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Zusammenfassung

Die Krafte fir das Aufbrechen von Ligand-Rezeptor Wechselwirkungen, wie sie in Proteinen,
Zellen, und lebendigen Geweben vorkommen, wurden erfolgreich mit Rasterkraft-Spektroskopie
gemessen. Fur diese Messungen wurden Ligand und Rezeptor so modifiziert, dass sie auf einer
Spitze und dem Substrat befestigt werden konnten. Ligand und Rezeptor wechselwirken
miteinander, wenn die Spitze an die Oberflache angenahert wird. Diese Wechselwirkungen
kdnnen durch Messung der Zerreisskraft beim Entfernen der Spitze untersucht werden. Leider ist
dieses Verfahren ungeeignet flr die Messung kleiner Molekile, da deren Wechselwirkungen
extrem schwach sind. AuRerdem kann die Modifikation kleiner Molekille zur Befestigung an
Oberflachen zur Blockade oder Veranderung der Bindungsgruppen filhren. Deswegen kdnnen die
aufgenommenen Zerreisskrafte bei kleinen Molekilen nicht die gesamte Bandbreite der

beteiligten Ligand-Rezeptor Wechselwirkungen wiedergeben.

In meiner Arbeit wird ein neuartiges Konzept zur Messung schwacher Ligand-Rezeptor
Wechselwirkungen eingefiihrt das keine Modifikation der beteiligten Molekiile bendtigt. Die
Zerreisskraft zwischen Rezeptor und Ligand wird dabei nicht direkt gemessen sondern ergibt sich
als Differenz aus Messungen in Gegenwart und in Abwesenheit des Liganden. Als Modellsystem
wurde Adenosinmonophosphat (AMP) und ein Aptamer, das AMP spezifisch bindet, gewahlt. Das
Aptamer (Rezeptor) ist ein DNA-Einzelstrang, der teilweise selbst hybridisieren kann und dabei
Bindungstaschen fir AMP (Ligand) bildet. Die Bindungen zwischen dem AMP und dem Aptamer

bestehen aus mehreren Wasserstoff-Briickenbindungen.

In meinem neuen Konzept wird das Aptamer in zwei Teile (Oligo a und Oligo b) geteilt. Ein Teil
wird an der Spitze, der andere auf dem Substrat befestigt. Wenn die Spitze an das Substrat
angenahert wird hybridisieren Oligo a and Oligo b teilweise und die Bindungstaschen bilden sich.
Bei Zugabe von AMP zur Pufferldsung bindet das AMP in den Taschen und zusétzliche
Wasserstoff-Briickenbindungen entstehen. Beim Entfernen der Spitze von der Oberflache konnte
die ZerreilBkraft dieses AMP-Split-Aptamer Komplexes gemessen werden. Diese Zereisskraft

erhdhte sich in der Gegenwart von AMP um ca. 10 pN.

Die Dissoziationskonstante des AMP-Split-Aptamers wurde auf Einzel-Molekul-Ebene (~4 pM)
durch Veranderung der AMP Konzentration und Messen der Zerreisskraft bei jeder Konzentration
bestimmt. AuBerdem wurde die Zereisskraft durch die Erhéhung der Bindungstaschen-Zahl

verstarkt.

Die Geschwindigkeitskonstante fir die thermodynamische Dissoziation der zwei Oligos war in der
Anwesenheit von AMP leicht verringert, was darauf hindeutet, dass AMP das Split-Aptamer mit
zwei Bindungstaschen stabilisiert. Die Zerreisskrafte bei verschiedenen

Belastungsgeschwindigkeiten folgten keinem logarithmischen Verhalten, das Ublicherweise zur



Beschreibung des Verhaltens der Zereisskraft von Oligonukleotiden bei verschiedenen
Belastungsgeschwindigkeiten verwendet wird. Far hohe und niedrige
Belastungsgeschwindigkeiten wurden zwei unterschiedliche Bereiche gefunden, ein Verhalten
welches bisher so nicht beschrieben wurde. Ein Modell, das diese beiden Bereiche mit der

Dehnung der Bindungstaschen der Oligos erklart, wurde entwickelt.

Um den Beitrag einer einzelnen Wasserstoffbrickenbindung zur Bildung der Doppelhelix der
Nukleinsauren zu verstehen wurde die Anzahl der Bindungsgruppen des AMP reduziert, also
neue Zielmolekile dargestellt. Die Zereisskrafte des Split-Aptamers in Anwesenheit dieser
Molekile wurden gemessen. Die Zereisskrafte skalierten linear mit der Anzahl der
Bindungsgruppen. Hierbei wurde festgestellt, dass die Phosphatgruppe den grof3ten Anteil an der

Ausbildung des Wasserstoffbriicken-Netzwerks zwischen AMP Molekul und Aptamer beitragt.



Abstract

Rupture forces of ligand-receptor interactions, such as proteins-proteins, proteins-cells, and cells-
tissues, have been successfully measured by atomic force spectroscopy (AFS). For these
measurements, the ligands and receptors were chemically modified so that they can be immobilized
on the tip and on a substrate, respectively. The ligand interact the receptor when the tip approaches
the substrate. This interaction can be studied by measuring rupture force upon retraction. However,
this technique is not feasible for measurements involving small molecules, since they form only few H-
bonds with their corresponding receptors. Modifying small molecules for immobilization on surfaces
may block or change binding sites. Thus, recorded rupture forces might not reflect the full scope of the

involved small ligand-receptor interactions.

In my thesis, a novel concept that allows measuring the rupture force of small involved ligand-receptor
interactions and does not require molecular modification for immobilization was introduced. The
rupture force of small ligand-receptor interaction is not directly measured but it can be determined from
measurements in the presence and in the absence of the ligand. As a model system, the adenosine
mono phosphate (AMP) and the aptamer that binds AMP were selected. The aptamer (receptor) is a
single stranded DNA that can partially self-hybridize and form binding pockets for AMP molecules

(ligands). The bonds between AMP and aptamer are provided by several H-bonds and pair stacking.

In the novel concept, the aptamer was split into two parts (oligo a and oligo b). One part was
immobilized on the tip and the other one on the substrate. Approaching the tip to the substrate, oligo a
and oligo b partially hybridized and the binding pockets were formed. After adding AMP into the buffer
solution, the AMP bound in the pockets and additional H-bonds were formed. Upon retraction of the
tip, the rupture force of the AMP-split aptamer complex was measured. In the presence of excess

AMP, the rupture force increased by about 10 pN.

The dissociation constant of the AMP-split aptamer complex was measured on a single molecular level
(~ 4 uM) by varying the AMP concentrations and measuring the rupture force at each concentration.

Furthermore, the rupture force was amplified when more pockets were added to the split aptamer.

In the absence of AMP, the thermal off-rate was slightly reduced compared to that in the presence of
AMP, indicating that the AMP stabilized the aptamer. The rupture forces at different loading rates did
not follow the logarithmic fit which was usually used to describe the dependence of rupture forces at
different loading rates of oligonucleotides. Two distinguished regimes at low and high loading rates
were obtained. The two regimes were explained by a model in which the oligos located at the pockets
were stretched at high loading rates.

The contribution of a single H-bond formed between the AMP molecule and the split aptamer was
measured by reducing the binding groups of the AMP. The rupture forces reduce corresponding to the
reduction of the binding groups. The phosphate group played the most important role in the formation

of H-bond network between the AMP molecule and the split aptamer.
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|ntroduction and Motivation

The double helix structure of Deoxyribonucleic acid (dsDNA) was discovered by James
Watson and Francis Crick in 1953 [1]. By solving the molecular structure of nucleic acid and
its significance for information transfer in living material, they together with Maurice Wilkins
were awarded with the Nobel Prize for Physiology and Medicine in 1962.

The dsDNA structure is composed of purine and pyrimidine bases attached to a backbone of
a 5-carbon sugar (deoxyribose) alternating with a phosphate group. The purine and
pyrimidine bases consist of two units each, i.e. adenine (A) and guanine (G), thymine (T) and
cytosine (C), respectively. These bases pair together, A to T and G to C, by based on H-
bonds and these are called ‘Watson-Crick pairs’. A dsDNA consists of two complementary
polyoligonucleotides which are held together by Watson-Crick pairs. Each oligo composes of
sugar backbone and nucleotides are attached on it (Fig. 1.1). An oligo is chemically oriented
from end to end and follows a rule of directionality, i.e. from 5’- to 3’ and for the left strand
and from 3’- to 5’ for the right strand. When one edge of a base of oligo 1 matches the edge
of another base of oligo 2, the bases are joined by hydrogen bonds (H-bonds, yellow dashed
lines) and laid on the same plane. The A-T pair contains two H-bonds while the G-C pair
contains three H-bonds. The total H-bonds in a dsDNA depends on the number of pairs in its
structure [2]. The double helix structure has a width of 2.0 nm and the distance between
bases of 3.4 A. Each H-bond contributes a small force to stabilize the dsDNA structure and
this force is the binding force in the double helix.
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Figure 1.1: Chemical structure of a dsDNA. Two complementary oligos (oligo 1 and oligo 2)
are held together by H-bonds (green) to form a dsDNA. The direction of oligo 1 is from 5’ (red

arrow) - to 3’ (blue arrow) end while oligo 2 is from 3’- to 5’ end.

Aptamers are short oligonucleic acids (DNA, RNA) evolved in vitro to perform a specific
function [1, 2]. They have behaviors that at certain aspects are similar to antibodies which
are widely applied in medical studies [3]. However, producing of antibodies normally involves
in vivo or in living cell. They can partly self-hybridize to form BP for small molecules or
proteins. Aptamers bind to many targets with high affinity and specificity [4]. Figure 1.2 is an
example of a DNA-aptamer that binds adenosine monophosphate (AMP).

The procedure to produce aptamer is so called Systematic Evolution of Ligands by
Exponential Enrichment (SELEX) by Gold and Tuerk, 1990 [1]. The SELEX process is a
technique for isolating functional nucleic acids by screening oligonucleotides for molecular
targeting. The targets for SELEX can be varied from small molecules to proteins, cell, and
tissues. After the DNA or RNA aptamer bind targets, the DNA- or RNA-target complex is
separated from free nucleic acids in the batch by nitro-cellulose filter binding, affinity

chromatography, size fractionation on columns, or electrophoresis on native polyacrylamide



gels. This DNA or RNA is then amplified by polymerase chain reaction (PCR). With special
adaptation, peptide aptamers have also been found by SELEX.

Figure 1.2: Aptamer cartoon (violet) including Waston Crick pairs at two ends and pockets that bind

AMP molecules (small balls) at the center. The aptamer is split into two parts for AFS measurement.

Aptamers can be produced by SELEX with high purification and can be modified to enhance
their stability, affinity, and specificity because of in vitro process [5, 6]. They can be stabilized
by additional modification to involve in medical treatment in vivo [7, 8]. They have high
temperature stability and can recover their native conformation after thermal denaturation. In
addition, their small sizes can help them penetrate into cells or tissues easily [5, 9]. Recently,
aptamers have become very promising candidates in biosensors, analytical and diagnostic
applications. The fundamental of the biological systems will be introduced in detail in
Chapter 2.

To date, a number of methods have been utilized to understand H-bond strength in nucleic
acids as well as ligands-nucleic acids interactions. Powerful analytical techniques such as X-
ray crystallography, Nuclear Magnetic Resonance (NMR), Absorption spectroscopy, or
Electron microscopy have been used to investigate drug-DNA interactions [10]. However,
some disadvantages still exist in each. A typical disadvantage is the requirement of significant

amount of sample per measurement. In addition, with X-ray technique, the molecular
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conformation in the crystal may be significantly different from the conformation in solution [11].
Preparation of the pure crystal sample is challenging and requires hours, days, or weeks of
effort. With NMR, the sample needs to be dissolved in a deuterated solvent, and averages the
results from all the molecules in the sample. Expertise in NMR is required to interpret the
spectra depending on the compound complexity. UV-Vis spectroscopy is simple to conduct,
but it contains less information. Electron microscopy can directly image individual molecules.
However, stains or contrast agents and vacuum environment are required. These requirements
reduce resolution and investigation environment differ from the natural environments, which
makes it difficult to transfer the results from the experiment to the conditions in a living
organism. In general, detection of protein, cell, and tissue bindings can be facilitated by
labeling with fluorescent dyes without changing their properties. By contrast, efficient detection
of small molecules suffers from significant changes of chemical properties as a consequence

of target labeling and from the relative paucity of binding sites on small organic molecules.

Single-molecule force spectroscopy has emerged as a powerful tool to investigate forces in
biological molecules [12, 13]. The most common force spectroscopy techniques are optical
tweezers (OT) [14], and atomic force microscopy (AFM) [15]. Both AFM and OT can offer

information of drug-DNA interactions in physiological condition [16, 17].

Atomic force spectroscopy (AFS), derived from AFM which was invented in 1986 [21], has
been successfully applied to measure the strength of the H-bonds in nucleic acid as well as
ligands-nucleic acids interactions [22]. By approaching one strand of a nucleic acid (A) fixed
on the tip close to its complementary strand (B) immobilized on the surface, the oligo
hybridization will take place (Fig. 1.3). Moving the tip away from the surface, these two
strands will be stretched. Eventually, the stress will exceed the binding strength and the
strands will be separated. The force needed to achieve this separation is usually called
‘rupture force’. This force represents the total binding force in the dsDNA. More information
about AFS will be provided in Chapter 3.

From the time the AFM was invented, a number of measurements of separating and stretching
structure of dsDNAs have been measured [18-21]. However, the results among those studies
provide a large variation in the rupture force of single H-bond. For example, in 1994, one of the
first studies of measuring rupture force of H-bonds in nucleic acid was reported by Lee et al
who introduced an experimental setup which became a useful method nowadays to measure
many molecular interactions in living conditions with AFS [19]. The authors immobilized one
part of a DNA strand with different lengths (12, 16, 20 bases) on the AFM tip and its
complementary on the substrates. By approaching the tip to and retracting it from the surface,

they obtained rupture forces of 830, 1110 and 1520 pN for the corresponding mentioned DNA



strands in ionic conditions (0.1 N NaCl). This means that the rupture force of a single pair (A-T
or G-C) is about 70 pN.

PSD
Laser - Figure 1.3: Cartoon of the measurement of

nucleic acid interaction by AFS. The oligo A is
fixed on the tip and oligo B on a piezoelectric
Cantllever scanning stage (gray). Deflection of the cantilever
is measured from the displacement of a low power
A laser (red beam) reflected to the position-sensitive
photo detector (PSPD). The piezoelectric scanner

B moves up and down along the axial direction. The
\\ interaction force between oligo A and oligo B is

recorded by measuring the deflection of

Piezo- ]
electric cantilever.
scanner

In the following year (1995), Boland et al combed theoretical calculation and measurement by

AFS and reported that the required force to break an A-T base is 125 pN and 188 pN for an G-
C pair [18]. Few years later, Rief et al reported that the rupture force of A-T pair is 9 + 3 pN and
20 £ 3 pN for G-C pairs [22] meanwhile Bruno (1998) [23] and Ulrich et al (2002) [24] used
optical tweezers to measure the rupture of the pairs and reported a force of about 3 pN per
pair. This shows that with improvements of experimental techniques, the rupture forces is

reduced compared to the previous studies.

The principal reasons for these discrepancies may also include cantilever spring constant,
pulling directionality, loading rate, surface chemistry, linkers used as spacers, buffer,
temperature, and/or time scale for sample preparation, etc. Differences in the experimental
setup may also provide a different result, e.g. adding a long spacer between the substrate
and the oligo may increase the measured rupture force due to spacers stretching and
unwinding [25-27]. Chemically immobilizing or only physically absorbing the oligo on the
surfaces will give a significant change in the measured rupture force of the pairs [28]. Trying
to overcome the influence of using different cantilever spring constant, buffer or long linkers,
Sattin et al (2004) reported a significant improvement in this type of measurement by using
the same cantilever in the same buffer and short linker for all measurement [21]. They found
that the rupture force of AT and GC is approximately equal, although there are more H-bonds
in the GC pair than in the AT one. This result contradicts all previous studies in which the
force contribution in GC was always greater than in AT. It seems that a clear understanding

of the force contribution in the nucleic acids is still challenging and more influencing factors
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should be further considered. The influence of factors in rupture force measurement of small

molecular interactions will be described in detail in Chapter 4.

In order to measure macromolecules-nucleic acids interactions, the modifications that are
required for immobilizing the molecules on the surfaces do not significantly change the binding
properties of the macromolecules. However, the traditional design as described in the figure
1.3 is not feasible for the detection of small molecules since only a few H-bond binding sites
are involved. By fixing small molecule on the surface, their natural binding sites or chemical
properties can be lost. At the following, the problem of chemical modification of small
molecules will be pointed out in the example of AMP. The AMP-aptamer was isolated by
Huizenga et al in 1995 by SELEX [29]. AMP consists of only three specific binding groups
(phosphate, amino and imine) which can form a complex with aptamer via few H-bonds. The
biotin can be attached to the hydroxyl group at the ribose ring of the AMP [25, 30]. In principle,
biotin modification at this position does not influence the phosphate, amino and imine groups
for aptamer binding. By modifying the surface with streptavidin, the AMP molecule can be
immobilized on the surface via biotin/streptavidin binding. However, immobilization of AMP to
the surface may block its functional groups depending on lying angle of the AMP on the
surface. The binding ability of the AMP to the aptamer can be altered after immobilization being
a major concern. Therefore, a new method to measure the molecular interactions in ‘single

small molecule level’ is necessary.

Aptamers that ind many small molecules have been found by SELEX. However, until now,
there is a lack of a powerful experimental setup for measuring the interaction forces. Regarding
the measurements of rupture forces of the involved small molecules-aptamers complexes,
several studies tried to improve the measurement techniques [31-34] and each of them has
some limitations. For example, Ho et al. successfully amplified the signal of small molecule
binding aptamer by applying a comparative unbinding force assay (CUFA) (Fig. 1.4) [32]. The
split aptamer was connected to dsDNA chains and the fluorophore was attached in between
(Fig. 1.4a). The streptavidins were attached on the surfaces and the biotins at the end of the
chains. When the probe closed to the substrate, the streptavidin binds the biotin and the chain
is fixed between probe and substrate. The pocket of the split aptamer can now capture free
ATP in buffer solution (Fig. 1.4b). The ruptures can be measured from the ATP-split aptamer
(Fig. 1.4c) or from dsDNA (Fig. 1.4d) and the fluorophore stays either on the probe or on the
substrate, respectively. The fluorophore on the substrate can be imaged and the corresponding

rupture force is of ATP-split aptamer complex.
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Figure 1.4: Schematic of the comparative unbinding force assay (CUFA) for the detection of small ATP

Split
aptamer

fluorophore
dsDNA

PEG

molecules [32]. (a) dsDNA reference and split ATP-aptamers are bound in series via PEG spacers to
glass support. A biotin/streptavidin bond is to capture the linker when the PDMS surface approaches the
glass support. (b) In the presence of ATP, it binds the pocket of the split aptamer. Two cases of ruptures:
from aptamer (c) or from the dsDNA (d) leading to the fluorophore stays on the PDMS surface or on the

glass support. Formation of ATP- split aptamer complex increases the rupture force.

The limitation in this study is its low sensitivity. The author reported that it is undetectable if
the concentration of the ATP is smaller than 53.5 pM. This method, therefore, may not be

feasible for biosensors in detections of the small molecules.

In 2009, Gaub et al. presented another setup to measure label-free copper target binding
aptamer (Fig. 1.5a) [31]. Here, they inserted a salicylic aldehyde molecule to the center of
two single strand oligos (Fig. 1.5b). The oligos are then brought to the AFM tip and substrate.
By approaching the tip to the surface, the oligo hybridization occurs and the copper ion forms
a complex with two salicylic aldehyde molecules. Using AFS, rupture of copper-salicylic
aldehyde could be obtained. However, there are still some limitations in this method. First,
the aptamer needs to be modified with salicylic aldehyde in order to capture the copper.
Second, the rupture force of the copper-aptamer could be measured, but copper binds
salicylic aldehyde by covalent bonds. The copper-aptamer binding is relatively strong
compared to only few H-bonds in small molecular interactions. This system is still possible to
measure using AFS without the need of a careful consideration because of high rupture force

of covalent bond.
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Figure 1.5: Schematic of measuring rupture force of Cu®*-aptamer by AFS. (a) A part of aptamer is

fixed on the tip and the other part is on substrate via PEG linker, red sketch presents aptamer self-
hybridization while green is the formation of Cu**-aptamer complex [31]. (b) The copper enters the

aptamer via an addition of salicylic aldehyde.

The main task of my thesis is to prove that the ‘split aptamer concept’ works. For that task, a
ssDNA aptamer containing binding pockets (BP) for ligands is selected and is split into two
parts. One part is immobilized on the AFM tip and the other one is on the substrate. Adding
ligands into buffer solution, the ligands will enter the binding pockets. By measuring the rupture
forces in the presence and in the absence of ligand, a difference in these rupture forces can be
subtracted and it is attributed to the binding of ligand to the split aptamer. Specifically, we used
adenosine monophosphate (AMP) which was introduced in the previous chapter as a ligand.
We put our emphasis on this particular ligand because Steinbock obtained preliminary

evidence that suggested a force shift in the presence of AMP molecule [35].

In my study, | use a DNA aptamer, 3-ACTGGA-AGGAGG-AGATGC-GCATCT-AGGAGG-
TCCAGT-5, containing two BP at the center (underlined bases) which allows the AMPs
entering its pockets. For AFS measurement, this sequence was split symmetrically at the
middle (Fig. 1.6). In order to increase the tip/sample distance measured by AFS, 20 adenine
bases (A”) were added at the 5-ends. A thiol linker was added at the 5-end in order to
covalently bind the oligo to the gold surface. The first strand having 18 bases connecting with a
spacer 20 adenosine bases (A?) was immobilized on the AFS-tip (oligo a, 3-ACTGGA-
AGGAGG-AGATGC-A%-SH-5') and the second strand was immobilized on the substrate (oligo
b, 5-SH-AZ-TGACCT-GGAGGA-TCTACG-3') (Fig. 1.6a). When oligo a was brought into
contact with oligo b, partial hybridization between two oligos can take place (non-underline
parts) (Fig. 1.6b). Hereby the six center bases do not hybridize (underlined part). They form
two BP for AMP molecules. When AMP target molecules are added to the buffer solution, two
AMP molecules enter the BP and 8 additional hydrogen bonds are formed at each pocket (red
lines) (Fig. 1.6c). Detailed formation of H-bonds in the presence of AMP is indicated by the red
dashed lines in the figure 1.6e. Upon the separation of the tip and the sample, the oligo a

ruptures from oligo b and the AMPs unbind from the split aptamer (Fig. 1.6d).
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Figure 1.6: The split aptamer concept for for AFS

measurement. AFM tip stays far away from the sample

(a), approaches the sample surface in the absence (b)

@......... and in the presence of AMP forming a H-bond network
(each red line represents two H-bonds) (c), and
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separates from the surface (d). (e) Enlargement of a
BP with formation of 8 additional H-bonds (dashed red

lines) when AMP enters the pocket.

By measuring rupture forces in the presence and in the absence of AMP and subtract the
difference between them, the force due to AMP that binds the split aptamer can be obtained.
Thus, we can prove that the split aptamer concept works by considering this force difference
(Chapter 5). First, measurements in the presence- and in the absence of AMP and after
washing AMP away were performed. By comparing the rupture forces in those
measurements, the rupture force of AMP-split aptamer complex can be deduced. Second, a
control experiment using a split aptamer without BP was performed. | also proved that the
split aptamer concept works for tetracycline-RNA aptamer and cocaine-DNA aptamer. In
order to further understand thermal kinetics of AMP-split aptamer complex, | estimated the
dissociation constant by analyzing the rupture force histogram and obtained thermal off-rate

by varying the loading rates.

