angle ofi0 relative to
the DMD normal axis into a light trap (Figure 3.3).

I P |
A
-
20° 20°
+10° o
40 /10°
ON OFF

Figure 3.3: Spatial light modulation with a Digital Micromirror Device . Mirrors
in the on-state (blue) re ect the incident light (I) in a dire ction normal to the DMD
surface into the projection optics (P). Mirrors in the o -st ate (green) re ect the light
under an angle of 40 with respect to the normal axis into a light trap (T).

The DMD is oriented perpendicular to the optical axis of thejgction system. The mi-
cromirrors tilt around their diagonal axis. We have rotatteel DMD by 45 around the
optical axis, so that the incident beam and the re ected bkarboth in the horizontal
plane of the setup (Figure 3.4).

Technical details on the modi cation of the DLP video prdfcare provided in Appendix
B.2. For better accessibility of the micromirror array th®1D board had to be removed
from the projector chassis and reconnected to the drivaidboa a 148 pin extension ca-
ble. Because the driver electronics of the projector remmanchanged, all sorts of video
signals can be used to control the image display. Connetti@nPC with a dual-head
graphics card proved to be useful, as one screen can be ussahfool purposes (e.g. for
running the DNA synthesis control program which automates@ordinates photolitho-
graphic pattern display and the uidics system) while thieestone is reserved for pattern
display.

3.2.3 The Image Projection Optics

To reduce the microarray size to a few fwwe opted for a microscope projection approach.
Reduced dimensions of the microarray are bene cial for oacray hybridization due to
reduced diffusion times [Dan07] and reduced material mregquénts (synthesis reagents
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a) b) C)

~

T

Figure 3.4: Rotated DMD arrangement in the maskless microscope projeabn
lithography setup. The DMD is rotated by 45 around the optical axis, so that the
tilting axis of the mirrors is vertical. The incident beam and the re ected beam lie
both in the horizontal plane of the setup.(Left image) From the mirrors in on-position
(arranged as a 'X") the incoming light (I) is re ected toward s the projection optics
(P). Mirrors in the o -position re ect the light into a light  trap (T). (Center image)
View of the DMD from the projection optics. (Right image) Vie w of the DMD from
the light trap.

and nucleic acid sample size). By reducing the image areaillttmination intensity is
increased by a similar factor: a 250 W UHP lamp does suf ceradeoto keep the time re-
quired for optical deprotection in a reasonable relatign&hthe total turnover time of the
chip synthesis. Use of the microscope also provides supasitdrol of the image focusing
and mechanical stability. Image drift occurring from thaimxpansion of the optical parts
has previously been described as serious problem in thedigécted synthesis process,
requiring active control of focusing, e.g. by means of angexéocking technique [Ric04].
An important aspect in the design of the lithography systenmiage contrast. In light-
directed microarray synthesis stray light is much morecaithan for example with pho-
toresist. Photoresist, having a strong nonlinear exposhiaeacteristics, doesn't respond
to small stray light intensities below a threshold valuemiicroarray synthesis there is no
threshold and stray light induced errors can accumulateroa@y exposure steps. Within
the total exposure time of about two hours, stray light calrese insertion errors, affect-
ing most of the synthesized DNA strands.

The whole synthesis process involves about 80 exposurbsiifierent mask patterns, it
extends over about 6.5 hours. Mask alignment requires thleamd mechanical stabil-
ity. To make use of the maximum pixel resolution of the setwhi¢h is 3.5 m with a

5 microscope objective) no movements caused by vibratiensjdn release, or thermal
expansion larger than about in (in the front focal plane of the objective) can be tolerated
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Figure 3.5:  The projection optics system. Incident light (1) (ltered - either near
UV for the exposure or green for focusing); light trap (T); tube lens (TL); beam
splitter (BL); microscope objective (MO); synthesis cell (S).

The micromirror array (DMD) is placed in the image plane étad outside the microscope
frame) of the inverted microscope. With in nity correctedamscope objectives, a tube
lens (TL) is necessary to project the image of the DMD to ityni The adjustment of
the distance between DMD and tube lens, which does not gxagtial the nominal focal
length of 164.5 mm (as speci ed by the manufacturer), is iaifor the calibration of the
setup, as explained later (in Sec. 3.2.5).

A movable half mirror/half beamsplitter optical elemen§)Blocated at the position of the
microscope's uorescence lter block, is used to re ect thght into the objective back
aperture. Using the beamsplitter part, the light re ectexhf the surface of the microarray
substrate can be coupled into the microscope. This is eragléyr exact focusing and
direct observation of the projected image through the egpi For photopatterning, the
mirror part is used (exchange is achieved by sliding theegbgt hand). In principle for
this purpose a dichroic beamsplitter (re ection of UV ligdmid reduced re ection of visi-
ble light) could be used. However, the use of a beamsplitéte ffor photo-deprotection)
turned out to be problematic since even a small amount otct®a at the backside of the
plate can produce ghostimages, and thus signi cantly affezimage contrast.

Among several objectives (MO) tested, we found the Zeisaf8u (0.25 NA) as most suit-
able for DNA chip fabrication, particularly for its superioV transmittance and its large
back aperture allowing for ef cient light collection. Ovarworking distance of 12.5 mm
the image of the DMD is projected onto the DNA synthesis galbst a chemically func-
tionalized glass surface - inside the synthesis cell (S).

A 10 (0.30 NA) Plan Neo uar and a 20(0.5 NA) Plan Neo uar objective (Zeiss) were
successfully used to further reduce the image size. Difm@uisontrast makes these ob-
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jectives less suitable for light directed microarray fahtion. However, patterning of pho-
toresist - having lower requirements on contrast - shoulsiiogle with these higher mag-
ni cation objectives.

At a wavelength of 365 nm the diffraction limit of the %0.25 NA) Fluar objective is

R = =(2 NA) =0:73 m. However, a signi cantly larger distance between adjacent
features is necessary to achieve a suf cient local confoaghe light-directed fabrication
process.

Re ective objectives have the advantage of a high UV trassion and are not subject
to chromatic aberrations. We therefore tested image fiojeevith a 15 (0.28 NA)
Schwarzschild type re ective objective (Ealing). Howevarsatisfactory image contrast
over the whole eld couldn't be achieved. Also, in the giveptical system, owing to a
narrow back aperture, the light throughput through the céwe objective is very limited.

3.2.4 Fabrication and Application of UV-Sensitive Photo-
chromic Films

For evaluation of the imaging quality a fast and simple mdtfar generating patterns
upon UV exposure is required. Photographic Ims and phatisteturned out to be not
very useful due to dif cult handling and processing effortherefore we have developed
a UV-sensitive Im based on the photochromic dye spiropyr&piropyran undergoes a
structural change when exposed to UV-light. This resulta istrongly increased light
absorption in the visible range.

Preparation of photochromic Ims:

We dissolved 10 mg of spiropyran dye (1',3'-dihydro-1' 3-trimethyl-6-nitrospiro
[2H-1-benzopyran-2,2'-(2H)-indole], Aldrich, Cat.: Z81-9) in 1 ml of PMMA
photoresist (E-beam resist PMMA 200 k; AR-P 641.04, AlsestmbH, Straus-
berg, Germany) and spincoated a thin Im (thickness aboutn) onto a microscope
slide. Other resists - we also tried with MicroChem PMMA anctiMChem SU-8
50 - work equally well. The photoresist is used as a carrieterra only. After
spincoating, and brief heating on a hot plate (1 minute at@Péhe slides are ready
for use.

We found these photochromic Ims to be a well-suited imagmgterial. Unlike with
photoresist or photographic material no developing ormpinecessing is required. Under
UV exposure the Im changes from transparent to an almosgopgurple. With the
intensities we usually apply (50-100 mW/énthis happens within seconds. The process
can be reversed by heating or by illumination with brighttigat visible wavelengths).
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Unless the spiropyran has been bleached with high irradiaibses, the Ims can be reused
several times.

For a small exposure dose the optical density increasessalmearly with the dose of UV
light. For larger doses D the optical density OD approachagation.

OD=0Dggx(1 exp( const D)) (3.1)

Upon very high exposure, photodegradation of the photanlordye (bleaching) results in
reduced OD values. Since the linear exposure charactsrddtthe spiropyran dye are very
similar to that of NPPOC phosphoramidite reagents, sphapyms are a very useful tool
for testing and evaluation of the UV optical system.

3.2.5 Chromatic Correction of the Projection Optical Sys-
tem

Since the depth of focus DOFANAZ is only about 6 m for the 5 (0.25 NA) Fluar objec-
tive (at =365 nm), itis necessary to perform proper focusing each aimew patterning
substrate is mounted on the sample holder. The focus raogalprg optimum contrast is
even smaller than the depth of focus, thus perfect focudiniyeopattern onto the surface
is crucial. It can be achieved by observing the back re eacbbthe projected image (from
the patterning surface) through the microscope eyepidus.ig easy to perform with vis-
ible light, but rather dif cult with UV light.

If the back-re ected image of the pattern is perfectly foged in visible (green) light, this
usually is not true for UV at the same time. This is owing toachatic aberration. Lon-
gitudinal chromatic aberration causes an axial focus gBiftally resulting in a completely
blurred image in UV. In the following we describe a methodtfoe correction of this lon-
gitudinal chromatic aberration, so that focusing of therhéd image can be performed by
observation (through the eyepiece) and focus adjustmet@rigreen light illumination.
Using photochromic Ims as a control for the quality of theopcted UV pattern, we found
that the chromatic aberrations can be compensated by nestment of the distanagbe-
tween the DMD and the tube lens (see Fig. 3.2). The distdrisegoughly the nominal
focal length of the tube lens of 164.5 mm. After focusing wgtieen light, the Im is ex-
posed with a control pattern in UV and subsequently inspleatea light microscope. The
distancad now can be adjusted iteratively until the patterns imagetherspiropyran slide
indicate perfect focusing. Just a small deviation of a feNimeters from the nominal fo-
cal length of the tube lens is necessary for chromatic cbarecThe tolerance o, within
which a good correction is achieved, is only a few tenths ofilimeter wide. Once the
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chromatic correction procedure has been accomplishedsiiog can always be performed
under illumination with green light.

Caution! The above optical adjustment depends on the egtlrgyth of the experimenter
who performed the adjustment. In daily use of the microassaythesizer, when focusing
on the microarray substrate is performed, deviating eyalleagths (near/far sightedness)
of other personnel using the equipment do matter and neesl dodounted for.

3.2.6 UV Light Intensity and Uniformity of lllumination

For measuring the intensity at the image plane we used a peseer sensor (PS10Q,
Coherent Inc.). The thermopile sensor was placed in thd fdeae of the microscope
objective. To measure the mean intensity, a completelyenhiage was displayed on the
DMD. With the measured total power of 7.8 mW we determinedrkensity in the image
plane as 87 mW/cf

To study the uniformity of the illumination we projected thmage onto a screen. The
intensity was measured at different regions of the progesteage. An asymmetric large
scale deviation with a peak intensity of about 140% of themmetensity is observed. This
is due to the con guration of the illumination system: The Bamp's arc gap is oriented
parallel to the optical axis, providing a very inhomogerediumination pro le. For this
reason in a video projection system an integrator elemantaa integrator rod (which is a
light guide with a rectangular cross section) or a y-eyedanray is employed to generate
a very uniform illumination. Using the integrator rod of tAstroBeam projector turned
out to be not feasible as the glass rod absorbs most of thedh¥ li

We decided to atten the illumination pro le by using only ansll homogeneous section
of the light cone for illuminating the DMD. This way we saate about 80% of the light.
Nevertheless, the remaining 20% of light allow photo-dé&ution to be performed in a
reasonable time. Alternatively, if such parts were avddah quartz integrator rod or an
integrator plate (y-eye lens array [Sun05]) could be useddcthieve signi cantly higher
light intensities.

To attain a more uniform illumination we employ the DMD fotensity leveling, similar
as described by Huebschmetral. [Hue04]. For this purpose we have created an "intensity
leveling mask”. The black and white images (to be used as toptasks) can easily be
leveled to reduce intensity variations to abouit0% by pixelwise multiplication with this
mask. To generate the intensity leveling mask, a fully ilinated image (all mirrors in the
on-state) is projected on the screen (as described abdvejtiiout using the microscope
objective) and photographed with a Nikon Coolpix 4500 digdamera. Deskewing the
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raw image using standard image processing software reswtd024 768 pixel image,
which nally has to be inverted and adjusted in brightness eontrast. The leveling mask
is then projected onto the screen and a photometer is useéasure uniformity of illumi-
nation. In an iterative way image brightness and contrasadjusted to achieve a uniform
intensity within most of the image area. Contour plots of ligat intensity before and
after intensity leveling are shown in Fig. 3.6. Only in theéemost corners of the image
(comprising about 10% of the total image area) the intensitgduced to about 50% of
the mean intensity. This is due to vignetting: Light re edtieom the corners of the DMD,
which are located close to the edge of the entrance pupigrisafly blocked by the aper-
tures of the tube lens respectively the microscope obgctMpplying intensity leveling
we achieved a mean light intensity of 76 mW/im
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Figure 3.6:  Uniformity of illumination. (a) Intensity contour map befo re intensity
leveling. (b) After intensity leveling. Using the tube lens, the image of the DMD was
projected onto a screen, without the microscope objectiveri place, and photographed
with a digital camera. Vignetting from the microscope objedive is neglected here but
this e ect is small compared to vignetting of the tube lens.

The intensity values mentioned above were achieved usinigtarference lter with a
FWHM of 33 nm and a maximum transmission of 60% at a center \agth of 370 nm.
Using a narrow i-line Iter (FWHM 12 nm at a center wavelength365 nm; 35% maxi-
mum transmission) provided signi cantly lower intensgi@bout one ninth of the intensity
achieved with the broad Iter). The demand for a wide Itemclae explained by the strong
line broadening due to the high operation pressure of the WidRury arc lamp.
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3.2.7 Optical System Performance Testing with UV-Sensitiv e
Photochromic Films

Light-directed synthesis of DNA microarrays requires tthegt image is projected onto a
substrate inside an inert reaction chamber, so that remsctian take place under a mois-
ture free argon atmosphere. The synthesis substrate, endntAickness microscope cover
glass, is forming the window of the reaction cell. Hence thage has to be projected onto
the inner face of the window. For image focusing (see Sec5Bwe use the small frac-
tion of green light which is re ected back from the imagingfsice into the microscope.
Applying a similar approach for contrast measurement ipnatticable because the outer
face of the cover glass contributes to back-re ection ad.wilultiple re ections in the
microscope system (e.g. from a beamsplitter) may degradierthge contrast further.
Contrast ratios of 1:3000 (as can be found in product spations of video projection
systems) usually refer to the full-on/full-off contrasttaimed by comparing the intensi-
ties of completely black respectively white images. On aiup (placing a photometer
into the focal plane of the microscope objective) we meabartill-on/full-off contrast of
about 3400:1. This means that the DMD chip with the mirrorghim off-position re ects
only about 0.03% of the exposure intensity onto the imagurgssate. This means that
the amount of light scattered by the DMD housing and by thearsrin the off-position is
negligible.

Much more relevant for DNA microarray synthesis is the lamaitrast [Kim04] between
neighboring features. The local contrast is diminishediplytiscattering and diffraction
from mirrors in the on-state, but also by optical aberrajowhich cause distortions to
the point spread function. It also depends on the featurengay (i.e. feature size and
feature spacing). Re ections within the imaging opticssaware. This could possibly be
improved by using UV anti-re ection coated optical surfag®MD window, tube lens).
The patterns used for microarray synthesis typically havareay structure with a pitch of
17 morless. To obtain an estimate of the stray light induceareate we have measured
the image contrast at high spatial frequencies.

We found that the UV-sensitive Ims we already used for atijusnt of the UV optics (see
section 3.2.5) are very well suited for testing the perfarogeof the photolithography sys-
tem. For visual inspection of the patterns we used an optigaoscope (Olympus 1X81)
equipped with an automated X-Y translational stage and avitlgh resolution CCD cam-
era (C9100 EM-CCD, Hamamatsu Photonics).

Patterns of regularly spaced line pairs (a pair comprisdackland a white bar of equal
width), were imaged onto photochromic Im (Fig. 3.7). Theasipl frequency of the pat-
tern was varied between 14 and 70 line pairs per millimegm(in). Using an exposure
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Figure 3.7: Line patterns on photochromic Im produced with a 20 (0.5 NA)
Plan Neo uar objective. (a) Linewidth 1.7 m (corresponding to a double row of mi-
cromirrors) (b) Linewidth 0.85 m (corresponding to one single line of micromirrors).

time scalebar (like in Fig. 3.9, optical density versus expe timé) allowed us to quantify

the stray light intensity in the unexposed lines. To obtamielative stray light intensity
(in percent of the exposure intensity - see Table 3.1) thiealpdensity was compared to
the exposure scale. The ratio between the exposure timehaneuivalent (stray light)

exposure time is a measure for the contrast between exposednaxposed lines.The

spatial frequency relative stray light
(line pairs/mm) intensity (percent)

70 10
35 5.5
28 3.2
21 2.2
14 0.5

Table 3.1: Relative stray light intensities versus the spatial frequency of the line
pattern. Stray light intensities were measured at the cente of the unexposed lines.

4 For a direct comparison the scalebar was imaged onto the subte - next to the line patterns.

5 Imaging contrast is best described by themodulation m = (Imax  Imin )=(Imax + Imin ). However,
here we cannot determine themodulation since the saturation of the optical density doesn't allow a
measurement of the equivalent exposure time of the exposeéhks (corresponding tol max ), which,
due to loss of light into unexposed lines, is smaller than theactual exposure time.
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stray light intensity increases towards higher spatiadencies, and is therefore setting an
upper limit for the feature density in the light-directedonoiarray synthesis.

Figure 3.8:  Stray light due to curvature of eld. (a) A test pattern of 4 4 pixel
squares (pitch 20 pixels) covering the whole DMD area imageanto photochromic
Im. The montage of several micrographs covering an area of laout 3.5 2.6 mm,
doesn't show a macroscopic image distortion. (b) Close-upiew of the center region.
The response of the photochromic material is asymptoticalf saturating in the center
of the features. Stray light produces a halo around the featwes. (c) Close-up of the
upper right corner of the imaging eld. The square features ae radially distorted.

To demonstrate the effects of optical aberrations on thajingaperformance, a pattern
comprising of 4 4 pixel features (with a pitch of 20 pixels) was imaged ontotpbhromic
material. A radial distortion of the square features is geipable in Fig. 3.8(c), which
was taken at the upper right corner of the imaging eld (Fig8(&)). As non-corrected
curvature of eld is supposed to be responsible for the digin, we tried to improve im-
age quality using a plan-corrected microscope objectivgs, s well as using a narrower
band pass Iter to reduce chromatic aberrations didn't stgmtly improve imaging qual-
ity. The increased number of lens elements in the plancected objective (with respect
to the Fluar objective) signi cantly reduced the UV intetysiAnother possible source for
contrast impairment is the illumination system, which hasrbdesigned for a high light
throughput. It may be possible to improve the optical akiema, if this constraint is re-
laxed.

We found that using higher magni cation objectives is pbbsi Using a 20 (0.5 NA)
Plan NeoFluar (Zeiss), the total image size is reduced t6 M%5 mnt. As shown in
Fig. 3.7, spatial frequencies of 588 Ip/mm (line width 0.8%) can clearly be resolved
on the photochromic Im. Due to reduced depth of focus, and-norrected eld curva-
ture, this resolution can only be achieved in the center®frtiaging area. At high spatial
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frequencies the measured contrast is additionally reddoedto the modulation transfer
function of the inspection microscope optics. Therefoeedbntrast observed in Fig. 3.7
represents a lower limit.

Fig. 3.9 shows an exposure scale. #4pixel feature® were illuminated with exposures
ranging from 1 to 63 s. The optical density of the stray lightoharound the features
is compared with the exposure scale to determine the logalast ratio. In an approx.
2 pixel wide region around the exposed features the locdtastis signi cantly impaired
(Fig. 3.9 B). Near the outer edge of this region the straytligtensity is estimated to be
around 2 %.

Figure 3.9: The magnitude of the local stray light intensity can be estimated from
this pattern of 4 4 pixel features (size 14m) from an exposure on spiropyran pho-
tochromic Im. (A) The exposure was varied between 1 and 63 seonds. (B) Enlarged
view of two features corresponding to exposures of 2 s (top)ral 63 s (bottom). The
stray light is concentrated in an asymmetric halo around the features. The dashed
boxes show the directly exposed feature area (inner box) anthe surrounding area
(outer box) that is a ect by stray light.

To determine the stray light as it occurs during typical DN&roarray fabrication, a syn-
thesis mask pattern is projected onto the photochromic Fig.( 3.10) with a Il factor
(fraction of illuminated features) of about 25%. We meaduteat (on average) the stray
light intensity reaching the center of unexposed featusesni the order of 0.5% of the
exposure intensity. For unexposed features completetgpsnded by exposed features we
have measured a stray light intensity of 1.5%. These valeee measured in the center of

6 'Pixel" corresponds to pixel in the 'virtual photolithogra phy mask" image. Upon projection with
the DMD each pixel of the mask image corresponds to an individal micromirror.
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the unexposed features - at the edges of the features tlydightaintensity can be signi -
cantly higher.

Figure 3.10: A synthesis mask pattern (4 4 pixel features, 1 pixel separation
gap), as used in light-directed synthesis of microarrays,d imaged onto photochromic
Im. The stray light a ecting unexposed features is determined by the density of
exposed features nearby. Fig. 3.11 shows a similar patterrsa@me dimensions) which
was imaged onto photoresist.

The photolithography-related parameters of the MPLS DN#tlsgsis apparatus are sum-
marized in Table 3.2.

Imaging optics 5 0.25NA Fluar objective (Zeiss)

Exposure wavelength 37017 nm

Exposure intensity 76 mW/cm?

Pixel resolution 1024 768 (XGA)

Pixel size 35 m

Size of eld 3.5 mm 2.6 mm

Drift stability <1 m over 6 hours

Time required for synthesis of a 25mer chip ca. 6.5 hours

max. number of microarray features 25000 (4 4 pixel per feature and 1 pixel space)
Useful area for DNA synthesis ca. 80 percent of the DMD imagig eld

Reagent consumption for a 25mer synthesis 30-40 mg of each RP®C-phosphoramidite

Table 3.2: Technical parameters of the MPLS photolithography setup
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3.2.8 Outlook - Further Possible Applications for the Mask-
less Microprojection Lithography System

Photoresist Patterning

To demonstrate the application of MPLS as a highly exibleithography system, we
have produced microstructures in SU-8 photoresist (Mizeot Corp.). The SU-8 50 neg-
ative resist was spincoated on microscope slides at 3000rgsulting in a Im thickness
of 40 m. For the experiment a pattern of tightly spaced squareenfes 14 m in size,
separated by 3.5m gaps was used. Processing was accomplished according podh
cessing guidelines of the manufacturer.

The photoresist, which is sensitive between 350 and 400 snbéen exposed to UV light
for different times, ranging from 5 s to 25 s. After postbakand developing the resulting
microstructures were imaged using a research microscogeszsibed above. We found
15 s to be an appropriate exposure time. Fig. 3.11 illusrtte high quality of the re-
sulting microstructures. As one can see in Fig. 3.11(b)ufea as small as 3.5m (the
line width of the number "7”) have been reproduced very wdlhe aspect ratio of the
structures, as can be seen in Fig. 3.11, is about 1:10.

Figure 3.11: MPLS-generated pattern in SU-8 photoresist - Im thickness: 40 m.
(a) Each block corresponds to 4 4 Pixels, the separation gap is one pixel wide. Some
of the letters are lying sideways on the surface, demonstratg that an aspect ratio
of 1:10 is achievable with MPLS (scalebar 100 m). (b) Micrograph of the same
pattern as in (a). Even small features like the number "severi with a line width of
only 3.5 m (corresponding to a single micromirror, the pixelation is clearly visible)
are reproduced in the photoresist (scalebar 50 m). (c) Electron micrograph of the
photoresist structures. Due to relatively poor surface adlesion of the photoresist the
structures have partly detached from the glass surface (sd¢abar 10 m).
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Optoelectronic Tweezers

Chiou et al. [Chi05] described a DMD based microprojection setup for shasdy par-
allel manipulation of single cells and microparticles. Tiiveage of a DMD spatial light
modulator is projected on a photoconductive layer to crigité-patterned electrodes. Di-
electrophoretic forces resulting from the interactionmefuced dipoles in the particles with
the nonuniform electric eld can be employed for particlempalation. By variation of
the mask geometry (dynamic masks) particles can be moved aldh the "virtual elec-
trodes”. Parallel manipulation of up to 15,000 (largelyependent) particle traps has been
demonstrated.

Projection Micro-Stereolithography

Sunet al. [Sun05] report a DMD-based method for the fabrication of 3@rostruc-
tures. In the fabrication process the image of the DMD isquigd onto the surface of a
UV curable resin. Three-dimensional objects (with a snsalleature size of 0.6m) are
constructed layer by layer.

Possible applications of this technique are the fabricatigphotonic crystals [Che07] and
microstructured 3D scaffolds employed as substratesdsué engineering [Lu06].
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3.3 The Fluidics System

The modi ed valve block of a commercial DNA synthesizer (Aipd Biosystems ABI
381A) constitutes the main component of the uidics systéig.(3.12). A microcontroller-
operated solenoid valve driver (technical details descrilm Appendix B.8) enables con-
trol of the uidics system via the RS232-interface of the tohPC.

To ensure water- and oxygen-free conditions the microayayhesis is performed in an
air tight ow cell (Fig. 3.13) under an inert argon atmospéieArgon gas pressure is em-
ployed to drive the reagent transport. A detailed schenodtice uidics system is shown
in Fig. 3.12.

3.3.1 The Synthesis Cell
Technical requirements

resistance to the aggressive solvents MeCN, THF and pgridin
use of chemically inert materials (not affecting DNA syrdisg

tight sealing (no seeping of reagents below the gasket)dsssary to enable com-
plete exchange of reagents (e.g. to avoid contaminatiamwaiter left over from the
previous reaction step)

negligible dead volume (required for fast and complete argle of reagents)
the 0.17 mm microarray substrate must constitute a windaveo€ell
prevention of gas bubble sticking at the edges of the cellmel

light re ection and scattering must be avoided

Implementation

The cell volume is formed by a streamlined cutout (shown f@neple in Fig. 3.15) in an
approx. 1 mm thick sheet of polydimethylsiloxane (PDMSicsihe rubber. PDMS is used
for its chemical inertness and sealing capabilififhe fragile microarray substrate (diam.
22 mm round cover glass) can be reliably sealed with littledo thus without the risk
of fracture. The DNA chip substrate is employed as an optigatiow (Fig. 3.14). Pho-
tomasks are projected with a microscope objective ontortherisurface of the substrate,
where the DNA probes are synthesized.

Even though PDMS appeatrs to be chemically inert, we observedreversible) solvent swelling of the
PDMS gasket upon exposure to tetrahydrofurane and pyridine To prevent excessive deformation
of the synthesis volume, oxidation and capping steps shouldot be longer than necessary. An
alternative THF- (and water-) free oxidizer solution (enabling phosphoramidite synthesis on PDMS
surfaces) has been described in [Moo05].
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Figure 3.12: Schematic of the uidics system. The valve block has been adued
from a commercial oligonucleotide synthesizer. The synthgs cell has replaced the
synthesis column employed in standard oligonucleotide sythesis. Valve numbers cor-
respond to those used in the synthesis control software. (AValve block. (B) Reagent
storage bottles. Argon gas pressure (via valves 1, 15, 18-223-24) is employed to
drive the reagent transport.
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Figure 3.13: Schematic of the synthesis cell. Syringe needles form the {rand
outlet of the ow cell. A PDMS gasket with a streamlined cutou t forms the synthesis
cell volume which is sandwiched between the chip substraterad a glass plate. The
assembly is placed on an inverted microscope. UV light fromhe objective is entering
the cell through the chip substrate. Mask patterns are projected onto the inner face
of the substrate, where thein situ synthesis takes place.

Figure 3.14: The synthesis cell on the microscope. The assembly is mourdeon
a precision-adjustable aluminium support. The microarray substrate (round cover
glass) is located above the microscope objective. Use of maparent materials (poly-
carbonate, PDMS and glass) simpli es handling and enables igual control.
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To prevent the attachment of gas bubbles (argon gas employkive the uidics system
tends to form bubbles upon pressure relief) at the edge®d?EiMS cell, we put effort in
making a cell with very smooth edges. This is achieved usistggap-edged punching tool
(see appendix B.4) fabricated (electrical discharge nmaad) by the mechanics workshop
of the university. Smooth surfaces also improve the reagestiange between consecutive
synthesis steps. For the purpose of chemical inertnesspiber gide of the synthesis cell
consists of a glass microscopy slide which is glued onto a &0thick block of UV ab-
sorbing Makrolor® plastics. Back-re ection (and back-scattering) of UV lighom the
interfaces is reduced (by index matching) with a thin layfgPDMS employed as glue.

In- and outlet are formed by syringe needles which are cdedeo the valveblock via
PTFE tubing (Fig. 3.14). More detailed information on the@stouction of the synthesis
cell is provided in appendix B.4.

The design of the cell is optimized for DNif situ synthesis with light-directed photo-
deprotection. It enables a very small reagent consumpfiea.o40 mg of each NPPOC-
phosphoramidite for a 25mer synthesis [NaiO6b].

3.3.2 Argon Bubble Trapping

The occasional formation of argon bubbles, owing to presselief during the reagent
transport towards the synthesis cell (the solvent MeCNtisrated with argon) represented
a serious problem for the microarray synthesis. Bubbleskhave become trapped in the
synthesis volume (Fig. 3.15A) do locally increase the shigiyt intensity during the UV
exposure or affect synthesis reactions (coupling etc.gesthe substrate surface beneath
the bubble is not covered by the reagents.

The "argon bubble problem” has been resolved with a clewi#lyised technique:

Large bubbles are captured by a T-piece bubble trap (FideQ.tWhich is integrated
in the inlet line.

Small bubbles<2 mm diam.), owing to the increased channel width in the s3gith

area, have the tendency to get stuck in the synthesis volkige3. 15A). By employing

a short suction pulse the small bubbles are pushed into které@gion of the synthesis
cell (Fig. 3.15B), where they get reliably trapped.

This method of bubble catching is highly reliable. In theical steps of the synthesis
process the occurrence of bubbles within the synthesisapeavented almost completely.
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A
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Figure 3.15: Bubble trapping techniques. Top views of the synthesis celvolume

(A) and (B) { in- and outlet holes are shown at the right and the left end of the

streamlined cell volume. During reagent supply small argorbubbles can get into the
synthesis cell (A). They can be removed from the synthesis &a (dashed box) by a
applying a short suction pulse. Bubbles are moved into the nerow inlet region of the

chamber (B), where they are trapped due to a more favorable sidace energy. (C)
Larger bubbles (too large to get trapped in the inlet region) are captured in a "T-piece
bubble trap" before they reach the synthesis cell. Venting @& the accumulated gas is
achieved by occasionally opening the valve to the venting lie.

3.4 Automated Microarray Synthesis - Controller-
Hard- and Software

The original ABI 381A DNA synthesizer control hardware hagb substituted by a per-
sonal computer based controller. Fully automated lighealedin situ synthesis is per-
formed with the synthesizer control softwaPNASyn which is described in detail in
appendix B.7.DNASynintegrates uidics control (via an external microcontestbased
solenoid valve driver - technical details are provided ipeqlix B.8) with the "virtual
photolithography mask” projection.

3.5 Performance of the Microarray Synthesizer

An affordable microarray synthesizer system for lab-stabeication of DNA microarrays
has been developed from the following widely available congnts:

Oligonucleotide synthesizer (second-hand)
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DLP video projector (second-hand)

Inverted research microscope (second-hand)

Personal computer

Microcontroller-based solenoid valve driver (home-Quilt
Optical components: Optical table, lters, lenses, misror

The highly exible microarray synthesis system enablessiady parallelin situ synthe-
sis of almost arbitrary probe sequences. New microarraigdgsan be developed within
hours and automatically synthesized overnight. The swihe a 25mer microarray re-
quires about 6.5 hours (plus 1.5 hours for the nal deprodecstep outside the synthesis
apparatus). With our microscope-projection-lithograpbiup the size of the microarrays
has been reduced to a total area<ofl0 mn?. Owing to the miniaturization, the costs
for synthesis reagents (NPPOC-phosphoramidites, MeCivagar, oxidizer, ethanol) are
about 50 Euros per microarray synthesis. Moreover, thelsared of the microarray en-
ables hybridization with a very small amount of target solu{in principle less than 10l
are required). The high stability of our microscope-pro@clithography setup (with re-
spect to image drifting originating from thermal expansetn) is bene cial for the quality
of the synthesized DNA probes.

In principle each micromirror-pixel (in total 1024768) could be used to synthesize a mi-
croarray feature. However, the need for a high local cohtnag expected dif culties with
the image analysis of the small densely-packed featuresg@naistortions etc.) require
the use of composite features consisting o65DMD pixels (4 4 pixel feature area plus
1 pixel separation gap). In the corners of the synthesis(@eahe imaging eld de ned
by the DMD chip) DNA probe quality is suffering from vignetg ( reduced exposure
intensity) and uncorrected curvature of el feduced local contrast). For quantitative
investigations oprobe-targetbinding af nities, a maximum number of about 25000 mi-
croarray features is currently achievable.
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Chapter 4

Light-directed in situ Synthesis of
DNA Microarrays

4.1 Light-Directed in situ Synthesis of DNA Mi-
croarrays

Reagents

RayDite’™ 3'-phosphoramidites NPPOC-dA(tac), NPPOC-dC(ib), NPRfi&ipac) and
NPPOC-dT (see Fig. 4.1) carrying photolabile 5'-nitropydenopyloxycarbonyl protec-
tive groups were purchased from Sigma-Proligo (Hamburgm@ay).

Acetonitrile (ROTISOLVRr for DNA synthesis, water10 ppm, Carl Roth GmbH, Ger-
many); Activator43M™, 0.25 M (Proligor ); iodine based oxidizer (part no. 401732, Ap-
plied Biosystems); Trap-P&k molecular sieve bags (Applied Biosystems); water-free ar-
gon( 0.5 ppm HO)

Photo-deprotection is carried out in a mildly basic (degctibn) solution of 25 mM piperi-
dine (99%, Aldrich) in waterfree acetonitrile. Alternagly, the use of dimethylsulfoxide
(DMSO) has been reported [Woe06].

Final base deprotection is performed (at room temperaturaldout 90 minutes) ina 1:1
mixture of etylenediamine (analytical grade, Fluka) artthabl (analytical grade, VWR,
Germany).

UV glue (Norland optical adhesive 60, Edmund optics) is used the chip onto a stain-
less steel support.
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Figure 4.1: 5'-[2-(2-Nitrophenyl)-propyloxycarbonyl]-2'-deoxynu cleoside phospho-
ramidites. Similar as nucleosides, nucleoside phosphoradites comprise nucleobases
and deoxyribose sugar. Additionally, phosphoramidites catain a phosphorus group,
which, when chemically activated, can react with the hydroxy group of a growing (de-
protected) oligonucleotide strand, This coupling reactian creates the phosphate group
in the sugar-phosphate backbone. Variougprotection groups enable a controlled syn-
thesis of oligonucleotide chains without the risk of unwantd side reactions. The
photolabile NPPOC group (blue) substitutes the 5'-hydroxy| of the pentose ring. Its
removal (deprotection) enables coupling of another buildihg block. The phosphorus
group is protected by a diisopropylamino group (red) ( phosphoramidite) and a
2-cyanoethyl protection group (green). Further protection groups (ib,tac, ipac) are
necessary to prevent side reactions of the exocyclic amineaups of the nucleobases
during the in situ synthesis process. All protection groups are removed at thend of
the synthesis.

Preparation of the Microarray Synthesis

Light-directedin situ synthesis was performed with NPPOC-phosphoramiditesgHas
Bei99; Nuw02; Nai06b] which differ from the commonly useddatabile DMT-protected
phosphoramidites by the photo-cleavable 5'-nitropherpggloxycarbonyl protection group
(NPPOC).

Phosphoramidite reagents are highly sensitive to watemifigmize contamination with
water, NPPOC-phosphoramidite solutions - 40 mM in wateefMeCN - are prepared
only immediately before the start of the synthesis. Deptada solution, oxidizer and
activator are more stable and can remain on the synthesizprdlonged times. Contami-
nation with water is particularly critical for the phospharidite/MeCN solution contained
in the storage bottles. Once degradation due to a small anobwvater has started, the
phosphoramidites undergo autocatalytic degradationQ&}oro minimize water contami-
nation in critical reaction steps, molecular sieve bagaiPak") are added to the MeCN
storage bottle and to the activator storage bottle. Futires on phosphoramidite han-

1 The oxidizer solution itself contains a considerable amounof water (several percent)
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dling procedures are provided in appendix B.5.1.

The preparation of the automated synthesis should be peetbwith the synthesis script
PrepSyn.prgwhich is executed by the controller softwdd&ASyn The PrepSynscript
includes the preparation of the phosphoramidite solutiprising of the reagent supply
lines and checklist functionality (installation of the $yesis cell, optics, argon pressure,
valve function, reagent availability).

The automated synthesis cycle

An initial photoreactive monolayer is created by coupliigN\®@POC-dT-phosphoramidite
to the hydroxyl-groups of the dendrimer functionalizedstudte. The synthesis cycle, to be
repeated 4 25=100 times for the synthesis of a microarray with 25mebpgy comprises
phosphoramidite coupling, phosphite triester bond oxdatnd photo-deprotection.

Phosphoramidite coupling is carried out for one minute witht1 mixture of 40 mM
NPPOC-amidite solution in water-free MeCN and activatduson (Activator42™,
0.25M)

A iodine based oxidizer solution (ABI) is employed for abd@ s (after every fth
coupling step) to oxidize unstable phosphite triester Botitlis to form stable phos-
photriester linkages

The photo-deprotection step (exposure dose 7 Z&m =370 nm) is performed in
a 25 mM solution of piperidine (Sigma-Aldrich) in MeCN. Pijine [Bei99] pro-
vides the mildly basic conditions necessary for photo@gawf the NPPOC protection

group [Wol04].

Between the individual reaction steps extensive washirgetalve block and of the syn-
thesis cell/supply line is performed. It is, for examplesalotely necessary to remove
trace amount of water (from previous oxidation steps) from tiidics system prior to the
next coupling reaction. Alternating rinsing with pure Me@Nd ushing with argon gas
is very ef cient to remove remaining reagents from the poes reaction step. However, it
is important that solid residues are not allowed to dry orstifestrate surface.

The nal coupling step is followed by complete photo-degaiton of the whole microar-
ray, to remove all remaining NPPOC protection groups, and Imal oxidation step.
Capping of unreacted binding sites by acetylation is comyemployed in oligonu-
cleotide synthesis to prevent the synthesis of strandsagong point defects. Because
of the rather limited bene ts of a capping in light-directetcroarray fabrication (see sec-
tion 2.7.1) we do not apply capping in our DNA Chip synthesisesne.

2 |n practice, owing to mask optimization, only about 80 cycles are required.
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Figure 4.2: NPPOC synthesis cycle. 1. Activation and coupling of a phospo-
ramidite building block. 2. Oxidation of unstable phosphite bonds with iodine based
oxidizer. In our synthesis scheme oxidation is performed &ér every fth coupling step.
3. Photo-deprotection under UV-irradiation results in detachment of the NPPOC
group, exposing a hydroxy group at the 5'-C.

Oxidation of unstable phosphite triester bonds into maablstphosphotriester linkages is
necessary to prevent strand breakage during the synthesisgs. However, it is not nec-
essary to perform oxidation after every coupling step. Taeberate the synthesis process
and also to reduce the of import of water (a main ingredierihefthe oxidizer solution)
into the synthesis cell, the oxidation step is performeéradtery fth coupling step only.
After nishing the synthesis cycle the microarray substretremoved from the synthesis
cell. In the nal deprotection step (performed in a closedsyl beaker) the base protection
groups are removed in a 1:1 mixture of ethylenediamine amahet (for about 90 minutes
at ambient temperature) [Nuw02]. Subsequently the sulsstia@re washed with ethanol
(analytical grade) and water, and dried under a stream fggh. Storage in 50 ml Falcon
tubes helps to prevent scratches on the microarray surface.

The fabrication of a 25mer DNA chip, involving about 80 cauapglsteps, requires about 8
hours (including 90 minutes for the nal base deprotection)

To provide mechanical stability the microarray (on the 20 dieam. cover glass) is xed
on a stainless steel support (microcopy slide format pl&teZ6 2 mm). To avoid depo-
sition of adhesive fumes (caution: don't use cyanoacrydaggerglue) a UV curable glue
(Norland optical adhesive 60) is used to glue the microaataywe the 10 mm diam. win-
dow in the center of the plate. Use of an i-line (365 nm) UV lampecommended.
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Microarrays can be safely stored (for several months) @t 4h 50 ml Falcon tubes.

4.2 Preparation of Phosphorus Dendrimer Func-
tionalized Microarray Substrates

Reagents

All reagents are used as purchased without further puiibcatUnless speci ed otherwise
aqueous solutions are prepared with Milli-Q water (18.2dvh).

Diam. 20 mm round cover glasses (Menzel-Glaser, Braunsighwermany); Deconex 11
UNIVERSAL (Borer Chemie AG, Zuchwil, Switzerland); (3-anagipropyl)-triethoxysilane

(APTES) (Sigma-Aldrich); ethanol analytical grade (VWRer@any); 1,2-dichloroethane
(Cat. No. 6837.1, Carl Roth GmbH, Germany); phosphorousld@ers with aldehyde

moieties cyclotriphosphazene-PMMH-96 (Cat. No. 55209dyiéh); potassium hydrox-

ide (Carl Roth GmbH); sodium borohydride (99.99 %, Sigmdrish).

Surface functionalization

Microscope optics, employed for projection lithographyamthe synthesis substrate, re-
quires 0.17 mm thin cover glasses to be used as synthesisaabs Improved image
quality, reduced UV absorption, and also reduced auto soeace of the glass substrate,
later at the analysis stage, are bene cial compared to thexaanly used 1 mm thick mi-
croscope slide format.

Dendrimer-functionalized substrates on the basis of phass dendrimers (PD) - (chem-
ical name: cyclotriphosphazene-phenoxymethyl(methgdagono) dendrimers) were pre-
pared according to LeBermt al. [LBO3]. To adapt the substrate chemistry to the needs
of thein situ synthesis process the aldehyde groups are reduced to lyydroxips in the

nal step.

The chemical functionalization (adapted from [LBO3])

20 mm round cover glasses are used as substrates as theghdradvantage of being
mechanically more robust (in respect to loads applied fatisg the synthesis cham-
ber) than squared or rectangular ones. The cover glassessesicated for 30 minutes
in detergent solution (5% Deconex) and rinsed with MilliQered water. After drying
under a stream of nitrogen, a laboratory plasma cleanepl@sma) is used for 10 min-
utes to remove organic decontaminants and to activate thecsuor subsequent silaniza-
tion. Immediately after plasma treatment the slides arngied with a 10% (v/v) so-
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Figure 4.3: Phosphorus dendrimer (cyclotriphosphazene-phenoxymetfi(methyl-

hydrazono) dendrimer) - generation 1.5 - with aldehyde funtionalization. Sub-

strate preparation is performed with generation 4.5 dendrimers carrying 96 aldehyde-
moieties.

lution of 3-aminopropyltriethoxysilane (APTES) in 95:5ahol/water. The silanization
is performed at room temperature under gentle agitatiori2ohours. Subsequently the
slides are rinsed two times with analytical grade ethandl amce with water (MilliQ).
After drying under a stream of nitrogen the slides are baked®fhours at 120QC. Prior
to dendrimer coupling the slides are activated in an aqusoligion of KOH (8%) for
5 minutes. The activation is followed by rinsing with MilliQktered water (3 times)
and drying under a stream of nitrogen. Aldehyde-functimeal phosphorus dendrimers
(cyclotriphosphazene-PMMH-96) are dissolved in dichédhane (0.1% wi/v). At room
temperature, under gentle agitation dendrimer moleculesahowed to couple to the
aminosilane surface for 7 hours. Aldehyde-amine condemsegsults in the formation of
imine bonds. The dendrimer solution can be stored and reseseztal times. Dendrimer-
functionalized surfaces are rinsed with dichloroethand ethanol (two times) and dried
with nitrogen.