However, the small rupture force of the AMP-split aptamer complex, ~11 pN, is difficult to be
measured since many measurement factors are involved. Another question is whether the

measured rupture force can be amplified. In order to do that, a series of BP (2, 4-, 6-, 8- and
9



16 BP) were investigated (Fig. 1.7). The shift in rupture force, x pN, measured from two BP
system (top graph) was amplified to 2x pN from 4 BP system (bottom graph). After
investigation of multiple BP, the thermal dynamics of these systems will be presented
(Chapter 6).

X (pN) y

v

§2x (pN)§

No AMP  AMP-aptamer -

Figure 1.7: Cartoon of rupture force amplification by aptamer with additional BP. The rupture force

can be amplified from ‘X’ pN obtained from two BP system to ‘2x’ pN from four BP.

If the split aptamer concept works for the aptamer with additional BP, the lengthen aptamer
will be utilized to investigate the contribution of single H-bond in the H-bond network formed
between AMP and the binding pocket of the split aptamer. The rupture forces of the split
aptamer in the presence of targets with reduction of binding groups can be measured and
compared and through which we can estimate the rupture force of a single H-bond (Chapter
7).
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Aptamers-Targets Complexes

In this chapter, | will first present an overview of basis characteristics, structures, binding
abilities of aptamers. Then, the process of producing aptamers by Systematic Evolution of
Ligands by EXponential Enrichment (SELEX) will be introduced. Subsequently, applications
of aptamers in life science and medical treatment will be briefly described. Finally, small
ligands molecules binding aptamers with the key-lock principles and the importance of small

molecules in medical and biosensors studies will be discussed.

2.1. Aptamer History

In 1990, C. Tuerk, and L. Gold [1] and A.D. Ellington, J.W. Szostak [2], developed an in vitro
selection and amplification technique and they were the first to find nucleic acids that bind
specific targets. They called ‘aptamers’ to indicate the specific nucleic acids which were able
to bind non-nucleic acid targets with high affinity and specificity. Aptamers are short single-
stranded nucleic acids (DNA, RNA) or peptides, which are typically selected from pools of
random-sequence oligonucleotides to bind a wide range of targets from small organic
molecules, proteins to cells and tissues. The name comes from the Latin word ‘aptus’ which
means ‘to fit'. Their sizes range from 6 to 40 kDa. To date, several hundred to a thousand
aptamers have been found to bind specifically to target molecules with a variation of

dissociation constant from picomolar to micromolar [4].

Many positive characteristics of aptamers, such as small size, in vitro synthesis, easy
modification, and possible penetration into the living cells, drag them to significant
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advantages in medical diagnostic applications [36-38] and in biosensors as well [39, 40]. The
aptamers shows equal or even better affinity and specificity than antibodies [41-43].
However, simple technique and apparatus are required for isolation of aptamer while
complex processes in vivo are necessary for production of antibodies. Famulok et al and
Haller et al proved that aptamers have a potential to discriminate among targets which were
different only methyl, hydroxyl groups or configuration [42, 44]. Aptamers are interesting in
pharmacology since they can bind to certain part of the targets that is possible to inhibit
defective molecules. Despite these properties, aptamers so far have reached the
marketplace slowly (only one aptamer-based drug receiving approval) [4]. Recently, many
studies have used aptamers for cancer cell treatments, drug deliveries, biosensors that may
change how nucleic acid therapeutics is perceived. In the near future, it seems that aptamers
will become a great promise compared with other therapeutic molecules and modalities

because of their above mentioned advanced characteristics.

2.2. Isolation of Aptamers-SELEX

The Systematic Evolution of Ligands by EXponential Enrichment (SELEX) method was
introduced in 1990’s by Tuerk et al [45] and Ellington et al [2]. SELEX measures the affinity
of transcription factor binding to DNA or identifies the highest affinity recognition sequences
for targets [46]. Many aptamers binding target molecules, ranging from small molecules, cells
to tissues have been generated by SELEX [47]. SELEX is a combination of a chemistry
technique and molecular biology to produce oligonucleotide of either ssDNA or ssRNA that
specifically bind to target ligands. SELEX is an attractive method since it can be manipulated

in ways which would have been difficult or impossible if organisms involve.

The SELEX process for DNA aptamer (Fig. 2.1) begins with the synthesis of a very large
oligonucleotide library (10" oligos) consisting of randomly generated sequences of fixed
lengths (step 1). The sequences include four nucleotides (A, T, C, G) for DNA aptamer
flanked by 5’ and 3’ ends which act as primer binding sites for polymerase chain reaction
(PCR) amplification. The target molecule is added in the pool for a certain time to produce an
aptamer-ligand-complex (step 2). The target, for example, ATP (blue ball) binds to the
aptamer (red or orange ribbons) [29]. The oligonucleotides which do not bind the ATP are
removed by affinity chromatography (step 3). Then, the bound sequences are eluted (step 4)
and amplified (step 5) by polymerase chain reaction (PCR). A double strand DNA pool is
generated after PCR and this pool can be either transcribed for RNA selection or strand

separated for ssDNA selection to prepare for subsequent rounds of selection. After PCR re
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For RNA aptamer by SELEX, the RNA pool is generated by the DNA library which serves as
a transcription template. The in vitro transcription requires a T7 promoter sequence and the

synthesis of complementary DNA needs a primer annealing site [2].

To enrich the oligonucleotides in the initial pool which show tightest binding to the target,
iterative selection and amplification cycles are usually carried out. Up to about 15 cycles
depending on oligonucleotides or target concentration, the process is terminated and the
selected sequences are isolated. The sequence and the structure of the ligands can be
revealed by cloning and sequencing of the selected clones. After that the aptamer is
generated by chemical synthesis. The binding activity of ligand-aptamer and discrimination of
the loosely bound target molecules and tight bound targets, different techniques such as filter
adsorption, non-denaturing gel electrophoresis, immobilization of the target on
chromatography beads, immune-precipitation or centrifugation for entire cells have been
utilized. The quality assessment of the SELEX experiment is represented by the dissociation

constant of the complexes.

1015 different
molecules

@ target

analysis

regeneration

a\,. ~"> 10-15
Steaf cycles

Vnplification

Figure 2.1. Schematic of SELEX in vitro for DNA aptamer. A random pool of nucleic acids is enriched

elution

through the selection process.

A great improvement has been done by Ellington lab (http://aptamer.icmb.utexas.edu/) in

2001. Here, the process of in vitro selection which was discovered in 1990 was automated
and the duration of a selection experiment was reduced from six weeks to three days. There

is also useful information of aptamers-proteins in vitro selection in the SELEX-DB [48].
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2.3. AMP-Aptamer

D.E. Huizenga and J.W. Szostak (1995) isolated in vitro an aptamer that bound adenosine
and adenosine triphosphate (ATP) from a pool of 2 x 10 different random single-stranded
DNAs [29]. This aptamer was then screened for functional adenosine binding sequences.
Analysis of the sequence with ATP indicated that functional groups on both the base and the
sugar of ATP were involved in the ATP-aptamer interaction. This analysis also showed that
there were two regions with rich guanosine (G base), two invariant adenosine residues, and

two regions of predominant Watson-Crick pairs.

Adenosine monophosphate (AMP) (Fig. 2.2) can form a complex with DNA or RNA aptamer
[49]. The AMP consists of only one phosphate group while ATP consists of three phosphate
groups. The AMP binds to the DNA aptamer by H-bonds formed between three binding
groups of AMP such as phosphate (Fig. 2.2, red box), amino (Fig. 2.2, green box) and imine
(Fig. 2.2, yellow box) group [29, 49]. In the presence of those groups, highest binding affinity

can be observed.
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Figure 2.2. Molecular structure of adenosine monophosphate (AMP). AMP can form H-bonds with

aptamer via three binding groups (red, green and yellow boxes).

The AMP-aptamer sequence consists of two Watson-Crick areas at two ends (bases from 1 to
6 and from 13 to 18) and two BP at the center (base 5 to 10) (Fig. 2.3). The binding structure of
AMP-DNA aptamer was obtained by NMR analysis [49, 50]. The AMP molecule (blue) binds to
the DNA aptamer through an H-bond network (Fig. 2.3, red). The binding occurs at the regions
with rich guanosine. Nonin et al [49] and Lin et al. [50] have presented the AMP binds the DNA
aptamer via 8 H-bonds in each binding pocket (red dashed lines, Fig. 2.3). Two AMP molecules

were found entering in two nearby pockets of the aptamer.
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Figure 2.3. Chemical structure of AMP-aptamer. The pockets (green boxes) locate at the center of the
aptamer sequence while two Watson-Crick stems are at the two sites of the pockets. The AMPs
stabilize the aptamer when they enter the pockets by the formation of eight H-bonds per pocket (red

dashed lines).

Detail formation of H-bonds in the absence of AMP for each binding pocket is presented in
the figure 2.4. The G-bases at the BP regions stay far away from each other and they
become pairs in the presence of AMP. The H-bonds are formed not only between AMP and
the G-bases but also between G- and G or G and A bases. The appearance of the new H-
bonds pulls two strands in the pockets closely to each other resulting in G-bases pairing. The
interaction force in the aptamer in the presence of AMP is therefore higher than in the
absence of AMP. By comparing the force in the presence and in the absence of AMP, the

additional force to stabilize the aptamer in the presence of AMP can be obtained.

In my study, | measured the rupture forces between two parts of the aptamer in the presence
and in the absence of the AMP. By subtracting the difference in those forces, the additional
binding force contributed by AMP could be obtained.

Functional groups of AMP play an extremely important role in the formation of AMP-aptamer
complex. When the binding groups in the AMP molecules are replaced, the binding ability can
be reduced. Huizenga et al. substituted the binding groups of AMP by using Inosine and found
no any target-aptamer complex [29]. They presented that AMP-aptamer binding was 70-84%

while it is < 5% for target Inosine.

In my study, derivatives of adenosine monophosphate (AMP) such as Inosine, Inosine
monophosphate (IMP), 2’-O-adenosine monophosphate (OMA) were used as targets. Those
molecules represent the absence of the binding groups in the AMP and have different
binding sites which can form different H-bond network with aptamer, and therefore different

rupture forces could be measured.

15



(92)
(=
«Q
Q
=
w
Q
(@)
=
O
o
>
(¢)

Figure 2.4. Enlargement of H-bond network (red dashes) generated between AMP (blue) and the

binding pocket of aptamer on the right site of the sequences (Fig. 2.3).

2.4. Cocaine-Aptamer and Tetracycline-Aptamer

Tetracycline is used against many bacterial infections as an antibiotic. Tetracycline binds
RNA aptamer (Fig. 2.5) with nano scale dissociation constants (K4 = 0.8 nM) and the binding
is strongly supported by the presence of Mg?* ions in buffer [51]. The binding is formed by the
minor grooves of M and the H; and H, helix via about 37 H-bonds.
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Figure 2.5. Cartoon representation of Tetracycline-RNA aptamer complexes [51]. Tetracycline enters
RNA aptamer under the support of the well-ordered magnesium ions and their solvation water

(magenta and red spheres, respectively).

Cocaine is a crystalline tropane alkaloid produced by the leaves of the coca plant. The name
‘Cocaine’ comes from "coca" and the alkaloid suffix -ine. Cocaine is a powerful nervous
system stimulant [52]. Cocaine binds DNA aptamer via a hydrophobic pocket formed by a
noncanonical three-way junction (Fig. 2.6), with one of the stems structured through currently
less well-defined non-Watson-Crick interactions [53]. To date, the binding structure of cocaine
to aptamer has not been well understood even though it has been label-free detected in
biological fluids [54]. The H-bond network in the cocaine-aptamer or other influences on the
formation of this complex has not been as well characterized as AMP-aptamer or antibiotic-

RNA aptamer complexes.
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Figure 2.6. Cocaine-aptamer complex. Cocaine binds to the aptamer via a hydrophobic pocket formed

by a noncanonical three-way junction.

In my study, cocaine-aptamer and tetracycline-aptamer will be used to test if the ‘split

aptamer concept’ also works for other system.
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2.5. Dissociation Constant

The dissociation constant (Kp) is a type of equilibrium constant that measures the direction for
a larger complex to dissociate reversibly into smaller components. In biological complexes,
dissociation constants normally describe the affinity between ligand and receptor. For ligand-
receptor bindings, the analysis is based on the following simple mass action model:

Kot
Ligand + Receptor Ligand . Receptor

Kon
Ligand and receptor diffuse and collide in solution until they reach the correct orientation,
then the binding occurs. The k,, (M™min™) is the association rate constant or on-rate
constant, ko (Min™) is dissociation rate constant or off-rate constant. The association rate is
kon*[Ligand][Receptor]. The ligand-receptor complex stays in a solution for a random time
before dissociation. The dissociation rate is k*[Ligand.Receptor]. After dissociating, the
same ligand and receptor as before exists in the solution. When the rate at which new ligand-
receptor complexes are formed equals the rate at which the ligand-receptor complexes
dissociate, the equilibrium state is reached and

[Ligand][Receptor].k,, = [Ligand.Receptor].K

or K. = Kop _[Ligand][Receptor]
° K [Ligand.Receptor]

on

where Kp is equilibrium dissociation constant (M™) [55]. When ligand concentration equals
Kb, the concentration of receptor equals the concentration of ligand.receptor. In the other
word, half of receptors are free and half are bound to ligand at equilibrium state. The

fractional occupancy at equilibrium is 50%.

Dissociation constant can be determined by different methods. The pH meter is to determine
the dissociation constant of an acid or base (K, or K;,) in water by conducting a titration [56].
Spectrophotometer is the method to determine the concentrations of ionized and unionized
forms based on their absorbance spectra. It can be obtained by measuring the conductivity

of a solution at varying concentrations.

For ligand-nucleic acid, the filtration technique is usually used to determine their dissociation
constant. The ligands binding nucleic acids with known concentrations are mixed at 25°C for
30 min. Then, the sample is filled by a filter which has a certain pore size depending on the
length of the nucleic acids. High molecular weights are kept on the filter and only free ligand
molecules flow through membrane. The filtrate concentration of ligand is then determined by

HPLC [57, 58]. However, these methods might provide the Kp value in a large error range.
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In my study, a new method to calculate the dissociation constant by analysis rupture force

histograms at different AMP concentration will be introduced.

2.6. H-bond Forces

A H-bond is the attractive force arising between donor covalent pair X--H in which a
hydrogen atom H is bound to a more electronegative atom X while other covalently bound
nearest neighbor electronegative atoms A [59]

66 (5@ 06 G@
X__ H ......... A — Y

Center of mass of

electron density
In nucleic acids, H-bonds are important because they help to determine and stabilize the
shapes of biological molecules, and stabilize the secondary structure of proteins, enzyme
catalysis and nucleic acids. There are different types of N--H bond depending on the
hybridization state of the nitrogen. The H-bonds in nucleic acids consists of the following

types of bonds

un
o—H N\ O—H - Geeee P
N N—H - G—P
N—H N\

Boland et al estimated H-bond force using the F = 1/r*E,/Na [18], where E,: bond energy, Na:
Avogadro’s number, r: bond length. Following this equation, the H-bond force of Watson-
Crick pairs A-T and G-C are of 122 pN and 188 pN, respectively. However, the theoretical
calculations for those H-bonds are much higher than the one which was measured directly in
buffers. For example, Bernie et al. obtained directly total interaction forces of H-bonds in 20
bp dsDNA strands which contained 50% A-T and 50% G-C. The single H-bond force can be
induced by averaging the force per total H-bond, resulting in only few pN/H-bond [21].
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Experimental Methods

3.1. Atomic Force Microscopy (AFM)

Single molecular interactions have been one of the most interesting studies in the last
decades [60-62]. Single molecule techniques such as optical and magnetic tweezers and
atomic force microscopy (AFM) allow accessing those aspects [63]. Probing intra- and
intermolecular forces with high sensitivity in physiological conditions makes AFM a valuable
methodology for understanding single molecular interactions. In this chapter, | will first
introduce the working principle of AFM and force spectroscopy by AFM. After that, the
chemical force spectroscopy will be explained. Finally, the Bell-Evans model will be
introduced.

3.1.1. History and Background

The techniques providing information about atomic scale structure generally belong to either
the Transmission Electron Microscopy (TEM) or the family of Scanning Probe Microscopy
(SPM). Scanning Tunneling Microscopy (STM) which allows imaging conducting and
semiconducting surfaces was invented in the early 1980s by Gerd Binnig, Heinrich Rohrer,
Christoph Gerber and Edmund Weibel at IBM Zurich, Switzerland [64] and was the first
member of SPM family. In 1986, Gerd Binnig and Heinrich Rohrer were awarded the Nobel
Prize in physics for this invention. Since STM does not allow imaging of insulating surfaces,
Gerd Binnig, Calvin F. Quate, and Christopher Gerber developed another SPM technique
named Atomic Force Microscopy (AFM) in 1986 [15].
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AFM has become one of the key tools in nanotechnology for imaging, measuring and
manipulating matters [65, 66]. It can be operated in different environments, and does not
require a complicated sample preparation. It can provide topography images [67-69], kinetic
intermolecular interaction [70-72], physical properties [73-75], monitoring biochemical [76],
and physiological processes at a molecular resolution [77], and has become a suitable tool
for biological application.

Laser PSPD

beam

Cantilever '

ample '

Piezo
electric
scanner

Figure 3.1. The working principle of AFM. Beam deflection system uses a laser and photo detector to
measure the beam position. A laser beam is illuminated on the back side of the cantilever, and then it
reflects to the PSPD. The piezo electric scanner can move the sample in three directions (x, vy, z). The

cantilever is bent due to the tip/sample interaction when the tip closes to the surface.

Three main parts of AFM are the piezoelectric scanner, cantilever with a tip at the end and a
position sensitive photo detector (PSPD) (Fig. 3.1). The tip scans over the surface in an
accurately controlled way on the nanometer scale by a piezo electric scanner. The position of
the sample beneath the tip can be well defined in three dimensions. The sample is mounted on
a piezoelectric tube scanner which scans in the x-y plane during imaging. The piezoelectric
tube scanner also provides the movements in the z-direction. The detection system is based
on a laser that is focused on the backside of the cantilever and is reflected back to the PSPD.
The PSPD consists of four segments in pairs along the vertical and horizontal axis. When the
tip scans over the surface of a sample, the interaction between the tip and the surface makes
the cantilever bent up or down and the position of the laser beam on the PSPD shifts. The
different voltages of the segments present the deflection signal which is used to control the
tip/sample distance. The vertical deflection of the cantilever is the voltages difference (Vat+Vg)-
(VctVp) and the lateral signal which presents the torsion of the cantilever is (Va+Vc)-(Vs+Vp).

The piezoelectric scanner is adjusted in z-direction via a feedback control which keeps the tip-
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sample distance constant. The tip-sample distance is regulated to reach the initial cantilever
deflection. The movement quantity of the piezoelectric scanner is registered. The force acting
on the cantilever can be attractive or repulsive. When the distance between tip and sample is
less than 0.1 nm, surface atoms on the tip end and on the sample surface repel each other. At
ambient conditions, water layer the sample surface produces a capillary force. The electrical
forces from work function differences, static surface charges, Van der Waals forces or external
applied voltages contribute to the long-ranged force. Van der Waals forces include static and
fluctuating dipole-dipole interactions between atoms and molecules of the tip and the sample.
According to Hooke’s law, the tip/surface interaction force can be estimated by F = -k*4z,

where K is cantilever spring constant while Az is the deflection of the cantilever.

There are basically three modes, i.e., contact, non-contact and intermittent modes. The contact
and intermittent contact modes work in the repulsive force regime while the non-contact mode

works in the attractive regime.

Contact Mode: The tip is in contact with the sample surface while scanning. The repulsive
force acting on the cantilever is about 10° N. In this mode, the tip/surface force is kept
constant during scanning by maintaining a constant deflection. The contact mode is useful
for hard surfaces, and high-speed atomic resolution scans.

Due to the close proximity to the sample, the tip can touch the water layer on the sample in
ambient conditions and a meniscus forms and the cantilever is pulled by surface tension
towards the sample surface. The magnitude of this meniscus force is typically on the order of
100 nN depending on the probe geometry. This force, however, can be neutralized by
immersing the sample totally in liquid. Further, scanning in contact mode induces shear
forces that may distort the sample morphology or contaminate the tip. To avoid the

mentioned problems, the non-contact mode was developed.

Non-contact mode: The tip/sample distance in this mode is kept at about 5 to 15 nm. Non-
contact (NC) mode works based on an oscillating cantilever in the attractive regime. A stiff
cantilever is oscillated close to the sample without touching it. Working in this mode, low
forces between the tip and the sample dominate, normally in the order of hundreds pN.
During scanning, the attractive Van der Waals forces acting between the tip and the sample
are detected. The attractive forces from the sample are usually weaker than the forces used
by contact mode. Therefore, NC detection methods are used to detect the small forces
between the tip and the sample by measuring the change in amplitude, phase, or frequency
of the oscillating cantilever in response to force gradients from the sample. Due to the water
layer on the sample surface, attempts to image the true surface with non-contact AFM

usually fail when the oscillating probe becomes trapped in this fluid layer.
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Dynamic Force/lntermittent-contact/“tapping mode™ In this mode a high cantilever spring
constant is usually used. The tip is oscillated at high frequency closer to the sample than in
noncontact mode. This mode allows high resolution topographic imaging of sample surfaces.
Due to the cantilever oscillations at high amplitude, the tip is not captured by the water layer
on the sample. When the tip taps the surface, oscillation amplitude of the cantilever is
sufficient to overcome the tip/sample adhesion force. Thus, tapping mode operation
overcomes problems of friction, adhesion and electrostatic forces. Tapping mode has key
advantages compared to the other modes.

The AFM used in this study is a MultiMode PicoForce (Veeco Instr., Santa Barabara, CA,
USA) and JPK NanoWizard (JPK, Berlin, Germany). The implementation of a closed loop in
those system increases the measurement resolution which exists in both systems. With
closed loop, the piezo movement during measurement is defined by the linearized value of
height measured rather than the piezo voltage height. Piezo is a short name of piezoelectric
elements that are facilitated tiny but accurate and precise movements. The sample is
mounted on piezo stage and precise movement of the piezo allows obtaining very small
change on the sample surface during scanning. With a closed loop, the nonlinearity and
hysteresis of the piezo is therefore corrected during movement. The applied voltage to
correct the piezo height is displayed in the error signal channel. Both systems allow doing

measurement in liquid with a force resolution in the pico newton range.

Figure 3.2. Cantilever holder for operation in liquid from JPK. Top figure is the front side of the holder
which consists of the cantilever, o-ring, input and output components, and bottom one is the reverted

holder of which the o-ring seals tightly the sample to avoid liquid leaking.

Figure 3.2 shows the cantilever holder which is designed by JPK for measurements in liquid.
The cantilever is kept at the center of the cell. The surrounding o-ring (blue) is to prevent the
liquid leaking out of the liquid cell during measurement. The cell consists of one input and one
output which allow injection or removal of the liquid. When the o-ring is sealed with the sample
substrate, the cell is closed which avoids the evaporation of liquid during measurement.
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AFM Cantilever: AFM cantilevers are commercially microfabricated normally from Si or Si;N,4
[78]. To enhance reflection of the laser beam to PSPD, the cantilevers are usually coated with a
metal layer on the back side. This coating is important for measurements in liquid since the
reflectivity is significantly reduced [79]. In force spectroscopy, sharp tips help to immobilize single

molecules at the tip end which is a crucial factor in measuring single molecular interactions.