For use in then situ synthesis process (coupling of phosphoramidites) thehgttkemoi-
eties of the dendrimers are reduced to hydroxyl groups. &exduis performed in an
agueous solution of sodium borohydride (0.35%) for 3 hoatsqom temperature, under
gentle agitation). Reduction with sodium borohydride alsduces the unstable imine to
more stabile amine. After rinsing with MilliQ-water the ddis are ready for use. Long
term storage over one year atCl(under air atmosphere) doesn't affect the substrates.
Additional information on substrate preparation is preddn appendix B.6.
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Figure 4.4: Dendrimer substrate preparation. (A) Cleaning and plasma-
activation exposes silanol groups at the glass surface. (Bpilanization with 3-

aminopropyltriethoxysilane (APTES) comprises hydrolysis of the alkoxy groups, con-
densation (due to hydrogen bonding of the silanol groups) ad curing at 120 C to

establish a covalent linkage. (C) The aldehyde moieties (hie) of the phosphorus
dendrimers react with the NH, groups (red) of the aminosilane to form imine bonds.
(D) Sodium borohydride is used as a reducing agent to convertinstable imine bonds
to stable amine bonds. Along with these the remaining aldehge groups at the upper
side of the dendrimers are reduced to hydroxyl groups (greéen the coupling sites for
phosphoramidite oligonucleotide synthesis (E).

Experiments with other surface functionalizations

Several substrate functionalizations have been testdxtiadrly development stage of the
microarray synthesis process. Hydroxy-functionalfzgolyamidoamine (PAMAM) den-
drimers [Ben02] and polyethylene glycol brushes (PEG orxggitane - GPTS) [Pie00]
didn't provide satisfactory results (strong backgrounaerescence and low stability, re-
spectively).

3 Protocol according to [Ben02]. Hydroxyl moieties were creted by linkage of aminopentanol.
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More satisfactory results have been achieved with a morolgdane functionalization
[Gao01; Ric04]. To increase the distance between the proth¢ree glass surface Singh-
Gassoret al. [SG99] inserted additionally a hexaethylene glycol-linke

Preparation of monohydroxysilane slides (adapted from [Ga 001]):
Cover glasses were sonicated 20 minutes in 5% Deconex@ohnid washed several
times with water. Activation of the surface in a plasma cera@ir plasma) for 10
minutes. Silanization with N-(3-triethoxysilylpropy#)-hydroxybutyramide (ABCR
GmbH) 1% (v/v) in 95:5 (v/v) ethanol/water at room temperatwvernight. Wash-
ing with ethanol. Curing for 1 h at 12@.

Unter identical hybridization conditions microarrays guced on PAMAM substrates
provided the largest hybridization signals.

lpamam > lpp > Imonohyd -

However, unlike phosphorus dendrimer (PD) and monohydsitesye, PAMAM substrates
showed a strong background uorescence and were highlgictitte for deposition uo-
rescent particulates contained in the hybridization smut

The hybridization signal on phosphorus dendrimer slidgsasghly estimated - no sys-
tematic experiments performed) two to three times highan tn monohydroxysilane
slides. Also, the phosphorus dendrimer chips are moreestabh the monohydroxysilane
slides (repeated washing and hybridization steps) andheaefore be reused more often.
Compared to other substrates tested, the phosphorus aemdrnicroarray surfaces look
very homogeneous and unspeci ¢ adsorption of nucleic andl @articulates is negligi-
ble. These observations are in accordance with the [LBO8}.e@periments demonstrate
that phosphorus dendrimer functionalized surfaces areadhle substrate not only for
immobilization techniques, but also for tiresitu synthesis of DNA microarrays.

4.3 Noteworthy Characteristics of the Microarrays

4.3.1 Auto uorescence of the Chip Surface

The microarrays fabricated in the situ synthesis process show an auto uorescence under
blue excitation with the Olympus U-MNB2 narrow blue exdivat(470-490 nm) Iter set
(Fig. 4.5). The green uorescence emission is largely retetd to the areas between the

With the U-MWG2 (510-550 nm excitation) mirror unit, which i s used for imaging the Cy3 hy-
bridization signal, the auto uorescence is barely noticedle, and doesn't a ect microarray analysis.
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microarray features. Within the feature areas (contaifdNA probes) the auto uores-
cence of the chip is signi cantly smaller. Increasing prodegth correlates with reduced
auto uorescence intensity. This may indicate that the austiiescence originates from the

Figure 4.5: The uorescence micrograph of the feature block demonstrats that

the DNA probes (mostly 20mers) quench the substrate auto uaescence. In the two
rightmost feature columns the probe length is incrementaly increased from 1 to 20
nucleotides.The image demonstrates that the uorescence wgnching depends on the
amount of DNA material covering the surface.

phosphorus dendrimer substrate and is quenched by the/iompB)NA probes. However,
the pure dendrimer substrate itself initially doesn't shaarescence. The uorescence is
restricted to the area of the substrate that has been inatavith synthesis reagents inside
the reaction chamber.

Incomplete nal deprotection (i.e. base protection grotgs ib andipac are not com-
pletely removed) results in strong uorescence of the macray features (with intensities
inverse to those shown in Fig. 4.5).

4.3.2 Hydrophilicity of DNA Microarray Features

Oligonucleotide probes render the microarray surface dphific. This can be employed
to make the microarray visible (for alignment etc.). As showFig. 4.6 water vapor con-
denses on the cold microarray surface. Tiny droplets fornikyraze on the hydrophobic
substrate. The hydrophilic area covered by DNA is compjetadtted with a water Im
(see Fig. 4.6) and therefore appears clear.

95



Microarray Synthesis

Figure 4.6: Wetting characteristics of the microarray surface (microsope image).
Hydrophilic features (size about 20 m) are covered by a closed thin Im of water.
Regions between feature blocks are covered with tiny dropts.

4.3.3 Hybridization without Detergent - Unspeci ¢ Adsorp-
tion

Omittance of the surfactant (Tween®0or SDS) resulted in very strong surface absorp-
tion on the entire microarray surface - also in the regiongr@mo probes have been
synthesized. Subsequent addition of 0.01% Tween-20 oratine snicroarray resulted in
probe-speci ¢ hybridization. Hybridization in this pastilar experiment was performed
with MES hybridization buffer at room temperature.

4.3.4 lrreversible Target Adsorption

In MES hybridization buffer at temperatures5 C targets tend to bind irreversibly to the
substrate surface, making a reuse of the microarrays inipes$he uorescence intensity
is particulary high between the features (see Fig. 4.7)s 3ggests that targets which have
dissociated from the probes are captured by reactive gmtiipe substrate surface adjacent
to the features. The problem seems to be related to the use BfES hybridization buffer
at high temperatures>( 55 C) . Using 5 SSPE buffer instead, we do not observe this
characteristics. However, we found that often (even at béghperatures of 7@C) the
hybridization signals can not be completely removed. Thibfem, which has also been
reported by Huet al. [HuO05], could be owing to stable duplexes which do not corghye
dissociate at the temperatures applied. It is also postiakehybridized targets have an
increased probability for bonding to unblocked reactitessat the microarray surface. In
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Figure 4.7: Fluorescence micrograph of irreversible adsorption. Thedature blocks
in the center of the image have undergone dissociation in p& MES hybridization
bu er. At temperatures of about 60 C rather than to detach from the surface the
uorescently labeled targets have irreversibly bound to the microarray surface. The
brightest signal is visible in the gaps between the features At the left edge of the
image another feature block (with another sequence motif)s shown, which has been
hybridized after dissociation conditions have been applid (thus demonstrating that
the other probes on the microarray maintained their hybridization capability).

either case the targets can be removed completely if RNAtagye used rather than DNA
targets. An alkaline stripping procedure (sodium hydreXidill selectively degrade RNA
targets (into nucleotides), whereas DNA probes remainfeciafd [Hu05].

4.3.5 Robustness of the Phosphorus Dendrimer Surface Coat-
ing

Fig. 4.8 demonstrates that the phosphorus dendrimer amadtzation (section 4.2) forms
a stable network on the glass surface. Parts of the denddosing (auto uorescence
under blue excitation) have come off the surface after haesttiment with an unsuitable
stripping buffer. The robust closed- Im structure shownHig. 4.8 is rather unexpected
since the chemistry of the surface-functionalization wioakher suggest a monomolecular
layer of unconnected dendrimer molecules. However, derets bound to the aminosilane

layer possibly form a densely interwoven network. It islfert possible, that the function-
alization with the aminosilane APTES results in the formatf a stable multi-layer Im.
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Figure 4.8: Fluorescence micrograph of the phosphorus dendrimer substte. Use of
an unsuitable stripping bu er (10 minutes in boiling 0.1 M Na »,CO3 solution) revealed
the stable network structure of the surface coating. It appers that the phosphorus
dendrimer network remained intact, even though the coatingis completely detached
from the glass surface.
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Chapter 5

DNA Microarray Analysis

5.1 Hybridization Signal Acquisition - Experimen-
tal Setup

Microarray hybridization assays were performed in a temfoee-controlled hybridization
chamber. The design of the ow-through type chamber is sintib that of the synthesis
cell (see section 3.3.1). Installation on an epi uoreseentcroscope setup enables real
time monitoring of the hybridization signal. A sensitiveeiron multiplying CCD-camera
(EMCCD) is used for image acquisition.

A B

Figure 5.1: Microarray analysis setup. (A) Motorized uorescence microscope with
EMCCD-camera (bottom left). (B) Hybridization chamber on t he XY-stage of the
microscope.
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5.1.1 The Hybridization Chamber

Design considerations:

realtime monitoring (requires a window into the sealed dbanand low background
uorescence)

reagent exchange (e.g. to replace the hybridization bbffer washing solution)

high mechanical stability to minimize defocusing and xiftoirg of the image upon
thermal expansion

temperature control

A B

Figure 5.2: Hybridization chamber assembly (A). Inlet/outlet tubes enter from the
top. The microarray is located at the bottom. Part (B) shows t he microarray on its
stainless steel support (lying in the front) and the stainless steel top plate (leaning
against the brace) with the PDMS gasket. The microarray slice is pressed against
the aluminium brace with two fastening screws.

The hybridization chamber is made from a 1.5 mm thick PDM&%ead he chamber vol-
ume (about 1201) is formed by a 10 mm diam. hole (cut from a sheet of PDMS with a
punching tool). Circular cut-offs at the inlet and outleeomgs (see Fig. 5.2B) prevent
sticking of air bubbles inside the chamber volume.

The microarray with its stainless steel support conssttlie bottom side of the hybridiza-
tion volume. This con guration, using the chip substratexsisdow, enables observation
of the hybridization signal with an inverted microscope. taisless steel plate forms the
upper side of the hybridization volume. Stainless steelsisdubecause it is resistant to
the hybridization buffer (no salt corrosion). Also impartasince the steel plate is in the
background of the microscope eld of view: the steel platgtisuorescent and doesn't
adsorb nucleic acid targets.

A exible Thermofoil™ heater (Minco) (with a 15 mm diam. opening in the center - for
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inlet/outlet tubes) is glued onto the upper side of the qikE. Temperature is measured
with a platinum resistor (Pt-100) which is xed with thermadihesive at the edge of the
steel plate. In- and outlet tubes (located at opposing ehtie chamber volume) penetrate
the steel plate from the top side (see Fig. 5.2A). To avoididetume and corrosion and to

achieve reliable sealing, the PFA tubes are directly camago the plate by press- tting.

Temperature Control

Resistance ->Voltage
Converter

analog
Remote
Control

D/A out A/D in

I:{ PT100

g

Toellner
TOE 8951
Power Supply

\

\

Meilhaus
RedLab
USB Measurement Module

UsB 2.0

Y

PC
ProfiLabExpert 3.0
PID-Temperature-Controller

Pt100

Minco

Temperature Thermofoil
Sensor heater

Hybridization Chamber

Figure 5.3: Control of the hybridization temperature. Heating of the hy bridization

chamber is performed with a Minco Thermofoil™ heater which is in thermal contact
with the hybridization solution via a corrosion resistant stainless steel plate. The
temperature is measured with a Pt-100 sensor (in thermal cotact with the stainless
steel plate). The resistance is converted into a voltage siwal that is proportional to

the temperature. The voltage is read by an A/D input channel of the RedLab USB
measurement module. A software based PID-temperature combller (run as a PC
application generated with Pro LabExpert 3.0 - see Fig. B.16) by comparing the
actual temperature and the set temperate, determines the catrol voltage (output via

the RedLab D/A output) that is used to operate the remote controlled heater power

supply.

Temperature is measured with a Pt-100 resistor and conlviettea temperature-proportional
voltage signal. A USB measurement module (ME-Redlab, Nei#) is employed for sig-
nal acquisition with a personal computer. A software-ba3ktcontroller (see appendix
Fig. B.16) designed with Pro Lab-Expert 3.0 (ABACOM Eleactrics-Software) enables
user-de ned temperature pro les and temperature-recaydiThe heating power for the
foil heater is provided by a remote-controlled power sup@iQE 8951, Toellner Elec-
tronic Instrumente GmbH) which is controlled via the D/Atput of the USB-module.

A test with a calibrated Pt-100 resistor - brought in theromaitact with the outside of the
microarray substrate - showed that the temperature at tbanray surface is controlled

The tubes - outer diam. 1.2 mm int. 0.8 mm were drawn through the 1 mm diam. inlet/outlet
mounting holes in the steel plate ( stable press- t-connection).
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with an accuracy of approximatelyl C. The temperature can be held constant within a
variation of< 0:2 C.

5.1.2 Epiuorescence Microscope

The microarray hybridization signal is acquired by epi escence microscopy (principle
shown in Fig. 5.4). Realtime monitoring of the hybridizatisignal is performed with an

Figure 5.4: Epi uorescence microscopy. The light of a bright mercury arc lamp (A)
is Itered by the excitation lter (E) and re ected by the dic hroic mirror (D) through
the microscope objective (M) onto the uorescently labeledsample (F). Fluorescent
dye molecules absorb the excitation light, and enter an ext¢ed electronic state. Due
to the Stokes shift the emitted light has a longer wavelengththan the excitation
light. The Cyanine 3 (Cy3) dye used throughout this study has a peak absorption
at 550 nm (green) and shows yellow to orange uorescence ensign (with a peak at
570 nm). A fraction of the uorescence signal (emitted in all directions) is collected
by the microscope objective M and transmitted through the dichroic mirror (D). The
barrier Iter (B) passes only the uorescence light to the camera (C).

Olympus IX81 inverted research microscope (Fig.5.1). Therescence of Cy3 labeled
targets is imaged using an UPlanApo M40 NA microscope objective (Olympus) and
the U-MWG 2 lter set (Olympus).
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5.1.3 Image Acquisition with an EM-CCD Camera

High resolution image acquisition was performed with a geesHamamatsu EM-CCD
C9100-02 electron multiplying camera.

Camera speci cations:

Peltier cooling: -50C

Gain factor: 800

Read-out noisex 1 electron r.m.s. at high gain mode
Dynamic range: 14 bit

Full resolution: 1000 1000 pixels

Camera and microscope (shutter, Iter, exposure, focus,sk¥ge etc. ) were controlled
by the SimplePCI (Compix Inc.) image acquisition software.

Shading correction

Uneven uorescence excitation and uorescence collectiowing to vignetting (larger
blockage of off-axis light rays) yield uorescence micraghs that are brighter at the cen-
ter and darker at the edges. Intensity gradients due torshadn be a signi cant source
of error for quantitative analysis of hybridization sigaal

Shading correction (using the SimplePCI settit@tio shade corrections therefore per-
formed by dividing the specimen image (microarray) throaghorescence reference im-
age, which is acquired by imaging a uniformly uorescentface. As described by Model
et al. [Mod01] spatially uniform uorescence is obtained from antlhayer of uorescent
dye (e.g. 20 | hybridization solution with 100 nM of Cy3 labeled targesgndwiched
between a microscopy slide and a cover glass.

5.2 Quantitative Analysis of Microarray Hybridiza-
tion Signals

Fluorescence micrographs of the hybridization signal aved as 16-bit grayscale TIFF
images. Shading correction is performed during image adopn.

Quantization of feature intensities is carried out with fla@a progransScanRA(techni-
cal details in appendix B.10). The software (which was dgvedl as part of this thesis)
enables automatic analysis of microarray feature intixssiffo de ne feature positions a
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Figure 5.5: Raw hybridization signals as imaged with the Hamamatsu EM-CCD
camera (original resolution of the image 1000 1000 pixel - size reduced to 500500).
For the image acquisition the 16mer-microarray remained inthe hybridization solution
(1 nM Cy3-end-labeled RNA oligonucleotide target). The hybridization temperature
was 30C.

readout grid(Fig. 5.6C) is placed on the microarray image. Then the gnogntegrates
pixel intensity values over thiategration boxesocated at the grid points in center of the
features. The size of the integration boxes should be chimsprevent integration over
feature boundaries (Fig. 5.6D). The exact placement oféhdaut grid requires rotation
of the image, so that the microarray grid is approx. alignét ¥he screen axis. Consid-
ering small image distortions an orthogonal grid of evemplgced points is not suitable to
determine features positions (Fig. 5.6A). Rather, a qletdral grid (de ned by the four
corner points) is suitable to account for rst order disimmnts of the microarray image.
Microarray hybridization signals (16-bit intensity vaf)eare averaged over the integra-
tion boxes to provide a 16-bit mean intensity value. Theddath deviation of the pixel
intensity values provides information about the homoggradithe individual microarray
feature intensities. Large standard deviations can inelidafects (e.g. uorescent parti-
cles or scratches on the microarray surface) or bad alighai¢he readout grid. Average
brightness, standard deviation of the feature brightnedsl@e position of the individual
features are saved in comma-separated value (CSV) format.
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Figure 5.6: Microarray analysis with ScanRA. Readout of the hybridization signal
intensities of a feature block. (A) Rotation of the image. (B) An orthogonal readout
grid doesn't match all feature positions exactly if the array is slightly distorted. (C)
A quadrilateral readout grid de ned by the four corner point s is a good rst order
approximation for small image distortions. (D) Integratio n boxes (blue) are located

at the grid points in the center of the features.

Time series of uorescence micrographs can be analyzedtehbaode — the readout grid
needs to be de ned only once. To account for drifting of the@g®a owing to thermal ex-
pansion of the hybridization chamber (if the temperatuselieeen varied signi cantly), the
position of the rst (upper left) corner point has to be pred manually for about ve

images. The drift offsets of the other images are deterniaydahear interpolation.

5.3 Real-time Monitoring of Microarray Hybridi-
zation

Microarray hybridization is usually followed by one or seslewashing steps to remove
unhybridized targets (see Fig. 2.22). Washing is necedeaiye detection of small hy-
bridization signals since these are otherwise not visibtkivthe uorescent background
of the hybridization solution. This is typically the case éxpression pro ling experiments
where thousands of different nucleic acid targets comphisdaybridization solution.
However, in most of the experiments performed this study angingle target species is
contained in the hybridization solution. At a target cortcation of 1 nM the concentrated
uorescence of the hybridized targets (surface-bound ertticroscope focal plane) can
be well-distinguished from the background uorescencehefhiybridization solution.
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This enables real-time acquisition of the hybridizatiognsil in the hybridization buffer
solution.

5.3.1 Hybridization Bu er

A minimalist hybridization buffer comprises salt (commpiNaCl - 0.2 to 1 M dissolved
in water) to reduce electrostatic repulsion between neglgtcharged nucleic acid strands,
a buffer reagent to maintain a pH between 6 and 8, and a santatct prevent unspeci ¢
adsorption of targets on the microarray surface.

The following hybridization buffer - based on SSPE (saline sodium phosphate - EDTA)
- has been used in most experiments.

5 SSPE based hybridization buffer:

5 SSPE (nuclease-free water, 0.75 M NaCl, 50 mM BR&;, 5 mM
EDTA)

add 0.01% (v/v) Tween-20
adjust to pH 7.4 with NaOH

Addition of the surfactant Tween-29 (polyoxyethylene (20) sorbitan monolaurate) is es-
sential to prevent a strong unspeci ¢ adsorption of targetshe microarray surface. Use
of 0.1 % sodium dodecyl sulfate (SDS), rather than Tweemt#®ged out to be less suit-
able, since SDS tends to precipitate as uorescent crysttalemperatures below 30.
The chelating agent ethylenediaminetetraacetic acid D8 added to inhibit nuclease
activity.

The widely-used MES (2-(N-morpholino)ethanesulfonidabiybridization buffer [Nuw02]
works equally well, however, at temperatures above®68trong irreversible adsorption
(Fig. 4.3.4) of the uorescent targets is observed (euse of the microarray not possible).

MES hybridization buffer:

50 mM MES, 0.5 M NaCl, 10 mM EDTA
add 0.01% (v/v) Tween-20

5.3.2 Microarray Washing Procedures

Using standard microarray washing procedures salt residaghe small microarray fea-
tures can be a serious problem. For prevention of salt resithe microarray washing can
be nalized with the following procedure (performed at rooemperature):
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Washing in ethanol/water (50:50) for 1 minute. Salts digsah the water. The ethanol
content prevents dissociation of the duplexes.

Washing in 95% ethanol for 1 minute
Drying under a stream of nitrogen
Alternatively, washing can be performed within the hylration chamber. The hybridiza-

tion solution and weakly-bound targets are ushed away bghwag buffers. Microarray

analysis in solution (in a low stringency buffer) circumtethe problems related to salt
residues on the dry microarray surface.
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Chapter 6

In uence of Single Base Defects on
Oligonucleotide Duplex Binding

A nities - Microarray

Experiments

6.1 Motivation

Oligonucleotide microarrays are increasingly used foroggping and resequencing appli-
cations. Thediscriminationcapability of short & 30 nt) oligonucleotide probes is used
for the detection o§ingle nucleotide polymorphisméSNPs) and gene mutations.

SNPs can be detected by hybridization with short oligoratale probes (typically 12 to
30 nucleotides long). Already a single mismatched baseqaairresult in a signi cant
decrease of duplex binding af nity [Wal79].

According to [Sug86; Sug00; San04] the Gibbs free energytterformation of mis-
matched duplexes can be established on the basis afigarest neighbor modgkee
section 2.3.2). Appropriate nearest neighbor parametgrsdmbined hydrogen bond-
ing and stacking interactions between the MM base pair aighbhering base pairs have
been determined by Allavét al. [AlI97]. However, the current thermodynamic models of
oligonucleotide duplex stability, based on these parara&te not describe the dominant
in uence of defect position that has been observed in réggniblished DNA microarray

The ability to discriminate between a perfect match (PM) and mismatch duplex (MM) can be used,
for instance, to discriminate between the wild-type and a muant gene.

Variation of a single base pair (point mutation) in the genome, occurring in at least 1% of a
population. SNPs largely determine genetic individuality, but also the individual susceptibility to
gene-related diseases, and are therefore of great interesbt only for genetic research but also for
medical diagnostics.
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studies [P0z06; Wic06; NaiO6b]. Oligonucleotide hybratinn is by far not yet under-
stood. This is particularly true for surface-bound hylzadion on DNA microarrays and
for the hybridization of mismatched duplexe®etailed knowledge about the underlying
physical process is still lackin.

The development of the microarray synthesizer motivatadaestigation of the impact of
the point defects originating from the situ synthesis process. Our initially technically
motivated interest led us to a comprehensive investigatitime impact of point defects on
oligonucleotide binding af nities on DNA microarrays.

Previous related studies on the impact of single base MMctiefeere based on relatively
complex target mixtures of biological origin, i.e. uorestly labeled PCR-products (up
to 600 bp long) [Wic06] and RNA targets ampli ed via vitro transcription from PCR-
products (originating from ribosomal RNA) [Poz06], resipesy.

The hybridization af nity of individual probe-target pairis affected by many factors.
Therefore, in this study, complications originating froanget secondary structure, steric
hindrance, labeling effects, cross hybridization, contipet effects, and in uences re-
lated to target preparation (e.g. bias in nucleic acid acgilon) have largely been
avoided by using rather short (20-37mer) syntheticallyitated oligonucleotide targets
(see Tab. 6.1). DNA and RNA oligos were end-labeled with @yar83 (Cy3™) uores-
cent markers. To minimize competitive hybridization andss-hybridization effects the
hybridization assays were performed with only one targetigs at a time.

In previous studies [Wic06; Poz06] defect positional innee has been investigated sta-
tistically (as an average characteristics of many differarsmatched duplexes). Here,
however, we have focused on the position-dependent impaaigie-base defects in indi-
vidual sequence motifs.

Tautz and coworkers in [P0z06]: "We also examined the e ectf single-base pair mismatch (MM)
(all possible types and positions) on signal intensities ofluplexes. We found that the MM e ects
di er from those that were predicted from solution-based hybridizations. These results recommend
against the application of probe design software tools thatuse thermodynamic parameters to assess
probe quality for species identi cation. Our results imply that the thermodynamic properties of
oligonucleotide hybridization are by far not yet understood."

Zhang et al. [Zha07]: "'DNA/DNA duplex formation is the basic mechanism that is used in genome
tiling arrays and SNP arrays manufactured by A ymetrix. How ever, detailed knowledge of the
physical process is still lacking."
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6.2 Conception of the Microarray Hybridization
Experiments

The impact of single base defects on oligonucleotide bipdimities was systematically
investigated with DNA microarrays comprising large setslefiberately point-mutated
probe sequences. Within each probe set the individual edpegences were derived from a
commonprobe sequence motify substitution, insertion or deletion of single nucleetdt

a systematically varied position (see Fig. 6.1). Hybrid@awas performed with uores-
cently labeled target oligonucleotides, which were comrm@etary (thus perfectly match-
ing) to the corresponding probe sequence motif. The DNA add Bligonucleotide target
sequences (Tab. 6.1) were chosen (using the UNAFold satieanucleic acid structure
prediction) to avoid stable secondary structures intergewith the hybridization to the
microarray-tethered probes.

Sets of probe sequences containing single base variatiasge Gubstitutions, insertions
and deletions) with respect to a common sequence motif wemergted with a MatLab
code. Upon hybridization with the target sequence thesati@ns of the probe sequences
give rise to destabilizing point defects in the duplex stite (i.e. single base mismatches,
insertions and deletions).

In each probe set the defect position is shifted (in incrasehone base position) from the
3'-end to the 5'-end of the probe sequence motif (see Fig. &dr each defect position the
probe set comprises 3 MM probes (the perfect matching basgbstituted by one of the
3 remaining bases, thus resulting a mismatched base pdi) &M probe, which is used
for quality control (e.g. to identify gradients). Additialty, four single base insertions and
a single base deletion probe were generated by insertiorsoffdus base, or by deletion
of a base, respectively.

The high exibility gained from DNA microarrayn situ synthesis and the excellent spot
homogeneity - in comparison to spotted microarrays - sieph comprehensive compar-
ative analysis and provides the capability to detect suliffierences of the probe af nities.
As will be shown below the wealth of data contained in tledect pro les(hybridization
signal as a function of defect type and defect position) lierindividual sequence motifs
provides new insight into the molecular mechanisms detgngioligonucleotide duplex
binding af nity on DNA microarrays.

6.3 DNA Microarray Design

The individual experiments performed with different mianay designs focus on the
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5-AACTCGCTATAATGACCTGGACTG-Cy3-3'Target oligonucleotide

3-TATTACTGGACCTGAC-5’ Probe sequence motif
(complementary to a

‘ section of the target)

Set of point-mutated probe sequences,
derived from common probe sequence motif

3- MTACTGGACCTGAC-5 }
3- ATTACTGGACCTGAC-5’ Single base mismatch (MM) probes
3'- ASTACTGGACCTGAC-%
3'- ATTACTGGACCTGAC-5 Perfect match (PM) probe

Defect positon 1~ 3-T ATTACTGGACCTGAC-5’
3'-T ATTACTGGACCTGAC-5’
3-T ASTACTGGACCTGAC-5’
3-T ATTACTGGACCTGAC-5’
3'- ATTACTGGACCTGAC-5’ Single base deletion probe

Single base insertion probes

3-T TKAACTGGACCTGAC-5'
3-T TTACTGGACCTGAC-5’
3-T T’ACTGGACCTGAC-5’
3-T TTACTGGACCTGAC-5'
Defect position 2 3-TATAACTGGACCTGAC-5’
3-TA TTACTGGACCTGAC-5’
3-TA TWACTGGACCTGAC-5’
3-TA TTACTGGACCTGAC-5’
3-T TTACTGGACCTGAC-5’

4

Feature arrangement on
the microarray
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Hybridization signals

Defect position 1
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O
)
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‘ Hybridization with the
oooog g Target sequence
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Defect position 2 '

Defect profile
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signal (a.u.)
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Figure 6.1: Design of the experiment: a comprehensive set of point-mutad probes
is derived from a commonprobe sequence motifwhich is complementary to the target

sequence fprobe sequences are shown for the rst two defect positions only)For each
defect position these include 3 single base mismatches (MMsshown in red), 4 single
base insertions (green), one single base deletion (red) anohe perfectly matching
(PM) control probe (blue). To enhance quantitative analysis, probe sets are arranged
on the microarray as a compactfeature block Hybridization signal intensities from

hybridization with the target sequence are plotted versus defect position. Thdefect
prole shows relative binding a nities (i.e. the discrimination b etween the defect
hybridization signal and the corresponding PM hybridization signal) as a function of
defect type and defect position.
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extraction of the defect positional dependence,
comparison of the binding af nities of different defect g and on the

identi cation of further in uential parameters.

The individual chip designs employed differ in selectiord apatial arrangement of the
probe sequences.

6.3.1 Microarray Design Considerations for Quantitative A na-
lysis of Hybridization A nities

Several factors affect quantitative analysis of microamgbridization signals: Spatial
variations of the photo-deprotection intensity and optatzerrations affecting the imag-
ing contrast can result in gradients of the probe DNA qudhty indicated in Fig. 6.2B).
Depending on their position on the microarray, probes d¢oraarying degree of random
synthesis errors. The corners of the rectangular synthesssare most affected, since here
the UV exposure dose, due to vignetting, is signi cantly #srahan in the center of the
synthesis area.

Gradients on the uorescence intensity also arise fromoaptvignetting in the uores-
cence microscope. This is largely compensated by shadmgation (see section 5.1.3).
To minimize impairments by gradients, probes for which Igiaation signals are to be
compared directly were arranged in closely spafeadure blockgas shown in Figs. 6.1
and 6.2).

Local target depletion during hybridization (see sectid¥) 8an likewise result in position-
dependent gradients of the hybridization signal intendityfeature blocks with identical
(or very similar) probe sequences, owing to the competaifdhe probes for the same pool
of targets, features in the center of the block (surroungegi tompeting features) - under
unfavorable hybridization conditions [Pap06] - can havalsen hybridization signals than
equivalent features at the edges of the feature block.

Control features (comprising perfect matching probes)cWiare evenly distributed over
the feature block, are employed to indicate hybridizatignal gradients: the variation of
the PM signals (e.g. in Fig. 6.4A) shows the magnitude oliieaposition dependent bias.
Usually the impairment of the hybridization signal by suchdients is relatively small,
resulting in variation of the control-probe intensitiesighis typically smaller than 5-10%
of the PM hybridization signal intensity. However, if theldmdization kinetics is very fast

- thus incoming targets are preferentially captured by tlobgs at the edge of the feature
block - spatial variations of the hybridization signal of igp50% of the PM intensity can
occur [Pap06]. Unfavorable conditions affecting quatitiemeasurement are avoided by
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using relatively short probes (rather 16mers than 25mes#g sequences with moderate
binding af nities, and by application of suf ciently strogent hybridization conditions.

6.3.2 Single Base Defect Experiments
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Figure 6.2: Microarray feature arrangement (A) for the single base mismatch
experiment (compare with Fig. 6.3) and (B) for the direct comparison of various
defect types. In A the feature block comprises 16 MM positions. The substitutbn

base is either A, C, G or T. Depending on theprobe sequence motitthe substitutions

will result in one PM and three MM probes. The design inB includes one PM, three
MM, four single base insertion and one single base deletionrpbe four each of the
16 defect positions. The 9 probes belonging to each positioare randomly arranged
in a 3 3 matrix (depicted by dashed boxes for defect positions 1 and.6). In this

arrangement, as shown in(B) , the gradient-related variation within the closely spaced
3 3 feature group (belonging to a particular defect position)is signi cantly smaller

than the variation between features (belonging to di erent defect positions) which
are located further apart.

Single base mismatches

To investigate the positional dependence of single basmatthes and the impact of the
mismatch type, we designed microarrays containing congm&iie sets of MM probes
derived from a series of twenty- ve 16mer probe sequencefmofs described above,
position and type of the mismatch base pair were systenfigtiGaied, allowing us later
to distinguish between the dominating positional depeoéde@md other in uential factors.
The features are arranged in groups of four, corresponditigetfour possible substituent
bases (A, C, G and T) at a particular base position. A grouppcises three mismatch
probes plus one perfect match probe used for control. Sixtéehese feature groups
(one for each base position) are arranged in a square fdatale comprising in total 64
features (Figs. 6.3 and 6.2A).
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Single base bulges

Probes containing single base insertions and deletionsagaw an unpaired unpaired nu-
cleotide form bulged duplexes (see Fig. 2.16) with reduceabilty. A comprehensive
study on the impact of single base insertions was perforrée. experiment comprised
about 1000 single base insertion probes (insertion basedypd position systematically
varied) derived from twelve 20 to 25mer probe sequence sdlifie feature arrangement
is similar to that in Fig. 6.2A.

Direct comparison of single base MMs and single base bulges

Probe sets were derived from 16mer probe sequence motifglementary to the targets

in Table 6.1. For each of the 16 possible defect positiondaetof 9 probes (comprising

four single base insertions, one base deletion, three MMsoawre PM probe) has been

created. To prevent that regular arrangement of the defpestcan create a systematic
bias on measurement (e.g. due to increased target depletEmthe PM probes), the

subsets of 9 probes were randomly arranged i &atrices as shown in Fig. 6.2B.

6.4 Hybridization Assays and Image Analysis

6.4.1 Oligonucleotide Targets

DNA and RNA target oligonucleotides (Tab. 6.1) were synitexs by MWG Biotech AG
(Ebersberg, Germany) and by IBA Nucleic Acids Synthesist{iG@gen, Germany). 5'-Cy3
markers were attached in the nal coupling step of the oligdaotide synthesis via cou-
pling of Cy3-phosphoramidite. The 3'-Cy3 modi cations vegeroduced postsynthetically
by linkage of amino-reactive NHS-esters.

Gibbs free energies G5; and melting temperatures, Tof the PM-duplexes (predicted with
the DINAMelt server - two-state hybridization) are prowide Tab. 6.2. Target secondary
structure could not be avoided completely - in particulartf@ longer sequences and for
the more stable RNA sequences. Possible target oligortidd¢esecondary structure (loop
and hairpin formation) was investigated with the DINAMed#ir&er [Mar05] (see Tab. 6.2).

6.5 Dominant In uence of the Defect Position

The "defect pro le” plots (plots of the normalized hybridition signal vs. defect position
- e.g. in Figs. 6.4 and 6.15) show that the dominant paramdetermining oligonucleotide
probe-target-af nity - on the microarray surface - is thesgion of the defect.
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Table 6.1: Fluorescently labeled DNA and RNA target oligonucleotides

Name Target sequence (5' 3') Label Length (nt)
URA DNA ACTACAAACTTAGAGTGCAGS!-Cy3 38
...CAGAGGGGAGTGGAATTC
NIE DNA ACTCGCAAGCACCACCCTATBACyY3 22
LBE DNA GTGATGCTTGTATGGAGGAA3'-Cy3 30
..TACTGCGATT
PET DNA ACATCAGTGCCTGTGTACTAGBAG 24
BEI DNA ACGGAACTGAAAGCAAAGAC3'-Cy3 20
COM DNA AACTCGCTATAATGACCTGGABTE3 24
NCO DNA TAGTGGGAGTTGTTAGTGATGTGS 24
PET RNA ACAUCAGUGCCUGUGUACUAGGSCA 25
LBE RNA GUGAUGCUUGUAUGGAGGAB-Cy3 34
...UACUGCGAUUCGAU

COM RNA AACUCGCUAUAAUGACCUGGACYR5 24

Table 6.2: Gibbs free energies and melting temperatures of PM duplexeand target
secondary structures (DINAMelt server [Mar05]), T=37 C, [Na"]= M, strand con-
centration 1 nM. The targets COM (DNA) and NCO don't form rele vant secondary
structures. For RNA/DNA duplexes no data on duplex stabilit y is available (NDA).

PM duplex Target secondary structure

Target Duplex Gy in T Gsy in Tm
name type kcal/mol in C kcal/mol in C
URA DNA/DNA  -48.1 77.5 -0.1 40.1
NIE DNA/DNA  -29.2 67.1 0.5 27.6
LBE DNA/DNA  -36.6 70.7 -1.16 45.3
LBE RNA/DNA NDA NDA -7.1 63.0
PET DNA/DNA  -29.6 66.1 -1.23 54.5
PET RNA/DNA NDA NDA -1.23 54.5
BEI DNA/DNA  -24.2 59.6 0.08 35.1
COM DNA/DNA  -28.7 64.5 - -
COM RNA/DNA NDA NDA -0.1 37.4

NCO DNA/DNA -28.7 65.1 - -
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Figure 6.3: Fluorescence micrograph of two neighboring feature blocki the 16mer
mismatch experiment. The shading-corrected image shows tfeature blocks corre-
sponding to two di erent 16mer probe sequence motifs (3-TTGAGCGATATTACTG-

5' to the left, and 3-TATTACTGGACCTGAC-5' to the right) bot h hybridiz-
ing with the uorescently labeled target sequence COM (5-Cy3-AACTCGCTATA-
ATGACCTGGACTG-3). The dierent hybridization signal int ensities of the two
feature blocks are owing to dierent binding a nities of the two probe sequence
motifs. The feature size is 21 m. Each feature block comprises all single base mis-
matches that can occur in the corresponding probe sequenceatif. Groups of four
features (as indicated by the marked groups 1 and 2) correspul to each one of the
16 possible mismatch base positions. As indicated by the l&trs between the feature
blocks the uppermaost row of features in each group correspas to an A base at the
corresponding base position, followed by probes with C, G ath T (see also Fig. 6.2).
The brightest feature within each group corresponds to the grfect matching probe.
Nonhybridized targets in the hybridization solution contr ibute to the background in-
tensity between the features. The "mismatch defect pro le" for the probe sequence
motif 3'-TATTACTGGACCTGAC-5' is shown in Fig. 6.4.

Defects near the duplex ends are distinctly less destadgjlihan defects in the center of the
duplex. As shown in Fig. 6.4 the hybridization signals of ithéividual mismatch probes
are lined-up along the trough-like "'mean pro le” curveo(id black ling. A parabolic t
can provide a reasonable approximation for the averagé@osgiependence obtained from
a large number of different sequence motifs (as shown inQ@/i€0z06]). The discrimi-
nation between PM and MM hybridization signals is largesh# defect is located in the
middle of the duplex. For 16mer duplexes (as shown in Fig) & gingle base mismatch
(MM) in the center typically yields 0-40% of the perfect ma{®M) hybridization signal,
whereas at the duplex ends defects have signi cantly lepsiainon the hybridization sig-
nal.

The discrimination between PM and point-mutated probe&w@p on the stability of the
particular probe sequence motif: The more stable 25mergsr¢&hown in Fig. 6.15) are
less discriminative than the shorter 16mer probes (FigdA @nd 6.19). Reduced dis-
crimination is also observed (see Fig. 6.5) for sequenceshadre stabilized by a high
CG-content .
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Figure 6.4: The mismatch defect prole (A) (hybridization signal versus defect
base position) was obtained from the analysis of the hybridiation signals of the
feature block shown in the right part of Figure 6.3. The probe sequence motif 3'-
TATTACTGGACCTGAC-5' is complementary to the target oligon ucleotide COM.
The di erent types of base substitutions are highlighted by di erent markers (A red
crosses; C green circles; G blue stars; T cyan triangles). Thblack line indicates
the mean pro le (moving average of all mismatch hybridization signals over positions
p 2top+2). PM probes (grey symbols) are used as a control to detect ystematic
bias (gradient e ects) on the hybridization signal. The variation of the PM probe
intensities also provides an estimate for the error of the masurement. Bias-related
deviations between distant features, owing to gradient e ects, are expected to be
larger than the errors between the compactly arranged feattes corresponding to
the same defect position. (B) Deviation prole. The strong position dependent
component of the hybridization signal was eliminated by sultraction of the mean
prole. In the following the hybridization signal deviatio n from the mean pro le
is referred to as | mp. (C) Comparison of mean mismatch hybridization signals
(average of the three mismatch hybridization signals at a paticular defect position)
at the sites of C G base pairs to mean MM hybridization signals at the site of agacent
A T base pairs. A marker (red star: AT, blue circle C G) is set in the upper row if
the hybridization signals of the mismatches at the correspading site is higher than
that at the adjacent site; otherwise a marker is set in the lower row. We noticed that
mismatched base pairs substituting a CG base pair usually have systematically lower
hybridization signals than mismatches substituting a neichboring A T base pair.
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The positional in uence observed in the mean pro les is &Eygdetermined by the defect-
to-end distance, but is superimposed by a sequence depauthenbution. The variation
of the shapes of the mean insertion pro les in Fig. 6.5 intisdhat the impact of a defect
is affected by the stability of the local sequence environtfee. not only by the next
nearest neighbor base pairs). We discovered that singke llhdge defects, originating
from single base insertions (Fig. 6.15) and deletions (f6id.9) - within the individual
defect pro les - display the same positional dependencénggesbase mismatch defects.
An attempt to explain the origin of defect positional in usmis made in section 7.

To investigate other factors in uencing oligonucleotidgutex binding af nity (e.g. defect
type and defect neighborhood) the dominating positionakince needs to be eliminated.
Design (selection and arrangement of probes) and analfysig @xperiments enable sep-
aration of the different in uential factors.
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Figure 6.5: The impact of defects is a ected by the local sequence envimmment.
Normalized single base insertion pro les (hybridization dgnal plotted versus the in-
sertion base position) of four 25mer probe sequence motifsomplementary to the
same target sequence (URA - shown below). The probe motifs Iot4 hybridize to dif-
ferent sections of the target oligonucleotide. Mean pro les (bold lines) were obtained
from the moving average of the particular insertion pro les (individual hybridization
signals are shown as faint grey symbols - pro le 4 is shown in@tail in Figure 6.15A).
The mean proles 1 to 3 have a distinct minimum between base psitions 15 to 20.
The stabilizing CG-rich region between base positions 15 ah 33 is the reason for the
reduced MM discrimination in pro le 4.

Discussion

We observe a dominating in uence of the defect position oplelx binding af nity. De-
fects located in the center of the oligonucleotide duplexessigni cantly more destabi-
lizing than defects at the ends.
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Strong in uence of MM position has been reported previousBinly by other microarray
based studies, but also from hybridization experimentsiut®n.

From optical melting studies (on 7mer RNA/RNA duplexes ifuton) Kierzeket
al. [Kie99] report a 0.5 kcal/mol stabilization increment pack base position that
the defect is closer to the helix end. A positional in uencasmbserved for W and
A A, whereas the & mismatch stability was largely unaffected by the position

Dorriset al. [Dor03] found a similar positional in uence for 2-base MM@&#B-base
MM probes on CodeLink 3D gel arrays. They also report a strmorgelation (in-
cluding the positional in uence) between solution-phasaltmg temperatures and
microarray hybridization signals of the MM duplexes.

More recently Wicket al. [Wic06] and Pozhitkowet al. [Poz06] reported a strong
in uence of the defect position on the binding af nity of gjte base MM duplexes
on DNA microarrays.

In accordance with [Poz06] we have identi ed MM positionl&téve to the duplex ends)
as the strongest in uential factor on the hybridizationrgil when compared to MM-type
(determined by the mismatch base pair Y) and nearest neighbots.

To our knowledge only two studies ([Kie99] and [Dor03]) refpm defect positional in u-
ence for hybridization in solution. This may partly be dudfe unavailability of a large
number of of appropriate probes for a systematic study. Sthéstrong positional in u-
ence, mostly observed in microarray experiments, is uaaxgd.

The observation of a strong position dependence is in comvith the two-state nearest-
neighbor model of DNA duplex thermal stability, where therthodynamics of internal
mismatches is treated as independent of the MM positionJ&arAlso, oligonucleotide
duplex stability prediction software (based on a multtestaodel) underestimates the MM
positional in uence when compared to microarray hybridiiza assays [Wic06].

For single base bulge defects we observed a very similatiposiependence as for single
base mismatches. Also, the magnitudes of the impacts of thie &hd base bulges on
the hybridization signal are very similar (apart from th&atige high binding af nity of
Group Il bulges). This consistency suggests a common oaoigihe positional in uence,
expected to be independent of the defect type.

Sterical crowding at the surface as discussed by Petatsah [Pet02] could possibly
introduce a positional dependence on the hybridizationadgyof defect probes. Reduced
accessibility of the probes surface-bound 3'-ends caniimcyple decrease the impact of

5 According to the nearest-neighbor modethe anking base pairs towards both sides of the mismatched
base pairX Y {just like the mismatched base pair itself { determine the base stacking interactions.
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defects located near the 3'-end, and thus result in inccebgbridization signals of the
corresponding probes. This, however, runs contrary todrgely symmetrical intensity
pro les observed (Fig. 6.4) and therefore does not providatisfactory explanation for
the in uence of defect position.

Focusing on individual probe sequence motifs, we obsehad,the positional in uence
is not simply a function of the defect-to-end distance: ihea has a sequence-dependent
contribution. This indicates that the mismatch discrintimacould be affected by the sta-
bility of the nearest neighbor pairs between the defect hagtoximate duplex end.

The observed in uence of the duplex sequence and the symirakthe defect positional
in uence with respect to both duplex ends suggest that esdain opening (i.e. sequential
unzipping of the double-helix from the duplex ends) is the ikeechanism for understand-
ing the in uence of defect position on duplex stability.

6.6 Mismatch Discrimination in DNA/DNA Du-
plexes

6.6.1 Experimental Results

For statistical analysis of MM type and nearest-neighbarances the superimposed po-
sitional in uence needs to be eliminated. This is achievgdbbtraction of the (moving
average) mean pro le. In the following the hybridizatiomsal deviation from the mean
pro le is referred to asl np. The resulting position-independent defect pro le (fomsi
plicity we keep using the expression "defect pro le”) corigang defect-type and anking
base pair in uences only, is shown in Fig. 6.4B.

In the following we use the notation of the mismatch base }afrconsisting of the mis-
matched bas& in the probe sequence and the basén the target sequence. In our
experiments the systematic variation was restricted tb#ses< in the microarray probe
sequences. Since we had only a limited set of uorescenllglid target oligonucleotides
available (see Tab. 6.1) - the target sequences with the Nassmained unchanged.

To investigate how the particular MM-typ&sY affect duplex stability we measured probe-
target-af nities for 25 different probe sequence motifss{dbuted over three different mi-
croarrays). The PM hybridization signals of the 16mer prebguence motifs display a
strong variation (up to a factor of 20). The absolute hylzation signals from different
probe sets are therefore not directly comparable. Howewace the relative intensities
(of the various MM probes) within the probe sets are largelgifiected by this variation,
we can normalize the "position-independent defect prd lag division by their standard
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deviation. The resulting database comprises normalizéxdidigation signals (with the
positional in uence eliminated) from about 1000 differesihgle MM probe sequences.
The large database enables categorization of the hyhbtimiizaignals according to the
mismatch-type.
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Figure 6.6: Mismatch-type dependent impact of single base MMs on the biding
a nities of DNA/DNA oligonucleotide duplexes. Box-whiske r plot representation of
the hybridization signal distributions for the individual mismatch types, arranged
according to the median values (depicted by the vertical lire at the notch). More
exactly, rather than hybridization signal intensities the plot shows the normalized
hybridization signal deviations from the mean prole |, - see Fig. 6.4B. Boxes
indicate the interquartile range (from the 25th to 75th percentile) containing 50% of
the data. Whiskers extend to a maximum value of 1.5 times the mterquartile range
from the boxes ends. Values beyond are classi ed as outlierdf the notches of two
boxes do not overlap the medians values di er signi cantly with a 95 percent con -
dence. Histograms of the hybridization signal distributions are shown in Fig. A.11.
The largest discrimination between PM and MM hybridization signals is observed
for those mismatches where G5 base pairs are a ected by the mispaired base (i.e.
TG, CC, TC,AC, GG). An exception is A G. The positive tails of this and other
distributions seem to originate from stabilizing C G base pairs next to the defect.

The boxplot representation of this data in Fig. 6.6 demaies$rthat MM-types affecting
C G base pairs (i.e. £, CC, TC and AG, GG, T G) have consistently lower median
hybridization signal values than those MM-types affecting base pairs (BA,CA, G A
and CT, GT, T T). In other words, the MM discrimination is systematicaligreased for
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MM defects affecting G5 base pairs.

This explains the obvious differences between the didiobs for the MMs AC/CA,

A G/GA, T C/ICT and TG/GT that have also been observed by [Poz06]. Although the
mismatch typeX Y andY X could be thought to be equivalent (because the bases im/olve
are the same), they result in different PM/MM hybridizatgignal ratios, depending on
the type of PM-base pair (A or C G) affected by the mismatch. For example, the impact
of the MM A C affecting an AT base pair is (on average) smaller than the impact of the
MM C A affecting a CG base pair. Therefore, the ratio of PM to MM hybridizatiogral
intensities (i.e. the mismatch discrimination) is larger the mismatch @\ than for the
mismatch AC :

lat=lac <lcec=lca

This can also be seen in the individual MM defect pro les: Rorxed sequence motif
we compared the impact of MMs affecting aGCbase pair (average hybridization signal
value calculated from the 3 MM probes - shown in Fig. 6.4B -h&f torresponding defect
position) to the impact of MMs affecting a directly adjacén® base pair. The analysis
shown in Fig. 6.4C demonstrates that mismatches whichisuiest G base pairs are sig-
ni cantly more discriminating (MM hybridization signal @it 5 to 10% with respect to
the PM hybridization signal) than mismatches affecting igimgoring AT base pair. The
above results on DNA/DNA mismatches are in good agreemeht[Wic06].

Fig. 6.7 demonstrates that the defect-type related dewigiti ,, from the mean MM pro-
les are correlated with the predicted Gibbs free energyedénces G, between the
MM and the PM duplexés The hybridization signal intensity is (with several exeep
tions) gradually decreasing with increasing G;;. Thus, the experimentally observed
MM discrimination on DNA microarrays is correlated with tfree energy difference be-
tween MM and PM duplexes (calculated from nearest-neiglite@ energy parameters
[San98; AllI97]). A similar result has been reported in [W6¢0

The large discriminations for A, T G and in particular G5 mismatches (as shown in
Fig. 6.7) are not in agreement with the above establisheddioal In agreement with
our results Wicket al[Wic06] found A A mismatches to be more destabilizing than "pre-
dicted' by  G,,. Pozhitkovet al. [P0z06], in agreement with our study, reportedsG
mismatches to be among the least stable MM defects.

Gz, = Garum G3,py Was determined from MM nearest neighbor thermodynamic paran-
eters [All97] for a temperature of 37C
However, in [Poz06] hybridization was performed with RNA targets (rather than DNA targets).
Di erences between RNA/DNA and DNA/DNA hybridization are d iscussed in section 6.8.
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G3; was calculated from
mismatch NN-parameters [All97]. Error bars account for anking base pair related
variation of  Gz; (see Fig. 6.10). The experimentally measured MM discriminéon
for GG, A Aand T G is larger than predicted by the nearest-neighbor parametes.
The in uence of anking base pairs (on both sides of the MM bas pair) is considered
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6.6.2 Discussion

We observed that single-base MMs introduced at the site ofGaliase pair result in a
larger decrease of the hybridization signal (with respedhe PM hybridization signal)
than MM defects affecting A' base pairs. The same applies for single base deletions (see
Figs. 6.19 and 6.20). These experimental results, in aaococawith nearest-neighbor ther-
modynamic parameters for Watson-Crick base pairs [Samddiily re ect the increased
base stacking and hydrogen bonding interactions &f kkase pairs. The effect largely de-
termines the impact (i.e. the discrimination) of the difier MM typesX Y with respect

to the perfect match hybridization signal of DNA/DNA dupésx Our results for MMs
in DNA/DNA duplexes (with the exception of the MM base paiiG; which is the most
destabilizing MM in our study) are in good agreement with k\&t al. [Wic06].

Differences between mismatch type¥ andY X (a similar observation has been reported
by [Poz06] for RNA/DNA hybrid duplexes) originate from th@mmalization with the
corresponding PM hybridization signals. Again, the reasothat defects substituting
the more stable G base pairs are more discriminating than defects affe@iigbase
pairs. Remarkably, this increased discrimination has meenbobserved for RNA/DNA
[Sug00; Poz06] and RNA/RNA [Sch06] hybridization (disdossbelow).

Comparison of our experimental results to previous work

This section discusses our experimental results in theegowif previous work. Main
differences between the various studies discussed in Hogvfng are:

hybridization on the microarray surface or in solution-pha
hybridization of DNA/DNA, RNA/DNA or RNA/RNA duplexes
lengths of the probe and target sequences (e.g. oligortigd#spPCR products)

We emphasize the very good agreement between our MM syabitiier (Fig. 6.8e) and
that of Wicket al. [Wic06] (see Fig. 6.8d). The only major difference is seartfie MM-
pair GG, which is the least stable in our study. In contrast Wick 8adimoto [Sug00]
found GG to be relatively stable. Interestingly, Pozhitkeval. [P0z06] in accordance
with our results report & to be among the least stable MMs.

Wick et al. investigated the impact of single base MMs on the hybritbrasignal of
DNA/DNA duplexes (Wick -Fig. 5a log,(PM/MM) values). The microarrays with 18-
20mer probes were fabricat@usitu by Xeotron (Houston, TX). Targets (PCR-products)
were internally labeled with aminoallyl-dUTP. The hybadtion was performed with a
buffer consisting of 6 SSPE, 25% formamide.

Tautz and coworkers [Poz06] performed a similar microastaygly with 20mer oligonu-
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a) Solution hybridization DNA/RNA (Sugimott al. 2000)
TG GG GA ACXCAXAA XTH CHY AXCTC» X

b) Microarray hybridization DNA/RNA (Pozhitkost al. 2006)
TGCT Y PXXGUXAL B O XU»ARA AGOEA B GXGA X»

c) Gene silencing RNA/RNA (Schwaet al. 2006)
Silencing efficiency depends on the single base mismatch between
the mRNA and siRNA sequences

CAXNG GWXUBUAE @ CXCUX &R G & AAXAG X

d) Microarray hybridization DNA/DNA (Wiclet al. 2006)
G GA T KE B PGXAIGXCT A A XA XC3CC3TE » X

e) Microarray hybridization DNA/DNA (this study)
GAFTKEXAG CTXOXK AAXTEXC S X O AXC3GXG3 X

Figure 6.8: Stability orders of MM-types X Y for hybridization in solution ( a)
and on microarrays (b,d,e). In the microarray experiments (b,d and €) MM binding
a nities have been normalized with the corresponding PM binding a nity, whereas
the orders a) and c) re ect the absolute impact of the MM pairs on duplex binding
a nity. Here (in series b,d and e) the probe baseX is on the left and the target base
Y is on the right. The e ciency of mRNA silencing (RNAIi) ( c) is determined by
the stability of A-form RNA/RNA duplexes between the RISC-bound guide strand
and the complementary mRNA [Sch06]. The left baseX is part of the guide strand
(position 10) and the right base Y is part of the mRNA. Apart from the base pair
XY the mRNA and siRNA sequences remained xed. In &) to (c) purine bases are
highlighted in blue. In (d) and (e) mismatches with respect to a perfect matching
C G base pair are highlighted in red. The MM stability order in (d) was extracted
from the plot of log,(PM/MM) hybridization signal values in  Fig. 5a in [Wic06].
Further details on the individual stability orders are prov ided in the text.

cleotide microarrays fabricated by light-directi@dsitu synthesis with the Geniom Ohe
instrument (Febit GmbH, Heidelberg). Similar as in our gttltey analyzed normalized
hybridization signal intensities. The order of mismatabsities in [Poz06] (see Fig. 6.8b)
indicates that purine-purine MMs (i.e. @, GA and GG) result in larger duplex destabi-
lization than pyrimidine-pyrimidine pairs. According tB¢z06] the steric clash between
the large double-ringed purine bases may cause an unfdealistortion of the helix ge-
ometry, and thus result in increased duplex destabilimatio

An important difference between the experiments desciibb@@oz06] and our hybridiza-
tion experiments is the use of RNA targets. Therefore thalt®sn [Poz06] refer to
RNA/DNA hybridization rather than to DNA/DNA hybridizatio

Remarkably, we found no signi cant correlation between M# stability orders ob-
tained from our DNA/DNA hybridization experiments (see Fi§.8e) and that reported
for RNA/DNA hybridization in [P0z06]. An interesting quési is whether the differences
originate from different duplex structures - the B-formikeh our DNA/DNA study and
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the A-form helix for the RNA/DNA duplexes in [Poz06].

Further differences withespectto our study: The cRNA transcripts originating from ribo-
somal RNA are signi cantly longer than the oligonucleottdegets employed in our study.
In [P0z06] targets were labeled internally with Alexa Fhatd TP - different from the Cy3
uorescent end-labels used in our experiments. Hybridiratvas performed in 5SSC
buffer. After hybridization the microarrays were washedamove unbound target strands,
whereas in our study the hybridization signal was acquirbidlethe microarray was still
immersed in the hybridization buffer.

A further study on the impact of MM stabilities in RNA/DNA dlgxes, in solution rather
than on a microarray surface, has been published by Sugiribab. [Sug00]. Pozhitkov
et al. point out signi cant differences between their results dhne results of Sugimoto
et al (Fig. 6.8a): In particular the destabilizing effect of jmetpurine MMs described in
[Poz06] is not observed by Sugimatobal..

The reported discrepancies between stability orders fragingoto (Fig. 6.8a) and Tautz
[Poz06] could be interpreted that there are signi cantadi#inces between hybridization
in solution and on the microarray surface. However, theilthabrder in [Sug00] refers
to Ggz7 values of mismatched trinucleotide duplexes (i.e. to alisostability param-
eters) whereas [P0z06; Wic06] and our study employ for eadlvidual MM type the
corresponding PM binding af nity as a reference level. Téfere the comparability of the
RNA/DNA stability order in [Sug00] with the other studiesdussed (our study, [Wic06]
and [Poz06]) is somewhat limited.

Recent work on the impact of single base MMs in RNA-intemeebased gene silencing
experiments [Sch06] is very interesting in the context afgiudy, since here the sequence
recognition is based on base-pairing betweergthde stranda single RNA strand which
is bound to thRISCcomplex) and a complementary mRNA.

Like nucleic acid hybridization RNA-interference (RNAB highly speci ¢ and can dis-
criminate single base mutations. This is particularlyiesting since several genetic dis-
orders have been identi ed in which a point mutation affemtdy one allele of a gene,
whereas the other (wild-type) allele is fully functionalisBase is caused by toxic prop-
erties of mutated protein products. Allele-speci ¢ genlersiing of the mutated gene is
currently being investigated as a promising approach foedeerapy of dominantly inher-
ited diseases (e.g. forms of Alzheimer's disease, Parkiagbsease, amyotrophic lateral
sclerosis and Huntington's disease [RL0O6]).

For an application as a potential gene therapy it is impotaaonderstand how the guide
strand has to be selected so that the mutant allele is sdendeereas the wild-type allele
of the gene remains functional. Schwatzal. (see table 5bin [Sch06]) have shown that
among all MM-types incorporated at position 10 of the guitlared (except for the point-
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mutations the sequence of the guide strand was preservedefuurine MMs resulted
in the least silencing of gene activity, wherea$slJJC U and UU mismatches resulted in
a very ef cient gene silencing (see Fig. 6.8c)A favored model is that purine-purine
mismatches disrupt RISC activity by preventing the formatdf a conventional A-form
helix between the guide strand and the target mRNA, a stralatequirement for RISC-
mediated cleavage” [RLO6]. Interestingly, the reportedued stability of purine-purine
mismatches is in good agreement with the ndings of Pozhitébal. However, the in-
ferred RNA/RNA MM stability order in Fig. 6.8c, like that imi{Sug00], is not normalized
with respect to the corresponding PM stabilities, but nateeects the absolute impact of
the MM base pairs in a given duplex sequence.

Differences between MM discrimination in DNA/DNA hybrididon and RNA/DNA hy-
bridization are not surprising since DNA/DNA duplexes (anthe experimental condi-
tions employed) occur as B-form helices, whereas RNA/DNA BINA/RNA duplexes
commonly occur as A-form helices (see Fig. 2.5).

The apparent discrepancy between the stability ordersaiistiidies discussed above (see
Fig. 6.8) motivated a systematic comparison of single balgkdidcrimination in DNA/DNA
and RNA/DNA duplexes (see section 6.8).

6.7 In uence of Flanking Base Pairs on Single Base
Mismatch Binding A nities in DNA/DNA Mi-
croarray Hybridization

Due to stacking interactions the destabilizing impact oismatch defect not only depends
on the MM base paiX Y, but also on the anking Watson-Crick base pa#A andB B
on both sides of the defect. [Alk82; Sug86].

5 AYB 3
P AXB &

For a systematic study of the next-nearest-neighbor inceethe mismatch hybridization
signal data was categorized not only according to the thenatish type (as discussed in
section 6.6), but also according to the anking base paitsoth sides of the mismatched
base pair.

[Sch06]: "Mismatches to be well accommodated in an A-form RMX/RNA helix (pyrimi-
dine:pyrimidine, pyrimidine:purine, or purine:pyrimidi ne) displayed intermediate levels of discrimi-
nation, whereas purine:purine mismatches, expected eitheto destabilize the helix or to promote a
stable, but nonhelical, conformation, silenced the reporér least.”
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There are 16 neighborhood classes (combinations @& andB B) for each of the 12
mismatch typeX Y.
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Figure 6.9: Distribution of the median hybridization signal values (deviation from
the moving average pro les) of the various MM neighborhoodsclasses (see legend) as
shown in Figs. A.12 - A.22. Red symbols denote @G neighbors only, blue symbols
denote AT neighbors only. Green symbols correspond to mixed neighbrs. The max-
imum value of about 1.3 a.u. for AG MMs (green up-pointing triangle) is probably
an outlier (only a single measurement was available for thatparticular MM class),
whereas the value of 0.74 (red star) is based on 10 measurent&n The signi cance
of individual data points (which can be a ected by lack of experimental data) can be
evaluated from the corresponding histograms in Figs. A.12 A.22.

Splitting of the experimental data into 192 subsets (ses.F412 - A.22) results in a
relatively small statistical base for the individual MM stes ( large statistical errors and
sequence dependent bias). The signi cance of individui daints can be evaluated from
the corresponding histograms in Figs. A.12 - A.22.

The median values of the neighborhood-dependent MM hyaatitin signal distributions
are shown in Fig. 6.9. To investigate if the experimentalgerved in uence of ank-

9 normalized hybridization signals, positional in uence eliminated
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Figure 6.10: In uence of anking base pairs on MM duplex stability. (A) Gi bbs free
energies G, of mismatched and perfect-matching DNA/DNA trinucleotide duplexes
were calculated from MM nearest-neighbor parameters [AllF]. CG anking base
pairs (red markers) are consistently stabilizing, whereasA T anking base pairs (blue
markers) have a destabilizing in uence. (B) Gibbs free enegy increments Gy
between MM and corresponding PM duplexes. In the two-state earest-neighbor
model the discrimination between single base MM and PM duplges only depends on
the identity of the a ected trinucleotide sequence (MM base pair and anking base
pairs). G5, does not depend on the rest of the duplex sequence or on the pten
of the defect (unless the defect is located at a terminal posibn).
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Figure 6.11: Comparison of MM hybridization signals (normalized with respect to PM hy-
bridization signals - thus representing a measure for MM disrimination) with predicted Gibbs
free energy increments Gg,. Hybridization signals (as shown in Fig. 6.9) are categoried
according to MM base pair type and according to anking base irs. Each data point repre-
sents the median value of a distribution of hybridization signals (in detail shown in Figs. A.12
to A.22). We observe a signi cant correlation between the MM hybridization signal and the
predicted Gibbs free energy increment Gj;. Part (A) highlights the in uence of anking
base pairs on MM discrimination. Flanking A T base pairs on both sides of the defect (blue
symbols) result (on average) in smaller hybridization sigrals than C G-only (red symbols) or
mixed anking base pairs (green symbols). However, the in tence of anking base pairs is
little consistent compared with the in uence of the MM base pair type, which is highlighted
in (B): The discrimination of G G, A A and T G mismatches is larger than predicted by MM
nearest-neighbor parameters from [AlI97] and larger thanm a similar experiment in [Wic06].
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ing base pairs on binding af nities is in agreement with MManest-neighbor parameters
[All97], we compared our experimental data (Fig. 6.9) todiceed free energy increments
between MM and PM duplexes (Fig. 6.10): The MM nearest-risglparameters from
[AlI97] predict a stabilizing in uence of G5 anking base pairs. Fig. 6.10A shows a
consistently increased stability of those duplexes wite @ext nearest neighbors only,
whereas a systematically decreased stability is seen fadexes with AT nearest neigh-
bors only. For the predicted difference G5, between PM and MM free energies - which
is expected to be re ected in the experimentally determividd discrimination - this con-
sistency is somewhat reduced (see Fig. 6.10B). The congpaos G;, with experi-
mentally determined hybridization signals in Fig. 6.11Acms a signi cant in uence

of anking base pairs. On average, anking Rbase pairs result in smaller hybridization
signals than G5 or mixed anking base pairs. However, the in uence of the Midse
pairsX Y onthe MM binding af nity (see Fig. 6.11B) is distinctly momnsistent than
the in uence of anking base pair types. A larger scale invgation of anking base pair
in uence (based on a much larger set of oligonucleotidedasgquences/probe sequence
motifs) would be necessary to increase the statistical seymce of the above results.

6.8 Mismatch Discrimination in DNA/DNA and
RNA/DNA Duplexes - a Direct Comparison

To investigate if the above results from DNA/DNA hybridimat also apply to hybridiza-
tion of RNA/DNA duplexes we performed a direct comparisotwsn DNA/DNA hy-
bridization and RNA/DNA hybridization (employing DNA tagts and equivalent RNA
target sequences - see Tab. 6.1 ) on the same microarray.

6.8.1 Outline of the Experiment

The experiment is basically identical with the experimedgscribed in section 6.6. Hy-
bridization assays are conducted with uorescently lath@®&IA targets and corresponding
RNA target sequences (Table 6.1). To avoid fabricatioateel variation of the hybridiza-
tion signals the DNA and RNA hybridization assays were penfx on the same chip, rst
with RNA target oligonucleotides and - after regeneratibthe microarray with NaOH
(selective degradation of RNA targets) - with the corresjpog DNA targets.

Three different microarrays were fabricated, each onedsiog on one particular target
sequence@OM, PET andLBE). The individual microarrays comprise single base MM
and insertion probeg (single base bulges) for 6 different probe sequence motitb(pg
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different 16 to 20mer subsequences of the target sequence).

Two replicates of each feature block provide a test for thera@ucibility of the mea-
surement. The subsets of data obtained from the individueloarrays were analyzed
independently to check the consistency of the observedtseapart from small sequence-
related biases the three microarrays provided basicalgaime results. Hybridization was
performed with 1 nM target solutions in BSSPE (0.01% Tween-2¥). Hybridization
temperatures were 30 for PET andLBE and 40C for COM (for the target sequence
COM the temperature had to be increased taC@ince local depletion led to inhomoge-
neous hybridization - see section 8.5).

6.8.2 Results

The in uence of the defect position is very similar for the BNDNA and the RNA/DNA
binding af nities (see Fig. A.1). However, there are smétipough reproducible differ-
ences, as the comparison between replicate feature bleekd-(gs. A.2 - A.7) shows. For
single base bulges no defect type speci c differences betMRNA/DNA and DNA/DNA
hybridization were found.

We observed that under equivalent hybridization cond#ithe hybridization signal from
RNA targets is on average about 1.3 times brighter than thtteocorresponding DNA
targets. This is anticipated: RNA targets have a slightigda binding af nity than DNA
targets since stacking interactions are stronger in A-fBMA/RNA and RNA/DNA du-
plexes than in B-DNA duplexés.

Di erences between MM stabilities in DNA/DNA and RNA/DNA du -
plexes

The MM discrimination in RNA/DNA duplexes (Fig. 6.12B) is yjesimilar to that in
DNA/DNA duplexes (Fig. 6.12A). However, a closer look relgesystematic differences
between DNA/DNA and RNA/DNA hybridization. A statisticahalysis (Figs. 6.12 and
6.14) revealed that purine-purine MMs are less stable in RN duplexes (Fig. 6.14c)
than in DNA/DNA duplexes (Fig. 6.14b). Three independemeziments (performed on
different microarrays and with different probe/targetssuces) provided the same trends.
The decrease of purine-purine MM stabilities becomes alsvio the ranking order of
differences between RNA/DNA and DNA/DNA MM stabilities @i 6.14d). The largest
differences between RNA/DNA and DNA/DNA MMs are observedtfee MM-types GA
and AG (which are more stable in DNA/DNA duplexes) and, with reeel sign, for the
MM-type T G, which is signi cantly more stable in RNA/DNA duplexes.

10Binding a nities: RNA =RNA > RNA=DNA > DNA=DNA
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A DNA/DNA mismatch hybridization signal
0 S YR PO S B B

TGt + F--4 X F--1+++ ‘ ‘ A
TCF+ #+#F--[(F-4+ + ‘ ‘ ‘ .

GT | wrrtr——=-D F--c-mw
66| r---{ - ]
GAl+ b I Fo-o-o-- '

CTt + #r-—-=[ T }F=----#+ .
CC t F-=-{ T F-=-4 %+ :

CA | il D Gl e + 1
AG | + -1 L F=-—A++++ .
AC7+‘++‘F77‘EI]‘»7;\ ‘+ +‘ 4—#‘4—#‘ ‘A
AA ‘++‘+H+F;*[:‘(j>;f1‘+#+‘ | | ‘A

~ o5 0 05 1 15

Hybridization signal (a.u.)
B RNA/DNA mismatch hybridization signal
wl o]
TG+ + +rF--[ F--4+#++ =+ .
TCH @ H+--{XF--1 + ‘ ‘ ‘ D

QU ++ r--- Db
GGt rFH---[ L F-=1 + :
GAL r----- - i+ |
CU + + - FfffD::|»777+ ++ + R
cCt # r-—-=[ X F---+4 + +4
CA | F=-[ R4+ + 0 ++ 4+
AG r Fe—--[ X F =1 + ++ 1

AC ++k77m771 + + + E
AA | o k= TR -4+ + + :

-0.5 0 0.5 1 15
Hybridization signal (a.u.)

Figure 6.12: Comparison of DNA/DNA and RNA/DNA mismatch hybridization
signals - statistical analysis. (A) MM-type related in uen ce in DNA/DNA oligonu-
cleotide duplexes. The positional in uence was eliminatedby subtraction of the
moving average MM pro le. Subsequent normalization was peformed by division
through the mean hybridization signal of the particular MM p role. (B) MM-type
related in uence in RNA/DNA oligonucleotide duplexes.
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Differences between MM hybridzation signals
of RNA/DNA and DNA/DNA duplexes
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Figure 6.13: Di erences between RNA/DNA and DNA/DNA MM binding a nities
Largest di erences between RNA/DNA and DNA/DNA have been fo und for the MM-
types TG, GAand A G.

6.8.3 Discussion

Our investigation on the impact of MM-types in DNA/DNA oligacleotide duplexes re-
vealed that single base mismatches substitutiligléase pairs are more destabilizing than
mismatches substituting A base pairs.

However, this seemingly plausible result (shown in Fig.) @sehot in general agreement
with previous work [Sug00; Wic06; Poz06; Sch06] on the imge of the MM type on
binding af nities.

Our direct comparison ("direct” in the sense of using the sgrobe sequences on the
same microarray) between DNA/DNA and RNA/DNA hybridization microarrays re-
veals - for RNA/DNA duplexes - an increased destabilizatibpurine-purine mismatches,
with respect to other MM types. However, we did not obsenehsa distinct impact of
purine-purine MMs as reported in [Poz06] and [Sch06]. Reatthe MM stability order was
very similar to that for DNA/DNA hybridization.

From MM stability orders in Figs. 6.14c and 6.14b (and Fi@ed we infer that the stability
of MMs in RNA/DNA duplexes is determined by two factors:

In RNA/DNA duplexes purine-purine MMs tend to be more desitzibg (with respect
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a) DNA/DNA hybridization (large data set)
GA>TY G AB €& CAXAAX TG xC & X OAXCGX X

b) DNA/DNA hybridization (small data set for direct
comparison with RNA/DNA hybridization)

GA>STT ABG E TXGTXAAXCA A C TG3 KCIXKCx & »

c) RNA/DNA hybridization (small data set - equivalent
to the DNA/DNA dataset in b)

T GA T B G kOUXCA €6 ALA CAGETCE G »

d) Difference between RNA/DNA and DNA/RNA
hybridization signals. Uracil is treated as thymine.
(TG to GT positive; AC to GA negative)

TGCEXA EQG FTXCTGT A € KOAR G GrA GG A »

Figure 6.14: Ranking orders of DNA/DNA MM stabilities in comparison with that

of RNA/DNA MMs. (a) For comparison the DNA/DNA MM stability o  rder from

an independent experiment (Fig. 6.8) is shown here again. (bAs anticipated the

ranking order for DNA/DNA MMs obtained from the smaller data set which is used
for the direct comparison between DNA/DNA and RNA/DNA hybri dization (Fig.

6.12A) is very similar. The ranking order for RNA/DNA mismat ch stabilities (c)

(extracted from Fig. 6.12B) reveals signi cant di erences with respect to (b). In part

(d) MM-types are ordered according to the hybridization signal di erences between
RNA/DNA and DNA/DNA MMs (extracted from Fig. 6.12 A and B). Pu rine bases
are highlighted in blue.

to other MM-types) than purine-purine MMs in DNA/DNA duplex

The in uence of the "affected base pair” - the base pair whiels been substituted by
the MM base pair - is the other factor that determines the anplthe MM type. In the
experiments the PM hybridization signal is used as a reéergalue for the reduction
of the hybridization signal due the MM defect. In agreemeiti {Wic06] we observed
that MMs affecting GG base pairs are more discriminating than MMs affecting A
base pairs.

In the order of RNA/DNA mismatch stabilities (Fig. 6.14ckthatter effect is superim-
posed by the destabilizing effect of purine-purine MMs, vdas in DNA/DNA duplexes
(Fig. 6.14b - our results - in agreement with [Wic06] - see. Bi§d) an increased destabi-
lization of purine-purine MMs is not observed.

An explanation for the observed differences between DNAACHd RNA/DNA binding
af nities is, that purine-purine MMs cause larger sterindiiance in the A-form hybrid
duplexes than in the B-form DNA/DNA duplexes.

In this study, like in [P0z02], a destabilizing impact of pua-purine MMs was observed
in RNA/DNA hybridization. However, we found only a slightigcreased destabilization
with respect to the corresponding purine-purine MMs in DRNA duplexes, whereas
[P0z02] and [Sch06] reported that purine-purine MMs - incdibie terms - are the most
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discriminating MMs with respect to other MM-typés.Further studies will be necessary
to resolve the remaining discrepancy.

A more detailed future investigation of MM stabilities shaalso focus on the in uence of
the anking base pairs. This, however, will require a sigrantly larger database of MM
hybridization signals.

6.9 Single Base Bulge Defects

Single base insertions and deletions, owing to a surplugsitegh base in one of the two
strands, resultin bulged duplexes, which like MM duplexasha reduced binding af nity.
In duplexes with single base insertion probes the bulgeé makcated on the surface-
bound probe strand, whereas in duplexes with single baséi@eprobes the bulged base
is located on the target strand.

The positional dependence of the insertion intensity @e (Figure 6.15A) is very similar
to the mismatch intensity pro le in Figure 6.4, though thdiiridual insertion pro les (for
example the pro le of C-insertions - green circles in Fig@.&5) show large deviations
from the (moving average) mean pro le.

Hybridization signals can be signi cantly increased owsotor more consecutive defect
positions. In particular, base insertions next to idethtigses Group 1l bulges[Zhu99])
result in systematically increased binding af nities - iangparison to insertions of non-
identical basesGroup | bulge$. In the notation of Zhet al. [Zhu99] bulged bases without
an identical neighboring base (Fig. 2.17A) are de nedzasup | bulges whereas bulges
with at least one identical neighboring base (Fig. 2.17B)raferred to a&roup Il bulges
Increased stability of duplexes wiGroup Il bulgesin solution-phase experiments has
been described by Ket al. [Ke95]. Fig. 6.15C demonstrates the systematically irezda
binding af nity of Group Il bulgesn DNA microarray hybridization.

6.9.1 Statistical Analysis

The observed stabilization @roup Il bulgesin comparison tdroup | bulge$in our mi-
croarray experiments is surprisingly large (see discadsaéow): Group Il bulgedocated
near the center of 16mer probes often show hybridizatiomegsgwith a similar intensity
as the corresponding PM probe, wher€asup | bulgesat the same defect position have a
signi cantly smaller binding af nity, with a similar leveas single base MMs at the corre-

1 These studies, however, investigated only DNA/RNA hybridization and RNA/RNA hybrids (RNAi:
A-form helix between the guide strand and the target mRNA), respectively. No comparison with
DNA/DNA hybridization was made.
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Figure 6.15: (A) Single base insertion defect prole (hybridization sig-
nal plotted versus the insertion base position) of the probesequence motif 3'-
CACGTCGTCTCCCCTCACCTTAAG-5" (complementary to the targe t URA).

Symbols correspond to insertion bases (A red crosses; C greeircles; G blue stars;
T cyan triangles). The mean pro le (black line), obtained fr om the moving average
(including all 4 insertion types) over positionsp 2 to p+2 describes the defect posi-
tional in uence. (B) and (C) Positional in uence is eliminated by subtraction of the

mean pro le. Elevated intensities are observed forGroup Il bulges - see text - (e.g.
C insertions at positions 11 to 15, 6 to 7 and 18 to 20 or G inserbns at positions 4
to 5 and 7 to 8). A very distinct increase of the hybridization signal is observed for C
insertions into the C-rich subsequence TCCCCT.Group Il bulges (red markers) have
signi cantly higher intensities compared to Group | bulges (blue markers). Further

examples are shown in Figs. A.8 - A.10.

sponding defect position (see Fig. 6.19).

A statistical analysis with a dataset (Fig. 6.16) compgdigbridization signal data from
1000 different 20-25mer probes proves the general validitthe above observations:
Group Il hybridization signals are signi cantly increased with pest to Group | hy-
bridization signals. The median normalized hybridizatsagnals ofGroup | insertions
do not signi cantly vary with the type of the bulged base. Tamest differencel pyge
betweerGroup | andGroup Il hybridization signals is observed for G-insertionsyge is
smallest for T-insertions.

A similar experiment performed with 16mer probes (resuitbe statistical analysis shown
in Fig. 6.20) shows some differences with respect to Fig6:6ld the 16mer experiment
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Figure 6.16: Box-whisker plots show the hybridization signal deviations (from the
mean pro le) for the di erent insertion base types, which ar e di erentiated according
to aliation to bulge Group I/ll . The statistical analysis includes about 1000 nor-
malized hybridization signals from 12 di erent 20 to 25mer probe sequence motifs.

(Fig. 6.20) hybridization signals dbroup | adenine-insertions are signi cantly reduced
compared to otheBroup | insertion types. The largest differendeg, 4. betweernGroup |
andGroup Il hybridization signals is observed for A- and G-insertiosfge up to 35%
of the PM hybridization signal), whereas a signi cantly diea | ,qe is observed for C-
insertions (| puge * 8% of the PM value) and T-insertions (g © 3% of the PM value).
The larger variation between different insertion typesim B.20 may be explained by the
larger relative impact of the defect (owing to the shortguldu lengths).

Group Il bulgesoriginating from single base deletions in the microarrayber sequences
display increased binding af nities as well (Fig. 6.19, nge dashed line). However, the
| buige for Group Il bulgesoriginating from single base deletions - unexpectedly -iss d
tinctly smaller than for single base insertions. Dedetion defect pro lesire largely within
the hybridization signal range spanned by the single basmatich defects.
Systematically increased hybridization signals (withpeeg to the averaged hybridization
signal level from other defect types at the same positioug ladso been observed for cer-
tain Group | bulges For guanine-insertions next to thymine bases (e.g. in@&itP at base
position 15) we found signi cantly increased hybridizatisignals. It seems that the inser-
tion of G next to a T, similar like the insertion of a T next toodimer T Group Il bulge,
results in an increased binding af nity in comparison toestsroup | bulges.

We further investigated the degree of correlation of bigdihnities between probes with
different insertion basex andY (Fig. 6.17). A distinct correlation appears between the
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hybridization signals of probes with T- and G-insertions] also, though less distinct, be-
tween A- and C-insertions. In contrast to that, our restiitsssan anti-correlation between
G- and A-insertions.
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Figure 6.17: Histograms of hybridization signal di erences IX -1Y (X and Y denote

the di erent insertion bases in otherwise identical probe £quences) reveal correlations
between the hybridization signals of di erent insertion ty pes. To exclude the impact
of systematically increased intensities oiGroup Il insertions only Group | insertions

are regarded here. Between T- and G-insertions (and betwee@- and A-insertions) a

correlation, as indicated by a narrow distribution with a pr onounced peak near zero,
is observed. The broad distribution of hybridization signals di erences between G

and A insertions doesn't show a distinct peak, indicating that there is no correlation

but rather an anti-correlation for insertions of A and G.

6.9.2 Discussion

We observe signi cantly increased hybridization signdlsiagle-base insertion defects in
which the insertion base is placed next to a like-base. Toeased stability oGroup I
bulges in comparison witGroup I bulges has been investigated previously, however, in so-
lution rather than on microarrays, by [Ke95; Zhu99; ZnoG&jcording to Ke and Wartell
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[Ke95] the increased stability @roup Il bulges originates from positional degeneracy of
the extra unpaired base. Additional conformational freedentailing higher entropy, re-
sults in lowered duplex free energy. According to Atwal. [Zhu99] position degeneracy
accounts for an average stabilization o®:3 to 0:4 kcakFmol (in agreement with the
theoretical estimate [Zhu99] of R T In 2= 0:43 kcakFmol at 37 C) for a two position
degeneracy.

Znoskoet al. [Zno02] reportedsroup |l duplexes to be on average G%'=  0:8 kcal/mol
more stable thaGroup | duplexes. The latter value matches our observation of signi
cantly increased binding af nities of Group Il bulges bettince theGroup Il hybridiza-
tion signals observed were often close to the perfect matbhdization signal.

Our investigation shows that (on the microarray) the déffere betweerGroup | and
Group Il binding af nities | pyge (inferred from the hybridization signal) is distinctly
larger than the defect-type related variation of bindingités | yv (see Fig. 6.20).
However, free energy increments betw&mwoup | andGroup Il bulgespreviously reported

( Gilge= 03to 0:4kcal/mol [Zhu99]; Gpl,.= 0:8 kcal/mol [Zno02]) are sig-
ni cantly smaller than the variation of the nearest neightdoplex free energies within the
mismatch defect pro les investigated in our experimentsie MM duplex free energies
in a MM defect pro le (calculated with MM nearest neighborameters of Allawiet al.
[All97]) vary within a range of - G, ' 4 kcal/mol. The standard deviation - with
respect to the mean MM free energy - is about 1 kcal/mol.

Thus, there is a discrepancy between our experimentaktsesuDNA microarrays (where

| buige > | wm ) @and the previous estimates of Gy, since  Gilj,e<  Gijy - One
would rather expect Gpli,.> Gy . Therefore, in the context of our experimental
results, avalue of G, -0.4 kcal/mol appears to be too small. This indicates trat th
model ofGroup Il bulgestabilization by entropy increase due to positional entropy be
incomplete.

For explanation of the surprisingly large binding af nity Group Il duplexes we postu-
late the following mechanism (illustrated in Fig. 6.18) &d®n a molecular zipper model
[Gib59; Kit69] of the oligonucleotide duplex:

The surplus (bulged) base acts as a kinetic barrier, irggng the rapid zipping (consec-
utive base pairing) of the duplex. The frameshift betweendbmplementary sequences,
owing to the unpaired nucleotide prevents hybridizatiopdnel the defect and results in
a partially zipped, and correspondingly weakly-bound,lexip Duplex closure can only
progress if the interfering surplus base is giving way (ee€lopts a favorable looped-out
or stacked conformation), thus allowing the subsequerd ttaform a Watson-Crick base
pair with the corresponding complementary base in the tasgand. From this point
on, the zipping can progress rapidly. Compared to Watsack@earest-neighbor pairs, a
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A Group | base bulge B Group Il base bulge

GCATCTGGACRA TCAGGTCGCATCTGGACRA TCAGGTC
CGTAGACC'I'@;(E\> Zipping CGTAGACC'I'/E}»T—> zipping

up C
v "ong U s

GCATCTGGACEA TCAGGT TC
CGIAGACCTGRE, CGTAGACCTH 7,

frameshift TCC,q G frameshift GTCC 4

= zipping blocked == Zipping blocked G
GCATCTGGACAA TCAGGTCGCATCTGGACAA TCAGGTC

artial
CGTAGACC'I'/K‘:}ZC_ACp#nzipping CGTAGACCT[%’CAGTCCAG
@ CC,qG Any of the degenerate T's in
bulged conformation

= rapid zipping of the duplex

GCATCTGGACEA TCAGGTC
CGTAGACCTGFGTCCAG

A'in bulged conformation
= rapid zipping of the duplex

Figure 6.18: Proposed mechanism for the increased binding a nity of Group Il base
bulges A) Destabilizing impact of Group | base bulges The bulge originating from
the unpaired base 'A’, creates a frameshift of one nucleotid between the complemen-
tary probe and target sections, and thus acts like a barrier elaying the formation of
a stable duplex. The bulged 'A' needs to adopt a favorable (ay. looped out) con-
formation, so that the frameshift is compensated and the ziping of complementary
base pairs can continue. Unlike theGroup | base bulgein A) the Group Il base bulge
in B), originating from the insertion of the surplus base 'T' next to another 'T', is de-
generate. The zipping is interrupted at the defect site, whth is located at the end of
the group of degenerate (identical) bases. As withGroup | sequences, at the barrier
partial unzipping is likely to occur. However, since there s an increased probability
that any of the degenerate bases adopts a looped-out or staek conformation, the
formation of a stable duplex is accelerated. Therefore, in dplexes with Group Il in-
sertions the barrier which is trapping the duplex in a weakly bound partially zipped
state can be overcome faster, resulting in increased stalty.

bulge defect, similar to a mismatch base pair, decreaseatibef zipping/unzipping-rates
k. =k of adjacent nearest neighbor pairs. The bulge increasehifiiex dissociation rate
and thus leads to a reduced duplex binding af nity. Bsoup Il bulgesthek, =k ratio is
increased with respect t8roup | bulges The zipping is delayed at the defect site, which
is located at the end of the group of degenerate (identiea@s As inGroup | duplexes,
partial unzipping will occur at the barrier. However, thésen increased probability that
any of the degenerate bases make way (i.e. adopt a bulgercwtfon) and allow the
subsequent base to form a base pair. Since the frameshdwisompensated, the rapid
zipping, resulting in a stabilized duplex, can continue.
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6.10 Comparison of Single Base Mismatches and
Single Base Bulges

A direct comparison o$ingle base mismata@dmndsingle base bulgbinding af nities (see
Figure 6.19) reveals that tliefect positional in uences largely independent of the defect
type. The microarray design employed for this experimests{@wn in Fig. 6.2B) com-
prises adjacent features for MMs and base bulges to enaldieszt’ comparison” between
the two defect types in the same microarray experiment.
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Figure 6.19: Position dependent impact of various single base defects othe hy-
bridization a nity for the probe sequence motif 3-TTGACTT TCGTTTCTG-5' (hy-
bridized with the complementary target sequenceBEI ). The "defect pro le" reveals
the very similar defect positional in uence of single base nsmatches, insertions and
deletions on duplex binding a nity. Symbols: MM probes with substituent bases A
(red crosses), C (green circles), G (blue stars), T (cyan tangles); moving average
of all MM intensities (black line); single base insertion probes (solid lines) with in-
sertion bases A (red), C (green), G (blue), T (cyan). Hybridization signals of single
base deletions (orange dashed line) are similar to that of MM at the same posi-
tion. Perfectly matching (PM) probe replicates (grey symbals), represent a means of
quality control, indicating possible gradients on the microarray. Deviations of MM
hybridization signals from the mean pro le are largely MM-t ype-speci c. Increased
hybridization signals of particular insertion probes (in which the extra unpaired base
are has been inserted next to an identical basé Group Il bulge [Zhu99]) are due to
positional degeneracy of the bulge defects.

A statistical analysis is shown in Fig. 6.20: Single baseilitisn probes provide (on aver-
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age) signi cantly larger hybridization signals than MM s at the corresponding defect
position. This may be explained by the reduced number ofibghdase pairs in the mis-
matched duplexes (which have one binding base pair lessliea®M duplex, whereas a
single base insertion leaves the number of binding base pachanged) and by the sig-
ni cantly increased hybridization signals of Group Il imens.

Hybridization signals of MMs 'replacing' G5 base pair€ are about 25% smaller (in the
median) than those of MMs 'replacing’ A base pairs. Similarly, single base deletions
affecting CG base pairs result in about 30% smaller hybridization dggtien deletions
affecting AT base pairs. This can also directly be observed in the delgtio le in Fig-
ure 6.19 (orange dashed line), where the local variatiops @nd downs) of the pro le
curve correlate with deletions affecting eitherTAor C G base pairs. No similar effect
is observed for single base insertions because no bindisg bar is "destroyed” by the
insertion of an extra nucleotide.