Spring constant of the cantilever allows how much the cantilever can bend up and down
during scanning. For imaging, cantilevers with small spring constants are useful for scanning
soft samples without damaging them and a stiff cantilever is typically used for dynamic
imaging mode. During force spectroscopy measurement, the cantilever probe goes up and
down against the sample. By monitoring the cantilever deflection the information of the
sample as hardness, adhesiveness and folding force of the protein molecule, single

molecular interaction etc. can be obtained.

High force resolution can be obtained by using the cantilevers with small spring constants. In
order to achieve the interaction forces of small molecules which are typically formed by only

few H-bonds, choosing cantilever with very small spring constant is a key element.

0 (@)

Figure 3.3. SEM images of a Bio-lever with both sites coated with gold taken at MPIP, Germany. Four
cantilevers are on one chip (a). Two long cantilevers with low spring constant (6 pN/nm) and the other

with higher spring constant (30 pN/nm).

In my study, the cantilevers with small spring constant of ~6 pN/nm named ‘the Bio-Lever’
(OLYMPUS, Japan) were used. The Bio-Lever is a rectangular silicon nitride cantilever with
both-side gold coating. The additional gold coating at the front side of the cantilever is to

make the tip easier to be modified using thiol chemistry.
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There are two short cantilevers (A levers, spring constant ~30 pN/nm) and two long
cantilevers (B levers, spring constant ~6 pN/nm) on each Bio-lever (Fig. 3.3a). Each
cantilever carries a pyramidal tip at the end (Fig. 3.3b). | normally used the longer cantilevers

(B-levers) in this study to archive the best force resolution.

Cantilever Calibration: In the force distance curve measurements, the Hooke’s law (F = -kAz) is
applied in order to convert the cantilever deflection (4z) to force. In order to interpret proper
images acquired under constant force and mechanical properties of samples from AFS
measurement, a precise value of the spring constant of the cantilever (k) is crucial. There are

several accessible methods to calibrate the cantilever spring constant.

The first method with the measurements of cantilever geometry such as width (w), thickness
(f), length (L) and known Young's modulus of the material is usually used by the
manufacturer to calculate the spring constant of the cantilever, k = Ewt’/4L3. However, the
calculated results differ from batch to batch. The nominal value provided by the manufacturer

is often inexact and can vary as high as the factor of 4 [80].

The second method, thermal noise spectrum, is the most popular method for cantilever
calibration because of its ease of use. This method bases on the fluctuation or diffusion of
particles (Brownian motion) in their environments (air or liquid). The thermal noise method
following the equipartition theorem is used to describe the motion of particles. Soft AFM-
cantilevers are susceptible to thermal fluctuation and the thermal noise method can be used
to describe the cantilever fluctuation. The thermal noise spectrum can be plotted against a
function of frequency. The greatest amplitude can be seen around the cantilever resonance
frequency. Considering the cantilever as an ideal spring, measurement of the thermal noise

allows determining the spring constant

k=Kol (3.1)

(x)

where X is cantilever deflection.

However, in AFM the cantilevers are usually mounted under a certain tilt angle ¢ with respect
to the sample surface and the probe geometry are not uniform those make the cantilever
cannot be considered as an ideal spring [81, 82]. By carefully considering those factors,
Hutter [82] proposed a formula which contains the probe geometry and tilt angle for a precise

cantilever calibration,

2
T 1—(3;[Ejtan¢
k =0.8174 gp 55 cos ¢ (3.2)
S 1—(L)tan¢
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where the numerical factor 0.8174 is a result of the geometry of the cantilever spring, s is the
sensitivity calibration factor (nm/V), P is the positional noise power (V?), D is the height of the
tip, L is the cantilever length, and ¢ is the cantilever tilt angle. In most cases, the term in

square brackets is close to unity, so these will not be greatly important.

The available software from AFM system, users determine s from the force distance (F-D)
curve against a rigid substrate by measuring the slope of the contact portion of the F-D curve
(detail of an F-D curve is described in the next section). Then, the power spectral density
(PSD) of the noise data should be calculated by identifying the resonant frequency peak
which is closest to the one provided by the manufacturer. After that, the PSD as a function of

resonant frequency is fitted with a Lorentizian to the peak by

A

PO =G’

bg (3.3)
where A and B are the variable values, and bg is a constant. The positional noise power, P,

is the area under the fit peak

Porr (3.4)

B

Finally, all the parameters are added in the equation 3.2 for determining k.

The thermal noise method is limited by the sensitivity of the device used to measure the
noise in the deflection signal. The process of determining s can provide errors from a force
curve against a rigid substrate. In many cases an oscillatory baseline due to interference
between the reflected laser beam and laser light scattered from the substrate can lead to an
incorrect estimate of s. The tilt angle ¢ produces also error in the calibration. The error,

typically, varies from 5 to 15% [81, 83].

In my study, | calibrated the cantilevers by thermal noise method. Typically, determination
using thermal noise method in air provides the most accurate k value. However, for the
functionalization tip with chemicals or biological molecules, the calibration in liquid is
necessary since the sample can be damaged at ambient condition. In my experiment, all

cantilever calibrations were carried out in buffer T on silicon substrate.

3.1.2. Force Spectroscopy

Besides imaging of sample surface, AFM is a useful tool to study single molecular interaction
and achieve information of intermolecular behaviors by generating force-distance curve

measurements [84]. The name atomic force spectroscopy (AFS) presents the process of
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producing force-distance curves or force spectroscopy measurements by AFM. At a large
number of locations force curves can be recorded and an average value of the surface force
can be obtained. The AFS has become an important tool to study biomolecular interactions
since it works in different living conditions [85].

Detector Signal (V)
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.Y, —> Withdraw _

r

Piezo Position (nm)

Figure 3.4. Original curve generates by AFS corresponding to the position of the cantilever as the
piezoelectric scanner moves up (approach) and down (withdraw). Specific points where the tip jumps-
to-contact (B>C), in contact (C>E), withdrawal from the surface (E->F), and jump-off-contact (F>G).

In principle, force distance (F-D) curves are obtained by oscillating the scanner in z-direction
while the scanner movement in x and y directions is disabled. In such a way, the deflection
signal from the cantilever and the movement of the piezoelectric scanner are recorded. The
force is measured as a function of distance. For a local force spectroscopy measurement,
the force curve is measured at a particular location on the sample surface. Figure 3.4
presents how a F-D curve is generated using a bare tip on bare glass surface. The cantilever
is bent upward or downward corresponding to the different position of the piezo. At the first
stage of cycle (A), there is no tip/surface interaction due to the fact that the tip is far from the
sample surface. At this position, the cantilever is in a non-interacting equilibrium state. When
the piezo moves up, the tip/surface separation decreases, and the tip is brought into contact
with the sample at a constant speed until it reaches a point close to the sample surface.
When the cantilever moves towards the sample, various attractive forces pull the tip down
(long and short range forces). When the tip approaches the substrate, the van der Waals
force dominates. The van der Waals force depends on the tip/substrate distance, Fy = -
AuR/6D* [86, 87], where Ay is Hamaker constant, R the tip radius and D the tip/surface
distance. The tip jumps into contact with the sample surface (jJump-in contact: B—C) under

appearance of Fy,.
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The tip is in contact with the sample (B->D) while the piezo still moves up. The process from
A to D is the ‘approach curve’. When reaching the maximum deflection of the cantilever, the
piezo stops the extension and starts the retraction process (E->H). The process E->H is
called withdraw or retraction curve which means the tip tries to withdraw from the surface.
The tip is still in contact with the surface from E to F. The region from E to F is called
‘withdraw’, adhesion or bonds formed during tip/surface contact makes the tip to adhere to
the sample up to some distance beyond the initial contact point on the approach curve.
When the piezo continues retracting from the contact point, the spring force of the bent
cantilever overcomes the adhesion forces, and the tip pulls off sharply, springing upwards to
its non-deflected or noncontact position (G). Finally, the tip completely jumps-out of contact
with the surface and goes back to the equilibrium position (H). The difference from point G to

point F indicates the adhesion force causing between tip and sample.
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Figure 3.5. Typical F-D curve with an oligonucleotide as a spacer between tip and substrate (left). The
tip first ruptures from the surface in a very short distance. The unspecific adhesion peak appears due
to tip/surface interaction. The rupture of a specific interaction due to oligo hybridization occurs after
rupturing the tip/surface interaction. The piezo position is converted to the real tip/surface interaction
by homemade software (right).

When macromolecules such as oligonucleotides attach between tip and substrate, an
additional peak appears before the tip jumps out of the surface (Fig. 3.5 left). When the tip
approaches to the substrate, the oligo on the tip hybridizes with its complementary on the
substrate. During tip/sample separation process, the first-jump-out is unspecific adhesion.
When the piezo goes down further, the spacer is stretched first and then the oligo hybridization
will be broken leading to the second peak in the withdrawal curve and this is the specific
interaction which will be used for analysis of rupture force and rupture distance of molecular
interaction. The relative tip/sample distance contains the molecular length between tip and

sample. This relative tip/sample distance can be converted to the real tip/sample distance or
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the molecular length, which is about 20 nm in our experiment, by considering the spring
constant and the deflection of the cantilever (Fig. 3.5 right). This calculation can be
automatically done in the homemade software written by Michael Kappl at Max Planck

Institute for Polymer Research (MPIP), Mainz, Germany.

Software for data analysis, which selects the largest adhesion peaks, for thousands of F-D
curves is available. However, this selection will create incorrect results if both unspecific and
specific adhesions appear in one F-D curve and the magnitude of the unspecific adhesion is
greater than that of specific one. As a result, | used the mentioned homemade software. The
rupture events due to noise (typically very small rupture force) or molecular aggregations
(very large adhesion force with short rupture distance) can be eliminated from the batch of
force curves by using the homemade software. After viewing all the F-D curves in the batch,
the exact final rupture point due to the specific rupture event can be selected. The final
rupture events are taken one by one by bringing the cross exactly to the point which the tip
detaches from the sample. The rupture forces and rupture distances at those points are then

automatically saved for further analysis.

3.2. Dynamic Force Spectroscopy
3.2.1. Bell-Evans Model

When two molecules (X and Y) with mutual affinity are mixed in a solution, their association,
XY, is time-dependent [85] which describe the kinetics of the interaction,

Koff

X+Y =—Z7= XY
on

d[XY]
dt

and = Kon [X][Y ]~ Ko [XY]
where ko, and k. are the association and dissociation rates of the complex, respectively, and
the square brackets stand for the concentrations.

Under an external force to the end of ligand X or receptor Y of the ligand-receptor complex,
they are pulled from each other, resulting in their dissociation. The unbinding profile of the
ligand-receptor complex is drastically altered by the external force. Bell has described the
effects of an applied force on the energy profile of a reaction [88]. An unnatural dissociation
of the complex can be described as a thermally activated reaction in the framework of the

reaction rate theory.
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At equilibrium, molecular interaction can stay at the bound or unbound state and can be
described by an energy landscape (Fig. 3.6). When the complex is at the bound state (Fig.
3.6a), their binding energy is described by the depth of the well (point A). Under an external
pulling force (F), the complex is unnaturally pulled out from each other (Fig. 3.6b) and they
finally dissociate from each other (Fig. 3.6c). At the nature dissociation, the complex will be
separated at a higher energy barrier (4G*(0), point B). However, under the external force,
Bell predicted that the activation energy is lowered, AG*(F) = AG*(0) - FAx (point B, from
black to red curve), 4Ax is the width of the potential barrier along the direction of the external
pulling force. And then, the complex is thermally activated to escape from the bound state.

The corresponding dissociation rate k.(F) under an external force F increases exponentially:
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Figure 3.6: Chemical energy landscape governing bond kinetics. (Black curve) normal energy
landscape of a complex XY: (a) the molecules are tightly bound at the highest binding energy (point A)
and they will dissociate from each other due to thermal fluctuation energy (point B). The dissociated
molecules in some cases can also be associated due to the support of thermal fluctuation. (Red curve)
under an external force which applies on the complex to pull molecules far from each other (b), the
coupling is unnaturally dissociated. The energy barrier is reduced with an amount of FAx. Thermal off-

rate (ko) and thermal on-rate (ko) present thermal kinetics of the reaction.

The unbinding process crossing over a single and sharp barrier of the complex was then
described with a time-dependent force F(t) by Evans and Ritchie [89] which provides us the
dependence of the unbinding force on the loading rate. This description was called Bell-
Evans model which is based on a series of commonly accepted assumptions such as

constant loading rate during a measurement, linear force increase with time (F = Ft),
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constant loading rate F = Kkev, Where ke is the effective spring constant of the cantilever-
complex system, v the pull-off velocity of the tip which can be selected in AFS measurement
and t the time [90].

The dissociation of the complex can be obtained by solving the equation for the survival

probability N(t) in the bound state under an increase of force F [85, 91],

AN (3.5)
== KFON)

N(t) = exp{—j Ko (t')dt}

N(t) connect to the unbinding force probability distribution P(F) by P(F)dF = - S(t)dt, where 1 is lifetime
of the complex

At N(0)=1 the probability in the bound state is

P(F)= k°“_(F)exp —j k"“F’ dF (3.6)
F oF(F)

where dF = Fdt. By integrating equation 3.6,

o(F) = Kot exp£@+w(1—exp( l:AijD (3.7)

F KT FAx 2

where p(F) is a distribution of unbinding force.

The most probable unbinding force or the maximum of the distribution (F) at a loading rate
(F) is [92]:

KeT || [F_AX (3.8)

F(F)=
(F) AX Ky KgT

The thermal off-rate ky of the dissociation can be obtained by measuring rupture forces of
the complex at different pull-off speeds (v). At a certain pull-off speed, most probable rupture
force distribute within a range and the most probable rupture force can be obtained by
Gaussian fit. The rupture forces vary depending on the pull-off speeds. By plotting the most
probable rupture force vs. pull-off speeds and analyzing by using Bell-Evans model, the

information regarding the dissociation of the complexes can be calculated.
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In the equation 3.8, the external force (F) is proportional to the loading rate (F). It can be
understood that in the simplest case the parameters governs the dissociation kinetics under an
external force. The complex is dissociated under this external force and this external force is
measured from force spectroscopy which we call ‘rupture force’ of the complex. By plotting the
most probable force versus the logarithm of loading rate, the kinetic parameters, such as Kqx =
F(F=0)Ax/ksT at zero force and Ax = ksT/m (m is the slope of the fit line) can be obtained.
Based on k, the life time of the bond 7 = 1/k.s can be calculated. For a complex with known

dissociation constant Kp, thermal on-rate ko, = kou/kp of the complex can also be estimated.

Recently, the Bell-Evans model has been used to describe the dissociations of complexes
such as DNA-DNA [38, 96], RNA-RNA [97], proteins-DNA [98], proteins-ligands [99, 100],
enzymes-drugs and even unfolding of protein domains [102, 103]. As an example of utilizing
this model to understand binding kinetic of molecular interaction, the nature off-rate k. and
the potential width Ax of Cu-DNA complex is presented [34]. The author split the aptamer into
two parts and fixed one part of the aptamer on the tip and the other part on the surface. One
base at the center was modified with salicylic aldehyde. When the tip approaches the
surface, the hybridization between two parts is formed.

The rupture forces of the oligo hybridization with (red) and without (blue) salicylic aldehyde
modification were measured first (Fig. 3.7a). In the presence of the copper, the copper bound
the split aptamer via salicylic aldehyde and the rupture force increased (green). By
increasing pull-off velocity, the most probable rupture forces increased and followed a
logarithm fit. The slopes of the two samples without Cu (blue and red) were almost similar
within the error bars while the Cu-DNA-complex sample (green) showed a significantly

steeper slope. The slopes were used to calculate the potential widths Ax = kgT/m.

The potential widths are of 30 + 3 A for the modified dsDNA and only 6 + 2 A for Cu-DNA-
complex. The short potential width of Cu-DNA-complex means that the interaction between
Cu?* and the salicylic aldehyde is localized. The extending figure 3.7a to the left side, the
thermal off-rates for the copper-free dsDNA between 10™? and 102 s™ and 107 s™ for Cu-
DNA-complex which are the intercepts at zero force (Fig. 3.7b). The increase in the thermal
off-rate of the Cu-DNA-complex by ten orders of magnitude suggests the thermal stability of

the copper complex bond is lower than that of the sample without copper.
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Figure 3.7: Loading rate dependence of unmodified 20-mer DNA in PBS buffer, modified DNA without
Cu(ll) ions in 0.1 M HEPES buffer and modified DNA with 35 uM Cu in 0.1M HEPES buffer. (a) The
most probable rupture forces were plotted against the logarithm of the most probable loading rates
and fitted with straight lines. The green line has a steeper slope due to the higher localization of the
bond. In the absence of Cu and with mismatch site, the most probable rupture force of modified DNA
is lower than that of unmodified 20-mer DNA, whereas the slope is the same. (b) Thermal off-rate can
be obtained by an extrapolation of the fit lines with the x axis [31].

The dissociation of AMP-aptamer complex in principle is similar to the dissociation of Cu-
DNA-complex. However, the binding strength of AMP-aptamer complex is lower than that of
Cu-DNA-complex. In order to understand the dissociation of AMP-aptamer complex which

only few H-bonds involved, the Bell-Evans model is used in my study.

3.3. Chemical Force Spectroscopy

Regarding single molecular interaction measurements, the AFM-tip and the substrate are
usually modified with chemicals to fulfill two tasks, i.e. immobilization of the molecules of
interest on the surfaces and reduction of adhesion force between the tip and the substrate.

The modification provides a specific chemical function on the surfaces. By approaching the
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tip to the substrate, the molecules on the tip interact with their partner on the substrate. The
molecular interactions can be obtained in the F-D curves as described in the figure 3.5. This
method is called ‘Chemical Force Microscopy’ (CFM) [93, 94].
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Figure 3.8: Typical surface modifications for measurements of molecular integrations by mean of
CFM. A tip and a sample of the atomic force microscope are functionalized with specific chemical
functionalities. (a) A species of molecules on the tip (A) and their coupling partners on the surface (B).
(b) Active functional groups (A, B) and inactive molecules (circulars and squares) are together on the
surfaces. The inactive molecules are to reduce the adhesion force between tip and substrate. (c)
Interacting groups with long flexible polymer tethers at very low density (A, B), the free surfaces are
passivated by other molecules (stars) which prevent the tip/surface adhesion when the tip closes to
the surface. The immobilization with low density can avoid the occurrence of multiple ruptures when the tip
approaches the surface. The molecules with specific end groups which are used to fill up the free surfaces
must not interact with the molecules of interest to ensure that their functional groups are available to
interact with its partner on the tip.

A common way to fix the molecules of interest on the surfaces is to cover the tip end or the
substrate by a monolayer of these molecules (Fig. 3.8). For example, if one wants to
measure the interaction between two molecules (A and B), a monolayer consisting of these
molecules can be brought to the surfaces (Fig. 3.8a). With this modification, interaction of
multiple molecules and their partners can be recorded at the same time. To measure the
interaction between a single molecule (A) against its partner (B), the free surface can be
filled up with the other molecules with specific end groups to prevent tip/surface adhesion
(Fig. 3.8b). The molecule of interest can be connected to a spacer and this spacer is one end
immobilized on the surface while the molecule of interest is stand outward from the surface
(Fig. 3.8c). The free surface is then covered by a monolayer of molecules (Fig. 3.8c, stars)
which do not interact with the molecules of interest but the tip/surface can be reduced in their

presence.

In 1994, Frisbie et al presented one of the first adhesion force measurement by CFM which

the molecules of interest with end groups -CH; or -COOH were immobilized on the tip or

34



substrate [95]. By approaching the tip to the surface, the interaction force between those
groups could be measured. At the same time, the first measurement of oligonucleic acid
interaction was performed by Lee et al [19]. A thiol was attached at 5’-end of the oligo and
the oligos were then immobilized on a substrate modified with -
aminopropylaminoethyltrimethoxysilane. Later on, may other measurements of interactions
of oligonucleic acids [35, 86], antigen-antibody [96, 97] and biotin-streptavidin [98] have
been carried out.

In order to obtain successful experiments of molecular interactions by CFM, sample

preparation and experimental design are crucial steps.

3.4. Sample Preparation

To immobilize the molecules on the surface, avidin-streptavidin and biotin-streptavidin
couplings are widely used [25, 85, 99]. For example, streptavidin is covalently bound to the
tip while biotin is attached on the molecule of interest which is fixed on the substrate. When
the tip approaches the surface, the biotin/streptavidin bond is formed and the molecule of
interest is pulled up and the rupture force can be measured. Those methods are simple but
have some disadvantage. The couplings are nonspecific adsorption and they may not be
strong enough to hold the molecule of interest until it completely ruptures. The
biotin/streptavidin may rupture earlier than the other ruptures which results in a difficulty in
achieving measurement of rupture force of the molecules of interest. In addition, they can be

denatured and degraded when directly bind to an inorganic support.

A typical example for those influence factors to measurements of rupture force of
complementary strands DNA were reported by Lee et al [19] and Rief et al [22]. Lee et al
obtained the rupture force of ~60 pN for A-T and ~90 pN for G-C pairs while Rief et al
reported only 9 £ 3 pN for A-T and 20 = 3 pN for pairs. These different results are due to
different ways of immobilization of the DNA strands. Lee et al used attached a thiol at the 5'-
end of each strand and the thiol coupled with silane which was assembled on the tip and
substrate. The DNA strands were only physical adsorbed gold surface and a bare tip was
used to pick the DNA up from the gold surface in the study of Rief et al. Lee et al expected
only the thiol at 5’-end of the DNA strands coupling with the -NH, groups of silanes on the
surfaces. However, later study shown that the DNA itself with negative charge can adhere to
the positive charge of silanes on the surface [100]. The tip might peel the DNA strand up from
the silane surface before rupturing it which resulted in very large rupture forces reported by Lee

et al.
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It seems that no chemical involvement in the sample preparation of Rief et al can be an
advantage for measurement of rupture force of DNA strands. However, unimmobilization of
the DNA strands on the surfaces also has other disadvantages such as movement of
molecules during measurement or large variation of molecular lengths due to random picking

up by an untreated tip.

In order to assemble oligos on the tip or substrate for the measurement of rupture force of
single biomolecules by an AFS, two main points should be considered. First, the involving
chemicals should not have deleterious effects on the biomolecules. Second, adhesion force

between tip and substrate should be small.

The oligo can be physically adsorbed on the surface or chemically immobilized on the
surface using PEG [101-103] or biotin/streptavidin [98] as linkers. Physical absorption of
oligos on the surface is normally unstable especially in liquid and is not feasible in sample
preparation for single molecular interaction by AFS because the molecules get detached
from the surface instead of getting ruptured. When silicon, mica, glass substrates are used,
the surfaces are frequently modified with silane or ethanolamine to introduce amino groups
to the tip or substrate [104].

Table 3.2. Typical active sites of biomolecules and their corresponding functional groups [105]

Active site of Biomolecule | Functional Group on substrate Formed Bond
-COOH (carboxyl) Amine or hydroxyl Amide or ester
-NHz(amine) NHS-ester or carboxyl Amide or ester

-SH (sulfhydryl) Maleimide or carboxyl Thiol-ether or thiol-ester
-CHO (carbonyl) Hydrazide hydrazone

-OH (hydroxyl) Carboxyl ester

Avidin Biotin Avidin-biotin bond

thiol Au Au-thiol

The hydroxyl groups on the surface can form covalent bonds with silane reagents,
(OX)nSi(CHs)snA. The OX is a hydrolysable alkoxy group and it can form a covalent bond
with hydroxyl group on the silicon, mica, glass, i.e. Si-O-Si bond [106]. One end of silane is
fixed on the substrate while the other end, A, which carries a functional group such as amino
or sulfhydryl groups stands upward on the surface. Those functional groups can directly
cross-link with the biomolecules of interest or indirectly bind to biomolecules. In the indirect
binding of silane to biomolecules, an intermediate linker which carries another functional
group needs to be linked between the silanes and the biomolecules. The current favorite
intermediate linkers can be glutaraldehyde, PEG, and biotin/streptavidin which can be used
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as spacers between tip or surface and the molecules of interest. Depending on the binding

groups existing on the biomolecules, corresponding functional groups are selected (Tab. 4.2).

The silane with amine as an end group is usually used to modify the surface prior to the
attachment of PEG. However, the DNA molecules can strongly absorb on the substrate due to
the opposite charge between the functional group of silane and DNA (Fig. 3.10a). During force
spectroscopy measurement, a significant force which needs to peel the DNA molecule off the

surface before rupturing it appears in the adhesion peak (Fig. 3.10b).

Figure 3.10. Typical reactions between chemically modified surfaces and biomolecules carrying

different binding groups.

In this case, the tip only pulls a part of the molecule up from the surface and then detaches from
the molecule (Fig. 3.10c) [28, 100]. This adhesion force does not significantly influence the
measurements of macromolecular interactions since large specific adhesion peak can be clearly
observed (Fig. 3.11a). However, the required force to lift the molecule off the surface is difficult to
be distinguished from specific adhesion peaks generated by small molecular interaction (Fig.
3.11b).

Force (pN)
Force (pN)

B Specific
) Speuf}c interaction
interaction
—

Adhesion Adhesion

A\ 4
v

Distance (nm) Distance (nm)

Figure 3.11. Influence of adhesion force on measurement of macromolecular interactions (a) and

small molecular interactions (b).

In order to avoid the above limitations, we selected the advantages of those studies to
immobilize our oligos on the tip and the substrate. The thiol is attached at 5’-end of oligos and

those oligos are covalently bound the gold surface through gold-thiol chemistry.
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3.4.1. Immobilization of Split Aptamer

For my specific study, a ssDNA aptamer is split into two parts so called oligo a and oligo b
(Tab. 3.1). The oligo a is immobilized on the AFM tip and oligo b is on the substrate. By
approaching the tip to the substrate, the oligo a will hybridize with the oligo b and the binding
pockets will be formed at the center for AMP binding (Fig. 3.9a). We want to measure the
rupture force when AMP molecules bind the pockets (Fig. 3.9b). By measuring the rupture
forces in the presence and in the absence of AMP and subtracting the difference from them,
the rupture force AMP-split aptamer can be obtained. In the presence of AMP, only eight
additional H-bonds are formed which corresponds to small rupture force. The limitations of both
mentioned immobilization methods can produce complicated rupture events which brings us to

a difficulty in obtaining the rupture force of AMP-split aptamer.

Table 3.1. Split aptamer sequences

S
HS-AAAAAAAAAAAAAAAAAAAA(AT)-

Characteristic
Sequences (5> 3)

CGTAGA-GGAGGA-AGGTCA-

TGACCT-GGAGGA-TCTACG (full - Bases/oligo: 18
sequence) - Watson-Crick pairs: 12 (6 AT, 6 GC)

AMP-

aptamer

Split = CGTAGA-GGAGGA-AGGTCA (oligoa) - Tip/surface distance (nm): 20.7
aptamer TGACCT-GGAGGA-TCTACG (oligo b)

Thiol-modified 5-end

For simplifying the sample preparation protocol, both tip and substrate surfaces are coated
with gold. A thiol linker at the 5’-end of oligos will be immobilized on the Au-surface via gold-
thiol chemistry. In this experimental design, the bindings of thiol/oligo to the gold surfaces are
the strongest, 1.4 + 0.3 nN, which was measured by AFM at the loading rate 10 nN/s [107].
During tip/sample separation, the rupture force of interest, i.e. oligo hybridization in the
absence of target as well as in the presence of the target molecules, is estimated in the
range of hundred pN. Thus, the measured rupture force is the oligo hybridization or of target-

split aptamer complex.
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Figure 3.9. Experimental design for measurement of rupture force of AMP-split aptamer. (a) oligo a
hybridizes with oligo b when the tip approaches the surface which allows AMP molecules enter the

binding pockets. (b) the tip separates from the substrate and the rupture force of the system can be

measured in the F-D curve (Fig.3.5).

Gold-thiol chemistry is a simple but efficient method which is well established for immobilizing
biomolecules on the solid substrate [20, 21]. Gold surfaces can be easily produced by coating
a thin gold layer on the top of any solid substrate such as glass, mica, silicon while gold-coated
tips are commercially available. In order to produce a thin gold layer on the Si-substrate, the
substrate is first cleaned by plasma cleaning and a very thin layer (2 nm) of Cr is evaporated
on the Si-surface prior to evaboration of gold (30 nm). The thiols then bind strongly to gold
surface. By measuring the detachment of a thiol-polysaccharide from gold surface, Michel et al.
showed that the sulfur-gold anchor ruptured at the force of 1.4 + 0.3 nN [107]. The other
advantage of using gold-thiol is the ease of sample preparation [108], i.e. only 60 min

incubation of sample on gold surface.

Since the rupture of small molecule binding aptamer is only few tens of pN, immobilizing oligos
on Au-surface is a good selection. Even though, disulfide bond can form in the DNA solution
that will produce two ssDNA strand and connect one to another forming unspecific bindings in
AFS measurement. Long rupture distances can be obtained from those unspecific bindings.
However, Gaub et al presented that disulfide bonds could be broken by adding tris(2-
carboxyethyl)phosphine (TCEP) in the DNA solution before incubating it on the surfaces [31,
109] (Fig. 3.12).
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Figure 3.12. Reaction of forming and breaking disulfide bond. Thiol-thiol bond in oligos solution will be

broken within 5 minutes at room temperature in the presence of 5 mM TCEP.

The substrate with a thin gold layer was prepared by the following procedure: Si-substrate
(1x1 cm?) was rinsed in turn with acetone and ethanol and then dried with N,. Subsequently,
it was exposed to an argon-plasma for 5 min to remove the organic contaminants. Finally, 2
nm Cr was coated on the surface in order to bind the second 50 nm Au layer on the top by
thermal evaporation (Baltec Med 020, Balec, 584 Witten/Buhr, Germany). AFM imaging
revealed a roughness of about 1 nm for 1x1 um? Au-surface (Fig. 3.13a). These samples
were used within 2 weeks. The surface was always re-cleaned with the acetone and

methanol before coating gold onto it for oligo immobilization.

The cantilever used in this study was the Biolever (BL-RC 150VB-C1, Olympus, Japan),
nominal spring constant 0.006 N/m, tip diameter around 30 nm, length of 100 um gold coated
both sites (Fig. 3.13b). The first step in the preparation of cantilever was the determination of
the spring constant utilizing thermal fluctuation of the cantilever. The spring constant of an
individual cantilever calibrated by this method can differ from the nominal value given by the
manufacturer by 20-30%. The cantilever was also cleaned before the oligo immobilization. It
was first emerged in turn in acetone, in ethanol, and in water to remove contaminants. The

plasma cleaning was not used because the soft cantilever bends after treatment.

In addition, the Biolevers are easily folded due to the capillary force during manipulation in
and out of the liquid or solvent. Thus, in the tip cleaning process, | simply immersed the
cantilever in a drop of acetone, methanol and water for 5 second and repeated this process
two more times. A solvent or water droplet was always kept on the cantilevers to avoid the

folding problem during cleaning.
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Figure 3.13: AFM and SEM images of Au/Si surface and AFM-tip for AFS measurement. AFM image
in intermittent contact mode of the Si substrate coated with 2 nm Cr and 50 nm Au coating with

roughness of ~ 1nm (a). A commercial Au coated tip purchased from Olympus (b).

Choosing concentration of oligo for AFS measurement is one of the important steps to
achieve a successful measurement to obtain single molecule interaction. Selection of oligo
concentrations which allows to obtain only 10% rupture events containing specific rupture
events is recommended [110]. For AFS measurement, either of oligo concentrations or their
lengths should be together considered. For longer oligos, lower the concentration should be
used to avoid cross-linking or aggregation. Strunz et al. prepared oligo sequences of 30, 20
and 10 base pairs with the concentration of 25 uM [111]. However, multiple ruptures were
obtained in their rupture force histogram. There 33% of the curves show one rupture event,
20% show two, 15% three, and 7% more than three subsequent rupture events. The small
rupture force of AMP-aptamer may be difficult to distinguish if multiple rupture appears. For

example, the distribution of the double ruptures may overlap with the one of AMP-aptamer.

| studied some tests of concentration dependence and found that if the concentration is lower
than 4 pM, only few rupture events with the specific rupture forces are obtained. When the
concentration is higher than 4 uM, multiple rupture appears in the rupture force histogram. Th
us, for short sequences of the standard split aptamer, 2 BP, a concentration of 4 uM was
used in this study. For 8 or 16 pockets system, the oligo concentration was lowered to 0.5 uM
in order to avoid multiple rupture events as well as the crossing among oligos on the surface.
Then, the samples were thoroughly rinsed with 100 pl buffer T to remove the unbound oligos

from the surface.

3.4.2. Additional Spacer

In many current experiments, long spacer is designed in between the tip and the molecules
of interest in order to increase their activity, reduce tip/surface interaction, and lengthen the
tip/surface distance in the AFS measurements. This is necessary for measuring small

molecular interaction since the short oligos (length ~10 nm) are usually used and this length
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can be covered in the unspecific adhesion peak and cannot be detected from the retraction
curves. The long linear spacer, typically poly(ethylene glycol) (PEG), is used to connect the
molecules to the surfaces [111] (Fig. 3.14). Using PEG, the nonspecific interaction from the
specific binding is easy to differentiate and the molecule of interest is more flexibly oriented
[112]. In order to attach PEG to biomolecules and on substrates, additional chemicals are

required [111, 113].
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Figure 3.14. Rupture force of complementary strand DNA using PEG linker (red arrows) [111]. Sum of
the lengths of PEG (30 nm) and of DNA strands (~10 nm) is a rupture distance of around 50 nm (red

Cross).

An initial important step is to attach PEG to the molecules of interest. When the molecules
need to be immobilized on Au-surface, the PEG end needs to be modified with thiol to form
thiol-Au chemistry. When glass or silicon substrates are used, their surfaces need to be
modified with the other linker containing -NH, group at the end in order to form a binding
between PEG and substrate. This synthesis is complicated and can harm the samples even

though large adhesion force can be generated.

In order to have a simpler protocol of attaching a spacer between the tip or the substrate and
the oligos, we here used poly adenine (polyA), 20 bases (A*). A thiol is added to 5-end of

the polyA chain so that the whole chain can be immobilized on the Au-surfaces.

3.4.3. Passivation of Free Surfaces - Reduction of Adhesion Force

The rupture forces of single short complementary strands DNA which are of interest in this
study are small compared to adhesion force between tip and substrate. Large adhesion
forces and multiple ruptures make us difficult to distinguish the rupture of single molecular
interaction. By CFM, one strand of the DNA is immobilized on the substrate and its

complementary strand is fixed on the tip. In this step, the density of the DNA strands on the
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tip and substrate should be low which allows to measure rupture of single molecular
interaction. Together with that, chemicals involve in this immobilization step should be

controlled to avoid large adhesion forces.
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Figure 3.15: Influence of adhesion force on the expected rupture event. (a) Large adhesion force
produces a large rupture force or long rupture distance (b) of the specific event. Small adhesion force

provides a reasonable rupture force and rupture distance (c).

If the unspecific adhesions are large, they can hide the specific interaction peaks. Thus,
incorrect rupture forces and rupture distances will be produced. For example, three types of
adhesion forces (Fig. 3.15) frequently appears in our F-D curve experiments such as large
rupture force (Fig. 3.15a), long rupture distance (Fig. 3.15b), and small adhesion force (Fig.
3.15¢). The rupture force and rupture distance occurring at small adhesion forces are close
to their theoretical values which should be used for further analysis.

Minimizing the unspecific adhesions in order to obtain a successful measurement of rupture
force of single small molecules is a crucial task. In order to do that, the tip and substrate are
controlled by appropriate surface modification. Chemicals carrying special end groups are

usually used to cover the bare tip and substrate surfaces.

Regarding surface modification to reduce adhesion force for single molecular interaction
measurement, a number of investigations have been carried out [101, 112, 114-116]. Au-
surfaces are usually functionalized with SAMs terminating in different end groups such as
~CHg;, ~OH, ~COOH (for example HS(CH,)11OH) [117]. The thiol at the end of the linker binds
the Au-surface while the end groups stay upwards. By modifying both tip and substrate with the
same SAM layer and approaching the tip to the substrate, the tip/surface adhesion forces could
be measured and the adhesion forces (F) of those interactions are different, Fcoon.coon > For-
oH > Fchscrs. Noy et al [117] explained that the ~COOH is a hydrogen-bonding group while the
~CHjs; is a non-hydrogen-bonding groups. In aqueous solution, the ~COOH groups form H-
bonds and that creates a greater adhesion force. Noy et al. have also introduced a useful
method to avoid gold-tip/gold-surface interaction by adding 16-thiohexadecanol on the surface.

By mixing 5-thiol DNA with 16-thiohexadecanol and depositing them on the tip and substrate
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surfaces overnight at room temperature, they could eliminate adhesion force and unspecific
binding events [118]. Alkanethiols can also replace other SAM layers of alkanethiols within
hours and days [119]. This means that part of the bound oligos or crowded immobilized oligos
on the surfaces can be replaced by the alkanethiols. Ling et al. [120, 121] used 3-mercapto-1-
propanesulfonic sodium HS(CH,);SOz;Na to cover their free gold surface after immobilization

short oligonucleotides and found that the adhesion force was reduced.

The interactions of molecules also vary depending on the buffer. In order to select good
molecules to passivate the gold surface and to reduce the adhesion force between Au-tip and
Au-surface, | have investigated some good candidates in the AMP-aptamer buffer [122] (see
detail in the next chapter). The HS(CH,);SO;Na was selected for passivation of free gold

surface in this study.

The samples with the immobilized oligos were then incubated in 1.2 uM HS(CH,);SO;Na
solution for at least one hour. It is reported that the sample can be incubated in
HS(CH,)3SOsNa even up to 15 hours [123]. If the incubation time is too long, the mono layer
of oligo can be replaced by the HS(CH,);SO3;Na which results in less oligos on the surface
[124]. Finally, the substrate was thoroughly rinsed with buffer T to remove all remaining
unbound molecules on the surfaces. The fresh samples were usually used for AFS
measurements right after preparation or samples were kept in the buffer at 4 °C and used

within 3 days.
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Optimization of Measurement and

Analysis

In force spectroscopy measurements, there are many factors such as sample preparations
and measurement conditions that influence the specific rupture force. A significant difference
in the measured binding force of the same Biotin-Streptavidin system has been reviewed by
Lee et al [125]. The binding force of this system varied from 126 pN [126] to 454 pN [127]
which is about four times greater depending surface modification and pull-off velocity. In the
measurement of rupture force of nucleic acids, a large difference has been obtained. The
rupture force of a single A-T or G-C base pair varied from few pN to several hundred pN
depending on surface treatment and measurement conditions [19, 24]. Those differences
were due to artifacts during sample preparation. The oligo immobilization has been
introduced in chapter 3, section 3.3.1. In this chapter, artifacts induced during sample
preparation, AFS measurement and data analysis will be discussed in detail. Conditions for
sample preparation and method for data analysis will be discussed and the best conditions
and methods are then selected for this study.

4.1. Reduction of Adhesion Force

The adhesion force depended on the characteristic of end groups on the tip and on the
substrate (Fig. 4.1a). Comparing to the surface without any modification (No linkers), the
tip/surface adhesion forces reduce by using the linkers with end groups ~CH3, ~SO5; and ~OH

and it increases with end group ~COOH. Significant rupture events with large adhesion force
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may be due to the H-bond produced between ~COOH groups when the tip comes closer to the
surface [117]. Large error bars in the case of ~COOH termini may be due to the contribution
additional H-bonds. Since we have used different cantilevers for each linker, the tip radius were
also taken into account. The adhesion force is known to be proportional to the tip radius, Fad =
27RW, where R is the tip radius and W is the thermodynamic work of adhesion [117]. By taking
SEM image of each tip apex (see an example in figure 4.1b), we estimated the adhesion force

per unit tip area. The same trend compared to total adhesion force was observed (Fig. 4.1c).
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Figure 4.1: Dependence of adhesion force by varying the end group of alkanethiol linker measured in

the buffer T. Minimum adhesion force is obtained by the -CH3; end group and maximum by -COOH
group.

Oligo b

S0, SO.f SO, SOy

Figure 4.2: Passivation of ~ SO; termini on the free surface after oligo immobilization. Physical
absorptions of the oligos on the Au-surfaces are prevented. Sulfurs at the ends of oligos and termini
connect to Au-surfaces via S-Au bond with bond strength of 1.4 + 0.3 nN. The HS(CH;);SO3  termini

are fully filled the free surface to reduce the tip/surface adhesion force.

The smallest adhesion force is obtained with the ~CH; end group. However, the terminus with
end group ~SOj;’ is also a good choice to reduce the adhesion forces. In addition, the negative

charges of the SOj; termini support the oligos to stand upwards the surface. When the tip
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approaches the substrate, the oligo a can easily hybridize with oligo b. With this additional
advantage of HS(CH,);SOs;Na for measuring the rupture force of small molecule binding
aptamer, here | use this terminus to reduce the adhesion force between the tip and the surface

(Fig. 4.2). Those termini can firmly attach to the Au-surface via gold-thiol chemistry.

4.2. Optimum Incubation Time

The incubation time for oligo immobilization as well as surface passivation with 3-mercapto-
1-propanesulfonic sodium is crucial for a successful experiment. Those steps directly
influence the quality of F-D curves. When incubation time is not enough, the molecules may
not firmly bind the surfaces, resulting in less rupture events can be measured. In contrast,
high density of oligos can form on the surface at long incubation time. The incubation time
largely varied in the previous studies. For example, the oligo immobilization on gold surface
is varied from 20 min [20], 45-60 min [128], 2 hours [120] and even up to 20 hours [129]. La
uren et al. investigated the absorption of sequence-dependent DNA on gold surface and
found that the absorption of different oligonucleotides, i.e. polyA (open circles), polyT (black

circles), and polyC (gray circles), on the gold surface was saturated after one hour (Fig. 4.3,
red bar).
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Figure 4.3: Immobilization of different oligonucleotides, (polyA (open), polyT (black), and polyC (gray),
on gold surface at different time incubations. The absorption of those oligos on Au surface seems to
be saturated after one hour incubation [130]. Inset is an enlargement of the dependence at short time
incubation.

The influence of time incubation of both oligos and passivation linkers on the surfaces was

also investigated by Lorenz [55]. The author varied the incubation time of oligo on the surface

from 20 min to 4h while for the passivation linker it was varied from 20 min to 17h. The

author found that short incubation time (20 min) provides a good passivation of 3-mercapto-
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1-propanesulfonic sodium linkers to the surface and good quantity (~ 10%) of specific rupture
events could be obtained. Increases of unspecific- as well as specific rupture events were
obtained at 15h linker passivation time. When the oligo incubation time was raised to 4h, the
author obtained less specific rupture events and similar amount of adhesion events (Fig.
4.4). It is worth if we can obtain high quantity of specific events and reduction of the adhesion

force. To reach this goal, | have investigated the incubation time to find the best condition.
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Figure 4.4: Influence of incubation time on the rupture events [35]. With 20 min incubation time for
aptamer and 15 h for passivation of ankenthiol, maximum ruptures with specific adhesion events and
ruptures with unspecific adhesions were observed (middle green column). The other incubation time

provide less specific adhesion events.

In my experiment, | found that the oligos did not stay on the surface for many F-D curve
measurements if the incubation time was one hour. There are only few F-D curves (<3%)
with specific rupture events could be obtained after 3000 F-D curves measurements.
However, with the same incubation time for oligo on the surface but 15 hour for 3-mercapto-
1-propanesulfonic sodium linker passivation, | could obtain up to ~80 % of specific rupture

events without or with small unspecific rupture events (Fig. 4.5).

In addition, there were only few specific rupture events containing multiple rupture events. By
increasing the incubation time to 15h, the 3-mercapto-1-propanesulfonic sodium linkers
event replaced some oligos on the surface which resulted in less multiple rupture events
[131]. Long time incubation of 3-mercapto-1-propanesulfonic sodium also pushed the loose
bound oligos on the surface into the buffer which released more free space for the other
oligos to bind to gold surface. As a result, the number of specific rupture events could be
obtained even after measuring 10000 F-D curve measurements. Thus, this protocol is found

the best and is used for all experiments in my study.
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Figure 4.5: Influence of incubation time on the rupture events and stability of oligo on the surfaces.
High % of specific rupture events was obtained after 1h incubation time of oligos on the surfaces and
15h passivation of ankenthiol linkers. Rupture events was still obtained at the 10 thousand™

measurement.

4.3. Removal of Unbound Molecules

For rupture measurements of ssDNA from its complementary by AFS, removal of the
physical absorption molecules on the surface is a crucial step in order to have a successful
experiment. If loose bound oligos still stay on the surfaces, they will join each other to form
the dsDNA either on the tip or on the surface (Fig 4.6). If this happened, oligo a on the tip
cannot hybridize with oligo b on the surface when the tip approaches the surface which
results in no any formation of binding pocket. In this case, we do not recognize any (or very

few) rupture event that has the expected rupture force.

In the previous studies, the samples are usually rinsed with only buffer and multiple rupture
events are often obtained [132, 133]. As a typical example, Liansheng et al. measured the
rupture force between the third strand and the double strand within a triplex DNA [129]. Both
single and multiple ruptures appear in the retraction curves. When all rupture forces are
collected in the histogram distribution, the force varies from few pN to 300 pN. The histogram
distribution is fitted with multiple fits. The author claimed that the first peak of 44 pN is due to
the rupture of the third strand from the double strand DNA. This value is high enough which
the multiple rupture events are distinguishable in the histogram distributions, e.g. two ‘third
strands’ rupture from two dsDNAs at the same time then the force will be 92 pN, and three of
them rupture at the same time then the force will be 132 pN, and so on. However, for small
molecular interactions, the rupture force is only about 10 pN and the multiple ruptures are
normally difficult to be distinguished from the histogram distributions and the mentioned

method to analyze rupture force of multiple ruptures is not feasible.
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Figure 4.6: Blocking of oligos due to lose bound molecules drifting in liquid cell.

In an ideal rinsing, all unbound oligos are washed away and those multiple ruptures can be
originated from the ruptures of multiple oligos immobilized on the tip hybridized with their
complementary oligos immobilized firmly on the surface. However, the ideal rinsing is rarely
obtained and the oligos are still physically absorbed on the surface. When the tip approaches
those loosely bound oligos, the hybridization could be formed and the measured rupture force
can be either the rupture of the double helix or the detachment of the oligo from the substrate.

For that reason, multiple ruptures in my study need to be minimized as many as possible.