12 The perfect matching (PM) duplex has a C G or G C base pair at the corresponding position. In the
MM duplex the probe is mutated with respect to the PM probe, i.e. the perfect matching base, either
C or G, has been substituted by another base which is not comgimentary to the corresponding base
in the target sequence, thus creating a single base MM defedh the duplex (see Fig. 6.1).
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Figure 6.20: Comparison of normalized hybridization signals of di erent point mu-
tation types. To minimize positional in uence the statisti cs include only defect posi-
tions 5 to 12, located in the center of the 16mer probes. The 100 probe sequences
were derived from 17 probe sequence motifs. Hybridizationignals are normalized
with respect to the corresponding perfect match hybridizaion signal intensities (thus
a value of 1 corresponds to the PM hybridization signal intersity). Defect categories:
mismatch M-X (X: substituent base); mismatches at AT and C G sites M@AT,
M@CG,; single base deletion D; deletions at A and C G sites D@QAT, D@CG,; single
base insertion I-XI/Il (X: insertion base, I/ll: Group I/Group Il base bulge). Hy-
bridization signals from insertion probes (about 50% of thePM hybridization signal
for Group |; 65% for Group Il - median values) are signi cantly higher than that
of MM probes (at about 30%). Mismatches at AT sites result in about 25% larger
hybridization signals than MMs at C G sites. Deletion probes have a median hy-
bridization signal that is slightly lower than the median MM hybridization signal.
Group | base bulgeswith the exception of I-Al (33%) have hybridization signals of
about 50% of the PM hybridization signal. Hybridization signals of Group Il base
bulgesare signi cantly higher (about 100% for A insertions, and only 5% for T inser-
tions) than that of the corresponding Group | bulges
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6.11 Binding A nities of Duplexes Containing Mul-
tiple Defects

A signi cant fraction of the microarray probes generatedhg light-directedn situ syn-
thesis process contains multiple point-defects (due &y dight, incomplete coupling and
incomplete photodeprotection). Hybridization experitsenith microarray probes con-
taining multiple (deliberately introduced) defeStavere performed to investigate to which
extend these probes — depending on the number and distritmftdefects — contribute to
the hybridization signal.

In uence of the spatial distribution of two defects on oligo nucleotide du-
plex binding a nities

I

Figure 6.21: (A) In the two-defect-experiment defectsD1 and D, at varying po-
sitions x and y divide the duplex into three subsequences of length_;. (B) The
probe set comprising all con gurations of the two defects (n duplicate) is arranged
in a compact array. Feature positions (indicesx and y) correspond to the defect
positions. Compare with experimental results in Figs. 6.22and Fig. 6.24.

To investigate the in uence of the spatial distribution @felcts on the microarray, probe-
target binding af nities we designed probe sets comprisithgvo-deletion mutations with
respect to the corresponding 20mer probe sequence motfstinsD ; andD, (as shown
in Fig. 6.21A) were introduced at positiorsandy. The positions of the defects were in-
dependently varied from base positions 1 to 20, resultireg20 20 matrix (Figs. 6.21B
and 6.22) of 400 probes comprising all two-deletion prolmeduplicate (plus 20 single
base deletion probes - farandy coinciding).

To extract the in uence of the two-defect con guration orethybridization signal averag-
ing was performed over a set of nine different 20mer motitsisTvas necessary to elim-
inate sequence speci ¢ bias (mainly composed of variatmmsg to increased/reduced

13 Defects were deliberately introduced into the sequence (wh respect to the perfect matching probe
motif), in addition to the unavoidable random defects geneiated in situ synthesis process
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destabilization of defects affectingG/A T base pairs).

Hybridization assays were performed unter standard higation conditions used in most
of the experiments (1 nM target solution in SSPE, 0.01% Tween-29, hybridization
temperature T = 3@ to 40 C).

Multiple defect experiment

For probes containing more than two defects we applied &sttal approach. Based
on a 20mer probe motif (complementary to the target seque&dg¢ we created sets of
randomly mutated probes, each containing containing [grolith a xed number (between
one and ve) of single base deletions at random positions.

6.11.1 Results and Discussion
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Figure 6.22: Hybridization signals of 20mer probes (normalized with repect to
the maximum hybridization signal, which approximately corresponds to the PM hy-
bridization signal) with two single base deletion defectdD; and D, at varying positions

x and y (compare to Fig. 6.2D). Averaging over data sets obtained fom 9 di erent

probe sequence motifs has been performed to eliminate nongitional contributions

(e.g. dierences resulting from deletions a ecting either A T or C G base pairs) from
the hybridization signal. The resulting data set shows the h uence of the defect
distribution on the hybridization signal. Defects at the pr obe 3'-end (base position 1)
a ect the hybridization signal slightly less than defects at the 5'-end.

In two-deletion experiments we determined the hybridaatsignals of 20mer probes
with systematically varied con gurations of two singledeadeletions: The binding af n-
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ity is largest when both defects are located close to the samdeor separate near both
ends (Fig. 6.22). Lowest hybridization intensities areestsd for defect con gurations
dividing the sequence into three roughly equally long sghsaces. Closely spaced de-
fects (with a distance of less than 4 bases - located nearigigerthl of the plot) result
in increased hybridization signals approaching that ajlsithase deletions as the distance
between the defects is reduced.

The hybridization experiments with probes containing a/vay number of point-defects
(base deletions or mismatches) at randomly chosen positishow a broad distribution
of binding af nities (see Fig. 6.23B) depending on the numésed also on the spatial dis-
tribution of the defects.

Hybridization signals of multi-defect probes are desatibg the empirical relationship

f=a L +h (6.1)

L; denote the lengths of defect-free subsequerecasdb are free parameters. To account
for the fact that longer subsequences contribute disptigmately more to the binding
af nity than shorter ones, the exponents introduced. Effectively is putting a length
dependent weighting factor on the individual lengths

In Fig. 6.23A the hybridization signal intensities of theohateletion experiment were plot-
ted versus the parameter f from equation (6.1). As showngn@=23B equation (6.1) also
predicts hybridization signals for probes with a larger ivemof deletions.

However, the above considerations were purely empiricalth \e zipper-model (see
chapter 7 ) we were able to model the experimentally obsebweding af nities on a
physical basis. The hybridization signal intensities (@4A) are approximately pro-
portional to the Gibbs free energies (Fig. 6.24B) deterchifiem the zipper-model (for
explanation see section 7.4).

The impact of multiple defects is not additive (as suggestethe nearest neighbor
model) but rather depends on the distribution of the defeBiobes with two or more
randomly introduced synthesis-defects can have a signi banding af nity if the defects
are located close to the duplex ends.

14 The particular probe sequences contain intentionally introduced single base defects. Defects with
respect to a common perfect matching probe sequence motif we introduced at randomly chosen
base positions.
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Figure 6.23:  Fitting of the hybridization signals of multiple-defect pr obes. (A) Hy-
bridization signals obtgined from the two-deletion experiment are plotted versus the
tting parameter f = LY (L;: length of defect-free subsequences - see Fig. 6.2C)
(two deletions: blue crosses; single deletion - fox and y coinciding: red circles).
(B) Similar experiment with a varying number of deletions (at randomly chosen po-
sitions) in the 20mer probe sequence motif 3'-TAGTCACGGACACATGATCC-5".
Marker types indicate the number of deletions: 1lred crosses 2 green crosses 3 blue
stars; 4 cyan squares 5 black circles). Because only data from a single probe sequence
motif was available, non-positional (sequence-related) antributions couldn't be elim-
inated, thus resulting in increased scattering of the hybrdization signal intensities.

log K
25

GCGATATTACTGGACCTGAC>
GCGATATTACTGGACCTGA&

10

GCGATATTACTGGACCTGAC GCGATATTACTGGACCTGAC

Figure 6.24: Two-deletion experiment: Systematic variation of the postions of
two single base deletions in the probe sequence motif 3-GCAATTACTGGACC-

TGAC-5. (A) Fluorescence micrograph of the hybridization signals. Fature ar-
rangement according to Fig. 6.21. B) Corresponding binding a nities determined
with the zipper model (see section 7.3). The color scale is pportional to the loga-

rithm of the binding constant K. We observe a good agreement with the experimental
results in (A).
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Chapter 7

Modeling the In uence of Point
Defects on Oligonucleotide Duplex
Stability

7.1 The Double-Ended Zipper Model

The analysis of the defect pro les in chapter 6 revealed tedect positional in uence
(DPI) does not just depend on the distance between the dafieicthe duplex-ends, but
also on the nucleotide sequence (see Fig. 6.5). Our ressittskaow that DPI is basically
identical for single base mismatches and bulge defectsHige®.19).

This nding suggests a common mechanism for DPI, that ispeaelent of the defect type.
The symmetry of DPI (with respect to the duplex ends) and esecgrspeci ¢ deviations
from the symmetry indicate a zipping-related mechanism.

Rather than to hybridize/denaturate in an all-or-noneti@a¢as assumed in the simpli ed
two-state model) the oligonucleotide duplex can only satjakly form base pairs or dis-
sociate in a zipper-like fashion.

For our model of oligonucleotide duplex stability we asstthra unzipping of the duplex
is initiated at the ends only (see Fig. 7.1). Internal dersditon, due to the large bubble
initiation barrier (owing to stacking interactions towardoth sides of a nucleotide) and
due to the relatively short length of the duplexes (throuwgliois studyl, 25 base pairs),
is expected to be negligible [Gib59].

Presuming pure end-domain opening the probability for detepunzipping (resulting in
strand dissociation) decreases exponentially with dulgegth. However, at suf ciently
high temperature (i.e. wheh S H) denaturation bubbles can more easily open in
the interior of the duplex. With increasing duplex lengtiys increased melting tempera-
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Figure 7.1: Zipper-model of the oligonucleotide duplex. The prevailig mode of
oligonucleotide duplex hybridization/denaturation is based on a zipper-mechanism.
The base pair next to the zipper fork is stabilized by stackirg interactions towards one
side only, whereas base pairs in the interior of the duplex a stabilized by stacking
interactions with the two neighboring base pairs. Due to smdler stacking interac-
tions and due to structural constraints (rigid double helix structure) unzipping occurs
mainly at the zipper-forks, whereas internal denaturation - resulting in the opening
of a denaturation bubble- for short oligonucleotide duplexes is unlikely to occur. \ce
versa the sequential closure of the base pairs (zipping) - wer suitable hybridization
conditions - rapidly propagates via the zipper forks: at the zipper fork the initially
far separated bases are brought close together and favorgbhkligned, thus strongly
increasing the probability for Watson-Crick base pair formation.

ture!, denaturation by internal bubble formation is eventuatiyninating over end-domain
opening. Therefore long duplexes dissociate mainly viddheation of internal denatura-
tion bubbles. The melting transition of long duplexes isaied by the Poland-Scheraga
model and the more recent Peyrard-Bishop model (see set8of).

Provided the individual strands don't form stable secopddructures (e.g. hairpins) and
that there are no competing alternative duplex structuttesrdhan the linear duplex, the
double-ended zipper mod@tig. 7.5A) [Gib59; Kit69; Bin06] is appropriate to desagib
the stability of oligonucleotide duplexes.

In the following we employ the double-ended zipper modeht@stigate if the experimen-
tally observed defect positional in uence could arise framolecular zipper mechanism.
Unlike software for RNA/DNA secondary structure prediati@.g. MFold or the Vienna
Package) the relatively simple model investigated is haamh& determine a potentially
complex secondary structure of a duplex. Rather, the agpit of the zipper model is
restricted to short linear duplexes.

On the basis of the zipper model two approaches have beenvéalt

The straightforward stochastic simulation (section 7&du on the Gillespie algorithm
[Gil77] simulates the zipping/unzipping of the individuadse pairs. This approach
is, however, computationally intensive: the large numbdezipping/unzipping steps

necessary for a complete duplex dissociation restrictsttihastic simulation to rather

Long duplexes have increased melting temperatures with rgmect to short oligonucleotide duplexes.
However, with increasing duplex length the melting temperdure is approaching a saturation value
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short-lived duplexes.

The partition function approach (section 7.3), which diéss the equilibrium distri-
bution of partially denatured duplex states, is not suliigthe above restriction.

7.2 Stochastic Simulation of Oligonucleotide Du-
plex Stability

7.2.1 Implementation of the Stochastic Simulation with the
Gillespie Algorithm

In the zipper model the time evolution of the duplex is ddsamli by a Markov process:
the positions of the zipper forks move stochastically in imaged) random walk fashion
(Fig. 7.2). Unzipping rates are determined by nearest heigtNN) interactions, whereas
Zipping rates of Watson-Crick base pairs are (for simplicito data available) assumed to
be independent of the type of NN pairs.

In our model, defects are expected to reduce binding intierecat the defect site, and —
what is possibly more important — owing to steric hindrantthe mispaired nucleotides,
to delay the zipping process: the duplex remains for longer weakly bound, partially
zipped state in which it is prone to complete dissociation.

The time evolution of the zipper is simulated with the Gilessalgorithm [Gil77]. In each
cycle the stochastic algorithm determines two parameters:

the time , how long the zipper (after the preceding step) remainssicutrent state
until the next zipping/unzipping step takes place

and which one of the four possible reaction step§ =1: zipping at the right end;
=2: unzipping at the right end;=3: zipping at the left end;=4: unzipping at the left
end) will occur next.

The four possible reaction pathways for zipping/unzipphghe right/left zipper fork are
characterized by their rate constakts, k; , ki+, ki . Unzipping rates of base pairs
(according to the Arrhenius law) are proportional to thetBwolann factor for base pair
dissociation.

ke = A e © 7R (7.1)

The Gillespie algorithm doesn't use xed time steps. Ratherit draws a pair of random variables
from the reaction probability density function, specifyin g the the next reaction step and the time it
takes until this reaction will occur.
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Figure 7.2: Simulated time evolution of the end-domain opening for a 20 bse pair
oligonucleotide duplex (A) at T=310 C and (B) at T=330 C. The positions of the
left (red) and right (red) zipper fork (corresponding to k and | in Fig. 7.5A) follow
a biased random walk. The ratio of zipping to unzipping stepsis determined by
the temperature and by the strength of the nearest neighbor mteractions between
the individual base pairs. In the Gillespie-based stochast simulation the time steps
follow a poisson-distribution. Strand dissociation is assmed when the zipper forks
meet. Strand dissociation is a rather unlikely event at a tenperature of 310 K - as
can be seen in (A) most of the time only the outermost base pag are unzipped.

Nearest neighbor (NN) free energie$s (accounting for hydrogen bonding and stacking
interactions) are calculated from Watson-Crick NN thergm@mic parameters [San98]).
The preexponential factoh is assumed (with a large uncertaifjtyto be at the order
of 10 s L.

The zipping ratek,- . , owing to the short range of the stabilizing interactiossassumed
to be independent of the particular Watson-Crick NN pairwideer, defects (single base
MMs or single base bulges), due to sterical hindrance, gpea®d to strongly interfere

The preexponential factor and equally the zipping rate are \ery di cult to determine experimentally.
Reported values of the zipping rate vary between 16-10°/s ( uorescence correlation spectroscopy
of the uctuations of a quenched uorophore [AB03]) and 107-108/s (NMR measurement of the
feasibility of imino-proton exchange [Gue87]).
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with the zipping process.

Equilibrium calculations [Cra71; App65; Zim60] have shotlat for formation of helices
from short molecules the rato= k. =k between the rates for formation of base p&irs
and breakage of base pak's is required to be in the range 8fs> 4.

At each iteration step a pair of random variables () is drawn from the reaction proba-

bility density function
X
P(; )=k exp( a ): (7.2)

=1
The poisson-distributed time stejs determined according to equation 7.3 using a uniform
random numbet) RN, on the interval [0,1].

= IN(L=URNY)=(ks + ki + ks + ki ) (7.3)

The reaction pathway is chosen with the random numbgRN, according to equation
(7.4).

m=URN, (ki+ + k& + ki+ +k ) (7.4)
a; =0+ ki) ax=a; + k;

az= axt+ ke, aa= agt K

0 m<ay! =1
a m<a,! =2
a m<ajs! =3
a3 m<ay! =4

Even though the simulation considers only a single DNA dxtee evolution of the zipper
state over typicallyL(° to 10’ iteration steps provides the ensemble average of partially
denatured duplex states in equilibrium.

The duplex dissociation rate is determined as the numbesraptete duplex dissociations
per simulation time. The duplex nucleation rate is assurodxtconstant. This should be

a good approximation, provided the duplexes to be compaaed the same length.

7.2.2 Simulation Results

To investigate the in uence of defect position (DPI) on theptex dissociation rate, simu-
lations were performed with the probe sequence motifs €l©oG)9(A T) and oligo-
(A T)10(C G). Defects (i.e. inhomogeneities: weakly/strongly bimgdbase pairs A and
C G within the strongly/weakly bound oligo-G/oligo-A T sequence) were introduced at
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Figure 7.3: In uence of defect position on the duplex dissociation rate A stochas-
tic simulation (based on the Gillespie Algorithm) was employed to determine the
duplex dissociation rates for the homopolymer sequences (G3)19(A T) (crosses)
and (A T)19(C G) (circles). A T and C G base pairs, respectively, were employed
as single base defects within a homopolymer sequence. Heleetdefects were not con-
sidered as structural defects but rather as more/less stald Watson-Crick base pairs
within a homopolymer duplex sequence. The position of the diects was systemat-
ically varied to investigate the positional in uence on duplex stability. Dotted and
dash-dotted lines depict the dissociation rates for defeefree duplexes (CG),g and
(A T)20, respectively. Since the simulation temperatures for the wo series were dif-
ferent (T=373 Kfor (C G)19(A T)and T=338 K for (A T)19(C G)) the absolute
dissociation rates are not comparable. To keep the simulatin time reasonably short
(overnight calculation) the simulation temperatures had to be chosen unrealistically
high (for comparison - melting temperatures predicted by the DINAMelt-server for a
target concentration of 1 nM and 1 M [Na" ]: Tn,= 353.5 K and 317 K, respectively).

systematically varied positions. Sequences have beeriliogsiemonstrate the in uence
of defect position. Even though these homopolymer-semsgeare not really appropriate
for the double-ended zipper-model (because alternatraadtalignment is ignored), the
examples demonstrate (Fig. 7.3) that defect position hastiact in uence on duplex dis-
sociation rates. The signi cant DPI on the duplex dissacratate (varying over an order
of magnitude) is contrasting results from the two-stateesaeighbor model, which does
not describe a positional in uence of defects.

Since the duplex nucleation rdtg,. is hardly affected by single base defects, the variation
of the duplex dissociation ratg;ss should be re ected in the hybridization signal intensity
Iy Assuming that the surface density of the hybridized duplexes is far from satura-
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tion, the hybridization signal is expected to be approxetyainverse proportional thyiss .

I hyb D Knuc =Kaiss (7.5)

However, such an inverse proportionality between the exptally observed hybridiza-
tion signal and predictekl;iss couldn't be con rmed: Further implications (see sectiof)?.
give rise to a more complicated relation between the micayanybridization signal and
the duplex binding constant.

The semi-logarithmic plot of base pair dissociation prali#ds (Fig. 7.4) demonstrates

Fraction of time a base pair is opened
[
o

0 5 10 15 20
Base pair position

Figure 7.4: Base pair opening probabilities for the duplex (CG)19(A T) as a func-

tion of base pair position. The individual curves show the bae pair opening proba-
bilities for di erent positions of the defect (A T base pair). The color spectrum from

red to violet corresponds to defects at base pair positions fio 20. The black curve has
been highlighted for further explanations in the text. The base pair opening prob-
abilities exponentially decay towards the center of the dupex (as demonstrated by
the dotted red curve which corresponds to the defect-free dplex (C G),g). Defects,

however, result in deviations from the exponential decay ad thus lead to increased
opening probabilities. To investigate base pair dissociabn in the center of the duplex

(small opening probabilities) the simulation temperate had to be chosen very high
(373 K), since at lower simulation temperatures infrequentdissociation of center base
pairs doesn't allow statistical analysis. For the defect-fee duplex with a minimum

base pair opening probability of about 2 10 # (in the center) and a presumed zipping
rate of 10° s 1 we estimate a duplex half-life on the order of 1 s.

that for the defect-free PM duplex the base pair openingaibibities decrease exponen-
tially towards the center of the duplex. Duplexes with paietects display a similar expo-
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nential decrease. However, the defects shift the openiggiility towards a higher level.
In the middle of the duplex the base pair opening probahsitycreased by a factor 2 to
40 with respect to the PM duplex - depending on the positich@defect.

Defects, characterized by a reduced zipping katand/or an increased unzipping rite,
represent a barrier for the fast sequential zipping of theledu The ratiok =k, at the
defect site determines how long it takes to overcome thedvarr

As shown in Fig. 7.4 the increased opening probability atigfect site affects the binding
of other base pairs: in the ran§& between the defect D and the center C of the duplex
the opening probability decreases exponentially (withstéu@e exponent as for the corre-
sponding PM duplex) but at a higher level compared to theatiéfee duplex. In the range
DE; between the defect and the proximate duplex end the opemaimabilities are also
increased: Increased opening probability of the defea pag implies increased opening
probabilities of the base pairs between the defect and tharpate duplex end. However,
the relative impact of the defect on opening probabilitiedecreasing towards the duplex
ends.

The position of the defect determines how much the openiogahility in the rangddC

is increased, thus how much the duplex dissociation ratecieased in comparison to the
defect-free duplex.

In the rangeCE; located in the other half of duplex (opposite the defectehgsr opening
probabilities are largely unaffected and show an expoakdécrease towards the middle
of the duplex.

The stochastic simulation is computationally intensivieni8ations are therefore restricted
to hybridization conditions where the duplexes have a difertime. Partially denatured
states which occur very rarely (e.g. once fiéf zipping steps) are likely to be missed
by the stochastic approach. To increase the probabilitgdonplete duplex denaturation
the simulation temperatures had to be chosen unrealigticigh (the chosen simulation
temperatures are typically above the duplex melting teatpegs). To circumvent this lim-
itation a partition function approach (section 7.3) hasieglemented.

With the partition function approach the calculation of gwuilibrium distribution of du-
plex states requires only fractions of a second rather thamght computation. Duplex
stabilities at low temperaturek (very small dissociation rates) can be investigated without
restrictions. Because of this drastic improvement allHertinvestigations are performed
with the partition function approach.

However, an important advantage of the stochastic apprshchld be mentioned: The
partition function approach is limited to the descriptidrma@uplex ensemble in thermody-
namic equilibrium, whereas the stochastic simulation camimployed to investigate the
time evolution of nonequilibrium processes.
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7.3 Partition Function Approach of the Double-
Ended Zipper Model

Figure 7.5: Double-ended zipper model of the oligonucleotide duplex. A) Sequential
unzipping is initiated at the duplex ends only () end-domain opening). Duplexes can
only stepwise, in a zipper-like fashion (nucleotide by nuaotide), partially denature
or hybridize. The energy level of the partially denatured microstate Sy, (with respect
to the completely hybridized ground state) is determined by summation over the NN
free energies of the unzipped NN-pairs (from 1 to k and from [ & N). (B) Single base
MMs (non-Watson-Crick base pairing) a ect the stabilities of two adjacent NN-pairs.
(C) Base insertions and deletions result in bulged duplexesvith an unpaired base.
The surplus base (depicted in a looped out conformation), shilar as a MM defect,
results in signi cant duplex destabilization.

The statistical mechanics of the double-ended zipper m@dg! 7.5) was rst dis-
cussed by Gibbs and DiMarzio [Gib59]. Kittel [Kit69] demaraged that with the double-
ended zipper a phase transition (duplex melting) can beribescif the degeneracy of
states due to rotational freedom of the links between théentides is considered.

In the given context the partition function approach démsithe distribution of partially
denatured duplex microstates in thermodynamic equilibridChe microstates are popu-
lated according to the Boltzmann-distribution, which deti@es the statistical weights of
individual microstates (Fig. 7.6). The canonical partitfonctionZ is calculated as the
sum of the statistical weights of all microstates of the detémded zipper. Its value is a
measure for the number of thermally populated microstat@sgaven temperature. The
probability P; that a system occupies microstafgvith the energy levek;) is Zle Bi=kT,
Based on the partition function various thermodynamic patars (e.g. thermodynamic
potentials, heat capacities etc.) of the system can beeatkerin the following we inves-
tigate if the double-ended zipper model can reproduce operaxental results on mis-
matched duplex binding af nities.
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Figure 7.6: In thermodynamic equilibrium the partially denatured dupl ex states
Sk (indices k and | describe the zipper con guration - see Fig. 7.5) are populatd
according to a Boltzmann distribution. The lowest free enegy level, that of the
completely hybridized duplex Sp.n is used as reference and set to Go,y =0 kcal/mol.
The contribution of the duplex initiation parameter  Gg;;,; = 1:96 kcal/mol is
relatively small (for comparison: the average NN pair free aergy Gj, ,, IS about

1.4 kcalFmol) and independent of the duplex sequence and is therefoneeglected in
all following considerations. The duplex dissociation fre energy Gp is assumed to
be equally distributed between the separated probe P and taget T strands.

7.3.1 Implementation of the Partition Function Approach
(PFA)

The canonical partition functiod of the duplex (equation 7.6) is calculated as the sum of
the statistical weights wy of all partially denatured microstateg,;Sof the duplex. Indices
k andl refer to the positions of the zipper forks as depicted in Figs and 7.7.

X1 X X1 X

Zp = Wi = e Gu=RT (7.6)
k=0 I=k+1 k=0 I=k+1

The statistical weight w (equation 7.7) of the partially denatured state IS calculated
from the sum of nearest neighbor (NN) free energigs of the unzipped duplex sections
(equation 7.8).

Wi = e G =RT (7.7)
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Description of the partially denatured microstate S,

N=12
Nearest-neighbor
pairs
\ \ \ \ \ \ \ \ \ \ \ \ \
zipperindexkl o 1 3 4 5 6 7 8 9 10 11 12

k=4 =10

Figure 7.7: Theoretical description of the duplex microstate &.

The microstate S, (here, as an example, the microstate $10 is shown) is de ned
by the position of the zipper forks at positions k and | (compare with Fig. 7.5). The
number of nearest neighbor-pairs N=12 is equal to the numbepf base pairs less one.
Unzipped NN-pairs between the duplex ends and the zipper fds at k=4 and 1=10
are featured dark.

G,, is the free energy of the partially denatured state @lative to the completely
hybridized ground state of the duplex.

Xk X
Gy = g + g (7.8)

[y
I

+

=

Goy = G Gin = 9
i=1+1 i=1
Index valuek=0 andl=N indicate that the particular duplex state is completébged at
the left, or right end, respectively. The indiesefers to NN-pairs (as shown in Fig. 7.7).
NN free energies of Watson-Crick NN-pairs are deduced fratned NN parameters
[San04].
g = h T s (7.9)

Assuming that the probe and target strands chosen for tidy $tave no secondary struc-
ture and that each strand takes up half of the duplex digsmcianergy G,, we can
estimate the partition functions of prohés and targetZ+ as

X
Zp = Z1 = e Co=2RT) Gp = g (7.10)
i=1

For simplicity duplex initiation free energies have beeglaeted heré.

The duplex initiation free energy (originating from an unfavorable entropy change due to loss of
translational degrees of freedom) is small with respect to G, and independent of the duplex
sequence.
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Based on the duplex sequence we can now calculate the duptiirdpconstant

(7.11)

7.3.2 Consideration of Point Defects

Point defects are accounted for with the correspondingcti®f free energy contribution

Ogef at the defect site. The following analytical derivation loé tlefect positional in u-
ence(DPI) for homopolymer sequenceshows that partition function values (provided as
a function of defect positior - equation 7.16) are increased for defects located near the
duplex ends.

Analytical derivation of the defect positional in uence fo r a homopolymer
sequence

According to equations 7.7 and 7.8 defects affect stasisiveights of partially denatured
states ; only if the defect at position x is included in the unzippedtsms of the duplex
(Fig. 7.8A). Thus, the partition functiod (x) of a single defect duplex can be separated
in two parts (see Fig. 7.8B)Za(x) comprising microstates whose statistical weights
are unaffected by the defect, a@d (x), comprising those microstates whose statistical
weights are affected by the defect (see also Fig. 7.8A%gl(X) owing to the point defect

a NN-pair with the free energy contributiong has been substituted by the defect free
energy contribution gy -

We can now factor out the defect type dependent impact ofefect

Z(X) = Za(X) + Zg(x) € et 9IRT (7.12)

Equivalently, using the partition function of the perfecatch duplex
Zpm = Za(X) + Zg(X) we can also write:

Z(x)= Za(X) + Zg(x)  Zg(X)+ Zg(x)el %t 9IRT (7.13)
Z(X)= Zpm +  Z(X)

Thus
Z(X) = Zpm + Zg(x) (' %t 9ITRT 7y (7.14)

5 For the purpose of a simple description NN free energy paramers are assumed to be identical.
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Figure 7.8: In uence of the defect position on the statistical weights o the partially
unzipped microstates of the oligonucleotide duplex (GG)12(A T)12. The dierence
between the individual weights of the mismatched duplexwy; ,.; and the correspond-
ing microstates of the perfect matching (PM) duplex wy, (shown in (B) and (C))
strongly depends on the positionx of the defect. In the following we assume a desta-
bilizing defect. (A) Depending on defect positionx and on the positionsk and | of
the two zipper forks, a defect either reduces the free energgand thus the increases
statistical weight wy; ;) of the partially hybridized microstate Sy, or not: If a de-
fect is located within the hybridized section (betweenk and |) the statistical weight
Wkl 4ef Of the unzipped state Sy, remains unchanged with respect to the correspond-
ing statistical weight wy. of the PM duplex. Whereas if the defect is located within
the unzipped sections the statistical weightwy; . Of the microstate Sy is increased
with respect to the weight wy of the PM duplex. (B) Impact of a defect at position
X on the statistical weights of the microstates. The individual matrix elements corre-
spond to microstatesSy.| of the zipper. Their color shows the logarithmized deviation
from the corresponding PM-duplex matrix element log Wk;| 4o Wkiipy )- In the area
A, corresponding to microstates where the defect is embeddein the hybridized du-
plex section, the di erence is zero, as statistical weightsare unchanged. In region
B microstates are a ected by the defect: Here, with respect b the perfect matching
reference, free energies G,, are modied by the amount g Opm - Desta-
bilization by the defect results in increased statistical weights of partially unzipped
microstates. Part (C) shows the matrix depicted in (B) for di erent defect positions x.
For defects close to the duplex ends the partition functionZ is signi cantly increased
with respect to the PM partition function.
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Inserting the expression f@p),, and summing up the statistical weights
wi = e 9 (k*N D=RT gyer all partially denatured states contributingZ(x), we obtain:

I
X 1w X1 X X 1w o
Z(X) = Wy + Wy + Wi| e RT 1 (715)
k=0 I=k+1 k=0 I=k+1 k=x I=k+1

This can be approximated by:

X) g 9def

Z(x)' Zpw + € R+ ew 1 (7.16)

Equation 7.16 re ects that defects near the duplex endeases end-domain opening. The
number of thermally populated (partially denatured) du@tates, and thus the partition
functionZ is increased.

The defect destabilization g, = 04 9 describes the NN free energy difference
between the defective duplex and the perfect matching guplegqes is equivalent to the
two-state nearest neighbor free energy increment betviedPM and the MM duplex. For
a single base mismatch defect g, is distributed over the two affected nearest neighbor
pairs.

In equation 7.16 g, has been factored out, revealing a generalized (i.e. dgfpetin-
dependent) position dependence, which is governed by steatie between the defect and
the duplex ends (see Fig. 72 s proportional to the binding constagt). The stability of
the duplex NN pairs g determines the slopeZdx)/dx near the duplex ends. The defect
destabilization g,.; determines how much is elevated with respect to the PM partition
functionZp), and thus how far the DPI propagates into the interior of th@eiu.

The partition function the perfect matching dup@xy, is well approximate®iby the sta-
tistical weight of the ground state with the valdgy ' 1.

To calculate the binding constakt of the duplex (according to equation 7.11) we still
need the partition functions of the single stranded prolaktarget molecules: Probe and
target strands each take half of the duplex dissociatiorggn&ince we assume that the
single stranded species exist only in an unfolded stategh#ipn functions for probes and
targets are approximated by

Zp = Z1 = e Go=@RT) = N 9 =2RT)g gy 52 RT). (7.17)

Zpy is about 1.25 for g =-1.4 kcal/mol and T=310 K. With increasing temperature, as Qqer
approaches a value 0 kcal/mol, partially unzipped duplex states are increasingly populated:Zpy '
10for g= O0:1kcaFmol(at T' 90 C)
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With Zpyy 1andK = Z=(Zp Z1) we obtain the duplex binding constant

(N x) g 9def
eXRTg + e FRT e RT 1 +1

K = : (7.18)
N g Ydef
e RT @ RT

Fig. 7.9 illustrates the impact of the defect positioand defect destabilization gy
on the duplex binding constaht (as described by equation 7.18) for two duplexes with
different stabilities.

A Dg=-1.4 kcal/mol B Dg =-0.8 kcal/mol
a . a
24 1d
€ 10 -
s b  Sid® b
0 23 +—
S 10 2 5
O, 2 8 10
e 10 11
S £10
= 21 =}
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w 9 w 10
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x Defect Position x Defect Position

Figure 7.9: Positional in uence of single base MM defects on the duplex mding
a nity for two di erent NN pair free energies g at a temperature of 310 K. (A)

g = -1.4 kcal/mol corresponds to the average NN-pair binding fee energy; (B)

g = -0.8 kcal/mol corresponds to a weakly bound sequence of A and T A base
pairs. Curvesa to f correspond to defect destabilization parameters g, ranging
from O to 5 kcal/mol (incrementally increased by 1 kcal/mol). In this example the
defect destabilization g4 is quoted per a ected NN pair. Since MM defects a ect
two adjacent NN pairs the total free energy di erence between MM and PM duplexes
IS2  Oger)-
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Application of equation 7.18

for the perfect matching duple&% =1)

e+ el m (1 1)+1 1
K= T = < (7.19)
ewrT 1 eRT

This is equivalent to the two-state equilibrium constarthef PM duplex.

for a duplex with a terminal defeck( Oorx"' N)

9def

(1+0) e= 1 +1 e 1
K = = = (7.20)
N g 9def N g 9def N g
ERT € RT eTRT e Rt ERT

This is equivalent to the equilibrium constant of the PM @uxpl

for a duplex with a center-defect ( N=2)

9def

0 e 1 +1 1
K = = : (7.21)

N g 9def N g 9def

e RT e RT eRrT e RT

This is equivalent to the two-state equilibrium constanth&f defective (e.g. mis-
matched) duplex.

Defects near the duplex ends cause only a small reductiomaiing constankK (with re-
spect to the PM stability), whereas defects in the middleaflayonucleotide duplex cause
a larger destabilizationk approaches the value of the two-state equilibrium constant

7.3.3 Discussion

In our experiments we observed a distinct in uence of thedgpbosition on duplex binding

af nities: The experiments show a largely monotonous daseecof hybridization signals
over a range of typically 5-8 defect positions for 16mer gskand up to 14 positions (e.g.
in Fig. A.9) for some 25mer sequence motifs, from the dupledsetowards the center
of the duplex. This distinct positional in uence is con rrddéy recent microarray studies
[Wic06; Poz06] reporting a similar monotonous decreaseybfidization signals (on av-

erage) over 6-9 base positions.

In previous work [AlI97] NN-pair free energy increments g,.; (at T=37C) for single
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base MMs have been reported to be in the range of 1 to 3 kcapardlN-pair. The total
destabilization of single base MM duplexes (comprising affected NN pairs) with re-
spect to the corresponding PM duplexes is on average al®utal/mol (at T=310 K.
Employing this gy value in equation 7.18, DPI propagation is restricted to2loeit-
ermost NN-pairs for the oligo-G-duplex (in Fig. 7.9A) and to the 5 outermost NN-pairs
for the oligo-AT-duplex (in Fig. 7.9B), respectively.

We nd that in equation 7.18 - using "uni ed” nearest neightgarameters from [San98]
and MM nearest neighbor parameters from [AllI97] - the in gerof the defect position
is signi cantly underestimated. A similar (presumed) uretgimation of defect positional
in uence (DPI) by the commercial DNA melting prediction sware OMP (based on a
multi-state equilibrium approach) has also been noticedhok et al. [Wic06].

In order to reproduce the distinct positional in uence abed in the experiments we
need to assume a signi cantly increasedgqes Or an increased g . A signi cant in-
crease of g can already be achieved by increasing the temperature fidhiK3average

g ' lidkcakFmol) to 330 K (average g'  0:98 kcaFmol). Thus the temperature
dependence of the NN free energy parameters may be the kegderstanding the strong
positional in uence on DNA microarray surfaces. Though@gative, it is also possible
that on the microarray surface, for example due to surfdeetsf the NN interactions are
decreased with respect to the NN interactions in bulk smiuti
In a partition function based numerical analysis, to modtel éxperimental results, we
have chosen g, as a free parameter. With a simulation temperature of T=33Md«
with a defect NN parameter gqer. 330k =2.5 kcal/mol (corresponding to a gqer between
2.6 and 4.2 kcal/mol per NN pair) the numerical model showistangt positional in uence
similar to our experimental results. As discussed abovs, tly.s value is signi cantly
larger than the mismatch NN-parameters described by Akdal. [All97].

The numerical analysis in Fig. 7.10 shows that defect posatiin uence on the duplex
binding constant is largely determined by the partitiorctionZ . In agreement with equa-
tion 7.18 the shallower slope on the right side of Fig. 7.10B@sponds to a sequence of
weakly bound (AT) base pairs, whereas the steeper slope on the left orgiriedm a
sequence of stable (G) base pairs.

Fig. 7.11 compares results of the numerical analysis wighctbrresponding experimen-
tally determined mismatch hybridization signals (sub+egsi at the bottom). We nd a
good agreement between the hybridization signal intersitythe logarithm of the bind-
ing constank .

This total g, Of about 3.5 kcal/mol, which was calculated on the basis of tle two-state nearest
neighbor model (using MM nearest neighbor parameters fromAll97]), includes the destabilizing
impact of the two a ected NN pairs. Averaging was performed over various MM types.
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Figure 7.10:  Numerical analysis (partition function approach) to investigate the
defect positional in uence on oligonucleotide duplex bindng a nity. For this example
we chose the asymmetric sequence motif (G)12(A T)12. Simulation temperature
T=330 K; gggf =2 kcal/mol per each of the two a ected NN pairs. (A) Partitio n
function of the duplex Z(x) as a function of defect positionx. The slope dZ(x)=dx
is steeper towards the left end of the duplex (consisting of tsongly bound CC/GG
nearest neighbor pairs) than towards the right side comprigng of the weaker AA/TT
pairs. The origin of the position dependence o (x) is depicted in Fig. 7.8. (B) The
logarithmic plot of the duplex binding constant K (x) (equation 7.11) re ects the
strong impact of defect position on the hybridization signd observed experimentally.
A comparison with experimental data is shown in Fig. 7.11. Duplex stability is
least for defects located in the center of the duplex. The pason dependence of
the binding constant originates largely from the partition function Z(x). (C) Nearest
neighbor free energies (in kcal/mol) of the individual NN-pairs comprising the duplex.
(D) The statistical weight of the completely dissociated state wp is reciprocal to the
equilibrium constant in the two-state NN model. Variations in curve (D) re ect
variations of  ggqer and are thus dependent on the defect type. In the pro le of
binding constants K (x) (B) defect type dependent in uences originating from the
statistical weight of the dissociated state (from which the partition functions of the
single stranded species are derived - equation 7.17) are sigantly smaller than the
positional in uence introduced by the duplex partition fun ction Z(x). The plot of the
base pair dissociation probabilities (E), as anticipated,shows an exponential decrease
towards the center of the duplex. The exponent, which is detemined by the sequence
of nearest neighbor parameters, is signi cantly di erent in the two sections of the
asymmetric sequence. Defect position, encoded by the colepectrum - ranging from
red (defect at the left end) to violet (defect at the right end) - the defect is located
at the sharp kink - strongly a ects partial denaturation of t he duplex.
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Figure 7.11: Comparison of simulation results (top and center) with the experi-
mentally determined hybridization a nities (bottom) fort wo probe sequence motifs
in (A) and (B). The four small sub gures show the partition fu nction Z and the du-
plex binding constant K as a function of the defect positionx, the NN-free energies
g of particular NN-pairs as a function of NN-pair position xyn , and the statistical

weight for complete duplex dissociationwp as a function of defect position. The
middle sub gure shows the base pair opening probabilities the fraction of strands
in which the corresponding base pair is unzipped) as a funatin of base pair position
Xpp- The various curves correspond to di erent defect positiors (red - defect at left
end; pink - defect at right duplex end). The bottom sub gure shows the experimen-
tally determined MM defect prole. Legend: A - red crosses C - green circles G
- blue stars T - cyan triangles Moving average of all mismatch types -black line
Grey symbols correspond to PM probes. Irregularities inZ (x) at the duplex ends
are due the fact that only a single NN-pair is a ected by a MM-base pair at the
duplex end. Simulation parameters: T=330 K, g, =2 kcal/mol. It is needs to be
emphasized, that log K (x)), rather than K (x), resembles the position dependence
of the experimentally observed hybridization signal.
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However, the logarithmic relationship betweknand the hybridization signal intensity
requires an explanation. In the following we investigatedhhe hybridization signal is
linked to the duplex stability.
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7.4 Relation Between the Hybridization Signal and
Duplex Stability

Microarray hybridization experiment

To investigate how the uorescence intensity of hybridizadgets is related to duplex
stability on the microarray surface we performed a hybation assay: A set of probe
sequences with gradually increasing length (e.g. from 2Ztot - see inset in Figure 7.12)
- thus with an approximately linearly increasing bindingdrenergy Gp - provides the
relation between the duplex binding free energy and theaarcay hybridization signal.
Experimental results in Fig. 7.12 show a sigmoid relatiotwieen the hybridization signal
intensity and the probe length. The transition region — inclwhhe hybridization signal
intensity is (in a rst-order approximation) growing linewith the duplex length — has
a width of a least 13 base pairs (corresponding to a bindieg énergy range Gp 5,
of approx. 20 kcal/mol). The large deviation from thangmuir isotherrf (left curve
in Fig. 7.12) is in accordance with previous observatiores({6; Bin06] reporting a strong
destabilization of surface tethered duplexes.

Discussion

The equilibrium between single stranded proBesnd target3 and hybridized duplexd3
for the hybridization reaction
T+P D (7.22)

is described by a Langmuir-type adsorption isotherm (egnat.24). Since (under the
experimental conditions employed) targets are in exchsgarget concentratidit |=[To]

is assumed to be constant. Using the law of mass action 7 @2a@msidering that the
concentration (surface density) of unhybridized probasaégthe initial concentratioR,
less the concentration of hybridized probes,[iRd.= [Py] [D]

_ [b] _ [D]
“T TP1 T [P, D] (723
we derive the Langmuir equation
_Db]_ Kk [T 7.2

TPl I+K [1]

The Langmuir isotherm typically relates the surface coverage to the concentration (or pressure)
of the adsorbed molecule species in the liquid (or gas) aboube surface. However, here we employ
the Langmuir equation (7.24) to investigate the surface coerage as a function of the binding free
energy.
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Figure 7.12: Microarray hybridization signal intensity as a function of the oligonu-
cleotide duplex length. The inset (left) shows the scheme othe hybridization ex-
periment: Within subsets of probes P the probe length is gradally increased from
12 to 27 nt. From each subset we obtain the hybridization sigml intensity |y, as a
function of the probe length I,. In the following we will refer to Inyp(lp) as transfer
function”. All probes were hybridized with the common target sequenceURA (1 nM
in 5 SSPE, for 20 minutes at 45C). Additionally, to obtain slightly di erent sub-
sets of probe sequences, we shifted the probe sequences gy (in steps of two
nucleotides) along the target sequence T: di erent bindinga nities of the individual
subsets (targeting di erent subsequences of the target T) esult in signi cantly dif-
ferent transfer functions. Assuming that the duplex stability increases approximately
linear with the duplex length, a length increment of one nuckotide on the lower scale
(duplex length) corresponds to a duplex binding free energyncrement of -1.4 kcal/mol
(average NN free energy parameter gs;) on the upper scale. The experimental re-
sults show that the transfer function has a sigmoid shape: Tl hybridization signal
intensity approaches a value of 0 for probes with a length of 12 nt. Within the
transition region the hybridization signal (in a rst order approximation) increases
linear with the probe length. The width of transition region is at least 13 base pairs
(corresponding to a Gy, 5, range of approx. 20 kcal/mol) - for some transfer func-
tions the transition region extends over an even wider range For comparison with
the experimentally determined transfer function I wyu(lp), @ theoretical transfer func-
tion ( Gp) (equation 7.25) - derived from the Langmuir equation is shavn (assumed
NN free energy: -1.4 kcal/mol, T=310 K, target concentration: 1 nM). In comparison
to Iny(lp), ( Gp) has a narrow transition region (G 3 kcal/mol). The mid-
point of the transition is located at a probe length of 9 nucleotides (in the experiment
the midpoint is located at I, 17 nucleotides).
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Since the hybridization signal intensity, is proportional to the fraction of hybridized
probes = [D]=[Py], we refer to as the hybridization signal. In the following we as-
sume that the target concentration is in large excess (uhdeexperimental conditions
employed), thus the free target concentration can be ceredctonstant, i.gT] = [ To].
Inserting the two-state equilibrium constant we obtaingansiidal relation (see Fig. 7.12)
between the hybridization signal and the duplex binding &erergy G, .