In my sample preparation, a careful rinsing of the tip and substrate after immobilization of
oligos on the surfaces is carried out. The tips were rinsed 10 times with 200 ul buffer each
while the substrates were kept under a buffer flow for two minutes. However, the loose
binding oligos are still trapped on the surface and in AFS measurement, multiple ruptures are
still obtained. For example: measurement of the rupture force in the system without AMP
molecules, many rupture events appear at high force (Fig. 4.7). The main distribution is at the
force of about 27 pN, and the distributions at higher force are ~54 pN, ~81 pN or even ~105
PN. The distributions correspond to the one, two, three or even four rupture events. The high
force due to multiple ruptures may contribute to the main single force distribution leading to a

broad fit and an inaccurate rupture force from Gaussian fit.
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Figure 4.7: Influence of unbound molecule on the rupture force distribution at the first measurement.
The main force regime of 27 pN is attributed to the rupture force of single oligo hybridization. Multiple

ruptures appear at high force regime (red box).
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Figure 4.8: Removal of loosely bound oligos by additional washing. (a) Loosely bound oligos on the
tip and substrate. Adding of AMP, the oligo hybridization and stabilization by the AMP (b) and the

complexes are removed by rinsing with buffer (c).

In order to minimize this influence, the sample after normal preparation is installed in the
liquid cell of the AFM (Fig. 4.8a). Then, 1 ml of AMP target molecule is added into it (Fig.
4.8b). The unbound oligos on the tip and substrate can be hybridized and stabilized in the
presence of AMP and the complexes can be easily rinsed away. After 10 minutes, the whole
liquid cell is rinsed again with 3 ml buffer solution. Then, the first F-D curves are recorded.
Following this additional process, the unbound molecules on the tip will be hybridized with
the unbound molecules on the substrate with the support of targets molecules (Fig. 4.8b).

Then, a rinsing step of the whole system with 3 ml buffer, the unbound oligos can be
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removed from the liquid cell. The remaining molecules are only the immobilized oligos on the
tip and on the substrate (Fig. 4.8c). Thus, the multiple ruptures in AFS measurement can be
minimized. For example, after the additional adding/rinsing steps with 50 yM AMP, the force
distribution measured with 2 binding pockets system shows a single distribution and it fits

quite well with a single Gaussian fit (Fig. 4.9).
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Figure 4.9: Minimizing multiple ruptures due to unbound molecules by an additional rinsing step. Top
graph is the rupture force distribution of the sample without AMP which is measured right after sample
preparation. (a) Many rupture events occur at high force regime which attributed to multiple ruptures.
(b) rupture events at high force regime after an additional rinsing with 100 uM AMP and buffer T is
reduced. (c) adding AMP again, the force shifts to a higher regime of 42 pN. (d) after rinsing with
buffer to remove AMP molecule in the liquid cell, the force goes back to the value of the measurement

in the absence of AMP but after the additional rinsing step (b).

4.4, Buffer Selection

In nucleic acids, buffer plays an important role in forming helix structure. In pure water, a

ssDNA and its complementary repulses each other because of the negative charge along the

sugar backbone. However, when water contains cations such as Mg®", Na*, the negative
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charge along the ssDNA is screened by the positive charge of those ions. As a result, the
negative repulsion between two single strands DNA is reduced and the dsDNA can be
formed [134, 135]. pH also influences formation of a double helix DNA and on its activity to
other biomolecules. A solution which meets these two criteria (salt and pH) is called a buffer.
In the first study of finding aptamer that bind adenosine and ATP, Huizenga and Szostak
used a buffer with 5 mM MgCl,, 20 mM Tris, pH 7.6, 300 mM NaCl [29]. In the measurements
of AMP, ATP and adenosine binding aptamers by AFS, the NaCl concentration is normally
lowered to avoid precipitation of salt during measurement while pH of the buffer is always
kept at about 7.5 for DNA-ligand interaction. For example, Dorminik et al. measured AMP
and ATP binding DNA aptamer with the comparative unbinding force assay in buffer of 15
mM sodium citrate, 150 mM NaCl, 1 mM MgCl,, pH 7.4. Wenner et al. reported that at high
salt concentration, the DNA length decreases [136]. To avoid precipitating salt and shrinking
the oligos in high salt concentration, in this study, the Tris buffer containing 10 mM NaCl, 10
mM MgCl,, 50 mM Tris-(hydroxymethyl) aminomethan, pH 7.4 (buffer T) was selected. This
buffer has the same pH as known in literature but the NaCl concentration is reduced to 10
mM. This salt concentration is enough for formation of the oligo hybridization and

establishment of binding pockets.
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Figure 4.10: Influence of electrostatic force on the rupture force of an oligos hybridization. The rupture
force (F) measured in pure water (a) cannot be analyzed due to large electrostatic force. The

electrostatic force is removed when the measurement is carried out in buffer T (b).

The other reason to use buffer T for this study was to eliminate electrostatic repulsion
between the tip and the sample. In the measurement of single small molecule interactions,
the appearance of electrostatic force between the tip and the substrate may provide an
inaccurate measured binding force. In pure water, the electrostatic force pushes the
cantilever back when the tip approaches the surface (green box, Fig. 4.10a). The specific
rupture event and the snap-in point are pushed above the zero line. The electrostatic
interactions are reduced in the buffer T containing salt (Fig. 4.10b). This phenomenon has

been explained by the appearance of two force contributions using two particles. When they
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are close to each other, the van der Waals attraction and the electrostatic double-layer
repulsion appear [137, 138]. The electrostatic double-layer repulsion is strong enough to
keep the particles apart at low salt concentration. In the presence of significant salt

concentration, the electrostatic repulsion is screened.

The rupture force F in water is shifted to a smaller value and it is even unable to determine
depending on the magnitude of the electrostatic force. Electrostatic force produces a difficulty
in determining the zero line for the calibration of the force curve. In the presence of salt, the
electrostatic force can be screened leading to a good determination of the zero line and the

obtained rupture force (F) is much more reasonable (Fig. 4.10b).

However, the salt concentration in the buffer should not be too high. Baumann et al.
measured the stretching of lamda DNA (A-DNA) as a function of ionic strength [139]. They
found that at low salt concentration (1.86 mM), the required force to stretch the A-DNA was
649 £ 82 pN. This value increased drastically when the salt concentration surrounding the
DNA was increased. In concrete, at 586 mM, the required force to stretch the A-DNA is 1435
1+ 160 pN. At high salt concentrations, the electrostatic attraction dominates and the DNA
molecule becomes stiffer. In addition, the DNA fragments in these environments will be
looped or condensed [140-143]. As a result, an additional force is required to open the
looped or condensed forms of the molecule before it is stretched. The final stretch force at
high salt concentration is therefore higher than that at low salt concentration. In addition,
Chen et al proved that the contour length of the 40 bp ssDNA is significantly reduced when
the salt concentration increases [144]. In our standard split aptamer, the ssDNAs (oligo a and
oligo b) consist of 38 bp and they can be coiled at high salt concentration. When the tip
approaches the sample surface, the coiled oligos may be difficult hybridize, and therefore

results in no formation of binding pockets for AMP.

In order to examine the effect of salt concentration on the short oligonucleotides, a simple
test was carried out, i.e. rupturing oligo a from oligo b in two different solutions (10 mM NaCl
+ buffer T and 150 mM NaCl + buffer T). The final rupture forces were collected in each
experiment and were fitted with single Gaussian fit (Fig. 4.11). In buffer containing 10 mM
NaCl (Fig. 4.11 top), the measured rupture force was about 7 pN smaller than that measured
in the buffer containing 150 mM NaCl (Fig. 4.11 bottom).

At high salt concentration (150 mM), the oligo as well as the spacer A can be folded or coiled.
During tip/sample separation, the oligos first need to be extended before ruptured from each
other. Therefore, the increase in the force is due to the additional force to open the folding, coiling

of the oligos. Therefore, | used the buffer containing only 10 mM NaCl in this study.
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The buffer in this study was prepared as accurate as possible. The error in different
preparations depends on the accuracy of the amount of salts in it. The balance with an
accuracy of 0.1 mg was used and the error of NaCl in the buffer was about 1.7x10* %. One
little of buffer was prepared each time and used within two months to avoid salt precipitation.

The same buffer was used for all measurements.

40

In 10 mM NaCl
301 29.1+13.3pN

Counts

50 100 150 200

Force (pN)

In 150 mM NacCl
36.2+12.4 pN

60+

Counts

50 100 150
Force (pN)

Figure 4.11: Dependence of rupture force of oligo a/oligo b hybridization on salt concentration. One
set of F-D curves is collected in solution 1 (10 mM NaCl + buffer T). Then, 3 ml solution 2 (150 mM
NaCl + buffer T) is injected into the liquid cell to replace solution 1. After that, another set of F-D

curves is collected again. The same tip is used for both measurements.

4.5. Tip/Surface Contact Time

In order to observe a reasonable F-D curve, several parameters should be taken into account.
The height and the width of the F-D curve can be adjusted by varying the setpoint value and
the Z-length, respectively. The setpoint is a force applied by the tip to the sample and it is the
deflection of the cantilever in contact mode. Each cantilever its own spring constant and the
magnitude of the setpoint relates directly to it. After determination of spring constant, the
setpoint value is provided. The setpoint can be adjusted but it should not be much higher than
this given value because the slope regime in the F-D curve will not be linear. The high setpoint
makes the cantilever bent or even break. The Z length presents from how far the tip

approaches the sample. For short oligos in my study (~20 nm), a Z length of 200 nm was
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sufficient to observe the rupture distance in the retraction curves. Also, 200 nm is enough to be

sure that the tip is not in contact with any linker when it goes back to the rest position.
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Figure 4.12: Dependence of oligo hybridization on tip/surface contact time. Tip/surface contact time is
calculated from the distance of piezo movement and the pull-off speed (a). Histogram distribution of
the rupture forces obtains in the presence of AMP with an appearance of both low and high force due

to an uncompleted hybridization (b). Variation of rupture force vs. tip/surface contact time (c).

Another parameter that needs to be considered is the contact time. The contact time in force
spectroscopy measurement means the time in which the tip is in contact with the surface.
The hybridization between oligo a on the tip and oligo b on the substrate may depend on the
tip/surface contact time. In the standard pull-off speed of 400 nm/s, 200 nm Z-length, and
one second time per F-D curve were selected. This means that the tip/surface contact time is
0.125 s and it depends on the contact distance. The contact time is calculated from the real
detector signal vs. piezo movement curves (Fig. 4.12a). For the short sequences such as 2-
and 4 BP, the oligo hybridization could be completed in nano seconds and no influence of
contact time on the rupture force was found. However, in the 16 pockets system which the
total numbers of the Watson-Crick pairs increase to 48, a contact time of 0.125 s was not
sufficient for completing the hybridization. In the force distribution histogram (Fig. 4.12b),
both distributions of low force (without AMP) and high force (with AMP) was observed. This
may be due to the uncompleted hybridization which results in an incomplete formation of
binding pockets and the AMP could not enter the aptamer. In the presence of AMP, the most
probable rupture forces also increase when the contact time increase (red curves, Fig. 4.12c)
and it saturates at about 2.0 s for 16 BP and 1.0 s for 6 BP (blue curves, Fig. 4.12c).

However, multiple rupture events were observed for long contact times. For example, the
measurement of 6 pockets-AMP complex with different contact time of 0 s (a), 1.0 s (b) and 2
s (c) were investigated (Fig. 4.13). There were three distinguished force distributions at 2s

contact time while only two distributions could be observed at zero and one second.
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Figure 4.13: Dependence of rupture force distribution on tip/surface contact time for 6 pockets system
in the presence of AMP. At zero second (a), about 80% distribution is at low force regime | and 20% is
at high force regime Il. More rupture force events were obtained in the regime Il when the contact time

is increased to 1s (b) and 2s (c). At 2s contact time, multiple ruptures appeared (regime Ill).

The distribution | is the rupture of ‘only oligo hybridization’ and the distribution Il belongs to
the AMP-split aptamer complex. At the zero second contact time, the rupture force at the
‘distribution I’ was significantly low and it was similar to the value obtained from 2 BP system,
which might be due to an incomplete hybridization of the oligos (Fig. 4.13a). In this case the
binding pockets were partly formed and only several AMP could enter the aptamer and the
rupture forces (distribution II) was also low (Fig. 4.13a). At 1 s contact time the oligo
hybridization is mostly completed which results in a higher forces of both distribution | and Il
(Fig. 4.13b). For 2 s contact time, the distribution Il dominates and the distribution | reduces
to about 20% (Fig. 4.13c). However, the multiple rupture events appear at higher force
(distribution 11). Therefore, | selected contact time of 1.5 s for 6 BP system. With a similar
consideration, | selected contact times for different binding pockets such as 0 s for 2- and 4
BP, 1.5 s for 6- and 8 BP, and 2.0 s for 16 BP.

4.6. Measurement Protocol

After determining cantilever spring constant and setting up the measurement parameters, the
tip is approached to the surface and 100 F-D curves are recorded in the scan area of 5x5 pm?>.
The tip is then moved by 1 mm on the sample and another 100 F-D cures are again measured.

This step is repeated 10 times until achieving 1000 F-D curves. In order to obtain the rupture
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force of AMP binding aptamer, three systems, i.e. without AMP, with AMP and after rinsing are
always measured in turn. After measuring the force curves on the system without AMP, the
buffer solution that contains AMP molecules is added to the liquid cell to replace the first
solution and after 30 minutes the force curves are measured again. Finally primary solution is
added into the cell to remove AMP molecules for the last measurement of the force curves. For

other target molecules such as Inosine, IMP and OMA, the same procedure is used.

For the series of experiments at different AMP concentrations (from 0.01 uM to 100 uM), the
measurement was first recorded in the buffer without AMP, and then 1 ml AMP solution was
injected into the liquid cell in order of ascending concentration and 1000 F-D curves were
recorded at each concentration. The measurements were taken from low to high AMP

concentration. In total, five cantilevers were used for this series of experiments.
4.7. Background Measurement

In order to be sure that the rupture forces collect from the retraction curve are due to the
rupture of the oligo a/oligo b hybridization, two background measurements were carried out
(Fig. 4.17). The first one was measured with a system where only oligo a was immobilized on
the tip and the substrate was modified with HS(CH,);SO; without oligo b (Fig. 4.17a). The
second one was with oligo a on both tip and substrate. The free surface was also passivated
by HS(CH,);SO; (Fig. 4.17b). With those systems, there is theoretically no any specific
interaction between the tip and the surface. By taking F-D curves on those systems and
analyzing the results, only less than 5% of the F-D curves containing the specific rupture
events. Therefore, the specific rupture events between oligo a and oligo b in the presence and

in the absence of AMP are reliable.

Oligo a Oligo a
«— «—

HS(CH,);SOy ﬁ
J}}Jhiflifit‘t‘?_ 2 22 22 2 2% 222 2 32 22

Figure 4.17: Background measurements. (a) oligo a on the tip interacts with the gold surface modified
with HS(CH,);SO3 and (b) oligo a on the tip interacts with the other oligo a on the substrate. Only few

specific adhesions were obtained in both cases.
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4.8. Data Analysis

4.8.1. General Aspects of Rupture Force

Four typical types of F-D curves were usually observed in one set of measurement (Fig.
4.14), i.e. no any adhesion between tip and surface (Fig. 4.14a), specific rupture event which
was attributed to the rupture of oligo a from oligo b (Fig. 4.14b), specific rupture event
together with nonspecific adhesion event (Fig. 4.14c) and multiple rupture events (Fig.
4.14d). The F-D curves shown in Fig. 4.14b or Fig. 4.14c were selected for further analysis.
Selection of the F-D curves similar to the one shown in the figure 4.14c which containing the
nonspecific adhesion event, should not be very large compared to the rupture force of the
specific adhesion events. | selected the F-D curves which contained adhesion force smaller
than 100 pN. At this adhesion force, the rupture distances of the specific events did not
significantly vary compared to their theoretical value. The rupture force F and rupture
distance L were collected from each individual F-D curve and were plotted in a histogram.
The rupture length of ~21 nm or the length of the molecule normally equals to the distance
between the tip and the Au-surface. This length was theoretically calculated by multiplying
the number of base pairs by the length of a single base pair (3.4 A). The thiol linker (thiol-

(CH,)s) at the end of each oligo was approximately 1 nm.
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Figure 4.14: Typical F/D curves in AFS measurement. Specific event (a), specific without adhesion
(b), specific with large adhesion (c) and multiple ruptures (d) due to oligo hybridization or AMP-
aptamer binding. Black and red curves show the approach and retraction traces of AFM cantilever
towards and away from the substrate surface, respectively.
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4.8.2. Removal of Drag Force

In the study of ligand-receptor interactions by AFS, the pull-off velocity in the regime from few
nm/s to few ym/s is usually selected to obtain thermal kinetics information of the complexes at
around equilibrium. Although higher speeds are desirable for more complete investigation but
the drag force appears. The drag force is proportional to the velocity of the object. The drag

force (F4) on a moving object due to a fluid is [145]:

F, = %puzcd A (3.9)

where p is the density of the fluid, v, the velocity of the moving object, Cg4, the drag coefficient

and A, the cantilever area.

Janovjak et al. found that the hydrodynamic drag force acting on the AFM cantilever linearly
dependence on the pulling speed (Fig. 4.15). The author notices that this force could reach
the same order of magnitude as the molecular interaction forces at above 10 pm/s pull-off
speeds [146].

drag force [pN]

OB R o e o e e e
Q 20 40 680 80 100 120 140 180
pulling speed [um/s]

Figure 4.15. Hydrodynamic drag force acting on an AFM cantilever in PBS (squares) and in water
(circles) [146].

In my measurements of rupture forces at different loading rates, the drag forces are removed
by analysis of the F-D curves (Fig. 4.16). The F, does not appear at low loading rate (Fig.
4.16a) and it is significant at high loading rate (Fig. 4.16b), F4 = Fs — F.. In our experiments,
we even observe the drag forces at low velocities. These forces increase proportionally to
the increase of pull-off speeds (Fig. 4.16¢). For simplification for removal of F, during data
analysis, the withdraw curves at free position are selected for zero line calibration instead of

approach curve. By doing this, the drag force is removed.
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Figure 4.16. Hydrodynamic drag force acting on cantilever. (a) no drag force (Fp) was obtained at low
pull-off speed (400 nm/s) and (b) it appeared at high pull-off speed (3000 nm/s). The measured force
(Fs) including the drag force (F4) did not present correctly the rupture force of oligo a from oligo b (F,).
(c) Linear dependences of the drag forces obtain from 2 BP system in the presence (red) and in the
absence (black) of AMP.

4.8.3. Pulling Angle

Regardless of the method used to anchor the molecule of interest, it is typically and tacitly
assumed that the pulling direction is always axial to the extension of the molecule, so that the
force applied to the molecule is identical to the force deflecting the AFM cantilever (Fig. 4.18a).
However, the actual pulling geometry may be more complicated than the ideal situation in
which the attachment point on the substrate may not coincide with the normal projection of the
attachment point on the tip, resulting in the molecule being pulled at an angle (Fig. 4.18Db). In
such a case, the force measured through the deflection of the AFS cantilever, F,, is only a
component of the force applied to molecule, F. Similarly, the measured extension, L,, is only
the projection of the distance between the two anchor points. The relation between F and F, or

L and L, and the pulling angle a is Freasue= Fz = FCOS() OF Lieasure= L, = LcoS(a) [147]. For
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example, for stretching o molecule with the theoretical length of 30 nm, the rupture distance

L~30 nm at zero pulling angle while it is only ~15 nm at a pulling angle a = 60°.

The pulling angle affects the force-extension measurements such as rupture force and rupture
distance which we collected from the retraction curve to analyze the binding of target
molecules to aptamer. The rupture force and rupture distance are in inverse ratio to the pulling
angle (Fig. 4.19). Measuring the rupture forces and rupture distances at different pulling angles
among 1000 F-D curves provide a variation of the data which distribute in the histograms. The
error bars of the Gaussian fits of those distributions depend on the pulling angles.
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Figure 4.18: Schematic diagram of possible pulling situations in AFS measurement: Ideal situation (a)
and general situation (b). The corresponding F/D curves present the difference in the measured

distance in those different situations [148].
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Figure 4.19: Theoretical calculation of the dependence of rupture force and rupture distance on pulling

angle. Both rupture force (blue) and rupture distance (black) reduce when the pulling angle increases.
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In a set of measurement, all rupture distances were collected in a histogram distribution and
fitted with Gaussian model. The variation of the most probable rupture distance is presented
by the error of the fit. The influence of pulling angle could only be recognized in the
measurement of long oligos. For example, a data set from a measurement of 6 BP in the

presence of AMP was analyzed at different regime of the rupture distances (Fig. 4.20).
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Figure 4.20: Histograms of the rupture distance and rupture force distributions which were recorded
from 6- BP system in the presence of 500 yM AMP with 1s retract delay time. (a) All data collected
from 1000 F/D curves measurements. The rupture distance ranges from 5 to 85 nm while the rupture
force is from 20 to 200 pN with 2 distributions. The selected rupture forces in the range from 10 to 40

nm rupture length (b) reduce the rupture events at the low force regime.

The rupture distance (left) and the rupture force (right) from every F-D curves with specific
adhesion peaks at different rupture distances were collected (Fig. 4.20a). The rupture
distances varied from 0.3 nm to 85 nm (Fig. 4.20a-left) and their corresponding rupture forces
from ~20 to ~200 pN. Two distributions in the rupture force graph present the unbound (low
force regime) and bound (high force regime) of AMP to the aptamer. In this data set, about
60% rupture events at the low force regime and the remaining at the higher force regime were
observed. It meant that there was only 40% AMP binding aptamer in this data set. The low
binding efficiency of AMP to aptamer was obtained even at high AMP concentrations and long
contact times. However, when the rupture force was selected in a certain range of rupture
length (from 10 to 40 nm), the rupture events at the low force regime was reduced to 40% and
rupture events at the high force regime was increased to 60% (Fig. 4.20b). The 40% rupture
events at low force regime in this case are higher than that from 2 and 4 BP system (~30%).

This may be due to some pockets which were not filled with AMP molecules resulting in smaller
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rupture forces. This data suggests the pulling geometry and data analysis directly influence the

force histogram obtained by AFS. For longer DNA sequences, this effect will be increased.

4.8.4. Bin Size Selection

The histogram is the probability distribution of rupture forces in a graph. Each column
includes a group of data and the interval between columns is called bin size. In the
histogram, the height of the column in y-axis is proportional to the class frequencies of the
data and the width of the column in x-axis is proportional to the class which the variable has
been divided. For example, among 100 data points of rupture forces, there are 30 data points
with the magnitude from 25 pN to 30 pN. A column with the width at x-axis is in the region of
25 to 30 pN and the column height in y-axis appears in between 0 to 30 depending on the
data. The total area of the histogram is equal to the number of the rupture events. The width

and height of the column can be varied by changing the bin size (Fig. 4.21).
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Figure 4.21: Variation of bin size for the data set obtained from 2 BP system in an absence of target
molecules. The same average value and standard deviation is for the bin size smaller than 5 (left). The
average value and standard deviation slightly increase for the bin size greater than 5 (right). Bin size

unit is in pN.
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The data is obtained from a defined system in the absence of target molecules. By varying

the bin size from 1 pN to 5 pN, the average rupture force is around 21 pN. The average force

increases slightly when the bin size is up to 20 pN. For measurement of unbinding force of

small or complicated molecular interactions, detailed force distribution may provide additional

information. For example, two force distributions which may present two transition steps of

the complex can be observed at small bin size but they will be hidden in a broad distribution

if a large bin size is used. However, the noise level in AFS measurement is about 5 pN.

Therefore, it is meaningless to discuss differences in force when bin size is smaller than 5

pN. If the bin size is too large (~20 pN), the data do not even fit with Gaussian. In conclusion,

| always keep the bin size 5 pN for all data analysis in this study.