B e Gp =RT [TO]
l1+e Gp =RT [To]

(7.25)

This sigmoidal relation between the hybridization signad duplex free energy has been
reported previously [Yil04] for solution-phase hybridiizan (in the context of uorescence
in situ hybridization (FISH)).
The relatively narrow transition region described byltae@gmuir isothernfequation 7.25)
(width of the transition region: G 3 kcal/mol) can not reproduce the experimentally
observed DPI of the hybridization signal, since the dupliexling free energy range of
the individual defect pro les is expected to be of about thens size or larger than the
transition region: Defect pro les (hybridization signa¢énsus defect position and defect
type - see Fig. 6.1) cover a broad range of hybridizationaigrensities: for 20mer du-
plexes a hybridization signal range between PM (100%) amteceMM (20%) equals
the hybridization signal difference between 20mer PM dxgdeand 15mer PM duplexes
(Fig. 7.12). This range (approx. 7 kcal/mol) is signi cantiroader than the linear transi-
tion range of thd.angmuir isothernfapprox. 3 kcal/mol) in Fig. 7.12.
The proportionality between free energy increments anditigation signal increments -
within the linear transition range - con rms the previoussebvation | pyp, (log(K))
(see Fig. 7.11). To gradually differentiate between dédferbinding af nities - like in the
defect pro les (e.g. Fig. 6.4) orin Fig. 7.12 a relativelyld transition region is required.
The broadened transition (its presumed origin - from hegeneity of binding af nities - is
discussed in the following section), with respect to thalided adsorption characteristics
described by the Langmuir equation, is an important charatics of DNA microarray
hybridization.
A linear relation between free energy increments and higaiobn signal increments is
only possible within the approx. linear transition rangdeTelatively narrow transition
region described by theangmuir isothernfequation 7.25) (width of the transition region:
G 6 kcal/mol - approximately linear over ca. 3 kcal/mol) can reggroduce the ex-
perimentally observed DPI of the hybridization signalcsithe duplex binding free energy
range of the individual defect pro les is expected to be ajathe same size or larger than
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the transition regio.
A broadened transfer function,,( G) is expected to be bene cial, for example, in
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Figure 7.13: Bene cial e ect of a broadened transfer function: The transfer function

Ihyo( G) in (A) - resembling the transfer function observed in the experiment in

Fig. 7.12 - is signi cantly broader than the transfer functi on in (B) which is derived

from the Langmuir equation . The vertical lines correspond b binding free energies
within the probe set of an SNP microarray (solid lines correpond to the PM duplexes,

dashed lines correspond to the MM duplexes). In (B) good disimination between

the PM and the corresponding MM duplex is only achieved for dylexes with binding

free energies within the narrow transition range (blue and geen lines), whereas in
(A) a good discrimination is achieved over a signi cantly larger binding free energy
range.

genotyping assays: In Fig. 7.13B a good discrimination betwPM (solid vertical lines)
and MMs (dashed vertical lines) is achieved only over a manange of binding free en-
ergies. In an SNP microarray assay it would be necessanthbdiinding af nities are
located in (or near to) the narrow transition range. A nari@msition as described by the
Langmuir equation would impose a severe constraint on tlwcetof microarray probe
sequences. The broad transition function in Fig. 7.13A ksablM/PM discrimination
within a broader transition range - thus the requiremenirfroarray probe sets compris-

Defect pro les (hybridization signal versus defect position and defect type - see Fig. 6.1) cover
a broad range of hybridization signal intensities: for 20me duplexes a hybridization signal range
between PM (100%) and center MM (20%) equals the hybridizaton signal di erence between 20mer
PM duplexes and 15mer PM duplexes (Fig. 7.12). This range (51:4 = 7 kcal/mol) is signi cantly
broader than the linear transition range of the Langmuir isotherm (approx. 3 kcal/mol) in Fig. 7.12.
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ing almost identical binding free energies is relaxed.

7.4.1 Heterogeneity of Binding A nities

Various reasons have been proposed to explain the deviatitve microarray hybridiza-
tion binding isotherm from theangmuir isothermthese include competitive hybridization
effects [HalO4], electrostatic repulsion [Vai02], entioplockage [Hal05] and variability
of the probe sequences [Bin06].

Electrostatic repulsion, entropic blockage and varigbdf probe sequences (owing to se-
qguence defects, e.g. point mutations and strand truncdtiob02] introduced in thie situ
synthesis process of the DNA microarray) result in hetemedg of binding af nities. Het-
erogeneity of binding af nities has also been observed flomiobilized antibody probes:
Vijayendraret al. [Vij01] investigated the heterogeneity of surface-immiaed antibody-
receptor binding af nities. They observed that a more umfalignment of the surface-
bound antibodies improves heterogeneity of binding afestwith respect to randomly im-
mobilized antibodies. The chemical microenvironmenttg@dise to adjacent probes etc.)
may also play a role.

A single uniform binding constant results in a Langmuirgyyybridization isotherm (equa-
tion 7.24), whereas the presumed heterogeneous distnibafibinding af nities on the
microarray surface results in a broadened effective isothe

The Sips isotherngarising from a gaussian distribution of binding af nitles

_ Dbl _ (K [T]) .
[Po] 1+(K [To]) °

(7.26)

has been reported to provide a better description of sutigbédization than thé.ang-
muir isotherm[Pet02; Gla06; Bin06]. In particular, it describes the l@aed transition
region observed experimentally (Fig. 7.12). The Sips egpon 1is a measure for the
heterogeneity of binding af nities. For a value of=1, which corresponds to a uniform
binding af nity, equation 7.26 is identical with tHeangmuir isothernf{equation 7.25).

7.4.2 Impact of Random Defects Introduced in the in situ
Synthesis Process

The photolithographim situ synthesis process used for the fabrication of DNA chips gen-

erates a variety of defects (mainly single base mismatd¢la=® bulges and strand trunca-

tions) which affect the binding af nity of the individual pbes Owing to these synthesis-
related defects microarray features comprise heterogesraistributions of binding af ni-
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ties rather than a uniform binding af nity. Assuming a stepavsynthesis error rate of
10%, most of the 25mer probes (more than 90%) contain at tastsynthesis defect
[Nai06b]. Since the number of defects per probe moleculevid a binomial distribution
the majority of the probe strands comprises between onetaiad tefects.

Numerical Simulation

For a theoretical investigation of the impact of synthegisrs on the hybridization signal,
we have created distributions of probe sequences whiclgareadent to the heterogeneous
probe composition of a microarray feature. To simplify raegtonly MM defects were
assumed. The number of defects per duplex is binomial bligegd. Binding constants;

of the individual (randomly mutated) sequences were catedlwith the partition function
approach (PFA) described in section 7.3.2. The contributibeach individual probe to
the total hybridization signak., is determined by the Langmuir isotherm according to
equations 7.27 and 7.28. Probes hybridize with differemdinig constant&; to the same

target T.
Ki [To]

T IH K, [To]
We obtain the total hybridization signal by summing up therdhe distribution of probes,
thereby accounting for the molar fractignof the individual probe specié$.

(7.27)

X X Ki [Tol

total = . Xii= | im (7.28)

Fig. 7.14 (see next page) Heterogeneity of binding a nities
Numerical simulation on the in uence of synthesis errordiom hybridization signal: Using
the partition function approach we have calculated hybaititbn signals for distributions of
probe sequences containing various synthesis defectslaistmthose expected in a single
microarray feature. In (A) and (B) the probe lentgh(assumed to be roughly proportional to
Gp) is varied between 6 and 25 base pairs. The relat{ty) (which basically describes
the transfer function( Gp)) was determined according to equation 7.28. Synthesis erro
ratesf (fraction of errors per synthesis step) have been varieddsrt 0% and 16% in steps
of 2%. The simulation code assumes single base MM defedtsawitg,; = 0:5kcalFmol
in (A), and gy, =+2 kcal =mol in (B). The relatively weak defects in (A) like the strong
defects in (B) result in a signi cant broadening of the tf@mgunction in respect to the nar-
row transition range for f=0% (which is corresponding to tegmuir isotherm). Parts (C)
to (F) compare experimental results (shown in D - identicih Wwig. 7.12) to the simula-
tion results. (C) For a series of probe sequence motifstéshih steps of 2 base positions

10 A similar approach has been proposed by Vijayendraret al. [Vijo1].
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along the complementary target sequence) we have gensmteidl sets of probe sequences
(sequence motifs shown) with incrementally increasingtlenExperimentally obtained hy-
bridization signals of the corresponding series are shawtD). Part (E) shows the cor-
responding simulation results, taking into account sysitherrors (parameters: T=310 K,
target concentration=1 nM, error raftec10%, Gp=2 kcal/mol). Signi cantly improved
agreement with the experimental results is achieved in gifjguan increased temperature
T=333 K and a reduced error rdte6%. Like in the experiment the minimum probe length
required for hybridization is about 12 to 16 nt.

The heterogeneous distribution of binding ef ciencieggorating from synthesis defects
results in a "stretched isotherm” similar to a Sips isothéee Fig. 7.14). Thisis due to the
fact that probes containing synthesis defects do signtlgatontribute to the hybridization

signal, though with a reduced binding ef ciency. Theref@wath respect to defect-free
probes) the midpoint of the transition region is shiftedaots higher duplex binding free
energies (i.e. longer probes).

The resulting effective isotherm, with its stretched (inrat order approximation) linear
transition region can explain the experimentally obsedwdadridization characteristics on
microarray surfaces as shown in Fig. 7.12 and for examplégn/A:9.

It should be mentioned that the heterogeneity of bindingiéies of surface-immobilized

probes is not restricted to DNA microarrays fabricatedrbgitu synthesis: Heterogeneity
of binding af nities has also been described for surfaceambilized proteins (antibody

assays) [Vij01]. Surface immobilization leads to heteragty of the micro-environment

of individual probes (e.g. distance to the next probe mad&@rientation of the molecule),

and thus results in a distribution of binding af nities.

In uence of Electrostatic Blocking and Competitive E ects

Electrostatic repulsion between free targets in solutioth surface bound probes/targets
strands has been proposed as an a major reason for the aleatn Langmuir-type be-
havior [Hal04; Bin06]. The increase of the surface chargendithe hybridization process,
due to binding of negatively charged target strands inest®e negative surface potential.
This goes along with a decrease of the apparent bindinga&oinsihd results in a Sips-like
adsorption isotherm [Bin06].

In our study the increase of surface charge owing to the tigation of negatively charged
target strands is expected to be small (estimated 5-20 %pawad to the initial charge
arising from probe strands alone. This is for two reasons wsynthesis defects a large
fraction of the probe strands doesn't signi cantly contrie to hybridization (thus, the
fraction of hybridized probes is typically far from 100%ipch owing to the short length of
the targets employed, the amount of charge per hybridizgétanolecule is rather small.
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In the experiments performed in this study electrostatockihg introduces an approxi-

mately constant free energy penalty, and hence does noidpran explanation for the

observed Sips-like isotherm.

However, this may be different if relatively long targetsasids (50-500 base pairs long)
carrying a correspondingly larger charge, are involvedpagxample in gene expression
assays.

Competitive bulk hybridization (competition between sad and bulk hybridization) has
also been proposed to give rise to Sips-like isotherms [#alh our study, since we fo-

cused on experiments with a single target sequence, we cardexsuch an in uence from

competitive effects.

7.5 Approximation of the Partition Function Ap-
proach (PFA) with a Position Dependent Near-
est Neighbor (PDNN) Model

So far we considered the impact of structural defects (likgle base MMs) on duplex
stability. However, in the framework of our model we can relgany NN pair as a "defect”
and investigate its position-dependent contribution tplel stability. In the empirical
PDNN model [Zha03] (see section 2.3.2) like in the zipper slawkarest neighbor pairs
close to the duplex ends contribute less to duplex staltiiey those in the interior of the
duplex.

In the following we show that duplex free energy values deieed with the PFA can be
approximated by a position dependent nearest neighbor lBDhbdel [Zha03; Car06;
Hel06] in which the duplex binding free energyGp, is calculated as a position-dependent
weighted sum of nearest neighbor free energies (equata®).7.

Gp = W Gnn; (7.29)

To investigate which position dependengg) provides the best approximation for the PFA
we performed a theoretical analysis with a set of one thali2&mer random sequences
(chosen for a similar nucleotide content): Duplex bindingefenergies were calculated
with the partition function approach Gpga), with the PDNN model ( Gppny ), and
with the two-state nearest neighbor model3tsyn ). The TSNN model can be regarded
as special casef=constant) of the PDNN model.

We determined Pearson's correlation coef cientsetween the corresponding distributions
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Figure 7.15: Approximation of the partition function approach (PFA) by a position
dependent nearest neighbor model (PDNN). For a set of one thasand 25mer random
probe sequences (chosen for a similar nucleobase content¢ wompared perfect-match
duplex free energies G for the PFA, PDNN and two-state nearest neighbor (TSNN)
model. Using Pearson's correlation coe cientrp for the correlation between Gppnn
and Gpra and ry for the correlation between the TSNN free energy Grsyn and

Gpra , We found that the best t PDNN weight function w(xyy ) strongly depends
on temperature.
At T=360 K a parabolic weight function ( solid red line) reproduces the PFA re-
sults signi cantly better ( rp = 0:979) than the two-state nearest neighbor model
(rt =0:892). Approximating the parabolic function by a composed function (dashed
green line) of decreasing ramps towards the edges and constant weighis the center,
we obtain the same Pearson coe cient. However, since the terperature of 360 K is
signi cantly above the melting temperature of the 25mer duplexes (which is approx.
340 K), this result should not be mistaken as an analytical poof of the PDNN model.
At T=340 K the best t ( rp = 0:996 versusrt = 0:981) is achieved with a similar
composed function with reduced weight parameters (ramps) oly at the three out-
ermost base positions Blue dashed-dot ling. Towards lower temperatures the PFA
converges towards the TSNN model. At 340 K the weight paramegrs for 360 K pro-
vide a relatively poor t ( rp = 0:946). At 310 K the PFA results match that of the
TSNN (w(xnn ) = 1) almost perfectly (rt = 0:999).

of Gpra, Gppnn @and Grsyn - At 360 K a parabolic weight function (Fig. 7.15) pro-
vides a signi cantly better correlation with the PFAs(= 0:979 than with the two-state
nearest neighbor model( = 0:892. The parabolic weight function can be well approxi-
mated by a ramp function. At 340 K the best correlation is @il with a ramp function
in which only the three outermost NN pairs have a signi caméduced contribution to
duplex binding free energy.

The temperature dependence of the correlation betweerFhaid the two-state nearest
neighbor model is demonstrated in Fig. 7.16. At T=310 K, gim reduced end-fraying

180



Approximation of the PFA with a PDNN Model

Figure 7.16: Theoretical investigation of deviations between the two-$ate nearest
neighbor (TSNN) model and the partition function approach (PFA). To investigate
for which sequences the di erence between TSNN free energi@nd PFA free energies
is largest, we have created a large set of 5000 random 25memsences with a similar
nucleobase composition. Plots of TSNN free energies versi&¥-A free energies [eft)
show a very good correlation at a temperature of 310 K. At higler temperatures (340
K and 360 K) we nd signi cant deviations between the two models. We have selected
the 5% of sequences with largest residuals (red markers) amtketermined the position-
dependent distribution of NN free energies (showrright) by averaging (! averaged
NN-pair free energy versus NN-pair position. The Gibbs freeenergies in A, B and C
refer to T=310 K, 340 K and 360 K, respectively). At 310 K the sequences with the
most stable Gppa have their weak NN-pairs at the outermost two base positions
(thin blue line) and therefore the more strongly binding NN-pairs in the interior.
Vice versa sequences with the weakest Gpra (bold green line) have strong NN-
pairs located at the outermost positions. The mean NN free eargy (average over all
sequences) is indicated by the dashed red line. At 340 K for th most stable sequences
(according to PFA) the weakest NN-pairs are concentrated atthe 6 outermost base
positions (at each duplex end). At 360 K (which is above the méing temperature of
the duplexes) the NN-pair stabilities exhibit a parabolic position dependence.
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at lower temperatures, the PFA-results converge with thietwo-state nearest neighbor
model (Fig. 7.16A).

Distribution of NN-pair stabilities

To investigate the in uence of the positional distributiohstronger/weaker NN-pairs we
have created a set of 7500 duplexes, each assembled frorartteeset of 24 NN-pairs
(randomly arranged). Owing to the identical NN-pair comtitie TSNN binding free en-
ergy of the randomly arranged duplex sequences is identical

On the basis of the partition function approach we deterththe binding af nities of the
individual duplexes. Good agreement with the UNAFold nmgltiemperatures is shown in
Fig. 7.17.

73

71r

701

Melting temperature (°C)

681

! ! ! ! ! !
67 11.4 11.5 11.6 11.7 11.8 119

10 10 - 10 10 10 10
Duplex binding constant (a.u.)

Figure 7.17: The comparison between duplex melting temperatures calcaited with
UNAFold and the corresponding equilibrium constants calcdated with our partition
function approach (at T=340 K), shows a good agreement betwen the two models.
Equilibrium constants are plotted on a logarithmic scale. Owing to identical NN
pairs (randomly arranged) in the chosen set of 7500 25mer sagnces the two-state
binding constants are identical. The stripe patterns (presuumably) originate from
sequence similarities (sequences are not completely ranao- owing to the constraint
of identical NN-pairs when the sequences were generated).
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Approximation of the PFA with a PDNN Model

The analysis of the positional distribution of NN-pairs lretweakest/strongest 5% of the
duplexes is shown in Fig. 7.18:

in the group of the most stable duplexes the strong NN-pagdagated in the center
of the duplexes, whereas

in the least stable duplexes the strong NN-pairs are locdtse to the duplex ends.

At in increased temperatures (360 K in Fig. 7.18B) the posdl distribution of NN sta-
bilities is more pronounced (extending to the center of thplek) than at 310 K were
only the outermost base pairs A similar result has beenmddavith the partition function
based UNAfold softwaré (DINAMelt web server [Mar05]). Asymmetries at the duplex
ends originate from the constraint of identical NN-pajrssequences are not completely
random but rather have identical NN-pairs at the duplex ersimilar result (without ar-
tifacts) is shown in Fig. 7.16 (right column). Here the dueleare composed of sequences
with a similar base composition, rather than of identical-pirs.

Discussion

Our theoretical analysis demonstrates that end-frayirtgaseason for the reduced sta-
bilizing contribution of base pairs which are located néwr duplex ends. This has been
previously suggested by Zhaegjal. [Zha03] for an explanation of the position dependent
nearest neighbor model. We have shown that the PDNN modéebeaterived from the
double-ended zipper model.

However, we found that only the outermost base pairs areesuty signi cant end-
fraying. Our statistical analysis (Fig. 7.16B - left) demstmates that (near the melting
temperature) in 25mer duplexes the 4-6 outermost neariggthwr pairs (at each side, i.e.
8-12 of 24 NN pairs) have a reduced position dependent d¢anion to duplex stability.
This is not exactly the distinct parabola-like position degence reported by [Zha03],
however, even with a positional in uence restricted to thupleéx ends the distribution of
the various NN pairs within the duplex (NN pair free energysws NN pair position) has a
signi cant in uence on duplex stability: The analysis ofqagences composed of identical
NN pairs ( identical duplex free energies according to the two-stat@rest neighbor
model) demonstrated that sequences with strong NN-paitfseirtenter are signi cantly
more stable than sequences with their strong NN-pairs hedrdying ends.

1To determine 7500 melting temperatures UNAFold was run via a MatLab script with the
perl command: result=perl([‘hybrid2.pl], {tmin=40', '{A0=0.000000 001', ‘{B0=0.000000001', ¥{
NA=DNA', {exclude=A", {exclude=B', {exclude=AA', {e xclude=BB', probeFileName, tarFile-
Name). Melting temperatures were read from text les generated by UNAFold.
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Figure 7.18: We performed a theoretical investigation on duplex stabilty with a
set of 7500 randomly created 25mer sequences with an idendicNN pair content. For
those sequences, owing to identical NN pairs the two-state @arest-neighbor model
predicts identical duplex binding free energies. Similar a in Fig. 7.16 we determined
those sequences with the largest/smallest Gpra and determined for these subsets
the spatial distribution of NN pairs (NN pair stability vers us NN pair position).
NN free energies are referring to 310 KA) and 360 K (B), respectively. For the most
stable 5% of the duplexes the average NN free energies are ikl as a function of
NN pair position (solid blue curve, the NN pair distribution of the least stable 5%
is shown by dashed blue curve The dotted line shows the average nearest neighbor
free energy distribution over all 7500 sequences. In paral we employed the partition
function based software UNAFold [Mar05] to determine the mdting temperatures of
the duplexes. We selected the 5% of the sequences with the higst/lowest melting
temperatures and established the corresponding NN pair disibution (highest melting
temperatures: solid green curve lowest melting temperatures: dashed green curve
We found a good agreement between the results of the PFA and UNFold. At a
temperature of 360 K the PFA shows a signi cantly stronger pacsition dependence.
The asymmetric bias at the duplex ends originates from the fat that the constraint
of an identical NN pair content provides sequences with idetical NN pairs at the
duplex ends.
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Chapter 8

Microarray Experiments

8.1 Inuence of Synthesis Defects on Microarray
Hybridization Characteristics

8.1.1 Theoretical Considerations

The delity of light-directedin situ synthesis is affected by point defects introduced in the
synthesized probe sequences [Gar02; Job02; Kim03; NaiO6b]

Limited phosphoramidite coupling ef ciendy single base deletions

Incomplete photo-deprotection (see Fig. 8.3)single base deletions

Stray light results in erroneous deprotectlonsingle base insertions and single base
mismatches

Strand breakage truncated strands

The length of the probe molecules synthesized on the artgyially 15 to 30 nucleotides.
Due to random errors, caused by stray light, incompletegdeprotection or incomplete
coupling of the monomers, the yield of correctly synthesized n-mer oligonucleotides is
limited to

<
I

E3" E] E? (8.1)
(e =)’ @ e=)" EI

Eq andE. denote the stepwise ef ciencies for deprotection and dogpleactions. Cou-
pling ef ciencies of NPPOC amidites were reported to be 9849depending on the par-
ticular phosphoramidite reagent) [NuwO2Es accounts for erroneous deprotection by
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stray light! In the synthesis process a microarray feature is depratéoteaverage) only
in one of four deprotection steps. Thus, stray light fronghbbring features affects the
synthesis of a probe sequence three times per couplingaea€@ompared with the time
constant for photo-deprotectionthe time constant for stray light deprotection, owing the
the smaller stray light intensity, is increased by the asttfactorf .. Es depends not only
on the optical performance of the photolithography setupalso on the geometry of the
mask patterns (see Sec. 3.2.7). With an averaged estintadgdight intensity of 0.5%
of the full exposure intensity (i.e. the local contréstis 200:1) and the time course of
photo-deprotection as shown in Fig. 8.3 the fraction of meausly deprotected molecules
per exposure step is not just 0.5%, but rather 2 to 3%. Thex&fphas an average value of
about 97 to 98%. With these ef ciencieB{ = 0:98 E. = 0:98andE4 = 0:97 - estimated
from Fig. 8.3) the yieldY of correctly synthesized sequences on a 25mer microarray is
about 6% (compare with Fig. 8.1). For a larger stray lighemsity of about 2% of the
exposure intensity Eg = 0:92the yield would be signi cantly reduced to 0.05%. There-
fore a high local contrast ratio over the small distance sday neighboring features is
crucial for successful light-directed fabrication of DNAaroarrays.

N
o

=
(6}
T

f=500:1

on
T

Yield of defect free sequences in %
=
o

olf
2

10 15 20

Exposure int,,

Figure 8.1: Yield of defect free 25mer probes sequences according to edjion 8.1.
The coupling e ciency was set E.=0.97. The contrast factor f. (ratio between full
exposure intensity and stray light intensity) is varied between 50:1 and 500:1 (in
increments of 50). Depending on the contrast the optimum yiéd has its maximum
between 5 and 7 ;- (the time at which 50% the protection groups are removed).

A fraction of 6% of error free probe sequences may seem likglitde. However, as will
be shown later (see section 7.4.2), the fraction of err@ fi®@bes is not all-important for

1 Es is the fraction of probes which is not a ected by stray light. Stray light is caused by optical
are, aberrations, and di raction at the mirror edges. Most stray light originates from the exposure
of neighboring microarray features (local contrast).
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Investigation of the In uence of Synthesis Defects

the function of the microarray, since also probes with pomitations participate in the
hybridization process. We have demonstrated that despitbesis defects hybridization
on our microarrays is highly speci c.

Fig. 8.1 demonstrates that, owing to stray light (even atatively high contrast ratio of
500:1), an increase of the exposure beyond 5 to 7 half-expasnes -, is not bene cial
for the synthesis yield.

A detailed experimental investigation on synthesis-eglatefects in light-directeih situ
synthesis and measures to improve the quality of synthésigeroarray probes has been
published by Richmondt al. [Ric04].

8.1.2 Evaluation of the Synthesis Yield - Progress of the
Photo-Deprotection

The progress of the photo-deprotection of the NPPOC growgssimvestigated in an ex-
posure-variation experiment, similar as that describetlusbkeet al. [Lue02]. Like in

the normal synthesis process the initial layer of NPPOQridde (covering the surface
completely) has been deprotected by UV exposure. The dagtion time of the particular
features has been varied in increments of 6.3 s. Subsegu@yB-amidite (Amersham

Figure 8.2: Variation of amount of coupled Cy3-phosphoramidite as a furction of

the UV exposure dose. The uorescence micrograph shows theuorescence intensity
of Cy3-amidite which has been coupled onto a single layer ofaprotected T-amidites

on the microarray surface. The length of the UV exposure (phto-deprotection) has

been varied in increments of 6.3 s (between 0 and 151.2 s).

Biosciences) was coupled to the deprotected binding <it¢3- uorescence (Fig. 8.2) en-
ables quanti cation of the deprotected binding sites aswshim Fig. 8.3. The progress of
the photo-deprotection is well- tted by a saturation cuwigh a half-life of -, = 20:1s.

With an exposure time of about 100 s (as employed in the nri@paynthesis process)
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Figure 8.3: Degree of photo-deprotection as a function of the deprotedbn time.
The uorescence intensity of the coupled Cy3-amidite showshe progress of photo-
deprotection.

the degree of photo-deprotection is 97%. This value is aimd the estimated coupling
ef ciencies of NPPOC-amidites of 96-99% [NuwO02] (deperglion the individual phos-
phoramidite reagent). An improvement of the deprotectfanency, to reduce the rate of
synthesis errors [Ric04] could be achieved by increasing

the exposure time
the UV light intensity
the sensitivity of the photo-deprotection reaction [W3l04

However, one has to be aware that a higher deprotectionegfayi also results in an in-
creased stray light dose. To increase the deprotectiomesioy from 97 to 98% the expo-
sure needs to be prolonged signi cantly as complete degtioteis approached asymptot-
ically, whereas the fraction of molecules erroneously degmted by stray light increases
at much faster rate [Gar02]. Thus, as shown in Fig. 8.1, tiseae optimum exposure time
at which the number of synthesis errors has a minimum.

To ensure a high quality of the synthesized probes, ratlzer tin reduce the deprotec-
tion time, a high contrast between the features under exp@sul neighboring features, to
be protected from stray light, is necessary (see sectiai)3.2
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8.1.3 Impact of Synthesis Defects on Microarray Synthesis
Fidelity

The impact of synthesis defects on the hybridization charetics of the microarray
probes is dif cult to estimate, because

we don't know how many defects are generated in the syntpestess. Moreover, the
density of defects varies locally with the imaging qualégd

the varying number of defects per probe, as well of the varpiosition of the defects,
give rise to a heterogeneity of binding af nities. Is not kno how multiple defects
affect oligonucleotide duplex binding af nities.

We therefore investigated the impact of synthesis defetttsam experiment in which the
amount single base deletions (resulting from incomplet@tglleprotection) was incre-
mentally varied.

Experiment: How do synthesis-related defects a ect DNA mic roarray hy-
bridization characteristics?

16 microarray features comprising 20mer probes with antid@nsequence were depro-
tected with different UV intensities (controlled by diféert photolithography mask bright-
ness), so that the photo-deprotection of the NPPOC groups$onsmgreater or lesser extent
completed. The result of the experiment (Figure 8.4) deitnates that the hybridiza-
tion and melting behavior, owing to the varying number ofifénbase deletions, strongly
depends on the completeness of the photo-deprotectioptiBedefects originating from
incomplete photo-deprotection reactions reduce the tigaiion signal and result in a sig-
ni cantly reduced melting temperature. A similar experimeas conducted to investigate
if the exposure currently employed is suf cient, or if a l@rgexposure can signi cantly
improve the probe quality. Fig. 8.5 shows the hybridizasammals of 16 features (with
identical probe sequences but different exposure) as difunaf time. The exposure time
of the individual features was determined from image gralgsealues using the projectors
gamma function (see section B.2.1). The total exposurewasl50 s. Thus, the exposure
dose value commonly employed in the synthesis process (10th & feature brightness
of 100%) corresponds to a relative exposure intensity otit6@%. The stability of these
probes synthesized with an exposure dose correspondin@0ta Icyan solid curve) is
only slightly smaller than that of probes synthesized wité tull exposure of 150 s. An
exposure time of 100 s (commonly employed in the synthesisgss) is a reasonable com-
promise between a short exposure time (determining theHesfggthe synthesis process)
and the quality of the synthesized probe sequences.
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Figure 8.4: In uence of deletion defects on the meltingA and hybridization behavior
B of 20mer probes. The relative brightness of the features inhe JPEG images
employed as 'virtual photolithography masks" (thus determining the exposure dose of
the individual features) was varied in increments of about 36 from 100% (feature F1)
to 54% (feature F16). The length of the exposure was 100 s. Thepper plotsin A and
B show the temperature of the hybridization solution. Diagram A demonstrates that
the melting temperature of the probes depends strongly on te amount of deletion
defects contained in the sequences. Feature F10 begins to theit about 35 C,
whereas feature F1, containing the least synthesis defectstarts melting only at 55 C.
Vice versa, when the temperature of the hybridization solufon is reduced (inB) the
hybridization signal of higher quality probes increases gni cantly faster and stronger
than that of probes containing a larger number of deletion erors. Temperature
in uence on the Cy3 uorescence intensity (see section 8.2)s not accounted for.
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Figure 8.5: Impact of deletion errors on the hybridization/melting beh avior of the
20mer probe-sequence 3'-TTGAGCGATATTACTGGACC-5'. The re lative exposure
intensity, and the corresponding e ciency of photo-deprotection (determined from
Fig. 8.3) are shown at right. The temperature is linearly increased from 25 C to
65 C (between 0 and 2000 s). This is followed by a linear decreaseom 65 C to
25 C (between 2000 and 4000 s). Subsequently the temperature Iseld constant
at 25 C.

Microarray feature size reduction

The synthesis of microarrays with small and densely arrdrigatures, owing to the re-
duced local contrast ratio, suffers more from stray liglintbthe synthesis of microarrays
with larger structures. Stray light induced photo-deprtiten of probes in neighboring
features gives rise to random MM and insertion defects. #alially, the quantitative
analysis of microarray hybridization signal intensitiesing to the reduced optical con-
trast, the increased relative impact of small scale inhamnedies (microarray substrate,
particles, etc.), and the requirement of an exact placemwietite readout grid, becomes
increasingly dif cult with decreasing feature size. Thdseitations require a minimum
feature size of about 3x3 pixels (DMD mirrors), plus a sepanagap of 2 pixels. The
requirement of 25 pixels per feature enables a maximum nuoflaout 30000 features.
For a less quantitative analysis (e.g. to investigate gepeession) a feature size of 1 pixel
(possibly requiring an increased exposure time and imgravege contrast) with a fea-
ture separation gap of 1 pixel would enable a total featursbr of about 200000 features
on a chip area of 10 mfmQuantitativeness in gene expression expression asssigsits
icantly affected by other factors (e.g. target secondanycsire), thus the loss of quanti-
tativeness resulting from feature size reduction presiywabuldn't account signi cantly.
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With 200000 probes, assuming a number of 10 different prelogiences per gene (for
the purpose of redundancy - poor predictability of prolrgetaibinding af nity [Poz06]),
almost whole-genome expression assays comprising ab06002fenes might be feasible.
However, to make use of such a high feature density, moreteféeds to be put in the
automatization of microarray readout and image analysis.

8.2 Temperature Dependence of the Cy3-Fluores-
cence Intensity

For quantitative analysis of hybridization signal intdies one has to consider the sig-
ni cant temperature dependence of uorescent markers (Rbt KotOOa; Liu05]. The
uorescence intensity versus temperature charactesistapends strongly on the particu-
lar uorescent label employed. For example, the tempeeatuuence on the uorescence
intensity ofTexas Reds almost negligible, whereas tldyanine-3uorescence is strongly
temperature dependent: in solution between@.&nd 80C an approx. linear decrease of
the uorescence intensity from 100% to about 20% was obskfvei05]).

Since the experimental conditions described in [LiuO5]endiffering from experimen-
tal conditions employed in our study, the Cy3- uorescetemperature dependence was
investigated under the same conditions as in our microdyhyidization experiments, i.e.
with Cy3- uorophores attached to surface tethered DNArsisa

In particular we investigated if the uorescence-temperatdependence is the same
for uorophores in the bulk solution and for uorophores badito the microarray surface.
An interesting question is whether differences in the lbagtf the probe strands - which
can be regarded as spacers between the surface and the hooesp result in differences
of the temperature response.

8.2.1 Experiment

The microarray used in this experiment comprises probeesemps of different lengths
between 1 and 20 nt. In the nal coupling step of the DNA chiptéyesis a uorescent
Cy3-marker (Cy3" phosphoramidite, Amersham Pharmacia Biotech.) was cduplthe
5'-end of the surface tethered probe sequences.

The uorescence of the Cy3-labeled probes decreases watletigth of the probe strands.
This is most likely owing to the decreasing yield (synthekgtects) of probe strands avail-
able for the nal Cy3 coupling step.

In the rst part of the experiment the uorescence signal afface-tethered Cy3-end-
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labeled probes was monitored in SSPE buffer (identical to the hybridization buffer, how-
ever, not containing any uorescent targets strands). Eneperature was varied slowly
between 30C and 70C (see Fig. 8.6A).

In the second part of the experiment we added a high cont¢emrél00 nM) of Cy3-
labeled "target” oligonucleotides to the buffer solutiofihe sequence of the "targets”
was chosen to prevent hybridization with the surface-tethgrobes. In this way we
could simultaneously observe the uorescence of Cy3-kdbétargets” in bulk solution
and surface-tethered Cy3- uorescence signals (the lattasuperposition with the bulk
solution uorescence).

8.2.2 Results and Discussion

Fig. 8.6A shows the temperature and the uorescence iniensithe surface bound u-
orophores. The temperature ramp was repeated to ensurmtiradity changes are re-
versible and not due to photobleaching or detachment of thiegs. The observed small
decrease of the uorescence intensity could be owing togitieaching.

A signi cantly stronger temperature in uence is observed€y3- uorescence in solution
(Fig. 8.6B). The plot of uorescence intensity versus tenapere reveals that the uores-
cence intensity on the surface decreases linearly with ¢éeatyre (Fig. 8.7A), whereas in
solution the uorescence decreases exponentially withpenature (Fig. 8.7B).

Between 31.5C and 68.5C the uorescence intensity of the surface-tethered Cy3kerar
decreases to 67% of the original value, whereas the uorescmtensity in solution is re-
duced to 23%. The intensity decrease observed in bulk saligisimilar to the intensity
decrease described in [Liu05] (decrease to about 35% focdlhresponding temperature
range).

An explanation for the large differences between the saeréand solution uorescence sig-
nal could be that the chemical environment of surface-bouobphores is different from
that of uorophores contained in the bulk solution.

The linear decrease of the Cy3- uorescence in Fig. 8.7Ar(ical for all features) is
independent of uorophore density. Moreover, the lengthite probe strands (i.e. the
tether length between the surface and the uorophore), vvias varied between 0.34 and
6.8 nm, didn't have an in uence on the uorescence intenségnperature characteristics.
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Figure 8.6: Temperature in uence on the Cy3- uorescence intensity (A) on the
DNA chip surface (surface tethered uorophores) and (B) in bulk solution. During
the experiment the temperature (upper images) was varied beveen 30 C and 70 C.
The individual curves (in the lower images) correspond to uorescence intensities of
individual microarray features with a varying density of Cy 3- uorophores (attached
at the 5'-end of DNA probes of varying length). In (B) a high concentration (100 nM)
of Cy3-labeled oligonucleotides (sequence chosen not to Igdize with the surface-
bound probes) was added: Now the uorescence of the surfadesund uorophores is
overlaid by the much larger uorescence of Cy3-labeled oligs in the solution. The
uorescence intensity in the bulk solution is signi cantly more a ected by temperature
changes than that of surface bound uorophores. The temperare ramp was repeated
to ensure that a reversible temperature-related e ect is olserved.
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Figure 8.7: Temperature dependence of the uorescence signal of (A) stace-
tethered Cy3-labeled probes and (B) a superposition of the ame surface tethered
Cy3-labeled probes and Cy3-labeled DNA in solution (B). Thevarious uorescence
signals shown in (A) and (B) originate from di erent microar ray features with probe
lengths ranging from 1 to 20 bases. In the nal step of the DNA dtip synthesis the
uorescent Cy3-amidite was coupled to the 5-end of the suréce tethered probe se-
quences. Between 31.5C and 68.5 C the hybridization signal of the surface-tethered
Cy3- uorophores decreases linearly to about 67% of the inial intensity. The ve
smallest signals correspond to background intensities oginating from nonspecic
binding of the Cy3-amidite to the microarray surface. Plot (B) shows hybridization
signals of the the same features, however, superposed by ada uorescence intensity
from Cy3- uorophores dissolved in hybridization bu er. Un like plot (A) plot (B) has

a semilogarithmic scale. Five of the signals (bold red lingsare genuine solution signals
(with no overlying surface signal - apart from a negligible faction of nonspeci cally
bound Cy3-molecules). Some surface signals seem to be weakigan the solutions
signals. This is owing to an uncorrected gradient in the uorescence excitation. In
solution we observed a signi cantly stronger decrease of th hybridization signal to
about 23% of the original intensity at 31.5 C. Here the temperature dependence is
exponential rather than linear.

195



DNA Microarray Experiments

8.3 Single Molecule Imaging on DNA Microarrays
- Photobleaching and Photoblinking

Image acquisition with the uorescence microscope (Olympx81, PLAPO 60 1.4NA
oil objective) and an electron multiplying EM-CCD camera(hamatsu EM-CCD C9100-
02) demonstrated our setups capability for single moledatection.

Figure 8.8: Photobleaching and photoblinking in a time lapse series of uorescence
micrographs of a hybridized DNA microarray. Square areas a individual microarray
features with a size of 17.5 m. Duration from rst to last image: ca. 17 s. With
increasing photobleaching individual Cy3 uorophores beome visible. Apart from
irreversible photobleaching we observe blinking of indivilual uorophores on a one-
second-time scale. EM-CCD exposure parameters: exposur@te 0.033 s, gain 120,
4x binning.

The series of uorescence micrographs in Figs. 8.8 and 8stihat photobleaching is
overlaid by photoblinking. The oberved photoblinking ischcterized by long-lasting off-

periods (time scale of seconds) of individual the Cy3- yginores. The analysis of the time
evolution of individual uorophores in Fig. 8.10 shows thée blinking characteristics

of individual uorophores can be very different: For exampthe uorophore F3 has a
signi cantly higher blinking rate than the uorophores F2I65.

Except for the described experiments, no extensive asatyshe blinking characteristics
has been undertaken since single molecule blinking (ursikgle molecule imaging) is
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not directly in the scope of this work.

Figure 8.9: Photoblinking of individual uorophores. The Cy3-end-lab eled oligonu-
cleotide targets were hybridized on the surface of the micrarray. Under the applied

observation conditions (high salt bu er, room temperature, no mobile target strands

in solution) the duplexes can be regarded as stable. The ses of uorescence micro-
graphs (for contrast enhancement intensity levels were sgqared and inverted) corre-

sponds to Fig. 8.10 between t=2.68 s and t=3.95 s (time lapse 0667s). Image size
(ca. 30 m). For the uorophores F1, F2, F3 and F5 the time evolution of is shown

in Fig. 8.10. Exposure parameters: exposure time 0.033 s, gal120, 4x binning.

Long time scale uorescence intermittency in previous work

The effect of long timescale photoblinking has been desdritreviously, e.g. in [Sab05]
and [Sch07]. The underlying physical mechanism for uoroghblinking is poorly un-
derstood [SabO05].

Triplet-blinking occurs on the micro- and millisecond scalVhereas the long-lasting dark
states observed in the experiments have a duration of ups&vadeseconds. Rotation of
the molecular dipole may be ruled out by polarization resdlgetection [Sch07].
Schusteet al. [Sch05] propose the following explanation for long livingrd states: Pho-
toinduced charge ejection results in the formation of acadpair consisting of a dark
state uorophore (cation) and an electron which is trappethe polymer matrix. This is
supported by the observation of a power law distributiorhefdark state life-time, which
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Figure 8.10: Time evolution of the uorescence of individual uorophores. The
uorophores F1, F2, F3 and F5 are shown in Fig. 8.9. The corregonding series
of uorescence intensities from randomly chosen backgroum points B1, B2 and B3
indicate the level of noise. Fluorophores F2 and F5 seem to wtergo irreversible
photobleaching (att' 2:9 s andt' 3:3 s, respectively), whereas F1 and F3 and F4
recover repeatedly. The blinking rate of F3 is signi cantly larger than the blinking
rate of the other uorophores considered in this diagram.

suggests that not intrinsic electronic properties of the mhplecule but rather an in uence
of the local environment is responsible for the observedrasasence intermittency. The
dark state life-time depends the dielectric propertieshefdurrounding polymer matrix.
From the trapped dark state either recombination of thecghgiair or, alternatively, for-

mation of a stable non- uorescent photoproduct (phototitézg) can occur.

In principle the detection of single target molecules issilgle with our experimental setup.
However, photobleaching is expected to be a serious probRmotobleaching could be
prevented by labeling with antibody-conjugated quantums.do

8.4 Duplex Melting Characteristics on DNA Mi-
croarrays

Nucleic acid hybridization, due to base stacking, resulta idecreased UV absorbance
(hypochromicity) with respect to denatured single strandi®asurement of the UV ab-
sorbance — providing the fraction of stacked bases (whidgtisl to the fraction of hy-
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bridized duplexes if a two-state transition is assumed) eormmonly employed for the
investigation of the nucleic acid denaturation transitionlike typical UV melting curves
obtained from absorption spectroscopy measurements, yduidization experiments on
16 to 25mer microarrays (fabricated by light-directeditu synthesis) don't show a dis-
tinct melting transition, but rather a continuous decreasine hybridization signal with
increasing temperature. We have performed experimentavestigate the hybridiza-
tion/denaturation behavior of oligonucleotide duplexe€iNA microarrays.

8.4.1 Experimental Procedures

For the experiments we have fabricated a DNA microarray caimg probes of different
lengths ranging from 1 to 23 nucleotides. All probes were glementary to the target se-
quenceCOM. The target concentration used in the hybridization/mglassay was 1 nM
(hybridization buffer: 5 SSPE with 0.1% SDS).

Prior to themelting experimenfFig. 8.11) the targets were allowed to hybridize on the
microarray for 30 minutes at a temperature ofG0Then the temperature was increased
in steps of 5C to 70 C. A duration of ca. 2000 s for each step ensured that hybtidiza
equilibrium (or close approach to equilibrium) could beiagbd.

An analoghybridization experimenfig. 8.12) was performed, however with the temper-
ature program running from 7G (no initial hybridization) to 30C, with decrements of

5 C. Time steps, as above, were approximately 2000 s long.

Hybridization signals were acquired in real-time, while tlmicroarray was immersed in
the hybridization buffer (with 1 nM Cy3-end-labeled targégonucleotide), on the uo-
rescence microscope setup. Fluorescence micrographseseneled withSimplePClat

in interval of 60 s. The temperature of the hybridizationrobar was controlled by a soft-
ware based PID-controller (see section B.11).

Analysis of the uorescence micrographs was performed whthScanRAprogram (see
section B.10), which includes a batch processing functarttie analysis of image se-
ries. Lateral shifting of the feature block, owing to thetmgpansion of the hybridization
chamber was corrected with the drift-correction functigknalysis of the intensity data
was performed with MatLab (Mathworks Inc.).

8.4.2 Results and Discussion

Melting curve analysis is commonly performed with UV absorbe measurements, or by
measurement of the uorescence signal of an intercalated(dyy. SYBR Green I). In
comparison to these measurements performed in solutierfgsexample [Owc04]), the
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Figure 8.11: Stepwise hybridization. The temperature (top) is decreasd in in-
crements of 5C from 70 C to 30 C. The legend shows the corresponding probe
sequences. A signi cant hybridization signal is only obseved for temperatures below
60 C. At 30 C hybridization of 9mer probes is observed. Hybridization guilibrium is
reached faster at higher temperatures (in about 300 s at 55C, about 2000 s at 45C).
At lower temperatures the longer probes require more time toreach equilibrium than
shorter probes: For example at 35C the 22mer probes don't reach equilibrium after
2000 s, whereas the 12mer probes reach equilibrium after abb1500 s.
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Figure 8.12: Stepwise melting. Comparison of hybridization signals fron probes of
varying length - 1 to 22 nt. The temperature is increased in ircrements of 5C from
30 C to 70 C. Probes shorter than 9 nt don't show a signi cant hybridization signal
(red base line). The hybridization signal of the 22mer probeis still noticeable at a
temperature of 70 C, whereas hybridization signals of 9mer probes were only aerved
up to a temperature of 35 C. After a temperature increase (jump) the equilibrium
is reached much faster (requiring between 100 and 500 s) thaafter a corresponding
temperature decrease (in Fig. 8.12).

melting transition observed on our microarray surfacegisi €antly broadened. As can
be seen in Fig. 8.13, the hybridization signal of the probggadually decreasing between
30 C and 70C. The melting curves of the longest probes (17-22 nt) havenattion
point between 30 and 4Q. Melting curves of shorter probek € 17 nt) don't have an
in ection point in the temperature range investigated.

In a comparable experiment [Wic06] (DNA chips fabricatedlilgit-directedin situ syn-
thesis with the Xeotron platform), the melting curves (raamray hybridization signal ver-
sus temperature) of 18mer duplexes have an in ection pdiabaut 40C. The satura-
tion of the hybridization signal (below 3Q) is more pronounced than in our experiment.
This could indicate an increased number of synthesis emmavsr probes with respect to
[Wic06], it may, however, also depend on the stability of gaticular sequences chosen
for the experiments. Unpublished melting curves presemtgutoduct specs. of another
commercial microarray platform (based on light-diredtegitu synthesis) show melting
characteristics which are very similar to our results in. l8d.3.
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Figure 8.13: Equilibrium melting curve - equilibrium hybridization sig nal plotted
versus temperature - extracted from Fig. 8.12. We observe ngaturation at the low
temperature end (even though for longer probes there appearto be an in ection
point at 40 C) - thus, there is no distinct melting transition range.

The signi cantly broadened melting transition may be owtogheterogeneity of binding
af nities originating from synthesis defects. These résula decreased binding af nity.
Thus, the experimental melting temperature is expectecetmwer than the theoretical
predicted melting temperature of the duplex: melting terafee calculation with the DI-
NAMelt Server (with parameters: 1 nM DNA, 1 M NaCl) providég =63.7 C for the
22mer probe and,,, =22.9 C for the 10mer probe.

In the melting experiment (Fig. 8.12) at temperatures betw&) and 70C a small hy-
bridization signal is observédwhereas in the hybridization experiment a signi cant hy-
bridization signal is only observed at temperaturéd C.

Hybridization equilibrium is achieved faster { = 100 to 500 s) in the stepwise melt-
ing experiment (Fig. 8.12) than in the stepwise hybridmagxperiment (for the longest
sequencest = 100 s at55C and t > 2000 s at 40C). The increasingly slow hybridiza-
tion kinetics is probably owing to a decreasing duplex faioraratek,,. [To] [P D]
as the fraction of hybridized probes approaches saturation

One might also assume that at lower temperatures comgetibmspeci ¢ binding may
further slow down the hybridization kinetics. However, tbe experimental conditions

this could be owing to a small amount of irreversibly adsorbe targets (often remaining from a
strong hybridization signal)
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employed this can be ruled out since no signi cant hybrid@asignal was observed from
probes unspeci c to the target sequence.

8.5 Target Transport Related E ects

8.5.1 Experimental Observations

Figure 8.14: Inhomogeneous hybridization due to (assumedly convectiye uid
transfer in the hybridization chamber. The image series of uorescence micrographs
A-H shows the time evolution of the hybridization signal. Arrows in image A point to
rows and columns of control features with identical PM probes. These control features
would ideally have an identical hybridization signal intensity. We nd, however, that
the leftmost column has a signi cantly increased intensity with respect to the other
control features. In image A (identical to image B) the chip has been hybridized at
room temperature. (C) The microarray has been heated up to abut 60 C. Due to
dissociation of the duplexes the hybridization signal has bnost vanished (this is also
partly owing to the temperature dependence of the Cy3- uorescence). D-E Cooling
down to room temperature, enables re-hybridization of the argets. In D all control
features have the same hybridization signal intensity, wheeas in E we nd that the
lowermost row (at the edge of the feature block) has a signi @ntly higher intensity
than the next but one row which is comprising the same controlfeatures. In im-
ages (F-H) we observe a slightly increased hybridization ginal of the control features
at the lower/left edges of the feature blocks. This may be indcating a (supposedly
convective) target transfer from the lower right towards the upper right. However,
inhomogeneities are signi cantly reduced with respect to mage A.

Within the feature blocks shown in Fig. 8.14 the identical Bdtrol features placed next
to the cognate (mismatched) probe sequences display gdnybridization signal intensi-
ties, and thus indicate a spatially inhomogeneous hylaiiin. Control features located at
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the edges of features blocks can be signi cantly brightantldentical control features in
the interior of the feature block (as shown for instance i F.14A). Similar hybridiza-
tion signal gradients can also be observed in single la@eifes like shown in Fig. 8.15.
The distribution of hybridization signal intensities ingBi 8.14 and 8.15 showing bright
intensities on one side of the features/feature block addaed intensities at the opposite
side, indicates that a directed transport of targets (eug.td convection in the hybridiza-
tion chambed) is responsible for the uneven hybridization of the targetenules.

Figure 8.15: Target depletion e ects are visible in the uorescence miciograph of a
microarray comprising relatively large features (ca. 150 m in size). Most prominent

is the bright hybridization signal mainly at the lower and ri ght edges of the features.
At the left edges the intensities are similar to the intensities in the center of the
features. Target transport (from the lower right to the upper left) is probably due

to laminar ow in the capillary gap between the microarray surface and the cover
glass. Dierent feature intensities result from single bag MMs. Features on the
diagonal from upper left to lower right are PM features. The hybridization of the

16mer duplexes was performed at room temperature.

8.5.2 Discussion

Experimental observations suggest that target molecuéer@sported not only by dif-
fusion, but also by convection (within thelmm high hybridization chamber), or by a
laminar ow in the thin capillary gap between the microarraygd a cover glass (as in
Fig. 8.15). In case of fast hybridization kinetics probesaled near the edge of a feature
are more likely to capture targets than probes in the cefiefeature: Owing to the local

3 Convective transport in the hybridization chamber is inferred from the observation of directional
movement of uorescent particulates.
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depletion of the hybridization solution [MicQ7] fewer tatg are left hybridize to probes
in the interior of the feature. This is giving rise to a brighm. Directional transport of
the target molecules may result in an uneven distributiothefhybridization signal like
shown in Fig. 8.15.

The circular features on printed microarraydten have very bright hybridization signals
at the rim compared to reduced hybridization signals in tr@er. Doughnut-shaped pat-
terns have been attributed to spotting or drying artifa¢tewever, recently Pappaest
al. reported that the ring-pattern may occur when diffusioniied conditions are present
during the hybridization process [Pap06]. Their ndinge am good agreement with our
observations oim situ synthesized microarrays (which are certainly not affettgdpot-
ting or drying artifacts). Our experiments con rm the obssions of [Pap06]: "the faster
the binding kinetics of the target probe complex, the higherrisk for a more dense cov-
erage of the edges of the microarray spot.” In the quantddtybridization experiments
throughout this study, uneven hybridization through diifun limitation effects was be pre-
vented by usingrobe-targetcomplexes with not too high binding af nities (e.g. 16mers
rather than 25mers, or probe sequence motifs with suitaBleg@htents). Alternatively,
suitable binding af nities can be adjusted by variationtod hybridization temperatures.

8.6 Inuence of Target Secondary Structure on
the Duplex Binding A nity

The selection of appropriate probe sequences is an impastare in the design of DNA
microarrays. The sensitivity of the probes within probesqee. probes specic to the
same gene) on commercial DNA chip platforms can vary overdva®rs of magnitude
[Zha03; Bin04].

"Whereas the speci city of binding is predictable, the aeacy of of short
oligonucleotide probes binding to long nucleic acid tasgeds not been pre-
dictable. Most short (20mer) oligonucleotide probes selected for a given
target will not bind ef ciently to the full length transcrip As a result, many
potential antisense agents lack ef cacy, and many oligteuiile probes af-
ford poor signal to noise ratio in hybridization-based measients.”[Lue03]

Possible reasons for the large variation are the targetsecy structure [Mir99] (in-
tramolecular base pairing preventing hybridization wite imicroarray bound probes) and
intramolecular folding of the probes [Lue03].

4 The circular shape is a result of the droplet deposition proess.
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To investigate the reasons for this large variation of gdif nities we performed a sim-
pli ed hybridization assay, using only one single cRNA tsarnipt as a target sequence. In
the tiling array experiment (similar experiments were rggain [Mir99; Lue03; Mat03])
the oligonucleotide probes form a tiling path complemegntarthe comparatively long
CcRNA target sequence (see Fig. 8.16A).

Additionally, we performed a similar series of tiling arreyperiments with a 74mer DNA
oligonucleotide target which forms a relatively simple,lM@&own stem-loop secondary
structure.

8.6.1 Preparation of the cRNA Target Sequences

The plasmidpEGFP-Tubvector (encoding a fusion protein consisting of enhanceemr
uorescent proteirEGFPand human -tubulin, Clontech Laboratories Inc.) was cloned in
E. Coliand isolated via miniprep.

Ampli cation and labeling of the transcript by in vitro  transcription

In vitro transcription (IVT) was employed for ampli cation and Iding of the target se-
guence. T7 RNA-polymerase (T7 refers to the T7 bacterioptiemm which the partic-
ular RNAP originates) creates RNA transcripts from a DNA péate by polymerization
of ribonucleotides. Fluorescent labeling of the RNA traipgs is performed by random
incorporation of Cy3-UTP nucleotides. T7 RNA-polymerasgpromoter speci c. The
T7-promoter-sequence was included into gieGFP-Tubtemplate-strand by a PCR step
(polymerase chain reaction) prior to the IVT. The upstre&Rprimer comprises the T7-
recognition-sequence (5-TAATACGACTCACTATAG-3', appéed to the primer 5'-end)
and a complementary section for hybridization with the tktg The length of the PCR
product is controlled by the selection of the downstream @Rer. Two separate PCR
reactions with different downstream primers were perfatrteproduce different length
PCR-products.
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Standard PCR-protocol

Buffers and reagents:
DNA 1 | (undiluted, 1:10, 1:100, 1:1000)

Upstream primer 2.51 (10 pmol/ |) T7-F1:
5'-TAA TAC GAC TCA CTA TAG GGG AAC CGT CAG ATC CGC-3'

Downstream primer 2.51 (10 pmol/ 1)

primer sequence P1 for long (ca. 800 nt) cRNA target T1.:
5-TGG AGA TGC ACT CACGCACTC G -3

and alternatively

primer sequence P4 for short (ca. 270 nt) cRNA target T2:
5'-TGA AGC ACT GCA CGC CGT AGG TC-3'

10 Taq PCR-Buffer 51 (containing MgC} 1-10 mM)
dNTPs (10 mM each nucleotide) 1

Tag-Polymerase (5 Ul) 0.2-0.5 |

complete to a nal volume of 50 | with nuclease-free water

PCR ampli cation cycle:
I. denaturation 5 min at 9&
II. 30 cycles

denaturation 30 s 9&
primer annealing 30 s at 6@
elongation90 s at 7Z

lll. elongation 5 min at 72C
IV. PCR completed - storage at@

Gel electrophoresis (1% agarose gel) con rms that the PGRIymts (depending on the
downstream primer chosen) have lengths of ca. 300 nt and@ant8respectively. Puri -
cation of the PCR-products with QIAquitX kit.

Quantity of PCR-product from one reaction (UV-absorbaneasarement): 0.6g DNA.
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In vitro transcription (IVT) protocol

Labeling-IVT was performed according to the protocol pd®d in the product speci ca-
tion for FluoroLink™™ Cy3™ -UTP (Amersham Biosciences).

Reagents:
in vitro transcription kit: Ambion T7 MegaScrip¥
uorescent marker: FluoroLinR* Cy3™ -UTP (Amersham Biosciences, PA53026)

Preparation of the IVT:
lyophilisation of the DNA template

dilute DNA template in 7.5 | nuclease-free water (amount appropriate for IVT reac-
tion)
thaw reagents from IVT kit (except the enzyme mix) on ice

IVT labeling protocol:
Add reagents, in the following order to a nuclease free 1.&anical microfuge tube:

10 reaction buffer 2 |

A/C/G stock solution 6 |

U stock solution 2 |

Cy3™ -UTP solution (5 mM) 0.5 |

enzyme mix (containing T7 RNA-polymerase) R

IVT reaction:
add DNA template 7.51
incubate at 37C for 2-4 hours, in the dark

remove the template DNA by addition of LDNAse | (RNAse-free). Mix gently and
incubate for 15 minutes at 3C.

Puri cation of the cRNA with Qiagen RNeas¥mini protocol for RNA cleanup. Elution
with 40 | nuclease-free water. Storage of the labeled cRNA atG80

8.6.2 Design of the Tiling Array Experiment

The cRNA targets (T1 and T2 - see Fig. 8.16A) comprisegh&FP-Tubplasmid sec-
tions 578 to 832 (T1) and 578 to 1367 (T2) - numbers refer t@ Ipasitions speci ed in
the ClonTech pEGFP-Tub Vector Information.

The tiling array comprises sets of 25mer tiling probes cammntary to thepEGFR
sections 555-1370 (tiling interval: 1 base), see Fig. 8,168l 1370-2670 (tiling interval:
2 bases). Only probes targeting the section 555-1370 aextegbto speci cally hybridize
with the target T2. For the probes 1370-2670 no speci c ttrgee available in the ex-
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periment. Probes complementary to this section will ses/éndicators for nonspeci c
hybridization.

The microarray further contains a set of "reverse orientexb@s”. Probe sequences in
this probe set are the same as above, however the strantatioars reversed (example
shown in Fig. 8.16E). Furthermore the microarray contagiso$ "complement probes”
(derived from the target speci ¢ probe set, by substitutbbases by their complementary
bases, e.g. 5'-TATAAGC-3' rather than 5-'ATATTCG-3'). Rexsed probes and comple-
ment probes are not expected to show speci ¢ hybridizatignads, rather these probes
are employed to reveal non-speci c cross-hybridization.

8.6.3 Microarray Hybridization - Experimental Procedures

1 MES-hybridization bu er [Nuw02]

Reagents:
MES (2-(N-morpholino) ethanesulfonic acid) 50 mM (zwiiteric buffering agent)
NaCl 0.5 M
EDTA 10 mM (chelating agent, employed to bind Rigions, thus to inhibit nuclease activity)
Tween-20 0.005% (v/v) (nonionic surfactant, employed twkinonspeci ¢ surface adsorption)

Hybridization buffers were produced with RNase-free NQHwater. RNAse activity of the
MilliQ-water and of the prepared hybridization buffers wasted negative with the Am-
bion RNaseAlert" test kit.

Storage of the MES-buffer at 2 to 8 C. Shield from light. Discard solution if yellow.

Caution: With the MES-buffer we experienced irreversible adsorptid uorescently
labeled targets if the temperatures were increased abo@ (&S in melting experiments).
This problem (restricting reusability of the DNA microaysd seems to be related to the
use of the MES-buffer. Therefore, in later experiments tieSvbuffer has been replaced
by 5 SSPE (with 0.01% Tween-20) buffer.

Hybridization procedure

Microarray hybridization with the cRNA target (either T112) was performed in LMES-
buffer at temperatures of 26 and 37C, respectively. The cRNA eluate (obtained from
the QIAquick’™ puri cation after IVT) is diluted 1:500 in the MES-buffer. ddition of a
uorescently labeled control-target (DNA oligonucleatidca. 100 pM) which speci ¢ to
control features is useful to create a regular grid for dagaon. To prevent evaporation, the
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A cRNA transcripts from peGFP-Tub plasmid

578 832 )
PeGFP-Tub  frmmY———Y—€CFP Y —— {
i T1 ’

cRNA transcripts

T2t ]

B Single transcript (cCRNA) tiling assay

555 578 1367 2670

in vitro transcript
25mer probes

[N ] [ ]

C Chip design
probes complement probes reverse orientation probes
555-1370 565-1370 555-1370
probes complement probes reverse orientation probes
1370-2670 1370-2670 1370-2670
probes probes probes
555-1370 555-1370 555-1370
probes probes probes
1370-2670 1370-2670 1370-2670

D Feature block (arrangement of the probes)

VA AN A 1
l l l l l l 11370

E Example sequences

probe 555 3-ATATTCGTCTCGACCAAATCACTTG-5
complement probe 555 3- TATAAGCAGAGGCTGGTTTAGTGAAC
reverse orientation . GTTCACTAAAECAGCTCTGCTTATA

probe 555
Figure 8.16: Tiling array experiment. (A) The uorescently labeled cRNA tran-
scripts T1 and T2 (employed as hybridization targets) have keen produced from the
pEGFP-Tub plasmid by PCR and in vitro transcription (IVT). T2 correspo nds to
the section 578-1367 of thepEGFP-Tub plasmid (and corresponds to the complete
EGFP -coding sequence). T1 corresponds to the shorter section 8832. (B) The
tiling array includes a set of 25mer probes which forms a tilng path complementary
to the cRNA target sequence. Probes are shifted along the coptementary target
sequence in increments of 1 (or 2) bases. Further probes thajo beyond the actual
target sequence range (of probes T1 and T2) (correspondingot pEGFP -positions
1370-2670) have also been included. These probes will be ds®r detection of non-
speci ¢ cross-hybridization. (C) Arrangement of the feature blocks on the microarray
- compare with the uorescence micrograph of the hybridizedmicroarray in Fig. 8.17.
(D) Arrangement of the probes within the feature blocks. Apart from four replicate
feature blocks the microarray contains one feature block oprobes with reversed strand
orientation - explained in (E) - and one with complemented probe sequences in which
the bases have been substituted with their complementary bses.
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hybridization solution was applied in thin Im between theNB chip and a cover glass,
either for 10 minutes (at 2&) or 2 h (at 37C).

Microarray washing procedure

In this experiment (unlike in the other experiments) thersgr uorescence of the cRNA
hybridization solution doesn't allow real-time monitagiof the hybridization signal. To
remove unbound targets and salt residue the microarragstbawndergo washing.
Unbound targets are washed off (under non-stringent congi with 20 SSPE-buffer
(presumably 5 SSPE will equally work). Washing in an ethanol/water saotremoves
salt residue and prevents duplex dissociation.
Washing protocol:

washing in 20 SSPE, 0.005% Tween-20 (with agitation) for 1 minute

washing in 1:1 ethanol/water (with agitation) for 30 s

washing in ethanol (analytical grade) for 30 s

drying under a stream of nitrogen

Washing is performed at room temperature. Use of pure ethatioe nal washing step
prevents droplet formation in the subsequent drying stéye &thanol dries very fast in a
thin Im and therefore (unlike water) doesn't leave congated spots of residues.

The washing procedure doesn't seem to affect the relatieidigation signal values. The
hybridization signal after the washing procedure is idmitio that observed while the
microarray is still in the hybridization buffer.

Microarray stripping procedure

For reuse of DNA microarrays the targets from the previousidyzation experiment have
to be removed. For removal of DNA targets heating inSSPE buffer to a temperature of
60-70C is applied. Often however, the uorescence signal is not gletely removed -
in particular if the previous hybridization signal was vetyong. It is unclear whether this
irreversible hybridization signal is due to covalent bimglof the targets.

In case the hybridization is performed with RNA targets ¢hisra more ef cient stripping
method, making use of the fact that RNA degrades under alkalonditions, whereas
the microarray bound DNA-probes remain intact: Strippimd©0 mM NaOH solution at
45 C (5 minutes) removed uorescence of cRNA targets completehereas traces of the
uorescently labeled control-target (DNA) were still vide. The hybridization capability
of the microarray seems unaffected, however, the strippingedure described above has
not been tested extensively.
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A similar (somewhat more gentle) method (RNA-degradaticth @ mM NaOH, 250 mM
EDTA at 60 C to 62 C, 8 minutes) has recently been described byetial. [Hu05].

8.6.4 Results

Figure 8.17: Image montage of uorescence micrographs showing the comgtie DNA
microarray (ca. 10000 features) after hybridization with cRNA target T2 (10 minutes
at 25 C) and washing. Microarray features - size about 18 m, corresponding to
5 5 DMD pixels - are separated by a 1 pixel gap. The chip design islescribed
in Fig. 8.16C. Control features (horizontal lines between he features blocks and
features at the right end of the individual feature blocks - have been hybridized with
the uorescently labeled control target (a short DNA oligon ucleotide), and therefore
show a weak hybridization signal. Unexpectedly (at 25C) the reverse oriented probes
(feature block top-right) displayed the brightest hybridi zation signals and the same
intensity pattern as the regularly oriented probes.

To investigate the variation of the probe-target bindingigf along the cRNA target se-
guence we plotted the hybridization signals versus thegnatbex (number of the base in
the pEGFP-Tubvector sequence which is pairing with the 3'-terminal bakéhe corre-
sponding probe - see Fig. 8.16B).

As shown in Figs. 8.17 and 8.18A probes are not equally seaddr the cRNA target.
At 25 C about one third of the target-speci ¢ probes has only a siadieén negligible)
sensitivity for the target sequence. Sections with sesmstrobes (typically about 20 bases
wide) are interrupted by sections with insensitive probes.

Figure 8.18B demonstrates signi cant cross-hybridizatid 25C. The probes targeting
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Figure 8.18: Hybridization with the cRNA target T2 at 25 C. (A) and (B) show a
signi cant variation of the hybridization signals. Hybrid ization signals from two repli-
cate feature blocks (black and red curves correspond to ideital probes at di erent
positions on the same microarray - shown in Fig. 8.17) demortgate the reproducibil-
ity of the analysis. Only probes with indices between 565 andl355 are expected
to speci cally hybridize with T2. However, as shown in (B), we observe also strong
hybridization signals from probes beyond base position 13 (for which no specic
target sequence is provided). (C) Attempt of a theoretical prediction of the cross-
hybridization binding a nities between the probes 1370 to 2670 and the target T2:
The a nity-measure employs a weighting factor proportional to the square root of
the length of contiguous complementary subsequences and plies a 1.5 times higher
weight on C G base pairs than on AT base pairs. We observe some correlation with
the measured hybridization signals in (B). A signi cantly b etter correlation couldn't
be expected as target secondary structure is not consideread the prediction. (D) An-
other a nity-measure, simply based on the number of C and G bases contained in
the individual 25mer probe sequences, doesn't correlate wi the hybridization signal

in (B).
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the section 1370 to 2670 &GFP-Tubplasmid are not speci c to the cRNA target, and
thus are not expected to show a hybridization signal.

A B

600 600
[} 1)
] [}
Q Ke)
S 400 S 400
o o
© S
g g
£ 200 g 200
> =]
zZ Pz
0 0
1 2 3 4 5 6 1 2 3 4 5 6

Hybridization signal (a.u.) Hybridization signal (a.u.)

@)
O

600 600
(%] (%]
()] ()
Qo Qo
© 400 o 400
o o
S ©
5 g
£ 200 £ 200
] )
z P4
0 0
1 2 3 4 5 6 1 2 3 4 5 6
Hybridization signal (a.u.) Hybridization signal (a.u.)

Figure 8.19: Histogram plots of the distribution of hybridization signa | intensities
(target T2) at 25 C. (A) target-specic probes (555-1370), (B) nonspecic probes
(1370-2670), (C) nonspeci ¢ complement probes (555-1370)D) nonspeci ¢ comple-
ment probes (555-1370). The largest fraction of sensitive q@bes is contained in the
target-speci ¢ probe set (A). Compared with the nonspeci c complement probes (C)
and (D) the nonspeci c probe set (B) includes a signi cantly increased fraction of
bright probes.

The histogram plots in Fig. 8.19 demonstrate that in nogetaspeci ¢ probe sets (as
shown in Fig. 8.19 B to D) the fraction of probes with large hgtzation signals is signif-
icantly reduced compared with the target-speci ¢ probeBign 8.19A.

At an increased hybridization temperatuile € 37 C) the non-speci c hybridization is
negligible (Fig. 8.20), however, the hybridization signatarget-speci ¢ probes is signif-
icantly decreased as well. Only 20-30% of the target-smeprobes provide a signi cant
hybridization signal. This con rms results of Lueble¢ al. [Lue03] showing that only
10% of the probes (speci ¢ for the cRNA target coding GFPyafed a signat 5% of the
highest signal.

Unexpectedly, we found that the reversed orientation m¢bry. 8.21) at a hybridization
temperature of 2% show the same hybridization pattern - even at slightlygased inten-
sities - like the genuine target-speci c probes. Howevdferent from the target-speci ¢
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Figure 8.20: Hybridization signal of the cRNA target T2 on target-speci ¢ probes
(upper graph) and nonspeci ¢ probes (lower graph) at 37C (black curve - the corre-
sponding hybridization signal for 25 Cis shown in red). The target-speci ¢ hybridiza-
tion is signi cantly reduced at 37 C. Nonspeci ¢ hybridization has almost completely
disappeared at 37C. The ripple on curve is owing to imaging artifacts.

probes, the hybridization signal of the reversed probesmest completely disappeared
at more stringent hybridization conditions at a tempegati37 C. The presumed, largely
speci ¢ binding of two parallel-oriented strands raises ititeresting question of the under-
lying duplex structure and binding mechanisms and showcetbre be subject to further
investigation.

The hybridization signal of the complement probes (derivenh the set of target-speci ¢
probe sequences by substituting bases with their compleamyebases) is not correlated
with the hybridization signal of target-speci ¢ probesFi8.22). Several distinct peaks,
owing to nonspeci ¢ cross-hybridization at 25, have disappeared at an increased hy-
bridization temperature of 3€C.

Hybridization of the short cRNA target T1 (at Z5) afforded the anticipated result (see
Fig. 8.23): Hybridization is largely limited to probes cowvgy section 600-720. No sig-
ni cant hybridization signal is observed in the section 72870 which is included in the
longer target T2, not however in T1.

The experiments have been repeated using the same chimdbsigever with an im-
proved control of the hybridization conditions: Hybridima was performed in a tem-
perature-controlled hybridization chamber enabling terafure control, real-time moni-
toring and buffer exchange. Hybridization with cRNA targ&in 5 SSPE buffer (with
0.01% Tween-20) at a temperature of €5(and 37C, respectively, overnight) followed
by washing with pure hybridization buffer (inside the hylization chamber), provided
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Hybridization signal of the cRNA target T2 on reverse orientation

probes at a hybridization temperature of 25 C. Reverse orientation probes (blue
curve) and the corresponding correctly oriented probes (kdck curve), rather unex-

pectedly, agree very well.
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Hybridization signal of the cRNA target T2 on complement probes

at a hybridization temperature of 25 C. The hybridization signals of complement
probes (green curve) and the corresponding EGFP-Tub spect probes (black curve)

are not correlated.
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Figure 8.23: Hybridization of the short cRNA target T1 (section 578-832) at 25 C.
Hybridization signals from T1 (blue curves) shows peaks maily below probe index
720. These are congruent with peaks from target T2 (red curvg). In the section
1370-2670 several distinct peaks, congruent with peaks fro target T2 (red curves),
originate from nonspeci ¢ binding of the probes with target T1. In comparison with
the longer target T2 fewer nonspeci c peaks (lower graph) ae observed with the
shorter T1.

basically the same hybridization signals (see Fig. 8.3@easribed above.

Interestingly, a gradual temperature increase fronC3{0 65 C 'results in a gradual de-
crease of the hybridization signals of all probes (partlyngto the temperature-dependence
of the Cy3- uorescence) rather than in an improved disaniation between speci ¢ and
nonspeci cally bound targets. In contrast to that, we obsda signi cantly improved dis-
crimination at a hybridization temperature of 8compared to a weaker discrimination at
hybridization temperature of 26. This suggests that the discrimination between speci ¢
and nonspeci ¢ hybridization should be controlled by thengfency of the hybridization
conditions, rather than by stringent treatment after Idibaition.

8.6.5 Consideration of the Target Accessibility

The stable secondary structures of long nucleic acid tauigetrfere with microarray hy-
bridization. As shown in Fig. B.17 large parts of the targagueence T2 (owing to in-
tramolecular base pairing) fold into stable hairpin stnoes. Ratushnat al. [Rat05]
suggested that target secondary structure should be evedith microarray design and in
the interpretation of microarray results.

The limited accessibility of the target sequence for nackeid probes also affects the
ef ciency of antisense oligonucleotides [VicO0] and RNAterference (RNAI) [KKO3;
Wes07]. Software tools for prediction of antisense and RE#giencies consider tar-
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get accessibility.

In the Sfold software [Din01; Din03; Din04] (web server atpa/sfold.wadsworth.org)
target accessibility is determined from the Boltzmann eride of RNA target secondary
structures. Sfold determines the antisense oligonudedtinding energy as a weighted
sum of RNA/DNA nearest-neighbomteractions [Sug95]. The weighting factor for each
nearest-neighbostacking interaction is calculated from the intramolecidase pairing
probability of the corresponding target dinucleotide [@h

We compared experimental hybridization ef ciencies (frtime tiling array experiment in
section 8.6.4) to base pairing probabilities (Fig. 8.24) bmding energies (Fig. 8.25) cal-
culated with Sfold.

1
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Figure 8.24: Prediction of the target accessibility with Sfold: Probability that
nucleotidesi, i+1, i+2, and i+3 are all unpaired. Single stranded regions are more
likely to be accessible for hybridization with microarray probes. Increased probability
for single stranded section at base positions 785 to 800, 825 850, 900 to 930, 1050 to
1090, 1150 to 1170, and 1200 to 1250 is correlated to incredskybridization signals
in the tiling array experiment (see Fig. 8.20 top).

Fig. 8.24 shows the probability that the individual nucides along the cRNA sequence
T2 ° are unpaired and thus accessible for hybridization. Theessme comprises stable
intramolecular base-paired segments which are interdupteshort (mostly) unpaired seg-
ments. Unpaired segments frequently correspond to segmathtlarge binding af nities
in the tiling array experiment in Fig. 8.20 (top).

Segments with large (negative) binding energies in Figo 8@respond well to segments
of large hybridization signals in the tiling array experimé Fig. 8.20. The scatter-plots
in Fig. 8.26 show the correlation between microarray hybation ef ciencies and Sfold
binding energies.

5 Apart from the end regions the sequence investigated is iddital to the cRNA target T2 employed
in the tiling array experiment (see section 8.6.1)
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Figure 8.25: Prediction of antisense binding energies Gs7 with Sfold (parameters:
25mer DNA antisense probes, T=37C, 1 M [NaCl]). We observe a good correla-
tion between peaks in the hybridization signal (Fig. 8.20 tq) and high probe-target

binding a nities (low  Gg7).
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Plot of the Sfold antisense binding free energies Gs7 versus the

hybridization signals intensities from the tiling array experiments (as in Fig. 8.20
top) at hybridization temperatures of (A) 25 C and (B) 37 C. Larger (i.e. more
negative) Sfold binding free energies correspond to incread hybridization signals.
At less stringent hybridization conditions, for T=25 C in (A), we observe a better
correlation than at 37 C. The branch-structures are associated associated to di eent
peaks in Fig. 8.25 and thus to di erent accessible target regns. The slopes of the

individual branches di er signi cantly.
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We have demonstrated that the target accessibility govara®array hybridization ef -
ciency. The comparison between our experimental resuttpeadicted binding af nities
(binding ef ciency predicted by the Sfold web server) shalat software tools for the
prediction of antisense oligonucleotide ef ciency — on thesis of target accessibility —
can be employed for the design of ef cient (i.e. sensitivégnmarray probe sequences.

8.6.6 Investigation of the In uence of a well-known Target
Secondary Structure on the Hybridization E ciency

To further investigate the in uence of target intramoleubase pairing we used a rela-
tively simple DNA oligonucleotide target (‘'stem-loop-tgat' SLT) which forms the stable
stem-loop secondary structure shown in Fig. 8.27.

Figure 8.27: The 73mer DNA oligonucleotide target sequence SLT was to dégned
to form a relatively simple stem-loop structure. The stem isformed between bases
19-30/34-55. Hybridization with microarray-bound probes is expected to be possible
in single stranded regions at the duplex ends (between basds18 and 56-73) and in
the single stranded loop region (31-42). A uorescent marke (Cy3) is attached at
the 3'-end. The secondary structure was predicted by the DIM\Melt server [Mar05].

We hybridized SLT at a concentration of 1 nM on a tiling arrayikar as in the above
experiments. Hybridization was performedan SSPE buffer (containing 0.1% SDS) for
90 minutes at a temperature of 40 A relatively strong hybridization signal is ob-
served for probes binding to the single stranded regionestatiget 5'-end (see Fig. 8.28).
Probes speci c to the stem region - ranging from base posstitd to 30 - (in particular
the shorter 15 and 20mer probes) have signi cantly redugdatitiization signals (near
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Figure 8.28: Hybridization signals from tiling array speci ¢ to the stem -loop target
SLT. The hybridization signal is plotted versus the probe s&uence position (center of
the probe sequence) with respect to the target sequence (siva below the horizontal
axis). Dierent probe lengths 25mers (red), 20mers (green)and 15mers (blue), have

di erent sensitivities but show the same characteristics. The background intensity
level is at 2.8 a.u..
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Figure 8.29: The large di erence between binding a nities at the target 5 '-end and
at the target 3'-end shown in Fig. 8.28 can be explained by stécal hindrance of the
rigid double-helical stem structure: Probe targeting the 5-end of the target sequence
(left): The rigid stem-structure can relatively freely move above the probes. Probe
targeting the 3'-end of the target sequence (right): The rigd stem-structure is forced
onto the microarray surface, leading to increased stericahindrance with respect to
the surface and neighboring probes and hybridized duplexes The position of the
uorophore (red dot) is not expected to play a role.
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the background level). Increased hybridization signaésarserved for probes binding
to the single stranded loop region (31-42). However prohéth (their centers) between
positions 26 and 35 are signi cantly more sensitive tharsthbetween (35 and 40). In
the stem region between positions 42 and 55 the hybridizaignal is at the background
level. At the single stranded 3'-terminal region a smalldang af nity is observed, which
is much smaller (i.e. at a level of about 10%) compared to théilhg af nity observed at
the 5-end. A possible explanation is that sterical hindeanf the rigid double-stranded
stem-structureprevents hybridization at the targets 3'-end (Fig. 8.29).

8.6.7 Nonspeci c Hybridization { Variation of the Wash Stri n-
gency

To investigate the effect of washing on binding speci citg werformed a series of wash-
ing steps with washing buffers of varying ionic strength.

The experimental design is basically the same as aboveqsét6.4). However, the ex-
periment was performed on another microarray (though Vhighsame chip design). The
cRNA targets (T2) have been stored for about one year aC-80

Following overnight hybridization at 28 (hybridization buffer: 5 SSPE, 0.01% Tween
20) the microarray was washed for 15 minutes (in the ow-tlgio hybridization chamber)
with5 SSPE, 5 SSPE (again), 2SSPE and 0.5SSPE. After each wash, the hybridiza-
tion signal was acquired.

Fig. 8.30 shows the hybridization signal after the rst (stbimgent) wash (with 5SSPE

- red curve) and after the last wash (black curve) with thegént 0.5 SSPE buffer. The
hybridization signal is very similar to that in Fig. 8.18uthdemonstrating the good re-
producibility of the experiment. Washing under stringemditions does not increase the
discrimination between speci cally and nonspeci cally lrad targets signi cantly. This
is in agreement with Pozhitkaet al. [Poz07] who recently reported that they didn't nd
a statistical difference between the dissociation kisetitPM and double-mismatch du-
plexes. A key nding of their study is that nonspeci ¢ dupksxdo not always dissociate
before speci c ones.

In Fig. 8.18 we observed signi cantly improved discrimiroat for the hybridization per-
formed at 37C with respect to the hybridization performed at €5 Thus, to prevent
nonspeci ¢ cross hybridization, it appears more effectvepply stringent hybridization
conditions rather than stringent washing conditions. H@xemore experiments need to
be done to con rm that washing with increased stringencysdoet reduce nonspeci c

Compared to single stranded sections the double stranded sim-region has a strongly increased
rigidity (persistence length I, ' 45-50 nm [Hag88]).
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Figure 8.30: In uence of the washing stringency on speci cally and nonspeci cally

bound duplexes. Like in Fig. 8.18 the upper graph corresponsl to target-speci c

probes, whereas the lower graph corresponds to nonspeci crpbes. Washing with
was performed at 23Cwith 5 SSPE (15 min.) (red curve), followed by another wash
in 5 SSPE (15 min.), 2 SSPE (15 min.) and 0.5 SSPE (15 min.). Hybridization

signals were acquired after every washing step. The hybridation signal acquired
after the nal washing step is shown in black. The saw tooth paterns at intervals

of 20 and 40 steps, respectively, are artifacts owing to brigtness gradients in the
uorescence excitation.

cross hybridization.
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Chapter 9

Summary/Zusammenfassung

9.1 Summary

The present thesis describes the development and appticaftia DNA microarray syn-
thesizer Moreover, in an extensive study based on microarray higatidn experiments,
we investigated the impact of single base defesitsgle base mismatchasdsingle base
bulgeg on the binding af nity of oligonucleotide duplexes. We \egrarticularly interested
in the in uence of defect type and defect position.

The thesis comprises the following topics:

development of an automated DNA microarray synthesis systethe basis of light-
directedin situsynthesis.

guantitative analysis of microarray hybridization signdbsed on uorescence mi-
croscopy and the use of a sensitive EM-CCD camera

characterization of the DNA microarrays that have beeri¢abrd with the microarray
synthesizer

detailed investigation of the in uence of single base defgsingle base mismatches
andsingle base bulgg@®n duplex binding af nity

modeling of oligonucleotide duplex stability and the impatsingle base defects on
the basis of the double-ended zipper model

In the rst half of the thesis, the emphasis is on developmeptimization and opera-
tion of the DNA microarray synthesizer The automated synthesis-apparatus, which is
based on a light-directed (i.e. photolithographically tcolhed) in situ synthesis process
[Fod91l; SG99], is employed in the fabrication of high-densiligonucleotide microar-
rays. It provides the basis for the microarray hybridizagxperiments performed in the
second half of the thesis.
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Light-directedin situ synthesis enables superior exibility in the choice of noarray
probe sequences: unlike with the widely used contactipgrtechniques, presynthesized
oligonucleotides are not required. With the setup presemiehis work, parallel synthe-
sis of 25000 probes-sequences is performed on the surfacdearidrimer-functionalized
microarray substrate. Phosphorus (cyclotriphosphaPénigtH) dendrimer substrates —
previously used in the immobilization of presynthesizedahucleotide probes [LB0O3] —
were employed for the rst time, and with great success, ashatsate for light-directed
in situ synthesis.

In the course of the photolithographically controlled $yadis process photolabile chem-
ical protection group's(5'-nitrophenylpropyloxycarbonyl [Has97]) are cleavey bV
exposure (* 370nm), thus to enable coupling of the subsequently providesspho-
ramidite building blocks. The coupling reaction extends ginowing probe sequences by
one nucleotide, which — to prevent uncontrolled couplingtraduces a new 5'-NPPOC
protection group.

Spatially controlled photo-deprotection is achieved by gnojection of "dynamic pho-
tomasks”: thereby the image of a micromirror-array-typatisp light modulatof (Digital
Micromirror Device, DMDOM, Texas Instruments Inc.) is projected onto the surface of
the microarray substrate. The sequence information of flkeoarray probe sequences is
encoded in the set of photomasks. Photo-deprotectiontisctes to those microarray fea-
tures comprising sequences to which the subsequentlygedviucleotide building block
(alternately A, C, G or T) is to be attached in the followingipbing reaction.

A microscope-projection-photolithography setup has kreloped for projection of the
photomask patterns onto the substrate. In the setup thialdpgsit modulator is mounted
in the intermediate image plane of a Zeiss Axiovert 135 itegmicroscope. The micro-
scope-based design provides superior stability with sjpethermal expansion. More-
over, image reduction reduces the requirements on UV lam@pd commercially avail-
able 5 0.25 NA Fluar microscope objective (Carl Zeiss) enableh tignsmission and sat-
isfying imaging quality in the near UV around 370 nm. The inmggyuality was evaluated
and optimized by exposure of a UV-sensitive Im. For this pose a novel UV-sensitive
coating, based on the photochromic dye spiropyran has bexgiaped. The technical
problem of nding the exact focus for the UV photomask images tbeen solved with a
workaround: ne adjustment of the distance between the DMD the tube lens enables
focusing of the UV photomask image by means of visual foausima test pattern (under

1 The 5-NPPOC protection groups [Has97] are attached to the 5end of the 3'-tethered probe se-
qguences.
2 The DMD™ was obtained from a commercial video projector.
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green illumination) — despite large uncorrected chrometbierration.

The uidics system of the microarray-synthesizer was depetl on the basis of a commer-
cial DNA-Synthesizer. Solenoid valves are controlled viaiarocontroller-based valve

driver, which is connected to the control PC. The microaswythesizer control-software
DNASyn (written in JavaV) coordinates the projection of the photomasks with therobnt
of the uidics system and thus enables a fully automatedtsssis process.

Microarray synthesis is performed under anhydrous cambtin a hermetically sealed
synthesis cell. The design of the synthesis cell was tealipidemanding since a num-
ber of technical requirements had to be considered: suftodhemical resistance (use of
aggressive synthesis reagents, e.g. tetrahydrofuranaaatdnitrile), high quality image

projection (with UV light) into the interior of the synthescell, prevention of argon gas
bubbles in the synthesis area, and avoidance of dead voloneadble fast and complete
reagent exchange). The optical ow cell design presentetiisiwork reliably meets the
above requirements.

The highly exible DNA microarray synthesizer — which haseimedeveloped from widely
available components — has demonstrated reliable opeiaticis now routinely employed
for lab-scale fabrication of tailormade DNA microarrays.

After the fabrication process, microarray hybridizatisqperformed in a temperature-con
trolled optical ow cell. In most of the hybridization expetents we used uorescently
labeled DNA and RNA oligonucleotides as target sequenddse uorescent signal of hy-
bridized target molecules was detected with a uoresceniceascope in conjunction with
a sensitive EM-CCD camera. Unlike commercial microarregnsers the microscope-
based con guration can be employed in realtime-monitoohthe hybridization process.

Readout of the hybridization signal intensity of the indival microarray features is per-
formed with an image processing software which has beena@»e in the framework of
the present thesis.

We investigated the impact oh situ synthesis-related point defects (single base mis-
matches, deletions and insertions) on DNA microarray liybation: our experimental re-
sults show that with an increasing number of deliberatedyiged deletion-defects the bind-
ing af nity (in the median) is reduced. The randomly intragal point defectsgive rise to

a heterogeneous distribution of reduced binding af niti®oreover, the duplex melting
temperature (in the median) is reduced. Similar experimgnsection 6.11 demonstrate

In the hybridization experiments uorescently labeled tar get sequences are applied to the microarray
surface in solution. On the surface the di using targets canget captured by their complementary
probe counterparts. Surface-tethered probes bind (hybridze) to complementary target sequences
via base-pairing interactions.

4 Various amounts of random deletions were created by variatn of the photodeprotection time.
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that - depending on the distribution of the defects - eveb@savith multiple defects can
signi cantly contribute to the microarray hybridizatiorgsal.

We suspected that observed characteristics of microagpaydization — the reduced melt-
ing temperature (with respect to solution-phase hybritng, and the broad melting tran-
sition (we observed almost gradual melting between 30 an@)#originate from random

synthesis defects and the associated heterogeneity ahgiatinities. This connection has
been con rmed by numerical simulations in section 6.11.

Mismatch discriminatiohis fundamental to number of important genomics application
such as single nucleotide polymorphism (SNP) analysis asdquencirfyof gene se-
guences. In solution-phase-hybridization the in uencsinfle base mismatches has been
studied extensively by means of UV-absorption measuresraiihe duplex melting tran-
sition [All97; Sug00; San04].

Recent studies focusing on MM discrimination on DNA micrags [Wic06; Poz06] show
differences with respect to the previous UV absorptionistidh solution: in accordance
with our results in [NaiO6b], [Wic06] and [P0z06] report andimating in uence of defect
position. However, between the studies of Wetkal. [Wic06] (employing DNA/DNA
hybridization) and Pozhitkogt al. [Poz06] (RNA/DNA hybridization) there is little agree-
ment in respect to the relative impact of different mismdtake pairs.

In the present work we performed a detailed investigatiothenn uence of single base
defects ¢ingle base mismatchasdsingle base bulge®)n oligonucleotide duplex binding
af nities (chapter 6). Microarray hybridization experimis were performed with exten-
sive sets of microarray probes containing — deliberateipduced — single base defects
with respect to a perfect matching 'probe sequence mbtiithin the probe sets defect
type and defect position were varied systematicallyhus, the microarray hybridization
signals (uorescence of hybridized target molecules) mtexcomprehensive information
on duplex binding af nities in relation to defect type, defgosition and the composition
of the 'probe sequence motif'.