4.9. Best Analysis Conditions

In this chapter, | presented the steps and artifacts during sample preparation and data

analysis which influence directly the rupture force measurements by AFS and summarized all

the steps and factors which are crucial for rupture force experiments (Tab. 4.1).

Table 4.1: Best steps and conditions for rupture force analysis

Condition Purpose Step
I Less involved chemicals for Using Au-thiol chemistry
oligo immobilization
Il Oligo Immobilization 1h incubation, 4 uM for 2 BP and lower for longer oligos
Passivation of HS(CH,);SO3; = 15h incubation, 1.2 uM
1l Minimize electrostatic force The same buffer for all investigations (using Buffer T)
\Y Removal of unbound 1. Carefully rinse with buffer before installing in AFM
molecules by an additional 2. Rinse with 1 ml of 100 pM target molecules prior to
washing with target the first measurement
molecules
V Tip/surface contact time Os for 2 and 4 BP, 1.5s for 6 and 8 BP, and 2s for 16 BP
VI Constant pull-off velocity 400 nm/s
Vi Removal of drag force Retraction curve as zero line calibration
VI Selection of F-D curves for Exclusion of uncommon F-D curves with unspecific
analysis adhesion force higher than 100 pN and multiple ruptures
IX Constant Bin Size Bin size 5 pN for all analysis
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Rupture Force of Split Aptamer

| followed the optimum steps of sample preparation and analysis as mentioned in table 4.1,
chapter 4 for the measurement of rupture force of adenosine monophosphate (AMP)-split
aptamer complex. The standard aptamer here contained two pockets. In this chapter, | am

going to present and discuss the results of rupture forces of this system.

5.1. Analysis of Rupture Force

This aptamer was split into two parts, 4 uM concentration, and each part was immobilized on
the tip or the substrate, 1h immobilization time and 15h incubation in 1.2 uyM
HS(CH,);SO3Na. The samples were rinsed with 100 uM AMP prior to measurements of F-D
curves at 400 nm/s pull-off speed and zero second tip/substrate contact time. The retraction
curves at free positions were selected as zero line for calibration of the F-D curves. Typical
F-D curves from AFS measurements in the presence (red) and in the absence (black) of AMP
are presented in the figure 5.1. The rupture forces (F) and the rupture distances (L) from
those F-D curves were collected to form rupture force histogram distributions for further
analysis.

The probability distribution of the forces (F) was plotted in the histograms (Fig. 5.2). In pure
buffer solution without AMP, the most probable rupture force F = 27.3 + 5.4 pN was determined
from a fit of the main peak in the histogram by a Gaussian distribution (Fig. 5.2-top). The error
bar represents the standard deviation (10) obtained from the Gaussian fit. This most probable
rupture force is associated with 30 hydrogen bonds formed by 50% G-C (6 bp) and 50% A-T (6

bp) in the hybridized system and it is comparable with the measured rupture force ~30 pN of
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26 H-bonds formed by 60% GC (6 bp) and 40% A-T (4 bp) at 400 nm/s in PBS by Strunz et al.
under comparable conditions [31, 111]. Even though their oligo has 4 H-bonds less than my
split aptamer system, their measured force is few pN higher than mine and this tiny difference
may be due to the fact that the measurements were carried out in different buffers or the error

in cantilever calibration.
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Figure 5.1: Typical force distance (F-D) curves measured in buffer T at pull-off speed 400 nm/s. The
individual force distance curves resulted in a rupture force of ~39 pN in buffer containing 100 uM AMP
(red) and ~27 pN in pure buffer (black). The measured mean rupture distance (L) of 17.4 £ 5.2 nm is in

agreement with the calculated contour length of the designed oligos (21 nm).

The special oligo sequences in my study consisted of two BP, 6 bases, at the center which
cannot form the Watson-Crick pairs. Each binding pocket consisted of four G-bases which
distributed equally at the center of both oligo a and oligo b. In principle, those parts do not

form hybridization, resulting in a smaller rupture force being observed.

After measurement in the absence of a target molecule, AMP solution was added to the cell
to replace the pure buffer solution. Since the dissociation constant of AMP-split aptamer is 6
+ 3 uM [29], | choose a high concentration (100 pyM) to achieve a high possibility of AMP
entering the BP. By analyzing 1000 F-D curves measured in the presence of 100 yM AMP, |
found an increase in the most probable rupture force to 38.8 £ 5.2 pN (Fig. 5.2-middle). After
that the AMP molecules in the cell were rinsed away with buffer T and additional
measurements were recorded. Under pure buffer condition, the force distribution shifted

close to the original value as measured before adding AMP (Fig. 5.2-bottom).
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Figure 5.2: Histograms of the rupture force distributions which were recorded at speeds of 400 nm/s.
Typically, 1/4 of the recorded 1000 F-D curves exhibited a rupture event. (top) In the absence of AMP,
(middle) at 100 uM AMP and (bottom) after rinsing the AMP away with the corresponding histograms. The
length of the molecule (L) is the distance between the tip and the sample. The histograms were fitted by

Gaussian distributions, which define the rupture force values and the associated errors, i.e. one sigma.

From this set of measurement, | conclude that the most probable rupture force shift is due to
the presence and absence of AMP molecules. In the presence of AMP, these molecules enter
the BP and 16 additional H-bonds are formed between the two oligos. As a result, the rupture

force in the presence of AMP is about 11 pN greater than that in the absence one.

5.2. Control Experiment

The measurement after rinsing the AMP molecules away can be considered as a control
experiment. However, the unbinding force of AMP-split aptamer is quite small; therefore, two
additional control experiments were carried out using modified sequences (Tab. 5.1). Split
aptamer sequences (a and b) formed two BP (underline bases) at the center can bind AMP
molecules. Oligos ¢ and d are mutated at the center (bold and underline bases) so they
cannot form the AMP binding pocket at the center. Oligos a and oligo ¢ are immobilized on

the AFM tip while b and d are fixed on Au-substrates.
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Table 5. 1. Mutated BP in the split aptamer sequences

Oligo  HS-A™-Sequences (5> 3’) Remark
a  CGTAGA-TTATTA-AGGTCA = mutated G bases by T bases
b TGACCT-CCACCA-TCTACG mutated G bases by C bases

; Without AMP
[121.9+5.6 pN

With AMP

no binding 20.8+ 6.4 pN

pockets

Rinsing

[1\23.3:7.2 pN

Force (pN)

Figure 5.3. Histograms of rupture forces obtained from the mutation pockets. Red cross presents the
substitution of G bases at the pocket areas. There is no significant change in rupture forces in the

presence and in the absence of AMP. One cantilever was used for each comparative study.

As the control experiment, mutated binding pockets were designed in which the G bases of
the BP were replaced at different positions (Tab 5.1). Changing of G bases by T or C units,
the BP were destroyed and the specific binding sites which can bind AMP are removed. As a
result, the AMP molecule cannot enter between the two oligos. Therefore the rupture force
distributions with AMP should be almost the same in the presence or in the absence of AMP,

which is what | found in my experiments (Fig. 5.3).

5.3. Analysis of Rupture Distance

The theoretical rupture distance corresponds to a length of about 21 nm: it is a sum of 1-
hexanthiol, spacer A”® and oligo’s length, in which the distance from base to base is 0.34 nm.
In the ideal situation, the measured rupture distance reaches the theoretical length of the
system (Fig. 5.4a). Under an applied force, the linker between the tip and the surface is first

pulled upward until it reaches its contour length. The cantilever still moves up from the
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surface which leads to the extension of the tip/surface linker. The spacers A% will be
stretched first because they are the softest parts in the system. Thus, the rupture lengths
longer than 21 nm may consist of stretching of the spacer A (Fig. 5.3b). In the ideal case,
the oligo lies perfectly under the tip end and the pulling angle («) is zero. However, when the
tip approaches the surface, there will be a high chance of picking up molecules which lay in a
certain angle («) with the tip. The measured rupture length in those cases is L, = Lcos(a), L,
is shorter than L if « is not zero (Fig. 5.3c). The other possibility is that the oligo on the tip is
not immobilized exactly at the tip end but on the tip-side. Under influences of pulling angle
and site immobilization of the oligo on the tip, the measured distance will be shorter than the

theoretical value.

PRI IR IE SN N RN NN (IR AN § (I S|

Figure 5.4. Sketch of different scenarios where the tip pulls the molecule from the surface. The
rupture distance can vary depending on the conditions, i.e. (a) ideal rupture distance (~21 nm), (b)
longer rupture distance due to stretching of spacers A% and (c) short rupture distance under the effect

of a pulling angle.

In my experiment, the rupture length often varies from few nm to about 60 nm (Fig. 5.5). This
long rupture distance caused due to the formation of a thiol-thiol bond between two oligos in
buffer solution. This long oligo absorbs on the surface and the tip can pull it up and stretch it. All
the rupture distances are collected in a histogram and fitted with Gaussian fit from which the
measured value and its error are determined. In the absence of AMP molecules, the average
length is of 17.4 + 6.2 nm (Fig. 6.5a-top) and increases to 20.6 + 3.9 nm in presence of AMP
(Fig. 5.5a-middle). This increase of ~3 nm can be explained with stretching of the involved

oligonucleotides at the higher rupture force values [149].
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Figure 5.5. Probability distributions of the rupture distances from 2 BP system in the absence of AMP
(top), in presence of AMP (middle), and after the AMP molecules were washed away by buffer
(bottom). These measurements correspond to the measurement of rupture forces that was provided in

figure 5.1. One cantilever was used for this comparative study.

5.4. Cocaine and Tetracycline Binding Aptamers

In order to test if the split aptamer concept can be used for other aptamers as well, | used
cocaine-aptamer and tetracycline-aptamer and performed similar experiments. To date, the
number of H-bonds between cocaine or tetracycline to their aptamers were not quantified
clearly even though they have been broadly used as a target for different purposes such as
biosensor [150] or colorimetric tests [151, 152]. Therefore, it could be interesting to

understand the different behaviors of those molecules to their aptamers.

The cocaine-aptamer complex is an interesting system used in biosensors or gold
nanoparticles conjugate studies [152, 153]. In order to better understand the interaction
between cocaine and the aptamer in terms of binding force, the rupture force of the cocaine
containing aptamers was measured by AFS. Since the well characterized structure of AMP-
aptamer as well as the rupture force quantity have been determined before, an estimation of
the cocaine-aptamer binding in terms of the number of involved H-bonds should be possible

from AFS measurements on cocaine-aptamer-systems.
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Table 5. 2. Cocaine-, Tetracycline-Split aptamer sequences for AFS measurements

Oligo HS-A*-Sequences (5> 3’) Remark

Cocaine- CCCTCTGGGTGAAGTAACTTCCAT- Full sequence

aptamer AATAGGAACAGAGGG
a AATAGGAACAGAGGG Cocaine-Split aptamer
b CCCTCTGGGTGAAGTAACTTCCAT

Tetracycline- GAGCCUAAAACAUACCAGAGA- Full sequence

aptamer UCUGGAGAGGUGAAGAAUACGACCACCUAGGCUC
c GAGCCUAAAACAUACCAGAGA _ ,
d UCUGGAGAGGUGAAGAAUACGACCACCUAGGCUC @ Tetracycline-Split aptamer

The cocaine-aptamer and tetracycline-aptamer sequences were also split into two parts at
the red dashed positions for AFS measuements (Tab. 5.2). The splitting position is to make
sure that the binding pockets and Watson-Crick pairs can be formed then the tip approaches
the surface. The thiol and A’ were added at 5’-ends for immobilizing on gold. Then, one part
(oligo a) was fixed on the tip and the other part (oligo b) was on the Au-surface following the

standard protocol for AMP-split aptamer.

The measurements were then carried out in buffer T only to find out if the tetracycline binds
the tetracycline-aptamer. Investigation of different buffer in order to archive the proper buffers
for those systems should be the future studies. The binding constant of the cocaine-aptamer
is 100 £ 9 uM [154] while it is only 0.8 nM for the tetracycline-aptamer [51]. The
concentrations of cocaine (1.0 mM) and tetracycline (1.0 uM) were selected very high
compared to their dissociation constants in order to obtain a maximum number of binding
events. Rupture forces in the absence (black columns) and in the presence of cocaine or
tetracycline (red columns) were collected and analyzed (Fig. 5.7). The rupture force
increased by about 21 pN when cocaine is added in the buffer and about 25 pN when
tetracycline is added in the buffer. The increase in rupture force in the presence of cocaine
and tetracycline means that the rupture forces of cocaine and tetracycline from their
corresponding split aptamer can be measured. The increases in the rupture force in the
presence of cocaine or tetracycline allowed me to conclude that the split aptamer concept
also works for other systems.

However, there were still significant ruptures events at low force regimes which indicate that
the cocaine or tetracycline did not bind to their split aptamer in every measurement. This may
be due to the influences of the buffer solutions on these molecular bindings. For example, the

tetracycline-aptamer binding depends strongly on the concentration of Mg®* in the buffer [51].
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Figure 5.7. Histograms of the rupture force distributions which were recorded from cocaine-split aptamer
(left) and tetracycline-split aptamer (right) at a speed of 400 nm/s. The force distribution at lower regime
(black column) is due the rupture of oligo hybridization and the distribution at both high and low force is

the combination of oligo hybridization and cocaine or tetracycline binding split aptamers (red).

Even though deeper investigation for those systems is still required, two conclusions can be
made. First, the split aptamer principle can be applied to detect other small molecules.
Second, a quantitative unknown number of H-bonds in the cocaine- or tetracycline-split
aptamer can be determined from the standard AMP-split aptamer system. For example, the
force of a single H-bond can be estimated from measuring the probable rupture force and the
well-known number of H-bonds between AMP and split aptamer. The bindings of cocaine or
tetracycline to their aptamers depend on not only H-bonds but also many factors such as
buffer and cations in the buffer. However, considering only the aspect of H-bonds, the
number of H-bonds in those unknown binding structure can be roughly estimated to be about

30 H-bonds for cocaine- and 35 H-bonds for tetracycline-split aptamer complex (Tab. 5.3).

Table 5. 3. Mutated BP in the split aptamer sequences

Target H-bonds = F,(PN) f /H-bond (pN)
AMP 16 11 0.7
Cocaine 30 21
Tetracycline 35 25

5.5. Determination of Dissociation Constant by Rupture Force Analysis

5.5.1. Principle of Determination of Dissociation Constant

In order to determine the dissociation constant Ky of the AMP-split aptamer, sets of F-D

curves are recorded at a certain range of AMP concentration which is very far from the
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equilibrium. The distribution of rupture force due to oligo hybridization (OH) only and AMP-
split aptamer complex (AA) changes when the AMP concentration changes (Fig. 5.10). In the
absence of AMP (first graph), the rupture forces represent 100% OH and zero % AA. At low
(in nM range) concentration of AMP (+AMP, right-top graph), a second peak appears at
higher force (red curve) while the OH reduces (black curve) which is attributed to few
ruptures of the oligo with AMP staying in the pockets.

No AMP + [AMP]

1 100% OH 1

80% OH

Counts

20% AA

1 1 100% AA

50% OH $

50% AA 0% OH

v
v

OH: Oligos hybridization AA: AMP-Split aptamer

Figure 5.10. Variation of rupture force distribution depending on AMP concentration. Distribution of
rupture force of AMP-split aptamer complex increases when AMP concentration increases while it is

reversed for oligos hybridization. Number of ‘+’ indicates the concentration of AMP.

The rupture events associated to the second peak increases when the AMP concentration
increases. Each histogram of the rupture forces is analyzed by fitting simultaneously two
Gaussian distributions to the peaks corresponding to “only oligo hybridization” and to “AMP-
split aptamer complex”, respectively. With increasing concentration of AMP, the peak
corresponding to “AMP-split aptamer complex” becomes more pronounced, i.e. more rupture
events at higher forces are present. Simultaneously, the peak corresponding to “only oligo
hybridization” is composed by fewer rupture events. The percentages of oligos hybridization
(%0OH) and AMP-split aptamer complex (%AA) are calculated by considering the total counts
under the corresponding peaks. The concentration where equal rupture events (50%) of OH
and AA can be achieved corresponds to the dissociation constant of the system (++AMP,
left-bottom graph). At high concentration of AMP (+++AMP, right-bottom graph) which is far
from the equilibrium, all rupture forces distribute at high force region. At this concentration, all

rupture events are from AMP-split aptamer complex.
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5.5.2. Dissociation Constant of AMP-Split Aptamer

The dissociation constant of AMP binding split aptamer is determined by carrying-out a series of
experiments with AMP concentrations ranging from zero to 100 uM. The data set were recorded
in buffer T and then in buffer T containing AMP with different concentrations (Fig. 5.11). In this
investigation, fifteen different concentrations were measured and 1000 F-D curves were
measured at each concentration. Unfortunately, the tip was not functioning after 3000 or
4000 F-D curve measurements. After these amounts of measurement, the retraction curves
which contain specific adhesion peaks decreased significantly. Thus, different cantilevers had
to be used in order to complete these sets of data. A difficulty in using different cantilevers is
the error in determination of the cantilever’s spring constant by thermal tune. The rupture
forces shifts causing by the use of different cantilever can be up to ~4 pN (Fig. 5.11). For
example, for the measurement of the same oligos hybridization with two different cantilevers,
two different most probable rupture forces can be achieved, i.e. ~27 pN and ~ 31 pN. Such
shifts cannot be tolerated in measurements of single small molecular interactions since the
increase in the most probable rupture force can be either caused by different cantilever

spring constants or by the rupture of the target-split aptamer complex.
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Figure 5.11. Quantitative analysis of the oligo hybridization and AMP binding split aptamer at various
AMP concentrations via two Gaussian fits. The series of rupture force measurements were obtained

by using five different cantilevers.

For the series of measurements, here, five different cantilevers were used. Thus, an analysis
of the histograms was chosen which is independent on the accuracy of spring constant of the
cantilever (Tab. 5.4). The first histogram shows the ruptures of only oligo hybridization (25 + 8
pN) (black curve). When a low concentration of AMP is added to the system, the second
peak appears at higher force (red curve) which is attributed to the ruptures of AMP-split
aptamer. The rupture events associated to the second peak increased when the AMP

concentration increased. A reverse trend is observed for the first peak of oligo hybridization.
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Table 5.4. Data from 2 Gaussian fits

Con. (uM) No(t:in(tgil\;ﬁ;) A1 (counts) { Az(counts) : A1+ Az (counts) ¢ % OH { % AA
0.0 1 5.6 225 0 255 100 0
0.01 " 5.6 211 88 299 71 29
0.05 " 5.6 148 76 224 66 34
0.1 2 59 149 82 231 65 35
0.5 " 5.9 178 103 281 63 37
1.0 " 5.9 96 50 146 66 34
2.0 3 5.6 122 79 201 61 39
3.0 " 5.6 80 65 145 55 45
4.0 4 5.8 44 43 99 50 50
5.0 " 5.8 148 198 346 43 57
8.0 " 5.8 50 97 147 34 66
10.0 5 5.6 67 135 202 33 67
20.0 " 5.6 30 118 148 20 80
50.0 " 5.6 18 41 59 25 75
100.0 " 5.6 35 116 151 23 77

A1, Ao: number of counts under the first and second peaks, respectively
OH: Oligo hybridization, AA: AMP-Split aptamer

The rupture events under each peak at each individual concentration are listed in the table
5.4. The percentages of oligos hybridization and AMP binding split aptamer are calculated by
considering the counts A; and A, With an assumption that total counts is A; + A, =100%,
the % of OH and AA can be calculated. For example, at 4 yM AMP, number of rupture events
due to OH is 44 and that of AA is 43 (Fig. 5.6), and the total counts is A; + A, = 87. The
amount of OH at 4 uM is 44 x 100/87 ~ 50% and AA is 43 x 100/87 ~ 50% or 100% - 50%
(OH) = 50%. By doing the same calculation, the percentages of OH and AA at different
concentrations are obtained (Tab. 5.4). However, at highest concentration, 100 uM, not all
the rupture events shifted to the higher force region. Around 29% of rupture events still stay
at the OH region. Those events may be due to unspecific adhesion between tip and surface
forming the background of the measurements. Both fractions were determined for each
histogram recorded at different AMP concentrations, and these values are plotted in figure
5.12. This figure presents the variation of percentages of OH and AA at different
concentrations. For example at 4 uM AMP, the %OH is 50 and %AA is also 50 which are
plotted in y-axis as %binding and x-axis is 4 uM as concentration. The sets of “AMP binding”
and “only oligo hybridization” could be fitted by an exponential dependence (A = A;e™" + A)
where A is % binding at concentration x, Aq: % binding at zero concentration, A; and t: variati
on parameters (t: decay constant, Al: amplitude of % binding). The reduction or increase of t
he frequency of the rupture events in the absence and in the presence of AMP, respectively,

could be achieved by the fits.
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At a concentration of 3.7 + 2.5 uM we observed the crossover of both oligo hybridization (50%)
and AMP binding (50%) events. The error is determined by averaging the errors of two closest
data points. Therefore, the value (3.7 £ 2.5 uM) was attributed to the dissociation constant of
the AMP binding split aptamer. This value, which was obtained on a single molecular level is in

agreement with a measurement performed by ultrafiltration (6 £ 3 uM) [29].
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Figure 5.12. Plot of the fraction of oligo hybridization and AMP-split aptamer complex as functions of
AMP concentration. The data is fitted with the first exponential decay and Kp is determined as the

cross over point of two fitting curves.

5.6. Dependence of Rupture Forces on Loading Rates

In earlier studies [31, 155], by measuring the rupture force of a short dsDNA molecules at
different velocities, the authors found that the rupture force increases logarithmically with the
pull-off velocity. The increase in rupture force was attributed to cooperative thermal
dissociation of short oligonuceotides. With an oligo 10 bp, Strunz et al. reported that the
thermal off-rate value is about 10™° s*[111]. The oligos in my study consist of two BP at the
center. In order to understand if the oligos with BP behave similar to the oligos without BP
reported by Strunz et al., | performed a set of measurement of rupture oligo a from oligo b at
different pull-off speeds. The measurements were carried out in buffer T. The same cantilever
was used to measure the rupture without AMP and with AMP. Measurements in pure buffer T
were performed first and then the buffer T was replaced by buffer containing 100 uM AMP and
measurements were performed again. The pull of speed was varied from 10 nm/s to 2000
nm/s. The most probable rupture force and the error bar from Gaussian fit at each speed were
collected (Fig. 5.13 and Appendix A). At all loading rates, the rupture force of '"AMP binding’ is

higher than that of ‘only oligo hybridization’, as before.
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Figure 5.13. Dependence of rupture forces on loading rates for only oligo hybridization (black) and

AMP-Split Aptamer complex (red). Thermal dissociation rates (k) are at the zero forces.

The most probable rupture forces of both ‘AMP binding’ and ‘oligo hybridization’ scale linearly
with the logarithm of the force loading rates. This indicates that within the range of the
employed pull-off velocity, a single energy barrier along the mechanical separation of oligo a
from oligo b exists, similar to the behavior of oligos without any binding pocket [31, 111, 156]. It
also means that the oligo with BP at the center in the presence and in the absence of AMP

showed a cooperative thermal dissociation behavior similar to that of the short oligos.

However, having a close look at thermal off-rate values of ‘only oligo hybridization’ (~3.6 s™)
and of 'AMP binding’ (10" s™) (Fig. 5.13), those values are greater than that of oligo without
binding pocket measured by Strunz et al (10"° s™) [111]. The greater thermal off-rate means
that the aptamers with BP at the center is less stable than aptamers without binding pocket.
When AMP enter the pockets, Ky is reduced closely to the one obtained by Strunz et al. This
means that the AMP stabilizes the BP. However, the AMP-split aptamer complex is not as
stable as the oligo without any BP studied by Strunz et al. In order to further understand the
rupture mechanism of the split aptamer, | investigated the rupture forces at wide range of pull-
off velocity, from 20 to 3000 nm/s. The most probable rupture forces are collected at each
individual pull-off velocity (v) and plotted against the loading rates (Fig. 5.14). In this force
range, | did not observe the logarithmical increase of rupture force with the force loading rates.
The data separated into two regimes. There is a linear regime (a) at low loading rates from 20

to 1000 nm/s and the second regime (b) at the higher loading rates.
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Figure 5.14. Dependence of rupture forces on wide range loading rates. The rupture force obtained
from ‘oligo hybridization’ (black) is smaller than that of ‘AMP binding’ (red). Two separated force

regimes are obtained in both cases. Drag forces were subtracted for all measurements.

In literature, the rupture forces of the oligonucleotides from their complementary strands are
reported to increase linearly or logarithmically with an increase of pull-off velocities (from 8 to
1600 nm/s). Two regimes were not reported to my knowledge for ruptures of nucleic acids.
For example, Strunz et al [111] measured the rupture force of 10, 20, and 30 bp dsDNA at
different loading rate and reported that the rupture force of those oligonucleotides increased
linearly with the increase of pull-off velocity. Within the range of pull-off velocity from 16- to
1600 nm/s, the most probable rupture forces increased from 21- to 41 pN for 10 bp, 35- to 50
pN for 20 bp and 43- to 54 pN for 30 bp. Moffill et al [101] or Gaub et al have also obtained
the similar results as Strunz et al when they ruptured 20 or 30 bp dsDNA [31].

Regarding to the two distinguished regimes in the measurement of rupture force depending
on pull-off velocity of biotin-streptavidin, Lo et al. found two distinguished slopes in the
graph of rupture force vs. loading rate [70]. The author suggested that an existence of
multiple energy barriers can be conducted from the two regimes. Also, De Paris et al.
measure the rupture force of biotin-avidin complex at different pull-off velocities and also
obtained two regimes in the graph of rupture force-loading rate dependence [157]. The first
regime at low pull-off velocities is due to the unbinding of the biotin-avidin complex. The
second regime at high force-loading rate is attributed to an intermediate transition in the
dissociation process inside the binding pocket. The binding pocket belongs to streptavidin
that allows biotin binds specifically to the streptavidin with non-covalent bonds. When the
biotin is pulled from the streptavidin, the transition from the pockets of the streptavidin
occurred. The transition means that the ribbons were extended during pulling. The author

stated that the internal structure transition of the binding pocket occurs at high loading rate.
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Looking back to our system, the rupture force of oligo a dissociates from oligo b at different
loading rate also shows two regimes, i.e. at higli loading rate (a) and low one (b). At the high
loading rate regime, the rupture force significantly increases. Our result is totally different
from previous studies on rupture of dsDNA which observed only one regime. Thus, the
difference must occur at ssDNA parts which build the BP. It is known that the short dsDNAs
behave as the stiff rods while ssDNAs fold in a worm like chain model [158, 159]. Therefore,
under an additional pull-off force, the ssDNA parts can be extended to longer contour
lengths. The extension of the ssDNA requires an additional force which may create the
second regime in the rupture force vs. loading rate picture. To prove that the second regime
in the force-loading rate graph is due to the pocket’s transition, a reference experiment
without any BP is tested. In these sequences, six bases at the pocket area are removed

while 12 bases at two ends are kept (Tab. 5.5).

Table 5.5. The split aptamer without binding pockets

Oligo  HS-A?-Sequences (5'> 3’) Remark
a CGTAGA-AGGTCA ' _
without BP
b TGACCT-TCTACG

We found that with these sequences, the rupture force increase logarithmically with the increase
of loading rate without the existence of the two distinguished regimes (Fig. 5.16 top) that were
observed in the presence of BP (Fig. 16 bottom). The intercepts of the fits at zero force can be
used to obtain the thermal dissociation constant k. of this system. | found k. to be in the range
of 10* s to 10° s™. A slight variation of k. values obtained from ‘with’ and ‘without’ AMP is in the
error range which have been described by De Paris et al that the error for calculations of ks by
this method can be varied from three orders of magnitude [157]. The result of the intercepts are
in good agreement with the study by Strunz et al [111]. The author presented the k. value was
102 s™ for 10 bp oligonucleotide and it increased to 10 s™ for 20 bp oligonucleotide. This means
that the ks reduces for longer sequences. In my split aptamer without pockets, the sequence
contains 12 bp, so the k., should be in the range between 10 bp and 20 bp of Strunz’s result
within the error bar. This result means that the BP plays an important role in the second regime

of the ‘force-loading rate graph, Fig. 5.14’ at high loading rate.

81



g0 No Pocket (12bp)

Force (pN)

8o Two Pockets

60 +
z
: |
8 40-
g
20+
.= Without AMP « With AMP

10 10° 10
Loading rate (pN/s)

Figure 5.16. Comparison of most probable rupture forces at different loading rates between ‘with’ and
‘without’ BP. (top) 12 bp oligos without any binding pocket do not show two kinks as it has been
observed in the 2 BP system (bottom) which was already presented in the figure 5.14. In the presence
(red) or absence (black) of AMP, the rupture forces from ‘without BP’ increase logarithmically when the

loading rate increases.

In order to further understand the pocket’s transition at high loading rate, we analyze the
rupture distances at different loading rates in the presence and in the absence of AMP (Fig.
5.17. Theoretical calculations for the lengths are ~17 nm and ~19 nm for no- and two- BP,
respectively with a consideration of 0.34 nm per bp. In the system without BP (A), within the
error bars we observe no increase in rupture distance. The length spacer A* seems not to
depend on the loading rate and the AMP does not interact with the split aptamer which
contains no BP. In the two binding pocket system (B), the rupture distance increase
logarithmically in the absence of AMP while it is constant in the presence of AMP. The
constant rupture distance in the presence of AMP is attributed to the stabilization of the
double helix when AMPs bind to the pockets. This difference in rupture distances () can only
be distinguishable at high loading rates because the ssDNAs at the pocket areas are only
extended at high loading rate. The constant rupture distance in the presence of AMP means

that the BP are not significantly stretched even high loading rate.
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Figure 5.17. Pocket’s transition analysis using the variation of rupture distances at different loading
rates. (A) rupture distance does not change for the measurement of the sequences without BP while it
slightly increases at 2 BP (B).

However, the binding of AMP to the BP of the split aptamer is different compared to the
Watson-Crick pairs. We still see the kink in the rupture force-loading rate dependence in the
presence of AMP. This observation may be due to numerous reasons. First, the number of H-
bonds forming between two oligos at the BP area in the presence of AMP is less than the
number of the H-bonds forming between them if the pockets are replaced by the Watson-
Crick pairs. Thus, pulling the chain in the presence of AMP, the transition of the BP is still
occurring, which leads to the appearance of the kink. Second, the AMP can enter the BP with
a requirement of special steric structure. When the oligo is pulled, the Watson-Crick pairs are
still stable at a certain distance but the formation of G-quartets may be lost, resulting in an
unbinding of the AMP from the BP. After this unbinding, the pocket areas can then be
stretched. The complicated transition and unbinding state may result in the kink in the force
loading rate dependence. Third, it is also possible that at low pull-off speed, only the first
Watson-Crick area at one end of the BP is ruptured and the second Watson-Crick area is
then naturally ruptured at room temperature. At high pull-off speed, oligo a is separated very
fast from oligo b and both Watson-Crick areas at both ends of the BP are ruptured at the
same time, resulting in a high rupture force being measured. In the presence of AMP, the kink
still appears which means that the binding of AMP to the pocket is localized and it is easy to

be ruptured even under small loading rates.

The transition of the pockets means that two ssDNAs of the pocket are stretched (Fig.
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5.18a). Those two ssDNA are much more flexible compared to the Watson-Crick parts which
are considered to be the stiff rods. Under a loading force, the ssDNAs behave like two
parallel springs being stretched. The ssDNAs at the pockets are first extended by a length |4,
and then stretched further by a length I,. The stretching leads to an increase in the length of
the oligos from L to L+l;+l,. The final measured rupture distance is L+/;+/,. In the presence of
AMP, the BP are stabilized and no pocket transition occurs and the final rupture distance is
the same as the original length (Fig. 5.18b).

Relating to the analysis of two force regimes at different loading rate, De Paris et al have
utilized the Bell-Evans model for fitting and obtained the thermal off rate of the Biotin-
streptavidin system [157]. | also used the Bell-Evans model for the two distinguished regimes

to obtain information of the thermal kinetics of the AMP-split aptamer complex (Tab. 5.6).
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Figure 5.18. Pocket’s transition in the absence (a) and in the presence (b) of AMP. After pocket

transition, the oligo length is increased from L to L+l;+l,. The length does not change when AMPs
enter the BP.

At low loading rates (a), the ko values obtained in the absence of AMP (10 s™) are higher
than that in the presence of AMP (10 s™). This means that in the presence of AMP, the split

aptamer is more stable. The potential width follows an opposite trend, i.e. 19 nm in the
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absence of AMP and 12 nm in the presence of AMP. Those values are reasonable compared
with recent studies [31, 101, 111].

At high loading rates (b), the ky significantly increase in the presence and absence of AMP
while the potential width is reduced. These values are now much different compared with
previous studies on the rupture of oligos. This indicates that some additional mechanisms
occurred at high loading rates which | have discussed above. By studying the rupture force at
various loading rate, the dynamics of the AMP binding aptamer and the BP transition could

be understood.

Table 5.6: Fitting parameters obtained with the Bell-Evans models

regime parameters 2P 2P-AMP complex
Kotr (57 10° 10°

Flat (2) Ax (nm) 19 12
Kot (5™ 157 541

Stiff (b) AX (nm) 3.0 1.3
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Amplification of Rupture Force

using a Series of Binding Pockets

The split aptamer concept was proved working on the level of small molecular interaction
(chapter 5). However, on the aspect of measurement technique, the required rupture forces
of only ~10 pN is at the limit of force resolution of AFS. In this chapter, the extension of the
number of binding pockets (BP) in the split aptamer in order to amplify the measured rupture

force will be described.

6.1. Four Binding Pockets

6.1.1. Design of Four Binding Pockets for AFS Measurement

The experimental design for measurement of aptamers with multiple BPs that bind multiple
targets is in principle similar to the set-up for the standard system as described in the last
chapter (Fig. 6.1). In order to form aptamers with multiple BPs, the standard oligos are
lengthened from the 3’-end direction of the sequences while the BPare kept symmetrically in
between the Watson Crick bases. In this section | present measurements on the split
aptamer which is extended to 4 BP (Tab. 6.1 and Fig. 6.1). In the absence of AMP, the
required force depends on the number of the Watson-Crick pairs in the sequences. When the
oligos are lengthened the required rupture force increases.

Six Watson-Crick pairs are designed in between the pockets so that the BP can be easily formed

after oligo hybridization. In the two BPs, two AMP molecules can enter the pockets when AMP
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molecules are added to the buffer solution (Fig. 6.1a). When two more BPs are added to the split
aptamer, four AMP molecules locate in those pockets and more H-bonds are formed between

two oligos in the presence of AMP molecules (Fig. 6.1b).

Table 6.1. Split aptamer sequences with 4 BP

Oligo HS-AAAAAAAAAAAAAAAAAAAA(A®)-Sequences (5 3°) BP
C TGACCT- GGAGGA-TCTACG-GGAGGA- TCGATC 4
D GATCGA-GGAGGA-CGTAGA-GGAGGA-AGGTCA
Characteristic
Sum | Watson-Crick | Number of A-T : Number of G-C Hybridization
Pocket Bases pairs (bp) (bp) Total Length (nm) Force (pN)
4 30 18 9 9 24.8 33.3
2 pockets 4 pockets
§ b 2
FENRS
a

[ S [ S 4 [ S S ¢ ¢ ¢ 2 ¢

Figure 6.1. Scheme of the split AMP-split aptamer complex when more BP are added. The tip
approaches the surface and the oligos hybridize to form 2 BPs (a) and 4 BPs for AMP (b).

6.1.2. Force-Distance Curve of Multiple Binding Pockets Aptamer

The measurements were carried out under the same conditions as in the case of the
standard split aptamer, i.e. in buffer T, pull-off speed 400 nm/s and 100 uM AMP. At 100 uM,
the about 80% measured rupture forces shifted to higher value which means that AMP bound
the split aptamer. Thus, 100 uM is also selected for measurements of 4 BP system. Three

measurements were carried out in the presence and absence of AMP and after rinsing.

Typical force-distance (F-D) curves in the absence (black) and presence (red) of AMP were

obtained from 2 and 4 BP systems (Fig. 6.2). We found that the specific rupture events
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varied depending on the length of the sequence. In the absence of AMP, the rupture force (F)
and rupture distance (L) increases from 2- to 4- BP as theoretical calculation showed in table
6.1. In the presence of AMP, the rupture force and rupture distance are greater. Also, these
parameters measured in 4-BP system are greater than those measured in 2-BP one. The
difference in force and distance between two systems is attributed to the rupture of the

additional H-bonds generated between AMP molecules and the aptamer with multiple BP.
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Figure 6.2. Comparison of F-D curves recorded at speed 400 nm/s between 2- (top) and 4- (bottom)
BP systems. Rupture force (F) and rupture distance (L) collected at the tip/sample separation point

increase from 2- to 4- BP and from the absence to the presence of AMP.

6.1.3. Amplification of Rupture Force

The most probable rupture force obtained from 2 BP and 4 BP are compared with the values
obtained by Strunz et al [111] who have investigated the rupture forces of 10 and 20 bp (Fig.
6.3). A slight difference in the rupture forces between the author’s data and our data can be
due to some reasons such as different buffer, cantilever spring constant calibration or
different structure of the oligos. This rupture forces are associated to the hydrogen bonds
formed by 12 or 18 Watson Crick pairs (non-underlined sequence, Tab. 6.1). The most
probable rupture force in the absence of AMP obtained from 2 BP is 27.3 £ 8.4 pN (Fig. 6.4
left, grey) and it increased to 38.7 = 7.6 pN for 4 BP (Fig. 6.4 right, grey). Upon exchanging
the buffer solution with a solution containing 100 uM AMP, an increase in the rupture force to
38.8 £ 5.2 pN (Fig. 6.4, lift, red) and 58.9 + 14.1 pN (Fig. 6.4, right, red) was observed for 2-
and 4- BP aptamers. However, significant rupture events appeared also at the low force
regime and those events increased from 2- to 4 BP. In the 4-BP system, only ~70% events of
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bound AMP-split aptamer were obtained while ~30% unbound events existed. Those values
were estimated by calculating the rupture events under the Gaussian fit peaks (Fig. 6.4,
green) at the low force regime (1) and at high force one (ll).

50

404
4P

30

2P
20+

Force (pN)

101 m Oligos without pockets

0 @ Oligos with pockets
10 15 20
Number of base pair

Figure 6.3. Comparison of rupture forces obtained from my measurements (red) and those reported

by Strunz et al. (black) [111]. The rupture forces are comparable within the error bar.

2 pockets 4 pockets
1 M27.3+£8.4pN 7] 38.7+7.6pN
Without £ E
——- g o 104
AMP © °
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Figure 6.4. Histograms of the rupture forces obtained from multiple binding-pocket systems in the
absence of AMP (top graphs) and in the presence of 100 uM AMP (bottom graphs). The most probable
force is greater in the presence of AMP and increased with increasing number of BP. Red arrows show
the shift in force (Sg).
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Figure 6.5. Summary of rupture force vs. number of BP. Since the oligos are lengthened, the force to
break the Watson-Crick binding pairs also increases (black line). In the presence of AMP, the required
force to rupture the additional H-bonds between AMPs and aptamers increases linearly from 2- to 4

BP (red line). The shift in rupture force from 2- to 4 BP is amplified by the factor of 2.

In order to quantify if the rupture force is amplified for 4- BP system, | subtracted the shift in
the most probable rupture force (Sg) in the presence and absence of AMP (Fig. 6.5). | found
that Sk increases by a factor of two within the error bar, i.e. the most probable rupture force is
11.5 pN for 2 BP and 20.2 pN for 4 BP. From the change in force, it can be concluded that
the AMP entered the 4 BP of the split aptamer. The rupture force of AMP-split aptamer is
amplified by adding BPs.

Next, | tried to add more BP in the split aptamer and measured the rupture force of AMP
molecules to these split aptamers. Following that route, split aptamers with different number
of BP such as 6, 8, and 16 pockets were designed (Tab. 6.3). With addition of more BP, the
Watson-Crick pairs and the tip/surface length increase. The characteristic of those oligos are
listed at the bottom of table 6.3.

Applying the same measurement protocol and data analysis method as before, the AMP-split
aptamers binding can be measured. The AMP concentrations were increased of to 200 yM
for 6- and 8 BP and 500 uM for 16 BP. Selection of high concentrations in the multiple BP
because of the relation between bound factor and AMP concentration which will be described
in the next section. The measured forces and their corresponding error bars were then
plotted against the number of BP (Fig. 6.6). In the absence of AMP, the most probable
rupture force increased proportional to the number of BPs (black) due to the increasing
number of Watson-Crick pairs in the sequences. In the presence of AMP, the most probable
rupture force also increased proportional to the number of BPs. Also, in the presence of AMP,

the most probable rupture forces are higher.

90



Table 6.3. Aptamer sequences

Oligo HS-AAAAAAAAAAAAAAAAAAAA(A®)-Sequences (5> 37) BP
e  CGTAGAGGAGGATGCTGAGGAGGATCTCGAGGAGGATGACGT 6
{ACGTCAGGAGGATCGAGAGGAGGATCAGCAGGAGGATCTACG
g  CGTAGAGGAGGATGCTGAGGAGGATCTCGAGGAGGATGACGTGGAGGAAGTCTG 8
h  CAGACTGGAGGAACGTCAGGAGGATCGAGAGGAGGATCAGCAGGAGGATCTACG

GCATCT-GGAGGA-TCTACG-GGAGGA-GTCATC-GGAGGA-CGTATC-GGAGGA-

i AGGTCT-GGAGGA-TTACGC-GGAGGA-AATGCA-GGAGGA-ACTCAC-GGAGGA-
CAGTCA 16
TGACTG-GGAGGAGTGAGT-GAGGA-TGCATT-GGAGGA-GCGTAA-GGAGGA-

k AGACCT-GGAGGA-GATACG-GGAGGA-GATGAC-GGAGGA-CGTAGA-GGAGGA-
AGATGC

Characteristic

Pocket :Sum Bases: Watson-Crick pairs | Number of A-T (bp) | Number of G-C (bp) | Total Length (nm)
6 42 24 12 12 28.8
8 54 30 15 15 32.9
16 96 48 24 24 47.2
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Figure 6.6. Summary of rupture forces and rupture distance vs. number of BP. Since the oligos are
lengthened, the forces to break the Watson-Crick binding pairs (only hybridization) increased (black
line) but they are lower than those in the presence of AMP (red line). (b) Shifts in rupture distance (Sp,)
are ~3 nm and independent from number of pockets which is attributed to the stretching of the A%
spacers between oligos and surfaces. Both data sets increased linearly from 2 to 16 pockets. The shift
in rupture force (Sg) was amplified when more BP are added. Different AMP concentrations were used
such as 100 uM for 2- and 4 BP, 200 uM for 6 and 8 BP and 500 uM for 16 BP.

By subtracting the difference in most probable rupture force for each BP in the presence and
in the absence of AMP, the shifts (Sg) were determined to be 13.0 £ 1.8 pN, 24.2 + 5.0, 30.8
+10.0 pN, 44.5+ 12.2 pN, and 94 + 17.2 pN corresponding to the 2, 4, 6, 8, and 16 BP. From
the increase of S, it can be concluded that the AMP entered into the multiple BPs and the ru
pture force was amplified. The rupture distance measured in the presence of AMP increases
by ~3 nm for 2 BP system which was contributed to the stretching of the involved
oligonucleotides at the higher rupture force values that have been explained in chapter 5.

However, in these experimental series using multiple BP, the increases in the rupture distances
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were the same (~3 nm) for 2-, 4-, 6-, 8- and 16- BP (Fig. 6.6b). Therefore, we conclude that the

increase in rupture length only comes from spacer A% part.

6.2. Limitation of Multiple Binding Pockets

However, in the 4 BP system, only 80% events of bound AMP to aptamer were obtained
while 20% unbound events existed. Those values were estimated by calculating the number
of rupture events under the Gaussian fit peaks. These unbound events increase in the 6, 8
pockets system and they are more in the 16 pockets system. For example, among many
measurements for 16 BP, a maximum of ~60% events of bound AMP to aptamer was
obtained and the remaining events were at the low force regime (Fig. 6.7). The difference in
the force distributions of 2-, 4-, 6-, 8- and 16 BP is attributed to a partial dissociation of some

AMP molecules during rupturing the 6, 8 and 16 BP systems.

Besides two distributions of rupture forces, additional features can be observed directly from the
recorded F-D curves with additional BP systems. The first feature is the appearance of multiple
rupture steps in the measurement of 16 BP after the tip detaches from the surface (Fig. 6.8a,
orange box). They appear frequently in the presence of 500 uM AMP (~40%) and less in the
absence of AMP (~6-8%). More frequent appearance of multiple rupture steps in the presence of
AMP may be due to the reformation of binding pocket during shearing oligo a from oligo b (Fig.
6.8a-top). In the presence of AMPs, AMPs can re-enter the new BPs so that the tip cannot
instantly go back to the rest position. When the tip moves further from the substrate, this

reformation of AMPs-pockets will be ruptured and then the tip can reach the rest position.

16 pockets

) 63.9 + 10.9 pN

Counts

0 50 100 150 200 250 300
Force (pN)

Figure 6.7. Histogram distributions of the rupture forces obtained from 16 BP systems in the absence
of AMP (top graphs) and in the presence of 1 mM AMP (bottom graphs). The difference in rupture

force, Sk, (shift in rupture force) is subtracted from ‘with’ and ‘without’ AMP.
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The rupture forces and rupture distances can be collected as usual at the points at which the
tip detaches from the surface. The rupture distances which oligo a separates from oligo b
occur in the regime of about 42 nm (L), which is theoretically 47.2 nm, and the steps due to
shearing’s are observed at distances from 42 to 70 nm. The lengths of the steps vary from 1
to 7 nm (AL). The reformation of BP produces a complicated retraction curve, making it

difficult to determine accurately the rupture force and rupture distance.

The second feature is BS transition of the long double strand oligonucleotides. At a force of
65-70 pN, the stretching of a dsDNA exhibits a highly cooperative transition, which refers to
the conversion of B-DNA into an overstretched conformation so called S-DNA. This transition
is called BS transition. | present here a typical F-D curve of the 16 BPs with a length of 102 bp
(Fig. 6.8b-bottom). This BS transition occurs at the force of 66 pN. After BS transition, the oligo
a separates from oligo b and the tip goes back to the rest position. The final rupture force, F,
(Fig. 6.8b-bottom) consists of the ruptures of AMP from split aptamer, oligo hybridization and
BS transition. The BS transition have been observed from stretching long dsDNA [158]. For a
short dsDNA of less than 30 bp, it is hard to obtained BS transition because the short dsDNA
molecule behaves like a stiff rod [160]. In my experiment, | did not obtain any BS transition
from short sequences of 2, 4, 6 and 8 BP because of the different behaviors of the long and
short dsDNA.
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Figure 6.8. Limitation of 16 binding pockets obtained at speed 400 nm/s, contact time 2s. Multiple

rupture steps due to reformation of BP and scheme of reformation of binding pocket during shearing

(a). The oligos after hybridization transits from nature form (B-form) to the stretched form (S-form) in
the presence of 500 uM AMP which is called BS transition process.
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It is reported that among a set of measurement only ~ 30% rupture events with BS transition
and more than 50% rupture events without BS transition can be observed [101, 161]. A
mixture of data with and without BS transition can produce two distinguished distributions in
a force histogram. In my specific experiment, the rupture events due to BS transition and in
the presence of AMP can be overlapped or the force distribution can be more complicated
and difficult to distinguish.