Mismatch discrimination: binding a nities of mismatched ( MM) duplexes are reduced with respect
to the binding a nities of the corresponding perfect matchi ng (PM) duplexes. The discrimination
between MM- and corresponding PM-hybridization signals isemployed for the detection of point-
mutations.

Resequencing is employed to search for single base mutati®mwith respect to a well-known references
sequence.

The 'probe sequence motif', from which the individual "point-mutated"” probe sequences were de-
rived, matches perfectly with the synthetic oligonucleotide target sequence provided in the hybridiza-
tion solution. A variety of di erent 'probe sequence motifs' and corresponding oligonucleotide targets
has been employed throughout this study.

Microarray probe sequences were designed to have single lkaslefects” { i.e mismatches, deletions
and insertions, with respect to the perfectly matching '‘probe sequence motif'.
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An important result of our microarray hybridization expeents is that the mismatch dis-
crimination is governed mainly by the position of the defgsgiction 6.5): mismatches in
the center of the duplex show a more distinct discriminati@m comparable defects which
are located closer to the duplex ends [NaiO6b]. A similarggrin uence of the position of
MM defects has also been reported in [Wic06] and [Poz06].tuiss on solution-phase
hybridization (except for [Kie99] and [Dor03]) an in uenaa defect position has not
been reported. The well-established two-state nearéghiner model of oligonucleotide
duplex stability — commonly employed to predict duplex ditds for solution-phase hy-
bridization [AlI97; San04] — neglects a positional in uenexcept for terminal base pairs
[San04].

We discovered that the in uence of the defect position isnegtricted tosingle base mis-
matcheshut can also be observed feingle base bulgdefects: for the individual 'probe
sequence motifs' the position dependencesioigle bulgedefects is (aside from defect
type-related variations) identical with thatsihgle base mismatatefects. Moreover, our
results show that the positional in uence in the individipgbbe sequence motifs' is not
merely determined by the defect-to-end distance but alsthéyprobe sequenée This

is presumably related to the extend of end-domain openiagigb denaturation), which
is determined by the stability of the nearest-neighborspaomposing the duplex sec-
tion between the defect and the proximate duplex end. Ouwreasons suggest that the
position-dependent in uence of single base defects (iedepnt of the defect type) can be
described on the basis of a molecular zipper model.

Systematic variation of the mismatch base pairs (withingtabe sets of our microarray
experiments) enabled a comprehensive statistical asalydM binding af nities (sec-
tion 6.6). We observed that (in case of DNA/DNA hybridizafiaghe mismatch discrimi-
nation is largest for those MM types where the MM base paiompgared to a G base
pair in the corresponding PM duplex. From our database afitah@00 mismatch binding
af nities we determined defect type related contributibom®1M discrimination: the estab-
lished ranking order of MM stabilitié8 is in good agreement with [Wic06]. Moreover, as
also reported in [Wic06], the mismatch discrimination afindual MM-types is related
to predicted* free energy increments G. Our analysis shows that MM type dependent
contributions to MM discriminationl — the position-dependent in uence has been elimi-
nated — are proportional to G. However, the observed large discriminations for the MM

In the present context the 'sequence’ is to be regarded as a geence of weaker and stronger nearest-
neighbor pairs.

10Since the binding a nities have been normalized with resped to the PM binding a nities, they

represent a measure for the mismatch discrimination.

11 The dierences between MM- and PM-duplex Gibbs free energis G { a measure for MM dis-

crimination { were predicted from the two-state nearest-neghbor model, thereby using mismatch
nearest neighbor free energy parameters from [AlI97].
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types GG, A A and T G signi cantly deviate from an otherwise monotonic (and apg-
mately linear) relation.

Pozhitkovet al. [Poz06] established a ranking order of MM stabilities for RRNA
duplexes, which indicates that purine-purine mismatches A G, GA, A A and GG)
are among the least stable MM types. However, the correlatith the DNA/DNA sta-
bility order established in the present work is relativatyadl. Suspected differences be-
tween DNA/DNA and DNA/RNA mismatch discrimination motieat further hybridiza-
tion experiments, in which a 'direct comparison' betweenAJNNA and corresponding
RNA/DNA binding af nities!? was performed (section 6.8). We discovered systematic
differences with respect to MM discrimination in DNA/DNA @rRNA/DNA hybridiza-
tion: purine-purine mismatches are more discriminativih(\nespect to other MM types)
in case of RNA/DNA hybridization than in case of DNA/DNA hythization. However,
the differences with respect to DNA/DNA hybridization amr®dyomoderate — the stability
order reported in [Poz06], with purine-purine MMs as the trestabilizing MMs, could
not be reproduced in our experiments. Further experimenessblve the the discrepancy,
possibly including RNA/RNA hybridization, could providalable insights.

We suggest that different helix structures — B-form helixcase of DNA/DNA duplexes
and A-form helix in case of RNA/DNA duplexes — are resporesilolr the observed dif-
ferences in MM-discrimination. In A-form helices the steclash between double-ringed
purine bases in purine-purine MM-pairs may contributergjer to destabilization of the
mismatched duplex than in B-form DNA/DNA helices.

Single base bulgdefects are caused by an unpaired base in one of the nudiestemnds.
In our experiments in section 6.9 single bulge defects wezated from the PM probe
sequence by insertion or deletion of a single base. kikgle base mismatchesingle
bulge defects can result in a considerable decrease of the paopettbinding af nity.
The identity of the neighboring bases determines how st the binding af nity is
affected by the bulge defect: our experimental results sti@at the binding af nity is
signi cantly less affected if the unpaired (bulged) basdirectly adjacent to an identical
base. In the presence of such an identical base the positiba physical bulge is ambigu-
ous positional degeneratfKe95]). According to Wartell and coworkers, who previousl
observed the stabilization of su@roup Il bulges? in solution-phase hybridization exper-

12 A direct comparison' was achieved by subsequent hybridizions with RNA and corresponding DNA
oligonucleotide targets. These had equivalent sequencesohly thymine is replaced by uracil in RNA.
131n the notation of [Zhu99] there are two types of single base bulgesin Group | bulges there is no
identical base next to the bulged base, whereas ifGroup Il bulge there is at least one identical

neighboring base.
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iments [Ke95], thepositional degeneracgntails an increase in entropy and thus results
in increased duplex stability [Zhu99]. The unexpectedlgédastabilization oiGroup I
bulgesobserved in our microarray experiments cannot be explantsly by this entropy
increase, since the resulting stabilizatiorGybup Il bulgeswith respect taGroup | bulges
Gilge  O:4kcal/molis too small to explain the large differences infigiization sig-
nal intensities. Our explanatory approach is based on #eetight the bulge defect causes
a blockage of the zipper mechanism: the surplus nucleotideoges a 1-nt frameshift
between the single stranded sequences and thus prevengpithézipping up' of the du-
plex. In case of &roup Il bulge- owing to thepositional degeneracythe barrier can be
overcome signi cantly faster than in case oGaoup | bulge This is due to the increased
probability that one of the degenerate nucleotides doeptaaldavorable conformation

which enables the frameshift to be overcome.

In typical microarray experiments the binding af nity bedan probe and target sequences
is strongly affected by the secondary structure of the lamget sequences [Lue03]. We
performed diling-array experiment* to investigate the in uence of target secondary struc-
ture on microarray binding af nities (see section 8.6). THRNA-targets employed in this
experiment (with lengths of about 300 and 800 nucleotideanfstable intramolecular
secondary structures, which are expected to interferetwibhidization to complementary
microarray probes. In agreement with [Lue03] our experitaleresults show that only
piecewise segments of the targets (about 20 to 30% of theléotgth of the target se-
qguences) are available for hybridization.

We used Sfold [Din04], a software tool for the prediction btient antisense oligonu-
cleotides, to investigate the in uence of restricted taecessibility on the hybridization
ef ciency of the individual microarray probes. We found thiae predicted binding af ni-
ties (accounting for the Boltzmann ensemble of RNA targebsdary structures) are cor-
related with our experimentally determined hybridizateiciencies. Our results suggest
that Sfold is suitable for the prediction of ef cient micnoway probes. Further hybridiza-
tion experiments are necessary to corroborate the prednmyesults.

In order to investigate the underlying physics behind opeexnental results — in particular
with respect to the large in uence of the defect position —degeloped a thermodynamic
model (see chapter 7) of the oligonucleotide duplex on thsesha thedouble-ended zip-
per mode[Gib59; Kit69]. Thezipper modelunlike the widely appliedwo-state nearest-
neighbor modehccounts for partially denatured duplex conformations. assume that

14The tiling-array comprises a set of 25mer probes which form &iling-path' along the target sequence.
This type of experiment allows to probe the availability of target segments for hybridization.
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duplex denaturation occurs via sequential unzipping freenduplex ends. The formation
of internal denaturation bubbles is considered to be niadgig

On the basis of thaeearest-neighbor mod&le calculate the statistical weights of all par-
tially denatured duplex conformations to nally obtain tpartition sum of the oligonu-
cleotide duplex. Our theoretical results show that in thespnce of a single base defect
the partition function tends to be the larger if a defect aled closer to the duplex end.
This is in agreement with our experimental results, whemgdekes with defects near the
ends are more stable than comparable duplexes with a def#lee icenter. The numer-
ical analysis shows that the oligonucleotide sequence -higndontext considered as a
sequence of more or less strong nearest-neighbor int@nacti has a signi cant in uence
on the position-dependence of the MM discrimination. Thasdmes apparent if stronger
and weaker nearest-neighbor pairs are unevenly distdlwitdin the sequence.

For a comparison of experimentally determined hybridaasignal intensities with theo-
retically predicted duplex stabilities we performed a rm@ray hybridization experiment
(section 7.4) in which the length of the microarray probasd(thus the Gibbs free en-
ergy G of the duplexes) has been varied incrementally. We obsexregmoid relation
between the hybridization signal (corresponding to thetioa of hybridized probes)
and the Gibbs energy of the duplexes: Within a broad tramsitegion the hybridization
signal increases approximately linearly with the duplexgla. The broad transition is
not conform with the Langmuir-equation which describesthganarrow transition. In a
numerical simulation we demonstrated that this discrepaan be explained with the in-
uence of synthesis-related defects: different from thedsuir equation, which is based
on the assumption of a single binding af nity for all probése microarray probes in the
experiment — owing to a variable number of point defectsailed at random positions) —
are subject to a heterogeneous distribution of bindingiiés. Simulation results con rm
that heterogeneity of binding af nities results in a broade transition region.

The position-dependent in uence of point defects is notrieted to single base mis-
matchesand base bulgesbut can also be assigned to any stronger or weakarest-
neighborpair. Our theoretical investigations in section 7.5 dentras that duplexes com-
prising of identical sets of NN-pairs — which are therefdrermodynamically equivalent
on the basis of the two-stateearest-neighbor model have different stabilities, depend-
ing on the arrangement of tmearest-neighbopairs. Duplex stability is largest for those
sequences where the most stable NN-pairs are located iretitercf the duplex and less
stable NN-pairs are located near the ends. At room temperttazipper modeprovides
practically the same duplex stabilities as thv-state nearest-neighbor modélowever,
with increasing temperature, owing to increasing end-dorapening, we observe a sig-
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ni cant positional in uence. Thus, we have demonstratedttthezipper modeprovides
a theoretical basis for th@ositional-dependent nearest neighbor mg@dNN) [Zha03],
which has been considered so far only on a largely empirasisb

In conclusion, the present thesis describes the develapohan automated system for
situ synthesis of DNA microarrays. The system provides greaib#iky in the fabrication
of DNA microarrays at a moderate cost. Since our microaryehesizer is not a black
box technology — like most commercial microarray platformsis an interesting basis for
further technical development (possibly on the basis ofapeh source” platform).
Moreover, the present thesis contributes to a better utadetimg of microarray hybridiza-
tion characteristics, in particular with respect to theedgbn of points mutations. With
regard to the growing importance of DNA microarray techgas a more profound un-
derstanding of the underlying physicochemical processkd& needed to fully exploit
the potential of DNA microarray analysis.
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9.2 Zusammenfassung

Im Rahmen der vorliegenden Arbeit wurde ein System zur piletgraphisch kontrol-
liertenin situ Synthese von DNA Microarrays entwickelt und zur Anwenduegrgcht.
In einer umfangreichen Studie auf der Basis von Microattigipridisierungsexperimenten
wurde untersucht, wie sich verschiedene Einzelbasentdefghkgle base mismatchesd
single base bulggsn Abhangigkeit von mehreren Parametern — u.a. Defekt-Defekt-
Position und Basen-Sequenz) — auf die Bindungsaf nitat Microarray-Probes auswir-
ken.

Die Arbeit beinhaltet die folgenden Schwerpunkte:

Entwicklung eines automatisierten DNA Microarray-Syrdizers auf der Basis der
photolithographisch kontrolliertein situ Synthesel{ght-directed in situ synthesis

Quantitative Analyse der Microarray-Hybridisierung reit Fluoreszenzmikroskopie
und EM-CCD Kamera

Charakterisierung der mit dem Synthesizer hergestellt¢A-Microarrays
Detaillierte Untersuchung des Ein usses von Einzelbaséiden

Theoretische Untersuchungen: Modellierung der Dynamik@bgonukleotid-Duplex-
en und der Auswirkung von Einzelbasendefekten bei der Mitay-Hybridisierung
auf der Basis eineBouble-ended ZippeWodells [Gib59; Kit69; Bin06]

Als Grundlage fur experimentelle Untersuchungen mit DNAcidarrays wurde - auf
der Basis von vorangegangenen Arbeiten [Fod91; Has97; SK@®02] - ein automa-
tisiertes Microarray-Synthese-System entwickelt (sighpitel 3). Mit dem Microarray-
Synthesizer erfolgt die parallele Synthese von etwa 25@@8chiedenen Oligonukleotid-
Probesequenzen (basierend auf der Phosphoramidit-Mstlioetkt auf der Ober ache
des mit Dendrimer-Molekilen funktionalisierten Microaysubstrats. Die situ Synthese
erlaubt eine hohe Flexibilitat bei der Auswahl der Proleepgnzen, denn anders als etwa
beim weit verbreiteten Kontaktdruckverfahremi€roarray spottingIlmmobilisierung vor-
synthetisierter Probe-Sequenzen) werden beirdsitu Synthese keine vorsynthetisierten
Oligonukleotide benotigt.

Cyclotriphosphazen-PMMH-Dendrimer Substragbdsphorus dendrimeydie bereits sehr
erfolgreich bei der Immobilisierung vorsynthetisierteoBes verwendet worden sind [LBO3;
Camo06], wurden im Rahmen dieser Arbeit erstmals und mitgetam Erfolg als Substrat
fur diein situ Synthese verwendet (siehe Abschnitt 4.2).

Bei der photolithographisch kontrollierten situ Synthese werden durch Belichtung mit
UV-Licht ( * 370nm) photolabile NPPOC Schutzgruppen (5'-Nitrophenylytogy-

235



Summary/Zusammenfassung

carbonyl [Has97]) abgespalténum auf den so entschiitzten Microarray Features die An-
kopplung des nachfolgend bereitgestellten Phosphor&atienbausteins (entsprechend
den Nukleotiden A, C, G oder T) zu ermdoglichen. Die Steugrder Entschitzung erfolgt
photolithographisch durch die Projektion "dynamischeot®masken”. Hierzu wird das
Bild eines Mikrospiegelarrays (Digital Micromirror DevdcDMD™) auf die Ober ache
des Microarraysubstrats projiziert. Die Sequenzinforomatler Probe-Sequenzen ist in ei-
nem Satz von Synthesemasken codiert, die jeweils vor derggabrigen Kopplungsreak-
tion auf die Substratober ache projiziert werden. Bei Betichtung mit UV-Licht werden
nur diejenigen Feature-Bereiche photochemisch entsthviktlche Probe-Sequenzen ent-
halten, in die der bei der nachfolgenden Kopplungsreakieneitgestellte Nukleotidbau-
stein, an der entsprechenden Basen-Position, eingebatgmvsoll.

Die Abbildung der Synthesemasken auf das Microarraysatostirde auf der Grundlage
einer Mikroskop-Projektionsphotolithographie-Anordigysiehe Abschnitt 3.2) realisiert.
Das Mikrospiegelarray wurde hierzu in der Zwischenbildebdes inversen Mikroskops
angebracht. Die Projektion der "virtuellen Synthesemasleaif das Microarraysubstrat
erfolgt mittels eines handelsublichen ®,25 Fluar Mikroskopobjektivs (Carl Zeiss).

Fur die Justage der Projektionsoptik im nahen UV-Bereicinde ein neuartiger UV-sen-
sitiver Film auf der Basis des photochromen Farbstoffsdpgiran hergestellt. Mit Hil-
fe des photochromen Materials konnte das Photolithogegybtem in Hinsicht auf die
Abbildungsqualitat evaluiert und optimiert werden. Dlaei hinaus wurde ein Verfahren
entwickelt, welches eine einfache visuelle Fokussierusrgli/-Optik mit Hilfe eines in
sichtbarem Licht auf das Microarray-Substrat projizieffestmusters erlaubt.

Das Fluidiksystem des Microarray-Synthesizers (Absttth8) wurde auf der Basis ei-
nes handelsuiblichen DNA-Synthesizers entwickelt. DiestAnerung der Magnetventile
erfolgt durch einen Mikrokontroller-basierten Ventiitver, welcher seinerseits von einem
PC gesteuert wird. Eine im Rahmen dieser Arbeit in der Progreersprache Java entwi-
ckelte Synthesesteuerungssoftware koordiniert die lRirojeder Synthesemasken mit der
Steuerung des Fluidiksystems und ermoglicht damit eirdlawtomatisierten Ablauf der
typischerweise etwa 6-8 Stunden dauernden Microarrayh®ge.

Die Synthese erfolgt unter wasserfreien Bedingungen ineriem der Synthesekammer.
Deren Konstruktion wurde von einer Reihe technischer Addanngen bestimmt: Ver-
wendung chemisch aggressiver Synthesereagenzien, lgptidabildung ins Innere der
Kammer, Vermeidung von Streulicht und Re exionen, Vermeig des Auftretens von
storenden Argon-Gasblaschen im Synthese-Bereich esdigiVermeidung von Totvolu-
men (um einen schnellen und vollstandigen Reagenziesassdt zu gewahrleisten). Mit

15Die NPPOC-Schutzgruppen be nden sich bei den in dieser Arbé verwendeten 5'-NPPOC Phosph-
oramiditen am 5'-Ende der in Synthese be ndlichen Probe-Squenzen.
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dem in dieser Arbeit beschriebenen Design werden die obeanggen technischen An-
forderungen zuverlassig erfillt. Das aus handelstiBlicKkomponenten entwickelte DNA
Microarray-Synthesesystem erlaubt eine routinemafegstellung malRgeschneiderter Mi-
croarrays im Labormalf3stab. Vergleichbare Systeme steslanty nur wenigen Forschungs-
einrichtungen zur Verfugung.

Nach der Herstellung erfolgt die Microarray-Hybridisiaguunter kontrollierten Bedin-
gungen in einer als optische Durch usszelle ausgefuhHghridisierungskammer. Als
Targetswerden uoreszenzmarkierte DNA- bzw. RNA-OligonuklectiBequenzen ver-
wendet. Das Fluoreszenzsignal von auf den Microarraytffesthybridisiertenrarget
Molekilen wird mit Hilfe eines Fluoreszenzmikroskops w@iger emp ndlichen EM-CCD
Kamera registriert (siehe Abschnitt 5.1). Anders als benkwerziellen Microarray-Scan-
nersystemen ist bei dieser Anordnung ein Echtzeit-Momigpdes Hybridisierungsverlaufs
maoglich. Aus den gewonnenen Bilddaten werden mit einerahrRen dieser Arbeit entwi-
ckelten Bildverarbeitungssoftware die Hybridisierurigsale der einzelnen Microarray-
Features ausgelesen.

Im Rahmen der Charakterisierung der Microarrays wurde ischhitt 8.1 untersucht, wie
sich die im Verlauf dem situ-Synthese generierten Einzelbasendefekte auf die Hgiidi
rung der DNA Microarrays auswirken: Mit einer zunehmenderz#hl| kiinstlich induzier-
ter Deletion-Defekte (generiert durch eine Verkurzungklgschitzungsdauer) nimmt die
Bindungsaf nitat der Probes im Median ab, woraus sich stte Abnahme des Hybridi-
sierungssignals ergibt. Die Dissoziation der Duplexelgtfe aufgrund der Heterogenitat
der Bindungaf nitaten im Median — bei niedrigeren Schnefperaturen. Ein ahnliches
Experiment in Abschnitt 6.11 demonstriert, dass MicroafPaobes, die synthesebedingt
(evtl. mehrere) Einzelbasendefekte enthalten, ganz kechetum Hybridisierungssignal
beitragen konnen.

Die Ursache fur die signi kanten Unterschiede zwischerbHigisierungsexperimenten in
Losung und vergleichbaren Experimenten auf MicroarrégiGichen, ist vermutlich in
der durch zufallige Synthesedefekte hervorgerufenemnidgenitat der Microarray-Bin-
dungsaf nitaten zu nden. Dies konnte durch numerische@iationen (in Abschnitt 7.4.1)
bestatigt werden.

Der auf den unterschiedlichen Bindungsaf nitaten yaerfect matci{PM) undmismatch
(MM) Duplexen beruhende Nachweis von Einzelbasendefdiitdat die Grundlage wich-
tiger Anwendungen, etwa der Analyse von SN§iadle nucleotide polymorphisngene-
tisch bedingte Variationen einzelner Basenpaare) oddResequenzierung von Genomab-
schnitten. Der Ein uss vosingle mismatcibefekten auf die Stabilitat von Oligonukleo-
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tid-Duplexen wurde in Losung (Messung des Duplex-Schirrgangs mittels UV-Ab-
sorptionsspektroskopie) bereits eingehend untersudi&X{ASug00; San04].

Neuere Studien hinsichtlich der MM-Diskriminierutign DNA Microarray-Experimenten
[Wic06; Poz06] weisen deutliche Diskrepanzen sowohl imgiéch untereinander, als
auch im Vergleich mit entsprechenden Bindungsaf nitédes UV-Absorptionsexperimen-
ten [Sug00; Poz06] auf.

Im Rahmen dieser Arbeit wurde daher (in Kapitel 6) detatilientersucht, wie sich un-
terschiedliche Einzelbasendefeksen@le base mismatchasdsingle base bulggésuf die
Bindungsaf nitat zwischen MicroarrafProbesund synthetischen Oligonukleotithrget
Sequenzen auswirken. In entsprechenden Microarray-Higerungsexperimenten wur-
den, ausgehend von einem festgehaltenen Sequenzmotematsch Defekt-Typ und
Defekt-Position variiert. Hierzu wurden bei der Herstefijuder MicroarraysProbe Se-
guenzen generiert, die hinsichtlich ihrer Komplemen&aau der im jeweiligen Teilexpe-
riment verwendetemargetSequenz gezielt eingebaute Einzelbasendefekte enthalte
Unsere experimentellen Resultate (Abschnitt 6.5) zeidass bei der Hybridisierung auf
dem Microarray die destabilisierende Wirkung von EinzetivaMismatch-Defekten sehr
stark von der Position des Defekts abhangig ist. Misméatefekte in der Mitte des Du-
plexes resultieren in einer deutlich starkeren Mismdd$kriminierung als vergleichba-
re Defekte deren Position sich naher an den Duplexendendes [NaiO6b]. Ein ahnlich
starker Ein uss der Defektposition wird auch von [Poz06HJkVic06] berichtet. Im Ge-
gensatz dazu ist hinsichtlich der Hybridisierung frei-lbglicher DNA-Strange in Losung
mit Ausnahme von [Kie99] und [Dor03] kein entsprechender &Ss der Defektposition
dokumentiert [San04].

Wir konnten erstmals zeigen, dass der Ein uss der Defektiposnicht aufsingle base
MMs beschrankt ist sondern auch tsngle bulgeDefekten zu beobachten ist: Fur die
einzelnen Sequenzmotive ist die Positionsabhangigkeitsingle base bulg®efekten
(abgesehen z.B. von Defekt-Typ-abhangigen Variatioraemtisch mit der bei desingle
base MMDefekten beobachteten Positionsabhangigkeit. Unse&ssivhgen zeigen auch,
dass die positionsabhangige Wirkung eines Defekts nishtom Abstand des Defekts zu
den Duplexenden, sondern auch von der jeweiligen Duple&eserjabhangig ist. Dies ist
moglicherweise darauf zuriickzufiihren, dass das Austheaartiellen Denaturierung an
den Duplexenderefid fraying von der Stabilitat der in den endnahen Sequenzabschnitte
enthaltenemearest-neighbePaare bestimmt wird. Dies lasst vermuten, dass der positi
onsabhangige Ein uss von Defekten unabhangig vom Defgktauf der Grundlage eines

16 Mismatch-Diskriminierung: Diskriminierung zwischen perfect-match Duplexen (vollstandig komple-
mentaren Duplexen) und mismatch Duplexen, deren Bindungsa nit &t durch eine Einzelbasenfehl-
paarung vermindert ist. Die Diskriminierung zwischen dem MM Hybridisierungssignal und dem
dazugelorigen PM Hybridisierungssignal wird u. a. zum Nachweis vorPunktmutationen verwendet.
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Zipper-Models ("molekularer Reil3verschluss”) bescheielwerden kann.

Die systematische Variation der Defekt-Typen erlaubt eiméassende Analyse der Bin-
dungsaf nitaten der verschiedenen MM-Basenpaare (Abisch.6). Die statistische Un-
tersuchung zeigt, dass im Falle von DNA/DNA-Hybridisieguiverwendung von DNA-
Target9 die Mismatch-Diskriminierung bei denjenigen MM-Typen atarksten ist, bei
denen ein G5-Basenpaar (im entsprechenden PM-Duplex) durch den Mi¢kDéeein-
trachtigt wird. Die von uns ermittelte Reihe von MM-Bindysaf nitaten'’ in DNA/DNA-
Duplexen stimmt weitgehend mit einer entsprechenden ResheWick et al. [Wic06]
Uberein. Bezuglich einer weiteren Studie [Poz06] (rasid auf RNA/DNA-Hybridisie-
rung) ist dieUbereinstimmung dagegen vergleichsweise gering.

Dies motivierte weitere Hybridisierungs-Experimente $8bnitt 6.8), in denen die Bin-
dungsaf nitaten von DNA/DNA- und RNA/DNA-Mismatch-Dupken direkt miteinander
verglichen werden sollten. Hierbei konnten systematiddhterschiede hinsichtlich der
MM-Diskriminierung bei DNA/DNA- und RNA/DNA-Hybridisienng beobachtet werden:
Purin-Purin Mismatch-Basenpaare (3 GA, A A und GG) zeigen bei der RNA/DNA-
Hybridisierung eine etwas starker ausgepragte MM-Diskrierung als bei der Hybridi-
sierung von entsprechenden DNA/DNA-Duplexen. Die beoteeh Unterschiede sind
vermutlich auf die unterschiedlichen Helix-Strukturemvs-Form RNA/DNA-Duplexen
und B-Form DNA/DNA-Duplexen zuruickzufuhren.

Single bulgeDefekte werden durch eine ungepaarte Base in einem degrb8itlange her-
vorgerufen. In unseren Experimenten (Abschnitt 6.9) warsiagle bulgeDefekte (aus-
gehend von einem zum jeweiligéfarget komplementarerProbe Sequenzmotiv) durch
Einfilgung (nsertion) bzw. Entfernung deletior) einzelner Nukleotide erzeughhnlich
wie single MMsresultierensingle bulgeDefekte in einer deutlichen Verringerung der
Probe-TargetBindungsaf nitat. Die Identitat der benachbarten Badestimmt, wie stark
die Bindungsaf nitat von einenbulge Defekt beeintrachtigt wird: Unsere Untersuchun-
gen zeigen, dass die Bindungsaf nitat deutlich wenigemiadert wird, wenn sich die
ungepaarte Base (innerhalb des Einzelstrangs) in diréldehbarschaft zu einer identi-
schen Base be ndet. Die Position deslgesd.h. der ungepaarten Base innerhalb der Du-
plexstruktur ist beim Vorhandensein identischer Nachhseh nicht eindeutig bestimmt
(positional degeneracke95]). Eine Stabilisierung solcheG(oup 1) bulgeDefekte wur-
de schon an freien Duplexen in Losung beobachtet und is@aw und Wartell [Zhu99]
auf die Entropiezunahme infolge der Positionsentartungckzufuhren. Die in unseren
Experimenten beobachtete, unerwartet deutliche Stailisg ist jedoch vermutlich nicht

17Da diese MM Bindungsa nit aten auf die jeweiligen PM Bindungsa nit aten bezogen sind stellen
sie ein Ma fur die MM-Diskriminierung dar.
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allein aufgrund der geringfiigigen Stabilisierung inldieser Entropiezunahme zu er-
klaren. Unser Erklarungsansatz beruht auf einer duralbdigye Defekt verursachten Blo-
ckade des Zipper-Mechanismus: Die durch delye Defekt hervorgerufene Verschiebung
zwischen den Einzelstrang-SequenZesnteshify verhindert ein schnelles SchlieRep¢
ping up des Duplex. Diese Barriere kann beim Vorliegen eiGesup |l bulges- aufgrund
der Positionsentartung — schneller tibersprungen wé&tadsmbeiGroup | bulgeDefekten
(bei welchen keine Positionsentartung vorliegt).

Die Bindungsaf nitat zwischerProbe-und TargetSequenzen wird sehr stark von der Se-
kundarstruktur deffargetSequenzen beein usst [Lue03]. Fur ein Experiment zurdont
suchung des Ein usses solcher Sekundarstrukturen (Abddh6), wurden uoreszenz-
markierte cRNATargetsmit einer Lange von 300 bzw. 800 Nukleotiden hergestel. B
diesen Langen sind stabile intramolekulare Sekunditstren zu erwarten, die in den
dazugehorigen Sequenzabschnitten eine Hybridisierunlgamplementaren Microarray-
Probesverhindern. Tatsachlich konnte in deiting-array-Experiment® nur auf etwa 20
bis 30% der Lange dieser Target-Sequenzen eine signiekbiiybridisierung erzielt wer-
den.

Mit Hilfe von Sfold [Din04], einem Software-Tool welches a.. zum Auf nden effektiver
Antisense Oligonukleotide dient, wurde untersucht, wit siie infolge der Sekundarstruk-
tur verminderte Zuganglichkeit von grof3en Teilen der €sgquenz auf die Bindungsaf -
nitat der einzelnen Probesequenzen auswirkt. UnserdoBigge zeigen, dass die mit Hilfe
von Sfold auf theoretischer Grundlage (unter Beriicksichtdes Boltzmann-Ensembles
von Target-Sekundarstrukturen) ermittelten Bindungsaten mit unseren experimen-
tell bestimmten Hybridisierungssignalen korreliert sibdsere Ergebnisse legen nahe das
Sfold auch zum Auf nden ef zienter Microarray-Probe-Seanzen geeignet ist. Weitere
Microarray-Hybridisierungsexperimente mit anderen €ugequenzen sind erforderlich
um die im Rahmen der vorliegenden Arbeit gewonnenen Ergebrau untermauern.

Auf der Basis deslouble-ended Zippekodells [Gib59; Kit69] wurde ein thermodyna-
misches Modell des Oligonukleotid-Duplexes entwickelagitel 7), um die experimen-
tellen Ergebnisse, inbesondere den starken Ein uss dezkdedsition, genauer zu unter-
suchen. Im Gegensatz zum in der Praxis am hau gsten vergtentivo-state nearest-

18 Die Stabilisierung von Group Il bulges beruht der erhehten Wahrscheinlichkeit, dass eine der iden-
tischen Basen eine gnstige Konformation einnimmt, bei der ein rasches Fortscheiten des Zipping-
Prozesses maglich ist.

¥ Das tiling-array -Experiment beinhaltet einen Satz von 25merProbe-Sequenzen die entlang der sehr
viel langerenTarget-Sequenz relativ zueinander versetzt angeordnet sind. D& Art von Experiment
verfolgt den Zweck, die Bindungsa nit at der einzelnenTarget-Bereiche zu sondieren.
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neighborModell werden beinZipper Modell auch die an den Enden partiell denaturier-
ten Duplexkonformationen beriicksichtigt. Ausgehend dennearest-neighbowWechsel-
wirkungen benachbarter Basenpaare werden fur die eiezdhplexkonformationen die
statistischen Gewichte und daraus schlief3lich die Zuseamdme berechnet. Die theoreti-
schen Betrachtungen zeigen, dass die Zustandssumme bdieg¥®o von Einzeldefekten
umso grol3er ist, je naher der Defekt bei den Duplexendagp. IDies bestatigen die expe-
rimentellen Ergebnisse: Oligonukleotid-Duplexe mit ealden Defekten sind stabiler als
entsprechende Duplexe mit in der Mitte liegenden DefekEame numerische Analyse des
Defekt-Positionsein usses auf die Bindungsaf nitatgeidass die Oligonukleotidsequenz,
in diesem Fall als Abfolge unterschiedlicher starkearest-neighbo¥echselwirkungen
betrachtet, wie bei auch experimentell beobachtet, eiiggn lsanten Ein uss auf die Po-
sitionsabhangigkeit der Bindungsaf nitat haben kanredwird vor allem offensichtlich,
wenn innerhalb der Duplex-Sequenz starkere und schwadii-Paare ungleichmalRig
verteilt sind.

Um die experimentell bestimmten Hybridisierungssignaleden auf theoretischer Ba-
sis ermittelten Duplexstabilitaten vergleichen zu kémnvurde in einem Microarray-Hy-
bridisierungsexperiment (Abschnitt 7.4) die Lange desbes — und somit die Gibbs-
Energie G der DNA-Duplexe — schrittweise variiert. Wir beobachtenegi sigmoidalen
Zusammenhang( G) zwischen dem Anteil hybridisierter Probes und der freiet- En
halpie der Duplexe G. Uber einen relativ weitetbergangsbereich nimmt das Hybri-
disierungssignal naherungsweise linear mit der freieth&pie der Duplexe zu. Damit
weicht das experimentelle Ergebnis deutlich von einemréteszhen Verlauf ab, der durch
die Langmuir-Adsorptionsgleichung beschrieben wird sdraveist einen vergleichsweise
schmalerlUbergangsbereich auf. Die Diskrepanz konnte anhand eimeerischen Simu-
lation mit dem Ein uss von Synthesedefekten erklart wexdBie in den Experimenten
vorliegende breite Verteilung von Bindungsaf nitateme diurch eine variable Anzahl von
Defekten in derProbe Sequenz hervorgerufen wird (die sich zudem an unterslitiieh
Positionen be nden), resultiert in einem stark verbre#afJbergangsbereich in( G).

Die untersuchte Positionsabhangigkeit von Defekten kamch auf die mehr oder we-
niger starken NN-Wechselwirkungen von Watson-Crick-Basaren Ubertragen werden.
Unsere Untersuchungen in Abschnitt 7.5 zeigen: Duplexeads identischen NN-Paaren
zusammengesetzt, und somit auf der Grundlagetwesstate nearest-neighbdviodell
thermodynamisch aquivalent sind, weisen im Zipper-Mbdielgro3te Stabilitat dann auf,
wenn die stabilsten NN-Paare in der Mitte des Duplex und chevgchsten NN-Paare ent-
sprechend an den Enden des Duplexes angeordnet sind. Betétaperatur sind die Er-
gebnisse deZipper-Modells mit denen detwvo-state nearest-neighbddodells praktisch
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identisch. Erst mit zunehmender Temperatur ist infolgevaestarkten Denaturierung an
den Duplexenden die beschriebene Positionsabhangigkbgobachten. Dieses Ergebnis
liefert erstmals eine theoretische Grundlage fur dasbghur auf empirischer Basis be-
schriebene positionsabhangigearest-neighboModell (PDNN).

Im Rahmen der vorliegenden Arbeit wurde auf der Basis vordélstiblichen Kompo-
nenten ein exibles System zun situ-Synthese von DNA-Microarrays entwickelt. Auf-
grund seiner technischen Moglichkeiten (bei vergleiagtise niedrigen Investitionen), aber
auch weil es im Gegensatz zu kommerziellen Microarraytielaen keine Black-Box-
Technologie darstellt, diurfte das hier im Detail besdigige System eine interessante
Ausgangsbasis fur die Entwicklung von Microarray-Systhern sein. Eine (evtl. auf ei-
ner "Open Source”-Basis betriebene) Weiterentwicklurgjeroarray-Synthesesystems
ware winschenswert, damit diese vielversprechende ighskitig einsetzbare Zukunfts-
technologie bald breite Anwendung nden kann.

In Hinblick auf die zunehmende Bedeutung der DNA-Microgrfachnologie ist ein fun-
diertes Verstandnis der zugrunde liegenden physikaktb@mischen Zusammenhange er-
forderlich. Vor allem in Hinblick auf die Untersuchungenr ZdDetektion von Punktmuta-
tionen wurde in der vorliegenden Arbeit dazu beigetragen.
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A.1 Experimental Data

A.1.1 Comparison Between MMs in RNA/DNA and DNA/DNA
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Figure A.1: Direct comparison of DNA/DNA and RNA/DNA mismatch hybridiz a-
tion signals (see section 6.8). Parts A-D compare defect pries of di erent sequence
motifs (sequences shown at the bottom of the plots). Hybridkations of RNA tar-
gets (top image) and equivalent DNA targets (bottom image) were performed subse-
guently on the same microarrays. The defect positional in uence is very similar for
DNA/DNA and RNA/DNA hybridization. However, there are syst ematic di erences
between the binding a nities of the various MM types in DNA/D NA and RNA/DNA
duplexes. The hybridization signal (in a.u.) is plotted versus defect position. Substi-
tution bases A (red cross), C(green circle), G (blue star) ad T (cyan triangle) either
result in 3 MM duplexes and one PM duplex at every defect posion; Hybridiza-
tion signals of duplexes with single base deletions (yellowine); moving average MM
hybridization signal (black line).
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For details see Fig. A.1l.
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Figure A.3:

For details see Fig. A.l.
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Figure A.4:

For details see Fig. A.1l.
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Figure A.5:
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A.1.2 Single Base Insertion Defect Pro les
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Insertion defect profile - probe sequence motif NIE-Ib
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Single base insertion defect pro les. For details see Fig. .&5.



Experimental Data

Insertion defect profile - probe sequence motif LBE-I3
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Experimental
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Experimental Data

A.1.3 Single Base Mismatches in DNA/DNA Duplexes - Sta-
tistical Analysis to Investigate the Inuence of the
Flanking Base Pairs

MM base pair: AA MM base pair: CA MM base pair: GA
20 20 20
n¥ -0.22 nF-0.11 n¥ 0.27
15 15 15
10 10 10
5 5 5

0 0 0
-15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15

MM base pair: AC MM base pair: CC MM base pair: TC
20 20 20
n¥ -0.29 nmF -0.24 nF -0.26
15 15 15
10 10 10
5 i 5 Il 5
0 0 0
-15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15
MM base pair: AG MM base pair: GG MM base pair: TG
20 20 20
n¥ -0.081 n-0.33 = -0.23
15 15 15
10 10 10
5 5 5
0 0 0
-15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -15 -1 05 0 05 1 15
MM base pair: CT MM base pair: GT MM base pair: TT
20 20 20
mF -0.13 m= 0.059 e 0.069
15 15 15

10 10 10
5 5 5

0 0 0
-15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15

-

Figure A.11: All mismatch base pair types X Y. Measured hybridization signal
distributions (occurrence versus deviation of the particdar hybridization signal from
the mean pro le) as a function of the MM base pair alone, i.e. hdependent of the
anking base pairs. denotes the median value of the distributions. A box-whiske
plot of the distributions is shown in Fig. 6.6.

On the following pages (Figs. A.12 - A.22) this data is categgal according to the type

of anking base pairs. Owing to the restricted set of targejuences available for this
study the sizes of the data sets measured for the individeiatticon gurations are very

different. denotes the median values of the distributions.

The median values of the nearest neighbor pair dependesgtsudre compared in Fig. 6.9.
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Experimental Data

Figure A.12:

5 -TAT-3' 5-TAG-3’ 5-TAC-3' 5'-TAA-3'
3-AAA5 3-AACS’ 3-AAG5 3-AAT-5
6 6 6 6
F-0.39 F-0.39 mF 0.0021 mF -0.055
4 4 4 4
2 2 2 2

0
-15 -1 -05 0 05 1 15

0
-15 -1 -05 0 05 1

0
15 -156 -1 -05 0 05 1 15

0
-156 -1 -05 0 05 1 15

5-GAT-3" 5-GAG-3 5-GAC-3" 5-GAA-3
3'-CAA-5 3'-CAC-5" 3'-CAG-5 3'-CAT-5"
6 6 6 6
m=-0.0072 m=-0.24 m=-0.33 m=-0.1
4 4 4 4
2 2 2 2

0
-15 -1 -05 0 05 1 15

0
-15 -1 -05 0 05 1

0
15 -156 -1 -05 0 05 1 15

0
-156 -1 -05 0 05 1 15

5'-CAT-3' 5-CAG-3' 5-CAC-3' 5-CAA-3’
3-GAA-5 3-GAC-5’ 3-GAG-5' 3-GAT-5'
6 6 6 6
= -0.57 = -0.26 = -0.087 = -0.27
4 4 4 4
2 2 2 | 2 I
l 0 1 0 1 0
15-1-05 005 1 15 -15-1-05 005 1 15 -15-1-05 0 05 1 15 -15-1-05 0 05 1 15
5-AAT-3° 5"-AAG-3° 5-AAC-3 5-AAA3
3-TAAS 3-TAC-5 3-TAG-5’ 3-TAT-5'
6 6 6 6
= -0.036 = -0.15 e -0.22 = -0.12
4 4 4 4
2 2 I I 2 2 L
0 0 0 0 u
15-1-05 005 1 15 -15-1-05 0 05 1 15 -15-1-05 0 05 1 15 -15-1-05 0 05 1 15

A A mismatches. Measured hybridization signal distributions catego-

rized according to the anking base pairs.

Figure A.13:

5-TAT-3 5-TAG-3" 5-TAC-3 5-TAA-3
3-ACA-5" 3-ACC-5 3-ACG-5 3-ACT-5"
6 6 6 6
nF-0.24 nF 0.4 e 0.21 n¥-0.29
4 4 4 4
2 2 2 2
0 "I I 0 I i, Ll 0
-15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -156 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15
5-GAT-3 5-GAG-3" 5-GAC-3 5-GAA-3"
3-CCA-5" 3-CCC-5" 3-CCG-5" 3-CCT-5
6 6 6 6
n¥ 0.064 n¥ 0.18 n¥ -0.35 ¥ -0.074
4 4 4 4
2 2 | I | 2 2 ] I
0 I I 0 0 I 0
-15-1-05 0 05 1 15 -15 -1 -05 0 05 1 15 -156 -1 -05 0 05 1 15 -15-1-05 0 05 1 15
5-CAT-3 5-CAG-3 5-CAC-3" 5-CAA-3
3-GCA-5 3-GCC-5" 3-GCG-5" 3-GCT-5"
6 6 6 6
¥ -0.47 n¥ -0.035 ¥ -0.24 e -0.29
4 4 4 4
2 2 2 2
0 0 0 0
-15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -15-1-05 0 05 1 15
5-AAT-3 5-AAG-3" 5-AAC-3 5-AAA-3
3-TCA-5" 3'-TCC-5" 3-TCG-5 3-TCT-5
6 6 6 6
¥ -0.26 n¥ -0.09 n¥ -0.22 = -0.15
4 4 4 4
2 2 h 2 2
0 0 I 0 0
-15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -15 -05 0 05 1 15 -15-1-05 0 05 1 15

C A mismatches. Measured hybridization signal distributions catego-

rized according to the anking base pairs.
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Experimental Data

5-TAT-3’ 5'-TAG-3’ 5'-TAC-3' 5-TAA-3'
3-AGA5 3-AGC-5’ 3-AGG-5’ 3-AGT-5'
6 6 6 6
F 0.68 F0.33 = 0.017 e -0.17
4 4 4 4

2 | 2 2 2
[ I | 1] 1 0 ‘ I|

0 0 0

-15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15
5-GAT-3" 5-GAG-3" 5-GAC-3" 5-GAA-3"
3-CGA-5" 3-CGC-5" 3-CGG-5 3-CGT-5

6 6 6 6

= 0.51 = 0.27 = 0.68 = -0.28

4 4 4 4

2 2 2 2

, L . . 11} .

-15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -15-1-05 0 05 1 15 -15 -1 -05 0 05 1 15
5-CAT-3" 5-CAG-3 5-CAC-3 5-CAA-3
3-GGA-5" 3-GGC-5 3-GGG-5" 3-GGT-5

6 6 6 6

nF-0.33 0.4 e 0.28 m=0.18

4 4 4 4

2 2 2 2

Lo . 1 . (10 B i

-15 -1 05 0 05 1 15 -15 -1 -05 0 05 1 15 -15-1-05 0 05 1 15 -15 -1 -05 0 05 1 15
5-AAT-3 5-AAG-3 5-AAC-3 57-AAA-3
3 -TGA-5 3-TGC-5 3 -TGG-5 3-TGT-5

6 6 6 6

e 0.35 nF 0.56 ne 0.16 e -0.00077

4 4 4 4

2 2 2 2

. 1]}

0 0 0
-15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15

Figure A.14: G A mismatches. Measured hybridization signal distributions catego-
rized according to the anking base pairs.