6.3. Loading Rate Dependence

In order to further understand the binding kinetics of the split aptamer itself with additional

BP, the thermal off-rate parameter (ko) of those systems was investigated.
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Figure 6.9. Influence of the loading rate on the rupture force for different BP systems. (a) The rupture
force values obtained without AMP for two BP system (black) were measured to be lower than that of
AMP-aptamer complexes (red) for 2- (a), 4- (b) and 6 BP (c). The graph of 2 BP (a), which was already
presented in the figure 5.14, is again presented for comparison. The measurements were obtained
with the same cantilever for each data set. The different regimes at low force (1) and high force (ll)

were observed for all systems.

Two distinguished regimes (Fig. 6.9) were always observed for 2- (Fig. 6.9a), 4- (Fig. 6.9b) and
6 BP (Fig. 6.9c). | attribute the kink in the force loading rate dependence on the stretching of
the BP because | observed a difference in rupture distances in the presence and in the
absence of AMP. Here, | analyze the rupture distance of 4 BP in the presence and in the
absence of AMP. To have an overview about the rupture distance change in the different BP
systems, the rupture distances obtained from no BP (Fig. 6.10A), 2 BP (Fig. 6.10B) and 4 BP
(Fig. 6.10C) are compared in the same figure.

Theoretical calculation for the lengths are ~17 nm, ~19 nm and ~21 nm for no-, two- and four

BP, respectively (0.34 nm/bp). In the ‘No pocket’ system (Fig. 6.10A), we observe no

increase in rupture distance within the error bars. The rupture distance of no BP varies

around 12 nm for both in the presence and absence of AMP and they do not change at

different loading rates. In the ‘2P’ system (Fig. 6.10B), the rupture distance seems to
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separate to two regimes at low (smaller than ~ 500 pN/s) and high lading rates (higher than ~
500 pN/s). At low loading rates, the rupture distances in the presence of AMP are similar (or
higher) to those of in the absence of AMP. At high loading rates, the rupture distances are 6
nm longer in the absence of AMP than those in the presence of AMP. In chapter 5, we saw ~
3 nm increase in rupture distance in the presence of AMP at the loading rate of 400 nm/s and
it was attributed to the stretching of A%’ spacer at higher force. However, this observation was
not clearly seen in those loading rate dependence measurements, which may be due to the
large error bars. For the ‘4P’ (Fig. 6.10C), the rupture distances in the absence of AMP are
significantly larger than those in the presence of AMP. The difference of these two data sets
(black and red) is now increased to about 26 because the number of BP is doubled. This
result implies that the longer rupture distance is due to the extension of the ssDNA in the
pockets at high loading rate. When AMP enters the binding pocket, the double helix is
stabilized. The constant rupture distance in the presence of AMP allows us to conclude that

the pockets with AMP are not stretched even at high loading rates.
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Figure 6.10. Pocket’s transition analysis using the variation of rupture distances at different loading
rates. (A) rupture distance does not change for the measurement of the sequences without BP while it
slightly increases at 2 BP(B) and significantly increases at 4 BP(C). The kink appears at the loading
rate of about 800 pN/s (blue box).

The logarithmic fits of two distinguished regimes at low and high loading rates (Fig. 6.9)
provide information of thermal kinetics of the AMP-split aptamer with 4- and 6- (Tab. 6.2). At
low loading rate, the dissociation rate of 6 BP split aptamer (10° s™) is lower than that of 4
BP (10° s™) which indicates that the long split aptamer is more stable than the shorter one.

Similar to the 2 BP, the obtained potential width (Ax) is reasonable compared to previous
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studies. At high loading rates, ko (704 and 1320 s™) is unexpected high while the potential
width (1.9 and 0.8 nm) is significantly reduced compared to previous studies. The
appearance of the kink in the force loading rate dependence and the unexpected high K is
caused by the stretching of the BP.

Table 6.2: Fitting parameters obtained with the Bell-Evans models

Regime Parameters 4P 6P
Kort (5™ 10° 10"

Flat (a) Ax (nm) 21 17
Kot (5 704 1320

Stiff (b) AX (nm) 1.9 0.8
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Determination of Contribution of

Single Hydrogen Bonds

In this chapter, a method to measure the rupture force of H-bonds forming between targets
and the split aptamer will be introduced. The initial target is AMP which consists of three
binding groups. The binding force between AMP and the split aptamer due to 8 H-bonds is
~11 pN as shown in chapter 6.
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Figure 7.1. Removal of binding groups of the AMP. (a) phosphate (blue box) and amidine (yellow
box) groups are the binding groups of AMP to the aptamer and the red-dashes lines indicate the
formation of H-bonds with aptamer. (b) Replacing the phosphate group of AMP with hydroxyl group,
leads to 2’-O-Methyladenosine which contains only two binding groups (yellow box). (c) IMP is formed
when both amino and imine groups are replaced. A combination of both replacements of (b) and (c)

produces Inosine target which contains no any binding group.
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In order to understand the contributions of individual hydrogen bonds in the small molecule-
split aptamer complex, the H-bonds of AMP are removed one by one. Starting from three
specific binding sites denoted by red-dashed lines in the figure 7.1a, the binding groups were
reduced to two (Fig 7.1b), to one (Fig 7.1c), and to zero (Fig 7.1d) corresponding to AMP, 2’-
O-Methyladenosine (OMA), Inosine monophosphate (IMP), and Inosine, respectively.
Detection of rupture forces of those targets that bind the split aptamer may meet the force
resolution of AFS which is about 10 pN. In order to overcome this limitation, we used the split

aptamers with multiple BP to amplify the rupture force as demonstrated in chapter 6.

By considering the most probable rupture forces between those different ligands and the

aptamer, we could quantify how strong a single H-bond in this particular system is.

7.1. Experimental Scheme for Measurements of Single H-bonds
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Figure 7.2. Schematic illustration of measuring rupture force of H-bonds in multiple BP systems by
AFS. Assumptions of different targets that bind the same aptamer produce the corresponding H-bond
network. (a) AMPs (blue) with 3 binding groups enter two BP and 8 additional H-bonds are formed per
BP (red lines). (b) OMA (black) with 2 binding groups forms 4 additional H-bonds. (c) IMP (green)
which consists of only one binding group forms three additional H-bonds with aptamer. Multiple BPs,
n, is used to amplify the small measured rupture force when binding groups of the targets are

removed.

The standard experimental setup is also applied to this investigation, i.e. 1000 F-D curves

are first recorded in pure buffer T, then in a solution containing target molecules (AMP, OMA,
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IMP or Inosine) with concentrations of 100 uM for 2- and 4 BP, 200 uM for 6- and 8 BP and
500 pM for 16 BP, and finally in buffer T again after rinsing.

When adding target molecules such as AMP, OMA or IMP to the buffer solution, they enter the
pockets and different numbers of the H-bonds are formed (Fig. 7.2). For example, the AMP in
the BP leads to 8 H-bonds (Fig 7.2a), 4 H-bonds for OMA (Fig 7.2b) and 3 H-bonds for IMP
(Fig 7.2c).

7.2. Rupture Forces of Different Targets-Split Aptamer

To have an overview on the variation of rupture forces measured in the presence of different
target molecules as well as multiple BPs, typical F-D curves for each investigation are
presented (Fig. 7.3). The rupture force increases from Inosine (red) to IMP (green), OMA
(black) and AMP (blue). Both rupture force (F) and rupture distance (L) increase with
increasing number of BP. The rupture forces are amplified for every target molecule when
multiple BPs are used, i.e. 2 BP (n=1, Fig. 7.3a), 4 BP (n=2, Fig. 7.3b) and 8 BP (n=4, Fig.
7.3c). The rupture lengths increased significantly from 2 to 8 BP because of the lengthening
of aptamer to archive the multiple BP, i.e. ~ 17 nm, ~20 nm and ~30 nm corresponding to 2,
4 and 8 BP. Those values are reasonable compared with the theoretical values as mentioned

in chapter 6.

The most probable rupture forces from the Gaussian fits of the data obtained from 2, 4 and 8
BP with target OMA are presented (Fig. 7.4). This force increased from the absence (top grey
columns) to the presence of OMA (red columns). A mean rupture force of 30.2 £ 11.8 pN in the
absence of OMA were determined from a fit of the main peak in the histogram by a Gaussian
distribution for 2 BP. Upon the change from buffer T to 100 uM OMA, an increase in the
rupture force to 36.7 £ 8.5 pN was detected (Fig. 7.4 a). After thoroughly rinsing the OMA
target molecules out of the liquid cell with buffer, the mean rupture force also returned to
original values within the given experimental error (bottom grey columns). Thus, the increase in

rupture force is due to the binding of OMA molecules to the split aptamer.
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Figure 7.3. Typical rupture force distance curves recorded at 400 nm/s. F-D curves obtained from
aptamer sequences containing 2 pockets (a), 4 pockets (b), and 8 pockets (c) in the presence of
Inosine (red), IMP (green), OMA (black), and AMP (blue). The rupture force increased correspondingly
from Inosine to AMP. The arrows present the direction of the approach and withdraw curves. Rupture

force (F) and distance (L) at the tip/sample separation point are collected for analysis.

This series of measurements revealed that the rupture force is higher when multiple BP is
used. For 4 BP, the most probable rupture force increases from 40.9 £ 13.2 pN to 52.6 £ 13.9
pN (Fig. 7.4 b) and from 52.1 £ 19.2 pN to 87.2 + 18.0 pN for 8 BP (Fig. 7.4 c). A similar
analysis was done for the targets Inosine, IMP or AMP (see details in appendix B). In order to
summarize the variation of the most probable rupture forces in those measurements, the
force shifts (Sg) were collected for further analysis. The Sg is subtracted from the most
probable rupture force in the absence and in the presence of target molecule (Fig. 7.4., red
arrow). The Sg values measured from aptamer-different target molecules binding are then
plotted against the number of BP. For example, the S¢ values for 2 BP split aptamer-OMA
binding is ~ 6 pN, ~ 12 BP for 4 BP and ~35 pN for 8 BP. For 2- and 4- BP after rinsing, the
most probable rupture force 29.8 + 9.1 pN and 42.5 + 8.5 pN are almost the same to that of
the initial measurements, 30.2 £ 11.8 pN and 40.9 + 13.2 pN within the error bars,
respectively. However, this value increases in the 8 BP system, which is attributed to the use
of high concentration of OMA in the buffer and the rinsing process did not removed all the

OMA from the surrounding buffer.
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Figure 7.4. Histogram distributions of the rupture forces obtained for target OMA that binds the split
aptamer with 2- (a), 4- (b) and 8 BP (c) in the absence (top-grey), presence (middle-red) and rinsing
(bottom-grey). The difference in rupture force (Sg) between with and without OMA increased when the

number of BP increased.

7.3. Amplification of Rupture Force for Detection of Single Binding Site

The small shifts in the most probable rupture forces in the presence of the targets are difficult
to detect and analyze since many factors are involved. To get reliable shifts in the most
probable rupture forces, | have repeated the experiments for each individual target and
averaged all the data for each condition (Tab. 7.1). In addition, Inosine was also used as a
reference target which contains no binding sites. | performed at least two repeated
measurements for each condition and determined the Sg values. If the Sg value from the first
measurement differed from the second one, | repeated the experiments more often. For
example, for AMP with 6 BP, the Sg value varies from 22.7 pN to 50.0 pN and | have
repeated this measurement seven times to get an average value Sg of 30.8 + 10 pN. Among
these measurements, a high Sg of 50.0 pN was obtained in only one measurement and it

may be caused by multiple ruptures.

To compare the ruptures force among different target molecules, the shifts in forces (Sg) for
different targets including Inosine, IMP, OMA, and AMP are plotted against the number of BP

(Fig. 7.5). The shifts in force for every target increased linearly with an increase of the
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number of BP (Fig. 7.5a). The highest S¢ values were obtained from target AMP for all
systems. This value is lowered for OMA and IMP. Without any binding group (Inosine), the
shift in rupture force is around zero within the estimated error bars. Then | fitted the data of

each individual target with line that provides the slope value and the associated error.

Table 7.1. Shift in rupture force (Sg)

No. of Inosine (Sg, pN) IMP (Sg, pN)

measurement. 2P 4P 6P 8P 2P 4P 6P 8P

1 -1.2 2.1 0.9 3.3 8.0 13.2 17.1 18.6

2 0 14 0 5.0 4.4 9.9 17.8 25.9

3 -04 7.6 13.1

4 11.7 14.28

5 13.2

6 9.6

S -0.5+0.6: 1.8+0.5 { 0.5%0.6 : 4.5%1.2 | 7.9+3.0 12.2+2.0: 17.5+0.5 | 22.3%5.2
meal;lglr:r;ent OMA (Sr. pN) AMP (Sr. pN)

1 7.0 11.6 19.0 29.0 11.5 24.8 22.7 46.6

2 5.8 30.8 26.9 284 15.1 25.5 50.0 55.5

3 10.5 35.1 11.5 28.0 33.0 314

4 13.8 14.7 25.0

5 23.3 33.0

6 28.6 32.0

7 20.0

S 6.410.8 :117.6+11.4:23.045.6 : 30.8+3.7 :13.0%+1.8 24.2+5.0: 30.8+10.0: 44.5£12.2

This resulted in a slope that changes from 0.20 £ 0.13 pN/BP for Inosine to 2.92 + 0.04
pN/BP for IMP, 3.52 £ 0.192 pN/BP for OMA and 6.06 + 0.29 pN/BP for AMP. The change of
slopes means that rupture forces of the target binding the split aptamers are different. Higher
value of slope indicate higher rupture force due to the target bindinig in one BP. Plotting the
slopes value vs. targets, | found that they did not follow a linear dependence (Fig. 7.5b). The
differences in the magnitudes of the slopes mean that the contribution of each binding group
(phosphate, amino and imine) to the total H-bond network when the target enters the BP was
not equal. In the presence of phosphate group, the slope is 2.72 pN/BP and the difference in
slope in the presence of both amino and imine group is only 0.6 pN/BP. The difference
indicates that more H-bonds were formed in the presence of phosphate group compared to
that in the presence of the other two groups of amidine. In the presence of phosphate group
in IMP or AMP, the slope changes are approximately equal, i.e. 2.72 pN/BP for the IMP and
2.54 pN/BP for the AMP.
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Figure 7.5. The shift in rupture forces Sg of targets with reduction of binding sites that bind multiple BP
aptamer. Highest rupture forces (blue) were observed for target AMP and lower values were observed
for OMA (black), IMP (green) and Inosine (red) (a). The rupture forces are amplified when multiple BP

are utilized. Each data set follows a linear model but slopes of the fits do not follow this model (b).
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Figure 7.6. Contribution of one (a) and two (b) binding sites to the rupture forces. The rupture force

generated by each binding site at different position to the split aptamer is not same.

In order to quantify the contribution of each binding site to the total H-bonds, | subtracted the
difference in ASg value among the targets (Fig. 7.6). For example, to get the influence of only
one binding site to the BP, the difference in Sg between AMP and OMA, OMA and IMP, and
IMP and Inosine were subtracted (Fig. 7.6 a). In a similar way, to see if the contribution of
two binding sites to the pocket is the same, differences in the ASF between AMP and IMP or
OMA and Inosine were subtracted (Fig. 7.6 b). The data did not overlap each other for both
cases. It means that existence of the binding sites at different position form different H-bond

networks with the split aptamer.

In conclusion, with this advanced experimental design, we could observe the rupture force of
targets with only one or two binding sites to the split aptamer. We also quantify that the
contribution of each individual binding site to the H-bond network between the target and the

split aptamer is not equal.
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7.4. Loading Rate Dependence for Different Target Molecules

In order to understand the change of thermal kinetics of AMP-aptamer binding when AMP’s
binding sites are removed, | made a series of measurements of speed dependence for
different targets, i.e., AMP to OMA, IMP and Inosine using the same cantilever. The most
probable rupture forces follow a linear dependence with the pull-off velocity (Fig. 7.7). At all
speeds, the most probable rupture forces in the presence of AMP were always higher than
that of the other targets. The rupture forces in the absence of target molecules and in the
presence of Inosine are similar within error bars and they are smallest compared to other
cases. The rupture forces become higher in the presence of IMP, OMA and AMP. The
increase in rupture force is attributed to cooperative thermal dissociation of AMP-, OMA-, and
IMP-split aptamer. It would be very interesting if we can obtain the variation of thermal off
rates kor of those molecules that bind the split aptamer. However, within the error bars in our
measurements, it seems to be impossible to further interpret the difference in thermal kinetic

of these systems since the ko for those targets varied over a wide range, ~10*to ~10" s™.
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Figure 7.7. Dependence of rupture forces on pull-off velocities. The most probable rupture forces due
to only oligo hybridization (wine) are similar to the target Inosine (red) but they are lower than those
from target IMP (green), OMA (black) or AMP (blue).

There are two points which can be understood from speed dependence measurements.
First, the data directly supported the previous investigations (sections 7.1 to 7.3) since the
similar trends of rupture forces in the presence of different targets were observed. The
rupture forces reduced when the binding groups of the targets were reduced. Second, the
aptamer forming complexes with IMP, OMA and AMP also followed the same rule of

cooperative thermal dissociation as normal oligos in the previous studies [31, 101, 111].
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Within this thesis, | studied a new concept for binding small molecules to binding pockets (BP)
formed by aptamers. The concept is based on splitting an aptamer into two stands, which can
be immobilized on an AFM tip and a surface, respectively. Atomic force spectroscopy showed
that the Watson-Crick pairs and the aptamer BP formed when the tip was brought close to the
surface. Adding excess target molecules led to an increase in rupture forces of both strands.
Thus, the presence of target molecules in the BP could be detected. Within my thesis, | proved
that adenosine monophosphate (AMP), cocaine and tetracycline could be detected by using
different aptamer systems. Thus, the split aptamer concept could be a general approach to

detect small molecules in a label-free way.

Furthermore, this approach allowed me to measure extremely small rupture forces (~10 pN) of
target molecules. The ability to measure these rupture forces using AFS makes our split
aptamer concept a valuable approach since target modification was always required for
immobilization or optical labeling in previous studies. Since many macromolecules that bind
aptamers are known, such as proteins, tissues and cells, it would be interesting for future
studies to apply this concept and measure their rupture forces. When these molecules are
immobilized on the surfaces, their binding groups can be hidden and only the groups which can
contact with the aptamer are functional. By using the split aptamer concept, the
macromolecules can form complexes with aptamers in three dimensions, allowing their

complete binding characteristics to be measured.

Dissociation constants (Kp) have been measured in bulk by various techniques such as
titration and filtration. However, those techniques require a significant quantity of sample and
the results have a large error [162]. In the present study, a method to determine Kp of an
AMP-split aptamer complex by analyzing the rupture force distributions at different AMP

concentrations has been introduced. The exponential fits for the sets of data in the presence
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and in the absence of AMP allowed us to obtain an accurate Kp value. We obtained a K of
3.7 £ 2.5 uM, which was in the range of values reported in literature. To the best of my
knowledge, the method of determining Kp on a single molecule level by analyzing rupture

force distributions has been shown in this study for first time.

Furthermore, | demonstrated that the rupture force of the AMP-split aptamer complex could
be amplified by adding a series of BP. In the absence of the target molecule, the most
probable rupture forces increased with additional BP owning to the presence of more
Watson-Crick pairs. In the presence of excess of the target molecules, we obtained a further
increase in rupture forces for the systems having a series of BP. The results suggest that the
rupture forces were amplified when additional BP were utilized. Increases in the shifts of the
rupture forces due to the presence of AMP proved that the target molecules could enter the

multiple BP systems.

In addition, the split aptamer allowed me to investigate the role of the different H-bonds
formed between the target molecules and the BP of the aptamer. This was done by replacing
AMP, which contains three binding groups (phosphate, amino and imine) with its derivative
molecules such as 2’-O-Methyladenosine (OMA), Inosine monophosphate (IMP) or Inosine
containing two (amino and imine), one (phosphate) or no binding groups, respectively. By
adding excess of those molecules, increases in rupture forces were recorded for OMA and IMP
but not for Inosine. This observation revealed that the OMA and IMP bound in the BP.
Reduction in rupture forces from AMP- to OMA- and to IMP-split aptamer allowed me to
estimate the force contribution of single H-bonds in the AMP molecule. Assuming only
contribution of H-bonds to the binding between AMP and the split aptamer, the rupture forces
of several involved H-bonds were quantified in the range of only few pN. | found that the
shifts in rupture forces of all target molecules at different number of BP followed linear
dependences. The difference in slope indicated that the contribution of each binding group in
the AMP molecule to the total rupture force was not the same. In the presence of the
phosphate group the slope was about 2.7 pN/BP while it was reduced to only around 0.6
pN/BP in the presence of the amino and imine groups. Thus, | concluded that the phosphate
group plays the most important role in the formation of the H-bond network between AMP

and aptamer.

Thermal kinetics of the AMP-split aptamer complex could be obtained by measuring rupture
forces at different loading rates. | obtained a slight increase in the thermal off-rate of the split
aptamer system when it is exposed to excess of the AMP molecule. This result showed that
the split aptamer was stabilized in the presence of AMP. Furthermore, | found two
distinguishable regimes in the results of rupture force-loading rate dependence

measurements. From this behavior, | concluded that an additional mechanism occurred
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during pulling the split aptamer. By considering the structure of the split aptamer, | proposed
a model to explain the appearance of the two regimes which described the transition of the
BP at high loading rates. My model in principle was based on the sequences at the BP which
were flexible and they behaved like two parallel springs. The proposed model was proven
accurate by observation of the change in rupture distances at different loading rates. At high
loading rates, | found that the rupture distance increased in the absence of the AMP
molecules but was constant in the presence of AMP molecules. These results suggested that
the BP areas of the split aptamer were stretched to longer lengths in the absence of AMP.
This behavior did not occur in the presence of AMP due to the stabilization of AMP in the BP.
The model was further clarified when we investigated these rupture distances for a 4 BP
system. The characteristics of the rupture distances at high loading rates were similar to
those observed in the 2 BP system. However, the difference in the rupture distance () in the
presence and in the absence of AMP was amplified twice, i.e. 6 for 2 BP and about 26 for 4
BP system. The amplification of  in the 4 BP system supported the proposed model. In the 4
BP system, the number of flexible parts was twice that of the 2 BP system. Stretching these
flexible parts at high loading rates resulted in an increase in din the 4 BP system. To the best
of my knowledge, mechanics of the split aptamer carrying multiple BP was here investigated

and reported for the first time.
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Appendix A: Speed Dependence for 2- BP system
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Figure A.1. Rupture forces at loading rates from 30 to 1047 pN/s in the absence of AMP (left) and in
the presence of AMP (right).
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Appendix B: Substitution of binding group
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Figure B.1. A set of measurement of rupture forces of targets Inosine, IMP, OMA and AMP that bind
aptamers containing different number of pockets. The most probable rupture forces shift to higher
values from top to bottom due to the increase of binding group of the target. Many sets of

measurements were averaged in figure 7.5, depending on each measurement as described in the

table 7.1.
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