5-TCT-3 5-TCG-3 5-TCC-3 5-TCA-3°
3-AAA-5 3'-AAC-5" 3-AAG-5 3-AAT-5
6 6 6 6
no data available = -0.26 no data available ¥ -0.28
4 4 4 4
2 2 2 2
0 0 0 0 I
-15-1-05 0 05 1 15 -15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15
5-GCT-3 5-GCG-3 5-GCC-3" 5-GCA-3
3-CAA-5 3'-CAC-5 3'-CAG-5 3'-CAT-5
6 6 6 6
nF -0.47 nF 0.087 e -0.11 n¥ -0.32
4 4 4 4
2 ‘ 2 2 2
0 I 0 I 0 I 0
-15-1-05 0 05 1 15 -15-1-05 0 05 1 15 -15-1-05 0 05 1 15 -15-1-05 0 05 1 15
5-CCT-3 5-CCG-3° 5-CCC-3 5-CCA-3
3-GAA-5 3-GAC-5 3-GAG-5 3-GAT-5
6 6 6 6
nF-0.2 no data available n¥-0.25 nF-0.18
4 4 4 4
2 2 2 2
0 0 0 0 I I
-15-1-05 0 05 1 15 -15-1-05 0 05 1 15 -15-1-05 0 05 1 15 -15 -1 -05 0 05 1 15
5-ACT-3 5-ACG-3 5-ACC-3" 5-ACA-3°
3-TAA-5 3-TAC-5 3 -TAG-5" 3'-TAT-5
6 6 6 6
n¥ -0.58 no data available n¥-0.16 n¥ -0.48
4 4 4 4
2 2 2 2

0 0
-15-1-05 0 05 1 15 -15-1-05 0 05 1 15 -15-1-05 0 05 1 15 -15 -1 -05 0 05 1 15

Figure A.15: A C mismatches. Measured hybridization signal distributions catego-
rized according to the anking base pairs.
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Experimental Data

Figure A.16:

5-TCT-3 5-TCG-3" 5-TCC-8 5-TCA-3
3-ATA-5 3-ATC-5 3-ATG-5 3-ATT-5
6 6 6 6
no data available ¥ -0.087 no data available nF-0.1
4 4 4 4
2 2 2 2

0
-15 -1 -05 0 05 1 15

0
-15 -1 -05 0 05 1 15

0
-156 -1 -05 0 05 1 15

0
-156 -1 -05 0 05 1 15

5-GCT-3 5-GCG-3" 5-GCC-3 5-GCA-3"
3-CTA-5 3-CTC-5 3-CTG-5 3-CTT-5
6 6 6 6
m=-0.32 = -0.63 = -0.15 m=-0.31
4 4 4 4
2 I 2 2 2
0 I 0 I 0 0
-15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -156 -1 -05 0 05 1 15 -156 -1 -05 0 05 1 15
5-CCT-3 5-CCG-3" 5-CCC-3 5-CCA-3"
3-GTA-5 3-GTC-5" 3-GTG-5 3-GTT-5
6 6 6 6
m=-0.094 no data available = -0.042 m= 0.094
4 4 4 4
2 I | 2 2 2

0
-15-1-05 0 05 1 15

0
-15-1-05 0 05 1 15

-15-1-05 0 05 1 15

0
-15-1-05 0 05 1 15

5-ACT-3 5-ACG-3 5-ACC-3" 5'-ACA-3
3-TTAS 3.TTC-5 3-TTG-5 3TTT-5
6 6 6 6
m=-0.37 no data available = -0.086 m=-0.22
4 4 4 4
2 2 2 L 2
0 0 0 I 0
-15-1-05 0 05 1 15 -15-1-05 0 05 1 15 -15-1-05 0 05 1 15 -15-1-05 0 05 1 15

T C mismatches. Measured hybridization signal distributions catego-

rized according to the anking base pairs.

Figure A.17:

5-TGT-3 5-TGG-3 5-TGC-3" 5-TGA-3
3-AAA-5" 3-AAC-5" 3-AAG-5 3-AAT-5
6 6 6 6
nF-0.1 nF-0.11 = -0.26 nF-0.11
4 4 4 4
2 2 2 ‘ | 2
0 0 I oL 1l 0
-15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -156 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15
5-GGT-3 5-GGG-3" 5-GGC-3" 5-GGA-3"
3-CAA-5 3-CAC-5" 3'-CAG-5" 3-CAT-5
6 6 6 6
no data available m=0.74 no data available = 0.1
4 4 4 4
2 2 I 2 2
0 0 I 0 0
-15-1-05 0 05 1 15 -15 -1 -05 0 05 1 15 -156 -1 -05 0 05 1 15 -15-1-05 0 05 1 15
5-CGT-3" 5-CGG-3" 5-CGC-3" 5-CGA-3
3-GAA-5 3-GAC-5 3-GAG-5" 3'-GAT-5
6 6 6 6
no data available ¥ -0.55 ¥ -0.028 13
4 4 4 4
2 2 2 2
0 0 I 0 0
-15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -15-1-05 0 05 1 15
5-AGT-3 5-AGG-3" 5-AGC-3 5-AGA-3"
3-TAA-5 3'-TAC-5 3-TAG-5 3-TAT-5"
6 6 6 6
e -0.25 mF-0.11 ¥ 0.046 mF-0.23
4 4 4 4
2 2 2 2
0 0 I 0 0
-15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -15-1-05 0 05 1 15

A G mismatches. Measured hybridization signal distributions catego-

rized according to the anking base pairs.
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Experimental Data

Figure A.18:

0
-15-1-05 0 05 1 15

0
-156 -1 05 0 05 1 15

0
-15-1-05 0 05 1 15

0
-15-1-05 0 05 1 15

0
-15 -1 -05 0 05 1 15

5-TGT-3 5-TGG-3 5-TGC-3 5-TGA-3
3-AGA-5" 3-AGC-5 3-AGG-5 3-AGT-5
6 6 6 6
n¥ -0.36 nF -0.22 nF -0.24 ¥ -0.33
4 4 4 4
2 2 2 2
0 0 0 0
-15-1-05 0 05 1 15 -15 -1 -05 0 05 1 15 -15-1-05 0 05 1 15 -15 -1 -05 0 05 1 15
5-GGT-3 5-GGG-3 5-GGC-3" 5-GGA-3
3"-CGA-5 3-CGC-5" 3-CGG-5 3-CGT-5"
6 6 6 6
no data available nF-0.17 no data available n¥ -0.15
4 4 4 4
2 2 2 2

5-CGT-3' 5-CGG-3 5-CGC-3’ 5-CGA-3"
3-GGA-5" 3-GGC-5 3-GGG-5 3-GGT-5
6 6 6 6
no data available n¥ -0.26 n-0.2 n¥ -0.33
4 4 4 4
2 2 2 2

0
-15 -1 05 0 05 1 15

0
-15 -1 05 0 05 1 15

0
-15 -1 -05 0 05 1 15

G G mismatches. Measured hybridization signal distributions catego-

rized according to the anking base pairs.

Figure A.19:

0
-15-1-05 0 05 1 15

0
-15-1-05 0 05 1 15

5-AGT-3' 5-AGG-3’ 5-AGC-3’ 5-AGA-3’
3-TGA5' 3-TGC-5 3-TGG-5 3-TGT-5
6 6 6 6
e -0.51 e -0.49 me-0.37 e -0.77
4 4 4 4
2 2 2 2
0 0 0 0
15105 005 1 15 -15-1-05 005 1 15 -15-1-05 0 05 1 15 -15-1-05 0 05 1 15

0
-15-1-05 0 05 1 15

0
-15-1-05 0 05 1 15

5-TGT-3 5-TGG-3 5-TGC-3" 5-TGA-3
3-ATA-5 3-ATC-5 3-ATG-5" 3-ATT-5
6 6 6 6
= -0.35 = -0.41 = -0.22 mF -0.27
4 4 4 4
2 I 2 2 2
11 ; ; 0
-15-1-05 0 05 1 15 -15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15
5-GGT-3 5-GGG-3 5-GGC-3 5-GGA-3"
3-CTA-5 3-CTC-5 3-CTG-5 3-CTT-5
6 6 6 6
no data available m= 0.056 no data available me-0.1
4 4 4 4
2 2 2 2

5-CGT-3 5-CGG-3 5-CGC-3" 5-CGA-3
3-GTA-5 3-GTC-5 3-GTG-5 3-GTT-5
6 6 6 6
no data available = -0.52 m=-0.11 e -0.15
4 4 4 4
2 2 2 2

0
-15-1-05 0 05 1 15

0
-15-1-05 0 05 1 15

5-AGT-3’ 5-AGG-3' 5-AGC-3’ 5-AGA-3’
3-TTAS 3-TTC5 3-TTG5 3TTTS
6 6 6 6
 -0.45 e -0.31 e -0.17 -0.23
4 4 4 4
2 2 2 2

0
-15-1-05 0 05 1 15

T G mismatches. Measured hybridization signal distributions catego-

[
-15-1-05 0 05 1 15

rized according to the anking base pairs.

0
-15-1-05 0 05 1 15
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Experimental Data

5-TTT-3 5-TTG-3 5-TTC-3’ 5-TTA-3
3-ACA'5’ 3-ACC-5’ 3-ACG-5 3-ACT-5'
6 6 6 6
no data available ¥ 0.053 no data available = 0.38
4 4 4 4
2 2 2 2

JSE I 0 1t

0 0
-15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -156 -1 -05 0 05 1 15 -156 -1 -05 0 05 1 15

5-GTT-3 5-GTG-3" 5-GTC-3 5-GTA-3"
3"-CCA-5" 3’-CCC-5 3-CCG-5" 3-CCT-5
6 6 6 6
¥ 0.12 ¥ -0.052 no data available n¥ 0.099
4 4 4 4
2 2 2 2
. L1 L . , Ll
-15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -156 -1 -05 0 05 1 15 -156 -1 -05 0 05 1 15
5-CTT-3 5-CTG-3 5-CTC-8 5-CTA-3
3-GCA-5 3-GCC-5" 3-GCG-5 3"-GCT-5"
6 6 6 6
mE-0.13 e -0.071 mE-0.4 = -0.048
4 4 4 4
2 2 2 2
0 0 | ol 0
-15-1-05 0 05 1 15 -15-1-05 0 05 1 15 -15-1-05 0 05 1 15 -15-1-05 0 05 1 15
5-ATT-3 5-ATG-3 5-ATC-3 5-ATA-3
3-TCA-5 3-TCC-5 3-TCG-5" 3-TCT-5
6 6 6 6
e 0.091 e -0.34 e -0.42 e -0.34
4 4 4 4
2 2 2 2
I . Il 1|

0 0 0
-15 -1 -05 0 05 1 15 -156 -1 -05 0 05 1 15 -16 -1 -05 0 05 1 15 -16 -1 05 0 05 1 15

Figure A.20: C T mismatches. Measured hybridization signal distributions catego-
rized according to the anking base pairs.

5-TTT-3 5-TTG-3 5-TTC-3 5-TTA-3
3-AGA-5" 3-AGC-5 3-AGG-5 3-AGT-5"
6 6 6 6
no data available = 0.24 no data available n¥ 0.28
4 4 4 4
2 2 2 2

0 o1 |I 0 SRR | I ||

-15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -156 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15

5-GTT-3° 5-GTG-3 5-GTC-3 5-GTA-3
3-CGA-5 3-CGC-5" 3-CGG-5" 3-CGT-5
6 6 6 6
= 0.2 m=-0.018 no data available nF0.17
4 4 4 4
2 2 2 2
0 0 | o 0 11|
-15-1-05 0 05 1 15 -15 -1 -05 0 05 1 15 -156 -1 -05 0 05 1 15 -15-1-05 0 05 1 15
5-CTT-3 5-CTG-3" 5-CTC-3" 5-CTA-3
3-GGA-5" 3-GGC-5 3-GGG-5 3-GGT-5
6 6 6 6
mF-0.1 ¥ 0.14 ¥ 0.00061 n¥ 0.48
4 4 4 4
2 2 I 2 ‘ 2
. i . 11} , , LI
-15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -15-1-05 0 05 1 15
5-ATT-3 5-ATG-3" 5-ATC-3 5-ATA-3
3 -TGA-5" 3-TGC-5 3-TGG-5 3-TGT-5"
6 6 6 6
nF 0.27 mF-0.11 ¥ -0.15 ¥ 0.075
4 4 4 4
2 2 2 2 I
. 1 . I L1 , 1

-15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -15-1-05 0 05 1 15

Figure A.21: G T mismatches. Measured hybridization signal distributions catego-
rized according to the anking base pairs.
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Experimental Data

5-TTT-3 5-TTG-3 5-TTC-3' 5-TTA-3
3-ATAS' 3-ATCE 3-ATG-5 3-ATT-5
6 6 6 6
no data available nE -0.12 no data available 0,017
4 4 4 4

2 2 2 2
0 L1 0 II‘ |
1 1

0 0
-15-1-05 0 05 1 15 -15 -1 -05 0 05 1 15 -15-1-05 0 05 1 15 -15 -1 -05 0 05 1 15
5-GTT-3 5-GTG-3 5-GTC-3 5-GTA-3
3'-CTA-5 3-CTC-5 3-CTG-5 3-CTT-5
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Figure A.22: T T mismatches. Measured hybridization signal distributions catego-
rized according to the anking base pairs.
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Figure A.23: G A mismatches. Measured hybridization signal distributions catego-
rized according to the anking base pairs.
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A.1.4 Single Base Insertions - Statistical Analysis
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Figure A.24: Insertions of adenine bases - in uence of the neighboring ks pairs.
Distribution of hybridization signal intensities (deviat ion from the mean prole in
a.u.). denotes the median value of the distribution. Group Il insettions have at
least one identical neighbor base, whereas Group | insertits don't have an iden-
tical neighbor. Group Il insertion have consistently increased hybridization signals
compared to Group | insertions.
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Figure A.25. Insertions of cytosine bases - in uence of the neighboring &se pairs.
Distribution of hybridization signal intensities (deviat ion from the mean prole in
arbitrary units).
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Figure A.26: Insertions of guanine bases - in uence of the neighboring bse pairs.
Distribution of hybridization signal intensities (deviat ion from the mean prole in
arbitrary units).
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Figure A.27: Insertions of thymine bases - in uence of the neighboring bae pairs.
Distribution of hybridization signal intensities (deviat ion from the mean prole in
arbitrary units).
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B.1 The Digital Micromirror Device (DMD ™)

The DMD is an opto-electromechanic spatial light modulatdvich is commonly em-
ployed in video projection systems. The DMD (developed byaselnstruments Inc.)
comprises an array of tiny (16 micron sized) tilting mirroesch corresponding to a sin-
gle image pixel. A DMD with XGA resolution comprisd924 768 = 7864320f these
individually addressable micromirrors (Fig. B.1).

Figure B.1: Electron micrograph of a digital micromirror device. A pinhead is
shown for size comparison. (Photo: Texas Instruments)

The DMD is a micro-opto-electromechanic system (MOEMS)aklihis produced with
standard semiconductor fabrication techniques (phbtmgitaphy, etching etc.). Each sin-
gle mirror, which has a re ective surface of aluminum, igiaj on a torsion bar only a few
microns in size (Fig. B.2). By applying a small torque thenaiircan be tilted by an angle
of 10 with respectto the DMDs normal axis. The torque is createelégtrostatic forces
between the mirror and the addressing electrodes beneagtB(B). The addressing elec-
trodes are connected to SRAM memory cells under each thespmnding micro-mirror.
Since the addressing voltage of the SRAM cell (5 V) is not sigit to reorientate the
mirrors, the DMD is operated in a bistable mode, in which & valtage of about 26 V
is applied to the mirrors. For reorientation of the mirraal (nirrors simultaneously) the
image information is loaded into the array of SRAM cells sthehe mirrors. Then, the
temporary removal of the bias voltage allows all mirrorseorientate into the positions
determined by the addressing voltage of the SRAM cells. fabkshment of the bias volt-
age latches the mirrors in their new positions.

Depending on the mirrors orientation the light originatingm the illumination system
is either re ected towards the projection optics (the min©ON) or into a light trap (if
the mirror is in OFF-position). The technique is therefoafled Digital Light Processing
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The Digital Micromirror Device (DMD ™)

Figure B.2: Schematic of the DMD. Each micromirror (coated with re ecti ve alu-
minum) (purple) is attached to a support post (grey) which is connected with the
yoke (cyan) and with the exible torsion hinge (red). The SRAM cell below each
mirror determines the potential of the address electrodesyellow) and thus (via elec-
trostatic attraction between the mirror and the address electrodes) the orientation of
the mirror. Tilt motion is limited to 10 by the yoke (cyan) touching the landing
site. (Image: Texas Instruments)

Micromirror

Landing Tip

(] | | (3
Addressing {’l . Addressing
electrode Bias electrode
Vadd GND

Figure B.3: Working principle of the DMD. Electrostatic forces between the mirror
and the addressing electrode result in tilt the mirror around the axis of the torsion
hinge. The tilt angle ( 10) is limited by the landing tip touching the landing site.
See text for further details.
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(DLP" ). Pixel brightness is determined by pulse-width-moduolatmirrors are switching
at a high frequency between ON- and OFF-position). The smgctime between ON and
OFF state is about 15s. Compared to liquid crystal (LC)-SLMs, DMDs provide a high
contrast ratio combined with small intensity losses (dupdlarizers, lters etc.). DMDs
are also suitable for UV irradiation (and thus can be usedhotgdithography applications,
e.g. light-directed synthesis of DNA microarrays) wheregsid crystal polymers quickly
degrade under UV exposure.

B.2 Modi cation of the DLP Video Projector for
use of the Spatial Light Modulator in Pho-
tolithography Applications

The DMD system has been obtained from an A+K AstroBeam 540 &0 projectot
The integration the optimized illumination- and projectioptics of the video projector in
the UV photolithography setup (interesting due to the hightlcollection ef ciency and
illumination uniformity) soon turned out to be inappropedecause of the high UV ab-
sorption in the optical train.

To improve the positioning of the DMD the short connectomen the DMD board and
the DLP electronics main board was replaced by a 40 cm longpid@xtension cable
(Fig. B.4). Removal of the electrical shielding doesn'trset® affect the function of the
DMD. The DMD board has been rotated by 4% that the tilting axis of the micromir-
rors is oriented in vertical direction. Thus, the vectorsnaident light and re ected light
are oriented in a horizontal plane. The 120 W UHP lamp (pdi@abe ector) of the As-
troBeam projector has been transferred into an externaihguReplacement of this lamp
by a more powerful 250 W UHP lamp (ellipsoidal re ector) réepa by-passing the con-
trol electronics. Since the video projector mainboard eiga con rmation of the lamp
operation via the lamp power supply, the lamp-operationaigeeds to be provided man-
ually.

B.2.1 Gamma-function of the DLP-Projector

The intensity response of display devices (e.g. monitorgid@o projectors) on image
brightness values provided from the computers graphictenelis determined by the de-
vicesgamma function

Personal computer display hardware is currently resttitie?4 bit color depth (8 bits for

1 The A+K AstroBeam 540 DLP video projector is very similar to t he DAVIS DL X10.
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VGA video
from PC

on %
off
UHP lamp driver
v "dummy" signal

e
[UHP lamp |
i(removed) !
| I

Color
wheel
(ext. box)

o @O
o =
o [

Projector
||‘“ control panel

Figure B.4: Modi cations of the DLP video projector. Since the UHP lamp is
removed a "dummy signal" pretending lamp operation, has to ke provided to the
projector electronics. The dummy signal has to be switcheddn"manually ca. 5 s after
pressing the power-button (on the control panel). The colorwheel - a fast spinning
Iter wheel - provides a feedback signal to the DLP electroncs main board - thus
cannot be removed. For safety reasons it has been accommodat in an external box.
For better accessibility the DMD board (carrying the Digita | Micromirror Device) is
separated from the electronics main board (which is xed on he projector chassis).

each of the 3 color channels). Thus there are in total 256lgueys available.

For a variety of experiments it may be interesting vary thposxre intensities by using
grey level masks. The DMDs intensity response on the gresl latensity value of a full
screen image was measured with a photometer which was tbattiee focus of the micro-
scope objective (microprojection setup). Tdeemma functioof the DMD (light intensity
versus image grey level value) is shown in Fig. B.5. The maar response is described
by a2.2 gamma curvépower law with an exponent of 2.2), that is typical for mang-d
play devices. At large brightness values the intensitiescat off. The cut-off level is
determined by the contrast value set in the projectoraggstinenu.
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Figure B.5: Gamma function of the AstroBeam projector. The intensity response
lout ON the image brightnessli, (normalized on a maximum value of 1) follows a
power law with an exponent of 2.2. For an image brightness lager than about 80% of
the maximum value a cut-o is observed. The position of the cu-o depends on the

contrast and brightness values chosen in the AstroBeams '"Biplay Settings Menu".

B.3 Optics of the Microscope Projection Photo-
lithography System

UHP: Philips UHP-lamp 250W 1.35 TOP 222 H4 elliptical re ecelliptical re ector geometry: major
axis 80 mm, minor axis 50 mm)

L1: plano-concave lend: =50 mm, diam. 25 mm (silica), placement between UHP lamp winend
the outer focal point of the elliptical re ector

L1-L2: 145 mm

L2: plano-convex lenst =50 mm, diam. 50 mm

L2-F1: 120 mm

F1: UV cold mirror (UV barrier Iter from the Optoma projeattamp module)
F1-L3: 165 mm

L3: plano-convex lens (BK7). =100 mm, diam. 50 mm

F1-F2: 215 mm

F2: UV cold mirror (Oriel)

F2-F3: 165 mm

F3: UV band pass (bk-370-35-B, Interferenzoptik Elektkd@mbH), diam. 25.4 mm
F2-L4: 250 mm

L4: plano-convex lens (BK7) =125 mm, diam. 50 mm

L4-M1: 170 mm
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Figure B.6: Schematic of the microscope projection photolithography gstem.

M1: mirror

M1-M2: 380 mm

M2: mirror

M2-DMD: 60 mm

DMD-L5: ca. 164.5 mm, to be ne-adjusted
L5: tube lens, Carl Zeis$,=164.5 mm

M3: mirror/beam splitter
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B.4 Fabrication of the Synthesis Cell

Figure B.7: Punching tool (top) for the fabrication of the PDMS gasket (center).
The tool, producing a diamond-shaped cutout (the cell volune) with clean edges,
is essential for smooth operation of synthesis apparatus. Vke-cut EDM (electrical

discharge machining) has been employed for producing the sinp-edged structure in
hardened steel. Dimensions of diamond-shaped cell volumdength 16 mm; width

5 mm. The outer edge of the gasket was cut with another (smallg version of the
punching tool.

Part names are referring to Fig. 3.13.

The top-plate is made from a 10 mm thick plate of transpareakrislon® plastics

(polycarbonate). Produce four tapped holes for fastenamgws (not too far away
from the center of the plate, to enable proper sealing actibarther, two holes for
fastening the cell-assembly on the projection lithogragéiyp are required.

Inlet and outlet tubes are made from syringe needles @3%nm). By using a drilling
machine as a "lathe” the plastic adapter of the syringe meisdieduced to a cylindric
bit as shown in Fig. 3.13.

Produce holes for inlet/outlet needles. (diam. 1 mm on tipeupide of the top plate).
At the bottom side of the top-plate the needle (blunt end tiearcoupling) should
protrude 1 mm. The needles are fastened with epoxy glue.

To obtain a transparent and chemically inert (solvent tasi} surface, a glass mi-
croscopy slide is glued onto the lower side of the top-plB&fore gluing (with trans-

parent PDMS silicone rubber), the slide needs to be cut ir8g3si to produce gaps for
the fastening screws. Moreover, two 1 mm diam. holes for thet/butlet tubes have
to be drilled into the glass slide by using a diamond tool. Byrgy the glass slide onto
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the top-plate the gaps between the needles and the glassaded with PDMS (avoid
getting PDMS into the needles!). PDMS (Dow Corning Sylgar84) was purchased
from World Precision Instruments.

The bottom-platte is made from 5 mm aluminum. The exposurel@w should not
be too large (ideally implemented as a long hole) to achieepqr sealing action by
pressing the Chip-substrate/PDMS-gasket against thpltip-

Fabrication of the PDMS-gasket: PDMS Sylgard 184 (Dow Qughiis mixed thor-
oughly (ratio between elastomer base and curing agent:),1@efassed and poured
into a glass petri dish. Curing for 20 minutes at @0A custom-made punching tool
(Fig. B.7) is used to produce the streamlined cutout forntiregsynthesis volume.
Connectors: PFA (PTFE) tubes (internal diam. 0.8 mm) t tiglon the 0.9 mm

diam. syringe needles. PTFE tube end ttings (UNF 1/4” 28 @wvide a removable
connection with the uidics system.
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B.5 Technical Notes on Light-directed DNA Chip
Synthesis

B.5.1 Handling of Phosphoramidite Reagents

The coupling ef ciency of phosphoramidite reagents is veensitive to contamination
with (even trace amounts of) water. To maintain low moisttwaditions the following
precautions should be considered:

Storage under moisture free conditions at €0Use dry argon atmosphere and desic-
cant.

Open storage bottles only in glove box under dry argon atimergp Use silica gel
beads to maintain a low moisture content in the glove box.

Use oven-dried glass ware to minimize surface-adsorbeerwat
Dissolve phosphoramidites only immediately before sysithe
Use dry MeCN with< 10 ppm of water.

Use molecular sieve bags (in the MeCN storage bottle anceimad¢hivator solution) to
adsorb water from the solvent.

Phosphoramidite solutions should be used the same day @erede

Solution stability and degradation pathways of deoxyrimeoside phosphoramidites in
MeCN are discussed in [Kro04].

B.5.2 Additional Notes on the Synthesis

Prior to the rst phosphoramidite coupling the substratesesked in MeCN for about
2 minutes. The initial coupling is performed for 1 minute dhen repeated once. Accord-
ing to Richmondet al. [Ric04] an increase of the coupling time (of the rst baseyjnl
from 20 s to 6 h resulted in an 80% increase in the amount cfdulyth probes.

Coupling and exposure time, washing steps and image qu@abtyhe key parameters for
high quality synthesis. According to [Ric04] the number afoefree probe sequences
could be increased 100-fold by making several technicatavgments on their synthesis
apparatus. Improvements include the extension of the oaupme from 20 to 60 s and
of the exposure time from 50 to 150 s, additional argon drgitregps and modi cations on
the projection optical system (image-locking).

Upon prolonged exposure the solvents tetrahydrofuranéJBAd pyridine cause signi -
cant swelling of the PDMS gasket. Exposure to these solentgained in oxidizer and
capping reagents) should therefore be minimized.
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B.6 Technical Notes on Microarray Dendrimer Sub-
strate Preparation

Figure B.8: (A) Te on slide holder for up to 12 round cover glasses. The sainless
steel pin secures the glasses. For use with dichloroethanéé nylon screws should
be replaced by stainless steel screws. (B) Substrate functhalization in a 500 ml
graduated cylinder requires about 250 ml reagent solution.

For dendrimer functionalization of the microarray sultstsaa compact slide holder
for handling of up to 12 cover glasses was developed. Parteeote on (PTFE)
slide holder are assembled with stainless steel screwsamdhas withstand a bath
in dichloroethane solution. The holder enables fast andotigh washing and dry-
ing of the slides. Use of the holders resulted in signi canticreased quality of the
substrates and enabled reduction of the reagent consumptio

To minimize reagent consumption (ethanol analytical gradmdrimers in dichloro-
ethane) the substrate functionalization is performed i@ ®l graduated cylinder.
Three slide holders (with 36 slides in total) are immersealiout 250 ml of solution.

Drying of the slides under a nitrogen stream should be pexdrin such a way that
the liquid is blown away from the center of the slides. Dryaiglroplets on the surface
has to be avoided because this can produce irremovable stain
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B.7 Technical Notes on the Synthesizer Control
Software DNASyn

The light-directed fabrication of a DNA microarray has bédty automated. The synthe-
sizer control softwar®NASynintegrates control of the uidics system with the maskless
microphotolithography system (including image displdyytser and Iter control).

Figure B.9: The graphical user interface ofDNASyn. The buttons in the left panel
enable manual access to user-de ned macro functions. The xbox at the right shows
the code of the synthesis script loaded.

DNASynwas implemented in Ja4. It is running with Windows XP Professional (and
is also expected to work with Window98). The use with Windot®sHome or Windows
Vista is not recommended since these operating systemd almV direct access to the
hardware ports via the kernel mode driléserPort
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B.7.1 Basic Features

Synthesis
script
(synthesis procedure for

the particular DNA chip) \

Mask files
(ipeg images)

Standard /

macros
(fluidics parameters etc.)

[—

Manual .
operation automatic
(via GUI) mode

@ @ Fluids control
/ (via serial port)

Graphical User Inferface | e Mask display
(1024x768 XGA)

DNASyn

Synthesis script interpreter

Filter and Shutter
control
(via parallel port)

Figure B.10: Concept of the DNASyn microarray synthesis control software.

DNASynincludes a exible macro programming language for the awttad control of
the synthesis process, and a graphical user interface (f6lufanual control of various
synthesizer functions (see Fig. B.9). The macro languag®dses only a small number

of basic commands.

Keywords

START

END

MACRO macronamé ...g
PRINT n note

/l comment

WAIT n

VXY

DISPLAY imagename.jpg
DISPLAY AGAIN
SHUTTERON/OFF
FILTER GREEN/UV

Begin of the main program

End of the main program

Macro header

DNASyn shows texhotein output linen
Comment in the source code

Wait for n seconds

Valve operation X: valve number ; Y: O=close 1=open
Virtual mask display

Display the previous image again
Shutter control

Filter changer control

Switching of solenoid valves (uidics operations) is parfeed with the VX Y com-

mand.

The DISPLAY imagename.jpgommand loads the JPG image from the synthesis di-
rectory and shows it on the DMD. The keyword AGAIN is used toa€ the previous

image.

The WAIT n command ¢ duration in seconds) is used for time control of the synthesi

processes.
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Comments begin with // followed by a space character.

Macros

Typical routines (e.g. amidite coupling or photo-deprtteg can be combined to macro
commands, as shown in the following example.

MACRO rinse 20
f
/IRinse synthesis cell with MeCN for 20 s - this is a comment
V181
V21
V131
V171
WAIT 20
V20
V130
V170
V180

g

Macro commands can be called from the main program and fraiminwother macros.
Manual control (via button-click in the control panel) isalbased on macro commands.
Most control panel buttons are assigned a macro functiortrdeodes for these functions
are listed (and can be modi ed if necessary) in theflmctions.prg

A synthesis program comprises a list of macros (a librastafdard macroand additional
user-de ned macros) and threain program Standard macros describe routine synthesis
processes. Basically they are not different from user-dd macros, but since they include
critical time parameters (duration of uidics processega@sure times etc.) and since they
may be called from other macros, modi cations in standara@nmms should be considered
cautiously. Upon loading a synthesis program ( le extensjwrg) the parser oDNASyn
initially reads the main program (between the commands STARI END). In the next
step macro calls are substituted by the corresponding nwtes. To consider nested
macros this is repeated until all macros are resolved. A ¢et@ly resolved synthesis
program for a 25mer array synthesis typically compriseaia#0000 commands.

Frequently used macro functions

ush ush synthesis cell with argon
ow_X ow reagent X through the synthesis cell
rinse X I MeCN into the storage bottle for reagent X
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rinse block rinse valve block with MeCN
ush_block ush valve block with argon
prime. X Il the tube between the storage bottle X
and the valve block with reagent X
reverse ush fast ush of the synthesis cell
with argon in reverse direction
deprotect photodeprotection
couple X coupling of the phoshoramidite X
oxidize oxidization of phosphite bonds

Number-extensions to the functions name (e.g. ushl10)ifp#we duration of the opera-
tion (in seconds).

B.7.2 Communications between the Control PC and the Syn-
thesizer Hardware

For serial communication with the solenoid valve contrmdlie Java Communications API
(Sun Microsystems) is employed. The communications paensiéave been set to the
requirements of the valve controller (see below).

The control of the shutter and Iter-changer via the patadtat has been implemented with
a Java native code. Direct control of the parallel port rezgiihe java packagearport The
library parport.dll needs to be installed in the directory Systems32/driverish YWarport
the channels of the parallel port can be set and read in @lstfaiward way. For direct
access on the I/0O ports (user mode) the driveerPort(written by Tomas Franzon) needs
to be installed (for this purposéserport.sysneeds to be copied to System32/drivers).
Possibly the Windows98 compatibility mode needs to be exthbWith the executable
Userport.exthe access to the parallel port (base address $387) is ddedna

B.7.3 Dual Screen Support

DNASynprovides dual screen support to display the control pangltiae photolithogra-
phy mask patterns on different devices - TFT monitor andwil®jector (DMD), respec-
tively. This requires the use of a dualview graphics card exténsion of the Windows
desktop onto the second display. The control panel is displan the primary screen
(TFT-monitor with 1280 1024 pixels). Display of the photolithography masks on the
secondary display (video projector) is achieved by operaingndow at the correspond-
ing desktop coordinates - no further programming tricksregeessary. The Class Dis-
playFrame, an extension of the Java Class JWindow enaldpkagiof the masks without
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a window frame and without a menu bar. In the initializatioethod of DisplayFrame the
commandadhis.setLocation(1280,@pens the JWindow on the extended desktop in the area
covered by the secondary TFT display.

B.7.4 Additional Hints

Mask les (JPEG format required) have to be copied into thaedirectory (synthesis
folder) as the synthesis program.

Avoid compression of the JPG mask images. Compressionddgsay pixels) result
in a grainy structure of the microarray features.

Display of several images at an interval of less than abouh&ysresult in delays.

Not to interfere with time critical procedures no furthengrams should be running
on the control computer during a synthesis. In particulamnis/scanners should be
deactivated. Disconnect the computer from the local areaark.

DNASynshould be executed as a jar- le (java archive) from java.@xg. with the
command java -jar DNASyn.jar). Even though this is possilibe uidics timing
behavior can can be affected. In the Windows Task Manageraeased priority level
should be given to the java.exe process. Do not select theesigriority level (real
time) as this may affect the operating system stability.

B.8 Solenoid Valve Driver for Fluidics Control

The valve block of the synthesizer is operated by the miartyotier-based solenoid valve
driver Elub 0670/01developed by the electronics workshop of UBT. Operatinglarsod
valve requires an initial spike voltage of 24 volts. Afteradjustable time (100-500 ms)
the voltage is reduced to a lower hold voltage of 8 V, to préwmerheating of the coil.
Driver operation is controlled via serial communicatiors(R32) with the control PC.

Serial communications parameters:
9600 baud, 8 data bits, no stop bit, no parity, no handshake

Connector (9-pin male) at the controller
Pin 2: TxD (Data out)
Pin 3: RxD (Data in)
Pin 5: GND

Connector (9-pin female) at the PC
Pin 2: RxD
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Pin 3: TxD
Pin 5: GND

Valve operation is controlled by transmission of ASCII comm ands via the
PC-serial port RS232:

open valveeVenXX (XX: valve number 1 to 36)
close valveaVenxX (XX: valve number 1 to 36)

The command®Ven is used to request the valve status. The 36-digit answergssent
back to the control PC (e.g. 0010111100...) reports thes{dtopen; 0=closed) of all 36
valves that can be addressed (not all in use).

B.9 DNA Microarray Design

Synthesis masks (shown in Fig. B.11) are generated withaetveegrogram#/laskDesigner
andMaskFileGen The software concept is described in Fig. B.12. WithskDesigner
microarrays can be designed manually via a graphical userface. Microarray geom-
etry (feature arrangement, feature size and spacing) &eztevith commands provided
in the menuEdit. Once the geometry has been de ned, the probe sequencdsi(mih
in sequences lists, ASCII-format) can be assigned to thereélocks. Photolithography
masks are generated with the command "Generate Masks” ividia” menu of MaskDe-
signer. The MaskDesignesoftware can also be employed as a viewéey menu), e.g.
to nd particular sequences on the microarray or to inveggequence similarity (e.g. to
nd the longest common subsequence).

The manual method of chip design is, however, somewhatusdido account for the
fact that chip designs are often very similar, the Java pnogviaskFileGerhas been de-
veloped. Based on a shdazhip script le, in which the geometry of the individual feature
blocks and the le path to the corresponding probe sequeasisas speci ed, theChip def-
inition le is generated. Th€hip de nition le format is equally used bilaskDesigner
to save and read the data of manually designed chips.

Another, more ef cient method is microarray design withiratMab: a MatLab program
generates a single large sequence list, which is employdddskFileGerto generate the
Chip de nition le. The arrangement of the probes in form of feature blocksisiciered
in the MatLab program: feature blocks (two-dimensional aglays containing probe se-
quences in form of character arrays) are copied straigh#hat to the appropriate position
in the master array (corresponding to the whole-chip-adeagied in theChip script le).
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Figure B.11: The above example of a synthesis mask pattern (resolution: 024 768
pixels) generated with MaskDesignercomprises about 13000 features (44 pixels with

a one pixel separation gap). About 80 mask patterns are requéd for the synthesis of
a 25mer microarray. Synthesis masks are saved in jpeg formaMinimum compression
is applied to prevent pixelation artifacts.

When the master array is complete, a linear list of probe esecps (to be used hylask-
FileGen) is extracted from the master array. The feature block gégynmeencoded in the
order of the sequences. The sequence list in conjunctidnanstandarhip script le is
used byMaskFileGerto generate the correspondi@fip de nition le.

For use with the synthesis softwdd®&ASynthe bmp image format produced MaskDe-
signerneeds to be converted into jpeg format. Conversion of ther&@es is performed
with MatLab in a batch process. MatLab further has the acgmnthat it can generate
jpeg images with almost no compression losses. This is itapbbecause compression
artifacts (pixelation) can affect the quality of the syrgized microarray probes.

Mask pattern generation with MaskDesigner

The principle of mask pattern generation is described in Bd.3: Synthesis masks;M
are af liated to the corresponding photo-deprotectionpdde. For features represented in
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MatLab
(generate prearranged

probe list)

Chip script file

(Description of the ==—=—=>
array geometry) MaskFileGen
Probe sequence lists
(generated e.g.

with MatLab) H

Chip
definition file

|t

Manual design
(via graphlcal USer > MaskDesigner
interface) . .
Chip editor
Chip viewer
Probe sequence lists === Maskpgenerator
Mask files
(bmp images)

Figure B.12: Synthesis masks are generated with the programMaskDesignerand
MaskFileGen. Chip designs are saved in theChip de nition le format. This le for-
mat is also the interface between the script- le basedMaskFileGen and the graphical
user interface basedMaskDesigner Arrays of probe sequences can also be created
with MatLab: the prearranged probe sequence list (feature tbck structure encoded
in the order of the sequence list) can be used wittMaskFileGen to produce a Chip
de nition le which can be loaded byMaskDesignerto generate a set of synthesis
masks.

white color on the synthesis mask le corresponding microarray features are illuminated
in the exposure step;D In the subsequent coupling step & phosphoramidite building
block can attach to deprotected probes. Thepling sequencg.e. sequence of coupling
steps ¢ performed in the synthesis process) needs to be speci e@riergte the set of
mask patterns for the corresponding deprotection (expdsteps 2 The default coupling
sequence is TACG TACG TACG TACG... .

For a 25mer microarray synthesis in principle26=100 masks are required. However,
with a little optimization typically 80 masks are suf cierifhe optimization comprises that
a coupling reaction on a particular feature, or more specthe exposure of the particular
feature prior to the next suitable coupling step, is perfearas early in the synthesis as
possible.

301



Supporting Information

Probe sequence 1 3-TTAGCGTCACCGAA...
Probe sequence 2 3-TGATTACGATGGA...

Coupling sequence TARATATATAS A AT G G
Exposure sequencel T TAG CGTC AC CGA A
Exposure sequence2 T GA T TACGA T G GA

Mask patterns E [ [ulE [Nl FEwite & ] [ME ]

Mask number 01234.. — ..282930 ..

Figure B.13: Principle of virtual mask set generation. Dierent probe sequences
located in features 1 and 2 -probe sequence land probe sequence 2 are treated
individually. Probe sequences are compared with thecoupling sequenceo establish
the exposure sequencéor each feature. The exposure sequence determines in which
mask patterns a feature is undergoing UV exposure (in the caesponding photomask
the feature is shown in white). Mask patterns shown at the botom - for simplicity -
comprise two features only.

Example: In mask number 4 (employed in the photo-deprotecton step prior to cou-
pling of T) the feature corresponding to probe 1 is displayedin white, whereas the
feature corresponding to probe 2 is displayed in black. Phai-deprotection of feature 1
in mask 4 (prior to coupling of T) results in coupling of T to th e probes in feature 1.

B.10 Microarray-Analysis with ScanRA

ScanRAhas been developed for quantitative image analysis of micag hybridization
signals. The regular arrangement of the microarray featisremployed for placement of
a readout grid. Small distortions of the regular featurarmgement (e.g. due to optical
distortions) are compensated by using a quadrilaterabrgagtid (see section 5.2).

Functions of the software

Loading and processing of 16-bit TIFF images (display isriged to 8 bit gray scale)
Image alignment (the microarray needs to be aligned appmgarallel with the hori-
zontal/vertical axis)

Placement of the readout grid: the four corner points (sehbyse click into the four
corners features of the feature block to be analyzed) de oquaealrilateral grid. Further
the number of features in x and y direction and the size oféadout frame (chosen to
t into the homogeneous center region of the microarraydea)thas to be speci ed.
Readout of averaged feature intensities (8 or 16 bit), ¢aticun of the standard de-
viation of the pixel intensities within the individual feme readout frames (useful for
detection of inhomogeneities, particles etc.)

Batch processing of image series: The readout grid needs ttelmed only once.
Image drifting (due to thermal expansion of the hybridiaatthamber) can be com-
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Figure B.14: Graphical user interface of ScanRA. A quadrilateral readout grid (for
demonstration the distortion is exaggerated) - to account br small image distortions
- is put on the microarray uorescence micrograph. Feature ntensity is integrated
over the readout boxes (white boxes).

pensated by the drift correction function.

Feature intensities and standard deviations are savedhm@deparated Value (CSV)
le format.

303



Supporting Information

Figure B.15: The readout grid is exactly positioned on the microarray fedures.
Averaging over the readout boxes vyields the hybridization ggnals of the individual
microarray features.
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B.11 Temperature Control of the Hybridization
Chamber
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Figure B.16: Software-based PID-temperature controller. Implementaion with Pro Lab
Expert 3.0 (ABACOM GbR). The RedLab measurement module (Meilhaus) is employed for
input/output of analog signals. Temperature can be set manual or in a program mode. Pro-
grams are entered as tables (Pro Lab-Function "Korrekturt abelle") of time versus temperature
(recompilation necessary). Between two successive tempagure set-points the temperature is
varied linearly. The temperature controller application i s run on the "microscope control PC"
in parallel with the image acquisition-software SimplePCI (Compix Inc.).
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B.12 cRNA Secondary Structures

Minimum free energy
secondary structure

DG: =-301.8 kcal/mol

Figure B.17: The minimum free energy (MFE) secondary structure of the eGHP
cRNA target sequence T2 { see section 8.6.2 { was calculatednahe Sfold web server
[Din04]. Owing to intrastrand base pairing large parts of the sequence are unavailable
for hybridization to DNA microarray probes. The base numbering 1 to 825 corre-
sponds to bases 556 to 1380 of the eGFP-Tub plasmid sequencgeé section 8.6.2).
Compare with the centroid structure in Fig. B.18. Green dots represent base pairs
common in the MFE and centroid structures. Blue dots represat base pairs present
only in the MFE structure.
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Ensemble Centroid

Lo

| U

b0

DG: = -200.66 kcal/mol

Centroid secondary structure [Din05] of the eGFP cRNA tar-
get sequence T2. The centroid structure was calculated on th Sfold web server

[Din04; Cha05] from a Boltzmann-weighted structure ensemle. 'The centroid struc-
ture can be considered as the single structure that best re@sents the central tendency
of the set" [Cha05]. Compare with the minimum free energy seandary structure in
Fig. B.17. Green dots represent base pairs common in the MFErad centroid struc-
tures. Red dots represent base pairs present in the centroidtructure, not however
in the MFE structure.

Figure B.18:
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B.13 3-D Visualization of Nucleic Acid Structures

Figure B.19: B-DNA structure - stereo view (use cross-eye-technique foBD e ect).
Stereo images of the ideal B-DNA structure were created withUCSF Chimera.

Figure B.20: A-RNA structure - stereo view (use cross-eye-technique foBD e ect).
Stereo images of the ideal A-RNA structure were created withUCSF Chimera.
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Figure B.21: Top views of the helix structures - B-DNA (left) and A-RNA (ri ght)
- demonstrate signi cant di erences in base stacking
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